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Abstract

Organic Electrochemical Transiss are widely used as transducers for sensors in
bioelectronics devices. Although these devices have been extensively studied in the last years, there
is a lack of fundamental understanding of their working mechanism, especially concerning the de
dopingmechanism.

This thesis is dedicated to Organic Electrochemical Transistors modelling. First of all, a
numerical steady state model was established. This model allows implementing the -Poisson
Boltzmann, NernsPlanck and Nernst equations to describe thdageng process in the conductive
PEDOT:PSS layer, and ions and holes distribution in the device. Two numerical models were
proposed. In the first, Local Neutrality model, the assumption of electrolyte ions trapping in
PEDOT:PSS layer was taken into consadi®n, thus the local neutrality was preserved. In the
second model the ions were allowed to move freely under applied electric field inside conductive
polymer layer, thus only global electroneutrality was kept. It was experimentally proven that the
Global Neutrality numerical model is valid to explain the global physics of the device, the origin
and the result of the d#oping process. The transition from totally numerical model to analytical
model was performed by fitting the parametric analytical Badizn logistic function to
numerically calculated conductivity profiles. As a result, an analytical equation for the Drain
current dependence on applied voltage was derived. By fitting this equation to experimentally
measured Drain currenapplied voltageprofiles, we could obtain the maximum conductivity of a
fully doped PEDOT:PSS layer. The maximum conductivity is shown to be dependent not only on
the material, but also on device channel size. Using the maximum conductivity value together with
the Convetional Semiconductor model it is possible to extract the other parameters for the full
description of the OECT: intrinsic charge carrier density, initial holes density, initial PSS
concentration and conductive polymer layer volumetric capacitance. Haviogl to make easy
parameters extraction and characterization of any OECT, permits not only to increase the level of
device description, but most importantly to highlight the correlation between external and internal
device parameters.

Finally it is show how to make the whole description of the real OECT device, all the models
were validated by fitting the modelled and experimentally measured data profiles.

As a result, not only the purely theoretical model was presented in this thesis to describe the
device physics, but also the prominent step was made on simple real device characterization.

Keywords: Organic electronics, bioelectronics, device physics, organic electrochemical
transistor, deloping, numerical modelling, analytical modelling



Résumé

Les Transistors Organiques Electrochimiques (OECT) sont largement utilisés comme les
capteurs dans de nombreagpareiISELRpOHFWURQLTXHV %LHQ TXYLOV DLH
cours de ces dernieres années, il n'y a pas encore de compréhension ftaldashamivoque
principe de fonctionnement d'un OECT, notamment en ce qui concerne le mécanisruopagie
et la distribution dpns et de tros a l'intérieur de la couche électroniquement conductrice.

Cette thése est consacrée a la modélisation des Transistors Organiques Electrochimiques. Tout
d'abord, un modeéle d'état stationnaire numérigagatabli. Ce modeéle utilisant les équations de
PoissorBoltzmann, NernsPlanck et Nernst, nous permet de décrire finement le processus du dé
dopage dans la couche de PEDOT: PSS ainsi que, la distribution des ions et trous dans le capteur.
Trois modeéles unidimensionnels de transistors électrochimiques organiques ont été réafisés: "
pénétratiord fbns’, "neutralité locale" et "neutralité globale". Pour chaque modele, I'ensemble des
profils de concentration en ions, de concentration des trous et de répaltifmientiel ont été
obtenu pour le cas en régime permanent. Pour mdsutistributiondu potentiel a I'intérieur de la
couche de PEDOT: PSS, une configuration expérimentale a été faite. Avec cette configuration, il
était possible non seulement de mesurer le profil de potentiel en régime permanent, mais aussi de
voir I'évolution du «front mobilexdans le temps. Chacun des profiks potentiel calculesa été
comparé au profil de potentiel mesuré expérimentalement dans deux disgi&tiénts

Il a été prové expérimentalement que le modéle numérique dit meutralité globak est
valable pour expliciter le fonctionnement global du capteur, mais aussi, l'origine et le résultat du
processus dud& RSDJH /D WUDQVLWLRQ GfXQ P Rreog&eanafyigvelaO HP H
été réalisée en ajustantftanction analytiqugparamétrique de Boltzmann au profil de conductivité
calculé numériquement.

Nous avons pu ainsi extraire, la fonction analytique de la dépendance du courant de drain en
Fonction du potendil local. Cette fonction ajuster sur un profil de courant de drain mesuré
expérimentalement en fonction du potentiel appliqué permet d'obtenir la conductivité maximale
d'une couche de PEDOT: PSS entierement dopée. La conductivité masshdépendante mo
seulement du matériau, mais aussi de la taille du canal. Il est possible d'extraire, en utilisant la
valeur de conductivité maximale et un modele de smmducteur conventionnel, les autres
SDUDPgQWUHV SRXU OD GHOEETU depdd iRtr3eduR éeSamgd/ HerGife de trous
initiaux, concentration initiale de PS& capacité volumétrique de la couche polymere conductrice.

Le fait d'avoir un outil permettant d'extraire et de caractériser facilement tous les OECT permet non
seulement d'augmeéer le niveau de description de compréhension du transistor, mais surtout de
mieux maitriser la corrélation entre parametres internes et externes.

L'analysecomplete d'un seECT a également étgffectuee. Cette analyse comprend le cycle
complet de modeélisation a partir de l'obtention de la conductivité maximale avec le modele
paramétriqgue analytique jusqu'a I'obtention de l'ensemble complet des courbes de sortie et de
transfert pour le dispositif réel du transistor électrochimique organija comparaison de ces
courbes avec celles mesurées expérimentalement a montré que la modélisation analytique
numeérigue mixte pouvattes bienprédirele comportement du dispositif pour un large éventail de
potentielsdrain-source et grillesource

JLQDOHPHQW OfDSSURFKH TXH QRXV DYRQV UpDOLVpH
numerique, nous a perm@H SURSRVHU XQH GHVFULSWLRQ FRPSOgQWH (
OECT. En outre nous avons pu valider expérimentalement la pertinence de nos modeles en les

comparants avec les caractéristiques obtenues via des mesures réelles.
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Mots-clés: Electronique organique, bioélectronique, physique des appareils, transistor
électrochimique organique, dopage, modélisation numérique, modélisation analytique
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CHAPTER 1. INTRODUCTION

Organic electronics: definition, history, evolution

In the past five decades inorganic materials, such as metals, metal oxides, silicon and gallium
semiconductors were playing the major role in the field of electronics. Only these types of materials
wereassumed to be suitable as conductive and semiconductive layers for microelectronics. But in
1954 first organic conductor perylebeomine complex was discover. Conductivity of this
material was not very high in comparison torgemic semiconductors, only about 138-cmi®,
but this discovery laid the foundation of intensive research in the field of organic electronics. Since
that time a lot of effort was made to discover and improve conductive, semiconductive and
lightemitting properties of organic and orgaamrganic (hybrid) composite materialsh@re was
given a Nobel Prizéen Chemistry in a domain of organic electronics to Alan J. Heeger, Alan J.
MacDarmit and Hideki Shirakawa for a discovery and development of oxidiadishe doped
polyacetylene. Fabrication of organic electronics components with performance comparable to
inorganic leaded to massive enhancement of organic conductive materials since 1990s (Figure
1.1. In several years organic and hybrid materiatghtreach silicon wafers performance.

Figure 11 +Organic RQGXFWRUVY PREALW\ HQKDQFHPHQW

Among the other key advantages of organic conductive materials are: possibility to tune their
electronic properties depending oonditions of chemical synthe@ low cost manufacturing by
flexographic, offset and inkjet printing techniques; flexibility. Due to these advantagasic
conductive materials found their application in different areas. Organic conductors are used in
fabrication of electronics devices such as: Organic LHighitting Diodes (OLED), Organic
Photovoltaic Cells, Organic Transistors and Organic Sensors.



Organic Sensors

Organic electroic devices are also found their application as organic sensors and in particular
biosensors. According to the definition: biosensor is a device which uses specific biochemical
reactions mediated by isolated enzymes, imasystems, tissues, organelles, or whole cells to
detect chemical compounds, usually by use of electrical, thermal or optical @nﬁisst
biosensor was developed in 1962 for glucose blood monit@n@iosensors could be used as
cheap, rapid and simple alternative toealty existing testing platforms for emergency tests and
diagnostics. With biosensors it is possible to detect different types of analytes, such as different
types of ions, glucose, cholesterol, lactate, blood gases, hemoglobin as well as DNA and presence
of living cells. @@ Different types of transistors are suitable for biosensing applicati@tause
they could be easily miniaturized and integrated into a portable electronic device. They are able to
amplify and control the input signal depending on applied electrid, fighich is in its drn,
influenced by the processes occurred inside in the presence or in the absence of reactions with
analyte.

There exist several types of transistors, most wflead type is Organic ThFIm Transistor
(OTFT) (Figure 1.2) also knawas Organic Field Effect Transistor (OFET), it also includes ion
sensitive OFET (IOFET), metaloxidesemiconductor FET (MOSFET), electrohgated OFET
(EGOFET) and its subtype Organic Electrochemical Transistor (O@@.

Figure 1.2 + Architectureof OFET and OECT transistors. Sensing pdtat could be also
functionalizedjs marked by ref8]

Modification or functionalization of different active sites of biosensors is often tesathkea
biocompatible device with high selectivity to different analytas-igure 1.2 active sites, marked
as a red circle are shown, each of these active siteddte also functionalized. An example of
two different types obio functionalizedabelfree EGOFETimmunosensor for €eactive protein
(CRP) detections representedt the Figure 1.3In the first case, the functionalization of organic
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semiconductor wit ant-rCRP antibodycoating was made. In the second casg CRP antibodies
areforming seltfassembled monolayewhich iscovalently anchored on the geliGate electrode.
Both configurations are allowing an ultrasensitive detection of CRfhasphate Wffered saline
and in human serusamples

a. b.

Figure 1.3 £Schematic representatiai bio functionalized EGOFET biosensor structwi¢h
Anty - CRP antibodies: a) anchored of organic semiootat interface; b) covalently attached to

the gold electrodfé0]

Different types of OTFTs are used for biosensing application (Table 1.1), the type of sensor used
depends orsensormpossibilityto transform a chemical signal to an electrical signal for the specific
type of analyte and on required analyte detection limit.

OECT

Lactic aC|d
Biotin
Streptavidin[20]

Another type of OFET DNA
Glucos¢23
pH[24

Trimethylaming25]

Glucos€[26]

Glial fibrillary acidic proteir{27]

BSA
Another type of OTFT |~ ==,
pH

DNA

Table 1.1 Bio-analytes that could be detected by different biosensors (modifie@lm
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NowadaysOFET transistors arthe mostextensively studied and used as chemical sensors and
biosensors due to unique combination of high sensitivity, electronic output and possibility of an
entire lowcost fabrication from natural biogexdable material In the most of the case&
conjugated organic semiconductors are use as conductive material in OFBT digngo their
biocompatibility, biefunctionalization and biantegration possibilitiesThe classica structure of
OFET is represented at the Figure. Iate is separated from a conductive channel by an insulating
layer. Source and Drain are connedigda conductive layer, conductivity of which is dependent on
applied GateSource potential. Upon the applicationagbositive GateSource voltage in-ghannel
device, free electrons, drawn to compensate the charge at semicomasutiior interface, are
forming a conductive channel (and wgarsa for pchannel device). Agsitive (negative potential
is applied betweedrain andSource electrongor holes for pchannel deviceareinjected from the
Sourceand current flowshroughthe channel.

Classi@al OFET could operate in a dry or wet state (aqueous medium) (Figure 1.2). The type of
sensor is chosen depending on analyte that needs to be detected, for example dry state OFETS are
used for DN@ or protei detection Wet state OFETs are often used for biological
applications, for example to detect glucose or lactic @1 Even thought that simple wet state
OFETs have found their application in biosensing, there several other types of OFET that are
commonly used as biosensors in aqueous media: ISFET, EGOFET and OECT.

An ISOFET is one of the most common OFETs used asoadnisor(Figure 1.2 In this
sensor Gate is immersed in electrolyte layer, which is separated from a conductive channel by an
insulatinglayer. In this case Drain current is controlled by the potential at the electirdylator
interface.This type of sensor is used foifferent analyte sensing, such pﬁﬂ, glucos and
trimethylaming25).

Insulating layer could be suppressed, in case of using an electronically conductive layers whic
highly stabile in aqueous mediln case of EGOFET sensofBigure 144a), applied Gate&Source
potential causethe formation of two double layers: at the interface of the Gate electrode and at the
interface between an electrolyte layer and an eleictithy conductive layerin this type of devices
gating is achieved due to formation of these double layers. In case of EGOFET ions are not
penetrating inside the electronically conductive layer. One of the biggest advantages of EGOFETs
is the possibilityof low voltage operation, which makes them suitable for biological application
sensing of huge variety ofiany biologically relevant analytes such as penicillin, lactose, maltose,

glucose, ureatc.

a. b.

Figure 14 + Schematic representation of different types of OFET transistorsypical
EGOFET biosensor; djypical OECT biosensgmodified from[38))
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The next important type of OFET biosensors is an OECT. In this transistor, ions from electrolyte
are penetrating inside an electronically conductive layer, changing the local potential andhgrovok
decreasing of charge carrier concentration. The difference between OECT and EGOFET is clearly
represented on the Figuret1An investigation of an OECT is the main goal of the current thesis.

Organic Electrochemical Transistor as a sensor

Organic Eectrochemical Transistors have several significant advantages among the other types
of organic transistors such as:

1) The absence of gate dielectric, which leads to a decrease of trapping instabilities and
as a result to better performance.

2) The ability to ograte at very low voltage (lower than 1 |9).

3) A very simple design that leads to an easy printing pr%&

4) The ability to conduct electronic as well as ionic charge carriers, so they could be
used as a perfect platform for electronic and biological system integ@n.

Typical OECTs consist of three electrodes (Source, Drain and Gate) and two conducting layers:
electrolyte and conductive polym The gate electrode is immersed into the electrolyte,
while source and drain electrodes are located at the sides of the conductive polymer layer, which
forms aconductive channel. (Figure5).

Figure 15 +Strucure of typical OECT

The Source electrode is grounded; the voltage applied between the Gate and the Source is
generally greater than that applied between Source and Drain. The current modulation is generated
by a dedoping effect induced by a reduction thfe conductive polymer to its neutral (Ron
conducting state). Since the amount of charge carriers in the conductive polymer is decreased,
current between source and drain electrodes also deciEagese 16). This kind of current
variations is dependent on the electrolyte composition, gate voltage and device gddojel .

12



Figure 16 +Schematic representation of dedopind process in OECT

The main working principle of an OECT as a sensohésdharge transfer between analyte and
Gate electrode. In case of the charge transfer the potential of electrolyte changes and the value of
this change (Mhayte is described by the Nernst equation. Since the Gate stays at a constant voltage,
in case of ptential drop change at gate/electrolyte interface potential drop at electrolyte/channel
interface also takes place. This kind of changes are dependent on analyte concentration, therefore
the drain current is influenced by analyte concentration. Main negents of effective OECT
sensors are:

1) Gate electrode should be smaller than channel

2) The charge carrier mobility should be as high as possible
3) Capacitance per unit area of polymer should be high

4) lon to polymer penetration possibility should be high

5) Channebwidth should be high and length should be low

In case of satisfying such requirements the OECT would be sensitive enough to be used as an
electrochemical sens

An OECT could also be successfully used astoelectron converter. In this case transient
ionic current in electrolyte is induced by application of a positive gate voltage. Conducting polymer
film is reduced and cations are penetrating froecteblyte, therefor the drain current is decreasing.

So an OECT works as a converter of transient electronic current to the change of drain electronic
current.

The main characteristics of effective OECT-torelectron converter are:

1) Gate electrode shoulte much larger then channel
2) Gate electrode should be npaolarizable

3) Polymer should be highly conductive

4) Channel width and thickness should be high

5) Channel length should be low

In case of following this structural rules the response of OECTao@becton converter is high.

As a result Organic Electrochemical Transistor is a normaHiramsistor in which the channel
is initially conductive,that represents a very efficient device to be used as ato-Eectron
converter or a sensor that could susbta$y detect different types of analytes in different types of
media. It has a simple three electrode structure coupled with ionically and electronically conductive
layers that could be fabricated in a micro scale and operates under very low voltageSETTIis
a perfect device to be used not onlyvitro, but also iavivo to detect chemical or electric field
change in a media.
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Motivation and thesis overview

Several analytical models have been recently developed to describe the operation piiinciple o
OECT, predict the device response and analyze experimental observations of the|4gvice.
However these models do not present an equal degree of precision in case of different OECT
geometries and applied potential. To fully understand the working mechanism of OECTs and
predict the device behavior itébsolutely necessary to establish more precise models.

In every good model consider the combination of three processes:

1) Movement of ions in, out and inside polymer layer (electrochemical process)

2) Recombination of the electronic and ionic charge carnretise polymer
3) Transport of the charge carriers (holes) inside polymer

This is why the goal of this thesis is to develop a model which will describe precisely the
processes that happened inside Organic Electrochemical transistor after application edradurce
and sourceyate potentials. This thesis is dedicated to development of two models: simple analytical
model that suits well for parameters extraction and description of an OECT; numerical model that
allows describing the processes that occur insidED&Nd especially inside a conductive polymer
layer, special attention is paid to dedoping process.

Chapter 1 Introduction is outlines the history and the field of Organic Electronics and
especially Organic Sensing Devices, among which the role of Org&dtrochemical Transistor is
important. In this chapter the outline and motivation of the thesis is also highlighted.

Chapter 2 Background information begins by investigating the question of conductivity of
ionically conductive layer, processes of iongeraction with the media and electrode surface. The
next part of this chapter gives an explanation of the nature of conductivity and transport properties
of organic conductive materials. The last part of this chapter describes current state of the art of
Organic Electrochemical Transistors including description of already existing models.

Chapter 3 Numerical model of an OECT describes several numerical models made in
COMSOL Multiphysics program, how these models are explaining #uopiag effect upon gate
voltage application, how they fit to experimental results and how they could be used to describe and
improve already existing devices. The link between the numerical and analytical models is also
established in this chapter.

Chapter 4 Analytical model ofan OECT is dedicated to the analytical modeling explanation
and results, and importance of the information that could be extracted from the models.

Chapter 5 OECT device full model shows how all the models could be implemented
practically for any single déce characterization and description.

Chapter 6 Experimental validation describes the experimental work that has been done on
Organic Electrochemical Transistors fabrication. The second part of this chapter is dedicated to the
fabrication of the device tprove the validity of the numerical model and to the results of the
Moving front experiment and local potential measurements.
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CHAPTER 2. BACKGROUND INFORMATION

Any Organic Electrochemical Transistor consists of three elect@s Source, Drain and
Gate; a condetive polymer, which is placed between Source and Drain electrodes; an ionically
conductive material, which is located in contact with the conductive polymer and the Gate
electrode. To understand the working principle of this transistor as a whole,mp@tant to
describe the source of conductivity in each active part of the device and an origin of dedoping
process occurs inside the device. In this chapter an explanation of the nature of an electronic
conductivity of conductive polymer layer and an mebnductivity of ionically conductive layer
will be given. An explanation of the d#oping process which is in charge of current modulation
will take place within the Chapters 3. and 4.

lonically conductive materials

First important conductive layer ian Organic Electrochemical Transistor is an ionically
conductive layer. Different types of ionically conductive materials are used in OECT: ionic
liquids{48], ionogel§49], electrolyte solutiorf§][45|[47] and biological analyt¢41]. The letter type
of an or@nic conductor is the widely used because it allows OECTs implementation as a biosensor
for different type of sensing applications, for exampkeitro for cell grows detecti orin
vivo for brain activity recordin. Never the less the most used and studied ionically conductive
layer of an OECT is an electrolyte layer. This is why it is very important to give a brief description
of physics and chemistry of electrolyte solution.

lon-Solvent interacbns in electrolyte solution

Electrolyte is an electrically neutral solution of positive ions (cations) and negative ions (anions)
in a polar solvent, such as water. According tasolvent interaction electrolytes could be divided
on true andpotentialelectrolytes. True electrolyte is ionically conductive in a pure liquid form (all
salts, such as NaCl, KCI are belonging to this type). Potential electrolyte (or ionogels) is non
ionically conductive in its liquid form, but in contact with solvent chemieattion takes place and
ions are produced, so electrolyte solution becomes ionically conductive. Examples of this type of
electrolyte are acetic acid and oxalic acid. So in ionically conductive solution not only weak
interactions are possible but also-fmnming chemical reactions.

Common electrolyte solutions that are used in Organic Electrochemical Transistors are solutions
of true electrolytes, such as NaCl and KCI in water. When salt is placed indissieciation takes
place and two ions are formed:

f ? \ f:f;E E f:f; (21)

Where (s) is a solid form of NaCl and (aq) indicates hydrated ions cdridBCI.

Due to collisions of solvent and crystal walls, ions in lattice are going into the water phase
obtaining more energetically favorable state. This -8mivent interaction causes formation of
conducting ionic solution (Figure 2.1@]

Water in itsliquid form has a dipole structure; its molecule contains two hydrogens bonded with
oxygen. Hydrogens have slightly positive charge and oxygen slightly negative. Thas mater to

15



be a polar solvent and allows it to form hydrogen bondbdhts) with nearby water molecules and
ions. Spherically symmetric electric field of ion tears water dipoles, which becoming trapped and
oriented near the ion (Figure 2.1b). These watdelecules are immobilized near the ion, so they are
moving with the ion.

a. b.

Figure 2.1 £Solvation process in aqueous electrolyte solution: a) Water molecule interaction
with NaCl salt crystal; b) Formation ion of surrounding hydration sfgffs

The closest layer of copletely orientated water molecules near the ion forms an inner hydration
shell. The next layer of water molecule is still experience an influence of ion electric field, but
simultaneously it has ah influence of bulk water network, which also tries taaidevater dipoles.

So this inbetween partialhorientated water adopts a compromise structure and form outer
hydrated shell. Hence in each ionic solution there is an interaction between solvent and ion due to
single ion electric field.

lon-lon interacions in electrolyte solution

It is important to mention that iesolvent interactions are not the only ones that take place in the
solution. The other key process is an interaction between ions itself in the solution. Due to its
electric field an ion seesot only water dipoles, but also the other charged particles, such as the
other ions. These interactions are particularly important, because they affect equilibrium properties
of the solution. The degree of interactions depends on ionic charges any ieglgittrolyte, so on
its nature and concentration.

True electrolytes when placed in water are totally dissociated in ions; to fully understand
properties of true electrolyte solution it is necessary to fully understandnadnteractions. lofsion
interactions are assumed to have an electrostatic origin. The theory proposed by Peter Debye and
Erich Huckel lead to formulation of simplified, but never the less powerful model, ebmon
interaction and timaveraged ions spatial distribution in electtelyolution To understand the
whole system it is important to look firstly on reference (central) ion with discrete charge selected
electrolytic solution consisted of solvated ions and water. Water molecules around this ion are
orientating andehaving as dielectric medium with dielectric constant equal to bulk water dielectric
constant 80.1 at 293 K). The other ions around are treated in the medium in a form of an excess
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charge density (Figure 2.2). Central ion has an effect on this medium and excess of charge density
Ovaries with the distance from reference ion. In the same timehaege density is equal to 0, so
globally electrolyte is electroneutral.

Figure 2.2+Graphic representation of Debysiickel modej56]

Reference ion attracts the neighborhood ions of an opposite sign so near t¥,idhis
attraction takes place due to electrostatic attraction forces between oppositely charged ions.
Together with electrostatic forces there are thermal forces that are knocking ions around and affect
on smoothening charge density 80 everywhere. & balance of these two forces leads local
excess for negative charge near the positive ion and positive charge near negative ion, with
simultaneous keeping global electrolyte electroneutrality.

Relation between excess charge den€gnd local potentallf DUH GHVFULEHG E\ WKI
equation:

. e 22)
167 L F— (
'R,

where 1%- Laplacian operator considered to be:

vp vp oy (2.3)

T6L E E—
OF o8 oV

Freedom © ionic movement and charge distribution could be described by the Boltzmann

statistics:

2id (24)
L ?U4A':‘3 '

WhereT is the temperaturdg - Boltzmann constang; is the charge of an ioandc; is a local
FRQFHQWUDWLRQ RI1 URdQangé\fd H pdiential energy piparticles when their
concentration is changed from buR to localc; in the volume elemerdV. In case of no iofon
interaction local cequals to bullc®, soU=0, in case of repulsion for two ions with the same sign
< ¢%, so potential energy is positive. In case of two oppositely charge ions, attraction takes place,
so thec > ¢;°, which gives negativeJ. U could be represented &ksiive=2zi T “in case of
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positive ion andUnegaive- Z T “for negatively charged ion, whereg is the charge of an electron
and Tis the potential. Using the Boltzmann statistics for of monovalent ion one obtains
equations for positive and negative ions concentratior{§6]:

0
> LT (29
?4,
7L ?U4Ag—a| (26)
In the presence of several ions charge density would be:
éL (1 WM (2.7)
U
WhereF is a Faraday constant. Taking in account Boltzmann statistics:
21 @i (2.8)

eL (I WPART

U

PoissorBoltzmann equatiois obtained by bringing together Boltzmann statistics with Poisson
equation:

CiwmpasT
YY, .

4y

- (2.9)

This equation could be linearized and solved analytically fatetil solution of an electrolyte
with the valence of iong=1 or z=2. The result of the linearization has a Helmholtz equation

form:
TGN L -5 gN (2.10)

Wherer is the distance from the reference charge lansl the Debye screening length denoted
as:

tM . (2.12)

This linearized analytic solution is represented at the Figure 2.3.

18



Figure 2.3 = Analytic solution of linearized PoisséBoltzmann equation. Electric potential
dependence from the distance from &f68h

It is not possible to solve the PoissBaltzmann equation analytically for electrolytes wiighn
concentrations of higher valence of ions, the only possible way to obtain the solution is a numerical
modelling.

lonic transport in a solution

In a solution ions are moving under different applied forces to compensate their influence. This
movement BAs two aspects: an individual aspect and a group aspect. The individual aspect takes in
account an individual motion of every ion present in the solution; this ions movement is usually
random in direction and speed. The group aspect is more significanisieat account on the group
ions movement in a certain direction producing the flux (or drift) of ions, this results not only
directed transport of charges, but also transport of mass.

lonic flux could have three different origins:

1) The difference in the ancentration in different regions of electrolyte would result a
concentration gradient, which produces a flow of ions to compensate the concentration
difference. This type of flux is calladiffusion(Figure 2.4a)

2) The difference irelectrostatic potentialin different electrolyte regions would lead to flow
of electric charges under the applied electric fieddft of charges (Figure 2.4b).

3) The gradient of temperature or pressure that gives rise flow of chargess called
convection

Despite of theorigin, any flux is a result of the reaction of a system, that is distorted, that leads

to an equilibrium maintaining.
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Figure 2.4+0rigins of ionic flux in electrolyte: a) Diffusion due to gradient of concentration;
b) Migration due to gradnt of potential

Diffusion is a movement of molecules to the region of lower concentration from the region of
higher concentration. The diffusion in the steady state is proportional to the gradient of
concentration. The diffusive flux relation with coM@aNUDWLRQ LV GHVFULEHG E\ )l
presented in one spatial dimension):

od F&%PUT (2.12)

WhereD is the diffusion coefficient.
The diffusion coefficient or diffusivity could be calculated using the Eing&smoluchowski

relatio:

5G 6 (2.13
& L—rm

Wherey; - the electrical mobility of charged particlg: electrical charge of the particle

As soon as equilibrium is reached and there is no more gradient of concentration only process of
selt-diffusion, which originates from the random molecular motion, takes place in the solution. So
called dynamic equilibrium is established. The diffusion process and an absence of the other
external forces will cause a complete and uniform mixing in the solution.

Under applied potential and created electric field ions are starting to compensate an electric field
to restore equilibrium of the system. So negatively charged ions are starting to drift towards the
higher potential (or more positive electrode immersed solution); positively charged ions are
moving towards an area with lowest potential (or negatively charged electrode). As a result the
spatial separation of charges is produced, but electroneutrality of electrolyte is never the less
preserved. The dtiflux of ions could be described with the following formula (here in one spatial
dimension):

i 214
<400 FAMMS - 219
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Since the drift of ions takes place due to the fact that they are charged, the flux of negative and
positive ions could be separately presented as:

. N @i (215
) g @1 (2.16)
Vxaudy aY\'g'K(M@T

The convective term is used to describe excitant gradient temperature oregneska solution.
Combined together with the drift and diffusion terms the total ionic flux in electrolyte solution
could be described. So the NerR$anck equation is obtained. Here this equation is represented in
onedimensional mass transfer form:

(2.17)

In general, in thredimensions, the Nern$tlank equation takes the following form:

ol F&g ?UF%M&U?JT E 208 (219

In case of an unstirred or stagnant solution with no gradients of density last, convective term is
suppressed:

ol F&d % F\%M&U?J 0 (219

In case of charged species, such as ions in electrolytd; flisxequivalent to the current density.
This is how an ionic current in electrolyte is establisf&}.

lon-Electrode interaction in electrolyte solution

In an Organic Electrchemical Transistor the Gate electrode is put in contact, or immersed into
an ionically conductive solution. Understanding of the processes that takes place at this interface is
essential for understanding of the whole transistor worgingiple [13[47]61].

Electrode kinetics depends on electrode serfstructure, purity and chemical reactions occur
there. It is possible to classify all electrodes according to chemical process that happen in their
interface inpolarizableandnonpolarizableelectrode.

Ideally polarizable electrode is characterized by absence of net reaction on its surface. That
means that only transient (displacement) current could flow through its interfacéo doon
faradaic process. When potential is applied, charges will move towards an interface and accumulate
there. Charging (displacement) current will flow to compensate for an excess (or deficiency) of the

electrons in the interfacial electrode layer. dunt of this current will depend on the resistance in
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the circuit. Basically, if there is no electrochemical reaction at the electrode it is possible to consider
the electrodesolution interface as analogous to a capacitor, which capaci@arscproportical to
stored charge per applied potentidt:

M
%L - (2.20)

The amount of charge at the metal electrode is equal to amount of charge in the solution. All the

stored charges form electrical double layer which composed of differetaysens:

1) Inner layer (Helmholtz layeor Stern layer) where stay molecules which are specifically
absorbed (inner Helmholtz layer) and nearest approached solvated ions (outer Helmholtz
layer) that are nospecifically absorbed due to electrostatic interaction with an electrode

2) Outer layer Diffuse layer) is composed of the rest of redistributed syecifically adsorbed
ions. It is located between the Outer Helmholtz Plane and the bulk of electrolyte. Thickness
of a diffuse layer is dependent on electrolyte concentration, for the smafint@aton it is
DERXW O

Figure 2.5 +The schematic representation of an electrolyte structure near an ideally polarizable

electrod@

The presence of a diffuse double layer leads to the drop of potential near the electrode surface, so
HILVWHQFH RI D GRXEOH OD\HU PXVWQTW EH QHJOHFWHG IF
electrochemical system.

An ideally nonpolarizable electrode shows exactly the opposite type of behavior. Current is
passing freely through a perfectly npalarizable electrode, so this electrode is characterized by an
interfacial reaction due to the presence of a faradaic proddberé is a more negative potential
applied on the electrode, electrons are gaining higher energy that could be sufficient enough for an
electron transfer from an electrode to ionic species adsorbed on the electrode. That means a
reduction reaction takeslace on the surface and reduction current flows through the electrode
electrolyte interface. An oppositeoxidation process could take place if an electrode potential is
high enough, so for electrons of ionic species there is more favorable to flovarfirefactrolyte to
an electrode, creating oxidation current. A critical potential at which these processes take place is
related to the standard electrochemical poten@t‘l’he current is proportional to stoichiometric
coefficients of the reaction at the electrode surface, so the amount of product made as a result of this
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process is proportional to amount of charge that passes tirodtdKH HOHFWURGHfV L¢
relationship between current (or charge that passes) and amount of product formed as a result of an
HOHFWURFKHPLFDO UHDFWLRQ FRXOG EH FDOFXODWHG E\ XV

3/ (2.22)
| L—-
(V
Wherem - mass of the product as a result of an electrode readdlonmolar mass of the
product;Q - electric charge passes the bound&ryfaraday constant
Even though the potential of an electrod@as enough to perform an electrochemical reaction
other processes will, never the less, occur independently from the faradaic process at the interface.
The processes called nfaradaic, such as an adsorption and desorption would influence on a
solutionelectrode interface. When potential is applied ions are migrating from the bulk to electrode
surface region, where the chemical reactions could take place, then they are adsorbed on the
electrode surface, where an electrochemical reaction with an eledraiet happens. External
current could flow due to the adsorptiewlesorption process, even if there is no electrochemical
reaction in the interface. Product desorbed after an electron transfer diffuses from an electrode
surface to the bulk of the elealyte under the gradient of concentration and the gradient of an
electric field (in case if the product is charged). There are also possibilities of chemical reactions
between the product and the other species in the electrolyte in the bulk or in Heteowade
region. (Figure 2.6)

Figure 2.6 +Schematic representation of the process near thegolanzable electrode under

applied potenti§56]

As a result when there is a reaction at the electrode: both faradaic aff@ramtaic processes
take place; only nefaradaic process is possible in case of an absence of the reaction, but the
transient current could still flow due to adstion-desorption process. Charging current could be
very significant in case of low concentration of an electrolyte. In some cases it could be even larger
than faradaic current. To conclude: both faradaic andfa@uaic processes must be taking in
accoun for the proper explanation of the reaction and charge transfer in a system.

Organic electronically conductive materials

Even though organic conductive materials in general have lower conductivity than inorganic

semiconductors or conductors they havetaf advantages in comparison with inorganic materials,
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such as: low cost, easy properties tuning by chemical modification and a lot of fabrication
possibilities by different techniques. Conductivity of organic conductors highly varies in the range
10°- 10°ohni'em™, and depends on the type of organic conductor itself and also on its f&fjant.
Organic conductors could lwategorized inteonductive small molecules and conductive polymers.
Small molecules are conductive materials that have the weight lessOB@mdltons, par contrary
conductive polymers are defined by mass bigger than 1000 daltons. According to IUPAC definition
polymer is a substance composed of macromolecules. Macromolecule is a molecule of high relative
molecular mass, the structure of whieksentially comprises the multiple repetitions of units
derived, actually or conceptually, from molecules of low relative molecular @sm general

small molecules are more soluble in organic solvents, but polymers have better mechanical
properties and in general higher conductivity due to doping possibility.

Structure and conductivity of organic conductors

Even though the structure obrductive polymers and conductive small molecules is different,
the source of conductivity has the same chemical and physical nature. To understand the nature of
organic material conductance it is necessary to look precisely at the chemical structufe Qr@ 3
configuration of these molecules.

The core element of an organic conductive material is carbon which h&g&s2’selectron
configuration. Core orbital electrons are not participating in a chemical bonding, so in covalent
bond formation only fou electrons from 2@p° take part. While bonding with other atoms
depending on the number of combined orbitals, formation of orbitals with different type of
hybridization: sp, sif, sp'is also possible. (Figure 2.7) As a result single, double or trgpid$are
formed.

methane CH ethylene (ethane) 8, [acetylenf{ethyne) GH,

Figure 2.7 +Different types of carbon bond hybridizations and epd@nof organic molecules
with this hybridization typfs5]

Conducting properties of a polymer is closely related to its chains and bonds configurations. To
be conductive, organic material should have a chain wif@psgybridization. In conductive
materials one 2s orbital pairs witlvo 2p orbitals of a carbon atom to form 3 sgbitals. Two out
of three sp orbitals form covalent bonds with neighboring carbon atoms and the fasthstal
forms a covalent bond with the side group, or with a hydrogen atom. This type of bond is the
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strongest type of a covalent bond which is formed by kwadverlapping of the atomic orbital
(Figure 2.8), it is called]:bond@ The left p orbital of a carbon atom overlaps withgybital
of a neighbored carbon atom and fori@ond. This type of bond is weaker thatond, so it has
much less energy and less stability due to smaller overlap between avmtals.

a. b.

Figure 2.8tFormation ofland & ERQGYV LQ D HWK\OHQH PROHFXOH E

Bonding weaN O\ W KH H O Hieml &rR €nsilyRiélobalidd. Split @ond onE ERQGLQJ
D Q Garbonding band leads to the enemgpp (E) formation. Conjugated molecules are the
molecules that have single and double bonds alternation.ntnease of theumber of double
bonds in a conjugated molecule leads to an ergagydecrease. In case of large number of
interacting porbitals t I XO O\ RFFXIBQHQFE ERQG-vBléhce hbrdSave Yodaed. In
this case energy gap is determined as the differbatweeen lowest unoccupied molecular orbital
(in conduction band)lUMO and highest occupied molecular orbital (in valence bartdPpMO

(Figure 2.9)[68]

Figure 2.9tEnergy band formation in conjugated polymer mate'@s

The Band gap determines conductive properties of the material; it depends on molecule structure
and the nurber of repeating units, so this property could be tuned on molecular level by changing
the molecular structure of a material.

Conductive properties of organic materials are in a lot of cases highly dependent on additives
that could tune conductive propegitowards much higher or lower values.
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Doping of conductive materials

The most widely used class of organic conducting materials is conductive poly3riedsFLQH &
FRQMXJDWHG SRO\PHUV GRQYW KDYH YHU\ KLJK FRQGXFWL
trough the doping process. There exidype and gtype dopantsThe @nductivity of a material is
proportional to a doping concentration up to someermx but even a small amount of dopant
(several ppm) could increase sufficiently the conductivity of a conjugated polymer. Dopant is
chargetransfer agent used to generate, by oxidation or reduction, positive or negative charges in an
intrinsically conduting polyme. In conductive polymers dopant molecules are placed between
FRQMXJDWHG SRO\PHULF FKDLQV IntA\bo®iR Bt @tfattied RoltenzhyW KV
Coulomb force (Figure 2.1. Addition of a dopant forms an ionic complex with a conjugated
polymer by an electron exchange and provokes a charge separation near the polymer molecule
keeping, never the less, the global electroneugralit

Figure 2.10+Process of #type doping of polymer molec

Chains of the conjugated polymer are starting to deform immediately after doping. The charge is
delocalized along several unit§ the polymeric chain, the difference between single and double
bonds decreases gradually, it causes a polaron creation. There are two types of Flghmhs)
polaron- electron from lower polaron level leaves and going to an accéptéstectron) plaron
electron is leaving donor and goes to the accepter higher lavidrms of chemistry polaron is
lattice distortion associated radical i Formation ofpolaon andbi-polarons (lattice distortion
associated union of two like charges possible in doped conjugated polymepslarons are
formed in case of low doping levehd btpolarons are formed in case of hegldoping level

Charge transport in conduativpolymers is a muhkscale process. In an intraolecular level
under applied potential {golaron orpolarontravels along the chain causing charge propagation
with continuous polymer conformational char@. Electron or hole current could be defined
depends omolaron origin. Charge hopping process occurs between two macromolecular chains in
the intermolecular level. In suprenolecular level charge travels by a percolation between
amorphous and crystalline domains (Figure 2.11).
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Figure 2.11+Schematic rem@sentation of mulkscale transport in conductive poly@

All three scales of charge transport are affecting the total charge transport process, so parameters
such as molecular chain flexibility and structure, packaging and aggregation should be considered
during synthesis and processing of the mafgi8hl

Charge carrier transport in conductive polymers

Conductive plymers could be doped by one of two different types of dopeanit:p-type. As a
result depending on dopant type one of two polarons is crggtepblaron and- type polaron. So
the main charge carriers in conductive polymers are electrons and Tbéeset of equations
governing electrons and holes transport in conductive polymers is very similar to those one that is
used for positive and negative ions transport description in electrolyte. So holes and electrons
density distribution and movement iestribed by the set of Drfdiffusion and Poisson
Boltzmann equations:

[ @7 L FALFJ; (222
v L AdsLg E M1 L (223
v L A Jg E Myl J (2.24)

Wherepandn tKROHVY DQG HOHFW URQWT FKRQEWN W Q B WHLIARHPAW U R
DpandD,- KROHVY DQG HOHFWURQVYT GLIIXVLRQ FRQVWDQW

Similar to an ionic case, this set of equations has an analytical solution only edlanmount of
very particular cases, so the proper solution could be obtained only in case of a numerical model
building.

PEDOT:PSS as an electronic conductor

The main interest of this thesis is an Organic Electrochemical Transistor, in particular OECT
with poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as elecmdnctive
layer. PEDOT:PSS has a good biocompatibility, thermal, electrical and electrochemical
stability. A relatively high conductivity, about 1000-c&n' allows to fabricate not only
conductive channel, but also Source, Drain and Gate electrodes fromlE .

From a chemical structure point of view, PED®SS is a mixture of polytheophene polymer

(PEDOT) doped by polystyrene sulfondRSS) polyanion (Figure 2.LZPEDOTPSS is heavily
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dopedp-type conductive polymerin which PSS compensates positive charge from PEDOT
backbone that creates a postipolaron redistributethroughseveral polymeric units and forms a

poly-ion complef7§).

Figure 2.12 + Chemical structure ofPEDOT:PSS ptype conductive polymeimodified

from[77)

PEDOT:PSS complex exists in water in a form of colbidel particle, which could be
processed inta fiber, thin or thick film by the variety of techniques, such as-spating, inkjet
printing, flexography, Iithograp.

PEDOT:PSS is usually synthesized from EDOT monomer and PSS in water phase with an
oxidizing agent+sodium peroxodisulfate. PEDOT itself is not soluble in any solvent, but PEDOT
in oligomeric form (about 20 urs} in ionic complex with PSS is dispersed in an aqueous medium.
The ratio of PEDOT:PSS which is normally used for organic electrochemical transistors fabrication
is 1:2.5 with amount of water equal to 2%. A dispersion contaihi$% PEDOT:PSS in water has
an optimal viscosity to be used by main deposition techs Different dispersions of
PEDOT:PSS are commercially availalby Clevios and Sigma Aldrich. To better crosslink
PEDOT:PSS film, for more stable operation in an aqueous environmegityc{Byloxypropyl)
trimethoxysilane (GOPS) is often ad. It is possible to enhance the conductivity af
PEDOT:PSS layer by different additives integration during film formation. For example, ethylene
glycol (EG) addition increases both an intand intraparticle charge carrier trans The
addition of 3% EGwould lead to an increase of PEDOT:PSS conductivity up to two orders of
magnitude (from 3 S cthto 175 S crit), but further increase of ethylene glycol concentration
would lead to conductivity decrease. The possible explanation of this effect couldtbe tn
pristine film PEDOT:PSS has the structure of aggregates of an amorphous PEDOT surrounded by
an insulating PSS (Figure 2d) where the transport is unfavorable due to relatively high activation
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energy (about 20 meV). An addition of a small amodnEG would promote the PEDOT phase
crystallization and the insulating PSS shell thickness decrease, which lowers an activation barrier to
5.1 meV and promotes a charggrier hopping. Further increase of EG concentration would lead

to increase of condues® domains size and defects forma@. Further enhancement of
conductivity is also possible by different rhetls, for example by a solvent addi or a

thermal treatmer{82].

One of importaw DQG UHPDUNDEOH SURSHUWLHV RI 3('27 366 L
Electrochromism is a property of a material to reversibly change the color as a result of changing
the state due to redox reac. In case of PEDOT:PSS the color is switching from hgbtet
(nearinfrared) to deep blue(visible). Figure 2.13represents an absorption spectrum of
PEDOT:PSS. It could be seen that upon application of the potential the absorption spectrum has
been shifted towards lower wanength.

Figure 2.13 £ Absorption spectrum of PEDOT:PSS in OECT at OV and 1V of aphate

potentiaf84]

This kind of behavior could be explained as a result of following redox refg{on

2'&16EN N 2'&16 (2.25)

7KH SRWHQWLDO GLIITHUHQFH FKDQJH RI WKH V\VWHP OHDG
this potential change is linked with all sorts of electrochemical change, such t&scelemical
reactions that take place in the system.

If the reversible redox reaction takes place in the system (such as it is PED®T' 2 7), than
the Nernst equation is used to describe the dependence of the 4@agkerct concentration from
electroclemical potenti. It is worth mentioning that the Nernst equation is only used to treat a
thermodynamically and electrochemically reversible system in the equilibrium state, which means
when rates of a reduction reaction and an oxidation reaction are equal.

If the reaction in the system could be described by the following equation:

1ITEA N 4A% (2.26)

WhereOx' is the concentration of oxidide(reagent) specie®ed +concentration of reduced
(product) species, then the concentrapotential dependence could be calculated from the
following Nernst equation of haleaction:
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(2.27)
46 =
' LA E— HIES
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Where .ox and .regare activities of oxidized and reduced species.
For low concentrations it is possible to use the concentrations of reduced and oxidized species

instead of activities:

46 %, (2289
] v 4 - e
L E 3 H%_/ng

WhereCpox andCgeqare the concentrations of an oxidized and a reduced spRcistandard gas
constantT - temperaturen - number of transferred electror&-standard potential of the reaction.
Using this equatin it is possible to calculate the concentration of a reagent:

% @ x (229
A YR Y
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From this representation of the Nernst equation it could be easily seen thatquitierium,
concentration of the reactantd{ is proportional to concentration of the product and reversely
proportional to the temperature of the system and highly dependent on applied potential: if applied
potential is higher than standard potentiateaction, then equilibrium is shifted towards the higher
concentration of the product and viv,ers.

According to the Figures.P4a and 2.4c, the reduction potential for PEDOT:PSS molecules
from three different producers is from OV-@.1V and oxidation potential is about @2 \{83).
As soon as the applied potential is greater than reduction potential of PEEN@Treduction
reaction takes place and PEDOS transferred to PEDJT The resul of a redox reaction of the
real PEDOT:PSS is shown on Figuredhl
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Figure 2.14 + Redox behavior of PEDOT:PSS: a) Theoretical cyclic voltammogram; b)
Electrochromic PEDOT:PSS behavior as a result of redox re@qn) Cyclic voltammogram of

PEDOT:PSY88]

An electrochromic behavior of PEDOT:PSS is interesting not only from its application point of
view. Being a wonderful tool to track ions, PEDQdistribution and device condtivity profile it
also helps to understand the dedoping process that happens upon the application of certain gate
potential in Organic Electrochemical Transistors.

OECT modeling

There are two different approaches to a device modeling: numerical agticahal he purpose
of both types of models is a correct description and prediction of the main characteristics of a
modeled object and processes occurring inside modeled object under known applied conditions. An
analytical model normally allows calculagirprecisely the main characteristics of an investigated
object and obtaining the exact solution. A numerical modeling is used when parameters and all
GHYLFH FKDUDFWHULVWLFV FRXOGQMTW EH FDOFXODWHG DQI
solution of solved equations; instead, the solution with a certain degree of approximation is the
result of numerical calculations. Never the less, both types of models are important for
understanding the device physics and chemistry. To build up a working madakeful to study
precisely the already excising state of the art.

There exist several analytical models of an OECT that could give, up to some extent, an
explanation and prediction of the device properties. Most of the models are considering depletion
mode of an OECT operation. Different behavior of Organic Electrochemical Transistors is well
defined for transient and steadiate. These models could be differentiated one from another taking
in account to which state of operation a model is dedicatedot of models are looking at an
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OECT from a point of view of physical generalization, and represent this device as a sum of
resistive and capacitive elements.

The first model of OECT by Prigodin et described the foundation of OECT modeling
from the point of solid state physics. In this model mechanism of the channel conductivity and
current decrease was attributed to holes mobility decrease due to cations injection under the applied
Gate RWHQWLDO 7KLV PRGHO EHLQJ SXUHO\ WKHRUHWLFDO Gt

The second model made by Robinson I.par contrary proposed to look at an OECT from
an electrochemical and electrostatic point of view and linked the drop in conductivity with the
applied potential induced by a-deping process due to cations penetration with the following hole
HIWUDFWLRQ 7KLV PRGHO LV QXPHULFDO DQG DOVR GRHVC
parameters extraction.

The third model made bR.A. Bernardsand G. G. Malliara@ look at OECT, operatg in
non-Faradaic regimes, as at sum of two circuits an ionic and an electronic. They come across two
behaviors of an OECT in transient and steat#fe. The ionic part (electrolyte) is modeled as a
resistor and aapacitor in series. (Figure 2)Y1Electonic part (conductive polymer) is modeled
XVLQJ 2KPTV ODZz

a. b.

Figure 2.15+Modeling of ionic part of OECT device as a resistor and capacitor in :sajies
Schematic representation of the device structure used in the model. Drain is locatédaatix
Source at x=0; bTircuit-like representation of the device, where the charge Q(x) is coupled with
voltage according to the position x along the conductive channel

In the electronic part, the channel current density was calculated b KB TV i@ bné
dimension withx being the position along the channel between source and drain:

- .. @ 8T, (2.31)
ST, LM a.II,—@ T
where, g- elementary chargg(x) - hole density with respect tg, i1 - hole mobility, V(x)
potental along the channel.
As a result of deloping process, the amount of holes is decreasing; this could be described by

the following equation:

3:T: ) (232
M,9.6

LT, LLyIsF
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Wherep, zinitial doping level (loles density)Q(x) total charge of cations injected from the
electrolyte as a result of @ping process. Gradual channel approximation was used to define the
gradient of charge density, L, T are channel width, length and thickness accordingly.

Since the ionic part was defined by a capacitor and a resistor in series, then the amount of
charges injected to the layer could be calculated according to the following expression.

3T, LA9@Tg F 8:T;; (2.33

Wherecy is a differential capacitance aNgis an applied gate potential.
Combining all three expressions above it is possible to calculate the current in the channel
depending ongplied Gate potential.

T . & F 8T, @8, (2.34)
+T; L 96ME, K F ) |@T

WhereV, is a pinchoff potential- Gate potential at which total channeldigping takes place in
the absence of applied draintgmtial.

As a result, using this model it was possible to calculate the current in OECT in case4f a non
faradaic process is taking place on ideally polarizable gate electrode with different applied gate
potentials, working in different regimes (partiatdi@ping, linear and saturation). Even though this
model is suitable for currenbltage profiles characterization and predictions it has several
drawbacks, such as inability to describe characteristitape transfer curve and also not precise
enough fiting between experimental and modeled results.

Extension of the third model towards the description of the faradaic regime of an OECT
operation was made one year after by Bernardsl.This model takes in account an analyte
electrochemical reaction at the Gate electrodalldatws to link the drain current response to the
analyte concentration change in the process of enzymatic sensing of glucose.

Next model made by Yaghmazadeh e@ extends the two previous models to obtain the
better fitting of the experimental and modeled profiles. The improvement was concerning more
precise variation of the potential along the channel and the channel polarizability. But still, as the
aralytical models mentioned above, it was not able to explain the saturation of the current and the
shape of the transfer curve.

It should be also mentioned the numerical model made by Stavrinido alhich explains
an ionic movement inside the PEDOT:PSS layer, since this movement anddbpirmtp proces
are the least explained and understood processes in Organic Electrochemical Transistors. The model
represented the moving front experinféd} in the PEDOT:PSS layer (Figure 2)16For this
experiment the device with two electrode structure, electrolyte and conductive polymer was
fabricated.lons from the electrolyte are claimed to move inside the PEDOT:PSS conductive
polymer layer causing the daping effect and provoking holes extraction at the grounded
electrode (Source).
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Figure 2.16 + Visualization of charge distribution in theolgmer during Moving front
experiment: positive ions injected from electrolyte are replacing the holes in the polymer during the
Moving front propagation

It is stated that movement of this ionic front could be visualized by transient optical
measurementfahe conductive polymer layer transmission. Local concentration of the PEDOT
could be extracted from ¢hmeasurements. Figure 217tepresents experimentally measured
optical transmission light intensity, after application of Gateirce potential, siec U is
proportional to electrolyte injected cations concentration, then this experimental measurements
could be compared with modeled by Stavrinidou et al. moving front (ionsectyaton) profile
(Figure 2.171).

Figure 2.7 +Moving front experiment: 1) Experimentally measured evolution of thdogéng
front for timet from 5 to 50 seconds{( is the change of transmitted light intensity along the
conductive polymer channel); 2) Numerically modeled moving front for teRe4, 6, 8, and 10
ps: a) Spatial distribution of injected electrolyte cations (gray dotted), anions holes (black dotted)
and positive charges due to electrolyte ions injection (solid black); b) Holes spatial density; c)
Potential profile

Even though theirne and the channel length are not the same it is not difficult to notice that
modeled and experimental moving front profiles have the same shape and type due to ions injection.
Stavrinidou et al. model predicts successfully ions concentration in the PESOTayer after
GateSource potential application it is not clear what would happen when the -stadelwill be
reached, when the moving front will stop and why, how the final ionic distribution would look like.
For the full and clear description of OE@II of these questions need to be answered.
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There are no doubts that already existing models could be used to describe OECT and quantify
changes in the current with change in applied potential, up to some extent. But each of them have
some drawbacks: gerally, the existing analytical models are showing the good fit only to some
experimental data and only for limited applied potentials; numerical models based only on the
PoissorBoltzmann and the Nernftlanck equations are describing quite well only diamt
behavior of OECT due to all assumptions made about an ionically initiatirdpmeg of
PEDOT:PSS. As a result, some effort needs to be made to build up mode precise numerical and
simple analytical models for the complete description of an OECT mggdinciple.

Conclusion

The understanding of any system starts with the understanding of a working principle of each
part of this system. An Organic Electrochemical Transistor consists of two active layers. One of
them is ionically and the other is efiemically conductive. And both of them together are making a
complicated and undividable system.

This Chapter was dedicated to the understanding of the origin of the conductivity in each of the
layers and key processes that occur inside of each of thean.dlectronically conductive layer the
source of conductivity is an electron or a hole propagation under the gradient of applied potential or
gradient of concentration. In ionically conductive layer charge carriers are positively or negatively
chargedons, whichare moving in the media due to drift, diffusion or convection. Even though the
types of charge carriers are different, forces causing their movement have the similar origin. There
are some other processes that need to be considered for a silicoesigling: faradaic and nen
faradaic processes on the electrode immersed in electrolyte, including an electrochemical reaction
and a displacement current. Sum of all of these processes together withdiy@rde process,
which mechanism is one of th@cal points of current thesis, is the core subject of further
investigation and modeling.

It is not possible to proceed with the subject without mentioning, at least briefly the current state
of the art in particular area of the research interest. Incttge the already excising analytical and
numerical models were the starting point for the following research.
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CHAPTER 3. STEADY STATE NUMERICAL MODELING

Numerical modeling of Organic Electrochemical Transistor will allow building up the picture of
device operation and processes solving set of equations, such as-Rlanmt#t together with
Poisson% ROW]PDQQ WKDW FRXOGQYW EH VROYHG RWKHUZLVH

For numerical modeling we used COMSOL Multiphy@, software based on finite element
approach. This software is based on adednuumerical methods for physidased simulation and
modeling. To solve the complex problem, the software divides the whole system in a set of small,
so called finite elements. Then set of equations is resolved within each of this element with
following reassemble into a bigger continuous system of equations that describes fully the modeled
object. So this software gave us a nice tool for the system understanding and description.

COMSOL Multiphysic§ allows to couple and model several types of procesappeming
simultaneously in the same system. It is possible to model chemical reaction together with physics
linked with applied potential and transport of different types of charged species, such as electrons
holes and ions. For OECT modeling two modulésC®MSOL Multiphysic§ were coupled
together: Chemical Species Transport (Transport of Diluted Species) and AC/DC (Electrostatics)
from Electrochemical Module. Two types of numerical simulations were made: one dimensional
model with two electrodes and twdimensional device model with full structure (three electrodes).
This approach was aimed to deeper understanding of inner device physics sucboasmgle
process and electrolyte influence and distribution in PEDOT:PSS conductive polymer layer.

lons pengeation under applied Gate potential assumed to be the main process responsible for
PEDOT:PSS layer ddoping and as a result electrical current dropping in the c@eﬂ'his
theory is the most widely acceptete @ According to this theory under applied
potential positive ions from electrolyte penetrate inside the WEBPSS layer, then are trapped
near PSSunit where they replace PEDQTthus maintaining an electrical neutrality. As a result,
the amount of holes in the polymer layer decreases, and since in PEDOT:PSS the electrical current
is holesgenerated, the crent decrease is linearly proportional to the hole amount decrease (Figure
3.1a).

b.

Figure 3.1 £Widely accepted representation of-adigping proce: a) Charges distribution
inside OECT before gateoltage application; b) Ddoping process representation upon applied
gate potential
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In this approach the fact that reduction of PED®@kes place after application of certain redox
potential is not considered. So building up one dimensional modelvingth takes into account
redox reaction in conductive polymer layer, ion movement and faradaic process on gate electrode
under different applied potentials, is mandatory.

Onedimensional modeling

Before building up full device model it is necessary tmerstand how the two main events:
electronic and ionic are interacting between each other and how ions from the electrolyte act on
PEDOT:PSS layer after penetration.

For this, a one dimensional model was developed first. Basically this model is aimedi¢b
ions penetration from electrolyte to the conductive polymer layer and the result of electrolyte
conductive polymer interaction in steady state. Figure 3.2 represents modeled geometry.

Figure 3.2 £Schematic representation of COMSOL numericalri@®del geometry. At the right
hand side grounded source electrode is situated so V(W)= 0 V; at the left hand side there is a gate
electrode, so V(0)=Vgs; in between there are ionically conductive layer that contaamsl Gld
ions and electronically calictive PEDOT:PSS layer, where Nare penetrating upon dtoping
occurred.

Modeled device consists of two layers:

1) lonic layer with 100 mM of NaCl solution. Thickness of the layer isl¥®00 nm

2) Electronically conductive PEDOT:PSS layer. Initial densityPEDOT (mobile holes)
being equal to the density of PgBnimobile electrons) is 28cm®. Thickness of modeled
conductive polymer layer is d=100 nm. This thickness was chosen since real OECT
biosensors have thickness of the same order of magnitude.

According to the most popular theory applied potential between Gate and Source is pushing
positive Nd ions inside conductive channel. But this theory does not take into account the redox
reaction of PEDOTunder applied potential. The following model seentse realistic since it also
includes the electrochemical nature of the process:

1) Before GateSource application ions are redistributed in electrolyte, PEDOT:PSS channel
is fully doped (Figure8.3a). In case of three electrode device the current is propaltio
applied Sourcdrain potential

2) A potential applied between gate and source electrodes reduces the amount of holes by
polymer reduction according to the Nernst equation, leaving uncompensated negative PSS
charge in PEDOT:PSS layer (FiguB=3b). At the same time in case of polarizable
electrode (for example Ag/AgCl) the oxidation reaction takes place on the gate electrode,
amount of Clthat is oxidized at the Gate electrode is equal to amount of PE@0OTced
in conductive polymer layer, thus glalelectroneutrality in the electrolyte is preserved.
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3) To maintain electroneutrality in the polymer positive "Nians are intercalated in the
PEDOT:PSS layer so that the total amount of positive charge PERO® N inercalatediS
equal to that of negat PSS (Figure 3.3c). This process starts together wWifEDOT
reduction.Since the amount of Naons that entered the conductive polymer is equal to that
of PEDOT left which in turn is the same amount of @kacted at the Gate, the
electroneutralityn the whole system is preserved.

Figure 3.3 +Simplified representation of moving front modeled at different stage: a) Before
SourceGate potential is applied; b) Right after potential application @aREDOT:PSS layer is
reduced, oxidation reaction occurs at Ag/AgCI electrode; c) Excess of neutral charge in the polymer
provokes positive Nato diffuse from electrolyte to restore the charge neutrality in polymer and
electrolyte layers

As it was mentioed before, to build up a realistic OECT model it is important to take in account
all major processes occurring inside the device under applied potential.

Electrolyte layer modeling

Our modeling of an OECT starts with that of the electrolyte layer emwkpses definition, since
processes in electrolyte with immersed electrode aredestiribed in the literature. In the model
NaCl solution was used as electrolyte. In aqueous environment hydrolysis takes place and two ions
are formed:
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f %\ f_~ E Z_, (3.1

Where (aq) indicates hydrated ions of dad CT.

These ions motion in the electrolyte was modeled by Nétastck equation for Naand Cl
ions:

. M .
col F&d % oFi—G&g crdi (3.2)
. M .
ke P& Bt Bk (3.3)

For the model we are assuming that there is no mechanical stirring or thermeuildrium
that is why the last convective term of NerR&nck equation is equal to zero.

Local potential in any point of the device is calculated by Poistzmann equation takes into
account all positive and negative charges concentration:

[ &1 L FA%OF %E %wneiF %ii; (3.4)

Where %-a%#7.,,&a%i; are the local concentrations of positive"Naegative Clions,
PEDOT holes generatingnits and PSSunits.
In the electrolyte layer global electroneutrality takes place and Pegstomann equation for

this pat of two-electrode device is:

T &1 L FAZoF i (3.5)

To maintain system layer global neutrality, several global constraints were put in the system:
1) To preserve constant amount of Niathe system:

o (3.6)

I+

4

Where g is initial Na concentration: 100 mM in the electrolyte layer and 0 mM in conductive
polymer layer.
2) To preserve global electroneutrality in the electrolyte layer it is necessary that the total
concentration of Cis equal to that ofla’:

b ?x b ?x (3_7)
+ 7(;0@1: + ?1/4@1-
4 4

3) To preserve global electroneutrality in conductive polymer layer:
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(3.8)
t %o@T * % F %kuner @T
P ?2x b ?x

wherecy pis initial PEDOT concentration (whic is also the concentration of PSS

The set of equation above is successfully describing all processes happen in electrolyte layer for
any Organic Electrochemical Transistor. This set of equations should be coupled with another set of
equations that isekcribing conductive polymer layer and a result efldping process.

Electronically conductive polymer layer modeling

Electrically conductive layer is made of PEDOT:PSS polymer which is electrically neutral due to
equal amount of PEDOTand PSSunits and equal to number of holes. Since PEDOT:PSS is a p
type conductor, then the current in this polymer is a halerrent. Even though holes are moving
under applied electric field PEDOBNd PSSunits are immobileAmount of holes is correlated
and almosequal to amount dPEDOT units, so in the equation belowgor+is the concentration
of hole generated PEDOTinits, which is equal to hole concentration.

Knowing thatnumberof PEDOT units is highly dependent from applied potential due to redox
reacton:

2'&16EAN N 2'&16 (3.9

it is possible to calculate it according to Nernst equation for low concentrations:

i L'4Ei6H %y ii (3.10)

( IR

K Ei6H % vii (3.11)
( 3/

b F Yy, 81

Hence:

Yo 3.12
O/E%l/zéil——é:%? : ( )
SEA EI

Normally the Gate electrode is taken as the reference electrode, but in OECT the Source plays
this role; it will lead to the Nernst equai modification:

%s (3.13
Yevnii L—¢: %

SEA ET
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For proper use of the latter equation it is necessary to estitfiatehich is a redox potential of
net reaction. So if we are taking in account faradaic process oki@ation on Ag/AgCl the gate
electrode. Then net reaction is described by the following equation:

2'&16 E %HE#C ~ 2'&16E #C%H (3.14)

Reaction at the gate electrode would be described by Bilener equation:

d 52 s na .
L J(@ I-%L'J%APQ%A%?% E O/%TSA = °p./4?/4,| (3 ]_5)

where: J - electrod¢current density E - [electrode potentihlE® - equilibrium potential,T -
absolute temperaturg -[Faraday constajR -[universal gas constgnt - so-called cathodicharge]
transfer coefficiert

To simplify the model global constraint was used, concentration oinCélectrolyte was
assumedo be equal to Naconcentration, so the result of the electrochemical reaction on the Gate
electrode was modeled, not the reaction itself.

But it is important to know redox potential of the Gate electrode reaction to calcfilateett
redox potential:

4L BouxdF Basvo (3.16)

In case of Ag/AgClI in NaCl (100 mM)O&odeis 0 V, for PEDOT reduction reaction &ainodeiS
V, so B is about-0.1 V.
Since PEDOT:PSS layer is conductive it is necessary to consider charge carderanb

- (M . 3.17
evndil F&y,ei®@ ?E%%QIFTG&E%%EI@E%%M@' ( )

In any case, considering all processes happening in all the layers, global electrical neutrality
must be maintained. To darstand PEDOT:PSS -di®ping process it is necessary to consider that
after the reduction of PEDOTthere are two possible types for Ndistribution in conductive
polymer layer:

1) According to a widely accepted picture, Nglocally electrostatically atthed to PSStaking
exactly the place of PEDOTthat was reduced. In this case local neutrality ofdeed
conductive polymer layer is preserved as well as global neutrality of the whole system. We call
this case théocal Neutrality numerical model

2) It should be also taken in account that an electrostatic force betwéemdBRSSis small and
it could be not enough to stop Nilom moving inside the conductive polymer layer, so the
ions could drift under applied potential towards the less positivec8a@lectrode. We will call
this second possibility th@lobal Neutrality numerical model

Both of these two models could have a rational physical explanation, to understand which one of
the models is the closest to the real situation in OECT comparistire ohodeled profiles with
experimental data was made.
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No ion penetration (EGOFEIlke) model

Before developing any model including ion penetration from electrolyte and its movement inside
conductive polymer layer it is better to take a look at simpkerence model. For Organic
Electrochemical Transistor this type of reference model could be Electrolyte Gated organic Field
Effect Transistdf93] (EGOFET) model.

EGOFET is a transistor that operates in accumulation mode; similarly to t8& ®Eonsists of
two layers: one ionically conductive and one electronically conductive. The difference between
these two types of transistors is that in EGOFET ions do not penetrate from ionically conductive
layer into the electronically conductive meahiurather, they accumulate on its surface, creating an
electrical double layer. (Figure 3.4)

Figure 3.4 tElectrolyte Gated Field Effect Transistor struc

In this type of transistor there is no charge transfer between ions and electronically conductive
material. Studying this model and comparing it with-pametrating case would allow to understand
deeper theffect of penetrated ions on conductive polymer properties.

Onedimensional structure was modelled, equal to what represented in Figure 3.4, with 900 nm
layer of NaCl as electrolyte and 100 nm layer of PEDOT:PSS as a conductive polymer. In this
model the oncentration of the electrolyte was 100 mM, no reaction at the gate and no ion
penetration inside conductive polymer layer were assumed. Influence of ions on the conductivity of
conductive polymer layer was due to accumulation of the ions at the elexpolyimer interface.
Nevertheless the concentration of PEDOT:PSS is local potelgjendent according to the Nernst
equation 3.20 .

PoissorBoltzmann equation for the electrolyte layer writes:

I &1 L FA%oF %; (3.18)

And for the caductive polymer layer:

T &7 LFA%s,.,siF %ii; (3.19)
Concentration of PEDOTis calculated according to Nernst equation:
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% (3.20)

Yenveil— o5

SEAET
Concentration of Naions, as well a®SS s constant in the system, but to preserve the global
electroneutrality and account for the reaction on the gate electrodenCéntration is calculated
so, that:

A2 x A (3.21)
t %O@OT %p®. FAF +:%,F%qy,ei@T
A2 x

Combining equations3(183.21) numerical calculations were performed. As a result potential
and concentration profiles along the device were calculated. In Figure 3.5 the potential profile along
device and along conductive polymer layerepresented. In Figure 3.5a small drop of the potential
could be identified near the Gate electrode due to existing double layer, then there is a flat
equipotential region inside electrolyte; and main drop of the potential occurs inside conductive
polymer hyer, more precisely near the interface between the two conductive layers. In Figure 3.5b
it could be seen that potential drops slightly below 0 and then goes to 0 at the source electrode. This
could be explained by PEDOTeduction to PEDO¥under appliegotential near the electrolyte
polymer interface. Since there is no charge neutrality, deficiency of PER®T uniform
distribution of PSSwould be in charge of such a potential distribution.

a.
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Figure 3.5 +Steady state EGOFEike model mtential profile inside PEDOT:PSS layer at
various applied Gat8ource potentialéfrom 10° to 1 V). a) Along whole device (electrolyte and
conductive polymer layers); b) Along conductive polymer layer

Figure 3.6represents the PEDOTEoncentration prolé resulting of the applied potential. It can
be seen that in case of no ion penetration inside conductive polymer layer reduction of PEDOT
occurs at the interface with electrolyte. The reduced part of PEDOT:PSS layer widening when the
applied potential 9 increasing. Nevertheless it is evident that even at relatively high applied
potential (1V) only a small part, about 20%, of the channel will be reduced. Due to such a small
influence of applied potential on PEDOFRQFHQWUDWLRQ WKLV t® BeGcHil® FR X C
moving front experiment results and Organic Electrochemical Transistor behavior.

Figure 3.6 + Steady state EGOFEke model positive species normalized PEDOT
concentration profile inside PEDOT:PSS layer at different applied-&atecepotentials(from O
tolV)
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Even though this model is not suitable for an OECT description it could serve as a reference to
the other models in terms of identifying the effect of ions that are penetrating inside PEDOT:PSS
layer. It is also the proof thabns that penetrate are increasing the efficiency of dedoping and
exactly this effect allows an OECT operation at small applied potential comparing to the other types
of transistors.

Local neutrality model

As it was mentioned before in case of local raityr Na intercalated to conductive
PEDOT:PSS layer took exactly the place of reduced PED@TT So local charge density would be
equal to zero:

CoE EuneiF kLT (3.22)

Taking in account that PS8oncentration always constant and equalgtglocal concentration
of Na' ions is:

ol %m F Eynei (3.23)

Knowing the PEDOT local concentration &m the Nernst equation, it is easy to find the lloca
concentration of sodium ions:
Yam (3.24)

& ?Y%a

SEA ET

According to PoissoiBoltzmann equation local potential will be dependent on PEDOT
concentration PS&oncentration and concentration of entered: Na

T &7 L FACOE 2yneiF i (3.25)

In case of local neutrality:
&t Lr (3.26)
I"Lr (3.27)

WhereE- is the applied electric field

Taking in account all the equationsdaconstraints mentioned above numerical model was made.
Figure 3.7a represents the potential profile along the device from source to drain dependent on
applied potential. Enlarged part Figure 3.7b of this figure for conductive PEDOT:PSS channel. As
expectd there is a small potential drop near the Gate electrode due to electrolyte double layer. The
main drop of the potential occurs in conductive polymer layer, this drop of the potential is linear
which fits perfectly expected zero electric field gradiewofifg, mentioned above.
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Figure 3.7 +Steady state local electroneutrality model potential profile inside PEDOT:PSS layer
at different applied Gat8ource potential§from 0 to 1 V) a) Along whole device (electrolyte and
conductive polymer lgers); b) Along conductive polymer layer

Figure 3.8a represents the concentration profile of PED&dng the channel, as it was
expected, concentration of PEDO@long the channel is decreasing with applied Gate potential,
and the shape of this decredsghly resembles moving front experiment pr. Since
according to the local model N#ns are injected directly into the channel and locally replace
reduced PEDQTions, then Figure 3.8b represents exactly the expectedddaentration plot.
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Figure 3.8 * Steady state L@t electroneutrality model positive species normalized
concentration profile inside PEDOT:PSS layer at different applied-&auece potentialéfrom O
to 1 V). a) PEDOT concentration profile; b) Naconcentration profile

The concentration profile suggesa behavior similar to that occurring in the Moving front
experiment, that is, the establishment of a frontier between a undoped region, near the electrolyte,
and the doped region near the source electrode. However, it must be pointed out that wee are her
dealing with a steady state model, so the front does not move with time, but instead with the applied
gatesource voltage. To the best of our knowledge, no experimental data in the literature would
confirm or reject such a prediction.
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Global neutraly model

The second model made is Global neutrality model. In this modelidda penetrating into
PEDOT:PSS layer from an electrolyte are not considered to be locally trapped near'tbeif8SS
par contrary they are considered to be freely moving enti@ conductive polymer layer. Since
global neutrality is assumed take place in conductive polymer layer, global amount @i Na
PEDOT:PSS layer is equal to global amount of reduced PEDOT. So global amount isf Na
defined by the third constraint anctéd concentration is defined by the Pois®wnitzmann and the
NernstPlanck equations:

b b (3.28)
t Co@T * 2% F %oy @T

b?x p?x
I &7 LFAZOE 2wweiF i (3.29)

. M . .
’COL F&Qol ?Q OFE‘r_G&(; o?(;ol I (3 30)

Figure 3.9 represents the results of Global neutrality model implementation. Figure 3.9a

represents the potential profile along the whole device and Figure 3.9b the potential profile along
conductivePEDOT:PSS layer.
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Figure 3.9 +Steady state local electroneutrality model potential profile inside PEDOT:PSS layer
at different applied Gat8ource potentialgfrom 10° to 1 V). a) Along whole device (electrolyte
and conductive polymer lay®r b) Along conductive polymer layer

From the Figure 3.9 it is possible to notice the small potential drop in electédyeeinterface
due to electrolyte double layer effect, but the main drop occurs in conductive polymer layer, in
particular in the pa of PEDOT:PSS which is close to electrolypolymer interface. The second
big potential drop occurs near an interface between conductive polymer and Source electrode. In the
middle, in the most part of the conductive layer potential profile is flaitesaturates at 0.1 V for
all applied Gatesource potentials from 0V to1V.
Figure 3.10- represents local concentration profiles of PED@fd N4 in conductive polymer
layer. It is possible to notice that concentration and potential profiles in carelpolymer layers
are very different from Local neutrality model.

a.
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Figure 3.10 + Steady state Global electroneutrality model positive species normalized
concentration profile inside PEDOT:PSS layer at different applied-&auece potentigl(from O
to 1 V). a) PEDOT concentration profile; b) Naconcentration profile

From these two concentration profiles and potential profile there could be clearly defined three
parts (Figure 3.11) where the concentrations of ions are very differergrddife in concentration
is represented by the local normalized charge concentration@alue

EvnneiF BITETG (3.31)

%

%L

Where g is the initial local concentration of PEDO#&nd PSSin the conductive polymeayer.
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Figure 3.11+Local normalized ion concentration (dotted line) and potential profile (continuous
line) in PEDOT:PSS layer for Global neutrality modelocally negative region; 1llocally-neutral
region; IlI- locally-positive region

1) Partt Close to the electrolytpolymer interface. Drop of the potential is dramatic, big drop
of PEDOT concentration, it reaches 0 mM for potentials more than PED®duction
potential B=0.1 V. In the same time Na&oncentration is very low too, close to théeifiace
it is almost O mM. Low positive charge concentration and constaritd®8&entration means
that this region is locally electronegative, that is why the drop of potential is very dramatic.

2) Part It Most of the conductive polymer layer in the cenRuotential profile as well as Na
and PEDOT concentration profiles are flat, the sum of PED@fd Nd local concentrations
is equal to PSSoncentration, so this region is assumed to be locally -aneasral.

3) Part Il Close to polymeSource interface.In this near electrode region PEDOT
concentration drops from the initial concentration till the constant value in the central region.
From the point of local concentration: in this region PED@®ncentration reaches the
highest values and Naoncentrabn is very high, so this region is the locally electropositive
region.

Note that, at variance with the Local Neutrality model, there is no moving front in this case.
Instead, the polymer layer is almost uniformly doped efidged.
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Current calculatiofrom onedimensional model

It is possible to calculate current drain inside OECT using one dimensional model and gradual
channel approximation. Gradual channel approximation is successfully used for current calculation
in most FieldEffect Transistors (FEs), including FieleEffect Transistors (OFET@, Metal £
OxideiSemiconductor FETs (MOSFET) and also in Organic Electrochemical Trar@ors
Gradual chanel approximation assumes a monotonic decrease of the potential along the channel. In
case of Organic Electrochemical Transistor it means that potential is gradually changingsgom V
(at the Source) to ¥ - Vps (at the drain). Gradual channel approximatincludes also the
assumption that in the device the current is flowing only due to holes drift under applied electric
field and diffusion current is negligible. So the current in the channel should be calculated
according to the drift component of tNernstPlanck equation:

(M . 3.32

FLF— &9 8 @ey,ei®@ 1 ( )
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that the potential is gradually changing only along the channelx€g) and knowing that
conductivity of the material is potentidependent:

i @ (3.35)
FL Fé:T; o
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where W, d and L are width, thickness and length of OECT channel

According tothe latter equation to calculate the drain current for D&miarce potential from OV
to -1V and GateSource potential from 0V to 1V, it is necessary to know the conductivity of the
channel at applied potential from 1V to 2V (Figure 3.12).
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Figure 3.12 + PEDOT:PSS layer conductivity dependence on applied potential for Global
neutrality model (red curve) and local neutrality model (blue curve)

Knowing the conductivity of the layer dependent on applied potential and using the gradual
channel approximationt is easy to calculate the current in OECT channel. Modeled transistor
structure wasd=100 nm, W=1 mm L=1 pm. In this model initial PEDOTand PSSdensity was
co=10"® cm® and constant mobilitp=1-10" m?/V-swas assumed. To compare two models autpu
(Figure 3.13a,d) and transfer (Figure 3.13b,c) curves were build. From the output curves Figures
3.13a,b is clearly seen the difference-M profile for local and global neutrality models:

1) In Global Neutrality model current reaches saturation iigin applied DrairSource potential
in the whole range of applied G&B®urce potentials. By contrast local neutrality model

GRHVQYW VKRZ WKLV W\BeIhEvD).RU WKH UHDO GHYLFHYV
In Global Neutrality model drain current decrease is more pronounced and highly dependent
on applied Gat&Source potential. In Local Neutrality model current is decreasing with
applied GateéSource potential, but even for highteotial Drain current is not completely

switched off, but still present with the value equal to about 20% of initial drain current, before

GateSource potential was applied. From this point of view, devices show more similarities
with the behavior of Globhdeutrality model then the Local one.

2)

Figures (3.13c,d) represent output curves for the two models. These curves have a well
pronounced $Shape in both cases; highest current is achieved when the applie®Gdbate
potential is negative. This type of fite matches the real Organic Electrochemical Transistor
output characteristics.
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Figure 3.13£Drain current profiles calculated from Local neutrality (a, c) and Global neutrality
(b, d) models: a, b) Transfer characteristibsain current dependence applied DrairSource
potential for different Gat&ource potentiajs, d) Output characteristicBrain current dependence
on applied Gat&ource potential for different DratBource potentials

Figures above are represented to show general differericansfer and output curves for any
transistor modeled in high range of applied potentials, taking in account Global or Local
electroneutrality model. Of course to compare the result of these two models and real transistor
behavior it is necessary to useperimentally obtained-V profiles, real device geometries and
characteristics.

Two-dimensional modeling

One dimensional model is very useful for ion propagation and moving -dbpieg front
investigation, but it is necessary to remember that tigarte Electrochemical Transistor is a three
electrode device. To model the device more precisely, not taking an assumption of gradual channel
approximation and to investigate the charge distribution under applied Soaiceand Source
Gate potentials itwo-dimensional model was built. The first model was built according to the
concept of Global Electroneutrality. Schematic representation of the real device and the structure of
modeled device are given in Figure 3.14.
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Figure 3.14+Organic Electrochemical Transistor schematic-timensional structure: a) Real
device structure with three electrodes and two conductive layers: electrolyte and conductive
polymer; b) Modeled device structure with suppressed electrolyte layer

In case 62D model it is necessary to define the channel of the device. The channel of OECT is
the part of PEDOT:PSS layer which is located under the electrolyte layer, so for numerical model
and the structure represented at the Figure 3.14b the channel is theviaggthLs which is also
equal to the length of the gate electrode, it was modelled this way to get rid of effects related to
ununiformed gating of the device. In the model the electrolyte covers 80% of PEDOT:PSS channel
length, sd_s=0.8-L, where L isthe length of conductive polymer layer. Importantly the thickiess
of the channel is equal to that of PEDOT:PSS layer. This is at variance with the conventional field
effect transistor, where the channel reduces to a very thin layer close to the seatarandulator
interface (or the semiconductelectrolyte interface in the case of the EGOFET ).

Since the main potential drop occurs inside conductive polymer layer, to make the model simpler
it is possible to get rid of the electrolyte layer, whildl gtking in account the effect of ions
SHQHWUDWLQJ IURP HOHFWURO\WH OD\HU LQVLGH 3('27 366
change, it is still possible to calculate their concentration in conductive polymer layer and see the
de-doping of tke layer. In this purpose, because the following hypotheses were assumed:

1) Only N4& ions penetrate inside the PEDOT:PSS layer, their global amount being equal to that
of PEDOT that was reduced as a result ofdiging process.
2) Global charge neutrality is @served inside the conductive polymer layer.

Like in the case on ondimensional models the result of modeling was quite different in each
case, and to understand this difference it is necessary to look at the result of two models separately
first.

In thefollowing, we will restrict to the Global Neutrality model.
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The Global Neutrality model was taken in account through Equations3328xtended to the
two-dimensioal geometry shown in Figure 3.1A typical result of the calculation is displayed at
the Figure 3.15 which shows the potential profile along the whole PEDOT:PSS laygr €0.9 V
and Vg 0.5 V. We recall that the the simulation was performed at ststatiy.

Figure 3.15+Potential profe inside PEDOT:PSS layer ®ys= -0.5 V and V4= 0.5 V for the
steady state global electroneutrality two dimensional model

From the figure above we see that most of the channel is found to be under a constant potential
with a value of about 0.35 V, and only near the contacts the potential is mpaodgecome equal
to the Source local potential (0 V) at Source, Drain local poterfid {/) at Drain and Gate local
potential (0.5 V) at the electrolyte interface.

To understand better how the potential profile inside OECT changes with apglide Vocal
potential was calculated along two cut lines. The first one was made parallel toathe y
(perpendicular to the polymetectrolyte interface) and cut PEDOT:PSS layer by the middle
(Figure 3.16). The second was also cutting the PEDOT:PSS lattee middle, but parallel to-x
axis, parallel to the polymasiectrolyte interface (Figure 3.17afigures 3.17b and 3.17c represent
the PEDOT and N& normalized concentration profiles for the second cut line.
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Figure 3.16xPotential profile insideEDOT:PSS layer at different applied aj{h volts) and
V4= -0.5 V. Cut line is parallel to-gxis, cuts PEDOT:PSS layer in the middle

In two dimensional model, as well as in one dimensional ordppimg takes place due to redox
reaction in the charel and penetration of Ndons, so that the most significant potential drop

occurs near the gate electrode (right hand side), while the potential is stable in the rest of the
channel.

a.

57



Figure 3.17+Potential and concentian distribution in the channetk different applied at y4(in
volts) and Vy&<= -0.5 V. Cut line is parallel to saxis, cuts PEDOT:PSS layer in the middég
Potential profile insid PEDOT:PSS; b)PEDOT normalized concentration profile; c)Na'
normalizel concentration profile

Figure 3.17a. shows that the local potential increases from 0 V at the left source electrode to the
constant value along the most part of PEDOT:PSS layer, then it drops again at tharr@yktde,
near the Drain. Such a behaviesmot consistent with the fact that in reality, there is a hole current
flowing from source to drain, which would imply the potential to monotonically vary between
source and drain (as inferred e.g. in the gradual channel approximation.) Actually steacexof
this sourcadrain current would modify the potential profile (and in turn the concentration profiles)
by introducing ohmic voltage drops through the polymer layer. To resolve this problem, one would
introduce an additional steadyate currentlbwing from source to drain. Unfortunately COMSOL
Multiphysics software makes the solution of this problem highly-tnieral, so probably the most
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appropriate result would be still given by one dimensional model combined with a gradual channel
approximaton approach.
Similar results were obtained for the local neutrality model at stetady.

From numerical simulation to analytical modeling

Numerical model is a very powerful instrument that could be used not only to describe the
system and the processinside, but also to build up simple analytical models. These models would
allow not only to describe the device, but to also to characterize it by extracting parameters and
more important predict its output in case of parameters changing.

In case of Qganic Electrochemical Transistors conductivity curves were build up (Figure 3.18)
for both Local Neutrality and Global Neutrality models. By fitting these curves to known analytical
equation it is possible to build up a seempirical analytical model foDECT. The prominent-S
shape of the conductivity curve allows supposing that this curve would fit the best to one of logistic
functions. A set of logistic functions was used to perform the normalized numerically calculated
conductivity fit with Origin 3.2 sftware from OriginLab. One of the best fits for both Global and
Local neutrality models was obtained for Boltzmann function. (Figures 3.18a,b)

Boltzmann function has the following form of analytical equation:

UL SE—r (3.39)

e?7x

SEAO

In the case of the implementation of this equation to numerical models fitting b would be equal
to the minimum conductivity and @ to the maximum conductivity of PEDOT:PSS layer.

As a result of fitting process @lobal neutrality model a full set of variables with a very small
standard error was obtained, in case of Local neutrality model the fit also converged, but the
standard error appeared to be a bit higher (Table 3.1). In both fitting processes theedoeffici
Determination R was estimated. This coefficient can take values from 0 to 1 and allows to
statistically determine how well the function approximates the real data points. The ddset, R
the better is the obtained fit.

Global Local
Parameters |_N€utrdity model | neutrality model
Standard Error, %
a 0.215 0.359
b 7.455 3.047
d 0.662 1.488
C 1.371 2 798
R2
0,998 0,994

Table 3.1 tParameters obtained as a result of Boltzmann logistic function fitting to Global and
Local neutrality numerilly modelled data
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Figure 3.18 £Numerically calculated (blue squared) and fitted using Boltzmann function (red
curve) normalized conductivity dependence from applied potential obtained for: a.) Global
neutrality model; b.) Local neutralityaodel
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As a result Boltzmann function appeared to fit better the normalized conductivity curve
simulated with Global neutrality assumption, even though that the Standard error for the parameter
b is 7.455 %, the resulta@ioefficient of Determination Ris equal to 0,998 which means that the
quality of fit is high. In case of Local neutrality model Standard Error for all parameters are not
higher than 3.1% , which is coupled with high Coefficient of Determinatfor® 894 means that
the fit is good. All reslts mentioned above allow concluding that Boltzmann function could be
successfully used for analytical modelling of Organic Electrochemical transistor in case of both
Local or Global neutrality assumptions.

Even though Boltzmann function gives a goodulies terms of fitting it is worth trying to
search for other functions. In case obtained numerical models another function was found to fit well
the positive part of obtained conductivipptential curve. This function is called Hill logistic
function aml it has a following analytical representation:

=F >; (3.40)
Ta

SE@

UL >E

In this casea is equal to the maximum conductivily is the minimum conductivity of
PEDOT:PSS channel. On the Figure 3.19 at the bottom Hill function fit koriuwherical models is
presented. Hill function shows sufficiently good fit to both n Global and Local neutrality numerical
models normalized conductivity curve (Table 3.2).

Global Local
Parameters neutrality model| neutrality model
Standard Error, %
b 11.08 3.05
k 0.4M 0.518
n 1.07 0.99
RZ
0,998 0,998

Table 3.2+Standard error for different parameters fit for Global and Local Neutrality models

It could be noticed that even though in case of Global Conductivity model for pardmeter
Standard Error looks quite higiGoefficient of Determination Ris equal to 0.998 for both cases,
which means a very high quality of the fit. The reason for this contradiction could be that ihitially
which is equal to the minimum of conductivity is orslef magnitude smaller than a, so it is almost
negligible, which means that even 11.043 % of Standard Error has almost no effect on resulting
fitting.
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It is also worth mentioning that Boltzmann function used as a fitting function has, with no
doubts, another important advage: it could be used to fit whole conductivity curve including the
negative potential area. This advantage makes Boltzmann function to be the best candidate to be
used for an analytical modelling.

Conclusion

There is no doubt about lack of theoretioatlerstanding of Organic Electrochemical Transistor
working principle. In this chapter the most important from already existing models were described.
Then several types of new numerical models were built, based on the empirical observation, already
existing theoretical models and using electrochemical laws fatogeng process descriptions. It
was also proven that even though that the origin eflajgng process in PEDOT:PSS is purely
electrochemical and could be explained using classical Nernst equiieer the less it is
absolutely necessary to take in account the movement and redistribution of electrolyte ions inside
conductive polymer. Depending on different ions distribution assumptions two numerical model
were made: Global Neutrality model and kBbbleutrality model.

In the second part of the chapter two models were precisely described. It was also shown that
despite the fact that Organic Electrochemical Transistor is a three terminal device and two
dimensional model would be probably the mostate option, it is hard to implement it and get
the reasonable result without taking in account modification of the local potential due to current that
is passing throughout the PEDOT:PSS channel. So it was decided to model the whole devise as one
dimensonal structure with just two electrodes and two conductive layers. This approach allowed
not only modeling the Moving Front experiment, but also build up the conductivity profile of
PEDOT:PSS layer. This profile was used together with the gradual chapprelxianation to
calculate the Drain current for both of numerical models. These profiles contained the evidence that
it is more likely that Global Neutrality model describes the processes in the OECT more
realistically.

In the last part of the chapter itae shown how to move from numerical model to parametric
analytical model using to types of logistics equations: and Hill equation. It was also shown that
even if both equations were fitting well the sigmoidal numerically modelled conductivity curve,
Boltzmann equation is more suitable for the future parameter extraction.

To sum up in this chapter Organic Electrochemical Transistor was not only modelled
numerically, which allowed to understand the chemical and physical processes inside the real
device, but o the possibility of parametric analytical model creation based on this numerical
model was shown. This type of transition allows going from pure theoretical description to the
practical real device parameter extraction.
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CHAPTER 4. ANALITYCAL MODELING

Several analytical models have been recently developed to describe the operation of an OECT,
predict the device response and analyze the experimental observations of the @
However these models do not present an equal degree of precision in case of different OECT
geometries and potentials agali To fully understand the working principle of OECTs and predict
the device behavior it is absolutely necessary to establish more precise models.

The analytical model described here shows a good fit to the experimentally obtashagesl
curves. From th models there could be extracted a set of very important device parameters, such
as: maximum conductivity of PEDOT:PSS layer, intrinsic charge carrier density, initial hole
density, initial PSSconcentration and conductive polymer layer volumetric ctgace. Knowing
these parameters it is possible to calculate the current for any given set of gate and drain potentials.

Boltzmann Logistic Parametric analytical function

2UJDQLF (OHFWURFKHPLFDO 7UDQVLVWRUV DU HwWhgbmD O O\ 3
the Source to the Drain is the maximum when the -Satgce potential is negative. The
conductivity of the channel is controlled by a dopdegloping process, so by electrolyte ions
penetration from electrolyte to conducting polymer. It isiclitt to theoretically estimate the
dependence of the conductivity on the SouBate potential, because it depends not only on the
charge carrier density, but also on mobility, which could also be charge carrier density

dependenf95][96]

7KH FKDQQHO FRQGXFWLYLW\ 1 EHLQJ DVVXPHG WR EH XQLI
polymer layer, it is possible to estimate sotucain current as 1D problem. Uniform conductivity
corresponds to the Global Neutrality model developed in Ch@pter

%\ 2KPfV ODZ

ELé' (4.1)

Where j is the Drain current density and E is the electric field. This law can be rewritten in terms
of the local voltage V:

ELF&g> (4.2)
Current conservation law allows rewriting tla¢ter equation as follows:
A Tolip (4.3)
t

@QLK.LF = &8, @8
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K
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Where L is the length of the conductive channel between source and ggsauitegate voltage
and Vjysdrain-source voltage.
Assuming that Wis the width of the channel and d is the channel thickness it is possible to
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calculate drain current:

Torlip (4.4)
20 R
+LRE9@LF— + é:8,@8

lop

To go further, we use Boltzmann function that was previously obtainaddnalytical expression
fitting to numerical model for voltage dependent conductivity. It is necessary to say this type of
expression was mentioned to be good in describing PEDOT:PSS conductivity dependence from
applied potential, in a recent publicatiop McGarry and Ta. According to this, an analgal
eqguation for conductivity is:

6:8; L &4E eagéFeﬁu (4.5)
SEié"TU%

+HUKL D Q Gax &re the minimum and maximum values of conductivity,id/the stiffness
transition coefficient between conductive and insulating states gpnds\bffset voltag due to
initial conducting polymer doping level. Maximum conductivity is the conductivity of conducting
polymer layer in the steaeBtate and at y=0 V.

Combining equations (4) and (5) we obtain the following expression:

sEATaJI aff%uu (4.6)
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maximum conductivity of completely oxidizedkeD Q Q4iOs fpossible to neglect the first term in
the brackets and obtain the following equation for the esaurrce current:

" V49@v sEATSJI aE,F83UU 4.7)

 L—= -
' sEATﬁJ&F&‘lF&‘UU

Analytical function fitting

To check whether the analytical model reflects the reality correctly it is necessary to perform the
analytical model fitting to sets of experimental resulibe analytical model was tested on
transistors with varioushannel dimensions: d=16+199 nm, W=5+25 um, L=25+250 um, where d,

W and L are the thickness, width and length of the channel respectively. The transistors were made
with PEDOT:PSS as conductive polymer and 0.1 M NaCl as electrolyte, gold source and drain
electrodes and Ag/AgCl gate electrode. Experimental data was taken for -salmnaia voltage
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equal to-0.5 V.

Normally drain current profile, dependent on applied Gdarce and DrabSource potential, is
obtained as a result of Organic Electrochemleahsistors electric measurements.

These experimental currenvoltage profiles were fitted to Equation 4.7. In this case, there are
WKUHH XQNQRZQ SDUDPHWHUV WKDW QHHG WR EH HJ& UDFW
stiffness transition coefficient ¢vand an offset potential . First of all three point fit was
performed using the Solve Block construction of PTC Mathcad software. A unique %@k ofo
and V¢ parameters was obtained as a result of solution of the system of equations. This set of
parameters was then usedam initial guess to perform more precise fitting toetkgerimental data
with genfit() function of PTC Mathcad package.

Genfit() is the function that is used to fit an experimental data set to a generihazwn
function. Normally genfit() function lsathe following form: genfit (A, B, guess, F), hekeand B
are vectors that containvalues and yvalues of fitting dataguessgs an initial guess vector aifdis
a fitted function. Thus in case of studied analytical model:

1) A(x-values)is applied Gat&Source potential

B (y-values) is obtained Drain current

2) Guessvalues are taken from previously solved system of equations

3) F is a vector function of analytical model (4.7) in the formlo{Vy, InaxVo,Vor) and its

derivatives are represented in a forfhe following equation:

i b - eqé:)k_vé-4é-md;d P (4-8)
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Témdg- e _va4q mddo

As a result, implem#ation of thegenfit (A, B, guess, Function allowed obtaining the set of
parameters that were fitting very well the experimental cupeténtial profile for transistors with
various channel geometrical parameters.

It can be seen in the Figure 4t our analytical model fits very well the experimental data for
transistors all transistors measured. The fit was performed,ftnom 0 V to 0.6 V and/4<= -0.5V.
The accuracy of model fitting to experimental data was characterized by the Peadoct pr
moment correlation coefficient (PPMCC), which was equal to 0.999 in every single case.
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Figure 4.1 £Experimental data and analytical model fit for transistors wiifferent channel
dimentions: a) width: 5 pm; length: 100 pum,; thickness: 0.03 um; b) width: 10 um; length: 50 pm;
thickness: 0.026 pum; c) width: 10 pum; length: 25 pm; thickness: 0.018 pm; d) width: 25 pm;
length: 250 um; thickness: 0.016 pm

Using the aalytical model and experimental results it is possible to extract several important
parameters such akax Vo andVes. But before starting to analyze the values it is interesting to see
how the chosen DraiBource potential influences the estimatiorthed parameters extracted. The
PRVW LPSRUW DQMWasSdhdasEnhRdHawakiate the potential influence. At the Figure 4.1a.
WKH YDULDW L R WRH aHflMtUIExiA \poite@tiallis shown, all the values were extracted
from fitting the experimeiatlly obtained drain current (applied G&eurce potential profiles) to the
analytical model. For this estimation three transistors with different channel lengths were chosen.
For transistors A, B and C, the channel lengthswere 250um, 50 um, 25 pm respectively.
Channel width and PEDOT:PSS layer thickness were the sa&¥® |(m; d=199 nm) for all the
transistors, the crosection of the channel was equal to 0.p886.
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Figure 4.2+a) Extracted maximum conductivity dependance on agpliainsource potential; b)
Pearson produghoment correlation coefficient (PPMCC) for the analytical function fitted to the
experimental data fdg - Vys profiles at different applieWys,

A: L=250 um;B: L=50 pm C: L=25 pm

From the Figure 4.2a isinoticeable that the maximum conductivity is not perfectly constant for
all the applied DrawSource potentials, it slightly drops for applied the potentials #@i05 to-
0.35 V and it is quite stable for the appliéd between0.4 and-0.6 V. This plenomenon could be
explained using values of the Pearson produeinent correlation coefficient represented at the
Figure 4.2b The value of PPMCC is above 0.997, for alMfagvhich means that the quality of the
analytical function fit is very high for gnly #/4s experimental profile used. But never the less the
highest value of PPMCC (above 0.999) was found for the EBaurce potential betweef.45 and
- 9 ,W PHDQV W K RMgottei firomytDeCaXdH/tieal functieexperimental data fit for
Vy4s between-0.45 and-0.6 V is more precise and matches better the reality. The best in this case
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would be to extract the mean conductivity in this interval and to use it as the maximum conductivity
for the further calculations or as a device and a materiahcteaustic (Table 4.1).

It is also possible to admit that the maximum conductivity tends to increase for the low drain
source potential region due to a lower quality of the fit as reflected by the decreasing of PPMCC.

In practicee it is time consuming treat the data and evaluate the maximum conductivity for each
Vg4s and then to calculate the mean value. So it is necessary to understand more precisely at which
value of Vs it is better to fit the analytical model to experimentaV}s curve to get thenost

UHDOLVW Lk XDaQesit, Bhé relative deviation from the mean value for each conductivity
value was calculated according to the following formula:

Where &is a mean of all maximum conductivity valueghin the considered interval:

P s
4&L—L &rr- (4.9)
&
sl AP, (4.10)
v
Obtained values are summarized within the following Table 4.1
v A B C
v | e | RD, & | tw | RD, & hwo | RD, &
S/m % S/m S/m % S/m S/m % S/m
-0.45| 2487 | 1.329 2192 | 2.066 2000 | 2.736
-0.5 | 2518 | 0.099 2233 | 0.235 2043 | 0.644
2520.5 2238.25 2056.25
-0.55| 2538 | 0.694 2261 | 1.016 2079 | 1.106
-0.6 | 2539 | 0.734 2267 | 1.284 2103 | 2.274

Table 4.1 £Obtained values of maximum conductivity extracted from analytical curve fitting to
experinental data for draksource potential from0.45 to-0.6 V, the mean values of maximum
conductivity and the relative deviation from the mean value for each maximum conductivity for
three different transistors A, B and C.

From Table 4.1 it is evident th&r all three transistors the relative deviation from the mean is
less than 3% for anyys taken into consideration. Nevertheless the smallest deviation, less than
0.65% was obtained for the value\gf;= -0.5V. As a result to get the most realistic vadfiel,ax
from the analytical model it is necessary to fit the model to experimantdsprofiles atVys= -0.5
V.

Other parameters extraction and analysis

Initially it was stated that the maximum conductivity of the conductive polymer is an intrinsic
property of the material, which depends on material composition, preparation and coating technique
and not on device geome§98| Several series of transistors were used to calculate the maximum
conductivity. Figure 4.3 shows the dependence of the maximum conductivity on the channel length.
To compensate for the variation of channel width and thickness dree device to the other, the
data are plotted as a function of the length to esestion area ratio L/(\W*d).

All investigated transistors could be empirically divided into three groups: transistors with thin
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(d=16+20 nm), mediumdE24+30 nm) and thickd=127+200 nm) channel. All devices fabricated
had length () of 25, 50, 100, 250 um and widtWj of 5, 10 and 25 pum. In all cases the increase of
length to area ratio leads to maximum conductivity enhancement. For transistors with thin channel,
the maxinum conductivity is up to several orders of magnitude higher than for transistors with
thick channel. Even for transistors with the same length to area ratio the maximum conductivity
differs a lot with the channel thickness. This could be accounted far itamsport and the de
doping process of the channel after several cycles of measurement. -@bpirtg of thin films

could be more complete and uniform then that of thicker films after seveddf oycles. And even
though the measurements were takeerafteady state achievement and severalfbaycles, a few

ions could be still present in thicker films, leading to creation the of an electric field and in turn
increasing the amount of reduced PEDQSo decreasing the amount of available charge carrie
(holes).The other possible explanation of different conductivity at different channel thickness is the
variation of material microstructure, in this case the possibility of bigger agglomerates formation in
case of thicker channel, that would lead tordase of the efficiency of the intagglomerate hole
transport due to decrease of the amount of activethenisporting sites.
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Figure 4.3 £a) Conducting polymer channel maximum conductivity dependance of its length to
area ratio; pDevice offset voltage dependance of conducting polymer channel length to area ratio;
¢) Vo dependance of conducting polymer channel length to area ratio
A: Thin channel transistors (d=16+20 nm); B: Medium channel transistors (d=24+30 nm); C: Thick
channétransistors (d=127+200 nm)

The next parameter that could be computed from the modekidt\could be seen that with for
all transistors the offset voltage tends to decrease with length to area ratio decreasing.

Another parameter computed from thedabis \y ,Q WKLV FDVH WKH OHQJWK W
seem to influence on this parameter and almost for all transistors valydsob&ween0.1 and-
0.08.

Extracted parameters dependence on OECT geometry

It is also of interest to understand hoack geometrical parameteorrelates withthe values of
maximum conductivity, ¥ and Ve For all types of transistors it is possible to see that increasing
the length and the width as well as decreasing the device thickmestates with increaseof the
maximum conductivity. This effect is more pronounced for thin channel transistors (Figure 4.4).
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Figure 4.4 +Maximum conductivitycorrelation with a) Channel length; b) Channel thickness; c)
Channel width; A: Thin channel transiss (d=16+20 nm); B: Medium channel transistors
(d=24+30 nm); C: Thick channel transistors (d=127+200 nm)

Offset potential has almost raorrelation withthe width or thickness of the channel but it is
possible to see that Voff hightyorrelateswith the length of the channel. Voff is the highest in the
case of long channel (Figure 4.5).
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VO shows only dependence on the thickness of the channel. In most of the cases it is smaller for
thin-channel OECTs (Figure 4.6).
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A: Thin channel transistors (d=16+20 nm); B: Medium channel transistors (d=24+30 nm); C: Thick
channel transistors (d=127+200 nm)
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Up to now, the numeritacalculations based on the analytical model for an Organic
Electrochemical Transistor had been presented. The validity of the model was checked by fitting to
the model sets of experimental data obtained from devices with different geometries. Frdra this f
set of important parameters, which provide useful information aboutdhelation of device
structurewith its performance, could be extracted. It was shown that the maximuhatosity of
the channel isn intrinsic property of PEDOT:PSS materiayt since the microstructure of the
material depends on channel geometign it is possible to say th#te maximum coductivity
highly depends on device geometnp. More precisely, it increases with increasing length to eross
section area ratio.

As a result by using this model it is possible to infer how to fabricate devices with improved
performance by adjusting the channel geometry.

Conventional Semiconductor analytical function

In this section, we compare our model to the analytical model pedpby D. A. Bernards and
G. G. Malliaras, which is widely used in the research commijiy This model was recently
extended, by the same group, by using conventional semiconductor equationalidvied the
obtaining of a set of parameters to characterize an OECTa

6WDUWLQJ IURP 2KPJV ODZ FRQYHQWLRQDO VHPLFRQ
(4.12) and treating channel as a capacitor (4.14), the following equation (4.18) for Drain current
was obtained.

2KPTV HTXDWLRQ IRU FXUUHQW GHQVLW\

T i o. @8 . @fsT, (4.11)
K:T; L Fe.8,@+ FM@ @.:T; ®—@T

Wherep(x) is ax- coordinate dependent charge carrier (hole) dergi®yementary charge and
is the hole mobility.

In a classical semiconductor the charge density depends on fet®reland hole densities as
well as on density of ionized impurities. There are two different sources of free holes and electrons:
intrinsic semiconductor nature and dopant. In intrinsic semiconductor the number of electrons is
equal to the number of hole pi=n; , knowing also the global hole concentration is also in
equilibrium with the global hole concentration and using mass action low it is possible to obtain the
relation between holes and impurities den@

J..6 4.12
L:T;LT“T_ E0’FO0,:T, (4.12)

Wheren; is intrinsic charge carrier concentratibia” is an acceptor impurityNp* is a donor
impurity.

In case of PEDOT:PSS conductive polymer in Organic Electrochemical Transisi®ra
concentration of holes in PEDOT which is not doped by PSS. hdencentration explains an
existence of low conductive abilities of doped PEDOT ponm Na represents a uniform
concentration of dopant PSS3ly*(x) is concentration of Naions penetrated inside PEDOT:PSS
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layer during dedoping process. In case of one dimensional representhitiofx) is x-coordinate
dependent, unlike uniformly distributég, .

The local, xcoordinate dependent, hole concentratwas calculated solving the quadratic
equation (4.12):

(4.13)

Local charge in PEDOT:PSS layer in the stestdye could be calculated according to the
following equatiof47):

3:T; L 9%k8; F 8:T;0 (4.14)
WhereC* is the capacitance per unit voluf@@l] andV(x) is a spatial potential profile within
the film of conductive polymer (local potential). This charge could be also represented trough the
penetrateda’ cation charge density:
3:T; L AR, :T; (4.15)

From the equations (4.14) and (4.15) ladal concentration could be calculated as follows:

ok8:; F 8:T;0 (4.16)

0, :T, L A

Taking in account equations (4.12), (4.13) and (4.16) following analytical Drain cdeesity
equation for an Organic Electrochemical Transistor was obtained by G. G. Malliar& @nd
Bernards

(4.17)

The expression for the drain current was calculated following the equation above and taking into
account the width and the length bétdevice together with the gradual channel approximation:

(4.18)

WhereV(x) and its derivative are calculated according to the following equations:

8:T, L T
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81 (4.20)

@ 8T; L

@T

Normally, analytical equation (4.18) contains a set of unknown parametels’, No* (x), C',
Taxand of coursemax This quantity of parameters makes the model to be hard terinepit for
the simple analytical calculations. The amount of parameters also makes finding a unique solution
the nontrivial problem. Decreasing the number of unknown variables would help to solve this
problem.

Analytical fitting, parameters extraction anubdysis

Using our analytical model and extracted maximum conductivity would help to reduce the
number of unknowns and obtain a unique solution for all the other parameters. At the Figure 4.7
Conventional Semiconductor model fitting to the experimenta watepresented. Four transistors
with different channel geometrical parameters (Table 4.2) were used for fitting. During the fitting
procedure maximum conductivity was used as an input parameter. It was calculated as a result of an
analytical parametrimodelling, described in the previous sthmapter.
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Figure 4.7 + Experimental data and analytical model fit for transistors of different channel
dimentions: a) width: 5 m; length: 100 pum; thickness: 0.03 pum; b) width: 10 pm; length: 50 um;
thickness: 0.026 pm; c) width: 10 pum; length: 25 pm; thickness: 0.018 pm; d) width: 25 pm;
length: 250 um; thickness: 0.016 pm

From the Figure 4.7 it could be seen that the analyticalel fits well the experimental results,
which is also proved by the value BPMCC (Table 4.2), for each fitted curve this coefficient is
higher than 0.9991. The high value of PPMCC means that it is possible to get the parameters from
the model, which alue would be close enough to the real one, so these values could be used for a
single device characterization.

The set of important parameters was extracted, as a result of Conventional Semiconductor
analytical model fitting to the experimental data. thik extracted parameters are represented at the
Table 4.2.
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Transistor] " | - d e P_3 N_Z ¢ B nfs PPMCC
pm | pm pm S/m m m F-cm m

a 5 | 100| 0.03 | 55850| 1.6410°* | 1.8510°" | 4.0610° | 1.0910°" | 0.9999572

b 10| 50 | 0.026] 31160| 3.8910** | 4.5210°" | 1.0910° | 4.0510°* | 0.9999322

c 10| 25 | 0.18 | 29540| 3.4310** | 4.4010°" | 9.3610° | 8.4410°* | 0.9991437

d 25| 250 0.016] 81480| 1.5910** | 1.8010°" | 4.4410° | 1.0410°°| 0.9999324

Table 4.2 £tGeometry, input values of OECT used for the model validation and output values
obtained as a result of modelling

Results of the Conventional Semiconductor wizdl model parameters extraction for four
different transistors are represented in the Table 4.2 For every device the hole density is three orders
of magnitude smaller than PStScould be explained by several factors:

1) PSS excess due to insufficient whing and incomplete extraction from the PEDOT:PSS

layer during the conductive layer fabrication

2) Holestrapping defects inside the conductive polymer layer could prevent existing holes

from participation in an electric current generation

Never the less thacquired hole density number seems very realistic and close to the literature
value for the doped organic semiconduc@s.

The value of an intrinsicharge densityr) is three orders of magnitude smaller than the holes
density value in case of every single investigated transistor. This result seems to be realistic and
could explain a low PEDJTconductivity existence.

The value of capacitanc€ coud be easilycompared with the literature value. In the
literatur101-103 the range of the capacitance for PEDOT:PSS layer is reported to be from 39
F-cm™ to 327 Fecm®. The values o€ calculated analytically are the same order of magnitude and
near the same value than the upper limit reported in the literature.

As expected, the calculated values of every parameter are not exactly the same for every
transisor. It could be explained by the fact that the devices were fabricated separately, so the
thickness, length and width of conductive polymer layer are slightly different for each device,
which leads to the microscopic structure difference, which could iexgte difference in the
parameters.

As a resultConventional Semiconductor analytical model allows to extract the set of important
constraints, which are nessesary for any device characterization and description. This model could
be coupled easily witthe analytical Boltzmann model, described previously, and could be also
modified and used to describe an OECT with another type of geometric configuration or the
channel chemical structure.

Conclusion

In Chapter 4 two analytical models were describdte Validity of the models was checked by
fitting modelled l4 - Vy4s curve to experimentally measureégl - Vys profile for transistors with
different conductive channel dimensions. The accuracy of every model fitting to experimentally
obtained data was chatarized by Pearson produtioment correlation coefficient (PPMCC). In
every single case the PPMMCC was higher than 0.999, which proves very high accuracy of the fit.

First model described was the Boltzmann Logistic Parametric analytical model. Usingptiab
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it is possible to get the conductivity of conductive layer of an Organic Electrochemical Transistor.
Extracted values of the conductivity were proved to doerelated withconductive channel
geometry. The conductivity was proved to have the higledge for the channels with high length

to area ratio. The conductivity value acquired from this model was used as an input parameter in the
second analytical model.

Second model used was the Conventional Semiconductor analytical model. This model is based
on Ohms law and Conventional Semiconductor charge density law is suitable for an OECT
description and allows calculating the set of the device characteristic values: intrinsic charge carrier
densityn;, PSS densityNa, volumetric capacitance” and inifal holes densitypmax Parameters
received as a result of using the Conventional Semiconductor analytical model are essential for
device properties understanding.

Sometimes the description of a device is not an ultimate goal. In the scope of thishihesis t
Numerical models were also proposed. So combining the result of two analytical models, such as
maximum conductivity value and initial holes density value, it is possible to get the whole set of the
input parameters necessary for numerical modellings Would help to check the numerical model
and analytical models validity.
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CHAPTER 5. OECT UNIQUE DEVICE FULL MODEL

In Chapter 4 numerical model of the OECT was described as well as the translation from the
numerical model to first parametric analyticaodel. Then in Chapter 5 first analytical model was
described more preciselyt,ax Was extracted and the model was coupled together with the second
analytical model, from which the initial hole densRy(initial PEDOT density in fully doped
OECT) as wk as the other parameters were calculated. The goal of this Chapter is to bring all these
models together to highlight how they interact between each other, how realistic they are and up to
which extent they could be used for parameters extraction amcedmvtput prediction. For these
reasons it was decided to perform the full calculations for one device which means to make the
complete calculations cycle represented in the Figure 5.1 below.

Figure 5.1 £Complete cycle of interaction between expeniaé data, analytical and numerical
models

According to complete the circular scheme mentioned above the calculations were implemented
DV IROORZV WKH PD[LRM& éRaQteiXrbiwtheyfit \0f thd first analytical model
to experimental datéor the transistor, then its value was used in Conventional semiconductor
PRGHO O0DOOLDUDVY H[WH Q GWh&cdrcRI&ad @nd u&dd @svald hput gaiahdeter3
for the numerical model. As a result of the numerical modelling the set of localtipbt&local
PEDOT concentration was found. Then this set of values was used as input parameter together
with gradual channel approximation assumption for calculating the Drain cutapplied potential
curve. After that the set of values was compa@dhe experimental data to understand the
deviation of the model from the reality.

This approach was used not only for showing different models interactions, but moreover for
PRGHOVY UHOLDELOLW\ HVWLPDWLRQ

81



Structure and characteristics of the transigt®ed for modelling

One real transistor was chosen to check the validity of the models. In this case Source and Drain
electrodes made of gold were separated by the layer of PEDOT:PSS, which was partially covered
by the electrolyte£0.1 M aqueous soluth of NaCl. An Ag/AgCl electrode immersed into the
electrolyte was used as a Gate. A simplified schematic representation of the transistor is presented
in Figure 5.2.

Figure 5.2+Simplified schematic structure of OECT used for the model verification

According to the figure above the length of the PEDOT:PSS layker e channel of the
OECT, which is the PEDOT:PSS layer under the electrolyte has the lepgiid thickness equal
to the thickness of an entire conductive polymer layer, the width efcttannel- the third
dimension not shown in the Figure 5.2, was equalVtdAll of the characteristic values for the
device are given in Table 5.1, where G is the value of transconductance which was calculated
according to the following expression 5.1.

0 5.1
) L— ki 1)
0%
The maximum transconductance was measurelfyat 0.1 V. Current at the Drain was
measured under applied GatSource potentialMys) from 0 V to 0.6 V and applied DraigSource
potential /49 from-0.6 V1o 0.1 V.

\/ . .
W L Len d | L/Wd | peak G (peaglj G) Vgsmin | Vgsmax | Vgsmin | Vgs max
um | pm | pm | pm | pm? S V \Y; V V V
57.65| 69.65| 47.05| 0.506| 2.387| 0.005 0.1 -0.6 0.1 0 0.6

Table 5.1+Geometry and input values of the OECT used for the models validation.

The values from Tdb 5.1 were used as input values for the following analytical and numerical
modelling.
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Analytical modelling
Parametric Boltzmann Logistic function

Analytical modelling of OECT is started by fitting the experimental data to Boltzmann logistic
functiondescribed by the equation 4.7. G&eurce potentiak-Drain current profile was fitted for
Vgsfrom 0 to 0.6 V and/4s= -0.5 V. In the Figure 5.3 the result of the fitting procedure is presented:
the experimental data points are marked by red squaresaraadytically calculated profile is
represented as the blue curve.

0 01 02 03 0.44/0..5/.,@6 0.7
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Vgs, V
B Experimental results ===Analytical model

Figure 5.3+Boltzmann logistic function fit to experimental data

From the Figure 5.3 above it is evident that the parametric function fits very well the
experimentally obtained curreptofile, this observation is also proved by the high value of the
PPMCC from the table below.

Tnax, S/M Vo, V Voit, V PPMCC
9892 -0.125 0.427 0.99971

Table 5.2 +Values extracted from the parametric Boltzmann logistic function fitting to an
experimeral data

The values oV and V. are falling in the range of the average values for OECT. The transistor

taken for this observation is falling to the category of tiubknnel transistors (defined in the
CHAPTER 4.), so such a low 98.92 S/cm maximum cetidity was also expected.
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Conventional Semiconductor Model

The second step of the modelling was to use the maximum conductivity value, put it to the
equation 4.18 and fit the function to the same set of experimental points used bgftnen{\0 to
0.6 V and <= -0.5 V). The quality of the fit is proven by the Pearson proeduminent correlation
coefficient which is very close to 1 (PPMCC = 0.99998, table.). The experimgnt&gk profile
and the function fitted are represented at the Figure 5.4.

O T T T T T T 1
0 0.1 0.7
-0.0005
-0.001
<
-0.0015
-0.002
-0.0025
Vg V
B Experimental results ===Analytical model
Figure 5.4+Conventional Semiconductor model fit to experimental data
The extracted parameters are represented at the Table 5.3 below.
P, m° Na, m° C, Fcm® ni, m> PPMCC
1.37:16° 1.505-1G° 3.059 2.113-16° 0.99998

Table 5.3 +The valuesextracted from the Conventional Semiconductor Model fitting to the
experimental data

The hole density is equal to 1.3721M3, close to the expected for PEDOT:PSS as a conductive
polymer. The hole density is about 9% less than the dedsif PSS, which means that not all the
dopant molecules are generating holes that are able to effectively flow through the device. The
possible reason for this is the typical amorphous globataellar structure of the PEDOT:PSS,
due to this structure some holes kcble trapped and unable to participate to the current generation
process in some part of PEDOT:PSS. The intrinsic charge carrierryalubich is about 6 orders
of magnitude smaller than the holes density was also expected to have this value. Baiiteneg|
in comparison to the holes density value it could nevertheless explain the low conductivity of un
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doped PEDOT. The Calculated volumetric capacitabee 3.059 F-cn is also very close to the
value reported in the literat[te01).

As a result, after the implementation of the set of the analytical models, most of the important
device characteristic parameters were realistically calculated. This makes possible not only full
device characterization, batso more precise numerical model building.

Numerical modelling

The numbers extracted with the help of the two analytical models were used as input for
numerical simulation. In Chapter 6., it was experimentally proven that Global Neutrality model is
closer to the reality , than the Local Neutrality model, so for the current numerical model equations
3.27-3.30 and Global electroneutrality assumptions were used. In Figure 5.5 the potential profile
resulting of the numerical modelling are represented. Eoengtry of the modelled device reflects
the geometry of the real OECT: total distance between Source and Gate elddtro@e86 um,
which is ten times bigger than the thickness of PEDOT:PSS thyes06 nm (the same as in the
real OECT). This thicknessf electrolyte layer wouldallow an effective modeling of all the
necessary effects and influence of an electrolyte in the system, without making the long simulation.

Vgs

Figure 5.5 +Global Neutrality numerically modelled potential profiles aldhg whole device
(electrolyte and conductive polymer layeiGurves were modelled for different applied Gate
Source potentialfrom -1 to 1 V)

From the Figure 5.5 it is clearly seen thmathe range of practical operation of the device (that is,
posiive gatesource voltage and despite of a small drop of potential near the Gate electrode due to
the formation of a double electrical layer, the main drop occurs at two interfaces: between the
electrolyte and the PEDOT:PSS layer Xatoordinate 4.554 um)ral in the interface between the
PEDOT:PSS and the Source electrode. In the rest of the device, the potential is constant with two
equipotential regions: in the electrolyte and in the conductive polymer.
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It is also interesting to mention that under theliappon of a negative GatSource potential,
the potential profile changes a lot and becomes linear; the higher the applied potential the more
linear is the profile. This phenomenon could be explained from the nature of the PEDOT:PSS as
doped conductive gdymer. With decreasing potential, PEDOT:PSS goes to its initial fully and
uniformly doped state, the local electroneutrality condition is reached, so the PEDOT:PSS layer
behaves as a classical resistor, and potential drops lenarly inside the PEDOTd?S&oldy be
seen in the green curve at the applied potential equal\.

Vgs

Figure 5.6 £Global Neutrality numerically modelled potential profiles along the PEDOT:PSS layer
Curves were modelled falifferent applied Gat&ource potentialfrom -1 to 1 V)

The system equillibrium is a result of a local equillibrium reached between the local potential in
the channel and the local charge concentration. The normalized local concentration profiles of
PEDOT" and N& are represented in Figure§ and 58.
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Vgs

Figure 57 =+ Global Neutrality numerically modelled normalized PEDO@oncentration
profilesalong the PEDOT:PSS layeCurves were modelled for different applied G&turce
potentialg(from -1to 1 V)

Vgs

Figure 58 +Global Neutrality numerically modelled normalizBid™ concentration profilesalong
the PEDOT:PSS layeCurves were modelled for different applied Gataurce potentialrom -1
to1V)

As expected, the concentration ofthb@pecies is constant in most of the channel and the total
charge dencity (fcal = Cpedotst Cha+ - Cpss) In this part is zero. However, when the applied
potential is positive in the region near the conductive polymer:electrolyte interface (8 nm region)
the concentration of both species is increasing from zero to a constant value. Anotlueratpn
neutral region is the 8 nm region near the Source electrode: under applied potential, most of the Na
ions are located in this region; the concentratiolPEDOT also increases from the constant
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concentration region value to the initial concentration, equal to the concentration of PEDT
fully doped channel state. In total, as expected, the region near the Source electrode has a very high
positive charg concentration.

Channel conductivity and Drain current calculation

From the values ofl,,x andP obtained, through the analytical model, the hole mobility could be
calculated following the equation:

. Qaoe (5.2)
Ao au

Whereq is theelementary charge.

Taking into account the constant mobility assumption and knowing thedonaentration of
PEDOT makes a calculation of local conductivity, as well as an average channel conductivity,
possible:

¢ " s " (5.3)
by L@ &@T- @ 2M@T

4 4

Where 1, 1 andP, are the average channel condutyivihe local conductivity and the local
PEDOT density respectivly.

The average channel conductivity dependance on the applied potential is represented at the
Figure 59.
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Figure 59 tAverage channel conductivity dependance on applied voltage
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From tre Figure P above it is possible to conclude that the conductivity reaches the maximum
value 9892 S/m under slightly negative applied voltage and goes to a value very close to zero under
an applied voltage of about 1.5 V. All these results agree welltatprediction.

The newly gotten conductivitgpplied voltage curves were used together with the gradual
channel approximation for the Drain current calculation according to equation 3.37. The result of
these calculations together with the experimentiiiaind Drain currenttapplied voltage profiles
is represented in FigureslBa. and b in the form of the output and transfer curves respectively.
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Figure 510 +Drain current dependence on applied potential. Continuoustitaéculated arve;
markers texperimental data points. a) Output curve (Drain current dependent on applied Drain
Source potential for different Gaource potentials); b) Transfer curve (Drain current dependent
on applied Gat&ource potential for different DrafBouce potentials);

The Figures above show that there is a very good match between the experimentally measured
and the numerically modelled Drain current. Moreover the alignment between these two sets of
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data is almost perfect for low applied Dré8ource ptentials in the range between 0 aBB V and
GateSource potentials between 0.1 and 0.3 V.

Conclusion

In Chapter 5, a complete cycle of calculations for the unique Organic Electrochemical transistor
was developed. Two types of analytical models fittimgexperimental data allowed extracting the
set of the most important device parameters, such as maxim&Q G X F WLl MitidV holé
density P, density of PSH,, intrinsic charge carrier density and capacitance of PEDOT:PSS
layer G;. These set of parameters permitted not only to characterize fully the device, but also to
check the validity of the Gbal Neutrality numerical model.

The derived maximum conductivity and initial holes density were used as the input parameters
for the numerical calculations performed with the COMSOL Multiphysics software. The result of
one dimensional model was local otial, PEDOT and N& concentration profiles dependent on
the applied potential. Numerical model output was used for the channel conductivity calculations
dependent on the applied potential, which in its tern was used for the Drain current calculation. Th
calculated Drain curresfpplied potential profile was compared with experimental profile, this
comparison allowed concluding that the Global Neutrality numerical model reflects very well the
real device behavior, so this model describes with no dohbtsetl physics and the chemistry of
an Organic Electrochemical Transistor.
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CHAPTER 6. EXPERIMENTAL VALIDATION

Fabrication of the Organic Electrochemical Transistor

All OECT devices were fabricated in the cleanroom of Ecole Nationale Superieure dssddin
SaintEtienne with the kind help of Jonathan Rivnay, Jacob Friedlein and Professor George G.
Malliaras.

Organic Electrochemical Transistors were fabricated in a clean room by photolithography
proces Fabrication process is similar to one described in the Iiter@elt consists of
several different mtarials patterning, such as perylene, metals and PEDOT:PSS. A typical
schematic architecture of the fabricated Organic Electrochemical Transistors is represented on the
in Figure 6.1.

Figure 6.1+Schematic representation of Organic Electrochemicalsistor structu@

First of all glass slide substrates were cleaned by sonication-ionided water, acetone and
isopropyl alcohol with subsequent oxygen plasma treatment. The interconnects and tbEs conta
made of 5 nm of chromium and 100 nm of gold were patterned by tuéflgtocess. Channel of
the devices was made by spin coating a PEDOT:PSS mixture made of Clevi@)®H-eraeus
Holding GmbH aqueous dispersion with 5 % of ethylene glycol (EQ)® of dodecyl benzene
sulfonic acid (DBSA), and 1% of {§lycidyloxypropyl) trimethoxysilane (&OPS). Dodecyl
benzene sulfonic acid was used for conductivity enhancemer3-&W@PS as crosslinking agent
that prevents film detachment from the substr&fer the spincoating at 60@000 rpm, the film
was baked at 100 °C for 90 seconds, followed by additional baking at 140 °C for 1 hour after the
peelingoff process. Devices were rinsed with deionized water to remove aadfi@sive and nen
polymerizedow molecular weight compounds.

Devices characterization was done using 100 mM NaCl solution as an electrolyte with the
Ag/AgCl wire electrode immersed inside. The Drain and Gate currents and applied potentials were
measured with NPXI-4071 and NHPXI 628 digital multimeters. Recorded signals were analyzed
with LabVIEW software customized by the user.

Moving Front Experiment
Experimental setup

To understand which of the two numerical models of PEDOT:PSS chandepd® and ions
distribution is corect, devices were fabricated with the configuration shown in Figure 6.2.
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Figure 6.2 = Device for steady state potential measurement of PEDOT:PSS channel under
applied gatesource potential: a) Simplified schematic representation; b) Real image

The device consisted of Ag/AgCIl Gate electrode immersed in a well filled with the NaCl
electrolyte with concentration 100 mM; the PEDOT:PSS layer was connected to the electrolyte
layer at one side and to the gold Source electrode at the other sideeRqmibe electrodes were
connected to the PEDOT:PSS layer at both sides of the channel to measure the electrical potential at
various distances from the Source electrode. Thus, the device allows measuring the potential along
the channel to compare the eximentally measured potential profile to that numerically calculated.

The device has the following geometrical characteristics: the thickness of PEDOT:PSS layer is
equal to 100 nm, the widtlke200 pm and the length 200 um. This device was also used to
measure transient characteristics of the PEDOT:PSS layer under fixed applied potential.

Device fabrication and measurements

Glass substrates were cleaned thoroughly by ten minutes sonication in deionized water, in
acetone and finally in isopropanol. TB®urce electrode and the potential probe electrodes were
made of 5 nm of chromium and 100 nm of gold, patterned by thefflifprocess. Standard
PEDOT:PSS mixture mentioned above (94% R0, 5% EG, 1% -&OPS, 0.1% DBSA) was
spin coated in two layers h€ first layer was spin coated in 3000 rpm and the baked ‘& #r 90
seconds. The second layer of PEDOT:PSS was spin coated in 1000 rpm. Then the sample was
baked during 80 minutes at 130C. Epoxybased photoresist S8 was patterned
photolithographialy to cower most part of the channel and the Source electrode. The uncovered
part of PEDOT:PSS layer was connected with the electrolyte layer. Electrolyte was placed in a
PDMS well, covered with a glass lid. Two 2.5 mm x 2 mm Ag/AgCl pellets shortetherygeerved
as a Gate electrode, were immersed into electrolyte.

Two opposite potential probe electrodes were shorted together for the channel potential
measurements. Ga8bpurce potential equal to 1V was applied along the device. Potential was
measuredn seven points with different distances from the electrolyte during 100 seconds after
application of Gaté&source potential.

Pixel brightness was measured watRoint GreyGS3U3-23S6M camera.
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Theoretical potential profiles

In Chapter 3, we arrived awo very different types of profiles, depending onto whether ions are
SI[UHHO\ PRYLQJ" *OREDO 1HXWUSBGW\/RRGO A HX WRHDB E /O @)

6.3).

Figure 6.3+One dimensional numerically modeled profiles of elegatential in PEDOT:PSS
layer. Curves were modelled for different applied G&8tmurce potentials (frorfi to 1 V). a) Local
neutrality model, Naions are locally trapped in PEDOT:PSS; b) Global neutrality modéljdda
are free to move, but global neality of the layer is preserved

The geometry of the cell used to calculate the profiles in Figure 6.3 had the following
characteristics: NaCl 100 mM solution was used as an electrolyte, 200 um long PEDOT:PSS layer
was used as a conductive polymer layeithwl0® cm? initial holes density. Electrolyte
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PEDOT:PSS interface is located on the left side, PEDOT:PS@&urce interface is located on the
right side.

Experimentally measured profiles are expected to be similar to one of these two different
numeric#ly modeled profiles. This similarity will indicate which one of two models is the correct
and realistic one.

Experimental results and discussion

Figure 6.4 shows an experimentally attained potential profile. The curve corresponds to a system
that has akady reached the steady state. In practice, the profile was measured 200 sec. after the
GateSource potential was applied.
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Figure 6.4 tExperimentally measured potential profile along PEDOT:PSS channel

From the Figures 6.3 and 6.4 above it is cleat the measured profile shows high similarity
with that modelled with the Global Neutrality assumption. It proves that the Global Neutrality
model is correct and reflects well the real situation in an Organic Electrochemical Transistor. The
difference betwen the calculated and measure values in the channel could be explained by the
difference between the real hole density and that used as an input for the numerical model. When
correcting this parameter, it is possible to get an almost perfect match behgeeumerically
modelled and the experimentally measured potential profiles (Figure 6.5).
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Figure 6.5 + Experimentally measured (marked line) and numerically modelled (straight line)
potential profile along the PEDOT:PSS channel. Numerically modgttgfde with different initial
holes concentration: AL0'® cmi®, B- 5:10™ cmi®; C- 10*° cm®; D- 5.10" cmi®

The Figure 6.5 clearly shows that potential profile in the channel depends not only on the applied
voltage, but also on the initial hole conaation. It is possible to conclude, that according to
potential matching between experimentally measured potential profile and numerically modelled
potential profile the initial hole concentratias very close t&-10" cm®,

While the steady state measments represent the final state of the system, the time dependent
experiment allows depicting how the steady state is reached. In case of an Organic Electrochemical
Transistor it is interesting to understand how the dedoping front moves and whicHinsitihg

step of the de&loping process. In Figure 6.6 the change of potential with time at different points of
the channel is shown.
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Figure 6.6 +Time dependent channel potential measurements, measured at different distances
from an electriyte: A £0 um; B +20.51uym; C +50.34um; D £100.51um; E £150um; F +
180.51um; G £200.34um;

a) From 0 sec t@00sec; b) Enlarged region from 0 sec to 1 sec

Voltage reaches its maximum value 2 seconds after the potential is appliedt shghtly
decreases during 8 sec and afterwards remains constant. The first steep increase of the potential till
maximum is due to the applied voltage and almost immediate PER&Tiction reaction. The
following decrease is due to the migration"Nans and the following redistribution inside the
conductive polymer layer, which leads to a local potential modification. The fact that the potential
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remainsconstant during the remainirtgne is clear evidence that the system has reached steady
state.

PEDOT reduction could be also investigated optically, due to PEDOTophoamic properties
(Figure 2.13. The amount of reduced PEDOT along the channel could be evaluated by the
normalized pixel intensity (Figure 6.7).
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Figure 6.7 £tNormalized pixel intensitylong the PEDOT:PSS channel, measured at different
times from 0 to 600 ms. Initial potential 0 V, applied potential 1V

Changing the potential from 0 to 1 V permits to observe the-diependent variation in pixels
intensity correlated with the variatiasf reduced PEDOT concentration. Increasing the potential
from O to 1 V allows performing the classical moving front experir@t.These measurements
show that the reduction of PEDOStarts from the electrolyte layer. We note that after 200 ms the
reduction process has already occurredugh the whole channel and that the system reached
steady state.

It is also possible to estimate the temporal evolution of theéogéng front, by measuring the
time dependent evolution of pixels with a particular normalized intensity. For this estiraation
normalized pixel with an average intensity equal to 10 was taken.
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Figure 6.8+tTemporal evolution of the redox front drift length
From the figure above it is possible to conclude that thdogéng front moves linearly with
time at least during the first 156, this timing should mainly correspond to the first redox process

inside OECT, and thus hole movement.

a.
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Figure 69 + PEDOT normalized concentration profile: a) Global Neutrality model; b)
EGOFETlike model

Experimentally btained PEDO% profile (Figure 6.7)is comparable to one modeled with Global
Neutrality assumption (Figurig99. From this comparison it iglso necessary to note tHEDOT
reductionprocess occurs together widtectrolyteions movemenand ions are moving with the
speed of Moving frontlf the ions would move slower than hqlése PEDO? profile would be
similar to one modeleavith EGOFETlike structure (Figurés.9b), which is not the case in the
reality.
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Figure 610 xSquared temporal evolution of the redox front drift length

It is possible to calculate the mobility of the charge carriers responsible for the redox front
movemenfé46] by using the equation:
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HLtasP (6.1)

Wherel is a drift length,u -mobility of the charge carrierd/- the applied potential and the
time.

So from the Figure &0 and Equation 6.1 the mobility js= 1-103 cm2/V-s , which is 20 times
higher than the previously reported value of Namobility inside FEDOT:PSS layer1(.9-10*
cm2/V-s) and also highemhan the value of electrophoretic mobility of Nia bulk water at the
infinite dilution limit (7.6-10* cm2/V-s). As a result, the mobilitwalue and the transient
behavior curve allows to suppose that the Moving front experiment reflects the ionic motion due to
drift under high electric field as it was stated before.

Conclusion

Potential measurements were performed to validate which oftvibe numerical models,
described in the Chapter 3 is correct: the Local Neutrality model or the Global Neutrality model. As
a result it was shown that the Global Neutrality model potential profile matches very well the
experimentally measured potential filly especially for hole concentration equal t@®° cm>. As
a result, the Global Neutrality model could be successfully used for an explanation of an Organic
Electrochemical Transistor working principle. Spectroscopic measurements allowed folloeing th
time-dependent reduction process of PEDOT:PSS; it was shown that the moving front travels
linearly with time and that the steady state is already reached after 2 seconds. The mobility of the
charge carriers was also extracted; very high mobility valddast achievement of the steady state
allows to suppose that the Moving front experiment allows to observe holes extraction together with
ionic movement process inside PEDOT:PSS, as it was reported previously.
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CHAPTER 7CONCLUSION AND OUTLOOK

The workpresented in the current thesis is dedicated to the Physical Modelling of biosensors
based on Organic Electrochemical Transistor. Two types of models were developed in the scope of
this thesis: numerical model and analytical model. Combining these twelsnibds possible not
only to describe the working principle of an OECT, but also to extract all the parameters needed to
characterize an already made device, which would lead to the optimization of the fabrication of
devices for any specific type of apgation.

The first part of the thesis aimed to describe the state of the art in the field of organic electronics,
bioelectronics, biosensors and in particular to emphasize on the importance and principle
advantages of Organic Electrochemical transistorsrgy the other categories of biosensors.

The first chapter serves as an introduction to the field. Since 1954 when the first semiconducting
organic material was discovered and 1962 when the first biosensor was made, organic electronics
and bioelectronicshas developed a lot. It was possible due to the advantages of organic in
comparison with inorganic materials, such as the ability to operate at low voltage, the ability to be
fabricated by lowcost printing techniques and the ability to conduct both i@md electronic
charges. Nowadays different types of organic transistors are used in a huge variety of applications.
An OECT is a particular type of transistor based sensor that is widely used in biosensing and
medical applications. Being a thresrminal eevice, its working principle is based on Drain current
modulation under applied Gagource voltage due to redox-deping of the conductive channel.
Despite the fact that Organic Electrochemical Transistors are widely used the mechanism of its core
de-doping process was not enough studied and described. To sum up first chapter aimed to make a
brief observation of the field of research for the further going to the subject of an investigation.

An explanation of the current state of the art in the field aedbackground information is very
important, being the starting point of any scientific research; it allows asking the important
guestions to fill the gaps in the scientific knowledge. The chapter part is dedicated to the summary
of internal physics and emistry of the device. Since an OECT consists of two main parts:
ionically conductive layer and electronically conductive layer, it is very important to explain the
properties of each layer. In most of the cases a highly ditateclectrolyte, such asaCl solution
is used as an ionically conductive layer. This type of electrolyte is characterized by completely
dissolved positive and negative ions surrounded by a hydration sheibnlcend ionsolvent
interactions take place in the solution, due toft¢lat that each hydrated ion is charged. Attractive
and repelling forces allow the ionic solution to maintain the local equilibrium. In the presence of an
electric field or concentration gradient ions move to maintain equilibrium, and if the electrode is
polarizable they form a double electrical layer at its interface. Therefore the balance between drift
and diffusion forces defines not only the equilibrium of the system, but it also generates an ionic
current.

The second active element in OECT is thetedeically conductive layer. Conductive polymers,
such as PEDOT:PSS are often used for this. PEDOT:PSS is a holes transporting material and this
type of transport is also the result of two components: drift and diffusion. So the charge transport in
an eletrolyte and in a conductive polymer could be described using the same set of equations:
PoissorBoltzmann and Nerndg?lanck equations. A separate description of the physics of each
active layer is important, but in an OECT these two layers are also tiigraetween each other
upon the application of Ga®ource voltage. First of all the reduction of PED@dkes place, so
the amount of holes is decreasing, then the ions from the electrolyte penetrate inside to maintain
electrical neutrality. This processcalled dedoping of the conductive polymer. The time evolution
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of the process can be visualized by thecalbed Moving front experiment. Being the core element
of OECT working principle, this process is the focal point of the thesis. As a resultaikedie
description of the state of the art of internal device physics is given in Chapter two.

First of all it is extremely important to understand and explain the OECT working principle and
the physics of the dedoping process. This is why the preciseriuatrmodelling is an essential part
of the current thesis. The third Chapter is entirely dedicated to this type afirnansional
modelling. Two pictures for the distribution of ions inside the conductive polymer layer were
described, and thus two typeEmodels made up. The first model is the Local Neutrality model, in
which ions percolating inside the conductive polymer layer are trapped inside to maintain local
electroneutrality. The second model is the Global neutrality model, when the ions #veafigt
trapped, but they are moving freely inside the polymer layer, maintaining only global neutrality. As
a result of the modelling two sets of different local potential, PED&¥d Nd concentration
profiles were obtained and the conductivity curvesewealculated accordingly. These curves
together with the gradual channel approximation allow calculating transfer and output
characteristics for a device modelled with any of the two models. The respective current profiles are
different for each model; fothe Global Neutrality model the transistor becomes fulhdoleed
upon the application of 1V Gateource potential. This makes the Global Neutrality model to be
more realistic. Moreover, to validate the model the experimental measurements of the local
patential of PEDOT:PSS layer were performed. A very good match was achieved between the
experimentally measured and the Global Neutrality numerically modelled potential profiles. Thus a
clear proof of the Global Neutrality model validity was shown in thep@raseven.

Using the numerically modelled conductivity curves it is possible teugehd parametric
analytical model, by fitting the curve to an analytical equation. The best function, which fits well
the numerically modelled Global Neutrality condudivcurve, is Boltzmann logistics function.
Therefore two possible ordimensional models of an OECT were described in this chapter;
moreover the transfer from the fully numerical to the analytical model was successfully made.
While the numerical models adescribing the working principle of any OECT device, analytical
models allow to extract the important parameters and to characterize the real OECT. The coupling
of two analytical models: the Boltzmann parametric model and the Conventional Semiconductor
model, allowed to extract the maximum conductivity of the fully doped PEDOT:PSS layethe
intrinsic charge carrier density, the PSS densityNa’, the volumetric capacitanc€ and the initial
holes densitypmax This set of models could be used to characterize the Organic Electrochemical
Transistors with different channel sizes.dach case the models showed a very good fit to the
experimental 4 * Vgs curve, characterized by PPMMCGE 0.999. Despite of the parameters
extraction it is possible to use the analytical models for a device characterization. By applying the
Boltzmann panaetric model to the set of transistors it was proven that the maximum conductivity
showed the correlation witthe conductivechannel geometry: the conductivity has the highest
value for the channels with high length to area ratio. This conclusion togeitiethe other
extracted parameters could be used to fabricate optimal OECT devices for any type of application.

Lastly, having the Global Neutrality numerical model, the Boltzmann parametric analytical
model and the Conventional Semiconductor models ossible to make the full characterization
for any OECT. An example of this characterization developed in Chapter 5. First of all it is
necessary to measure theVi profile for Vys = -0.5 V. Fitting the experimental curve to the
Boltzmann parametriéunction leads to the value okax This value was used to decrease the
number of Conventional Semiconductor model fitting parameters. Initial holes dppsitwas
extracted as a result of the second analytical function fitting. The maximum conductivity value, the
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initial holes dengy value and the size of the channel were then used as input parameters for Global
Neutrality numerical modelling of the OECT. The result of the modelling represented in the form of
transfer and output curves was compared to the experimental data. @drgngtch between these

two data sets allowed to conclude that all the models are valid and could be used to characterize an
OECT with a very high degree of precision.

Globally this thesis represents the modelling of an OECT from an electrochemical poaw.of
Additional effort needs to be done to make the model more accurate. It is very important to take in
account the other processes, occurring inside OECT, such as the polymer chains transformation and
swelling, the possibility of Clion penetration ahthe global conductive polymer interaction with
an electrolyte media. It is also very interesting to include the effects of the contact between
PEDOT:PSS layer and living cells culture, since an OECT is aimed to be usenviiay
applications.

To conclue, the theoretical modelling is a very powerful tool to explain the working principle of
an OECT and characterize the device. The usage the models is not only the matter of a global
understanding, but also it is a prominent step towards an optimal asidreftievice creation.
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Titre : Modelisation physique des biocapteurs au base des transisteurs electrochimiques

Mots clés: Electronique organique, bioélectronique, physique des appareils, transistor

electrochimique organique, dogagnodélisation

Résumé: Les Transistors  Organique
Electrochimiques (OECT) sont largeme
utilisés comme les capteurs dans de nombi
appareils bioélectroniques.

Cette thése est consacrée a la modélisatior
Transistes Organiques Electrochimiques. Tc
d'abord, un modéle d'état stationna
numérique a été établi. Il a été proL
expérimentalement que le modéle numérique
de «neutralité global» est valable pour explic
le fonctionnement global du capteur, maiss,
l'origine et le résultat du processus du-
GRSDJH /D WUDQVLWLRQ
numérique a un modéle analytique a été réal
en ajustant la fonction analytique logistiq
paramétrique de Boltzmann au profil
conductivité calculé numénigment.

Il est possible d'extraire, en utilisant la valeur

numeérique, modélisation analytique

conductivité maximale et un modeéle de sel
conducteur conventionnel, les autres parame
SRXU OD GHVFULSWLRQ FF
intrinséque de charge, densité de trous initic
concentation initiale de PSS et capacité
volumétrique de la couche polyme
conductrice. Le fait d'avoir un outil permette
d'extraire et de caractériser facilement tous
OECT permet non seulement d'augmentel
niveau de description de compréhension
trarsistor, mais surtout de mieux maitriser

corrélation entre paramétres internes
externes.

En outre nous avons pu valid
expérimentalement la pertinence de 1
~modéles en les comparants avec

caractéristiques obtenues via des mesi
réelles.

Title : Physical modeling of biosensors based on organic electrochemical transistors

Keywords : organic electronics, bioelectronics, device physics, organic electrochemical transig

de-doping, numerical modelling, analytical modelling

Abstract: Organic Eéctrochemical Transistor
are widely used as transducers for sensor
bioelectronics devices.

This thesis is dedicated to Orgar
Electrochemical Transistors modelling. First
all, a numerical steady state model w
established. Two numerical models ene
proposed. In the first, Local Neutrality mod:
the assumption of electrolyte ions trapping
PEDOT:PSS layer was taken in
consideration, thus the local neutrality w
preserved. In the second model the ions w
allowed to move freely under appliedectric
field inside conductive polymer layer, thus or
global electroneutrality was kept. It wi
experimentally proven that the Glob
Neutrality numerical model is valid to expla
the global physics of the device, the origin ¢
the result of the ddoping process. Th
transition from totally numerical model 1
analytical model was performed by fitting the

parametric analytical Boltzmann logist
function to numerically calculated conductivi
profiles. As a result, an analytical equation
the Dran current dependence on appli
voltage was derived and maximu
conductivity value was calculated. Using t
maximum conductivity value together with tl
Conventional Semiconductor model it
possible to extract the other parameters for
full descripton of the OECT. Having a tool t
make easy parameters extraction ¢
characterization of any OECT, permits not ol
to increase the level of device description,
most importantly to highlight the correlatic
between external and internal devi
paramegrs.

As a result, not only the purely theoretic
model was presented in this thesis to desc
the device physics, but also the prominent ¢
was made on simple real devi
characterization.
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