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DOPING OF FLUORINE OF TIN DIOXIDE FILMS SYNTHESIZED
BY SOL-GEL METHOD

Abstract. Optical properties, surface resistance, adsorption sensitivity to ethanol vapor and the structure of
SnO; nanofilms synthesized by the sol-gel method are considered in the article. An increase in the adhesion of films
to the surface of a glass substrate with the addition of NH,F has been observed. Films obtained from the sol with the
addition of NH,F have a 4-5% higher transparency than the films obtained from the sol without additives. An in-
crease in the adhesion of films, synthesized with the addition of NH,F, to the surface of the glass substrate was
observed. The presence of F~ ions in the SnO, matrix is shown as additional sources of free charge carriers. Films
obtained both from the sol and with the addition of ammonium fluoride exhibit a nonlinear dependence of the
resistance on temperature characteristic of SnO,. The film obtained from the sol consists of globules, separately
standing or grouped. The addition of ammonium fluoride to the sol leads to the formation of a dendritic structure of
the films. Films obtained both from the sol without additives and with the addition of NH,F can be used as a sen-
sitive element in gas analyzers to determine small concentrations of ethanol vapor. An important technical result that
is a decrease in the response time to 2 seconds for ethanol vapor for both films with addition of NH,F and without
additives, is obtained. However, in order to determine concentrations from 0.1 to 0.6 mg/l, films synthesized from a
sol with the addition of NH4F are more preferred.

Key words: fluorine doping, sol-gel technology, tin oxide, structure, thin films, sensitivity to ethanol.

Introduction. Sol-gel technology is used in the production of foam for firefighting [1], the creation
of continuous refractory fibers [2], to produce porous materials that are used as sorbents, catalysts or
catalyst carriers [3]. The conversion of sols to gels is the basis of the latest nanotechnologies for the pro-
duction of ceramic ultrafiltration membranes, optical and anticorrosion coatings, photographic materials,
highly dispersed abrasives and other materials with unique properties and controlled structure [4-9].

Composite systems based on tin dioxide are a promising material for the creation of film coatings for
use as active layers in gas analytical equipment [10-14]. To improve the functional properties, the films
are doped. The decisive influence on the energy of surface centers is made by the defectiveness of the
crystal structure (the degree of deviation from stoichiometry) [15]. Doping leads not only to the introduc-
tion of the necessary element, but also to a change in the structure and morphology of the surface of the
films [16].

In this paper, the main functional properties of thin films of tin dioxide obtained from finely divided
sol are investigated. The effect of the addition of NH,4F on the transparency, surface resistance, structure,
and adsorption sensitivity to ethanol vapor of thin SnQO, films is considered.

Experiment. Microscope glass slides with the following dimensions were used as the substrate for
the deposition of films: length - 7.6 cm, width - 2.6 cm, height - 0.1 cm. These slides were washed with a
liquid detergent, then with running water, and after that they were rinsed with distilled water. They were
washed in rubber gloves to avoid contamination from contact with the skin of the hands. Then glass slides
were air dried.
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Ethanol (96%) was chosen as the solvent for the preparation of solutions, since it wets the glass
surface better than water, has a low evaporation temperature and a high diclectric constant to ensure the
dissociation of precursors. Anhydrous tetrachloride of tin was used as a reagent.

The sol of tin oxide was prepared from a solution of SnCl, in ethanol. Tin acid was completely preci-
pitated by the addition of NH,OH. The resulting tin-acid gel was stirred at a speed of 160 rpm and heated
in parallel to 100°C to remove solvents and tin-oxide-bound water. The procedure lasted 11 hours. A
white powder was obtained.

The powder of tin oxide was mixed with ethanol. Tin dioxide concentration in the solution was
0.13 mol /1. The contents of the vessel were stirred at a speed of 100 rpm (revolutions per minute) without
heating until the precipitate completely transferred into solution. The procedure lasted 4 hours.

The fluorinating agent-ammonium fluoride (NH4F) was added to the sol of tin oxide. The ratio of tin
ions to fluorine ions was 10/4. The NH4F crystals in the ethanol of tin dioxide were dissolved during
2 hours of stirring at 140 rpm with 35°C heating. The resulting sols started to coagulate 30 minutes after
the stop of the flask rotation. Before applying each layer, the flask was shaken until its contents became
uniform and transparent.

The sols were applied to the entire surface of the glass substrate and rotated by a centrifuge rotor to a
speed of 3000 rpm for 3-5 seconds. Substrates with the remaining thin layer of sol were dried using an
infrared emitter at a temperature of 80°C for 2-3 minutes. Then the sample was placed in a muffle furnace
and annecaled at a temperature of 400°C for 15 minutes to fix the layer on the substrate. After cooling, the
next layer was applied. In total, 15 layers were applied.

Results and discussion. The thickness of the films after application of 15 layers was estimated from
the change in the mass of the sample. When calculating the film thickness, the following formula was
used:

d — msample - msub

; (D

P SnO, ’ S sub

where d is the thickness of the film, 7. is the mass of the sample, 1, is the mass of the glass substrate,
is the density of cassiterite taken as 7,0 g/cm3, S.u 1s the area of the glass substrate.

The calculated thickness of the films obtained from the sol was 60+7 nm. The films synthesized from
the sol with the addition of ammonium fluoride had a larger design thickness of 90+7 nm. Since the
conditions for the deposition of films on the surface of the glass substrate were the same, it is possible to
assume an increase in the adhesion of the film to the substrate when NH.4F is added. In the previous work
[17], films synthesized from a solution of stannous tetrachloride in ethanol were considered, their calcu-
lated thickness was 25047 nm, under equal conditions of precipitation. It can be concluded that the
formation of tin acid in the form of a gel directly on the surface of the glass substrate leads to a denser film
with stronger adhesion properties than films obtained from sols containing individual dispersion particles.

Optical properties. Glasses coated with a film synthesized both from sol without additives and with
the addition of NH,F are transparent, with a white tinge and uniform throughout the surface. A photograph
of the samples is shown in figure 1.

Figure 1 — Photo of samples of glasses with deposited SnO, films.
Left — film obtained from the sol without additives. Right — film synthesized from the sol with the addition of NH,F
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Figure 2 shows the transmission spectra of the investigated films. As can be seen from figure 2, in the
visible part of the spectrum, the transparency of the films obtained from the sol varies from 58.1% at a
wavelength of & = 380 nm to 74.4% at A =780 nm. Transparency of films synthesized from sol with the
addition of NH4F is 57.5% at % =380 nm and 77.1% at ) =780 nm. At maximum sensitivity of the human
eye to electromagnetic radiation (A=555 nm), the films have a transparency of 70 and 71%. Transparency
of films with increasing wavelength increases to 85 and 86%. Films obtained from the sol with the
addition of NH4F in the wavelength range from 550 to 2300 nm have a transparency 4-5% higher than the
films obtained from the sol without additives. Optical excitation of electrons in a semiconductor thin-film
structure does not have any noticeable effect on the semiconductor [18]. However, determination of the
optical parameters of the layer and its thickness is possible, if the transmission spectrum demonstrates
interference fringes. As the thickness of the films decreases, the interference extrema are removed from
cach other [19]. In our case, interference fringes on transmission spectra are not observed, which may be
due to the absorption in the film or to the scattering of electromagnetic radiation from uneven sur-
faces.
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Figure 2 — Transmission spectra of tin dioxide films:
1 — glass substrate; 2 — film obtained from sol without additives; 3 — film synthesized from a sol with the addition of NH,F

Surface resistance. The surface resistance of the films was measured at room temperature by the
Van der Pauw method. The films obtained from the sol had a surface resistance of 78.9+6.9 kQ/square.
Films synthesized from the sol with the addition of ammonium fluoride had a surface resistance of
69.448.3 kQ/square. The decrease in the surface resistance confirms the inclusion of F ions in the SnO,
matrix [20] as additional sources of free charge carriers. The high resistance of the samples can be due to
the small calculated film thickness. Belousov et al. [21] noted an increase in the resistance of films
synthesized from solutions after gelling.

The dependence of film resistance on temperature, which is used in thin-film thermistors, is of prac-
tical importance. Figure 3 shows the temperature dependence of the resistance of the investigated films. It
can be seen that the films obtained both from the sol and with the addition of ammonium fluoride exhibit a
nonlinear dependence of the resistance on temperature, which is characteristic of SnO,. When heated, the
kinetic energy of the valence electrons rises, a disruption of individual bonds occurs, and the number of
clectrons that are released increases, and the resistance decreases (the initial part of curves 1.2 in
figure 3).

At a temperature of 120°C, adsorption and chemisorption of oxygen from the air by the oxygen
vacancies of the SnQ, film begin to predominate. The formation of chemisorbed oxygen molecules (O,
O, O%) requires the transition of electrons from the conduction band to the surface states, which leads to a
decrease in the concentration of free charge carriers, and so the decrease in resistance stops (a flat section
on curves 1 and 2 in figure 3).With a further increase in temperature from 260°C and higher, the scattering
of free charge carriers on structural defects is affected, and the resistance begins to grow.
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Figure 3 — Dependence of resistance on temperature:
1 — film obtained from sol without additives; 2 — film synthesized from a sol with the addition of NH,F

Structure of the films. Figure 4 shows the surface images of the investigated films. It can be seen
that the film obtained from the sol consists of globules separately standing or grouped. The size of
separately standing globules is of the order of Sum. It can be assumed that this type corresponds to the
dispersed phase of SnQ, obtained in solution. The presence of free space between globules can cause high
resistance of the films, as well as it can be a source of light scattering. The addition of NH,F led to the
formation of the dendritic structure of the films. Separate globules are not observed. The free space
between the structures reaches 10-15um. The resulting structures do not exclude the presence in the film
of many chaotically oriented crystallites of SnQ,.
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Figure 4 — Surface topography of SnO, films:
a — film obtained from sol without additives; b — film synthesized from sol with the addition of NH,F

Sensitivity to ethanol vapor. The sensitivity to ethanol vapor was determined as the ratio of film
resistance in pure air to the film resistance in the presence of ethanol vapor of a certain concentration and
it was carried out in two stages. At the first stage, the sample temperature T, was set, at which the maxi-
mum sensitivity of the film under study to ethanol vapor was achieved. At the second stage, at the tem-
perature found, the change in film resistance was measured under the action of various concentrations Cey,
of ethanol vapor.

Figure 5a shows the temperature dependence of the sensitivity of thin SnQ, films to ethanol vapor at
a concentration of lmg/l. Films obtained from sol without additives begin to exhibit sensitivity
(Ro/R =1.02) at a temperature of 160°C.
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Figure 5 — Sensitivity of thin SnO, films to ethanol vapor:
1 — film obtained from sol without additives; 2 — film synthesized with the addition of NH,F;
a) on different sample temperatures at the ethanol concentration of C.y=1mg/l;
b) on different concentrations of ethanol at the sample temperature of T,=230°C

Fluorine doping led to a decrease in the temperature, at which a change in the resistance of the films
was detected in the presence of ethanol vapor, and it was 150°C. At this temperature, the horizontal
section of the curves of the film resistance versus temperature begins (figure 3). This indicates the reaction
of chemisorbed oxygen molecules on the surface of films with ethanol molecules. Further increase in
substrate temperature leads to an increase in sensitivity. The maximum sensitivity was observed at a
substrate temperature of 230°C.

An increase in substrate temperature above 230°C leads to a decrease in sensitivity. The sensitivity of
films synthesized from the sol of tin oxide without additives was 2.7+0.1 rel. units at a temperature of
230°C. For films with the addition of ammonium fluoride, it was 3.0+0.1 rel. units. The increase in film
sensitivity may be due to an increase in the amount of SnO, particles on the surface of which adsorption-
desorption reactions occur, due to an increase in the contact between individual sol particles and the
formation of a dendritic structure.

Figure 5b shows the sensitivity versus the concentration of ethanol vapor. It can be seen that films
obtained from sol without additives do not have sensitivity to ethanol vapor of 0.1mg/l, and films doped
with fluorine have a sensitivity of 1.5 rel. units. An increase in the concentration of ethanol vapor leads to
an increase in sensitivity. When ethanol vapors of concentrations of 0.6-0.7mg/l and above are used, the
sensitivity of the films varies within the limits of measurement accuracy.

The effect of the same change in the film resistance for various gas concentrations is related to the
"saturation" of the active centers on which adsorption-desorption reactions occur. That is, all the centers of
chemisorbed oxygen, which are on the surface of the film, are already involved in the interaction with
cthanol, and so a further increase in the concentration of cthanol does not lead to an increase in the
released electrons.

Thus, films obtained both from the sol without additives and with the addition of NH,F can be used
as a sensitive element in gas analyzers to determine small concentrations of ethanol vapor. However, in
order to determine concentrations from 0.1 to 0.6 mg/l, films synthesized from a sol with the addition of
NH,F are more preferred.

One of the important parameters for the gas analyzer equipment is the response time of the sensor.
Serially produced breathalyzers (in particular: Pft-838 digital, Breathalyzer at65s, Breathalyzer 2017,
Professional Breath Alcohol Tester, Pft-642s 2017 popular mini) have a response time of about 5 seconds.
The response time is 90% of the time for which the film resistance reaches a minimum value when ethanol
vapor is released. Films obtained both from the sol without additives and with the addition of NH4F have a
response time to ethanol vapor absorption of Img/l in concentration of less than 2 seconds. Thus, an
important technical result is obtained, that is a decrease in the response time to 2 sec.
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Conclusion. An increase in the adhesion of films to the surface of a glass substrate on the addition of
NH,F into sol has been observed. Films obtained from the sol with the addition of NH,F are 4-5% more
transparent than the films obtained from the sol without additives. The presence of F ions in the SnO,
matrix is shown as additional sources of free charge carriers. The film obtained from the sol consists of
globules, separately standing or grouped. The addition of NH4F led to the formation of the dendritic
structure of the films.

The technical result is consisted in decreasing the response time to 2 seconds to ethanol vapor for
films obtained both from the sol without additives and with the addition of NH,F. Films obtained from sol
with the addition of NH,F are more preferable for use as a sensitive element in gas analyzers, for
determination of ethanol vapors from 0.1 to 0.6 mg/1.

The work was carried out with the financial support of the Ministry of Education and Science of the
Republic of Kazakhstan in the framework of the project of BR05236404.
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Om3uKa-TeXHUKAIBIK HHCTUTYThI, CoTOacB yHuBepcuTeTi, Anmmarsl, Kazakcran

30JIb-TEJIb 9JICIMEH CHHTE3JEJITEH KAJTAMBI INOKCHAI KABBIPIIIAFBIH
®TOPMEH JIET'TPJIEY

Annotamus. Makanana 30716-TeIb O4ICIMCH CHHTE3ACITCH SN0, HAHOKAOBIPIIAKTHIH YKOHE 3TAHOJIBIH OYbI-
HBIH a/ICOPOIMSIIBIK CE3TIIITIri, YCTIHI1 KaDaTHIHBIH KEACPTICI KOHE ONTHKANBIK KaCHETTEPl KapacTeIpbuiabl. [1IsIHBI
teceHimTiH OcTine NH,F KocrmackiMeH KoCy OapbhIChIHAA, KAOBIPIIAKTHIH aATC3HACBIHBIH YIFAI0bI aHbIKTanasl. NH,F
KOCTIaCHIMCH aJIbIHFAH KaOBIPIIAKTAP, KOCIIACHI3 aJbIHFAH KaObIpmakrapaa 4-5% >koraprel MeIIipIl KacueTi 0ap.
SnO, marpunacsmHgarsl F© HOHZAPBIHBIH, OO0NYBL, €PKIH 3apsAa TachIMAIIAyIIBIIAPBIHBIH KOCHIMIIA KO31 PETiHAC
KepceTii. 30/IbMEH ANBIHFAH JKOHE AMMOHHUH (PTOPHIBIHBIH KOCTIACHIHAH anbiHFaH SN0, KaOBIPIIAFel, TEMIICpaTypa
OOMBIHINA KEACPTIHIH CBHI3BIKTHI €MEC TOYEILILIIITI CHIIATTAMACHIH KOPCETEAl. 307IbMCH ANBIHFAH KAOBIPIIAK, )KCKEICH-
TEH HEMECE TONTACTHIPBUIFAH TIIOOYIJAH TYpaabl. 30JIbMEH KOCHAChI3 skoHe NH4F KocmackiMeH anmbiHFaH KaObIp-
IIAKTApABI, 3TAHOJ OYBIHBIH INAFbIH KOHIECHTPALUWSICHIH AHBIKTAY VIOIH, Ta3Abl aHAIM3AaTOPAA CE3TIINTI 3JEMEHT
perinzne KonaaHyFa Oomaael. NH4F KoCmackIMeH skoHE KOCIACBHIHCHI3 AIbIHATHIH KAaOBIPIIAKTAPHI YIMiH,3TAHOI OYbI-
HBIH KEMY VaKBITBIHBIH 9CCPi 2 CCKYH OOJIATHIH, MAHBI3ABI TCXHUKATBIK HOTIOKCC] ambrHabl. Amatiaa, 0,1-0,6 mr/n
apabIFBIHAAFE] KOHICHTPAIMSHBI AHBIKTAY YIOiH, 3016MeH »koHE NH4F KocmackiMeH anbHFAH KaOBIPIIAKTApHI
KOJIAHIIbI OOJIBIT KEJIE.

Tyiiin ce3aep: (TOPMEH JCTIPACY, 30/Ib-TCIb TCXHOIOTHACH], KATAHBl OKCHII, KYKAa KAOBIPIIAKTAp, STAHOJFA
CE3TIIITITI.

E. A. Imurpuesa, I, M. Myxamenmuna, K. A, Muts, I. A, Jlebenes,
H. W. 'nmpuna, A, . ®exocnmora, E. A, I'pymeBckas

Ou3uko-TexHudIecKui HHCTUTYT, CaTtnacs yHuUBEpcHuTeT, AnMarsl, Kazaxcran

JETHPOBAHHUE ®TOPOM IIVIEHOK JTUOKCHAA OJTOBA
CHHTE3UWPOBAHHBIX 30JIb-TEJIb METOJOM

AnnoTammsa. B cTaTbe pacCMOTPEHBI ONTHYECKHE CBOMCTBA, IOBESPXHOCTHOS CONMPOTHBICHHE, aACOPOLHOHHASL
YyBCTBUTEJIFHOCTD K MAPAM 3TAHOJA U CTPYKTYPa HAHOIUICHOK SnQ», CHHTE3HPOBAHHBIX 30Ib-TC)Ib METOIOM. [ eH-
KH, TTOJIy4CHHBIC U3 3071 ¢ modasnenneM NH,F, mveror Ha 4-5% 60:1ee BHICOKYIO IIPO3PAYHOCTD, YEM IUICHKH, ITOJIY -
YCHHBIC W3 30711 0¢3 100aBok. OOHAPYKCHO YBEIMUCHIC aATC3HH IIICHOK, CHHTC3HPOBAHHBIX ¢ AoOasmecHHeM NHF,
K MOBEPXHOCTH CTCKIITHHOM IIOATTOXKKH. TTokazano Hammuue HOHOB F~ B MaTpULC SIl02 B KAUCCTBC JOMOJTHHUTCIIHHBIX
HCTOYHHKOB CBOOOTHBIX HOCHTCICH 3apsma. [IIeHKu, MOJy4YCHHBIC KAaK H3 3074, TaKk M ¢ AoOaBneHHEM (ropuma
AMMOHHA JCMOHCTPHPYIOT XapakTepHyro Aa1 SnO, HETHHCHHYIO 3aBUCHMOCTH CONPOTHBICHHS OT TEMIICPATYPBL
[Tnenka, moMy4YeHHAS W3 30J11, COCTOUT M3 IJIOOYJ, OTACIBHO CTOSIIMX HIH CTPyNIHpoBaHHBIX. [loOaBneHne ¢ro-
pHIAa AMMOHHS K 30JIFO TIPHBEJIO K 00PA30BAHHIO JCHAPHTHOM CTPYKTY PBI INICHOK. [ ICHKH, IOy YCHHBIC KAK U3 307151
0¢3 100aBok, Tak u ¢ godasicHueM NH,F, MOTYT OBITh HCIOTB30BAHBI B KAUCCTBE UYBCTBHTCIHHOTO 3JICMCHTA B
ra30aHaIu3aropax, i1 ONPEACICHUS MAJbIX KOHLCHTPALMH NapoB 3TaHodA. [IOMyuYeH BAa)KHBIA TEXHUUYECKHUH
PC3yIBTAT — YMCHBIICHHUC BPEMCHH OTKIMKA A0 2 CCKYHZ K MApaM 3TAHOJA KAK A IWICHOK ¢ modasneHneM NHF,
TaK u 03 7o6asok. OgHAKO, AT onpeaccHus KoHmeHTparmit ot 0,1 1o 0,6 Mr/i 6071¢¢ MPSANOUTHTSIEHBI IICHKH,
CHHTC3MPOBAHHBIC U3 30711 ¢ 1o0aBneHmeM NH,F.

KimoueBsie cioBa: serupopanHue ()TOpoM, 307b-TEIb TEXHOIOTHS, OKCHJ OJI0BA, CTPYKTYPA, TOHKUE TUICHKH,
YyBCTBUTCIIBHOCTD K 3TAHOY.




ISSN 2224-5278 Series of Geology and Technical Sciences. 1. 2019

Information about authors:

Dmitriyeva E. A., Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan;
dmitriyeva2017(@mail.ru; https://orcid.org/0000-0002-1280-2559

Mukhamedshina D. M., Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan; muk-
daniya@yandex.ru; https://orcid.org/0000-0003-2513-6855

Mit” K. A., Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan; konstantin-
miti@yandex.ru; https://orcid.org/0000-0002-0078-6723

Lebedev ILA., Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan;
lebedev692007@yandex.kz; https://orcid.org/0000-0002-7562-9925

Girina 11, Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan;
https://orcid.org/0000-0002-4706-5261

Fedosimova AL, Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan;
https://orcid.org/0000-0001-9607-6074

Grushevskaja E.A., Institute of Physics and Technology, Satbayev University, Almaty, Kazakhstan;
https://orcid.org/0000-0001-6745-5462

REFERENCES

[1] Lebedeva N.Sh., Taratanov N.A., Barinova E.V. (2017) Promising materials [Perspektivnye materialy] 5: 45-55. (In Rus.).
[2] Zimichev, A.M., Varrik, N.M., Sumin, A.V. (2017) Proceedings of RSRIAV [Trudy VIAM] 1: 1-6. (In Rus.).

[3] Akpan U.G., Hameed B.H. (2010) The advancements in sol-gel method of doped-TiO, photocatalysts, Applied Catalysis
A: General, 375: 1-11. DOI: 10.1016/].apcata.2009.12.023.

[4] Pronin 1. A. (2012) Young Scientist [Molodoj uchenyj] 5: 57-60. (In Rus.).

[5] Sevastjanov E.Ju., Maksimova N.K., Novikov V.A., Rudov F.V., Sergejchenko N.V., Chernikov E. V. (2012) Physics and
technology of semiconductors [Fizika 1 tehnika poluprovodnikov] 46(6): 820-828. (In Rus.).

[6] Millon E., Nistor M., Hebert Ch., Davila Y., Perriére J. (2012) Phase separation in nanocomposite indium tin oxide thin
films grown at room temperature: on the role of oxygen deficiency, J. Mater. Chem, 22: 12179-12185. DOI: 10.1039/c2jm16753k.

[7] Hwang S., Kim Y.Y., Lee J.H., Seo D.K., Lee J.Y., Cho HK. (2012) Irregular Electrical Conduction Types in Tin Oxide
Thin Films Induced by Nanoscale Phase Separation, J. Am. Ceram. Soc., 95(1): 324-327. DOL 10.1111/.1551-
2916.2011.04791.x.

[8] Korotcenkova G., Cho B.K., Gulina L.B., Tolstoy V.P. (2012) Gas sensor application of Ag nanoclusters synthesized by
SILD method, Sensors and Actuators B, 166: 402— 410. DOL: 10.1016/j.snb.2012.02.081.

[9] Xiaoli Ji, Weiwei Lou, Qi Wang, Jianfeng Ma, Haihong Xu, Qing Bai, Chuantong Liu, Jinsong Liu (2012) Sol-Gel-
Derived Hydroxyapatite-Carbon Nanotube/Titania Coatings on Titanium Substrates, Int. J. Mol. Sci., 13: 5242-5253. DOIL:
10.3390/ijms13045242.

[10] Ponomareva A.A. (2013) Hierarchically organized porous gas-sensitive layers of the Sn0,-SiO, system obtained by
the sol-gel method [lerarhicheski organizovannye poristye gazochuvstvitel'nye sloi sistemy Sn0,-SiO,, poluchennye zol'-gel'
metodom]. Dissertation, St. Petersburg.

[11] KadhimImad H., Abu Hassan H., Abdullah Q.N. (2016) Hydrogen Gas Sensor Based on Nanocrystalline SnO, Thin
Film Grown on Bare Si Substrates, Nano-Micro Lett.8(1):20-28 DOI 10.1007/s40820-015-0057-1.

[12] Fedorenko G., Oleksenko L., Maksymovych N., Skolyar G. and Ripko O. (2017) Semiconductor gas sensors based on
Pd/SnO, nanomaterials for methane detection in air, Nanoscale Research Letters.12:329. DOI 10.1 186/s11671-017-2102-0.

[13] Sokovykh E.V., Oleksenko L.P., Maksymovych N.P. and Matushko I.P. (2017) Influence of conditions of Pd/SnO, na-
nomaterial formation on properties of hydrogen sensors, Nanoscale Research Letters. 12:383. DOI 10.1 186/s11671-017-2152-3.

[14] Korotcenkov G., Brinzari V., Cho B.K. (2016) In,05- and SnO,-based thin film ozone sensors: fundamentals, Journal
of Sensors, ID 3816094, 31p. DOI: 10.1155/2016/3816094.

[15] Pronin L.A., Averin L.A., Aleksandrova O.A., Moshnikov V.A. (2013) Sensors and systems [Datchiki i sistemy] 3: 13-16.
(In Rus.).

[16] Kanunnikova O.M., Murav'ev A .E., Mihajlova S.S. (2007) Glass and ceramics [Steklo i keramika] 6: 28-31. (In Rus.).

[17] Dmitrieva E.A., Mukhamedshina D.M., Beisenkhanov N.B., Mit’ K.A. (2014) The Effect of NH,F and NH,OH on the
Structure and Physical Properties of Thin SnO, Films Synthesized by the Sol-Gel Method, Glass Physics and Chemistry, 40:31—
36. DOIL: 10.1134/51087659614010076.

[18] Karpov A.G., Klemeshev V.A., Trofimov V.V. (2015) SPbSU Bulletin [ Vestnik SPbGU] 4:13-26. (In Rus.).

[19] Kondrashin VI. (2016) Determination of SnO, thin optically transparent films’ thickness by the envelope method, En-
gineering sciences. Electronics, measuring equipment and radio engineering, 2(38):93-101. DOI 10.21685/2072-3059-2016-2-8.

[20] Deva Arun Kumar K., Valanarasu S., Jeyadheepan K., Hyun-Seok Kim, DhanasekaranVikraman (2018) Evaluation of
the physical, optical, and electrical properties of SnO,: F thin films prepared by nebulized spray pyrolysis for optoelectronics,
Journal of Materials Science: Materials in Electronics, 29:3648-3656. DOI: 10.1007/s10854-017-8295-2.

[21] Belousov S.A., Nosov A.A., Men'shikova T.G., Rembeza S.I. (2016) Bulletin of the Voronezh State Technical Univer-
sity [Vestnik Voronezhskogo Gosudarstvennogo Tehnicheskogo Universiteta] 12(2): 22-25. (In Rus.).




