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INTRODUCTION

Mostly gas sensors are fabricated from the metal oxide
semiconductor (MOS) materials because of its electrical cond-
uctivity varies with various gas exposer and also has good
sensing capacity, high reliability and good heat resistance [1].
This all characteristics are used to identify air pollutant gases
like NO,, NH3, CO and gases that cause of global warming
and among other things [2-4]. The changing resistivity is the
basic phenomena of this metal oxide sensors, it is because of
the intercommunication between sensor surface and injected
gases finally the response decides whether it is highly sensitive
or not. This technique is applied extensively in environmental
monitoring system to deduct various dangerous and combus-
tible gases and also in medical diagnosis apparatus, gas leakage
indicators and food manufacturing. From last 10 years, interest
of producing low-cost SnO, thin films are significantly incre-
ased. This is due to the attractive from scientific and techno-
logical curiosity in SnO, thin films with wide band gap n-type
semi-conductors [5,6].

Tin oxide (SnO,) thin films are fabricated from many
techniques like sputtering [7], chemical vapour deposition [8],
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ion-beam assisted deposition [9], spray pyrolysis [10] and sol-
gel techniques [11] are a few of them. Among these methods,
spray pyrolysis has proven to be easy to use, repeatable, afford-
able and appropriate for applications involving a vast area. In
addition to the straightforward experimental setup, their rapid
growth rate and capacity for mass manufacturing of vast area
coatings make them useful for industrial and many more appli-
cations. Additionally, spray pyrolysis makes it possible to
regulate film shape and grain size in nanometer range [12].
Until date, nebulizer spray pyrolysis has been used by
several researchers to create SnO,. Considering the development
of thin layers of SnO, [13], itis possible to manipulate the grain
size in the film throughout a nanoscale range by adjusting the
physical properties of the films like morphology, thickness and
changing the deposition parameters like coating time, distance,
hot plate temperature and annealing temperature [14]. SnO,
pellets that have been partially sintered respond similarly [15,
16]. These marked the start of a quick phase of gas sensor devel-
opment. Furthermore, a number of recent studies on the sensor
characteristics of pure SnO; films near CO, NH3, NO,, H,S and
butane [17-21] seem to go toward the generally held opinion
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that a high response can be expected, with the response being F
influenced by factors such as a porous surface and small grain 550 0.3 M Porous SnO,/Sn0,
size. The importance of fine grains and holes for the promised 440 I
high sensitivity and fast response became evident in this way. L
In this study, using an automated nebulizer spray pyrolysis 330
method, porous SnO,/SnO; thin films are prepared with porogen 920 i
and their gas sensing properties are investigated.

EXPERIMENTAL

Tin chloride (SnCl,-2H,0) was used to fabricate tin oxide
films. A solvent solution of ethanol and double distilled water
were mixed in the proportion ratio of 3:1. To achieve a desired
precursor solution, exactly calculated amount of tin chloride
was mixed with the solvent solution. Concentration of tin
chloride was maintained as 0.3 M for pure SnO,, while 0.1 M,
0.2 M and 0.3 M for porous SnO,/SnO; thin films. The solution
was then stirred in a magnetic stirrer until a clear precursor
solution obtained. The glass substrate was placed on a hot
platform preheated to 450 °C and the precursor solution was
sprayed onto it. The carrier gas pressure was kept constant at
0.5 bar. The spray nozzle was positioned at a 10 cm distance
from the substrate. Throughout the experiment, the spray rate
was kept constant at 0.1 mL/min, while the coating volume
for pure SnO, was kept at 5 mL. To coat an additional porous
tin oxide layer on pure tin oxide coated surface, tin chloride
(SnCl»-2H,0) and polyethylene glycol (PEG) were dissolved
in 3:1 ratio distilled water and ethanol. PEG was added as a
porogen [22,23] and the mixture was stirred well. After
achieving the clear solution, it is transfer into the container
and sprayed on pure SnO;, layer and the coating volume is 1
mL for porous SnO, layers. After deposition, films were
allowed to cool at an ambient temperature [24-26].

RESULTS AND DISCUSSION

X-ray diffraction studies: Structural properties of the films
were studied using XRD pattern (Fig. 1). The obtained peaks
were compared with JCPDS cards and all the peaks were well
matched at an angle 20 = 26.6°, 33.89° and 51.78°. The poly-
crystalline tetragonal rutile-type SnO, phase occurs in all the
cases and the peak positions of all the films correlate well with
JCPDS card no. 41-1445. It should be observed that the posi-
tion of the SnO, peaks were unchanged but the intensity is
decreased due to the presence of porous surface layer. Porous
SnO,/SnO; film prepared from 0.2 M concentration exhibits
the highest intensity than other porous bilayer films.

The grain size was found to be in the range of several nano-
meters the calculated grain size is shown in Table-1, the FWHM

1000 0.2 M Porous Sn0,/Sn0O,

800
600

400 -

700 [~
L 0.1 M Porous SnO,/Sn0O,

Intensity (a.u.)

560
420

280

1820
1560

1300

1040 k ! 1 ] ! 1 ] !
20 25 30 35 40 45 50 55 60

26 ()
Fig. 1. XRD pattern for pure SnO, and porous SnO,/SnO, thin films at
different concentrations

of the diffracted peak was used to determine strain and grain
size. Eqns. 1 and 2 were used to obtain the average grain size
(D) and lattice constants [27]:

_ kA

BcosO M
1 h+k* P
T a E @

where A = X-ray wavelength, 6 = Bragg’s diffracted angle, B
= full width at half maximum (FWHM) and d = inter-planar
spacing. Based on this equation, the grain size is in the range
of nanometers.

The lattice strain (¢) and dislocation density (&) of the
SnO; and porous SnO, bilayer thin films can be obtained from
eqn. 3 and 4 [28,29]. Table-1 depicts the values of the calculated
microstructural parameters, it shows a randomly varied grain
size, dislocation density and strain for pure SnO, films and
different concentrated porous SnO,/SnO; films. In order to

TABLE-1
CALCULATED STRUCTURAL PARAMETERS OF PURE SnO, AND POROUS SnO,/SnO, THIN FILMS

Sample Lattice constant (A) Film thickness 0 ooy Dislocation density Micro strain
a c (um) (x 10%) lines (m™) (x 107)
SnO, 47031 3.1733 119.50 56.66 0312 2021
0.1 M Porous Sn0,/SnO, 45931 3.1341 212.92 32.72 0.934 3571
0.2 M Porous Sn0,/SnO, 46184 3.1393 213.22 3372 0.879 3222
0.3 M Porous Sn0,/SnO, 4.5573 3.1327 213 3437 0.846 31.06
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improve sensing performance, increasing tin chloride content
in the porous layer increases the number of defects [30].
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8_4tan(9 3)
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The obtained grain size D was in the range of 56.66 nm
for pure SnO, and 32.72 nm, 33.72 nm and 34.37 nm for porous
Sn0,/SnO;, films at different concentration of 0.1, 0.2 and 0.3
M, respectively. Due to the pores formation, in porous SnO,/
SnO; film a grains become very smaller than pure SnO; film.
The c/aratio for pure SnO, and porous SnO,/SnO, films which
was found to be decreased. Comparing to other porous SnO,
bilayer, porous SnO,/SnO; film prepared with 0.2 M concen-
tration exhibits the higher lattice constant and shows that the
lattice in axis-a has expanded. This expanded lattice constant
and increase in lattice defect may improve gas sensing perfor-
mance [30].

Elemental analysis: EDAX spectrum were used to examine
the elemental analysis of the prepared films (Fig. 2). The weight
% for the EDAX are provided in the table inset of Fig. 2. Tin,
oxide and silicon were present in both SnO, films and porous
SnO,/SnO:; films. The Sn and O content increases with weight
percentage in porous SnO,/SnO; films due to the additional
porous SnO; layer coated on pure SnO, film.

Morphological studies: Pure SnO, and porous SnO,/SnO-
thin films (Fig. 3) depicts the surface microstructure of the
prepared SnO, based bilayer thin film as studied by FESEM.
The result shows that the flower like structure appeared in
pure SnO; film (Fig. 3a) and the formation of porous surface
in SnO; layer was confirmed (Fig. 3b-d). On the whole surface
of porous SnO,/SnO, films exhibits very small nanoporous
structures. Besides, the arrangement and size of the pores appears
to be uneven. It has been observed that porous SnO»/SnO: films
have small, spherical, spongy clusters made up of a large number
of randomly arranged nanoparticles. There is observable differ-
ence occurred between pure SnO, and porous SnO,/SnO; films.
By direct measurement from FESEM image of porous layer,
the porous diameter is measured. The average pores size is
192.61 nm, 239.71 nm and 151.21 nm belong to different
concentration of 0.1, 0.2 and 0.3 M, respectively. From Table-1,
the grain size of porous SnO, layer was found to be increases

Sno,
Weight (%)

Element

Si 10.98
60.27
28.75

0 2 4 6 8 10 12 14 16 18 20

keV

with increasing the concen-tration of precursor. It can be expl-
ained by Ostwald ripening [31,32]. And also, at higher concen-
tration (0.3 M) it seems to have more combined SnO, particle
to cover the pores [32,33]. So the porous diameter is decreased,
which is due to the increase of grain size in porous SnO; layer.
At lower concentrations (0.1 M and 0.2 M), nanoparticle size
and porous size are in good argument.

Optical characterization

UV-vis studies: The UV-vis spectrum between 200 to 800
nm were used to investigate the optical characteristics of the
fabricated films. The optical absorption spectra of the deposited
films are shown in Fig. 4. According to the obtained spectrum,
absorbance was increased with increasing wavelength above
250 nm. The wavelength with the maximum absorption was
318 nm for pure SnOand 304 nm for porous SnO,/SnO; thin
film.

Using the correlation between absorbance and photon energy,
the optical band gap (E,) was calculated [28]. The optical absor-
ption coefficient o at the absorption edge for direct allowed
transitions is given by eqn. 5:

(chv)’ = A (hv — E,) )

where A = absorption constant for a direct transition, h = Planck’s
constant, v = photon frequency and E, = optical band gap.
The band gap for a direct allowed transition can be
estimated by plotting (othv)?vs. hv (Fig. 5). The obtained band
gap value of deposited films are 3.44 eV for pure SnO, and
3.70 eV, 3.58 eV and 3.75 eV for porous SnO,/Sn0O, films
with 0.1, 0.2 and 0.3 M, respectively. The band gap value found
to be higher for porous SnO,/SnO; films than pure SnO, film,
itis due to the decrease in particle size and increase in the film
thickness by adding an additional layer of porous SnO, on
pure SnO: thin film. In Fig. 5b, porous SnO,/SnO: film deposited
using 0.2 M concentration exhibits lower band gap value than
other concentration of porous SnO,/SnO; films, it may be due
to an increases of grain size, lattice constant and porous diameter.
Photoluminescence studies: Photoluminescence (PL)
spectra of pure SnO, and porous SnO,/SnO, films at emission
wavelength over 300 nm are shown in Fig. 6. The highest
emission intensity peak were observed at 392 nm for pure SnO,
film and 381 nm for porous SnO,/SnO; films. With the addition
of porogen, the peak emission intensity were decreased and
there was a significant shift towards a lower wavelength at

Porous SnO,/Sn0O,
Weight (%)

Element

Si 3.88
Sn 60.62
O 35.50

2 4 6 8 10 12 14 16 18 20
keV

Fig. 2. EDAX spectra of (a) Pure SnO,, and (b) Porous SnO,/SnO; thin films
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Fig. 3. Surface morphology of (a) SnO,, (b) 0.1 M, (c) 0.2 M and (d) 0.3 M of porous SnO,/SnO, thin films
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Fig. 4. UV-visible spectroscopy of (a) SnO; film, (b) porous SnO,/SnO; thin films at different concentrations
porous SnO, bilayer films. Pores that produce lattice defects, direction with small resistance value for pure SnO, film and
were a major reason to this shift [34,35]. large resistance value for porous SnO, bilayer films. This may
Electrical measurements: The ohmic contact of the prep- be for the reason of microstructure played a main role as comp-

ared films were measured by current-voltage characteristics aring to porous SnO»/SnO; films, pure SnO, film allowed electrons
(I-V). Since the Schottky barrier formation is minimal, the overcome the barrier with low resistivity, due to its plain and
outcome as shown in Fig. 7 is a linear correlation of the polarized smooth surface. So that, IV characteristics of pure SnO, plot
voltage. The films conduct current in both negative and positive shows small resistance curve than porous SnO,/SnO, film.
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Fig. 5. Plot of (cthv)? vs. photon energy (hv) for (a) pure SnO, film and (b) porous SnO/SnO; thin films at different concentrations

800 — Generally, the conductivity of the sample is expected to reduce
7004 392 nm Porous SanSnOz with the presence of pores and this depends on the proportion
— oam of porosity [36,37].

600- —02M Gas sensing measurements: The dynamic gas sensing

——0.3M arrangement was used to test the gas sensing properties of

SnO; and porous SnO,/SnO; thin films by using different types
of reducing and oxidizing gases at various working temperat-
ures and gas concentrations. The response of the sample towards
the operating gas was determined by molarity of main material,
film thickness, surface morphology, oxygen vacancies, grain
size, nature of the gas and operating temperatures [38].

The prepared thin film samples were tested in 50 ppm to
400 ppm gas concentration of CO, NH; and NO, gases at work-
ing temperature of room temperature to 250 °C. Fig. 8 depicts
the response chart of different gases performed in different
operating temperature (Fig. 8a) and various gas concentration
Fig. 6. Photoluminescence (PL) emission spectrum of SnO,and porous SnO, (Fig. 8b). All SnO, samples are shown to respond most strongly

bilayer thin films at different concentrations at 250 0C, and the thin sheet made from a porous SHOZ/SHOZ
precursor at a strength of 0.2 M is the most sensitive to NO,
gas at 100 ppm. Besides, pure SnO, and 0.2 M porous SnO,/
SnO; films with increasing gas concentrations shows increasing
response towards NH; and NO, gases at 250 °C.

Fig. 9 shows the real-time dynamic resistance response of
as-deposited SnO, sample and optimized porous SnO; bilayer
R = 453 kO sample, it is comparison of both films responding for NH; and
NO, gases. It was observed that 0.2 M strength porous SnO,/
MO SnO; film shows the highest response towards NO, gas. How-

o5 " A ever, for porous SnO,/SnO, thin films with increasing gas concen-

PL intensity (a.u.)
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v T T T T T T
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Wavelength (nm)

=169 k)

R =535 kQ

Voltage (V) trations shows incredible response towards NO, gas is observed
at 250 °C working temperature (Fig. 9d), the resistivity of the
film increases from kilo ohm (k€2) to mega ohm (M€Q) so it is

Porous ssnnooz/ZSn o, evident that porous SnO,/ San ﬁlm shows high response towards
04 M NO; gas than pure SnOs thin film.

—02M The selectivity of the fabricated SnO,based thin films were

——03M measured towards various gases and corresponding graph is

plotted in Fig. 10. It is observed that NO, gas response is higher

Fig. 7. IV characteristics of SnO, and porous SnO, bilayer thin films at . .
£ i P S for porous SnO, bilayer and is very less for all other gases,

different concentrations
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Fig. 10. Selectivity graph of prepared thin films towards different gases at
400 ppm and 250 °C

so it confirms porous SnO, bilayer was exclusively selective
for NO, gas.

Response and recovery time: Fig. 1 1a-b depicts the response
and recovery time of pure SnO, and porous SnO,/SnO, thin
films for 400 ppm NO, gas at 250 °C. Porous SnO,/SnO film
reaches its maximum reaction time of 12 s and recovers in 23
s. When compared to unadulterated SnO, film, it is obviously
lower. This suggests that the porous SnO,/SnO, film has an
ability to function as a sensitive material, with a fast response
and recovery period. Therefore, extensive gas sensing study
is conducted on this specific composition.

Limit of deduction: Limit of deduction is further investi-
gated of minimum concentration of NO, gas from 0 to 50 ppm.
From Fig. 12, porous SnO,/Sn0O; film can detect NO, gas at a
very less concentration of 0.9 ppm. The curve fitting of the
response (inset, Fig. 12), it is observed non-linear polynomial
dependence of response towards NO, gas concentration in the
range with a non-linear correlation coefficient (R*) of 0.985.

Long-term stabilities: Long-term stability is one of the
important parameter for gas sensor. So that it was tested upto
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Fig. 12. Dynamic gas response of porous SnO, bilayer sensor at minimum
NO; gas concentration (Inset: curve fitting of experimental response)

35 days on same porous SnO, bilayer sample towards 50 ppm
of NO, gas as shown in Fig. 13. It was observed that almost
unchanged response for 5 weeks in 250 °C, the formation of
oxidation causes a very small change in the response. Besides,
porous SnO, bilayer sensor seems good long-term stability so
as aresult, it is used to detect very sensitive and selective NO,
gas with low concentrations and good long-term stability.
Previously reported articles deals the fabrication of porous
surface for gas sensor application by using etching, laser ablation,
frame work, membrane, polymer, self-assembling, spin coating
methods, sputtering, efc. [39-44]. Herein, we reported fabricating
porous surface by using PEG in automated nebulizer spray
pyrolysis method. This porogen PEG is used in many methods
to fabricate pores, especially in spin coating [22,23] from this
field it is very rare to fabricate porous surface in the method of
automated nebulizer spray pyrolysis (ANSP) by using PEG. The
prepared sample was performed well towards NO, gas, it shows
comparatively equal response of other porous thin films.
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Fig. 11. Response and recovery time of pure SnO, and porous SnO,/SnO; thin film of NO, at 250 °C
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Fig. 13. Long-term response of porous SnO, bilayer sensor towards 50 ppm
of NO, at 250 °C (Inset: response and recovery time of the sample
in 5" week)

Conclusion

Tin oxide based thin films were fabricated successfully by
automated nebulizer spray pyrolysis (ANSP) technique. The
XRD, EDAX, FESEM, UV-visible, photoluminescence, IV
characteristic and gas sensor performance were used to analyze
the prepared thin films. The XRD pattern revealed the structural
properties of prepared samples, the calculated grain size seems
to be decreased at an impact of porosity. The surface morpho-
logy confirms the presence of porous in corresponding thin
films.The IV characteristic graph showed the super linear
resistance behaviour. A complete gas sensing behaviour of the
films were analyzed by dynamic method. It reveals that porous
SnO, bilayer sensor is highly sensitive and selective towards
NO: gas and also has good sensing performance at minimum
gas concentration of 0.9 ppm. Long-term stability of the sensor
is demonstrated by its virtually constant response over a period
of about 5 weeks of data. Thus, it can be assumed that the porous
Sn0O,/SnO; thin film fabricated by the precursor strength of
0.2 M has the potential to be an effective NO, gas sensor.
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