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Despite the successful implementation of organic electrochemical
based devices (OEDs), fundamental processes that regulate their
operations and sensing capabilities, specifically those related to
ion-to-electron transduction, remain unclear. Indeed, there is still
a lack of fundamental models to explain the steady-state and
transient characteristics of OEDs, associating fundamentals of the
physical-chemistry of the pair polymer—electrolyte with the output
performance of such devices. In this study, we bring new highlights
to a thermodynamic-based model that qualitatively and quantita-
tively describes OEDs operation, with a special focus on the organic
electrochemical transistor (OECT). In this context, we introduce
novel interpretations for traditional drain current models, grounded
in thermodynamic and electrochemical principles. The model fitting
parameters are correlated to the physical and chemical properties of
the polymer—electrolyte pair, and it has been shown to explain trends
observed in experimental results from the literature. Moreover, our
model reveals that a non-Nerstian electrochemical behavior dominates
OECT operation. Also, by analyzing experimental data, we are able to
generate guidelines for material design and device development,
targeting highly sensitive electrochemical biosensors and devices.

Introduction

Organic mixed ionic and electronic conductors (OMIECs) have
emerged in the last decades as promising materials in materials
science, bioelectronics, and neuromorphic computing.'”
These are conjugated polymers and organic molecules that,
in certain conditions,® can transport electronic charge carriers
and ions with similar efficiencies.”*° The association of these
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New concepts

Organic mixed ionic electronic conductors (OMIECs) efficiently couple
ionic and electronic transport making them an ideal material class for
fabricating bioelectronic devices. Among several OMIEC-based platforms,
organic electrochemical transistors (OECT) have been the device of choice
for fabricating bioelectronic and biosensing devices. However, due to the
diversity of these materials, establishing a correlation between device
response and the pair polymer-electrolyte properties has proven to be
challenging. Few attempts have been made through theoretical models to
establish this correlation, however, without considering the fundamen-
tals of electrochemistry and thermodynamics. Here, we introduce alter-
native interpretations to the traditional OECT models of drain current,
grounded in electrochemical and thermodynamic principles. Different
from other models available in the literature, it is possible to analytically
solve the model for experimental curves, and quantitatively explain
correlations observed in previous studies. The model reveals the origin
of the effects between the characteristics of the channel material and
electrolyte on the performance of the device. Moreover, based on electro-
chemical characterizations of OMIECs, the model allows us to predict
whether an OECT built for a specific combination of OMIEC and electro-
Iyte will operate. This finding streamlines the selection of materials and
electrolytes for OECT applications, indicating the ideal conditions for
their use.

two characteristics allows their application as the platform of
choice in the next generation of ion-electron devices includ-
ing batteries, supercapacitors, electrochromic displays, and
organic electronic transistors.'’ In ideal conditions, OMIECs
materials exhibit the ability to be swollen by solvents and,
therefore, to efficiently transport ionic species.>'>'* OMIECs
are mostly organic m-conjugated polymers, many of them
polythiophene derivatives."*'>'® Indeed, in the recent past,
n-conjugated polymers were heavily investigated due to their
electronic properties only, being successfully applied as
lighting-emitting diodes (LEDs), photovoltaics (PV) and field
effect transistors (FET)."”'° However, with the advent of
organic bioelectronics and the need to electronically interface
biology, OMIECs have gained unprecedented attention, making
the field of organic electronics continue to soar.>>°
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Fig. 1 Schematic representation of a typical OECT structure.

One of the most successful OMIEC-based platforms is the
organic electrochemical transistor (OECT).>*' Such a compo-
nent has attracted attention due to its ability to transduce ionic
into electronic signals with high gain.>*?* As in the traditional
transistors, OECTs are three-terminal devices (Fig. 1). Two of
them, the drain and source, are pre-patterned and connected by
a semiconductor polymer film (OMIEC), defining the transistor
channel. The third electrode, known as the gate electrode, is
immersed into an electrolyte that is normally placed on top
of the transistor channel.>***> During OECT operation, a gate
voltage is applied inducing ion migration from the electrolyte
into the channel. The ion uptake by the semiconductor channel
alters the current flowing between the drain and source elec-
trodes, due to doping or depoping of the semiconductor. This
leads to modulation of drain—current, based on the oxidation/
reduction state of the active polymer deposited in the transistor
channel.>*® Indeed, the presence of an electrolyte as part of
the OECT structure, allows it to be applied as the device of
choice for mimicking and interfacing biological systems and
media.> Some of these applications are sensors for electro-
physiological monitoring, neuromorphic devices, and biosensors
to name a few.>?%°

OECTs can operate in two modes: depletion and accumu-
lation.”” The primary distinction lies in the initial doping state
of the material employed in the channel. In depletion mode,
the OMIEC is initially doped, (oxidized for p-type and reduced
for n-type), and, therefore, has a high charge-carrier density.
In this situation, the device is said to be in its ON state.
Through the modulation of the gate voltage, the device gradu-
ally turns OFF by the migration of ions into the bulk of the
channel, de-doping the channel material. In accumulation
mode, OMIEC is initially undoped and modulation of the gate
voltage reduces (for a p-type channel) or oxidizes (in case of an
n-type) the semiconductor, turning the device ON, by increas-
ing the channel conductivity.

OMIECs such as the poly(3,4-ethylenedioxythiophene) doped
with poly(styrene sulfonate) (PEDOT:PSS) and poly(3-hexyl-
thiophene) (P3HT) have been extensively used as active layers
on OECTs, even producing records on transistors’ transconduc-
tance and ON/OFF ratio.®*' Due to the wide library of available

6008 | Mater. Horiz., 2024, 11, 6007-6018

View Article Online

Materials Horizons
molecules, that are constantly updated with new ones,****
establishing relationships between the pair polymer-electrolyte
properties with the output performance of such devices is
essential to the development and fundamental understanding
of the field."> Progress has already been made correlating
molecule design and device processing with microstructure,
over ionic-electronic properties.®"***=*> However, a fundamen-
tal understanding of OECTs, especially associating the physical
and chemical properties of the OMIEC-electrolyte pair with the
output performance of such devices is still lacking in the
technical literature.

Indeed, few models have already been developed to describe
OECT steady-state and transient responses.>***™** The main
models used to describe the behavior of OECTs are divided into
two primary groups: capacitive-based models and drift-
diffusion-based models.*® Among the capacitive models, the
most famous one is the Bernard and Malliaras Model (B&M
Model), proposed in 2007 to describe steady-state and transient
behavior.?” The B&M model assumes two circuits, one electro-
nic and another ionic, to describe OECT devices. The ionic
circuit, however, is oversimplified, summarizing the rich ion-to-
electron transduction to an equation that considers an ideal
capacitor as the ionic reservoir.*”** Needless to say, ion-to-
electron transduction can only be described based on electro-
chemistry and thermodynamic equilibrium, making capacitive
models oversimplified for fundamental studies. As a conse-
quence, the data cannot be properly adjusted and explained
through these models.*" On the other hand, drift-diffusion
models have gained emphasis in recent years as a more sophis-
ticated alternative to the capacitive-based models.?*143:44
However, it is necessary to make use of intricate numerical
solutions due to the complexity of the equations used in
describing OECTs, making them not easily accessible to a
non-mathematical audience.

Few attempts to use electrochemical fundamentals to
develop OMIEC-based device models have been made in the
past.>>*® One of the first was carried out by Robinson et al.
(2006).*° The authors were able to describe the linear
and saturation regimes of OECT operation. However, their
model development only allowed for qualitative discussions,
not being possible, for instance, to fit experimental curves
and extract useful parameters. More recently, Shirinskaya
et al. (2018)*° also relied on the Nernst and Nernst-Planck
equations for the steady-state OECT operation. Although
their model could reproduce experimental curves, this
was only possible through complicated numerical solutions,
not completely accessible to the diverse bioelectronics
community.

Recently, Cucci et al. (2022)*® proposed a model based on
mixture thermodynamics to explain the performance of organic
electrochemical transistors (OECTs). The researchers highlight
the role of the entropy as a key factor driving the redox
processes that control the transfer properties of OECTs in
electrolyte-based environments. Anchored on such principles,
the authors propose a model that calculates the nonlinear and
voltage-dependent charge accumulation based on the Gibbs

This journal is © The Royal Society of Chemistry 2024
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energy, moving away from the conventional assumptions of
channel as a parallel plate capacitor.

Here, we present an analytical model that describes the
steady-state behavior of OECTs, which is grounded on electro-
chemistry and thermodynamics principles. By associating the
Ohms Law, the Nernst equation, and principles of thermo-
dynamic equilibrium, we were able to derive a drain-current
equation that fully describes the steady-state OECT behavior
(both, linear and saturation region). The equation has three
fitting parameters that are correlated to the OMIEC-electrolyte
pair properties, anchored on electrochemistry and thermody-
namic fundamentals. By performing fittings of experimental
results published elsewhere in the literature,***” we were able

to extract fundamental parameters (namely, o, y and 81?(;1) and
correlated them to the findings discussed in the respective
reports. Indeed, the model not only showed to be able to
explain trends observed in steady-state transistors results but
also, suggests that the electrochemical mechanism behind the
OECT operation relies on non-ideal Nernstian behavior, allow-
ing for a deeper comprehension of the OECT principles. The
model, therefore, represents a new, accessible, and powerful
tool for describing, studying, understanding, and designing
OECT materials and devices.

Results and discussion
Model development

Basic concepts and terminology. Given the OMIEC commu-
nity is a very diverse one, with different backgrounds, we will
briefly revisit concepts, conventions, and terminology from
electrochemistry to make them clear from the very beginning.
In a typical electrochemical circuit, a voltmeter measures the
difference between electrochemical potentials at the electro-
lyte-electrodes interface, as defined in (eqn (1)):*®

AVmeasured = 5A - EB = *J. 6(*4’ + g) . df (1)

C

here, £ is the electrode potential, where A refers to the electrode
of interest referenced against electrode B. Such electrode
potential difference depends on the electrical potential (&)
added to the chemical potential (u), as described in eqn (1).
For fundamental details on eqn (1), refer to ref. 48.

In electrochemical equilibrium, the electrode potential
(€) associated with a particular electrochemical reaction is
governed by the Nernst equation (eqn (2)). There £ is the
standard electrode potential for a particular reaction, R is the
gas constant, T is the temperature, F is the Faraday constant,
z is the number of electrons transferred in the reaction,
and v; are the stoichiometric coefficients. v; assumes posi-
tive values for products and negative for reactants, while a;
represents the activities of the species involved. The concept
of activity arises from thermodynamics to differentiate
ideal from real mixtures, and for ideal systems, is often
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approximated to be equal to the concentration of species
(Ci)-49_51

o RT " O .
E=¢&; —;Zviln(éﬁ) ~ & __zi:"iln("’) (2)

Electrochemical potentials are often standardized against a
reference electrode, which has a constant electrode potential
and, ideally, is of a non-polarizable nature. Commonly used
reference electrodes are the hydrogen electrode (SHE), calomel
(Hg/Hg,Cl,), and silver/silver chloride electrode (Ag/AgCl) in
saturated KCl, to name a few.”® The OMIEC and OECT com-
munities often use wire or pellets of Ag/AgCl as gate electrodes,
immersed into an electrolyte solution that may not have a
constant composition, which from an electrochemical stand-
point makes it a quasi-reference electrode.”’ Keeping these
concepts in mind, the Ag/AgCl quasi-reference electrode will
be considered in the model herein developed and will be
referred to as the “‘gate electrode”. It is worth-mentioning that
OMIEC-based gate electrodes have been already proposed and
used in OECTs, replacing the traditional Ag/AgCl. For instance,
Au covered with PEDOT:PSS gate-electrodes have shown to be
particularly useful, especially in planar OECT structures.’*"?
Therefore, in the ESIf Section S.1, we expand our model
development also for the case of PEDOT:PSS-based gate
electrodes.

The ideal behavior (Nernstian behavior)

Indeed, the choice of Ag/AgCl wire as the gate electrode in an
OECT is due to its ability to act as a non-polarizable electrode.
This means the electrode potential remains constant despite
the current flowing through it, due to the fast kinetics of the
reaction taking place at the electrode,’" as described in eqn (3).
In this situation, there is a redox equilibrium involving the
electrode (solid phase) composed by silver (Ag°) and silver
chloride (AgCl) with chloride ions in solution.

AgCl+e = Ag’+Cl™ (3)

That said, through eqn (2), the electrode potential for the Ag/
AgCl reaction in equilibrium can be described as:

Eng/aecl = Eng/agcr ~ R—FTln o =& (4)
here Efg/AgCl corresponds to +0.222 V,>' and the concentration
of Cl™ is assumed to be constant. Considering the transistor
channel and gate electrode as the OECTs electrochemical cell,
En and &, define the film and gate electrode potentials,
respectively. Therefore, the measured voltage across the cell is
then given by the difference between these two electrode
potentials:

AVmeas = Cch — gg (5)

During OECT operation, the redox reaction in the gate
electrode is coupled with the oxidation/reduction in the chan-
nel active material. The former is summarized by the reaction
in eqn (6), and its corresponding Nernst equation is given by
eqn (7), see below. Here it is assumed a monoelectronic
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reaction in the channel, where the Cgeqo and Coy+ corresponds
to the concentration of reduced and oxidized species respec-
tively, and ER ., is the standard electrode potential semiconduc-
tor polymer.

OX?dized te 2 REdgced (6)
- RT CRredo
s} Red

En = pol — — COx* (7)

Combining eqn (3) and (6), a global electrochemical reaction
for an OECT device can be summarized by eqn (8):

OXigizea + Ag® + C1I7 2 Reddeq + AgCl (8)

Therefore, the corresponding difference of potential across the
OECT cell is given by eqn (9). In cases where electrochemical
devices are interfaced by OMIEC-based gate electrodes, for
instance PEDOT:PSS, eqn (8) needs to be rewritten to account
for the chemical equilibrium related to the reaction of
PEDOT:PSS, as detailed in SI-S1 (ESIY).

RT.K C
AVineas = Ech — Eg = gpol _ CRLdj
Ox
)
RT . Cgreqo
SR e

Given that the Ag/AgCl pellets are not formally a reference
electrode in the way they are used in an OECT, it is difficult to
unequivocally determine S ~; and &,. Therefore, these poten-
tials are summarized in a formal electrode potential, defined as
gpol pol 5 .

It is also assumed that there is a total density of available
states for reduction/oxidation corresponding to the maximum
total number of carriers’ concentration within the channel
(pmax), as defined in (eqn (10)). Notice that the definition of
Pmax respects the mass conservation.

Pmax = Credo + Cox+ = constant (10)

The number of carriers within the active layer at a given
applied gate voltage will be referred to as p. For p-type materi-
als, p is equal to Cox. To avoid confusion, throughout the
manuscript the model will be developed for p-type materials
only. The calculations for the n-type counterparts are developed
and discussed in Section SI-S2 in the ESL¥

Notice that the carrier densities will be expressed in mol
ecm? throughout this manuscript, to be in line with the
standard electrochemical conventions. The definition of pyax
and p allows us to rewrite eqn (9) as:

RT CRedU _£° RT npmax —P
po] CO R po] F

AI/ITIC&S g (11)
Eqn (11) is a general equation that holds for any type of
electrochemical reaction that respects eqn (8). To apply eqn (11)
in the context of an operating OECT, a few hypotheses are
made. First, the transistor channel will be considered unidi-
mensional. This implies that any ionic movement through the
channel thickness will be neglected. Moreover, the electronic
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mobility (ue) will be considered constant, which seems to be
valid, given the relatively small voltage operation of OECTs.
Under these assumptions, one can write the channel potential
as eqn (12):

AV =E(x) = &, (12)
Hence, every x position along the transistor channel has an
associated AV, that is related to the local concentration of
Credo and Coy+ species. Eqn (12) can be rewritten considering
the local concentration of carriers as:

RT npmax — p(x)

AVsg = E(x) = & = Eply = s 22

(13)

Isolating p(x) in eqn (13), the local carrier concentration along
the channel can be written as:

pmax

1+exp{*RfFT<5() Eg — 5p01>:|

p(x) = (14)

Through (eqn (14)) and utilizing Ohm’s law (eqn (15)), it is
possible to derive an analytical expression that describes the
drain-source current (Iys) for the steady-state response of
OECT. To obtain such a relation, the gradual channel approxi-
mation was used. This approximation assumes that the
potential varies gradually along the channel from the drain to
the source electrodes.>

~Frep(0)

J(x) = (15)

Although the maximum conductivity an OECT can achieve is
given by omax = FllePmax, D€INE pmax given by eqn (8), it is well
accepted that only in very specific cases, with high-gate vol-
tages, 0max can be achieved. Most of the OECTs results pub-
lished to date do not operate in their full oxidizing state and,
therefore, part of the reduced states is not accessible during the
OECT operation. A classic example of it is PEDOT:PSS-based
OECTs. Being a depletion mode OECT, it is almost impossible
to completely turn off the transistor (I;s — 0). Therefore, one
must account for the residual reduced states still left in the
active film. That said the overall OECT channel current will
have contributions from both portions of the channel, oxidized
and reduced states. Therefore, the Ohm’s Law is rewritten as
eqn (16):

d&(x)

J(x) = —F(treao Prea0 (X) + Hox+ Pox+ (X)) P

(16)

here u and p are the electronic mobility and carrier density,
respectively for reduced (Red®) and oxidized (Ox") state. Rewrit-
ing eqn (16) using the definition presented in eqn (10) one
obtains (for details refer to SI-S3 in the ESIT):

— HRedo)Poxt (A))di(x\)

J(X) = _F(:uRedopmax + (MOX+ (17)

This journal is © The Royal Society of Chemistry 2024
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Plugging (eqn (11) and (14) into eqn (17)), results in:

Hox+ Pmax — HRed? Pmax df(X)
F " dx
1 +exp {_ﬁ (£(x) —&g— ‘Sgolﬂ
(18)

To obtain the equation for the channel current, eqn (18) is
then readily integrated and expressed in terms of the geometric
parameters of the OECT channel. Assuming that w, h, and
[ represent the width, thickness, and length of the channel,
respectively, one obtains:

J(x) =—F HRed? Pmax +

wh RT
Iy = T(uRedopmaxF(gd - gi) + (:quJr Pmaxt — :uRedOpmaxF)7

1 +exp {%(aﬁ - 55;’1)}

1+ exp {%(& — & — g‘;)}

x In

(19)

Here the subscripts d, s and g refer to drain, source and gate,
respectively. The electrode potentials (£) can be rewritten as the
gate (AVg) and drain (AVg,) potential applied into the device,
(please, refer to the SI-S3, ESIt), leading to the following
equation:

wh RT

Iys = T(.uRed“pmaxFA Vas + (NOX*pmaxF - #Red‘]pmaxF)?

F o
1+ eXp |:ﬁ<AVdS — AVgS — i’;()|):|

x In 7
o
1 +exp {ﬁ(—A Vs — Epol)}

(20)

The product ppmaF has S em™' as its physical unity,
representing conductivity. This allows one to rewrite eqn (20)
considering conductivity terms only. The terms related to figeqo
come from the residual conductivity of the channel, associated
with electrochemical sites that are not accessed, and will be
referred to o,es. Those related to pox+, give origin to the actual
film conductivity, associated with the doping/dedoping pro-
cess, due to the electrochemical reaction. Such conductivity will
be referred to as ¢. That said eqn (20) can be rewritten as:

wh RT

_<(7'resA Vas + (O' - O'res)_

L. =
b =7 F

F o
1 +exp {ﬁ<AVds — AV — ];01>} (21)

x In 7
e/
I +exp {ﬁ(—A Vs — Spol)}

The same treatment can be used to describe drain-source
current for devices operated with n-type material. Details on the
development of the equation for n-type can be found in the
ESIt (Section SI-S2). The final drain current equation for the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Representation of residual conductivity from transfer curves for (a)
accumulation-mode OECT and (b) depletion-mode OECT.

n-type OECTs is shown below:

wh RT
lys = — JresAVds + (O' - O'res)i
/ F
F o
1 1 +exp {ﬁ (A Vs + 5;?01)} (22)
X n

F ~/
1 +exp {ﬁ(fA Vs + AVgs + 5?01)}

In eqn (21) and (22), the residual conductivity (oyes), for
accumulation mode OECTs, is related to the undoped state of
semiconductor polymer and can be obtained from transfer
curves for potentials lower than the doping potentials (see
Fig. 2). For depletion mode OECTsS, the residual conductivity
refers to remaining doped states, and can be calculated through
the saturation currents. The effect of o, over output and
transfer shape curves is discussed in the ESI,T Section SI-S4.

Conversely, the limit conductivity (¢) comes from the active
carriers, (generated by the electrochemical reaction at the
channel), and is related to the ion-to-electron transduction.
Therefore, in the present model, ¢ assumes the role of a figure
of merit in contrast to uC*, widely adopted by the OECT
community to evaluate the performance of these devices. uC*
was first proposed by Inal et al. (2017)*° to represent the ionic-
electronic transport, through the product between electronic
mobility (¢) and the volumetric capacitance (C*) of the semi-
conductor film. In the B&M model,®” it is assumed that the
channel can be described through an equivalent RC circuit,
where the ionic contribution is associated with the ideal
capacitor. Although uC* is capable of describing trends
observed in OECTs, the origin of C* lacks foundation regarding
the fundamentals of the polymer-electrolyte electrochemical
interaction. Here ¢ is defined from the total carrier density
(Pmax), Which was introduced through the Nernst equation and
the law of mass conservation. Conversely, ¢ carries information
that are correlated to the polymer-electrolyte interactions, as

the other fitting parameter of the model (i.e., Sfoll] that will be
discussed in subsequent sections. ¢ can be, therefore, inter-
preted as a fundamental conductivity parameter, directly asso-
ciated with the number of accessible sites for doping or
dedoping, for a particular polymer-electrolyte pair (somewhat

related to C*, however with a first-principles definition).
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To validate the model, OECT curves were theoretically
simulated using eqn (21) and standard OECT parameters (refer
to the caption of Fig. 2 for the parameters used for such
reconstruction). The simulated curves (Fig. 3(a) output,
Fig. 3(b) transfer, and Fig. 3(c) transconductance) show a
similar line shape as in real transistors. In the case of the
output curves, for instance, they present an initial linear
current increase, followed by a saturation regime. Thanks to
the Nernstian Law, our model naturally transitions and reaches
the saturation curve (unlike the B&M Model). However, the
simulated curves in (Fig. 3(a)) appear to have an abrupt transi-
tion between the linear and saturation portions, unlike experi-
mental curves. Normally, in real experimental curves, the
transition is usually smoother and spreads over a wider range
of drain potentials. The same is observed for the transfer and
transconductance traces: although they resemble the transistor
transfer and transconductance curves, their regime transitions
are somewhat abrupt or peculiar. The transconductance ‘“peak”,
for instance, is nonrealistic, with its maximum being spread out
through a large gate-voltage interval (Fig. 3(c)). In the following
topic, we will address this peculiarity, extending and correcting
our model to a non-ideal behavior (or non-Nernstian).

Non-Nernstian behavior

Experimental results seem to suggest that conjugated polymers
do not behave ideally according to Nernst equation. Typically,
an ideal reaction following Nernst equation will have a
pre-logarithm factor RT/zF, where z is an integer, and repre-
sents the number of electrons involved in the electrochemical
reaction.’®*! So far, we have used z = 1, since we have assumed
a monoelectronic reaction. However, it has long been observed

107!
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that the number of electrons exchanged during the redox
reaction of semiconductor polymers can be fractional.”®*® This
fractional ‘z’ has also been observed in electrochemical reac-
tions involving aromatic molecules adsorbed on different elec-
trochemically active electrodes.””>°

Several hypotheses in regard to the physicochemical princi-
ples that lead to this non-ideality have been proposed. One of
the first considered this fractional ‘z’ as a result of interactions
between charges of neighboring polymeric chains.’”***" This
phenomenon was also associated with mechanical stress
caused by the insertion of ions and solvents into the polymeric
film.>®*>"%* 1t could lead to changes in the electrostatic inter-
actions of the semiconductor polymer while it is oxidized or
reduced.®® Moreover, changes in the polymer microstructure
due to ionic uptake and polaron/bipolaron formations in dis-
tinct portions in a semicrystalline polymer have a strong effect
on the doping processes and, therefore, could be associated
with a non-Nerstian behavior in OMIEC.>?7>%%*

Thus, we have replaced the term z with a fractional one (y),
to reflect the non-ideality behavior in the model herein devel-
oped. Now, the non-ideal Nernst equation is described as
follows (eqn (23)):

R T n CRCdO
“,)F COx*

./_\,
gnon-id = gp(,l -

(23)

Here, y has a fractional value, varying from 0 < 7y < 1,
representing the deviation from ideal behavior. In eqn (2), we
have assumed that the activity was approximated to the concen-
tration of species, leading to the Nernst equation. In fact, the y
factor can be defined through the general proportionality
between activity coefficient and concentration, a; = y;,C;, leading
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Fig. 3 Simulated (a) output, (b) transfer and (c) transconductance curves for the ideal, and (d)-(f) to non-ideal behaviour, respectively, considering a

p-type material on OECT channel. Here were used the following parameters w = 1.5 mm, h = 100 nm, [ = 250 pm, 6 = 1.55cm ™, gyes = 1 x 1074 Scm

5;:1 =0V, T=29815K and y = 0.4 for non-ideal case.
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to the following equation:

YRed? _
Yox+

(cR_d) ()

Coxt

The mathematical steps leading to eqn (24) from eqn (2) and
(23) are summarized in SI-S5 (ESIT). Here, it is possible to verify
that the activity coefficients for the concentrations of the
species involved in the reaction are related to the y added in
the model and correspond to the deviation in concentrations of
reduced and oxidized species.

This non-ideality of the Nernst equation may originate from
the change in the unity proportion of ions injected to charges
created within the polymer channel. In the ideal case, for each
injected ionic charge, an electronic charge is induced (or
depleted) in (from) the polymer backbone, resulting in a 1:1
ratio. This situation seems to be only possible when the ionic
species is able to closely approach the conjugated backbone
and solely induces a polaronic formation. However, due to the
complex microstructure and morphology of conjugated poly-
mers, ionic species hardly reach close contact with the polymer
backbone as demonstrated in previous report.®® Flagg et al.
(2023)® studied the structure of a doped semicrystalline poly-
mer OMIEC based on oligo(ethylene glycol). They find through
grazing-incidence resonant X-ray diffraction (RXRD) analyses
that the anions are positioned closer to the lamella mid-plane,
and relatively distant from the polymer backbone. Instead, ions
tend to disperse themselves into solvent-rich portions in the
polymeric volume, generating a resulting electric field at the
polymer backbone. Such an electric field, which is originated by
the combination of several ionic charges, induces a polaronic
formation, giving rise to a non- 1:1 ion-to-electron transduc-
tion, which is accounted by the fractional y factor.

With all that said, the equation describing the drain current
(Igs) for a non-Nernstian behavior and p-type material can then

View Article Online
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be rewritten as eqn (25):

wh RT
Iy = T(UresAVds + (G - Gres)v_F
'yF o' 2
y 1+exp{ﬁ<AVds—AVgs—£pol>} (25)
n

'yF ]
1 + eXp |:ﬁ<_AVgs — 5;0]>:|

with the insertion of the y factor into the model, the output
curves reconstructed through eqn (25), assuming y = 0.4, have a
much smoother and more realistic regime transition and
transconductance peak (Fig. 3(d) and (e)). The effects of
y variation over on the line shape in the output curves for a
AVgs = —0.5 V can be observed in Fig. 4(a). As y approaches an
integer value, the transition from the linear regime to the
saturation regime becomes more pronounced.

Our model not only provides fundamental principles to
evaluate and characterize OECTs, but, also, offers a deeper
insight into the nature of the electrochemical reaction. Indeed,
the y factor can now be explored in terms of the polymer
microstructure characteristics and ionic swelling generating
further knowledge on the ion-to-electron transduction in
OECTs devices. Moreover, a higher 7y results in more efficient

=

OECT operation under the same conditions of £,

geometric
parameters, and electronic mobility, as the saturation current
occurs at lower drain voltages. That said, chemistries and
materials scientists should look up for OECT materials with
high ionic swelling and electrolytes (solvent + ionic salts) that
are best compatible with the active layer, therefore enhancing

the vy factor.

The standard electrode potential (51?;1>
The 5;;1 parameter, on its definition, represents the energy

required for the species involved in the redox reaction to gain
and/or lose electrons in their standard state. It determines how
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Fig. 4 (a) Effect of y variatign on output curve shape. Here were used the following parameters w = 1.5 mm, h = 100 nm, [ = 250 um, ¢ = 1.5 S cm™,
Ores =1 x 1077 Scm™, 5501 =0V, T=29815K, AVy = —0.5 V. (b) Standard lon Transfer Potential for anions from water to organic solvent from

ref. 66—-68 with adaptations.
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easy it would be to modulate the conductivity in the channel for
a given polymer-electrolyte combination.>*>>%3

In electrochemistry, it is well known that the energy asso-
ciated with the ionic transfer process between different phases
depends on the ionic radius and solvents involved.®® Fig. 4(b)
presents some of the standard ion transfer potentials
from aqueous phase to organic solvents for commonly used
anions.®®*® For the same anionic species, the standard ion
transfer potential reduces according to the increase in solvent
polarity. Although the standard ion transfer potential from the
electrolyte to semiconductor polymer films has not yet been
reported, a similar behavior can be expected during OECT
operation. In this case, the polymeric material would behave
as the organic phases in Fig. 4(b), imposing analogous effects to
the transference of ions from electrolytes into the active mate-

rial. Therefore, through a search of smaller &Y, in case of a

pol?

oxidation of p-type material, it is possible to offer a funda-

mental rationale for material design and processing towards

low-voltage, high-transconductance OECT. For the reduction of

an n-type material, were the cation plays the main role, a
similar behaviour is expected.

A discussion on the impact of 8;’,1, 7, and ¢ on the device’s

transconductance can be found on the SI S6 (ESIT).

Model validation

A large amount of steady-state OECT data can be found in the
literature. Here, we have chosen two seminal works to perform
adjustments and to discuss and validate the model herein
presented.

(1) Paper by Flagg et al.:** OECT performance x ionic size

The first selected article was the study conducted by Flagg
et al. in 2018.”° The study examined the influence of various
anionic species on the ionic-electronic transport in P3HT-
based OECTs, a p-type material. The authors note that the
correct choice of anion significantly impacts the ionic uptake by
the channel and, therefore, the OECT characteristics. Notably,
employing molecular anions like bis(trifluoromethanesulfonyl)-
imide (TSFI ) leads to higher channel currents compared to
atomic anions like chloride (Cl™). Additionally, the type of anion
influences the threshold voltage and the achieved doping levels
during oxidation. The study also reveals that smaller anions
exhibit a solvation shell of approximately ten water molecules,
while larger anions can migrate into the film with minimal or no
solvation at all. The authors propose that the observed behaviors
come from variations in activation energy associated with the
doping process, as indicated by the set of characterizations
employed.

Thus, fittings from the experimental data available were
made through eqn (25), since they have used P3HT as the active
layer, which is a p-type material. The parameters of the device
used were:*® w =19 mm, 4 = 140 nm, [ = 20 pm and 7= 298.15 K.
Here, the parameter o, was assumed as 1 X 107° S cm’l, as
expected for P3HT in undoped state.”®*® The adjustments can
be found in Fig. 5(a) for the counterions: bis(trifluoro-
methanesulfonyl)imide (TSFI™), hexafluorophosphate (PFg ),

6014 | Mater. Horiz., 2024, 11, 6007-6018
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perchlorate (ClO,”) and chloride (CI7) at AVg = —0.7 V.
Eqn (25) was capable of fully describing the OECT behavior
and predicting the linear and saturation regions for the analysed
curves, by fittings with an R* = 0.99 and p-values <0.05, for a

95% confidence interval. The values of g, v, &Y for the set of

pol
measurements can be found in Fig. 5(b)-(d), respectively, and its
respective p-values in SI-S7 (ESIt).

The fitting results indicate a relationship between the ionic
radius and the fitting parameters. Sr?;l and y decays for species
with larger radius, while the opposite behavior occurs for o.
Indeed, smaller 5%1 and higher ¢ translate to optimize OECTs.
In the present work, the smallest y was obtained for the best
operating OECT (the one interfaced by TFSI™ electrolyte).
Indeed, by analysing Fig. 5(c), y decays with the ionic radii as
expected, since the bigger the ionic species, the harder to
produce a 1:1 ion-to-electron transduction. However, giving

that £,
the smaller value of y.

Conversely, the OECT operated with CI™ electrolyte exhib-
ited the highest y (0.4), and therefore tended to saturate at
lower AVy4s than to larger anions. However, for the Cl™ anion,

owas the lowest (1.4 S cm™ ') among the tested electrolytes and

is much smaller for the TFSI™ case, it compensates for

8;3(;1 the highest. This indicates a limitation of the ionic specie

to dope the polymer channel, in relation to molecular anions

such as TFSI~, with ¢ =4.9 S cm ™", The doping process was also

influenced by E‘I?(;l, which reduces considerably, from 0.42 V in

Cl7, to —0.04 V in TSFI . This means that under the conditions
studied by Flagg et al (2018),>° devices operated in TSFI~
required way less energy to induce the transfer of the ion into
the film and to promote the channel doping process, compared
to anions with smaller ionic radii, such as Cl™. This observation
aligns with the authors’ findings and discussions.

Finally, although it is yet premature to elaborate on any

deeper relationships between 7, and ¢, or to provide a

pol?
stronger interpretation of the fitting parameters in relation to
the physical chemistry of the ionic species and polymeric
properties, our model clearly provides a powerful theoretical
mean of exploring these parameters for a better understanding
of the fundamentals in OMIEC-based devices.

(2) Paper by Rivnay et al:*’ Effect of microstructure on
OECT device

Another parameter that has been the subject of studies is the
effects of the microstructure and morphology of the mixed
conductors on the performance of OECT. Rivnay and
co-authors investigated the relationship of microstructure in
PEDOT:PSS blends on its ionic-electronic transport, as well as
its outcome on the performance of the OECTs.*” These effects
were evaluated by adding an ethylene glycol(EG) as co-solvent,
at concentrations of 0%, 5%, 20%, and 50%.

The authors observed that the increase in the cosolvent
content resulted in a more pronounced phase separation
between PEDOT:PSS and PSS-rich domains. This induced a
greater PEDOT aggregation, slight densification of n-stacking in
the PEDOT:PSS phase, and growth of the size domain, resulting

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Output curves (hollow circles) from Flagg (2018), and fitting curves (solid lines) (b) o, (c) y and (d) 5;?0/1 parameters. Reprinted (adapted) with
permission from Flagg et al. (2018).2° Copyright © 2018, American Chemical Society. All data fittings with R> = 0.99 and p-values < 0.05.

in improved electronic mobility, deteriorating the ionic swel-
ling. These morphological changes enhanced the conduc-
tivity of PEDOT:PSS films, from 6 S cm™ " in the pure film to
800 S ecm ™' in the formulation with 5% EG. Concentrations
above 10% did not show a significant increase in conductivity.
On the other hand, at high concentrations of EG, a reduction in
ionic mobility was noticed. These observations directly influ-
enced the performance of the device, with the OECT built with
the formulation of 5% co-solvent exhibiting the highest trans-
conductance. In contrast, those at higher EG concentrations
showed lower transconductance due to poor ionic mobility.
This highlights the competition between phase separation and
ionic and electronic mobility.

The fitting was made from the transfer curves of the
experimental data available in ref. 47 by applying eqn (25).
The geometric parameters used to perform the fitting were:*”
w =50 um, / = 50 um and A4 = 390 nm, 174 nm, 208 nm and
184 nm for the concentrations of 0%, 5%, 20%, 50%, respec-
tively, for AVgs=—0.6 V, T=298.15K and 6,es=1 x 10 > Sem ™.
These geometric parameters were obtained from the figure
available in the ESI,t of the respective ref. 47. The curves and
their respective adjustments can be found in Fig. 6, as well as

the extracted ¢, y and 5?;1. There is a good agreement between

the experimental curves and the theoretical fit (R> = 0.99 and
p-values <0.05, for a 95% confidence interval), with eqn (25)

This journal is © The Royal Society of Chemistry 2024

satisfactorily describing the transfer curves (Fig. 6(a)). The
individual p-values are available in SI-S7 (ESIt). The values
found for y, reduced from 0.27 to 0.20 with the addition
of EG. However, it did not show significant changes due to
the rise in cosolvent concentration. On the other hand,

~
S

the parameter £,

s and ¢ showed changes with the content

of EG. The EG addition led to a reduction in S]i;l,
from —0.03 V to —0.34 V, for 0% and 50% of EG, respec-
tively. This indicates that during the PEDOT:PSS reduction
process, the addition of EG makes it harder to de-dope the
channel. This is consistent with the results found by the
authors. They mentioned that despite the growth of the
PEDOT:PSS phase, the whole process of OECT operation
depends on the diffusion of ions in the channel. But, after
passing through the PSS-rich regions, the process is limited by
the rich domains of PEDOT:PSS where these ions do not have
mobility to reach the PSS~ molecules, and as a consequence,
to dedope the channel.

The devices without EG addition presented a ¢ during the
operation of 33 S cm . This was increased to 558 S cm ™~ by the
addition of 5% of EG. However for higher EG concentrations
it dropped significantly. It is worth remembering that although
different values of conductivity were found in the original
manuscript, in the study by Rivnay and co-authors the

dropping
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Fig. 6 (a) Transfer curves (hollow circles) from Rivnay (2016), and fitting curves (solid lines), (b) 7, (c) 8;;1 and (d) o parameters. Reprinted (adapted) with
permission from Rivnay et al. (2016).*’ For all adjustments R* = 0.99 and p-values < 0.05.

conductivity measurements were made in a solid-state film,
without electrolytes. These values could be changed during the
device operation due to channel swelling. Using the presented
model, the conductivity found reflects the actual conductivity
during device operation.

Conclusions

In summary, we showed the development of an alternative
model to OECT steady-state behavior, grounded on thermody-
namics and electrochemistry. The model is capable to describ-
ing the linear and saturation regions of the curves. Through the
model, it is possible to extracted three fitting parameters, g, y

and 63;1. The channel conductivity (o) plays the role of the
figure of merit in contrast to uC*, while 7y reflects the deviation

from an ideal electrochemical reaction on the channel. 5;;1, the
standard electrode potential brings information about the
energy required to promote the oxidation and reduction of
the channel, being correlated to the composition of electrolyte
and semiconductor polymer on the OECT. The model was used
to perform fittings from data from literature and demonstrated
its capability to successfully explain the origin of observed
phenomena. This makes the model a powerful tool assisting
researchers in establishing guidelines for designing and opti-
mizing OECTs in further applications.
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