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Abstract 
 
A variety of uses for the commercial pH sensor have been established; one of them is 
figuring out the pH of plant soil. The accuracy of the commercial pH sensor and the 
long-term reliability of the device, however, appear to be questionable. In this paper, 
we demonstrate highly sensitive extended-gate field effect transistor (EGFET) pH 
sensors that have been examined in pH buffer solutions. The sol-gel spin coating 
process was employed for fabricating TiO2 films and TiO2:PVP composite films on an 
indium-doped tin oxide (ITO)-coated glass substrate to form two distinct sensing 
electrodes for the EGFET. The pH detection performance was investigated using a 
variety of pH buffer solutions ranging from pH2 to pH12. In contrast to TiO2 films 
(49.69 mV/pH), the TiO2:PVP composite films showed a higher sensitivity of 63.2 
mV/pH. To evaluate the stability capabilities of the EGFET pH sensor, hysteresis and 
drift studies were conducted. It was found that the composite TiO2:PVP films were 
able to achieve a distinguished low hysteresis value of 10 mV and a low drift rate of 
11 mV/h compared to TiO2 films and previous reported studies. Further analysis of 
repeatability measurement was carried out three times for the composite films, 
resulting in a constant deviation of 0.002 that corresponded to low pH values. 
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1.0  INTRODUCTION 
 
The establishment of electrochemical pH sensor performance 
has attracted numerous studies to replace the conventional pH 
glass sensor, and the extended-gate field effect transistor 
(EGFET) is one of the recent pH sensors. EGFET is widely known 
for its fast pH detection response and high reliability. Due to 
this factor, it has been used in a wide range of areas, such as 
waste water treatment, food quality monitoring, the medical 
industry, and many more [1]–[4]. This sensor is built with only 
two electrodes: a sensing electrode (SE) and a reference 
electrode (RE). The structure of the EGFET is represented by 
the isolation of the sensing electrode from the gate of the 
metal oxide semiconductor field effect transistor (MOSFET), 
while the connection can be completed by conductive wire like 
copper or aluminium wire. 

The utilisation of MOSFET contributes to the complexity and 
cost reduction in the fabrication of EGFET sensors, which is 
beneficial for semiconductor manufacturing processes. It also 
offers flexibilities in variety material selection and types of 
method deposition as well. Recently, many nanomaterials have 
been tremendously studied; for instance, metal oxides such as 
titanium dioxide (TiO2) have the ability to produce highly 
sensitive EGFET pH sensors. It has a high degree of precision 
and a high sensitivity to H+ ions, which is a factor in material 
selection [5]–[7]. There are already numerous published 
methods for producing TiO2-based thin films [8]–[10] Due to its 
affordability, straightforwardness of use, and low-temperature 
thin film fabrication procedure, sol-gel spin coating was chosen 
among all other methods for depositing TiO2-based thin films. 

Yang et. al. produced a nano-flower-structured TiO2 sensing 
membrane prepared by hydrothermal with a 46 mV/pH 
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sensitivity value and a great linear response of 0.9989 [11]. In 
another study, TiO2 nanowires were produced using an E-beam 
evaporator, and the pH sensitivity was lower than expected, 
which is 32.65 mV/pH [12]. This might be due to the thick layer 
of TiO2 films that existed beneath the nanowire structures that 
created sheet resistance at the interfacial layer between the 
metal surface and the sensing membrane layer. Furthermore, it 
could cause a discrepancy in charge transfer and affect the 
response time, especially for basic solutions. To overcome this, 
Chen et. al. proposed functional superhydrophilicity TiO2 films 
with pore networks to improve the time response; however, 
the films are facing other difficulties, such as sensing stability, 
that can have an impact on the real-time monitoring system 
[13]. Other than the sensitiveness towards OH- and H+ ions, fast 
response and stability also play roles in a high-performance 
EGFET pH sensor. Considering this drawback, researchers are 
focusing on employing TiO2 nanocomposite-based films as the 
pH sensing membrane to improve the sensing behaviour of the 
EGFET sensor. 

Polyvinyl pyrrolidone (PVP), also commonly known as 
polyvidone or povidone, is a water-soluble polymer that has 
beneficial material properties such as flexibility, 
biodegradability, non-toxicity, and environmental stability. 
Furthermore, it has a low diffusion loss, which makes it the 
perfect polymer for composite materials that involve a 
substantial charge transport mechanism [14]. Due to these 
reasons, PVP has been developed as a sensing electrode in 
various ion detection applications due to its remarkable 
material properties [15], [16]. Recently, Kamarozaman et al. 
suggested that EGFET sensors with conducting polymers to be 
mixed with TiO2 revealed very sensitive performance, as the 
sensor reached over Nernstian limits, i.e., 66.1 mV/pH [8]. 
Another work has been done using TiO2:PPI nanocomposite, 
which was initiated by highly stable SE by taking into account 
its low drift rate [17]. The combination of organic and inorganic 
composites can be aptly considered to create unique properties 
such as high-selectivity EGFET pH sensors, which favour 
biosensor applications as well [2], [18]. Table 1 depicts the pH 
sensitivity value of TiO2-based thin films. 

 
Table 1 Previous studies on TiO2 films-based pH sensitivity 

 

No. Sensing Electrode 
Sensitivity Value 

(mV/pH) 
Reference 

1 TiO2 Nano-flower 46 [11] 
2 TiO2 nanowires 32.65 [12] 
3 TiO2:PANI 66.1 [8] 
4 TiO2:PPI 57 [17] 
    

 
To date, TiO2-based nanocomposite films for EGFET pH 

sensor applications have not yet reached comprehensive 
electrochemical measurements. In this study, the sensing 
electrode was prepared utilizing composition of TiO2 and PVP 
(TiO2:PVP) film. Meanwhile, TiO2 film was deposited as another 
sample of SE for comparison purpose. Furthermore, to 
investigate the reliability and long-term stability of the sensing 
electrode in pH sensing response, the measurements were 
repeated multiple times in accordance with the pH2 to pH12 
range. 

 
 

2.0  METHODOLOGY 
 

Two sensing electrodes (i) TiO2 film and ii) TiO2:PVP films were 
fabricated on indium-doped tin oxide (ITO) coated glass 
substrates. Before the deposition process, the substrates were 
cleaned with methanol and deionized water and subsequently 
dried with an air blower to remove any residual moisture. The 
preparation of TiO2 solution consists of several materials: 
titanium isopropoxide, Ti[OCH(CH3)2]4, Triton X-100, glacial 
acetic acid, and ethanol absolute as a precursor, surfactant, 
stabiliser, and solvent, respectively. The preparation of 
polyvinylpyrrolidone (PVP) solution was separated in another 
beaker. First, 0.1 wt% PVP powder was dissolved in a mixture of 
ethanol and deionized (DI) water. Then, a mixture of TiO2 and 
PVP solutions was set at a ratio of 2:1 and stirred for 1 hour at 
room temperature. Prior to the material deposition process, 
Kapton tape was used to cover half of the ITO-conductive 
surface. The purpose is to create a connection between SE and 
the gate of the FET device, as illustratively shown in Figure 1. In 
the same figure, the sample structures of (a) TiO2 and (b) 
TiO2:PVP SE can be referred to as well. The thin film deposition 
process was set at 3000 rpm spin speed for 60 seconds. The 
films were dried in a hot oven at 150 °C for 10 minutes. Then, 
only TiO2 was annealed at 400°C for 10 minutes and finally 
formed the TIO2/ITO sensing electrode. Meanwhile, 
TiO2:PVP/ITO was prepared as a sensing electrode without 
annealing treatment procedure. 

 
Figure 1 Electrochemical EGFET pH sensor measurement setup with 
sensing electrode configuration, (a) TiO2:PVP composite film, and (b) 
TiO2 films 
 

The pH EGFET electrochemical measurement set-up is 
depicted in Figure 1, where SE and RE are connected to a 
commercial MOSFET (CD4007UBE) and a Semiconductor 
Devices Analyzer Keysight B15000A, respectively. A conductive 
Cu wire was used to connect SE and the gate of the MOSFET 
device. To maintain a complete potential loop throughout the 
measurements, a commercial reference electrode (RE) (RE-1B 
Ag/AgCl, Metrohm) was employed in this study. In a pH buffer 
solution, these electrodes were carefully placed opposite each 
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other and immersed for a minute prior to measurement. 
Various pH values were utilised in this study, i.e., pH2, pH4, 
pH7, pH10, and pH12. 

 
 

3.0 RESULTS AND DISCUSSION 
 

Using a semiconductor device analyser, transfer characteristics 
(IDS–VREF) for both SEs, the single film of TiO2 and the composite 
films of TiO2:PVP in the linear region is shown in Figure 3. At x-
axis, reference voltage (VREF) was set in range from 0 V to 3 V. 
The pH sensing measurement was focused within pH2 to pH12. 
As a result of the pH increasing (decreased hydrogen ions 
concentration), all transfer curves for the samples exhibited 
right shifts. This result formed an interaction between the 
hydroxyl groups on SE's oxide surface and an electrolyte 
solution that contains H+ and OH- ions. Figure 2 essentially 
depicts the immersion process interaction between the metal 
oxide and electrolyte. According to the types of pH buffer 
solution, it can be categorised into three reactions: neutral, 
acidic, and alkaline.   
 

Figure 2. Illustration of metal oxide surface reaction at different pH 
conditions 

 
Since there is a significant concentration of H+ ions in most 

acidic solutions, the hydroxyl (-OH) group on the metal oxide 
surface picks up an H+ ion and creates a positive charge surface. 
As a result, the protonation process is taking place. The chance 
for the metal oxide surface to lose the H+ ion from the hydroxyl 
group and undergo deprotonation is greater in an alkaline 
solution due to the larger concentration of OH- [19]. 

The most crucial requirement for a pH sensor is that it has 
good sensitivity. Sensitivity is a measurement in which the 
sensing material could serve as the sensitive layer and its 
capacity to interact with hydrogen ions in the solution is 
assessed. According to the site-binding theory, the surface 
potential between the electrolyte interface and the sensing 
electrode is influenced by the number of binding sites on the 

sensing surface. Hence, the difference in surface potential is 
described in Equation (1): 


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Where pHPZC is the value of pH buffer solution at zero charge 

point, q is the electron charge, k is Boltzmann’s constant, T is 
the temperature, Ψ is a linear response to the pH, and β is the 
sensitivity parameter of the gate insulators that is reliant upon 
the hydroxyl groups' surface density. At room temperature 
(300 K), the maximum pH sensitivity of ~59.2 mV/pH at the 
gate sensing electrode surface is obtained when the sensitivity 
parameter (β) approaches unity, and it is known as the Nernst 
limit [20], [21], [22].  

The The constant current of 100 µA from drain current (IDS) 
was used to extract the VREF value from the transfer curve plot, 
as indicated in Figure 3 (a). Also, this constant current has been 
applied by other studies that utilised the same CD4007UBE as a 
commercial MOSFET [11], [23], [24]. Hence, the sensitivity and 
linearity values of the samples were determined with regard to 
each pH value. In Figure 3(b), the sensitivity value for TiO2 film 
was quite low, i.e., 49.69 mV/pH. Meanwhile, the sensitivity 
value of the TiO2:PVP composite film was found to be the 
highest in this study, which is 63.17 mV/pH. Hence, the 
TiO2:PVP composite film showed a super-Nernstian pH 
response, where the sensitivity value exceeded the Nernstian 
limit. The super-Nernstian response could be associated with a 
more efficient proton-exchange process due to the polymeric 
and metal oxide material composites that cause the sensing 
electrodes to experience distinct oxidation states, which raises 
sensitivity and far more accurate pH change detection [8], [23], 
[25]. 

Furthermore, Furthermore, this is in line with the previous 
research review, which discovered that a metal oxide and 
conductive material combination is advantageous for pH 
sensing since it creates an ion transfer channel [6]. The 
sensitivity value found in the current study was comparable to 
earlier studies utilising a similar combination of the TiO2-
conducting polymer, for instance, TiO2:PANI [8]. Veira et. al. 
performed pH sensor measurement with fabricated layer-by-
layer PPI/TiO2 and obtained a slightly low sensitivity value of 57 
mV/pH. Additionally, research on the pH sensitivity of single 
TiO2 films made using different fabrication techniques has been 
done elsewhere and exhibited sensitivity values ranging from 
36 to 52 mV/pH [5], [7], [13], [26].  

The output characteristics (IDS-VDS) in the saturation regime 
are shown in Figure 4. This regime is formed by the current 
flow from drain to source in the channel, and at a fixed gate 
voltage, IDS becomes almost constant. Here, the saturated drain 
current was taken at VDS = 2 V, and the sensitivity was 
determined by a similar procedure using slope and linear 
regression of the IDS-pH level graph. This revealed that the 
sensitivity for TiO2 films and TiO2:PVP composite films was 1.0 
and 1.27 (µA)1/2/pH, respectively. From this, it is confirmed that 
the prepared TiO2:PVP composite film possessed highly 
sensitive criteria as SE for an EGFET pH sensor. 

The capacity of a sensor to be used under repeated 
measurement more than once is known as repeatability 
measurement. In this work, only IDS-VREF transfer characteristics 
in the linear region measurement were repeated with the same 
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setting three times. Table 2 depicts the VREF for each pH value 
at readings 1, 2, and 3, and the pH sensitivity and linearity of 
the EGFET sensor were determined for each reading 
accordingly. Here, almost no changes in VREF values were 
observed within the measurement readings as the standard 
deviation of 0.002 remained the same for each pH2 to pH10; 
however, a slightly large deviation of 0.007 occurred at the 

highest basic solution used in this study (pH12). Additionally, 
the sensitivity values for Reading 1, Reading 2, and Reading 3 
were 63.8 mV/pH, 63.1 mV/pH, and 62.6 mV/pH, respectively. 
As a result, the average sensitivity and linearity value of the 
TiO2:PVP EGFET pH sensor obtained with the deviation factor 
were 63.1 ± 0.60 mV/pH and 0.9902 ± 0.002. 

 

 
(a) 

 

 
(b) 

Figure 3 Plot of IDS-VREF transfer characteristic in linear region (left) and Vref-pH value (right), (a) TiO2 film and (b) TiO2:PVP composite film. 
 
 

Table 2 Repeatability measurement of TiO2:PVP composite film  
 

pH *VREF (V) Average (V) Standard Deviation 
01 02 03 

2 1.507 1.507 1.507 1.507 0.000 
4 1.620 1.622 1.623 1.624 0.002 
7 1.819 1.818 1.816 1.818 0.002 

10 1.906 1.904 1.903 1.904 0.002 
12 2.209 2.202 2.196 2.202 0.007 

*VREF value at 100 µA of IDS 
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(a) 

 

 
(b) 

 
Figure 4 Plot of IDS-VREF output characteristic in saturation region (left) and (IDS)1/2-pH value (right), (a) TiO2 films and (b) TiO2:PVP composite film 

 
 

Further Further investigation of the electrochemical pH 
sensor characterization is the hysteresis. This measurement 
was set for 25 minutes of alternate cycles of various pH buffer 
solutions, i.e., pH pH710747 arrangement loops as 
shown in Figure 5(a). Most previous studies highlighted pH4, 
pH7, and pH10 loops to be conducted for hysteresis 
measurement [8], [23], [27]. To obtain the hysteresis value of 
the sensing layer, the difference in reference voltage between 
the initial, t0, and final, tf, described as ∆VREF = VREF (t0) - VREF (tf), 
was determined. The TiO2 and TiO2:PVP composite films 
demonstrated almost similar hysteresis voltages, i.e., 11 mV 
and 10 mV, respectively. In Figure 4(a), a 1 mV difference for 
both electrodes resulted from hysteresis measurement. 
Nevertheless, degradation of the sensing performance of TiO2 
films can be seen on the basic side compared to TiO2:PVP 
composite films. Yao et. al. reported alleviation of hysteresis 
value when the contrast arrangement was demonstrated, 
pH710747 [26]. Similar observations were obtained in 
other studies as well [22]. Besides that, the difference in 
hysteresis value between acid-site (pH 747) and basic-site 

(pH 7107) was also highlighted in this study. As a result, 
the hysteresis characteristic of TiO2:PVP composite film at the 
acid site demonstrated a slightly greater value (30 mV) than at 
the basic site (22 mV). This finding is in contrast to the most 
previous studies, which stated there were significant highly 
hysteresis characteristics at the basic site compared to the acid 
site [7], [13], [26]. This could be a result of the interaction 
between the electrolyte's H+ and/or OH- ions and the surface 
sites that are delayed in responding underneath the surface of 
the membrane [19]. Also, because of irregularities in the 
membrane, hysteresis becomes affected by the chemical 
interaction of ions in the electrolyte with delayed response 
surface sites. 

The drift, or change in the measured value over a period of 
time in a fixed pH buffer solution, essentially characterises the 
electrochemical sensor's long-term stability. The drift rate 
(∆VREF/h) is proportional to the changes in VREF in accordance 
with the given time. The drift measurement was taken precisely 
for pH7 buffer solutions in 2 hours, and the value of VREF vs. 
time was plotted in Figure 5(b). The drift rate of 20.5 mV/h was 
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obtained using TiO2 films. Meanwhile, a smaller drift rate of 11 
mV/h was found with TiO2:PVP films; therefore, the composite 
films improved the device’s stability, and this proved that the 
surface of TiO2:PVP films showed better ion interaction in the 
given immersion period. The summarized sensing performance 
of the TiO2 and TiO2:PVP films are tabulated in Table 3. 

 

(a) 

(b) 
Figure 5 Stability performance of TiO2 film (square, black) and TiO2:PVP 
composite film (circle, red), (a) hysteresis characteristic in 
pH7pH4pH7pH10pH7 arrangement and (b) drift 
measurement for 2 hours in pH7 buffer solution. 
 
 
Table 3 Sensing performance of TiO2 films and TiO2:PVP composite 
films. 

Sensing 
Electrode 

Sensitivity 
(mV/pH) 

Linearity Hysteresis 
(mV) 

Drift Rate 
(mV/h) 

TiO2 49.69 0.9923 11 20.5 

TiO2:PVP 63.17 0.9903 10 11 

 

4.0  CONCLUSION 
 
In conclusion, we successfully fabricated a sensing electrode of 
TiO2 film and TiO2:PVP composite film for an EGFET pH sensor 
as a sensing electrode. Compared to TiO2 film, the composite 
film was shown to be highly sensitive to a wide range of pH 
values (Ph2, pH4, pH7, pH10, and pH12), and repeatability 
measurements showed that it made a good pH-sensing 
electrode. The TiO2:PVP:PVPsing electrode experienced a 
super-Nernstian response, a pH sensitivity of 63.2 mV/pH, and 
a linearity almost ~1 achieved in this study. The composite films 
managed to serve as an accurate and stable sensing electrode, 
proven by a lower drift rate of 11 mV/h and a small hysteresis 
value of 10 mV as well. This demonstrated the capability of the 
composite film to serve as a sensing electrode for the EGFET pH 
sensor. To perform for a longer period, additional analysis will 
be done. 
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