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Recent progress in printable electronics and biointerfaces has driven a
growing interest in organic electronics for biosensor and neuromorphic
applications, offering a valuable complement to traditional silicon
technologies. Among organic electronics, organic electrochemical transistors
(OECTs) have garnered significant attention for their high transconductance,
biocompatibility, and dual ionic—electronic charge transport capabilities. While
OECTs show strong promise, their variability due to fabrication and material
inconsistencies, limited insight into charge transport, and absence of standard
models hinder their integration. A robust, physics-based compact model can
bridge these gaps and facilitate broader adoption of this device technology.
This work presents a physics-based DC compact model for OECTs, integrating
electrochemical interactions using the Nernst equation in the above threshold
regime with drain bias-dependent diffusive charge transport in the
subthreshold regime, unified by a hyperbolic tangent transition. It integrates
the threshold voltage roll-off effect and the drain voltage-dependence of the
hole mobility using the Poole-Frenkel mobility model. The model is validated
against experimental data from four distinct geometries of p-type
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT: PSS) OECTs,
which show excellent agreement with the measurements. The model reliably
captures DC characteristics, making it suitable for incorporation into circuit
simulation tools to support broader application development.

biosensing,!! owing to their ability to
operate in aqueous environments and
integrate with microfluidic systems.
Their versatility has led to applications in
electrophysiological sensors,!?l bioelec-
tronic implants,}] wearable electronic
sensors¥l and lab-on-chip devices."!
Moreover, interest in OECTs applications
in advanced fields such as neuromorphic
computing,l® logic circuits,”] smart
textiles,®! and electrochromic displays!®!
has increased. This broad applicability of
OECTs derives from their reversibility,
low driving voltage, low power consump-
tion, high transconductance, biocom-
patibility, and ability to transduce ions
into electronic signals with high gain
and a high signal-to-noise ratio.[1%14]

OECTs differ from organic field ef-
fect transistors (OFETs) by their use
of an Organic Mixed Ionic-Electronic
Conductor (OMIEC)")  channel for
ionic—electronic  charge  conduction.
Additionally, the presence of an elec-
trolyte between the gate and the channel
enables electrochemical doping, a mech-
anism that sets OECTs apart from the
field-effect operation of OFETs. OECTs

1. Introduction

Organic electrochemical transistors (OECTs) are organic tran-
sistors that have a wide range of applications in biological and
neuromorphic systems. They have gained significant attention in

are three-terminal devices in which a gate voltage modulates the
current through the OMIEC channel via ionic exchange across an
electrolyte, as illustrated in Figure 1a. This electrochemical inter-
action enables simultaneous regulation of electronic and ionic
charge carriers through ionic injection from the electrolyte into
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Figure 1. a) 3D schematic of the structure of an OECT. b) Image of the fabricated OECT with solid-state electrolyte and a PEDOT: PSS-based channel of

length 150 um, width 100 um, and a gate area of 160 um x 120 um.

the OMIEC channel, triggering a doping—dedoping process that
governs channel conductivity.[*617]

To enable the use of OECTs in a wide range of proposed ap-
plications, a robust compact model must be developed to sup-
port circuit simulations and facilitate mass production. Although
several models for DC characteristics have emerged in recent
years, achieving precise validation with experimental measure-
ments has posed significant challenges. One of the most well-
known models of an organic electrochemical transistor (OECT)
by Bernards et al."® considers only electrostatic processes and
does not capture the Faradaic current that arises due to the elec-
trochemical redox reaction. Similarly, Friedlein et al.'! used a
modified version of the Bernards model with similar shortcom-
ings. Other works by Cucchi et al.?") and Feitosa et al.l'?l have
applied thermodynamic analysis, approaching modeling from
a purely electrochemical perspective and neglecting the semi-
conductor physics properties of OECTs, especially in the sub-
threshold regime. A recent work by Darbandy et al.l?!l used
a mixed methodology, implementing the electrochemical ap-
proach for the above threshold and the semiconductor approach
for the subthreshold regimes. However, their work has impor-
tant limitations, such as their incomplete implementation of the
threshold voltage roll-off effect, their use of constant hole mo-
bility, and the lack of dependence of the subthreshold current
on the drain voltage, which prevents accurate fitting. Develop-
ing an accurate description of the threshold voltage, its roll-
off effect, and by extension the subthreshold regime is of ut-
most importance for the design of energy-efficient neuromor-
phic circuits such as spiking neurons(??! as well as biosensing
applications.[?*]

In this work, we develop a physics-based DC compact model
for an OECT that incorporates the drain voltage dependence of
the threshold voltage with its roll-off effect as well as the bias-
dependent Poole—Frenkel mobility model. The developed model
was verified by experimental measurements of four different
OECT geometries. This attests to the scalability of the model in
different PEDOT-based OECT devices for applications in neu-
romorphic computing, bioelectronics, biosensors, and flexible
electronics.
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2. Model

2.1. Above Threshold Regime

The majority of OECT modeling strategies, such as the
Bernards!'®! model, rely on equivalent circuit representations to
describe the coupled dynamics of electronic and ionic charge
transport. However, the ionic circuit they used oversimplifies
ion-to-electron transduction into an equation that assumes an
ideal capacitor as the ionic reservoir.'?! This does not allow for
a qualitative description of the OECTs transfer curves, their po-
tential bistability,(*! its threshold voltage roll-off, or saturation in
the transfer curve. A more accurate approach to describe OECTs
ion-to-electron transduction is to use the electrochemical reaction
that takes place in the channel region between the ionic charge
carriers of the electrolyte and the OMIEC channel material, an
intrinsically doped poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT: PSS). Numerous studies,[!212425] have out-
lined this electrochemical redox reaction, a dedoping-doping pro-
cess, with the equation below:

PEDOT* : PSS~ + M* + e~ < PEDOT? + M* : PSS~ (1)

When we apply a positive gate voltage, cations (M*) from the
electrolyte (e.g., Na*, H*, EMIM™, etc.) reversibly enter the chan-
nel, neutralize PSS~ species, and hence dedope the conjugated
polymer by reducing PEDOT™ (oxidized state) to PEDOT (neu-
tral state). When we remove the gate voltage, M* diffuses back
into the electrolyte, and PEDOT recovers to the oxidized state
(doping).1%] At steady state, we can use the Nernst equation to
model the quasi-equilibrium redox reaction, as has been shown
in other previous works:[21:25:26-27]

E=E, + l([[j:j]) 2

where E is the applied potential, E, is the standard poten-
tial of the redox reaction, [ox] and [red] are the absolute
densities/concentrations of the oxidized and reduced species,
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respectively, R is the ideal gas constant, T is the absolute temper-
ature, n is the number of electrons involved in the process, and
F is Faraday’s constant. At low concentrations, we can apply the
Nernst equation to the redox reaction of Equation (2) as follows:

3)

E=E,+ i—;ln ( [PEDOT*:PSS™+M*] )

[PEDOTO+M*:PSS-|

Since PEDOT is the only species reduced, and assuming that
the remaining dopants and ions will balance in steady state, Equa-
tion (3) reduces to:

()

E=E+ i (200

[PEDOT?]

here, [PEDOT*] is the concentration of PEDOT in its oxidized
state, and [PEDOT’] is the concentration of PEDOT that de-
creases after the PSS pairs with a cation. According to the law
of conservation, the sum of the concentrations of PEDOT* and

PEDOTY is the same over time and space.!?02!]

Pt 4+ P° = P, = constant (5)
where P*, P, and P, are the concentrations of PEDOT* (which is
also the density of holes), PEDOTY, and the total constant concen-
tration of units of the PEDOT that take part in the redox process
(which is also the density of PSS™), respectively. Applying this to
the Nernst equation gives:

E:EO+§—I{ln< v ) (6)

Py— P*

P = —g 7)

here, b = RT/nF, which is the same as the thermal voltage (kT/q)
for n = 1. E and E, normally correspond to the potential of the
working electrode of a conventional three-electrode electrochem-
ical cell measured against a reference electrode.[?’] In OECTS, we
usually connect the source electrode to the ground, and the vary-
ing potential is at the gate. Therefore, we modified Equation (7)
by reverting the sign of the potential and adding an additional
fitting parameter (a) as follows:

- P,
Pr= —F5~ ®)

1+e ab

The parameter a reflects the ideality factor in the model herein
developed, which has a value in the range 0 < 1 < 1, represent-
ing the deviation from the ideal behavior. We then inserted Equa-
tion (8) into the drift current expression to calculate the charge in
the channel based on the applied potential:

I =jA = Wdqu,p (x) “2 9)

where W is the channel width, d is the channel thickness, yu, is
the mobility of holes, and p(x) is the concentration of the holes
replaced by P*. The value of the potential, V, in Equation (8) is
the applied voltage at the gate and drain (ie., V = V; - V(x)).
Hence, we calculate the drain current, I, ,, for the above thresh-
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old regime by integrating along the channel and its potential at
position x:

L Vp
Ina ] ds = Wagyq | (10)

[ | R
(VG V)= Vi)
1+e ab

Ip, = %thPoab [ln (6% et ) - ln( l+e ™ )] (11)

From this equation, we can see that the above threshold model
developed using the Nernst equation is dependent on both the
gate and drain potentials. When we apply a high (negative) volt-
age at the gate, the equation simplifies to a linear relationship
with the drain potential, which will be essential in extracting the
hole mobility, as we discuss below. However, this equation alone
does not appropriately account for the subthreshold swing, which
is essential to analyze the subthreshold regime.

2.2. Subthreshold Regime

In the subthreshold regime, since the OMIEC channel is par-
tially dedoped, the current is mostly dominated by diffusion. The
electric double layer capacitance is also negligible since the gate
voltage is low in the subthreshold regime.[?! Hence, we applied
a semiconductor physics approach that takes into consideration
the diffusive current dominant in subthreshold due to thermally
activated charges. We adapted a subthreshold current equation
that has previously been implemented for amorphous and or-
ganic thin film transistors.[429]

2 Ve Vis
I, 2&1/4;;( s ) cre (5w <1_ e‘(%)) (12)

s T L In(10)

where C* is the volumetric capacitance of the OECT, and SS is
the subthreshold slope given by SS = ¢ In(10)kT/q, and ¢ is a
fitting parameter. We can alternatively extract the subthreshold
slope from the measurement of the logarithmic transfer curve
in the subthreshold regime. This subthreshold current equation
accounts for the exponential carrier activation from gate bias,
the diffusive transport dominated by thermal energy, and the de-
pendence of the current on drain bias, especially for small drain
voltages.

The two equations, Equations (11) and (12), only describe the
corresponding above threshold and subthreshold regimes. A tra-
ditional method used for Si-based TFTs is to take [(1/I},) +
(1/Ip,)]™" as the combined equation, however this lacks the gen-
eral applicability to organic transistors, particularly when the sub-
to-above transition is spread over a wide voltage range.l’*) We
applied a hyperbolic tangent transition function as a suitable
method for OECTs with a tunability of the position and the de-
gree of transition. Finally, we constructed the unified compact
model, which is valid and continuous from the subthreshold to
above threshold regimes, by using the hyperbolic function given
below:
tanh [B (V; —

I, = ID,Q% {1- (Vi+ V)] }

5 {1+ tank [B (Ve = (Vi + )]} + 1, (13)
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We introduced the transition voltage V,, and the transition
steepness parameter B as fitting parameters for accurately model-
ing the above-to-subthreshold transition. The sum of V, and V, ,
fixes the center of the transition in the two hyperbolic tangent
functions. The other term B dictates the degree of steepness or
smoothness around the transition voltage. I; is the voltage inde-
pendent off-state current. The first term in Equation (13), I, ,, is
the current from the above threshold regime of Equation (11),
and the second term, Iy, is the current from the subthresh-
old regime of Equation (12). This shows that the compact model
comprises an ordinary conductor switched by ions in the above
threshold regime and a semiconductor switched by an electric
field in the subthreshold regime.

2.3. Effective Gate Voltage

In OECTS, capacitive effects at the gate and channel-electrolyte
interfaces might lead to a mismatch between the gate poten-
tial and the electrolyte potential, which affects channel conduc-
tivity modulation.[?! The electrolyte potential, i.e., the effective
gate (channel) voltage, is determined by the capacitances asso-
ciated with the formation of a double layer at the gate and the
channel.B!l We calculate this effective gate voltage by using the
capacitive divider as follows:

Vo.or = 1o (14
where o is the ratio of capacitances (¢ = Cy/Cg and Ccyy and
C,, are the channel and gate capacitance, respectively), which are
determined from channel and gate volumes. However, since the
thickness of the PEDOT: PSS on the gate and on the channel re-
mains the same, the ratio corresponds to 6 = (W “ L) / (W " L¢),
where W and L are the channel width and length, respectively,
and W, and L, are the gate width and length of the PEDOT: PSS
layer, respectively. We used this V,  for all the gate voltage val-
ues in our compact model.

2.4. Threshold Voltage Roll-Off

In OECT;, the threshold voltage is primarily determined by the
channel material’s energy levels and the film’s ability to allow
ion penetration, which typically aligns with the electrochemical
onset potential.l'’l The threshold voltage depends on the type
of gate electrode,*”) gate capacitance,?*! the type and concen-
tration of the ion in the electrolyte,3* channel material,3*! light
exposure,3%! or geometry among other factors. Some side-gate
OECTs, such as the one we are modeling, show threshold voltage
roll-off behavior with increasing drain bias and a loss of satura-
tion in the output curve.’’] Priifer et al.®] observed and success-
fully modeled the threshold voltage shift in short-channel (chan-
nel length in the submicron range) OTFTs due to drain induced
barrier lowering (DIBL). However, we have observed this phe-
nomenon in OECTs with channel lengths of even 150 um.

In OECTS, the lateral drain-source field induces ionic capaci-
tive coupling between the electrodes that leads to threshold volt-
age roll-off, i.e., an increase in the threshold voltage with increas-
ing drain voltage, in the transfer curve, and the loss of current
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saturation in the output curve with increasing drain-source volt-
age, a phenomenon known as electrochemical electrode coupling
(EEC). Weissbach et al.®*l have shown that decreasing the drain /
OMIEC overlap and using a nonpolarizable gate electrode lowers
the EEC.

From measurements, we observed that the threshold voltage
roll-off can be modeled using an empirical second-degree poly-
nomial equation, as given below.

Vv, =nVé+yVD+ Vo (15)

where 57 and y are roll-off parameters extracted from the measure-
ment data shown in Figure 2 and V,, is the zero drain-bias thresh-
old voltage of the above threshold regime extracted from mea-
surement data. The threshold voltage obtained from this equa-
tion is the one that we use in Equations (11) and (13).

To extract the threshold voltage for the above threshold
regime, we used the peak transconductance method*’! as shown
in Figure Sla (Supporting Information). For the subthreshold
regime, we extracted a second threshold voltage via the second
derivative method*!! as shown in Figure S1b (Supporting Infor-
mation). Since we applied two different equations for the above
threshold and subthreshold regimes, we needed two different
methods to extract the respective threshold voltages.

In addition, we determined the gate turn-off voltage to be the
voltage at which any further increase in the gate voltage only
amounted to a leakage current and no further decrease in the cor-
responding drain current. We found this point by using the min-
imum of the derivative (slope) of the logarithmic transfer curve
and used it to identify and quantify the threshold voltage roll-off
relationship, i.e., # and y. As we increased the drain voltage, the
gate turn-off voltage also increased, as shown in Figure 2, but in
a nonlinear manner, which we extracted into Equation (15). We
also used this gate turn-off voltage to extract the off-state current.

2.5. Hole Mobility

We directly extracted the hole mobility from the measurement of

the linear transfer characteristic curve. In Equation (11), as V

increases to the maximum value (Vlim Ip,), the equation be-
G——00

comes linear with V. Hence, the hole mobility can be extracted
by using the measured values of the drain voltage, drain current,
and other constant device parameters.

lim I,, =
Voo—oo D,a

%i H4Py Vi (16)

This extracted hole mobility is dependent on the assumed
value of P, the initial density of holes, on the aspect ratio, and the
applied drain voltage. Hence, we cannot independently extract u,,
apart from the assumed value of P,. However, it is very essential
in determining the dependence of the hole mobility and its value
in the context of the developed model. We modeled the depen-
dence of the extracted hole mobility on different drain voltages
using a Poole-Frenkel mobility model. It is a model that gives
the mobility to be exponentially dependent on the applied lateral
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Figure 2. The gate turn-off voltage was determined by using the minimum derivative of the logarithmic transfer curve for drain voltages of —0.05, —0.1,
—0.2, —0.4, and —0.6 V for an OECT with a channel length of 150 um and a channel width of 100 um. a) the derivative of the logarithmic transfer curve,
where the minimum value gives the gate turn-off voltage. b) the corresponding logarithmic transfer curve with the gate turn-off voltage identified for

increasing drain voltages.

electric field (therefore, the drain voltage),!*?] as given by Equa-
tion (17) below.

AL
Hy, = Hoe (kT/q) (17)

where p, is the zero field mobility, § is the Poole-Frenkel coeffi-
cient (8 = \/q/7ee,, used as a fitting parameter), L is the channel
length, and kT/q is the thermal voltage. This is the value of the

a 24 ; ; ‘
—PF mobility model
¢ Extracted Hole Mobility

23.5¢
2

NE 23+
N7
X

225+

22 : . :

0.6 -05 -04 -03 -02 -01 0
Vo (V)

hole mobility implemented into Equations (11) and (12) for drain
current calculations.

As shown in Figure 3a below, the applied mobility model was
a good fit for the extracted values of the hole mobility. From the
equation of the Poole-Frenkel mobility model, we determine the
relationship between the mobility and the drain voltage using
the extracted parameters of y, the zero field mobility and g, the
Poole-Frenkel coefficient.

b 10+

—Transfer Curve
——Subthreshold Fit

108

106}

[Tp| (A)

107}
SS=-0.113

]0-8 L

10° ' ' . ‘
A5 1 05 0 05 1 15

Vg (V)

Figure 3. a) The extracted hole mobility of an OECT with a channel length of 150 um and channel width of 100 um in comparison with the applied
Poole—Frenkel mobility model with its corresponding error bar. b) the subthreshold slope extracted using a linear fit in the subthreshold regime of the
logarithmic transfer curve for an OECT with channel length of 150 um and channel width of 100 um for an applied drain voltage of —0.05 V.
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Figure 4. Comparison of measurements (symbols) and compact models (solid lines) for the forward (upper: on — off) and reverse (lower: off > on)
sweeps with a channel length of 150 pm, a channel width of 100 um, and a gate area of 160 um x 120 um. a) Linear transfer curves for drain voltages of
—0.05, —0.1, 0.2, —0.4, and —0.6 V b) Logarithmic transfer curves with the same drain voltages as in a. c) Output curves with gate voltages of —1.2,

-0.9, 0.6, —0.3,0, 0.3, and 0.6 V.

3. Results and Discussion

We compared the results obtained from the compact model with
the measurements of four different geometries of p-type OECTs
for the linear and logarithmic DC transfer characteristics curves,
as well as the output characteristics curves. We applied the key pa-
rameters we extracted, the hole mobility, the subthreshold slope
(as shown in Figure 3b, extracted from the linear interpolation
of the subthreshold regime of the logarithmic transfer curve),
and the threshold voltage to the model. We have also incorpo-
rated into the model the effects of the threshold voltage roll-off,
Poole—Frenkel field-dependent mobility model, and the effective
gate voltage due to the capacitive properties of the electrolyte.
Table S1 (Supporting Information) shows the different param-
eters that were used for the compact model. It outlines the geo-
metrical parameters, the assumed material parameters such as
the volumetric capacitance and initial hole density, the extracted
model parameters, and fitting parameters. The fitting parameters
and the extracted (modeled) parameters have their corresponding
standard error percentages calculated based on the accuracy and
sensitivity of each parameter. Although the transition voltage pa-
rameter seems to have a high global relative standard error and
hence less sensitivity, it is more sensitive and accurate in the sub-
threshold regime and doesn’t affect the overall unified model as
much.

We first validated the model for the forward sweep (—1.5 —
1.5 V) of the linear and logarithmic transfer curves of an OECT
with a channel length of 150 pm and a width of 100 um. We also
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validated the model for the output curves, as shown in Figure 4.
We then applied the model to the reverse sweep (1.5 - —1.5 V)
of the same device by only changing the threshold voltage and
transition voltage parameters, as shown in Table S1 (Supporting
Information). The fit of the reverse sweep is shown in Figure 4.
The model was able to show the bistability, the forward and re-
verse sweeps, of the PEDOT: PSS OECT by only changing the
threshold and transition voltages.

We also applied the model to three other OECTs of different
geometries (L=70um W =190 pm, L=90 um W =100 um, L =
70 yum W = 100 pm) with different parameter values. The param-
eter values and the validation of the model for these geometries
are provided in the Supporting Information Section.

We observed that for the devices with the same channel widths,
as the channel length increased, the dominant threshold voltage
roll-off factor, y also tended to increase. The model had an over-
all Root Mean Square Error (RMSE) of 5.72 pA. However, when
we look at the regime specific RMSE, it is 5.97 pA for the above
threshold regime and 56.33 nA for the subthreshold regime. This
shows that the model is a good fit over the entire regime of the
OECT transfer characteristics curve.

4, Conclusion

OECTs have gained a lot of attention in the past couple of
years due to their ability to transduce ionic to electronic current.
However, a modeling technique that incorporates their electro-
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chemical and semiconducting properties hasn’t been properly
developed. In this work, we presented and successfully validated
a compact model for the DC characteristics of an OECT with ex-
perimental measurements. The model considers the redox reac-
tion for the above threshold regime and a semiconductor physics
based diffusive current for the subthreshold regime. The model
was further enhanced by applying the effects of threshold volt-
age roll-off, effective gate voltage due to the capacitive properties
of the electrolyte, and the dependence of the hole mobility with
drain voltage based on the field-dependent Poole—Frenkel mobil-
ity model. A direct extraction of parameters was performed on
key parameters, such as the hole mobility, subthreshold slope,
and threshold voltage.

The model was able to fit the hysteresis of an OECT by sim-
ply changing the threshold and transition voltage and fitting the
forward and reverse sweeps of the transfer curves. The model
has been validated on a P-type depletion mode OECT that has a
PEDOT: PSS channel and a side gate configuration with a Solid-
State electrolyte. Despite the validation being limited to this archi-
tecture, it can be extended to other P-type depletion mode OECTs
by simply adjusting material-specific fitting parameters.

5. Experimental Section

Device Fabrication: The compact model was developed and validated
based on measurements taken of OECT devices fabricated using a pre-
viously reported hybrid OECT fabrication technique.l*3] In brief, the gate,
source, and drain electrodes were structured in a side-gate configuration
by photolithography (SUSS Microtec MJB4) using positive photoresist
(AZ1518) and wet etching onto a glass substrate (1-inch x 1-inch) with
Cr/Au (3/ 50 nm) layers. A 1% aqueous dispersion of PEDOT: PSS (Cle-
vios PH1000) was utilized with a 5% v/v ethylene glycol solution via spin-
coating at 3000 rpm for 60s to yield a thickness of 75 nm. This layer of PE-
DOT: PSS was then structured by photolithography for the channel region
and also covered the gate electrode, to enable effective gating. For the elec-
trolyte, five layers of an in-house developed solid-state electrolyte based on
the ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate [EMIM][EtSO4]
(Sigma—Aldrich) were applied through inkjet printing.['!] Figure b shows
an image of the layout of the fabricated OECT with a channel length and
a channel width defined by the dimensions of the Au electrode of 100 pm
each. To ensure reliable fabrication of the device, the planar dimensions
of the PEDOT: PSS layer defining the channel were 150 and 100 pm, and
thus, larger than the channel length defined by the metal electrodes. The
lateral size of 160 by 120 um, the area of the PEDOT: PSS layer on the gate,
was larger than the channel area, ensuring efficient gating.

Device Characterization: The |-V Characteristics of the OECTs were
measured in a nitrogen-filled glovebox with two Keithley 236 Source Mea-
sure Units controlled via the SweepMe! software (sweep-me.net).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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