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Abstract—The microstructure, composition, and electrical and gas-sensitive characteristics of sensors based
on thin nanocrystalline SnO2 films with various catalysts deposited on the surface (Pt/Pd, Au) and intro-
duced into the bulk (Au, Ni, Co) are investigated in the modes of constant and pulse heating. Atomic force
microscopy and laser Raman spectroscopy are used to study micromorphology and structural defects
depending on the composition of nanosized films. It is shown that sensors with Au and Co additives intro-
duced into the volume make it possible to detect vapors of liquid hydrocarbons (on the example of aviation
kerosene) at a concentration level of 5 ppm (0.1 of permissible exposure limit) and are characterized by
increased stability of parameters during testing under prolonged exposure to vapors, as well as in conditions
of varying humidity. Sensors with Au and Co additives in volume and deposited onto the film surface ultra-
thin two-layer Pt/Pd catalysts demonstrate the fastest response after testing.
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INTRODUCTION

One urgent environmental problem at the present
time is the pollution of the atmosphere with vapors of
liquid hydrocarbons. The control of aviation fuel leaks
at aerodrome and near aerodrome areas requires spe-
cial attention. The permissible exposure limit (PEL)
of aviation kerosene vapors in the air of the working
area is 300 mg/m3, and exceeding it causes a negative
effect on the human body. In addition, high levels of
vapors in the air during fuel spills can lead to the for-
mation of an explosive mixture. Continuous monitor-
ing of fuel leaks during storage, transportation, and
aircraft refueling requires highly sensitive sensors
capable of detecting aviation kerosene vapors at the
PEL level and below. Existing control systems use
mainly electrochemical or optical sensors and are
designed to determine explosive vapor concentrations
that are two orders of magnitude higher than the PEL.
Semiconductor sensors are also used, which are man-
ufactured mainly using thick-film technology. Their
disadvantages include low performance and insuffi-
cient stability of parameters during long-term opera-
tion [1–3]. Thin films of metal oxide semiconductors
are a promising material for the creation of gas sensors.
Sensors based on them have a number of advantages,
such as high sensitivity to the effects of reducing gases

including vapors of liquid hydrocarbons, low manu-
facturing costs, and miniaturization.

The gas-sensitive characteristics of sensors based
on nanocrystalline metal oxide semiconductors can be
controlled by catalytic additives (noble and 3d-metals,
rare earth elements) introduced into the bulk and
applied onto the surface [4–7]. At the same time, the
processes of heterogeneous catalysis on the surface of
semiconductors in the presence of active catalysts,
which lie at the basis of detection, remain insuffi-
ciently studied, as well as the phenomena responsible
for the degradation of the parameters of the sensors
during long-term tests and under conditions of varying
humidity [8–10]. The choice of the composition of
the films and the type of catalysts in the volume and on
the surface remains empirical. It seems necessary to
carry out comprehensive studies of the relationship
between the manufacturing technology, composition,
microstructure, and properties of metal oxide semi-
conductors with various catalytic additives for the
development of new scientific approaches to the cre-
ation of sensors with specified parameters. Earlier
[11–13], we showed that the introduction of an Au
impurity and additives of 3d transition metals (Ni, Co)
into the bulk of thin nanocrystalline SnO2 films leads
to an increase in the response to a number of reducing
gases (hydrogen, hydrogen sulfide, ethanol and ace-
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tone vapors) and an increase in the stability of the sen-
sor parameters.

In this work, we performed a comprehensive study
of the effect of various catalysts deposited on the sur-
face (Pt/Pd, Au) and introduced into the bulk (Au, Ni,
Co) of thin nanocrystalline SnO2 films obtained by
magnetron sputtering on microstructure, composi-
tion, electrical and gas-sensitive characteristics, and
stability with the aim of creating sensors for vapors of
aviation kerosene. The physical and chemical pro-
cesses responsible for the properties of films and their
degradation were considered, and ways to increase the
stability of the parameters of the sensors during long-
term tests and under conditions of varying humidity
were determined.

1. MATERIALS AND METHODS
SnO2 films doped with antimony impurity were

obtained in an A-500 magnetron (Edwards) by direct
current sputtering of a target made of Sn + Sb (0.5 vol %)
alloy in an oxygen–argon plasma. Sapphire wafers
with a thickness of 150 μm were used as substrates.
Antimony in tin dioxide with a rutile structure replaces
tin; moreover, most of the Sb has a valence of +5; the
impurity creates donor centers in the semiconductor
[11] and promotes a decrease in the resistivity of the
films to values of 1–10 MΩ in the operating mode,
which is necessary in the development of sensors with
low noise levels. To introduce gold, nickel, and cobalt
into the SnO2 volume, pieces of these metals were
placed on the target surface. The content of additives
was controlled by the ratio of the areas of metal pieces
Sm and the sputtered part of the SSn target. Dispersed
layers of Pt/Pd and Au catalysts were deposited on the
surface of the films by the same magnetron sputtering.
The features of the sample manufacturing technology
are similar to those described in [11–14].

Platinum contacts to the SnO2 layers and a heater
on the back side of the substrate were formed before
the deposition of the films. The substrates were heated
to a temperature of at least 500°C to ensure high adhe-
sion of platinum during magnetron sputtering by
direct current. Then photolithographic engraving of
platinum was carried out. Two steps of photolithogra-
phy were used to form a sensitive layer of a specific
size.

The finished samples were annealed in air at a tem-
perature of 450°C for 24 h. Up to 500 sensors 0.7 ×
0.7 mm in size with a gas-sensitive film area of 0.3 ×
0.3 mm were obtained on a single substrate with a
diameter of 30 mm. The wafers were cut into individ-
ual elements and, then, electric outlets made of gold
wire with a diameter of 50 μm were welded to the con-
tact pads of the sensors (by thermal compression). The
samples were assembled in TO-8 metal cases.

The experimental results were compared with the
data for Pt/Pd/SnO2:Sb films without bulk additives.
Let us introduce the following series numbering and
designations for the studied sensors:

(I) Pt/Pd/SnO2:Sb;
(II) Au/SnO2:Sb, Au, Ni, SAu/SSn = SNi/SSn = 3 ×

10–3;
(III) Au/SnO2:Sb, Au, Co, SAu/SSn = 6 × 10–3,

SCo/SSn = 9 × 10–3; and
(IV) Pt/Pd/SnO2:Sb, Au, Co, SAu/SSn = 6 × 10–3,

SCo/SSn = 3 × 10–3.
The thickness and microstructure of the films were

monitored on a Solver HV atomic force microscope
(AFM) from NT-MDT. The required parameters were
obtained using the ImageAnalysis software module for
processing the images with the *.mdt format. The ele-
mental composition of the films was analyzed using
layer-by-layer Auger electron spectroscopy (AES) on
a Shchuna-2 setup (the methodology is described in
[13]). The samples with SnO2:Sb, Au, Ni, (SAu/SSn =
SNi/SSn = 3 × 10–3) and SnO2:Sb, Au, Co (SAu/SSn =
6 × 10–3, SCo/SSn = 9 × 10–3) films with an area of 10–
15 mm2 were specially prepared for the AES studies. A
platinum layer was deposited on the sapphire substrate
before the deposition of tin dioxide to prevent the
effect of charge accumulation. This method makes it
possible to detect all elements (except for hydrogen
and helium), the concentration of which is >0.3–
0.5 at %.

Raman spectroscopy was used to study the features
of structural defects in a nanosized material with vari-
ous additives and sprayed catalysts. Raman spectra for
sensors with a 0.3 × 0.3-mm area of gas-sensitive ele-
ments were measured on an inVia confocal Raman
spectrometer (Renishaw, United Kingdom) operating
in the backscattering mode at room temperature
(details of the research technique are presented in
[13]).

To study the gas-sensitive properties, the sensors
were placed in a 1-L quartz chamber equipped with a
fan; clean air was pumped through it, after which the
chamber was sealed. The chamber was pumped using
two air streams—dried with zeolite and humidified
with a bubbler—which made it possible to regulate the
humidity of the air entering the chamber. The relative
humidity RH was determined using an HIH-4000
capacitive sensor placed in the chamber. The required
volume of saturated vapors of TS-1 aviation kerosene
was fed into the chamber using Hamilton microsy-
ringes for chromatography. When converting the con-
centration from mg/m3 units to ppm, the averaged
value of the molecular weight of TS-1 M = 156 was
used.

The time dependences of the conductivity G0 and
resistance R0 of the sensors in clean air, as well as
G1(R1) when exposed to aviation kerosene vapors,
were measured in constant heating and thermal
cycling modes using a specially designed stand, which
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
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Fig. 1. (a) Auger spectra of the SnO2:Sb, Au, Co film depending on the kinetic energy of electrons at a layer depth of 50 nm;
(b) profiles of distribution of the relative concentrations of the detected elements over the film thickness.
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made it possible to register G0(t) and G1(t) at a time
interval Δt = 0.01 s and to rearrange the temperatures
and durations of heating and cooling cycles. The ratio
G1/G0 was taken as the adsorption response, and
response time tr was the time of 0.9Gst settling, where
Gst is the stationary value of conductivity.

In the thermal cycling mode, the response values
were measured at the end of the cooling cycles S(T1) =
G(T1)1/G(T1)0 and heating cycles S(T2) =
G(T2)1/G(T2)0. To study the stability of the parameters
during long-term operation of the sensors under the
influence of kerosene vapor, the concentration depen-
dences of the response were measured every 2–4 days
or more (up to 60–90 days) in the concentration range
of 5–75 ppm, as well as a response at 15 ppm.
The effect of humidity was studied in the range of
RH = 6–70%.

2. EXPERIMENTAL RESULTS
AND DISCUSSION

2.1. Characteristics of Thin Films
of Various Compositions

The AFM studies showed that the thicknesses of tin
dioxide films from different series are in the range of
100–130 nm. The sizes of nanocrystallites vary from
d1 = 10–15 nm (series (I) and (III)) and 40–50 nm
(series (II) and (IV)) to d2 = 100–125 nm (series (I)
and (II)), and 150–260 nm (series (III) and (IV)). The
presence of crystallites with the sizes of d2 = 150–
260 nm is due to the increased concentration of gold in
these films (SAu/SSn = 6 × 10–3). Earlier [11], it was
shown that the addition of gold to the bulk of thin
films of tin dioxide promotes the formation of larger
crystallites.
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
According to the results of layer-by-layer AES of
SnO2:Sb, Au, Co, (SAu/SSn = 6 × 10–3, SCo/SSn = 9 ×
10–3) films (Fig. 1), the relative concentrations of Sn
and O correspond to SnO2, the Au concentration is
1.8–1.9 at %, and the Sb concentration is 0.7–
0.8 at %. The Co content (Fig. 1a) is at the sensitivity
limit of the method, i.e., <0.3–0.5 at %. In the
SnO2:Sb, Au, Ni (SAu/SSn = SNi/SSn = 3 × 10–3) film,
the concentration of Au and Ni is below the sensitivity
limit of the method; i.e., <0.3–0.5 at %. It should be
noted that the AES is a semiquantitative method.

Figure 2 shows the Raman spectra of the studied
films of different compositions. The main modes of
nanocrystalline SnO2:Sb and Au/SnO2:Sb films, Eg

468 cm–1 and A1g 630 cm–1 (Fig. 2a, curves 1, 2), are
characteristic of tin dioxide with a rutile structure. It is
known [15, 16] that the following modes are active in
the Raman spectra for bulk SnO2 crystals: Eg 476 cm–1,
A1g 638 cm–1, and B2g 782 cm–1, as well as B1g 123 cm–1,
with A1g 638 cm–1 mode being the most intense.
Raman spectra for bulk materials and polycrystalline
samples, where the size of particles (grains, agglomer-
ates, clusters, etc.) lies in the nanometer range, differ
greatly, and the classical Eg, A1g, and B2g modes shift
and broaden [17].

In the spectra in Fig. 2a, the B1g 123 cm–1 mode is
weakly expressed, while the B2g mode does not appear
in the spectrum. In the region from 200 to 350 cm–1,
there are clearly defined peaks with maxima at 248 and
286 cm–1, which are usually attributed to anomalous
ones [16] and associated with IR active Eu TO- and Eu
LO-modes, respectively. We also note that the max-
ima at 605 and 725 cm–1 (Fig. 2a, curve 1) are weakly
expressed and are represented on the spectrum as
“shoulders” of bending. These peaks are probably also
related to Eu TO- and Eu LO- or A2u LO-modes. The
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Fig. 2. Raman spectra of films of different compositions: (a) SnO2:Sb (curve 1), Au/SnO2:Sb (curve 2), and Pt/Pd/SnO2:Sb
(curve 3); (b) (III) Au/SnO2:Sb, Au, Co; and (c) (IV) Pt/Pd/SnO2:Sb, Au, Co. Curves 1 refer to freshly prepared sensors (b, c),
and curves 2 refer to the samples that have passed tests for 240 days with periodic exposure to kerosene and storage.
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presence of broad bands in the ranges of 400–800 and

200–370 cm–1 with a number of maxima is also
recorded in a number of nanostructured SnO2 materi-

als [18–21] and is associated with size effects [21].

The presence of a dispersed Au catalyst on the sur-
face insignificantly affects the shape of the Raman
spectrum of SnO2 (Fig. 2a, curve 2) [13]. Dispersed

Pt/Pd layers deposited on the surface of the tin dioxide
films studied in this work promote broadening and an

increase in the intensity of the 400–800 cm–1 band
(Fig. 2a, curve 3). In addition to A1g main mode at

630 cm–1, one can distinguish not clearly pronounced

maxima at 565 and 590 cm–1. The intensity of the band

at 200–370 cm–1 with maxima at 295 and 350 cm–1 is

decreased. In this case, B1g mode at 123 cm–1 mani-

fests itself as an intense maximum of the broadened

band at 100–270 cm–1. It can be assumed that, for the
Pt/Pd/SnO2:Sb samples (Fig. 2a, curve 3), the max-

ima at 565 and 590 cm–1 are the result of the formation

of dispersed states of Pt+2 and Pd+2 on the surface. The
same states can be responsible for the broadening of

the band at 100–270 cm–1 and an increase in the

intensity of the maximum at 123 cm–1. Based on
kinetic studies [22] on chemisorption, on tempera-
ture-programmed reduction [23], as well as by X-ray
photoemission spectroscopy [24], it has been shown
that, in platinum layers deposited on the γ-Al2O3 sur-

face, two completely different states are found. At low
concentrations, the intermediate oxide PtO is present,
which is identified as two-dimensional dispersed plat-

inum in the Pt+2 state. An increase in the impurity
concentration is accompanied by a transition from
dispersed Pt to the formation of three-dimensional

particles of metallic Pt0. Pt0 is inactive in Raman spec-

tra [25], but in the presence of Pt+2 in γ-Al2O3 samples

obtained by multiple impregnation with aqueous solu-
tions of platinum hydrochloric acid three broad peaks

were observed at 125, 335, and 590 cm–1 [26]. Similar
effects take place when platinum and palladium are
deposited onto the surface or introduced into the bulk
of tin dioxide [27].
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
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Let us consider the Raman spectra of freshly pre-
pared sensors from series (III) and (IV) (Figs. 2b, 2c,
curves 1). It is obvious that the introduction of gold
with a concentration of 1.8–1.9 at % and cobalt with a
concentration of <0.3 at % into the SnO2 film bulk

leads to a significant change in the spectra. The inten-
sity of the Raman spectra, which are characterized by
two broadened bands in the regions of 200–400 and

400–800 cm–1 with maxima at 250, 289, and 350 and

476, 630, and 722 cm–1, respectively, and which were
also observed in samples without Au and Co impuri-
ties in the bulk (Fig. 2a), increases. Additional pro-
nounced maxima appear at 670 and in the region of

550–557 cm–1. In the presence of these maxima, the
spectra of the Pt/Pd/SnO2:Sb, Au, Co samples do not

show the maxima at 565 and 590 cm–1, which are caused
by the ultrathin layers of deposited Pt/Pd. The inten-
sity of the Raman spectra in the Au/SnO2 : Sb, Au, Co

films (Fig. 2b, curve 1) with a higher Co content

(SCo/SSn = 9 × 10–3) is less increased; there is no max-

imum at 123 cm–1. It should be noted that, in thick-
film structures with a concentration of 3 and 5 vol %
of Co and Fe 3d metals, a decrease in the intensity of
the Raman spectra of tin dioxide was observed due to
the distortion and decrease in the spatial symmetry of
the lattice [28].

How does the introduction of Au, Co, and Ni
impurities into the bulk of tin dioxide films affect
the Raman spectra? It can be supposed that samples
from series (III) and (IV) contain nanoparticles of
gold in the form of a second phase, since earlier [13]
we have established that the absorption spectra of
Au/SnO2:Sb, Au, Ni films, which are similar to the

samples from series (II) studied in this work, clearly
show the bands of surface plasmon resonance (SPR)
of Au. It is also seen from the absorption spectrum that
the SPR of Au is blurred and significantly broadened,
which indicates the formation of polydisperse
nanoparticles of Au in the SnO2 film.

The features of the Raman spectra of the studied
films are due to an increase in the defectiveness of the
crystal lattice upon the introduction of impurities (Au,
Co, Ni) into the bulk of the SnO2 film and are inherent

in nanocrystals with violation of the long-range order-

ing periodicity. The Co3+ and Co2+ cations may be
responsible for the appearance of maxima at 670 and

550–557 cm–1, which are observed in different sam-
ples from series (III) and (IV) with additions of cobalt.
As has been shown by X-ray diffraction (XRD) studies
of tin dioxide films with a cobalt concentration of 0.2–
0.4 wt % [29] obtained using the sol–gel method and
films containing 1–3 vol % of Co prepared using jet
pyrolysis [30], the phases of Co oxides in the samples
are not found. Based on the data of X-ray photoemis-
sion spectroscopy (XPS), the authors of [29] con-

cluded that there are Co3+ and Co2+ cations on the
surface of SnO2 microcrystals, which form bonds with
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
lattice oxygen and contribute to an increase in the
density of chemisorbed oxygen. Substitution of Sn by
Co atoms accompanied by the appearance of intersti-
tial Sni is also possible [31, 32].

Analysis of the Raman spectra of sensors after
long-term tests under the influence of kerosene
(Figs. 2b, 2c, curves 2) indicates that the position of
the main modes remained unchanged. In the case of
Pt/Pd/SnO2:Sb, Au, Co samples, the intensity of the

spectra did not change either. For Au/SnO2:Sb, Au,

Co films from series (III) with an increased cobalt
content, the spectrum intensity in the range of 580–

740 cm–1 decreased, the intensity of the 200–400 cm–1

band increased, and a maximum appeared at 123 cm–1.
The established regularities are consistent with the
concepts of [17, 32, 33], according to which the
Raman spectra of nanocrystalline metal oxides con-
tain information not only about different sizes of crys-
tallites, but also about the structure and chemical
composition of thin films, as well as the catalytic prop-
erties of the surface.

2.2. Study of Gas-Sensitive Characteristics of Sensors

The principle of operation of sensors based on tin
dioxide is as follows [11]. Oxygen chemisorption
occurs on the SnO2 surface in the atmosphere. The

oxygen molecule captures an electron from the con-
duction band of the semiconductor and becomes
charged negatively. In the near-surface region of tin
dioxide, a space charge region (SCR) that is depleted
in electrons with a width of d0 is formed, while the

conductivity of the semiconductor film decreases. The

molecular form of oxygen  prevails at low tempera-
tures of <200°C. At higher temperatures, oxygen is

adsorbed in the form of O–, which is most active in the
reactions of oxidation of reducing gases (hydrogen,
carbon monoxide, hydrocarbons, etc.) on the surface
of SnO2 and provides the maximum response in the

temperature range of 350–450°C. TS-1 aviation kero-
sene is a mixture of hydrocarbons including alkanes
(58.7–62.2%), cycloalkanes (21.4–24.4%), arenes
(15.4–16.2%), and olefins (0.7–1.0%). Studies of
reactions during the oxidation of kerosene in air [34, 35],
as well as on the surface of thick-film samples of tin
dioxide [36], have shown that in all cases the dissocia-
tion of hydrocarbon molecules occurs with the release
of atomic hydrogen, which is capable of interacting
with the surface of the metal oxide sensor. The forma-
tion of complex products of the reaction, such as phe-
nol C6H5OH and butylene C4H8, takes place [35, 36].

Higher resistance values in clean air R0 = 7–12 MΩ
(Table 1) are characteristic of sensors from series (I)
and (IV) with dispersed catalytic Pt/Pd layers depos-
ited on the surface of tin dioxide, which contribute to
an increase in the density of chemisorbed oxygen and
increase in the width of the SCR. In the presence of

−
2O
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Table 1. Values of resistance in clean air R0 and response to 15 ppm of aviation kerosene vapors of sensors that were freshly
prepared and tested for a month from various series

The measurements were performed at T = 450°C.

Type of sensor
Before tests After tests

R0, MΩ G1/G0 R0, MΩ G1/G0

(I) Pt/Pd/ SnO2:Sb 7.2–9.0 2.6–2.8 3.6–3.9 1.1–1.2

(II) Au/SnO2:Sb, Au, Ni 2.8–3.4 2.2–2.5 1.2–1.4 2.9–3.1

(III) Au/SnO2:Sb, Au, Co 4.6–5.1 2.5–2.6 5.1–5.4 2.7–3.1

(IV) Pt/Pd/SnO2:Sb, Au, Co 7.1–9.0 2.7–2.8 2.6–3.0 3.1–3.2
gold in the bulk and on the surface of tin dioxide films,

the probability of oxygen chemisorption is lower;

therefore, the negative charge density decreases. As

was shown earlier [11, 12], the resistance for the

Au/SnO2:Sb, Au sensors is R0 = 0.23–0.30 MΩ. The

introduction of Ni and Co into the bulk of gold-mod-

ified thin films promotes an increase in R0 in samples

from series (II) and (III), and the higher values of

resistance R0 compared to films from series (II) corre-

spond to a higher Co content in films from series (III).

These regularities are consistent with the features of

the Raman spectra of the samples, as well as with ear-

lier-obtained data [12, 13, 28–33], and confirm the

notion that, upon crystallization of the studied thin

films, as well as films obtained using thick-film tech-

nology, during thermal annealing, 3d-metal atoms in

the volume of SnO2 partially segregate on the surface

of microcrystals and form bonds with lattice oxygen;

metal cations are formed (for example, Co3+ and Co2+),

as well as atoms of interstitial nonstoichiometric tin,

which are the centers of oxygen adsorption on the
Fig. 3. Dependences on the operating temperature of the
response to 15 ppm of kerosene of freshly prepared sensors
from the series: curve 1—(II), curve 2—(III), curve 3—
(IV), and curve 4—(I).
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SnO2 surface and contribute to an increase in the

resistance of the sensors.

The study of the temperature dependences of the
response of freshly prepared sensors to the effect of
15 ppm of aviation kerosene vapor (Fig. 3) showed that
G1/G0 of sensors with a dispersed gold layer deposited

on the surface (series (II) and (III)) monotonically
increase with increasing temperature up to 450°C. The
responses of sensors with Pd and Pt layers deposited
on the surface reach maximum values at temperatures
of 350 (series (IV)) and 400°C (series (I)), and change
insignificantly with a further increase in temperature,
since it is known [11] that Pt/Pd catalysts reduce the
temperature of dissociative adsorption of molecular
hydrogen and, apparently, vapors of liquid hydrocar-
bons. Temperatures of 430—450°C were chosen as
working temperatures, at which all sensors had suffi-
ciently high G1/G0 values (Table 1) and short response

times tr = 3–4 s.

For a preliminary study of the stability of the sensor
parameters, the dependences of the response on the
concentration of kerosene vapors in the range of 5–
75 ppm were measured in the constant heating mode
for a month with an interval of 2–4 days. After pro-
longed exposure to vapors, the responses of sensors
with 3d-metal additives (series (II)–(IV)) remained
practically unchanged, whereas for sensors from series
(I) they significantly decreased after 30 days of testing
(Table 1). The values of resistances in clean air R0

decreased for all sensors in the course of testing. It
should be noted that, with prolonged exposure to
molecular hydrogen, an increase in the resistance and
response to hydrogen of sensors based on tin dioxide is
observed [11]. This is due to the fact that atomic
hydrogen released during dissociative adsorption of H2

is capable of interacting with lattice oxygen and par-
tially reducing the tin dioxide molecules emerging on
the surface. As a result, the density of superstoichio-
metric tin atoms, which are the centers of oxygen
adsorption, increases. The decrease in resistance and
response under prolonged exposure to aviation kero-
sene vapors can be explained by the fact that dissocia-
tion of hydrocarbons contained in kerosene vapors,
along with the release of atomic hydrogen, is accom-
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
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Fig. 4. The concentration dependences of the response
measured at an operating temperature of 450°C after test-
ing sensors from the series: curve 1—(II), curve 2—(III),
and curve 3—(IV).
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panied by the formation of complex products of the
reaction that can be accumulated on the surface of
SnO2. In addition, saturated hydrocarbons can be

adsorbed on the semiconductor surface, which also
block the oxygen adsorption centers. Since a signifi-
cant decrease in the response is observed only for sen-
sors from series (I), it can be supposed that gold and
3d-metal additives introduced into the bulk of the
films partially prevent the blocking of adsorption cen-
ters on the SnO2 surface. Therefore, to create sensors

for kerosene vapors, the samples from series (II)–(IV)
were selected for further studies.

The dependences of the responses of the tested
sensors on the concentration of kerosene vapors are
power-law (Fig. 4) and correspond to the expression

(1)

The values of parameter m for all freshly prepared
sensors are 0.36–0.39 and increase to 0.46–0.55 after
testing. The sensor response to 45 ppm of vapors is
G1/G0 = 3–4. At the same time, the sensors can detect

kerosene vapor at a level of 5 ppm, which corresponds
to 0.1 PEL.

In addition, it is of interest to consider the charac-
teristics of sensors in the thermal cycling mode. Stud-
ies [11–14] of Pt/Pd/SnO2:Sb and Au/SnO2:Sb, Au,

Ni thin-film sensors under the influence of such
reducing gases as hydrogen, carbon monoxide, and
hydrogen sulfide showed that a significant increase in
the response is observed under certain modes of ther-
mal cycling, which implies a change in the operating
temperature of the sensors according to a certain law.
A heating cycle to temperatures of T2 = 400—450°C is

necessary for desorption of the products of the inter-
action of gas molecules with the sensor surface and
release of adsorption centers, on which oxygen is

chemisorbed in the form of O–. In the cooling cycle at
T1, the processes of gas adsorption and its oxidation by

active atomic oxygen accumulated in the heating cycle
prevail.

In thin films of tin dioxide modified with the con-
sidered catalysts, during the transition between crys-
tallites, the electron must overcome the potential bar-
rier, height eϕs of which is proportional to the density

of chemisorbed oxygen [11]. According to [11, 14], the
value of eϕs can be determined by the formula

(2)

where k is the Boltzmann constant, if the stationary
values of G0 are measured in the thermal cycling mode
for two different values of the sensor temperature, but
at the same eϕs.

For this purpose, temperature T2 and duration t2 of

the heating cycle should be selected in such a way that
the stationary values of eϕs(T2) and G0(T2) are estab-

lished by the end of this cycle. In the cooling cycle,

= α = α +1 1, log log log .
mG n G m n

ϕ = −
× +

1 2 2 1

0.75

0 2 0 1 2 1 2

[ /( )]

ln[( ( )/ ( ))( / ) ] ,

se kTT T T

G T G T T T kT
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sensor temperature T1 should be significantly lower, so

that for some time after a rapid decrease in tempera-
ture from T2 to T1 oxygen ion density on the surface

Ni(T2) and energy bend bending eϕs(T2) are main-

tained. At the same time, the condition T1 ≥ 200°C

must be satisfied for O– ions to be adsorbed on the
SnO2 surface. Based on the results of preliminary

studies for samples from series (II)–(IV), the follow-
ing thermal cycling modes were selected: T2 = 450°C

(t2 = 15 s) and T1 = 200°C (t1 = 5 s). Time dependences

of the conductivity G0(t) shown in Fig. 5 satisfy the

requirements, the fulfillment of which is necessary to
determine the energy band bending at the grain
boundaries of tin dioxide. For all freshly prepared sen-
sors, the eϕs values are 0.51–0.56 eV. In Au/SnO2:Sb,

Au films without additives of 3d-metals with a reduced
density of oxygen adsorption centers [11], energy band
bending eϕs = 0.23–0.26 eV is much lower.

The measurement of responses to the action of ker-
osene vapors was carried out at the end of the heating
S(T2) and cooling S(T1) cycles at temperatures T2 and

T1 selected above. The choice of durations t2 and t1 to

obtain the maximum response values required addi-
tional research, as a result of which it was shown that
t1 = 5 s and t2 = 10 s are necessary. The nature of the

conductivity–time profiles (CTPs) of sensors from all
series in the selected thermal cycling mode is practi-
cally the same; CTPs in clean air and when exposed to
kerosene vapors are compared in Fig. 6 using a sample
from series (IV) as an example. It was found that the
responses in the heating cycle S(T2) = 2.3–2.8 practi-

cally do not differ from the G1/G0 values measured in

the constant heating mode (Table 1), which is also
typical for other earlier studied sensors [11–13]. In the
cooling cycle, the responses are S(T1) = 4.6–9.8, i.e.,
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Fig. 5. Conductivity–time profiles in the thermal cycling
mode in clean air for sensors from the series: curve 1—(II)
Au/SnO2:Sb, Au, Ni, curve 2—(III) Au/SnO2:Sb, Au, Co,
and curve 3—(IV) Pt/Pd/SnO2:Sb, Au, Co.
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Fig. 6. Conductivity–time profiles of the (IV)
Pt/Pd/SnO2:Sb, Au, Co sensor: curve 1 in clean air, and
curve 2 under the influence of 15 ppm of kerosene vapor.
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2–2.5 times higher. It should be noted that, when
using pulsed heating in the case of sensors for simple
reducing gases, such as H2, CO, and H2S [11], the

response values in the cooling cycle are several times
higher—and, at high gas concentrations, one or two
orders of magnitude higher—than the values measured
in the heating cycle. It can be assumed that complex
products of oxidation of aviation kerosene vapors are
not completely desorbed from the semiconductor sur-

face during the heating cycle. This is also evidenced by
a decrease in the response values both in the heating
cycle and in the cooling cycle with a decrease in the
heating cycle duration t2 < 10 s.

After testing the sensors from series (II)–(IV) car-
ried out for a month the samples were stored in Petri
dishes in laboratory air for 180 days. Then, for 60 days
with an interval of 10 days in the modes of constant
and pulsed heating, the parameters of the samples
were measured under the action of aviation kerosene

vapors. Table 2 shows the characteristics of the sensors
after all tests were completed. Obviously, in contrast to
samples from series (I), for which the response to ker-
Table 2. The main parameters of kerosene sensors from vario

Values of R0, response G1/G0, and response time tr were measured

sured in optimal thermal cycling modes. All responses and tr corresp

Type of sensor (II) Au/SnO2:Sb, Au, Ni

R0, MΩ 1.4–2.3

G1/G0 1.8–1.9

tr, s 30–40

S(T1) 4.9–6.6

S(T2) 2.4–2.6

eϕs, eV 0.46–0.50
osene vapor decreased to 1.1–1.2 during the process of

preliminary tests for a month (Table 1), the values of

R0 and responses of sensors with Ni and Co additives

measured in the modes of constant and pulsed heating

changed insignificantly after long-term tests (Table 2).

The bends bending at grain boundaries in tin diox-

ide decreased in the case of samples from series (II)

with minimal concentrations of Au and Co in the vol-

ume and increased for sensors from series (III) with an

increased content of these additives, primarily of Co.

Herewith, the response time increased for samples

from series (II) and (III) with a dispersed layer of gold

deposited on the surface. The change in the state of the

surface of the Au/SnO2:Sb, Au, Co sensors is also evi-

denced by the presence of features of the Raman spec-

tra (Fig. 2b). Sensors from series (IV) are character-

ized by the highest performance, as well as stable val-

ues of eϕs and other parameters after long-term tests.

According to Raman spectroscopy data, a slight

increase in the intensity of the 200–400 cm–1 band

(Fig. 2c) corresponds to an insignificant change in the
TECHNICAL PHYSICS  Vol. 66  No. 8  2021

us series after completion of all tests for 240 days

 at an operating temperature of 450°C. S(T1) and S(T2) were mea-

ond to the kerosene vapor concentration of n = 15 ppm.

(III) Au/SnO2:Sb, Au, Co (IV) Pt/Pd/SnO2:Sb, Au, Co

4–7 3–4

2.2–2.6 2.2–2.7

20–22 12–14

6.2–9.8 5.3–7.9

2.5–3.0 2.6–2.8

0.59–0.61 0.52–0.54
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Fig. 7. Dependences on the level of humidity: (a) conductivity in clean air G0, curve 1, and when exposed to 15 ppm of kerosene vapor
G1, curve 2; (b) response to 15 ppm of kerosene vapor of sensors from the series: curve 1—(II), curve 2—(III), and curve 3—(IV).
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structure and composition of the Pt/Pd/SnO2:Sb, Au,

Co films.

One source of instability of the parameters of sen-
sors based on metal oxide semiconductors is the
change in the humidity of the environment [11]. Upon
adsorption, a water molecule dissociates into the

hydroxyl group OH– and proton H+. The proton is

captured by the O– ion forming a neutral OH group.

After neutralization of the OH– group (the electron
passes into the conduction band of SnO2), both

hydroxyl groups can be desorbed, the density of
chemisorbed oxygen decreases, and the values of the
response to reducing gases, as a rule, decrease with an
increase in the humidity level.

For the films studied in this work, the values of
conductivity G0 in pure air and G1 in an environment

containing kerosene vapors grow at the same rate in
dry air with an increase in RH from 8 to 25% and then
change insignificantly under conditions of real
humidity (Fig. 7a). The magnitude of the G1/G0

response is weakly dependent on humidity in a wide
range of RH (Fig. 7b).

CONCLUSIONS

The results of the research showed that, to create
sensors for low concentrations of liquid hydrocarbon
vapors (5–75 ppm of aviation kerosene), it is advisable
to use thin nanocrystalline tin dioxide films obtained
by magnetron sputtering with dispersed Pt/Pd or Au
catalysts deposited on the surface and additives of gold
and 3d-metals (Ni, Co) introduced into the bulk. An
increase in the response to the effect of hydrocarbon
vapors by 2–2.5 times is provided by using the thermal
cycling mode at certain temperatures and the dura-
tions of the heating and cooling cycles.
TECHNICAL PHYSICS  Vol. 66  No. 8  2021
Based on the results of comprehensive studies of
the structure, composition, and properties of films,
possible processes of interaction of aviation kerosene
molecules with the SnO2 surface and degradation of

sensor parameters were considered depending on the
type of catalysts in the bulk and on the surface. It was
established by laser Raman spectroscopy that the
deposition of dispersed Pt/Pd layers on the surface and,
in particular, the introduction of gold and 3d-metal
additives into the bulk of the films leads to the appear-
ance of additional modes in the Raman spectra that
are absent in the samples without impurities, which is
associated with local symmetry breaking and dimen-
sional effects. After long-term tests of sensors, the
position of all modes did not change, which indicates
a high stability of the structure and composition of the
films. In the case of Pt/Pd/SnO2:Sb, Au, Co samples,

the intensity of the spectra did not change either.
Changes in the intensity of the maxima in different
regions of the Raman spectrum for the Au/SnO2:Sb,

Au, Co films reflect, apparently, some transforma-
tions on the surface, which lead to an increase in the
response time of the sensors.

Pt/Pd/SnO2:Sb, Au, Co sensors, being character-

ized by high performance, stable values of the bend at
the grain boundaries of tin dioxide eϕs and response to

the effect of trace concentrations of aviation kerosene
after long-term tests and under conditions of varying
humidity, can be successfully used to detect liquid
vapors of hydrocarbons.
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