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Abstract

Using electrical signals to interact with biological systems has shed light on different
fundamental signaling principles of living organisms, leading to the development of a broad
spectrum of healthcare devices. However, conventional (inorganic) electronic materials
significantly differ from living matter in critical aspects including mechanical rigidity, three-
dimensional structure, and predominant electronic conductivity. For these reasons, due to their
“soft” nature, biocompatibility, and ability to conduct ions in addition to electrons and holes,
organic materials with mixed ionic and electronic conductivity (OMIECs) have emerged in
recent years as a promising material platform for new and highly efficient interfaces with
biology. Faster and significative progresses in organic bioelectronics are predicated on a
comprehension of fundamental material processes and their relation to device functionality, but
the mixed conductivity renders the experimental characterization of ionic or electronic carrier
transport difficult as both are intrinsically entangled. The objective of this thesis is to investigate
these phenomena and exploit the resulting knowledge to develop optimized bioelectronic
applications. The experimental work required different methods, ranging from the design and
microfabrication of micro-structured devices to electrical and electrochemical analyses,
including the development of novel operando characterization techniques for organic mixed
conductors. We introduced the electrolyte-gated van der Pauw’s method for the characterization
of electronic transport in OMIEC materials, allowing for a simple and accurate determination
of the electronic mobility and threshold voltage; and we demonstrated that contact resistance
effects complicate the interpretation of organic electrochemical transistor (OECT)
characteristics. We developed the modulated electrochemical atomic force microscopy (mEC-
AFM) to monitor fast local ion exchange processes causing electroactuation in OMIECs. By
combining multidimensional spectroscopies studying the mechanical deformations resulting
from charge injection with multichannel imaging, we revealed the dynamics of the drift
transport of hydrated ions in OMIEC layers operating at liquid interfaces. We then extended
mEC-AFM to a depth-sensitive technique to acquire subsurface profiles of ion migration and
swelling in OMIEC thin films, revealing the spatiotemporal dynamics of electroactuation in the
electroactive polymer bulk for different film morphologies and redox states. We finally studied
OMIEC applications in bioelectronic devices, including the microfabrication and
characterization of flexible microelectrode arrays for in-vivo neural recording and stimulation,
and the realization of impedance sensors for in-vitro cell adhesion experiments. In this contest,
we investigated the AC amplification properties of organic electrochemical transistors, and we
developed a model experiment to optimize biosensors reaching the single cell resolution limit.
The quantitative findings obtained in his work are expected to contribute to the development of
enhanced organic bioelectronics interfaces for future healthcare, biomedicine, and biosensing
devices.
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Introduction

1 Introduction

Ever since the mid-1750s when Galvani documented the electrical stimulation

of frog legs, we have known that human-made, conducting materials can be used to
stimulate bioelectrical signals and generate physiological responses.® Experiments with
electricity and living tissues have not only shed light on the workings of the brain and provided
a deeper understanding about how cells communicate with each other and with their
environment, but also led to the development of implantable electronic devices such as the
cardiac pacemaker and the cochlear implant.2 However, current bioelectronics realizations are
limited by the materials which act as the biotic/abiotic interface. Differently from conventional
electronics, which is based on electron conduction, bioelectrical signals in living organisms
predominantly consist of the movements of ionic species (currents) and local differences in
ion concentrations (potentials). Furthermore, conventional (inorganic) electronic materials
significantly differ from living matter in critical aspects including mechanical rigidity, three-
dimensional structure, and exposed functional groups at the interface.® For these reasons, due
to their “soft” nature and ability to conduct ions in addition to electrons and holes, organic
materials with mixed ionic and electronic conductivity (OMIECs) have risen up in recent years
as a promising material platform for new and highly efficient interfaces with biology.*
Since their first introduction in the late 1980s,° research on OMIEC materials has led to key
advancements in a host of technological developments ranging from sensing, actuation and
computation to energy harvesting/storage, and information transfer. OMIECs multifunctional
properties arise from their ability to simultaneously participate in redox reactions and modulate
the ionic and electronic charge density throughout the bulk of the material.® Owing to ionic and
electronic interactions and coupled transport properties, OMIECs demand special
understanding beyond the knowledge derived from the study of organic thin films and
membranes meant to support either electronic or ionic processes only, motivating fundamental
research.’

This thesis explores the potential of organic mixed ionic-electronic conductors
(OMIECS) for bioelectronic interfaces. The research project is structured into two main phases.
First, I investigated fundamental processes governing OMIEC behavior, seeking a quantitative
understanding of charge transport properties and their connection to material functionality. The
resulting knowledge served as conceptual basis for the second phase, regarding the
development, modeling, and optimization of bioelectronic devices based on OMIEC materials.
The first thesis chapter provides a general introduction on the state of the art of organic
bioelectronics research. The attention is initially focused on the physicochemical properties and
charge transport processes occurring in organic mixed conductors. Then, the second section
introduces the concept of bioelectronic interface, and some promising applications of OMIEC
materials in organic bioelectronics are thoroughly discussed.

The second chapter focusses in detail on the open research issues specifically addressed by this
work.



Organic mixed ionic-electronic conductors

The third chapter describes the adopted experimental methods, starting from the fabrication
techniques used to realize micro-structured OMIEC-based devices, which involve
photolithography procedures to fabricate micropatterned electrodes and transistors. Then, the
experimental techniques employed to study material and device properties are introduced,
including electrical, electrochemical, and atomic force microscopy characterizations.

The fourth chapter presents the main experimental results of this thesis. The first section
introduces the electrolyte-gated van der Pauw’s method for the contact-independent
characterization of electronic transport in OMIEC materials, allowing for a simple and accurate
determination of the electronic mobility and threshold voltage in poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) thin films. The second section
introduces the modulated electrochemical atomic force microscopy (mEC-AFM) to monitor
fast local ion exchange processes causing electroactuation in OMIECSs, and to provide maps of
local electroswelling in PEDOT:PSS through multichannel imaging. In the third section, mEC-
AFM is exploited as a depth-sensitive technique on polypyrrole doped with
dodecylbenzenesulfonate (Ppy:DBS) to acquire subsurface profiles of ion migration and
swelling, revealing the spatiotemporal dynamics of electroactuation in the electroactive
polymer bulk for different film morphologies and redox states. The last two subchapters deal
with applications of OMIEC materials in bioelectronic devices. The fourth section presents the
microfabrication and characterization of flexible microelectrode arrays (MEAS) based on
PEDOT:PSS for in-vivo neural recording and stimulation of electrocorticography (ECoG)
activity. In the fifth section, organic electrochemical transistors (OECTSs) based on PEDOT:PSS
are used as impedance sensors for in-vitro cell adhesion experiments, and the ultimate limit of
single cell resolution is achieved through the rational optimization of biosensors guided by a
model experiment.

1.1 Organic mixed ionic-electronic conductors

OMIECs are soft electrical (semi-)conductors that transport mobile ionic species. At
first, electronically conducting polymers and ionically conducting polymers were developed
separately. Electronically conducting polypyrrole was discovered in 1963,% but the field of
conjugated polymers (CPs — see 1.3.1) has been widely explored only after the discovery of
conducting polyacetylene in 1977.% Around roughly the same time, poly(ethylene oxide) (PEO)
was found to be capable of dissolving salts and displaying significant ion conduction.*® Despite
both systems were very quickly recognized as promising for electrochemical applications, for
many OMIECs their ion conducting properties were inadvertent and overlooked as the focus
was often purely on their electrical properties.” For instance, the most widely studied mixed
conductor, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
developed as an antistatic coating and as a hole-conducting interlayer in optoelectronic devices,
neither of which require ionic conductivity.!* Many other OMIECs were the product of
investigations into water soluble conjugated polymers allowing the fabrication of all-solution-
processed organic optoelectronic devices.'? Organic mixed ionic-electronic conductors were
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Introduction

explicitly recognized and studied beginning in the late 1980s as potential battery electrodes,®
but after that a robust field of material formulations has emerged. Modern tools in organic
chemistry offer multiple means to design the molecular backbone, side chains, and other
additives, resulting in an almost infinite design space for the corresponding materials properties,
including energy levels, electronic and ionic conductivity, optical, volume, and moduli.®
Additionally, one or more of these properties can be modified during device operation, thereby
transducing an input (e.g., ionic) into an output (e.g., electronic), allowing OMIECs to be used
for a variety of applications (Figure 1.1) including actuators,*® light-emitting electrochemical
cells,** batteries and supercapacitors,’® chemical sensors,'® sensing and stimulating
bioelectronic probes,'” ion pumps,*® and organic electrochemical transistors for sensing, circuits
and neuromorphic computing.%%

d)

Figure 1.1: Application of OMIECs in current material research. Central figure: schematics of a
typical OMIEC structure. a) Organic electrochemical transistor for neuromorphic computing.? b)
Electrochemical supercapacitor for energy storage.'® c) Soft actuator for self-motile bioelectronics
devices.® d) Neural recording and stimulation probes.?” e) Light-emitting electrochemical cells.** f)
Organic electrochemical ion pump for selective drug delivery.®

The variation of material properties in OMIEC devices is always connected to the modulation
in electronic and ionic charge density. The large variation in charge density impact on electron
energy levels, electronic and ionic transport, volumetric capacitance, free volume, optical
bandgap, and modulus. Controlled changes in the OMIEC material properties occur throughout
the bulk of the material and can be induced by both dynamic external stimuli and (static)
structural design (Figure 1.2).° This enables new design parameters that were previously
untouched in traditional electronic devices where typically material property modulation occurs
at interfaces (for example field effect).

11
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Dynamic Tuning Property Change Structural Tuning

Conductivity

(OECTS, Neuromorphics, Sensors)

Electrical
Stimuli

Chemical
Stimuli
Optical 4’

lllumination

Tuning Mechanisms

Electronic charge density

Figure 1.2: Multifunctional property tuning in OMIEC materials. Various device relevant properties
can be tuned both by dynamical stimuli and by (static) structural design. For example, controlling the
electrical potential applied to a device can dynamically modify the conductivity of an OMIEC material
by modifying its charge carrier density (top left). At the same time, the material conductivity can be
changed by substituting various backbone components into the OMIEC structure (top right). Similar
associations are depicted for a wide range of properties, while the corresponding mechanisms through
which these properties are controlled are illustrated at the bottom of the diagram. ®

1.2 Types and structures of OMIEC materials

Organic mixed ionic-electronic conductors combine properties of conjugated polymers,
polymer electrolytes, and polyelectrolytes to simultaneously transport and couple ionic and
electronic charges.” The most common solid polymer electrolytes leverage periodically
repeating ether oxygen groups to coordinate and solvate cations (like polyethylene oxide (PEO)
in Figure 1.3a), while anions are present but unsolvated.?! Alternatively, in polyelectrolytes
such as poly(styrene sulfonate) (PSS) (Figure 1.3b) the polymer is a component of the salt
itself, paired with charge-balancing counterions.

° o
e 7 =
ALrE (YaY]

Polymer electrolyte Polyelectrolyte Conjugated polymer
a of b {1 c ; dl o 0
PEO, PEG O " pss D P3HT N J\‘r” NT  BBL
b s fl[h;}*\__
0=5=0 4{—45»3{ R
o Ly n

Figure 1.3: Chemical structures of representative polymer electrolytes (a), polyelectrolytes (b), and
conjugated polymers (c, d).

On the other hand, electron conductive conjugated polymers (CPs) have low dielectric
constants, lack of (a high density of) ion coordinating functional groups, and often contain long
nonpolar alkyl side chains (Figure 1.3c) and thus do not readily dissolve most salts. In
OMIECs, such limitation is overcome via the incorporation of either polyelectrolytes or

12



Introduction

polymer electrolytes. This structural difference naturally distinguishes OMIECs into two
categories, those intrinsically containing ionic charge carriers (Figure 1.4 - 1, 111 and V), and
those which do not (Figure 1.4 - 11, IV and VI). lonic charge-bearing OMIECs contain a
stable ionic moiety that is either accompanied by a counterbalancing ion, exists as a self-
balanced zwitter ion,?? or stabilizes an electronic charge on a conjugated segment, acting as a
dopant for the (semi)conducting CP. Alternatively, there exist OMIECs that themselves are not
intrinsically charged, yet contain polar polymer electrolytes that can solvate ions. In such non-
charged OMIECs the ionic species are incorporated physically during deposition or from
contact with an electrolyte.

a Heterogeneous, Heterogeneous c Homogeneous,
blends or complexed systems block co-polymers single-component systems
Contains lons | Conjugated polymer/ Conjugated polymer/ v Conjugated polyelectrolytes
chemically polyelectrolyte blends polyelectrolyte co-polymers
linked to an ¢ ° o
insulating or ° ° e - _S.—
conjugated s + © °
t
componen ° & ° A
[
\5/ i Other examples: [ s \# N/\/O ( ) \s/ Other examples:
n n PEDOT:Gelatin {7, N=N o \"‘ Other examples: L PEDOT-S
o ©0 PEDOT:DS PFO-b-P3PYHT MPS-PPV
S PANI:PSS 7 PTHS PBS-PFP
SOH PPY:PSS S0, Ois\b i p(zNDI-gT2)
o
PEDOT:PSS P3HT-b-PSS
lons introduced n Conjugated polymer/ v Conjugated polymer/polymer vi Conjugated polymer
as free species polymer electrolyte blends electrolyte co-polymers electrolytes
upon material n
casting or e ° o o °
device operation ) ° e \°® S—
Y DA S o) e
°® e ©
® {
~0
/ £~
% oyt e
% Other examples: WA N Other examples: / SJ\,\ Other examples:
A J~_0) MDMO-PPV/PEO P3EHT-b-PEOQ 4 ) 7, p(gNDI-T2)
lo n ! ’n P3HT/PVP P3DDT-b-PMMA o—/ ProDOT(OE)-DMP
/_/
J'O
MEH-PPV/PEO P3HT-b-PEO A7 p(g2T-TT)

Figure 1.4: OMIECs material classes. a) Heterogeneous blends of an electronically conducting
conjugated polymer with (1) an ionic charge bearing polyelectrolyte or (I1) an ion solvating polymer
electrolyte. b) Heterogeneous block copolymers of an electronically conducting conjugated polymer
with (111) an ionic charge bearing polyelectrolyte or (IV) an ion solvating polymer electrolyte. c) Fully
conjugated (V) ionic charge bearing polyelectrolytes and (V1) ion solvating polymer electrolytes.
Conceptual sketches (grey, ionic transport component; blue, electronic transport component; orange,
cations; magenta, anions) and example chemical structures and selected examples are reported for type
L, 1, 111, 1V, V, and VI OMIECs.’

The second useful categorization is between heterogeneous (Figure 1.4 a,b) and
homogeneous OMIECs (Figure 1.4 c). In the second case, mixed transport occurs
concurrently throughout a single material, while in the first regions of predominantly ion
conducting material and regions of predominantly electronic conducting material coexist as
separated phases.®

13



Types and structures of OMIEC materials

Evaluating OMIECs based on these two categories gives rise to a taxonomy containing
(at least) six types of OMIEC (Figure 1.4):

Type I and II: heterogeneous blends or complexes of an electrically conducting n-conjugated
polymer and an ionically conducting polyelectrolyte (Type 1) or a solid polymer electrolyte
(Type 1) (Figure 1.4 a). Type | OMIECs include PEDOT:PSS, which represents a
prototypical OMIEC material.!* Alone, PEDOT has poor water solubility, so to produce
dispersible suspensions it must be polymerized onto a polymer acid template, most commonly
polystyrene sulfonic acid (PSS). Given its central role in this thesis work, the main properties
of PEDOT:PSS are discussed in detail in Sect. 1.6. Other PEDOT blends were developed using
several polyelectrolytes, including tosylate?* or dextran sulphate®, and other CPs have been
templated on PSS?® to produce type | OMIEC materials. On the other hand, CPs incorporated
in type |1 OMIECs are obtained by traditional polymerization/synthetic techniques and require
sufficient solubility to be deposited with a polymer electrolyte producing phase separated
bicontinuous microstructures.?” Both types | and Il represent composites of predominately
electronic and ionic conducting materials that phase separate into mostly ionic and electronic
conducting phases, but frequently feature impure phases and can be largely disordered on
multiple length scales.

Type III and IV: heterogeneous block co-polymers based on single macromolecules that
contain a distinct ionic and electronic conducting segment (Figure 1.4 b). These block
OMIECs contain a m-conjugated segment covalently tethered to a fixed ionic charge bearing
segment (type I11) or a polar ion solvating segment (Type IV). Thermodynamics drives the
phase separation of the segments on length scales determined by the segment lengths.?® By
tuning relative segment/block size and processing conditions, a wide variety of defined
structures are achievable, including spherical, cylindrical, lamellar and gyroid phases.? Given
mesoscale morphological disorder, such structures should provide extended, interconnected
domains for separated ionic and electronic transport.

Type V and VI: homogeneous OMIECs where there is no microphase separation between ion
conducting and m-conjugated components (Figure 1.4 c). The distribution of ion solvating
moieties along their entire molecular structure produces a single mixed conducting phase.
Charged Type V OMIECs typically contain pendant ion sidechains, while polar Type VI
OMIEC:s often contain ether oxygens incorporated into the repeat units or side chains. Single-
component OMIECs share the most in common with traditional CPs, though with added
functionality that improves ion miscibility even in the absence of solvent swelling. While Type
V conjugated polyelectrolytes including sulfonate bearing poly alkylthiophenes®® and poly
ethylenedioxythiophenes®' have been widely investigated, conjugated polymer electrolytes
(Type V1) represent a recent addition to the OMIECs field, but they have rapidly demonstrated
both hole (p-type)®? and electron (n-type)* transport using proven backbone motifs with oligo
ethylene glycol side chain.
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Despite the wide variety of OMIEC material types and their diverse properties and
figures of merit in OMIEC-based devices, all of them have in common three fundamental
physical processes occurring throughout the bulk and interfaces of the material: electronic
transport, ionic transport, and ionic—electronic coupling. For example, energy storage in Type
IV OMIEC-based batteries and capacitors depends on the strength of ionic—electronic coupling,
whereas the available power and charging rates are often limited by the rate of ion transport.3*
Light-emitting electrochemical cells using Type V OMIEC blends cannot turn on until ions
have migrated to form dopant gradients or junctions.?” The magnitude of ionic—electronic
coupling in Type | blends determines the optical absorbance changes in electrochromics,®
swelling induced strain in actuators and artificial muscles,® and the number of states accessible
in neuromorphic devices.®” lon transport and ionic—electronic coupling together determine the
time constants that limit frequency bandwidth and response time of Type | and Type VI OMIEC
sensors,®® and affect the amplification gain of active electrolyte-gated transistors.® Given the
primary relevance and complex interplay, the three fundamental processes underlying OMIECs
behavior are discussed in details in the following paragraphs.

1.3 Electronic transport in OMIECs

1.3.1 Conjugated Polymers

The electronic structure hosting mobile electronic charge carriers in OMIECs is
achieved through conjugated mt-orbitals present along a polymer backbone or along an ordered
stack of planar molecules. Chemical conjugation arises from the different types of bonds that
carbon atoms can make in organic molecules. These depend on the structure of carbon atomic
orbitals, which can superimpose to form hybrid orbitals and reduce the total energy with respect
to the original configuration.®® Depending on the number of orbitals involved in the
hybridization process, carbon can have hybridization sp®, sp® or sp (Figure 1.5).
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Figure 1.5: Electronic configuration of hybrid orbitals in a carbon atom. 4!

Consequently, depending on its hybridization, carbon will be able to form four, three or two
covalent bonds with a corresponding number of atoms, and the resulting molecular orbitals will
arrange as far as possible to minimize the electronic repulsion. When the two atomic orbitals
overlap on the line joining the two nuclei, the resulting molecular orbital is called sigma (o
bond). Carbon atoms form ¢ bonds with hybrid orbitals. When the overlapping between the two
atomic orbitals occurs perpendicularly with respect to the line joining the nuclei, the formed
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molecular orbital is called pi (m bond). Carbon atoms form  bonds with p orbitals. For example,
in the molecule of ethylene (Figure 1.6a) ¢ bonds are formed between carbon ad hydrogen,
while two carbon atoms are bonded together by a ¢ bond and a 7 bond.*? The C=C distance in
ethylene (1.34 A) is lower with respect to the C-C distance in ethane (1.55 A), as the double
bond held the two atoms more closely than the single bond.* The linear combination of atomic
orbitals (LCAQO) method predicts that two molecular orbitals will be formed for each bond: a
bonding orbital, having low energy, and an antibonding orbital. From the scheme in Figure
1.6Db, we identify the  bonding orbital as the highest occupied molecular orbital (HOMO) and
the n” antibonding orbital as lowest unoccupied molecular orbital (LUMO).

a) b) — " (C-C)

fm— 1t (C-C)
bond formed by + P
p2—s overlap ~
\ @ @ @ sp? + + sp?
)
4’

x (€0
Yy %
bond formed by
sp2~spZ overlap
+ o (C-C)
H H\ /H H
C c=C C,
H H H H

Figure 1.6: a) Representation of the electronic structure of the ethylene molecule,*? and
corresponding molecular orbital (b).

Conjugated polymers repeat the electronic structure of the ethylene molecule on a larger scale.
Each carbon atom on the polymer backbone forms three o-bonds with neighboring atoms, while
the remaining p orbitals overlap with successive atom orbitals engaging a = system, which
originate electronic delocalization and therefore conductivity. The simplest model of electrical
conductivity in conjugated polymers is polyacetylene (PAc, with molecular formula [-C2Hz]»),
reported in Figure 1.7a. PAc molecule can be modeled with a linear chain, constituted by N
atoms separated by distance d. The total length of the chain will be (N-1)*d, which can be
approximated with N*d if N tends to infinite. If we assume 7 electrons completely delocalized,
we can apply the quantum mechanical model for a free particle in a one-dimensional box (with
zero potential inside the box, which corresponds to the polymeric backbone, and infinite
outside). The wave functions correspond to a set of eigenvalues:*
L 11
8m(Nd)?

where h is the Planck’s constant, m the electron mass and n a quantum number (n = 1,2,3...).
If every orbital is occupied by two electrons with opposite spin, the energies of the HOMO and
LUMO levels are
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NY? 2 N 2 2
: =(7)h . =(7+1)h 12
HOMO ™ gm(Nd)2’ ~*MO ™ 8m(Nd)?
and the energy required to excite an electron from HOMO to LUMO is
(N + 1)h? h?
AE = Erymo — Enomo = ~ 1.3

8m(Nd)?2 ~ 8mNd?

which tends to zero if N tends to infinite. According to this model, macroscopic
conjugated polymers should behave as conductors, but experimentally their bandgap does not
decrease as in Eq. 1.3. The discrepancy between theory and experiments was explained in the
1930s using Peierls’ theorem, which states that a one-dimensional and equally spaced atomic
chain is unstable.*® Such instability is solved through a chain distortion which reduces the
system symmetry and consequently rearranges the levels of the orbitals. The distortion of the
lattice leads to a repeated unit with two carbon atoms closer together and two other carbon
atoms more distant, and the resulting conjugated structure alternates single (o) and double ()
bonds along the polymeric backbone. Consequently, energy gap (Eg) appears between the
HOMO and LUMO levels. At the same time, an increase of the length of the conjugated chain
leads to an increase of atomic orbitals with slightly dissimilar energy overlapping to form
molecular orbitals. The resulting broadening of the energy levels of the frontier orbitals results
into the formation of « (filled) and n* (empty) bands (Figure 1.7a),* and the conductivity of
PAc depends on the concentration of thermal carriers and is limited to 107-10° S/m

1.3.2 Effect of disorder on electronic transport

As result of spatial disorder, conjugated polymers do not have flat energy bands, as
exhibited in Figure 1.7a. Typically, the distribution of energy levels in HOMO and LUMO
bands is approximated by a Gaussian function:

g(E) = exp 1.4

No —(E - Eo)zl
OposV 2T 20505
where g(E) is the density of states (DOS) as function of energy, No is the total number of states
including spin degeneracy per unit volume, opos is the width of the Gaussian DOS, E is the
energy level of an individual state, and Eo is the mean energy of all states (energy at the center
of the DOS).#’
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Figure 1.7: Conjugated polymers are organic semiconductors. a) Electronic structure of conjugated
polymers. Increasing the number of carbon atoms on the polymer backbone reduces the energy gap
between HOMO and LUMO levels, but Peierls’ distortions in Polyacetylene split the energy levels to ©
(filled) and ©* (empty) bands. The band gap (Eg), Fermi level (Er), vacuum level energy (Evac), work
function (WF), ionization energy (IE), and electron affinity (EA) can be defined accordingly.*® b)
Electrical conductivity in conjugated polymers, reaching high values for high doping levels.

1.3.3 Doping of conjugated polymers

Since there are no partially full bands, pure conjugated polymers are typically

semiconductors, with low conductivity. As the energy gap depends on the molecular structure
of the repeated unit, it is possible to control it during the synthesis phase through molecular
level design. Beside this possibility, other methods are available to increase the conductivity of
the conjugated polymer in a successive phase (but always before deposition), which are called
doping methods and essentially represent a charge transfer reaction which involves the partial
oxidation or reduction of the polymer. The successful doping of conjugated polymers was first
demonstrated in 1977 by Heeger, McDiarmid and Shirakawa, who exposed polyacetylene films
to halogens vapors increasing their conductivity 10° times.*® The discovery was awarded the
Nobel Prize in 2000 and resulted in a paradigm shift from the idea of plastic as insulating
material to the new concept of highly conductive plastic for uses in electronics.
While in inorganic semiconductor physics the term “doping” usually refers to the introduction
of an external neutral atom (of a different element) in a host lattice to change its electronic
structure,*® for conductive polymers the process typically consists in a redox reaction.>® The
insulating neutral polymer is converted into an ionic complex, consisting of a polymeric cation
(p-type doping) and a counterion which is the reduced form of the oxidizing agent, or
conversely, into a polymeric anion (n-type doping) and a counterion which is the oxidized form
of the reducing agent. Many OMIEC formulations result from the research on counterions able
to efficiently dope conjugated polymers.” Through doping the optical and electrical properties
of conductive polymers can be controlled, in the range from insulators to conductors: for
example, electrical conductivity of polyacetylenes, polyanilines, polypyrrole, and
polythiophenes compositions®? can be increased up to 10-12 orders of magnitude, reaching
1000 S/cm 1! (see Figure 1.7b).
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Traditional band theory considers electrons and holes as the charge carriers within a fixed
atomic lattice.>® However, in conducting polymers, electrons and holes have significant
coupling to the phonons of the lattice and thus the atomic positions are not entirely fixed.>® The
nature of the charged state is related to the ground state properties of the polymer, as shown in
Figure 1.8. Conjugated polymers can be classified in degenerate or non-degenerate. In the
case of degenerate ground state, all monomers are energetically equivalent with no change in
energy of possible alternation of single and double bonds. On the other hand, a non-degenerate
ground-state—conjugated polymer has energetically non-equivalent structures, usually given by
the energy difference of aromatic (benzoid) and quinoid structures.> The schematic
illustrations of the change in potential energy (electronic plus lattice distortion energy) in two
different types of degenerate and non-degenerate ground-state—conjugated polymers are
exhibited Figure 1.8 a and d, respectively. The double minimum potential energy is related
to the spontaneous symmetry breaking in the polymer chain. The non-degeneracy of the ground-
state energy in most conjugated polymers appears because of the energy difference of aromatic
(benzoid) and quinoid structures.>®

a) b) % c)
Degenerate ground state /\/\\N
Neutral soliton = band - - -
E (ar)
o -© 4 [
N N NN | T+
n n Positive soliton - - -
Phase A Phase B N @  band
i se
| | P Y a4 Neutral soliton  Pasitive soliton  Negative soliton
X ) Charge : zero Charge : +ve Charge : -ve
Negative soliton Spin :112 Spin :zero Spin :zero
d). e) Undoped state f)
| o |
L] E’
Non-Degenerate ground state [ howo | Conduction band
. E (Ar) S Positive polagn Bipolaron /",
P —— /
n n d s n
\ / & N
Aromatic Quinoid A [ howo |
i " Radical Cation
! y Positive bipolaron _ -
| o Lo QOccupied states Unoccupied states

(valence band)

Figure 1.8: Doping of conjugated polymers. a) The degenerate ground state of polyacetylene induces
the formation of soliton defects (b) located in the transition region between phase A and phase B. Both
positive and negative solitons can be stabilized by dopant counterions, introducing new levels in the
energetic band gap (c). d) Non-degenerate ground state in conjugated polymers, and €) formation of
polarons and bipolaron states induced by doping in poly(3,4-ethylenedioxythiophene) (PEDOT). The
structure of a neutral PEDOT chain has an aromatic characteristic, whereas the structure of a polaron or
bipolaron distortion has a quinoid characteristic. f) Density of states of PEDOT thin films, indicating
the formation of bipolaron bands for high doping level. Adapted from?#6:545°,

PAc is a conjugated polymer with a degenerate ground state. By changing the alternation
in the bond length pattern (adjacent single and double bonds and changed to double and single
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bonds), the energy of the molecular system remains same. These two different structures of
trans-polyacetylene have the identical energy, i.e., the equal probability of occurring and can
thus coexist in two domains on the same chain.>® This creates a transition region between the
two domains (with different bond length alternation), which is associated with an unpair
electron, and it is known as a soliton (Figure 1.8 b).> A soliton introduces a new energy level
(for the unpair electron) in the middle of the intrinsic polymer band gap (Figure 1.8 c). Such
defect is neutral and present in chains of uneven numbers of carbons, but can be charged
negatively or positively by reduction or oxidation with counterions (Figure 1.8 b and c). A
typical example of a conjugated polymer with a non-degenerate ground state is polythiophene,
where its aromatic form has lower energy than the quinoid form (Figure 1.8 d).*® The
introduction of a positive charge into the polymer creates a local conformational change from
the aromatic to the quinoid structure. Figure 1.8 d).>® This structural deformation due to the
auto-localization of the introduced charge is known as polaron (Figure 1.8 €). Polarons
possess a spin of %2 and are formed at low doping levels. Their energy spectrum is characterized
by two new energy levels within the intrinsic band gap of the semiconducting polymer. As the
doping increases, two polarons located close to each other can form a single spinless bi-polaron
defect.>® The bipolaron can be thought of as analogous to the Cooper pair in the BCS theory of
superconductivity,®” which consists of two electrons coupled through a lattice vibration, i.e., a
phonon. The formation of a bipolaron implies that the energy gained by the interaction with the
lattice (“sharing” the same lattice distortion) is larger than the Coulomb repulsion between the
two charges of same sign confined in the same location.®® By increasing the doping level of the
polymer (a high doping level is considered to be when the dopant to monomer percentage
exceeds 33% °°), bipolaronic states overlap and delocalize resulting in bipolaron bands which
provide metal-like conductivity to the structure.®® The schematic illustration of the energy band
diagram obtained from an averaging of the energy spectra of individual crystallites using DFT
for a most common conducting polymer thin film, PEDOT, is depicted in Figure 1.8f.° As
can be noted in Figure 1.8f, the DOS of both bipolaron and valence band (can be considered
as HOMO) display the Gaussian tails toward the gap. The width of the Gaussian DOS (opos) in
the valence band is an indication of the energetic disorder of a system and is approximately
reported in the range of 0.1 eV for PEDOT thin films.5!

1.3.4 Interchain transport

The intrachain coupling of charged defect states provides the pathway of charge carriers
along the polymer backbone among adjacent localized segments (see Figure 1.9a). Similarly,
when the distance between different polymer chains is small, there is a high chance of interchain
polaron/bipolaron coupling between adjacent localized states through m—n stacking.®? The
resulting interchain coupling provides the hopping pathway between localized coupled
segments, either between two individual chains or on one chain that is folded back on itself (see
Figure 1.9b). In conjugated polymer films, intrachain coupling is strongly favored in
crystalline regions, while interchain coupling avoids charge localization in the presence of
defects and amorphous regions. The overall rate of charge carrier transport in the film will be
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determined by the slower of the two processes occurring in series.®® Tuning the process
parameters and post-processing treatments of CP films increases the degree of crystallinity,
crystallite size, and crystallite orientation, so that intercrystallite transport is not rate limiting,>
that is, moving from a region | (low order) to region Il (high order) as depicted in Figure 1.9c.
In this scheme, the overall rate of charge carrier transport reaches a plateau in the region 11 and
reveals that further enhancement of crystalline order and orientation do not dramatically change
the total charge transport rate in the case of large n—n stacking distance. Smaller n—r stacking
distances can be obtained by engineering the doping level and the dopant identity, leading to a
further enhancement of the film conductivity.%*
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Figure 1.9: Intra-chain and interchain coupling in conjugated polymer films. The wave function of
localized charge defects (polaron or bipolaron) can overlap along a polymer chain (a) or between
adjacent polymer chains (b) through n—m stacking. ¢) Schematic illustration of overall rate of charge
carrier transport for intercrystallite and interchain processes in conjugated polymer films. For limited
order (region I), increasing the degree of crystallinity leads to enhanced electrical conductivity. With
increased order (region 1l), the overall rate of charge carrier transport is limited by the n—=n stacking
distance and reaches a plateau according to its value.*®

1.3.5 Mechanism of Electronic Transport in OMIECs

The overall electroneutrality of matter dictates that oppositely charged ions balance

electronic carriers in doped conjugated polymers. The fixed polyelectrolyte charge in type
I/111/V OMIECs can serve this function (Figure 1.4), while type II/IV/VI materials require
the injection of counterbalancing dopant anions or cations.
Due to large structural disorder in OMIEC materials limiting the degree of electronic
delocalization, charge transport in doped CPs is often described as Efros—Shklovskii variable-
range hopping,®® in which the electronic conductivity (ce) has the following temperature
dependence:

1
T, 2
Op1 = Ofs €Xp (%) 15

where ogs Is the conductivity prefactor and Tes is the characteristic temperature. The
fundamental insight of this model is the presence of a Coulomb gap in the density of states
(DOS). At very low concentrations the dopant ions act as Coulombic traps for electronic charge
carriers and charge transport mostly consists in thermally activated hops between localized
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states (see Figure 1.104a).%° With increasing doping levels the activation energy of charge
hopping decreases and carrier mobility increases, with some OMIECs displaying diffuse band-
like charge transport.®® Thereby, the Coulomb gap can be qualitatively rationalized as the
energetic distance between the highest filled localized states (Fermi level) and the lowest empty
delocalized states (transport level or mobility edge). Increasing the charge density should
decrease Tes such that at or above Tes, the thermal energy should be sufficient to collapse the
Coulomb gap, resulting in high (metallic) conductivity.
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Figure 1.10: Electronic conduction in OMIECs, ranging from thermally activated hopping to band
like transport depending on the doping level (a).” As a result, the electronic mobility in the prototypical
CP P3HT shows a dramatic rise and plateau with increased hole concentration p (b). The insets in panel
b show the HOMO (valence band) density of states filled up to the Fermi level (Eg). The difference
between Er and the transport level Ec is the Coulomb gap. Ec" and EcV are the lower and upper transport
levels, respectively. The broadening of the density of states distribution with increased doping drives
the localization of states and shifts Ec, which complicates the transition to true band-like or metallic
transport. Adapted from ©°,

However, this has not been unequivocally achieved,®’ likely due to dopant-induced disorder
that accompanies high carrier densities, as indicated by the broadening of the DOS in Figure
1.10c. Over smaller temperature ranges, electronic mobility is commonly (if not strictly
accurately) described as thermally activated hopping with an Arrhenius relationship:

E
U = Uy exp (— —a> 1.6

RT
where the activation energy (Ea) and exponential prefactor (o) are carrier density dependent.
The activation energy is a useful parameter to approximate the difference between the Fermi
level and transport level to compare the mobility at different carrier densities and in different
materials.®®
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Despite differences in the chemical structure and composition of OMIECs, stochastic hopping
processes occurring at the microscale result into macroscopic electronic currents, which can be
described with a general drift-diffusion approach. The one-dimension current density for
electrons (Jn ) and for holes (Jp) can be defined as

d¢ dn
In= euna+ eDna 1.7
d¢ dp L8

]p = e,upa—era

where n and p are the carrier densities, un and un are mobilities, and Dn and D, are the
diffusivities for the electrons and holes, respectively. Absent molecular doping,®® n and p are
equal to the excess cation and anion concentrations, respectively.

1.4 Ionic transport in OMIECs

What sets OMIECs apart from other m-conjugated organic semiconductors is their
ability to conduct ionic currents in addition to electronic currents. In the case of dry OMIECs,
ion transport is unipolar for types I, Il and V (Figure 1.4) as one of the ionic charged species
is fixed on a polyelectrolyte, whereas both anions and cations are mobile in types I, IV and VI.
When OMIECs are placed in contact with an electrolyte, swelling processes of the polymeric
matrix allows for the infiltration of excess ions from the electrolyte, and thus both mobile anions
and cations may contribute to ion transport. In both cases, the negatively charged anions and
positively charged cations can be thought analogous to electrons and holes. Thereby, in dilute
systems in one dimension, the ionic current density can be expressed analogously to Eq. 1.7
and 1.8:

d¢ dni
Jion = zi [nilzile.un a +eDyz; a 1.9

where the index i refers to the different ionic species in the OMIEC material. However,
assumptions of infinite dilution often do not hold. lon-ion interactions in OMIECs can produce
neutral ion pairs (that can diffuse but do not migrate), net charged ion triplets, and larger clusters
or aggregates that can be neutral or charged.?* Thus, raw anion and cation concentrations are
not informative, and when known concentrations of each ion and multi-ion species are absent,
anion and cation thermodynamic activities should be used. Additionally, depending on local
pH, there may be non-negligible proton, hydronium, or hydroxide transport in hydrated or
aqueous systems. Given this complexity, ionic conductivity in polymer MIECs is often
quantified as simple oionic, but reported mobility or diffusion coefficients should be considered
apparent or effective unless rigorously proven otherwise. Moreover, while in typical
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electrolytes electroneutrality requires the local cation and anion concentrations to be equal, in
OMIECs ions can accumulate to counterbalance electronic carriers:

FZcizi+ep—en=0 1.10
i

where F is Faraday’s constant, Ci is the individual ion concentrations, and p and n are the
electron and hole concentrations, respectively.
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Figure 1.11: lonic conduction in OMIECs. a) Mechanism of ionic transport in mixed conductors
according to their hydration state in (b). lon hopping occurs in the dry state, while vehicle and Grotthuss
transport take place in hydrated materials. ¢) Impact of water content on ionic conduction in OMIECs
formulations. ¢) lonic and electronic conductivity map in organic mixed conductors at different
hydration conditions. Adapted from 7,73.

lon transport in OMIECs can occur through different mechanisms (Figure 1.11a) depending
on the hydration state of the polymeric film (Figure 1.11b). In dry and minimally hydrated
conditions, ion motion occurs through ion hopping coupled with the segmental motion of the
OMIEC side chains or backbone.” lonic transport is dependent on chain fluctuations, and
extended conjugation is detrimental to the process. The segmental motion assisted transport can
be improved with the incorporation of ion-coordinating moieties. Dry type V polyelectrolytes
and type Il blends have ion mobilities of order 10-° and 10-° cm? V- s, respectively.’

Hydration has a tremendous effect on ionic transport in mixed conductors. Many OMIECs
(especially types I, 111, and V) show such low aienic In the dry state that they can be considered
as simply electrical (semi)conductors due to strong ion association with the polymer and limited
chain motion. With hydration, water plasticizes chains, increasing chain motion, and begins to
solvate the ions, partially displacing the polymer in the cation solvation shell.”? In conjugated
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polyelectrolytes, water dissociates the counterion. A sufficient degree of hydration produces a
mobile solvation shell of water, allowing vehicle transport. At room temperature, the ionic
conductivity of conjugated polyelectrolytes (type V1) spans seven to eight orders of magnitude
depending on the degree of hydration (Figure 1.11c).”® Moreover, as OMIECs incorporate
poly(4-styrenesulfonic acid) (PSSH), parallel proton transport via the Grotthuss mechanism
becomes significant in the highly hydrated state.”

Many mixed conductor applications require direct contact with a liquid electrolyte.”™ This
complicates the description of transport, as ions and solvent are now in a concentration- and
electrochemical potential-dependent equilibrium between the contacting liquid electrolyte the
electroactive material. This is most obvious in potential-dependent swelling of OMIECs in
response to electrochemically induced electronic charge. In this environment, many marginal
polymeric MIECs that minimally solvate/transport ions become surprisingly effective mixed
conductors. For example, the type VI material poly(2-(3,3 -bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-[2,2 -bithiophen]- 5-yl)thieno[3,2-b]thiophene) [p(g2T-TT)]
passively swells only ~10% when in contact with aqueous NaCl, independent of electrolyte
concentration. However, upon the application of an oxidizing potential, p(g2T-TT) reversibly
swells an additional 42% to 86%."® Electrolyte swollen PEDOT:PSS shows an ionic
conductivity with the same concentration dependence as liquid electrolytes. As excessive
swelling can be detrimental to device stability, cross-linkers are often employed to stabilize the
polymeric matrix, reducing the ionic mobility up to one order of magnitude.”” Both highly
hydrated and electrolyte swollen polymeric MIECs are more accurately described as conductive
hydrogels, where ionic transport is decoupled from polymer chain dynamics as continuous
liquid pathways are available for ionic transport. In such a condition, ionic conductivity reaches
maximum values, and research efforts are focalized on maintaining a percolative path for
effective electronic transport.”

A final overview on mixed transport in OMIECs is given by Figure 1.11d, showing the ionic
and electronic conductivity map of different materials under dry, hydrated, electrolyte swollen,
and gelled conditions.”® The degree of doping and hydration leads to a several orders of
magnitude range of electronic and ionic conductivity, respectively. Dry polymer electrolyte-
based materials (types Il, IV, and VI) show much better ionic conductivity than dry
polyelectrolyte-based materials (type V), but maxima ionic and electronic conductivities are
measured in hydrated and solvent swollen type 1 polyelectrolyte/conjugated polymer
composites.

1.5 Ionic-electronic interactions in OMIECs

lonic-electronic interactions in OMIECs involve the entire material bulk and determine
the charging properties of mixed conductors. Electroneutrality requires that every electronic
charge in the conjugate segment of an OMIEC is counterbalanced by a stabilizing excess ionic
charge (net ionic charge) of the opposite sign. As specified in Sect. 1.3.3, ionic-electronic
coupling is commonly referred to as doping, as it modulates the electrical conductivity of the

25



Tonic-electronic interactions in OMIECs

OMIEC formulation. In the case of types II, IV and VI OMIECs the stabilizing doping is
induced by the injection of mobile ions, while in types I, 111 and V materials, net ionic charges
charge are fixed in the OMIEC, thus they can be inherently doped. Since these dopant ions
cannot be removed, de-doping can occur via the incorporation of oppositely charged mobile
ions that compensate the fixed ionic charge present in the OMIEC (Figure 1.12a). In some
mixed conductors ionic—electronic coupling can occur through direct charge transfer processes,
such as the protonation of polyaniline, which leads to the stabilization of electronic charge
(Figure 1.12b). In the absence of an externally applied potential, there is some preferred
equilibrium concentration of electronic charge and counterbalancing excess ionic charge. This
depends on the energetic position of the HOMO and LUMO bands of the conjugated segment
in the OMIEC composition. A sufficiently shallow HOMO energetically favors the stabilization
of positive electronic hole charges by excess anions (p-type doping), while a deep LUMO band
favors n-type doping involving electrons stabilized by excess cations. The amount of coupling
between electronic charge and excess ionic charge (degree of doping) in OMIECs can be
modulated with an applied bias when coupled through an electrolyte. Homogeneous single
phase OMIECs (types V and V1) display larger magnitudes of ionic—electronic coupling and
larger values of volumetric capacitances than biphasic OMIECs (types I-1V).” This potential-
dependent coupling is the fundamental mechanism of charge storage in OMIEC-based
supercapacitors and batteries,® and of transduction between ionic and electronic signals in
OMIEC-based sensing and stimulating probes.® lon-electron interactions lead to the filling or
emptying of electronic states allowing for the reversible bleaching of optical transitions needed
in electrochromic devices.®® Furthermore, the modulation of the degree of doping naturally
controls the electrical conductivity of the OMIEC and is leveraged in a variety of OMIEC-based
organic electrochemical transistors® and neuromorphic devices.®!

lon-electron coupling in organic mixed conductors takes place in a disordered, weakly
interacting, low dielectric constant, molecular system infiltrated by an electrolyte. Electronic
charge can be injected from metallic electrodes underlying the OMIEC layer, transported
through the m-conjugated system, and most often electrostatically stabilized by a dopant ion
supplied from the electrolyte. Given the complexity of the process, OMIEC charging is often
inconsistently  described as alternatively faradaic, capacitive (electrostatic) or
pseudocapacitive.®? Faradaic charging of OMIECs implies a current corresponding to the
oxidation/reduction of some molecular entity, which follows Faraday’s law relating moles of
product to coulombs of charge through Faraday’s constant.®® Cases do exist of CPs and
OMIECs that undergo archetypal integer electron redox reactions,® where the charging process
can be described as

P°+Ct+e o P (CY) or P°+A  +ht & PT(47) 1.11

and integer electron processes are localized to single polymer repeat units (P), via stabilization
with a cation (C) or anion (A) supplied from the electrolyte. However, such exceptions only
prove the more common rule that most CPs generally do not undergo neat redox processes of
clearly defined molecular entities. More often, charge is delocalized and distributed fractionally
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over a non-constant number of repeat units, and the degree of delocalization depends greatly
on the intermolecular ordering. Thereby, charging in OMIECs cannot be rationalized as an
equilibrium between a neutral and integer charged species, but instead is a continually evolving
equilibrium between incrementally differing degrees of fractional charge,®> making difficult to
properly define reactants, products and integer electron processes. Further complicating matters
Is the common perception that faradaic and electrostatic are mutually exclusive, but most ionic—
electronic charge coupling phenomena in OMIECs are both faradaic and electrostatic. Even in
the case of ideal redox polymers (described above), the interaction between electronic charge
on the reduced repeat unit and the stabilizing cation is electrostatic. Charge transfer occurs
between the OMIEC and the contacting metal electrode, and not between repeat units and the
stabilizing (dopant) cations. Understanding OMIEC charging to be faradaic does not preclude
electrostatic charge interactions, and the accurate description of charging must better connect
to the physical phenomena, opening intriguing challenges for material research.
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Figure 1.12: lonic-electronic coupling in OMIECs. The stabilization of electronic carriers with net
ionic charges can occur through electrostatic interactions (a) or direct charge transfer (protonation) (b).
¢) Charging of an OMIEC material in contact with a metal electrode and an electrolyte, highlighting
dopant ion injection and transport (1), electronic carrier (hole) stabilization by a dopant ion (anion) (2),
electronic carrier hopping (3) and charge transfer between the metal electrode and the OMIEC (4).
Numbering does not indicate the order of the processes.’

1.6 PEDOT:PSS as a model OMIEC material

After the discovery of electrically conducting polymers in 19774 and more than 30
years of worldwide intense research and huge efforts, PEDOT, or poly(3,4-
ethylenedioxythiophene), sets various standards for the entire field. PEDOT, which was
invented in 1988 by Bayer AG, Leverkusen, establishes the benchmark in terms of conductivity,
processability, and stability among all conductive polymers.!! One of the main reason for
PEDOT success as conducting polymer is its availability in aqueous dispersion. Although
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PEDOT is an insoluble polymer, combined with poly(styrenesulfonic acid) (PSS) as a
counterion it creates a conjugated polymer-polyelectrolyte blend (type | OMIEC) that can be
prepared in stable dispersions, produced on industrial scale, and used through several deposition
techniques. PSS is commercially available with different molecular weights and
polydispersities the trade name Clevios™ (see Figure 1.13). It is soluble in water and forms
durable and transparent films.2 As PEDOT counterion, PSS is always used in excess, thus as
host polyelectrolyte.

Solids

Content Particle
in Water PEDOT:PSS  Viscosity at Size dy;,  Conductivity
Trade Name (wiw) (%)  Ratio (w/w)  20°C (mPas) (nm) (S/em)
Clevios I 1.3 1:2.5 80 80 <10
Clevios PH 1.3 1:25 20 30 <10
Clevios PVP 1.5 1:6 10 40 102
AT 4083
Clevios PVP 2.8 1:20 15 25 105
CH 8000
Clevios PH 500 1.1 1:2.5 25 30 500
Clevios PH 750 1.1 1:25 25 30 750
Clevios PH 1000 1.1 1:2.5 30 30 1000

Figure 1.13: Commercial PEDOT:PSS dispersions in water and their properties.

In standard PEDOT:PSS dispersions, the molar ratio between thiophene groups and sulfonic
acid groups is in the range of 1:1.9 to 1:15.2 (weight ratio range 1:2.5 up to 1:20). Since there
is one charge every three to four thiophene rings, the charge excess of PSS is between 6-fold
and 46-fold.!* According to the delocalization of positive charges in PEDOT, the weak polar
groups and the different spacing of PEDOT charges compared to PSS ones, there is no
molecular or supramolecular order in PEDOT:PSS, but only a random interaction between
polymer chains giving the so-called “pancake-like” structure, as shown in Figure 1.14.%
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Figure 1.14: Chemical structure of PEDOT:PSS, where holes (positive (bi)polarons) in PEDOT are
stabilized by fixed anions in PSS. The commonly described microstructure of the type | OMIEC blend
involves the PEDOT synthesis onto PSS template (a), formation of colloidal gel particles in dispersion
(b) and resulting film with PEDOT:PSS-rich (blue) and PSS-rich (grey) phases (c). PEDOT
aggregates/crystallites support enhanced electronic transport (d).®
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PEDOT:PSS represents a workhorse of organic electronics and bioelectronics, and is
in fact one of the most studied and explored materials in current research.®® Further to its
commercial availability and its solubility in water, the polymeric blend forms durable films and
shows no absorption in the visible range of light, resulting in transparent films. The density of
holes in PEDOT:PSS can be reversibly modulated over a wide range by the compensation with
ions provided from an electrolyte. This makes PEDOT:PSS ideal as the electrode in ion-based
energy storage devices, such as supercapacitors,® and as the channel in electrochemical
transistors®® and sensors.* The swift and reversible modulation of the hole density is also
accompanied with a switch in color between dark blue and transparent, and PEDOT:PSS has
therefore served as the pixel electrode in electrochromic displays.*> Moreover, PEDOT:PSS is
a first choice as the signal translating device in various bioelectronics devices operating in
physiological media, such as in biosensors, electrochemical transistors,®? and electrodes
interfacing with neuronal systems.%

1.6.1 Deposition and properties of PEDOT:PSS

PEDOT:PSS dispersed in water can be deposited in principle by all common techniques
employed for the deposition of waterborne coatings (Figure 1.15). Common deposition
techniques to obtain uniform coatings are slit coating, drop casting, bar coating, spin coating,
electrospinning, and spraying.®* In case a structured deposition is required, other techniques are
commonly employed such as screen printing, inkjet, nozzle printing, and various forms of
contact printing (that is, relief, flexo, gravure, and offset printing). Other ways for structured
deposition of PEDOT:PSS have been achieved by modifying the wetting properties of the
surface, or by using photo-lithographical techniques.®® The deposition of PEDOT:PSS
dispersions by spin coating has proven to be an easily accessible technique to obtain uniform
films in a thickness range of 0 to 300 nm.%® PEDOT:PSS films have to be dried prior to further
processing. The water is removed by baking the layers at elevated temperatures, under infrared

a)

er Thickness nm|]

[} 1000 2000 o 500 1000 1500 2000 2500 3000
Spin Speed [rpm] Spin Speed [rpm]

Figure 1.15: Deposition of PEDOT:PSS. a) Spin coating curves for CLEVIOS P Al 4083 and
CLEVIOS PH 500 PEDOT:PSS dispersions using a Carl Siiss RC8 spin-coater (featuring a closed or
opened rotating lid).* b) Electrochemical deposition of PEDOT:PSS from EDOT monomers.%
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(IR) radiation, or by applying vacuum. Alternatively, highly conductive and stable PEDOT:PSS
thin films can be prepared by electrochemical polymerization. Developed at the beginning for
polypyrrole,®” and then extended to many other polymers, this method allows for a precise control
of the quantity of the material deposited on the substrate, also providing an easy way of
functionalization with inorganic or bio-molecules.®®

PEDOT:PSS films are stable in a wide temperature range, as demonstrated by thermo-
gravimetrical analysis (TGA) of thick layers. Figure 1.16a depicts the weight loss over time
while the sample is heated at a constant rate in helium.'! Between 100°C and 200°C the weight
loss is solely determined by evaporation of remaining water. Like other polymers containing
sulfonic acid groups, PEDOT:PSS is strongly hygroscopic and will take up moisture when
handled under ambient conditions. At about 250°C the sample weight decreases significantly.

a)

100 4 Weight of sample: 11.752 mg,
80 ml min~* He, 5 K min~!

Weight (%)

T T T T T T t T T T
0 100 200 300 400 500 600 0 5 10 15
Temperature [*C] me re

Figure 1.16: Some properties of PEDOT:PSS films. a) Thermo-gravimetrical analysis (TGA)
indicating thermal stability up to 200°C. b) Effect of UV absorption on the sheet resistance of
PEDOT:PSS. c) Stress-strain curves at different humidity conditions. d) Optical absorption of
PEDOT:PSS films at different electrochemical potentials.**

This is attributed to SO ions evaporation and indicates the fragmentation of the PSS sulfonate
group. At higher temperatures of T > 350°C other fragments due to carbon oxidation are
detected. Following the analytical data obtained by TGA the material is considered to be
thermally stable up to temperatures of T = 200°C. In contrast to many other conjugated highly
conductive polymers, PEDOT:PSS exhibits a very stable conductivity. However, like all carbon
compounds, PEDOT-type polymers will be subject to degradation, especially when exposed to
harsher conditions. The overall decay mechanism seems to be oxidation by oxygen enhanced
by UV light (Figure 1.16a). Attack to the sulfur atom of the thiophene ring will yield
nonconducting sulfoxide and sulfone structures, and ultraviolet (UV)-light exposure must be
avoided.

PEDOT:PSS films are mechanically flexible compared to inorganic materials like metal oxides.
The mechanical properties of PEDOT:PSS have been investigated by tensile strength tests on
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free-standing PEDOT:PSS films (Figure 1.16c). Young’s modulus and tensile strength were
found to be strongly depending on the relative humidity (rH) level during the tests. The polymer
exhibits brittle fracture behavior at rH = 23% which changes to plastic fracture behavior at an
intermediate rH = 55%. The Young’s modulus of films increases from 0.9 GPa at 55% rH to
2.8 GPa at 23% rH.%®

The optical spectrum of PEDOT:PSS is almost identical to the absorption of in situ chemically
polymerized PEDOT without PSS. Thin films (<500nm) of PEDOT: PSS are highly transparent
in the visible range (transmittance> 80%). Part of the absorption occurs in the region of red
(600 -750 nm), which gives the films a light blue appearance. Gustafsson et al. have studied the
optical properties of PEDOT:PSS films deposited on ITO as electrode in an electrochemical
cell.1® Figure 1.16d depicts the optical absorption spectra as a function of photon energy at
different bias. The peak at 2.2 eV (560 nm), the band gap absorption, reduces as the applied
bias is increased. At the same time, two new peaks appear at lower energies (<0.5 eV and 1.4
eV) indicating that the charge inserted into the polymer electrode is stored as bipolarons.'%! The
partly neutralized polymer obtained at a bias of —1.5 V is strongly absorbing in the visible range,
while PEDOT in its oxidized form at +0.5 V is almost transparent in this region. This behavior
may be exploited in electrochromic applications, like displays and smart windows.1%2

1.6.2 Morphology model for PEDOT:PSS

PEDOT:PSS is a type | OMIEC with a relatively high ionic conductivity and specific
capacitance. Charging properties (electron-ion coupling) of mixed conductor are commonly
studied using cyclic voltammetry (CV). In a cyclic voltammetry experiment, an electrochemical
potential is applied to a working electrode typically consisting of an OMIEC layer patterned on
a metallic electrode. The applied potential is ramped linearly with respect to time, and the
electrochemical current induced by the process is recorded.'® Typical CV data traces recorded
for PEDOT:PSS in 0.1 m KClI solution are shown in Figure 1.17a.2 In the forward potential
scan, there is a current peak (at V= —0.7 V) attributed to the injection of holes into the undoped
polymer and expulsion of cations. Accordingly, on the reverse scan the voltammogram shows
one cathodic peak (V = —0.7 V) corresponding to electron injection and cation uptake
responsible for the de-doping process of PEDOT. At the same time CV curves exhibit a
characteristic rectangular shape in the range from —0.5 to 0.5 V, indicating capacitive charge
accumulation in the OMIEC material,'® with volumetric specific capacitance values reported
from 30 to 50 F/cm3.1%

The origin of the volumetric capacitance of PEDOT:PSS can be attributed to a phase separation
in the polymeric microstructure (see Figure 1.4), which can be investigated at different scales.
Grazing incidence wide-angle X-ray scattering (GIWAXS) provides information at the
Angstrom scale.’® The GIWAXS pattern presented in Figure 1.17b indicates a mostly
amorphous film, but with some weak and broad, isotropic scattering, indicating n—n stacking in
small ordered domains of PSS and PEDOT, respectively.®* From the broadening of the
diffraction peaks it is possible to estimate that each PEDOT crystallite domains is composed by
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of up to five chains.’®” The morphology of the PEDOT:PSS film on the scale above 1 nm can
be characterized with tapping-mode atomic force microscopy (AFM). Figure 1.17c and d
show the phase and topography images of a 500 x 500 nm? area of the PEDOT-PSS film. The
10-20 nm wide grains observed in the phase image with relatively strong contrast are associated
with a different chemical composition. For polymer systems, bright areas (high phase signal)
in the phase image can be assigned to the relatively hard PEDOT:PSS rich phase!®, while the
lower phase signal is referred to areas with an excess of PSS. Surface areas rich in this
hygroscopic polyelectrolyte are expected to swell and soften due to ambient humidity,
explaining why the PSS region is slightly higher in the corresponding topography image.%®
The combined observations indicate the PEDOT:PSS morphology model sketched in Figure
1.17e. PEDOT:PSS represents a two phase-system consisting of PEDOT-rich and PSS-rich
grains of the dimensions of about 10-30 nm. PEDOT-rich grains support primarily hole
conductivity, whereas PSS-rich grains support the ionic conductivity. The PEDOT-rich grains
consist of PEDOT crystallite domains of 1-2 nm (composed of up to =5 chains) embedded in
the amorphous PSS matrix. Because the system exhibits high conductivity in the oxidized state,
the PEDOT crystallites and chains form a percolative network (presumably via n—n stacking)
providing transport paths for the holes throughout the whole structure.
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Figure 1.17: Morphology of PEDOT:PSS. a) Cyclic voltammetry of a PEDOT:PSS. b) GIWAXS data
of PEDOT:PSS represented in a coordinate system of scattering vectors Qxy, Q., parallel to the substrate
plane and substrate normal, respectively. c) Phase images and d) topography of a PEDOT-PSS film
obtained with tapping-mode AFM. e) Schematic diagram of the morphology model for PEDOT:PSS.%

1.6.3 Secondary doping of PEDOT:PSS

The term “secondary doping” was introduced by MacDiarmid and Epstein to refer to
chemical additives used to further enhance the conductivity of a doped conjugated polymer .10
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Secondary dopants do not actually change the PEDOT doping level, thus they are often referred
a conductivity enhancing agents (CEA). Typically, CEA are added to PEDOT:PSS water
dispersion (but they can also be added after the film formation) and the effects on conductivity
are clearly visible once the film is formed. The most common secondary dopants for
PEDOT:PSS are dimethyl sulfoxide (DMSO), copper (1) chloride, and ethylene glycol (EG).1!
Secondary doping processes often require thermal annealing and show two important features:
1) the presence of the secondary dopant is not necessary to maintain the conductivity once the
film is formed!!, and ii) small quantities of secondary dopants can strongly influence the
conductivity of the PEDOT:PSS film, but the conductivity increase rapidly reaches a plateau
for large CEA concentrations (Figure 1.18a).'!

The effect of secondary dopant can be interpreted as follows. During the PEDOT:PSS film
deposition from aqueous dispersion, polymer chains are “frozen” in a non-equilibrium state,
but in presence of a high boiling point solvent the blend rearrange and the PEDOT oligomers
find a new thermodynamically favorable position, similarly to the effect of a platicizer.!!? In
this way, highly polar secondary dopants interact with PEDOT" and PSS chains, favoring
crystalline aggregation. After such rearrangement, the film remains in its new
thermodynamically favorable state, even upon the CEA thermal removal.!’® EG content
increases have been shown by grazing incidence wide-angle X-ray scattering (GIWAXS) to
incur slightly tighter m—r stacking across different polymer chains and increase crystallite size.8’
The growth in domain sizes was accompanied by increases in the heterogeneity of the
PEDOT:PSS cores and PSS-rich matrices (Figure 1.18b), enhancing the electronic
conductivity, but slightly decreasing the ionic mobility. As a consequence, maximized mixed
conduction is achieved with 5 vol% EG. Other additives commonly employed in PEDOT:PSS
composites to ensure good OECT performance are the molecular surfactant 4-
dodecylbenzenesulfonic  acid (DBSA) and the  cross-linking  agent  3-
glycidoxypropyltrimethoxysilane (GOPS). Unlike the aforementioned secondary dopants, the
primary purpose of these additives is not to boost OECT performance but instead to facilitate
organic semiconductor processing or thin-film stabilization onto device substrates.®® Typical
DBSA ratios used for depositing PEDOT:PSS layers onto devices lie below 0.5 v/iv%. A
different class of additives is given by cross-linkers, which increase the formation of covalent
bonds between the polymer chains, thus changing their physical features. Since PSS is highly
hygroscopic, PEDOT:PSS films exposed to water swell and usually delaminate. The addition
to the mixture solution of the cross-linking agent 3-glycidoxypropyltrimethoxysilane (GOPS)
has proved to enhance the PEDOT:PSS film stability in aqueous solutions,!*! as reported in
Figure 1.18c. Although the films containing GOPS show superior mechanical stability, the
addition of GOPS yields thicker films (at a given spin-coating speed) containing a larger amount
of hydrophilic PSS units. Consequently, the hydration of the PEDOT:PSS film increases
causing irreversible morphological changes, which lead to a decrease in conductivity.!!*
Anyway, water absorption of PSS likely reaches a saturation state after a short time (about 3
h) and, afterwards, the film becomes stable.!'! Due to the presence of multiple components in
the deposited films, GOPS exact cross-linking mechanism is yet to be fully elucidated.
According to literature, the methoxy groups in GOPS can react with surface silanol groups
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present in silicon-based surfaces (e.g. glass).!!® In parallel, the highly strained nature of GOPS’s
epoxide ring and the availability of the C—O o* orbitals render it reactive toward numerous
nucleophiles, including water, alcohols (e.g. ethylene glycol), thiols, amines, and acids (e.g. the
toluene sulfonic acid group in PSS) to form network-like structures (Figure 1.18d).11°
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Figure 1.18: Secondary doping of PEDOT:PSS. a) Effect of conductivity enhancing agents with
different concentrations on PEDOT:PSS conductivity.!'! b) Schematic highlighting the impact of
ethylene glycol addition on the morphology of PEDOT:PSS and the associated changes in ionic and
electronic charge carrier transport. The width of the red arrows denotes the relative ease of electronic
and ionic charge carrier transport across the material.®’ ¢) Effect of GOPS concentration on PEDOT:PSS
conductivity!* and (d) correspondent cross linking mechanism when blended with PEDOT:PSS on a
glass substrate.16

1.7 Modeling charge accumulation and transport in OMIECs

Although OMIEC materials have been extensively studied and explored in several
applications, fundamental knowledge and accurate quantitative models of the coupled ion-
electron functionality and transport are still a challenging field of research, essential for future
developments and optimizations of devices based on this class of materials. Early models of
dynamic systems with mixed transport have typically been based on classical electrochemical
Butler-Volmer models!'” with an additional phenomenological term to account for the
capacitive current.!® More recent works have been based on the drift-diffusion approach,
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assuming that charge transport in electrolyte-coupled OMIECs is mediated by the diffusion and
drift (also called migration) of charged particles.’'® Diffusion occurs in the presence of
concentration gradients, and is called Fickian when the probabilities for particle movement are
equal in all directions, i.e., if the medium is isotropic. Drift is the movement of a particle under
a driving force, such as the movement of a charged particle under an applied voltage. Since
both ions and holes are charged species, one cannot a priori neglect neither their movement
driven by the electrical fields inside the OMIEC layer, nor their electrostatic interactions.
Preliminary works based on the drift-diffusion approach were able to reproduce some dynamic
current characteristics of type I OMIECs, but fail to reproduce the experimentally observed
volumetric capacitance of these materials.!'® At the same time, purely capacitive model do not
successfully reproduce the ionic and electrical potential distributions in OMIEC layers when
used as active materials in electrolyte-gated transistors.'?® For this reason, more complex
modeling approaches have been explored in recent years, including thermodynamics-based
analyses of the OMIECs charging and transport processes,?! or quasi-field drift-diffusion
models supported by in situ measurements of electrochemical (de)doping of mixed
conductors.®® Despite the variety of modeling approaches present in current literature, the
interpretation of results obtained in this thesis is mostly based on the drift-diffusion model
introduced by Tybrandt et al. in 2017 for type | OMIECs.!? In that work, two distinct
electrostatic potentials were assumed for the electronic and ionic phases of PEDOT:PSS (see
Figure 1.17), and electronic properties such as the chemical potential (Fermi level) of holes
were coupled to the ionic phase through a diffuse electric double layer.

1.7.1 Chemical potential—electric double layer coupling in type I OMIECs

In amorphous or highly disordered mixed conductors, such as PEDOT:PSS films,
electronic transport mainly occurs by hopping or tunneling among localized states (See sec.
Electronic transport in OMIECs1.3), and the hole density of states g (E) can be calculated
through the Gaussian disorder model. Considering the fermionic nature of electronic carriers,
the hole concentration p in PEDOT is given by the integration of the density of occupied states
(DOOS):

+ 00 +o0o E
p=] DOOS(E)dE = 9(E) dE

— 1.12
" 14 exp [—(Ekﬂtlp)l

where g(E) is given by Eq. 1.4, ks is the Boltzmann’s constant, and | is the chemical potential
of holes, which can be found by solving Eq. 1.12. Anyway, when the carrier concentration is
small (with respect to total number of states available in the HOMO band), Er p can be expressed
through the Boltzmann’s approximation:
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2

2k, T

tp = kpT In(p) — + Ey, =k, TIn(p) + eB 1.13

where e is the elementary charge and B a constant. The hole transport in the conjugated polymer
phase can then described by a modified drift-diffusion equation (Eq. 1.14), which includes the
quasi-electric field arising from the shift in chemical potential due to changes in hole
concentration.'? Although the Boltzmann approximation is only accurate for lower hole
concentrations (expressed in mol/cm?®), it can also be used for higher concentrations because a
capacitive term dominates the system in that regime, given by the electrostatic interaction
between the ionic and electronic phases, as discussed below. The ionic species (c:) in the
polyelectrolyte phase are described by the standard drift-diffusion equation (Eq. 1.15), and
changes in concentrations are governed by the continuity equations (Eq. 1.16 and Eq. 1.17):

F Up
Jp = —D, [Vp + =0V (V, + ?)] 1.14
F

]cJ_r = _DCJ_r (VCi + ﬁCiVVC> 1.15

op
—=-V 1.16

ot Jp

aci

= ="V, 1.17

where F indicates the Faraday’s constant, and we assume isotropic diffusion using Einstein’s
relation D = pkoT/e (being p the carrier mobility). It should be stressed that the electrostatic
potential has two different distinct values within the electronic (Vp) and ionic (Vc) phases. This
difference causes charging of the interface with holes and ions, thereby creating an electric
double layer (EDL) with a voltage-independent volumetric capacitance (cvy) implemented
through Poisson’s equation

£
—EVZVZ'D =p—c,(V = V) 1.18

Similarly, the polyelectrolyte phase is governed by Poisson’s equation (Eq. 1.19), with Eq.
1.18 and 1.19 coupling the charging and transport of the electronic and ionic charge carriers:

£
—EVZVC =p+cy—Co—Cry 1.19
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where crix indicates the concentration of fixed sulfonate acceptors on PSS. The hole
concentration needs to be included in eq. 1.3.16 because a portion of the anionic charges are
compensating for the holes in the electric double layer.
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Figure 1.19: Energy diagram of a PEDOT:PSS electrode immersed in an electrolyte (PBS) with a
Ag/AgCI reference electrode. The work function of pristine PEDOT is lower than that of gold, giving
rise to an interface potential difference and heavy doping at Vapp= 0 V (). The charging of the PEDOT-
PSS interface creates an electric double layer, where the potential difference is approximately
proportional to the hole concentration. b) For Vap, =—0.9 V, PEDOT is essentially de-doped, which
increases the potential at the gold-PEDOT interface while the EDL is discharged.?

Figure 1.19 shows the energy diagrams for a PEDOT:PSS electrode immersed in an
electrolyte (phosphate-buffered saline) with a Ag/AgCI reference electrode. Two different
voltages are applied: Vapp = 0 (a) and Vapp=—0.9 V (b). The work function of the nonclean gold
surface is set to Wau =4.5 eV and Wagagc1 = 4.7 €V. The vacuum level for the Ag/AgCl electrode
is set to 0 eV as a reference. The system can be understood on the basis of three energy
levels/potential differences, which depend on the doping level: the electric double layer
potential difference, which causes the charging of the interface and thereby doping of the
semiconductor; the chemical potential of holes, which increases with doping level; and the gold-
PEDOT interface potential difference, caused by differences in the work function for gold and
PEDOT. From the energy diagram, the standard boundary conditions for highly doped
semiconductor-metal contacts are used for the gold-PEDOT contact (x = 0) by equating the
Fermi levels:

EF,Au = WAg/AgCl + e[lapp = EF'p(O) = kaln(p(O)) + eB + eI/p(O) 1.20

and by requiring charge neutrality in Eq. 1.18:

(P(O)) _B+ WAg/AgCl

—|—kpT1
p(0) - [~kyTIn=— :

+ Vagp — Ve(0)| ¢, = 0 1.21

where we isolated V,(0) from Eq. 1.20 and we replaced it in eq. Eq. 1.18. At the steady state,
the hole concentration is constant throughout the film, and Vc in EQ. 1.21 can be replaced by

37



Modeling charge accumulation and transport in OMIECs

the Donnan potential. In fact, the polyelectrolyte/electrolyte interface acts as a semi-permeable
membrane, which can be penetrated by the mobile ions provided by the electrolyte solution but
cannot be crossed by the SOs fixed anions of the PSS.12* This behavior resembles the Donnan
equilibrium in semipermeable membranes, and is expressed by:

RT ] Cri
Vp =— 7 arcsinh (%) 1.22

This yields eq. 1.3.20, which relates the applied voltage to the steady-state hole concentration:

k,Tin W,
p N b (P)+B_ Ag/AgcCl

+Vp 1.23
Cy e e

Vapp -

1.7.2 Modeling PEDOT:PSS/electrolyte interfaces

The full set of equation introduced in the previous section can be solved to study the
charging dynamics of PEDOT:PSS electrodes placed in contact with an electrolyte for Vapp=0
and —0.7 V (see Figure 1.20a and b). The concentration of holes is strongly affected by the
applied potential, whereas the relative change in ion concentrations is less pronounced, because
the concentration of fixed counterions is much higher. For the same reason, the electrolyte/PSS
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Figure 1.20: Modeling vertical ionic transport in PEDOT:PSS electrodes. a) The drift-diffusion,
Poisson’s equations and boundary conditions for a CP-PE electrode. b) Potentials and concentrations
for Vagp = 0 V (solid lines) and —0.7 V (dashed lines). The hole concentration (blue lines) markedly
changes with the applied voltage, whereas relative changes in the cation (red lines) and anion (yellow
lines) concentrations are small due to the high concentration of fixed PSS™ charges (black line). The
electrostatic potential in the PEDOT phase (blue lines) changes a lot, whereas the potential in the PSS
and electrolyte phases (red lines) is nearly constant. ¢) The main features of the measured cyclic
voltammograms at different scan rates (O, 1.0 V/s; 0, 0.5 V/s; and A, 0.2 V/s) are predicted by the
model. d) By reducing the hole mobility, the commonly observed peaks in the forward scan direction
can be reproduced.!?
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potential is nearly identical in both cases. Starting from these evidences, we can apply
Tybrandt’s model to reproduce cyclovoltammetry data acquired at different scan rates for a
600-nm-thick PEDOT:PSS film. Cyclic voltammograms of OMIECs show peaks and plateaus
which are typically difficult to decouple. The model offers explanations for three of these
distinct features: (1) The box-like shape curve measured for potentials higher than -0.5 V
(Figure 1.20c) is due to the internal electrical double layer within the material. (2) The
gradual decrease in current for lower potentials is a consequence of changes in the chemical
potential of the semiconductor. The electrochemical de-doping of PEDOT induced by negative
potentials shifts the chemical potential of holes towards the tail of the Gaussian DOS. (3) The
asymmetry of the backward and forward scans observed when Vapp is pushed up to -1.2 V
(Figure 1.20d) is explained by slow hole transport (the mobility of holes is reduced by seven
orders of magnitude). This manifests itself as a delay followed by a peak in the forward scan
current. As introduced in Sect. 1.3.5, the de-doping of PEDOT at -1.2 V significantly reduce
the carrier mobility due to the coulombic interaction with dopant counterions which localizes
electronic carriers.

The drift-diffusion model introduced in this paragraph quantitatively reproduces well-known
characteristics of type 1 OMIECs, confirming that these should be viewed as two-phase
materials comprising nanostructured semiconductors embedded in polyelectrolyte matrixes.
The authors used only PEDOT:PSS experimental data as a comparison with the model
predictions, but other type | mixed conductors such as polypyrrole:PSS, polypyrrole:DBS,?°
and polyaniline:PSS,'% show similar CV characteristics which can be interpreted in an
analogue way. Despite Tybrandt’s model is restricted only to one dimension and does not
consider internal phases with inhomogeneous conductivity, it provides a coherent theoretical
framework which is central for the interpretation of physical processes occurring in the OMIEC
applications considered in this work.
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1.8 Bioelectronic Interfaces

Using electrical signals to interact with biological systems has helped us to understand
different fundamental signaling principles of living organisms and to develop important therapy
tools.? Starting from the 18" century, scientists have developed a huge variety of bioelectronic
devices that offer improved healthcare and accelerate the pace of scientific progress.? Today,
brain—machine interfaces are being developed to assist individuals with restricted mobility in
controlling prosthetic limbs, and deep-brain stimulation protocols are used as a therapy to
alleviate Parkinson’s disease symptoms. At the same time, the pharmaceutical industry is
beginning to explore “bioelectronic medicines”, aiming to replace systemic administration of
certain drugs with electrical stimulation from implanted devices.*?” Due to the great potential
in the scientific, sanitary and biomedical fields, along with the associated economic
opportunities, research interest in bioelectronics field is growing at increasing rate. This is
proved by the rising number of scientific publications and citations in the period from 1985 to
2022 (Figure 1.21).
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Figure 1.21: Scientific production in the Bioelectronics field, including number of publications (a)
and literature citations (b). Source: Web of Science™ Core Collection Database.

The ultimate goal of bioelectronics research is the development of highly efficient interfaces
that operate as translators between the signals and functions of biology and those of human-
made electronic processing systems. When employed in one translation direction,
bioelectronics interfaces can be used to precisely control the physiology and functions of cells,
tissues, and organs with chemical specificity and high spatiotemporal precision. In the opposite
direction, bioelectronics can serve to selectively detect, record, and monitor various signals and
physiological conditions within biological systems, as well as convert relevant parameters into
electronic data for subsequent processing and decision-making.!? Initially driven by the solid-
state-electronics revolution, allowing to interface biological specimens with electrical devices
operating beyond 1 GHz,'?° the field of Bioelectronics has experienced a breakthrough with the
introduction of organic materials.* The “soft” nature of organics provides superior mechanical
compatibility with biological tissues compared to conventional electronic materials, and their
natural affinity for mechanically flexible substrates makes them suitable for nonplanar form
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factors often required for implants. More importantly, the ability of organics to conduct ions in
addition to electrons and holes opens up a new and highly efficient communication channel
with biology.* For these reasons, “organic bioelectronics” has risen up in recent years as a
challenging and multidisciplinary research field, involving material physics and chemistry,
electrical engineering, biology, and biomedicine.

1.8.1 Signals in Biology

Bioelectricity refers to the presence of potential gradients (voltages) and the movement
of charge carriers (the flow of current) within living organisms. These endogenous electric
fields exist at the organelle, cellular, tissue, and organism level (Figure 1.22).*° They
originate from charge carrier gradients, established by the diffusion or active transport of charge
across membranes.
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Figure 1.22: Endogenous bioelectric properties. a) Subcellular organelles (such as the nuclear
envelope) maintain electrical potentials across their membranes. b) An electrical potential Vien is also
maintained across the cell membrane through ion channels and pumps. c) Cells organized into tissues
drive a transepithelial potential, which gives rise to electric fields that provide a vector to points of
damage. d) Combinations of these local and long-range properties result in gradients across entire
anatomical body axes.'*®

Biosignals are associated to various molecular carriers ranging in size from small cations and
neurotransmitters to giant-sized macromolecules such as DNA and proteins.**>!32 They regulate
the life cycle of one individual cell as well as the function of multicellular systems such as
tissues and organs. Inside an organism these signals can be transported within the blood stream
(the vasculature) and along neurons.® The propagation of signals along neural cells is an optimal
case study for bioelectric phenomena induced by the perturbation of ionic homeostasis. For
electronically excitable cells such as neurons, the cellular membrane can be described using the

41



Bioelectronic Interfaces

Hodgkin—Huxley model.!® In this model, the cytosol of neurons is separated from the
extracellular environment by the capacitive lipid bilayer (Figure 1.23a), while the cellular
membrane is equipped with resistive, transmembrane ion-selective channels and pumps, which
are capable of transferring different kinds of ions across the membrane. At the resting state, the
transmembrane potential of excitable cells has a negative value (about -75 mV) mainly caused
by the imbalanced ion dispersion of excessive extracellular sodium (Na*) and intracellular
potassium (K™) ions as well as the different permeability of the cellular membrane to these
ions.®* The communication between neurons occurs through a special apposition of
membranes and intermembrane machineries called synapse, which bridges the axon of one
neuron (presynaptic terminal) and the dendrite of the other one (postsynaptic terminal)
(Figure 1.23b). The chemical transmission across the synaptic cleft (width around 200-400
A) is primarily unidirectional in the mammalian brain.'*® Close to the presynaptic terminal,
there is an accumulation of vesicles filled with neurotransmitters, which are directly associated
with specific neurological functions or, if misbalanced, with neurological diseases.*®
Neurotransmitters are packaged inside vesicles by the Golgi apparatus, an organelle that is a
part of the endomembrane system. The vesicles remain inside the cells until a proper trigger
signal (i.e., action potential) is received, forcing the vesicles to migrate toward the membrane
boundary where they fuse with the outer membrane at a synapse and “burst”, releasing their
contents (neurotransmitters) through the process known as exocytosis.'® The chemical
substances then diffuse to the receptor sites on the postsynaptic membrane, which changes the
permeability of Na*, thus inducing an alteration of the postsynaptic potential. If this exceeds a
certain threshold (=50 mV), voltage-gated Na" channels open, enabling the rapid influx of Na*
ions into the cell, which is accompanied with a depolarization. Correspondingly, the membrane
potential increases significantly to roughly 35 mV in a short time (>2ms), followed by an efflux
of K ions to the extracellular environment. The resulting depolarization is associated with
voltage changes on the order of 100 mV (action potential) and travels along the axon at a speed
up to~100 m/s.*?® Fast transport of the neuronal signal is promoted by the partial coating of the
axon with a fatty electrical insulator (myelin). In myelinated nerves, the action potential is
regenerated at the so-called Nodes of Ranvier, found in between the myelin sheets, until it
reaches the axon terminal and triggers neurotransmitter release.

Other signals affecting the shape and functionality of cells may originate from the extracellular
environment.’3® These interactions between cells and biological or artificial surfaces are
facilitated by intrinsic protein complexes, including cell adhesion molecules like integrins,
intermediary filaments such as F-actin bundles, and versatile adhesive matrix proteins like
fibronectin.'3® When combined with intracellular signaling within the organ and signals from
other tissues, these factors collectively influence the overall structure and morphology of a
tissue, highlighting the intricate nature of signaling in biological systems.
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Figure 1.23: Mechanism of propagation of neural signals. a) Hodgkin—Huxley equivalent circuit
model for the cellular membrane. b) Signal propagation between the pre-synaptic and the post-synaptic
cells. The action potential at the presynaptic terminal causes vesicles to migrate toward the synaptic
cleft and release their contents. ¢) Mechanism of propagation of signals along a neural cell. Adapted
from 128,134.

1.8.2 The electrode/electrolyte interface

Highly efficient recording and stimulation of the electrical activity in biological system
iIs a central objective of bioelectronics research. When an electrode is placed inside a
physiological medium such as extracellular fluid (ECF), an interface is formed between the two
phases. In metallic electrodes and in the attached electrical circuits, charge is carried by
electrons. In the physiological medium, or in more general electrochemical terms the
electrolyte, charge is carried by several entities, mainly ions, including sodium, potassium, and
chloride in the ECF. The central process that occurs at the electrode/electrolyte interface is a
transduction of charge carriers from electrons in the electrical circuit to ions in the electrolyte.
In the simplest system, two electrodes are placed in an electrolyte, and electrical current passes
between the electrodes through the electrolyte. One of the two electrodes is termed a working
electrode (WE), and the second is termed a counter electrode (CE). The working electrode is
defined as the electrode that one is interested in studying, with the counter electrode being
necessary to complete the circuit for charge conduction. An electrophysiology experiment may
also contain a third electrode termed the reference electrode (RE), which is used to define a
reference for electrical potential measurements.’*® During bioelectronics recording and
stimulation, changes in the electrical potential occur upon crossing from the electrode to the
electrolyte in a very narrow interphase region, thus forming an electric field at the interface.
This change in potential exists even in the equilibrium condition (no current). Electrochemical
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reactions may occur in this interphase region if the electrical potential profile is forced away
from the equilibrium condition. In the absence of current, the electrical potential is constant (no
gradient) throughout the electrolyte beyond the narrow interphase region. During current flow,
a potential gradient also exists in the electrolyte, generally many orders of magnitude smaller
than at the interface.

MATERIAL INTERACTION WITH IONIC CHARGES
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Figure 1.24: The electrode/electrolyte interface. a) A bioelectronics probe can be composed by
different materials, ranging from metals to conductive polymers. The electrode substrate can be rigid to
penetrate soft tissues or flexible to reduce invasiveness and improve biocompatibility. b) Capacitive
coupling between the electrode and the surrounding electrolyte. The electrode material is represented in
yellow, and a positive potential is applied. A first solvation layer (i.e., compact layer) is presented as a
light blue volume with anion densely packed (blue spheres) close to the electrode surface. A second
layer, also known as the diffuse layer, is presented as a section of light blue volume of electrolyte with
both anions and cations (red spheres). ¢) Capacitive coupling by volumetric capacitance and its
corresponding characteristic properties. The backing metallic electrode is presented in yellow and a
PEDOT:PSS coating is represented using PSS fibers (light grey) and PEDOT aggregates in dark blue.
The polymer structure swells in the electrolyte, which is represented in a light blue volume. d) Faradic
coupling by pseudocapacitance and its characteristic properties. The example of a platinum electrode is
presented, where platinum atoms are represented in solid black spheres, adsorbed protons are small
dark-red spheres, Pt:Hags atoms are represented as modified black spheres with a concentric shell, and
water molecules are light blue, larger spheres. Although electrochemical reactions occur, the CV
characteristic plot is similar to a pure capacitive material. e) Faradaic reaction. The electrode material
presented in this example is Tungsten (light grey material). The volume of electrolyte in which the
electrochemical reaction is happening is represented in the light blue volume. Water molecules are
schematized by the large blue spheres, the proton in small dark red spheres and the tungsten oxide is
presented dark solid sphere.!* f) Equivalent circuit for the electrode/electrolyte interface.

There are two primary mechanisms of charge transfer at the electrode/electrolyte interface,
illustrated in Figure 1.24. One is a non-Faradaic (or capacitive) reaction, where no electrons
are transferred between the electrode and electrolyte. Non-Faradaic reactions include
redistribution of charged chemical species in the electrolyte. The second mechanism is a Faradic
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process, in which electrons are transferred between the electrode and electrolyte, resulting in
reduction or oxidation of chemical species in the electrolyte. These can be divided into Faradaic
or pseudocapacitive processes according to the reaction kinetics.

Capacitive charge transfer: if only non-Faradaic redistribution of charge occurs, the
electrode/electrolyte interface may be modeled as a simple electrical capacitor called the double
layer capacitor Ca (Figure 1.24b). This capacitor is formed due to several physical
processes. #1142 First, when an electrode is placed in an electrolyte, charge redistribution occurs
as metal ions in the electrolyte combine with the electrode. This involves a transient transfer of
electrons between the two phases, resulting in a plane of charge at the surface of the electrode,
opposed by a plane of opposite charge, as “counterions”, in the electrolyte. A second reason for
formation of the double layer is that some chemical species such as halide anions may
specifically adsorb to the solid electrode, acting to separate charge. A third reason is that polar
molecules such as water may have a preferential orientation at the interface, and the net
orientation of polar molecules separates charge.’*® Capacitive charging is quite fast, with
minimal redistribution of ions required to create the potential at the material surface. As an
example, consider a +2 mV local field potential produced by a set of neurons recorded by a 10
um diameter electrode with Cq = 10 pF/cm?. The number of excess positive charge required to
accumulate at the surface from this potential is ~10 000 ions, which is negligible compared to
the =102 ions/um? present in physiological solutions. Indeed, this represents moving all the
positive ions within 0.1 fm above the electrode to the surface, which is less than the diameter
of a hydrogen atom.}*® The impedance of a capacitor is frequency dependent, Z = 1/jwC,
implying the electrode is more effective at picking up higher frequency signals. Since the
capacitance per unit area of metallic electrodes is relatively constant, engineering lower
impedance is done by increasing the surface area, at the cost of losing spatial resolution. For
this reason, bioelectronics microelectrodes based on organic mixed ionic electronic conductors
can achieve higher signal-to-noise ratios due to their capacitive charge accumulation in the
entire film bulk (Figure 1.24c).

Faradic charge transfer: charge may also be injected from the electrode to the electrolyte
by Faradic processes of reduction and oxidation, whereby electrons are transferred between the
two phases:

O+ne” R 1.24

Reduction, which requires the addition of an electron, occurs at the electrode that is driven
negative, while oxidation, requiring the removal of an electron, occurs at the electrode that is
driven positive. Unlike the capacitive mechanism, Faradic charge injection forms products in
solution that cannot be recovered upon reversing the direction of current if the products diffuse
away from the electrode. Such possibility naturally divides Faradic processes into reversible
and irreversible reactions.** The degree of reversibility depends on the relative rates of kinetics
(electron transfer at the interface) and mass transport. In a Faradaic reaction with slow kinetics
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(Figure 1.24¢), large potential excursions away from equilibrium are required for significant
currents to flow. In such a reaction, the potential must be forced very far from equilibrium
before the mass transport rate limits the net reaction rate. In the lengthy time frame imposed by
the slow electron transfer kinetics, chemical reactants can diffuse to the surface to support the
Kinetic rate, and product diffuses away quickly relative to the kinetic rate. If the direction of
current is reversed, product will not be reversed back into its initial (reactant) form, since it has
diffused away within the slow time frame of the reaction kinetics. Diffusion-limited faradaic
reactions can alter the functionality of bioelectronics interfaces as there is a limited potential
window in which the reaction can take place before the electrolysis of aqueous media occurs. 4
Such detrimental process can create reactive species such as O, and change local pH.14
Thereby, bioelectronics electrodes must be used within the “safe” water window range
designated for each material. This usually only affects their use for stimulation, where larger
currents are necessary.

On the other hand, a Faradaic reaction with very fast kinetics relative to the rate of mass
transport is reversible. With fast kinetics, large currents occur with small potential excursions
away from equilibrium. Since the electrochemical product does not move away from the surface
extremely fast (relative to the kinetic rate), there is an effective storage of charge near the
electrode surface, and if the direction of current is reversed then some product that has been
recently formed may be reversed back into its initial (reactant) form. Such behavior is often
referred as pseudocapacitive (Figure 1.24d), as it appears like a capacitor with large
hysteresis, but in fact it results from a series of electrochemical reactions occurring at different
potentials. A classic example for this process is given by hydrogen atoms adsorption occurring
in platinum electrodes: Pt + H30" + e~ —Pt:Hags + H20, where the voltage required depends on
the surface coverage of the H*.}*” The differential capacitance is given as C = dQ/dV and
quantifies the change in redox states available per unit voltage.

As Faradic and capacitive electrode processes are not mutually exclusive, the charging
properties of the electrode/electrolyte interface can be simplistically modeled with the
equivalent circuit in Figure 1.24f. Faradic processes are represented by a resistor indicating
the flow of electrons at the interface. A voltage generator 4¢ is also added as the equilibrium
potential Eeq

= g0 4 B {1
Eog = E? + L in {2} 1.25

associated to the process in Eq. 1.24 is generically different from zero.!*® Finally, the resistance
Rs models ionic charge transport in the electrolyte bulk between the working and counter
electrode.
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1.8.3 Organic materials for biointerfaces

Biological events involve controlled ionic fluxes in an aqueous environment.
Constructing devices that sense or trigger biological events therefore requires the use of
materials that are not only biocompatible but also transduce biological signals into electrical
ones and vice versa. The effectiveness and long-term stability of bioelectronics devices is
therefore determined by the different electrochemical processes that can take place at
electrode/electrolyte interface. Highly efficient biointerfaces avoid the onset of irreversible
Faradaic processes which may potentially create damaging chemical species, and keep the
injected charge at a low enough level where it may be accommodated strictly by reversible
charge injection processes. Consequently, a major requirement to be asked to the material acting
at biotic/abiotic interface is to generate electrode processes that transduce signals by charging
and discharging of electric double layers.'?® The measure of how easily the conversion between
electronic and ionic currents is performed is given by the impedance of the electrode.'*® To
achieve low impedance characteristics per electrode area, a high amount of charge needs to be
stored at the interface and the interface needs then to be easily accessed by the ions from the
electrolyte. Current electrode technologies use materials such as metals and inorganic
semiconductors, where ionic-electronic coupling occurs only at the electrode surface.
Capacitive charging processes are furtherly limited by oxide layers that often appear after
material cleavage and exposure to atmosphere.? As a consequence, the information transfer
between the realms of biology and electronics is limited, diminishing the scope and lifetime of
the bioelectronic system.
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Figure 1.25: Schematics of an inorganic semiconductor, silicon, and an organic semiconductor,
PEDOT, at the interface with an electrolyte. The hydrated ion is meant to be the same in both schematics,
defining the relative scale. The insets show the action of p-type dopants, boron in silicon, and PSS in
PEDOT.?
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A significant improvement can be obtained using organic mixed ionic-electronic conductors as
active materials for biointerfaces. This is evident from Figure 1.25, showing schematics of
silicon and of an OMIEC material (PEDOT:PSS) in contact with an electrolyte solution. Both
materials are p-type doped, silicon with boron and PEDOT with poly(styrene sulfonate) (PSS).
A solvated ion is shown in the electrolyte to define a relative scale. Silicon is held together by
a network of covalent bonds, where each atom shares valence electrons with four neighbors. In
contrast, PEDOT:PSS has covalently bounded (macro-)molecular blocks (typically planar, rigid
aromatic repeated units that create a macromolecular conformation) which are held together by
weak van der Waals intermolecular interactions, together with dipolar and electrostatic
interactions between the charged conjugated polymer and polyelectrolyte phases.’®® The
resulting soft polymeric matrix offers a oxide-free electrolyte interface which allows for the
exchange of ions between the biological milieu and the bulk of the electronic material. Thereby,
in organic mixed conductors, the whole volume of the film, not just its surface, electrically
interacts with the biological environment. As a consequence, OMIEC-based electrode coatings
achieve a volumetric capacitive coupling with the surrounding electrolyte, reducing the
impedance of biointerfaces by order of magnitudes,™® and minimizing “unsafe” Faradaic
charge injection during their operation.

Another relevant advantage of organic materials for bioelectronics is their superior mechanical
compatibility with the soft biological tissues,'* as reported in Figure 1.26a. When inorganic
materials operate at biointerfaces, the mechanical mismatch between the implanted device and
local tissue can result in the formation of a foreign-body response, where the body effectively
tries exclude the implanted device through an inflammatory response.’™> Such process is
especially detrimental for chronic in-vivo applications, resulting in the formation of scar tissues
around devices which effectively insulate them from the biological system (Figure 1.26b).1°
Given their smaller Young modulus (in the order of 10 MPa to 3 GPa),'*® flexibility,” and
stretchable properties,*®® OMIECs not only reduce the mechanical mismatch at biointerfaces,
but also are naturally compatible with mechanically flexible and stretchable substrates, suiting
the nonplanar form factors often required for low-invasive implants.* Mechanical compatibility
plays a major role also in in-vitro experiments. At a cellular level, cells directly sense the
mechanical nature of their microenvironment through complex mechanotransduction
machinery. Minor changes in material stiffness or surface properties can result in profound
changes in cellular phenotype.t*® Hence, the ability to tune these properties is important for cell
sensing and cell stimulating applications. Conjugated polymers, modifiable both intrinsically
through chemical synthesis and extrinsically through subsequent material processing, are
therefore well-suited to the development of cell and tissue stimulating interfaces.
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Figure 1.26: a) Mechanical properties of tissues compared with materials used for biointerfaces.*>
b) Foreign-body response caused by the implantation of a penetrating neural probe. The chronic immune
response leads to the formation of a glial cell layer and angiogenesis which insulate the metallic
electrode.’®

Low temperature processing and facile chemical modification are typical properties of
organics, much exploited in organic light emitting diodes and solar cells to endow features such
as low-cost fabrication through roll-to-roll processing techniques, as well as and tunable optical
absorption/emission spectra.> Decades of research has helped develop structure—property
relationships between the polymer molecular structure and its optoelectronic properties.'®
These properties are also applicable in bioelectronics. Low-temperature processing allows the
fabrication of devices with novel form factors, such as transistors integrated on woven fibers.*6!
Conjugated polymers can be chemically altered to tailor material properties, for example, from
hydrophobic to hydrophilic, allowing the formation of semiconducting and conducting inks,
which facilitate solution-processing fabrication techniques.'%? A wide-range of manufacturing
techniques can be used to process conjugated polymers into devices, ranging from cleanroom-
based manufacture, to desktop printing technologies, and more. These manufacturing
approaches lend themselves well to the production of affordable, electronic, point-of care
diagnostic tests, that fulfil the requirements set out by the diagnostics research community. %3
Conjugated polymers are not only patternable in 2D, but also via 3D printing methods.®*
Highly conjugated polymers can be patterned onto flexible plastics, glass, paper, or
incorporated directly into composite gel systems.'®® They can be drawn into fibers, nanofibers,
or used to coat existing fibers which can subsequently be woven into organic electronic
fabrics.’%® The variety of intrinsically weak bonding interactions present between adjacent
polymer chains can be harnessed through a variety of approaches to form “self-healing”
systems, namely where a previously cut or damaged material can reform their initial network. %’

In organics, excitations couple strongly to the structure of the molecule, and by
extension, of the film. In silicon, the presence of electronic charge does not modify the lattice
appreciably, as atoms are bonded with each other in a 3D manner. In contrast, removing an
electron from a thiophene chain in PEDOT:PSS causes part of the chain to revert from an
aromatic to a quinoid structure.!! When doping is performed in an electrolyte solution, the
corresponding uptake/release of ions can cause large dimensional changes in the organic film.
The corresponding variations in both optical and mechanical properties upon have been used to
great advantage for making electrochromic displays®® and actuators for artificial muscles,'®®
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respectively. At the same time, the semiconducting properties of OMIECs make them well
suited to building devices such as transistors, which can act as amplifiers, transducing small
voltage changes into large changes in current.}’071

This unique material property combination makes OMIECs as principal candidates for
biointerfaces in future bioelectronic devices. The crosstalk between electronics and biology
works in two directions, as depicted in Figure 1.27: on one side, a biological process or
reaction can transfer a signal to an organic electronic device (for example an enzymatic reaction
that leads to a current modulation in a polymeric transistor);'® on the opposite, an organic
electronic device can stimulate a biochemical reaction or process (i.e. the polarization of a
conducting polymer electrode stimulates a neural potential action).!’? In the former, the device
acts as a sensor, transducing an analyte/ion/chemical variation in an electric output, while in
the latter it behaves as an actuator, electrically stimulating a biological response.'”
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Figure 1.27: Scheme representing the bidirectional interaction between electronic devices and
biological systems in bioelectronics. The gap between the two different worlds is bridged by conducting
(conjugated polymers, whose unique features allow the development of state-of the-art devices used for
sensing and actuation in biomedical, research and sanitary fields.?’

A wide variety of device architectures has been developed to mediate bidirectional interactions
with biology, ranging from electrodes,'#° scaffolds,!" and actuators®®® to transistors!” and ionic
pumps.'® The following chapters will examine the bioelectronic realizations explored in this
thesis, studying both the material and device physics that govern their functionality, and the
resulting applications. The overall emphasis will be put on how quantitative approaches can
lead to a deeper comprehension on material operation and device functionality, leading to a
rational optimization of bioelectronics interfaces for future biomedicine.
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1.9 Neural recording and stimulating electrodes

Neurologic disorders account for 7% of total global burden of disease measured in
disability-adjusted life years, with just under half of this sum attributed to neuropsychiatric
disorders (including Alzheimer’s disease, Parkinson’s disease, and epilepsy), and the rest to
cerebrovascular diseases.'’® The social and economic burden of these diseases has motivated
and continues to motivate technological advance and development in neuroengineering,
medicine, and fundamental science.!’2 To date, these tools, combined with pharmacology, have
been the workhorse of interventional and observational neuroscience research. The past decade,
in particular, has seen an explosion in neuroscience research, driven by improved methods and
devices, and by the development, distribution, and creative application of novel
neuromodulatory and observational tools that have allowed for cell type—specific manipulation
in model organisms. The refined use of electricity in neuroscience, usually with electrodes, has
furthered our knowledge of how the brain collects sensory input from the environment,
processes this information in the context of experience, and controls the rest of the body in
response. Therapeutically, there are established and safe interventions to interrupt or stimulate
defined targets in patients with Parkinson’s disease!’’ or essential tremor,”® and there are
clinical trials for obsessive compulsive disorder'’® and major depressive disorder.'® Moreover,
electrodes and arrays have seen impressive closed-loop applications for patients with spinal
cord injury.'® Recent advancements demonstrate how the communication between the brain
and spinal cord in individual with chronic tetraplegia can be restored with a bioelectronic digital
bridge enabling the patient to stand and walk naturally in community settings for more than one
year.'®2 These remarkable achievements, as well as future progresses in the field, result from
the development of devices and materials allowing the efficient modulation of
electrophysiology signals. A short introduction on how such modulation is provided is
discussed in the next paragraphs.

1.9.1 Recording neural activity

A recording electrode operating at neural interfaces typically experiences the
superposition of electrical excitations arising from two biological signals: single cell action
potentials, and local field potentials (LFPs).'®2 The electric fields at the electrode surface can
vary greatly depending upon the spatial arrangement relative to the neurons and synapses.
Single cell (“unit”) activity consists of trains of extracellular action potentials (APs), typically
100-200 pV in amplitude and a few milliseconds per spike (see par. 1.8.1 and Figure 1.23).
These processes create ionic currents and voltages both across the membrane as well as in the
extracellular space outside the cell (Figure 1.28a). This extracellular potential decays rapidly
away from the cell body (soma) or axon where it is generated, requiring electrodes to be quite
close to the cell, typically within 50—-100 um.'*® Remarkably, very little ionic flux is needed to
create a typical AP. Na* concentration increases of 0.05% in the cell body can create significant
electric fields. In regions dense with neurons, electrodes can often pick up more than one active
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neuron at once, requiring spike sorting algorithms to determine which AP “spike” belongs to
which cell and revealing correlations between cells. 84
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Figure 1.28: Recording of neural electrophysiology signals. a) Intracellular potential and
corresponding electrical field. A dipole comprising two ion channels (source and sink) are represented
with ions (anion in blue and cation in red). The equipotential field lines are represented in black. b)
Extracellular potential and corresponding electrical field. The red and blue contour equipotential lines
correspond to positive and negative values for the Local field potential (LFP) amplitude, respectively.
The equipotential lines are the result of the summation of the fields generated by the multipole ion
channel. ¢) LFP from a small population. Neurons, astrocytes (purple), microglia (green), and a blood
vessel section are presented. The LFP is represented by black thin lined. d) Schematic of a biological
synapse induced by an action potential arriving at the PEDOT:PSS terminal. The injection of cations in
the organic film results in the de-doping of PEDOT (no shining yellow color). Adapted from 143 134,

The concurrent activity of all the electrically active cell regions, including soma, axons,
dendrites, and synapses, sum together to create the “local field potential,” or LFP (Figure
1.28¢).28 lonic imbalances due to the superposition of ion channel activity lead to electric
fields throughout the brain tissue, and surface fields are often recorded with an
electroencephalogram (EEG) on the scalp, or electrocorticography (ECoG) on the brain
surface.® By using biocompatible, capacitive coupled, low-impedance OMIEC-based
electrode coatings (see par. 1.8.3), such ionic imbalances induce the injection/removal of ions
from the biological medium into the polymeric matrix. This process compensates intrinsic
charges of the bulk polymer and affects its doping level and thus the electronic conduction
(Figure 1.28d), producing a signal measurable with the supporting electronics.®** Unlike
APs, LFP signals are typically much larger amplitude (approximately millivolts), wider
frequency range (=5-1000 Hz), and have relatively homogeneous magnitudes over distances of
~500 um.'® LFPs are not produced uniformly even within a single cell; typically individual
cells create strongly dipolar fields (Figure 1.28b), with a predominantly negative potential
near the cell body, and positive potentials near the dendritic arbors and synaptic connections.®
LFPs have a critical role in coordinating the activity of different regions of the brain, and
synchronizing the activity of individual neurons with that of a neural network, through phase
locking to the global rhythm.*8” For example, theta- frequency (4-8 Hz) oscillations and phase-
locked discharge of neurons to theta waves are found in the hippocampus and some cortical
areas, providing potential mechanisms to synchronize neuronal assemblies involved in complex
processes and functions of the brain, such as memory formation and neuroplasticity.'®® Recent
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experimental and computational analysis have also shown that LFPs in the hippocampus can
indicate animal position as accurately as single unit recordings of place cells,'® demonstrating
the signal is fundamentally connected to local neural behavior.

1.9.2 Stimulating neural activity

Electrodes can not only detect signals from nearby neurons but can also stimulate
neuronal activity by injecting current into the surrounding extracellular region.'*° The resulting
electric field gradients can induce APs, and influence the LFP.1®® Low-impedance electrodes
(<100 kQ) are highly desirable for stimulation electrodes, allowing more current to be passed
at lower voltages and avoiding irreversible electrochemical reactions with possible toxic
byproducts. The figure of merit of a stimulating electrode is the charge injection capacity (CIC),
typically given in mC/cm?, which measures the amount of charge the electrode is capable of
passing per unit area at a voltage within the water window (e.g., without irreversible
electrochemical reactions). Table 1 reports an overview of the impedances per unit area at 1
kHz (e.g., specific impedance) and the CIC for a wide range of electrode materials. Since many
of these materials are either highly porous (CNT structures) or volumetric capacitors (PEDOT),
the total surface area within a given volume is necessary to accurately calculate specific
impedance. Moreover, variations in processing conditions can greatly influence the actual
surface area for the same material, or even from run-to-run, making comparisons between
publications purely indicative.!*

Specific Charge injection
Material impedance at 1 . - Mechanism
KHz [MQ um?] capacity [mC em-2]
PEDOT:PSS 2 15 Cappatelldgs,
volumetric
Carbon n:]:clinbc‘)etrusbe (CNT) 20 6.52 Capacitive
Pt/Ir 454 0.15 Faradaic
Liquid crystal graphene 49 16 Capacitive,
oxide (LCGO) volumetric
Porous graphene 312.5 3.1 Capacitive
Tungsterg:ﬁlogted with 16 0.5 Capacitive
CNT/Polypyrrole 77 7.5 Capacitive
Iridium oxide (SIROF) 2 5 Faradaic
Platinum 314 0.26 Pseudocapacitive
Tungsten 474 - faradaic
Au 160 - Capacitive
TiN 40 0.87 Capacitive
Pt black 15 = Capacitive

Table 1: Specific impedance and charge injection capacity (CSC) for a number of neural electrode
materials. Among various candidates, PEDOT:PSS offers minimum specific impedance and large CSC
due to its volumetric charging at biointerfaces. The full list of references is available at 143,
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For electrical stimulation, a variable electrode impedance can change the distribution across the
circuit of the voltage supplied by a stimulator between the working and counter electrode. When
soft conductors of limited electrical conductivity are used as interconnects, the amount of
voltage dropped before the electrode-tissue interface can be significant and comparable to the
voltage required for charge injection at the interface.'® This translates into a variation of the
voltage required to access the electrode interface (referred to as access voltage). Practically, for
a set stimulation voltage, different mechanical and electrochemical conditions change the
number of charges that are injected at the electrode-tissue interface. This variation can be more
or less significant depending on the gauge factor of the soft conductors and on the
electrochemical and mechanical stability of the whole implant. To ensure reproducible
stimulation effect, it is therefore important to deliver current-controlled stimulation
protocols. 14

In this case, a current pulse is injected between the working and counter electrode,
delivering a fixed amount of charge given by the current amplitude times the pulse width. The
current generator in the electronic system adjusts the voltage supply to deliver the selected
pulse, ensuring that the amount of charge injected at the electrode interface is consistent.
Typical pulse waveforms with pulse parameters are shown in Figure 1.29a and b.
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Figure 1.29: a,b,c) Typical charge-balanced, current waveforms used in neural stimulation. The
parameters vary widely depending on the application and size of the electrode. Waveform parameters
usually falling in the range of I; (cathodic current), 1 pA — 10 mA; la (anodic current), 1 pA — 10 mA;
tc (cathodic half-phase period), 50 us — 4 ms; ti, (interphase dwell), 0 — 1 ms; and t, (anodic half-phase
period), 50 us — 10 ms. d) Shannon’s plot (k= 1.75) discriminating damaging and non-damaging
stimulation protocols. Adapted from?43: 140,
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Each pulse has cathodic (or cathodal) and anodic (or anodal) phases, with current amplitudes
and durations that result in an overall zero net charge for the pulse (charge-balance). A cathodal
current is reducing at the stimulation electrode, with the direction of electron flow being from
the electrode to the tissue. As an example, when p-type OMIEC materials such as PEDOT:PSS
are used as neural interfaces, this corresponds to the injection of holes from the underlying
metallic electrode and ejection of cations from the polymeric matrix into the cellular
environment. Anodal indicates an oxidizing current with electron flow in the opposite
direction. The charge delivered is the time integral of the current, which is simply ic-tc, for a
cathodal constant-current pulse of magnitude ic and pulse width t.. Charge-balance with
intramuscular electrodes and electrodes that interface with the peripheral nervous system is
sometimes achieved by a capacitor discharge circuit, leading to a monophasic, capacitor-
coupled waveform, which is also shown in Figure 1.29c. A number of variations on biphasic
current waveforms are possible and have been described in several experiments.?921% For
physiological reasons, the leading phase is usually cathodal, although anodal—first pulsing may
more efficiently activate populations of some neural elements.'® The importance of a charge-
balanced waveform in avoiding damage to electrodes and surrounding tissue has been
recognized for many years. Besides charge balance, stimulus waveforms must be limited to
current and charge densities that allow charge injection by reversible processes, which inject
cathodic or anodic charge at a finite rate. At the same time, an excessive current or charge
density can induce irreversible tissue damage in in-vivo experiments.!®® Regarding this aspect,
an empirical framework was introduced by Shannon, with an equation that defines a boundary
between damaging and non-damaging levels of electrical neurostimulation:

log (%) =k — log (@) 1.26

where Q is the charge per phase (C) of the designed stimulation pulse, A is the electrode
geometrical surface area (GSA, cm?) and k is an adjustable parameter, typically chosen between
1.5 and 2.0.1% Shannon’s equation for k = 1.75 is plotted in Figure 1.29d, with the damaging
and non-damaging regions highlighted. Shannon’s equation is based on histological
observations reported in several in vivo studies (square data points in Figure 1.29d), where
stimulation protocols above the equation line (solid data points) proved to be damaging to the
tissue, while those below the line did not cause damage (hollow data points). In practice, when
an in-vivo experiment is performed, the electrode geometry is generally designed according to
the intended application, so as to interface specific neural structures. Once the GSA is fixed,
Shannon’s plot provides safety guidelines to decide the maximum charge allowed per
stimulation pulse

=10k - A 1.27

Qmax

It is important to point out that to date there is no agreed, mechanistic model for tissue damage
due to electrical stimulation. Moreover, when implanting devices in the body, the surgical
protocols, mechanical properties, and stabilization of the implant, its surface chemistry and
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conditions of use, as well as inter-subject variability, are all factors that can influence the
immune response and tissue damage in the host, as shown in the examples of Figure 1.29d.
Isolating the damage caused exclusively by electrical stimulation is therefore not an easy
endeavor.!

1.9.3 Novel electrode technologies for neural interfaces
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Figure 1.30: Neural devices for extracellular recording and stimulation. Different brain signals can
be recorded through non-invasive or invasive approaches. EEG signals are recorded from the scalp; LFP
signals can be recorded from x-ECoG arrays placed on the cortex surface, while single-unit spikes are
usually recorded with penetrating probes.%’

EEG X POOO | Electrode array
o0 STa
o /
0

Different methods are available for recording and stimulating neuronal activity, which
differ in terms of spatial/temporal resolution of the signal and device invasiveness (see Figure
1.30).297 Functionally relevant information can be obtained by means of large electrodes
placed on the scalp, resulting in a non-invasive technique called electroencephalography (EEG).
However, EEG (but the same applies to magneto-electroencephalography) provides rather weak
and noisy electrical signals that generally encompass the activity of extended brain areas or
reflect functional brain networks.!®® The detection with EEG of high frequency activity (>70
Hz) is also attenuated by the filtering phenomena produced by the scalp and the skull, interposed
between the electrodes and the brain. Similar signals can be acquired using millimeter-sized
macroelectrodes consisting of penetrating metallic wires.'®® Higher spatiotemporal resolution
can be achieved using ultra-conformable electrocorticography (ECoG) and (micro) u-ECoG
arrays placed on the surface of the central nervous system (CNS).2%° Currently, u-ECoG
extracellular electrodes are the most viable interfaces to record LFPs at high spatial-temporal
resolution and high signal-to-noise ratio,?°* but also action potentials (spikes) from a population
of nearest neurons ("multi-unit" recording),?®> and in some instances also from single
neurons.?®® Spikes are usually recorded by the means of penetrating probes, including dense
arrays of penetrating conductive needles on silicon wafer platforms (so-called Utah arrays),?%
and linear sets of electrodes on narrow filaments (so-called Michigan probes). Penetrating
structures offer powerful capabilities, but their lack of active semiconductor functionality in
proximity to the biotissue interface and, in some cases, their non-ideal mechanical properties,
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geometric layouts and/or integration approaches, limit the performance, scalability and ability
to deploy into or onto biological systems of interest.
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Figure 1.31: Novel electrodes for neural interfaces. a—c) Flexible filamentary probes. a) Schematic
of the surface of rat cerebral cortex with implanted “Neuralink™ filaments (polymer threads, 20 mm
long, 5-50 um wide, 4-6 um thick), consisting of gold passive electrodes (area of 14 x 24 um?2). b)
Optical image of a carbon nanotube yarn (1020 pum diameter) implanted in the rat vagus
nerve. ¢) Three-dimensional image of flexible filaments (SU-8, 2—4 um wide, 0.9 um thick) that support
collections of passive electrodes (platinum, circular area of ~2 x 10? um?) (red) and neurons (green)
hosting the implant. d—f) Sheet-like architectures. d) Optical image of an array of sensing electrodes
(PEDOT:PSS, area of 10 x 10 um?) embedded in a flexible parylene C sheet (4 um thick) placed on the
rat somatosensory cortex. " e) Stretchable PEDOT:PSS electrode array (area of 10 x 15 um?). f)
Photographs of a soft, stimuli-responsive neural interface capable of conformally wrapping onto
peripheral nerves based on narrow films of polyimide (2 um thick) with serpentine gold electrodes (200
nm thick). g—i) Open-mesh geometries. g) Photograph of an implanted electrode arrays (gold, area of
500 x 500 pm?, 150 nm thick) on ultrathin polyimide mesh (2.5 um thick). h) Optical image of an open-
mesh platform (SU-8, 5-20 um wide, 1 um thick) of platinum electrodes (each area of ~1.2 x 103 pm?,
50 nm thick), injected into an aqueous bath through a syringe.” i) Optical image of a three-dimensional
scaffold with eight gold electrodes (circular area of ~2 x 103 um?, 300 nm thick) for stimulation and
recording, encapsulated by polyimide (~7 pm thick).?%

Recent and conceptually distinct types of bioelectronic/optoelectronic devices take the form of
functional thin-film membranes,?® flexible filaments,?® and open network meshes,?%’ with
powerful possibilities in levels of functional integration. Here, large-scale arrays of active
components, sometimes with thousands of independent channels, establish direct
biotissue/electronic contacts, demonstrating safe, chronic operation in vivo in freely moving
and behaving animals.?’® The development of efficient implantable neural probes hinges on
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several crucial factors, including biocompatible materials that allow for integration with the
body, impenetrable barriers to prevent bodily fluids from interfering with device function, and
flexible designs that adapt to the body's movements. These features are essential for creating
hybrid, integrated platforms that minimize immune reactions and tissue damage while
maintaining device performance comparable to conventional planar electronic/optoelectronic
systems. Development efforts typically focus on high-fidelity biotic/abiotic interfaces, achieved
through a combination of advanced materials, mechanical constructs, shapes and layouts, and
surface coatings that ensure biocompatibility, low-impedance interfaces and stable operation.
An important feature is the design of unique form factors with geometries and mechanics that
are compatible with those of targeted biotissues for minimally invasive implantation and
subsequent chronic use. As the overall device miniaturization can provide additional important
benefits avoiding substantial biotissue damage during and after implantation, microfabrication
techniques adapted from the semiconductor industry are used as the primary basis for the
realization of devices.?” Figure 1.31 presents a collection of some recent examples, in layouts
that range from flexible filamentary probes (Figure 1.31a-c) to sheet-like architectures
(Figure 1.31d-f) and to open-mesh geometries (Figure 1.31g-i).2%° The growing number of
device design and structure demonstrates how the biocompatibility of neural interfaces results
from a collection of considerations in geometry, mechanics and biochemistry that match with
targeted biotissues. A key frontier area is in the development of materials for implantable probes
that offer not only these characteristics but also a combination of advanced form factors and
distributed high-performance semiconductor functionality.?® In this thesis work, we identify
OMIECs as the most promising material platforms for highly stable, efficient and
biocompatible neural interfaces, as demonstrated by a wide scientific literature.®
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Figure 1.32: Recent advancements in OMIEC-based neural probes. a) Optical image showing
induced pluripotent stem cells grown on a PEDOT:PSS biohybrid implant.?*® b) Polypyrrole-based
hydrogel with enhanced electronic conductivity for ultrasoft neural interfaces.?!! ¢) Optical micrograph
of a conformable wireless PEDOT:PSS transistor array with a density of 155586 transistors cm 2,22 d)
Metabolite-induced in vivo fabrication of substrate-free OMIEC layers on a leech central nerve.?'3
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Future developments on organic bioelectronics for neural interfaces (Figure 1.32) involve
the integration of OMIECs with cultured cells in biohybrid implantable electrode arrays,?t°
ultra-conformable devices based on hydrogel interfaces,?!* wireless and highly multiplexed
active probes,?!? and substrate free OMIECs electrodes?'® among a wide variety of promising
approaches.

1.10 Organic electrochemical transistors

Neurons and brain networks produce low-amplitude electrical signals that are difficult to
isolate from background noise and require amplification before digitization. Conventional in
vivo recording experiments using electrode structures employ ex-situ signal amplification,
which unfortunately amplifies both signals from the biological environment and line noise,
thereby reducing the signal-to-noise ratio (SNR) (see Figure 1.33a). Replacing simple
electrodes with transistor structures holds immense potential for improved SNR thanks to the
transistor localized amplification capabilities. Transistors act as voltage-controlled current
amplifiers, effectively amplifying both the neurophysiological signal and biological noise
directly at the recording site. In contrast, line noise remains unchanged, undergoing no
amplification.’®” This arrangement results in a significantly enhanced SNR. Driven by this
ultimate goal, research on inorganic semiconductor microelectronics has led to the development
of electrolyte/oxide/silicon field-effect transistors (FETS), which were successfully used to
measure in vitro signals from cell cultures and tissues slices.?**?'> In these devices, the
transmembrane current from a neuron in the electrolyte alters the gate dielectric and induces a
change in the conductance of the underlying silicon channel. Although silicon FETs have
recently been integrated into in vivo probes as a means of enabling simultaneous addressing of
hundreds of electrodes, neural recordings were carried out by “traditional” metallic
microelectrodes, whereas the transistors themselves were carefully encapsulated to avoid direct
contact with the brain due to the poor biocompatibility of the oxide layer.?

An alternative transistor architecture, termed the organic electrochemical transistor (OECT),
was developed in the ‘80s?’, and makes use of an OMIEC layer as the device channel. In
contrast to FETS, the channel of OECTs is in direct contact with extracellular fluids, and ions
from the electrolyte penetrate the volume of the polymer film changing its conductance.?
OECTs combine the biocompatibility and volumetric interaction with the surrounding
biological milieu typical of mixed conductors with the intrinsic amplification of transistor
structures. Thanks to these unique properties, OECTs were used to measure brain activity with
a record-breaking signal-to-noise ratio (see Figure 1.33b,c,d), demonstrating the detection
of low-level activity that was poorly recordable with low-impedance, OMIEC-based surface
electrodes.?'® The use of electrolytes instead of MOS capacitors in OECTs also allows for large
flexibility in device architecture and integration with a variety of substrates, employing a variety
of form factors and a broad range of fabrication processes.?*® The inherent tunability of organic
molecules further enables the optimization of ion and electron transport and facile
biofunctionalization.??® Because of these features, OECTSs are being explored for a wealth of
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applications, including chemical and biological sensors,??! printed circuits,?> neuromorphic
devices,® and digital logic.? The promising performance of OECTs devices in these areas has
motivated research about the device physics and has led to the publication of numerous models
describing its operation.??
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Figure 1.33: In-situ transistor amplification enables higher signal-to-noise ratio. a) In situ versus ex
situ amplification by means of transistor-based neural interfaces. nis the biological noise, s is the
neurophysiological signal, niine is the line noise. Capital letters indicate the corresponding amplified
signals.’®” b) Optical micrograph of an array carrying OECTs and electrodes, placed over the
somatosensory cortex, and (c) detail of the transistor and electrode structures. d) Recordings from an
OECT (pink) and an electrode (blue), showing the superior recording ability of the former.228

1.10.1 Structure of OECTs

The typical structure of an OECT consists of source, drain, and gate electrodes; an
OMIEC layer; and an electrolyte between the channel and the gate (Figure 1.34a). Source
and drain metal electrodes establish contact with the organic semiconductor film and define the
channel through which holes or electrons flow from the source to the drain. The OECT
operation is controlled by voltages applied to the gate (gate voltage, V) and to the drain (drain
voltage, Vp), which are referenced with respect to the source electrode.??® The gate voltage
controls the injection of ions into the channel and therefore the doping level (or “redox state”
in the language of electrochemistry) of the organic film. The drain voltage induces a current
(drain current, Ip), which is proportional to the quantity of mobile electronic carriers in the
channel, and therefore probes the doping state of the organic film. Like MOSFETSs,?%® OECTs
operate like a switch, in which the gate voltage (input) controls the drain current (output).
OECTSs based on type | OMIEC materials, such as PEDOT:PSS, typically work in depletion
mode (Figure 1.34b).* In the absence of a gate voltage, a hole current flows in the channel
(ON state), but once a positive gate bias is applied, cations from the electrolyte are injected into
the channel and compensate fixed PSS acceptors. As a result, the number of holes in the channel
decreases and the film is de-doped, leading to a drop in the drain current (OFF state).??> By
contrast, accumulation-mode OECTs are normally in the OFF state, but can be “switched on”
by the application of a negative gate voltage which causes injection of anions into the channel
and a corresponding accumulation of holes.??” Due to the mixed conductivity of OMIEC
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materials, doping processes in OECTSs occur over the entire volume of the channel, as opposed
to a thin interfacial region like in field-effect transistors (FETs). In a FET, an organic
semiconductor film (the channel) is separated from a metal electrode (the gate) by a thin
insulating layer (the gate dielectric) (Figure 1.34c). The application of a gate voltage
polarizes the dipoles in the oxide, creating a field that causes an accumulation of electronic
carriers in the semiconductor at the semiconductor/insulator interface. The charge in the
channel is compensated by a sheet of charge at the gate electrode, forming the two plates of a
parallel plate capacitor. The amount of charge that is induced in the channel can be estimated
by Q=C-Vg, where C is the capacitance of the dielectric and Vg is the gate voltage. As the
capacitance is inversely proportional to the distance between the two plates, C is maximized
when thin dielectric layers are used. In electrolyte-gated FETSs, a double-layer capacitor is
formed at the electrolyte—channel interface (Figure 1.34c), and a sheet of ionic charge in the
electrolyte compensates the induced sheet of electronic charge in the channel. This
configuration can be considered an extreme case of FET, because the thickness of the dielectric
is reduced to dimensions comparable to the ionic radius, resulting in high capacitance.??®
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Figure 1.34: Structure of OECTs. a) The typical structure of an organic electrochemical transistor
(OECT), showing the source, drain, PEDOT:PSS channel, electrolyte (PBS) and gate.!? b) Depletion
and accumulation-mode operation in OECTs. ¢) Comparison between FET, electrolyte-gated FET and
OECTs.2#

Inan OECT, ions penetrate the OMIEC layer, leading to changes in the doping state throughout
the channel (figure, part c). This configuration is described not by a parallel plate capacitance
but by a volumetric capacitance, which can be many orders of magnitude larger. Compared
with a FET of similar size, the same gate voltage induces more electronic charge in the channel
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and thus a larger drain current in an OECT. The large gate-channel capacitive coupling allows
OECTs to operate at low voltages (typically ~0.5V) and results into impressive signal
amplification properties exceeding most thin-film transistor technologies.??

1.10.2 Device physics of OECTs

Despite the significant differences between OECTs and MOSFETs, OECTs can be
described by models for MOSFETSs as long as the interfacial capacitance used to describe
MOSFETs is replaced by a volumetric capacitance.?° According to a pioneering work form
Bernards and Malliaras,??® the device is divided into two circuits: an electronic circuit, which
describes the flow of electronic charge in the source—channel—drain structure according to
Ohm’s law, and an ionic circuit, which describes the flow of ions in the gate—electrolyte—
channel structure (Figure 1.35a).
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Figure 1.35: Steady state behavior of OECTSs. a) Electronic and ionic circuit composing an OECT
device. b) Geometry scaling of peak transconductance in OECTs based on different OMIEC materials.
¢) lonic circuit and effective gate potential considering the effect of a finite gate capacitance. Re indicates
the electrolyte ionic resistance, while dashed and continuous lines in the potential profile refer to poor
and efficient gating, respectively. Adapted from 22923375,

As the source/drain electrodes block ions and (ideally) do not allow direct faradaic charge
transfer, the gate current is purely capacitive and vanishes at steady state. With these
assumptions, electronic charge transport in a p-type OECT operating in depletion mode is
described with the exact same set of equations used for long-channel MOSFETs,?*! yielding

w Vp
upcvfd (Vt -V + 7) Vp, for Vp> V,—V,
fon = W (V= Vo)’

—,upchdT, for Vp < Ve =V,

1.28

where I¢h is the channel current, |, is the hole mobility, ¢y is the volumetric capacitance, Vg is
the gate voltage, Vp is the drain voltage, V: is the threshold voltage, and W, d, L are the channel
width, thickness, and length. The two different expressions in Eq. 1.28 distinguish between the
linear and saturation regimes, respectively. OECTs transduce small voltage signals applied to
the gate into large changes in the drain current. The efficiency of transduction is calculated by
the first derivative of the transfer curve, namely, transconductance gm =0Ip/0Vs, which is an
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important figure of merit. High transconductance is highly wanted in applications like
biosensing, digital logic, and neuromorphic engineering, where OECTSs are configured such
that an input voltage at the gate electrode is detected by measuring its effect on the output
current flowing through the OECT channel.®? By taking the derivative of Eq. 1.28, we obtain

14
_ﬂpcv_dVD, fOT‘ VD > VG - Vt
— L
Gm = W 1.29
Aupcvfd(vt —Ve),  for Vp < Vg =V,

Several authors have shown that OECT transconductance is directly proportional to the ratio
W*d/L, as shown in Eq. 1.29.23222" The fact that transconductance scales with thickness, and
not just W/L, distinguishes OECTs from FETSs, where field-effect doping only modulates carrier
density at the semiconductor-insulator interface.?! The bulk doping effect in OECTSs allows
engineers to tune the OMIEC layer thickness and design high-transconductance OECTs without
expanding the footprint (W or L)of devices.??® Noteworthy, the expression for
transconductance in Eqg. 1.29 contains the product of volumetric capacitance and electronic
carrier mobility of the OMIEC material, and represents a figure of merit for mixed conduction.
Therefore, one can benchmark material performance by designing OECTs of different
geometries and characterizing transconductance as a function of W*d/L (Figure 1.35b).”° The
previous considerations hold only under the assumption that the channel capacitance is the only
relevant capacitance in the OECT device. In real applications, the fraction of the applied gate
voltage that drops across an OECT channel is also controlled by the nature and geometry of the
gate electrode.?® If a polarizable electrode, such as Pt or Au, is used as the gate, two capacitors
are formed in the ionic circuit; one capacitor corresponds to the electrical double layer formed
at the gate—electrolyte interface and the other corresponds to the volumetric capacitance of the
channel. Because the capacitors are in series, the equivalent capacitance of the circuit is given

by

1 1y\7!

Cog = <C_G + C_ch) 1.30
and the applied gate voltage drops across the smaller capacitor, as reported in Figure 1.35c,
showing the distribution of potential in the ionic circuit. The solid line corresponds to the case
of efficient gating, in which most of the applied gate voltage drops at the electrolyte—channel
interface, driving ions inside the channel. The dashed line corresponds to the case of poor
gating, where most of the applied gate voltage drops at the gate—electrolyte interface. For
efficient gating, the capacitance of the gate electrode must be more than ten times larger than
the capacitance of the channel, otherwise a large fraction of the applied gate voltage will drop
at the gate— electrolyte interface. Large gates can be technically difficult to implement for some
applications; however, using thick PEDOT:PSS layers as gate electrodes can help achieve a
large gate capacitance.?®* Alternatively, effective gating can be obtained by using a
nonpolarizable gate electrode, such as Ag/AgCI, for which the voltage drop at the gate—
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electrolyte interface is negligible.!** However, a small gate electrode is preferable when a
sensing reaction is meant to occur at the gate and the channel merely acts as the transducer. For
instance, OECT-based enzymatic sensors detect analytes when enzymatic reactions are
catalyzed at the gate electrode. These reactions cause a change in the voltage drop between the
gate and the electrolyte, thus shifting the effective gate voltage and modulating channel
conductivity.?%®

The high transconductance of OECTs comes at the cost of rather slow operation.
Bernards and Malliaras modeled the OECT transient response describing how the transient gate
current induced by a time-varying gate voltage contributes to the output current in an OECT
device. Such result was obtained by making the quasi-static approximation. Under this
assumption, the charge distribution in the channel is, at all times, given by the steady-state
solution of Eq. 1.29 for the instantaneous terminal voltages. Because the source and drain
voltages are constant, the time dependence of the drain current is determined solely by the
transient response of the ionic RC circuit, composed by the channel capacitance Cch (the model
assumes Cg >> Cen, SO the gate capacitance contributes negligibly to the ionic circuit) and the
electrolyte resistance Rs (see Figure 1.36b). This time response yields the electrolyte voltage,
Ve,sol(t), determining both the ionic displacement current, ic(t) and the electronic transport
current, icn(t). Quantities that vary with time are indicated by using lower-case variable names.
The displacement current ig(t) is related to doping (or de-doping) the OECT channel and is
given by i;(t) = Cch%vc,sol(t) for current flowing in the ionic circuit. The electronic
transport current, ica(t) results from the drift of electronic carriers between the source and drain
and is given by Eq. 1.29 where Vg is replaced by veso(t). The drain current iq(t) is then a

weighted sum of the displacement current and the channel current. When a square gate voltage
step is applied, the resulting drain current takes the form

T t
ip(t) = Iss(Vg) + Alsg |1 — fT—e| exp (— ;> 1.31
l L

where iq(t) is the drain current at time t, Iss(Vg) is the steady-state drain current when the gate

voltage is Vg, 4lss is the difference between the initial and final steady-state currents, fis a

2
weighting factor, 7, = #LV is the electronic transit time along the channel; and t; = R;C,y, IS
pYD

the ionic RC time constant.??®

Two qualitatively different regimes of transient behavior emerge from Eq. 1.31. In the first
regime, when electronic transport is faster than ionic charging, the drain current relaxes
monotonically from the initial current to the final current, as shown in Figure 1.36a.%%® In the
second regime, when ionic charging is faster than electronic transport, the drain current first
spikes beyond and then exponentially recovers to the final current, as shown in see Figure
1.36a. These two regimes of behavior have been experimentally observed in several
WOTkS.236'237
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Figure 1.36: Transient behavior of OECTSs. a) Measured transient behavior of an OECT in response
to a square step of the gate voltage, showing both the monotonical relaxation and the “spike and
recovery” response.'%’ b) Friedlein model for OECT transport, assuming f=1/2.2L ¢) Summary of
extrapolated f factors for different drain and gate voltages using Faria’s approach.1?3

Finally, Eqg. 1.31 contains is the unspecified factor f, which is equal to the fraction of the
displacement (or gate) current that contributes to the drain current. The treatment of this
weighting factor defines several variations on the Bernards model. In Friedlein’s approach,?3®
the weighting factor is simply assumed to be f=1/2, and the OECT transient response can be
modeled by the circuit diagram shown in Fig, where, the drain current is given by ig(t)= icn(t)-

%ie(t), and, likewise, the source current is given by iq(t)= -icn(t)- %i@,(t). These expressions lend

two important insights. First, in the transient regime the source and drain currents do not have
equal amplitudes. Second, if the change in the channel current is exactly equal to one half of
the maximum gate current, then the drain current will be a square step from its initial to its final
value with no observable exponential relaxation. Although the Friedlein model provides fruitful
insight about OECT behavior, it is valid only for | Vg |<( Vi — Vg). Such limitation is overcome
by Faria et al. by assuming that f is not a constant but depends on both the gate and drain
voltages.?*® An empirical expression for this dependence is then provided by extracting f from
a multi-parameter fit to experimental measurements (see Figure 1.36c). Such approach
introduces a refinement of the f=1/2 assumption in the Friedlein model but lacks a satisfying
theoretical foundation. Future developments on the determination of the weighting factor in Eq.
1.31 could abandon the quasi-static approximation and to describe the OECT currents with
either a transmission line model or a finite-element time-domain model. These
distributed/finite-element models calculate the time varying voltages and currents at each
location in the channel and therefore have no need of an explicit f factor. The transmission-line
modeling approach has been used by Liu et al. and Drieschner et al. to describe electrolyte-
gated field-effect transistors and could be adapted to describe the transient response of
OECTSs.?® In contrast, finite-element time-dependent drift-diffusion calculation of both the
electronic and the ionic charge in the OECT channel (such as Tybrandt’s model) show that their
results are qualitatively similar to those of quasi-static models.*?> However, further
experimental data are needed to validate their model and show if it is accurate in the high-
frequency regime where the quasi-static model is expected to fail 2%
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1.10.3 Measuring charge carrier mobility in OMIEC materials with OECTs

The characterization of mixed charge transport properties of OMIECs is crucial to
develop novel and optimized materials for bioelectronic devices. Anyway, the mixed
conductivity renders the experimental determination of individual ionic or electronic carrier
mobilities difficult as both processes are intrinsically entangled and both can lead to the
screening of electric fields or introduce local contact resistances.’%2° Progress on all fronts is
predicated on an advance in understanding the interrelations between ionic transport, electronic
transport and ionic—electronic coupling and their dependence on processing, synthetic structure,
microstructure/morphology, and electrolyte choice.? The extraction of the charge carrier
mobility is a fundamental step for the analysis of the transport properties of OMIECs. High-
mobility values allow fast device operation and amplified transduction as needed in many
applications.?*! Due to their peculiar structure, OECTSs provide an electrochemical test bed to
characterize the electronic conductivity and at the same time control the ionic composition in
OMIEC materials.” The source—drain current captures electronic transport, while the gate
current captures ionic transport during device operation.
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Figure 1.37: Contact resistance effect in OECTs and measurements of electronic mobility. a) Non
monotonic transconductance in PEDOT:PSS-based OECTs, complicating the extraction of carrier
mobility.?® b) Exponential dependence of contact resistance with respect to gate voltage in OECT
devices.’* ¢) Gated-van der Pauw method, using a four point probe, contact independent, technique to
measure thin film transistor mobility.?*

Despite OECTs are studied in a wide range of applications, the interpretation of their
characteristic curves and the extraction of the figures of merit still represent a difficult
challenge, as their experimental behavior systematically differs from MOSFET interpretation.
Experiments show that OECT transconductance has a nonmonotonic dependence on gate
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voltage, decreasing at both high and low gate voltages (see Figure 1.37a).2*? Thereby, the
extraction of OMIEC electronic mobility and volumetric capacitance is only restricted to a
small potential window where a peak transconductance is reached (Figure 1.35b).”° This
behavior is an ubiquitous property of OECTSs, reported in devices exploiting different organic
semiconductors?%3 having various electrode geometries?* and realized using a wide range of
fabrication technologies.”> However, existing OECT models do not predict this effect. For
example, Bernards’ model (see Eq. 1.29) predicts that transconductance is constant in the linear
regime and decreases linearly with gate voltage in the saturation regime. Both disorder-limited
transport and contact resistance effects can be a possible cause of this behavior. Paterson et al.
measured a contact resistance dependency on the gate voltage in n-type OECTS via transmission
line measurements.?** A similar result was obtained by Kaphle et al. for PEDOT:PSS-based
OECTs working in depletion mode (Figure 1.37b).2*° This effect was interpreted as the
consequence of ion accumulation at the drain contact caused by lateral ion currents in the OECT
channel, which were included in a finite element simulation.'?° Gate-dependent contact effects
are typically observed also in normal thin film transistors (TFTs) based on organic
semiconductors.?*® A contact-independent technique was developed by Rolin et al. for a more
accurate characterization of organic field-effect transistors (OFETSs) and was called the gated
van der Pauw (gVDP) method.?*! gVDP method is based on the normal van der Pauw (VDP)
method that is a geometry-independent four-contact electrical measurement widely used to
evaluate the sheet conductance os of thin continuous films.?*’ In gVDP characterization, a
common gate is used to modulate the charge density in VDP devices (see Figure 1.37c).
gVDP characteristics can be interpreted with a simple model, allowing for the extraction of
charge carrier mobility and threshold voltage on several materials.?** Afterward, Jiang et al.
generalized the gVDP method to probe Coulomb interactions on charge transport in few-layer
organic crystalline semiconductors,?® while gating of conjugated polymers immersed in an
aqueous electrolyte was observed by Wang et al. in P3HT-based van der Pauw structures.?*°
The contact-independent characterization of electronic transport in OMIEC materials during
operation is one of the objectives of this thesis work. With the introduction of the electrolyte-
gated van der Pauw (EgVDP) method, we measured the electronic mobility of PEDOT:PSS,
revealing that gate voltage dependent contact resistance effects lead to systematic errors in
OECT-based transport characterization. Details about this work are reported in the Results
section 4.1, and in ref 105,

1.10.4 Application of OECTs in Bioelectronics

Relying on the large transconductance combined with the biocompatible material
properties, many research works propose OECTSs as amplifying transistor to be integrated in
electrochemical and bioelectronic sensors for healthcare applications.?>® The main bioelectronic
applications of OECTs are i) electrophysiology and neural signal recordings, ii) analyte
detection with a functionalized gate electrode, and iii) impedance sensing (Figure 1.38).
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Figure 1.38: Applications of OECTSs in bioelectronics. a) OECTSs are used in electrophysiology to
record the electrical activity of cells, such as neurons, in the electrolyte between the channel and the
gate. They are also used for the detection of analytes (red circles) that interact with receptors placed at
the gate or channel (b), and as impedance sensors that record changes in ion permeability of cell layers
placed between the channel and gate (c). In all these cases, the detection of an event is signaled by a
change in the drain current 474.2%°

In the first case, the electrical circuit involving the OECT must operate ultimately as a voltage
amplifier (see the introduction of par. 1.10), that produces an amplified output voltage ready
for digitization. Gain is then expressed as the ratio between the original potentiometric signal
and the output voltage. Depending on the circuit design, DC amplification gains reaching
30 V/V have been demonstrated in OECT based potentiometric sensors.’”> Given this large
amplification properties, OECTs have been explored for a wealth of in vivo bioelectronic
applications, ranging from brain interfaces®®! to wearable devices?®? and plant bioelectronics.?*
Established examples of OECT-driven analyte detection regard biosensors used to quantify the
concentration of ionic or redox active molecules.® In such devices, selectivity towards specific
analytes such as DNA or RNA biomarkers,?®* enzymes,>® or immunoglobulins was
demonstrated by device functionalization with biorecognition elements.?® Finally, an emerging
class of biosensors that takes advantage of OECT amplification regards impedance based
sensors for monitoring cellular adhesion and cell layer barrier properties.?®” These are discussed
with more detail in the next paragraph.

1.10.5 OECTs as impedance biosensors: towards single cell resolution

Cell adhesion is an essential process in cell communication and regulation and becomes
of fundamental importance in the development and maintenance of tissues.?>® Changes in cell
adhesion can be the defining event in a wide range of diseases, including arthritis,?*° cancer,?®
osteoporosis,?®* and atherosclerosis.?®? A considerable potential impact in bioelectronics can be
achieved by studying single cell adhesion processes. Over the years, numerous studies have
shown the use of different techniques for the analysis of single-cell adhesion. Both the traction
force microscopy (TFM)?%3 and micropillar-array technique measure the cell adhesion force by
monitoring the deformation induced on an elastic substrate.?5 Other methods include the use
of atomic force microscopy?® and optical tweezers?® to assess the impact of cellular shape,
size, and deformability during adhesion.?®” Despite their success in different demonstrations,
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these techniques rely on expensive equipment, are typically time consuming and potentially can
alter the cell behavior.?®® An alternative non-invasive approach that combines scalability and
real-time monitoring, is offered by electrical measurements that probe the electric cell-substrate
impedance.?® In this technique, the cells are allowed to adhere directly onto the conductive
surface of a sensor. A small AC voltage is applied and the ionic current that passes through the
layer of adhering cells to the sensor is measured (Figure 1.39a).2’° Changes in cellular
adhesion or intercellular barrier properties change the measured current signal thus providing a
simple means for real-time monitoring.2”* By replacing the metallic working electrode of a
traditional impedance sensor with a electrolyte gated OECT, amplification of the current signal
is achieved thus increasing sensitivity and reducing possible noise pickup (Figure 1.39b).2"?
Current amplification becomes particularly important in high impedance applications as
encountered when the sensor size is scaled down to micrometric scales matching cellular
dimensions. Such downscaling opens the opportunity to translate impedance based cellular
monitoring to the single-cell level.?”® This ultimate sensor resolution is highly desired in
biomedical research as the importance of single-cell phenotyping is increasingly recognized for
the study of cell development and physiology, as well as for research on cellular pathologies
such as cancer.?”* An important step in this direction was recently achieved by Hempel et al. by
demonstrating single-cell sensitivity in an OECT enabled impedance sensor. The authors found
that significant differences in the sensors transfer function are caused by cells adhering to the
transistor surface (Figure 1.39c). Such changes in transfer function are usually quantified as
the transistor bandwidth (or response time) and equivalent circuit models were developed to
explain the observed frequency response and its relation to impedances at the cell/PEDOT:PSS
interface.?”> The rational optimization of OECT-based single cell sensors based on the
quantitative understanding of their AC amplification properties is a main achievement of this
thesis, ad it is discussed in detail in sect. 4.5.
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Figure 1.39: OECT as cell impedance sensors. a) Schematic of a barrier layer-functionalized OECT
and the equivalent circuit used for modeling the electrical response.?’® b) Frequency dependence of
transconductance of an OECT with (light colors) and without (dark colors) MDCK 1 cells cultured on
the channel of the transistor.?’? ¢) Single cell adhesion on a PEDOT:PSS gate, and corresponding
variation of the OECT bandwidth.?”
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1.11 Electrochemical actuators

Due to ion and solvent transport processes involving the entire material volume,
OMIECs can convert electrical energy to mechanical deformation, and have received
considerable attention in the last years due to their potential applications in soft robots operating
at biointerfaces.?’”® The volumetric electrically-induced swelling (electroswelling) of mixed
conductors can be favorably exploited in devices able to mimic the functionalities of biological
muscles (artificial muscles), with the OMIEC specific advantages of biocompatibility, low-
voltage drive, nanoscale precision, miniaturization, and operation in liquid environments,
including body fluids.?’” Such unique material properties combination has led to the
development of soft actuators and drug delivery devices, but also motivated fundamental
research on the physicochemical mechanisms responsible for actuation.

1.11.1 Electroswelling in OMIEC materials

Electrochemical actuation processes have been extensively studied for a large number
of OMIEC formulations based on conducting polymers such as polyaniline (PANI),2® poly
(3,4-propylenedioxythiophene)  (PProDOT),*%® and poly (3,4-ethylenedioxythiophene)
(PEDOT).2"® Among them, polypyrrole (Ppy) has stood out due to its record-breaking actuation
strain,? especially when it is blended with large dopant counterions such as dodecylbenzene
sulfonate (DBS"), forming the type | OMIEC Ppy:DBS.?! Ppy:DBS electroactivity has been
interpreted through several theoretical models based on different assumptions.?®? Starting from
migration and diffusional models treating Ppy films as porous electrodes,?®® scientists
developed alternative descriptions based on the capacitive charging of the internal
polymer/electrolyte interface!'® or on electrochemically stimulated conformational relaxation
(ESCR) model, attributing the electrochemical responses of a Ppy film to its conformational
change.?* From these studies, only one main conclusion is widely accepted: the strain and
stress from a Ppy:DBS electroactuator are primarily driven by ion exchanges between the
electroactive polymer and a supporting electrolyte (see Figure 1.40a).%° When an
electrochemical potential is applied, the electronic conductor in the OMIEC thin film (Ppy) is
oxidized or reduced, and the overall charge neutrality is maintained through charge
compensation in the ionically conducting phase®®® composed by nano-scaled DBS-rich grains.
Such process involves the exchange of cations or anions and solvent between the ionically
conducting phase and the electrolyte bath causing the swelling/deswelling of the film.?®" As
DBS" counterions are immobilized in the polymer matrix due to their large size, Ppy reduction
can consistently draw hydrated cations from the electrolyte into the polymer matrix, resulting
in a significant electroswelling, while a subsequent oxidation process restores the polymer both
mechanically and electrochemically.?® An analogue process takes place in PEDOT:PSS
actuators, showing reduced actuation strain and stress,*®° but larger flexibility, higher ionic and
electronic conductivity, and improved electrochemical cycling stability.?%
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Figure 1.40: Electroswelling in OMIEC materials. a) Reversible electrochemical oxidation/reduction
of Ppy:DBS, leading to a volume increase when the conjugated polymer (polypyrrole) is oxidized.?®® b)
EC-QMC-D measurements of electroswelling in PEDOT:PSS for thin and thick layers. The setup
monitors mass changes and the electrochemical current flowing in the OMIEC material during
cyclovoltammetries.?®! ¢) EC-AFM height image of a Ppy:DBS thin film during a cyclovoltammetry
measurement. Lighter (higher regions) and darker (lower regions) bands in the image correspond to the
cyclic displacement, or actuation of the film in response to the CV. The cross-sectional height profile
(black line) taken through the vertical line shown below as a function of the CV time (s). The height
profile shows a cyclic increase and decrease in height, and out-of-phase response with the corresponding
applied voltage (blue square) and current (red hatch) signals.®*

The electrochemical mechanism responsible for OMIEC electroswelling has been explored by
several experimental studies,?® including quartz crystal microbalance measurements with
dissipation monitoring (EC-QCM-D) during cyclic voltammetry (CV).%” Through EC-QMC-
D it is possible to monitor mass exchange between an electrically active film and an electrolyte
as CV induces electrochemical doping/de-doping of the film (see Figure 1.40b).2°* EC-
QMC-D was successfully used to study the electrochemical actuation of ferrocyanide-
containing polyelectrolyte multilayers,?®’ but also the ionic-to-electronic coupling efficiency in
PEDOT:PSS !, or the charge carrier dynamics in organic electrochemical transistors.2%?
Moving reduction front experiments demonstrated how the slow ion transport is the rate-
limiting step in the Ppy:DBS de-doping process responsible for electroactuation.?®® The impact
of the supporting electrolyte composition, the amount and type of solvate cations, and the
presence of further OMIEC dopants were studied with in-situ X-ray diffraction to reveal the
microstructure variation during electrochemical processes,?®* or in situ X-ray scattering 2% and
NMR?% to probe the changes in ion coordination.?®’?%® Also electrochemical atomic force
microscopy (EC-AFM)?%%3% was used to follow changes in thickness in Ppy3® and
PEDOT:PSS®% films, probing possible morphological changes induced by swelling (Figure
1.40c). However, these methods all required macroscopic electroactive thin films and could
only reveal slow actuation processes occurring on the timescale of seconds and the monitoring
of fast local ionic exchange processes remains elusive. As a faster and more local technique,
electrochemical strain microscopy was introduced to study ion-exchange processes in P3HT,
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but as only the tip generates the local electric field, results are of qualitative nature.3*® For these
reason, the development of a quantitative characterization technique to study volume changes
and interface forces related to dynamical electroactuation effects in OMIECs is an important
objective of this thesis work, discussed in detail in sect. 4.2 and sect. 4.3.

1.11.2 OMIECs electroactuators for soft robotics and drug delivery

Due to their biocompatibility and low-voltage operation, and given the possibility to
apply electrochemical stimuli locally and in a controlled way, ionic electroactive thin films
show a strong potential for applications.?®®%* By engineering the device structure and design,
the reversible volume change of OMIECs can be used as the active part in an actuator leading
to different motions such as bulk, linear, bending, or out of plane.?® At the same time,
electroactive OMIEC layers can actively use the surrounding physiological media as the ion
source resulting in a simpler device geometry for application. Starting from the pioneering work
of Baughman,®® and Pei and Inganas®®, different OMIECs soft-actuators were developed,
ranging from motile catheters®®” to cochlear electrode arrays or steering wires that can be
electroactively bent using Ppy:DBS structures.?®® Despite the promising applications, the
actuation performance of electroactive polymers is limited by the slow transport of ion and
solvent in the OMEC matrix. The actuation speed can be increased either enhancing the ionic
conductivity of the polymer or reducing the size of the electroactive layer. The large strains that
these materials display as well as their ability to operate at low actuation potentials make them
good candidates as actuators in microelectromechanical systems (MEMS). Microfabricated
conjugated polymer actuators were first demonstrated at Linkoping University by Smela et
al.,>® and then refined using differential adhesion fabrication methods.3® Starting from that,
several polymeric microactuators for bioelectronics were developed, including, for example,
individually addressable chip for mechanical stimulation of single cells able to induce
variations in the Ca?* activity (Figure 1.41a).3'° In a similar approach, Ppy:DBS was used to
actuate a multiplexed and switchable microneedle platform,! to control the motion of
microrobots (Figure 1.41b),%2 or to generate high pressure in lab-on-chip systems.31
Another relevant application of a electroactive OMIEC layers is the controlled release of drugs
or biomolecules based on the hypothesis that compounds, entrapped in the polymer during
synthesis or fabrication, are released by repeated or continuous electrochemical swelling.3*3
The drug loading capacity of a conductive polymer is not only dependent on the doping level,
but can also be increased by introduction of cavities into the material.*** As an example, micro-
and nano-gaps that separate electrochemically prepared network of Ppy nanowires were act as
drug storage reservoirs for dexamethasone (Figure 1.41c).3%® In this system, drug-loading
capacity depends on the volume of the micro- and nano-vacancies, and not the doping level.
Both hydrophilic and lipophilic drugs were loaded into the micro- and nano-gaps due to the
amphilicity of the PPy nanowire network. In a similar way, Valdés-Ramirez et al. fabricated
microneedle-based multi-drug reservoirs in conjunction with a PPy actuator, which can
selectively switch between redox states to release each drug.>!® Together, patterned conducting
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polymer actuators have been employed to control drug release from the reservoirs upon
application of an electrical stimulus. The future goal of microactuators in drug delivery will be
the development of a controlled release of drugs in response to certain physiological cues, such
as abnormal brain signaling or unusual hormone/protein levels. Thus, careful integration of
bioelectronics-based sensing and actuation will be essential for future closed-loop drug delivery
devices.3’
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Figure 1.41: OMIEC electroactuators for soft robotics and drug delivery. a) The electroswelling
properties of conducting polymers can be used in organic bioelectronic devices for mechanostimulation
of cells of controlled drug release.®'° b) Ppy-based micro-robot able to grab and lift a 100 pm glass
bead.%? ¢) Fabrication of a Ppy nanowire network for electrically controlled drug release.!®
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2 Research objectives

The overview on the physicochemical properties of organic mixed ionic and electronic
conductors reported in sect. 1.1 demonstrate how OMIECs provide a unique material platform
to enhance the efficiency and long-term stability of future bioelectronics interfaces. Inspired by
the great potential of organic bioelectronics, numerous research teams worldwide are actively
pursuing the development of novel devices tailored to a wide spectrum of applications. As
discussed in the comprehensive review presented in sect. 1.8 this ongoing research endeavor
holds the promise of revolutionizing various fields, including healthcare, biomedicine,
biosensing, and neuroscience. Despite the promising results, faster and significative
developments in the field can only be achieved through a quantitative comprehension of the
charge transport properties of OMIEC materials and their relation to device operation. The aim
of this thesis work is to provide a contribution in this direction. To achieve this overall goal, the
following specific objectives were identified during the thesis work:

1. Operando characterization of electronic transport in OMIEC materials:

As introduced in sec. 1.3, electronic transport is a fundamental process in OMIECs
determining the operation speed of bioelectronic devices. However, mixed conduction
complicates reliable measurements of electronic mobility, inducing contact resistance effects
in organic electrochemical transistors (sec. 1.10.3). To address the problem, we develop the
electrolyte-gated van der Pauw (EgVDP) method for the simple, accurate, and contact-
independent determination of the electrical characteristics of OMIEC thin films. By comparing
EgVDP measurements on PEDOT:PSS with OECTs observations, we demonstrate that a
contact-independent technique is crucial for the proper determination of electronic mobility in
OMIECs. The results of this research are discussed in sect. 4.1.

2. Operando characterization of ionic transport in OMIEC materials:

lonic transport is another fundamental process in OMIECs which is particularly relevant
when materials operate in hydrated conditions (sec. 1.4). lon-driven electrochemical processes
in mixed conductors induce mechanical deformation enabling artificial muscle-like actuators
(sec. 1.11.2) but also lead to degradation processes affecting OMIEC based devices. Despite its
relevance in different fields of material research, fundamental knowledge on the intrinsic
mechanism of electroswelling is still lacking, and monitoring fast local ionic exchange
processes in OMIECs remains elusive (sec. 1.11.1). To provide a microscopic understanding of
electroactuation, we introduced the modulated electrochemical atomic force microscopy (mEC-
AFM) as a novel characterization method for electroactive materials. In this technique, AFM is
exploited as a local probe for volume changes and interface forces that provides transient data
on dynamical effects related to electroactuation in OMIECs. The combination of the
electroswelling data with electrochemical impedance spectroscopy in OMIEC microstructures
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yields a multidimensional spectroscopy revealing the dominant timescales for ion migration
and electroswelling.

Multidimensional spectroscopy experiments on PEDOT:PSS allowed us to implement
multichannel mEC-AFM imaging, providing maps of local electroswelling amplitude and phase
as well as surface morphology. The resulting knowledge provides a quantitative insight on ion
transport in OMIEC materials, demonstrating the major role of ion drift in swelling processes.
Results are presented in sect. 4.2.

At the same time, some electroactive materials show a more complex electroactuation dynamics
which require in-depth investigations for its comprehension. For this reason, we extended mEC-
AFM as a depth-sensitive technique to measure subsurface profiles of ion migration and
swelling in Ppy:DBS electroactive layers. The interpretation of experimental data with a
quantitative model demonstrates that electroactuation is not uniform in the Ppy:DBS layer but
depends both on the film morphology and redox state, suggesting that the efficient actuation
performance is caused by rearrangements of the polymer microstructure. Results are presented
in sec. 4.3.

3. Recording and stimulating biosystems with OMIEC-based neural probes

Flexible microelectrode arrays placed on the surface of the brain cortex are promising tools
for treating neurological deficits and restoring lost functionalities, as well as investigating
unexplored aspects of neuroscientific research (see sect. 1.9). Further progresses in this
direction require the development of biocompatible bioelectronics platforms enabling the long-
term recording and stimulation of neural activity. In this thesis, we face this challenge by
developing and characterizing microelectrode arrays (MEAs) based on PEDOT:PSS for
electrocorticography (ECoG) experiments. We take advantage of microfabrication techniques
onto flexible substrates to realize low-impedance devices both conformable with the brain
surface and with high spatial and temporal resolution. We test the electrode arrays in an in-vitro
setup combining electrochemical impedance spectroscopy (EIS), analysis of the voltage
transients during simulated stimulation protocols, and atomic force microscopy (AFM)
characterization of the PEDOT:PSS coating on the electrode surface. The combination of these
techniques allows the optimization of an implantable neural probe prototype able to sense and
stimulate the brain activity in chronic in-vivo experiments aiming to study induced-torpor states
in animal models. Results are presented in sect. 4.4.

4. Amplifying biosignals with OMIEC-based active devices for single cell sensing

Research on organic electrochemical transistor (OECT) architectures is motivated by the
prospect of a highly biocompatible interface capable of amplifying bioelectronic signals at the
site of detection. Despite advancements in the field have led to the development of in vitro
sensors reaching single cell resolution, a quantitative study on the transistor amplification gain
in cellular impedance sensing is still lacking. A clear understanding of gain is also desired to
define when OECT amplification has significant advantages over one-terminal, low-impedance
microelectrode-based sensors offering simpler fabrication and electrical operation. To
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overcome the issue, we introduce in this work a model experiment that allows a quantitative
study of AC amplification in OECT impedance sensors. As cellular in vitro experiments are
inherently difficult to control, we substitute the cell by a dielectric microparticle of similar
dimensions. We control the position of the microparticle on top of the microscale impedance
sensors with an AFM and achieve highly reproducible measurements that enable to compare
the current output of OECT-based sensors with equivalent microelectrode sensors. To
rationalize the findings, we develop an analytical model that describes the gain as a function of
the applied frequency, the device geometry and PEDOT:PSS materials properties. Relying on
this model, we design an optimized device and demonstrate its efficiency by measuring the
transients of single-cell adhesion and detachment in in vitro experiments. Results are presented
in sect. 4.5.
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3 Methods

3.1 Device microfabrication

The realization of the OMIEC-based structures studied in this thesis requires
microfabrication techniques. An overview of the process used to pattern and encapsulate
metallic microstructures serving as electrodes for the final devices is reported in Figure 3.1.
The fabrication techniques involved in the process are briefly described in the next paragraphs.

383 nm
UV laser

—
substrate = substrate = | substrate
Spin-coating positive photoresist Direct photolithography development
exposure l
substrate === | substrate | = | substrate
Spin-coating negative photoresist lift-off thermal evaporation of metals
l, I 385 nm
UV laser pad track contact
T—— f 1 » % 4
substrate — | substrate | == | o ! z
| substrate |
Direct photolithography development and hardbake

exposure

Figure 3.1: Microfabrication procedure for metallic microelectrodes used in OMIEC-based devices.
The final structure includes pads to connect the device to the experimental setup and contacts to establish
an electrical interface with OMIEC layers. Photolithography is used to pattern the microelectrodes and
to encapsulate tracks (or feedlines) connecting pads and contacts. The encapsulation insulates the tracks
from the surrounding electrolyte when OMIEC devices are used in liquid environment.

3.1.1 Spin-coating

Spin-coating is a procedure used to deposit uniform thin films onto flat substrates.
Usually, a small amount of coating material dissolved in a volatile solvent is applied on the
center of the substrate, which can be stationary or already spinning. A constant rotational speed
(up to 10000 rpm) is then maintained for a defined time interval to spread the coating material
by centrifugal force (as illustrated in Figure 3.2). The machine used for spin-coating is called
a spin-coater. Rotation is continued until a flat surface is achieved through the complete
evaporation of the solvent. The higher the angular speed  of spinning, the smaller the thickness t
of the film, being t « 23 The thickness of the film also depends on the viscosity and
concentration of the solution, and spin-coating curves of commercial solutions are typically
provided by the manufacturer. The main advantage of spin-coating is the uniformity of the film
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thickness. If the substrate is sufficiently small compared to the viscosity of the solution to spin,
owing to self-leveling, thicknesses vary less than 1% throughout the film.

' -
Depositing the Rotational Evaporation of
solution spreading out solvent

Figure 3.2: Thin film deposition using the spin-coating technique.®!

3.1.2 Photolithography

The word photolithography identifies processes using light to transfer specific pattern
with small features onto films, substrates, or wafers. Photolithography employs photons,
usually UV photons, and a shaped mask to expose thin films of photoresist in some specific
areas.!® Photoresists are materials sensitive to UV radiation which change their chemical
properties. These are divided into positive and negative resist. When exposed to UV photons,
positive photoresists become soluble in a specific chemical agent call developer. On the
contrary, negative photoresists become insoluble in the developer after UV absorption.
Photolithography (see Figure 3.3a) begins with the preparation of the substrate, where a
photoresist layer of a few microns is deposited through spin-coating. A baking (annealing) step
on a hotplate is usually required to fully solidify the photoresist after its deposition. The sample
is then exposed to UV light through a mask that blocks UV photons from going into unwanted
regions of the photoresist. After exposure, the sample is immersed in the developer, and the
photoresist layers exposed to UV light are dissolved or preserved depending on the type of
photoresist used.

In this work | used the MicroWriter ML3 from Durham Magneto Optics to perform direct
photolithography (see Figure 3.3b). This system uses a digital mask created via software for
the photoresist exposure instead of a physical mask. The digital mask guides the machine to
irradiate the sample with UV light only in specified regions. The MicroWriter is equipped with
a precise sample positioning system in the x-y plane and a z stage hosting both the UV laser
source and an interferometer for focus control. The MicroWriter provides extreme flexibility
since the mask can be easily created with a CAD software. | used the Microposit S1818 positive
photoresist to pattern metallic microelectrodes. The photoresist was spin-coated on dried glass
or flexible polyethylene naphthalate (PEN) substrates with a rotating speed of 4000 rpm for 60
s. Samples were annealed at 110 °C for 1 minute and then exposed to the 385 nm laser source
of the MicroWriter with exposure dose of 230 mJ/cm?. The photoresist was finally developed
with Microposit MF-319 developer. Metallic tracks were encapsulated with the mr-DWL 5
negative photoresist (from Micro Resist Technology). The resin was spin coated at 3000 rpm
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for 30 s and annealed at 100 °C for 2 min. After laser exposure, samples were Soft-baked at
100 °C for 2 min and relaxed for 1 h at room temperature. Development was performed with
mr-Dev 600 developer (Micro Resist Technology), and the resist was finally hard-baked at
120 °C for 30 min.

a) b)
Photoresist deposition l

UV exposure
Cyas )| | sk )| | (o)
Development I
) Po‘smve photpre:;lst X Negative photoresist /W*
| |Photoresist

[ Substrate | [ Subsr ate ‘

Figure 3.3: Photolithography. a) Deposition, exposure, and development of positive and negative
photoresists. b) Direct photolithography process enabled by the MicroWriter ML3 from Durham
Magneto Optics.

3.1.3 Thermal evaporation

Metallic thin films composing the device microelectrodes were produced using physical

vapor deposition. Such process consists in the evaporation or sublimation of the material to
deposit and the subsequent deposition onto a substrate. A schematic of the vacuum chamber
hosting the setup for thermal evaporation is reported in Figure 3.4. Small pieces of metallic
wires are placed in tungsten crucibles (called “sources’) connected to an external power supply
providing electrical current. The current heats up the source and the material inside, which first
melts and then slowly evaporates on the substrate (placed about 50 cm above the source). The
hot metallic atoms from the sources lose their kinetic energy when hitting the cold substrate
and the film formation starts. A shutter is used to control the begin and end of the evaporation
procedure. Both the layer thickness and the evaporation rate are measured by a quartz crystal
balance, properly calibrated, placed near the substrate. The evaporation rate is controlled by
varying the current across the crucible. The vacuum chamber containing the system is kept
under ultra-high vacuum conditions (< 5 x 10 mbar) using a turbomolecular pump. Ultra-high
vacuum (UHV) is needed to increase the mean free path of the evaportated atoms and to reduce
the oxidation of the deposited layers.
In this work, after (positive) photoresist development (see Figure 3.1), | sequentially
deposited 5 nm of chromium (evaporation rate 0.3 A/s) and 40 nm of gold (evaporation rate 0.6
AJs) on the sample substrate. The chromium layer acts as adhesion promoter for the gold thin
films, used as conductor in the final device.

79



Device microfabrication

Bell jar
- thickness
. substrate monitor

~

vapor
particle
2 trajectory

crucible with

connection to
evaporant

| Ly high current
— source

high vacuum
107- 10 mbar

Figure 3.4: Setup for thermal evaporation. Samples are placed on a sample holder facing the
evaporation source inside a glass bell jar in high vacuum conditions. The metal to be evaporated is
placed inside a crucible (usually made of tungsten) heated by a flowing electric current. A quartz-crystal
balance is placed near the sample holder and monitors the thickness of the metal being evaporated.

3.1.4 Lift-off

The lift-off process involves the removal of the residual photoresist after the deposition
of metals. This procedure was performed by dissolving the positive photoresist in acetone for
4 h. Samples were finally rinsed by sonication in acetone/isopropanol and distilled water baths.

3.1.5 Micropatterning OMIEC layers

Micro-structured OMIEC layers were patterned onto encapsulated metallic electrodes
using two different techniques. The PEDOT:PSS active layers used in neural probes, van der
Pauw structures, and OECTSs for single cell detection were deposited through spin coating
(Figure 3.5). A double layer of positive photoresist was deposited and exposed to define the
device regions to be covered by PEDOT:PSS.3? The thicker photoresist structure inhibits
crosslinking processes between PEDOT:PSS molecular chains deposited between the
developed and not developed regions of the sample surface. In this way, OMIEC patterns had
neater profiles after photoresist lift-off. The OMIEC formulation was prepared by mixing the
PEDOT:PSS dispersion Clevios PH1000 (Heraeus) (94% v/v) with ethylene glycol (5% v/v)
and 4-dodecylbenzenesulfonic acid (DBSA) (0.25% v/v/) to improve the film conductivity and
adhesion on the glass substrates (or gold contacts), respectively. 3-
glycidoxypropyltriimethoxysilane (GOPS) (1% v/v) was added in the solution as cross-linking
agent. The realized suspension was sonicated for 10 minutes and then filtered using 1.2 um
cellulose acetate filters (Sartorius) before spin coating (3000 rpm for 9 s) on substrates treated
with air plasma (15 W for 4 min). Samples were then annealed at 120°C for 1h hour to remove
the residual water and excess secondary dopants. Finally, the photoresist was lifted-off by
chemical dissolution in isopropanol for 4 hours. The resulting PEDOT:PSS thickness was
150+10 nm.
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Figure 3.5: Micropatterning of PEDOT:PSS thin films using photolithography and spin-coating. A
double layer of positive photoresist (S1818) provides a higher vertical separation between the
undeveloped and developed S1818 regions, resulting in a better definition for the OMIEC micropattern.

The second technique used to fabricate microstructured OMIEC layers is the electrochemical
deposition.® In this approach, a potentiostat (see 3.2.1) is used to electropolymerize polymeric
layers on a conductive substrate immersed in an electrolyte containing both the monomers and
dopant counterions. The geometry of the OMIEC coating can be controlled by micropatterning
and encapsulating the underlying metallic electrode. Further details are given in 3.2.2.

3.2 Electrochemical methods

3.2.1 Potentiostat

The electrochemical properties of a material immersed in an electrolyte can be studied
in an electrochemical cell. This must include an electrode based on the material under
investigation and an electrode which can close the circuit through a redox reaction with any of
the species present in the electrolyte. The former is named Working Electrode (WE) and the
latter Counter Electrode (CE). The CE must have a known potential serving as a reference point
to measure the WE potential and compensate for the charge introduced or extracted by the
working electrode. Anyway, it is extremely difficult for an electrode to maintain a constant
potential while passing current to counterbalance charge flow at the working electrode. The
problem is solved by dividing between two separate electrodes the roles of supplying electrons
and providing a reference potential. In this scheme, the Reference Electrode (RE) is a half cell
with a known reduction potential.}** A standard RE is given by the silver/silver chloride
(Ag/AgCl) electrode based on the redox equilibrium between the solid silver metal and its solid
salt silver chloride in a chloride solution of a given concentration. The Ag/AgCI reduction
potential in a 3M KCI solution is +210 mV vs Normal Hydrogen Electrode (NHE). The
electronic setup needed to control a three-electrodes cell is called potentiostat (see Figure
3.6). This features an operational amplifier to control the electrochemical potential E between
the working and reference electrode, and measure the current sourced by the counter electrode
to maintain such potential. It follows that the CE must be made of a material with facile
reduction and oxidation Kinetics so that a low resistance path with the electrolyte is established
independently from the potential in which we are working. In aqueous environment, such
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condition can be obtained using Platinum electrodes which are good catalyzers both for the
water reduction and oxidation reactions.

Finally, the setup in Figure 3.6 can be easily adapted to realize a galvanostat circuit which
can measure the electrochemical potential between the WE and RE while controlling the current
flowing between the WE and CE.

OP-AMP
. CE

WE

Figure 3.6: Schematic of the potentiostat circuit. An operational amplifier controls the potential E
between the working and reference electrode, which is maintained by the counter electrode which
supplies the current | flowing in the cell.

3.2.2 Electrochemical deposition of OMIEC thin films

| used electrochemical deposition to deposit OMIEC thin films on gold microelectrodes
for AFM measurements of electroactuation. PEDOT:PSS was electropolymerized from an
aqueous solution containing 10 mM 3,4-Ethylenedioxythiophene (EDOT) and 0.1 mM
Poly(sodium 4-styrenesulfonate) (NaPSS) (both from Merck). Polypyrrole doped with
dodecylbenzenesulfonate (Ppy:DBS) was electropolymerized from an aqueous solution 0.1 M
in pyrrole and 0.1 M in sodium-dodecylbenzene sulfonate (NaDBS) (both from Merck).
OMIEC layers of controlled thicknesses were obtained through a two-electrodes galvanostatic
procedure, where the current density flowing between the (working) microelectrode and a
Ag/AgCl wire counter/reference electrode was kept constant to 2 mA/cm?. The use of a two-
electrodes cell is justified by the fact that the impedance of the microstructured working
electrodes was order of magnitude larger than the one of the Ag/AgCl wire, with the potential
drop in solution being relevant only at the WE/electrolyte interface.3?! The electrochemical
potential E (vs Ag/AgCI) measured during the galvanostatic deposition procedure of Ppy:DBS
is shown in Figure 3.7a. The highly stable voltage profiles allowed for a linear control of the
polymeric coating thickness by setting a proper deposition time. The deposition rate resulting
from the linear fit in Figure 3.7b is 17+2 nm/s. Similar results were obtained for the
electropolymerization of PEDOT:PSS, with a deposition rate of 11.2+1.4 nm/s.
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Figure 3.7: a) Galvanostatic electrodeposition of a Ppy:DBS coating on a gold microelectrode
with a diameter of 30 um. b) Control of the Ppy:DBS coating thickness through the deposition
time.

3.2.3 Electrochemical impedance spectroscopy

Electrochemical reactions at an electrode—electrolyte interface can be decomposed into
a series of multistep processes (mass transport, charge transfer, adsorption, capacitance
charging), each occurring at distinct rates. The individual steps are time dependent and may
occur at different timescales. The study of electrochemical systems is facilitated by the use of
the transient techniques enabling the analysis of time dependent processes occurring at selected
frequencies.®?? Electrochemical impedance spectroscopy (EIS) uses a small amplitude potential
periodic perturbation V to excite the electrochemical system at different frequencies, as
illustrated in Figure 3.8. By measuring the response of the system to this perturbation (the
electrochemical current 1), it is possible to calculate the electrochemical impedance transfer
function of the system as

_V(w) V(o)
Z(w) = H(w) |I(w)

where w is the angular frequency, ¢ is the phase angle between the input and output signals,
and i (or j) is the imaginary unit. The electrochemical impedance, as defined by Eq. 1.1, is a
frequency dependent complex number, whose real part, Zr, is a frequency dependent resistance
and imaginary part Z, is a frequency dependent reactance. EIS measurements should be
designed to conform to the Kramers-Kronig relations, which are derived under the assumptions
that the system under investigation is linear, stable, and causal (Figure 3.8c). Such a
condition is typically achieved when the amplitude of the potentiostatic modulation V ranges
from 10 to 100 mV. The frequency range of EIS experiments should be set to match the dynamic
range of the system under study, which is typically 100 kHz—100mHz for electrochemical
processes. Usually, seven to ten points per frequency decade equally spaced logarithmically are
required for measuring an impedance spectrum with sufficient accuracy for a detailed data
analysis. It is preferable to start the measurement from the high frequency limit sweeping

[cos(qb(w))+ isin(qb(w))] = Zp+iZ 3.1
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towards the low frequency limit (Figure 3.8b). This because at high frequency capacitive
currents and charge transfer inside the WE are predominant, while at low frequency faradaic
processes with the electrolyte become significative and the generation of new chemical species
at the interface might interfere with subsequent measurements. The first step towards data
analysis is the use of graphical methods to visualize and interpret the impedance data (Figure
3.8d). To emphasize a specific feature or behavior, impedance can be presented in different
formats including the Nyquist representation for mass transfer and kinetic behavior and the
Bode representation for frequency dependent behavior. By fitting these data with equivalent
circuits (Figure 3.8¢), it is possible to correlate the frequency response of the system with
specific interfaces and processes modeled by equivalent circuit elements.

In this thesis, EIS was widely used to study charge transport and accumulation processes at
OMIECs/electrolyte interfaces both in fundamental studies and devices for applications. The
guantitative interpretation of the obtained results is discussed in detail in chapter 4.
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Figure 3.8: Electrochemical impedance spectroscopy. a) Electrochemical cell where a small
amplitude voltage modulation is applied between the working and reference electrode. b) The frequency
of the voltage modulation is swept in a wide frequency range, from the high frequency limit towards the
low frequency limit. ¢) The response of the electrochemical system (the current I) is measured in the
linear regime. d) Graphical representation of the acquired data, featuring the Nyquist (left) and Bode
(right) plots. Data are analyzed using equivalent circuit descriptions (e).*??
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3.3 Atomic force microscopy

Atomic Force Microscopy (AFM) is a high-resolution non-optical imaging technique,
allowing accurate and non-destructive measurements of the topographical, electrical, magnetic,
chemical, optical, and mechanical properties of a sample surface in air, liquids or ultrahigh
vacuum.3® The basic operation principle of a standard AFM system with optical feedback
involves scanning an AFM probe with a sharp AFM tip over a sample surface in a raster pattern
(see Figure 3.9a). The AFM tip is usually made of silicon or silicon nitride and is integrated
near the free end of a flexible AFM cantilever. A piezoelectric ceramic scanner controls the
lateral and the vertical position of the AFM probe relative to the surface. When the tip is
approached to the sample at distances down to 0.1-20 nm, information on the sample properties
can be studied from the interactions between the tip and the sample surface, inducing the
deflection of the AFM cantilever. Such a process is tracked by a laser beam reflected from the
back site of the cantilever and directed into a position sensitive photodetector (PSPD). A PSPD
is a photodiode divided into four quadrants: from the measurement of the laser intensity
variations on the different sections it is possible to extract the amount of vertical and lateral
deflection of the cantilever. As the AFM tip moves over features of different height,
the deflection of the AFM cantilever changes according to the different local interactions.
A feedback loop controls the vertical extension of the vertical scanner to maintain near-constant
constant interaction force. The coordinates that the AFM tip tracks during the scan are
combined to generate a three-dimensional topographic image of the surface.
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Figure 3.9: Atomic force microscopy. a) Schematic representation of the AFM components. The
scanning electron microscope image of an AFM probe is reported as inset, showing the AFM cantilever
and tip. b) Lennard-Jones potential approximating the tip-sample interaction energy. According to the
tip-sample distance, AFM can be operated in contact or non-contact mode.** ¢) Non-contact AFM
operation. Variations in the sample topography (blue region) are measured by changes in both the
cantilever oscillation amplitude and phase, while only phase traces are sensitive to compositional
changes (yellow region).3%

As the dimension of the edge of the tip is one order of magnitude higher than the atomic
dimension, the potential energy of the tip can be approximated with the van der Waals energy
of two atoms (also known as the Lennard-Jones potential):32*
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To\®  /To\12
U, () = Uy [—2 (7) + (7) ] 3.2
where ro is the equilibrium distance between the atoms. According to the tip-sample distance r,
the interaction between the tip and the sample can be either repulsive or attractive, enabling two
different AFM operation modes (see Figure 3.9b). In contact mode, the AFM probe tip is
scanned across the sample surface while maintaining constant contact with it. The feedback
system aims to maintain constant AFM cantilever deflection and consequently a constant
interaction force. The forces between the AFM tip and the surface are repulsive. Soft AFM
cantilevers with force constants < 1N/m are usually used to minimize AFM tip wear and surface
damage and to increase sensitivity. Among the main drawbacks of contact mode operation are
the susceptibility of AFM tips on soft AFM cantilevers to both lateral forces and sticking to the
surface contamination layers. These result in image distortions. In addition, lateral forces can
be damaging to the AFM probe tip and to soft samples. For these reasons, non-contact (or
dynamic) AFM was introduced. In non-contact mode, the AFM probe cantilever is oscillated
by a piezoelectric actuator at or near its fundamental resonance frequency, usually several tens
to several hundred kilohertz. The AFM probe is then lowered towards the sample keeping a
distance of several nanometers away from the surface. The resulting attractive interaction forces
damp the cantilever oscillation amplitude and modify its phase. The feedback loop acts to
maintain a constant AFM cantilever oscillation amplitude and hence a constant interaction
force. The advantage of non-contact mode is that it offers the lowest possible interaction
between the tip and the sample surface. Small interaction forces help preserve AFM tip
sharpness and achieve high resolution. The oscillation phase is affected by variation in the
dissipated energy on the sample surface, thus non-contact mode AFM is sensitive to the sample
composition (see Figure 3.9c).%?® The disadvantage is that it is challenging to keep at the
AFM tip in the attractive regime. For small tip-surface distances, high performance feedback
controls are needed.

In this thesis, | used the Park NX10 AFM system operating in non-contact mode to image the
surface topography of the samples under study. At the same time, in-liquid AFM experiments
under potentiostatic control (electrochemical atomic force microscopy, EC-AFM) have a major
importance in this work.

3.3.1 Electrochemical atomic force microscopy

Atomic force microscopes can measure nanometer-scale-resolution images of samples
submerged in a liquid, facilitating applications in physical as well as life sciences.®?® In these
experiments, the sample is held in a small vessel (or cell) with a small amount of liquid. The
probe is on a special holder with a glass window directly above the probe. In operation, the
probe is submerged in the liquid while scanning (Figure 3.10a). Electrochemical atomic
force  microscopy (EC-AFM) combines high-resolution imaging of surfaces
with electrochemical characterization (Figure 3.10b). EC-AFM is operated in a liquid
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environment containing electrochemical reactive species. A set of electrodes allows the
application of an electrochemical potential to the sample inducing electrochemical processes.
At the same time, an AFM setup measures the surface morphology and changes induced by the
chemical reactions. Such measurements are realized with an electrochemical cell that is
designed to simultaneously control processes of interest while providing a suitable medium to
image the topography of the sample surface. This cell is like the setup used for standard
measurements in liquid environments with the main difference that the electrochemical cell is
also equipped with working, counter, and reference electrodes. An optical image of the setup |
used for EC-AFM experiments is reported in Figure 3.10c. A polyether ether ketone (PEEK)
substrate supports a sample microfabricated on a glass slide. The electrolyte is confined on the
sample by a PEEK well sealed with screws and an underlying polydimethylsiloxane (PDMS)
O-ring. A Ag/AgCl wire and a platinum wire are placed on the right and left side of the well,
respectively; with the former acting as (pseudo)reference electrode and the latter as counter
electrode. The microstructured OMIEC devices acting as working electrodes are aligned with
the center of the well and individually addressable though the metallic contact pads patterned
outside the liquid well.
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Figure 3.10: Electrochemical atomic force microscopy. a) Schematic of an open cell to perform in-
liquid AFM experiments. b) Schematic of an EC-AFM setup with potentiostatic control. ¢) EC-AFM
cell used for in-liquid experiments in this thesis, featuring a Ag/AgCl wire as reference electrode, a Pt
wire as counter electrode and a set of microstructured OMIEC devices patterned at the center of the
cell. These are individually addressable through the contact pads fabricated at the left and right sides
of the liquid cell.

3.4 Electrical characterization of OECTs

OECT electrical measurements were used both to investigate their characteristic
behavior and to evaluate their performances as sensors. Experiments were carried out in
ambient conditions, using a Ag/AgICl wire as gate to have a nonpolarizable electrode for which
the voltage drop at the electrolyte interface is negligible (see sect. 1.10.2). Both the gate and
the microstructured PEDOT:PSS OECT channels (resulting from the microfabrication process
in Figure 3.5) were immersed in a phosphate-buffered saline (PBS) solution (1x), ensuring
a pH-neutral and water-based experimental environment.3?
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3.4.1 DC measurements

DC measurements were performed to study the steady state behavior of the OECTs and
extract the related figures of merit. Measurements were performed with a 2-channels Keysight
B2912A source-measure unit (SMU) using the setup in Figure 3.11a. DC electrical
measurements on OECTs can be divided into characteristic (or output) curves and
transcharacteristic (or transfer) curves. Output measurements involve the sweep of the source-
drain voltage Vp,pc over a defined range, while the gate potential Vg pc is maintained at a fixed
value, and the current at the drain electrode Ippc is recorded as a function of Vppc. Then, the
potential on the gate is changed and another curve is recorded to study the transistor
characteristic behavior for different gate potentials. Output curves measured for a PEDOT:PSS
OECT with channel width and length WXL = 100x100 pum and thickness 10010 nm are
reported as an example in Figure 3.11b.
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Figure 3.11: DC characterization of organic electrochemical transistors. a) Experimental setup,
involving a microstructurated PEDOT:PSS channel and a Ag/AgCl gate to constitute the OECT device.
Measurements are performed with a 2-channel SMU, with the source electrode operating as low
reference point for voltages for both channels. Output (a), transfer (b), and transconductance (c) curves
measured for a PEDOT:PSS OECT with channel width and length WxL = 100x100 um and thickness
10010 nm.

Transcharacteristic curves require a fixed drain voltage Vp,pc, while sweeping the potential on
the gate Vg pc and recording the current at the drain electrode Ippc (Figure 3.11c). Transfer
curves monitor how the channel doping and de-doping process (mediated by Vg pc) influences
the OECT current, studying the device amplification properties. Thereby, an important figure
of merit of the devices - the transconductance, defined as gm,pc = dlp,oc /0Vs,pc - can directly
calculated from the transistor transfer curves at different applied potentials (Figure 3.11d).
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3.4.2 AC measurements

AC measurements were performed to study the transient behavior (or frequency
response) of the OECTSs extract the related figures of merit. Experiments were performed with
the MFLI lock-in amplifier (from Zurich Instruments) using the setup in Figure 3.12a. A
constant DC offset voltage Ve pc and a sinusoidal AC modulation Vg ac (with amplitude 10 mV
and desired frequency) were applied to the gate terminal using the internal reference signal
generated by the instrument. The resulting AC current flowing from OECT source (Is,ac) was
demodulated to acquire its amplitude and phase. A constant DC voltage Vppc was applied
between the source and the drain electrodes using a MFLI auxiliary output. The source electrode
was used as a low reference point for the applied voltages.
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Figure 3.12: AC characterization of organic electrochemical transistors. a) Experimental setup,
involving a microstructurated PEDOT:PSS channel and a Ag/AgClI gate to constitute the OECT device.
Measurements are performed with a lock-in amplifier, with the source electrode operating as low
reference point for applied voltages. Source current spectrum (b) and AC transconductance (¢) measured
for a PEDOT:PSS OECT with channel width and length WxL = 100x100 pm and thickness 100£10 nm.

The OECT frequency response was measured by sweeping the frequency of Vgac from 10 to
10* Hz. A source current spectrum acquired in a PEDOT:PSS OECT with channel width and
length WxL = 100x100 pum and thickness 100+10 nm is reported in Figure 3.12b. Data show
both the measured current amplitude and phase, and allow to calculate the AC transconductance
as gmac = 0lp,ac/0Vs,ac, which determines the OECT bandwidth (Figure 3.12c).
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4 Results

In this chapter, | present the main results of my thesis work. The first three sections deal
with studies on fundamental transport processes in OMIEC materials, while both the fourth and
the fifth section are focused on applications. The findings reported in this chapter led to the
publication of four scientific papers, and to the preparation of one manuscript submitted to a
scientific journal.

4.1 Charge carrier mobility in organic mixed ionic-electronic
conductors by the electrolyte-gated van der Pauw method

Electronic transport is a fundamental process in OMIECs determining the operation

speed of bioelectronic devices, but mixed conduction complicates reliable measurements of
electronic mobility. For this reason, we introduced the electrolyte-gated van der Pauw method
to characterize electronic carrier transport in OMIECs. PEDOT:PSS thin films are used as a
widely applied model system for OMIECs. We control the electrolyte gate potential by a
potentiostat and measure the sheet conductance in a four-point probe geometry as a function of
gate potential. We show then for the electrolyte gated van der Pauw method (EgVDP) a
straightforward analysis to extract the threshold voltage V: and the hole mobility x,. Results are
compared with 2-point probe measurements done in OECT devices, where a simple model is
discussed for the quantification of contact resistance effects. The reproducibility of the EQVDP
method, combined with its intrinsic independence from contact resistance effects and the
straightforward data analysis, validate this technique as an effective strategy for the accurate
characterization of electronic mobility in OMIEC thin films.
Results presented in this chapter were published in August 2021 on the Advanced Electronic
Materials journal.% | collaborated on this work with Francesco Decataldo, Beatrice Fraboni,
and Tobias Cramer from the Department of Physics and Astronomy of the University of
Bologna.

4.1.1 The electrolyte-gated van der Pauw method

EgVDP experiments required micro-structured PEDOT:PSS thin film devices
fabricated according to the procedure in sect. 3.1. The optical micrographs in Figure 4.1a
demonstrate the well-defined gold contacts serving as electrodes for the measurements. The
area covered by PEDOT:PSS gets visible by its slightly blue color. Four symmetric gold
electrodes are placed at the edges of the PEDOT:PSS thin film for EQVDP measurements. As
required by van der Pauw’s (VDP) method, the dimensions of the metallic contacts are
maintained as small as possible with respect to the film size. The PEDOT:PSS film is patterned
with a square shape (with side 500 um) to reduce contact displacement errors in VDP
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measurements.3?® The PEDOT:PSS layer is designed with the same dimensions in two-contacts
OECTSs (Figure 4.1b). Here, the metallic contacts are patterned with the same width of the
PEDOT:PSS film to provide well defined dimensions to the semiconducting channel
undergoing electrical measurements. A schematic of the experimental setup realized for
EgVDP characterization is finally reported in Figure 4.1c. The PEDOT:PSS active layer is
immersed in an electrolyte (PBS 0.1 m). A current is injected between the high-force and the
low-force contacts of the device (contacts 1 and 2 in Figure 4.1c, respectively) and the
corresponding voltage drop is measured between the other two (the high and low-sense,
contacts 4 and 3, respectively). Simultaneously, a potentiostat (Metrohm Autolab PGSTAT204)
is employed to generate an electrical potential (the gating voltage Vg) between a Ag/AgCl
reference electrode (Amelchem 373/SSG/12) and the low-sense contact. A platinum wire was
used as counter electrode.

a)
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b)

T
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Figure 4.1: Experimental setup for electrolyte gated van der Pauw measurements to characterize
electronic transport in PEDOT:PSS thin films. a) Optical micrographs of a four-contact measurement
structure with the PEDOT:PSS active layer patterned at the center of the device. b) Optical micrographs
of an organic electrochemical transistor. c) Schematic of the experimental setup for EgVDP
characterization.

4.1.2 Electrical characterization of electrolyte-gated PEDOT:PSS thin
films

We measured the channel capacitance of the fabricated thin films by characterizing the
PEDOT:PSS-electrolyte interface with electrochemical impedance spectroscopy. Results for
EgVDP devices and OECTSs are presented, respectively, in Figure 4.2a and b. The acquired
Bode plots were fitted with the equivalent circuit shown in the inset. Both interfaces can be
modeled with a simple RC circuit, representing the electrolyte resistance Rel and the channel
capacitance C of the device.’?® As expected, the frequency response of EgVDP devices
reproduces the one of OECTS, since the PEDOT:PSS layers under investigation have the same
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dimensions. The resulting average volumetric capacitance of PEDOT:PSS is (29+2) F/cm?,
which is consistent with literature values.®*° The channel capacitance was measured as a
function of the gate voltage (Figure 4.2 c) for two different macroscopic EgVDP devices,
with an active PEDOT:PSS film area of 35 mm?. C resulted to be independent from Vg and
approximately constant in the voltage range in which the EgVDP characterizations were
performed (-0.2 V < Vg < 0.6 V). Therefore, measurements were fitted with a constant line, and
the resulting mean capacitances are compatible to each other.

Next, we investigate the timescales at which gating is effective in electrolyte-gated van der
Pauw structures. Figure 4.2d and e show the behavior of two EgVDP structures with different
dimensions when gate voltage steps are applied. The time response of a larger, macroscopic
device (Figure 4.2d), with an active PEDOT:PSS film area of 35 mm?, is compared with the
one of a microscopic EgVDP structure (Figure 4.2¢), with film area 0.25 mm? (see Figure
4.1a). During each step, Vg is kept constant for 10 s, and then increased by 0.04 V (scan rate
4 mV/s). In both cases, the voltage drop on the sample between the sensing contacts 4 and 3
reaches a stationary state after a transient RC response. The time duration of the transitory state
depends on the time constant of the device (z), which is proportional to its capacitance. Many
studies demonstrate that the electrical capacitance of a PEDOT:PSS film depends on its
volume.®! As the polymeric layers present the same film thickness in macroscopic and
microscopic devices, the difference in capacitance is only related to the different film area.
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Figure 4.2: Electrical characterization of electrolyte-gated PEDOT:PSS thin films. Electrochemical
impedance spectroscopy of four contact (a) and two contact OECT (b) structures. The Bode plot was
fitted with the circuit shown in the inset. Time response of macroscopic (d) and microscopic (e) four
contact structures during electrolyte gated van der Pauw measurements. The voltage drop on the sample
between the sensing contacts 4 and 3 is measured in time while varying the applied gate voltage V.
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Figure 4.2d demonstrates that the large capacitance of macroscopic EgVDP samples poses
a strong limitation during the EgVDP characterization. In particular, when the carrier
concentration in PEDOT:PSS is small (high channel resistance), the charge/discharge processes
are too slow for a reasonable scan rate on Vg and the circuit fails to reach the stationary
behavior. For this reason, during the characterization of macroscopic sized samples we could
not apply gating voltages above 0.4 V, and only a limited range of carrier concentration was
studied. Miniaturization is therefore crucial to study low carrier concentration regimes.

4.1.3 Electronic transport in van der Pauw and OECT devices

Results of the electrolyte gated transport measurements are reported in Figure 4.3a
and b. The gate voltage is scanned between -0.2 and 0.6 V (forward and backward scans), while
a constant current l.2= 10 pA is injected between the High and Low force contacts 1 and 2.
The gate potential range of the experiment was selected to avoid material degradation and water
splitting processes. The measured sheet conductance of the thin film (Figure 4.3a) is plotted
as a function of the difference between Vg and V¢, with V¢ being defined as half the voltage
drop measured on the sample (Vc = Va.3/2). For comparison, the transfer curve of a two contact
OECT measured in linear regime (Vbs = 0.05 V) is presented in Figure 4.3b. In both cases,
the behavior of the samples are reproducible during the gate voltage scan, and measurements
show only a small hysteresis. Both EgVDP devices and OECTSs reach a linear operation regime
below a threshold voltage V:. The linear behavior of an OECT is commonly described by the
Bernard’s model 32°

w Vs
Ips = .upCT(Vt = Ves + T) Vps (4.1)

where C indicates the capacitance per unit area of the PEDOT:PSS-electrolyte interface, and
W, L are respectively the channel width and length. Equation 4.1 can also be used to describe
EgVDP operation. The probed region between the sensing contacts 4 and 3 in EQVDP structures
can be treated as a semiconducting channel with source and drain at potentials V3 and Va,
respectively. The geometrical dimensions of the channel are related by L/W= In(2)/=, as
demonstrated by van der Pauw for square VDP structures.®* The injected current I, can be
expressed in terms of the sheet conductance osas

In(2)

L, = Us|V4—3| (4.2)

with
o5 = upClVy — Vg + V¢l (4.3)

The space charge density accumulated in the PEDOT:PSS layer is 6 = C|V,-V+V |, where V¢
= V4.3/2 approximates the potential in the probed region of the EQVDP structures.

Figure 4.3a and b were fitted with Eq. 4.1 and Eq. 4.3 respectively to extract the charge
carrier mobility and the threshold voltage of the devices. Quantitative results obtained from
different samples are reported in Table 4.1. Mobilities measured in OECT devices are in good
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comparison with findings described in literature. Typical values measured in OECTSs are on the
order of 1-10 cm?V1s1,333-334 | general, high mobilities for transport in OECT are reasonable,
as the mobility is extracted in the high carrier density regime, were carrier trapping at band-
edge states has only limited importance. At the same time, the accumulation does not exceed a
critical limit at which energetic and structural disorder set-in due to PEDOT overoxidation.3®
Table 4.1 also confirms that the EgVDP method allows for a very reproducible parameter
extraction on the three different samples. Mobilities measured with the contact-independent
EgVDP characterization are systematically higher than the ones measured with OECTs. A
similar value for mobility was determined in contact independent measurements based on
terahertz and infrared spectroscopy.3%

Sample o [cm2V-ist Vi [V]
EgVDP 1 12.0£0.5 0.436x0.011
EgVDP 2 11.7£0.4 0.44+0.02
EgVDP 3 11.3+0.4 0.45+0.02
OECT 1 5.9+0.3 0.57+0.02
OECT 2 6.7+£0.2 0.520%£0.012
OECT 3 4.2+0.2 0.530%0.010

Table 4.1: PEDOT:PSS mobilities and threshold voltages measured from EgVDP and OECT
characterization.

To study in detail the difference between the OECT and EgQVDP measurement techniques, we
compare both the calculated sheet conductances in Figure 4.3c. At high gate voltages (low
carrier concentrations) both curves are superimposed. Instead at low Vg, the EgVDP
measurement shows the linear increase in conductance due to accumulation of carriers, while
the two contact OECT measurement flattens and shows a significantly limited conductance.
The difference between the two measurements can only be attributed to contact resistance
effects. The presence of a contact resistance Rc generates an additional potential drop along the
semiconducting channel of an OECT: Ips = Vps / (Reh + Rc), where Ren indicates the channel
resistance

1

Rep = (4.4)

w %
HpCT (Vt —Ves %)
By substituting in the transfer curve equation the contact-independent mobility <pp> =
(11.7+0.3) cm?V-'s! (obtained by averaging the EgVDP mobilities), the following equation can
be solved to calculate Rcas a function of the gate voltage:

w V
(Hp)CT (Vt — Ves + %)
Ips = W Vps Vps (4.5)
(.up)CT(Vt - VGS + T) Rc +1
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Results of this analysis are reported in Figure 4.3d. We thus obtain that, in linear regime, the
contact resistance of an OECT is exponentially dependent on the gate voltage, and the equation

R, (Vgs) = axexp(b*Vgs) +c (4.6)

is fitted to the data, obtaining a = 0.0351+0.0012 V, b = 8.76+0.07 V! and ¢ = 0.483+0.005 V.
Hence carrier injection from the contact into the semiconductor channel is strongly mediated
by the gate voltage in OECTSs. This aspect is clearly visible in Figure 4.3e, which compares
the OECT channel resistance with the contact resistance, both as a function of the gate potential.
From this plot it is possible to observe that the gate-dependent contact resistance dominates on
the channel resistance at low gate voltages. Consequently, contact resistance effects strongly
affect the modulation of the PEDOT:PSS conductivity when the electronic carrier density in
the material is high, causing the conductivity saturation typically observed in OECTSs.
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Figure 4.3: Analysis of the van der Pauw and OECT transport characterizations. a) Sheet conductance
of an electrolyte gated van der Pauw structure plotted as a function of Vg -Vc (with Ve = V43/2). A
constant current l1., = 10 pA is injected between the forcing contacts. b) Transfer curve of an OECT.
The drain voltage is fixed at 0.05 V. The linear regime of the EQVDP and OECT characteristics is fitted
to extract the mobility and the threshold voltage. ¢) Comparison between the sheet conductance of an
EgVDP (red line) and an OECT (blue line). d) Evaluation and exponential fit of the contact resistance
as a function of the gate voltage in an OECT. e) Comparison between the contact resistance and the
channel resistance of an OECT device at different gate voltages.

4.1.4 Discussion
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measurements this effect is not observed and the conductivity of van der Pauw structures
increases linearly with negative gate voltages in the potential range of measurements. A contact
resistance exponentially dependent on the gate voltage was already found in OECTs by Kaphle
et al.>*® This observation was interpreted as the consequence of ion accumulation at the drain
contact, caused by lateral ion currents in the OECT channel.**° Lateral ion transport can also be
responsible for the threshold voltage overestimation in OECT characteristics. According to
Kaphle’s simulation®®, the application of a positive drain-to-source voltage (Vps = 0.05 V)
generates an equilibrium ion distribution in the channel which partially depletes from cations
the region nearby the drain contact. Consequently, the electronic conductivity of PEDOT:PSS
is locally increased, as the concentration of ionic de-dopants is reduced.®*! This effect can shift
the threshold voltage of an OECT working in depletion mode towards higher gate voltages. In
the EgVDP such a systematic error in threshold voltage determination cannot occur. A pair of
high impedance electrodes measures the electric field strength relevant for carrier acceleration
and is thus not affected by local ion-accumulation. We remark that in our experiment, we used
a potentiostat and a well-defined reference electrode (Ag/AgCl 3M KCI) to have a precise
control of the electrochemical potential in both van-der-Pauw and OECT characteristics. Under
such conditions, the threshold voltage is reproducible and can be related to the materials
properties. Therefore, it is possible to compare the threshold voltages extracted with both
techniques. In doing so, we observe that contact resistance affects the linearity of the OECT
transfer curves and renders the extraction of Vi difficult. On the other hand, the transfer curves
acquired with EgVDP measurements are perfectly linear at high carrier densities, allowing for
an accurate determination of the contact-independent threshold voltage. For such an ideal case,
one can refer to more advanced models on carrier transport that relate V; to the energy levels of
the semiconductor and work function of the gate terminal. The energy diagram of a
PEDOT:PSS-based OECT/van der Pauw structure immersed in PBS is reported in Figure

4.4.
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Figure 4.4: Energy diagram of an OECT/van der Pauw structure when a gate voltage of 0.2 V is
applied, allowing for a fundamental interpretation of the threshold voltage in van der Pauw structures.

A gate voltage of 0.2 V is applied to the Ag/AgCl with respect to the gold electrode. The
electrostatic coupling between the electronic phase (PEDOT) and the ionic phase (PSS) in the
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intermixed PEDOT:PSS blend generates an electric double layer at all interfaces present in the
phase separated material, whose potential is indicated with VepL. An additional potential drop
must be considered at the interface between the PSS phase and the PBS electrolyte that is called
Donnan potential, Vpo. The Donnan potential is caused by different ionic concentrations in the
PSS-phase with respect to the free electrolyte, and was measured to be Vp, = -0.072 V.12 The
work function of the Ag/AgCl reference electrode is set to Wagci = 4.7 eV,3*? while Wpepor
indicates the valence band edge of PEDOT (the work function of PEDOT:PSS is WeepoT:pss =
Wpepot + €VepL). The holes concentration in the PEDOT phase can be calculated from the
product between the volumetric capacitance of the material and the double layer potential, that
is p = CyVgpy,, While the electrochemical equilibrium at the interfaces is expressed by

eV + Weepor + eVepr, — eVpo — Wy =0 (4.7)

From these equations, it’s possible to find an equation for the linear transport regime of the
device and a relation between the threshold voltage and the PEDOT work function:

w, 14
v, = :g 4V, — PEDOT

(4.8)

Vi results to be dependent on the position of the valence band edge of PEDOT in its pristine
state, which electrochemical measurements indicate to be Wpepor = 4.5 e¢V.**® The contact
independent threshold voltage extracted from EgVDP characterizations allows for a better
estimate of this value (Wpepor, eqvpp = (4.36+0.04) eV) with respect to OECT measurements
(Wpepor, oecr = (4.25+0.03) eV).

Finally, we note that alternative contact-independent techniques such as four-point
probe (FPP)3* and transmission line method (TLM)**° can be used to extract the charge carrier
mobility in the high-charge density regime of OMIECs. However, we think that the EgVDP
method has many advantages over them:3*® TLM requires multiple devices with different
channel length and mobility extraction is weakened by the problematic determination of the
threshold voltage.3*® As shown in Figure 4.3c, transfer curves of OECT are not linear and
therefore threshold voltage depends strongly on the mathematical extraction procedure. On the
other hand, gated Four Point-Probe (gFPP) devices require the precise alignment of the voltage
probes along the very edge of the semiconductor channel, and mobility extraction is typically
compromised by small variations in device geometry.3*’ In contrast, measuring the EgVDP
device is of the same complexity as the gFPP device measurement (both require five contacts).
However, the data obtained are more precise than in gFPP thanks to the averaging over different
sides and the independence from geometric dimensions.

4.1.5 Conclusions

In this section, | introduced a four-point probe characterization technique for OMIEC
materials, the electrolyte-gated van der Pauw’s method. This technique is applied for the first
time to PEDOT:PSS thin-film devices for an accurate extraction of the mobility and the
threshold voltage, that are representative of the transport properties of the blend. The EgVDP
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method combines many advantages: (1) the device structure and fabrication constraints are the
same as for standard OECTSs, allowing easy device integration and comparison; (2) the method
is independent from contact effects that are detrimental to transistor characteristics; (3) a
straightforward data analysis allows precise parameter extraction owing to the inherent
averaging and independence from geometrical dimensions. We tested this method on three
different EQVDP devices, obtaining highly reproducible results. The average PEDOT:PSS
mobility and threshold voltage obtained from measurements are <pp> = (11.740.3) cm?V-1s?
and <V¢> = (0.44+0.02) V . By comparing this result with 2-point-probe measurements, we
found that contact resistance effects complicate the extraction of both the mobility and the
threshold voltage, leading to an underestimation and an overestimation for the former and the
latter, respectively. These observations indicate that a contact-independent technique is crucial
for the proper characterization of PEDOT:PSS, and the EgVDP method is revealed to be a
simple, elegant but effective technique for this scope. Given its general applicability and good
accuracy, the EgVDP method can be a promising and useful tool to characterize electronic
transport in new OMIEC formulations.

4.2 Ionic solvent shell drives electroactuation in organic
mixed ionic-electronic conductors

lonic transport is another fundamental process in OMIECs which is particularly relevant
when materials operate in hydrated conditions. lon-driven electrochemical processes in organic
mixed conductors induce mechanical deformation enabling artificial muscle-like actuators, but
also lead to degradation processes affecting OMIEC based devices. Despite its relevance in
different fields of material research, fundamental knowledge on the intrinsic mechanism of
electroswelling is still lacking, and monitoring fast local ionic exchange processes in OMIECs
remains elusive. In this chapter, | address this issue introducing the modulated electrochemical
force microscopy (mEC-AFM) as novel operando characterization method for electrochemical
actuation, combining both microscopy and spectroscopy of electroswelling. AFM is used as a
local probe for volume changes and interface forces that provides transient data on dynamical
effects related to electroactuation in OMIECs. Combination of the electroswelling data with
impedance spectroscopy in PEDOT:PSS microelectrodes vyields a multidimensional
spectroscopy revealing the dominant timescales for ion migration and electroswelling. The
resulting knowledge allows us to implement multichannel mEC-AFM imaging, providing maps
of local electroswelling amplitude and phase as well as surface morphology. Results
demonstrate that the amplitude and timescales of electroswelling are governed by the drift
motion of hydrated ions. Accordingly, slower water diffusion processes are not limiting and
microactuators can operate at frequencies exceeding several kHz.
The findings presented in this chapter were published in Advanced Science journal in March
2024.3%8 | collaborated on this work with Francesco Decataldo, Tobias Cramer, and Beatrice
Fraboni from the Department of Physics and Astronomy of the University of Bologna.
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4.2.1 The modulated electrochemical atomic force microscopy

mEC-AFM experiments require micro-structured devices based on electroactive
OMIEC materials. For this reason, we fabricated PEDOT:PSS microelectrodes according to the
procedure in sect. 3.1. An optical image of the final devices is reported in Figure 4.5a. Two
rows of 8 gold microelectrodes are symmetrically patterned onto a glass substrate, allowing for
each electrode the electrodeposition of a PEDOT:PSS layer with controlled thickness. Multiple
electrodes are designed on the same substrate to vary systematically the thickness of the
electroactive polymer layer. Also, a higher magnification image of a single electrode with 50
pum-diameter is shown featuring a PEDOT:PSS layer of 1 um thickness. A thick negative
photoresist layer (3 um) electrically insulates the gold feedline from the surrounding electrolyte.
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Figure 4.5: Experimental setup. a) Optical image of a PEDOT:PSS microelectrode array used for the
AFM experiment. The structure of a single electrode is provided by the magnified image shown as an
inset. b) Schematic of the experimental setup for mEC-AFM, showing the AFM operating in contact
mode on a microelectrode when an AC voltage is applied. The signals measured during the experiment
are plotted as a function of time. The frequency of the input voltage Vin is f = 3.2 kHz

Figure 4.5b shows a schematic of the experimental setup used for the modulated
electrochemical atomic force microscopy (mEC-AFM) measurements. In this technique, we
used a frequency modulation to induce electrochemical doping/de-doping of an OMIEC
material and we acquire the local thickness variations induced by the process. Samples are
immersed ina 0.1 M PBS solution, using a Ag/AgClI wire as reference electrode, and the AFM
probe is brought into contact with the surface of the PEDOT:PSS layer (force set point 10 nN,
using NSC36 probes of the Park NX10 AFM). The application of a sinusoidal modulation Vin
(with amplitude |Vis]| =100 mV and angular frequency w) to the microelectrode drives the
reversible oxidation and reduction processes of the PEDOT:PSS layer. Concurrently, the
exchange of ions between the electrolyte and the PEDOT:PSS film assures charge neutrality
and gives rise to the AC current signal.” The continuous injection and extraction of ions into
and out of the PEDOT:PSS leads to the swelling and deswelling of the soft polymeric matrix at
the same frequency as the drive signal. The resulting thickness oscillation is measured by
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acquiring the vertical deflection of the AFM cantilever in contact with the film surface. Fast
adjustments of tip height are avoided as the oscillation frequencies are kept above the bandwidth
of the z-scanner feedback-loop control. This condition was achieved by setting the z-servo gain
parameter to 0.01. Typical data traces obtained by this procedure are shown in Figure 4.5b
as a function of time: they include the input voltage applied by the AC voltage source, the
resulting AC microelectrode current and the AFM height changes. All signals are observed here
at the fundamental frequency of f=3.2 kHz as provided by the AC signal source.

4.2.2 mEC-AFM multidimensional spectroscopy

To perform spectroscopic measurements, a multichannel lock-in amplifier is introduced
to demodulate the AC signals, measuring the voltage, current and swelling phasors V (w), I (w)
and S(w)(see sect. 4.2.6). The last is obtained by measuring the phasor corresponding to the
vertical deflection of the AFM cantilever and dividing its amplitude by the cantilever sensitivity

(see sect. 4.2.7).
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Figure 4.6: Multidimensional electroswelling spectroscopy. a) Electroswelling spectrum obtained by
sweeping the frequency of the AC input voltage in a wide range. Spectra of the (b) electrochemical
impedance and (c) actuation transfer functions relating charge uptake and swelling in the polymer
matrix. Electroswelling (d), impedance (e), and actuation function (f) amplitudes measured on
PEDOT:PSS layers with different thicknesses. The electrode diameter is 50 pum. Error bars indicate the
average between measurements performed in 5 different positions on the electrode surface.
Experimental data in (d) (indicated with squares) are fitted assuming a constant value a for the actuation
function for each thickness. Fitting results are reported in Table 4.2.

The resulting spectrum (Figure 4.6a) shows how the swelling amplitude has a plateau in the
low frequency regime with a stable phase of 180°. In this condition, the local height of the
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PEDOT:PSS layer increases by |S| when the AC voltage reaches its minimum value (-100 mV).
Then, after a critical frequency, the phase shift reduces, and the swelling amplitude decreases
with increasing frequency. This behavior can be better understood considering the transfer
functions relating the three measured phasors. The electrochemical impedance transfer function
Z = V /I reveals how the electrolyte limits charge entering the polymer film. The resulting Bode
plot (Figure 4.6b) shows how the impedance amplitude is limited by the electrolyte
resistance at high frequency but increases in the low frequency range where the swelling plateau
is measured. In such a regime, the phase of the corresponding current reaches 90°, indicating
capacitive charge accumulation in the PEDOT:PSS layer. The second relevant transfer function

is the actuation function A = S/Q, where Q = fot I(s)ds is the phasor defining the charge

accumulated in the polymer film (see sect. 4.2.9). The actuation function A reveals how the
morphology of the soft polymer matrix changes through the injection of charge. The spectrum
of A is reported in Figure 4.6c¢ and illustrates how its amplitude remains constant across all
frequencies, with a phase of 180°. We remark that the electroswelling measurements are local,
while AC current measurements involve the entire electrode area. To assure reproducibility we
performed electroswelling spectroscopies on 5 different points on the polymer surface and find
experimental variations in the transfer functions that are smaller than 5% (Figure 4.6a and
c, see also Figure 4.7 and Figure 4.8 for the mapping of the amplitude and phase of S). In
the spectroscopy experiments we also varied systematically the drive amplitude up to Vin=200
mV and found a linear response of the current and swelling signal (sect. 4.2.8). This finding is
in agreement with the absence of faradaic reactions in PEDOT:PSS over a broad
electrochemical potential window.'%

From this evidence, we can formulate an interpretation for electroswelling in
PEDOT:PSS. When a positive voltage is applied to the microelectrode, the PEDOT phase gets
oxidized and positive hole charges enter the film. To maintain charge neutrality, the ionic PSS
phase is depleted from cations, leading to a decrease in the film volume. Instead upon reduction
(negative voltage) hole carriers are removed from the PEDOT phase and cations must enter the
film to counterbalance the negative charge present in the PSS phase. As a consequence, the film
increases in local height by [S|, when a negative voltage is applied, explaining the antiparallel
response of A (180°) with respect to the voltage signal. Our observations are confirmed
performing experiments on electrodes with different PEDOT:PSS thicknesses (Figure 4.6d,
e, ). Analysis of the two transfer functions reveals that electroswelling is only limited by the
impedance of the PEDOT:PSS/electrolyte interface. Consequently, the amplitude of A (Figure
4.6f) has a constant value a independently on both, the film thickness as well as frequency.
Following this observation, we can model the impedance spectra in Figure 4.6e with an
equivalent RC circuit to calculate the charge accumulated in the film, and then fit the swelling
spectra keeping the “actuation coefficient” @, as the only adjustable parameter (see sect. 4.2.10).
Results (continuous lines in Figure 4.6d) show an excellent agreement with the experimental
points. The related fit parameters are reported in Table 1 and show values for a compatible
within the experimental errors.

Two important conclusions arise from the multidimensional spectroscopy: (i) fast
electroswelling can be obtained if sufficient charge can be injected. The timescale of actuation
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is provided by the characteristic time of the RC circuit = = RC. (ii) The actuation function has
a constant value a for the PEDOT:PSS formulation independent of both the frequency and the
amount of injected charge. This identifies a as an intrinsic metric of the actuation extent and
allows for a microscopic interpretation which will be discussed in the final paragraph.

Thickness R (kQ) C (nF) a(nmnC?)
1024+6 nm 10.4+0.8 9.2+0.8 0.063+0.008
24318 nm 11.44£1.2 24+2 0.076+0.002
605+10 nm 11.3£1.4 57+3 0.080+0.006
1.6+£0.5 pm 10.1+£1.8 14748 0.075%0.007

Table 4.2: Quantitative analysis of impedance and electroswelling spectroscopies on PEDOT:PSS
electrodes with diameter of 50 um, resulting from the fits in Figure 4.6d and 4.6e.

4.2.3 mEC-AFM imaging experiments

Next, we aim to investigate the impact of the local morphology on electroswelling
properties. Like piezoelectric force microscopy, mEC-AFM maps transient electroactuation on
the polymer surface by acquiring the amplitude and phase of the surface height oscillations
induced by an AC voltage modulation. Such a mEC-AFM imaging experiment can be
implemented on microelectrode surfaces with sufficiently small RC constant to allow for
electroswelling at frequencies extending into the kHz range. Achieving fast electroswelling
operation is essential to perform stable mEC-AFM image acquisitions with a reasonable scan
time. Figure 4.7a shows the electroswelling spectrum for a 30-um diameter electrode. For
imaging experiments on this electrode, we used a modulation frequency of fin = 3.2 kHz that
is in the frequency roll-off region but still offers a good signal to noise ratio, indicating that a
significant amount of charge is capacitively accumulated in the bulk of the PEDOT:PSS layer
and contributes to the swelling process. For the soft polymer surface, we use fast approach and
retract curves to avoid shear forces and potential tip or sample damage during scanning. As
shown in Figure 4.7b, for each pixel of the image, the tip is approached until a threshold
force of Fmax =16.7 nN is reached. During the same approach, the surface oscillation amplitude
and phase are recorded (Figure 4.7c¢). Both signals increase only after the AFM tip gets into
contact with the PEDOT:PSS layer (indicated with z=0). Upon increased force, the swelling
amplitude and phase become stable and remain constant, indicating that the threshold force Fmax
applied on the sample during the spectroscopy does not hinder the oscillation of the
electroactive polymer surface. It also allows us to exclude other distant dependent forces such
as electrostatic interactions between tip and sample as origin of the observed oscillations. Once
above threshold force, the amplitude and phase signals are averaged for thoia =1 ms. Then the
AFM probe is lifted from the contact position, and the operation is repeated for the following
pixel. Images obtained by the mEC-AFM technique on the entire microelectrode region (50x50
um) are shown in Figure 4.7d, e, f and represent the surface height, the swelling amplitude
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and the swelling phase. A constant electroswelling and stable phase are only measured on the
PEDOT:PSS covered microelectrode. The encapsulation layer and the substrate show changes
in surface morphology, but no electroswelling signal (Figure 4.7e and f).
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Figure 4.7: mEC-AFM imaging of electroswelling amplitude and phase on a PEDOT:PSS covered
microelectrode. a) Electroswelling spectrum of the 30-um electrode, the frequency fim applied to the
input voltage Vi, during the image acquisition is indicated. b,c) Simultaneous measurement of force-
distance spectroscopy (b) and electroswelling amplitude and phase (c) on a single pixel. The repetition
of this process allows for the imaging of the electrode height (d), electroswelling amplitude (e) and
phase (f) on the entire electrode region.

Next, we acquire a multichannel mEC-AFM image with increased resolution imposing
128x128 pixels on a region of 3x3 um in the center of the microelectrode (Figure 4.8). The
height (Figure 4.8a) and electroswelling amplitude (Figure 4.8b) show a strong
correspondence in the image. The combined line profiles in Figure 4.8d demonstrate that
increased electroswelling is measured in regions of the film surface where the PEDOT:PSS
layer is thicker. Instead, the signal phase (Figure 4.8c) is not affected by the local
morphology and maintains a constant value. The quantitative analysis of the correlations is
depicted in Figure 4.8f that relies on a statistical analysis of all pixels of the image. A linear
correspondence between the PEDOT:PSS film height and the electroswelling amplitude is
observed. The finding is rationalized by considering the intrinsic volumetric capacitance of

PEDOT:PSS. By considering c,= 28 +2 Fem™,% and the electrode area Aei, we can calculate

the actuation coefficient from the slope k of the correlation line as a = ﬁ =0.09+0.01
ellVinltv

nm nC1, obtaining results consistent with the spectroscopy experiments.
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Figure 4.8: Nanoscale mEC-AFM imaging of the electroswelling effect. Multichannel AFM
acquisition of the topography (a), electroswelling amplitude (b), and phase (c) on a PEDOT:PSS
microelectrode. The imaging frequency fin was set to 3.2 kHz. d), e) Line profiles extracted on the
vertical axis of the images comparing the acquired data. f) Correlation between the local thickness,
electroswelling amplitude and phase. Error bars are obtained dividing the height distribution in 32 bins
and calculating the standard deviation of each histogram bar.

4.2.4 Discussion

Our experimental observations demonstrate that charge accumulation is intrinsically
related to volume change in PEDOT:PSS. Two different hypotheses can be initially formulated
to account for the dynamics of the swelling behavior. The first hypothesis (that we can define
“energetic”) predicts that hydrated ions are driven with their water shell inside PEDOT:PSS by
the external electrical potential Vin. The second hypothesis (that we can define “entropic”)
assumes that “bare” ions are injected into the electroactive material and water uptake is caused
by a subsequent osmotic process. Despite the possibility to model the PEDOT:PSS layer as a
semi-permeable membrane due to the presence of the fixed PSS™acceptors,3* our spectroscopy
measurements highlight how osmosis plays only a minor role in the electroswelling mechanism.
In the entropic interpretation, the actuation timescale would be limited by the diffusive transport
of water at the polymer/electrolyte interface. Modeling experiments of water uptake in
PEDOT:PSS allow for the quantification of the water diffusion coefficient in the material as Dw
~ 1012 m?s1 3% Using this value and assuming the complete hydration of the polymeric layer

2
on the vertical axis, we can estimate the diffusion timeas t; = ﬁ , Where t is the thickness of

the PEDOT:PSS film. Typical timescales for the 300 nm thick films of 22.5 ms (see sect.
4.2.11) clearly illustrate that water diffusion is a relatively “slow” process with respect to
electroswelling and validate the “energetic” interpretation. In this view, we can directly
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associate the actuation coefficient a to the dimension of the hydrated radius in the PEDOT:PSS
layer. If we assume that each injected ion is responsible for the electronic doping/de-doping of
the material, we can calculate the volume of hydrated ions as vion = Aer*e*a (See sect. 4.2.12),
and correlate the hydration radius rion to the actuation coefficient:

1/3

_ (3adce
Tion = AT (4- 9)

where e is the elementary charge. By replacing the average actuation coefficient <a> =
0.075+0.007 nm nC™ from Table 1, we obtain <risn> = 0.18+0.02 nm, which corresponds to
half the value typically measured for Na* cation in water (rnaw = 0.36 nm).*® This result can
be interpreted by alternative descriptions: i) when cations enter inside the polymeric matrix, a
considerable fraction of anions is ejected, reducing the swelling extent (Figure 4.9a), or ii)
only cations are responsible for the electroswelling, but their water shell inside PEDOT:PSS
gets smaller (Figure 4.9a). A final, third hypothesis is provided by a combination of the two.
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Figure 4.9: Interpretation of electroswelling in PEDOT:PSS. a) lon transport involves both cations
and anions inside their water shell, with a smaller fraction of anions leaving the material when a negative
potential is applied to the electrode. b) lon transport involves only cations, and their water shell gets
smaller inside the material. ¢) Electroswelling spectroscopies performed in different electrolytes.
Results are a strong support for the hypothesis in (b). Error bars indicate the average between
measurements performed in 5 different positions on the electrode surface.

To properly identify which one of the three scenarios best fits with the ion dynamic inside the
material, we performed electroswelling spectroscopies in three different electrolytes (0.1 m
PBS, 0.14 m NaCl and 0.4 mm NaPSS). These differ by pH (being 7.38+0.02, 6.24+0.02, and
3.94+0.02 for the 0.1 M PBS, 0.14 M NaCl and 0.4 mM NaPSS, respectively), sodium cation
concentration, and anion composition. Results are reported in Figure 4.9c¢ and demonstrate
equal actuation coefficients for the three different electrolytes. As a consequence,
measurements exclude a significant role for the PSS protonation/deprotonation in the active
swelling, despite its major importance in the passive water uptake causing material hydration.*>
The findings in NaPSS solution, allow us to exclude the transport of anions as PSS~ are too large
to enter the polymer films. Still, the swelling coefficient does not differ from the one measured
in PBS and NaCl solutions, proving that chloride anions do not substantially contribute to the
electroswelling, and ion uptake is limited only to sodium cations. This observation strongly
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supports the swelling mechanism illustrated in Figure 4.9b. Fixed PSS acceptors limit the
uptake of mobile anions from the surrounding electrolyte by electrostatic repulsion, while
coordination to sulfate groups causes smaller hydrodynamic radius <rion> = 0.18+0.02 nm for
cations. Similar results are expected to be obtained in solutions containing (mixtures of)
different monovalent cations, as their free water hydration radii do not substantially differ. 3
The experimental <rion> value is consistent with previous analyses performed using an
electrochemical quartz crystal microbalance (EQCM), estimating an uptake of 1-2 water
molecules for every injected ion.?%

4.2.5 Conclusions

Results obtained in this chapter demonstrate how modulated electrochemical force
microscopy (mMEC-AFM) can be successfully applied to reveal the intrinsic dynamics of
electrochemical actuation in OMIEC materials. We prove that the amplitude and timescales of
electroswelling are governed by the drift motion of hydrated ions and not limited by slower
water diffusion processes. Accordingly, we demonstrate how fast ionic charging of the
PEDOT:PSS volumetric capacitance leads to high frequency operation in microactuators, and
how the swelling extent is intrinsically limited by the size of the ionic solvent shell. The
resulting knowledge can serve as a guideline for the development of OMIEC-based actuators
with maximized performance. This research also shows how mEC-AFM offers novel means to
interrogate materials with mixed ionic-electronic conductivity at the nanoscale during operation
providing information on the local ionic distribution and the ion-to-electron coupling. This
capability will be critical to understand more complex OMIEC-based realizations such as
organic electronic ion pumps®** or organic electrochemical transistors.?*®

4.2.6 Appendix 1: detailed schematic of the experimental setup used for
mEC-AFM experiments

A complete schematic of the experimental setup used for mEC-AFM experiments is
reported in Figure 4.10a. A function generator connected to the PEDOT:PSS microelectrode
provides the AC input voltage and DC offset (vs Ag/AgCl) leading to swelling/deswelling of
the OMIEC layer. The same signal is given as a reference to the lock-in amplifier. Both the
AFM cantilever deflection resulting from the PEDOT:PSS surface oscillations and the AC
current flowing in the electrochemical cell are acquired by the lock-in amplifier. This
demodulates the provided signals measuring the amplitude and phase of the voltage, current,
and swelling phasors. The amplitude of the latter is calculated as |S|= D/sc according to sect.
4.2.7. An optical image of the liquid cell containing both the samples and the AFM probe during
mEC-AFM experiments is reported in Figure 4.10a (see also sect. 3.3.1). A Ag/AgCl wire
is placed on the right side of the well acting as reference electrode. The microstructured
PEDOT:PSS structures acting as working electrodes are aligned with the center of the well and

106



Results

individually addressable though the metallic contact pads patterned at the left and right sides of
the well.
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Figure 4.10: a) Detailed schematic of the experimental setup used for mEC-AFM experiments. b)
Liquid cell used for in-liquid mEC-AFM experiments, featuring a Ag/AgCl wire as reference electrode
on the right and microstructured PEDOT:PSS electrodes fabricated on a glass slide and aligned with
the center of the cell.

4.2.7 Appendix 2: measurement of the cantilever sensitivity and
calculation of the swelling amplitude in mEC-AFM

We measured the cantilever sensitivity sc of NSC36 probes in liquid through force-
distance spectroscopies on the rigid glass substrate of the samples (Figure 4.11a). The probe
was lifted to the vertical coordinate zo = 0.1 um from the contact position, then gradually
approached to the sample surface (scan speed 0.3 um/s) down to z1 = -0.2 pm and finally
retracted again to zo. The resulting force is calculated by dividing the acquired vertical
deflection D (A-B voltage in the AFM position-sensitive photodiode (PSPD)) by the cantilever
elastic constant (Figure 4.11b). sc = dD/dz was extracted from the slope of the linear
cantilever deflection signal measured in contact regime (Figure 4.11c). During
electroswelling measurements, the force set point for contact mode operation was set to 10 nN
to have a significative interaction between the probe and the sample. After applying the Vin
signal, we calculated the swelling amplitude as |S| = |D|/sc, where |D| is the amplitude of the
vertical deflection of the AFM cantilever caused by the sample oscillation.
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Figure 4.11: a) Experimental setup used to measure the NSC36 cantilever sensitivity. b) Force-
distance spectroscopy on the glass substrates of the sample. ¢) Determination of the cantilever
sensitivity.

4.2.8 Appendix 3: linearity of the electrochemical response of
PEDOT:PSS microactuators

We ensure the linearity of the mEC-AFM characterization method by measuring the
electroswelling amplitude for different amplitudes of the applied AC voltage modulation.
Experimental data reported in Figure 4.12 confirm a linear electroactuation response from
PEDOT:PSS, and the actuation coefficient resulting from the fitting line slope results to be
compatible with experimental results reported in Table 1. This finding also furtherly confirms
the frequency dependent model of the swelling phasor (sect. 4.2.10). Eq. 4.19 predicts that
when the frequency is fixed, the actuation amplitude can be linearly controlled through different
amplitudes of the input voltage determining the amount of charge injected in the polymeric
matrix.
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Figure 4.12: linear electrochemical response of PEDOT:PSS microactuators. The actuation
coefficient can be calculated from the slope of the fitting line using Eq. 4.19.
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4.2.9 Appendix 4: derivation of the charge phasor

In an AC circuit, we can define the charge phasor as the time integral of the current
phasor:

0=[Ide (410

I
jw ]

(i)
0= f|1|ej(“’t+¢1)dt _ e

thereby, we obtain

30 = Deiwrso _ jgleiinso  (4.12)
w
with
o1 =11 = -2 4.13
4.2.10 Appendix 5: frequency dependence model of the swelling

phasor

The PEDOT:PSS/electrolyte interface can be modeled with an equivalent RC series
circuit, composed by the ionic resistance of the electrolyte R and the capacitance C of the
electric double layer in the polymeric layer. The input voltage phasor V,,(t) = |V;,,|e/“tand the
current phasor I(t) = |I|e/@t*%D are related through the electrochemical impedance transfer
function:

1
Z= 7ol +R (4.14)
Using the impedance, we can express the charge phasor as a function of the input voltage
phasor:

Q(t) = fl_dt = f#ejwsds (4.15)

we obtain
Q(t) — ClVinl ej[wt+atan (—wR0O)] (4. 16)
1+ (wRC)?
with amplitude and phase
C|Vin|

Q] = ¢o = atan(—wRC) (4.17)

J1+ (wRC)? ;

We can finally relate charge and swelling phasors through the actuation function:

109



TIonic solvent shell drives electroactuation in organic mixed ionic-electronic conductors

s
Q

The experimental spectroscopy data shows that A has a constant value A(w) = a over the
experimental frequency range. Accordingly, we can write the mathematical expressions for the
swelling amplitude and phase:

_ aCIVinI

Sl = —2—;
51 v1+ (wRC)?

obtaining a good agreement with experimental results in Figure 4.6d.

A= (4.18)

¢s = atan(—wRC) (4.19)

4.2.11 Appendix 6: water diffusion and osmosis in electroactuation of
conductive polymers

Electroswelling spectroscopy measurements highlight how osmosis plays a minor role
in the electroactuation mechanism. Using Dw = 10712 m?/s as the water diffusion coefficient in
PEDOT:PSS3# and assuming the complete hydration of the polymeric layer on the vertical

4D
film. Results obtained for our experiment are reported in Table 4.3. These clearly illustrate
that water diffusion is a relatively “slow” process with respect to electroswelling. Assuming
osmosis as responsible for the latter implies a substantial discrepancy between the charge
injected in the material and its volume change for frequencies higher than fq =1/tq, which is not
observed in the experiments (Figure 4.6b and c). Moreover, no significative increases in the
actuation width are measured when f < fq. The actuation timescale is not limited by the diffusive
transport of water at the polymer/electrolyte interface caused by an increase of the osmotic
pressure, but by the transport of hydrated cations.

axis, we can estimate the diffusiontimeas t; = i, where t is the thickness of the PEDOT:PSS

thickness (nm) ta (S) fa (Hz)
102 0.002601 384.4675125
243 0.01476225 67.74035123
605 0.09150625 10.92821529
1570 0.616225 1.622783886

Table 4.3: Estimation of the timescale (ts) and characteristic frequency (fs) of water diffusion in
PEDOT:PSS

4.2.12 Appendix 7: calculation of the ion hydration radius

If we assume that each injected ion is responsible for the electronic doping/de-doping
of the material, we can express the swelling amplitude as a function of the number of ions as
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S=aN;,e (4.20)

where a is the actuation coefficient (expressed in nm/nC), Nion the total number of ions, and e
the elementary charge. Spectroscopy data combined with the imaging experiment demonstrate
that the charge uptake in the polymeric matrix is uniformly distributed within the film volume.
Thereby, the volume change Vs induced by ionic injection is V;= A,;S = N;,,(aA,e), where
Ael is the electrode area. This identifies the volume of a single ion as

Vion = AAg € (4.21)

and its radius will be
1/3 1/3

3v; 3al.e
Tion :( 4;(;71) :( 47_: ) (4.22)

4.3 Subsurface Profiling of Ion Migration and Swelling in
OMIEC Actuators with mEC-AFM

Results presented in sect. 4.2 introduce the mEC-AFM as a novel operando

characterization method to study electroactuation in OMIEC materials. For this reason, mEC-
AFM can be particularly relevant when focusing organic mixed conductors optimized for
actuation, such as polypyrrole doped with dodecylbenzenesulfonate (Ppy:DBS). Anyway,
Ppy:DBS shows a more complex electroactuation dynamics which requires in-depth
investigations for its comprehension. Therefore, we extended mEC-AFM as a depth-sensitive
technique to measure subsurface profiles of ion migration and swelling in Ppy:DBS
electroactive layers. We performed multidimensional spectroscopy experiments combining
electroswelling and electrochemical impedance measurements on micro-structured Ppy:DBS
electrodes. We developed a quantitative description for the charging properties of Ppy:DBS
able to reproduce the experimental data both for different electrode thicknesses and at different
applied electrochemical potentials. Using the actuation transfer function, we correlated
electrochemical and actuation properties of the material by revealing the distribution of
electroswelling and charge in the electroactive polymer layer region. The resulting depth
profiles demonstrate that electroactuation is not uniform in the Ppy:DBS layer but depends both
on the film morphology and redox state, which determine the size and transport dynamics of
hydrated ions. Our findings suggest that the efficient actuation performance is caused by
rearrangements of the polymer microstructure induced by charge accumulation in the soft
polymeric matrix. Such process causes the influx of water from the surrounding electrolyte
increasing the effective ionic volume in the electroactive layer up to two times the value
measured in free water.
Results presented in this chapter are organized in a manuscript draft intended for submission to
the Advanced Functional Materials journal. I collaborated on this work with Tobias Cramer
and Beatrice Fraboni from the Department of Physics and Astronomy of the University of
Bologna, and with Chaogun Dong and George Malliaras from the Department of Electrical
Engineering of the University of Cambridge (UK).
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4.3.1 mEC-AFM analysis of electrochemical actuation in Ppy:DBS

Figure 4.13a shows the experimental setup used to study ion-migration in micro-
structured Ppy:DBS thin films with mEC-AFM. Samples were prepared by coating a Ppy:DBS
thin film onto a 30 um-diameter gold microelectrode on a glass substrate using galvanostatic
electro-polymerization (current density Jiep = 2 mA/cm?). A negative photoresist layer (3 pm
of mrDWL 5 photoresist) electrically insulates the gold feedline from the surrounding
electrolyte. Ppy:DBS microelectrodes were electrochemically activated through
cyclovoltammetry (CV) experiments in 0.1 m NaDBS solution, leading to ion injection and
complete hydration of the electroactive films (see sect. 4.3.5).
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Figure 4.13: mEC-AFM analysis of electrochemical actuation in Ppy:DBS. a) Schematic of the
experimental setup for mMEC-AFM spectroscopies of electroswelling. The AFM operates in contact mode
on a microelectrode while an AC voltage Vin (f = 33 Hz) is superimposed to the electrochemical potential
E. b) Amplitude and phase of the AC current and the swelling signal measured in a 500 nm-thick
microelectrode by varying the applied electrochemical potential E (scan rate 0.01 V/s). ¢) Amplitude
and phase of the actuation function, defined as the transfer function between swelling and charge
measured in microelectrodes with different Ppy:DBS coating thickness.

lon migration and swelling where investigated with mEC-AFM measurements
conducted in 0.1 M NaDBS solution, using a Ag/AgCI wire as reference electrode. A small
sinusoidal modulation Vin (with amplitude |Vis| =100 mV and angular frequency ) is
superimposed to the DC electrochemical potential E (vs Ag/AgCl) applied to the
microelectrode. Vin leads to the generation of an ionic AC current in the Ppy:DBS layer (lac)
and consequent swelling/deswelling S of the soft polymeric matrix at the same frequency. The
thickness variation resulting from this process is measured by acquiring the vertical deflection
of the AFM cantilever operating in contact mode (as illustrated in sect. 4.2.7). An example of
the data traces obtained by this procedure are shown as inset in Figure 4.13a as a function of
time, including the applied AC input voltage, the resulting AC microelectrode current and the
AFM height changes (corresponding to the swelling S). All signals are observed at the
frequency of =33 Hz as provided by the AC voltage source. The simultaneous acquisition of
such signals allows for a multidimensional analysis aiming to study how charge accumulation
in the polymeric film occurs. As the electrode area Ae is fixed, ion injection in the film bulk is
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only reflected by a change in the electrode thickness, which is measured acquiring the swelling
signal S.

A multichannel lock-in amplifier is used to determine the phasors of the voltage, current and
swelling signals V,, , I, and S. The phasors contain the information about the amplitude and
phase of the driving voltage, the ionic current entering the OMIEC film and the swelling of the
OMIEC film. The setup allows to measure the phasors while frequency or electrode potential
E are varied. As an example, we show a sweep of the potential E (scan rate of 0.01 V/s) in
Figure 4.13b obtained with a constant frequency of 33 Hz. When E is scanned towards
negative potentials, both the amplitude of I, and S increase up to a maximum and then
decrease. When the scan direction is reversed, again a maximum is observed in both traces, but
slightly shifted towards positive voltages due to hysteresis. The phase values of the current and
swelling signal show less variation and only the phase of the swelling signal increases
significantly to values around 180° when the most negative potentials are reached.

We perform a first quantitative analysis on the actuation data by computing the average
actuation transfer function A = S/Q, linking the input charge Q = [ I,-dt and the resulting
polymer swelling S. The plot of A as a function of the electrochemical potential is represented
in Figure 4.13c for two Ppy:DBS films of different thickness (495+15 nm and 3.1+0.2 mm).
The two plots show similar shape with a maximum value of A at around -0.3 V to -0.4 V and
strong hysteresis. The thicker film is shifted to higher values of the transfer function revealing
a more efficient actuation mechanism. In both experiments, the transfer function phase has a
value close to 180°, confirming that, independent on thickness, electroactuation is driven by the
removal of positive hole charges and consequent injection of cations from the surrounding
electrolyte.?®

From the previous observations we derive two main conclusions: first, electroactuation in
Ppy:DBS reaches a maximum at a well-defined electrochemical potential. At larger positive or
negative potentials swelling is hindered. Second, electroactuation depends on film thickness.
Both findings contrast with observations made in sect. 4.2 on PEDOT:PSS not optimized for
actuation. In PEDOT:PSS the transfer function A has smaller values (JA|= 0.1 nm/nC) and is
independent on film thickness and electrochemical potential >*® To explain the more complex
electroswelling behavior of Ppy:DBS, we hypothesize that ionic and electronic transport are
limiting and cause a non-uniform distribution of charge and swelling in the polymeric layer. To
test this hypothesis, we introduce an advanced analysis scheme of the multidimensional
spectroscopy dataset {I,(w,E) and S(w,E)} provided by mEC-AFM experiments. The aim is
to extract the depth profile of charge accumulation and of the actuation transfer function from
the experimental data allowing to reconstruct the spatiotemporal electroactuation dynamics in
Ppy:DBS. To this end, we proceed in two steps. First, we analyze the impedance data contained
in the phasors V,, and I, measured as a function of frequency. Second, we will relate the
obtained insights to the swelling phasor S.
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4.3.2 Analysis of charge accumulation in Ppy:DBS

We acquired the electrochemical impedance spectroscopies of Ppy:DBS
microelectrodes by systematically varying the frequency of the AC input voltage while
recording amplitude and phase of the Iac signal (|Z| = |Vinl/| Iac|). Results obtained at different
electrochemical potential for electrodes with thickness 500 nm and 3 pum are presented in
Figure 4.14a and b, respectively.
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Figure 4.14: Analysis of charge accumulation in Ppy:DBS. Electrochemical impedance
spectroscopies of a 500 nm-thick (a) and a 3 pum-thick (b) Ppy:DBS microelectrodes at different
electrochemical potentials E. Experimental points (squares) are fitted with the equivalent circuit
(continuous lines) in c), showing an insight on the transmission line model (TLM) for charge
accumulation in the polymer bulk and the corresponding morphological interpretation (the ionic phase
containing DBS- acceptors is drawn in light blue). Under the assumption of uniform volumetric
capacitance and ionic resistivity, the line elements result to be r; =pion/Ael and cai =CvAel. d) Volumetric
capacitance and ionic resistivity of Ppy:DBS extracted from the fit. Subsurface profiles of charge
accumulation in Ppy:DBS at different frequencies (e) and applied electrochemical potential (f).

We developed an equivalent circuit description (Figure 4.14c) able to interpret impedance
data in every experimental condition. Fitting results are represented with continuous lines in
Figure 4.14a and b and show excellent agreement with the experimental data (indicated with
squares). In the depicted equivalent circuit scheme, Reirepresents the electrolyte resistance, Csurt
the capacitance of the polymer surface, Rinj the electron/hole injection resistance, and Zt.m the
impedance of the polymer bulk. In our interpretation, we describe conjugated
polymer/polyelectrolyte blends such as Ppy:DBS through a two-phase model,*?? an ionic
conductive and hydrophilic phase containing DBS™ anions and an electronic conducting phase
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constituted by Ppy grains.” After polymer hydration (“passive” swelling) the electroactive layer
assumes the structure of a porous film, where inner voids in the electronic phase are bathed
with the electrolyte solution permeating the ionic phase.?® A graphical scheme of this model is
reported in Figure 2c, showing in a lighter blue color the hydrated DBS phase mixed with the
electronic conductive Ppy phase (dark blue). The application of a negative electrochemical
potential at the electrode site leads to the injection of cations in the ionic phase. These
electrostatically compensate the fixed DBS™ acceptors, de-dope the electronic phase through the
extraction of holes and give rise to double layer capacitance at the interphase interfaces. The
charging process of the electroactive layer is limited by the rate of ionic transport within the
pore.®>2 Consequently, a possible way to describe electrical properties of bulk Ppy:DBS is using
a transmission line model (TLM - Figure 4.14c), where a series of N resistors R (describing
ionic transport along the vertical axis of the polymeric layer) is used to connect a net of N
capacitors C (indicating charge accumulation in the pores). Under the assumption of a constant
volumetric capacitance ¢, for Ppy:DBS *3 and an uniform ionic resistivity pion On the vertical

axis of the polymer, we calculate R = 2292 Ax and C = ¢, A,;Ax, where Aelis the electrode area
A vilel

el

and 4x=t/N the length increment along the vertical profile of the Ppy:DBS layer with thickness
t. The electrical potential distribution ¢i = ¢(xi, w, E) ( with i=1, 2, ...N) along the line can be
obtained by solving the matrix equation
A'KAp =b (4.23)

where the diagonal matrix K contains the reciprocal of the impedances along the line, and A
and b are defined according to sect. 4.3.6. The resulting total impedance of the transmission
line (sect. 4.3.7) is fully convergent to the continuous limit (given by the De Levie equation®%)
when the number of nodes N is sufficiently large, and can be used to extract bulk parameters
from spectroscopy data.

Fitting the model to the experimental data yields values for the volumetric capacitance and the
ionic resistivity of the Ppy:DBS films as reported in Figure 4.14d. The thick Ppy:DBS film
has a significantly lower volumetric capacitance and lower ionic resistivity. Such evidence
suggests that the thicker film has a “looser” microstructure containing relatively more
volumetric percentage filled with electrolyte.>** Accordingly ionic transport is facilitated and
less charged organic semiconductor is present to counterbalance ionic charges reducing the
capacitance per volume. The dependence of the fitting parameters on the external
electrochemical potential E is similar for both electrode thicknesses. When E is pushed towards
negative values, an increasing number of hydrated cations is injected inside the material. Such
process leads to morphological changes in the polymeric matrix, increasing the volumetric
capacitance and facilitating ionic transport in the film (thus, decreasing pion). Nanomechanical
AFM indentation experiments (sect. 4.3.8) further confirm this hypothesis measuring a
reduction in the elastic modulus of the film for negative electrochemical potentials. At the same
time, the resistivity of the electronic phase is gradually increased until complete de-doping of
the polymer (E < -0.4 V), and injection of electronic carriers from the gold substrate (modeled
by the injection resistance Rinj in Figure 4.14¢ — see sect. 4.3.9) is largely suppressed. In such
a condition, the DBS™ acceptors are entirely compensated and cations cannot permeate anymore
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in the electroactive layer bulk. Consequently, the ionic resistivity increases again at very
negative potentials and the volumetric capacitance decreases.

The completed fitting procedure provides us according to Eq. 4.23 the potential profile inside
the polymer ¢ (x;, w, E). This knowledge enables us to determine the spatial distribution of
charge for the different applied electrochemical potentials and frequencies:

1Q(xi, @, E)| = [cy(E)AeiAx - (X, , E)| (4.24)

The resulting charging profiles obtained for the 500 nm-thick microelectrode are reported in
Figure 4.14¢ and f, where the position x=0 corresponds to the gold/OMIEC contact. The
corresponding extended colormaps are reported in sect. 4.3.11. Charge accumulation
throughout the film occurs only at very low frequencies due to the limited mobility of the
injected ions. Increasing the applied frequency reduces the amount of injected charge and
pushes the charging front towards the polymer/electrolyte interface. Data obtained at constant
frequency but varying potential ( =100 Hz - Figure 4.14f) demonstrates that charging
increases by sweeping the applied electrochemical potential towards negative values (from 0.2
to -0.4 V). Then, when the polymer is fully de-doped (E = -0.6 V), charge injection is again
limited by the reduced electronic conductivity of the OMIEC material. Qualitatively similar
findings are obtained for the 3 um-thick Ppy:DBS layer as reported in sect. Error! Reference s
ource not found..

4.3.3 Analysis of electroswelling in Ppy:DBS

In the second part of our analysis, we relate the charging profiles obtained from the
discrete transmission line model to the electroswelling data S(w,E) (Figure 4.15a and b).
Clearly, the overall swelling results as a sum of contributions s generated at different
thicknesses x; of the polymer film. Each contribution is expressed as the product of the amount
of local charging Q and local actuation function A(x;, E):

N N
S(w,E) = Z S(x;,w,E) = Z Q(x;,w,E) - A(x;, E) (4.25)
i=1 i=1
where the charging is calculated from Eq. 4.24. The local actuation function is related to the
effective volume occupied by the entering ions |A| = V“’” . It is reasonable to assume that this

effective volume is not dependent on frequency but only a function of the position x; and E.
Furthermore, we assume that the function describing the volume is monotonous and has only
one local maximum or minimum within the film. Accordingly, we simplify the fitting procedure
by defining the profile of the local actuation function as:

10)
202

+B  (4.26)

|A(x;)| = Agexp [ (i~ ).

With this definition we fit Eq. 4.25 to the electroswelling spectroscopy data (Figure 4.15a
and b), obtaining an excellent agreement with experimental results. Fitting parameters for Eq.
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Eq. 4.26 are reported in sect. 4.3.12. The parametrized model provides explanations for the
different observations made on the Ppy:DBS actuators. Most importantly, it allows to compute
the swelling depth profile 5(x;, w, E) occurring at different electrochemical potentials and
frequencies as represented in Figure 4.15c and d (see also sect. 4.3.13 for the 2D
representations). The depth profiles |3| peak in a spatial region close to the electrolyte bath, and
the position, the amplitude, and the width of such peaks reflect the local charge profiles in the
electroactive material. Maximum peak heights are observed at low frequencies. At increased
frequencies the swelling amplitude decreases due to the slow transport of hydrated cations in
the OMIEC bulk reducing the amount of charge that is injected into the polymer. Sweeping the
applied electrochemical potential from 0.2 V towards negative values increases further the
amount and the spatial extent of the local swelling 5. However, when the polymer is fully de-
doped (E = -0.6 V), the local swelling is again strongly reduced, which is explained by the
limitations in electronic transport through the OMIEC material.
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Figure 4.15: Analysis of electroswelling in Ppy:DBS. Results on the right and the left columns are
referred to Ppy:DBS layers with thickness 3 um and 500 nm, respectively. a) and b) Electroswelling
spectroscopies of Ppy:DBS. Experimental data (squares) are fitted by the discrete model in Eg. 3.25
(continuous line). c¢) and d) Spatiotemporal subsurface profiles of the local swelling amplitude in
Ppy:DBS.

At the same time, the subsurface profiles of the local actuation function (Eq. 3.26
highlight how the effective ionic volume Vion varies as a function the vertical coordinate of the
polymer film. The distributions obtained for different Ppy:DBS layer thicknesses are reported
in Figure 4.16 a and b. Data are normalized to the “free water” volume of hydrated sodium
cations Vo= 0.19 nm?.3% Consistently with local swelling profiles, the amplitude and the central
position of the volume traces are strongly dependent on the applied electrochemical potential
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controlling the amount and the spatial distribution of the injected charge. Noteworthy, the
effective ionic volume measured in Figure 4.16 b exceeds the free water volume by a factor
of >2. Such a finding can only be explained by assuming morphological rearrangements of the
polymer microstructure induced by charge accumulation (Figure 4.16 c). We hypothesize
that the electrostatic compensation of fixed DBS™ acceptors with mobile cations in the OMIEC
ionic phase causes electrostatic repulsion between charged molecular domains in the electronic
phase. The resulting repulsive stress favors the influx of additional water from the surrounding
electrolyte increasing the effective ionic volume of the injected cations. The process is strongly
localized in the regions of the polymer layer where charge accumulation is large, but the
interdomains spacings are sufficiently small to allow for effective electrostatic interactions.
Thereby, the central position of the ionic volume distribution moves according to the charging
front and does not coincide with the polymer/electrolyte interface, where the interphase
separation is expected to be wider. Moreover, larger effective ionic volumes are measured when
the percentage of the polymeric matrix filled with electrolyte rises. This is evident from the
progressive increase of the Vion peak amplitude in the 500 nm thick Ppy:DBS layer (Figure
4.16 a), and by the large values assumed in the less compact microstructure of the thicker film
(Figure 4.16 b), doubling the free water volume Vo. Finally, once the OMIEC blend is
completely de-doped, ionic charge accumulation in the polymer bulk is suppressed, leading to
a structural relaxation and a decrease of the effective ionic volume. Additional studies with
complementary techniques are necessary to further investigate this preliminary
phenomenological description.
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Figure 4.16: Effective volume of hydrated ions in Ppy:DBS. Spatial distribution of the effective
volume of injected cations for Ppy:DBS layers with thickness 500 nm (a) and 3 um (b). Data are
normalized to the ionic volume in free water Vo. ¢) Phenomenological model for Ppy:DBS
electroswelling including morphological changes of the OMIEC microstructure induced by charge
accumulation and influx of water from the surrounding electrolyte.

4.3.4 Conclusions

In this chapter, we develop a depth-sensitive characterization technique to study the
subsurface dynamics of ion migration and swelling in electroactive materials operating at liquid
interfaces. We use modulated electrochemical atomic force microscopy (mEC-AFM) as a local
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probe to study volume changes and interface forces resulting from dynamical electroactuation
effects in Ppy:DBS. By combining electroswelling data with electrochemical impedance
spectroscopy we achieve a multidimensional analysis revealing the dominant spatial and
temporal scales for ion migration and electroactuation. We interpret the charging properties of
Ppy:DBS with a discrete transmission line model able to reconstruct the spatiotemporal
dynamics of charge accumulation both for different electrode thicknesses and at different
applied electrochemical potentials. Using the actuation transfer function, we correlate
electrochemical and actuation properties of the material obtaining subsurface distributions of
ion migration and swelling in Ppy:DBS microstructures with different thicknesses. We
demonstrate that both the doping level and the film morphology impact on the electroswelling
distribution in the polymer layer, which is not uniform, but reflects the distribution of the ionic
effective volume in the material. The resulting data suggest morphological rearrangements of
the polymer microstructure induced by charge accumulation, leading to the influx of water from
the surrounding electrolyte. Such a process increases the actuation efficiency of thicker OMIEC
coatings, where the looser microstructure favors larger effective ionic volumes, but at the same
time limits the OMIEC volumetric capacitance determining the amount of accumulated charge.
Maximized electroactuation can be obtained in material formulations with an optimized balance
between these fundamental parameters.

This work demonstrates the successful application of quantitative mEC-AFM profiling of ion
migration and swelling on electroactive OMIECs. Similar characterization approaches can
benefit material research on solid/liquid interfaces where ion transport plays a major role in
device functionality and stability. Notable mentions for this case are energy storage devices
operating in electrolytes like batteries *°® and supercapacitors,®’ or low-impedance coatings for
bioelectronics electrodes.®® An in-depth analysis of the distribution of ionic charge and
electroswelling is expected to clarify mechanisms responsible for poor electrochemical cycling
of devices, leading to an extension of their application lifetime.

4.3.5 Appendix 1: electrodeposition and electrochemical activation of
Ppy:DBS thin films

Ppy:DBS was electropolymerized on gold microelectrodes (see Figure 4.13a) from
an aqueous solution 0.1 m in pyrrole and 0.1 M in sodium-dodecylbenzene sulfonate (NaDBS)
(both from Merck). Figure 4.17a shows the electrochemical potential E (vs Ag/AgCl)
measured during the galvanostatic deposition procedure (with current density ogep = 2 mA/cm?).
The highly stable voltage profiles allow for a linear control of the polymeric coating thickness
by setting a proper deposition time. The deposition rate resulting from the linear fit in Figure
4.17b is 17£2 nm/s. The electrochemical activation of Ppy:DBS layer was performed ina 0.1
M NaDBS solution sweeping the applied electrochemical potential from 0.2 to -0.8 V vs
Ag/AgCl with a scan rate of 0.01 V/s. Cyclovoltammetries were repeated three times for each
electroactive polymer layer During this process, the applied electrochemical potential E (with
scan rate 0.01 V/s) drives the injection (and extraction) of ions in the polymeric matrix leading
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to the complete hydration of the electroactive film. Results obtained for Ppy:DBS layers with
two different thicknesses (500 nm and 3 um) are presented in Figure 4.17c, indicating redox
peaks correspondent to ion injection and a compete stabilization of the material properties after
the third CV cycle.
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Figure 4.17: a) Galvanostatic electrodeposition of a Ppy:DBS coating on a gold microelectrode with
a diameter of 30 um. b) Control of the Ppy:DBS coating thickness through the deposition time. c)
Electrochemical activation of the actuating microelectrodes in a 0.1 M NaDBS solution. The
electrochemical potential E is measured vs Ag/AgCI.

4.3.6 Appendix 2: the discrete transmission line model

If we consider a transmission line composed by 2N elements, we can calculate the
voltage drop ej (with j =1, 2, ... 2N) associated to each element composing the net.

Y1 Y3 Vs Y2nN-1
Py

YN

Figure 4.18: Transmission line model with N nodes and 2N elements

If vo is the amplitude of the voltage source, and ¢i the electrical potential on the i-th node we
get e1= Vo - ¢1, €2= @1, €3= P1— P2, €4= @2, ..., which can be written in a more compact matrix
form as
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By replacing EqQ. 4.28 in EqQ. 4.30, and then Eq. 4.30 in Eq. 4.32, we obtain the solving equation
for the potentials along the line ¢

A'KA¢p =b (4.33)
where b is identified as b=A'Kv. We can apply this general model to describe charging
properties of the Ppy:DBS film bulk. Following our interpretation of charge accumulation in
Figure 4.14c and under the assumption of a constant volumetric capacitance cy for Ppy:DBS
and a uniform ionic resistivity pion On the vertical axis of the polymer, we get
Z1:Z3:Z5:...:Z2N_1:piﬂAx (434’)
Ael

and

=—F (4.
Jwc,AgAx (4.35)
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where Ax=t/N is the length increment along the vertical profile of the polymer. By substituting
these elements in the circuit model in Figure 4.18, we can solve Eq. 4.33 and map the
potential (and charge) distributions in the polymer. The total impedance of the line can finally
be calculated as

Vo
Vo — 1

ZTOT = Zl (4‘. 36)

4.3.7 Appendix 3: continuous limit for the transmission line model
impedance

Electric field-driven transport through a porous capacitive electrode can be described
using a transmission line consisting of resistors along the length and capacitors in parallel
(Figure 4.14c). Let ri be the ionic resistance and cqi the double layer capacitance for one-unit
thick electrode (with units of Qem™ and Fcm™, respectively). At a distance x from the
electrode/gold interface, the potential is u(x) and the current crossing a resistance r; dx is i(X).
The difference of potential at the edges of the resistance is

u(x) =r;-i(x)dx (4.37)
while the (infinitesimal) current flowing through the capacitance cq dx is given by

u(x) B u(x)

di(x) = - =
Jjwcgdx Za1

dx  (4.38)

where zq is the impedance of the double layer capacitance for a unit thick electrode (with unit
Qcm). By solving the differential equation
d?u

_
ke Zdlu(X) (4.39)

with boundary condition i(x=0)=0, where t is the electrode thickness, we obtain the De Levie
impedance®®

T.
Zrim = |/Ti " Zq coth /Z—lt (4.40)
dl

By assuming uniform ionic conductivity and volumetric capacitance in the polymeric matrix,
we can identify the ionic resistivity and the volumetric capacitance of the Ppy:DBS bulk as pion
=rilAel and ¢cv= Car*Ael, Obtaining

Zrim = /jw'ii%coth(w/jwcvpiontz) (4.41)
vilel

By comparing Eq. 4.41 result with Eq. 4.36, we demonstrate in Figure 4.19 that the discrete
approximation converges to the continuous limit when we consider N=100 elements composing
the line.
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Figure 4.19: Comparison between the discrete linear approximation with N=100 elements and the
continuous TLM impedance

4.3.8 Appendix 4: nanomechanical indentation experiments on Ppy:DBS

We used AFM nanoindentation experiments to measure the elastic modulus of Ppy:DBS
at different oxidation states. The cantilever sensitivity sc = 47.2£0.8 V/um of NCHR probes
(force constant K=42 N/m) was measured according to the procedure described in sect. 4.2.7.
We then performed in liquid force-distance spectroscopies (force limit 900 nN, approach/retract
speed 0.3 pum/s) on the soft polymer matrix (thickness 3 um) for the nanomechanical
characterization. During the process (Figure 4.20a), the probe-sample interaction causes
both the indentation I of the tip on the polymer layer and the deflection d of the cantilever. The
latter can be calculated from the vertical deflection voltage as d=Vpspp/sc. Thereby, the
indentation is easily found as I = z — d. Figure 4.20b shows the force F=K*d acquired
repeating the experiment on 9 different points on the polymer surface. The corresponding
indentation plot (Figure 4.20c) can be fitted with a polynomial in the form F = a -|7/— b|*? +
c (Hertzian model),*®° and the elastic modulus Eei can be calculated from the coefficient a =

f,/RC Eel\where v=0.3 is the Poisson’s ratio, and Rc=20 nm the tip radius. Results obtained

3 1-v2'’

at different electrochemical potential E (Figure 4.20d) provide values consistent with
literature®®! and demonstrate changes in the mechanical properties caused by the injection of
hydrated cations. This evidence further confirms the hypothesis of morphological changes in
the polymer matrix during electrochemical de-doping.
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Figure 4.20: a) Probe-sample interaction during a force distance spectroscopy, showing the tip
indentation | and the cantilever deflection d. b) Force distance spectroscopies on a 3 um-thick Ppy:DBS
layer. Measurements are repeated on 9 different points of the electrode surface. c) Indentation plot. This
can be fitted with the Hertzian model to measure the elastic modulus (d) as a function of the applied

electrochemical potential E.

4.3.9 Appendix 5: injection resistance and surface capacitance of

Ppy:DBS microelectrodes

Pushing the applied electrochemical potential E towards negative values decreases the
conductivity of the electronic phase in the Ppy:DBS blend reducing the amount of electronic
charge injected from the gold substrate (modeled by the injection resistance Rinj in Figure

4.21a).
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Figure 4.21: a) Electronic injection resistance from the gold substrate in Ppy:DBS microelectrodes.
Results in the bottom row are normalized by the polymer layer thickness. b) Comparison between the
bulk and the surface capacitances of the Ppy:DBS thin films.
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When Ppy is fully de-doped (E < -0.4 V), the DBS™ acceptors are entirely compensated, and the
injection of cations from the electrolyte is largely suppressed. In this condition, ionic charge
accumulation occurs only on the polymer surface, but given its small capacitance Csurt (See
Figure 4.21b), such effect plays only a minor role in the electroactuation process.

4.3.10 Appendix 6: subsurface profiles of charge accumulation in the
3 um-thick Ppy:DBS microelectrode

Charging profiles obtained for the 3 um-thick Ppy:DBS layer are reported in as a
function of frequency (Figure 4.22a) and electrochemical potential (Figure 4.22b).
Results are fully analogue to the ones obtained for the 500 nm-thick microelectrode, confirming
the interpretation given to Fig. 2e and 2f in the main text.
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Figure 4.22: Subsurface profiles of charge accumulation in the 3 um-thick Ppy:DBS layer at different
frequencies (a) and applied electrochemical potential (b).
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4.3.11 Appendix 7: colormap evolution of charging in Ppy:DBS
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Figure 4.23: Spatiotemporal evolution of charge amplitudes in a 500 nm and a 3 pm-thick Ppy:DBS
layer calculated from Eq. 4.24.
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4.3.12

spatial distribution

Appendix 8: fitting parameters for the actuation function

thickness E (V) Ao (nm/nC) Xo c B (nm/nC)
500 nm 0.2 0.48 403.1 nm 38.1 nm 0.031
500 nm 0 0.65 400.1 nm 62.5 nm 0.001
500 nm -0.2 1.01 393.5 nm 64.1 nm 0.033
500 nm -0.4 1.31 370.05 nm 65.3 nm 0.01
500 nm -0.6 0.11 368 nm 75.4 nm 0.008
3 Hm 0.2 3.90 2.19 pm 0.65 pm 0.52
3um 0 3.70 2.08 um 0.65 um 0.006
3 pm -0.2 3.62 1.89 um 0.59 pm -0.002
3 pm -0.4 3.57 1.53 ym 0.45 pm 0.52
3 1m -0.6 1.26 1.72 um 1.35um 0.11

Table 4.4: Fitting parameters used in equation 3.26 to reproduce the experimental electroswelling
spectroscopies in Figure 4.15a and b.
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4.3.13 Appendix 9: colormap evolution of swelling in Ppy:DBS
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Figure 4.24: Spatiotemporal evolution of swelling amplitudes in a 500 nm and a 3 um-thick Ppy:DBS
layer calculated from Eq. 4.25.
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4.4 Flexible microelectrode arrays based on PEDOT:PSS for
Neural Recording and Stimulation

Flexible microelectrode arrays placed on the surface of the brain cortex are promising

tools for treating neurological deficits and restoring lost functionalities, as well as investigating
unexplored aspects of neuroscientific research. Further progress in this direction requires the
development of biocompatible bioelectronics platforms enabling the long-term recording and
stimulation of neural activity. In this chapter, we face this challenge by developing and
characterizing microelectrode arrays (MEAS) based on PEDOT:PSS for electrocorticography
(ECoG) experiments. We extended the microfabrication techniques presented in sect. 3.1 to
flexible substrates to realize low-impedance devices conformable with the brain surface and
with high spatial and temporal resolution. We test the electrode arrays in an in-vitro setup
combining electrochemical impedance spectroscopy (EIS), analysis of the electrode
polarization during simulated stimulation protocols, and atomic force microscopy (AFM)
characterization of the PEDOT:PSS coating on the electrode surface. The combination of these
techniques allows the optimization of an implantable neural probe prototype able to sense and
stimulate the brain activity in in-vivo experiments studying induced-torpor states in animal
models. Preliminary results of in-vivo acute ECoG recordings on anesthetized laboratory rats
are presented in the last section of this chapter.
Results regarding the microfabrication of the neural probes were published in August 2022 on
the 11 Nuovo Cimento journal.® I collaborated on this work with Francesco Decataldo, Tobias
Cramer and Beatrice Fraboni from the Department of Physics and Astronomy of the University
of Bologna. In-vivo experiments were performed at the Department of Biomedical and
Neuromotor Sciences of the University of Bologna in the research group of Roberto Amici and
Matteo Cerri, collaborating with Emiliana Piscitiello and Timna Hitrec.

4.4.1 Microfabrication of PEDOT:PSS flexible microelectrode arrays

An optical image of the MEA resulting from the microfabrication procedure described
in sect. 3.1 is presented in Figure 4.25a. The flexible neural probe is composed by 32
independent recording and stimulating channels, allowing for conformability with the brain
cortex and high spatial resolution in a small active area (4.5 mm?). An optical image and the
detailed structure of a single electrode are reported in Figure 4.25b and c, respectively. Gold
metallic tracks are patterned onto a flexible polyethylene naphthalate (PEN) plastic substrate
(thickness 12.5 um), and insulated from the biological environment using a 5 um thick negative
photoresist. Glass slides were used as rigid carriers for flexible plastic foils during the
photolithography process. For every channel, a circular electrode with diameter of 200 um is
left as the active region to be placed in direct contact with the brain surface. A 1 um thick
PEDOT:PSS layer is deposited onto the electrode surface to reduce the recording impedance
and improve the device biocompatibility. AFM measurements on the electrode site (Figure
4.25d) provide the topography of the electrode border and the morphology of the PEDOT:PSS
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polymeric matrix. The OMIEC film was obtained using electrodeposition (sect. 3.2.2), but
micropatterned PEDOT:PSS electrodes can be fabricated also using photolithography methods
and spin-coating (sect. 3.1.5). The second approach was preferred for devices used in in-vivo
experiments. Despite the spin-coating procedure provides thinner PEDOT:PSS structures (150
+ 10 nm) with smaller electrical capacitance, secondary dopants can be added to the OMIEC
formulation to enhance its stability during prolonged recording and stimulation procedures.
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Figure 4.25: Microfabrication of the flexible microelectrode array. a) Optical image of the neural
probe. Picture (b) and structure (c) of a single electrode. d) AFM topography of the PEDOT: PSS
electrode coating, showing the electrode border profile and the morphology of the polymeric film.

4.4.2 In vitro characterization of the flexible MEA

Results from the in-vitro characterization of the MEA are presented in fig. 2. The
electrochemical impedance spectroscopy (EIS) (Figure 4.26a) of a single electrode was
acquired in 0.1 M PBS solution, using an Ag/AgCl wire as the reference electrode. The acquired
data can be modeled with an equivalent RC circuit description. In the high frequency regime,
the electrode impedance is dominated by the electrolyte resistance Re, while the large
volumetric capacitance of PEDOT:PSS (cv = (45 £ 5) F/cm3)) limits the linear capacitive
impedance increase in the low-frequency range. The electrode impedance at 1 kHz results to be
1.7+0.8 kQ, indicating the low-impedance recording properties of the MEA. Figure 4.26b
shows the electrode polarization during a typical neural stimulation protocol. Two current
pulses (phases) with amplitude 40 A and opposite sign are applied for t, = 1 ms, with an
interphase delay of td = 500 ws. The linear polarization transients indicate a capacitive charge
injection from the electrode, and are accurately reproduced by an equivalent RC circuit
simulation. Finally, we performed a bending test to study the impact of the mechanical
deformation of the plastic substrate during practical use (Figure 4.26c). The MEA was bent
at different curvature radii while measuring the electrical resistance of a single electrode with
a micromanipulator needle (Figure 4.26c). Results highlight the large mechanical stability
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of the device, indicating how these two quantities are not directly correlated, with an average
resistance change of 0.4% during the process.
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Figure 4.26: In vitro characterization of the flexible microelectrode array. a) Electrochemical
impedance spectroscopy of a single electrode, and fit with an equivalent RC circuit. b) Electrode
polarization during a stimulation procedure, and RC simulation of the voltage transients (dashed line).
¢) Bending test on the neural probe, showing the variation of the resistance of a single electrode when
the device is bent at different curvature radii.

4.4.3 In-vivo electrocorticography experiments

The low-impedance, linear charge injection and mechanical stability of the neural probe
were exploited in in-vivo experiments aiming to record and stimulate the neural activity of an
anesthetized animal model at different temperatures. A schematic of the experimental setup is
reported in Figure 4.27.

flexible PEDOT:PSS \
microelectrode array b
e |
- V4 Neural recording and
)//P stimulating protocols

Data acquisition:

differential penetrating
stainless-steel electrode

= Neural signal from diff. probe
1 Heating pad for = ECG signal

Neural signals from flexible MEA

temperature control Rat temperature

Figure 4.27: Experimental setup for in-vivo neural recording and stimulation experiments.

Laboratory rats were pre-anesthetized with Diazepam (Valium Roche, 5 mg/Kg intramuscular)
and, after sedation was obtained, they underwent a general anesthesia with an intraperitoneal
injection of Ketavet (Ketamine - HCI, Parke-Davis, 100 mg/Kg). After confirming the surgical
plane of anesthesia by the absence of blink and toe-pinch reflexes, rats were subjected to
tracheotomy and intubation and mechanically ventilated (isoflurane). Then, each animal was
positioned on a stereotaxic apparatus (David Kopf Instruments) to firmly block the head with
the aid of a transverse support bar for the jaw (muzzle blocking bar, 4 mm) and two ear bars
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inserted gently in the external auditory meatus. The exposed skin was incised, the periosteum
was removed, and the cranium surface was cleaned. Using a drill tip, the right parietal bone was
removed, paying attention not to damage the dura mater, and the PEDOT:PSS MEA was placed
on the cerebral cortex (see the inset in Figure 4.27) to perform epidural electrocorticography
(ECoG) recording and stimulation protocols. Two stainless-steel wires acting as differential
penetrating electrode (with penetration depth of about 2 mm and diameter 0.3 mm) were also
implanted for the recording of the frontal—parietal electroencephalogram (EEG). Rats’ rectal
temperature was monitored and regulated by means of either a heating pad (or blanket) or a
cold environment, according to experimental requirements. Electrical recording and stimulation
procedures were performed using the Intan RHS system, featuring specialized integrated
circuits for electrophysiology. We developed custom electronics including a printed circuit
board to interface the flexible MEA with the data acquisition system. A stainless-steel screw
placed on the rat skull was used as reference electrode for ECoG electrical protocols.

Figure 4.28 compares the EEG signal recorded with the differential penetrating stainless
steel electrode to the ECoG signal simultaneously measured with a PEDOT:PSS
microelectrode. Electrical traces are acquired with sampling frequency of 30 kHz and plotted
as a function of time for 15 sec. Despite different features emerge due to the different placement
and geometry of the probes, the acquired signals show an analogue trend. The power spectral
analysis performed on a 10 minutes acquisition shows how ECoG signals concentrate their
power spectral density (PSD) at low frequency (0-5 Hz), consistently with the recording of slow
delta waves typically measured during sleep.'8®
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Figure 4.28: Comparison between an EEG signal recorded with a differential penetrating stainless
steel electrode and an ECoG signal measured with a PEDOT:PSS microelectrode. Electrical traces show
analogue features and concentrate their power spectral density (PSD) at low frequency.

Similar considerations can be extended to ECoG data simultaneously acquired with
PEDOT:PSS microelectrodes placed at different sites on the cortex surface (Figure 4.30).
Given the spatial separation of 1.5 mm between the first and second, and the second and third
recording units, slight differences appear both in the time traces and in the PSD.
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Figure 4.30: Simultaneous ECoG recordings with three PEDOT:PSS microelectrodes with spatial
separation of 1.5 mm on the cerebral cortex.

A preliminary demonstration on the effect of rat temperature changes on neural activity is
reported in Figure 4.29. Spectrograms of the ECoG signals (showing the corresponding
electrical traces in overlay) acquired with one PEDOT:PSS microelectrode at T= 37°C and T=
30°C show how higher frequency components are measured more frequently at higher

temperature.
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Figure 4.29: Spectrograms and power spectral analysis of ECoG signals measured with the same
PEDOT:PSS microelectrode at different temperatures of the animal.

Consistently, PDS data show how signals acquired at T=37°C distribute most of their power in
the 0-5 Hz range where the power spectral density reaches a plateau around 40 dB. At 30°C,
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these oscillations are slower, and the PSD decreases with frequency. Anyway, further
experiments supported by stimulation protocols are required to experimentally confirm these
first observations.

4.4.4 Conclusions

In this chapter, we developed and characterize a microelectrode array based on the
conductive polymer PEDOT:PSS for neural recording and stimulation. We realized a flexible
neural probe with 32 independent recording and stimulating channels. Electrochemical
impedance spectroscopy measurements and the analysis of the voltage transients during
simulated stimulation protocols demonstrate the low-impedance recording properties and the
linear charge injection of the neural probe. The characterization of the bending properties of the
electrode array highlights the device stability against mechanical deformation. These promising
device properties originate from both the application of microfabrication techniques onto
flexible substrates and from the use of OMIECs as active materials. In-vivo recording and
stimulation experiments are currently ongoing in our group to investigate the neural activity of
animal models at different temperatures. The resulting knowledge is expected to contribute to
the study of neural connectivity in torpor and hibernation states.

4.5 AC amplification gain in organic electrochemical
transistors for impedance-based single cell sensors

In-vitro experiments studying cellular adhesion and cell-cell interactions constitute a
field of application of OMIEC materials of primary importance. Recent advancements in
organic electrochemical transistor (OECT) research have led to impedance sensors reaching
single cell resolution, but a quantitative study on the transistor amplification gain is still lacking.
A clear understanding of gain is also desired to define when OECT amplification has significant
advantages over one-terminal, low-impedance microelectrode-based sensors offering simpler
fabrication and electrical operation. To overcome the issue, we introduce in this work a model
experiment that allows a quantitative study of AC amplification in OECT impedance sensors.
As cellular in vitro experiments are inherently difficult to control, we substitute the cell by a
dielectric microparticle of similar dimensions. We control the position of the microparticle on
top of the microscale impedance sensors with an AFM and achieve highly reproducible
measurements that enable to compare the current output of OECT-based sensors with
equivalent microelectrode sensors. To rationalize the findings, we develop an analytical model
that describes the gain as a function of the applied frequency, the device geometry and
PEDOT:PSS materials properties. Relying on this model, we design an optimized device and
demonstrate its efficiency by measuring the transients of single cell adhesion and detachment
in in-vitro experiments. Noteworthy, we observe a significant AC gain reaching values of
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(20.2+0.9) dB for the transistor structure, thereby demonstrating the advantages arising from
the OECT amplification in single-cell impedance sensing experiments.

Results presented in this chapter were published in September 2022 on the Nature
Communications journal.®® | collaborated on this work with Francesco Decataldo, Isabella
Zironi, Daniel Remondini, Tobias Cramer, and Beatrice Fraboni from the Department of
Physics and Astronomy of the University of Bologna.

4.5.1 Impedance sensing of a dielectric microparticle

The first objective of our work is to introduce a novel experiment to quantify the
sensitivity of electrochemical impedance sensors operated in OECT or microelectrode
configuration. To this end we realized the experimental setup shown in Figure 4.31a and b.
The setup contains a dielectric microparticle (with diameter of 50 um) attached to the bottom
part of an AFM cantilever to have micrometric control of its position in the 3 spatial directions
(Figure 4.31c). Further details on probe fabrication are given in sect. 4.5.5. Once the
microparticle is finely aligned with the x-y coordinates on the center of the sensor surface, we
use the z-stage of the microscope to control the particle-sample distance d. Contact of the
microparticle with the sensor surface is determined by the onset of a repulsive force acting on
the AFM cantilever. OECT sensors were fabricated according to sect. 3.1.5. The electric circuit
to operate the OECT impedance sensor contains an Ag/AgCl wire that is used as the gate
electrode, controlling the electrical potential of the aqueous electrolyte solution (0.1 M PBS).
A DC voltage Vp,pc is applied between the source (S) and drain (D) electrodes of the OECT to
drive the electronic current Ip pc in the PEDOT:PSS channel. The measured transfer and output
characteristics of a typical OECT (Figure 4.31d), demonstrate that the gate voltage
effectively modulates the channel current (the entire set of transfer curves of the devices with
different channel dimensions used in the experiments is reported in sect. 4.5.6). For impedance
sensing we superimpose a small sinusoidal oscillation signal Ve ac (with amplitude 10 mV and
angular frequency o) on the gate bias Vg,pc. This leads to an AC current in the PEDOT:PSS
layer,%%2 which is measured by a lock-in amplifier connected to the source contact (Isac).

In the microelectrode configuration (Figure 4.31b) the circuit is simplified, as source and
drain electrodes are in short circuit and are jointly connected to the lock-in amplifier. Therefore,
no OECT channel current is present, and all the electric current measured during impedance
sensing is the gate current Ig ac, flowing from the electrolyte into the PEDOT:PSS layer. All
other components are identical to the OECT configuration to permit a direct comparison here
conducted at 5 different frequencies (0.12, 0.33, 1.17, 3.33 and 11.7 kHz) .

In Figure 4.31e we show the results of a typical microparticle distance - AC current
experiment. conducted at 1.17 kHz excitation frequency, which was chosen as an example. The
amplitudes of the AC currents in OECT and microelectrode configuration are plotted as a
function of time. During the experiment, the microparticle is approached and retracted from the
device channel for three consecutive times. For both configurations, the current amplitude
follows the motion of the microparticle in a highly reproducible manner over consecutive
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cycles, highlighting the stability of the characterization method. In Figure 4.31f, the same
data is plotted as a function of the distance between microparticle and sensor surface
(normalized data are reported in sect. 4.5.9). Both types of devices produce a reversible, linear
response in which the approach leads to a reduction in AC amplitude. Qualitatively, this
response is expected, as the microsphere represents a barrier for the ionic current in the
electrolyte: when it is close to the sensor surface, the half space through which ions can
approach the active layer is reduced, thus increasing the effective impedance of the electrolyte
Ze. Consequently, upon approach, the interfacial impedance measured with the sensor increases
and the AC current amplitude drops. We note that in first order approximation a similar
response is expected when a biological cell adheres to the sensor surface.
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Figure 4.31: Impedance sensing of a dielectric microparticle. a,b) Schematic of the
experimental setup in OECT and microelectrode configuration. ¢) Optical microscopy image
of the microparticle attached to the AFM cantilever. d) Optical image of the active PEDOT:PSS
channel (WxL =200x50 um) in an OECT device, whose DC transfer and output characteristics
using a Ag/AgCl gate are shown in the inset. e) Variation of the AC current amplitude in OECT
and microelectrode configuration during repeated microparticle approach and retract.
Consecutive measurements are indicated with different colors. f) Detail on a single
microparticle distance - AC current measurement acquired with an OECT and a microelectrode
device. Different colors are used to indicate the microparticle approach and lift. The slope of
the curves yields the sensitivity s of the impedance sensor.

These results are crucial for our goal as they permit the quantitative assessment of the sensitivity
of the impedance sensor. For the case of a high sensitivity, small changes in the impedance Ze
cause large variation in AC current amplitude. Therefore, we define the sensitivity as s =
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OlaclOZe. In our experiment, 0Ze is directly related to the microparticle displacement 0Ze =
p-od. The proportionality constant p quantifies how much the electrolyte impedance changes
when the microparticle-channel distance d is modified. Therefore, p is independent on the
sensor configuration (OECT vs microelectrode) but is only a measure of the variation of the
electrolyte impedance when the geometry of the ionic current barrier is modified. We obtain its
numerical value for each channel geometry by fitting the microelectrode impedance spectrum
(see sect. 4.5.10). Accordingly, the sensitivity is given by the slope of the approach curves
shown in Figure 4.31f. For the channel geometry of WxL = 100x100 um we obtain values
of soect = 0.059+0.002 nA/Q and s,z = 0.023+0.006 nA/Q. The values show a greater
sensitivity in the OECT device with respect to the microelectrode, due to the contribution of
OECT channel current to the AC response.

4.5.2 Quantitative model for PEDOT:PSS-based impedance sensors

We developed an analytical model to express the impedance sensitivity s as a function
of the sensor operation conditions, material properties and geometry. Objective is a quantitative
understanding of the factors that increase sensitivity in OECT configuration with respect to
PEDOT:PSS microelectrodes. Many studies decouple charge transport in OECTs in an
electronic and an ionic circuit.?!® A schematic of this representation is reported in Figure
4.32a, where the components of the electronic and the ionic circuit are indicated in blue and
orange, respectively. Electronic charge carriers (holes) are driven by the drain voltage Vp,pc
and carry the channel current in an OECT, while ionic charge carriers are driven by the gate
voltage Ve = Ve pc + Vgac and modulate the concentration of holes and, consequently, the
electronic conductivity of the transistor channel. The limited conductivity of the electrolyte as
well as the presence of dielectric objects close to the sensor surface generate an impedance Ze
which causes a potential drop in the electrolyte, and the voltage at the electrolyte/channel
interface V. 4¢ that acts on the channel and determines the drain current.?”° For the impedance
sensing we are interested in the AC response of the transistor and we express the AC current
flowing in the OECT channel as I, 4c = gm * Vi ac- Following Bernards model,*® g,,, can be
expressed as gli* = — % we,tVp pe and gpdt = — % ne,t (Vg pe — Vi) in linear or saturation
conditions. In these expressions, W, L and t indicate the width, length and thickness of the
sensor channel, Y, the holes mobility, cv the volumetric capacitance of PEDOT:PSS and V: the
OECT threshold voltage.

To derive the overall AC current, it is important to note that in AC transport conditions the
source (and drain) current signals are composed of two contributions:

Isac = Icnac + forer *Iac (4.42)

The first (Ichac) originates from the channel current, whereas the second (lg ac) is due to the
gate current and regards the capacitive current that has increasing importance at higher
frequencies. Its value is given by lg ac = Ve ac/Zc in which Zg=Zei+Zcn is the overall impedance
of the sensor given by the series combination of the electrolyte impedance Ze and the impedance
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related to the PEDOT:PSS channel capacitance Zcn=1/(i@w Cen). The channel capacitance can
further be related to the geometry and the volumetric capacitance of the PEDOT:PSS layer:
Cer=cy*t*W*L. Possible contributions due to parasitic capacitances are neglected for simplicity.
The factor foect in EQ. 4.42 determines how the gate current is distributed between the source
and the drain terminal.?** In general, the factor foect depends on the bias conditions (Vo,oc and
Ve,nc), on channel geometry and on AC or DC measurement conditions.® In our case, we
consider the AC transport regime where the gate current is a pure capacitive current without
faradaic contributions. Further, in our biasing conditions (Ve,pc=0.1 V and Vppc =-0.4 V) a
significant negative potential is applied to the drain electrode leading to a depletion of holes
from the channel region nearby the drain contact.*®* As a result, the capacitive gate current
encounters a resistive barrier at the drain electrode and instead enters into the source electrode.
For this reason, we set foect =1 in our data analysis for each sensor geometry. The value is
supported by numerical fitting procedures of our frequency dependent data leading to values
close to one (see sect. 4.5.11).

The figure of merit of the OECT impedance sensor (the sensitivity Soect) quantifies its
capability to transduce a variation of Ze into a current output. This can be calculated from the
model by differentiating Eq. 4.42:

_ |9Uch,ac * forcrlc.ac)
SoecT = FY
e

After inserting the expressions for the two AC current contributions and differentiation we
obtain for the channel sensitivity

= |scn + foper *sug|  (4.43)

g Zey
sen = 5 (1- Z) Voue — (4.44)

and the sensitivity of the microelectrode
1
S/.LE = ﬁ VG,AC (4’ 45)
G

The explicit mathematical expressions relating the devices’ sensitivity to the applied frequency
are reported in sect. 4.5.12. The suitability of this simple approach to model the AC response
of an OECT is demonstrated in Figure 4.32b and c. Figure 4.32b compares the frequency
response of an OECT and of a microelectrode with the model predictions. The PEDOT:PSS
channel width and length are W = 100 mm and L = 100 mm, respectively. The channel
capacitance and the electrolyte resistance Rel were extracted for each device geometry by fitting
the microelectrode impedance spectrum with an equivalent RC circuit. The average volumetric
capacitance of PEDOT:PSS resulted to be ¢, = 28 + 2 F/lcm?, obtaining a result consistent with
literature findings.?®> The OECT device shows a significantly higher current in the low
frequency domain. Here the electronic channel current I prevails, and the transistor
demonstrates clear amplifying properties. Then, above a cutoff frequency fc = 625 Hz, the
transistor response is limited by the slow ionic transport between the channel and the
electrolyte.3% At the same time the microelectrode’s response increases with frequency until a
current limitation is reached due to the electrolyte impedance. Therefore, in the high frequency
limit both impedance sensor configurations yield the same current response. Importantly, the
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cutoff frequency that determines the OECT amplification is determined by the channel
geometry as demonstrated in Figure 4.32c. The plot of the current amplitude versus
frequency for OECTs with different channel sizes clearly shows that with increasing channel
area and length, a strong reduction in f¢ is observed.
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Figure 4.32: Quantitative model for PEDOT:PSS-based impedance sensors. a) Equivalent circuit of
an OECT during impedance sensing. Orange and blue colors indicate ionic and electronic parts of the
circuit, respectively. b) Modeling of the current frequency spectra of an OECT and a PEDOT:PSS
microelectrode. ¢) Normalized OECT source current amplitudes as a function of the applied frequency
for different channel geometries. d) OECT sensitivity during the microparticle impedance sensing
experiment. The error bars are obtained by averaging between the approach and lift curves of the AFM
experiment. €) Comparison between the sensitivity of an OECT and a microelectrode having the same
dimensions. f) OECT gain for different channel geometries.

Finally, we systematically study the OECTS sensitivity towards electrolyte impedance changes
with the microsphere experiment introduced above. Figure 4.32d shows the measured values
for soect obtained for three different channel geometries at different AC frequencies. Eq. 4.43
is in excellent agreement with the frequency dependence of the measured data, allowing to
resume the main findings of the model with the following statements. (i) In the low frequency
regime, the OECT sensitivity shows a linear increase with frequency until it reaches a
sensitivity maximum SoecTmax. In this frequency range the sensitivity increases strongly with
the channel aspect ratio W/L as it is highly controlled by the OECT transconductance. (ii) In
the intermediate regime, OECT impedance-based sensors have a maximum sensitivity at a
defined operation frequency, which corresponds to their low-pass cutoff fc. The spectral
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position of f; (see sect. 4.5.13) is mainly determined by the channel area, which defines the
channel capacitance Cch and the electrolyte resistance Rei. Changes in the aspect ratio W/L
modify the OECT transconductance and have a direct impact on the value of SoecTmax.
Accordingly, the frequency cutoffs of the 100x100 pum and the 200x50 pm structures are almost
coincident, but the latter shows a higher sensitivity maximum. The smaller dimensions of the
50x50 um device shift its fc towards higher frequency, while soecTmax is limited by the square
aspect ratio. (iii) In the high frequency limit the OECT sensitivity results from the capacitive
gate current and is mostly controlled by the area of the channel. This is also evident from
Figure 4.32¢, where we compare the sensitivity of a microelectrode and an OECT with the
same dimensions (WxL = 200x50 um). The transistor amplification, which is significant at low
frequencies, has a relevant impact on the sensitivity. However, at high frequencies the response
of both devices is limited by the electrolyte resistance and no significant differences are present.
Such an observation is reflected by a frequency dependent OECT gain, which can be directly
calculated with our model from Eq. 4.43 and Eq. 4.44:

SoEcT

9
> = 20 -logyo (ﬁ + fOECT) (4.46)

ch

gain ggcr = 20 - logyg (
UE

The OECT gain is highest in the low-frequency regime, but is still significant in the 0.1-10 kHz
range, where the impedance of the cell layers is typically measured.?2 This justifies the use of
a transistor structure for high precision bioelectronic impedance sensing experiments.?’
Figure 4.32f demonstrates that the OECT gain is a geometry-dependent parameter. The
smallest device (WxL = 50x50 pm) shows the highest gain, while a rectangular channel
geometry is preferable for OECTs with the same area, since the transconductance increases with
the WI/L ratio while the channel capacitance remains constant.

4.5.3 Single cell impedance sensor experiment

We demonstrated the value of the mathematical model here proposed for the
optimization of a PEDOT:PSS-based single cell impedance sensor by monitoring single cell
adhesion and detachment in an in-vitro experiment, simultaneously measuring the impedance
changes with both an OECT and a microelectrode. According to the model prediction and the
AFM experiment, we patterned the device channels with a 200x50 um rectangular geometry,
which provides the best performances in terms of sensitivity. The T98G cell line cultured in
Minimum Essential Medium was diluted to have a final density of 1 x 10° cells/cm? and poured
on the surface of the impedance sensors (see sect. 4.5.5 for full details). After seeding, the cells
reached the underlying substrate by gravity. We microfabricated a linear array of 10
PEDOT:PSS channels (see sect. 4.5.14) to largely increase the probability of a single cell
settling onto a sensor. An optical image of the final experimental configuration is reported in
Figure 4.33a, showing a single T98G cell positioned at the center of the PEDOT:PSS
channel. The encapsulation of the metallic electrodes with negative photoresist insulates the
device from all the remaining cells which are not lying in the PEDOT:PSS active layer. We
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acquired the current spectra of both the OECT and the microelectrode at consecutive time
intervals to make a real-time detection of the cell adhesion process. To stress the full
consistency of the measurements acquired with the OECT and the microelectrode, we plot in
Figure 4.33b the current amplitudes measured at 625 Hz as a function of time. The sensing
frequency was selected in correspondence to the OECT cutoff (measured at time t=0), where
the model indicates the maximum sensitivity. The signals acquired at the beginning of the
experiment are stable around a maximum value. Afterwards, at time t=20 min the current starts
to decrease, indicating the beginning of the cell adhesion process. This produces a rapidly
varying response until t=60 min, when the decrease becomes slower, and the current stabilizes
around a minimum value. At t=200 min, we used a cell dissociation agent (trypsin) to
completely remove the cell from the sample surface, and devices recovered their original
current amplitude.
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Figure 4.33: Single cell impedance sensor experiment. a) Optical image acquired after seeding a
single cell at the center of a PEDOT:PSS sensing channel. b) Time evolution of the cell adhesion
monitored with an OECT and a microelectrode. ¢) Current spectra acquired in the OECT (straight line)
and microelectrode (dashed line) configuration before and after trypsinization. d) Experimental OECT
and microelectrode sensitivity. Error bars are obtained by averaging between n=4 measurements
acquired at different time. ) Experimental OECT gain. Error bars are calculated from the experimental
sensitivities by applying Eqg. 1.46.

We report in Figure 4.33c the full current spectra acquired before and after the treatment
with trypsin (=180 min and t=240 min, respectively). The cell adhesion produced a large shift
of the OECT low-pass cutoff towards smaller frequency. In parallel, the current spectrum of a
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control device placed in the same reservoir, but with no cell seeded on the PEDOT:PSS layer,
remained unaltered (see sect. 4.5.15). After trypsinization, the initial cutoff frequency is fully
recovered. These combined observations clearly demonstrate that the cutoff shift is only caused
by the single cell adhesion on the PEDOT:PSS layer. The same considerations can be extended
to the PEDOT:PSS microelectrode. Here, the cell adhesion process is revealed by a decrease in
the gate current amplitude, which reaches its minimum at t=180 min, coherently with the OECT
measurements. After the cell detachment (t=240 min), the current increases to its original
values.

To provide a direct comparison between the sensing performances, we averaged the current
amplitudes acquired when the cell is detached (<30 min and t=240 min) and attached
(120<t<180 min), and we subtracted the resulting values to calculate the experimental
sensitivity for both devices. Repeating this analysis in the whole frequency spectrum, we
obtained the curves reported in Figure 4.33d, that confirm the results of the quantitative
AFM experiments (Figure 4.32¢). The transistor amplification has a significative impact on
the device sensitivity in the frequency range between 102 and 10* Hz, with a peak at 625 Hz,
corresponding to the OECT cutoff. On the other hand, when the modulation frequency is high,
the OECT transconductance becomes negligible, and the transistor structure does not offer
substantial advantages with respect to a microelectrode. The OECT gain (Figure 4.33¢€) was
calculated by applying Eq. 4.46 and reaches a value of 20.2+0.9 dB at the highest sensitivity
point (625 Hz).

The frequency response of the OECT gain is well described by our model for both experiments,
the single cell as well as the dielectric particle detection. However, the OECT current amplitude
reduction is much larger for the case of the single cell even though the cell body has a diameter
that is smaller than the dielectric particle. The effect is attributed to the much larger impedance
increase caused by the cell adhering to the sensor surface. Glioblastoma tumor cells such as
T98G secrete large amounts of laminin and glycoproteins to self-assemble the basement
membrane below their cellular body.3%® We hypothesize that the basement membrane spreads
below the cell body on top of the PEDOT:PSS channel and acts as a barrier increasing
significantly the impedance. Trypsin treatment removes the cell body and dissolves also the
basement membrane, making the effect reversible.

4.5.4 Discussion and conclusions

In this chapter, I introduced a quantitative analysis of the performance of OECTSs as
single cell impedance sensors. We developed a model experiment where we simulate the
detection of a single cell by the impedance sensing of a dielectric microparticle. The
microparticle is attached to an AFM cantilever to have a refined control of its positioning on
the sensor surface. By approaching and retracting the microparticle from the sensor surface, we
ensure a controlled impedance change that permits to quantify the sensitivity of the impedance
sensor. With the model experiment we can compare in a reproducible manner the sensitivity of
different OECT or microelectrode-based sensors. To rationalize the experimentally determined
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sensitivities, we develop a mathematical model. The model correctly predicts the dependence
of the sensitivity on frequency, sensor geometry and semiconductor materials properties such
as carrier mobility and volumetric capacitance. From these findings, we derive two major
conclusions for OECT based impedance sensors: i) depending on geometry and semiconductor
materials properties, the sensitivity has a maximum at a defined operation frequency; ii) the
OECT based sensor has a significant gain with respect to a simpler microelectrode-based
sensor. The gain increases towards lower frequencies due to the increased contribution of the
transistor channel current. Instead, towards very high frequencies the microelectrode
approaches the OECT performance as the overall current is dominated by the ionic gate current.
Smaller OECT channel geometries shift this transition to higher frequencies, thus achieving
larger gain.

Based on the model findings, we develop optimized sensors to perform in-vitro single cell
detection experiment. We find that both the PEDOT:PSS microelectrode and the OECT can
monitor the cell adhesion process and recover their original performances after the cell
detachment with trypsin. However, in the OECT the single cell adhesion transient is measured
with a current signal gain of (20.2+0.9) dB at 625 Hz, in close agreement with the model
prediction. Such an improvement is significant and facilitates measurement conditions
regarding noise pickup and digitization, making OECT amplified impedance sensors a powerful
tool for a new era of cell-substrate adhesion experiments with a single cell resolution.?’®
Importantly, our quantitative approach to compare bioelectronic impedance sensors is not
limited to PEDOT:PSS based OECTSs but can easily be extended to different electrolyte gated
transistor architectures. The crucial parameter that describes the different material properties in
our model is the channel transconductance. Large transconductances have been demonstrated
for different channel materials and device architectures. They result from high capacitive
couplings, as observed in organic mixed ionic and electronic conductors (e. g. PEDOT:PSS) or
high carrier mobilities as found for example in graphene or carbon nanotubes.®®”:38 Current
research in the material properties of such water stable semiconductors warrants further
improvements in mobility or volumetric capacitance and will also augment the sensitivity of
bioelectronic impedance sensors.2’® Our quantitative approach can serve as a guideline for the
development of impedance sensors with maximized sensitivity and establishes a metric to
compare future devices.

4.5.5 Appendix 1: details on experimental methods

Microparticle sensing experiment: To fabricate the AFM probe supporting the
dielectric microparticle, we dispersed a powder of pyrophosphate microspheres (from Polymat)
on a glass slide. A PPP-NCHR cantilever of the Park NX10 AFM (force constant 34.55 N/m)
was approached onto a drop of glue, and then put in contact with the upper part of a microsphere
(with diameter of about 50 pum) until complete adhesion.

AFM measurements were performed in liquid, using 0.1 m PBS as electrolyte and an Ag/AgCl
wire as gate electrode. To measure the current-distance spectroscopies, we placed the
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microparticle in the center of the PEDOT:PSS channel of the impedance sensor and we
performed an AFM force-distance spectroscopy. The probe was lifted to the vertical coordinate
Zo, distant Sum from the contact position, then gradually approached to the sample surface (scan
speed 0.3 um/s), and finally retracted again to zo. During this process, we applied a constant
modulation frequency to the gate terminal, and we measured the current amplitude flowing in
the PEDOT:PSS layer (using the setup in sect. 3.4.2), obtaining a current-distance spectroscopy
curve. The experiment was repeated at 5 different frequencies (117, 330, 1170, 3330, and 11700
Hz) both in the OECT and in the microelectrode configurations.

Single cell detection experiment: The human malignant glioma cell line, T98G (CRL-
1690™), derived from a glioblastoma multiform tumor, was selected for the single cell
detection experiment. This is characterized by indefinite lifespan and adherence properties
previously reported also on PEDOT:PSS layers.*® It was purchased from ATCC (Manassas,
VA, USA) and cultured in Minimum Essential Medium (MEM) (Gibco™ 51200046,
ThermoFisher scientific), supplemented with 10% fetal bovine serum, 1% L-glutamine, 10%
sodium pyruvate and antibiotics (1% penicillin and 1% streptomycin) at 37 °C in 5% CO>
incubator. All chemicals were from Merck. The experimental day, the sub-confluent (70-80%)
cells population was detached by 0.25 % trypsin in 0.02 % EDTA (both from Merck) solution,
re-suspended in fresh supplemented MEM and counted by the hemocytometric chamber. An
aliquot, calculated to have a final density of 1 x 10° cells/cm® was diluted in 600 pL of
supplemented MEM and poured on the surface of the impedance sensors, previously sterilized
by 20 min of UV exposure. A polydimethylsiloxane (PDMS) well was attached onto the sample
substrate to host both the solution containing the cells and the Ag/AgCI gate electrode. After
seeding, the cells reached the underlying substrate by gravity. For the experiment, we
microfabricated a linear array of 10 PEDOT:PSS channels with dimensions WxL=200x50 pm
(an optical image is reported in sect. 4.5.14). In this way, the probability of a single cell falling
onto a device channel after seeding was largely increased. Once this configuration was
achieved, the sample was connected for the electrical measurements. The current spectra of the
impedance sensor were acquired both in the OECT and the microelectrode configurations every
10 minutes after cell seeding. During each acquisition, the modulation frequency applied at the
gate terminal was swept between 10 and 10° Hz. At time t = 200 min, trypsin was used to
completely remove the cells from the sample surface. Biological residuals were rinsed with
PBS, and a final current spectrum was acquired in MEM to measure the sensor response after
the cell detachment.

4.5.6 Appendix 2: DC transfer characteristics of OECTs with different
channel geometries

We acquired the OECT transfer characteristics of the three channel geometries studied in the
microparticle sensing experiment. Both the DC drain and gate (leakage) currents were
monitored. An Ag/AgCl wire was used as gate electrode in PBS solution.
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Figure 4.34: DC transfer characteristics of OECTs with different channel geometries. The gate
voltage was scanned between -0.2 and 0.6 V during each acquisition. The drain voltage was varied from
-0.1to -0.5 V, with steps of -0.1 V between two consecutive acquisitions.

4.5.7 Appendix 3: setting the OECT working point for impedance sensing

During impedance sensing measurements, the OECTSs were biased with the DC gate and
drain voltages at which their transconductance gmpc takes its maximum value (the working
point). We plot in Figure 4.35 the DC trans-characteristic and transconductance curves of a
WxL=100x100 um sensor. The latter were obtained by direct differentiation of the former and
show a transconductance peak which increases with the absolute value of the applied DC drain
voltage. The working point was set in correspondence of one of these maxima, choosing a
configuration with both a reasonably high transconductance and low potential operation to limit
material degradation and power consumption.
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Figure 4.35: setting the OECT working point for impedance sensing. a) Transfer characteristic of an
OECT sensor and b) DC transconductance curves indicating the working point set for impedance
sensing.

4.5.8 Appendix 4: measuring the microparticle displacement

The presence of the dielectric microparticle in close contact to the sensor surface hinders
the ionic flow from the electrolyte into the sensing channel and thus increases the electrolyte
impedance. This is widely observed in our experiment and reproduces in first approximation
the basic working principle of impedance-based cell sensors. A qualitative demonstration of
this observation is furtherly provided in the reported experiment (Figure 4.36a), where we
measured the source current amplitude while gradually increasing the microparticle-channel
distance d starting from the contact position.
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Figure 4.36: Measuring the microparticle displacement. a) Current amplitude variation in an OECT
sensor (biased at its working point) when the microparticle is lifted from the contact position. The
modulation frequency applied to the gate electrode is 1.17 kHz. b) OECT current variation per 1 um-
step as a function of the microparticle-channel distance d.

The microparticle displacement produces larger effect on the sensor response when the
AFM probe is retracted for short distances from the contact position. At the same time, both the
cantilever and the AFM stage changes the geometry of the liquid electrolyte and reasonably
modify the electrolyte resistance Rei. Anyway, given the large diameter of the dielectric
microparticle (50 um) and the small displacement of the z-stage during the sensing experiment
(5 um), we expect that only the bottom part of the dielectric microparticle has an active role in
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modifying the ionic current flow, simulating in first order approximation a biological cell which
adheres to the sensor surface. This is highlighted in Figure 4.36b, where we report the OECT
current variation per 1 um-step as a function of d. We observe that larger effects are produced
when the AFM probe is retracted for short distances from the contact position, indicating that
the microparticle hindrance has a primary role in blocking the ionic flow from the electrolyte
to the sensor channel.

4.5.9 Appendix 5: normalized microparticle distance - AC current
measurements

We report in Figure 4.37 the normalized microparticle distance-AC current
measurement shown in absolute value in Figure 4.31f. The steepest line acquired with the
OECT configuration results from its amplification gain, that increases the level of the measured
signal. Naturally, also noise present in the signal will be amplified. Such intrinsic noise sources
include thermal noise effects and shot noise effect due to the impedance of the measured system
and noise effects due to the living activities of the cell. Accordingly, the OECT cannot improve
on the signal to noise ratio when the noise level is only determined by these intrinsic factors.
The role of gain in improving signal to noise ratio becomes important when noise is introduced
by the data acquisition system. In our case such noise is minimized in both cases
(microelectrode and OECT) due to the use of very sophisticated signal conditioning circuits.
For this reason, both signal traces in Figure 4.31f have a comparable signal to noise ratio.
We note that in a realistic application scenario, microelectrode impedance recordings would be
deteriorated due to a limited digital resolution.
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Figure 4.37: normalized microparticle distance - AC current measurements. Comparison between
normalized microparticle distance - AC current measurements acquired in the OECT and microelectrode
configurations. The absolute data are shown in Figure 4.31f.
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4.5.10 Appendix 6: impedance analysis of the sensors and extraction
of the Rei(d) curve in the microparticle sensing experiment

We report in Figure 4.38a and b the impedance and the phase spectra of the
PEDOT:PSS channels used in the experiments (acquired in the microelectrode configuration).
Measurements were fitted with an equivalent RC circuit to extract the electrolyte resistance and
the channel capacitance. Fit results are shown in sect. 4.5.11, where we report the whole set of
parameters used in the quantitative model. By neglecting polarization effects on the
microparticle surface, a change in the relative position between the microparticle and the
sensing channel in the AFM experiment only causes a change in the electrolyte resistance.
Therefore, Ze(d) = Rei(d). The experimental current-distance spectroscopies (Figure 4.31f)
can be fitted with a linear model to extract the slope o = dlac/6d. This can be related to the
device sensitivity as 0I/0Rel = 01/0dxdd/0R. The coefficient p = OR/0d is universal and does
not change as a function of frequency or transistor or microelectrode parameters for each
channel geometry. To determine its value, we measured the gate impedance Zg(d) in the
microelectrode configuration at high modulation frequency (11.7 kHz). In such a condition, the
impedance of the channel capacitance Zeh=1/(iwwCen) is negligible, and only the Re(d) curve is
consequently measured. This is confirmed by the phase of the acquired signals (see inset in
Figure 4.38b), which assumes values close to zero in that frequency regime. We report in
Figure 4.38c the Rei(d) curve obtained for the 50x50 pum structure. Measurements indicate a
linear relation between the two quantities (Rei(d) = dxp+Ro ) for all channel geometries ,
allowing for a straightforward extraction of the p parameter. The obtained results are p
=19.4+0.1 O/um for the 50x50 um geometry, p =14.4+0.1 Q/um for the 100x100 um geometry,
and p= 44.3+0.1 Q/um for the 200x50 um geometry.
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Figure 4.38: Impedance analysis of the sensors and extraction of the Rei(d) curve in the microparticle
sensing experiment. Impedance (a) and phase (b) spectra acquired for the different channel geometries.
¢) Re(d) curve extracted from an AFM current-distance experiment. The linear fit (R?=0.996) allows
for the extraction of the slope p.
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4.5.11 Appendix 7: parameters used in the quantitative model for
PEDOT:PSS-based impedance sensors

We report in the following table the full set of parameters used to best fit the
experimental data with the quantitative model for PEDOT:PSS-based impedance sensors. The
channel capacitance Ccn and the electrolyte resistance Re were extracted by fitting the
electrochemical impedance spectroscopies with a RC series circuit model. The OECT
transconductance gm was calculated from the DC transfer characteristics.

Chanvn‘iLas(‘ﬁt) ate | R Rel (k&) gn (MS)
5050 6.6 123 0.33
100x100 275 7.47 0.33
200x50 305 6.90 0.70

Table 4.5: Full list of parameters used in the model for PEDOT:PSS-based impedance sensors.

4.5.12 Appendix 8: mathematical treatment for the OECT impedance
sensor

As expressed by Eqg. 4.43, the OECT sensitivity is obtained by the sum of the
microelectrode and the channel sensitivity, s., and s,g, respectively. The sensitivities are
defined as the derivative of the AC current with respect to the cell induced changes in electrolyte

. a1
impedance: s., = % and s,p =
el

generated in the OECT channel.

Ienac = 9mVe ac (4.47)
Following the equivalent circuit in Figure 4.32a we can substitute the effective gate voltage
Vg,ac by

—aég'“. We first consider the AC current contribution
el

Veac = Ve.ac — Ig.acZe (4.48)
and
Vi.ac
Zel + Zch
Combining Eq. 4.47, Eq. 4.48, and Eq. 4.49 and taking the derivative yields Eq. 4.43.
Similar for s, we use Eq. 4.49 and take the derivative to obtain Eq. 4.44.

Next, we introduce the explicit frequency dependence of Eq. 4.43 and Eq. 4.44. To do so, we

L The
Cch

IG,AC - (4’ 4'9)

must introduce the explicit expression for the impedance Z; = Z,; + Z., With Z;, = -

lw

channel transconductance gm and the electrolyte impedance Z,; do not depend on frequency.
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_Veac _ Ve,ac Vi,ac

Sug = = = (4.50)
ne ZG2 (Zel + Zch)2 (Z + 1 )2
el i(L)CCh
Im,ac ( Zel) Im,ac iwCenGm,acVe ac
2 Zg) Z (@ + 1)2 GACT (lwCepZey + 1)? )
ch Zch

We note that Eq. 4.50 and Eq. 4.51 can be fully expressed in terms of device geometry (channel
width W, channel length L and film thickness t) and materials parameters (mobility g, threshold
voltage Vi and volumetric capacitance c,). To achieve a direct dependence on these parameters
we introduce (i) the equation for the transconductance gm in linear or saturation regime as
written in the main manuscript and (ii) we express the channel capacitance by C., = c,tWL.
Also, for the electrolyte impedance one can derive an analytical expression that contains the

channel area and the electrolyte resistance by assuming that the perturbation due to the cell is
__pln4
T orL

small. For example, for a square micro-channel one obtains: Z.,
370

with being the

electrolyte resistivity.
Similar we can derive the explicit frequency dependence of the gain of the OECT impedance
sensor:

SoEcT

) = 20 -logqo (g—m + fOECT) (4.52)

gain ggcr = 20 - logyg < wCon

UE

4.5.13 Appendix 9: OECT cutoff and maximum sensitivity

OECTs working in AC operation exhibit low pass filtering properties, thereby the cutoff

I
s.ac (fe) — ‘/2_5 ~70%. From Eq. 4.42, Isac =
0

) + forcr % while lo can be obtained from the low-frequency limit as lo

frequency fc can be calculated from

Z
Im " Ve,ac ( - z_i;l
= Om*VGAc.
In the microparticle sensing experiment, the electrolyte impedance Ze ~ Rel is a real number,
allowing for a straightforward expression for the cutoff frequency:

__1 Gm
21C h
‘ \/gmz : Relz -2 'fOECT2

It is worth highlighting that f. corresponds to the frequency at which an OECT-based impedance
sensor reaches its maximum sensitivity. This can be demonstrated by considering Eq. 4.43 and

; ; ; i . 0SoECcT _ ilg_m( _@) foecTVeac| _
setting stationary point conditions: —or o5 lze 1 Zc VG'AC+—ZGZ =0

The resulting expression for soect ™ is

fe (4.53)

ax _ Ve.ac _gmz
2 gm’Re)® — 2

Soect™ \/gmz ‘Rei® — 2+ foper” (4.54)
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4.5.14 Appendix 10: device for single cell detection experiment

For the single cell detection experiment we microfabricated a linear array of 10
PEDOT:PSS channels with dimensions WxL=200x50 um. In this way, we largely increased
the probability that a single cell reached a single PEDOT:PSS channel by gravity after seeding.
We report in Figure 4.39a an optical image of the device. A PDMS well is attached onto the
sample substrate to host both the solution containing the cells and the Ag/AgCl gate electrode.
Magnified images of the channel array and of a single channel are provided in Supplementary
Figure 4.39b and Figure 4.39c, respectively.

b) I

c)

Figure 4.39: Device for single cell detection experiment. a) Optical image of the device used in the
single cell detection experiment. 10 PEDOT:PSS channels are vertically aligned to increase the
probability to find a single cell placed on a single channel after seeding. b) Insight on 5 PEDOT:PSS
channels composing the linear array. Each one was patterned with a WxL = 200x50 um geometry (c).

4.5.15 Appendix 11: control of the single cell detection experiment

During the single-cell detection experiment, the OECT-based impedance sensors
showed a significative shift in the low-pass cutoff, which was recovered only after the treatment
with trypsin. To demonstrate that such effect was caused by the cell adhesion process and not
by other effects in the experimental setup (sensor degradation/contamination of the cell culture
medium), we acquired the current spectrum of a control device (with the same dimensions and
operating parameters) placed in the same reservoir, but with no cell seeded on the sensing
channel. Results are reported in Figure 4.40a, showing that the current spectrum of the
control device remains unaltered during the experiment. After treatment with trypsin sensors
recover their original current spectrum (see Figure 4.33b and c), and a final DC transfer
acquired after the removal of the biological residuals with PBS demonstrates the correct
working behavior of the OECT (Figure 4.40b).
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Figure 4.40: Control of the single cell detection experiment. a) the adhesion of a single cell produces
a visible shift in the low pass cutoff of the OECT sensor (red and blue lines), while the frequency
response of a control device (black line) remains unaltered. b) OECT DC transfer characteristics
acquired before the experiment (red line) and after trypsinization (black line). Measurements are
acquired in different electrolytes but confirm the correct behavior of the device after removal of the cell
residuals.
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5 Conclusions

This thesis work focused on the study of organic mixed ionic-electronic conductors
(OMIECs) for bioelectronic interfaces. The research project is divided into two main parts
overall. In the first part, | investigated fundamental processes in OMIECs, aiming to a
quantitative understanding of the charge transport properties and their correlation with material
functionality. In the second part, | studied applications of OMIEC materials in bioelectronic
devices, including low-impedance electrodes for in-vivo neural interfaces and in-vitro
biosensors reaching the single-cell resolution limit. This work required different experimental
activities, ranging from the design and microfabrication of micro-structured devices to
electrical and electrochemical analyses, including the development of novel operando
characterization techniques for organic mixed conductors. These activities were carried out at
the Department of Physics and Astronomy of the University of Bologna, at the Department of
Biomedical and Neuromotor Sciences of the University of Bologna, and at the Electrical
Engineering Department of the University of Cambridge (UK).

Research interest in OMIEC materials is motivated by the possibility to combine
electronic semiconductor functionality with ionic conductivity, biocompatibility, and
electrochemical stability in water. Progress on all fronts is predicated on an advance in
understanding fundamental material processes, but the mixed conductivity renders the
experimental characterization of individual ionic or electronic carrier transport difficult as both
are intrinsically entangled and can lead to the screening of electric fields or introduce local
contact resistances. To address the problem, | introduced in this work the electrolyte-gated van
der Pauw (EgVDP) method for the determination of the electrical characteristics of OMIEC
thin films, independent of contact effects. This technique is applied for the first time to the most
widespread OMIEC  formulation, poly(3,4-ethylenedioxythiophene) doped  with
poly(styrenesulfonic acid) (PEDOT:PSS) for the simple and accurate extraction of the hole
mobility and threshold voltage, representing important figures of merit for electronic transport
in the blend. Measurements repeated on three different EQVDP devices obtained highly
reproducible results. The average PEDOT:PSS mobility and threshold voltage were found to
be <pp> = (11.740.3) cm?Vis?t and <Vi> = (0.44+0.02) V. By comparing with organic
electrochemical transistor (OECT) measurements, we found that gate voltage dependent contact
resistance effects lead to systematic mobility underestimation in OECT based transport
characterization. These observations confirmed that a contact-independent technique is crucial
for the proper characterization of OMIECs, and the EgQVDP method reveals to be a simple,
elegant, but effective technique for this scope. Given its general applicability and good
accuracy, our experimental approach can be a useful tool to characterize electronic transport in
novel OMIEC formulations.
lonic transport in OMIEC layers operating at liquid interfaces was studied investigating the
mechanical deformations resulting from charge injection. The electrically-driven swelling of
the soft polymeric matrix induces mechanical deformation enabling artificial muscle-like
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actuators, but also leads to degradation processes affecting OMIEC based devices. Despite its
relevance in different fields of material research, fundamental knowledge on the intrinsic
mechanism of electroswelling is still lacking, and monitoring fast local ionic exchange
processes in OMIECs remains elusive. To provide a microscopic understanding of
electroactuation, | introduced in this thesis the modulated electrochemical atomic force
microscopy (MEC-AFM) as a novel characterization method for electroactive materials. The
combination of the electroswelling data with electrochemical impedance spectroscopy in
PEDOT:PSS microelectrodes yielded a multidimensional spectroscopy revealing the dominant
timescales for ion migration and electroswelling. The resulting knowledge allowed us to
implement multichannel mEC-AFM imaging, providing maps of local electroswelling
amplitude and phase as well as surface morphology. Results proved that the amplitude and
timescales of electroswelling are governed by the drift motion of hydrated ions. Accordingly,
we demonstrated how fast ionic charging of the PEDOT:PSS volumetric capacitance leads to
high frequency operation in microactuators, and how the swelling extent is intrinsically limited
by the radius <rion> = 0.18+£0.02 nm of the cation solvent shell.

mEC-AFM experiments were then performed to characterize organic mixed conductors
optimized for actuation, such as polypyrrole doped with dodecylbenzenesulfonate (Ppy:DBS).
This material showed a more complex electroactuation dynamics which required subsurface
investigations for its comprehension. For this reason, we extended mEC-AFM as a depth-
sensitive technique to measure subsurface profiles of ion migration and swelling in Ppy:DBS
electroactive layers. We interpreted charge accumulation in the polymeric matrix with a
quantitative model, giving access to both the spatiotemporal dynamics of ion migration and the
distribution of electroswelling in the electroactive polymer layer region. The resulting
subsurface maps demonstrated a non-uniform distribution of the effective ionic volume in the
Ppy:DBS layer depending on the film morphology and redox state. Our findings indicated that
the highly efficient actuation performance of Ppy:DBS is caused by rearrangements of the
polymer microstructure induced by charge accumulation in the soft polymeric matrix,
increasing the effective ionic volume in the electroactive film bulk up to two times the value
measured in free water. The obtained results also how mEC-AFM offers novel means to
interrogate materials with mixed ionic-electronic conductivity at the nanoscale during
operation, providing information on the local ionic distribution and the ion-to-electron
coupling. This capability will be critical to understand more complex OMIEC-based
realizations such as organic electronic ion pumps or organic electrochemical transistors. At the
same time, subsurface mEC-AFM characterizations are expected to clarify mechanisms
responsible for poor electrochemical cycling of energy storage devices operating in electrolytes
like batteries and supercapacitors, leading to an extension of their application lifetime.

The knowledge resulting from OMIEC transport characterization constituted a conceptual basis
to develop OMIEC applications. In this contest, | realized and characterized microelectrode
arrays (MEAs) based on PEDOT:PSS for in-vivo electrocorticography (ECoG) experiments.
Microfabrication techniques were extended to flexible substrates to realize miniaturized devices
conformable with the brain surface and with high spatial and temporal resolution. We tested the
electrode arrays in an in-vitro setup combining electrochemical impedance spectroscopy (EIS),
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analysis of the electrode polarization during simulated stimulation protocols, and atomic force
microscopy (AFM) characterization of the PEDOT:PSS coating on the electrode surface.
Results demonstrate the low-impedance recording properties (Z = 1.7£0.8 kQ at 1 kHz, with
electrode diameter 200 um) and the linear charge injection of the neural probe. Both properties
are a consequence of the large capacitance of PEDOT:PSS electrode coatings resulting from
the volumetric mixed conduction. The characterization of the bending properties of the
electrode array highlights the device stability against mechanical deformation. These promising
device properties are currently exploited in in-vivo recording and stimulation experiments
ongoing in our group. Such experiments aim to investigate the neural activity of animal models
at different temperatures. The resulting findings are expected to contribute to the study of neural
connectivity and consciousness in torpor and hibernation states.

OMIEC materials were finally studied in-vitro experiments measuring cellular adhesion
properties. Recent advancements in organic electrochemical transistor (OECT) research have
led to impedance sensors reaching single cell resolution, but a quantitative study on the
transistor amplification gain is still lacking. To overcome the issue, | introduced a model
experiment where a single cell was simulated by a dielectric microparticle of similar
dimensions. We controlled the position of the microparticle on top of the microscale impedance
sensors with an AFM and achieved highly reproducible measurements comparing the current
output of OECT-based sensors with equivalent microelectrode sensors. Experimental data were
interpreted with a mathematical model which correctly predicts the dependence of the
sensitivity on frequency, sensor geometry and semiconductor materials properties such as
carrier mobility and volumetric capacitance. From these findings, we derived two major
conclusions for OECT based impedance sensors: i) depending on geometry and semiconductor
materials properties, the sensitivity has a maximum at a defined operation frequency; ii) the
OECT based sensor has a significant gain with respect to a simpler microelectrode-based
sensor. Following these predictions, we designed an optimized device to measure the transients
of single cell adhesion and detachment in in-vitro experiments, observing a significant AC gain
reaching values of (20.2+0.9) dB for the transistor structure. Our quantitative approach to
compare bioelectronic impedance sensors is not limited to PEDOT:PSS based OECTSs but can
easily be extended to different electrolyte gated transistor architectures. Results can serve as a
guideline for the development of impedance sensors with maximized sensitivity and establish
a metric to compare future devices.

This thesis provides a further step forward in the ongoing research of organic mixed
ionic-electronic conductors for bioelectronics interfaces. The experimental work was motivated
by the belief that substantial advancements in the field can be achieved only through a
quantitative understanding of the charge transport properties of OMIEC materials and their
interplay with device operation. For this reason, we introduced novel characterization
techniques to investigate mixed transport and material functionalities during operation.
Experimental results were interpreted though the development of mathematical models offering
clear guidelines for the rational optimization of devices. The resulting bioelectronics
applications, including OMIEC-based microelectrodes and electrochemical transistors,
underwent successful testing in both in-vivo and in-vitro experiments. The quantitative findings
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obtained in his work contribute to the development of enhanced organic bioelectronics
interfaces, holding the promise to revolutionize future healthcare, biomedicine, biosensing, and
neuroscience.
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