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Abstract

Titanium dioxide (TiO,) sensing electrode and a silver/silver chloride (Ag/AgCl) reference electrode were deposited on an
indium tin oxide (ITO) substrate and used as an integrated all-solid electrode (IASE) for pH sensing applications. pH sensing
applications have attracted a lot of interest because they can be used in many different areas, such as monitoring the environment,
aquaculture, agriculture, food inspection technology, and biomedical applications. TiO, and Ag/AgCI thin films were fabricated
using the sol-gel spin coating method and a thermal evaporator. After the deposition process, the thin films were dried at room
temperature, 50 °C, and 100 °C to study the influence of the drying process on the pH sensitivity and linearity of IASE. It was found

that the sample dried at 100 °C showed high sensitivity and linearity with 67 mV/pH and 0.9827.
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1. Introduction

In recent times, researchers have shown increasing
interest in pH sensors, aiming to explore their maximum
potential in a range of applications such as agriculture, health
monitoring, food processing, and environmental observation
[1-6]. Due to its high sensitivity and accuracy, the preferred
method for determining pH levels is currently using a glass
electrode. However, the main disadvantage of using glass
electrodes is their mechanical fragility. Being built of glass
makes them difficult to miniaturize and susceptible to
breakage, which restricts their use in some applications.
Moreover, this glass electrode requires an internal solution
for it to work. This internal solution is susceptible to foreign
ionic contamination and needs high maintenance [7]. In
response to the challenges posed by glass electrodes' fragility
and maintenance requirements, a MOSFET-based pH sensor
was developed and named the ion-sensitive field effect
transistor (ISFET) in 1972 by P. Bergveld [8]. This new solid-
state device enabled the measurement of ionic reactions in
electrochemical and biological environments.
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However, during the measurement process, the
ISFET had some limitations in dealing with temperature,
light, and ionic penetration issues. In 1983, Spiegel [9]
proposed a solution to these issues through the extended gate
field effect transistor (EGFET) detection method. The
EGFET pH sensor offered several advantages over the
ISFET, such as good stability during the measurement
process under varying light and temperature conditions, high
sensitivity, low impedance, low cost, and simple packaging
[10]. Various metal oxides, including tantalum oxide (Ta2Os),
titanium dioxide (TiOy), copper oxide (CuO), zinc oxide
(Zn0O), and tin oxide (SnOy), have been utilized in various
applications [11-15]. Among these, TiO has emerged as the
most promising material with numerous applications, such as
memristors, dye-sensitized solar cells, photocatalysts,
capacitors, gas sensors, and pH-sensing electrodes [16-18].
As a sensing electrode, TiO; offers good chemical stability,
sturdiness, flexibility, and a high dielectric constant [17-19].
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Several methods have been reported for fabricating TiO»
sensing electrodes, such as physical and chemical vapor
deposition, sputtering, immersion techniques, spin coating,
spray pyrolysis, electron beam deposition, and pulsed laser
deposition methods. Among all these techniques, the sol-gel
spin coat method is the simplest and most cost-effective,
delivering a homogeneous chemical reaction between the thin
films and substrate, especially at high temperatures [20-21].
Thus, in this work, we present the study of the drying
temperature effect on integrated all solid electrodes (IASE)
for extended gate field effect transistor (EGFET) pH sensing
application. In addition, the EGFET sensor was characterized
for its transfer characteristic to analyze the sensitivity and
linearity of IASE.

2. Materials and methods
2.1 Sample preparation

The IASE was prepared with a sensing electrode (SE)
and a reference electrode (RE) fabricated on a single substrate
of indium tin oxide (ITO) coated glass. Figure 1 shows the
top view configuration of IASE, the area for both TiO, SE
and Ag/AgCl RE is 0.35 cm? separated by a 0.6 cm?
insulation area. The insulation area was formed by etching the
ITO-coated glass substrate using hydrochloric acid (HCI) and
zinc powder to remove the conductive ITO layer to prevent
an electrical connection between SE and RE. Before the
fabrication of the IASE, the ITO substrate underwent
ultrasonic cleaning using Hwashin Technology Powersonic
405. The cleaning process involved using a solution of
ethanol and deionized water for 10 minutes each, then drying
the substrate using inert nitrogen gas. To prepare the TiO2, a
mixture of Solution A and Solution B was used. Solution A
was composed of absolute ethanol as a solvent, glacial acetic
acid as a stabilizer or chelating agent to control the hydrolysis
reaction of alkoxides, and titanium (V) isopropoxide as the
precursor. On the other hand, Solution B contained a mixture
of absolute ethanol, Triton X-100 as a surfactant, and
deionized water. Solutions A and B were prepared separately
and stirred for an hour before being mixed and stirred for
another hour at room temperature.

To produce a TiO; thin film from the prepared TiO;
solution, the sol-gel spin coater (Laurell Model WS-650MZ-
8NPP/LITE) was used. This spin-coating technique has
reportedly produced a uniform thin film. The deposition
process started with positioning the clean ITO substrate on
the spin coater chuck. Then followed by dropping ten drops
of TiO; solution on the substrate. The substrate was initially
rotated at 500 rpm for 10 seconds before the rotational speed
increased to 3000 rpm for one minute. The high-speed
spinning will cause the solution to be evenly dispersed
throughout the surface of the substrate resulting in a thin film
with uniform thickness. The thin film was then dried at 100
°C for 10 minutes to remove solvents such as water and
ethanol, leaving a pure TiO; thin film. After drying, the
sample was annealed at 400 °C for 15 minutes. This complete
process produced a single layer of TiO; thin film on the
substrate with a thickness of approximately around 23 nm.
The Ag layer was deposited using a thermal evaporator (TE),
which is a commonly used method for depositing thin metal
films.
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In this process, the Ag material is heated to a high
temperature, causing it to evaporate and condense onto the
substrate in a thin film form. The thickness of the Ag layer
was controlled to be approximately 300 nm. After the
deposition process, a 5-second chlorination process was
carried out using FeCls to form Ag/AgCl RE. This process
involves the reaction between Ag and FeCls, forming AgCl
on the surface of the Ag layer. The Ag/AgCl reference
electrode provides a stable potential for pH-sensing
measurement.

2.2 Measurement setup

Figure 2 shows the EGFET measurement setup
consisting of IASE connected to the semiconductor device
analyzer (SDA). In addition, the silver/silver chloride
(Ag/AgCl) RE was connected to SMU 3, while the TiO, SE
was connected to the pin gate of commercialized
CD40007UBE MOSFET as the extended gate sensing
electrode. Commercial pH buffer solutions were utilized to
investigate the sensor reaction capabilities further. IASE was
submerged in several pH buffer solutions (2, 4, 7, 10, and 12).
The transfer characteristic (drain current, Ip versus reference
voltage, Vrer) and output characteristic (drain current, Ip
versus drain-source voltage, Vps) were obtained from this
measurement. The sensitivity of the fabricated IASE was
estimated by plotting the graph of the reference voltage at
drain current, Ip at 100 pA versus pH level.

3. Results and Discussions

Figure 3 (a) shows the transfer characteristic for IASE
at room temperature in different buffer solutions of pH 2, pH
4, pH 7, pH 10, and pH 12, while Figure 3 (b) shows the
graph of output voltage versus pH value. The sensitivity and
linearity value was extracted from the slope and regression
value of the graph in Figure 3 (b). The value of Vrer was
measured at 100 pA of drain current. As a result, the
sensitivity and linearity of IASE at room temperature were
around 66.1 mV/pH and 0.9561, respectively. This value was
more than the Nernstian theoretical response at 59 mV/pH.
As the drying temperature increased to 50 °C, the sensitivity
increased to 67.3 mV/pH, but the linearity slightly decreased
to 0.9211, as seen in Figures 4 (a) and (b). Finally, further
increasing the drying temperature to 100 °C, the sensitivity
was recorded with no dramatic changes in sensitivity and
linearity with 67 mV/pH and 0.9827, respectively. The
detailed value is tabulated in Table 1.

The transfer characteristic result shown in Figures 3 (a)
to 5 (a) relates to the site binding theory, which describes the
pH sensing process of a gate electrode's oxide surface. When
immersed in a solution, a metal oxide surface can either
donate or receive a proton, resulting in a net positively or
negatively charged surface [22]. Figure 6 depicts the basic
reaction on the metal oxide surface, which generates surface
potential under neutral, acidic, and alkaline circumstances.
The surface of metal oxide has a hydroxyl group, as shown in
Figure 6, and these hydroxyl groups are capable of
interacting with pH potential determining ions (PDI), which
are hydrogen ions (in acidic solution) and hydroxide ions (in
basic solution). Therefore, the surface of the sensing
membrane will be more positively or negatively charged
depending on the type of PDI that is prominent in the solution.
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Figure 2. EGFET measurement setup
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Figure 3. (a) Transfer characteristic (Ip versus Vree) for fabricated IASE at room temperature and (b) The graph of output voltage

versus pH value
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Figure 4. (a) Transfer characteristic (Io versus Vger) for fabricated IASE at 50 °C and (b) The graph of output voltage versus pH
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Figure 5. (a) Transfer characteristic (Io versus Vger) for fabricated IASE at 100 °C and (b) The graph of output voltage versus pH

value

Table 1. Sensitivity and linearity value of IASE

Materials RT 50°C 100 °C
Sensitivity (mV/pH) 66.1 67.3 67
Linearity 0.9561 0.9211 0.9827
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Figure 6. Basic reaction on metal oxide surface ion’s in neutral, acidic and alkaline.
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4. Conclusions

In conclusion, the IASE-based TiO, sensing and
Ag/AgCI reference electrodes have been successfully
fabricated on an ITO-coated glass substrate. The deposited
IASE has been proven to be sensitive to pH. Furthermore,
increasing drying temperature has improved both sensitivity
and linearity of the IASE. This work's highest sensitivity and
linearity were 67.3 mV/pH and 0.9827. As a future
recommendation, research will be conducted on the various
IASE-based flexible substrates.
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