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Organic electrochemical transistors (OECTs) combine electron/ionic transport with organic
semiconductor flexibility to connect biology and electronics. As they approach industrial use,
optimizing performance requires accurate modeling of their structure. This study presents a two-
dimensional (2D) OECT model based on Nernst-Planck—Poisson equations that explicitly includes
volumetric capacitance (Cy). Unlike previous models that ignore Cy,, our model highlights its essential
role in OECT operation, allowing us to accurately match the measured output currents of PEDOT:PSS
printed OECTs. We studied how parameters like diffusion coefficients of holes and ions, fixed anion
concentration, and intrinsic capacitance affect transistor performance. We analyze existing OECT
models, noting that different frameworks, despite varying assumptions, can reproduce data. This
question relies solely on experimental agreement for validation. We argue that models should also be
evaluated on their physical principles. To assist readers, we provide COMSOL.mph files for 1D and 2D

OECT models for device design and optimization.

An organic electrochemical transistor (OECT) consists of an organic
semiconductor film serving as an active conducting channel interfaced with
source and drain electrodes (usually made of metal or carbon) and an
electrolyte, with a gate electrode either submerged into or deposited on top
of it. The principle of OECT operation relies on ions being injected from the
electrolyte to the channel, enabling mixed ionic and electron transport. The
ionic motion modulates the electrical current flowing through the channel,
making OECTs highly sensitive to biological and chemical changes in their
environment'.

The OECTs are not designed to match inorganic transistors in terms of
high-speed performance. Instead, their advantage lies in being made from
organic materials, which impart superior mechanical properties such as
flexibility, viscoelasticity and low Young’s modulus. OECTs demonstrated
stability on different substrates with potential for industrial-scale printing™’.
Another advantage is their compatibility with aqueous environments,
making them suitable for integration with biological systems such as sweat”,

saliva’, blood*, brain tissue’ and others’. The main applications of OECTs
stem from two key properties: their scalability in fabrication, which enables
low-power chemical sensing solutions'’, and their excellent stability in both
in vivo and in vitro environments, which leads to applications in biology'".
These include on-site monitoring of cells and tissue'>", as well as biosensors
targeting neurotransmitters', metabolites (cholesterol’, glucose", lactate®)
or various pathogens'”"*.

The active material in an OECT’s conductive channel can be a
variety of mixed ion-electron conducting organic semiconductors.
However, one of the most widely used materials is poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS), known for its
excellent mixed ion-electron conductivity. In PEDOT:PSS, holes
(polarons) serve as the primary charge carriers, counterbalanced by
deprotonated sulfonyl groups from the PSS chains", enabling efficient
ion diffusion through water-filled pores (see inset of Fig. 1 for schematic
representation) in the material®’. PEDOT:PSS-based OECTs exhibit high
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transconductance (g*), a key figure of merit that determines device
performance in terms of sensitivity, signal amplification, and ion-
electron coupling efficiency’. The transconductance is given by g* = uCy,
where y is the hole mobility and Cy is the volumetric capacitance,
highlighting the crucial role of volumetric capacitance in OECT opera-
tion. The capacitance of PEDOT:PSS originates from electrostatic Stern
layers formed between holes and counterions throughout the material’s
volume, with contributions from both classical and quantum effects™ ™.

Extensive academic research on OECT's indicates that the technology is
maturing and transitioning toward industrial-scale applications. At this
stage, performance optimization takes center stage. A comprehensive the-
oretical understanding of OECT operation, combined with full device
modeling, is essential for rapidly and cost-effectively predicting optimized
geometries and parameters tailored to specific applications.

One of the first models to predict the current-voltage characteristics of
OECTSs was the Bernards and Malliaras model, which has been instrumental
in shaping the theoretical understanding and conceptual framework of these
devices by describing them as coupled ionic and electronic circuits™.
Building on the seminal work of Bernards and Malliaras, numerous studies
using the equivalent circuit models have explored various aspects of OECT
performance, examining the key factors influencing their operation. For a
comprehensive review of different models, see a perspective by Tu and
Fabiano™ and a topical review by Colucci et al.*.

The above-mentioned approaches provide valuable insight into the
physical behavior of OECT' but are often limited to retrospective analysis,
offering a phenomenological explanation of experimentally observed
characteristics after electrical characterization has been performed. As a
result, their applicability as predictive tools for the output and transfer
curves of OECTs remains constrained.

In this context, a numerical approach based on the
Nernst-Planck-Poisson (NPP) equations offers a significant advantage,
enabling a deeper understanding of the physical and operational phe-
nomena governing OECT performance. By incorporating device geometry
and material parameters, the NPP framework provides a more accurate
predictive description of experimental behavior. In recent years, the NPP
approach has been successfully applied to a range of organic and electro-
chemical devices, including supercapacitors™***"*, electrolyte-gated field-
effect transistors™”, electrochemical cells”, and OECTs.

Several studies have implemented one-dimensional (1D)
Nernst-Planck-Poisson (NPP) models to describe the electrical behavior of
OECTs (Prigodin et al.” Shirinskaya et al.* Tybrandt et al.”® Keene et al.”).
Itis critically important to emphasize that most of these studies—specifically
Prigodin et al.” Tybrandt et al.”® and Keene et al’—incorporate the key
material parameters of PEDOT:PSS, the volumetric capacitance Cy, as an
essential input parameter in their models, even though these studies differ in
how exactly Cy is incorporated into the NPP equations.

However, the predictive power of 1D models still remains rather
limited, as they are not in a position to account for key geometrical features
crucial for OECT operation. These include the presence of electrolyte
reservoirs separated from the active channel, the spatial arrangement of the
gate, source, and drain electrodes, and other structural and geometrical
aspects that influence device performance.

To overcome these limitations and enable truly predictive OECT
models, two-dimensional (2D) NPP models are necessary. Such models
have recently been reported in the literature’’. However, the predictive
accuracy of 2D models depends on their ability to correctly capture the
fundamental physics governing OECT operation. Do the reported models
meet this requirement? Unfortunately, we cannot give a positive answer.
The key issue is that, unlike the aforementioned 1D models, which explicitly
include volumetric capacitance Cy as a fundamental input parameter, the
above-mentioned 2D models do not incorporate Cy in their description of
OECT operation. In our view, neglecting Cy in OECT modeling is analo-
gous to omitting conductivity in the description of current flow in a con-
ductor—it overlooks the most essential material parameter required for
accurately capturing device behavior. Therefore, a truly predictive 2D NPP

model that accurately describes the underlying physics of OECTs—speci-
fically by incorporating volumetric capacitance—remains absent.

In this study, we extend the 1D Nernst-Planck-Poisson (NPP) model
introduced by Tybrandt et al.”* to a 2D predictive OECT framework that
explicitly incorporates volumetric capacitance, thereby coupling the elec-
tron and jon phases in the Poisson equation. This distinguishes our
approach from previous 2D models. It is worth noting that the 2D model
based on the 1D Tybrandt et al.’s* approach has been extended into 2D
geometry and applied to PEDOT:cellulose-based supercapacitors™,
including pseudo-3D model (2D revolution) cases*’, and also used for
modeling of potassium delivery in ionic actuators".

We demonstrate that our model achieves perfect agreement with the
experimental output currents of PEDOT:PSS-based printed OECTs, cap-
turing all key aspects of device performance. Additionally, our analysis
highlights a significant issue: vastly different theoretical models, despite
varying physical assumptions and parameter values, can reproduce
experimental results. This suggests that model validation should be based
not only on data fitting but also on the validity of underlying physical
principles. To enhance reproducibility, we provide COMSOL.mph files and
a digital twin simulator. Future work will focus on extending the model to
capture the transient behavior of OECTs.

Results

1D model

We start with the 1D model and validate its predictions by comparing them
with the experimentally measured output currents, recorded for different
gate voltages (Fig. 2a). We fitted the diffusion coefficient of holes to achieve
the best possible agreement between the output current at Vg =0 and the
experimental data, which was obtained with the D, value listed in Table 1. As
shown in Fig. 2a, this adjustment enabled the 1D model to accurately
reproduce the output currents at Vs = 0. However, at higher gate voltages,
discrepancies between the simulations and experiments accumulated,
leading to a progressively poorer agreement as V¢ increased. Notably, the
absence of negative charge carriers (counterions) in the 1D model results in
a potential profile that remains entirely positive throughout the channel,
showing discontinuities at the source/drain electrode to satisfy the boundary
conditions.

2D model

Contrary to the 1D model, which shows only qualitative agreement with the
experiment, our expanded 2D model perfectly reproduces the output and
transfer currents for all gate voltages (see Fig. 2d and Fig. S2). A key
improvement in the 2D model is the incorporation of ionic effects in the
electrolyte phase, which refines the calculation of the electric hole potential
V}, along the channel. As a result, the simulated potential exhibits a gradual
decrease from the source to drain, reaching negative values as prescribed by
the boundary conditions at the source/drain electrode (Fig. 2e). It is note-
worthy, the overall shape of the potential profile remains consistent with
that obtained from the 1D model (apart from the above-mentioned dis-
continuities of 1D potential at the electrodes). Further, both the 1D (Fig. 2¢)
and 2D (Fig. 2f) simulations show that hole concentrations are highest near
the source and gradually decrease toward the drain, in line with expecta-
tions. Note that the hole concentration is higher for the 2D model, as it is
compensated by the negative counterions and/or fixed charges. Addition-
ally, higher gate voltages induce channel depletion, leading to a reduced hole
density p. These findings—namely, the qualitatively similar predictions of
the 1D and 2D models—highlight the crucial role of volumetric capacitance
in regulating OECT performance. This behavior can be effectively captured
even within a simplified 1D framework, where the electrolyte effect is not
explicitly included in the equations but instead incorporated through the
gate voltage Vg at the source and drain boundary conditions.

The choice of parameters
A comment is warranted regarding the choice of parameters in our
simulations. The best fit to the experimental data was achieved at
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Fig. 1 | OECT in experimental studies and simulation models. Schematic depic-
tion of a the 1D and b 2D models, including electrodes, electrolyte and channel
phases, main variables and boundary conditions. The inset shows the schematic
morphology of PEDOT:PSS. ¢ A microscope image of one of screen printed OECT's
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evaluated in this study. The image is recorded through the PET substrate, thereby
showing also the PEDOT:PSS-based transistor channel and the carbon-based source
and drain electrodes. d A microscope image of several screen printed OECTs.

Table 1 | Parameters, used in simulations

DPmax 2e-1 [cm?/s]
1D model, Dp DPmax/2

2D model, Dp DpPmax/18
D¢, 2e-5 [cm¥/s]
Do 2e-5 [cm?/s]
T 300 [K]

Gy 204 [mol/(m*V)] = 19.7 [F/cm?]
Cix 0.8 [M]
Woehannel 200 [um]
Achannel 1[um]
Nejectrolyte 5 [um]

A 200 [pm?]
Echannel 40

Eelectrolyte 80

co 0.1 [M]

0 0.15[M]

crix = 0.8 M. This value is smaller than cg, = 2.4 M, corresponding to the
density of immobile sulfonate groups in the fully oxidized PEDOT:PSS™.
The obtained best fit is consistent with the findings extensively discussed
in previous studies that not all regions of the PEDOT:PSS contribute to
hole transport. Specifically, a significant fraction of the charge carriers
can be confined in the regions of PEDOT:PSS that are not connected to
the drain and source electrodes via percolative charge pathways™'>*.
Hence, in the present case, it can be interpreted that only one-third of the
volume (0.8/2.4) of the active material in the experimental device effec-
tively supports charge carrier transport. Furthermore, the hole density

p =0.15M was chosen to be significantly lower than cg,. Generally, it is
expected to be lower by a factor of approximately 2.5 x 3 =7.5. Here, the
factor 2.5 represents the ratio of monomer units of PSS to those of
PEDOT in PEDOT:PSS'. The factor 3 accounts for the fact that at the
maximum oxidation level of 33%, one hole is delocalized over three
PEDOT monomer units*, while each PSS monomer carries a charged
sulfonate group. Finally, the hole diffusion coefficient (DP), which is
related to mobility via the Einstein relation, can vary between samples
depending on the specifics of PEDOT:PSS fabrication. Additionally, for a
given sample, it may also be density dependent. Typical values of the
experimentally reported diffusion coefficients are 1x107°cm?*/
§-2.5% 107 cm’/s (corresponding to the mobilities 1x107*cm’/
(Vs)-1 cm?/(Vs)* ™. In our calculations, from the best fit to the experi-
mentally measured OECT output currents data, we choose its value
D, =0.011 cm?s for the 2D model and D, = 0.1 cm?/s for the 1D model,
which is consistent with the choice of previous modeling studies (see
Table 2).

Charge carrier concentrations

2D concentration maps of charge carriers (holes and ions) simulated within
the 2D model is shown in Fig. 3. The concentration of holes p gradually
decrease from the source towards the drain (as discussed above) with little to
no difference in a vertical direction (across the channel), see Fig. 3a. This is in
the strong contrast to the case of the electrolyte-gated organic field-effect
transistor (EGOFET) where the holes are concentrated along the polymer-
electrolyte interface™”. This difference is related to the fact that in the
OECT, unlike in the EGOFET, the electrolyte’s ions can freely penetrate the
polymeric film, leading to the homogeneous charge concentration across
the channel. The concentration of positive ions cy, in the electrolyte is close
to the bulk value of 0.1 M, as specified by the boundary conditions (Fig. 3b).
In the electrolyte, the positive charge of Na* ions is counterbalanced by the
negative charge of Cl~ ions (Fig. 3¢c). However, a small fraction of negative
ions (<0.005 M) diffuses into the polymer channel due to the concentration
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Table 2 | Different values of constants (diffusion coefficient of h
volumetric capacitance), which were used in previous studies

oles, ions in the channel, concentration of fixed PSS™ anions,

Volkov Kaphle Szymanski Shirinskaya Mele et al.* Tybrandtetal.® Keene Skowrons This paper

etal® etal.® etal.®® etal.* etal.*® etal.”’
Do, 0.0001 0.0026 0.013 Max value Max value 0.26e-4 0.0026 0.011 (2D
[em?/s] 0.0065 0.205 minvalue  0.205 min value 0.026 model); 0.025

0.003 0.003 (1D model)
Dyi, 1e-9 0.26e-5 0.26e-4 3.34e-6 3.34e-6 0.26e-4 0.26e-5 0.2e-4
[cm?/s] 5.08e-6 5.08e-6
Crixs M 1 0.16 0.33 0.016 24 2404 35 1.6e-10—1.6 0.8
0.023

Cy, 19.6 19.7 40 19.7
[F/em®]

The mobility was converted to a diffusion coefficient according to: D = pkgT/e. Conversion of the concentration of charge carriers in [cm™] to [M] was obtained via Cju = Cinem-3*F/€, consistent with the

relation 1[M] =~ 6.022e20[cm™]. In PEDOT:PSS, the concentration of ¢y, ~ 2.4 + 0.4 [M] can be related t

o the oxidation level 33%.
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Fig. 2 | Comparison of the OECT performance, simulated with 1D and 2D
models. a, d Comparison of the OECT output currents measured experimentally
and simulated for the 1D and 2D models, respectively. b, e Potentials of holes V,

extracted across the channel at different drain voltages for the 1D and 2D models,
respectively. ¢, f Concentration of holes p extracted across the channel at different
drain and gate voltages for the 1D and 2D models, respectively.

gradient between mobile anions in the channel and the bulk electrolyte (due
to the second term in Eq. 3). Within the channel, cyy, is significantly higher
than its bulk values (Fig. 3b), because the Na* ions, along with the holes,
maintain the overall charge neutrality as shown in Fig. 3d. Charge neutrality
is no longer maintained at the polymer-electrolyte interface, where a
nanoscale-thick double layer forms. This formation is associated with a
sharp gradient in the hole and fixed ion concentrations at the interface.
These gradients, in turn, create a positive Na" ion concentration gradient.
However, some Na’ ions diffuse into the electrolyte due to the chemical
gradient. Notably, Na" ions can move freely in both the electrolyte and the
polymer channel, whereas holes remain confined to the polymer and do not
penetrate the electrolyte.

The impact of key parameters of the 2D model on OECT
performance

Summarizing the above observations, we conclude that while the simplified
1D model captures the main aspects of OECT performance, the 2D model

significantly improves accuracy and provides simulation results that are in
good agreement with the experiments. However, an important question
arises: whether the agreement with the experiment is a sufficient criterion for
model validation? In several previous studies, such agreement was reported,
despite the vastly different theoretical models being used. To explore this, we
studied the impact of key parameters of the 2D model on OECT perfor-
mance, including the hole and ion diffusion coefficients, the fixed charge
concentration, and the intrinsic capacitance.

We begin with a key material property: the diffusion coefficient of
holes, D,. We previously discussed the experimentally reported values of D,
when justifying our choice of parameters for the simulations. Figure 4a
presents the simulated output current at different diffusion coefficients,
showing a linear dependence of current on D,. This behavior can be
understood through the relationship between current density j and mobility
W, j = epu, where mobility is, in turn, related to the diffusion coefficient via
the Einstein relation. It is worth noting that hole mobility can vary sig-
nificantly between different PEDOT:PSS films, depending on fabrication
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Fig. 3 | Different charge carrier concentration maps. a-d Concentration maps of
(a) holes, (b) positive and (c) negative ions, and (d) the total charge in the OECT at
Vp=-0.5V, Vg =0.3V for the 2D model. The left panel shows the entire device, and
the right panel shows the interface between the channel and electrolyte (insets). The
length of the channels in the left panel is 20 pm.

details. Therefore, D, serves as one of the primary fitting parameters in
OECT simulations.

The second material property, affecting the output currents, is related
to the ionic conductivity of PEDOT:PSS, represented by the diffusivity of
ions (both positive and negative), D,; inside PEDOT:PSS phase. We per-
formed simulations of the output current at different values of D,; and found
that it also strongly affects the results. Higher ionic diffusion coefficients lead
to increased output current (Fig. 4b). In previous simulations, a wide range
of D,; values was used, ranging from 1 x 10” cm’/s to 0.26 x 10 cm?/s (see
Table 2). However, as we argued above when outlining the current under-
standing of PEDOT:PSS morphology, D,; should not be treated as a fitting
parameter in the model because it is well defined and closely matches the ion
diffusion coefficient in water, which is close to 0.2 x 10 cm?/s.

The third key parameter is Chiv the concentration of immobile sulfonate
groups in the PSS™ polyelectrolyte within the OECT channel. As mentioned
earlier, a typical concentration of g, in pristine (as synthetized) PEDOT:PSS
is approximately cqy =2.4 M. However, much higher PSS~ content in
PEDOT:PSS films is possible, leading to higher values of ¢sx. Conversely, not
all regions of the polymer can be available for transport (as argued to be the
case for our devices), which results in lower values of ¢g,. In previous
modeling studies, this parameter was set to different values in a broad range
from 0.016 to 3.5 M, as summarized in Table 2. To explore its influence, we
simulated output currents at different Chix and found out, as expected, that
higher concentrations lead to higher output currents (Fig. 3c). This behavior
can also be understood through the relationship between current density
and hole density, j = epy, where a larger ¢, leads to a larger concentration of
holes p and subsequently raises the output current. A smaller cg, enhances
the effect of the gate, leading to larger output current drops with increased
VG (Fig. S3).

Finally, Fig. 4d illustrates the impact of the volumetric capacitance Cy
on the output currents showing a linear dependence of current on Cy. Note
that most previous models™**™ are not in the position to describe this
impact because Cy was not included in the models.

In conclusion, our findings, presented in Fig. 4, demonstrate that
OECT simulation results are highly sensitive to system parameters (D,. D
crix Cy), opening a wide window of fitting possibilities. This suggests that

different theoretical models, each with distinct sets of fitting—even
excluding the intrinsic capacitance as an input parameter—can still be used
to reproduce experimental results. As John von Neumann famously stated,
“With four parameters I can fit an elephant, and with five I can make him
wiggle his trunk,” underscoring the risk of validating a theoretical model
solely based on its agreement with experimental data. This overlooks the
elephant in the room: the fact that many reported OECT models™***’ do not
account for one of the most critical parameters describing the material
properties of conducting polymers—the intrinsic capacitance.

Discussions

In the present paper, based on the 1D Nernst-Plank-Poisson model
introduced by Tybrandt et al.** we develop a 2D predictive OECT model that
accounts for geometrical and structural features of the device and apply it to
the analysis of the output characteristics of the printed PEDOT:PSS-based
OECTs. The two key features of this model are (i) the use of two sets of
equations—one describing hole transport and the other ion transport—each
associated with a distinct electrostatic potential, V, and V,, and (i) the
explicit incorporation of volumetric capacitance Cy;, directly coupling the
electron and ion phases in the Poisson equation. This fundamental dis-
tinction sets it apart from previous 2D models reported in the literature.
Additionally, we consider a minimal 1D model that retains only the most
essential factor of the OECT, the volumetric capacitance, and takes gate
voltage into account through source and drain boundary conditions.

We demonstrate that the minimal 1D model qualitatively reproduces
the experimentally recorded output currents of PEDOT:PSS-based printed
OECTs. At the same time, the utilization of the full 2D model allows us to
fully capture all aspects of the OECT performance and achieve quantitative
agreement with the experiments. The fitted value of the fixed anion con-
centration (deprotonated sulfonate groups (PSS™) was found to be smaller
than that corresponding to the case of fully oxidized PEDOT:PSS. We
interpret this as an indication that a significant fraction of the charge carriers
is confined in the regions of PEDOT:PSS that are not connected to the drain
and source gates via percolative charge pathways, thus not participating in
the charge transport.

We also pinpoint that previous OECT models have also reproduced
experimental measurements, despite significantly differing in terms of both
the physical principles they are built on and the values of the main para-
meters they used. To address this apparent puzzle, we studied the impact of
key parameters of the 2D model on OECT performance, including hole and
ion diffusion coefficients, fixed charge concentration, and intrinsic capaci-
tance. We find that the simulation results for the output currents are highly
sensitive to system parameters (D,, D.; ¢ayx Cy), opening a wide window of
fitting possibilities. This suggests that different theoretical models, each with
distinct sets of fitting parameters—even excluding the intrinsic capacitance
as an input parameter—can still be used to reproduce experimental results.
We therefore arrive at the rather unexpected conclusion that an agreement
of simulations with the experiment cannot be taken as proof of validation of
the utilized model. We argue that the model’s applicability should also be
evaluated by the physical principles on which they are built.

We believe that there are still open questions concerning the refine-
ment of the 2D NPP physical models, and more work needs to be done in
order to develop a reliable predictive model of the OECT. The central
question is how the volumetric capacitance is accounted for in the NPP
equations. In the present approach (as well as in ref. 33), this has been done
by introducing two separate phases with different potentials, ionic and
electronic, coupled through volumetric capacitance. This way of incorpor-
ating the volumetric capacitance is motivated by the current understanding
of its microscopic origin due to electrostatic Stern layers between holes and
counterions, formed throughout the entire volume of a conducting
polymer”' ™. Because the mean-field NPP approach does not resolve the
spatial arrangement of holes and ions in the material, introducing the two
electrostatic potentials represents a way to account for the Stern layers
formed in the volume. In contrast, Keene et al.** retained only one common
electrostatic potential while introducing the volumetric capacitance through
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Fig. 4 | The impact of key parameters on OECT performance. Dependence of output currents vs. different values of a the hole diffusion coefficient, b the ion diffusion
coefficient, c the concentration of PSS™ anions, and d the volumetric capacitance C; V5=0V.

the gradients of the chemical potential that is related to Cy via the gen-
eralized Einstein relation in the definition of the diffusion current. Further
studies are needed to clarify the difference between these models and to
determine whether a one-phase model (i.e., without two different potentials
for ionic and electronic phases) can adequately describe the operation of
devices based on mixed ion-electron conducting polymers.

To ensure that our model is fully reproducible and to allow proficient
users to utilize our model we attach the COMSOL. mph files for both 1D and
2D models as parts of the Supporting Information. Alternatively, a stand-
alone simulator (digital twin of the OECT), which does not require any
simulation skills or proficiency in COMSOL, will be available at [https://
www.model-one.com/].

Finally, while this study focused on the stationary electric character-
istics of OECTs, we recognize the importance of dynamic behavior for
applications such as signal amplification and neuromorphic systems.
Developing time-dependent 2D OECT models based on the same physical
principles is a major ongoing effort in our group and will be the focus of a
forthcoming, dedicated publication.

Methods

Experimental methods

The layout of the OECT screen printing tools was designed using the
Clewin software (WieWeb Software Inc., Netherlands). The screen
printing processes were carried out in ambient conditions, and all
materials were deposited via screen printing onto a flexible 125 um thick
polyethylene terephthalate (PET) plastic substrate by using a flatbed
sheet-to-sheet screen printing equipment (DEK Horizon 03iX). The
screen printing tools were relying on standard polyester meshes. A dif-
ferent print order may be used to process the OECTs, but the following
sequence of the deposited layers was used herein: A silver ink (Ag 5000
purchased from DuPont) was firstly screen printed on top of the flexible
PET substrate, to create the contact pads used to probe the source, drain
and gate electrodes. This was followed by the screen printing of a
PEDOT:PSS stripe serving as the electrochemically active transistor
channel (Clevios SV4 purchased from Heraeus), whose edges were
located in close proximity to the previously deposited silver layer. Carbon
electrodes (7102 conducting screen printing paste purchased from
DuPont) were screen printed as the source and drain electrodes in the
next processing step, to bridge the gap between the silver layer and the
ends of the already deposited PEDOT:PSS-based channel. Each one of
the screen-printed layers of silver, PEDOT:PSS and carbon was thermally
treated by using a conveyor belt oven (120 °C for 5 min). Subsequently, a
pattern of an insulating material (5018 purchased from DuPont) was
deposited via screen printing and cured by UV light. Thereafter, an
electrolyte ink based on poly(diallyldimethylammonium chloride) dis-
solved in water (VV009 provided by RISE) was screen printed into the
openings of the insulating layer, such that the electrolyte was brought in
contact with the PEDOT:PSS-based channel. The deposited electrolyte
was transformed into a solid electrolyte layer via UV-curing. The OECT
device was then finalized by screen printing a PEDOT:PSS layer on top of

the electrolyte layer, thereby forming the gate electrode. Figure Ic, d
shows microscope images of the screen-printed OECTs.

The OECTs evaluated in this study were not encapsulated with ade-
quate barrier films; hence, the OECTs are sensitive to fluctuating environ-
mental conditions. Therefore, all OECT samples were stored and measured
in a controlled environment at 20 °C and 50% relative humidity (RH), to
enhance the reproducibility. Transfer (drain current vs. gate voltage, at
constant drain voltage) and output (drain current vs. drain voltage, for a few
different gate voltages) measurements were performed using a semi-
conductor parameter analyzer (HP/Agilent 4155B) and a function gen-
erator (Agilent 33120 A).

Theoretical methods

OECT simulations were performed within the Nernst-Planck-Poisson
model. Equations were solved with the finite element method, implemented
in COMSOL Multiphysics 6.3"°. We consider 1D and 2D models, as sche-
matically depicted in Fig. la, b. The 1D model represents the simplest
possible OECT model incorporating the volumetric capacitance of PED-
OT:PSS. This simplified model includes only holes as charge carriers while
explicitly neglecting ions—both those from the electrolyte and PSS™ fixed
ions. Our motivation for studying such a simplistic model is to identify and
understand the role of volumetric capacitance in the OECT performance. In
contrast, the 2D model includes all relevant ionic species present in the
system and accounts for the device geometry, hence providing a full system
description. The primary objective of this expanded model is to achieve
quantitative agreement with experimental results and, consequently, to
serve as a predictive tool for device optimization.

The 2D model includes two sets of equations for holes and ions
respectively, represented by their concentrations p, and cy,, ¢c (the latter
two collectively referred to as ¢;) and potentials of the electronic V, and ionic
phases V..

v, (v ss0)) =1 ®
Sy (v,- Ve @
% - V(Dci (Ve +2fcVV, )) =0 ®)
R @)

e

where D,, is the diffusion coefficient of holes, f= F/RT, ¢ is dielectric per-
mittivity, e is the elementary charge, D,;, are diffusion coefficients of positive
and negative ions, z; are ionic charges (+1 in e units), and ¢, is the con-
centrations of fixed PSS™ anions. The two key features of this model, first
introduced by Tybrandt et al. in Ref. 28, are: (i) the utilizations of two sets of
equations—one for holes and one for ions—with two distinct electrostatic
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potentials V,, and V; and (ii) the explicit incorporation of volumetric
capacitance Cy, which directly couples the electronic and ionic phases in the
Poisson Eq. (2). This fundamental distinction sets it apart from previous 2D
models reported in the literature.

Note that immobilized cations, which are present in the solid-state
electrolytes, are excluded from the model as they do not contribute to charge
transport or directly affect channel behavior, leading to a negligible impact
on the OECT output. This simplification also makes the model applicable to
a broader range of electrolytes, including aqueous systems. Representation
of different electrolytes within our model can be done by a simple change of
diffusion coefficients of the electrolyte ions, which will also affect their
diffusion in the OECT channel. For clarity, we emphasize that our model
accounts for both anionic and cationic species in the electrolyte and the
channel, holes in the channel, as well as the immobile PSS anions present in
the channel.

It should also be emphasized that the OECT model introduced above,
along with the choice of key system parameters, is based on the current
understanding of PEDOT:PSS morphology and the origin of volumetric
capacitance. Specifically, PEDOT:PSS immersed in water (or an electrolyte)
forms a three-phase system consisting of PEDOT-rich regions, PSS-rich
regions, and water channels (see Fig. 1)**'. The PEDOT-rich regions
contain positively charged PEDOT chains (providing hole transport path-
ways) balanced by deprotonated PSS chains, while the PSS-rich regions
consist of PSS’ chains compensated by H' or Na' ions. Ion diffusion in
PEDOT:PSS occurs within the water channels, meaning that the ion dif-
fusion coefficients are set close to those in water’™* and should not be treated
as fitting parameters in the model. Regarding the volumetric capacitance, it
originates from microscopic double layers within the film in PEDOT-rich
regions, composed of positive charges stored in PEDOT chains that are
balanced by negative counterions and/or fixed PSS~ charges™***. The
reported volumetric capacitance of PEDOT:PSS falls within the range of
30-300 F cm™ [see e.g. ref. 21 and references therein].

The 2D model allows us to directly include gate, source, and drain
electrodes in the simulations (Fig. 1b). Boundary conditions for source and
drain electrodes were defined on the left and right sides of the channel phase
as V,=0, and V, = V. The gate electrode was placed on top of the elec-
trolyte phase as V.= V. All other boundary conditions for potentials were
set to “zero charge” boundary condition n - VD = 0. Hole concentration was
fixed on the sides of the channel as p = p, and set to “no flux” n - (D;Vp) =0
on the top and bottom of the channel phase. Ionic concentration was set to
¢i = ¢ on the sides of the electrolyte phase. On all other boundaries, the “no
flux” boundary condition for the ionic phase was set to n - (D;V¢;) = 0. Both
“no flux” and “zero charge” boundary conditions are default boundary
conditions in COMSOL for models that include transport of diluted species
and electrostatics.

The 1D model considers only holes as charge carriers, characterized by
their concentration (p) and potential (V). Unlike the 2D model, which
explicitly includes the ionic phase, the 1D model is simplified by excluding it.
As aresult, the model solely consists of equations governing hole transport,

Yool o
B eVZVP oo VPCV (6)

The effect of the gate electrode is included in the boundary conditions
on the left and right sides of the channel phase as V, = — V; (source elec-
trode), and V,, = — V5 + V, (drain electrode). Similarly to the 2D model,
the hole concentration was fixed as p = py on both sides of the channel.

The values of all constants for both 1D and 2D models are listed in
Table 2. Boundary conditions and information about systems geometry can
be found in Fig. 1. A detailed description of the meshing is provided in the
Supporting Information (Figure S1).

To ensure that our model is fully reproducible, we attach the
COMSOL.mph files for both 1D and 2D models as parts of the Sup-
porting Information, allowing proficient users to run them using
COMSOL. Alternatively, a stand-alone simulator (digital twin of the
OECT) will be available at [https://www.model-one.com/]. The model is
computationally efficient and does not require access to high-
performance computational clusters. Simulations were performed on a
standard workstation based on the Intel(R) Core(TM) i9-12900K,
3200 MHz, 16 cores (24 Logical processors) and 64 GB RAM. The 1D
model produces results almost instantly, with several seconds required to
complete. The 2D model is more computationally demanding as it
involves computing an initial solution followed by sequential simulations
of output curves at various values of Vp and Vg. Each subsequent
simulation uses the previous solution as the initial guess to aid con-
vergence. For example, for V5 =0.3V, the solution obtained for Vp = -
0.4V was used as the initial solution for the system at V, =-0.5V. The
2D model, attached as an SI file, requires 8 minutes to compute the initial
solution (at V5 =0.0 and Vp = 0.0) and about 19 minutes to simulate 30
points of the output current (for every Vs =0.0, 0.3, 0.6, and ten steps of
Vp from —0.1 to —1.0 with the step of —0.1 V).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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