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Abstract. A comparison of the dielectric characteristics (relative permittivity, dielectric loss tangent, band gap, lea-
kage current and breakdown voltage) of hathium and hafnium-zirconium oxide films was carried out. It is shown that
pulsed reactive magnetron sputtering of a Hf target in an Ar/O, working gas environment can be used to obtain HfO,
films with a relative permittivity of € = 12.5-16.0 and € = 12.0-14.0 at frequencies of /=1 kHz and F'= 1 MHz,
respectively, with a dielectric loss tangent of tga. = 0.012-0.022 (¥ = 1 kHz) and tga. = 0.053-0.062 (F = 1 MHz),
a leakage current density of J, = (1.0-3.0) - 10 A/m? at an electric field strength of £ =5 - 107 V/m, with
a band gap of E, = 5.85-5.87 eV and a breakdown field strength of £, = (2.1-2.4) - 10® V/m. Doping of hafnium
oxide with zirconium (40 at.%) made it possible to reduce the dielectric loss tangent to 0.008-0.012 (F = 1 kHz)
and to 0.04-0.05 (F = 1 MHz), the leakage current density to (3—5) - 107> A/m?, and increase the breakdown voltage
to (2.5-3.0) - 10® V/m. At the same time, a slight increase in the relative permittivity of the films to 14-16 was
observed at frequencies of 1 kHz and 1 MHz due to a decrease in frequency dispersion from 1.15 to values less
than 1.10 and an increase in £, to 5.86-5.89 eV.
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BJIMAHMUE JIETUPOBAHUSA HUPKOHUEM
HA JINRJIEKTPUYECKHUE CBOMCTBA IIJIEHOK OKCHJIA TA®HUSI

JI. A. TOJIOCOB!, JI)K. IXAHI2, C. M. 3ABAJICKHI', C. H. MEJIbHUKOB', X. T. JOAH?,
I1. A. AJJEKCAHJIPOBUY!

! Benopycckuii 20cyoapcmeentvlil ynueepcument unGopMamuxu u paouod1eKmponuKy
(Munck, Pecnyonuxka Benapyco)
’Cuanvcruti nonumexnuueckutl ynusepcumem (2. Cuanv, Kumaiickas Hapoonas Pecny6nuka)
SBoemnamcras napoonas eoenno-woperas axademus (2. Havane, Coyuanucmuyeckasn Pecnybnuxa Bvemnam)

AnHoTanus. [IpoBeneHo cpaBHEHNE TUIIEKTPUUCCKUX XapaKTEPUCTHK (OTHOCHTEIBHON ANAIIEKTPHUIECKON TTPO-
HHUIIAEMOCTH, TAaHTEHCA YIVIa AUAIEKTPUUIECKUX MOTEPh, MIMPHUHBI 3aMPELICHHOI 30HbBI, TOKA YTEUKH U IPOOUB-
HOTO HAaNpsHKEHUsI) IUIEHOK OKCHJOB raduusi U radpHus-mupkoHus. IlokaszaHo, 4TO UMITYIbCHBIM PEaKTHBHBIM
MarHeTpoHHBIM pacibuieHrneM Hf-mumenu B cpene padounx ra3oB Ar/O, MOryT ObITh Tony4eHsl mienkn HfO,
C OTHOCHUTENIbHOM JUANEKTpUUECKON mpoHulaeMoctbio € = 12,5-16,0 u € = 12,0-14,0 na yacrorax F = 1 k['11
n F =1 MI'1 COOTBETCTBEHHO, C TAHI€HCOM yIJIa JUAJIEKTpuueckux moreps tgp = 0,012-0,022 (F = 1 x['n)
u tgp = 0,053-0,062 (F =1 MI'), mI0THOCTBIO ToKa yTeuku J; = (1,0-3,0) - 1073 A/M> pu HanpsHKEHHOCTH DIIEKT-
puueckoro noms E =5 - 107 B/m, ¢ mmpuHoii 3anpemenHoii 30861 E, = 5,85-5,87 5B ¥ HaNPsKEHHOCTHIO OIS
npobos £, = (2,1-2,4) - 10® B/m. JlerupoBanue okcuza radpaus mupkonueM (40 at.%) Mo3BONMIO YMEHBIIUTE
TaHTEHC yTia JudJekTpudeckux norepb 10 0,008-0,012 (F =1 xI'n) u mo 0,04-0,05 (F = 1 MI'1), IUIOTHOCTH
Toka yreuky — 10 (3-5) - 10~ A/M?, yBenuuuth npobusHoe Hanpsixenue 10 (2,5-3,0) - 108 B/m. Ilpu sToMm Hab-
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JFOAIOCh HE3HAYHUTEIIEHOE MOBBIIICHHE OTHOCHUTEIFHON AMANEKTPHUCCKON TPOHUIIAEMOCTH IICHOK 10 14—16
Ha gactoTax | k['mu | MI'1 3a cyeT yMeHbIIEHHS YaCcTOTHOU anucnepcu ot 1,15 mo 3nagenuit menee 1,10 u yBe-
naenus E, 1o 5,86-5,89 9B.

KiroueBrble c10Ba: TOHKAas IIJICHKA, OKCHU rag’pnna, OKCH T I‘a(i)HI/IH-IlI/IpKOHI/IH, PCAKTUBHOC MAaruHeTPOHHOC paCIibl-
JICHUEC, COCTaBHas MHUIICHb, AUDJICKTPUICCKHUC CBOIICTBA.

Kongankt uHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUHU KOH(IMKTAa HHTEPECOB.

Jlis uuTupoBanus. BiusHue JerupoBaHus IMPKOHUEM HA JUAJIEKTPUYECKUE CBOMCTRA INIEHOK OKCHIa raduus /
. A. Tonocos [u ap.] / Hoxaamer BI'YUP. 2025. T. 23, Ne 2. C. 12—19. http://dx.doi.org/10.35596/1729-7648-
2025-23-2-12-19.

Introduction

In recent years, there has been an increase in research aimed at studying the properties and deve-
loping technologies for depositing thin films of dielectrics with high permittivity (high-k dielectrics),
and, in particular, hafnium oxide (HfO,) [1]. Hafnium oxide has high permittivity (¢ = 16-25), a large
band gap (E, = 5.6-5.8 €V), high thermodynamic stability at the interface with silicon, and high energy
barriers for electrons and holes relative to silicon (2.0 and 2.5 eV, respectively) [1-3]. The combination
of these properties creates great prospects for the use of amorphous HfO, films in silicon microelectro-
nics as an alternative to silicon dioxide in metal-oxide-semiconductor (MOS) structures. As a result,
the electrical properties of HfO, thin films have been extensively studied, and it has been shown that
amorphous hafnium oxide has improved dielectric properties compared to the strong crystalline phase [4].
However, amorphous hafnium oxide does not have sufficient thermal stability and tends to crystallize
at temperatures of 400—450 °C [5, 6]. Crystalline HfO, is polymorphic and can have three modifications
of the crystal lattice in the bulk state: monoclinic, tetragonal and cubic [7]. In this case, the dielectric
characteristics depend on the forming structure of the deposited films. In addition, during crystallization,
a number of defects in the structure of polycrystalline films are formed, which lead to an increase in lea-
kage currents along grain boundaries [1]. This significantly limits the applicability of hafnium oxide
in MOS structures. One of the methods for improving the properties and obtaining heat resistant amor-
phous HfO, films is based on doping hafnium oxide with impurities (e. g. Si, Al, Y, Gd, La, etc.) [§-12].
One of such materials is zirconium, since zirconium oxide ZrO, has great similarity to hafnium oxide
in structural modification, chemical and physical properties and allows improving the heat resistance
of HfO,. Films of solid solutions of hafnium-zirconium oxide (Hf, ,Zr,O,) have been widely studied
and were initially considered exclusively as linear dielectrics [ 13]. Interest in them was due to the search
for materials with high permittivity. In 2011, ferroelectric layers were obtained for the first time by do-
ping HfO, with zirconium oxide ZrO,, and it was found that the highest polarization was obtained
for film composition Hfj) sZr, 5O, [14]. This further increased interest in Hf,_ Zr, O, films.

One of the promising methods for forming multicomponent oxide films is the method of reactive
magnetron sputtering of composite targets, i.e. targets consisting of a matrix of one metal with inserts
of other metals [15]. This method allows obtaining multicomponent films with an arbitrary number
and content of elements using one magnetron. However, to date, there are practically no publications
that would analyze the features of the sputtering processes of composite targets during reactive sputter-
ing. Thus, the aim of the work was to study the effect of zirconium doping on the dielectric properties
of hatnium oxide films when using reactive magnetron sputtering of a composite target.

Experiment

The deposition of hafnium and hafnium-zirconium oxide films was performed by pulsed reactive
magnetron sputtering of Hf and Hf-Zr targets in an Ar/O, working gas mixture. To deposit hathium oxide
films, a Hf target (99.9 % purity) ©80 mm and 2 mm thick was used. To deposit hafnium-zirconium
oxide films, a Hf-Zr composite target &80 mm and 2 mm thick was used, which consisted of two sectors
of Hf (99.9 % purity) and Zr (99.9 % purity) in an area ratio of 10:12 (Fig. 1). The ratio of the target
sector areas was selected based on the condition of depositing films with an atomic ratio of Zr and Hf
in the film of 1:1, which corresponds to the region of formation of a solid solution Hf,_Zr,O, with stable
ferroelectric properties.
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Fig. 1. Scheme (a) and appearance (b) of Hf-Zr composite target

During the experiments, substrates made of highly doped n-type monocrystalline silicon Si(100)
and polished optical quartz JGS-1 were mounted on a substrate holder at a distance of 120 mm from
the magnetron target surface. The offset of the substrate holder axis relative to the magnetron axis
was 100 mm. The substrate rotation rate was 24.5 rpm. The vacuum setup chamber was evacuated
to a pressure of 1073 Pa and the substrates were ion-cleaned. For this purpose, Ar was supplied to the ion
source. The argon flow was 20 sccm. The cleaning time, voltage and discharge current were constant
in all experiments and were ¢ =2 min, U, =90 V, [, = 6.0 A, respectively. Then the films were deposi-
ted. For this purpose, a gas mixture (Ar/O,) was supplied to the magnetron gas distribution system.
The oxygen content in the chamber (Gg,) varied from 0 to 100 % with a total gas flow rate of 60 sccm.
The pressure in the chamber was 0.08 Pa. The flow rate of the working gases was controlled using
mass flow controller RRG-1. The magnetron was powered by a unipolar pulse current (pulse fre-
quency F, = 10 kHz, duty cycle D = 80 %). The magnetron discharge current was maintained cons-
tant in all experiments and was I, = 1.5 A. The thickness of the deposited films was about 100 nm
and was regulated by the deposition time. The thickness of the deposited films was determined using
a POI-08 optical interferometric profilometer. The elemental composition of the deposited films was
analyzed by energy-dispersive X-ray spectroscopy (EDX) using a Bruker QUANTAX 200 Energy
Dispersive X-ray spectrometer attachment to a Hitachi S-4800 high-resolution field emission scanning
electron microscope.

The dielectric characteristics of the deposited layers were measured on test MOS structures.
For this purpose, the upper Ni electrode was deposited on the oxide film through a mask using the ion-
beam sputtering method. The area of the upper capacitor electrode was 0.096 mm?. The capaci-
tance and dielectric loss tangent in the frequency range from 25 Hz to 1.0 MHz were obtained using
an E7-20 immittance meter. The permittivity values were calculated based on the dielectric layer thick-
ness and the capacitance of the capacitor structure. The frequency dispersion of the relative permittivity
was calculated as the ratio of the ¢ values at a frequency of 25 Hz and 1.0 MHz

€(25 Hz)

77 ¢(1.0 MHz)’

To measure the current-voltage characteristics of the structures, a constant voltage was applied
to the capacitor, changing from (—20) to 20 V, and the current flowing through the capacitor was recorded.
The breakdown voltage of the MOS structures was recorded using a TR-4805 transistor characteristic
tracer. During the measurements, a direct positive voltage was applied to the upper plate of the capacitor
and increased from 0 to 50 V at a rate of 0.2 V/s. The breakdown voltage U, was recorded by a sharp
increase in the current through the capacitor with a current limit of 10 mA. During the research, all elect-
rical measurements were made on 10 capacitors from the array and the obtained data were averaged.
Optical transmission spectra in the range of 190-900 nm were obtained using a Proscan MS-121 spect-
rophotometer. The width of the band gap of the films was determined by the edge of their intrinsic
optical absorption.
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Results and discussion

Fig. 2 shows the dependences of the permittivity and the dielectric loss tangent of the HfO, films
on the oxygen concentration in the Ar/O, gas mixture. The studies have shown that the formation of in-
sulating films was observed at an oxygen concentration in the Ar/O, gas mixture of more than 12.5 %.
Atalower oxygen concentration, the films were electrically conductive and had high values of the dielect-
ric loss tangent (tgp > 0.5).
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Fig. 2. Permittivity (@) and the dielectric loss tangent (b) of hafnium oxide films
as a function of the oxygen concentration in the Ar/O, gas mixture

At G, more than 16.7 %, films with a permittivity from 12.5 to 16 were deposited (Fig. 2, a). In this
case, tgo was less than 0.02 at a frequency of 1 kHz and less than 0.06 at a frequency of 1 MHz (Fig. 2, b).
It should be noted that when G, changed in the range from 16.7 to 37.5 %, the values of ¢ and tgoe
were practically independent of the oxygen concentration. Analysis of the frequency dependences of the
capacitance and dielectric loss tangent showed that the films deposited at an O, concentration of 16.7
to 37.5 % had low values of frequency dispersion (D = 1.15) and dielectric loss tangent over the entire
frequency range (from 25 to 10° Hz) (Fig. 3). The leakage current density .J; of hafnium oxide films
at zero bias was less than 10~ A/m? (Fig. 4). In the films deposited at a low oxygen concentration (less
than 12 % O,), dielectric breakdown occurred at an electric field strength of £ = (3.0-5.0) - 107 V/m.
For the films obtained at an oxygen concentration of 12.5-16.7 %, the leakage current smoothly increased
with an increase in the bias voltage and reached a limit of 0.1 A/m? at E =5 - 107 V/m. At higher oxygen
concentrations (over 20 %), the leakage currents decreased to (1.0-3.0) - 102 A/m* at E=5 - 107 V/m.
The band gap of hatnium oxide films in the O, concentration range from 16.7 to 41.6 % remained prac-
tically the same and was 5.85-5.87 eV (Fig. 5, a). At lower oxygen contents, E, decreased to 5.5 eV.
The breakdown field strength for films deposited at an oxygen concentration of over 25 % was within
the range of (2.1-2.4) - 10® V/m (Fig. 5, b).
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Fig. 3. Frequency dependences of the permittivity (a) and the dielectric loss tangent (b) of HfO, films deposited
at different oxygen concentrations in an Ar/O, gas mixture: 1 —20.8 %; 2 —37.5 %
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Fig. 4. Dependence of leakage current density on electric field strength for hafnium oxide films deposited
at different oxygen concentrations in Ar/O, gas mixture: @ — 9.0 %; b — 16.7 %; ¢ — 26.0 %
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Fig. 5. Dependences of the band gap (a) and the breakdown electric field strength ()
of hafnium oxide films on the oxygen concentration in the Ar/O, gas mixture

The effect of zirconium doping on the dielectric characteristics of hafnium oxide films was also
studied. To establish a correspondence between the sputtering process parameters, the elemental con-
tent in the films and their properties, the elemental composition of the films deposited by sputtering
the Hf-Zr composite target was studied. The elemental content analysis by the EDX method showed
that when sputtering the Hf=Zr composite target, the metal content in the films was C,, = 40.02 at.%
and Cy;=59.98 at.%, respectively. Fig. 6 shows the frequency dependences of the permittivity and the di-
electric loss tangent of the hafnium-zirconium oxide films deposited at different oxygen concentrations
in the Ar/O, gas mixture. The insulating Hf; ¢Zr, 4O, films were formed at G, greater than 12.5 %.
With an increase in the oxygen concentration, a decrease in € and dielectric losses was noted, especially
at high frequencies. It should be noted that the films deposited at G, above 20 % were characterized
by an extremely low frequency dispersion value (D less than 1.1).

Fig. 7 shows the dependences of the relative permittivity and the dielectric loss tangent
of the Hf}, ¢Zr, 40, films on the oxygen concentration in the Ar/O, gas mixture. When doped with zirco-
nium, the permittivity of the hafnium oxide films remained practically the same. However, due to the de-
crease in frequency dispersion, a slight increase in € was observed at high frequencies (Fig. 7, a). Di-
electric losses at a frequency of 1 kHz were less than 0.01, and at a frequency of 1 MHz they decreased
to 0.05-0.06. It should also be noted that € and tge of the hafnium-zirconium oxide films remained
practically the same when G, varied from 25 to 50 %.
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Fig. 6. Frequency dependences of the permittivity (a)
and the dielectric loss tangent (b) of Hf,_ Zr,O, films
deposited at different oxygen concentrations in the Ar/O, gas mixture:
1-12.5%;2-16.7%;3-29.2-41.7%
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Fig. 7. Dependences of the permittivity (a) and the dielectric loss tangent ()
of hafnium-zirconium oxide films
on the oxygen concentration in the Ar/O, gas mixture

Fig. 8 shows the dependences of the leakage current density on the electric field strength for hat-
nium-zirconium oxide films deposited at different oxygen concentrations in the Ar/O, gas mixture.
The leakage current density of the Hf ¢Zr, 4O, films at zero bias for all samples deposited at G,
above 12.5 % was less than 1075 A/m?. When a constant bias voltage was applied, the leakage current
increased, and for the sample deposited at G, = 12.5 %, it was 2.0 - 102 A/m? (Fig. 8, a). With an in-
crease in the oxygen concentration in the Ar/O, gas mixture, the leakage current density at a cons-
tant bias voltage decreased, and at G, above 30 % (Fig. 8, ¢), films with J, = (3.0-5.0) - 1075 A/m?
at E=5- 10" V/m were obtained.

Fig. 9 shows the dependences of the band gap and the breakdown field strength
of Hfy ¢Zr, 40, films on the oxygen concentration in the Ar/O, gas mixture during film deposition.
The band gap of the films (Fig. 9, a) at G, over 20 % was 5.87-5.89 ¢V and exceeded the £, values
of hafnium oxide. To compare, the band gap of hafnium oxides was 5.85-5.87 eV. The breakdown
field strength of the films did not depend on the oxygen concentration and at G,, over 16.7 %
was (2.5-3.0) - 10% V/m (Fig. 9, b).
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Fig. 8. Dependence of leakage current density on electric field strength for hafnium-zirconium oxide films
deposited at different oxygen concentrations in Ar/O, gas mixture: a — 16.7 %; b —25.0 %; ¢ —29.2-41.7 %
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Fig. 9. Dependences of the band gap (a) and breakdown field strength (b) of hafnium-zirconium oxide films
on the oxygen concentration in the Ar/O, gas mixture

Conclusion

1. The analysis of the obtained results shows that the method of pulsed reactive magnetron
sputtering of a Hf target in an Ar/O, working gas mixture can be used to depositing hafnium oxide
films with € = 12.5-16.0 (F = 1 kHz), ¢ = 12-14 (F = 1 MHz), tgp = 0.012-0.022 (F = 1 kHz)
and tgo = 0.05-0.06 (F = 1 MHz), E, = 5.85-5.87 eV, E, = (2.1-2.4) - 10° V/m and relatively low lea-
kage currents J;, ~ (1.0-3.0) - 103 A/m? at E =5 - 107 V/m. It should be noted that hafnium oxide films
with good dielectric characteristics were formed in a relatively wide range of oxygen concentrations
in the Ar/O, gas mixture (from 20.0 to 37.5 %) and the characteristics of the films were practically inde-
pendent of G,. Doping of hafnium oxide with zirconium (40 at.%) allows to increase the permittivity
from 12.5-16 to 14-16 at a frequency of 1 kHz and from 12—14 to 14-16 at a frequency of 1 MHz due
to the reduction of frequency dispersion from Dy = 1.15 to values less than 1.1, to decrease the dielect-
ric loss tangent to 0.008-0.012 at a frequency of 1 kHz and to 0.04-0.05 at a frequency of 1 MHz,
to decrease the leakage current from (1.0-3.0) - 103 A/m? to (3-5) - 10° A/m?> at E =5 - 10" V/m
and to increase the breakdown voltage from (2.1-2.4) - 108 V/m to (2.5-3.0) - 10® V/m. At the same time,
the band gap of the films remained practically the same and amounted to 5.87-5.89 eV. The obtained
characteristics of the Hfj ¢Zr, 40, films are also observed in a relatively wide range of oxygen concen-
trations, which should ensure high reproducibility of the properties.

2. The research was carried out within the framework of scientific project No T23ME-013 with
the financial support of the Belarusian Republican Foundation for Basic Research.

18



Joknager BI'YUP Dokrapy BGUIR
T. 23, Ne 2 (2025) V.23, No 2 (2025)

References

1. Zagni N., Puglisi F. M., Pavan P., Alam M. A. (2023) Reliability of HfO,-Based Ferroelectric FETs: A Critical
Review of Current and Future Challenges. Proceedings of the IEEE. 111 (2), 158—184.

2. Jones M. N., Kwon Y. W., Norton D. P. (2005) Dielectric Constant and Current Transport for HfO, Thin Films
on ITO. Applied Physics A: Materials Science and Processing. 81 (2), 285-288.

3. Zhang H. H., Ma C. Y., Zhang Q. Y. (2009) Scaling Behavior and Structure Transition of ZrO, Films Depos-
ited by RF Magnetron Sputtering. Vacuum. 83 (11), 1311-1316.

4. Choi W. J., Lee E. J., Yoon K. S., Yang J. Y., Lee J. H., Kim C. O., et al. (2004) Annealing Effects of HfO,
Gate Thin Films Formed by Inductively Coupled Sputtering Technique at Room Temperature. Journal of the
Korean Physical Society. 45, ST16-S719.

5. Mikhelashvili V., Brener R., Kreinin O., Meyler B., Shneider J., Eisenstein G. (2004) Characteristics
of Metal-Insulator-Semiconductor Capacitors Based on High-k HfAIO Dielectric Films Obtained by Low-Tem-
perature Electron-Beam Gun Evaporation. Applied Physics Letters. 85, 5950-5952.

6. LiF. M., Bayer B. C., Hofmann S., Dutson J. D., Wakeham S. J., Thwaites M. J., et al. (2011) High-k (k = 30)
Amorphous Hafnium Oxide Films from High Rate Room Temperature Deposition. Applied Physics Letters. 98.

7. Zhao X., Vanderbilt D. (2002) First-Principles Study of Structural, Vibrational, and Lattice Dielectric Proper-
ties of Hafnium Oxide. Physical Review. 65.

8. Kim S. J., Mohan J., Summerfelt S. R., Kim J. (2019) Ferroelectric thin Hf;) sZr, sO, films: A review of Recent
Advances. JOM. 71, 246-255.

9. Schroeder U., Materano M., Mittmann T., Lomenzo P. D., Mikolajick T., Toriumi A. (2019) Recent Prog-
ress for Obtaining the Ferroelectric Phase in Hafnium Oxide Based Films Impact of Oxygen and Zirconium.
Japanese Journal of Applied Physics. 58.

10. Kumar J., Birla S., Agarwal G. (2023) A Review on Effect of Various High-K Dielectric Materials on the Per-
formance of FInFET Device. Materials Today Proceedings. 719 (2), 297-302.

11. Kim S. E., SungJ. Y., Yun Y., Jeon B., Moon S. M., Lee H. B, et al. (2024) Atomic Layer Deposition of High-K
and Metal Thin Films for High-Performance DRAM Capacitors: A Brief Review. Current Applied Physics. 64,
8-15.

12. Jeon S., Yang H., Park D.-G., Hwang H. (2002) Electrical and Structural Properties of Nanolaminate (Al,O5/
ZrO,/Al,05) for Metal Oxide Semiconductor Gate Dielectric Applications. Japanese Journal of Applied
Physics. 41 (4S), 2390-2393.

13. Wong H., Iwai H. (2006) On the Scaling Issues and High-k Replacement of Ultrathin Gate Dielectrics
for Nanoscale MOS Transistors. Microelectronic Engineering. 83 (10), 1867-1904.

14. Boscke T. S., Miiller J., Brauhaus D., Schroder U., Béttger U. (2011) Ferroelectricity in Hafnium Oxide Thin
Films. Applied Physics Letters. 99, 102903-1-102903-3.

15. Nakano J., Miyazaki H., Kimura T., Goto T., Zhang S. (2004) Thermal Conductivity of Yttria-Stabilized Zirconia
Thin Films Prepared by Magnetron Sputtering. Journal of the Ceramic Society of Japan. 112, S908—S911.

Received: 12 February 2025 Accepted: 10 March 2025

Authors’ contribution
The authors contributed equally to the writing of the article.
Information about the authors
Golosov D. A., Cand. Sci. (Tech.), Associate Professor, Leading Researcher at the Center “lon Plasma Systems

and Technologies” (Center 2.1), Belarusian State University of Informatics and Radioelectronics (BSUIR)
Zhang J., Cand. Sci. (Tech.), Researcher at the Shaanxi Province Key Laboratory of Thin Films Technology
and Optical Test, Xi’an Polytechnic University

Zavadski S. M., Cand. Sci. (Tech.), Associate Professor, Head of the Center 2.1, BSUIR

Melnikov S. N., Cand. Sci. (Tech.), Leading Researcher at the Center 2.1, BSUIR

Doan H. T., Cand. Sci. (Tech.), Head of the Department of Information Technology, Vietnam People’s Naval
Academy

Alexandrovitch P. A., Student, BSUIR
Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovki St., 6

Belarusian State University

of Informatics and Radioelectronics
Tel.: +375 17 293-80-79

E-mail: golosov@bsuir.by

Golosov Dmitriy Anatol’evich

19



