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sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MmexHUKarbIK fbifibiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apsiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MmexXHUKasbIK fbliibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexXHUKarbIK FblribiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bl 6irndipeodi.

HAH PK coobuwjaem, ymo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu u mexHu4eckux
Hayk» 6bln npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, ob6HosneHHol eepcuu Web
of Science. CodepxxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOmpeHUs: KoMmrnaHuel
Clarivate Analytics Onisa danbHetiweezo npuHmus xypHana & the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3dameniell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCMpupyem Hawy rnpueepxeHHoCmb K Hauboriee akmyarnbHOMY U 8/USIMEsIbHOMY KOHMeHmMy
10 2e0/102UU U MeXHU4YeCcKUM Haykam Orisl Hauleeo coobwecmsa.
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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 NH4F has been observed. Films obtained from the sol with the
addition of NH4F 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 NH4F 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 NH4F 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 NH4F on the transparency, surface resistance, structure,
and adsorption sensitivity to ethanol vapor of thin SnO, 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 dielectric 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 SnCly 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 annealed 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

; (1

pSn02 : Ssub

where d is the thickness of the film, 71, is the mass of the sample, m,; is the mass of the glass substrate,
is the density of cassiterite taken as 7,0 g/cm3 , Squp 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 NH4F is added. In the previous work
[17], films synthesized from a solution of stannous tetrachloride in ethanol were considered, their calcu-
lated thickness was 2504+7 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 NH4F 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

— 74 ——
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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 A = 380 nm to 74.4% at A =780 nm. Transparency of films synthesized from sol with the
addition of NH4F is 57.5% at A =380 nm and 77.1% at A =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
each 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.

100 - 1
90 ¥

i ’3“
30 -

\2

0 1000 2000
A, nm

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
electrons 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 SnO, 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 NH4F

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 SnO, 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 NH4F 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 SnO,.

25KV X1,000

Figure 4 — Surface topography of SnO, films:
a — film obtained from sol without additives; b — film synthesized from sol with the addition of NH4F

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 SnO, films to ethanol vapor at
a concentration of 1mg/l. Films obtained from sol without additives begin to exhibit sensitivity
(R¢/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.,=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/1 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
ethanol, and so a further increase in the concentration of ethanol does not lead to an increase in the
released electrons.

Thus, films obtained both from the sol without additives and with the addition of NH4F 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 1mg/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 NH4F 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 NH4F. Films obtained from sol
with the addition of NH4F 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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DuznKa-TeXHUKAIBIK HHCTHTYTHI, CaTOaeB yHuBepcureTi, Anmarsl, Kazakcran

30J1b-TEJIb 9 JICIMEH CUHTE3/IEJTEH KAJAMBI IMOKCUII KABBIPIIAFBIH
®TOPMEH JIETIPJIEY

AnHotanus. Makanana 307b-TeNb dIiciMeH cuHTe3aenreH SnO, HaHOKAOBIPIIAKTHIH JKOHE ATAHONIBIH OYBI-
HBIH aICOPOIUSUITBIK CE3TIIITIT1, YCTIHT KaOAThIHBIH KEAEPTici )KOHE ONTHKAJIBIK KaCHETTepl KapacThIpbULAbl. [IIbIHBI
teceHimTiH 6erine NH4F KocnacsiMeH Kocy GapbIChIHIa, KaOBIPIIAKTHIH aAre3UsCHIHBIH YIIFalobl aHBIKTanAbl. NH4F
KOCTIACBIMEH aJIbIHFaH KaOBIpIIakTap, KOCIACh3 alblHFaH KaOsIpmakrapaad 4-5% j>korapFbel MeJaipii KacHeTi Oap.
SnO, marpunaceiHnarel F~ MoHAapbIHBIH OONybI, €pKiH 3apsi TachbIMalaylIbUIapbIHBIH KOCBIMINIA KO3l peTiHje
KepceTUIi. 30JbMEH aJIbIHFaH KOHE aMMOHUHN (hTOPHUIBIHBIH KOCIIAChIHAH ajibiHFaH SnO, KaObIpIIarsl, TEMIIEpaTypa
OolibIHIIA KEAEPTIHIH CBI3BIKTHI €MEC TOYEIALIIrT CHIIaTTaMachlH KopceTe/li. 30IbMEH aJIbIHFaH KaObIPIIAK, JKEKEeJIeH-
TeH HeMece TONTACTBIPBUIFAH IIIOOYIIaH Typaasl. 30JbMEH Kocmachl3 skoHe NH4F kocmackiMeH anbiHFaH KaOBIp-
IIAKTApJAbl, 3TaHOJ OYBIHBIH INAFBIH KOHIICHTPAIMACHIH aHBIKTAY VIIiH, Ta3fbl aHAIW3aTOPAa CE3TIiIlTi 3JIEMEHT
petiaae Konmanyra Oonanel. NH4F KocmacsiMeH %oHE KOCIACHIHCHI3 allbIHATHIH KaOBIPIIAKTaPhl YIIiH,3TaHOI OYBI-
HBIH K€My YaKBITBIHBIH dcepi 2 ceKyH[ O0JaThIH, MaHBI3IBl TEXHUKAIBIK HOTIKeC anbHabel. Anaiina, 0,1-0,6 mr/ax
apanbIFbIHIAFbl KOHIEHTPALMSHBl AHBIKTAY YIIiH, 30JdbMeH jxoHe NH4F KocmachiMeH anblHFaH KaObIpIIAKTaphI
KOJIAMJIBI OOJIBIN KEJEM.

Tyiiin ce3mep: ¢ropMeH Jieripiey, 30Jb-rejlb TEXHOJIOIHSCHI, Kalailbl OKCHI, JKYKa KaObIpIIaKTap, STaHOJFa
Ce3riITiri.

E. A. lImutpuesna, /. M. Myxamenmuna, K. A. Muts, U. A. Jledenes,
N. U. I'upuna, A. U. ®enocumoBa, E. A. I'pymeBckas

OuI3NKO-TeXHNUECKUI HHCTUTYT, CaTmaeB yHuBepcuTeT, Anmarsl, Kazaxcran

JEI'MPOBAHUE ®TOPOM IVIEHOK JJUOKCHUJIA OJIOBA
CHUHTE3UPOBAHHBIX 30JIb-I'EJIb METOJIOM

AnHoTanus. B cTatbe paccMOTpPEHBI ONITHYECKHE CBOMCTBA, TOBEPXHOCTHOE COMPOTUBIICHHUE, aICOPOIIMOHHAS
YyBCTBUTEIHHOCTH K MapaM 3TaHOJA M CTPYKTypa HaHOIUICHOK SnO,, CHHTE3UPOBAaHHBIX 30Jb-T'ellb MeTOAOM. [11eH-
KH, TIOJTy49eHHBIE U3 30714 ¢ JobaBnenueM NH,F, nmerot Ha 4-5% Gosee BEICOKYIO MPO3PavyHOCTh, YeM IJICHKH, MOy~
YeHHBIE U3 30111 0e3 1o6aBok. OOHAPY)KEHO YBEINYECHUE aAre3UH IJICHOK, CHHTE3UPOBaHHEIX ¢ gobaBnerneM NH4F,
K TIOBEPXHOCTH CTEKJITHHOHN Mo i10KKH. [Tokazano Hanmmuue noHoB F~ B maTpuiie SnO, B Ka4eCTBE AOMOJHUTEILHBIX
HCTOYHUKOB CBOOOIHBIX HOCHTENeH 3apsma. [lneHku, moiyueHHbIC KaK W3 30Ji, TaK U ¢ A00aBiieHHEeM (GTopuaa
aMMOHHUS IEMOHCTPUPYIOT XapakTepHyio ans SnO, HETHMHEHHYI0 3aBUCHMOCTb CONPOTHBIEHHS OT TEMIIEPaTyphl.
[lnenka, mojgy4eHHas U3 30J151, COCTOUT W3 IIIOOYII, OTACIBHO CTOSIIMX WM CrpynnupoBaHHbIX. JoOaBneHue ¢ro-
pUIa aMMOHUSI K 30JIF0 TIPUBEJIO K 00pa30BaHMIO JCHIPUTHON CTPYKTYPHI IUICHOK. [IIeHKH, TTOTyYeHHbIE KaK 13 30711
0e3 no0aBok, Tak U ¢ qobaBieHrueM NH4F, MOTYT OBITh HCIIONIE30BaHBI B KAaUYECTBE YyBCTBUTEILHOIO 3JEMEHTA B
ra30aHaNIN3aTopax, JUIA ONpPEICICHUS MallbIX KOHIICHTPAIlMii MapoB 3TaHoNA. [IOJTy4YeH BaXKHBIA TEXHUYECCKHN
pe3ynbTaT — YMEHBIICHHE BPEMEHN OTKIIMKA 10 2 CEKYH] K IapaM 3TaHoJa Kak s IUIEHOK ¢ mobaBienuem NH,F,
Tak u 0e3 nobaBok. OmgHAKO, 17 onpeneneHus KorueHTparuit ot 0,1 mo 0,6 Mr/im Goee MpeaNOYTUTENBHBI IDICHKH,
CHHTE3UPOBaHHBIE U3 30111 ¢ fobaBnerneM NHF.

KuaroueBble cioBa: nerupoBanue GTOpOM, 30J1b-Te€lIb TEXHOJOTHS, OKCH]| 0JIOBA, CTPYKTYpa, TOHKUE TUICHKH,
qyBCTBUTEIHHOCTH K ITAHOITY.
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