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Abstract

Organic electrochemical transistors (OECT's) have been successfully used as transducers in
applications requiring the conversion of ion fluxes to electronic current. These applications range
from regular biosensors to sophisticated devices for neuron recording and stimulation. For the
rational optimization and understanding of the fundamentals of OECTs and OECT-based
applications, however, it is essential to develop in-depth theoretical predictions of experimental data.
Here, we review seminal works on modeling both the steady state and transient behavior of OECT's
and discuss their strengths and weaknesses. Given that OECT's have been used and applied by a diverse
community with very different backgrounds, our intention is to clarify and to extend most of the
theoretical developments established so far. Special attention is given to the early models, while trying
to make them accessible for everyone in the field of organic bioelectronics.

1. Introduction

While biological systems, such as living cells, commu-
nicate through ionic fluxes, man-made technologies
are mainly based on electronic fluxes [1, 2]. Thus, in
order to effectively interface and mimic biological
systems, it is essential to produce devices that are able
to transduce, and therefore, support both electronic
and ionic current efficiently [2—4]. In fact, there is a
large number of materials with such an ability, which
are known in the literature as mixed ionic-electronic
conductors [5, 6].

Among others, ceramics and semiconducting
polymers are the two main classes of mixed con-
ductors that have been extensively studied in the
recent years [5—7]. While ceramics normally conduct
ions better than electrons, conjugated polymers tend
to show a more balanced ratio between ionic and elec-
tronic conductivities [5]. Besides, mixed conducting
polymer devices tend to operate in the sub-unit volt-
age regime, being compatible with both aqueous and
biological media [2, 8]. Moreover, polymers permit
the fabrication of flexible and foldable structures
[8—11] and their ink-based processing characteristics
allow for cheaper and easier to manufacture devices [8,

12—-14]. Out of the many available platforms that
transduce ion-to-electron fluxes, the organic electro-
chemical transistor (OECT) has been the focus of
attention, especially in the field of bioelectronics. This
is mainly due to its great success in a wide range of
applications, including alcohol sensors [15], virus
detection [16], health care monitoring systems
[17-19], impedance biosensors [20, 21], neural
recording and stimulation [22], and neuromorphic
computing [3, 23, 24], to name a few.

In order to keep up with the increasing number of
valuable and creative applications, rational material
and device optimizations must be targeted pro-
portionally. This, however, requires an in-depth
understanding of the device working mechanisms,
which encompasses the development of theoretical
modeling of experimental data. In fact, there is a large
number of proposed models that partially or fully
describe both the steady and transient behavior of
OECTs [25-37]. Nevertheless, the rich nature of
mixed ionic-electronic conductivity in disordered
conjugated polymers is far from been completely
understood and is still a hot and exciting topic of
research [2, 8, 38, 39]. Here, we seek to compile,
discuss, and eventually to extend several seminal

©2020 IOP Publishing Ltd
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Figure 1. (a) Schematic of an OECT and (b) working mechanism of an accumulation mode OECT.
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manuscripts on modeling OECT devices [27-29,
31-36]. Given the great number of amazing contribu-
tions to the topic, it is virtually impossible to gather and
review every single OECT model that has been pro-
posed to date [25-37]. Therefore, we decided to review
key models that have been successfully used to describe
either the steady state or transient drain current of
OECTs. The main part of this review is separated
into four main complementary types of models: the
Bernards—Malliaras (B-M)-based models (section 3),
equivalent circuit models (section 4), and recent devel-
opments on a hybrid B-M model and elaborated circuit
models (section 5). To complete this review, we are
lastly reviewing works that originate from including a
diffusion term to the current equation (section 6).

This review was written keeping in mind that
organic bioelectronics is a very multidisciplinary
research field with professionals and researchers with
diverse backgrounds. Therefore, in every possible way,
we have tried to fully clarify the models’ theoretical
derivations and developments. Any mathematical step
not given in the main manuscript is thoroughly detailed
in the supplementary material available online at stacks.
iop.org/FPE/5/013001/mmedia (except for the drift-
diffusion models that require computational methods).
We hope that this review becomes useful to the bioelec-
tronics community and stimulates further develop-
ments in the device physics of OECTs and organic
mixed-conductor platforms alike.

2. Principles of OECT operation

The principles of OECT operation have been widely
described in the literature and will only be briefly
reviewed here. The OECT is a three-terminal device
that consists of two pre-patterned electrodes, the
source and drain, connected through a semiconduct-
ing polymer, defining the transistor channel. The
organic active layer is in contact with an electrolyte,
where a third electrode (gate) is immersed, as shown in
figure 1(a). During operation, the application of a gate
voltage induces a charge injection from the electrolyte
into the channel, which can either dope or de-dope the
semiconducting polymer, leading to a change in the

source-drain current [32, 40] as illustrated in
figure 1(b).

OECTs can operate either in the depletion mode
or in the accumulation mode. In the former case, the
OECT is naturally in its on state (i.e. the active material
in the channel is initially doped) and is turned off upon
application of a gate voltage (de-doping of the chan-
nel). In the latter one, the device is normally off (i.e.,
initially the semiconducting polymer is in its neutral
stage). Upon gate voltage application, ions are intro-
duced from the electrolyte into the polymer film.
There, charges are balanced by injection of electronic
charges from the source electrode, such that the charge
density in the semiconducting polymer, and conse-
quently, its conductivity is increased (figure 1(b)). In a
typical p-type accumulation mode transistor, the elec-
trochemical process can be expressed by the following
relation:

P'+Q < PQ +e,

where P is the active polymer, Q is the anion species,
and e~ is an electron [23]; n-type doping follows a
similar electrochemical reaction, mediated by cations
instead of anions. In order to maintain bulk neutrality,
for every monovalent ion that enters the active
polymer film, an electronic charge must be injected by
the electrodes, generating a one-to-one ionic-electro-
nic transducer.

The electrical characteristics of OECTs follow
those of traditional transistors. Output and transfer
curves are the regular steady-state electrical character-
ization [8, 41], while pulsed gate voltage and impe-
dance measurements are among the techniques of
choice for characterizing the drain-source transient
response [35, 40]. In the next sections, we review
theoretical models that describe both the steady state
and transient working mechanism of OECTs.

3.B-M-based models

One of the first attempts to model both the steady state
and transient behavior of OECTs was proposed by
Bernards and Malliaras in early 2007 [32]. The model
was based on coupling an electronic circuit with an
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ionic one, mainly to generate an expression that
describes the steady state and transient responses of
OECTs (output/transfer and pulsed characteristics).
The original model assumes a few simplifications, such
a constant charge carrier mobility, which were
corrected in follow-up articles [34].

In this section, we start by fully describing the ori-
ginal model by Bernards and Malliaras, explaining the
analytical developments and highlighting the steps
that could be further improved. The section will also
discuss later papers where the B-M model was recalcu-
lated incorporating refinements on both mobility and
charge density dependency.

3.1. Original B-M model

The original model proposed by Bernards and Mal-
liaras describes both the steady state and transient
response of OECTs [32]. Their theoretical develop-
ments are independent of each other, and will there-
fore be treated separately here.

3.1.1. Steady-state behavior

The steady-state current is defined as the operational
mode of the transistor where the ionic current, which
comes from the electrolyte upon a gate voltage,
remains unchanged. In other words, the channel has
completely been charged with ions and doping or de-
doping of the semiconducting material no longer takes
place.

The description of the steady state originates from
Ohm’s law:

J() = oF = qup() 2L, )

dx

Here, the B-M model assumes that the charge carrier
mobility p is constant. This is not particularly true for
conjugated polymers, since the mobility may depend
on the charge concentration p, electric field E, and
even temperature © [34, 42-45]. Follow-up manu-
scripts have incorporated a nonuniform mobility [34]
and will be discussed later in this review.

In equation (1), J is the current density, o is the
conductivity, q is the elementary charge, and V is the
electric potential, the spatial derivative of which
defines the electric field. Note that the model assumes
the electronic conductivity to be purely one dimen-
sional. This is certainly acceptable for the assumptions
made by the model, especially since a constant charge
carrier mobility is considered. It is, however, worth
mentioning that the ionic uptake is not uniform
throughout the bulk of the polymer film. When con-
sidering the dependency of the mobility on the charge
concentration, a pure one-dimensional description
might not be very accurate, and a profile of the ionic
uptake through the thickness of the active layer must
be assumed and introduced into the model. Recently,
such an attempt has been reported in a drift-diffusion
based model [29], which is discussed in section 6.

R Colucci et al

In the B-M model, the electronic conduction is
correlated with the ionic flux, by proposing the follow-
ing expression for the charge carrier density:

Q ) @
qpyV

P:Po(l -

Here, p, is the initial charge density of the polymer, Q
is the total charge of the ions that penetrates the
polymer film upon application a gate voltage, and v is
the volume of the transistor channel. When cations are
injected into the channel Q is positive, whereas for
injection of anions it is negative. Note that equation (2)
applies only to depletion-mode OECTs; i.e., when
Q = 0 or, equally, Ve=0,p=p, and the material is
conductive; on the other hand, when Q = gqp,v,
p = 0 the polymer is fully de-doped.

In 2007, the interest in depletion-mode-only
models was due to the great success of PEDOT:PSS as
active layer in OECT devices. PEDOT:PSS is a polymer
blend, where the PEDOT (poly(3,4-ethylenediox-
ythiophene)) acts as a polycation and PSS, (poly(styr-
enesulfonate)) as a polyanion. In the mixture, PEDOT
becomes highly doped with positive charges (holes), to
compensate the sulfonated groups (SO3) on the PSS.
Consequently, a PEDOT:PSS-based OECT operates in
the depletion mode, since the film is initially con-
ductive and turns off upon the application of gate volt-
age. In early 2007, the great majority of OECTs were
PEDOT:PSS-based devices, and therefore, it made
sense to have a depletion-mode-only description of
the current-voltage characteristics [46, 47]. Today,
however, more and more accumulation mode materi-
als for OECTs are being introduced in the literature
[23, 48-52], such that it has become essential to extend
the B-M model for this type of operation as well. For
instance, the side chain that comprises hydrophilic
groups has been successfully incorporated in thiophene-
based polymers, yielding water-soluble, neutral polymer
films that operate in an accumulation mode [48]. Besides
that, a new OECT platform has been recently intro-
duced, enabling virtually all water-insoluble conjugated
polymers as possible candidates for the active layer in
OECTs [23]. Given that most of the conjugated polymers
synthesized to date are neutral in their pristine form, they
generate OECTSs operating in the accumulation mode.
Therefore, an extension of the B-M model to reproduce
accumulation mode OECTs is very much desired.

Thus, here we propose an extension of the for-
mulas to describe accumulation mode OECTs. In such
a mode of operation, the only difference in the
equations discussed so far would be in equation (2).
For the accumulation mode, the charge carrier density
in the polymer must be proportional to the number of
injected ions in the organic film. With that,
equation (2) takes the form of [41]
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Figure 2. (a) Device geometry used in the model and (b) the
equivalent circuitry used to calculate the transient behavior.
Adapted from [32].

o= (3), )
qv

where Q, g, and v are the same physical quantities

defined in equation (2). Here we assume that the initial

charge concentration p, of the undoped organic

semiconductor is negligible.

In order to calculate the total charge Q of ions
injected upon a gate voltage V,, which enters
equations (2) and (3) equally, the model considers the
channel to be an ideal capacitor with capacitance C,.
With that said, Q is given by

Q(x) = C4AV = C*WTdx[V, — V(x)],  (4)

where C* is the capacitance of the film per unit of
volume, W is the channel width, T is the film
thickness, AV is the voltage drop in the transistor
channel, and dx is a differential slice in the source-
drain direction, see figure 2(a). Despite the B-M model
using a capacitance per unit of area, in this review, we
will express our formulas in terms of the volumetric
capacitance of the channel C*. This approach is more
up to date with the OECT literature, since ions are
uptaked throughout the channel volume [6, 38]. In
fact, the term pC* is considered to be the merit factor
for an OECT, since C*accounts for the ionic char-
acteristics and p for the electronic transport [6].

Also, the B-M model does not account for a possi-
ble threshold voltage Vj,. In fact, a PEDOT:PSS-based
OECT has practically zero Vj, and therefore, it was not
be necessary to account for that in the original paper.
As new materials [48—52] and platforms [23] are intro-
duced for fabricating organic electrochemical devices,
it becomes important to incorporate such a physical
quantity in the model. In field-effect transistors
(FETs), the threshold voltage is normally associated

R Colucci et al

with the filling of deep trap states in the semi-
conductor, before free mobile charges are able to con-
duct [41]. In electrochemical transistors, such a
quantity can be correlated to the onset potential in
which the electrochemical reaction can occur (oxida-

tion or reduction potential). Therefore, when
accounting for Vj;, equation (4) becomes:
Q(x) = C*WTdx[Vy — Vi — V(x)]. )

Combining equations (2) and (3) for the depletion
or accumulation mode, respectively, with equations (1)
and (5), it is possible to obtain the governing equation
for the steady-state OECT operation. For the depletion
mode, this equation takes the form

/- | LCWTdx(Vy — Vo — V(@)
akpo 4podxWT
« dV (x)
dx
{ CH(V, — Vi — V(x))}]dV(x)
= 1 — ,
QMP()[ e I

(6)
whereas for accumulation mode OECTs the expres-
sion is

{C*WTdx} (V, — Vi — V(X)) dV (x)
qdxWT dx
dv (x)
Cdx

= UCH(Vy — Vg — V(x) @)
Note that in the steady-state response, the current
is constant, and therefore, J = J(x). Introducing a
pinch-off voltage as being
_ 9P
=
the final expression for the
(equation (6)) can be simplified to

(Vg = Vi — V(X)) [dV (x)
Vi dx

Vo ®

depletion mode

©

J= qupo[l -

This equation can be readily integrated over the
length of the transistor channel. For details on the
integration process, refer to the supplementary mat-
erial. The final analytical expression for the depletion-
mode OECT is

WOWT[I (V=
L

Vin — Va/2)
Vr

I= ]Vd, (10)

where I is the source-drain current and L is the

channel length. For the accumulation mode, the
integration of equation (7) yields

*
I— wTuC

(Vo = Vi — Va/2) V. (11)

Note that these expressions do not entirely
describe the output characteristics of an OECT,
mainly due to their square dependency on V. After the
saturation current, equations (10) and (11) do not lead
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Figure 3. Output characteristics for a (a) PEDOT-based OECT and (b) P3HT-based OECT fitted with equations (10) and (11),

The P3HT-based device had a channel length of L = 1.25 102 cm, awidth of W = 0.17 cm, and thickness of T = 80 nm. Here, we
used a Ag/AgCl gate electrode with the following electrolyte: 0.1 M of KCl aqueous solution for the PEDOT-based OECT and 0.1 M
of TBAFP6 DCM solution for the P3HT-based OECT. The data points are the experimental results and the dashed lines are the
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to a constant current. Therefore, the aforementioned
equations are only valid until the saturation voltage
V;*, which can be assigned to the vertexes of the para-
bolas of equations (10) and (11).

We have used these expressions to fit the exper-
imental results of both the PEDOT:PSS depletion
mode and the P3HT accumulation mode OECTs. For
the latter we used the liquid-liquid phase separated
structure proposed in [23]. Details on the device fabri-
cation and structure can be found in the caption of
figure 3. In figure 3(a), equation (10) was used to
describe the output characteristic of a regular deple-
PEDOT:PSS-based OECT,
equation (11) was used to fit the data in figure 3(b),

tion-mode whereas
measured from an accumulation mode P3HT-based
OECT. A good agreement between the experimental
data and the theoretical prediction was achieved for
both devices.

The fit formula equation (10) provides two para-
meters: the pinch-off voltage (equation (8)) and the

. wT
material conductance G = ¥ From our mea-
surements shown in figure 3(a), the fit yielded G™2.2

mS and V,,70.6 V. The resulting figure of merit ;C*,

which can be derived from the ratio g = ?/,LC*,

was found to be ~150 Fem ™'V~ 's 7", Tfﬂs number is
in agreement with the literature [6, 39, 53], although it
ranges in the highest side of the reported values. For
the accumulation mode OECTs, the model directly
provides the product between the charge carrier mobi-
lity 4+ and the volumetric capacitance C*. Fitting the
data in figure 3(b) produced an average uC* of 120
Fem™'V™'s™" which is also in accordance with the
values in the literature reported for P3HT [23].

Finally, the B-M model can be used to model the
steady-state response of OECT's biosensors, especially
for analyte-based biosensors [54, 55]. Here, the gate
potential is corrected by adding an offset voltage, gen-
erating an effective gate voltage. Such an offset would

depend on the analyte concentration and can be esti-
mated by using the Nerst equation or can be deter-
mined experimentally. The effective gate voltage is
then incorporated in the B-M source-drain current
expression (equations (10) and (11)), in order to
describe the biosensor output characteristics.

3.1.2. Transient behavior

The transient state is defined as the operation mode of
the transistor where the ionic current, which comes
from the electrolyte upon a certain gate voltage
application, still changes with time. In other words,
the channel has been charged by ions, and doping or
de-doping of the semiconducting material is still in
progress. In this situation, Ohm’s law, as described in
equation (1), is no longer sufficient, and a time-
dependent current contribution associated with the
doping/de-doping process has to be added. Therefore,
there will be two current contributions in the device:
one coming from the injection of anions/cations from
the electrolyte and another from the injection/
removal of holes by the source electrode. For simpli-
city, the model ignores the spatial variation of the
voltage and hole density, by assuming an average ionic
current and hole density. Under these considerations,
Ohm’s law can be written as

I

~

wT

dp(t)

= = 12
J (1) o (12)

qup(t)% + qfL

where p(t) is the change in charge density with time,
% is the average electric field within the channel, and
the f factor is a constant that accounts for the spatial
nonuniformity of the doping/de-doping process.
Basically, the ion flux coming from the electrolyte into
the channel is split between the source and drain
electrodes, depending on the magnitude of V; and V.
The fraction of this current that is captured by the
ammeter at the drain electrode defines the factor f.
Figure 4 below, adapted from [35], illustrates the
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Figure 4. Schematic showing how the gate current is distributed between the source and drain electrodes at zero (a) and negative
(b) drain voltages, and (c) a summary of experimentally obtained ffactors for different drain and gate voltages; the dashed lines are
given to guide the reader’s eye. Adapted from [35].

origin of the f factor better. For V; = 0, the drain and
source electrodes are short circuited, and there is no
preferential potential for ionic charges to follow.
Therefore, the doping/de-doping of the channel is
said to be uniform. That way, the f factor tends to the
value of % Conversely, when V; = 0, there will be a
preferable ‘potential’ path for ions to follow, and
doping/de-doping of the semiconducting layer will be
nonuniform along the channel. This situation is
illustrated in figure 4(b). In figure 4(c), an in-depth
calculation of the f factor is shown, using a PEDOT:
PSS-based OECT, for various drain and gate voltages.
The method for extracting the f factor will be detailed
in section 4 of this review.

Using equation (2) for the depletion mode (or
equation (3) for accumulation mode OECT), one can
rewrite equation (12) as

Q)

PoV

] fd(Q(t)), (13)

WT
I(t) = Tqupo[l -

where Q(t) is the number of ionic charges that the
semiconducting channel uptakes over time. In this
sub-section, we focus only on the development of an
expression of the depletion-mode OECT. Although
the transient state B-M model allows for a good
estimation of semiconductors parameters, such as
charge carrier mobility, the final expression does not
completely fit the experimental drain currents. More-
over, it does not quantitatively extract useful device
characteristics and ionic impedances. These were
accomplished better by models that use equivalent
circuits which are discussed in section 4.

The term
assumed to be the initial source-drain current and is
referred to as Ij. For further developments, the model
assumes two independent types of measurements:
constant gate current and constant gate voltage. The
first measurement is not commonly used by the OECT

WTTqupOVd in equation (13) can be

community but allows for an easy simplification of
equation (13), which is given by the relation
de:[) =1, = Q(t) . This assumption I, = Q(') , how-
ever, is an over31mp11ﬁcat10n and a source of p0351ble
errors that might lead to an inaccuracy in the model.

Assuming that the transit time of electronic
charges is 7, = 1?/uVy, V; can be replaced in
equation (13), and the expression takes the following
form:

1
10 =T p Q) ~ =Ty~ 1%~ f.

(14)

Bernards and Malliaras applied this analytical
expression to constant gate current measurements and
were able to extract the transit time 7, of their material
with good agreement with the literature [32].

As for the constant gate voltage measurement, the
model assumes that the ionic uptake by the channel
follows the exponential characteristic of an ideal char-
ging capacitor:

Q(t) = Qu(1 — e77), (15)

where 7; = R;C; is the charging time, with R; being
the electrolyte resistance and C; being the total
channel capacitance. Moreover, the steady-state
charge Q; is equal to the product C; AV, where AV is
the voltage applied across the electrolyte. Here, the
B-M model uses a simplified ionic circuit. It has been
well accepted that the ionic system in OECT devices
can be captured using a three-element, equivalent
circuit as shown in figure 6(c). It distinguishes itself
from the ionic circuit used in the B-M model via the
inclusion of a channel resistance R,. Such resistance,
known in the electrochemistry field as the charge-
transfer resistance, accounts for the possibility of
charge exchange between ionic species and the poly-
mer backbone. It depends on the physical chemistry of

6
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the materials as well as the nature of the solvent, ionic
species, and device geometry.

As will be shown in section 4, the three-element,
equivalent circuit gives a charging time as

CaR4R,
S

— i 16
Rd + Rs ( )

which is different from that assumed in equation (15).
Indeed, the B-M model characteristic time is valid only
for the case in which R; > R,, which is often true for
most PEDOT:PSS-based OECT device geometries and
commonly used aqueous electrolyte concentrations
(0.1-1 M). However, for new systems and miniatur-
ized OECT geometries, such a limit might no longer be
valid.

The model also assumes that de-doping occurs
everywhere in the film without saturation effects.
Because of that, the average voltage drop is assumed to
be AV =1V, — %Vd. Using this assumption, the tran-
sient expression can be simplified as follows:

I(t, Vg) ~ Iss(Vg) =+ AIss(l - fE)e 2 (17)

Ti

For an in-depth algebraic development from
equations (14)—(17), the reader is referred to the
supplementary material, section A. Bernards and Mal-
liaras used equation (17) mainly to qualitatively pre-
dict the decay and recovery characteristics of an OECT
transient. The expression, however, did not allow for
the extraction of quantitative parameters. This was
only possible by using the equivalent circuit model
which is reviewed in section 4.

3.2. B-M model with carrier concentration
dependent mobility

Friedlein et al [34] further improved the original B-M
model, accounting for the influence of charge carrier
density p on the charge carrier mobility p. They
assumed a dependency of 1 on p as was proposed by
the seminal work of Vissenberg and Matters on the
mobility in amorphous organic transistor [42]. In this
work, the authors considered the density of states
(DOS) to be of an exponential form

g(e) = ie(k;*eo), (18)
kB 0

where N; is the number of states per unit volume, kg is
the Boltzmann’s constant, and O is a parameter that
indicates the width of the exponential distribution. By
assuming that the transport of charge carriers within
the proposed DOS is governed by hopping of charge
carriers between states, the model of Vissenberg and
Matters suggests a field-effect mobility as follows:

R Colucci et al

W(@0/9)3 %
(2a)’B.I(1 — ©/0)T(1 + ©/6y)

%
©vp? 1°
X .
ZkB("')()GS
(19)

Here, 1, is a prefactor for mobility, p, is the zero-field
charge concentration, a~! is the effective overlap
parameter between localized states, B, is a dimension-
less number related to the percolation of charges, I' is
the Gamma function, C is the device capacitance per
unit of area, ¢, is the dielectric constant of the material,
and O is the temperature [42, 56].

Based on this mobility dependence, Friedlein et al
proposed a simplified mobility relation for the deple-
tion mode as being [34]:

Hpp = Nopo[

kf;?—)71
pip) = ﬂo(ﬁ) . (20)

Po

The development of the model follows the struc-
ture of the original B-M model: equations (2) and (20)
are plugged into equation (1), yielding

V, — V(x))]kﬁ%dV(x) o

J= 1 -
‘Wopol v, dx

which resembles equation (9), except for the prefactor

iy and the exponent kE—OO which arise from
e

equation (20). It is worth mentioning that this devel-
opment is exclusively for depletion-mode OECT. An
extension to accumulation mode OECT, however, is
rather simple: one simply has to use equation (3)
instead of equation (2) and follow the same mathema-
tical steps.

The integration of equation (21) generates the final
current—voltage relationship, which is valid until the
saturation regime

WT 1 TANRAT
1 — 1HoPo villp = 2
Ey + 1 P V.
e P
_ (1 ) 1) |
Ve
(22)

Friedlein et al used this model to fit experimental
data and were able to successfully recreate the output
characteristics of PEDOT:PSS-based OECTs. In fact,
they compared the original B-M model with the non-
uniform mobility model, see figure 5, which was adap-
ted from the original publication [34]. The original
B-M fits are presented in figures 5(a) and (c), whereas
the nonuniform mobility model fits can be seen in
figures 5(b) and (d). The fit quality of the latter is defi-
nitively higher and better reproduces the transition
between the linear and saturation regime, where the
original model tends to fail. This model provides ways




10P Publishing

Flex. Print. Electron. 5(2020) 013001

R Colucci et al

Vg = 400 mV

oootoooool-o-!!lg
T T T T,

-1 § -.-0::,/

Y
~

0

Drain current / pA

WL =0.15 |

06 05 04 -03 02 01 0
c) Drain voltage / V
V. = 400 mV

2+ % % 2 ¢ 2o s s e 9
L OO OO

.
.
g .~}
=
o
s
[&]
=
©
(]
-1000 | Ve =0mV WIL=55
-1200

-06 -05 -04 03 -02 -01 O
Drain voltage / V

Figure 5. Comparison of experimental data (circles) to model fits (solid lines) using the B-M model with carrier concentration
dependent mobility. Graphics (a) and (b) are the data and fits for a device with width/length = 33.2 ym/238 pm. (c) and (d) are the
data and fits for a device with width /length = 250 ym/45.6 gm. The B-M model fits are in panels (a) and (c), while the nonuniform
mobility model fits are shown in panels (b) and (d). Each curve is for a different gate voltage starting from V;, = 0 mV and increasing in
50 mV steps up to 400 mV, as indicated by the labels on the top and bottom curves. This figure was adapted from [34].
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of calculating several parameters, such as the con-
ductivity of the active material, the zero-field mobility
as well as the disorder parameter, which can be asso-
ciated with the material morphology.

Another interesting feature arising from the pre-
sented model is that the nonuniform mobility pro-
vides a substantially larger pinch-off voltage compared
to those calculated through the original B-M model.
This is an important result and can lead to a better
understanding of how material parameters can be
used to enhance the device output.

Finally, it is worth mentioning that the validity of
equation (19) (or, similarly, equation (20)) for the non-
uniformity of mobility in amorphous polymers is not
completely accepted. For instance, the work by Camp-
bell et al [57] suggested that the variable range hopping
model field-effect mobility proposed by Vissenberg and
Matters [42] are about three orders of magnitude higher
than that experimentally measured by them. They have
used two amorphous fluorene-triarylamine copoly-
mers, and both led to the same discrepancy. Their exper-
imental results suggest that the charge carrier mobility is
independent of the charge carrier density, at least for the
material they used. Therefore, it is important to the
OECT community to promote fundamental progress in
the understanding of the intricate mechanisms of con-
ductivity in organic mixed conductors. For instance, a
detailed study of the dependency of the mobility on the
charge density in OECT devices is needed to further cor-
rect or verify the models reviewed in this section.

4. Equivalent circuit model

Another important group of theoretical models devel-
oped to describe drain-transient currents in OECTs are
those based solely on equivalent circuits. Equivalent
circuits have been extensively used as a useful tool in
organic electronics to fit currents and impedance
responses of a variety of devices within the field [58, 59].
Indeed, even OECT-based biosensors were studied and
described by using complex equivalent circuit [40]. It
was only in 2017, however, that a complete equivalent
circuit model, including charge-transfer resistance, was
developed. The model was not only able to fully predict
the drain current in OECT devices upon application of a
gate voltage but offered a rational way to experimentally
determine the f factor introduced in equation (12), in
section 3.1.2. The so-called Faria—Duong model [35]
considers that the transient response of the drain
current, Ip(t), can be described by breaking it down
into three contributing currents:

In(t) = I — f*Ig(t) + Aly,
= Iy — f*I(t) % g, Var(t). (23)

As before, Ij is the drain-source current prior to
application of a gate voltage and depends solely on the
initial conductivity of the material and the device geo-
metry. Note that in the depletion mode, I; is normally
large. Contrarily, for accumulation mode OECT, I is
rather small and tends to be close to zero. Similarly as
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Figure 6. (a) The individual current sources that contribute to the observed drain current, (b) a schematic plot of a typical OECT
device, and (¢) the corresponding equivalent circuit. This figure was adapted from [35].
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in equation (12), f is the factor used to account for the
spatial nonuniformity of the ionic uptake process,
I () is the gate current, Al is the channel current,
g, is the transconductance, andV;;, is the channel
potential relative to the ground.

Upon application of a gate voltage, a flux of ions
will be generated in the electrolyte toward the polymer
film giving rise to a time-dependent gate current I (t).
This current has an exponential form, similar to a
capacitive charging process. Finally, Al relates to
the change in the conductivity, due to the doping/de-
doping of the active polymer by oxidation/reduction
of the channel. In figure 6(a), Al leads to a steady-
state current, that is related to the OECT ON/OFF
ratio, being described by Aly =g, Vau(t), see

equation (23). Here, g, is the device transconductance
AIDS

which is given by g = . In the steady state V, is
constant and tends to approach V, when the electro-
Iyte resistance is far smaller than the channel impe-
dance. Obviously, during the transient process, Vi
changes over time, as has already been discussed
in [40].

In equation (23), I, can be read directly from the
experimental data as well as the device transconduc-
tance g,. The gate current I;(t) and the channel
potential V;,(t), however, have to be determined. The
model calculates them by proposing an equivalent cir-
cuit that corresponds to a typical OECT structure. The
schematic design of an OECT is shown in figure 6(b)
side-by-side with the proposed circuit, depicted in
figure 6(c).

The circuit is composed of a resistor R; and a capa-
citor C; representing the transistor channel, while R;
represents the resistance of the electrolyte solution
(figure 6(c)). As mentioned before, R is related to the
possibility of a charge transfer between the ionic species
and the polymer backbone. Given that the ion tends to
be surrounded by solvent molecules, the latter forms an
insulating dielectric around the ionic species, and there-
fore, R; tends to be in the orders of k€2 to M2, depend-
ing on the nature of the solvent, the ionic species, the
polymer, as well as the device geometry.

In order to determine I; and Vg, the authors of
[35] made use of a commonly utilized method to solve
complex circuits. The method is the Laplace transform
for circuit analyses and basically converts impedance
circuits with voltage and current signals that change
with time to the so-called s-domain (similar to a fre-
quency space) [60]. In doing so, the circuit that would
require the solution of elaborated differential
equations in the time domain will only require manip-
ulation of an algebraic equation. Finally, to reestablish
the time-domain response, the inverse of the Laplace
transform is applied.

The frequency-space impedances of this equiva-
lent circuit illustrated in figure 6(c) becomes

Z; =R (24)

for the electrolyte portion and

Ry

= 25
1+ s(RsCy) 23)

for the device impedance. Using Ohm’s and Kirchoff’s
laws, I; and V- are then calculated as follows:

Z4
V. 7V 26
h = 71 7, G (s) (26)
Ic = év (s) (27)
Tz iz,

Here, V;;(s) is the time-dependent gate voltage in the
s-domain. Given that pulsed gate measurement is the
most common transient measurement in OECT, V;
can be represented by a simple Heaviside function
with an amplitude of V;. By performing an inverse
Laplace transform on equations (26) and (27) and
plugging the results into equation (23), it is possible to
obtain the drain current of an OECT, as shown in
equation (28) below. In the supplementary material,
section B, we provide a simple Mathematica code to
calculate equations (26) and (27). Note that the drain
current is only dependent on the device resistance,
capacitance, and transconductance, as well as the gate
voltage strength:
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Figure 7. (a) Typical transient current of an OECT device fitted to the transient response model (V; = —0.1V, V;, = +0.2 'V,

W =L = 8mm,d = 750 nm), and (b) corresponding ionic circuit of a membrane-functionalized OECT device, (c) simulated drain
currents of an OECT containing membranes of varying impedances, and (d) fits (solid lines) to experimental current transients
without (black squares) and in the presence of Caco-2 cell layers (open circles), as extracted from [21]. This figure was adapted from
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[35].
Vo R; — VR R +
() = I + 0(g,,Ra f)_ oRa(g,, D)
Rd + Rs Rs(Rd + Rs)
Ryg+Rs
X e(iCdeRs )

(28)

The characteristic charging time 7 of the device

. CaRaRs .
can now be assigned as T = ﬁ. As it would be

s

expected, the exponential law assumes a single time
constant. When R, >> R;, which is true for a variety of
OECT devices (macroscopic channel geometry and
high electrolyte concentrations), 7 reduces to C4R;
(similar to the value used in the B-M transient model).

The authors successfully applied equation (28) to
describe the drain-transient current of a regular
PEDOT:PSS-based OECT. The experimental data
(dots) and the fitting curve (red line) are shown in
figure 7(a). The device geometry and details can be
found in the figure caption. The fit yields circuit para-
meters of R, = (1.9 &+ 0.5) k), R; = (150 & 20) k2
and C; = (2.7 & 0.3) mF with an R? of 0.998. From
this, a volumetric capacitance of 56 Fcm 2 can be cal-
culated, which is in good agreement with the litera-
ture [6].

The model was also extended to describe a mem-
brane-functionalized OECT. This is especially useful
to the OECT biosensing community which often
incorporate biological membranes on the transistor
channel. Such membranes can partially block ionic
species. Therefore, the accumulation of ions in

between the membrane forms an extra capacitive
response to the device. Besides, ions can also penetrate
through the membrane, characterizing a resistance for
ionic fluxes. Therefore, such membranes can be
accounted for in the model by adding an extra circuit
loop containing a resistor Ry and capacitor Cp to
represent the blocking membrane layer. This will form
a five-element circuit model, as shown in figure 7(b). It
can be solved using the same method applied to the
non-functionalized OECT. The original manuscript,
along with its supplementary material, explains the
detailed development of the five-element circuit
model. Because the circuit has two RC loops, the final
drain current response for a membrane-functiona-
lized OECT consists of two exponential forms with
distinct time constants:

Ip(t)=A+ B exp(—i) — B, exp(—L) . (29
Ti T2
The first time constant 7j represents the charging
time of the polymer channel, whereas the second one
T, corresponds to the charging time of the blocking
membrane layer. Normally the device capacitance is
greater than that of the biological membrane, and
therefore, 7 is typically larger than 7. Expressions for
A, By, B,, 71, and 7, as a function of resistances, capaci-
tances, and gate voltage amplitude can be found in the
supporting information, section B, or in the original
manuscript by Faria et al [35].
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Figure 8. Fits to the (a) gate current and (b) drain current of an OECT device using the equivalent circuit model in order to calculate
the ffactor. Measurements were performed using a 100 mM of NaCl water solution as the electrolyte gated through a Ag/AgCl
electrode (purchased from Harvard Apparatus). The PEDOT:PSS-based OECT has a macroscopic size of about ~10% zm?. This figure
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As demonstrated in figure 7(c), equation (29) was
used to predict drain-transient responses for mem-
branes of varying impedances using device character-
istics extracted from [11] and [61]. The device and
membrane impedances, as well as the potentials used,
were the following: R, = 1.8 k2, R; = 18 M),
C; = 150 nF, Ry = 10 kQ cm?, Cyy = 1 uFcm 2, a
gate voltage amplitude of 0.275 V and drain voltage of
—0.6 V. The numbers for the membrane are the typi-
cal values for supported lipid bilayers. The simulated
current shows very good similarities to those experi-
mentally measured, where the impedance of the func-
tionalized membrane reduces the device switching
speed, which is supported by previously published
OECT biosensing results [20, 21, 62].

Finally, the authors applied their model to fit

experimental results from a previously published work
by Jimison et al in monitoring the integrity of Caco-2
tissue barriers [21]. Caco-2 are epithelial cells that pre-
sent a tight junction that maintains the integrity of the
cell layer. Bacteria or other harsh substances disrupt
the tight junctions and destroy the cohesion of the cell
layer. Jimison et al built a real-time OECT biosensor to
monitor the ion-blocking properties of the cell layer
when exposed to toxic compounds. With the help of
equation (28), they fitted the non-functionalized
OECT, see figure 7(d), obtaining the following circuit
parameters: R; = (4.6 £+ 0.4) k€2,
Ry= (14 £ 04)MQ, and C; = (14.1 £ 0.6) uF.
Hence, using those impedances and equation (29),
they fitted the same OECT, however, with cell layers
added to the channel. The second fit yields membrane
impedances of Ry = (50.7 + 0.8) kQ and Gy =
(420 + 50) nF.

Finally, it is important to mention that this model
offers a simple way to calculate the spatial non-
uniformity of the ion uptake process, i.e., the f factor.
This is often important, even when using the B-M
transient model. To calculate the f factor, it is

necessary to measure both the drain and the gate tran-
sient currents simultaneously. This is experimentally
easy to accomplish, and it is often done using a dual-
channel source meter. Figures 8(a) and (b) illustrate
both the gate and drain-transient current measured
simultaneously from the same device (device details
can be found in the figure caption).

First, it is necessary to fit the gate current, which is
independent of the f factor. This can be done using
the following equation:

Vo VoR4

R4+Rs
e(_CdeRst). (30)
Rd + Rs Rs(Rd + Rs)

Ig(t) =

This expression was obtained by calculating the
inverse of the Laplace transform of equation (27). The
fit yields impedances for the OECT device including
Rs, Ry, and Cy, as shown in the inset of figure 8(a).
Using the impedance parameters from the prior fit-
ting, the drain-transient response is then fitted via
equation (28), where now the f factor is the only fit
parameter, as illustrated in figure 8(b). As already
mentioned, the f factor depends on the drain and gate
voltages. The graph in figure 4(c) was built using the
aforementioned method.

Although the model allows to fully recreate the
drain-transient responses of both plain and mem-
brane-functionalized OECTs, it has few deficiencies.
First, the model does not take into consideration
aspects of the electronic conductivity. For instance,
details of the charge carrier density or the mobility are
not included in the model. A way to overcome such
simplifications is to combine this model with aspects
of the B-M proposal. Second, the work by Rivnay et al
suggests the ionic penetration in amorphous and crys-
talline portions of PEDOT:PSS films respond in differ-
ent time scales [63]. Given that the crystalline domains
have a denser microstructure than the amorphous
region, ions do take longer to swell the former,
responding in a slower characteristic time. In the cur-
rent model, the authors associate a single ideal
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capacitor to represent the intricate polymer bulk. It
might be necessary to incorporate a more elaborated/
realistic equivalent circuit, maybe adding a constant
phase element to it [64, 65]. Indeed, Gentile et al pro-
posed a model that could partially overcome those
deficiencies [36]. This model will be discussed in
section 5.

Still in equivalent circuit models, Friedlein et al
have also proposed an interesting development
assuming a simplified RC series circuit, allowing for an
unequal drain current assuming an ideal FET transis-
tor in between the drain and source [33]. They also
used a similar calculation method, as discussed in the
Faria—Duong model (Laplace/Fourier transform) to
calculate both the gate and channel transient current.
In the Friedlein model, it is assumed that a voltage step
is applied on the top of a DC offset voltage. They use
their model to describe drain-transient response with
a time constant that is about 30 times faster than the
ionic speed meaning the channel charging time con-
stant. This interesting feature takes place in a very
particular combination of Vp and V. In fact, the so-
called ‘faster-than-ionic’ response is basically an opti-
mal superposition of the gate current spike and the
channel current. In this situation, the gate current, at
very short times, is fundamentally given by the dis-
placement current, ie., Iz, = Cy d‘;t(t) , and dom-
inates the initial current spike normally seen in OECT
transient responses. As the capacitor starts to be
charged, I, decays. If the strength of the channel cur-
rent I, is such that its superposition with I, produces
a perfect square function, the device will reach its
saturation current in a time interval smaller than the

ionic response. Note that this optimal superposition
will only happen when I, and I rise in the same
direction.

This is illustrated in figure 9. While figures 9(a)
and (c) present the change in the source current upon
a step voltage applied to the gate, figures 9(b) and (d)
show the corresponding gate and channel currents
separately. Although the measurements are done
using exactly the same PEDOT:PSS-based OECT, the
charging time in figure 9(a) is 30 times slower than that
of figure 9(c).

5. Hybrid models: B-M model with an
equivalent circuit

Gentile et al proposed a hybrid B-M-equivalent circuit
model in order to describe the transient response of
OECTs better [36]. The proposed equivalent circuit is
similar to the one illustrated in figure 6(c), with the
difference that a Warburg impedance element Z,, was
used instead of a simple charge-transfer resistance Ry.
In OECTs, such impedance may account for the
diffusion response of different ionic species. The
Warburg impedance is a complex valued quantity
given by [66]

R Colucci et al

Z, = W[L —ii], (31)
N

where A,, is known as the Warburg coefficient and i is
the imaginary number. A,, is related to the diffusion
coefficient through the relation

RO 1
=2 |- 32
" W2F?Ac, \ 2D (%2)

Here, R is the universal gas constant, © is the
temperature, 1 is the number of charges involved in the
process, F is the Faraday constant, A is the interfacial
area between the polymer and the electrolyte, ¢ is the
initial charge concentration, and finally, D is the
molecular diffusion coefficient of ions. Proceeding with
the calculation of the equivalent impedance generates
the following equation:

Aw
Joo+ ZCDL(UAWZ + ZCDL 2AW 20.)3/2
[ AwCQChAw £ 1/@)
1 + 2CprAw ~@ + 2Cpp *Aw 2w |

Zeq = Rs +

(33)

For details on calculating Zeogs the reader is referred
to the supplementary material, section C.

The total amount of charge exchanged between
the electrolyte and the polymer film can then be calcu-
lated using

_ [ e
Q) = fo IZqudt’ (34)

where ¢(t) is the time-dependent gate voltage. Here,
the authors have chosen a triangular gate voltage,
although such stimulation in the gate electrode is
usually not used to characterize the transient response
of OECTs. Finally, the time-dependent drain current
is calculated by plugging equation (34) into
equation (13). Moreover, in their work, Gentile et al
assume that the f factor is expressed by the following

relation:
\/E
~ sz

f T (35)

where f,;, is the input voltage frequency and T is the
film thickness [36]. The authors refer to this ratio as
the penetration depth of ions into the organic film. Itis
worth mentioning that the origin of the f factor is
most probably due to the spatial voltage profile across
the transistor channel, due to the application of a
simultaneous Vp and Vj, potentials, see figure 4.

Solving the combination of equation (13) with
equations (33) and (34) yields an expression to the
drain-transient current. The authors applied the
derived expression for a series of OECT measurements
using a triangular gate voltage stimulus with varying
frequencies. Their fit shows good agreement with
experimental data. The authors claim that their model
is sensitive to capture the response of individual ionic
species, and therefore, allows discriminating the type
of salt used.
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Figure9. (a) and (c) illustrate the change in the source current upon a gate voltage application and (b) and (d) on the gate current and
the change in channel current separately, corresponding to the graphs shown in (a) and (c). Although the measurements are done in
exactly the same device, the channel charging time of (a) is 30 times slower than that of transient (c). The transient reported in (c)
features the optimal superposition of the gate current spike with the channel current. This figure was adapted from [33].
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6. Drift-diffusion-based models

The OECT models discussed so far mainly originate
from Ohm’s law (equation (1)) where the charge
density p and the charge carrier mobility ;1 are
modeled to describe experimentally measured data. In
addition to this ohmic term, part of the current density
J may arise from diffusion of charges. Taking this
phenomenon into account, several elaborated models
have been introduced in recent years [27-29, 31] to
describe OECTs. In order to present a more complete
review, in this section we briefly summarize the most
important and recent ones among them.

The so-called diffusion current is the motion of
carriers species due to the nonuniform density within
the semiconductor layer and the electrolyte. Mathe-
matically the current density ] is expressed by

J= ZL = Z(qiu,—p,-E — D;Vp), (36)

where, as before, g, j1;, and p; denote the charge (—e
for anions and +e for holes and cations), the mobility,
and the concentration, respectively. Here, however,
the index i addresses the different potential charge
carriers: holes, anions, and cations. The additional
parameters D; denote the diffusion coefficients of each
of these species and can be related to the mobility via
Einstein’s relation [27]. In addition to equation (36),
the continuity equation

Ip;
ot

has to be fulfilled for each species i. Note that the
quantities fi;, D;, and p; in equations (36) and (37)
depend on the spatial coordinate and are particularly
different in the electrolyte and polymer regions.
Solving the equations utilizing further physically
motivated simplifications and assumptions as well as
proper boundary conditions allows modeling the
characteristics of electrochemical devices for both
steady and transient states.

One of the first works which utilize a drift-diffu-
sion based approach to model electrochemical devices
was published by Prigodin et al [27]. In this work, the
authors applied analytical attempts to solve the
equations and considered screening, charging, and
gating effects in the steady-state regime. They obtained
expressions for an OECT which qualitatively resam-
ples the source-drain IV characteristics for small ion
concentrations. Their model, however, results in a
sharp exponential dependence of the hole con-
ductance with the gate voltage, which does not agree
with experimental measurements.

An analytical study of the transient behavior of an
OECT was published by Coppede et al [31]. In their
work, they solved equations (36) and (37) in one
dimension using standard boundary conditions in
conjunction with equations (2) and (12) from the B-M
model. In doing so, the diffusion coefficients of differ-
ent metal cations could be fitted to experimental

V] + =0 (37)
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transient measurement with a very good agreement.
Their method allows differentiating and distinguish-
ing different molecules from a complex mixture,
based on their diffusivity. In their work, however, only
the ions in the electrolyte are considered.

In a more recent work, Tybrandt et al proposed
consideration of both holes and ions with distinct elec-
trostatic potentials for each of them which are coupled
through Poisson’s equation [28]. They argue that,
since ionic and electronic charges exist in different
phases, they are spatially separated and should, there-
fore, be modeled as an electronic double layer rather
than a homogeneous phase. Their model enabled
them to describe the charging behavior of polymer/
electrolyte blends, the IV characteristics of OECTs,
and the dynamic response of an electrolyte with great
agreement to the experimental measurements.

Whereas most of the drift-diffusion based models
are one dimensional, Szymanski et al formulated the
first simulations on an OECT using a 2D model [29].
In this way, they were able to simulate a device archi-
tecture that is closer to real devices. While for steady-
state mode, the dimension perpendicular to the
source-drain direction does not play an important
rule, it might be of importance for the transient mode,
since regions away from the polymer—electrolyte
interface experience different doping concentrations
than those close to it. Thus, the 2D model might be a
better approach to simulate both impedance
spectroscopy and pulsed measurement. Furthermore,
they were also able to study the influence of channel
scaling on device performance.

It should be mentioned at this point that most of
the drift-diffusion based models exhibit differential
equations, the solutions of which are analytically not
accessible without major simplifications. Hence, finite
element methods are commonly used to solve these
equations which may require high computational
resources. Moreover, we would like to state that the
diffusion coefficient is often used as a fit parameter to
reproduce experimental data. To date, there are no
attempts to simulate the diffusion behavior of ions at
an atomic level. For a deeper understanding, it might
be helpful to study the motion of atomic or molecular
ions in a polymer matrix, for instance, based on mole-
cular dynamics simulations.

7. Conclusions

OECTs have become a well-established standard
device for application in several branches within
electronics and bioelectronics. Understanding the
device working mechanism and the fundamentals
behind the ion—electron transduction mechanisms is
the key to rational and fast device optimization. Here,
we offered an in-depth review of several seminal works
on modeling both the steady state and transient
response regimes of OECTs. Giving that the

R Colucci et al

bioelectronics community is highly multidisciplinary,
our first intention was to clarify most of the mathema-
tical and physical developments and make the models
accessible for everyone in the field. We have also
discussed the pros and cons of the models reviewed
within, and in the case of the B-M model, have
extended their framework to the accumulation mode
OECTs as well. We expect that this review contributes
to show the beauty behind the device physics of
OECTs and stimulate more and more scientists to
contribute and further promote the understanding of
OECTs and electrochemical-based devices alike.
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