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Abstract

The human brain exhibits remarkable computational capabilities, inspiring research in
both neuromorphic computing and bioelectronic neural interfaces, trying to harness its
full potential. Organic mixed ionic-electronic conductors (OMIECSs) such as poly(3,4-
ethylenedioxythiophene) (PEDOT) have been extensively studied for their role in ex-
tracellular neural recording and stimulation, benefiting from their high biocompatibility,
porosity, and electrical properties. In parallel, dendritic PEDOT fibers have emerged as
promising candidates for neuromorphic computing due to their ability to replicate key
synaptic functionalities and to be scaled into networks capable of performing complex
computations within reservoir computing systems. Furthermore, optically responsive or-
ganic semiconductors such as poly(3-hexylthiophene) (P3HT) have gained interest for
neural interfacing, enabling optical stimulation without genetic modifications.

Despite advances in these fields, bioelectronic neural interfaces and neuromorphic com-
puting have only been explored independently. The integration of these two domains into
a unified platform remains an open challenge. Beyond this, the development of dendritic
fibers that combine both neuromorphic and optoelectronic functionalities represents a
promising direction for further advancing both domains.

Here, a preliminary step toward the convergence of these fields is proposed, with the
fabrication of a unified platform based on dendritic OMIEC fibers. Specifically, PEDOT-
based fibers were intended to support synaptic-like behavior within the structure, while
P3HT was integrated to introduce optical responsiveness. The fabrication process was
optimized to ensure compatibility with neural cell cultures, establishing conditions for
stable growth and interaction with the polymeric structures.

Experimental results confirm the feasibility of generating photovoltage within the den-
dritic fibers with measured peaks of 50mV, compatible with the standarst of cellular
stimulation. This highlights their potential for optically driven neuromorphic processes.
Additionally, cell viability assessments indicate that the proposed system supports neural
cell adhesion and proliferation, reinforcing its suitability for biohybrid applications.

These findings pave the way for an organic, biocompatible platform, with the possibil-
ity of further functionalization, bridging biological and artificial neural networks. By
integrating neuromorphic processing with optically addressable bioelectronic interfaces,
this work opens new perspectives for advanced brain-inspired computing and neural
interfacing.
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CHAPTER 1

Introduction: theory and applications




1.1 Motivation

The human brain is an extraordinarily complex system with outstanding computational
capabilities, making it a subject of study in fields ranging from medicine to artificial
intelligence, with the aim of understanding and harnessing its full potential. To this end,
two possibilities are generally explored: direct in-vivo or in-vitro study through devices
and interfaces in contact with neurons, or mimicking its functions, as investigated in the
field of neuromorphic computing.

The first approach encompasses numerous studies focused on enhancing the performance
of devices and electrodes for extracellular recording and stimulation. To do so, research
has investigated various electrode geometries and materials. Among these, poly(3,4-
ethylenedioxythiophene) (PEDOT), a conductive organic polymer, has gained particu-
lar attention due to its intrinsic porosity, which leads to improved cell adhesion, lower
impedance, and consequently enhancing the signal-to-noise ratio 2.

Moreover, in this field, there is a growing interest in solutions that allow cellular optical
stimulation without requiring genetic modifications. One promising approach involves
using organic polymers capable of generating a voltage in solution upon exposure, poly(3-
hexylthiophene) (P3HT)?.

Further interest in these materials arises from their inherent biocompatibility and highly
porous polymeric structure, closely mimicking the natural extracellular matrix. This
similarity can significantly enhance cell viability and promote effective proliferation on
the substrate.

On the other hand, PEDOT has been investigated within neuromorphic computing to
emulate the exceptional functionalities of the brain. Specifically, dendritic PEDOT fibers
have been extensively studied, showing their ability to replicate a good number of neu-

56,7 Moreover, when multiple fibers are integrated into net-

ronal synaptic functions
works, their complex mutual interactions can be exploited for reservoir computing®.
Systems based on such networks have demonstrated the ability to perform complex com-

putational tasks, such as classification of biological signals.

Until now, biocompatible neural interfaces and neuromorphic computing have been ex-
plored separately. The critical next step, therefore, is to integrate these two approaches
into a unified platform, leveraging their possibilities. The dendritic morphology of the
aforementioned fibers can further enhance the bio-mimetic potential of organic polymers,
as they resemble natural neuronal structures. Additionally, the presence of cells within
a fiber network could lead to unexplored reciprocal interaction dynamics.

A further step forward is to go beyond PEDQOT fibers by developing photostimulable
dendritic fibers. This can be achieved by integrating P3HT in their fabrication process,
expanding the possibilities to new complex dynamics from optical stimuli.

This research lays the groundwork for an organic, biocompatible platform with the pos-
sibility of further functionalization, bridging biological neural networks with artificial
neuromorphic systems. The key step toward this goal is demonstrating the feasibility
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of fabricating dendritic fibers compatible with the aforementioned systems and, for the
first time, integrating two polymers into their fabrication to achieve photovoltage gener-
ation. This experimental work was conducted at the Free University of Bolzano, within
the Sensing Technologies Lab, whereas the tests on biological samples were conducted
in Eurac Research laboratories by Giovanna Gentile. These studies were developed from
their foundations, starting with the experimental design of the device and fabrication
process, followed by the establishment of protocols for obtaining the fibers and assessing
cell viability on them.

In the following sections, a more extensive overview will be provided. First, the theo-
retical framework of the topics addressed in this thesis will be introduced, followed by a
discussion on how the relevant properties can be exploited to achieve the objectives of
this work. Sec. 1.2 presents the main properties and characteristics of the materials inves-
tigated in this study, namely organic mixed ionic-electronic conductors (OMIECs), with
a particular focus on their conduction mechanisms and doping processes. Subsequently,
the basic principles governing the interaction between electrolytes and conductors will
be reviewed in Sec. 1.3. The techniques employed to obtain the polymers will then be
described, both in dendritic form (Sec. 1.4.1) and as thin films (Sec. 1.4.2). Finally,
the applications of these techniques will be presented in detail. This begins with an
in-depth analysis of how conductance modulation is achieved in dendritic fibers, starting
from the operating principles of the devices that exploit OMIEC properties—namely,
organic electrochemical transistors (OECTs) (Sec. 1.5.1). From there, the focus will
shift to the evolution of these systems toward dendritic morphologies and their demon-
strated potential for neuromorphic computing applications (Sec. 1.5.2). Next, the use of
OMIECs to study brain functionality through cell-interface platforms will be discussed
(Sec. 1.5.3). Lastly, the final section will highlight the emerging opportunities offered
by P3HT in advancing beyond previous applications. In particular, its interaction with
electrolytes combines electrochemical and optical properties, enabling the development
of photoelectrochemical cells (PEC)(Sec. 1.5.4).
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1.2 Organic mixed ionic-electronic conductors (OMIECs)

Conventional electronic materials often face significant challenges when used in biologi-
cal environments, where factors such as biocompatibility and exposure to wet conditions
can hinder performance. In light of these limitations, there has been growing interest in
exploring new classes of materials that can better meet the demands of bioelectronics.
Recently, organic materials have gained attention for their potential to address these
issues and enable more effective integration with biological systems”. These materials,
known as organic mixed ionic-electronic conductors (OMIECSs), are polymers or polymer
blends capable of conducting both electrons, due to their m-conjugated backbone, and
ions from the surrounding electrolyte, thanks to their porosity and ion affinity. A partic-
ularly intriguing property of these materials is the strong dependence of their electronic
resistance on the ion content within the polymeric matrix. This characteristic becomes
especially valuable when the ion concentration can also be actively controlled. A first
general description of OMIECs’ behavior can be introduced in terms of their response to
an applied voltage. Taking into account both the polymeric backbone and the electrolytic
solution, when a voltage V is applied across the material, the total current density J
will have four main contributors: holes, electrons, anions, and cations.

Regarding the electronic component, most OMIECs are based on conjugated polymers
whose conduction relies on the formation of polarons along their m-backbone, making
them predominantly hole-transporting materials. The specifics of this transport mech-
anism will be discussed in Sec. 1.2.1; for now, it is sufficient to note that for these
materials hole mobility is typically much higher than electron mobility. For instance,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) exhibits a hole
mobility of 5 = 0.1em?s~ 1V =1, a value three orders of magnitude higher than the one

measured for electrons!®11.

On the other hand, due to their greater mass, ions in the electrolyte generally exhibit
significantly lower mobility compared to holes. For example, sodium ions in an aqueous
sodium chloride (NaCl) solution have a mobility of yj, = 107* em?s~ V=1, a value that
has been shown to hold even within the polymeric matrix, owing to the material’s large
porosity 2.

Thus the current can be simplified as
Wt
I = ePthTV

with te corresponding resistance being;:

1% wit\ *
R = T (PthL>

Where V and I are the voltage across the material ann the current flowing through it. W,
t and L are the geometrical dimensions of the material, namely the width, the thickness,
and the length, e is the unitary charge, p; charge density of holes, iy, is the hole mobility.
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Another key parameter is then is the charge concentration pp, which is directly related
to the doping level of the material; Compared to their inorganic counterparts, OMIECs
require a much higher doping level, typically exceeding p = 10?° em™3. More details
about the conduction mechanism, the involved carriers, and the doping mechanism will
be given in Sec. 1.2.1 and 1.2.3

1.2.1 Electronic transport in OMIECs

As mentioned above, the electronic conduction in OMIECs is enabled by the typical
molecular structure present in conjugated polymers, the pi—backbone. Indeed, in these
materials the overlap of m-orbitals in their double bonds, generate a delocalization of
electronic states along the whole polymer chain, enabling conduction

In any conjugated polymer, the two most important energy levels are the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), whose
separation, known as the HOMO-LUMO gap (HLG), plays a crucial role in various in
their conductive and optical properties. In organic polymers energy bands (valence
and conduction) are not well defined as for crystalline inorganic materials. Indeed,
the bonding states are scattered into a valence-band-like set of HOMO states, while
antibonding states give rise to a conduction-band-like set of LUMO states, with a density
of states that can be approximated by a Gaussian distribution (Fig.1.1b).

In their neutral state, the valence band is filled while the conduction band remains empty,
making the polymer an intrinsic semiconductor with a low charge carrier concentration
and a large bandgap. When an electron is removed, the polymer undergoes oxidation,
breaking one of the double bonds in the m-backbone and creating a vacancy, namely a
hole. This charge introduction induces a structural distortion in the chain, which moves
along with the free charge, forming a quasiparticle known as a polaron. The polarons
states are organized in their own band, with a distribution in energy similar to the
one described for the HOMO and LUMO states. In Fig.1.1, the electronic structure
corresponding to this descriprion conditions of high disordered polymers towards more
ordered one is displayed.

Whether the doping level is very high, the conductivity of the polymer chain is still
limited by the mobility, with the irregular arrangement of molecules due to thermal
vibrations being one of the main limiting factors. Thus, the electronic transport in
OMIECs can be modeled as a temperature-activated hopping mechanism, where charge
carriers move through sequential jumps between sites, corresponding to local minima in
the energy landscape. The most comprehensive picture of transport in these polymers
has been laid out by Bubnova et al.'?, where the hopping transport is combined with a
study of the band structure of the polymer.

Within the disordered bulk of conjugated polymers, more ordered domains can emerge
due to weak intermolecular interactions, such as m — w-stacking between adjacent chains.
These interactions can give rise to semi-crystalline or lamellar structures, where seg-
ments of different chains align and interact, contributing to the overall charge transport
properties. Different types of hopping mechanisms can be distinguished: a faster one,
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Figure 1.1: Electronic band structure of conjugated polymers corresponding description in con-
ditions of high disordered polymers and higher ordered ones. Electronic structure of a polymer
chain with one polaron (a), sketch of the logarithm of the density of states (DOS, InN(E)) for an
amorphous polaronic polymer solid with localized states around the Fermi level (Er) (b), as well
as for a metallic network of polarons with the Fermi level lying in a delocalized polaron band
(c). In the electronic structures, i and i* represent the in-gap states induced by local structural
distortions. Image taken from Bubnova et al.'°.

associated to hopping along the scattered states of the polymeric chain (intra-chain),
and a slower one, characterized by inter-chain jumps from one backbone to another. The
different organization of the polymer chains can thus affect the conduction within this
latter mechanism. Such polymers could be more or less organized, even in semicrystalline

or lamellar structures 31415,

1.2.2 TIonic transport in OMIECs

Due to the relatively high resistance of electrolytic solutions, their impact on OMIEC
conductivity is often minimal. However, in specific cases, the electronic conduction is
deliberately suppressed, the ionic contribution can become significant.

The mechanisms governing ionic transport in polymers remain largely unexplored and are
commonly approximated using diffusion models. In this context, the diffusion coefficient
D is related to ionic mobility through the Einstein relation:

D = /«‘zka
While a comprehensive discussion on ionic dynamics is beyond the scope of this thesis,

it is important to note that ion transport predominantly occurs through the liquid phase
within the polymer matrix. For this process to be efficient, the polymer must absorb
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enough solvent to support ion motion. Moreover, it has been confirmed that for poly-
mers like PEDOT, the mobility of ions remains unchanged within the bulk solution and

polymer matrix >

1.2.3 Doping in conjugated polymers

In inorganic semiconductors, doping is achieved by introducing atomic impurities to
modulate carrier concentration. As described in Sec. 1.2, in conjugated polymers, the
generation of free carriers is mediated by redox processes, involving the oxidation of a
double bonding. For this reason, the doping of these matrial must rely on alternative
mechanisms that fit in such a "chemical" frame, such as molecular or electrochemical
doping.

Electrochemical doping in conductive polymers

In organic semiconductors, the presence of high impurity levels requires an equally high
doping concentration to effectively modulate their electrical properties. As presented in
Sec. 1.2.1, unlike their inorganic counterparts, these materials do not exhibit well-defined
energy bands but rather a series of discrete states, thus necessitating a different approach
to doping.

Doping in organic semiconductors is better described in chemical terms: the removal of
an electron from a neutral molecule M generates a radical cation M™, a process known
as oxidation. This mechanism is particularly favored in m-conjugated systems, where
resonance stabilization facilitates charge delocalization. When subjected to an appro-
priate electrostatic environment, a fraction of the polymer monomeric units oxidizes,
undergoing bond rearrangement and leading to emergence of free charge carriers. This
structural and electronic modification gives rise to a polaron, a quasi-particle composed
of the charge itself and the associated lattice distortion.

Due to the nature of these electronic states in conjugated polymers, hole generation is
generally more favorable through oxidation processes, making them predominantly hole-
transporting materials. Among OMIECs, one of the most extensively studied examples is
PEDOT:PSS, whose doping mechanism will be further explored in the following sections.

PEDOT:PSS

PEDOT:PSS is a widely used conductive polymer blend, consisting of PEDOT, which
provides a m-conjugated backbone enabling hole transport, and PSS, which acts as a
dopant. Studies have shown that these two components do not mix uniformly but rather
form distinct PEDOT-rich and PSS-rich domains (Fig. 1.2a). The doping process pri-
marily occurs at the interface between these domains, where charge transfer between
PEDOT and PSS influences the material’s electronic properties.

This results in a charge carrier concentration that can reach approximately 102%cm =3,
effectively reducing the intrinsic bandgap of PEDOT and enabling efficient charge injec-
tion from various metals, particularly gold.
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PEDOT exhibits significant hygroscopicity, leading to moisture absorption and poten-
tial degradation in dry electronic applications. However, this property, combined with
the hydrophilicity of PEDOT:PSS, has been exploited in emerging electronic systems
designed for operation in wet environments. When exposed to water, PEDOT:PSS func-

tions as an effective OMIEC, undergoing two key processes: swelling and dedoping.

PEDOT
a) crystalite  PEPOT PSS cations
1-2nm

PSS-rich grain, PEDOT-rich grain,
20-30 nm 10-20 nm

Figure 1.2: Sketches of some properies of PEDOT:PSS. (a) inhomogeneous morphology of PE-
DOT:PSS from Volkov et al.'®. (b) dedoping mechanism: when the cations in the solution
interfere with the doping anions, the charge density in the polymer is reduced and the conduc-
tion is switched off. Image adapted from*”

Swelling occurs as water molecules and ions infiltrate the polymer matrix, causing an
expansion of up to 60% of its original volume. Once fully hydrated, dissolved ions
can interact with the material, altering its electronic properties as swown in Fig. 1.2b.
In particular, cations from the electrolyte can associate with the SO3 groups of PSS,
following the redox reaction:

PEDOT* + PSS~ + Nat +Cl” + e~ — PEDOT® + Na* + PSS™ + Cl~

This dedoping process plays a fundamental role in the functionality of OMIEC-based
devices. In this work, rather than focusing on the microscopic organization of PEDOT,
dopant, and ions, we will assume a homogeneous distribution, as a detailed morphological
study is beyond the scope of this thesis.

PEDOT:PSS is the most recurrent material in organic electronics, but many more sys-
tems, such as PEDOT:PF6 and P3HT:PF6 follow the same fundamental principles de-
scrived above. As detailed in the abstract, in this thesis we will focus mostly on these
alternative systems.
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1.3 Electrolytes interfaces

An electrolyte is a medium that contains freely moving cations and anions, allowing ionic
conduction. Focusing on liquid electrolytes, the transport of charge in these solutions is
primarily governed by the motion of ions, which, due to their larger mass compared to
electrons, exhibit higher scattering and lower mobility.

It is important to note that both anions and cations contribute to ionic conduction.
Only in cases where one species moves significantly faster than the other, it is possible
to approximate the system as single-species transport. The effective size of an ion is
largely influenced by its solvation shell, which consists of solvent molecules surrounding
the ion. The characteristic dimension of this shell depends on the charge density of the
ion: smaller, highly charged ions create stronger local electric fields, leading to larger
solvation shells and, consequently, higher resistance.

Additionally, the dynamics of dissolved salts play a crucial role in polymerization and
influence ionic concentration. For simplicity, in this discussion, we will assume ideal
conditions, neglecting ion-ion interactions and considering electrolyte concentrations in
the millimolar (mM) range.

Metal/electrolyte interfaces and electrical double layer

When a voltage is applied to an electrode in an electrolytic solution, two possible phe-
nomena can occur at the interface: the electrode may undergo a redox reaction with the
ions in the solution, or it may act as an inert surface where ions accumulate

A classic example of an electrode reaction is that of a silver/silver chloride (Ag/AgCl)
electrode, which undergoes the following redox process in the presence of dissolved Na™
ions:

AgCl+ Nat + e~ — Ag® + NaCl

In this case, each sodium ion reaching the electrode surface facilitates the transfer of an
electron, sustaining the reaction and generating a measurable current. This results in
the depletion of excess ions near the interface, where the corresponding voltage drop can
be described by the Nernst equation:

AVep = kT In ([Ce,outside})
q

[Ce,inside]

where [c| is the electrolyte concentration. Ag/AgCl electrodes in saline solutions are
classified as non-polarizable and can be approximated as resistive elements.

Conversely, when an electrode does not participate in chemical reactions with either
the solvent or the ions, the charge carriers accumulate at the interface, forming what is
known as the electrical double layer (EDL). This layer consists of a dense region of coun-
terions adsorbed onto the electrode surface, followed by a more diffuse region extending
into the electrolyte. The EDL plays a crucial role in electrochemical systems, as it de-
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termines charge screening, capacitance, and interfacial potential behavior. Electrodes
that primarily exhibit this behavior are termed polarizable and are typically modeled as
capacitive elements. In practice, real metal/electrolyte interfaces exhibit both resistive
and capacitive characteristics, requiring a more complex equivalent circuit representa-
tion. In general material/electrolyte interface is modeled as a Randles cell, represented
in Fig. 1.3, where Rcor is the resistance associated to the non polarizable contact, Cpr,
is the capacitance related to the electrical double layer and Rg is the resistance of the
solution.

RCT
RS
Electrode Electrolyte

CDL

Figure 1.3: Schematic representation of the simplified Randles circuit commonly used to model
electrode/electrolyte interfaces.




1.4. Electro-polymerization techniques 13

1.4 Electro-polymerization techniques

1.4.1 Field directed polymerization (FDP)

Field-directed polymerization (FDP) is a technique that enables the fabrication of poly-
mer fibers whose topology can be modulated by adjusting the parameters of an applied
AC signal. In the work of Cucchi et al.%, FDP is presented as a cost-effective and alterna-
tive method for the fabrication of OECT channels, which will be discussed in Sec. 1.5.1.
Many works explored different growth setups and conditions, exploring the possibility
of tuning the morphological and electrical characteristics of the fibers to emulate a good

18,19,20,21,22,23,24 * T particular, the relationship between

number of synaptic properties
polymer growth and the applied signal was investigated and modeled in the study of
Ciccone et al.?>. The considerations reported in these studies provide the foundational

basis for the reasoning developed in this work.

Moreover, in light of the current state of the art, fibers produced through FDP may offer
a viable strategy for neuromorphic applications, leveraging an OMIEC such as PEDOT,
which exhibits properties compatible with biological environments.

Growth mechanism of field directed polymerization

For the formation of organic dendritic networks, an electrolytic solution containing the
precursor monomer must immerse the area between the two electrodes that will be
bridged. The polymerization process requires the oxidation of a monomer, which occurs
once the oxidation potential is reached, for example by applying a voltage. However, the
monomer alone cannot polymerize; a counter ion is necessary to form a stable complex,
enabling the polymerization reaction. In our case, for example, the monomer will be
3,4-ethylene-dioxythiophene (EDOT) and the counter ion is provided by tetrabutylam-
monium hexafluorophosphate (PEDOT:PF6), but this description can be extended to
any monomer M and anion A~ that lead to a conductive polymer.

The polymerization process occurs in three main steps:

1. The application of a positive voltage exceeding the oxidation potential of monomer
M leads to its radicalization at the electrode/electrolyte interface. Simultaneously,
anions (A~) drift toward the electrode, accumulating and forming an EDL. On the
other hand the cations will drift towards the other electrode.

2. The radical cation M is then neutralized by an A~ anion.

3. The neutralized complex M:A remains reactive and can interact with additional
M radicals, supplied both by the bulk solution and the growing polymer layer on
the electrode.

Polymer growth occurs more rapidly in regions where the local electric field is stronger,
as more A~ anions accumulate near the electrode. When a DC voltage is applied between
two electrodes, the polymerization proceeds almost isotropically, as the ions accumulate

more and more at the positive electrode surface, leading to a film-like coverage.
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In contrast, applying an AC stimulus the ions can drift towards the electrode only for a
limited amount of time. Indeed, the polymerization at an electrode is possible only during
the positive semi-cycle, and as its duration decreases, the reaction will be confined to
areas where the kinetics are faster, so that ions can reach these points form the polymer.
Then fiber growth is favored in regions of higher local field where the drift is faster. As the
process continues, the newly formed fibers further intensify the field at their extremities
due to the "tip effect", reinforcing polymerization at the tips rather than at the base,
following a mechanism analogous to a Faraday cage. In this way the polymerization tens
to occur along a more linear path, proceeding from any new tip formed.

Any shape of waveform is possible, with the condition that it must contain both pos-
itive and negative polarities to sequentially attract and repel the ions. Restricting to
square-waves, the available degrees of freedom to tune the polymerization are then the
amplitude, the offset, the duty cycle and the frequency of the signal. In the work of
Ciccone et al.?", it is shown how the strength and asymmetry of the signal influences
the final result. The stronger the applied potential, the faster the accumulation of an-
ions on the surface and, consequently, the faster the polymerization, leading to thicker
fibers. This effect is directly linked to the strength of the electric field, which increases
as the gap between the electrodes decreases. Additionally, the field is further enhanced
at electrode corners (if present), making the geometry of the contacts a crucial factor in
determining the final outcome of the polymerization.

On the other hand, increasing the frequency reduces the time available for polymeriza-
tion, leading to thinner fibers. The alternating signal can be described as "growth-ON"
and "growth-OFF" phases for each electrode in the system. During the "growth-ON"
phase, monomer is consumed, and new monomer diffuses to compensate for the gener-
ated concentration gradient. This diffusion is supposed to occur isotropically around the
polymerization site, promoting the formation of branched fibers, splitting the polymer-
ization direction in more than one site.

During the "growth-OFF" phase, the ions drift toward the opposite electrode, with
a speed influenced by the mobility of the salt in solution. Faster ion drift results in
more rapid redistribution, directly impacting the polymerization dynamics. In Fig. 1.4
a schematic of the fiber growth as reported in the work of Cucchi et al.®.

During growth, multiple fibers branch out from the electrodes and extend along the field
lines until they bridge the gap between the electrodes. Even after the first connection is
established, polymerization continues at other sites, reinforcing the network and lowering
resistance.

The growth process can be divided into three distinct stages. The first stage is charac-
terized by fiber elongation without any bridged connections, resulting in high resistance.
In the second stage, after the first connection and bridging of the electrodes, additional
fibers emerge and add to the network, enhancing overall conductance (reinforcement).
Finally, the process enters a saturation phase, where ionic transport in the solution be-
comes negligible, preventing further fiber growth®. This phase is rarely met in standard
conditions, because usually the stopping condition is that when two fibers meet from
opposite electrodes, as the newly formed "bridge" is so conductive that the majority
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Figure 1.4: Set-up and growth of the dendritic PEDOT-based networks. a) Sketch of the poly-
merization process: during the positive polarity of the applied electrical signal, the anions ox-
idize the monomers at the interface and trigger the reaction; during the negative polarity, the
monomer surrounded by cations is inert. b) Dependence of fiber morphology on the frequency of
the applied signal: higher frequencies promote thinner fibers and a higher degree of bifurcation.
¢) Example of learning curve during the formation of the dendritic networks. Image adapted

from9.

of the current is passing through it, so that all the driving force is removed from the
solution. An example of the evolution of the fiber conductance along the fiber growth is
shown in Fig. 1.4d.

In conclusion, it is important to notice that the aforementioned polymerization parame-
ters are then highly dependent on the geometry of the electrodes. Moreover, considerable
losses must be accounted to evaluate the needed applied potential, since the electrode
behaves as described in Sec. 1.3. Image from Cucchi et al.%

In conclusion, an almost trivial but fundamental detail is that this kind of polymerization
is possible only if the polymer is conductive enough to extend the potential to its tips with
negligible losses. Otherwise, it will just cover the contact, leading to contact passivation.
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1.4.2 Cyclic voltammetry as polymerization technique

Cyclic voltammetry (CV) is an analytical technique used to study the thermodynamics
and kinetics of electron transfer for a given analyte. It belongs to the class of voltammet-
ric techniques as it involves a linear potential sweep. When the same sweep is reversed, it
becomes cyclic, allowing the characterization of both oxidation and reduction processes
occurring at the electrode.

The experimental setup consists of three electrodes: the working electrode (WE), where
the potential is applied and the redox exchange takes place; the reference electrode (RE),
whose potential is used as reference to impose the one at the WE; and the counter (or
auxiliary) electrode (CE), which completes the circuit by allowing the flow of electrons
to sustain the redox reaction. The operation is typically controlled by a potentiostat,
which measures the current flowing between CE and WE, ploting it as a function of the

applied potential. A typical voltammogram for a reversible redox reaction is shown in
Fig. 1.5.

As the potential sweep proceeds and the conduction band of the WE aligns or surpasses
the LUMO of the analyte at the surface, electron transfer occurs, resulting in analyte
reduction. As the overlap between the electronic states increases, the current rises until
it reaches a maximum, known as the cathodic peak. The same principle applies to
oxidation, which involves the HOMO of the analyte, giving rise to the anodic peak. The
existence of these peaks is related to the diffusion of new analyte molecules towards the
WE;, as diffusion becomes the limiting factor once the electron transfer process at the
electrode occurs almost instantaneously. After reaching the peak, the current decreases
and stabilizes at a constant value, known as the diffusion-limited current.
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Figure 1.5: Example of voltage sweep and resulting voltammogram from a cyclic voltammetry.
The voltage sweep is linear and its speed can be set with the scan rate, as the steepness of the
curve. The sweep form FE;(negative) to Fy(positive), is the oxidative scan. The scan from Fs
to Ej is the reductive scan. The resulting voltammogram features the measurements obtained
in the two scans, with related oxidation and reduction peaks. Fi/, corresponds to the median
between the positions of the two peaks.

In this work, cyclic voltammetry was exploited as a polymerization technique. If the elec-
trochemical window of the analyte is intentionally exceeded, electropolymerization can
be triggered on the surface of the WE, with the same mechanism presented in Sec. 1.4.1,
but with a voltage that varies linearly in time. The corresponding voltammogram ex-
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hibits a sharp increase in current, followed by saturation and the appearance of a peak.
During successive polarization cycles, the current generally increases progressively. This
type of deposition is possible for redox-active materials, but successive scans can only
be performed if the deposited material is conductive, as in the case of PEDOT:PFg and
P3HT:PFg. The idea of this kind of polymerization has been explored in many studies
to obtain uniform PEDOT films?%:272%:29 hut also for thin P3HT films3°3!,



18 Chapter 1. Introduction: theory and applications

1.5 OMIECs applications

1.5.1 Organic Electrochemical Transistor

Within the field of electronics, one of the earliest and most significant applications ex-
plored is the transistor, particularly the Field-Effect Transistor (FET). When the channel
is composed of an organic material, the device is referred to as an Organic Field-Effect
Transistor (OFET). In such devices, a thin layer of organic semiconductor is separated
from the metal gate electrode by a thin insulating layer (gate dielectric). When a voltage
is applied between the gate and the channel, it induces a field-effect doping in the semi-
conductor, leading to the accumulation of mobile charge carriers at the interface with
the dielectric. This charge in the channel is counterbalanced by a thin sheet of opposite
charge on the gate electrode. The system behaves like a parallel-plate capacitor, and the
accumulated charge can be estimated through the basic relation:

Q=C-V

where C is the capacitance of the dielectric and V' is the gate voltage generally calculated
as . A

= €.—
*d

where €, is the dielectric constant of the insulating material, A is the area of the plates
and d is the dielectric thickness. In this configuration, the capacitance is inversely pro-
portional to the dielectric thickness.

Starting from this working principle, a new type of transistor has been developed in the
context of organic electronics, known as the Electrolyte-Gated Field-Effect Transistor
(EG-FET). This device employs an alternative to the grate dielectric, namely an elec-
trolyte interposed between the gate and the channel. When the channel is made of an
organic material the device is called Electrolyte-Gated Organic Field-Effect Transistor
(EGO-FET). When a voltage is applied on the gate, the ions are pushed towards the
channel forming an EDL at the electrolyte—channel interface and at the gate-electrolyte
interface. A sheet of ionic charge in the electrolyte compensates the induced sheet of
electronic charge in the channel that enables the conduction. This configuration can be
considered an extreme case of FET, because the thickness of the dielectric is reduced to
dimensions on a par with the ionic radius, resulting in high capacitance.

The devices mentioned above, however, do not exploit the full potential of OMIECs as
organic electrochemical transistors (OECTSs). Such devices can be regarded as a specific
class of EGO-FETs in which the channel consists of an OMIEC. Unlike traditional EGO-
FETs, where ionic interactions are confined to the surface of the material, the ions in
OECTs penetrate the porous polymer matrix, enabling volumetric charge modulation
throughout the entire conductor. For this reason, it is more appropriate to refer to
a volumetric capacitance C*, rather than the conventional capacitance C' mentioned
above. The identifying characteristic of OECTs is that doping changes occur over the
entire volume of the channel, as opposed to a thin interfacial region like in field-effect
transistors (FETs). Therefore, large modulations in the drain current can be achieved
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for low gate voltages, which makes OECTs efficient switches and powerful amplifiers.
In Fig. 1.6 a schematic representation of the operating principles of the aforementioned
devices.

If the polymer is already doped and thus conductive, as for example for PEDOT, the
dedoping mechanism described in Sec. 1.2.3 can be exploited to suppress conduction. In
the absence of a gate voltage, a hole current flows through the channel, meaning the
device operates in the ON state. When a positive gate bias is applied, cations from
the electrolyte are injected into the channel, compensate the fixed anions, and trigger
dedoping. Therefore, the switching behavior of the material is directly influenced by the
ease with which the salt ions can access the doping sites. Nonetheless, the initial doping
level of the material determines the ON-state current. These considerations form the
basis for the following discussion in the results section.

a MOS-FET b EGO-FET Cc OECT

ittt 5 e b
SPCR
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Figure 1.6: Difference between a traditional a) field effect transistor (FET), an b)electrolyte-
gated organic FET (EGO-FET), and c¢) an organic electrochemical transistor (OECT). Although
the architecture is similar, the operation mechanism differ substantially. In particular for EGO-
FETs and OECTs, the solvent molecules interact with the channel and electrode materials and
bring about new physical effects. The main difference between EGO-FETs and OECTs is that
in the former, the solvent interact with the channel’s interface, while in the latter, the solvent

molecules can penetrate through the channel. Image adapted from32.
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For optimal device performance, it is essential that the gate capacitance significantly
exceeds the channel capacitance, ensuring that most of the applied voltage drops across
the channel/electrolyte interface. To achieve this, non-polarizable electrodes, whose
capacitance can be approximated as infinite, are commonly employed as gate contacts.
The gate electrode thus becomes a crucial component, and its material strongly affects
the resulting characteristics.

Moreover, as described by Nernst equation, the gate/electrolyte voltage drop depends
on the ion concentration. This dependency is directly reflected in the device’s transfer
characteristics, which makes OECTs naturally suited for applications as ion-sensitive

SEensors 33 .

Although OECTs have been the subject of extensive research, a unified understanding
of their operating mechanisms has yet to be reached. The scientific community remains
divided on several aspects, and various models have been proposed to explain the device
behavior under different conditions.

1.3, which focused on

The first widely adopted model was introduced by Bernards et a
describing the device operation in terms of key parametrs, like the carrier mobility and
transconductance, namely the derivative of the drain current with respect to the gate
voltage, with fixed drain voltage, that quantifies the sensitivity of the output current

to changes in the input voltage. While this model proved effective in the linear regime,
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it showed limitations when applied to the saturation region. Nonetheless, this model
highlights once more the importance of transconductance in these devices, considering
that the intrinsic porous nature of OECTS’ channels leads to very high volumetric ca-
pacitances that can be exploited to increase the overall performances?°:3.

In the following years, several refinements were proposed to account for non-ideal be-
haviors®”38. More recently, thermodynamic approaches have been explored to develop
a comprehensive framework capable of capturing the full range of OECT operation

regimes??.
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1.5.2 Neuromorphic properties of polymer dendritic fibers

Starting from the development of OECTs, many studies investigated the possible ap-
plications in the field of neuromorphic computing. In particular in several studies Gk-
oupidenis et al.”" demonstrated the possibility of emulate synaptic behaviors through a
common gating of OECTSs in the same electrolyte. Such global connectivity mediates the
time-dependent interactions between all the devices that arise from the different time-
constants of the ionic and electronic transport. Indeed, while the response of electronic
carriers in the polymer backbone is almost instantaneous, ionic motion within the swollen
polymer matrix occurs over a much slower timescale. As a result, the channel conduc-
tance remains modulated even after the electrical stimulus has ended, with retention
times governed by ionic diffusion typically extending over hundreds of milliseconds. This
delayed relaxation enables the emulation of short-term plasticity (STP), a key temporal

feature of biological synapses*!.

From this point on, OECTs have been used to implement fundamental neuromorphic
behaviors including potentiation, depression, and adaptation 443444546 They can serve
as basic building blocks for neuromorphic hardware, with the ability to either reconfigure
the device morphology or interconnect multiple elements into functional networks.

In this framework, dendritic fiber based OECTs have been explored with exceptional
results. The work by Janzakova’ is particularly relevant in demonstrating spike-timing
dependent plasticity (STDP). This was achieved by exploiting the temporal overlap be-
tween pre- and post-synaptic spikes to control the electropolymerization of dendritic
connections. Through this mechanism, the effective growth of a conductive dendrite is
driven by the overpotential generated during the overlap, with stronger and longer tem-
poral correlations promoting irreversible growth, a structural counterpart of long-term
potentiation.

The programmable nature of dendritic growth opens also the path to structural plasticity,
where the connectivity pattern between nodes dynamically adapts to external stimuli "7,
This concept enables the transition from isolated synaptic elements to interconnected
networks capable of collective response to input patterns. Such architectures have been
investigated in the work of Cucchi et al®, where the intrinsic randomness of dentrites
find space for a reliable application in reservoir computing (RC). Here, the inherent
non-volatility and temporal memory emerging from the different time constants between
ionic and electronic, combined with the nonlinear behavior introduced by ionic-electronic
coupling, are used to project input signals into a higher-dimensional space®®. This
transformation facilitates the separability of input features, making dendritic OECT
networks a reliable platform for real-time signal classification. In Fig. 1.7 an example of

reservoir node presented in the aforementioned work.

Beyond these implementations, recent studies have also highlighted the relevance of
network topology as an active component of computation. In particular, the work of
Scholaert et al.*® emphasizes how the physical morphology and interconnectivity of
PEDOT-based networks can influence the nonlinear dynamics of the system and en-
able in-memory processing. Although a detailed analysis of this approach lies beyond
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Figure 1.7: Photograph of a PEDOT:PF6 dendritic network used as a nonlinear node for reservoir
computing. The leads on the left are the input of the reservoir and the leads on the right the
output. Adapted from?.

the scope of the present section, it represents a promising direction for the development
of morphology-dependent computing architectures.
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1.5.3 Cells’ interfaces

As presented in the previous sections, the ability of OMIECs to operate in the same
environment as living systems has opened new possibilities in bioelectronics. In this
context, PEDOT stands out as a particularly suitable material. Its biocompatibility is
broadly recognized within the scientific community, even with different dopants®’. In
fact PEDOT has already been investigated as a coating for metallic electrodes to enhance
cell adhesion and improve the electrode-tissue interface®!:9%26:2 " Studies such as those by
Nick et al.?™3 have shown that PEDOT coatings reduce impedance and thermal noise
while increasing the charge injection limit, thus enabling higher signal fidelity during
neuronal recording and stimulation. These improvements are attributed to the enlarged
electrochemical surface area and the mixed ionic-electronic conductivity of PEDOT,
which facilitate more efficient coupling between the ionic currents of biological tissues and
the electronic signals of the device. Building upon these advantages, recent studies have
demonstrated the use of PEDOT-based OECTs as direct neural interfaces. As reported
by Wu et al.?*, ultrathin, flexible OECTs fabricated from PEDOT:PSS enabled high-
density, high signal-to-noise ratio (SNR) electrocorticography recordings on the cortical
surface of rats, confirming their in vivo stability and functional performance.

E 5

On the other hand also P3HT has been proved to be biocompatible®®°% and many studies
focused on the uses of P3HT in biomedical applications, in particular trying to emulate

57,3,58  Studies conducted by Vaquero et al.* explore the possibility of

the eye’s retina
extracellular optical stimulation of cells, without need of genetic modification of the cells,

exploiting the photogeneration mechanism presented in Sec.1.5.4.

These findings support the hypothesis that dendritic fibers may also serve as effective
cell-device interfaces. Although, as previously discussed, the biocompatibility of PEDOT
and P3HT as materials is well established, no studies to date have addressed how their
morphology—structured as dendritic fibers—affects their interaction with living cells.
The hypothesis is that the intrinsic porosity of OMIECs can resemble the extracellular
matrix and A portion of this thesis is therefore dedicated to developing an effective
platform for this investigation, with the long-term goal of enabling direct in-vitro signal
recording and stimulation. This approach may pave the way toward future applications
involving the implantation of dendrite-based devices.
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Bare Au

PEDOT:PSS

Figure 1.8: Example of bare and PEDOT-coated electrodes from the work of Jones at al.?.
Optical and electron microscopy. Optical micrographs (left) and SEM of FIB cross-sections of
bare (above) and PEDOT:PSS-coated (below) gold ultramicroelectrodes.

1.5.4 P3HT and photo-electrochemical cells (PEC)
P3HT properties

Poly(3-hexylthiophene) (P3HT) is a benchmark semiconducting polymer extensively em-
ployed in organic electronics due to its balanced charge transport, relatively low bandgap,
and solution processability. Its chemical structure features a conjugated thiophene back-
bone with hexyl side chains, which enhance solubility and promote semi-crystalline or-
dering, while still mantaining a high porosity (Fig. 1.9). As for PEDOT, charge trans-
port occurs through delocalized m-orbitals and the polymer morphology and crystallinity
strongly influences charge mobility via intra- and inter-chain hopping mechanisms. In
particular, regioregular P3HT (rr-P3HT) shows a high degree of order and -7 stacking,
meaning that different chains tend to align their m-orbitals in more ordered structures,
influencing the overall waveform of the delocalized electrons, thus its electronic and op-

59,60,61

tical properties depending on the degree of critallinity , enhancing hole mobility

up to 0.1 cm?/Vs.

The property of most interest of P3HT is its optical absorption in the visible range, with
a peak around 500-600 nm and an absorption edge close to 650 nm, aligning well with the
solar spectrum. This property makes PSHT an ideal active layer in bulk heterojunction
(BHJ) polymer solar cells (PSCs). One of the most studied blends for this application
is PBHT:PCBM, in which [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) serves as
the electron acceptor. Their combination leads to an efficient charge separation due to
the LUMO offset and enables a complex interpenetrating network at the nanoscale that

improves exciton dissociation and carrier collection 2.
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Figure 1.9: Characteristic morphology of bulk P3HT. (a) SEM image of electrodeposited P3HT,
adapted from?!, (b) different organization of polymer chains in the material, with crystal lamel-
lae, disodered chains and local ordered packing®?.

In this work we used instead P3HT:PFg, which, even if it shares similar conductive
and optical properties with those mentioned above, is not typically employed in solar
cells, and not so present in literature. On the other hand, it represents a biocompatible
material suitable for cellular interface and to be used in photo-electrochemical cells. It is
also important to note that PSHT:PFg electropolymerization is possible, as demonstrated

for instance in the studies of Ratcliff et al. Y.

Since it is a conductive polymer, the
considerations previously made for PEDOT:PFg can be regarded as valid here as well,
both in terms of doping behavior and its suitability for field-directed polymerization
(FDP).

An interesting feature about P3HT is the evident difference between its oxidized and
reduced form%. Indeed, the latter is red, poorly doped, optically sensible and less
conductive than the former, blue and highly doped, but indifferent to light. In this way
it is particularly easy to inspect its state along with the fabrication.

Unfortunately, as showed by Choi et al.% the release of PFy ions from the polymer is
relatively easier than other dopants, leading to poor doping levels and low conductivity.
However, the easier adoption of the same dopant for the PEDOT and P3HT backbones
provides a solid basis for further optimization of the polymer with different dopants in

future studies.

Photo-electrochemical cells

Beyond its application in solid-state photovoltaics, P3HT has emerged as a promising
photoactive material in photoelectrochemical (PEC) systems. In particular many stydies
demostrated the photocathodic properties of P3HT interfaced with acqueous solutions,
which allow an effective charge separation and extraction, reducing the species present

in the solution (mainly oxigen and hydrogen)%6:67:68,69,70,

When an exciton is generated in the bulk of the pure P3HT, charge separation can
still happen through the m-stacking present in regioregular domains®® "', and then the
asymmetric carrier mobility between holes and electrons in the polymer allows holes to
diffuse easily throughout the film, thus creating a space charge separation.

In the work of Chiaravalli et al.”', PEC configurations are studied by depositing P3HT
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films on transparent ITO electrodes, featuring a photovoltage under illumination. Here,
an important role is given to dissolved oxygen in the electrolyte, which further hamper
the mobility of electrons, trapping and extracting them in the solution, with generation
of "super-oxide" (O;. Upon light absorption, negative charges accumulate near the
electrolyte interface and are extracted via reduction reactions with dissolved oxygen,
leading to a measurable photovoltage. In Fig. 1.10 is shown a schematic representation
of the interaction described above.

Electrolyte

Figure 1.10: Faradic oxygen reaction at the P3HT /electrolyte interface. The oxigen in solution
forms a complex P3HTT:05 hampering oxigen mobility. The so generated O5 charge is then
screened by water molecules. Image adapded from .
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2.1 Device description

In order to perform field-directed polymerization, the device must feature two conductive
electrodes with negligible thickness. Gold (Au) is the most commonly used material for
this purpose. The choice of substrate depends on the application: in this case, since
the device had to be tested under illumination and the available Arkeo setup (Cicci
Research S.r.l.) only allowed bottom-side illumination, the substrate had to exhibit low
absorbance. For this reason, glass was selected.

The electrodes were patterned via negative lithography, with an additional chromium
(Cr) layer to enhance adhesion. The available mask featured devices with two electrodes
separated by a gap of 15 to 3um. Since this spacing was too narrow to assess cell
biocompatibility and fiber growth, we repurposed the square contact pads (Fig. 2.1,
completely removing the micrometer-size gaps.

Figure 2.1: Miroscope image of the gold electrodes at the end of lithographic process on polyimide
substrate.Measured distance between the electrodes.

Although the resulting electrode configuration was functional, it exhibited several non-
idealities, primarily due to geometric constraints. The two electrodes were 1.5 mm square
pads, resulting in a large exposed area in contact with the solution, which hindered
polymerization not localized at the edges.

Moreover, the electrodes were spaced 1 mm apart—significantly larger than typical dis-
tances reported in the literature. However, Koizumi et al.'® successfully obtained den-
dritic fibers at this distance. The main drawback of such a large spacing is the extended
time and high voltages required for polymerization. This necessitated the addition of
a chamber to contain the solution and minimize variability during the process. Addi-
tionally, the high voltages imposed the use of solvents with a compatible electrochemical
window, such as acetonitrile, thus limiting the choice of dopants to those not requiring
aqueous solutions. For this reason, the polymers were doped using tetrabutylammonium
hexafluorophosphate (TBAPFg), which dissolves well in acetonitrile.
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For the second step it was necessary to develop a protocol to prevent cross-contamination
between the two polymers during the two polymerization steps. In the case of PSHT
as well, TBAPFgs was used as the dopant. The presence of a chamber to contain the
solution proved essential for performing deposition cyclic voltammetry. To facilitate this
process, an Ag/AgCl reference electrode was added above the main contacts to serve as
a reference for the potentiostat. However this electrode could not be used as gate for a
OECT, considering the high variability between the devices.

Finally, the contact pads were enlarged to allow for proper connection to the fabrication
instruments. This was achieved by attaching a strip of copper tape and electrically
connecting it to the gold electrode using Ag/AgCl paste. A schematic representation of
the device is shown in Fig. 2.2.

Most of experimental phase of this work was conducted at the Sensing Technologies Lab
of the Free University of Bolzano. Cell viability experiments on the fabricated devices
were carried out in collaboration with the Eurac Research Center.

(c)

(d)

(@)

(b)

Figure 2.2: Schematic representation of the device. On the glss substrate: (a) gold electrodes, (b)
copper tape contacts connected to gold with Ag/AgCl paste, (¢) Ag/AgCl additional electrode
as reference, (d) plastic ring as chamber.
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2.2 Fabrication

Substrate preparation

Starting with common microscope glass slides, the substrates were pre-washed with glass
soap, followed by sonication in acetone for 5 minutes, isopropanol for 5 minutes, and
finally in deionized water for 5 minutes. The substrates were then dried using a nitrogen
gun and stored in the cleanroom until use.

Microfabrication

The patterning of the design was achieved using negative photolithography. A pre-bake
on a hotplate (Argo LAB M3-D) at 115°C for 5 minutes was performed first. Then,
the substrates were treated for 5 minutes in a vapor beaker containing a few drops of
hexamethyldisilazane (HMDS) to improve resist adhesion (Fig. 2.3a).

The resist used for this photolithography was MA-N 1420, a negative resist sensitive
to UV light. The substrates were fixed in the spin coater (SPS Polos) using a vacuum
pump. Then, 1ml of resist was drop-cast from the center to the edge. The spinning
routine was as follows: starting with an acceleration of 750 rpm/s up to 3000 rpm in 4
seconds, maintaining that speed for 30 seconds, followed by deceleration in 6 seconds,
for a total of 40 seconds. This recipe yielded an approximately 2 pm-thick photoresist.
Finally, a soft bake at 100°C for 2 minutes was used to remove the solvent from the
resist.

a)

Figure 2.3: Some instruments used for lithography. In (a) spincoater (left) and beaker for HMDS
pretreating (right). In (b) mask aligner setup from the outside of the cleanroom.

To define the pattern, the resist was exposed to UV light using a contact mask to
select the exposed areas. The mask contains the desired pattern on a highly absorbing
chromium layer, protecting the resist from exposure. In our case, the UV light induces
cross-linking in the exposed regions, strongly reducing their solubility in the developer.
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As a result, the negative of the mask is transferred to the resist, leaving holes and
exposing the glass substrate in correspondence of the pattern. This step was performed
using a mask aligner in cleanroom conditions (Fig. 2.3Db).

The exposure time was calculated by dividing the required dose by the light intensity
measured 30 minutes after the lamp was turned on, using a power meter. The required
dose for the current procedure was 550 mJ/cm?:

Exposure dose [mJ/cm?]
Light intensity [mW /cm?]

Exposure time [s] =

After exposure, the sample was immersed in approximately 200 ml of developer solution
(MA-D 533/S) for 2.5 minutes, gently agitating the solution to ensure fresh developer
contact. Then, the sample was rinsed in deionized water for 30 seconds and dried with
a compressed air flow.

With the negative pattern defined in the resist, metallic contacts were deposited using a
MBRAUN ProVap 5G thermal evaporator. First, 3nm of chromium (Cr) were deposited
as an adhesion layer, followed by 50 nm of gold (Au) for the electrodes.

After metal deposition, the lift-off process was performed to remove the resist and excess
metal. The samples were immersed in a beaker with acetone for 45-60 minutes. If
the previous steps were correctly executed, wrinkles appearead on the gold layer above
parts where resist is still present (Fig. 2.4). The unwanted metal was then removed with
sequential rinses in acetone, with the final step including 10 seconds of sonication. The
samples were then dried using compressed air.

Figure 2.4: Samples after the evaporation set in acetone for 45-60 min for the lift-off. Here, first
wrinkles appear on the samples after few minutes in solution.
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Device assembly

The glass slides were cut into individual devices using a diamond pen and then fixed
again onto a glass slide with a transverse copper-tape stripe, grouping them in sets
of five. This step was needed both to group the samples by growth condition and to
facilitate later handling and analysis.

To facilitate electrical connection, a copper tape strip was also applied between the
samples, and the connection to the gold contacts was enhanced using Ag/AgCl paste.
Then a square of Ag/AgCl paste was also applied on the transverse copper-tape stripe,
to act as a non-polarizable electrode (e.i. reference electrode).

Finally, to contain the solution over the electrodes, a 7.5 mm-diameter ring cage was
glued and sealed over the sample using polydimethylsiloxane PDMS (Silkgard, 10:1 of
silicon elastomer and crosslinking agent, stored in the fridge). To accelerate PDMS
curing, the samples were heated at 150°C on a hotplate. Electrical interconnections were
verified at each step with a multimeter. The choice of this method to stick the chamber
was non-trivial: indeed such a adhesive layer has to be higly biocompatible and must
resist to acetonitrile attack, avoiding leakages. Many other glues have been tested before
optimizing this process.

Figure 2.5: Step-by-step assemply of the devices. In (a) the samples after diamond-pen cutting
and taping on the supporting glass slide. In (b) Ag/AgCl paste is added on top as a supporting
reference during cyclic voltammetry. All the gates are connected to a common copper tape to
ease the connection in series. In (c) the rings are attached and sealed with PDMS.

Electro-polymerization

All electro-polymerization steps were conducted inside a glovebox (MBraun-ECO), main-
taining oxygen levels below 15 ppm. Although oxidation control is not strictly necessary
for PEDQOT, it is important for cyclic voltammetry of P3HT. The complete setup was
then placed inside the glovebox and monitored live via a microscope camera connected
to a PC, as shown in Fig. 2.6.
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Figure 2.6: Electropolymerization setup inside the glovebox. On the right, the function generator
ON and connected at CH1. In the middle the microscope mounting the camera. Under the
microscope the custom PVC sample holder and a sample connected to the function generator.
On the left, the computer used to acquire the videos and images.

The following solutions were then used for the electropolymerization:

e 50mM EDOT (Sigma-Altrich) as monomer and 1 mM TBAPF¢ (Sigma-Altrich)
as dopant in acetonitrile (for PEDOT)

e 50mM 3HT (Sigma-Altrich) as monomer and 1mM TBAPFg as dopant in ace-
tonitrile (for P3HT)

All the solutions were stored in glovebox and left stirring on the hotplate for 20 minutes
before use.

For AC-electropolymerization, the samples were placed on the custom sample holder
shown in Fig. 2.6, then the chamber was filled with 100 ul of solution using a micro-
pipette. The device contacts were the connected to a function generator (QW-INSTEK
MFG-2230M) applying a square wave signal with amplitude ranging from 12 to 16 V
peak-to-peak and fixed frequency 80 Hz. The formation of a conductive fiber was verified
by the live images on the microscope and with a multimeter, measuring the resistance
after disconnecting the function generator.

The fibers were then cleaned from residual solution, the chamber was rinsed by filling
and emptying it twice with pure acetonitrile, and then dried at 60°C on the hotplate.

For the hybrid devices, P3HT was polymerized using cyclic voltammetry performed with
a potentiostat (PalmSens4, USB/bluetooth battery powered potentiostat) in a three-
electrode configuration: the two gold pads were short-circuited with a copper tape stripe
and connected to the working electrode, the Ag/AgCl paste contact served as the refer-
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ence, and a Pt wire was placed in the solution as the counter electrode. The CV range
was between —1 V and +2 V, with a scan rate of 0.3 V/s. Approximately five cycles were
sufficient to fully coat the PEDOT fibers, depending on their specific properties.

Washing and conditioning for cell deposition

To remove any residual of the solution, particularly important before cell deposition,
the chamber was filled and emptied twice with acetonitrile, then immersed in fresh
acetonitrile for 12 hours. The same procedure was repeated with isopropanol, this time
with a 6-hour immersion. Finally, the fibers were stored in deionized water until cell
deposition.
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2.3 Characterization

2.3.1 Morphological characterization
Fiber images and fractal dimension

Almost all fiber images in this work were taken using the camera of a LeicaEZ 4E optical
microscope during and after the polymerization. The characterization of fiber growth
process was possible through fractal dimension analysis with the box counting method,
conducted using ImageJ. The images were split into color channels, then the blue channel
was binarized and processed using native tools within the software.

Surface analysis of the fibers was performed using the 3D surface profilometer Keyence
VK-H3J (VK-3000 series) and analyzed with the relative software, selecting the whole
surface of the fiber by color contrast with the glass substrate. The images were taken
with both optical and lased mode with the 10x objective. The sample for this analysis
was prepared from a pair of non-bridged fibers, electropolymerizing just one side, as

shown in Sec. 3.2.

2.3.2 Electrical characterization

All resistance values were measured in dry conditions using a portable multimeter. Out-
put characteristics and transfer characteristics of PEDOT fibers operating as OECTs
were obtained with a probe station. This instrument presents up to four micro-manipulators
(SMU) with gold needle probes connected to a Keysight B1500A semiconductor device
parameter analyzer.

Figure 2.7: Sample under measurement at the probe station. Two gold needles connect to the
electrodes as source and drain. An additional Ag/AgCl electrode is placed in the solution as
gate contact.
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To prevent short circuits from the copper tape with the base of the protestation a towel
was placed below the sample. The position of the probes was monitored using a micro-
scope mounted on the setup. The chamber was filled with 0.1 M PBS solution. Following
the discussion made in Sec. 1.5.1, a top Ag/AgCl electrode (WPI) substituted one gold
needle and was placed in the solution as the gate contact to ensure the highest gate
capacitance, whereas the source and drain contacts were connected with gold needles, as
in Fig. 2.7.

2.3.3 Optical characterization

Absorption measurements

An initial attempt was made to directly measure the absorption of PEDOT /P3HT fibers;
however, this did not yield satisfactory results, as the fiber coverage over the substrate
was minimal compared to the available aperture size. The absorption profile was there-
fore obtained a similar combination of the materials in a film. The analyzed sample
was fabricated through cyclic voltammetry electropolymerization on a glass substrate
coated with 100 nm of indium thin oxide (ITO) on glass. A plastic ring was placed on
the ITO and filled with the monomer solution, after which a platinum counter electrode
and an Ag/AgCl reference electrode were inserted from above. The ITO substrate was
connected as the working electrode, improving the contact with a drop of Ag/AgCl paste.

Five cycles were performed using the PEDOT:PFg solution, after which the sample was
rinsed with acetonitrile and left to dry. Subsequently, five additional cycles were run
with the precursor solution for P3HT:PFg. Both the cyclic voltammetry were executed
using a voltage sweep between —1V and +2V at a scan rate of 0.3V /s.

The absorption spectrum was acquired using UV-Vis spectroscopy with an Agilent
89089A spectrophotometer. A 6 mm diameter iris was placed over the sample to isolate
the region of interest. As a blank, a glass/ITO substrate with the same iris configuration
was used. The measurement was conducted over a wavelength range between 300 nm
and 750 nm.

Photo-activity measurements

Before any photo-activity measurements, the fibers were left immersed overnight in phos-
phate buffered saline (PBS) to ensure electrochemical equilibrium was reached at the
time of the measurement and minimize signal drift. All the optical measurements were
peformed with Arkeo by Cicci Research. This instrument integrates two probes that al-
low to measure open-circuit voltage, short circuit voltage or to fix a voltage or a current
between the probes. On the same time it is possible to control a 12-LED setup below the
sample. The minimum response time of the LED is 500 ms, so the highest achievable
frequency is 2 Hz. The power intensity is displayed on a scale from 0 to 255, and a
minimum threshold is required to activate the LED depending on its specific type. Since
no information about the irradiance is provided, all results in this work are expressed as

a percentage of the maximum emitted power.
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Figure 2.8: Setup of the electrodes used to measure the vertical and horizontal voltages. The red
crimp holds the platinum wire in solution and is connected to the positive pole of the machine.
The other probes are always on the sample but for vertical measurements a copper tape is placed
below them to short the contacts and the positive pole one is disconnected.

Both the wavelength dependence and the power intensity dependence of the photovoltage
were investigated. For the former, the LED power was set at 30% of the maximum
intensity, using different LED colors. For the latter, the cold-white LED was employed,
with power levels ranging from 12% to 100% in steps of 12%.

Throughout this study, two types of measurements were considered: "horizontal" mea-
surements, performed between the two gold contacts using the native probes of the Arkeo
system, and "vertical" measurements, carried out by inserting a platinum wire electrode
from the top into the solution and shorting the two gold contacts using copper tape,
then connected with the probe to the negative pole of the machine.

2.3.4 Cell viability assesment

Human neuroblastoma cells (SH-SY5Y, ATCC CRL-2266 — Cell Bank — IRCCS AOU
San Martino IST) were cloned from a bone marrow biopsy derived line called SK-N-
S, taken from a four-year old female with neuroblastoma. This cell line is often used
as in vitro model of neuronal function and differentiation. This line was cultured in
DMEM-F12 (Thermo fisher Scientific #11320033) medium supplemented with 10% FBS
(Sigma-Aldrich) and 1% penicillin-streptomycin (Biowest #10022-100). When the cell
culture becomes confluent (around 80/90%) it is moved with a lower confluence in a
different petri dish. The culture is washed with Dulbecco’s phosphate buffered saline
(PBS Biowest #L0615-500), then incubated at 37° and CO2 5% for 5 minutes with 0,05%
trypsin in EDTA (Gibco #25300-054). After the incubation, the action of the trypsin is
stopped by using a pre-warmed medium and the cell culture is replated at the preferred
confluence. The biocompatibility of the fibers was assessed by analyzing the morphology
of the cells adhered to their surface. In fact, the loss of cellular viability is typically
associated with a change in morphology, as dead or dying cells tend to lose their typical
elongated or spread shape, becoming rounded or spherical.
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3.1 PEDOT:PFg and P3HT:PFg fibers

Field directed polymerization of PEDOT:PFg

The goal of our fiber fabrication using field-directed polymerization (FDP) was to ob-
tain a sufficiently conductive interconnection between the electrodes while preserving
characteristic morphological features such as strong branching and directionality aligned
with the applied electric field. These traits are also relevant to our aim of testing the
interaction between dendritic fiber morphologies and in-vitro cell cultures.

Despite several limitations, the advantage of working with a large electrode gap allowed
to directly observe a slower growth, an essential factor in identifying optimal polymer-
ization parameters. In Fig. 3.1 below are shown selected frames from real-time growth,
enabling analysis of the evolution described above.

1

a) b)

Figure 3.1: Selected frames of PEDOT-fibers growing

In Fig. 3.1a, we observe that polymerization starts from the electrode corners, where
the electric field is stronger and ion dynamics is therefore faster. Once an initial tip
forms, the fiber begins to branch. This is made possible by the use of moderately
high frequency (80 Hz) and a relatively low starting voltage (12 V peak-to-peak), which
allows the electric field to be sufficiently strong at multiple sites across the electrode, but
enough to restrain the polymerization to a single point. In such conditions, more than
one “discrete” location can exceed the polymerization threshold simultaneously, resulting
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in spatially distributed initiation points. In some terms, this can correspond to field lines
diverging from a common origin, spreading into multiple directions.

Starting at lower voltages also provides protection against contact damage. Once a tip is
formed, it becomes favored by the electric field over the gold electrode itself. Gradually
increasing the voltage has proven effective in preventing contact erosion, while also being
necessary to sustain practical growth times. Once a stable branching base is established
(Fig. 3.1b), a progressive voltage increase enables faster growth without significantly
altering the initial topology, producing fibers that expand from their nucleation center
(Fig. 3.1c). Over time, new fibers become relevant on the side of the electrode, especially
as the applied voltage increases and the field becomes sufficiently strong in those areas
(Fig. 3.1d).

The reaction proceeds until two fibers meet and form a connection (Fig. 3.1f). Being
PEDOT:PFg considered a sufficiently conductive material, we should expect the growth

6,19 polymeriza-

to stop abruptly upon contact. However, as reported in previous studies
tion continues beyond the initial bridging phase, reinforcing the connection until reach-
ing saturation. Moreover, given the relatively large distances involved, the resistivity
of PEDOT:PFg is not low enough to suppress the voltage drop across the electrodes
entirely. Polymerization speed slows down and stops at the point of contact, continuing
elsewhere (Fig. 3.1g). This process persists until the resistance between the electrodes
drops to a level where polymerization becomes extremely slow or ceases entirely, forming
a low-resistance connection (Fig. 3.1i).

An empirical method to establish if the connection is conductive enough relies on the
observation of traces of contact damage caused by the passage of excessive current,
which produces a result similar to the one presented in 2, also accompanied by bubble
formation. This is likely due to local heating resulting from Joule effect.

Although this type of branched growth was frequently observed, alternative dynamics
also occurred under identical experimental conditions. In some instances, no branching
was present, and the polymerization proceeded uniformly along a kind of a wavefront
(Fig. 8.2). This behavior appeared to be random and uncontrollable. Although it can
produce large fibers and reduced resistance, the loss of branching makes the result more
akin to a film—far from the intended goal of this study. Notably, this behavior could
sometimes be suppressed by increasing the frequency or lowering the applied voltage,
though not always effectively.

A possible explanation relates to the balance between electric field strength and diffusion:
field driven aggregation should lead to high, field-directed branching, whereas diffusion
effects happen almost isotopically. The concurrence of these two phenomena gives rise
to this semicircular blooming rather than localized branching.

Another useful observation made possible by this setup is the visible color change when
a signal is applied to a disconnected fiber. It is well known from literature the variation
of color of PEDOT-based materials depending on its oxidation”?. Initially, fibers appear
dark blue, but upon applying the signal,the color lightens. This is consistent with previ-
ous observations on PEDOT: in its highly doped and oxidized state, the material takes
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Figure 3.2: Examples of results of AC-electro-polymerization with PEDOT:PFg. In (a) and (
b)fibers from more regular field directed polymerization, whereas in (¢) and (d) strong "bloom-
ing" effect present. Scalebar is 500um.

on a pale blue color 7. The reason why the fibers do not undergo full dedoping during
the negative half-cycle is that the ions—trapped within the polymer matrix as a result
of their involvement in the polymerization—cannot respond rapidly enough to the 80
Hz signal and thus accumulate within the fiber, temporarily increasing its conductivity.
When the signal is turned off, some of the dopant is released and the doping level drops,
partially reducing the fiber’s conductivity.

This same observation also revealed that polymerization does not proceed uniformly
along a given fiber. Instead, growth speed may shift between different fibers over time,
depending on the distribution of the electric field. This is evident from subtle color
variations across the fiber network. Occasionally, a fiber was seen to disconnect from the
electrode entirely, turning a deep blue—indicative of a highly reduced state. Such fibers
were found to be non-conductive and did not support further polymerization (Fig. 3.5.
However, when the connection was re-established, possibly by chance, the fiber regained
conductivity and growth was resumed.

These results demonstrate the possibility of reactivating a disconnected fiber simply by
re-immersing it in solution and restoring doping conditions with an applied signal, namely
forcing an electrochemical doping, enabling reinforcement or even "healing" properties.
Anyway, after polymerization the fiber undergoes structural and chemical small changes,
potentially altering the dopant concentration or reorganizing the polymer matrix. This
mainly results in modifications of the electrical properties that are difficult to control or
inspect, especially in such a large polymer volume. This issue proved to be particularly
challenging in achieving reproducibly conductive fibers, as will be discussed in Sec 3.4.



3.1. PEDOT:PF¢ and P3HT:PFg fibers 43

Figure 3.3: Example of PEDOT:PF4 change in doping during polymerization. In picture (a)
a fiber gets disconnected from the contact and the ions are removed, making it dark blue and
stopping polymerization. In picture (b) the fibers gets connected again as the polymerization
goes on in the solution, and its oxidation and conductivity is restored. Scale bar: 500pm.

Field-directed polymerization of P3HT:PFg

Building on the experiments performed with PEDOT:PFg and starting from the as-
sumption that FDP can be applied to different monomer-dopant pairs, we attempted
to synthesize fibers of PSHT:PFg. Using the same dopant allows us to retain all con-
siderations related to its transport dynamics in solution as a function of the applied
signal, as well as previously discussed observations regarding contact erosion. However,
the differences in the way the monomer diffuses toward the polymerization site during
growth, and how it subsequently organizes, becomes critical in determining the resulting
fiber morphology. Polymerization using the same parameters as those for PEDOT:PFg
yielded promising results. Figure 3.4 shows frame-by-frame growth of a P3HT:PFg fiber
at 80,Hz and fixed 7,V.

Compared to PEDOT:PFg, before any fiber branches out, multiple polymerization sites
appear across the electrode surface (Fig. 3.4a); one of them eventually gives rise to a
growing fiber (Fig. 3.4c). At this stage the polymer is very dark blue, nearly black,
indicating an oxidized and thus doped and thus conductive state, which explains the
progression of polymerization.

P3HT:PFg fibers appear more compact, with less branching and more localized growth.
Branching occurs through clean, well-defined bifurcations (Fig. 3.4d). Unlike PEDOT:PF,
growth does not necessarily begin at the electrode corners, but rather from a previously
polymerized site. This observation may align with studies on P3HT film formation via
cyclic voltammetry3!, which highlight the importance of uniform initial nucleation for
homogeneous coverage. In our case, nucleation appears random, and the large electrode

area introduces considerable variability across samples.

The resulting fibers tend to be thick, and polymerization occurs faster than with PEDOT:PFg.
Additionally, polymerization remains highly localized at regions where polymer already
exists, with a lower number of new branched out fibers. Once one site of the electrode
dominates, FDP proceeds from that point and almost ceases elsewhere. These fibers are
also more flexible, plastic, and three-dimensional, moving freely in solution—driven by
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Figure 3.4: Selected frames form FDP of P3HT. From (a) to (c), initial nucleation and branching.
From (d) to (f) fiber growth and bridging. From (g) to (i) strengthening of the connection and
polymerization of the gold contact. Scale bar: 500pm.

the field both in terms of polymerization and mechanical movement, as if being pulled
by the field itself. In some cases the fibers start vibrating under the effect of the salt
drift. When two fibers bridge two electrodes, polymerization expands over the elec-
trode surface (Fig. 3.4f). As observed with PEDOT:PFg, the process continues beyond
bridging, eventually reaching saturation. At this point, turning off the signal results
in an unexpected phenomenon: the fiber begins to contract and changes color, becom-
ing increasingly red—indicative of a reduced state. Fibers stretched between electrodes
become weak and sometimes even break, as shown in Figure 3.5, losing the original
topology. It is important to specify that this occurs when the fiber is still in the solution
and within 30 seconds after the interruption of the signal.

If the signal is re-applied, the fiber swells again and regains the bluish color of its oxi-
dized, conductive state. Applying a low-frequency signal revealed clear mechanical con-
traction and expansion of the fiber. Two hypotheses may explain this behavior. First,
considering that conductivity in P3HT is mediated by polarons—as described in the
introduction—the formation of a polaron is accompanied by a distortion of the polymer
chain. As observed in electrochemical doping studies®®, PFg does not induce a strong,
irreversible doping, as it is relatively easy to remove from an energetic standpoint. There-
fore, while the ion dynamics at 80,Hz may not be fast enough to dedope the fiber during
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Figure 3.5: Examples of P3HT fibers after signal interruption and in dry conditions. The first
sample (a) is the one displayed in 3.4. In (b) highly stretched fibers, also from polymerization
sites different than the corners. Scale bar is 500pm.

the negative half-cycle, when the signal is turned off, more dopant diffuses out over time,
leading to the observed contraction.

Since our goal is to use P3HT fibers for photostimulation, having the material in a
reduced state is essential for generating a photovoltage. However, very low doping levels
also reduce charge transport capacity, making the fibers functionally unsuitable.

The change in the dominant polymerization site—previously observed in PEDOT—was
also seen in P3HT. The difference is that PEDOT fibers remain mechanically stable,
whereas P3HT fibers contract and, if not connected at both ends, tend to collapse en-
tirely, as seen in Figure 3.6, where the first fiber "switches-off" and a second one starts
branching out. Although intense potentials at low frequency can re-oxidize and recover
the fiber, this practice is discouraged due to the risk of damaging the gold contacts.
Moreover this phenomenon is completely randomic and causes low yield of intercon-
nected contacts

A second explanation for this contraction lies in the known tendency of P3HT to form
regio-regular domains that reassemble after polymerization®, likely causing shrink-
age. High regioregularity is critical for both electronic transport® ™ and photostimula-
tion 17 since charge separation occurs within the w—stacking. Fibers stretched across
electrodes may also prevent the polymer from settling into its optimal conformation,

further hindering photostimulation performance.

In conclusion, P3HT fibers showed low mechanical stability, poor retention of the shape
acquired during polymerization, and insufficient conductivity. It is important to note
that these results were obtained over large electrode gaps, where contact erosion limited
the ability to experiment with increased dopant concentration.
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Figure 3.6: Example of suppression of branched out fiber in PSHT Ac-electropolymerization. In
(a) and (b), fiber initially branches out from the middle of the electrode. In (c), for unknown
reasons it gets disconnected, losing all the dopant, losing its structure. Another fiber branches
out and starts growing from a nearby site (d).

3.2 Hybrid PEDOT:PFs/P3HT:PF; fibers

Given the poor performance of P3HT:PFg fibers in this long-distance configuration, we
explored the possibility of functionalizing the reliable platform provided by PEDOT:PFg
fibers—whose polymerization was well-established—as a hole transport layer by deposit-
ing a film of P3HT via electropolymerization through cyclic voltammetry.

Figure 3.7 shows the PEDOT fiber during CV cycles. In this example, the electrodes
are not bridged by the fibers and only one is connected to the working electrode, while
the other acts as a reference.

When the signal reaches the peak oxidative potential of PEDOT, the fiber becomes
oxidized (Fig. 3.7a), turning light blue. After this point, the monomer 3HT also oxidizes,
initiating polymerization, coating the fibers with darker blue oxidized P3HT. During the
reverse scan, the polymer is reduced, visible by the P3HT turning red (Fig. 3.7b). From
Fig. 3.7c to Fig. 3.7h it is possible to observe the evolution of the film thickness with the
scan. An indicative estimation of the coating can be made thanks to the electrochromic
properties of P3HT, that allows to observe directly the degree of polymerization on the
fiber during the oxidative phase. With our polymerization parameters, multiple cycles
were needed to reach the final coverage shown in Fig. 3.7h.
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Figure 3.7: Evolution of the fiber along polymerization with cyclic voltammetry. In this sample
only the right side electrode has been connected and the left side serves as a reference to PEDOT.
The images (a), (¢), (d) and (g) correspond to the oxidated state, whereas (b),(d),(f) and (h)
correspond to the reduced state. From top to bottom, increase of the PSHT thickness can be

observed by the increasing contrast color. (h) also corresponds to the final result at the end of
the process.
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One major advantages of using a potentiostat for electropolymerization is the ability
to monitor the current during the process, producing voltammograms. Although the
configuration used here is not ideal for quantitative CV analysis, qualitative observations
are still meaningful.

Figure 3.8 shows an example voltammogram of a PEDOT/P3HT coating over the first
cycle. In the oxidative scan, an initial oxidative peak appears, likely corresponding to the
oxidation of PEDOT:PFg. Following that, a sharp increase in current is seen—typically
associated with irreversible chemical reactions at the working electrode. In our case, this
corresponds to the onset of monomer oxidation and polymerization. In the reverse scan,
as expected from this kind of transformation, the characteristic PEDOT peak is almost
absent, having been covered by a thin P3HT layer. Nonetheless, a residual signal is
detectable. The distance between those redox peaks is approximately 80 mV, indicative
of a quasi-irreversible reaction, probably related to doping and dedoping of PEDOT:PFg.

a) b)
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Figure 3.8: First cycle of PEDOT/P3HT coating (b) and detail over the residual oxidative and
reductive peaks (a) of PEDOT:PFg. Vertical lines corresponding to the position of the peaks.
The measured separatio between the peaks is 80mV that should correspond to a reversible redox
reaction, related to PEDOT:PFg doping.

As the film grows in the following scans, currents increase with each layer of added P3HT
(Fig. 3.9). Additional peaks emerge in both the oxidative and reductive sweeps, while
those related to PEDOT vanish. The oxidative peak splits into two overlapping peaks,
a phenomenon also observed in prior studies on P3HT doping%’, attributed to the coex-
istence of crystalline and amorphous regions in the polymer.

Since exciton separation in P3HT occurs primarily in the crystalline regions, where
m-stacking is prominent—as discussed in Sec. 1.5.4, observing such features during fab-
rication is important for photostimulation applications.

Since this CV process involves polymerization at the working electrode, further consid-
erations regarding peak positions are limited: peak shape and amplitude vary with the
amount of polymer present, a condition not recommended in any CV measurement.
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Figure 3.9: Overlay of the voltammograms corresponding to the sample in Fig. 3.7. With respect
to the first scan (purple curve) the following scans increase in current and present characteristic
redox peaks. The peaks in the reduction scan present a shift due to the polymerization at the
electrode surface. In the last scan (magenta curve), the oxidation peak evidences two convoluted
peaks related to the crystalline and amorphous energy levels.

The cyclic voltammetry protocol showed a good repeatability among most of the samples,
especially when the two contacts were short-circuited. Some examples of the obtained
devices are reported in figure 3.10.

) | b)

—

Figure 3.10: Some examples of P3HT coated PEDOT fibers. In figure (a) a sample obtained
without shorting the contacts presents some lowly covered surface. Samples in figures (b), (c¢)
and (d) are obtained shorting the contacts, leading to a more uniform coverage.
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3.3 Morphological characterization

Fractal analysis

Studying the morphology of fibers obtained through AC electropolymerization, it is
important to consider the two competing mechanisms that drive growth: the drift of
salt ions induced by the applied electric field, and diffusion phenomena resulting from
concentration gradients formed during the reaction. In particular, the other competing
mechanism to FDP is indeed Diffusion-Limited Aggregation (DLA), as already reported
by Koizumi et al.'”. Both mechanisms operate simultaneously, though their relative

influence depends on the specific experimental conditions.

To assess the extent to which PEDOT fibers are influenced by drift versus diffusion,
the fractal dimension was calculated using the box-counting method ®. For DLA-type
growth, this dimension typically approaches 1.71. Figure 3.11 shows the distribution of
fractal dimension values calculated for PEDOT and P3HT fibers.
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Figure 3.11: Distribution of the results of the fractal analysis of the fibers grown through AC-
electropolymerization with corresponding standard error and mean value. In blue the the values
for PEDOT:PF4 and in red the values for P3HT:PFg.

The average Fp value obtained for PEDOT was 1.73, which is consistent with a DLA
behavior. This was an unexpected result, but we must consider that many samples
exhibited a Fp lower than 1.71. We must consider that since the analysis was conducted
on the full image of a fiber grown along the electrode edge, there may be different kinds
of fibers branching out.

Indeed, some fibers or fiber segments exhibited particularly low fractal dimension values,
while others showed significantly higher values. The latter correspond to the “blooming”
fibers discussed in the previous in Sec. 3.1, confirming that these result from diffusion-
dominated mechanisms rather than field-driven growth.

This behavior, more clearly observed over longer distances, can be interpreted as follows:
when the field is low and the frequency is high, diffusion does not limit polymerization,
which occurs mainly at points reached by the speed of ionic drift. The growth is thus
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more localized. When the field increases excessively, polymerization consumes monomers
more rapidly and their diffusion limits the polymerization, while the typical field limited
aggregation features disappear. This gives rise to “waves” driven by precursor diffusion
near the active polymerization site.

In contrast, PSHT:PFg fibers exhibit a lower fractal dimension, with an average of 1.49.
This outcome aligns with prior observations: PSHT:PFg fibers, grown under the condi-
tions described, show less branching and appear more thread-like and rectilinear. It can
therefore be concluded that the polymerization of P3HT:PF¢ is primarily field-driven,
with diffusion playing a less significant role.

Nevertheless, PS3HT:PFg¢ fibers also display greater variance in their fractal dimension
compared to PEDOT. These fibers grow faster, and in some cases, exhibit virtually no
branching, resulting in very low Fp values. This confirms the earlier observation that
P3HT:PFg fibers are more tightly linked to electric field effects.

Confocal microscope and 3D profile

In Figure 3.12 the images from confocal microscope and related, height profiles are shown.
The morphology of both PEDOT and PEDOT/P3HT fibers appears highly irregular,
making punctual step height study unfeasible. By combining optical and laser images
from the confocal microscope, it was possible to extract 3D surface profiles of selected
samples (see figures), which were then analyzed in terms of roughness and material height
distribution.

The results of the analysis are displayed in 3.1. The first parameter to note is the
arithmetic mean height (Sa), which appears very low for both samples within the ana-
lyzed area, especially when compared to their respective maximum peak height. This
suggests the presence of large voids between morphological features, which reduces the
mean value. It should also be considered that these measurements were taken after com-
plete drying of the samples, and PEDOT is known to shrink up to 60% of its volume in
dry conditions compared to the original volume after polymerization in liquid.

Focusing again on Sa, the difference between the two samples is 600pm, which can be
interpreted as the average coating thickness. However, if the maximum peak height (Sp)
is taken into account, the observed peak difference of approximately 2 pm may serve as
an estimate of the maximum coating thickness. Since polymerization is more likely to
occur at edges, tips, or peaks, this value provides a more representative upper limit to
the film thickness.

Another relevant observation—especially considering the operation in electrolyte—is the
sharp increase of the developed interfacial area (Sdr) after the P3HT coating. This
indicates that the coating does not flatten the fiber profile, but instead increases its active
surface area, maintaining the roughness. This result is particularly important for this
study, since the fibers are in contact with the electrolyte and involved in electrochemical
reactions, where interfacial surface plays a crucial role in mechanisms such as doping and
extraction of photo-generated electrons, as discussed in Sec. 1.5.4.
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Figure 3.12: Results from the 3D profilometer and confocal microscope. In (a) and (b) respec-
tively the image from confocal microscope and the 3D profile extracted for PEDOT fibers. In
(c) and (d) images from confocal microscope and the 3D-profile extracted for PEDOT/P3HT
fibers.

Finally, the PEDOT sample shows a high and positive skewness (Sg), meaning that
the height distribution of the surface profile is asymmetrical with a longer tail on the
right, i.e., dominated by protrusions rather than depressions. The kurtosis (Sky) is also
significantly above 3, indicating a leptokurtic distribution characterized by a high con-
centration of values around the mean and the presence of isolated sharp features. In
contrast, the PEDOT/P3HT sample presents more moderate values of both parame-
ters—still suggesting a peak-dominated morphology, though less extreme and with more
uniformly distributed features. The arithmetic mean peak curvature (Spc), which de-
scribes the sharpness of the highest surface asperities, is also remarkably high, exceeding
9000, indicating steep and narrow peaks. It can therefore be assumed that the P3HT
coating induces a general smoothing between the peaks, while still increasing the overall
surface roughness.
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Material Se (nm) S, (pm)  Spe (1/mm) Sar Sk Sku
PEDOT 0.231 2.291 5144.028 0.3188 2.433 10.180
PEDOT/P3HT 0.804 4.485 9205.069 0.5599 0.819 2.973

Table 3.1: Data extracted from the analysis obtained with confocal microscope on the area
selected as described in Sec. 2.3.1. Roughness parameters from confocal surface analysis. S,
= Arithmetical mean height; S, = Maximum height; S, = Arithmetic mean peak curvature;
Sar = Developed interfacial area ratio; S, = Root mean square height; S, = Skewness; Sk, =
Kurtosis.

3.4 Electrical characterization

Resistance measurements

As previously discussed, the growth of PEDOT fibers is inherently random. For this
reason, resistance analysis was conducted using a statistical approach. Measurements
were taken on PEDOT and PEDOT /P3HT samples, both before and after the P3HT
coating.

P3HT-only fibers are not included in this section, as their resistance values were compa-
rable to an open circuit and therefore not relevant for the scope of this study. Nonethe-
less, considering the presence in literature of studies that demonstrate high conductivity
achieved with P3HT through different strategies””"®™ much more can be investigated
in this direction.
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Figure 3.13: Distribution of the resistances over the all PEDOT:PFg samples below M (a) and
of a selection of samples before (blue) and after P3HT coating (red), with related mean value
(square) and standard error.

The resistance measurements for PEDOT samples in Fig. 3.13a show the distribution
of resistances measured on the PEDOT fibers that has reached saturation during the
polymerization. Indeed, as explained in Sec. 1.4, fibers grow until the resistance drops

sufficiently down to hamper polymerization. This should result in resistance values
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within a consistent range, with variation attributed to fiber morphology. Fibers exhibit-
ing excessively high resistance are likely those that did not reach saturation and can be

safely excluded from this analysis.

The average resistance across the full PEDOT dataset was found to be 55 k{2,a moder-
ately low value, though not sufficient to ensure enough conduction. Nonetheless, most
of the samples are concentrated between 10k{2 and 20k(2, a range of values that can
enable the testing of the device as a transistor. Despite the presence of better-performing
devices, the high variance leads to a low yield of functional samples.

Two additional factors must be considered when interpreting resistance measurements.
The first is the doping level of the polymer. Immediately after polymerization, fibers
exhibit high doping, resulting in lower resistance values. While some fibers remain stable,
others show significant reduction of the doping level over time, that can be roughly
estimated by their change in color. The second factor is material degradation, which is
particularly difficult to assess in large and topologically diverse samples using resistance
alone.

The results of investigation to assess whether the application of a P3HT coating alters
the resistance are represented in Fig. 3.13b. Measurements taken before and after coating
showed an increase of nearly two orders of magnitude, with average resistance rising from
500k to 3.42 M). In general, an increase of 1-2 orders of magnitude was consistently
observed across nearly all analyzed samples.

Two hypotheses are proposed. Given the intrinsic porosity of PEDOT, it is possible that
the 3HT monomer solution infiltrates the polymer matrix, initiating polymerization in-
ternally. This would result in the formation of a heterojunction, potentially impacting
the measured resistance. Alternatively, it is possible that during cyclic voltammetry used
for PSHT polymerization, PEDOT may undergo reduction, losing dopant content, be-
coming less conductive, representing a drawback for optimal OECT operation. However,

further investigations could be undertaken to enhance this property.

OECT operation

To operate as OECTs, the samples must exhibit low resistance, on the order of a few k{2,
since the ON-state current is highly dependent on the fiber characteristics when the gate
potential is zero. In our case, the lowest measured resistances were in the 10-20 k{2 range,
and even small variations in resistance and fiber topology led to drastically different
outcomes.

The sample selected for OECT testing is the one already shown in Fig. 3.2, that was
characterized by high diffusive fibers. The measured resistance is 13.3 k).

As discussed in Section 1.5.1, due to potential drops at the electrolyte interfaces, the
effective zero of the gate voltage is shifted toward negative values, for this reason both
polarities of gate voltages must be investigated. Figure 3.14 shows the output char-
acteristics measured with gate voltages ranging from —400mV to +600 mV, and drain
voltages from 0 to —800mV. For low Vpg values, the device behaves linearly, as conduc-
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tion occurs through the entire bulk of the fiber in a resistive manner. For higher drain
voltages, saturation is not clearly visible in all curves. In fact, for negative gate voltages,
saturation likely occurs at higher drain values. When the gate voltage increases, channel
conduction is already sufficiently limited to induce saturation within the tested range.
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Figure 3.14: Results of measurement of the sample in Fig. 3.2d. operating as OECT. (a) output
characteristics at different gate voltages from -0.4 to 0.6 and (b) transfer characteristics with
drain current (purple) and gate current (organge).

Gate voltage modulation of the channel current can also be observed. For Vg < 0V,
current levels differ significantly between curves, whereas for positive gate voltages, rel-
ative variations become much smaller. A threshold voltage around Vg = 400 mV can
be assumed, beyond which no appreciable changes are observed.

The transfer characteristic in Fig. 3.14b was obtained with Vpg = —400mV, using a
gate voltage sweep from —650mV to +800mV. Although this drain voltage is near the
limit of the transistor’s linear region, it was chosen to allow for the observation of more
significant currents. At Vpg = —0.6V, the device is in the ON state, and the current
reaches a maximum of Ipy = 66.7 uA, corresponding to the fiber’s resistive response.
Below this voltage, the current does not vary significantly.

As the gate voltage increases, ions are driven into the channel and the device begins to
turn off, reaching a plateau at approximately Vgg = 0.5V, with a corresponding OFF-
state current of Ippp = 2.1 pA. These values result in an Ioy/Iopp ratio of 30. While
not exceptional for this type of device, they must be considered in light of the fiber’s
geometrical characteristics. The calculated threshold voltage (Vi) is 0.23 V.

As already mentioned, the fiber forming the channel is still too long, and thus has
high resistance. Furthermore, the polymerization conditions strongly affect the resulting
fiber, producing topologies different from previously studied devices. As highlighted
by Janzakova’, thinner and smaller fibers tend to be easier to switch off, as ions can
penetrate and dedope the polymer more easily. In contrast, the fiber shown in Figure 3.2
is relatively thick, so limited switching performance is expected. Fibers grown under
conditions where diffusion plays a more prominent role, as in this case, as confirmed by
the fractal analysis in Sec. 3.3, are clearly disadvantaged in terms of switching behavior.
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This reveals a trade-off between reducing resistance by increasing fiber width and achiev-
ing better switching with thinner fibers, which allow for lower plateau currents. Even if
a higher doping level were obtained, with this fiber geometry it would not translate into
significantly improved switching performance.

Another key parameter for OECTs is transconductance. PEDOT-based devices are
widely recognized for their high g,, values compared to other electrolyte-operated tran-

36 In our device, the

sistors, with reported values often in the mS range or higher
maximum transconductance measured was g,, = 138 uS, an order of magnitude less
than other high performance devices, which considering the limitations of the device

geometry, not optimized for high performance, represents a fair result.

Moreover, it is important to specify that the target of this work is not to obtain a high
performance device, but rather to demonstrate that even with such non-idealities the
conductivity of the fiber can be modulated

It is also important to note that the transconductance peak occurs at Vgg = —0.45V, a
value close to the ON-state. This detail may be relevant for applications such as reservoir
computing, where large responses to small stimuli are required. A transconductance
peak shifted away from equilibrium (Vg = 0) is a limiting factor, reducing the system’s
sensitivity to complex signals. This is particularly relevant in scenarios such as those
described by Cucchi et al.®, where distorted sinusoidal signals centered around zero are
used. However, the study from Weissbach et al.®? showed that it is possible to shift the
position of the transfer characteristics in a more extended electronic circuit. In this way,
the position of the transconductance can be tuned as needed.

The cause of this shift remains unclear and may be attributed either to measurements
performed near the edge of the transistor’s linear region, or to intrinsic properties of
the fiber itself, which—as previously discussed—does not have an optimal structure for
effective dedoping under gate bias.

In conclusion, this study demonstrated that fiber-based channels can still achieve current
modulation, even under non-ideal conditions. To improve performance, future efforts
should focus on producing thinner and less resistive fibers. The strong dependence of
device behavior on fiber resistivity, as confirmed in this study, is of interest for neuromor-
phic applications, since the fiber resistance can be finely tuned during polymerization.
This enables the modulation of conductance in a way that mimics synaptic weighting in
biological systems.
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3.5 Optical measurements on PEDOT /P3HT fibers

UV-VIS absorption

The absorption measurement of the sample prepared as described in Sec. 2.3.3 resulted
in the absorption profile shown in Fig. 3.15. Compared to the spectrum of pure P3HT,
a blue-shift of the main absorption peak is observed, from 535 nm to 480 nm. Consid-
ering that also the electrodeposited P3HT absorption peak shows a shift with respect
to literature to 490 nm, the chance in absorption spectrum can to be attributed to the
deposition technique. Indeed, this shift may originate from the different organization
of the polymer film during polymerization and on the PEDOT surface, considering its
high porosity and the hypothesis that PSHT polymerization occurs also within the poly-
meric matrix. Several studies have demonstrated that the morphology of PSHT affects

81,7482 " Moreover, similar shifts

the bandgap energy, and thus its absorption properties
has been shown in the study of Rahimi et al.®® with the reduction of cristallinity of
P3HT up to the maximum shift obtained with P3HT liquid solution. In the present
case, a reduced regioregularity is expected, which would result in a wider bandgap and,
consequently, a shift towards shorter wavelengths. Further investigations are required
to explore the influence of PSHT regioregularity on the absorption features, potentially
including the role of thermal annealing, which has been reported to significantly affect

polymer reorganization.

— — P3HT (literature)
— - —P3HT (el.dep.)
—— PEDOT/P3HT (el.dep.)

1,00

0,75

0504 "

Normalized absorbance

0,25

0,00 . . . : . — -
350 400 450 500 550 600 650 700 750

A (nm)

Figure 3.15: Plot of the adsorbance measured with UV-Vis spectrophotometer of PEDOT /P3HT
film (solid line) and P3HT film (dash-dot-line) compared to the reference of pure P3HT from
literature®* (dash-line).

Photo-active response

Despite the limitations discussed earlier, nearly all fibers coated with P3HT displayed
a measurable photovoltage response. However, the intrinsic differences between samples
resulted in a large variance when averaging the measurements, which also tended to ob-
scure the individual features of the device response. In particular, the shape of the curves
and peaks varied significantly across devices, often displaying unstable or unpredictable
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responses. In some cases, the measured voltage started fluctuating irregularly after some
expositions, showing values that were either unexpected or random.

Such complex phenomenons can be attributed to multiple causes. First, considering
that the behavior of OMIECs and OECTs is not yet fully understood, the system imple-
mented here adds a further layer of complexity. The presence of a photoelectrochemical
cell, which involves interactions with the electrolyte, already constitutes a significant
challenge. Additionally, the fibers were not produced using an ideal setup, diffusive phe-
nomena played a dominant role during polymerization, deviating from what is commonly
reported in the literature. The electropolymerized P3HT coating of PEDOT fibers has
also not been previously studied, and thus new types of interactions could emerge, re-
quiring further and separate investigation. For instance, a strudy from Tahmani et al.®®
reported switching behavior in PEDOT/P3HT heterojunctions. Although the struc-
ture here is different, similar interactions may occur and could help explain some of the
anomalous results, together with a better understanding of the ionic counterpart.

This section reports the optical response of a representative device, already showed in
Fig. 3.10b, which demonstrated stable behavior across repeated measurements and a
peak shape consistent with the other less stable measurements. This allowed for the
extraction of quantitative features of the photoresponse. Figure 3.16 shows the overlay
open-circuit voltage (Voo peaks measured in the horizontal configuration and in the
vertical configuration as explained in Sec. 2.3.3. The various peaks correspond to different
light intensities in percentage with respect to the maximum amplitude possible.
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Figure 3.16: Overlay of the peaks with growing power intensities measured between the gold
contacts (horizontal)(a) and from short-circuited contacts to a Pt electrode in solution (verti-

cal)(b).

It can be observed that the shape of the peaks resembles the one of a RC circuit, even if
with different time constants. This can be explained considering the mechanism already
discussed in Sec. 1.5.4, where charges gradually accumulate between the electrolyte and
the conductive polymers, with time constants governed by the resistance and volumetric
capacitance of the fiber. On the other hand it is not as easy to explain the differences
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in shapes and peak height observed between horizontal and vertical measurements.

Fig. 3.17a shows how the open-circuit voltage (Voc) varies with LED power in both
the horizontal and vertical configurations. Fig. 3.17b reports the same measurement
as a function of LED wavelength at constant power. In the first case, Vo¢ increases
with power, and the vertical configuration consistently shows higher values, especially
at higher powers. In the second case, Voc in general increases as wavelength decreases,
with also the difference between the two configurations becoming less pronounced. At

shorter wavelengths, the horizontal measurement equals and surpasses the vertical one.
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Figure 3.17: Maximum peak value measured on the Vo for both horizontal and vertical con-
figuration, depending on power intensity (a) and on the wavelength (b).

These results differ from what is expected considering the absorption spectrum measured
with the spectrophotometer, where the absorption peak was at 480 nm. A few consid-
erations can be made in this regard. First, the PEDOT:PFg/P3HT:PF¢ spectrum does
not drop too sharply after the peak, but the absorption is still non negligible even for
the LED wavelengths used ( 455nm, 385nm, and 365nm). Then it is also important
to note that LED emissions are not truly monochromatic but span a broader spectrum.
Furthermore, as discussed in Sec. 2.3.3, there is no accurate calibration of the LED irra-
diance on the sample, so the actual light power may differ between colors. These aspects
require further analysis before reaching definite conclusions.

For the same reasons, it is difficult to compare the Vo¢ values obtained under white light
with those from individual monochromatic LEDs, as white LEDs typically emit across a
broader spectrum and may have higher total power.

Peak response times were analyzed through nonlinear fitting of the decay portion of the
photovoltage signal after LED switch-off. The results showed a good fit with a single
exponential decay, while the rise part of the curve during LED illumination did not pro-
duce reliable fits. Fig. 3.18 display the extracted discharge time constants, Tgischarge. NO
significant correlation between white light power and Tgischarge Was observed. However, a
clear difference is found between horizontal and vertical configurations Fig.( 3.18a). In
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the horizontal case, both charging and discharging are faster, as also seen in Fig. 3.16,
where the V¢ saturates quickly, unlike in the vertical case. The dependence of Tgischarge
on wavelength also differs between the two configurations, though the difference decreases
at shorter wavelengths (Fig. 3.18b). Values also differ from those measured under white
light, again likely due to different power levels and spectral distributions.
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Figure 3.18: Half-life (7) obtained with exponential fitting of the discharge curve for both hori-
zontal and vertical configuration, depending on power intensity (a) and on the wavelength (b).

The reasons behind the difference between horizontal and vertical configurations require
further investigation. They may lie in the particular characteristics of the examined
device, or in how the photovoltage is measured. While a photovoltage in the vertical
setup was expected based on the theory discussed in Sec. 1.5.4, the horizontal response
is novel, especially since its magnitude is similar.

Although further validation is needed, a plausible explanation is that the same mech-
anism occurs in both configurations. Upon illumination, excitons are separated in the
P3HT m-stacking regions. Due to asymmetries in carrier mobility, holes diffuse more
rapidly, reaching the PEDOT interface, where mobility and charge density are higher.
Electrons, on the other hand, already suffer from low mobility and are further trapped
by dissolved oxygen, forming superoxide and reducing electron transport. The system
thus accumulates charge like a capacitor: positive in the gold electrodes and negative in
the electrolyte. Since the platinum wire in the electrolyte was connected to the positive
terminal of the measurement system, the observed voltage was consistently negative,
supporting this hypothesis. The role of the electrolyte also deserves investigation, as ion
drift could contribute to the behavior.

Unlike in the vertical configuration, the horizontal one sometimes produced positive
peaks and sometimes negative ones, depending on the sample. Moreover, horizontal
photovoltage response is harder to explain. Theoretically, the two electrodes should be
symmetrical with respect to the fiber and accumulate equal charge, producing no net
voltage. However, asymmetries in fiber morphology could lead to large differences in
resistance along the path between electrodes. Charge separation occurs along the entire
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fiber, and charges may diffuse toward one electrode more than the other, depending on
the local resistance and carrier mobility. What is likely measured, then, is the voltage
difference between two unequally charged electrodes.

This hypothesis could be confirmed by comparing the voltage of each individual elec-
trode with the vertical measurement. In our case such measurements were unstable
and inconclusive, highlighting that better control over fiber growth and morphology is
needed, to allow clearer insights into these asymmetric effects and separate photovoltage
contributions.

In conclusion, a more accurate study of the influence of characteristics of the fibers, i.e.
morphology, resistance, capacity and doping, could lead to more detailed explanations
about the effective reasons behind this behavior
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3.6 Cells viability

To date, the biocompatibility of polymeric fibers produced via AC-electropolymerization
has never been demonstrated, although this property represents a critical step towards
ensuring the actual implantability of these devices in biological environments. Consid-
ering the specific fabrication approach adopted, it is essential to evaluate if and how
this procedure might influence the compatibility of the fibers with living tissue. Future
studies should investigate whether cells prefer highly porous substrates over conventional
ones. However, the significant porosity of these polymers might cause retention of cy-
totoxic substances such as monomers and salts within the polymer matrix, potentially
affecting cell viability.

As an initial step towards verifying the suitability of these fibers for further biological
studies, a preliminary morphological analysis of cells cultured on the fibers was con-
ducted. The shape and structure of cells (morphology) can influence their functions as
a predictive screening; by analyzing cell morphology, it is possible to quickly screen and
identify the most promising materials for further development, saving time and resources
in the bio-material design process. Evaluating the cell’s morphology can indicate how
well a material is tolerated by the in-vitro system and potentially in the human body.
Abnormal cell shapes might suggest cytotoxicity or poor compatibility, which is critical
for ensuring the safety and effectiveness of the medical applicability of the material of
interest. For these reasons, the evaluation of the morphology of the SH-SY5Y cells was
performed by considering a sample of control (CTRL) and samples with the fibers made
with PEDOT:P3HT. SH-SY5Y cells were seeded and cultured on the fibers for 24 hours.
Bright-field acquisitions of cells in contact with the fibers were made to examine the cell’s
morphology. As visible from Fig. 3.19, the cells proliferate and interact perfectly with the
samples of interest. They maintain a similar morphology across all samples, indicating
proper behavior both in contact with the control sample and the fiber-containing sam-
ples. Even more, multilayer cellular networks and multidirectional cell-cell interactions
were established.

Figure 3.19: Bright field images of shy cells (A) on the control sample, (B) and (C) on the fibers
made with PEDOT and P3HT coating.
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At the conclusion of this work, it is necessary to critically review the achieved results,
highlighting both the strengths and limitations in order to define the most promising
directions for future developments. The initial goals set out in the motivation were: (i)
to obtain conductive PEDOT fibers responsive to applied potentials in solution, (ii) to
fabricate fibers exhibiting photoactivity, and (iii) to demonstrate the viability of cells on
the polymer-coated substrates.

OBeyond this verification, it is essential to revisit some of the fundamental steps that
led to the achieved results. The work was carried out without a predefined experimental
framework in the laboratory: both the device and the electropolymerization protocol
were customized from scratch. The initial absence of a dedicated mask and the need to
adapt the architecture from a different lithographic layout required the testing of multiple
mask geometries and substrates before converging on the final solution. Although the
selected design proved to be the most effective among various attempts, it still presents
limitations, extensively discussed in the methods section.

One of the first and most unexpected issues was the corrosion of the electrical contacts.
Despite several hypotheses, the underlying mechanism remains unclear and should be
investigated further. The only viable approach was to identify a narrow operating window
that allowed polymer growth without damaging the electrodes. This constraint was
highly sensitive to the solution chemistry. Numerous dopant-solvent combinations were
tested before selecting the one adopted in this work. Although other formulations did
not produce stable growth, further optimization under improved conditions may enable
their future use.

Another major challenge was the long growth time of fibers before bridging, which ne-
cessitated the design of a sealed and stable reaction chamber. A custom plastic well
was developed after several trials, and attached to the substrate with special attention
to reliable bonding using biocompatible adhesives. Leakage issues in the early stages
significantly affected reproducibility, but were later mitigated by optimizing the seal-
ing method. Constructing an electropolymerization setup compatible with the confined
chamber geometry also required substantial technical effort.

The successful electropolymerization of PSHT into fiber structures, never previously re-
ported in literature, represents one of the key outcomes of this work. However, their
high resistance and low mechanical stability prevented consistent electrical characteri-
zation. Although some optical responses were observed, limited reproducibility and the
frequent appearance of random artifacts in measures excluded them from the conclusive
results. Future investigations based on an optimized device layout could better clarify
the potential of this configuration.

A significant step forward was achieved through the fabrication of hybrid PEDOT /P3HT
fibers, where PEDOT acted as a hole-transporting layer. This bilayer structure enabled
more stable photoresponses, though open-circuit voltage signals displayed large variabil-
ity in both amplitude and discharge dynamics. These limitations prevented statistical
analysis across devices; nonetheless, a tighter control of growth parameters could improve
reproducibility and enable a more in-depth exploration of the underlying mechanisms.
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Nonetheless, to support these developments a new lithographic mask was designed and
fabricated, marking a substantial improvement over previous prototypes. This includes
two designs: one with a two-electrode configuration featuring 200 pm and 300 pm gaps,
and another with a reservoir geometry comprising eight electrodes arranged around a
circle with diameter 400 pm. Both designs incorporate a dedicated passivation mask, to
be fabricated using SU-8 photoresist, aimed at minimizing leakages and enhancing again
the reproducibility. A screen-printed Ag/AgCl gate electrode can also be integrated to
enable a reliable OECT operation even without the electrode in solution from the top.
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Figure 4.1: Improved mask design for fiber growth (purple). Device (a) is thought to standardize
the studied about AC-electropolymerization of PEDOT and P3HT. Device (b) features a 8 elec-
trode configuration for preliminary test of neuromorphic fratures aiming for reservoir computing.
In all che design a passivation layer has been included (orange).

Experimental results confirmed that PEDOT:PFg fibers, grown with an optimized AC-
electropolymerization protocol, maintain electrochemical switching behavior even at
larger scales. This observation supports their suitability for integration into neuro-
morphic systems involving biological interfaces. Additionally, fibers coated with PSHT
showed measurable photovoltage generation, influenced by the electrolyte composition,
suggesting the presence of a shared potential needed for nonlinear interactions. Short-
term memory effects observed in PEDOT /P3HT bilayer structures under illuminations
further emphasize their relevance for neuromorphic computing. Nonetheless, the re-
sistance of such fibers is still too low and most of the observed behaviors cannot be
explained yet and require further investigation.

In summary, this work achieved the following advancements:

e developed a PEDOT:PFg fiber growth protocol tailored to a custom microelectrode

architecture;
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e observed long-timescale AC-electropolymerization dynamics distinguishing between
field-driven and diffusion-limited regimes;

e fabricated PEDOT fibers functional as OECTs under suboptimal geometries;

e demonstrated, for the first time, the electropolymerization of P3HT into fiber-like
structures;

e produced hybrid PEDOT/P3HT bilayer fibers with photoresponses;

e performed preliminary biocompatibility testing validating the system for bioelec-
tronic use.

Although some aspects of this research still require refinement, the framework devel-
oped here provides a solid and original basis for future studies. The methodologies,
design strategies, and experimental observations reported in this thesis are expected to
contribute to the development of advanced neuromorphic systems at the Sensing Tech-
nologies group. Future directions should focus on improving long-term device stability,
increasing growth reproducibility, and advancing the biological integration of polymer-
based OECTs, paving the way toward complex biohybrid computing architectures capa-
ble of performing sophisticated signal processing in liquid-phase environments.
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