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cardiovascular physiological disorders.[1,2] 
Especially sodium (Na+) and potassium 
(K+) are a “dynamic duo” that is respon-
sible for the blood pressure regulation, 
the transmission of nerve signals in elec-
trogenic cells and for the muscle contrac-
tion.[3,4] Therefore, there is an imperative 
need for precise and reliable ion-sensing 
devices for a real-time and accurate moni-
toring of ion concentrations in electrolytes. 
These devices find numerous applications 
in multiple fields like in healthcare diag-
nostics, in the pharmaceutical industry, 
and in food and water security testing.[5]

The most studied device for ion detec-
tion is the ion-sensitive field-effect transistor (ISFET). The ISFET 
architecture is based on a conventional field-effect transistor 
structure where an electrolyte solution is placed between the gate 
(named reference electrode) and the insulator.[6–8] ISFETs were 
based on the silicon technology where a direct contact between 
the electrolyte and the channel is not possible. More recently, 
using emerging technologies based on metal oxides, graphene 
and organic conductors the ISFET architecture has been fur-
ther developed by removing the insulating layer.[9–11] The direct 
contact between the electrolyte solution and the semiconducting 
channel results in both lower operating voltage and improved 
sensitivity. Among the various technological approaches, 
organics have gained significant attention due to their compara-
tive advantages. Organics can be processed at low temperature, 
are soft resulting in a mechanical compatibility with biological 
tissues, support mixed ionic-electronic conductivity, and their 
properties can be chemically-tuned for targeting specific applica-
tion requirements. Focusing on bioelectronic applications, other 
essential features offered by organics are the stability in aqueous 
environment and, when used in a transistor architecture, device 
operation well below 1 V has been demonstrated.[11–16] The latter 
characteristic is important to avoid electrolysis.

In electrolyte-gated organic transistors the transistor’s 
channel is in contact with the gate through the electrolyte.[17] In 
this configuration, the organic channel material can be either 
impermeable or permeable to the ions of the electrolyte. In the 
former mode of operation, a nanometric thick “electrical double 
layer” (EDL) is formed both at the gate/electrolyte and the elec-
trolyte/channel interface. The electrolyte/channel EDL provides 
capacitance values in the order of ≈1 ÷ 10 μFcm−2, which results 
in a sub-volt voltage operation.[18,19] In the latter mode of opera-
tion the organic semiconductor is permeable to the electrolyte, 
giving rise to the class of organic electrochemical transistors 
(OECTs).[20] Since the whole volume of the film participates in 
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1. Introduction

Electrolytes play an important role in biology as they are indis-
pensable in a variety of physiological processes. They are salts 
which, when dissolved in polar solvents such as water, are sepa-
rated into anions and cations and produce conducting solu-
tions. They are responsible for the proper functioning of cells 
by regulating their osmotic pressure, they assist the creation 
and propagation of electrical signals in neural and muscle cells, 
and they facilitate the release of hormones from endocrine 
glands. In particular, they create osmotic gradients between 
the extracellular and intracellular environments, which con-
trol the biological tissue hydration, the blood pH and support 
organ functions. Deviation of the concentration of these spe-
cies from the normal ranges in the body fluids is an indication 
of diseases such as diabetes, liver and renal dysfunctions, and 
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the process,[21] a volumetric capacitance is displayed and, as a 
result, OECTs can provide a very large transconductance (in 
the mS range). Hence, OECTs are very useful in transducing 
signals of biological origin.[22–26] OECTs typically use the con-
ducting polymer poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS) and the large hole concentration in the 
polymer results in a depletion mode of operation.

Due to their ability to convert ionic into electrical sig-
nals, OECTs have recently been used for the development of 
enhanced ion-detection and real-time monitoring.[27–31] These 
devices show selective detection of various ions, low detection 
limit and small response times. However, they typically use a 
suspended Ag/AgCl electrode as gate which is immersed in 
the electrolyte on top of the devices, hindering integration and 
further device miniaturization. Here, we demonstrate an inte-
grated ion-selective device based on OECTs using a PEDOT:PSS 
gate electrode in an in-plane configuration. The gate geometry 
was tuned in order to gate the transistor channels similarly to 
a Ag/AgCl gate. On the same substrate, two groups of different 
ion-selective transistors where fabricated, a potassium-selective 
and a sodium-selective one, realizing a simultaneous ion-selec-
tive functionality with the use of a single in-plane gate. This 
work is a step forward toward multifunctional bioelectronic 
ion-selective biochips in a monolithic configuration.

2. Results and Discussion

The device architecture is schematically presented in Figure 1a. 
The OECT channel and the in-plane gate were fabricated 
with standard microfabrication techniques. Shortly, a photo
lithography step defined the source, drain, and (in-plane) gate 
electrodes on an optical microscope glass slide that served as 
a substrate. Two layers of parylene C were used to electrically 
insulate the device, while a reactive ion etching process opened 
windows in the parylene C at predetermined points of interest. 
These openings were subsequently filled with PEDOT:PSS, cre-
ating the device gate and channel through a peel-off step of the 
second (sacrificial) parylene C layer, which patterned the con-
ducting polymer. The gate electrode was designed with an area 
much larger than the channel area of the transistor, allowing 

for an efficient gating of the channel.[32] The selectivity for ion 
sensing is based on the presence of ion-selective membranes 
(ISMs) that are deployed between the analyte and the recording 
site.[33,34] These ISMs consist of a plasticized poly(vinyl chloride) 
(PVC) matrix that incorporates ionophores that selectively 
and reversibly interact with the target ions (primary ions) and 
form complexes. They also incorporate ionic sites that prevent 
counter ions from the solution to enter the membrane via the 
Donnan exclusion effect and promote the exchange of the pri-
mary ions.[34] Theoretically, changes in the concentration of 
the primary ion in the analyte induces a potential difference at 
the ISM interface that modulates the drain current (Ids) of the 
transistor. Nevertheless, the low mobility of the ions in the PVC 
matrix renders their transport problematic and has a severe 
effect on the device performance. One approach to address this 
issue is by an increase of the ionic sites as already been pro-
posed.[30] 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. As a consequence, the selectivity 
and the sensitivity of the ISM deteriorates since the forma-
tion of ion-ionophore complexes is devastated.[28] An alterna-
tive approach is the use of an internal electrolyte “reservoir,” 
which is typically placed between the ISM and the channel to 
supply enough ions for sufficient channel gating. In previous 
works, liquid or hydrogel electrolytes where used which dic-
tates, though, the use of a well (typically made of glass or poly-
dimethylsiloxane (PDMS)).[27] This makes the miniaturization 
of the device rather problematic. Recently, a thin polyelectrolyte 
film with mobile sodium ions (polyelectrolyte poly(sodium4-sty-
renesulfonate- PSSNa) as the internal reservoir was used, facili-
tating easier device miniaturization.[28] We therefore adopted 
this approach of using a PSSNa film as ion reservoir in order 
to achieve an integrated sensing device. However, we note that 
in their approach Han et  al. used an Ag/AgCl gate electrode, 
which is typically employed in OECT applications due to its 
faradaic mode of operation. Such a hovering Ag/AgCl electrode 
is not compatible with efficient management of space in bio-
sensing microchips. Our approach replaces the hovering Ag/
AgCl electrode with a planar PEDOT: PSS in-plane gate. The 
gate area is chosen to be larger than then channel area so that 
it results in a polarizable mode of operation, with the advantage 

Figure 1.  a) Schematic representation of the ISM-OECT cross section (not in scale). b) Top view of the device layout. A 16 (4 × 4) multi-channel grid is 
gated by a common gate electrode. Half of the channels are coated with a K+-ISM while the other half are coated with a Na+-ISM, creating a multifunc-
tional device able to sense simultaneously both ions. c) An optical micrograph of the device. The analyte overflows the compartments establishing a 
connection between the gate and the ISM-OECT channels.
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of the monolithic incorporation of every chip element in the 
same plane. In addition, the use of PDMS compartments in our 
work allows for the incorporation of multiple different ISMs 
which serve as a proof of concept of the advantage of a targeted 
functionalization of every single channel on the same substrate.

In our fabrication approach, PSSNa was drop casted on top 
of the channels followed by a drop casting of the ISM. The addi-
tion of the analyte establishes a physical connection between 
the planar gate and the channel, creating a stack consisting of 
film layers (PEDOT:PSS, PSSNa, and ISM), the liquid electro-
lyte and the gate electrode in a “planar sandwich” configura-
tion. Detailed information regarding the fabrication process is 
provided in the experimental section.

The device was designed to integrate multiple channels all 
of which are gated by a single in-plane gate. Half of the chan-
nels were covered with a potassium-selective membrane and 
the other half with a sodium-selective one (Figure  1b). This 
layout allows for a selective distinction between K+ and Na+ by 
enabling the sensing system to simultaneously sense the pres-
ence of various ions in the same solution. Special attention was 
devoted to avoid any cross talk between the K+-ISM and Na+-
ISM deposited on the OECTs. For that, a PDMS well was used 
to create separate compartments for the K+- and Na+- selective 
transistors. The well was attached on the substrate with the 
help of a small amount of PDMS, which after an overnight 
drying process created a watertight partitioning. In one com-
partment the K+-ISM mixture was drop-casted and left to dry 

over night while the Na+-ISM mixture was drop-casted and 
dried in the other. A third compartment was reserved for the 
in-plane gate. The used electrolyte (analyte) in every compart-
ment was left to overflow, thus creating a connection between 
all of them. Therefore, the gate was able to modulate the cur-
rent in each transistor via the electrolyte solution and through 
the ISM and the PSSNa films (Figure 1c).

For the potassium-selective OECT sensor, a 50 µm x 50 µm 
(width x length) PEDOT: PSS channel with thickness of 100 nm 
was employed. The ISM on it was doped with potassium iono-
phores. The output curves of the devices in a 0.1 m KCl solu-
tion are displayed in Figure 2a. The gate voltage sweeps from 
Vgs  =  −0.6  V to Vgs  =  +1  V and the source-drain current Ids is 
recorded as a function of the applied source drain voltage Vds 
with a step of 0.05  V. The transfer curve and the transcon-
ductance (gm) of the device in the same solution are shown in 
Figure  2b. The device exhibits a transconductance of around 
1.5 mS, which is typical for an OECT of this geometry. Despite 
the fact that the fabrication process involves multiple film dep-
osition steps and the gate is placed on the same plane as the 
channel in an unorthodox “planar sandwich” set up, typical 
drain-current modulation is obtained. The efficient channel 
gating is achieved by proper sizing the gate geometry and mate-
rial. More in detail, the PEDOT:PSS thickness on the gate is 
100 nm and the electrode size is 4000 µm x 4000 µm.

The situation is similar for the sodium-selective OECT 
device. A 50 µm x 50 µm PEDOT:PSS channel with a thickness 

Figure 2.  ISM OECT electrical characteristics. a) Output curves of the K+-ISM OECT in KCl 0.1 m. The gate voltage sweeps from Vgs = −0.6 V to 
Vgs = +1 V. b) Transfer curve and the corresponding transconductance of the same device at a source drain bias of Vds = −0.6 V. c) Output curves of the 
Na+-ISM OECT in NaCl 0.1 m. The gate voltage sweeps from Vgs = −0.6 V to Vgs = +1 V. d) Transfer curve and the corresponding transconductance of 
the same device at a source drain bias of Vds = −0.6 V.
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of 100 nm is gated by the same gate electrode on the same sub-
strate. The sodium ionophores doped ISM renders the device 
sensitive to Na+ which is now the primary ion. Figure 2c pre-
sents the output curves of the Na+-selective OECT. Again, the 
gate bias is swept from Vgs  =  −0.6  V to Vgs  =  +1  V and Ids is 
recorded as a function of Vds. Now, the used electrolyte is 0.1 m 
NaCl. The corresponding transfer curve is shown in Figure 2d 
delivering a transconductance value of around 0.8 mS.

After the independent electrical characterization of the 
ion-selective devices, their response to different analyte 
concentrations was tested simultaneously. In general, the 
channel current depends both on the sign and magnitude of 
the applied gate voltage as well as on the ion concentration in 
the electrolyte. Focusing on the electrical transfer characteris-
tics, the Ids–Vgs curves shifts to less positive voltages when the 
ion concentration increases.[28,35] More in detail, an increase 
in the primary ion concentration results in an increase of the 
potential between the analyte and the ion selective membrane. 
Consequently, for a given Vgs an increased number of Na+ from 
the PSSNa layer will be injected into the PEDOT:PSS film and 
the channel current will be reduced. According to these consid-
erations, we investigated the impact of different ionic solutions 
on the K+- and Na+- selective OECT devices by measuring the 
Ids–Vgs characteristics at various ion concentrations and types. 
The concentration of NaCl was increased stepwise, by a factor 
of 10 in each step, from 10−7 to 10−3 m. Figure  3 presents the 
resulting transfer curves.

In the case of the potassium-selective device the presence of 
the NaCl solution (interfering ion) has a less intense effect on 
the channel current compared to the effect of a KCl solution (pri-
mary ion) of the same concentration. In fact, for concentrations 
up to 10−4 m NaCl (blue curves in Figure S1, Supporting Infor-
mation) there is not significant device response as a function 
of the interfering ion concentration. Even for the largest NaCl 
concentrations an overlap occurs only with the smallest KCl 
concentrations which are orders of magnitude lower. Figure 3a 
reports mean drain current values obtained from 3 different 
measurements on the same device. Each individual measure-
ment is shown in Figure S1, Supporting Information. The error 
bars represent the standard deviation of the measured data. 
On the contrary, for KCl solutions (red curves in Figure 3a) the  

de-doping effect is much more pronounced for the same range 
of concentrations. In addition, each increase in the KCl solution 
concentration is echoed in the plot by a greater decrease in the 
channel current due to the more extent channel de-doping. To 
sum up, the same device responds differently for the analyte 
that bares the primary ion (K+) compared to the one that bares 
the interfering one (Na+) for any given electrolyte concentration. 
The de-doping effect in the channel is more pronounced when 
KCl is used compared to NaCl, a fact that demonstrates the 
ability of the device to distinguish between the two ions.

The situation is reversed for the sodium-selective OECT. 
Figure 3b reports the transfer curves for this device. Again, the 
drain current values are mean values of 3 consecutive meas-
urements (each shown in Figure S1, Supporting Information). 
In red, the channel response is shown when a KCl solution 
(interfering ion) was used as the electrolyte. The analyte con-
centration was increased stepwise from 10−7 to 10−3 m. For every 
concentration up to 10−4 m (Figure S1, Supporting Informa-
tion) the channel is less de-doped compared to the de-doping 
induced by a solution of the same concentration of the primary 
ion. Even for the maximum concentration that was used for the 
interfering ion (KCl 10−3 m) the de-doping is comparable to the 
one achieved with the minimum NaCl concentrations despite 
the fact that the latter are orders of magnitude smaller. In con-
trast, when the primary ion solution is used, namely NaCl, the 
channel de-doping is more pronounced, compared to KCl, for 
the same concentration range. Again, the increase of the NaCl 
concentration results in a greater decrease in the recorded cur-
rent due to de-doping. In addition, Figure S2, Supporting Infor-
mation, reports the source drain current Ids versus the analyte 
concentration at Vg = 0.2 V for the ISM devices of Figure 3. For 
the same applied gate voltage, the de-doping is always more 
pronounced for the primary ion on each ISM resulting in a 
lower channel current. Therefore, on the same substrate two 
device flavors are integrated, one more sensitive to the presence 
of K+ and the other more sensitive to the presence of Na+ in the 
analyte. The experiments were repeated on a newly fabricated 
set of devices (Figure S3, Supporting Information) and identical 
results were obtained, demonstrating the reproducibility of the 
integrated ISM devices. The stability of both the K+ ISM and the 
Na+ ISM was also tested. Figure S4, Supporting Information, 

Figure 3.  Transfer curves of the ISM-OECTs for different analyte concentrations. a) K+-ISM OECT. As expected, for the same concentrations, the 
gating effect is more pronounced when KCl (in red) is used compared to NaCl (in blue). Therefore, the device can distinguish between the two ions. 
b) Na+-ISM OECT. Now, the primary ion Na+ (in blue) causes a larger de-doping of the channel compared to the interfering ion K+ (in red). Every 
transfer curve was obtained at Vds = −0.6 V. Both plots show the mean drain current values of 3 consecutive measurements and the error bars report 
the standard deviation of the data. For clarity reasons only the maximum concentration of the interfering ion (concentration equal to 10−3 m) is plotted.
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shows various transfer characteristics and the drain current 
versus time curves. In the case of K+ selective OECTs a shift of 
the transfer characteristics as low as 0.04 V is displayed while in 
the case of Na+ selective OECTs the transfer characteristics are 
almost perfectly overlapped. As a further confirmation of the 
device stability, the drain current at Vg = 0 V and Vds = −0.2 V  
is measured as a function of time. Figure S4b,d, Supporting 
Information, show that Ids is perfectly stable over 25 min of 
continuous device biasing. Finally, the real-time response of the 
ISM devices when the analyte concentration was varied step-
wise is presented in Figure S5, Supporting Information. The 
measurements show the device operation when the concen-
tration of K+ (Figure S5a, Supporting Information) and Na+ 
(Figure S5b, Supporting Information) ranges from 10−7 to 10−3 m  
and the time response is of the order of few tens of seconds.

3. Conclusion

In conclusion, based on the advantages that OECTs offer for 
accurate and precise ion-selective sensors, we demonstrate a 
fabrication approach that allows for the integration of two dif-
ferent ion-selective devices on the same substrate. The OECT 
gate is also integrated in the substrate, in a relatively unexplored 
architecture for ISM sensors, realizing an integrated multifunc-
tional sensor for biomedical and pharmaceutical applications. 
The proposed approach is versatile and allows for integration of 
numerous ion-selective OECTs on the same substrate in order 
to successfully meet any demand for multiple ion sensing.

4. Experimental Section
Materials: PEDOT:PSS (Clevios PH1000), Soap (Micro-

90), poly(sodium4-styrene sulfonate) (PSSNa), ethylene glycol, 
4-dodecylbenzenesufonic acid (DBSA), PDMS, and 3-methacryloxypropyl-
trimethoxysilane (GOPS) (Sigma-Aldrich).

PEDOT:PSS Formulation: 2  mL of ethylene glycol (conductivity 
enhancement), 50 µL  of DBSA (film formation) and 0.4  mL of GOPS 
(surface adhesion promoter and polymer cross-linker agent) in 38 ml of 
PEDOT:PSS.

PSSNa Mixture: 1.2% w/v aqueous PSSNa solution with DBSA 
(0.25% v/v), GOPS (1% v/v), and 1 m HCl (1% v/v). HCl was added in 
order to enhance the crosslinking reaction through pH modification.[28]

K±-Ion-Selective Membrane: High molecular weight PVC (36.5 wt%), 
potassium Ionophore III (2.5 wt%), potassium tetrakis(4-chlorophenyl-)
borate (0.5 wt%), and diisodecyl adipate (60.5 wt%) in THF 
(500 mg/5 mL).[29]

Na±-Ion-Selective Membrane: High molecular weight PVC (26.8 wt%), 
sodium Ionophore X (6.5 wt%), 2-nitrophenyl octyl ether (66.7 wt%) in 
THF (770 mg/11.7 mL).

The ISM mixture was drop casted on the OECT channels and was left 
to dry overnight. Different PDMS compartments were used to separate 
the two ISMs.

Device Fabrication: The devices were fabricated using standard 
microfabrication techniques. 26 mm x 76 mm optical microscope glass 
slides were thoroughly cleaned successively in a soap (1%  vol vol−1, 
Micro-90) and an acetone/isopropanol (1:1 solvent mixture) sonication 
bath. Initially, a first photolithography step (used photoresist: S1813) 
and a following sputtering gold deposition step defined the source, 
drain, and gate electrodes on the substrate (Pfeiffer-vacuum sputtering 
system). The gold electrode thickness was 100  nm while a 5  nm 
chromium layer was used to promote adhesion of the electrodes on 

the substrate. The devices were, then, encapsulated in a double, 2  µm 
each in thickness, parylene C layer. The first parylene C layer was firmly 
attached on the substrate with the help of Silane A-174 (gamma-methac
ryloxypropyltrimethoxysilane) which was used as adhesion promoter. In 
contrast, the second parylene C layer was deposited after soap solution 
(1%  vol vol−1 in distilled water, Micro-90) was spin coated on the first 
layer. The purpose of that was the facilitation of the lift-off process in a 
subsequent fabrication phase. A second photolithography step followed 
(used photoresist: AZ 9260) in order for windows in the photoresist in 
predefined spots above the common gate electrode and the transistors’ 
channels to be created. Reactive ion etching with O2/CF4 plasma was 
used to remove parylene C under these windows and to expose the gold 
electrodes and the transistors’ channels. PEDOT:PSS was spin-coated on 
the chip and a final peel-off step defined both the channel of the OECT 
and the common gate. The devices were, then, hard baked for an hour 
at 140 °C and placed in distilled water over night for the removal of the 
excess of low molecular weight molecules from PEDOT:PSS. A PDMS well 
with 3 separate compartments was then glued on the chip separating the 
channels that serve as potassium-selective sensors from the channels 
that serve as sodium-selective sensors and from the common gate. 
The PSSNa mixture was drop casted in the transistors compartment 
but not in the gate compartment and it was baked at 130 °C for 1 h for 
the polyelectrolyte to be crosslinked.[28] After an overnight immersion in 
0.1 m NaCl solution for the removal of any excess compounds and the 
conservation of Na+, PSSNa was ready to serve as the inner electrolyte 
“reservoir” during the operation of the device.[28] Next, inside the 
potassium-selective compartment of the chip the potassium ISM mixture 
was drop casted on top of the PSSNa film while inside the sodium-
selective compartment of the chip the sodium ISM mixture was drop 
casted on top of the PSSNa film. After an overnight drying process in 
room temperature both ISMs were successfully formed.

Device Characterization and Measurements: The transistors were 
characterized and the measurements were performed with a dual 
channel Keithley 2600 SMU.

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