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Abstract: Ion-selective field-effect transistors (ISFETs) offer potential as micro-sensors for in situ
monitoring of complex target variables in real-time closed loop actions. This article presents the
concept and realisation of application-specific ISFET-based measurement systems for two different
agricultural domains: infield soil measurements and hydroponic systems. Commercially available
ISFETs were integrated as multi-sensor modules as well as single-sensor units for the measurement of
plant-available nutrients, such as H2PO−

4 , NO−
3 , K+ or NH+

4 , and pH-values. Moreover, application-
relevant pH values as well as temperatures for calibration purposes were measured. ISFETs were
selected according to the relevant measurement dynamics for the applications. For the development
and testing procedures, a laboratory setup was built up. Supported by reference materials, the outputs
of the ISFETs were evaluated with respect to stability under the influence of disturbance variables,
reproducibility and settling time. The results were used to develop new readout electronics. Next to
stability, conditioning and calibration processes were relevant. The micro-sensors were integrated in
new application-specific mechatronic handling systems and process flows. The realisation and tests
are presented as well as first measurements in outdoor fields and indoor hydroponic environments.

Keywords: ion-selective sensor; ISFET; soil nutrient analysis; hydroponics; nutrient control

1. Introduction

Recent technological developments in the field of ion-selective field-effect transistors
(ISFETs) have enabled the creation of high-precision primary sensor systems for real-time
ion-selective analysis of liquids and gases. ISFTs were first described in the 1970s by
Bergveld [1]. The objective was to quantify ion activity in electrochemical and biological
environments. Bergveld adapted the MOSFET into an ISFET by eliminating the metal
gate and substituting it with an electrolyte solution. Subsequently, Matsuo and Wise [2]
proposed an enhanced ISFET design utilising silicon nitride (Si3N4) as the dielectric gate,
which they employed as a pH sensor. In 1980, it was demonstrated that an ISFET with a
layer of immobilised penicillinase deposited on the dielectric gate could be employed as a
penicillin sensor, designated as ENFET [3].

Over the past five decades, numerous articles have been published on the various
aspects of ISFET development [4]. The evolution of ISFET measurement technology has
been inextricably linked with the continuous development of semiconductor technology.
The advent of new production techniques for structures with dimensions in the microme-
tre and submicrometric range based on monocrystalline silicon, coupled with a deeper
understanding of the mechanical and electrical properties of silicon and other materials,
has opened up new avenues for this sensor technology [5,6]. Application-specific ISFET
sensor systems for measuring nutrients and ingredients also have great potential in agri-
culture. The temporal limitations of seasonal work activities, the necessity for real-time
data under real field conditions, and the lack of analysis laboratory capacity or expensive
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and time-consuming laboratory analyses pose a challenge and offer the potential for future
applications of ISFET measurement technology. A wide range of agricultural and environ-
mental applications for real-time measurement using ISFET technology or ion-selective
sensors based on ion-selective electrodes (ISEs) can be found in the literature. For instance,
several research groups have explored the potential of mobile nutrient analysis based on
ISE or ISFET measurement technology for use in the field. Kim et al. [7] developed a soil
preparation method for mobile field laboratories to analyse nitrate (NO−

3 ), potassium (K+)
and phosphorus (H2PO−

4 ). Additionally, mobile field laboratories for on-site measurements
have been developed: for topsoil NO−

3 [8], for pH [9] and for multiple parameters including
NO−

3 , K+ and pH [10].
Recently, another agricultural application—ammonium (NH+

4 ) and potassium analy-
sis in cattle and pig slurry and in digestate—was reported by [11,12]. These measurements
were carried out using a measurement system based on ISEs. Son et al. [13] developed a
nutrient measuring system for hydroponics using ISEs for ion-specific fertilisation control
and set up a study for pepper growing. Furthermore, information on various disturbance
variables, such as biofilm formation due to algae growth in the nutrient solution, is pro-
vided during the application. Another example of the use of ISEs in environmental analysis
for the detection of trace elements, heavy metals and nutrients in water and wastewater is
provided by De Marco et al. [14] in a review article. The use of real-time measurement tech-
niques, in this case ISEs, for environmental monitoring is described by De Marco et al. [14]
as highly promising and attractive, due to the ability to collect and provide measurement
data in a continuous, rapid, relatively low-cost and real-time manner compared to lab-
oratory analysis. It must be acknowledged that any issues that arise with the use of a
measurement technology (in this case the ISE measurement unit) when employed in an
aqueous solution over an extended period may result from contamination of the electrode,
electrode fouling or electrode passivation. It is therefore necessary to implement appropri-
ate solutions such as regular cleaning of the electrodes by rinsing with a suitable solution
(for example, a sacrificial calibration standard), conditioning to “activate” the electrode
or regular calibration, etc. It is similarly important to optimise the measurement setup
regarding any measurement problems that may occur, for example, by carrying out a flow
analysis. The objective of these measures is to prevent or reduce electrode drift and insta-
bility to maintain measurement reproducibility, measurement dynamics and measurement
stability [14].

Benslimane et al. [15,16] employed ISFET measurement technology within a laboratory
setting to analyse phosphorus and nitrate concentrations in Moroccan soils. The results of
the ISFET measurements exhibited high and very high coefficients of determination, which
were compared with the results of classical laboratory analysis for H2PO−

4 and NO−
3 [15,16].

Chen et al. [17] describe in their publication the measurement of nutrient concentrations
in aqueous solution for water quality monitoring and wastewater treatment using the
ISFET measurement technique. In comparison to ISFET-based soil nutrient analysis, the
advantage of ISFET-based analysis of aqueous solutions is that it requires less sample
preparation for measurement with the ISFET. Gieling et al. [18] describe how the supply
of specific nutrients (e.g., NO−

3 , K+) is adapted in accordance with the actual uptake of
nutrients by the plants in the greenhouse. Moreover, the ratio of the individual nutrient
concentrations in the nutrient solution can be optimised and adapted to the changing
needs of the plant during the growth period [18]. The objective of this approach is to
optimise the application of nutrients, reduce the consumption of water, and ensure the
maintenance of a consistently high level of product quality through a targeted and precise
addition of nutrients [18,19]. ISFET measurement technology offers numerous advantages
over ISEs. ISFETs are more sensitive and respond more quickly, allowing near-real-time
measurements. As compared to ISEs, they are simpler to use and require less effort for
calibrations [17,19,20]. To ensure the successful use of ISFET measurement technology in a
completely new application, it is strongly recommended that a bespoke technical system
and application design is developed [21].
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This article outlines the design and implementation of ISFET-based measurement
systems tailored to two specific agricultural applications: soil nutrient analysis in the field
and the analysis of nutrients in hydroponic systems. The selected sensors were those
available commercially, chosen on the basis of their suitability for the intended future range
of measurements.

This article’s structure is designed to provide clarity and is divided into sections as
follows. Section 1 is an Introduction to provide context and overview, while Section 2,
Materials and Methods, Sections 2.1 and 2.2, respectively, cover the functional principle
of the ISFET sensor, the interfering factors and the structure of the ISFET measurement
module. The newly developed control and read-out electronics used during the mea-
surements are described in Section 2.3. Section 3 (System Integration) presents concepts,
their implementation, and the first experiments carried out and their results, which are
then discussed in Section 4—Discussion. Finally, a summary and an outlook are given in
Section 5—Conclusions.

2. Materials and Methods
2.1. Functional Principle of the ISFET Sensor

The fundamental structure of an ion-selective field-effect transistor (ISFET) is based
on the classical microelectronic field-effect transistor (FET) structures in silicon. Typically,
the flow of current from source to drain (either p- or n-regions) is controlled by the gate
voltage. The semiconductor surface is coated with a metal oxide insulator to which the
ion-selective membrane is applied (Figure 1).
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Figure 1. Schematic diagram of an ISFET as an example: SiO2—gate material, Ta2O5—protection
layer, RE—reference electrode, red—ion sensitive membrane as interface to the liquid, modified
according to [22].

Silicon oxide (SiO2), silicon nitride (Si3N4) and, as protection layer, a variety of metal
oxides (e.g., Al2O3, Ni2O5, Ta2O5) are typically employed as gate materials. The selection
of metal oxide during the fabrication of the ISFETS is contingent upon the intended applica-
tion, with particular focus on the sensitivity of the sensor, measurement dynamics and the
potential measurement range [22,23]. The mechanism of ISFET operation can be derived
from the theoretical description of MOSFET operation [4,24,25]. The general equation for
the drain current of the MOSFET with a silicon oxide gate, and therefore also of the ISFET,
is as follows [26,27]:

Id = Cgate·µ·
W
L
·
[(

Vgs − Vt
)
·Vds −

1
2
·V2

ds

]
(1)
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where Cgate is the capacitance of the gate capacitor, W and L are the width and length of
the gate, µ is the charge carrier mobility of the electrons, Vgs is the input voltage between
gate and source, and Vt is the threshold voltage.

Assuming a constant mobility µ, the parameter of the geometric sensitivity of the
MOSFET, designated as = Cgate·µ·W/L, is a constant. Its value is determined by the
design of the MOSFET. The value of Vt is also a constant, determined by the technological
manufacturing process of the MOSFET. The voltage Vds is also a constant value, artificially
adjusted by the application of a certain voltage between the drain and the source. Only
the voltage Vgs remains as a variable in this equation, when the MOSFET is subjected to a
constant current, Id. To search for the variable, this equation can be rearranged as follows:

Vgs =
Id

β ·Vds
+

1
2
·Vds + Vt (2)

This means that at a constant voltage Vds and a constant current Id, the output voltage
Vgs is a function of the change in potential at the electrolyte/oxide interface Vt. This implies
that when the concentration of ions in the measuring solution is altered, a shift in the
Id − Vgs characteristic curve is observed, resulting in the voltage difference ∆ Vgs being
measured. This voltage difference is the variable that describes the ion concentration
changing in the measurement solution (Figure 2).
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Figure 2. Schematic diagram of ISFET drain-to-source current Id vs. gate voltage Vgs to illustrate
the operating principle of ISFETs, modified according to [28]. (a) Characteristic curve of the ISFET
measurement in the absence of desired ions. (b) Shift of the characteristic curve during the ISFET
measurement of the liquid with desired ions in constant concentration.

In order to render an ISFET-based sensor sensitive to a specific ion or chemical
molecule, an ion-selective membrane is applied to the metal oxide insulator. The so-
lution to be analysed is then contacted with the ion-selective membrane, thereby creating
a potential at the membrane surface that controls the current flowing between the drain
and source. The strength of the current is a function of the membrane potential, which is a
function of the ion activity in the solution to be analysed.

In this context, it is of utmost importance to determine the optimal stable operating
point (constant Id and Vds) for the operation of the ISFET. This parameter, in conjunction
with several others, is of particular significance. To achieve this, the operating point of the
ISFET should be analysed in conjunction with the current–voltage characteristics of the
ISFET. It is also crucial to consider the detection range of the ISFET sensor, which can vary
depending on the specific sensor type. The maintenance of Id and Vds as a constant supply
current/voltage of the ISFET sensor offers a better signal-to-noise ratio; a more stable output
signal is achieved in comparison to the effects of potential fluctuations in temperature and
therefore a better quality of the output signal Vgs of the ISFET [29,30]. The operational
point of the ISFET is typically provided by the manufacturer and can be modified during
the manufacturing process, and subsequently during operation, contingent on the specific
requirements of the application [23].



Electronics 2024, 13, 2449 5 of 27

In ISFET sensors, the interface between the solid body (a metal oxide insulator with
an ion-selective membrane) and the electrolyte is affected by various factors, resulting
in electrical potential differences. Four sources for potential voltage differences are well
documented in the literature: Nernst potential [31], Donnan potential [32], electrode
potentials [22,23] and double-layer potential, known as the Gouy–Chapman double-layer
effect [33]. These four potential differences are fundamental to ISFET operation. In order
to achieve an optimised and stabilised ISFET output signal and an enhanced measurement
accuracy, it is essential to gain an understanding of the aforementioned factors and to
incorporate them into the design and manufacturing process of the ISFET sensor.

In addition to the factors specific to internal design, materials and measurement
electrolyte, there are also external influences that can have an impact on the stability
and accuracy of an ISFET sensor’s output signal [25]. Some of these external effects are
the following:

• Temperature: Changes in the ambient temperature or the temperature of the measure-
ment solution can influence the accuracy and stability of the ISFET sensor measure-
ment because they can affect the properties of the semiconductor materials and the
reaction rates in the solution. In extreme cases, excessive temperatures can destroy
the sensor.

• Moisture: Moisture can affect the performance of the sensor, especially if the moisture
enters the electronics of the sensor, causing corrosion of the contacts or
internal shorting.

• Light Sensitivity: Changes in ambient light conditions can affect the stability and
accuracy of the ISFET output signal. This is due to the fact that light can affect the
electrical properties of the semiconductor material that is used to detect the ions [34].

• Electrical interference: Other ions or chemical compounds in the sample solution can
interfere with the ISFET sensor’s output signal, especially if they have similar charges
or interactions with the sensor’s gate surface. The ISFET sensor output signal can be
distorted by electrical or electromagnetic interference from other sources [35].

• Mechanical stress: Mechanical stress, such as severe vibration or increased pressure,
can affect the sensitivity of the sensor and the stability of the output signal, or lead to
malfunction or total failure of the electronic circuitry [36].

To ensure the accuracy and reliability of an ISFET sensor’s output signal, it is es-
sential to accurately assess and minimise external influences through effective measures
such as temperature compensation, moisture protection and additional shielding against
electromagnetic fields.

2.2. Structure of the ISFET Measurement Modules

The sensors used, ISFETs, have been integrated both as multi-sensor modules and
as single-sensor units to measure plant-available nutrients such as H2PO−

4 , NO−
3 , K+

or NH+
4 .

2.2.1. Soil Application

The “soil2data” research project employed a customised ISFET multi-sensor module,
NUTRISTAT [37] which was commercially available from MICROSENS SA (Lousanne,
Switzerland), for the mobile analysis of soil nutrients in the field. The prototype of the ISFET
multi-sensor module used for this research project was developed as part of the EU-funded
project NUTRISTAT (FP7-SME-2011). In order to enhance the measurement properties
of the ISFET multi-sensor module for the “soil2data” research project, MICROSENS, the
manufacturer of the aforementioned device, implemented improvements in terms of mea-
surement sensitivity and measurement dynamics. In terms of construction, the multi-sensor
module comprised a closed, opaque LTCC (Low-Temperature Cofired Ceramics) housing
that served to enhance its durability and reliability. A measuring chamber with a total
volume of approximately 2 mL was integrated into the LTCC housing. Additionally, two
small tubes were integrated into the housing of the multi-sensor module: an inlet tube
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and an outlet tube. This configuration allowed the prepared soil sample suspension to
enter and exit in a liquid state, facilitating the feeding of the multi-sensor module and the
performance of measurements (Figure 3a).

Electronics 2024, 13, 2449 6 of 28 
 

 

measurement sensitivity and measurement dynamics. In terms of construction, the multi-
sensor module comprised a closed, opaque LTCC (Low-Temperature Cofired Ceramics) 
housing that served to enhance its durability and reliability. A measuring chamber with a 
total volume of approximately 2 mL was integrated into the LTCC housing. Additionally, 
two small tubes were integrated into the housing of the multi-sensor module: an inlet tube 
and an outlet tube. This configuration allowed the prepared soil sample suspension to 
enter and exit in a liquid state, facilitating the feeding of the multi-sensor module and the 
performance of measurements (Figure 3a). 

 
(a) (b) 

Figure 3. Multi-sensor module NUTRISTAT for soil application. (a) In a closed housing with inlet 
and outlet tubes for the measuring liquid; (b) the open housing of the multi-sensor ISFET in indi-
vidual integrated ISFET sensors [38]. 

The multi-sensor module comprised four integrated individual Ta₂O₅ isolated gate 
ISFET sensors for the measurement of nutrients (NOଷି , HଶPOସି , Kା) and the pH value, with 
a common solid-state Ag/AgCl reference electrode. Additionally, the module contained 
two additional sensors: a temperature sensor for the measurement of temperature and an 
EC sensor for the measurement of the electrical conductivity of the soil suspension (Figure 
3b). 

The ISFET sensors in the multi-sensor module were selected following an extensive 
experimental analysis of the measuring range in accordance with the intended agricul-
tural application, namely, soil nutrient analysis directly in the field and the typical nutri-
ent concentration in the soil (Figures 4 and 5). The ISFET multi-sensor module was con-
nected to the control and readout electronics via a socket connector, which served to pro-
vide a secure connection. To prevent corrosion when the module was in contact with a 
liquid solution, the connecting wires within the multi-sensor module, which were those 
between the drain, source and gate contacts of the respective sensor and the socket con-
nector contacts, were encapsulated within a water-insoluble compound. The common ref-
erence electrode was integrated within the cover of the multi-sensor module, thereby en-
suring reliable contact with the measuring solution. The design of the specified ISFET 
multi-sensor module was developed with the specific purpose of facilitating the integra-
tion of the multi-sensor module into the broader system for the analysis of soil nutrients 
in real time in the field. 

Figure 3. Multi-sensor module NUTRISTAT for soil application. (a) In a closed housing with inlet and
outlet tubes for the measuring liquid; (b) the open housing of the multi-sensor ISFET in individual
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The multi-sensor module comprised four integrated individual Ta2O5 isolated gate
ISFET sensors for the measurement of nutrients (NO−

3 , H2PO−
4 , K+) and the pH value, with

a common solid-state Ag/AgCl reference electrode. Additionally, the module contained
two additional sensors: a temperature sensor for the measurement of temperature and
an EC sensor for the measurement of the electrical conductivity of the soil suspension
(Figure 3b).

The ISFET sensors in the multi-sensor module were selected following an extensive
experimental analysis of the measuring range in accordance with the intended agricultural
application, namely, soil nutrient analysis directly in the field and the typical nutrient
concentration in the soil (Figures 4 and 5). The ISFET multi-sensor module was connected
to the control and readout electronics via a socket connector, which served to provide a
secure connection. To prevent corrosion when the module was in contact with a liquid
solution, the connecting wires within the multi-sensor module, which were those between
the drain, source and gate contacts of the respective sensor and the socket connector
contacts, were encapsulated within a water-insoluble compound. The common reference
electrode was integrated within the cover of the multi-sensor module, thereby ensuring
reliable contact with the measuring solution. The design of the specified ISFET multi-sensor
module was developed with the specific purpose of facilitating the integration of the multi-
sensor module into the broader system for the analysis of soil nutrients in real time in
the field.

The compact design and small size were selected with the aim of reducing the overall
size and bulk of the system. The integration of the multi-sensor module into the over-
all system for soil nutrients analysis was to be carried out in consideration of upstream
work processes before nutrient measurement, including soil sampling, soil sample prepara-
tion and filtration of the soil suspension, and downstream work processes after nutrient
measurement, including disposal of the soil samples and cleaning of the pipes and the mea-
suring unit. The implementation of the multi-sensor module design enabled the potential
interferences outlined in Section 2.1, including sensitivity to light, moisture, corrosion and
mechanical stress, to be considered and minimised.
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2.2.2. Hydroponic Application

To enhance the adaptability of ISFET measurement technology while considering
economic factors, a distinct approach was being employed for real-time-capable nutrient
measurement in hydroponic crops as part of the Nutrient+CtrlIVF project. All the ISFET
sensors integrated into the ISFET multi-sensor module for soil nutrient measurement were
permanently mounted. Consequently, it was not possible to select alternative measured
variables or to replace them in the event of one or more ISFET sensors failing. In the event
of an ISFET sensor failure, the entire ISFET multi-sensor module, comprising four built-in
ISFET sensors, had to be replaced.
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In addition to minimising interference during measurement, the possibility of simple
and rapid replacement of the ISFET sensors was defined as a further priority for the use of
ISFET measurement technology in hydroponic cultures. Single ISFET sensors with similar
characteristics to those integrated into the ISFET multi-sensor module designed for soil
nutrient analysis were purchased from MICROSENS SA and used in this study. Each
ISFET sensor was combined with its own reference electrode and mounted in a threaded
sensor housing (Figure 6). For measurement in hydroponic cultures, the sensor housing
was screwed into a newly developed measuring chamber, which would be filled with
measurement solution
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Figure 6. (a) Single ISFET sensors for measuring K+, NH+
4 , NO−

3 and pH and one reference electrode.
(b) The ISFET sensors were integrated into a housing with an individual reference electrode, and the
housings were color-coded to reliably identify the correct ISFET sensor during operation.

The measuring chamber was specifically designed to meet the precise specifications of
the ISFET measurement procedure. It was opaque, with an inlet and an outlet nozzle for
feeding and emptying. The chamber’s construction ensured complete emptying, with no
residual contents, thereby eliminating or accounting for potential interferences that might
arise when utilising the ISFET measurement module in hydroponic systems. As described
above, these potential interferences included sensitivity to light, moisture, corrosion and
mechanical loads, among others.

2.3. Control and Readout Electronic

While it is theoretically advantageous to integrate a sensor directly into the requisite
electronic circuit, for instance, to enhance the signal-to-noise ratio, this is not the case with
an ISFET sensor. Bergfeld [4] posits that the ISFET is a perfect impedance converter at the
point of measurement and can therefore be readily connected to a specific signal modulator.
As a general design criterion for ISFET amplifiers, it is recommended to avoid the insulation
material of the gate oxide in the ISFET in order to prevent unwanted electrical conductivity.
ISFETs are polar components, similar to electrolytic capacitors. Therefore, it is necessary to
ensure that the silicon gate is always positively biased towards the electrolyte. The simplest
way to fulfil this requirement is to use n-channel components in the “normal state”. In
the event that the measurement solution can only be grounded randomly in practice, it
is advisable to ground it anyway, using a grounded reference electrode [33]. The signal
amplifier must then consist of a system in which the source line is positively biased and
has protection against high voltages, while the drain line is at a slightly higher potential.
This helps to ensure the stability and accuracy of the output signal of the ISFET sensor.
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A few other amplifier systems have been published in the literature, e.g., [25,39], and
are commercial available [40]. It should be noted that many amplifier systems do not
meet the precision requirements in terms of accuracy, signal dynamics and reliability of
ISFET measurements. These factors have repeatedly proven to be interference factors in the
series of measurements. Furthermore, the reference electrode must be positioned accurately
and with precision to avoid introducing further errors into the measurement process. In
situations where multiple ISFETs are used simultaneously in a very confined space, using a
single reference electrode, and applying a feedback system to the reference electrode, can
add to the challenges. This can significantly affect the ability to make accurate and reliable
measurements, as the potential noise and interference will affect all ISFETs sharing the
same reference electrode [4].

The use of the ISFET multi-sensor module for soil nutrient analysis with four indi-
vidual ISFETs required the implementation of a special electronic circuit to control the
ISFETs and to read the output signal from each individual ISFET sensor. The development
of a new circuit permitted the consideration of the requirements and distinctive features
of the ISFET multi-sensor system and the realisation of application-specific solutions for
the precise and dependable acquisition of data. Such a circuit offered the possibility of
minimising disturbances and interferences, improving the quality of the output signal and
ensuring efficient communication with each individual ISFET in the multi-sensor module.
Furthermore, an application-specific circuit often enables better integration and adaptation
to specific requirements of application and individual experimental conditions.

The development of the control and readout electronics for the ISFET multi-sensor
module was based on the use of classic analogue signal amplifiers, which have already been
described in several literature sources, e.g., [39,40]. The use of already proven circuit con-
cepts and implementation methods allowed for the acceleration of electronics development
by drawing on existing know-how and experience. Furthermore, the utilisation of validated
methodologies provided a certain degree of assurance with regard to the performance
and reliability of the electronics, as these had already been employed successfully in other
applications (Figure 7).
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Figure 7. A classic, commercially available configuration for the biasing of ISFET sensor. D—drain,
S—source, RE—reference electrode. Modified according to [40].

In order to ensure optimal performance and compatibility with the ISFET multi-sensor
module, to minimise the already known interference factors and to meet the requirements
for the use of the module, further adjustments were continuously made to the electronic
circuit for control and readout of the ISFET. These included the implementation of four gal-
vanically isolated circuits, the selection of an operational amplifier for each circuit capable
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of processing both—positive and negative—ISFET output signals, and the introduction of
noise suppression measures, including the switching off of inactive measurement channels
and the earthing of the reference electrode and thus the measurement solution (Figure 8).
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Figure 8. The block circuit diagram represents the schematic of the implementation of the biasing
ISFET multi-sensor.

In order to minimise the influence of electromagnetic fields, short connection paths
were introduced. The output signal was amplified and an analogue-to-digital converter
was used for the digitisation of an analogue signal. Interface adaptations were made,
including connection to a bus interface for further signal processing (Figure 9). All of the
aforementioned adjustments were subjected to extensive laboratory testing and validation
to guarantee that the control and readout electronics of the ISFET multi-sensor module
were fully compliant with the specified application-specific requirements [41].
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3. System Integration
3.1. Concept
3.1.1. Soil Application

To implement ISFET measurement technology for real-time nutrient analysis in a
process sequence, it is necessary to break down the main process into sub-process steps.
These individual sub-process steps must then be analysed regarding the integration of
ISFET measurement technology. It is not sufficient to consider only the actual sub-process
step of measurement; upstream sub-process steps must also be included in the analysis
and consideration.

In the “soil2data” research project, a corresponding concept for mobile nutrient anal-
ysis in the field has been developed and implemented. Hinck et al. [42,43] describe the
changes in the “traditional soil sampling with analysis in the laboratory” process and the
new soil2data process with soil sample collection and subsequent analysis in the field.
Furthermore, Riedel et al. [38] describe the integration of ISFET technology into the analysis
process, with the necessary preparation of the sample material to produce an aqueous
extraction for the analysis of plant-available nutrients in the field in a mobile field labo-
ratory. In a similar vein, Nadjenko et al. [44] argue for the necessity of an expedient soil
preparation method for nutrient analysis in the field, with the aim of achieving a high
correlation with the generally accepted standard preparation method. This would facilitate
the application of associated fertiliser recommendations. A corresponding procedure for a
field-suitable express method for soil sample preparation in real-time soil nutrient analysis
for the mobile field laboratory “soil2data” is presented by Nadjenko et al. [44].

When integrating ISFET measurement technology with conventional methods of soil
nutrient analysis, it is important to note that two different soil preparation and analysis
methods are used as standard in the laboratory. These include the actual nutrient analysis
and the pH analysis (see Table 1). The extraction agent, e.g., CAL with a pH of 4.5, changes
the pH of the soil suspension being analysed. This must therefore be taken into account
when measuring the pH in the procedure. The preparation times (Table 1) are also too long
for field analysis. It is therefore important to ensure that the different requirements and
procedures for analysing different soil parameters are taken into account.

Table 1. Analysis method, extraction agent, ratio soil/extraction agent and preparation time for
selected nutrients and pH value [45].

Nutrient Analysis Method Extraction Agent Ratio Soil/Extraction Agent Processing Time

Nitrate nitrogen VDLUFA/A 6.1.1 CaCl2, c = 0.125 mol/L 1:10 60 min
Phosphorus

(plant-available) VDLUFA/A 6.2.1.1 Calcium acetate lactate (CAL) 1:20 90 min

Potassium
(plant-available) VDLUFA/A 6.2.1.1 Calcium acetate lactate (CAL) 1:20 90 min

pH value VDLUFA/A 5.1.1 CaCl2, c = 0.01 mol/L 1:2.5 60 min

When developing the concept for on-the-go soil analysis with the ISFET multi-sensor
module, all the above-mentioned features were considered. A two-stage standard-oriented
preparation procedure was developed, utilising the same extraction agents as those employed
in classical laboratory analysis. This express extraction method, designated “soil2data”,
enables the preparation of the soil sample and extraction of nutrients within 10 min [44].

Subsequent to the extraction process, the soil suspension was filtered to obtain a
clean suspension devoid of coarse soil particles, thereby facilitating nutrient analysis with
an ISFET multi-sensor module. The liquid was then fed directly into the ISFET multi-
sensor module, where the desired soil parameters, including nutrients, pH value, liquid
temperature and electrical conductivity, were measured. Finally, the ISFET multi-sensor
module was cleaned to remove the suspension that remained within it.
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In developing the concept for on-the-go soil analysis with the ISFET multi-sensor
module, all the aforementioned features were considered. A two-stage standard-oriented
preparation procedure was developed, in which the same extraction agents were used as in
classic laboratory analysis. The express extraction method “soil2data” makes it possible to
prepare the soil sample taken and extract the nutrients within approximately 10 min [44].
Following the extraction process, the soil suspension is filtered to obtain a clean suspension
devoid of coarse soil particles, which is then fed directly into the ISFET multi-sensor module
for nutrient analysis. The desired soil parameters, including nutrients, pH value, liquid
temperature and electrical conductivity, are then measured. The first analysis stage involves
analysing the pH value and NO−

3 -, while the second analysis stage detects H2PO−
4 - and

K+. Furthermore, the ISFET multi-sensor module can be cleaned in order to remove any
residual suspension that may remain within it. This can be done by analysing H2PO−

4 - and
K+ in the first analysis stage. Finally, the ISFET multi-sensor module is cleaned.

The activities required as part of a sub-process were designed with a modular structure
of the overall system in mind. This was done with the intention of avoiding incompat-
ibilities and of enabling the realisation of automated process sequences. The necessary
interfaces between the individual sub-processes and the components used were defined
in order to achieve this. An ISFET-based soil nutrient measuring system was designed
and constructed. This system accepts a prepared and filtered soil suspension as an input
variable and provides the nutrient contents of nitrate NO−

3 , potassium K+ and dihydrogen
phosphate H2PO−

4 , the EC value and the pH value as output variables.

3.1.2. Hydroponic Application

The integration of ISFET measurement technology into hydroponic cultures is associ-
ated with fewer obstacles compared to on-the-go analysis of soil nutrients. All hydroponic
systems provide plant-available nutrients via a prepared liquid, known as a nutrient solu-
tion [46–48]. The nutrients are also added in liquid form. This implies that, in contrast to
soil nutrient analysis, the complex and time-consuming preparation process is no longer
necessary at this point, and the prepared liquid from the running hydroponic system
can be used directly for analysis with the ISFET measurement module. The presence
of small dirt particles in this treated liquid, which can influence the measurement with
ISFET sensors, necessitates pre-filtration, thereby improving the quality and stability of the
measurement signal.

The current most widely used method for measuring and dosing nutrients in hy-
droponic systems is the determination of the electrical conductivity (EC value) of the
nutrient solution in the system. This approach was first described by Jones [47] and was
subsequently refined by Jakobsen et al. [49]. However, this value does not provide any
information about the contents of the individual nutrients or their ratio to each other,
which are of great importance for the successful growth of the culture in hydroponic sys-
tems. Over time, individual nutrients may become enriched or deficient, which can have
a negative effect on plant development, yield and health. In certain cases, an overview
of the current concentrations of certain ions in the nutrient solution can be obtained with
the help of rapid tests. However, these tests are not available for all relevant ions, are
sometimes complicated to use and are relatively inaccurate. A complete nutrient analysis
is only possible in a laboratory setting, which is rarely carried out due to the costs and
technical complexity involved. As a result, there is presently a dearth of prompt responses
to unfavourable alterations in nutrient concentrations. Therefore, regular (partial) nutrient
solution changes in the entire hydroponic system are currently required. The application
of ISFET measurement technology offers a potential solution to this problem. It enables
the measurement of the contents of individual nutrients in a nutrient solution in quasi-real
time and, in conjunction with a corresponding dosing unit for the addition of the analysed
nutrients, allows the concentration to be adjusted to the desired level.

Nitrate NO−
3 , potassium K+, ammonium NH+

4 and pH have been selected as the
measured variables that are relevant for demand-based control in hydroponics. The design
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of the ISFET measurement system—an ISFET measurement module with an application-
specific measurement chamber—offers the possibility and flexibility to use other ISFET
sensors to measure other ions, e.g., Ca+, Cl−, Na+. The measurement setup can also be
extended to integrate other ISFET measurement systems to extend the range of measured
variables. As hydroponic cultures are usually operated in climatic chambers with constant
humidity and air temperature, as well as constant nutrient solution temperatures, it is not
necessary to integrate a temperature sensor in the ISFET modules.

3.2. Realisation
3.2.1. Soil Application

The specifications established during the concept phase for the two ISFET-based
measuring systems—soil application and hydroponic application—were duly considered
and fully implemented during the realisation phase. When an ISFET measuring system
is utilised in a mobile field laboratory in the field, the system is exposed to a multitude
of environmental factors, including dust, rain, light, and so forth. In order to protect the
ISFET multi-sensor module with the associated control and readout electronics from the
environmental influences of splash water, dust, vibrations and light, the aforementioned
module was mounted within a dust and splash-water-protected opaque switch cabinet on
the mobile carrier platform “Mobile field laboratory soil2data” (Figure 10).
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In order to reduce vibrations during operation, both the switch cabinet on the carrier
platform and the ISFET measuring system within the switch cabinet were fitted with rubber
feet at the relevant attachment points. The requisite hardware interfaces for the provision of
a measuring solution to the ISFET multi-sensor module were integrated. This was necessary
in order to enable the soil suspension to be filled from the soil sample preparation module
into the ISFET multi-sensor module during the process.

Secondly, it was necessary to enable the calibration or conditioning of the integrated
ISFET multi-sensor module in the overall system. Furthermore, interfaces were integrated
to empty, clean and fill the ISFET multi-sensor module with conditioning solution. The
ISFET multi-sensor module was accessible in the event of a fault due to the arrangement
of the individual components, and this also enabled the ISFET measuring system to be
replaced quickly. It is important to note that in the event of an ISFET sensor failure, the
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entire multi-sensor module should be submerged. The influence of temperature changes
was recorded by the temperature sensor integrated in the ISFET multi-sensor module and
calculated by software, and taken into account accordingly when evaluating the analogue
signals of the individual ISFET sensors. Furthermore, a pipeline for data processing and
an interface for transferring the measurement data was implemented in the software. The
measurement data could be sent directly from the field via mobile data connections to
various web-based applications or AI-based evaluation systems for further evaluation or
utilisation. It was also possible to retrieve and use the information required for sampling,
such as soil sampling plans, from web-based applications [50].

3.2.2. Hydroponic Application

The integration of ISFET measurement technology into hydroponic systems is less
challenging than the integration of ISFET measurement technology for soil application
with respect to sample preparation. All hydroponic systems supply nutrients available to
the plant via a prepared liquid known as the nutrient solution [46–48]. Nutrients are also
added in liquid form. This implies that, in contrast to soil nutrient analysis, the complex
and time-consuming preparation process is not required at this stage. Instead, the nutrient
solution can be utilised directly from the operational hydroponic setup for analysis via an
ISFET measurement module. The presence of small dirt particles in the nutrient solution,
which can affect the measurement with ISFET sensors, makes pre-filtration necessary and
improves the quality and stability of the measurement signal.

For ISFET-based nutrient measurement in hydroponic systems, the ISFET measure-
ment system was designed to be compact and mobile. This had the advantage that the
ISFET measurement system, consisting of the ISFET measurement modules with the con-
nected control and readout electronics and the relevant equipment for feeding and cleaning
the measurement chambers, could be flexibly integrated into an existing hydroponic system
and flexible adjustments could be made at any time. The ISFET measurement system and
integrated components were housed in a splash-proof and light-proof enclosure (Figure 11).
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The measurement chambers containing the ISFET modules were opaque and fitted
with a cover. The measurement chamber with cover provided a closed measurement
chamber and protected the measurement chamber from dirt and dust. The cover and the
bottom of the measuring chamber were fitted with hose connections for filling, emptying
and cleaning. The test solution was taken directly from the nutrient solution, filtered and
filled into the test chambers. A basic calibration or conditioning of the individual ISFET
sensor modules could be carried out via the hose connections.

The integrated pumps and valves could be individually controlled via specified soft-
ware. The software was a prerequisite for the automation of the processes. The software
evaluated the calibration data and measurement data using stored evaluation algorithms
and converted the measured variable millivolts into a standard concentration specification
such as moles per litre or milligrams per litre, before outputting the results. The measured
data was transferred to a system unit of the hydroponic system via a defined interface and
was available as a control variable for nutrient dosing, among other things.

3.3. First Experiments and Results

Based on several application-oriented experiments in the two agricultural use cases—
mobile analysis of soil nutrients and analysis of nutrients in hydroponic cultures—the
following questions were investigated:

• Validation of the developed control and readout electronics.
• Validation of the ISFET sensor modules in combination with the control and read-

out electronics.
• Validation of the implemented preventive measures against known interfering factors.
• Validation of the overall ISFET-based measurement system under real measure-

ment conditions.

The following evaluation criteria [51] were used to verify the general functionality of
the control and readout electronics and their functionality in combination with the ISFET
sensor module in both—soil and hydroponic—applications:

• Stability: Stability was described by the sensitivity of the ISFET chip and the drift
during the measurement. Stability was defined as a horizontal measurement curve
with an acceptable level of noise in the measured value.

• Reproducibility: Reproducibility meant that a sensor gave the same measurement re-
sult after repeated measurements with the same measurement solution concentration.

• Response behaviour: The response behaviour described the course of the measure-
ment curve when the measurement solution concentration changed.

• Selectivity: In this context, selectivity described the ion selectivity or ion sensitivity of
the ISFEF sensor to the defined ion.

In addition, the combination of control and readout electronics and the ISFET sensor
module was investigated with regard to the determination of the lower detection limit. The
lower detection limit was the lowest concentration in a calibration series above which the
ISFET sensor could no longer measure or produce a stable output signal (Figures 4 and 5).
The first tests were carried out under laboratory conditions whereby the ISFET sensor was
manually filled with the solution to be measured. For this purpose, different calibration
series of the nutrients to be tested (NO−

3 , H2PO−
4 , K+, pH) and their combinations (e.g.,

KNO3, KCl, KH2PO4, NaCl) were prepared and applied in different concentrations. The
operating point of the ISFET was recommended by the manufacturer and adopted for
the measurements, with a voltage of 0.5 V and a current of 100 µA. The data sampling
frequency was set to 1 Hz. The analogue output voltage of each ISFET sensor was measured.
The increase in voltage as a function of the change in concentration of the respective ion is
between 30 and 60 mV per decade. Newly developed control and read-out electronics keep
electronic noise in the 3 mV range.

It is well documented in the literature that ISFET sensors exhibit a high degree of
cross-sensitivity to interfering elemental ions, e.g., [52], including H+, K+, Na+ and Cl [53].
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This cross-sensitivity can significantly distort the outcomes of ISFET sensor measurements.
The objective of this experiment was to determine the response characteristics of the ISFET
sensor by utilising a combination of different nutrients in the measurement solution. In par-
allel, the response time and selectivity of the ISFET sensor were evaluated in combination
with control and readout electronics. Figure 12 illustrates an example of a measurement
conducted using an H2PO4-ISFET sensor. The multi-sensor module was initially filled
with a KNO3 solution with a concentration of 10 mMol L−1. Subsequently, an H2PO−

4
solution with a similar concentration of 10 mMol L−1 was added. It can be observed that
the H2PO−

4 -ISFET sensor responded immediately to the measurement solution. The ampli-
tude of the output signal became more stable, indicating a fast response time. The signal
stabilised completely after a measurement time of approx. 200 s. In order to compensate
for the effect of the cross-sensitivity of the ISFET sensors to interfering elemental ions in
soil application, the calibration liquids were prepared on the basis of the same extraction
agent that was used in the application (Table 1).
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Figure 12. Example of selectivity and response measurement using H2PO−
4 -ISFET sensor.

In hydroponic applications, the composition of dosing nutrient solutions is unre-
stricted, allowing the combination of multiple elements, such as KNO3, NH4, and KH2PO4,
among others. The combination of several dosing nutrient solutions that do not contain
interfering ions or whose concentrations are significantly lower (by a factor of 10) than the
concentration of the ion to be measured helps to account for or avoid the ISFET sensor
cross-sensitivity effect to interfering elemental ions.

The impact of varying light conditions during an ISFET sensor measurement on the
output signal was investigated. In order to achieve this, measurements were conducted
using a commercially available ISFET-based pH meter (Company Hach, H-Series ISFET pH-
Electrode). The pH measurements were conducted under varying illumination intensities,
specified in lux, with two pH buffer solutions. The pH values were 4.01 and 7.00 (Figure 13).

The pH values and the light intensity in lux were recorded and subsequently analysed.
As the light intensity increased, the pH value measured decreased in comparison to the
pH value of the buffer solution. The effect of light sensitivity was clearly discernible in the
curve at a light intensity of 1000 lux. It has been demonstrated that the sensitivity of an
ISFET sensor with a Ta2O5 membrane to optical radiation exerts a considerable influence
on the sensor’s analytical behaviour. In order to gain insight into this phenomenon, studies
were conducted which examined the kinetic processes involved in the relaxation of a long-
term dynamic electric current under the influence of light [34,54,55]. These investigations
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revealed a relationship between the sensitivity of an ISFET sensor to light and charge
generation in the Ta2O5 layer.
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Figure 13. The influence of light on the pH value measurement result during a measurement with an
ISFET-based pH meter.

In the course of investigating the temperature sensitivity of the used ISFET sensors,
a number of measurement series were carried out at various temperatures of the mea-
surement solution. The results demonstrated that the temperature influence was direct
(Figure 14), and that the output signal of the ISFET sensor exhibited a proportional depen-
dence on temperature. The figure illustrates an example of the measured values recorded
during the measurement of the K+-ISFET sensor, which was integrated into an ISFET
multi-sensor module, as well as the temperatures of the measurement solution, which
were also recorded. The aqueous solution of KCl with a K+ concentration of 10 mMol L−1

was used as the measuring solution. The left axis represents the output signal of the K+

ISFET sensor, which is expressed in voltage (V). The right axis depicts the temperature,
expressed in degrees Celsius (◦C). It can be observed that the measured value increases as
the temperature of the test sample rises and decreases as the temperature falls, while the
concentration of the test sample remains constant.

Calibration of the ISFET sensor plays a significant role in the overall process of ISFET-
based nutrient analysis. The ISFET sensor provides an analogue output signal (voltage)
that is dependent on the concentration of ions in the measured liquid. This output voltage
can only be related to the respective nutrient concentration by recording the calibration
curve of the ISFET sensor module. This is done by filling the ISFET sensor with a so-
lution of known nutrient concentration and recording the output voltage of the ISFET
sensor module.

A calibration series of an ISFET sensor contains several measurement solutions with
different concentrations, e.g., 0.1 mMol L−1, 0.5 mMol L−1, 1 mMol L−1, 5 mMol L−1 and
10 mMol L−1, and for the pH ISFET sensor, pH 4, pH 6, pH 7 and pH 10 liquids (Figure 15).
The result of the calibration is a calibration curve voltage vs. concentration, which makes
it possible to relate the output voltage of the ISFET module to the concentration of the
nutrient in question (Figure 16).
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Figure 14. Temperature sensitivity of the ISFET sensor using example of K+-ISFET.

Following the completion of the validation process, it was determined that the control
and readout electronic components required redesign. These were revised in two distinct
iterations with regard to the interwoven circuit components and the control behaviour of
the electronics. This was necessary because the selected evaluation criteria were not met by
the output signal of the ISFET sensor.

LabView-based software was developed to record, store and analyse the output signals
from the ISFET sensor module. This software allowed flexible adjustment of response
parameters such as sampling time and frequency of the ISFET sensor to find the optimum
parameters for the control and readout electronics to fully meet the evaluation criteria. In
addition, the graphical tools implemented in the test software made it possible to monitor
the signal waveforms in real time, which was very useful for the analysis of the experiment.

During the validation measurements conducted with the soil application, an additional
interference criterion was identified using the ISFET multi-sensor module. Unexpectedly, a
sudden increase in the amplitude of the output signal was detected when switching between
channels during the measurement. Further analysis with the oscilloscope confirmed that
this was due to residual electrical capacitance on the semiconductor surface of the ISFET
sensor—when the multiplexer switches the drive channel from one ISFET sensor to another
(e.g., from channel 1 to channel 2), a sudden increase in the amplitude of the output signal
was detected. When switching the control channel from one ISFET sensor to another (e.g.,
from channel 1 to channel 2) in an ISFET multi-sensor module and interrogating the output
signal (channel 2), a potential remains on the semiconductor surface of the previous ISFET
sensor (channel 1) which acts on the output signal of the currently active ISFET sensor
(channel 2) via a common reference electrode and a common measuring liquid (Figure 17).
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300 s per concentration, sample rate 1 Hz. (a) K+ ISFET sensor, (b) NO−

3 ISFET sensor, (c) pH ISFET
sensor, (d) NH+
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The elimination of the phenomenon was achieved by means of two measures:

• All inactive ISFET sensors were grounded.
• A time delay of 180 ms was implemented in the software for the sampling of the output

signal of the active ISFET sensor to allow the residual capacitance of the previous
ISFET sensor to dissipate (so-called time delay).

After implementing these measures, this residual capacitance effect could no longer
be detected in the ISFET multi-sensor module.

Further experiments were carried out in the area of handling the ISFET sensor and
the ISFET multi-sensor module. As part of this study, new application-specific methods
were developed in the areas of conditioning, storage (dry and wet) and application-specific
calibration procedures for the ISFET sensors used. This concerned both the composition of
the liquids used for the processes and the process times. The lower detection limit for each
ISFET sensor in combination with the control and readout electronics was experimentally
determined (Table 2).
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Table 2. The experimentally established lower detection limit for each individual ISFET sensor.

Type of Construction pH H2PO−
4 K+ NO−

3 NH+
4

ISFET multi-sensor 4 0.1 mMol L−1 0.0125 mMol L−1 0.05 mMol L−1 nn
ISFET single 4 0.25 mMol L−1 0.1 mMol L−1 0.1 mMol L−1 0.5 mMol L−1

After validation of the control and read-out electronics [38], the concepts for ISFET-
based nutrient analysis described and developed in Section 3.2 were implemented and
experimentally validated. The overall system “soil2data mobile field laboratory” for mobile
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soil nutrient analysis was evaluated under real field conditions. The preparation procedure
was carried out with two preparation steps using collected soil samples. The resulting soil
suspension was analysed with the ISFET measuring system for the nutrient contents of
H2PO−

4 , NO−
3 and K+ and pH value. At the same time, reference samples were taken for

conventional laboratory analysis. These were sent to the laboratory for nutrient analysis in
order to compare the results. This comparison provided an indication of the quality of the
data that could be obtained using the ISFET measurement system.

Using the ISFET-based nutrient measurement system, the first validation under field
conditions for soil application was carried out on 15 different sample types using the new
express extraction method “soil2data”. The exemplary results from the determination of
soil pH, shown in Figure 18, showed a high R2.
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Figure 18. Correlation of soil pH values measured with ISFET multi-sensor and laboratory results.

During the validation of the ISFET-based nutrient measurement system in hydroponic
cultures, the measurement system was integrated into the ongoing process. A bypass
was created for the recirculated nutrient solution to the recirculation tank. The ISFET
measurement chambers were filled via the bypass. Immediately after filling, a sample was
taken manually for reference analysis. The nutrient measurements with the ISFET-based
system were fully automated. The nutrient contents of NO−

3 , K+ and NH+
4 and the pH in

the nutrient solution were analysed.
The reproducibility of the output signal was also analysed. The results of the calibra-

tion curves for K+ ISFET sensors for these tests are shown as an example in Figure 19 and
Table 3.

Table 3. The recorded calibration data of the K+ ISFET during measurements in hydroponic systems.

Concentration, mMol/L 12 March 2024
Voltage, V

14 March 2024
Voltage, V

15 March 2024
Voltage, V

Mean Value
Voltage, V

Mean Deviation,
Voltage, V

0.5 1.416 1.416 1.414 1.415 0.0012
1 1.431 1.434 1.432 1.432 0.0015
5 1.495 1.495 1.491 1.494 0.0023

10 1.517 1.515 1.515 1.516 0.0012
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Figure 19. Reproducibility validation using the recorded calibration data of the K+ ISFET during
measurements in hydroponic systems.

4. Discussion

When using ISFET technology, the influence of ambient light on the output signal of the
meter must be considered and prevented by appropriate countermeasures. The influence
of light on ISFET measurement was verified using a commercially available ISFET-based
pH meter. Our own measurement results confirmed the information given by Ito [34] that a
significant drift in the output signal of the ISFET sensor can be seen from a light intensity
of more than 1000 lux (see Figure 8). The illuminance of 500 to 1000 lux corresponds to the
usual lighting in offices and laboratories. It is therefore recommended that an ISFET-based
measurement be carried out in a shaded area or in an area darkened against ambient
light. These aspects were taken into account in the design of the ISFET-based soil nutrient
measurement with the soil2data mobile field laboratory and the ISFET-based nutrient
measurement in hydroponic systems. The ISFET multi-sensor module, which was installed
in an opaque housing, was also installed in an opaque control box in the soil2data mobile
field laboratory. The opaque measurement chamber of the hydroponic system ensured that
the ISFET sensor was protected from the effects of light.

The temperature sensitivity of the ISFET measurement technique is well described in
the literature, e.g., [56,57] and was confirmed by our own experimental measurements. To
calculate the parameters for temperature compensation, the temperature of the ISFET multi-
sensors was measured by temperature sensors in the mobile field laboratory “soil2data”
for the soil application. In the hydroponic system, the temperature of the nutrient solution
was assumed to be constant due to the environmental conditions.

The calibration series proved the functionality of the control and readout electron-
ics in combination with the ISFET measurement technology. The calibration series was
successfully completed. The curves for the different concentrations were stable. This
was shown, as an example, for H2PO−

4 . The ISFET sensor employed for the measure-
ment of H2PO−

4 , for example, exhibited a dynamic range of approximately 43 mV/decade,
which was considered to be appropriate for both selected agricultural applications, namely,
the soil application and hydroponic application. In comparison to the dynamic range of
52.3 mV/decade reported by Benslimane [15], the dynamic range of the output signal
of the H2PO−

4 -ISFET sensor, as observed in the H2PO−
4 –measurements, appeared to be

relatively lower.
The investigation of the ISFET multi-sensor module showed that the measurement

ranges for the nutrients K+, NO−
3 and H2PO−

4 specified by the manufacturer undershot
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due to the newly developed control and read-out electronics. The lower readings for the
ISFET sensor module were within the specified range limits. For the pH value, pH 4 was
found to be the lower value with sufficient dynamic range. The measured lower pH values
deviated from the manufacturer’s specifications (Table 2).

The validation measurements with the ISFET multi-sensor module showed that when
switching the individual measurement channels in the ISFET multi-sensor module, a
remaining capacitive residual charge of the inactive ISFET sensors led to an oscillation in the
ISFET output signal, which resulted in faulty behaviour of the ISFET-based measurement
system. The solution proposed by Bergveld [4] of grounding the inactive ISFETs did not
completely eliminate this effect and did not allow the residual capacitive charge of the
ISFET sensor in the ISFET multi-sensor module to flow off completely when the next ISFET
sensor was activated for measurement. An additional delay in the recording of the output
signal, known as a time delay, allowed the residual charge to be completely discharged,
thereby stabilising the measurement system.

The ISFET multi-sensor with control and readout electronics was integrated into the
mobile field laboratory and hydroponic system, providing a high level of functional and
operational reliability. The ISFET measurement systems and associated components were
installed in an opaque and splashproof housing, which eliminated disturbances such as
non-constant ambient light conditions and non-constant humidity. In addition, in the
mobile field laboratory, vibration had to be taken into account. However, this could also be
reduced by mounting the components in a way that minimised vibration. In contrast to the
ISFET-based soil nutrient analysis, the hydroponic system did not suffer from the effects of
vibration during operation as the entire setup was statically mounted.

5. Conclusions

This paper presents the concepts and their implementation for nutrient measurement
using ISFET technology in two agricultural applications. Firstly, the possibility of measuring
soil nutrients directly in the field and nutrient determination in hydroponic crops are
discussed. Several scientific articles, e.g., [25], point out that the use of ISFET technology
under real outdoor conditions has a high range of variation in the measurement signal,
which makes it difficult to interpret the measured raw data. The instability of the output
signal of ISFET-based measurement systems is a challenge in application. Nevertheless,
ISFET-based measurement systems enable particularly fast, near-real-time nutrient analysis,
which can have a decisive impact on subsequent steps in the execution of applications,
e.g., [14].

When planning the use of ISFET-based measurement systems, it is very important
to create an application-specific concept, e.g., [42], and to consider possible interferences
when implementing this concept [25].

The application-specific concept has an impact on the selection of the most suitable
design of the measuring unit. This may be a compact ISFET multisensory system, consisting
of many ISFET sensors built into a housing together, as is the case in soil application.
Alternatively, it may be several individual ISFET sensors that can be distributed flexibly, as
is the case in hydroponic application.

In the first variation, the compact and miniature design facilitates the integration
of the ISFET measuring unit into complex soil analysis processes. In the extraction and
subsequent filtration process, only a minimal quantity of soil suspension is necessary
for the ISFET-based soil nutrient analysis to be performed. However, it lacks flexibility
in terms of the expansion of the measured variables and repair options in the case of
possible failures.

The second variant, in which individual ISFET sensors are employed, offers the ad-
vantage of flexibility, as other measured variables can be recorded by simply replacing or
extending the ISFET sensors in the measurement system when carrying out the measure-
ment. In the event of an ISFET sensor malfunctioning, it can be replaced with a functional
one. Furthermore, a distributed design would permit the integration of the measuring
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system at various extraction points in hydroponic systems, thereby facilitating more precise
regulation of the nutrient requirements of the plants.

In addition to the known interference factors described in Section 2.1, the phenomenon
of residual capacitive charging of the ISFET surface was also discovered and eliminated.
The chosen design—exemplified by the ISFET-based measurement system in hydroponic
cultures—allows flexible integration of the measurement system into the ongoing process,
which can improve productivity from both an ecological and economic aspect.

The first measurement results and their evaluation as part of the validation of the
individual components of the measurement system—the ISFET multi-sensor module,
the control and read-out electronics and their combination with regard to the planned
application-specific use—delivered promising results.

As microchip technology continues to advance, older technologies, such as the ISFET
measurement technology, are being given a second life. This can also be seen in the manu-
facturers. There is now a very wide range of applications for the commercially available
ISFET-based instruments in environmental monitoring, medicine and agriculture [58,59].
The results of the research carried out demonstrated the potential of ISFET technology for
use in agricultural applications in addition to those already identified. The technology
has been shown to have significant innovation potential in real field conditions. Real-time
analysis of nutrients directly in the field enables new functionalities. One such functionality
is the ability to compare current analysis results with previous results directly in the field,
allowing immediate corrective action in the event of unexplained deviations. In the case
of such discrepancies, sampling and analysis can be repeated directly in the field. In this
context, the ability to dynamically adjust the sampling line would also be a future option
for soil sampling and analysis directly in the field with the soil2data mobile field labora-
tory. Precise nutrient management in hydroponic systems requires real-time analysis of
specific nutrients. The use of ISFET measurement technology enables these applications.
In addition to these two examples, there are numerous other potential applications for
ISFET measurement technology in agriculture. These include the analysis of manure (e.g.,
slurry) and other fertilisers, feed analysis, monitoring of fresh or waste water, and real-time
process control (e.g., pH measurement in biogas plants).

On the one hand, real-time analysis offers the rapid availability of results, which
in turn enables the digitisation of existing processes. In turn, digitisation opens up the
possibility of redesigning and optimising these processes.

Further analysis and research are required to investigate the robustness of ISFET-
based sensor systems, their individual components and the overall system in long-term
measurements under practical and real field conditions. In addition, the application and
the user need to be considered and integrated into the ISFET measurement process.
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