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The results of investigation of optical excitation, photoluminescence (PL) and cathodoluminescence (CL)
spectra in Cr-doped B-Gaz0s thin films are presented. The broad bands due to the generation of electron-hole pairs
and transitions from the “A2 ground level to the “T1 and “T2 excited states in Cr3* ions are observed in the
photoexcitation spectra. The R-lines and phonon repetitions of R-lines are observed on the luminescence spectra
against the background of a broad structureless band with a maximum around 700 nm, caused by the “T> — “Ax
transitions in Cr3* ions. The crystal field force Dg was determined and the Stokes and anti-Stokes repetitions of R-

lines were interpreted.
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Introduction

The study of the optical properties of the
luminescence centers created by Cré* ions at the photo-
and cathode excitation is of unconditional interest to
researchers, as a whole number of crystal phosphors with
this activator is used in practice. Among them,
B-Ga,03:Cr3* occupies an important place as in single-
crystal [1-3] so and thin-film or nanocrystalline [4-6]
states. The interest in these compounds does not decrease
due to the expansion of the areas of their practical
application, where new requirements are put forward for
the properties of phosphors. Such an area, for example, is
the study of PDP (plasma, display, panel) flat screens,
which are actively developing [7].

In addition, B-Ga»03 is an almost ideal matrix for the
introduction of Cr3 ions, since it has an ionic radius of
0.62 A, which is almost identical to the radius of the Ga3*
ion in octahedral coordination [8]. However, despite the
large number of works, the question of the nature of such
luminescence centers and the effect on them of the real
structural parameters of the B-Ga.Os; lattice remains
incompletely studied. The properties of real crystal lattices
are determined both by the method and the conditions of
obtaining the investigated samples. In this regard, in this
work, the excitation and luminescence spectra of
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B-Gaz0s5:Cr3* thin films obtained by radio-frequency (HF)
ion-plasma sputtering were investigation. This method is
considered optimal for obtaining multicomponent
dielectric and semiconductor thin films [9].

I. Experimental technique

Thin films of B-Ga,0s3:Cr3* with a thickness 0.3—
0.8 um were obtained by RF ion-plasma sputtering on
substrates of »-SiO, fused quartz. RF sputtering was
carried out in an atmosphere of argon in the system using
the magnetic field of external solenoids for compression
and additional ionization of the plasma column. The raw
material for the manufacture of the target was B-Ga,O3
with grade «OCUY» (the purity 99.99%). The doping
impurity in form of Cr.O3 oxide with a concentration of
0.05wt.% was added to the target material. After
deposition of the thin films, the thermal treatment in air
atmosphere at 1000-1100 °C was held. X-ray diffraction
studies of the obtained thin films showed , as for undoped
B-Ga0s films, the presence of a polycrystalline structure
with a predominant orientation in the (400), (002), (111)
and (512) planes. In more detail, the diffraction patterns
for B-Ga0s thin films were described by us earlier in [10].

The investigation of excitation spectra of
luminescence and photoluminescence (PL) was carried
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out on a CM-2203 spectrofluorimeter with a Hamamatsu
R928 recording head in the spectral range from 220 to
800 nm.

The cathodoluminescent (CL) properties were studied
in the mode of pulsed electronic excitation (t=3 s,
f = 20 Hz). The measurement of the luminescence spectra
was carried out on the installation mounted on the basis of
the C®-4A spectrophotometer. The spectra were
measured using a ®3VY-79 photomultiplier, the signal
from which was fed through a resonant amplifier and
recorded by milliammeter, and was also transmitted
through an analog-to-digital interface converter to an
IBM/PC computer for recording the spectrum of
luminescence.  The  wavelength  scanning by
monochromator was carried out using a stepper motor,
which was controlled by a computer through a control
unit. The investigation of luminescence spectra was
carried out in the wavelength range from 300 to 800 nm at
a temperature of 295 K.

1. Results and discussion

Our studies show that unannealed B-Ga;O5:Cr3* thin
films are characterized by weak luminescence and
photoexcitation of both intrinsic and impurity
luminescence. Therefore, the research was carried out on
B-Gax0s5:Cr3* thin films annealed in air atmosphere.

The revealed effect of the presence and composition
of the thermal treatment atmosphere on the output of
intrinsic and impurity luminescence shows the important
role of crystal lattice defects in the processes of capture
and recombination of charge carriers in p-Ga,O3:Cr3* thin
films. In particular, the investigation of the electrical
conductivity of p-Gap03:Cré* thin films [11] shows the
influence of the obtaining conditions on the concentration
of shallow donor levels caused by interstitial gallium
atoms and deep donor levels caused by oxygen vacancies.
Based on this, Cr3+-centers with the closest environment
are likely to be excited, mainly due to the migration
mechanism from point defects, which perform the role of
sensitization centers. Such luminescence centers can be
located in places of accumulation of point defects, for
example, near dislocations, grain boundaries or the
surface.

Typical PL and CL spectra of B-Ga;0s3:Cr3* thin films
are shown in Fig. 1. As can be seen from the obtained
results, the PL and CL spectra of the obtained thin films,
annealed in air atmosphere, consist of the intrinsic
luminescence of the B-Ga,O3z matrix, which is manifested
in a broad band with a maximum in the region of 400 nm
(3.10 eV) and the activator luminescence of Cr®*, which is
manifested in the luminescence band in the red region of
the spectrum with a maximum near 700 nm (1.77 eV).
Characteristically, the PL spectra are dominated by
intrinsic luminescence, and the CL spectra are dominated
by impurity Cr®* luminescence in the "red" region of the
spectrum (Fig. 1). Earlier in [12-14], it was shown that the
intrinsic luminescence band of B-Ga203 thin films is
complex and contains two luminescence bands with
maximum in the region of 395 and 415 nm (3.15 and
3.00eV).
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Fig. 1. The (1) PL (kex = 240 nm) and (2) CL spectrums of
B-Gaz03:Cr3* thin films after thermal treatment in air
atmosphere, T = 295 K.

The typical excitation spectra of intrinsic and
impurity luminescence of B-Ga,Oz:Cr3* thin films are
shown in Fig. 2. Note that for both types of luminescence,
the excitation band with a maximum in the region of
240 nm (5.15 eV) dominates, and an even more intense
excitation band is observed in the short-wavelength
region. In addition, two weaker excitation bands with
maximums in the region of 440 nm (2.82 eV) and 600 nm
(2.07 eV) appear in the photoexcitation spectra of impurity
luminescence of Cr®* ions. The most intense luminescence
excitation band of B-Gay0s;:Cr¥* thin films with a
maximum in the region of 240 nm, is due to absorption by
the base lattice with the generation of electron-hole pairs
[14-16]. The weakly of luminescence excitation bands are
not observed at excitation of pure 3-Ga,Os3 thin films [14—
16] and are associated with activator luminescence. The
main term of the Cr3* ion is the orbital singlet *A; (t.°).
The transitions “A, — Ty (&2 3Tne) (U),
A2 = Ty (62 °T1e) (Y) and Ay — *T1 (t2,€% 3A2) (V) in
the Cr®* ion give three broad bands in the absorption
spectra: respectively U-, Y- and V-bands. In many
crystals, including those with an octahedral environment
of Cr¥ ions, which typical of B-Ga,03:Cr¥* thin films [17],
the third band V falls into the region of its own absorption
and is not observed [18, 19]. Based on this, the two
photoexcitation bands we discovered in the spectrums of
B-Ga,03:Cr3* thin films can be associated with the U-band
(with a maximum in the region of 600 nm) and the Y -band
(with a maximum in the region of 440 nm).

The energy difference between the “T; (1, €) and “A,
(t2%) levels is equal to 10 Dq [20]. In this regard, the crystal
field strength Dq was determined on the basis of the first
broad luminescence excitation band
‘Ar (%) - *T (% e) (U-band). Calculations for B-
Gaz03:Cr®* thin films annealed in air atmosphere give
value of Dq=1667 cm™. It should be noted that the
calculations of the value of Dq for single-crystal samples
of B-Ga;05:Cr3* [21] give the value of Dq = 1680.7 cm™.
As we can see, the obtained results are quite close to each
other, and the slight weakening of the crystal field in
B-Ga,05:Cr3* thin films relative to single crystal samples
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Fig. 2. The luminescence excitation spectrum of f-Ga,O3:Cr3* thin films for light emission
(a) of 400 nm and (b) 700 nm, T =295 K.

can be explained by the presence of a larger number of
oxygen vacancies in the films and the lower packing
density of the films compared to single crystal samples.
Such a situation is typical for films obtained under low
pressure conditions, in particular, by RF sputtering [9].

Gallium oxide has a monoclinic structure and Cr3*
ions in the B-GazOs structure are in an octahedral oxygen
environment [17]. In such an environment with an
inversion center, electric dipole transitions are forbidden
by parity. Therefore, the luminescence spectrum can be
caused either by the displacement of chromium ions from
the inversion center, or by interaction with the vibrations
of the crystal lattice. As can be seen from Fig. 3, the
luminescence spectrum of -Ga,Oj3 thin films consists of
a number of lines and bands of different intensities, which
are superimposed on a wide structureless band resulting
from the radiative transition T, — *A; [18]. These lines
and bands are caused by different electronic transitions in
Cr® ions. According to [22, 23], in the spectrums of
B-Ga,03:Cr3* at 689.7 nm and at 696.6 nm, two R-lines of
different intensities are observed, caused by electronic
transitions to the A, ground state from two sublevels of
the 2E-state which split in the crystal field (E i 2A) (so-
called phononless or zero-phonon transitions). On the
obtained CL spectrums of B-Ga,03:Cr3* thin films (Fig. 3),
these bands appear as local maximums against the
background of a structureless broad band caused by the
4T, — %A, transition. In the longer-wavelength region,
from the R-lines on the background of this band, several
weak lines due to phonon repetitions of the same non-
phonon transitions (vibrational or vibronic bands) appear,
which are shifted relative to the R-lines in the long-
wavelength region of the spectrum (Stokes bands). In
B-Gaz03:Cr3* thin films, such side phonon bands appear at
703, 708, 716, 720, 734, 745, and 756 nm.

If we take into account that the Stokes bands arise due
to the exchange of part of the energy of the 2E — *A;
transitions into thermal vibrations of the crystal lattice, so
due to the superposition of the energy of the 2E — “A,
electronic transitions with the energy of atomic vibrations,
anti-Stokes phonon lines which accompanying of R-lines
arise, which in B-Ga,0O3:Cr®" thin films appear at 683 nm.
The typical emission bands in the luminescence spectrums
of B-Ga,0s:Cr¥* thin films and their interpretation are
given in table. 1. Note that the obtained results are in good
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agreement with the investigation of vibrational spectrums
of single crystals and B-Ga;05:Cré* thin films made in
[24 - 27].
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Fig. 3. The CL spectrum of activator luminescence of
B-Gaz0s5:Cr3* thin films and typical emission bands.
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Table 1.
The bands in the CL spectrum of p-Ga,05:Cr®*
thin films (T = 295 K)

The maximum of Interpretation
emission bands, nm

683 Ry, Rz + 148 cm™
690 R,

699 R,

703 Ri,R2—81cm™
708 Ry,R2—181 cm
716 R1,R2 — 340 cm™
720 Ri,R2— 417 cm!
734 Ri,R2 — 682 cm™
745 Ri;,R;— 883 cm
756 Ri;,R2—1078 cm™t

We also note that for the R-lines in B-GaOs:Cr3* thin
films, the maximums of which are located at 690 and
699 nm, there is a slight long-wave shift relative to the
maximums at 689.7 and 696.6 nm, typical of single-crystal
samples. According to the Tanabe-Sugano diagram [18],
this situation indicates a weakening of the force of the
local crystal field and is in good agreement with the force
of the crystal field Dq determined by us above. At the
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same time, the greater expansion of these lines in
B-Ga,03:Cr3* thin films relative to single-crystal samples
indicates an increase in the range of changes in this force.
It is logical to expect a decrease in the force of the local
crystal field with an increase in the number of vacancies
of ligand atoms around chromium atoms and a decrease in
the packing density of thin films relative to single crystal
samples. In addition, as a result of the uneven distribution
of such vacancies throughout the volume of the sample, an
increase in the range of changes in the force of the local
crystal field is observed in the thin films.

Conclusions

The made investigation show that of p-Ga,O3z:Cr3*
thin films can be used as phosphors with a red emission at
electronic excitation. On the basis of the photoexcitation
spectrums, the force of the crystal field D4 was determined
and it was shown that it is somewhat smaller than in (-
Gay03:Cr3* single-crystal samples. This situation is
associated with a greater number of oxygen vacancies in
the thin films relative to single-crystal samples. In the CL
spectrums of B-Ga,05:Cre* thin films, we observe a broad
structureless luminescence band with a maximum near of
700 nm, which corresponds to electron-vibrational
transitions of 4T2 — “A,. Against the background of this
band, both R-lines (E — %A, transition) and phonon
repetitions of R-lines (Stokes and anti-Stokes) were

analyzed. The obtained spectrums were analyzed in
connection with the force of the crystal field.

Bordun O.M. — Doctor of physical and mathematical
Sciences, Professor, Head of the Department of Physical
and Biomedical Electronics, Faculty of Electronics and
Computer Technologies, Ivan Franko Lviv National
University.

Bordun B.O — Post-graduate student of the Department of
Optoelectronics and Information Technologies, Faculty of
Electronics and Computer Technologies, Ivan Franko
National University of Lviv.

Kukharskyy 1.Yo. — Candidate physical and mathematical
Sciences, Associate Professor, Department of Physical
and Biomedical Electronics, Faculty of Electronics and
Computer Technology, Ivan Franko National University
of Lviv.

Maksymchuk D.M. — Assistant, Department of Physical
and Biomedical Electronics, Faculty of Electronics and
Computer Technologies, Ivan Franko National University
of Lviv.

Medvid 1. I. — Candidate physical and mathematical
Sciences, Associate Professor, Department of Physical
and Biomedical Electronics, Faculty of Electronics and
Computer Technology, Ivan Franko National University
of Lviv.

[1] Z. Galazka, S. Ganschow, A. Fiedler, R. Bertram, D. Klimm, K. Irmscher, R. Schewski, M. Pietsch, M. Albrecht
and M. Bickermann, Doping of Czochralski-grown bulk p-GayOs single crystals with Cr, Ce and Al, J. Cryst.
Growth 486, 82 (2018); https://doi.org/10.1016/j.jcrysgro.2018.01.022.

[2] V. Vasyltsiv, A. Luchechko, Y. Zhydachevskyy, L. Kostyk, R. Lys, D. Slobodzyan, R. Jakieta, B. Pavlyk and
A. Suchocki, Correlation between electrical conductivity and luminescence properties in $-Ga03:Cré* and p-
Ga0::Cr,Mg single crystals, J. Vacuum Science & Technol. A. 39 (3), 033201 (2021);
https://doi.org/10.1116/6.0000859.

[3] C. Remple, L. M. Barmore, J. Jesenovec, J. S. McCloy, and M. D. McCluskey, Photoluminescence spectroscopy
of Cr¥*in p-Ga0sand (Alp1Gapg),0s, J. Vac. Sci. Technol. A 41, 022702 (2023);
https://doi.org/10.1116/6.0002340.

[4] E. Nogales, J. A. Garcia, B. Méndez and J. Piqueras, Red luminescence of Cr in f-Gaz03 nanowires, J. Appl. Phys.
101 (3), 033517 (2007); https://doi.org/10.1063/1.2434834.

[5] O.M. Bordun, B.O. Bordun, 1.Yo. Kukharskyy and I.I. Medvid, X-Ray Luminescence of -Ga,Oz Thin Films, J.
Appl. Spectrosc. 86 (6), 1010 (2020); https://doi.org/10.1007/s10812-020-00932-4.

[6] M. Xu, W. Ge, X. Zhang, P. Zhang and Y. Li, Novel one-dimensional Ga,O3:Cr®* nanofibers with broadband
emission for near infrared LED sources, J. of Luminescence 246, 118831 (2022);
https://doi.org/10.1016/j.jlumin.2022.118831.

[7]J. H. Cha, K. H. Kim, Y. S. Park, S. J. Kwon and H. W. Choi, Luminescence Characteristics of ZnGa,O4 Thick
Film Doped with Mn?* and Cr3* at Various Sintering Temperatures, Jpn. J. Appl. Phys. 46 (10R), 6702 (2007);
https://doi.org/10.1143/JJAP.46.6702.

[8] R.D. Shannon and C.T. Prewitt, Effective lonic Radii in Oxides and Fluorides, Acta Cryst. B25 (5), 925 (1969);
https://doi.org/10.1107/S0567740869003220.

[9] K. Wasa, M. Kitabatake and H. Adachi, Thin Film Materials Technology. Sputtering of Compound Materials.
(William Andrew Inc., Springer-Verlag GmbH & Co. KG, 2004).

[10] O.M. Bordun, B.O. Bordun, 1.J. Kukharskyy, I.I. Medvid, Zh. Ya. Tsapovska and D. S. Leonov, Structure and
Electrical Conductivity of the Thin $-Ga,Os; Films, Nanosistemi, Nanomateriali, Nanotehnologii 15 (2), 299
(2017).

[11] O.M. Bordun, 1.Yo. Kukharskyy, I.I. Medvid, D.M. Maksymchuk, F.O. lvashchyshyn, D. Catus, and D.S.
Leonov, Electrical Conductivity of Pure and Cr#-Doped p-Ga.O; Thin Films, Nanosistemi, Nanomateriali,
Nanotehnologii 20 (2), 321 (2022); https://doi.org/10.15407/nnn.20.02.321.

[12] K. Shimamura, E.G. Villora, T. Ujiie and K. Aoki, Excitation and photoluminescence of pure and Si-doped f-
Gay03-Gay0s3 single crystals, Appl. Phys. Lett. 92 (20), 201914 (2008); https://doi.org/10.1063/1.2910768.

493


https://doi.org/10.1016/j.jcrysgro.2018.01.022
https://doi.org/10.1116/6.0000859
https://doi.org/10.1116/6.0002340
https://pubs.aip.org/aip/jap/article/101/3/033517/146398
https://doi.org/10.1063/1.2434834
https://doi.org/10.1007/s10812-020-00932-4
https://doi.org/10.1016/j.jlumin.2022.118831
https://doi.org/10.1143/JJAP.46.6702
https://doi.org/10.1107/S0567740869003220
https://www.imp.kiev.ua/nanosys/en/articles/2022/2/nano_vol20_iss2_p0321p0329_2022_abstract.html
https://doi.org/10.15407/nnn.20.02.321
https://doi.org/10.1063/1.2910768

0O.M. Bordun, B.O. Bordun, I.Yo. Kukharskyy, D.M. Maksymchuk, I.I. Medvid

[13] P. Wellenius, A. Suresh, J.V. Foreman, H.O. Everitt and J.F. Muth, Mater. Sci. Eng. B 146, 252 (2008);
https://doi.org/10.1016/j.mseb.2007.07.060.

[14] O.M. Bordun, B.O. Bordun, 1.Yo. Kukharskyy and I.1. Medvid, Photoluminescence Properties of f-Ga203 Thin
Films Produced by lon-Plasma Sputtering, J. Appl. Spectrosc. 84 (1), 46 (2017); https://doi.org/10.1007/s10812-
017-0425-3.

[15] J.-G. Zhao, Z.-X. Zhang, Z.-W. Ma, H.-G. Duan, X.-S. Guo and E.-Q. Xie, Structural and Photoluminescence
Properties of f-Gay0s Nanofibres Fabricated by Electrospinning Method, Chinese Phys. Lett. 25 (10), 3787
(2008); https://doi.org/10.1088/0256-307X/25/10/073.

[16] M. Passlack, M. Hong, E.F. Schubert, J.R. Kwo, J.P. Mannaerts, S.N.G. Chu, N. Moriya and F.A. Thiel, In situ
fabricated Ga,Os—GaAs structures with low interface recombination velocity, Appl. Phys. Lett. 66 (5), 625 (1995);
https://doi.org/10.1063/1.114034.

[17] R. Rao, A.M. Rao, B.Xu, J. Dong, S. Sharma and M.K. Sunkara, Blueshifted Raman scattering and its
correlation with the [110] growth direction in gallium oxide nanowires, J. Appl. Phys. 98 (9), 094312 (2005);
https://doi.org/10.1063/1.2128044.

[18] D.T. Svyrydov, R.K. Svyrydova, Y.P. Smyrnov, Optical spectra of transition metal ions in crystals, Nauka,
(1976).

[19] O. M. Bordun, V. G. Bihday and I. Yo. Kukharskyy, Photo- and Cathodoluminescence of ZnGa,04:Cr Thin
Films, J. Appl. Spectrosc. 81 (1), 43 (2014); https://doi.org/10.1007/s10812-014-9884-y.

[20] N.O. Gopal, K.V. Narasimhulu, C.S. Sunandana, J. Lakshmana Rao, EPR and optical absorption spectral
studies of Cr3* ions doped in nickel maleate tetrahydrate single crystal, Physica B:Cond. Matter 348 (1-4), 335
(2004); https://doi.org/10.1016/j.physb.2003.12.008.

[21] J.G. Zhang, B. Li, C.T. Xia, J. Xu, Q. Deng, X.D. Xu, F. Wu, W.S. Xu, H.S. Shi, G. Q. Pei and Y.Q. Wu, Sci.
China Ser. E-Tech. Sci. 50 (1), 51 (2007); https://doi.org/10.1007/s11431-007-2026-5.

[22] Y. Tokida and S. Adachi, Photoluminescence spectroscopy and energy-level analysis of metal-organic-
deposited Ga,03:Cre* films, J. Appl. Phys. 112 (6), 063522 (2012); https://doi.org/10.1063/1.4754517.

[23] A. Luchechko, V. Vasyltsiv, L. Kostyk, O. V. Tsvetkova and B. V. Pavlyk, Luminescence OF [-Ga,Oz crystals
doped with chromium, J. Phys. Stud. 23 (3), 3301 (2019); https://doi.org/10.30970/jps.23.3301.

[24] D. Dohy and G. Lucazeau, Valence force field and raman spectra of  Ga;Q03, J. Mol. Struct. 79, 419 (1982);
https://doi.org/10.1016/0022-2860(82)85094-1.

[25] O.M. Bordun, B.O. Bordun, I.I. Medvid, I.Yo. Kukharskyy, V.V. Ptashnyk, M.V. Partyka, Structure and

Vibrational Spectra of thin Films f-Gaz0s, 17 (4), 515 (2016); https://doi.org/10.15330/pcss.17.4.515-519.

[26] M. Alonso-Orts, E. Nogales, J. M. San Juan, M. L. No, J. Piqueras and B. Mendez, Modal Analysis

of f—Ga,03:Cr Widely Tunable Luminescent Optical Microcavities, Phys. Rev. Appl. 9, 064004 (2018);

https://doi.org/10.1103/PhysRevApplied.9.064004.

[27] G. Naresh-Kumar, H. Macintyre, S. Shanthi, P. R. Edwards, R.W. Martin, D. Krishnamurthy, K. Sasaki and A.

Kuramata, Origin of Red Emission in [-Ga,Os Analyzed by Cathodoluminescence and Photoluminescence

Spectroscopy, Phys. Status Solidi (b) 258 (2), 2000465 (2021); https://doi.org/10.1002/pssb.202000465.

O.M. Bopays, b.0. Bopayn, L.1. Kyxapcekuit, JI.M. Makcumuyk, 1.1 Mengins

JlrominecueHnuisi Tonkux miaiBok B-Ga>Oz JieroBaHuX XpOoMOM

JIvsiecorutl nayionanonuil ynisepcumem imeni leana ®panxa, m. Jvsie, Yrpaina, oleh.bordun@Inu.edu.ua

HaBeneHo pe3ynbTaTu TOCTIHKEHb CIEKTPIB ONTUYHOTO 30yHKEHHS Ta CBiueHHA PoTomrominecneHmii (PJI) i
katopomoMinecuennii (KJI) B tonkux mmiBkax (-Gaz0s, meroBanmx xpomoM. Y chektpax (oro30ymxeHHS
CIOCTEPITraloThesl MIUPOKI CMYTH, 3yMOBIICHI TeHEPAIIIE€I0 eIeKTPOHHO-TiPKOBUX Tap Ta MepexoqaMi 3 OCHOBHOTO
piBas “A2 Ha 30ymkeni cramm ‘Ti Ta *T2 B iomax Cr¥*. Ha cmektpax mroMiHecueHmii Ha (OHI MIHPOKOT
6e3CTPYKTYpHOi CMYyTHM 3 MakcHMyMmMoM B okomi 700 HM, 3ymoBjeHoi mepexomamu “T2 — %Az B iomax Cré*,
crioctepiratotecs R-miHii Ta poHoHHI moBTOpeHHs R-niniii. [IpoBeeHo BU3HAUYEHHS CHIIM KpHCcTatigHoro momst Dq
Ta IHTEPIPETALII0 CTOKCOBHX Ta aHTUCTOKCOBHX TIOBTOPEHb R-IiHiM.

KitrouoBi cjioBa: okcuj rajiro, akTHBATOP, TOHKA ITiBKa, (POTOTFOMIHECIICHITIS, KATOTOJFOMIHECIICHITis.
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