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Abstract: The paper considers the possibility of using thin films based on samarium sulfide, as well as composite systems
of metal-oxide semiconductors doped with rare-earth elements, as radiation-resistant sensitive materials for monitoring
leaks of rocket fuel components. The data of electrophysical studies of the obtained sensor layers were processed
within the framework of the semiconductor Fourier spectroscopy constructed in relation to gas-analytical systems and
the nonlinear regression algorithm of selective calibration. The latter solves really the problem of sensors’ selectivity
including distinguishing the substances of the same homology such as methane, propane and n-hexane.
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1 Introduction
Semiconductor resistive gas sensors are one of the main
types of chemical sensors used in industry, including in
the rocket and space industry. Their principle of operation
is based on the change in the conductivity of the sensitive
layer when exposed to the components of the gas medium.
The advantages of such sensors are: high sensitivity, high
speed, as well as low cost in their mass production. At the
same time the study of the mechanisms of particle adsorp-
tion on the surface of a gas sensor has not yet led to the
solution of the fundamental triune problem of increasing
the selectivity, sensitivity, and stability of sensors. Currently,
various methods are being actively developed that could
solve these problems, much attention is paid to the applica-
tion of the chemometric approach to the analysis of adsorp-
tion data (Gwiźdź et al. 2015; Alizadeh 2010; He et al. 2017;
Shahid et al. 2018). Recently (Kazakov et al. 2020), a promis-
ing approach in the field of semiconductor gas analysis was
proposed, based on a modification of optical methods of
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Fourier spectroscopy, whichmakes it possible to unambigu-
ously solve the problem of increasing the selectivity of a gas
sensor. The essence of the approach is to obtain the spectral
characteristic of the sensor from the total change in its elec-
trical conductivity over time with an increase (decrease)
in the sensor surface temperature in the analyzed medium
by applying a discrete Fourier transform to the obtained
data. The use of an appropriate algorithm for processing
experimental data makes it possible to isolate from the use-
ful detector signal the amplitude-frequency spectrum of
the concentration effect on the semiconductor conductivity
of a particular component of the gas mixture. The paper
(Chistyakov et al. 2021) describes a method for the selective
determination of trace concentrations of impurities in air,
based on statistical modeling of the signal of changes in
electrical conductivity under temperature modulation of a
chemical sensor. Identification and determination of the
gas concentration is carried out after drawing up its selec-
tivity portrait, which has a characteristic appearance for
each substance.

The development of semiconductor sensors for detect-
ing fuel leaks during tests of cryogenic engines is still an
urgent task (Gutman et al. 1993; Pijolata et al. 2002). One
of the main requirements for materials used in the space
industry, not only structural, but also functional, in partic-
ular, materials for determining the concentration of gases,
is radiation resistance. Radiation resistance is usually un-
derstood as the invariance of the parameters of a semicon-
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ductor when exposed to nuclear radiation. Irradiation of
semiconductors leads to the formation of deep centers in
them – radiation defects of the acceptor or donor nature.
The solution to the problem of radiation resistance of semi-
conductor materials can be doping them with rare earth
elements (REE), which are characterized by a state with a
variable valence. A change in the valence of the embedded
REE leads to relaxation of radiation excitations (Kaminsky
et al. 1995; Brehovskih et al. 1982). In this regard, some
rare-earth semiconductors should also have high radiation
resistance.

2 Material and methods
Semiconductor samarium sulfide (SmS) and tin
dioxide-based composite materials (for example, the
SnO2/V2O5/La2O3/Pt system) were used as the working
layers of the sensors. Thin films of samarium sulfide were
obtained by the sol-gel method. The initial powder of
samarium sulfide, the radiograph of which is shown in Fig-
ure 1, previously ground in an agate mortar to a fine state.
Then the specified sample of SmS powder was mixed with
a 20% solution of the polymer polypropylene carbonate in
propylenglycoldiacetate to obtain a homogeneous paste
of black and purple color. Annealing the suspension in a
vacuum at a temperature of 250∘C to 500∘C leads to the
decomposition of the polymer to CO2 and H2O. The solvent
then evaporates and a layer of SmS is deposited on the
surface SmS (Kazakov et al. 2015).

Semiconductor materials based on tin dioxide (SnO2)
were obtained by hydrothermal synthesis. Thematerial was
deposited from a solution of SnCl4·5H2O, Na3VO4·12H2O
and 4% LaCl3·7H2O with an ammonia solution to a pH
value of 6.5-7.0 at room temperature, while continuous mix-
ing was carried out using a magnetic stirrer. The resulting
precipitate was separated by centrifugation and thoroughly
washed from the chloride ions with distilled water until
the indicator reaction to silver ions (Ag+) disappeared. The
resulting suspension of the material was placed in an auto-
clave and kept for 6 hours at a temperature of 180∘C. After
that, the suspensionwasdried, then sieved throughanickel
sieve and calcined in a furnace at 600∘C for 2 hours. Thema-
terial was then platinated to obtain a material composition
of 0.15% Pt.

The data of X-ray diffraction analysis of the obtained
powder are shown in Figure 2. After the introduction of the
modifier, the parameters of the unit cell of the crystal lattice
of the semiconductor used as the main material change in
comparison with the library data. This fact indicates the

Figure 1. Diffractogram of polycrystalline SmS.

Figure 2. Diffractogram of the system SnO2/V2O5/La2O3/Pt.

introduction of alloying additives into the structure of the
crystal lattice to form a solid solution and the appearance
of additional adsorption centers in the material, which are
responsible for the conductivity of the sample and its gas
sensitivity to a particular component of the gas mixture.

X-ray phase analysis of the samples was carried out on
a diffractometer DRON-4 (θ-2θ-scanning, CuKα-radiation, λ
= 1.54Å).

3 Theory and calculation

3.1 Calibration algorithm for semiconductor
gas sensors using Fourier transform

To study the electrophysical properties, the synthesized
materials were applied to a microelectronic chip with a
closed autonomous heater, which was a layer of compos-
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ite material consisting of platinated nanoscale aluminum
oxide particles and borosilicate glass. On the surface of
the chip there were platinum electrodes, between which
there was a semiconductor gas-sensitive layer of the sen-
sor. The experiment consisted in periodic scanning of the
detector signal by temperature: the electrical conductivity
of the sensor was measured under conditions of periodic
heating and cooling of the gas-sensitive element at a given
gas concentration. Then, by applying Fourier transforms to
these data, an optical analog of the spectral characteristic
of the gas sensor is obtained. The relative electrical conduc-
tivity of the detector (σ(t)/σ0) under this consideration is
the optical analog of the relative intensity of the absorbed
radiation (I(t)/I0), and the frequency response of the sen-
sor expressed in units of kT(t) is the optical analog of the
frequency response of the energy of the absorbed radiation
hν. The Fourier-series expansion of the sensor output sig-
nal, followed by the consideration of the lower harmonics
of the resulting function, allows you to select the compo-
nents and determine their concentrations. The frequency
response of the sensor is responsible for the selectivity and
stability of its operation (this is evidenced by the absence
of a frequency shift in the sensor characteristics both dur-
ing calibration and measurement). At the same time, the
amplitude of the selected frequency is proportional to the
concentration effect of a particular measured component
of the gas mixture.

This section presents experimental data on the calibra-
tion of sensors for gasoline, solvent vapor, toluene, and
methane, obtained by recording measurements of the elec-
trical conductivity of the gas-sensitive sensor layer over
time, both during heating and cooling. When preparing gas
mixtures, certified brands of substances were used, and the
preparation of calibration gas mixtures was carried out on
certified equipment.

Figure 3 shows the difference signal of the change in
the conductivity of the sensor over time during cooling for
three given constant concentrations of gasoline.

The tables in the upper corner of Figure 3 show the
trend lines and the parameters of the trend line equation.
Below are the equations of the trend lines in the areas with
peaks:

G51(t) = −3.87033 · 10−4 · t2 + 2.41392 · t − 3750.53567

G31(t) = −1.67449 · 10−4 · t2 + 1.0479 · t − 1631.22129

G21(t) = −1.29796 · 10−4 · t2 + 0.81399 · t − 1270.73711

The Fourier-images of the trend lines for three different
gasoline concentrations are presented below in graphical

form (see Figure 4(a) and Figure 4(b)). The time extremum
point for all the presented functions turned out to be the
same, ~3125 ms, which is further confirmed by the graph
for the first derivatives of these functions (see Figure 5).

Figure 3. Change in conductivity over time for a semiconductor SmS-
based sensor at specified gasoline concentrations.

(a)

(b)

Figure 4. A graphical view of the Fourier images (graph (a)), and
the trend line functions (graph (b)) for three different gasoline
concentrations.
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Figure 5. The first time derivatives of the Fourier-images for three
different concentrations of gasoline.

Figure 6. The square of the amplitude of the real part of the spectral
characteristic of the sensor, proportional to the concentration of the
measured component in the gas mixture.

Plotting the square of the amplitude of the real part of
the spectral characteristics of the Fourier transforms as a
function of frequency, we see that for all concentrations
the frequency is the same, ~0.036 s−1 (see Figure 6).

According to the above calculation algorithm (for the
case of sensor cooling), we calculated the frequency re-
sponse of the sensor when it is heated. The value of the
process frequency equal to ~0.040 s−1, is obtained, which
is quite close to the value of ~0.036 s−1 within the experi-
mental error. Thus, the optimal temperature for detecting
gasoline vapors can be determined both during the heating
process and during the cooling process of the sensor.

The calibration algorithm described above was also
used in the processing of experimental data obtained on the
same sensor after calibration for other gases. Figure 7 shows
the difference signal of the change in the conductivity of

Figure 7. The difference signal of the change in the conductivity
of the SmS-based-sensor over time during its heating at three
different concentrations of solvent vapors in atmospheric air.

Figure 8. Time difference signal of the SmS-based sensor conduc-
tivity change for three different concentrations of solvent vapors in
atmospheric air (heating and cooling).

the sensor over time during its heating at three different
concentrations of solvent vapors.

The extremum point in Figure 8 corresponds to the
170th millisecond of the process. At the same time, the fre-
quency estimate gives a value of ω ∼ 0.459 s−1, which
is about an order of magnitude higher than for gasoline
vapors. Below (see Figures 8–10) provides sensor calibra-
tion data for various volatile hydrocarbons contained in
atmospheric air.

The values of the frequency characteristics of the sen-
sor correspond in order of magnitude to the values of the
rate constants of desorption of molecular gases from the
surfaces of oxide semiconductor sensors: k2 ~ 0.05 s−1

(Kazakov et al. 2015), which is confirmed by the study of
composite materials (in particular, tin dioxide doped with
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Figure 9. Time difference signal of the SmS-based sensor conduc-
tivity change for three different concentrations of methane vapor in
atmospheric air (heating and cooling).

Figure 10. Time difference signal of the SmS-based sensor conduc-
tivity change for three different concentrations of toluene vapor in
atmospheric air (heating and cooling).

lanthanum atoms). It can be assumed that the frequency
characteristics of the sensors based on samarium sulfide
obtained by us also correspond to the parameters of the
rate constants of reverse chemisorption reactions for the
hydrocarbons used in the experiments. The stability of the
spectral characteristic of the sensor is confirmed by the ab-
sence of a shift in the characteristic frequency responsible
for adsorption.

3.2 Nonlinear regression algorithm for
selective sensor calibration

The response of the electrical conductivity of a semicon-
ductor sensor in a medium with an active substance at a

Figure 11. Temperature modulation graphs T(t) for different measure-
ments.

Figure 12. Different-shaped electrical conductivity signals as func-
tions of the inverse absolute temperature ∆σ(z = 1000/T (t)) for
different adsorbents on ZnO-based sensor.

rapid temperature change in a certain range from Tmin to
Tmax carries information about chemisorption processes
occurring on the surface at different speeds. The final signal
∆σ(t) at a given adsorbate concentration in the gas phase is
a complex function and depends both on the surface prop-
erties of the semiconductor and on the heating mode T(t)
of the sensor surface. However, for the case of a fast heat-
ingmode reproducible frommeasurement tomeasurement,
T(t) (see Figure 11) it can be assumed that the response ∆σ
is entirely determined by the dynamic equilibrium between
the chemisorbed particles and their concentration in the
volume, which is specific for each substance. This assump-
tion allows us to consider the detector signal in coordinates
∆σ(z = 1000/T(t)) (see Figure 12).

The main idea of the nonlinear regression method of
calibration and processing of the sensor signal is as follows.
Each curve of the sensor response to a certain concentra-
tion of a given substance in the considered gas medium
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(artificial air) when heated for ~1 s from 150∘C to 500∘C is
interpolated by a number of model dependencies of a spe-
cial type – rational functions of the variable z = 1000/T,
whose constant numerators are the main parameters, and
whose denominators are reduced polynomials of degree 3
or 4.

F1 (z) =
A1

z4 + b1z3 + c1z2
, (1)

F2 (z) = zF1 (z) , (2)

F3 (z) =
A3

z4 + b3z3 + c3z2 + d3z
, (3)

F4 (z) =
0.0001A4

z4 + b4z3 + c4z2 + d4z + h4
, (4)

F5 (z) =
A5

b5z4 + c5z3 + d5z2 + h5z + 1
, (5)

F6 (z) =
A6

b6z4 + c6z3 + d6z + 1
. (6)

The positive principal parameters Ai > 0, i = 1..6 should
change rapidly with the concentration of C, while the co-
efficients of the polynomials in the denominators change
slowly.

All sets of parameters are evaluated using the
Levenberg-Marquardt method. When all the parameters
are significant at the level of P=95%, the concentration
dependences Ai , () i = 1..6, that make up the calibration
portrait of a certain substance are constructed for the main
parameters.

These portraits may contain “bald” areas where some
(but not all!) the parameters are not defined meaningfully.
In general, the calibration portraits are individual for each
substance. The continuity and smoothness of their curves
Ai , () i = 1..6 are provided by sufficiently high values of
the Student’s criterion, t(Ai) = 10..60, and the relative
constancy of the coefficients in the denominators by even
higher numbers from 100 to 20000 (!).

When detecting an unknown gas X, a hypothesis is put
forward H0: X=Y. In accordance with the hypothesis, the
temperature range of signal processing is determined and,
where possible, the main parameters are evaluated AiX. If
the lines of their level on the calibration portrait for Y give
all the points of intersection with the corresponding curves
AiY , (), and with the same abscissae C*, then H0 is correct,
and C* is the concentration of Y in the units of the portrait
(see Figure 13).

Figure 13. Detection of methane at a concentration of 0.109 vol.%
using a calibration portrait for a ZnO-based sensor.

Figure 14. Complete discrepancy of 0.248 vol.% propane in the air
to the calibration portrait of methane on ZnO-based sensor.

In the case of no/explicit difference of abscissa (see
Figure 14), an alternative hypothesis H1: X/=Y is accepted,
then the following assumption for Z is checked, etc.

Portraits are mainly used to recognize the chemical
nature of the gas. For example, for nitric oxide NO in the air,
all calibration lines start in «bald» sections (see Figure 15),
which makes it difficult to calculate the concentration. In
such cases the exact determination of the concentration
can be carried out by an alternative method, for example,
by the final electrical conductivity at a certain temperature
(pre-calibration of this value by concentration is necessary)
(Myasnikov et al. 1991).

If there are lines with a significant variation AkY , (C) in
the current concentration range in the portrait, the inverse
dependence C(AkY ), is estimated using nonlinear regres-
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Figure 15. Recognition of 9.1 mg/m3 NO in artificial air (ZnO-based
sensor).

Figure 16. Ideal proportional dependence C(A5) for propane (ZnO-
based sensor).

sion, which already serves as a calibration curve for finding
the concentration.

As a rule, such inverse dependences have a power-law
character with exponents from 1.5 to 1.7, but for propane
in the air, an ideal proportional dependence was observed
within a wide range C(A5) (see Figure 16).

The developedmethodmakes it possible to distinguish
not only hydrocarbons of the same homology, but also var-
ious reducing particles: ammonia, nitric oxide, acetone,
toluene, solvent and turpentine vapors. The method has
great potential, since it is possible to vary the heating pa-
rameters, expand the range of interpolating functions, etc.
In fact, the algorithm actually solves the most urgent prob-
lem of the selectivity of a conductometric sensor.

The use of single and rapid heating, as opposed to mul-
tiple cyclic heating, reduces both the measurement time
and the wear of the sensor element. The check, which takes

into account the drift of the sensor parameters due to a
number of natural reasons, is carried out not on the iden-
tity of the estimated set of parameters AiX to a set AiY of
the same structure from the calibration portrait of the sub-
stance Y, but on the collinearity (proportionality) of these
sets. In this case, the identification/exclusion criterion is a
dimensionless value

Lmin = min
C

⎛⎜⎜⎜⎝1 −

(︂∑︀
i
AiYAiX

)︂2

(︂∑︀
i
A2
iX

)︂(︂∑︀
i
A2
iY

)︂
⎞⎟⎟⎟⎠ , (7)

exactly equal to zero with the exact proportionality of the
sets AiX and AiY . Geometrically, this value is the square of
the sine of the angle between the vectors AiX and AiY in the
multidimensional space of themain parameters. In the case
where only n=3 parameters are significantly determined,
Lmin is exactly the square of the sine of the angle between
the velocity vectors of the molecules in an ideal gas.

A certain mathematical problem is the search for the
type of distribution for Lmin due to the requirement of posi-
tivity for AiX and AiY and the lack of a priori assumptions
about their distribution. Alternatively, the distribution table
can be constructed experimentally, and the critical values
of this parameter LYthr can be found at the standard level
95%. Then if Lmin < LYthr ⇒ X = Y, C = arg(Lmin). Other-
wise Lmin ≥ LYthr ⇒ X /=Y.

There is also an alternative way to check for collinearity
of two vectors at a minimum L (7) by estimating the pro-
portionality coefficient q of sets by simple regression AiX =
qAiY . If the estimate produces a significant q value and a
high corrected coefficient of determination adj-R2 > 0.99,
then the sets are proportional. And then X is Y.

4 Discussion
In the conditions of operation in space, the drift of the sen-
sor parameters is largely due to the effect of radiation, so
the choice of materials for gas-sensitive films is limited to
those semiconductors whose structural features allow to
neutralize the influence of high-energy particles. In REE-
doped metal-oxide semiconductors and in some rare-earth
semiconductors (for example, SmS), elements of variable
valence can change their charge state under the influence
of radiation. Apparently, in this process, the photoioniza-
tion of two- or trivalent rare-earth ions occurs when ex-
cited within the bands of their f-d absorption. When the
5d states of the donor are degenerate with the states of the
conduction band, the probability of delocalization of an
electron excited to such states becomes nonzero. The ability
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to give away an electron is not only possessed by donors
in a stable valence form, which are realized in the crystal
during synthesis. The activator ions are also photoionized
in the metastable charge state obtained as a result of their
radiation-stimulated reduction. This probably means that
in such radiation-reduced donors, the excited 5d states are
located in the conduction band of the crystal (Brehovskih
et al. 1982).

The algorithm of the measurement process is quite sim-
ple and convenient for practical use. This is a kind of “tem-
perature scanner” of the gas-sensitive sensor layer in the
measured atmosphere.

In the method described in Section 3.1 using the
Fourier transform, the concentration “peak” observed on
the graphs corresponds to the time when the change in
the difference signal of the conductivity reaches the ex-
tremum point. The proportionality coefficient at the deter-
mined peak exit point in the system of presented calibra-
tion characteristics is the actual equilibrium constant. It
is defined as k1/k2, where k1 is the adsorption rate con-
stant, and k2 is the desorption rate constant of the impurity
on the surface of the semiconductor. The peak exit point
corresponds to the optimal detection temperature (Kaza-
kov et al. 2019) determined with an error of about 1∘C. The
desorption constant k2 = ω is found from the processing
of the Fourier image of the signal, the constant k1 is de-
termined from the square of the real part of the spectral
characteristic of the sensor S(ω). There is an unambiguous
relationship between the relative electrical conductivity
of the gas-sensitive element and the concentration of the
impurity contained in the atmospheric air, which fully cor-
responds to the ideas about the mechanism of adsorption
of active particles, discussed in detail in (Myasnikov et al.
1991). This circumstance makes it possible to determine
the concentration of the measured component of the gas
mixture according to the proposed system of calibration
constants of the sensor.

The method described in Section 3.2 essentially solves
the problem of the selectivity of the response of a chem-
ical sensor even to substances of the same homologous
group, such as methane, propane, and hexane. Data pro-
cessing of electrophysical measurements by the nonlinear
regression method is based on the Levenberg-Marquardt
(LMA) algorithm. Nonlinear LMA estimation has never been
considered a simple computational problem because of the
difficulties of the initial assumption, the possible huge num-
ber of iterations or even cycles, as in the simplex method,
multiple and close to each other solutions, etc. To overcome
these difficulties, artificial intelligence (AI) and bioinspired
methods have been used traditionally. The authors man-
aged to avoid difficulties by creating initial assumptions

databases for each sensitive element-substance pair. This
was a complex numerical problem due to the obvious im-
possibility of a complete iteration with any acceptable grid.
However, the type of functions (1)–(6) made it possible, for-
tunately, to solve this problem by simply converting to lin-
ear formulas by replacing ∆σ with 1/∆σ and recalculating
the obtained coefficients. This procedure, initially applied
for large concentrations, gave the initial assumptions for
LMA. The results obtained then served as the next initial
guess for the lower concentration, etc.

5 Conclusions
The algorithms for processing data on the electrical conduc-
tivity of semiconductor sensors considered in the article
successfully cope with the tasks of determining impurities
in the atmospheric air, and the possibilities and resources
of these approaches are far from exhausted both from the
point of view of optimization and from the point of view of
using artificial intelligence. At the same time, the proposed
method for obtaining a signal (transient temperature mod-
ulation) with its representation in physical coordinates and
the processing method are superior in selectivity to all cur-
rently known methods (Hosseini-Golgoo et al. 2017; Chen
et al. 2017; Sakumura et al. 2017). Materials used as sen-
sitive layers of sensors have characteristics characteristic
of radiation-resistant materials: thermal stability, fine dis-
persion, and a large number of stoichiometric vacancies.
High radiation resistance makes them promising for use as
working layers of gas-sensitive sensors for express analysis
of rocket fuel in space conditions.
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