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An Empirical Model of lon-Selective Organic

Electrochemical Transistors

Shishir Deb Nath, Pinok Chowdhury Manik, Mohammad Shafiqul Islam,

Mainul Hossain,* and Yasser Khan*

Frequent monitoring of body fluids such as blood, sweat, saliva, and urine is
essential for the early detection of various diseases. lon-selective organic
electrochemical transistors (IS-OECTs) offer a low-cost, highly sensitive, and
easily fabricated platform for detecting ion concentration changes. Their
inherent flexibility and biocompatibility make them well-suited for integration
into wearable systems for continuous, point-of-care health monitoring.
However, optimizing IS-OECT design and circuit performance requires
accurate modeling of their concentration-dependent behavior, which is

pressure.l!] For precisely and reliably de-
tecting and monitoring ion concentra-
tions, organic electrochemical transistors
(OECTs) have attracted a great deal of
interest in recent times due to their
high signal amplification, ease of fab-
rication, and reduced module costs.[
Furthermore, OECTSs are stable in aque-
ous environment with low operating
voltages (<1 V) and high transconduc-

complicated by complex electrochemical interactions and charge transport
dynamics. In this work, it introduces an empirical model that extends the
Friedlein framework to incorporate ion concentration effects, enabling
accurate prediction of steady-state device characteristics in the presence of
both target and interfering ions. Validation of this model with IS-OECTs
fabricated to detect ammonium (NH,*) and sodium (Na%) ions shows an
excellent agreement with experimental measurements, underscoring its

reliability for electrochemical sensing applications.

1. Introduction

Ions are essential for regulating important physiological and bio-
logical processes in the human body. Kidney function, for exam-
ple, is determined by the concentration of Cl~ and NH,* ions in
the blood. Na* and K* ions regulate osmotic pressure within the
cells, determine cell membrane permeability, transport neural
signals, facilitate muscle activities, and control the blood pH and
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tance (g,). OECTs also offer excellent
biocompatibility, flexibility and stretch-
ability, making them ideal candidates
for wearable and implantable biochem-
ical and bioelectrical sensors.’#l An
OECT is a three-terminal device that
consists of metal electrodes for gate,
source and drain. In between source and
drain, an organic semiconductor creates
the channel. This organic semiconduc-
tor allows the conduction of both ions
and holes (or electrons). An electrolyte
establishes the connection between the gate and channel. A
source-to-drain voltage (Vp,) causes a drain current (I) to flow
through the channel. The gate voltage (V) controls the move-
ment of ions from the electrolyte into the channel and dope or
de-dope the channel material depending on the type of semi-
conductor used. This, in turn, modulates the channel conduc-
tance and consequently, the I,. Due to the volumetric capac-
itance in the OECT channel, conductance modulation occurs
throughout the entire channel volume. This characteristic leads
to high transconductance values, making OECTs excellent trans-
ducers for monitoring signals related to ionic variations in the
electrolyte.>) Selectivity can be introduced in the OECT by incor-
porating a thin ion-selective membrane (ISM) on top of the chan-
nel. These ion-selective OECTs (IS-OECTSs) can offer reliable and
continuous monitoring of biomarkers in sweat, saliva, tears, or
interstitial fluids.l®’] A 3D schematic of a typical IS-OECT de-
vice is shown in Figure la. In this configuration, the ISM is
placed between the electrolyte and the channel, allowing selective
ion transport. ISMs consist of ionophores in a plasticized high
molecular weight poly(vinyl chloride) (PVC) matrix. Ion detection
is achieved through selective and reversible interaction between
the ionophores and the target ions, forming a complex.[®** The
change in concentration of the primary ions results in a potential
difference across the ISM interface, which, in turn, modulates
I. Due to the low mobility of ions in the PVC matrix, the ISM
acts as an ion barrier, restricting the ion’s mobility toward the
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Figure 1. Overview of the compact modeling of IS-OECT device. a) A 3D sketch of a typical IS-OECT device, illustrating the transistor substrate, channel,
encapsulation, source, drain, polyanionic film (ion reservoir), ISM, electrolyte, and gate. b) A 2D cross-sectional schematic of (a), depicting the device
geometry and interfaces (dashed circles). c) Equivalent circuit of the IS-OECT device shown in (b), highlighting the governing equations that contribute
to the offset voltage (Vg.et) in steady-state condition. d) Qualitative representation of potential distribution across the IS-OECT: the red line corresponds
to the applied gate bias (V) and the blue dashed line represents the resulting effective potential seen by the channel. e) Fully printed IS-OECT fabricated

on a flexible polyamide substrate.

channel. This allows charge to accumulate in the channel at the
ISM-channel interface, forming an electric double layer (EDL).
The capacitance of the EDL is in the micro-Farads range, which
allows stable operation in the aqueous medium. However, the di-
rect coupling between the ISM and the channel limits ion trans-
port, which degrades device performance and makes the inte-
gration of ISMs with OECTs challenging. The problem can be
addressed by increasing the number of ionic sites in the ISM
or introducing an ion reservoir (polyanionic film) between the
ISM and the channel.l®1%! Figure 1b presents a 2D cross-sectional
schematic of the IS-OECT device structure, highlighting the key
interfaces that contribute to the development of the overall off-
set voltage (V q.)- Figure 1c depicts the equivalent circuit model
of the IS-OECT, which provides an electrical representation of
the various resistive and capacitive components within the de-
vice as well as the corresponding governing equation. Figure 1d
presents a qualitative illustration of the potential distribution
across various interfaces of the IS-OECT under applied gate bias
(Vg)- The incorporation of the ISM induces an electromotive
force, thereby influencing the effective gate voltage (V; .¢) of the
IS-OECT when a gate bias is applied. While voltage at the gate
remain equal to the applied voltage, the potential distribution
across the different layers is modified by several contributions:
i) capacitive voltage drops at the interfaces in the case of a polar-
izable gate electrode;!112] ii) the development of a phase bound-
ary potential (membrane potential) at the electrolyte-ISM inter-
face due to the presence of the ISM;!®1013] and iii) capacitive
voltage drops across the ISM-inner electrolyte interface.['3] A de-
tailed qualitative presentation of potential distribution across the
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OECT device before and after ISM integration is shown in Figure
S1 (Supporting Information). The ISM and the additional ion
reservoir ensure efficient interaction of the primary ions in the
electrolyte with the OECT channel.31% The formulation of the
Ve .o 18 discussed in detail in the following section. Figure le
represents a fully printed OECT with depletion mode Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or-
ganic semiconductor.

Modeling and simulation of OECTs is critical to capturing
the complex interplay between electrochemical reactions, ion
transport, and charge carrier dynamics. Numerical models can
also bridge the gap between devices and circuits, facilitating
design optimization, performance improvement, circuit imple-
mentation, and system-level integration. Several attempts have
been made to model OECTs.I'*'] Bernards et al., for instance,
came up with an analytical model that fitted the steady-state
OECT characteristics.!'®) However, Bernards model assumes uni-
form ion mobility within the channel. A more accurate fit for
the experimental results is obtained by Friedlein et al. by con-
sidering disorder-induced non-uniform mobility in steady-state
behavior.') A physics-based compact model that integrates elec-
trochemistry, and semiconductor physics has recently been devel-
oped by Darbandy et al. and can be incorporated easily into circuit
simulations.[?] Koch et al. have reported a numerical approach
that used Poisson-Boltzmann statistics to model the charge den-
sities, electrostatics and switching behavior of OECTs.[?!] In an-
other study, Gonzalez et al. established a compact model of the
DC characteristics of OECTS that can correctly predict the peak

transconductance (g, ya,)-*
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Although some progress has been made in modeling OECTs, a
comprehensive numerical framework that accurately predicts the
behavior of IS-OECTs is yet to be reported. In IS-OECTs, mem-
brane potential induced in the ISM offsets the V, resulting in
a Vg o Pierre et al. incorporated the V, 4 into Bernards OECT
model to calculate the I, for a K* selective OECT.’! However, the
Pierre model empirically takes into account the effect of ion con-
centration on the device behavior.

In this work, we present an empirical model that can accurately
mimic the steady-state characteristics of the IS-OECTs for vari-
ous concentrations of different target ions. We have validated the
steady state current prediction for NH,* selective OECT (across
three devices) and Na* selective OECT devices. The model is also
capable of capturing the selectivity of IS-OECTS in cocktail solu-
tions (mixed-ion solutions) where both the target ions and the in-
terfering ions are present in a mixture. Furthermore, this model
accurately captures the steady-state characteristics of OECTs for
various ion concentrations. Additionally, our modeling frame-
work can be used to predict device performance with varying de-
vice parameters. The predicted results are consistent with previ-
ously reported studies, indicating that the model provides a re-
liable representation of device behavior under different design
conditions and can serve as a basis for guiding future optimiza-
tion of device parameters to achieve enhanced performance.

2. Results and Discussion
2.1. Modeling Approach
The current-—voltage relationship, for different operating regions

of the OECT, is obtained from the Friedlein model as follows:(*°]
Linear region: (Vp > Vp )

Lo 2+1
GVp (1 Vs LD)” (1 'Vc)kT (1)
L V V
k;’ 1 P P

Saturation region: (V < Vp, 1)

GV, Ve pgCyVewd
I=- 1-26)" o= Moy e )

Y \% ’ L
kT+1 P

where G is the channel conductance at zero applied field, y, is the
mobility prefactor that is independent of carrier concentration,
Cy is the volumetric capacitance. w, d, and L denote the channel
width, thickness, and length, respectively. V;, is the pinch-off volt-
age, Vp o = Vo — Vp, is the critical drain voltage for saturation,
k is the Boltzmann constant, T is the temperature and E, is the
disorder parameter.

In IS-OECT devices, when an ISM is added, a membrane po-
tential develops across the electrolyte-ISM interface shown in
Figure 1d. This potential contributes to the V g ... V g in turn,
modifies the V; and V, .4 is experienced by the channel, as given

by:
VG,eff = VG + Voffset (3)
where Vg, captures the EDL and electrochemical potentials in

the IS-OECT devices.
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According to Nernst equation, the electrochemical reaction
that occurs at the interfaces of the IS-OECT device can be mod-
eled by electrochemical potential (Vi) which can be defined as:[*!

RT

VEP == ENemst = Estandard + F In Q (4)
n

where Ey.no Eqandaras R 1> F, Q are reduction potential, standard

potential, universal gas constant, valency of ion, Faraday con-
stant, reaction quotient respectively. Ideally, an ISM should act
as a barrier, preventing the penetration of interfering ions. How-
ever, some interfering ions having similar structures as the pri-
mary ion can breach the ISM, significantly impacting the selec-
tivity. Nernst equation cannot explain the behavior of IS-OECTs
affected by interfering ions. The selectivity of the ISM toward a
specific target ion is described by the Nikolsky-Eisenman (NE)
equation as shown in Equation (5), provided that both the target
ions and the interfering ions exhibit a Nernstian response and
have the equal charge.l?3] Vi, can be re-defined as:

B
RT z
Vep = Egandara + —5 In [ Ca + Z Ky 5(Cs) (5)
nF i

where C, is the concentration of primary ion, Cy is the concen-
tration of interfering ion, K, j is the potentiometric selectivity co-
efficient of the interfering ion B relative to the primary ion A,
and z = n/ny, where n and ny are the valencies of the primary
and interfering ions, respectively. In Equation (5), the selectivity
coefficient is calculated based on the separate solution method
(SSM).I2] However, for ions that do not follow a purely Nerns-
tian response, matched potential method (MPM) often provides
a more consistent measure of selectivity coefficient because it di-
rectly measures potential differences in complex ion mixtures.[?]
Based on MPM, selectivity coefficient (K}'{") is independent of
charge and can be defined as:

CG=Ci_aGC

- 6
C:-C,  aG, ©)

MPM _
KA,B -

where, AC,, AC, represent the concentration difference of the
primary ion A and interfering ion B respectively. Since multi-
ple interfering ions may be present in the solution, K, ; must
be calculated individually for each interfering ion using MPM.
The total contribution of interfering ions to the Vg, is then de-
termined by the cumulative sum of the product of K, ; and Cj.
For instance, if NH, " is the primary ion and Ca?*, Na* are inter-
fering ions, then the overall selectivity can be represented as the
cumulative effect of each individual selectivity coefficient:

2
Z KiCy; = Kyt ca [Ca*] + LT [Na*] )

i=1

where Ky na+» Kypr oo+ Tepresent the selectivity coefficients of
each interfering ion Na*, Ca?* relative to NH,* respectively. The
detailed calculation of selectivity using the MPM is shown in
Figure S2 (Supporting Information). The electrochemical reac-
tion occurring at the electrolyte-ISM interface gives rise to Vpp,
which represents the membrane potential (E,) of ISM, as de-
scribed in Equation S8 of Note S1 (Supporting Information).
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Figure 2. a) Workflow diagram illustrating the modeling approach for IS-OECT and OECT devices. Calibration of our model with the experimental results
of the devices: b) Transfer curve (Ip—Vc) of OECT (without ISM) in the presence of 1 x 1073 M NH,Cl, calibrated at Vy = —0.71V, c) Ip—V¢ curve of
NH,* selective OECT in the presence of 1 x 1073 M NH,Cl, calibrated at Vp = —0.71V, d) Ip-V¢ curve of OECT (without ISM) in the presence of 1
1073 m NaCl, calibrated at Vp = —0.61V, e) Ip—Vg curve of Na* selective OECT in the presence of 1x 1073 M NaCl, calibrated at Vp = —0.61V.

Additionally, if there are no ionic sites in ISM, E,, is also in-
fluenced by the activity of anions in the electrolyte, as shown in
Equation S11 of Note S1 (Supporting Information).*%]

For better device performance of IS-OECTS, apolyanionic film
is used between ISM and channel.®] Due to this addition, the
membrane potential at the analyte-ISM interface induces poten-
tial at the ISM-polyanionic film interface, which gates the OECT
channel through the polyanionic electrolyte.

Considering all the major contributing effects—including the
effect of different gate electrode materials and sizes, the mem-
brane potential of different ISM structures, and the impact of in-

clusion of the ion-reservoir—V, g, can be redefined as:

Voffset =In [(CA +
Sv

ZiNzl KICB i) aC ] + Vconstant
¥ ®)
n=0+p)1+y) 2=

where &, C, V g # and y can be defined as the activity coef-
ficient of anion in analyte, the anion concentration of analyte,
a constant potential containing details of standard potentials,
the ratio of channel capacitance (C,,) to capacitance across ISM-
polyanionic interface (Cp,;), and the ratio of C,, to gate capaci-
tance (C,), respectively. # highlights the super-Nernstian behav-
ior of the IS-OECT devices and S, denotes the voltage sensitiv-
ity of the device. The equivalent circuit model of the device has
already been introduced in Figure 1c, where previously unintro-
duced components—R,, R,, and Ryp—describes the conductiv-
ity due to ionic movement in the gate, electrolyte, and polyan-
ionic film, respectively. The component C,, models the capaci-
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tance resulting from the induced membrane potential. Addition-
ally, Vi and Vp, correspond to the potential drops across the
gate-electrolyte interface and the ISM-polyanionic film interface,
respectively. In the analysis of steady-state characteristics, the re-
sistances (R,, R,, and Ry;) are disregarded in the calculations.
The formulatmn of the modified V g, in Equation (8), incorpo-
rating all major contributing effects, is discussed in detail in Note
S1 (Supporting Information).

2.2. Modeling Steady-State Characteristics

To validate our proposed compact model used in this study, we
calibrated the I~V characteristics of OECTs and IS-OECTS, ob-
tained from the model, against measured characteristics from
the fabricated devices. The workflow diagram shown in Figure 2a
outlines the steps involved in the simulation approach for both
OECTs and IS-OECTs. The process begins with device fabrica-
tion and parameter extraction, followed by model calibration at
a fixed ion concentration through the adjustment of two fitting
parameters. In the fabricated devices presented in this work, no
ion reservoir is included; therefore, the parameter f is set to zero.
When an ion reservoir is introduced between the ISM and the
channel %] the model can qualitatively capture its effect by as-
signing a finite value to f. Likewise, the parameter y can be ad-
justed through variation of the gate area, thereby modifying the
effective gate-channel coupling.[''?”-?] The extracted model pa-
rameters are then used to predict the steady-state characteristics
at varying ion concentrations, as well as the device’s sensitivity

© 2025 Wiley-VCH GmbH
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and selectivity. Simulation methodology is discussed in detail in
Note S2 (Supporting Information). We have evaluated two differ-
ent ISMs based IS-OECT devices (NH," and Na* selective). As
illustrated in Figure 2b,c, the model results for NH,* ions are
calibrated against experimental data in both cases—without and
with the ISM. From Figure 2b,c, itis observed that the addition of
NH,* ISM to the OECT device leads to a reduction in I, at lower
V.- This effect arises from the modification of the V, .4 caused
by the presence of the ISM.[81%13] Furthermore, the g, .. of the
IS-OECT at a given ion concentration is also reduced (Figure S5,
Supporting Information), as fewer ions are able to interact with
the channel. As a result of this reduced g, , the I, in the higher V
regime can be greater for IS-OECTs compared to OECTs. These
observations are consistent with previous reports.’] Because of
this reduction in g, the current change across the entire V.
range is attenuated, making the ISM effect appear more pro-
nounced in the high-current (lower V) regime compared to the
low-current (higher V) regime. Similarly, Figure 2d,e shows the
calibrated results for Na* ion detection, corresponding to the ex-
perimental setups without and with the ISM, respectively. In the
case of Na* ISM, the effect appears to be weaker in Figure 2d.e.
This arises because the Na* selective OECT device did not fully
turn off, as it is evident from the I,—V}, curves for different V;; at
a particular primary ion concentration, shown in Figure S3 (Sup-
porting Information).

Once calibrated, the proposed model solely relies on the con-
centrations of the primary and interfering ions. Figure 3a sum-
marizes the simulation methodology of the proposed model.
After fabricating IS-OECT, we change the concentration of the
primary ion to determine the I,—V.. Then we calibrate our
model by using the experimental data. After calibration, our
model can predict I,-V, I,-concentration, E, _-concentration,
Vr-concentration characteristics, and selectivity coefficient for
the varying concentration of the primary ions. We have demon-
strated the effectiveness of our model for both Na* and NH,*
selective OECTs. The key distinction between Na* selective and
NH,* selective OECTS lies in the ionophore composition of the
ISM, as depicted in Figure 3b. In Figure 3c, prediction for NH,*
in case of OECTs is shown. Solid lines present the model pre-
diction. As concentration of NH,* increases, I, decreases. This
can be attributed to ion penetration into the PEDOT:PSS chan-
nel, where ions interact with the polymer matrix, leading to de-
doping of the channel. Figure 3d illustrates the I,—V, charac-
teristics for the NH,* selective OECT when no interfering ions
are present in the solution. Presence of NH,* shows lower I, (at
lower concentration) when the ISM is present. However, without
the ISM, the OECT does not exhibit selectivity for the target ion.
In Figure 3e, the I,-V; at V;; = —0.71 V of NH,* selective OECT
is shown. Here, NH, " is the primary ion and Ca’*, K*, and Na*
ions are acting as interfering ions. In this cocktail solution, the
concentration of NH,* is varied over a range from 0.1 X 107> m
t0 100 x 107* M, while the concentration of each interfering ion is
held constant at 0.5 X 1073 m. The predicted output characteristics
(Ip—Vp) and transconductance curve (g, —V;) for NH,* selective
OECT devices are shown in Figures S4a—c and S5a—c (Support-
ing Information). A similar procedure is followed for the Na* se-
lective OECT, and the corresponding model predictions for the
Ip—V, are shown in Figure 3f-h. These results highlight the ac-
curacy and predictive capability of the proposed model in captur-
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ing the steady-state response of both OECT and IS-OECT devices
to varying ionic concentrations. To further validate the model,
we have examined I;,—V,; predictions for varying concentrations
of the primary ion (NH,*) across three independently fabricated
NH,* selective OECT devices, as shown in Figure S6 (Supporting
Information). Additionally, the Figure S6d (Supporting Informa-
tion) demonstrates that the model reliably reproduces the average
device response at different ion concentrations.

2.3. Analysis of Current and Voltage Sensitivity

In ion-selective devices like IS-OECTS, the primary ion is ex-
pected to induce a strong, concentration-dependent current re-
sponse, typically following a log-linear trend. In contrast, interfer-
ing ions should produce minimal changes in I, reflecting their
limited penetration through ISM. Figure 4a presents I, as a func-
tion of ion concentration for NH,* (primary ion), and K*, Na*,
and Ca?* (interfering ions). For NH,*, a clear log-linear relation-
ship is observed between concentration and I, with a current
sensitivity (S;) of 0.91 mA dec™!. S, is defined as,

oy —Ip, _ Al

S = = 9
' ¢, -¢C,  AC ©)

where I, I, are the drain currents at concentrations C; and
C, (ranging from 10™* m to 10! M), measured at a fixed refer-
ence voltage (V,.¢), for NH,*. This log-linear response is consis-
tent with model predictions (0.92 mA dec™). In contrast, for K¥,
Na*, and Ca?* ions, the device shows minimal variation in I,
across the same concentration range. The model estimates that
these interfering ions show constant current response (x—2 maA).
Experimental results closely follow this trend, confirming that
I, variations for interfering ions are confined around that I
level as shown in Figure 4a. Similar to the current response, the
E,, in ion-selective devices is expected to show a log-linear re-
sponse with respect to concentration for the primary ion. For
monovalent ions, a Nernstian response yields a theoretical volt-
age sensitivity of 59 mV dec™!. However, in OECT devices, the
voltage sensitivity response can deviate from this ideal, result-
ing in non-Nernstian behavior where the S, is not confined to
the ideal 59 mV dec™!. The OECT parameters are influenced by
ISM and structural variations, resulting in different S, values
for the same concentration in differently configured devices.>"!
Figure 4b shows E,, as a function of NH,* concentration for the
NH, " selective OECT. The E, values for different ion concen-
trations were calculated from the I,—V; curves measured with
a blank solution (DI water) at the same V.1l In this case, E,
increases log-linearly with a sensitivity of 130 mV dec™!, demon-
strating a non-Nernstian response as the NH,* concentration in-
creases. The S, can be defined as,
Vo1 = Ve _ AVg

S = - 10
VT -G AC (10)

where V,, V, are gate voltages for ion concentrations C; and
C, calculated at reference current (I,). Sy is a device specific pa-
rameter and varies from one device to another.

A similar Ij,-concentration trend is observed for Na* in case of
Na* selective OECT with a current sensitivity of 0.34 mA dec™!

© 2025 Wiley-VCH GmbH
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Figure 3. a) Calibration of the compact model using experimentally measured 15—V characteristics from fabricated OECT and IS-OECT devices at a
fixed primary ion concentration. The model is analytically fitted to the experimental data, enabling subsequent prediction of 15—V, Ip—concentration,
E,,—concentration, Vi—concentration, and selectivity coefficients across varying concentrations of primary ion. b) Chemical structures of Na* and NH,*
ionophores used in device fabrication. Prediction results of our model at different concentration of primary ion in various experimental setups: c) 15—V
curves of OECT device (without ISM) predicted at [NH,*] = 0.1 x 1073 M, 10 x 103 m and 100 x 10~ m in the presence of single-ion solution (Vp
=—0.71V), d) Ip-Vg curves of NH,* selective OECT device predicted at [NH,*] = 0.1 x 1073 m, 10 X 1073 M and 100 x 1073 m in the presence of
single-ion solution (Vp = —0.71V), e) Ip—Vg curves of NH,* selective OECT device predicted at [NH,*]=1x 1073 m, 5 X 1073 m, 10 x 1073 M and 25 x
1073 M along with the presence of fixed concentration (0.5 X 1073 m) of interfering ions (K*, Ca?*, Na*) at Vp = —0.71V, f) I5-V¢ curves of OECT device
(without ISM) predicted at [Na*] = 0.1 x 1073 m, 10 x 1073 M and 100 x 1073 m in the presence of single-ion solution (Vp = —0.61V), g) Ip—Vg curves
of Na* selective OECT device predicted at [Na*] =10 x 1073 m and 100 x 1073 m in the presence of single-ion solution (Vp = —0.61V), h) 15—V curves
of Na* selective OECT device predicted at [Na*t] = 1x 1073 M, 5 X 1073 m, 10 X 1073 M and 25 x 1073 m along with the presence of fixed concentration
(0.5 x 1073 m) of interfering ions (K*, Ca?*, NH,*) at Vp = —0.61V.

shown in Figure 4d. Notably, from Figure 4d, it can be observed
that the slope of the response is comparable for both Na* and K*
in this concentration regime. This behavior highlights a common
issue of IS-OECT devices, where high concentrations of interfer-
ing ions can influence device performance, consistent with pre-
vious reports.[' Nevertheless, it should be emphasized that the
physiological concentrations of potential interferents such as K*,
NH,*, and Ca?" in sweat are typically much lower than that of
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the primary ion Na*.3!) Consequently, the apparent influence of
K* observed under the tested conditions is not expected to signif-
icantly affect the practical performance of Na* selective OECTs in
real-world sweat sensing. Furthermore, from a modeling stand-
point, the developed framework explicitly incorporates the effect
of interfering ions during the calibration process. As a result, the
accuracy of I,-V, predictions for the primary ion remains pre-
served even in mixed-ion solutions.

© 2025 Wiley-VCH GmbH

85U8017 SUOWIOD 3AITeRID 8ol |dde ayy Aq pausenob ae sl YO ‘8sn Jo Sajni 1o} Ariqi]8uluQ A81M UO (SUONIPUOD-pUR-SWRIW0D A8 1M ARIq 1[BulUO//:SdNY) SUORIPUCD pUe SWB 1 841 89S *[520Z/0T/9T] U0 ARiqi]auljuo A8|1IMW ‘ BILIOJIED UBYINOS JO AISBAIUN - Uey Jesse A AQ ZTZT0SZ0Z WPe/Z00T OT/I0P/u0d A3 | 1M Afelq 1 Ul [UO"peoUeADe//SAny Wolj papeojumod ‘0 ‘X60.S9EZ


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
MATERIALS
TECHNOIOGIES
www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a b c
-1 500 300
NH; ISM NH; ISM I NH;

N X 400- P 250 Na* W/O ISM
< Z 300; 21 withism :
§; -3  odel (NH) 1200_ — Model E 1501 < - -

— . = NH; w : NHZ 1100

=44 Caz+ | (n

*Vp=-071V oK 100 50
5 Na* 0 Vp=-071V 0

10" 10° 10! 102 10 10° 10" 102 Cocktail Single-ion Single-ion

g Concentration (mM) Concentration (mM) solution  solution solution
e
3.0
3.0[Na" 1sm - 13007 1sm BN WOISM
* [ 1040; — Model| ~2° B NH;
351 - . : - Nat | ©20
é v v < 7801 3
E-40 . E .| <15 i
o . - ‘é 520- £ With ISM
-4.5 = Nat o NHE | =1.0
4 Ca* 260- (7]
— Model (Na*) 0.5
-5.0 Vp=-061V g oL Vp=-0.61V .
16-1 160 161 162 1071 10° 10’ 102 Cocktail Single-ion Single-ion

Concentration (mM) Concentration (mM) solution  solution solution

Figure 4. Analysis of performance metrics. a) I vs concentration results of NH, ™ selective OECT device in case of primary ion (NH,*) and interfering
ions (Ca®*, K*, Na*) at Vp = —0.71V. Primary ion is showing higher current sensitivity (S,) compared to interfering ions, as well predicted by our model.
b) E,, vs concentration results of NH,* selective OECT device in case of primary ion (NH,*) at Vp = —0.71 V. ¢) Comparison of experimental (black
symbol) and model-predicted voltage sensitivity (Sy) between NH,* selective and Na* selective OECT devices under three conditions: cocktail solution
(with ISM), single-ion solution (with ISM), and single-ion solution (without ISM). d) I vs concentration results of Na* selective OECT device in case
of primary ion (Na*) and interfering ions (NH,*, Ca?*, K*) at Vp = —0.61 V. Primary ion is showing higher S, compared to interfering ions, as well
predicted by our model. e) E,, vs concentration results of Na* selective OECT device in case of primary ion (Na*t) at Vp = —0.61 V. f) Comparison of
experimental (black symbol) and model-predicted S, between Na* selective and NH,* selective OECT devices under three conditions: cocktail solution

(with ISM), single-ion solution (with ISM), and single-ion solution (without ISM).

The E_ -concentration results of Na* selective OECT is shown
in Figure 4e. It can be observed that the model reproduces the
experimentally derived E,, values from 10~% m to 107! m and fol-
lows a log-linear trend. Some deviation is observed at lower Na*
concentrations, where the experimental points deviate from the
model curve. Nevertheless, since the physiological range of Na*
in sweat is 10-90 mM,3!! the model maintains high accuracy
within the most relevant range. For Na* selective OECTs, the ex-
perimental devices do not fully turn off within the applied V
range (Figure 3h; Figure S3, Supporting Information). This be-
havior affects parameter extraction in the model and restricts
the experimental detection range for the Na* selective OECT,
thereby limiting reliable E,, prediction at lower concentrations.
Optimization of the ISM composition and fabrication process is
expected to improve device performance and extend the reliable
modeling range. In Figure 4e, Na* ion shows a S, of 120 mV
dec™! which is slightly lower than NH,* selective OECT. The bar
chart in Figure 4c shows comparison of the experimental and
model-predicted S, of the IS-OECT for NH,* and Na* under
three conditions. When ISM is not present, S, is significantly
higher for both ions, especially for NH,*. This is due to the ab-
sence of an ISM barrier, allowing primary ion to interact freely
with the channel, increasing the sensitivity of the device.
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With the ISMs, both ions exhibit lower S, than OECT of same
device geometry, with NH,* showing slightly higher sensitivity
than Na*. The ISM limits ion penetration, providing selectivity
for primary ions while significantly impacting sensitivity. In case
of cocktail solution (with ISM), the presence of interfering ions
in the analyte results in a S, similar to that of the single-ion solu-
tion, as the ISM effectively blocks interfering ion penetration. A
different trend is observed for S; in Figure 4f. In the absence of
the ISM, Na* exhibit higher S, than NH,*. However, in the pres-
ence of the ISM, both in single-ion and cocktail solutions, NH,*
demonstrates higher S, compared to Na*. In both cases (S, S)),
the model predictions are closely aligned with experimental ob-
servations.

Theoretically, changes in the concentration of the primary ion
in the analyte induce a potential difference at the ISM interface
that modulates the I, of the transistor. Nevertheless, the low mo-
bility of the ions in the PVC matrix renders their transport prob-
lematic and has a severe effect on the device performance (S,
S;).[8191 One approach to address this issue is by an increase of the
ionic sites as already been proposed.l”! There is, though, a range,
to the ionophores, molar ratios (0.2-0.8) outside of which the free
vacant ionophores in the membrane are depleted. Therefore, the
selectivity and the sensitivity of the ISM deteriorates since the

© 2025 Wiley-VCH GmbH
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Figure 5. a) A 2D cross-sectional schematic of IS-OECT highlighting the device parameters used in our model. b) Scaling of OECT transconductance
with respect to (w.d/L); solid symbols correspond to g, ma [at Vp = —0.71V and V that corresponds to g, 1,,,]; W/L ratios of channel were kept fixed
while channel thickness was varying. Response of OECTs with different values of ¢) y and d) § as a function of primary ion concentration for Vp = —0.71
V and V¢ = 0.6 V; the channel area is considered fixed here. ) V; vs concentration graph for both OECT and NH,* selective OECT devices; for the
same device structure, the IS-OECT device demonstrates a higher V; at each concentration compared to the OECT, while exhibiting a similar trend.
f) Comparison of selectivity coefficients of interfering ions with respect to NH,* ISM and Na* ISM; the NH,* selective OECT shows a higher selectivity
for K+ compared to other interfering ions, while the Na* selective OECT exhibits greater selectivity for Ca?* over other interfering ions.

formation of ion-ionophore complexes is devastated. An alterna-
tive approach is the use of an internal electrolyte (ionreservoir),
which is typically placed between the ISM and the channel to sup-
ply enough ions for sufficient channel gating.[810-2¢]

2.4. Analysis of IS-OECT Device Parameters

The device design parameters (w, d, L, y, and f) are highlighted
in Figure 5a, where w corresponds to the z-axis, which is not
shown in 2D representation. Our model can be used to exam-
ine the dependence of performance metrics on device parame-
ters, as shown in Figure 5b—d. The g, ... at saturation is sim-
ulated while varying the channel geometry (w-d/L). As shown
in Figure S7 (Supporting Information), the results demonstrate
that g, ... scales proportionally with w-d/L, in excellent agree-
ment with prior reports.’?3°] Consequently, the model predicts
that current sensitivity increases with increasing w-d/L, as illus-
trated in Figure 5b. Furthermore, Friedlein model shows a fit
to the I-V characteristics for devices with width to length ratios
(w/L) differing by more than an order of magnitude.[*? Since our
framework extends Friedlein model, it remains consistent across
varying w/L. Then, the effect of the polarizable gate area is ex-
amined using the model, as shown in Figure 5c and Figure S8
(Supporting Information). Devices with smaller gate area (A,) rel-
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ative to the channel area (A,,), corresponding to a larger y ratio
(r = Can/Cy ® A, /A,), exhibit higher analyte sensitivity, consis-
tent with previously reported experimental observations./'1?-2]
For non-polarizable electrodes (e.g., Ag/AgCl), the gate geometry
does not affect channel current;'?! in this case, the model sets the
parameter y to zero. Similarly, the parameter g (C,,/Cp,) influ-
ences current sensitivity in a manner analogous to y, as described
by Equation (8). Our simulations further show that current sen-
sitivity increases with increasing , as presented in Figure 5d and
Figure S8 (Supporting Information). Variation in channel ma-
terial alters device characteristics, which can be accounted for
by calibrating experimental data with the model to extract the
U, C* (where C* denotes the intrinsic volumetric capacitance of
the channel material), as detailed in Note S2 (Supporting Infor-
mation). Once calibrated, the model can predict steady-state elec-
trical characteristics for different analytes.

Threshold voltage (V) and ion selectivity coefficients are also
critical parameters that determine performance of OECT-based
sensors, as they are governed by channel material’s readiness
for ion penetration** and the device’s sensitivity to target ions.
In OECTs, Vi typically exhibits a log-linear dependence with
ion concentration.'’”! Similarly, this behavior is observed in IS-
OECTs with a slight shift in V; compared to OECTs. Figure 5e
presents the Vi -concentration plot, showing a decreasing V. with
increasing concentration. However, for OECTs, the V; is lower

© 2025 Wiley-VCH GmbH
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than that of similar IS-OECTs and exhibits a steeper slope. This
results in a minor shift in V; without altering the overall trend,
as demonstrated in Figure 5e for NH,* selective OECT. A poten-
tial reason for this shift is the presence of the ISM, which intro-
duces a V,g,. Our model accurately predicts both scenarios. Fur-
thermore, selectivity coefficient is best compared to primary and
interfering ions using identical device geometries. In Figure 5f,
selectivity coefficients of different interfering ions are shown for
NH,* and Na* selective OECTs. Selectivity coefficients were pre-
dicted using our modeling framework based on the MPM, a well-
established approach adopted in previous studies.®! In the case
of NH,* selective OECT, the device is more selective to K* than
other interfering ions whereas, in the case of Na* selective OECT,
interference of NH,* is prominent, as discussed in the previous
section.

3. Discussion

We have developed an empirical modeling framework for IS-
OECTs that accurately reproduces steady-state device character-
istics across a wide range of ion concentrations. Our approach
captures the contribution of the ISM to the effective gate bias
through a physically motivated offset term that accounts for ca-
pacitive voltage drops at the interfaces in the case of a polarizable
gate electrode, the development of a membrane potential at the
electrolyte-ISM interface due to the presence of the ISM, and ca-
pacitive voltage drops across the ISM-inner electrolyte interface.
This framework enables reliable prediction of steady-state charac-
teristics, including transfer and output curves, threshold voltage
shifts, sensitivity, and selectivity, for both single-ion and mixed-
ion electrolytes. Furthermore, the modeling framework incorpo-
rates the role of design-dependent parameters, thereby providing
guidance for optimizing device performance.

This study also highlights several important directions for fu-
ture research. First, systematic experimental validation of the
model across multiple device designs will be required to fully
establish its predictive capability for IS-OECT optimization. In-
corporating an anion excluder into the ISM can be explored to
further enhance ion selectivity, while optimizing ISM composi-
tion and fabrication may improve device performance at the ex-
perimental level. Extending the modeling framework to explicitly
account for potential device drift will allow for more generalized
and robust predictions of long-term device behavior. In addition,
decoding unknown electrolyte mixtures will likely require arrays
of IS-OECTs with multiple ISMs, and at the system level, develop-
ing multiplexed IS-OECT decoding algorithms will be essential
to address the complexity of real-world ion mixtures.

In conclusion, the compact model presented here establishes
a rigorous and tractable framework for understanding and pre-
dicting IS-OECT performance. It provides a foundation for in-
terpreting experimental data and insight regarding device de-
sign. Further study in ISM fabrication, transient modeling, and
multiplexed sensor array development will broaden the model’s
applicability and enhance predictive capability. Integration with
readout electronics and wearable/implantable platforms is ex-
pected to pave the way for practical deployment. Together, these
efforts will accelerate the transition of IS-OECTs from proof-of-
concept demonstrations to robust next-generation wearable and
implantable bioelectronic devices.
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4. Experimental Section

Device Fabrication: The OECT was fabricated on a flexible polyimide
substrate using an additive manufacturing process. For the gate, source,
and drain electrode connections, an Au nanoparticle ink (Harima, Japan)
was applied via inkjet printing and subsequently cured at 210 °C for 1h. An
organic semiconductor, PEDOT:PSS (Sigma—Aldrich), was then deposited
between the source and drain electrodes through inkjet printing and cured
at 130 °C for 20 min. A SU-8 based dielectric (Kayaku Advanced Materi-
als) was used to encapsulate the electrodes to prevent direct contact of
the electrodes with the electrolyte. The inkjet printing was performed with
a Dimatix DMP 2850 equipped with 1.4 pL print head nozzles. Finally,
Direct 3D writing was used to print Ag/AgCl (Insulectro) onto the gate
electrode, which was then cured at 80 °C for 30 min.["*] Polyvinyl chlo-
ride (PVC) based Na* and NH4* ISMs were prepared by using Sodium
ionophore X (4-tert-Butylcalix[4]arene-tetraacetic acid tetraethyl ester) and
Ammonium ionophore | (Nonactin) respectively. All the chemicals were
purchased from Sigma—Aldrich and were used without additional process-
ing. Fabricated ISMs were drop-casted on top of the OECT channel to con-
clude the ion-selective OECT fabrication.

Characterization: The characterization of the devices were done by us-
ing Keysignt B2902A Source Measure Unit. For the electrolyte artificial so-
lutions (in DI water) of NaCl and NH,Cl were used.

Supporting Information

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

Acknowledgements

S.D.N. and P.C.M. contributed equally to this work. Y.K. thanks the support
from NIH TR61MH135407-01.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

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

Keywords

electrochemical sensors, flexible electronics, I1S-OECT, OECT, wearable
sensors

Received: June 9, 2025
Revised: September 17, 2025
Published online:

[1] Y. Li, B. Cui, S. Zhang, B. Li, ). Li, S. Liu, Q. Zhao, Small 2022, 18,
2107413.

[2] ). Rivnay, S.Inal, A. Salleo, R. M. Owens, M. Berggren, G. G. Malliaras,
Nat. Rev. Mater. 2018, 3, 17086.

[3] Y.Yao, W. Huang, J. Chen, X. Liu, L. Bai, W. Chen, Y. Cheng, ). Ping, T.
J. Marks, A. Facchetti, Adv. Mater. 2023, 35, 2209906.

© 2025 Wiley-VCH GmbH

85U8017 SUOWIOD 3AITeRID 8ol |dde ayy Aq pausenob ae sl YO ‘8sn Jo Sajni 1o} Ariqi]8uluQ A81M UO (SUONIPUOD-pUR-SWRIW0D A8 1M ARIq 1[BulUO//:SdNY) SUORIPUCD pUe SWB 1 841 89S *[520Z/0T/9T] U0 ARiqi]auljuo A8|1IMW ‘ BILIOJIED UBYINOS JO AISBAIUN - Uey Jesse A AQ ZTZT0SZ0Z WPe/Z00T OT/I0P/u0d A3 | 1M Afelq 1 Ul [UO"peoUeADe//SAny Wolj papeojumod ‘0 ‘X60.S9EZ


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(4]
(3]

(6]

(7]
(8]
9]
(10]
!
(2]
(13]

(14]
[15]

[16]
(7]

(18]
(19]

Adv. Mater. Technol. 2025, e01217

ADVANCED
MATERIALS
TECHNOILOGIES

X. Mei, D. Ye, F. Zhang, C. Di, Journal of Polymer Science 2022, 60, 328.
P. Romele, P. Gkoupidenis, D. A. Koutsouras, K. Lieberth, Z. M.
Kovécs-Vajna, P. W. M. Blom, F. Torricelli, Nat. Commun. 2020, 17,
3743.

M. Ferdoushi, M. S. Islam, W. Cai, S. L. Galindo, M. F. Hassan, Y.
Khan, 2024 IEEE SENSORS, IEEE, Kobe, Japan, October 2024, pp.
1-4.

S. T. Keene, D. Fogarty, R. Cooke, C. D. Casadevall, A. Salleo, O.
Parlak, Adv. Healthcare Mater. 2019, 8, 1901321.

S. Han, S. Yamamoto, A. G. Polyravas, G. G. Malliaras, Adv. Mater.
2020, 32, 2004790.

A. Pierre, S. E. Doris, R. Lujan, R. A. Street, Adv. Mater. Technol. 2019,
4, 1800577.

D. A. Koutsouras, K. Lieberth, F. Torricelli, P. Gkoupidenis, P. W. M.
Blom, Adv. Mater. Technol. 2021, 6, 2100591.

F. Cicoira, M. Sessolo, O. Yaghmazadeh, J. A. DeFranco, S. Y. Yang,
G. G. Malliaras, Adv. Mater. 2010, 22, 1012.

G. Tarabella, C. Santato, S. Y. Yang, S. lannotta, G. G. Malliaras, F.
Cicoira, Appl. Phys. Lett. 2010, 97, 12.

M. S. Islam, B. P. Kunnel, M. Ferdoushi, M. F. Hassan, S. Cha, W. Cai,
A. Frank, Y. Khan, Device 2025, 100862.

J. T. Friedlein, R. R. McLeod, J. Rivnay, Org. Electron. 2018, 63, 398.
P. R. Paudel, V. Kaphle, D. Dahal, R. K. Radha Krishnan, B. Liissem,
Adv. Funct. Mater. 2021, 31, 2004939.

M. Cucchi, A. Weissbach, L. M. Bongartz, R. Kantelberg, H. Tseng, H.
Kleemann, K. Leo, Nat. Commun. 2022, 13, 4514.

P. Romele, M. Ghittorelli, Z. M. Kovéacs-Vajna, F. Torricelli, Nat. Com-
mun. 2019, 10, 3044.

D. A. Bernards, G. G. Malliaras, Adv. Funct. Mater. 2007, 17, 3538.

J. T. Friedlein, S. E. Shaheen, G. G. Malliaras, R. R. McLeod, Adv. Elec-
tron. Mater. 2015, 1, 1500189.

(20]

(21]

(22]

(23]
(24]

(25]
[26]
[27]
28]
[29]
(3]

31]
(32]

(33]

(34]
35]

€01217 (10 of 10)

www.advmattechnol.de

G. Darbandy, M. Koch, L. M. Bongartz, K. Leo, H. Kleemann, A. Kloes,
IEEE J. Electron Devices Soc. 2024, 13, 34.

M. Koch, H. Tseng, A. Weissbach, B. Iniguez, K. Leo, A. Kloes,
H. Kleemann, G. Darbandy, IEEE J. Electron Devices Soc. 2023, 11,
665.

B. Gonzalez, L. Masip, M. Lazaro, R. Villarino, D. Girbau, A. Lazaro,
|EEE Trans. Electron Devices 2024, 71, 6983.

E. Bakker, E. Pretsch, P. Biihlmann, Anal. Chem. 2000, 72, 1127.

K. Tohda, D. Dragoe, M. Shibata, Y. Umezawa, Anal. Sci. 2001, 17,
733.

P. Buhlmann, L. D. Chen, lon-Selective Electrodes With lonophore-
Doped Sensing Membranes 2012, 5, 2539.

M. Sessolo, J. Rivnay, E. Bandiello, G. G. Malliaras, H. J. Bolink, Adb.
Mater. 2014, 26, 4803.

J. Nissa, P. Janson, M. Berggren, D. T. Simon, Adv. Electron. Mater.
2021, 7,2001173.

P. Lin, F. Yan, H. L. W. Chan, ACS Appl. Mater. Interfaces 2010, 2,
1637.

D. A. Bernards, D. J. Macaya, M. Nikolou, J. A. DeFranco, S.
Takamatsu, G. G. Malliaras, J. Mater. Chem. 2008, 18, 116.

B. A. de Feitosa, B. B. M. Torres, M. Luginieski, D. ]. Coutinho, G. C.
Faria, Mater. Horiz. 2024, 6007.

L. B. Baker, Temperature 2019, 6, 211.

J. Rivnay, P. Leleux, M. Ferro, M. Sessolo, A. Williamson, D. A.
Koutsouras, D. Khodagholy, M. Ramuz, X. Strakosas, R. M. Owens,
C. Benar, J.-M. Badier, C. Bernard, G. G. Malliaras, Sci. Adv. 2015, 1,
1400251.

X. Wu, Q. Liu, A. Surendran, S. E. Bottle, P. Sonar, W. L. Leong, Adv.
Electron. Mater. 2021, 7, 2000701.

D. Ohayon, V. Druet, S. Inal, Chem. Soc. Rev. 2023, 52, 1001.

S. Inal, G. G. Malliaras, J. Rivnay, Nat. Commun. 2017, 8, 1767.

© 2025 Wiley-VCH GmbH

85UBD17 SUOLILIOD @A ERID) @(qedl|dde au3 Ag pausenob a1e sapie YO 88N Jo S3|nJ 104 AriqIT &UIIUO /8|1 UO (SUORIPUCD-PUR-SWLSY/WOYAB] 1M AeIq1feu1|UO//SdNY) SUORIPUOD PUe SW L 3L3 885 *[520Z/0T/9T] U0 ArIqIT2UIUO AB1M BILIOJID UBLINGS JO AISAIUN - UeY Y Jesse A AQ LTZT0SZ0Z WUPe/Z00T OT/I0p/LI0D" A3 ARe1q 1 pUl U0 PeOURAPe,/SARY W01} POpEOIUMOQ ‘0 ‘XB0LSIET


http://www.advancedsciencenews.com
http://www.advmattechnol.de

Supporting Information

An Empirical Model of Ion-Selective Organic
Electrochemical Transistors

Shishir Deb Nath*, Pinok Chowdhury Manik*, Mohammad Shafiqul Islam, Mainul Hossain, and
Yasser Khan

(Corresponding authors: Mainul Hossain and Yasser Khan).

*S. D. Nath and P.C. Manik contributed equally to this work.

S. D. Nath is with the Department of Electrical and Electronic Engineering, Bangladesh University of Engineering
and Technology, Dhaka-1205, Bangladesh.

P.C. Manik and M. Hossain are with the Department of Electrical and Electronic Engineering, University of Dhaka,
Dhaka-1000, Bangladesh (e-mail: mainul.eee(@du.ac.bd).

M. S. Islam and Y. Khan are with the Department of Electrical and Computer Engineering University of Southern
California, Los Angeles, CA 90089, USA (email: yasser.khan@usc.edu).

List of Notes:
S1. Modeling approach ..........oo.oiiiii i 6
S2. Simulation Methodology .........oouiiiiiiii e 10
List of Tables:
S1. Comparative analysis of our model with existing models........................co.. 2
NN o1 o) (A4 B 15 ) 3
S3. Calibrated parameter SEt ..........ovvuiiitiii i 11
List of Figures:
S1. Potential distribution across OECT and IS-OECT devices...........c.ccooeeieian... 5
S2. Matched potential method (MPM) ... ... 8

S3. In-Vp curves for different gate voltage of fabricated OECT before and after Na* 12
LY 1117 1110 ) D

S4. Prediction of output characteristics before and after NH4" ISM integration .......... 13

S5. Prediction of gm vs Vg results before and after NH4" ISM integration ................. 14

S6. Prediction of transfer curves at different NH4" concentrations for different NH4" 15
SELECTIVE OECTS. .ottt e

S7. Scaling of OECT transconductance with respect to (W.d/L)................coeiiiinni. 16

S8. Effect on current sensitivity with respectto yand f............ooooiiiiiiiiiiininnin. 17


mailto:mainul.eee@du.ac.bd
mailto:yasser.khan@usc.edu

Table S1. Comparative analysis of our model with existing models

Primary ion

Consideration of concentration
Reference polarizable or | Consideration dependent Inclusion of
non-polarizable | of ISM layer | current response | ion-reservoir
gate size from mixed-ion
solution
Bernards et al.['M?] Yes No No No
Friedlein et al.’! Yes No No No
Romele et al. Yes No Ogly for smgle- No
ion solution
Koch et al.P! Yes No No No
Darbandy et al.!® Yes No No No
Pierre et al.l”] Yes No Empirical No
This paper Yes Yes Analytical Yes




Table S2. Abbreviations

Parameter Description
Ip Channel current
G Channel conductance at zero applied field
o Mobility prefactor
Cv Volumetric capacitance
w Channel width

Channel thickness

L Channel length
Vo Pinch-off voltage
Vb Drain voltage
Va Applied gate voltage
V'D,sat Critical drain voltage for saturation
k Boltzmann constant
T Temperature
Eo Disorder parameter
Ven Potential across channel
Cen Channel capacitance
Cq Gate capacitance
VG eft Effective gate voltage
Voffset Offset voltage
En Membrane potential
Ve Electrochemical poteptial prodpced due
to electrochemical reaction
ENernst Reduction potential
Estandard Standard potential

R Universal gas constant




Valency of primary ion

n
F Faraday constant
Reaction quotient
Ca Concentration of primary ion
Cs Concentration of interfering ion
K Selectivity coefficient of the interfering
AB ion B relative to the primary ion A
nB Valency of the interfering ion
a Activity coefficient of anion
Ca Concentration of anion
N Number of interfering ions

CpL

Capacitance across ISM-polyanionic
interface
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Figure S1. a) Potential distribution between the gate electrode and the channel for non-polarizable and
polarizable gate electrodes (Without ISM, no analyte).!¥] b) Potential distribution between the gate
electrode and the channel for polarizable gate electrode (Without ISM, with analyte).!'>! ¢) Potential
distribution between the gate electrode and the channel for polarizable gate electrode after the addition
of ISM layer (with analyte).['®] d) Potential distribution between the gate electrode and the channel for
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Note S1. Modeling approach
According to Friedlein Model B, /p of OECT can be defined as,

Linear Region:

Fo 41

E,
GVp Ve — Vp\RT 1 Ve\kT
I =5——|(1- ) == [ Vo> Vow (1)
= +1 4 Ve
kT

Saturation region:

E
GV AN
Ib=-% (1 - —> ; Vb < Vpsat ()
=541 Ve
kT
where,
_ ‘LloCVVPWd )
= T :
VG,eff = Vi + Votfset (3)

Here, the above-mentioned parameters have been introduced in Table S2. When Vg is applied
to OECT devices (with no analyte in the electrolyte), electrical double layers (EDLs) are formed
across the gate-electrolyte and electrolyte-channel interfaces.’®! However, for a non-polarizable
gate electrode (e.g., Ag/AgCl), no EDL is formed across the gate-electrolyte interface due to the
presence of faradaic current.

In the case of a polarizable gate electrode, the potential distribution across the channel, Ve,
which modulates the Ip [2):

Vo= B o=y, )
P+ Cq ¢ 14y €
where,
_ Cen

On the other hand, in the case of a non-polarizable electrode, Venis equal to V.
Now, when analytes are introduced in the electrolyte, cations of the analytes penetrate the ion-
permeable PEDOT:PSS channel and de-dope the charge carriers of the channel."”!

n(PEDOT*PSS™) + M™ + ne~ —» nPEDOT? + M™tnPSS~
where M"" denotes a cation from the electrolyte, and e is an electron from the source electrode.

This de-doping process leads to Cv of the OECT devices. The electrochemical reaction is modeled
as Vep and incorporate with Ve to introduce the de-doping in current equation °!;



RT n+
Vep = —ENernst = Estandard + FIU(M ) ®)

So Ven can be defined as,

1
Vg, = — V, % 6
ch 1ty ¢t Vep (6)

From Equation (6), it is clear that the addition of analyte increases the channel potential and
correspondingly decreases the Ip. Thus, it is convenient to define the Ve [2:

Vet = Vo + (1+y) Vep (7

where Vs 1S the equivalent voltage that needs to be applied in the absence of analytes at the
electrolyte in order to result in the same /p. From Equations (3) and (7),

Vottset = (1 +¥) Vgp

where Vorrset captures the EDL and electrochemical potential produced in the device.

Now in case of selective ion detection, an ISM layer is introduced between electrolyte and
channel layer. When ISM layer is exposed to analyte at the electrolyte, a phase boundary potential
(membrane potential) is generated ['%!, which modulates the Ip. According to Nikolsky—Eisenman
(NE) equation !, membrane potential (En) can be written as,

B
Cat ) KA,B(CB)Z] ®)

B+A

E_ = 4+ —1n
m standard nF

where z = n / ng.

Similar to the Nernstian approach, the Nikolsky—Eisenman (NE) model assumes that IS-OECTs
exhibit Nernstian responses, despite repeated observations of non-Nernstian behavior in many
devices.!'"12] In the case of the NE equation, selectivity is calculated using the separate solution
method (SSM). However, for ions that do not exhibit a purely Nernstian response, the matched
potential method (MPM) often provides a more consistent measure of selectivity because it directly
measures potential differences in complex ion mixtures.!'3! Therefore, to accurately calculate and
define the selectivity of the ISM layer, the MPM offers the most reliable approach, as it accounts
for the complexities of real-world ion interactions and deviations from ideal behavior.!'?! Based on
MPM, selectivity coefficient (K X[]l; M) can be defined as,

MPM CX_CX A Cp
Kb = e TR G

©)
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Figure S2. Matched Potential Method (MPM)

which is independent of ion charge. Here, ACa, ACj is the concentration difference of the primary
ion A and interfering ion B respectively. Since multiple interfering ions may be present in the
solution, we must calculate Kap for each interfering ion individually using MPM. After that the
total effect in Em due to interfering ions will be cumulative sum of the product of Ka s and Cs. For
instance, if NH4* is the primary ion and Ca*", Na* and K" are interfering ions, then the overall
selectivity can be represented as the cumulative effect of each individual selectivity coefficient:

KICB,I = KNHI,CHZ-'. [Ca2+] + KNHI,NH"‘ [Na+] + KNHI,K"‘ [K+] (10)
1

3
i=
where, Kyp+ caz+, Knpt na+ and Kyy g+ represent the selectivity coefficients of Ca**, Na*and K™
with respect to NH4" ISM respectively. Additionally, if there are no ionic sites in ISM layer, En is
also influenced by the activity of anions in the electrolyte (Cl~ ion in our case).'¥ En can be
redefined as:

+ Vconstant (1 1)

N
Em = TL_Fln (CA + z KiCB,i> (XCa

i=1

where Veonstant contains the details of standard potentials.

For better device performance of IS-OECT, an ion-reservoir (polyanionic film) can be used
between ISM layer and channel. The membrane potential at the analyte-ISM interface induces a
potential at the ISM-polyanionic film interface, which gates the OECT channel through the
polyanionic electrolyte.['” So, the effective membrane voltage (Em.efr) can be written as,

Em,eff = (1 + ,B) Em (12)
where,



Cen
DL

Thus, taking consideration of all the major effects, Em.tr can be defined as,

N
RT
Em,eff = (1 + .8) ﬁln (CA + Z KiCB,i> aCa + Vconstant (13)
i=1
Finally, from Equation (3), we can define VG as,
Veett = Vo + (1 +¥) Emefr (14)

This is the final effective gate voltage equation capturing all the possible EDL and electrochemical
potential produced in the IS-OECT devices. So, Vofret can be expressed as,

N
<CA + Z KiCB,i> aCa

i=1

n
Votfset = In

+ Vconstant (1 5)

where,

RT Sy
n=0+AH+N— =

Here, 1 value highlights the super-Nernstian behavior of the IS-OECT devices. Sv denotes the
voltage sensitivity of the device.



Note S2. Simulation methodology

Parameter extraction:

i. Device geometry parameters (w, d, L):

After fabricating the device, w, L and d of the channel were measured by using Dektak profiler.
ii. Extraction of transfer curves (In-Vc):

The Ip-Vg curves were obtained from the saturation regime of the experimental output
characteristics (/p-¥p). This ensures that the device operates in a region where channel modulation
is dominated by the V.

iii. Determination of Vp:

We measured Vp from the X-axis intercept of the linear portion of the slope with the maximum
magnitude of square-root of /p-VG graph of DI Water.

iv. Determination of product of #o and Cv, uoCv :

To extract uoCv, we first obtained transconductance curve by differentiating In-V curve in SSM
(only primary ion in the solution). Then maximum transconductance (gm,max) at the

corresponding Vg was determined and poCyv was calculated using the equation below,

_ ~Ym,max
,UOCV ~ wd

(7)) e =W

v. Determination of voltage sensitivity (Sv):

(16)

Voltage sensitivity was taken at a particular current level (/rer) of Ip-Vg curves.
vi. Determination of selectivity coefficients:

Using MPM, we measured the selectivity coefficients of interfering ions according to Figure S2.

Calibration method:

To calibrate the model for accurate predictions:

i.  The same set of extracted parameters (Vp, uoCv, Sv) was utilized to fit the Ip-VG curve of a
particular ion concentration in the SSM.

ii. Calibration was achieved by adjusting the parameters Veonstant and Eo/kT.



Table S3. Calibrated parameter set

Parameter OECT NH4" selective OECT
w (cm) 500%10* 500%10*
d (cm) 50x1077 50x1077
L (cm) 400x10™ 400x10™
Vo (V) 1275 1.3
woCy (Fem! Vst 2500 1600
Sv(V dec) 0.2 0.13
Concenteation ofnalyte | [y = 14107 INHLCT] - 15107
Vb (V) 0.71 -0.71
Vofttset (V) 1 0.62
Eo/kT 1.1 1.1
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Figure S3. a) Ip-Vp curves for different gate voltage of fabricated OECT before Na* ISM integration at
[Na']=1x10"m. b) Ip-Vp curves for different gate voltage of fabricated OECT after Na” ISM integration
at [Na'] = 1x10> m.
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Figure S4. Prediction of output characteristics (/p-¥p) before and after membrane integration. a) Ip-Vp
curves of fabricated OECT before membrane integration (dotted line) at [NH4"] = 0.1x107 M, 1x1073 M,
10107 m and 100x10 M in the presence of single-ion solution in the electrolyte at Vg = 0.1 V.
Experimental results are well predicted by our model (solid line). b) Ip-Vp curves of fabricated OECT
after NH4" selective membrane integration (dotted line) at [NH4"]=0.1x1073 m, 1x107 M, 10x10~ m and
100107 M in the presence of single-ion solution in the electrolyte at ¥ = 0.2 V. Experimental results
are well predicted by our model (solid line). ¢) Ip-Vp curves of fabricated OECT after NH4" selective
membrane integration (dotted line) at [NH4"] = 1x1073 m, 5x107 M, 10x107 m and 25%107 M along with
the presence of fixed concentration (0.5x107 M) of interfering ions (K*, Ca**, Na®) at Vg = 0.1 V.
Experimental results are well predicted by our model (solid line).
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Figure SS. Prediction of transconductance curves (gm-V:) before and after membrane integration. a) gm
vs VG curves of fabricated OECT before membrane integration (dotted line) at [NH4"]=0.1x10 M, 1x10°
3m, 10x107 M and 100x1073 M in the presence of single-ion solution in the electrolyte at Vp = -0.71 V.
Experimental results are well predicted by our model (solid line) at higher gate voltage beyond the point
of maximum transconductance. b) gm vs Vg curves of fabricated OECT after NH4" selective membrane
integration (dotted line) at [NH4] = 0.1x107 m, 1x107 M, 1010 M and 100x107 m in the presence of
single-ion solution in the electrolyte at V'p = -0.71 V. Experimental results are well predicted by our
model (solid line) at higher gate voltage beyond the point of maximum transconductance. ¢) gm vs Vg
curves of fabricated OECT after NH4" selective membrane integration (dotted line) at [NH4"] = 1x107
M, 5x1073 M, 10x107° M and 25x10° M along with the presence of fixed concentration (0.5%107 m) of
interfering ions (K*, Ca**, Na") at Vp = -0.71 V. Experimental results are well predicted by our model
(solid line) at higher gate voltage beyond the point of maximum transconductance. In all cases, maximum
transconductance shifts as ion concentration increases.
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Figure S6. Prediction of transfer curves (/p-V) at different primary ion concentrations. a) /p-VG curves
of NH4" selective OECT device (sample-1) predicted at [NH4"]=0.1 x 10 m, 10 x 10~ m and 100 x 10-
3 M in the presence of single-ion solution (Vp = -0.71 V), b) In-VG curves of NH4" selective OECT device
(sample-2) predicted at [NH4"]=0.1 x 10 M, 10 x 10~ m and 100 x 107 m in the presence of single-ion
solution (Vp =-0.71 V), ¢) In-VG curves of NH4" selective OECT device (sample-3) predicted at [NH4']
=0.1 x 103 m, 10 x 107 M and 100 x 10 m in the presence of single-ion solution (Vp = -0.71 V), d)
Average In-V curves of three NH4" selective OECT devices predicted at [NH4"]=0.1 x 10 M, 10 x 10-
3 M and 100 x 107 m in the presence of single-ion solution (Vp =-0.71 V).
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Figure S7. Scaling of OECT transconductance with respect to (w.d/L). Solid symbols correspond to peak

transconductance, gmmax [at Vb =-0.71 V and VG that corresponds to gm max]. w/L ratios of channel were
kept fixed while channel thickness (d) was varying.



Figure S8. Effect on current sensitivity with respect to different polarizable gate electrode area. Al/ly as a
function of primary ion concentration and gate voltages for IS-OECTs with a) y = 0.1 (large gate area), b)
y =1 (moderate gate area) and c) y =2 (small gate area), for a drain voltage, 'p =-0.71 V. A similar model
response is also observed while varying £.
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