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ABSTRACT In recent years, research in the field of sensors has been rapidly advancing. As a result,
this study proposes a pH sensor based on a magnesium oxide (MgO) thin film. The MgO sensing layer
of the pH sensor was deposited onto the electroless nickel immersion gold (ENIG) electrode using a
radio frequency (RF) sputtering system, where the ENIG electrode is integrated as the working electrode
and reference electrode on a Flexible Printed Circuit Board (FPCB). FPCB offers advantages such as
flexibility, acid resistance, heat resistance, and low cost. Furthermore, the performance of the pH sensor is
enhanced by modifying the sensing layer with Nafion and (3-Aminopropyl)triethoxysilane (APTES). This
study utilized the potentiometric method to measure and analyze the performance of the pH sensor, and the
measurement range of the pH sensor is from pH 3 to pH 11 with an average sensitivity of 46.48 mV/pH
and linearity can reach 0.996. In terms of material analysis, this research utilizes atomic force microscopy
(AFM) and energy dispersive X-ray spectroscopy (EDX) to analyze the surface morphology and elemental
composition of the sensing layer to verify MgO film.

INDEX TERMS Magnesium oxide (MgO), pH sensor, flexible printed circuit board (FPCB), electroless

nickel immersion gold (ENIG) electrode, instrumentation amplifier (INA).

I. INTRODUCTION

The development of pH sensing components began in
1970 [1]. In recent developments, pH sensors have
found wide applications in fields such as agriculture [2],
healthcare [3], food processing [4], and environmen-
tal safety testing [5], so the development of pH
sensors is crucial. However, many sensors have differ-
ent sensing structures, such as ion-sensitive field-effect
transistors (ISFET), extended-gate field-effect transistors,
and electrolyte-insulator-semiconductor (EIS) devices [6].
Gaddour et al. [7]. proposed a temperature-compensated
ISFET that reduces the influence of temperature when
detecting pH value. Pan et al. [8]. analyzed the effects of
different indium (In) content in pH sensors on sensitivity,
drift rate, and hysteresis voltage using the EGFET structure.
Kao et al. [9]. prepared Mg-doped IGZO sensing layers
on the EIS structure using sputtering and analyzed the

performance of the sensor for HY, Nat, and K™ measure-
ments.

These structures often lack flexibility, this point is an
important factor in sensor fields. Hence, this study utilizes
a flexible printed circuit board (FPCB) as the substrate
for the sensor. FPCB offers several advantages, including
flexibility, lightweight, acid and heat resistance, and the
ability for mass production [10]. FPCB consists of a
polyimide (PI) base, copper (Cu) conductors, and working
and reference electrodes made using a chemical process
known as electroless nickel immersion gold (ENIG). ENIG
is a surface treatment technique that involves depositing a
layer of nickel followed by a layer of gold on a metal
surface [11]. This technology is commonly used to enhance
the appearance of metal surfaces and improve their corrosion
resistance, wear resistance, and conductivity. ENIG working
electrodes have a smooth surface, which is beneficial for
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ensuring that the sensing layer remains flat during the
sputtering process, without defects. It also helps maintain
the stability of their sensing properties.

Among the many pH sensors, metal oxides are often cho-
sen as the sensing layer, such as Ruthenium Oxide (RuOy),
iridium oxide (IrOx), zinc oxide (ZnO), and Titanium oxide
(TiO). Tanumihardja et al. [12] presented a potentiometric
pH sensor with RuOy nanorods, which features low drift
and a fast response time. Huang et al. [13] used the sol-gel
method to prepare IrOx thin film on a polymer substrate
and investigated the pH sensor’s sensitivity, response time,
repeatability, and selectivity. Srikanya et al. [14] reported
a double-gate ZnO thin film ISFET for pH sensing, which
exhibits an enhanced voltage sensitivity of 205.57 mV/pH.
Yang et al. [15] employed a hydrothermal method to
create TiOy nanoflower structures on a fluorine-doped tin
oxide substrate for an EGFET, achieving a sensitivity of
46 mV/pH and a linear response of 0.998. Metal oxide has
unique electrical, and electrochemical characteristics, and a
high surface area to volume ratio, enhancing the sensor’s
sensitivity and catalytic properties [1].

Therefore, in the selection of sensing layer materials,
this study chose a low-cost and commonly used material.
Magnesium oxide (MgO) is a metal oxide that finds
application in various fields [16], [17], [18]. It is widely
used in the industrial sector for refractory materials. In the
field of electrochemistry, it is applied in fuel cells. In the
medical field, MgO is used in pharmaceutical preparation.
Additionally, MgO exhibits excellent optical and electrical
properties and is widely employed in optical instruments,
lasers, semiconductor devices, and other areas. Furthermore,
MgO is an inorganic compound with a perovskite structure
and a high energy bandgap of 7.8 eV [19].

Considering these advantages and characteristics, this
study is grounded in developing a novel pH sensor using
flexible sensors, specifically employing FPCB. The selected
pH sensor substrate exhibits characteristics of heat resistance,
acid resistance, and flexibility. Additionally, it incorporates
a MgO sensing layer, offering advantages such as non-
toxicity, residue-free properties, and ease of absorption by the
human body [20]. This design imparts significant versatility
to the sensor, rendering it highly adaptable for applications
in the biomedical field, environmental safety, and industrial
settings.

In the biomedical domain, this pH sensor finds appli-
cation in monitoring physiological fluids. Simultaneously,
the sensor can be utilized for water quality monitoring
in environmental safety, contributing to environmental pro-
tection efforts. Furthermore, its widespread application in
the industrial sector includes detection within chemical
production processes, exemplifying its utility in industrial
applications.

This study employs a potentiometric voltage-time (V-T)
measurement system. The measurement system comprises
an instrumentation amplifier (INA), data acquisition (DAQ)
system, and LabView software to analyze the characteristics
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TABLE 1. The fabrication method of the pH solution.

Solution A Citric Acid Boric Acid D. I. water
1.4409 (g) 1.8549 (g) 150(mL)
. Sodium Phosphate Tribasic 12-hydrate D. I. water
Solution B 57021 (g) 150(mL)
pH value Solution A volume (mL) Solution B volume (mL)
3 44.00 06.00
5 33.50 16.50
7 24.75 25.25
9 17.25 32.75
11 11.00 39.00

of pH sensing capability. These characteristics include low
drift, low DC offset, high input impedance, and a very large
common-mode rejection ratio (CMRR) [21]. However, we
refer to the potential difference output by the IA as the
response voltage and then analyze the sensing capability of
the pH sensor based on this response voltage.

Il. EXPERIMENTS

A. THE MATERIALS OF THE EXPERIMENT

This study used a 2-inch MgO target to fabricate MgO
film through an RF sputtering system as the sensing layer.
Subsequently, Nafion and APTES were modified on the MgO
sensing layer using a drop-casting method. Both Nafion and
APTES were purchased from Sigma-Aldrich Co. (USA). The
sensor substrate was fabricated in bulk by a commissioned
professional PCB manufacturer, Rui Xing Circuit Co., Ltd.
(China).

The pH solution used in the experiments was fabricated
by Carmody’s wide-range buffer solution [22]. Firstly, A
solution and B solution were prepared, as shown in Table 1.
A solution was prepared by mixing 0.05 M citric acid, 0.2
M boric acid, and 150 mL of deionized water. B solution
was prepared by mixing 0.1 M sodium phosphate tribasic
12-hydrate and 150 mL of deionized water. Both A and B
solutions were placed in an ultrasonic bath and subjected to
ultrasonication until the powders were completely dissolved
in water. Then, the two solutions were mixed in the
proportions indicated in Table 1. The pH of the resulting
solution was verified using a pH detector to ensure accuracy.

B. FABRICATION OF THE NAFION/APTES/MGO SENSING
LAYER

First, this study follows a series of steps to ensure the
thorough cleaning of the ENIG surface on the FPCB to
guarantee the high quality of the sensing film. This cleaning
process involves the use of alcohol, acetone, and deionized
water to effectively remove surface contaminants. Next, we
used the MgO target (99%) through an RF sputtering system
to fabricate the MgO sensing layer on the working electrode.
Table 2 provides the sputtering parameters for the MgO film,
including a gas ratio set at 10:2 (sccm), sputtering power set
at 60 watts, and deposition for 30 minutes under low-pressure
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TABLE 2. Sputtering parameters of the MgO sensing layer.

Tareet Gz;itt;lé)w RF Deposition | Deposition
& (Ar: O3) power pressure time
- VU2
(I;/;g;o) ) (slc?::ri) 60 W 3 mTorr 30 minutes

conditions (3 mTorr). This process ensures the consistency
and stability of the MgO film to provide reliable sensing
performance. Finally, we employ a drop-casting method
to further enhance the characteristics of the sensing layer.
Firstly, we sequentially add 2 uL of APTES (1 wt%) and
2 pL of Nafion (5 wt%), which improve the layer’s sensing
performance. It is worth noting that during the modification
process, we adopt a lower temperature approach to drying
the modified layer under conditions of 70 °C to ensure the
stability and uniformity of the modification layer.

C. THE PH SENSOR STRUCTURE AND POTENTIOMETRIC
MEASUREMENT SYSTEM

In this chapter, we will begin discussing the structure and
dimensions of the pH sensor. Figure 2 shows the composition
of the working electrode and the reference electrode. First,
the pH sensor employs an FPCB as its substrate. The
substrate is composed of polyimide and copper is used as
the wiring to connect the working electrode and reference
electrode. The entire FPCB electrode surface is coated with
an ENIG layer, as shown in Figure 2(a). However, the
sensing layer of the pH sensor is depicted in Figure 2(b-c).
The MgO sensing layer in Figure 2(b) is prepared using an
RF sputtering system. Figure 2(c-d) represents APTES and
Nafion, both of which are modification layers created using
the drop-casting method.

This study enhances the pH sensor’s sensing performance
through the modification layer of the APTES and
Nafion [23], [24], [25]. Regarding electrode dimensions, the
working electrode has an area of 3.14 mm?, and the reference
electrode has an area of 22 mm?.

This study employs a potentiometric method to measure
and analyze the capabilities of the pH sensor. This poten-
tiometric method analyzes the voltage generated per second,
which we refer to as the voltage-time (V-T) measurement
system. First, the pH sensor is connected to a readout
circuit consisting of a commercial IC, LT1167. The LT1167
is composed of an Instrumentation Amplifier (INA), and
the measurement is carried out with a gain (Av) of one.
The V4 and V— pins of the INA are connected to the
working electrode and reference electrode, respectively. The
potential difference generated between these two electrodes
is used to analyze the measured pH value, where the potential
difference is referred to as the response voltage in this study.

Subsequently, the analog signal is converted into a digital
signal by the analog-to-digital converter (ADC) of the
data acquisition system (DAQ). The DAQ then transmits
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FIGURE 1. The measurement environment of the Nafion/APTES/MgO pH
sensor.
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FIGURE 2. The structure of the Nafion / APTES / MgO / ENIG / Cu / Pl pH
sensor, (a) Nafion, (b) APTES, (c) MgO, (d) ENIG.

the signal to the LaView software for the presentation of
measurement data. The measurement environment is shown
in Figure 1.

1Il. RESULTS AND DISCUSSION
A. AFM AND EDX ANALYSIS OF THE MAGNESIUM OXIDE
CHARACTERISTIC
This study employed an Atomic Force Microscope (AFM) to
analyze the surface morphology and roughness of MgO. The
AFM instrument used was the Dimension ICON XR (USA).
In this chapter, we will discuss the surface morphology of
MgO films deposited on both silicon substrates (MgO/Si) and
FPCB substrates (MgO/ENIG/Cu/PI) after AFM analysis.
The scanning area for AFM analysis was 25 um?.

Furthermore, this study conducted an analysis of the
surface roughness of the MgO films, including Root Mean
Square roughness (Rinys), Average roughness (Ry), and the
highest roughness height (Ry,). The analysis results are shown
in Figures 3 and 4, including both 2D and 3D analyses.
In the analysis of MgO/Si, Rims, Ra, and Ry were 1.44
nm, 1.04 nm, and 15.3 nm, respectively. In the analysis of
MgO/ENIG/Cu/Pl, Ry, Ra, and Ry, were 12.6 nm, 10.1 nm,
and 91.7 nm, respectively.

Based on the analysis results, it is evident that the
Rms of MgO/ENIG/Cu/PI is much rougher compared to
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FIGURE 3. The AFM analysis of the MgO film deposited on the silicon
wafer, the scan area is 25 xm2, (a) 2D and (b) 3D morphological images.
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FIGURE 4. The AFM analysis of the MgO film deposited on the FPCB, the
scan area is 25 um2, (a) 2D and (b) 3D morphological images.

MgO/Si, primarily due to different surface stresses on the
substrates during sputtering, resulting in distinct morpholo-
gies. Notably, the roughness of the film varies depending
on the substrate material, as seen in the AFM analysis
results. Additionally, to corroborate the AFM analysis, this
study used Energy-Dispersive X-ray Spectroscopy (EDX) to
confirm the elemental composition of the film as MgO. The
EDX analysis results, as shown in Figure 5, indeed confirm
the presence of both Mg and O elements in the film.

B. SENSING MECHANISM BETWEEN MGO AND PH
SENSOR

In chemical sensor technology, scientists are dedicated to
in-depth studies of the charging behavior of metal oxides
in electrolyte solutions, with a simultaneous focus on the
impact of pH values in electrolyte solutions on electrostatic
potential. Hiemstra et al. [26] have proposed a theoretical
framework named the multiplesite complexation model
(MUSIC) to elucidate the charging mechanism of oxides.
This model integrates concepts from the site dissociation
and one-pK models, utilizing physical parameters to estimate
the intrinsic dissociation constants of active surface groups.
Notably, the inherent dissociation constants of these groups
are influenced by various factors, including the oxidation
state of metal ions, the number of ligand cations, and the
number of ligands surrounding the metal ions. Additionally,
these factors have specific effects on different reactive groups
present in specific oxides [27], [28].
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FIGURE 5. The EDX analysis of the MgO film.

MgO is an alkaline oxide, playing a crucial role as
an electron donor in aqueous solutions, and its surface
undergoes protonation and deprotonation [29], [30], [31],
[32]. However, when MgO comes into contact with an aque-
ous solution, OH™ anions are adsorbed onto the positively
charged surface of MgO. These OH™ anions eventually
desorb from the surface, releasing magnesium ions into the
solution. As this process continues, the ion concentration in
the solution gradually reaches a state of oversaturation, at
which point hydroxides begin to precipitate on the oxide
surface. Formulas (1 - 4) describe the chemical behavior
of MgO in water and emphasize its importance in electron
transfer and anion adsorption.

MgO + H,O — MgOH" + OH™ (D)
MgOHY + OH™ — MgOH"-OH™ )
MgOH'"-OH™ — Mg** +20H" (3)
Mg*t +20H™ — Mg(OH), 4)

C. SENSING PERFORMANCE OF THE NAFION/APTES/MGO
PH SENSOR

In sensor research, linearity and average sensitivity are
important indicators. The former refers to the measurement
precision and accuracy of the sensor, while the latter
represents the minimum or maximum concentration that
the sensor can detect and is used to assess the sensitivity
of the sensor measurement range. This study analyzes the
performance of the sensor by examining the response voltage
generated when a pH sensor is immersed in different pH
values.

Figure 6 shows the results of measurements taken with the
Nafion/APTES/MgO pH sensor. This sensor has an average
sensitivity of 46.48 mV/pH and achieves a linearity of 0.996.
According to the measurement results, the sensor modified
with APTES does indeed exhibit excellent sensitivity. This
is due to the protonation and deprotonation of the working
electrode surface, which enhances the sensor’s electron
transfer and anion adsorption capabilities [21], resulting in
improved linearity and sensitivity.
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FIGURE 6. The performance of the Nafion/APTES/MgO pH sensor.
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FIGURE 7. The reproducibility of the Nafion/APTES/MgO pH sensor.

D. REPRODUCIBILITY OF THE NAFION/APTES/MGO PH
SENSOR

The purpose of the reproducibility experiment was to assess
the stability and reliability of the Nafion/APTES/MgO pH
sensor during the manufacturing process. To achieve this
objective, we conducted a series of reproducible experiments.
These experiments include the measurement and analysis of
six sets of pH sensors within a pH range of 3 to 11.

Firstly, the pH sensor was immersed in a pH solution
with varying pH concentrations, and we measured and
recorded the response voltage for each pH value. This
allowed us to calculate the average sensitivity and linearity
for each set of sensors. The relative standard deviation
(RSD) was then computed based on the average sensitivity
and linearity values of each sensor group, as specified in
the formula (6), where “S” represents the mean value of
average sensitivity, and “x” represents the standard deviation
of average sensitivity.

The results of these measurements are presented in
Figure 7, showing that the RSD value for the pH sensors
is 7.83%. Despite the potential for variations in the manu-
facturing process to impact average sensitivity and linearity,
the calculated RSD results highlight the outstanding stability
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and reliability of the Nafion/APTES/MgO pH sensor.
RDS = = x 100% (5)
X

E. RESPONSE
MGO PH SENSOR
When the surface of the working electrode comes into
contact with a pH solution, the pH sensor reacts with
the HT in the solution to generate a potential difference.
Over time, the response voltage of the sensor gradually
approaches stability. Therefore, we selected 95% of the stable
voltage as the termination point of the response time [33]
to ensure that the measured response time is sufficiently
reliable and accurate. In this experiment, we also further
tested the response time at different pH values to compare
the measurement characteristics at different pH values, which
helps to further verify the sensing performance of the
Nafion/APTES/MgO pH sensor. In this study, we immersed
the sensor in 1 mL of pH 7 neutral solution and then dropped
200 uL of acidic and alkaline solutions separately, where the
pH values of the acidic and alkaline solutions were pH 3 and
pH 11, respectively. The purpose of this experiment was to
observe how long it takes for the response voltage to reach
a stable state when the pH of the solution changes while the
sensor is placed in the pH 7 neutral solution.

According to the experimental results, we use formula 1
and formula 2 to calculate the response time measured by
the two methods, and the measured time is 5 s and 6 s,
it can be seen from the experimental results that when the
sensor When immersed in a neutral solution and changes to
alkaline or acidic, the response voltage can quickly reach a
steady state, so it has a fast response time, and the results
are shown in Figure 8.

VR=Vi+ Vs =V x95 % (6)

Rt = tyr — tyr (7)

Formula (6) calculates the 95% response voltage (VR),
where Vi is the initial stable response voltage and Vg is
the final stable response voltage. Formula (7) calculates the

response time (R¢), where tyr is the time to 95% response
voltage and typ is the time to initial response voltage.

TIME OF THE NAFION/APTES/

F. INTERFERENCE EFFECTS OF THE NAFION/APTES/MGO
PH SENSOR
In this study, we conducted interference tests to examine
whether the Nafion/APTES/MgO pH sensor is susceptible to
interference from other ions, specifically K* and Na™ ions.
During the testing process, we initially immersed the pH
sensor in a PBS solution and waited for the response voltage
to stabilize. We added 200 nL of NaCl and KCl solutions to
a PBS solution with a pH of 7 at 50-second intervals, where
the concentration of NaCl and KCI solutions is 0.1 M. The
results of the measurements and analysis are presented in
Figure 9.

The analysis in this experimental method is based
on the voltage difference resulting from the addition of
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FIGURE 8. The response time of the Nafion/APTES/MgO pH sensor, (a) a
neutral solution turns into an acidic solution, (b) a neutral solution to an
alkaline solution.

ion interferences, which allows us to assess the sensor’s
interference resistance. According to the results in Figure 9,
we observed that the potential changes when adding NaCl
and KCl were 3 mV and 1.12 mV, respectively. These
changes represented only a 5.5% and 3.8% variation,
respectively.

These findings suggest that the Nafion/APTES/MgO pH
sensor is minimally affected by interference from Na* and
K" ions and demonstrates good interference resistance,
indicating its suitability for accurate pH measurements in
the presence of these ions.

G. DRIFT EFFECT OF THE NAFION/APTES/MGO PH
SENSOR

The drift effect in time is a non-ideal phenomenon
representing the stability of a sensor during long-term
measurements [34]. When a sensor is immersed in the test
solution for an extended period, the response voltage changes
over time, and this phenomenon is known as drift [35].
The reason for this occurrence is the formation of hydroxyl
groups on the sensor film’s surface, and the polar molecules
in the solution result in the diffusion of hydration ions,
formed by Coulombic attraction, onto the sensor membrane,
creating a hydration layer. The variation in the surface
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FIGURE 9. The interference effect of the Nafion / APTES / MgO pH sensor.
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FIGURE 10. The time drift of the Nafion/APTES/MgO pH sensor in pH
5 solution.

potential of the sensor membrane is attributed to the double-
layer capacitance of the hydration layer.

In this study, it was observed that the variation in the first
5 hours of long-term measurements is larger compared to the
subsequent 7 hours. This is because the hydration layer on
the surface of the sensing film has not fully formed, leading
to a greater variation in response voltage. Consequently, we
define the drift effect as the difference between the output
response voltage at the 5™ hour and the 12" hour, divided
by 7 to obtain the hourly drift rate, as shown in formula 8. A
drift rate closer to 0 indicates better stability of the sensor.
Therefore, this experiment can be regarded as a stability
measurement of the sensor.

This study immersed the fabricated Nafion/APTES/MgO
pH sensor in pH 5 and pH 9 solutions for a continuous
12-hour measurement. Figure (10 - 11) presents the results
of the drift rate. In the results of this study, the drift rate
in the acidic solution was 1.64 mV/hr, and in the alkaline
solution, it was 0.88 mV/hr, both exhibiting lower hourly
drift rates. Hence, the sensor demonstrates good stability in
both acidic and alkaline solutions. However, it was observed
that the Nafion/APTES/MgO pH sensor exhibited different
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FIGURE 11. The time drift of the Nafion/APTES/MgO pH sensor in pH
9 solution.

directions of response voltage drift when subjected to long-
term measurements in acidic and alkaline solutions due to
protonation and deprotonation of the sensing electrode.

Viotm — Vs
7

Drift rate =

®)

H. STABILITY OF SENSING ELECTRODE

In this research, the working electrode functions to react
with the test solution, while the reference electrode pro-
vides a stable response voltage as a reference point.
Therefore, this study further investigates the stability of the
Nafion/APTES/MgO pH sensor’s sensing electrode during
the measurement process. Initially, the study measured the
response voltage at pH 3, pH 7, and pH 11. This process
was repeated ten times, and the response voltage was
recorded each time. Figure 12 illustrates these results. We
calculated the RSD based on Formula 5 to evaluate the
sensor’s performance further. In Formula 5, S represents
the standard deviation of the response voltage over ten
measurements, and x represents the average of the ten
response voltages. According to our calculations, the RSD
values for pH 3, pH 7, and pH 11 were 1.4%, 0.8%, and
0.5%, respectively. Figure 12 shows that under pH 3, pH 7,
and pH 11 conditions, the pH sensor exhibits relatively stable
characteristics. It demonstrates the excellent repeatability
of the Nafion/APTES/MgO pH sensor and the sensing
electrode’s stability, affirming the sensor’s reliability and
stability under different pH conditions.

I. COMPARISONS OF PH SENSORS BASED ON DIFFERENT
STRUCTURES

This study collected recent research on pH sensors and com-
pared the sensing performance with the proposed pH sensor,
as shown in Table 3. The flexible pH sensor we proposed
exhibited a maximum average sensitivity of 46.48 mV/pH
and a linearity of 0.996. This sensor demonstrated excellent
reliability and sensing performance. Mishra et al. [36].
developed a multifunctional sensor based on an EGFET
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TABLE 3. Comparisons of the sensing performances based on pH sensors
with different structures.

. Linear Average N
Sensing Layer Sz_cu"::‘r" F;I;::;::ed Range Sensitivity | Linearity D(:f\t//l;:;e Ref.
(pH) (mV/pH)
1.64
. D (pH 5) .
MgO film FPCB RF Sputtering 3-11 46.48 0.996 0.5 This work
(pH 9)
CuO NWs EGFET Ftching and 212 48.34 0.998 250 | 2020[36]
Heatin
ZnO film EGFET Hydrothermal 4-10 34.82 0.992 N/A 2019[37]
ZnO film ISFET RF Sputtering 212 42.45 0972 178 2014[38]
AIN film ISFET DC Reactive RF 4-10 33.0 0.981 N/A 2019 [39]
Sputterin;

structure with CuO nanowires for pH and glucose sensing.
The pH sensor had a sensitivity of 48.34 mV/pH and showed
good long-term stability with a drift rate of only 2.5 mV/hr.
Young et al. [37]. manufactured a low-cost ZnO pH sensor
using a hydrothermal method, which exhibited outstanding
repeatability and reproducibility. The sensor had a sensitivity
of 34.82 mV/pH and a linearity of 0.992. Kao et al. [38].
fabricated a ZnO pH sensor on a silicon substrate with
high sensitivity and low drift. Additionally, this sensor
could be used for various detections, including Na*t, KT,
glucose, and urea. Sinha et al. [39]. introduced an ISFET pH
sensor based on AIN film, which exhibited a sensitivity of
33 mV/pH after measurement and analysis at pH values of
4,7, and 10. Finally, compared to the pH sensors mentioned
above, our proposed flexible pH sensor offers the advantage
of flexibility in its structure and demonstrates comparable
capabilities.

IV. CONCLUSION

In conclusion, this study has successfully proposed and
developed a pH sensor utilizing a MgO film as the
sensing layer. The integration of this MgO sensing layer
onto an ENIG electrode, which is incorporated into an
FPCB, provides several advantages, including flexibility,
acid resistance, heat resistance, and cost-efficiency. The
performance of the pH sensor was further improved through
the modification of the sensing layer with Nafion and
APTES. Employing the potentiometric method, the study
assessed the performance of the pH sensor, achieving a
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measurement range from pH 3 to pH 11, with an average
sensitivity of 46.48 mV/pH and an impressive linearity of
0.996. In addition, the pH sensor also has a lower drift rate.
To verify the quality of the MgO film, material analysis
was conducted using AFM and EDX to examine the surface
morphology and elemental composition of the sensing layer.
These findings demonstrate the feasibility and potential for
the proposed pH sensor as a reliable and effective tool for
pH measurement and analysis.
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