KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(73) 2025

UDC 546.815, 621.382
IRSTI 31.27.19

https://doi.org/10.55452/1998-6688-2025-22-2-301-311

L2Dmitiryeva E.,
Cand. Phys.-Math. Sc., ORCID ID: 0000-0002-1280-2559,
e-mail: e.dmitrieva@sci.kz
'Boukhvalov D.,

Cand. Phys.-Math. Sc., ORCID ID: 0000-0002-2286-3443,
e-mail: d.boukhvalov@sci.kz
*Kemelbekova A.,

PhD, ORCID ID: 0000-0003-4813-8490,

*e-mail: a.kemelbekova@sci.kz
3Shilova O.,

Doct. of chemical sciences, ORCID ID: 0000-0002-3856-9054
e-mail: olgashilova@bk.ru

nstitute of Physics and Technology, Satbayev University,
Almaty, Kazakhstan
’TOO «Manul Technologies»
Astana, Kazakhstan
JInstitute of Silicate Chemistry of Russian Academy of Siences,
Saint-Petersburg, Russia

SYNTHESIS AND STUDY OF GAS-SENSITIVE PROPERTIES
OF FILMS BASED ON TIN OXIDE

Abstract
The article looks at how to make sensitive parts for gas analyzers that work at room temperature using thin
films of tin oxide (SnO,) that are deposited on glass substrates. Three precursor systems were employed: a solution
of SnCl,*5H,0 in ethanol, a hydrosol of tin hydroxide, and a combination of them. The films were formed by spray
pyrolysis at 400°C. X-ray structural analysis and scanning electron microscopy were performed; it was found that
the crystallite sizes were 6—13 nm. We studied the sensitivity of the films to water vapor. The highest sensitivity
(R/R,, = 3.75) and response time (less than 1 second) were observed in films obtained from the sol. When

vapor

adsorption on t-Sn0O, (001) and c-SnO, (111) surfaces were modeled, it was found that the c-SnO, structure is better
for detecting carbon monoxide because it stays stable in high humidity. The results obtained are of interest in the
development of new gas sensors

Keywords: tin oxide (SnO,), thin films, spray pyrolysis, sensory properties, adsorption of molecules, gas
analyzers.

Introduction

Tin oxide (SnO,) thin films are among the most studied materials for gas sensing applications
due to their high sensitivity, fast response, and chemical stability. As an n-type wide bandgap
semiconductor, SnO, exhibits gas-sensitive behavior primarily through surface interactions with
adsorbed species, which affect its electrical conductivity [1, 2]. These features make SnO, a promising
candidate for environmental monitoring and industrial safety systems [3, 4].

Traditionally, SnO,-based gas sensors operate at elevated temperatures (typically above 200 °C)
to achieve sufficient sensitivity and response times. However, this imposes limitations on sensor
miniaturization, energy efficiency, and long-term stability, especially in compact or wearable
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devices [5]. Therefore, the development of sensitive layers that can operate effectively at room
temperature remains a critical challenge in modern sensor design.

The properties of SnO, thin films are highly dependent on the synthesis method and precursor
composition. Numerous fabrication approaches—such as magnetron sputtering, sol-gel methods,
inkjet printing, and spray pyrolysis—have been explored to tailor the microstructure, porosity, and
defect chemistry of the films [6, 7]. For instance, magnetron sputtering enables the formation of
nanocrystalline structures with high surface area, which is favorable for gas adsorption [3]. Similarly,
variations in deposition parameters have been shown to influence film thickness and, consequently,
gas sensitivity [4]. The presence of oxygen vacancies and structural defects plays a key role in
enhancing gas sensitivity, as they serve as active sites for molecular adsorption [1, §].

Among the available methods, spray pyrolysis stands out for its simplicity, cost-effectiveness, and
scalability, making it suitable for fabricating gas-sensitive layers on glass and flexible substrates [9].
Moreover, doping strategies and catalyst addition—such as palladium or tungsten—can further
enhance sensitivity and selectivity by promoting chemical interactions with target gases [10—12].
Morever, advances in thin-film technology allow for the miniaturization and integration of these
sensors into compact systems, thereby promoting wider applicability in real-world scenarios without
compromising on sensitivity [13—14].

In this work, we investigate the gas-sensitive behavior of SnO, thin films obtained by spray
pyrolysis at 400 °C using three distinct precursor systems: (1) a solution of SnCl,-5H,O in ethanol, (2)
a hydrosol of tin hydroxide, and (3) a mixed composition of both. The structural and morphological
properties of the resulting films were characterized by X-ray diffraction and scanning electron
microscopy. Crystallite sizes ranged from 6 to 13 nm depending on the synthesis route.

The films were tested for their sensitivity to water vapor under ambient conditions. Among the
samples, the film derived from the hydrosol exhibited the highest sensitivity (R /R_vapor =3.75) and
the fastest response time (less than 1 second). To complement the experimental findings, we conducted
ab initio modeling of water and carbon monoxide adsorption on different SnO, surface terminations.
The results show that the (111) surface of the cubic phase (c-SnO,) maintains structural stability
under high humidity, suggesting its potential for selective CO detection in humid environments.

Overall, the findings contribute to the design of efficient room-temperature gas sensors by
demonstrating the importance of precursor chemistry and surface structure.

Materials and Methods

Tin oxide was chosen as a compound that changes resistance with changes in the composition of
the environment, and a glass slide was used as a substrate.

We used three film-forming systems to create tin oxide films on a glass substrate:

1. Pentahydrate tin chloride tetrahydrate was mixed with ethanol to make a solution that had
0.11 mol/l of tin ions in it [15].

2. An aqueous solution of SnCl,-5H,0 with 0.11 mol/l of tin ions was heated on an electric
hotplate at 100°C for 1.5 hours, or until the color changed. This was done to make hydrosol. This
formed a tin hydroxide hydrosol according to the reaction:

SnCl, + 4H,0 — Sn(0H), | +4HCI (1)

3. A mixture of the ethanol system and tin hydroxide hydrosol in a 1:1 ratio by volume.

The film-forming systems were prepared from tin tetrachloride crystal hydrate (SnCl, - 5H,0) of
the “pure” grade, rectified alcohol, and distilled water.

The films were applied by spray pyrolysis onto a substrate heated to 400°C. The final reaction is
the formation of tin oxide:

Sn(0H), 400°C — Sn0, + H,0 2
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The structure of the films was studied using a JEOL JSM-6490LA scanning electron microscope
and a DRON-6 X-ray diffractometer. The change in resistance when water vapor was introduced was
measured using the four-probe method.

Results and Discussion

Figure 1 shows the transmission and reflection spectra of the samples under study. As can be
seen in Figure 1(a), the transmission of the glass substrate in the visible and near-infrared regions
is approximately 85-90%. A sharp decrease in the transmission of electromagnetic waves with
wavelengths less than 300 nanometers corresponds to the absorption edge of glass. A sample with
a film obtained from an ethanol system has a transmission of 80-85% in the same regions. This
means that films produced from ethanol-based systems can be used for architectural windows and
car window coatings. Samples with a film obtained from mixtures of systems and hydrosols have a
visible spectrum transmission of less than 70%. According to GOST 32565-2013, paragraph 5.1.2.5
states that the light transmission of windows must be at least 70% in order to provide visibility for
the driver from both the front and back. Therefore, the use of hydrosols and ethanol mixtures in the
production of transparent coatings is not recommended. However, a decrease in transmission may be
due to the surface structure of the film.
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Figure 1 — Spectra of tin oxide thin films

Figure 1 (b) shows the reflection spectra of electromagnetic waves directed at a 45-degree angle
to the samples normal. It can be observed that the reflection from a sample with a film produced from
an ethanol-based system (Figure 1 (b), curve 2) is higher than that of a glass sample without a film
(Figure 1(b), curve 1). This indicates that films produced from ethanol-based systems can be used as
energy-efficient coatings, as more of the energy carried by electromagnetic waves will be reflected
back into the environment.
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The smallest reflection of the samples studied was observed on samples with a film obtained
from a hydrosol (Fig. 5.1 (b), curve 4). This may be due to the scattering of electromagnetic radiation
on the irregularities of the surface.

The thickness of the samples, determined by the change in sample mass, was 500+=15 nm for all
films. X-ray structural analysis was performed to determine the crystallinity of the films obtained.
Table 1 presents the results of the crystallite size calculations.

Table 1 — SnO, crystallite sizes

Film-forming system Sn0O2
(110) (101) (200)
On ethanol 13,6+0,2 nm 10,7+£0,1 nm 10,5+£0,3 nm
Mixture 12,4+0,1 nm 12,6+0,1 nm 10,1+0,1 nm
Sol 6,2+0,2 nm 6,3+0,2 nm 10,3+0,4 nm

Table 1 shows that all films consist of tin oxide crystallites with a size of ~6—13 nm, i.e., they are
nanostructured. The literature data confirms this, stating that SnO crystals form at 400°C [16—19].
The film-forming system on ethanol directs the preferential growth of crystallites along the (110)
plane [20]. Along the 101 and 200 planes, the sizes differ within the limits of measurement accuracy.
The crystallites formed during the sol preparation have sizes of about 6 nm along the (110) and
(101) planes. The formation of crystallites from the mixture of film-forming systems occurs in two
stages. The first is the formation during the preparation of the hydrosol. Next is the growth of the
crystallites that were made in the first step, which is caused by ions from the system that form the
film on ethanol. As as it can be seen in Table 1, the crystallites that form in the film when different
film-forming systems are mixed grow along the planes (110) and (101). The sizes of crystallites are
associated with sensitivity to gases in the environment [21-24].

Table 2 presents the study's results on samples' sensitivity to water vapor at room temperature
(22 °Q).

Table 2 — Parameters of the sensitive layer of samples

Parameters Sample
On ethanol Mixture Sol
Initial resistance value R0 9,74£0,4 kOhm/sq. | 140+5 MOhm/sq. 150+5 MOhm/sq.
The lowest value of resistance when water 9,7£0,4 kOhm/sq. | 52+1,5 MOhm/sq. 40+1,5 MOhm/sq.

vapor is released Rvapor
Sensitivity RO/Rvapor - 2,69 3,75
Response time (speed) tresponse - 4-5 sec. Less than 1 sec

The time to restore the initial resistance - 10-12 sec. ~ 3 sec.
value trestore

Table 2 shows that the film from the ethanol system is not sensitive to water vapor. The film from
the sol exhibits sensitivity to ethanol vapor. When water vapor is introduced, it changes its resistance
by 3,75 times in less than 1 second. It restores its initial resistance value in about 3 seconds. Films
obtained from a mixture of film-forming systems are also sensitive to water vapor.

Based on the SEM images of the film surface shown in Figure 2, we can estimate the effect of
the composition of the film-forming system on the morphology of the surface of films formed on a
glass substrate.
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a) synthesized from an ethanol system; b) synthesized from a mixture of systems; c) synthesized from sol.

Figure 2 — SEM images of the film surface

As can be seen in Figure 2(a), the film obtained from the ethanol system has a continuous and
homogeneous structure. Similarly, the film produced from the mixture in Figure 2(b) also has a
consistent structure. However, there are individual teardrop-shaped spots caused by the application
process. In contrast, the film made from sol in Figure 2c is cracked and has weak adhesion to the
substrate, flaking off at room temperature. Despite its high-water vapor sensitivity of 3.75 arb. units
(Table 2), it is also prone to partial crumbling when in contact with foreign objects.

However, the response time and the time of restoration of the initial resistance value are longer
than those of films obtained from the sol. Thus, obtained tin oxide films on a glass substrate that
are sensitive to water vapor at room temperature. Supplying water vapor causes a 3.75-fold change
in the resistance of the films. The response time is less than 1 second; the restoration time is about
3 seconds. At room temperature, films made from a 1:1 mix of hydrosol and ethyl solution of tin
tetrachloride are also sensitive to water vapor. At the same time, they are more resistant to abrasion

Adsorption modeling

Two model systems were used to model thin tin films. The first is a 1.5 nm thick layer of
tetragonal tin dioxide with a (001) surface. The second structure corresponds to cubic tin dioxide's
(111) surface (hereinafter t-SnO, and ¢-SnO,). The first structure corresponds to films grown on
substrates with cubic symmetry in the surface layer, and the second on substrates with hexagonal
symmetry. This type of surface is the main one for many metals with fcc lattices, such as copper.
Firstly, the energies of vacancy formation and added an additional oxygen atom were calculated. The
calculation results show fairly high energies of vacancy formation (see Table 3), corresponding to
temperatures above 200 °C. At the same time, the energies required for oxygen addition are very low.
Because all vacancies in the surface layer will oxidize quickly, we excluded structures with vacancies
from consideration.

Next, the adsorption of various molecules on these surfaces were simulated. The calculation
results presented in Table 3 show that oxygen, carbon monoxide, and water will stably deposit on
the (001) surface of t-SnO, at room temperature, while only carbon monoxide and water will deposit
on the (111) surface of c-SnO,. It should be noted that carbon monoxide and water occupy the same
positions on the (001) surface of t-SnO, and different positions on the (111) surface of c. Thus, all
available positions on the t-SnO, surface will be occupied by oxygen, and, under high humidity
conditions, by water, as evidenced by the Langmuir isotherms shown in figure 1. While on the ¢-SnO,
surface, water and carbon monoxide will occupy different active positions, even at minimal pressure
(see Figure 1). Based on these results, it can be concluded that the (111) surface is suitable for use
in carbon monoxide sensors.
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Table 3 — Calculated values of the energy of defect formation and adsorption of molecules on the
discussed tin dioxide surfaces

Defect Energy of formation (kJ/defect)
Tetragonal SnO, (001) Cubic SnO, (111)
vO +181.9 +204.5
+0 +89.3 +14.6
Molecules Enthalpy / Free energy of adsorption at room temperature (kJ/mol)
NO, -37.9 -4.8 +371.8 +404.9
CO, +2.9 +19.0 +17.2 +33.3
0, -44.0 -32.5 -1.3 +10.2
H,0 -82.1 -50.8 -109.4 -78.1
4H,0 -27.9 -8.5 -119.3 -88.0
8H,0 -122.3 -91.0
CO -66.5 -47.2
+4H,0 -65.7 -46.3
+8H,0 -74.0 -54.7
1
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Figure 3 — Langmuir isotherms for gas adsorption on the studied surfaces

Figure 4 — Changes in charge density for the cases of carbon monoxide molecule adsorption on the (001)
surface of t-SnO, (left panel) and on the (111) surface of ¢-SnO, for the cases of low (center panel) and high
(right panel) humidity. Blue and yellow “clouds” correspond to a decrease and increase in charge density
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The final stage of this work was to evaluate the effect of carbon monoxide adsorption on the
substrate. This step allows to evaluate the effect of charge transfer from the molecule to the substrate,
which is essential for assessing the suitability of the material as a sensor. As can be seen from figure
2, carbon monoxide adsorption on the (001) surface of t-SnO, leads to a visible charge redistribution
in the molecule itself and insignificant doping of SnO,, small yellow “clouds”. In contrast, carbon
monoxide molecule adsorption on the (111) surface of c-SnO, leads to a serious redistribution of
the charge density in the surface layers and a visible change in the subsurface layers. Considering
that the surface (111) is likely to be saturated with water molecules, the change in charge density
was also calculated for the case of high humidity. Figure 2 shows that the pattern of charge density
redistribution remains unchanged, even at an H,0:CO ratio of 8:1. Thus, the sensor properties of the
(111) surface of ¢c-SnO, will be unchanged in dry and humid atmospheres.

Conclusion

In this work, a comprehensive experimental and theoretical investigation of the sensor properties
of tin oxide (SnO,) films was conducted to evaluate their potential for use in gas analyzer systems.
SnO, films synthesized from hydrosol precursors demonstrated high sensitivity to water vapor at
room temperature, with notably fast response (less than 1 second) and recovery times (approximately
3 seconds). These characteristics are particularly valuable for real-time environmental monitoring
and safety systems that require immediate detection of hazardous or critical gas concentrations.
Furthermore, the use of mixed hydrosol/SnCl,*5H,O systems resulted in improved mechanical
robustness and resistance to surface abrasion, which is a crucial factor in ensuring sensor longevity
under industrial operating conditions.

The modeling component of the study provided key insights into the molecular-level interactions
at the surface of different SnO, polymorphs. It was found that the (111) surface of cubic SnO,
(c-Sn0,) retains its ability to detect carbon monoxide even under high humidity conditions, due to
favorable redistribution of charge density across surface and subsurface atomic layers. This finding
is particularly significant, as it addresses a common challenge in gas sensing applications — signal
degradation due to water vapor interference.

The results of this study contribute directly to the development of next-generation gas sensors
designed for low-temperature, moisture-rich environments, such as underground mining operations,
chemical processing facilities, and smart building air quality monitoring systems. The demonstrated
combination of high sensitivity, rapid response, structural durability, and moisture-tolerant selectivity
makes these materials promising candidates for explosion-proof sensor platforms, where rapid
detection and operational reliability are critical.

Future work will focus on integrating the synthesized films into miniaturized sensor devices,
validating their performance in real-world environments, and optimizing device architecture based
on the surface interactions revealed through modeling. Overall, the synergy between synthesis,
experimental characterization, and atomistic modeling in this study provides a solid foundation for the
rational design of SnO,-based sensor materials tailored to specific industrial and safety applications.

Funding: This research is funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (BR21881954).
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KAJIAWBI OKCHUJII HETT3IHJAEI'T ’)KABBIHJIAPABIH T'A3FA
CE3IMTAJI KACUETTEPIH 3EPTTEY )KOHE CUHTE3JIEY

AHgarna

Makasaaa 0eMe TeMIIepaTypachiH/a )KYMBIC ICTEHUTIH Ta3 aHAIM3aTOpJIaphl YIIH Ce31MTal 3JICMEHTTEp )Kacay
MaKCaThIH/Ia [IIBIHBI TOCEHIII HEeTI31H/1e JKacaylaThlH Kasiakbl okcuaiHiH (SnO,) jxyKa KaObIKIIanapsl 3eprreiareH. O
YIIIiH YII 5Ka0bIH TY3€TiH XKyie Kommanbpuiasl: dTanonnarsl SnCly-SH,O epitinmici, Kanaibl THIPOKCHIL THIPO30ITL
JKOHE onapslH Kocmackl. JKabsamap 400 °C TeMiiepaTypaja cripei-Iupon3 d1iCiMEH KaJIbITAaCTRIPBUIIBI. PeHT-
TeHIIK KYPBUIBIMIBIK Tall[ay JXOHE CKaHEPIIEYINi SJIEKTPOHABIK MHKPOCKOMHS KYPTi3iiai, KPUCTALUTUTTEPIiH
emmemzaepi 6—13 HM ekeHairi aHeIKTamabl. JKaOBHAAPABIH Cy OybIHAa Ce3iMTaNIBIFBI 3epTTenni. EH skorapsl
cesimMranasik (Ro/ROy = 3,75) xone enimaitik (1 cexkyHaTaH a3) 3071a1aH ajlblHFaH KaObIHIapaa 0alkaaasl. t-SnO,
(001) »xone c-SnO, (111) Oerrepinzeri aacopOLUSIHBI MOJEIBACY JKOFAPhl bUIFAJIBUIBIK KaFIaiblHIa TYPaKThI
CCHCOPJIBIK KacueTTepiHe OaimaHbpICThl c-SnO, KYPBUIBIMBI KOMIPTETi TOTBHIFBIH aHBIKTayFa KOJAWIBl CKCHIiH
KOpPCETTi. AJBIHFAH HOTIDKENEP YKaHa T'a3 CEHCOPIIAPBIH jKacayFa KbI3BIFYIIBUIBIK TYIBIPaIbL.

Tipex ce3aep: kamaiter okcuni (SnO,), *yka KaObIKIIamap, OYPIKKIII MHPOJIN3, CEHCOPINBIK KacHeTTep,
MOJIEKYJIaJIbIK a/IcOpOLH, a3 aHaIN3aTOpIapHL.
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CHUHTE3 U1 UCCJEJJOBAHUE T'A304YBCTBUTEJBHBIX CBOHCTB
IIJIEHOK HA OCHOBE OKCHUJA OJIOBA

AHHOTaUA

B crarbe nccnenoBaHbl TOHKHE IUIEHKH OKcnaa ojoBa (SnOz), MOTydeHHBIE Ha CTEKIISTHHBIX MOJIOXKKAX, C
LIEJIBIO CO3JJaHNS TyBCTBUTEIBHBIX AJIEMEHTOB /ISl TA30aHAIN3aTOPOB, pPAOOTAIOIIMX MTPH KOMHATHOH TeMIeparype.
Brutn renonap30BaHb! TPH IJICHKOOOpasyomtue cucteMsl: pactBop SnCly*5H,O B aTaHoNe, rHAPO30IE THAPOKCHA
oJI0Ba U ux cMmech. [lnenku popmupoBauck MeronoM crpeii-riuponusa npu 400 °C. [IpoBeneHbl peHTIeHOCTPYK-
TYPHBII aHaJIM3 ¥ CKaHUPYIOIIAs 3JICKTPOHHAS MUKPOCKOIIHS, YCTAHOBIICHO, YTO pa3Mepbl KPUCTAJUINTOB COCTAB-
astroT 6—13 HM. MccnenoBana 4yBCTBUTENBHOCTh IUICHOK K TTapaM Bozbl. Hambosee BbICOKast 4yBCTBUTEIBHOCTh
(RO/Rnap = 3,75) u OpicTponeiicTBre (MeHee | CeKyH/IbI) HAOMFONAIOTCS Y INICHOK, MOTYYCHHBIX U3 30J1s1. Moaemupo-
BaHUe azcopOmm Ha moBepxHOCTAX t-SnO; (001) u c-SnO, (111) moxazamo, uro cTpykrypa c-SnO, mepcrneKTHBHA
JUIsl IETEKTUPOBAHUS yTapHOTO ra3a Omarofapsi CTaOUIbHBIM CEHCOPHBIM CBOIMCTBAM B YCIIOBHAX BBICOKOM BIIaX-
HocTH. [TonydeHHble pe3ysIbTarhl MPEACTABISIOT HHTEPEC IS pa3padOTKU HOBBIX CEHCOPOB ra3oB.

KuaioueBnble cioBa: oxcnp onosa (SnOy), TOHKHE IUIEHKH, CIIPEH-TTUPOIIN3, CCHCOPHBIE CBOWCTBA, ancopOuus
MOJIEKYJI, Ta30aHaJIN3aTOPBI.
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