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ABSTRACT

Ammonia, ethanol, acetone, etc. are commonly found as toxic gases in most places. The
real-time monitoring of these gases is essential because their excessive exposure may
produce serious health problems. In recent times, several metal oxide semiconductors
(MOS) have been exploited for gas detection. In this context, zinc oxide (ZnO) is
considered one of the potential materials for its interesting properties such as non-toxicity,
high thermal & chemical stability, and easy tunable electrical & optical behavior. High
working temperature (>300 °C ), poor selectivity, and low sensitivity are some of its
shortcomings. The operation at high temperatures degrades the sensor’s stability and
consumes power. This study aims to enhance the sensing characteristics of ZnO-based
sensors after utilizing strategies like metal and metal-metal doping into it. Herein, the ZnO
and metal-doped films were prepared by using spin coating, spray pyrolysis, and doctor
blade methods for an in-depth understanding of gas sensing. Its optical and structural
characterizations were done by ultra violet visible (UV-Vis) spectrophotometer and X-ray
diffraction (XRD) respectively. Surface morphology and elemental composition were
studied using scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)
analysis. The gas sensing performances of ZnO-based sensors were measured using a

homemade gas sensor setup.

At first, spin-coated ZnO was tested for the detection of traces of ammonia, ethanol,
acetone, methanol, and isopropanol at room temperature. Its XRD and SEM micrographs
demonstrated the polycrystalline wurtzite phase with a grainy surface. The band gap
was found to be 3.202 + 0.023 eV. The sensitivity measurements revealed the highest
response of 38.5 + 0.6 with an exposure of 400 ppm of ammonia vapour, indicating
its selectivity among the tested gases. The results of sensitivity measurements over
multiple cycles showed the device’s good stability. The sensing capability here was found
to be better than other similar works. Hence, the results obtained here will be helpful
in the development of a low-cost, effective room temperature MOS gas sensor with a
lower detection limit of 20 ppm which is below the Occupational Safety and Health
Administration’s (OSHA) approved threshold.

For acetone sensing, ZnO deposited on an fluorine doped tin oxide (FTO) substrate
prepared by doctor blade was used. XRD and fourier transform infrared (FTIR)
spectroscopy were used for phase purity and optical characterization of ZnO nanoparticles
(ZnONPs) prepared from the co-precipitation method prior to deposit on the FTO substrate.
The sensing measurements demonstrated the maximum value of gas response of 25.697

+ 0.012 at an operating temperature of 285 + 7 °C for exposure of 800 ppm of acetone
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along with the rapid response and recovery. This operating temperature was found to be
lower than the published values that were prepared by different methods. The response &

recovery times were measured to be 39 sec and 79 sec, respectively.

Sequentially, in other sets of experiments, the undoped ZnO, Fe-doped ZnO (Fe-ZnO),
and Sn-doped ZnO (Sn-ZnO) films were used to detect ethanol vapours in the temperature
range of 100-300 °C. The sensitivity measurements for 2% Fe-ZnO film showed the
highest response of 40.91 + 0.23 at the exposure of 400 ppm of ethanol at 260 + 7 °C.
The comparison with similar reported values confirmed its goodness. And 2% Sn-ZnO
film showed the highest response of only 17.659 + 0.011 for 400 ppm exposure at 220
+ 5 °C. This working temperature was found to be slightly lower than the published
value. Interestingly, this also reports that 2% Sn-ZnO film was able to detect as small
as 0.5 ppm of ethanol. The spin-coated Fe-Al co-doped ZnO sensors were also tested
to monitor ethanol in the temperature range of 120 — 360 °C. The 1%Fe-1%Al-ZnO
sample showed a very high value of the response, 152.304 + 0.003 at the exposure of
400 ppm at 290 + 7 °C. It is due to an increase in specific surface area which occurs due
to the reduction of grain size after Fe-Al co-doping. The observed values of response
and recovery times were 33 sec and 201 sec respectively at an operating temperature of
290 + 7 °C. Hence, metal-metal co-doping is found to be a good strategy to improve the

sensitivity of ZnO-based gas sensors.

Finally, the effect of gate electrode potential on the ammonia sensing ability of ZnO at
ambient temperature was also reported here. Required films were prepared by the spray
pyrolysis method. The gas response of ZnO for 400 ppm of ammonia was increased from
30.292 + 0.042 to 54.581 + 0.062 on increasing the gate electrode potential from O to
24V. Hence, this will be a new finding to improve the gas response of future ZnO-based

£as sensors.
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CHAPTER 1

1. INTRODUCTION

In this chapter, a brief history of gas detection, improvement in the gas detection
technology using nanostructured zinc oxide (ZnO) and the properties of ZnO will be

discussed.

1.1 History of Gas Detection

Due to increasing worldwide industrialization, daily exposure to toxic gases such as
methane, ethanol, ammonia, acetone, propanol, hydrogen sulfide, etc is i ncreasing. For
our own health security, it is important to monitor these toxic gases. Ever since people
worked in coal mines, it has been imperative to monitor toxic gases. Around 2000
years ago, Lucretius, a poet, proposed a straightforward explanation for the sense of
smell. He assumed that the "palate" had tiny pores of different sizes and forms. Every
odor-producing material released tiny molecules of certain sizes and forms, and when
these molecules entered the palate pores, the odor was detected. Each odor’s identity

depends on which pores the molecules filtered through (Amoore et al., 1964).

The typical operating method, in the ancient time, was to send a recruit down into the
coal mine with a torch and cover them with a damp blanket to identify any odorless gases,
such as methane gas. Small air pockets would flare up, while large ones would require a

fresh volunteer.

The well-known "canary in a coal mine" was the next development in gas detection
technology. Raucous canaries were introduced into the mines by employees long before
Sting began singing about them. If the birds stopped chirping, there was thought to be a
leak. As the canneries began to rattle in their cages, signaling their last moments, miners

started to evacuate the mine.

A "flame light" came next. Before miners entered the mine, a median level could be
measured. They observed an oxygen-deficient environment if the flame crossed below
the line and an oxygen-rich environment if it crossed above the line. Other gases were

present if various hues were flickering.

In the 1920s, major advancements in gas detection were achieved. Dr. Riken, from
Japan, in collaborative works with RKI Instrument in North America, a leading company,
developed the first combustible toxic gas detector. A technique for identifying flammable

gases was also developed by Standard Oil Company researchers using Platinum catalysts.

The next step in advancement in gas detection was accomplished in 1952 with the



evolution of the gas chromatography technique, introduced by Martin and James (Bartle
& Myers, 2002). For use with gas chromatography equipment, a sensitive and stable
detector was built on the basis of the unique ionization characteristics of argon. The
detector can detect as few as 2—10—12 moles of the majority of organic compounds, and
its response to various molecular species was remarkably consistent and linear with

concentration over a broad range.

Based on the discovery that the mechanisms of gas adsorption and desorption modify
the conductivity of metal oxide film, Seiyama, and their group invented a gas detection
method utilizing a metal oxide semiconductor thin film in 1962. They used ZnO films
with a thickness range from 20 to 1000 A that were deposited on borosilicate glass by
vacuum evaporation of metallic zinc and then oxidization of the resulting residue in
the air at 450 °C for 10 hours (Seiyama et al., 1962; Seiyama & Kagawa, 1966). They
were able to detect a variety of gases, including toluene, benzene, ethyl ether, ethyl
alcohol, propane, carbon dioxide, etc. with just a slight change in conductivity. To
the best of my knowledge, it was the firstreport o fa gassensor m ade o f ZnO. The
experimental arrangement of the gas sensing device is shown in Figure 1. It consists of a
borosilicate glass tube with an internal diameter of 8 mm. It is joined to the outlet of the
gas chromatograph. Nitrogen gas was used as the carrier gas. The film was heated using
the external heater. The sensing element was connected to the resistor (Ry) in series to
convert the current into voltage. The voltage drop across the Ry was recorded without
amplification before and during the flow of gas. In the past 60 years, gas detection using
various metal oxide semiconductors has resulted in greater improvements in gas sensing

technology (Lovelock, 1958).
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Figure 1: Experimental arrangement of a gas sensor set up (Seiyama et al., 1962)



1.2 Background

The evolution of metal oxide semiconductors (MOS) has resulted in drastic improvements
in science & technology. Metal oxide semiconductors such as Zinc Oxide (ZnO), Copper
Oxide (CuO), Iron Oxide (Fe,0O3), Titanium Oxide (TiO,), Tin Oxide (SnO,), Tungsten
oxide (WO3) Indium Oxide (In,O3) Cerium Oxide (Ce,03), etc are very potential
materials for the fabrications of future devices such as gas sensors, bio-sensor devices
(Ansari et al., 2008), water purification, photocatalysis, field emission (FE) devices (Lee
et al., 2002), transducers, piezoelectric sensors (Arnold et al, 2003) and resonators
(Klingshirn, 2007), transparent electrodes (Wahyuono et al., 2016), optoelectronic devices,
dye-sensitized solar cells (Qiang et al., 2016; Roopa Kishore et al., 2021; Kashyout et
al., 2010; Q1 et al., 2008; Chen et al., 2017; Zhu et al., 2017; Comini et al., 2000).
The MOS nanomaterials are very interesting due to their various features such as easy
fabrication, low cost, good thermal and chemical stability, high photostability, etc. Their
physical and chemical characteristics are strongly affected by parameters: size and shape
(Wang et al., 2008).

Typically, ZnO is an n-type metal oxide semiconductor. It has a band gap of 3.37 eV.
It possesses a large exciton binding energy of about 60 meV at ambient temperature
(Wahyuono et al., 2016). ZnO has been regarded as the potential material for resistive-type
gas sensors. The gas sensing efficiency of ZnO can be changed by metal doping into
it, fictionalizations by other noble metal particles, compositing with other metal oxides,
and UV activations (Zhu & Zeng, 2017). Furthermore, the potential of a metal oxide
semiconductor for gas sensing action depends on the interaction of analyte gas molecules
and oxygen species that has been adsorbed on the surface of sensing materials, which,
then depends on the surface morphology of the sensing materials. It is also influenced
by external factors including operating temperature, kind of exposed gas, and sensor
geometry (Ansari et al., 2008; Arnold et al., 2003; Lee et al., 2002).

There are several chemicals as well as physical routes to deposit ZnO films such as spin

coating, spray pyrolysis, physical vapour deposition, chemical vapour deposition, dip
coating, sol-gel, laser ablation, sputtering, etc. (Hasnidawani et al., 2016; Shrestha et al.,
2010; Mani & Rayappan, 2013; Marouf et al., 2016; Mostafa & Mwafy, 2020; Shinde et
al., 2005; Sun et al., 2019; Saravanavel et al., 2021). With the development of various
synthesis techniques, ZnO nanostructures can be easily grown on glass, quartz, and

flexible polymer substrates in different morphologies: nanowires, nanorods,
nanofibers, nanoflakes, etc (Blachowicz & Ehrmann, 2020; Kaneti et al., 2013; Mitra
et al,, 1998; Wang, 2009; Yi et al., 2005). The ZnO films prepared on the glass
substrate in different morphologies are depicted in Figure 2. The effectiveness of ZnO
for gas sensing is highly influenced by the presence of oxygen vacancies in its

nanostructure, which can
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Figure 2: SEM micrographs of ZnO nanostructures (a) nanoparticles, (b)Nanostructured film (c)
nanoflowers (d) nanoflakes (e) nanorods and (f) nanofibers (Hasnidawani et al., 2016; Shrestha et al.,
2010; Marouf et al., 2016; Mostafa & Mwafy, 2020; Shinde et al., 2005; Sun et al., 2019; Saravanavel et al.,
2021)

be enhanced by modifying the surface morphology (Zhu & Zeng, 2017). However,

7Zn0 has some drawbacks due to the abundance of grain boundaries (GBs) and inherent
point defect states. Figure 3 shows the defect states along with the ionization energies
within the band gap of ZnO. Here, i = interstitial, O = oxygen, Zn = Zinc, V = vacancy
and x = zero or neutral charge. The terms in subscript denote the atomic sites and those in
superscript denote the charges. The neutral and charged Zn interstitials are Zn!, Zn}, and
Z n;'+. The neutral and charged zinc vacancies are Vén, V.
and charged oxygen vacancies are V¥, V.*, V>* (Kaur et al., 2015; Schmidt-Mende &
MacManus-Driscoll, 2007). Zn}, Znf, Zn!*,V;, V5, V;* are donor defects and V3,

V.. Vo, are acceptor defects. The defects ionization energy has values ranging from

V. Similarly, the neutral

0.05 to 2.8 eV. The oxygen vacancies and Zn interstitial defects are the most common
ionic defects. As both defects can donate two electrons, one cannot say which defects
dominate in native undoped ZnO by the electrical measurement. The concentration
of the various defects depends on the temperature. It is due to the different ionization
energies of different defects. The partial pressures of oxygen and zinc are also important
factors. At high temperatures, the oxygen vacancies predominate depending upon the
ratio of the partial pressure of oxygen to that of zinc. Under the situation with a high
concentration of zinc vapour, Zn interstitials predominate as defects (Schmidt-Mende
& MacManus-Driscoll, 2007). By increasing the oxygen vacancies, the concentration
of oxygen molecules to be adsorbed can be increased to maintain the charge neutrality
and hence the gas sensing efficiency of ZnO can be increased. The grain boundary
(GB) regions in ZnO nanostructure contains numerous defects which create the potential
barriers (or depletion layers) at the interfaces of grains (Gupta & Carlson, 1985). The
depletion layers developed at the grain boundary strongly prevent the drift of majority



charge carriers.
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Figure 3: Energy states of native point defect states in band gap region of ZnO (Schmidt-Mende &
MacManus-Driscoll, 2007)

The widening of the depletion layer at the grain boundary of ZnO by extracting the
electrons from the conduction band with the adsorption of oxygen molecules is shown
in Figure 4. It reduces the conductivity of ZnO which greatly helps to monitor the
gas-sensing performance of ZnO. Based on these characteristics, numerous reports on

ZnO-based gas sensors have been published. Most of the papers have reported operating

Before adsorption of oxygen After adsorption of oxygen

Depletion layer

AeV=eV2—-eV1

Grain Boundary Grain Boundary

Figure 4: Schematic of widening of the depletion layer at the grain boundary of ZnO due to the adsorption
of oxygen (Dey, 2018)



temperatures greater than 300 °C with low sensitivity or response. So, the problem of
reducing the working or operating temperature of ZnO gas sensors with significant gas

response or sensitivity still exists.

In this thesis work, the electrical, optical, structural, and gas sensing properties of the
undoped, metal-doped, and metal-metal-doped ZnO films grown on the glass substrates
are discussed. The films were grown using suitable methods such as spin coating, spray

pyrolysis, co-precipitation, etc.

1.3 Properties of ZnO

1.3.1 Crystal Structure

Zn0 crystallizes in three different forms of crystal lattices; wurtzite, zinc blende and rock

salt. Among these three crystal lattices, the wurtzite structure is thermodynamically stable
at ambient condition (Rai et al., 2022). This structure is mostly used as a transparent
conducting oxide (TCO) in the field of thin film technology. Figure 5(a) depicts the
schematic of the wurtzite structure with hexagonal symmetry (Ozgiir et al., 2005). In the
hexagonal structure a = b # ¢, where the lattice parameter a is called the basal lattice

parameter and c is called the axial lattice parameter. The values of a and ¢ are 3.2498 A,
and 5.20660 A, with c/a ratio of 1.60 (Zhang et al., 2012). The lattice parameters can

(c)

O - Zinc @ - Oxygen

Figure 5: (a) Hexagonal wurtzite, (b) zinc blend and (c) rock salt structure of ZnO (Rai et al., 2022)

be varied by lattice strain in ZnO (Hsu et al, 2014). Wurtzite structure consists of
alternate hexagonally close-packed (HCP) sub-lattices, with one kind of atom replaced
by another along the c-axis. Ions Zn?* and O%~ are alternately piled along the c-axis.
The top and bottom surfaces are terminated into Zn>* and O~ ions of basal planes as
illustrated in Figure 5(a). The basal planes are perpendicular to the c-axis and have

different surface energies, which makes them favorable to crystal d evelopment. The polar



surface of ZnO molecules favors adhering to the incoming precursor molecules. The
Zn** terminated surface becomes an 02~ terminated surface, or vice versa, after the
deposition of the layer. This process is repeated and promotes growth along the c-axis
(Chevtchenko et al., 2006; Xu & Wang, 2011). The surface morphology of ZnO varies
with the preparation methods due to the difference in growth rate and the systems’ free
energy (Eftekhari et al., 2006). The zinc blend structure of ZnO is shown in Figure
5(b). Unlike the wurtzite structure, the zinc blende structure has cubic symmetry and is
metastably derived from the mineral compound ZnS (Rai ef al., 2022). The symmetry is
made up of two face-centered cubic sublattices that are shifted across the body diagonally
by 1/4 of the length of the body. Each unit cell has 8 atoms: 4 of them are of one kind such
as group II and another 4 atoms are of another kind such as group VI. Each atom of one
kind is tetrahedrally structured with the four atoms of another kind. Due to tetrahedral
coordination in zinc blend, the 12 next closest neighbors and the 4 closest neighbors have
a comparable bond distance as in the wurtzite structure. The zinc blend structure differs
from the wurtzite structure only in the bond angle of the second-closest neighbor atom

and in the stacking pattern of densely packed diatomic planes (Rai et al., 2022).

The rock salt structure is another possible structure of ZnO which is shown in Figure 5(c).
It is obtained by applying high pressure to the wurtzite structure. The rock salt structure
1s six-fold coordinated and belongs to the Fm3m group. ZnO has a hexagonal wurtzite
structure at a temperature and pressure of T = 298.15 K and p = 100 kPa, respectively
(Rai et al., 2022). Increasing the pressure of about 9 GPa, ZnO changes into rock salt
polymorph (de Brito Farias & Watanabe, 2012)

1.3.2 Optical Properties

ZnO has gained interest due to its wide band gap and high room temperature exciton

binding energy. It is highly transparent in the visible spectrum and a strong UV emitter
as well as absorber (Cui et al., 2016; Lany & Zunger, 2005; Zhang et al., 2012). The
optical characteristics of ZnO are influenced by its intrinsic and extrinsic d e fects. Light
interacts with ZnO through a variety of physical processes, including optical absorption,
transmission, reflection, p hotoluminescence, and ¢ a thodoluminescence. The various
factors: surface roughness, scattering at the grain boundary, band gap, and oxygen
defects influence the optical transmissions of ZnO. For example, the transmittance of

undoped and 3-9% Fe-ZnO dramatically reduced in the near UV region due to the

absorption (Figure 6). For all samples, the absorption edge emerges at about 360 nm.
The absorption edge is shifted towards a shorter wavelength on increasing the Fe content.
The transmittance is decreased on increasing the Fe content. The oxygen deficiencies are

associated with decreased optical transmittance (Wisz et al., 2017).

The light absorption causes the transition of electrons from the valance band to the
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Figure 6: Optical transmission spectra of ZnO and 3-9% Fe-ZnO films (Zhang et al., 2009)

conduction band, producing holes in the valence band and electrons in the conduction
band. These electron-hole pairs are bounded by coulomb interaction and are located
at the same spatial point. Such electron—hole pairs are called excitons. Excitons serve
as energy carriers similar to photons. The excitons are formed only when the electron
and hole have the same group velocity (Ferblantier et al., 2005; Vasudevan et al., 2022).
The transition of electrons between various bands is shown in Figure 7. The electron
transition from the valence band (VB) to the conduction band (CB), from defect level(DL)

CBM —+——4
g o
= o (@ )
E,=33ev| |@ © o P
a4
VBM [~ X ® 3

Figure 7: Light interaction on ZnO (a) band to band transition, (b-c) intrinsic defect transition, (d) capture,
(e) recombination, (f) trapping and de-trapping (Ozgiir et al., 2005)

to the CB, and from the VB to DL due to the optical absorption are depicted in Figure
7(a-c). Similarly, the electron transition from the conduction band to the defect state and
from the defect state to the valance band is shown in Figure 7(d-e), which corresponds to

the optical emission in the materials. The trapping and de-trapping of charge carriers from



the conduction band and valance band by defect centers during the absorption process
are represented in Figure 7(f). Available defect states present in the band gap region are
responsible for the optical absorption and emission in the materials (Ozgiir et al., 2005). It
is also affected by its surface m orphology. Figure 8 depicts the absorbance spectra of ZnO
films of different surface morphologies such as nanoplates, nanoflowers, and nanofibers.
The ZnO film exhibits a significant absorption around 380 nm . The absorption edge
corresponding to ZnO nanofibers is slightly moved towards the long wavelength regions
in comparison to that corresponding to ZnO nanoflowers and nanoplates (Cui et al.,

2016). The distribution of defects in ZnO affects the frequencies of emission spectra.
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Figure 8: Absorbance spectra of ZnO films of different surface morphologies (Cui et al., 2016)

Shallow-level and deep-level defects in ZnO are the causes of defect emissions in the
visible range. Figure 9 shows the band diagram of deep-level emission of ZnO. The three
basic visible emissions are blue-green, yellow, and orange-red emissions (DjuriSi¢ et al.,
2007; Lany & Zunger, 2005). These emissions depend on the types of defects formed and
are independent of the surface morphology. The defect states in ZnO are formed during
the growth phase and are controlled by factors such as the deposition temperature, oxygen
pressure, and annealing temperatures. Neutral oxygen vacancies ( V,), charged oxygen
vacancies ( V,, V) 7), oxygen interstitial ( O;), zinc vacancies ( Vz,), zinc interstitial
( Zn;), oxygen anti-site ( Oz,) and zinc anti-site ( Zn,) are the familiar intrinsic defects
in ZnO. The visible emission in the wavelength range of 425 nm to 700 nm is caused by
these defects. Green emissions are thought to originate from oxygen vacancies (Bube,
1992).). The two intrinsic defects that occur most frequently in ZnO are oxygen vacancy

and zinc vacancy. These defects are introduced when the host atom, say zinc or oxygen,



is missing in the usual crystal structure. By adjusting the kind and number of defect

states, the electrical, optical, and gas-sensing properties of ZnO can be manipulated.
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Figure 9: Band diagram of deep level emission of ZnO nanostructure (Bube, 1992)

1.3.3 Electrical Properties

In-depth understanding of the electrical properties of MOS is required for gas sensing.
ZnO has the carrier concentrations between 10'¢and 10'® cm™3 (Li et al., 2003; Tampo et
al., 2004). At room temperature, the electron mobility ranges from 0.1 cm?V~!'s™! to
100 ecm?*V~1s7! (Baik & Lee, 2005; Nakahara e al, 2001; Lau & Fonash, 1987;
Mridha & Basak, 2007). The electrical properties of ZnO can be altered by metal
doping and the value of resistivity depends on the types of metal doped into it (Shrestha
et al., 2010; Mridha & Basak, 2007; Xu et al., 2004). Figure 10(a)-(b) shows the
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Figure 10: Variation of carrier concentrations and resistivity of as-deposited and vacuum annealed Al-ZnO
films with different Al concentration (Mridha & Basak, 2007)

results of the measurement of carrier concentration and resistivity of as-deposited and

vacuum-annealed Al-ZnO films. The carrier concentration of vacuum-annealed films

10



is more than that of the as-prepared film due to the reduction of the thickness of the
film (Mridha & Basak, 2007; Liu ef al., 2014). The electrical property of ZnO is also
temperature dependent. Figure 11 shows the variation of resistance of post-heated and
preheated Al-ZnO films with temperature. Firstly, the resistance of ZnO decreases on
heating, acquires a minimum value at a particular temperature, then increases on further
heating, and then acquires a stable saturation value. The curve is divided into three
parts: region I, region II, and region III. The reduction of resistance, in region I, is

due to the thermal activation of electrons into the conduction band. The increase of
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Figure 11: Variation of resistance with a temperature of Al-ZnO films prepared under different heat-treating
processes (Liu et al., 2014)

resistance, in region II, is due to oxygen adsorption on the ZnO surface. The adsorbed
oxygen captures electrons from the conduction band of ZnO due to which the electron
concentration decreases and resistance increases. The stable value, in region III, is due to
the equilibrium between the thermal excitation of electrons and oxygen adsorption (Liu
etal., 2014).

1.3.4 ZnO as a Gas Sensor

The phenomenon of oxygen adsorption and desorption on the ZnO surface is responsible
to change its conductivity. In the ambient atmosphere, the oxygen molecules present
in the surrounding atmosphere are adsorbed on the ZnO surface, which extracts the
electrons from the conduction band to produce negatively charged oxygen species (O™,

0%, and 03). As aresult, the resistance of the ZnO surface increases. On the exposure

11



of analyte gases (reducing gases), the molecules of the gas interact with the oxygen
species adsorbed on the surface of ZnO and release the electron back to the conduction
band. Hence, the resistance decreases. The gas-sensing characteristics of ZnO with
exposure to various toxic and non-toxic gases were studied by a number of researchers.
The gas sensing performance of the ZnO depends on (a) the number of adsorbed oxygen
species (Zhu & Zeng, 2017), (b) surface morphology (Kaneti et al., 2013), and (c) the
operating temperature (Joshi et al., 2021). The gas response can be increased by
increasing the oxygen vacancies or the specific surface area (Zhu & Zeng, 2017). The
specific surface area depends on the nature of the surface i.e. surface morphology. The
ZnO nanostructure having a large surface area exhibited a higher gas response to the

analyte gas (Hosseini et al., 2015).

The ZnO sensor exhibits good response to the gases at particular higher operating
temperatures (Kaneti et al., 2013; Radhakrishnan et al., 2021; Seiyama et al., 1962). The
operating temperature depends on the activation energy. Activation energy is the least
energy needed to excite atoms or molecules to a state in which they undergo a chemical
reaction. (Hongsith et al., 2010; Khayatian et al., 2014). The operating temperature can
be reduced by decreasing the activation energy. The activation energy of the reaction and
surface morphology can be changed by metal doping and metal-metal doping into ZnO
(Acharya et al., 2012; Bougrine et al., 2003; Lokesh et al., 2016; Santhaveesuk et al.,
2010). Thus, metal doping and co-doping into ZnO could be a possible way of improving

the sensitivity or gas response even at the lower operating temperature of ZnO sensors.

1.4 Motivation

Due to increasing industrialization, the production of toxic vapour: ammonia, acetalde-
hyde, formaldehyde, methane, ethanol, and acetone is increasing worldwide. Exposure
to these toxic vapour has an adverse effect on living beings. Exposure to even low
concentrations of acetone can seriously harm human vital organs like the liver, lungs,
kidney, and central nervous system (Liu et al., 2014). Occupational Safety and Health
Administration (OSHA) regulation states that exposure of NH3 with a lower limit of 35
ppm for 8 h and an upper limit of 50 ppm for 5 min poses serious health risks. This
threshold limit has a direct impact on one’s well-being (Mani & Rayappan, 2013). Ethanol
intake in excess has harmful effects on living creatures (Yang et al, 2009). Hence, the
proper monitoring of these chemicals is necessary to develop a clean and healthy society.
The nanostructured semiconductor-based devices help to control the existing demand.
Many researchers are concentrating on the creation of low-cost and environmentally
friendly gas sensing devices using nanomaterial of metal oxide semiconductors because
of their tunable electrical and optical properties with respect to requirements. In recent

times, MOS-based gas sensors having a high operating temperatures greater than 300
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°C and low responses are highly reported. To the best of my knowledge, the reports on
low-temperature MOS-based gas sensors with high response are limited which motivated
us to work in this field. X-ray diffraction (XRD), Scanning Electron Microscope (SEM),
Energy Dispersive X-ray (EDX), and Fourier Transform Infra-Red (FTIR) Spectroscopy
is the major effective tools used for the characterization of the ZnO films. A series
of meticulous experiments have been done for the confirmation of quality material
deposition. The reported results obtained here have shown significantly the development

of the experimental works on nanomaterial at our university.

1.5 Rationale of Study

With the evolution of metal oxide semiconductors, large improvements have been made in

gas detection technology. On the other hand, the MOS gas sensors continue to have some

drawbacks such as low gas response or sensitivity and high operating temperatures. The

principle of the MOS gas sensor is based on the phenomena of adsorption and desorption

of the oxygen molecules of the ZnO surface, which are largely determined by its surface

structure. Hence, an in-depth understanding of surface morphology is crucial for MOS
gas sensor fabrication (Wei et al., 2011). The ZnO nanostructures with a variety of
morphologies, including nanorods, nanofibers, nanoflakes, nanosheets, nanoparticles,
etc. have been extensively studied to explore the factors affecting the performance of
ZnO-based gas sensors. The ZnO having a large specific area adsorbs the more oxygen
molecules and results in higher gas response or sensitivity. The specific surface area also
depends on the thickness of the film. Hence, the role of optimization of film thickness is
also an important task in thin film-based gas sensors. Operating temperature is another
vital sensing parameter in ZnO-based sensors. The gas response of MOS based sensor
inherently depends on the operating or working temperature. The working temperature
is correlated with the activation energy (Khayatian et al., 2014; Zhu & Zeng, 2017).
The reaction rate coefficient of the molecules of exposed gas with the adsorbed oxygen
species is higher at higher operating temperatures. So, on increasing temperature, the
value of gas response increases and becomes maximum at a fixed temperature at which
the thermal energy is equal to the activation energy of the reaction. On further increasing
the temperature, the oxygen molecules desorb from the surface of the ZnO, which reduces
gas response (Hongsith et al., 2010; Khayatian et al., 2014). The electrical, optical,
structural, and surface properties along with the activation energy of the ZnO can be
tailored by various strategies like doping metal into the ZnO, functionalization by noble
metal particles on the ZnO surface; fabricating nanocomposites of the ZnO with other
metal oxides, etc. These methods are helpful in enhancing gas sensing performance.
In these prospects, researchers are affording to enhance the sensing performance at

lower operating temperatures. With these motivations, this research work on the study
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of the ZnO nanostructure for sensing various toxic gases has been carried out. In this
investigation, it was expected that the gas response can be increased or the operating
temperature of ZnO-based gas sensors can be reduced by metal doping and co-doping
into the ZnO which will be helpful to monitor the traces of toxic gases in the environment

and will play an important role in the development of clean and healthy society.

1.6 Objectives

Based on the background of the study, there is still a problem to get a gas sensor working
at lower operating temperatures with an increased gas response. Metal doping and
metal-metal co-doping into ZnO could be one of the possible ways of enhancing the gas
response and lowering the operating temperature of the ZnO-based gas sensor. Keeping

this in mind, the following objectives were set in this study.
General Objectives:

To study the structural, electrical and optical properties of the undoped, metal-doped and

co-doped ZnO films for gas sensing applications
Specific Objectives:

(i) To prepare undoped, metal (Fe & Sn) doped and metal co-doped (Fe-Al) Zinc
Oxide (ZnO) films by employing spin coating, spray pyrolysis and doctor blade
methods.

(i1) To study the structural, electrical, and optical properties of the prepared samples.

(1i1) To study the sensing characteristics of ZnO-based gas sensors towards various

toxic gases such as ethanol, acetone, and ammonia.

1.7 Organization of the Thesis

The structure of the thesis is organized as follows:

(1) In Chapter 1, a brief history of gas detection, improvement in the gas detection
technology using nanostructured zinc oxide (ZnO), properties of ZnO, motivation,

and objective of the work are discussed. This chapter is named “Introduction”.

(i1) In Chapter 2, the available related literature about this work is discussed and the
chapter is termed as “Literature Review”. This chapter aims to prepare the required

background and justify the objectives of our work.

(iii)) The experimental method, theoretical background, necessary formulas, and al-

gorithm used during the entire work are presented in Chapter 3. This chapter is
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named "Materials and Methods". The ZnO film deposition, its characterizations,

and gas sensing measurements techniques are explored in this chapter.

(iv) The results of this work are presented and discussed in chapter 4 and this chapter is
named “Results and Discussion”. This chapter is divided into 6 sections say 4.1, 4.2,
4.3,4.4,4.5, and 4.6. In section 4.1, the results and discussion of characterizations
and ammonia vapour sensing properties of ZnO film are included. In section
4.2, the acetone sensing performance of ZnONPs films at various temperatures is
discussed. In section 4.3, the result of ethanol sensing performance of undoped and
Fe-ZnO films is presented and discussed. Similarly, the results of ethanol sensing
performance of undoped and Sn-ZnO films prepared by spray pyrolysis technique
are discussed in section 4.4. Likewise, the gas sensing properties of Fe-Al-ZnO
films prepared by the spin coating technique are discussed in section 4.5. The
effect of applied potential on the gate electrode in the gas sensing performance of

7ZnO is discussed in section 4.6.

(v) The conclusions and possible extensions of the current work in the future are

presented in Chapter 5. The chapter is named “Conclusion and Recommendation”.

(vi) Finally, the summary is presented in chapter 6.
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CHAPTER 2

2. LITERATURE REVIEW

Literature on the ZnO film preparation and characterization for gas sensing applications

are reviewed systematically. Some of them are discussed here.

2.1 Gas sensing characteristics of MOS sensors

Metal oxide semiconductors (MOS) have caught the interest of researchers for gas
detection due to their features such as portability, affordability, and high response.
Among various MOS, ZnO is nontoxic, inexpensive, and the most attractive potential
material for the detection of harmful gases (Eftekhari et al., 2006; Kaneti et al., 2013;
Tampo et al., 2004). Many efforts have been done to detect toxic gases using ZnO since
1962 (Seiyama et al.,, 1962). The change in the electrical conductivity of metal oxide
semiconductors with the exposure of gas was first noted in the 1950s by Carl Wagner
(Wagner, 1950). T. Seiyama fabricated ZnO based gas sensor in 1962 to detect several
gases such as toluene, benzene, ethyl ether, ethyl alcohol, propane, and carbon dioxide
at an operating temperature higher than 400 °C. In 1966, T. Seiyama and S. Kawaga
succeeded to detect ethanol vapour and CO, using ZnO film. They concluded that the gas
sensing characteristics of the ZnO film are temperature dependent (Seiyama & Kagawa,
1966). In the presence of gas, the conductivity of ZnO changed only at a temperature
greater than 200 °C. The change was fast at higher temperatures (>203 °C), which was
due to the increment in the rate of adsorption and desorption of the oxygen species. The

value of the response was higher at the higher temperature of 500 °C.

The ability of ZnO to detect gases is based on the phenomenon of oxygen molecule
adsorption and desorption on its surface. In the air atmosphere, oxygen molecules are
adsorbed on the surface of zinc oxide which takes the electrons from the conduction band
and becomes oxygen ions. Hence, ZnO exhibits more resistance. At the exposure of
analyte gas (reductive gas), the molecules of gas interact with the adsorbed oxygen ions,
which makes the electron release again back to the ZnO. Hence, the resistance of ZnO
decreases (Hassan et al., 2014). This change of resistance determines the sensing ability
of the ZnO sensor. In 2013, Kanetti and the group studied the gas sensing capability of
ZnO synthesized in the form of nanoplates and nanorods, prepared by the solvothermal
method. They reported that the sensitivity of the nanoplate-based sensor was 2 times
greater than that of nanorod-based sensors. It was due to the higher specific surface area
of the nanoplates (Kaneti et al., 2013). Further, Cui and group, in 2016, prepared the
Zn0O with different m orphologies: nanoflowers, nanorods, and na nofibers. Their results

showed good gas response for ZnO nanofibers than other studied morphologies for the
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formaldehyde detection at room temperature (Cui et al., 2016).

The gas sensing capacity of ZnO is highly temperature dependent. The sensitivity of
the ZnO sensor increases for increasing the temperature (Seiyama & Kagawa, 1966). It
reaches the maximum value at a particular temperature and declines on further increasing
the temperature (Khayatian et al., 2014). ). In 2010, Hongsith and the group introduced
an explanation for the temperature-dependent gas-sensing characteristics of ZnO. The
gas response depends on the reaction rate coefficient of the gas molecules exposed to the
surface of ZnO and oxygen ions adsorbed to the ZnO surface, which further depends
on the temperature of the ZnO surface. On increasing the temperature, the reaction rate
increases and becomes maximum at a particular temperature when the thermal energy
overcomes the limit of activation energy of the reaction and the high response results
at that particular temperature. Above this particular temperature, desorption of oxygen
occurs and response decreases (Hongsith et al., 2010; Khayatian et al., 2014). The
operating temperature of the ZnO also depends on the activation energy. The activation
energy of the ZnO can be adjusted by metal doping into it (Acharya et al., 2012; Khalid
et al., 2019).

2.2 Undoped, metal-doped, and co-doped ZnO Gas Sensor

The investigation on the gas detection by ZnO has been accelerated after the reports
published by Seiyama in 1962 (Seiyama ef al., 1962). A number of researchers synthesized
the undoped and metal-doped ZnO films of different morphologies utilizing different
techniques, to study its gas sensing task. The literature, related to this work, is studied

systematically. Some of them are discussed below.

Bott, in 1984, investigated the sensing capabilities of crystalline ZnO film towards CO,
H;, CHy, and water vapour in the temperature ranging from 300 to 500 °C. They reported
that ZnO was more sensitive to CO and H; but insensitive to CH4 and water vapour.
Additionally, it showed good stability and a response time of ~2 min (Bott et al., 1984).
Likewise, Saito and group also investigated the sensing capability of porous ZnO and
Pt/ZnO ceramics towards CO and C3Hg at the high temperatures of 300 and 400 °C.
Their results showed that ZnO exhibited the highest response of 18.4 for 4000 ppm of
C3Hg and 6 for 4000 ppm of CO at a temperature of 400 °C respectively. On the other
hand, the highest response of Pt/ZnO for the exposure of the same concentration of
CsHg and CO at the same temperatures were only 4.8 and 1.2 respectively (Saito ef al.,
1985). Nanto H. and his research group prepared the pristine and metal (Al, Ga, In)
doped ZnO films by sputtering technique and investigated their sensing performance with
the exposure of 200 ppm of various gases; ammonia, hydrogen, butane, methane, ethyl

alcohol, and acetone at the temperature of 350 °C. They reported the highest response
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of 89 for 200 ppm of acetone when measured by undoped ZnO. Whereas the metal (Al,
Ga, and In) doped ZnO showed the highest response (—94, —88, and —82) for the same
concentrations of ammonia (Nanto et al., 1986). After a few years in 1989, Lampe, U.
& Muller, J. studied ZnO film for oxygen s ensing. They found that the resistance was
increased first on increasing the pressure of oxygen and then acquired the saturation value.
The resistance was decreased by decreasing the oxygen pressure (Lampe & Miiller, 1989).
Sberveglieri, G., and group also investigated the oxygen sensing task of pure ZnO and
Li-ZnO films. These films were deposited on the glass substrates adopting RF sputtering
technique. The results showed that the Li-ZnO was more sensitive than the undoped
ZnO. It was due to the formation of a deeper donor level with respect to undoped film
(Sberveglieri et al., 1990). Mitra, P., and the group reported that the palladium-sensitized
Zn0 film shows maximum sensitivity of 99.9% with the exposure of 1 vol.% H; at the

optimized temperature of 250 °C. (Mitra et al., 1998).

Miki-Yoshida and coworkers in 2000, prepared metal (Al, In, Cu, Fe, and Sn) doped ZnO

films by the spray pyrolysis m ethod. They studied the ethanol sensing capabilities of

these films at temperatures ranging from 435-675K. According to their findings the 0.4

at. % Sn-doped ZnO and 1.8 at% Al-doped ZnO, showed a gas response of 190 and 160
respectively at the temperature of 675 K (Miki-Yoshida et al, 2000). Wan and their
group fabricated the ZnO nanowires with microelectromechanical system (MEMS)
technology and studied their sensing characteristics towards ethanol at temperatures of
200, 250, and 300 °C. The result revealed the maximum response of 47 at 300 °C
towards the exposure of 200 ppm of ethanol (Wan et al., 2004).

In 2006, Chou and his coworkers prepared Al-ZnO films using RF sputtering techniques
for ethanol sensing. These films were then characterized by using XRD and SEM for
their structural and morphological study. They found a sensitivity of 20% at an exposure
of 400 ppm of ethanol at 250 °C. The resistance was decreased upon introducing ethanol
vapor into the chamber, and it was again increased when the gas was turned off (Chou et
al., 2000).

Choopun and group, in 2007, prepared ZnO nanobelt film using an R F sputtering

technique. The as-prepared film was used to detect the ethanol of different concentrations
(50 - 2000 ppm) at different operating temperatures (200 - 290 °C). The sample showed
the maximum response at 220 °C at an exposure of all ethanol concentrations. They
expressed the sensitivity (S) empirically as S = 1 + mC", where C represents the gas
concentration and m and n are constants. The value of m varies with the nature of the
sensor material, the kind of analyte gas, and the operating temperature. The value of n
depends on the kind of adsorbed oxygen species onto the sensor surface. It is 0.5 for 0%~

and 1 for O™. The value of n was reported to be 0.5, indicating that the adsorbed oxygen
species was 0%~ at 220 °C (Choopun et al., 2007).
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Liewhiran, & Phanichphant, in 2007, studied the effects of a thickness (5, 10 & 15 pm)
and cracks on the ZnO nanoparticles film prepared by the doctor-blade method for ethanol
sensing. Their result demonstrated that the sensor properties were found to be influenced
by the film thickness. The thinner film exhibited a higher and faster response. It was
because of the presence of more cracks with increasing crack width in the thick films
which reduced the specific surface area. It also reduced the connectivity of films and

degraded the characteristics of electronic materials. (Liewhiran & Phanichphant, 2007).

A study using ZnO thin film as a methane sensor was completed by Mitra and Mukhopad-
hyay, in 2007. They fabricated a ZnO semiconducting layer with palladium (Pd) as a
catalyst. The catalyst was created using palladium chloride (PdCl;) solution by adopting
a wet chemical process. They studied the fundamental features of a sensing element,
including sensitivity, response time, and recovery process. They also investigated the
variation of sensitivity with temperature and found the maximum value of sensitivity of
about 86% at 200 °C for 1 vol. % methane (Mitra & Mukhopadhyay, 2007).

Zhang and group studied the acetone sensing characteristics of ZnO micro bullets,
Zn0O-Fe,03-ZnFe,04 composites prepared by the solvothermal process. They reported
that ZnO-Fe,03—ZnFe,; 04 composite sensor showed a very good and quick response
and recovery towards acetone. It also showed good selectivity for acetone at a lower
working temperature of 190 °C. ZnO-Fe,O3—ZnFe,O4 composite sensor was able to

detect acetone in the range of 1-1000 ppm (Zhang et al., 2010).

In 2011, Wei and their group reported on the development of a ZnO nanostructure-
based sensor. ZnO nanostructures have versatile properties such as large surface area,
nontoxicity; biocompatibility, excellent conductivity, and high chemical, and thermal
stability. They pointed out some crucial problems like low selectivity, reproducibility,
and stability for ZnO-based gas sensors (Wei et al, 2011). Ang Wei and group
investigated the ammonia sensing properties of ZnO nanorods at room temperature and
at 150 °C. ZnO nanorods were grown by employing a hydrothermal route. Their results
showed the measured sensitivities were about 8% and 60% for the exposure of ammonia

(500 ppm) at room temperature and 150 °C, respectively (Wei et al., 2011).

Yu, and group, in 2011, prepared micro-lotus nanosheets of undoped and Fe-doped
ZnO films by a hydrothermal route. In this experiment, the 1% Fe-ZnO sample showed
good sensing performance towards acetone and ethanol at 400 °C, which is due to the
sample’s higher porosity (Yu et al., 2011). In 2013, Mun and colleagues investigated
the porous ZnO nanosheet stability to detect NO, gas. They used the heat evaporation
method to create porous ZnO nanosheets. The morphology, crystal structure, and sensing
capabilities of the sample were investigated at room temperature. They reported that the

responses of the many networked ZnO nanosheet gas sensors were enhanced by 1.8 to 3.3
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fold at an exposure of 1- 5 ppm of NO, (Mun et al., 2013). Mahajan, in 2013, investigated
the photo-sensing and gas-sensing characteristics of Mn-ZnO thin film prepared using
successive ionic layer adsorption and reaction (SILAR) technique. They reported that
the gas-sensing characteristics of the thin film can be enhanced by Mn doping into the
ZnO0 lattice. The maximum sensitivity towards 200 ppm of LPG was obtained at 200 °C.
The main features of the research work were fast response and recovery times (8 and 10

sec). The gas response was increased with gas concentration (Mahajan et al., 2013).

In 2013, Santhaveesuk & Choopun created Sn-ZnO tetrapods employing a simple thermal
oxidation reaction process. They investigated the ethanol sensing capabilities of the
as-prepared sample. The sample showed the highest response of 21 at 340 °C towards
200 ppm of ethanol (Santhaveesuk & Choopun, 2013).

Zhao, in 2013, synthesized pristine and Al-ZnO nanofibers using the electrospinning
technique for ethanol detection at temperatures between 150 and 350 °C with a 50 °C
interval. They claimed that the Al-ZnO nanofibers-based sensor exhibited better gas-
sensing performance than the pristine one. The ZnO nanofibers-based sensor displayed
the highest response of 3.5 at 300 °C for 500 ppm of ethanol, whereas the Al- ZnO
nanofibers displayed the highest response of 14 at 250 °C (Zhao et al., 2013).

Saydi and his group prepared ZnO and 1 wt% Mn-ZnO nanoparticles using the reverse
micelle method and characterized it for their structural and optical investigation using XRD
and UV-Vis spectrophotometer respectively. Their report showed that the nanoparticles
ranged in size from 18 to 21 nm. These films were then used to detect gasoline and
ethanol vapors at different t emperatures. They reported that the optimum operating
temperatures of the ZnO and Mn-ZnO sensors were 360 and 350 °C for ethanol and 290
and 335 °C for gasoline, respectively. This clearly showed that the Mn impurities reduced
the sensing capability of the ZnO sensor (Saydi et al., 2014). X. Liu, in 2014, prepared
0.55 M of 1.5% film on a quartz substrate by the sol-gel route to study ethanol sensing.
They found that the sample exhibited the highest response of 37 at a temperature of 500
°C (Liu et al, 2014).

Hijri and group, in 2014, used a modified s ol-gel technique to s ynthesize Al-ZnO

nanoparticles which were annealed at 400 °C. They studied morphology and structural
characteristics using TEM and XRD. The mean crystallite size was found to be approx-
imately 60—70 nm. They investigated the electrical and sensing characteristics of the
prepared samples for carbon monoxide. The remarkable reduction in the resistance of the
Al-ZnO sensor was noticed after exposing carbon monoxide to the temperature ranging
from 250-300 °C. The gas sensor fabricated using Al-ZnO showed a better response than
the undoped ZnO sensor and hence they concluded that their materials could be utilized

to detect the sub-ppm concentration of CO in air (Hjiri et al., 2014).
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Hosseini, in 2015, synthesized ZnO nanorods on quartz substrate by vapour phase
transport (VPT) technique. The ZnO nanorods were vertically aligned with flower-like
structures. Prepared ZnO structure was utilized for the detection of hydrogen sulfide
(H,S) at ambient temperature as well as at 250 °C. The result revealed a response of 296
at an exposure of 1 ppm H»S at ambient temperature and 2.4 at 250 °C. The response was
decreased with increasing relative humidity and the sample had good stability (Hosseini
et al., 2015).

Mani and group, in 2016, reported on the preparation of ZnO, Co-ZnO, Ni-ZnO, and

Cu-ZnO nanostructured films by spray pyrolysis method for gas s ensors. They reported

that the gas responses of ZnO, Co-ZnO, Ni-ZnO, and Cu-ZnO films as 2.85, 800, 2.59,

and 21.36 respectively towards 10 ppm acetaldehyde at ambient temperature. They

reported that the Co-ZnO sensor has the selectivity towards acetaldehyde at ambient

temperature (Mani & Rayappan, 2016). In 2016, the research group of K. K. Lokesh

synthesized the nanofibers of n-ZnO/p-NiO using an electro-spinning method and tested

the sensing capability towards ammonia (NH3) at room temperature. At room temperature,
n-ZnO/p-NiO showed a high response of 67 at an exposure of 250 ppm of NH3 and
showed the highly selective nature to NH3 (Lokesh et al., 2016).

In 2017, Bhatia and co-workers published a report on the preparation of ZnO nanoparticles
utilizing two different r outes: a simple heat treatment and thermal evaporation routes,
using 0.17 M of zinc acetate dehydrate, Zn(CH3;COO), : H,O as the primary precursor
solution. The result of XRD analysis revealed a hexagonal wurtzite structure with a
preferred orientation along the (101). From FE-SEM, they measured the grain size and
found 50 + 5 nm. They observed the peaks between 400 and 500 cm™! for ZnO stretching
modes in the FTIR spectra. The band gap was in the range of 3.32 to 3.36 eV. The film
was deposited on the glass substrate and then utilized as a gas sensor. Gas sensing results
showed that the thermally evaporated sample exhibited a higher response of 14.4 at an
exposure of 50 ppm of ethanol at 250 °C. This value of response was nearly three times
greater than that of the simply heat-treated sample (Bhatia et al., 2017).

In 2017, Zhu and Zeng presented strategies for creating a room temperature gas sensor
utilizing ZnO. According to them, the operating temperature can be reduced by modifying
the surface morphology of ZnO, metallic doping into ZnO, and light activation. The gas
response can be increased by reducing grain size and increasing specific area, defect
density, and porosity. The operating temperature can only be somewhat decreased
by modifying the surface. Metal doping, conducting polymer doping, and inorganic
doping into ZnO are effective ways of realizing room-temperature ZnO gas sensors.
Size distributions, the nature of metal dopants, and their concentration will influence
the gas-sensing capabilities of ZnO at room temperature. They also reported that the

bimetallic doping on the ZnO nanostructure will be more effective than the monometallic
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doping to enhance the sensing ability and decrease the operating or working temperature.
Conducting polymer doping on ZnO nanostructures could also be used to improve sensing
properties at lower operating temperatures (Zhu & Zeng, 2017). In such a context, they
prepared the chromium-doped ZnO (Cr-ZnO) nanorods prepared by the hydrothermal
route and found them to be effective to improve the ethanol sensing ability of ZnO. They
also investigated the gas-sensing mechanism using first-principles c alculations upon
surface adsorption models. They found that the Cr-ZnO surface is enabled to transfer a
large number of electrons and adsorb more oxygen molecules than pristine ZnO, which is

crucial for the improvement in the ethanol gas response (Zhu et al., 2017).

Poloju and group used co-precipitation followed by the sol-gel route to prepare ZnO
nanoparticles, ZnO/CuO & Al-ZnO/CuO nanocomposites. They characterized the
materials and then investigated the ammonia sensing performance of prepared samples at
room temperature. They found that the Al-ZnO/CuO-based sensor showed a response of
3010.71, excellent stability, and quick response (response time of 14 sec) and recovery
(recovery time of 9 sec) towards 500 ppm of NH3 gas at room temperature than the ZnO
and ZnO/CuO based sensors (Poloju et al., 2018).

In 2018, Goudarzi and Khojier prepared the undoped and Mg-ZnO films using spray
pyrolysis technique. They used these samples to monitor NH3z at ambient temperature.
They reported that the Mg-doped ZnO (Mg-ZnO)exhibited the best response of about
800 at 100 ppm of ammonia (Goudarzi & Khojier, 2018).

Vijayakumar and group, in 2020, prepared the undoped, Fe, Al and Fe-Al doped ZnO
films by spray pyrolysis technique for investigating the gas sensing capabilities s towards
the ammonia, acetone, xylene, and ethanol at ambient temperature in 60 % humidity. All
the samples exhibited a high response to ammonia. Fe-Al-ZnO film showed the highest
response of 20 to 10 ppm of NH3. The response and recovery times were 26 sec and 12
sec respectively. This high value of response for the NH3; was due to the smaller kinetic
diameter and lower ionization energy, which allows its molecules to diffuse through
the sensor surface of the film (Vijayakumar et al., 2 020). Sahoo, in 2020, prepared the
pristine, Fe-doped, In-doped, and Fe-In-doped ZnO films using the spray pyrolysis route.
They studied the surface structure-dependent LPG gas sensing properties of prepared
samples. Here, they reported that the grain size of ZnO decreased after 3 at.% In doping
from 99 nm to 79 nm. The surface morphology was changed from a spherical granular
shape to a nanoflake after co-doping Fe and In into ZnO. They found that the 3% In-ZnO
sample responded better than the other samples, which was due to the smaller spherical

grain size and compact morphology (Sahoo et al., 2020).

Jaballah and peers studied the gas sensing efficacies of undoped ZnO, 1% Mg-ZnO, 5%
Al-ZnO, and 5% Al-1% Mg-ZnONPs films made using the modified sol-gel method.
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They reported that the 5% Al-1% Mg co-doped ZnONPs film-based sensor had a higher
response of 70 for 2000 ppm of H; and 2 for 20 ppm of CO at 250 °C and were able to
detect less than 2 ppm of H, and 1 ppm of CO (Jaballah et al., 2021).

From the above discussion, we came to understand that, the ZnO-based sensors generally
work well at the operating temperature greater than 300 °C towards ethanol and acetones.
To the best of my knowledge, only limited reports on MOS gas sensing at ambient
temperature have been published to date. The researchers are trying to enhance the
gas sensing capability at low temperatures using different strategies such as surface
modifications and metal doping into ZnO. Metal doping is one of the good ways to
enhance the sensing ability of ZnO. Only a few reports are available on gas sensing using
metal-metal doping. Therefore, we focused our attention to study the structural, electrical,
and optical properties of undoped, metal-doped, and metal-metal co-doped ZnO in the

detection of various commonly available toxic gases.

2.3 Research gap

The gas sensing properties of the ZnO depends on the concentration of adsorbed oxygen
ions, surface morphology, temperature, humidity, etc (Hosseini et al., 2015). The
concentrations of adsorbed oxygen ions depend on the oxygen vacancies (defects) in ZnO
(Cui et al., 2016; Zhu & Zeng, 2017). Generally, higher operating temperatures of ZnO-
based gas sensors have been reported up to date. The high operating temperature reduces
the stability and consumes more power. Hence, a number of investigators are working
tirelessly to increase the sensitivity or gas response at lower operating temperatures using
different strategies such as metal doping and surface modifications. There are some
advancements reported for room temperature operation of ZnO gas sensors (Wei et al.,
2011; Mani & Rayappan, 2014). The metal doping and co-doping into ZnO are
reported to be one of the excellent ways of enhancing the sensitivity of ZnO sensor
(Santhaveesuk & Choopun, 2013; Zhu et al., 2017; Sahoo et al., 2020). Based on the
published reports, the majority of previous research concentrated on single-metal doping.
There are only a few reports available on metal co-doping which would significantly
enhance the ZnO sensor performance. As the doping changes the surface morphologies
and the activation energy of ZnO (Sahoo et al., 2020), the gas sensing performance is
assumed to be enhanced even at lower operating temperatures. Therefore, in the present
work, the study on the effect of Fe, Sn, and Fe-Al co-doping in the structural, electrical,
and optical properties of ZnO to increase its gas sensing performance towards ammonia,

acetone, and ethanol is set to explore.
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CHAPTER 3

3. MATERIALS AND METHODS

In this chapter, the ZnO film preparation using available methods, its characterization,

and gas sensing measurements are described.

3.1 ZnO Film Preparation Techniques

There are several techniques that can be employed to prepare thin films of undoped
and metal-doped metal oxide semiconductors. Some of them are vacuum evaporation,
chemical bath deposition, dip coating, thermal evaporation, physical vapour deposition,
electrochemical deposition, spray pyrolysis, spin coating, doctor blade etc. In this study,
the ZnO films were prepared by using spin coating, spray pyrolysis, and doctor blade

methods. All the samples were deposited on the ultrasonically cleaned glass substrates.

3.1.1 Substrate Cleaning

The glass substrates were first thoroughly cleaned with lanoline detergent, distilled water,
and acetone in an ultrasonic bath. They were then dried for 30 minutes in a hot air oven
at 50°C to remove all the unwanted dust (Koirala & Joshi, 2017).

3.1.2 Preparation of Undoped, Fe-ZnO and Fe-Al-ZnO Films

Figure 12 depicts the flow chart followed to prepare ZnO films using the spin coating
method. At first, 0.35 M precursor solution was prepared by dissolving zinc acetate
dehydrate (ZnAc) into the ethanol at (70 + 5) °C. The molar ratio of DEA to ZnAc was
maintained 1:1 (Shrestha et al., 2010; Shakti & Gupta, 2010). The fluctuation in the set
temperature was taken as an error in it. A magnetic stirrer was used to mix the solution
for 1 hr to get a homogeneous solution. The same molar of Fe and Al dopant solutions
were prepared by dissolving ferric nitrate tetrahydrate and aluminum chloride in ethanol
in two different b eakers. All these solutions were then filtered with WHATMAN filter
paper. Prior to depositing Fe-ZnO films, the required amount of ferric chloride solution
was mixed with the zinc acetate precursor solution. The as-prepared solution was then
mixed with the zinc acetate precursor solution to prepare 1, 2 3, and 4 at.% Fe-ZnO
solutions. Similarly, Fe and Al dopant solutions and zinc acetate precursor solutions

were then mixed to prepare 1%Fe-1%Al, and 3%Fe-1%Al-ZnO solutions.

All these solutions were stirred using a magnetic stirrer for 1 hr to get homogeneous
solutions and then aged for 24 hr. As-prepared precursor solutions were utilized to deposit

the films on glass substrates by a spin coating method using a spin coater (VTC-50A)
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Figure 12: (a)Preparation of ZnO, Fe-ZnO and Fe-Al-ZnO films, and (b) Spin coater

available at the physics laboratory of Amrit campus, Tribhuvan University. In the coating

process, a few drops of the prepared solution were put on the center of the glass substrate

which was positioned in the middle of the spin coater. The glass substrate is then rotated at

a speed of 3000 rpm for 30 sec in order to disseminate the coating material by centrifugal

force. The deposited film was soft-baked for 5 minutes at (110 + 10) °C and then for 10

minutes at (450 + 10) °C. During post-heating, the deposited film is first converted into

brown color then into rainbow color. These steps were repeated to deposit more coats as

second, third, fourth, and fifth coats, and so on until we get the appropriate thickness of
the film. Finally, the film was heated at (450 + 10) °C for 1 hr (Shrestha et al., 2010).

3.1.3 Preparation of Undoped and Sn-ZnO Films

Figure 13 depicts the block diagram of the preparation method of the ZnO and Sn-doped
ZnO (Sn-ZnO) films by spray pyrolysis technique. At first, zinc acetate dehydrate was
dissolved in distilled water to create the 0.35 M ZnO precursor solution. The solution
was shaken for about one hr at (60 + 10) °C using a magnetic stirrer to produce a clear,
homogeneous solution. The same molar Sn dopant solution was made by dissolving
stannous chloride in distilled water in a separate beaker. The solution was stirred for 1 hr
at (60 = 10) °C with the help of a magnetic stirrer to obtain a clear and homogeneous
solution. The stannous chloride solution and the zinc acetate solution are mixed in the
volume ratios of 1:99, 2:98, and 3:97 to get the solutions of 1, 2 and 3 at. % Sn-ZnO
solution. Afterward, the solutions were aged for 24 h at ambient temperature after being
filtered with WHATMAN filter paper.

Using homemade spray pyrolysis apparatus, different sets of undoped and Sn-ZnO films
were prepared on the glass substrates. A nebulizer [Model No: CN-01W] was used to

spray the solution over the glass substrates heated at 380 + 10 °C. The main deposition
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Figure 13: Block-diagram for preparation of ZnO and Sn-ZnO films

Table 1: Deposition parameters set to deposit ZnO films using spray pyrolysis

Parameter Scale
Spray nozzle diameter 0.5 mm
Flow rate 0.33 ml/min
Substrate temperature 380+ 10 °C
Carrier gas pressure 2.5 bar
Nozzle to substrate distance 2 cm
Number of layers deposited 5

parameters are the flow rate, carrier gas pressure, the substrate to nozzle distance, nozzle
diameter, number of layers, and substrate temperature (Mani & Rayappan, 2015). The
parameters set for film deposition are presented in Table 1. Finally, the films were
annealed at 500 + 10 °C in the programmable muffle furnace (Nabertherm GmbH,
LT 3/11/B4 10 Serial No. 36140, Germany) for 1 hr available at the physics research
laboratory of Amrit Campus.

3.1.4 Preparation of ZnO Film by Doctor Blade Method

Firstly, the glass substrates were coated with fluorine-doped tin oxide (FTO) layers
employing the spray pyrolysis technique. For this, 21.051 gm of SnCl, : 2H,0O was
dissolved in 10 ml conc. HCI by stirring using a magnetic stirrer at (90 = 10) °Cin a
beaker. Then, the distilled water (40 ml) was added and shaken for 15 min at temperature
(60 £ 10) °C. The ammonium fluoride (NH4F) solution was prepared by dissolving it in
50 ml of distilled water in another beaker. Afterward, these two solutions were mixed
and shaken for 1 hr with the help of a magnetic stirrer. The final solution was aged for 24
hrs (Koirala & Joshi, 2017).
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Figure 14 shows the flow chart used to prepare ZnO film on FTO glass substrate using
doctor blade method. Prior to this deposition, ZnO nanoparticles were prepared. To

prepare the ZnO nanoparticles, 0.5 M Zinc acetate dehydrates was dissolved into ethanol

ZnAc + Ethanol + NaOH ppt formed Left for
(dropwise) & Stirred g & washing L d sedimentation 1
for 2 hrs day

!

Dried yeild at Separate ppt using

ZnO = pa—
powder 10010 °C for 16 centrifuging machine
hrs

Grinded powder

- for 1 hrs -

Film Pre-paratlon Prepare paste

in ethanol

Doctor blade method

Annealed the Make thin layer
Add few dro
prepared film at 550 | <4 of paste on ] ) P
. of vinegar
+£10°C for 1 hr FTO glass using a
razer blade

Figure 14: Block-diagram of preparation of ZnO nanoparticles film

and stirred for 2 hr at 60 + 10 °C. The 2.0 M NaOH was put into this mixture dropwise at
fixed stirring conditions to p recipitate. The solution’s pH was held constant at 1 2. To
remove organic contaminants, the residue was centrifuged at 2500 rpm, filtered extremely
carefully, and washed with distilled water multiple times. The residue was then dried
for 16 hrs in a programmable muffle furnace at 100 + 10 °C. The paste of ZnONPs was
prepared using ethanol and 3-5 drops of vinegar. The vinegar acts as a binding agent. The
Zn0 films were deposited over FTO coated glass substrate using a doctor blade method.
In this method, the film was made by spreading the above-prepared ZnO paste with the
help of a Razor blade. The deposited layers were heated at 550 + 10 °C for 1 hr. Before
testing, the as-prepared film was aged for an additional 7 days in an ambient atmosphere
to increase stability (Zhang et al, 2018). Ultimately, as-prepared ZnONPs are
characterized using FTIR and XRD.

3.2 Characterization Technique

3.2.1 Optical Characterization: UV-Visible Spectroscopy

Optical characteristics of as-prepared samples were investigated by Ocean Optics spec-
trophotometer (Model: HR4000CG-UV-NIR, Singapore). Figure 15 shows the schematic
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diagram of the transmittance measurement of the ZnO prepared. In the wavelength range
of 360—1000 nm, the transmitted light from the sample is allowed to pass through the
optical fiber to the UV-Vis spectrophotometer. The spectrometer is interfaced with a PC

Transmitted light to
Incident ~ Sample spectrophotometer
Light Using optical fiber

l

LILAEERLLLY B l
T -

Power Supply Sample Holder
HI-2000-FHSA (Halogen

Light Source)

{—

UV-Vis spectrophotometer
PC with spectra-suite software (HIR4000 UV-NIR, Ocean Optics)

Figure 15: Schematic diagram of transmittance measurement of the sample using UV-Vis spectrophotometer
for scanning and accumulating the data. The accumulated data is then analyzed to get the
result of the experiment. The necessary theory for this is described below.

If the light of intensity /Iy is incident on the film of thickness 7, then the transmitted light
intensity / is given by

I=Ie™ 3.1)

where « is called the absorption coeflicient, and a7 is called optical density.
From equation (3.1), the value of « is determined by
_In({p)

@=— (3.2)

Here, T is the transmittance that can be recorded by a UV-Visible spectrophotometer.

The energy difference between the conduction band edge and the top of the valance band
edge determines a semiconductor band gap. The conductivity of the semiconductor is zero
at a temperature of 0 K because every state in the valance band is completely filled and

every state in the conduction band is vacant. As the temperature ( 7) increases, the thermal
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excitation of electrons causes them to move from the valance band to the conduction band
and holes are formed in the valance band. Both the electrons and the holes contribute to
the electrical conductivity of semiconductors. Thus, intrinsic conductivity is a function
of temperature. Under the intrinsic condition, the hole concentrations and electron
concentrations are equal. The intrinsic conductivity and intrinsic carrier concentrations
are controlled by E, /kgT, here E ¢ 18 the band gap, kp is the Boltzmann constant, and T
is the temperature in kelvin. For large E, /T, the concentration of intrinsic carriers and

the conductivity will be low.

In this work, the optical band gap was obtained by the optical absorption process. The
presence of bound electrons and ions causes the absorption of UV and IR regions of the
spectrum, which is described by the electronic band theory and the theory of inter-band

excitation. There are two types of optical absorption.

a. Direct optical absorption

b. Indirect optical absorption

In the direct absorption process, photons are absorbed by the material, resulting in the
creation of electrons and holes. It occurs when the bottom of the conduction band edge
and the top of the valance band edge have the same wave vector. The absorption starts
at the frequency v of light for which E, = hv. Here, h is Planck’s constant. In this
process, the electron is transferred vertically between the two bands without a change in
momentum (Kittel, 1996).

In the indirect absorption process, both photons and phonons are absorbed. It occurs
when the bottom of the conduction band edge and the top of the valance band edge
are separated in k-space. In the indirect transition at low temperatures, the threshold
energy is higher than the true band gap. The threshold energy for the indirect absorption
between the band edges is hv = E, + hv,. Here v, is the frequency of the released
phonon having wave vector k. At high temperatures, the phonons are already thermally
activated in the crystal. If a photon is absorbed along with a phonon, the threshold energy
is hv = E, — hv),. In the process, the wave vector is always conserved. In general, the
transition occurs between all points of the two bands, for which both wave vectors and
energy are conserved (Kittel, 1996). The relation of optical absorption coefficient ( @)

with hv is given by empirical formula:
(ahv)" = A (hv - Eg) (3.3)

where n = 2, and 1/2 for allowed direct and indirect transition, respectively. Here, A is an

energy constant, and v is the frequency. The plot of (@hv)? or (ahv)'/?

vs. hy yields a
portion of a straight line. The intercept of the straight line on the hv-axis gives the value

of the direct or indirect optical band gap value of the material.
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3.2.2 Surface Morphology and Elemental Composition

The surface morphology of the sample was investigated by scanning electron microscopy
((Model: JEOL, JSM-7001F, Japan). An electron beam is used in an electron microscope
to magnify the image of the sample. According to de-Broglie, material particles in
motion can behave as wave. The wavelength of the electron moving with velocity v and

accelerated by potential V is given by

h h 1.22
—= = nm
my  \2meV Vv

For V =10000 Volts, A = 0.012 nm. This wavelength is considerably shorter than the
wavelength of visible light (400 to 700 nm). Thus, an SEM has far better resolution than

1=

(3.4)

an optical microscope. In the SEM, the SEM image is created by scanning the material

with a focused beam of electrons and collecting the secondary or back-scattered electrons.

Figure 16 depicts a schematic illustration of an SEM (Young & Kalin, 1986). It is made up
of an electron gun, a lens setup, scanning coils, a collector, and a cathode ray tube (CRT).
The main component of an electron gun is a tungsten "hairpin" filament. The electron gun
emits electrons using thermionic emission with a 2 eV energy spread. These electrons
are focused and scanned across the sample after passing through a number of lenses. The
secondary electrons come out of the sample due to striking the incident electron beam.
Some incident electrons are backscattered, and some are absorbed. The absorbed electron
is measured as electron-beam-induced current. X-rays are also emitted in this process.
These secondary electrons are accelerated by applying a potential difference of 10-12 kV
and detected with an Evehart-Thornly (ET) detector. Scintillation material is the basic
component of the detector. The scintillator emits light when these accelerated electrons
hit the detector. This light is permitted to incident on a photocathode after passing
through a photomultiplier in a light pipe, which produces electrons. These electrons are
amplified to produce extremely high gains, and it must run at high potentials between
10 and 12 kV. The brightness of a CRT can be controlled by detecting and amplifying
each of these signals. Thus, each point on the display and each point on the sample
are established to have a one-to-one correlation. Following the mapping procedure, the

magnification M is calculated as:

_ Length of CRT display
 Length of sample scan

(3.5)

Lanthanum hexaboride (LaBg) sources with greater brightness and a 0.2 — 0.3 eV reduced
energy spread have mostly replaced tungsten sources. Compared to LaBg, field-emission
guns are around 100 times brighter and 1000 times brighter than tungsten sources with

longer lifetimes.
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Figure 16: Schematic diagram of scanning electron microscope (Young & Kalin, 1986)

The elemental compositions were studied by energy dispersive X-ray (EDX) analysis.
It is an analytical technique. The fundamental idea is that each element has a distinct
atomic structure, which leads to a distinct collection of peaks on the electromagnetic
emission spectrum. The material to be tested is exposed to an intense electron beam.
The inner and outer shell electrons of the material’s atoms interact with these incident
electrons elastically. Due to this interaction, the electrons in the outermost shells release
soft X-rays, whereas the electrons in the innermost shells emit characteristic X-rays that
depend on the energies of these shells and are characteristics of the atoms generating
them. Therefore, information regarding the types of atoms present in the film and their
concentration can be obtained by evaluating the energy of these characteristics X-rays
(Hamuyuni et al., 2016). In addition, Auger electrons are also produced to detect elements
with an atomic number less than 11. An energetic electron is bombarded at the target
to produce the vacancy in the inner shell, which leads to the emission of an energetic
electron, called an Auger electron. The energy of the Auger electron is then used to
determine which element emitted it. The spectrum was then produced by the analysis of
the energy of Auger electrons with the relative abundance of the electrons. The peak in

the spectrum identifies the element present in the samples (Hamuyuni et al., 2016).
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3.2.3 Structural Characterization

The structural investigation of the sample was carried out using X-ray diffraction (Model:
Bruker AXS, D2PHASER A26-X1-A2BOB2A-, Serial No: 207047). It has been
utilized to determine the overall structure of bulk solids, such as lattice constants, crystal
orientation, strain, etc. The schematic diagram of X-ray diffraction by a crystal is
depicted in Figure 17. This technique is based on the idea that the wave will exhibit
the phenomenon of diffraction when it interacts with the atomic planes in a crystal.
In this technique, the X-ray beam is incident on a sample at a certain angle called
the glancing angle, and the X-rays scattered by neighboring planes are analyzed. At
particular angles of incidence, X- rays scattered by neighboring parallel atomic planes
will interfere destructively or constructively. The constructive interference gives a large
output signal at those particular angles. Constructive interference occurs only when the
path difference of the interfering waves is an integer multiple of the wavelength of the

X-ray. For constructive interference:
2d sin 6 = nd 3.6)

where A is the X-ray wavelength, and d is the separation between two neighboring planes,
i.e., lattice spacing. n is the order of diffraction. 6 is the glancing angle. This is Bragg’s
law. Factor d is related to the (hkl) indices of the planes and the dimensions of the unit
cell. One of the limitations of the X-ray diffraction technique is that it provides bulk
information. The thickness cannot be measured for the thin film with roughness over 50
nm, XRD works only when there is a difference in electron density between the layer of
sample and substrate.

The crystallite size is determined by Debye Scherer’s formula:

_ Ka
B Bcosb

3.7

where, K - shape factor, A - wavelength, g - full width at half maxima and 6-Bragg’s
angle (Bhatia et al., 2017).

The lattice strain (&) of sample is determined as:

e = P
4tand

(3.8)

The lattice parameters a and c are evaluated using formula for hexagonal crystal structure
(Pramod & Pandey, 2014; Srinivasulu et al., 2017):

A
V3 sin6

q = (3.9)

32



X-rays beam

. . L] L] . L] L] . . . . . . . . . . . .
. . . L L L . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .

Figure 17: Schematic diagram of X-ray diffraction (Kittel, 1996)

A
sin @

c= (3.10)

3.2.4 Fourier Transform Infrared (FTIR) Spectroscopy

The various characteristic functional group of the samples were investigated using FTIR
spectroscopy (Model: Perkin Elmer -16.10.2) In the latter half of the 19" century,
Michelson and Lord Rayleigh established the basis for Fourier Transform Infrared (FTIR)
Spectroscopy. By applying a Fourier transformation, Rayleigh was able to relate an

interferogram with their spectra.

Figure 18 depicts the block diagram of the FT-IR spectrometer. (Michelson, 1891;
Rayleigh, 1892). The fundamental component of FTIR is Michelson interferometer.
The interferometer is coupled to the three optical inputs: a He-Ne laser, white light,
and a spectral signal. The mirrors and beam splitter for all three optical signals are the
same (Koenig, 1981). The computer controls optical components, gathers and saves
data, performs calculations, and generates spectra. As the computer and spectrometer
are directly connected, it is possible to edit the spectra in an innovative way to remove
interfering absorbance by subtracting the interfering component-related absorption bands

from composite spectra (Ferraro & Basile, 2012).

The FTIR spectrometer works on the following principles: The interferometer first

generates a signal or intensity /(x)) known as an interferogram. The interferogram is
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Figure 18: Block diagram of FTIR spectrometer (Horlick & Yuen, 1978)

produced by the infrared detectors. The intensity /(x) is then converted into the spectrum
S(f) by using the Fourier Transform. Here, x is the path difference between the interfering

beams, and f is the frequency of the spectrum. Thus,

S(f) = /_Ool(x) e dx = FU[I (%)] (3.11)

o0

and
() = / S(f) e df = FIS(f)] (3.12)

In this case, the first and second integrals are the inverse Fourier transform and the
Fourier transform respectively. A dedicated computer is used to perform this calculation
(Hoffmann & Knozinger, 1987). Michelson Interferometer a fundamental part of FTIR
is shown in Figure 19. The collimated infrared light beam from the infrared source is
incident into a beam splitter, where it is separated into two independent optical paths by
50% reflection and 50% transmission. A fixed mirror M, reflects the beam back to the
beam splitter. The splitter partly reflects the beam to the detector and partly transmits to
the source. Mirror M is placed in another leg of the interferometer. It can be moved
back and forth parallel to itself. For smooth movement and good stability, it is supported
by the bearing. The mirror M; known as a movable mirror also reflects the light back to

the splitter. The splitter reflects the beam coming from mirror M; partly to the source
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Figure 19: Schematic diagram of Michelson Interferometer (Michelson, 1891)

and transmits partly to the detector. These two beams then superimpose or interfere
and produce interference maxima and minima. The light entering to the detector is the

combination of these two beams.

When x; = x, the path differences of the interfering beams are the same or two beams
meet in phase. If M is displaced by a distance of y, the optical path difference and hence
the phase difference () is introduced. The retardation is 2y. This is due to the fact that
the light travels a further distance y to reach the mirror and the same distance y to reach

the beam splitter.

Now, think about the detector’s output signal for a monochromatic source of light. When
X1 = X3, the two beams reinforce each other and the detector output is maximum. If M;
is displaced by 1/4 then the retardation is 4/2 and two wavefronts arrive at the detector
out of phase, and the destructive interference occurs with zero output. When M is
displaced by an additional 1/4, the retardation is A and constructive interference resumes.
Thus, the interferogram or detector output is composed of a sequence of maxima and

minima, which is represented by the equation:
I(x)=S(f)[1+cos(2rxf)] (3.13)

Here, S(f) is the source intensity modified by the sample.

When the source emits more than one frequency then

f
I(x):/o S (f)[1+cos (2rxf)] df (3.14)
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For an instant, suppose the source spectral distribution, S(f) = A for 0< f < f;. The
interferogram can be obtained by removing the unmodulated term from equation (3.14)

as:

h
I(x)= /0 Acos(2nx f) df (3.15)

The interferogram narrows as f; increases and becomes maximum at x = 0 where
X1 = Xx», because of constructive interference. The robust maximum at x = O is
called a center burst. The interferogram wings contain the high-resolution spectral
information corresponding to the maximum distance that the M; can travel L. The
interferogram contains both spectral information of the source and the transmittance of
the characteristics of the sample, which is the spectral response and is determined by

using the Fourier transform as:

S(f) = /Oool(x) cos (2nxf) dx (3.16)

Here, S(f) gives the required spectrum as it contains the spectral content of the source,
sample, and ambient path of the instrument. The derivation of these basic integral

equations is described below.

Assuming a wave is incident on a beam splitter whose amplitude is:
E (x, f)df = E, (f) "2 ¥df (3.17)

where E, (f) - Maximum amplitude of the beam at x = 0.

The beam splitter divides the beam’s amplitude into two beams. Let the distance traveled
by these two beams be x; and x, before superimposing. Each beam suffers one
transmission through the beam splitter and one reflection from the beam splitter. Assume
r and t are the reflectance and transmittance respectively, and then the amplitude of the

recombined wave E is given as:

E (x.x2, ) df =11 Eo (f) [0 4 flom2ni)qf (3.18)
The intensity in the fixed spectral range df is given as:

I (x1,x2, f)df = E (x1,x2, f) E* (x1,x2, f) df (3.19)

I (x1,x2, f) df =2 E} |rt|*[1 +cos 2x(x1 — x2) f1df
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I (x1,x2, f) df =2 E} |rt|*[1 + cos 2nx f]df (3.20)

where x = x; — x».

Integrating equation (3.20), the total intensity throughout the whole spectral range is:

obtained, which is

I (x) df =2 |rt]? /OO EJ [1+cos2nf(x; — x2)]df (3.21)
0

The intensity can be converted into a spectrum by Fourier cosine transform of equation
(3.21) as:

Eo’(f) = % |rt|? /O OO[Ir(x) - %Ir(O)]cosbr fx)df (3.22)

Here, 1,(0) and I,(x) are the fluxes associated for path differences of x = 0 , and
X = x] — X respetively. [I, (x) — %Ir (0)] = [(x) is the interferogram. The spectrum S(f)

is given from equation (3.22) as:

S(f) o Eo*(f) = A/OOOI(x) cos (27 fx)dx (3.23)

Here, A isaconstant. With the use of a computer, the interferogram is Fourier transformed

to change the space domain into the wavenumber domain (Hoffmann & Knozinger, 1987).

The experimental procedure for computing a spectrum in an interferometer is described
as follows. In order to obtain the spectrum, firstly 7, (x) is measured by capturing with
respect to the arm displacement. [,(0) is also determined experimentally and /(x) is
calculated. By substituting the value of /(x) in equation (3.23), the value of the integral
is calculated in the computer for each selected value of frequency f. Finally, S(f) is

computed for each value of f which gives the required spectrum.

Figure 20 shows an example of FTIR spectra of ZnONPs which was used to study the
various characteristic functional groups present in it. The major bands are plainly visible
at400 cm™', 574 cm™!, 880 cm™!, 1,407 cm™!, 1,628 cm™! and 3,420 cm™'. The creation
of ZnONPs was confirmed by the sharp infrared (IR) band, which spans from 400 to 650
cm~! and corresponds to metal oxide vibration. The alkane sp? hybridized = C — H bond
and the alkane sp® hybridized C — H bond bending, respectively, were revealed by the
peak at 880 cm™!. The peaks in the regions 1407 cm~! and 1628 cm™! were appeared due
to the vibrating, stretching, and bending modes of the water molecules in the prepared

sample. The appearance of an enormous depression peak in the region of 3,420 cm™!
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Figure 20: FTIR spectra of ZnO nanoparticles (Joshi et al., 2021)

revealed the existence of hydroxyl group (Joshi et al., 2021).

3.3 Sensing Mechanism

3.3.1 Sensing Mechanism: Classical Model

The sensing mechanism of MOS material is based on changes in its conductivity in
different environments. The resistance of the MOS sensor changes significantly when it
is exposed to gas. In air environment, the oxygen molecules are adsorbed on the MOS
surface, which extracts the electrons from the conduction band to produce negatively
charged oxygen species (O™, 0>, and 03), and leads to the formation of a depletion
layer. As a result, the MOS acquires stable resistance in the air. Figures 21 and 22
demonstrate a change in the depletion layer when ZnO is exposed to reductive gases and
oxidative gases respectively. The resistance of the ZnO increases or decreases depending
upon the nature of the analyte gases. On the exposure of reducing gases, the molecules
of the gas interact with the adsorbed oxygen species and return the electron back to the
conduction band. As a result, the depletion layer becomes thinner and the resistance
decreases. This sudden decrease in resistance or increase in current is measured by

electrical instruments as the sensor’s signal. This is repressed in equation (3.24) as:

R +0 = RO+e (3.24)
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where R’ stand for the molecule of reductive gas and O for the molecule of adsorbed

oxygen species. The reverse phenomenon occurs on exposure to oxidative gases. The
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Figure 21: Sensing mechanism of ZnO for reductive gas (Wei et al., 2011)
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Figure 22: Sensing mechanism of ZnO for oxidative gas (Wei et al, 2011)

oxidative gas molecules extract the electrons from the conduction band, which widens
the depletion layer more. As a result, the surface resistance increases further (Wei et al.,
2011).

ZnO sensors generally work well at temperatures greater than 100 °C for the sensing
ethanol and acetone (Hsu et al., 2014; Khayatian et al., 2014; Prajapati & Sahay, 2013;
Qi et al., 2008; Santhaveesuk et al., 2010). At temperatures between 100 and 200 °C,

oxygen molecules are adsorbed and converted into 05 ions by taking electrons from the
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conduction band of ZnO. The adsorption process is represented in the equation (3.25):
0> (gas) + e~ = O; (adsorb) , ( low temperature ) (3.25)

At temperatures higher than 200 °C oxygen ion molecules dissociate into atoms with a
single or double electric charge by taking electrons from the conduction band of ZnO.

This is represented in equations (3.26) and (3.27):
1 _ _
50 (gas) + e = O (adsorb) (3.26)
2
Or

1
502 (gas) + 2¢” = O (adsorb) (3.27)

After the interaction with the molecules of the reductive type of analyte gas, oxygen ions
return the electron back to the conduction band of ZnO. For example, the interaction of

oxygen ion with the ethanol molecule is shown in equations (3.28) and (3.29) below.
CH;CH,OH (adsorb) + O~ (adsorb) — CoH4,O + H,0 + le” (3.28)
Or
CH;CH,OH (adsorb) + 0%~ (adsorb) — CoH40 + H20 +2e” (3.29)

Because of this, the resistance of ZnO decreases, and conductivity increases.
In the consequence of the equations (3.28) and (3.29), the rate of change of electron

density can be written as:

d
d—’: = K5, (T) [0* (adsorb)] ' [CH;CHyOH (adsorb)]! (3.30)
Or,
d
d—’: — K, (T) [0* (adsorb)]'/*[CH;CH,OH (adsorb)] '/ (3.31)

Equations (3.30) and (3.31), collectively, can be written as:

d

d—’t’ = K (T)[0* (adsorb)|? [CH3;CH,OH (adsorb)]® (3.32)
Here, n is the electron density in a gaseous environment. The value of b depends on
the kind of oxygen species adsorbed on the ZnO surface. Hence, it is called a charge

parameter. Its value is 1 for O~ and 1/2 for O0%". K;;(T) is the reaction rate coefficient
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and is defined as,
E
Kin(T) = Aexp(-—=) (3.33)
kgT

Here, E, and kp are the activation energy of the reaction and the Boltzmann constant
respectively. T is the temperature in kelvin.

Integrating equation (3.32), one get
n=K(T) [02_(ads0rb)]b [CH3CH20H(ads0rb)]bt + ng (3.34)

Here, the quantities n and ng are the electron density of the sensor at their operating
temperature in gas and air. At the equilibrium, in gaseous and air atmospheres, these

quantities remain constant with time. Thus, equation (3.34) can be written as:
n =K, (T)[0* (adsorb )]’ [CH3CH,OH( adsorb )]? + ng (3.35)

Here, I'; is a time constant. In terms of resistances R, the electron density is defined by

n = %, where «a is proportionality constant. So, equation (3.35) can be written as:

1
= = ([,K,(T) [0 (adsorb )]?[CH3;CH,OH( adsorb )]%) /e + 1/R,  (3.36)
g
Here, R, and R, are the sensor’s resistance in air and gas respectively. The gas response
(Sor R)isdefined as R, /R, . Hence, the response formula can be written as:
R,  (I;Ku(T)[O* (absorb )]°[CH3CH,OH ( adsorb )]”

SorR=—
R, no

+1 (3.37)

According to this equation, the gas response varies with the reaction rate coefficient and
electron density. Both parameters increase exponentially with temperature. These factors
compete with each other and give maximum response only at specific temperatures
(Hongsith et al., 2010).

3.3.2 Gas Sensing Parameters

The following parameters are typically used to describe the capability of a sensor to detect
gases: sensitivity or response (R), operating temperature, response time, recovery time,
detection limit, selectivity, stability, and repeatability. The sensitivity (S) or gas response
(R) is calculated by measuring the sensor signal before and after exposing the gas. The
sensor signals may be resistance, conductance, capacitance, current, voltage, etc. The

sensitivity or gas response is defined as the ratio of the change in amplitude of the sensor
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signal after exposure to gas to the amplitude of the initial signal before exposing the gas.
SorR = (AR/R) x 100% (3.38)
If the sensor signal is resistance, then the above equation takes the form:
S =[(Rs—R;)/Rs] x100%  for reducing gas (3.39)
S =[(Rg = Rs)/R,] x100%  for oxidative gas (3.40)

where R, and R, represent the resistance of the sensor in air and gaseous environment,

respectively (Wei et al., 2011).

The gas response or sensitivity may be measured in terms of the ratio of the amplitudes

of the sensor signal in air and gaseous environment (Mani & Rayappan, 2013).
SorR=R,/R,, forreducing gas (3.41)
SorR =Rg;/R,, foroxidative gas (3.42)

The gas response or sensitivity of the MOS gas sensor is a temperature-dependent quantity.
The temperature at which the MOS gas sensor shows the maximum value of gas response
or sensitivity is considered as the working or operating temperature (Wei et al., 2011).
After exposing the gas, the sensor signal changes and acquires the saturation value after
some time. The time taken to change the sensor signal by 90% of the saturation value
after exposure of the gas to the sensing element is considered as the response time. After
acquiring the saturation value of the sensor signal the gas is ejected. The sensor signal
then starts changing and tends to acquire the original value. The time taken to change
the sensor signal by 90% to achieve the original signal state after ejection of the gas is
considered the recovery time. The MOS gas sensor’s sensitivity or gas response also
varies with the amount of gas exposed to it. Generally, the value of sensitivity or gas
response is higher for a higher amount of the exposed gas. The lowest concentration of
exposed gas at which the sensor may respond is supposed to be the detection limit. A gas
sensor does not show the same value of sensitivity or gas response upon exposure to the
same amount of various gases separately. It shows the large value of sensitivity or gas
response for the particular gas. It means it responds very well to that particular gas in
comparison to other gases and is said to be selective for that gas. Thus, the selectivity
of a sensor means how effectively it responds to one gas in comparison to other gases.
The stability and repeatability of a sensor are evaluated by measuring the sensor signal
number of times between ‘ON’ and ‘OFF’ states. If the results are the same for each

measurement in a similar condition, then the stability and repeatability of the device are
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considered good.

3.4 Sensor Set up

3.4.1 Gas Sensing at Room Temperature

Figure 23 depicts a schematic diagram of the sensor setup that was used to measure the
sensing capabilities of ZnO films to detect ammonia at room temperature. It consists
of two chambers: the left one is placed on the hot plate to heat liquid ammonia over its
boiling point and is connected to the right test chamber through a glass tube. A digital
temperature controller (TALBOYS 7X7 CER HP 230 V ADV, Henry Troemner, LLC,

Air or
gas out

Syringe
Glass tube

Gas in ¥

Wood -

Liquor ammonia

Sensing
Element

Test Chamber

Figure 23: Schematic diagram of a sensor setup for gas sensing at room temperature

Hot Plate

USA) is used to control the temperature of the hot plate. There are three apertures for
the inlet of gas, the inlet of air, and the outflow in the test chamber. The ZnO film is
implanted within the test chamber to measure its gas-sensing capabilities when exposed

to different concentrations of gas.

3.4.2 Gas Sensing Above Room Temperature

The gas sensing capability or performance of ZnO films at higher temperatures (100 — 350
°C) is also measured by measuring the film resistance before and after exposing the analyte
gas. For this purpose, a gas-detecting device made of an airtight glass chamber with two
apertures - an inlet and an outlet, was utilized. Figure 24 shows the schematic diagram of
the sensor setup. The glass chamber is placed on the hot plate. The temperature of the
hot plate is controlled by a digital temperature controller (TALBOYS 7X7 CER HP 230
V ADV, manufactured by Henry Troemner, LLC, USA). The film is retrofitted inside
the chamber. A Ni-Cr micro-heater is used to heat up the sample up to 350 °C. Using a
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variable voltage regulator, the current flowing through the heating coil can be adjusted to
control the working temperature of the heater. In order to stop the formation of liquid of
analyte gas, the chamber’s initial temperature was kept above the boiling point of the
liquid form of analyte gas. The temperature fluctuation was noted to be + 7 °C during

the experiment.
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Figure 24: Sensor setup for gas sensing at higher temperature

I Gas outlet

Sample

DC mini Heater LCR Meter

— Computer
Air In I
supply
. .
Thermometer
Base Heater

Figure 25: Alternative Gas sensor setup for gas sensing at higher temperature
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Figure 25 shows another sensor setup used to measure the gas response. It consists of
an airtight steel cylinder with two holes, one for gas input and one for gas outflow. At
its base, the chamber has an electrical heater controlled by a variable voltage regulator.
The starting temperature within the chamber was fixed at 120 + 10 °C, which is higher
than the boiling point of liquid ethanol, to prevent condensation. The sample inside the
chamber was heated using a Ni-Cr microheater. The temperature of the microheater was
changed using a variable voltage regulator. The sample temperature was controlled by
changing the current flowing through the coil of the microheater. Two electrodes were
made on the sample using copper wire and silver paste. The reading of the resistance of
the sample before and after exposure to gas was recorded by an LCR meter (Hioki, 3536)

which was interfaced with the computer.

Figure 26 (a) depicts the schematic diagram of the gas sensor setup to investigate the
impact of applied gate electrode potential on the gas-detecting capabilities of ZnO films
at ambient temperature. It consists of a steel chamber with three openings; (a) for gas
inlet and driving air, (b) for wires and thermocouples, and (c) for gas outlets. Gas leakage
was prevented using cork and O-ring. Figure 26(b) shows the zoom-in of the sensing
device placed in the steel chamber. The sensing device consisted of ZnO film. The FTO

glass plate was fixed just above parallel to it at a distance of 1.00 = 0.07 mm with the

(a) Steel 1 Gas Outlet

. Chamber
IAlr In FTO glass Plate
LCR Meter (b) FTO glass plate

ZnO Film
Analyte Gh

ZnO Film

Hot Plate | Nermometer Variable DC Supply

(c
AT — i
«———FTO Film

Insulator

Silver Paste
ZnO Film

< Glass Plate

LCR
Meter

Figure 26: (a) Schematic diagram of a gas sensor set up, (b) Zoom in of a sensing device, and (c) circuit
diagram to measure the sensitivity at different applied potentials
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help of insulating support. Two electrodes were made at two ends of the ZnO film and
one in the FTO film using a silver paste to establish good contact of the electrode with
the film. Figure 26(c) shows the circuit diagram used to measure the gas response of the
device. The ZnO film is connected to an LCR meter to measure its electrical resistance
in the presence of air and gas respectively. To apply the positive gate potential on the
FTO glass plate, the positive terminal of the variable DC power supply (0 — 25V) was
connected to the FTO glass plate (say gate) and the negative terminal to the ZnO film.
For the room temperature ammonia sensing, ammonia vapour was fed into the sensor
setup using another external conical flask placed over a hot plate maintained at 120 +
10 °C. A syringe was used to put liquid ammonia in the conical flask. Air was supplied
using a nebulizer for the ejection of the analyte gas from the chamber. The nebulizer is

not shown in the figure.
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CHAPTER 4

4. RESULTS AND DISCUSSION

In this chapter, the optical & structural properties, surface morphology, elemental
composition, and gas sensing performance of the prepared undoped, metal-doped, and
metal-metal-doped ZnO films are discussed. The samples were prepared using different
methods such as spin coating, spray pyrolysis, and doctor blade method. The various
vapours (ethanol, acetone, ammonia, methanol, and isopropanol) detection capacities of
as-prepared films were studied at room temperature as well as higher temperatures and

reported along with the underlying mechanism.

4.1 Characterization of Spin-Coated ZnO Film

The optical & structural properties, surface morphology, elemental composition, and
gas sensing capabilities of spin-coated ZnO film for ethanol, methanol, isopropanol,
acetone, and ammonia at ambient temperature, are described in this section. The method

of preparation of spin coating was described in section 3.1.2 of chapter 3.

4.1.1 Structural Analysis

The X-ray diffraction (Cu-Ke radiation of wavelength 1.54056 A with a Bruker AXS,
D2 PHASER A26-X1-A2BOB2A-, Serial No. 207047 diffractometers) was utilized to
investigate the structural characteristics of ZnO film. Figure 27 depicts the XRD pattern
of the ZnO film prepared by spin coating. The XRD pattern showed the polycrystalline
nature with the presence of several distinct peaks. The sharp diffraction peaks were
detected at 260 = 31.8627 + 0.0053, 34.5092 + 0.0039, 36.3202 + 0.0040, 47.5594 +
0.0020, 56.3553 + 0.0046, 62.7900 + 0.0161, 67.8320 + 0.0053, and 68.9580 + 0.0111°,
respectively. These peaks were found to be consistent with the values on JCPDS card
no., 36-1451. The absence of impurity peaks confirms the formation of pure ZnO. The

Table 2: (hkl), 20, FWHM, d-spacing, crystallite size (D) and strain (&) of spin-coated ZnO film on glass
substrate

o FWHM d-spacing | d-spacing (A) Strain (¢)
(hkl) 26 (°) ©) ) (JCPDS) D (nm) 10-3
(100) | 31.8627 £ 0.0053 | 0.2804 +0.0139 2.8150 2.8143 29.4733 £ 1.4576 | 429 £0.21
(002) | 34.5092 +0.0039 | 0.2701 +0.0095 2.6043 2.6033 30.1947 £ 1.0407 | 3.87 £0.13
(101) | 36.3202 + 0.0040 | 0.3071 £ 0.00955 | 2.4781 2.4759 27.2350 £ 0.8468 | 4.09 £ 0.13
(102) | 47.5594 +0.0020 | 0.3493 +0.0053 1.9141 1.9111 28.9097 £ 0.5085 | 2.97 £ 0.05
(110) | 56.5553 £0.0046 | 0.2990 +0.0146 1.6286 1.6247 30.1545 £ 1.4763 | 2.43 £0.12
(103) | 62.7900 + 0.0161 | 0.3764 + 0.05658 1.4808 1.4771 25.9832 £4.1061 | 2.56 £ 0.40
(112) | 67.8320 £0.0053 | 0.4119 +0.0161 1.3823 1.3781 24.7766 £ 1.0329 | 2.51 £0.10
(201) | 68.9580 £ 0.0111 | 0.4706 £ 0.0687 1.3625 1.3582 24,1183 £4.1495 | 2.54 £ 0.44
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Figure 27: XRD pattern of spin-coated ZnO film on glass substrate

d-spacing was calculated using Braggs law: 2d sin 6 = nd. The crystallite size (D) was

calculated employing Debye Scherer’s formula: D = ﬁ%gge' The lattice strain (&) was
determined using the formula: & = 4tf — (Pramod & Pandey, 2014; Srinivasulu et al.,

2017). The detailed calculation of 26, d-spacing, D, and ¢ are illustrated in Table 2. The
calculated value of d-spacing was found to be slightly different (<0.32%) from the JCPDS
value, indicating the deposition of quality of the film on the glass substrate. The mean
values of the crystallite size and the strain with respect to prominent peaks corresponding
to planes (100), (002), and (101) are 28.9677 nm, and 4.08 x 1073, respectively. The
FWHM was found by fitting the peaks. The errors in D, and € were calculated using
errors found in 26, and FWHM during fitting the peaks.

4.1.2 Optical Analysis

Figure 28(a) depicts the optical transmittance spectrum of ZnO film. The transmittance
was observed to be higher than 80% in the visible region. As is typical for ZnO, a dramatic
drop in transmittance at shorter wavelengths close to the UV region was observed (Goh et
al., 2014). From transmittance data, the optical band gap was computed using a Tauc plot:
(cyhv)2 =A (hv — Eg) where a, A, hv, and E, are the absorption coeflicient, energy
constant, photon energy, and optical band gap, respectively. Figure 28(b) shows the
Tauc plot corresponding to the transmittance spectrum. The optical band gap (E,) was
determined by extrapolating the linear part of the plot into the hv-axis, which showed a
value of 3.202 + 0.023 eV. This value agrees with the value reported in the published
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literature(Mani & Rayappan, 2013). The error in the optical band gap was determined by

using the standard errors found in the slope and the intercept of the linear fit in the linear

portion of the graph.
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Figure 28: (a) Transmission spectrum and (b) Tauc plot of spin-coated ZnO film on glass substrate

4.1.3 Surface Morphology

The morphology of the sensor surface plays a critical role in the gas sensing task (Shao
et al., 2016; Yu et al, 2011). Figure 29(a) depicts the SEM image of ZnO film deposited

on a glass substrate by the spin coating method. It clearly shows the surface consisting

of spherical grains. Energy dispersive X-ray (EDX) analysis was carried out to study

its elemental compositions. Figure 29(b) depicts the EDX spectrum of as-prepared
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Figure 29: (a) SEM micrograph and (b) EDX spectrum with Zn and O content in ZnO film

Table 3: Elements present in spin-coated ZnO film

Element | Atomic %
(0] 47.67
Zn 52.33
Total 100
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ZnO film. The spectra clearly showed the peaks associated with the elements zinc (Zn)
and oxygen (O). The contents of zinc and oxygen present in ZnO, in terms of atomic

percentages, are depicted in Table 3. The atomic percentage of Zinc and oxygen are
52.33 and 47.67% respectively.

4.1.4 Sensor Performance Towards Ammonia

The gas sensing efficacy of ZnO film was examined by recording the currents flowing
through the ZnO film in the air (/,)) and in the analyte gas (/,) by applying a constant
potential difference (p.d.) of 10 V across ZnO film (Jha et al., 2018), which was taken
as a baseline. The gas response (R) is given by ;—i Figure 30 depicts the response
characteristics of the ZnO sensor at the exposure of 400 ppm of ammonia vapor against
the sensing time. In figure, I and E represent the injection and ejection of gas. It shows
that the response increased quickly after injecting the ammonia vapor and attained the
constant maximum value of ~38.5 after the time of about 39 sec. The vapor was then

ejected. The response was then decreased and attained an original minimum value of ~1
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Figure 30: Response of ZnO film with 400 ppm of NHj3

after the time of 95 sec. The process of injection and ejection of gas was repeated for up
to 5 cycles. Nearly the same value of the response was found in each cycle, indicating the
good reproducibility of the device. The sensor’s efficacy in sensing various amounts of
ammonia vapour was also studied by following the injecting and ejecting of the various
amount of it ranging from 400 — 20 ppm.

The variation of gas response with time with the exposure of various concentrations
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of NH3 is shown in Figure 31(a). As ammonia concentrations dropped, a decline
in gas response was observed. The two important parameters: response time and
recovery time were also measured. Figure 31(b) illustrates the measurement of the ZnO
sensor’s response and recovery times following exposure to ammonia vapor at a 400
ppm concentration. The rate at which exposed gas interacts with adsorbed oxygen ions
on the surface of ZnO determines the response time, whereas the rate of adsorption of
oxygen molecules on the surface of ZnO following the ejection of vapor determines the

recovery time (Hongsith ef al., 2010). The sensor geometry affects the values of these two
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Figure 31: (a) Response at different concentrations of ammonia and (b) Calculation of response time and
recovery time with 400 ppm of NHj3

parameters as well. The calculation of response time and recovery time with the exposure
of 400 ppm of ammonia is depicted in Figure 31(b). Table 4 shows the calculated values

of response and recovery times. The response and recovery times were observed to be

Table 4: Gas response, response time and recovery time of ZnO sensor on exposure of various concentrations
of NH3 vapour

Ammonia Concentration | Response | Response time | Recovery time
(ppm) (Ig/1a) (sec) (sec)
20 6.1 0.8 24 43
40 87+04 26 51
60 10.1 £ 0.4 28 62
80 12.9 £ 0.6 29 64
100 16.5 + 0.6 30 66
200 21.5+04 33 69
300 322 +0.6 35 75
400 38.5+0.6 37 90

37 and 90 sec respectively with the exposure of 400 ppm of ammonia vapour. These
values were 24 and 43 sec for 20 ppm of ammonia vapour. With the exposure of low
ppm of ammonia vapour, less number of ammonia molecules are available to interact

with adsorbed oxygen molecules and hence had acquired the saturation value of response
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quickly which results low response and short response time. The oxygen molecules
are adsorbed after the ejection of ammonia vapor which results the fast recovery for
low concentrations of ammonia. The same experiment was performed with the same
conditions for 8 days to determine the repeatability (reproducibility) and stability of the
sensing device. The experiment was repeated 8 times each day by exposing 400 ppm of
ammonia vapour and the standard error was calculated. Figure 32 shows the results of
the experiment. The response was found to be slightly decreasing from 38.5 + 0.6 to
35.7 + 0.6, demonstrating the device’s consistency over the course of each measurement.
This experiment was repeated under the same condition by exposing 400 ppm of various
vapours of ethanol, methanol, acetone, isopropanol, etc. The corresponding values of
gas response were calculated. The measured gas response for various vapors is shown
in Figure 33. This is the average value of the response with the standard error of the
experiment repeated 8 times at ambient temperature. Among the studied varieties, the
ZnO sensor exhibits pronounced selectivity for ammonia vapour.

In the ambient atmosphere, the oxygen molecules are ionosorbed on the surface of ZnO.
The ionosorbed oxygen molecules extract the electrons from the conduction band of
Zn0. Due to this the width of the space charge (depletion) region and the height of

the potential barriers increase (Yu et al., 2011). Figure 34(a) shows schematically
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Figure 32: Repeatability and stability of ZnO sensor at 400 ppm of NH3 at room temperature

growth of the depletion layer and the barrier height. This current was denoted by

I,. On the exposure of reducing gas, say ammonia, the molecules of reducing gas
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Figure 33: Selectivity of ZnO sensor measured at 400 ppm of various gases at room temperature

react with the ionosorbed oxygen ions and releases the electrons back to the surface
of ZnO. As a result, the potential barriers decline, thus decreasing the resistance of
ZnO. Figure 34(b) depicts the phenomenon of the decrease of the depletion layer. The
release of electrons due to the interaction between ammonia and O, is represented as:
A4NH; + 305(a ds) = 2N; + 6H,0 + 6e™ (Dey, 2018). The results of the measurement of

(a) In Air (b) In Reducing Gas (NH,)

Energy

C ey

I Depletion regions - Conduction channels
@® Gas molecule 003

Figure 34: Illustration of the working mechanism of ZnO sensor (a) in the air (b) in reducing gas
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response on the exposure of 400 ppm of various gases showed a high response value for

the ammonia vapour. Ammonia’s smaller kinetic diameter and low ionization energy are

responsible for showing the high response (Anasthasiya et al., 2018). Small-diameter

ammonia vapour diffuses readily inaccessible ZnO pores and c an interact w ith more

1onosorbed oxygen ions in the pores than the other gases. It results in a higher response

for the ammonia than the other gases. For the sake of clarity, the molecular weight,

kinetic diameter, and ionization energy of several gas molecules are listed in Table 5

(Goel et al., 2012; Zhu et al., 2008).

Table 5: Molecular weight, Kinetic diameter, and ionization energy of various molecules (Goel et al.,

2012; Zhu et al., 2008)

Vapour Ammonia | Methanol | Ethanol | Acetone | Isopropanol
Molecular weight 17 32 46 58.05 60.1
Kinetic diameter (nm) 0.26 0.37 0.45 0.46 0.46
Ionization energy (eV) 10.18 10.5 10.47 9.69 10.12

The results of this study were compared to the reported sensitivities of ZnO-based sensors

made using various techniques. This comparison is presented in Table 6. The comparison

demonstrates that the sensitivity herein is found to be about ~38 which is better than

metal (Co, Ni) doped-ZnO prepared by spray pyrolysis technique. We, therefore, draw

the conclusion that the spin-coated ZnO film used in this study may be one of the good

sensors for detecting low quantities of ammonia vapour at ambient temperature.

Table 6: Comparison of sensing capability of ZnO based ammonia sensor of this works with published

works
Operating | Concentration Response
Materials/method Temperature (ppm) (Ra/Rgorl, /1) Reference
O
In, O3 — MgO
Pd loaded with TiO» 530 300 25 (Takao et al., 1994)
Spray deposited .
Co doped ZnO RT 100 3.48 (Mani & Rayappan, 2015)
Spray deposited .
Ni doped ZnO RT 100 2.52 (Mani & Rayappan, 2014)
Hydrothermally grown 200 4.2
Zn0O nanowires 3350 10 1.5 (Shao et al., 2016)
ZnO nanowires by .
SILAR RT 50 80.2 (Anasthasiya et al., 2018)
Spin coated 400 38.5+0.6 This
ZnO grain RT 60 11.2+04 work
20 6.1 £0.8

4.2 Characterization of ZnO Film Prepared by Doctor Blade Method

In this section, structural and optical properties of ZnO nanoparticles prepared by the

co-precipitation method are investigated for acetone sensing. The sample preparation
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method is described in section 3.1.4 of chapter 3. The results of the investigation on

acetone sensing using ZnONPs films prepared by the doctor blade method are discussed.

4.2.1 Structural Analysis

At first, as-prepared ZnO nanoparticles were examined using XRD. The captured XRD
pattern is shown in Figure 35(a). It was collected in the 20°-85° angular range, employing
CuK, radiation with a wavelength of 1.54056 A. The intense peaks were obtained at
20 =31.0618 +, 33.7285 + 0.0064, 35.5518 + 0.0074, 46.8524 + 0.0093, 55.9166 +
0.0058, 62.1954 + 0.0497, 65.7034 + 0.0100, 67.2904 +, 68.4153 +, 71.8966 + 0.0386,
76.3435 + 0.0282 and 80.6931 + 0.0396° and were labeled with reference to JCPDS
d-spacing values of card no. 36-1451 as (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), (202), and (104) planes (Al-Hardan et al., 2013; Prajapati & Sahay,
2013). The numerous distinct peaks demonstrated that ZnO is polycrystalline. The
d-spacing was calculated using Braggs law: 2d sin § = nA. The Two lattice parameters,
\/§iin9 and ¢ = ﬁ (Pramod & Pandey,
2014; Srinivasulu et al., 2017). The crystallite size ( D) was calculated utilizing the
Debye-Scherrer formula: D = 091 " (Bhatia et al., 2017). The inset of Figure 35(a)

Bcosb
depicts the calculation method of full width at half maxima (8). The mean crystallite

a and c, were determined using formulas: a =

size of ZnO was estimated by taking into account the entire peaks, and this value was
21.8253 nm. The values of observed 26, FWHM, d-spacing, and crystallite size ( D)
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Figure 35: (a) XRD pattern (Inset: Determination of ) and (b) W-H plot of as-prepared ZnONPs with
standard errors in the values of 8 cos 6

are presented in Table 7. The values of a and ¢ were found to be (3.3205 + 0.0027) A
& (5.3082 + 0.0051) A. The value of c/a ratio was 1.5986 + 0.0002, confirming the
formation of the wurtzite hexagonal phase of ZnO (Srinivasulu et al., 2017). The errors
in D, a, and ¢ were calculated using the standard error found in 26, and FWHM during

the fitting of the individual p eaks. The average microstrain (4¢) as well as crystallite size
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0.944

(D) was also computed utilizing Williamson-Hall (W-H) plot: Bcos 8 = =5 + 4&sin 6

(Hassan et al., 2014). Figure 35(b) shows the W-H plot which is a plot of 5 cos 8 versus

sin 8 including standard errors along the S cos 6-axis. The microstrain and crystallite
size were evaluated from the slope and intercept of the linear fit of the W-H plot. The
average microstrain and crystallite size were found to be 0.0025 + 0.0012 and 24.3799 +
2.1753 nm respectively. No impurity peaks observed in the XRD pattern indicated the

good purity of the product material.

Table 7: Observed 260, FWHM, d-spacings and crystallite size (D) of ZnO

Plane 20 FWHM d-sp?cing d-sp?cing D Average D
(hkl) | (degree) | (degree) (A) (A) (nm) (nm)
JCPDS
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(002) 330702(?75 4 J_rog?)zl; 4 2.6541 2.6033 3318091758
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4.2.2 Fourier Transform Infrared Analysis

Fourier transform infrared (FTIR) spectroscopy is a useful method to produce an
infrared spectrum of absorption or emission of material (solid or liquid or gas). High-
resolution spectral data are concurrently gathered over a broad spectral range by an FTIR
spectrometer. The obtained spectrum was analyzed to study the various characteristic
bonds and functional groups present in the materials. The FTIR spectrum of the so-
prepared ZnONPs was collected in the range of 400 — 4000 cm™!, using a Perkin Elmer
-16.10.2 FTIR spectrophotometer in attenuated total reflectance (ATR) mode. Figure 36

56



—_—
X
et
0]
3)
= '
S 3489 Cm’’ i
= 685 Cm’
£ 90+
2]
cC -
£
j— 85+
| 514 Cm”
80 ey
3600 3000 2400 1800 1200 600

Wavenumber (cm™)

Figure 36: FTIR spectrum of as-prepared ZnONPs

shows the obtained spectra. It clearly displays a strong, well-defined characteristic peak
at 514 cm™!, and low peaks present at 685 and 872 cm™~! due to Zn-O stretching (Joshi
et al., 2021). A strong peak at 514 cm™! indicates the Zn-O stretching vibration which
confirms the formation of the ZnO. Weak peak present at 3489 cm™! indicates the OH

stretching mode of surface hydroxyl groups.

4.2.3 Sensing Performance Towards Acetone

Here, the description of the sensing measurement at various temperatures toward
acetone vapour is discussed. The sensor performance was evaluated using formula:
Gas Response ( R) = 2—:. Here R, and R, are resistances of ZnO film in air and in a
gaseous environment. The reaction rate of test gas with the adsorbed oxygen species
varies with the temperature (Xu et al, 2015). Hence, in order to determine the
operating temperature, the sensing capability in terms of gas response was measured in
the temperature ranging from 100 to 310 °C at the exposure of 800 ppm of acetone. The
responses that were measured at various temperatures were displayed in Figure 37(a-b).
The highest value of gas response was recorded to be 25.697 + 0.012 at 285 + 7 °C.
Figure 37(b) depicts the plot of response with temperature. The response increased with

temperature. The response was poor at low temperatures.

The two important sensing parameters, response time and recovery time, are graphically
calculated. Geometrical calculations of response time and recovery time were shown in
Figure 38. The calculated values of response and recovery time were observed as 39 and
79 sec, respectively when 800 ppm of acetone was exposed to the sensing element at 285

+ 7 °C. In this experiment, the gas response along with the response time and recovery
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time were also studied with exposure to different amounts of acetone ranging from 40 to
800 ppm. Figure 39(a) depicts the response curves with exposure to different acetone

concentrations. The computed values of gas response, response time, and recovery
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Figure 37: (a) Response vs time at different temperatures (b) variation of response with the temperature of
ZnONPs film prepared by doctor blade method
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Figure 38: Geometrical calculation of response and recovery times of ZnONPs film with an exposure of
800 ppm of acetone at 285 = 7 °C

time at 285 + 7 °C with varying acetone concentrations ranging from 40 to 800 ppm
are presented in Table 8. The response value was found to be higher with exposure to
higher concentrations of acetone. The linear rise of gas response with concentrations

was found [Inset of this Figure 39(a)]. The gas response was measured at an exposure of
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800 ppm of acetone at 285 + 7 °C for three cycles depicted in figure 39(b). At each cycle,
the maximum values of the response were found nearly the same. This result, evidently,

showed good stability. The results obtained herein were compared with the available
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Figure 39: : (a) Response curves at various concentrations of acetone [inset: variation of response with
acetone concentration] (b) stability curves for 800 ppm acetone

Table 8: Response, response time and recovery time at different concentrations of acetone at 285 + 7 °C

Concentration Response Response time | Recovery time
(ppm) (Ra/Ry) (sec) (sec)
40 3.500 = 0.002 21 91
80 4.299 + 0.002 23 101
120 5.899 + 0.003 21 99
160 7.052 + 0.003 22 100
200 11.009 + 0.006 26 95
400 14.430 + 0.007 28 97
600 17.562 + 0.008 31 88
800 25.697 + 0.012 39 79

published values for analogous systems but prepared using different techniques such as
thermal oxidation, hydrothermal, spray pyrolysis, electrospinning and spray pyrolysis,
RF co-sputtering, co-precipitation, etc. which are presented in table 9. The working
temperature was observed to be marginally lower than the values published temperature

for a similar type of sensor prepared by alternative methods.
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Table 9: Comparison of operating temperature, response, response time, and recovery times with reported
works

Operating | Conc. Response Res/Rec
Materials Temp. | (ppm) (Ra/Rg) time Reference
(°C) (sec)
ZnO nanosheets 420 500 70 NR (Xiao et al., 2012)
by Solvothermal
La-doped ZnO 385 1800
by Solvothermal 425 1000 1826 16/3 (Chu et al, 2012)
Hydrothermally grown .
Ag doped ZnO neddle 370 200 30.233 10/21 (Al-Hadeethi et al., 2017)
Pt-ZnO by
Thermal Oxidation 400 400 188 NR (Wongrat et al., 2017)
Pd-ZnONPS by
Chemical Solution 340 100 76 8/10 (Zhang et al., 2018)
RF Sputtered
Cr doped ZnO 400 500 90 210/70 (Al-Hardan et al., 2013)
La doped ZnO by 340 200 68 2/23 (Xu et al., 2015)
Electro-spinning
ZnONPS by 800 | 25.697 +£0.012 39/79 .
Precipitation 285 40 | 3.500+0.002 | 21/91 This work

The gas sensing characteristics can be explained using the model in Figure 34 in
section 4.1.4. On the exposure of acetone vapour onto the ZnO surface, the acetone
molecules interact with the ionosorbed oxygen ions and release the electrons back
to the ZnO surface which reduces the potential barrier height [Figure 34 (b)] and
increases the conductivity of materials. The release of electrons due to the interaction
of acetone molecule with oxygen ions adsorbed onto ZnO surface is represented as:
CH3COCHj3(445) + SO(adS) =3C0, +3H,0 + 8e™. By measuring the resistances of the
ZnO0 in air and in gas, the gas response of ZnO can be evaluated (Chu et al., 2012). In
Figure 37, the poor response was observed at lower temperatures with the exposure of 800
ppm of acetone. It is due to the presence of fewer molecules of acetone which results the
lower reaction rate of the molecules of acetone vapour with the oxygen ions adsorbed on
the ZnO surface and the high activation energy of the ZnO. The gas response (R) is related

to the reaction rate coefficient Kg,j, (T') of the molecules of analyte gas and adsorbed
a — [ Kg:n(T)[0% (adsorb)]?[CH3;COCHzadsorb]? +1
g no ’
Here, I} is the time constant, and b is a charge parameter. The value of b is 1 and 0.5 for

oxygen ions on the ZnO surface as R = f;

O~ and O?~ respectively. 0%~ (adsorb) is the concentration of adsorbed oxygen on the
sensor surface, CH3COCH3 (adsorb) is the concentration of acetone vapour and n,, is
free electrons concentration at operating temperature in the air environment. The reaction
rate coefficient (Kg;,) of the test gas with the oxygen ions is related to the absolute
temperature (T) and the activation energy (E,) of the reaction as K, (T') = Aexp (—ki—“T) ,
where kpis Boltzmann constant (Hongsith et al., 2010). With the increase in temperature,
the charge carriers rise. When the thermal energy approaches to break the limit of
activation energy barriers of the reaction, the charge concentrations rise significantly
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which results high response at that optimal temperature. The desorption of oxygen
occurred from the ZnO surface above the optimum temperature, which resulted in the
reduction of gas response at higher temperature (Khayatian et al., 2014). In Figure 39(a),
the high value of gas response for exposure to higher concentrations was observed which
was due to an increase in the covering of acetone molecules on the film which accelerated
the pace of interaction of molecules of acetone with the adsorbed oxygen ions. As a
result, a large number of electrons were released to the conduction band of ZnO which

changed the resistance of ZnO in large magnitude and resulted in the high response.

4.3 Characterization of Spin Coated Undoped and Fe-ZnO Films

The structural & optical properties, surface morphology, elemental analysis, and gas
sensing capability, in terms of electrical resistance, of ZnO and Fe-ZnO films prepared
by spin coating, are described in this section. The film preparation method is described
in section 3.1.2 of chapter 3. The results of the investigation on ethanol sensing using

these films at various temperatures are extensively discussed.

4.3.1 Structural Analysis

The structural characteristics of ZnO and Fe-ZnO films were examined using the X-ray
diffraction technique. Figure 40 displays the X-ray diffraction patterns of undoped and
1 — 4% Fe-ZnO films. Diffraction peaks were found to be oriented along (100), (002),
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Figure 40: XRD pattern of ZnO and Fe-ZnO films deposited on glass substrates by spin coating
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(101), (102), (110), (103), and (104) planes. These peaks were found to be consistent
with the values of JCPDS card number 36 — 1451. The presence of multiple peaks in
the captured XRD indicates the polycrystalline nature of ZnO films. No impurity peaks
are observed in the pattern. Identical XRD patterns were observed for 1 — 4% Fe-ZnO,
with the major peaks orientated along (100), (002), and (101) but minor peaks shift
towards a greater angle that shows a decrease in d-spacing for Fe doping. This could
be as a result of the smaller ionic radius Fe>* (0.68 A) replacing Zn** ions (0.74 A)(Xu
& Li, 2010). All patterns showed high intense diffraction peaks corresponding to
preferential c-axis orientation (002) for all Fe-ZnO films. As in the previous section, d-

spacing and crystallite size ( D) were calculated using Braggs law: 2d sin 6 = nd and

0.9 .
proose The calculated values of d-spacing and mean

crystallite size (D) corresponding to the prominent peaks (100), (002), and (101) of

Debye Scherrer’s formula: D =

Zn0O and 1 — 4% Fe-ZnO films are displayed in Table 1 0. The mean crystallite sizes
of ZnO and 1% Fe-ZnO were observed to be about 23 nm. The value of D decreased
steadily with increasing Fe concentrations, from 23.1622 nm for 1% Fe-ZnO to 16.4475
nm for 4% Fe-ZnO film. The decrease in D after doping was due to the replacement of
Zn** jons (ionic radii, 0.74 A) by the Fe3* ions (ionic radii, 0.68 A) at their lattice sites
which leads the change in surface morphology of the Fe-ZnO films. The error in D was
determined using the standard errors found in 26 and full width at half maxima (8) of the

individual peaks during fitting.
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Table 10: 20, (hkl), d-spacing and crystallite size of spin-coated ZnO Films

Plane 20 o d (f&) D Mean
Sample |41y | (Degree) | 2 | ycPDS | (am) | D (nm)
31.7541 23.6500
(100) | =5 onog | 28156 | 28143 | Z 00
34.4202 25.0522
ZnO (002) | 7005 | 26034 | 26033 | D0 | 232707
36.2394 21.1100
(101) | Zoie] | 24732 24759 | 700
32.2501 252925
(100) | ~oonuo | 27735 | 28143 | U0
19%Fe-ZnO | (002) 3‘8901032% 25677 | 2.6033 3%202755; 23.1622
36.7189 20.7861
(101) | T | 24456 | 24759 | Z 0
32.2106 21.0226
(100) | o 0es | 27717 | 28143 | Z00
2% Fe-ZnO | (002) E%%ﬁi 2.5659 | 2.6033 j%%@% 18.8451
36.6756 16.9065
(o1 | Zp0 0 | 24444 | 24750 | D0
32.1838 18.4740
(100) | o oou | 27791 | 28143 | LCC0
3% Fe-ZnO | (002) 3%1706460 2.5704 | 2.6033 i170'1532269 17.2754
36.6371 15.9998
(101) | Zp0 s | 24508 | 24759 | 00
32.0905 17.1118
(100) | ooy | 27869 | 28143 | [0 o
4% Fe-ZnO | (002) j‘gﬁ)@ 2.5779 | 2.6033 1170'_59261719 16.4475
36.5402 14.7097
(A01) | Zpios | 24571 | 24750 | G

4.3.2 Optical Analysis

The optical transmission spectra of ZnO and Fe-ZnO films were captured within the
wavelength ranging from 360 nm to 1100 nm. Figure 41(a) depicts the transmittance
spectra of the ZnO and Fe-ZnO films. All the films have transmittance values of more than
80%, indicating that films are highly transparent. This figure also showed a substantial
decline in transmittance at short wavelengths close to the ultraviolet range, but high in
the visible range for Fe-ZnO films. The optical band gap was calculated using Tauc plot
(Rambu et al., 2013) and is depicted in figure 41(b). The calculated values of optical
band gap for undoped ZnO, 1%, 2%, 3%, and 4% Fe-ZnO were 3.208 + 0.023, 3.221
+0.019, 3.224 + 0.011, 3.235 + 0.021, and 3.247 + 0.022 eV respectively which was
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Figure 41: (a) Transmittance and (b) optical band gap of spin-coated undoped and 1 — 4% Fe-ZnO films
on glass substrates

increased after Fe doping into ZnO. This increase in the optical band gap in Fe-ZnO
was observed to be compatible with findings on related systems due to a reduction in
the grain size of the film (Liu et al., 2014). When Zn*" ions are replaced by Fe>* ions at
their lattice positions, more free charge carriers are added which causes shifting the
Fermi level into the conduction band and widens the band gap. The error in the optical
band gap was determined by using the standard errors found in the slope and the intercept
of the linear fit in the linear portion of the curve.

4.3.3 Surface Morphology

The surface morphology of prepared films w as e xamined u sing s canning electron
microscopy (SEM). The SEM micrographs of ZnO and 1-4% Fe-ZnO films are depicted
in Figure 42(a) through (e), respectively. SEM images were captured at the laboratory
of Indian Institute of Technology (IIT), Roorkee, India, using Zeiss Scanning electron
microscope. Images clearly show the surface consisting of spherical grains. The surface
morphology of Fe-ZnO changed by increasing the Fe doping concentration. The grain
size decreased after doping Fe. A reduction in the grain size was observed in the 2%
Fe-ZnO film in comparison to that of undoped ZnO and 1% Fe-ZnO films which led
to the increase in the specific area. An increase in a specific area due to a reduction
in the grain size facilitates the adsorption of a large number of oxygen molecules. It
leads to enhancement in the gas sensing properties (Hosseini et al., 2015). The elemental
composition of as-prepared films was studied using EDX at the laboratory of Indian
Institute of Technology (IIT), Roorkee, India. The EDX spectra of the ZnO and Fe-ZnO
films are displayed in Figure 4 3. The existence of zinc, oxygen, and iron can be seen in
the EDX patterns. It validates the purity of the films and the incorporation of Fe-ions
into the ZnO structure. The elements present in the prepared samples are presented in

terms of atomic percentage in the inset of Figure 43.
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Figure 42: SEM micrographs of spin-coated undoped and Fe-ZnO films
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Figure 43: EDX spectra and elemental composition of ZnO and Fe-ZnO films

4.3.4 Sensing Performance Towards Ethanol

The gas response of the ZnO gas sensor depends on the rate of interaction between

the molecules of exposed gas and the adsorbed oxygen ions on the ZnO surface which
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is temperature dependent. Hence, to study the sensing behavior of the sample, the
temperature should be optimized at first (Hongsith et al., 2010; Khayatian et al., 2014;
Sawalha et al., 2009). To find the working temperature, the resistances R, and R, of
ZnO film were measured separately in air and in the presence of vapour of ethanol at
temperatures ranging from 100 °C to 300 °C in the interval of 20 °C. The gas response
(R) was calculated using the formula R = ﬁ:, ( Lui et al., 2014). The plot of the gas
response at various temperatures at an exposure of 400 ppm of the ethanol vapor is
depicted in Figure 44. The gas response increased with temperature until it reached the
maximum value at a particular temperature called working or operating temperature
and then it declined. The working temperature for the ZnO and 1 - 4% Fe-ZnO was
observed to be 260 = 7, 240 + 5, 260 = 7, 240 + 5, and 240 + 5 °C respectively. Here,
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Figure 44: Response of ZnO and 1-4% Fe-ZnO films versus temperature

the error in the temperature is calculated by measuring temperature fluctuation at set
temperatures. In this work, the ethanol sensing performances of the ZnO sensors were
also studied with the exposure of various ethanol concentrations ranging from 40-400
ppm at their operating temperatures. Figure 45(a) illustrates the gas response of ZnO
and 1-4% Fe-ZnO at their operating temperatures at an exposure of different amounts
of ethanol vapour ranging from 40 to 400 ppm. The results revealed that the response
increased as the ethanol content increased. The maximum response was found to be
40.91 + 0.23 for 2% Fe-ZnO at 260 + 7 °C. Here, the errors in the response are standard
errors. The error in the response was introduced due to the fluctuation of temperature as
well as the precision of the resistance measuring device. This error was minimized by

taking a large number of data to calculate the response. The two important parameters:
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response time and recovery times were also measured. Figure 45(b) illustrates the graph
of the response of ZnO and 2% Fe-ZnO along with computed values for response and

recovery times. Table 11 shows the results of gas response, response, and recovery times
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Figure 45: (a) Response of ZnO and 1-4% Fe-ZnO at its operating temperatures at different concentrations
of ethanol (b) Zoom in response values of ZnO and 2% Fe-ZnO along with values of response and recovery
times

of ZnO and 2% Fe-ZnO samples. It was clearly observed that the ZnO and 2% Fe-ZnO

shows a higher response at exposure to a higher concentration of ethanol vapour. The

response and recovery times were found higher for the higher concentration of ethanol.

The 2% Fe-ZnO showed the highest and quick response than undoped ZnO. The response

of 2%Fe-ZnO was observed to be 22.94 + 0.09 with response time and recovery time

of 21 and 288 sec at 40 ppm of ethanol. Similarly, its response at 400 ppm of ethanol

was observed to be 40.91 + 0.23 with response and recovery times of 27 and 288 sec

respectively. The result of this study was compared with the published reports. The

results of the available reports and the present study are depicted in table 12. In this work,

the spin-coated 2% Fe-ZnO films exhibited a response of 40.91 + 0.23 at 400 ppm and

22.94 + 0.09 at 40 ppm of ethanol at a working temperature of 260 + 7 °C. This result
was found to be better than the published reports (Ge et al., 2007; Hassan et al., 2014;
Hsu et al., 2014; Khayatian et al., 2014).
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Table 11: Gas response, response time and recovery time of ZnO and 2% Fe-ZnO at different ppm of
ethanol

Ethanol Undoped ZnO 2% Fe-ZnO
Concentration Gas Response | Recovery Gas Response | Recovery

(ppm) Response time time Response time time
(Ra/Ry) (sec) (sec) (Ra/Ry) (sec) (sec)

40 5.00 + 0.01 35 254 22.94 +0.09 21 288

80 5.99 + 0.02 38 236 2437 + 0.11 16 289

160 6.98 + 0.04 44 268 30.00 = 0.14 21 279

200 7.67 +0.03 52 291 37.50 £ 0.20 24 275

400 12.78 + 0.03 62 294 4091 +0.23 27 288

Table 12: Comparison of gas sensing results of ZnO-based ethanol sensor in this work with published
reports

Working Ethanol Response
Sample/method Temperature | concentration (Ra/Ry) Reference
°C (ppm)
Sn doped ZnO
Prepared by thermal 340 1000 30.4 (Santhaveesuk et al., 2010)
oxidation
Hydrothermally grown
Fe doped ZnO 400 500 55 (Yu et al,, 2011)
Microwave-assisted
hydrothermally grown 350 500 250 (Hamedani et al., 2011)
Zn0O
Microwave-assisted
hydrothermally grown 210 1000 9.8 (Yang et al., 2011)
CuO
Al doped ZnO 500 2000 92 (Liu et al., 2014)
by Sol-gel process
Hot wire assisted
Ti-doped ZnO 250 500 2.76 (Hsu et al., 2014)
RF sputtered
Fe doped ZnO 300 300 291 (Hassan et al., 2014)
Hydrothermally grown .
Fe doped ZnO 250 500 19 (Khayatian et al., 2016)
Thermauzynegaporated 300 300 291 (Bhatia et al., 2017)
Spin coated 260 400 4091 £0.23 This
Fe-ZnO 40 22.94 + 0.09 work

The gas sensing characteristics can be explained using a model in Figure 34 in section
4.1.4. When ethanol vapor is exposed to the ZnO film, the adsorbed oxygen interacts
with ethanol molecules, releasing electrons back into the ZnO film. This process reduces
the height of the potential barrier and increases the material conductivity. The release
of electrons during the interaction of ethanol molecules with oxygen ions is presented
as:CH;CH,OH + 60(‘ads) = 2C0O, + Hy0 + 6e~ (Hongsith et al., 2010). The gas
response of ZnO can be evaluated by measuring the resistances of the ZnO in air and in
gas. From the above figure (Figure 44), with the rise of the temperature, the response was
increased. With the increase in temperature, thermal energy rises. When it gets closer to

the threshold for breaking through the activation energy barrier of reaction, the charge
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concentrations rise rapidly and give a high response. Above this threshold temperature,
desorption of oxygen molecules takes place from the ZnO surface, thereby reducing the
response of the gas sensor (Dey, 2018; Khayatian et al., 2014).

In this experiment, the 2% Fe-ZnO exhibited a better response than other samples. The
response value for 2% Fe-ZnO for 400 ppm ethanol vapour was 40.91 + 0.23, which
was almost three times greater than that of undoped ZnO. This improvement in the
gas response of Fe-ZnO samples was due to the higher specific surface area as well as
the charge carrier concentrations. In Fe-ZnO, the grains are smaller than that in ZnO,
which increased the specific surface area of Fe-ZnO samples [Figure 4 2]. As a result,
the concentrations of adsorbed oxygen molecules increased on the surface of Fe-ZnO
than that of undoped ZnO. Thus, more molecules of ethanol vapour interacted with the
adsorbed oxygen molecules which, in turn, released more electrons to the ZnO surface
and improved the gas response. The response is also enhanced by an increase in carrier
concentration on Fe doping. When Zn?* ions are replaced with Fe ions ( Fe’), it
surpluses the charge carriers in the conduction band. This helps to adsorb the additional
number of oxygen molecules on the ZnO surface to maintain charge neutrality and speed
up the reaction paces between the molecules of the exposed gas and adsorbed oxygen
ions. More active adsorption centers are available only for the appropriate percentage
of dopant. Therefore, 2%Fe-ZnO showed a higher response than others. However, in
excessive Fe doping, such as 3% and 4% Fe-ZnO, there may be more scattering atoms on
the ZnO surface (Ge et al., 2007) which reduces oxygen-capturing sites and slows down

surface reactions (Zhang et al., 2010), which further reduces the response.

4.4 Characterization of Undoped and Sn-ZnO Films Prepared by Spray Pyrolysis

In this section, the structural & optical properties, surface morphology, elemental
composition, and the ethanol vapour sensing performance of ZnO and Sn-ZnO films
prepared by spray pyrolysis method is described. The film preparation method is described
in section 3.1.3 of chapter 3. The results of sensing measurement at different temperatures

towards ethanol are also discussed.

4.4.1 Structural Analysis

The structural characteristics of as-synthesized undoped ZnO and Sn-doped ZnO (Sn-
Zn0) films were examined employing the X-ray diffraction te chnique. Figure 46 depicts
the XRD pattern with several peaks corresponding to planes oriented along (100), (002),
(101), (102), (110), (103), and (112) in the pure ZnO. The observed peaks were found to
be consistent with the values of JCPDS card number 36 — 1451. The peaks corresponding
to planes (100), (110), and (112) orientation disappeared in the Sn-ZnO films. It is
because; Sn doping led the crystallinity to degenerate (Tsay et al., 2008). The intense
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peaks corresponding to the (002) plane were observed in Sn-ZnO, which indicates the c-
axis orientation of Sn-ZnO films. This result is similar to the earlier published reports
(Ajili et al., 2013; Caglar et al., 2009; Yung et al., 2009; Miki-Yoshida et al., 2000).
The determined values of 26, d-spacing, the crystallite size ( D), and lattice strain
(¢) corresponding to intense peaks are presented in Table 13. The calculated value of

d-spacing was found to be close to the standard JCPDS value. The crystallite size
corresponding to the intense peaks was found to be decreased from 34.6912 + 1.0582 nm
for undoped to 25.9281 + 1.3388 nm for 2% Sn-ZnO. The D value slightly increased
for 3% Sn-ZnO but was smaller than the undoped case. This decrease in D is because
of the replacement of Zn?* (ionic radius, 0.74 A) by Sn** (ionic radius, 0.69 A) after
doping Sn into ZnO. The slight increase in D for 3% Sn-ZnO may be attributed to the
substitution of Sn* ion (ionic radius, 1.12 A) along with Sn** whose ionic radii is greater
than that of Zn?* and Sn** ions (Zhang et al., 2019; Chahmat et al., 2014). The value of
lattice strain (&) was high for Sn-ZnO indicating a bigger lattice misfit. It implies that Sn
doping arises the lattice defects and the charge imbalance surrounding the dopants
(Srinivasulu et al., 2017). The error in D and € were calculated using standard errors
found in 260 and FWHM of the peaks during fitting.

-% 3% Sn-2no
5 . ﬁ
3 4
> -% 2% Sn-Zn0
=7 - o
w -
c
-Iq-'l’ 'MJ_A‘ 1% Sn-2n®
IS - —
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Figure 46: XRD of ZnO and Sn-ZnO films prepared by spray pyrolysis
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Table 13: (hkl), 26, d-spacing, crystallite size (D) and lattice strain (¢) of ZnO and Sn-ZnO films deposited
on glass substrate by spray pyrolysis

Plane 20 FWHM | d-spacing | d-spacing | (D) nm | Strain (¢)

Sample (hKl) | (degree) | (degree) A) (JCPDS) (x10-3)
200 | o2y | ST D2 | as0as | 2043 | PRORS 1
19 Sn-zn0 | 002) | 252200 | 02190 | 25044 | 26043 | D008 | 2
200 Sn-zn0 | (002) | JEML T 0308 510 | pe0a3 | P21 4300
30 Sn-zn0 | (002) | JEA00 | 028 o so76 | 26043 | 202201 3870

4.4.2 Optical Analysis

The transmission spectra of ZnO and Sn-ZnO films were captured between 360 and 1000
nm wavelength. Figure 47(a) shows the observed transmission spectra. The undoped
ZnO film was highly transparent having a transmittance of greater than 8 0% in the
UV-visible region. The transmittance was decreased for Sn-ZnO films. Figure 47(a)
showed a decrease in transmittance at short wavelengths close to the ultraviolet region
and improvement in the visible region for all films. The low optical transmittance for
Sn-ZnO films may be caused by a rise in photon scattering by crystal defects and photon
absorption by free charge carriers (Bougrine et al., 2003). The absorption edge was
found to be red-shifted after Sn doping. The optical band gap (E,) of ZnO films was
computed using the Tauc plot, which is depicted in figure 4 7(b). The computed values
of E, are presented in Table 14. The E, was reduced from 3.275 + 0.038 €V for the
undoped ZnO to 2.412 + 0.027 eV for the 3% Sn-ZnO following the reported trends
(Acharya et al., 2012; Xiong et al., 2011; Yung et al., 2009). The error in the optical
band gap was determined by using the standard errors that appeared in the slope and
intercept of the linear fit in the linear portion of the curve. The splitting of the conduction
band causes the E, value to drop after doping Sn. The bottom conduction band of
Sn-ZnO is made up of Sn-5p and Zn-4s states close to the Fermi level, whereas the top
conduction band is made up of Sn-5s and Zn-4p states in the Sn-ZnO sample. Likewise,
the top and bottom valance bands are made up of O-s and Zn-3d. In doping Sn into
ZnO, Sn** replaces the Zn?* from their lattice site and 4 electrons of Sn in place of 2
electrons of Zn are available in the ZnO matrix. All four valance electrons of Sn take
part in chemical bonding with the ZnO matrix’s atom. Also, Sn serves as the doubly
ionized donor. Sn* creates the deep states in the conduction band. It has the electronic
structure of 5s2. The chemical bond is formed by only 5p electrons. The Ss electrons
form the deep donor states. The stability of Ss in the conduction band is related to the
distortion in the geometry of Sn. This distortion leads to the mixing of 5s and 5p states

creating the hybrid states or shallow donor and broadening the energy levels with the

71



100
(b) —=— Undoped ZnO F
% 304 —+— 1% Sn-ZnO ‘
__ 80 25 —+— 2% Sn-Zn0O
X 7 7 —v— 3% Sn-ZnO
P :
a 60 i 204
o ~
= = 154
= 4 =
£ 30 —=— Undoped ZnO ] 10
2 —+— 1% Sn-ZnO 1
o 20 —a— 2% Sn-ZnO s
F 10 —v— 3% Sn-Zn0 A
0 T T T T T T 0
400 500 600 700 800 900 1000 1.2 16 20 24 28 32
Wavelength (nm) hv (eV)

Figure 47: (a). Transmittance spectra and (b) Tauc plots of ZnO and Sn-doped ZnO films deposited on
glass substrates by spray pyrolysis

formation of impurity-induced bands that combines with conduction band minimum
(CBM). As a result, the conduction band minimum shifts below the Fermi level, and
the band degeneracy occurs in Sn-ZnO (Acharya et al., 2012; Xiong et al., 2011). The
position of the Sn-s state affects the conduction b and. The Sn-s states move to the lower
energy for the higher doping concentration of Sn into ZnO and promote the narrowing of
the optical band gap (Bougrine et al., 2003).

Table 14: Transmittance and optical band gap of ZnO and Sn-ZnO films deposited on glass substrates by
spray pyrolysis

Sample Transmittance (%) | Optical Band Gap (eV)
ZnO 85.48 + 0.365 3.275 £ 0.002
1% Sn-ZnO 77.128 + 0.235 3.138 £ 0.002
2% Sn-ZnO 53.500 + 0.284 2.614 + 0.002
3% Sn-ZnO 45.351 + 0.309 2.412 £ 0.002

4.4.3 Surface Morphology

Surface quality of sensor affects its sensing performance (Shao et al., 2016; Wei et al.,
2011). The surface morphology and elemental composition were studied by capturing
SEM images and EDX spectra using a field-emission scanning electron microscope
(JEOL, JSM-7001F, Japan) in our collaborator’s laboratory (Department of Electrical
and Biological Physics, Kwangwoon University, Seoul 01897, Korea). Figure 48(a-d)
depicts the SEM micrographs of ZnO, and 1-3% Sn-ZnO films deposited on a glass
substrate using the spray pyrolysis technique. The grainy structures were observed from
the SEM images. The average sizes of grains were found to increase in the Sn-doped
films with higher concentrations of Sn. Figure 49(a-b) depicts the EDX spectra of ZnO
and 1 — 3% Sn-ZnO films. The spectra clearly showed peaks for the elements zinc (Zn),
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Figure 48: FE-SEM images of (a) ZnO, (b) 1% Sn-ZnO, (c) 2% Sn-ZnO and (d) 3% Sn-ZnO films
prepared by spray pyrolysis

oxygen (O), and tin (Sn) were clearly seen in the spectra. The contents of zinc, oxygen,
and tin in terms of atomic percentage are depicted in Table 15. The atomic percentage
of zinc, oxygen, and tin is 50.00, 50.00 & 0.00; 48.34, 48.34, & 3.32; 45.67, 45.67, &
8.660 and 42.31, 42.31 & 15.38, in ZnO, 1% Sn-ZnO, 2% Sn-ZnO, and 3% Sn-ZnO films
respectively. While performing the EDX experiment, a carbon tape was used to hold the
sample, and conducting electrode was used to collect the backscattered electrons from
the sample. As a result, the several peaks corresponding to the several elements such as
C, Sy, etc along with the peaks corresponding to Zn, O, and Sn were observed in the EDX
spectra. In order to normalize, the experiment was done excluding other elements except
Zn and O in ZnO films and Zn, O, and Sn in Sn-ZnO films. Therefore, in normalized
conditions, the atomic percentage of Sn in Sn-ZnO films was found to be greater than the

targeted percentage.

Table 15: Content of element present in ZnO and Sn-ZnO films prepared by spray pyrolysis

Element Atomic % of elements in samples
ZnO | 1% Sn-ZnO | 2% Sn-ZnO | 3% Sn-ZnO
Zn 50.00 48.34 45.67 42.31
o 50.00 48.34 45.67 42.31
Sn - 3.32 8.66 15.38
Total 100.00 100.00 100.00 100.00
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Figure 49: EDX spectra of (a) ZnO, (b) 1% Sn-ZnO, (c) 2% Sn-ZnO and (d) 3% Sn-ZnO films prepared
by spray pyrolysis

4.4.4 Sensing Performance Towards Ethanol

Prior to measuring the gas sensing task of the sensor, its working temperature is optimized.
Figure 50 depicts the variation of gas response of as-prepared ZnO & Sn-ZnO films with
temperature in the range of 80 — 330 °C at the exposure of 400 ppm of ethanol vapour.
The response first increased with the temperature reaching its optimum value and then
declined with the further rise of the temperature. Undoped ZnO showed the highest
response of 110.718 + 0.076 at 290 + 7 °C. Likewise, 1, 2, and 3% Sn-ZnO showed the
highest response of 40.654 + 0.015, 17.659 + 0.011, and 8.339 + 0.004 at 260, 220, and
240 °C respectively. These results are presented in Table 16. The operating or working
temperatures for undoped and 1 — 3% Sn-ZnO films were found to be 290 + 7, 260 + 6,
220 + 5, and 240 + 5 °C, respectively. The errors in the response are standard errors.
The errors in the temperature are the maximum fluctuations in the set temperature during

the experiment.

The operating temperature was decreased for Sn-ZnO. Further, the gas sensing perfor-
mances of all the films were thoroughly examined at their operating temperature by
exposing the different amounts of ethanol vapours. Figures 51(a) and 51(b) illustrate the
transient resistance response i.e. the variation of resistance with time for undoped ZnO
when injecting and ejecting different concentrations 1 — 60 ppm and 80 — 400 ppm of

ethanol vapour at the operating temperature of 290 + 7 °C. Figure 51(c) is the zoom in of
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Figure 50: Gas response of ZnO and Sn-ZnO films as the function of temperature, at the exposure of 400
ppm ethanol vapour

Table 16: Operating temperature and maximum response of ZnO and 1-3% Sn-ZnO at 400 ppm of ethanol

Sample Undoped ZnO 1% Sn-ZnO 2% Sn-ZnO 3% Sn-ZnO
Maximum 110.718 + 0.076 | 40.654 = 0.015 | 17.659 + 0.011 | 8.339 + 0.004
Response

Operating

Temperature (°C) 290 £7 260 £6 220 +5 240+ 5

the transient resistance response at an exposure of 1 ppm of ethanol to show the error
bars clearly. The error bars are indicated in red colour. Figures 51(d) is the zoom-in
of the lower portion of the transient resistance response at an exposure of 300 and 400
ppm of ethanol respectively. The resistances of ZnO films were measured using an LCR
meter (Hioki IM3536). Here error in the resistance is the basic accuracy (BA), which
was calculated using the equation: BA = +[X + Y |10X cbserved Resistance _ |]¢, for |

Range
k2 range or higher, and BA = +[X + Y| 5% UbseRa”ge — 1{]%, for 100 €2 range

rved Resistance

or lower. Here, X and Y are the coefficients. The values of X vary from 0.1 to 1 and
that of Y varies from 0.01 to 1, depending upon the range of measurement of resistance.

The values of X and Y for different ranges of resistance if listed in Table 17. Similarly,

Table 17: Values of X and Y at different ranges of resistance measurement in LCR meter

Range | 100 M2 | 10 M | 1M | 100Kk | 1kQ | 1002 | 102 | 12 | 100 m(2
X 1 0.5 0.2 0.1 0.1 0.1 02 |03 1
Y 1 0.3 0.1 0.01 001 | 002 | 0.15 |03 1
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Figure 51: Transient resistance responses of undoped ZnO films for the concentrations from (a) 1 to
60 ppm, (b) 80 to 400 ppm, and (c-d) zoom in of the response for 1, 300 & 400 ppm at their optimized
operating temperature 290 °C

Figures 52(a) and 52(b) illustrate the transient resistance responses of 1% Sn-ZnO for
injecting and ejecting the different concentrations 1 — 60 ppm and 80 — 400 ppm of
ethanol vapour, at the optimized working temperature of 260 + 6 °C. Figure 52(c) is the
zoom in of the transient resistance response of 1 ppm of ethanol to show the error bars
labeled in red colour. Figure 52(d) is a zoom-in of the lower portion of the transient
resistance response at the exposure of 300 and 400 ppm of ethanol. It clearly shows the
resistance was decreased to 2817.450 + 3.329 and 2461.031 + 2.821 €2 at the exposure
of 300 and 400 ppm of ethanol respectively. Figures 53(a) and (b) illustrate the transient
resistance responses of 2% Sn-ZnO for injecting and ejecting the different concentrations
0.5 — 40 ppm and 60 — 400 ppm of ethanol vapour, at the optimized working temperature
of 220 + 5 °C. The error bars are presented in red marks. Figure 53(c) is a zoom-in of
the transient resistance response at an exposure of 0.5 ppm of ethanol to show the error
bars clearly. The error bars are labeled in red colour. Figure 53(d) is the zoom-in of the
lower part of the transient resistance response at the exposure of 300 and 400 ppm of
ethanol. It clearly illustrates the resistance was decreased to 12123.3 + 25.60841 and
12142.300 + 25.672 2 at an exposure of 300 and 400 ppm of ethanol respectively which

was nearly the same.

Figure 54(a) illustrates the transient resistance responses of 3% Sn- ZnO for injecting

and ejecting the different concentrations 5 — 400 ppm of ethanol vapour at the optimized
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Figure 52: Transient resistance responses of 1% Sn-ZnO film for the concentrations from (a) 1 to 60 ppm,
(b) 80 to 400 ppm and (c-d) zoom in of the response for 1, 300 & 400 ppm at their optimized operating
temperature 260 °C

working temperature of 240 + 5 °C. The Zoom-in of the transient resistance response at
the exposure of 5 ppm of ethanol to show the error bar is depicted in Figure 54(b). The
resistance of the films was deceased quickly in all cases after being exposed to ethanol.
The value of change in resistance was large for the exposure to higher concentrations
of ethanol. The value of change of resistance was increased continuously on exposure
to higher concentrations of ethanol vapour for undoped ZnO. But, for the 2, and 3%
Sn-ZnO, the saturation values of change of resistance were obtained with the exposure of
300 ppm onwards. The gas responses of ZnO and Sn-ZnO thin films to ethanol vapour
at different concentrations ranging from 0.5 to 400 ppm ethanol are depicted in Figure
55. The value of response for undoped ZnO was increased significantly when exposed
to higher concentrations of ethanol. But, for the 2, and 3 % Sn-ZnO, the saturation
values of response were obtained with the exposure of 300 ppm onwards. It is clearly
demonstrated in the inset of Figure 55. The calculated values of response along with
the standard errors with the exposure of various concentrations of ethanol are presented
in Table 18. Undoped ZnO film exhibited the highest response of 110.718 + 0.076 at
a working temperature of 290 °C towards 400 ppm of ethanol. In this experiment, the
undoped, 1%, 2%, and 3% Sn doped ZnO samples could detect lower concentrations up
to 1, 1, 0.5, and 5 ppm of ethanol with values of the response of 1.197 + 0.001, 1.212 +
0.001, 2.216 + 0.012 and 1.169 + 0.001 respectively. The gas response of 2% Sn-ZnO

was good enough which confirms that it is useful for the detection of lower concentrations.
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Figure 53: Transient resistance responses of 2% Sn-ZnO films from (a) 0.5 to 40 ppm, (b) 60 to 400 ppm,
and (c-d) zoom in of the response for 0.5, 300 & 400 ppm at optimized operating temperature 220 °C
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Figure 54: Transient resistance response of 3% Sn-ZnO films for the concentrations (a) 5-400 ppm and (b)
zoom in of the response for 0.5 ppm at optimized operating temperature 240 °C

The sensing capability of the undoped ZnO film was also studied at the temperature 220
+ 5 °C and the result was compared with that of 2% Sn-ZnO film at the same temperature.
Figure 56(a) and (b) shows the results of measurement transient resistance responses of
the undoped and 2% Sn-ZnO film towards 400 ppm of ethanol vapour at 220 + 5 °C.
The results show the good repeatability of the proposed films with the response of 8.778
+ 0.005 for ZnO and 17.989 + 0.011 for 2% Sn doped ZnO samples respectively. The
2% Sn-ZnO showed a higher value of gas response compared to undoped ZnO at this

temperature.
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Figure 55: Gas response with exposure of different ppm of ethanol at their respective optimized operating
temperatures

Table 18: Responses of ZnO and 1 — 3% Sn-ZnO films at various concentrations of ethanol

Concentration of Response (R, /Rg)
Ethanol (ppm) Zn0O 1% Sn-ZnO 2% Sn-ZnO 3% Sn-ZnO
0.5 - - 2.216 +0.012 -
1 1.197 + 0.001 1.212 + 0.001 2.332 £ 0.012 -
3 1.246 + 0.001 1.325 + 0.001 3.118 £ 0.014 -
5 1.600 = 0.001 1.444 + 0.001 | 4.258 £0.012 | 1.169 + 0.001
15 1.786 + 0.001 2.039 +0.002 | 8.588 +0.012 | 1.225 + 0.001
40 2.959 + 0.004 2.246 = 0.001 | 10.022 +0.012 | 1.402 = 0.001
60 3.250 + 0.002 2.837 £0.001 | 12.101 £0.011 | 1.824 + 0.003
80 4.293 + 0.003 3.305 +£0.001 | 13.089 = 0.009 | 2.186 + 0.002
100 11.846 + 0.003 | 3.421 +0.001 | 14.129 + 0.013 | 2.795 + 0.001
200 34.119 £ 0.059 | 23.253 £0.001 | 16.135+0.011 | 6.278 + 0.008
300 88.163 + 0.043 | 35.266 = 0.021 | 17.669 + 0.011 | 8.319 + 0.006
400 110.718 £ 0.076 | 40.654 + 0.015 | 17.659 = 0.011 | 8.339 + 0.004
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Figure 56: Cyclic resistance responses of (a) ZnO and (b) 2% Sn-ZnO films at 220 °C to towards 400 ppm
of ethanol vapor
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The response and recovery times of ZnO, 1, 2, and 3% Sn-ZnO at the exposure to 400
ppm of ethanol vapour at their working temperature were also measured. Figure 57(a)
through (d) illustrates the geometrical calculations of response and recovery times of
MOS sensors with respect to their definitions. For ZnO, 1, 2, and 3% Sn-ZnO films, the
response times are determined to be 22, 30, 15, and 24 sec respectively. The 2% Sn-ZnO
showed a quick response than others. Similarly, the recovery times were found to be
188, 228, 119, and 36 sec for ZnO, 1, 2, and 3% Sn-ZnO films accordingly. The quick

recovery was found in the ZnO doped with higher concentrations of Sn.
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Figure 57: Response time and recovery time of (a) ZnO, (b) 1% Sn-ZnO, (c) 2% Sn-ZnO, and (d) 3%
Sn-ZnO films for 400 ppm of ethanol vapor at their operating temperature

The present result of sensing of 2% Sn-ZnO was compared with the published reports of
the various metal-doped ZnO films. It is presented in Table 19. The working temperature
was seen to be considerably lower than the values published for a comparable system
prepared using alternative techniques. The 2%Sn-ZnO film could detect as low as 0.5
ppm of ethanol vapour at the lower operating or working temperature of 220 + 5 °C. The
result obtained in this work was found to be good in comparison to the published reports.
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Table 19: Comparison of performance of ZnO-based ethanol sensor in this work with reported work

Operating | Ethanol Response
Materials Method Temperature | (ppm) (Ra/Rg) Reference
(§9)
Furnace system
Ti-ZnO | with Ti hotwire 500 1000 3.89 (Hsu et al., 2014)
assistance
Thermal
Sn-ZnO oxidation 340 1000 30.4 (Santhaveesuk & Choopun, 2013)
reaction
Cu-ZnO | Spray Pyrolysis 400 80 30 (Miki-Yoshida et al., 2000)
Fe-znO | RE magnetron 300 300 291 (Hassan et al., 2014)
sputtering
Fe-zno | Hydrothermal/ 250 500 19 (Khayatian et al., 2016)
dip coating
. 400 17.659 + 0.011 This
Sn-ZnO | Spray pyrolysis 220 05 | 2216+0.012 work

In this case, the gas sensing mechanism is similar to as explained in the previous section
4.3.4. In Figure 50, the gas response was increased with temperature, attains maximum
value at a particular temperature, and then decreased with increasing the temperature.
The variation of gas response with the temperature is due to the fact that the gas response
varies with the reaction rate (Kg;j) coefficient of the test gas with the oxygen species
adsorbed on the ZnO surface. The reaction rate coefficient varies with the absolute

temperature (T) and the activation energy (E,) as Kg;,(T) = Aexp (—,{%‘T), where kg

is Boltzmann constant (Santhaveesuk & Choopun, 2013; Hongsith et al., 2010). With
the rise in temperature, the thermal energy rises. When it gets closer to the limit of the
activation energy barrier of the reaction, the charge concentrations rise dramatically,
and more oxygen is adsorbed, which gives a high response. Beyond this temperature,
oxygen species desorbed from the ZnO surface and lower the response (Khayatian et al.,
2016). The decrease in the activation energy of ZnO after Sn doping is responsible for
the decrease in the optimal operating or working temperature from 290 + 7 °C to 220 + 5

°C for the Sn-ZnO films (Bougrine et al., 2003). From the observation of SEM images in
Figure 48, it was clearly seen that the average size of grains was increased in the Sn-ZnO
samples in comparison to that of undoped ZnO, which decreased the specific surface area
of Sn-ZnO. Therefore, the gas response was decreased for Sn-ZnO films. In Figure 55,

the saturation values of response were obtained for 2 and 3% Sn-ZnO with the exposure
of 300 ppm onwards. It is attributed to the smaller number of adsorbed oxygen ions on
the surface of Sn-ZnO films.

The measurements of response time and recovery time are shown in Figure 56. It revealed
a faster response and recovery with a response time of 15 sec and recovery time of 119
sec for 2% Sn-ZnO than that of undoped ZnO at an exposure of 400 ppm of ethanol
vapour. Such speedy response and recovery nature were due to the increased reaction

rate of ethanol vapour molecules with the adsorbed oxygen ions in the surface of 2%
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Sn-ZnO. In Figure 57, 2% Sn-ZnO showed a response higher than that of undoped ZnO
at 220 + 5 °C. It may be due to the lowering of the activation energy after Sn doping
into ZnO (Acharya et al., 2012). The charge concentration increased significantly at this
temperature in 2% Sn-ZnO but not for undoped ZnO. So, more oxygen species were
adsorbed in 2%Sn-ZnO than that in undoped ZnO at 220°C.

4.5 Characterization Spin Coated ZnO and Fe-Al-ZnO Films

Only a few reports are available for metal-metal co-doped ZnO-based sensors to date.
In this respect, we prepared the Fe-Al co-doped ZnO films by a spin coating method
and studied the structural & optical properties, surface morphology, and elemental
composition for ethanol sensing. The sample preparation method is described in section

3.1.2 of chapter 3. The results of gas sensing measurements are discussed in this section.

4.5.1 Structural Analysis

The structural investigation of as-prepared undoped and Fe-Al co-doped ZnO films was
done using X-ray diffraction (XRD). Figure 58 depicts the XRD pattern of as-prepared
ZnO films. The XRD pattern revealed that all samples were polycrystalline, with
diffraction peaks aligned along (100), (002), (101), (102), (110), (103), and (112). The
peaks closely matched the standard values of JCPDS card number 36 — 1451. All the

samples showed three distinct diffraction peaks with high intensity. The most preferential
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Figure 58: XRD patterns of spin-coated ZnO and Fe-Al-ZnO films

82



orientation was found to be along (002). A slight shift in the peak positions toward
larger angles was found in Fe-Al-ZnO films, which corresponds to a slight decrease in
the d-spacing. This shift in the d-spacing might be the result of the substitution of Fe**
(ionic radius, 0.68 A) or FeZ* (ionic radius, 0.78 A) and A/?* (ionic radius, 0.53 A) ions
for Zn* ions (ionic radius, 0.74 A). The relative intensities of the diffraction peaks were
reduced in the case of Fe-Al-ZnO, indicating a decrease in the crystallinity. This is due
to strain and lattice disorder brought on by the substitution of Fe and Al ions for Zn ions.

The d-spacing and crystallite size (D) were calculated using Braggs law: 2d sinf = n4,

0.92
Bcoso

undoped and Fe-Al-ZnO films (Hassan et al., 2014).The lattice strain (¢) was calculated

using the formula: € = 4[5 — (Pramod & Pandey, 2014; Srinivasulu et al., 2017). The

(hkl), 20 and calculated values of d-spacing, D and & are presented in the Table 20. The

and Debye Scherrer’s formula: D = with respect to three high intense peaks of

Table 20: (hkl), 260, FWHM, d-spacing and crystallite sizes of spin-coated ZnO and Fe-Al-ZnO films

Sammple | KD | (1ovree | (aegree) | () | OCPDS) | sse (D)o | (¢ 10°)
000) | ooots | soonset | 280 | 2818 | Sos | o
20| O | Tons | cooom | 26186 | 260098 | s | o
000 | Zooots | xoonsy | 2407 | 2419 | [ | o
e, | 000 Go | wooms | 2810 | 288 | g
7m0 | @ | Joooss | coors | 263 | 2008 | [ | S
000 | P06 | xooort | 2410 | 2419 | [ss | Lo
sere. | 1900 | Jootos | coomsy | 2895 | 28143 | [ | s
70 | @2 Zooon | sooosr | 2612 | 2008 | S5 | S
00| Toooes | 000 | 299 | 2479 | g | s

mean D was found to be significantly decreased from 35.2324 nm for undoped to 15.6908
nm for 3%Fe-1%Al-ZnO. The mean values of the strain (&) was increased from 3.38 x
1073 for undoped ZnO to 7.67 x 1073 for 3%Fe-1%Al-ZnO. This significant decrease in
D is due to substitution of Zn2* ions (ionic radius, 0.74 A) by Fe?* ions (ionic radius
0.78 A), Fe** ions (0.68 A) and AP** ions (0.53 A). The increase in € may be caused by
stress brought on by the disparity in the ionic radii of the dopant and Zn (Srinivasulu et
al., 2017). Here, the errors in D and & were calculated using the standard errors in 26
and FWHM of the individual peaks during fitting.
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4.5.2 Optical Analysis

The transmission spectra of ZnO and Fe-Al-ZnO films were captured within the wavelength

range of 360-1000 nm at ambient conditions. Figure 59(a) displays the plot of captured
transmittance of as-prepared ZnO and Fe-Al-ZnO films. The mean transmittance of the
undoped and Fe-Al ZnO films was found to be above 85% and a substantial decline at the
short wavelengths close to the ultraviolet range. The optical band gap (Ej) of ZnO films
was evaluated from the Tauc plot (Rambu et al., 2013) depicted in Figure 59(b). The
calculated values of optical band gaps were 3.270 + 0.025 eV for undoped ZnO, 3.243 +

0.075 eV for 1%Fe-1%Al-ZnO and 3.221 + 0.059 eV for 3%Fe-1%Al-ZnO. The error in
the optical band gap was determined by using the standard error in the slope and intercept
of the linear fit in the linear portion of the graph. It clearly revealed a significant decrease
in optical band gap energy. The drop in E, was found to be consistent with reports on
comparable systems (Goktas ef al., 2018; Khalid et al., 2019). There are two reasons for
decreasing the optical band gap. First, Al doping introduces defects/impurities states

and produces the new shallow donor states due to the hybridization of the Al dopant and

Zn0O matrix, and hence the optical band gap decreases. Second, the optical band gap

was decreased due to the "s-d" and "p-d" exchange interaction between localized "d "

electrons in Fe in the ZnO matrix and the band electrons of ZnO which modifies the

Fermi energy state by raising the top edge of the valance band and lowering the bottom
edge of the conduction band. (Goktas et al., 2018).
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Figure 59: (a) Transmittance and (b) Tauc plots of spin-coated ZnO and Fe-Al-ZnO films

4.5.3 Surface Morphology

The sensing capability of ZnO films also depends on the surface morphology (Zhu &
Zeng, 2017). Figures 60(a) through (c) show the SEM images of as-prepared undoped,
1%Fe-1%Al and 3%Fe-1%Al-ZnO films. Figure 60(a) clearly shows the grainy surface
for the undoped. A reduction in the grain size was observed in the Fe-Al ZnO film in

comparison to that of undoped ZnO film which led to an increase in the specific surface
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Figure 61: EDX spectra of spin-coated (a) ZnO (b) 1%Fe-1%AI-ZnO and 3%Fe-1%Al-ZnO films

area. This reduction in the grain size in Fe-Al-ZnO isdue to the substitution of Fe*
(ionic radius, 0.68 A) or Fe>* (ionic radius of 0.78 A) and A** ions (ionic radius 0.53
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Table 21: Elemental composition of spin-coated ZnO, and Fe-Al-ZnO films

Elements present (at.%)

Zn (0] Fe Al Si C Ca

Zn0O 44.97 | 37.63 - - - 17.40 -

1%Fel1%Al-ZnO | 32.79 | 33.60 | 0.66 | 1.24 | 4.20 | 26.81 | 0.71
3%Fe 1% Al-ZnO | 29.94 | 31.00 | 1.67 | 1.20 - - -

Sample

A) in the lattice sites of Zn* ions (ionic radius of 0.74 A). The elemental composition of
as-prepared films was studied by analyzing the EDX spectra. Figure 61(a) through (c)
displays the EDX spectra of prepared undoped, 1%Fe-1%Al-ZnO and 3%Fe-1%Al-ZnO
films. The concentrations of elements, zinc (Zn), oxygen (O), aluminum (Al), and iron
(Fe) were investigated by analyzing the spectra. These spectra showed well incorporation
of Al and Fe in Fe-Al-ZnO. The elements present in as prepared films are depicted in
Table 21. The result shows that the atomic percentages of zinc and oxygen are 44.97
and 37.63% respectively in ZnO. The concentration of zinc and oxygen decreased on
Fe-Al-ZnO. The iron and aluminum contents can be clearly seen as 0.66% & 1.24%
in 1%Fe-1%AIl-ZnO and 1.67% & 1.20% in 3%Fe-1%Al-ZnO films. Silicon (Si) and
Calcium (Ca) peaks were also observed in EDX spectra of 1%Fe-1%AIl-ZnO film in

Figure 61(b) which might have come from the substrate.

4.5.4 Sensing Performance Towards Ethanol

As in the previous case, the sensing capability of ZnO films was studied by evaluating the
gas response using the formula: response, (R) = ]Ig_Z’ where R, and Ry are the resistances
of the ZnO film in the air environment and the analyte gas environment, respectively
(Bhatia et al., 2017). Firstly, the response of the samples was measured at a different
temperature ranging from 80 — 350 °C with an exposure of 400 ppm of ethanol vapour.
Figure 62 shows the variation of response with temperature. Undoped, 1%Fe-1% Al,
and 3%Fe-1%Al-ZnO films showed the maximum responses of 62.345 + 0.037, 152.304
+ (0.003 and 93.225 + 0.027 at the temperatures of 260 + 6, 290 + 7, and 300 + 7 °C,
respectively, which are called the optimized operating temperatures of undoped, 1%
Fe-1%Al, and 3% Fe-1%AI-ZnO films. Here, the errors in the response are the standard
errors. The fluctuation in the set temperature during the experiment was taken as the

error in the temperature.

Figure 63(a) — (c) shows the transient resistance response of the ZnO and Fe-Al-ZnO
films when exposed to ethanol vapour in a range of concentrations (1 — 400 ppm) at their
respective operating temperatures. Figure 63(a) shows that the resistances of undoped
ZnO decreased from 440577.861 + 209.231 Q (in air) to 290513.322 + 88.792 Q (in
ethanol) for an exposure of 1 ppm of ethanol vapour. Similarly, Figure 63(b) shows the
resistance of 1%Fe-1% Al-ZnO deceased from 39848.141 + 8.792 Q to 24516.901 +
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Figure 62: Temperature dependent response of ZnO, 1%Fe-1%Al-ZnO and 3%Fe-1%Al-ZnO films
prepared by spin coating technique at the exposure of 400 ppm of ethanol

8.953 Q for the same ppm exposure. Whereas 3%Fe-1%AI-ZnO films showed a change in
resistance only for exposure of 2 ppm ethanol and above. Similarly, the resistance changes
from 403614.856 + 75.534 Q) to 6405.761 + 3.877 Q for undoped ZnO, from 36778.968
+29.673 Q to 241.312 + 0.044 Q for 1%Fe-1%Al-ZnO and from 97721.625 + 126.421
Q to 1065.153 + 0.241 Q for 3%Fe-1%Al-ZnO respectively for the exposure of 400 ppm.
The basic accuracy in the measurement of the resistance was taken as the error in the
resistance. Figure 63(d) shows the variation of responses of undoped, 1%Fe-1%Al-ZnO,
and 3%Fe-1%Al-ZnO film at an exposure of various concentrations of ethanol. The
calculated values of responses at different concentrations of ethanol are presented in
Table 22. The response was increased with exposure to higher concentrations of ethanol
in all samples. Fe-Al-ZnO showed an improved gas response. The 1%Fe-1%Al-ZnO
film showed the higher response of 152.304 + 0.003 at 290 + 7°C at the exposure of 400
ppm ethanol which is ~2.5 times greater than that for undoped ZnO. It could detect as
low as 1 ppm of ethanol with a response value of 1.628 + 0.002.
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Figure 63: Transient resistance responses of (a) ZnO (b) 1%Fe-1%Al1-ZnO (c) 3%Fe-1%Al-ZnO films and
(d) response of undoped ZnO, 1%Fe-1% Al-ZnO and 3%Fe-1%Al-ZnO films on the exposure of 1-400
ppm of ethanol at their optimized operating temperatures

Table 22: Response of ZnO, 1%Fe-1%Al-ZnO and 3%Fe-1%Al-ZnO at various concentrations of ethanol

Concentration Response (R, /Ry)
(ppm) Undoped ZnO | 1%Fe-1%Al-Zn0O | 3%Fe-1%Al-ZnO
1 1.515 = 0.001 1.628 + 0.002 -
2 1.671 = 0.002 1.817 + 0.002 1.049 + 0.001
3 1.775 = 0.002 2.117 £ 0.001 1.113 £ 0.002
5 1.955 + 0.001 2.361 + 0.001 1.231 + 0.001
15 3.270 + 0.002 3.650 = 0.001 1.268 + 0.001
25 3.732 = 0.002 4.610 = 0.002 1.472 = 0.001
40 3.976 + 0.002 5.644 + 0.003 1.533 + 0.001
60 4.315 +£0.003 8.843 £ 0.010 1.595 + 0.002
80 5.031 + 0.005 12.369 + 0.001 1.944 + 0.013
100 10.531 + 0.015 16.141 + 0.002 2.604 +0.012
200 26.980 + 0.006 81.454 + 0.008 26.233 + 0.024
300 59.023 + 0.014 93.147 + 0.008 63.087 + 0.029
400 62.345 £ 0.037 | 152.304 + 0.003 93.225 + 0.027

Figure 64(a) through (c) displays the transient resistance plots for all the samples at their
optimized working temperature from which corresponding response time and recovery

times were determined. The resistance was decreased after being exposed to ethanol
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vapour and eventually reached saturation. Table 23 displays the measured values of
response, response time, and recovery time of undoped and Fe-Al-ZnO towards exposure
to 400 ppm of ethanol. The undoped ZnO film demonstrated a quicker response than
the Fe-Al-ZnO film with a response time of 14 sec for 400 ppm of ethanol vapor. The
1%Fe-1%Al-ZnO film showed the highest response than others. Hence, this was found to

be the most suitable for ethanol sensing.
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Figure 64: Response time and recovery time of (a) ZnO, (b) 1% Fe-1% Al-ZnO and (c) 3% Fe 1%-Al-ZnO
films

Table 23: Gas response, response time and recovery time of ZnO and Fe-Al-ZnO films for 400 ppm of
ethanol

Sample Response Response time (sec) | Recovery Time (sec)
Zn0O 62.345 £ 0.037 14 207
1%Fe 1% Al-ZnO | 152.304 + 0.003 33 201
3% Fe 1% Al-ZnO | 93.225 + 0.027 88 307

In this case, the ethanol sensing mechanism is the same as explained in section 4.3.4.
Figure 62 shows the variation of response with temperature. The 1%Fe 1%Al and 3% Fe
1% AI-ZnO showed the response of 152.304 + 0.003 and 93.225 + 0.027 at the higher
operating temperature of 290 + 7, and 300 + 7 °C with an exposure of 400 ppm of
ethanol. But the undoped ZnO showed the lower value of the response, 62.345 + 0.037

at the working temperature of 260 + 6 °C with the exposure of the same concentrations
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of ethanol vapour. The increase in the operating or working temperature in Fe-Al-ZnO
may be due to an increase in activation energy after Fe and Al doping (Khayatian et al.,
2016). The gas response varies with the reaction rate coefficient (Kg;;), which depends

on the activation energy (E,) as well as the temperature of the sensing element described

by K (T) = Aexp (_%)’ where kp is Boltzmann constant (Hongsith et al., 2010).

The thermal energy of activation of charge carriers in ZnO increases with temperature.

At a particular temperature, when the thermal energy is enough to break the barriers

of the activation energy of the reaction, the charge concentrations increased drastically

and give a high response at the particular temperature. The activation energy term is

divided into two parts: (a) contribution from thermal activation of charge carriers into the

conduction band and (b) contribution from the energy needed to create the defect which

is directly related to the change in charge carriers concentrations in the conduction band.

Suitable donor doping can create electronic defects which raise the impact of oxygen

partial pressure on the conductivity. Along with oxygen, a small amount of reducing gas

such as carbon monoxide is also present in gases which changes the conductivity (Kwon
et al., 1995).

There are two reasons for the enhancement of the response of Fe-Al-ZnO. (i) The Fe-Al
doping into ZnO improved the specific surface a rea. The grain size was significantly
decreased in Fe-Al-ZnO. Due to this the specific surface area of the Fe-Al-ZnO increased,
which increased the oxygen adsorption and reaction sites in Fe-Al-ZnO (Sahoo et al.,
2020). (ii) Fe and Al co-doping into ZnO had a synergistic effect. W hen A [3* and
Fe3* replaced the Zn?*, the additional free charges were available in the host ZnO and
the additional oxygen ions would be attracted to AI** and Fe®* ions to preserve charge
neutrality, and more oxygen molecules were adsorbed into the ZnO surface (Walker et
al., 2019) and gave the high response. The response of 1%Fe-1%Al-ZnO is greater than
that of undoped and 3%Fe-1%Al-ZnO which may be due to the more active adsorption
sites available only for the appropriate percentage of dopant. However, for excessive
Fe concentrations in 3%Fe-1%Al-ZnO, the scattering atom may present on the surface
of ZnO that decreased the oxygen adsorption sites and reaction rates. Hence, the gas
response decreased (Ge et al., 2007; Yu et al., 2011; Zhang et al., 2010).

4.6 Effect of Gate Electrode Potential on the Sensing Characteristics of ZnO Film
Prepared by Spray Pyrolysis

The structural & optical properties, surface morphology, and gas sensing capability of
undoped ZnO film prepared by spray pyrolysis method are described in this section. The
ZnO film preparation method is described in section 3.1.3 of chapter 3 in detail. The
gas sensing properties were studied by and without applying the potential at the gate

electrode. The results of ammonia vapour detection at room temperature are discussed
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below.

4.6.1 Structural Analysis

The X-ray diffraction (XRD) was employed to examine the structural characteristics of
ZnO0 thin films. Figure 65 depicts the XRD pattern of a ZnO film deposited on a glass
substrate by the spray pyrolysis method. A sharp diffraction peak at 20 = 34.4218 +
0.0024° was observed corresponding to (002) plane along with a less intense peak at
260 = 36.2715 + 0.0296° corresponding to the plane (101), indicating the preferential
orientation along (002) plane. It was observed to be in close agreement with the values
of JCPDS card number 36-1451. It confirmed the formation of ZnO. Here, the error in
the 26 reading is the standard error found while fitting the peak.
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Figure 65: X-ray diffraction pattern of ZnO film on glass substrate prepared by spray pyrolysis

The d-spacing was calculated using Braggs law: 2d sinf = nA. The crystallite size of

Zn0O was determined using Debye Scherer’s formula: D = ﬁo(;gsﬂe. The lattice strain (&)
was determined using the formula: & = 4lf - (Pramod & Pandey, 2014; Srinivasulu

et al., 2017). The detail calculation of 26, d-spacing, D and & are illustrated in Table
24. The calculated value of d-spacing was found to be slightly different from the JCPDS
value, indicating the deposition of quality of the film on the glass substrate. The values
for D and & corresponding to (002) plane were noticed to be 37.9671 + 1.3716 nm and
(3.08 + 0.11)x1073, respectively. The errors in D and e were calculated using standard
errors found in 26 and FWHM of the individual peaks during fitting.
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Table 24: (hkl), 20, FWHM, d-spacing, crystallite size (D) and strain (&) of ZnO film

d-spacing | d-spacing Strain (¢)
(hkl) 26 (°) FWHM(°) A) A) (D) nm (x1073)
(JCPDS)

(002) | 34.4218 £ 0.0028 | 0.2189 + 0.0079 | 2.6023 2.6033 | 37.9671 £ 1.3716 | 3.08 £ 0.11
(101) | 36.2715 £ 0.0296 | 0.6123 = 0.0095 | 2.4737 2.4759 13.6487 £ 0.2111 | 8.16 £ 0.13

4.6.2 Optical Analysis

The transmission spectra of the ZnO sample within the wavelength ranging from 360 nm to
900 nm at ambient temperature as measured by HR 4000 ocean optics spectrophotometer
is depicted in Figure 66(a). In the visible spectrum, the average optical transmittance
of ZnO film exceeded 8 2%. At shorter wavelengths, close to the UV range, a dramatic
decline in transmittance was observed, which is due to the abundant absorption of light.
The optical band gap was calculated using a Tauc plot, (Rambu et al., 2013). The optical
band gap of 3.297 + 0.113 eV is obtained by extrapolating the linear part of the curve
into the hv-axis. It was consistent with the value in the published literature (Mani &
Rayappan, 2015). The error in the optical band gap was determined by using the standard
errors found in the slope and the intercept of the linear fit in the linear portion of the

graph.
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Figure 66: (a) Transmittance spectra and (b) Tauc plot of ZnO prepared by spray pyrolysis

4.6.3 Surface Morphology

The morphology of the sensor surface plays a critical role in determining the gas response
in gas sensing task (Shao et al.,, 2016;Yang et al., 2011). Figure 67 depicts the SEM
micrograph of ZnO film prepared by the spray pyrolysis m ethod. It clearly shows the
surface consisting of nearly spherical shaped grains. Energy dispersive X-ray (EDX) was

employed to study the elemental analysis of the prepared film.
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Figure 67: SEM image of ZnO film prepared by spray pyrolysis

4.6.4 Sensing Performance Towards Ammonia

The gas sensing capability of the ZnO film was investigated by measuring the resistances
of ZnO film in air and in 400 ppm of ammonia vapour at different gate electrode potentials
using a special detector as shown in Figure 26. Figures 68(a) and 68 (b — e) show the
transient resistance response of ZnO in the absence and presence of the applied gate
electrode potentials. The resistance was decreased after the injection of ammonia vapour
and then acquired the saturation values in the absence and presence of applied gate
electrode potential. After the ejection of ammonia vapour, the resistance again increased
and acquired the original value. The resistance was decreased by a large value in the
presence of the applied field than that in the absence of the field. The gas response (R)
was calculated using the formula: R = IIS—Z, where R, and R, are the resistances of the
ZnO in the air and in the gas respectively. The stable values of resistances of ZnO in
air and ammonia vapour and the corresponding values of responses at different applied
potentials are depicted in Table 25. The stable values of the resistance were changed
from (1014.11 + 1.567) x 10° to (3342.611 + 3.708) x10° €2, (1256.511 + 2.859) x 10°
to (3462.071 + 1.383) x 10° €2, (1290.091 + 2.486) x 10° to (3286.512+ 3.699) x 103 €,
(1391.372 + 1.661) x 103 to (3291.921 + 3.353) 10° €2, and (1829.392 + 2.093) x 10° to
(3288.932 + 1.992) x 103 € at the applied gate electrode potential of 0, 6, 12, 18 and 24
V respectively. The basic accuracy or measurement accuracy is taken as the error in the

resistance. Figure 68(f) depicts the variation of gas response at different applied gate
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electrode potentials. The ZnO showed a high gas response at the higher gate electrode
potential. The measured values of gas response were found to be 30.292 + 0.042, 36.324
+0.022, 38.893 + 0.082, 42.662 + 0.071 and 54.581 + 0.062 at gate electrode potentials
of 0, 6, 12, 18, and 24 V respectively. Here, the standard errors are calculated in response
to each case. The gas response was found to increase from 30.292 + 0.042 at the gate
electrode potential of 0 V to 54.581 + 0.062 at the gate electrode potential of 24 V. This
shows that the application of potential at the gate electrode enhanced the performance

ZnO sensor towards detecting the ammonia vapour.
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Figure 68: Variation of resistance of ZnO film with time with the exposure of 400 ppm of ammonia for 4
cyclesat () 0V, (b) 6 V, (c) 12V, (d) 18 V, (e) 24 V, and (f) response at applied static potentials of 0-24 V
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Table 25: Resistances and response at different applied potential

Applied Resistance ((Q2) Response
Potential In air (R,) In gas (Ry) (Ra/Ry)
V) x10° x103
0 1014.111 £ 1.567 | 3342.611 + 3.708 | 30.292 + 0.042
6 1256.511 + 2.859 | 3462.071 + 1.383 | 36.324 + 0.022
12 1290.091 + 2.486 | 3286.512 + 3.699 | 38.893 + 0.082
18 1391.372 £ 1.661 | 3291.921 + 3.353 | 42.662 + 0.071
24 1829.392 +2.093 | 3288.932 + 1.992 | 54.581 + 0.062
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Figure 69: Response and recovery times at applied static potential of (a) 0 V (b) 6 V (c) 12V (d) 18 V, (e)
24 V, and (f) response and recovery time of ZnO at different applied gate potentials

Figure 69(a) through (e) shows the measurement of the response and recovery times at

different gate electrode potentials. It is the graph between variations of the resistance
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of ZnO film with time after injection and ejection of the ammonia vapour. The sample
showed a quick response with a response time of about 4 — 5 sec at all applied static field
but, a slow recovery with recovery times of 186, 271, 337, 344, and 338 sec at applied
gate potential of 0, 6, 12, 18, and 24 V respectively. Figure 69(f) shows the variation of
response time and recovery time at all applied potentials. The response time was found
to be almost the same, 4 — 5 sec at all applied potentials. But, the recovery time was
increased first from 186 sec at the potential of O V to 338 sec at the applied potential of

12 V and remained nearly constant at higher gate electrode potential.

In Figure 68(a) to (e), a quick reduction in the resistance was observed with the exposure
of 400 ppm of ammonia vapour. It can be explained using the model shown in Figure
70. Figure 70(a) shows that the oxygen molecules are adsorbed onto the ZnO surface
in the air, which takes the electrons from the conduction band of ZnO, and oxygen ions
O; are formed. It causes the depletion region to increase which, in turn, increases the
resistance of ZnO and acquires the stable value of resistance. The resistance measured
at this state is termed as R, and this resistance is taken as the base resistance under the
study. When the positive potential is applied to the gate electrode, the electrons in the
ZnO surface were attracted by the positively charged FTO surface just above the film. It
helps to adsorb extra oxygen molecules onto the ZnO surface. These oxygen molecules
draw extra electrons from the ZnO surface which widens the depletion layers more and
increases the base resistance. This is illustrated in Figure 70(b). In Figure 70(c), at the

exposure of NH3 vapour onto the ZnO surface, the molecules of ammonia react with O

(a) In air (b) In air (c) In NH;
(No potential) (Potential applied)
O

] Depletion region
® NH;

Figure 70: (a) Sensing mechanism of ZnO sensor in the air (a) with zero gate electrode potential, (b) with
applied gate potential and (c) in NH3 vapour
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ions and liberate the electron back to the ZnO surface. The depletion layer and hence the
resistance then decreases and acquires a lower stable value of resistance. The resistance

measured at this stage was taken as R,.

In figure 68(f), the response increased on increasing the applied gate electrode potential.
It is due to the fact that after applying the positive potential to the gate electrode, the base
resistances (R,;) of ZnO increased by adsorbing the extra oxygen molecules. When the
ammonia vapour was exposed to the ZnO surface, more ammonia molecules interacted
with more oxygen ions than that in the absence of the field and an additional number
of electrons was released which lowers the resistance (Rg) up to the lower value. The
difference in the value resistances of ZnO in air and in ammonia is large when gate

electrode potential was applied than that when there was no gate electrode potential.

The reaction rate of exposed gas molecules with the adsorbed oxygen determines the
response time. The higher the reaction rate, the faster the release of electrons by adsorbed
O; molecule and the smaller the response time. In figure 69(f), the response times were
found to be nearly the same at all values of the applied electric field. It is because of
the same reaction rate of the exposed ammonia molecules with the oxygen molecules
adsorbed in the ZnO surface. But, the recovery time was increased first up to the value of
337 sec in increasing the applied gate electrode potential up to 12 V and then acquiring
the saturation value. It is due to the fact that recovery time depends on the number of
adsorbed oxygen molecules onto ZnO. As the gate potential increased, more electrons
accumulated at the ZnO surface and more O molecules adsorbed. So, the recovery time
is large at higher applied gate potentials. The saturation value of recovery time at the
gate potential higher than 12 V may be due to the same rate of adsorption of oxygen onto

the ZnO surface after the ejection of ammonia vapour.
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CHAPTER 5

5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In this work, at first, the undoped, metal (Fe and Sn) doped and metal-metal (Fe — Al)
co-doped ZnO films were prepared by spin coating technique, spray pyrolysis technique
and doctor blade methods. As prepared films were then characterized using ocean optics
UV-NIR spectrophotometer, and X-ray diffraction (XRD) to study their optical and
structural properties respectively. Their surface morphology and elemental composition
were investigated via SEM and EDX spectrum respectively. The presence of functional
groups in the compound was investigated by FTIR spectroscopy. Sensing characteristics
of the above prepared ZnO films were measured towards detecting traces of toxic gases

ammonia, ethanol, and acetone.

Spin-coated ZnO film was characterized and used to detect vapours of ammonia, acetone,
ethanol, isopropanol, and methanol at room temperature. XRD analysis results showed
its polycrystalline nature. The optical band gap was 3.202 + 0.023 eV. EDX results
confirmed the purity of the sample. SEM image revealed the grainy structure of ZnO film.
The gas sensing measurement showed the highest response towards ammonia among
the tested vapours. The values of gas response towards 400 and 20 ppm of ammonia
were found to be 38.5 + 0.6 and 6.1 + 0.8 respectively. The corresponding response and
recovery times were found to be 37 and 90 sec at 400 ppm of ammonia. Hence, the
spin-coated ZnO film could be useful to construct a low-cost stable ammonia sensor that

can detect efficiently the low concentrations of 20 ppm of ammonia vapour.

Similarly, in another set, ZnONPs film prepared by the doctor blade method was used to
monitor the acetone. XRD analysis revealed its polycrystalline nature. The characteristic
bands were confirmed by the FTIR spectrum. The gas sensing performance was measured
in the temperature range from 100 to 300°C with the exposure of 800 ppm of acetone.
The results showed the highest response of 25.697 + 0.012 at a working temperature
of 285 + 7 °C. The corresponding response and recovery times were 39 and 79 sec
respectively. This operating temperature was lower than the published values that were
prepared by different methods. The results of sensing measurement with the exposure of
various concentrations of acetone, 40 — 800 ppm, revealed the increasing response with
increasing concentrations. The lowest and highest values of response were 3.500 + 0.002
for 40 ppm and 25.697 + 0.012 for 800 ppm of acetone.

Likewise, in the third set of experiments, Fe-ZnO and Fe-Al-ZnO prepared by spin

coating and Sn-ZnO films by prepared by spray pyrolysis were used to monitor different
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concentrations of ethanol. The XRD analysis of these films revealed the polycrystalline
nature with decreasing crystallite size for increasing the doping concentrations. In
Fe-ZnO films, the optical measurement show that the optical band gap increased for
increasing Fe concentrations. SEM image clearly showed the grainy structure of ZnO
film with decreasing grain sizes as the doping concentrations of Fe increased. EDX
spectra confirmed the presence of elements zinc (Zn) and oxygen (O) only in the ZnO film
and the presence of iron (Fe), zinc (Zn), and oxygen (O) only in the Fe-ZnO films. 2%
Fe-ZnO film exhibited the highest and lowest response of 40.91 + 0.23 and 22.94 + 0.09
with an exposure of 400 and 40 ppm of ethanol respectively, at working temperature 260
+ 7 °C. The response and recovery times were 27 sec and 288 sec for 400 ppm of ethanol
respectively. The optical analysis of 1 —3% Sn-ZnO films showed a decreased optical band
gap for increasing Sn content. Captured SEM image clearly showed the grainy structures
with increasing grain sizes on increasing Sn content. The EDX spectra illustrated the
purity of ZnO layers. The gas sensing results showed a gas response of 17.659 £ 0.011 at
400 ppm exposure of ethanol for 2% Sn-ZnO film at an operating temperature of 220 + 5
°C. This operating temperature was found to be a lower temperature than the reported

value for similar sensors.

Additionally, Fe-Al-ZnO films were used to detect ethanol vapour of different concentra-
tions. The optical measurement showed a decreased optical band gap value for Fe-Al-ZnO.
SEM micro-graphs clearly illustrated the fine grains of ZnO. The sizes of these grains
decreased after co-doping of Fe — Al into ZnO. The gas sensing result showed that the
Fe-Al doping improves the gas response of ZnO. 1%Fe 1%Al-ZnO showed the highest
value of the response 152.304 + 0.003 at 290 + 7 °C for 400 ppm of ethanol which was
nearly 2.5 times that of undoped ZnO. The results of gas sensing measurement towards
ethanol showed that 1% Fe 1% Al-ZnO could detect 1 ppm of ethanol at 290 °C with the
value of response of 1.626 + 0.004.

The effect of gate electrode potential on the gas sensing properties of ZnO film prepared
by spray pyrolysis technique was also investigated at room temperature for exposure
of 400 ppm of ammonia vapours. Prior to this, prepared ZnO film was characterized
using XRD and SEM. The XRD showed the preferential orientations along the (002)
plane. The SEM image showed the nearly spherical grains. The gas sensing measurement
revealed the enhancement in the gas response at the higher gate electrode potential. The
value of response increased from 30.292 + 0.042 to 54.581 + 0.062 when the applied
gate electrode potential increased from O to 24V. The result will be useful to construct a

highly efficient room temperature gas sensor.
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5.2 Recommendations

The selectivity of the MOS-based gas sensor is one of the great problems in the field of
gas sensing technology which can be improved by adding the impurities like single or
multiple metals, conducting polymers, etc. to the MOS nanostructures. Moreover, LPG
is a highly inflammable gas used in domestic work. The leakages of this gas may cause
abrupt accidents in the houses. Based on the reports available, the sensing performance
of the MOS sensor towards LPG is low even at the high temperature (> 300 °C). The
room temperature sensing performance of MOS-based sensors towards the LPG is rarely
reported. Therefore, it will be a useful topic for researchers working in this field. Despite

this, the following works can be suggested to be done in the future.

* To use different additives like one or two metals, conducting polymers, and
nanocomposites to MOS-based sensor for increasing the sensitivity towards the

targeted gas.

* To examine the selectivity of the prepared MOS sensor towards the mostly used
toxic gases like ethanol, acetone, formaldehyde, acetaldehyde, isopropanol, CO,

etc., at room temperature.

* To detect lower concentrations (below 0.5 ppm i.e. in the ppb level) of the toxic

gases.
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CHAPTER 6

6. SUMMARY

6.1 Summary

In this thesis work, the undoped, metal (Fe & Sn) and metal-metal (Fe — Al) co-doped
Zn0 films were prepared using effective and economic metal oxide semiconducting
deposition methods such as spin coating, spray pyrolysis and doctor blade. These samples
were optically and structurally characterized by UV-Vis spectrophotometer and X-ray
diffraction analysis respectively. The surface morphology and elemental composition
of these samples were investigated by SEM and EDX. The FTIR spectrum was utilized
to study the presence of functional groups of ZnONPs. The sensing performance of
these samples was studied towards widely used most common toxic vapours of ammonia,

ethanol and acetone at various temperatures.

At first, ZnO film prepared by spin coating technique was used to monitor toxic vapours
such as ammonia, ethanol, acetone, methane, and isopropanol at ambient temperature.
The band gap of 3.202 + 0.023 eV was determined from the Tauc plot. XRD and SEM
analysis confirmed the polycrystalline nature and grainy surface of ZnO respectively. The
gas sensing results show the selectivity of ZnO film towards ammonia vapour at room
temperature. The result showed a low response <5 at the exposure of 400 ppm of ethanol,
acetone, isopropanol, and methanol, but a high response of 38.5 + 0.6 at the exposure
of the same amount of ammonia. The sample showed good stability with the sensing
capability better than those of the other similar works reported previously. The result of
this work will be useful to develop a low-cost, effective MOS gas sensor for detecting

low concentrations (20 ppm) of ammonia at room temperature.

The investigation on the acetone sensing capabilities of ZnONPs film produced by the
doctor blade method showed a maximum response of 25.697 + 0.012 at a working
temperature of 285 + 7 °C at an exposure of 800 ppm of acetone. This operating
temperature was lower than that of a comparable system that was prepared using a
different method. The response and recovery time were found to be 39 and 79 sec,

respectively.

The investigation on the ethanol vapour sensing performance of ZnO and 1 — 4% Fe-ZnO
films prepared by spin coating technique revealed the enhancement in response after
Fe doping into ZnO. It was due to the surface modification after Fe doping. The result
illustrated that Fe doping decreased the grain size and increased the specific surface area.
And hence, Fe-ZnO films showed a high response. The 2% Fe-ZnO film showed a good
response of 40.91 + 0.23 with the exposure of 400 ppm of ethanol vapour at 260 + 7
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°C. 2% Fe doped ZnO can be utilized to detect below 40 ppm of ethanol vapours with a
response value of 22.94 + 0.09 which was better than the available published reports of a

similar system but prepared by different methods.

The investigation on the ethanol detection capability of ZnO and Sn-doped ZnO films
prepared by spray pyrolysis technique revealed decreased response after Sn doping into
Zn0. 2% Sn-ZnO sample showed the highest response of 17.659 + 0.011 at the lower
operating temperature of 220 + 5 °C and a wide range of detection of ethanol vapour at
that temperature. It could measure as low as 0.5 ppm of ethanol vapour which was better
than the available previous reports. It also showed a quick response time of 15 sec and a

recovery time of 119 sec respectively.

The study on the ethanol sensing capability of Fe-Al-ZnO film prepared by spin coating
technique showed a large enhancement in the gas response compared to undoped film.
It is due to the surface modification after Fe and Al co-doping. The grain size became
significantly smaller which increased the specific surface area after Fe-Al co-doping
into ZnO. 1%Fe- 1% Al-ZnO showed the highest gas response of 152.304 + 0.003 at a
working temperature of 290 + 7 °C at the exposure of 400 ppm of ethanol. The response
time and recovery time were 33 and 201 sec respectively. The assembled sensor in this
experiment was able to detect very low, 1 ppm ethanol with a response value of 1.626 +
0.004.

Ultimately, the ammonia sensing measurement of the ZnO film prepared by the spray
pyrolysis method showed the enhancement in the gas response when the positive potential
was applied to the gate electrode in the study performed with ZnO film as a FET structure.
Therefore, we conclude that a ZnO-based FET structure would be one of the useful

techniques to fabricate the room temperature gas sensor with a large value of the response.

Among ZnO, Fe-ZnO, Sn-ZnO and Fe-Al-ZnO samples, Fe-Al-ZnO exhibited a better
response for 400 ppm of ethanol vapour than others. It is because of a synergy effect of
Fe and Al doping into ZnO which modifies the crystalline nature and then helps adsorb
the additional oxygen ions and results in a high response.
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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 (ZnQO) 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 ZnQO 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.

Keywords: zinc oxide, sensor, response time, band gap, ammonia
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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 (NHj;) 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

measured at two different environments using R = —- where |, and I, are the
a
currents flowing through the ZnO in air and gas, respectively.'?

®
Syringe . =
Air or A
Glass tube gas out C\b
Gas in 1 Air in
¥
Wood -
Liquor ammonia
Sensing
Element
Hot Plate

Test Chamber

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 20 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
0.94/

S cos 6

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

A 1s the x-ray, wavelength and £ and 0 represent the full width at half maximum
(FWHM) and diffraction angle, respectively.'*!> Likewise, the lattice strain (&)

of ZnO film was calculated using the formula, & = %16 The average D and

4tan O
€ were found to be (27.60 + 0.86) nm and (3.16 £ 0.28) x 1073, respectively.
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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
o, 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.'

(a) (b)
100 —
i W 200
80 5 7
< 71/ 150
2 607 Bl
& i =
£ w0 2 100 -
g S
— A ~—
F‘
20 +
| 50
L ]
0 A“ﬁﬂ o
T T T T T T 1 0 - 00?
400 600 800 1000 26 28 3.0 35 3.4
Wavelength (nm) hv (eV)

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
ZnK 81.77 52.33
Total 100.00 100.00

(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 I,/1,, we can find out the
sensing performance of ZnO-based gas sensors.'?
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(a) In Air (b) In Reducing Gas (NH;)

I Depletion regions - Conduction channels
@ Gas molecule o O;

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 (l,/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>%° 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) lonisation 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 1,/1,)) Reference
temperature (°C) (ppm) or
sensitivity
ZnO Nanowire Hydrothermal 350 200 4.2 [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 100 348 [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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ABSTRACT
Over the past few decades, nanomaterials of metal oxide such as zinc oxide (ZnO) have been significantly researched
for sensing various toxic gases like ethanol, acetone and ammonia. The sensing performance of semiconducting
materials depends primarily on their surface structure and the interaction behavior with target gas molecules. The
surface quality of ZnO is highly influenced by deposition methods. Although several ZnO surfaces have been
rigorously studied for detecting gas leakages, it still possesses drawbacks such as high operating temperature, slow
response and recovery times. Henceforth, this investigation was carried out to resolve these issues in the fabrication
of future ZnO-based gas sensors. In this work, we report the major findings of the ZnO-based nanoparticle film gas
sensor prepared by a doctor blade method to gain insight towards detecting various concentrations of acetone gas at
different temperatures. The XRD and FTIR results confirmed the phase purity of ZnO. The results showed the
highest response ratio of 25.697 +0.012 at 285 °C with an exposure of 800 ppm of acetone along with the quick
response and recovery times of 39 sec and 79 sec, respectively. This operating temperature was found to be lower

than the reported value for a similar system than that prepared via different methods.

Keywords: Acetone sensor, Operating temperature, Response time, ZnO nanoparticle

INTRODUCTION

Acetone is one of the most common but toxic gases
ubiquitously used at many workplaces that include
research  laboratories,  hospitals and  chemical
manufacturing plants which require immediate attention
for its safe remediation. Acetone is also used as an
effective biomarker in the diagnosis of type I diabetes.
Acetone concentration in a healthy individual should be
below 0.8 ppm, while for a diabetic patient itis above 1.8
ppm (Drmosh e7 al., 2021; Qiang ef al., 2016). Exposure
to acetone can cause severe damage to the liver, lungs,
kidney and central nervous system (Li e al, 2014).
Therefore, it is immensely important to understand and
develop effective devices to detect even the low traces of
acetone (Kishore e al., 2021). Nanomatetials of various
metal oxides such as ZnO, Mn-ZnO, Fe;O3, ZnO-SnO;,
Au/Ag/Cu doped ZnO, ZnO-TiO,, etc., have been
widely studied to detect toxic and flammable gases
because of its interesting electrical, optical and structural
properties (Chen et al., 2017; Qi et al., 2008; Zhu e al.,
2017). The sensing performance of metal oxide
semiconductors is highly dependent on their surface
morphology and interfacial structures. ZnO can be
prepared using a number of methods such as sol-gel
route, electro-spinning and hydrothermal route, phase
transport method, solvothermal method etc., (Kashout
et al., 2010; Cui ¢ al., 2016; Hosseini ¢/ al, 2015; Xiao e/
al., 2012). Various efforts have been made to improve
gas sensitivity, response and recovery time, reaction rate
as well as stability of the ZnO gas sensor. However, these
sensors greatly suffer from the inherent drawback of a

high operating temperature of more than 300 °C (Xiao e#
al, 2012; Chu et al, 2012; Al-Hadeethi e al, 2017,
Wongrat et al., 2017). So, it is essential to develop a low
cost but effective gas sensor with enhanced sensing
performance at lower operating temperatures. To date,
ZnO films of wvarious morphologies including
nanoparticles, nano rods, nano wires, nano belts, nano
sheets and nano fibers have been fabricated (Zhang ez al.,
2018; Zeng ¢t al., 2009; Zhang et al., 2012; Xi et al., 2007;
Wang e al., 2020; Samanta et al., 2015). Among these,
ZnO nanoparticles (ZnO NPs) are regarded as a
promising metal oxide nanostructures to their large
surface area, high chemical, thermal stability, and high
yield (Zhao e al., 2019; Bhatia et al, 2017; Tang et al.,
2007).

This work reports the fabrication of a chemical sensor
based on ZnO NPs to detect as various concentrations
of acetone vapors as possible with improved response
ratio, response time and recovery time at operating
temperature that is lower than reported values.

EXPERIMENT

Chemicals

Zinc acetate dehydrated, ethanol, sodium hydroxide,
stannous chloride dehydrated, concentrated

hydrochloric acid were purchased from merk and used
without further modifications. Distilled water was used
throughout the experiment to prepare the ZnO NPs and
their film.
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Preparation of ZnO films via doctor blade method
At first, fluorine doped tin oxide layers were deposited
on clean glass substrate using the spray pyrolysis method.
The prepared layers were found to be transparent and
conducting. After then, ZnO films were deposited on
these FTO substrates using the paste of ZnO NPs with
ethanol and few drops of vinegar as a binder followed by
annealing at 550°C for an hour. The prepared film was
further aged at room temperature for 7 days to improve
the stability before testing (Zhang e al., 2018). Prior to
this the ZnO NPs were prepared by reacting the
alcoholic solution of zinc acetate with sodium hydroxide
via the precipitation method. The residue obtained here
were centrifuged at 2500 rpm and filtered very carefully
followed by several times washing with distilled water
and ethanol to remove organic impurities and dried at a
temperature of 550°C inside a programmable muffle
furnace (Nabertherm GmbH, LT 3/11/B4 10 Serial No.
36140, Germany) for an hour (Joshi ez al., 2021).

The structural investigation of ZnO NPs was completed
using X-ray diffractometer (Bruker AXS, D2PHASER
A26-X1-A2BOB2A-, Serial No: 207047) with CuKo
radiation of wavelength 1.54056 A. The sensitivity was
measured in terms of electrical resistance change before
and after gas exposure that was measured using a high-
quality digital fluke multimeter in the temperature range
of 100-330°C. The base temperature of the chamber was
maintained at 150 °C to convert from liquid to vapour
phase. The sensor performance of the prepared ZnO
NPs film was calculated by taking the resistance ratio,

R P
Response,R = R—“ or  Sensitivity,S % =
g

Rg-R
(—aR g) x 100 where R, and Rgare the resistances of
a

the sensing element (ZnO) in the air and gas respectively
(Chu et al., 2012).
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RESULTS AND DISCUSSION

Structural investigation

The structural properties of as-prepared ZnO NPs were
investigated by analyzing its X-ray diffraction pattern.
Figure 1(a) depicts the XRD pattern of ZnO using CuK,
radiation of wavelength 1.54056 A in the 20 range of
20°=85°.  Measuring peak position (20) and
corresponding full width half maximum (), the
crystallite size (D) of ZnO was calculated using Debye

941 .
;::SH where 094 is the

correction factor (Bhatia e a4/, 2017). The observed
peaks obtained at 20 =31.0618, 33.7285, 35.5518,
46.8524, 55.9166, 62.1954, 65.7034, 67.2904, 68.4153,
71.8966, 76.3435 and 80.6931° were indexed as (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004),
(202) and (104) planes. These observed peaks were
indexed with reference to standard JCPDS d-spacing
values of pdf # 36-1451(Al-Hardan ¢f al, 2013; Prajapati
et al., 2013). The multiple sharp peaks ascertained the
polycrystalline nature of ZnO. Considering all the peak
values, we calculated the average crystallite size of ZnO
which was found to be 20.77 £ 0.90nm. The details of
the calculation of average D were shown in table 1. The
c/a rato was found as 1.60 suggested the wurtzite
hexagonal phase of ZnO. The average microstrain (47)
and crystallite size (D) were also calculated from the
slope of BcosO against sin0 plot (Figure 1(b)) and

Schetet's formula, D =

Williamson-Hall ~ equation, cosf = % + 41 sin®
(Hassan e al., 2014). The value of microstrain was found
to be 0.002520.0012. Using the intercept value, the D
was calculated as 24.38 = 2.16 nm. The absence of
impurity phases in the XRD confirmed the purity of
prepared material.
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Figure 1. (a) X-ray diffraction pattern (Inset: Determination of 3) and (b) W-H plot of as-prepared ZnO NPs
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Table 1. Observed 20, FWHM, d-spacings and crystallite size (D) of ZnO

(hkl) 20 FWHM d- d-spacing D (nm) Average D (nm)
(degtee) (degree) spacing A)
(A) JCPDS

(100)  31.0618 0.4027 2.8756 2.8143 21.38

(002)  33.7285 0.3627 2.6541 2.6033 23.89

(101)  35.5518 0.4232 2.5221 2.4759 20.57

(102)  46.8524 0.4062 1.9367 1.9111 22.25

(110)  55.9166 0.4748 1.6424 1.6247 19.78 20.77% 0.90
(103)  62.1954 0.4726 1.4908 1.4771 20.48

(200)  65.7034 0.5796 1.4194 1.4071 17.03

(112)  67.2904 0.5002 1.3898 1.3781 19.91

(201)  68.4153 0.4949 1.3696 1.3582 20.27

(004)  71.8966 0.4096 1.3116 1.3017 25.02

(202)  76.3143 0.4277 1.2463 1.2380 24.67

(104)  80.6983 0.7809 1.1893 1.1816 13.94

Fourier Transform Infrared Analysis

The bond identification of investigated material was
done using a Perkin Elmer -16.10.2 FTIR spectrum
version in the range 400 to 4000 cm™!'; ATR mode. Fig. 2
shows the FTIR spectrum of so-prepared ZnO NPs

which cleatly show a large well defined characteristic
peak at 524, followed by small peaks at 685, and 872 cm-
! due to Zn-O stretching (Sirdeshpande e al., 2018).
Weak peak observed at 3489 cm ! attributes for the OH
stretching mode of surface hydroxyl groups.
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Figure 2. FTIR spectrum of as-prepared ZnO NPs

Sensing Characteristics

The sensing behavior of as-prepared ZnO NPs film
towards acetone vapour was investigated in the various
temperatures. The ratio of R, (resistance in the air) and
R, (the resistance in gas) gives the sensor performance.
The sensor performance of ZnO depends on the
reaction rate of test gas with surface adsorbed oxygen
species such as O, O%> and Oy, that depends on its
temperature (Chaudhary e al, 2020, Xu et al., 2015).
Hence, to optimize the working temperature, the
response  characteristics were measured in the
temperature range of 100-310 °C with an exposure of
800 ppm of acetone. Figure 3(a) showed the measured
sensor characteristics at different temperatures. It shows
that the highest value of response ratio, 26 at 285°C. The
increase of response ratio with temperature is shown in
Figure 3(b). The graph also showed a low response at
low temperatures which was attributed to the low
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reaction rate between the acetone gas molecules with the
surface absorbed oxygen species and high activation
energy (Hongsith ez al., 2010). The enhancement of the
sensor response on increasing the operating temperature
was due to the increase in thermal energy to overcome
the activation energy. Above optimum temperature,
desorption of oxygen molecules occurs from the ZnO
surface that may ascribe to decrease the gas response
(Khayatian e al,2014).

In the gas sensor, response and recovery times are
considered as the two important parameters to be known
well. The time required to achieve the 90% and 10% of
maximum response after injecting and ejecting the test
gas are called response and recovery time respectively.
Since the carrier concentration of metal oxide
semiconductor is a temperature dependent quantity, the
response and recovery times are also temperature
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dependent. The inset of figure 3(b) shows the graphical
calculation of response and recovery times measured
with 800 ppm exposure of acetone at 285°C. Figure 3(c)
showed that response curves measured with exposure of
various concentrations of acetone. The details of
calculated response ratio, response and recovery times at
285°C with different concentrations (40-800 ppm) of
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acetone wetre shown in table 2. The inset of this figure
clearly showed the linear increase of gas response with
the concentration of acetone. Figure 3(d) illustrates
measured response curves for three cycles with an
exposure of 800 ppm of acetone at 285 °C. The result
obviously showed good stability of the ZnO sensor.
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Figure 3. (a) Transient response characteristics at various temperatures (b) Temperature dependent response [inset:
response and recovery times at 800 ppm acetone] (c) Response curves at different ppm of acetone [inset: increasing
gas response with ppm of acetone] (d) stability curves at 800 ppm

The highest gas response with the higher concentration
can be seen clearly which was due to the increase in the
surface coverage of acetone molecules on the film that
enhanced the interaction rate of gas molecules with the
adsorbed oxygen species. The result also showed the
changes in response and recovery times with the

concentration of acetone. The result showed the

response and recovery times for 800 ppm at 285°C were
39 sec and 79 sec respectively. These values were
compared with some reported values shown in table 3
for analogous systems but prepared by different
methods such as solvothermal, hydrothermal, spray
pyrolysis and electro spinning etc.

Table 2. Response ratio, response and recovery times at different concentrations of acetone at 285 °C

Concentration Response (Ra/Ry) Response time (sec) Recovery time (sec)
(ppm)
40 3.500 = 0.002 21 91
80 4.299+0.002 23 101
120 5.89910.003 21 99
160 7.052 +£0.003 22 100
200 11.009 £0.006 26 95
400 14.430 £ 0.007 28 97
600 17.562 £ 0.008 31 88
800 25.697 £ 0.012 39 79
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Table 3. Comparison of operating temperature, response ratio, response and recovery times with reported works

Sample Method Conc.  Operating Response/  Res/Rec  Reference
(ppm)  Temperature Sensitivity time
(O % (sec)
ZnO Solvothermal 500 420 70 NR Xiao et al., 2012
nanosheets
La-ZnO Solvothermal 1000 385 1800 16/3 sec  Chu et al., 2012
425 1826
Ag-ZnO Facile 200 370 30.233 10/21 Al-Hadeethi ez al.,
Needle Hydrothermal 2017
Pt —ZnO Thermal 400 400 188 NR Wongrat e/ al.,
Oxidation 2017
ZnO NPs Chemical 100 370 36 12/14 Zhang ¢t al., 2017
Pd-ZnO NPs  Solution 340 76 8/10
Ct-ZnO RF co- 500 400 210/70 Al-Hardan ¢ al.,
sputtering 300 90 170/95 2013
In-ZnO Spray Pyrolysis 100 300 65/24 Prajapati ez al.,
96.8 2014
La-ZnO Electro 200 340 68 2/23 Xu ¢ al., 2015
Spinning
ZnO NPs Precipitation 800 285 26 39/79 This work.
40 3.5 21/91
CONCLUSIONS

ZnO NPs prepared by the precipitation method were
used for the gas sensing task. The XRD results
confirmed the polycrystalline ZnO phase with an
average crystallite size of 20.77£0.90 nm. Additionally,
the chemical bonding of ZnO was studied using the
FTIR spectrum. Various concentrations of acetone were
tested using ZnO NPs films in temperatures ranging
from 100 to 310 °C. The film showed the low and slow
response and recovery at low temperatures and high and
fast response at higher temperatures. The film showed
the highest response of 25.697+0.012 for 800 ppm of
acetone vapors at 285 °C with response and recovery
time of 39 s and 79 s. The gas sensing results on the
exposure of the different concentrations (40-800 ppm)
of acetone vapour showed the higher response with an
exposure of high concentrations. The highest and lowest
values of gas response were found to be ~26 for 800
ppm and ~3.5 for 40 ppm of acetone.
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Abstract. In recent times, the importance of nanostructure of metal oxide semiconductor
(MOS) as a gas sensing material is rising tremendously. Among various metal oxide
semiconductors ZnO has potential to be used as a sensor for several toxic gases. In this work,
we investigated the influence of Fe doping into ZnO to detect various concentrations of ethanol
vapour. Pristine and Fe doped ZnO (Fe-ZnO) films were deposited on glass substrates using a
spin coating technique wherein the concentration of Fe can be easily controlled. The crystallite
size and surface morphology of ZnO samples were characterized by XRD, SEM and EDX
techniques. The sensor performance in terms of gas response (R) of ZnO and Fe-ZnO gas
sensors towards ethanol vapour were measured in the 100 to 300°C temperature range using
DC electrical resistance. Fe doped ZnO samples showed enhancement in gas response due to
increase in specific surface area originated from reducing grain size after doping. The 2% Fe-
ZnO sample showed the good response of 40.9 for 400 ppm of ethanol vapour exposure at
260°C. This was found to be better than reported values for ZnO prepared by different
methods.

Key Words: Gas sensor, Ethanol, Fe-ZnO, Sensitivity, Response time.
1. INTRODUCTION

Nano-structured metal oxide semiconductors (MOS) are promising candidates for detecting different
types of flammable, hazardous and toxic gases originated at the different sites such as research
laboratory, home kitchens, shopping malls, etc [1-2]. The gas sensing properties of MOS materials
depend on the following factors; nanostructure and surface morphology, coupling action of gas
molecules with MOS surfaces under given conditions, exposed gas quality and concentration and
applied sensor geometry [3-5]. By reducing the size from bulk to nano, we improve the specific
surface area of the material. This becomes one of the key impetuses in enhancing MOS sensor
performance [6]. Currently, various types of MOS such as SnO,, In,0;, Fe,03, TiO,, CuO, Ce,O3
ZnO [7-11] have been used as good sensors to detect several toxic gases. However, we still need to
overcome some difficulties such as high operating temperature, low sensitivity percentage or gas
response, large response and recovery times in order to advance the use of MOS gas sensors. In this
regard, an in-depth and systematic investigation of metal doped ZnO prepared by different methods is
an interesting problem because it can bring the changes in crystal structure and underlying electrical
and electronic properties of the oxide material [12, 13]. In this work, we investigated the impact of Fe
doping into the ZnO to fabricate an economic, low temperature operating, gas sensor. ZnO is an

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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attractive compound semiconductor which generally exists as an n-type with wide band gap of 3.37eV,
a large exciton binding energy of 60 meV at room temperature, and piezoelectric [14-17].
Interestingly, the electrical, electronic and optical properties of ZnO can be tailored effectively in the
preparation of its nano material [18-21]. ZnO, a chemically and thermally stable compound, has been
extensively studied for various applications from industry to medical field. The quality of thin films of
semiconductors always depends on its synthesis route. Though various sophisticated and costly
methods are available to prepare thin film of ZnO, the reason for using spin coating was its simplicity
and low running cost where the action of metal doping into ZnO can be effectively performed [22].
Preparation, characterization of undoped and 1-4 at.% Fe doped ZnO (Fe-ZnO) samples and its
utilization to sense low concentrations of ethanol vapour were investigated herein. The changes in
structure, surface topology, electrical and optical properties of films were studied using X-ray
diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray (EDX) and UV-Vis
spectroscopy. The impact of Fe doping into ZnO towards ethanol vapour detection were reported.

2. EXPERIMENTAL

2.1 Film Preparation

ZnO films were deposited on glass substrate using 0.35M ethanol solution of zinc acetate along with
diethanolamine. Same molar ferric nitrate tetrahydrate solution was added as a dopant into the zinc
acetate precursor solution. All the chemicals used here were of analytical grade. Prior to this, the glass
substrates were rinsed systematically with acetone and deionised water in an ultrasonic bath and then
dried in the hot air oven at 50°C for 30 minutes to get free from foreign materials. The undoped and 1-
4% Fe-doped ZnO thin films were deposited on glass substrate by using a spin coater with 3000 rpm
and spin time of 30 secs which were finally annealed in air at 450°C for 1 hr. The process is repeated
few times to deposit another layer to get desire thickness [23].

2.2 Characterization of ZnO films

The structural investigation of above prepared ZnO thin films were done using X-ray diffraction
(XRD) with Cu-K, radiation (1.54056 A) in the 260 range from 20 to 80°. The crystallite size (D) was
estimated using Debye-Scherer’s equation [24]:

D KA
= Boosg

(D)

where k (0.94), A, B and 0 are shape factor, x-ray wavelength , full width half maximum and Bragg’s
angle respectively. The surface morphology, film composition and optical spectra of these films were
studied using ZEISS scanning electron microscope, energy dispersive X-ray spectrum and UV-Vis
spectrophotometer correspondingly.

2.3 Sensor performance

A gas sensing device consisted of air tight glass chamber having two openings, inlet and outlet, along
with a heating device was used to measure change in resistance of film before and after exposing
ethanol vapour in the temperature range of 100-300°C. The operating temperature of heater was
controlled by varying the current of heating coil using a variable voltage regulator. The initial
temperature inside the chamber was maintained at 100°C above the boiling point of ethanol to prevent
the formation of liquid ethanol. The response (R) of the ZnO films towards ethanol was calculated by
using the following formula:

R,
R=" i (2)
9

where R, and R, are the resistances of the sensing element in the air and gas respectively [25]. The
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corresponding response time, defined as the time required to change its response by 90% of maxima
after injecting test gas from the setup.

7 4% Fe-ZnO

-
o M
¢ 4 3% Fe-ZnO
g
% 2% Fe-ZnO
: e
(]
-
£ 1% Fe-ZnO
. (002) (10
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(102) (110) (103) a12)
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20 (Degree)
Figure 1. X-ray diffraction pattern of ZnO films

3. RESULTS AND DISCUSSION

3.1. Structural properties

Figure 1 shows the x-ray diffraction pattern of spin coated undoped and 1-4% Fe-ZnO thin films. The
pattern showed that the undoped ZnO was of polycrystalline nature with diffraction peaks orientated
along (100), (002), (101), (102) (110), (103) and (112). The purity of the film deposited was checked
with respect to the standard d-spacing of ZnO from JCPDS card no., 36-1451. Similar XRD patterns
with major peak orientations along (100), (002), and (101) but slightly shifting towards larger angle
were found for 1-4% Fe-ZnO indicating decrease of d-spacing after Fe doping. This may be due to
substitution of Zn*? ions (0.74 A) by smaller ionic radius Fe** (0.68 A). The sharp and intense high
intensities of (002) diffraction peaks found in all the Fe-ZnO samples show preferred c-axis
orientation. Table 1 below illustrates the measured average crystallite size, D values corresponding to
major peaks (100), (002) and (101) of undoped and 1-4% Fe-ZnO films using Debye Scherrer’s
formula (equation 1). The value of crystallite size of undoped and 1% Fe-ZnO was about 23 nm. For

Table 1. Determination of d-spacing and crystallite size of spin coated ZnO samples

Sample Plane 20 (degree) d (A) d (A) Average D
(hki) JCPDS (nm)
Undoped (100) 31.7541 2.8156 2.8143 23
(002) 34.4202 2.6034 2.6033
(101) 36.2394 2.4732 2.4759
1%Fe-ZnO (100) 32.2501 2.7735 2.8143 23
(002) 34.9135 2.5677 2.6033
(101) 36.7189 2.4456 2.4759
2%Fe-Zn0O (100) 32.2106 2.7717 2.8143 19
(002) 34.8792 2.5659 2.6033
(101) 36.6756 2.4444 2.4759
3%Fe-ZnO (100) 32.1838 2.7791 2.8143 17
(002) 34.8766 2.5704 2.6033
(101) 36.6371 2.4508 2.4759
4%Fe-Zn0O (100) 32.0905 2.7869 2.8143 16
(002) 34.7727 25779 2.6033
(101) 36.5402 2.4571 2.4759
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Figure 2. (a) Transmittance and (b) Band gap of undoped and 1-4% Fe-doped ZnO films

increasing Fe concentrations, the value of D continuously decreased from 23nm for 1% Fe-ZnO to 16
nm for 4% Fe-ZnO film. This change in crystallite size produces strains in the film which leads to
change in surface morphology of Fe-ZnO films [26].

3.2. Optical properties

Figure 2a shows the optical transmission spectra of undoped and Fe-doped ZnO samples captured in
the wavelength range 300-1100 nm at room temperature. The transmittances of as-prepared films were
more than 80%. The graph showed sharp decrease of transmittance at short wavelengths near the
ultra-violet range but improved in the visible range for Fe-ZnO films. The band gap (E,) of ZnO films
were calculated from the tauc plot ( Figure 2b) described by the equation:

(ahv)? = A(hv — Eg) i (3)

where a, A, hv, and Eq are the absorption coefficient, energy constant, photon energy and band gap
respectively [27]. The results showed E, increases from 3.208 eV for undoped to 3.247 eV for 4% Fe
doping sample. This increase in E, due to Fe doping was found to be consistent with the reports on
similar system due to decrease in grain size of MOS film [28]. If Fe** ions substitute the Zn*" ions
from their lattice sites, the additional free charge carriers were added which were responsible for
shifting the Fermi level into conduction band to increase the band gap of Fe-ZnO films.

3.3 Surface morphology

Surface morphology of as deposited ZnO films was investigated by using Scanning Electron
Microscopy (SEM).

5

Figure 3. SEM micrographs of undoped and Fe-doped ZnO



First International Conference on Advances in Physical Sciences and Materials IOP Publishing
Journal of Physics: Conference Series 1706 (2020) 012036  doi:10.1088/1742-6596/1706/1/012036

LI
' Seale 896 cts Cursor: 0,000

Elements (at%6) present in spin coated
undoped and Fe-ZnO films
zZn o Fe
Undoped ZnO  53.71 46.29

1% Fe-ZnO 42.03 57.71 0.26
2% Fe-ZnO 53.61 45.48 0.93
3% Fe-ZnO 52.28 46.51 1.20
\, 4% Fe-ZnO 50.21 48.39 1.41

Figure 4. ED)'( spectra and eIement percentage of undoped and Fe-doped ZnO

Figure 3(a) through 3(e) shows the SEM images of undoped and 1-4% Fe doped ZnO films
respectively. The images clearly showed the agglomeration of ZnO grains with decreasing grain size
for increasing doping concentration in the Fe-ZnO films. Compared to undoped and 1% Fe-ZnO films,
the 2% Fe-doped ZnO film showed significant decreased grain size. When the grain size decreases, its
specific surface area increases and more oxygen molecules are adsorbed which leads to enhance the
sensing property of ZnO sensors [29]. Figure 4 shows the energy dispersive X-ray diffraction (EDX)
spectra of the undoped and Fe-doped thin films. The EDX patterns reveal the presence of Zn, O and Fe
elements, which confirms the purity of products and successful doping of Fe-ions into host ZnO
structure. Inset of figure 4 shows the atomic % of elements content in the prepared ZnO samples.

3.4 Sensing characteristics
Since the performance or response of the MOS gas sensor at the given temperature is proportional to
the reaction rate

—a— Undoped ZnO
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—a&— 2% Fe-ZnO
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~—a— 4% Fe-ZnO

- N W b
o o o (=]
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Figure 5. Response of undoped and 1-4% Fe-ZnO films at different temperatures

and activation energy (E.), the optimization of its working temperature is required prior to measure its
sensitivity. The activation energy (E,) is described by Arrhenius equation [29-31]. During the process,
when thermal energy approaches the limit to overcome the activation energy barrier of reaction, charge
concentrations significantly increase and a high response results [30, 32]. Above this optimum value
desorption of oxygen molecules occurs from the ZnO surface which can reduce response of gas sensor.
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In this investigation, the sensor response is measured in terms of resistance change. The resistances of
undoped and Fe doped ZnO films were measured in air and in ethanol vapour separately in the
temperature range from 100 to 300°C to optimize the working temperature and the gas response (R) is
calculated using equation (2). The response of all the samples increased with temperature till it attains
the saturated value after which decreases as shown in figure 5. The working temperature undoped and
1-4% Fe-ZnO samples were found to be 260, 240, 260, 240 and 240°C correspondingly. The table 2
illustrates the measured values of R of undoped and 2% Fe doped ZnO films. Figure 6(a) illustrates the
gas response of undoped and 1-4% Fe-ZnO at their respective working temperatures with various
concentrations of ethanol (40-400 ppm). It clearly showed increasing response for increasing ethanol
concentration. The result showed highest response of 40.91 for 2% Fe-ZnO at 260 °C. This
enhancement in R of Fe-ZnO samples with respect to undoped ZnO may be due to increase in its
specific surface area (surface to volume ratio) and due to increase in carrier concentration after Fe
doping in to the ZnO [33]. In Fe-ZnO samples, the substitution of Zn** ions by Fe ions (Fe*") surpluses
the charge carriers that aids to enhance the reaction rates of exposed gas with adsorbed oxygen species
in the measurement of gas response. This may be the primary reason to show higher gas response in
Fe-ZnO samples than undoped sample. These results are consistent with the report published by Yu et
al, 2011[3]. But, at very higher concentration of Fe doping such as 3 and 4% in our case more
scattering atoms may available on the ZnO surface [34] that decreases the surface reaction rate and
declines the oxygen capturing sites [35] and hence the response is reduced further. For clarity the
graph of response of undoped ZnO and 2% Fe-ZnO along with the calculated value of response and
recovery times are shown in figure 6(b). The measured values of gas response, response and recovery
times of all ZnO samples are shown in table 3.The response time and recovery time were observed to
be 27 sec and 288 sec in 2% Fe-ZnO sample at 400 ppm of ethanol.

45 50 —
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ez o % Fe2n0 200ppm 275
R EuEE Ly 40 4s w= . E
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Figure 6. (a) Gas response of undoped and 1-4% Fe-ZnO films at its operating temperatures at various
concentrations of ethanol (b) Zoom in response values of undoped and 2%Fe-ZnO along with
measured values of response and recovery times.

Table 2. Comparison of performance of ZnO based ethanol sensor in this work with reported work

Materials Method Operating Ethanol Response Reference
Temperature. | (ppm) (Ro/Rg)
(C)

Fe-ZnO Hydrothermal 400 500 ~55 [3]

CuO Micro-wave assisted 210 1000 9.8 [10]

hydrothermal

Zn0O Thermal Evaporation 250 50 14.4 [11]

Sn-ZnO Thermal oxidation 340 1000 304 [12]
reaction method
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Ti-ZnO Furnace system with 250 500 2.76 [13]
hot wire assistance
Zn0O Micro-wave assisted 350 500 250 [20]
Al-ZnO Sol—gel method. 500 2000 92 [25]
Fe-ZnO Hydrothermal/dip 250 500 19 [30]
coating
Fe-ZnO RF magnetron 300 300 291 [33]
sputtering
Ce-ZnO Dip Coating 320 100 80% [34]
Fe-ZnO Spin Coating 260 400 40.9 This work
40 22.9
Table 3. Gas response and response time and recovery time of ZnO and 2% Fe-ZnO at different ppm
of ethanol
Ethanol Undoped ZnO 2% Fe-ZnO
Concentr Gas Response Recovery Gas Response Recovery
ation Response | time (sec) | Time (sec) Response | time (sec) | Time (sec)
(ppm) (Ro/Ry) (Ra/Ry)
40 5 35 254 22.9 21 288
80 6 38 236 24.4 16 289
160 7 44 268 30.0 21 279
200 7.7 52 291 37.5 24 275
400 12.8 62 294 40.9 27 288

4. CONCLUSIONS

In summary, the undoped and various Fe (1, 2, 3 & 4%) doped ZnO thin films were prepared using an
economic and effective spin coating technique where doping percentage can be easily controlled. The
XRD characterization showed polycrystalline wurtzite structure nature ZnO films along with slight
disturbance in microstructure of ZnO due to Fe doping was confirmed by X-ray diffraction pattern.
The purity of as-prepared films was confirmed by XRD as well as EDX spectra. The observation of
increasing trend of band gap for increasing doping percentage agreed with reported value. The reduced
grain size of ZnO after Fe doping shown by SEM images aided in increasing the surface to volume
ratio and available more electron transport due substitution of Zn** ions by Fe** be the primary reasons
to observe enhanced gas response in 2% Fe-ZnO film. The highest response measured with 2% Fe
doped ZnO was 40.91 and corresponding response and recovery times were 27 and 288 secs
respectively at 400 ppm ethanol. Finally, this work also reports that the fabrication of economic but
efficient MOS based gas sensor which can be utilized to detect as small as 40 ppm of ethanol vapour.
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ABSTRACT: This article reports the effects of natural plant proteins on the morphology
of zinc oxide nanoparticles (ZnONPs) prepared via a precipitation method. Green
synthesised ZnONPs have a wide range of uses such as biomedical applications, water
purification, optical devices and gas sensors. The non-toxic and economical technique
described in this article is favourable for large-scale production too. ZnONPs were
produced from a zinc acetate precursor with dye extract of Ixora Coccinea (IC) leaves as a
capping agent. The as-prepared ZnONPs were characterised by X-ray diffraction (XRD),
Fourier transform infrared (FTIR), UV-visible (UV-vis), scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) techniques. The XRD analysis showed an
average crystallite size of 23 nm. The SEM analysis revealed a reduction in aggregation
of ZnO crystallites due to addition of dye extracts of IC. EDX and UV-vis results
confirmed the formation of pure ZnONPs. Finally, the gas sensing properties of ZnO
films, prepared by doctor blade method, were used to detect ethanol vapour. The results
showed gas response ratios of 28.7 and 5.4 at 800 ppm and 40 ppm exposure, respectively.
Furthermore, the response time and recovery time were found to be 24 sec and 47 sec,
respectively at 200 ppm exposure of ethanol vapour.

Keywords: green synthesis, metal oxide semiconductor, nanoparticles, Ixora Coccinea,
gas response
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1. INTRODUCTION

Nanomaterials are classified based on their size. Their size ranges from one to
a few hundred nanometers. Materials at this scale show enhanced physical and
chemical properties as compared to their bulk size. Nanoparticles of metal and
metal oxide semiconductors (MOS) such as silver, iron oxide, tin oxide and zinc
oxide are currently being used in several technologies such as photocatalytic dye
degradation, biomedical and optoelectronic devices and gas sensing.'” Among
various MOS nanoparticles, zinc oxide nanoparticles (ZnONPs) have garnered
significant attention for their use in applications such as gas sensors, biosensors,
pollution control and piezoelectric devices. This is primarily because of their high
mobility and reactivity, biocompatibility and high chemical and thermal stability.*”
As such ZnONPs present an opportunity to further develop material science.

ZnO possesses fascinating properties such as a large band gap (3.37 eV) and
exciton binding energy (60 meV), high transparency and easy tuning of electrical
and optical behaviour. ZnO can be prepared to different morphologies such as
nanoflowers, nanoparticles, nanosheets, nanorods, nanowires and hexagonal
prismatic crystals using various conventional and new green synthesis methods.® !
Many of the available conventional physical and chemical processes used to
synthesis metal oxide semiconductor nanoparticles (MOSNPs) are expensive and
energy intensive.” They also produce substantial quantities of toxic byproducts,
prompting concerns for waste storage and removal. On the other hand, the green
synthesis method, wherein plant extracts are used to prepare metal and metal
oxide nanoparticles, is a cost-effective and alternative route with a reduced toxic
waste load.'??° Currently, ZnONPs have been synthesised using the extracts of
Aloe barbadensis miller, Black tea, Citrus aurantifolia, Peltophorumpterocarpum,
Cyanometraramiflora and surfactants such as sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB).?'?¢ However, there has been limited
work done on the synthesis of ZnONPs using dye extracts of the leaves from Ixora
Coccinea (IC).”’

Since the sensing performance of ZnO sensor depends on the interactions of gas
molecules with the adsorbed oxygen ions (O, or O/O%) on its surface, the surface
morphology of ZnO plays an important role. The surface structure of ZnO can
be modified by strategies like metal doping and surface treatment.”* * Among
them, the addition of proteins and other phytochemicals from the natural plant
is considered a significant one as it enhances the stability of the nanoparticles."”
In this process, the extract’s presence not only aids in controlling the growth
parameters such as aggregation of crystallites but also forms pure and narrow
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particle size distributed materials.?” The present study describes the preparation of
ZnONPs using dye extracts of IC leaves, its characterisation and its utilisation in
the detection of ethanol vapour.

2. EXPERIMENTAL

2.1 Materials

IC leaves were collected from Calicut, Kerala, India. The most significant
compounds in this plant extract are its hydroxyl and carbonyl groups. The
phenolics and alkaloids present in the extract are responsible for capping the ZnO
nanoparticles.”” Zinc acetate dehydrate was used as a metal ion precursor and
sodium hydroxide (NaOH) as a precipitating agent.

2.2 Preparation of the Dye Extract

First, fresh leaves of the IC plant were washed several times with distilled water.
Then, they were dried and grinded at room temperature. Ten grams of grinded
leaves were mixed with 40 ml of distilled water and heated to 60°C for 30 min,
followed by filtration to remove the solid extract. Finally, the fine solution of dye
extract of IC was preserved in a vessel for further study.

2.3  Preparation of ZnONPs and Film

An aqueous solution of 0.5M zinc acetate dehydrate was mixed with 10 ml of
above-prepared dye extract. The 2.0M NaOH was added drop wise to this solution
while stirring continuously for 2 h. The pH of the mixture solution was maintained
at 12. The precipitate was then washed and left for a day for sedimentation to
occur. Afterward, it was separated from the upper supernatant liquid by a simple
decantation process followed by centrifuging vigorously four times at 1,500 rpm
for 10 min each. Finally, the yield was dried at 100°C in a dry air oven for 16 h.
A sample of ZnONPs without the dye extract was also prepared following the
same procedure for comparison. Both sets, ZnONPs with IC and ZnONPs
without IC, were then deposited on a transparent conducting fluorine-doped tin
oxide (FTO) substrate using the conventional doctor blade method. The deposited
ZnO films were annealed at 550°C inside the muffle furnace. Finally, the film’s
sensing performances were tested with various concentrations of ethanol vapour.
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3. RESULTS AND DISCUSSION

3.1  X-ray Diffraction (XRD)

The structural properties of ZnONPs prepared by the precipitation method were
studied using XRD with Bruker D2 Phaser (Germany) Diffractometer of Cu-
K, radiation of wavelength 1.54184 A at 30 kV operating voltage and 10 mA
current in the 20 range of 20° to 80° at a scanning rate of 0.33 degree per second
at Charotar University of Science & Technology, CHARUSAT-Campus, India.

0.91

S cos 6
where 0.9 is the correction factor, A is the wavelength of the X-radiation, B is
the full width half maximum (FWHM) measured in radian of the diffraction peak
and 0 is the Bragg’s angle." The XRD powder patterns of ZnONPs prepared
with and without IC are shown in Figure 1. The figure illustrated multiple peaks
oriented along (100), (002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202). All the peaks are indexed concerning the standard JCPDS values of
card number 36-1451.2* The multiple sharp peaks observed in the XRD patterns
are characteristics of the polycrystalline nature of ZnO. The calculated values of
average crystallite size (D) and lattice parameters of both sets of ZnONPs are
shown in Table 1. The result showed the average value of D was 23.80 nm for
ZnONPs prepared with IC and 22.02 nm for ZnONPs without IC. The c/a ratio

The crystallite size (D) was calculated using Debye Scherrer’s formula: D =

(101)

- (002) ZnONP with IC
(100)

N (102) (110 (103) (112)

201
200) (03)4) (202)

Intensity (a.u.)

ZnONP without IC

“ L L I L I L l L l L l
40 50 60 70 80

20 (Degree)

Figure 1: XRD patterns of as-prepared ZnONPs.
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for both samples was 1.6 suggesting the wurtzite hexagonal phase of ZnO. There
was no observation of other impurity peaks in the XRD pattern, proving that the

as-prepared ZnONPs are of high purity.

Table 1: Calculated average crystallite size and lattice parameters of ZnONPs.

Lattice parameters (A)

Samples Average crystallite size (nm)

a c
ZnONP with IC 23.08 3.01547 5.2229
ZnONP without IC 22.02 3.25662 5.2150

3.2  Scanning Electron Microscopy (SEM)

Figure 2(a) and 2(b) illustrates the SEM images of ZnONPs prepared without
and with dye extract at a resolution of 200 nm. The captured images revealed
the aggregated clusters of ZnO crystallites.* Figure 2(b) clearly shows the less
aggregated morphology of ZnONPs which was due to the presence of IC extract
acting as a capping agent.

Signal A = InLens System Vacuum = 7.450-008 mbar
WD= 81mm Mag= S000KX Gun Vacuumn = 3.100-010 mbar

o

s

— —
(b) ZnONP with IC

5 -

' \J e - .
Signal A = InLens Systern Vacuum = 1 38¢-005 mbar
WD= 83mm Mag = S000KX Gun Vacuum = 3,10e-010 mbar

ZEISX| |

Figure 2: SEM images ZnONPs (a) without IC and (b) with IC.
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3.3  Energy Dispersive X-ray (EDX) Analysis

The results of the EDX performed to uncover the elemental composition of the
synthesised ZnONPs with and without dye extract, are portrayed in Figure 3. The
figure clearly shows two sharp peaks at 1.0 keV and 8.5 keV and a lower one at
0.5 keV, the characteristic features of zinc and oxygen. These results agreed with
the reported values.'® The atomic percentage of the present elements were 55.43%
of zinc and 44.57% of oxygen in bare ZnONPs (Figure 3[a]) and 53.80% of zinc
and 46.20% of oxygen for ZnONPs prepared with IC (Figure 3[b]). The results
confirmed the high purity of as-synthesised ZnONPs.

. (a) ZnONP without IC

Element Wt %
OK 16.44
Zn K 83.56
Totals 100.00

D 1 2 3 4 S 6 F 8 9 10
Full Scale 864 cts Cursor: 0.000 ke

(b) ZnONP with IC Element Wt (%) At (%)
OK 17.37 46.20
n K 82.63 53.80

100.00

D 1 2 3 4 S 6 F 8 9 10
Full Scale 642 cts Cursor: 0.000 ke

Figure 3: EDX spectra of ZnONPs (a) without IC and (b) with IC.

34 Fourier Transforms Infrared (FTIR) and UV-Visible (UV-vis)
Spectroscopy

Figure 4(a) depicts the FTIR spectrum of ZnONPs synthesised with IC
in the wavenumber range of 400 cm™ to 4,000 cm™. It clearly shows
major bands at 400 cm™!, 574 cm™', 880 cm™!, 1,407 cm™!, 1,628 cm™!
and 3,420 cm™'. The sharp infrared (IR) band extends from 400 cm™
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to 650 cm™' corresponding to metal oxide vibration confirmed the
formation of ZnONPs. The peak at 880 cm™' indicated the alkane sp?
hybridised =C-H bond and the alkane sp® hybridised C-H bond bending,
respectively.'? The peaks in the regions 1,407 cm™' and 1,628 cm™
were ascribed to the vibrating, stretching, and bending modes of
water molecules present in the sample respectively. Finally, a huge
depression peak at 3,420 cm™' showed the presence of hydroxyl group.'
The UV-vis absorption spectrum was captured using an Ocean Optics
spectrophotometer (Model: HR4000CG-UV-NIR, Singapore), to confirm
the formation of ZnONPs as depicted in Figure 4(b). The peak observed
at 340 nm as certained the formation of ZnONPs.

(a)

100 -
80 - f
§ 1,407 cm™!
54 40 - 880 cm™
g T 1,628 cm™ 574 cm™
E 404 3420em T
5
= 90 A 4}00 cm’!

0 -
4,000 3,200 2,400 1,600 800 0
Wavenumber (cm™!)
(b)

0.4 4 340nm
3 Sk
S Lt i
5 T =
g 0'2 il ...; --
'8 - --
<: - -.

00 - -*-

L L) L) ] _l——-—.
300 450 600 750 900

Wavelength (nm)
Figure 4: (a) FTIR and (b) absorbance of ZnONPs prepared with dye extract of IC.
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3.5 Sensitivity Measurements

The gas response was calculated by measuring the ratio of R/R,, where R, and
R, are the resistances of ZnO measured in air and gas, respectively. The electrical
resistance of MOS is a temperature-sensitive property so its working temperature
must be optimised.” Figure 5(a) shows the optimised temperature of 285°C for
both samples. Figure 5(b) illustrated the linear increment of gas response with
increasing gas concentration measured at its optimised temperature. The measured
values of gas response, response and recovery times were shown in Table 2.
It shows a gas response of 28.7 for ZnO with IC and 37.4 for ZnO without IC at
800 ppm of ethanol exposure. The difference in these values may be due to the
change in the morphology of ZnO. The gas response ratios were 5.4 and 3.5 for
40 ppm exposure of ethanol vapour. The inset in Figure 5(b) shows the response
and recovery times of ZnO sensors with 200 ppm exposure of ethanol vapour for
clarity. The response and recovery times were respectively 24 sec and 47 sec for
ZnO with IC, whereas these values were respectively 21 sec and 27 sec for ZnO
without IC.

Table 2: Gas response, response and recovery times of the ZnO sensors.

_ Zn0O without IC Zn0O with IC
Concentration

of ethanol (ppm) Response Response Recovery Response Besponse Recovery
R/R, time (sec)  time (sec) Ra/Rg time (sec) time (sec)

40 3.50 15 33 5.47 23 50

80 3.97 21 27 5.56 26 51

120 4.38 23 23 6.22 25 49

160 6.20 23 25 9.94 27 46

200 19.28 21 27 10.23 24 47

400 26.16 24 27 13.63 27 49

800 37.43 19 25 28.76 26 49
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Figure 5: Response characteristics of ZnO film as a function of (a) temperature and
(b) gas concentration.
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4. CONCLUSION

ZnONPs were successfully fabricated using dye extract of IC leaves as a capping
agent by precipitation method. Investigations of morphology, structure and
dimension of ZnONPs were performed by SEM, XRD and UV-vis analyses. The
average crystallite size of ZnONPs was found to be 23 nm. The SEM investigation
illustrated the change in morphology of ZnO from highly clustered to less aggregate
clustered of ZnO crystallites after IC dye extract was added. Furthermore, the
presence of hydroxyl groups, ZnO bands and the percentage content of zinc and
oxygen were established by FTIR and EDX, respectively. The sensitivity results
of ZnO film prepared with IC showed a gas response ratio of 28.7 and 5.4 for the
exposure of 800 ppm and 40 ppm of ethanol vapour, respectively.
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Abstract: This paper compared the effects of A. indica plant proteins over chemical methods in the
morphology of zinc oxide nanoparticles (ZnO NPs) prepared by a co-precipitation method, and
ethanol sensing performance of prepared thin films deposited over a fluorene-doped tin oxide (FTO)
bind glass substrate using spray pyrolysis technique. The average crystallite sizes and diameters of
the grain-sized cluster ZnO NPs were 25 and (701.79 £ 176.21) nm for an undoped sample and 20
and (489.99 + 112.96) nm for A. india dye-doped sample. The fourier transform infrared spectroscopy
(FTIR) analysis confirmed the formation of the Zn-O bond at 450 cm !, and also showed the presence
of plant proteins due to A. indica dye extracts. ZnO NPs films exhibited good response (up to 51
and 72% for without and with A. indica dye-doped extracts, respectively) toward ethanol vapors
with quick response-recovery characteristics at a temperature of 250 °C for undoped and 225 °C for
A. indica dye-doped ZnO thin films. The interaction of A. indica dye extracts helps to decrease the
operating temperature and increased the response and recovery rates of the sensor, which may be
due to an increase in the specific surface area, resulting in adsorption of more oxygen and hence high
response results.

Keywords: ZnO nanoparticles; Azadirachta indica; functional group; thin film; ethanol sensor;
sensitivity; response and recovery rates

1. Introduction

Gas tracking devices are becoming increasingly popular for a variety of physical,
chemical, and biological purposes. For the detection of harmful pollutant gases, flammable
gases, and organic vapors, metal oxide-based chemical sensors have been widely used.
Chemical sensors have several benefits, including low cost, compact size, great sensitivity,
and minimal power usage [1]. Ethanol is one of the most widely used and distributed
alcohols in the fields of food technology, brewing, medicine, clinical research, and biotech-
nology [2-5]. Excessive ethanol consumption is harmful to living creatures. In humans,
ethanol vapor exposure during development can result in ventricular and septal wall
thickening [2]. As a result, detecting ethanol fumes is quite important at this time. Dif-
ferent metal oxide semiconductor (MOSs) such as ZnO, TiO,, WO3, In,O3, M0oO3, SnO,,
and Fe;O3, and multi-component oxides, such as BiFeO3, Al;O3-ZnO, Cu-TiO,, Cr-TiO3,
MgAl,O4, SNO,-Pd-Pt, SrTiO3, and NbyO5-ZnO, are useful for UV sensing [6-8], solar
cells [9], photocatalytic effects [10], and gas sensing applications [11]. Gas sensors based
on the nanostructures of MOSs have a high sensitivity with short response and recovery
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times [12]. In addition to the chemical properties of MOSs, the surface morphology and
surface-to-volume ratio also affect the relative change in resistance of MOS gas sensors [13].

Zinc oxide (ZnO) is a set II-VI n-type semiconductor with a vast band gap (3.3 eV)
and exceptional assets, such as high exciton binding energy (60 MeV) [14], transparency in
the visible region and strong infrared reflectivity [15], excellent audio characteristics and
outstanding electronic chattels [16], high electron mobility (100 cem? vlisTh [17], strong
room-temperature luminescence, high chemical and thermal stability, abundance in nature,
and environmental friendliness [18]. This unique property makes ZnO a proficient semi-
conducting material in gas sensors. The biological production of ZnO NPs utilizing plant
extracts, such as leaves, roots, flowers, and seeds as a bio template, is of particular interest to
researchers [12]. This green technique has various advantages, including environmentally
friendliness, shorter time, lower-cost precursors, and a higher-purity result; the handling
procedure is easy and does not require expensive equipment [13]. Many studies have been
conducted on the green synthesis of ZnO NPs by plant leaves such as Ixora Coccinea, Artocar-
pus gomezianus, Coptidis rhizoma, Citrus aurantifolia, Zingiber officinalis, Cyanometraramiflora,
A. indica, and others [19,20]. However, only a few studies on the natural synthesis of ZnO
NPs using dye extracts from A. indica have been conducted. It is reported that the A. indica
extracts contain approximately 140 chemical compounds [21]. The main composition of A.
indica leaf includes crude protein (12.40-18.27%), crude fiber (11.40-23.08%), N free extract
(43.32-66.60%), ether extract (2.27-6.24%), total ash (7.75-18.37%), calcium (0.89-3.96%),
and phosphorus (0.10-0.30%) [22]. Incubation of benzoquinones obtained from A. indica
leaves promoted activation of quinones, which helped to reduce particle size, according
to Mathew et al. [14]. Nicole et al. reported that proteins of both high and low molecular
weight play a key role in the both stability and reduction of green produced ZnO NPs [15].
Phytochemicals such as flavones, polyols, terpenoids, and plant proteins found in the
A. indica leaf contribute functional groups of amines, alcohols, ketones, aldehydes, and
carboxylic acid in bio-reduction reactions [16]. Metal compounds are converted to ZnO NPs
by phytochemicals and enzymes found in the A. indica plant [15]. These metabolites from
the A. indica leaf have reducing characteristics, allowing zinc ions to be quickly reduced to
ZnO NPs.

The interaction of analyte gas molecules with deposited oxygen ions (O,~ or O~) on
the MOS gas sensors determines its sensing capability, and the surface shape plays a crucial
role in oxygen ion adsorption [5]. The addition of A. indica plant dye extracts changed the
surface shape and enhanced the stability of ZnO NPs. This morphological impact in ZnO
NPs is beneficial to gas sensing. A novel idea proposed in this study is the utilization of
plant dye extracts in ZnO thin films for the manufacture of an ethanol gas sensor. The
current research examines how A. indica dye extract is used to generate and analyze ZnO
NPs as well as how it functions as a vapor detector.

2. Results and Discussion
2.1. Structural Analysis

The structural analysis of the prepared ZnO NPs with and without A. indica dye extracts
was performed using X-ray diffraction (XRD). XRD testing was performed using a D, Phaser
(Bruker, Berlin, Germany) diffractometer with CuK« radiation (wavelength = 1.54184 A) at
an operating voltage of 30 kV and a current of 10 mA. The scanning rate was 0.33 degrees
per second in the 20 range of 20° to 80°. Figure 1 shows the XRD pattern of the as-
prepared ZnO NPs. The sharp diffraction peak indicates the good crystallinity of the
prepared ZnO NPs [23]. Interplanar spacing (d-spacing) was obtained using Bragg’s
relation: 2dsinf = nA [17], where A is the X-ray wavelength, 1 is the order of reflection,
and 6 is Bragg’s angle. The calculated values of ‘d” are compared with the standard JCPDS
values for indexing the (hkl) planes as demonstrated in Table 1 [24]. There were slight
shifts in the 260 values with those of the JCPDS card number 36-1451. This may be due to
the strain. The comparison of the ‘d” values of both samples shows only a slight decrease
in ‘d” values, which may be due to the doping of the parent solution with A. indica dye [25].
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Table 1. Calculation of d-spacing and crystallite size of prepared ZnO NPs.

Figure 1. X-ray diffraction pattern of ZnO NPs prepared (a) without plant dye extracts and (b) with

Plane d (nm) d (nm) Average D
Sample (hkl) 26 (Degree) FWHM (B) (Observed) (JCPDS) (nn%)
(100) 31.7279 0.2887 0.2817 0.2814
(002) 34.3859 0.2932 0.2605 0.2603
(101) 36.2159 0.3331 0.2478 0.2475
(102) 47.5432 0.4110 0.1911 0.1911
ZnO NPs (110) 56.5770 0.4579 0.1625 0.1624
Without dye (103) 62.8518 0.5127 0.1477 0.1477 25 nm
extracts (200) 66.1982 0.3328 0.1410 0.1407
(112) 67.8183 0.4489 0.1380 0.1378
(201) 69.0333 0.4476 0.1359 0.1358
(004) 72.5773 0.3236 0.1301 0.1301
(202) 77.0325 0.3832 0.1236 0.1238
Plane d (nm) d (nm) Average D
Sample (hKkl) 20 (degree) FWHM () (Observed) (JCPDS) )
(100) 31.6753 0.3976 0.2823 0.2814
(002) 34.3385 0.2745 0.2609 0.2603
(101) 36.1626 0.3991 0.2482 0.2475
(102) 47.4574 0.3885 0.1914 0.1911
ZnO NPs with (110) 56.4965 0.3885 0.1627 0.1624
A. indica dye (103) 62.7772 0.4705 0.1478 0.1477 20 nm
extracts (200) 66.1345 0.4451 0.1411 0.1407
(112) 67.8529 0.5553 0.1380 0.1378
(201) 69.1237 0.5764 0.1357 0.1358
(004) 72.4312 0.6522 0.1303 0.1301
(202) 77.1056 0.6822 0.1235 0.1238
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The average crystallite size was estimated by measuring the broadening of the X-
ray diffraction peaks observed in the XRD pattern using the Debye-Scherrer formula:
D= ﬁoc'gge [26], where 0.9 is the Debye constant, A is the X-ray wavelength of 1.54184 A,
and B is the FWHM of the sharp peak. The average estimated value of the crystallite size of
ZnO NPs without and with A. indica dye were 25 nm and 20 nm individually. The natural
dye of A. indica leaf extracts contains different reducing factors, such as phytochemicals
and enzymes, which carry out the significant reaction involved in the green synthesis of

ZnO NPs. The dye extracts of leaves stabilize the NPs and stop them from aggregating [26].

2.2. Morphological Analysis

The peripheral morphology of ZnO NPs without and with A. indica dye extracts stood
primarily using the scanning electron microscopy (SEM) (Ipvnano, Pune, India) analysis,
and the subsequent images are shown in Figure 2. Using the Image] method [27], the
diameter of the grain-sized cluster ZnO was estimated. The morphological features of
both samples were considerably different based on the observed SEM estimation. The
average diameter of the ZnO grain-sized NPs cluster was (701.79 £ 176.21) nm without dye
extracts and (489.99 &+ 112.96) nm with A. indica dye extracts. This finding suggests that the
addition of A. indica dye extracts affects the morphology of thin films. Furthermore, the
ZnO NPs were less aggregated and agglomerated for the A. indica dye extracts. This may be
due to the strong kinship among them, which results in less accumulation or collection [24].
As a consequence, A. indica dye extracts greatly increase NP constancy and collection, and
A. indica dye extracts lowered the diameter of ZnO NPs [25].

Number

300 450 600 750 900 1050 1200
Diameter (nm)

Number

WA J, . d o
X2,000  10pm  —

Diameter (nm)

Figure 2. SEM images and cluster size distribution of the ZnO NP cluster at (a,b) 10 um scale (without dye extracts) and

(c,d) 10 um scale (with A. indica dye extracts).
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2.3. Energy-Dispersive X-ray Analysis

Figure 3 presents the energy-dispersive X-ray (EDX) (Ipvnano, Pune, India) spectra
of the ZnO NPs without and with A. indica dye extracts. The EDX spectra showed the
presence of Zn and O in the synthesized NPs and the purity of the prepared ZnO NPs.
The sharp peaks at 1.0, 8.5, and 9.5 keV in the figure indicate the appearance of zinc, and
the peak at 0.5 keV reflected the presence of oxygen. The atomic composition of the bare
ZnO NPs was 51.37 and 48.63% for zinc and oxygen, respectively. The atomic spreading of
the A. indica dye extracts was 50.03% for zinc and 49.97% for oxygen. The introduction of
A. indica dye helped to increase the oxygen ratio slightly to the prepared ZnO NPs, which
may be due to the presence of water-soluble proteins from plant extracts. Thus, from the
above configuration results, we can easily confirm that the synthesized ZnO NPs of both
samples gained a high degree of purity.

(a) ZnO without A. indica 71
Element  Weight (%) Atom (%)
i @) 18.43 48.63
') Zn 81.57 51.37 Zn
(2] Total 100 100
= /-
3 . " Il
8 (b) ZnO with A. indica
A Element  Weight (%) Atom (%)
O 19.61 49.97
Zn 80.39 50.03
Total 100 100 A
0 10

4 6
Energy (kev)

Figure 3. EDX spectra of ZnO NPs (a) without A. indica dye extracts and (b) with A. indica
dye extracts.

2.4. Fourier Transform Infrared Spectroscopy Analysis

The Fourier transform infrared (FTIR) (Chem Tech Pro, 4100, Gujarat, India) spectrum
presented in Figure 4 was applied to examine the cleanliness and arrangement of ZnO NPs
without and with A. indica dye extracts. For both samples, the peaks at 450 and 527 cm ™!
are the typical absorption of ZnO [28]. The spectra shown at 630-660 cm ™! are attributed to
the occurrence of N-H stretching bonds and the peaks between 837 and 850 cm ™! are due
to C-H stretching of aromatics [29]. The bands at 977 and 1094 cm ! correspond to the C-N
stretching of alcohol and phenolic groups, aliphatic amines, and aliphatic and aromatic
amides [29]. Similarly, the spectrum bands illustrated between 1105 and 1579 cm ™! can
be attributed to O-H and C-OH stretching vibration of polyols [30]. The extensive band at
1618 cm ! might likely remain due to the C=C elongation of aromatic rings [30]. The band
created at 2912 cm ! likely correlated to the C-H stretching of polyols [31]. In addition,
the bands at 3400, 3430, and 3615 cm ! correlated with the O-H widening of the phenolic
compounds in the dye extracts [31].
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Figure 4. FTIR analysis of ZnO NPs (a) without dye extracts, (b) with A. indica dye extracts.

The peaks viewed in FTIR spectra of ZnO NPs after addition of A. indica such as 3615,
3430, 1579, 1484, 1440, 1094, 837, and 660 cm ! show the presence of polyols, terpenoids,
and proteins partaking functional groups of amines, alcohols, ketones, and carboxylic acid
in bio-reduction responses [26]. Raphael et al. reported that proteins obtained from A. indica
acted as a green reductant for the synthesis of NPs [32]. Terpenoids, polyols, free amino
groups, carboxylic groups, alcohols, and ketones derived from A. indica leaf extracts play
a significant role in bio-reduction reactions that are responsible for the reduction of zinc
ions into ZnO NPs [23]. In addition, the several amide groups of proteins act as capping
material that avoids agglomeration and makes ZnO NPs more stable [33]. Thus, the soluble
substances present in the dye of A. indica could have acted as a capping and stabilizing
agent, which averts the accumulation of NPs in the solution and plays an important part in
the extracellular forge and shaping of ZnO NPs [34]. Thus, from the above results we may
conclude that the soluble substances present in the dye of A. indica could have acted as a
capping and stabilizing agent, which averts the accumulation of NPs in the solution and
plays a significant role in the extracellular forge and shaping of ZnO NPs.

2.5. Sensitivity Analysis

Here, thin films of ZnO without and with A. indica dye extracts were coated on FTO
substrates. The resistance of the FTO before and after coating the ZnO thin films was
measured. The resistance of the FTO increased after the coating of thin films for both
samples, confirming the ZnO thin film deposition. In this study, the response of ZnO thin
films was measured with respect to the change in resistance before and after the injection
of ethanol vapor. The response of an N-type semiconductor of metal oxide thin film gas
sensor for reducing gases can be calculated by using Equation (1) [32].

Ro— Ry

a

R = x 100% 1)
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where R is the response of a thin film in terms of change in resistance, R, is the air resistance,
and Ry is the gas resistance. One hundred parts per million of ethanol were injected into
the sensing chamber, and the resistance of the ZnO thin film at different temperatures in
air and ethanol vapor was measured. The sensing performance of the ZnO films was then
studied. The optimization of the operational temperature is mandatory before measuring
the response of the ZnO thin film. The response measurements of ZnO films without and
with A. indica dye extract in the temperature range of 50-325 °C of ethanol vapor are shown
in Figure 5. A maximum response of 51.13% and 71.95% were obtained for the ZnO thin
film without and with dye extracts at an operating temperature of 250 °C and 225 °C,
respectively. The introduction of A. indica dye extracts slightly decreased the operating
temperature from 250 °C to 225 °C. The decline in operating temperature on the addition
of A. indica dye extracts may be due to a decrease in activation energy of the reaction in the
ZnO thin film [4]. Oxygen vacancies play an important role in varying the conductivity and
hence the response of ZnO thin films [35,36]. On increasing the temperature, the response
increases; when the thermal energy reaches the boundary to bridge the activation energy
barrier of the reaction, the charge volume dramatically increases and causes a high response
behavior. After crossing the optimum temperature, desorption of oxygen molecules occurs
from the ZnO thin film, which decreases the response [13].

—s— 7N0O without A. indica
804 —e—2Zn0O with A. indica

(o)
o
L

Response (%)

N
o
L

50 100 150 200 250 300 350
Temperature (°C)

Figure 5. Response measurement as a function of temperature for ZnO thin films without and with
A. indica dye extracts for ethanol vapor.

The response of an ethanol gas sensor was increased dramatically when A. indica dye
extract was introduced in ZnO NPs. The natural capping agents present in A. indica dye
extracts decreased both the grain and crystallite size of ZnO NPs [37]. The decrease in
the grain size of ZnO NPs leads to significant increase in the specific surface area, which
leads to high activity by adsorbing more oxygen molecules, and helps to enhance the
response [38]. Moreover, the geometric dimensions of nanocrystalline and molecular sizes
are comparable, which predetermines the difference between the kinetics of chemical
transformations in nanocrystalline systems and similar processes in coarsely crystalline
materials [39]. These specific features make ZnO thin films very promising for development
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of high-sensitivity fast-response gas sensors, in which just surface processes play the key
role in the formation of a sensor signal.

The response characteristics of the ZnO NPs films on the exposure of 25, 50, 75,
and 100 ppm of ethanol were studied. For the purpose of computing response, each
sample was analyzed five times, and the average result for each sample are displayed in
Figures 6 and 7. For varying concentrations of ethanol, Figure 6a shows the behavior of
the ZnO thin film without and with A. indica dye extracts. Clearly, the response increased
for higher concentration of ethanol for both cases. At 25, 50, 75, and 100 ppm ethanol, pure
ZnO thin films responded with 39.58, 40.71, 40.77, and 51.13%, respectively; however, the
response of A. indica doped ZnO thin films was 50.52, 56.19, 61.95, and 71.95%, respectively.
Figure 6b depicted the curve of sensor resistance against time for ZnO thin films without
and with A. indica dye extracts at 25, 50, 75, and 100 ppm ethanol concentrations at 250 and
225 °C. The sensor element is exposed to an air-ethanol mixture before being discharged
back into the atmosphere. When exposed to air, the sensor’s resistance is strong, but
it drops dramatically when exposed to ethanol. The ZnO semi-conductor gas sensor
exhibited similar behavior [1,40,41]. The response rate and recovery rate are also important
parameters in a gas sensor [42]. The measurement process of response and recovery times
is shown in Figure 6c¢. For all ethanol concentrations, the response of A. indica dye extracts
ZnO thin films is always greater than that of pure ZnQO thin films, as shown in Figure 6d.

(a) (b) - _
100 ppm Gas inject ZnO without
80+ _ ¥ = A. indica
75 ppm ZnO with 6001t B/ g 0 o Vs
A. indica = |3 Z% Fmy It o
o 60425 ppm50 ppm <3
X
< 8 400+
8 40 ZnO without ﬁ
g ] A. indica 2 ZnO with
8 & 200'25Tpp"_n5o op / A. indica
@ 201 Gas eject ‘
oL . : .0 ppm
04 0 1000 2000 3000 4000
0 1000 2000 3000 4000 ) Time (s)
Time (s) 801
(c) For 25 ppm of ethanol ZnO with A. indica
60-'2_15 : 170 s =
I 1 ) | ; ; o\o
— | o ZnO with Al indica ~
g | | 3
~ 404 : c
a I | ZnO without A. indica Q
I
s | | i g 40-
? | I ! 14 ZnO without A. indica
Q 204 | l
hd | I |
I 1 |
I 157 s 20— . . .
odrries ' 25 50 75 100

0 100 200 300 400
Time (s)

Concentration (ppm)

Figure 6. (a) Sensitivity measurement of ZnO thin films as a function of time. (b) Response curve with time scale and sensor
resistance for 25, 50, 75, and 100 ppm ethanol at operating temperature. (c) Calculation of the response and recovery time of
ZnO thin film for 25 ppm ethanol. (d) Sensitivity measurement of ZnO thin films as a function of concentration.
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Figure 7. (a) Response time of ZnO thin films as a function of concentration and (b) recovery time of ZnO thin films as a

function of concentration.

Subsequently, response and recovery times as a function of concentration were inves-
tigated, as shown in Figure 7. The average response time for bare ZnO thin films with 25,
50, 75, and 100 ppm of ethanol was 18, 36, 54, and 72 s, respectively, whereas the average
response time for A. indica extracts was 27, 45, 63, and 81 s (Figure 7a). Similarly, the
average recovery time for bar ZnO thin films with 25, 50, 75, and 100 ppm of ethanol was
157,184, 202, and 238 s, respectively, whereas the mean recovery time for A. indica extracts
was 170, 197, 215, and 260 s (Figure 7b). The response and recovery times of the ZnO thin
film increased with the addition of A. indica dye extracts at ethanol concentrations ranging
from 25 ppm to 100 ppm. This is due to the increased carrier concentration in the ZnO
thin film after the A. indica dye extract doping. The oxygen adsorption process is the main
factor determining the rate of response and recovery cycles [43]. The increasing response
and recovery time for ZnO with A. indica dye extracts are attributed to the modification of
the ZnO surface morphology and increased porosity between the grain- sized ZnO nanos-
tructures, which provide more surface-active sites to promote interaction with ethanol
vapor [44].

2.6. Sensing Mechanism

The response features of the ethanol-based gas sensor using ZnO thin films are directly
linked to the modification of ZnO NPs. Here, the resistance of the thin film decreased with
the supply of ethanol vapor in the sensing device, as shown in Figure 6b. The oxygen
present in the atmosphere gets absorbed on the ZnO film as O?>~ or O, taking electrons
from the conduction band of the ZnO and resulting in a depletion zone on the ZnO thin
film [4]. This process increased the resistance of the ZnO thin film significantly. On the
exposure of ethanol vapor, the ethanol vapor molecules interact with the absorbed oxygens
and reinject the carrier, thereby decreasing the resistance of the ZnO thin film [45]. This
effect is relatively higher in ZnO thin films using A. indica dye extracts than in thin films
without dye. Therefore, the ZnO thin film with A. indica extracts shows a large gap in
resistance between with ethanol vapor and without ethanol vapor in the sensing device,
leading to an increase in the response of the device. The probability of the interaction of
ethanol vapor with the ZnO thin film can be explained in Figure 8, as noted in previous
literature [46].
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Figure 8. Gas response mechanism of the ZnO thin film based on ethanol vapor.
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The approved reactions are initiated by the acid—alkaline behavior of the ZnO thin
film. The dehydrogenation procedure mainly occurs on the ZnO thin film with alkaline
possessions; however, dehydration is preferred in the acidic region of the ZnO thin film [47].
At determined temperatures (<200 °C), more gaseous elements are adsorbed, depletion
area formed on the thin film of ZnO extends intensely, providing a large possibility of inter-
acting ethanol vapor molecules with adsorbed oxygens, thereby generating an improved
response [5]. The ZnO thin film with A. Indica dye adsorbed more oxygen than that of the
pure ZnO thin film because of large specific surface area and desorption of function groups
attached with thin film at higher temperatures [48]. This effect caused high possibility of
interaction of ethanol vapor molecules with oxygen, resulting in a significant decrease in
the resistance of the film, which increased the response. However, at low temperatures, the
surface of the ZnO thin film was not perfectly desorbed, which caused a small change in
resistance. This slight change in resistance significantly decreased the sensing properties of
the ZnO thin film.

3. Materials and Methods
3.1. Synthesis of ZnO NPs without Plant Extracts

ZnO NPs were prepared using the precipitation method. Initially, a 2 M zinc nitrate
hexahydrate [Zn (NOs3),.6H,0O] mixture was prepared in ethanol with continuous stirring
using a magnetic stirrer for an hour (h) [49]. Concurrently, a 1 M ethanol solution of sodium
hydroxide [Co,H;NaO;] was prepared with continuous stirring using a magnetic stirrer for
2 h in a different beaker. Likewise, an ethanol solution of sodium hydroxide zinc nitrate
solution was added dropwise to the zinc nitrate solution with robust stirring to produce
a white precipitate. After total inclusion, the blend was allowed to settle for 1 d. Finally,
the resulting precipitate was centrifuged four times at 1000 rpm (centrifuge model 800-B,
China), with 10 min (m) each time, for the removal of contaminants. The precipitate was
then cleaned three times using distilled water, followed by ethanol. Finally, the filtered
white precipitate was dried at 120 °C and then annealed at 500 °C using a muffle furnace
(BOECO Muffle Furnace, MF 8/1100, 230 V, 50/60 Hz, Lilienthal, Germany) for 12 h [49].

3.2. Synthesis of ZnO with A. indica Dye Extracts

Fresh leaves of A. indica were washed several times using distilled water and dehy-
drated at room temperature. The leaf extracts were then ground, 10 g of ground leaves were
mixed in 40 mL of distilled water, and the mixture of leaves and distilled water was filtered
to remove solid extracts. Finally, the fine solution of A. indica leaves and distilled water was
preserved in a refrigerator at 4 °C. A 2 M zinc nitrate hexahydrate solution was prepared
in distilled water under vigorous stirring. After vigorous stirring, 10 mL of aqueous leaf
extracts of A. indica were introduced into the above solution, and a 1 M ethanol solution of
sodium hydroxide was mixed in the above mixture dropwise and stirred thoroughly to
obtain a white precipitate. The mixture containing the white precipitate was then stirred
using a magnetic stirrer for 2 h. After stirring, the mixture was washed three times with
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distilled water and ethanol and then filtered. Finally, the filtered white precipitate was
dried at 120 °C and then annealed at 500 °C using a muffle furnace. A schematic of the
synthesis of ZnO using the green scheme is illustrated in Figure 9.

A. Indica leaf

abstract

C,H-NaO,

/n (NO}):.()H:O

/4 o

\w Washed and

Filtered dried at 500 °C &5
g e

S
Precipitation of ZnO ZnO Nanoparticles

Stirred for 1 h

Figure 9. Schematics of the synthesis of ZnO using the green scheme.

3.3. Synthesis of ZnO Thin Films

ZnO thin film was deposited on the FTO coated glass substrate using the spray
pyrolysis technique. This method is especially convenient for the settling of ZnO NPs and
has been a measurement method for applying a clear electrical conductor of metal oxides
to a glass surface [5]. In this process, as shown in Figure 10, the spraying rate remains
the same, and the back and forth motions of the machine determine the number of coats,
which is digitally controlled. The main benefits of using the spray pyrolysis technique
are the spherical surface shape, narrow distribution of atoms or molecules, compilation
uniformity, and height controllability of the arrangement of the obtained products and
their appropriateness for succeeding refining [50].

A precursor solution was prepared by taking 4.06 g of ZnO in a beaker with 50 mL
of ethanol. The solution was mixed using a magnetic stirrer for 1 h at a temperature of
60 °C. The resulting solution was filtered using a filter paper and used to prepare thin
films using the spray pyrolysis method. The distance from the nozzle to the glass substrate
was 2.0 cm, the diameter of the nozzle was 0.5 cm, and the flow rate was maintained at
8 mL/min. The operating pressure range was maintained between 8 and 16 psi. The spray
pyrolysis process included the deposition of ZnO thin films in which the dispersed solution
of ZnO NPs prepared with ethanol was sprayed uniformly on the glass substrate over the
heated surface at 300 °C. This method yields a very uniform thin film of ZnO owing to the
constant spray rate of the nozzle of the spray gun.
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Figure 10. Schematic diagram of the spray pyrolysis method.

3.4. Sensor Application

The response was measured using a custom-made ethanol gas sensor as shown in
Figure 11. A nickel-chromium heater was used to heat the sensing element placed just
below it, and it could be heated up to 350 °C. A thermocouple was used to monitor the
temperature of the sensing element. The temperature controller was set up to maintain
the temperature of the glass substrate from 90 °C to 350 °C. The source and drain were
fabricated in the ZnO thin film with the help of insulating copper wire using the silver paste
and then connected to a fluke multimeter (FLUKE-115, Everett, WA, USA) for resistance
measurement. To measure the resistance after injecting the gas, the glass chamber was made
airtight. The circuit configuration of the gas sensor was checked by using current-voltage
characterization followed by ohmic behavior. The total volume of the sensor chamber is
one liter (L). The distance between the base of the sensor chamber and the ZnO thin film
is 5 cm. A syringe injects a fixed amount of liquid ethanol (25, 50, 75, or 100 ppm) into
the airtight test chamber to achieve the desired concentration. The ethanol concentration
calculation method is described in Equations (2)—(4) [51]:

Vethanol Qas — Cx Vs (2)

where Vetpanol gas = volume of gaseous state ethanol, C (ppm) = concentration of the ethanol
gas, and Vs = volume of tested chamber with, PV = nRT [51].

PVetnanol gas ~ PCV;

Nethanol = RT RT (3)
where V = %
Mn MPCV, C
Vi — ethanol _ S — (0.69 “ L 4
inject 0 R pT ( X T) m ( )

The molecular weight of the liquid is M (g/mol), the density is p (g/mL), and the
average temperature of the test chamber is T (K). The values of M, P, Vs, and R in our work
are 46 g/mol, 101,325 Pa, 1 L, 8.31441 ] /(mol K), and 0.816 g/ cmB. Equation (4) can be used
to compute the ethanol intended concentration.
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Figure 11. Schematic diagram of the gas sensor.

4. Conclusions

In summary, ZnO NPs were prepared using the precipitation method. The resulting
ZnO NPs were coated on glass substrates using the spray pyrolysis method to prepare
the thin film. The structural, morphological, and dimensional analyses of the ZnO NPs
were performed using XRD, SEM, EDX, and FTIR. The XRD pattern shows that the mean
crystallite size of ZnO NPs prepared without dye extracts was 25 nm and that of the A.
indica dye extracts was 20 nm. The SEM image shows the change in morphology of ZnO
NPs from more congregated to less aggregated groups after the addition of A. indica dye
extracts. The EDX spectra obtained to determine the percentage composition of zinc and
oxygen in the synthesized samples also indicated that the prepared ZnO NPs were pure.
The FTIR analysis showed the characteristic absorption band of the ZnO bond at 450 cm ™!
and also revealed the presence of water-soluble proteins such as amines, alcohols, ketones,
and carboxylic acid from A. indica dye extracts. The results of the sensitivity measurements
with the ZnO NPs show high sensitivity toward A. indica dye extract thin films with a figure
of 71.95% for 100 ppm of ethanol. The ZnO thin film with A. indica shows significantly
decreased sensor resistance for 25, 50, 75, and 100 ppm of ethanol vapor compared to that
of the ZnO thin film without dye extracts. The response and recovery times of the ZnO
thin film were higher than those of the bare ZnO thin film between 25 ppm and 100 ppm of
ethanol. The sensitivity measurement and calculation of response and recovery for 25 ppm
of ethanol concentration suggest that this sensing device can also be used to detect low
concentrations of ethanol. To sum up, the addition of A. indica dye extracts to ZnO thin
films significantly increased the sensing, response, and recovery times of the ethanol-based
gas sensor.
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