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ARTICLE INFO ABSTRACT

Keywords: The pristine and various mole% (1, 3, 5, 7, and 9) Zn-doped In,O3 nanocrystalline materials have been suc-
Nanostructured In;O3 cessfully prepared via the facile sol-gel and screen-printing thick film methods. The crystalline and morphological
Zn doping information for the samples were investigated using various techniques such as XRD, FESEM, HR-TEM, EDAX
Is\lgechf;;nsor analysis, and AFM. All the fabricated sensor devices were employed to investigate sensing properties. The re-

sistivity and activation energy properties of all samples were investigated. The 7 % mole Zn doped In,O3 sensor
showed superior gas sensing properties and showed excellent selectivity towards NO2 gas than other doped and
pure InyO3 sensors. The sensors were tested at different operating temperatures for NO; gas. The highest response
of 117 was revealed for 100 ppm NO; gas at 50 °C temperature. The optimal sensor device was tested for
different NO2 gas concentrations (50-500 ppm) and long-term stability (90 days). The plausible sensing
mechanism was briefed. The Zn doped InyO3 materials could be a potential candidate for highly selective, low-
temperature commercial NO, sensor device production.

Low-temperature

1. Introduction cost. The widely used semiconductor oxides gas sensors such as SnOq,

ZnO, Iny03, and WOj3 are based on resistance change caused by the re-

Various environmental issues such as acid rain, photochemical smog,
ground-level ozone etc. are nothing but a result of nitrous oxide (NOy)
gas produced by thermal power plants, pulp mills, vehicles etc. NOy is a
corrosive and physiologically irritating gas; its long-term consumption
can cause respiratory tract infection and lung diseases. Therefore,
detection of this gas using high-performance sensors is of utmost
importance.

Various types of sensors have been developed for NO; gas sensing,
including electrochemical sensors, polymer sensors, surface acoustic
waves sensors, metal oxide semiconductor (MOS) sensors [1-4] etc. to
replace the heavy, expensive, and time-consuming analytical systems.
Among these sensors, Metal Oxide Semiconductors (MOS) are popular
due to their simplicity, small dimensions, good performance, and low
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action between sensing materials and tested gases via the adsorption and
desorption process. The gas-sensing performance mainly depends on
crystallite size, surface morphology, composition, and microstructure
[5,6].

Indium oxide (InpO3) is a very interesting semiconducting material
that serves as an insulator in bulk form and behaves as a semiconductor
with a direct optical band gap (3-4 €V) in its non-stoichiometric nano-
size form. The InyO3 shows high transparency in the visible light range
and is highly reflective in the IR light range. Novel applications can be
investigated by synthesis of semiconductor nanostructures which de-
pends on their structural properties like size and shape. It is reported
that In,O3 shows high sensitivity to oxidizing gases e.g. NOx [7], O3 [8],
as well as Hy. Yang et al. [9] prepared Zn-doped InyO3 nanocages and
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hollow spindle-like nanostructure (HSNs) by hydrothermal method, and
their results reveal that HSNs nanostructure exhibit higher and faster
response than nanocages due to small particle size. Zhao and his
co-workers [10] reported enhanced NO, gas sensing properties of In,O3
particles by doping them with Fe. Zhang et al. [11] studied Zn doped
Indium oxide nanowires as transistors. Hu and co-workers [12] prepared
Cu-doped hierarchical flowers like the InpO3 microsphere, and it shows
highly enhanced NO» sensing performance. All above synthesis methods
requires a high amount of energy [13] and cost and also able to produce
pollutants, so there is a need for improvement. The use of nano-
structured material has been preferred to produce highly sensitive gas
sensors. The gas sensors based on nanostructured material and manu-
factured by thick film (screen printing) technology offer desirable ad-
vantages such as low cost, simplicity, and process reproducibility [14].
The sensitivity of the In,O3 sensor can be enhanced by doping it with
various percentages of Zn.

In this paper, the unique nanostructured InyO3 sensor doped with
different Zn mole % was fabricated on alumina using sol-gel and screen-
printing techniques for highly selective and low-temperature NOy gas
sensing applications with improved sensitivity. The prepared sensing
materials were characterized using HR-TEM, FESEM, XRD, AFM, EDAX,
etc. Detailed structural, morphological, and resistivity analyses were
carried out. The activation energy for all doped sensors was investi-
gated. All the sensors were tested for optimal operating temperature
using NO, gas. The transient sensitivity and selectivity were studied for
100 ppm target gas. The effect of increasing NO; gas concentration and
long-term stability were tested for 7 mole% Zn doped In;O3 sensor. The
optimal NOy sensing performance was compared with reported data.
The NO; gas sensing mechanism was presented for undoped and doped
Iny03 sensors.

2. Experimental
2.1. Material synthesis

All purchased chemicals for the experiment were of analytical grade.
Indium (III) Nitrate hydrate (In (NO3)3.H20, 99.9% purity Sigma
Aldrich) was utilized as starting material, and Zinc nitrate hexahydrate
(Zn(NO3), 6H20 with purity 99 %, Merck) used as a dopant. The
detailed synthesis process for pure Iny,Os has been described in our
previous publication [15]. In a typical Inp,O3 synthesis, 0.4 M Indium
nitrate solution was prepared using 60 mL of DI water. After obtaining a
clear solution, 0.4 M ammonia solution was added to the
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Fig. 1. XRD patterns of undoped and various mole% Zn doped In;Oj3 thick films
on alumina substrate.
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above-prepared solution till 9 pH dropwise with constant stirring. The
precipitate was observed, and stirring continued for 30 min. The pre-
cipitate was washed and separated using centrifuge machines and sol-
vents (DI water and methanol). The product was dried and annealed at
400 °C for 1 h.

The above synthesis process was adopted to prepare Zn doped In,O3
samples too. The appropriate molar concentration of Zinc nitrate
hexahydrate ((Zn(NO3)2-6H20, with purity 99 %, Merck) was added to
the indium nitrate aqueous solution, and the rest of the process kept the
same. A different zinc molar percentage prepared samples named as 1 %,
3 %, 5 %, 7 %, and 9 % of Zn in InyO3. These powder samples were
utilized to fabricate thick films gas sensor devices.

2.2. Fabrication of sensor

Thick films were fabricated using calcined powder by the screen-
printing method. The paste (active sensor material) used for screen
printing consists of two parts (i) solid phase and (ii) liquid phase. A ratio
of 7:3 was taken for the solid and liquid phases, respectively. The solid
phase is of active sensor material (powder and glass frit), whereas the
liquid phase is of the organic vehicle, which is temporary binders.
Calcined indium oxide powder was used as active materials along with 5
% (by weight) of locally prepared glass frit based on silicon composition
(74, 13, 10.5, 1.3, 0.3, 0.2, 0.2 % = SiO,, Nay0, CaO, Al,03, K20, SO3,
MgO). Ethylcellulose (EC, Aldrich) and Butyl Carbitol Acetate (BCA,
Aldrich) were used as temporary binders. These binders are known to
give thixotropic property to the paste. The paste for the thick film
printing was prepared by finely grinding the calcined powder in agate-
mortar and pestle. Then EC was added and well mixed with powder.
Then BCA was added drop by drop and mixed well until the required
viscosity was achieved [16], suitable for screen printing. The viscosity of
the paste was controlled in a way that it passes easily through the screen
and does smear on the substrate. The paste was then screen-printed
(nylon mesh) onto alumina substrate (96 % pure, Kyocera). After
screen printing, films dried using IR-lamp for 30 min to remove the
organic vehicle, and then samples were fired at the optimized temper-
ature (700 °C). The prepared thick film samples were investigated for
gas sensing properties.

2.3. Structural and morphological characteristics

Information about the crystallinity and crystal phases of calcined
powder and fired films were via X-ray diffraction (XRD, Bruker D8)
technique with Cu ka radiation (. = 1.542 A%) for Bragg angles ranging
from 20 to 80°. The morphology and chemical composition were
examined by Field emission scanning electron microscope (FESEM
model No-Zeiss Ultra 55 FESEM with oxford EDAX system). The surface
topography, surface area, and surface roughness properties of undoped
and Zn doped InyO3 films were studied with the help of atomic force
microscopy (Asylum MFP 3D manufactured by Oxford Instruments Inc).
The AFM analysis was carried out with non-contact mode in the ambient
atmospheric condition and at room temperature. Scans area 1 pm x 1
pm was maintained. The surface area was measured using Gwyddion
software.

2.4. Sensor characterization

The gas sensing characteristics (ppm level) were measured using a
simple in-built static measuring system [17] under ambient atmospheric
conditions, and the sensors were investigated for 100 ppm NO; gas
concentrations. Gas sensing properties were studied as a function of
different operating temperatures. To estimate the highest sensitivity, the
sensor’s operating temperature was raised from 50 to 300 9C in ambient
and test gas (air and test gas mixture), by measuring the sensor’s resis-
tance as a function of temperature simultaneously. A change in sensor’s
resistance was recorded at different operating temperatures and the
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Fig. 2. FESEM images of (a) undoped, (b)1 mole%, (c) 3 mole%, (d) 5 mole %, (e) 7 mol%, (f) 9 mole%, Zn doped In,O3 thick films, (g) EDAX of 7 mole% doped

In,03 thick films (Inset shows elemental composition percentage).

relative difference in the resistance was taken as a measure of the gas
sensing properties. The sensor’s optimal temperature can be defined as
the temperature at which the maximum change in the sensor’s resistance
is noted during the target gas exposure. In general, the optimal tem-
perature can be varied depending on target gas. The sensitivity (S) of the
sensor was defined as

Rg
S == 1

where R, and R are resistance values in air ambient and target gas plus
air ambient, respectively, at the same operating temperature.

3. Results and discussion
3.1. Structural and morphological analysis

Fig. 1 shows the XRD pattern of undoped and Zn doped In,O3 thick
film samples with different Zn concentrations (1, 3, 5, 7, and 9 mole %).
All the samples exhibit a strong diffraction peak along (222) preferred
orientation with additional low-intensity XRD peaks associated to (211),
(400), (411), (431), (440), (620), and (622) planes, These XRD peaks
were well matched with standard JCPDS card No.06-0416 confirming
formation of cubic InoO3 compound. When Zn content increases, the
lattice constant was found to decrease. The intensity of (222) peak in-
creases with Zn doping. The high intensity in diffraction peaks in the
XRD pattern suggests that samples are of high crystallinity.

The lattice constant of undoped and Zn doped InyO3 was calculated

to know the influence of doped Zn ions. From XRD, the spacing between

planes ‘d’ is related to lattice constant ‘a’ for cubic structure and miller

indices by the following equation.

a= ﬁl 2
sinf

No additional peaks due to Zn was observed, whereas some observed
peaks are due to alumina substrate [18].

It is evident from the lattice parameter calculation that there is a
decrease in particle size with increasing Zn doping until 7 % and then
suddenly increase to ~17.36 nm at 9 % doping. This indicates that
during synthesis, Zn atoms are trying to replace Indium atoms in the
lattice, which creates stress in the material. This is a clear indication that
a mixed-phase has been synthesized with increasing Zn-doping, which
could be detected in XRD observations. It is reported that about 6 %
weight loss is observed in the case of pure In,Os3 in the range above 250
to 800 °C, indicating that calcination is needed to stabilize the powder
after synthesis. It can be seen from the XRD spectra that with increasing
Zn-doping, a shift in peak positions was noticed. We believe that there
could be two reasons for such a shift. Since the doping was done at a
percentage level than the atomic level, a proper replacement with a
lattice item might not have taken place and hence created strain in the
material. This strain could be due to ionic radius of substituent ion Zn?*
(0.074 nm) which is smaller than the host ion In®" (0.081 nm). The
lattice distortion is due to various defects might lead to the XRD peak
position shift that depends on the strain type i.e. tensile or compressive
strain, the peak position shift respectively towards higher or lower
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Fig. 3. a) — ¢) HR-TEM images, d) SAED pattern of In,O3 particles, and €) - g)
HR-TEM images, h) SAED pattern of 7 mole% In;O3 particles.

angle. The other reason could be the mixed phase of the synthesized
material at a higher doping percentage. It may happen that 7 % or 9 %
sample may have phase separation, just like spinodal decomposition,
where the maximum metastable solid solution decomposes into two
phases. One of them may be a solid solution with a smaller concentra-
tion, so the peak may be shifted to a higher angle.

Fig. 2 (a) shows FESEM image of the undoped thick film, whereas
Fig. 2(b), (), (d), (e), and (f) depict FESEM images of 1, 3, 5, 7, and 9
mole% Zn doped Iny0s3 thick films, respectively. The composition of the
thick film was analysed using EDAX data. The EDAX for 7 mole% Zn
doped Iny03 thick films is shown in Fig. 2 (g), and the inset shows their
elemental composition percentage. The EDAX for other Zn doped InyO3
thick films is shown in Fig. S1. The atomic percentages of all thick films
samples are summarized in Table S1. It was observed from EDAX anal-
ysis that undoped InyO3 shows the presence of ‘In’ and ‘O’. Whereas,
various mole% Zn doped Inp,O3 samples show an increasing amount of
Zn along with ‘In’ and ‘O’ elements.

Fig. 3 depicts the HR-TEM image and selected area electron
diffraction (SAED) of calcined InpO3 nanocrystalline powder. The par-
ticles observed in HR-TEM image were irregular in shape, as represented
in Fig. 3 (a) - (¢). Fig. 3 (b) depicts HR-TEM image of In,O3 nanoparticles
having perfectly crystalline particles in the form of a single crystal,
exhibiting the lattice planes. The particle size was observed, which

Ceramics International xxx (XXxX) XXX

varied from 17 to 23 nm. The corresponding selected area diffraction
pattern (SAED) of the InpO3 sample shows a spotty ring pattern without
any additional diffraction spots and rings, revealing their crystalline
cubic structure along (222) plane. The measured interplanar spacing d
(hkl) from the selected area electron diffraction pattern (Fig. 3 (d)) ex-
hibits (211), (222), (400), (411), (332), (431), and (440) planes that
confirm cubic phase of InpO3 which is in good agreement with x-ray
diffraction pattern (JCPDS card number 06-0416). The particles were
mainly spherical and agglomerated.

In the case of 7 mole% Zn doped InyOs nanocrystalline powder
particle size decreases so that HRTEM images of the sample have been
studied. Fig. 3(e) depicts HR-TEM image of 7 mole% Zn doped In;O3
nanoparticles confirming crystalline nature and shows lattice planes
with an interplanar distance 0.294 A as shown in Fig. 3(f). This corre-
sponds to (222) plane. HRTEM image, as shown in Fig. 3(e), depicts neck
formation. Fig. 3(g) depicts the TEM image of calcinated 7 mole% Zn
doped Iny03 nanocrystalline powder particles, and Fig. 3(h) represents
the SAED pattern. The SAED pattern shows spotty rings, which reveal
polycrystalline structure.

3D AFM images of undoped and various mole% (1, 3, 5, 7, and 9 %)
Zn doped In,03 thick films are shown in Fig. 4. The Surface topography,
growth, and surface roughness properties of the film were studied with
the help of atomic force microscopy. The AFM analysis was performed
(with non-contact mode) at ambient atmosphere over 1 x 1 pm scan
area, with resolution 512 x 512 pixels. In,O3 showed rectangular and
triangular grain growth on alumina substrate with rms surface rough-
ness ~41.3 nm per micron. High roughness is due to the screen-printing
technique. Table 1 shows lattice constant, particle size measured using
AFM, and Surface area measured using Gwyddion software of undoped
and Zn doped InyOs3.

3.2. Electrical characterization of Zn doped InyOg3 thick films

The electrical properties of In,Oj3 thick films were influenced mainly
by the doping concentration of Zn. Doping upgrades the crystallinity of
the film. The resistivity increases due to the generation of holes as some
of In®" in the lattice may be substituted by Zn?>" within the crystal lat-
tice, the n-type conductive mechanism up to 3 mole%. The electrical
resistivity of the film increases with an increase in Zn content up to 3
mole%. Similar results were obtained by Jothibas et al. [19] for Zn
doped Iny03 thin films by spray pyrolysis technique. The replacement
would distort the InyO3 lattice. This kind of lattice distortion would
result in increased stress. A further increase of Zn content decrease re-
sistivity value up to 7 mole%, and it again increases for Zn concentration
9 mole%. When Zn?* substitute for In*, oxygen vacancies would be
additionally generated in the In,Og3 structure due to charge difference.
The number of oxygen defects would create structural instability. Hence,
if Zn content further increases, different structural defects like the
interstitial solid solution of Zn could be developed in order to maintain
the structure of the crystal lattice. An increase in resistivity at high
doping concentration was reported by Franke et al. [20] for Sn doped
Iny03.

3.2.1. Resistivity

Fig. 5(a) depicts the resistivity of Zn doped InyO3 as a function of Zn
doping concentration. The magnitude of electrical resistivity observed
for Zn doped Iny,O3 samples was found to be larger as compared with
undoped Inp03 samples. The undoped InyO3 has one type of defect in
particles, but the doped films have additional defects due to Zn doping in
Inp03. The modification causes the formation of heterogeneous inter
grain boundaries of Zn-InpOs The increased barrier height of the
intergranular region of doped InyO3 may be responsible for the
increasing resistivity of films [21,22]. The presence of Zn in In,O3 affects
grain growth and decreases carrier mobility due to carrier scattering at
the grain boundaries [22]. This may lead to an increase in resistivity
[23] of doped films. The resistance variation of Zn doped In2O3 thick
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Fig. 4. AFM images of (a) undoped, (b)1 mole% Zn, (c) 3 mole% Zn, (d) 5 mole% Zn, (e) 7 mole% Zn (f) 9 mole% Zn doped In,O3 thick films on alumina substrate.
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Fig. 5. a) Resistivity of the In,O3 thick films as a functi mole% doping, and
Arrhenius plots for (b) 1 mole% (c) 3 mole% (d) 5 mole % (e) 7 mole% (f) 9
mole%, Zn doped In,03 thick films.
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Table 2
Variation of resistivity, activation energy, and TCR of Zn doped In,0j5 thick films
with firing temperature.

Mole% Zn TCR/’K at constant Resistivity Activation Energy(eV)
Doping Temp. Q-m LT T
Region Region

1% Zn 0.00498 8.045E03 0.03019 0.60038
3% Zn 0.00270 9.52E04 0.09468 0.96484
5% Zn 0.00199 26.88E03 0.02935 0.71441
7 % Zn 0.00278 31.02E02 0.02446 0.73038
9 % Zn 0.00133 34.76E03 0.01736 0.98160

due to the charge carrier mobility, which depends on dislocation/defect
concentrations. In high-temperature regions, activation energy is higher
than in low-temperature regions. At higher temperatures, thermal
fluctuations cause defects in crystal lattices. In this region, electrical
conductivity is determined by intrinsic defects [24]. The activation en-
ergies are higher because of intrinsic defects. The variation of resistivity,
activation energy, and temperature coefficient of resistance (TCR) of Zn
doped InyO3 thick films with firing temperature is summarized in
Table 2.

3.3. Sensor characterization

The gas sensing response is greatly influenced by the operating
temperature because the adsorption and desorption process between
tested gases and atmospheric oxygen O, for active surface sites are all
regulated by temperature [25]. Therefore, responses to 100 ppm NO5 for
sensor-based on pure and 1, 3, 5, 7, 9, mole% Zn-doped thick films

a) ~—#— undoped
1204 0
1% Zn
b 300 I
1004 e 5% L1
> —t— 7% Zn
- =—p=—9% Zn
'; 804
O]
N
‘7
= 604
%)
wn
40+
204
0 T T T T
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Operating Temperature (GC)
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sensors were tested at a different operating temperature. The gas sensing
responses of pure InpO3 and mole% Zn doped In;03 sensors to the NO,
gas at different operating temperatures were studied. Fig. 6(a) depicts a
graph of variations in the sensitivity factor of all the sensors at different
operating temperatures for 100 ppm NO, gas. The sensitivity factor in-
creases with operating temperature and reaches the maximum value at
100 °C. This temperature is known as optimal temperature. It was
observed that pure Inp,O3 sensors showed the highest sensitivity toward
test gas at 100 °C. It can be observed from Fig. 6(a) that the sensitivities
of all thick films varied dramatically with operating temperatures. As
temperature increases, the activity of gas molecules and sensing mate-
rial increases. The gas response was improved due to the use of Zn
dopants. The thick films based on 7 mole% Zn doped In,O3 sensor
exhibited the highest response at the lowest operating temperature viz
50 °C. The metal doping into semiconducting metal oxide gas sensor
material often reveals the lower operating temperatures and higher
response than pristine sensor. The high temperature would cause low
diffusion length and which is responsible for the decreased response of
the sensor [26].

The operating temperature of 7 mole% Zn-doped In,O3 sensor is low
(50 °C) means low power consumption with high sensitivity and selec-
tivity, which would be an excellent NO, sensor for practical applica-
tions. The study of the dynamic sensitivity of the sensor is quite
important in order to use devices commercially. The transient (dynamic)
sensitivity study for undoped and 7 mole% Zn doped In,O3 sensor was
studied at 50 °C and represented in Fig. 6(b). The sensitivity of the
sensors was increased as the target 100 ppm NO, gas was injected into
the testing chamber, whereas sensitivity started falling down as the
target gas was taken out. The rate of increase in response during target

Gas out 7 mole % Zn doped In,O,

ivity
g

Sensit

404

400

200 300
Time (s)

0 100 500

Fig. 6. (a) Sensitivity versus operating temperature for undoped and various mole% Zn doped In;O3 sensors for 100 ppm NO, gas. (b) Transient sensitivity for

undoped and 7 mole% Zn doped In,O3 sensors for 100 ppm NO, gas at 50 °C.
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Fig. 7. (a) Selectivity study for undoped and 7 mole% Zn doped In,O3 sensors at 50 °C. (b) Sensitivity as a function of increasing NO, gas concentration at optimum

temperature 50 °C.
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Fig. 8. Schematic mechanism of NO, gas sensing for (a) In;O3, (b) Zn-In,O3 sensors, (c) Stability study of 7 mole% Zn doped In,O3 sensor 100 ppm NO; gas at

optimum temperature 50 °C.

gas exposure to sensor surface depends on several parameters such as
diffusion coefficient of target gas in the carrier gas and air inside the
testing chamber, adsorption properties of the sensor surface, speed of
chemical catalytic sensing reaction, amount of target gas present in
testing chamber etc. The doped sensor device revealed higher sensitivity
than the undoped sample during transient gas sensing study.

The selectivity is also an essential parameter of gas sensors for
practical applications. The selectivity of the sensor material towards
particular gas depends on various parameters such as the chemical
properties, crystal orientation, morphology, operating temperature,
type of target gas etc. The selectivities of undoped and 7 mole% Zn-
doped InpO3 sensors were evaluated by exposing sensors to different
target gases at the optimal temperature of 50 °C for 100 ppm target gas.
Fig. 7(a) shows the cross-sensitive response of the sensors to various
gases, including HjS, CoHsOH, and NHs.

Both the sensors showed maximum response towards NO; gas (high
selectivity) compared to other target gases at 50 °C. Whereas 7 mole%
Zn-doped Iny03 sensor showed higher sensitivity (117) than undoped
(14) sensor, thereby confirming higher selectivity. The optimal sensor
viz 7 mole% Zn-doped InyOs3 sensor showed higher sensitivity and
selectivity at relatively low temperature. Hence, the only optimal sensor
tested for further studies. Fig. 7(b) reveals the relationship between the
sensitivity of 7 mole% Zn doped InpOs sensor at increasing NO, con-
centrations (50-500 ppm) at an optimum temperature 50 °C. The sensor
response was increased with an increase in NO, concentrations range.
The increased sensitivity at higher concentrations is due to the number
of target gas molecules adsorbed at sensor surface and chemically
reacted, giving maximum change in sensor’s resistance. The sensitivity
of 72 and 278 were noted for 50 and 500 ppm NO5, gas concentrations at
50 °C.

The NO, gas sensing mechanism can be described in two ways by

following equation (3) to equation (5). In one mechanism, the NO, gas
molecules adsorb at the sensor’s surface directly, and it extracts elec-
trons from the sensor surface (conduction band) [Eq. (3)], whereas, in
the second mechanism, NO; gas molecules interact with the chem-
isorbed oxygen ions [Eq. (4) and Eq. (5)] [27].

NOZ(gas) +e - NOZ_(ads) 3
NO2(gas) + Oxads) + 2 €~ = NO2aasy+ 2 O™ (ads) 4)
NO2(gas) +O™ (ads) = NOhas) + 2 O™ (aas) 5)

When Zn ions are doped into InyO3 crystals, some In>* cations can be
substituted by Zn?*, and this substitution will be compensated by the
generation of either holes or indium interstitials defects. The generated
holes will recombine with electrons, which are the majority charge
carriers in In,O3, Due to this, electron concentrations in the conduction
band of InyO3 sensing material will be decreased, which causes an in-
crease in resistance. equations (3)-(5) show that electrons are consumed
in reactions that cause increased resistance of film during the NO5
exposure. The schematics of the NO; sensing mechanism for undoped
and Zn doped InyO3 sensors are shown in Fig. 8(a) and (b), respectively.
The increase in the sensor’s resistance (Rg2) rate is higher for the doped
sensor than for the undoped sensor (Rg1). It was observed that sensitivity
increases or decreases due to the adsorption and desorption phenome-
non observed in gases [28]. The highest sensitivity factor is due to the
smallest grain size within the film, as seen in FESEM of 7 mole% Zn
doped Iny0s.

The stability of the sensor element was measured for 100 ppm con-
centrations of NO, by repeating the test for up to three months from the
first measurement at 50 °C. The results are shown in Fig. 8 (c). There is
very little variation in sensitivity along with error bar was noted during
stability test, indicating the excellent stability of the sensor. There are
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Table 3
A comparison between the NO; sensing characteristics of the present sensors and
those reported in the literature.

Material NO, Conc. Optimal Temp. Sensitivity ~ References
(ppm) (OC) /Response
In,03 0.7 250 10 [29]
Iny03 5 200 70 [30]
nanoribbon
In,03 1 250 2.57 [31]
nanowires
In,03:Sn0y 250 250 7.5 [32]
In,03:Gd,03 100 195 79 [33]
In,03 5 250 1.5 [34]
microsphere
Iny05: MoOs, 1 250 23 [35]
In,03: Au 10 350 14.26 [36]
In,03 100 100 84 Present
work
Zn: In,03 100 50 116.8 Present
work

reports available on different sensor materials for NOy gas sensing
application. A comparison between the sensing performance of 7 mole%
Zn doped Iny03 sensor and reported in the literature was carried out and
summarized in Table 3. As observed from the table, the sensor presented
in the current work exhibits better sensing performance at low operating
temperatures than reported in the literature [29-36].

The 7 mole% Zn doped InpOj3 exhibit excellent response at low
operating temperature (50 °C), which means low power consumption
and good selectivity shed light on a new promising candidate for at-
mospheric pollution monitoring and practical applications.

4. Conclusions

The nanocrystalline pure In,O3 and Zn-doped (1, 3, 5, 7, and 9 %)
Iny03 powders were synthesized using the facile sol-gel route and were
fabricated on alumina substrate using a standard screen-printing tech-
nique. The HR-TEM and FESEM demonstrated the small particle size
observed for 7 mole% Zn-doped InyOs thick films. Detail structural,
resisitivity, and activation energy studies were carried out systemati-
cally. Effects of Zn doping on structural and gas sensing properties of
Iny03 sensor were studied. The 7 mole% Zn-doped InyOs thick films
show the highest sensitivity of 117 and selectivity towards 100 ppm NO,
gas at a low temperature of 50 °C than other doped and pure InyO3
sensors. The plausible NO, sensing mechanisms were proposed. The
performance of the present optimal sensor was observed to be highest
among reported sensor’s data. Such a sensor would require less power
consumption due to low operating temperature. The long-term stability
and dynamic sensitivity of the present Zn doped nanostructured In,O3
sensor could be a potential candidate for commercial NO, gas sensor
devices for environmental monitoring applications.
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