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Thin nanocomposite films based on tin dioxide with a low content of zinc oxide (0.5-5 mol.%) were obtained by the sol-gel
method. The synthesized films are 300-600 nm thick and contains pore sizes of 19-29 nm. The resulting ZnO-SnO, films were
comprehensively studied by atomic force and Kelvin probe force microscopy, X-ray diffraction, scanning electron microscopy,
and high-resolution X-ray photoelectron spectroscopy spectra. The photoconductivity parameters on exposure to light with a
wavelength of 470 nm were also studied. The study of the photosensitivity kinetics of ZnO-SnO, films showed that the film with
the Zn:Sn ratio equal to 0.5:99.5 has the minimum value of the charge carrier generation time constant. Measurements of the acti-
vation energy of the conductivity, potential barrier, and surface potential of ZnO-SnO, films showed that these parameters have
maxima at ZnO concentrations of 0.5 mol.% and 1 mol.%. Films with 1 mol.% ZnO exhibit high response values when exposed
to 5-50 ppm of nitrogen dioxide at operating temperatures of 200°C and 250°C.
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1. Introduction

Recently, there has been a strong demand for the develop-
ment of reliable, accurate and economical gas sensors with
increased sensitivity, selectivity, and response time for the
detection of harmful gases. Much attention is paid to gas sen-
sors based on metal oxide. To improve the functional char-
acteristics of gas sensors, gas-sensitive materials based on
binary oxide systems are used, such as ZnO:Sn0O,, ZnO:In,0;,
Sn0,:In,05, and TiO,:In,0;.' Zinc oxide (ZnO) and tin
dioxide (SnO,) are the most applicable functional materials
due to their excellent electrical and optical properties. SnO,
has proven to be a highly sensitive material for detecting both
reducing and oxidizing gases.* Many studies have shown the
effective use of zinc oxide as an additive to tin dioxide to
increase the sensitivity of a gas sensor. The band gap for ZnO
is 3.37 eV, and for SnQ, it is 3.6-3.8 eV.> For both materi-
als, the nature of the n-type conductivity is determined by
oxygen vacancies.® ZnO and SnO, can be advantageously
combined in various proportions to obtain ZnO-SnO, com-
posites, which exhibit high transmittance in the visible light
range and high electronic conductivity.”!°

ICorresponding author.

It is also known that even amorphous thin ZnO-SnO,
films have a relatively high electron mobility.'"'> Such
films have good gas-sensitive characteristics. Thin films'? of
nanocomposite material based on ZnO with small additions
(0.5-5 mol.%) of SnO, were obtained by solid-phase pyrol-
ysis. It was shown that film with the composition Sn:Zn =
1:99 showed the best sensitivity at 200°C, since it had the
highest concentration of oxygen vacancies, which contrib-
uted to a better occurrence of surface reactions. The synthesis
of thin SnO,~ZnO films using the methods of organometallic
chemistry is described in Ref. 14.

It is known that the sol-gel method for obtaining nano-
composite films has advantages over vacuum technologies,
primarily due to the absence of the expensive equipment.
When using this method, more flexible regulation of the
element molar ratio becomes possible. The sol-gel method
makes it possible to form oxide films with complex composi-
tions.'>16 Thus, sol-gel'” SnO,~ZnO films were synthesized
at 500°C for 1 h. The particle size was 10 nm and 8 nm for
pure SnO, and SnO,—ZnO composite, respectively. Sensors
based on this SnO,—ZnO film showed a high response of

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0
(CC BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2245002-1


https://dx.doi.org/10.1142/S2010135X22450023

1. A. Gulyaeva et al.

727 at an operating temperature of 70°C for 20 ppm NO,
with an average response time of about 2 min. The high com-
posite sensitivity is attributed to the grain size, which pro-
vides a higher surface-to-volume ratio, allowing more NO,
gas molecules to react with the sensor surface.

It was shown'3 that the adsorption/desorption of gas and
oxygen molecules make the main contribution to the change
in the potential barrier between grains in the film. The value
of the potential barrier increases at temperatures from 150°C
to 250°C.

The gas-sensitive properties!® of ZnO-SnO, sol-gel films
with a Zn:Sn molar ratio of 0:100, 1:99, and 5:95 to nitrogen
dioxide were studied. The authors have shown a correlation
between the activation energy of conductivity (E,), calcu-
lated from the temperature dependence of the conductivity of
a gas-sensitive material, and the response of nitrogen dioxide
sensors based on ZnO-Sn0O, sol—gel films. It is known that the
surface properties of thin oxide nanocomposite films are also
determined by energy barriers existing between crystallites in
a film based on a mixture of tin and zinc oxides SnO,—ZnO.
In Ref. 13, the method of thermally stimulated conductivity
measurements was used, which made it possible to determine
the “effective” value of the energy barrier (p,). Measurements
of the photoconductivity parameters of thin films formed on
nontransparent substrates were shown previously.?’ A study
of the response kinetics of SnO,—ZnO nanocomposite films
with different Sn:Zn molar ratios showed that a film with a
Sn:Zn ratio of 50:50 has the minimum value of the photo-
conductivity relaxation time constant (7). At the same time,
SnO, films with a small addition of ZnO have lower values
of 7 than ZnO films with a small addition of SnO,. The last
circumstance indicates shorter lifetimes of charge carriers in
films with a high content of SnO,.

This work is a continuation of the previous studies and is
aimed to study the correlations between the physicochemical,
surface and gas-sensitive properties of ZnO-SnO, sol—gel
thin films.

2. Methods and Materials

Tin (IV) chloride pentahydrate SnCl,-5H,0, zinc nitrate hexa-
hydrate Zn(NO;),-6H,0, and isopropyl alcohol as a solvent
were used to obtain thin ZnO-SnO, films. All reagents used
were of analytical grade or the highest available purity and
were purchased from ECROS, Russia. The required amounts
of salt (Zn:Sn were 0:100, 0.5:99.5, 1:99 and 5:95 mol.%,
respectively) were dissolved in isopropyl alcohol. Samples
in the future will be identified in the text as 0ZnO, 0.5Zn0O,
1ZnO and 5ZnO, respectively. The resulting solution was left
for some time until the gel matured, after which it was applied
by pouring three times onto pre-prepared substrates: soda-
lime glass, silicon, and polycor. The substrates were cleaned
by chemical methods: boiling was carried out with a solution
of potassium dichromate K,Cr,0; and nitric acid HNO; for
10 min, after which the substrates were washed three times
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with distilled water and treated with alcohol. Each deposited
layer was dried first at room temperature, then in the drying
cabinet at a temperature of 120°C. The final heat treatment
was carried out in a muffle furnace at a temperature of 550°C
for two h. Cooling was carried out together with a muffle
furnace in air, which made it possible to obtain homoge-
neous coatings without cracks. The obtained materials were
studied by X-ray diffraction (XRD) analysis (diffractometer
ARL X’TRA, Thermo ARL, Switzerland, with CuKa X-ray
radiation) and scanning electron microscopy (SEM, instru-
ment microscope EMXplus 10/12 Bruker, Germany). X-ray
photoelectron spectroscopy (XPS) studies were carried out
on a Thermo Scientific K-Alpha spectrometer with a source
of Al k-a monochromatic rays with an energy of 1486.7 eV.

The surface topography, as well as the measurement of
excitation of the external investigation, were carried out using
the probe nanolaboratory Ntegra (NT-MDT SI, Russia). For
this purpose, the atomic force microscopy (AFM) method
was first investigated, and then Kelvin probe force micros-
copy (KPFM) method was carried out. Surface scanning,
evaluation of measurements, and measurement of the outer
films surface were carried out with a probe in the semi-con-
tact mode. When testing in AFM and KPFM, NSG10/Pt can-
tilever with a reflective side and a constant force of 11.2 N/m
(TipsNano, Estonia) is used.

Electrophysical and gas-sensitive studies were carried
out on a stand for studying the electrophysical properties of
gas sensors and gas-sensitive properties using a setup for the
formation of gas mixtures “Microgaz-F” (Russia).'® For this,
V-Ni metal contacts were formed over the films.

Gas-sensitive properties are measured by exposure to
5-50 ppm nitrogen dioxide (NO,) in synthetic material at
operating temperatures of 100°C, 150°C and 250°C. Mixtures
of air and NO, of a given concentration were formed using
cylinders with calibration gas mixtures, injected at a flow rate
of 0.3 dm3/min. The response of sensor elements is calculated
by the following equation:

S = R/R,, (1)

where Ry is the sensor element in the absence of gas and R, is
the sensor element when exposed to gas.

The response (1,.,) and recovery (7,..) time were also eval-
uated. Using the stand, the temperature dependences of the
electrical conductivity of the films were also measured. The
method of measuring temperature-stimulated conductivity
requires “effective” values of the energy barrier ().

To study the photoconductivity parameters of thin ZnO-
SnO, films, a stand was developed and manufactured, the
operation of which is based on measuring the photoconduc-
tivity kinetics of the film under study when it is irradiated
with LED with a given wavelength. In addition, the design of
the stand includes an AKIP-1101 (Russia) pulsed DC power
supply, which allows one to adjust the energy characteris-
tics of the radiation. To measure the characteristics of radi-
ation, the CENTER 532 ultraviolet radiation intensity meter
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(China) and the CENTER 530 illuminance meter (luxmeter)
(China) are used. In this work, we studied the direct change in
photoconductivity under the action of light from LED with a
peak wavelength of 470 nm, which produces an illumination
level of 525 lux on the sample. The measurements showed
that the ultraviolet component was present in this case.

3. Results and Discussion

The composition and stoichiometry of the resulting oxide
films were studied by XPS. In Table 1, the complete surface
composition and the Zn:Sn ratio in the ZnO-SnO, sol-gel
films are presented. XPS studies show Zn:Sn ratios 2-2.5
times higher compared to Zn:Sn ratios in precursors.

The results obtained are due to the peculiarity of the XPS
method and indicate the nanocomposite structure of the
films. In Fig. 1, the Cls (a), Ols (b), Sn3d (c), and Zn2p (d)
high-resolution XPS series, respectively, are shown.

As can be seen from Fig. 1(a), the series of curves for Cls
photoelectron lines are almost identical and correspond to
adsorbed atmospheric carbon with bonds C-C (284.8 eV —
red area), C—O (286 eV — green area) and C=0 (288.6 eV —
blue area), respectively. The change in the shape and position
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of the maxima of the Ols photoelectronic curves (Fig. 1(b))
indicates a change in the component composition in the sam-
ples; in particular, as zinc is added, the maximum of the Ols
line shifts to lower energies, which is due to the formation of
an oxide with a binding energy of ~529.6 eV.?! For the best
perception the areas corresponding to the bonds of oxygen
with carbon, hydrogen and metals are highlighted in gray,
green, red, and blue, respectively. The XPS spectra of tin
(Fig. 1(c)) unambiguously correspond to tin (IV) oxide. The
change in the shape of the lines as tin dioxide with zinc oxide
is due to the partial overlap of the photoelectron Sn3d max-
ima with the Auger electron transitions of zinc.?? Analysis of
a series of photoelectron spectra of zinc (Fig. 1(d)) demon-
strates a significant change in the position and shape of the
curves with an increase of zinc oxide in the ZnO-SnO, sol-
gel films. Thus, the maximum intensity of the Zn 2p3 doublet
peak (Fig. 1(d), green area — 1) corresponds to 1021.5 eV,
which is 0.2 eV higher than in the case of bulk zinc oxide.
In addition, there is an intense peak of plasmon losses in the
region 2 — gray color (Fig. 1(d)). The blue color in Fig. 1(d)
(region 3) corresponds to the Auger electron transitions of
Sn MN.?* The presence of metallic states of zinc in oxide
films is ruled out both by the shape of the Zn2p peak and by
its position. But since the intensity of the peaks of zinc plas-
monic losses in the region of 1033 eV (Fig. 1(d) 2-gray color)

Table 1. Surface composition of ZnO-Sn0, films. is commensurate with photoelectronic ones, this suggests a
Zn:Sn ratio, special reduced state of zinc in zinc oxide ZnO-SnO, sol—gel
Surface composition, atomic % % films. The last circumstance may be due to the presence of
. - . a strong surface electric field in thin nanocomposite films.’?
Sample c © Sn " " Sn The crystal structure of the synthesized materials was
0ZnO 45.5 275 27.0 0 0 100 investigated using XRD analysis using CuKa XRD radiation
0.5Zn0O 457 26.9 26.9 04 14 98.6 at 35 kV and 30 mA. All the obtained film materials are nano-
1ZnO 451 275 26.7 0.7 25 975 sized, insufficiently crystallized, and contain the main phase
5700 447 254 271 8 9.9 90.1 of cassiterite. As t.h?, zinc conte?nt in t.he sample decreases, the
degree of crystallinity and the intensity of the peaks decrease.
5Zn0
c-C —1Zn0
—0.5Zn0 sno,
——0Zn0
f _
OH| 23
2
, =
/ 2
C-0/C=0/ i | = )
£19 £
] ] g o/ g
o 1o :
292 290 288 286 284 282 280 536 534 53 S0 S8 56 498 496 494 492 490 488 486 484 482 1050 1045 1040 1035 1030 1025 1020
Bilding Energy (eV) Bilding Energy (eV) Bilding Energy (eV) Bilding Energy (eV)
(@ (b) © (d)
Fig. 1. High-resolution XPS spectra Cls (a), Ols (b), Sn3d (c) and Zn2p (d) of ZnO-SnO, films (0ZnO, 0.5Zn0O, 1Zn0O, 5ZnO — black,

red, blue, and green lines, respectively).
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Fig. 2. XRD patterns of ZnO-SnQO, films.

The lowest peak intensity is observed for the sample with the
0.5 mol.% Zn concentration.

XRD patterns of ZnO-SnO, films are presented in Fig. 2.
According to XRD data, regardless of the ZnO concentration,
all materials are nanosized, crystallized, and have a cassiter-
ite structure.

The average crystallite size estimated from XRD data is
19-25 nm for sieved 0Zn0O, 0.5Zn0O, 1Zn0O, and 5Zn0O films.
SEM images of 0ZnO, 0.5Zn0O, 1ZnO and 5ZnO, respec-
tively are presented in Fig. 3. Thus, the largest increase in
pore size is observed for 1ZnO film. About 100-150 pores

b G e
ShEhshs

g
g
H
E

Fig. 3.
(d) 5ZnO.
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were selected for statistical analysis and the pore size was
determined. The software Image J and Digimizer 4.1.1.0 are
used to measure the sample porosity. The error of statistical
analysis was +3 nm. Statistical histograms were constructed
based on the obtained data (Fig. 3). The thickness of the
obtained films was 300-600 nm.

Analysis of porosity by SEM images showed that the
average pore sizes of 0Zn0O, 0.5Zn0O, 1Zn0O and 5Zn0O films
were 8, 27, 22, and 14 nm, respectively. From Fig. 3, it can
be concluded that with the addition of ZnO, the average pore
size increases. This is a well-known fact that is observed
when adding salts of the second component to the precursor
in sol-gel technology.?+-2¢

The surface morphology of ZnO-SnO, films was stud-
ied by AFM, and the charge state of the surface by KPFM.
Surface images of ZnO-SnO, films are shown in Fig. 4.

AFM studies have shown that films have a developed sur-
face morphology. With an increase in the ZnO content, the
root-mean-square roughness Sqg decreases almost twice, from
6 nm to 3 nm, and the height difference Sy decreases more
than twice, from 75.5 nm to 29.0 nm.

To estimate the activation energy of conductivity in thin
nanocomposite SnO,—ZnO films, the temperature depen-
dences of the film’s conductivity were measured in the range
from room temperature to 300°C — Fig. 5.

The activation energy of conductivity was calculated.
Analysis of the presented dependences shows that the
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Dependences of the films pore sizes on the relative frequency and SEM images of materials: (a) 0ZnO, (b) 0.5ZnO, (c) 1ZnO and
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Fig. 4. AFM images of 0ZnO (a), 0.5Zn0O (b), 1ZnO (c¢) and 5ZnO (d) films.
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Fig. 5. Temperature dependence on resistance for 0ZnO (1),
0.5Zn0 (2), 1Zn0O (3) and 5Zn0O (4) films.

generation of charge carriers due to the thermal excitation is
of an activation nature, that is, the dependence of the mate-
rial resistivity on temperature is described by the Arrhenius
equation?’ (Eq. (2)):

G= G, -exp~FakD, 2)

where E, is the activation energy of conductivity, k is the
Boltzmann constant, and G, is the preexponential factor
(const).

For 0Zn0O, 0.5Zn0O, 1Zn0O and 5ZnO films, the activation
energies of conductivity were 0.21, 0.47, 0.43 and 0.64, and
potential barrier’s values were 0.264, 0.59, 1.054 and 0.643,
respectively. Figure 6 shows the dependence between the

Ea, ¢y, (V)
1.2

W (mV)

0.8

0.6

0.4

0.2

Content of ZnO (mol.%)

Fig. 6. Dependence of ¢, (1), E, (2), and V,, (3) on the ZnO content
in the film.

potential barrier, the activation energy, and the average values
of the surface potential difference (V,) on the ZnO content in
the film.

Investigations by the KPFM method showed that the low-
est average value of the surface potential, about 22 mV, is
characteristic of the 5ZnO film (Fig. 6). The 0ZnO film has a
low V,, value of 69 mV. The 1ZnO film has the highest value
of V, — 123.5 mV. The 0.5ZnO film also has a high surface
potential equal to 86 mV. It is interesting that the last two
films, according to XPS studies, have a special state of zinc
oxide nanoclusters in the ZnO-SnO, sol-gel film, in which
zinc can be in the reduced form.
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Measurements of temperature-stimulated conductivity
were important for the “effective” value of the energy barrier
between the material grains of ZnO-SnO, nanocrystalline
films. An analysis of the ¢, values showed that a maximum of
1.054 eV is observed for the 1ZnO film. Such values of acti-
vation energy and potential barrier, depending on the samples
phase composition, can be associated with a change in defec-
tiveness, grain boundary composition of tin dioxide and zinc
oxide crystallites, and porosity of ZnO-SnO, nanocomposite
films.

In this work, direct changes in photoconductivity were
studied under the action of light from a LED with a peak
wavelength of 470 nm. The measurements were carried out
before the beginning of the “smoothing” of the dependencies.
Subsequently, the time constant for the generation of charge
carriers under the action of light was calculated — Fig. 7.

Studies have shown that pure tin dioxide has the highest
time constant for the generation of charge carriers — 87 s.
The addition of 0.5% and 5% zinc oxide to tin oxide drasti-
cally reduces the constant duration to 17-19 s. At the same
time, with the addition of 1% zinc oxide, an increase in the
time constant up to 43 s is observed.

This behavior of the photoconductivity parameters is
associated with the nanocomposite structure of the film mate-
rial, and lower values of the time constant are associated with
a higher concentration of charge carrier generation centers at
the ZnO-SnO, interface at a Sn:Zn ratio of 99.5:0.5. It can
also be noted that the response kinetics for all films was sim-
ilar, which indicates the same generation mechanisms — the
recombination of charge carriers in SnO, sol-gel films with
the addition of ZnO.

At temperatures up to 200°C, molecules of water and other
gases are present on the surface of oxides,?®? which has a sig-
nificant effect on gas-sensitive properties. Therefore, 150°C
was chosen as the first temperature to study the effects associ-
ated with the influence of surface properties on gas-sensitive
properties. Further, the temperature was increased by every
50°. It was found that at 200°C and 250°C the responses of

T,8
100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
[
J 0 0.5 1 5
Content of ZnO (mol.%)

Fig. 7. Photoconductivity relaxation time constant of ZnO-SnO,
films with different Zn:Sn ratios.
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the sensors are close, so the behavior of the films at higher
temperatures was not studied. At the same time, it was shown
that at an operating temperature of 150°C, as expected, the
sensitivity to gases is significantly lower, which confirms pre-
vious studies.!? In this case, a correlation is observed between
the structure of the obtained materials and gas-sensitive prop-
erties. Thus, materials 0.5Zn0O, 1ZnO have large pore sizes
(Figs. 3(b) and 3(c)), which contributes to the active sorption
of gases into materials. This leads to the fact that these mate-
rials are lower than the 0ZnO and 5Zn0O materials (Figs. 3(a)
and 3(d)), which have smaller pores.

Figure 8(a) shows the responses of ZnO-SnO, samples
of 0ZnO (1), 0.5Zn0O (2), 1Zn0O (3) and 5Zn0O (4) to 50 ppm
NO, at operating temperatures of 150°C, 200°C and 250°C.
Figure 8(b) shows typical responses of ZnO-SnO, film sam-
ples to NO, at 50 ppm at 200°C. Figure 8(c) shows the con-
centration dependences of the 5ZnO response at different
temperatures.

An increase in operating temperature from 150°C to 250°C
leads to the response time decreasing from 620 s to 47 s. The
recovery time also decreases from 297 s to 51 s at the same
operating temperatures. For the 0ZnO, 0.5Zn0O, 1Zn0O, and
5Zn0O samples 7, is 155, 275, 512, and 101 s, and 7, is
160, 290, 600, and 110 s, respectively (Fig. 8(b)). The 5ZnO
sample in the temperature range of 150°C, 200°C and 250°C
under the nitrogen dioxide exposure with a concentration of
50 ppm has the smallest response value ,.,, which is 204, 101
and 47 s, respectively, and 7,.. is equal to 220, 110 and 51 s.

In Ref. 19, a correlation was found between the conduc-
tivity activation energy E, and the response of sensors based
on ZnO-SnO, sol-gel films. The measurements of E,, ¢,
and V, for ZnO-SnO, sol-gel films were provided, and the
correlation of the sensor response when exposed to nitrogen
dioxide with a concentration of 50 ppm at three operating
temperatures of 150°C, 200°C and 250°C is shown in Figs. 6
and 8. The analysis of correlations was carried out in the
Excel program using the maximum value of the correlation
coefficient R?> > 0.95, considering the exponential character
dependence of the sensor response on E,. At the same time,
the dependence of the sensor response on ¢, and V, may have
a different character.

The analysis showed that at an operating temperature
of 150°C, the response of the sensor based on ZnO-SnO,
sol—gel films has a polynomial dependence on the surface
potential V, with a confidence factor R?=0.99:

R /Ry = 307.98-V,2 = 220.27 V, + 50.04. 3)

It can be seen from Eq. (3) that the higher value of V,
corresponds to the higher response to the nitrogen dioxide.
Measurements of V,, KPFM method are carried out at room
temperature. At the same time, at a temperature of 150°C,
active desorption of water molecules does not occur on the
oxide surface and there is approximately the same compo-
sition of molecules adsorbed from the atmosphere at room
temperature. In this regard, at low operating temperatures,
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Fig. 8. (a) Response of ZnO-Sn0O, films to 50 ppm NO, at three
operating temperatures 150°C (1), 200°C (2) and 250°C (3); (b)
Typical responses of 0ZnO (1), 0.5Zn0O (2), 1ZnO (3), and 5ZnO
(4) film at 200°C; (c) Concentration dependences of the response of
57Zn0 films at 150 °C (1), 200 °C (2) and 250°C (3).

the surface potential V, will determine the response of the
gas sensor: if the V, increases, the sensor response value
increases too.

At an operating temperature of 200°C, the response of a
sensor based on ZnO-SnO, sol-gel films has a polynomial
dependence on the potential barrier value ¢, with a confi-
dence factor R>=0.97:

R/Ry=—-119.97- 9,2 +231.92 ¢, - 42.64. (4

In contrast to the positive effect of the surface potential,
the potential barrier makes rather the opposite contribution

J. Adv. Dielect. 14, 2245002 (2024)

to the magnitude of the response. It can be seen from Eq. (4)
that the higher ¢, corresponds to the smaller response to the
nitrogen dioxide.

At an operating temperature of 250°C, the response of a
sensor based on ZnO-Sn0O, sol—gel films has an exponential
dependence on the activation energy of conductivity E, with
a confidence factor R?=0.96:

R/Ry= 142.54-¢~188+Ea, )

It is known that the activation energy of the conductivity
of oxides corresponds to the energy levels in the band gap
created by defects in the crystal lattice. In our case, the influ-
ence of the activation energy for ZnO-SnO, sol—gel films
appears only at an operating temperature of 250°C. As is
known, at temperatures above 200-250°C, water molecules
and molecules of other gases adsorbed on the oxide surface
are desorbed from the surface.”?% At the temperature of
250°C the response of the sensor will be determined by the
activation energy of conductivity.

It is known that many materials used in gas sensors of
the resistive type have similar gas-sensitive characteristics.
The choice of gas-sensitive materials is determined by the
requirement: “simple technology — high-quality, reproduc-
ible and fast response to a given concentration”. It can be
seen that sensors operating at room temperature have long
response/recovery times.30-39

Sensors with response/recovery times in the range of
30-180 s have a more complex technology for forming a
gas-sensitive layer.3>3% Some gas-sensitive materials are
unstable over time, in particular metal sulfides.?® The sol-gel
method proposed in this work and in our other works®!319
satisfies this requirement. Using the described method,
it is possible to obtain composite nanoscale materials of
various compositions with high values of gas-sensitive
characteristics.

4. Conclusion

In this work, thin pore ZnO-SnO, films were obtained by
the sol—gel method. XPS studies revealed an intense peak of
plasmon losses, which suggests the reduced state of zinc in
the structure of ZnO-SnO, sol—gel film. This state of zinc in
synthesized materials can be associated with the presence of
a surface electric field in thin nanocomposite films. It was
confirmed by KPFM studies, which showed that the high-
est values of the surface potential are typical for samples
of ZnO-SnO, sol-gel films with a Zn:Sn ratio of 1:99 and
5:95. The same samples showed high response values when
exposed to nitrogen dioxide concentrations of 5-50 ppm at
operating temperatures of 150°C, 200°C and 250°C. At the
same time, studies have shown that at an operating tempera-
ture of 150°C, the response of a gas sensor based on ZnO—
SnO, sol-gel depends on the value of the surface potential V.
Moreover, the higher value of V, corresponds to the higher
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response to the nitrogen dioxide. At an operating temperature
of 200°C, the value of the sensor response depends on the
value of the potential barrier ¢,. However, the higher poten-
tial barrier value corresponds to the lower sensor response.
Finally, at an operating temperature of 250°C, the response of
the sensor will be determined by the conductivity activation
energy.

Measurements of the photoconductivity kinetics of thin
ZnO-Sn0O, films formed by the sol-gel method showed
a change in the conductivity for all synthesized films. The
response kinetics for all ZnO-SnO, materials was similar,
which indicates the same generation mechanisms — the
recombination of charge carriers in SnO, sol-gel films with
the addition of ZnO. An estimate of the photoconductivity
relaxation time constant 7 showed that pure tin dioxide films
have the highest value equal to 87 s. At the same time, SnO,
films with a small addition of 0.5% ZnO have lower values
of requal to 17 s.
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