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Abstract
Nanostructured zinc oxide sensing film was deposited on the Si/SiO2/Pt substrate by the RF magnetron sputtering process. 
The film was characterized by FESEM (field-emission scanning electron microscope) and XRD (X-ray diffraction) for their 
morphology and structural analysis. The FESEM results show that the film morphology is in nanophase with an average 
nanostructure size of ~ 50 nm. XRD results show that the film is polycrystalline. The AFM (atomic force microscopy) and 
Raman spectroscopy were done to analyze the surface roughness and the structural properties of the film, respectively. FTIR 
(Fourier-transform infrared spectroscopy) was used to analyze the presence of ZnO. Further, the ZnO nanostructure film has 
been explored for pH sensing for pH (4–12). The sensitivity of the film was found to be 31.81 mV/pH. The drift character-
istics of the film were also done to find out the stability of the film.
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1  Introduction

Monitoring of pH is very significant for many applications 
like blood pH monitoring, biological and chemical analyses, 
wastewater monitoring, clinical detection and many indus-
trial applications [1–3]. Most of the pH sensors available 
in the market are costly, large size, bulky and hence not 
suitable for various biological applications. As a substitute 
for a glass electrode-based pH sensor, Bergveld in 1970 fab-
ricated the ion-sensitive field-effect transistor (ISFET) [4]. 
The ion-sensitive field-effect transistor is quite similar to the 

metal–oxide–semiconductor field-effect transistor (MOS-
FET) with the only difference is that ISFET does not have a 
metal gate electrode. However, this ISFET gets affected by 
the chemical impurities that are present in the solution. This 
impurity can damage the FET as the whole device is dipped 
in the solution. To overcome the problem, Spiegel et al. 
designed and developed an alternative improved version of 
ISFET sensors, i.e., EGFET (Extended-Gate Field-Effect 
Transistor) [5]. The extended-gate field-effect transistor 
(EGFET), which works on the principle of ISFET, divides 
the original ISFET into two parts: the extended-electrode 
with the sensing film and the commercially available MOS-
FET. The MOSFET is connected to the extended-electrode 
where the sensing film is deposited. The EGFET has many 
advantages like low cost, high flexibility in terms of vari-
ation of the geometry/shape, immunity to light and tem-
perature fluctuation, and long-term stability [6]. After the 
development of EGFET, several sensing films were used like 
TiO2 [7], ITO [8], Na3BiO4–Bi2O3 [9], CuO [10], InN [11] 
for pH sensing application.

Zinc oxide in the field of semiconductors is the fore-
most promising candidate because of its important physical 
properties and application prospects. Nowadays, zinc oxide 
has become a popular choice for the design and develop-
ment of various sensing platforms like a gas sensor, optical 
sensor, acoustic sensor, solar cells, biological sensor due 
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to its wide range of electrical and optical properties, wide 
bandgap (3.37 eV), high excitonic energy of 60 meV, and 
biocompatibility [12–17]. ZnO is an important contender 
for environmental and biological applications because of 
high mechanical strength, non-toxicity, and high reactivity. 
ZnO also possesses excellent electrical characteristics that 
can be modified by doping with different materials that are 
necessary for fast and accurate sensor response [18–22]. 
A variety of methods have been used for the synthesis and 
deposition of nanostructured ZnO films like hydrothermal, 
sol–gel, electrodeposition, chemical bath deposition, sput-
tering, etc. Among these deposition processes, the wet-based 
process is usually adopted by the researchers to prepare the 
ZnO nanostructure films as these processes are easy and low 
cost. However, these processes may cause possible unwanted 
impurities and defects hence incompatible with existing 
commercialization manufacturing technology. In our ear-
lier work, we have developed Na3BiO4-Bi2O3 pH sensing 
film [9] by the electrodeposition process since this type of 
stoichiometry is not easy to develop by sputtering.

In this work, we have developed a biocompatible ZnO-
nanostructured sensing film by the RF sputtering technique, 
which is a standard deposition process; it causes minimum 
possible impurities in the sensing film that is the most 
essential requirement of any commercial biological sensors. 
To the best of our knowledge, very few studies have been 
reported on the ZnO nanostructure developed by sputtering 
for pH sensing. The film has been characterized by using the 
standard techniques, and they were tested as a pH sensor.

2 � Experimental details

A 4-inch silicon wafer was used as a substrate. Before depo-
sition, the wafer was cleaned by the standard RCA clean-
ing process to remove any stains and contaminants from 
the wafer. After this, a thickness of ~ 1 µm was deposited on 
the silicon by the thermal oxidation process to provide the 
insulation. After this, Ti/Pt of thickness 200/2000 Å was 
deposited by the sputtering process. This layer acts as an 
underlying electrode. The ZnO nanostructure film of thick-
ness ~ 350 nm was deposited by the RF sputtering system. 
A ZnO target (99.99% purity) was used for the deposition 
in the argon gas environment. The deposition process was 
carried out for 2 h at 1.5 × 10−2 mbar chamber pressure with 
an argon flow of 25 sccm. The RF power, substrate tempera-
ture, and the substrate to target distance were kept at 50 W, 
400 °C, 5 cm, respectively. Structural property analyses of 
the nanostructure film have been carried out by X-ray dif-
fractometer (Panalytical × Pert Pro) and Raman spectroscopy 
(Renishaw’s inVia confocal microscope). Surface morphol-
ogy and the roughness of the film were calculated by the 
scanning electron microscopy (Nova nano SEM FEI) and 

atomic force microscopy (Brucker), respectively. The purity 
and the presence of any function group present in the film 
were analyzed by Fourier transmission infrared spectroscopy 
(Spectrum 2Perkin Elmer). Before testing, the sensor was 
encapsulated by using the epoxy to prevent any leakage cur-
rent keeping the sensing area open. The schematic diagram 
of the sensor is shown in Fig. 1. The nanostructure ZnO film 
was tested for pH sensing in the buffer solution 4, 6, 7, 10, 
and 12. The drift analysis was also done to check the stabil-
ity of the sensor.

3 � Results and discussions

3.1 � Structural characterization

To analyze the crystal structure of the nanostructure film, 
XRD studies have been carried out. The XRD pattern of 
the ZnO nanostructure deposited on Pt/SiO2/Si substrate is 
shown in Fig. 2. The XRD result shows a strong (002) peak 
corresponding to the hexagonal wurtzite structure with pre-
ferred orientation along the c-axis [19]. The diffraction pat-
tern fairly matches with the JCPDS Card No-01-075-0576. 
Sharp and intense peaks clearly show that the film is poly-
crystalline. The (111) peak at 39.03 is corresponding to Pt 
[20] which is the underlying layer and acts as an electrode.

3.2 � FESEM and AFM study

The surface morphology of RF sputtered nanostructured 
ZnO film was studied using FESEM and is shown in Fig. 3. 
FESEM results show that film is uniform, nanostructure, 

Fig. 1   A cross-sectional view of the developed extended gate with 
ZnO as a sensing layer for EGFET-based pH sensor
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homogeneous and without any cracks. It is clear from the 
FESEM images that the nanostructured film is deposited 
on the entire Pt/Ti/SiO2/Si substrate. The FESEM image 
shows that the nanostructure ZnO is grown aligned and 
exhibits uniform diameter, which is due to proper nuclea-
tion of the ZnO on the platinum surface (Pt/Ti/SiO2/Si). The 
FESEM micrograph with 200 kx magnification and scale 
bar (500 nm) is shown in Fig. 3a, and the average grain size 
of the ZnO nanostructured film is ~ 50 nm. Figure 3b at 100 
kx magnification and scale bar (1 μm) indicates the uniform 
morphology of the ZnO film.

Atomic force microscopy (AFM) technique was used to 
study the surface morphology and roughness of the ZnO 
film. The AFM images are taken by using the tapping mode 
of AFM at a scan rate of 1 Hz and are shown in Fig. 4a, b. 
Figure 4a shows the 2D AFM image of the ZnO film depos-
ited on the platinum surface (Pt/Ti/SiO2/Si) in a scan area 
of 2 µm × 2 µm. Figure 4b shows the 3D ZnO image in the 
scan area of 4 µm × 4 µm. Both 2D and 3D images of the 
film confirm that the deposited ZnO film is nanostructure. It 
is also clear from the AFM image that the film is uniformly 
distributed over the scan area and the surface roughness 
(RMS value) is found to be 5.899 nm.

FESEM and AFM analysis confirm that the film has 
a uniform surface morphology. The film is free from any 

cracks and defects that may cause leakage current during 
pH sensing.

3.3 � Raman spectroscopy analysis

The Raman spectroscopy is an important tool to find out 
the structural properties and the defects present in the pre-
pared material. The Raman spectra of the prepared film are 
shown in Fig. 5. The Raman analysis of the ZnO film was 
done by the laser of excitation wavelength 530 nm. For 
the wurtzite ZnO structure, the group theory (space group 
P63mc) infers the presence of the following optic modes: 
Γopt = A1 + E1 + 2E2 + 2B1. The modes such as B1 are 
silent, whereas the A1 and E1 modes are polar which is 
infrared and Raman active. The E2 modes (E2

low and E2
high) 

are nonpolar and are only Raman active [23–26]. E2
low 2 is 

associated with Zn sublattice, and E2
high is associated with 

oxygen atoms [27]. B1 is the silent mode, i.e., both Raman 

Fig. 2   XRD spectrum of ZnO-nanostructured film. The solid red line 
represents the profile fitted data, and the black dotted line represents 
the raw data

Fig. 3   FESEM image of ZnO a magnified view, b normal view
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and infrared inactive, whereas both A1 and E1 are infrared 
active and hence divided into a longitudinal and transverse 
optical component (LO and TO). The mode at 330 cm−1 is 
associated with the multiphonon scattering of E2

high − E2
low 

[23, 28]. The most dominant and sharp peak at 437 cm−1 
is the intrinsic Raman active mode which confirms the 
wurtzite structure of ZnO [29]. Hence, these results are 
consistent with our result obtained through XRD and con-
firm the formation of the ZnO wurtzite phase.

3.4 � FTIR study

FTIR was carried out to analyze the purity and nature of the 
ZnO sensing film. The FTIR spectra of the sample meas-
ured in the range of 4000–400 cm−1 are shown in Fig. 6. 
The peak at 3751 cm−1 is due to the stretching vibration 
of the hydroxyl group (O–H) present at the surface. These 
peaks are obtained due to the absorption of moisture pre-
sent in the atmosphere. A very small peak was observed at 

Fig. 4   AFM image of the nanostructure ZnO film a 2D image, b 3D 
image

Fig. 5   Raman spectra of the ZnO nanostructure film

Fig. 6   FT-IR spectra of the ZnO nanostructure film
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2330 cm−1, and this peak corresponds to CO2 mode [30]. 
This mode is due to the atmospheric CO2 present in the 
sample and not because of any serious contamination. Sam-
ples might have absorbed some CO2 from the environment 
during FTIR measurement. The infrared bands present in the 
region between 1700–600 cm−1 (see Fig. 6) correspond to 
the C=O, C–O, and C–H vibrations, respectively [31]. The 
peak at 530 cm−1 is due to the Zn–O stretching vibrations, 
and it confirms the presence of ZnO [32, 33]. The presence 
of ZnO is also confirmed by XRD and Raman characteriza-
tion techniques.

3.5 � Electrical characterization

To investigate the sensing performance of the nanostructure, 
ZnO-based EGFET sensor in different pH solutions constant 
current (Ids) and constant voltage (Vds) measurements was 
taken by changing the reference voltage (Vref). The setup 
is completed with a commercial CD4007UB MOSFET. 
The details of the whole set up are available in our previ-
ous report [9]. The transfer characteristics of the sensor are 
shown in Fig. 7. For pH sensing, the reference electrode and 
the sensing chip were immersed in the pH buffer solution 4, 
6, 7, 10, and 12, respectively. The sensitivity of the sensor 
was evaluated from the linear fit (Fig. 8). The sensitivity 
was found to be 31.81 mV/pH. The sensitivity depends upon 
the number of binding sites (Ns), which depends upon the 
morphology of the film. The principle of measurement of pH 
sensing is explained by the site-binding model [34, 35]. The 

surface potential (Ψ0) generated between the electrolyte and 
the sensing layer can be expressed as (Eq. 1) [36] 

where pHpzc is the pH value at the point of zero charge, T is 
the absolute temperature, q is the electron charge, k is the 
Boltzmann constant, and β is the intrinsic buffer capacity. 
The relation between the number of surface sites per unit 
area (Ns) and β is given by Eq. 2.

where Ka and Kb are acid and base equilibrium constants, 
respectively, and CDL is the capacitance due to the electrical 
double layer derived from the Gouy–Chapman–Stern–Gra-
ham model [37].

3.6 � Sensing mechanism

The sensing mechanism of ZnO film, as a pH sensing layer 
on EGFET, is based on the site-binding model given by 
Yates et al. [34]. ZnO is an inorganic metal oxide which 
has amphoteric surface sites. These sites can either donate 
or accept protons when it is dipped in an electrolyte. The 
ZnO surface contains the hydroxyl groups. These hydroxyl 
groups adsorbed the hydroxyl ion when coming in contact 
with the electrolyte and form a positive or negative charge 
at the surface. In alkaline medium, the chemisorbed protons 
dissociate from the surface and leave the surface negatively 
charged, whereas in the acidic medium the protons from the 
environment react with the surface and make the surface 

(1)2.303
(

pHpzc − pH
)

=
q�

kT
+ sinh−1

q�

kT
⋅

1

�

(2)� =
2q2Ns (Ka Kb)

1

2

KTCDL

Fig. 7   Transfer characteristics of the ZnO-nanostructure-based 
EGFET pH sensor

Fig. 8   pH vs Vref for ZnO-nanostructure-based EGFET pH sensor
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positively charged. The surface charge developed at the sur-
face can be expressed by the following reaction [38, 39].

3.7 � Stability analysis of the nanostructured film 
during pH sensing

The long-term stability analysis of the sensor for the proper 
functioning of the sensor, the drift characteristic was also 
done. The measurement was taken for both acidic and basic 
pH values. The sensor was dipped in the different pH buffer 
solution with VDS = 2.5 V and Vref = 2.5 V, and the currents 
were measured. The drift characteristic of the nanostructured 
ZnO EGFET sensor is shown in Fig. 9. The sensor shows 
good stability results with a very small drift. The sensor can 
be proposed to be used in various biological pH sensing 
applications.

4 � Conclusions

Nanostructure ZnO film has been developed by the RF 
sputtering process. The film was deposited on the Pt/SiO2/
Si substrate. The film was analyzed as a sensing film for 
the EGFET-based pH sensor. XRD and Raman results show 
that the ZnO film is polycrystalline in nature and wurtzite 
structure. FESEM and AFM study confirms that the film 
is nanostructured. These nanostructured sensing films were 
characterized for pH sensing in the buffer solution of pH 4, 
6, 7, 10, and 12. The sensitivity of the film was found to be 
31.81 mV/pH. The drift analysis was also done to find the 
long-term stability of the film. The film showed very small 

ZnO(s) + 2H2O = Zn(OH)−
3(s)

+ H+(alkaline)

ZnO(s) + H+ = Zn(OH)+
(s)

drift changes and found suitable for pH sensing applications. 
The developed EGFET sensor with ZnO sensing film that 
is biocompatible can be proposed for various pH sensing 
applications in the biomedical area.
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