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1 Introduction

Over the last few decades, with the fast growth of
urbanization and industrialization, the devastating
air pollution mainly attributed to automotive sector
exhaust and factory emission has become a serious
threat to human survival. With the growing need for
ecological surveillance, the chemical and process
management industries have drawn the attention of
researchers to the tracking of highly toxic substances
(e.g., NO,, NH;, CO,, CO, and H,S) in our atmo-
sphere [1-3]. Among all the pollutants, ammonia
(NH3) is the most dangerous alkaline gas in the
atmosphere. It is a significant nitrogen resource that
contributes to the global biogeochemical nitrogen
cycle and environmental change.NHj is utilized in a
wide range of commercial and industrial products
like ice factories, adhesives, rubber cement, automo-
tive fuels, and laboratory chemicals. However, there
is a risk of ammonia contamination in all of these
applications, which can result in life-threatening
exposures [4-7]. Only when the concentration of
ammonia in our atmosphere reaches 50 ppm can
humans detect it. Chemical factories, fertilizer plants,
refrigeration systems (including cold storage facili-
ties), drink manufacturers, and others can release
ammonia into the atmosphere, causing pollution.
Therefore, NHj identification is crucial for life-sav-
ing, environmental safety, and medical applications.
As a result, reliable real-time gas tracking devices/
sensors are key for protecting the atmosphere and
humans promptly [8-10]. Many researchers are try-
ing to create nanostructured materials to increase gas
sensing efficiency relative to bulk materials. This is
due to the large surface area, compact size, shape
controllability, chemical composition, and physico-
chemical stability of nanostructured materials. As a
result, low cost, high sensitivity and selectivity,
environmental friendliness, and compact device
designs for long-range operations are extremely cru-
cial. For this purpose, different kinds of gas sensors
have been developed such as resistive, optical,
ultrasonic, and acoustic waves, thermoelectric and
electrochemical ones [11-13].

Among these gas sensors, the metal-oxide—semi-
conductor (MOS) resistive gas sensor is one of the
most prominent and has shown commendable per-
formance in terms of sensitivity and repeatability.
MOS gas sensing abilities are commonly described in
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terms of oxygen ionosorption, in which oxygen
molecules in the atmospheric air are adsorbed to the
metal oxide’s surface. MOS gas sensors are com-
monly correlated with cost-effective production, fast
response time, high sensitivity, reliable signal con-
version, and significantly improved selectivity, which
has resulted in comprehensive research and wide-
spread use [14-16]. MOS gas sensors generally make
use of nanosized polycrystalline n-type oxide parti-
cles, such as WOs;, SnO,, TiO,, ZnO, and In,Os3, or
p-type oxide particles, such as Co304, NiO, Cr,0;,
and Cu,O. This kind of gas sensor is typically used at
higher temperatures [17, 18]. Heat energy is required
to stimulate the adsorption of ionized oxygen species
and bypass sensor response obstacles. Furthermore,
the high operating temperatures might have signifi-
cant disadvantages. So, one of the key challenges for
this research area is to design and make reliable,
stable gas sensors that are highly sensitive to target
gases and can work at room temperature.

MOS gas sensors have gained a lot of exposure
over the last few decades because of their unique
advantages, such as low cost, high gas sensitivity,
and high thermal stability. ZnO is a multi-functional
semiconductor utilized in sensors, transducers, and
catalysts. The gas sensing properties of ZnO have
received a lot of attention in recent years. Zinc oxide
is an II-VI semiconductor with many device appli-
cations. Nonetheless, zinc oxide (ZnO) has emerged
as a successful and exciting contender to substitute
the above-mentioned metal oxides. Because its ZnO
has a significant exciton binding energy (60 meV) and
a broad direct bandgap (3.37 eV) at ambient tem-
perature. Furthermore, ZnO has a hexagonal struc-
ture and a lattice constant of a = 0.324-0.326 nm and
¢ = 0.513-0.543 nm, making it one of the most popular
and frequently used gas-sensing metal oxides
[19-22]. The particle size, surface states, and oxygen
adsorption all play important roles in the gas sensing
function of ZnO materials. The material morphology
and surface-to-volume ratio are critical parameters
for improving gas sensing performance. Further-
more, metal doping is a popular approach for
enhancing the gas sensing performance of ZnO thin
films. As a result, by doping ZnO thin films with
appropriate transition metal ions such as nickel (Ni),
zirconium (Zr), manganese (Mn), copper (Cu), cad-
mium (Cd), cobalt (Co), and so on, the characteristics
of ZnO thin films can be considerably improved
[23-27]. Especially, Zr doping in ZnO has a greater
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impact on its crystallite size, shape, bandgap, and
sensing. Zr is an n-type impurity, and since Zr** and
Zn>* have an approximately different ionic radius of
0.74 A and 0.84 AO;, the ionic radius of Zr*" is larger
than that of Zn** [28-30]. Therefore, Zr-doped ZnO is
anticipated to have improved sensing efficiency. The
function of Zr dopants in the gas sensing operation is
not well-established.

So many articles are reported from the literature
review for the synthesis of pristine and doped ZnO
films using approaches such as sol-gel, RF mag-
netron sputtering, SILAR, pulsed deposition, and
spray pyrolysis. Among these approaches, SILAR has
been received the most recognized due to its sim-
plicity, low cost, and versatility. Furthermore, it can
allow uniform mixing of elements in the precursor
solution as well as a homogeneous distribution of
elements (such as Zr) in the precursor solution
[31, 32]. Herein, pristine and Zr-doped ZnO thin films
with various Zr amounts were synthesized by the
SILAR technique at room temperature. However,
research on the impact of ZnO metal doping on its
gas sensing operation is still very important and a
challenge to explore. As a result, the current research
investigated the structural, morphological, optical,
and gas sensing behavior of ZnO nanostructures with
varying Zr doping.

2 Experimental techniques
21 Chemicals

All of the compounds were analytical grade (AR)
reagents that were used exactly as they were
obtained, without any kind of processing. Zinc sul-
phate (ZnSO,4), sodium hydroxide (NaOH), and
dopant zirconium (IV) chloride (ZrCly) were pur-
chased from Sigma Aldrich (India). The deionized
water has been utilized as a solvent during the entire
manufacturing process.

2.2 Synthesis of Zr:ZnO films

The zirconium (Zr) doped ZnO thin films were suc-
cessfully synthesized via the SILAR method with
different concentrations of 1, 3, and 5 wt%. Before the
deposition process, the substrate was cleaned with
chromic acid and followed by acetone washing. The
synthesis procedure for the modified SILAR
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techniques is displayed in Supp. Fig. S1. A typical
synthesis process was as follows: In 50 mL ultrapure
water, 0.1 M zinc sulfate and 0.2 M sodium hydrox-
ide are dissolved and then stirred vigorously for
30 min to form a homogeneous solution (~ pH 9). A
standard SILAR system has four beakers, but the
reconstructed SILAR system only has two. The pre-
cursor solution is in the first beaker, while hot water
is in the second. The glass substrate was vertically
immersed in the sodium zincate bath for 30 s and
then submerged in hot water (90 °C) for 10s to
eliminate the loosely adsorbed ions. A similar
approach has been used for ~ 80 dipping cycles to
ensure pristine ZnO film [33]. Adding different
amounts of zirconium chloride as Zr source (i.e. 1, 3,
and 5 wt.%) in the sodium zincate bath during the
doping process. Eventually, the coated films were
dried in the air and annealed for 2 h at 400 °C to
produce Zr:ZnO films.

2.3 Characterization

Table 1 represents a concise description of the char-
acterization techniques.

2.4 Gas sensing measurement

The construction of the homemade sensing setup is
schematically displayed in Supp. Fig. S2. The NHj;
arrives from an available commercially ammonium
hydroxide solution. During gas response evaluations,
the conductive silver paste was used to establish
ohmic contact on the surface of the thin films. The
electrical contacts are connected to the desktop
interlinked with high resistance electrometer (Keith-
ley electrometer 6514, USA). The gas chamber was
self-designed and linked to a Keithley electrometer,
gas flow meters, and the tube furnace. From the gas
sensing setup, the resistance changes when exposed
to air (R,) and NHj gas (Rg). The appropriate amount
(ppm) of NH; was then injected into the tube using
the chromatographic syringe. The ammonia solution
is then heated in the sensing chamber to create NHj;
vapor. Then, suddenly a shift of resistance concern-
ing the baseline was observed. The sensor response,
response-recovery time, and stability of the Zr:ZnO
films are done at 25 ppm of NH; gas.
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Table 1 Characterization techniques for synthesized Zr:ZnO thin films

S.No Techniques Instrument name

Parameters

X-ray diffraction pattern
Scanning electron microscope
Energy dispersive spectrum
Elemental mapping analysis
UV-Vis spectroscopy

PL spectroscopy

~N QN bW N —

Raman spectroscopy

X-Pert PRO X-ray diffractometer

JEOL JSM 5800 LV

EDX system (SU-70, Hitachi)

XL G2 Desktop Scanning Electron Microscope
UV-Vis, IMNU-3010

Oxford low temperature LN2 77 K set up

STR 500 mm Laser Raman spectrometer

Crystal phase and crystallinity
Morphology, size, and roughness
Chemical composition and purity
Uniform element distributions
Identification of the compounds
The crystalline quality of materials
Vibrational modes of molecules

3 Result and discussion

3.1 Scanning electron microscope and EDS
analysis

The scanning electron microscope (SEM) is an inter-
esting technique for determining sample morphol-
ogy, and it provides important information on the
shape and size of the synthesized thin films. The
surface morphology of ZnO and Zr:ZnO thin solid
films deposited from the glass substrate with various
amounts (1%, 3%, and 5%) is displayed in Fig. la—d.
It is observed that the undoped ZnO thin film exhi-
bits nano-flower surface morphology is displayed in

Fig. 1 a—d SEM images of
the prepared ZnO and different
wt.% of Zr:ZnO thin films

Fig. 1a. The images demonstrate that increasing the
Zr concentration changes the surface morphology of
the films. The increasing Zr amount in the solution
ascertains that the surface becomes slightly smooth
and the grain size reduces. The morphology was
modified into a flower shape after Zr doping, and
rods were distributed over the flowers as a secondary
grain, as shown in Fig. 1b, c. These observations are
following the XRD tests, which show that as the Zr
concentration increases, the grain size of the film
decreases. These neighbouring nanoflowers and
nanorods are interconnected, which allowing gas to
migrate into the material’s inner space and so
increasing NHj vapor sensing.
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Fig. 2 a—d EDS spectrum of ZnO and different wt.% of Zr:ZnO thin films

The chemical composition of ZnO thin films syn-
thesized using SILAR deposition was analyzed by
EDS spectrum. Figure 2a—d displays the EDS spectra
of films deposited at different Zr doping concentra-
tions ranging from 0 to 5%. The EDS spectrum
reveals the existence of zinc (Zn) and oxygen (O) in
the pristine ZnO material is displayed in Fig. 2a.
Furthermore, the EDS spectrum reveals the (Zn), (O),
and zirconium (Zr) are present in the Zr:ZnO mate-
rial as displayed in Fig. 2b—d. Furthermore, the
findings demonstrate that there are no additional
contaminants in the synthesized films. The elemental
mapping images of the Zr:ZnO (3%) thin films are
displayed in Fig. 3a-d, with all scale bars set to
30 um. Figure 3a shows the overall elemental map-
ping for the Zr:ZnO films, which indicates a uniform
distribution of the Zn element (red), O (green), and
Zr (blue).

3.2 Crystallography investigation

The XRD pattern of ZnO and Zr-doped ZnO thin
films coated on micro-glass substrates for various
doping concentrations is displayed in Fig. 4. It can be
seen that all the films are polycrystalline with a
hexagonal wurtzite-type structure. All Braggs reflec-
tions were found at 20 = 31°, 34°, 36°, 47°, 56°, 63°,
67°, and 69° is relating to the (100), (002), (101), (102),
(110), (103), (112), and (201) planes of pristine ZnO
(JCPDS Card-No. 36-1451) [34]. No other impurities
are detected in the ZnO films. Furthermore, the dis-
appearance of Zr and ZrO,-related peaks in the XRD
pattern suggests pure ZnO formation. In comparison
to the standard sequence, the undoped film revealed
a preference for the (002) direction is high and a lack
of growth in the (100), (101), (102), (110), (103), (112),
and (201) directions. Generally, ZnO films have a
high-intensity peak for the (002) plane, suggesting
that the plane has low surface energy. After doping to
1, 3 wt% with Zr, the XRD pattern indicated a pref-
erential orientation in the (101) region, with other
planes (100) and (002) are suppressed. In contrast, the
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Fig. 3 The elemental mapping
images of the Zr:ZnO (3%)
thin films

ZnO-Zr (5%)

ZnO-Zr (3%)

r

A,

ZnO-Zr (1%)
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(101)
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(201)
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ZnO

20 30 40 50 60 70 80
Angle (20)

Fig. 4 X-ray diffraction patterns of ZnO and Zr:ZnO films with
different Zr-doping concentrations

peak (100) becomes extremely dominant when the
doping concentration of Zr is high (wt. 5%). Another
intriguing finding is peak change and broadening
about doped samples as compared to undoped ZnO.
Peak adjustments toward the upper and lower planes
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in doped samples mean that Zr** ions with greater
ionic radii (~ 0.84 A) have been replaced by dopant
ions with smaller ionic radii (Zn ~ 0.74 A). The
microstructural parameters of lattice constant, crys-
tallite size, dislocation density, strain, and number of
crystallite values are noted in Table 2. The average
crystallite size was estimated depending on the
preferential orientation of the planes using Debye-
Scherrer’s formula [35]

 09)
~ Peos0

(1)

where 0 is the Bragg’s angle, f8 is the the full width at
half maximum of the diffraction line, A is the the
wavelength of the X-ray radiation (which is assumed
to be 0.154 nm), and k is the denotes the shape factor
(which is assumed to be 0.9). According to the above
relationships, the estimated crystalline size of the
undoped ZnO films is 46 nm, while the Zr:ZnO (1-5
wt%) films are 45, 25, and 34 nm, respectively. When
the doping concentration of Zr increases, the average
crystalline size initially increases and then decreases.
The reduction of size is primarily caused by foreign
contaminants distorting the host ZnO lattice. The
other parameters like dislocation density (§), strain
(¢), and number of crystallites (N) of the Zr:ZnO films
have been estimated by using the relations [36]
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Table 2 The estimated values of crystalline size, strain, dislocation density and, lattice constants for ZnO and Zr:ZnO thin films
Zr concentration  Lattice Film thickness  Crystallite  Dislocation Strain (x  Number of Band
(Wt%) constants (A) (nm) size (nm)  density (x 10') 1073) crystallites (x gap (eV)
lines m—> 10'* m™?)
a c
0 2.86032 4.95422 940 46 0.4829 2.45 0.997 3.00
1 2.85823 4.95061 850 45 0.4870 2.46 0.913 3.10
3 2.85979 4.95330 760 25 1.5915 4.45 4.825 3.25
5 2.86075 4.95496 800 34 0.8912 3.78 2.128 3.15
5 1 2) oxygen atoms and zinc sublattice, respectively. The
D? Raman spectra display different vibrational modes
ot 0 observed at 338 ecm ™}, 382 em ™}, 436 ecm ™}, 476 cm ™!
€= (3) and 570 cm™' [37]. The broad Raman peak at
f 338 cm ™! is attributed to the Egigh — EXY multiple-
N = D° (4) phonon scattering process and AT as phonon with

It is observed that the dislocation density, strains,
and the number of crystallites gradually increase and
then decrease with the increase of the Zr concentra-
tion. As a result, Zr doping generates more nucle-
ation sites, leading to the formation of smaller
crystallite sizes. The lattice constants ‘@’ and ‘c,” as
well as the unit cell volume ‘V,” are calculated from
XRD using the following relationships.

V = a*c(sin60°) (5)

1 4 (k> +hk+k (P
e )

The evaluated lattice constants ‘a” and ‘c’ and unit cell
volume ‘V’ for Zr:ZnO films indicated that the cell
volume and both ‘4’ and ‘c’ parameters have been
decreased with increasing Zr doping.

3.3 Raman analysis

The Raman spectrum is used to assess the crystal
quality, structural defects, and vibrational modes in a
synthesized film. The Raman spectrum of ZnO and
Zr:ZnO thin films coated from the glass substrate
with various amounts (1%, 3%, and 5%) is displayed
in Fig. 5. In Raman scattering the B; modes are silent,
while the A; and E; modes are polar and hence show
distinct vibrations for the transverse optical (TO) and
longitudinal-optical (LO) phonons. Non-polar E,
phases contain two different wavelengths,

Egigh and EX™, which are correlated to the mobility of

A, symmetry for transverse optical frequency mode
are detected at 382 cm™". The sharp and predominant
peak mode was detected at 436 cm™' which was
assigned as Egigh mode illustrating the band signature
of the hexagonal wurtzite crystal structure of ZnO

films. Furthermore, the most intense E;igh vibrational
mode suggests the wurtzite structure with good
crystallinity in the films, which is consistent with
XRD findings. The other at band 570 cm™! is allo-
cated to A; (LO) mode. Careful inspection suggests
that the addition of zirconium atoms influenced the
vibrational characteristic and crystallographic struc-
ture of the ZnO films [38, 39]. The incorporation of
the dopant reduced the peak intensity to ~ 432 cm™ .

This local vibration may be caused by the
7000
ZnO
60004 9 ZnO-Zr (1%)
g ZnO-Zr (3%)
ZnO-Zr (5%)
= 5000 +
‘@
S 4000+
N
=
[Se=)
3000 -
2000 -
1000

200 3(.)0 4(.)0 51.10 6(.)0 7(.)0 800
Raman Shift (cm")

Fig. 5 Raman spectra of coated Zr:ZnO films with various
amounts of Zr—doping
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replacement of certain Zn atoms with Zr in the ZnO
lattice structure.

3.4 UV-Vis spectroscopy

The optical characteristics such as transmittance,
absorption coefficient, and bandgap are significant
because they govern the properties of a material in
numerous applications. The optical transmission
spectra of synthesized ZnO and Zr:ZnO thin film
with different doping concentrations of the samples
have been evaluated using a UV-Vis spectropho-
tometer at a wavelength range of 200-800 nm is dis-
played in Fig. 6a. As seen in Fig. 6a, the observed that
undoped ZnO film has low transparency, and nota-
bly over 450 nm wavelength. The optical transmit-
tance initially increases and then decreases in the
visible region depending on the increase of Zr con-
centration. The films are highly transparent in the
visible range, with a mean optical transmittance

n [=2)
=] =]
M M

(]
>
M

e 7100
ZnO-Zr (1%)
e 70 O-Zr (3%)

Transmittance (%)
[ L
> =}

10 - e Z0O-Zr (5%)
0 T T T
400 500 600 700 800
Wavelength (nm)
0.03
[v)
e
~002{ ——mO
g ZnO-Zr (1%)
:“ ——Zn0-Zr (3%)
! e Z01O-Zr (5%)
o
°50.01 1
=
3
0.00 T T ¥
2.0 2.5 3.0 35
hv (eV)

Fig. 6 a Transmittance spectra of ZnO and Zr:ZnO thin films and
b optical band gap values of ZnO and Zr:ZnO thin films
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varying from 40 to 75%. At 5 wt% Zr-doped ZnO
films saw a small drop in average transmittance from
75 to 70%. The maximum transmittance of 75% is
found for the Zr:ZnO (3%) thin films. A significantly
higher transmittance rate for doped ZnO thin films
may be due to the most crystalline aspect of the film.
The absorption coefficient of the thin films depends
on the energy of the incident photon. The optical
band gap (Eg) films were evaluated using the Tauc
Equations [40],

(a9)* = A(hi) — Ey) (7)

where Eg is the optical band gap, hv is the incident
photon energy, A is a proportionality constant, and
a is the absorption coefficient. Tauc’s plot approach,
seen in Fig. 6b, involves plotting («hv)* against v and
extrapolating the linear portion of the absorption
edge to the energy axis (straight line portion). The
bandgap energy of the related samples is predicted to
be 3.0, 3.10, 3.25, and 3.15 eV for ZnO, and Zr:ZnO
(1-5%), respectively. In this scenario, the calculated
band gap value of Zr:ZnO thin film (3.25eV) is
slightly greater than the bandgap value of undoped
ZnO thin film (3.0 eV). Because of the change of peak
shift in the transmittance curve and the quantum size
effect, the measured band gap value is initially
increased and subsequently sharply decreased with
increasing Zr-doping concentration. Furthermore, the
change of the bandgap is primarily determined by
the surface structure of the film.

3.5 Photoluminescence investigations

Photoluminescence (PL) spectroscopy is a non-de-
structive light assessment approach that can track the
presence of defects in samples. The PL spectra of
synthesized ZnO and Zr:ZnO (1-5%) thin film with
different doping concentrations of the samples have
been evaluated are displayed in Fig. 7. In the PL
spectra, the three emission peaks are noticeable: one
is the band edge peak, and the other two are inter-
twined to defect rates like zinc (interstitial, vacancy),
oxygen (interstitial, vacancy). The UV emission peak
(385 nm) is due to the recombination of electrons and
holes. In the visible area, the peak position at 412 nm,
which is a near band edge (NBE) emission, has a
lower intensity [7]. The location of NBE emission
illustrates the consecutive blue movement for (1-5%)
Zr:ZnO. The sharp and dominant emission bands
found in the spectra at 489 nm are attributed to the
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ZnO
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Zn0-Zr(3%)
e 7 O-Zr(5%)

Intensity (a. u)

600

550
Wavelength (nm)

350 400 450 500
Fig. 7 Photoluminescence spectrum of ZnO and different wt% of
Zr:ZnO thin films

electronic transition possibility from the donor level
of zinc interstitial (Zn;) to the acceptor level of zinc
vacancy (Vz,), as the co-existence of these two defects
is quite probable. The peak located at 529 nm is
contributed to the oxygen vacancies. The intensity
and position of this PL emission are also affected by
Zr doping [41, 42]. This emission peak has moved
significantly to the lower wavelength region as a
result of the addition of Zr. The optical band gap
expands as the number of free electrons in a semi-
conductor system rises, according to the Moss—Bur-

stein effect.

P )Gas ON+ Zn0O-Zr(3%)
o r\+ r\G rﬂ
o I |
= . 1 &3 .o
~ 9 n =
= 10 ' ! g 2
g ' L W |
£ 0 i i :
7‘ li :‘ E E ' £ E
e f g E0 B} = £} s
10 g =5 = "o a .
a Sic] izy su) i
A : il B el B
1 Wé G U\
10 n ™ [ [
NGy
10° as OF
0 200 400 600 800 1000 1200
Time (s)

451

3.6 Gas sensitivity investigations

The process of gas detection is essentially a surface
phenomenon. The adsorption/desorption of gases, as
well as the surface reaction with adsorbed oxygen,
are highly beneficial for generating an exceptional
gas sensor. The Zr:ZnO thin film was synthesized
using the SILAR approach at different doping con-
centrations for the gas sensing properties. The
Zr:ZnO-based metal oxide semiconductor was
exposed with ammonia gas vapors at various con-
centrations. The response of the 3 wt% Zr:ZnO thin
film for (25 ppm to 125 ppm) NHj; concentration at
room temperature is displayed in Fig. 8a. The rate of
resistance changes concerning time for particular
target gas can be expressed as the following relation:
R,
5= R, (8)
where R, and R, are the electrical resistance of the
thin film measured in the target air and target gas. It
has been noted that with a rise in NHj3 gas concen-
tration and the gas response (%) is also raised. Fig-
ure 8b illustrated the measured responses and
recovery time of ZnO thin films with NH; gas at a
concentration of 25 ppm. The pristine ZnO film has a
response-recovery time of 74s and 20s. The
response time (T%.s) is the time it takes for the sensor
to reach 90% of total resistance (adsorbed gas time),
and the recovery time is the time it takes for the
sensor to re-achieve 90% of total resistance (desorbed
gas time) (Tyeo). The 3D cylinder diagram illustrates

D ZnO-Zr(0%)

Resistance (Q2)

150

100
Time (s)

0

Fig. 8 a Gas response of Zr:ZnO (wt. 3%) films deposited on a glass substrate with exposure and removal of NH; gas with concentrations
of 25 ppm to 125 ppm at room temperature and b response time (t.) and recovery time (f...) of ZnO thin film
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Q

Fig. 9 a 3D cylinder diagram shows the response time (f,.5) and recovery time (f,..) of ZnO and Zr:ZnO thin films with various Zr-doping
concentrations and b 3D cone diagram shows the sensitivity towards various concentrations of Zr:ZnO thin films

Table 3 Response, recovery

time and sensitivity of Zr concentration (wt.%)

Response time (s)

Recovery time (s) Sensitivity (%)

different wt.% of Zr:ZnO thin
films for 25 ppm NH;

B W = O

74
64
48
50

20 1090
19 1920

6 7130
11 6760

the response-recovery behavior of ZnO and Zr:ZnO
(1 wt.%, 3 wt.% and, 5 wt.%) sensors at 25 ppm of
NH; gas at their room temperature is displayed in
Fig. 9a. As the sensors were exposed to NH; gas,
their resistance values are reduced. The resistance
recovered to its initial value when the NH; gas was
exchanged with air. This resistance shift was noted
throughout all sensors. Table 3 displayed the esti-
mated response-recovery time for the various Zr
doping concentrations. The response-recovery time
reduces as the amount of Zr doping rises. In contrast
to other films, the 3 wt% Zr:ZnO film has a quick
response (48 s) and recovery (6 s) time. The sensi-
tivity activity of the manufactured sensors was
examined by exposing them to NHj vapors at dif-
ferent doping concentrations, as shown in Fig. 9b.
The observed sensitivity value for the various Zr
doping concentrations is displayed in Table 3. The
sensing response increases with Zr content and
achieves a maximum at 3 wt.% Zr content while
decreasing in 5 wt.% Zr-doped ZnO films. As com-
pared to pure ZnO film, the increased Zr content
exhibits a better response to NH; gases. As a result,

@ Springer

the sensor based on Zr:ZnO (3 wt.%) film demon-
strated improved sensitivity to NH; gas. A compar-
ison of the sensing performance of ZnO and various
metal-doped ZnO with other NH; sensors reported
in the literature is provided in Table 4.

3.7 Stability of the Zr:ZnO sensor

The collection of long-term stability of undoped and
rare-earth-doped ZnO sensors was stored in the
desiccator. The stability of the ZnO and Zr:ZnO films
were examined, and the results are shown in Fig. 10.
At a time interval of 15 days, one strip was removed
and then exposed to only a fixed concentration (25
ppm) of NHj gas in the test chamber. The sensitivity
of the sensor was estimated at room temperature.
This has been extended over 60 days. The pristine
Zn0O, and (1 wt.%, 5 wt.%) sensors showed limited
stability with low response during operation. The
Zr:ZnO (3 wt%) sensors showed excellent stability
with a response of more than 7000% drift during its
two months of operation. A good shelf-life and the
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Table 4 A comparison of the sensing performance of ZnO and various metal doped ZnO with other NH; sensors reported in literature

S. no. Material Method Operating Concentration Response Recovery References
temperature (°C) (ppm) time (s) time (s)

1 ZnO Nebulizer spray pyrolysis 400 100 120 10 [43]

2 ZnO:Ba Nebulizer spray pyrolysis 250 600 130 40 [44]

3 ZnO:Cr Nebulizer spray pyrolysis RT 200 67 13 [45]

4 Mg:ZnO SILAR RT 100 25 6 [46]

5 W:ZnO Perfume spray pyrolysis RT 100 293 13 [47]

6 ZnO:Pd Chemical precipitation 350 40 21 79 [48]

7 Zr:ZnO SILAR RT 25 48 6 Present work

ZnO-Zr(3%)
ZnO-Zr(1%)

S

Fig. 10 Stability towards various loading amounts of Zr:ZnO thin
films at 25 ppm concentrations

almost constant sensing efficiency of the sensor
indicate that the Zr:ZnO (3 wt.%) sensor qualifies at
room temperature as a reliable NH; gas sensor.

3.8 Gas sensing mechanism

Gas sensing pathways illustrate that gas can induce
changes in a sensor’s electrical properties. We assume
that the most commonly used gas sensing systems
can be classified into two types. One group includes
concepts such as Fermi level control theory and grain
boundary barrier control theory, which describe
improvements in electrical properties from a com-
paratively microscopic context. The other kind of
theory is relatively macroscopic, with a primary
emphasis on the interaction of materials and gases.

This type of theory includes the adsorption/desorp-
tion model, the bulk resistance control mechanism,
and the gas diffusion control mechanism. The gas
sensing mechanism of these chemical-resistance sen-
sors is directly related to the electron exchange cre-
ated by the oxidation-reduction reaction between the
material’s surface electrons and the target gas. The
gas adoption mechanism of the pristine ZnO and
Zr:ZnO (3 wt.%) gas sensor in the NHj gas atmo-
sphere at room temperature is displayed in Fig. 11. In
general, it can be described as follows: the develop-
ment of chemisorbed oxygen species (O, ) or atomic
(O, O*") on the sensor surface is caused by trapping
electrons in the conduction band and controlling their
movement which creates the electron depletion
region. Eventually, an increase in electrical resistance
was observed. The following equation helps to
describe this process [49]:

O2(gas) = O2(ads) )
Osaas) + € — Oiads) (10)
Ojaas) + € = 20y (11)
20,4 +€ — Oy (12)

When exposed to NHj, the NH; gas interacts with
the adsorbed oxygen ions, releasing the trapped
electron and resulting in a narrower space charge and
a reduced barrier potential. As a result, the resistance
in the gas sensor reduces. This phenomenon can be
discussed as follows [50]
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Fig. 11 Gas sensing mechanism of the ZnO and Zr:ZnO thin films gas sensor in the NH; gas atmosphere

ANH; + 33,49 — 2N3 + 6H0 + 6e~ (13)

The introduction of NHj; (reducing gas) near the
surface of the ZnO thin film triggers an electron
exchange between the NH; and the charged oxygen
ions (adsorbed), allowing the captivated electrons to
move to the conduction band. This approach reduces
the thickness of the depletion layer, due to its
reduction in the resistance of the sensor. The Zr:ZnO
(3 wt.%) network will increase the surface area of the
sensing film, creating the ability of gas molecules to
adsorption and desorption. Therefore, nanorod sur-
face and high electron carrier concentration can be
contributed to the significant increase in the NHj
sensitivity of the doped films.

@ Springer

4 Conclusions

In summary, ZnO and Zr-doped ZnO thin films were
successfully synthesized using the SILAR approach
with varying amounts from 1 to 5 wt.%. The syn-
thesized films are investigated by different charac-
terization techniques. The SEM pictures suggested
the conversion of flower-like morphology into
flower-like nanorod interconnected topology (3 wt.%)
upon the insertion of Zr in the ZnO. The XRD pattern
suggests that raising the Zr concentration causes the
peaks to expand, indicating a decrease in crystallite
size with doping. The optical transmittance is
increased in the visible region depending on the
increase of Zr concentration and the optical bandgap
values are ~ 3.0-3.25 eV for ZnO and Zr:ZnO (1-5
wt.%). The Zr:ZnO (3 wt.%) film sensor based on this
flower-like nanorod structure detects the NH; vapors
with a rapid response and high sensitivity at room
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temperature. So, the Zr:ZnO (3 wt.%) sensor has a
fast response-recovery time of 48 s and 6 s towards
the 25 ppm of NHj3 gas. The Zr:ZnO sensor demon-
strated excellent stability and repeatability when
exposed to ammonia gas for 60 days at a dose of 25
ppm. So, These findings established reliable and cost-
effective conductometric Zr:ZnO sensor has promis-
ing applications in the field of low concentration
ammonia gas detection.

Supplementary Information: The online version
contains supplementary material available at http
s://doi.org/10.1007 /s10854-021-07318-y.
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