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Abstract— In this article, a compact model of the dc char-
acteristics of organic electrochemical transistors (OECTs)
is proposed. Starting from the output characteristics, the
transconductance in the saturation regime is modeled after
the output conductance in the saturation regime is reduced
to very low values. For this purpose, a previously justified
integrable bell-shaped function is used, based on which the
transfer characteristics in the saturation regime are deter-
mined. Since the drain current due to hopping diminishes
in the linear regime, the model is based on the gradual
channel approximation and constant hole mobility and gate
capacitance at this regime. Six parameters are required for
dc modeling, which can be obtained in a straightforward
way from the transconductance and transfer characteristics
in the saturation regime, and the output characteristics.
A good agreement between the modeled and measured
data is achieved. The proposed compact model stands
out in terms of its simplicity and rapid determination of
its parameters and can be easily incorporated into circuit
simulators.

Index Terms— Circuit simulator, compact model, dc char-
acterization, organic electrochemical transistor (OECT),
peak transconductance.

I. INTRODUCTION

AN ORGANIC electrochemical transistor (OECT) is a
type of organic thin-film transistor (OTFT) that has

attracted increasing amounts of attention in the area of
chemical and biological sensing applications [1], [2], digital
logic [3], and neuromorphic engineering [4].
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Fig. 1. Typical diagram of an OECT, showing the source (S), drain
(D), electrolyte, and gate (G). In this diagram, the gate is considered
located over the channel. The ionic circuit is represented by a series
RC circuit and the electronic circuit by a variable channel resistance
controlled by the gate voltage. L, W, and T are the channel length, width,
and thickness, respectively.

The typical structure of an OECT is shown in Fig. 1, where
L , W , and T are the channel length, width, and thickness,
respectively. It consists of a metallic source, drain and gate
electrodes, and a polymer semiconductor channel between the
source and the drain. The conducting polymer film is in contact
with an electrolyte, in which the gate electrode is immersed.
Sometimes, the gate electrode is an external electrode that is
often integrated in the same plane as the source and drain
electrodes (coplanar structures), as considered in this work.
The most widely used polymer is p-type conductive poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS). When a source–drain voltage (Vd) is applied,
a drain current (Id) flows through the channel. The current
in the channel is controlled by the gate voltage (Vg). Upon
application of a positive gate voltage, the cations in the
electrolyte are injected into the PEDOT:PSS channel, which
leads to a decrease in the hole concentration and a reduction
in the conductivity of PEDOT. This will deplete the number
of available carriers, meaning that the drain–source current
decreases.

The electrical response of an OECT is therefore determined
by the interaction between the ionic and electronic charge
carriers, and specific models therefore need to be developed.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Since the conducting polymer used as the channel for the
device is amorphous, the drift-diffusion transport mechanism
in OECTs [5] is conditioned by hopping, a thermally assisted
quantum mechanical tunneling process that is much slower
than transport through organic crystals [6], [7]. This gives
rise to a dependence on the carrier concentration for carrier
mobility. In addition, the cations injected into the PEDOT:PSS
layer move along the channel toward the drain contact before
establishing a steady-state condition, making a 2-D description
of OECTs necessary [8] (the ion transport is currently assumed
to be vertical to the transistor channel, which is modeled with
a gate capacitance).

The fact is that a nonmonotonic dependence of the transcon-
ductance on the gate voltage therefore results, including a
peak transconductance, which makes modeling of this effect
difficult.

For simplicity, the dc characteristics of OECTs are usu-
ally modeled based on the assumption of a MOSFET-like
response [2], [9], [10]. Some empirical corrections to the drain
current in the linear regime were made in [11]; in other studies,
models have incorporated the mobility and gate capacitance
depending on carrier concentration [12], [13], [14]. In any
case, the use of a gradual channel approximation does not
allow for predictions of the peak transconductance without
giving rise to inconsistency in some of the remaining dc
characteristics. To try to overcome this, a piecewise linear
function for the transconductance was proposed in [15], but
a plateau for transconductance rather than a peak value was
the result. Bonafè et al. [16] have had to assume an unre-
alistic gate-voltage-dependent contact resistance at the drain
terminal.

DC numerical simulations of these transistors have been
performed based on the assumption of drift-diffusion trans-
port [8], [17], but unrealistic transconductance plateaus have
again resulted. Numerical solutions are also required with
some physical models in which the geometry of the internal
fluidic circuits of the system can change over time [18].
The simulation of OECT-based circuits therefore remains
a challenge, due to the absence of accurate mathematical
models.

In biosensing applications, the OECT current is modulated
by the concentration of a given electroactive species in the
electrolyte solution (e.g., glucose concentration). The current
variation was modeled by Bernards et al. [19] by introducing
an effective gate voltage in which a voltage offset was added to
the gate voltage as a function of the concentration. The current
variation was then proportional to the transconductance.

In this work, we aim to predict the evolution of the
peak transconductance of OECTs for biosensing applications
and a compact model is proposed that stands out in terms
of its simplicity and rapid determination of its parameters.
A preliminary discussion of charge transport in polymer
semiconductors is given in Section II. The device under
test (DUT) considered here and the experimental setup used
for dc measurements are described in Sections III and IV,
respectively. The dc model is introduced and compared to
other models for OTFTs in Section V. Finally, the conclusions
are presented in Section VI.

Fig. 2. (a) Normalized density of states, DOS/DOSmax, versus energy,
from (1). (b) and (c) Normalized values of the hole concentration and
hole mobility, p/pmax and µ/µmax, versus Fermi level, from (2) and (3),
respectively, with pmax = p(EF → −∞) and (d) resulting normalized
conductivity, σ/σmax; DOSmax = 4 × 1021 eV−1

·cm−3, Eo = −6 eV, c =

0.25 eV, µmax = 10−3 cm2/V·s, E1 = −5.8 eV, and d = 0.12 eV.

II. PRELIMINARY CONSIDERATIONS

For PEDOT:PSS, a Gaussian-shaped energy density of state
(DOS) results [17], [20], [21], [22]

DOS = DOSmaxe−
(E−Eo)2

2c2 (1)

where DOSmax is the peak height of the curve, Eo is the
position of the center of the peak, and c is the standard devia-
tion, with typical values of 4 × 1021 eV−1

·cm−3, −6 eV, and
0.25 eV, respectively [23]. Fig. 2(a) shows the resulting energy
distribution of the normalized density of states (DOS/DOSmax).

Using the Fermi–Dirac distribution, the hole concentration
(p) is obtained as follows:

p =

∫
+∞

−∞

DOS

1 + e
EF−E
qVT

d E (2)

where EF denotes the Fermi level, q is the elementary charge,
and VT ≈ 26 mV is the thermal voltage at room temperature.
The normalized result [p/pmax, where pmax = p(EF → −∞)],
which depends on the Fermi level, as depicted in Fig. 2(b),
is evaluated by the fitting of the integrand with a 12th-order
polynomial approximation, using the least-squares method,
and performing the integral of the polynomial analytically for
each value of the Fermi level. Note that two asymptotic values
for the hole concentration are observed as follows:

1) pmax, representing the initial hole density in the PEDOT
layer, which corresponds to the hole density in the chan-
nel of an OECT depleted of cations, with anions fixed
within the electrolyte since the transistor predominantly
operates in depletion mode [8].

2) Zero. That is, no hole concentration in the channel of
a fully de-doped OECT, for a sufficiently high cationic
charge leveraged from the electrolyte.

Due to the tunneling processes involved, the energy dis-
tribution of the PEDOT hole mobility (µ) follows that of
the density of states. At low energies, a limited number
of carriers populate the low density of states, and hopping
between carrier sites is unlikely, resulting in low hole mobility.
As the hole concentration increases (with a larger density of
states), carriers fill higher energy sites, hopping is faster, and
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the hole mobility rises. Finally, for large carrier densities,
the density of states starts to reduce, meaning that hopping
again becomes unlikely and the carrier mobility decreases [10],
[21]. The charge carrier mobility is therefore dependent on the
carrier concentration (i.e., the Fermi level), as experimentally
observed in [10] and [21], and the dependence of the hole
mobility on the Fermi level can be expressed as follows:

µ = µmaxe−
(EF−E1)

2

2d2 (3)

with typical values for the peak mobility (µmax), the position
of the center of the peak (E1), and standard deviation (d)

of 10−3 cm2/V·s [17], −5.8 eV [21], and 0.12 eV [20],
respectively. This dependence is depicted in Fig. 2(c) based
on normalized values (µ/µmax).

When the hole concentration and hole mobility are known,
the PEDOT conductivity can be obtained as σ = qpµ. This
has a bell-shaped distribution with the Fermi level, as shown
in Fig. 2(d), for normalized data (σ /σmax) and reported in [20].

For the PEDOT layer of the channel of an OECT, using
the gradual channel approximation and integrating along the
channel length, the drain current (Id) can be expressed as
follows:

−Id = −
W T

L

∫ Vd

0
qpµdV = −

W T
L

∫ Vd

0
σdV (4)

where V is the channel voltage. Thus, for the saturation regime
of transistor operation, with the saturation drain voltage (Vd,sat)

given by Vd,sat = Vg − Vth, the drain current (Idsat) is

−Id,sat = −
W T

L

∫ Vg−Vth

0
σdV =

W T
q L

∫ q(Vth+V0)

q(Vg+V0)
σd EF (5)

where Vth = qpmax/cv is the threshold voltage (0.7 V) [9], with
cv ≈ 40 F/cm3 as the volumetric capacitance [24]; EF is the
Fermi level along the channel length, which is given by the
following equation:

EF = q
(
Vg − V + Vo

)
(6)

with the channel voltages V (0) = 0 and V (L) = Vg −

Vth at the borders of the gate, by the source and drain
side, respectively; dV = −dEF/q; and Vo = −6.2 V is an
offset potential related to the gate electrode material, the
electrolyte composition, and the p-type doping concentration
of PEDOT [5], [10].

By fitting the integrand by a Gaussian process regression
model, the transfer characteristic in the saturation regime
is evaluated using global adaptive quadrature and default
error tolerances as shown in Fig. 3 (left axis) by a line for
normalized data (Id,sat/Id,sat−max).

The dependence on the gate voltage of the transconductance
in the saturation regime (gm,sat), from the derivation of (5),
is shown in Fig. 3 (right axis) by a line for normalized data
(gm,sat/gm,sat-max). Note that the bell-shaped functions of σ/σmax
[with EF = q(Vg + Vo)] and gm,sat/gm,sat-max have the same
width and position as the modes [with EFo = q(Vgo + Vo)],
which is indicated by open circles in Fig. 3. In addition, given
that σmax = gm,sat-max/(WT/L) = 0.1 S/cm, it is assumed that
gm,sat = (WT/L) · σ for dc modeling of OECTs.

Fig. 3. Normalized values of the drain current (5) (left axis) and
transconductance (right axis) versus gate voltage in the saturation
regime; Vth = 0.7 V and Vo = −6.2 V.

It must be pointed out that this section is based on a
mere description of the electrical parameters involved in the
evaluation of the drain current in OECTs. In practice, the con-
ductivity and hole concentration are determined before the
hole mobility, which is derived as conductivity divided by
the charge density of holes [20]. The reliability of mobility
evaluation in organic field-effect transistors is a serious issue.
In this respect, the use of the Y function method (YFM) seems
promising [25].

III. DEVICE UNDER TEST

A thick-film OECT was manufactured for the test on a stan-
dard 1-mm-thick FR4 PCB substrate. The source, drain, and
gate electrodes and the interconnections were manufactured
using standard PCB manufacturers. In order to protect the
Cu electrodes from corrosion, an electroless nickel immer-
sion gold (ENIG) surface finish was applied, consisting of
a two-layer metallic surface finish that included a thin layer
of gold (2 µm) over a layer of nickel. The thickness of
the traces was 35 µm. A resin layer was used to protect
the interconnections, which were only open over the elec-
trodes. A 3%–4% aqueous solution of high-conductivity-grade
PEDOT:PSS was used to create the channel. The PEDOT:PSS
was purchased from Sigma-Aldrich (reference 655201-25G).
The gate electrode was protected by a tape, leaving only the
channel region. The PEDOT was deposited over the channel
by spinning at 1500 r/min for 30 s, and the channel was baked
for 20 min at 100 ◦C and left to cool down to room tempera-
ture. Thereafter, the channel was conditioned by immersion
for 2 h in a 10−2 M KCl solution with constant stirring.
Finally, the system was rinsed three times with distilled water
for 5 min.

The width (W ), thickness (T ), and length (L) of the channel
were 5 mm, 25.5 µm, and 0.5 mm, respectively. The gold
source/drain terminals had a size of 5 × 1 mm2 and a
10.5 mm2 gate electrode was used. The gap between the drain
and gate electrodes (G) is 0.5 mm. The electrolyte consisted
of a 0.1 M phosphate-buffered saline (PBS) solution with
pH = 7.4 (P38135, Sigma-Aldrich), which is used typically
in biosensing applications (e.g., glucose sensor). Fig. 4 shows
the structure of the OECT and a SEM image of the channel.
The thickness of the channel, T , is estimated by comparing it
with the thickness of the electrode metallization (≈35 µm).
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Fig. 4. (a) Image of the manufactured coplanar OECT with the main
dimensions in mm. (b) SEM image of the channel indicating the distance
from the edge of the electrode.

Fig. 5. (a) Measured (closed symbols) and modeled (lines) output
characteristics for different gate voltages. (b) Ideal output characteristics
(open symbols with a line) and extracted saturation drain voltages
(closed symbols). The linear and saturation regimes are divided by the
dotted line. Inset: dependence of the saturation drain voltage on the gate
voltage. Extracted and modeled data are represented by closed symbols
and the dotted line, respectively.

IV. EXPERIMENTAL SETUP

The dc characteristics for gate voltages from 0.15 to 1 V,
in steps of 0.05 V, and drain voltages from −0.6 to 0 V, in steps
of 0.6 V, were obtained using a multimeter (Agilent 34401A).
A power source (Keysight EDU36311A) was used for the
biasing of the transistor. Data were acquired via instruments
controlled by USB.

V. DC MODEL

Modeling starts from the measured output characteristics of
the OECT, which are shown in Fig. 5(a) by closed symbols.

TABLE I
PARAMETERS OF THE DC MODEL

Fig. 6. Transfer characteristics (left axis) and transconductance versus
gate voltage (right axis) in the saturation regime, for Vd = −0.6 V.
Measured and modeled data are represented by closed symbols and
lines, respectively. Inset: threshold voltage extraction. Measured and
modeled data are represented by closed symbols and the dotted line,
respectively.

Ideal output characteristics (with zero output conductance in
saturation regime) result from dividing the measured drain cur-
rent by (1 − λ Vd), where λ is the channel-length modulation
coefficient [14], which could be associated with effects from
fringing capacitances at the surface of the channel [26]; its
value is indicated in Table I. The ideal output characteristics
are shown in Fig. 5(b) by open symbols with a line.

The measured transfer characteristics in the saturation
regime (for Vd = −0.6 V) and the resulting gate voltage
dependence of the transconductance are shown by closed sym-
bols in Fig. 6 (left and right axes, respectively). As previously
mentioned, a bell-shaped dependence for the transconductance
is observed. Considering that gm,sat/(1 − λ Vd) = (WT/L) · σ

and given that there is no elementary indefinite integral for a
Gaussian function, the derivative of the sigmoid function used
for gm,sat is as follows:

gm,sat = gmo ·
4 · e

Vg−Vgo
a1Vgo(

1 + e
Vg−Vgo
a1Vgo

)2 (7)

where α is set to 0.567 so that gm,sat/gmo = 0.5 for Vg = Vgo +

1Vgo; 1Vgo accounts for the transconductance deviation;
gmo = σmaxWT(1 − λ Vd)/L is the peak transconductance
for the gate voltage Vgo; and the maximum conductivity,
σmax, depends on the doping concentration and mobility
of PEDOT. Values for Vgo and σmax are obtained from
the measured peak transconductance and 1Vgo by adjusting
the measured transconductance characteristic using the least-
squares method; they are listed in Table I.
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The modeled dependence on the gate voltage of the
transconductance in the saturation regime is shown in Fig. 6
(right axis) by a dashed line, and good agreement with the
measured data, which are shown by closed symbols, is found.
By integrating gm,sat in (7) and since Id,sat (Vg = Vth) = 0, the
drain current in the saturation regime is obtained as follows:

−Id,sat = 4a1Vgogmo ·

(
1

1 + e
Vg−Vgo
a1Vgo

−
1

1 + e
Vth−Vgo
a1Vgo

)
. (8)

As illustrated in the inset to Fig. 6, Vth is determined in
the vicinity of the cut-off region from the gate voltage axis
intercept of the resulting (−Id,sat)

0.5–Vg linear regression [27];
its value is shown in Table I. The resulting modeled transfer
characteristic in the saturation regime is shown in Fig. 6
(left axis) by a solid line. Again, good agreement with the
corresponding measured data, which are shown by closed
symbols, is achieved.

When the drain voltage reduces, a lower longitudinal
electric field causes the drain current due to hopping to
diminish [23], [28]. In addition, fewer cations in the channel
move toward the drain contact. Hence, once the saturation
regime is determined, the linear regime is modeled based on
the assumption of the gradual channel approximation [9] and
constant mobility and gate capacitance. The drain current,
Id,lin, is written as follows:

Id,lin = Id,sat ·

[
1 −

(
Vd − Vd,sat

Vd,sat

)2
]

(9)

which is valid for Vd > Vd,sat, the saturation drain voltage
necessary to pinch off the channel at the drain. The expression
in (9) ensures continuity between the linear and saturation
regimes of not only the drain current but also the transconduc-
tance and output conductance, regardless of the dependence
of Vd,sat on the gate voltage. The saturation drain voltages are
extracted from the ideal output characteristics, as shown in
Fig. 5(b) when transitioning between the saturation and linear
regimes; these data are represented in Fig. 5(b) by closed
symbols. A linear dependence of the saturation drain voltage
on the gate voltage is observed, as shown in the inset to
Fig. 5(b) by the dotted line. As the saturation drain voltage
is zero when the gate voltage equals Vth, Vd,sat is given by the
following equation:

Vd,sat = β ·
(
Vg − Vth

)
(10)

where β is a fitting parameter obtained by linear regression
(see Table I). It should be noted that for an OECT, β is
lower than unity (the value for MOSFETs), which is in
agreement with experimental data reported in [14]. This could
be attributed to the fact that cations are injected from the
electrolyte into the OECT, which move along the channel
toward the drain contact, thus reducing the required drain
voltage at which the channel pinches off [8].

By solving (10) for Vg and substituting it into (8), the
modeled Id–Vd,sat characteristic that separates the linear and
saturation regimes can be derived. This is represented by a
dotted line in Fig. 5(a), and the corresponding ideal curve is
depicted in Fig. 5(b). Finally, based on (8)–(10), the output

characteristics are successfully modeled shown by the lines in
Fig. 5(a).

Compared to other models proposed for OTFTs in the liter-
ature, the current model allows us to reproduce the maximum
transconductance. For the dependence of mobility on hole
concentration, it is usually assumed that µ ∝ pγ [29], [30]
(the mobility enhancement factor, γ , is zero in the original
model proposed by Bernards and Malliaras [9]). Then, the
drain current and transconductance in the saturation regime
are given, respectively, by the following equations:

−Id,sat =
K

γ + 2
·
(
Vth − Vg

)γ+2(1 − λ Vd
)

(11)

and

gm,sat = K ·
(
Vth − Vg

)γ+1(1 − λ Vd
)

(12)

where K groups the geometric and rest of technological bias-
independent parameters. In this case, only the minimum for
gm,sat (zero) when the transistor is turned off can be predicted.
The resulting modeled data are represented in Fig. 6 by dotted
lines. Note how the peak of the transconductance observed
experimentally cannot be modeled (with K = 41.12 mA/Vγ+2

and γ = 1.02). The origin of the problem is the assumption for
exponential DOS in the above (and other) model(s) of OTFTs,
which results in a power-law enhancement of mobility with
gate bias through the mobility enhancement factor.

Accordingly, in cases when bell-shaped DOS, channel cur-
rent, or transconductance are observed, the proposed model
should replace channel current models, e.g., the generic OTFT
model in [29] and [30].

VI. CONCLUSION

A compact model of the dc characteristics of OECTs is pro-
posed, which takes into account the nonmonotonic dependence
of the transconductance on the gate voltage in the saturation
regime. The typical peak transconductance of OECTs is also
correctly predicted, which can be useful in future works for
bio-sensing applications. The proposed model can be easily
incorporated into circuit simulators, and extraction of the
necessary parameters from the dc characteristics can be done
in a straightforward way.
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