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Abstract

The integration of potassium-selective membranes on ion-sensitive field-effect transistors (ISFETs) was successfully
reproduced in this study, confirming results previously reported [1]. A sensitivity of 60.2 mV/Dec was achieved in
KH,>PO4/NaH,PO4 buffer solution at pH 7, which is in close agreement with the value of 59.3 mV/Dec reported in earlier
work. This outcome demonstrates the capacity for stable and reproducible membrane integration, with the potential to
approach the theoretical Nernstian response. Furthermore, the coefficient of determination R? for all sensors was consist-
ently above 99.75 %, indicating excellent linearity and reliability of the sensor signal. However, measurements performed
in a KCl solution buffered with tris(hydroxymethyl)aminomethane to pH 7.6 revealed a significantly reduced sensitivity
of 49.36 mV/Dec, despite similar experimental conditions and a still high R2-value above 99.5 %. This discrepancy sug-
gests a noticeable influence of interfering sodium ions on the sensor’s performance, particularly regarding the selectivity
of the potassium-sensitive membrane. A comparison of the NH4" sensor reveals a lower sensitivity. The sensitivity is
25.11 mV/Dec and exhibits both a slightly increased variance and a reduced coefficient of determination.

1 Introduction

Ion-sensitive field-effect transistors (ISFETs) are quite
promising microdevices for the continuous monitoring of
ion activity in biomedical processes. The device's key ad-
vantages are its small size, low impedance, and low cost
when produced on a large scale. Potassium (K*) is known
to activate numerous enzymatic processes. Consequently,
even minor fluctuations in the concentration of K may re-
sult in severe ailments, such as arrhythmia and other cardi-
ovascular complications [2-4]. Potassium (K%) is a vital el-
ement for all living cells. In plants it regulates various pro-
cesses, including growth processes, protein synthesis and
stomata regulation, which facilitates gas exchange [5]. Po-
tassium is also of relevance in the field of agriculture,
where it plays a crucial role in the synthesis of plant protein
and cellulose. In addition, it serves to regulate water bal-
ance and control root turgor [6, 7]. The importance of ac-
curate, direct, fast, and cost-efficient K*-concentration de-
tection capabilities is hence obvious.

Baccar et al. investigated K™ ISFET microsensors fab-
ricated by ion implantation. The K™ sensitivity, selectivity,
drift, reproducibility, and the lifetime were investigated.
The sensitivity of the implanted ISFET equal to 41-
44 mV/Dec was still stable after a year’s tests with a re-
sponse range of 107 to 10" M [8]. The drift was deter-
mined to be smaller than 0.01 mV/h. Two types of sensors
were used: I) electrolyte-insulator-semiconductor (EIS)
structures and II) ISFET microsensors using valinomycin
as ionophore. The K" ISFETs featured an interference for
high concentrations of sodium (Na) ions.

Benslimane et al. focused on three primary objectives:
I) to analyse potassium ion levels in Moroccan soils utiliz-
ing an ISFET with a selective polyvinyl chloride mem-
brane, II) to evaluate the efficacy of different soil-to-water
ratios as extraction methods, and III) to propose a novel
and straightforward extraction technique [9]. The results
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indicated that the microsensor ISFET provided accurate re-
sults on solutions prepared in the laboratory with a corre-
lation factor of 90 % and R? greater than 80 % when esti-
mating potassium levels in soil extracts. The potassium
concentration in an aqueous solution was determined by a
polyvinyl chloride (PVC) membrane based on valinomy-
cin, tetrakis(4-chlorophenyl)borate as an ionophore, bis(2-
ethylhexyl) sebacate (DOS) as a plasticizer, and cyclohex-
anone as a solvent, using an integrated Ag/AgCl reference
electrode. The response range was 5x10* to 10! M, and
the sensitivity was 48 mV/Dec.

A graphene-based ISFET for potassium sensing was
proposed and demonstrated by Fakih et al. [10]. Real-time
sensing of K* was achieved with a detection limit of
10° M, and a resolution of ~2x1073 log[K*]. The ISFETs
exhibited long-term stability with limited drift over five
months. The cross-sensitivity resulted in 2.5 mV/Dec for
Na', 42 mV/Dec for Ca>", 1.5 mV/Dec for Mg?*, and
9.0 mV/Dec for NH4*. Experiments with a variety of spec-
imens confirmed the suitability of graphene ISFETSs for
K* sensing in fluids with multiple solutes.

Riedel et al. [11] found that PVC-membrane ISFETs
for K, NHs", NO;~, and H,POs,  (K* and NH," =
50 mV/Dec; NOs~ = 48 mV/Dec; H,PO4~ = 42 m/Dec)
have only a slight long-term drift manifested predomi-
nantly as a parallel shift of calibration curves (offset
~0.03 - 0.04 V over three weeks) with unchanged slope.

Hamlaoui et al. [ 12] reported a zeolite-modified ammo-
nium ISFET using a siloprene membrane incorporating cli-
nop-tilolite. The sensor yielded a sensitivity of
~32 mV/pNH4" and a detection limit of 108 M. Interfer-
ences from H*, Na*, and K™ were negligible (<3 mV/Dec).
The device demonstrated stable operation without clinop-
tilolite leaching for over one month.

In this study, we present a feasibility test of K™ and
NH4" ISFET microsensors as an extension to a previous
publication [1].
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2 Materials and Method

2.1 Ionophore-ISFET

As a basis for ionophore sensors, we used TaOs-
ISFETs from the 200 mm wafer production line at Fraun-
hofer IPMS. The p-channel ISFETs were produced on n-
type (1-2 Qcm) 200 mm (100) Si-wafers with dry SiO»
gate oxide. For the pH-sensitive layer, about 150 nm TaOs
were deposited onto the gate oxide by r.f. sputtering.

Before coating the ISFETS, they were cleaned with eth-
anol (15 min) and distilled water. 3 pl of potassium- (with
cyclopentanone) or ammonium- (with THF) ionophore
cocktail, produced by Aptisens Ltd, were drop-casted and
dried for an hour at a maximum temperature of 45 °C. In
the drying process, the layer profile becomes inhomogene-
ous, which means that the layer thickness above the gate
may vary. By performing profile measurements, we found
that the PVC membrane usually has a crater-like shape,
with steep edges and a flatter, more even middle area.
Therefore, it was assumed that the diffusion potential is ap-
proximately constant over the ISFET channel area.

2.2 Electrical Characterisation

The fabricated ISFETs were operated in constant-vol-
tage, constant-current (CVCC) mode for the measure-
ments. Up to 10 ISFETSs could be measured simultaneously
in the setup shown in Figure 1. The sensors share a com-
mon solid-state Ag/AgCl reference electrode, which is
mounted into the lid of the measurement chamber. How-
ever, for chloride-containing solutions, due to the chloride
sensitivity of the solid-state reference electrode, an
Ag/AgCl glass reference electrode was used.

The temperature within the measuring vessel was regu-
lated by a thermostat jacket, which was utilized to maintain
a constant temperature of 20 °C during the measurements.
Using a mechanical stirrer ensured a uniform temperature
throughout the electrolyte.
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Figure 1 Measurement setup for up to 10 ISFET with a
shared reference electrode system (RE).

For all measurements, the drain-source potential (¥/ps)
was set to -0.5 V, the drain-source current (/ps) was set to
-200 pA and the bulk-source potential (/ss) was set to 0 V.
To characterise the K" sensitivity we used I) a dilution se-
ries of a 1.5 M KCI solution buffered with 0.2 M tris(hy-
droxymethyl)aminomethane (Tris), adjusted to a pH of 7.6
with HCl and IT) a dilution series of Merck Certipur® pH 7
buffer, which contains disodium phosphate and potassium
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dihydrogen phosphate [13]. For the NH4" sensitivity, an
ammonium nitrate dilution series was prepared.

The K* sensors were conditioned in a 1 mmol/l KNOs
and NaCl solution, while the NH4" sensors were condi-
tioned in a 0.4 mmol/l NH4NOs solution for a period of
15 hours (overnight) prior to the measurements.

3 Results and Discussion

3.1 Potassium ISFET

First results with Fraunhofer IPMS ISFETs with a K*-
sensitive PVC layer were presented in the first paper [1]
with a measured sensitivity of 59.3 = 0.8 mV/Dec at 20 °C.
To confirm this sensitivity and verify a suspected cross-
sensitivity, further measurements were conducted in differ-
ent environments.

In Figure 2 several ISFETs with a K™-sensitive layer
and one pH-ISFET without a membrane as a reference are
presented. The measurement from 1.5mol/l to
1.5x10* mmol/l KCI is pH-buffered with tris(hydroxyme-
thyl)aminomethane (Tris) to pH 7.6. The simultaneously
measured pH value indicates a deviation at the lowest dilu-
tion, due to the very weak buffering effect.

The response of the K*-sensitive ISFETs in each step is
fast but has a slight drift in the dilution. A slight deviation
is to be expected, especially in cases of high dilution, as the
use of a salt bridge with diaphragm for the reference elec-
trode results in slight contamination with 3 M KCI. How-
ever, with uniform contamination, the K* slope should only
be slightly affected, as each solution has the same amount
of additional potassium ions after 30 minutes. Only the ac-
tual K* concentration used to calculate the linear regression
is not precise.
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Figure 2 Potassium measurement from 1.5 to

1.5x10* mol/l KCI, pH-buffered with Tris and with an
Ag/AgCl glass reference in 3 M KCl.

The analysis of the voltage values after a settling time
of 30 minutes indicates a linear relationship between the
sensor voltage and the negative decimal logarithm of the
concentration in a range from 0.15 to 1.5x10*mol/1 KClI,
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as given in Figure 3. The concentration range was cropped
for evaluation, as the high concentrations fall outside the
specifications of the ionophore cocktails.

consistent with the results of Riedel et al. [11], who speci-
fied a logarithmic selectivity coefficient (K{g°) of -3.8 for
Na" ions for K" ionophores.
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Figure 3 Linear sensitivity to KCl in a concentration range
of 150 - 0.15 mmol/l for five representative K*-selective
ISFETSs and one pH-ISFET.

The slope of all K'-sensing ISFET is 49.36 =+
0.97 mV/Dec at 20 °C, in the concentration range from 150
to 0.15 mmol/l KCI. Each K* ISFET has a Coefficient of
determination R? of over 99.5 %.

As already discussed in Sec. 2.1, that the layer thick-
ness of the sensors is expected to exhibit slight inhomoge-
neity, this represents excellent reproducibility of K™ sensi-
tivity. The minor variations in sensitivity would be recti-
fied through calibration in later applications, underscoring
the significance of achieving a high level of linearity.

For the second potassium measurement, sensitivity was
evaluated in a disodium phosphate and potassium dihydro-
gen phosphate solution. The Merck Certipur® pH 7 buffer
was diluted from 1/1 to 1/1000 for this purpose. The fitted
slope of 60.20 = 1.06 mV/Dec for the three K*-ISFETSs
(Figure 4) is slightly above the Nernstian slope at 20 °C.

These values reproduce prior measurements in
KH,PO4/NaH,POy4 solution, which exhibited a sensitivity
0f 59.3 £ 0.8 mV/Dec [1] and are consistent with the theo-
retical Nernst slope for monovalent ions. This outcome
demonstrates the capacity for stable and reproducible
membrane integration with minimal variation between
ISFET sensors apart from baseline offsets. Furthermore,
the R%-value for all sensors was consistently above
99.75 %, indicating excellent linearity and reliability of the
sensor signal after calibration.

However, since the measurements performed in a KCl
solution buffered with Tris to pH 7.6 revealed a signifi-
cantly reduced sensitivity of only 49.36 mV/Dec, despite
identical test conditions and a still high R?-value of over
99.5 %, this discrepancy suggests a noticeable influence of
interfering Na* ions on the performance of the sensor, par-
ticularly with regard to the selectivity of the potassium-sen-
sitive membrane. These observed cross-sensitivities are
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Figure 4 Sensitivity for three K*-selective ISFETSs in a
KH,PO4/NaH,PO, buffer dilution series at pH 7 measured
against a solid-state Ag/AgCl reference.

In conclusion, although the membrane integration is
both highly effective and reproducible, the ionic composi-
tion of the measurement medium is found to be a crucial
factor in determining the sensitivity of the sensor. This
highlights the necessity to take cross-sensitivities into ac-
count during future calibrations and in application-specific
sensor designs.

3.2 Ammonium ISFET

In addition to the successfully integrated K* mem-
branes, initial ionophore membranes with ammonium
(NH4") were investigated, with a focus on expanding
knowledge in the general field of ionophore integration.
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Figure 5 Ammonium measurement from 1 to 1x10 mol/l
of NH4NO4, measured against a solid-state Ag/AgCl refer-
ence.

Figure 5 provides the measurement curves for seven
representative NH4" ISFETs. Additionally, one pH-ISFET
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is given for reference purposes. In the dilution series, the
ammonium nitrate concentration of the solution is first re-
duced from 1 to 1x10 mol/l, before gradually increasing
back to the initial concentration.

The pH-ISFET demonstrates a slight change in pH
value during dilution due to changes in ionic strength and
the dissociation equilibrium. These fluctuations have been
previously observed in unbuffered solutions and are thus
not considered in further discussion. In comparison, the
NH4" ISFETs demonstrate a more pronounced increase in
output voltage, with clear steps at each dilution stage. A
sensor drift is observable in the individual steps, however
in contrast to the K" ISFET against an Ag/AgCl reference
electrode in 3 M KCl, this is not attributable to contamina-
tion with the measurement ions or cross ions.

Nevertheless, the slopes in Figure 6 are 25.11 =+
3.44 mV/Dec, which is only half as steep as that observed
in comparable K* ISFETs. The R2-value is found to be ac-
ceptable for all NH4" ISFETS at over 96.39 %.
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Figure 6 Sensitivity for NH4" selective ISFETs in a
NH4NO:s dilution series.

4 Conclusion

This work demonstrates the feasibility of integrating K*
and NH4" selective PVC membranes onto Ta,Os-ISFETs,
and analyses sensitivity, linearity, and probable cross-sen-
sitivity. Despite the expected inhomogeneity of the mem-
brane thickness, the sensors exhibit strong reproducibility,
indicating that the effective diffusion potential across the
active gate region remains uniform enough to enable relia-
ble sensing.

Multiple ISFETs with K* sensing layers are measured
in KCI and KH,PO4/NaH,PO4 buffer solutions. The slope
varied depending on the presence of certain cross ions. A
reproducible slope of 59.3 and 60.2 mV/Dec, respectively,
was observed in the presence of Na* in the dilution series.
However, without Na* ions, only a slope of 49.36 mV/Dec
was observed in a buffered KCl solution. Although differ-
ent reference electrodes were used for certain reasons, the
unmodified ISFETs show that the reference potential does
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not affect the measurement. This confirms that K* iono-
phores are sensitive to Na* ions.

A comparison of the two membranes shows that
the NH4" sensitive membranes exhibit a significantly lower
sensitivity. The slope is 25.11 mV/Dec and exhibits both a
slightly increased variance and a reduced coefficient of de-
termination.
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