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The automated nebulizer spray pyrolysis technique was used to synthesize porous SnO, bilayer thin films as well as doped porous SnO, |
bilayer thin films with varying zinc doping percentages. The synthesized thin films were characterized using X-ray diffraction, field |
emission scanning electron microscopy, energy dispersive analysis of X-rays, UV-Vis spectroscopy, photoluminescence spectroscopy,
current-voltage characteristics and gas sensing performance. The effect of doping on sensor response was investigated using various gases |
and operating temperatures. The optimized Zn-doped porous SnO,/SnO, gas sensor sample was taken to further gas sensing analysis. The |
results revealed that the doping of zinc with a porous tin oxide bilayer increases the gas sensor response at low operating temperatures |
compared to undoped porous tin oxide bilayers and it also reduces the response recovery time of the sensor. The response of the sensor in |
a CO gas concentration of 400 ppm has been improved with good repeatability. |
|
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INTRODUCTION

EXPERIMENTAL

Several studies have been carried out to develop effective
gas sensors that can detect trace levels of pollution from a
variety of sources because of the awareness of the health risks
associated with various dangerous and polluting gases and the
need to resolve these risks by executing stronger regulations
[1-4]. To sense different harmful gases, thin film, ultrathin film
and nanostructure materials made of polymers, metal oxide
semiconductors, metal, carbon nanotube, graphene, efc. have
been studied. To achieve high sensitivity, selectivity, quick reac-
tion, etc., new device structures have been developed. It is found
that the microstructure and film thickness have a significant
impact on gas sensing performance [5-7].

Demonstrating the ability of nanostructured materials to
sense different gases has become a standard procedure in the
field of environment gas sensors. As civilization has advanced,
environmental gas pollution has become a major problem for
society [8-10]. This present work deals with the effect of doping
and porosity on the microstructural and gas-sensing behaviour
of porous Zn-doped SnO; bilayer thin films.

Tin(IT) chloride dihydrate (SnCl,-2H,0, 99.99%) and zinc
chloride (ZnCl,, 2 98%) as dopant were procured from Merck
Ltd., India. PEG-1500 (99%) and C,HsOH (99.9%) were of
analytical grade chemicals and utilized without further purifi-
cation. The automated nebulizer spray pyrolysis technique was
used to deposit porous Zn:SnO,/SnO, thin films on the clean
glass substrates. Tin oxide based thin films were prepared from
tin chloride dihydrate (SnCl,-2H,0). A 3:1 ratio of ethanol and
double-distilled water was combined to create a solvent solution.
To achieve the desired precursor solution, an exactly measured
amount of calculated tin chloride was mixed with the solvent
solution. The tin chloride concentration was maintained at 0.3 M
for pure SnQO,.

Preparation of porous Zn:SnQ,/SnO, film: The automated
nebulizer spray pyrolysis technique was used to deposit porous
Zn:Sn0O,/SnO; thin films on the clean glass substrates. Tin oxide
based thin films were prepared from tin chloride. To achieve
the desired precursor solution, an exactly measured amount
of calculated tin chloride was mixed with the solvent solution.
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The tin chloride concentration was maintained at 0.3 M for pure
SnO; base layer. Next, the mixture was stirred using a magnetic
stirrer until a transparent precursor solution is achieved. Besides,
the substrates were cleaned ultrasonically with distilled water
and an acetone mixture for 5 min. Then the substrates were
quickly dried with cotton balls before being placed on the hot
plate that had been pre-heated already. Precursor solution was
first transferred into the solution container and then sprayed
onto the glass substrate, which was already heated to 450 °C
on a hot plate. The pressure of the carrier gas was maintained
at 30 Pa. The distance between the spray nozzle and the subs-
trate was 10 cm. A 0.1 mL/min was the constant spray rate used
in the experiment and 5 mL was the coating volume for pure
SnO,. To coat an additional layer of porous zinc doped SnO,
on a pure tin oxide surface, the optimized amount of 0.2 M tin
chloride and PEG-1500 acted as the porogen [11-14] were added
in a solvent solution and the mixture was stirred well for 5
min. Then zinc chloride was added as a dopant in the precursor
solution with a doping percentage of 1,2 and 3%. After achie-
ving the lumpless white solution, it was transferred into the
container and sprayed on a pure SnO; layer and the coating
volume is 1mL for porous Zn:SnO, bilayer. After deposition,
the films were allowed to cool at room temperature [15-17].

Characterization: A powder-XRD (XRD7000 diftracto-
meter, USA) was used to obtain XRD difraction patterns of
the prepared thin films with a scan rate of 0.03°/sec and the
data were recorded in the range of 20 = 10° to 70° on a CuKo.
radiation beam operated at 30 kV and 25 mA at 25 °C. A SEM
(LEO 1450 VP instrument) was used to conduct elemental and
compositional investigations on the thin-film samples, as well
as field emission scanning electron microscopy (FESEM) to
characterize their surface shape. The UV visible spectra of the
thin films were measured using double beam UV-Vis spectro-
photometer (Perkin-Elmer: Lambda35) over a wavelength range
of 190-1100 nm. In order to carry out the photoluminescence
spectra, a FluoroMax-3 and a 450W xenon arc source were
utilized.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) studies: Using an XRD pattern,
the structural characteristics of the prepared thin films were
examined within the range of diffraction angles from 15° to
60°. The diffraction peak in the pattern corresponds to a tetra-
gonal rutile structure. The presence of the broad peaks in the
XRD patterns (Fig. 1) indicates the polycrystalline nature and
it shows preferential orientation along with the maximum inten-
sity peak from (110). The results are matched with the reported
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(e211)
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Intensity (a.u.)
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Fig. 1. XRD pattern of Zn:SnO, based bilayer thin films

JCPDS data (card no. 41-1445), from many SnO, thin film
articles [18-20]. The peaks at 26 = 26.61°, 33.89° and 51.78°
correspond to the (110), (101) and (211) planes in porous Zn:
SnO, bilayer films, respectively. With 1% of Zn doping has
all the predominant peaks including (200) plane was estab-
lished on 20 = 37.95° with good intensity and there is no shift
due to 1% of Zn doping.

The calculated grain size D is in the range of 33.72, 45.11,
49.02 and 51.33 nm for porous Zn:SnO; bilayer films at diffe-
rent doping percentages of 0, 1, 2 and 3%, respectively. Grain
size increases with increasing the dopant percentage it may
be due to the incorporation of dopant [21,22] to become grains
very larger in Zn-doped porous SnO, bilayer films. After incre-
asing the dopant percentage above 1% then predominant peaks
of zinc occur in the XRD patterns, which collapses the structure
of the element, hence, the lattice is elongated along with a-axis.
It is evident from Table-1 that the grain size varies depending
on the doping percentages, although they are all at the nano-
scale level. Similarly, the results also demonstrated that the

TABLE-1
STRUCTURAL PARAMETERS OF POROUS Zn:SnO,/SnO, THIN FILMS
Sampl Doping Lattice constant (A) Film thickness Grain size Dislocation density Micro strain

ample (%) 2 R (um) (nm) (x 10") lines m™ (x 10%)

0 4.6184 3.1393 213.22 33.72 0.879 32.22

Porous 1 47783 3.1848 216.31 45.11 0.491 28.24
Zn:Sn0,/Sn0O, 2 4.8121 3.1848 219.32 49.02 0416 22.11
3 4.8946 3.1853 219.79 51.83 0.372 20.43
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dislocation density and strain values for the various doping
percentages are related to an increase in the quantity of defects,
which is useful for the gas sensing characteristic [23,24].

FE-SEM studies: A field emission scanning electron
microscope was used to examine the nanostructure of the synth-
esized porous thin films. Fig. 2 displays FESEM micrographs
of the films that were deposited, magnified at a magnification
of around 100K. The entire surface of the Zn:SnO,/SnO, porous
bilayer film is covered with flakes-like nano pores. Agglomer-
ations with flat, spherical-shaped nanoparticles were observed
in the porous films. As the particle size increases with increasing
doping percentage these larger nanoparticles preferentially
occupy the vacant spaces between the pores, resulting in a
reduction in the amount of nano porosities. Hydrophilicity may
be affected by a decrease in nano porosities [25,26].

EDAX studies: The quantitative analysis of the prepared
thin film was carried out in order to determine the elemental
composition of porous Zn:SnO,/SnO; film. Fig. 3 shows the
film composition which confirms the presence of Sn, O and Zn
peaks in prepared corresponding samples. An average weight
percentage of elements are shown in the inset of Fig. 3. The
presence of silicon is due to the usage of glass substrate.

UV-visible studies: The relationship between photon
energy and optical absorption for porous SnO, bilayer films

¥

with varying Zn doping percentages is depicted in Fig. 4a. The
absorbance of the films was recorded at a wavelength above
200 nm. The maximum absorbance wavelength of the films
was observed at 304 nm for 0% doping with zinc, 312 nm for
1% doping with zinc, 294 nm for 2% doping with zinc and
285 nm for 3% doping with zinc in porous SnO»/SnO; thin film
material. An optical band gap (E,) has been estimated by using
the data on the relationship between photon energy and absor-
bance. For direct allowed transitions, the optical absorption
coefficient o at the absorption edge is provided by the following
eqn. 1 [27]:

(0hv)? = A (hv — E,) ()

where A = absorption constant for a direct transition, h =
Planck’s constant, v = photon frequency and E, = optical band
gap.

For direct allowed transition, band gap can be calculated
by plotting (cthv)* vs. hv (Fig. 4b). The band gap energies of
spray deposited films obtained at room temperature were found
to be 3.5¢eV, 3.52eV for 0%, 1% Zn doped porous SnO-/SnO,
and 3.9 eV, 4.17 eV for 2, 3% of Zn doped SnO,/Sn0O thin
films, respectively.

Photoluminescence (PL) studies: The influence of doping
and porosity on the luminescence properties of the prepared

Fig. 2. Surface morphology of porous (a) 0% Zn, (b) 1% Zn, (c) 2% Zn, (d) 3% Zn:SnO,/SnO, thin films
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Fig. 3. Elemental composition of (a) porous SnO,/SnO; and (b) porous Zn:SnO,/SnO; bilayer thin film
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Fig. 4. UV-Vis absorbance spectra of (a) Zn:SnO,/SnO; thin films (b) Plot of the (cthv)? vs. photon energy (hv) for Zn:SnO»/SnO; thin films

thin films was investigated using PL. emission spectroscopy. doped SnO,/SnO; films exhibit a prominent emission peak at
The photoluminescence spectra of porous Zn-doped SnO,/ a wavelength above 275 nm. There is a significant difference
SnO; films containing various Zn doping percentages at room seen in this PL spectra during increasing doping percentage.
temperature are shown in Fig. 5a. The spectra of porous Zn- While introducing the dopant in porous SnO; bilayer film, the
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Fig. 5. PL spectra, deconvoluted PL of porous Zn:SnO,/SnO, thin films

highest intensity peak in ~380 nm disappeared and another
emission peak observed in 348 nm was decreased by increasing
doping percentage. The PL intensity decreases due to the redu-
ction in the distance between metal ions in the inter-band region
as more metal is added and its concentration is increased. This
phenomenon seems to be the result of concentration quenching
[28,29]. The UV emission is produced by near band-edge emis-
sion from free-exciton recombination, whereas the visible emis-
sion is attributed to deep-level emission resulting from defects
and impurities in the materials. The deconvoluted PL spectra
of porous Zn doped SnO,/SnO, thin films are shown in Fig.
5b. Deconvoluting and Gaussian fitting the peaks provide the
individual contribution of the ultraviolet region in the PL spectra.
It displays various wavelengths of UV emissions for different
electron transitions within different types of defects.

The deep-level oxygen vacancies in the porous Zn-doped
SnO; bilayer films are responsible for the near-ultraviolet emis-
sion peaks at wavelengths between 304 and 344 nm. A fully
oxidized surface is less sensitive to gas detection than a surface
deficient in oxygen. Defects, particularly oxygen vacancies, are
commonly reported in determining the gas sensing character-
istics of thin films [30]. Vacancies are well recognized for gene-
rating localized states around the fundamental band gap, either
in the valence or conduction bands. A reduction in the density
of oxygen deficiency with an increase in the dopant percentage
is shown by a fall in the near-ultraviolet peak intensity.

Current-voltage characteristic (I-V): Fig. 6 displays the
analyzed I-V characteristics of porous Zn-doped SnO, bilayer
thin films at different dopant percentages. The I-V character-
istics demonstrate almost linear rectification behaviour for all
the prepared thin film samples. This demonstrates that the recti-
fying contact that occurs between a metal and a lightly doped
semiconductor, a Schottky contact forms [31]. Depending on
the doping percentage, the porous Zn-doped SnO, bilayer thin
film has a resistance ranging from 500 k€2 to 670 kQ. Because
of the impact of the grain boundary, the electrical resistance
of the spray-deposited thin film was highly dependent on the
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Fig. 6. I-V characteristics of porous Zn:SnO,/SnO; thin films

dopant element and dopant percentage. When the dopant concen-
tration exceeds above 1%, the grain boundary expands, resulting
in a decrease in porosity diameter and reduced electrical resis-
tance of the thin film. Grain boundaries and crystal lattice defects
in the porous Zn doped SnO, bilayer thin film may have contri-
buted to the decrease in electrical resistance seen in the film
as the dopant percentage increased [32].

The resistance values for the prepared thin films deposited
at different doping percentage were calculated by Ohm’s law,
which is as follows [33]:

V=IR
R=V/1 2

where V = voltage in volts, I= current in micro amps (LA); R =
resistance in ohms. The calculated resistivity value is in the
range of 453 kQ, 501 kQ, 669 kQ and 612 kQ for 0, 1, 2 and
3% of Zn doping SnO,/SnO:; films, respectively.
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Gas sensing measurements: Studies on the gas response
of porous Zn-doped SnO,/SnO; thin films are carried out by
using a dynamic gas response setup with different gases and
different operating temperatures. The semiconducting gas
sensors based on thin film metal oxide have been thoroughly
investigated [34-37]. The gas response is determined by several
parameters, including morphology, concentrations, film thick-
ness and operating temperatures [38].

The gas response of porous Zn:SnO,/SnO; films to several
reducing and oxidizing gases, including NHs, CO and NO,, was
investigated in the current work. The thin film sensor has been
tested at temperatures ranging from room temperature to 200
°C at a gas concentration of 50 ppm. A response bar chart of
Zn:Sn0O,/Sn0O; film interacting with various gases at different
operating temperatures is displayed in Fig. 7. It was observed
that the maximum response values are achieved by 1% of Zn-
doped porous SnO,/SnO; film (1.07018) towards CO at 200 °C.

The dynamic response of porous Zn:SnO,/SnO; film esti-
mated for CO gas at concentrations between 50 and 400 ppm
at 200 °C is shown in Fig. 8a. The response is determined as the
ratio between the resistance value of the film in air (R,) and
the film in the tested gas (R,). However, for porous Zn:SnO,/
SnO, thin films with increasing gas concentrations shows a
significant response towards CO gas is observed. The relation-
ship that was fitted to the various CO gas concentration ranges
is depicted in Fig. 8b. This fitted curve revealed an almost linear
relationship between the response and gas concentration. Based
on the experimental data, y = 0.000187x + 1.06758 is the
linearity and R*=0.97312 is the relative correlation coefficient.
This provides the possibility of accurately measuring the concen-
tration of CO gas.

Limit of detection: The lowest detection limit (LDL) were
determined by using this linear fit data and determined to be
0.015 ppm. The following relationship was used to calculated
lowest detection limit [39]:

Porous Zn-SnO,/SnO,
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Fig. 7. Different gas response at different temperature of porous Zn doped
Sn0,/Sn0O, thin films
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Fig. 8. (a) Dynamic response of CO gas with different gas concentration of porous Zn:SnO,/SnO; thin film at 200 °C, (b) Linear fit of gas

response versus concentration
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where a is the standard error of the intercept and n is the total
number of calculated points.

Response and recovery time: At 200 °C, the response and
recovery of porous Zn:SnO,/SnO; thin film towards 50 ppm
CO gas were measured and the results are shown in Fig. 9. In
absence of gas, the baseline seems to be remain nearly constant.
The porous Zn:SnO,/SnO; sensor exhibits quick response/reco-
very time and a high response value to CO gas due to the porous
structure and significant specific surface area of the film as well
as the quantity of chemisorbed oxygen ions on its surface. The
results showed that the response and recovery times were, resp-
ectively 27 and 27 s. While selecting a gas sensor for practical
applications, it is essential to consider its long-term functional
stability.

1.08
CO@50 ppm Gas off
1.06 1
&
~
<
> 1.04 4
Z
<3 Tes=275s Tec=275
1]
[0
o
1.02 1
2.
1.007 Gas on
1 N 1 M I i ] v 1 1
0 20 40 60 80 100 120
Time (s)

Fig. 9. Response and recovery time of porous Zn:SnO»/SnO, thin film at
50 ppm of CO gas at 200 °C

Long term and short term stability: The change in the
Ruir/Reas ratio of 1% of Zn-doped porous SnO, bilayer film is

—#— CO@400 ppm (@)
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.

o
L
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1.04 1

1.02 1
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shown in Fig. 10a during it is exposure to 400 ppm of CO gas
for five continuous cycles of gas on and off at 200 °C. As can
be observed, there is almost zero variation, indicating excellent
repeatability and extremely strong short-term stability.

Furthermore, 1% of Zn-doped porous SnO, bilayer sensor
was exposed to a flow rate of 50 ppm and 400 ppm of CO gas
for eight weeks at 200 °C, as shown in Fig. 10b. This exposure
was repeated once a day in the first week and once a week for
up to 8 weeks. The results indicated that the first response of
the sensor remained essentially the same throughout 56 days
of continuous testing, which showed that the material used to
manufacture the sensor was of good quality and having long-
term use. Throughout the procedure, the response value of the
sensor remained around 99.92%, which indicated the great
capacity for reuse and durability of the sensor.

Conclusion

The porous zinc doped tin oxide thin films were fabricated
successfully by automated nebulizer spray pyrolysis (ANSP)
technique. The XRD, EDAX, FESEM, UV-visible, photo-
luminescence spectroscopy, IV characteristic and gas sensor
performance were used to analyze the prepared thin films. The
XRD patterns revealed the structural properties of prepared
samples, the calculated grain size seems to be increased with
increasing dopant percentage. The FESEM micrographs depi-
cted the surface morphology of the prepared thin films and
the presence of respective elements were confirmed by EDAX.
The optical properties were examined by UV-visible and
photoluminescence. The IV characteristic graph shows the
super linear resistance behaviour. The gas detecting behavior
of the films was investigated using a dynamic approach, which
demonstrates that 1% of Zn doped porous SnO2/SnO2 thin
film sensor is sensitive and selective towards CO gas, with a
short reaction and recovery time. Thus, it can be assumed that
the prepared Zn doped porous SnO,/SnO; thin film fabricated
with 1% of Zn doping has the potential to be an effective CO
gas Sensor.
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Fig. 10. (a) Short-term stability and (b) Long-term stability of porous Zn-SnO,/SnO; thin film at 200 °C
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