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ABSTRACT This paper presents the development of a non-toxic and low-cost potassium ion sensor utilizing
an Extended Gate Field-Effect Transistor (EGFET) configuration with all-solid-state electrodes fabricated
on a printed circuit board (PCB) substrate. An Ag/AgCl-based pseudo-reference electrode (PRE) has been
fabricated planar to a ion-selective membrane (ISM) coated on the gold solid-contact electrode (SCE). The
PRE has shown < 1 mV /day drift potential, exhibiting exceptional stability and reproducibility. While
the SCE has demonstrated a high sensitivity of 49 mV /log[K ], covering a wide linear detection range
from 107* M to 1 M with a rapid response time of less than 10 seconds. The sensor has displayed
minimal hysteresis (< 15 mV) and remained stable over a broad pH range (pH 4 to pH 10). These uni-
planar, all-solid-state electrodes along with off-the-shelf FET mitigate the requirement of additional wire
bonding by utilizing a common PCB platform for sensing as well as circuitry area. Additionally, the
PRE, SCE and the FET in the EGFET-configuration-based sensing system have exhibited a high current
sensitivity of 1.43 (1A)'/?/log[K T]. Our sensor presents a practical and reliable solution for soil nutrient
measurement in precision agriculture, offering significant advantages over existing potassium sensors in
terms of cost-effectiveness, sensitivity, stability, and environmental safety. The presented approach holds
promise for optimizing agricultural productivity and minimizing environmental impact through efficient
nutrient monitoring and smart irrigation and fertilization management systems.

INDEX TERMS EGFET, solid-contact electrode, ion-sensor, potentiometry, crown-ether.

I. INTRODUCTION

The agricultural industry, on a global scale, has incurred
substantial losses, totalling an estimated $ 3.8 trillion in
production value [1]. These losses, averaging $ 123 billion
annually, are attributed to multifaceted factors including
nutrient mismanagement. To effectively address this chal-
lenge, the agricultural sector requires advanced sensor
technologies capable of providing accurate and real-time data
on soil nutrient concentrations. Specifically, the development
of ion sensors for soil nutrient monitoring is essential for
optimizing agricultural practices, minimizing losses, and
enhancing the overall productivity in a sustainable manner.

The associate editor coordinating the review of this manuscript and
approving it for publication was Lei Wang.

Potassium is one of the significant nutrients (NPK)
for crop growth and development. Consequently, detecting
the potassium ion (KT) in the soil is a critical element
of agriculture. Traditional methods for soil analysis have
involved collecting field samples and examining them
in a laboratory. Techniques such as near-infrared (NIR)
spectroscopy and X-ray fluorescence (XRF) have been
employed to measure components like potassium ions (K )
[2], [3]. These lab-based methods have provided precise
data on soil composition and nutrient levels. However, the
current demand for intelligent irrigation and fertilization
management has led to the design of instruments that can
directly obtain information in the field without extensive
laboratory work. Thus, other approaches include portable
hand-held meters that use conductivity or colorimetry,
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as well as ion-selective electrodes (ISEs), which measure the
electrical potential (potentiometric measurement) generated
by the K ions [4].

Since the 2000s, several studies have highlighted the poten-
tial of potentiometric sensors in precision agriculture. Solid-
contact electrodes (SCEs) and coated wire electrodes (CWEs)
have become more favoured than barrel-type ISEs because
they do not require a conventional internal electrolyte inside
the electrode structure [5]. The majority of these researchers
have developed portable ion-selective electrodes (ISE) or
ion-sensitive field-effect transistor (ISFET)-based nutrient
measurements in soil extracts [6], [7]. Semiconductor-based
ISE or ISFET sensors have been investigated due to the
miniaturization and mass production advantages of inno-
vative transducer materials and complementary metal-oxide
semiconductor (CMOS) processes [8]. In 2001, Artigas et al.
analysed the soil using fabricated pH-ISFET, pK-ISFET,
pCa-ISFET, and pNO3-ISFET sensors [9]. The gate insu-
lator of the ISFET was functionalized with a polymeric
ion-selective membrane (ISM) to selectively detect target
ions. These devices have problems with polymeric ISM
adhering to gate materials such as AlbO3 or Si3Ng [10].
Often, the target ion diffuses into the oxide or channel of
the FET, leading to the degradation of the performance
and characteristics of the ISFET. Drifts in FET threshold
voltage and packaging issues result from the contact of
the electrolyte with the transistor gate region [11]. Hence,
isolation of the target ion from the FET device is necessary.
Van der Spiegel invented the Extended Gate FET (EGFET)
in 1983 as a credible alternative to the ISFET [12]. EGFET
has a configuration comparable to that of an ISFET, although
its sensing membrane is distant from the FET device,
averting chemical interaction. The external gate electrode
of the detector is submerged in an electrolytic solution.
This chemically changes the FET’s threshold voltage [13].
EGFET has replaced ISFET to improve reliability, threshold
voltage drift, stability, sensitivity to environmental factors
and fast response. Various fabrication techniques have
improved packaging, device encapsulation, and production
cost efficiency [14], [15].

Commercially available printed circuit board (PCB)
technology has provided an easy, efficient, and eco-
nomical solution for electrode fabrication. This approach
has leveraged economies of scale, significantly reducing
costs through large-volume manufacturing for the devel-
opment of various sensors. Bozkurt and Lal designed a
PCB microelectrode array for implantable neuromuscular
stimulation [16]. Studies on potentiometric sensor devel-
opment using PCB electrodes have been conducted by
Prodromakis et al. [17], Trantidou et al. [18], and
Moschou et al. [19]. Prodromakisetal. achieved a
~22 mV/pH sensitivity by sputtering a 150 nm 7iO, layer
on 500 um Au-plated Cu electrodes, placed on rigid PCB
substrates. Trantidou et al. used the same PCB electrode
structure, but selectively plasma-treated the Parylene C
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film deposited on the PCB to achieve a sensitivity of
—16.3 mV/pH but a high drift rate of 2.5 - 20 mV/h.
Moschou et al. reported rigid PCB-based Ag/AgCl reference
electrodes (RE) with 300 um to 1 mm vias and achieved a
low potential drift under 1 mV/20 days at pH 7. A sensitivity
of —45.8 mV/pH has been reported using a PCB-based pH
sensor with a 200 nm-thick indium tin oxide (ITO) layer.
Multi-parametric (H T, Na*, and K T) potentiometric sensing
on both ENIG and Hard Gold finish PCB platforms was also
demonstrated by Salzitsa Anastasova et al., [20]. In addition
to cost, the ENIG and Hard Gold coatings exhibited different
sensitivity levels to potassium ions. Although the expensive
hard gold displayed a sensitivity of 54 mV/log [K+], the
economic ENIG platform exhibited 22.2 mV/log[K+]. Most
studies tend to prioritize either cost-effective solutions with
compromised sensitivity or highly sensitive approaches at
higher costs. Future research should aim to strike a balance
between affordability and sensitivity to address this challenge
effectively.

Furthermore, the realization of ISEs, valinomycin is
a prominent ionophore because of its superior selectiv-
ity for potassium ions and sensitivity among all the
ionophores [20], [21], [22], [23], [24]. However, the neg-
ative effect of valinomycin has been first highlighted by
Daniele et al. They have demonstrated that valinomycin
inhibits phytohemagglutinin-stimulated blastogenesis and
proliferation in human lymphocytes [25]. Apoptosis in
certain mammalian cell lines, inhibition of sperm motil-
ity [26], collapse of mitochondrial membrane potential [27],
neurotoxicity [28], and, among other detrimental effects
of valinomycin, have been reported. Valinomycin can be
absorbed through the skin, cause irritation, and can also
have negative effects when inhaled [29]. Thus, the practical
application of valinomycin is inhibited, especially if it is
intended for use by non-experts. Non-toxic alternatives to
valinomycin are mutacin and crown ether. Crown ether
appears to be a promising alternative to valinomycin for SCE
because of its suitability for the required sensing range (soil
potassium ion range), ease of synthesis, and potential for
sensitivity maximization [30].

Several EGFET-based potassium sensing platforms rely
on commercial electrodes for measurement, as documented
in the literature [31], [32]. However, this reliance presents
a significant challenge in terms of portability. To address
this issue, stable integrated reference electrodes are required
to obtain sensitive and reliable sensor readings in portable
devices. Li et al., 2017 have fabricated an Ag/AgCl PRE
on a flexible PEN substrate and used it in conjunction with
a pH-sensitive ISFET [33]. Similarly, Moschou et al. have
fabricated Ag/AgCl PRE on a PCB substrate in combination
with pH-selective EGFET, demonstrating excellent long-term
stability compared to commercial Ag/AgCl reference elec-
trodes [19].

To address the challenges outlined above, we have
presented a low-cost, fast and non-toxic sensor for soil
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FIGURE 1. (a) A circuit presentation of a platform with one sensor. The gate of the n-type MOSFET (CD4007) is connected to the sensing PAD via a
copper trace. Sensing PAD (Au electrode) is coated with an ion-selective membrane (ISM), and Ag/AgCl is coated as a pseudo-reference electrode (PRE)
on other gold PAD. The Voltage Vypef is applied to the PRE, Vs is the voltage at the FET gate, and Vg is the applied drain voltage. (b) top view
displaying the dimensions of the ENIG Au electrode on the PCB. (c) Schematic representation of ion-selective polymeric membrane functionalization on
a gold electrode (Au on PCB) (d) Cocktail compositions for ion-selective memb. (ISM) preparation (compounds were dissolved in 4.0 ml of THF
solution). (e) The EDX measurement is on a section of ENIG Au coating. (f) EDX spectrum obtained from the segment shown in (e) after RCA cleaning.
(g) Quantitative elemental calculation of EDX measurement before and after RCA cleaning of ENIG Au coated electrode on the PCB.

nutrient measurement. In this study, we present a low-cost
and stable all-solid-state electrode on a PCB substrate for
potassium sensing in an EGFET configuration for sensitivity
enhancement. The Materials and Methods section describes
the fabrication of all-planar ISM-coated SCE and Ag/AgCl
PRE on PCB. Furthermore, we have explained the exper-
imental setup to demonstrate the performance of (1) PRE,
(2) Kt SCE, and (3) sensitivity enhancement using EGFET.
The results show that the low-cost and non-toxic K+ EGFET
exhibits high voltage sensitivity of —49 mV/log[K+], current
sensitivity (1.43(uA)'/?/log[K+]), a large linear range of
detection (10~* - 1 M), and fast response (< 10 seconds). Our
approach represents a valuable strategy for realizing reliable,
easy fabrication, non-toxic, and low-cost ion-sensing devices.

Il. EXPERIMENTAL

The sensing platform consisted of an ISM-coated solid-
contact electrode (SCE) and an Ag/AgCl pseudo-reference
electrode (PRE) integrated on the PCB. The electrodes
were mounted alongside a discrete n-type Si-FET (CD4007,
Texas Instruments) to ensure chemical isolation and electrical
connectivity on a custom-printed circuit board (PCB).
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Fig. 1(a) shows the structural details of the ISM-coated SCE
and Ag/AgCl1 PRE on an ENIG-Au-plated PCB in an EGFET
configuration.

A. MATERIAL AND METHODS

The electrode arrays were designed using Autodesk EAGLE
9.5.1 and fabricated by a commercial PCB manufacturer
(PCB Power Market India). Employing rigid FR4 substrate
and 100 um copper traces has ensured durability and stable
electrical properties. The rectangular area, measuring 5.6 mm
by 1.7 mm, has undergone electroless nickel immersion gold
(ENIG) surface plating, providing enhanced conductivity and
corrosion resistance (Fig. 1(b)). This process has yielded
a two-layer metallic coating (100 nm Au over 5 um Ni),
ensuring a stable and inert surface for subsequent function-
alization. The different functionalized gold electrode arrays
served as sensing and reference electrodes, enabling precise
electrochemical measurements. A liquid photoimageable
solder mask has been applied to encapsulate traces, safeguard
against electrical interference and enhance longevity while
maintaining the signal integrity.
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Furthermore, a 15-minute ultrasonication bath in each
solvent; acetone, IPA, and water, sequentially, was required
for electrode cleaning. An additional step was required to
clean the gold-plated electrode before functionalization with
SCE and PRE to remove organic contamination. The RCA
SC-1 cleaning method involves 30-minutes of ultrasonication
in a solution containing 5:1:1 water, ammonium hydroxide
(20%), and hydrogen peroxide (30%). The EDX measure-
ments have been conducted within the pink rectangular
region situated at the top of the gold electrode on the
PCB, as depicted in Fig. 1(e). Subsequently, Fig. 1(f)
illustrates the EDX spectrum obtained post-RCA cleaning
for elemental analysis. Additionally, Fig. 1(g) provides a
tabulated summary of quantitative elemental calculations,
showcasing the effective removal of organic contaminants.
The stability of the electrical response before and after
additional RCA cleaning has been demonstrated in Fig. S1
of the supplementary material.

B. PREPARATION OF SENSING AREA

Ionophores such as valinomycin [20], [34], and 18-crown-6-
ether [S] have been reported in the literature for potassium
sensing. Valinomycin falls into category 1 of acute toxicity,
whereas 18-crown-6 ether falls into category 4 [29]. Here,
we have utilized 18-crown-6 ether as a potassium ionophore
since we intended to use a non-toxic sensor in an open field.
Selectophore ® grade potassium ionophore (18-Crown-6 >
99.0%), bis(2-ethylhexyl) sebacate (DOS), high molecular
weight polyvinyl chloride (PVC), and anhydrous tetrahydro-
furan (THF) (> 99.0%, inhibitor-free) have been purchased
from Sigma Aldrich. Crown ethers have exhibited stronger
affinities, and the cation selectivity for alkali metal ions is
mainly dependent on the size and charge density of the ion
and cavity size of the crown ether. The working principle of
the crown ether ionophore is illustrated in Fig. 1(c).

A typical cocktail solution consists of 2 wt % ionophore,
65 wt % plasticizers DOS, and 33 wt % membrane matrix
PVC [23], and all components have been dissolved in THF
(Fig. 1(d)). So, the potassium ISM has been prepared by
dissolving 8 mg of 18-crown-6 ether with 260 mg of DOS.
The separate solution of 132 mg PVC in 4 ml of THF has
been prepared by ultrasonicating the mixture for half an hour.
A solution has been kept overnight to ensure the dissolution
of PVC. Further, both the solutions have been mixed together
and briefly shaken using an ultrasonicator. Now, a volume
of 4 uL ISM cocktail has been drop-casted over the gold
SCE within the confined 3D-printed mould and then dried
overnight.

Similarly, for the reference electrode (RE), silver con-
ductive paste (resistivity: 0.01 to 0.05 €2/sq) has been
uniformly coated on top of non-encapsulated gold (Au).
Furthermore, a small drop of sodium hypochlorite NaOCl
solution (NaOCl, Sigma-Aldrich, reagent grade, available
chlorine 4.00% - 4.99%) has been kept on the exposed silver.
After 10 minutes, the electrode has been washed with DI
water and dried using a nitrogen gun, chlorinating the top
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layer of silver into silver chloride (AgCl). The change in
the color of the silver layer to brownish after chlorination
represents the AgCl layer being formed on top of the silver
layer, as shown in the inset of Fig. 2. The stability of
the electrical response using the three different chlorination
processes has been compared in Fig. S2 of the supplementary
material.

C. ELECTROMOTIVE FORCE MEASUREMENTS (EMF)

All current-voltage measurements have been conducted
under dark conditions within a Faraday cage to avoid any
interference. We have utilized a cylindrical chamber made
of Teflon to serve as the test cell to contain the analyte
solution throughout the entire measurement process. All
measurements have been conducted at room temperature
(300£5 K). It is important to note that changes in solution
temperature can impact sensor sensitivity, as per Nernst’s law,
which is directly proportional to temperature.

The sensitivity of the K* ISE has been determined by
measuring in diluted KNO3 solution over a concentration
range from 1 M to 1079 M in steps of 10~! M of [K*] ion.
After measuring the electrode in a solution for 600 seconds,
the electrode has been immediately cleaned with DI water for
60 seconds, then quickly immersed in the next solution. The
ion-sensing properties in terms of sensitivity, stability, range,
linearity, hysteresis, drift, repeatability, and pH effect have
been measured for all the KT concentrations.

D. EGFET CONFIGURATION MEASUREMENTS

The sensor’s performance in the EGFET configuration has
been evaluated by measuring the I-V characteristics using two
Keithley 2450 Source Measure Units (SMUs). The KickStart
Instrument Control Software version 2.9.0 was utilized for
the synchronization and simultaneous data acquisition of the
two SMUs. The performance assessment of SCE and PRE in
the EGFET configuration has been conducted across various
[K*] concentrations ranging from 1 to 1076 M.

Transfer characteristics have been recorded by sweeping
the reference voltage (Vrgr) from O V to 5 V with Vpg = 0.5
V across different [K ] solutions. The output characteristics
(Ips — Vps) have been recorded by sweeping Vps from 0 V
to 5 V while operating the off-the-shelf MOSFET (CD4007)
in the saturated region at a voltage Vrgr of 2 V. The baseline
transfer and output characteristics have been measured by
short-circuiting the SCE and PRE without the presence
of an analyte solution. The change in threshold voltage
(AVr&crer)) and voltage sensitivity have been calculated
using the transfer characteristics, whereas enhanced current
sensitivity and linearity have been determined using the
output characteristics.

Ill. RESULTS

A. PERFORMANCE OF PSEUDO REFERENCE ELECTRODE
(PRE)

The performance of the Ni/Au/Ag/AgCl structure (pseudo-
RE) has been evaluated by measuring the open-circuit
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measurement (inset(b)).

Vw

potential (Vpcp) of the PRE against the commercial glass
Ag/AgCl reference electrode (Vpcp — Veommercial) OVer three
days in a 3 M KClI solution, as represented in Fig. 2(a). The
suitability of an electrode as a reference electrode relies on its
ability to maintain a stable open-circuit potential, low offset
potential and minimal drift potential. The offset potential,
measured at a remarkable 1.04 mV, further underscores
the electrode’s exceptional performance. The PRE has also
exhibited a very long-standing electrical behaviour term with
the potential drift (AE /At = 0.48 mV /day) of less than 1 mV
for 3 days. The drift in potential is attributed to the dissolution
of the AgCl layer in the dipped solution [35].
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Additionally, for all three different pH buffers (pH = 4,
7, and 10), the PRE electrodes have demonstrated long-term
electrical stability (Fig. 2(b)). Furthermore, the offset poten-
tial is two mV (at max) irrespective of the buffer solution pH
as compared to commercial Ag/AgCl glass electrodes. This
indicates the diffusion of ions from the sample to the PRE
junction has been negligible regardless of the buffer solution
pH, and the junction potential has been less than five mV and
reproducible.

To analyze the potential difference between the two PREs.
The same chlorination process has been followed for two
silver wires (Fig. 3 inset(a)), and the time evolution of the
difference in OCP has been measured in 1 M KCI solution
([ClI71=10° M) (Fig. 3 inset(b)). The difference in potential
has remained almost constant for the duration of 24 hours,
validating the stability of the PRE (Fig. 3(a)). Furthermore,
Vocp for two different PRE wires has been measured across
all chloride concentrations, corroborating the stable potential
difference (Fig. 3(b)).

B. PERFORMANCE OF K+ SCE

Fig. 4(a) shows the open circuit potential (OCP) between the
SCE and PRE with respect to time immersed in the solution
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with varying ionic concentrations of KNO3. The output of the
sensor has been recorded for 600 seconds in each solution.
The figure also evidences that the potential stabilization
has been achieved in less than 10 seconds. Furthermore,
in Fig. 4(b), a calibration curve has been generated for
24 different SCEs, plotting the potential value against [K ]
ion concentration. This curve illustrates the mean and range
of Vocp for specific [K™] ion concentrations. Our sensing
device has demonstrated a standard deviation of less than
10 mV, highlighting its precision. Furthermore, the change
in the mean Vocp (AVocp) has been utilized to calculate
the voltage sensitivity. The AVpcp reveals that the SCE has
demonstrated a sensitivity of —49 mV /decade in the linear
range from 10™* M to 1 M, which is ideal for soil sensing
applications [36].

The Vopcp is the electrochemical potential difference
between the SCE and PRE and can be expressed by the Nernst
equation. The Nernst equation of the electrode potential for
real solutions presenting ions of interest i and interfering
species j is:

i (o + K @) = Voer (1)

E=E"+

where, E is the electrode potential, E 0 is the standard
electrode potential, R is the gas constant, T is the absolute
temperature, z is the valence of the ion, F is the Faraday
constant, Kgot is the selectivity coefficient, a; is the
concentration of primary ion and g is the concentration of the
interfering ion. Umezawa et al. have compiled the selectivity
of all ISE, and the selectivity of crown ether has already been
studied [37], [38].
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We have also carried out a test to evaluate the hysteresis
of SCE against PRE by changing the stepwise concentration
from 10™* M to 1 M and then reversing the order. The net
hysteresis has been calculated as the difference between the
Vocp (8V) at a particular concentration during an upward
and downward shift in concentration. Fig. 5(a) represents the
hysteresis of 12 mV for the [KT] = 1072 M concentration.
This result is better than the previously reported result for K™
SCE on ENIG-Au-based PCB, which was 24.8 mV [20]. The
ions in the electrolyte chemically interact with the surface
defects of the membrane and/or slow-reacting sites between
the electrode and the membrane, causing hysteresis [39].

Furthermore, we have established the pH invariance of the
SCE (selectivity against the H™ ion). Three pH values (4, 7,
and 10) have been used to measure the open circuit potential
of the constant concentration of potassium (10~2 M). The pH
has been adjusted by the adding dilute nitric acid or sodium
hydroxide, as appropriate. Fig. 5(b) shows the difference
between Vocp (at pH 4 and pH 10) and Vpcp (at pH 7).
If the §Vocp is within the range of 20 mV/, the electrode is
considered stable [40]. It has been observed that the electrode
responses have been independent over a nominal soil pH
range.

C. PERFORMANCE OF EGFET CONFIGURATION
Fig. 6(a) shows the measurement set-up of the all-solid-state
[K+] ion sensor in the EGFET configuration. The transfer
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TABLE 1. Comparative analysis of all main parameters of K+ SCE potentiometric ion sensing measurements in several recent works.

Reference| Electrode Tonophore Sensitivity Linear detection | Response Potential LOD PRE | Cost | Toxicity
(mV/decade) | range (M) time (sec) drift (10—™ M)

[5] Platinum Crown ether | —50.2 10T —10=%8 | 20 sec < 0.1 | 107%8 M No | High No
electrode series mV/log[Kt]| M mV/min

[41] Glassy carbon | Valinomycin | 58.4 1071 —107°8 | < 10sec 12.6 10752 M No | Very Yes
electrode mV/log[Kt]| M uV/h High

[34] Inkjet printed | Valinomycin | 57.2 1072-107°M | < 10sec | 86 10-°15 No | Low Yes
graphene mV/log[KT] uV/sec M

[20] Hard Au on | Valinomycin | 54 10~ T—10=* M | 250 sec 324 107" M Yes | High Yes
FR4 PCB mV/log[K] mV/day

[20] ENIG Au on | Valinomycin | 22.2 10~T—10=7M | 300 sec 28.6 1075 M Yes | Low Yes
FR4 PCB mV/log[Kt] mV/day

[42] Glassy carbon | Valinomycin | 55.03 107T—10"> M | 6-8 sec 517mV/h | 10723 No | Very Yes
electrode mV/log[Kt] M High

This ENIG Au on | Crown ether | —49 100 —107* M < 10 sec 57.17 10- M Yes | Low No

work FR4 PCB series mu/log[ K] uV/sec

characteristics (Ips— Vggr) are shown in Fig. 6(b) with Vpg =
0.5 V. The Ips — Vger curve in the linear region shows a
uniform shift in the threshold voltage from left to right as the
[KT] concentration decreases. In accordance with EGFET
theory, Vr(eGreT) 1s expressed by the following formula,

_ Py sol __
Vr&crer) = Vrmosrer) + v + ERer + X v (2

where Vrwmosrer) is the threshold voltage of FET, @y is
the reference electrode gate metal work function, Ergr is
the reference electrode potential, x*°/ represents the surface
dipole potential of the buffer solution, and ¢ symbolizes the
surface potential at the electrolyte/sensing film interface.

The [K] ion sensitivity and linearity of the sensor have
been derived from the transfer characteristics at Ipg =
1 uA (yellow dashed line in Fig. 6(b)) at various [K™T]
concentrations and are plotted in the inset of Fig 6(b). The
[K ] ion voltage sensitivity and linearity are determined as
follows:

curve shifted downward. For the saturation region of EGFET,
the Ips — Vps can be expressed as,

W :un CO.X'
2L

where o denotes the carrier mobility, C,, symbolizes the
gate capacitance per unit area and W /L represents the width-
to-length ratio of the channel of n-FET of CD4007. The
square root of Ipg is the function of Vggr, and the Ips — Vps
can be expressed as:

10Cox

Vips = 5

The square root of Ipg function is the potassium ion current
sensitivity in the saturation region, which is measured as
(uA)'/2 /log[K *] and calculated at Vpg = 2 V. Thus the [K *]
ion current sensitivity can be expressed as follows,

VIps(y1) — /Ips(y2)
log[K*](y1) — log[KT](y2)

Ips = [(VREF — VT(EGFET))2]

"4
x f(VREF — Vr@&GreT))

Current sensitivity =

V. -V 2 /
Voltage sensitivity = T(EGFEI)()C) T(EGi E7)(¥2) _ A«/Ips @
loglK *1(x1) — log[K +1(x2) NoglKH]
AV
— ZT(EGFET) 3) The calculated [K'] ion current sensitivity has been
Alog[Kt]

The sensitivity of the sensor has been calculated to be
—49.11 mV/log[K ] with a standard deviation of 8.74 mV,
and the linearity has been revealed to be 99.81%. Considering
an error of 1 K leads to 0.2 mV/log[K "], resulting in a
variation of & 1 mV/log[K "] in the sensor output at room
temperature (300 & 5 K). Therefore, the temperature effect
on the sensor output was within the experimental error and
was negligible.

The modification of V7ggrer) in the potentiometric
electrochemical sensor in the EGFET configuration corre-
lates simply with the change in electrochemical potential,
as expressed by AVocp = —AVr(EGFET)-

Furthermore, Fig. 7(a) has demonstrated the output char-
acteristics (Ips — Vps) of the [KT] ion sensor when the
MOSFET has been operating in the saturation region at Vggr
of 2 V. As the [K T]ion concentration decreased, the Ips—Vps
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approximately 1.43 (1A)'/2 /log[K 1, which is notably high,
with a linearity of 99.89 % as shown in Fig. 7(b). This
result indicates that </Ipg linearly depends on the [K ] ion
concentration in the saturation region.

IV. DISCUSSION
In this section, we have discussed the performance of
our potassium-sensing EGFET compared to state-of-the-
art methods, highlighting its sensitivity, detection range,
precision, reliability, response time, cost, and suitability for
field applications.

The sensitivity magnitude of potentiometric measurement
for potassium sensing, at 49 mV/log[K*], typically falls
within the lower end of the state-of-the-art sensitivity range
reported in other studies, which typically ranges between
50 and 60 mV/log[K™"] (Tablel). However, compared to
previous literature on potassium sensing using ISM-coated on
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ENIG Au electrode on PCB, it represents a vast improvement
from 22.2 mV/log[K 7] [20]. The low sensitivity is attributed
to the use of crown ether as the ion-selective membrane
(ISM) instead of valinomycin employed by other researchers.
Moreover, crown ether ensures that our sensor is non-toxic,
making it environmentally friendly and suitable for field
applications. This feature has been particularly advantageous,
allowing for the safe handling and disposal of the sensor while
minimizing potential environmental harm.

We have compensated for this low potentiometric sensi-
tivity by enhancing it using an off-the-shelf FET. We have
achieved 1.43 (uA)'/? /log[K*] of [K ] ion current sensitiv-
ity. Kabba et al., 2019 have achieved 1.04 (1A)'/?/log[K*]
[32], whereas Ashoka et al., 2022 have achieved 0.73
(A2 Jlog[K*] as [KT] ion EGFET sensitivity [31].
Furthermore, the soil potassium concentration ranged from
1072 t0 1074 M [36]; hence, our device’s detection range is
highly applicable to soil sensing. Moreover, our device’s limit
of detection (LOD) is impressively low. Our device has been
capable of detecting potassium ions at concentrations as low
as 10~% M, surpassing the LOD reported in previous literature
featuring valinomycin as the ISM.

Our K SCE has exhibited remarkable stability, maintain-
ing a stable Vpcp for 2 days in 1 M K™ solution with a drift
potential of 57.7 'V /sec, aligning closely with state-of-the-
art technology. It has demonstrated a hysteresis of only 12
mV, surpassing the previous ENIG Au coating-based SCEs.
The KT SCE has also maintained consistent Vocp across
a pH range of 4 to 10, enhancing its versatility. Similarly,
the PRE has displayed a minimal potential drift (AE/At) of
less than 1 mV over three days and has been pH-insensitive
within the range of 4 to 10, making it suitable for diverse
soil conditions. These stable characteristics have made our
sensor structure reliable and valuable for agricultural and
environmental monitoring applications.

Another significant advantage of our device has been its
fast response time. Our device has exhibited a response time
of less than 10 seconds, considerably faster than what has
been reported in the existing literature. This rapid response
has been highly desirable for point-of-care (POC) technology,
where real-time measurements have been required for on-site
decision-making. Our device has also offered another sig-
nificant benefit: pH invariance, maintaining its open-circuit
potential and sensitivity throughout a pH range of 4 to 10. The
soil pH typically ranges between 5.5 and 8.0, though it can
change based on the geographical area and the crops grown
there.

V. CONCLUSION

In conclusion, we have successfully developed a non-toxic
and low-cost potassium ion sensor using an extended gate
field-effect transistor (EGFET) configuration with all-solid-
state electrodes on a printed circuit board (PCB) substrate.
A pseudo-reference electrode (PRE) based on Ag/AgCl has
demonstrated excellent stability and reproducibility. The
ion-selective membrane (ISM) coated on the ENIG gold
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electrode has exhibited a high sensitivity of 49 mV/log[K ],
a significant linear detection range from 1074 Mto 1 M, and
a fast response time of less than 10 seconds. The sensor has
displayed negligible hysteresis and remained stable over a
wide range of pH values. The EGFET-based potentiometric
sensing system has shown a high current sensitivity of 1.43
(uA)'/2Jlog[KT]. Our approach presents a practical and
reliable solution for soil nutrient measurements in precision
agriculture, offering significant advantages over existing
potassium sensors in terms of cost, sensitivity, stability,
and toxicity concerns associated with traditional ionophores.
This novel sensor holds promise for optimizing agricultural
output and reducing environmental impact through efficient
nutrient monitoring and intelligent irrigation and fertilization
management systems.
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