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The conditions and parameters for the synthesis of metal oxide films (ZnO, SnO2, and Zn2SnOs) by spray pyrolysis have been
determined. The films were synthesized from aqueous solutions; the main differences between the methods were in the composition of
the precursors, in the modes and time of deposition. The crystal structure of the Zn2SnOs film corresponds to the cubic lattice, which
belongs to the space group Fd3m with blocks 53 nm in size and lattice parameters a = 6.238 A. Films of SnO2 and ZnO nanocrystallites
28 and 31 nm in size coherently arranged with lattices in the volume of thin Zn2SnO4 films can exhibit quantum size effects, which is
of interest for modern nanotechnology. The crystals of the obtained SnO: films have a tetragonal Bravais lattice with the space group
P4 2/mnm with lattice parameters @ = b = 4.836 A and c = 3.245 A, and the size of the SnO> film subcrystals is 61 nm. The resulting
ZnO films belong to the C6/mmc space group and the crystal lattice has a hexagonal syngony with the wurtzite structure with parameters
a =b=10.3265 nm and ¢ = 0.5212 nm. It has been determined that, on the surface of the thin film grown, zinc oxide bumps with sizes
Lzn0 = 84 nm appear, which affect the unique properties of the samples. It is shown that the resulting thin Zn2SnO4, SnO2, and ZnO
films can be used in a wide range of applications from sensitive sensor elements to coatings in transparent electronics in terms of their
optical parameters.
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1. Introduction

Semiconductor metal oxides have been used in photovoltaic technology for many years. The versatility of their
properties and the possibility of using the simplest, inexpensive, and easily reproducible manufacturing methods make
them promising materials for the manufacture of photovoltaic devices [1, 2] Metal oxides (Sn, Zn) are semiconductors
with a band gap from 3 to 3.6 eV. Wide-gap semiconductors (ZnO, SnO,, Zn,SnOj4) [3-5] have n-type conductivity due
to oxygen vacancy and deviations from stoichiometry, and are transparent in the visible region of the optical spectrum.
Thin films of metal oxides are widely used in optoelectronics, gas sensors, and transparent electronics. The electrical
properties of metal oxides depend not only on their elemental composition, but also on the method of their synthesis. Thin
films of metal oxides can be obtained by sol-gel technology [6], magnetron sputtering [7], electron beam evaporation [§],
and other methods. In this work, the spray pyrolysis method was used in a way, which is not laborious and allows obtaining
the required materials with the necessary characteristics and a minimum number of technological operations. Spray
pyrolysis is a method that based on spraying an aerosol into a heated substrate. The aerosol, forming the necessary
substance in the course of a chemical reaction is obtained from a solution of metal salts; it evaporates and then after hitting
the substrate, sprayed under pressure [9,10].

The purpose of this work is to determine the optimal parameters for the production of metal oxide films by spray
pyrolysis, as well as to study the structural and optical parameters of the fabricated ZnO, SnO,, and Zn,SnOy films.

2. EXPERIMENTAL TECHNIQUE

The synthesis of SnO, and ZnO was carried out from aqueous solutions of the corresponding metal salts. To
synthesize a tin oxide film, tin chloride [SnCl,*2H,0] was used as a precursor; a zinc oxide solution was synthesized from
zinc acetate [Zn(CH3COO),*2H,0]. water in a volume of 200 ml. In order to avoid hydrolysis of the tin chloride salt in
water, hydrochloric acid was added in an amount of 1 ml. To synthesize a zinc stannate film, zinc acetate
(Zn(CH3CO0OO0),2H,0] and tin chloride [SnCl,*2H,0] were chosen as precursors. Zinc acetate (Zn(CH3;COQ),*2H,0] was
used as a source of zinc oxide, and tin chloride [SnCl,*2H,0] as a source of tin oxide in the synthesis of the compound
Zn,Sn0O,. The molar ratio of zinc acetate and tin chloride in the solution was selected as 2:1. The calculated amount of
tin chloride and zinc acetate was dissolved in distilled water to form two solutions. Hydrochloric acid HCI was added to
prevent hydrolysis of the salt, then the two solutions were mixed and a precipitate formed in the final solution, and more
hydrochloric acid was added.

The ZnO, SnO,, and Zn,SnO;4 films were deposited at an air pressure of 2 bar at a rate of 8 ml/min. The distance
from the spray head to the preheated glass slide was 85 cm. The film of ZnO, SnO,, and Zn,SnO4 was deposited in one
layer for 18 minutes. Multilayer deposition of the ZnO film took place for 1 min with a subsequent break of 30 seconds
to restore the substrate temperature.
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Structural studies of thin metal oxide films of SnO,, ZnO, and Zn,SnO4 were performed on an XRD-6100 X-ray
diffractometer. X-ray voltage 40.0 kV, current 30.0 mA. The scanning range is 8.0-9.0, the scanning speed is 2 deg/min,
the sampling step is 0.02 degrees. The experimental results obtained with the XRD-6100 were processed by the Rietveld
method using the Fullprof program.

3. RESULTS AND DISCUSSION
On Fig. 1a shows X-ray patterns of the Zn,SnO4 films and shown that a well-crystallized Zn,SnO film is obtained,
as indicated by clear peaks of reflections from different crystal planes, which can all be attributed to the zinc-stannate
phase. This indicates sufficient crystallization immediately after spray pyrolysis application. The X-ray pattern of the
Zn,SnO film has the following reflections, which are presented in Table 1.

Table 1. Diffraction positions observed in X-ray spectra of Zn2SnOs metal oxide films (HKL — crystallographic orientations,
d - interplanar spacing, 20 — angle)

20 hkl d A Composition
1 16.077 002 5.3954 SnO2
2 18.867 111 4.6513 Zn2SnOy
3 22.23 110 3.9871 ZnO
4 28.8 220 3.1258 Zn2Sn04
5 33.91 311 2.6417 Zn2Sn04
6 35.46 222 2.5313 Zn2SnO4
7 41.183 400 2.1921 Zn2SnO4
8 46.408 211 1.9572 ZnO
9 51.03 422 1.7918 Zn2Sn0y
10 54.372 511 1.6872 Zn2Sn04
11 59.65 440 1.5523 Zn2SnO4
12 67.57 620 1.3865 Zn2SnO4
13 70.42 533 1.3374 Zn2Sn04
14 71.357 622 1.3221 Zn2Sn04
15 76.82 444 0.8812 Zn2Sn0O4

Table 1 and the diffraction pattern show that the main high-intensity (5%10* pulses') reflection is present at
d/n=0.46513 nm (18.867) and this indicates that the film surface corresponds to the crystallographic plane (111). We
analyzed the experimental results of this reflection using the Fullprof program, and determined the crystal structure of the
Zn>Sn0Oy film corresponds to the cubic lattice, which belongs to the space group Fd3m (Fig. la). Also using the Nelson-
Riley extrapolation function [11]

& = (1/2)-[(Cos?6/0 + (Cos?6/Sind)], )
the cubic lattice parameter of the Zn,SnO4 film was determined from reflections — (111), which amounted to about
6.238 A.

The average subcrystal size of the Zn,SnOy film (D) was calculated by the Solyakov-Scherrer formula [11] using
X-ray data, which was 53 nm. The formula is given in the ratio, and the calculated values are given in table 1:
kA

D= (@)

wcos®’

where £ is a constant (0.94), D is the size of subcrystals (blocks in nm), A is the length
X-ray wavelength (1.5406 A), o is the full width at half maximum (FWHM in radians) and 0 is the Bragg diffraction
angle
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Figure 1. X-ray diffraction pattern of thin metal oxide films of Zn2SnO4 (@), SnO2 (b), and ZnO (c)



338
EEJP. 2 (2024) Khotamjon J. Mansurov, et al.

However, films of SnO, and ZnO nanocrystallites 28 and 31 nm in size coherently arranged with lattices in the
volume of thin Zn,SnOy films can exhibit quantum size effects, which is of interest for modern nanotechnology.

The experimental data obtained using the X-ray diffraction method for thin layers of metal oxide SnO, are shown
in Fig. 10. An analysis of the X-ray diffraction pattern of the SnO> film shows that several structural reflections (Fig. 1)
of a selective nature with different intensities are observed in the diffraction pattern. The observed diffraction reflection
from SnO; films with an intense reflection of (110) SnO; at 20 = 26.8° and its other order of (101) SnO, at 20 = 34.1°,
their FWHM(110) = 6.1x10- rad and FWHM(101) =~ 4.33x107 rad) indicates the perfection of crystalline tin dioxide.
Intense reflections from different crystal planes and their analysis of experimental results show that SnO; crystals have a
Bravais tetragonal lattice with space group P4 2/mnm with lattice parameters @ = b = 4.836 A and ¢ = 3.245 A.

In addition, new structural reflections with different intensities appeared which are presented in Table 1.

Table 1. Diffraction positions observed in X-ray spectra of SnO2 metal oxide films (HKL — crystallographic orientations, d — interplanar
distance, 0, 20 — angle, I — intensity)

No. HKL d, A 0, deg 26, deg I
1 110 3.333 13° 23’ 26° 46’ 100
2 101 2.631 17° 03’ 34° 06 80
3 200 2.359 19° 05’ 38° 10’ 30
4 210 2.012 21° 10’ 42° 20/ 7
5 211 1.758 26° 00 52° 00’ 40
6 220 1.612 27° 09’ 54° 18’ 20
7 002 1.584 29° 04 58° 08’ 5
8 310 1.495 31° 02 62° 04’ 10
9 301 1.410 33° 10 66° 20’ 20
10 202 1.320 35° 44’ 71° 28’ 5

The average size of subcrystals of the SnO, film (D) was calculated by formula (2), which is 61 nm.

Fig. 1¢ shows an X-ray diffraction pattern of a thin film and, at low angle scattering, a broad diffuse reflection with
selective crystallographic orientation reflections is observed at d/n =0.2774 nm (20 =31.7°) (100), dn =0 .2723 nm
(26 =32.97°) at (002) and d/n = 0.249 nm (20 = 36.34°) (101). Structural line (002), observed at d/n =0.2723 nm
(20=32.97°) on the diffraction pattern, shows that it is high intensity (~10°pulses!) and thin width
(FWHM = 2.62-107 rad). This testifies to the high perfection of the lattice of the thin-layer crystalline film [12].
An analysis of the experimental results of this reflection showed that it belongs to the C6/mmc space group and has
a hexagonal syngony with the wurtzite structure in the crystal lattice (due to the bond between zinc-oxygen atoms).
The sizes of subcrystals determined from the half-width of this structural peak were 67 nm.

In addition, another diffuse reflection was observed in the X-ray diffraction pattern of a thin ZnO layer at a maximum
average angular scattering of 20 = 42.12° (FWHM = 3.03x10! rad). At the same time, in diffusion reflection of low intensity
atdm=0.1911 nm (20 = 47.63°); at (102)zn0, at (103)zs0 d/n = 0.1630 nm (26 = 56.67°), and d/n = 0.1481 nm (26 = 62.93°)
(110)zn0- selective reflections were also observed. Theoretical calculations presented in [12,13,14] and obtained on the basis
of the analysis of experimental data of X-ray diffraction patterns of a thin layer confirm that these structural reflections arise
on the surface of a thin layer due to the formation of ZnO nanocrystallites, while their average size is ZnO atd/n = 0.1911 nm
(26 =47.63°) (102)zn0, at dn=0.1630 nm (26 = 56.67°) (103)zs0 and d/n=0.1481 nm (26 = 62.93)° (110)z,0 which is
determined to be 84 nm using experimental results of selective reflections.

Optical data on the films were obtained on a SPECS SSP-715 M spectrophotometer. The transmission spectra of
Zn0, SnO,, and Zn,SnO4 are shown in Fig. 2. The transmission spectra for films SnO,, ZnO, Zn,SnO,4 have a transparency
of more than 80% in the visible and infrared parts of the spectrum. The transparency threshold is in the ultraviolet range.
This makes them suitable for use in transparent electronics and solar energy. In accordance with the literature data [15-18],
all synthesized metal oxides had a direct band structure.
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Figure 2. Transmission spectrum (transparency) of ZnO, SnO2,  Figure 3. Dependences of (ahv)? on the light energy for ZnO,
and Zn2SnO4 films Sn0z, and Zn2SnO4 films
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From the absorption thresholds, one can determine the absorption coefficient and band gap of the film in the
coordinates (ahv)? = f(hv). The calculation data for the band gap are shown in Fig. 3. The band gap was determined by
straightening the graph (ahv)? = f(hv) and amounted to 3.5 eV for Zn,SnO4, 3.3 eV for SnO, and 3.2 eV for ZnO.

4. CONCLUSION

Thus, based on the analysis of the technological modes of synthesis and the results of the studies of metal oxide
films (ZnO, SnO; and Zn,SnOy), the following conclusions can be drawn:

- the conditions and parameters for the synthesis of Zn,SnO4, SnO, and ZnO films using spray pyrolysis were
determined. The films were synthesized from aqueous solutions; the main differences between the methods were in the
composition of the precursors, in the modes and time of deposition;

-crystal structure of the Zn,SnOy film corresponds to the cubic lattice, which belongs to the space group Fd3m with
blocks sized 53 nm and lattice parameters a = 6.238 A. Films of SnO, and ZnO nanocrystallites 28 and 31 nm in size
coherently arranged with lattices in the volume of thin Zn,SnO; films can exhibit quantum size effects, which is of interest
for modern nanotechnology.

-crystals of the resulting SnO; films have a tetragonal Bravais lattice with space group P4 2/mnm with lattice
parameters a = b =4.836 A and ¢ = 3.245 A, and the subcrystal size of the SnO; film is 61 nm.

The resulting ZnO films belong to the C6/mmc space group and the crystal lattice has a hexagonal syngony with the
wurtzite structure with parameters a = b =0.3265 nm and ¢ = 0.5212 nm. It has been determined that, on the surface
of the thin film grown, zinc oxide bumps with sizes Lz,o = 84 nm appear, which affect the unique properties of the
samples.

- studies of the parameters of films Zn,SnO4, SnO, and ZnO were carried out to assess the possibility of using them
as structural elements of a thin-film solar cell. The band gap was determined from the light absorption spectra and was in
the range of 3.2 — 3.5 eV for oxides based on Zn and Sn.

ORCID
Xhotamjon J. Mansurov, https://orcid.org/0009-0006-4571-7795; ©© Akramjon Y. Boboev, https://orcid.org/0000-0002-3963-708X
Jakhondir A. Urinboyev, https://orcid.org/0009-0003-4903-4164

REFERENCES

[11 A. Pérez-Tomas, A. Mingorance, D. Tanenbaum, and M. Lira-Cantu, “Metal oxides in photovoltaics: all-oxide, ferroic, and
perovskite solar cells,” The Future of Semiconductor Oxides in Next-Generation Solar Cells, 8(1), 267-356 (2018).
https://doi.org/10.1016/B978-0-12-811165-9.00008-9

[2] S.Z. Zainabidinov, S.I. Rembeza, E.S. Rembeza, and Sh.Kh. Yulchiev, “Prospects for the Use of Metal-Oxide Semiconductors
in Energy Converters,” Applied Solar Energy, 55(1), 5-7 (2019). https://doi.org/10.3103/S0003701X19010146

[3] H. Hosono, “Ionic amorphous oxide semiconductors: Material design, carrier transport, and device application,” Journal of Non-
Crystalline Solids, 352(1), 851-858 (2006). https://doi.org/10.1016/j.jnoncrysol.2006.01.073

[4] M Batzill, and U. Diebold, “The surface and materials science of tin oxide,” Progress in Surface Science, 79, 47-154 (2005).
https://doi.org/10.1016/j.progsurf.2005.09.002

[5] O. Ishchenko, V. Roge, G. Lamblin, D. Lenoble, and 1. Fechete, “TiO2, ZnO, and SnO2-based metal oxides for photocatalytic
applications: principles and development,” Comptes Rendus Chimie, 24,103-124 (2021). https://doi.org/10.5802/crchim.64

[6] B. Stjerna, and C. Granqvist, “Optical and electrical properties of SnOx thin films made by reactive R.F. magnetron sputtering,”
Thin Solid Films, 193, 704-711 (1990). https://doi.org/10.1016/0040-6090(90)90222-Y

[71 X.Wen, Q. Zhang, and Z. Shao, “Magnetron Sputtering for ZnO: Scintillation film production and its application research status
in nuclear detection,” Crystals, 9(5), 263 (2019). https://doi.org/10.3390/cryst9050263

[8] R. Kumar, M. Sekhar, Raghvendra, R. Laha, and S. Pandey, “Comparative studies of ZnO thin films grown by electron beam
evaporation, pulsed laser and RF sputtering technique for optoelectronics applications,” Applied Physics, 126, 859 (2020).
https://doi.org/10.1007/s00339-020-04046-8

[9] M. Chitra, “ZnO/SnO2/Zn2SnO4 nanocomposite: preparation and characterization for gas sensing applications,” Nanosystems:
physics, chemistry, mathematics, 7(4), 707-710 (2016). http://dx.doi.org/10.17586/2220-8054-2016-7-4-707-710

[10] S.Z. Zainabidinov, A.Y. Boboev, Kh.A. Makhmudov, and V.A. Abduazimov, ‘“Photoelectric Properties of n-ZnO/p-Si
Heterostructures. X,” Applied Solar Energy, 57(6), 475-479 (2021). https://doi.org/10.3103/S0003701X21060177

[11] S. Zainabidinov, Sh. Utamuradova, and A. Boboev, “Structural Peculiarities of the (ZnSe)1-xy(Ge2)x(GaAsi-sBis)y Solid Solution
with Various Nanoinclusions,” Journal of Surface Investigation X-ray Synchrotron and Neutron Techniques, 16(6), 1130-1134
(2022). https://doi.org/10.1134/S1027451022060593

[12] S. Zaynabidinov, Sh. Yuldashev, A. Boboev, and N. Yunusaliyev, “X-ray diffraction and electron microscopic studies of the
ZnO(S) metal oxide films obtained by the ultrasonic spray pyrolysis method,” Herald of the Bauman Moscow State Technical
University, Series Natural Sciences, 1(112), 78-92 (2024). https://doi.org/10.18698/1812-3368-2024-1-78-92

[13] D. Elmurotova, N. Nishonova, F. Kuluyeva, and T. Muxtarova, Photoconductivity of gamma-irradiated Znse (Te)/ZnO:O and
ZnSe(Te)/Zn0:0,Zn nanogeterojuctions. E3S Web of Conferences 383, 04051 (2023).
https://doi.org/10.1051/e3sconf/202338304051

[14] Sh. Shahzad, S. Javed, and M. Usman, “A Review on Synthesis and Optoelectronic Applications of Nanostructured ZnO” Front.
Mater, 8, 613825 (2021) | https://doi.org/10.3389/fmats.2021.613825

[15] Sh. Matussin, A. Rahman, and M. Khan, “REVIEW article: Role of Anions in the Synthesis and Crystal Growth of Selected
Semiconductors,” Front. Chem. 10, 881518 (2022). https://doi.org/10.3389/fchem.2022.8815



340
EEJP. 2 (2024) Khotamjon J. Mansurov, et al.

[16] N. Kamarulzaman, M.F. Kasim, and R. Rusdi, “Band Gap Narrowing and Widening of ZnO Nanostructures and Doped
Materials,” Nanoscale Res. Lett. 10, 346 (2015). https://doi.org/10.1186/s11671-015-1034-9

[17] O. Mounkachi, E. Salmani, M. Lakhal, H. Ez-Zahraouy, M. Hamedoun, M. Benaissa, A. Kara, et al., “Band-gap engineering of
Sn0O2,” Solar Energy Materials and Solar Cells, 148, 34-38 (2016). https://doi.org/10.1016/j.s0lmat.2015.09.062

[18] T. Mabate, N. Maqunga, S. Ntshibongo, M. Maumela, and N. Bingwa, “Metal oxides and their roles in heterogeneous catalysis:
special emphasis on synthesis protocols, intrinsic properties, and their infuence in transfer hydrogenation reactions,” SN Applied
Sciences, 5(196), 1-25 (2023). https://doi.org/10.1007/s42452-023-05416-6

PEHTEIHOCTPYKTYPHI TA ®OTOEJIEKTPUYHI BJIACTUBOCTI SnO2, ZnO, TA Zn2SnO4
METAJIOOKCHUIHHX IIJIIBOK

Xoramazkon . Mancypos?, Akpamskon I0. Bo6oes™?, Jlsxaxourip A. Ypin6oes?

“Anoudicancokuti deporcasHull ynigepcumem imeni 3.M. baoyp, Anousican, Y3bexucman
bIuemumym ¢pizuxu nanienposionuxie ma mixpoenexmponixu Hayionanvnozo yuisepcumemy Ysbexucmany, Tawxenm, Yzbexucman
BuznaueHo yMOBM Ta mapamMeTpH CHHTE3y IUIBOK OKcHAiB MetaniB (ZnO, SnO2, Zn2SnO4) METOIOM pO3IMIIIOBATEHOTO MiPOJIi3Yy.
[TniBKY CHHTE30BaHO 3 BOJHHUX PO3YHHIB; OCHOBHI BIIMIHHOCTI METO/IB IOJIATAIN B CKIIAMl IPEKYPCOPIB, PEXKUMaXx 1 9acy oca/KEeHHSI.
Kpucraniyna crpykrypa miiBku Zn2SnO4 Bianosinae KyOiuHil IpaTii, 1[0 HAISKUTH 10 pocTopoBoi rpynu Fd3m 3 po3mipom 6110kiB
53 uM i mapamerpamu rpatku a = 6,238 A. Ilnisku nanokpucranitie SnO2 i ZnO poszmipom 28 i 31 HM, KOTEPEHTHO PO3TAIIOBaHi 3
I'PaTKaMH B 00’€Mi TOHKUX IUIBOK Zn2SnO4, MOXKYTb MPOSBISATH KBAHTOBO-PO3MipHi €)eKTH, 110 CTAHOBUTB iHTEpPEC ISl Cy4acHHUX
HaHoTexHouoriil. Kpucranu orpumannx miiBok SnO2 MaloTh TeTparoHajibHy IpaTky bpase 3 mpoctopoBoro rpymoto P4 2/mnm 3
mapaMeTpamu rpaTku a = b = 4,836 A ta ¢ = 3,245 A, posmip cybxpucranis muisku SnO2 cranoButs 61 EM. OTpumani miisku ZnO
HaJeXaTh A0 mpoctopoBoi rpymu C6/mmc, a KpUCTalidHa PemIiTKa Ma€ TeKCaroHaJbHY CHHTOHIIO 31 CTPYKTYpOIO BIOPIHTY 3
napamerpamu a =b =0,3265 um i ¢ =0,5212 M. BcraHoBIICHO, IO Ha MOBEpPXHI BHPOIICHOI TOHKOI IUTIBKM BHHUKAIOTH TOPOKH
OKcHy IMHKY 3 po3Mipamu LZnO =~ 84 HMm, sIKi BINTMBAIOTH HA YHIKAJIBHI BIACTHBOCTI 3pa3kiB. [Ioka3zaHo, 110 OTpHMaHi TOHKI IUTIBKH
Zn2Sn0s, SnO2 i ZnO MOXyTh OyTH BHKOPHCTaHI B LIMPOKOMY Jlialla30Hi 3aCTOCYBaHb BiJl YyTJIIMBHX CEHCOPHHMX EJIEMEHTIB IO
HOKPUTTIB B IPO30Piii €JIEKTPOHILIi 3 TOUKH 30pYy TX ONTHYHUX MapamMeTpiB.
KonrodoBi cioBa: nnisxa, npocmoposa epyna; cybkpucmai; HAHOKpUcman, egexm K8anmoso20 po3mipy; NaApamemp peutimiu;
nposopa enekmpoHixa; 3aboponena 3ona





