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Abstract

Using electricakignals to interact with biological systemasshed lighton different
fundamentakignaling principles of living organismkeadingto the development of broad
spectrum of healthcaredevices However, conventional (inorganic) electronic materials
significantly differ from living matter in critical aspects including mechanical rigidity, three
dimensional structure, amtedominant electronic conductivitiyor these reasons, due to their
Ais of t ¢bionompatibilitg,and ability to conduct ions in addin to electrons and holes,
organic materials with mixed ionic and electronic conductivity (OMIECS) leawergedn
recent years as a promising material platform for new and highly efficient interfaces with
biology. Faster and significativgprogressg in organic bioelectronics are predicated @n
comprehensionf fundamental material processex their relation to devidanctionality, but
the mixed conductivity renders the experimental characterization of ionic or electronic carrier
transpordifficult as both are intrinsically entanglethe objective of this thesis is investigate
these phenomenand exploit the resulting knowledge to develop optimized bioelectronic
applicationsThe experimentalvork required differenimethods ranging from thelesign and
microfabrication of micrestructured devices to electrical and electrochemical analyses,
including the development of novel operando characterization techniques for organic mixed
conductorsWeintroducelthe electrolyteg at ed v an der thecharagtérigationet hod
of electronic transport in OMIEC materials, allowing for a simple and accurate determination
of the electronic mobility and threshold voltaged we demonstratéat contact resistance
effects complicate the interpretation obrganic electrochemicaltransistor (OECT)
characteristis. We developed the modulated electrochemical atomic force microgoap{-

AFM) to monitorfast localion exchange processeausing electroactuation in OMIECBy
combining multidimensional spectroscop&sid/ing the mechanical deformations resulting
from charge injectiorwith multichannel imaging, waevealed the dynamics dhe drift
transport of hydratetbns in OMIEC layers operating at liquid interfacé¥e thenextended
MECAFM to adepthsensitive techniqui acquire subsurface profiles of ion migration and
swellingin OMIEC thin films revealing the spatiotemporal dynamics of electroactuation in the
electroactive polymer bulk for different film morphologies and redox stéatedinally studied
OMIEC applications in bioelectronic devices, includinpe microfabrication and
characterization of flexiblenicroelectrode arrays fan-vivo neural recording and stimulation
and the realization oimpedance sensors fr-vitro cell adhesin experimentdn this contest,
we investigated the AC amplification properties of organic electrochernaradistorsandwe
developed a modlexperimento optimize biosensors reaching #siegle cell resolutiohimit.
The quantitative findings obtained in his wane expected toontribute to the development of
enhanced organic bioelectronics interfaces for futeathcarebiomedicine, and biosensing
devices.
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Introduction

1 Introduction

Ever since the miii750s when Galvani documented the electrical stimulation
of frog legs, we have knowthat humarmade, conducting materials can be used to
stimulate bioelectrical signals and generate physiological respdngegeriments with
electricity and living tissues have not only shed light on the workings of the brain and provided
a deeper understandingbout 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 implafbwever, 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 incing mechanical rigidity, three
dimensional structure, and exposed functional groups at the intéffacghese reasons, due
to their Asofto nature and ability to condu
materials with mixed ionic and electronic conductivity (OMIECS) have risen up in recent years
as a promising material platform for newddnighly efficient interfaces with biolodf.

Since their first introduction in the late 1980ssearch 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 aityl to simultaneously participate in redox reactions and modulate
the ionic and electronic charge density throughout the bulk of the m&t@rahg to ionic and
electronic interactions and coupled transport properties, OMIECs demand special
understanding beyonthe knowledge derived from the study of organic thin films and
membranes meant to support either electronic or ionic processes only, motivating fundamental
researcH.

This thesisexplores the potentiabf organic mixed ionielectronic conductors
(OMIECS) for bioelectronic interface$he research project is structured into two main phases.
First, linvestigaedfundamental processgsverningOMIEC behavior seeking a quantitative
understanding of charge transport properties and their connection to material functidhality.
resulting knowledge served as conceptual basis for the second phase, regaeding
development, modeling, and optimizatiorbidelectronic devicgbased 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 conduthas, 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 migstuctured OMIEGbased devices, which involve
photolithography procedures to fabricate micropatterned electrodes and transistorsth@
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 electrolyigat e d van der P auwbo s-indaperiddnto d fo
characterization of electronic transport in OMIEC materials, allowing for asiamul accurate
determination of the electronic mobility and threshold voltage poly(3,4
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:RK8)films. The second section
introduces the modulated electrochemical atomic force microscopy -@fBQ to monitor

fast localion exchange processeausing electroactuation in OMIECs, and to providgs of

local electroswellingn PEDOT:PSShroughmultichanneimaging. In the third section, mEC

AFM is exploited as a deptensitive technique onpolypyrrole doped with
dodecylbenzenesulfonate (Ppy:DBf®) 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. Thet@o subchapters deal

with applications of OMIEC materials in bioelectronic devices. The fourth section presents the
microfabrication and characterization of flexibheicroelectrode arrays (MEAs) based on
PEDOT:PSS forin-vivo neural recording and stimulation efectrocorticography (ECoG)
activity. In the fifth section, organic electrochemical transistors (OECTSs) based on PEDOT:PSS
are used as impedance sensorsrfaitro cell adhesion experiments, and the ultimate limit of
single cell resolution ischieved through the rational optimization of biosensors guided by a
model experiment.

1.1 Organic mixed ionic  -electronic conductors

OMIECs are soft electrical (seggonductors thatransportmobile ionic species. At
first, electronically conducting polymers and ionically conducting polymers were developed
separately. Electronically conducting polypyrrole was discovered in 3968, the field of
conjugated polymers (CHsseel.3.]) has been widely explored only after the discovery of
conducting polyacetylene in 197 Around roughly the same time, poly(ethylene oxide) (PEO)
was found to be capable of dissolving salts and displaying significant ion condidespite
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 propertigSor instance, the most widely studied mixed
conductor, poly(3,4thylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
developed as an antistatic coating and as adwiducting interlayer in optoelectronic devices,
neither of which require ioniconductivity’! Many other OMIECs were the product of
investigations into water soluble conjugated polymers allowing the fabricatiorsuflafion
processed organic optoelectronic devite®rganic mixed ionielectronic conductors were
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Introduction

explicitly recognized and studied beginning in the late 1980s as potential battery elettrodes,
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 corresgomaiterials properties,
including energy levels, electronic and ionic conductivity, optical, volume, and nfoduli.
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 applicationg{gure 1.1) including actuator$? light-emitting electrochemical
cells!* batteries and supercapacitéts,chemical sensor$, sensing and stimulating
bioelectronic probe¥ion pumpst®and organielectrochemical transistors for sensing, circuits
and neuromorphic computirtg?°

d) >

Figure 1.1: Application of OMIECs in current material research. Central figure: schematic
typical OMIEC structurea) Organic electrochemical transistor for neuromorphic compdtir.
Electrochemical supercapacitor for energy stofags. Soft actuator for selinotile bioelectronic
devices'® d) Neural recording and stimulation probdé®) Light-emitting electrochemical cellé.f)
Organic electrochemical ion pump for selective drug deli¥ery.

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 mnpalettron

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 dynarterral stimuli and (static)
structural designRigure 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



Types and structures of OMIEC materials

Dynamic Tuning Property Change Structural Tuning
-

Conductivity

(OECTS, Neuromorphics, Sensors)

Electrical
Stimuli

Chemical
Stimuli
Optical 4’

lllumination

Tuning Mechanisms

Electronic charge density

Color

(Electrochromics, Optical Sensors)|

Figure 1.2: Multifunctional property tuning in OMIEC materialgarious device relevant proper
can be tuned both by dynamical stimuli and by (static) structural design. For example, contrc
electrical potential applied to a device can dynamically modify the conductivity of an OMIEC n
by modifying itscharge carrier density (top left). At the same time, the material conductivity
changedby substituting various backbone components into the OMIEC structure (top right).
associations aréepicted for a wide range of properties, while the corresponding mechanisms
which these properties are controlled are illustrated at the bottom of the difigram.

1.2 Types and structures of OMIEC materials

Organic mixedonic-electronic conductors combine properties of conjugated polymers,
polymer electrolytes, and polyelectrolytes to simultaneously transport and couple ionic and
electronic charge$.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 unsolvatedlternatively, in polyelectrolytes
such as poly(styrene sulfonate) (PSSp@re 1.3b) the polymer is a component of the salt
itself, paired with chargbalancing counterions.

° o
)
(YaY]

o

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

Figure 1.3: Chemical structures of representative polymer electro(@ggolyelectrolytegb), anc
conjugated polymerg, 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 chaing=igure 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 carftégsire 1.4 -1, 1lland V ), and

those which do notHigure 1.4 - 11, IV and VI ). lonic chargebearing OMIECs contain a
stable ionic moiety that is either accompanied by a counterbalancing ion, exists as a self
balanced zwitter io”? or stabilizes an electronic charge on a conjugated segment, acting as a
dopant for th€sem)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.

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
conjugated . - -
t
componen ° - ° A
8 oth les: (s L AN~O & Oth :
< er examples: ) ) ) er examples:
n n PEDOT:Gelatin {7, N=N o \"‘ Other examples: " PEDOT-S
o ©0 PED(?T DS i PFO-b-P3PYHT MPS-PPV
v PANI:PSS PTHS PBS-PFP
Lo PPY:PSS soH "Oso i P(ZNDI-gT2)
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 °
casting or S ° e ¢ e
device operation ) ° o \° (-]
—.)° L =7
* QO Ad ° °© o
L] 4
/ v
§_f 8: \u#Z Nf\/ojk oJﬁd
o i
- _ Other examples: L /o N=N N Other examples: / s/\,\—//\( \  Other examples:
\ 2\ J~_o] MDMO-PPV/PEO P3EHT-b-PEO 34 7,n p(gNDI-T2)
M w UL panTRve P3DDT-b-PMMA ol d ProDOT(OE)-DMP
¥ £
MEH-PPV/PEO P3HT-b-PEO P~ p(g2T-TT)

Figure 1.4: OMIECs material classes) Heterogeneous blends of an electronically condu
conjugated polymer with (I) an ionic charge bearing polyelectrolyte or (l) an ion solvating p
electrolyte.b) Heterogeneous block copolymers of an electronically conducting conjugated ¢
with (1) an ionic charge bearing polyelectrolyte or (IV) an ion solvating polymer electralyfeilly
conjugated (V) ionic charge bearing polyelectrolytes and (VI) ion solvating polymer elect
Conceptual sketches (grey, ionic transport componédun;, kelectronic transport component; ora
cations; magenta, anions) aexample chemical structures and selected examples are reported
L, 11, 1, 1V, V, and VI OMIECS!

The second useful categorization is between heterogendegarg 1.4 a,b) and
homogeneous OMIECsFigure 1.4 c¢). In the secondcase, mixed transport occurs
concurrently throughout a single material, while in flst regions of predominantly ion
conducting material and regions of predominantly electronic conducting material coexist as
separated phasés.

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 OMIE(igure 1.4):

Typelandll: heterogeneous bl ends or c¢ompohjwates of
polymer and an ionically conducting polyelectrolyie/pe 1) or asolid polymerelectrolyte

(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 (PSS3iven its central role in this thesis work, the maraperties

of PEDOT:PSS are discussed in detatbect.1.6. Other PEDOT blends were developed using
severalpolyelectrolytes, including tosylateor dextran sulphatg and other CPs have been
templated on PSSto produce type | OMIEC material®n the other hand;Ps incorporated

in type 1l OMIECs arebtainedby traditional polymerization/synthetic techniques and require
sufficient solubility to be deposited with a polymer electrolypeoducingphase separated
bicontinuous microstructuré$.Both types | and Il represent composites of predominately
electronic and ionic conducting materials that phase separate into mostly ionic and electronic
conducting phasedut frequently feature impure phases and can be largely disordered on
multiple length scales.

Type Il and IV:  heterogeneous block gmlymersbased on single macromolecules that
contain a distinct ionic and electronic conducting segnfeigure 1.4 b). These block
OMIECs contain a’ -conjugated segmeimbvalently tethered ta fixed ionic charge bearing
segment(type Ill) or a polar ion solvating segme(itype V). Thermodynamics drives the
phase separation of the segments on length scales determined by the segmerf Byngths.
tuning relative segment/block size and processing conditions, a waidety of defined
structures are achievable, including spherical, cylindrical, lamellar and gyroid ph&sesn
mesoscale morphological disorder, such structures should provide extended, interconnected
domains for separadeonic and electronic transport.

Type V and VI:  homogeneous OMIECs where there is no microphase separation between ion
c onduct rconggatechcomponen(sigure 1.4 c). The distribution of ion solvating
moieties along their entire molecular structure produces a single mixed conducting phase.
ChargedType V OMIECs typically contain pendant ion sidechains, while polar Type
OMIECsoften contairether oxygens incorporated into the repeat units or side claagée-
componentOMIECs share the most in common with traditional CPs, though with added
functionality that improves ion miscibility even in the absence of solvent swallihde Type

V conjugated polyelectrolytes includirgulfonate bearing poly alkylthiopherd®sand poly
ethylenedioxythiophenés have beerwidely investigated, conjugated polymer electrolytes
(TypeVI) represent a recent addition to the OMIE{@#, but they have rapidly demonstrated
both hole (gtype)*? and electron (#type)* transport using proven backbone motifs with oligo
ethylene glycol sidehain.
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Despite the wide variety dDMIEC material typesand their diverse properties and
figures of meritin OMIEC-based devicesall of them have in commothree fundamental
physical processesccuring throughoutthe bulk and interfaces of the materiadlectronic
transportionic transportandionici electronic couplingFor example, energy storageTiype
IV OMIEC-based batteries and capacitors depends on the strength déleaionic coupling,
whereas the available power and charging rates are often limited by the rate of ion tPAnsport.
Light-emitting electrochemical celissing Type V OMIEC blendsannot turn on until ions
have migrated to form dopant gradients or junctfdnghe magnitude of ionielectronic
couplingin Type | blendsdetermines the optical absorbance changes in electrochrémics,
swelling induced strain in actuators and artificial mustdesid the number of states accessible
in neuromorphic device¥.lon transport and ioni@lectronic coupling together determine the
time constants that limit frequency bandwidth and response tiffigpaf | and Type VOMIEC
sensors? and affecthe amplificationgain of active electrolytegated transistor®.Given the
primary relevance and complaterplay, the thredundamentaprocesses 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 t hr ocabgabs presen alomgagpolyendr backbone or along an ordered
stack of planar molecules. Chemical conjugation arises from the different typesdsf 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 configuratiof® Depending on the number of orbitals involved in the
hybridization process, carbon can have hybridizatidnsgpor sp Figure 1.5).4

[ | [

ottt

Energy
Energy
Energy

s ) 1 = 4

Figure 1.5: Electronic configuration of hybrid orbitals in a carbon attn.

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 repulsiom YWadwo atomic orbitals
overlap on the I|Iine joining the two nucl ei,
bond). Carbon atoms form & bonds with hybrid
atomic orbitals occurs perpendicularly wittspect to the line joining the nuclei, the formed
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mol ecul ar orbital is called pi (" bond). Car
in the molecule of ethylen@igure 1.6a) G bonds are formed bet wee
while two carbon atoms are bo*hTdeCFC distagceinher b
ethylene (1.34 A) is lower with respect to theCQlistance in ethane (1.55 A), as the double

bond held the two atoms more closely than the single HoFite linear combination of atomic

orbitals (LCAO) method predicts that two molecular orbitals will be formed for each bond: a
bonding orbital, having low energy, and an antibonding orbital. From the schdfiguin

16b, we identify the °~ Dbonding orbital as the
t h eantibonding orbital as lowest unoccupied molecular orbital (LUMO).

a) b) — " (C-C)

fm— 1t (C-C)
bond formed by + P
p2—s overlap ~
\ @ @ @ ok * T e
/ oH 5 5
,5’ 2
bond formed by
sp2~spZ overlap g

x (€0

Figure 1.6: a) Representation of the electronic structure of the ethylene mol&aute,
corresponding molecular orbitéd).

Conjugated polymensepeathe electronic structure of the ethylene molecuie larger scale.
Each carbon atom on the polymer backbone farrhsr -bamdswith neighboring atomswhile
the remaining p orbitals overlapith successive atom orbitals engaga ~ system which
originate electronic delocalization and therefore conductivity. The simplest model of electrical
conductivity in conjugated polymers is polyacetylene (PAc, with molecular formGjéif] ),
reported inFigure 1.7a. PAc molecule can be modeled with a linear chain, constitutéd by
atoms separated by distandeThe total length of the chain will &-1)*d, which can be
approximated wittiN*dif Nt ends t o i nfinite. I f we assume
we can apply the quantum mechanical model for a free particle indimeasional box (with
zero potential inside the box, which corresponds to the polymeric backbone, and infinite
outside). The wave functions correspond to a set of eigenvélues:

O i 11

W v Q

wherehi s t he Pl amth&destrorcnmassatda nqyant um number (n
If every orbital is occupied by two electrons with opposite spin, the energies of the HOMO and
LUMO levels are
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6 g 6,
O J—r] 0O i— 12
W 0 Q W 0 Q

and the energy required to excite an electron from HOMO to LUMO is

o 0 pQ Q
YO ©O O — — 13
v Q gauv Q

which tends to zero iN tends to infinite.According to this model, macroscopic
conjugated polymers should behave as conductors, but experimentally their bandgap does not
decrease as igg. 1.3. The discrepancy between theory and experiments was explained in the
1930s wusing Peierl so t-direeosiomnand equblly spacedsatoraic e st
chain is unstabl& 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 otber carb
atoms more distant, and the resulting conjug
bonds along the polymeric backbone. Consequently, energyEgp@adpears between the
HOMO and LUMO levels. At the same time, acliease ofhe length of th conjugated chain
leads to arincrease of atomic orbitals with slightly dissimilar energy overlappintptim
molecular orbitalsThe resulting broadening of the energy levels of the frontier orbitals results
into the formation of (Figuré¢ fli7d),*f amdithe canductivity of ( e mp
PAc depends on theoncentration of thermal carrieasd is limited to 16-10° S/m

1.3.2 Effect of disorder on electronic transport

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

QO —Q0A 1.4
” I/IC“ qn

whereg(E)is thedensity of statedXOS) as function of energWo is the totahumber of states
including spin degeneracy per unit volunigps is the width of the Gaussian DOB,is the
energy level of an individuatate andEpis the mearenergy of all states (energy at the center
of the DOS)
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Figure 1.7: Conjugated polymers are organic semiconductr&lectronic structure of conjugail
polymers. Increasing the number of carbon atoms on the polymer backbone reduces the e
bet ween HOMO and LUMO | evel s, but Pei erl si
(filled) abamdsThe*banl gaptp),tFgrmi level E), vacuum level energyE(ac), work
function (WF), ionization energy|E), and electron affinity A) can be defined accordingf.b)
Electrical conductivity in conjugated polymers, reaching high valudsidgbrdoping 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 phasehthmalgcular
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 cheagsfér reaction which involves the partial
oxidation or reduction of the polymérhe 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 tifies*® 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
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 redtiitwe.
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{ype doping) and a counteriorhigh is the oxidized form

of the reducing agent. MalMIEC formulations result from the research on counterions able
to efficiently dope conjugated polymerFhrough doping the optical and electrical properties

of conductive polymers can be controlled, in the range from insulators to conductors: for
example, electrical conductivity of polyacetylenepplyanilines, polypyrrole and
polythiophenesompositiong™>? can be increased up to-1@ orders of magnitude, reaching
1000 S/cm'! (seeFigure 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 entire Tiked.

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 classifiedlegenerate or netlegenerate. In the

case of degenerate ground state, all monomers are energetically equivalent with no change in
energy of possible alternation of single and double haddghe other hané nonrdegenerate
groundstaté conjugated polymer has energetically remjuivalent structuresisually given by

the energy difference of aromatic (benzoid) and quinoid structr@&e schematic
illustrations of the change in potential energy (electronic plus lattice distortion energy) in two
different types of degenerate and rdwgenerate grourstaté conjugated polymers are
exhibitedFigure 1.8 a andd, respectively. The double minimum potential energy is related

to the spontaneous symmetry breaking in the polymer chain. Theéagameracy of the ground

state energy in most conjugated polymers appears because of the energy difference of aromatic
(benzoid and quinoid structures.

a) b) . )
Degenerate ground state /\/\\N
Neutral soliton = band - - -
E (ar)
2 P 4 4 |
N N VA Y I "’
n n Positive soliton - - -
Phase A Phase B N @  band
i oo
| i AXANANF Neutralsoliton  Positive soliton  Negative soliton
i ) Charge : zero Charge : +ve Charge : -ve
Negative soliton Spin 1172 Spin szero Spin zero
d) e) Undoped state f)
| o |
L] E’
Non-Degenerate ground state [ howo | Conduction band
E (4r) Positive polaron Bipolaron /",
| Lwo ] band /f

NS, 2 g e RN
Aromatic Quinoid -
T T Radical Cation

Y B

Lo QOccupied states Unoccupied states
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Figure 1.8: Doping of conjugated polymera) The degenerate ground state of polyacetylene in
the formation of soliton defectb) located in the transition region between phase A and phase E
positive and negative solitons can be stabilized by dopant counterions, introducing new lev
energetic band gaft). d) Non-degenerate ground state in conjugated polymersgafutmation of
polarons and bipolaron states induced by dopingolg(3,4ethylenedioxythiophengPEDOT). The
structure of a neutral PEDOT chain has an aromatic characteristic, whereas the strugialaroha
bipolaron distortion has a quinoid chetexistic.f) Density of states of PEDOT thin films, indicat
the formation of bipolaron bands for high doping level. Adapted4tatr°.

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
transpolyacetylene have the identical energy, i.e., the equal probability of occurring and can
thus coexist in two domains on the same cRiFhis 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 solitéfigure 1.8 b).>® A soliton introduces a new energy level

(for the unpair electron) in the middle of the intrinsic polymer band [gigoie 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 counteridfigyre 1.8 b andc). A

typical example of a conjugated polymer with a-{ul@generate ground state is polythiophene,
where its aromatic form has lower energy than the quinoid féigufe 1.8 d).>® The
introduction of a positive charge into the polymer creates a local conformational change from
the aromatic to the quinoid structufégure 1.8 d).°® This structural deformation due to the
autolocalization of the introduced charge is known as polafigufe 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 eheln can form a single spinlessgmlaron

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

|l attice (Asharingo the same | at taonbeweehithet or t i
two charges of same sign confined in the same locftBy.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 metalike conductivity to the structur®.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 depictéelgare 1.8f.6° As

can be noted ifigure 1.8f, theDOSof both bipolaron and valence band (can be considered

as HOMO) display the Gaussian tails toward the gap. The width of the Gaussiadda€§$(

the valence band is an indication of the energetic disorder of a sgatkis1 approximately
reported in the range of 0.1 eV for PEDOT thin filths

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 segmerfsgisee 1.9a). Similarly,
when the distance between different polymer chains is small, there is a high chance of interchain
pol aron/ bipolaron coupling between ®Th¢ acent
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 avom®arge localization in the presence of
defects and amorphous regiofbe 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 §&fesing the process
parameters and peptocessing treatments of CP films increases the degree of crystallinity,
crystallite size, and crystallite orientation, so that intercrystallite transport is not rate lithiting,

that is, moving from a region | (low order) to region Il (high order) as depictédime 1.9c.

In this scheme, the overall rate of charge carrier transport reaches a plateau in the region Il and
reveals that further enhancement of crystalline order and orientation do not dramatically change
the total charge transSptoadkirmd edii 91t ashiea cckaiSmg
distances can be obtained by engineering the doping level and the dopant identity, leading to a
furtherenhancement of the film conductivity.

a) b) c)
Intra-Chain Coupling Inter-Chain Coupling

Region | Region Il

mall r-rt Stacking
Distance

Large -t Stacking
Distance

Increasing Crystallite
Order/Orientation

Transport Components

Overall Rate of Charge Carrier

[+ n]e o]® c[: s[@ A(counter-ion; 1, PSS, Tos, OTH)

Figure 1.9: Intra-chain and interchain coupling in conjugated polymer filfitee wave function «
localized charge defects (polaron or bipolaron) can overlap along a polymer(ahainbetwee
adjacent polymer chain®)t hr ou g h ° ic)'Schenatic dllisiration of overall rate of che
carrier transport for intercrystallite and interchain processesnjugated polymer filmg=or limitec
order (region |), increasintpe degree of crystallinitieads to enhanced electrical conductivity. \
increased ordefregion 1), the overall rate of charge carrier transpoitmited by the'i”~ st
distanceandreaches a plateaccording to its valu&®

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/lIIIV OMIECs can serve this functiorF{gure 1.4), while type II/IV/V] 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 as3Hkés/skii variable
range hopping® in which the electronic conductivityld) has the following temperature
dependence:

~ s Y
" " QCOI’]TY 15

where , is the conductivity prefactor andles 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
carriersand charge transport mostly consists in thermally activated hops between localized

21



Electronic transport in OMIECs

states (se€igure 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 transpoPf. 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
decreas@es such that at or abovE:s, 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 tc
like transport depending on the doping lef@l” As a result, the electronic mobility in the prototyp
CP P3HT shows a dramatic rise and plateau with increased hole concept(bjiofhe insets in par
b show the HOMO (valence band) density of states filled up to the Fermi EyelTthe differenc
betweerEr and the transport levek is the Coulomb gap.d&Eand &Y are the lower and upper trans)
levels, respectively. The broadening of the density of states distribution with increased dopit
the localization of states and shifts, Bvhich complicates the transition to true bdik& or metallic
transport. Adapted fror¥.

However, this has ndieen unequivocally achievédlikely due to dopaninduced disorder
that accompanies high carrier densities, as indicated by the broadening of the EX28an
1.10c. Over smaller temperature ranges, electronic mobility is commonly (if not strictly
accurately) described as thermally activated hopping with an Arrhenius relationship:

O
o Qon — 1.6
¥y
where the activation energid) and exponential prefactogo] arecarrier 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 compositi@iMIECS stochastic hopping
processes occurring at the microscale result into macroscopic electronic currents, which can be
described with ageneral driftdiffusion approach The onedimension current density for
electrons J» ) and for holesJ,) can be defined as

. 9% 0t .

v Qo Qo '
Q% QR

Y0 o 1.8

v Q5w Pos

wheren and p are the carrier densities, and e, are mobilities, and, and Dy are the
diffusivities for the electrons and holes, respectively. Absent molecular dSpirandp are
equal to the excess cation and anion concentrations, respectively.

1.4 lonic transport in OMIECs

Wh a t sets OMI ECs -canjpgated organic samicomdudioesris their
ability to conduct ionic currents in addition to electronic currents. In the case of dry OMIECs,
ion transport is unipolar for types I, lll and ¥igure 1.4) as one of the ionic charged species
is fixed on a polyelectrolyte, whereas both anions and cations are mobile in types Il, IV and VI.
When OMIECs are placed in contact with an electrolyte, swelling processes of the polymeric
matrix allows for the infiltation 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. Therelg in dil
systems in one dimension, the ionic current density can be expressed analogously %o Eq.
andl1.8:

, . Q% X

Y ENA Fo Dag 1.9
where the index refers to the different ionic species in the OMIEC matekidwever
assumptions of infinite dilution often do not hold. Jiom 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 chaty@tius, raw anion and cation concentrations are
not informative, and when known concentrations of each ion and-imlspecies are absent,
anion and cation thermodynamic activities should be used. Additionally, depending on local
pH, there may be nenegigible proton, hydronium, or hydroxide transport in hydrated or
agueous systems. Given this complexity, ionic conductivity in polymer MIECs is often
qguant i f i e ihi @Burepsrtedmmwbiliey oriiffusion coefficients should be considered
apparentor 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:

whereF i s

"0 oa

Qn Qe 1

electron and holeoncentrations, respectively.

1.10
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Figure 1.11 lonic conduction in OMIECs. a) Mechanism of ionic transport in mixed cond
according to their hydration state in (b). lon hopping occurs in the dry state, while vehicle and (
transport take place in hydrated materials. ¢) Impact of wateemoon ionic conduction in OMIE!
formulations. ¢) lonic and electronic conductivity map in organic mixed conductors at d
hydration conditions. Adapted froi73.

lon transport in OMIECs can occur through different mechanisigsife 1.11a) depending

on the hydration state of the polymeric filfaigure 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 backborlonic 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 kmoordinating moieties. Dry type V polyelectrolytes

and type I blends have ion mobilities of order'¥and 1@° cn? Vit 52, respectively?

Hydration has a tremendous effect on ionic transport in mixed conductors. Many OMIECs
(especially types |, lll, and V) show such lgihic 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 iongpartially displacing the polymer in the cation solvation sffdih 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 VI) spans seveigtud orders of magnitude
depending on the degree of hydratiGig(re 1.11c).”® Moreover, as OMIECs incorporate
poly(4-styrenesulfonic acid) (PSSH), parallel proton transport via the Grotthuss mechanism
becomes significant in the highly hydrated sféte.

Many mixed conductor applications require direct contact with a liquid electrdlyiteis
complicates the description of transport, as ions and solvent are now in a concerdration
electrochemical potentiadlependent equilibrium between the contacting liquid electrolyte the
electroactive material. This is most obvious in potertegardent 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 materiapoly(2-(3,3 -bis(2(2-(2-
methoxyethoxy)ethoxy)ethoxyf®,2 -bithiophen} 5-yl)thieno[3,2b]thiophene) [p(g23TT)]
passively swells onlyp10% when in contact with aqueous NaCl, independent of electrolyte
concentration. However, upon the application of an oxidizing potential, p[d2 Teversibly

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, cHirsisers are often employed to stabilize the
polymeric matrix, redcing the ionic mobility up to one order of magnitudéBoth 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 suchralition, ionic conductivity reaches
maximum values, and research efforts are focalized on maintaining a percolative path for
effective electronic transpofi.

A final overview on mixed transport in OMIECs is givenfigure 1.11d, showing the ionic

and electronic conductivity map of different materials under dry, hydrated, electrolyte swollen,
and gelled condition§ 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 II, IV, and VI) show much better ionic conductivity than dry
polyelectrolytebased materials (type V), but maxima ionic and electronic conductivities are
measured in hydrated and solvent swollen type | polyelectrolyte/conjugated polymer
composites.

1.5 lonic -electronic interactions in OMIECs

lonic-electronic interactions in OMIECs involve the entire material bulk and determine
the charging properties of mixed conductdgkectroneutrality requires that evegjectronic
charge inthe conjugate segmentaf OMIECis counterbalanced kg stabilizing excess ionic
charge (net ionic charge) of the opposite si§s.specified inSect.1.3.3 ionic-electronic
couplingis commonly referred to as doping, asnbdulates thelectrical conductivityof the
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OMIEC formulation In the case of types Il, IV and VI OMIECsettabilizing doping is
inducedby theinjectionof mobile ions while in types I, Il and imaterialsnet ionic charges
chargearefixed in the OMIEC, thus they can be inherently doped. Since these dopant ions
cannot be removed, doping can occur via the incorporation of oppositely charged mobile
ions that compensate the fixed ionic charge present in the OfHigGre 1.12a). In some

mixed conductorgnici electronic couplingan occuthrough direct charge transi@rocesses

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 aniotyg@doping), while a deep LUMO band
favors ntype doping involving electrons stabilized by excess catibhe 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 VI) display larger magnitudesro€i electronic coupling and

larger values of volumetric capacitances than biphasic OMIECs (tiypds’? This potential
dependent coupling is the fundamental mechanism of charge storage in GQEEEC
supercapacitors and batterfésand of transduction between ionic and electronic signals in
OMIEC-based sensing and stimulating protfdsn-electron interactions lead to the filling or
emptying of electronic states allowing for the reversible bleaching of optical transitions needed
in electrochromic device$. Furthermore, the modulation of the degree of doping naturally
controls the electrical conductivity of the OMIEC and is leveraged in a variety of Oliés€d
organic electrochemical transist§rand neuromorphic devicés.

lon-electron coupling in organic mixed conductors takes placa idisordered, weakly
interacting, low dielectric constant, molecular system infiltrated by an electrolyte. Electronic
charge can bénjected from metallic electrodes underlying the OMIEC laysansported

t hr o u g-tonjugdied system, and most often electrostatically stabilized by a dopant ion
supplied from the electrolyt&iven the complexity of the proce€8MIEC chargingis often
inconsisterly descrbed as alternatively faradaic, capave (electrostatic) or
pseudocapacitiv®. Faradaic charging of OMIECs implies a current correspontinghe
oxidation/reduction of someolecular entity whi ch f ol |l ows Faradayods
product to coulombs of c FaOaspsdo texdist af CRshandF ar a ¢
OMIECs that undergo archetypal integer electron redox readfiarisere the charging process

can be described as

0 o} QPO O oro 0 MP O O 1.11

and integer electron processes are localizeihigle polymer repeat unit®), via stabilization

with a cation C) or anion A) supplied from the electrolytélowever, 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 norconstant number of repeat units, ane diegree of delocalization depends greatly

on the intermolecular orderin@hereby, charging in OMIECs cannbé rationalized as an
equilibrium between a neutral and integer charged species, but instead is a continually evolving
equilibrium between incrementally differing degrees of fractional ckfangaking difficult to
properly defingeactants, products and integer electron proceSadter complicating matters

Is the common perception that faradaic and electrostatic are mutually exdbusimest ionid
electronic charge coupling phenomena in OMIECgatbfaradaic 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 OMIE@nd the contacting metal electrodednot between repeat units and the
stabilizing (dopant) cations. Understanding OMIEC charging to be faradaic does not preclude
electrostatic charge interactigread the accurate description of charging must better connect
to the physical phenomena, opening intriguing challenges for material research.

a) Electrostatic (localized or delocalized)
ion—electron coupling/stabilization

/

p ¥ '
¥ . C) Electrolyte H OMIEC Electrode
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Figure 1.12: lonic-electronic coupling in OMIECs. The stabilization of electronic carriers witl
ionic chargesan occur through electrostatic interacti¢asor direct charge transfer (protonatigh).
c) Charging of an OMIEC material in contact with a metal electrode and an electrolyte, high
dopant ion injection and transport (1), electronic carrier (hole) stabilization by a dopant ion (ar
electroniccarrier hopping (3) and charge transfer between the metal electrode and the OM
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 ¥8&hd more than 30
years of worldwide intense research and huge efforts, PEDOT, or pely(3,4
ethylenedioxythiophene), sets various standards for the entire field. PEDOT, which was
invented in 1988 by Bayer AG, Leverkusen, establishes the benchmark inteondurctivity,
processability, and stability among all conductive polym&®ne 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 polyspelyelectrolyte blend (type | OMIEC) that can be
prepared in stable dispersions, produced on industrial scale, and used thveugjldsposition
techniques. PSS is commercially available with different molecular weights and
polydispersitieshe trade name Clewsd" (seeFigure 1.13). It is soluble in water and forms
durable and transparent fil’sAs 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:PSSlispersions in watesnd 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 exdeSs is between-ld

and 46fold.!* 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

polymerchains givingthese al | e d -liipkaend@ askter u c tFiguree 1.14&s s hown
/\ a
PEDOT* /—\ / N\ 7 N \
o Q o] Q [o]
- \_( ~ |
\5743 . ,s\ \S/—{s\/ ’
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(o] o (o] o] o} o
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Figure 1.14: Chemical structure of PEDOT:PS8here holes (positive (bi)polarons) in PEDOT
stabilized by fixed anions in PSBhecommonly described microstructurethe type | OMIEC blen
involves the PEDOBynthesis onto PSS templd#g, formation of colloidal gel particles in dispers
(b) and resulting film with PEDOT:PS&ch (blue) and PS#8ch (grey) phaseqc). PEDOT
aggregates/crystallites support enhanced electronic trar(spSft
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PEDOT:PSSepresents a workhorse of organic electroaieg bioelectronicsand is
in fact one of the most studied and explored mateiilsurrent researcit. 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 Tiedensity 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 electrodéaseon
energy storage devices, such as supercapatitoes)d as the channel in electrochemical
transistor® and sensor¥. The swift and reversible modulation of the hole density is also
accompanied with a switch in color between dark blue and transpanefREDOT:PSS has
therefore served as the pixel electrode in electrochromic disiidMereover, PEDOT:PSS is
a first choice as the signal translating device in various bioelectronics devices operating in
physiological media, such as in biosensors, electrochemical tran$fsamd, electrodes
interfacing with neuronal systerts

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 coatinggure 1.15). Common deposition
techniques to obtain uniform coatings are slit coating, drop casting, bar coating, spin coating,
electrospinning, ansipraying® 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 photithographical technique®. 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 AMPEDOT: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: Depositionof PEDOT:PSSa) Spin coating curves for CLEVIOS P Al 4083 a
CLEVIOS PH 500PEDOT:PSS dispersions usiagCarl Stiss RC8 spitpater(featuringa closed ¢
opened rotating lig*t b) Electrochemical deposition of PEDOT:PSS from EDOT monofiers.

29



PEDOT:PSS as a model OMIEC material

(IR) radiation, or by applying vacuum. Alternativehjghly 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 inorganior bio-molecules®

PEDOT:PSS films are stable in a wide temperature range, as demonstrated by thermo
gravimetrical analysis (TGA) of thick layefSigure 1.16a depicts the weight loss over time
while the sample is heated at a constant rate in héfidatween 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 aba80°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 ! .
0 100 200 300 100 500 600 0 5 10 15
Temperature [*C] me e

Figure 1.16: Some properties of PEDOT:PSS filme). Thermagravimetrical analysis (TG/
indicating thermal stability up to 200°®) Effect of UV absorption on the sheet resistanc
PEDOT:PSSc) Stressstrain curves at different humidity conditiord). Optical absorption «
PEDOT:PSS films at different electrochemical potentials.

This is attributed to S€lons 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 # 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, PEDOType 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-(ighf) 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 film&igure 1.16c¢). Youngds modul us and te
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 =5 %. The Youngds modulus of films 1 nc
2.8 GPa at 23% rff

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 occthie 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
cell1°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.dV and 1

eV) indicating that the charge inserted into the polymer electrode is stored as biptfarbes.

partly neutralized polymer obtained at a biaslb 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 wirffows.

1.6.2 Morphology model for PEDOT:PSS

PEDOT:PSS is a type | OMIEC with a relatively high iooanductivity and specific
capacitance. Charging propertiedectronion coupling of mixed conductor are commonly
studied using cyclic voltammetry (CMh a cyclic voltammetry experimeran electrochemical
potential is applied to a working electrode typically consisting of an OMIEC layer patterned on
a metallic electrodeThe applied potential is ramped linearly with respect to time, and the
electrochemical current induced by the process is recofé@glpical CV data traces recorded
for PEDOT:PSSn 0.1 m KClsolution are shown iRigure 1.17a.2%In theforward potential
scan, thereiseurrentpeak(ava 1 0. 7 V) attri buted to the inj
polymer and expulsion of cations. Accordingly, on the reverse scan the voltammogram shows
one cathodic peak (V & 10.7 V) Cc o uptakes pondi
responsible for the de@oping process of PEDOT. At the same time CV cumesibit a
characteristic rectangul ar shape i ncharee r ancg
accumulation in the OMIEC materidt with volumetric specific capacitana@lues reported
from 30 to 50 F/crh!®
The origin of the volumetric capacitance of PEDOT:PSS can be attributed to a phase separation
in the polymeric microstructure (sEegure 1.4), whichcan be investigated at different scales.
Grazing incidence widangle Xray scattering (GIWAXS) provides information at the
Angstrom scalé® The GIWAXS pattern presented Figure 1.17b indicates a mostly
amorphous film, but with some weak and broad, isotropic scatténsigating’'i~ st ac ki ng
small ordered domains of PSS and PEDOT, respecfi¢dfyom the broadening of the
diffraction peaks it is possible to estimate that (EDOT crystallite domains is compodad
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of up to five chains®” The morphology of the PEDOT:PSS film on the scale above tamm

be characterized with tappirgiode atomic force microscopy (AFMFigure 1.17c andd

show the phase and topography images of a 500 x 50@nem of the PEDQOTPSS film.The

10i 20 nm wide grains observed in the phase invagerelatively strong contrasireassociated

with a different chemical composition. For polymer systems, bright areas (high phase signal)

in the phase image can be assigneithéaelatively hard PEDOT:PSS rich ph&ewhile the

lower phase signal is referred &weas with arexcess of PSSSurface areas rich in this
hygroscopic polyelectrolyte are expected to swell and soften due to ambient humidity,
explainingwhy the PSS region is slightly higher in the corresponding topography if#¥age.

The combined observations indicate BfeDOT:PSS morphology model sketchedrigure

1.17e. PEDOT:PSS represents a two phsgstem consisting of PEDGIch and PSSich

grains of the dimensions of aboutiB0 nm. PEDOTrich grains support primarily hole
conductivity, whereas PSi&h grains support the iamconductivity. The PEDOich grains

consist of PEDOT crystallite domains 2L nm (composed of wup to as
the amorphous PSS matrix. Because the system exhibits high conductivity in the oxidized state,
the PEDOT crystallites and chairgrin a percolative network (presumgbl vii'a st ac ki ng)
providing transport paths for the holes throughout the whole structure.
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Figure 1.17: Morphology of PEDOT:PS%) Cyclic voltammetry of a PEDOT:PSK) GIWAXS dat
of PEDOT:PSSepresented in a coordinate system of scattering ve@iar®., parallel to the substr:
plane and substrat@rmal, respectivelyc) Phase images art) topography of a PEDQPSS filn
obtained with tappingnode AFM e) Schematic diagram of the morphology moidelPEDOT:PS$3

1.6.3 Secondary doping of PEDOT:PSS

The term fisecondary dopingwas introduced by MacDiarmid and Epstein to refer to
chemicaladditives used tdfurther enhanethe conductivity ofa doped conjugated polymef
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Secondary dopants do not actually change the PEDOT dopingtleyethey are often referred

a conductivity enhancing agen{€EA). 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 formedhe most common secondary dopants for
PEDOT:PSSire dimethyl sulfoxide (DMSO), coppgl) chloride,andethylene glycol (EG!
Secondary doping processes often require thermal annealing and show two important features:
I) 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 concentration&igure 1.18a).11!

The effect of secondary dopant can be interpreted as follows. During the PEDOT:PSS film
deposition from aqueous di sper segudibrium sp@,| y mer
but in presence of a high boiling point solvent the blend rearrange aRED®@T oligomers

find a new thermodynamically favorable position, similarly to the effect of a plati¢zkr.

this way, highly polar secondary dopants interact with PED&@¥ PSSchains, favoring
crystalline aggregation. After such rearrangement, the film remains in its new
thermodynamically favorable state, even upon the CEA thermal refdiévaG content
increases have been shown by grazing incidence-avigke Xxray scattering (GIWAXS) to

i ncur sl iightslty ctkidiffemnt@atyméochans and increase crystallite &ize.

The growth in domain sizes was accompanied by increases in the heterogeneity of the
PEDOT:PSS cores and P#&h matrices (Figure 1.18b), enhancing the electronic
conductivity, but slightly decreasing the ionic mobility. As a consequence, maximized mixed
conduction is achieved with v o |. @heEadditives commonly employed in PEDOT:PSS
composites to ensure good OECT performance are the molecular surfactant 4
dodecylbenzenesulfonic  acid (DBSA) and the  cilodsng agent 3
glycidoxypropyltrimethoxysilane (GOPS). Unlike the aforementionedrskny dopants, the
primary purpose of these additives is not to boost OECT performance but instead to facilitate
organic semiconductor processing or film stabilization onto device substrat&sTypical

DBSA ratios used for depositing PEDOT:PSS layers onto devices lie below 0.5 A/v%
different class of additives is given by crdsgers, 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 usigliyninate. The addition

to the mixture solution of the crefisking agent 3glycidoxypropyltrimethoxysilane (GOPS)

has proved to enhance the PEDOT:PSS film stgbili aqueous solution$?! as reported in
Figure 1.18c. Although the films containing GOPS show superior mechanical stabiigy,
addition of GOPS yields thicker filmgt a given spirtoating spegdcontaining a larger amount

of hydrophilic PSS units Consequentlythe hydration of the PEDOT:PSS film increases
causng irreversible morphological changewhich lead to adecrease in conductivify?
Anyway, water absorption of PS&kely reaches a saturation statker a short time (abo@

h) and, afterwards, thidm becomes stabfeé! Due to the presence of multiple components in

the deposited films, GOPS exact crisking 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 silicorbased surfaces (e.g.glas$). n par al l el , the highly
epoxide ring and the availability of th6e @ 0* or bi tals render it
nucleophiles, including water, alcohols (e.g. ethylene glycol), thiols, amines, and acids (e.g. the
toluene sulfoit acid group in PSS) to form netwelike structuregFigure 1.18d).11°
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Figure 1.18: Secondary doping of PEDOT:PS®). Effect of conductivity enhancing agentsgith
different concentrations on PEDOT:PSS conductitityp) Schematic highlighting the impact
ethylene glycol addition on the morphology of PEDOT:PSS and the associated changes in
electronic charge carrier transport. The width of the red arrows denotes the relative ease of
and ionic chargeasrier transport across the mateffat) Effect of GOPS concentration on PEDOT:I
conductivity'* and(d) correspondent cross linking mechanism when blended with PEDOT:PS
glass substratg®

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, eskarfigilire
developments and optimizations of devices based on this class of makarglsnodels of
dynamic systems withixedtransport have typically been based on classical electrochemical
Butler-Volmer model$!’ with an additional phenomenological term to account for the
capacitive current:® More recent works have been based on the-diffiision approach
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assuming that charge transport in electrebgapled OMIECs is mediated by the diffusion and
drift (also called migration) of charged particlé$.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, suclas 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.
Preliminaryworks based on the drftiffusion approachvere able toeproduce some dynamic
current characteristics aype | OMIECs but fail to reproduce the experimentally observed
volumetric capacitance tfiese materialst® At the same time, purely capacitive model do not
successfully reproduce thenic and electrial potential distributionsn OMIEC layers when

used as active materials in electrolgaged transistor¥® For this reason, more complex
modeling approaches have been explored in recent years, including thermodyresadts
analyses of the OMIECs charging and transport procé&ses,quasifield drift-diffusion
modeb supported byin situ measurements of electrochemical (de)dopingnoked
conductor$® Despite the variety of modeling approaches present in current literature, the
interpretation of results obtained in this thesis is mostly based on theliffuion model
introduced by Tybrandt et al. in 2017 for type | OMIE&sIn that work two distinct
electrostatic potentialwere assumetbr the electronic and ionic phasesPEDOT:PSS (see
Figure 1.17), andelectronic properties such as ttfeemical potentia{Fermi level)of holes
werecoupled to the ionic phaslerough adiffuseelectric double layer.

1.7.1 Chemical potential T electric double layer coupling in type | OMIECs

In amorphous or highly disordered mixed conductors, such as PEDOT:PSS films,
electronic transport mainly occurs by hopping or tunneling among localized state®e¢see
Electronic transport in OMIEQs3), and the hole density of statgs(E) can be calculated
through the Gaussian disorder model. Considering the fermionic nature of electronic carriers,
thehole concentratiop in PEDOT isgiven by the integration of the density of occupied states
(DOOS):

‘ e Q0 -
N OL L TQO - Q0O
~. . O A 112
P ROR—GV
whereg(E)is given byEq. 14, ki s t he Bol t z mayisthe shemicallpaeantaint , a

of holes, which can be found by solvigg. 1.12. Anyway, when the carrier concentration is
small (with respect to total number of states available in the HOMO l&anhan be expressed
through the Boltzmannbés approxi mati on:

35



Modeling charge accumulation and transport in OMIECs

‘ Y I —=—, 0O QY in Qb 1.13

whereeis the elementary charge aB@ constantThe hole transport in the conjugated polymer
phase can then described by a modified-diiffusion equationKq. 1.14), which includes the
quastelectric field arising from the shift in chemical potential due to changes in hole
concentratiort?® Although the Boltzmann approximation is only accurate for lower hole
concentrations (expressed in molf&nit 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 spgdreshe
polyelectrolyte phase are described by the standardddfifsion equation Eq. 1.15), and
changes in concentrations are governed by the continuity equdEipnsX6 andEqg. 1.17):
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whereFi ndi cates the Faradayb6s constant, and we
relationD = pkpT/e (beingp the carrier mobility). It should be stressed that the electrostatic
potential has two different distinct values within the electrowig énd ionic {c) phases. This

difference causes charging of the interface with holes and ions, thereby creating an electric
double layer (EDL) with a voltagedependent volumetric capacitanog) (implemented
through Poissonbds equation
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Similarly, the polyelectrolyteqadh9pwithEg s gov
1.18and1.19 coupling the charging and transport of the electronic and ionic charge carriers:
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where ciix 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.

a) b)
qV,=007ev
Vacuum qVv Ve, I
: 0.7 eV
W =
- AgiAgCl
W= 47eV
45ev
W/uym;tzl
Er oot oo Yo docaanokicaces
qvaw:
OeVv
In(DoS) |
Au PEDOT : PSS PBS : Ag/AgCl Au PEDOT :PSS PBS ; Ag/AgCl

Figure 1.19: Energy diagram of a PEDOT:PSS electrode immersed in an electrolyte (PBS
Ag/AgCl reference electrode. The work function of pristine PEDOT is lower than that of gold,
rise to an interface potential difference and heavy dopiWgat 0 V (a). The charging of thEEDOT
PSS interface creates atectric double layerwhere the potential difference is approxime
proportional to the hole concentratids). For Vapp =17 0. 9 V, PEDOT -daped, whis
increases the potential at thdd{®EDOT interface while the EDL is dischargéd.

Figure 1.19 shows the energy diagrams for a PEDOT:PSS electrode immersed in an
electrolyte (phosphateuffered saline) with a Ag/AgCI reference electrode. Two different
voltages are applie®app= 0(a) andVap= 1 0 (b)9ThaAivork function of the nonclean gold
surface is set td/au=4.5 eV andNagiagci= 4.7 eV. 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, wibh causes the charging of the interface and thereby doping of the
semiconductor; the chemical potential of holes, which increases vpithgdevel; and the goid
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
semiconductemetal contacts are used for the gBlEDOT contact X = 0) by equating the
Fermi levels:

O ® ¢ Qo Ofpm QYT Q6 n 1.20
and by requiring charge neutralityg. 1.18:

\ T~ 7\ X "h T 14 d) 7 ’ ’ v

n O +——— 6 —— ® mnm w 7 1.21
Q Q

where we isolateip(0) from Eq. 1.20 and we replaced it in eq. 1.18. At the steady state,

the hole concentration is constant throughout the film \anid Eq. 1.21 can be replaced by
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the Donnan potential. In fact, the polyelectrolyte/electrolyte interface acts as-pesemiable
membrane, which can be penetrated by the mobile ions provided by the electrolyte solution but
cannot be crossed by the $@xed anions of the PS%? This behavior resembles the Donnan
equilibrium in semipermeable membranes, and is expressed by:

(%!

YY o W
TOAOAO -+ E 1.22

el

This yields eq. 1.3.20, which relates the applied voltage to the stéstdyhole concentration:

: n Qvas , 0 g :
- —— _— 1.23
o = 5 6 5 ®

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 eledtolyig=0
andi 0 . {seeWigure 1.20aandb). 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

b) c)
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Figure 1.20: Modeling vertical ionic transport iPEDOT:PSSelectrodesa) The driftdiffusion,
Poi ssonbds equati ons an<PE deutroded) Ratentiale and abmcentradic
forVaggo= 0 V (solid lines) and 10.7 V lpet)arsadesl
changes with the applied voltage, whereas relative changes in the catibneggdnd aniorfyellow
lines) concentrations are small due to the high concentration of Fig&icharges (black line). T
electrostatigotential in the PEDOT phase (blue lines) changes a lot, whereas the potential in
and electrolyte phasdged lines) is nearly constant) The main features of the measured ¢
voltammograms at different scan rafés, 1.0 V/s;0, 0.5 V/s; and o, 0
model. d) By reducing the hole mobility, the commoobserved peaks in the forwiascan directic
can be reproducéed’
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potential is nearly identical in both cases. Starting from these evidences, we can apply
Tybrandt s model to reproduce cyclovoltammet
600-nm-thick PEDOT:PSS filmCyclic 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 bdike shape curve measured for potentials higher tah 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 electrochemicala@ng of PEDOT induced by natyve
potentials shifts the chemical potential of holes towards the tail of the Gaussian DOS. (3) The
asymmetry of the backward and forward scans observed Wens pushed up tel.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 iect.1.3.5 the dedoping of PEDOT atl1.2 V significantly reduce

the carrier mobility due to the coulombic interaction with dopant counterions which localizes
electronic carriers.

The driftdiffusion modelintroduced in this paragragfuantitatively reproducesell-known
characteristics otype | OMIECs confirming thattheseshould be viewed as twghase
materials comprising nanostructured semiconductors embeddaalyelectrolytematrixes.

The authors used onlPEDOT:PSSexperimental data as a comparison with the model
predictions, bubthertype Imixed conductorsuchas polypyrrole:PS& polypyrrole:DBS!?®

and polyaniline:PSS2® show similar CV characteristicahich can be interpreted in an
anal ogue way. Despite Tybrandtds model I's r
consider internal phases with inhomogeneous conductivity, it provideBeaent theoretical
frameworkwhich 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 withological systeméas helped us tonderstand
different fundamentadignaling principles of living organisnasd to developmportant therapy
tools3 Starting from thet 8" century scientists haveeveloped hugevariety of bioelectronic
devices that offer improved healthcare and accelerate the pace of scientific prdgesg.
brairi machine interfaceare being developed #&ssist individuals with restricted mobility in
controlling prosthetic limhsand deepbrain stimulationprotocols are used as a therapy
all eviate Par ki ns Atrthe same tinefhea phamaseytioap indastns is
beginning to explore fAbioelectronic medicine
certain drugs with electrical stimulation from implanted deviééBueto the great potential
in the scientific, sanitary and biomedical fiedd along with the associatedeconomic
opportunities, research interest in bioelectronics fisldrowing at increasing ratéhis is
proved by the rising number of scientific publications and citations in the periodl88&to
2022 (Figure 1.21).
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Figure 1.21: Scientific production in the Bioelectronics field, including number of publicatja)
and literature citationéb). Source: Web of ScienBéCore 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 ef human
made electronic processing systems. When employed in one transhitection,
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 selectiddtect, record, and monitor various signals and
physiological conditions within biological systems, as well as convert relevant parameters into
electronic data for subsequent processing and deaisading??8 Initially driven by thesolid-
stateelectronics revolutionallowing to interface biological specimens with electrical devices
operating beyond 1 GHZ?the field of Bioelectronics has experienced a breakthrough with the
introduction of organic materiafsThefi s o f t oof onganisprovedes superior mechanical
compatibility with biological tissues compared to conventional electronic matearadgheir

natural affinity for mechanically flexible substrates makes them suitable for nonjdamar
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factors often required for implanfglore importantly, the ability of organics to conduct ions in
addition to electrons and holes opens up a aed highly efficienttcommunication channel

with biology’For t hese reasons, Aforganic bi oel ect
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 I&mglre 1.22).1%° They
originate from charge carrier gradients, established by the diffusion or active transport of charge
across membranes.

a) Organelle level b) Cell level
Nuclear envelope potential Transmembrane potential
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Figure 1.22: Endogenous bioelectric properties). Subcellular organelles (such as the nu
envelope) maintain electrical potentials across their membranAs. electrical potential/memis alsc
maintained across the cell membrane through ion channels and m)@p#s organized into tissL
drive a transepithelial potential, which gives rise to electric fields that provide a vector to p
damaged) Combinations of these local and lerange properties result in gradients across ¢
anatomical body axeg?

Biosignals are associated to various molecular camarging in size from small cations and
neurotransmitters to giastzed macromolecules such as DNA and proteiH$2 Theyregulate

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 neurdii$he propagation of signals along neural cells is an optimal
case study for bioelectric phenomena inducedheyperturbation of ionic homeostasior
electronically excitable celsuch as neuronthe cellular membrane can tescribedisingthe
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Hodgkiri Huxley model* In this model,the cytosolof neuronsis separated from the
extracellular environment by the capacitiigd bilayer Figure 1.23a), while the cellular
membrane is equipped with resistitansmembrane iegselective channelsnd pumps, which

are capable of transferring different kindsafs across the membrane. At the resting state, the
transmembrane potential of excitable cells has a negative (aeddaet-75 mV) mainly caused

by the imbalanced ion dispersion of excessive extracellular sodiuf) @Nd intracellular
potassium (K) ions as well as the different permeability of ttedlular membrane to these
ions13* The communication between neurons occurs through a special apposition of
membranes and intermembrane machineries calledpse, 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 @&dth around 200400

A) is primarily unidirectional in thenammalian braif®® Close to the presynaptic terminal,
there isan accumulation of vesicles filled with neurotransmitters, warehdirectly associated

with specific neurological functions or, imisbalanced, with neurological disea$®s.
Neurotransmitters are packaged inside vesicles by the &umpgiratusan organelle that is a

part of theendomembransystem.The vesicles remain inside the cells until a prdpgger

signal (i.e., action potential) is received, forcing tiesicles to migrate toward the membrane
boundary where thefuse with the outer membrane at a synapsefiabdu rredelasing their
contents (neurotransmitters) through thecess known as exocyto$té. The chemical
substances then diffuse to the receptor sitethe postsynaptic membrane, which changes the
permeabilityof Na', thus inducing an alteration of the postsynaptic potetititiis exceeds
certain thr ewlagegaledN&habnéls opevi,)enabling the rapid influx of Na
ionsinto the cell, which is accompanied with a depolarization. Correspondingly, the membrane
potential increases significantly to roughly 35 mV in a short time (>Zoigwed byan efflux

of K" ions to the etracellular environmentThe resulting depolarization is associated with
voltage changes on the order of 100 (a¥tion potentialand travels along the axon at a speed
up tdD100 m/st?8 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 ahe secalled Nodes of Ranvier, found in between the mysliretsuntil it
reacheghe axon terminahndtriggers neurotransmitter release.

Othersignals affecting the shape and functionality of cells may originate from the extracellular
environment® These interactions between cells and biological or artificial surfaces are
facilitated by intrinsic protein complexes, including cell adhesion molecules like integrins,
intermediary filaments such asde€tin bundles, and versatile adhesive matrix protkies
fibronectin*®* 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 highlightingthe intricate nature of signaling in biological systems
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1.8.2 The electrode/electrolyte interface

Highly efficient recording and stimulation of tleéectrical activity in biological system
is 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 electrodeadain 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 inthe 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 electrolgitelegtrical 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 isneséed 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 @ctrical potential measuremenf8. 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 ests 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 narrowphtese 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

MATERIALS CAPACITIVE FArADIC
Double layer capacitance Pseudocapacitance

a) b) : d) f)
Insulator:
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Figure 1.24: The electrode/electrolyte interfacg) A bioelectronics probe can be compose:
different materials, ranging from metals to conductive polymers. The electrode substrate can t
penetrate soft tissues or flexible to reduce invasiveness and improve biocompatipiigpacitive
couplingbetween the electrode and the surrounding electrdiyie electrode material is represente
yellow, and a positive potential is applied first solvation layer (i.e., compact layer) is presentec
light blue volume with anion densely packed (blue spherkse to the electrode surfack secon
layer, also known as the diffuse layer, is presented as a section of light blue volume of electrc
both anions and cations (red spher&3)Capacitive coupling by volumetric capacitance an
corresponding characteristic properties. The backing metallic electrode is presented in yell
PEDOT:PSS coating is represented using PSS fibers (light grey) and PEDOT aggregates in
The polymer struitire swells in the electrolyte, which is represented in a light blue vollinfr@radi
coupling by pseudocapacitance and its characteristic properties. The exaayktiolimelectrodds
presented, where platinum atoms are represented in solid black spheres, adsorbed proton:
darkred spheres, Piagsatoms are represented as modified black spheres with a concentric sl
water molecules are light blue, larger spheres. Although electrochemical reactions occur,
characteristic plotsi similar to a pure capacitive materi@).Faragic reaction. The electrode mate
presented in this example is Tungsten (light grey material). The volume of electrolyte in w|
electrochemical reaction Isappening is represented in the light blue volume. Water molecu
schematized by the large blue spheres, the proton in small dark red spheres and the tungst
presented dark solid sphéféf) Equivalent circuit for the electrode/electrolyte interface.

There are two primary mechanisms of charge transfer at the electrode/electrolyte interface,
illustrated inFigure 1.24. One is a nofFaradaic (or capacitive) reaction, where no electrons

are transferred between the electrode and electrolyte-Fa@daic 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 electrolftese can be divided into Faradaic
or pseudocapacitive processes according to the reactiorckineti

Capacitive charge transfer: if only nonFaradaic redistribution of charge occurs, the
electrode/electrolyte interface may be modeled as a simple electrical capacitor called the double
layer capacitorCq (Figure 1.24Db). This capacitor is formed due to several physical
processe$*142First, when a 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 surfacesofrtiveel
opposed by a plane of opposite charge, as fc
formation of the double layer is that some chemical species such as halide anions may
specifically adsorb to the solid electrode, mgtio 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 ch&fy€apacitive 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 witia = 10 puF/cni. The number of excess positive charge required to
accumul ate at the surface from this potenti a
t h e 2@rsQun? 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 atortf® The impedance of a capacitor is frequency dependenrt,1lj ¥,C
implying the electrode isnore 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
thisreason, bioelectronics microelectrodes based on organic mixed ionic electronic conductors
can achieve higher signted-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

0 €QPY 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 chapgetion forms products in
solution that cannot be recovered upon reversing the direction of current if the products diffuse
away from the electrodé&uch possibility naturally divides Faradic processes into reversible
and irreversible reactiorté? 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 lengthyatneeifnposed 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 @esed back into its initial (reactant) form, since it has
diffused away within the slow time frame of the reaction kinetics. Diffubronied faradaic
reactionscan alter the functionality of bioelectronics interfaces as there is a limited potential
window in which the reaction can take pldseforetheelectrolysisof aqueousnedia occurs®

Such detrimentalprocesscan create reactive species such asa@d change local pH®
Thereby, bioelectronics electrodesu s t be wused within the ndsaf
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 doenoee¢ 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 bawctoiits initial (reactant) form. Such behavior is often
referred as pseudocapacitiveiqure 1.24d), as it appears like a capacitor with large
hysteresisbutin factit results froma series of electrochemical reactions occurring at different
potentials A classic exampléor this processs given byhydrogen atormadsorptioroccurring

in platinumelectrodesPt + O + € Y P Hags+ H20, where the voltage required depends on

the surface coverage of the*™’ The differential capacitance is given @s= dQ/dV and
quantifiesthe 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 irFigure 1.24f. Faradic processes are represented by a resistor indicating
the flow of electrons at the interface. A voltage genergtbis also added as the equilibrium
potentialEeq

0O 0 —at— 1.25

associated to the processHq. 1.24is generically different from zerd®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 cttale
ones and vice vers@he effectiveness and losigrm stability of bioelectronics devices is
therefore determined by thdifferent electrochemical processes that can take place at
electrode/electrolytenterface Highly efficient biointerfaces avdithe 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 processé&3nnsequently, a major requirement to be asked to the material acting
at biotic/abiotic interface i® generate electrode proces$ast transduce signals loharging
and discharging dadlectric double layers® The measure of how eastlye conversion between
electronic and ionic currents performed isgiven bythe impedance of the electrotfé To
achieve lonimpedance characteristics per electrode area, a high amazhdrgke needs to be
stored at the interface and the interfaeeds then to be easily accessed by the ions from the
electrolyte. Current electrode technologies usematerials such as metals amubrganic
semiconductors where ionieelectronic couplingoccurs only at the electrodsurface.
Capacitive charging processes are furtherly limited by oxide layers that often appear after
material cleavage and exposure to atmosphé&®.a consequencéhe information transfer
between theealmsof biology and electronics limited, diminishng the scope and lifetime of
thebioelectronic system.
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Figure 1.25: Schematics of an inorganic semiconductor, silicon, and an organic semicot
PEDOT, at the interface with an electrolyte. The hydrated ion is meant to be the same in both s¢
defining the relative scale. The insets show the actiontgp@ dgants, boron in silicon, and PS¢
PEDOT?
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A significant improvement can be obtained using organic mixed-geatronic conductors as
active materials for biointerfaces. This is evident fleigure 1.25, showng schematics of
silicon and ofan OMIEC material (PEDOT:PS8) contact with an electrolyte solution. Both
materialsarep-typedoped 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 ndrghbors.
contrastPEDOT:PSS has covalently bounded (mgeonolecular blocks (typically planar, rigid
aromatic repeated units that create a macromoleculasroeation) which are held together by
weak van der Waals intermolecularteractions, together with dipolar and electrostatic
interactionsbetween the charged conjugated polymer and polyelectrolyte phiAsEse
resulting soft polymeric matrix offers a oxifiee electrolyte interface which allows for the
exchange of ions between the biological milieu and the bulk of the electronic matesiaby,

in organic mixed conductors, tlehole volume of the film, not just its surfacaectrically
interactswith thebiological environmentAs a consequence, OMIHGased electrode coatings
achieve a volumetric capacitive coupling with the surrounding electrolyte, reducing the
impedance of biointerfaces by order of magnittd¢s nd mi ni mi zi ng Aunsa
charge injection during their operatién.

Another relevant advantage of organic materials for bioelectronics is their superior mechanical
compatibility with the soft biological tissué¥ as reported ifrigure 1.26 a. When inorganic
materials operate at biointerfacd® mechanical mismatch between itnplanted device and

local tissue can result in the formatioha foreignbody response, where the body effectively
tries exclude the implanted device through an inflammatory respehSeich process is
especially detrimental for chronic-iivo applicationsresuling in the formation of scarssues
around devices which effectively insulate them fromidioéogical systenfFigure 1.26 b).1>®

Given their smaller Young modul the order of 10 MPa to 3 GP&Y,flexibility ,**” and
stretchable properti¢€® OMIECs not only reduce the mechanical mismatch at biointerfaces,
but also are naturallgompatible with mechanically flexiblend stretchablsubstratessuiting

the nonplanar form factors often requiredltaw-invasiveimplants? Mechanical compatibility

plays a major role also in 4witro experimentsAt a cellular level, cells directly sense the
mechanical nature of their microenvironment through comptegcharmtransduction
machinery.Minor changes in materiatiffness or surface properties can result in profound
changesn cellular phenotypé&2°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
therebre wellsuited 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 biointe#f
b) Foreignbody response caused by the implantation of a penetrating pealyal The chronic immu
response leads to the formation of a glial cell layer and angiogenesis which insulate the
electrode->®

Low temperature processing and facile chemical modificatiotypieal propertieof
organics, much exploited in organic light emitting diodes and solar cells to endow features such
as lowcost fabrication through retb-roll processing techniques, as well as and tunable optical
absorption/emission spectraDecades of research has helped develop striignmeerty
relationships between the polymer molecular structure its optoelectronic properti€¥
These properties are also applicable in bioelectronics-teawerature processing allows the
fabrication of devices with novel form factors, such as transistors integrated on wovetffibers.
Conjugated polymers can be chemically altered to tailor material properties, for example, from
hydrophobic to hydrophilicallowing the formation of semiconducting and conductinis,
which facilitate solutionprocessing fabrication techniqué$ 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 productioaffordable, electronic, poiraf care
diagnostic tests, that fulfil the requirements set out by the diagnostics research corffhunity.
Conjugated polymers are not only patternable in 2D, but also via 3D printing méthods.
Highly conjugated polymers can be patterned onto flexible plastics, glass, paper, or
incorporated directly into composite gel systéfi.hey can be drawn into fibers, nanofibers,
or used to coat existing fibers which can subsequently be woven into organic electronic
fabrics1®® The variety of intrinsically weak bonding interactions present between adjacent
pol ymer chains can be harnessed t tHremadgmhmga
systems, namely where a previously cut or damaged material can reform their inittakri&tw

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 coatmasting an
electron from a thiophene chain in PEDOT:PSS causes part of the chain to revert from an
aromatic to a quinoid structuté 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 advatage for making electrochromic displ&fsand actuators for artificial muscl&¥,
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respectively. At the same timéhetsemiconducting properties @MIECs makethem well

suited tobuilding devices such as transistors, whoelm act as amplifiers, transducing small
voltage changes infarge changes in curreh®!’

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 fiigure 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 transi$tas)y 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 aétfdn)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 re$pbnse.

Biological systems Electronic Devices
Sensing
&8 P e )
\“ ) Channel
Tissue/organs Cells (e.g., neurons) 1
g ais Conjugated Polymers Electrodes Transistors

. Vi ;
Bacteria wasco Synthetically tunable

7 A\ Processable
A Electrical

Soft/compliant

\V

Aitibadics Enizymes lon/electron conducting

0 R Biocompatible
o -
e Chemical
oH
Actuation lon pumps Memristors
Metabolites Therapy

Nucleotides (e.g lactate)

Figure 1.27: Scheme representing the bidirectional interaction between electronic devic
biological systems in bioelectronics. The gap between the two different worlds is bridged by co
(conjugated polymers, whose unigue features allow the developmeatsaifshe-art devices used {
sensing and actuation in biomedical, research and sanitary*fields.

A wide variety of device architectures has been developed to mbaiaeztional interactions

with biology, ranging from electrodé® scaffolds!’*and actuatorf§°to transistorsand ionic
pumpst® The following chapters wilexaminethe bioelectronic realizations explored in this
thesis, studying both the material and device physics that govern their functicanaditthe
resuling 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
di sorders (including Al zhei mer 06 sandthesrestacs e , P e
cerebrovascular diseas€8The social and economic burden of these diseases has motivated
and continues to motivate technological advance and development in neuroengineering,
medicine, and fundamental scierté&€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, ad by the development, distribution, and creative application of novel
neuromodulatory and observational tools that have allowed for ceildgpeific manipulation
in model organisms. The refined use of electricity in neuroscience, usually with eledtiasles,
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 intervémiitesrupt or stimulate
defined targets in pat’ioeesgestial temdrhandPtiherekaien s o n o
clinical trials for obsessive compulsive disofdgand major depressive disord&tMoreover,
electrodes and arrays have seen impressive elospdapplications for patients with spinal
cord injury!8! Recent advancements demonstrate howctimemunication between the brain
and spinal cordh individual with chronic tetraplegiean be restoredith abioelectronidaigital
bridgeenabling the patierib stand and walk naturally in community settifgsmore 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
discwssed in the next paragraphs.

1.9.1 Recording neural activity

A recording electrode operating at neural interfaces typicakperience the
superposition of eledtral excitations arising from twdiological signals: single cell action
potentials, and local field potentials (LFR%)The electric fields at the electrode surface can
vary greatly depending upon the spatial arrangement relative to the neurons and synapses.
Single cell (Auni t o) act iactionpptentatsAPs),itypicaly o f tr
1001 200 pV in amplitude and a few milliseconds per sifdee par. 1.8.1andFigure 1.23).

These processes create ionic currents and voltages both across the membrane as well as in the
extracellular space outside the c€ligure 1.28 a). 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 5000 pm.1*3 Remarkably, very little ionic flux is needed to

create a typical AP. Naoncentration increases of 0.05% in the cell body can create significant
electric fieldsln regions dense with neurons, electrodes can often pick up more than one active
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neuron at once, reqguiring spike sorting al gc
which cell and revealing correlations between céfls.
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Figure 1.28: Recording of neural electrophysiology signabs. Intracellular potential ar
corresponding electrical field. A dipole comprising two ion channels (source and sink) are reg
with ions (anion in blue and cation in red). The equipotential field lines are represented irb}
Extracellular potential and corresponding electrical field. The red and blue contour equipoten
correspond to positive and negative values for the Local field potential (LFP) amplitude, resp
The equipotentialines are the result of the summation of the fields generated by the multip
channelc) LFP from a small population. Neurons, astrocytes (purple), microglia (green), and
vessel section are presented. The LFP is representalddkythin linel. d) Schematic of a biologic
synapse induced by an action potential arriving at the PEDOT:PSS terminal. The injection of ¢
the organic film results in the gpingof PEDOT (no shining yellow colarpdapted front43 134,

The concurrent activity of all the electrically active cell regions, including soma, axons,
dendrites, and synapses, sum toget Rigure t o cr
1.28 ¢).18 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, lowpedance OMIEased
electrode coatings (s@ar. 1.8.3, such ionic imbalances induce the injection/rema¥abns
from the biological mediuminto the polymeric matrix. This procesempensatintrinsic
charges of théulk polymerand affects its doping leveland thusthe electronicconduction
(Figure 1.28d), producing a signal measurable with the supporting electrbifitinlike
APs, LFP signals are typically much larger amplitude (approximately millivolts), wider
f r equenc yl000 &), grel havaréatively homogeneous magnitudes over distances of
&5 0 0 8@mPs are not produced uniformly even within a single cell; typically individual
cells create strongly dipolar fieldigure 1.28b), with apredominantly negative potential
near the cell body, and positive potentials near the dendritic arbors and synaptic cont&ctions.
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 rhythn$’ For example, thetdrequency (48 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
processeand functions of the brain, such as memory formation and neuropla&tidgcent
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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 plac&te#isjonstrating
the signal is fundamentally connected to local neural behavior.

1.9.2 Stimulating neural activity

Electrodes can not only detect signals from nearby neusahsan also stimulate
neuronal activity by injecting current into the surrounding extracellular ré¢fidime resulting
electric field gradients can induce ARsd influence the LFE? Low-impedance electrodes
(<100 kq) are highly desirable for stimulat:.
at lower voltages and avoiding irreversible electrochemical reactions with possible toxic
byproducts. Théigure of merit of a stimulating electrodetiee charge injection capacity (CIC),
typically given in m@cn?, 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 reactionsTable 1 reports an overview of thenpedances per unit araa 1l
kHz (e.g., specific impedancaid the ClGor 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, \ariations in processing conditions can greatly influence the actual
surface area for the same material, or even fromtauwnon, makng comparisons between
publicationspurely indicativet*

Specific S
Material impedance at 1 C;:pgiri?; [::Jg%t:gn 2] Mechanism
kHz [ Mn?
PEDOTPSS 2 15 Copagie,
volumetric
Carbon rfl_anotube (CNT 20 6.52 Capacitive
ibers
Pt/Ir 454 0.15 Faradaic
Liquid crystal graphene 49 46 Capacitive,
oxide (LCGO) volumetric
Porous graphene 312.5 3.1 Capacitive
Tungstech_I(_)ated with 16 05 Capacitive
CNT/Polypyrrole 77 7.5 Capacitive
Iridium oxide (SIROF) 2 5 Faradaic
Platinum 314 0.26 Pseudocapacitivt
Tungsten 474 b faradaic
Au 160 b Capacitive
TiN 40 0.87 Capacitive
Pt black 15 b Capacitive

Table 1: Specific impedance and charge injection capacityQ)Cfor 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
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For electrical stimulation, a variable electrode impedance can chamdjsttimition 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 electradsueinterface can be significant and comparable to the
voltage required for charge injection at the interf@¢dhis 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 thateainjected at the electrodissue 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 curr@aintrolled stimulation
protocolst4°

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 supplyver dieé selected
pulse, ensuring that the amount of charge injected at the electrode interface is consistent.
Typical pulse waveforms with pulse parameters are shoWwigure 1.29aandb.
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Figure 1.29: a,b,c) Typical chargebalanced, current waveforms used in neural stimulation
parameters vary widely depending on the application and size of the electrode. Waveform pi
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stimulation protocols Adapted from?*3 14°,
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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 (blaéagee). A cathodal
current is reducing at the stimulation electrode, with the glireof electron flow being from

the electrode to the tissue. As an example, whignp® 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 @ais 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 siaitglyor a
cathodal constargurrent pulse of magnitude and pulse widthtc. Chargebalance 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 showrfFiigure 1.29c. A number of variations on biphasic
current waveforms are possible and have been described in several expeffherfsr
physiological reasons, the leading phase is usually cathodal, although éirsigallsing may

more efficiently activate populations of some neural eleméfihe 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 injetiyoreversible 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-irivia experiments® Regarding this aspect,

an empirical framework was introduced by Shannon, with an equation that defines a boundary
between damaging and ndamaging levels of electrical neurostimulation:

AE Q aéw 1.26

where Q is the charge per phase (C) of the designed stimulation pulsethe electrode
geometrical surface area (GSA,grandkis an adjustable parameter, typically chosen between
1.5and2.6®*Shannonds ked.Ihastplbtedifigue r1.29d, with the damaging

and nord amagi ng regions highlighted. Shannono:
observations reported in seveialvivo studies (square data pointshigure 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 invivo experiment is performed, the electrode geoynistgenerally designed according to

the intended application, so as to interface specific neural structures. Once the GSA is fixed,
Shannonos pl ot provides safety guidelines
stimulation pulse

0 Vip mD 1.27

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 imptansurface chemistry and
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conditions of use, as well as inr&ubject variability, are all factors that can influence the
immune response and tissue damage in the host, as shown in the exarajgeseofl.29 d.
Isolating the damage caused exclusively by electrical stimulation is therefore not an easy
endeavor?!

1.9.3 Novel electrode technologies for neural interfaces

Epi/sub-dural

p-ECoG arrays Penetrating probes
EEG oYo Electrode array
@ EA.
9.0 W)
C O ,O"Cf: ;fj / ) Single-shank/wire

0

C
O %’ Nanomesh

Figure 1.30: Neural devices for extracellular recording and stimulation. Different brain sign:
be recorded through nanvasive or invasive approaches. EEG signals are recorded from the sc:
signals can beecorded frome-ECoG arrays placed on the cortex surfageile singleunit spikes ai
usually recorded with penetrating prob&s.

Different methods arevailable for recording and stimulatimguronal activity, which
differ in termsof spatial/temporal resolution of the signal and device invasivésedsigure
1.30).1%7 Functionally relevant information can be obtair®gd means of large electrodes
placedon the scalp, resulting amnoninvasive technique called electroencephalography (EEG).
However, EEG (but the same applies to mageétotroencephalography) provides rather weak
and noisy electricasignals that generally encompass the activity of extended &reasor
reflect functional brain network$® The detectiorwith EEG of high frequency activity (>70
Hz) is also attenuatl by thdiltering phenomena produced by the scalptwedskull, interposed
between the electrodes and the br&milar signals can be acquired using millimetered
macroelectrodes consisting of penetrating metallic wi¥sigher spatiotemporal resolution
can be achieved usingtra-conformable electrocorticography (ECoG) gnaicro) ‘ -ECoG
arrays placed on theurface of thecentral nervous systenCKS).2%° Currently, ‘ -ECoG
extracellular electrodesrethe most viable interfaces to recokdFPsat high spatiatemporal
resolution and high signéb-noise ra,?°* but alscaction potentials (spikes) from a population
of nearest neurons ("muitinit" recordingf% and in some instances alsmm single
neurong® Spikes are usually recorded by the means of penetratofzes including dense
arrays of penetrating conductive needles on silicon wafer platforrealled Utah arraysy*
and linear sets of electrodes on narrow filamentscéled Michigan probes). Penetrating
structures offer powerful capabilities, but their lack of active semiconductor functionality in
proximity to the biotissue interface and, in some cases, theirdeah mechanical properties,

56



Introduction

geometric layouts and/or integration approaches, limit the performance, scalability and ability
to deploy into or onto biological systems of interest.

Flexible filamentary probes

ﬂur

Cortical surface N |
! \électrod;

Sheet-like architectures

Figure 1.31: Novel electrodes for neural interfacesc) Flexible filamentary probes) Schemati

of the surface of rat cerebral cortex wit
long, 550 um wide, 46 um thick), consisting of gold passive electrodes (area of 14 x 2 Ip)
Optical image of a carbon nanotube yarni@d®@ e m di amet er) i mp
nerve.c)Threedimensional image of flexible filaments (8)24 e m wi de, 0. 9

collections of passive electrodes (platinum, circular area of ~2 & 1 (red)and neurons (gree
hosting the implantdi f) Sheetlike architecturesd) Optical image of an array of sensing electr
(PEDOT: PSS, arXdaembhedded i1® amflexible part
rat somatosensory corte¥e) St r et chabl e PEDOT: PSS el ec3d3fyode ar
Photographs of a soft, stimuksponsive neural interface capable of conformally wrapping

peripheral nerves based on narrow fil ms of
nm thick).gi i) Opermesh geometrieg)) Photograph of an implanted electrode arrays (gold, a
500 I 25005@mnm thick) on ul tr ah)Opticalippagdofjanope d e me s

mesh platform (St8,52 0 e m wi d &)of platinuanmledirddésgeach area of ~1.2 %e1th
50 nm thick), injected into an aqueous bath through a syfiig@ptical image of a thredimensione
scaffold with eight gold electrodes (circular area of ~2 %e1@ 300 nm thick) for stimulation a
recording, encapsul até&d by polyimide (~7

Recent and conceptually distinct types of bioelectronic/optoelectronic devices take the form of
functional thinfilm membraneg® flexible filaments?%® and open network mesh&¥,with
powerful possibilities in levels of functional integration. Here, lesgale arrays of active
components, sometimes with thousands of independent channels, establish direct
biotissue/electronic contacts, demonstrating safe, chronic openatiowo in freely moving

and behaving animaf$ The development offficient implantable neural probes hinges on
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several crucial factorsncluding 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
systemsDevelopment efforts typically focus on hididelity biotic/abiotic interfaces, achieved
through a combination of advanced materials, mechanical constructs, shapes and layouts, and
surface coatings that ensure biocompatibility,-iowpedance interfaces and stable operation.

An important feature ithe design of unique form factors with geometries and mechanics that
are compatible with those of targeted biotisst@ minimally invasive implantation and
subsequent chronic usks the werall device miniaturization can provide additional important
benefitsavoidingsubstantial biotissue damadering and after implantation, microfabrication
techniques adapted from the semiconductor industeyusedas the primary basis fdhe
realization of device®°Figure 1.31 presents a collection of some recent examples, in layouts
that range from flexible filamentary probéBigure 1.31a-c) to sheefike architectures
(Figure 1.31d-f) and to opermesh geometrigFigure 1.31g-i).2°° The growing number of
device design and structure demonstrates 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 offernot only these characteristics but also a combination of advanced form factors and
distributed highperformance semiconductor functionafy.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 lit€fature.

MO  Org
Flexible devices

Figure 1.32: Recent advancements in OMIE@sed neural probes) Optical image showing
induced pluripotent stem csligrown on a PEDOT:PSS biohybrid impléHtb) Polypyrrolebase:
hydrogelwith enhanced electronic conductivity for ultrasoft neural interfaces$.Optical micrograp
of a conformablevireless PEDOT:PSS transistray with a densitgf 1 5558 6 t r 'a?Hd)
Metaboliteinducedin vivofabrication of substratree OMIEC layers on a leech central nefe.
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Future developments on organic bioelectronics for neural interf&cpsé 1.32) involve
the integration of OMIECs with cultured cells in biohybrid implantable electrode &ffays,
ultra-conformable devices based on hydrogel interfatesjreless and highly multiplexed
active probeg!?and substrate free OMIECs electroddamong a wide variety of promising
approaches

1.10 Organic electrochemical transistors

Neurons and brain networks produee-amplitudeelectrical signals that are difficult to
isolatefrom backgroundnoise and require amplification before digitization. Conventiamal
vivo recording experiments using electrode structures emplesit@xsignal amplification,
which unfortunately amplifies both signdi®m the biological environmerdnd line noise,
thereby reducing the signtd-noise ratio (SNR)see Figure 1.33a). Replacing simple
electrodes with transist@tructuresholds immense potential for improved SKRnks tothe
transistor localized amplification capabilities. Transistors act as vet@agteolled current
amplifiers, effectively amplifying both the neurophysiological signal and biological noise
directly at the recording site. In contrast, line noise remamshanged, undergoing no
amplification®’ This arrangement results in a significantly enhanced .9MRen by this
ultimate goal, research on inorganic semicondunioroelectronicéas led to the development
of electrolyte/oxide/silicon fielgffect transista (FETS), which were successfullysed to
measurén vitro signals from cell cultures and tissues sli€és$™ In these devices, the
transmembrane current from a neuron in the electrolyte alters the gate dielectric and induces a
change in the conductance of the underlying silicon chamitlough silicon FETs have
recently been integrated inito vivo probes as a means of enabling simultaneous addressing of
hundreds of electrodespeural recordings were carried out bg§it r adi ti onal 0
microelectrodes, whereas the transistors themselves were carefully encapsulated to avoid direct
contact with the braidue tothe poor biocompatibility of the oxide layét®
An alternative transistor architecture, termed the organic electrochemical transistor (OECT),
was devel op?%’dandimakstst efan ®IBGlayer as thedevicechannel In
contrast to FETSs, the channel of OECTs is in direct contactexitiacellular fluids, anibns
from the electrolyte penetrate the volume of the polymer &lmangingits conductancé
OECTs combinethe biocompatibility and volumetric interaction with the surrounding
biological milieu typical of mixed conductors with the intrinsic amplification of transistor
structures. Thanks to these unique properties, OECTs were used to rbeasuaetivity with
a recordbreaking signato-noise ratio(seeFigure 1.33b,c,d), demonstrahg the detection
of low-level activity that was poorlyecordablewith low-impedance, OMIE@asedsurface
electrodeg!® The use of eld@mlytes instead of MOS capacitansOECTsalso allows for large
flexibility in device architecture and integration with a variety of substrates, employing a variety
of form fadors and a broad range of fabrication proce$S&he inherent tunability of organic
molecules further efes the optimization of ion and electron transport and facile
biofunctionalizatior??® Because of these features, OECTs are being explored for a wealth of
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applications, includinghemical and biologal sensor$?! printed circuits???> neuromorphic
devices®! and digital logic2?® The promising performance of OECd@svicesin these areas has
motivated research about the device physics and has led to the publication of numerous models
describingts operation??*
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Figure 1.33: In-situ transistor amplification enables higher sigioahoise ratioa) In situ versus ¢
situ amplification by means of transistoased neural interfacasis the biological noisesis the
neurophysiological signatyine is the line noise. Capital letters indicate the corresponding am
signals®” b) Optical micrograph of an array carrying OECTs and electrodes, placed o
somatosensory corteand(c) detail of the transistor and electrode structud@skecordings from ¢
OECT (pink) and an electrode (blue), showing the supegmrding ability of the forme¥®

1.10.1 Structure of OECTs

The typical structure of an OECT consists of source, drain, and gate electmodes; a
OMIEC layer andan electrolyte between the channel and the @atgire 1.34 a). 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 (gategegV/c) and to the drain (drain
voltage, Vo), which are referenced with respect to the source electfodée gate voltage
controls the injection of ions into the chan
in the language of electrochemistry) of the organic film. The drain voltage induces a current
(drain currentlp), which is proportional to the quantity of mobile electronic carriers in the
channel, and therefore probes the doping state of the organic film. Like MOSEBECTs
operate like a switch, in which the gate voltage (input) controls the drain current (output).
OECTs based otype | OMIEC materialssuch as PEDOT:PS§pically work in depletion
mode(Figure 1.34b).33In the absence of a gate voltage, a hole current flows in the channel
(ON state) but ance a positive gate bias is applied, cations from the electrolyte are injected into
the channel and compensated PSSacceptorsAs a result, the number of holes in the channel
decreases and the film is-deped leadng to a drop in the drain curre(®FF stat{2?° By
contrast, accumulatiemode OECTs are normally in the OFF statebut can be fAswi
by the gplication of a negative gate voltagiich causes injection of anions into the channel
and a corresponding accumulation of hdfésDue to the mixed conductivity of OMIEC
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materials, doping processes in OECTs occur over the entire volume of the channel, as opposed
to a thin interfacial region like in fieldffect transistors (FETS). In a FET, an organic
semiconductor film (the channel) is separated from a metal electraelggdth) by a thin
insulating layer (the gate dielectriclrigure 1.34c). The application of a gateoltage
polarizes the dipoles in the oxide, creating a field that causes an accumulatienti@nic
carriersin the semiconductor at the semiconductor/insulator interfibe 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, whereC is the capacitance of the dielectric aviglis the gate voltage. As the
capacitances inversely proportional to the distance between the two platessmaximized

when thin dielectric layers are used. In electrobdted FETS, a doublayer capacitor is

formed at the electrolytehannel interfaceNigure 1.34 c), 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 comparabléh@ionic radius, resulting in high capacitar€e.
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ON OFF
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Figure 1.34: Structureof OECTs.a) The typical structure of an organic electrochemical tran
(OECT), showing the source, drain, PEDOT:PSS channel, electrolyte (PBS) ak lgpizepletior
and accumulatioimode operation in OECTs) Comparison between FET, electrohgated FET ar
OECTs??°

In an 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 dfitudg 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 OETHhelarge gatechannel capagite couplingallows
OECTs to operate at low voltages (typica}0 . 5 and yesults intampressive signal
amplification propertieexceedingnost thirfilm transistor technologie®®

1.10.2 Device physics of OECTs

Despite the significant differences between OECTs and MOSFETs, OECTs can be
described by models for MOSFETs as long as the interfacial capacitance used to describe
MOSFETs is replaced by a volumetric capacitaeiiféccording to a pioneering work form
Bernards and Malliara€? the device is divided into two circuits: an electronic circuit, which
describes the flow of electronic charge in the sduwreenneldrain structure according to
Ohmdés | aw, and an ionic circuit,K jelectray@h desc
chamel structureKigure 1.35a).
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Figure 1.35: Steady state behavior of OECHE.Electronic and ionic circuit composing an OE
device.b) Geometry scaling of peak transconductanc®ECTs based on different OMIEC materi
c) lonic circuit and effective gate potential considering the effect of a finite gate capadraimckcate:
the electrolyte ionic resistancehile dashed and continuous lines in the potential profile refer tc
and efficient gating, respectively. Adapted fréi¥337>,

As the source/drain electrodes block ions didally) do not allow direct faradaic charge
transfer, the gate current is purely capacitive and vanishes at steadyWthtehese
assumptionseglectronic charge transport an ptype OECT operating in depletion modes
describedvith the exact same set of equatiaised folong-channel MOSFET$: yielding

O W e , ,
W w o w — wh Q8 w W
v . LS 1.28
0w 0w ., , ,
th Q¢ W W w

.
©F

wherelchis the channel current, is the hole mobilitycy is the volumetric capacitancéc is

the gate voltagé/p is the drain voltageV: is thethreshold voltageandW, d, L are the channel

width, thickness, and lengtfihe two different expressions kq. 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 e, namely, transconductange = Gl @Mvhich is an
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important figure of merit. High transconductance is highly wantedpplications like
biosensing, digital logic, and neuromorphic engineenmgere OECTsare configured such

that an inputvoltage at the gate electrode is detected by measuring its effect on the output
current flowing through the OECT chamiéBy taking the derivativef Eq. 1.28, we obtain

CHYmR D B 6
"Q P ) 1.29
"W+ Qw woh Qw 0w

Several authors have shown that OECT transconductance is directly proportional to the ratio
W+d/L, as shown irEq. 1.29.2%222’ The fact that transconductance scales with thickness, and
not justW/L, distinguishes OECTs froRETs,wherefield-effect doping only modulates carrier
density at the semiconductimsulator interfac€®' The bulk doping effecin OECTsallows
engineers ttune the OMIEC layer thickness aghelsign hightransconductance OECTs without
expanding the footprif®W or L)of devices?® Noteworthy, the expression for
transconductance iBg. 1.29 containsthe product of volumetric capacitanaadelectronic
carrier mobilityof the OMIEC materialand represents a figure of merit for mixamhduction
Therefore,one can benchmark material performance by designing OECTs of different
geometries and characterizing transconductancéaston ofW*d/L (Figure 1.35b).”°The
previous considerations hold onipder the assumption ththechannel capacitance is the only
relevant capacitanda the OECT devicen 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 electrodé&?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 gateelectrolyte interface and the other corresponds to the voluntagpacitance of the
channel. Because the capacitors are in series, the equivalent capacitance of the circuit is given

by
) L 1.30
(6] 0

and the applied gate voltage drops across the smaller capacitor, as repeigeden 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 eledtobigtenel
interface, driving ions inside the channel. The dasheal dorresponds to the case of poor
gating, where most of the applied gate voltage drops at théefetaolyte interface. For
efficient gating, the capacitance of the gate electrode must be more than ten times larger than
the capacitance of the channehetwise 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 capacitané& Alternatively, effective gating can be obtained by using a
nonpolarizable gate electrode, such as Ag/AgCl, for which the voltage drop at the gate
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electrolyte interface is negligiblé? 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 tr&asducer.
instance, OECT-based enzymatic sensodetect analytes whesnzymatic reactionare
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?3®

The high transconductance of OECTs comes at the cost of rather slow operation.
Bernards and Malliaras modeled t@&CTtransient respons#escribing how thé&ransient gate
currentinduced by a tim&arying gate voltageontributes to the output current in an OECT
device. Such result was obtainég making the quasstatic approximationUnder this
assumptionthecharge distributiomn the channel is, at all times, given by the stestdye
solution of Eqg. 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 circa@dmposed by the channel capacita@ggthe model
assume£s >> Ceh, SO the gate capacitance contributes negligibly to the ionic circuit) and the
electrolyteresistancés (seeFigure 1.36 b). This time response yields the electrolyte voltage,
Ve,solt), determiningboth the ionic displacement curremng(t) and the electronic transport
current,icn(t). Quantities that vary with timare indicatedy using lowercase variable names
The displacement curreni(t) is related to doping (or e@oping) the OECT channel and is

given byQd 0 —0 0 for currentflowing in the ionic circuit The electronic

transport currenign(t) results fronthe drift of electronic carriers between the source and drain
and is given b¥qg. 1.29where Vg is replaced byesoft). The drain curreniq(t) is then a
weighted sum of the displacement current and the channel cWfeeha square gate voltage
stepis applied the resulting drain current takes the form

, < U .. O
Mo O w YO p QT_ Qwin T 131

whereiq(t) is the drain current at timels{Ve) is the steadygtate drain current when the gate
voltage isVe, gdssis the difference between the initial and final steatite currentsfis a

weighting factoyf =~ —— s the electronic transit time along the channel; Bnd'Y 6 is

the ionic RC time constaft®

Two qualitatively different regimes of transient behawanerge fromeq. 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 showfigare 1.36 a.2%°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 shesatigure

1.36a. These two regimes of behavior have besperimentallyobserved in several
works 236237
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Figure 1.36: Transient behavior of OECTa) Measured transient behavior of an OECT in resf
to a square step of the gateltage showing both the monotor
recover y 6" by Eriedeio medel .for OECT transport, assumirg/222! c) Summary c
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Finally, Eq. 1.31 containsis the unspecified factd which is equal to the fraction of the
displacemenfor gate)current that contributes to the drain current. The treatment of this
weighting factordefines severalariations on the Bernarasodel. InFriedleid s a p #r oac h,
the weighting factors simply assumed to Hel/2, and the OECT transient response can be
modeledby the circuit diagram shown Fig, where the drain current is given lyt)= icn(t)-

-ig(t), and, likewise, the source current is givernidfty= -icn(t)- -ic(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 dreurrrent will be a square step from its initial to its final
value with no observable exponential relaxat®ithough the Friedlein model provides fruitful
insight about OECT behavior, it is valid only {drc [L (Vi1 V). Suchlimitation is overome

by Faria et alby assuming thdtis not a constant but depends on both the gate and drain
voltages®®® An empirical expression for this dependeiséhen providedy extractingf from

a multiparameter fit to experimental measuremgsee Figure 1.36c¢). Such approach
introducesa refinement of th&=1/2 assumption in the Friedlein modalit lacks a satisfying
theoretical foundatiorzuture developments the determination of thveeighting factor irEq.

1.31 could abandon the quastatic approximation and to describe the OECT currents with
either a transmission line model or a firdiement timedomain model. These
distributed/finiteelement models calculate the time varying voltages and currents at each
locationin the channel and therefore have no need of an exipléaitor. The transmissielne
modeling approach has been used by Liu et al. and Drieschner et al. to describe electrolyte
gated fieldeffect transistors and could be adapted to describe the transient response of
OECTs?*® In contrast finite-element timedependent driftliffusion calculation of both the
electronic and the ionic charge in the OECT chanelu c h as Ty Bhowthatithed s mo d
results are qualitatively similar to those of qustsitic models??> However, further
experimental data are needed to validate their model and show if it is accurate in the high
frequency regime where the quasatic model is expected to f&f
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1.10.3 Measuring charge carrier mobility in OMIEC materials with OECTs

The characterization ahixed chargeransport properties of OMIECs crucial to
develop novel and optimized materials for bioelectronic devicAsiyway, the mixed
conductivity renders the experimentiterminationof 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 resistadi¢®8Progress on all fronts is
predicated on an advance in understanding the interrelations between ionic transport, electronic
transport andbnici electronic coupling and their dependence on processing, synthetic structure,
microstructure/morphology, and electrolyte chdit¥lhe extraction of the charge carrier
mobility is a fundamental stefor the analysis of the transport properties of OMIECs. High
mobility values allow fast device operation and amplified transduction as needed in many
applicationg*! Due to their peculiar structure, OECTs provide an electrochemical test bed to
characterize the electronic conductivity and at the same time control the ionic composition in
OMIEC materials’> The sourcedrain 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 mabiltgnr
monotonic transconductance PEDOT:PSshased OECS, complicating the extraction of car
mobility.**° b) Exponential dependence obrtact resistance with respect to gate voltag©ECT
devices'®* c¢) Gatedvan der Pauw method, using a four point probe, contact independent, tech
measure thin film transistor mobili&f*

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 MOBRE&pretation.
Experiments show that OECT transconductance has a nonmonotonic dependence on gate
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voltage, decreasing at both high and low gate voltagesH{geee 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 reaBlirde 1.35b).”® This
behavior is an ubiquitous property of OECTS, reported in devices exploiting different organic
semiconductor$®3® having various electrode geometffgand realized using a wide range of
fabrication technologie¥ However, existing OECT models do not predict this effect. For
exampl e, m&el (seday.rl.A%pdedicts that transconductance is constant in the linear
regime and decreases linearly with gate voltage in the saturation r&githelisordedimited
transport andantact resistance effects can be a possible cause of this behavior. Pataitson et
measured a contact resistance dependency on the gate voltagparQECTS via transmission

line measurementé? A similar result was obtained by Kaphleakt for PEDOT:PS$ased
OECTs working in depletion mod@igure 1.37b).2*This effect was interpreted as the
conseqguence of ion accumulation at the drain contact caused by lateral ion currents in the OECT
channel, which were included in a finite element simulatfé@atedependent contact effects

are typically observed also in normal thin film transistors (TFTs) based on organic
semiconductor$*® A contactindependent technique was developed by Rolal.dor a more
accurate characterization of organic fielifiect transistors (OFETs) and was called the gated
van der Pauw (gVDP) methdtt gvVDP methods based on the normal van der Pauw (VDP)
method that is a geometmdependent foucontact electrical measurement widely used to
evaluate t he s bfetentcontnoonsdfimsY la gvOR characterization, a
common gate is used to modulate the charge density in VDP déseiSigure 1.37c).

gVDP characteristics can be interpreted with a simple model, allowing for the extraction of
charge carrier mobility and threshold vojéaon several matersd*! Afterward, Jiang eal.
generalized the gVDP method to probe Coulomb interactions on charge transportagdiew
organic crystalline semiconductgf§ while gating of conjugated polymers immersed in an
aqueous electrolyte was observed by Waral.éh P3HTFbased van der Pauw structufés.

The contacindependent characterization of electronic transport in OMIEC materials during
operation is one of the objectives of this thesis work. Wi#irttroduction of theelectrolyte

gated van der Pauw (EgVDP) metheee measured the electronic mobility PEDOT:PSS
revealingthat gate voltage dependent contact resistance effects lead to systematic errors in
OECT-based transport characterizati@etails about this work are reported in the Results
sectiond.1, and in ref%,

1.10.4 Application of OECTs in Bioelectronics

Relying on the large transconductance combined with the biocompatible material
properties, many research works propose OECTs as amplifying transistor to be integrated in
electrochemical and bioelectronic sensors for healthcare applic&tidmemain bioelectronic
applications of OECTs are i) electrophysiology and neural signal recordings, ii) analyte
detection with a functionalized gate electroaled iii) impedance sensirfgigure 1.38).
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Figure 1.38: Applications of OECTs in bioelectronica) OECTs are used in electrophysiolog
record the electrical activity of cells, such as neurons, in the electrolyte between the channe
gate. They are also used for the detection of analytes (red circles) that interact with receptors
thegate or channdb), and as impedance sensors that record changes in ion permeability of ce
placed between the channel and dajeln all these cases, the detection of an event is signale
changen the drain currenpd.?®

In the first casgethe electrical circuit involving the OECT must operate ultimately as a voltage
amplifier (see the introduction gdar. 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 ha vosstrakee ia OECT dased potentiometric sens0rGiven this large
amplification propertiesODECTs have been explored for a wealthirofvivo bioelectronic
applicationsranging from brain interfac&$to wearable devicé¥ and plant bioelectronics3
Established examples OECT-driven analyte detectioegard biosensors used to quantify the
concentration of ionic or redox actiweolecule ° In such devices, selectivity towards specific
analytes such as DNA or RNA biomarkéts, enzymes> or immunoglobulins was
demonstrated by device functionalization with biorecognition eleni&tfmally, anemerging

class of biosensors that takes advantage of OECT amplification regards impedance based
sensors for monitoring cellular adhesion and cell layer bamigrerties’>’ 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 igGaanges in cell
adhesion can be the defining event in a wide range of diseases, including &tlvatisers°
osteoporosigt!and atherosclerost§? A considerabl@otentialimpact in bioelectronicsan be
achieved by studying single cell adhesion procesSesr the years, numerous studies have
shown the use of different techniques for the analysis of saadl@dhesion. Both the traction
force microscopy (TFM$2 and micropillasarray technique measure the cell adhesion force by
monitoring the deformation induced on an elastic substtd@ther methods include the use
of atomic force microscop$P and optical tweezet® to assess the impact of cellular shape,
size, and deformability during adhesithDespite 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 behavid®® An alternative nosinvasive approach that combines scalability and
reaktime monitoring, is offered by electrical measurements that probe the elecirstibstrate
impedancé®® 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 measiFéegure 1.39a).2’° Changes in cellular
adhesion or intercellular barrier properties change the measured current signal thus providing a
simple means for redgime monitoring?’* 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 piigupe 1.39 b).2"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 impedancediagad
monitoring to the singleell level?”® This ultimate sensor resolution is highly desired in
biomedical research as the importance of sieglephenotyping is increasingly recognized for

the study of cell development and physiology, as well as for research on cellular pathologies
such as carer?’* An important step in this direction was recently achieved by Hempel et al. by
demonstrating singleell sensitivity in an OECT enabled impedance sensor. The authors found
that significant differences in the sensors transfer function are caused by belin@do the
transistor surfacéigure 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 cel/PEDOT:PSS
interface?’® The rational optimization of OEGIased single cell sensors based on the
guantitative understanding of their AC amplification properties is a main achievement of this
thesis, ad it is discussed in detaibert.4.5.
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Figure 1.39: OECT as cell impedance sens@sSchematic of a barrier layéunctionalized OEC
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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 pevatsg
at biointerface$’® The volumetric electricalijnduced 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 biocompatitity,
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 otonducting polymersuch aspolyaniline (PANI)?78 poly
(3,4-propylenedioxythiophene) (PProDOT)!®® and poly (3,4ethylenedioxythiophene)
(PEDOT)?”° Among them, polypyrroleRpy) hasstoodout due tats recordbreaking actuation
strain?®® especially when it is blended witargedopantcounterions such as dodecylbenzene
sulfonate (DBY, forming the type | OMIEC Ppy:DB3! Ppy:DBS electroactivity has been
interpreted througheseral theoretical models based on diffeasgumptions®? Starting from
migration and diffusional modelsreating Py films as porouseectrodes’®® scientists
developed alternative descriptions based on the capacitive charging of the internal
polymer/electrolyte interfa¢& or onelectrochemically 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 accejptedtrain and
stress from a [B:DBS electroactuatoare primarilydriven by ion exchanges between the
electroactive polymerand a supportingelectrolyte (see Figure 1.40 a).?8> When an
electrochemical potential is appligtie electronic conductan the OMIEC thin film (Ppy) is
oxidized or reduced, and theverall charge neutralityis maintained throughcharge
compensation in the ionically conducting ptf8%eomposed by nanscaled DBSich grains.

Such process involves tlexchange of cations or anions and solvent between the ionically
conducting phase and the electrolyte bath ioguse swelling/deswelling of the filrff’ As

DBS counterions are immobilized the polymer matrixiue to their large siz€pyreduction

can consistently draw hydrated cations from the electrolyte intpdlyener matrix, resulting

in a significanelectraswelling, while a subsequent oxidatipnocessestores the polymer both
mechanically and electrochemicaff? An analogue process takes place in PEDOT:PSS
actuators, showing reducadtuation strain and stre§8putlarger flexibility, higher ionic and
electronicconductivity, and improved electrochemical cycling stabifity.
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Figure 1.40: Electroswelling in OMIEC materiala) Reversible electrochemical oxidation/reduc
of Ppy:DBS, leading to a volume increase when the conjugated polymer (polypyrrole) is o3&thy
EC-QMC-D measuements of electroswelling in PEDOT:PSS for thin and thick layers. The
monitors mass changes and the electrochemical current flowing in the OMIEC materia
cyclovoltammetrieg® ¢c) EC-AFM height imageof a Ppy:DBS thin filmduring acyclovoltammetr
measurement. Lighter (higher regions) and darker (lower regions) bands in the image corresp
cyclic displacement, or actuation of the film in response to theT®¢ cosssectional height profi
(black line) taken through the vertical line sholbalow as a function of the CV time (s). Theigh
profile shows a cyclic increase and decrease in height, araf-pbase response with the correspon
applied voltage (blue square) and current (red hatch) sitffhals.

The electrochemical mechanisrasponsible for OMIEC electroswellifgas beemxploredby

several experimental studj€¥ including quartz crystal microbalance measurements with
dissipation monitoring (E€QCM-D) during cyclic voltammetry (CV3®’ Through EGQMC-

D it is possible to monitor mass exchange between an electrically active film and an electrolyte
as CV induces electrochemical dopingtheing of the film(seeFigure 1.40b).?! EC-
QMC-D was successfully used to study the electrochemical actuation of ferrocyanide
containing polyelectrolyte multilayef8’ but also the ionito-electronic coupling efficiency in
PEDOT:PSS*?, or the charge carrier dynamics in organic electrochemical trangitors.
Moving reduction front experiments demonstrated how the slow ion transport is the rate
limiting step in the Ppy:DBS deoping process responsible for electroactuadidmhe impact

of the supporting electrolyte composition, the amount and type of solvate cations, and the
presence of further OMIEC dopants were studied withitu X-ray diffraction to reveal the
microstructure variation during electrochemical proce$¥as, in situ Xray scattering® and
NMR?% to probe the changes in ion coordinati®ft>® Also electrochemical atomic force
microscopy (ECAFM)?%93%0 \was used to follow changes in thickness in ¥pyand
PEDOT:PS&”?films, probing possible morphological changes induced by sweiire

1.40 ¢). 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 anbeabtechnique,
electrochemical strain microscopy was introduced to studexahange processes in P3HT,
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but as only the tip generates the local electric field, results are of qualitative¥{2kmethese

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 detadant.4.2andsect.4.3.

1.11.2 OMIECs electroactuators for soft robotics and drug delivery

Due to their biocompatibility and lowoltage operation, and given the possibility to
apply electrochemical stimuli locally and in a controlled wiayic electroactive thin films
show a strong potential for applicatici{3°*By engineering the device structure and design,
the reversible volume change ©MIECscan be used as the active part in an actuatomigad
to different motions such as bulk, linear, bending, or out of pf¥nat the same time,
electroactive OMIEC layersan actively use the surroundipyysiologicalmedia as the ion
source resulting in a simpler device geomé&inapplication Starting from the pioneering work
of Baughmart® and Pei and Ingan#$, different OMIECs soffictuators were developed
ranging from motile cathete¥¥ to cochlear electrode arrayor steering wireshat can be
electroactively benusing Ppy:DBS structuré€® Despite the promising applications, the
actuation performancef electroactive polymers is limited by the slow transport of ion and
solvent in the OMEC matrixThe actuation speedan be increasegitherenhancinghe ionic
conductivityof the polymeor reducing the size dhe electroactive layeThe hrge 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 Linkdping University by Smela et
al.,2% andthen refined usinglifferential adhesion fabrication metrsst}® Starting from that,
several polymerienicroactuatordor bioelectronics were developed, including, for example,
individually addressablechip for mechanical stimulation of single celble to induce
variations in theC&* activity (Figure 1.41a).3'°In a similar approach, Ppy:DBS was used to
actuatea multiplexed and switchable microneedle platfétito control the motion of
microrobots Figure 1.41b),3'?or togenerat high pressure in labn-chip systems®
Another relevantplication of aelectroactive OMIEC layelis 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 electrochereiiiad) 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 m&féra.an examplanicro-

and nanegaps that sepamaelectrochemically prepared networkRgdy nanowires weract as

drug storage reservoifsr dexamethason@Figure 1.41c).3'° In this system, dru¢pading
capacity depends on the volume of the mi@ad nanevacancies, and not the doping level.
Both hydrophilic and lipophilic drugsvereloaded into the microand nanegaps due to the
amphilicity of the PPy nanowire network a similar wayValdésRamirez et la fabricated
microneedlebased multidrug reservoirs in conjunction with a PPy actuator, which can
selectively switch between redox states to release eacli*@agether, patterned conducting
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polymer actuators have been employed to control drug release from the reservoirs upon
application of an electrical stimuluBhe 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

bioelectonicsbased sensing and actuation willdssential for future closddop drug delivery

devices?!’

a)

mechanostimulation
due to swelling

drug release due to
de-doping/swelling

b)

® Drug d
(ATP or Dex) ‘ o=

Figure 1.41: OMIEC electroactuators for soft robotics and drug delivajyThe electroswellin
properties of conducting polymers can be used in organic bioelectronic devigescfanostimulatic
of cells of controlled drug releasé’ b) Ppy-based micraobot able to grab and lift a 100 um g
bead®'? c) Fabrication of a Ppy nanowire network for electrically controlled drug reféase.
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2 Research objectives

The overview on the physicochemical properties of organic mixed ionic and electronic
conductors reported sect.1.1 demonstrate how OMIECs provide a unique material platform
to enhance the efficiency and leteym stability of future bioelectronics interfacesspired by
the greatpotential 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 presentsdct. 1.8 this ongoing research endeavor
holds the promise of revolutionizing various fields, including healthchi@nedicine,
biosensing, and neurosciencBespite 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 thess 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 insec. 1.3 electronic transport is a fundamental process in OMIECs
determining the peration speed obioelectronic devices. However, mixed conduction
complicategeliable measurements of electronic mobjlityducing contactesistanceeffects
in organic electrochemical transistos®¢.1.10.3. To address the problemje develop the
electrolytegated vander Pauw (EgVDP) method for the simplkeccurate and contaet
independentleterminatiorof the electrical characteristics of OMIEC thin filnlg/ comparing
EgVDP measurements on PEDOT:PSS with OECTs observations, we demoinsttade
contactindependent technique is cruciaf the propedetermination of electronic mobility in
OMIECs The results of this research are discussasgdnh4.1

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 conditi@es(l.4). lon-driven electrochemicgrocesses
in mixed conductors induce mechanical deformation enabtitificial musclelike actuators
(sec.1.11.9 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 monitorfiagt local ionic exchange
processesr OMIECsremains elusivésec.1.11.]). 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 asa local probe for volume changes and interface forces that provides transient data
on dynamical effectselated 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 mMEGAFM imaging, providing maps of local electroswelling amplitude and phase
as well as surface morphology. The resulting knowledge provides a quantitative amsight
transport in OMIEC materials, demonstrating the major role of ion drift in swelling processes.
Results are presentedsact.4.2

At the same time, some electroactive materials show acoorplex electroactuation dynamics
which require indepth investigations for its comprehension. For this reason, we extended mEC
AFM as a deptisensitive technique to measungbsurface profés of ion migration and
swelling in Ppy:DBS electroactive layers. The interpretation of experimental data with a
guantitative modetlemonstratethat electroactuation is not uniform in the Ppy:DBS layer but
depends both on the film morphology and redox statggeshg that the efficient actuation
performance is causdy rearrangements of the polymer microstructResults are presented

in sec4.3.

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

Flexible microelectrode arrays placed on the surface of the dweix are promising tools
for treating neurological deficits and restoring lost functionalitees well as investigating
unexplored aspects of neuroscientific research ¢set. 1.9). Further progresses in this
direction require the development of biocompatible bioelectronics platforms enabling the long
term recording and stimulation of neural activity.this thesis we face tis challenge by
developing and characterizing microelectrogi®ays (MEAsS) based on PEDOT:PSS for
electrocorticographyECoG) experiments. We take advantage of microfabrication techniques
onto flexible substrates to realize leimpedance devices both conformable with the brain
surface anavith high spatial and temporal resolution. We test the electrode arrays hvigio in
setup combining electrochemical impedance spectroscopy (EIS), analysis of the voltage
transients during simated stimulation protocols, and atomic force microscopy (AFM)
characterization of the PEDOT:PSS coating on the electrode suffeceombinatiorof these
techniques allows the optimization of an implantable neural probe protayp¢o sense and
stimulate the brain activity in chronic-iivo experimentgsiming to study inducetbrpor states
in animal modelsResults are presentedsact.4.4.

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

Research olrganic electrochemical transistor (OEGarEhitectures is motivated by the
prospect of a highly biocompatible interfazspable of amplifying bioelectronic signals at the
site of detectionDespiteadvancements in the field have led to the developmeint atro
sensorseaching single cell resolutipa quantitative study on the transisaonplification gain
in cellularimpedance sensing is still lacking.clear understanding of gain is aldesired to
define when OECT amplification has significant advantages oneterminal, lowimpedance
microelectrodebased sensor®ffering simpler fabrication and electrical operation. To
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overcome thassue, we introduce in this work a model experiment that allowsaatitative
study of AC amplification in OECT impedance senséys cellularin vitro experiments are
inherently difficult tocontrol we substitute the cell by a dielectric microparticle of similar
dimensionsWe control the position of the microparticle on top of thieroscale impedance
sensors with an AFM and achieve highgproducible measurements that enable to compare
the current outputof OECT-based sensorsvith equivaént microelectrode sensors. To
rationalize the findings, we develap analyticamodel that describgbe gain as a function of
the applied frequency, the device geomeingd PEDOT:PSS materials properties. Relying on
this model,we designan optimized device and demonstrate its efficiency by measuring the
transients of singleell adhesion and detachmentnrvitro experimentsResults are presented

in sect.4.5.
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3 Methods

3.1 Device microfabrication

The realization of the OMIE®ased 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 repoRigdiia 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 OM&EEd device
The final structure includes pads to connect the device to the experimental setup and contacts 1
an electrical interface with OMIEC layers. Photolithographysisd to pattern the microelectrodes
to encapsulate tracks (or feedlines) connecting pads and contacts. The encapsulation insulate
from the surrounding electrolyte when OMIEC devices are used in liquid environment.

3.1.1 Spin -coating

Spincoating is a procedure used to deposit uniform thin films onto flat substrates.
Usually, a small amount of coating material dissolved wolatile solvent is applied on the
center of the substraterhich can be stationary or already spinnig@onstant rotational speed
(up to 10000 rpm) is then maintained for a defined time intéovsppread the coating material
by centrifugal force (as illustrated iigure 3.2). Themachine used for spicoating is called
a spincoater Rotation is continued until a flat surface is achieved through the complete
evaporation of the solvent. The higher the angular speafdspinning, the smaller the thickndss
of the film, beingt & ¥ Y2318 The thickness of the film also depends on the viscosity and
concentration of the solution, and sgioating curves of commercial solutions are typically
provided by the manufacturer. The main advantage of@mting is the uniformity of the film

77



Device microfabrication

thickness. If the substrate is sufficiently small compared to the viscosity of the solution to spin,
owing to sekleveling, 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 spitoating techniquét®

3.1.2 Photolithography

The word photolithography identifiggocesses 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 devéopdne
contrary, negative photoresists become insoluble in the developer after UV absorption.
Photolithography (seEigure 3.3a) begins with the preparation of the substrate, where a
photoresist layer of a few microns is deposited throughapating. 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 dependihg type of
photoresist used.

In this work | used the MicroWriter ML3 from Durham Magneto Optics to perform direct
photolithography (seEigure 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 precisesample positioning system in theyxplane 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 softivased theéVlicropositS1818 positive
photoresisto patternmetallic microelectrodes he photoresist was spaoated on dried glass

or flexible polyethylene naphthala(€EN)substrates with a rotating speed000 rpm for 60
s.Samples were annealati110 °Cfor 1 minute ad then exposed to the 385 nm laser source
of the MicroWriter with exposure dose of 230 mJcihe photoresist wanally developed

with Microposit MR319 developeMetallic trackswere encapsulated with the 4DWL 5

negative photoresist (from Micro Resist Tech
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for 30 s and anneal ed at 100 AC $oftbake@at mi n .
100 AC for 2 min and relaxed for 1 h at r oo |
mr-Dev 600 developefMicro Resist Technology), and the resist was finallydbaked at

120 AC for 30 min.

a) b)
Photoresist deposition l

UV exposure

Figure 3.3: Photolithographya) Deposition exposure, and development of positive and neg
photoresistsb) Direct photolithography process enabled by the MicroWriter ML3 from Du
Magneto Optics.

3.1.3 Thermal evaporation

Metallic thin films composing the device microelectrodes were produced usysgal
vapor depositionSuch processonsists in the evaporation or sublimation of the material to
deposit and the subsequent deposition onto a subdratthematic of the vacuum chamber
hosting the setup for thermal evaporation is reportédgare 3.4. Small pieces of metallic
wiresare placed itungstercrucibles( c al | e d cdnaeatedrtocae extérhal power supply
providing electrical current. Ehcurrenheas upthe source and the material insigddich first
melts and theslowly evaporates on treubstratéplacedabout 50 crabove the sourgeThe
hot metallicatoms from the sources lose their kinetic energy when hitting the cold substrate
and the film formation starts. A shutter is used to controbégen and endf the evaporation
procedureBoth the layer thicknesandthe evaporation rate are measubgda quartz crystal
balance, properly calibrated, placed near the substrate. The evaporation rate is controlled by
varying the current across the crucibléne vacuum chambecontaining the system isept
under ultrahigh vacuunconditions(< 5 x 10° mbar)usinga turbomolecular pumpJltra-high
vacuum (UHV) is neede 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 (Begure 3.1), | sequentially
deposited 5 nrof chromium(evaporation rate 0&/s)and40 n m o (evagpmtiomrate 0.6
Als) on the sample substrate. The chromium layer acts as adhesion promoter for the gold thin
films, used as conductor in the final device.
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Figure 3.4: Setup for thermal evaporatioisamples are placed on a sample holder facin
evaporation source inside a glass bell jar in high vacuum conditions. The metal to be evaj
placed inside a crucible (usually made of tungsten) heated by a flowing electric current. A ysha
balance is placed near the sample holder and monitors the thickness of the metal being evap:

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 photamesisttone for
4 . $amples 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. TIREDOT:PSSactive layers used in neural probes, van der
Pauw structures, and OECTs for single cell detection wepmsited through spin coating
(Figure 3.5). A double layer opositive photoresisvas depositednd exposed to define the
device regions to be covered by PEDOT:P8She 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 {dff. The OMIEC formulation was prepared by mixirget
PEDOT:PSS dispersion Clevi®dH1000(Heraeu¥ (94% v/v)with ethylene glycol(5% v/v)
and 4dodecylbenzenesulfonic acid (DBS®).25% v/v/)to improve the film conductivity and
adhesion on the glass sulbases (or gold contacts), respectively. - 3
glycidoxypropyltriimethoxysilane (GOP$)% v/v)was added in the solution as cris&ing
agent.The realized suspensioraes oni cated for 10 minutes and
cellulose acetate filters (Sartorius) before spin cogBn@ 0 0 r9p)mn Substrates treated
with air plasma (15 W for 4 minpamples were then annealed at 120°C for 1h hour to remove
the residualwater andexcess secondary dopants. Finally, the photoresist was-difiteal/
chemcal dissolution in isopropanol for 4 hours. The resulting PEDOT:PSS thickness was
150£10 nm.
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Double spin-coating positive Development and PEDOT:PSS lift-off
photoresist and UV exposure spin-coating

Figure 3.5: Micropatterning of PEDOT:PSS thin films using photolithography and-apating. /
double layer of positive photoresist (S1818) provides a higher vertical separation betw
undeveloped and developed S1818 regions, resulting in a better definitiba @MIEC micropatter

The second techniquesed to fabricate microstructured OMIEC layerthis electrochemical
depositiore® In this approach, a potentiostat (§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 underlgimetallic electrode. Further details are giveB.&h2

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 redoxmeritti@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 ehatrgduced 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 bgividing betweeriwo separate electrodes the roles of supplying electrons
and providing a reference potentill.this scheme, thReferenceElectrode(RE) is a half cell
with a known reduction potentidf* A standard REs given bythe silver/slver chloride
(Ag/AgCl) electrodebased on theedox equilibrium between the solid silver metal and its solid
salt silver chloridein a chloride solution of a given concentratidie Ag/AgClreduction
potentialin a 3M KCI solution is+210 mV vs Normal Hydrogen Electrode (NHE)he
electronic setup needed to control a thetsctrodes cell is called potentiostat (fegure
3.6). This features an operational amplifier to control the electrochemical potebgilveen
the working and reference electrode, and measure the current sourced by the counter electrode
to maintain such potential. It follows that tikE must be made of a material with facile
reduction and oxidation kinetics so that a low resistancevpdilthe electrolytes established
independently from the potential in which we are workilmgaqueous environment, such
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conditioncan be obtained usinglatinumelectrodesvhich are good catalyzexboth for the

water reductiorand oxidation reactions.

Finally, the setup ifrigure 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 potE
between the working and reference electrode, which is maintained by the counter electro
supplies the currentflowing 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 electroactuati®#dEDOT:PSS was electropolymerized from an
aqueous solution containing 10 mM Ethylenedioxythiophene (EDOT) and 0.1 mM
Poly(sodium 4styrenesulfonate) (NaPSS) (both from Merck). Polypyrrole doped with
dodecylbenzenesulfonate (Ppy:DBS) was electropolye@fitom an aqueous solution 0.1 M
in pyrrole and 0.1 M in sodiurdodecylbenzene sulfonate (NaDBS) (both from Merck).
OMIEC layes of controlled thicknesses were obtained through aetectrodes galvanostatic
procedure, where the current density flowing between the (working) microelectrode and a
Ag/AgCl wire counter/reference electrode was kept constant to 2 niAld¢ra 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/AgClI wire, with the potential
drop in solution being relevant only at the WE/eldgtinterface®?! The electrochemical
potentialE (vs Ag/AgCl) measured during the galvanostatic deposition procediey:DBS
is shown inFigure 3.7a. The highly stable voltage profiles alledfor a linear control of the
polymeric coating thickness by setting a proper deposition time. The deposition rate resulting
from the linear fit inFigure 3.7b is 17+2 nm/s.Similar results were obtained for the
electropolymerization of PEDOT:PSS, with a deposition ratd ¢f:1.4 nm/s
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Figure 3.7: a) Galvanostatic electrodeposition of a Ppy:DBS coating on a gold microele
with a diameter of 30 unib) Control of the Ppy:DBS coating thickness through the depo
time.

3.2.3 Electrochemical impedance spectroscopy

Electrochemical reacti@at an electrodeslectrolyte interface can be decomposed into

a series of multistep processes (mass transport, charge transfer, adsorptiomancapaci
charging), each occurring at distinct rates. The individual steps are time dependent and may
occur at different timescaleshe study of electrochemical systems is facilitated by the use of
thetransient techniques enaig the analysis of time dependgmbcesses occurrirag selected
frequencies$??Electrochemical impedance spectroscdphs) uses a small amplitude potential
periodic perturbatiorVvV to excite the electrochemical system at different frequencies, as
illustrated inFigure 3.8. By measuring the response of the system to this perturl{#tion
electrochemical curren), it is possible to calculate thredlectrochemical impedandeansfer
functionof the systenas

W] W]

Q Q
wherey is the angular frequency,is the phase angle between the input and output signals,
andi (orj) is the imaginary unit. The electrochemical impedance, as definéjb¥.1, is a
frequency dependent complex number, whose realfait a frequency dependent resistance
and imaginary parf is a frequency dependent reactance. EIS measurements should be
designed to conform to the Kramd{€sonig relations, which are derived under the assumptions
that the system under investigation is linear, stable, and caeigaird 3.8c). Such a
condition is typically achieved when the amplitude of the potentiostatic modulatianges
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 100ikB@mHz for electrochemical
processes. Usually, seven to ten points per frequency decade spaa#y 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

O ® € %ol D "ol A7) 3.1
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towards the low frequency limiF{gure 3.8b). This because at high frequency capacitive
currents and chargeansfer 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 dat
analysis is the use of graphical methods to visualize and interpret the impedanEegdata (

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 theswitlatequivalent

circuits Figure 3.8e), 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 ihidethapter 4.
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Figure 3.8: Electrochemical impedance spectroscopy.Electrochemical cell where a sn
amplitude voltage modulation is applied between the working and reference eldziuefrequenc
of the voltage modulation is swept in a wide frequency range, from the high frequency limit tow
low frequency limit.c) The response of the electrochemical system (the cudréisimeasured in tl
linear regimed) Graphical representation of the acquired data, featuring the Nyquist (left) an
(right) plots. Data are analyzed using equivalent circuit desmmipg).3?2
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3.3 Atomic force microscopy

Atomic ForceMicroscopy (AFM)is ahigh-resolution noroptical imaging techniqye
allowing accurate and nedestructive measurements of the topographical, electrical, magnetic,
chemical, opticaland mechanicabproperties of a sample surface in air, liquidsuttrahigh
vacuum3?® The basic operation principle of a standard AFM system with optical feedback
involves scanning aAFM probewith asharp AFM tipover a sample surface in a raster pattern
(seeFigure 3.9a). The AFM tip is usually made of silicon or silicon nitride and is integrated
near the free end offeexible AFM cantilever A piezoelectric ceramic scannantrols the
lateral and the vertical position of the AFM probe relative to the surf&ben the tip is
approached to the sample at distances down #8@rim, information on the sample properties
can be studied from the interactions between the tip and the sample surface, inducing the
deflectionof the AFM cantilever. Such a process is tracked by a laser beam reflected from the
back site of the cantilever ad@rected intoa position sensitive photletecto(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 cantileverAs the AFM tip moves over features of different hejght
thedeflection of the AFM cantilevashangesaccording to the different local interactions
A feedback looontrols the vertical extension of therticalscanner to maintain neaonstant
constant interaction force. The coordinates that the AFM tip tracks during the scan are
combined to generatetiareedimensional topographic imagé the surface.

a b c
) measured force ) 7] B Repulsive interaction ) :
+ F Attractive interaction
A —— Total interaction (U,y)
§ z-feedback
[ !
PSPD 3 = r
© 4
§ z-scanner _A
N displacement 6
+F F
D 3 1
~— Repulsive regime:
<A Used in Contact AFM (F ~ 10-3N - 10-5N)

Attractive regime:
Used in Non-Contact AFM (F ~ 10°N - 10-'2N)

Figure 3.9: Atomic force microscopya) Schematic representation of the AFM components
scanning electron microscope image of an AFM probe is reported as inset, showing the AFM ¢
and tip.b) LennardJones potential approximating the-ample interaction energy. According to
tip-sample distance, AFM can be operated in contact orcontact modé?* c) Non-contact AFN
operation. Variations in the sample topography (blue region) are measured by changes in
cantilever oscillation amplitude and phase, while only phase traces are sensitive to com;
changes (yellow regior§®

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 thennardJones potentiaf#*
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YiYY ¢ 'l— 'I— 32
whererg is the equilibrium distance between the atoms. According to tisaiiple distance
the interaction between the tip and the sample can be either repulsive or attractive, enabling two
different AFM operation modes (sé&gure 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 thEM\tip and the surface are repulsive. Soft AFM
cantilevers with force constan@1N/m are usually used to minimize AFM tip wear and surface
damage and to increase sensitiviiynong the main drawbacks obntactmode operation are
the susceptibility of AFM tips on soft AFM cantilevers to both latermales and sticking to the
surface contamination lay®rThese result in image distortions. In addition, lateral forces can
be damaging to the AFM probe tip and to soft samptes.these reasons, ngontact (or
dynamic) AFM was introduced. In narontact mode, th&FM probe cantilever is oscillated
by a piezoelectric actuator at or near its fundamental resonance frequency, usually several tens
to several hundred kilohertz. The AFM probdhisnlowered towards the sampkeepinga
distance of several nam®ters away from the surfacéhe resultingttractive interaction forces
damp thecantilever oscillation amplitudand modify its phaseThe feedback looacts to
maintain a constant AFM cantilever oscillation amplitude and hence a constant interaction
force. The advantage ofion-contactmode 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 resolutibhne oscillation phase is affected bgriation in the
dissipated energy on the sample surféwes norcontact mode AFM is sensitive to the sample
composition(seeFigure 3.9¢).2?° The disadvantage is that it is challenging to keep at the
AFM tip in the attractive regime. For small turface distances, high performance feedback
controls are needed.
In this thesis, | used tHeark NX10 AFM systenoperating innon-contact mode to image the
surface topography of the samples under study. At the same tirgyichAFM experiments
under potentiostatic control (electrochemical atomic force microscoppPM) have a major
importance in this work.

3.3.1 Electrochemical atomic force microscopy

Atomic force microscopesan measure nanomet®aleresolution images of samples
submerged in dquid, facilitating applications in physical as well i sciences?® In these
experiments, theample is held in a small vesget 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 scann{Rggure 3.10a). Electrochemicahtomic
force  microscopy (EAFM) combines highkresolution imaging of surfaces
with electrochemicatharacterization(Figure 3.10b). EGAFM is operated in a liquid
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environment containingelectrochemicateactive species. A set of electrodes allows the
application ofan electrochemical potentitd the samplenducingelectrochemicagbrocesses.

At the same timean AFM setup measures the surface morphologycliaeshges induced by the
chemical reactionsSuch measurements are realized vath electrochemicatell that is
designed to simultaneoustpntrolprocesses of interesthile providing a suitable medium to
image the topography of the sample surface. This cell is like thp seed for standard
measurements in liquid environments with the main difference thalebgochemicatell is

also equipped witlvorking, counter, and reference electraden optical image of the setup |

used for EGAFM experiments is reported Figure 3.10c. A polyether ether keton@EEK)
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 underlylyglimethylsiloxang 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 worlectrodes are aligned with

the center of the well and individually addressable though the metallic contact pads patterned
outside the liquid well.

a) b)

antiever
i anti
'\ / holder support
Lo { r r Vessel
Glass Window b
— 1 ample

Figure 3.10: Electrochemical atomic force microscopy.Schematic of an open cell to perforre
liquid AFM experimentsb) Schematic of an E@FM setup with potentiostatic contra) EC-AFM
cell used for idiquid experiments in this thesis, featuring a Ag/AgCl wire as reference electror
wire as counter electrode and a set of microstructured OMIEC devices patterned at the cer
cell. These are individually addressabletigh the contact pads fabricated at the left and right
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 electrotiécior
the voltage drop at the electrolyte interface is negligible §see1.10.2. Both the gate and
the microstructured PEDOT:PSS OECT channels (resulting from the microfabrication process
in Figure 3.5) were immersed in a phosphdteffered saline (PBS) solution (1x), ensuring
a pHneutral and watebased experimental environmént.
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3.4.1 DC measurements

DC measurements were performedtudy thesteadystatebehavior of the OECTs and
extract the related figures of merit. Measurements were performed withanBels Keysight
B2912A sourcaneasure unit (SMU) using the setup kigure 3.1la. DC electrical
measurements on OECTs can be divided into characteristic (or output) curves and
transcharacteristic (or transfer) curv@sitput measurements involve the sweep of the seurce
drain voltageVp,pc over a defined range, while the gate potenigbc is maintained at a fixed
valug andthe currenfat the drain electrodie pc is recorded aa function ofVppc. Then, the
potential on the gate is changed and another curve is rectwdstlidy the transistor
characteristic behavidor different gate potential©utput curves measured for a PEDOT:PSS
OECT with channel width and lengthxL = 100x100 pm and thickness 10010 nm are
reported as an example fgure 3.11b.

a)
: PBS ch 1: sources V, measures |
Source-measure unit Ag/AgCI G.DC» G,DC
gate
cht ch2 ch 2: sources Vj pc , measures Ip e
high low high low
- ® 9 * ) .
L source drain —‘
(
b) 0 c) 0 d)
___.__7
-100 _// '100- _
"'éi -200 V. . fom ‘-'g =200 - v, . fiom 3
- 021006V - 021006V =
-300 - -300 -
05 0.4 03 0.2 -01 00 02 00 02 04 06 02 00 02 04 06
Vooe V) Veoe (V) Vanc V)

Figure 3.11 DC characterization of organic electrochemical transistaysExperimental setu
involving a microstructurated PEDOT:PSS channel and a Ag/AgCI gate to constitute the OEC’
Measurements are performed with a&hannel SMU, with the source electrode operating a:
reference point for voltages for both chann@atput(a), transfer(b), and transconductan¢e) curve:
measured for a PEDOT:PSS OECT with channel width and |&figth= 100x100 um and thickne
100+10 nm.

Transcharacteristic curves require a fixed drain voltager, while sweeping the potential on
the gateVs,pc and recording theurrentat the drain electrode pc (Figure 3.11c). Transfer
curvesmonitor how thechanneldoping and deloping processnfediated bywg pc) influences
the OECT current,studying the device amplification properti@hereby an important figure
of merit of the devicesthe transconductance, definedgasc= od¢/ @¥c - candirectly
calculated from the transistor transfer curves at different applied poteRkiguse 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 reapierimentavere performed with
the MFLI lockin amplifier (from Zurich Instrumentg)sing the setup ifigure 3.12a. A
constant DC offset voltagés pc and a sinusoidaC modulationVg ac (with amplitudel 0 mV
anddesired frequengywere applied to the gate terminading the internal reference signal
generated by the instrumeiithe resulting AC current flowinfjom OECT sourcel § AQ was
demodulated to acquinés amplitude and phasé constant DC voltag®poc was applied
between the source and the drain electrodasy a MFLI auxiliary output. The source electrode
was used as a low reference point for the applied voltages.

Ag/AgCl bl 110 nny
gate 4 2 0.8-
1 = E
ls.ac Vboc 3 0§ o
: 0.6
- < T B
source drain = 10 3 E 04
2] g g
Lock-in amplifier - 20 = 5 02
lin  Vierout  AUXoy 130 = 0.0 .
1 1 b ‘ ‘ ‘ .
— | | 10 102 10° 10 10' 10? 10° 10*
Frequency (Hz) Frequency (Hz)

Figure 3.12: AC characterization of organielectrochemical transistorg) Experimental setu
involving a microstructurated PEDOT:PSS channel and a Ag/AgCl gate to constitute the OEC’
Measurements are performed with a lickamplifier, with the source electrode operating as
reference point for applied voltages. Smucurrent spectrulip) and AC transconductanée measure
for a PEDOT:PSS OECT with channel width and lenifith. = 100x100 pum and thickness 100+£10

The OECT frequency response was measured by sweeping the frequégy:fsbm 10 to

10* Hz. A source current spectrum acquired in a PEDOT:PSS OECT with channel width and
lengthWxL = 100x100 um and thickness 100£10 nm is reportddgare 3.12b. Data show

both the measured current amplitude and phase, and allow to calculate the AC transconductance
asgmac= oad/ @M which determines the OECT bandwidBigure 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 repaortdds chapter led to the
publication offour scientific papers, and to the preparation of one manustiptitted 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 determiningptration
speed ofbioelectronicdevices but mixed conduction complicatesliable measurements of
electronic mobility For this reason, we introductte electrolytegated 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. Wentrol the electrolyte gate potential by a
potentiostat and measure the sheet conductance in-pdimiprobe geometry as a function of
gate potential. We show then for the electrolyte gated van der Pauw method (EgVDP) a
straightforwardanalysis to extract the threshold voltagand the hole mobilitg,. Results are
compared wh 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 EgVDP
method, combined with its intrinsic independence from contact resistance effectiseand
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 éwlthaced Electronic
Materialsjournall® | collaborated on this work witRrancesco DecataldBgatrice Fraboni,
and Tobias Cramefrom the Department of Physics and Astronomy of the University of
Bologna.

4.1.1 The electrolyte -gated van der Pauw method

EgVDP experiments requiredmicro-structured PEDOT:PSS thin film devices
fabricaked according to thprocedure irsect.3.1 The optical micrographs Figure 4.la
demonstrate the wetlefined 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 eneasts. As
required byv an der VDPamethdods 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 shap@with side 500 pm)to reduce contact displacent errors in VDP
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measuremenfZ® The PEDOT:PSS layer is designed with the same dimensions-oivtacts
OECTs(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 characterizeon is finally reported inFigure 4.1c. The PEDOT:PSS active layer is
immersed in an electrolyte (PBS 0u). A current is injected between the hifylice and the
low-force contacts of the device (contacts 1 and Figure 4.1c, respectively) and the
corresponding voltage drop is measured between the other two (the high asenkmy
contacts 4 and 3, respectively). Simultaneously, a potent{bstatohm Autolab PGSTAT204

is employed to generate an electrical potential (the gating voltageetween a Ag/AgCl
reference electrod@melchem 373/SSG/)and the lowsense contacA platinum wire was

used as counter electrode.

a)

Ag/AgCl

Pt wire

Vg

500 pm

T
-

500 pm

Figure 4.1: Experimental setup for electrolyte gated van der Pauw measurements to cha
electronic transport in PEDOT:PSS thin filna Optical micrographs of a fotgontact measureme
structure with the PEDOT:PSS active layer patterned at the center of the be@pgcal micrograpr
of an organic electrochemical transist@). Schematic of the experimental setup for EQ'
characterization.

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

We measured the channel capacitance of the fabricated thin filoigabgcterizing the
PEDOT:PS&electrolyte interface with electrochemical impedance spectroscopy. Results for
EgVDP devices and OECTs are presented, respectivadfygume 4.2aandb. 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 resisRarnaed the channel
capacitanceC of the deviceé?® As expected, the frequency response of EgVDP devices
reproduces the one of OECTSs, 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 valu&8.The channel capacitance was measured as a
function of the gate voltagd-igure 4.2 c) for two differentmacroscopic EgVDP devices,

with an active PEDOT:PSS film area of 35 ff resulted to be independent frovia and
approximately constant in the voltage range in which the EgVDP characterizations were
performed {0.2 V <V < 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 timescalaswhich gating is effective in electrolytgated van der

Pauw structuresigure 4.2d andeshow 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 fnim compared with the

one of a microscopic EgVDP structuféigure 4.2€), with film area 0.25 mi(seeFigure

4.1a). During each step/c is kept constant fotO 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 transienteR@onse. The time duration of the transitory state
depends on the time constant of the devitewhich is proportional to its capacitance. Many
studies demonstrate that the electrical capacitance of a PEDOT:PSS film depends on its
volume®3! 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 electrolygated PEDOT:PSS thin film&lectrochemic:
impedance spectroscopy of four cont@tand two contact OECTb) structures. The Bode plot w
fitted with the circuit shown in the inset. Time response of macros¢dpand microscopige) four
contact structures during electrolyte gated van der Pauw measurements. The voltage drop on
between the sensing contacts 4 and 3 is measured in time while varying the applied gat®aolte
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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 rateéVerand the circuit fails to reach the stationary
behavior. For this reason, during the characterization of macroscopic sized samptadd
notapply 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 repofigdre 4.3a
andb. The gate voltage is scanned betwdkR and 0.6 V (forward and backward scans), while
aconstantcurretio= 10 €A is injected between the Hic
The gate potential range of the experiment was selected to avoid material degradation and water
splitting processes. The measured sheet conductance of the thiRifilme( 4.34a) is plotted
asa function of the difference betwe®a andVc, with Vc being defined as half the voltage
drop measured on the sample € Va4.3/2). For comparison, the transfer curve of a two contact
OECT measured in linear regimépg = 0.05 V) is presented irigure 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 EQVDP devices and OECTSs reach a linear operation regime
below a threshold voltagé. The linear behavior of an OECT is commonly described by the
Bernar d#%s model

(@) o] T w T () P
whereC indicates the capacitance per unit area of the PEDOTaR®Solyte interface, and
W, L are respectively the channel width and length. Equdtibrcan 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 potgrdiadsVa,
respectively. The geometrical dimensions of the channel are relatédNsy | n( 2) / ~ ,
demonstrated by van der Pauw for square VDP structtfri@se injected curreniy.2 can be
expressed in terms of the sheet conductépas
&"O , WS 8
with
” 0w W ws &

The space charge density accumulated in the PEDOT:PSS layeQy/,-Vg+Vc|, whereVc
= V4.3/2 approximates the potential in the probed region of the EgVDP structures.
Figure 4.3a andb were fitted withEq. 4.1 andEq. 4.3 respectively to extract the charge
carrier mobility and the threshold voltage of the devices. Quantitative results obtained from
different samples are reportedliable 4.1. Mobilities measured in OECT devices are in good
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comparison with findings describedliterature. Typical values measured in OECTs are on the
order of 210 cnfV1s133%334|n 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 timactuenulation does not exceed a
critical limit at which energetic and structural disorderisetue to PEDOT overoxidatioti®

Table 4.1 also confirmsthatthe EQVDP method allows for a very reproducible parameter
extraction on the three different samples. Mobilities measured with the cordependent
EgVDP characterization are systematically higher than the ones measured with OECTs. A
similar value for mobily was determined ircontact independent measurements based on
terahertz and infrared spectroscapy.

Sample €p[cm?V-1s?] Vi [V]
EgVDP 1 12.0£0.5 0.436+0.011
EgVDP 2 11.7+£0.4 0.44+0.02
EgVDP 3 11.3+0.4 0.45+0.02
OECT 1 5.920.3 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 EgMaPOECT
characterization

To studyin detail the difference between the OECT and EgVDP measurement techniques, we
compare both the calculated sheet conductancegjure 4.3c. At high gate voltages (low
carrier concentrations) both curves are superimposed. Instead avVdowhe 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 i@t contact resistance
effects. The presence of a contact resist&aenerates an additional potential drop along the
semiconducting channel of an OEQ®s = Vbs/ (Reh + Rc), whereRch indicates the channel
resistance

: P
Y TR, e &
Y C
By substituting in the transfer curve equation the contatgpendent mobility > =
(11.NO0 . 3% s bt ai ned by averaging the EgVDP mob

be solvedRbses @afoawmlkcaien of the gate voltage:

) cm)‘i’ly o oo L
0 — ——0 &
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Results of this analyserereported inFigure 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

~

Y o G2Qopreo ® T8
is fitted to the data, obtainirg= 0.035N 0 . 0 Obl=B.7&6M0 . 0'andk 0. 483 NO. 005
Hence carrier injection from the contact int
by the gate voltage in OEEQJue.4.3ehiwhiaslpecd mp &
the OECT channel resistance with the contact

From this plot it is possible to observe that the gigggendent 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 therel@c 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 characterizajdiseet conductan
of an electrolyte gated van der Pauw structure plotted as a functidg -8t (with Ve = V43/2). A
constantcurrent,= 10 € A i s i njected b)dtawferecurve oflareOEL
The drain voltage is fixed at 0.05 V. The linear regime of the EgVDP and OECT characteristics
to extract the mobility and the threshold voltageComparison between the sheet conductance
EgVDP (red line) and an OECT (blue lind).Evaluation and exponential fit of therdact resistan:
as a function of the gate voltage in an OE€JIComparison between the contact resistance at
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 measur@meat®. nt a c t

resi stance exponentially dependent on the ga
et 3°Flhis observation was interpreted as the
contact, caused by |l ater#I atemadcui oant s ains pto

responsible for the threshold voltage overe
Kaphl ebs *%5i minleataipgprd i cat i-tomo wrfc ea WpmelstDa goed e (VY r
generates an equilibrium ion distribution in
the region nearby the drain contact. Consequ
is locally increased,-daapnttshe sStlorhecdeunceefdaeé ¢ O nc a
the threshold voltage of an OECT working 1in

the EgVDP such a systematic error in thresho
hi gh i mpedance el ectfrioadleds snteraessrugtehs rtehlee ved retc t
and is thus nota cacfu neuwcWeetdnadotiyat ih aurcegperimeng we used

a potentiostat and a walefined reference electrode (Ag/AgGU3KCI) to have a precise

control of the electro@mical potential in both vaderPauw 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
tedhniques. In doing so, we observe that contact resistance affects the linearity of the OECT
transfer curves and renders the extractiowdifficult. On the otherhand, he tr ansf er ¢
acquired with EgVDP measur e meenrt sd eanrsei tpieersf,e catl
an accurate det efi midregpteinare ndf tkhderee sshaoe hda amo |itdaeg
one can refer to more advanc®tdomodel esnenggat
the semiconductor and wor .kThef emargy tdingpam ofoaf t he
PEDOT:PS&ased OECT/van der Pauw structure immersed in PBS is reporkegduire

4.4,

eVpon =
1-0.07eV
eVep =
0.7 eV

W,, = Wag/age =

4.5 eV 4.7 eV
Weenar

eVG= I_ B e e R AP

-0.2eV T
E;
Au PEDOT PSS | PBS | Ag/AgCl

Figure 4.4: Energy diagram of an OECT/van der Pauw structure when a gate voltage of |
applied allowing for a fundamental interpretation of the threshold voltage in van der Pauw str.

A gate voltage of 0.2 V is applied to the Ag/AgCI 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/asth An additional potential drop

must be considered at the interface between the PSS phase and the PBS electrolyte that is called
Donnan potentialpo. The Donnan potential is caused by different ionic concentrations in the
PSSphase with respect to the free electralyied was measured to Weo, = -0.072 \1??> The

work function of theAg/AgCl reference electrode is setWhgci= 4.7 eV3*2 while Weepor

indicates the valence band edge of PEDOT (the work function of PEDOT:P Sfpisrés=

Weepot + €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
isn 0 w ,while the electrochemical equilibrium at the interfaces is expressed by

W w Qw @ W T T&
From these equations, Itds possible to find
device and a relation between the threshold voltage and the PEDOT work function:
W oY W o) t8p
Viresults to be dependent on the position of
st asthei,ehectrochemi cal meaWdpoxrmetn 85T Biwn dciocnattaec t

i ndependent threshold voltage extracted fro
estimate OMepbhisjvipd!l 88NQ. 04) eV) with respec
(WeepoT, Decr4. 25N0. 03) eV).

Finally, we not e -itnhdaetp eanldteenrt n att e cvhpnoiicgautretsa c:
probe**@REP)Yransmissi o¥chnnbemesbddt 0TeM)ract
mobi l ity -cihmartglee dreiropgfh tOMI rE€Cgi. meHowe v er , we t hi
met hod has many avTamt ageguioesr muhéeémpl e dev
channel |l ength and mobility extraction is wi
t hr esholP*®Asv oslhtdaigyne .#.8c, transfer curves of OEC
therefore threshold voltage depends strongly
ot her hand, -Rradkka FpRFPFP)Podeti ces require the
probes aledgethbhé vheysemiconductor channel,

compromi sed by smal/l v#d inatciomnt g aist , deneiac e r §
device is of the same complexity as the gFPP
However, the data obtained are more precise

sides and t he gierndmeegean dce dd enefnrsanm ns .

4.1.5 Conclusions

In this section | introduceda fourpoint probe characterization technique @WIEC
materialsthe electrolyteg at ed van der Pauwbs met hod. Thi s
time to PEDOT:PSS thifilm devices for an accurate extraction of the mobility and the
threshold voltage, that are representative of the transport properties of thelThlerttyVDP
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method combines many advantages: (1) the device structure and fabrication constraints are the
same as for standard OECTsSs, allowing easy device integration and comparison; (2) the method
is independent from contact effects that are detrimental to transisoacteristics; (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 reproduciblsutes. The average PEDOT:PSS
mobility and threshold voltage obtained from measurementspgre=(11.7+0.3) cmVv-1s?

and ¥/> = (0.44+0.02) V . By comparing this result witkp@intprobe 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 famtiee &md the

latter, respectively. These observations indicate that a cantlgiendent 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 scopeertits general applicability and good
accuracy, the EQVDP method can be a promising and useful tool to charaetecizenic
transport imewOMIEC formulations

4.2 lonic 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:doven electrochemicglrocesses organic
mixed conductors induce mechanical deformation enahfiifgcial musclelike 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, anghonitoringfastlocal ionic exchange processa<OMIECs
remains elusivdn thischapter| address this issue introducing the modulated electrochemical
force microscopy (mME&\FM) as novel operando characterization method for electrochemical
actuation, combining both microscopy and spectroscopy of electroswélfihg.is usedas 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
impedare spectroscopy in PEDOT:PSS microelectrodes yields a multidimensional
spectroscopy revealing the dominant timescales for ion migration and electroswelling. The
resulting knowledge allows us to implement multichannel mE®M imaging, providing maps
of locd 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. Accordinglglower water diffusion processes are not limitargl
microactuators can operate at frequencies exceeding several kHz.
The findings presented in this chaptesre published in Advanced Sciengeurnalin March
2024.3%8 | collaborated on this work witFrancesco Decatald@pbias CramgrandBeatrice
Frabonifrom the Department of Physics and Astronomy of the University of Bologna.
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4.2.1 The modulated electrochemical atomic force microscopy

MECGAFM experiments require micsstructured devices based on electroactive
OMIEC materials. For this reason, we fabricd@&DOT:PSSnicroelectrodes according to the
procedure irsect.3.1 An optical image of the final devices is reportedrigure 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 sysaflynétte thickness of the
electroactive polymer layer. Also, a higher magnification image of a single electrode with 50
um-diameter is shown featuring a PEDOT:PSS layer of 1 um thickness. A thick negative
photoresist layer (3 um) electrically insulatiks gold feedline from the surrounding electrolyte.

b)
— 0.1 f f f=3.2 kHz
PSR % oo /\/\/
i > 0.1 | |
Al i < s
; S 0]
B‘,,-"-’" —2 -5 \/\/\
Ag/AgCI £ 0.054 pr
| A £ 0.00{1 ‘ %j
AC ionct » -0.051 | %
0.00 0.16 0.31 0.47 0.63
X 7~ Time (ms)
Vinac

Figure 4.5: Experimental setu@) Optical image of a PEDOT:PSS microelectrode array used 1
AFM experiment. The structure of a single electrode is provided by the magnified image stay
inset.b) Schematic of the experimental sefop mEGAFM, showing the AFM operating in cont
mode on a microelectrode when an AC voltage is applied. The signals measured during the e
are plotted as a function of tim&he frequency of the input voltayf isf = 3.2 kHz

Figure 4.5b shows a schematic of the experimental setup used for the modulated
electrochemical atomic force microscopy (mMBEM) measurements. In this technique, we

used a frequency modulation to induce electrochemical dopirdfgeng of an OMIEC
material and we acquire the local thickness variations induced by the process. Samples are
immersed in a 0.1 M PBS solution, using a Ag/AgCl wire as reference electrode, afdvthe

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 modufation

(with amplitude Vin| =100 mV and angular frequenay) to the micrelectrode drives the
reversible oxidation andeduction 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 sighdlhe 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 zscanner feedbadkop control.This condition was achieved by settihg zservo gain
parameteto 0.01.Typical data traces obtained by this procedure are showigume 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 frequencyfef3.2 kHz as provided by the AC signal source.

4.2.2 mEC -AFM multidimensional spectroscopy

To perform spectroscopic measurements, a multichanneldaakplifier is introduced
to demodulate the AC signals, measuring the voltage, current and swelling phasoré)
and™Y (seesect.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

(seesect.4.2.7).
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Figure 4.6: Multidimensional electroswelling spectroscopyElectroswelling spectrum obtained
sweeping the frequency of the AC input voltage in a wide range. Spectra @b) #lectrochemici
impedance andc) actuation transfer functions relating charge uptake and swelling in the p
matrix. Electroswelling(d), impedance(e), and actuation functiorff) amplitudes measured

PEDOT:PSS layers with different thicknessHse electrode diameter is 50 prror bars indicate tl
average between measurememerformed in 5 different positions on the electrode sui
Experimental data ifd) (indicated with squares) are fitted assuming a constant a&tuéhe actuatio

function for each thickness. Fitting results are reported in ZaBle

The resulting spectrunf{gure 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 Bywhen the AC voltage reaches its minimum val@8@ 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
functionsrelating the three measured phasors. The electrochemical impedance transfer function
@ wl'®eveals 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 layersecond relevant transfer function

is the actuation functiod  "W0, where0 _ "di ‘Qiis thephasor defining the charge

accumulated in the polymer filifseesect.4.2.9. The actuation functio’ reveals how the
morphology of the soft polymer matrix changes through the injection of charge. The spectrum
of Ais reported irFigure 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
perfamed electroswelling spectroscopies on 5 different points on the polymer surface and find
experimental variations in the transfer functions that are smaller thakigtsg 4.6a and
c, see alsdrigure 4.7 andFigure 4.8 for the mapping of the amplitude and phas&)ofn
the spectroscopy experiments we also varied systematically the drive amplitudé 200
mV and found a linear response of the current and swelling ggpttl4.2.8. This finding is
in agreement with the absence of faradaic reactions in PEDOT:PSS over a broad
electrochemical potential windotf®

From this evidencewe 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 depleteddm 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 iRSi®phase. As a consequence, the film
increases in local height bg,| when a negative voltage is applied, explaining the antiparallel
response ofA (180°) with respect to the voltage sign@lur observations are confirmed
performing experiments on electrodes with different PEDOT:PSS thicknésgese( 4.6d,
e, f). Analysis of the two transfer functions reveals that electroswelling is only limited by the
impedance of the PEDOT:PSS/electrolyte interface. Consequently, the ampliéudeguifre
4.6f) has a constant valweindependently on both, the film thickness as well as frequency
Following this observation, we can model the impedance spectmume 4.6e with an
equivalent RC circuit to calculate the charge accumulated in the film, and then fit the swelling
spectra keepi ng t laastheantytadjuatabie paramesadeett.d.2.19.0 ent 0
Results (continuous lines iigure 4.6d) show an excellent agreement with the experimental
points. The related fit parameters are reported in Table 1 and show val@esofopatible
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

101



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

is provided by the characteristic time of the RC cirtlit = . (ilR The actuation function has

a constant valua for the PEDOT:PSS formulation independent of both the frequency and the
amount of injected chargé&his identifiesa as an intrinsic metric of the actuation extent and
allows for a microscopic interpretation which will be discussed in the final paragraph.

Thickness R (kW) C(nF) a(nm nC?
102+6 nm 10.4x0.8 9.2+0.8 0.063+0.008
24318 nm 11.4+1.2 24+2 0.076+0.002

605+10 nm| 11.3+1.4 57+3 0.080+0.006
1.6£0.5um| 10.1+1.8 147+8 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 Figuteg and4.6e.

4.2.3 mEC -AFM imaging experiments

Next, we aim to investigate the impact of the logairphology on electroswelling
properties. Like piezoelectric force microscopy, mEEM mapstransient electroactuation on
the polymer surface by acquiring the amplitude and phase of the surface height oscillations
induced by an AC voltage modulation. Such a m&&M imaging experiment can be
implemented on microelectrode surfaces with sufficiestlyall RC constant to allow for
electroswelling at frequencies extending into the kHz range. Achieving fast electroswelling
operation is essential to perform stalmEC-AFM image acquisitions with a reasonable scan
time. Figure 4.7a shows the electroswelling spectrum for a\80 diameter electrode. For
imaging experiments on this electrode, we used a modulation frequerigy=08.2 kHz that
is in the frequency rolff 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. Ferdbft polymer surface, we use fast approach and
retract curves to avoid shear forces and potential tip or sample damage during scanning. As
shown inFigure 4.7b, for each pixel of the image, the tip is approached until a threshold
force ofFmax=16.7 nN is reached. During the same approach, the surface oscillation amplitude
and phase are recorddeldure 4.7c). Both signals increase only after the AFM tip gets into
contact with the PEDOT:PSS layer (indicated wattd). Upon increased force, the swelling
amplitude and phase become stable and remain constant, indicating that the thresHetdxforce
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 theeszbesecillations. Once
above threshold force, the amplitude and phase signals are averaged=ftrms. Then the
AFM probe is lifted from the contact position, and the operation is repeated for the following
pixel. Images obtained by the mEXF-M technique on the entire microelectrode region (50x50
nm) are shown irrigure 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 coveretticroelectrode. The encapsulation layer and the substrate show changes
in surface morphology, but no electroswelling sigi&gre 4.7e andf).

a) , ‘ , , b) , , €)  o0.06—
1 |
10" rora2ke [0 E i
0 —approach £
7 =z — @ 0.02
P S E
£ 30 T o 0.00
= e 2 180
2 608 & ? .l
s experiment . o k= 1207 :
theory | +-90 )
1021 P - S S| ﬁ 60
' 1 4 2 ! 3 ! 4 T T T T o
10 10 10 10 20 0 20 40 %o 20
Frequency (Hz) z (nm)

135
120

100
80
60
40

183 100.0

150 80.0

100 60.0

40.0

8.0

Figure 4.7: mEGAFM imaging of electroswelling amplitude and phase on a PEDOT:PSS ¢
microelectrodea) Electroswelling spectrum of the @0m el ect r o d efyyapplibddo thH
input voltageVi, during the image acquisition is indicatdyc) Simultaneous measurement of fe
distance spectroscofly) and electroswelling amplitude and phé&seon a single pixel. The repetiti
of this process allows for the imaging of the electrode hdihtelectroswelling amplitudée) anc
phasgf) on the entire electrode region.

Next, we acquire a multichannel mEEM image with increased resolution imposing
128x128 pixels on a region of 3x3 um in the center of the microelectrigie¢ 4.8). The
height Figure 4.8a) and electroswelling amplitude Figure 4.8b) show a strong
correspondence in the image. The combined line profilésgare 4.8d demonstrate that
increased electroswelling is measured in regions of the film surface where the PEDOT:PSS
layer is thicker. Instead, the signal phaseggre 4.8c) is not affected by the local
morphology and maintains a constant value. The quantitative analysis of the correlations is
depicted inFigure 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= 2 8 [,*°and Fhe efectrode aréa, we can calculate

the actuation coefficienfrom the slopek of the correlation line a® — 5 - 0.09+0.01

nm nC1, obtaining results consistent with the spectroscopy experiments.
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Figure 4.8: Nanoscale mE@FM imaging of the electroswelling effect. Multichannel A
acquisition of the topographga), electroswelling amplitud¢b), and phasdc) on a PEDOT:P<S
microelectrode. The imaging frequenfiy was set to 3.2 kHzl), e) Line profiles extracted on t
vertical axis of the images comparing the acquired dpt@orrelation between the local thickne
electroswelling amplitude and phase. Error bars are obtained dividing the height distribution ir
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 hypothesisvghzdan define
Afenergetico) predicts that hydrated ions are
the external electrical potentigh,. The second hypothesis (that
assumes that fAbar ed ioactive materia and wajereuptdkeislcausedt o t
by a subsequent osmotic process. Despite the possibility to model the PEDOT:PSS layer as a
semipermeable membrane due to the presence of the fixech&®ptors?* 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 interfaclodeling experiments of water uptake in
PEDOT:PSS allow for the quantification of the water diffusion coefficient in the matebal as
& @134 Using this value and assuming the complete hydration of the polymeric layer

on the vertical axis, we can estimate the diffusion time as—, wheret is the thickness of
the PEDOT:PSS film. Typical timescales for the 300 nm thick films of 22.%se®ssect.
4.2.1) clearly il lustrate that water di ffusior
el ectroswelling and validate the fdnenergetic
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associate the actuation coefficianto the dimension of the hydrated radius in the PEDOT:PSS
layer. If we assume that each injected ion is responsible for the electronic dojiogiidg of
the material, we can calculate the volume of hydrated iomgnasAe*e*a (seesect.4.2.12),
and correlate the hydration radius to the actuation coefficient:

0o Q *

T

where e is the elementary charge. By replacing the average actuation coeffi@ent
0.075+0.007 nm n&€from Table 1, we obtairrio,n> = 0.18+0.02 nm, which corresponds to
half the value typically measured for Neation in water fyaw= 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 ekignt¢ 4.9a), or ii)
only cations are responsible for the electroswelling, but their water shell inside PEDOT:PSS
gets smallerRigure 4.9a). A final, third hypothesis is provided by a combination of the two.

i 8
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Figure 4.9: Interpretation of electroswelling in PEDOT:P%8lon transport involves both catic
and anions inside their water shell, with a smaller fraction of anions leaving the material when a
potential is applied to the electrod®.lon transport involves only cations, and their water shell
smaller inside the materiat) Electroswelling spectroscopies performed in different electro

Results are a strong support for the hypothesi¢b)n Error bars indicate the average betv
measurementsgpformed 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§0/(28 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 reportégume 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 watakagausing material hydratié.

The findings in NaPSS solution, allow us to exclude the transport of anions asd>88 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 onty 4odium cations. This observation strongly
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supports the swelling mechanism illustratedrigure 4.9b. Fixed PSSacceptors limit the
uptake of mobile anions from the surrounding electrolyte by electrostatic repulsion, while
coordination to sulfate groups causes smaller hydrodynamic radigs = 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.
The experimentakrion> value is consistent with previous analyses performed using an
electrochemical quartz crystal microbalance (EQCM), estimating an uptake? oidter
molecules for every injected iGH

4.2.5 Conclusions

Results obtained in thishapterdemonstrate how modulated electrochemical force
microscopy (MEEAFM) 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 Ithe 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 ctuatoas, 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 Ob&i&&€l actuators
with maximized performance. ®hresearclalso shows how mEGFM offers novel means to
interrogate materials with mixed iopétectronic conductivity at the nanoscale during operation
providing information on the local ionic distribution and the-forelectron coupling. This
capability will be citical to undersind more complex OMIE®ased realizations such as
organic electronic ion pum8 or organic electrochemical transistéts.

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

A complete schematic of the experimental setup used for-AEN experiments is
reportedn 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 thénlackplifier. 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-ilocamplifier. This
demodulates the provided signals measuring the amplitude and phase of the voltage, current,
and swelling phasors. The amplitude of the latter is calculat§s|a®/s accordingto sect.

4.2.7. An optical image of the liquid cell containing both the samples and the AFM probe during
MEGAFM experiments is reported ikigure 4.10a (see alssect.3.3.1). A Ag/AgClI 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.

Figure 4.10: a) Detailed schematic of the experimental setup used for-iIE@ experimentsb)
Liquid cell used for idiquid mMEGAFM experiments, featuring a Ag/AgCl wire as reference elec
on the rightand mcrostructured PEDOT:PSS electrodes fabricated on a glass slide and aligr
the center of the cell.

4.2.7 Appendix 2: m easurement of the cantilever sensitivity and
calculation of the swelling amplitude in MEC -AFM

We measured the cantilever sensitivstyof NSC36 probes in liquid through force
distance spectroscopies on the rigid glass substrate of the safiglee (4.11a). The probe
was lifted to the vertical coordina® =0. 1 em from the contact p o
approached to the sampl e sumfEadce (esnt aann ds pfeier
retracted again ta@o. The resulting force is calculated by dividing the acquired vertical
deflectionD (A-B voltage in the AFM positiosensitive photodiode (PSPD)) by the cantilever
elastic constanfFigure 4.11b). s« = dD/dz was extracted from the slope of the linear
cantilever deflection signal measured in contact regimkgu(e 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 applyMg the
signal, we calculated th@vellingamplitude asy = |D|/sc, where|D| is the amplitude of the
vertical deflection of the AFM cantilever caused by the sample oscillation.
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