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ABSTRACT

This article describes the process of fabricating an integrated all-solid electrode (IASE) 
by integrating thin films of titanium dioxide (TiO2) and silver/silver chloride (Ag/AgCl) 
onto an indium tin oxide (ITO) substrate. The fabrication of a pH sensing electrode (SE) 
involved utilizing a spin-coated thin film composed of TiO2. Thermally produced thin 
films of Ag/AgCl were used to develop solid reference electrodes (RE). The present work 
examined the impact of the drying process on the pH sensitivity and linearity of the low-
temperature deposited IASE. The drying procedure was carried out within a temperature 
range from room temperature to 100°C. The investigation involved the examination 
of crystallinity, surface morphology, and thin film composition through the utilization 
of field effect scanning electron microscopy (FESEM), X-ray diffraction (XRD), and 
energy-dispersive X-ray (EDX) methods. In addition, a comparison was made between 
the pH sensing performance of the IASE and a commercially available Ag/AgCl RE. The 

findings of this research demonstrate that 
the IASE sample, which underwent a drying 
process at a temperature of 100°C, exhibited 
remarkable sensitivity and linearity values 
of 66.7 mV/pH and 0.9827, separately, when 
compared to the commercially available RE.

Keywords: Integrated-all solid electrodes, pH sensor; 

reference electrodes, sensing electrodes, titanium 

dioxide 
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INTRODUCTION

pH is an essential parameter in various fields, including agriculture (Gao et al., 2022; 
He et al., 2022), medical applications (Chalitangkoon & Monvisade, 2021), and food 
processing (Fathi et al., 2022; Zou et al., 2023). The ability to determine the level of acidity 
or alkalinity in a solution is significantly influenced by the pH value. The conventional 
method of pH measurement involves using glass electrodes, which have gained widespread 
popularity. However, the fragility of glass-based electrodes limits their utility and hinders 
their miniaturization for certain applications, particularly in the medical field (Manjakkal 
et al., 2020). Additionally, the maintenance of such pH sensors is labor-intensive due to 
the requirement of an internal solution, typically saturated potassium chloride (KCl). 
Consequently, there is a need for alternative pH sensing approaches that offer improved 
durability and reduced maintenance.

In 1972, P. Bergveld introduced a novel solid-state pH sensor, the ion-sensitive field 
effect transistor (ISFET), in response to the challenges associated with glass electrode 
fragility and maintenance requirements (Bergveld, 1972). The utilization of ISFETs 
enabled the quantification of ionic reactions occurring in electrochemical and biological 
surroundings. Nevertheless, certain drawbacks were discovered upon its implementation, 
particularly in relation to temperature sensitivity, susceptibility to light interference, and 
ionic penetration issues. To address these challenges, Spiegel proposed an alternative 
solution in 1983: the extended gate field effect transistor (EGFET) detection method 
(Spiegel et al., 1983). The EGFET pH sensor offered several notable advantages over the 
ISFET, including enhanced stability in varying light and temperature conditions, heightened 
sensitivity, reduced impedance, cost-effectiveness, and simplified packaging (Mokhtarifar 
et al., 2018; Pullano et al., 2018).

Various metal oxides, including tantalum oxide (Ta2O5), zinc oxide (ZnO), copper oxide 
(CuO), tin oxide (SnO2) and titanium dioxide (TiO2) have found widespread applications in 
diverse fields (Beale et al., 2022; Khizir & Abbas, 2022; Palit et al., 2020; Ramakrishnappa 
et al., 2020; Sharma & Kumar, 2022). Among these metal oxides, TiO2 has emerged as a 
highly promising material, demonstrating significant potential in various applications such 
as memristors, dye-sensitized solar cells, photocatalysts, capacitors, gas sensors, pH-sensing 
electrodes (SE) and tailoring the charge storage properties (Krishnan et al., 2016; Özdemir 
et al., 2022; Pal et al., 2018; Sadig et al., 2019; Tayeb et al., 2022; Zamiri et al., 2022; 
Zulkefle et al., 2021). When employed as a SE, TiO2 offers exceptional attributes, including 
excellent chemical stability, flexibility, robustness, and a high dielectric constant. Several 
fabrication techniques for TiO2 SE have been documented, including sputtering, spin 
coating, physical and chemical vapor deposition, immersion techniques, spray pyrolysis, 
electron beam deposition, and pulsed laser deposition (Dave & Chauhan, 2022; Radha et 
al., 2022; Song et al., 2023; Yang et al., 2023). The sol-gel spin coat process is the simplest 
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and least expensive of these options. It makes it easier for chemicals to react evenly with 
the thin films and the substrate, especially when the temperatures are high.

The primary aim of this investigation is to examine the performance of sensitivity 
for integrated all-solid electrodes (IASE) through the application of a TiO2 SE and an 
Ag/AgCl reference electrode (RE) onto a singular indium tin oxide (ITO) substrate. It is 
hypothesized that utilizing TiO2 as the SE and Ag/AgCl as the RE will result in enhanced 
durability, potential for downsizing, and reduced maintenance demands compared to 
conventional glass-based pH sensors. In this study, we analyzed the operational efficiency 
of the developed IASE system and compared it to a TiO2 SE paired with a commercially 
available RE. The present studies are anticipated to provide an important and useful addition 
to the advancement of pH sensing devices that are both efficient and dependable, hence 
enhancing their applicability across several domains.

MATERIALS AND METHODS

Sample Preparations

The IASE was fabricated by constructing an SE and a RE on a single ITO-coated glass 
substrate. Figure 1 shows the top view configuration of the IASE, with the Ag/AgCl RE 
and TiO2 SE occupying an area of 0.35 cm2 and being separated by 0.6 cm2 of the insulation 
region. The insulation region was created by removing the conductive ITO coating using 
zinc powder and hydrochloric acid (HCl). This removal was crucial to prevent electrical 
linkage between the SE and the RE.

Prior to fabricating the IASE, the ITO substrate underwent ultrasonic cleaning using 
Hwashin Technology Powersonic 405. The substrate was cleaned by submerging it for 
ten minutes at a time in a solution of ethanol and deionized water and then drying it with 
inert nitrogen gas.

To produce TiO2, a solution containing mixtures A and B was combined. Mixture A 
comprised absolute ethanol as a solvent, glacial acetic acid as a stabilizer, and titanium 
(IV) isopropoxide as the precursor. In contrast, mixture B consists of deionized water, 
Triton X-100 utilized as a surfactant and absolute ethanol. Both mixtures were organized 
separately, each undergoing a one-hour stirring process. Subsequently, the mixtures were 
combined and subjected to an additional hour of stirring at room temperature.

The sol-gel spin coater (Laurell Model WS-650MZ-8NPP/LITE) was used to deposit a 
thin film of TiO2 from the TiO2 solution that had been prepared. This spin-coating method 
has been recognized to yield uniform thin films. The deposition process was initiated by 
carefully positioning the cleaned ITO substrate onto the spin coater's chuck and dispensing 
10 drops of TiO2 solution onto the substrate. Initially, the substrate was rotated at 500 rpm 
for 10 seconds, after which the rotational speed was increased to 3000 rpm for one minute. 
High-speed spinning evenly dispersed the solution across the substrate surface, creating 
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a thin coating with consistent thickness. 
After that, the film was dried at 100°C for 10 
minutes to remove any remaining solvents, 
including ethanol and water, thus leaving 
behind a pure TiO2 thin film. A single layer 
of TiO2 thin film with an approximate 
thickness of 23 nm was produced on the 
substrate by annealing the sample for 15 
minutes at 400°C after drying it. 

A thermal evaporator (TE) was employed 
to deposit the Ag layer, a commonly utilized 
thin metal film deposition method. Figure 
2(a) shows the opening area for the deposited 
Ag. In this process, the Ag material was 
heated to a high temperature, causing it to 
evaporate and subsequently condense onto 

Figure 1. IASE top view configuration

the substrate, forming a thin film. The process was carefully handled to ensure that the 
thickness of the Ag layer was roughly 300 nm. 

After the deposition process, a 5-second chlorination step was carried out using FeCl3 to 
form the Ag/AgCl RE. This process involved the reaction between Ag and FeCl3, forming 
AgCl on the surface of the Ag layer. The Ag/AgCl RE provides a stable potential for pH-
sensing measurements. After forming Ag/AgCl, the area of Ag/AgCl was covered using 
Kapton tape, as shown in Figure 2(b), for deposited TiO2. 

Figure 2. Schematic diagram during (a) Ag layer 
and (b) TiO2 deposition process

Measurement Setup

Figure 3 illustrates the experimental 
arrangement employed for conducting 
EGFET measurements, comprising the 
integration of an IASE and TiO2 SE with 
a commercialized RE connected with a 
semiconductor device analyzer (SDA). 
Furthermore, the commercialized RE was 
linked to SMU 3, while the TiO2 SE was 
connected to the pin gate of a commercially 
available CD40007UBE 

MOSFET, serving as the extended gate 
SE. This transistor was used as a readout to 
extract a potential change on the gate site 
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by converting it to drain current. This commercialized transistor can be assembled on a 
printed circuit board (Kwon et al., 2019). 

Figure 3. EGFET measurement setup (a) TiO2 SE and commercialize RE (b) IASE

Various pH buffer solutions were employed to explore the sensor's response capabilities. 
The IASE was immersed in different pH buffer solutions, including those with 2, 4, 7, 10, 
and 12 pH values. The transfer characteristic (drain current, ID versus reference voltage, 
VREF) and the output characteristic (drain current, ID versus drain-source voltage, VDS) were 
obtained from these measurements. During transfer characteristic measurement, the VD was 
set at 100 mV, and VREF sweeps from 0 to 3 V. To assess the pH sensitivity performance 
of the fabricated IASE, a graph depicting the relationship between the drain current and 
the reference voltage was evaluated. The output voltage was extracted from the ID versus 
VREF curve as the obtained ID of 100 μA corresponding to an applied reference voltage.

RESULTS AND DISCUSSION

Figures 4 to 8 show the transfer characteristics (left) and output voltage graphs (right) 
for fabricated IASE at room temperature, 30°C, 50°C, 70°C, and 100°C, respectively. 
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All transfer characteristic graphs exhibit similar patterns from the result obtained with 
the threshold voltage shifted from a rightward direction. As can be seen on the graph, by 
increasing the pH value from pH 2 to pH 12, the threshold voltage shifted from the left to the 
right direction due to a decrease in hydrogen ion concentration, which reduced the surface 
potential (Das et al., 2014). The sensitivity and linearity were recorded at 66.1 mV/pH and 
0.9561 at room temperature deposition. As the deposition temperature increased to 30°C, 
the sensitivity and linearity were around 64.2 mV/pH and 0.9423, respectively. Further, 
the temperature was increased to 50°C, and the sensitivity increased to 67.3 mV/pH, but 
the linearity slightly decreased to 0.9211. The sensitivity and linearity were around 66 and 
66.7 mV/pH and 0.9343 and 0.9287, respectively, for temperature deposition at 70°C and 
100°C. This result investigates site binding theories to explain how the oxide surface of a 
gate electrode detects the pH. The surface of the metal oxide goes through a process that 
causes it to create hydroxyl groups when immersed in a solution. These hydroxyl groups 
In general, the oxide surface  is composed of a hydroxyl group, OH-. 

Thus, when the metal oxide surface comes into contact with a solution, the surface 
reaction could be protonated by acidic or deprotonated ions in an alkaline solution, thus 
leaving positively or negatively charged ions on the surface of the sensing electrodes 
can either donate or accept a proton as shown in Figure 9. The surface of the sensing 
membrane denoted Ti can be in three different forms: neutral (TiOH), negative (TiO-), 
and positive ( ). The changes in the surface potential depend on the value of the pH 
buffer solution. At a lower pH (acidic), hydrogen ions concentration is high, where more 
positive charges accumulate near the extended gate (SE) and attract more electrons to the 
interface between the gate and the substrate, allowing current to flow from the source to 
drain. However, a higher pH (alkaline) indicates low hydrogen ions concentration; the 
decrease in positive charge near the gate causes the threshold voltage to shift positively. In 
other words, the voltage required to turn on the MOSFET is increased (Sabah et al., 2017). 
The dependency of threshold voltage on the pH value can be illustrated using Equation 1.

  [1]  

Where the [H+]s and [H+]s are the bulk and the surface activity of the H+ ions, q is the electron 
charge, φ0 is the potential on the gate of the transistor, k is the Boltzmann constant, and 
T is the absolute temperature. It was discovered that a lower value of φ0 leads to a lower 
output voltage based on Equation 1.

Table 1 presents a comparative analysis of the sensitivity and linearity values of the 
IASE and TiO2 SE compared to a commercially available RE. The impact of increasing 
drying temperature on these parameters was examined. The findings indicate no significant 
alterations as the drying temperature was raised. The average sensitivity of the IASE 
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Figure 4. Transfer characteristic ID versus VREF and the graph of output voltage for IASE at room temperature

Figure 5. Transfer characteristic ID versus VREF and the graph of output voltage for IASE at 30°C

Figure 6. Transfer characteristic ID versus VREF and the graph of output voltage for IASE at 50°C
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Figure 7. Transfer characteristic ID versus VREF and the graph of output voltage for IASE at 70°C

Figure 8. Transfer characteristic ID versus VREF and the graph of output voltage for IASE at 100°C

Figure 9. Schematic diagram of energy site binding

electrode was approximately 66.12 mV/pH, with the highest sensitivity of 67.3 mV/pH 
recorded at a drying temperature of 50°C. In the case of the TiO2 SE and commercialized 
RE, the sensitivity increased from 46.3 mV/pH to 56.3 mV/pH as the drying temperature 
rose from room temperature to 70°C. Subsequently, it decreased to 52.7 mV/pH when 
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the drying temperature reached 100°C. Table 1 demonstrates that the TiO2 SE and the 
commercialized RE exhibited superior linearity compared to the deposited IASE, albeit 
the disparity was still within an acceptable range.

Table 1 
Comparison sensitivity and linearity value of IASE and TiO2 SE

Temperature (oC) IASE SE+Commercialize RE
Sensitivity Linearity Sensitivity Linearity

Room Temperature 66.1 0.9561 46.3 0.9565
30 64.2 0.9423 48.8 0.9935
50 67.3 0.9211 55.7 0.9999
70 66 0.9343 56.3 0.9994

100 66.7 0.9827 52.7 0.9947

The X-ray diffraction (XRD) pattern of TiO2 thin films at various temperatures is 
shown in Figure 10. Based on the XRD analysis, it shows clearly notable peaks at 2θ 
values of approximately 26.24o, 35.41o, and 50.81o corresponding to the (101), (110), and 
(202) orientations, respectively. These peaks show similarity with several reported works 
(Abdullah et al., 2019; Bakri et al., 2017; Yao et al., 2014). The XRD peaks demonstrate 
that increasing temperature results in higher intensity of diffraction peaks. The intensity 
of XRD peaks reflects the amount and orientation of crystalline material in the thin film. 
The intensity of the TiO2 redox peak increased with increased temperature, indicating a 
higher degree of crystallinity.
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Figure 10. XRD pattern of TiO2 thin films at 
different temperatures

Figure 11 shows the field effect scanning 
electron microscope (FESEM) images 
of TiO2 thin film on an ITO-coated glass 
substrate at different deposition temperatures 
from RT to 100oC. As can be observed, the 
images at lower temperatures indicate a 
substrate covered in an uneven shape that 
contains a few gaps or cracks between TiO2 
particles. It shows that the TiO2 particles are 
not sufficiently mobile to migrate and form 
a more compact structure during the first 
stages of heating. When the temperature is 
increased, a noticeable change can be seen in 
the FESEM images, in which fewer cracks 
were observed, and TiO2 covered a larger 
surface area as the temperature increased 
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from 50 to 100°C. From Figure 11, the temperature also influences the grain size of 
TiO2. As the temperature increases, the grain size becomes larger. Kamrosni et al. (2022) 
have discussed the effect of the annealing temperature of TiO2 on the SEM images. This 
observation agrees with the hypothesis that higher temperatures promote denser coverage 
on the ITO-coated glass substrate by increasing the diffusion and aggregation of the TiO2 
particles. 

RT

100 nm

30°C

100 nm

50°C

100 nm

70°C

100 nm

100°C

100 nm

Figure 11. FESEM images of TiO2 thin film on ITO-coated glass substrate at different temperatures (room 
temperature–100°C)

The connection between the FESEM observations and the XRD results depicted in 
Figure 10 is particularly intriguing. It is believable to suggest that the increased coverage 
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and combination of TiO2 particles at higher temperatures, as seen in the SEM images, 
may be responsible for the structural changes reflected in the XRD data. Specifically, the 
XRD patterns may reveal shifts or alterations in the crystalline phases of the TiO2 thin 
film as a consequence of the temperature-dependent structural evolution witnessed in the 
SEM images.

The energy dispersive x-ray (EDX) spectra of the TiO2 thin film are depicted in Figure 
12. Figure 10 displays the peaks representing the elements found in the sample. It was 
determined that titanium (Ti) and oxygen (O) were present in the sample. This peak's 
energy is associated with the Ti electron shells, which were found to be between 4.5 and 
5.0 keV, and O, which was seen to be at roughly 0.5 keV. The table in the inset illustrates 
the percentages of each element's atomic weight as well as its relative weight. Ti has the 
highest weight percentage at 54.6%, followed by element O with 31.4%, and both come 
from the ITO substrate and TiO2, respectively.

Figure 12. EDX spectra of TiO2 thin film

CONCLUSION

In conclusion, the IASE-based TiO2 SE and Ag/AgCl RE have been successfully fabricated 
on an ITO-coated glass substrate and are being compared TiO2 SE with commercialized 
RE. The deposited IASE was more sensitive to pH measurement than TiO2 SE with 
commercialized RE. However, the drying temperature does not show significant changes 
in IASE performance as the drying temperature increases. In addition, the TiO2 SE and 
the commercialized RE's linearity were better than that of the deposited IASE. Although, 
the linearity of the IASE was still considered acceptable.
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