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Abstract
Electrolyte-gated organic field-effect transistors (EGOFETs) represent a class of organic
thin-film transistors suited for sensing and biosensing in aqueous media, often at physiological
conditions. The EGOFET device includes electrodes and an organic semiconductor channel in
direct contact with an electrolyte. Upon operation, electric double layers are formed along the
gate-electrolyte and the channel-electrolyte interfaces, but ions do not penetrate the channel.
This mode of operation allows the EGOFET devices to run at low voltages and at a speed
corresponding to the rate of forming electric double layers. Currently, there is a lack of a
detailed quantitative model of the EGOFETs that can predict device performance based on
geometry and material parameters. In the present paper, for the first time, an EGOFET model is
proposed utilizing the Nernst-Planck-Poisson equations to describe, on equal footing, both the
polymer and the electrolyte regions of the device configuration. The generated calculations
exhibit semi-qualitative agreement with experimentally measured output and transfer curves.

Supplementary material for this article is available online

Keywords: Nernst-Planck-Poisson equations, electrolyte-gated organic field-effect transistors
(EGOFET), organic electronics, device modelling

(Some figures may appear in colour only in the online journal)

1. Introduction

Electrolyte-gated organic field-effect transistors (EGOFETs)
are organic thin film transistors where the solid-state dielec-
tric, which separates the gate electrode from the organic semi-
conductor in Organic Field-Effect Transistors (OFETs), is
replaced by an electrolyte either in liquid or gel form [1].
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In EGOFETs, the application of a gate voltage induces the
formation of two Electrical Double Layers (ELDs), one loc-
ated at the gate/electrolyte interface and the other one at the
electrolyte/organic semiconductor thin film interface; the lat-
ter is responsible for the accumulation and depletion of mobile
electronic charges along the organic semiconductor surface,
reversibly switching the channel electrical surface conductiv-
ity which thus provides the desired transistor operation [2].
The overall capacitive coupling between the gate electrode
and the organic semiconductor can thus be described, to a first
approximation, as a series of two capacitors, each associated to
the aforementioned interfaces [3]. The values of the two capa-
citances are inversely proportional to the thicknesses of the
two EDL (the so-called Debye lengths), which typically are
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of a few nm, and proportional to the areas of the two inter-
faces, respectively. Therefore, in EGOFETs the gate capacit-
ance per unit area (up to 100Mf cm−2) [4] is several orders of
magnitude higher than those commonly reported for the solid-
state dielectrics, traditionally employed in OFETs. As a con-
sequence, the biasing voltages necessary to polarise EGOFETs
are typically very small (<1 V) [5].

The intrinsic presence of an electrolyte within their struc-
ture, combined with the low biasing voltages, make EGOFETs
ideal candidates for the next generation of sensors and bio-
sensors working in liquid environments [6]. Indeed, several
examples of EGOFET-based biosensors have recently been
reported for the detection of a wide variety of biologically
relevant molecules, such as: DNA [7], ions [8], streptavidin
[9–12], neurotransmitters [13], cytokines [14], and chiral
organic compounds [15], just to mention a few examples.
These papers clearly demonstrate the actual possibility of util-
ising EGOFETs for the fabrication of robust and sensitive
sensors.

The EGOFET device and corresponding sensor perform-
ances are universally described using the same basic equations
that are traditionally employed to depict the operation of
solid-state dielectric-gated O/metal-oxide-semiconductor
field-effect transistors (MOSFETs), which are given
below [16]:

ID =
W
L
CTOTµ(VGS −VTH)VDS (1)

ID−SAT =
W
2L
CTOTµ(VGS −VTH)

2 (2)

where ID is the current flowing between the source and drain
electrodes, W is the channel width, L is the channel length,
CTOT is the total gate-semiconductor capacitance per unit area,
µ is the mobility of the charge carriers, VDS is the drain-
source voltage, VGS is the gate-source voltage and VTH is the
threshold voltage (i.e. the minimum gate voltage necessary to
induce the formation of a conductive path between source and
drain) [17]. The two aforementioned equations make a distinc-
tion between two different regimes [18, 19]:

(a) for ‘small’ VDS values, the transistors output current ID
depends linearly on VDS (linear regime).

(b) when VDS increases, ID reaches an ideally constant (i.e.
not depending anymore on VDS) value, called saturation
current ID-SAT (saturation regime).

Historically, equations (1) and (2) have been developed to
describe the electrical behaviour of silicon-based MOSFETs
[20] in terms of current–voltage characteristics. In the early
years of the organic transistors era [21], these equations have
been adopted to fit the transfer and output curves of OFETs
and, over the course of the years, they have been adapted to
take into account the different phenomena [22], such as con-
tact resistances [23], effects of channel length [24], and espe-
cially gate-voltage dependence of mobility [25, 26], introdu-
cing deviations from the ideal, expected shapes thus leading to
more accurate but also quite complicated analytical models.

Independently of the complexity, these modified MOSFET
models usually describe the charge accumulation at the semi-
conductor/dielectric interface by using a simple parallel-
plate capacitor [27] where the compartment between the two
‘plates’ (i.e. the gate electrode and the organic semicon-
ductor) is represented by a solid dielectric. This structure is
rather different from that of the EGOFET structure, in which
the gate electrode/organic semiconductor capacitive coupling
is ensured through the electrolyte characterised by mobile
ionic charges, an ion transporting medium and the forma-
tion of EDLs [6]. This fundamental difference does have an
impact on the analytical models used to describe the oper-
ation of EGOFETs in terms of current–voltage curves and
thus becomes particularly important when one extracts critical
device parameters (such as threshold voltage, charge mobil-
ity, and more) necessary to characterise the performances of
EGOFETs and EGOFET-based sensors [28].

During recent years, several analytical models of organic
devices have been reported attempting to account for the
above-mentioned differences. Tu et al [3] simulated the two
EDLs formed at the gate/electrolyte and electrolyte/semicon-
ductor interfaces as two interfacial series capacitors describing
the fact that redistribution of ions inside the electrolyte, upon
gate polarisation, is balanced by oppositely charged electronic
charge carriers at the gate surface and along the semiconductor
surface. This equivalent circuit was then used to develop an
EGOFET dc static model in which contact and short-channel
effects were also taken into account. Kergoat et al [17] later
used the same model to elucidate the correlation between the
gate metal work function and the transistors threshold voltage.
Palazzo et al [10] further refined this model by including a
third series capacitor associated to the Gouy–Chapman dif-
fuse double layers, which then provides a better description
of the electric potential drop within the liquid electrolyte bulk.
Another useful and complementary approach take use of elec-
trochemical impedance spectroscopy (EIS) to characterise the
total gate/organic semiconductor impedance and then fitting
the experimental curves with an equivalent electrical circuit
[29, 30]. This approach allows for the identification and estim-
ation of parameters such as the electrolyte resistance and the
charge transfer resistance of the redox processes involved.

The above-mentioned approaches provide extremely use-
ful insight on the physical behaviour of EGOFETs but they
can often only be used a posteriori after that electrical charac-
terisation is completed, to obtain a phenomenological explana-
tion of what has been experimentally observed. Applying these
approaches as predictive tools to further advance the field of
EGOFETs in general is therefore quite limited.

Within this context, a numerical approach based on the
Nernst-Planck-Poisson equations could strongly contribute to
the understanding of the physical and operational phenom-
ena of the EGOFETs and provide an accurate description
of their experimental behaviour in terms of current–voltage
curves and parameters. Additional benefits of this approach
include the possibility of generating a spatial map of the
physical response of the system at any location, the relat-
ively low-cost investment and the rapid calculation time for
the large majority of applications [31]. Recently, such an
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approach was successfully used for the description of the
polymer-electrolyte blends and organic electrochemical tran-
sistors [32, 33]. Surprisingly, the number of reports describ-
ing the Nernst-Planck-Poisson analysis of EGOFETs is very
limited [5, 34]. Melzer et al [5] fabricated organic dual-gate
field-effect transistors using poly(3-hexylthiophene) (P3HT)
as organic semiconductor. Measurements were carried out by
applying two independent gate potentials: one to the back gate,
separated from the semiconductor by a thin SiO2 layer, and the
other one to the top gate, an electrode dipped inside an electro-
lytic solution contacting the P3HT. This strategy allowed for
the measurement of the total top gate/organic semiconductor
EDLs capacitance. The authors then performed a finite ele-
ment method simulation of the top-gate EGOFET devices, but
the electrolyte was taken into account as an insulating layer
between the electrolyte-gate contact and the organic semi-
conductor region, with a constant capacitance value extracted
from the dual gate measurements. A similar model, published
by Popescu et al [34], was also used to analyse the response
of EGOFET-based biosensors for varying bias conditions and
ion concentrations in the electrolyte.

In the present paper the Nernst-Planck-Poisson model of
the Electrolyte-Gated Field-Effect Transistors (EGOFETs)
is developed treating both the polymer and the electrolyte
regions of the device on the equal footing. This model is inten-
ded to be a very first step towards the construction of more
accurate and comprehensive models; for this reason, at this
first stage, rather ideal conditions were taken into account
(i.e.: absence of charge traps in the semiconductor’s bulk and
at the semiconductor/electrolyte interface, absence of leakage
current between the source and gate electrodes). The model
is applied to describe the electrical behaviour of EGOFETs
and a semi-quantitative agreement between experimentally
measured and calculated output curves and transfer charac-
teristics was found. To the best of our knowledge, this is the
first time that an EGOFET model is proposed utilizing the
Nernst-Planck-Poisson equations to describe, on equal foot-
ing, both the polymer and the electrolyte regions of the device
configuration.

Even at this first, idealized stage, we wanted to verify the
potential of the model as a predictive tool; to do so, simula-
tions were performed to forecast the influence of a geometrical
parameter (i.e. the gate electrode area) on the transistors’ elec-
trical behaviour. It is demonstrated computationally and well
verified experimentally that EGOFETs with a smaller gate do
not exhibit a proper transistor action. The developed model is
independent of the choice of material as the organic semicon-
ductor or electrolyte and can be easily adapted for geometries
other than those studied here.

The next steps of our work will consist in refining the
present model to take into account the aforementioned non-
ideal phenomena, to ensure a better correspondence between
simulated and experimental curves. Ideally, the final model
will allow the user to perform a double task:

(a) on the one hand, it will allow a qualitative description
of the transistor’s electrical behaviour on the basis of the

device geometry and physicochemical parameters of the
materials chosen for its fabrication. Under this point of
view, the model will be used as a predicting tool, meaning
that it will enable the user to qualitatively predict the tran-
sistor’s electrical behaviour with no actual need for fabric-
ating and measuring the device. The main goal here is to
use the model to select the best possible device architec-
ture and materials before moving to the actual fabrication
step;

(b) on the other hand, the final model will allow the extrac-
tion of the ‘macroscopic’ figures of merit of the device
(namely: ION/IOFF ratio, subthreshold swing and threshold
voltage) by fitting the experimental curves measured on
actual devices.

The results of these next steps will be presented in a forth-
coming paper.

2. Experimental setup and computational modelling

2.1. EGOFETs fabrication and electrical characterisation

The procedure for the transistors fabrication and charac-
terisation has already been described elsewhere [35, 36].
All solvents were purchased from Sigma-Aldrich and
used without further purification. Poly([2,5-bis(3-hexadecyl
thiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT-C16) was pur-
chased from Ossila Ltd Transistors were fabricated on p-type
silicon wafers covered with a thin SiO2 layer. The interdigit-
ated source and drain electrodes were realised (see figure 1.
Three-dimensional scheme of the EGOFET experimentally
studied in this paper) by standard clean-room techniques (Au,
W/L = 30 000 µm/10 µm). The organic semiconductor was
dissolved in 1,2—dichlorobenzene (5 mg ml−1 at 100 ◦C),
deposited by spin-coating (4000 rpm for 180 s, acceleration
of 600 rpm s−1) for 180 s and then annealed in air (hot plate,
110 ◦C, 60 s). The gold gate electrodes were fabricated by
using freshly polished gold wires with different diameters,
sealed in a glass tube. A PDMS well (3 × 3 mm) was fixed
on each transistor and filled with standard phosphate buf-
fer saline solution (pH = 7.4, 0.01 M Na2HPO4, 0.0018 M
KH2PO4, 0.0027 M KCl and 0.137 M NaCl). A schematic
view of the device is presented in figure 1. Three-dimensional
scheme of the EGOFET experimentally studied in this
paper.

Transistors were characterised in terms of output and trans-
fer characteristics using a semiconductor parameter analyser
(Keithley 4200 SCS, Keithley Instruments, Germany). The
output characteristics (ID−VDS) were recorded by apply-
ing different gate voltages (VGS) from VGS = +0.2 V to
VGS = −0.6 V and by sweeping the drain voltage (VDS)
between 0 and −0.6 V. The transfer curves (ID−VGS)
were recorded by keeping the drain voltage constant at
VDS = −0.4 V and by sweeping VGS between +0.2 and
−0.6 V. In either case, no influence of the scan rate was
observed.
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Figure 1. Three-dimensional scheme of the EGOFET
experimentally studied in this paper.

2.2. Model

In order to model the electrical behaviour, we need to choose
the geometry able to best simulate the experimental EGOFET
configuration. The fabricated three-dimensional EGOFET is
thus approximated by a two-dimensional (2D) model geo-
metry, see figure 2, which consists of two regions, namely the
electrolyte and the organic semiconductor, and the electrodes:
source, drain and the gate. The width of the device in the
z-direction is 30 000 µm. The multiple interdigitated source
and drain electrodes are modelled as six pairs of electrodes of
the size of 10 µm separated by 10 µm (corresponding to the
dimensions and geometry of actual devices), see figure 2. The
gate electrode is capped by an insulating layer (glass) leav-
ing only the metallic bottom exposed to the electrolyte. In this
study we considered two gate sizes, namely the large and the
small gate having a size of 1.3µmand 0.3× 10−3

µm, respect-
ively. These sizes are chosen to represent the actual experi-
mental gate sizes (200 µm and 10 µm in diameter, respect-
ively). These values are re-scaled to account for the fact that
the impact of the gate scales with the gate area, and our cal-
culations are performed in a 2D geometry as opposed to the
(3D) geometry of the experiments. (Details of re-scaling are
provided in SI in section S1 available online at stacks.iop.org/
JPD/54/415101/mmedia).

The simulation model is based on the Nernst-Planck-
Poisson equations that account for the electrostatics of the sys-
tem as well as the transport of all the charged species involved.
All the equations for the different domains as well as detailed
information on the boundary conditions involved in the model
are denoted in figure 2, where the organic semiconductor and
electrolyte domains are electrically and ionically conductive,
respectively.

Hole transport in the organic semiconductor region is
described by equation (3) where the flux accounts for both
diffusion (first term) and drift (second term) contributions
coupled with the Poisson equation (equation (5) describing
the electrostatic potential throughout the whole system. The

Figure 2. Geometry and equations used in the EGOFET
simulations (a). Boundary conditions for the potential (b) and
boundary conditions for ions in the electrolyte and holes in the
semiconductor region (c).

changes in hole concentrations are governed by the continuity
equation (equation (4)).

Jp =−Dp (∇p+ fp∇V) (3)

∇Jp =−dp
dt

(4)

− ε∇2V
F

= p (5)

where p and Dp are the concentration and diffusion coef-
ficient for holes respectively, Jp is the flux of holes and
f = F/RT (F the Faraday constant, R the ideal gas constant,
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T the temperature), and V the electrostatic potential within the
entire system. Similarly, the ion transport in the electrolyte is
described by theNernst-Planck-Poisson equations considering
positive and negative ions as the charged species in the elec-
trolytic medium,

Jc± =−Dc± (∇c± ± fc±∇V) (6)

∇Jc± =−dc±
dt

(7)

− ε∇2V
F

= c+ − c− (8)

where c± and Dc± are the concentration and correspond-
ing diffusion coefficients for the cations (+) and anions (−),
respectively.

The boundary conditions are applied as follows: for the
electric potential, in the semiconductor region the source is
grounded, and drain voltage is applied to the drain contact
(see figure 2(b)). The gate potential is applied to the gate elec-
trode. All outer boundary conditions except for source, drain
and gate correspond to the zero charge inside the device region
(∂V
∂n = 0). Since ions in the electrolyte do not penetrate into the

organic semiconductor region, the electrolyte-semiconductor
boundary is blocking for both ions and holes. The boundary
condition for the hole concentration at the source and drain
contacts, nS and nD, that accounts for the applied voltage is as
follows [37]:

nS = n0; nD = nS exp

(

−eVDS

kT

)

(9)

where n0 is a constant, VDS is the drain voltage, e the element-
ary charge and k is the Boltzmann constant. (It is noteworthy
that for the present system we performed calculations with a
simplified boundary condition, nS = nD, and found that it gives
practically the same result because of the low concentration of
charge carriers).

The boundary condition for ions in the electrolyte region
(figure 2(c)) deserves a special discussion. One option is a
condition of no flux because the ions cannot leave the electro-
lyte region [32]. Another boundary condition commonly used
in literature is a fixed ion concentration at the boundary [38].
A justification for the latter is that for a large enough elec-
trolyte region the ion concentration at its boundary remains
constant and is not affected by the ion re-distribution in the
electrolyte region. We performed calculations for both bound-
ary conditions, and we found that the latter (condition of the
fixed ion concentration) can lead to unphysical solutions. In
particular, we found that under this boundary condition the cal-
culated output and transfer curves are unaffected by the gate
size, which clearly contradicts with the experimental obser-
vations (see section S2 and figures S1, S2 for details). This
arises because the fixed ion concentration boundary condition
leads to unphysical solutions with the imbalance between the
number of cations and anions in the electrolyte, which viol-
ates the overall charge neutrality requirement for the electro-
lyte (see figure S2(a)). Note that the condition of fixed ion con-
centration can be used for both stationary and time-dependent

simulations. In contrast, the no flux boundary condition cannot
be used for the stationary calculations because the ion concen-
tration remains undefined. With that being said, we conclude
that the proper EGOFET description should be based on the
time-dependent calculations using the condition of no-flux at
the boundaries for the electrolyte and defining initial condition
for concentration of ions at t = 0, that is, c± (t = 0)= c0, with
c0 being a constant.

According to the classical model applied to the organic
field-effect transistors, equation (1) is used for calculation of
the drain current. This equation is based on Ohm’s law and
completely neglects the diffusion. It also neglects channel
shortening due to the pinch-off [39]. In our model, the drain
current is calculated on the basis of the drift-diffusion equation
(equation (3)), where the current density is the sum of drift and
diffusion contributions corresponding to the migration of the
charge carriers in an electric field and the flux due to concen-
tration gradient, respectively. The mobility µ is related to the
diffusion coefficient by the Nernst-Einstein relation: µp =

Dp

RT .
In order to further utilize the potential applicability of our pro-
posed model, we also account for the electric field depend-
ence of the hole mobility. According to the Poole–Frenkel
model [40], the mobility dependence on the applied source-
drain voltage VSD is:

µ= µp exp

(

γ
√
E

kT

)

(10)

where γ is the Poole–Frenkel constant and E is the electric
field, which is calculated as E = VSD/dSD, with dSD being
the distance between the source and drain gates. Note that
in organic devices the mobility can also depend on the gate
voltage, VGS. To account for this effect, a dependence of µp

on VGS can be introduced in equation (10), such that the fit-
ting to the experiment can be easily performed by varying µp

at a given VGS to obtain the mobility gate voltage dependence,
µp = µp(VGS). In the present study, to keep our model simple,
we will treat µp as a constant (i.e. gate voltage independent).

The drain current is calculated by integrating the flux of
charge carriers over the length of the drain contact: ID =

W
l
∫
0
Jp · dl; where W is the channel width. The initial para-

meters used in the simulations are listed in table 1. Note that
the diffusion coefficient for holes for different devices was
adjusted in order to fit the experimental and simulated output
curves as indicated in the captions to figures 3 and 4. Also,
note that the hole concentration reported in the table refers to
the pristine semiconductor at room temperature.

In the present study, the EGOFET is simulated using COM-
SOL Multiphysics 5.5. To perform the calculations, Electro-
statics and transport of diluted species modules were coupled
as implemented in the software. A corresponding COMSOL
file is attached in a supplementary information. Themodel was
performed in 2D with a proper meshing strategy where a very
fine mesh was defined at the boundaries of interest e.g. the
interface between the electrolyte/organic semiconductor, near
the electrodes and a coarser mesh at domains as in the bulk
electrolyte (see figure S3 for representative examples).
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Table 1. Simulation initial parameters.

Expression Value

Length of each source/drain contact 10 µm
Semiconductor thickness 300 nm
Semiconductor width (W) 30 000 µm
Large gate size, L (see figure 2(a)) 1.3 µm
Small gate size, L (see figure 2(a)) 3 nm
Gate extension, d (see figure 2(a)) 40 µm
Electrolyte dimensions 370 × 150 µm
Temperature 300 K
Diffusion coefficient of cations [41] 13.34 × 10−10 m2 s−1

Diffusion coefficient of anions [41] 20.3 × 10−10 m2 s−1

Hole concentration (n0) [42, 43] 10−6 mol m−3

Electrolyte concentration 0.1 mol m−3

Dielectric constant of the electrolyte [44] 81
Dielectric constant of the organic semiconductor [45] 2

Poole–Frenkel constant, γ [46] (2.2–22) × 10−10 E-24
(

m
V

) 1
2 J

Figure 3. Device characteristics. (a) Experimental (dots with solid lines) and simulated (dashed lines) output curves. (b) Experimental (dots
with solid lines) and simulated (dashed lines) transfer curves (currents -hole currents going from the source to the drain- are negative).
Diffusion coefficient of holes used in the simulation Dp = 1.2926 × 10−6 m2 s−1.

3. Results and discussions

3.1. Device electrical analysis

Here, we report the typical current–voltage characteristics of
the EGOFET: the transfer and output curves. The output curve
is obtained by sweeping the drain voltage and measuring the
corresponding drain current whereas the gate voltage is fixed,
see figure 3(a). The general trend of the output curve is such
that by increasing the drain voltage, the drain current also
increases linearly (linear regime). When the drain voltage
competes with the effective gate voltage the current evolution
starts to reach a plateau (the saturation regime). The transfer
characteristics are obtained by performing a parametric sweep
on the gate voltage, while the drain voltage is set at a con-
stant value. The resulting transfer curve is shown in figure 3(b).
The transfer curve shows typical p-type field-effect character-
istics (where the device performs upon negative gate voltage
and negative drain voltage and the drain current increases by
increasing the gate voltage) [39]. Note that we also calcu-
lated output curves accounting for the field dependence of the
mobility on the basis of the Poole–Frenkel model, using typ-
ical values of the parameter γ (equation (10) and table 1), see
figure S4.We found that for the given parameters of the device,

the best fit is obtained for the case of the field-independent
mobility, i.e. when the mobility does not depend on the applied
bias VSD.

It should be noted (see figures S5 and S6 SI) that the transfer
curve shows small hysteresis and the gate current is always
several orders of magnitude smaller than the drain current (for
the same VGS and VDS). For these reasons, we can rule out any
relevant electrochemical reactions at both the gate/electrolyte
and electrolyte/semiconductor interfaces [7, 47] .

As can be seen from figure 3, the simulated curves are cap-
able to provide a semi-quantitative description of the experi-
mental behaviour; in particular, the simulated output curves
reproduce the regions of the linear and saturation regimes.
It should be noted, however, that strong differences can be
appreciated between the simulated and experimental curves.
As can be seen from the transfer curves (figure 3(b)), for
more positive gate voltages (VGS > −0.4 V) the experimental
current is higher (in absolute value) than the simulated cur-
rent while for more negative gate voltages (VGS < −0.4 V)
it is the other way round. This observation is consistent with
what one can notice on the output curves (figure 3(a)) where,
for (VGS > −0.4 V) the experimental saturation current is
higher (in absolute value) than the simulated saturation cur-
rent (it is the opposite for VGS < −0.4 V) We attribute these
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Figure 4. (a) Concentration profiles showing the formation of the electric double layers (cations at the gate and anions at the
electrolyte/polymer interface) leading to accumulation of the holes in the channel. (b) The potential profile and (c) the electric field in the
y-direction (along the cross-section of the device marked by a red dashed line in (a)). A zoomed view on the polymer-electrolyte interface:
(d)-(f) the density of anions (blue) and holes (dark purple) for different drain voltages.

differences to the fact that in real devices, charge carriers’
density and mobility are not constants but it does depend on
the gate voltage VGS; more in detail, it has been shown that
for polythiophene-based semiconductors mobility increases
for small gate voltages, then saturates and finally decreases
for higher gate voltages [20]. This behaviour seems consistent
with the observations made on the transfer curves. Another
aspect that can be observed when comparing the experimental
output and transfer curves is that, for the same VGS and VDS

values, currents in the transfer curves do not perfectly cor-
respond to those of the output curves. This difference can
be tentatively attributed to the experimental protocol used
for the acquisition of the output curves. During the acquis-
ition of the first output curves, the device is polarised for
several seconds by applying positive gate voltages; in the
case of transfer curves, the duration of positive gate bias-
ing is much shorter (a few tens of ms). It has been shown
that the prolonged application of positive gate voltages to
p-type transistors typically results in a shift of the threshold
voltage towards more positive values [48]; in polythiopene-
based systems, this phenomenon is usually attributed to the
injection by the drain and source contacts of electrons at
the organic semiconductor/dielectric interface; these negat-
ive charges are trapped at the interface, even when the gate

voltage is shifted towards negative values, and are responsible
for the accumulation of holes in the transistor’s channel. As
a consequence, the absolute value of the threshold voltage is
reduced [49].

Herein, we bring the concentration and potential profiles
into focus and discuss the formation of electric double layers
and charge carrier profiles inside the device. In a p-channel
device, upon negative polarisation of the gate, the associ-
ated electric field alters the distribution of ions in the electro-
lyte, such that cations are attracted towards the gate/electro-
lyte interface, while anions migrate to the electrolyte/polymer
interface leaving the bulk electrolyte charge-neutral (p-type
operation). Thus, as expected, the formation of the electric
double layers at both interfaces is observed. This leads to accu-
mulation of holes in the polymer region where a conducting
channel is formed at the nanometre distance next to the inter-
face, figure 4(a). The potential profile at the cross-section of
the device is shown in figure 4(b). Since there is no charge left
in the bulk electrolyte, the potential is constant there (because
the flat potential corresponds to no charge). The electric field
which is the driving force for ion migration is therefore zero
in the bulk of the electrolyte, and it is high where the EDLs
are formed, i.e. at the gate/electrolyte and electrolyte/polymer
interfaces.
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Let us now discuss the hole density across the chan-
nel for different drain voltages. At low drain voltages
|VDS|, charge carriers are distributed rather uniformly at the
polymer/electrolyte interface between the source and drain
electrodes (see figure 4(d)). As a result, the transistor obeys
Ohm’s law when the current increases linearly with raising
the drain voltage. This is referred to as the linear regime [19].
When themagnitude of the drain voltage |VDS| is increased, the
concentration gradient along the polymer/electrolyte is intro-
duced and the concentration of the charge carriers is reduced
to zero at the drain contact because of the combined action
of the drain electrode and the top gate, see figure 4(e). The
transistor therefore enters the pinch-off regime. When the
drain voltage increases even more the depletion region near
the drain electrode grows, leading to shortening the channel
length, see figure 4(f). In this case the transistor operates in
the saturation regime when an increase of the drain voltage
does not lead to further increase of the drain current beyond
the saturation level. The saturation of the current is the result
of two competing effects, the growth of the depleted region
near the drain electrode (favoring the decrease of the current)
and the increase of |VDS| (favoring the increase of the cur-
rent). Finally, we would like to point out that while this beha-
viour was qualitatively well understood before, our calcula-
tions present the actual density distributions of ions and holes
as well as the electric field and potential profiles directly cal-
culated from the Nernst-Planck and Poisson equations.

3.2. Effect of the gate size on device performance

In this section we investigate and analyse the electrical
response of the EGOFET with the small gate, in an aim to
test our model and to further understand the limiting bound-
aries of the EGOFETs. The measured output characteristics
are shown in figure 5(a) (plotted as solid lines). In contrast to
the case of a large gate, the EGOFET with the small gate does
not show any transistor action (i.e. the dependence of the drain
current on the applied gate voltage), c.f. figures 3(a) and 5(a).
The simulated output characteristics are shown in figure 5(a)
in the form of dots. While the calculated dependencies still
exhibit some field effect, it is much less pronounced in com-
parison to the case of the large gate, c.f. figures 3(a) and 5(a).
For example, for the same drain voltage VD = −0.5 V, the
relative change of the current with the change of VSG from
VSG = 0 V to VSG = −0.6 V is |I−0.6V−I0V|/I0V ≈ 20 for the
case of the large gate, and |I−0.6V−I0V|/I0V ≈ 3 for the case of
the small gate. Note that similar behaviour of the EGOFETs
with a varying ratio between the size of the gate and the semi-
conductor channel was reported by White et al [50] for the
EGOFETs with a floating gate.

It is noteworthy that the measured current for the case
of a small gate is two orders of magnitude smaller as com-
pared to the case of the large gate. This reflects the fact that
the small gate induces much lower hole concentration in the

polymer. It is interesting that for the case of the large gate
the calculated and the measured current are comparable in
magnitude, whereas for the small-gate EGOFET the measured
current is much lower than the calculated one. We speculate
that this can be due to the fact that in the polymer at low hole
density many hole percolative paths through the device can be
blocked due to the effect of the impurities confining the charge
carriers in isolated space regions [51, 52].

In order to understand the absence of the field effect for
the case of a small gate, we analyse the distribution of charges
and formation of the double layers in the system at hand, see
figures 5(b)–(d). For the case of the EGOFET with a small
gate, the potential mostly drops across the gate–electrolyte
interface, where the electric field is high, whereas the voltage
drops at the polymer/electrolyte interface and the electric field
there are negligible, see figures 5(c) and (d). This is in con-
trast to the case of the EGOFET including a large gate area,
where the voltage drops at the gate-electrolyte and at the
polymer–electrolyte interface are comparable in magnitude,
c.f. figures 4(b) and 5(c). The reason why the potential drop
on the small gate is much higher than on the large one, can
be explained by the text-book electrostatics prescribing that
the electric field near a surface is inversely proportional to the
surface curvature. Indeed, whereas the large gate can be con-
sidered as essentially flat, small gates can be regarded as point-
like sources giving rise to circular symmetric fields, c.f. poten-
tial profiles in figures 4(a) and 5(b) for the small and large
gates, respectively. Alternatively, this can be easily under-
stood by considering the gate–electrolyte interface and the
electrolyte–polymer interface as two series connected capa-
citors. Because the former has much smaller area than the lat-
ter, the voltage drop occurs at primarily at the gate–electrolyte
interface.

The large potential drop at the gate and the high value of the
electrical field there for the case of the small gate leads to the
enhanced screening of the gate by cations (the gate being neg-
atively polarised here). As a result, the EDL at the gate presents
a much higher charge density as compared to the EDL at the
polymer/electrolyte interface, see figure 5(b). In other words,
the EDL at this second interface is practically absent. This
means that the gate does not practically induce and affects the
density of holes in the polymer, which results in the absence
of the transistor action. In contrast, for the case of EGOFET
with the large gate, two EDLs are formed and a variation of
the gate voltage results in the modulation of the hole density
in the EDL polymer/electrolyte interface leading to the effect-
ive transistor action.

It is noteworthy that the efficiency of the gate screening
depends on the concentration of the electrolyte. We performed
calculation of the electrical characteristics of the EGOFET for
the case of the electrolyte with much lower concentration, cor-
responding to the ionizedwater with c= 10−4 molm−3. In this
case, as expected, the gate is poorly screened, and the transistor
action is partially restored, see figure S7.
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Figure 5. Electrical characterization of the EGOFET with small gate. (a) experimentally measured (dots with solid lines) and calculated
(dashed lines) output characteristics (currents-hole currents going from the source to the drain- are negative). (b) Concentration profile
showing the higher concentration of cations at the gate, screening the small gate more effectively. (c) Potential profile and (d) electric field
plot in y-direction. Diffusion coefficient of holes used in the simulation Dp = 2.5852 × 10−8 m2 s−1.

4. Conclusion

In the present study a model of the electrolyte–gated organic
field-effect transistors based on the Nernst-Planck-Poisson
equations was developed. This model treats both the polymer
and the electrolyte regions of the device on an equal footing.
This allows for an accurate quantitative description of the elec-
trical characteristics of EGOFETs of an arbitrary geometry.
Additional benefits of this approach are to produce a spatial
map of the physical response of the system at any location,
such as electron and ion concentration, electric potential, and
electric field distribution.

The experimentally measured current–voltage characterist-
ics (the output and transfer curves) were modelled and ana-
lysed using the developed model, and semi-qualitative agree-
ment between the experimental and calculated results was
found. Based on the developed model, various regimes of the
EGOFET operation (i.e. linear, pinch-off and saturation) were
discussed and analysed using the calculated concentration and
potential profiles and the formation of electric double layers
inside the device.

To practically test our model, simulations were performed
to forecast the influence of a geometrical parameter such as the
gate electrode area on the transistors’ electrical behaviour. We
showed, both experimentally and via simulations, that the per-
formance of the EGOFET strongly depends on the gate size.

In particular, the device with a small gate does not exhibit a
transistor action (i.e. the dependence of the drain current on
the applied gate voltage). We demonstrated that this happens
because the electric potential for the case of the small gate
drops primarily at the gate/electrolyte interface, which results
in the high concentration of cations at this interface shielding
the electric field generated by the gate. As a result, the double
layer does not form at the electrolyte/polymer interface, and
the EGOFET no longer performs as a transistor.

Our results also outline one technical aspect of the simula-
tion that is important for the accurate description of the organic
devices operating in aqueous environment using the Nernst-
Planck-Poisson. Namely, we demonstrated that the steady-
state approach utilising the boundary conditions correspond-
ing to the fixed electrolyte concentration at the boundary can
lead to unphysical solutions causing the ion imbalance inside
the device violating the overall charge neutrality requirement.
Hence, we conclude that an accurate description of EGOFETs
requires time-dependent simulations using the condition of
no-flux for the ions at the boundaries of the electrolyte and
defining initial condition for the concentration of ions at t= 0.

Altogether, we believe that our study demonstrates that our
Nernst-Planck-Poisson-based model can be successfully used
for qualitative description of EGOFETs electric behaviour.
To further improve agreement between simulated and exper-
imental results and to be finally able to use this model both
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as a predictive tool and as a tool for macroscopic figures of
merit extraction from experimental curves, non-ideal phenom-
ena have to be taken into account; this will be the object of a
forthcoming paper.

Data availability

All data that support the findings of this study are included
within the article (and any supplementary files).
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