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Sensing Performance of a ZnO-based Ammonia Sensor
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ABSTRACT: Monitoring and remediation of toxic and flammable gases have become
a critical task for the development of a clean society. Among various types of metal
oxide semiconductors (MOS), zinc oxide (ZnO) is considered a potential material for
gas sensing application because of its high sensitivity, easy synthesis, and high thermal
stability behaviours. This research aimed to gain an in-depth understanding of the
sensing task of a very stable and porous thin film of spin coated ZnO for detecting toxic
ammonia vapour at room temperature. As-prepared ZnO films were characterised by
x-ray diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet-visible
(UV-vis) analyses. XRD and SEM results revealed the polycrystalline wurtzite ZnO
phase with grainy surface morphology. Optical calculations quantify the direct band
gap of ZnO as 3.2 eV. The sensitivity measurements showed a good response ratio of
38.5 = 0.6 with an exposure of 400 ppm of ammonia vapour. The results on sensitivity
measurement of several cycles illustrated its stability and sensing performance better
than other reported similar works. These findings will be useful to develop a low cost
and efficient room temperature MOS gas sensor that can efficiently detect extremely low
concentrations as 20 ppm of ammonia vapour which is below the Occupational Safety
and Health Administration (OSHA) recommended value.
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1. INTRODUCTION

Detecting and being aware of the presence of toxic gases in the environment and
leakages in occupational places are important and major priorities for safety and
wellbeing. Among many other toxic gases, ammonia (NH,) is one of the widely
used in industrial sectors.'” According to the Occupational Safety and Health
Administration (OSHA) guidelines, personal exposure of NH; with a lower
limit of up to 35 ppm for continuous 8 h and an upper limit of up to 50 ppm
for 5 min cause severe health hazards. This threshold limit directly influences
personal wellbeing as well. Ammonia sensors are highly promising in identifying
gas spillage and leakage in a controlled atmosphere at room temperature in
various sectors like agriculture, pharmaceutical, automotive, defence and food
processing.*® In recent times, experimentalists considered zinc oxide (ZnO) as
a promising metal oxide material due to its amazing features like high chemical
and thermal stability, wide band gap (3.00 eV-3.24 eV), easy tunability of its
structural, optical, electrical, and electronic properties.”'® Though ZnO has
been utilised for sensing various gases, it has some drawbacks such as high
working temperature (>200°C), poor selectivity, and relatively low response.®
The operation of a metal oxide semiconductors (MOS) gas sensor at high
temperatures affects its stability and consumes power.’ Therefore, the fabrication
of a room temperature MOS gas sensor is advantageous for improving long-
term stability and low power consumption. A number of research are going on
to overcome these problems.!! In this work, we report the gas sensing efficacies,
selectivity, and detection limit of spherical grainy structured spin-coated ZnO thin
film-based sensors towards ammonia vapour at room temperature. We also report
in-depth sensing characteristics like sensitivity, response and recovery times,
and reproducibility of ZnO films.

2. EXPERIMENTAL

2.1  Deposition of ZnO Film

Thin films of ZnO were deposited on glass substrates using a 0.35 M precursor
solution of zinc acetate, ethanol, and diethanolamine. The analytical grades of
precursor materials were purchased from Merck (China) and used without further
purification. The mixture was stirred for 1 h at 70°C until the solution is clear
and homogeneous which was subsequently filtered using a Whatman filter paper
and left for 24 h at room temperature.'” The spin coating recipe was set to 30 s
of spinning at a rate of 3000 rpm for each layer of deposition. The adherent layer
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was then soft-baked at 130°C for 5 min, followed by hard-bake at 400°C for
10 min. Finally, the sample was annealed at 450°C for 1 h inside the muffle
furnace.’

2.2 Sensor Setup

Figure 1 shows the schematic representation of the gas sensing setup used in
this work. It consists of two chambers, a left chamber, where ammonia vapour
is created by heating liquid ammonia above its boiling point which interconnects
with the right test chamber. A digital temperature controller hot plate (TALBOY'S
7X7 CER HP 230 V ADV, by Henry Troemner, LLC, USA) was used to set
the temperature hot plate at (120 £ 4) °C. The test chamber has three openings
for gas inlet, air inlet, and outlet. The ZnO sensor is retrofitted inside the test
chamber to measure its response at exposure to different concentrations of
ammonia. The sensitivity of the gas sensor was measured in terms of current

I
measured at two different environments using R = —% where /, and I, are the

currents flowing through the ZnO in air and gas, respectively.!?
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Figure 1: Schematic diagram of a gas sensor setup.
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3. RESULTS AND DISCUSSION

3.1  Structural Analysis

Structural examination of ZnO thin films was done using the x-ray diffraction
(XRD) technique. Figure 2 shows the XRD of spin coated ZnO in the 28 from
20°-80° using Cu-K, radiation of wavelength 1.54056 A with a Bruker AXS,
D2 PHASER A26-X1-A2BOB2A-, Serial No: 207047 diffractometer. The
presence of multiple sharp peaks in the XRD pattern of spin-coated ZnO thin
film reveals the polycrystalline nature of ZnO film. Major sharp peaks observed
at 20 = 31.8627°, 34.5092°, 36.3202°, 47.5594°, 56.3553°, 62.7889°, 67.8320°
and 68.9580° correspond to (100), (002), (101), (102), (110), (103), (112) and
(201), respectively, which were found to be consistent with standard values
of JCPDS card No., 36-1451.% No additional impurity peak was observed
which ensures the formation of pure ZnO. The crystallite size (D) was determined

using Debye Scherer’s formula D = where 0.94 is the correction factor,

S cos 0

A is the x-ray, wavelength and f and 0 represent the full width at half maximum
(FWHM) and diffraction angle, respectively.'*'> Likewise, the lattice strain (g)

s
4tan @
¢ were found to be (27.60 + 0.86) nm and (3.16 = 0.28) x 1073, respectively.

of ZnO film was calculated using the formula, & = 16 The average D and
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Figure 2: X-ray diffraction pattern of ZnO film.
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3.2 Optical Band Gap

Figure 3(a) represents the UV-vis transmission spectrum of the ZnO sample in
the wavelength range 300 nm—1000 nm at room temperature captured using a
HR4000CG UV-NIR Ocean Optics (Singapore) spectrophotometer. The optical
transmittance of ZnO film was more than 80% in the visible region. We notice
a sharp decrease in transmittance at shorter wavelengths near the ultraviolet
range which is typical in ZnO." The optical band gap was determined from
transmittance data using a Tauc plot, described by (ahv)* = A(hv — E,) where
a, A, hv and E, are the absorption coefficient, energy constant, photon energy
and optical band gap, respectively. The extrapolation of the linear portion into
the x-axis gives the band gap of 3.20 eV [Figure 3(b)] which is consistent with
the reported value in the literature.'®
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Figure 3: (a) UV-vis transmission spectrum and (b) band gap calculation of ZnO film.

3.3  Surface Morphology

The nature of the sensor surface is a vital factor in determining gas sensitivity
towards various gases.>!” Figure 4(a) shows the SEM micrograph of porous
surface morphology of spin-coated ZnO film consisting of spherical grains.
The compositional analysis of this film was performed using the energy
dispersive x-ray (EDX) technique. Figure 4(b) reveals the atomic % of Zn
and O content to be 52.33% and 47.67%, respectively.
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Element Weight% Atomic%
0K 18.23 47.67
Zn K 8177 52.33
Total 100.00 100.00

5
keV
(a) (b)
Figure 4: (a) SEM micrograph and (b) EDX spectrum with Zn and O content in ZnO film.

34 Sensor Performance

In the ambient atmosphere, the oxygen molecules are ionosorbed as O,
after extracting electrons from the conduction band of ZnO so that there is an
increase in the width of the space charge (depletion) region and the height of
the potential barrier on the grain boundaries of ZnO.* This growth of the
depletion layer and barrier height is schematically shown in figure 5(a). The
current measured at this state is termed as /, which is measured by applying
a fixed potential difference of 10 V across it. This voltage was kept affixed at
10 V as the baseline for the entire study. In the presence of reducing gas, such
as ammonia (NH,), electrons trapped by oxygen species return to the ZnO which
causes the barrier potential height to decrease that concomitantly increasing
the conductivity of ZnO. Figure 5(b) shows the liberation of electrons during
the interaction of ammonia with O, as 4NH, + 30, ,,, = 2N, + 6H,0 + 6e”
and decrease of the depletion layer.?! The current measured at this instance is
denoted as /,, current in gas. By evaluating the ratios of /,//,, we can find out the
sensing performance of ZnO-based gas sensors. '
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(a) In Air (b) In Reducing Gas (NH;)
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Figure 5: [Illustration of the working mechanism of ZnO sensor (a) in the air (b) in
reducing gas.

Figure 6(a) shows the response of the ZnO sensor (/,/1,~38.5) towards 400
ppm of ammonia vapour for five cycles. Further, we investigated the sensing
performance of the sensor towards different concentrations of ammonia vapour.
Figure 6(b) shows the variation of gas response plotted against sensing time
for various ammonia concentrations. We noticed the reduction in gas response
efficacies with decreasing ammonia concentrations. The times needed to acquire
90% and 10% of maximum response after injection and ejection of the gas
from the chamber are called response time and recovery times of the sensor,
respectively. The response time always depends on the reaction rate of exposed
gas with adsorbed oxygen species on sensing material, whereas, the recovery
time depends on the rate of desorption of oxygen from the sensor surface after
the vapour is ejected.? Both response and recovery times may also depend
on the sensor geometry. The inset of figure 6(b) shows the determination of
response and recovery times of the ZnO sensor upon the exposure of ammonia
vapour of 400 ppm. The response and recovery times are found to be 37 s and
90 s, respectively. To test the repeatability and stability of the sensing device,
we repeated the same experiment with identical parameters for eight days and
discovered the response to be constant at the value of ~38.5, which showed
the device to be highly consistent across each measurement [Figure 6(c)].
Figure 6(d) depicts the sensing response of the ZnO sensor towards various
vapours including acetone, ethanol, isopropanol, methanol and ammonia. The
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ZnO sensor shows prominent selectivity towards ammonia vapour in comparison
to other vapours under study. This is attributed to the smaller kinetic diameter
and low ionisation energy of ammonia. The ammonia vapour with a small
kinetic diameter diffuses easily in the available pores of ZnO and leads to more
adsorption sites which consequently increase the gas sensing response.”?* For
clarity, the molecular weight, kinetic diameter, and ionisation energy of various
gas molecules are shown in Table 1.2>2° The results obtained in this work were
compared with the reported sensitivities of ZnO based sensors prepared by different
methods and presented in Table 2. The comparison shows that the sensitivity of
spin-coated ZnO is better than reported values for similar systems prepared by
other methods such as hydrothermal and spray pyrolysis at room temperature.
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Figure 6: (a) Response curves with 400 ppm of NH, for five cycles, (b) response at
different concentrations of ammonia (Inset: Calculation of response and
recovery time with 400 ppm of NH,), (c) repeatability, (d) selectivity measured
at 400 ppm of various gases of ZnO sensor at room temperature.
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Thus, we conclude that the results obtained herein using the spin coated ZnO
film can be one of the best sensors for detecting low concentrations of ammonia
vapour at room temperature.

Table 1. Kinetic diameter, molecular weight and ionisation energy of different molecules.

Vapour Molecular weight Kinetic diameter (nm) Ionisation energy (eV)
Ammonia 17 0.26 10.18
Methanol 32 0.37 10.5

Ethanol 46 0.45 10.47
Acetone 58.05 0.46 9.69
Isopropanol 60.1 0.46 10.12

Table 2. Comparison of performance of ZnO based ammonia sensor of this work with
reported works.

Response
Materials Method Operating Ammonia  (R/R, or I,/L,)) Reference
temperature (°C) (ppm) or
sensitivity
ZnO Nanowire Hydrothermal 350 200 42 [5]
50 2.3
10 1.5
In,0;-MgO with Thick film 530 300 25 [6]
Pd- loaded TiO,
double layer
SnO, Spin coating Room temperature 500 92.1% [11]
Co-ZnO Spray pyrolysis Room temperature 100 3.48 [14]
Ni-ZnO Spray pyrolysis Room temperature 100 2.52 [15]
ZnO Nanorod Hydrothermal Room temperature 500 8% [19]
ZnO Nanowire SILAR Room temperature 50 80.2 [24]
ZnO Grain Spin coating Room temperature 400 38.5+0.86 This work
20 6.1+£0.8

4. CONCLUSION

To sum up, the structural characteristics showed the polycrystalline nature
of ZnO with an average crystallite size of 27 nm. EDX results confirmed the
highest purity of sensing material. SEM image showed porous morphology of
ZnO film comprising of spherical grains. The optical band gap was found to
be 3.2 eV which is consistent with the reported values. The gas sensing result
showed the highest response towards ammonia among all tested gases. The
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highest magnitude of the gas response towards 400 ppm of ammonia vapour
was ~38.5. This result was compared to similar MOS for consistency and was
found to be promising. The response and recovery times at 400 ppm of NH, were
evaluated to be 37 s and 90 s, respectively. Interestingly, this work concludes
that spin-coated ZnO films can be utilised for building a stable and low-cost
gas sensor that can efficiently detect extremely low concentrations of ammonia
vapour (as low as 20 ppm), which is reasonably below the OSHA recommended
lower limit (35 ppm) of health hazard.
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