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ABSTRACT 

 

Zinc oxide (ZnO) sensing electrode (SE) for extended gate field-effect 

transistor (EGFET) nitrate sensor was deposited on top of indium tin oxide 

(ITO) substrate using two different methods which were spin coating and 

chemical bath deposition (CBD) methods. To investigate the correlation 

between physical properties and sensing performance based on different 

growth methods, the deposited samples were characterized on its surface 

morphology using field emission scanning electron microscopy (FESEM). The 

ZnO sample deposited using spin coating showed an agglomerated structure 

while ZnO nanorods (ZnR) were observed on the ITO sample using the CBD 

method. Before the nitrate sensing measurement, the polyvinylpyrrolidone 

(PVP) polymer was deposited on top of ZnO samples for both methods at 

different concentrations of 2, 4 and 6 wt%. Both samples showed the ability as 

a SE for the EGFET nitrate sensor with 4 wt% PVP showed the optimum 

sensing behaviour.  Based on the results obtained, the sensitivity of the ZnO 

SE using spin coating and ZnR by CBD method were 3.9 and 59.8 mV/dec, 

respectively, with the linearity 0.92919 and 0.98414, respectively. It was 

evident that nitrate sensing performance depended on the SE’s growth 
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morphology. The high sensitivity of ZnR SE was related to nanorods structure 

that provides a high surface area and facilitates more contact between SE and 

nitrate solution for ion adsorptions. As a comparison, a sample without ZnO 

material with 4 wt% of PVP concentration was deposited and tested for nitrate 

sensing performance. The sensitivity and linearity of PVP sample were 20.60 

mV/dec and 0.76601. It was proven that the ZnO material plays important role 

in increasing the nitrate sensing performance. 

 

Keywords: ZnO; Thin Film; Nanorods; EGFET; Nitrate Sensor 

 

 

Introduction 
 

Nitrate is one of the crucial elements that play an important role in living 

things' physiological and biochemical functions. This nitrate is required by 

plants for healthy growth and development. Meanwhile, for humans, dietary 

nitrates, which are mostly found in green leafy vegetables, water and fruits are 

turned into nitric oxide have beneficial effects such as lowering blood pressure, 

preventing cardiovascular diseases and boosting blood flow. However, 

anthropogenic activities based on nitrate in wide fields especially agriculture, 

food processing and industries lead to an excess amount of nitrate in 

ecosystems that are harming the environment and human health [1]. Therefore, 

monitoring concentration levels in the environment are becoming particularly 

crucial. 

Various analytical procedures for nitrate detection have been developed 

and reported such as colorimetric, spectrometric and ion chromatography [2]-

[4]. However, the existing methods require complex instruments, a vast 

workspace, and professional hands to operate [5]-[7]. These drawbacks caused 

the existing methods expensive and time-consuming. Hence, electrochemical 

techniques are appealing options in replacement to the existing techniques. 

This technique is particularly interesting because they enable the construction 

of integrated chemical/electrochemical sensors using ion-sensitive electrodes 

(ISE). As a result, potentiometric, amperometric, and impedimetric detection 

methods for nitrogen-based ions have been thoroughly developed [8]. The 

potentiometric method based on extended-gate field-effect transistor (EGFET) 

has gained considerable attention since this technique offers lots of advantages 

such as simple and flexible connection, insensitive to light and temperature, 

and low cost [9]-[11]. This EGFET is made up of an ion-sensitive electrode 

which is also known as a sensing electrode (SE) and a metal-oxide-

semiconductor field-effect transistor (MOSFET) device. Only SE is directly 

immersed in measurement solutions while MOSFET is isolated. Based on 

previous research on EGFET, most researchers are focusing on SE since this 

part is believed to improve sensing performance [12]-[14]. Metal oxide 

material has received significant attention as SE due to its excellent properties 
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in terms of electrical and chemical [15]-[17]. Among these metal oxides, ZnO 

is one of the best candidates due to its nanostructures facilitating a high 

surface-to-volume ratio and fast electron communication for excellent sensing 

performance [18]. This variety of ZnO nanostructures can be synthesized using 

a wide range of methods such as physical vapour deposition (PVD), 

hydrothermal, sol-gel and chemical bath deposition (CBD). Spin coating and 

CBD methods are well-known methods to synthesize ZnO nanoparticles and 

nanostructures, respectively. The sol-gel spin coating technique is a simple 

deposition method with a higher throughput that does not necessitate the use 

of time-consuming vapour phase deposition equipment [19]. Meanwhile CBD 

method has several advantages compared to other nanomaterial synthesis 

methods such as simplicity, reliability and versatility for large-scale production 

and can be synthesized at low temperatures [20]-[21]. Besides that, this CBD 

method also exhibits high purity and controlled growth of ZnO nanostructure’s 

size and morphologies. 

Nowadays, the combination of metal oxide with polymeric material as 

SE has become a popular option for in-situ ionic sensors due to its tunable 

properties and robustness. This polymer is used to modify the SE in terms of 

electrical, mechanical, structural and surface morphology properties [1]. The 

major disadvantages associated with metal oxide sensors are their poor 

selectivity, therefore, the cooperation of polymer into the metal oxide sensing 

layer improves the selectivity of target ion [22]-[23]. Polyvinyl pyrrolidone 

(PVP) has several advantages in terms of flexibility, environmental stability, 

non-toxic and biodegradable. Tang et al. [24] have reported their work on 

nitrate detection using PVP based on a fluorescent sensor. From their research, 

its shows that the PVP polymer can detect nitrate ions. 

In this work, the ZnO SE based on the EGFET sensor has been 

synthesized using two different methods namely spin coating and CBD method 

with varied PVP concentrations at 2, 4 and 6 wt%. The correlation of ZnO 

growth morphology with nitrate sensing performance at optimum PVP 

concentration has been observed. 

 

 

Experimental 
 

In this research 1 x 2 cm2 ITO substrate was used to deposit ZnO SE. However, 

only 1 x 1 cm2 of ITO substrate was used to deposit ZnO SE using 2 different 

methods which are the spin coating technique and CBD method respectively. 

The rest of the 1 x 1 cm2 ITO substrate was insulated during the deposition 

process for EGFET wire connection during sensor measurement. The ZnO 

deposited by the spin coating technique was used as a seed layer for ZnO 

nanostructures growth using the CBD method. The fabrication of ZnO SE is 

thoroughly explained in detail below. 
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Deposition process of ZnO seed layer 
Zinc acetate dihydrate (ZnAc2), 2-methoxyetanol (C3H5OH) and 

monoethanolamine (MEA) were used as precursor, solvent and stabilizer 

respectively. All the materials were mixed to form 0.4 M of ZnO solutions. 

Then, the mixture solution has undergone an aging process on a hot plate at 80 

˚C for 3 hours. The heat was then turned off and the mixture solution was 

continued to be stirred for another 24 hours to form a homogenous and clear 

ZnO solution. The ZnO solution was deposited on a 1 x 1 cm2 ITO substrate 

using a spin coater at 3000 rpm. Finally, the deposited samples were dried for 

10 minutes at 150 °C before being annealed for 1 hour at 500 °C. 

 

Deposition process of ZnO nanostructures 
A two-step method was used to deposit ZnO nanostructures. First, the ZnO 

seed layer was deposited using the spin coating technique as explained above 

and followed by the growth of the ZnO nanostructures by CBD method. In this 

process, the zinc nitrate hexahydrate (Zn(N03)2.6H2O) was used as a precursor 

while hexamethylenetetramine (HMT, (C6H12N4)) was used as a stabilizer. 

Before the deposition process, Zn(N03)2.6H2O and C6H12N4 were dissolved in 

500 ml deionized (DI) water to form 0.1 M of ZnO solution. Then, the mixture 

solution was sonicated for 30 min at 50 ˚C in an ultrasonic bath. After the 

sonicated process, the solution underwent a stirring process at 300 rpm for 3 

hours. The stirred temperature was set at room temperature. After that, the ITO 

substrate containing the ZnO layer which was deposited before using spin 

coating was used as a seed layer and immersed in prepared solutions. All the 

prepared solutions were placed in the water bath for 1 hour at 95 ˚C. After the 

deposition process, the deposited ZnO nanostructures samples were dried for 

10 min at 50 ˚C followed by an annealing process at 500 ˚C for 1 hour. The 

chemical reaction involved in Zn production is explained in Equations (1) to 

(5) below [25]:  

𝑍𝑛(𝑁𝑂3)2. 6𝐻2𝑂 → 𝑍𝑛2+ + 2𝑁𝑂3
− + 6𝐻2𝑂 (1) 

𝐶6𝐻12𝑁14 + 6𝐻2𝑂 → 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3 (2) 

𝑁𝐻3 + 𝐻2𝑂 → 𝑁𝐻4
+ + 𝑂𝐻− (3) 

2𝑂𝐻− + 𝑍𝑛2+ → (𝑍𝑛(𝑂𝐻)2 (4) 

(𝑍𝑛(𝑂𝐻)2 → 𝑍𝑛𝑂 + 𝐻2𝑂 (5) 

 

The dissolution of Zn(N03)2.6H2O in DI water produced Zn2+ for the 

formation of ZnO nanorods as shown in Equation (1) while the dissolution of 

C6H12N4 in DI water yielding formaldehyde (HCHO) and ammonia (NH3) as 

shown in Equation (2). Based on Equation (3), ammonium (NH4
+) and 
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hydroxyl (OH) ions were formed when NH3 dissolves in water (H2O). The 

produced OH- was reacted with the Zn2+ and formed the zinc hydroxide 

((Zn(OH)2) that finally decomposed into ZnR and H2O as described in 

Equation (4) and Equation (5), respectively. 

 

Deposition process of polyvinylpyrrolidone (PVP) polymer 
In this work, polyvinylpyrrolidone (PVP) was deposited on top of the ZnO 

layer deposited using both methods by spin coating technique. PVP was 

prepared by mixing the PVP powder with 20 ml of solvent. The absolute 

ethanol and DI water were used as solvents with a ratio of 8:2 respectively. 

Then, the prepared PVP solution was stirred for an hour at 350 rpm. After the 

stirring process, the prepared PVP solution was dropped on the ZnO layer and 

ZnO nanostructures using spin coating. The spin coating was set for 2 cycles 

at 500 rpm for 10 sec and 3000 rpm for 30 sec respectively. At the end of the 

process, the prepared samples were dried on a hot plate at 100 °C for 10 min. 

As-deposited sample without ZnO material was prepared for comparison. 

 

Samples characterization 
The surface morphology of deposited samples was observed using Field- 

Emission Scanning Electron Microscope (FESEM) in order to study the 

relationship of growth morphology with sensing performance. For nitrate 

sensing performance measurement, the deposited samples were connected to a 

copper wire and insulated using epoxy to prevent the solution from leaking 

during the measurement process. The gate of a commercialized n-type FET 

was connected to the end of the copper wire. The deposited sample and 

commercialized silver/silver chloride (Ag/AgCl) reference electrode (RE) 

were immersed together into the different concentrations of nitrate solution 

varied from 0 to 100 ppm. The nitrate measurement setup was shown in Figure 

1. The current-voltage (Id-Vref) properties of the deposited samples were 

measured using a Keysight B1500A Semiconductor Device Analyzer. The gate 

voltage versus nitrate concentration graph was plotted based on transfer curve 

measurement at 100 µA drain current for each nitrate concentration. The sensor 

sensitivity was calculated using the slope of the Vref -nitrate concentration 

graph, and the linearity was determined using linear regression (R2). 
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Figure 1: EGFET setup for nitrate sensing measurement 

 

 

Result and Discussions 

 

Surface morphology of deposited ZnO SE 
Figure 2 shows the surface morphology of the ZnO layer using (a) spin coating 

and (b) CBD methods respectively. The inset of Figure 2b shows the cross-

section layer of the ZnO sample deposited using the CBD method. From Figure 

2a, the ZnO agglomerated roughly on ITO substrate and formed the granular 

structure of ZnO particles while Figure 2b shows that the ZnO grown 

uniformly and formed ZnO nanorods (ZnR). This ZnR was observed on a 

cross-section image as shown in the inset of Figure 2b.  

The formation of the granular structure of ZnO particles using spin 

coating is due to a continuous coarsening process that occurs at the dried and 

final annealing process of the samples. The agglomeration of small grains 

under the influence of thermal energy results in the formation of large grains 

[26]. The ZnO deposited by spin-coated was used as a seed layer template for 

CBD deposition acts as nucleation site for the growth of ZnR by reducing the 

inherent lattice mismatch [27]. This ZnR mechanism can be explained by 

Ostwald ripening process3. According to Ostwald’ ripening process [28], the 

molecules on the surface of a small particle tend to detach and diffuse into the 

solution, increasing the concentration of free molecules in solution. At the 

supersaturated point, these molecules tend to condense on the surfaces of larger 

particles. As a result, all smaller particles diminish while larger particles 

develop. ZnR will then "push on" from both the prepared sites and the 

aggregated ones. Since larger particles are more energetically stable than 

smaller ones, this process is also thermodynamically spontaneous [28]. 

 

 



Correlation of ZnO Surface Morphology and Sensing Performance 

 

71 

   
         (a)       (b) 

 

Figure 2: Surface morphology for; (a) ZnO seed layer and, (b) ZnR inset with 

the cross-section for ZnR 

 

ZnO SE EGFET sensor characterizations 
The deposited samples were characterized on EGFET nitrate sensor 

characteristics in terms of the transfer characteristic, sensitivity, and linearity 

respectively. A detailed explanation of each characterization is discussed 

below. 

 
Transfer characteristic 
The transfer characteristic of drain current versus voltage reference, Vref for 

ZnO and ZnR was examined using a Keysight B1500A Semiconductor Device 

Analyzer. In this measurement, the Vref was swept from 0 to 3 V. Figure 3 and 

Figure 4 show the transfer curve characteristic for ZnO and ZnR SE at a) 2, b) 

4 and c) 6 wt% of PVP concentration, respectively. From both Figure 3 and 

Figure 4, it can be seen obviously only samples 4 wt% have a normal voltage 

shifted from right to the left. At 4 wt% PVP concentration, the shifted gap 

difference of sample ZnO SE is equally for each nitrate concentration. 

However, for ZnR sample at 4 wt% PVP concentration, it can be seen in Figure 

4b the gap between Vref at 50 ppm and 100 ppm quite large compared to ZnO 

SE (Figure 3b). While for 2 and 4 wt% samples, both ZnO and ZnR SE shows 

the overlapping transfer curve between 0 and 10 ppm and also 50 and 100 ppm 

respectively. This overlapping curve indicating that sample at 2 and 4 wt% of 

PVP concentration is not suitable as a sensor device. Based on this result, the 

Vref for each concentration was observed and plotted versus nitrate 

concentration in log10 as shown in Figure 5 and Figure 6, respectively, then 

the nitrate sensitivity of the samples was calculated from the slope of Vref- 

log10 NO3- plot. 
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(a) 

 

         
(b) 

 

 
(c) 

 

Figure 3: ZnO seed layer transfer characteristics (Id-Vref) of ZnO SE at a) 2 

wt%, b) 4 wt% and c) 6 wt% of PVP concentration 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 4: ZnR transfer characteristics (Id-Vref) of ZnO SE at a) 2 wt%, b) 4 

wt% and c) 6 wt% of PVP concentration 

 

 

2 wt% [PVP] on ZnR SE 
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Sensitivity and linearity 
Figures 5a, 5b and 5c show the Vref-log [NO3

-] graph plotted for ZnO SE 

deposited using spin coating technique at 2, 4, and 6 wt% PVP concentration, 

respectively. The obtained sensitivity and linearity values from these results 

were tabulated in Table 1. 

 

 
      (a)            (b) 

 

 
(c) 

 

Figure 5: Vref-Log[NO3
-] graph of ZnO sensing electrode deposited using 

spin coater technique at (a) 2, b) 4 and c) 6 wt% of PVP concentration 

 

From Table 1, the sensitivity of ZnO SE deposited using spin coating at 

2, 4 and 6 wt% PVP concentrations are 38.9, 53.9, and 35.89 mV/dec while its 

linearity is 0.84010, 0.92919, and 0.97376, respectively. These results show 

that 4 wt% PVP concentration gives the optimum sensitivity value for nitrate 

sensing performance. 
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Table 1: The sensitivity and linearity values of ZnO sensing electrode 

deposited using spin coating technique at different PVP concentrations 

 

PVP Concentration 

(w%) 
Sensitivity (mv/Dec) Linearity 

2 38.90 0.84010 

4 53.90 0.92919 

6 35.89 0.97376 

 

The same process has been done for ZnR SE at different PVP wt% 

concentrations, as shown in Figure 6. The obtained results for ZnR SE nitrate 

detection are tabulated in Table 2. From this table, it can be seen that the 

optimum sensing performance for ZnR also is obtained at 4 wt% with 

sensitivity and linearity of 59.8 mV/dec and 0.98413 respectively. This result 

proved that the sensing performance of deposited ZnO is dependent on the 

surface structure. The ZnR structure improves the sensitivity and linearity 

value of the nitrate sensor compared to ZnO agglomeration particles. This is 

due to ZnR having a high surface-to-area ratio that provided a high surface area 

for ion reaction. Both samples ZnO and ZnR SE shows the decrement of 

sensitivity values when the PVP concentration wt% was increased to 6 wt%. 

This may be due to an increase of SE thickness and resistivity [29] which 

results in a decrease of the potential voltage produced. 

To confirm that high sensitivity comes from ZnO material, a sample 

without ZnO was deposited using the 4 wt% of PVP concentration. 

Summarized data on sensitivity and linearity for PVP, ZnO and ZnR SE are 

tabulated in Table 3, for comparison. From the results obtained the sensitivity 

and linearity of the PVP sample is 20.60 mV/dec and 0.76601. The sensitivity 

and linearity values of the PVP sample are the lowest compared to the ZnO 

and ZnR SE. This result proved that the high sensitivity of nitrate sensing 

comes from the ZnO material itself. 

Comparing the sensitivity and linearity of ZnO and ZnR SE, it can be 

seen that both samples work very well as nitrate sensing electrodes. The value 

of sensitivity was improved from 53.90 to 59.8 mV/dec for ZnR SE compared 

to ZnO SE. While for linearity, the value was improved from 0.92919 to 

0.98413. This improvement in nitrate sensing performance was attributed to a 

different kind of surface morphology even though the same material is used. 

The deposited ZnR SE exhibits a high surface area to volume ratio that 

facilitates more surface possibilities for the nitrate ions binding, resulting in 

high sensitivity of nitrate detection1. Meanwhile, the flat surface of ZnO SE 

caused a less exposed surface for nitrate ions reaction. Furthermore, the 

existence of thousands of nanorod structures on the ZnO seed layer surface 

acting as an independent electrode for the sensing reaction may contribute to a 

highly sensitive response compared to ZnO SE [30]. 
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  (a)          (b) 

 

 
(c) 

 

Figure 6: Vref-Log[NO3
-] graph of ZnR sensing electrode deposited using spin 

coater technique at (a) 2, b) 4 and c) 6 wt% of PVP concentration 

 

 

Table 2: The sensitivity and linearity values of ZnR sensing electrode 

deposited using spin coating technique at different PVP concentrations 

 

PVP Concentration 

(w%) 

Sensitivity (mv/Dec) Linearity 

2 27.87 0.86996 

4 59.8 0.98413 

6 43.90 0.99915 
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Table 3: Comparison on sensitivity and linearity values of the EGFET 

sensing electrode at 4 % PVP concentration 

 

Type of SE Sensitivity (mv/Dec) Linearity 

PVP Sample 20.60 0.76601 

ZnO Seed Layer 53.90 0.92919 

ZnR 59.80 0.98413 

 

 

Conclusion 
 

ZnO layer and ZnR were successfully deposited on ITO substrate as EGFET 

nitrate sensor SE using spin coater and CBD methods. The surface morphology 

of ZnO SE was dependent on the deposition method. Agglomerate particles of 

ZnO were obtained using the spin coating technique, while for the samples 

deposited using the CBD method, the ZnR was observed. The PVP 

concentration effect at 2, 4 and 6 wt% on nitrate sensing performance were 

investigated for both deposited ZnO SE using an EGFET setup. Both samples 

showed the optimum nitrate sensitivity values at 4 wt% of PVP concentration. 

The performance of ZnO SE as a nitrate sensor shows a correlation with the 

growth morphology. The sensitivity of ZnO SE using the spin coating 

technique was 53.9 mV/dec while ZnR SE obtained from the CBD technique 

was 59.8 mV/Dec. Nanorod structure enhanced the sensor performance by 

facilitating more reaction sites due to the high surface-to-volume ratio. The 

sensitivity of the sample without ZnO (PVP sample) was 20.6 mV/Dec. These 

results proved that the ZnO material has a significant effect on nitrate sensing 

behavior.  
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