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ABSTRACT In this work, we investigate organic electrochemical transistors (OECTs) as a novel artificial
electronic device for the realization of synaptic behavior, bioelectronics, and a variety of applications.
A numerical method considering the Poisson-Boltzmann statistics is introduced to reproduce associated
charge densities, electrostatics and switching properties of OECTs. We shed light on the working principle
of OECTs by taking into account the ionic charge distribution in the electrolyte and incomplete ionization
of the organic semiconductor describing the underlying electrochemical redox reaction. This enables
analyzing the OECTs electrical performance as well as a simplified chemical properties via an electrical
double layer, doping and de-doping of the OMIEC layer. We have fabricated, characterized, simulated
and analyzed OECTs based on PEDOT:PSS, and we show that the proposed model reveals important
properties of the device’s working mechanism. The model shows a good agreement with the experimental
data of the fabricated devices.

INDEX TERMS OECTs, synaptic devices, electrical double layer, modeling, simulation.

I. INTRODUCTION
Artificial synapses have attracted a lot of interest in recent
years to develop neuromorphic architectures and artificial
intelligence. They perform signal processing and storage
between neurons thus enabling emerging brain-inspired
neural networks [1], [2]. Many chemical and biological
systems, like a human neuron, do operate mainly on ionic
movement [3], [4], which renders OECTs attractive for
brain-inspired networks as they operate based on the same
principle.
Mobile ions in the electrolyte and the polymeric mixed

ionic-electronic conductor (OMIEC) are the key elements
for the OECTs and determine the synaptic properties of the
devices [5], [6], [7]. The electrochemical interaction between
ions and the OMIECs leads to a performance of OECTs
with a low gate leakage current, low voltage operation,

high transconductance and exhibit pronounced and repro-
ducible hysteresis in the transfer characteristics [8], [9].
Besides these properties, OMIECs show excellent mechani-
cal properties and offer cost-efficient production, e.g., via
low-temperature printing processes [10], [11]. As solid-
state electrolyte technology advances [9], [12], [13], OECTs
have enormous potential to be integrated into wearable or
even implantable electronic systems with intelligent func-
tion. Furthermore, the simple manufacturing and good yield
of OECTs promise a good scaling solution [14]. The synap-
tic performance of OECTs are due to the electrochemical
gate operation principle rather than electrostatic in their
field-effect counterpart [15], [16].
In this work, the fabricated solid-state OECTs with

PEDOT:PSS as a channel and their measurements are
presented. PEDOT:PSS has been chosen because it is the
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FIGURE 1. (a) Optical microscopic images of a fabricated and
(b) schematic cross-section of the simulated OECT, where the device
dimensions are given in Table 1.

benchmark material for OECTs and have been widely investi-
gated. The patterned solid electrolyte reduces undesired gate
leakage current and confines the volume of electrolyte for
each measurements. We have reported a simple method to
represent charge distributions and electrolyte behavior in the
OECTs [17]. Incomplete ionization for selected species has
been considered with an ionization probability model based
on activation energy. This model enables the quantitative
description of the electric double layer, doping, de-doping
of the OMIEC and numerical simulation of OECTs. The
simulation results show a good agreement with experimental
measurements thus confirming the validity of the presented
method and models.

II. DEVICE FABRICATION
The fabricated OECTs consist of metallic source, drain, and
gate (gold) electrodes, PEDOT:PSS as a channel material and
a solid-state electrolyte between the channel and gate elec-
trode. The gate electrode is also covered with PEDOT:PSS
to increase the gate electrode capacitance. This ensures that
the gate voltage mainly drops over the channel/interface thus
a higher surface potential allows a better carrier modulation
inside OMIEC. The microscopic image of the fabricated
OECT is shown in Fig. 1(a) and the details of the fabri-
cated OECTs can be found in [9], [14]. Fig. 1(b) shows the
simplified schematic cross-section of the simulated device
considering a thin layer of oxide between the electrolyte layer
and OMIEC. The device dimensions are given in Table 1.

The metallic electrodes were structured on a glass sub-
strate with 50nm Au and 3nm Cr by photolithography.

TABLE 1. OECT dimensions.

PEDOT:PSS films were spin-coated at 3000rpm result-
ing in a thickness of 100nm and structured by fluorine-
based photolithography [18] and dry-etching using oxygen
plasma [19]. PEDOT:PSS solutions contains 5v/v% of
ethylene glycol and 95v/v% of PEDOT:PSS (Hearaeus
Clevios PH 1000). The solid electrolyte precursor solu-
tion was inkjet printed on top of the active area followed
by 2min UV cross-linking. This precursor solution con-
tains 1mL deionized water, 750mg N-isopropylacrylamide,
20mg N,N’-methylenebisacrylamide, 200mg 2-hydroxy-
4’-(2-hydroxyethoxy)-2-methylpropiophenone, and 1.5mL
1-ethyl-3-methylimidazolium ethyl sulfate. The OECTs were
then encapsulated with glass in a glovebox for further and
future measurements and characterizations.
A thin layer of oxide between electrolyte and semicon-

ductor has been considered in the simulation to form a
double-layer capacitor where the semiconductor is imper-
meable to ions of the electrolyte. The oxide layer should be
considered in a way that the impact of the oxide capacitance
can be negligible compared to the capacitance of the electri-
cal double layer. Therefore, the capacitance of the thin layer
of Helmholtz plane will be dominant and determines the total
capacitance, surface potential and current of the devices. This
configuration leads to a very thin layer (∼1 nm [20]) of ions
at the electrolyte-OMIEC interface. Therefore, resulting in
a high capacitance that determines the drain current of the
transistor independent of electrolyte thickness [21].

III. METHODS AND MODELS
We propose a method to simulate the distribution of ionic
charges and correlated ion movement inside an electrolyte
solution with the applied biases. An applied gate bias VGS
leads to separation and migration of ions in the electrolyte.
Assuming an impermeable character of the semiconductor,
an electrical double-layer (EDL) can be formed that causes
an accumulation of ions at the electrolyte-semiconductor
interface.
However, for OMIEC, ions are injected into the OMIECs,

which leads to chemical doping/de-doping, volumetric capac-
itance and a higher conductivity. Here, the origin of the
mobile charges comes from the fully oxidized state of the
PEDOT+. In a device with a permeable junction between
electrolyte and OMIEC, a high gate voltage will drive cations
into the OMIEC, reducing the polymer to PEDOT0 and
therefore inhibiting the mobile charge. The incomplete ion-
ization model applicable to the specified species has been
considered with an ionization probability model based on
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activation energy. This model resembles the ionic charge
injection and transfer into the OMIEC, thus mimics reduc-
tion state and enables electrochemical doping and de-doping.
Therefore, a combination of an electrolyte solution and
incomplete ionization models enable to simulate and analyze
an OMIEC/OECT performance and working principles.

A. ELECTROLYTE MODEL
An electrolyte is defined as an aqueous solution, usually in
liquid form [22]. The pH-value is the negative logarithm of
the hydrogen ion activity [H+] in mol per liter of pure water.
The pOH, on the other hand, measures the activity of the
hydroxide ion activity [OH−]{

pH = −log10
[
H+]

pOH = −log10
[
OH−] (1)

The total ionic density of an eletrolyte has been calcu-
lated solely based on the pH-value [17], [23]. But this will
underestimate the ionic charge density where other solvents
for instance NaCl are supposed to be considered. In such
cases there is an additional increase of ionic charge density
in an electrolyte without changing its pH-value.
We propose a generalized approach to include the actual

concentration of cations [A+] and anions [X−] not only due
to the pH-values but also the presence of additional solvents,
where they change the ionic density but not the pH-value of
the electrolyte. Therefore, a common approach from chem-
istry is adopted. The molar ionic strength is a measure of
the concentration of the active ions, as a function of all ions
present in the solution (I = 1/2

∑
ciz2i ) [24], [25]. Usually

this parameter is used to calculate the molar conductivity
where zi is the charge number (valency), and ci the concen-
tration. Here, it is similarly used to find an average value
for the positive and negative charge (cations and anions)
carriers. {

c+A = [
A+] = α|zA|·c01Ab

c−X = [
X−] = α|zX|·c02Xb

(2)

The individual concentrations are first expressed by a
parameter α, the charge number z, and the initial concentra-
tion c0i, which are then added up to a total concentration.
The parameter α reflects a value based on the degree of
dissociation depending on the electrolyte and the activity
coefficient of the ionic liquids which changes with differ-
ent electrolytes. For a 1:1 electrolyte the zA = +1 is the
cation charge, zX = −1 is the anion charge, cAb is the
electrolyte A+ concentration and cXb is the electrolyte X−
concentration.
Solving equation (1) for ion activity and adding up with

equation (2) gives the actual number of charged particles{
c+0,tot = [

A+]+ [
H+] = α|zA|·cAb + 10−pH

c−0,tot = [
X−]+ [

OH−] = α|zX|·cXb + 10−(14−pH) (3)

With the Avogadro constant Nav = 6.02 1023mol−1 and
the factor of 1L = 1000cm3, all positive and negative charges

can be expressed in [ions]/cm3

{
p = c+0,tot · Nav 1

mol 10−3 L
cm3

n = c−0,tot · Nav 1
mol 10−3 L

cm3

(4)

With the general validity of the electroneutrality condi-
tions, the equilibrium charge can be captured on the scope
of classic semiconductor physics.
The distinctive feature of the electrolyte at its interface

to the channel is due to the applied bias which arranges
the ions according to the theory of Gouy-Chapman and
Helmholtz [21], in a Stern-layer and a diffusion layer [26].

In the basic sense, the charge carrier profile of such an
interface can be represented by the Poisson-Boltzmann equa-
tion [23], [27], [28]. However, this approximation neglects
the real ionic size and the subdivision into the mentioned
layers.

∂2φ

∂x2
= −q

ε

[
c+0 exp

(−qφ(x)

kBT

)
− c−0 exp

(
qφ(x)

kBT

)]
(5)

This ordinary non-linear second order differential equation
determines the electrostatic potential φ along the solution.
The x denotes the distance away from the interface, c+0 and
c−0 are the cation and anion concentrations, ε = ε0 · εr is the
permittivity of water, T is the lattice temperature and kB is
the Boltzmann factor.

B. SIMULATION METHOD
The adapted material to represent the electrolyte is imple-
mented in the Synopsys Sentaurus TCAD software [29] to
enable TCAD simulation of OECTs. Where the new material
must accomplish the physics, initial properties, and the key
characteristics like expected surface charge and potential in
an electrolyte. This can be done by modeling the electrolyte
as an intrinsic semiconductor and using the Fermi-Dirac
statistics. In fact, the Fermi-Poisson equation is identical
to equation (5) when the Density of States (DOS) and
the bandgap EG of the intrinsic semiconductor are chosen
properly [28], [30].
For an intrinsic semiconductor, the relation of energy

differences from valence band, conduction band and quasi-
Fermi level can be simplified with the estimation that the
energy difference is about half of the bandgap: Ec − Ei =
Ei−Ev = EG/2. Therefore, the electrolyte hole “cation” and
electron “anion” density can be therefore stated as [23]⎧⎨

⎩
p = NV exp

(−EG
2kBT

)
n = NC exp

(−EG
2kBT

) (6)

where NV and NC are the effective DOS for holes and
electrons in the valence and conduction bands, respectively.
Since it is not possible for Sentaurus to distinguish

between ions and electrons, one has to set a fixed DOS
so that the density of charge carries corresponds to its coun-
terpart, i.e., p ∝ c+0,tot and n ∝ c−0,tot (see equation (4))
which is expected to describe the experimental situation in
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OECTs realistically. By substituting expression (4) into (6)
and rewrite it respectively to the DOS results in⎧⎨
⎩
NV = [

α|zA|·cAb + 10−pH] exp
(

EG
2kBT

)
Nav10−3

NC = [
α|zX|·cXb + 10−(14−pH)

]
exp

(
EG

2kBT

)
Nav10−3

(7)

For instance for a 3mol/L electrolyte with Z = 1, α =
0.001 and a pH-value of 7, with an arbitrary bandgap of
1.5eV , the required DOS can be determined as 1030.
Fig. 2 shows the simulated OECT with the proposed

electrolyte at the applied biases of VDS = −0.5V and
VGS = (+1, 0,−1)V . The cation distribution and concentra-
tion in the electrolyte based on the proposed method is shown
in Fig. 2(a). Depending on the expected cation density in an
electrolyte for instance 1e16 cm−3, one needs to consider a
hole DOS NV = 5e28 cm−3 according to equation (6). Since
the electrical double layer capacitance is almost independent
of the electrolyte thickness, we have shown the simulation
results for an electrolyte thickness of 300nm. The cation and
anion distribution and concentration in the electrolyte with
the applied gate and drain biases are shown in Fig. 2(b) and
Fig. 2(c) based on equation (5). The position refers to the
cross-section through the electrolyte (see the dash arrow in
Fig. 2(a)), where 0nm indicates the electrolyte-gate interface
and 300nm means electrolyte-channel interface.
Please note that the oxide layer is only present on the

channel side thus prevents a charge transfer between elec-
trolyte and the channel region. Thereby, an EDL will form at
electrolyte-semiconductor interface according to equation (5)
and the charge density given by equation (4). However, there
is no oxide layer on the gate side because of simplification,
thus the charges can be injected or extracted at the gate
side (similar to an electrolyte-gated transistor). In fact, the
position x = 0nm does not represent the electrical double
layer at the gate side and has no influence on the device
behavior, but rather an extension of the bulk of the elec-
trolyte in which the equilibrium concentration is present. By
applying a VGS, the propagation of potential/field strength
into the OSC-channel region determines the surface potential
and dictate device performance.

C. ORGANIC SEMICONDUCTOR
Doping and de-doping are the underlying chemical mech-
anism that enhance the OMIECs/OECTs performance [31].
Charging mechanism is given by the redox reaction [16]:

PEDOT+ : PSS− + Na+ + e− � PEDOT0 + Na+ : PSS− (8)

We have considered incomplete ionization with an ion-
ization probability model based on activation energy to
emulate doping and de-doping in the OMIEC. The initial
hole concentration is proportional to the redox reaction of
the oxidized polymer chain. In its doped state, the PEDOT
hole density corresponds roughly to a value of 1018 to 1021

per cm3 [32]. Since this is directly proportional to the num-
ber of mobile holes, then an acceptor-dopant is used to
replace them. Similar to the Fermi-Dirac distribution, the

FIGURE 2. (a) OECT structure showing the simulated cation density of
1e16 cm−3 in the proposed electrolyte with NV = 5e28 cm−3 at
VDS = −0.5V and VGS = +1V (b) cation and (c) anion distribution and
concentrations in the electrolyte through the shown dash arrow at
VDS = −0.5V and VGS = (+1, 0, −1)V .

ionic concentration follows an exponential law [29] and is
given by

NA = NA,0

1 + gA · exp
(
EA−EF,p
kBT

) (9)

where NA,0 is the substitutional (active) acceptor concentra-
tion, gA is the degeneracy factor for the doping level. The
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FIGURE 3. Simulated OECT structure showing the ionized acceptor
concentration at VDS = −0.5V and VGS = +1V and (b) bias dependent
density of reduced PEDOTs through the OSC-thickness indicated with dash
arrow at VDS = −0.5V and VGS = (+1, 0, −1)V .

parameter EA is the acceptor ionization (activation) energy,
and EF,p is the quasi-Fermi energy for holes.

The Fig. 3 shows the simulated OECT with incomplete
ionization as mentioned in equation (9). The reduced PEDOT
(PEDOT0) concentration in the OMIEC is shown at VDS =
−0.5V and VGS = +1V in Fig. 3(a). The bias dependent
reduced PEDOT is depicted (see Fig. 3(b)) at VDS = −0.5V
and VGS = (+1, 0,−1)V . The position refers to the cross-
section through the OSC thickness (see the dash arrow in
Fig. 3(a)), where 300nm indicates the electrolyte-OMIEC
interface. A bias dependent incomplete ionization resembles
doping and de-doping behavior and more accurate parameter
values can be extracted based on the actual experimental
performance and additional characterization of the fabricated
devices.
A Gaussian DOS has been considered for disordered

OMIECs with

g(E) = Nt√
2πσDOS

exp

(
− (E − Ec)2

2σ 2
DOS

)
, (10)

where Nt is the total number of hopping sites with Nt =
NLUMO for electrons and Nt = NHOMO for holes, σDOS is

TABLE 2. Parameters.

the width of the Gaussian DOS distribution, and Ec is the
energy center.
A Gaussian DOS and drift-diffusion has been used

together with a Poole-Frenkel mobility model with a square-
root dependence on the electric field expressed as

μ(F) = μ0 exp

(
− E0

kBT

)
exp

(√
F

(
β

T
− γ

))
, (11)

where μ0 is the low-field mobility, E0 is the effective acti-
vation energy, β and γ are Poole-Frenkel coefficient and F
is the applied electric field.
Schottky contacts are considered at source and drain

interface with the OMIEC. Therefore, the injection barrier
is determined by the work function of the channel and elec-
trode materials. The saturation current in the experimental
transfer characteristics of OECT can be attributed to satu-
rated injection from the source, and the used parameters in
the simulation are given in Table 2.

IV. MODEL RESULTS AND VERIFICATION
The experimental data of fabricated OECTs have been used
to validate the developed method and models. The above-
mentioned numerical model has been used to simulate the
behavior of OECTs with various bias conditions. Table 1
shows the geometric parameters and Table 2 shows the mate-
rial parameters that are used for the TCAD simulation and
numerical model of OECTs.
Fig. 4 shows the forward-backward sweep transfer mea-

surements (symbols) of a fabricated OECT with WCh =
150μm, and LCh = 50μm compared to the simulation
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FIGURE 4. Experimental data (symbols) and numerical TCAD simulation
results (solid lines) for a single gate OECT in both (a) linear and
(b) logarithmic scales at VDS = (−0.1, −0.3, −0.5)V .

(solid lines) results at VDS = (−0.1,−0.3,−0.5)V . The
developed numerical model shows a good agreement com-
pared to the actual measurements in both linear (Fig. 4(a))
and logarithmic (Fig. 4(b)) scales. The output characteris-
tics based on the numerical model (solid line) compared
to measured data (symbols) are depicted in Fig. 5 at
VGS = (0.25, 0,−0.25,−0.5)V .
Although there are some discrepancies between measured

data in comparison to the numerical model, however, the
overall behavior is well captured. Trap characterization [33]
of the fabricated OECTs might be needed to incorporate
a proper contribution of traps to further increase the accu-
racy of numerical modeling of such devices. Furthermore, a
detailed investigation on the transient properties needs to be
performed in order to fully capture and analyze the dynamic
properties of the OECTs.
Please note that the implemented model and the use of

an additional oxide layer in the channel side [see Fig. 1(b)]
primarily capture the electrostatic behavior and properties of
the electrolyte-channel interface. This means the formation of
EDL based on electrolyte with mobile ions and its influence
on the performance of OECTs is captured properly and simu-
lated correctly. The incomplete ionization model incorporates
a possible ionic injection into the OMIEC layer and the
associated effects are included in the developed model. The
developed method and incomplete ionization model can be

FIGURE 5. Output characteristics of the single gate OECT obtained from
numerical TCAD simulation (solid lines) compared to the measured data
(symbols) at VGS = (0.25, 0, −0.25, −0.5)V .

adapted to other organic semiconductors with properly incor-
porating the considered organic semiconductor parameters
and associated redox reaction properties.
In fact, one of the main reasons for the high drain cur-

rent in OECTs is due to the high cation density over the
small distance of the Helmholtz plane (see Fig. 2(b)). The
exact size is depending on the Debye length and the den-
sity of ions. All together, an electric field in the order
of ∼106 V/cm is achieved which matches well the ones
stated in the literature [34], [35]. This leads to a very large
capacitance (different from the conventional capacitance and
negligible influence of the electrolyte thickness) resulting in
a low voltage operating device with a high transconductance.
The saturation in the transfer characteristics can also pos-
sibly be attributed to a screening by the Helmholtz plane
leading to the pinned surface potential (independent of addi-
tional increase of the VGS). Despite the simplicity of the
approach, the behavior of OECTs is well-captured by the
proposed new formulations and shows good agreement with
the experimental data.

V. CONCLUSION
A numerical formulation for the ion distribution and
movement in the electrolyte materials and incomplete ioniza-
tion model in OMIEC layer has been derived for modeling of
the OECT performance. A proper implementation of an elec-
trolyte as a key element for the OECTs performance defined
through an effective method using an intrinsic semiconduc-
tor which enables to model EDL behavior. The incomplete
ionization for selected species has been proposed with an
ionization probability model based on activation energy. This
has enabled to mimic doping and de-doping in the OMIEC
layer of OECTs with the applied biases. The comparison with
experimental data of fabricated OECTs shows a good agree-
ment with the proposed formulation. The presented models
enable numerical simulation, analysis, design, optimization
and to investigate the operation mechanism and behavior of
OECTs as a proper building block for synaptic devices and
functionality.
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