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Abstract

SnO, thin films were fabricated by the sol-gel process and repeated immersion technique and deposited on soda-lime
substrates. Tin chloride was used as precursor of tin, a 0.2 M solution in 2-methoxyethanol as a solvent and the
monoethanolamine as a stabilizer was prepared. From silver nitrate a solution in ethanol was prepared and superficially
incorporated onto SnO, films, thus obtaining SnO,:Agn, where n =0, 1, 3, 5 and 10 times impregnated with silver solution.
A series of samples of approximately 150 nm thickness were prepared and were studied. Several layers of Ag were applied
superficially on SnO, films. The thin films thus obtained are characterized by their structure, XRD, morphology by SEM
and chemical composition by EDS, grain shape and size, porosity and surface roughness by AFM, and their electrical and
optical (UV-Vis). Properties of SnO:Agn samples to propane gas detection in the range of 0-500 ppm gas concentration
were tested operating at temperatures of 23, 100, 200 and 300 °C. The results of a selection of these sensors are presented
in this paper.
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Resumen

Peliculas delgadas de SnO, fueron crecidas sobre sustratos de vidrio sodo-cédlcico empleando la técnica de sol-gel y
el procedimiento de inmersion repetida. De cloruro de estafio se preparé una soluciéon a 0.2 M en 2-metoxietanol y
la monoetanolamina como estabilizador. La serie de peliculas preparadas SnO; resultaron de un espesor de 150 nm
aproximadamente. Una vez preparadas dichas peliculas se modificaron superficialmente depositando nanoparticulas de
plata, a partir de una solucién a baja concentracién de nitrato de plata en etanol, empleando la técnica de depdsito
mencionada anteriormente, obteniendo asi la serie SnO5:Agn, con n = 0, 1, 3, 5 y 10, que indica el nimero de veces
que fueron impregnadas con la solucién de plata. Ambas series de peliculas se caracterizaron en su estructura por DRX,
morfologia por MEB y composicién quimica por EDS, la forma y el tamafio de grano, asi como la porosidad y rugosidad
por MFA, sus propiedades eléctricas por cuatro y dos puntas, y las 6pticas por UV-Vis. Para la serie de peliculas SnO;:Agn
se determinaron sus propiedades como sensores del gas propano en el rango de concentracién de 0-500 ppm y operando a
temperaturas de 23, 100, 200 y 300 °C. Los resultados de una seleccién de sensores se presentan en este trabajo.

Palabras clave: peliculas delgadas, didxido de estafio, sol-gel, sensores de gases, propano.

1 Introduction

Among the metal oxides with different types of
applications are the SnO; and ZnO, mainly because of
its low cost, they are not toxic, stability and especially
the natural abundance (Jie, et al., 2006; Shinde, et al.,
2007), both semiconductors, are wide and direct band
with values 3.6 and 3.3 eV, respectively (Suchea, et
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al., 2006; Suleimanpour, et al., 2011; Schmid, et al.,
2004; Schmid, et al., 2003; Kappler, et al., 2001) and
exhibit n-type conduction.

Several types of alcohols, gases such as CO, NO,,
H;, CH4, C3Hg, both reducing and oxidizing, some
of them are poisonous while other explosives, are
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found in environments like the home, in industry and
in the automotive environment and can be detected
by using the oxides as SnO; and ZnO (Jie, et al.,
2006; Shinde, et al., 2007; Suchea, et al., 20006),
instead of oxides such as TiO,, MoOs3 (Carriazo et
al., 2014; Alvarez—Amparén et al., 2014), which are
used too as catalysts in photo-degradation. Films of
ZnO and SnO, pure, as well as those modified with
noble metals like, Pd, Pt, Ag, Cu, are used as catalysts
or as gas sensors (Padilla, et al., 2013; Colin-Luna
et al., 2013; Jie, et al., 2006; Shinde, et al., 2007;
Suchea, et al., 2006; Safanova, et al., 2001; Li, et
al., 1999; Matshushima, et al., 2003; Shewale, et al.,
2013; Haridas, et al., 2008; Maldonado, et al., 2010;
Yang, et al., 2014; Chizhov, et al., 2014). The doped
or modified sensors are most commonly used (Schmid,
et al., 2004; Schmid, et al., 2003; Kappler, et al., 2001;
Fort, et al., 2007). The sputtering is a physical method
of manufacturing thin films, that it is expensive
(Suchea, et al., 2006; Sahner, et al., 2008; Jianping,
et al., 2000) and on the other hand are the chemical
techniques as spray pyrolysis (Shewale, et al., 2013;
Maldonado, et al., 2010), electrospray (Matshushima,
et al., 2003), sol-gel (Jie, et al., 2006), which are
used in the manufacture of thin film sensors, the latter
techniques are more accessible, easy, economic and
non-toxic. Propane gas sensors based on the films
ZnO:Cr prepared by spray pyrolysis (Maldonado, et
al., 2009) has been reported previously. In this work,
SnO, thin films were prepared and also those films
with surface modified with Ag layers by the sol-gel
process and the dip-coating technique (Ilican, et al.,
2008; Thongsuriwong, et al., 2013), in an equipment
homemade and where process is controlled by a PC.
So, pure SnO; films and those with surface modified,
SnOs:Agn, with n = 0, 1, 3, 5 and 10 layers of
Ag as catalyst, were characterized and also tested as
sensors of propane gas (C3Hg). The concentrations
of the gas used were 0, 1, 5, 50, 100, 200, 300, 400
and 500 ppm. The sensors were tested at operating
temperatures of 23, 100, 200 and 300 °C. The matrixes
S(C)r and S(T)c of sensitivity for a selection of
sensors are evaluated and presented in this study.
Similarly, the SnO;:Agn films are characterized in
their structural properties by XRD, the morphology
by SEM, chemical analysis by EDS, the topographic
and roughness with AFM, the electrical properties by
both the two and four probe techniques, and the optical
properties by UV-Vis.

2 Experimental methodology

2.1 Thin films synthesis

SnO, thin films have been prepared by the sol-
gel method and by repeated dip-coating procedure.
Also, SnO; thin films surface modified with Ag,
SnO;:Agn, were obtained. From tin chloride
SnCly-5H,0 (Merck), a 0.2 M solution was prepared
in 2-methoxyethanol, CH3OCH;CH,OH (Merck)
and monoethanolamine, (CH,CH,OH)NH; (Merck)
(MEA) (Ilican, et al., 2008; Thongsuriwong, et al.,
2013; Jie, et al., 2006) and stirred at room temperature
around 1 h until a homogeneous and transparent
solution was observed. A ratio MEA:Sn fixed of 1.0
was taken. The starting solution in the dark, and
at room temperature was aged for seven days before
of depositions. Dissolving silver nitrate, AgNO3,
in ethanol, CH3CH;OH, was prepared a 0.012 M
solution, by stirring for 1 h at room temperature, and
so the SnO, samples were superficially modified. The
SnO; thin films were grown on of glass substrates
soda-lime with a surface section (76 x 26 mm?) and
1 mm in thickness, previously cleaned and prepared
thoroughly.

2.2 Deposition procedure

The coating process by dip-coating method, consisted
in dipping and removing the substrate into and from
the solution prepared by sol-gel at a speed of 3.3
cm min~'. After each immersion, a drying process
at 250 °C in air for 10 min was practiced to the
films with the purpose to remove solvents and other
organic compounds. This process was repeated until
the desired thickness of the sample was reached. A
final annealing treatment in air at 250 °C for 1 h was
practiced for the samples. Commonly it is reported a
heat-treatment at 400 °C for 1 h or an equivalent (Jie, et
al., 2006 ; Matshushima, et al., 2003; Li, et al., 1999).
Pure SnO, samples and those with surface modified
with 1, 3, 5 and 10 Ag layers, films 150 nm order in
thickness, were deposited and prepared following the
dip-coating procedure.

2.3 Thin films characterization

X-ray diffraction (XRD) patterns of the SnO, films,
were registered in a MMA model GBC diffractometer
using CuK, (1 = 0.15406 nm) as source of radiation
to study the microstructure of the samples, using the
60— 20 technique nearly from 8 to 70° scanning interval
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with a 0.02° step; the well-known Scherrer’s formula,
D = 091/Bcos#, was used in the crystallite size
determination. The surface morphology of the films
was analyzed in a XL FEG/SFEG/SIRION scanning
electron microscope (FEI) and chemical analysis of
the films, by electron dispersion energy (EDX) was
used, and also the topography of the samples was
analyzed by atomic force microscopy (AFM) in a Park
AutoProbe CP Equipment (Veeco), the films were
analyzed in the contact mode with a Si tip with a
constant force k = 0.26 Nm~! and resonant frequency
of 40 kHz. The micrographs of cross-section of the
films also were registered to obtain the film thickness.
The resistance of the samples was obtained using
both methods, of two and four point-probe, used
for evaluate the sensor responses. The transmittance
measurements for the thin films in the visible range,
and refractive indices, UV-Vis, were registered with
a double beam Perkin Lambda 25 Spectrophotometer,
with the substrate as a reference.

3 Results

3.1 X-rays diffraction

For the SnO;:Agn films with thickness of 150 nm
approximately, the X-ray patterns in Fig. 1 correspond
to either pure (SnO;:Ag0) and with 1, 3, 5 and 10
layers of Ag (SnOj:Agl, Ag3, Ag5, Agl0) nearly
amorphous films. The Bragg peaks at 29.5° and 32.06°
are associated to the (111) and (011) planes in the
orthorhombic phase of tin oxide (JCPDS No. 24-
1342), while the Bragg peaks at 31.83° and 34.3°
of the (110) and (101) planes, respectively, to the
tetragonal phase of SnO; (JCPDS No. 21-1250);
the peak position at 26 = 32.791° (see spectrum of
Sn0O,:Ag10) corresponds to the plane (111)p of silver
oxide (Agr0) in accord to the card Code 00-041-
1104 (cubic phase). The low crystalline structure of
the films is deteriorated as increasing the Ag layers.
From the Scherrer’s formula, D = 0.91/8cos6, with 4
(0.15406 nm) the wavelength of CuK, radiation and
B is the average width measured at half maximum
intensity (FWHM) in radians; the D crystallite sizes
resulted approximately in the range 47-69.6 nm for the
samples.

3.2 Morphology study

SEM micrographs of SnO;:Agn representative thin
films, are shown in Fig. 2.
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Fig. 1. XRD patterns for (a) SnO;:Ag0, (b)

SnO7:Agl, (c¢) SnO7:Ag3, (d) SnO;:Ag5 and (e)
SnO,:Ag10 samples.
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Fig. 2. SEM micrographs of (a) SnO,:Ag0 and that in
(b) SnO,:Ag5 samples.

The micrograph of SnO;:Ag0 has a uniform
morphology, smooth and without pores apparent as
shown (Fig. 2a). On the Fig. 2b for the SnO,:Ag5
sample, formations of Ag particles or islands can be
observed (identified by EDS) with sizes between 20-
200 nm; similar formations occur in micrographs of
films with several layers of silver (not shown). From
the cross section micrographs of SnO,:Ag0 sample, ~
150 nm in thickness films, was obtained.
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Fig. 3. AFM images and histograms of samples (a) SnO,:Ag0 and for (b) SnO;:Ag5.

Table 1. AFM parameters measured for the series of
SnO,:Agn samples.

Samples Rq Ra Rm
(nm) (nm) (nm)
SnO,:Ag0  4.19 2.66 49.4
SnO,:Ag3 5.4 39 45.9
SnO,:Ag5  9.44 7.11 54.6
SnO,:Agl0 13.9 10.7 76.7

3.3 Topography study

From a scanned area of (5x5) um? typical AFM
images are shown in Fig. 3 ((a) SnO;:Ag0, and (b)
SnO;:Ag5, samples) with their respective histograms.
The roughness parameters of the films, as the root
mean square (Rq), the average roughness (Ra), and
the maximum height (Rm), were evaluated (Table
I). The micrograph of SnO;:Ag0 has a uniform
surface morphology, rough and porous, while the
micrograph of SnO;:Ag5 shows clusters (also shown
in SEM), leaving enough surface area exposed; in
the SnO;:Agl0 micrograph (not shown), particles
or clusters are present, and a high-surface density

694

of clusters that covers most of the surface area of
the film, was observed. From the histograms, the
distributions of the grains sizes give, 47.9 and 49.5
nm for SnO,:Ag0 and that from SnO;:Ag5 samples,
respectively. The grains sizes are in the order like
those evaluated from the SEM study.

3.4 Electrical properties

Once the SnO, samples were annealed at 250 °C
for 1 h, they were stopped and held at room
temperature (23 °C) and then the surface resistance
was measured by four-probe method, resulting in
highly resistive samples (~ GQ). Subsequently, the
tests of gas sensing conducted on each sample, at a
given gas concentration and also for a temperature,
were measured both the surface resistance and its
change by varying the conditions mentioned, by the
two-probe method. In general, resistance values of
560 MQ and their changes were found, and the lowest
resistance values resulted in the order of some kQ. The
initial resistance value of 560 MQ in SnO,:Agn thin
films, remains nearly constant at ambient temperature.
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3.5 Optical properties

UV-Vis spectra in the range of 300-1100 nm
wavelength were recorded for the SnO»:Agn (n = 0,
1, 3, 5, 10) samples. The transmittance (7T¢,) between
74 and 80% in the visible window from 450 to 1100
nm for the SnO,:Agn thin films, resulted as shown
(Fig. 4). A sharp absorption edge around 330 nm was
found for the SnO,:Agn thin films. It could say that
the number of layers of Ag is reflected in a relative
way in the transmittance of the films. A range value
of 3.92-4.11 eV for the band width E, was estimated
for the samples; the band width E, for a direct band
semiconductor, is obtained by plotting (@hv)? vs (hv),
with « the absorption coefficient, and extrapolation to
the photon energy axis (Ilican, et al., 2008; Suchea,
et al., 2006; Suleimanpour, et al., 2011) (Fig. 5), the
range of the E, values estimated for the thin films may
reflect uniformity in the process of growth of SnO;
films and thus a defect density almost unchanged (the
XRD peaks positions are not shifted). In SnO; films
doped with fluorine a value of 4.4 eV around for E,
was reported, slightly higher than that obtained by
CVD (Suh, et al., 1999). The bandwidth value of
E, obtained in the SnO;:Agn thin films, presented a
shift to the UV side when the surface was modified
with various Ag catalyst layers; the opposite occurs
when Fe3*, Cu®* ions are incorporated in the matrix
of semiconductor TiO, on alumina substrates, shifts
are obtained in the value of E, (3.2 V) to the visible,
improving performance of TiO, as photo-catalyst in
the degradation of pollutants wastewater (Carriazo et
al., 2014; Luna-Sanchez et al., 2013).

From the relationship between the transmittance
Tq and the reflectance Rg, and the relations of
the latter with the refractive index n of the films,
themselves given by, R = (1-T¢,)/(1+T¢,) andn = (1+
R'2)/(1 = RY?), one can evaluate the refractive index
in the wavelength range recorded in the spectra UV-
Vis. The refractive index n as a function of wavelength
A for the films of SnO,:Agn is plotted in Fig. 6. A
significant increase occurs in the refractive indices in
the region of short wavelength, and in the range of
400-800 nm the refractive index in the 2.37-2.59 range
was registered.

3.6 Sensing properties

The surface resistance in semiconductor thin films
is measured using the four-point probe. The two-
point probe was used to evaluate the resistance of
the films and also its change, when the films are
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Fig. 4. UV-Vis spectra for the samples of SnO;:Agn
in the 300-1100 nm range.
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Fig. 5. Method for evaluating the band width Eg, for
the of SnO,:Agn samples.
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Fig. 6. Graph of the refractive index n against
wavelength for the SnO;:Agn samples.

exposed both to the gas pressure and also to the
temperature. Semiconductors have different responses
to the presence of a gaseous atmosphere, so it is
necessary to know the sensitivity available. To know
how a sensor device detects a gas, is necessary to
evaluate their electrical properties such as resistance
R. Tt is know that the R of a sensor varies with
the working temperature 7 and with the type of
gas and its concentration C, and so, to evaluate the
sensor response of SnO,:Agn to the propane gas,
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~Table 2. Resistances (MQ) of the SnO;:Agn samples.

Samples SnOy:Ag:0 Sn0Oy:Ag:3 SnOy:Ag:5 Sn0O,:Ag:10
C(ppm)/T(°C) 200 300 200 300 200 300 200 300
0 560 390 550 280 0.55 470 560 360
1 560 370 550 280 0.55 470 560 350
5 560 280 550 250 0.55 420 560 280
50 560 210 540 210 0.54 340 550 200
100 560 133.12 540 189 0.54 220 551 180.53
200 560 112.74 530 180.2 0.53 156.22 480 135.5
300 550 109.61 520 166.24 0.52 107.86 460 113.2
400 550 96.3 520 157.11 0.51 42.34 440 89.19
500 540 74.31 500 136 0.48 0.37 410 50.1
Table 3. Sensitivity matrix at constant concentration, S (7).
Samples SnO,:Ag0 SnO;,:Ag3 SnO,:Ag5 Sn0O,:Agl0
C(ppm)/T(°C) 23 100 200 300 23 100 200 300 23 100 200 300 23 100 200 300
0 1 1 1 1.436 1 1.018 2.000 1.00 1018 1.20 1 1 1.00 1.58
1 1 1 1 1.514 1 1.018 2.000 1.00 1018 1.20 1 1 1.00 1.04
5 1 1 1 2.000 1 1.018 2.240 1.00 1018 1.33 1 1 1.00 2.04
50 1 1 1 2.667 1 1.037 2.667 1.00 1037 1.65 1 1 1.02  2.85
100 1 1 1 4207 1 1.037 2.963 1.00 1037 255 1 1 1.02  3.16
200 1 1 1 4967 1 1.037 3.108 1.02 1056 3.58 1 1 1.17 4.21
300 1 1 1.018 5.109 1 1.057 3.369 1.02 1077 5.19 1 1 1.22 5.04
400 1 1 1018 5815 1 1.077 3.564 1.04 1098 1323 1 1.02 127 6.39
500 1 1 1.037 7536 1 1.120 4.118 1.04 1167 1513 1 1.02 1.37 11.38

the matrices of sensitivity S(7)c,

as function

Sn0O,:Ag0 and (b) SnO,:Ag3 depending on operating

696

of temperature at constant concentration and the
sensitivity S(C)r, as function of the concentration
and constant temperature, need to be evaluated. If
Rc is a reference resistance and that R; is the
resistance of the sensors at a constant concentration
of gas, respectively, then the sensitivity in terms of
temperature and constant concentration is given by
S(T)c = Rc/R;; similarly, if Ry and R; are the
reference resistance of the sensors and the other for
a constant temperature, respectively, the sensitivity as
a function of concentration and constant temperature
is given by S(C)r = Rr/R; (Jie, et al., 2006; Li, et al.,
1999). The resistance values of the sensor SnO,:Agn
for better working conditions, both temperature and to
concentration, are presented in Table 2; the elements
of the sensitivity matrix S (7)¢ are shown in Table 3,
while those corresponding to the matrix S (C)r are not
shown.

Fig. 7 graphically shows the sensitivity elements
of S(T)c matrix, of the series of sensors (a)

temperature (23 to 300 °C), for each gas concentration
in the range of 0-500 ppm. From 23 to 200 °C the
response is low for both series of sensors and are not
activated enough in the range of concentrations, but
showed the presence of species of oxygen adsorbed on
the surface of the sensors, the same reactive with the
gas but still has not been promoted sufficient number
of charge carriers of the donors to the conduction
band of the sensor and/or lack of activation of oxygen
vacancies, so that the electrical properties of the
sensors would be improved, but as the temperature
rises at 300 °C an increasing trend in the responses
is shown, there is no saturation of the same. With the
increased charge carrier population, the sensitivity of
the sensor to the gas is improved. It is also observed
that the response of the sensor increases as does the gas
concentration; for the activation energy corresponding
to the 100 to 300 °C range for the temperatures, when
higher the gas concentration so are the reactions that
are increased in each case.
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Fig. 7. Sensitivity plots as a function of temperature
at constant concentration, S(7T)c, of the sensors (a)
SnO7:Ag0 and (b) SnO;:Ag3 in the range 23-300 °C
for operation.

So, 7.5 and 4.12 are the sensitivities at 300 °C
for both SnO;:Ag0 and SnO;:Ag3 series of sensors,
respectively, to 500 ppm. Apparently, the three layers
of Ag catalyst play no role in the reactions that take
place between oxygen species and the gas, but in
the process in which the layers were deposited, the
islands of Ag grow and whose distribution and sizes
may not be optimal to enforce the role of catalyst
in the reactions; on the other hand the pure sensors
Sn0O,:Ag0, have their surface states, original porosity
and roughness with an increased surface area, where
the reactions between oxygen species and the gas take
place, but with the growth process of Ag islands, the
active sites of the pure sensors are diminished and so
the response of sensors SnO;:Ag3 are less than those
of the pure ones, the role of the substrate is important.

Graphs Fig. 8(a) and (b), correspond to the
series of sensors (a) SnO>:AgS and (b) SnO;:Agl0
according to the operation temperature and for the
gas concentration a constant (0-500 ppm), and where
the responses are very different. The response of
the series of sensors SnO;:Ag5, exhibits a maximum
around 200 °C for all of them and each of the
concentrations, the activation start is at 100 °C, the
value of the response remains almost constant (1018-

(@) 1600 -
1400 4
1200 4 (i) 500ppm
1000 4 (h) 400ppm
(g) 300ppm
O 800 A (f) 200ppm
) (e) 100ppm
“ 600 A (d) 50ppm
] (c) Sppm
400 (b) Ippm
200 4 (a) Oppm
0 T T T 9 ]
-MO 150 200 250 300 350

-200 -
Temperature (°C)

Fig. 8. Sensitivity plots as a function of temperature
at constant concentration, S(7T)c, of the sensors (a)
Sn0;:Ag5 and (b) SnO,:Agl10 in the range 23-300 °C
for operation.

1167) for the range 0-500 ppm and given the difference
in response, apparently the gas concentration plays a
minor role, as well as that of the islands of the catalyst
in the reactions, and with the temperature increase,
the response of the series tends to zero at 300 °C;
however, the number of sensors SnO,:Ag5 operating
at 300 °C has a slow response at low concentrations,
but for 300, 400 and 500 ppm reaches the responses
of 5.19, 13.23 and 1513, respectively. The presence of
adsorbed oxygen species on active sites of the surface
of the semiconductors SnO;:Ag5 and the same, are
activated as the temperature increases from 100 to 200
°C, at the same time the C3Hg gas is consumed or is
degraded; passing the 200 °C, may be taking off the
oxygen species from the surface of the sensor, which
participate in the reactions with the gas, or desorption
from the surface when increasing temperature, so that
one can think that at 200 °C, an equilibrium between
both mechanisms are reached and there are no net
more charge carriers. However, the responses for
the series of sensors SnO;:Agl0 are different and the
elements of sensitivity matrix, S(7T")¢, in function of
temperature and to a constant concentration in the
range 0-500 ppm are given in Fig. 8(b). The activation
is at 200 °C and is shown where the response increases
as increasing both temperature and concentration, so
does the response, in fact, 11.4 is the best response at
300 °C and 500 ppm. The behavior is similar to that
of the series of sensors of SnO;:Ag0 and SnO;:Ag3
in response, as given in Fig. 7. The sensors of
SnO;,:Agl0 with ten Ag layers, and where aggregates
are formed from grains or islands of the catalyst Ag
of different sizes and their own distribution over the
surface, decreasing their specific area, both factors
may influence the low efficiency of the catalysts, and
where catalyst layers cover much of the surface area of
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Fig. 9. Plots of the response of some sensors

SnO;:Agn operating at 200 and 300 °C, and the same
correspond to the respective elements in the matrix
SOr.

the pure SnO; and blocks the active sites that anchor
the species of oxygen that react with the gas. One
would expect from the series of SnO,:Agl0, with its
ten surface layers of catalyst and longer exposure time
at 250 °C with the final treatment, a better efficiency.

To display the response presented by the sensors
operating at constant temperature and varying the
concentration 0-500 ppm, the elements of the
sensitivity matrix, S(C)r, are presented in graphical
form for sensors SnO;:Agn, see the Fig. 9. Some
sensors operating at 200 and 300 °C and varying
the concentration over the range of 0-500 ppm were
selected.  In the chart, two groups of sensors
are identified, those operating at 200 °C which
have a decreased response when increasing the gas
concentration in the 0-500 ppm range, and the second
group operating at 300 °C with best responses with
increasing concentration; it is shown that the sensors
respond to 0-500 ppm in gas concentration, and it
generally increases as the gas concentration does, so
the signal increases. The responses of SnO,:Ag0,
were 1.02 and 4.05 to 400 ppm and only 1.04 and
5.25 to 500 ppm, operating at 200 and 300 °C,
respectively. The values of 4.04 and 7.2 to 400 and
500 ppm, respectively, correspond to the SnO;:Agl10
sensors operating at 300 °C and the response increases
with concentration. Operating at 300 °C the series
of SnO,:Ag5 have the best values for the sensitivity
matrix elements, S(C)r, that is, 4.36, 11.10 and
1270 for 300, 400 and 500 ppm in gas concentration,
respectively, the signal generally increases as the
concentration increases; to an activation energy of 300
°C the sensitivity of the SnO;:Ag5 increases with the
C3Hg gas concentration, but not proportional to the
number of the Ag layers.

4 Discussion

On the interface of the semiconductor SnO,:Agn,
oxygen species are adsorbed (02, O,, O7) (Kiss, ef
al., 2001; Haridas, et al., 2008; Jie, et al., 2006;
Gong, et al., 1999; Kanamori, et al., 1999) and once
decoupled, they are dispersed over the entire surface
of the semiconductor, finding attachment sites and
drawing electrons from the semiconductor SnO;:Agn
and hence charge carriers thinning regions near the
surface. However, by exposing the semiconductor
interface SnO,:Agn to the reducing gas, C3Hg, and
where their molecules are dissociated and dispersed
on the surface of metal oxide and also over the
islands of the catalyst Ag formed on the metal oxide,
and of the charges coming from the different donors
and from oxygen vacancies (v~ ), that are activated
because the temperature and so enabling the reaction
of propane gas with oxygen species (Haridas, et al.,
2008; Kanamori, et al., 1999). Catalyst islands can
dissociate gas molecules, which are dispersed over
the entire surface of the interface of the devices,
SnO;:Agn, facilitating reactions such as: CzHg +
20 — H;0 + C3Hg-O + e (Haridas, et al., 2008),
until the mineralization is reached or the gas degraded,
increasing the charge carriers density and due to the
reaction between the oxygen species and the gas,
reducing the sensors resistance of the SnO;:Agn and
thus its sensitivity to the test gas, increases. Of
course, the activation energy for such reactions carried
out, come from the operating temperature of the
sensors and the gas concentration, and type of the
gas exposed to the sensors interface of SnO,:Agn.
By the method of growth of the films, they resulted
to be non-stoichiometric, also amorphous, sizes of
different grains, different stress states and defects due
to the different times of exposure to the temperature
of 250 °C and the final heat treatment, the low
temperature in the synthesis of the films was a starting
experimental condition. Then, they have different
sizes and grain boundaries (potential barriers), oxygen
vacancy concentration (v~ ) and surface states; when
the density of the charge carriers in between two grains
is high, the inter-grain barrier height is decreased and
as a consequence the tunneling is possible and so
the sensors resistance of the SnO;:Agn can be low
and thus a high sensitivity to the gas (Chizhov et
al., 2014). When the sensor tests are carried out
upon exposure to different temperatures, in addition
to activated oxygen species such as O,, O, which
are the most common (Kiss, et al., 2001; Haridas,
et al., 2008; lie, et al., 2006; Gong, et al., 1999;
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Kanamori, et al., 1999), and wherein the amount
of each of the species depends on the temperature,
being the most favored for high temperature the O™
species (Koziej, et al., 2007), so from the O, oxygen
species on the SnO,:Agn surface and an electron
e~ promoted by the temperature in the 100-300 °C
range, is possible the reaction: OE + e — 207,
so the electron trapped by the oxygen ion, O3, can
return to the surface of SnO;:Agn, and so decreasing
the resistance as happen to TiO; nanorods sensors
(Yang et al., 2014), and therefore explanation will be
possible especially for each series of sensors prepared
and studied in this work. Thus, when the operating
temperature of a sensor is increased, the charge carrier
concentration of the semiconductor increases, but also
the oxygen vacancies near the surface of the sensors,
SnO;:Agn (Kanamori, et al., 1999). With such
increase in temperature, charge carrier concentration,
increases, and hence the resistance of the sensor
in the presence of the gas, decreases, and so does
the sensitivity of the sensor (Koziej, et al., 2007;
Kiss, et al., 2001; Li, et al., 1999). Thus, the
increase in carrier electron concentration of the sensor
SnO;:Agn and depending on that increase, and so
will be the mechanisms involved in the reactions; also
it is necessary to know the preparation methods and
synthesis of the thin films, the precursors used, of
the interface characteristics, the electrical properties,
the type and the gas concentration, the operating
temperature, and many others. From the study carry
out of the thin films SnO;:Agn it has given a plausible
explanation of the response for the sensors and their
sensitivity to propane gas. Many factors are involved
in the possible mechanisms of interaction between
oxygen species and the type of gas, but it requires
special study skills (Schmid, ez al., 2003; Schmid, et
al., 2004).

Conclusions

The series of SnO»:Agn in thin film have been
successfully prepared by the sol-gel technique and
dip-coating procedure, and were studied. A series of
samples of approximately 150 nm thickness resulted.
The samples SnO,:Agn were characterized. The
structure was amorphous although achieved define
diffraction planes associated with orthorhombic and
tetragonal phases of SnO;, from which a crystal size
in the 47-69.6 nm range, and also the Ag,O phase,
were registered. The morphology of the films was
recorded without cracks and uniform and also over

the modified films the nanoparticles or islands of Ag
(EDS study) distributed on film surface (SEM) were
recorded, and topography showed grain sizes in the
range 47.9-49.5 nm, consistent with the results of X
ray. The resistive semiconductor films were relatively
transparent and with a bandwidth in the range 3.92-
4.11 eV. Its properties as propane gas sensors were
studied and possible mechanisms of reaction between
the sensor and gas were proposed.

The characterization of the samples carry out,
shown to be excellent for detecting C3zHg gas.
The best responses of the sensors resulted at high
operating temperatures and higher concentrations of
the gas. Also, the responses of the sensors when is
varying the concentration of gas, and the operating
temperature but constant, increase with increasing the
gas concentration. The sensor arrays with five layers
of catalyst Ag, increased their response until three
orders of magnitude respect to the response of pure
sensors, and the overall results, are above what is
reported in literature even when compared to studies
conducted in Pt, Ag and others, deposited on SnO,
films. However, more study is required to optimize
several experimental parameters.
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