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ABSTRACT: Pure and urea-modified zinc oxide thin films are prepared using
the spray pyrolysis technique on microscopic glass substrates. We have added
different urea concentrations as a modifier to the zinc acetate precursor for
obtaining urea-modified ZnO thin films and investigated the effect of the urea
concentration on the structural, morphological, optical, and gas-sensing
properties. The gas-sensing characterization of pure and urea-modified ZnO
thin films is tested in the static liquid distribution technique with 25 ppm of
ammonia gas at an operating temperature of 27 °C. The prepared film with a
concentration of 2 wt % of urea has shown the best sensing properties toward
ammonia vapors due to more active sites for the reaction between chemi-
absorbed oxygen and the target vapors.

1. INTRODUCTION
Rapid economic development and industrialization have caused
global environmental issues in the recent past. Ammonia is a
reducing and colorless gas produced from refrigerators,
industrial emissions, and food processing companies, leading
to ecological imbalances.1 Long-term exposure to ammonia gas
at concentrations of more than 5000 ppm will damage the
human health system. It can cause serious health issues for a long
time in the body and can even drag the person to death.2

According to the safety and health measurements, the
permissible limitation of ammonia is 300 ppm.3 Higher
concentration of ammonia can damage the growth, the immune
system, and the reproduction cycle of animals and humans.
Hence, the enhanced demand for ammonia gas sensors at room
temperature with low concentrations is an immediate require-
ment in food processing technology, chemical industry,
fertilizers, environmental, automotive, and medical applications.
Over the last few decades, research has been carried out to detect
ammonia gas using optical sensors,4,5 electrochemical sensors,6

and surface acoustic wave sensors7 which are costly and time-
consuming processes. The chemiresistive technique is a cost-
effective technique with good stability and repeatability. In
chemiresistive gas sensing, variation in resistance can be
measured in the presence of the target analyte, and the material
of the sensing layer would be significant.8

Mesoporous metal oxide-based materials such as WO3, ZnO,
SnO2, and TiO2 have become significant materials in sensor
devices due to their lightweight and high active surface area to
interact with gas molecules.9,10 Zinc oxide is a distinctive

material that shows piezoelectric, semiconducting, microbial,
optical, and pyroelectric properties. Zinc oxide (ZnO) is an n-
type semiconductor, and it has a Wurtzite structure with an
optical band gap value of 3.37 eV. It also possesses a high
excitation binding energy of 60 meV at room temperature.
These unique properties make ZnO suitable for sensor
devices.11,12 Various synthesis techniques are involved in
preparing ZnO nanostructures, such as chemical vapor coat-
ing,13 sol−gel method,14 electrochemical deposition,15 sputter-
ing,16 hydrothermal,17 and spray pyrolysis technique.18 The
surface morphology, crystal type, crystal size, particle shape,
particle size distribution, degree of agglomeration, and porosity
are explored as properties of nanostructures that make them
appropriate for gas-sensing applications. Wang et al.19 reported
the preparation of ZnO nanoparticles using a solvothermal
technique at 180 °C for 24 h using zinc acetate dihydrate
[Zn(CH3CO2)2·2H2O] and urea. They have reported that the
particle size ranges from 50 to 200 nm. Hu et al.20 synthesized
nanocrystalline ZnO particles using an aqueous solution of zinc
acetate dihydrate and urea using the hydrothermal method at
120 °C for 2−4 h, and further, the obtained precursor was
calcinated in the temperature range of 350−650 ° C for 30−120
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min. Due to the calcination process, different grain shapes and
crystallite sizes of ZnO nanoparticles were obtained. Marinho et
al.21 prepared ZnO nanostructures with normal water bath
heating and a microwave hydrothermal technique in an aqueous
solution with zinc acetate and urea as essential components.
They reported that well crystalline ZnO nanostructures with
various morphologies were obtained using the urea precursor.
The formation of ZnO is due to the nucleation mechanism and
the prominent growth direction of the crystal. Liu et al.22

prepared ZnO nanoparticles using urea and zinc nitrate
precursors using the homogeneous precipitation method. This
article shows a significant impact of urea on the morphology and
porosity of ZnO nanoparticles. Most research articles presented
in the literature focused on the preparation of materials using
urea as a modifier/dopant for structural, morphological,
chemical, and optical properties.

As far as we know, this is the maiden effort to study the gas-
sensing properties of zinc oxide thin films modified using urea.
In this investigation, we have deposited pure and modified zinc
oxide thin films with various urea concentrations using the spray
pyrolysis deposition technique. We have noticed from the latest
literature review that urea acts as an excellent modifier which
eliminates agglomeration during the deposition process and
controls the structural, morphological, and optical properties, in
turn improving the gas-sensing properties.21 However, the
currently accessible metal oxide-based sensors to detect
ammonia vapors require more maintenance and work at high
operating temperatures. Hence, there is an urgent need to make
an ammonia sensor working at room temperature with low cost
and high chemical stability.

2. EXPERIMENTAL TECHNIQUES
2.1. Materials. Zinc acetate dihydrate [Zn(CH3CO2)2·

2H2O] and urea were used as starting ingredients and were
obtained from Sigma Aldrich in India.

2.2. Preparation of ZnO Thin Film Samples. Zinc acetate
dihydrate Zn(CH3CO2)2·2H2O was dissolved in deionized
water and methanol in the same ratio using a magnetic stirrer
continuously for 90 min at room temperature to obtain a
transparent solution. Before deposition, the glass substrates were
cleaned thoroughly in three steps. First, they were washed with a
particle-free solution for 10 min to remove dust particles;
second, they were cleaned with deionized water to remove ionic
particles on the glass substrate so that they do not react with the
coating materials; third, they were cleaned with an ultrasonicator
for 20 min and later dried in a hot air oven. The above-obtained
solution was sprayed on precleaned glass substrates to prepare
pure ZnO films using computer interfaced spray pyrolysis
(Holmarc, India, model number HO-TH-04BT) method, with
the optimized deposition conditions depicted in Table 1.

Furthermore, to study the effect of urea concentration, 2, 4, and
6 wt % of nontoxic urea (CH4N2O) were added to the zinc
acetate precursor solution separately and mixed for about 90
min. After obtaining a clear solution, urea-modified ZnO thin
films were coated on a glass substrate by the spray pyrolysis
deposition method, and the obtained films were labeled as AE
(pure ZnO), AF (2 wt % of urea), AG (4 wt % of urea), and AH
(6 wt % of urea) for further characterization.

2.3. Fabrication of Sensing Element. To investigate the
gas-sensing properties of the prepared zinc oxide films, silver
paste and copper wires were used to manufacture ohmic
connections on the two ends of the thin film surface with a 1 cm
separation. To ensure proper contact with the electrodes, these
sensor parts were heated for 2 h at 150 °C. The gas-sensing
characteristics of these films were investigated at room
temperature using a concentration of 25 ppm of ammonia in
the static mode. A schematic gas-sensing system is shown in
Figure 1.

2.4. Characterization Techniques. The weight difference
technique was used to calculate the thickness of the films. The
samples’ morphological, structural, and optical properties were
investigated using different characterization techniques such as
X-ray diffraction analysis (XRD), scanning electron microscopy
(SEM), high-resolution transmission electron microscopy
(HRTEM), atomic force microscopy (AFM), Raman spectros-
copy, and UV−vis spectroscopy. A Bruker (D8 Advance,
Germany) X-ray diffractometer was used to perform XRD with
Cukα (1.54 Å) radiation in the grazing incidence mode and the
wide-angle (2θ) range of 20 to 80°. The film’s root-mean-square
(RMS) roughness was characterized by AFM (Bruker) in the
contact mode with 0.5 Hz frequency. The morphology of the
films was studied by a Hitachi (TM 4000) scanning electron
microscope using an accelerating voltage of 15 kV and a working
distance of 6 mm, and compositional analysis of the sample was
performed with energy-dispersive X-ray spectroscopy. The thin
films’ nanostructured nature was studied HRTEM (JEOL).
Raman spectra were obtained using a LAB RAM HR Raman
spectrometer at room temperature with excitation of 532 nm
emission from an Nd-YAG laser of power 100 mW at 50×
magnification with a resolution of 8 cm−1. During the analysis,
baseline reduction and minimal smoothing were also used.
Optical studies were analyzed by a UV−vis spectrophotometer
(Jasco V770). Using an indigenously made setup, gas-sensing
characterization was carried out with a Keithley’s (6517B)
electrometer.

3. RESULTS AND DISCUSSION
3.1. Thickness Measurement. The thickness of the

prepared thin films was determined using the weight difference
procedure with the following formula.23 The thickness of the
films is found to reduce due to the addition of urea. The decrease
in the thickness of the thin films prepared with urea
concentrations may be due to the excessive amount of NH4+

generated. The excess NH4+ generated with high concentrations
of urea can negatively affect the growth of ZnO-based
nanostructures.24 The calculated thicknesses are listed in
Table 4.

=t
m
a

Thickness of the film ( )

where Δm is the variation in the weight of the sample before and
after the deposition, α is the standard density of the zinc oxide
material, and ‘a’ is the area of the substrate.

Table 1. Deposition Conditions

s.no deposition parameters details

1 precursors zinc acetate and urea
2 solvents deionized water and methanol
3 substrates microslides, Blue star-India
4 deposition time 15 min
5 NSD 25 cm
6 substrate temperature 425 °C
7 concentration of precursor 0.25 M
8 flow rate 2 mL/min
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3.2. XRD Analysis. The thin films’ phase identification,
structural characteristics, and crystallite size were all determined
using XRD. The XRD pattern of pure and modified ZnO thin
films using different urea concentrations is shown in Figure 2.
The XRD pattern shows polycrystalline ZnO thin films with the
characteristic peaks 2θ = 34.25, 47.28, 62.60, and 67.68°
ascribed to the distinct planes of (101), (102), (103), and (201)
of zinc oxide, which is correlated with the JCPDS card number
075-1533 and confirms the Wurtzite phase of hexagonal ZnO.25

There are no other diffraction peaks detected in the samples.
Due to the high substrate temperature, adding urea to the zinc
source did not affect the development of ZnO nanostruc-
tures.26,27 The peak broadening indicates that the nanocrystal-
line phase exists in the prepared samples.

The interplanar spacing is determined with the following
relation.28

= + + +
i
k
jjjj

y
{
zzzzd

h hk k
a

l
c

1 4
32

2 2

2

2

2

h, k, and l are miller indices; a and c are lattice constants.
The lattice constants a and c are determined using the

following equation29,30 along the (101) direction, and the
calculated values are listed in Table 2.

=a
3 sin

=c
sin

The remaining structural parameters, the unit cell volume (V)
and the bond length (L), are evaluated with the following
relation, and the derived values are tabulated in Table 2.
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where ‘u’ is called a potential parameter in the Wurtzite structure
and is given by

= +u a
c3

0.25
2

2

The ZnO structure comprises two interpenetrating hexagonal
closely packed (hcp) sublattices. In these lattices, one atom is
displaced with another one along the c-axis by 0.375 [equals
potential parameter (u) in an ideal Wurtzite structure], and this
is expressed as the length of the bond parallel to the z-axis. It is
noted clearly that the above relation between the potential
parameter ‘u’ and the c/a ratio is inversely proportional. If the c/
a ratio reduces, the potential parameter will increase. The four

Figure 1. Schematic of the gas-sensing system.

Figure 2. XRD spectra of pure and urea-modified ZnO thin films.

Table 2. Structural Parameters of the ZnO and Urea-Modified Zinc Oxide Films

sample crystallite size (D) (nm) dislocation density × 1014 (lines/m2) lattice constants strain × 10−4

XRD TEM a (Å) c (Å)

AE 36.41 33.89 7.54 3.01 5.22 9.99
AF 22.87 21.11 19.11 3.00 5.20 15.82
AG 25.31 25.83 15.61 2.99 5.18 14.29
AH 26.74 26.51 13.98 2.99 5.19 13.53
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tetrahedral lengths remain the same in the ZnO lattice through a
distortion due to an extensive range of polar interactions.31

=v a cVolume of the unit cell ( ) 0.866 2

It is perceived that with the enhancing urea concentration in
the zinc oxide matrix, the peaks were moved with the decreased
intensity of (101) peak, and the peaks got broadened.
Broadening the peaks will increase full width at half-maximum
(FWHM), which may cause the growth of the crystal grains.32 It

Figure 3. 2D and 3D AFM images of pure and urea-modified ZnO thin films. (a) Pure ZnO, (b) 2 wt % of urea, (c) 4 wt % of urea, and (d) 6 wt % of
urea.

Table 3. Surface Features of Pure and Urea-Modified ZnO
Thin Films Obtained from AFM Studies

s.
no.

sample
name

average
roughness (Ra)

RMS
roughness
(Rq)

skew
ness

grain height
(nm)

1 AE 7.56 9.78 −0.093 34.0
2 AF 3.14 4.18 0.092 17.1
3 AG 5.06 6.44 −0.133 23.0
4 AH 7.25 8.39 −0.380 31.9
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is also observed that (101) plane is the preferred orientation in
all samples. The average crystallite size can be derived using the
Scherrer formula.33

=DCrystallite size ( )
0.94

cos

The calculated average crystallite sizes of pure and urea-
modified ZnO thin films are charted in Table 2. Here, ‘λ’ is the
wavelength of monochromatic X-rays (1.5406 Å), ‘β’ is the
FWHM, and ‘θ’ is the diffraction angle. Interestingly, the
crystallite size decreased by adding the 2 wt % urea
concentration in the ZnO source.34 According to Khoshhesab
et al.,35 the addition of urea reduces the size of the crystal, and its
polarity allows it to adsorb on the nuclei of zinc oxide crystals,
preventing them from agglomerating into larger particles. Thus,
the growth of the crystallites is restricted, and the enhancement
in the crystallite size further is due to the predomination of
particle growth during the deposition process.

Lattice strain can be calculated from the XRD analysis. It can
be defined as the lattice constant distribution, such as lattice
imperfections that occur from the crystal defects.36 XRD data
depict a shift in the peak position and variation in FWHM in all
the samples deposited with different urea concentrations as
correlated with the pure zinc oxide sample. This shift represents
a strain produced on the host lattice during the deposition.

Strain caused by crystal imperfections and distortion has been
determined by the Williamson-Hall relation.37 The calculated
strain is tabulated in Table 2.

= cos
4

The crystallographic defects or irregularities can be measured
within the crystal by using the crystal dislocation density.
Dislocation density measures the length of dislocation lines per
unit volume of the crystal and calculated using the following
formula.38 The calculated dislocation density value for each
sample is tabulated in Table 2.

=
D
1

2

3.3. AFM Studies. AFM is a good characterization technique
for studying the deposited thin film’s texture and morphology.
This technique is a model for quantitatively computing the
nanoscale features and visualizing the deposited film structure.
The surface roughness of thin films significantly influences the
manufacturing of photoelectric devices and sensors. Therefore,
roughness is an essential tool to measure before producing the
devices.39 A Bruker atomic force microscope was used to explore
the surface topology of the deposited thin films, and nanoscope
E software was used to analyze the surface topology. Figure 3
shows the 2D and 3D AFM images of pure ZnO and ZnO thin
films modified with different urea concentrations, respectively.
To measure the roughness, the deposited thin films are scanned
with the tapping mode in the range of 1 μm × 1 μm. The
roughness parameters are estimated by analyzing the top-
ography of the scanned samples. The surface profile parameters
include RMS and average roughness. Both are similar to others,
with the only difference being the mean-squared absolute values
of the surface roughness profile.40,41 The average roughness of
the sample is the mean height determined over the total
measured length, and it is utilized to narrate the roughness of

Figure 4. Transmittance spectra of pure and urea-modified ZnO thin
films.

Figure 5. Tauc plot of pure and urea-modified ZnO thin films.

Table 4. Optical Properties of Pure and Urea-Modified ZnO
Thin Films

s. no. sample code thickness (nm) optical band gap (eV)

1 AE 179 3.17
2 AF 162 3.20
3 AG 144 3.22
4 AH 136 3.24
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machined surfaces. It is calculated by using the below
mathematical formula.42

= | |R
L

Z x xAverage roughness
1

( ) d
L

a
0

where Z(x) describes the surface profile of the sample.
The RMS roughness estimates the standard deviation of the

surface height of a stipulated area, and it is used to compute the
skewness of the sample.43 It is described mathematically as
follows.

= | |
L

Z x xRMS roughness
1

( ) d
L

0

2

Table 3 illustrates the variations of RMS roughness and
average roughness for the deposited thin films. Both the RMS
and average roughness increase with the precursor concen-
tration.44 The RMS roughness of pure ZnO shows the maximum
value due to its large crystallite size. By increasing the urea
concentration to the pure ZnO, the RMS roughness decreases in
the case of 2 wt % urea-modified ZnO.

Figure 6. SEM images of pure and urea-modified ZnO thin films. (a) Pure ZnO, (b) 2 wt % of urea, (c) 4 wt % of urea, and (d) 6 wt % of urea.

Figure 7. SEM cross-section view of pure and urea-modified ZnO thin films. (a) Pure ZnO, (b) 2 wt % of urea, (c) 4 wt % of urea, and (d) 6 wt % of
urea.
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Furthermore, with increasing urea concentrations, the RMS
roughness of the samples is improved. Skewness is used to
demonstrate the symmetry of the variations in a particular
plane/line, and this parameter is too sensitive when the plane
has deep valleys and high peaks.45 Negative skewness values in
Table 3 indicate that valleys are preponderated on the surface
and become more planer. Positive skewness represents the thin
film’s lopsided nature and contains more peaks than valleys.46

3.4. Optical Studies. A UV−vis spectrophotometer was
used to study the optical characteristics of pure ZnO and urea-
modified ZnO thin films at different concentrations. Figure 4
represents the room-temperature transmittance spectra of pure
zinc oxide and zinc oxide thin films modified using various urea
concentrations in the range of 350−750 nm. The transmittance
of all samples was above 70% in the visible region, agreeing with
the previously reported work.47,48 It can be seen from the figure
that when the wavelength ranges from 350 to 425 nm, the ZnO
film modified with 2 wt % of urea shows the maximum
transmittance compared with other samples. This may be due to
the more voids available in the sample, which decreases the
optical scattering and increases the transmittance.49 When the
wavelength is from 425 to 650 nm, the ZnO film modified by 2%
urea does not have the maximum transmittance, but the pure
ZnO film has the maximum transmittance. From 650 to 750 nm
of wavelength, the 6 wt % urea-modified ZnO film has the
maximum transmittance. From Beer−Lambert’s law, absorb-
ance has a logarithmic relationship with transmittance,
determined by the following relation.50

= i
k
jjj y

{
zzz i

k
jjj y

{
zzza

d T
absorbance ( )

1
ln

1

The absorption coefficient (α) is derived with the help of
absorbance values. The variation of absorption coefficient with
photon energy can be explained according to the below
relation.51

=h A h E( )g
1/2

The optical band gap is determined by plotting the (αhν)2

versus photon energy (hν), called the Tauc plot. The band gap
values of the deposited samples can be estimated by using the
linear part of Tauc’s plot. Figure 5 represents the Tauc plot of
pure and modified zinc oxide thin films with various urea
concentrations. The calculated band gaps of pure ZnO thin films
and urea-modified ZnO films are listed in Table 4. The optical
band gap increases with increasing urea concentration due to the
decrease in the thickness of the films. It might be attributed to
introducing defects that create localized states in the band gap
and therefore increases the band gap.52,53

3.5. SEM. The surface morphology of pure ZnO and urea-
modified ZnO thin films was analyzed by SEM and is depicted in
Figure 6. The prepared thin films’ surface morphology discloses
that the nanoparticles are randomly distributed by varying the
grain size with different agglomeration, particle dispersion, and
cluster formation. Furthermore, from Figure 6, it can be seen
that the surface morphology of the sample predominantly
changes with increasing concentration of urea. As a result, we
conclude that urea has proven to be an effective surface modifier
useful in gas sensor applications. Figure 7 depicts the cross-
section view of pure and urea-modified ZnO thin films. The
thickness of the samples is analyzed by Image J software, and it is
obtained as 224, 208, 195, and 183 nm for AE, AF, AG, and AH
samples, respectively.

The elemental analysis of the prepared pure zinc oxide and
urea-modified ZnO thin films with various concentrations was
done using energy-dispersive X-ray spectroscopy (EDX). This

Figure 8. EDX results of pure and urea-modified ZnO thin films. (a) Pure ZnO, (b) 2 wt % of urea, (c) 4 wt % of urea and (d) 6 wt % of urea.

Table 5. EDX Analysis of Pure Zinc Oxide and Urea-Modified
Zinc Oxide Thin Films

sample zinc oxygen

atomic (%) wt (%) atomic (%) wt (%)

AE 77.94 93.52 22.06 6.48
AF 39.69 72.89 60.31 27.11
AG 41.01 73.96 58.99 26.04
AH 69.16 90.16 30.84 9.84
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analysis showed the presence of zinc and oxygen elements only.
The EDX spectra of pristine and urea-modified ZnO thin films
are depicted in Figure 8a−d. Table 5 shows that as the urea
precursor concentration increases, the percentage of atomic
weight of zinc increases and that of oxygen decreases. It is due to
the variation in the thickness of the deposited films.54

3.6. Transmission Electron Microscopy. HRTEM was
performed to study the size and shape of zinc oxide
nanocrystallites. The conventional HRTEM and selected area
electron diffraction (SAED) images of pure zinc oxide are
depicted in Figure 9a and those of urea-modified ZnO
nanocrystalline thin films with different concentrations are
shown in Figure 9b−d. From the SAED patterns of the pure zinc
oxide thin film, the bright diffraction pattern supports the
hexagonal Wurtzite structure of the ZnO thin film with high
crystallinity. Also, the concentric rings demonstrate the presence
of an ample number of well-defined nanoparticles. The SAED
pattern consists of four concentric bright diffraction rings, which
are related to (101), (102), (103), and (201) reflections of the
polycrystalline Wurtzite structure of zinc oxide thin films, which

is consistent with the XRD results. Figure 9b−d shows the
HRTEM images of modified ZnO thin films with different
concentrations of urea along with the SAED pattern. The
particle size of these samples was determined using Image J and
MATLAB software, and it was in the range of 33.89 nm. In
contrast, the particle size was 21.11, 25.83, and 26.51 nm in the
case of urea-modified ZnO thin films with different concen-
trations that agree with the XRD studies.

3.7. Raman Spectroscopy. Raman spectroscopy is a
nondestructive technique to analyze the materials’ bonding
environment and defect-related information in nanostructured
objects. Raman spectra of pure zinc oxide and urea-modified
zinc oxide thin films were investigated to confirm the Wurtzite
structure’s existence. Figure 10 shows the Raman spectra of pure
zinc oxide and urea-modified zinc oxide thin films with different
urea concentrations. In all samples, common peak positions
appeared at 408, 440, and 545 cm−1 corresponding to E1(L.O.),
E2(TO), and A1(A0), respectively. Among them, the E1 (L.O.)
mode of ZnO is associated with oxygen atoms55 and E2(TO) is a

Figure 9. HRTEM images of zinc oxide and urea-modified zinc oxide thin films. (a) Pure ZnO, (b) 2 wt % of urea, (c) 4 wt % of urea, and (d) 6 wt % of
urea.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00268
ACS Omega 2023, 8, 17719−17730

17726

https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solid narrowband which is assigned to the motion of Zn, which
corresponds to the characteristic band of the Wurtzite phase.56

4. GAS-SENSING CHARACTERIZATION
An indigenous gas-sensing setup and a durable electrometer
(Keithley 6517 B) are used to investigate the ammonia sensing

properties of pure and urea-modified ZnO thin films at room
temperature and elevated temperatures. A substrate holder is
arranged to mount the thin film sensor inside the chamber (10 L
stainless steel capacity). A known amount of ammonia solution
is placed into a metal container inside the gas-sensing system
using a microsyringe. The vapor then emits from the container
and interacts with the film surface, changing the thin film’s
resistance. The amount of solution injected into the tube to
create the required concentration of the target gas can be
determined by the static liquid gas distribution technique using
the following formula.57

= × × ×
×

C
V

V M
22.4

ppm
1

2

where Cppm is the concentration, ρ is the density (g/mL), V1 is
the volume (μL), φ is the volume fraction, M is the molecular
weight (g/mol) of the target gas, and V2 is the volume of the
chamber (L).

The gas-sensing properties of metal oxide-based semi-
conductors depend on the reaction mechanism between the
surface of the semiconductor and the test gas. ZnO is an n-type
semiconductor, and its resistance may decrease in the presence
of reducing gas such as ammonia. Further, the sensing area and
operating temperature (room temperature) are maintained
steady58 for room-temperature studies. The sensitivity of the
sensor element can be determined using the following
equation.59

=
R
R

Sensitivity air

gas

Figure 11 shows the sensitivity of pure zinc oxide thin films
and zinc oxide thin films modified with different urea
concentrations toward 25 ppm of ammonia at room temper-
ature. The sensitivity of the sensor element is remarkably varied

Figure 10. Typical Raman spectra of pure and urea-modified zinc oxide
thin films.

Figure 11. Gas response of the prepared samples.

Figure 12. Response of pure and urea-modified ZnO thin films at
different operating temperatures.

Figure 13. Schematic diagram of the gas-sensing mechanism.

Table 6. Response and Recovery Times of Pure and Urea-
Modified ZnO Thin Films

s.no sample response time (s) recovery time (s)

1 AE 53 85
2 AF 50 80
3 AG 65 78
4 AH 70 60

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00268
ACS Omega 2023, 8, 17719−17730

17727

https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00268?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with respect to the urea concentration. The sample deposited
with 2 wt % of urea has shown the maximum response toward
ammonia due to the smallest crystallite size and more oxygen
molecules, which will have more surface area; hence, it will
provide higher active sites to enhance the gas-sensing properties.
The chemisorption process, which involves both adsorption and
desorption of oxygen molecules on the surface of the sensor
element, is the underlying concept behind the gas detecting
capabilities. Response of all sensor elements toward 25 ppm of
ammonia vapors at different operating temperatures has been
investigated. It is noticed that the response has been enhanced
by increasing the operating temperature. The response of the
sensor elements at various operating temperatures is depicted in
Figure 12.

4.1. Gas-Sensing Mechanism. In ambient air, the oxygen
molecules that exist in the air will adsorb on the surface of the
sensor element and capture the free electrons from the
conduction band to create O−. When the sensor is allowed to
interact with a reducing gas such as ammonia, it will react with
the oxygen molecules on the surface of the ZnO sensor element,
which leads to reducing the concentration of O− ions on the
surface and enhancing the concentration of electrons, thereby
leading to a decrease in the resistance of the sensor element.

O O2(gas) 2(ads)

+O 4e 2O2(ads) (ads)
2

+O 8e 4O2(ads) (ads)
2

It is also noted that the sensor element acts as an n-type
semiconductor. If the sensor element is exposed to test gas (i.e.,
ammonia), the chemisorbed oxygen takes out the electron from
the sensor element and releases it into the conduction band. Due
to this, the width of the potential barrier of the film decreases as
increasing the exposure of ammonia leads to a decrease in the

sensor element’s resistance.60 Furthermore, when the test gas is
withdrawn from the chamber, electrons are again captured by
the adsorbed oxygen. This increases the resistance and returns to
the original state, as shown in Figure 13.

In a step function, the sensor’s reaction and recovery times are
stated as the time it takes for the sensor to reach 90% of the
stabilized value after acquiring or turning off the test gas. The
obtained response and recovery times are tabulated in Table 6.
Transient response curves of pure and urea-modified ZnO films
are shown in Figure 14.

5. CONCLUSIONS
We have prepared pure and urea-modified zinc oxide thin films
with the spray pyrolysis method using different wt % values of
urea in this work. Urea plays a vital role during the solution
reaction process with zinc salts, and it will provide zinc
carbonate hydroxides and be converted to ZnO at elevated
temperatures. The impact of urea content on the structural,
morphological, optical, and gas-sensing properties has been
investigated. It was found using XRD studies that the prepared
samples possess polycrystalline nature with the Wurtzite
structure. The crystallite size is decreased with the addition of
the urea content of 2 wt %, which could inhibit ZnO’s growth.
SEM studies revealed a consistent surface morphology in all
films, and Raman analysis confirmed the presence of Wurtzite
ZnO structures. The optical band gap increases with increasing
urea concentration due to the decrease in the thickness of the
films. It might be attributed to introducing some defects that
create localized states in the band gap and, therefore, increase it.
Among all films, the ZnO thin film deposited with a urea content
of 2 wt % has a small crystallite size with a high surface area,
which is a promising feature in gas-sensing properties. It showed
the maximum response toward 25 ppm of ammonia at room
temperature with a response time of 50 s and a recovery time of
80 s.

Figure 14. Transient response curves of pure and urea-modified ZnO films.
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