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Introduction

The field of Bioelectronics deals with the integration of the electronic world of
logical circuits, sensors, and actuators, with the world of biology. Thanks to the
virtually infinite possibilities offered by a combination of such different fields, it
possesses a tremendous potential regarding the improvement of the quality of life
of millions of people, with a huge range of possible applications encompassing
smart prostheses, regenerative medicine, neural implants, bio-integrated sensors,
wearable electronics, and many others.

However, a communication between “soft” living biological elements, that
mostly transmit signals via ion concentration gradients in a liquid environment,
and “hard” inanimated electronic circuits, that interact mostly through electrical
currents generated from moving electrons, can not be achieved easily. As it is
often the case with emerging technologies, the development of new materials rep-
resented a great step forward towards the bridging of these diverse worlds. In the
case of Bioelectronics, the development of conductive polymers and their con-
sequent application to biological studies opened up completely new possibilities,
giving birth to the field of Organic Bioelectronics.

Among the many conductive polymers that organic chemistry can provide,
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), or PEDOT:PSS, nowa-
days is considered a benchmark material for bioelectronics applications [1], owing
to its favorable properties, namely chemical stability, low temperature processing,
oxide-free surface in aqueous electrolyte, ionic and electronic transport, and me-
chanical compliance with living tissues [2–4]. However, conjugated polymers
are a relatively new class of materials, and a lot of efforts are being made in the
research community in order to develop a complete model accounting for their
physical, chemical and electrochemical properties.

v



vi INTRODUCTION

The aim of the present work is to give a detailed characterization of the phys-
ical and electrochemical properties of PEDOT:PSS thin films, and to prove the
potentialities of this material both for the sensing of bioanalytes, through the de-
velopment of innovative electrochemical sensors, and for tissue engineering ap-
plications, through the development of redox-active substrates that can control the
replication of living cells.

This study has been carried out at the Department of Physics and Astronomy
of the University of Bologna, in collaboration with the Department of Industrial
Chemistry of the same University, the Department of Bioelectronics of the École
des Mines de Saint-Étienne, France, and the Intelligent Polymer Research Institute
of the University of Wollongong, Australia.

In the first Chapter, an overview on the research field of Organic Bioelectronics
is presented, with a particolar focus on conjugated polymers and the state-of-the-
art of their applications.

In the second Chapter, the properties of conjugated polymers, and in particular
of the material under investigation, PEDOT:PSS, are summarized, together with a
description of the theoretical models that describe their physical properties.

A deeper insight on the working principles of the electrochemical sensors pre-
sented in this work, orgainc electrochemical transistors (OECTs), is given in the
third Chapter, underlining the parameters that influence the sensitivity and the
efficiency of these devices.

The materials and experimental techniques used for the development and the
characterization of the devices under study are then described in the fourth Chap-
ter.

In the fifth Chapter, PEDOT:PSS-based electrochemical sensors are presented,
together with the characterization of their performance on the detection of several
biochemical compounds of biological relevance. Furthermore, an approach to ob-
tain selectivity, i.e. the ability of discriminating between different species within
the same solution, on the developed OECTs without the need for chemical func-
tionalization is presented. The last part of this Chapter is then devoted to the
description of the results obtained from the integration of OECTs on textiles for
wearable electronics applications.

Even though many studies reporting the effect of the oxidation state of con-
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ducting polymers on cell adhesion, density and replication can be found in the
literature, [5–11], a model regarding the modifications induced in the physical
and chemical properties by a change in the oxidation state of PEDOT:PSS and
other conducting polymers, which could enlighten the cell-substrate interactions
involved in the adhesion process, is still missing. For this reason, the sixth Chap-
ter presents a characterization of the physical and electrochemical properties of
PEDOT:PSS thin films as a function of their oxidation state, together with the
biological effects of these films on cell growth and in their electrical activity.

The electrochemical characterization of PEDOT:PSS thin films was carried
out in collaboration with the research group of Prof. E. Scavetta (Department of
Industrial Chemistry, University of Bologna), while the biological measurements
were performed in collaboration with the research group of Prof. G. Castellani
(Department of Physics and Astronomy, University of Bologna). Finally, primary
dermal fibroblasts (hDF) from human donors were gently provided by Prof. S.
Salvioli (Department of Experimental, Diagnostic and Specialty Medicine, Uni-
versity of Bologna).
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Chapter 1

Organic Bioelectronics

1.1 Development of Bioelectronics

The experiments of Luigi Galvani on bioelectricity, performed in the 18th cen-
tury, are commonly considered as the starting point of Bioelectronics [1]. This
scientific branch can be defined as the study of the interactions between electrical
charges (or, from a more engineering-oriented point of view, electronic devices)
and biological entities, or, to cite the U.S. National Institute of Standards and
Technology (NIST), “the discipline resulting from the convergence of biology
and electronics” [12]. Over the last century, electronic devices have been revo-
lutionizing biology and medicine. Defibrillators alone have contributed in saving
uncountable lives, while electrocardiographs, electroencelographs and blood ana-
lyzers are nowadays part of the standard diagnostic equipment in every hospital.
The study of biology also has been transformed by electronics, mainly owing to
the development of patch-clamp [13]. This technique allows researchers to mea-
sure the ionic current through single ion channels in living cells, and its invention
led E. Neher and B. Sakmann to win the Nobel Prize in Physiology or Medicine
in 1991 [14]. Given the profound effect that electronics has had on medicine
and biology in the past, it is easy to imagine that an integration of these fields
with modern electronics will result in equally groundbreaking technological ad-
vancements. The ongoing miniaturization of semiconductor devices, as well as
the development of novel biocompatible semiconducting materials, is leading to

1



2 CHAPTER 1. ORGANIC BIOELECTRONICS

new opportunities in biomedical research and commercial medical applications.
Indeed, these technologies allow the creation of devices that can probe biological
systems from the molecule to cell to whole organism levels and thereby open up
new areas of basic biological research and new market opportunities for commer-
cialization. Moreover, the integration of bio-sensors, drug delivery systems and
mechanical actuators make possible the creation of implantable devices that can
sense their environment and actively choose an appropriate response. Many of
these applications will be described later in this chapter.

Owing to its huge potential, in terms of scientific research, healthcare develop-
ment and economic opportunities, the research activity in bioelectronics is grow-
ing rapidly. Figure 1.1a shows the number of publications per year from 1985
to 2015 in the Web of Science™ Core Collection Database having “Bioelectron-
ics” or “Organic Bioelectronics” as topic. It should be noted that the absolute
number of publications on bioelectronic topics (the ones reported plus the ones
published without using the term bioelectronics) is undoubtedly larger; however,
this simple analysis provides a representative sample of the related activities in
this field. At first, it can be seen that bioelectronics gained scientific interest quite
recently, with approximately less than ten papers per year published before 1990,
while (not surprisingly) the use of organic semiconductor-based devices for this
application is even more recent. The number of publications on bioelectronics
had a major increase in 2005, and since then it has increased by more than a factor
of two in ten years. Starting from the same year, a growing number of papers
about organic bioelectronics have been published, following the diffusion of or-
ganic semiconductors in other applications, such as organic light-emitting diodes
(OLEDs), organic thin film transistors (OTFTs) and organic photovoltaics (OPV)
(Figure 1.1b).

1.2 Materials: Conducting Polymers

Materials represent one of the major limitations to the development of new ap-
plications in bioelectronics. Electronic devices must be able to transduce signals
between the biotic/abiotic interface, i.e. they have to convert ionic signals, typical
of the biological world, to electronic signals, which are used by our electronic
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Figure 1.1: Publications per year on (a) Bioelectronics and (b) Organic Electronics
from 1985 to 2015. Source: Web of Science™ Core Collection Database.

systems [2, 4]. In traditional inorganic semiconductors and devices, the effective-
ness of this conversion is limited by a physical effect known as Debye screening,
which is caused by the formation of an electrical double layer on the surface of the
sensing material [15]. This electrical screening reduces the distance over which a
charge can be sensed in liquid media, and, as a result, limits the use of such sensors
in modern biomedical analysis [16]. Moreover, the huge difference in mechanical
properties between silicon-based devices and biological tissues is a strong con-
straint to the development of implantable sensors and prostheses; as an example,
the Young’s modulus of human brain is about 0.1 MPa, while the modulus of sil-
icon is about 170 GPa, corresponding to a 6-order of magnitude difference [17].
This may lead to local strains at the sample surface during chronic implantations
in living tissue that could enhance glial cell inflammation and thus reduce the bio-
compatibility of the device. In order to go beyond these critical issues, scientific
research has been more and more active in developing and testing a wide range
of new electronic materials and technologies, such as graphene [18, 19], carbon
nanotubes [20, 21], nanoparticles [22, 23], nanostructures [24, 25], or even more
“exotic” materials as biomimetic [26], biological [26, 27], and edible [28] materi-
als.

Organic semiconductors have proven to be very promising materials for bio-
sensing and biomedical applications [2, 29]. In particular, a state-of-the-art so-
lution involves the use of conductive polymers. These organic materials were
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Figure 1.2: (a) Chemical structure of polyacetylene. (b) Schematic view of a π
bond.

developed in the 1970s by three collaborating scientists, Alan J. Heeger, Alan G.
MacDiarmid, and Hideki Shirakawa [30, 31], who won the Nobel Prize in Chem-
istry in 2000 for this research [32]. Conductive polymers are conjugated polymers,
i.e. organic polymers where the carbon atoms are found in an sp2 hybridization
state, with pz orbitals involved in the formation of π bonds. As a consequence, a
succession of alternating single and double bonds between carbon atoms is formed
along the polymer backbone [33], as shown in Figure 1.2 for polyacetylene, the
simplest conjugated polymer. The electronic delocalization along these π bonds
gives rise to electrical conductivity. However, pristine conjugated polymers show
conductivities in the range of insulators [34]; the process used to enhance the
conductivity of conjugated polymers, making them conductive, is called doping,
and is essentially a charge transfer reaction resulting in the partial oxidation or
reduction of the polymer. The processes related to the electrical conductivity and
doping of conjugated polymers are presented more in detail in Chapter 2.

Organic electronics deals with the application of conjugated small molecules
and polymers in electronic and optoelectronic devices [35], and its interfacing
with biology has been named “organic bioelectronics” [36]. As shown in Figure
1.1, this research field has been rapidly growing during last ten years. The increas-
ing interest in the development of bioelectronic devices based on organic materi-
als instead of “traditional” semiconductors results from many characteristics that
make these materials suitable for interfacing biological elements. A comparison
between p-doped inorganic (Si:B) and organic (PEDOT:PSS) semiconductors is
shown in Figure 1.3. Silicon atoms form a lattice through a network of covalent
bonds, where each atom shares valence electrons with four neighbors. In contrast,
in the organic material covalent bonds are only present within macro-molecular
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blocks held together by weak van der Waals interactions and, in the case of doped
materials, electrostatic interactions. The prevalence of van der Waals interactions
in the organic material defines its “soft” nature and the related key differences
with the “hard” silicon, which can be summarized as follows [2, 4, 36]:

• Organic materials offer facile chemical modification. Organic chemistry can
be used to modify the structure of the molecular blocks with near-infinite
possibilities, since by altering the π-conjugated backbone or the side groups
it is possible to change relevant (opto-)electronic, mechanical or biological
properties. In a similar fashion, structures that range from single crystals
to disordered composites and hydrogels can be produced from the same
fundamental conjugated molecular blocks.

• Organic materials are soft, offering good mechanical compatibility with
both biological tissues and flexible mechanical substrates.

• In addition to electrons and holes, conjugated polymers can support effi-
cient ion transport at room temperature. Owing to van der Waals interac-
tions, the molecular building blocks of these materials are usually enough
largely spaced to allow ions to move efficiently in the film. Moreover, hy-
drophilic organic films can absorb water and swell, which further enhances
ion transport.

• Many organic semiconductors are fully biocompatible, and they can also be
decorated with bio-molecular side-groups to selectively promote or inhibit
cell viability.

• Van der Waals bonding leads to well-defined interfaces with electrolytes,
without dangling bonds or oxides. Organic semiconductors can therefore
take advantage of a direct contact with the biological environment.

• Organic materials are often transparent, allowing optical transmission imag-
ing and the use of various microscopy-based techniques when analyzing
biological specimens interacting with the device.

• Organic materials can be processed at low temperature, thanks to the weak
bonds that hold the molecular blocks together, which can be easily broken



6 CHAPTER 1. ORGANIC BIOELECTRONICS

by mild heating (mostly in small molecules) or a solvent (mostly in poly-
mers). As a consequence, an organic film or a crystal can be deposited from
vapor or solution on a wide variety of substrates using several low cost tech-
niques.

• Finally the structure of the molecules, and by extension of the film, is
strongly coupled with charge distribution. In contrast to silicon, where the
presence of electronic charge does not modify the lattice structure appre-
ciably, the removal of an electron from a thiophene chain causes a transi-
tion from an aromatic to a quinoid structure (see Figure 1.3). This effect is
relevant in biological an electrochemical applications where doping is per-
formed in an electrolyte solution, since the corresponding uptake or release
of ions can cause large dimensional changes in the organic film. As a result,
electrical doping can be exploited not only to affect the electrical properties
of the film, but also to influence its optical and mechanical properties.

The coupling of an organic electronic device with the biological environment
can work in two directions: as a sensor or as an actuator (Figure 1.4). When
working as a sensor, some characteristic of the device is influenced by a biologi-
cal reaction or process, and this modification is recorded as a signal; for example,
an enzymatic reaction turns off the conductivity of a transistor. Conversely, when
working as an actuator, an organic electronic device can operate to induce a bio-
chemical reaction or a biological process; for example, the application of a bias on
a conducting polymer electrode stimulates a neuron to generate an action poten-
tial [4]. In the production of materials that have to be integrated with biological
systems, it is really important to validate their biocompatibility. The suitability
of organic materials differs vastly, depending on their synthesis route as well as
on the overall nature of the conjugated polymer system, for example its chemical
composition, surface charges, or acidity [36]. Depending on the chosen material
and its route of synthesis, the polymer film may contain residuals that could be
highly toxic for cells such as monomers, detergents, solvents or excessive dope-
ions. Another parameter that affects the interaction between a cell and the surface
is surface topography, which can range from a few nanometers to the micrometer
level [37]. Finally, the absorption and organization of proteins on the surface is
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Figure 1.3: Schematics of an inorganic semiconductor, silicon, and an organic
semiconductor, PEDOT:PSS, at the interface with an electrolyte. The hydrated
ion is used as a reference to define the relative scale. The insets show the effect of
p-type dopants on the structure of the semiconductors [2].

Figure 1.4: Picture representing the interactions between electronic devices and
biological elements in organic bioelectronics [4].
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also important, as this defines to a great extent cell adhesion and other interfac-
ing properties [38]. The biocompatibility of several different doped and undoped
conjugated polymers has been investigated in various studies, both in vitro and in

vivo [39–41]. The most commonly used conjugated polymers in chemical and bi-
ological sensors are polyaniline, polypyrrole, polycarbazole, polythiophene, and
their derivatives, with applications covering a broad spectrum of chemical and bi-
ological sensing [36]. Some examples include humidity and pH sensors, analyte
sensing (e.g. glucose, urea, triglycerides, etc.) and more [42], as described in next
Section.

1.3 Applications

In this section, some of the most recently-developed electronic devices for biolog-
ical research are presented.

1.3.1 Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC) a
biosensor is “a device that uses specific biochemical reactions mediated by iso-
lated enzymes, immunosystems, tissues, organelles or whole cells to detect chem-
ical compounds, usually by electrical, thermal or optical signals”. In other words,
a biosensor is a device consisting of a biological sensing component connected to
a transducer that converts the recognizable response into a measurable signal [43].
The history of biosensors began with the fabrication of enzyme electrodes by Le-
land C. Clark in the 1960s [44]. Since then, researchers coming from numerous
scientific disciplines began working on the development of more sophisticated
and reliable biosensors. Particularly, the success of glucometers, used to mon-
itor the glucose blood concentration in diabetics, as well as the commercializa-
tion of lateral flow assays such as pregnancy tests, have led clinical diagnostics
to be the most significant area for the application of biosensors particularly as
point-of-care systems [29]. In this thesis, some of the main classes of organic
semiconductor-based biosensors will be described: organic field-effect transistors
(OFETs), OFET-based sensors, and organic electrochemical transistors (OECTs)
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Figure 1.5: OECT and OFET architecture. The red circles indicate the different
interfaces involved in the detection of biomolecules [46].

(Figure 1.5). In general, these sensors use π-conjugated organic semiconductors
as electronic materials and can be used for biological recognition through proper
functionalization or integration of bio-systems such as DNA strains, antibodies,
enzymes or capturing proteins. The advantages over other sensing technologies is
the capability of delivering a response that is label-free (i.e. not requiring a spe-
cific marking of the target analyte) using a simple electronic read-out set-up that
can be easily miniaturized by also employing printed circuit technologies [29].
Moreover, the use of organic semiconductors as sensing element allows to realize
completely flexible devices by using dielectric, conducting, insulating and semi-
conducting inks on plastic substrates, as shown in Figure 1.6, with no need for
ultraclean high-tech fabrication facilities [45].
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Figure 1.6: Picture of an inkjet-printed transparent and flexible OFET [45].

Organic field-effect transistors (OFETs)

First introduced in the 1980s [47], OFETs have now reached performance lev-
els comparable to that of their polycrystalline inorganic homologues [29], and
a number of p-type and n-type organic semiconducting materials with different
chemical and physical properties exhibiting field-effect mobilities higher than 1
cm2 V s−1 can be found. Typical materials include polymers such as poly(3-
hexylthiophene) (P3HT) and alkyl-substituted triphenylamine polymers (PTAA),
but also oligomers such as pentacene and its soluble derivatives, and α-sexithio-
phene (α6T) [48].

The structure of an OFET is based on three electrodes, usually metallic, named
source (S), drain (D), and gate (G), an organic semiconductor (OSC) film and a
dielectric layer (Figure 1.5). The source (grounded) and drain electrodes are con-
nected to the OSC and are used to induce a current Id by applying a potential Vd.
The OSC is also interfaced to the gate electrode through the dielectric layer, that
ideally blocks the current Ig between the source and gate electrodes. As a con-
sequence, the application of a gate voltage Vg between these electrodes induces
the polarization of the insulator, eventually generating a channel of charges at the
interface with the OSC and increasing Id (accumulation mode). More specifically,
for p-type semiconductors (as the majority of OSCs) a negative voltage is used,
so as to generate a channel of positive charges whose geometrical length (L) is the
distance between the source and the drain contacts, while its geometrical width
(W) is the width of the metal pads. If a positive gate voltage is applied instead,
the positive charges inside the OSC are pushed towards the bulk of the semicon-
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ductor, depleting the channel of the transistor and decreasing Id (depletion mode).
In these devices, a highly resistive OSC is required to have low Id in the off state,
i.e. when Vg = 0, but conversely the current in the on state, i.e. for Vg < 0, must
be as high as possible [29]. The switching between these two transport regimes
is achieved through the capacitive accumulation of positive charges at the insula-
tor/OSC interface induced by the gate voltage, which is proportional to the gate
voltage applied and the capacitance Ci of the insulating layer. So, in order to have
a high Id in the on state, a high Ci is required. This can be achieved by using mate-
rials with high dielectric constant, εr, and low thickness. Moreover, by increasing
the capacitance of the dielectric layer it is possible to reduce the operating voltage
and the power consumption of the device, wich is one of the major limitations
on the performance of these devices [49]. If the electric field generated by the
gate voltage is much larger than the field generated by Vd (gradual channel ap-

proximation), the charges are confined and accumulated only at the insulator/OSC
interface, meaning that the charge transport is two-dimensional and independent
of the OSC thickness [50]. Conversely, the transport occurring in the off state is
three-dimensional as it involves the charges present in the whole OSC film [29].
These charges are due to the presence of impurities or structural defects and their
quantity must be orders of magnitude lower than the charges generated by Vg.

In OFETs used as chemical sensors, the OSC is directly exposed to the gas or
solution to be analyzed, acting both as electronic transport material and sensing
element. Basically, the exposure to the analyte modifies the transport properties
of the OSC (carrier mobility, on/off ratio, threshold voltage), and this changes can
be measured and correlated to the analyte concentration. OFETs possess many
favorable properties as chemical and biological sensors: label-free detection, re-
peatability, and high sensitivity. As for the other sensors presented in this chapter,
selectivity represents the main limitation to the use of OFETs for sensing applica-
tions, although this drawback can be overcome upon proper functionalization [29].
The applications reported in literature for these devices include the detection of
nitro-based explosives [51], ammonia [52], nitric oxides [53], peroxides [54], as
well as a wide range of biomolecules.
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Ion-sensitive OFETs (ISOFETs)

In an ISOFET, the gate electrode and the dielectric layer are not in direct contact
as in an OFET, but they are instead separated by an electrolyte solution containing
the analyte (Figure 1.5) [55]. In order to control the potentials, a reference elec-
trode is used as gate electrode. Unlike in conventional OFETs, the Id current is
modulated by field-effect doping due to the potential of the electrolyte-insulator
interface, which is caused by the presence of ions from the electrolyte solution.
These devices can be used to detect ionic species through the functionalization of
the dielectric surface or of the gate electrode by means of a selective membrane
coating, that only allows the binding of a specific species to the surface. By an ap-
propriate tailoring of the selective membrane, it is possible to detect a wide range
of molecules and biological elements; however, the main draw-back of ISOFET-
like sensors is the need for a reference electrode, that makes them less prone to
be used in array-type sensing systems [29]. An interesting ISFET-like sensing ap-
proach that does not need a reference electrode is the so called Charge Modulated
(CM) OFET. In this OFET, a large floating-gate is coupled to a control capacitor
which allows the biasing of the device, while the sensing area and the channel
region are physically separated by an insulator layer. Using this configuration,
DNA label-free detection has been reported in the sub nM range [56].

Electrolyte-gated OFETs (EGOFETs)

The structure of an EGOFET is basically the same of an OFET where the dielec-
tric layer has been replaced by an ion-conducting electrolyte solution or polymer
electrolyte (Figure 1.5) that is directly responsible for the gating effect of the tran-
sistor [46]. The removal of the dielectric layer allows the direct contact between
the OSC and the electrolyte, drastically reducing the operating voltage required
to switch between the on and off state [57]. In these devices the polarization
of the insulating layer is replaced by the formation of a Debye-Helmholtz dou-
ble layer at the interface between the electrolyte solution and the OSC layer as
well as between the electrolyte and the gate contact [58]. As an example, when
a negative gate voltage is applied, negative charges are generated on the surface
of the metal gate electrode which repel the anions in the electrolyte that, con-
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Figure 1.7: Schematic cross-sections of a portion of an EGOFET channel showing
the difference in the extent of ion penetration between (a) electrostatic charging
and (b) electrochemical doping as operating mechanisms [62].

sequently, are accumulated at the electrolyte/semiconductor interface. Here, the
formation of a layer of positive charges is induced electrostatically in the organic
semiconductor, increasing its conductivity (assuming a p-type conductivity) and
generating a second electrical double layer (EDL). Since EDLs are usually very
thin (in the order of a few nanometers), their capacitance can be very high (ca.
10 µF cm−2 [59]), lowering the gate and drain voltages required to operate the
transistor in the sub-volt regime. One of the main limitations of EGOFETs is their
low switching speed between on and off states, which is due to the low mobility
of ions in the electrolyte [60]. In order to improve this parameter, the replacement
of a liquid electrolyte with an ion gel gate dielectric has been reported, resulting
in significantly shorter polarization times (about 1 ms) [61].

It must be noted that organic semiconductors cannot be considered completely
impermeable to the ions from the electrolyte [60]. According to the permeability
to these ions, it is possible to define two different operational modes of organic
thin film transistors: field-effect charging (as occurs in conventional metal-oxide-
semiconductor field-effect transistors, or in OFETs) and electrochemical doping
(Figure 1.7) [62]. These two scenarios represent limiting cases for the degree
of ion migration into the polymer semiconductor, and a combination of these
mechanisms has also been used to explain OFET operation with an electrolyte
gate [63, 64]. However, the most accepted explanation of the EGOFET behavior
involves a purely electrostatic charging of the organic semiconductor [62, 65]. A
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different charging mechanism can affect the performance of the device, as in field-
effect charging the intermolecular chain packing within the semiconductor is not
disrupted, while this is not the case for electrochemical doping. It is generally
accepted that crystalline packing can result in higher carrier mobility. Thus, elec-
trostatic charging of semicrystalline and polymeric semiconductors may result in
higher mobilities than the ones that can be obtained with electrochemically doped
polymer semiconductors [62].

EGOFET-based sensors have been used for many applications, such as the
detection of DNA [66], pH [67], and dopamine [68], as well as the recording of
the electrical activity of neuronal networks [69].

Organic electrochemical transistors (OECTs)

As shown in Figures 1.5 and 1.7, organic electrochemical transistors are devel-
oped using the same geometry as EGOFETs, but employing a permeable con-
ducting polymer as organic semiconductor, such as polypyrrole (PPy), polyaniline
(PANI), polythiophene derivatives, and polycarbazole. Because of the permeabil-
ity of these polymers, in an OECT the entire volume of the sensing element is
in contact with the electrolyte solution (while in EGOFETs only the semiconduc-
tor/electrolyte interface is involved). As a consequence, the Id current modulation
upon the application of a gate voltage is obtained through a reversible electro-
chemical doping/dedoping process that involves a change of conductivity in the
whole bulk of the semiconducting layer [70]. This difference compared to field-
effect transistors enables the OECT to exhibit high amplification properties in sub-
volt operation regimes, preventing water electrolysis and extending the operating
times required for in vitro and in vivo applications [71].

There are two regimes of operation for OECTs: Faradaic and non-Faradaic
(capacitive) [72].

Faradaic regime In the Faradaic regime, the application of a gate voltage deter-
mines a steady-state current at the gate electrode due to irreversible reduc-
tion/oxidation (redox) reactions between the electrode and the electrolyte.
This current lowerss the potential drop at the gate interface, increasing the
effective gate voltage operating on the channel. As a consequence this
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regime has the highest sensitivity, but the fact that the Faradaic mode of op-
eration relies on the irreversible oxidation/reduction of the electrolyte also
means that the device characteristics will decay with time and be particu-
larly sensitive to the nature of the electrolyte (feature that can be exploited
for the detection of different cations [73]).

Non-Faradaic regime The non-Faradaic mode of operation is an alternative to
the Faradaic mode: in this regime, the application of Vg determines exclu-
sively a capacitive current at the gate electrode [60]. In non-Faradaic mode,
the electrochemical potential of the gate electrode remains within the sta-
bility window of the electrolyte, and polymer doping is coupled to the re-
versible charging of an ionic double layer at the gate electrode. Therefore,
a significant potential drop arises at the gate/electrolyte interface, reducing
the effective gate voltage acting on the channel.

In both regimes, the modulation of the conductivity depends on the quantity of ac-
tive material and on the capacitances at the channel/electrolyte and gate/electrolyte
interfaces [72]. As a consequence, the geometrical features of the transistor, and
more specifically the ratio between the surfaces of the gate electrode and the active
area, Ag/Ach, have a strong impact on the device performance and have been in-
vestigated in many works [72,74,75]. Briefly speaking, a trade-off between sensi-
tivity (small gate area) and time response (small channel area) has been observed,
requiring a specific tailoring of the device according to its final purpose. More
recently, also the channel thickness has proven to affect the sensitivity of these
devices [76,77], confirming the (still controversial) hypothesis that the whole vol-
ume of the organic semiconductor is involved in the interaction with the elec-
trolyte, as opposite to electrolyte-gated field-effect transistors. More details on
the working principles of this class of devices are reported in Chapter 3.

The most important feature of OECTs as biosensors is signal amplification
[70], which leads to high sensitivity due to the direct effect of ions in the mod-
ulation of the conductivity of the organic semiconductor. Ion-to-electron trans-
duction and high amplification are common necessities for unraveling biologi-
cal information, increasing the signal-to-noise ratio and lowering the detection
limit. One parameter used to quantify amplification is transconductance, defined
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as gm = ∆Id/∆Vg, and OECTs with transconductance up to the mS range, com-
parable or even superior to solid-state inorganic transistors, have been obtained,
outperforming other organic transistors [71]. This result is even more impres-
sive considering that these devices are realized at room temperature from soultion
processed materials, and thanks to the soft nature of conducting polymers, they
can undergo harsh manipulation without a significant decrease in their electrical
performances, as shown in Figure 1.8. Finally, by carefully selecting and vary-
ing their geometrical characteristics, it is possible to engineer OECTs with peak
transconductance values at zero gate voltage [78]. This result can be exploited
in applications that require very low voltages over an extended period of biasing.
Moreover, the removal of gate biasing facilitates the integration with circuits and
recording systems, which is particularly appealing for lab on a chip applications.

Thanks to their low-voltage requirements and ease of fabrication, function-
alization and integration in biological environment, OECTs have been used for
sensing a broad range of analytes, such as ions [73,79], H2O2 [74], penicillin [80],
glucose [81–83], ascorbic acid [76], adrenaline [84], eumelanin [85], dopamine
[86,87], glutamate [88], acetylcholine [88], lactate [89], and DNA [90]. It must be
noted that a functionalization step, usually requiring the integration of a specific
enzyme, is necessary in order to achieve a significant selectivity to the specific
molecule of interest (enzymatic sensing). Moreover, OECTs have been succes-
fully coupled to many kinds of live cells. In the case of epithelial cells, OECTs
can be used for monitoring barrier tissue integrity from the measurement of the
ion flux flowing through the tight junctions formed by these cells [91], as shown in
Figure 1.9, with applications for toxicology and diagnostics. Indeed, this system
has been used as a model to study the disruption of tight junctions upon the expo-
sure to chemicals [92] and bacteria [93], and it has been recently employed for the
study of death dynamics also in cancer cells that do not form tight junctions [94].
On the other hand, OECTs can be integrated with electrogenic cells, such as car-
diomyocytes and neurons, for cellular stimulation and for the recording of electri-
cal signals, raising the opportunity of expanding the potential applications of these
devices from in vitro toxicology and diagnostics to in vivo therapeutics [95–97].
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Figure 1.8: High amplification OECTs. (a) An array of OECTs on a thin flexible
substrate (scale bar 1 cm). (b) (Left axis) Transfer characteristics of the device
before (red) and after (blue) crumpling. (Right axis) Transconductance and time
response for devices before (red) and after (blue) crumpling. (c) Crumpling of the
array [70].

Figure 1.9: OECT-based device for the measurement of tissue barrier integrity. (a)
Architecture of the device. (b) Cartoon of epithelial cells with (left) and without
(right) tight junctions, sitting on a porous cell culture membrane above a PE-
DOT:PSS transistor channel. (c) OECT Id transient response with cells before
(left) and after (right) barrier disruption upon the addition of 100 mM H2O2 [91].
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1.3.2 Neural interfaces and implants

Owing to their combination of biocompatibility and electrical activity, conduct-
ing polymers and devices built from conducting polymers were soon coupled
to electrogenic cells (cardiomyocytes and neurons) after their development [3].
Neuronal and cardiac cell cultures were indeed among the first experiments to
be performed with conducting polymers [5, 98]. The electrical stimulation and
recording of nerve tissue and neural activity have provided valuable information
about the physiological and pathological functions of the body and the brain. Typ-
ically, these recordings are performed with metal electrodes, but the difference in
elasticity between neural tissue and metals or silicon may lead to local strains
at the sample surface during chronic implantations that could enhance glial cell
inflammation, reducing the biocompatibility of the device [17]. Thus, a primary
challenge for neural interfaces is to form a good contact with the brain. This can
be achieved by using flexible electrodes that conform to the shape of the brain
surface [99]. Other critical requirements are to obtain a stable signal over time
(i.e. the stability and biocompatibility of the semiconducting material), and a suffi-
ciently high amplification to detect the low magnitude signals emitted by neuronal
cells [70].

Growth and electrical stimulation of neural tissue

An advantage of conducting polymers compared to other materials for the inter-
facing of neuronal tissue is that they can be used to electrically stimulate neuronal
cells while supporting their morphology. Electrical stimulation has been proven
to influence neuronal growth and differentiation, as well as accelerating axonal
growth [100, 101]. Moreover, the ease of functionalization of these materials
through the doping process can also play an important role in developing new
applications. As an example, by doping both PPy and PEDOT using neuronal
growth factor (NGF) the attachment and neurite development of PC-12 cells, used
as a marker, can be significantly improved [102]. A crucial problem in the focus of
neuroscience research is to find a way to promote growth of neuronal cells while
suppressing growth of glial cells on the same surface, since the formation of glial
cells can affect the efficacy of intracerebrally delivered therapeutic approaches for
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neurogenerative disorders (glial sheathing) [103]. Using PPy, it was shown that
it was possible to support a higher number of either glial cells or neuroblastoma
cells by a change in the doping agent used [104]. On the other hand, the doping
agent can also promote neuronal growth and differentiation of precursor cells into
a neuronal phenotype [105].

Another advantage of using conducting polymers as electrodes for tissue stim-
ulation is that they can be synthesized in situ, in direct contact with live cells,
preventing potentially hazardous surgeries for electrode implantation [106]. If
the conducting polymer is electrodeposited in a dish containing a living neuronal
cell culture, it wraps closely around the cells and their extensions, sometimes en-
gulfing the cell body, eventually producing a cell-templated coating. Neuron-like
cells grown on these cell-templated structures seem to re-populate the cell-shaped
holes, but do not settle into the exact same position as the original cells used for
templating [106]. In a similar fashion, in vivo electropolymerization has been used
to grow nano- and microscale conductive polymer networks on metal electrodes
implanted in mouse brain slices [107]. This process induced a large increase in
the effective surface area of the electrode as compared to that of the bare metal, as
evidenced by decreased impedance and increased charge capacity.

Recording of neural activity

For the brain, there are three main electrophysiology recording techniques: elec-
troencephalography (EEG) which utilizes electrodes in contact with the skin, elec-
trocorticography (ECoG) which utilizes electrodes in contact with the surface of
the brain, and stereoelectroencephalography (SEEG) which utilizes probes that
penetrate deep in the brain [108]. Depending on the nature of the signal of interest,
the size of the neural population to be interrogated, or the invasiveness of the mea-
surement, EEG, ECoG, or SEEG may be selected [70]. State-of-the-art recordings
are currently performed with microfabricated arrays of metal electrodes, which
capture the local field potentials (LFPs) generated by the spatio-temporal summa-
tion of current sources and sinks (caused by the flux of ions through ion channels
localized in the cell membrane) in a given brain volume [109]. Although ECoG
probes are easier to use than SEEG probes, recordings performed on the brain
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surface pick up a highly integrated, global signal, which corresponds to the sum-
mation of different signals generated at different depths. Hence, ECoG probes
are not able to accurately detect activities generated by smaller cell assemblies,
except those generated right below an electrode [95].

Neurons and brain networks generate small electric potentials, which are dif-
ficult to extract from noise when recorded with classical metal electrodes. The
use of transistors rather than simple electrodes provides the potential of increased
SNR, however, biocompatibility of silicon-based devices is a critical issue for
in vivo applications. An alternative transistor architecture, the OECT (Section
1.3.1), is gaining more and more attention to overcome the limits of inorganic
field-effect transistors. As OECTs capture ion fluxes [110], they constitute the op-
timal solution to measure electrophysiological signals. Moreover, since OECTs
use conducting polymers as sensing element, they offer cytocompatibility and
straightforward integration with flexible substrates [111], that can be used for
realizing conformable arrays of sensors [99, 112]. Despite these properties, the
diffusion of OECTs for neuronal recording in the past had been slowed down
by their low electrical performances compared to competing technologies such
as inorganic FETs and graphene-based devices. In recent years, a PEDOT-based
high-transconductance OECT for ECoG recording has been presented [71] and
succesfully tested for in vivo applications [95], exceeding the performances of
similar transistors. OECTs were also used to monitor cardiac rhythm, eye move-
ment, and brain activity in human volunteers [96,97]. These results demonstrated
that OECTs can be used for recording small electrical signals with amplitude and
frequency comparable to neuronal action potentials, with better results than tradi-
tional metallic penetrating electrodes without the need for invasive surgery.

1.3.3 Active surfaces for tissue engineering

In previous paragraphs, applications where organic semiconductors are used to
sense or stimulate biological activity through an exchange of ions with the sur-
rounding environment have been presented. At a higher level, it is possible to con-
sider the changes induced in the organic film itself as result of this process, and
take advantage of these modifications for a different kind of application. Since
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the material must be permeable to the electrolyte to have an efficient exchange
rate, conducting polymers represent state-of-the-art materials for this purpose. As
shown in Figure 1.3, the exchange of ions (doping) in conjugated polymers is
associated with a structural rearrangement along the π-conjugated backbone [2].
Moreover, the exchange of ions and the generation of an excess charge induces
the uptake of water. This effect can influence a range of properties such as surface
energy, roughness, thickness and elastic modulus [6, 113, 114].

The first demonstration of how redox-induced modifications in surface prop-
erties can be exploited to control cell behavior was reported by Wong et al. by
measuring the attachment and spreading of bovine aortic endothelial cells on pris-
tine and reduced polypyrrole [5]. Since then, many studies have shown that a re-
dox switching of the surface of conducting polymers can induce cell stimulation,
attachment, differentiation, and morphology changes [6–11, 115]. The origin of
these effects is still not clear to date, but experimental evidence has shown that an
electrically-induced change in the conformation of fibronectin, an important cell
adhesion protein, is involved [116–118]. Nevertheless, different kinds of active
surfaces for guiding cell behavior upon an electronic trigger have been developed
using conducting polymers in recent years [3], as shown in Figure 1.10.

Redox Switches and Gradients

Electrochemical reduction or oxidization of a conducting polymer induces a mod-
ification in charge distribution along the polymer backbone, which is counterbal-
aced by a counterion usually referred to as “dopant”. Depending on the charge
available on the backbone, doping ions can be tightly associated or dissociated
with the backbone [119]. Thus, the chemical properties of the doping agents,
which already have a large effect on the properties of the conducting polymer in
its native form [114], are even more important with respect to the surface proper-
ties during reversible redox switching [3].

To create wettability switches based on conducting polymers, doping agents
representing monomeric surfactants such as dodecylbenzenesulfonate (DBS), per-
fluorooctanesulfonate (PFOS) and para-toluenesulfonate (p-TOS) ions are the
most widely used, while conjugated polymers such as polyaniline (PANI), poly-
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Figure 1.10: Organic bioelectronics used for electrochemical control of surface
properties. (a) A two-electrode surface switch is used to control wettability and
cell attachment. (b) An OECT is used to create and influence cell density gradients
by tuning the gate potential. The same OECT can also be applied as a sensor for
epithelial integrity. (c) Swelling behavior in conducting polymers can be used for
electronically triggered drug release and mechanostimulation of cells. Adapted
from [3].
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pyrrole (PPy), poly(3- hexylthiophene) (P3HT), and poly(3,4- ethylenedioxythio-
phene) (PEDOT) are usually employed as backbones [3, 7, 113, 120]. Although
the micro- and nanostructure of the surface has an effect on wettability [121],
conjugated polymers are usually not enough nanostructured for inducing a switch
between hydrophilic and hydrophobic state solely through a change in their rough-
ness. In this case, the chemical properties of the dopant give a critical contribu-
tion in determining the wettability of a surface [114]. Conjugated polymers are
generally synthesized through oxidative polymerization, generating an excess of
positive charges along their backbone which is balanced by negative counterions.
Thus, when the polymer film is in an oxidized state (i.e. the backbone is pos-
itively charged), the hydrophilic (negatively charged) groups of the counterion
are strongly bound with the polymer, while their hydrophobic (not charged) tails
are oriented towards the surface, creating a hydrophobic film with large surface
energy. In a reduced state (i.e. electrically neutral backbone), the electrostatic
polymer-counterion bond does not hold anymore. Consequently, the dopant dis-
sociates from the polymer backbone and its hydrophilic groups are favored to
interact with water dipoles, creating a more hydrophilic surface (Figure 1.10a,
wettability switch) [113].

It is possible to electrically control the surface energy of a conducting poly-
mer film by using a simple two-electrode system, presenting the fully oxidized
and fully reduced state of the polymer on each single electrode. Based on the
same mechanism, cell attachment switches have been developed that are able to
selectively improve or reduce cell attachment depending on the applied poten-
tial (Figure 1.10a, attachment switch) [7, 8]. If these electrodes are connected by
a continuous stripe of conducting polymer, a linear redox gradient can be esta-
bilished [9]. By adding a gate electrode, this stripe can work as the conducting
channel of an OECT (see Section 1.3.1), where the gate voltage is used to modu-
late the steepness of the electrochemical gradient. Using this device, cell density
gradients can be produced, and even tuned, along the channel of the OECT (Figure
1.10b, cell density gradient and focused cell attachment) [122]. Finally, it is also
possible to measure current transients by pulsing the gate potential in the pres-
ence of a cellular layer grown directly on the channel, so as to measure epithelial
integrity [123].
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Drug Delivery Systems

Pharmaceutical compounds range from small ions to large and complex proteins
and molecules. To achieve a proper response to the treatment, the pharmaceuticals
must be delivered inside the body at an optimum rate, and in some cases, at a
defined site. For any administered drug system, a lower limit below which the
drug has ceased to produce any therapeutic effect, and an upper limit above which
the drug exerts various forms of toxicity in the organism, can be identified [124].
Ideally, for a medicinal agent to remain therapeutically effective without toxic
effects, its serum concentration should stay within these limts. Drug delivery
systems have been developed just to allow slow and gradual intraserum release,
and nowadays they represent another application of conducting polymers [36].

The first reported controlled release system based on conducting polymers
was reported by Zinger and Miller in 1984 when glutamate anions were released
upon the reduction of PPy [125]. This electrically controlled drug release is based
on the hypothesis that compounds, entrapped in the polymer during synthesis or
fabrication, are released from the polymer matrix due to de-doping and swelling
caused by repeated or continuous electrochemical switching (Figure 1.10c, drug
release due to de-doping/swelling) [126, 127]. It has been demonstrated that drug
release after electrochemical switching of the polymer is not limited to the release
of negative doping ions when swelling processes are taken into account [128].
To increase the drug release rate in conjugated polymer membranes, different ap-
proaches have been explored, that relate primarily to enhancing the drug diffusion
rate inside the polymer electrode in order to promote rapid escape of the drug.
This can be achieved by increasing the surface/volume ratio, as an example by pro-
ducing a sponge-like porous polymer electrode, in which the receiving fluid can
intermix with the polymer material [129], or by realizing polymeric nanowires,
where the drug-loading capacity depends on the volume of the vacancies and not
on the doping level [130]. An alternative route to increase the release rate, as well
as to enable the release of more voluminous ionic drug molecules, is to combine
the drug-emitting polymer with a hydrogel scaffold [131, 132].
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Figure 1.11: A bilayer bending artifical muscle composed of a conducting poly-
mer film and a non-conductive tape. (a) Scheme of the device. (b) Anticlockwise
and (c) clockwise movements. Adapted from [139, 140].

Mechanical Transducers

The reversible electrochemical oxidation and reduction of conjugated polymers
previously described is associated to ions and solvents uptake from the electrolyte
solution, which leads to significant dimensional changes. This phenomenon, cal-
led electrochemomechanical deformation, has been used to create soft actuators or
transducers for the conversion of electrical power to mechanical work [133]. Suit-
able materials for the fabrication of conducting polymer-based actuators include
polyaniline (PANI), polypyrrole (PPy) and polythiophenes (Pth) [134]. Since
PANI actuators are operated in acidic environment [135] and Pth actuators reach
comparably low strains in ionic liquid electrolytes [136], PPy actuators are the
most widely used in biomedical applications [137], usually with DBS or p-TOS
as counteranion [138]. In general, the dimensional changes in soft actuators made
from conducting polymers are the result of ion and solvent influx. Thus, the strain
in PPy actuators has been shown to depend on the size of ions and solvents ex-
changed in the oxidation and reduction process.

Many devices have been developed based on the electrochemomechanical de-
formation of electroactive materials [139]. Through the patterning of a conduct-
ing polymer on a passive material, such as silicon or SU8, a surface with tunable
morphology can be obtained, where the controlled solvent uptake of the polymer
can be used for the mechanostimulation of live cells (Figure 1.10c, mechanos-
timulation due to swelling) [141]. Furthermore, miniaturized conductive polymer
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actuators for the generation of high pressure in lab-on-a-chip systems were de-
veloped by stacking several layers of modified PPy intercalated with electrolyte
layers [142].

An interesting biomimetic approach is the development of artificial muscles
using polymer-based stretchable actuators. These devices in their simplest form
are composed of a bilayer CP/passive structure: electrochemically driven length
variations in the conducting polymer film produce stress gradients across the inter-
face and result in macroscopic bending (Figure 1.11). In a similar fashion, linear
movements can be achieved as well [139]. Moreover, since the working potential
of conducting polymer films can change as a function of electrolyte concentration,
temperature or mechanical stress, these materials can act both as actuators and as
environmental sensors at the same time. In this way, they can be used as actuators,
sensing the surrounding conditions during movement [143, 144].

A different application, in which electrochemical switching leads to complete
reorganization, and eventually causes cracking an swelling of the entire polymer
film, has been developed by using a self-doped conductive polymer, PEDOT-
S:H [145]. In this polymer, negative charged sulfonate groups are linked to a
polythiophene backbone structure via alkyl chains that extend from the backbone.
In its reduced state, the polymer associates with protons to balance its internal neg-
ative charge. When an electrical potential is applied and the backbone is oxidized,
the protons are expelled and the negatively charged groups on the alkyl arms are
drawn to the center of the molecule. This results in a major structural change and
eventually leads to swelling, cracking and finally disaggregation of the polymer.
This material can be used to detach live cells from their substrate while conserving
important surface antigens and proteins as compared to enzymatic detachment [3].



Chapter 2

PEDOT:PSS

2.1 Electrical Conductivity in Conjugated Polymers

2.1.1 Role of conjugation

In saturated polymers, all valence electrons are used in covalent σ-bonds. Hence,
the energy gap between the valence band and the conduction band is very large
and these materials show typical insulating properties. In conjugated polymers
(Figure 2.1), the chemical bonding leads to one unpaired electron (the π electron)
per carbon atom [146]. Moreover, π-bonding, in which the carbon orbitals are
in the sp2 pz configuration and the orbitals of successive carbon atoms along the
backbone overlap, leads to electron delocalization along the polymer backbone.
This electronic delocalization provides the “highway” for charge mobility along
the backbone of the polymer chain. As a result, the electronic structure in conju-
gated polymers is determined by the chain symmetry (i.e. the number and kind
of atoms within the repeat unit), with the result that such polymers can exhibit
semiconducting or even metallic properties [33].

The simplest example for modeling electrical conductivity in conjugated poly-
mers is polyacetylene (PAc, molecular formula [−CH]n), the simplest conjugated
polymer, shown in Figure 2.1. In PAc, each carbon atom (with four valence elec-
trons) is σ-bonded to two neighbouring carbon atoms and an hydrogen atom, with
one π electron per carbon remaining. A simple free-electron molecular orbital
model provides the minimum elements needed for describing quantitatively a con-
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Figure 2.1: Chemical structure of selected conjugated polymers.

ductor, semiconductor or insulator built up of a linear chain of atoms such as in
polyacetylene and many other polymers [147]. If we assume a row of N atoms
separated by a distance d, the total length of the chain is then (N − 1)d or, for
large N, approximately Nd. According to the quantum-mechanical model for a
free particle in a one-dimensional box (potential equal to zero inside the box and
infinity outside) the wave functions correspond to a ladder of eigenvalues [148]:

En = n2h2/8m(Nd)2 (2.1)

where h is the Planck’s constant, m the electron mass and n a quantum number,
with n = 1, 2, 3 . . .

If we assume that the π-electrons from the N p-orbitals are filled into this
ladder, with two electrons per molecular orbital, the highest occupied molecular
orbital (HOMO) has the energy

EHOMO = (N/2)2h2/8m(Nd)2 (2.2)
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and the lowest unoccupied molecular orbital (LUMO) has the energy

ELUMO = (N/2 + 1)2h2/8m(Nd)2. (2.3)

The energy required to excite an electron from HOMO to LUMO is thus:

∆E = ELUMO − EHOMO = (N + 1)h2/8m(Nd)2 ≈ h2/8mNd2 (2.4)

where the approximation is made for large N. The band gap is predicted to de-
crease as 1/N with increasing polymer length, and will thus practically vanish for
macroscopic dimensions.

According to this model, macroscopic conjugated polymers should behave
like conductors, but experimentally their bandgap does not decrease in the way
predicted by Equation 2.4 [149]. Hence there seems to be an upper limit beyond
which no change will result from further conjugation into an infinite linear chain.
This unexpected result can be explained by taking into account the distortion of the
chain, also called Peierls distortion, a common phenomenon in one-dimensional
systems [150]. The Peierls theorem states that a one-dimensional system with an
incompletely filled band distorts in such a way as to open up a gap at the Fermi
level. The degeneracy of π levels, due to the high simmetry of the linear chain, is
resolved through a geometrical distortion that reduces the symmetry and induces a
rearrangement of the orbital levels. In the case of polyacetylene, this lattice distor-
tion leads to a repeat unit with two carbon atoms closer together and the next two
carbon atoms further apart. Hence, the repeat unit can be written as [−CH=CH−]
instead of [−CH−]. So, if the carbon-carbon bonds were equally long, π electrons
would be spaced out rather evenly along the entire chain; according to Equation
2.4, they would be found in a half-filled continuous band, as it happens for free
electrons in metals, and they would be delocalised along the entire chain. But for a
chain with alternatingly short and long bonds, the energy band structure changes
in a resulting energy gap between a completely filled π band and an empty π∗

band, as it happens for electrons in insulators and semiconductors [146]. The en-
ergy difference between the highest occupied state (HOMO) in the π band and the
lowest unoccupied state in the π∗ band is the π-π∗ energy gap, Eg.
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This bond-alternating structure is common to all conjugated polymers. Be-
cause of this distortion, intrinsically conducting polymers have typically low con-
ductivities, whereas their nondistorted structure would have granted a metal-like
conductivity. Indeed, the intrinsic conductivity of polyacetylene is low (< 10−5

S cm−1); it can be made highly conducting (∼ 103 S cm−1) only by exposing it to
oxidizing or reducing agents, a process referred to as “doping” [31].

2.1.2 Charge transport and role of dopant

As mentioned in Section 1.2, the doping process in conjugated polymers is essen-
tially a charge transfer reaction resulting in the partial oxidation (or less frequently
reduction) of the polymer. Although conjugated polymers may be charged posi-
tively or negatively, studies of the charging mechanism have mostly been devoted
to the case of p-doping. Depending on the couple polymer-dopant, the doping pro-
cess can be very effective, increasing the electrical conductivity of the uncharged
polymer, almost an insulator, by up to 10-12 orders of magnitude, reaching 1000
S/cm, or even more [34]. A change in the doping state (also called redox sta-
tus) can also be achieved when ions from an electrolyte enter an organic film, or
vice versa. In this case the compensating electronic charge is supplied by a metal
contact and the process is called “electrochemical doping”.

It must be noted that the term “doping” used in this context can be mislead-
ing, since in semiconductor physics it is used for the introduction of an external
neutral atom in a host lattice to change its electronic structure [151], while for
conducting polymers this process is best viewed as a redox reaction. The insulat-
ing neutral polymer is converted into an ionic complex consisting of a polymeric
cation (p-type doping) and a counterion which is the reduced form of the oxidiz-
ing agent, or conversely, a polymeric anion (n-type doping) and the oxidized form
of the reducing agent as counterion. The ease of oxidation or reduction is thus an
important parameter to evaluate if a polymer is a potentially conducting polymer.
This accounts in part for the choice of π-bonded unsaturated polymers which have
small ionization potentials and/or large electron affinities. Indeed, π electrons can
be relatively easily removed or added to form a polymeric ion with small effects
on the σ bonds which hold the polymer together. Following polyacetylene, this
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Figure 2.2: On the left, charged states in trans-polyacetylene: (a) undimerized
structure, (b) dimerized structure due to the Peierls instability, (c) polaron formed
by removal of one electron on a carbon atom of the chain, (d) soliton forma-
tion, (e) structural relaxation with corresponding delocalized charge distribution.
Adapted from [33]. On the right, transition from benzenoid to quinoid structure
in polythiophene upon the introduction of a positive charge.

basic principle has been applied with success to a large number of other organic
polymers [152]. The increase in electrical conductivity results from the genera-
tion of charge carriers and from the ability of those charge carriers to move along
the π-system. Consequently, doped conjugated polymers are good conductors for
two reasons [33]:

• Doping introduces carriers into the electronic structure. Since every repeat
unit is a potential redox site, conjugated polymers can be doped to a rela-
tively high density of charge carriers;

• The attraction of an electron in one repeat unit to the nuclei in the neigh-
boring units leads to carrier delocalization along the polymer chain and to
charge carrier mobility, which is extended into three dimensions through
interchain electron transfer.

Charges that are introduced in polymers are stored in novel states, called po-

larons, bipolarons or solitons [153]. These states include a charge and a lattice
distortion. Indeed, in organic molecules the equilibrium geometry is different be-
tween ground and ionized state, as in the transition between benzenoic-like and
quinoid-like structure in polythiophene shown in Figure 2.2. Differently from in-
organic solids, where the removal of an electron from the lattice generates a hole
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on top of the valence band (Figure 2.3a), in an organic polymer chain it can be
energetically favorable to localize the charge and to generate a local distortion
(relaxation) of the lattice around it. This process causes the presence of local-
ized electronic states in the gap due to a local upward shift ∆ε of the HOMO and
downward shift of the LUMO (Figure 2.3b). If this variation in the energy of the
HOMO and LUMO levels is higher than the energy required for lattice distortion,
Edis, the charge localization process is favored relative to the band process, and a
polaron is formed with energy ∆ε − Edis. It has been reported in literature, from
calculation based on the Hückel theory, that in conjugated polymers polaron for-
mation coupled with lattice deformation is always energetically favorable respect
to ionization [152].

In the case of an electron polaron, the added electron is stored in a newly
created level drawn from the conduction band. In the case of a hole polaron, an
electron is removed from a newly created level moved up from the valence band.
In both cases a half-filled level is created with spin 1/2. The energy difference be-
tween the band edge and the newly created states depends on the band gap and on
the chain length [146]. It must be noted that when a polaron is formed, the valence
band remains full and the conduction band empty, since the half-occupied level is
localized in the gap (2.3b). As a consequence, there is no appearance of metal-
lic character. However, with a high concentration of counterions the polaron can
move in the field of close counterions, so its mobility along the chain can be high.
This implies that the doping must be strong to achieve high carrier mobilities.

If a second electron is removed from the polymer chain, two possibilities arise:
the electron can be removed from the polaron itself, forming a bipolaron, or from
anywhere else on the chain, forming a second polaron. The electronic band struc-
ture corresponding to the presence of a bipolaron is depicted in Figure 2.3c. A
bipolaron is defined as a non-independent pair of charges of the same polarity as-
sociated with a strong local lattice distortion. A bipolaron has two levels in the
energy gap: in the case of a negative bipolaron both levels are fully occupied,
while for a positive bipolaron both levels are empty. In either case, while a po-
laron has spin 1/2, the spins of bipolarons sum to zero. Since these charges have
the same sign, the energy gained from lattice deformation must be higher than
the energy coming from the Coulomb repulsion of these charges [154]. More-
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Figure 2.3: Illustration of the band structure of a polymeric chain in the case of the
formation of: (a) a delocalized hole; (b) a polaron; (c) a bipolaron; (d) bipolaron
bands in high doping conditions. The Fermi level is taken as reference level.
Adapted from [152].

over, the lattice distortion increases upon this second ionization process (Edis for
bipolarons is higher than for polarons), implying that the reduction of ionization
energy, ∆ε, must change accordingly, keeping in mind that bipolaron formation is
energetically favored only if ∆ε > Edis. As a consequence, the electronic states
appearing in the gap for a bipolaron are further away from the band edges than for
a polaron, as shown in Figure 2.3c. Calculations for many conjugated polymers
have indicated that the distortion energy required to form one bipolaron and to
form two polarons is very similar [155–157]. On the other hand, the decrease in
ionization energy is much more important in the bipolaron case (2∆εbip) than for
two polarons (2∆εpol), as shown in Figure 2.3. This is the reason why a bipo-
laron is thermodynamically more stable than two polarons, despite the Coulomb
repulsion due to the presence of two similar charges, which is also screened by
the presence of dopants [152].

Experimental and theoretical investigations of the evolution of the electronic
and transport properties as a function of doping level on different conjugated poly-
mers have been conducted since the early 80s [152]. Experimental data from opti-
cal absorbance spectra [157] and electron spin resonance (ESR) [158] show that at
low doping (about 1 mol %), an increasing number of polaronic states (spin 1/2)
are formed. At higher dopant concentrations (about 10 mol %), polarons gradu-
ally disappear due to the formation of spinless bipolarons. By further increasing
the dopant concentration (about 30 mol %), the bipolaronic states within the en-
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ergy gap eventually overlap, leading to the formation of two bipolaron bands and a
widening of the original bandgap (since the new states are extracted from valence
and conduction bands), as shown in Figure (2.3d). The generation of these bands
considerably improves the conductivity of the material at high dopant concentra-
tions.

Solitons are a third type of excited species, which only occurs in degenerate
polymers, i.e. polymers that possess two different geometrical structures in the
ground state with exactly the same energy. The most common example for a de-
generate polymer is trans-polyacetylene (PAc) [159]. Indeed, as it can be seen
in Figure 2.2, an interchange of single and double bonds along the chain of PAc
results in the same structure. As a result, when an electron is extracted from a po-
laron along the chain, the two positive charges are not coupled as it would happen
in non-degenerate polymers. Since the geometric structure that appears between
the two charges has the same energy as the geometric structure on the other sides
of the charges, there is no increase in distortion energy when the two charges sepa-
rate, and consequently they are free to mowe away from each other. By looking at
the PAc structure in Figure 2.2d, it is apparent that a single charge on a PAc chain
constitutes a boundary between two degenerate segments with specular geometry.
Such a charge associated with a boundary is called a soliton, because it has the
properties of a solitary wave which can propagate without deformation and dissi-
pation [160]. The presence of a soliton is associated to a localized electronic state
in the center of the bandgap. This level can be filled with one electron (neutral
soliton, spin 1/2), with two electrons (negatively charged soliton, spin zero) or it
can be empty (positively charged soliton, spin zero). In a long chain, the spin den-
sity in a neutral soliton (or charge density in a charged soliton) is not localized on
one carbon but spreads over several carbons [159], which gives the soliton a width
as shown in Figure 2.2e. Solitons can propagate along the chain and contribute
to charge transfer through “intersoliton hopping”, where an electron can jump
between localized states on adjacent polymer chains through a phonon-assisted
hopping process [161].

Unlike PAc, most conjugated polymers possess a nondegenerate ground state
that corresponds to a single aromatic-like geometric structure, while a quinoid-
like resonance structure is allowed but with a higher total energy (Figure 2.2).
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Ab initio calculations have been used to show that the quinoid structure has a
lower ionization potential and a larger electron affinity than the aromatic structure
[162]. This explains the local chain geometry relaxation to a quinoid structure
that appears upon doping around the dopant charges.

Two aspects have to be stressed. First, in polymeric materials, the overall
charge transport is due to the combination of charge transport along the single
polymer chains an charge hopping between different chains. The latter process
is likely to be the rate-limiting step which determines the conductivity observed
macroscopically [152]. Interchain interactions and the development of a model
for the interchain exchange of polarons, bipolarons and solitons are thus of prime
importance. Second, polymers are rather amorphous and inhomogeneous, and the
effects of disorder on charge transport have therefore to be properly taken into
account.

2.1.3 Temperature dependence of charge transport

To give a physical description of the charge transport in conjugated polymers, it is
useful to consider the temperature dependence of parameters such as conductivity
and thermopower of those polymers.

In a metal the conductivity, σ, remains finite as the temperature approaches
zero. This is due to the fact that there are delocalized states at the Fermi level,
which allow conductivity without termal activation. Furthermore, in metals the
conductivity decreases with increasing temperature, due to phonon-electron inter-
actions. In semiconductors, the situation is the opposite as for metals: at temper-
atures near zero they act as insulators and an exponential increase in conductivity
with temperature is a typical behaviour, because conduction is caused by the hop-
ping of charges between localized states [163].

Polyacetylene is a good example to demonstrate the changes in conductivity
and thermopower as a function of temperature and doping (Figure 2.4). At low
doping level the conductivity approaches zero for T = 0 and increases exponen-
tially with increasing temperature [164]. Hence, a typical semiconducting behav-
ior is observed. The newly created charge carriers that are due to the small amount
of dopants added are strongly localized to defect sites within the electronic gap.
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Figure 2.4: Normalized conductivity temperature dependence for (a) iodine-doped
PAc and (b) camphor sulphonic acid-doped polyaniline with increasing dopant
concentrations from the curve a (minimum) to the curve b (maximum) in both
graphics. The fits are to Equation 2.6 for polymers with σ non-zero as T → 0 and
to Equation 2.7 for σ→ 0 as T → 0 [164].

With increasing doping level a low temperature semiconductor-metal transition
occurs resulting in nonzero conductivities at T = 0, with a continuous increase
in conductivity with increasing temperature. The fact that conductivity remains
above zero for T = 0 shows that the material contains delocalized states at the
Fermi level. In highly doped polyacetylene samples the term dσ/dT changes its
sign in correspondance to a so-called cross-over temperature [164], above which
the conductivity decreases with increasing temperature. This is a characteristic
feature of many highly doped conducting polymers (see Figure 2.4).

A second important parameter for the understanding of conductivity in conju-
gated polymers is the termoelectric power, or thermopower, which is a measure
of the rate of diffusion of charge carriers in response to a thermal gradient [165].
Thermopower is a transport property that is usually less affected by materials im-
perfections than the conductivity, and so can help identify the intrinsic conduc-
tion processes [166]. When a temperature difference is applied to a solid, mobile
charge carriers migrate from the hot side to the cold side, like a gas that expands
during heating. If only one type of carrier is able to migrate, or migrates stronger
than the other one, an electric field is created within the material (Seebeck effect).
The thermopower is defined as the proportionality constant between the strength
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Figure 2.5: Thermopower for (a) highly doped PAc, (b) PAni, (c) PPy [164].

of that field and the temperature gradient [163]. A positive sign for thermopower
indicates that holes are responsible for the charge transport, while a negative sign
means that charge is transported through electrons. In the case of doped poly-
acetylene (PAc), polyanyline (PAni) and polypyrrole (PPy), thermopower shows
positive sign [164].

For PAc, at very low doping levels the room temperature thermopower is very
large and it decreases with the increasing of the doping level, until for fully doped
samples the thermopower shows remarkably good agreement with the proportion-
ality to temperature expected for metallic diffusion. The magnitude of the room
temperature thermopower is somewhat larger than for typical conventional metals,
which is the trend generally expected for metals with low carrier density. Ther-
mopower measured for PAc, PAni and PPy is shown in Figure 2.5. This metallic
behavior is in contrast to the crossover from non-metallic to metallic temperature
dependence seen in the conductivity of PAc. This metallic thermopower character
suggests that the conductivity crossover can not arise from a change in the nature
of the electronic states with increasing temperature, because this variation should
also be seen in thermopower, which is very sensitive to electronic structure [164].

The conflicting behavior of conductivity and thermopower is easily resolved
in a heterogeneous model in which metallic (ordered) and non-metallic (disor-
dered) components are both present [167]. Contributions from the metallic and
non-metallic regions are present simultaneously, but their relative weighting is
different for conductivity and thermopower, so the crossover from metallic to non-
metallic behavior in conductivity will not in general coincide with a corresponding
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change in thermopower. Because thermopower contributions are weighted by the
thermal rather than the electrical resistance, and heat is carried by lattice vibra-
tions as well as the charge carriers, the thermopower is more likely to show the
intrinsic behavior of the crystalline metallic regions, while conductivity is affected
by both metallic and non-metallic components [166, 167].

2.1.4 Heterogeneous model

In contrast to a semiconductor solid, the structure of a conjugated polymer is far
less regular [146]. Polymers contain individual molecules with different chain
lengths, varying amounts of defects and chain ends; furthermore, they can be
amorphous or partially crystalline. Additional differences occur due to aging,
and finally the polymer chains can have orientation in the three space directions
resulting in anisotropic electronic properties. As a consequence, the disorder in
conjugated polymers has a strong effect on the electronic properties. However,
order itself is not a sufficient condition for charge transport, since even in a highly
ordered system, macroscopic charge transport is not possible unless the charges
can hop or diffuse from one chain to another.

System with a disorder length scale (the distance from an arbitrary point of
the material beyond which the crystal lattice loses its periodic character) equal to
or smaller than the elctronic correlation length are described as homogeneously

disordered; systems in which the disorder length scale is large compared to the
elctronic correlation length are described as heterogeneously disordered instead
[168]. Heterogeneous disorder has been proposed for various types of poly-
acetylene, and also for PEDOT:PSS a heterogeneous disorder model is appropri-
ate [169]. It has been pointed out that the concepts of homogeneous and heteroge-
neous disorder on their own are not sufficient to describe the carriers behaviour in
conjugated polymers [168]. Nonetheless, these models can give a first understand-
ing for the charge transport in intrinsically conductive polymers and the calculated
data based on these models give good fits for the experimental results [164].

The localization effects in the inhomogeneously disordered conducting poly-
mer are proposed to originate from rod-like quasi one-dimensional chains [164,
170]. It has long been recognized that crystallization in polymers typically in-
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Figure 2.6: (a) Scanning force microscopy (SFM) image of polymer chains on
a surface showing separate regions of well-aligned chains [171]. (b) Sketch of
morphology of polymer chains in highly conducting PAc showing heterogeneous
disorder [164].

volves small crystallites of aligned chains interspersed with regions where the
chains are disordered, and this is also the case for conducting polymers. Percec et

al. [171] have succeeded in visualizing the crystallization on a two-dimensional
substrate of a nonconducting polymer consisting of cylindrical units of relatively
large diameter, as illustrated in Figure 2.6. Well-defined crystalline regions sur-
rounded by discontinuities are clearly seen: similar boundaries in conducting
polymers would tend to dominate the resistance of a sample since the charge car-
riers must traverse the “barriers” surrounding the crystallites.

The resistance in a heterogeneous model such as that illustrated in Figure 2.6
for conduction in polymers can be written as the sum of the resistances of the
crystalline parts (subscript c) and barrier parts of the conduction path along the
fibers. Taking account of the fact that the metal-semiconductor transition may
occur in the barrier region, with both non-metallic (subscript n) and disordered
metallic (subscript d) portions present in parallel, this model gives the conductiv-
ity as [164]:

σ−1 = ρ = fcρc +
[
( fnρn)−1 + ( fdρ f )−1

]−1
(2.5)

where fi are geometric factors defined by fi = LiA
LAi

. Here L and A are the effective
total length and cross-sectional area of the sample, Li is the length of path consist-
ing of material i with intrinsic resistivity ρi, and Ai is the effective cross-sectional
area for conduction in each type of material. For the case of a fibrillar polymer
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where the fibers have similar properties and the nature of the electronic states
does not change with temperature, the temperature dependence of the geometric
factors is supposed to be small. However, intrinsic resistivities ρi do depend on
temperature and moreover they also depend on the doping level. Consequently,
various models for conductivity depending on temperature and doping level have
been proposed in literature [164, 172].

For highly conducting organic polymers, the non-metallic temperature depen-
dence found for the conductivity can be ascribed to fluctuation-induced tunneling
between extended metallic regions [173]. If we use this mechanism for the bar-
rier resistance (the second term in Equation 2.5), and the crystalline conductivity
(the first term) as that of a quasi-one-dimensional metal [174, 175], we obtain the
expression [176]:

σ−1 = fcρm exp
(
−

Tm

T

)
+


[

fnρt exp
(

Tt

T + Ts

)]−1

+ [ fdρd]−1


−1

(2.6)

which gives a good account of the conductivity of the metallic polymers (σ non-
zero as T → 0), as shown by the fits in Figure 2.4. In Equation 2.6, Tm gives
the energy of phonons that can backscatter charge carriers (about 1400 K for
PAc [175] and 1000 K for the other polymers [164]), ρm and ρt are the resistivities
associated respectively to the quasi-one dimensional metal and to the tunneling
barrier and Tt and Ts are the tunneling parameters (that depend on materials and
geometry of the tunneling junction) [177]. The disordered metal resistivity ρd is
taken as approximately constant as it is normally dominated by elastic disordered
scattering. The residual resisitivity of the crystalline regions can be taken as neg-
ligible in comparison with the other terms [176]. From a different point of view,
we can say that basically in highly doped conjugated polymers localized and ex-
tended states exist in parallel. A critical energy Ec exists that separates localized
states from extended states. The resulting electronic behaviour depends on the po-
sition of the Fermi energy EF relative to the mobility edge Ec: if the Fermi level
lies within the extended states, then the conductivity remains non zero even as T

approaches 0, since no thermal activation is required for charge transport [146].
For low conductivity polymers, for which the conductivity vanishes as T ap-
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proaches 0, the disordered metal term and significant tunneling at very low tem-
peratures are absent. Instead, the temperature dependence is dominated by hop-
ping-type behaviour as in disordered semiconductors. The appropriate form of
Equation 2.5 can be written as [178]:

σ−1 = fcρm exp
(
−

Tm

T

)
+ fnρ0 exp

(T0

T

)γ
(2.7)

where ρ0 and T0 are constant values that depend on the considered polymer. For
γ = 0.25, the second term is Mott’s variable-range hopping (VRH) law in three
dimensions [179], while for γ = 0.5 it represents either quasi-1D hopping, or
3D hopping in the presence of electron-electron interactions [180], or tunneling
between mesoscopic metallic islands, in which the charging energy is significant
[181].

For a random network of coupled one-dimensional metallic wires, Prigodin
and Efetov [172] predicted four different conductivity modes depending on teper-
ature. Starting from low temperatures, the material shows a VRH conductivity.
Then, the next transport mode is the hoppig over nearest states, followed by re-
gions of localized correlations, and finally band transport is reached. For a one-
dimensional system the variable range hopping is described by Mott’s temperature
law [179]:

σ(T ) = σ0 exp
− (

T
T0

)1/2 (2.8)

with T0 = e2/εL, where e is the electron charge, ε is the dielectric constant, and L

is the localization length, defined as the distance from a site for the electron wave
function to decay to 1/e of its value [163]. The T 1/2 dependece at low tempera-
tures is typically due to electron-electron interactions [182]. The low-temperature
T 1/2 terms (the low-temperature conductivity with the residual conductivity sub-
tracted) are shown for several conducting polymers in Figure 2.7, compared to an
inorganic doped semiconductor, Si:B, and a typical 3D conventional amorphous
metal, a Fe-Ni-P-B alloy. The T 1/2 terms for PPy are only slightly larger than
those for Si:B and the amorphous metal, but that shown for polyaniline (PAni) is
much larger, and all those for polyacetylene (PAc) are huge by comparison with
the others [164]. An enhanced magnitude of these T 1/2 terms is expected in the
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Figure 2.7: Temperature-dependent conductivity ∆σ(T ) (i.e. residual conductivity
subtracted) showing the T 1/2 behavior at low temperatures for (a) highly conduct-
ing PAc doped with iodine, (b) PAni doped with CSA, (c-d) a typical amorphous
metal (Fe-Ni-P-B), (e-f) PEDOT, with the range of the PPy and Si:B data also
indicated [164].

heterogeneous model discussed above if the metal-semiconductor transition oc-
curs in the barrier regions and the crystalline regions are highly conducting. These
highly conducting regions lead to an enhancement of the overall conductivity and
a larger absolute value for the T 1/2 interaction term. At very low temperatures,
the temperature dependent metallic resistivity for highly conducting regions (first
term in Equation 2.6) becomes negligible, and the T 1/2 interaction term dominates
the temperature dependence of conduction through the barrier regions.

2.2 PEDOT:PSS

2.2.1 PEDOT

During the second half of the 1980s, a new polythiophene derivative, poly(3,4-
ethylenedioxythiophene) (PEDOT) [146], was developed at the Bayer AG re-
search laboratories in Germany. PEDOT is an intrinsically conductive conjugated
polymer, composed by a chain of 3,4- ethylenedioxytiophene (EDOT) monomers,
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as shown in Figure 2.8, prepared using standard oxidative chemical or electro-
chemical polymerization methods. PEDOT is found as an insoluble polymer, yet
exhibiting some very interesting properties [183]:

Reversible doping state PEDOT can be repeatedly doped and undoped. It is
almost transparent and light blue in the oxidized state and can be easily
changed into opaque and dark blue appearance in the neutral state. Thus its
color changes visibly when its doped state changes and may be suitable for
optical applications, such as electrochromic displays [184].

Excellent stability PEDOT has improved chemical and thermal stability. Ther-
mal studies show that a continuous degradation occurs above 150°C and
complete decomposition above 390°C [185]. Electrical conducting prop-
erties appear to remain almost unaltered after aging in environmental con-
ditions. Its high stability is attributed to favorable ring geometry and the
electron-donating effect of the oxygen atoms at the 3,4- positions stabiliz-
ing the positive charge in the polymer backbone.

Low band gap (high conductivity) PEDOT has a band gap of about 1.5-1.6 eV
[186]. The lower band-gap relative to polythiophene is thought to originate
from the influence of the electron-donor ethylene dioxy groups on the ener-
gies of the frontier levels of the π system. Experimental results show that,
after doping, PEDOT exhibits reduced absorption in the visible: the oscil-
lator strength shifts from around 1.5 eV (lowest π − π∗ transition) to below
1 eV in the metallic state. Thus it shows a high electrical conductivity in its
doped state [187].

Electrochemical properties Compared to other conducting polymers, electro-
chemically synthesized films of PEDOT have a low redox potential and
excellent stability in their doped state. From cyclic voltammetries, it is
found that the redox peaks at approximately 0 mV (oxidation) and -400 mV
(reduction) remain almost unaffected during cycling. However, only under
an applied negative potential of -700 mV the neutral films were found to be
stable. Open circuit potential measurements show that the neutral films are
rapidly oxidized [188].
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Figure 2.8: Chemical structure of thiophene, 3,4- ethilenedioxythiophene (EDOT)
and poly(3,4- ethilenedioxythiophene) (PEDOT).

2.2.2 PEDOT:PSS dispersions

One of the reasons why PEDOT has become a succesful conductive polymer is
the availability as a polymer dispersion [146]. Although the PEDOT polycation
is not soluble in any solvent, used in combination with poly(styrenesulfonic acid)
(PSS) as a counterion a polyelectrolite complex (PEC) can be prepared that forms
a stable dispersion, which can be produced on an industrial scale and used in many
deposition techniques. Chemical structure of PEDOT:PSS is shown in Figure 2.9.

PSS was the first polyelectrolyte used for a PEC with PEDOT in 1990 and has
remained the industrial standard ever since. PSS is commercially available in a
large range of molecular weights with different polydispersities. PSS as a counte-
rion for PEDOT is always used in excess, that is, as host polyelectrolyte (HPE), as
shown in Figure 2.9. The molar ratio of tiophene groups to sulfonic acid groups in
standard PEDOT:PSS dispertions is in the range of 1:1.9 to 1:15.2, which corre-
sponds to a weight ratio range of 1:2.5 up to 1:20. Since only one charge is found
for every three to four tiophene rings, the charge excess of PSS is between 6-fold
and 46-fold [146]. Due to the delocalization of positive charges in PEDOT, the
resulting weak polar groups and the different spacing of charges in PEDOT com-
pared to PSS, it is reasonable to assume that the structure of PEDOT:PSS is based
on random interactions between their polymer chains, with no order on the molec-
ular or supermolecular level (the so-called “scrambled-egg arrangement) [146].
PSS is used in combination with PEDOT for basically two reasons: the first is
to act as a counterion, balancing the positive charges on the PEDOT backbone,
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Figure 2.9: Structure of poly(3,4-ethlenedioxytiophene) poly(styrenesulfonate)
(PEDOT:PSS). Adapted from [189].

and the second is to keep PEDOT segments dispersed in water owing to its high
hydrophilicity [189]. Their combination leads to a loosely crosslinked and highly
swollen polymer gel, composed by gel particle consisting of about 90 - 95% by
water, with maximum solids content depending on the PEDOT to PSS ratio, grow-
ing with an increasing PSS content [189]. In order to understand the physical and
chemical properties of PEDOT:PSS, it must be noted that PEDOT chains appear
to be much shorter than PSS chains: several measurements with PEDOT:PSS or
substituted PEDOT derivatives suggest that the molecular weight of the PEDOT
molecules is not exceeding 1 to 2.5 kDa (about 6 to 18 repeating units), resem-
bling an oligomeric nature of these segments [189], while the average molecular
weight of commercially available PSS is usually 70 kDa at least [190].

Being composed of two polymers with different electrical and chemical prop-
erties, the PEDOT to PSS ratio can influence some of the physical parameters of
the polymer film, namely bulk conductivity, sheet resistance, solids content, and
surface roughness. More specifically, higher relative concentrations of insulat-
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ing PSS lead to less conductive and flatter films, due to a decrease in the size of
PEDOT particles in the PEDOT:PSS suspension [189, 191, 192]. These results
are also in accordance with the observed correlation between particle size and
film conductivity, from which it can be seen that smaller particles give films with
smaller conductivity [189]. The average particle size of PEDOT:PSS dispersions
is typically in the range of 10 to 100 nm [146].

2.2.3 Deposition of PEDOT:PSS

PEDOT:PSS dispersed in water can be deposited in principle by all common tech-
niques employed for the deposition of waterborne coatings. Common deposition
techniques to obtain uniform coatings are slit coating, drop casting, bar coating,
spin coating, electrospinning and spraying. In case a structured deposition is re-
quired, other techniques are commonly employed such as screen printing, inkjet,
nozzle printing and various form of contact printing (roll to roll), that is, relief,
flexographic, gravure and offset printing [193]. Other ways for structured depo-
sition of PEDOT:PSS have been realized by modifying the wetting properties of
the surface, that is by depositing water repellants [194] or by introducing photo-
lithographical techniques [195].

The pristine PEDOT:PSS dispersion in water has to be adjusted to meet the
requirements of the specific deposition technique and to obtain uniform films.
Important properties that determine the film quality are the viscosity, the surface
tension and the adhesion to the substrate [146]. This can be done by using different
grades of PEDOT:PSS, which differ in solid content, the ratio of PEDOT to PSS
and the gel particle distribution, or by the addition of water soluble or dispersible
additives. Several ready-to-use formulations optimized for specific applications
and deposition techniques are commercially available, for example by Heraeus
GmbH (under the commercial name Clevios™) [196] and Sigma-Aldrich [197].

Among the other techniques, the deposition of PEDOT:PSS dispersions by
spin coating has proven to be an easily accessible technique to obtain uniform
films in a thickness range from 10 to 1000 nm. Typical spin curves are illustrated
in Figure 2.10. Another appealing technique for the deposition of PEDOT:PSS
thin films is electrochemical polymerization, at first developed for polypyrrole



2.3. PEDOT:PSS THIN FILM PROPERTIES 47

Figure 2.10: Spin curves of CLEVIOS™ P AI 4083 and CLEVIOS™ PH 500.
Adapted from [146].

[198], and then extended to a wide range of conjugated polymers. This tech-
nique allows a more precise control on the quantity of material that is deposited
on the substrate, and provides an easy way to functionalize the material by in-
troducing inorganic [199] or bio-molecules [200]. The electropolymerization
of PEDOT:PSS has been proven to produce films and micro-structured systems
with facile electrochemistry, high-ionic conductivities, good electrochemical sta-
bility and a capacitance suitable for practical use in electrochemical supercapaci-
tors [201–203].

2.3 PEDOT:PSS Thin Film Properties

2.3.1 Thermal and light stability

One major advantage of PEDOT:PSS films is their thermal stability. This property
has been studied by thermogravimetrical analysis (TGA) of thick layers at Bayer
Laboratories [146]. In Figure 2.11a is shown the weigth loss over time while
the sample is heated at a constant rate in helium. Between 100°C and 200°C the
weigth loss is solely determined by evaporation of remaining water, while at about
250°C the sample weigth decreases significantly. Data from ion currents taken
simultaneously show that this is caused by the fragmentation of PSS groups. At
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Figure 2.11: (a) Weigth loss of a sample of PEDOT:PSS with a weigth ratio of
PEDOT to PSS as 1:20 monitored while heating at a constant rate of 5 K/min. (b)
Weigth increase of a PEDOT:PSS sample owing to the absorption of water as a
function of time. Adapted from [146].

temperatures T > 350°C other fragments due to carbon oxidation are detected.
Following the analytical data obtained by TGA the material is considered to be
thermally stable up to 200°C.

When PEDOT:PSS films are exposed to light, the wavelength of radiation af-
fects the kinetic of degradation significantly [146]. In particular, conductivity of
PEDOT:PSS films especially decreases for absorbed UV photons with λ < 320
nm, indicating that, like most polymers, pure PEDOT:PSS films degrade over
time when exposed to UV light. This fact limits the use of conducting polymers
in outdoor applications when proper protection means are not taken. Figure 2.12a
displays the resistivity of thin films of pristine PEDOT:PSS (with a ratio of PE-
DOT to PSS as 1:2.5) exposed to the light of a Xe lamp. The films show a steep
increase of resistivity when left unprotected in air, whereas films encapsulated
by a thin glass plate to avoid the contact with ambient air exhibit only a slow
increase, very similarly to the films stored in air in the absence of light. These
results demonstrate that the degradation is due to an air-induced oxidation of PE-
DOT, accelerated by the simultaneous absorption of UV light. This process can
be significantly slowed down when the films are properly encapsulated, that is,
by covering PEDOT:PSS with glass plates or protective polymer coatings. Also
the deposition of thick PEDOT:PSS layers or the addition of stabilizing agents
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Figure 2.12: (a) Sheet resistance of films of PEDOT:PSS including 5% ethylene
glycol as a function of time. (b) Sheet resistance of PEDOT:PSS films exposed
to a Xe lamp as a function of time, compared to a non-exposed sample. Adapted
from [146].

reduces the increase of resisitivity over time (see Figure 2.12b) [146].

2.3.2 Water uptake

PEDOT:PSS is strongly hygroscopic and takes up moisture when handled under
ambient conditions [146]. The 15 wt% water loss of predried PEDOT after bak-
ing, as depicted in Figure 2.11a, can therefore be attributed to absorbed water.
The water absorption of a predried PEDOT:PSS sample of 1.5 g is monitored over
time in Figure 2.11b. The sample consists of flakes peeled off from the underly-
ing substrate with a thickness of several tens microns. Within the first 3 minutes
the weigth of the sample increases by 10% when brought in contact with ambient
air. Thin layers of PEDOT:PSS films up to a thickness of about 100 nm almost
instantaneously absorb water from the environment. The picked up water is in-
corporated into the films and hence the layer thickness increases accordingly. The
swelling of the films depends on the relative humidity level and on the PEDOT to
PSS ratio. An increase of layer thickness is especially pronounced for films with
a high PSS content and can reach up to 30% [146].
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Figure 2.13: Stress-strain diagrams for typical results obtained at different relative
humidities [204].

Relative Tensile Young’s Fracture
humidity strength (MPa) modulus (GPa) behavior
23% rH 53.2 2.8 Brittle (smooth surface)
40% rH 33.7 1.9 Intermediate (rough surface)
55% rH 22.2 0.9 Plastic (shear lips)

Table 2.1: Overview of the mechanical properties of a 25 µm thick tensile speci-
men made of PEDOT:PSS [204].

2.3.3 Mechanical properties and morphology

The mechanical properties have been investigated by tensile strength tests on free-
standing PEDOT:PSS films [204]. All mechanical characteristics were found to be
strongly dependent on the relative humidity (rH) level. The dependence on relative
humidity can be seen in Figure 2.13, which shows typical stress-strain curves
obtained at different conditions, while an overview of the results is summarized in
Table 2.1.

X-ray diffraction (XRD) analysis [169] and morphology observations made
with scanning probe microscopy techniques [192] indicate that, owing to the film-
forming properties of PSS, PEDOT:PSS films are amorphous. This is in contrast
to chemically in situ polymerized PEDOT films, which do not contain PSS and
exhibit crystalline ordering and fibril-like structures.
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Figure 2.14: (a) Solid film consisting of lentil-like shaped grains of PEDOT:PSS.
(b) Transgranular brittle fracture with smooth fracture surfaces. (c) Intergranular
plastic fracture with rough surface [204].

Accordingly to tensile tests, SEM and AFM analysis, the following morpho-
logical and micromechanical model for PEDOT:PSS films (shown in Figure 2.14)
is commonly accepted in literature [204]. PEDOT:PSS films are made from grains
with an average diameter of about 3040 nm, composed by a PEDOT-rich core and
a PSS-rich shell (Figure 2.14a). The coherence of the material is achieved by
hydrogen bonds between PSS in the shell. At low relative humidities these hy-
drogen bonds are very strong and therefore upon fracture the crack grows through
individual grains (transgranular fracture) which results in brittle macroscopic frac-
tures (Figure 2.14b). Higher relative humidities then lead to water uptake by the
hydrophilic and hygroscopic PSS rich shell and thus to a swelling of the material
and larger distances between grains. Larger distances between shells mean re-
duced cohesion due to weakened hydrogen bonds and therefore reduced mechan-
ical strength. Upon tensile loading at higher relative humidities individual grains
can then slide by each other. This results in a rough surface and an intergranular
fracture, that can originate macroscopically plastic failures (Figure 2.14c).

2.3.4 Light absorption spectra and energy levels

The light absorption spectrum of PEDOT:PSS is almost identical to the absorption
of in situ chemically polymerized PEDOT without PSS. PEDOT:PSS thin films
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are highly transparent in the visible spectral range, with almost flat transmission
curves, slightly tilted to higher absorption in the red giving the films a light-blue
appearance [146].

In Figure 2.15 is shown the absorbance spectrum for a 100 nm thin film of
PEDOT:PSS. It consists of a broad feature above 400 nm increasing all the way
up to 3200 nm, which can be interpreted as a free charge contribution to the ab-
sorption or alternatively as excitations of the mid-gap states (polarons or bipo-
larons) [205]. At shorter wavelengths (inset in Figure 2.15a) there are two pro-
nounced absorbance peaks at 193 and 225 nm and a broader shoulder at slightly
longer wavelengths (250-280 nm), which can be attributed to the π−π∗ transitions
of the benzene rings of PSS.

As discussed in Section 2.1.2, the generation of charged states (polarons and
bipolarons) along the polymer backbone is coupled to the formation of energy
levels within the energy gap. As a consequence, the absorption spectrum of PE-
DOT and PEDOT:PSS strongly depends on the PEDOT oxidation state. Figure
2.15 depicts the optical absorption spectra for PEDOT:PSS films deposited on
ITO as electrode in an electrochemical cell as a function of photon energy at dif-
ferent bias [206]. The peak at 2.2 eV (560 nm), corresponding to the π − π∗

transitions in neutral PEDOT, reduces as the applied bias is increased, while the
absorption at lower energies increases due to the formation of polaronic (1.4 eV)
and bipolaronic (0.5 eV) states. These new energy levels are broadened due to the
amorphous nature of the film, the length distribution of PEDOT segments, and the
interactions of charge carriers at high doping levels [146].

2.3.5 Electrical conductivity

PEDOT:PSS is an intrinsically conducting polymer with metal-like properties.
The thiophene rings form a π-system, being heavily p-doped. Owing to the oxida-
tive polymerization reaction one net free positive charge per three to four tiophene
rings is created. PSS does not contribute to charge transport directly, but acts as a
template to keep PEDOT in the dispersed state and provides film-forming proper-
ties. The dissociated sulfonate groups balance the charges of the cationic PEDOT
by forming a stable salt [146].
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Figure 2.15: (a) Absorbance of a thin film of PEDOT:PSS (110 nm). In the inset,
absorbance of PEDOT:PSS and PSS in the spectral range from 185 to 500 nm.
Adapted from [205]. (b) Optical absorption spectra of a PEDOT:PSS electrode in
an electrochemical cell for different applied voltages. Adapted from [206].

The conductivity, σ, is defined by the product of elemental charge e, charge
carrier mobility, µ, and density of charge carriers, n. In case of hole- and electron-
conducting materials, both charge carriers species contribute according to the
equation [163]:

σ = e· µp· np + e· µn· nn (2.9)

In case of PEDOT:PSS, only holes contribute to the charge transport. Injected
free electrons immediately recombine at oxidized PEDOT sites, hence the trans-
port of electrons does not contribute to the overall current [146]. The density
of holes in PEDOT:PSS can be simply calculated using a geometrical consider-
ation. For highly conductive PEDOT:PSS, the ratio of PEDOT to PSS is 1:2.5
by weigth. The density of solid films is approximately 1 g/cm3. Owing to the
molecular weigth of the monomeric units of PEDOT and PSS, that is 140 and 182
g/mol respectively, the density of EDOT monomers can be estimated to be ap-
proximately 1021 cm−3. From electrochemical measurements, the level of oxida-
tion per monomer unit is known to be approximately one charge per three EDOT
units. Consequently, the density of holes in PEDOT:PSS films can be estimated
to be np = 3· 1020 cm−3. For highly conductive films a conductivity of 1000 S/cm
has been obtained. The hole mobility in PEDOT:PSS can be calculated to be ap-
proximately µp = 20 cm2/Vs for the given conductivity and the estimated hole
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density.
Following the concept of charge transport in amorphous organic semiconduc-

tors, the conduction mechanism of conjugated polymers is commonly discussed
in terms of charge hopping between adjacent sites. Segments of conjugated poly-
mers are preferentially forming electronic active sites due to their ability of being
easily oxidized and reduced. Charge transport between adjacent sites depends on
their relative energetic position, distance and orientation [146].

One of the first studies on the conductivity in PEDOT:PSS films has been made
by Aleshin et al. [169]. They studied the conductivity and magnetoresistance of
PEDOT:PSS as a function of temperature, and found that both parameters increase
with increasing temperature. The dependence of conductivity was discussed using
Mott’s variable range hopping (VRH) model [179]:

σ(T ) = σ0 exp
[
−

(T0

T

)γ]
(2.10)

where σo is the conductivity at infinite temperature, kbT0 is the energy barrier
between localized states and the exponent γ is equal to 1/(1 + D), D being the
dimensionality of the system assuming that the density of the states near the Fermi
level N(E f ) is either constant or varies smoothly with energy. Hence, for 3-D
systems γ = 1/4 and T0 = 16/[kbN(E f )L3], while for 1-D systems γ = 1/2 and
T0 = 16/[kbN(E f )L‖L2

⊥]. Here, L is the localization length, defined as the distance
from a site for the electron wave function to decay to 1/e of its value [163]. The
parallel and perpendicular terms are referred to the direction of the system [179].

There have been several reports focusing on the temperature dependence of the
conductivity of PEDOT:PSS [169, 207, 208]. All the results are discussed within
the framework of the VRH model and are summarized in Table 2.2. From these
data, the following results can be inferred:

• The pH value of the solution affects conductivity. Highest conductivities
are obtained for low pH values.

• Conductivity increases with temperature within the entire regime observed
(0 - 300 K).
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Conductivity σ(300K)
pH enhancing agent (S/cm) T0 (K) γ Reference
0 / 12 720 0.48 [169]

1.23 / 20.6 610 0.52 [169]
2.0 / 6 910 0.46 [169]

4.31 / 0.092 2800 0.45 [169]
5.2 / 0.077 3400 0.43 [169]

12.2 / 0.055 3500 0.44 [169]
∼ 2 / 0.4 2927 ∼ 0.5 [207]
∼ 2 DMSO 143 1153 ∼ 0.5 [207]
∼ 2 EG 200 903 ∼ 0.5 [207]
∼ 1.8 / 0.0011 3.2 × 106 0.25 [208]
∼ 1.8 Sorbitol (5 wt%) 4.18 2720 0.53 [208]
∼ 1.8 Sorbitol (10 wt%) 5.2 2314 0.52 [208]

Table 2.2: Temperature dependence of PEDOT:PSS films conductivity, discussed
in terms of the Variable Range Hopping model.

• Almost all data are best modeled with an exponent γ = 0.5, except when
conductivity is very low. This suggests that conductivity is of the 1-D type
for highly conductive samples and of the 3-D type for the low conductive
ones.

• The parameter T0 decreases with increasing conductivity. This is in ac-
cordance with the VRH model claiming that the localization length L will
increase as conductivity increases.

Finally, the distribution of PEDOT:PSS particles in solution determines the
morphology of thin films and consequently their conductivity. In fact, the addi-
tion of water miscible high boiling solvents like ethylene glycol (EG), dimethyl
sulfoxide (DMSO) or sorbitol can boost conductivity by two to three orders of
magnitude owing to morphological changes in the film [192]. This procedure is
known as secondary doping.

2.3.6 Conductivity enhancing agents

The term “secondary doping” was introduced by MacDiarmid and Epstein, re-
ferring to an additive that further increases the conductivity of an already doped
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polymer by up to several orders of magnitude [209]. While primary doping has a
reversible effect, which is exploited as an example in OECTs to switch the device
between on and off states (see Section 1.3.1), the effect of secondary doping is
permanent and remains even when the additive is removed [146]. However, since
secondary doping does not actually change the doping level of PEDOT [210],
these additives are often referred to as conductivity enhancing agents (CEA) in-
stead of secondary dopants [211].

Conductivity enhancing agents are usually added to the PEDOT:PSS water
dispersion prior to deposition, but can also be used in a post-treatment step after
film formation. An heating step, even if not compulsory, has been proved to fur-
ther increase the film conductivity [212]. The heat treatment also has the effect of
removing many of the CEA from the final film.

An extensive list of chemicals presented in literature in combination with PE-
DOT:PSS and their effects on conductivity can be found in Reference [146]. The
most effective substances reported (which are, indeed, also the most used for the
treatment of PEDOT:PSS) are dimethyl sulfoxide (DMSO), copper(II) chloride,
ethylene glycol (EG), and dodecylbenzenesulfonate (DBSA), corresponding to an
increase in conductivity of several orders of magnitude. It has also been reported
recently that the conductivity of PEDOT:PSS films can be increased up to about
4000 S/cm, a value comparable to that of indium-tin oxide, upon a post-treatment
with sulphuric acid [213]. However, the use of sulphuric acid strongly limits the
application to bioelectronics. More than a single parameter, it has been observed
that a combination of different factors, namely high solubility in water, high boil-
ing point, and high dielectric constant, is required to a good secondary dopant for
PEDOT:PSS [212].

Although some of these additives have been used for more than a decade for
the processing of PEDOT:PSS, their role on PEDOT:PSS increase in conductiv-
ity is still under debate, and many hypotheses have been formulated [192, 207,
212, 214]. A first important observation is that the increase in conductivity is not
proportional to the additive concentration [212, 215], as shown in Figure 2.16a.
After reaching a limit concentration, further additions do not correspond to an
increase in conductivity anymore. Although the initial concentration of the CEA
in the processable solution is quite low (usually no more than a few % in vol-
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ume), their concentration increases during the drying of the film thanks to their
lower vapor pressure compared to water [212]. As a result, a small quantity is
enough for affecting the whole film. Another important observation is that after
film formation, the presence of the secondary dopant is not necessary to maintain
the enhancement in conductivity [146]. From these findings it appears quite clear
that the effect of CEA takes place during film formation (i.e. during the solvents
evaporation).

Changes are observed both for the surface and for the bulk of the material. On
the surface, while for a pristine PEDOT:PSS sample PSS is found in excess, the
surface composition becomes more similar to the bulk when a secondary dopant
is used, with an increase of the PEDOT to PSS ratio [212]. This finding is con-
firmed from STM [216] and AFM measurements [212], wich show respectively
an increase in more conductive and harder areas on the surface of PEDOT:PSS
for increasing additive concentration. However, since conductivity is a property
which involves the whole bulk of the material, these changes must not be limited
to surface only, but extend to the bulk composition.

When a solid film of PEDOT:PSS is deposited from aqueous dispersion, poly-
mer chains do not reach an equilibrium state, but are instead “frozen” in nonequi-
librium [208]. The presence of the high-boiling solvent allows the blend to re-
arrange, which means that the PEDOT olygomers find a new thermodynamically
favorable position. The same mechanism can explain the increase in conductivity
observed upon thermal annealing of the films after deposition. Since the polymer
chains are charged, it is reasonable to assume that the high polarity of the sec-
ondary dopant is necessary to interact with the ionic charges of the polyanion and
the polycation [146]. This process has also been described as a screening effect be-
tween PEDOT+ and PSS− chains, which allows the chains to orientate [207,214].
After this rearrangement, even if the CEA is then thermally removed, the film
remains in its new thermodynamically favorable state [208]. The increase of crys-
tallinity of the PEDOT:PSS film however is not pronounced enough for being
observed in x-ray diffraction spectra [214].

Charge transport in PEDOT:PSS films takes place through a hopping mecha-
nism. The charge is transported between PEDOT-rich conductive regions, sepa-
rated by insulating, PSS-rich regions, which represent the main obstacle to trans-
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Figure 2.16: (a) Plot of the conductivity of a PEDOT:PSS film versus the amount
of diethylene glycol introduced to the water emulsion [212]. (b) Thickness (left y
scale) and conductivity (right y scale) change of PEDOT:PSS films with increasing
cross-linker (GOPS) concentration before and after water immersion [215].

port electric current within the material [208]. As a consequence, an increase in
the ordering of the PEDOT segments in the film results in the formation of highly
conductive pathways, which are created only if the high boiling solvent is present
long enough to allow the thermodynamical rearrangement to occur. Eventually,
this organization on the nanometer scale is responsible for the observed macro-
scopic conductivity increase.

A different class of additives is composed by cross-linkers. These substances
enhance the formation of covalent bonds between polymer chains, changing their
physical properties. Due to the high hidrophilicity of PSS, the exposure of PE-
DOT:PSS to water is usually followed by delamination of the film. It has been re-
ported that the stability of PEDOT:PSS films in aqueous solutions can be improved
by the addition of the cross-linker 3-glycidoxypropyltrimethoxysilane (GOPS)
[88, 215]. As shown in Figure 2.16b, although the addition of GOPS induces a
good mechanical and electrical stability, it also yields thicker films with lower
conductivity. Indeed, thick films likely contain a larger amount of PSS units,
which are not removed by water due to the presence of the GOPS cross-linker.
As a consequence, the excess of hydrophilic PSS would absorb larger amounts of
water and cause irreversible morphological changes in the film, thus resulting in a
decrease in conductivity [215, 217].
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OECTs Working Principles

3.1 Device Model

First demonstrated by White et al. in 1984 [218], organic electrochemical transis-
tors (OECTs) are receiving renewed attention [29,60], in particular as sensors for
the detection of chemical and biological analytes, as shown in Section 1.3.1. An
OECT consists of a conductive channel, which is basically a thin film of a semi-
conducting polymer in its doped (conducting) state deposited onto a supporting
substrate; source (S), drain (D) and gate (G) contacts, which are usually metallic,
and finally an electrolyte medium in contact with the channel and the gate (see
Figure 3.1a). These devices exploit the reversible doping/dedoping effect induced
on the conducting polymer-based conductive channel by the application of a gate
voltage Vg through an electrolyte solution. Thanks to the high difference in con-
ductivity between doped and undoped states of conjugated polymers [119], the
effect of the gate voltage is to induce a pronounced switch between an “on” (i.e.

conductive) and an “off” (i.e. non conductive) state of the polymer. This change
in conductivity can be observed by measuring the modulation of the current flow-
ing between source (grounded) and drain electrodes, Id, generated by an applied
source-drain voltage Vd, upon the application of the gate voltage.

In general, OECTs can work in accumulation or depletion mode. However, in
most of the applications found in literature OECTs are used in depletion mode,
meaning that the conducting polymer is used in its pristine doped state, and is

59
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Figure 3.1: (a) Schematic of an OECT cross-section (case Vg > 0). (b) Modeliza-
tion of an OECT through the coupling of ionic and electronic circuits. Adapted
from [219, 220].

then switched to undoped by the application of Vg during the operation. Thus,
in this Chapter the working principles of an OECT are described for depletion
mode. Furthermore, because most of conducting polymers are hole transporters,
the nomenclature used in this analysis is referred to p-type doping, with negligi-
ble contribution to electrical conductivity from electrons and anions. However,
the same method can be applied to n-doped materials with only minor modifica-
tions. Being the semiconductor p-doped, the application of a positive gate voltage
(relative to ground, i.e. the source electrode) causes the injection of cations from
the electrolyte into the organic semiconductor film. This in turn de-dopes the or-
ganic semiconductor and thus decreases the source-drain current Id, as shown in
Figure 3.2a.

OECTs can be modeled as the sum of two electrical circuits, one account-
ing for the electronic transport within the organic semiconductor, and the other
regarding the ionic transport of ions through the electrolyte and across the elec-
trolyte/semiconductor interface (Figure 3.1b) [220].

3.1.1 Electronic circuit

The electronic circuit is used to describe hole transport in the organic semicon-
ductor between source and drain electrodes, which is approximated by a resistive
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Figure 3.2: (a) Experimental steady-state current-voltage characteristics for a
PEDOT:PSS OECT fitted to modeled steady-state characteristics (solid lines).
(b)PEDOT:PSS capacitance for devices of varying geometry. Inset: channel di-
mensions. Adapted from [77, 220].

element following Ohm’s law:

J(x) = qµp(x)
dV(x)

dx
(3.1)

where J is the current flux, q is the elementary charge, µ is the hole mobility, p

is the hole density, and dV/dx is the electric field through the semiconductor. In
order to simplify the calculations and derive an alytical solution, µ is taken as a
constant (neither dependant from the electrical field nor from carrier concentra-
tion).

Since we are considering a hole conductor working in depletion mode, we are
interested in the de-doping of the organic semiconductor that takes place when
a positive gate voltage is applied. In such a case, cations are repelled from the
gate electrode into the organic semiconductor, and to maintain charge neutrality,
for each ion entering the film a hole extracted for the source is not replaced from
injection at the drain electrode. If we take into account that each injected cation
compensates one acceptor, we can then write the concentration of charge carriers
in a volume v of the organic material as:

p(x) = p0

(
1 −

Q
qp0v

)
(3.2)
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where p0 is the hole density in the organic semiconductor before the de-doping
process and Q is the total charge of the cations injected in the organic film from
the electrolyte. To simplify the calculations, two further assumptions have to be
made: negative ions are assumed to have no effect on the conductivity of the
organic semiconductor, and charge density is assumed to be uniform across the
thickness of the organic semiconductor, an approximation that limits the validity
of this model to thin films [220].

3.1.2 Ionic circuit

The ionic circuit accounts for the motion of ions through the electrolyte and
the charge transfer and accumulation at the gate electrode-electrolyte and semi-
conductor-electrolyte interfaces. As a result, it can be modeled as a resistor (Rs)
and a capacitor (Cd) in series [221]. The resistor describes the conductivity of
the electrolyte and is a measure of its ionic strength, while the capacitor is com-
posed by the series of two capacitors corresponding to the polarization occurring
at the interfaces just mentioned. Because of the high capacitance of conducting
polymers [222], many device properties such as response time and sensitivity will
depend on the gate capacitance, which is affected by the geometry and the ma-
terial of the electrode. As described in Section 1.3.1, the current flowing at the
gate electrode is made up of two contributions, the first coming from the capac-
itive charging of an electrical double layer at the electrolyte-gate interface (non-
Faradaic process), and the second coming from electrochemical reactions taking
place at the gate electrode (Faradaic process). The model here reported only con-
siders a non-Faradaic regime of operation [72]. The Faradaic contribution to the
operation of the OECT is discussed in Section 3.4.1.

The ionic circuit is thus represented by an RC circuit, and the application of a
gate voltage is then followed by the charging of the capacitor Cd:

Q(t) = Qtot[1 − exp(−t/τi)] (3.3)

where Qtot = Cd∆V is the total charge passing through the circuit, ∆V is the
voltage applied across the electrolyte, and the ionic transit time is described by
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τi = CdRs. It has been recently demonstrated by Rivnay et al. that for organic
semiconductors which are permeable to ions, such as PEDOT:PSS and other con-
jugated polymers, capacitance per unit area, which is usually considered for mod-
eling OFET behavior, is not an effective parameter for describing OECT opera-
tion. In their work, a strong correlation between channel capacitance and thick-
ness is observed (Figure 3.2b) and a volumetric capacitance, C∗ = Cd/v, where
v is the volume of the channel, is suggested as a more suitable parameter [77].
From the same experimental results, it is observed that the zero offset in the linear
fit of C vs. v suggests the absence of ion accumulation at the surface, indicating
a negligible ion injection barrier from the electrolyte into the conducting polymer
film.

3.2 Steady-state Behavior

If we take hole mobility as a constant, the electrical behavior of the organic semi-
conductor only depends on a change in its carrier concentration. In order to obtain
a solution for the OECT behavior, the effective dopant density (Eq. 3.2) must be
spatially known throughout the organic film. In the following discussion, the ge-
ometrical dimensions of the organic film are named L (lenght), W (width) and T

(thickness), as shown in the inset of Figure 3.2b, with the spatial variable x rang-
ing from 0 to L along the length of the channel. If a differential fraction of the
film, dx, is considered in position x, then the charge injected in the corresponding
volume WTdx by a gate voltage Vg can be expressed as:

Q(x) = C∗(Vg − V(x))WTdx (3.4)

where V(x) is the spatial voltage profile within the organic film. By combining
Equations 3.1, 3.2, and 3.4 it is possible to obtain the governing equation for
OECT characteristics at steady-state [220]:

J(x) = qµp0

(
1 −

Q(x)
qp0v

)
dV(x)

dx
= qµp0

(
1 −

Vg − V(x)
Vp

)
dV(x)

dx
(3.5)
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Figure 3.3: Doping levels in a p-type OECT channel for Vg > 0 (depletion mode).
(a) Scheme of the channel in its pristine (fully doped) state. (b) For Vd > Vg, the
gating affects the doping of the organic semiconductor only where V(x) < Vg. (c)
For V sat

d < Vd ≤ Vg, cations are injected all along the channel. (d) For Vd ≤ V sat
d ,

in the channel area where V(x) ≤ V sat
d the density of injected cations fully coun-

terbalances the hole density of the organic semiconductor, generating a depletion
region.

where Vp is the pinch-off voltage (also called threshold voltage), defined as Vp =

qp0/C∗, i.e. the voltage required to accumulate a charge density equal to the
intrinsic dopant density of the semiconductor.

At steady-state, J(x) must be spatially constant along the channel, so for an
ideal geometry with constant cross-section of the semiconductor it can be ex-
pressed as J(x) = J = I/WT . Thanks to this condition, the source-drain current
Id can be obtained from Eq. 3.5 for various regimes of operation, keeping in mind
that 0 ≤ |V(x)| ≤ |Vd| and that de-doping only occurs when V(x) < Vg. If Id is
known, it is possible to extract the transconductance gm of the device, defined as
gm = ∂Id/∂Vg. Transconductance is the figure-of-merit that quantifies the effi-
ciency of the gating effect.

Different regimes for Id can be identified depending on the values of Vg and
Vd. Firstly, the case Vg > 0 is considered (Figure 3.3).

Vd > Vg: When the drain voltage is higher than the gate voltage, de-doping occurs
only in the region of the device where V(x) < Vg, while in the region where
V(x) > Vg, p(x) = p0 (Figure 3.3b). This regime is described by:

Id = G
Vd −

V2
g

2Vp

 (3.6)

where the current is linear with drain voltage. The onset of linear behavior
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occurs when Vd = Vg. Transconductance then becomes equal to:

gm = −µC∗(WT/L)Vg (3.7)

independent from Vd and linear with Vg.

0 < Vd < Vg: In this regime, partial de-doping occurs through all the channel
length (Figure 3.3c), and the current flowing between source and drain elec-
trodes can be written as:

Id = G
(
1 −

Vg − 1/2Vd

Vp

)
Vd (3.8)

where G = qµp0WT/L is the conductance of the organic semiconductor
film. The transconductance

gm = −µC∗(WT/L)Vd (3.9)

is independent from Vg and linearly depends on Vd.

Vd < 0: For negative drain voltages, those portions of the organic film where the
local density of injected cations becomes equal to the intrinsic dopant den-
sity can be completely de-doped (Figure 3.3d). This condition is reached
in proximity of the drain electrode when Vd = V sat

d = Vg − Vp, that is
to say when the potential difference between gate electrode and drain elec-
trode (the position in the channel at lowest potential with respect to the gate)
equals the pinch-off voltage. If the drain voltage goes below V sat

d , the area of
the channel where V(x) < V sat

d will be depleted, with a slight and gradual in-
crease in the extension of the depletion region towards the source electrode
for decreasing Vd. However, in the limit of long channel, this widening of
the depletion region is negligible, and for Vd ≤ V sat

d the current saturates to:

I sat
d = −G

(Vp − Vg)2

2Vp
= −G

V sat2
d

2Vp
(3.10)

so the drain current will only depend on the saturation drain voltage for a
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particular gate voltage. At saturation, transconductance is then given by:

gm = −µC∗(WT/L)(Vp − Vg) (3.11)

Complete de-doping could hypothetically be also achieved at Vd > 0, oc-
curring at first when Vg = Vp, however this condition is typically not of
significant interest because of the high gate voltages required [220].

For the case Vg < 0, two regimes can be observed. If Vg < Vd, cations are
not injected from the electrolyte into the film, so de-doping does not occur and
the current Id is linear with Vd and independent from Vg. If Vg > Vd, de-doping
only occurs in the region of the device where V(x) < Vg, leading to an expression
analogous to Equation 3.6.

3.3 Transient Behavior

As OECTs can be modeled using a combination of an ionic and an electronic
circuit, their transient behavior will be determined by an ionic and an electronic
effect: the injection of a cation from the electrolyte into the organic film and
the removal of a hole at the drain electrode (considering Vd < 0, as in many
sensing applications), respectively. In order to keep the calculation tractable, it is
convenient to neglect the spatial variation of the drain voltage and hole density,
considering an average ionic current and hole density along the channel. The
combination of the current associated with the removal of holes due to de-doping
and the current due to the drain voltage (Ohm’s law) can be expressed as:

J(t) = qµp(t)
Vd

L
+ q f L

dp(t)
dt

(3.12)

where f is a proportionality constant accounting for the spatial non-uniformity of
the de-doping process, comprised between 0 and 0.5 [220].

Keeping in mind that for ideal geometrical conditions J(t) = I(t)/WT and
combining Equations 3.12 and 3.2, the transient drain current can be made ex-
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plicit:

I(t) = G
(
1 −

Q(t)
qp0v

)
Vd − f

dQ(t)
dt

(3.13)

where Q(t) is the transient charge (ions) injected from the electrolyte. For simplic-
ity, the transient behavior is only described for the case where de-doping occurs
all along the organic film without saturation effects. A constant gate potential is
considered, and an average voltage drop between the organic film and the gate
electrode is chosen, ∆V = Vg−1/2Vd. Using these assumptions and Equation 3.3,
the transient behavior for a simplified OECT can be described as:

I(t,Vg) = Iss(Vg) + ∆Iss

(
1 − f

τe

τi

)
exp(−t/τi) (3.14)

where Iss(Vg) is the steady-state source-drain current at a gate voltage Vg and ∆Iss

is the difference between the base current and Iss for an applied Vg. In this Equa-
tion, two time constants, τe and τi, are introduced to account for the effectiveness
of electronic (holes) and ionic (cations) transport, respectively. As shown in Fig-
ure 3.4a, the decrease in the source-drain current upon the application of a positive
gate voltage can follow a monotonic decay or a spike-and-recovery shape, accord-
ing to the ratio between electronic and ionic time scales, f τe/τi. Qualitatively, a
monotonic decay ( f τe < τi) indicates that hole transport and extraction is suffi-
ciently fast and the transient response is thus controlled from the ionic injection
process. Conversely, a spike-and-recovery indicates that hole transport in the or-
ganic film occurs at a relatively slow rate and the transient current is dominated
by hole extraction.

The characteristic electronic time constant (τe) is a measure of the hole transit
time, and is related to hole mobility, applied drain voltage and channel length,
τe = L2/(µVd) [220]. The characteristic time constant for ionic transport in the
electrolyte (τi), as described in the electronic circuit model, is determined by the
solution resistance and capacitance of the ionic double layer, τi = RsCd, which can
be estimated as τi ∼ l/C1/2, where l is distance between the organic film and gate
electrode and C is the ionic concentration [221]. Consequently, the time constant
ratio appearing in Equation 3.14 can be expressed as τe/τi ∼ L2C1/2/(lµVd). From
this relationship, it is apparent that the geometrical configuration of the device,
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Figure 3.4: (a) Modeled source-drain current transient for a constant drain voltage
with an arbitrary ∆I and fixed geometric factor ( f = 1/2). Transient demonstrates
two different possible characteristics responses, monotonic decay (τi > f τe,
dashed line) or spike-and-recovery (τi < f τe, solid line). (b) Experimental source-
drain current transient with constant applied gate voltage. Two characteristic re-
sponses can be observed with variation in Vd. Adapted from [220].

such as the organic film length or the distance between channel and gate electrode,
together with the drain voltage (Figure 3.4b), are responsible for the character
of the transient response [220]. The effect of the geometry of OECTs on their
effectiveness when used as sensors will be discussed in Section 3.4.2.

3.4 Sensing with OECTs

3.4.1 Electrochemical sensing

The model discussed in Section 3.2 does not take into account the effect of elec-
trolyte composition and its ionic strength on the OECT operation. However,
OECTs have been succesfully used for the sensing of various analytes, such as
glucose [81–83], ascorbic acid [76], adrenaline [84], dopamine [86,87], and many
other molecules [70]. Indeed, the presence of a reactive species in the electrolyte
solution generates a shift in the electrochemical potential of the solution, which
can be seen as a shift in the gate voltage, Veff

g = Vg + Voffset, where Veff
g is the ef-

fective gate voltage acting on the channel, while Voffset is an offset voltage that is
dependent on the analyte concentration (Figure 3.5) [223].
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Figure 3.5: (a) Potential diagram of an OECT. In the absence of analytes (solid
line), the electrolyte potential (1) is determined by the relative capacitances at the
gate and channel interfaces. When an analyte is added to the solution (dashed
line), the electrolyte potential (2) is increased according to the Nernst equation.
The effective gate voltage (dotted line) is the gate voltage required to produce the
same electrolyte potential (2) in the absence of Faradaic effects. (b) Dependence
of the offset voltage on glucose concentration. The dashed line is a fit to the
experimental data up to a glucose concentration of 1 mM. Adapted from [223].

An example of the dependence on analyte concentration of Voffset is shown
for a PEDOT:PSS OECT with a Pt gate electrode for increasing glucose concen-
trations in Figure 3.5b. The logarithmic trend points out that the change of the
electrolyte electrochemical potential follows Nernst equation:

EN = E0 +
kT
ne

ln
(

[Ox]
[Red]

)
(3.15)

where [Ox] and [Red] are the concentrations of oxidized and reduced species, re-
spectively, E0 is the formal potential, k is Boltzmann’s constant, T is the tempera-
ture, e is the electronic charge, and n is the number of electrons transferred during
the reaction [221]. It is worth noting that an OECT based on a different organic
semiconductor may not show Nernstian relationship since the solid/electrolyte in-
terface may have different properties [73]. The physical meaning of Voffset can be
understood by comparing the OECT with conventional electrochemical sensors.
While in conventional electrochemistry a change in the working electrode poten-
tial is measured with respect to a constant reference electrode, in an OECT the
gate voltage is fixed, and the electrolyte potential varies relatively to that of the
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gate, as shown in Figure 3.5a.
The electrolyte potential, Vsol, depends on the capacitances associated to the

gate-electrolyte and channel-electrolyte interfaces [219, 223]. The total charge Q

injected at the transistor channel can be written as the sum of smaller charges
stored in a differential volume dv = WTdx:

Q =
∑

C∗chWTdx (Vsol − V(x)) (3.16)

where C∗ch is the capacitance per unit volume of the channel, C∗ch = Cch/v, as
described in Section 3.2, and W and T are, respectively, the channel width and
thickness. For dx small enough, this Equation can be approximated with:

Q = CchVsol −C∗chWT
∫ L

x=0
V(x) dx (3.17)

where L is the total length of the channel. Two capacitors in series accumulate
the same charge Q, so the same charge can also be written referring to the gate
electrode interface:

Q = Cg (Vg − Vsol). (3.18)

By combining Equations 3.17 and 3.18 the dependence of Vsol on the capacitances
of the system can be finally made explicit:

Vsol = Vg
Cg

Cg + Cch
+

C∗chWT
Cg + Cch

∫ L

x=0
V(x) dx (3.19)

which for Vd � Vg (i.e. negligible variation of V(x) along the channel) can be
simplified as:

Vsol =
Vg

1 + γ
(no analyte) (3.20)

where γ = Cch/Cg.
When a redox-active analyte is added to the electrolyte, it exchanges charge

with the the gate electrode (Faradaic regime), shifting the electrolyte potential at
a new value described by the Nernst equation [223]:

Vsol =
Vg

1 + γ
+

kT
2e

ln A + const. (3.21)
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where A is the analyte concentration, and the constant contains the concentrations
of protons and oxygen involved in the redox reaction (which are taken as constant
during the process) and the formal potential E0. This change in the electrolyte
potential is illustrated in Figure 3.5a with a dashed line. We can then define an
effective gate voltage:

Veff
g = Vg + (1 + γ)

kT
2e

ln A+const. (3.22)

so that the electrolyte potential can now be expressed in the same form as Equation
3.20,

Vsol =
Veff

g

1 + γ
(analyte). (3.23)

Veff
g is the equivalent voltage that needs to be applied in the absence of Faradaic

effects at the gate electrode in order to result in the same source-drain current, as
illustrated in Fig. 3.5 (dotted line). By comparing Veff

g = Vg + Voffset with Equation
3.22, it is clear that the offset voltage is represented by the last two terms in this
Equation and describes the Faradaic contribution to the effective gate voltage.
Following Nernst equation, this contribution shifts the electrochemical potential
of the solution and is scaled by the capacitance ratio.

In conclusion, the shift in the electrolyte potential due to the Faradaic contri-
bution of a redox-active analyte can be taken into account by substituting the gate
voltage with an effective gate voltage, Veff

g , in the non-Faradaic model described
in Section 3.2. The incorporation of the effective gate voltage in this model yields
a quantitative relationship between the source-drain current and the analyte con-
centration. As an example, in the saturation regime the source-drain current can
be expressed by combining Equations 3.10 and 3.22:

I sat
d (A) = −

G
2Vp

[
Vg + (1 + γ)

kT
2e

ln A + C
]2

(3.24)

where A is the analyte concentration and the constant C contains the difference
between the constant term of Equation 3.22 and the pinch-off voltage Vp. From
this Equation, the sensitivity of the device can be calculated as ∂I sat

d /∂A.
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3.4.2 Influence of the geometry

Thanks to the electrochemical gating, in OECTs the geometrical configuration of
the gate electrode relative to the channel can be tuned with only small limitations.
This allows planar device architectures in which the area, shape, and relative po-
sition of the channel and gate electrode can be varied independently [74].

As shown in Equation 3.24, the effect of the presence of an analyte on the cur-
rent flowing in the channel of an OECT depends on the ratio between the channel-
electrolyte capacitance and the gate-electrolyte capacitance, γ. The gate electrode
is usually metallic, so its capacitance only depends on the area exposed to the
electrolyte. Regarding the channel capacitance, it was shown recently to depend
on the volume of the conjugated polymer used, PEDOT:PSS [77]. This can be ex-
plained by considering that PEDOT:PSS is porous: although a double layer on the
surface still exists, the effective area of the double layer scales with the volume of
the channel, and thus is much bigger than the physical area of the film [73]. As a
consequence, the sensitivity of the transistor to analytes is related to the materials
chosen, the ratio of the channel to gate area [74,75,219], and also to the thickness
of the semiconductor channel [76, 77]. Since no ion penetration takes place at the
metal gate electrode, the ratio γ can be tuned by changing the gate area and the
channel volume. For a fixed channel thickness, γ is then controlled by the ratio
Ach/Ag.

A typical quantity used to assess the sensing capability of a transistor is the
normalized current modulation, ∆I/I0 = |I − I0|/I0, where I is the off current
(Vg > 0) and I0 is the on current (Vg = 0). A plot of ∆I/I0 for different concentra-
tions of H2O2 and different γ is shown in Figure 3.6a [74] for a PEDOT:PSS OECT
with a Pt gate electrode. For low concentrations, a background ∆I/I0, which is in-
dependent of concentration, is measured. This regime is followed by a second
one in which ∆I/I0 increases with concentration, and the sensitivity changes with
γ. Finally, a third regime is observed, in which ∆I/I0 saturates and does not in-
crease anymore with concentration. This behavior was proven not to depend on
the absolute area of the electrodes, but only on their ratio [74].

Several observations can be made from the data reported in Figure 3.6a. At
first, the value of ∆I/I0 at low concentrations decreases with γ, which means
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Figure 3.6: (a) Response of OECTs with different values of γ as a function of
H2O2 concentration for Vd 0.2 V and Vg 0.5 V. (b) Potential distribution between
the gate electrode and the channel for two device geometries. Adapted from [74,
219].

that devices with small gates show a small current modulation in the absence
of an analyte. Then, the sensitivity, i.e. the slope of the curve at intermediate
concentrations, increases with γ, which means that devices with small gates are
more sensitive. At high concentrations, ∆I/I0 saturates at the same current and
for the same concentration independent of γ. Finally, the detection range does not
seem to depend on the channel/gate area ratio.

These results can be understood by considering the two working regimes of
an OECT, which are the Faradaic and non-Faradaic regimes previously described
and summarized in Equation 3.21, which defines the electrolyte potential Vsol.
In this Equation, the first term accounts for the non-Faradaic capacitive gating
effect while the other terms are related to the nernstian charge transfer reaction.
In accordance with the non-Faradaic term, the potential drop between the gate
and the solution will be small for large gate area (small γ), while conversely there
will be a large difference between gate and solution for small gate (large γ), as
shown in Figure 3.6b. Consequently, the current modulation, which depends on
the potential drop between the electrolyte and the channel, increases strongly for
increasing gate areas, as well as its dependence on the gate voltage. Therefore,
if a small gate is used, a modulation of the gate voltage will only cause a small
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modulation of Id. These observations are consistent with the low concentration
regions in Figure 3.6a and imply that the response at low analyte concentration is
due to the non-Faradaic contribution to Vsol [74].

Since for large gate areas the potential drop between gate electrode and elec-
trolyte is very small, the addition of an analyte that causes an increase in Vsol

(Figure 3.5a) will have only a minor effect. Conversely, in an OECT with a small
gate, where geometry favors a small Vsol in the absence of analyte, the modulation
caused by the addition of analyte will be proportionally larger. Therefore, devices
with smaller gates show the highest sensitivity [74, 219].

Finally, Figure 3.6a shows that the onset of saturation for high analyte concen-
tration is almost independent from γ. This result can be explained by consider-
ing that saturation is reached when the electrolyte potential becomes comparable
to the gate bias because of the Faradaic contribution. At this limit, Vsol ≈ Vg,
meaning that the potential drop between the gate electrode and the channel almost
entirely affects the electrolyte/channel interface. If further analyte is added to the
solution, Vsol can not increase significantly and the gating effect on the semicon-
ductor film does not change. This conclusion is confirmed by the fact that the
saturation value of ∆I/I0 increases with gate bias [74].

To summarize, in OECTs with large γ (small gate area or large channel vol-
ume) the electrolyte potential is close to the channel potential at low analyte con-
centration, inducing a low current modulation. If the analyte concentration in-
creases, the electrolyte potential (and then current modulation) increases as well,
until the gate potential is reached and saturation occurrs. Conversely, in devices
with small γ (large gate area or small channel volume) the electrolyte potential is
close to the gate potential even at low analyte concentration, so it cannot increase
significantly. For this reason, OECTs with small gate present a lower background
signal and a higher sensitivity compared to OECTs with large gate area.



Chapter 4

Materials and Methods

In this Chapter the details about the materials studied and the experimental tech-
niques employed for device preparation and their characterization are presented.
In the first Section, the data regarding the different formulations of PEDOT:PSS
used, together with the procedures adopted for thin film deposition and OECT
preparation, are given. In Section 4.2 and 4.3, the instrumentation and techniques
used for the characterization of, respectively, physical and electrochemical prop-
erties of PEDOT:PSS thin films are presented. Finally, Section 4.4 reports the
experimental setup and procedures employed for culturing living cells on PE-
DOT:PSS.

4.1 PEDOT:PSS

An overview on the chemical structure of PEDOT:PSS, together with its physi-
cal and chemical properties, has been given in Chapter 2. However, many dif-
ferent formulations are commercially available for specific applications. In this
work, two different formulations of PEDOT:PSS were used, Clevios™CPP105D
and Clevios™PH1000. Both of them are waterborne dispersions of PEDOT:PSS
mixed with some additives for optimizing specific properties. The former is a
low conductive formulation, which is optimized to be deposited on hydrophobic
substrates, while the latter is optimized to be highly conductive. The physical
properties of these dispersions are presented in Table 4.1.

75
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CPP105D PH1000
Solid content 1.0 – 1.4% 1.0 – 1.3%
Viscosity (mPa s) 10 – 50 15 – 50
pH value 2.6 – 3.0 1.5 – 2.5
Density at 20°C(g/cm3) 0.909 1

Table 4.1: Physical properties of Clevios™CPP105D and Clevios™PH1000
[196].

4.1.1 Deposition techniques

These PEDOT:PSS formulations were deposited on glass substrates by spin coat-
ing. Ethylene glycol 20 v/v% and dodecylbenzene sulfonate (DBSA) 0.05 v/v%
were added to PH1000 to improve its electrical conductivity and the ease of the
spin coating deposition. A cross-linking agent, 3-glycidoxypropyl trimethoxy-
silane (GOPS) 1 v/v%, was added to both CPP105D and PH1000 to improve their
resistance to delamination when exposed to water [224]. These two suspensions
were treated in ultrasonic bath for 10 minutes and filtered using 1.2 µm cellu-
lose acetate filters, then spin coated over clean glass slides. The samples were
subsequently dried at 140°C for 30 min to remove water and other solvents.

For the deposition of PEDOT:PSS on woven cotton and lycra, 1% (w/v) of
GOPS was added to a solution obtained by mixing two parts of Clevios™PH1000
and one part of ethylene glycol. About 40% (w/w) of the solvent was evaporated
in order to obtain a liquid with the suitable viscosity for being used as ink for
screen printing. The obtained PEDOT:PSS suspension was then printed on the
fabric: the pristine textile was covered by using insulating tape as a mask. The
PEDOT:PSS ink was applied on the edge of the textile and was moved onto it by
the use of a fill blade. The tape was then removed and the textile was dried in
an oven at 90°C for 30 min. A thin layer of PDMS was eventually applied on the
PEDOT:PSS track in order to keep dry the electrical contacts between the organic
semiconductor and the metallic electrodes of the electronic readout.

In addition to these techniques, thin films of PEDOT:PSS were produced by
electrochemical deposition. As mentioned in Section 2.2.3, this technique allows
a precise control on the quantity of material that is deposited on the substrate, and
provides an easy way for functionalization [199]. A strong limitation imposed by
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Figure 4.1: Sample preparation. (a) PEDOT:PSS layers in electropolymerized
samples. (b) PH1000 films obtained at different spin coating speeds. (c) CPP105D
films in their pristine form (N), and after oxidation (OX) and reduction (RED).

this technique is the requirement of an electrically conducting substrate; to over-
come this constraint without adding a metal layer, so as to obtain all-organic elec-
tropolymerized films, a thin film of spin coated CPP105D was used as conducting
layer for electrochemical deposition (4.1). This material was chosen instead of
the metals commonly used for this purpose, such as gold or ITO, to obtain trans-
parent films, which can be employed in low-cost and flexible devices. Moreover,
a decrease in the delamination of electropolymerized PEDOT:PSS was observed
when deposited on CPP105D-coated glass slides instead of metal electrodes, due
to the good adhesion of CPP105D to glass.

Electropolymerized PEDOT:PSS was synthesized onto a previous deposited
PEDOT:PSS (CPP105D) thin film prepared as described above, with the only
exception that no cross-linker was added to the suspension, since this addition
increased dramatically the electrical resistance of the conducting polymer. To
increase the electrical conductivity, the coated glass slide was immersed for 5
minutes in ethylene glycol and was dried again at 140°C for 40 minutes.

Deaerated water containing 10 mM EDOT and 0.1 mM PSS was used as
monomer solution. Oxidative electrodeposition was carried out by cyclic voltam-
metry (see Section 4.3) (Elow = 0 V; Ehigh = +1.5 V; scan rate = 0.1 V s−1) em-
ploying a three electrode cell equipped with a saturated calomel electrode (SCE)
as reference electrode, and a Pt wire as counter electrode. The PEDOT:PSS spin
coated film acted as working electrode, after ensuring the electrical contact to the
potentiostat with conductive silver paint. By varying the number of polymeriza-
tion cycles, it was possible to control the amount of deposited PEDOT:PSS.
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Name Deposition technique Substrate
CPP105D Spin coating Glass
PH1000 Spin coating Glass
ED4 Electrochemical polymerization Glass + CPP105D

(potentiodynamic, 4 cycles)
ED8 Electrochemical polymerization Glass + CPP105D

(potentiodynamic, 8 cycles)

Table 4.2: Different types of PEDOT:PSS used for characterization and cell cul-
ture experiments.

As a result, the four kinds of PEDOT:PSS listed in Table were obtained. Two
of them were obtained by spin coating, and they are identified using the com-
mercial name of their PEDOT:PSS dispersion, while the remaining two materials,
ED4 and ED8, were obtained by electrochemical potentiodynamic polymerization
of PEDOT:PSS by applying, respectively, 4 and 8 cycles of polymerization.

4.1.2 Electrochemical oxidation

The oxidation state of PEDOT:PSS can be electrochemically modified upon the
application of a voltage in electrolyte solution. When a negative potential is ap-
plied to PEDOT:PSS, positive ions (C+) from the electrolyte can penetrate the
polymer film, which undergoes the electrochemical reaction [225]:

PEDOT+ : PSS− + C+ + e− → PEDOT0 + PSS− : C+. (4.1)

The effect of the positive ions is to break the electrostatic interaction between
PEDOT and PSS, reducing hole concentration and bringing PEDOT to its neu-
tral and non-conductive form. Conversely, when a positive voltage is applied to
PEDOT:PSS, the transition from polaronic states to bi-polarons is induced, in-
creasing its conductivity. Indeed, the redox process induces a sharp change in
color from dark blue (reduced PEDOT) to almost transparent (oxidized PEDOT),
due to the presence of polaronic and bipolaronic states within the π − π∗ energy
gap. The effectiveness of the redox process can be thus monitored through optical
measurements (Section 4.3.2).

The oxidation state of the PEDOT:PSS films was changed using the three-
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electrode cell setup described in previous Section. The PEDOT:PSS films were
connected to a potentiostat and used as working electrodes in phosphate buffered
saline solution (PBS). The samples were kept at a continuous bias vs. SCE for
1 h to obtain an oxidized (positive voltage applied) or reduced (negative voltage
applied) form of PEDOT:PSS. This time interval was chosen after analyzing the
trend of current vs. time during polarization, so as to ensure a complete and stable
polarization. The samples were then rinsed in distilled water and dried at room
temperature. It must be noted that the use of a reference electrode during the bias-
ing of the samples was proven to be essential to achieve a reproducible oxidation
state of PEDOT:PSS, since without this reference, the actual chemical potential of
the polymer films is basically random.

Please note that, since the pristine oxidation state of PEDOT is actually par-
tially oxidized, in this thesis the neutral state of PEDOT (PEDOT0) is referred to
as “reduced”, whereas the fully oxidized state as “oxidized”, as generally found
in literature. Where not differently specified, the potentials used to reduce and
oxidize PEDOT:PSS thin films were -0.9 V and +0.8 V, respectively.

4.2 Physical Characterization

4.2.1 Surface morphology and thickness

One of the most effective tools available to observe features at the micro- and
nano-scale on the surface of a sample is the atomic force microscope (AFM). The
device functioning is summarized in Figure 4.2. This microscope utilizes a mi-
crometrical tip (its size is about 10-20 µm) mounted on a flexible cantilever as a
probe. One end of the cantilever is fixed to a support, while the other end (where
the tip is located) is free to move. When the tip approaches the sample, van der
Waals forces between the surface and the tip induce a deflection on the cantilever.
The potential energy of the tip is then approximated by the Lennard-Jones poten-
tial shown in Figure 4.3. To detect the slight deflection of the cantilever, a laser
beam is focused on its back and reflected on a photodiode divided in four sectors.
From the measurement of the variation of the relative intensities detected by the
sections of the photodiode it is possible to precisely know which is the amount of
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Figure 4.2: (a) Schematic picture of an atomic force microscope. The feedback
system (FS) controls the tip-surface distance through a piezoelectric actuator ac-
cordingly to the cantilever deflection. (b) Scheme of the heigth and phase imaging
operation. The cantilever oscillation depends on the topography and its composi-
tion. The phaseshift signal changes with variation in the dissipated energy on the
sample surface. Adapted from [226, 227].

vertical and lateral deflection of the cantilever.
Imaging of the surface of the PEDOT:PSS films was carried out using a Park

NX10 AFM operating in non-contact mode, in air and in liquid (PBS) in ambient
conditions. In non-contact mode, the tip is kept oscillating close to its resonant
frequency, ω0. For a free oscillating tip, the heigth z from the sample surface is
described by the equation [226]:

z(t) = z0 + A0 cos(ωt − φ) (4.2)

where z0 is the mean height of the cantilever, A0 is the free-oscillation amplitude,
ω is the oscillation frequency and φ is a phase constant which is set at 90°for the
free oscillating tip. Non-contact is achieved when the tip is kept far enough from
the sample surface to stay in the attractive regime (i.e. the force acting on the
tip is attractive, F = dU/dz > 0, see Figure 4.3) for the whole amplitude of the
oscillation. When the tip approaches the sample, the interaction with the sample
lowers the amplitude of the oscillation to a new value, A(z), with A(z) < A0. This
value is used as set-point to control the heigth of the tip using a feedback system,
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Figure 4.3: Lennard-Jones potential qualitative form [226].

which allows to measure the heigth of the sample.
From surface morphology, many statistical parameters can be obtained de-

scribing the geometry of the surface. In this work, surface roughness was quanti-
fied from the root mean square roughness, Rq, which is calculated as:

Rq =

√√
1
n

n∑
i=1

y2
i (4.3)

where n is the number of pixels of the AFM image, and yi are the heigth values of
each pixel. RMS roughness was evaluated from images of lateral size 20 µm.

The same technique was also used to evaluate film thickness. After deposition,
the films were gently scratched away in part from their substrate, and the step
heigth was then measured in non-contact mode.

4.2.2 Mechanical properties

Using an atomic force microscope it is possible also to obtain information about
the mechanical properties of a thin film, such as its stiffness and Young’s modulus.
For a system with a single degree of freedom, the stiffness is defined as k = F/δ,
where F is the force applied and δ is the displacement produced by the force
along the same degree of freedom; Young’s modulus (also called elastic modulus),
instead, is defined as the ratio of the tensile stress σ(ε) and the extensional strain
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ε in the elastic regime of the stress-strain curve:

E(ε) ≡
σ(ε)
ε

=
F/A0

∆L/L0
=

FL0

A∆L
(4.4)

where A0 is the actual cross-sectional area through which the force is applied,
∆L is the amount by which the length of the object changes, and L0 is the original
length of the object. While Young’s modulus is an intensive property of a material,
the stiffness is a property which depends both on the material and the geometri-
cal structure of the sample; as a consequence, these quantities are different, but
related. As an example, for a for an element in tension or compression, the axial
stiffness is given by k = AE/L.

The determination of stiffness and Young’s modulus can be achieved with an
AFM through the acquisition of force-distance curves, where a tip with an ap-
propriate force constant k is used for the indentation of the film. By measuring
the deflection δ of the tip, the applied force can be obtained from Hooke’s law,
F = kδ. Furthermore, if the displacement z of the z-scanner of the AFM is known
(i.e. the change in tip heigth imposed by the AFM during the indentation), then
the indentation length d is given as d = z− δ (with δ always lesser than z, whereas
δ = z only for an infinitely-hard surface).

Once F and d are known, the stiffness can be easily calculated as k = F/d,
while Young’s modulus is given by the Sneddon model for a conical indenter with
apex angle 2θ on an elastic half-space [228]:

F =
2E

π(1 − ν2)
d2 tan θ (4.5)

where ν is the Poisson’s ratio, defined as the negative ratio of transverse to axial
strain. For isotropic materials, 0.2 ≤ ν ≤ 0.5 [229].

The stiffness and Young’s modulus of PEDOT:PSS samples were measured
in liquid environment (PBS) before and after the oxidation process described in
Section 4.1.2. The force-distance curves were acquired using a Park NX10 AFM
with Park PPP-NCHR cantilevers (k = 42 N/m). For the calculation of Young’s
modulus, ν was taken as 0.34 [204].
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4.2.3 Wettability and surface energy

The wettability is the ability of a solid surface to reduce the surface tension of
a liquid in contact with it, causing its spreading on the surface. The wettability
of a material can be quantified directly by measuring the contact angle formed
by a droplet of liquid placed on it, as shown in Figure 4.4. If the liquid used is
water, the surface is then called hydrophilic if the contact angle is θ < 90°, or
hydrophobic if θ > 90°.

The wettability of a surface is related to its surface energy, γ, which repre-
sents the excess energy (per unit area) at the surface of a material compared to
the bulk, and therefore contains information about surface properties such as sur-
face charge, roughness, and the energy of intermolecular bonds. For liquids, the
surface energy density is also called surface tension.

More specifically, contact angle, as shown in Fig. 4.4, is related to three pa-
rameters: the surface energy of the solid surface (γsv), the surface tension of the
liquid (γlv), and the energy associated to the solid-liquid interface (γsl). These
quantities are related according to Young’s equation [230]:

γlv cos θ = γsv − γsl (4.6)

One of the approaches that can be used to determine γsv and γsl by using
contact angle data is the equation of state for interfacial tensions [231],

γsl = f (γlv, γsv) (4.7)

which expresses the interfacial energy as a function of the surface energies of
the solid and liquid phases. The existence of such equation in this form was
demonstrated by Neumann et al., which also gave an empirical formulation as
[231]:

γsl = γlv + γsv − 2
√
γlvγsv exp[−β(γlv − γsv)2]. (4.8)

where β is a constant experimentally determined as 0.000115 (m2/mJ)2. Combin-
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Figure 4.4: Contact angle bewteen a liquid droplet and a smooth and homoge-
neous surface [233].

ing Equation 4.8 with Young’s equation finally yields:

cos θ = −1 + 2
√
γsv

γlv
exp[−β(γlv − γsv)2] (4.9)

where the only unknown is the solid surface energy, γsv, that can be calculated
numerically once θ is measured, since γlv is known for water [232].

In this work, hydrophilicity and surface energy of the PEDOT:PSS films were
determined by water contact angle measurements (surface tension of 72.8 mJ/m2),
which were performed with a custom setup, consisting in a graduated syringe
aligned to a video camera, using the sessile drop technique. The contact angles
were measured using an image analysis software (ImageJ) and then converted into
surface energy values employing Equation 4.9.

4.2.4 Electrical measurements

A useful parameter for comparing the electrical properties of devices which are
different in size is sheet resistance, Rs, defined as Rs = ρ/T , where ρ is the resis-
tivity and T is the thickness of the film. The sheet resistance of the polymer films
was measured using a 4-probe custom setup, where four aligned and evenly spaced
(spacing 2.7 mm) conductive tips were connected to a Keithley 2400 SourceMe-
ter, which was used as a current generator for the two external tips and as a voltage
meter for the two inner tips. Using this configuration, the resitivity of the film can
be calculated:

ρ = 2πFs
V
I

(4.10)
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where s is the probe spacing and F is a geometrical correction factor. For an
infinite and thin film (length and width of the sample� s, T � s), this expression
is approximated by:

ρ =
πT
ln 2

V
I
. (4.11)

Consequently, the sheet resistance becomes:

Rs =
ρ

T
=

π

ln 2
V
I
. (4.12)

Hence, a geometrical correction factor of π/ ln 2 was applied to all measurements
[234]. Once Rs and T are known, the conductivity can be easily obtained as
σ = 1/(RsT ).

The electrical characterization of PEDOT:PSS-based OECTs was carried out
using the setup shown in Figure 4.5. Two Keithley 2400 SourceMeters controlled
by a personal computer via a homemade LAB-VIEW software were simultane-
ously employed to apply the source-drain (Vd) and source-gate (Vg) potentials and
to measure the respective currents (Id, Ig). In some experiments, the sourcemeter
source output was connected to the working-electrode output of an eDAQ EA161
potentiostat, which was set as high-impedance voltmeter, for measuring the source
electrode potential vs. a saturated calomel reference electrode (SCE).

Instead of using a reservoir for containing the electrolyte solution as in many
OECTs found in literature, we immersed the active area of the OECT in solution
using an electrochemical cell as container (Figure 4.5). This configuration offers
several practical advantages: it simplifies the addition of analytes to the electrolyte
solution; it allows the use of a magnetic stirrer for improving the diffusion of an-
alytes after their addition; it makes easy to remove oxygen, which interferes with
the electrochemical sensing process, from the electrolyte solution by saturating
the cell with nitrogen gas.

OECT characterization involved the acquisition of charcteristic curves (Id−Vd)
and transfer curves (Id−Vg). The transconductance was obtained from the transfer
curves as gm = ∂Id/∂Vg. In order to measure sensitivity and limit of detection
(LOD) to various analytes, the drain current was recorded as a function of time
at fixed Vd and Vg, which were chosen accordingly to the analyte. The analyte



86 CHAPTER 4. MATERIALS AND METHODS

Figure 4.5: (a) Geometry of the OECT. (b) Schematic of the instrumental setup
employed to perform OECT characterization. One SourceMeter was used to apply
Vd and measure Id on the PEDOT:PSS channel; the second SourceMeter (common
ground terminal) was used to apply Vg to the gate electrode and to measure Ig.
A potentiostat was used for the measurement of the electrochemical potential of
PEDOT:PSS during OECT operation.

was then added at different concentrations, causing a change in the drain current.
The measured variation in Id was then used to obtain a calibration curve, Id vs.

concentration, from which the sensitivity was extracted as the slope of the curve,
∆I/∆C, while the LOD was evaluated as the lowest addition that led to a change
in Id.

4.3 Electrochemical Characterization

In addition to the study of the physical properties described in previous Section,
electrochemical techniques can be used for gaining information about the kinet-
ics and charge transport involved in the electrochemical redox reactions exploited
both in OECTs and in cell culture substrates studied in this work. The electro-
chemical characterization of PEDOT:PSS thin films was carried out by cyclic
voltammetry (CV) and spectrophotometry. These techniques both involve the use
of a three electrode cell where three electrodes, named working, reference and
counter electrode, are in contact with an electrolyte solution. The sample, a thin
film of PEDOT:PSS in our case, is used as the working electrode, which poten-
tial is measured with respect to the reference electrode of known potential. The
counter electrode is used to generate the current required to keep the working
electrode at the desired potential without affecting the reference electrode.
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Figure 4.6: (a) Cyclic potential sweep; (b) Resulting cyclic voltammogram.
Adapted from [221].

The electrochemical characterization of PEDOT:PSS thin films was carried
out in collaboration with the research group of Prof. E. Scavetta (Department of
Industrial Chemistry, University of Bologna).

4.3.1 Cyclic voltammetry

In a CV, the electrochemical potential of the sample is swept linearly over time
at a fixed scan rate v until a switching potential, Eλ, is reached at a time t = λ.
Then, the direction of the scan rate is switched until the electrochemical potential
of the sample is brought back to its starting value Ei. Thus the potential during
each cycle is given by:

E = Ei − vt (0 < t ≤ λ) (4.13)

E = Ei − 2vλ + vt (t > λ) (4.14)

This sweep reversal method is extremely powerful and is among the most
widely practiced of all electrochemical methods [221]. In a cyclic voltammetry,
the shape of the curve (I − t or, more commonly, I − E, as shown in Figure 4.6b)
is given by a superposition of a capacitive current, due to the charging of the elec-
trical double layer at the electrode-electrolyte interface, and a Faradaic current,
due to mass transfer in the electrochemical reaction O + ne � R occurring at
the electrode. The charging current during a potential sweep can be expressed
as [221]:

Ic = vCd[1 − exp(−t/RsCd)] (4.15)
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where Rs is the electrical resistance of the solution, and Cd is the double layer
capacitance. This current, which is time-dependent, saturates for t � RsCd at
a steady-state current Ic,ss = vCd, with a linear dependence on the scan rate
v = dE/dt. If a triangular wave is applied instead of a single sweep, then the
steady-state current changes from vCd during the forward (increasing E) scan to
−vCd during the reverse (decreasing E) scan, because of the change in sign of
dE/dt.

The Faradaic current is regulated by two laws, Fick’s law of diffusion for the
case of a planar electrode 4.16, and Nernst equation 4.17:

d[O]
dt

= D
d2[O]
dx2 (4.16)

[O]x=0

[R]x=0
= exp

[nF
RT

(E(t) − E0)
]
. (4.17)

Fick’s law of diffusion governs the mass transport process towards the electrode,
where D is the diffusion coefficient and the parameter x denotes the distance from
the electrode surface. Nernst equation defines the surface concentrations of the
oxidized and reduced form of the redox reagents as a function of E(t) and E0,
respectively the applied and the formal potential [15]. In Equation 4.17, t is the
time, n is the number of electrons transferred per molecule of O reacting at the
electrode surface, F is the Faraday constant, R is the constant for an ideal gas, and
T is the absolute temperature.

For a reversible diffusion-controlled process, i.e. a reaction where the reaction
rate is limited by the rate of transport of the reactants to the surface of the electrode
[221], the current response at each potential for a reversible cyclic voltammogram
may be calculated, with E(t) = Ei−vt [15], using a mathematical procedure called
semi-integration (d1/2y/dx1/2) or convolution [235]:

I(t) = −nFA[O]bulk

√
D

d1/2

dt1/2

(
1

1 + e
nF
RT (Ei−vt−E0)

)
(4.18)

where A is the electrode area.
Finally, the hypothesis of diffusion-controlled process can be verified using the

Randles-Ševčik equation, which relates the peak current, Ip, with the square-root
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of the scan rate [15]:

Ip = 0.446nFA[O]bulk

√
nFvD

RT
. (4.19)

In this work, cyclic voltammetries have been carried out in a three electrode
cell containing a phosphate buffer solution 0.1 M pH 5.5 as electrolyte. The
electrochemical potentials were measured with respect to an aqueous saturated
calomel electrode (SCE), a Pt wire was used as the counter electrode and a PE-
DOT:PSS thin film deposited on a glass slide was used as the working electrode.
The electrochemical responses were acquired by employing an eDAQ EA161 po-
tentiostat controlled by personal computer.

4.3.2 Spectrophotometry

As described in Section 4.1.2, the redox state of PEDOT:PSS films can be assessed
with optical absorption measurements. The experimental setup used for spec-
trophotometry is illustrated in Figure 4.7. A monochromator selectively controls
the wavelength of the light going through the sample (a thin film of PEDOT:PSS
deposited on a glass slide), which is kept in a cuvette containing an electrolyte so-
lution. A photodiode array is then used to detect the light after absorption from the
sample, while a potentiostat controls the oxidation state of PEDOT:PSS in real-
time. As a result, the absorption spectra of the sample at different oxidation states
are acquired, highlighting the formation of conducting states at different energies
along the polymer backbone.

This technique was also used for monitoring the time stability of the redox
state after polarization while the PEDOT:PSS films were immersed in three dif-
ferent aqueous media: distilled water, PBS, and Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with fetal bovine serum. These media were used
because of their different composition, since PBS contains small ions only while
DMEM also contains quite large organic molecules, like amino acids, vitamins
and glucose.

These spectroelectrochemical experiments were carried out using a Hewlett-
Packard 8453 diode array spectrophotometer with an in situ electrochemical cell
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Figure 4.7: Scheme of the spectrophotometry setup.

(home-made) during the application to the sample of a linear potential ramp, start-
ing from -0.7 V to +0.7 V at a scan rate of 0.05 Vs−1. Furthermore, the stability
of the induced redox state was continuously monitored for 1 h after removing the
applied bias by collecting Vis-NIR (300-1000 nm) spectra for 60 minutes every
minute after the end of polarization. Finally, the observation of the time stability
of PEDOT:PSS was extended to 48 h in cell culture medium only, a time scale
which is comparable to the duration of cell growth experiments.

4.4 Cell Proliferation

The effects induced by a change in the redox state of PEDOT:PSS on the cell ad-
hesion and growth process were studied by culturing two different cell lines, pri-
mary human dermal fibroblasts (hDF), and human glioblastoma multiforme cells
(T98G). These types of cells have been chosen in order to assess the effects of the
substrates parameters on adherent, high-replicating and tissue-forming cells with
very similar genotypic and phenotypic properties, but normal (hDF) and tumor-
like (T98G). The biological experiments on cell growth and patch clamp, together
with the analysis of their outcome, were carried out in collaboration with the re-
search group of Prof. G. Castellani (DIFA, University of Bologna).
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Figure 4.8: Positioning of the PEDOT:PSS samples for cell culture. After biasing,
the samples are cut and placed on the bottom of a multiwell plate.

4.4.1 Cell culture

Glioblastoma multiforme cells (T98G), derived from a human tumor, were main-
tained in Roswell Park Memorial Institute (RPMI) medium, supplemented with
10% fetal bovine serum, 1% L-glutamine, 10% sodium pyruvate, and antibiotics
(1% penicillin and 1% streptomycin). Primary dermal fibroblast (hDF), gently
provided by Prof. S. Salvioli (DIMES, University of Bologna), were obtained
from two donors (age 24 and 23 years) by skin biopsies according to standard
culture method. All the donors gave their informed consent before biopsy was
performed.

hDF were maintained in Dulbecco’s modified Eagle’s medium (DMEM), sup-
plemented with 10% fetal bovine serum, 1% L-glutamine, and antibiotics (1%
penicillin and 1% streptomycin). hDF of 3-15 passages number were used.

Both cells population were kept in culture standard conditions in incubator
at 5% CO2 humidified atmosphere at 37°C. Before each experiment, the cells
were detached by trypsin (0.02%) in ethylenediaminetetraacetic acid (EDTA) and
resuspended in culture medium at room temperature.

4.4.2 Proliferation curves

Cell culture 24-well plates were prepared as follow (Figure 4.8): PEDOT:PSS
substrates in non-biased, oxidized, and reduced form were cut using a diamond tip
and three replication for each form were placed in nine different wells of the plate;
then, the plates were sterilized under UV per 20 minutes. Before cell seeding,
PEDOT:PSS was washed using sterile culture medium to buffer the pH altered by
the substrates. No bias was applied during cell seeding or growth.
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T98G and hDF cells were counted by an hemocytometer and seeded in a
density of 0.010×106 and 0.015×106 with 500 µL of supplemented RPMI and
DMEM, respectively, in each well prepared as described and in three wells with-
out PEDOT:PSS, that is, on a sterile hydrophilic polystyrene tissue culture surface
(control) physically treated for improving cell adhesion. Cells were allowed to ad-
here and spread for 24 h prior the observation.

Cell proliferation was studied by growing T98G and hDF in a CO2 incubation
system integrated within a motorized stage allowed to perform time-lapse imaging
acquisition even for tens of hours. Images were acquired in phase-contrast at 100×
of magnification for a time interval up to 72 h (4 days) by the inverse automatized
optical microscopy Nikon Eclipse-Ti.

4.4.3 Patch clamp setup

The patch clamp technique is an electrophysiology technique that allows the study
of ion channels in cells. In patch clamp recording, a glass micropipette is used as a
recording electrode, while another electrode is located in the bath around the cell
as a reference electrode [13]. Thanks to its small size the micropipette, whose di-
ameter is usually in the micrometer range, is used to enclose a surface area of the
cell (or “patch”). Then, a voltage can be applied between the micropipette elec-
trode and the reference electrode in order to record the current flowing through the
ion channels of the cell (voltage clamp), or in a similar fashion, the current can
be kept constant to measure changes in the membrane potential (current clamp).
In this work, whole-cell configuration was used. With this technique, the elec-
trode is used to rupture the membrane patch, providing access from the interior of
the pipette to the intracellular space of the cell and allowing the measurement of
multiple channels simultaneously, over the membrane of the entire cell [236].

Resting membrane potential and voltage-dependent membrane current record-
ings were measured both with patch clamp technique in whole-cell configuration
at RT (22-24°C) with an HEKA EPC-10 amplifier driven by the Patch Master soft-
ware. Before the recordings, cells were detached using trypsin-EDTA (0.02%),
suspended in 1:3 culture medium and kept out of the incubator in a Falcon tube.
Within 6h 30 µl of suspended cells were seeded on a polystyrene 35-mm Nunc
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Petri dish, used as control (CTRL), and on PEDOT:PSS (ED8) substrates in not bi-
ased, oxidized and reduced forms obtained after polarization at +0.8 V and -0.9 V,
respectivley. Before seeding, PEDOT:PSS samples were washed out twice with
PBS and placed into a Petri dish. After 15 min cells were checked under the
microscope to verify their attachment to the substrates, then a wash out with the
bath solution was performed and about 2 ml of the same solution was left for
recordings.

The bath solution (extracellular electrolyte solution), the same for T98G and
hDF, contained (in mM): 133 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES) and 10 glucose (pH 7.4, NaOH).
The electrode solution (pH 7.2, KOH) contained, for T98G cells (in mM): 10
NaCl, 120 K-aspartate, 2 MgCl2, 4 CaCl2, 10 HEPES, 10 ethylene glycol tetra-
acetic acid (EGTA), 3 Mg-ATP, 0.2 GTP-Tris, and for hDF cells (in mM): 145
KCl, 1 MgCl2, 1.8 CaCl2 and 10 HEPES. The patch micropipette tip resistances
ranged between 3 and 7 MΩ when filled with electrode solution.

4.4.4 Voltage-clamp

Current traces were acquired at digitizing rates of 20 kHz and filtered at 2.9 kHz
with an eight-pole low-pass Bessel filter. Voltage steps (20 mV, 150 ms) from
-30 to +110 mV were delivered at intervals of 1 s; to inactivate other voltage-
activated K+ currents, the holding potential Vh was set to 0 mV. Specific built-in
software algorithms minimized on-line the fast capacitance transients, and per-
formed a tracked leakage subtraction of the current amplitude every 10 ms; this
software setting allowed the automatic measurement of cell capacitance. Current
amplitude values were considered after reaching the steady-state level, and were
averaged to produce a single value for each measurement. To quantify the plasma
membrane permeability to potassium ions a solution containing 10 mM concentra-
tion of tetraethylammonium chloride (TEA) was prepared from an adjusted bath
solution (123 mM NaCl) and was applied by perfusion with a rate of about 1-1.5
ml/min.



94 CHAPTER 4. MATERIALS AND METHODS

4.4.5 Current-clamp

Resting membrane potential was acquired through the balanced bridge technol-
ogy of the EPC-10 amplifier, at digitizing rates of 10 kHz and filtered at 2.9 kHz
with an eight-pole low-pass Bessel filter. Before switching into the current clamp
modality the compensation of the capacitance transients in the voltage clamp
mode was performed. The membrane current was clamped at 0 pA in order to
balance the ionic flows inward and outward the cell. To evaluate the resting mem-
brane potential and in the same time the quality of the seal and the goodness of
the recording, a stimulation protocol consisting of current steps (20 pA, 150 ms)
from -120 to +120 pA delivered at intervals of 1 s was used. The resting mem-
brane potential value of each cell was obtained by averaging the data from the
baseline, i.e. the region of the voltage traces (from 0 to 100 ms) corresponding to
the current holding of 0 pA. All values are expressed as mean ± SEM. Student’s
t test was used to compute the probability values (p) in two-group comparison. A
p threshold of 0.05 was considered for statistical significance.



Chapter 5

PEDOT-based Electrochemical
Sensors

In this Chapter, PEDOT:PSS-based electrochemical sensors, namely amperomet-
ric sensors and organic electrochemical transistors (OECTs), are presented. Their
performance was characterized using several biochemical compounds of biolog-
ical relevance, and the results are summarized in Section 5.5. An approach to
obtain selectivity on OECTs without the need for chemical functionalization is
then presented, followed by the description of the results obtained from the inte-
gration of OECTs on textiles for their application as wearable sensors.

5.1 Amperometric Sensors

The simplest electrochemical sensor based on PEDOT:PSS realized in this work is
the amperometric sensor. These devices were realized by spin-coating a thin film
of Clevios™ PH1000 on a glass slide, as described in Section 4.1.1, at a speed
of 700 rpm for 10 seconds. The coated slides (area 1 cm2) were then used as
the working electrode in a three electrode electrochemical cell, with a Pt wire as
counter electrode and a saturated calomel electrode (SCE) as reference electrode.

Amperometric sensing is realized in a three-electrode electrochemical cell by
applying a known potential E to the device with respect to the reference electrode,
and by measuring the current I flowing between the sensor and the counter elec-

95
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trode. The potential E can be swept over a specific range (voltammetry) or kept
constant, in order to measure the temporal variations in the current I upon the
addition of an analyte (chronoamperometry).

5.1.1 Electrochemical response to dopamine

In order to probe the amperometric operation of the device, it was tested for the de-
tection of 3,4-dihydroxyphenyl ethylamine, commonly known as dopamine (DA).
DA is an important neurotransmitter in the mammalian central nervous system,
and a loss of DA-containing neurons may result in some serious diseases such as
Parkinson’s disease; thus, the determination of the concentration of DA is an im-
portant problem in analytical biochemistry [199]. DA detection is obtained thanks
to the electrochemical reaction:

2 PEDOT+ + DA→ 2 PEDOT0 + oxidized DA (5.1)

To investigate the electrocatalytic oxidation towards DA, PEDOT:PSS thin
films deposited on glass slides were characterized by cyclic voltammetry (CV)
ranging from -0.2 V to +0.6 V (vs. SCE) in 0.1 M PBS (pH 5.5) for an increasing
analyte concentration from 0 to 3.0 mM (Figure 5.1a). In the absence of DA, no
significant peak is observed and the rectangular shape of the curve suggests that
PEDOT:PSS has the typical behavior of a capacitor in such potential range. Upon
the addition of DA to the supporting electrolyte, a redox wave that is ascribed to
the dopamine oxidation appears in the anodic side, together with a peak of lower
intensity in the cathodic current at E = 0.15 V. Both the anodic peak current Ipa and
potential Epa increase with DA concentration. In Figure 5.1b the trend of Ipa vs.

concentration is presented, showing that the peak current is directly proportional
to the concentration of dopamine with a slope equal to 8.0 10−5 A mM−1 and a R2

of 0.975. Such results confirm the oxidation of DA when PEDOT is biased at a
sufficiently high positive potential.

As shown in Figure 5.2a, the CV curves of DA were measured with PE-
DOT:PSS electrodes at different scan rates, ranging from 5 mV s−1 to 200 mV s−1.
This Figure clearly shows that the peak currents for the anodic oxidation and ca-
thodic reduction of 1 mM DA in 0.1 M PBS gradually increase with an increase
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in the scan rate. The relationship between the anodic peak currents Ipa and the
root square of the scan rate v1/2 is displayed in Fig. 5.2b, showing a linear pro-
portionality over the considered range, with a slope of 1.13 10−3 A V−1/2 s1/2 and
R2 = 0.9825. As suggested by Randles-Ševčik equation (Eq. 4.19), this result in-
dicates that the electrochemical oxidation at the PEDOT:PSS electrode depends on
the DA diffusion from bulk solution to electrode surface [221]. However, when the
scan rate increases, also the peak potentials for the oxidation and reduction of DA
shift to more positive and negative potentials, respectively, suggesting a kinetic
limitation in the reaction between the redox sites of PEDOT and dopamine. These
results demonstrate that the overall electrochemical process is mixed-controlled
by mass transport and charge transfer kinetics.

5.1.2 Chronoamperometric sensing

DA determination was realized by chronoamperometry under magnetic stirring at
E = 0.45 V with sequential additions of DA to the electrolyte solution (Figure
5.3a), using PEDOT:PSS-coated glass electrodes. The analyte concentration was
gradually increased in aliquotes of 0.1, 1, 10, 100 and 200 µM (five additions
for each aliquote) while measuring the current flowing between the PEDOT:PSS
electrode and a Pt working electrode. The response of the device is stable and
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Figure 5.1: (a) Cyclic voltammetries recorded at a PEDOT:PSS electrode for in-
creasing dopamine concentrations in PBS 0.1M, scan rate 10 mV s−1. (b) Plot of
anodic peak current vs. dopamine concentration.



98 CHAPTER 5. PEDOT-BASED ELECTROCHEMICAL SENSORS

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 50
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0

I pa
 (µ

A)

ν1/2 ( V 1 / 2  s - 1 / 2 )

b )

- 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6- 4 0 0

- 2 0 0

0

2 0 0

4 0 0

6 0 0
2 0 0  m V  s - 1

I (µ
A)

E  ( V )

5  m V  s - 1

a )

Figure 5.2: (a) Cyclic voltammetries recorded at a PEDOT:PSS electrode for in-
creasing scan rate in PBS 0.1M with dopamine concentration 1 mM. (b) Plot of
oxidative peak current vs. square root of scan rate.

rapid, with the average response time being about 10 s. Calibration curves were
obtained by plotting the steady state current, measured after subtraction of the base
line current, vs. DA concentration, as shown in Figure 5.3b. A linear relationship
between the registered current and DA concentration was observed over all the
examined range (0.1 µM - 1.3 mM), with a slope (sensitivity) of 1.92 10−4 A mM−1

and R2 = 0.998. The limit of detection (LOD), determined at a signal-to-noise
ratio of 3, is 0.4 µM.

5.2 Development of a Novel All-PEDOT OECT

Electrochemical sensors offer many advantages with respect to other techniques
such as the use of quick and easy procedures, but the determination is rather ex-
pensive because it requires a potentiostat and, consequently, a complex readout
electronics for acquiring the signal, together with a reference electrode that also
hinders the miniaturization of these devices [76].

Organic electrochemical transistors (OECTs) represent a valid option to over-
come these issues (see Section 1.3.1). The transistor configuration ensures a high
sensitivity, since it combines a sensor and an amplifier. As a consequence, small
changes in the potentials due to the analyte may lead to a pronounced variation
of the channel current. Transistor-based sensors offer many advantages, including
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Figure 5.3: (a) Chronoamperometric response at 0.45 V vs. SCE of a PEDOT:PSS
electrode in 0.1 M PBS solution to successive dopamine additions. The black
arrows indicate an increase in the dopamine concentration in the added solu-
tion, ranging from 0.1 µM to 200 µM per addition; (b) Calibration curve of I
vs. dopamine concentration.

high sensitivity, feasibility for miniaturization, and a simple electrical readout.
In this work, PEDOT:PSS was used as material for both the semiconducting

channel and the gate electrode. This feature allows an easier and less expensive
fabrication compared to devices using metals as the gate electrode, requiring a sin-
gle deposition technique for the whole device. Moreover, the absence of metallic
elements makes the device particularly suitable for flexible electronics applica-
tions.

OECTs were fabricated by spin-coating Clevios™ PH1000 (see Section 4.1.1)
on a glass substrate with the geometry shown in Figure 5.4. The active area of
the OECT was then immersed in the electrolyte solution (PBS 0.1 M pH 5.5)
using an electrochemical cell as container. The working regime of our OECT
was optimized by studying the electrochemical behavior of PEDOT:PSS, and by
comparing transistors with two different thicknesses T (with Tch = Tg in each
transistor).

5.2.1 Electrochemical characterization

Although OECTs completely made with a conductive polymer have been de-
scribed in literature already [237,238], only a few papers proposed them as chem-
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Figure 5.4: (a,b) Schematics showing the geometry of the OECTs used in this
work. S , G and D refer to the source, gate and drain electrodes, respectively. (c)
Picture of an OECT.

ical sensors using an enzymatic transduction [83, 239], and their characterization
is still lacking.

The electrochemical properties of the PEDOT:PSS electrodes of our OECTs
were studied by cyclic voltammetry (Figure 5.5). When the CVs were performed
between -0.2 and +0.6 V vs. SCE, a typical capacitive curve with rectangular
shape was observed, suggesting that PEDOT:PSS behaves like a capacitor in such
a potential range (see Fig. 5.5a, dotted line). In these conditions, the signal was
stable for hundreds of cycles. The range of investigated potential was then ex-
panded (-1.6 to +0.8 V) so as to highlight the PEDOT:PSS redox processes (Fig.
5.5a, solid line). Within this range, the stability of the recorded current slightly
decreased, with a reduction of the peak current of about 3% for each cycle, but it
was possible to observe the redox waves of PEDOT:PSS clearly.

The redox wave labeled with I in Fig. 5.5a is ascribed to PEDOT:PSS oxida-
tion, involving the formation of polaronic and bipolaronic states originating from
the neutral form of PEDOT. This process is caused by the electrochemical doping
due to the injection of holes in the π-conjugated system of the polymer backbone.
On the other hand, the process I′ is ascribed to the reduction of polaronic and
bipolaronic states to form neutral PEDOT. From this measurement, the charge
that flows during the cathodic process can be calculated in order to evaluate the
concentration of the oxidized sites Cox as a function of the applied electrochemical
potential (Figure 5.5b, blue curve).
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Figure 5.5: (a) CVs (0.02 Vs−1) of PEDOT:PSS recorded in PBS 0.1 M pH 5.5 in
two different potential ranges. (b) Plot of I/Imax and Cox reported vs. the electro-
chemical potential of the source, E. I/Imax was recorded applying 0.3 V between
the working electrode and the drain electrode of the transistor.

The dependence of Id on the electrochemical potential of the channel was ex-
amined by recording the current (Vd = 0.3 V) while the electrochemical potential
of the source, Es, was changed using a potentiostat (setup in Fig. 4.5b). It must
be noted that since Ed = Es + Vd, by controlling the electrochemical potential of
one between the source and drain electrodes it is possible to change the electro-
chemical potential of the whole channel. Two voltage ranges were chosen for Es,
the first between -0.2 V and +0.6 V, and the second between -0.5 V and +0.9 V.
Figure 5.7a reports the values of normalized current Id/Imax (where Imax is the
maximum recorded drain current) vs. Es and vs. time in the -0.2 V to +0.6 V
range, highlighting a very stable response. Thus, this range represents an optimal
working condition for our OECTs and it was used for the further optimization of
the device as a sensor.

The examined voltage range was then extended to -0.5 V / +0.9 V for including
the beginning of the redox processes on the cathodic side (Fig. 5.5, black curve).
As expected, the neutral form of PEDOT:PSS, which is formed for Es ≤ 0.4 V,
exhibits the lowest conductivity. With increasing Es, holes are injected into the
PEDOT:PSS backbone, and the oxidation of the polymer occurrs. Consequently,
the conductivity of the material increases as indicated by the increase of I/Imax.
It is noteworthy that the shapes of I/Imax vs. Es and Cox vs. Es are very similar,
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highlighting how oxidized sites play a key role in the PEDOT:PSS conductivity in
the examined range of the electrochemical potential.

The observed strong correlation between Id, Cox and Es can thus be used for
estimating the electrochemical potential of the channel without the need for a
reference electrode. Indeed, the variation of the electrochemical potential of the
channel due to the reaction between PEDOT:PSS and an analyte can be directly
determined by measuring the shift in the drain current that is induced by the dop-
ing/dedoping of the conducting polymer. An appropriate gate voltage, Vg, can be
used to enhance the speed and the intensity of this variation of Id, improving the
sensitivity and the limit of detection of the device.

The optimization of the performance of the OECT was studied by using ascor-
bic acid (AA) as reducing analyte; this choice is, on the one hand, because of the
importance of this species in many applicative contexts and, on the other hand, be-
cause this analyte is considered a benchmark to test and compare the performances
of different electrode systems based on an electrochemical transduction [240].

Since the whole transistor is made of PEDOT:PSS, AA oxidation can take
place either at the channel or at the gate electrode, depending on the applied gate
voltage. Indeed, if PEDOT is sufficiently oxidized, the following reactions occur:

Reaction 1 : 2 PEDOT+ + AA→ 2 PEDOT0 + oxidized AA (5.2)

Reaction 2 : PEDOT0 → PEDOT+ + e− (5.3)

As a result, for positive Vg, Eg is higher than Es (keeping in mind that Ed < Es

for Vd < 0), so AA oxidation mainly takes place at the gate electrode and PEDOT
oxidation takes place at the channel. On the other hand, for negative values of Vg,
Eg is lower than Ed and so the AA mainly reacts with the channel, while PEDOT
is oxidized at the gate electrode.

Figure 5.6a shows the Id vs. time plot whereas different amounts of AA were
added to the electrochemical cell. Since the potentials were not applied versus a
reference electrode, as would happen by employing a potentiostat, Eg and Ed can
change during the AA oxidation leading to a variation of Id. The added AA reacts
at the gate electrode, reducing PEDOT:PSS and lowering its electrochemical po-
tential Eg. Consequently, the applied potential difference Vg between the gate and



5.2. DEVELOPMENT OF A NOVEL ALL-PEDOT OECT 103

b )

0 2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0- 4 0 0
- 3 5 0
- 3 0 0
- 2 5 0
- 2 0 0
- 1 5 0
- 1 0 0
- 5 0

I d (µ
A)

T i m e  ( s )
0 2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0- 0 . 4

- 0 . 3
- 0 . 2
- 0 . 1
0 . 0
0 . 1
0 . 2

E s (V
 vs

 SC
E)

T i m e  ( s )

 C a l c u l a t e d
 M e a s u r e d

a )

Figure 5.6: (a) Id(t) curve obtained for an OECT (thickness = 870 nm) after the
addition of different amounts of AA (Vg = +0.4 V; Vd = −0.3 V). The additions
are labeled with an arrow. (b) Electrochemical potential of the channel (source
electrode) during the experiment reported in (a). The black line corresponds to
the measured potential, while the red line to the potential that is estimated from Id

by employing a calibration plot.

the source is maintained through the oxidation of PEDOT:PSS sites, increasing
the gate current. The higher Ig leads to a higher dedoping of the channel, which
results in a decrease of Id. Because the electrochemical potential of the channel
follows Nernst equation (see Section 3.4.1), the drain current is linearly dependent
on the logarithm of AA concentration, log CAA.

At the same time, the electrochemical potential of the channel was monitored
by measuring the electrochemical potential of the source electrode, Es, with re-
spect to a reference SCE electrode. The same potential was also calculated from
Id through the inversion of the calibration curve of Id as a function of Es shown in
Fig. 5.5b. A comparison between the measured and the calculated curves (Figure
5.6b) shows that the two curves are almost superimposable, demonstrating that
the variation in the drain current of an OECT is caused by the modification of
the electrochemical potential of the PEDOT:PSS channel. Moreover, this result
implies that Id can be effectively used to evaluate the electrochemical potential of
the channel, and so that OECTs can be used as electrochemical sensors without
the need for a reference electrode or a potentiostat.
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Figure 5.7: (a) Id/Imax vs. E on five cycles. In the inset, the corresponding Id/Imax

vs. t plot is shown. (b) Output curves recorded in PBS 0.1 M pH 5.5, with incre-
mental gate voltage from -1 V to +1 V (step 0.1 V).

5.2.2 Effect of the gate potential

The gate potential is a critical parameter in the OECT operation for sensing. In an
OECT, the electrochemical potential of the channel, and consequently Id, can be
controlled by the gate electrode that promotes the doping and de-doping processes.
This ability of the device to operate as a transistor was assessed by the acquisition
of its output characteristics at increasing Vg (Figure 5.7b).

In addition to the doping state of the channel, Vg controls the electrochemical
potential of both the gate and the channel, and consequently governs if the elec-
trochemical reaction between the analyte and PEDOT:PSS occurs at the first or
at the latter. Therefore, a characterization of the sensing efficiency of the device
at different values of Vg is very important for the optimization of an OECT-based
sensor.

As shown in Figure 5.8, different response curves to AA additions were ob-
tained at a constant Vd of -0.3 V by applying different gate voltages from -0.9 V to
+0.5 V. When the drain current is stabilized, a stationary regime is established be-
tween the rates of the electrochemical processes and the other PEDOT reactions.
After AA addition, this regime is altered and a change of Id is observed. After
some time, Id reaches a new stationary regime that is determined by the reaction
thermodynamics together with the kinetics of the gate electrode.

These curves were used to measure the trends of Es and Id vs. log CAA. The
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Vg Slope Es Slope |Id| Rise time Gain
(V) (mV decade−1) (µA decade−1) (s)

No gate -35± 2 -2.5± 0.1 227
0.5 -105± 4 -6.0± 0.5 70 11

0.25 -77± 5 -4.4± 0.3 110 32
0 -29± 1 -1.8± 0.2 259 110

-0.3 -25± 7 -1.3± 0.2 332 37
-0.6 -64± 3 -3.3± 0.2 64 11
-0.9 -100± 1 -4.5± 0.1 20 5.2

Table 5.1: Performance of the OECT operating at different Vg. The rise time has
been evaluated as the time required by Id to rise from the base-line to 90% of its
final value after an increment in AA concentration of 0.1 mM, while the gain is
given as ∆Id/∆Ig.

slopes of the linear fits of these parameters are reported in Table 5.1. For all the
examined gate potentials, both Es and the absolute value of Id (which is negative
for Vd = −0.3 V) decrease for an increase in AA concentration. On the one hand,
if AA oxidation takes place at the channel of the transistor (Vg < 0), the reaction
between PEDOT and AA directly leads to a reduction of PEDOT and thus to a
decrease of Es. On the other hand, if the reaction takes place at the gate (Vg > 0),
the consecutive increase of the oxidative gate current leads to the dedoping of the
channel, again decreasing Es.

Es and Id result linearly dependent on log C, and for both parameters the val-
ues of the slopes are the lowest when the applied Vg is -0.3 V. Furthermore, the
value observed for Vg = 0 is exactly -29 mV decade−1, the value expected for the
thermodynamics of an electrochemical process that involves two electrons [221].
Similarly, if no potential is applied to the gate, and consequently its electrochem-
ical potential is not forced to be equal to the source potential, the slope is equal
to -35 mV decade−1, still very close to -29 mV decade−1. Such results point out
that for low values of applied gate potential the OECT response is controlled by
the thermodynamics of the reaction between PEDOT:PSS and AA. The slopes of
Es and Id vs. log CAA then increase with the absolute value of Vg, suggesting an
amplification on the variation in Id generated by the gate voltage. Indeed, the best
sensitivities in terms of Id were obtained for the maximum applied gate voltages,
+0.5 and -0.9 V.
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Figure 5.8: Curves of Id vs. time obtained for different Vg with AA additions. (a)
No Vg applied; (b) Vg = −0.9 V; (c) Vg = −0.6 V; (d) Vg = −0.3 V; (e) Vg = 0 V;
(f) Vg = +0.25 V; (g) Vg = +0.5 V. The concentration increments in the electrolyte
solution due to AA additions are reported with arrows.
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Figure 5.9: Ig vs. time recorded at (a) Vg = −0.3 and (b) Vg = −0.9 V while
different amounts of AA were added to the electrolyte solution. The concentration
increments of AA in the electrolyte solution are reported with arrows.

This effect can be explained by considering that an increase in Vg leads to an
increase of the gate current, suggesting that also the rate of redox reactions of
PEDOT increases. Thus, the different behaviors observed at low and high gate
voltages is clearly visible in the Ig(t) curves shown in Figure 5.9. At low voltage
(-0.3 V), Ig is low and a very weak variations are observed upon AA addition.
The device is only ruled by the reaction between AA and PEDOT, which oc-
curs until the thermodynamic equilibrium is reached. On the other hand, at high
voltage (-0.9 V), Ig is about 20 times higher, and after the addition of AA a signif-
icant change in the current is observed. The current is stable after each addition,
suggesting that the thermodynamic equilibrium is not reached and the device is
controlled also by a kinetic effect.

An evaluation of the stability of Id vs. time as a function of Vg is important for
the optimization of OECT operation. From Figure 5.8, it is apparent that the drift
in the drain current is higher when the gate voltage is not applied, or similarly 0 V
are given. The drift is then only slightly reduced for low potentials (-0.3 and +0.25
V), and then the signal becomes more stable at high gate potentials (-0.6, -0.9 and
+0.5 V), quickly reaching a constant value after each addition. However, different
rise times are observed depending on the sign of the applied gate potential, with
a slower response for positive gate potentials (Table 5.1). A high rise time points
out a slower response of the device, which induces a larger uncertainty on the
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Figure 5.10: Rise time (black curve) and current gain (blue curve) relative to a 10
µM addition of AA in an OECT polarized using different gate voltages.

determination of Id after each addition.
Finally, current amplification, G = ∆Id/∆Ig, was obtained from the analysis of

the curves reported in Figure 5.8. This quantity was calculated at low AA addi-
tions (10 µM), since at high concentrations the gate current becomes comparable
to the drain current, introducing a contribution in the measurement of Id that can-
not be quantified precisely. As shown in Table 5.1, the current gain is higher at
low Vg, with a sharp maximum at Vg = 0 which is due to the very low gate current
observed in that condition, and then decreases for increasing gate voltage.

Figure 5.10 shows an interesting comparison between these two figures-of-
merit, rise time (black curve) and current amplification (blue curve), highlighting
a trade-off between these parameters: at low Vg, the gate current is very low, in-
creasing the amplification of Id; however, the small gate current is reflected on a
slower response, since the ion flux that causes the de-doping of the PEDOT:PSS
channel is smaller. Conversely, at high gate voltages the gate current is higher,
reducing the current amplification but increasing the speed of the de-doping pro-
cess.

Since Vg = −0.9 V ensures both high sensitivity and high signal stability, this
setting has been chosen for the sensing of several reducing analytes.
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5.2.3 Effect of the thickness

As recently pointed out by Rivnay et al., in OECTs all the volume of the organic
semiconductor is involved in the electrochemical reactions that control the opera-
tion of the device [77]. In order to investigate the effect of the PEDOT:PSS film
thickness on the device response, two transistors with the same geometry were
prepared by spin coating PEDOT:PSS at 3000 rpm for 10 s and at 500 rpm for
3 s, obtaining thicknesses equal to 170 nm for the thinnest and 870 nm for the
thickest.

The Id(t) curves obtained with these OECTs are reported in Figure 5.11, and
the relative limit of detection, sensitivity, linearity range and rise time are com-
pared in Table 5.2. The lowest limit of detection and the fastest response are ob-
tained using the thinnest transistor, while the normalized sensitivities, expressed
as the slope of the linear fit of the quantity 1− I/Imax vs. log CAA, are very similar.
Finally, the variation of Id is linear with log CAA in a wider range for the thickest
transistor.

These results can be understood by considering that the reduction process of
PEDOT:PSS is taking place in the channel, as a consequence of the AA oxidation
that takes place at the gate in order to keep the gate voltage constant. Id depends
on the variation of charge carriers concentration that involves all the volume of the
PEDOT:PSS channel. Therefore, if the PEDOT:PSS thickness decreases, less PE-
DOT sites have to be reduced in order to obtain the same change in conductivity.
Since the number of sites that are reduced per unit time depends on the surface of
PEDOT:PSS exposed to the electrolyte, which is the same for both transistors, the
variation of Id is then faster for the thinnest film. Similarly, the quantity of analyte
required to induce a measurable change in conductivity is smaller, explaining the
difference in the limit of detection.

The sensitivity, given as the slope of 1 − I/Imax vs. log CAA, appears to be
independent from the thickness of PEDOT:PSS, instead. Indeed, as described
in Section 3.4.2, the sensitivity of an OECT is related to the ratio of the gate
and channel volumetric capacitances, γ = C∗ch/C

∗
g. Since both the gate and the

channel are made in PEDOT:PSS, γ only depends on the relative volumes of the
channel and the gate. Moreover, the geometry of the tested device is the same,
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Thickness LOD Sensitivity Linear range Rise time
(nm) (µM) (decade−1) (µM) (s)
170 0.4 0.267 ±0.004 10 ÷100 145
870 1 0.299 ±0.005 10 ÷1000 M 434

Table 5.2: Performance of OECTs with different thicknesses.

implying that the ratio of the channel and gate areas, Ach/Ag, is the same as well,
so that γ only depends on the the ratio of the thicknesses Tch/Tg. Even though
the OECTs under examination have different thicknesses, the channel and gate
electrode on the same transistor do have the same thickness. Thus, in our OECTs
γ, and consequently the sensitivity, does not scale with the thickness.

Finally, the linear fits shown in the insets of Figure 5.11 point out that in the
thickest transistor Id follows a linear trend with the logarithm of AA concentra-
tion over a wider range. More specifically, while the onset of the linear behavior
is approximately the same (10−5 M), in the thickest transistor the linear region
extends up to a concentration 10 times higher than that of the thinnest (10−3 M
and 10−4 M, respectively). For a positive gate voltage, as in the case of these mea-
surements, this upper limit depends on the quantity of available sites in the gate
electrode that can be reduced by AA, which of course depends on its volume. At
high analyte concentrations, the rate of the reaction between PEDOT:PSS and AA
(Equation 5.2) is not enough to oxidize all the AA molecules that interact with the
gate electrode, and as a consequence the induced variation in Id is lower than the
ideal case. From a different point of view, at high AA concentrations the electro-
chemical potential of the electrolyte, Esol, is already close to the electrochemical
potential of the gate electrode Eg, and further additions of analyte do not induce a
significant variation in their relative positions. Again, the relative variation of Esol

with respect to Eg depends on the relative quantities of available sites in the gate
electrode and AA molecules added. As a result, the highest concentration limit
for saturation of the thickest device shown in Fig. 5.11 is due to its higher number
of active sites that can undergo reduction from the analyte.

To summarize, thin devices ensure both high sensitivity and high signal sta-
bility, as well as a better limit of detection compared to thick devices. For these
reasons, the sensing of several analytes presented in this Chapter was carried out
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Figure 5.11: Id vs. time curves for OECT with thickness (a) 170 nm and (b) 870
nm after the addition of different amounts of AA (Vg = +0.4 V; Vd = −0.3 V).
The additions are labeled with an arrow where the increase of concentration is
reported. In the insets, the quantity 1 − I/Imax vs. log CAA relative to each curve is
reported.

using OECTs with thin layers (< 200 nm) of PEDOT:PSS.

5.3 Sensing of Biochemical Analytes

In this Section, the calibration and the results of the realized OECTs for the sens-
ing of various analytes are presented. For all the measurements, the geometry of
the device is the one shown in Fig.5.4, while the experimental setup is described
in Section 4.2.4. For each analyte, several quantities at known concentration were
added to the electrolyte under magnetic stirring while measuring the gate and
drain currents of the OECT at constant potentials Vg and Vd. From the recording
of Id(t), a calibration curve was obtained from which the limit of detection (LOD),
the linear range of 1 − Id/Imax vs. log C, and the sensitivity were calculated. The
LOD was calculated as the concentration that leads to a signal 3 times higher than
experimental noise, evaluated as the standard deviation of the blank signal, while
the sensitivity was calculated as the slope of the linear fit of 1 − Id/Imax vs. log C.
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Figure 5.12: (a) Id vs. time curve (Vg = −0.9 V; Vd = −0.3 V) obtained after the
addition of different AA amounts. The additions are labeled with arrows where
the increase of concentration is reported. (b) 1 − I/Imax vs. log CAA plot.

5.3.1 Ascorbic acid

L-Ascorbic acid (AA), or vitamin C, is a very important biological compound that
plays a key role in many metabolic reactions [76]. Moreover, as mentioned before,
this analyte is often used as a benchmark to compare the performances of different
electrochemical sensors [240].

Figure 5.12 reports the Id vs. time curve that has been obtained by adding dif-
ferent AA amounts to the electrolyte solution. The plot of 1 − I/Imax vs. log CAA

(Fig. 5.12b) shows two different regions wherein a linear correlation can be estab-
lished. The first region corresponds to the range 10−8 to 10−6 M, and the slope of
the linear fit is equal to (2.6 ±0.3) ×10−2 decade−1. The second region is comprised
between 10−6 and 10−3 M with a slope of (0.12 ±0.01) decade−1. The LOD, eval-
uated considering the linear plot in the low concentration range (10−8 to 10−6 M),
results equal to 13 nM. The LOD estimated for our OECT is lower than the values
reported in literature for amperometric sensors used for AA determination [76].

In human tissues, AA concentration is usually found between 0.04 and 4 mM
[241], while vitamin C-rich food contains 0.005 ÷ 2 mM [242]. So, the OECT
is sensitive enough for AA analysis in food and biological samples. Indeed, this
sensor was used to measure the amount of AA in the Aspirina C (Bayer) medicinal
product. A 3.2 g tablet was dissolved in 50.0 mL of water, then 0.050 mL of such
solution was added to 10.0 mL of PBS solution wherein the OECT was immersed.
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The variation of Id was recorded and used to evaluate the AA amount in the tablet
through the calibration curve represented in Fig. 5.12b. The measured amount of
AA is equal to (0.27 ± 0.03) g, in good agreement with the value declared by the
producer (0.24 g).

5.3.2 Dopamine

As mentioned in Section 5.1.1, dopamine (DA) is an important neurotransmitter in
the mammalian central nervous system, and the determination of its concentration
in a biological environment is an important problem in analytical biochemistry
[199].

In the presence of a redox-active species such as dopamine in the support-
ing electrolyte, the gating effect is amplified, owing to the reaction described in
Equation 5.1, which takes place at the gate electrode for a negative Vg. In or-
der to continuously monitor the response of the OECT to additions of dopamine,
the real-time Id response was measured at the fixed voltages Vg = −0.9 V and
Vd = −0.3 V. Figure 5.13a shows the Id(t) curve of a device characterized in PBS
solution during the additions of various concentrations of dopamine. The device
exhibits response to the addition of 50 nM dopamine, and the respective change
of Id increases with the increase of analyte concentration with a logarithmic be-
havior.

From the analysis of 1 − I/Imax vs. log CDA, a linear range is found between
10−6 and 10−4 M, with a slope of (0.11 ±0.01) decade−1, very similar to the value
obtained for ascorbic acid, and a LOD of 50 nM, which is almost one order of
magnitude lower than the LOD obtained with PEDOT:PSS amperometric sensors
(see Section 5.1.2). However, dopamine concentration in human plasma is usually
below 0.13 nM [243], so further optimization of the device is required for being
used in real applications.

For the treatment of Parkinson’s disease, dopamine cannot be used because it
cannot cross the protective blood-brain barrier; for this reason its precursor, L-3,4-
dihydroxyphenylalanine, also known as L-DOPA or levodopa, is used to increase
dopamine concentration in the brain [244]. The administration of levodopa to
patients increases its concentration in blood to much higher levels than dopamine,
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reaching levels on the order of 1 mM during the first hours following its intake
[245].

Levodopa was added at increasing concentrations in the electrolyte solution of
our OECT, inducing a variation in Id (Figure 5.13b). As for dopamine, a linear
region for 1 − I/Imax vs. log CDA is found between 10−5 and 10−3 M, with a slope
of (7.5 ±0.2) × 10−2 decade−1 and a LOD of 5 µM, which is far beyond the target
limit for real applications.

5.3.3 Gallic acid

Gallic acid (GA) is a phenolic acid commonly used as a standard for determining
the polyphenol content of various analytes, which is reported in gallic acid equiv-
alents (GAE) [246]. Phenolics are found in all plants and are present in some of
the most consumed food products in the world, such as tea, coffee, wine, and olive
oil [247, 248]. They are responsible for many important properties of these sub-
stances, including color, bitterness, astringency, and antioxidant capacity. More
specifically, their ability to inhibit oxidative stress gained a huge interest in the
fields of food sciences and nutraceuticals [249, 250].

The application of our OECT to the sensing of antioxidant species such as
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Figure 5.13: Id vs. time curve (Vg = −0.9 V; Vd = −0.3 V) obtained after the
addition of different dopamine (a) and levodopa (b) amounts. The additions are
labeled with arrows where the increase of concentration is reported. In the insets,
1 − I/Imax vs. log CDA is plotted.
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Figure 5.14: (a) Id vs. time curve (Vg = −0.9 V; Vd = −0.3 V) obtained after the
addition of different gallic acid amounts. The additions are labeled with arrows
where the increase of concentration is reported. In the inset, 1− I/Imax vs. log CGA

is plotted. (b) Id of the device with electrolyte solution containing different con-
centrations of gallic acid. Gallic acid was not added at increasing concentration to
the same solution, but each solution was prepared separately and then tested using
the same OECT.

polyphenols was tested by using gallic acid as a model analyte. At first, several
subsequent additions were made in the electrolyte solution, in order to obtain a
calibration curve from the analysis of Id(t) (Figure 5.14a), obtained at the fixed
voltages Vg = −0.9 V and Vd = −0.3 V. The linear fit of 1 − I/Imax vs. log CGA

gave a slope of (3.5 ±0.3) × 10−2 decade−1, and a linear response range was found
between 10−6 and 10−2 M with a limit of detection of 1 µM.

The sensor was then tested for a real application, the determination of the
concentration of antioxidant agents (mainly polyphenols) in wine. A new cali-
bration curve was obtained by using several different test solutions made of PBS
and GA at a specific concentration, in a range suitable with the concentrations
that are typically found in wines (about 1 mM for white wines and 10 mM for red
wines [251,252]). Each solution was tested separately by recording the Id current
of the same OECT operating at fixed voltages (Vg = −0.9 V and Vd = −0.3 V) us-
ing that solution as electrolyte. The device was then rinsed and the measurement
was repeated for a different solution. The solutions were not tested for increas-
ing concentration, as in the usual calibration curves, but the order of testing was
chosen randomly. As shown in Figure 5.14b, a good correlation was found also
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Wine OECT (mg/L) Folin-Ciocâlteu (mg/L)
White Tavernello 240 ± 60 217
Bianco del Rubicone 50 ± 12 273
Red PAM 1400 ± 300 1317
Pinot (rosé) 32 ± 12 178
Sangiovese 600 ± 200 800
Red Toscano 900 ± 200 1044

Table 5.3: Total phenolic content of four wines expressed as gallic acid equivalent
measured with an OECT and the Folin-Ciocâlteu method.

in this case for Id vs. log CGA, with a linear response between 10−3 and 1 M and a
slope for 1 − I/Imax vs. log CGA equal to (0.12 ±0.02) decade−1.

Finally, the device was used for the determination of the total polyphenol con-
centration in six different wines, and the obtained values were compared to the
results obtained using the Folin-Ciocâlteu method, one of the standard analyti-
cal techniques used for the determination of the polyphenol content in a solu-
tion [253]. The results obtained with our OECTs, shown in Table 5.3, are in
good agreement with the reference technique in four samples, demonstrating that
OECTs can be effectively used for sensing the concentration of antioxidant species
in red wine, where the polyphenol concentration is higher. However, the results for
white wines, whose polyphenol concentration is lower, show an underestimation
of the polyphenol content, meaning that an optimization for this range of concen-
trations is still required. Once improved, this application could be easily extended
to other solutions, such as olive oil, tea and coffee, with only slight modifications
of the device.

5.3.4 Oxidizing agents

In previous paragraphs, the OECT has been used for sensing reducing agents such
as dopamine, ascorbic acid and polyphenols. Also the applications of OECTs
as biochemical sensors that can be found in literature are in their vast majority
related to the revelation of reducing analytes [29, 46, 60, 70], which de-dope the
PEDOT:PSS channel of the transistor, inducing a measurable decrease in the drain
current.

However, PEDOT:PSS-based OECTs can also be used for the detection of
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Figure 5.15: (a) Transfer curves of an OECT taken in air (black curve) and in
nitrogen-saturated atmosphere (red curve) normalized to the maximum Id, which
corresponds to Vg = 0. (b) Id vs. time curve of the device (Vg = 0.7 V, Vd = −0.3
V). Fe3+ was added several times to obtain a calibration curve of Id vs. C (inset).
Each addition corresponds to an increase of 0.1µM in Fe3+ concentration.

oxidizing species. Indeed, if a positive Vg is applied to turn off Id, and then an
oxidizing agent is added to the electrolyte, the reduced PEDOT0 in the channel can
react with the analyte and turn back to its conductive state PEDOT+, increasing
Id.

Since in ambient conditions oxygen is present in solution at a relatively high
concentration, its contribution to PEDOT oxidation can interfere with the detec-
tion of the analyte, because of the reaction:

4 PEDOT0 + O2 + 4H+ → 4 PEDOT+ + 4H2O (5.4)

This contribution increases the time required to reach an equilibrium state, caus-
ing a significant drift in the drain current. The effect of oxygen on the operation of
the OECT can be observed by comparing transfer curves taken in ambient condi-
tions (i.e. with oxygen) and in a nitrogen-saturated atmosphere (i.e. with very low
residual oxygen in solution), as shown in Figure 5.15a. From these curves, the ra-
tio Idmax/Idmin can be evaluated in order to quantify the efficacy of the gating effect
in the transistor. As a result, this ratio increases from ∼10 to ∼40 by removing the
oxygen from the electrolyte solution. For this reason, the detection of oxidizing
agents with OECTs was carried out in nitrogen-saturated atmosphere.
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In order to verify the ability of OECTs of sensing oxidizing agents, their re-
sponse was preliminarily calibrated using the ion Fe3+ as model analyte. The op-
erating voltages were chosen as Vd = −0.3 V and Vg = 0.7 V, so as to maintain a
low drain current, but keeping the device in a region at high transconductance (the
slope of the transfer curve in Figure 5.15a). When Fe3+ is added to the electrolyte
solution, holes are injected into the PEDOT channel, according to the process:

PEDOT0 + Fe3+ → PEDOT+ + Fe2+ (5.5)

increasing PEDOT conductivity and, consequently, Id.
The curve of Id(t) relative to the addition of Fe3+ is shown in Figure 5.15b.

From the corresponding calibration curve (inset), a linear dependence of the nor-
malized current Id/Imin vs. C was found, highlighting a non-Faradaic nature of the
sensing process.

Following the preliminary calibration with Fe3+, OECTs were used for the
sensing of 2,2-diphenyl-1-picrylhydrazyl, or DPPH. This molecule is a stable rad-
ical, often used in tests for the determination of antioxidant power to simulate free
radicals [254]. Its interaction with PEDOT is analogous to Fe3+:

PEDOT0 + DPPH→ PEDOT+ + DPPH− (5.6)

The calibration curve was obtained using the same potentials used for the mea-
surement of Fe3+, Vd = −0.3 V and Vg = 0.7 V. The acquired Id(t) curve and the
relative calibration curve are reported in Figure 5.16. As shown in the calibration
plot in Fig. 5.16b, two regimes can be identified for Id/Imin vs. C: a linear trend
for concentrations between 0.5 µM and 5 µM, and a logarithmic trend for higher
concentrations. This difference in the OECT operation depending on the analyte
concentration can be explained as a transition between a low concentration regime
where the number of injected holes is directly proportional to the analyte concen-
tration, following Faraday law on electrolysis, and a high concentration regime
following Nernst equation, where the electrochemical potential of the channel de-
pends on the logarithm of analyte concentration.

In the linear range, the sensitivty was calculated as (2.62 ± 0.04) A mol−1,
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Figure 5.16: (a) Id vs. time curve of the device (Vg = 0.7 V, Vd = −0.3 V) after
the addition of different amounts of DPPH. The additions are labeled with arrows
where the increase of concentration is reported. (b) Calibration curve of DPPH.
Two regimes were identified, a linear dependence at low concentrations (red fit)
and a logarithmic dependence at higher concentrations (blue fit).

with a LOD equal to 0.5 µM. In the logarithmic range, the sensitivity was found
as (0.78 ± 0.05) decade−1, while the LOD was evaluated as 1 µM.

5.3.5 Selectivity

As described in previous paragraphs, PEDOT:PSS-based OECTs can be used to
detect a wide range of redox-active species in solution, without any functionaliza-
tion. Even though this feature opens up a wide range of possible applications, it
also represents the main limitation for the use of OECTs on real samples, since
these devices are not able to discriminate between the analyte of interest and other
interferent substances. A preliminary study was carried out to overcome this is-
sue by taking advantage of two effects involved in the electrochemical reactions
involved in OECTs.

The first observation is that each substance which is present in the solution to
be analyzed reacts at a different electrochemical potential. Thus, by performing a
scan of the applied gate voltage, which is used to control the electrolyte potential
with respect to the channel as well, it is possible to highlight the contribution of
each interferent. This is especially evident from the analysis of transconductance,
gm = ∂Id/∂Vg, that expresses the effect of the applied gate voltage on the drain
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Figure 5.17: Transconductance vs. Vg of an OECT with analyte and interfer-
ents in the electrolyte solution. (a) Ascorbic acid 0.2 mM, uric acid 0.2 mM and
dopamine from 0.1 (black curve) to 0.6 mM (green curve). (b) Ascorbic acid 1.5
mM and dopamine 0.1mM at different scan rates, from 2 mV/s (green curve) to
40 mV/s (blue curve).

current and can be easily obtained as the derivative of the transfer curve of the
transistor.

An example is shown in Figure 5.17a, where a solution containing two inter-
ferents, ascorbic acid 0.2 mM and uric acid 0.2 mM, and an analyte (dopamine) in
variable concentration from 0.1 to 0.6 mM is analyzed. Three separated peaks can
be clearly identified, pointing out the contribution coming from each molecule.
The position and height of the peaks of the interferents are ideally independent
from analyte concentration. However, the peak of uric acid is influenced by
the different amount of reduced PEDOT found in the channel when different
dopamine concentrations are used; since the scan direction of Vg goes in the di-
rection of increasing potential, the oxidation of ascorbic acid and dopamine takes
place before the oxidation of uric acid, changing the electrochemical potential of
the PEDOT:PSS channel and thus the drain current. The peak of dopamine, as ex-
pected, increases with increasing concentration, suggesting that this method can
be used for the detection of an analyte in the presence of interferents.

A second observation that was verified is that the reaction of PEDOT with dif-
ferent chemical species follows different kinetics, and consequently the effect of
the interferents will depend on the speed of the gate voltage scan. Figure 5.17b
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shows the transconductance vs. Vg of an OECT with an electrolyte solution con-
taining the analyte (dopamine 0.1 mM) and an interferent (ascorbic acid 1.5 mM)
taken at different scan rates for te gate voltage, from 2 mV/s to 40 mV/s. Since the
peak of AA is located at a lower potential, it reacts with PEDOT before dopamine,
reducing significantly the increase in the gating effect due to the analyte. However,
the redox reaction between PEDOT and AA is slower than the reaction occurring
between PEDOT and dopamine, so when the scan rate is increased, less and less
AA can interfere in the process, increasing the effectiveness of dopamine. This
effect is reflected in the decrease in the peak of AA, which is accompanied by a
strong increase in the peak of dopamine.

The two effects illustrated in this paragraph represent two promising methods
that, with further optimization, could lead to the realization of selective sensing
with OECTs without the need for functionalization.

5.4 Wearable Sensors

In recent years the interest on the development of wearable electronic devices has
grown notably. Wearable technology is today applied to the production of dif-
ferent special garments such as protective clothing, soldier uniforms, and activity
trackers. Furthermore, there is a tremendous interest in developing wearable tech-
nology for physiological monitoring, in order to obtain a novel class of person-
alized point-of-care devices that could be extensively and effortlessly integrated
into the daily life of a patient in the form of wireless body sensors [255, 256]. In
this Section, the development of a wearable sensor based on the all-PEDOT:PSS
OECT previously described by integration with textile substrates is presented.

5.4.1 Geometry and fabrication

Using a PEDOT:PSS formulation similar to the one used for the fabrication of
OECTs on glass substrates, the channel and gate electrode were deposited on
woven cotton and lycra, with a spatial resolution of about 1 mm. The details
on the PEDOT:PSS formulation used and the deposition process are reported in
Section 4.1.1. As shown in Figure 5.18, the PEDOT:PSS tracks display a well
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Figure 5.18: (a) Picture of two OECTs realized with geometry G1 (left) and G2
(right). (b) In transistors with geometry G2, the analyte is added in the area be-
tween the gate and the channel only (black square), which is delimited by a thin
film of PDMS.

defined shape that is clearly visible onto the fabrics.
The devices were realized in two geometries, named G1 and G2, which are

shown in Figure 5.18a. These geometries were developed for two different appli-
cations. The geometry G1 is suitable for the immersion in the electrolyte solution
in an electrochemical cell and was used to reproduce the devices realized on glass
described in previous Section. The geometry G2 was used instead for testing the
OECT performance in dry conditions, where the electrolyte solution was added in
droplets of 10 µL of volume in the area between the gate electrode and channel to
simulate the wetting of fabric due to sweat (Figure 5.18b). The sheet resistance of
PEDOT:PSS-modified textile was tested using the 4-probe technique and resulted
equal to (38 ± 7) Ω/�.

In order to produce a wearable device, washability must be taken into account.
This property was evaluated for our printed OECTs by measuring their sheet re-
sistance after several washing cycles. In Figure 5.19a the sheet resistance of the
channel as a function of the number of washing cycles is reported. The electrical
properties of PEDOT-modified textile change after the early washing steps, but
after two cycles it reaches a value (about 70 Ω/�) that remains constant after the
following washings.

5.4.2 Sensing in ideal conditions

At first, the sensing ability of a textile OECT with a similar geometry (G1, Figure
5.18a) to the one developed for chemical sensors on glass substrates was tested.
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Figure 5.19: (a) Sheet resistance of a PEDOT:PSS track obtained by screen print-
ing as a function of the number of washing cycles. (b) Characteristic curves
recorded for a G1 transistor with Vg from -0.7 V to +0.7 V (step 0.1 V).

This layout enables to immerse the active area of the transistor in a solution,
whereas the electrical terminals are kept dry. This represents an ideal condition
for electrochemical experiments, where the analyte is uniformly distributed in the
electrolyte solution and the sensing area of the device is completely in contact
with the electrolyte. As previously described, the application of a positive gate
voltage decreases the current Id, beacause of PEDOT reduction in the channel.
This can be seen in the output curves presented in Figure 5.19b.

The sensing features of textile OECTs in G1 geometry were tested by evaluat-
ing its response to ascorbic acid (AA), dopamine (DA) and adrenaline (AD). The
transistors were soaked in PBS solution under stirring, and the gate and drain were
biased at −0.9 V and −0.3 V, respectively. These values were chosen as a conse-
quence of the study on the effect of the gate voltage on the sensing performance
of our OECTs presented in Section 5.2. Figure 5.20a shows the Id vs. time plot
recorded while different amounts of adrenaline were added in the electrochemi-
cal cell. The adrenaline can be detected by the sensor because it is a oxidizable
compound and, consequently, it can react with the positively-biased PEDOT:PSS
at the channel:

PEDOT+ + AD→ PEDOT0 + oxidized AD (5.7)
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Figure 5.20: (a) Id vs. time curve (Vg = −0.9 V; Vd = −0.3 V) obtained after the
addition of different adrenaline amounts. The additions are labeled with arrows
where the increase of concentration is reported. (b) I/Imax vs. log CAD plot.

Analyte Linear range (M) Slope (decade−1) LOD (M)
Ascorbic acid 10−4 − 10−2 0.37± 0.03 10−6

Adrenaline 3 × 10−5 − 10−3 0.75± 0.07 10−5

Dopamine 10−6 − 10−5 1.0± 0.2 10−6

Table 5.4: Parameters of calibration plots of different analytes on OECTs with
layout G1.

which causes a decrease in channel conductivity.
The measured 1 − I/Imax values are plotted as a function of the logarithm of

AD concentration in Figure 5.20b. In the range 3×10−5 - 1×10−4 M the trend is
linear with a slope of (0.75± 0.01) decade−1. For lower concentrations the trend
is not linear, but a response to the adrenaline addition can be observed down to
10−5 M. The signal of Id vs. time is stable and shows no drift upon each addition,
and the response time results equal to 70 s, highlighting that the device can sense
the variation of adrenaline concentration almost in real time. Similar responses
have been also obtained for ascorbic acid and dopamine, demonstrating that the
sensor can work for detecting redox active compound. The parameters related to
the calibration plot of all these compounds are reported in Table 5.4.

OECT devices used in ideal conditions (i.e. completely immersed in an elec-
trolyte solution) exhibit a stable response wherein the channel current is linearly
dependent upon the logarithm of the concentration of redox-active molecules in a
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concentration range that is characteristic of the analyzed compound. These results
demonstrate that all-PEDOT:PSS textile OECTs can reliably and quantitatively
detect chemical compounds. The sensitivity of these devices is higher than the
one observed for a similar OECT obtained on a glass substrate (see Section 5.3),
although the LOD is still too high for the detection of these compounds in sweat,
which is in the order of 10−9M.

5.4.3 Sensing in simil-real conditions

Since in real-life applications the wearable sensor can not be immersed in a so-
lution that contains the target compound, another device geometry, G2 (Figure
5.18a), was used to assess OECT performance in real-life conditions. The OECT
in the geometry G2 was tested by adding 10 µL of PBS in the area between the
gate electrode and channel to simulate the wetting of fabric due to sweat. The
characteristic curves obtained are analogous to the ones obtained for OECT with
G1 geometry shown in Figure 5.19b, demonstrating that a little amount of added
electrolyte solution is enough to ensure both the electrical contact between the
two PEDOT:PSS tracks and the occurrence of the redox processes required for
transistor operation.

Figure 5.21: (a) Id vs. time curve (Vg = −0.9 V; Vd = −0.3 V) obtained after
the addition of different amounts of dopamine. The additions are labeled with
arrows where the increase of concentration is reported. (b) Total charge flowing
in the channel, obtained from the area below each peak in (a), as a function of the
quantity of injected dopamine.
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The sensing ability of OECT in geometry G2 was investigated by adding small
amounts of analyte solutions on the operating device. Figure 5.21 shows the Id

vs. time plot obtained when dopamine was used as redox active compound. The
OECT responds to an increase in the concentration of redox active molecules with
a decrease of Id as previously observed for the ideal conditions. However, after
the signal variation, Id is not stable, showing a fast recovery after each addition.
Consequently, the signal curve exhibits several peaks in correspondence of every
dopamine addition.

This behavior can be explained by considering that the quantity of dopamine
that is added onto the sensor is very low. So, the analyte is consumed in the elec-
trochemical reactions at the basis of sensor transduction, leading to a substantial
decrease of its concentration and a corresponding increase of Id. As a confirmation
of this hypothesis, the charge flowing at the gate electrode after every dopamine
addition was calculated, finding results that are very close to the ones expected
from dopamine electro-oxidation if two exchanged electrons for each molecule
are considered. Therefore, the decrease of Id can be explained by a real change in
the dopamine concentration on the surface of the sensor.

Since the volume of the solution that contains the analytes in the sensing area
of the transistor is not known, the total amount of dopamine molecules in the elec-
trolyte solution was determined instead of dopamine concentration. This quantity
was then correlated to the charge flowing on the channel of the transistor relative
to each addition, calculated as the integral of Id(t) for each peak, finding a linear
relationship between charge and injected dopamine (Figure 5.21b). The slope of
this calibration plot resulted equal to (1.10 ±,0.06 C M−1).

This preliminary results point out that wearable OECT sensors used in con-
ditions that are more close to real-life applications, with a very low volume of
electrolyte solution on one side of the fabric only, can detect the variation of
redox-active compounds. However, the different mechanism involved in the PE-
DOT/analyte redox reaction in this experimental condition still requires further
investigation for the determination of reliable calibration curves.
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5.5 Conclusions

In this Chapter, the development and the characterization of all PEDOT:PSS-based
OECTs for the sensing of several redox-active compounds of biological interest
is presented. The results for the sensitivity, expressed as the slope of the linear fit
of 1 − Id/Imax vs. log C, the limit of detection (LOD), evaluated as the minimum
analyte addition causing a variation in Id three times higher than its standard de-
viation (noise), and the range of linearity of 1 − Id/Imax vs. log C for each tested
analyte are reported in Table 5.5.

These results demonstrate the capability of our all PEDOT:PSS-based OECTs
to detect redox-active species. However, they also highlight the issue of the lack
of selectivity of these devices. In order to overcome this problem, it is possi-
ble to take advantage of the different potentials and kinetics of the redox reaction
bewteen these molecules and PEDOT:PSS. Following this method, OECTs were
used for discriminating between the different components of an electrochemical
solution containing the analyte of interest, dopamine, and two interferents, ascor-
bic acid and uric acid, proving that selectivity can be achieved in OECTs without
further functionalization.

Being completely made using polymeric material, OECTs have been realized

Analyte Linear range (M) Slope (decade−1) LOD (M)
Ascorbic acid

Low concentration 10−8 − 10−6 0.026± 0.003 10−8

High concentration 10−6 − 10−3 0.12± 0.01 10−8

Textile OECT 10−4 − 10−2 0.37± 0.03 10−6

Dopamine
OECT on glass 10−6 − 10−4 0.11± 0.01 5 × 10−8

Textile OECT 10−6 − 10−5 1.0± 0.2 10−6

Levodopa 10−5 − 10−3 0.075± 0.002 5 10−6

Gallic acid
Standard Id(t) 10−6 − 10−2 0.035± 0.003 10−6

Random additions 10−3 − 1 0.12± 0.02 10−5

Adrenaline (textile) 3 × 10−5 − 10−3 0.75± 0.07 10−5

DPPH 5 × 10−6 − 3 × 10−5 0.78± 0.05 10−6

Table 5.5: Parameters of the calibration curves obtained with OECT on the com-
pounds tested in this work.
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on cotton and lycra in order to develop wearable biochemical sensors for real-time
analysis of sweat. Also in this configuration, detection of redox-active analyte has
been achieved, both in ideal experimental conditions, with an experimental setup
identical to the one used for the characterization of “traditional” OECTs, and in
conditions more similar to real-life applications. However, further studies are still
needed for improving the sensitivity and selectivity of these devices, as well as for
the development of a more effective theoretical model regarding OECT operation
for sensing applications.



Chapter 6

Cell Culture Substrates

Thanks to their favorable properties, namely chemical stability, low temperature
processing, oxide-free surface in aqueous electrolyte, ionic and electronic trans-
port, and mechanical compliance with living tissues, conjugated polymers (CPs),
are promising materials for tissue engineering applications [2–4]. Among them,
PEDOT:PSS has become a reference material for the interfacing of electronics
and living tissues. Over the past few years, many studies involving the effect of
the oxidation state of CPs on cell adhesion, density and replication have been car-
ried out [115]. The redox state of the underlying CP has been proven to alter the
folding of fibronectin, one of the most important adhesion proteins present in the
extracellular matrix [116]. However, it is still not clear if this effect is the only
cause of the observed modifications in cell growth. Moreover, a model regarding
the modifications induced in the physical and chemical properties by a change in
the oxidation state of PEDOT:PSS and other conducting polymers is still missing.

It is known that cell-substrate interaction depends on the surface properties of
the substrate itself: wettability [7], surface roughness [257–259], and electrical
conductivity [260, 261] are key parameters in regulating this interaction, but their
specific role in the adhesion process, together with the effect of electrochemical
kinetics and protein-substrate interactions, are still not completely understood.
For this reason, a characterization of the electrochemical and physical properties
of PEDOT:PSS as a function of its oxidation state was carried out on four different
types of PEDOT:PSS, and the results are presented in the rest of this Chapter.

129
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The characterization of the material was integrated by cell culture experiments
using two different cell lines, primary human dermal fibroblasts (hDF), and human
glioblastoma multiforme cells (T98G). These types of cells were chosen in order
to assess the effects of the substrates parameters on adherent, high-replicating and
tissue-forming cells with very similar genotypic and phenotypic properties, but
normal (hDF) and tumor-like (T98G).

Using the procedures described in Section 4.1.1 and 4.1.2, four types of PE-
DOT:PSS were deposited on glass substrate in order to obtain films with the same
chemical composition, but different physical properties. The samples were kept at
a continuous bias vs. SCE for 1 h to obtain an oxidized (positive voltage applied)
or reduced (negative voltage applied) form of PEDOT:PSS. This time interval was
chosen after analyzing the trend of current vs. time during polarization, so as to
ensure a complete and stable polarization. Where not differently specified, the
potentials used to reduce and oxidize PEDOT:PSS thin films were -0.9 V and
+0.8 V, respectively.

6.1 Electrochemical Characterization

Since cell growth experiments require long-term interaction (usually days, or even
weeks) between the physical substrate of the cells and an aqueous electrolyte solu-
tion, the assessment of the chemical and electrochemical kinetics of the substrate
is crucial. For this reason, the stability of our PEDOT:PSS films was studied
through cyclic voltammetry and spectrophotometry. These measurements were
carried out in different aqueous media for the redox voltages +0.8 V / -0.9 V vs.

SCE to identify the stability of the electrochemical modification of the oxidation
state of PEDOT:PSS.

6.1.1 Cyclic voltammetry

As for OECTs (see Section 5.2.1), the electrochemical properties of PEDOT:PSS
were studied by cyclic voltammetry (CV) using a three electrode cell (see Section
4.3.1). The CV responses were found to be very stable between -0.2 and +0.6 V.
Nevertheless, it was possible to carry out a reliable electrochemical characteri-
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Figure 6.1: (a) CVs recorded for different PEDOT:PSS substrates (scan rate 20
mV s−1). (b) Cyclic voltammograms of PH1000 taken at different scan rates.
(c) Peak current versus scan rate of (b). (d) Fraction of oxidized PEDOT:PSS
(Foxidized) for the different substrates as a function of the applied voltage.

zation using a wider range of the applied potential, up to the maximum values
achievable before an irreversible degradation process set in. The CVs (Figure
6.1a) which were obtained for the four types of PEDOT:PSS samples under ex-
amination display a couple of peaks that are well defined for PH1000, ED4 and
ED8, whereas the redox waves of CPP105D are less defined and their baseline is
tilted, probably due to a higher electrical resistance (see Section 6.2.3).

The peak currents are directly proportional to the scan rate in the range 0.010-
0.100 V/s for all the samples (Figures 6.1b and c show the results for PH1000).
Since according to Randles-Ševčik equation (Equation 4.19) for a diffusion-con-
trolled process the peak current must be proportional to the square-root of the
scan rate [15], this result highlights that diffusion is not the limiting step of the
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electrochemical doping/de-doping process, and thus that the whole film thickness
is involved in the electrochemical reaction. Therefore, the charge flowing during
the CV scans corresponds to the electrons that are needed to change the redox
state of the whole PEDOT:PSS volume.

As a consequence, the degree of the electrochemical doping of the film can be
calculated for each material as a function of the electrochemical potential. From
Fig. 6.1d, which reports the fraction of oxidized PEDOT sites over the number
of total active sites, Foxidized, it is possible to see that the active sites that take part
in the redox processes are almost completely reduced (Foxidized ≈ 0) at -0.9 V.
On the other hand, the anodic limit for polarization is found at +0.8 V, since
it is observed that higher potential values lead to a strong overoxidation of the
conductive polymer.

Assuming that only one charge interacts with each active site of the conductive
polymer, it is also possible to calculate the concentration of sites that change their
redox state by measuring the charge that flows during the cathodic scan of a cyclic
voltammetry, which is easily obtained as the integral of I(t). This concentration
results equal to 0.55, 0.54, 0.21, and 0.16 mol dm−3 for ED4, ED8, CPP105D, and
PH1000, respectively. From these concentrations the charge carrier density can
be calculated for each material, obtaining 3.31, 3.25, 1.26 and 0.96 × 1020 cm−3,
respectively. The larger values of electrochemically polymerized PEDOT:PSS can
be ascribed to its higher PEDOT/PSS ratio [262].

6.1.2 Spectrophotometry

The experimental setup used for spectrophotometry measurements is shown in
Figure 4.7. This technique was used to record the visible and near-infrared (NIR)
spectra recorded on PEDOT:PSS films biased at different potentials (Figure 6.2).
From these spectra, three redox states of PEDOT:PSS can be identified. The spec-
trum of native PEDOT:PSS displays a large band at about 900 nm that is ascribable
to polaron absorption. [263]. The spectrum recorded when PEDOT:PSS was bi-
ased at +0.8 V does not show any peak at 900 nm, meaning that such potential is
sufficient to oxidize polarons, forming bipolarons that, being located deeper in the
energy gap with respect to polarons, cause a shift of the absorption peak to higher
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Figure 6.2: (a) Visible and NIR spectra of ED8 in its reduced (-0.9 V, left), not-
biased (middle) and oxidized (+0.8 V, right) forms. (b) Schematics of the redox
process in PEDOT from its reduced (left) to its fully oxidized (right) state. (c)
Visible and near IR spectra of PH1000 (left) and ED8 (right) in their native state
and biased at -0.9, -0.4, +0.35, and +0.8 V.

wavelengths. The formation of bipolarons turns PEDOT:PSS into its highly con-
ductive form (Figure 6.2b), that is almost transparent [146]. Indeed, the spectrum
recorded for PEDOT:PSS biased at +0.35 V displays a shoulder at about 800 nm,
suggesting an intermediate state where not all the polarons have been oxidized
into bipolarons.

On the other hand, the spectrum recorded when PEDOT:PSS was biased at
-0.9 V shows two peaks. The first one, at about 600 nm, is assigned to the tran-
sition π − π∗ of the polymer in its neutral state, highlighting the reduction of the
polarons caused by the injection of electrons into the material, as shown in Fig-
ure 6.2b. However, the band at 900 nm points out that charged polarons are still
present in PEDOT:PSS, suggesting that the reduction of this material is incom-
plete at -0.9 V. This effect has already been observed in literature, and it was ex-
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plained as the result of a slow and spontaneous oxidization of PEDOT due to the
presence of an aqueous medium [264]. Finally, the spectrum recorded at -0.4 V
also shows a peak at 600 nm (Figure 6.2c), but its intensity is slightly lower with
respect to the spectrum obtained at -0.9 V, suggesting that a lower percentage of
PEDOT is in its neutral form.

Having assessed the redox effects inducedd on PEDOT:PSS thin films by the
applied potential, PEDOT:PSS substrates were prepared using three applied bias
values that generated three different sets of samples: one containing mainly neu-
tral PEDOT, one containing mainly polarons and one wherein PEDOT is present
in its high conductive state. To maximize the difference in performance of these
three types of substrates, PEDOT:PSS was thus used either in its pristine state or
biased at -0.9 and +0.8 V.

6.1.3 Time stability of the redox state

The time stability of the electrochemically-generated redox state of PEDOT:PSS
thin films plays a key role in their effective use as cell growth substrates. To
ensure the long-term stability of the redox state, the films were biased for 1 h in
PBS and, consequently, they were removed from the electrolyte solution, washed
using distilled water and then the modifications that occurred after the applied bias
was removed were recorded by collecting visible and NIR spectra.

Since these films are realized for being applied to cell cultures, i.e. for be-
ing used in liquid environment, they were immersed in three different aqueous
media during the stability measurements: distilled water (H2O), phosphate buffer
solution (PBS) and Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with fetal bovine serum. These media were used because of their different com-
position, since PBS contains small ions only while DMEM also contains quite
large organic molecules, like amino acids, vitamins and glucose. The stability of
the induced redox state was continuously monitored for 1 h after removing the
applied bias, with a new spectrum acquired every 2 minutes. An example of the
collected spectra is shown in Figure 6.3 for ED4.

The spectrum of negative-biased substrates displays a decrease of the ab-
sorbance peak at 600 nm that is due to the transition π − π∗ of the neutral form of
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Figure 6.3: Spectra of ED4 substrates in their pristine state and biased at (a) -0.9
V and (b) +0.8 V recorded each 10 minutes for 1 h while immersed in PBS after
being biased.

PEDOT, that is generated by the polarization at -0.9 V. The amount of neutral PE-
DOT that is still present in the sample at the time t is proportional to the quantity
Abs600%(t), that is calculated as:

Abs600%(t) =
A600(t) − Anative

600

A600(0) − Anative
600

(6.1)

Where A600(0) and A600(t) are, respectively, the absorbance at 600 nm of the biased
PEDOT:PSS at the beginning of the measurement and after being immersed for a
time t, while Anative

600 is the absorbance at 600 nm of native PEDOT:PSS.
When PEDOT:PSS is biased at +0.8 V, a highly conductive state is formed

and the film becomes transparent with almost flat spectra. After the end of the
polarization the peak at about 900 nm increases due the formation of polarons or
bipolarons. The amount of highly conductive PEDOT:PSS that has turned in the
average oxidized state can be estimated by the recovery of absorbance at 900 nm,
Abs900%(t), that is calculated as:

Abs900%(t) =
Anative

900 − A900(t)

Anative
900 − A900(0)

(6.2)

where A900(0) and A900(t) are, respectively, the absorbance at 900 nm of the biased
PEDOT:PSS at the beginning of the measurement and after being immersed for a
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Figure 6.4: Trends of Abs600%(t) and Abs900%(t) for (a) reduced ED4, (b) oxidized
ED4, (c) reduced PH1000, and (d) oxidized PH1000. The samples were biased
at -0.9 and +0.8 V, and then immersed in DMEM, H2O, and PBS. The spectra of
reduced/oxidized ED8 and CPP105D (not shown) show a behavior analogous to
ED4.

time t, while Anative
900 is the absorbance at 900 nm of native PEDOT:PSS.

Figure 6.4 reports the evolution in time of these quantities for ED4 and PH-
1000, where Abs600%(t) expresses the residual redox state of reduced PEDOT:PSS
relative to the absorbance peak measured just after biasing, and Abs900%(t) sim-
ilarly expresses the residual fraction of oxidized sites in oxidized PEDOT:PSS.
Figure 6.4 shows that the reduced forms of PEDOT:PSS revert to their pristine
state in a few minutes when exposed to distilled water and PBS, while in DMEM
their absorbance drops at about 60% of its starting value and then stabilizes.
The oxidized forms are more stable in time than the reduced ones for any tested
medium for substrates ED4 (Figure 6.4a, b), ED8, and CPP105D, in accordance
with results obtained on PEDOT by other groups [264, 265]. After 1 h, the resid-
ual oxidation of all the samples is about 60% of the initial state, with the only
exception of PH1000 (Figure 6.4c, d). DMEM acted strongly on the redox state
of oxidized PH1000, leading to a spontaneous reduction of PEDOT.
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Figure 6.5: Absorption spectra of reduced, not biased and oxidized CPP105D (a),
ED4 (b), ED8 (c) and PH1000 (d) after 48 h of immersion in DMEM.

The same measurement in DMEM was repeated by monitoring the spectra of
PEDOT:PSS for 48 h to assess the stability of this polymer in cell culture medium
for a time period comparable to the duration of biological experiments. As a re-
sult, the difference in the absorption spectra of oxidized and reduced samples was
still observable, with a residual oxidation of about 90% of the starting value for the
oxidized samples and about 30% for the reduced ones, attesting the effectiveness
of the redox process. Moreover, the spectrum of oxidized PH1000 showed an ab-
sorbance peak between 300 and 400 nm after 48 h of immersion in DMEM which
was not present at the beginning of the measurement, suggesting the occurrence
of a chemical modification induced by the cell culture medium.

From these observations it is possible to conclude that, although the generated
redox states are not completely stable in time, a sharp difference between the
oxidized and reduced films is still present after the removal of the redox voltage
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for all the four types of PEDOT:PSS samples here investigated, meaning that the
application of a continuous bias during cell growth is not necessary to grant an
effective difference in the redox state of PEDOT:PSS.

6.2 Physical Characterization

The physical properties of PEDOT:PSS films as a function of their oxidation state
were investigated using several experimental techniques. The results are presented
in this Section.

6.2.1 Atomic force microscopy

An atomic force microscope was used to investigate the surface morphology of
the four kinds of PEDOT:PSS thin films in ambient conditions and in PBS 0.1 M.
1 µm × 1 µm maps of the surface topography of the samples were acquired in
non-contact mode. Four maps, representative of the four types of PEDOT under
investigation, are presented in Figure 6.6, and the root mean square roughness,
Rq, and thickness, measured as described in Section 4.2.1, of the different films of
PEDOT:PSS are reported in Table 6.1.

CPP105D has the flattest surface (Rq of about 6 nm), while ED8 shows the
highest roughness (Rq about 33 nm). The comparison between CPP105D, ED4,
and ED8 shows that it is possible to increase the surface roughness of PEDOT:PSS
by controlling the number of polymerization cycles. This increase in surface
roughness is due to the formation of PEDOT-rich globular structures of increas-
ing size, as can be seen from Figure 6.6. A comparison between these samples
shows that the thickness of the samples is basically not affected by the first four
cycles of polymerization, while the following four cycles increase the thickness

Sample Rq (nm) Thickness (nm)
CPP105D 6 ± 1 260 ± 60
PH1000 13 ± 3 440 ± 30
ED4 22 ± 4 240 ± 80
ED8 33 ± 2 480 ± 120

Table 6.1: RMS roughness and thickness of the samples under study.
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Figure 6.6: AFM topography images of the PEDOT:PSS samples under study: (a)
PH1000, (b) CPP105D, (c) ED4, and (d) ED8. Scan size: 1 µm × 1 µm. z scale:
35 nm for panels (a-c) and 90 nm for panel (d).

of PEDOT:PSS by about 100% of its starting value. This effect can be explained
by assuming that polymerization starts inside the volume of CPP105D, used as
conductive electrode, during the first cycles of this process, and then the elec-
tropolymerized PEDOT:PSS starts growing on the surface of the electrode only
after a certain number of cycles, increasing the overall film thickness.

The surface morphology of the four types of PEDOT:PSS was investigated as a
function of their oxidation state, finding no significant variation between oxidized,
reduced and pristine films. The same measurements were repeated in PBS, again
finding no difference with respect to the results obtained in air regarding surface
morphology. These results point out that there is no orientation effect of the dopant
molecules induced by the reduction and oxidation of PEDOT:PSS, and that the
different rates of cell growth observed on PEDOT:PSS with different oxidation
states [10, 115] are not related to a change in surface roughness.

In addition to surface morphology, atomic force microscopy was used for the
investigation of the mechanical properties of PEDOT:PSS through the acquisition
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of force-indentation curves, as shown in Figure 6.7a. These curves were taken
in PBS 0.1 M on substrates that were previously reduced and oxidized, and on
substrates that were not treated with redox reactions (“not biased”). From these
data, the stiffness and Young’s modulus of ED8 were extracted (see Section 4.2.2);
the values obtained are reported in Table 6.2. The not biased and oxidized samples
show very similar mechanical properties, which is not surprising since pristine
PEDOT:PSS is partially oxidized already, while the reduced samples are notably
softer, with a stiffness and Young’s modulus less than 50% compared to the other
films. This decrease in the hardness of PEDOT:PSS is related to the removal of
the electrostatic binding of PEDOT to PSS due to the uptake of cations during the
reduction process:

PEDOT+ : PSS− + C+ + e− → PEDOT0 + PSS− : C+. (6.3)

Because of this reaction, PEDOT:PSS mechanical structure changes from its orig-
inal “quasi-crystalline” form, where PEDOT and PSS are bound together, to a
gel-like structure, where PSS is more free to move and to absorb cations and wa-
ter molecules.

This hypothesis is confirmed by our observation that, when an external poten-
tial is applied to polymer films in an electrolyte solution, they undergo expansion
and contraction (electromechanical actuation) due to the diffusion of electrolyte
ions in and out of the polymer, in order to compensate for a charge imbalance
on the polymer backbone, as seen in literature for doped polypyrrole [114]. This
result is presented in Figure 6.7b. ED8 thin films were immersed in PBS and their
electrochemical potential was switched alternately between an oxidizing (+0.8 V)
and reducing (-0.8 V) value every 60 s (red line). At the same time, the variation
in film thickness, ∆z, was monitored with AFM by positioning the tip in contact
with the film surface and recording every 2 s the displacement of the z scanner
required to keep a constant deflection of the cantilever (black circles). As shown
in Figure, the thickness of the film increases when a reducing potential is applied,
due to the swelling of cations and water molecules that are absorbed by PSS, caus-
ing a decrease in film stiffness. Then, when an oxidizing potential is applied, these
cations are released from the film, causing a deswelling of the absorbed water and
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Figure 6.7: (a) Force-indentation curves measured on oxidized, reduced and not
biased ED8. (b) Variation of the thickness of an ED8 thin film in PBS 0.1 M as
a function of time and of the applied bias (red line). Exponential fits of swelling
and deswelling are plotted with blue and green lines, respectively.

Oxidation state Stiffness (N/m) Young’s modulus (GPa)
Oxidized 17 ± 7 1.3 ± 0.4
Pristine 16 ± 7 1.40 ± 0.13
Reduced 7.3 ± 1.6 0.56 ± 0.17

Table 6.2: Stiffness and Young’s modulus of electropolymerized PEDOT:PSS
(ED8) in PBS 0.1 M.

a strengthening of the PEDOT-PSS binding.
This swelling/deswelling process induces a significant variation in film thick-

ness (∆z/z ∼ 10%) and follows an exponential kinetics (blue and green curves
represent the exponential fits of ∆z(t) for a reducing and oxidizing potential, re-
spectively). The exchange of cations with the electrolyte solution can explain the
instability of the redox state of PEDOT:PSS shown in Figures 6.3 and 6.4. When
a PEDOT:PSS film is reduced in PBS, it accumulates an excess of cations (mainly
Na+) because of the negative applied bias; then, the film is immersed in a differ-
ent solution with no bias applied, causing its electrochemical potential to increase
in order to reach an equilibrium state with the electrolyte solution, thus releasing
a significant fraction of the absorbed cations. Conversely, when a previously-
oxidized PEDOT:PSS film is immersed in an electrolyte solution, it undergoes
partial reduction through an intake of cations.
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6.2.2 Wettability and surface energy

Water contact angle measurements were carried out on the samples just after de-
position (pristine) and after 1 h of polarization in PBS. As a control, some of
the samples were immersed in PBS for 1 h with no bias applied. The results are
reported in Figure 6.8. From the measurement of the contact angle, the surface en-
ergy of each surface was numerically calculated through the equation of state for
interfacial tensions (see Section 4.2.3) [231]; the results are presented in Table 6.3.
All the samples are hydrophilic (contact angle is always below 90°). However, re-
garding the not biased form of PEDOT:PSS, there is a clear difference between
CPP105D-based films (both ED4 and ED8 are polymerized using CPP105D films
as working electrode) and PH1000, which shows a lower hydrophilicity.

The comparison between the contact angles measured before and after the ex-
posure to PBS points out a very strong difference. This effect can be explained by
considering that PSS in excess is partially removed when the films are immersed
in water [215]. This excess of PSS is expected to be mostly accumulated on the
surface of the films [266], and because of the presence of HSO−3 groups, it can be
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Figure 6.8: Water static contact angle measured on the PEDOT:PSS samples under
study in their oxidized, not biased and reduced form. The not biased samples were
measured as-deposited and after being immersed in PBS for 1 h.
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Surface energy (mJ m−2)
Sample Reduced Not biased Not biased after 1 h in PBS Oxidized
CPP105D 43 ± 3 68 ± 1 47 ± 2 41 ± 3
ED4 56 ± 3 68 ± 2 51 ± 2 50 ± 1
ED8 56 ± 2 70 ± 1 57 ± 3 54 ± 2
PH1000 45 ± 4 57 ± 3 47 ± 3 51 ± 2

Table 6.3: Surface energies of the samples under study.

dissolved by water thanks to the formation of hydrogen bonds, making the surface
of the film hydrophilic. Since the PSS in excess is poorly interacting with PEDOT,
its removal in water has no significant effect on the electrical and electrochemical
properties of PEDOT:PSS, and is not detected by other techniques.

On the other hand, a change in the oxidation state of PEDOT:PSS does not
seem to influence the hydrophilicity and the surface energy of this material, con-
versely to what was observed for instance on PEDOT:Tosylate [7]. Thanks to their
relatively small dimensions compared to PSS (171 vs 70,000 Da), tosylate anions
can be completely removed from the polymer matrix and undergo ion exchange
when immersed in an electrolyte solution [267], while this effect is hindered for
PSS due to steric effects. As a consequence, the exchange of PSS anions is me-
chanically impeded, as well as the switching of charged sulfonate groups from
PEDOT to the surface. This explanation is confirmed by the fact that PEDOT:PSS
exchanges cations (Na+, K+, etc.) with the electrolyte solution to maintain elec-
trical neutrality [225], while PEDOT exchanges its counterion when small dopant
molecules, like tosylate or perchlorate, are used [267]. Moreover, since the outer
part of the film is mainly composed by an excess of PSS, the variation of the redox
state of inner PEDOT does not affect the surface processes. As a result, the surface
energy of the films is weakly influenced, if not at all, by the applied polarization,
even if charge distribution in the PEDOT cores is effectively modified.

These results suggest that, regarding PEDOT:PSS, surface energy and wetta-
bility cannot be considered key parameters for controlling cell growth.
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6.2.3 Electrical properties

The sheet resistance (Rs) of PEDOT:PSS thin films was measured using a 4-probe
setup before and after the application of a redox voltage to the samples for 1 h. The
results are reported in Figure 6.9. PH1000 films have the lowest sheet resistance
(Rs about 0.36 kΩ/�). ED4 and ED8 show slightly higher values (Rs about 1.1
and 0.8 kΩ/�, respectively), but still comparable, while the sheet resistance of
CPP105D is at least ten times higher compared to the other materials.

When an oxidizing voltage is applied to the PEDOT:PSS electrode, the poly-
mer film changes from its pristine partially oxidized state to a more conductive
fully oxidized state thanks to the formation of bipolarons along the polymer back-
bone. However, if the positive bias is over +0.6 V, PEDOT:PSS undergoes overox-
idation, which breaks the conjugation along the chain and thus induces a dramatic
increase in electrical resistance, as observed in all our tested samples. On the other
hand, the application of a negative voltage induces a transition from the conduc-
tive state PEDOT+ to a its non conducting state PEDOT0, where the dopant PSS−

is not bound anymore to PEDOT because of the electrostatic interaction with pos-
itive ions from the electrolyte solution, causing an increase in Rs

Once that the sheet resistance Rs, the thickness t and the carrier density p are
known, it is possible to evaluate the conductivity σ and carrier mobility µp of the
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Figure 6.9: (a) Sheet resistance measured on the four sets of PEDOT:PSS sam-
ples here investigated in their oxidized, not biased, and reduced form. (b) Sheet
resistance of not biased PEDOT:PSS kept in DMEM for up to 48 h. The values
are normalized to the sheet resistance of as-deposited PEDOT:PSS.
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Sample Thickness Carrier conc. Rs σ µp
(nm) (1020 cm−3) (kΩ/�) (S cm−1) (cm2/V s)

CPP105D 260 ± 60 1.26 ± 0.13 16 ± 5 2.4 ± 0.9 0.12 ± 0.04
PH1000 440 ± 30 0.96 ± 0.10 0.36 ± 0.03 63 ± 7 4.1 ± 0.4
ED4 240 ± 80 3.3 ± 0.3 1.1 ± 0.2 38 ± 15 0.7 ± 0.3
ED8 480 ± 120 3.3 ± 0.3 0.80 ± 0.17 26 ± 9 0.50 ± 0.16

Table 6.4: Electrical parameters of the different PEDOT:PSS films.

PEDOT:PSS films from the equations σ = 1/Rs t and σ = qµp p. The values ob-
tained are reported in Table 6.4; the evaluatedσ and µp are in good agreement with
typical values for PEDOT:PSS [146, 268, 269]. It is noteworthy that, despite the
low carrier density, PH1000 shows the highest electrical conductivity, indicating
a higher mobility compared to the other formulations.

Finally, the effect of the exposure to cell culture medium (DMEM) was tested
on not biased samples for up to 48 h, finding that the surface resistance increases
by about a factor of 2 in this time period (Figure 6.9b). This change mostly takes
place within the first hour, indicating that is probably due to a spontaneous reor-
ganization of the polymer chains induced by the interaction with the electrolyte
(which lowers carrier mobility) rather than a degradation effect.

6.2.4 Energy-dispersive X-ray spectroscopy

In order to measure the amount of cations absorbed during the redox process, the
composition of our PEDOT:PSS thin films, expressed in terms of relative atomic
concentration (n. atoms of each element / n. total atoms) was perliminarily deter-
mined using energy-dispersive X-ray spectroscopy (EDX). Because of the inter-
ference of Ca+ and K+ ions found in the glass substrate, poly(methyl methacrylate)
(PMMA), an organic polymer composed by H, C and O atoms only, was used as
substrate for PEDOT:PSS deposition.

ED8 thin films were analyzed in their not biased state and after being polarized
in their oxidized and reduced state for 1 h in PBS. The concentrations of the four
most concentrated elements found in these films are presented in Table 6.5. Apart
from C, O, and S, which are part of the chemical structure of PEDOT:PSS, a small
but significant concentration of Na atoms is observed in reduced and oxidized
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Sample [C] (%) [O] (%) [S] (%) [Na] (%)
Substrate 77.27 22.73 0 0
Oxidized 69.27 28.82 1.02 0.65
Not biased 75.34 24.2 0.29 0
Reduced 74.03 24.65 0.53 0.79

Table 6.5: Atomic concentrations of the four most present elements measured
in oxidized, not biased and reduced films through EDX spectroscopy. To avoid
interferences, PMMA was used instead of glass as substrate for PEDOT:PSS de-
position.

films. Conversely, no Na is present in the not biased samples, which have never
been immersed in PBS, meaning that the Na atoms present in polarized films have
been absorbed from the buffer solution during the redox process.

While the signal corresponding to C and O atoms is due to both PEDOT:PSS
and its substrate, S atoms can only be found in PEDOT and PSS. For this reason,
Na atomic concentration was normalized with respect to S, so as to remove the
effect of irregularities in the thickness of the substrate and of PEDOT:PSS. As
shown in Figure 6.10a, the applied voltage has a strong effect on the amount of
absorbed ions, whose concentration in oxidized samples is about half the concen-
tration found in the reduced ones. When a reducing (negative) voltage is applied
to PEDOT:PSS, cations are forced to enter the polymer film, bonding with the
negative charges of the PSS chains (Figure 6.10b). This result is in accordance
with the results on the swelling and stiffness of PEDOT:PSS films coming from
AFM measurements in liquid (Figure 6.7).

The presence of cations in the oxidized samples can be explained by taking
into account the buffer solution uptake due to the high hydrophilicity of PSS and
the porous structure of the polymer films. Moreover, the partial overoxidation
of the films biased using a positive voltage (which can be seen from the electri-
cal measurements in Figure 6.9a) involves the incorporation of cations along the
polymer chain, breaking its conjugation.
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Figure 6.10: (a) Normalized concentration of Na atoms in ED8 films with different
oxidation state. (b) Na incorporation due to the uncompensated negative charge
on PSS in reduced PEDOT:PSS.

6.3 Biological Effects of the Oxidation State

6.3.1 Cell growth

To assess the viability and the different efficacy of PEDOT:PSS thin films as
substrates for controlled tissue growth applications, the proliferation rate of two
different cell lines, human glioblastoma multiforme cells (T98G), and primary
human dermal fibroblasts (hDF), was tested on the polystyrene substrate of cell
culture plates (control), on the four types of pristine PEDOT:PSS substrates (not
biased), and on oxidized (+0.8 V) and reduced (-0.9 V) films. The samples were
biased for 1 h in PBS and then disconnected from the generator prior to cell seed-
ing. The proliferation curves of both cells population have been obtained by nor-
malizing the mean number of adherent cells counted from fixed focal fields (set
when the first image section has been acquired, that is, 24 h from seeding) after
24, 48, and 72 h.

The measured cell growth rates on the different samples are shown in Figure
6.11. The obtained results can be summarized as follows:

• The growth rate of normal cells (hDF) measured at 72 h from seeding on
each type of PEDOT:PSS tested is not significantly different compared to
the others (not biased, reduced, and oxidized), with the only exception of
oxidized (+0.8 V) PH1000, where a significant increase in hDF growth
compared to the not biased sample was observed (Figures 6.11a and 6.12).
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• The growth rate of tumor cells (T98G) showed a significant increase on all
the tested substrates that had been reduced (-0.9 V). Indeed, the statisti-
cal analysis highlighted that, at 72 h from seeding on all the four types of
reduced PEDOT:PSS substrates, the cell proliferation rate is significantly
enhanced compared to the not biased and oxidized ones, irrespective of the
type of film used (Figures 6.11b and 6.12). Furthermore, within the exper-
imental errors, the T98G proliferation rate is the same on all the not biased
PEDOT:PSS substrates, with the only exception of ED4.

As indicated by the physical parameters of PEDOT:PSS, the techniques used
for film deposition create surfaces characterized by different RMS roughness,
thickness, surface energy and wettability. Differently, the proliferation rate analy-
sis, for both normal and tumor cells, did not show significant differences between
the four types of pristine substrates, therefore indicating that the morphology of
the PEDOT:PSS surfaces does not influence the growing capability of these cells.

It is interesting to note that even if the hydrophilicity of the PH1000 pristine
form is significantly lower compared to CPP105D-based films, also in this case,
the proliferation rate of both cells population is not affected.

From the data acquired, we can also observe that the application of an ex-
ternal redox potential does not affect surface morphology, surface energy, and
hydrophilicity, while the sheet resistance is strongly increased only by the appli-
cation of an oxidizing potential in all substrates. Nevertheless, since the prolifer-
ation rates are not modified by any of the oxidized substrates except for the hDF
growing on PH1000, we can exclude a causal relationship between sheet resis-
tance and proliferation capability on biased PEDOT:PSS. On the basis of these
evidence, it seems that the electrochemical status is an independent perturbing
key factor able to induce a detectable modification of biological systems like the
one used.

Furthermore, the interesting finding that hDF proliferation rate increases only
when seeded on oxidized PH1000, while the reduced form of any PEDOT:PSS
type tested is able to induce an increase only in T98G cells, suggests a different
mechanism by which biased substrates might influence the replication processes
of different types of cells.

The study of the electrochemical stability (Section 6.1.3) points out that only
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Figure 6.11: Effect, after 72 h from seeding, on the proliferation rate of the
PEDOT:PSS substrates altered by an oxidation (+0.8 V) or reduction (-0.9 V)
process. (a) Proliferation rate of hDF cells plated on not biased PEDOT:PSS
CPP105D (n = 4), ED4 (n = 4), ED8 (n = 6), PH1000 (n = 4), and polystyrene
wells substrate (control, n = 6) measured as the mean (±SEM) number of adher-
ent cells counted from different focal fields at 100×of magnification at 24/48/72
h and normalized to the values obtained from each substrate at 24 h. (b) Prolif-
eration rate of T98G cells plated on not biased PEDOT:PSS CPP105D (n = 7),
ED4 (n = 6), ED8 (n = 6), PH1000 (n = 6), and polystyrene wells substrate
(control, n = 5), measured as described in panel (a). The p values are calculated
by a Student t test.
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Figure 6.12: Representative example of T98G and hDF phase contrast microscopy
images at 100× of magnification on oxidized (+0.8 V), not biased and reduced (-
0.9 V) PH1000 after 72 h from cell seeding. Scale bar 200 µm.
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the oxidized form of PH1000 spontaneously undergoes reduction when exposed
to the cell growth medium (DMEM), as shown in Figure 6.4. Similarly, all the
reduced PEDOT:PSS samples spontaneously undergo partial oxidation when im-
mersed in cell culture medium. This state-change might be explained as an ex-
change of charge (i.e., ions and charged molecules) with the cell culture medium,
responsible for the creation of a gradient in the ionic concentration which in-
fluences both the local chemical composition of the environment and the charge
distribution of the extracellular matrix. Indeed, in addition to electrochemical sta-
bility, also AFM measurements of stiffness and swelling (Section 6.2.1), as well
as EDX spectroscopy (Section 6.2.4), confirm the electrochemically-controlled
swelling/deswelling mechanism through the intake of cations and water during
the reduction of PEDOT:PSS, which are then released during oxidation.

6.3.2 Ion channel activity

The ability to change the local ion concentration can have strong effects on cell
replication both by changing the local pH and surface charge, that could possibly
influence the folding of adhesion proteins observed by other groups on oxidized
and reduced conjugated polymers [116], and through the modification in the be-
havior of cellular ion channels. In fact, the activity of K+ ion channels is related to
cell proliferation and apoptosis, and is of great importance for cellular replicative
mechanisms. They regulate several interrelated parameters which are involved in
cell growth and replication, such as the adjustment of cell volume, the concentra-
tion of Ca+ inside the cell and the resting membrane potential [270–272].

Moreover, studies performed on a human breast adenocarcinoma cell line
demonstrated that multiple families of voltage dependent K+ currents become ac-
tive during the mitotic cycle [273, 274], and that the K+ channels expression or
activity change across stages of the cell cycle [272, 275]. All these findings high-
light the importance of K+ ion channels in modulating the replication of tumor
cells. In order to gain a better understanding about the effects of the cations re-
lease mechanism at a cellular scale, the activity of ion channels and membrane po-
larization on PEDOT:PSS at different oxidation states was studied through patch
clamp techniques.
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Figure 6.13: (a) Outward currents recorded in whole-cell configuration on control
Petri dish in standard conditions (black line) and after TEA perfusion (red line)
on T98G and hDF. (b) Current-voltage relationships (I−V) recorded in T98G and
hDF on Petri dish (CTRL) and PEDOT:PSS (ED8) substrates.

Transmembrane whole-cell currents were recorded in voltage-clamp mode
(see Section 4.4.3) from T98G and hDF cells plated on polystyrene Petri dish
(CTRL) and on PEDOT:PSS (ED8) films in their not biased, oxidized and re-
duced states. In order to evaluate the effect of the K+ current on the overall cur-
rent recorded, the non-selective K+ channel inhibitor tetraethylammonium chlo-
ride (TEA) was used at the saturating concentration of 10 mM. As a result, the
ionic currents decreased dramatically after TEA perfusion (Figure 6.13a), indicat-
ing that the current recorded is mostly due to the ions fluxes through outward K+

channels. Hence, K+ channels are almost the only responsible for the electrical
properties of both cells.

The following step was then to measure the ion currents, recorded at several
voltage steps (I − V), from T98G and hDF cells plated on the control substrate
and on not biased, oxidized and reduced PEDOT:PSS substrates. The results of
the statistical analysis of these measurements are plotted in Figure 6.13b. A first
observation is that, as for cell growth, the effect of PEDOT:PSS oxidation state
is cell-dependent, with T98G showing different reactions on different samples,
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while hDF are basically not affected by the oxidation state of the polymer. Re-
garding T98G, the currents recorded on not biased films are very similar to the
ones recorded on the control Petri dish. On the other hand, a significant increase
in the currents is observed on oxidized samples, while conversely the current de-
creases on reduced samples. Since K+ channels are passive channels, i.e. K+ ions
are transported out from the cell through a diffusion process due to a gradient
between internal (high) and external (low) K+ concentration, this effect could be
originated by a change in local concentration of K+ ions.

6.3.3 Membrane polarization

The electrophysiological properties of cells, such as the channels activity and the
intensity of ion fluxes, are strongly correlated to the resting membrane potential
(Vr). This potential expresses the difference between the electrochemical poten-
tials inside and outside the cell membrane, and is thus related to the ion concen-
trations according to Nernst equation. Consequently, a change in the local ion
concentration should be reflected in a change in Vr.

For this reason, the resting potentials of T98G and hDF cellular membranes,
whose whole-cell current was clamped at 0 pA (voltage-clamp mode), were re-
corded from cells plated on polystyrene Petri dish (CTRL) and on PEDOT:PSS
(ED8) films in their not biased, oxidized and reduced states (Figure 6.14). Once
again, the effect of the oxidation state of the substrate is cell-dependent. Accord-
ingly to cell growth and ion currents measurements, the membrane potential of
hDF cells is basically not affected by the redox state of the substrate. Neverthe-
less, a depolarization effect is apparent from a comparison between cells adherent
to the control Petri dish and cells on PEDOT:PSS (irrespective of the oxidation
state), both in hDF and, more effectively, in T98G. Moreover, Vr is different be-
tween the tumor and the normal cells independently from the substrate.

Interestingly, the reduced substrate, the one able to modify the cellular func-
tion of adhesion and proliferation more consistently than the others, is also in this
case the most effective. Indeed, the Vr recorded on T98G cells undergo to a depo-
larization from negative to positive values. Human fibroblasts plated on reduced
substrates show the same trend, but their depolarization is much less pronounced
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Figure 6.14: Resting whole-cell membrane potential recorded in T98G and hDF
on Petri dish (CTRL) and PEDOT:PSS (ED8) substrates.

compared to T98G, and not significantly different from that observed on not bi-
ased films.



Conclusions

In this work, the development and characterization of two classes of all PE-
DOT:PSS-based devices are presented: electrochemical sensors, in the form of
organic electrochemical transistors (OECTs), and redox-active substrates capable
of controlling the replication of living cells.

Thanks to their low-voltage requirements and ease of fabrication, functional-
ization and integration in biological environment, OECTs are ideal devices for the
sensing of a broad range of redox-active compounds of biochemical and biologi-
cal interest. During the research activity presented in this thesis, all PEDOT:PSS-
based OECTs were realized, and their sensing efficiency was optimized in terms
of sensitivity and limit of detection (LOD) through the investigation of the ef-
fect of device geometry, thickness, and operating voltages. An electrochemical
characterization of these devices was carried out as well, in order to clarify the
processes involved in the device operation. As a result from this characterization,
the drain current Id resulted directly proportional to the electrochemical potential
of the transistor channel, implying that these devices can be used as electrochem-
ical sensors without the need for a reference electrode or a potentiostat.

Furthermore, the operation of these devices as electrochemical sensors was
tested on several analytes, namely ascorbic acid, dopamine, gallic acid, adrena-
line, and 2,2-diphenyl-1-picrylhydrazyl (DPPH). A calibration curve of 1− Id/Imax

vs. log C was obtained for each analyte, confirming that the electrochemical po-
tential of the channel (and thus Id) follows a Nernstian dependence on the analyte
concentration. From these curves the range of logarithmic response, sensitivity
and LOD were evaluated for each analyte, obtaining in most cases performances
suitable for real applications. Indeed, the realized devices were tested for the
determination of ascorbic acid in the Aspirina C (Bayer) medicinal product, and
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the quantification of the polyphenol content in six wines, obtaining a significant
agreement between actual and measured value in most of the cases.

The lack of selectivity, i.e. the ability of discriminating between different
species within the same solution, is a common problem for sensors based on elec-
trochemical transduction, and represents the main limitation of our OECTs for the
analysis of real solutions. For this reason, preliminary studies on the effect of gate
voltage and scan rate were carried out, exploiting the difference in redox poten-
tial and reaction kinetics between different molecules. In both cases, the different
components of a test solution were identified without the need for functionaliza-
tion of the devices, which constitutes a very promising result for the application
of these devices to real applications.

Thanks to the use of a conducting polymer as active material, the OECT tech-
nology was succesfully transferred on textile substrates, woven cotton and lycra.
Different geometries were realized, and the devices show good electrical proper-
ties and gating effect, not differently from the “traditional” OECTs realized on
glass substrates.

Using the same material, a different kind of devices, redox-active substrates for
applications in tissue engineering, was developed and characterized. Four types
of PEDOT:PSS thin films were realized by a change in their deposition technique,
and their oxidation state was consequently modified through electrochemical oxi-
dation and reduction for 1 h in buffer solution upon the application of +0.8 V and
-0.9 V, respectively.

The physical and electrochemical properties of these films were then charac-
terized using several experimental techniques: cyclic voltammetries, spectropho-
tometry, AFM, water contact angle, surface resistance measurements, and EDX
spectroscopy.

From this characterization, the limits for a stable and reproducible oxidation
and reduction of PEDOT:PSS films were found as -0.9 V for reduction, and +0.8V
for oxidation. The stability with time of the redox state was then assessed, finding
that even though a strong decrease in the fraction of oxidized/reduced states is ob-
served during the first minutes of exposure to an electrolyte solution, a significant
residual quantity of these states is maintained for at least 48 h, demonstrating that
these substrates can be used on several days-long biological experiments even
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without a continuous applied bias. The mechanical and electrical properties of
the spin-coated and electrodeposited films were investigated, obtaining physical
parameters such as stiffness and Young’s modulus, surface roughness, electrical
conductivity, surface energy, and charge carrier mobility and concentration.

Furthermore, an exchange of ions with the solution, related to the redox state
of PEDOT:PSS films, was observed from AFM and EDX measurements, show-
ing that during the reduction process PEDOT:PSS absorbs cations from the elec-
trolyte solution, process that is accompanied by a decrease in film stiffness and an
increase in film thickness due to the swelling of water; these cations can then be
released again upon the spontaneous oxidation of the film.

Finally, the effect of a change in the redox state of these PEDOT:PSS films
on cell growth was assessed using two cell lines, human dermal fibroblasts (hDF)
and human tumoral glioblastoma multiforme cells (T98G). The result was found
to be strongly cell-dependent, suggesting that each cell type has its own peculiar
response to the same environment: hDF proliferation rate was significantly en-
hanced specifically by oxidized PH1000, the only substrate that we have observed
to strongly exchange charge with the cell culture medium, while T98G cells pro-
liferation rate was significantly enhanced on reduced samples, irrespective of the
material used as substrate.

These results point out that the cell proliferation rate has a clear dependence
on the electrochemical state of its substrate, while it is not affected by other pa-
rameters such as surface roughness, surface conductivity and surface energy. As a
confirmation, no significant difference in the cell growth rate is observed between
the not biased forms of the four types of PEDOT:PSS films here used as substrates,
even if they show different surface parameters. A possible explanation involves
the exchange of ions between oxidized/reduced PEDOT:PSS and the electrolyte
solution, changing the local ionic concentration and thus the cellular activity. This
hypothesis was investigated with further biological experiments, i.e. by recording
the K+ channel activity and membrane polarization on hDF and T98G cells seeded
on PEDOT:PSS at different redox states, finding similar trends with respect to cell
growth experiments. The results of these measurements, even if not conclusive,
point out that the effect of the redox state of conjugated polymers on cell growth
is not related to a single physical or chemical parameter of the material itself, but
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involves the interaction of these materials with the biological solution.
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ification of polypyrrole surface properties: Effects on cell adhesion and
proliferation. Adv. Healthcare Mater., 2:591–598, 2013.

[12] G. M. Walker, J. M. Ramsey, R. K. Cavin, D. J. C. Herr, C. I. Merzbacher,
and V. Zhirnov. A framework for bioelectronics: Discovery and innovation.
National Institute of Standards and Technology, 2009.

[13] O. P. Hamill, A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. Im-
proved patch-clamp techniques for high-resolution current recording from
cells and cell-free membrane patches. Pflügers Archiv, 391(2):85–100,
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C. Santato, and F. Cicoira. New opportunities for organic electronics and
bioelectronics: ions in action. Chem. Sci., 4:1395–1409, 2013.

[61] J. H. Cho, J. Lee, Y. He, B. S. Kim, T. P. Lodge, and C. D. Frisbie. High-
capacitance ion gel gate dielectrics with faster polarization response times
for organic thin film transistors. Adv. Mater., 20(4):686–690, 2008.

[62] M. J. Panzer and C. D. Frisbie. Polymer electrolyte-gated organic field-
effect transistors: Low-voltage, high-current switches for organic electron-
ics and testbeds for probing electrical transport at high charge carrier den-
sity. J. Am. Chem. Soc., 129:6599–6607, 2007.

[63] M. Hamedi, L. Herlogsson, X. Crispin, R. Marcilla, M. Berggren, and
O. Inganäs. Fiber-embedded electrolyte-gated field-effect transistors for
e-textiles. Adv. Mater., 21(5):573–577, 2008.
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the École de Mines de Saint-Étienne in Gardanne, France, and to Prof. Gordon
Wallace and Prof. Michael Higgins from the University of Wollongong, Australia,
for giving me the opportunity to work in their laboratories as a visiting student. I
would also like to thank the amazing people I had the luck to meet there, especially
Agostino, Xenofon, Adel, Esma, Manue, Cassandre, Eleni, Jonathan, Marc, Dion,
Pierre, Michele and Eric at BEL, and Christina, Jay, Lei, Tania, Sina, George,
Brandon, Miina and Andres at IPRI, for their kindness and helpfulness both inside

193



194 ACKNOWLEDGEMENTS

and outside the lab.
I would like to acknowledge the PRIN Project MiND that provided the finan-

cial support, and the Spinner 2013 Project of the Emilia-Romagna region and the
Marco Polo project of the Department of Physics and Astronomy of the University
of Bologna for the financial support of my research periods abroad.

A very special thanks to my present and former colleagues in Bologna, Mar-
tina, Laura, Andrea, Marco II, Giacomo, Maria Antonietta, Maria, Tobias, Lucia,
Alberto, Stefania, Geeta, Shankar, and to our Best student Maria. An even more
special thanks to Isacco for his continuous help and advice and for teaching me
almost everything I know about electrochemistry. I consider myself very lucky
for working with people like the ones I have found here.

Finally, I gratefully thank my family for supporting me in every choice I make,
and to Alice, for always being by my side.


	Introduction
	Organic Bioelectronics
	Development of Bioelectronics
	Materials: Conducting Polymers
	Applications
	Biosensors
	Neural interfaces and implants
	Active surfaces for tissue engineering


	PEDOT:PSS
	Electrical Conductivity in Conjugated Polymers
	Role of conjugation
	Charge transport and role of dopant
	Temperature dependence of charge transport
	Heterogeneous model

	PEDOT:PSS
	PEDOT
	PEDOT:PSS dispersions
	Deposition of PEDOT:PSS

	PEDOT:PSS Thin Film Properties
	Thermal and light stability
	Water uptake
	Mechanical properties and morphology
	Light absorption spectra and energy levels
	Electrical conductivity
	Conductivity enhancing agents


	OECTs Working Principles
	Device Model
	Electronic circuit
	Ionic circuit

	Steady-state Behavior
	Transient Behavior
	Sensing with OECTs
	Electrochemical sensing
	Influence of the geometry


	Materials and Methods
	PEDOT:PSS
	Deposition techniques
	Electrochemical oxidation

	Physical Characterization
	Surface morphology and thickness
	Mechanical properties
	Wettability and surface energy
	Electrical measurements

	Electrochemical Characterization
	Cyclic voltammetry
	Spectrophotometry

	Cell Proliferation
	Cell culture
	Proliferation curves
	Patch clamp setup
	Voltage-clamp
	Current-clamp


	PEDOT-based Electrochemical Sensors
	Amperometric Sensors
	Electrochemical response to dopamine
	Chronoamperometric sensing

	Development of a Novel All-PEDOT OECT
	Electrochemical characterization
	Effect of the gate potential
	Effect of the thickness

	Sensing of Biochemical Analytes
	Ascorbic acid
	Dopamine
	Gallic acid
	Oxidizing agents
	Selectivity

	Wearable Sensors
	Geometry and fabrication
	Sensing in ideal conditions
	Sensing in simil-real conditions

	Conclusions

	Cell Culture Substrates
	Electrochemical Characterization
	Cyclic voltammetry
	Spectrophotometry
	Time stability of the redox state

	Physical Characterization
	Atomic force microscopy
	Wettability and surface energy
	Electrical properties
	Energy-dispersive X-ray spectroscopy

	Biological Effects of the Oxidation State
	Cell growth
	Ion channel activity
	Membrane polarization


	Conclusions
	Bibliography
	List of Publications and conference presentations
	Acknowledgements

