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OHTI/IKA N CITEKTPOCKOIIHNA

OPTICS AND SPECTROSCOPY

VIIK 535.3, 535.5
CBETOIIOTAOIIAIOIMAA CITOCOBHOCTD I'MTIEPKPUCTAAAOB

Y. CIOH", A. B. HOBHI[KHH"

1)Ee/zopycczcuﬁ eocyoapcemeentblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

Annomayus. Vicnons3oBaHa TEOPHsI HJIEKTPOMATHUTHBIX BOJIH B HEMarHUTHBIX MHOTOCIOWHBIX THIIEPKPUCTAJLIIAX,
OTIPEZICTICHBI UX CIIEKTPAJIbHBIC CBOWCTBA M 3aMMCAHBI AUCTIEPCHOHHBIC COOTHOIICHHS AJIs1 OOBIKHOBEHHOH 1 HEOOBIKHO-
BeHHOM BoJH. [Toka3aHo, 4TO OTpakeHHe BOJIH OT THIEPKPUCTAIIA OIABIISAETCS, B TO BPEMs KaK IOIIIOIEHHE BOJIH B I'H-
MEPKPUCTAIIIE BO3PACTACT, €CJIU €T0 BOJHOBOM MMIIEIaHC COMIACOBAH C UIMIIEJAHCOM OKpyKaromiel cpensl. [Ipu nzyuennn
TIOTVIONIATEBHBIX CBOWCTB TMIIEPKPHUCTAIIIOB 00paliaeTcsi BHUMaHUE Ha 3aBUCUMOCTD MOTIIOLICHUSI OT TOJIIMH BXOJISIIUX
B rUINepKpucTani ciaoes. [loaydeHo, yTo MUK CEKTpa MONIOLEHHS PACTET C YBEJIMYEHUEM TOJIIHUHBI Pa3IeIUTEIEHOTO
JIMRIIEKTPUYECKOTO CIIOSI 1 CMEIIAeTCsl B 00JIaCTh JUIMHHBIX BOJIH. YCTAHOBIICHO, YTO 3aBUCHMOCTb MTOIVIOIICHHUS OT 0N
METajula B CTPYKTYpE 331a€TCs TUCTIEPCHOHHBIMU CBOWCTBAMH THIIEPKPUCTAIIIOB (60Jiee HU3KOE TOTIIOMIEHHE OTMEIEHO
JUls OONBIINX J10JIeH MeTaiIa). BennunHbl 1MKa MOMIOMIEHHs U IIHMPHHBI 30HbI MOIVIOIIEHNS MOTYT MEHATHCS B 3aBHCH-
MOCTH OT YHCJa CIIOEB, JOCTHTras TpeOyeMbIX 3HaueHUi. Pe3ysbTaTsl HACTOSIIEr0 UCCIICIOBAHMUS HAMIYT IPUMEHEHHE
B HAaHO(OTOHUKE U (PUBUKE COTHEUHBIX HIIEMEHTOB JUIsl IIMPOKOIIOJIOCHOTO YBEIHMYCHUS ITOVIOIIECHHS SJIEKTPOMAarHUTHOTO
U3ITy4YEHUSsI.

Knrouesvie cnosa: OJICKTPOMAarHvuTHas BOJIHA, FHHep6OHH‘ICCKHﬁ METaMarepurall; THIICPKPUCTAIII; TTOTTIOMICHUEC, UM~
neaaHc.
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LIGHT ABSORPTION ABILITIES OF HYPERCRYSTALS
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*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: A. V. Novitsky (novitsky@bsu.by)

Abstract. Here, we employ the theory of electromagnetic waves in non-magnetic multilayer hypercrystals to deter-
mine their spectra and derive dispersion relations for ordinary and extraordinary waves. We demonstrate that the reflection
of a hypercrystal vanishes, while the absorption increases, if its wave impedance is matched to that of the surrounding me-
dium. We study the absorption properties of hypercrystals focusing on absorption dependence on thicknesses of available
layers. We reveal that the peak values of absorption increase for thicker spacer layer, while the wavelength at the peak is
red-shifted. Dependence on the filling fraction of metal is shown to be strongly dependent on the dispersive properties
of hypercrystals exhibiting lower absorption for greater filling fractions, while the absorption peak value and absorption
bandwidth can be tailored with number of layers. This research might be useful for maximsing absorption to achieve
a broadband perfect absorber on the hypercrystal platform.

Keywords: clectromagnetic wave; hyperbolic metamaterial; hypercrystal; absorption; impedance.

Acknowledgements. The research was supported by the Ministry of Education of the Republic of Belarus (assign-
ment 2.2.3 of the state programme of scientific research «Photonics and electronics for innovations», 2021-2025; state
registration No. 20211793).

Introduction

Hypercrystals [1] have attracted attention in recent years due to their extraordinary properties prospective
for the development of novel optical devices. One of the key challenges of hypercrystals is improving their
absorption capabilities owing to capturing and utilisation of the incident light. By optimising the absorption
characteristics of hypercrystals, researchers aim to maximise their performance in applications such as photo-
voltaics, photocatalysis, and photodetection. Several approaches have been proposed to enhance absorption in
hypercrystals.

The first approach is based on the design and engineering of the hypercrystal structure at the nanoscale by
tailoring the geometrical dimensions (size and shape) and the sequence of the involved elements. Plasmonic
nanoparticles embedded in a hypercrystal is a good example of light absorption enhancement technique caused
by the localised surface plasmon resonance. Another strategy exploits light trapping in hypercrystals due to the
confinement and multiple scattering of light in the photonic structure. The multiple scattering increases absorp-
tion by means of the elongation of the optical path length, being realised using surface texturing, photonic crys-
tals and waveguides. Light-absorbing materials and dyes incorporated into hypercrystals are a straightforward
mean of absorption enhancement. Organic or inorganic chromophores widen the absorption spectral range
of hypercrystals. The abovementioned approaches are very useful for applications as multispectral imaging
and solar energy harvesting. Below we give recent references on the light absorption in hypercrystals. In the
work [2] was employed plasmonic nanoparticles to raise light absorption and short circuit current density of
GaAs solar cells. Authors in the work [3] employed a hyperbolic metamaterial nanoparticle structure to form
structured surfaces with near-perfect absorption properties. Magneto-optical hypercrystals proposed in [4] can
serve as a unidirectional light absorber operating in a wide range of angles.

This paper examines hypercrystals composed of alternating dielectric layers and hyperbolic metamate-
rials (HMMs) [5-7]. The paper focuses on the first approach mentioned above, which involves varying the
dimensional and structural properties of hypercrystals to achieve enhanced absorption. The aim is to achieve
a wider range of optical modulation over a wider range of optical wavelengths, as well as improved light
absorption. The research is conducted for normally incident visible light. The study is focused on impedance
matching of waves in the hypercrystal and those in an ambient medium to facilitate reflection reduction and,
consequently, enhance absorption. The stack of layers is altered to achieve as great absorbance as possible.

Description of waves in hypercrystals

Figure 1 shows the structure of a hypercrystal [1] comprising a periodical array of two layers, which are the
hyperbolic and natural media. The hyperbolic metamaterial achieves its special properties due to the compo-
sition of alternating silver metal (A) and silicon dielectric (B) layers. A natural medium (C) or, in other words,
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a spacer is either air or glass. By varying the structural properties of the hypercrystals we aim at reaching as
much hypercrystal’s absorbance as possible. Here we consider the hypercrystal as stack of layers ((AB),,C)-.
The lower index shows, how many periods we take, €. g., (AB),, means 10 periods of layers A and B. The pe-
riod of the hypercrystal is much smaller than the free-space wavelength as d < A, but well above the unit cell size
of the hyperbolic metamaterial d > a.

il

N s N
Silver Silicon

==

a

Air or glass

/

akd<g ),

Fig. 1. Structure of the hypercrystal as a periodic variation
of the composite hyperbolic and dielectric media

Electromagnetic wave propagation is a hypercrystal can be described as follows. At first, we solve the Maxwell
equations in each homogeneous slab with its own isotropic dielectric permittivity € and magnetic permeability
u = 1. We take the plane of incidence to be the plane XZ and the axis Z is the direction of stratification [8] as
shown in fig. 2, where k; is the wave vector of the incident wave and k. = be, is the component of the wave vector
along the axis X. Then we use the boundary conditions to determine the reflection and transmission coefficients.
Generally speaking, the theory of waves in multilayer systems [9—11] is involved for finding characteristics of
reflected and transmitted electromagnetic waves in multilayer hypercrystals.

z Air

Fig. 2. Schematic of the wave reflection and transmission

Absorption properties of hypercrystals

Dispersion of a hypercrystal. Dispersion causes light waves of different wavelengths to propagate at different
speeds in hypercrystals, which can affect the phase and amplitude of the light waves, and therefore the absorption
properties of the hypercrystals. Dispersion can be defined as dependence of the wavevector on the frequency,
the real and imaginary parts of which govern the phase and the amplitude, respectively.

6
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Photonic hypercrystal comprises alternating layers of air and hyperbolic metamaterial, the latter being
composed of alternating metal layers and dielectric layers. Considering silver metal layer and silicon dielectric
layer as constituents of the hyperbolic metamaterial and an air layer as a dielectric spacer, one can get a sphe-
rical and ellipsoidal refractive surfaces corresponding to respectively ordinary and extraordinary waves in the
hypercrystal as an effective uniaxial crystal.

So, let us discuss how the dispersive properties of photonic hypercrystals may affect its absorptivity. Light
waves of various wavelengths have different speeds in the hypercrystal, thus, resulting in different interaction
times with the composite material and causing a spectral shift in the position of an absorption peak. The disper-
sion also influences the intensity of light absorption in the hypercrystal exhibiting its wavelength dependence.
When resonance conditions in the hypercrystal are met, the dispersion can cause the propagation of light waves
to align with the absorption peaks of the material, resulting in increased absorption at those wavelengths.

Impedance matching of a hypercrystal. In this subsection, we calculate the absorption spectrum of the
hypercrystal in conditions of impedance matching that is assumed to increase the absorptivity of the hypercrystal.
We consider the wave incidence from an air to the hypercrystal and the impedance matching means that the im-
pedance of the hypercrystal coincides with that of the surrounding air. With the impedance matching, the reflected
intensity is strongly suppressed. At the same time, the absorptivity may increase up to 1, if the transmissivity is
about zero due to a highly reflective substrate behind [12; 13].

The hyperbolic medium is composed of a 3 nm metal layer and a 6 nm dielectric layer with a permittivity
of 1. Hypercrystal has a periodic stacked structure ((AB);,C),s.

To determine the impedance, the retrieval technique developed in [14] can be used. The retrieval procedure

implies finding refractive index n and wave impedance z (or dielectric permittivity € = g and magnetic perme-
ability p = nz) basing on the reflection and transmission spectra.

A scattering matrix (S) relates the incoming field amplitudes to the outgoing field amplitudes, and can be
directly related to experimentally determined quantities [14]. The elements of the matrix S can be found using
the elements of the transfer matrix and eventually read as

1

Sz1 = S12 = ; e
cos(nkd) - 2[2 + Z)sm(nkd)

(1)

and
i1 .
=8, = é(z - ZJ sin (nkd ). (2)

Equations (1) and (2) can be inverted to find the wave impedance in terms of the scattering parameters as [14]

3)

Thus, determining the matrix S elements S, = r and S,, =7 exp (ikyd ) from the transfer-matrix approach, we
can calculate the impedance. We can notice that in reflectionless conditions the impedance equals unity. And
vice versa, if the impedance z = 1, then the reflection vanishes.

Real part of the impedance computed according to equation (3) is depicted in fig. 3, a. The impedance is
close to 1 (the impedance of the ambient medium) at an incident wavelength of 643 nm, which well corresponds

to the wavelength of absorption peak shown in fig. 3, b, the absorption being calculatedas 4 =1— |S1 ! |2 - |S2 ! |2.

The impedance matching does not guarantee the perfect absorption 4 = 1 due to the wave transmission through the
hypercrystal. However, if the transmission can be eliminated, for instance, using a mirror right after the hyper-
crystal, then one can expect the perfect absorption at the wavelength of the impedance matching.

Maximisation of absorption for stacked structure ((AB),,C),. Figure 4 demonstrates close absorptivity
of the HMM and the hypercrystal achieved for the 10 nm thick air spacer and the 9 nm thick HMM unit cell.
Both have a peak absorptivity of approximately 0.699 at the wavelengths near 493 nm. Two structures have
almost identical absorption properties. However, what happens if the thickness of the anisotropic layer is in-
creased or decreased?

Variation of the absorption spectral peak is illustrated in fig. 5 for the hypercrystal periodic structure
((AB),(C),. The thicknesses of the metal and dielectric layers in the HMM unit cell of thickness a are equal to
am

a,, and a,, respectively. Filling fraction of the metal is defined as f'=
a,+a,

. To specify the unit cell, we can
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use either thicknesses of layers a,, and a, or the thickness of the cell and the filling fraction as in fig. 5. From

fig. 5, a, we know, how the absorption peak behaves depending on the structure of the HMM unit cell and the
spacer thickness, that is, on the geometry of the hypercrystal unit cell. The number of points in fig. 5 is limited

with the condition > >7. The maximum absorption 0.73 is achieved in this case. For the fixed filling fraction,
the absorption increases, if the thickness of the unit cell increases. It is an obvious consequence of the growth

or the amount of metal. However, the dependence on the filling fraction or the thickness of the spacer is more
complex owing to the dispersive properties of the hypercrystal. We observe that although the amount of metal
decreases, the absorption raises. According to fig. 5, b, the wavelength at the absorption peak has a clear red shift
upon increasing the HMM unit cell at £'= 0.5, but floats for /= 0.3. The dependence on the air spacer thickness
is near linear showing a red shift of the absorption maximum. Figure 5, ¢, demonstrates the absorption peak
characteristics in one graph. Lower values of filling fraction result in greater absorption owing to the stronger
localisation of the electromagnetic field in the metal.

In fig. 5, d, one can see the absorption — wavelength diagram for a glass spacer. We notice the increase
of the maximum absorption and the wavelength at the maximum compared to the air spacer for f'=0.5. How-
ever, the maximum absorption may decrease instead for f'=0.3. In the case of ¢ =7 nm, the dependence
departures from the linear one for the glass spacer covering a wide range of absorption values and keeping
the wavelengths at peaks in a narrow band. Such a behaviour might me related to the resonant response of the
hypercrystal, when the deviations cease to be incremental.
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Absorption spectrum in the case of the maximum absorption for the hypercrystal ((AB),,C), is depicted in
fig. 6, a. The half-width at the half maximum of the peak equals 81 nm. The absorption can be enhanced due to
the increase of the number of layers in the hyperbolic metamaterial. Indeed, the absorption approaches 0.84
for the structure ((AB),,C),. Such a growth of absorption is associated with the increase of the amount of metal
in the system.
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Conclusions

We have considered hyperbolic metamaterials consisting of alternating silicon and silver layers and periodic
hypercrystals comprising these hyperbolic metamaterials and a spacer in the visible spectral range. Using the
theory of wave propagation in multilayer systems, we have written the dispersion relation of waves in hyper-
crystals and demonstrated the appearance of ordinary and extraordinary waves in such an effective anisotropic
material. We have revealed the link between the impedance matching condition that suppresses the reflection
and absorption peak for a hypercrystal. We have investigated the absorption ability of different compositions
of hypercrystals differing with the thicknesses of the silicon, silver and spacer layers. This research might be
useful for maximising absorption to achieve a broadband perfect absorber on the hypercrystal platform.
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HOBBI TTOAXOA K TEXHOAOTUSIM
IIOAYUYEHUSA YMCTOT'O BEIIIECTBA U3 TOPHOI ITOPOABI
C TIOMOIIBIO AA3EPHOTO U3AYUYEHUSA

H. b. 2LIIKABHJIOBY, LII. P. XAH/IAPOB", A. C. KYPBAHHA30B?

YCamaprandckuii 2ocydapemeennviii ynusepcumem um. Lllapaga Pawudosa,
oyn. Yuusepcumemcxuil, 15, 140104, 2. Camaprano, V3oexucman
I Camapranockuii punuan Taukenmeko2o yHueepcumema uHpopMayuoHHbIX MexHoa02uil
um. Myxammeoa anv-Xopesmu, yn. Uon Cunvl, 2a, 140100, o. Camaprano, Y36exucman

Annomayus. PaccMaTpuBaeTcs METO CEJIEKTHBHON CTyIeHYaTol ()OTOMOHHU3AIMH aTOMOB ISl HCCIIEI0BAHHS OKOJIO-
TIOPOTOBBIX SBIEHUH HA IPAHMIIE IUCKPETHBIX U CIUIOMIHBIX CIIEKTPOB aTOMOB IIPU BO30YKICHUH PUAOCPTOBCKUX U ABTO-
MOHHU3ALMOHHBIX COCTOSHUH C PE30HAHCHBIM JIa3€PHBIM H3TydeHHeM. OCHOBHBIMH IOCTOMHCTBAMU METO/IA SIBIISTFOTCS BHICOKHE
YYBCTBUTEIBHOCTh, CIIEKTPAIbHOE M BPEMEHHOE pa3pelieHNe, a TAKKE CEeIeKTUBHOCTh, THOKOCTh M YHUBEPCATBHOCTD.
OntuMasabHO TO00paHHAs CXeMa CEeJISKTHMBHON (DOTOMOHHM3AIMK aTOMOB I10J] BO3JICUCTBHEM JIBYX WIIM TpeX JIa3epHbIX
Jy4el ¢ onpeaeIeHHbIM 00pa3oM HACTPOCHHBIMH YaCTOTAMH M 3a/JaHHBIMU HHTCHCUBHOCTSMH MO3BOJISIET HOHU3UPOBAThH
KakIbIi atom 32 10 °—10 " ¢. Mcnone3ys 20 % YHEpruf U3y deHus co CpeIHeH MOITHOCThIO 10° BT, MOXHO JOOHTECS ¢oto-
MOHM3AIY aTOMOB Ha YPOBHE IIprMepHO | Moib BemecTsa 3a | 4. TakuM 00pa3oM, OTHOCHTENBHO HEOObIINE YCTAHOBKH,
KaK IPaBHJII0, TIPOU3BOAAT HECKOIBKO TOHH YHCTOTO BellecTBa B ToA. [1o 310l mprunHe MeTo] CENEKTUBHOM CTyTIeHYaTOMH
(hOTOMOHM3AITHH ATOMOB B COYETAHHH C TIEPECTPAHBAEMBIM JTa3epoM cpenreii MomroctH (10°—10° BT) cuntaercs cambim
MPOTYKTUBHBIM JJI1 TOHKOTO Pa3/esIeHHsI BEIIeCTBAa Ha aTOMapHO-MOJICKYIIPHOM YPOBHE.

Knrouegoie cnosa: nazepHoe N3IydeHNE; CEICKTUBHAS cTyneHuaras Gpotononnzanus aromos; CCDA; HelTpasbHbIe
aTOMBI; TOPHAs! ITOPO/Ia; AaTOMHBIHN ITy4Y0K; ()OTOMOHHBIA CUTHAI; (IYKTyanus; KOJUTMMAPOBAHHBIN HOHHBIN My4OK.

brazooaprocme. PaboTa BBINOIHEHA [0 OTKPHITOMY IUIAHY HAyYHO-HCCIICIOBATEILCKUX paboT CamMapKaHICKOTo Tocy-
JIapcTBeHHOTO yHHBepcutera uMenu Lllapaga Pammmosa, a Takxke B paMkax (yHIaMEHTaJIbHOTO HayqyHOTo ripoekra ®2-15

«OKOIOTIOpOTOBas JIA3ePHO-MOHN3AIIIOHHAS CIICKTPOCKOIIHS aTOMOB TsDKENbIX AmeMeHToB (Pt, Au, Hg, T, Pb)».
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Abstract. This article examines the method of selective stepwise photoionisation of atoms for the study of near-threshold
phenomena at the boundary of discrete and continuous spectra of atoms when excited Rydberg and autoionisation states
with resonant laser radiation. The main advantage of the method is its high sensitivity, high spectral and temporal resolu-
tion, selectivity, flexibility and versatility.
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BBenenue

Merton cenekTUBHOU crynen4yaroi ¢poronoHuzanuu aroMoB (CCDA), pa3paboTaHHbIN Ui pa3acieHUs
n30To1OB [1; 2], maeT BO3MOXKXHOCTH Pa3BUTh HOBBIN TOJXO/T K TEXHOJIOTHH TOHKOTO Pa3IeiieHuUs BEIIECTBA Ha
aTOMHO-MOJIEKYJISIPHOM YPOBHE, KOTJIa C IIOMOIIBIO JIA3€PHOT0 N3TY4YEHHUS] MOXKHO HEIOCPEICTBEHHO MAaHHITY-
JIUPOBaTh aTOMaMHU MM MOJIEKYJIaMH OIPEIENIeHHOro copTa, T. €. COOMpPaTh MAaKPOCKOIMMYECKHE KOJINYEeCTBa
BEIIECTBA T10 OJHOMY aToMy WJIM IO OJHOM MOJIEKyle U3 JI000i MaTpuIbl, B TOM YHCIIE U3 TOPHOU IOPOIbI.
HauGonee BayKHBIM MPOLIECCOM JTa3€PHON aTOMHO-MOJIEKYJISIPHON TEXHOJIOTHUH SIBISIETCS OTyYeHHE 0c000 YHc-
TBHIX BEIIECTB JOPOTOCTOSAIINX TEXHOIOTHYECKUX IIEMEHTOB M3 TOPHBIX IOPOJ B BH/IE CIIJIABOB U TUIEHOK [3].
JU1st CUHTE3a YMCTHIX BEILIECTB MIIM OYUCTKH BEILIECTB OT IPUMECEH MOYKHO UCIIOJIb30BATh CENIEKTHBHYIO (hOTO-
HMOHM3AIIMIO aTOMOB.

CyTp MeTOza 3aKJII04aeTCs B CICAYIOLIEM: HEHTpalbHbIE aTOMBbI CEJICKTUBHO BO30Y)KIAIOTCSl Y3KOIOJIOC-
HBIM JIa3€PHBIM U3IYyYEHHEM B IIPOMEKYTOUHBIE BHICOKOJIEKAIIME COCTOSHUS 32 OJIHY MJIM HECKOJIBKO CTYTIe-
HEil, a 3aTeM BO30Y)KICHHbIE aTOMbl HOHU3UPYIOTCA MO0 JONOIHUTEIBHBIM JIA3EPHBIM H3JIy4eHHEM, JTH00
aNeKTpuUeckuM nosem (puc. 1). [lepBble 3KCIIEpUMEHTBI ¢ TPUMEHEHHEM 3TOH METOIUKH ObUIM MPOBEICHBI
B 1971 r. c aromamu pyOuaus [4]. B nanpHeiimem ganHbIi MeTO ObUT HCTIOIB30BAH IS Pa3eNICHUs PaIuo-
AKTHUBHBIX M30TONOB ypaHa [5].

Wnest HoBOrO 1oIX0/1a K TEXHOJIOTHSIM TOTYYEeHHS YUCTBIX BEUIECTB 3aKJIF0OYAETCS B TOM, YTO HEHTPaJIbHbIE
aTOMBI, CO37aBaeMbleé B aTOMHOM IIy4Ke, [10CJIE IBOMHON KOJJIMMALMK CEJIEKTUBHO BO30Y)KIAIOTCS M MOHU-
3UPYIOTCS U3Ty4YEHUEM ABYX HIIH TPEX Y3KOMOIOCHBIX IEPECTPAaNBAEMBIX Ja3epOB B IBE JINOO TPH CTYIICHH.

[IupuHa AUHUM Ta3epPHOTO M3ITYyYEHHUS] HACTOIBKO y3Ka, YTO BO3OYKTAIOTCS WIM MOHU3UPYIOTCS TOIBKO
HYXHbIE copTa aToMOB (1100 nOHOB). CeleKTUBHO BO30YKICHHbBIC HOHBI OTIEIISIOTCS OT Iy4Ka C MOMOIIBIO
3JIEKTPOMArHUTHOTO TIOJIS ¥ OCAKJAIOTCS Ha KOJUIEKTOp (MTOIOKKY) (pHc. 2).

OmnwucaHHBIN MOIXOJ K TEXHOJOTHSAM HOIYYEHHUS] YUCTHIX BELIECTB SBISIeTCS HanOojee YHUBEPCAIbHBIM
u TuOkuM. OnTUMansHO ogoOpaHHas cxeMa CEIeKTUBHON ()OTOMOHHM3AINN aTOMOB IO BO3ICHCTBHEM JIBYX
WK TPEX JIa3ePHBIX JIyUueH ¢ onpeneneHHbIM 00pa30M HaCTPOEHHBIMH YaCTOTaMH M 3alaHHBIMY HHTEHCUBHOC-
TSIMH [03BOJISIET HOHH3UPOBATH KA bIii atom 3a 10 °—10 " ¢. [pu ucrons3oBanum 20 % SHEPruu H3TyYEHHS CO

CpeaHel MOIIHOCTBIO 10° Br na (hoTOMOHM3AIIHIO ATOMOB MOYKHO CEJIEKTUBHO HOHU3HPOBATh IPUMEPHO 1 MOITh
BemiecTBa 3a 1 4. CiieioBaresbHO, yCTaHOBKA CPABHUTEIIBHO HEOOJIBIIIOTO Pa3Mepa B IPUHIIMIIE CIIOCOOHA 00e-
CIICUUTH MOJYUYEHUE HECKOIBKUX TOHH YUCTOrO BemiecTna B roi. 1o sroit npuunne meroq CCDA B coueTaHu
C MepecTpauBacMbIMHU J1a3€paMU CO CPEAHEN BBIXOAHOW MOUIHOCTBHIO 10%-10° Bt MoxHO paccmarpuBarh Kak
JOCTATOYHO MTPOU3BOIUTENHHBINA METOJ] TOHKOTO pa3/iefIeHHs BEIEeCTBA Ha aTOMHO-MOJIEKYIIIPHOM ypOBHE [6].
Kax BugHO, HCTIONBE30BaHMUE ATOTO METOJIA TIPEABIBISICT OMPeIeICHHBIC TPCOOBAHUS K SHEPTETUKE J1a3ePOB.
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Fig. 1. Schemes of resonant two-stage (a) Puc. 2. Cxema MoJTyueHus! IUICHOK C MTOMOIIBIO (POTOMOHHOTO ITyuKa

and three-stage () photoionisation of atoms Fig. 2. Scheme for producing films using a photoion beam

Kpowme toro, metog CCDA MoxkeT NpUMEHSIThCA 111 OYMCTKY BelecTs [7]. JIazepHas TeXHONOTHS OUUCTKH
Bemecta MetogoM CCDA umeeT psiJi BECOMBIX MPEUMYIIECTB Mepe]] CYIIECTBYIOIUMU METOJaMH, OCHOBaH-
HBIMHU Ha Pa3IMYUM KaKUX-JINOO XUMUYECKUX WIH (PU3NIECKUX CBOMCTB OYHINAEMOTO BEIIECTBA M TPUMECEH.
Bo-niepBEIX, CTEIEHb OYMCTKHU B MPOIIECCE OTEICHUS 3aIaHHOTO AJIEMEHTA OT JIFOOBIX MPUMECEH MOXKET J10-
CTUIaTh 3HAYEHUN OoJiee 103, T. €. €CIIM B35ATh MaTepHUall MacCOBOTO MPOU3BOACTBA C UMCTOTOM 107 %, TO
MeTon CCDA obecneuuT ero OYUCTKY BILIOTH JO 10710 9%, Bo-BTOpHBIX, JaHHBIM METON YHUBEpCAJICH, T. €.
MPUMEHUM MPAKTHYECKHU K JTF0OOMY 3JIEMEHTY HE3aBUCUMO OT €0 (PU3UKO-XUMHUYECKUX XapaKTepUCTHK. Eciu
HEOOXOIMMO OYUCTHTH BEIIECTBO OT OJHOTO WIJIM HECKOJIBKHMX OMpPECIICHHBIX AJIEMEHTOB, TO BO3MOXKHEI Ce-
JICKTUBHAsI MOHU3AIUS TOJIBKO TIpUMECed M yAalieHHUe WX W3 aTOMHOTO ITydka BemlecTBa. [ MOKocTh MeTona
MO3BOJISIET HEMOCPEACTBEHHO MCIOJb30BaTh MOHHBIC MYyUKH JUIsI TOJYUYSHUS YHUCTOMN IJICHKU 33JJaHHOTO 3Jie-
MeHTa (CM. pUC. 2) WIH BHEAPEHUS HOHOB B OTHOPOIHOE BEIIECTBO.

Cam mporiecc Mmoy4eHust 0c000 YHCTHIX BEIIECTB Ha aTOMHO-MOJIEKYISIPHOM YPOBHE He Tak mpocT. OH Tpe-
OyeT MpOBECHHsI HECKOJIBKHX MTOCIIC0BATEILHBIX CAMOCTOSITEIIbHBIX IKCIIEPIMEHTOB, BKJIFOUAIOIINX B ce0s
CJIeYIOIIUE ATANbI: 1) cO3aHNe HCTOYHIKA HEHTPATIbHBIX aTOMOB, KOTOPBIH ITO3BOJISET paboTaTh B IIUPOKOM
JMara3oHe TIOTHOCTEH aTOMHOTO ITy4Ka, HMEIOIIETO rayccoBy (hopmy; 2) MPOBEJCHUE CEJICKTUBHOM CTyTIeHYa-
TOW (hOTOMOHU3AIUHN HYKHOTO COPTa aTOMOB JIa3ePHBIM U3JTYYCHHEM C BBICOKOH 3 (EKTUBHOCTEIO; 3) pea-
JU3ALHI0 MEXaHU3Ma KOHTPOJIS KOHLIEHTPALIMU aTOMOB U HOHOB B MPOCTPAHCTBE MyUKa U YIPABICHUS €IO0;
4) oTJeNICHHE CEIICKTUBHO BO30YK/ICHHBIX HOHOB HYXKHOTO COPTa aTOMOB OT OCHOBHOTO ITy4YKa M OCaXKJICHUE
UX Ha MOJJIOKKY IIyTeM CO3JaHHS 3JICKTPOMArHUTHOTO OIS BAOJIL aTOMHOTO Iydka. KpaTko paccMoTpum
Ka)KJIBIN ATaI mpoiiecca.

MeTonnka npoBeAeHUs1 IKCIIEPUMEHTA M0 MOJIY4YCeHHI0
0c000 YHCTHIX BelIeCTB HA AaTOMHO-MOJICKY/ISIPHOM YPOBHe

Co3naHue HCTOYHNKA HEMTPAJBHBIX aTOMOB. B paMkax peanu3aiuu JaHHOTO dTara ObLI CO3/IaH BHICOKO-
TEMIEPaTyPHBII aToMHU3aTOp (MICTOYHUK HEHTPAIILHBIX aTOMOB) HAa OCHOBE TAHTAJIOBOU TPYOKHU ¢ rpadUTOBBIM
THUIJIEM, CXeMa KOTOPOro IpuBe/eHa Ha puc. 3 [8]. OH obecrieunBaeT BHYTpH nieun Temmeparypy jao 2273 K.
ATOMH3ATOp YCTaHABIIMBACTCS B BAKyyMHOU ()OTOMOHHM3AIIMOHHOW Kamepe, I7Ie CO3/1aeTCsl BBICOKUI BaKyyM
C JaBJIEHHEM OCTAaTOYHBIX ra3oB 1,33 - 107 Ia. Hcnapsiemoe BemiecTBo (ropHasi mopo/ia) MOMEIIACTCS B TUTEIb,
HaxXOJISAIIUICS BHYTPH TaHTAJOBOW TPyOKH, KOTOpasi HarpeBaeTCs MEKTPUYSCKUM TOKoM. Koprnyc HUKHEH
Y BEpXHEH YacTed aroMH3aTopa OXJIaXKIAeTCsl IMPOTOYHOM BOJOW, TEM CaMbIM O0OECIIEUMBAETCsS KOMHATHAs
TeMIlepaTypa Hapy>KHOU CTOPOHBI BCETO KOPITyca aTOMHU3aTOpa.

HecenekTuBHbIC TEIIOBBIE HOHBI, 00Pa3yIOIIUECs PH HArPEBAHUH TUTIIS, 33 ICPIKUBAFOTCSI CHCTEMOH JIEKTPO-
CTaTUYECKOM 3alUThI, KOTOPasi HAXOJUTCS B BEpXHEH 4acTH aroMu3aTopa. Ha ueTsipe mocienoBareabHO pacioso-
JKCHHBIC TUa(parMbl, yCTAHOBJICHHBIC HA ITyTH aTOMHOTO ITy4YKa, TIOIAI0TCS TIOJIOKUTEIILHBINA U OTPUIIATEIIbHBIN
MOTEHIIUABI, KOTOPBIC MOJHOCTHIO OYUINAIOT ATOMHBIN ITy4OK OT HECEIEKTUBHBIX TEIUIOBBIX HOHOB. TeM caMbIM
Ha BBIXOJIC aTOMHU3aTOpa MOTyYaeM YHCThIE HEHTpalbHbIC ATOMHBIE ITyYKH, KOTOPBIE MOYXHO HCIIONb30BATh HE
TOJIBKO JJIsl CEJICKTUBHOM (DOTOMOHM3AINN HEUTPAIBHBIX aTOMOB, HO U JIJIS JIFOOBIX CIIEKTPOCKOIHMYECKHUX HC-
CJIe/IOBaHUH 03 JOIIICPOBCKOTO YIIHPCHHSL.
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ATOMHBIH ITy40K
¥

Honnas 3amnura

Turens ¢ ncnapseMbIM BEHIECTBOM

Harpesarens

Kopmyc

Puc. 3. CxemMa BBICOKOTEMIIEPATYPHOTO HCTOYHHKA HEHTPAILHBIX aTOMOB
Fig. 3. Scheme of a high-temperature source of neutral atoms

CrenyromyMy 3TanaMy Mporecca MOMydeHHsT 0C000 YHCTHIX BEIIECTB Ha aTOMHO-MOJIEKYJISIPHOM YPOBHE
SIBJISIIOTCSI IPOBEACHHE CEJICKTUBHON CTyNeH4YaToi (pOTOMOHM3AaLNH HY)KHOTO COPTa aTOMOB JIa3€PHBIM H3JTyde-
HUEM U pean3alysl MEXaHH3Ma KOHTPOJIsI KOHIIEHTPALMH aTOMOB 1 HOHOB B IIPOCTPAHCTBE ITy4YKa U yIIPaBIeHUS
ero. B nensax co3ganus onTUMAaIbHBIX YCIOBHHM JUIS UX OCYIIECTBIICHUS HCCIIEI0OBAHO MPOCTPAHCTBEHHOE pac-
TIpezieTIeHr e NOHOB ¥ M3yYeHbI 3aBUCHMOCTH KOHIIEHTPAIIMK aTOMOB OT TEMIIepaTyphl TUIJIS Ha ITPUMEpPE aTOMOB
TaJUTHsL 1 NHAS [9].

IIpoBenenne ceeKTHBHOMN cTyNeHYaTOH (JOTOMOHU3ANHU HY’KHOTO COPTA ATOMOB JIA3ePHBIM H3JTy4e-
HHeM. JIazepHble Tyuu HaNpaBIsUIMCh B BAKYYMHYIO Kamepy, I7I€ CO3/1aBajliCh aTOMHbIE ITYYKH TajuTis U HHANS,
1 (hOKYCHPOBAITUCH B UCCIIETyEeMBIN 00BEM B IIATHO pa3MEPOM MEHbBIIIE COTEH MUKPOMETPOB. DTO 00ECTIEINBAIIO
BBICOKOE IIPOCTPAHCTBEHHOE pa3pelIeHue Mydka. B skcrepuMenTe ¢ aroMmaMu HHAWS AJTMHA BOJIHBI 3Ty YEeHUS
Jla3epa Ha KpacuTeJe lepecTpanuBalach Ha IIepexon Sp 2P1 n—> 6s s 1/ € AMHOM BoJHBL A = 410,2 HMm. Jlazep-
HOE M3JTY4YEHHUE C TAaKOH JJIMHOM BOJIHBI OJJHOBPEMEHHO BO30YKAAJI0 W MOHU3UPOBAJIO aTOMBI HH/MS, TaK KaK
SHEprust AByX (POTOHOB MPEBHIIIANA YHEPIHIO HOHM3AIHH aToma Ha 2053,146 e’ (puc. 4, ) [10].

B ciydae ¢ aromaMu raiuins 1azep HacTpauBacs Ha Iepexos 4p 2[} n—>5s le 1, C INIMHOM BOJHBI A = 417,2 HM.
JlazepHoe n3TydeHHE ¢ TAKOH ATMHOM BOJIHBI OMHOBPEMEHHO BO30YKIaI0 U MOHU3UPOBAJIO aTOMBI TAJIIHSL, TaK
KAK HEPrHs AByX (POTOHOB MPEBHIIIANA YHEPIHIO HOHM3AIMHK aToMa Ha 363,2 cM ' [11, ¢. 16-26]. Taxim ob6pasom,
aTOMBI TJUTUS CEIIEKTUBHO (POTOMOHU3UPOBAJIMCH C MCTIONIF30BAHUEM BCETO JIUIIH OHOTO JIa3epa.

ATOoMHBIH Ty4oK hopMHUpoBaICs 3a cueT 3P dy3un napoB rajuius WIK MHANS U3 IeYH, HarpeToi 10 TeMIlepary-
pot 1700 K. I[Tygok kommmmupoBascs HabopoM auadparm ¢ oTBepcTHeM auaMeTpoM 4 MM. KoHIleHTpalus atoMoB
B myuke cocrasmsina 10'" aromoB Ha 1 cm’. J[aBieHre 0CTATOUHBIX ra30B B kKamepe paBHsnock 1,33 - 107 Ila.
Jlyd mazepa ¢oxycupoBancs muH301 B TiATHO nuameTpoM 0,1 MM B 00macTs aToMHOTO Imydka. C TTOMOIIBIO
3NEKTPOMEXaHUYECKOTO ITPUBO/A JIMH3A IIepeMeIIaach MONEpeK MMyyka paBHOMEPHO BO BpeMeHH. Benencreue
9TOTO JIA3EPHBIN JIyd MepeceKans aTOMHBIM ITy4OK MO OJHOMY M3 HamlpaBlIeHWH (¥ WK ). Bo3HuKIIME HOHBI
B pe3ysbTare POTOMOHHM3ANNH JEeTEKTHPOBAIMCh BTOPUUHBIM JIEKTPOHHBIM yMHOXHUTeneM [ 12]. Ha puc. 4, 6,

'A. ¢. 1092387 CCCP, MKI® G 01 N 21/39. Crioco6 u3MepeHHs IpOCTPaHCTBEHHOTO PacipeIe/IeH s aTOMHBIX KOHIICHTPAIHit /
A. T. Typcynos, H. b. Dmxa6unos (CCCP). Ne 3540021/18-25 ; 3asBn. 17.01.83 ; omy6m. 15.05.84, brom. Ne 18. 5 c. : un
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NpUBe/ieHa aMILTUTY1a (POTOMOHHOTO CUTHANA OT MOJOKEHHsI (DOKyca JTMH3BI IPH CKAHUPOBAHHWHU B HaTpaBlie-
HUSIX X U y. Kak BugHO U3 puc. 4, 6, NIMPHHA aTOMHOTO ITy4YKa Ha TOJyBBICOTE cocTaBiseT 6,4 MM (BbICOTA OT
nocyeiHel quadparMbl HCTOYHNKA aTOMHOTO ITy4yka paBHa 85 MM). JIoCTOBEpPHOCTH pe3ysbTaToB MpoBEpeHa
HAaIbUICHUEM UCTIapPSIEMOT0 BEIIECTBA Ha CTEKIISTHHYIO MOJJIOKKY, YCTAHOBIICHHYIO B 00JIaCTh B3aMMOJICHCTBHSI
JIa3€pHOTO JIy4a ¢ aTOMHBIM ITy4koM. HarbuieHHas moioxkka Obliia McciieZioBaHa ¢ MCTIOIh30BAHUEM aTOMHO-
cuioBoro mukpockona CoreAFM (Nanosurf, lllBetinapus) (puc. 5, a).

ala o/b
Tp

A, = 448-460 um

6s

A, =410,2 Hm

S5p @

Puc. 4. Cxema ABYXCTyNeHYaTOH ()OTOMOHHU3AIMN aTOMOB MHANS (@)
1 aMIUIUTyaa OTOMOHHOTO CUTHAJIA B HATIPABICHUAX X H ) (0)

Fig. 4. Scheme of two-stage photoionisation of indium atoms (@)
and amplitude of the photoion signal in the x and y directions (b)

6/b
1)

5,5 MM

=y

Puc. 5. ®otorpadust MoaIoKKy, HabIJIGHHOW aTOMHBIM IIy4KOM HHIMS (@),
U MIOJTyYeHHAass MEKpOJEHCHTOTpamMMa (0)

Fig. 5. Photograph of a substrate sputtered with an indium atomic beam (@)
and the resulting microdensitogram (b)

Kak BugHO U3 puc. 5, 6, mMprHAa NHTEHCUBHOCTH Ha TOJYBBICOTE PAaBHIETCS 5,5 MM, YTO XOPOIIIO COTIa-
CYeTCsl ¢ JIaHHBIMHU, MoJydeHHbIMU MeToj oM CCDA (cMm. puc. 4, 6). U3 puc. 4, 6, u puc. 5, 6, cieayert, 4to
My40K UMEET KOJIOKOJIOOOPa3HBIN BHI, IIOXOXKHIA HA TayCCOBY (hOpMY, T. €. 00eCTIedYeHbl HOpMaJTbHBIE YCIIOBUS
IJI1 ONIPEACIICHUS KOHUCHTpalluKu aTOMOB. C )IPYFOfl CTOPOHBI, KOHIICHTPAIUIO aTOMOB MOXXHO pacCHYUTATb
C MOMOIIBI0 (hOPMYIIBI, TIPUBEACHHOM B padote [13], yuuTsiBas rayccoBy opMy aTOMHOrO myuka. B Hamem
ciIydyae TuaMeTp KaHalla ICTOYHHKA PaBHSIICS 3 MM, AUaMeTp mocienHeit nuadparmel — 4 mm. [lydok nmen
TpanenenaanbHyto ¢popmy. Ero mmpuna Ha nomyBbIcoTe cocTaBisiia 7,3 MM, YTO XOPOIIO COTIACYETCsl C AKC-
MIEPUMEHTAIBHBIMH JJAHHBIMH.

Peasm3anusi MexaHU3Ma KOHTPOJISI KOHIIEHTPAIMH ATOMOB ¥ HOHOB B POCTPAHCTBE MYYKA U yIPaB-
JIeHus er0. /{715 co31aHus ONTUMAIBHBIX YCIOBUH TSI OTIPEIEIICHNsI KOHIICHTPAIIMH aTOMOB U HOHOB METOIOM
CCOA cnHauana ObUTH M3yUEHBI CIIEKTPOCKOITMUECKUE IMapaMeTpsl (KBAHTOBBIE Ae(EKTH U TOHKUE CTPYKTY-
PBI) BEICOKOBO3OYKJICHHBIX PUOCPTOBCKUX COCTOSHUM aroMa UHAuS [ 14], HCTIONb3yeMble JJIsi BO30YKICHHUS
Y MOHU3AINH aTOMOB, TaK KaK OHU UTPAOT BYKHYIO POJIb B 3(()EKTUBHOCTH BCETO Tporiecca (POTOMOHU3AIIH.
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B akcniepuMenTe ucciieoBaHbl INIaBHBIC CEpUH PUAOSPTOBCKUX COCTOSIHUM aroMa WH S BhICOKOBO3OYKIeH-
Hble punbeprosekue (1p °F, ;) COCTOSHYS aTOMa MHIMS 3aCENISIOTCA U3 OCHOBHOTO (5p *PB,) WIH MeTacTa-
owisHOTO (5p 2P3/2) COCTOSIHUSA Yepe3 MPOMEKyTouHOE (65 2S1 1») COCTOSIHUE 110 CIIEAYIOILEH cxeMe:

2 M 2 Ay 2 + -
S5p° By s,——65°S ), ——>np Py, +E+In" e,

OCHOBHBIM TEPMOM SIBJISIETCS JyONETHBII TEpM 2P1 12, 372> IPHYIEM YPOBEHb 2P1 /» PACIIONIOKEH HHXKE YPOB-
us1 °P,,. BemmunHa paciierieHns cocrapisier okono 2212,56 ey . [l Bo3OykaeHns aToMa BeIOHpaeTcs 60-
JIee CHIIbHBIN KBAaHTOBBIA TEPEXof, T. €. 5p 2P1 n—> 6s 2S1 17, KOTOPBII BO30YXaeTcs Jla3epoM IEpBOM CTyIe-
HU C JUIMHOHN BOJHBI A, =410,2 HM. [lyiuHa BOJHBI JIa3epa BTOPOM CTYNEHM IepecTpauBajiach B JUAala30HE
A, = 448—460 M, uTO MO3BOJSIET BO30OYKAaTh pundeprosekue coctostus ¢ n = 17-70. Ilo dpoTononnzanu-
OHHBIM CIIEKTpaM OBbUIN OIpe/Ie/ieHbl KBAHTOBbIC AC(PEKThl U TOHKUE CTPYKTYphI cocTosiHui. Ha ocHoBe pe-
3yJBTAaTOB DKCIIEPUMEHTA, YCPESIHCHHBIX 10 TPEM H3MEPEHUSIM, ONPEICICHBI 3HAYCHUS YJHEPTUU KBAHTOBBIX
TIEPEXOJIOB U KBAHTOBBIC JIe(DEKTHI PUIOEPTOBCKUX COCTOSTHUN. KBaHTOBBIE NTe(heKThI OCTaBAUCH MTOYTH TI0-
CTOSIHHBIMU NPY U3MEHEHUU [NIABHOT'O KBAHTOBOI'O UKCHIA: JIJIs1 COCTOSHUM 1p 2P1 1, OHU paBHSIUCH 3,225, a 11t
COCTOSIHUH np 2P3,2 —-3,195.

B skcriepuMenTe paspernieHsl TyOneTHbIe PacIIerieHus] CIIeKTpa P-COCTOSHUS aTroMa WHAMS 110 71 = 53.
B pesynbrare 06paboTKH CIEKTPOB ONpezesieHa BeTUYNHA MEXKIYOJIETHOTO PACIIETIEHUSI TOHKOH CTPYKTY-
PBI TSl pUI0EPTOBCKUX COCTOSTHHMM M M3Y4YCHA €€ 3aBUCHMMOCTh OT IJIABHOT'O KBAaHTOBOI'O YMCjIa. DTa 3aBUCH-

5900
MOCTB XOPOLIO OIHUCHIBACTCS COOTHOLICHHEM AE = ——, e n1” — 5 (HEKTUBHOE IIABHOE KBAHTOBOE YHCIIO,

*

n

W COTIIacyeTcs ¢ BOMOPOMONONOOHBIM moBeneHueM aroma [15, ¢. 171-228]. TlomydueHHBIE pe3yabTaThl OBLTH
WCIIOJIb30BAHBI MIPH BEIOOPE ONTUMAIBHOM CXeMbI BO30YKICHHS Y MOHU3ALMU aTOMa UHIUS JUTsl peIIeHus He-
KOTOPBIX TEXHOJIOTHUECKUX 3314, CBA3aHHBIX C BO3OYKICHUEM aTOMHBIX YPOBHEH JIa3ePHBIM H3ITyUEHHEM.

[Ipu yka3aHHBIX apaMeTpax aTOMHOTO IyYKa U JIA3EPHOTO JIy4a PaCCUUTAHBI JaBJICHHUE apOB U KOHIICH-
TpaIysi aToMOB B 00JacTd B3aMMOjencTBus (puc. 6, crutonHas nuHus) [16]. Kpome Toro, Ha puc. 6 mnpu-
BE/ICHBI SKCIIEPHUMEHTAJIbHBIC 3HAUCHUsI (DOTOMOHHOIO CUTHANA, OJIYYEHHOTO B pe3yabrare (poTOMOHU3aunuu
(cm. puc. 6, MyHKTHpPHAS JTUHU).

KosrieHTparus, atoMos Ha | cm’
—_
(==}
T

—

1 1 1 1 1
400 600 800 1000 1200
Temneparypa, K

Puc. 6. 3aBECUMOCTH KOHIICHTPALIUH aTOMOB WHIUS
OT TeMIIepaTypbl THIIIS

Fig. 6. Dependence of the concentration of indium atoms
on the crucible temperature

Kak BuIHO 13 puC. 6, C TOHKESHUEM TEMIIEPATyPhI THIVIS KOHIICHTPALIMS aTOMOB B 00JIACTH B3aMMOJICHCTBUS
CHIDKAETCS U, COOTBETCTBCHHO, yMEHbINACTCs POTOMOHHBINM curHAII. [Tpy MaJioi MiI0THOCTH ImyyKa ()OTOMOHHBIN
CUTHAJ CTAHOBHUTCS HECTAOUIBHBIM, YTO OOBACHSETCS (PIYKTYalHsIMA YHCIIa aTOMOB B 00beMe BO30YKICHHUS,
T. €. PACUETHOE YUCJIO aTOMOB Ha pPUC. 6 OTIMYAETCA OT PErUCTPUPYEMOro uKciia HOHOB. 1Ipu usmepenuun
YABTPAHU3KUAX KOHIIEHTPAIHIA, KOT/[a B 00Tyd¥aeMoi 001acTH IMEIOTCS OIMHOYHBIE aTOMBI, HEN30€KHbI CHITbHBIC
(IIyKTyaluy 4nciia JeTEeKTUPYEMBIX aToMOB. TakuM 00pa3oM, aTOMHbIE TYYKH C TAKUMU TEPMOMHAMUYECKUMHU
rnapaMeTpaMHu BIIOJIHE MOTYT MCIIOJIb30BAThCS B IMTPOIECCE MOTyUSHUS 0CO00 YHCThIX MATEPUAIIOB C TIOMOIIBIO
JIA3€PHOTO U3ITYUYCHHUSI.
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OTeieHne ceJIeKTUBHO BO30Y:KI€HHBIX HOHOB HY?KHOTO COPTAa aTOMOB OT OCHOBHOTO My4YKa U 0CAMK-
JeHHe WX Ha MOAJI0KKY. OCHOBHBIM M Han0oJee CIIOKHBIM 3TAIOM TEXHOJIOTHH TIOIYYSHHUS 0CO00 YMCTHIX
BEIIIECTB Ha aTOMHO-MOJICKYJISIPHOM YPOBHE SIBISICTCS OTJCNICHHE CENIEKTHBHO BO30YKICHHBIX HOHOB HYKHO-
T'O COpPTa aTOMOB OT OCHOBHOTO ITy4YKa M OCaX/ICHNE UX Ha MOIOXKKY.

B nacrosiee BpeMs B TOIYIPOBOJHIUKOBOW aTOMHOW TEXHOJIOTHH TIOJYUYSHHS MaTEepHUaIoB HCITOIb3yeTCs
METOJT BAKYYMHOM SITUTAKCHU U3 MOJIEKYJISIPHBIX TTY4KOB [ 17]. OHAKO 3TOT METO ITO3BOJISIET CO3/1aBaTh TOJIBKO
ofIHOMEpHBIe cBepxpelteTku. B pabore [18, c. 461-491] noxyuens! uepenyromuecs mienku Ga, _ Al As Ton-
umnoit 10 A u GaAs tommunoit 60 A ¢ o6mum unciom cioes okono 100. ITpu ucrnonb3oBaHuy hOTOMOHHBIX
mydkoB Ga', Al", As’ ¢ TIOMOIIBIO STeKTPOMArHUTHOH (DOKYCHPYIONIEH H OTKIOHSIOMEH CHCTEMBI MOXKHO
CO3/1aTh TPEXMEPHBIEC TETEPOCTPYKTYPHBIC CBepXpemeTKy (puc. 7). OHUM U3 MOTEHIIMATBHBIX TPUMEHEHUH
0Cc000 YUCTHIX (DOTOMOHHBIX MYYKOB, ody4daeMbix MeTogoM CCDA, sBisieTcs co3aanne CIOKHBIX TeTepo-
CTPYKTYp THIIa CBEPXPEIIETOK. DTa BO3MOKHOCTH IMTPOCTPAHCTBEHHOTO KOHTPOJIA OCAK/IA€MBIX HOHOB IpeJi-
CTaBIIAETCS MPUHIMITAAIHHO BaXHON JUISI TIOTYIPOBOJHIKOBOM aTOMHOM TEXHOJIOTHH TTOTyIEeHUS MaTepHAIOB
B Oymymem [19].

Boumn mpoBeeHsl MPOOHBIE SKCIEPUMEHTHI B LENSIX MONYYEHHUS TUICHKH METAIMYeCKOro MHAWS 0CO0O0H
YHCTOTHI C MIOMOIIBI0 (JOTOMOHHOTO ITy4Ka, CO3/IaBaeMOTO TPH CETICKTHBHOM JIBYXCTYIIEHYaTOH (POTOMOHHM3AIIMI
aTOMOB MH/IVIA JIA3ePHBIM W3TydeHreM. Bech mporecc ceneKTuBHON (POTOMOHN3AINY aTOMOB, SKCTPAKIINHA HOHOB
13 MydKa ¥ OCAXKJIEHUS WX Ha TOJIOKKY OCYIIEeCTBIsuics B Bakyyme (1,33 - 107 Ila). [Iponiecc He Tpedyer
KOHTaKTa OYMILAEMOT0 BellecTBa (MHIUS) C KAKUMHU-JIMOO pearecHTaMu Mk MaTepHaiaMu, KpoMe TTOIOKKH.
Wounbl nnaus, obpasyronimecs: B pe3yibrare (POTOMOHU3AIMH, UMEIOT TTOYTH TAaKUE K€ TEIUIOBBIE CKOPOCTH
JBMYKEHUS, 9TO M HEUTPAIbHBIE aTOMBI. 3a CYET ITOTO C ITOMOIIBI0 YMEPEHHBIX ATEKTPHUUECKHX TIONeH U3 HUX
JIeTKO C(hOPMHUPOBATH KOJTMMUPOBAHHBIM HOHHBIHA TTYYOK, KOTOPBIH MOXKET OBITh XOPOIIUM HOHHBIM HCTOYHH-
KOM JUIs JTI000T0 Macc-cenaparopa noHoB [20]. Beijenenue HOHOB HY)KHOTO COpTa aTOMOB U3 COBOKYITHOCTHU
BCEX aTOMOB OCYIIECTBIISIIOCH C TOMOIIIBIO MOCTOSHHBIX DJIEKTPUYECKUX OJIEeH, MMEIONUX I'PaJHUeHT Hamps-
xernocteit ot 100 no 500 B/cm Brons myuka. [Ipu mogdope onTrMansHBIX TapaMeTpOB aTOMHOTO ITy4YKa 1 Ha-
MIPSDKEHHOCTH DIIEKTPUYESCKUX TTOJIEH M3 OCHOBHOTO aTOMHOTO ITy4Ka OBUTH BBIJIEIICHBI HOHHBIE ITyYKH aTOMOB
WH/MS, 00pa30BaBUIMECs B Pe3yJbTaTe CEICKTUBHON ABYXCTYNEHUYATOW (POTOMOHHM3ALMU aTOMOB Jla3epHBIM
usnyuyeHueM. Ha puc. 8 npencrasiena ¢pororpadus CTSKISIHHON MOIIOKKH, HATIBIICHHON (DOTOMOHHBIM ITyU-
KOM WHHS.

ATOMHBIE ITyYKH
w

DuuTaKCcUaIbHbIH
CIIOM

TTomnoxka

Puc. 7. IlpuHuunuanbHas cxema

TPEXMEPHOH reTepOCTPYKTYPHOM CBEPXPELIETKH. Puc. 8. ®ororpadust MOATOKKH,
Uctounuxk: [18] HAIBUICHHOW CEJIEKTHBHO CO3JJAHHBIM
Fig. 7. Schematic diagram (OTOMOHHBIM ITYYKOM HHINS
of a three-dimensional heterostructure superlattice. Fig. 8. Photograph of a substrate sputtered
Source: [18] with a selectively generated indium photoion beam

[Tomryuennbie TakiM 00pa30M SMUTAKCHATBHBIC TNIEHKH ITUPOKO MCIIONB3YIOTCS B HAHOTEXHOJIOTHSIX B TIPH
IIPOM3BOJICTBE TIOTYTPOBOTHIUKOBBIX IPUOOPOB LIS CO3/IaHUS CIIOEB TOITYITPOBOJHIUKOBBIX MATEPHUAJIOB C BhI-
COKHM KPUCTAJUTMYECKUM KaueCTBOM, TAKMX KaK KPEMHUI, TepMaHul, apceHu ] rayuiusi U pocopui HHIUSL
[21, c. 416].

B 3axiroueHne MOKHO OTMETUTh, YTO OCHOBOW YCIIELITHOTO PA3BUTHS JAHHOTO HAPaBIICHUS SABJISIOTCS MOA-
0Op ONTHUMANBHBIX CXeM BO30YXJIEHUS W NOHHU3AIMHA aTOMOB PAa3IMYHBIX 3JIEMEHTOB JIA3€PHBIM H3ITyICHUEM
1 pa3paboTka 3 (HEeKTUBHBIX MOIIHBIX J1a3€POB YIETPA(PHOIICTOBOTO U BUIMMOTO JIUANIa30HOB C IIepecTpanBac-
MOM 4acCTOTOM M3ITyUYEHHUS.
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MOAEANPOBAHMUE TEITAOBBIX DO®EKTOB HA ITOAAPU3AIINMOHHBIE
ITEPEKAIOYEHVA B IIOBEPXHOCTHO N3AYYAIOIINX
ITIOAYIIPOBOAHUKOBBIX AA3EPAX

JI. H. BYPOBY, I1. M. TIOBALIEBHY"

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycey

Annomayus. Pazuta heHOMEHOIOrHUYECKAsE MOJIEIb, OIUCHIBAIOLIASI HABSJCHHYIO aHM30TPOINHUI0 Koddduirenta
YCUJICHHS TOBEPXHOCTHO U3TyHAIOIINX MOTYPOBOAHUKOBEIX Ja3epoB (VCSEL) ams pexuma nomnepeyHoit 0JHOMOIOBOMH
TCHEPALMU B BUJIC TIOJIMHOMA BTOPOTO MOPSIAKA MO CTENCHSIM IUIOTHOCTH HHIKCKIIHOHHOTO TOKa, I/¢ K03 (OUIMCHTHI pa3-
JIOKEHUS SIBIISTFOTCS HESIBHBIME (DYHKIIUSIME TEMITEpaTypbl. MoJIelIb OCHOBaHA Ha aHAJIN3E TAHHBIX TCOPETHUCCKUX U IKC-
MIEPUMEHTANTFHBIX MCCIICIOBAHINA TUHAMUKA TETUTOBBIX mporieccoB B VCSEL. M3 o6miero Buma 3aBUCHMOCTEH CIIEIyeT,
YTO B OAHOMONOBOM pexkume padoTsl VCSEL mMokeT nMeTh He Ooiee IBYX TOYEK MOJSIPU3AIOHHOTO MEPEKITIOUCHHS.
PaboTrocnocoGHOCTh MOZIENTH MPOJIEMOHCTPUPOBAHA Ha Oa3e Ka9eCTBEHHOTO aHaIN3a ONMyOIMKOBAHHBIX paHee Cepuil HKC-
MEPUMEHTAIBLHBIX TAHHBIX M0 TEMIIEPATYPHBIM 3aBUCMOCTSIM MOJIOKESHHUS TOUEK MOJIIPU3AIIMOHHOTO MepeKItoueHus. J{ist
KOPOTKOBOJTHOBBIX M3JTy4aTelIci TaKHe 3aBUCHMOCTH SIBJISTFOTCS. MOHOTOHHBIMH M 0€3 0COOBIX MPOOJIEM OMUCHIBAIOTCS 32
CYCT OTHOCHTEIIFHOTO CMEIICHUS KPHUBBIX, OIPEEIISIONINX aHIH30TPOITHI0 KO3(D(OUIIMEHTOB YCHICHHUS ISl OPTOTOHATBHO-
oJsIpU30BaHHbBIX Mo, [t mmmaHOBONMHOBEIX VCSEL, maHHBIE MO KOTOPBIM OMYOIUKOBAHBI B JTUTEPATypE, CUTYaIns
OKa3bIBaeTCs ropaszno 0oee CIoKHON: U3MEHSIETCS HE TONBKO OTHOCUTENFHOE PACTIONOKEHIE KPUBBIX, HO U MX «KPUBH3HAY,
CBSI3aHHAA C KBaAPAaTHIHBIM WieHOM. [Ipn 3TOM 0Ka3anoch BO3MOKHBIM OOBSICHUTH MPAKTHUECKH HEM3MEHHOE MOJIOKEHHE
OJTHOM M3 TOYEK MOJIAPU3ALUOHHOTO EPEKITIOYCHNUS.

Kniouesvie cnosa: nonspu3allioOHHOE NEPEKITIOUEHNE; TOBEPXHOCTHO U3ITy4YarOUIi MOTyIpoBOIHUKOBBIH na3ep; VCSEL;
AQHM30TPOMHS; TEMIEPATYPHAs 3aBUCHMOCTB TOUEK MOJIIPU3AIIOHHOTO NTEPEKITIOUEHHS.
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Abstract. A phenomenological model has been developed that describes the induced anisotropy of the vertical-cavity
surface-emitting laser (VCSEL) gain for the single-mode mode in the form of a second-order polynomial with respect to
the degrees of density of the injection current, where the decomposition coefficients are implicit functions of temperature.
The model is based on the analysis of data from theoretical and experimental studies of the dynamics of thermal processes
in VCSEL. From the general view of the dependencies, it follows that in single-mode operation, a VCSEL cannot have
more than two polarisation switching points, and of different types. The performance of the model is demonstrated on
the basis of a qualitative analysis of previously published series of experimental data on temperature dependencies of the
position of polarisation switching points. For short-wave emitters, such dependencies are monotonic and can be easily
described by the relative shift of the curves that determine the anisotropy of the gain for orthogonally polarised modes.
For long-wavelength VCSELSs, the data for which have been published in the literature, the situation turns out to be much
more complicated: not only the relative location of the curves changes, but also their «curvature», which is mainly associa-
ted with the quadratic term. At the same time, it turned out to be possible to explain the almost constant position of one
of the points of polarisation switching.

Keywords: polarisation switching; VCSEL; anisotropy; temperature dependence of polarisation switching points.

Introduction

In the works [1-4] it was consistently demonstrated that all the basic regularities of polarisation switching (PS)
in vertical-cavity surface-emitting lasers (VCSELSs) can be described within the framework of the approach when
the formation of radiation in the laser cavity is considered as a sequential amplification of partially polarised
radiation, taking into account the anisotropy of gain and (or) losses [5]. With this approach, the PS acquires
the character of a fully deterministic transition from a single linear polarisation to an orthogonal polarisation
through a chain of partially polarised states with a sequential change in the injection current near the value for
which the induced anisotropy of gain and (or) losses turns to zero. This mechanism is fundamentally different
from the interpretation of PS within the framework of the polarisation mode method, when PS is considered
as the result of bistable competition of two independent linearly polarisation modes [6; 7], but provides a rela-
tively simple and physically sufficiently transparent interpretation of the phenomena accompanying PS [1-4].

Perhaps the most significant limitation of the applicability of the results of [ 1-4] was the phenomenological
approximation of the linear dependence of the anisotropy of gain and (or) losses for a separate polarisation
component [1; 3] on the density of the injection current, although the results of calculations [1; 5] show that
the PS is observed in areas where the relative anisotropy becomes noticeably less than 107, i. e. the linear ap-
proximation in the vicinity of the point of PS is quite correct at least from the point the vision of mathematics.
However, this does not mean that the linear dependence is the only possible one in the global sense, i. e. for the
entire range of changes in the density of the injection current.

In particular, the linear dependence should result in the presence of no more than one PS point for the single-
mode mode, while in reality two points can be observed, and with different types of PSs [8; 9]. At the same
time, according to the authors [10], for some emitters, the gain anisotropy is close to linear only in the region of
exceeding the threshold by 50 %, but its relative value can be so small (~3 - 10°—5 - 10~) that both polarisation
modes have a noticeable output power.

Thus, the linear approximation is quite reasonable in the field of PS points, but as part of the further develop-
ment of our approach, the question arises about a more general dependence of the anisotropy of gain and (or)
losses on the density of injection current, which is based on the analysis of physical processes occurring in the
region of PS points. The results of this analysis of numerous studies of polarisation dependencies in VCSELs
suggest [11; 12] that anisotropy of gain and (or) losses can be a consequence of three main groups of phenomena:

e technological, related to the processes of growing multilayer semiconductor structures, which lead to the
occurrence of stresses and, as a result, the appearance of induced anisotropy [13; 14];

e clectro-optical (and other related processes) determined by the action of sufficiently strong electric fields
generated by displacement voltage and pump currents, and the inhomogeneity of the distribution of injection
current into the cross-section of the laser beam being formed [15; 16];
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o thermal, which can also be divided into two groups: stationary, determined by the global (average) tem-
perature of the laser diode, which is tried to be kept constant in the temperature control mode, and which acts
as a parameter of the emitter, and dynamic, associated with the conversion of part of the dynamic pumping energy
into thermal energy [17; 18], since the dependence of the output power on the current in most cases is obtained
by a monotonous change of the latter within the specified limits for times 10°~10"° s.

It should be noted that the authors of this publication have not been able to find any data in the literature that
would directly link the range of these phenomena with the anisotropy of the properties of semiconductor emit-
ters. Therefore, we will use the already proven method [19] of phenomenological modelling, substantiating
the option of choosing the dependence of the anisotropy of gain and (or) losses on the density of the injection
current based on the analysis of the above sources of induced anisotropy in VCSELs. And then we use the
resulting dependency to analyse the available experimental data.

Phenomenological temperature dependence
of induced gain anisotropy

It is not necessary to analyse the technological sources of anisotropy of the active medium, they are very
diverse [20; 21], we will only note that due to the high Q-factor of the resonator VCSELs, even relatively weak
anisotropy of gain and (or) losses leads to the fact that even in the presence of axial symmetry of the laser system
itself, the output is, as a rule, linearly polarised radiation. At the same time, it should be emphasised that this
«basicy» level of anisotropy may depend on temperature [20; 21], but under temperature control conditions the
temperature of the emitter is kept constant and this part of the anisotropy can be considered as constant for
a given temperature and independent of the density of the injection current.

Electro-optical effects are a consequence of stresses in the active medium and are described by microsco-
pic models [22], the results are usually numerical, but the general conclusion is that the induced anisotropy is
relatively small, the value of which can be estimated, for example, by the difference in the spectra of the gain
coefficients for orthogonal polarisation modes [22]. Therefore, the influence of stresses is usually taken into
account phenomenologically, as is done, for example, in the framework of the most popular SFM (spin — flip
model) approach [6] by introducing coefficients describing dichroism and birefringence. From this point of
view, the introduction of a linear function for induced anisotropy in [1] is quite in line with existing approaches,
but even within the framework of the «advanced» SFM model [23], the possibility of introducing nonlinear
components of dichroism and birefringence is considered. As we shall see, this problem loses some relevance
after considering the issues related to thermal processes.

In general, thermal processes are extremely relevant in describing the functioning of semiconductor laser
emitters [20; 21]. In particular, a strong increase in the injection current leads to a strong heating of the laser dio-
de and, as a result, a drop in the lasing efficiency up to a complete failure of the lasing (thermal rollover [24]).
However, it is the thermal mechanism associated with the different magnitude of the «red» shift of the gain
spectra and lasing modes that was originally proposed [17; 25] to explain polarisation switches. Although this
mechanism has not been able to explain all the features of PSs, the interest in studying the influence of thermal
processes on the output radiation characteristics of VCSELSs continues unabated.

However, the analysis of the results obtained in this area should be treated with some caution for two main
reasons. Simulations of the simultaneous effect of temperature on the electronic properties of the VCSEL
and heat transfer processes with significantly different dynamic characteristics lead to very complex models,
so certain (sometimes significant) simplifications are used in practice, which can relate to both the processes
of heat transfer and its effect on the electronic properties of the emitters. In other words, if the main attention
is paid to the adequacy of the temperature distribution inside the semiconductor emitter, the description of the
process of laser radiation formation is simplified, and vice versa. The only thing that unites the vast majority
of works is the use of various variants of the SFM model [18; 26-28], but this is exactly what creates certain
inconveniences, since this work uses a different approach to the mechanism of polarised radiation formation
and some of the specific conclusions simply cannot be used directly. Therefore, in order to further substantiate
the suitability of our phenomenological model of induced anisotropy, we will mainly use the results and con-
clusions of the three basic works.

The first two contain the results of detailed experimental studies of the effect of temperature on polarisa-
tion switches in short-wave [8] and long-wave [9] VCSELSs, which have not been appropriately interpreted by
the authors (given as a fact) and will be used in the future to analyse the suitability of the proposed model.
And the third work [29] includes not only the results of modelling thermal effects (again on the basis of the
SFM model), but also a comparison of the obtained results with the results of other authors in terms of their
generality, so that the conclusions of the authors [29] are, in a certain sense, universal. Let’s focus on the most
important ones for our study.
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1. There are two main sources of heat:

e linear in terms of injection current density, associated both with non-optical transitions in the active
medium and with contact currents (such as the Peltier effect) in a multilayer system;
e quadratic in terms of injection current density associated with the Joule — Lenz effect.

2. As the temperature changes, the PS points shift in the same way as the threshold current, but this is not
necessarily in the same way, since the PS points may disappear from the specified range altogether.

3. In the transverse single-mode lasing mode, no more than two PS points can be observed.

4. At a relatively small excess of the lasing threshold (depending on the type of emitter), the linear compo-
nent of the contribution predominates, but with an increase in the injection current, the influence of the Joule —
Lenz effect (quadratic term) increases.

Let’s take a closer look at the effect of the Joule — Lenz effect. Apparently, the authors [30] were among
the first to pay attention to the influence of this effect when studying the energy and spectral characteristics
of a short-wave quantum-sized emitter in the low temperature region. However, this effect is very inertial
and should manifest itself relatively weakly in dynamics, while the practice of obtaining the dependence of
polarisation characteristics on the value of the injection current is usually associated with measurements with
a sequential linear change in the magnitude of the current. It should be noted that when analysing the published
experimental data, it is difficult to find references to the rate of change in the value of the injection current, but
the results of numerical simulation [29] show that the approximation of quasi-stationary excitation is well per-
formed up to the rates of rise of the injection current of the order of 1.0—1.5 mA/us. Obviously, it is precisely
the dynamic nature of obtaining polarisation dependencies that is associated with the conclusion of the work
on heating modelling that the main contribution is made by linear processes, and the contribution of quadratic
processes becomes noticeable only at high injection currents [24; 29].

Though, when using real stationary injection processes, the PS time, according to the authors [31], ranged
from a few to more than a thousand seconds from the moment the current was switched on (the current rise
time was 15 ms [31]). Such an effect can be attributed to the actual manifestation of warming up due to the
Joule — Lenz effect.

On the basis of the above, a second-order polynomial can be chosen as the initial dependence of the in-
duced anisotropy on the density of the injection current, but the coefficients of such a polynomial should be
considered as a function of the temperature of the emitter. It should be recalled that thermal effects have always
played a significant role in the formation of polarisation effects in VCSELs. For example, thermal effects were
associated with the appearance of a second PS point [32] for the same transverse lasing mode. Therefore, the
study of the conditions of manifestation of two PS points for the single-mode mode can be correlated with
the influence of thermal processes of different nature on the polarisation properties of the output radiation of
VCSELs.

However, speaking about the temperature dependence of the polynomial decomposition coefficients of
induced anisotropy, it is necessary to agree on what kind of temperature we are talking about. It’s necessary to
point, theoretical calculations [18; 24; 28; 29] show a significant inhomogeneity in the temperature distribution
inside the emitter, and attempts to relate the effective temperature of the PS to the temperature dependence of
the threshold current are not very consistent, as will be demonstrated below, with the available experimental
data. Moreover, indirect measurements of the temperature of the active layer based on shifts in the electrolumi-
nescence spectra [33] indicate an increase in the inhomogeneity of the temperature distribution with an increase
in the output power of generation. Therefore, within the framework of the phenomenological model, a certain
effective value can act as a temperature, which can be taken as the temperature of the substrate, especially since
it is this value that is controlled during temperature control.

Thus, the main task of this work can be formulated as follows: within the framework of the previously de-
veloped approach [1-4], the system of equations formulated in [1; 3] will be used to describe the polarisation
properties of the output radiation of VCSELS, and to simplify the calculations, the entire orientation anisotropy
can be transferred [2] to the gain of a separate polarisation component, which can be presented in a general
form [1]:

G(\y)zgo(N—Ntr)(lJrkxcosz\y+ky sinzw), (1)

where the first term of the expression defines the isotropic gain, and &, and k, define the anisotropic corrections
to the gain, with the x and y axes lying in the plane of the wavefront and may correspond to the polarisation
directions of the TF and TM modes, although, as we shall see, this is by no means a prerequisite. In accordance
with the assumptions made above, let us

kx(y) = kOx(Oy) + jklx(ly) + j2k2x(2y)' (2)
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Now the main problem comes down to the determination of k,,,, coefficients, or at least their relations, which
is more characteristic of phenomenological models. To simplify the further analysis, we convert the expres-
sion (1) to the form

G(w)=go(N =N, )(1+K, + K, cos2y), 3)

where K, = %[k()x gy + (ke k) + (R + ey, ) |and K, = %[k()x oy + (k= ki )+ 7 (ko= Ky )|

Here, the first term K, describes the isotropic contribution of the induced amplification, and K, describes
its anisotropy. It should be noted right away that for real emitters there is a close to linear dependence of the
output radiation power on the injection current density in a fairly wide range of change in the injection cur-
rent density j, although for long-wave VCSELSs it can be assumed that this range will be somewhat smaller
(compare the results [8] and [9]), which is associated with a stronger influence of thermal effects in long-wave
semiconductor emitters [21]. However, a sufficiently wide range of linearity of the output characteristics of
VCSELSs makes it possible to formulate the following assumption:

‘k()x + kOy‘ > ‘klx + kly‘ >>‘k2x +hyls

which means the above-mentioned consequence of modelling thermal processes of increasing the effect of the
Joule — Lenz effect only in the region of large injection currents [29]. Moreover, according to the analysis of
experimental data for emitters generating at a wavelength of 850 nm [34], the main contribution to the hea-
ting of emitters when the injection current is passed is made by linear processes in a wide range of exceeding
threshold values and a wide range of temperatures. Therefore, if we take as a basis the estimates and the results
of the simulation of the work [1], then the following ratio in relative units can be taken as an initial estimate:
k1x+k1y _ _1’ k2x+k2y ~10_2_10_3’

ko, + koy ko, + koy
which, in principle, allows us to omit the term X, in expression (3) if we are only interested in the nature and
features of the PS.

Qualitative analysis of the temperature dependence
of the polarisation switching point position

Now let’s get back to the basic problem of this work — polarisation switching. According to the definitions
adopted in [1; 3], the PS point is determined by the value of the density of the injection current, for which the
degree of polarisation of the output radiation is zero. In a steady-state approximation, this must correspond to
the zero anisotropy of the gain, i. e. the condition

1 . 2
K2=E|:k0x_k0y+J(k1x_k1y)+] (k2x_k2y):|:o’ (4)

which is a quadratic equation, the solution of which is

2
_(klx - kly) * \/(klx - kly) - 4(k2x - ka)(kOx - kOy)
2(ky, — ks, )

Based on the conditions for the possibility of the existence of two points PS, we must have two real posi-
tive roots (a necessary condition), which imposes several additional conditions on the ratio of coefficients in
expression (5):

1) the signs of the differences k,, — k,, and &, — k;,, must be opposite, otherwise at least one of the roots
will be negative; )

2) the positivity of both roots of the equation requires the fulfillment of the conditions (klx -k y) >
> 4(k2x -k, )(k()x - kOy) and 4(/’«:2)C —ky, )(kOx - kOy) >0, which means that the signs k), — k,, and k,, — k,,
must be the same, with the first term always initially considered positive &, — k&, > 0. Otherwise, you can
simply override the direction of the corresponding axes (mentioned above) and the initial value for the y angle.

In other words, for two points of PS to exist simultaneously, the curves describing the dependencies &, ( j ) and

Jn)= )

k, ( Jj ) on the density of the injection current must intersect twice, as shown, for example, in fig. 1, a. However,

this is only a necessary condition, since the obtained values of the roots (5) must still fall within the range of
operating values, which is limited at the bottom by the threshold value of the current density, and at the top by
the value corresponding to the thermal rollover, and this range depends significantly on the temperature [29].
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There is one more important observation that needs to be made, which is important for further analysis.
In the case of VCSELSs, there are two types of PS, frequency reduction (type 1) and frequency upscaling
(type 2) [11; 12], assuming that polarisation modes have different frequencies. In SFM models, these types of
transitions are associated with different birefringence values [6; 7]. However, in the single-frequency approxi-
mation used in this paper, this classification cannot be used. At the same time, PS is a switch from one linear
polarisation to an orthogonal polarisation. Within the framework of the approach under consideration, the
PS points are determined by the intersection of the kx( j ) and ky( j ) curves, and since these are second-order
curves, the type of switching point can be related to the nature of the change in the orientation of the amplitude
vector of the generated radiation. In particular, if the initial orientation (after the generation threshold has been
passed) is associated with the axis x, then the switch x — y can be called the first type of switch, and the reverse
switch can be called the second type. Such definitions correlate well with those used in the modelling of thermal
processes (see, for example, [29]), which also use a single-frequency approximation.

It’s worth to introduce a few more additional restrictions on the appearance of the kx( j) and ky( j ) curves,
which will be convenient for subsequent analysis. Let us consider the values k, and &, to be positive, since it
concerns the formal definition of the origin. Further, let’s assume that k,,, and k,,, have different signs, which
can be attributed to the large range of linearity of the output characteristics. Moreover, for the same reasons,
k,,, should be considered negative, which is more consistent with the processes of thermal breakdown of gene-
ration. It is easy to see that the assumptions made are not fundamental, but they greatly facilitate the qualitative
interpretation of the experimental data published in the literature.

Let’s start with the results published by the authors [8] on the shift of PS points during temperature increase
for laser emitters based on Al Ga,  As heterostructure emitting at a wavelength of 850 nm. The main result
of this work is related to the fact that when the temperature of the emitter rises (from 273 to 323 K), the first
point of the PS (according to the accepted convention, this is the transition of type 1) «slides» into the region
of lower values of the injection current, and the second (transition of type 2), on the contrary, goes to the re-
gion of higher values, and the magnitude of the effect depends on the aperture of the emitter. Such an effect
can be easily explained by assuming, for example, a decrease in the k;, — &, difference with an increase in
temperature (compare curves 2 and 3 in fig. 1, ), which leads to some relative «vertical» shift of the &, curve
with respect to k,, although a somewhat more complex variant is actually realised, since a change in only the
value of k,, will inevitably lead to a small «horizontal» shift of the k, curve, since the maximum of the £,

k
curve corresponds to the value of j_,. = —_ In other words, there is a rather complex variant of the k,,, pa-

0y
rameter change with a change in temperature, but the presence of a dominant «vertical» shift makes it possible

to qualitatively explain the observed effects [8].

+(y) A +(x) A

J
Fig. 1. The relative position of the £, (/) and k, (2—4) curves with increasing temperature

to explain the results of [27] (a) and [30] (b). Remember, that k, = k (T) and T, < T; < T,
where the temperature index corresponds to the number of the curve

At the same time, in order to explain the results for the same type of emitter (quantum-dimensional QW
GaAs/AlGaAs VCSEL) [32], it is no longer enough to consider the dominant «vertical» shift. According to the
data [32], if only the first point of PS is observed at a temperature of 10 °C (fig. 1, b, curve 2), then when
the temperature rises to 15 °C (fig. 1, b, curve 3), the first point shifts to the area of lower current values, but
a second one appears with a slightly higher value of injection current. Finally, when the temperature rises to
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55°C (fig. 1, b, curve 4), the first point disappears from the operating range altogether, while the second point
shifts to an even larger range. Such results can be easily explained on the basis of the phenomenological model
under consideration, if we assume not only a relative «vertical» shift of the &, curve with respect to k,, but also
a significant «horizontal» shift (see fig. 1, b). It should be noted that for curves 2 and 4 (see fig. 1, b), the second
points of intersection (these are switches of the same type 1) are outside the operating range, as illustrated by
the introduction of the threshold current value in fig. 1, b.

These examples are not proof of the adequacy of the proposed model, but rather show its potential in terms
of interpreting the observed experimental results. Moreover, the data used for the analysis are in a certain sense
fragmentary: the work [32] is devoted to the substantiation of the thermal mechanism of PS and the data on the
temperature dependence of PS points are rather illustrative, and in the paper [8] the main emphasis is placed on
the study of the multimode mode depending on the value of the transverse aperture VCSEL, in which the PS
process does not have a complete form (the values of the degree of polarisation do not reach the limit values),
1. e. there are both polarisation modes, but with different intensity ratios.

At the same time, the analysis shows that the availability of a sufficient amount of experimental data in
principle makes it possible to calculate the approximate behaviour of k,,, parameters under temperature change.
However, there are some doubts as to whether the behaviour of the PS points can be reduced to a relative shift of
the k. and k, curves. To analyse this situation, let’s turn to the analysis of experimental data presented in [9; 34]
for long-wave VCSELs. The point is that the position of one PS point practically does not depend on the
temperature of the emitter, while the second one behaves very specifically (fig. 2, a) — first, with an increase
in temperature, the PS current value drops, then the PS point disappears altogether, and then it appears at sig-
nificantly higher currents and gradually decreases to the values for the first PS. This behaviour of the second
point indicates the possibility of the existence of some discontinuity region, which may arise due to the small
difference between the values of k,, and k,, (fig. 2, b).

Indeed, if we assume that within a certain range of temperatures the ratio is fulfilled

4(ky, — ey ) (koy — oy ) < (y = ki, )

for ]},1(2) values, approximate relations can be obtained

. (kOx_ kOy) . (klx_ kly) (kOx_ kOy)
R A : . (©)
]pl (klx_ kly) Jpz (ka_ ka) (klx_ kly)

If we further assume that the parameters k,, — k&, and &, — k;,, change with temperature in approximately
the same way, then the value of j,; remains approximately constant in this interval. If we now assume that for the
same temperature range the difference k,  — k, , changes sign (i. e. passes through zero), then a range of values
Jp 18 formed that goes far beyond the range of permissible values, which is illustrated by the dependencies
given in fig. 2, b.

a b
LmAj Jk
11F —a— Threshold current
10E m [ (type 1)
9F ® Ips (type 2) . .
g1 m 1 v " o=
7k .
6F B LI O . " J1
5L = Ja
4F .
3
2r
] ?
5 10 15 20 25 30 35 40 45 50 T,°C T, °C

Fig. 2. Temperature dependence of PS points of different types according to the results
of experimental studies by the authors [9; 34] (a); qualitative behaviour of the roots j,; and j,
in the region of the formal extinction of j, (b). The range of valid values for PS points is shaded

However, the situation is not as simple as it seems: according to the earlier analysis, for the simultaneous
existence of two positive roots of equation (4), certain ratios of the £, coefficients must be met, i. e. a change

mn

in the sign of the difference k,, — k,, must be accompanied by a change in the signs k,, — k,, and &, - k&,
although here a certain shift in the corresponding temperature values is possible (and most likely inevitable).

Indeed, if we assume that all three differences turn to zero at the same temperature, then it turns out that the
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curves kx( j ) and ky( i ) for a given temperature coincide and the emitter does not exhibit anisotropy at all

(a very interesting situation in itself, which may require a separate analysis). However, in this case it is im-
possible to preserve the position of the first point of the PS, since this is possible only when the maxima of

the curves k() and k,(j) are shifted, which excludes the simultaneous zeroing of k,, — k,, and k;, — kj .

Therefore, most likely, we have a relatively narrow range of temperatures in which the signs of the differences
change, which can lead to a very original picture of the distribution of the areas of existence of the solutions of
equation (4), but in this situation, when it comes to the fundamental behaviour of roots, this may be the topic
of a separate independent study. At the same time, the presence of discontinuities can take the PS points far be-
yond the range of operating values of injection currents, which is consistent with the data [9; 34] (see fig. 2, @)
on the existence of a temperature region where only one value of PS is manifested, which corresponds to one
positive root of equation (4).

The above reasoning shows that in the latter case, we can rely on the qualitative (possible) behaviour of

the kx( j ) and ky( j ) curves to interpret the data. Indeed, let us turn to fig. 2, a. There are no PS points at all in
area I, which means that the curves k() and k,(j) do not intersect at all. Since this analysis is qualitative,
for the sake of simplicity, we will assume that the position of the kx( j) curve does not change with changes in
temperature. In this case, on the border of areas I and Il in fig. 2, a, the position of the two points of the PS must
coincide, which means that the curves k() and k,( /) touch each other at the same point (fig. 3, a, curves 1
and 2), and on the basis of the above considerations, it should be assumed that the curve ky( j ) has a greater
curvature. As the temperature increases, the maximum of the &, ( j ) curve shifts to the region of lower currents,

and the curve itself decreases the curvature due to the increase in the parameter k, , (fig. 3, a, curve 3). In this
case, the initial touch point is retained as the position of the PS point of the type 2, but the PS point of the

type 1 appears when the injection current value is lower. As the ky( j ) curve is sequentially deformed, the PS

point of the type 1 rapidly shifts to the region below the lasing threshold. In the case where &, , is close to the
value of k,,, the position of this point tends to infinity, the sign of which is determined by the difference sign.
Therefore, in the region k,, — k,, ~ 0 we get practically «parallel» parabolas, the shift of which is determined

by the difference k,, — k,, <0, and the position of the maximum of the curve ky( J) is shifted to the region of
smaller currents, provided that in the same region &, — k,,, ~ 0 (fig. 3, a, curve 4).

a b
kA kA
- —_— 1
JRS— 2 —
-3 — 3
N —
J2 7 I 7(T3) h(Ty)

Fig. 3. Relative position of the k, (1) and k, (2-4) curves
with increasing temperature for the region k, — k,, < 0 (a) and k,, — k, , > 0 (b).
Curve 4 corresponds to the condition k,, — k,, ~ 0, and k, =k, (T)
and 7, < T, with the temperature index corresponding to the curve number

Now let’s look at what happens after the change of sign from k,, — k, , (fig. 3, b). Now the £, ( j ) curve has
a lower curvature, and the PS point of the type 1 is shifted to the area of higher pump current values than for the
PS point of the type 2 (see fig. 3, b, curve 4). Characteristically, a decrease in the value of k,, leads to a shift
of this point to the region of larger values of currents.

Thus, the behaviour of the PS point of the type 1 finds a perfectly acceptable explanation through the beha-
viour of the curves k,(j) and &, ( /), and the whole question is whether the stability of the PS point of the type 2
can be explained from the same point of view, since if we analyse solution (6), then the change of signs of the dif-
ferences ky, — k, and &, — k;,, must occur, if not at the same temperature, at least within a narrow temperature
range. However, experimental studies [9; 34] have not revealed any peculiarities in the behaviour of the stable
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point of PS, which may be the result of two main reasons. First of all, the temperature range is large enough
for two consecutive measurements, which makes it possible to «skip» special points, since the authors [9; 34]
were not looking for anything like this. And secondly, and this can be considered a more significant reason, PSs
occur in areas of significant polarisation instability, and statistical phenomena can play an important role, which
can simply level out the features of the polarisation rearrangement process. This explanation is also supported
by the statistical spread of PS currents within about 10 % (such data are not given in [9; 34], so the assessment
was carried out visually based on experimental data).

These examples show that the proposed model is quite workable, although it is quite clear that the procedure
for determining k,,, coefficients as a function of temperature may be quite complex and require a large amount of
experimental data. However, the relatively small value of k,,, allows us to hope that an approximate qualitative
description can also be quite successful.

Another interesting fact to note about the case presented in fig. 3, b, is the convergence of the PS points with
the increase in temperature. This can be interpreted as an increase in the influence of the quadratic term in re-
lation (2), which can lead to a corresponding change in the sign of the rate of change of the relative anisotropy
with an increase in the injection current. This, in turn, can lead to what the authors [35] call «negative polarisa-
tion hysteresis», although in this case this is nothing more than an assumption that requires further verification.

Conclusions

Our investigations show that the phenomenological dependence of the induced anisotropy of the gain and (or)
losses in the form of a second-order polynomial on the degrees of density of the injection current, where the
polynomial coefficients are functions of temperature, proposed on the basis of the analysis of the available theo-
retical and experimental data, turned out to be quite successful not only from the point of view of the physical
nature of the process of polarisation switching in VCSELSs, but also from the point of view of the qualitative
explanation of the experimental data available in the literature on the temperature dependencies of the position
of PS points for various types of emitters. Practically the entire model is based on the sequential change of

the ky( j) curve relative to the kx( J ) curve with increasing temperature. It is in this sense that it is clear that the

assumptions made about the behaviour of polynomial coefficients with temperature change are aimed only at
describing the entire series of experimental results. At the same time, it should be noted that the assumptions
made do not have internal contradictions.

Of course, it would be important to conduct a direct simulation of the influence of thermal processes on the
polarisation dependencies of output characteristics based on our model of polarisation components, but such
modelling lacks one essential component — understanding the complex of physical processes that determine the
mechanisms of anisotropic response formation of a semiconductor structure. The reverse procedure seems to
be more realistic, 1. e. an approximate calculation of polynomial expansion coefficients based on the analysis
of a set of experimental data. However, it should be borne in mind that a single-mode approximation is used
in this work, and if there are several modes, which is the case, for example, for wide-aperture VCSELs [36],
then the question immediately arises regarding their independence and spectral separation due to the complex
spectral-polarisation composition of the generated radiation [37]. Such a formulation of the question is quite
legitimate, as evidenced, for example, by the results of work [36], where at least six PS points are observed
for the multimode mode, but all these PS have the character of the concept of an incomplete cycle introduced
above, despite the stationary nature of the emitter excitation.

However, the main conclusion of the work is not even related to the proposed qualitative model, but to the
clarity of the physical interpretation of the observed effects based on the approach developed by the authors
based on the method of polarisation components. It should be noted that the SFM model, which is very popular
for VCSEL, was developed for quantum-dimensional semiconductor structures [6] in the steady-state excita-
tion approximation, while for the method used in the work, the main limitation is the presence of rapid phase
relaxation. Therefore, it is quite reasonable to expect that this technique will be suitable for studying polarisa-
tion effects in emitters based on short-period superlattices [38].
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HBIMHU TIPOM3BOAHBIMH UKJIOACKCTpUHA — mojuMepoM B-nukinonekcrpuna (B-LIATIP) u moaumepom KapOOKCUMETHI-[3-
muktonekerpuna (KM-B-1IJIITP). [TokazaHo, 4To psit TapaMeTPOB CIICKTPOB BO30YKICHHS M HCITyCKaHHS (DITyopeCleHIINT
MOYKHO HICTIOJIB30BATh [Tl KOHTPOJIS IIPOIIECCOB CBSA3BIBAHUS MOJIEKYJT (DOTOCCHCUOMITN3ATOpa ¢ UCCICIOBAHHBIMU HAHO-
CTpyKTypamu. Ha ocHOBaHMM aHaNIH3a U30TEPM CBSI3BIBAHUS CIICJIAH BHIBOJ] O BIUSHIH OCOOCHHOCTEH CTPYKTYPHI TIONH-
MepoB Ha ux B3anmozeiictue ¢ MTT@X. YcranoBneHo, 4To KOHCTaHTHI cBsi3biBaHuA MTT X ¢ B-L[ TP u KM-B-LI TP
3HAUUTENBHO BbIllie KOHCTAHTHI cBs3bIBaHusI MTT'®X ¢ M-B-11/1. UccnenoBanue mnporeccos aucconnanun MTT DX u3
COCTaBa KOMIUICKCOB BKITFOUCHHS TIPU Pa3BEIICHUH PACTBOPOB, & TAKXKE IIPH IIepepacipeic/iCHIH MOJICKYI ()OTOCCHCUOU-
JM3aTopa Ha JIMIMUIHBIC BE3UKYIIBI IIOKA3aJI0, 9TO CKOpOCTh muccorumanui MTT ®X u3 kommiekcoB BrirtoueHus ¢ B-LI TP
u KM-B-L TP cymecTBeHHO MEHBIIIE er0 CKOPOCTH JAUCCOIMAINN M3 KOMIUIEKCOB BKmtoueHus ¢ M-B-11/]. Brenenmne
(hoTOCEeHCHOMNTM3AaTOPOB B COCTaBE KOMIUIEKCOB BKJIFOUEHUS C IMOJIMMEPHBIMH [UKIOIEKCTPUHAMH MOKET 00€CIIeUHTh
OOBIITYIO CTETIEHb KOHTPOJISI pacipeielieHus JICKApCTBEHHBIX MPENnaparoB, a TaKKe BOZMOKHOCTh ITPOTHO3UPOBAHUS
(hapMaKOKHHETHYCCKOTO MTOBEICHHS TUTMCHTA.

Knrouegvie cnoga: tTemMonoppuH; GOTOCCHCHOMIN3ATOP; KOMIUIEKCH BKIIOUCHUS; IUKJIOCKCTPHUHBI; TOJTUMEPBI; JIU-
MUIHBIE BE3UKYJIBI.
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Abstract. A systematic study of the formation efficiency and dissociation rate of inclusion complexes of the tetrapyr-
role photosensitiser meta-tetra(hydroxyphenyl)chlorine (mTHPC) with monomeric methyl-p-cyclodextrin (M-B-CD) and
polymeric derivatives of cyclodextrin — B-cyclodextrin polymer (B-CDPS) and carboxymethyl-B-cyclodextrin polymer
(CM-B-CDPS) was carried out using fluorescence methods. It is shown that a number of parameters of fluorescence
excitation and emission spectra can be used to control the binding processes of photosensitiser molecules to the studied
nanostructures. On the basis of the analysis of binding isotherms, the conclusion about the influence of the structure
features of polymers on their interaction with mTHPC was made. The binding constants of mTHPC to B-CDPS and
CM-B-CDPS were shown to be significantly higher compared the binding constant of mTHPC to M-B-CD. The study of
dissociation processes of mMTHPC from inclusion complexes during dilution of solutions, as well as during redistribution
of photosensitiser molecules on lipid vesicles showed that the dissociation rate of mTHPC from inclusion complexes with
B-CDPS and CM-B-CDPS is significantly lower than the dissociation rate of its from inclusion complexes with M-3-CD.
The introduction of photosensitisers as part of inclusion complexes with polymeric cyclodextrins may provide a greater
degree of control over the distribution of the drugs, as well as the ability to predict pharmacokinetic behaviour of pigment.

Keywords: temoporfin; photosensitiser; inclusion complexes; cyclodextrins; polymers; lipid vesicles.
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«Biotechnologies-2» (assignment 1.29.2) and «Convergence-2025» (assignment 3.03.7.2).

BBenenune

Huxnmrueckune momucaxapuasl TUKIOAEKCTprUHbI (L[J]) mupoko mMpUMEHSIOTCS NI pelleHns pa3Ho00-
Pa3HBIX MEANIIMHCKUX M OMOTEXHOJIOTHYECKUX 3a1ad. biarogapst cnocoOHOCTH 00pa30BbIBATh KOMITJIEKCHI
BKJIFOUEHUS C PAa3IMYHBIMUA MOJEKyJIaMH, 00yCIOBICHHOH MPOCTPAHCTBEHHON CTPYKTYPOW B BHJIE YCEUECH-
HOTO KOHYCa C JIMITOPUILHOW BHYTPEHHEH MOJOCTHIO0 M THAPOPMIBHON neprudeprueckoil TOBEPXHOCTHIO,
/] ncrionb3ytoTcst pu pa3paboTKe U COBEPIICHCTBOBAHUH JIEKAPCTBEHHBIX (POPM ISl XHMHOTEPATUH pa3-
JTUYHBIX 3a00J1eBaHMi, B ToM unciie porommaamudeckoit Tepamuu (OUT) [1; 2].
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[Mpouzsoansie B-L1J1 (puc. 1, 6) IeMOHCTPHUPYIOT BBICOKOE CPOJICTBO K aprii3amenieHHbIM opdupunam (All),
koTopble npuMensitorcs B Metozie O/IT B kauecTBe (HOTOCEHCHOMITN3UPYIOIINX areHTOB. MeXaHH3Mbl B3aUMO-
nevictust All ¢ L[J] sBIsUIHCH TPEAMETOM MHOTOYMCIIEHHBIX HAyYHBIX HccienoBanuii [3—5]. CommacHo dKc-
MepPUMEHTAIBHBIM JaHHBIM BpeMms cyiiecTBoBaHus koMiuiekcoB All ¢ L1/l HeBennko [6], mosTOoMy B cpenax,
coziepKamux Ononornaeckre Mosekyiasl, AIl MoryT serko nepepacpenenarTbess U3 KOMIUIEKCOB BKITIOUEHUS
Ha JaHHbIe CTPYKTYpbI [7]. B cuity atoro ucnons3oBanue npousBoaubix B-11J] mist BBeneHus GpoToceHcuoOu-
nu3aropoB (OC) ma ocHoBe All BimsieT HA MPOIIECCH X OMOpacTIpeaeTIeHUS.

YBenmuuTh Bpems cymiecTBoBanms koMruiekcoB All ¢ 11/l MO)KHO TOCPencTBOM MPUMEHEHUS TTOTMMEPHBIX
npousBonHbIX LJI, B koToprsix monekyna @C criocoOHa 00pa30BBIBaTh KOMILIEKCH! OJJHOBPEMEHHO C IBYMS
LIMKIIOAEKCTPUHOBBIME 3B€HbsIMU [8]. B manHOM ciydae pa3pbIB OHOTO KOHTAKTa HE TPUBOIUT K OCBOOOXK-
neHnro Monekyssl @C, mpu 3TOM CyIIeCTBYeT 0oJIbInasi BEpOsSTHOCTH 00pa30BaHMsI HOBBIX CBSI3€H C IPyTHMU
3BEHBSIMH ITOTMMEpHOH 1enu. [Ipearnonaraercs, 4To Moxo00HbIE 0COOCHHOCTH B3aUMOJICHCTBHSI MOTYT 3HAYH-
TEJIHHO BIUATH HA (PU3UKO-XUMHUYECKIE XapaKTepUCTHKH KoMIutekcoB BimodeHns All ¢ monmumepamu L1 [9].

Lenpro HacTosMIEeH paObOTHI SBIAINCH CPABHUTEIHHOE HCCIIE0BAHNE MPOLIECCOB B3aMMOICHCTBUS MOHO-
MmepHoro B-1[/1 n aByx momumepHbIx nipousBonHbIX B-11J] ¢ mopdupunoBeiM @C 1 OlieHKa CKOPOCTEN JANUCCO-
nuaruu MoJieky1 @C 13 cocTaBa KOMILJICKCOB BKIIIOUEHUS ¢ MPOou3BOAHbIME [3-1[ /1.

MaTepI/IaJIbI U METOAbI HCCJICAOBAHUSA

Pearentnl. B padore ucnonb3oBanmu OC mema-rerpa(ruapoxcudenmn)xiaopu (MTTDX) mox Toprossim
HaumeHoBanueM « Temomnopduny» (Biolitec Research, l'epmanust). Ero pactBopsuiu B 99,6 % 3Tanosne 10 mojy-
YEeHHsI CTOKOBOH KOHIIEHTpanuu 1 - 10~ mos/m. ToTOBBIIA pactBop MTT' ®X XpaHuIM B 3alIUILIEHHOM OT CBETA
Mmecte npu remneparype 4 °C. CrpykrypHas popmyna uccnenyemoro @C npescrasiena Ha puc. 1, a.

Kpowme toro, B pabote ucnosnb3oBanu MeTwi-p-uukionekctput (M-B-1[ /1) npoussoactea komnanuu AraChem
(Hunepnannsr), a Takxke pacTBOpUMEIE oTuMepHble npousBonbie L /] npoussonctsa pupmer CycloLab (Ben-
rpust) — nonumep B-uuknoaexcrpuna (B-LIATP) n nomumep kapookcnmeTwi-B-muknonexcrpuna (KM-B-LITTP).
ComacHO JOKYMEHTAalIMH TTOJIUMEpHBIe Tpon3BoAHbIe L[/ momydens! myTeM Ciy4aifHOTO CIIMBAaHUS MOHOME-
pos LT (B-LL u kapooxcumeTni-B-uuknoaekctpuna (KM-B-111)) ¢ snuxiopruapuaom. Mosnekynst $-1[JITTP
n KM-B-LIIIP conepxanu B cpearem 100—110 MOHOMEPHBIX IIMKIOACKCTPUHOBBIX 3BEHBEB.
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Puc. 1. Monekynspnas crpykrypa MTT ®X (a), B-L1/] u ero mpon3BogHbIX (6)
(s B-LI R = H, nst M-B-IJA R = H i R = CH;, ans KM-B-11J] R = H unu R = COOH)

Fig. 1. Molecular structures of meta-tetra(hydroxyphenyl)chlorine (mTHPC) (a),
B-cyclodextrin (B-CD) and its derivatives ()
(for B-CD R = H, for methyl-B-cyclodextrin (M-B-CD) R =H or R = CH,,
for carboxymethyl-B-cyclodextrin R = H or R = COOH)

BojHbIe pacTBOPBI TOTOBUIIM Ha OCHOBE (hocharHo-coneBoro Oydepa (PCBH) (8 r NaCl, 0,2 r KCl, 1,44 r
Na,HPO, u 0,24 r KH,PO, na 1 1 pactBopa; pH 7,4). Ilpu pabore ucxonusiii pactsop ®Cb pa3basnsuu auc-
TUJUTMPOBAHHON BOJIOW B COOTHOIIEHUH 1 : 4.

IpuroroB/ieHne IUNUIHBIX Be3UKYJI. YHUIAMEIUISAPHBIE JIUITUIHBIC BE3UKYIIBI TOTOBIIIN M3 CHHTETUUECKOTO
nmunansmutorndocharugmixonuna (JI1DX) nponssonctea komnauuu Sigma-Aldrich (CI11IA) Ha py4HOM 3KC-
tpyaepe Avanti Mini-Extruder (Avanti Polar Lipids, CILIA) o metony benrema, ncroins3ys noiaukapOOHaTHBIC
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MemOpanuble GuinsTpsl Nuclepore® (Whatman, Benukobpuranus) ¢ mopamu pasmepom 100 Hm. Bricymennyro
JUMHIHYIO TUIeHKY ruapatuposanu OCb npu nocrosHHoM nepemenuBaniy. KauecTBo CycreH3nu JIUIOCOM
KOHTPOJIMPOBAIN METOJIOM JIMHAMHUYECKOTO CBETOPACCESHHUS.

AlcopOumoHHbIe U hIyopeclieHTHbIe n3MepeHus. CriekrpanbHbie xapakTepucTuku OC peructpuposa-
mu Ha criektpodoromerpe PV-1251C (SOLAR, benapycs) u cnektpodayopumerpe CM-2203 (SOLAR), 060-
PYAOBaHHBIX TepMocTarupyeMoil stuerikoil. Konuentpanyio MTI'@X onpeznessany 1o BeIUYMHE ONTHYECKON
TUIOTHOCTH Ha JUTUHE BOJHBI A = 417 HM, Ko3ppuumeHT MoispHoi skcTHHKIMU MTT'®X B pacTBOpe 3TaHoNa
cocrasmsn 1,5 - 10° (mons/m) ' - M ', OnTHYeckas mIOTHOCTh BCEX 00Pa3loB HA JUTMHAX BOJH BO3OYKICHHIS
u peructpanuu (ryopectenunu He npesbimrana 0,02.

HccnenoBanue nnHaMuKu nepepacnpeneneHuss ®C Mexkay 6M0J0ri4ecKUMH CTPYKTypaMu. J[iist n3-
Mepenus konmuecTBa OC, cBsI3aHHOTO ¢ MPOU3BOAHBIMU B-11/] B MpUCYTCTBHM JTHITUIHBIX BE3UKYII, UCTIOIb-
30BaJIM ONMCaHHBIN paHee MeTos [10], 0CHOBaHHBINM HA 0COOEHHOCTSIX CIIEKTPAIbHO-(DITYyOPECIIEHTHBIX XapaK-
tepuctuk MTT'®X npu 06pa3oBaHNM KOMIUIEKCOB C Pa3IMYHBIMUA OMOJIIOTHYECKUMHU CTPYKTypaMH.

Pe3y.]'[bTaTbI U UX 06cy)w]e1me

AHaMU3 cneKTpagabHO-(IyopecueHTHbIX xapakTepuctuk MTT'®X. Crnenyer ormetnth, uTo MTT DX
MUMEET XapaKTePHBIN /I XJIOPUHOB CIIEKTP MOMIONIECHHS: B BUIUMON 00IaCTH CTIeKTpa HaOMI0IaloTCs MHTEH-
cuBHas nojoca Cope ¢ MakcuMyMoM Tipu 417 HM U "yeTbipe O-T0JI0CHI, U3 KOTOPhIX Hanbosiee NHTEHCUBHOMN
ABJISIETCS ITTMHHOBOJTHOBAS TT0JIoca ¢ MakcuMyMoM 1ipu 651 uM. Kak u muorue All, mosexynast MTT'®X B BogHbIX
pacTBopax arperupyroT, YT0 MPUBOJHT K XapaKTEPHBIM U3MEHEHUSIM UX a0COPOIIMOHHBIX U (IyOpECIEHTHBIX
cBoiicTB [11-13]. B mpucyTcTBUM OHOIOTHYECKUX CTPYKTYp Mpoucxoaut Monomepuzaius MTT'®X [14]. IIpu
3TOM CHEeKTpaibHO-(IyopecteHTHbIe XapakTepuctukn @C BoccranaBnuBatoTcs. CormacHo padoram [10; 15]
abcopO1monHbIe cBoticTBa MTT @ X B CyCIIeH3UH JIMTTOCOM M B COCTaBE KOMILIEKCOB BKJIrOUeHUS ¢ B-1[/1 Om3ku
K xapakrepuctukam OC B opraHnveckux pactopurensx. [lokazaHo, 4To crieKTpbl Bo30yxieHus (iryopec-
reniui MTT' DX B cocTaBe pa3IMIHBIX OMOJOTHIECKUX MOJICKYJI MOTYT OTIHYAThLCS (puc. 2), 4TO, BEPOSATHO,
00yCJIOBJIEHO 0COOEHHOCTSAMH BIIMSHUS MUKPOOKPYKEHHS Ha DJIEKTPOHHYIO CTPYKTYPY MOJIEKYJ MUTMEHTA.
OTH 0COOEHHOCTH MOYKHO HCIIONB30BATh ISl ONPE/ICIICHUS] IPUPOJIBI LICHTPOB CBSI3BIBAHMS, @ TAKXKE JJISl aHa-
JM3a TPOIIECCOB MUTPAIIMH MOJIEKYJ TUTMEHTa MEXAY Pa3iIudYHbBIMU CTpyKTypaMu. COrlacHO HAaIllUM JaH-
HBIM HanOosiee MHGOPMATUBHBIM SIBISIETCS TTAPAMETP Y, ONpEJelisieMblii KaK OTHOIIICHHE WHTEHCHUBHOCTEH
dayopecuenuu MTI'OX npu Bo30yxkJIeHNM HA JTHHAX BOJIH A, = 400 HM u A, = 430 HM (I4y/143). 3HaUeHnEe
v = 1,15 coorBerctByeT duyopectieHiinn MTT'®X, cszannoro ¢ M-B-11/1. Bennuwnna mapamerpa \y, paBHas
0,65 (0,66), xapakrepHa st puyopecueHimn MTT' DX B komiuiekcax Bimroderus ¢ KM-B-LJITTP (B-1IJITTP).
Hna payopecuennmu monekyn MTT' DX, BKIIOYEHHBIX B COCTAB JIMIHUIHBIX BE3UKYJI, BEJIMYMHA ITapaMeTpa
coctabiset 0,95.
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Puc. 2. HopmupoBansbie criekTpbl ¢uyopecteHuni MTI'OX (0,1 MxkMoIb/1) B 3 TaHOIE
u B BoxHBIX pactBopax M-B-11/1 (10 mxmous/i), KM-B-LIITP (10 MkMoins/i),
B-LAITP (10 mxmomns/a), mumocom u3 ANDX (0,1 mmomns/i)
Fig. 2. Normalised fluorescence spectra of mTHPC (0.1 pmol/L) in ethanol and in aqueous solutions
of M-B-CD (10 pmol/L), carboxymethyl-B-cyclodextrin polymer (CM-B-CDPS) (10 umol/L),
B-cyclodextrin polymer (3-CDPS) (10 pmol/L), liposomes from dipalmitoylphosphatidylcholine (0.1 mmol/L)

33



Kypnaa Besopycckoro rocynapcrBeHHOro yuusepcurera. ®usuxa. 2024;2:30-37
Journal of the Belarusian State University. Physics. 2024;2:30-37

Onpenesienne KOHCTAHT cBA3bIBaAHMA. [[poBeIeHHBIE paHee HCCIIeJOBaHNUS MTOKa3aJIH, YTO OIICHUBATh Be-
au4uHY KoHcTaHThI cBsa3biBaHus (K, ) MTT'®X ¢ mpousBoansivu -1/ MOXKHO Ha OCHOBAHUM aHATIM3a U30TEPM
csa3biBanns OC B pacTBopax ¢ paznuuHoi koHueHTpanueit B-11/1 [3; 16]. Tak, mpu uzyueHnn B3anMOAEHCTBHS
MTT®X ¢ M-B-11J] 6bl1a HOMyYeHa KOHCTAHTA CBA3bIBAHMS, paBHas 7,1-10° (Monmb/1) '; ams TpuMeTH-B-
IMKJTOAEKCTPHHA KOHCTaHTa cBsi3biBanms ¢ MTT®X cymectenso Boime — 1,1-107 (Moms/m) . TTogo6HbIit
QJITOPUTM OIIpeeSICHUS KOHCTAHT CBS3BIBAHUS MOXKET OBITh UCIIOJIB30BaH U B cllydyae ¢ nonumepHbivu -1 /1.

Ha puc. 3 mpencraBieHbl 3aBUCHMOCTH OTHOCHUTEIHLHOTO KBAHTOBOTO BBIXona (uryopecteHnn MTT dX
B BOJHOM pPacTBOpE NMpH BapbUPOBAHWU KOHLEHTpauuu mnpousBogusix B-LIJ (M-B-LIA, KM-B-LIJIITP

n B-LULTIP).

Puc. 3. HopmupoBaHHBIE 3aBUCHMOCTH OTHOCHTEIFHOTO
KBaHTOBOTO Bbixozia yopecuenimu MTT OX (0,1 mxmonb/i)
B BOJTHOM PacTBOpE IPH BapbUPOBAHNH KOHIIEHTPAIIMHU TPON3BOAHBIX [3-11J]

Fig. 3. Normalised dependences of the relative
fluorescence quantum output of mTHPC (0.1 pmol/L)
in aqueous solution when varying the concentration of 3-CD derivatives

Hns M-B-L1J1 naOmtomaercst S-o0pa3Has KpuBasi ¢ PE3KUM HAKJIOHOM. POCT BeJTMUMHBI OTHOCUTEIHLHOTO
KBaHTOBOTO BhIxona (hryopectennnu Ha 90 % mpoucxoauT B MHTEpBalie M3MeHeHns KoHneHTpanuu B-111 ze
Oosee ueM Ha opsiiok. B ciyuae B3aumopeticteust ¢ KM-B-LJITTP u B-L[/ITTP HaGmronaroTcs Takxke S-00pa3Hbie
M30TepMBbI, KOTOPhIE CMEMICHBI B 00JIaCTh MEHBITUX MOJISPHBIX KOHIeHTparuil. [Ipu sToMm yBennyenue ot-
HOCHTEJIBHOTO KBaHTOBOTO BbIXo/a (uyopeceHnnu Ha 90 % mpouCcXOoIuT MpH U3MEHEHUH KOHIICHTPALUU
B-1I1 6onee yem Ha nBa mopsaka. Ha ocHOBaHWYM aHanmn3a KPUBBIX TUTPOBAHUS OBUIA OIICHEHBI 3HAYEHUS
Ka)Xymuxcsi KOHCTaHT cBsizbiBaHust MTT @X ¢ npousBogubiMu B-11J] (cM. Tabnuiy). CortacHO MoiTy4eHHBIM
nanabM apduHHOCTE MTT'OX K KM-B-LIAIIP u B-LAI1P cymecTBenHo Bhime, ueM k M-B-11/1. bomee 00b-
CKTHBHBIM SIBIISICTCSI CPAaBHEHHE IOKa3areell cBsi3biBanus Mojekyl OC ¢ yueToM pasziuyuii KOHIICHTPAIUH
MOHOMEPHBIX LMKJIOIEKCTPUHOBBIX 3BeHbEB. IlepepacueT n30TepM CBA3BIBAHUS C YUETOM CTEIEHH IMOJIHMe-
pHU3aIHH TTOKA3BIBACT, YTO OTHOCUTEIbHOE CpoacTBO MTT @ X kK MoHOMepHOMY [-11/] 3HAYUTENBHO BBIIIE, YEM
K €ro MOJIMMEPHBIM HPOHU3BOIHBIM.

Ommunst GOpMBI H30TEPM CBS3BIBAHUS, BEPOSTHO, 00YCIIOBICHBI BIMSHIEM 0COOCHHOCTEH CTPYKTYPHI T10-
JMMEPOB Ha MPoLEecchl POPMUPOBAHUS KOMIUIEKCOB BKIIOUEeHUS. [IpUCyTCTBHE IMKIOAECKCTPUHOBBIX 3BEHBEB
B COCTaBE JIMHEHHOH MOTMMEPHON MOJIEKYITB MOXKET BIUSTH Ha BEPOATHOCTH 00pAa30BAHNS KOMITJIEKCOB CO CTe-
xuometpueit 1 : 2. B cinyuae ¢ KM-B-LIIITP 3ToT 3¢ ekt MoKeT ObITh BEIpaskeH OoJiee 3HAYUTEIBHO BCIICICTBUE
BIHSTHES 3apsokeHHBIX Tpynn COO™ Ha KOH(OPMAIMOHHYIO MTOJIBUKHOCTH TIOJMMEPHOH IIETIH.
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3HavyeHHs] KaXKYIINXCSl KOHCTAHT cBsa3biBaHus MTT®X
¢ npousBoaHbIMu B-11/1, (Mourw/a) !

Values of apparent binding constants of mMTHPC
with B-CD derivatives, (mol/L)™

Mpoussonusie B-11J] K, K,
M-B-1111 6,8 -10° -
KM-B-LIITIP 1,810 1,6 - 10°-1,8 - 10°
B-LIITP 6,1-10° 55-10*6,1-10*

IIpuMmeuanue. K¥ — 3HaueHNS KOHCTAHT CBS3BIBAHMS, PACCUH-
TaHHbIE Ha OIHO MOHOMEPHOE LIMKJIOZEKCTPUHOBOE 3BEHO B COCTABE
nouMepHBIX B-11J1.

Kuneruka BbicBoOO:kIeHNsA MTT ®X 13 koMIiekcoB BKIWOYeHHsA. Clie1yeT OTMETUTh, YTO IIPU UCIIONb-
30BaHUM PA3JIMYHBIX CUCTEM JJIS1 BBEACHMUSI JICKAPCTBEHHBIX MIPENAPATOB B OPraHU3M Ba)KHOE 3HAUEHUE UMEIOT
HE TOJIbKO PaBHOBECHBIE, HO M KMHETUYECKHE XapaKTEPUCTUKNA KOMIUIEKCOOOpa30BaHMs, OTPaKAIOIIHE CKO-
POCTB, C KOTOPOH MOJIEKYJIBI JIEKAPCTBEHHOTO COEIMHEHUS 00pa3yroT KOMIIEKC U BBIXOIAT U3 Hero. Panee mis
koMIuiekcoB BKITtoueHMsI @C ¢ MonomepHbIME L1 /] Ob11a MpoBeneHa olleHKa KOHCTAHT CKOPOCTEH accoIuaIum
u qucconnanuu [7]. [Toka3aHo, 9T0 KOHCTAHTHI CKOPOCTEH AUCCOIUAIINN TUTMEHTA M3 KOMILICKCOB BKITFOUCHUS
BEJIMKH, BCJIEICTBUE Yero BpeMs HaxoxaeHus Mojiekyn @C B cocTaBe KoMIIIeKca BKIIIOUeHus Mato. Mcxonas u3
3TOT0, BEpOosATHOCTh HaxoxkAeHUuss MTT X B cocraBe komIuiekca BKiItoueHus ¢ L[/] B 3HaUUTENIbHON CTENEHU
onpenensiercs konuentpamueit L /1.

B nacrosie#t pabote npoBeieHO cpaBHEHHE CKOpocTel auccormanui MTT DX U3 KOMIUIEKCOB BKITFOYCHUS
¢ MOHOMepHBIM 1 ToiuMepHbIME B-11J[. OtieHnTh cKopocTh Bbixoaa Mmonekyn MTT' @ X u3 coctaBa KOMIUIEKCOB
BKJIFOYEHHSA C TTPOU3BOIHBIMU PB-1[/] MO’KHO Ha OCHOBaHWMY aHAIIM3a H3MEHEHNH HHTEHCHBHOCTH (DITyopecIieH-
mnu MTTOX mipu pa3seaeHnn pacTBopoB KoMiniekcoB BkitodeHUss OC ¢ 1 /1. Camxkenne konneHTparun 1/]
B pacTBOpE CMeEIIaeT paBHOBECHE B mporiecce (popMHUPOBaHUS KOMIUIEKCOB BKIIIOYEHHUSI B CTOPOHY UX JTUCCO-
Al C TIOCTIEAYIOIeH arperaueii cBooomHbIX Mosekysr OC. JleicTBUTENBHO, TP Pa3BeICHUN PACTBOPOB
koMIutekcoB BriroueHuss MTT'®X (5 mxmosb/i) ¢ MmoHoMepHbiM M-B-11/] (20 Mxmonb/i) B 100 pa3 oTHOCH-
TEeJILHBIA KBaHTOBBIN BbIX0A (uryopectienimun Monekyn @C cHmwkaercs Ha 50 % B Teuenue 30 MuH, a yepe3
2 4 magaet Ha 90 % oT mepBoHaYanIbHOrO 3HaueHus. [Ipu pa3BeaeHUN pacTBOPOB KOMIUIEKCOB BKIIOUCHUS
MTT®X (5 mxmons/i) ¢ KM-B-LIAITP u B-IIIITP (20 MmxMomnb/i1) HaOIrOMAeTCsl OY€Hb MEJIJICHHOE YMEHbIIIe-
Hue nHTeHCHBHOCTH (pryopecueHn OC. Mi3MeHeHe 0THOCHTEIHLHOTO KBAHTOBOTO BBIX0/[a (DITyOpeCICHIINN
MTT®X B 060oux obpasuax yepes 2 4 He npesbiuaet 1822 %.

Bonee o0beKkTHBHBIE JaHHBIE NMPU CPABHEHWH CKOPOCTEH TUCCOIMAIIMA MOYKHO TIOJTYYUTh HA OCHOBAHHUU
aHanm3a ckopocTtei nepepacnpeneneans Monekyin @C u3 coctaBa KOMIUIEKCOB BKITFOUEHHS HA JIUTHIHBIC Be-
3UKYJIBL. J[eicTBUTENEHO, IPU BHECCHUH B PACTBOP KOMITIICKCOB BKIoueHUS MTT @ X ¢ B-11 /] n30sITKa JTumu -
HBIX BE3UKYJ CKOPOCTh MpoIIecca epepacipeieeHns ONpenesieTcs B OCHOBHOM CKOPOCThIo Bhixona OC u3
cocraBa KoMIutekcoB BkitoueHus ¢ B-LJ1. Crienuts 3a nporeccom nepepacnpeieeHus MOKHO MOCPEICTBOM
U3MEPCHUI BEJIMYMHBI TTapaMeTpa Y, KOTOPBIM XapaKkTepu3yeT oTiauuus nojockl Cope B CrieKTpax Bo30yxjie-
Hus gayopecueHunn MTT P X, cBI3aHHOTO C pa3NUYHBIMU CTPYKTYPaMHU.

Ha puc. 4 npencraBneHbl KpUBbIE, WLTIOCTpUpPYIOIIKE cKopocTu nepepacnpenenenus MTT DX u3 komriek-
COB BKJIFOUEHUS C UccleayeMbiMu ipon3BogabiMu B-11 1 (M-B-11J1, KM-B-LIAITP u B-LIJII1P) na mummaabie
BE3UKYJIbL.

CorracHO MOTy4eHHBIM JTaHHBIM JI71s1 MOHOMepHOTO [3-11 /] HabmromaeTcst oueHp OBICTpOE Iepepacpeene-
Hue mosiekya1 MTT'®@X, uto, 04eBUIHO, CBSI3aHO C UX BHICOKOM CKOPOCTHIO JUCCOIMALIMY U3 KOMIUIEKCOB BKJIIO-
yeHus. Jyig 060oux mosmMepHsIX Mpon3BoAHbIX -1 /] mponecc nepepacnpenenenns oCyecTBIsIeTCs 3Ha9H-
TeJNbHO MeJyIeHHee. J1J1st TOro 4T0ObI MOJICKYITBI ITMTMEHTA BBIIIUIN W3 KOMIUIEKCOB BKItoueHus ¢ KM-B-1JITTP
Y CBSI3AJIUCh C JIMIIUIHBIMU BE3UKYJIaMH, TpeOyeTcs 0koio 30 MuH. 32 3TO BpeMsi U3 KOMILICKCOB BKIIFOUCHHS
¢ B-LIATTP nepepacnpenensercs Bcero 15 % monexyn @C. PasHuiia B ckopocTsx nepepacnpeneinenus MTT X
13 KOMILUICKCOB BKIIFOUEHUS C MOJMMEPHBIMH TTpou3BoaHbIME B-11/], BO3MOXHO, 00yCIOBICHA OTIIMYUSIMU
KOJIMYECTBEHHBIX XapakTepucTuk cBsi3biBaHus MTI X ¢ monmumepamu. UHTepecHBIM MPEACTABIACTCS TOT
¢axkr, yro KM-B-LJII1P, HEcMoTps Ha OoJee BRICOKYIO a(pHHOCTH IPY PaBHOBECHOM CBsi3bIBaHUM ¢ MTT DX,
XapaKkTepu3yeTcs 00Jiee BHICOKOH CKOPOCTBIO JIUCCOLUAIMK M3 KOMIUJIEKCOB BKIIOYCHUS 110 CPAaBHEHHIO

¢ B-LIATIP.
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Puc. 4. Kuneruxa nepepacnpeaeneans MTTOX (0,1 mxmonb/i)
n3 xomIuiekcoB BritoueHus ¢ M-B-11/1 (0,1 mxmons/im), KM-B-LIATIP (0,1 Mxmomnb/i),
B-LIAIIP (0,1 Mxmons/in) Ha TUNAAHEIE Be3UKYIHI (0,2 MMOIIB/JT)
Fig. 4. Kinetics of redistribution of mTHPC (0.1 umol/L)
from inclusion complexes with M-f-CD (0.1 pmol/L), CM-B-CDPS (0.1 pmol/L),
B-CDPS (0.1 umol/L) to lipid vesicles (0.2 mmol/L)

3akaoueHne

CormacHo mipoBeieHHBIM ucciefioBaHusIM MTT ®X 3¢ dexTrnBHO B3aUMOACHCTBYET Kak ¢ MOHOMEPHBIMH,
TaK U C MOJUMEpPHBIMU TIpou3BoHBIMU B-11/]. XapakTepucTuku mnporecca KOMILIEKCOOOpa30BaHUS JJIsl UC-
cienoBaHHbIX -1/ cymecTBeHHO paznuyarorcs. OTHocuTenbHOE cponcTBo MTT ®X k MoHOMepHOMY [3-L1/]
MEHBIIIE, YeM K €r0 MOJIUMEPHBIM MPOU3BOIHBIM, OIHAKO cpoacTBO DC K MOHOMEPHBIM LIMKJIOACKCTPUHOBBIM
3BEHbSM B COCTaBE MOJIMMEPHON MOJIEKYJIBI O0IbIIe. 3HAYUTEIBHO Pa3IHYalOTCsl CKOPOCTH JUCCOIHAIINN MO-
JIEKYJT MMTMEHTA M3 COCTaBa KOMILUIEKCOB BKJIFOUEHHSI ¢ MOHOMEPHBIMU U TioninMepHbIMU -1 /1. Tlomydenubie
PE3YIbTAThI NO3BOJIAIOT MPEANIOIO0XKNUTE, YTO BBCACHUEC JICKAPCTBCHHLIX IMPEIIapaTroB B COCTAaBEC KOMIIJICKCOB
¢ nmomuMepHBIME L[]l MOoskeT oOecrieunTs OOIBIIYIO CTETICHh KOHTPOJISI UX pachpenencHus, a B ciaydae DT
JIaCT BO3MOXKHOCTH IIPOTHO3UPOBATh papMakokrHeTHUecKoe rnoseeHne O@C mpu UCoIh30BaHUH CIICITUAIEHBIX
(bapMakoIoru4ecKkux Gopm.
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AHAAN3 PA3BUTUA SIIINAEMUN COVID-19 B PASANYHBIX CTPAHAX
C IIOMOIIbIO APOBHO-AUODEPEHIITMAABHON MOAEAU
PACITPOCTPAHEHUSA NH®EKLINN

T. A. EOUMOBAY, H. A. THMOI[EHKO?®, M. A. ITIEIJEBHY?

YUnemumym usuxu um. 5. M. Cmenanosa HAH Benapycu,
np. Hezasucumocmu, 68, 220072, 2. Munck, berapycw
2)Eejzopyccmul 2ocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

Annomayua. Ilposenen ananus pazsurus snugemun COVID-19 B 100 cTpanax mupa ¢ IOMOILBIO MOJIENIN PacIpoCT-
paHeHHsT HHPEKINU, OCHOBAHHON Ha IMPUMEHEHUH APOOHBIX Mpon3BoAHbIX. [IokazaHo, 4TO paspaboTaHHast MOJEIb I10-
3BOJISIET a/IEKBaTHO BOCHPON3BOANTH TUHAMUKY YHCIIa CMEPTEll M HOBBIX CIIydacB 3apa)KEHHs BO BCEX MCCIIELYyEeMbIX T0-
CyZapcTBax. YCTaHOBIIEGHO, UTO IO XapaKTepy pa3BUTHS SMHIEMHUU pAcCMaTPUBACMBbIE CTPAHBI MOJKHO Pa3/iesIuTh HAa TPU
KJ1acrepa, Ka)JIblid U3 KOTOPBIX XapaKTePH3yeTCsl CBOUM COLMAIBLHO-IEMOTpa()MueCKUM COCTABOM HACEJICHUS M YPOBHEM
HKOHOMHYECKOTO pa3BHUTHs. BBISBICHHE TaKMX KJIACTEPOB B AajbHEHIIEM MOXKET HAIpPaBUTh Ha OoJiee ONTUMAaIbHBINA
1 OBICTPBIH MOMCK NTapaMeTPOB MOJIENH, KOTOopast OyJIeT NCIIO0JIb30BaHa JUIsl BOCIIPOU3BEICHUS U IPOTHO3UPOBAHMS Pa3BH-
THSI MHPEKINH, CXOKUX 0 cxeMme pacnpoctpanenns ¢ nHpekuueir COVID-19. [lns onvcanus BTOPOH M MOCIETYIOIINX
BOJIH 3ITU/IEMHN TIPEATIokeHa Moaudukanys Monend. [lanHas MOTU(HUKAIMS BKIIOYAET B ceOsl JOTOJHUTEIBLHOE ypaB-
HEHHUE, YYUTHIBAIOIIEE HATUINE UHIUBUIYYMOB, 3apPaKCHHBIX BUPYCOM, HO HE ABJISIOLINXCS €T0 PACTIPOCTPAHUTEISIMH.
[TokazaHo, 4TO ¢ KaX0il MOCIEAYIONIEH BOJIHOW SMUIEMUH MOPSIIOK APOOHON MPOU3BOAHOMN, MO3BOJSIONIMN JTOCTHYb
HAWTy4IIero COOTBETCTBUS MO CTAaTUCTUUYECKUM JaHHBIM, CTPEMUTCS K eTUHHIIEe. MOXKHO MPEANOI0KUTh, YTO 3TOT
(axT sBIISIETCS OTPAKEHNEM POCTA YMCIIa HOBBIX IITAMMOB BHPYCa, IMPKYJIUPYIOIINX CPEIH HACEICHHS.

Knroueswvie cnosa: COVID-19; nponsBognbie IPOOHBIX MOPSAIKOB; HHKYOAITMOHHBIHN MTEPHO; KITaCTePU3aIlisL.

brazooaprocms. Pabota BrinonHeHa npu (UHAHCOBOM moyiepkke bemopycckoro pecmnyonukanckoro ¢pouaa GpyHaa-
MEHTaJbHBIX HUccienoBanuil (rpant Ne ®22M-024).
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Abstract. The evolution of the COVID-19 epidemic in 100 countries of the world was analysed using the infection
spread model based on the use of fractional calculus. It was shown that the developed model allows one to adequately
reproduce the dynamics of the number of deaths and the number of new cases of infection in all studied states. It has
been established that, according to the main characteristics of the epidemic spread, the countries under consideration can be
distributed into three clusters, each of which is characterised by its socio-demographic composition of the population and the
level of economic development. Identification of such clusters in the future can lead to a more optimal and rapid search for
model parameters that will be used to reproduction and predict the development of infections similar in distribution pattern
to the COVID-19 infection. To describe the second and subsequent waves of the epidemic, a modification of the model
has been proposed. This modification includes an additional equation that accounts the presence of individuals infected
with the virus, but who are not conatgious. It was shown that with each subsequent wave of the epidemic, the order of the
fractional derivative, which makes it possible to achieve the best fit to statistical data, tends to unity. It can be hypothesised
that this fact is a reflection of the increasing number of new strains of the virus circulating in the population.

Keywords: COVID-19; fractional derivatives; incubation period; clustering.
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BBenenune

Hecmotps Ha To uto B Mae 2023 . BcemupHas opranu3anus 371paBoOXpaHEHUs] OTMEHWIIA CTAaTyC MaHAe-
mun COVID-19, o6wsBiennsiii B Mmapte 2020 T., aKTyalbHOCTh HCCIIEIOBAHUS PACTIpOCTPaHEHHUS HH(DEKIIHIA,
nepearoIuXcs BO3AYIIHO-KaNeIbHBIM ITyTEM, OCTaeTCs JOBOJIBHO BHICOKOM BBHUJLY BEpOSATHOM BCIBIIIKHA HO-
BBIX 3a00JIeBaHUN. AHAJIM3 CTATUCTUYECKUX AAHHBIX, COOPAHHBIX HA MPOTSHKEHUH HECKOJIIBKUX BOJIH SIHJE-
MUH, HEOOXOMM Jisi pa3paboTku HanOosee 3()(HEKTUBHBIX CTpaTeruil MpeloTBPALICHUS PACTIPOCTPAHEHHSI
BUpYca cpeau HaceiaeHusl. DPQPEKTUBHOCTh TAKUX CTPaTEernii BO MHOTOM 3aBHUCHUT OT KOJIM4ecTBa (haKkTOpOB,
KOTOPbIE YUUTHIBAIOTCS [IPY aHAIN3€E IPOTEKAHUS SIMIEMHHU U ITO3BOJIIIOT BBIIBUTD CIIEHU(UKY [I€peaadn BU-
pyca u 00pbOBI C MOCIEACTBUAMU MH(DEKLIUH 11 PETHOHOB C ONPEJICICHHBIM COLMAIBHO-AeMOorpaduiecKum
COCTaBOM HACEJICHUS U YPOBHEM YKOHOMHMYECKOTO PAa3BUTHSL.

B nacrosiee BpeMs CymecTByeT pa MaTeMaTHYeCKUX MOJIETIeH, OMMCHIBAIOIINX JMHAMUKY PacipocTpa-
HeHMs MH(EKUUI KaK Mepexo/ibl OTACIbHBIX MHANBUIYYMOB MEXKIY KOMIApTMEHTaMH BOCIIPUUMYHUBBIX K MH-
(hexunn, MHOUITUPOBAHHBIX, BRI3JOPOBEBIINX U yMEPIINX. BriepBrie KoMImapTMeHTapHas MO/IEh TAKOTO THTIA
obuta npeanoxeHa Y. O. Kepmakom u A. I. Makkennpukom [ 1] B Hayane XX B. A7l ONMCaHKs STTUIEMHUH TPUTI-
na. C Toro BpeMeHHu pa3paboTaHbl pa3IudHble ee MOAN(UKALNY, YUYUTHIBAIOLUINE 0COOCHHOCTH KOHKPETHBIX
uH(eKnui (HanpuMmep, HalMYue MPOAOIIKUTEILHOTO HHKYOAIIMOHHOTO TEPHO/Ia), & TAKKE MOJCITH, KOTOPhIE
JUIsl TIOBBILIECHUS TOCTOBEPHOCTH PE3YJIbTATOB IIPUBJIECKAIOT 00JIE€ CIIOKHBIM, YeM CUCTEMbl OOBIKHOBEHHBIX
muddepeHanbHbIX ypaBHeHHH, MaTeMarndeckuii anmapar [2; 3]. K 7aHHbIM MOeTIsiM MOKHO OTHECTH MOJIE-
JIM C MCIIONIb30BaHMEM APOOHBIX MPOU3BOIHBIX. Panee mpon3BoiHbIe IPOOHOTO NOPSIIKA HALILTH TPUMEHEHNE
B PA3JIMUHBIX 00IACTSIX HAYKU M TEXHUKH, TAKUX KAK U3YUECHUE BSI3KOYIPYIOCTH, 00paboTKa CUTHAIOB U U30-
OpaxxeHuit, TUPPy3usT MAKPOMOJICKYII, OJarojapsi CrioCOOHOCTH MOJICIUPOBATh U OIMKMCHIBATh aHOMAJIbHYIO
JUHAMUKY PEaJIbHBIX MPOLIECCOB C MAMSITHIO U HACJIEACTBEHHBIMU CBOMCTBaMH [4; 5]. DTUMU ke CBOMCTBaMU
XapaKTepPHU3YIOTCS MPOIECChl PacIpOCTPaHeH st MHOTUX HH(eKIwid, B ToM yrciae COVID-19. Tem He MeHee
B JIMTEPAType UMEETCS OTPAaHUICHHOE YUCII0 PAOOT MO MOACIMPOBAHHIO PA3BUTHS HH(EKLHH C UCIIOIb30BaHUEM
IPOOHOI IPOM3BOHOM, XOTS MTPEICTABICHHBIE B HUX PE3YJIbTaThl YKa3bIBAIOT HAa 3(h(heKTHBHOCTH MPUMEHEHHUS
TaKoOro MaTeMaTH4YecKoro arnmapara.

Panee B cTarbe [6] ObLTa IpeIOkeHa MaTeMaTHIECcKas MOJIENb paciipocTpanenus manaemun COVID-19,
OCHOBaHHAs HAa OOBIKHOBEHHBIX AU PEepeHIMANTEHBIX YPABHEHUSX C IPOOHOH TPOU3BOHOM MO BPEMEHH, B KO-
TOPOH YYHUTHIBAINCH BOCTIPUMMYHMBOCTH HACENCHHS K MH()EKIUH, HHKYOAIIMOHHBIH MEPUOJ, YUCIIO KOHTAKTOB
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MEX/1y 37J0POBBIMH U OOJIBHBIMU JIFOJIbMH, YHCIIO 3apaKEHHBIX, BBI3IOPOBEBIINX U YMEPIINUX B OMPEIeICHHBIN
nepuof. IlokasaHo, 4TO MpeUIOKEHHAs MOJIEb MTO3BOJISIET aIEKBAaTHO ONMCATh CTAaTUCTHUECKUE JTAHHBIE 10
UTaNbsIHCKOMY peruony JlomOapaus. B HacTosIIel craThe ¢ MOMOIIBIO 3TOM MOJETH UCCIeayeTCs pa3BUTHE
SMUAEMUH /7151 OOJIBIIIETO KOJIMYECTBA PETHOHOB B TEUEHHE BTOPOW U MOCIeIyIOIIe BOJTH MaHAEMUH.

Lenpro qaHHO# pabOTHI SIBISIETCS H3yYSHNE BOSMOKHOCTH ITUPOKOTO TIPUMEHEHUS MOJIeIIeit ¢ IpoOHOI po-
M3BOJIHOM Jj1s onucanus pactipoctpanenus uHpekiuu COVID-19 Bo BceM MHpe, a TaKKe BBISIBICHUE CBSI3U
MeXJly TapaMeTpaMy MOJIEIH, XapaKTEPHBIMHU JIJIS OTIPE/IETICHHOTO PETHOHA, ¥ OKa3aTeIsIMH, OTPaXaroIUMU
€ro COIMANIbHO-IeMOTpapUECKUil COCTaB HACEICHUSI H YPOBEHb SKOHOMHUUECKOTO Pa3BUTHSI.

TeopeTnueckue 0CHOBBI

Jnst aHanmm3a pacnpocTpaHeHuss HH(EKIK B Pa3IMYHbIX CTpaHaX MHUpa ObUIa HCIIOJIB30BaHa MOJIEIb, MPe/i-
CTaBJICHHASI CHCTEMOM 13 TATH M QepeHInalbHbIX YpaBHEHHI ¢ ApoOHOH pon3BonHOI [epacumona — KamyTo:

Dy ,s(t)=—B,si — B,se— us,
Dy e(t)=P,si+ B,se—ce — ¢.e—pe,
Dy i(t)=ce— g i—¢,i—pi,
Dy r(t)=0,i+9¢.e - pr,

Dg",d(t) =@, i,
rze s (¢) — YACI0 310POBBIX JIOJIEHH, BOCIPHMMYHMBBIX K MH(BEKINH; e (7 ) — YHCII0 3apasuBILIXCS JTHOICH, Y KO-
TOPBIX 3a60ICBAHME HAXOAMTCS B MHKYOALMOHHOM IEpHOAe; (1) — 4nCio 3a60ICBLIMX MHOAEH ¢ KIMHAYe-
CKUMH TIPH3HAKaMH OO0JIC3HH; r(t) — 4ncio nepeOoeBInX JroAeH, Oosiee He BOCIPUUMYHUBBIX K HH(EKINH;
d(t) — uncno ymepumx moneit; n=s(t) + e(t) +i(r) + r(¢) — obwee KonMYeCTBO KUBBIX IrONeH. DyHKIUH
s(t), e(t), i (t), r(t) ud (t) HOPMHUPOBAHbI Ha OOIYI0 YHCIEHHOCTh HACEJIEHUs CTpaHbl. [lapaMeTphl, BXO-

JIIIIHEe B MOJIENh: OL — MOPSAIOK APOOHOM MPOM3BOAHON; G — BEIWYHHA, 00paTHAs MHKYOAIIMOHHOMY ITEPHUOITY
Oones3Hy; ¢, — KOAPPUIMEHT BBI3LOPOBICHHUS; @, — KOIDPULIMEHT OECCHMIITOMHOTO BBI3IOPOBICHUSL; O, — KO3(-
(ULMEHT CMEPTHOCTH cpeau 3a001eBmuX; 3, — K03 UuneHT 6ecCUMIITOMHOH Iepeadyn 3a00eBanus; 3; — Ko-
3¢ GUIMEHT CHMIITOMHOH TIepenadn 3a00neBanHus; | — ko3 dumment cmeptHocTH 6e3 Bupyca COVID-19. YUnc-
JICHHAS pealtn3aliys JaHHOH MOJIENTH BEITIOJTHEHA C TTIOMOIIBI0 anroputMa Anamca — barmmdopra — MoynTtona [7].

Pe3yibTarhl U MX 00CyXKIeHUE

[lepBoHauanbHO OBLT MPOBEJEH CPABHUTEIBHBIN aHAIHN3 MPUMEHEHHUS pa3paboTaHHON MOJENN ¥ MOJENN
C TIPOM3BOHBIMH TIEITBIX TIOPSAKOB JIJISI BOCTIPOM3BENCHUS TMHAMUKHY 3a00JIeBaHNS B TEUCHHE TIEPBOM BOIHEI
1t 10 cTpaH, BEIOOP KOTOPBIX OMPEACISIICS YCIOBHEM PAa3IMYHOTO XapaKkTepa MpOoTeKaHus HHPEKIuN. YcTa-
HOBIICHO, YTO IS BCEX CIydaeB MareMaTH4yecKas MOJeNb C IPUMEHEHHEM TTPOU3BOAHON APOOHOTO MOpsIIKa
HaMHOTO TOYHEE OTHCHIBACT 3aBUCHMOCTH YHCIIa CMEPTEH W HOBBIX CIIyYaeB 3apa)kKeHHs OT BPEMEHH, HO OTI-
TUMAaJTGHBIN TIOPSIOK ITPOOHOM TPOU3BOIHON OIpEAeNsIeTCs MCClIeAyeMol cTpaHoi (Hampumep, mis Kana-
161 1 BenmnkoOpUTaHNN HAMTydIlIee COOTBETCTBHE MOJIENI CTATUCTHYECKUM JAHHBIM TIOYYIEHO TPH TTOPSIIKEe
npo6Hoi pousBogHOH 0,7, mist CepOun — pu nopsake npoOHoi mpon3BoaHOM 0,9). Takke ycTaHOBICHO, UTO
paspaboTaHHas MOJIENb PACTIPOCTPAHEHUS MH(PEKIINHU C TPOOHBIMH TIPON3BOTHBIMHU TOPA3/IO JIYHIIIE TTO3BOJISET
anMPOKCUMHUPOBATh YHCIIO CMEPTEH, UeM YUCIIO HOBBIX CITydaeB 3apaykeHHsI. MOXKHO TIPEAIIONIOKNTE, YTO ITOT
(bakT 00ycCITOBIEH 0OBEKTUBHBIMHU IPUIMHAMH, & IMEHHO CJIOXKHOCTSIMH TIOTy9EHHUS JOCTOBEPHBIX CTaTUCTH-
YeCKHUX JAaHHBIX O HOBBIX CITydasx 3apakeHus. C Ipyroil CTOpoHEI, HaHHBIE 0 cMepTHOCTH oT COVID-19 sB-
TISIOTCS TOpa3no Oosee HaAeKHBIMA. Takum 00pa3oM, IMEIOIINECs TaHHbBIE O YHCIIe HOBBIX CITy4aeB 3apakeHHs
MOTYT TIPUBECTH K HEPEAJMCTUYHON aIlllpOKCHMAIINY TTapaMeTpoB, U HA00OPOT, JaHHBIE O YUCIIe CMEPTEH OT
COVID-19 o6ecrieunBaroT OOIBIIYIO JOCTOBEPHOCTH KaTHOPOBKH IMapaMeTpoB Momein. icxos w3 3TuX cooo-
pakeHHH, TIPH OTIPEACTICHNH MTapaMeTPOB MOJIETH ObLTH BBEACHBI TPEOOBaHNE MUHIMU3AITUH YHCIEHHBIX OTITH-
YA MOJCTTUPYEMBIX M pEalTbHBIX ITOKa3aTeNieil B MOATPYIIe YMEPIIUX 1 TpeOoBaHHEe Ka9eCTBEHHOTO COTIIACHs
TMHAMUKH Pa3BUTHS HHOEKITUH TS IO PYTITHI 3apayKeHHBIX.

Ha ocHOoBaHMM aHanm3a cTaTUCTUKH 3200J1€BAEMOCTH M PE3yIbTaTOB BEIUMNCIUTEIBHOTO SKCIIEPUMEHTA 110
MIpeUTOKEHHON B paboTe cxeMe MOXKHO CAENaTh BBIBOJ O TOM, YTO Ye€M OCTPEe pa3BHBACTCS DITUAEMHUS, TEM
BBIIIIE TIOPSAZOK IPOOHOM MPOU3BOIHON, HEOOXOMUMBIN IS JIYUIIIETO COOTBETCTBHUS MOJIETH CTATUCTHYECKUM
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nanHeiM. Hanpumep, B CepOun HaOmonanacek Oojee pe3kas BCTbIka 3adoeBanus, ueM B Kanaze u Bennko-
Oputanuu. OO 3TOM CBHUCTEIBCTBYET 00JIEe BBICOKHUN MOPSAOK IPOOHOMN MPOU3BOAHOMN, 00€CIICUMBAOIINI
HAWJTYYIINHA pe3ylbTaT annpoKCUMaIuu pacrnpocrpanenns nHpeknuu B Cepoun. Tem He MeHee YUcio cMep-
teit or COVID-19 tam Hipke. 71 TOro 4TOOB! ONpeIeIUTh, YeM BBI3BaHbI TAKHUE Pa3udrs, ObUIN MPOBEICHBI
anmpoKCUMAIHsl IaHHBIX U pacdeT kodpduumentos st 100 crpan mo Bcem Mupy. [lonydeHHbIe pe3yabTaThl
npezcraBieHsl B Ta0i. 1. [Tockonbky pazpaboTaHHas MOJEIb U KaXKJIOTO clydasi pacnpoCTpaHeHUs] HH(EK-
IIUU B OT/EIHHO B3STON CTpaHe MO3BOJSET MPHU COMYTCTBYIOMINX MapaMeTpax aJeKBaTHO BOCIPOU3BOINTH
TUHAMMKY KOJTMYECTBa JIFOJIEH B Pa3IMYHBIX TOATPYIIAaX, MOXKHO CJeNIaTh BBIBOJ O TOM, YTO JIaHHAs MOJIENb
YCTOWYHBA K OOIIUM CITy4asiM, T. €. He TpeOyeT OOMIMPHBIX MOAN(UKAIIMN WA YBEITMUCHHS YUCIIa TApaMeTPOB
JUTSL TOCTHKEHUS TTPUEMIIEMBIX PE3YJIbTaToOB B KKJIOM KOHKPETHOM CiIydae.

Tabnuma 1
PaccunTannbie napaMeTpbl MO/IEJH JJIs1 Pa3INYHBIX CTPAH MHPaA
Table 1
Calculated model parameters for different countries of the world
Crpana B, B, o, 0 . o
ABcTpus 491 3,66 1,29 0,07 4,76 0,90
Annoppa 5,43 5,26 2,43 0,59 4,76 0,70
AprentuHa 4,88 4,59 2,26 0,06 4,77 0,80
Adranucran 4,85 3,50 2,23 0,10 4,76 0,80
banrnanem 4,85 5,33 2,18 0,06 4,76 0,80
bapbanoc 4,81 2,85 5,14 0,33 4,70 1,00
Bbenapycs 4,93 7,00 2,23 0,06 4,76 0,70
Benprus 5,03 5,66 1,40 1,03 4,74 0,65
Benun 4,88 0,51 2,23 0,06 4,76 1,00
Bepmynbt 493 4,48 2,23 0,26 4,76 0,80
Bonrapust 4,85 2,81 2,23 0,14 4,76 0,90
Bocuus u I'eprieroBuna 493 4,29 2,23 0,10 4,76 0,90
Benmukobpuranus 5,00 4,54 1,55 2,00 4,76 0,70
Benrpus 4,93 3,63 3,44 0,22 4,76 1,00
Benecyana 4,74 5,66 2,23 0,03 4,76 0,80
labon 4,93 4,07 2,23 0,04 4,76 0,70
lautn 4,85 3,07 2,23 0,06 4,76 0,90
lana 4,81 4,33 2,23 0,03 4,76 0,90
I'Baremana 4,88 3,85 2,23 0,25 4,76 0,70
I'Bunes-bucay 493 1,85 2,23 0,04 4,76 0,90
T'epmanust 5,10 4,00 3,77 0,53 4,81 0,90
T'onmypac 5,00 0,29 2,22 0,14 4,76 0,70
I'py3us 4,77 6,14 2,23 0,02 4,77 0,90
Janwust 4,90 5,50 2,00 0,22 4,76 0,90
g:gfy’g;;‘:;‘;’:‘:o 481 2,63 223 0,14 4,76 1,00
JxubyTu 4,93 5,92 2,23 0,09 4,76 0,90
Eruner 481 4,37 2,23 0,15 4,76 0,80
W3pamns 5,00 4,48 2,50 0,09 4,81 1,00
Wnpus 4,93 0,51 2,23 0,09 4,76 0,90
Upau 4,93 2,14 2,23 0,26 4,76 1,00
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IIpononxenune Tabm. 1
Continuation of the table 1

Crpana Be Bi P, Py P, a
Wpnanaus 5,11 5,40 1,40 0,44 4,76 0,60
Ucnanus 4,96 3,18 0,48 0,20 4,77 0,80
Uranus 5,00 6,74 2,23 0,96 4,76 0,90
Kazaxcran 4,85 4,14 2,40 0,02 4,76 0,80
KamepyH 4,88 2,74 2,23 0,06 4,76 0,90
Kanana 4,88 7,00 2,00 0,74 4,76 0,70
Kenust 4,74 5,07 2,23 0,14 4,76 1,00
Kurmp 4,93 4,48 2,23 0,06 4,76 0,70
Konymbus 4,82 4,48 3,00 0,44 4,63 0,55
Komopsr 4,81 5,63 2,23 0,03 4,76 0,90
Konro 4,81 4,44 4,37 0,14 4,74 1,00
KocoBo 4,81 4,48 2,23 0,06 4,76 1,00
Kocra-Puka 4,88 5,77 3,44 0,03 4,81 1,00
Kor-n’Usyap 4,93 0,10 7,00 0,07 4,76 0,80
Keipreizcran 481 4,48 2,23 0,07 4,76 0,90
JlatBust 4,99 4,92 2,11 0,03 4,76 0,80
Jlecoro 4,85 3,55 2,23 0,05 4,76 1,00
JluBan 4,81 4,48 2,03 0,03 4,76 1,00
JlutBa 4,93 4,48 2,23 0,06 4,76 1,00
JlrokcemOypr 5,14 5,50 1,80 0,17 4,76 0,80
Maspuranus 4,92 2,80 2,23 0,10 4,76 0,90
Majarackap 4,77 5,14 2,23 0,03 4,76 0,90
Marnasu 4,77 4,78 2,23 0,07 4,76 1,00
MaitbiuBbI 5,03 3,77 2,23 0,04 4,76 0,60
Mauibra 4,90 5,20 3,00 0,07 4,76 0,70
Mexkcuka 4,92 3,85 2,23 0,47 4,76 0,60
Mo3zaMOuK 4,74 4,40 2,23 0,04 4,76 0,90
Momosa 4,93 5,70 2,23 0,22 4,76 0,70
Hemnan 4,85 4,05 2,23 0,01 4,76 1,00
Hunepnanast 4,99 4,81 2,23 0,98 4,76 0,80
Huxkaparya 4,81 4,29 2,23 0,06 4,76 1,00
Hopserus 4,88 448 2,26 0,09 4,76 1,00
gg;’gggeegﬂ;fpam 5,00 4,48 1,88 0,05 4,76 0,60
OctpoB MaH 5,03 3,88 2,23 0,40 4,76 0,90
Ilakucran 493 1,55 2,23 0,06 4,76 0,80
Ilanama 4,99 4,40 2,12 0,25 4,76 0,60
[Maparsaii 4,77 4,48 2,35 0,03 4,76 1,00
[Monpra 4,88 1,92 2,51 0,15 4,76 0,90
ITopryranus 493 6,63 2,23 0,23 4,76 0,80
Poccus 4,99 5,00 2,23 0,11 4,76 0,60
Pymbinus 4,93 4,66 2,23 0,12 4,76 1,00
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Okxonuyanue tabdn. 1
Ending of the table 1

Crpana B. B P, Py P o
Can-MapuHo 5,57 3,40 1,26 0,92 4,76 0,40
Can-Tome u [Tpuncumnu 5,22 4,48 2,23 0,06 4,76 0,80
CaynoBckas ApaBust 5,03 448 2,23 0,06 4,76 0,50
Ceneran 4,81 3,03 2,23 0,04 4,76 1,00
CepOust 4,93 3,33 2,23 0,08 4,76 0,90
CuHramyp 5,26 4,48 2,23 0,01 4,76 0,40
CrnoBakus 4,77 4,59 2,23 0,03 4,76 1,00
CrnoBeHus 493 4,48 2,23 0,09 4,76 1,00
Cynan 4,77 5,18 2,23 0,10 4,76 1,00
CIIIA 5,13 4,96 2,23 0,65 4,76 0,60
Cobeppa-Jleone 4,88 1,11 2,23 0,09 4,76 0,90
Tpununan u ToGaro 5,03 4,49 2,23 0,13 4,76 0,60
Tynuc 4,93 2,00 2,23 0,16 4,76 0,70
Typuumsa 5,03 5,07 2,23 0,10 4,76 0,80
VYkpauHa 4,93 3,18 2,23 0,06 4,76 0,90
VYpyrsaii 4,74 3,77 2,23 0,07 4,76 0,90
OuHIAHINA 4,78 6,90 2,23 0,15 4,77 1,00
Dpannus 5,18 4,14 2,23 0,44 4,76 0,50
Xopsarust 4,85 6,66 2,23 0,05 4,76 1,00
g:;‘;ﬁgjf;:;"‘*@p““aﬂ"“a" 4,93 2,22 5,00 0,08 4,76 1,00
UepHoropust 4,81 4,48 2,23 0,04 4,76 1,00
Yexust 4,93 6,29 3,51 0,09 4,76 1,00
[Beinapus 5,00 5,03 2,33 0,33 4,76 0,80
[IBenus 5,08 4,48 2,23 0,88 4,76 0,60
DxBazop 5,07 2,74 2,23 0,33 4,76 0,90
Onp-CanbBagop 4,93 4,48 3,40 0,11 4,76 0,70
DcToHus 4,93 4,48 2,23 0,09 4,76 0,90
Dduonus 4,81 2,94 2,23 0,06 4,76 1,00
SnonHwust 4,81 3,75 2,23 0,07 4,76 1,00

Uto0bI U3y4YHUTh BO3MOKHOCTB BBISIBIICHHSI TPYIII TOCYAAPCTB CO CXOKMMH 3HAYEHUSIMH IIapaMeTpoB, Obu1a
[IpOBEJICHA KJIACTEPHU3aLHUs BCEX CTPaH, JIsl KOTOPBIX PacCUUTHIBAINCH MapamMeTpsl Moaenu. Kiacrepuzanus
BBINOJIHsIIACh MeToIoM K-cpennux [8]. Llenb anroputma K-cpeanux — pa3neiauts M Touek B N U3MEpeHUsIX Ha
K knactepoB TakuM 00pa3oM, 4TOObI CyMMa KBaApaToB PacCTOSHUM BHYTPH Ki1acTepa Obllla MUHUMH3UPOBAHA.
B xozne paboTsl NIPUHATO pElIEHHE 0TKA3aThCsl OT TPEOOBAHUS TOTO, YTOOBI PE3YJIBTAThl PACUETOB € HCIIOIb30-
BaHMEM MPEUIOKCHHON MOJENN UMENN MUHUMAJIBHYIO CYMMY KBaJpaToB PacCTOSHUN AJISl BCEX pa3zieioB, 3a
HCKJIIOYEHUEM cilydaeB, korga M, N mansl u K = 2, BBUly HEIPAaKTUUHOCTH AAHHOTO TpeOOBaHUS IPUMEHHU-
TEJIBHO K paccMaTpuBaeMoi 3a1aye. BMecTo 3TOro 0CTaHOBUIIMCH HA TOUCKE «JIOKAJIBHBIX) ONTUMYMOB — TAKHX
peLIeHui, U1 KOTOPBIX HUKAKOE IEPEMEILEHNE TOYKH U3 OTHOT'O KJIacTepa B APYIrol He YMEHBILUT CyMMY KBaj-
paroB BHyTpH kiactepa [9]. Takke Obl1a onpeneneHa CTerneHb B3aMMHOTO BIUSHUA KOG GHULINEHTOB MOJCIIN
Ipyr Ha apyra. OHa rokasaia, 4To [apaMeTpbl MOJEIH SIBIISIOTCS IPAKTUUECKU HE3aBUCUMBIMH, U UX MOXHO
aHAJIM3UPOBATH 110 OTACIBHOCTH.

B pesynbrare peanuszanuy NpUBEICHHOTO aJropuT™Ma ObUTH BBISBICHBI TPH KJIacTepa CTpaH, 0003HaYeHHbIC
kak kinactepsl 0, 1 u 2. 'eorpaduueckoe pacnoiaokeHue rocy1apcTB U3 TPeX YKa3aHHbIX KJIACTEPOB IIPEICTaB-
JIeHO Ha puc. 1.
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® Kuacrep 0
® Kiacrep 1
® Kiacrep 2

. Owxnas
 Amepuka

Puc. 1. Pactipenienenue UccIeIyeMbIX CTPaH MUPA [0 KIacTepaMm
Fig. 1. Distribution of the studied countries of the world by clusters

OCHOBHBIE Pa3/IN4ns B 3HAYCHUAX IIAPaAMETPOB IIPEIJIOKEHHON MOJEIN MEXIY KJIaCTepaMu HaOII0Aat0TCsl
Ui K03 GHUIHeHTa CUMIITOMHON riepeadn 3adonesanus (,), koaddunmenra cMepTHoCTH cpenn 3a001eB-
mux (¢,;) ¥ nopsaka IpoOHoi Mpon3BoaHOH (o). 115 BBIICHEHHS: 0COOEHHOCTEN PacIpOCTpaHEH s HHPEKIIUH
COVID-19, onuceiBaeMbIX IapaMeTpaMyd MOZEIH, B 3aBUCUMOCTH OT COLUAJIBHO-?KOHOMUYECKOTO Pa3BUTHUS
CTpaH AJIs KAKJO0r0 KilacTepa Ha OCHOBE CTATUCTUYECKUX AaHHBIX OBbIIIM PACCUMTAHBI CIICAYIOIINE SKOHOMUKO-
JneMorpaduueckue IoKa3aTesu: IPOLEHT HaCeJIeHUs CTapIle 65 JIeT, IPOLIEHT HACeJICHHS, )KUBYIIETO 3a YePTOH
OeHOCTH, IPOLICHT KYPUIIBLIUKOB KEHCKOT'O 110714, IIPOLIEHT KYPUJIBIIUKOB MYXCKOT'0 110J1a, BaJOBBII BHYTPEH-
uuit npoaykt (BBII) Ha aymnry HacenmeHwsl, MHAEKC Y€TIOBEYECKOTO PA3BUTHS, CPEHSASA TPOIOKUTEIHHOCTh
KHU3HH, MEIMAaHHbBII BO3pACT, IVIOTHOCTh HaceIeHus. Pe3ynbTaTel pacueToB NpeICcTaBiIeHbI B Ta0IMI. 2.

Tabununa 2
Pe3yibTaThl KJIACTEPH3ALMH
Table 2
Results of clasterisation
[TapameTpsr Knacrep 0 Kracrep 1 Knacrep 2
Tlops 1ok IpoOHO# TIPOU3BOAHOM 0,89 0,71 0,84
Koahduupent cuMnToMHOM miepenadn 3a00IeBaHusI 3,65 4,81 4,54
Koo duument cmepTHOCTH cpe/n 3a60JIeBIIIX 0,10 0,44 0,23
IIpoueHT HaceeHus cTapiie 65 et 5,88 14,86 14,78
TpoLeHT HaceIeH s, JKUBYILETO 38 YEPTOH OETHOCTH 21,64 6,93 6,05
TIpoLeHT KypUIIBIIKUKOB KEHCKOTO O 8,11 17,47 18,57
TIpOLEHT KypUIILIIUKOB MyXKCKOTO M0J1a 32,90 26,98 33,91
BBII na xyury wacenenust, nomr. CIIA 5794,28 56 876,50 26 121,17
WHJEKC YeIOBEYECKOTO Pa3sBUTHsI 0,62 0,91 0,84
CpetHsist IPOIOIKUTENLHOCTD KU3HH, JIET 68,63 81,58 77,89
MeMaHHbIA BO3PACT, JIeT 25,36 39,64 38,14
TLI0THOCTD HACEICHHSI, YeIL./KM 176,10 698,10 166,05

HpI/I CPaBHUTCIIBHOM aHAJIM3C KIIACTCPOB B IEPBYIO OUCPEAb CTOUT OTMETUTH TOT (I)aKT, qTO KOE)(I)(I)I/II.[I/I@HT
CMCPTHOCTHU CpCaun 3a00JEBIINX U KOS(i)(I)I/IL[I/ICHT CHUMIITOMHOM nepeaayun 3a00J1¢BaHHS JJId KJTacTepa 0 meHbIIIC
AHAJIOTUYHBIX BCJIMYUH AJI JPYTUX KIIACTCPOB. COOTBCTCTBCHHO, MOXHO NPCAIOJIOKUTL, YTO 3a00J1€Ba€MOCTh
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COVID-19 B ctpanax kiactepa 0 qomkHa ObITh MeHbIE. B TO jke BpeMs CYIIIECTBEHHBIM ITOKa3aTeJieM SB-
nsietTcst 0oJ1ee BRICOKUH MOPSIOK JPOOHON MPOU3BOAHOMN. DTOT Pe3yNnbTaT MOXKHO HHTEPIPETUPOBATH CIE/YIO-
muM 00pa3oM: B TEYSHHUE MEPBOM BOIHBI SMTUIEMUH HE ObLTH () (hEKTHBHO BBEICHBI CIICPKUBAIOIINE (DAKTOPHI
(HarpumMep, KapaHTHH U CTPOTHE COollMabHbIe OrpaHUYeHus). BMecTe ¢ TeM B cTpaHax, I7ie Moly4yeHHBIH pU
aNMpPOKCUMAIIMK CTaTUCTUYECKUX JAaHHBIX pe3yibTaTaMi MOJEIHPOBAHUS MOPSIOK APOOHOM MPONU3BOAHOMN
MEHBIIIE, KOJIMYECTBO JIIOJICH M3 MHQHUIIMPOBAHHOW TOMYIISIIMKA YMEHbIIaeTcsi Oonee TuaBHO. JlaHHBINA (akT
yKa3bIBaeT Ha TO, YTO paclpeiesieHHe Harpy3Kd U MPHUHATHIE COIMAJIbHBIE MEPhI MO3BOJSIOT HE AOMYCTUTh
KOJIJIAaTica CUCTEMBI 3/[PaBOOXPAHEHHUS .

Bornee BbICOKMIT IOPSIIOK POOHOH MPOU3BOHOM y cTpaH kiactepa 0 MOKeT OBITh CBsI3aH ¢ OoJiee HIU3KUM
YPOBHEM SKOHOMHUYECKOTO Pa3BUTHUSI TOCYIAPCTB IAHHOW KaTeropyu B LIEJIOM: Takue rokazarenu, kak BBII Ha
YLy HaceJeHMs, NHJEKC YeJI0BEYEeCKOTO Pa3BUTHS, CPEIHSS MPONOIKUTEIHHOCTD KU3HH, 37€Ch HIKE, 4YeM
B OCTAJIbHBIX KJacTepax. [IpomeHT HaceneHus, >KUBYIIEro 3a 4epToi OeHOCTH, B cTpaHax kiactepa 0 ropas-
JIO BBIIIE, YEM B CTpaHax Apyrux kiaacTepoB. COOTBETCTBEHHO, MOXHO MPEAION0KHUTH, YTO B TOCYyAapCTBax
kiacrepa O Oobliee KOJTMYECTBO JIIONEH HE MOMYyYaloT MEAMIIMHCKIX YCIYT Ha JIOCTATOUHOM JIJIsl M30eTaHust
3apakeHus ypoBHe. C Apyroii CTOPOHBI, y 3TOT0 KJIaCTepa HAMMEHBIINN KOAPPHUIIMEHT CMEPTHOCTH CPE/IH 3a-
00JIeBIINX, XOTS METUITMHCKOE 00CTYKHBaHNE HE HACTOJIBKO XOpoIllee, KaK B CTPaHaX OCTAJIbHBIX KIacTEPOB.
JlanHast 0cCOOEHHOCTH MOXET OBITH CBSI3aHA C TEM, UYTO B rocyAaapcTBax kinactepa 0 camblil HU3KHM TPOIEHT
HaceJIeHUs cTapiie 65 5eT, a Kak U3BeCTHO, UMEHHO TMOKUJIOE€ HACeJIEHUE SBIISETCS TPYyNIol HanOOJbIIero
pucka npu 3a6onesanuu COVID-19. [l cpaBHeHus: Toabko B KaHazie BKI1aa JOMOB MPECTapesbiX B OO0
cMmepTtHOCTh 0T SARS-CoV-2 cocrasmnsier okono 80 % [10]. Eme oganm u3 hakTtopoB BiIHsSHUS sSBIsIETCs Ooree
3aCyIIIMBBINA KJIMMAaT B pacCMaTpUBaeMblii TIeproJ] BPEMEHH, KOTOPBIH NMPEMsTCTBYET BO3AYIIHO-KalleIbHOMY
MexaHusmy pacnpoctpanenus napexkuuu COVID-19 B cTpanax storo kiactepa [11; 12].

HecMmotpst Ha ycrieniHoe npuMeHeHne pa3paboTaHHON MOJIENH JIJIsl OMUCAHMSI JMHAMUKH YHCIia CMepTel
¥ HOBBIX CITyYaeB 3apa)KeHUS JJIs NEepPBOW BOJIHBI MMaHJIEMUH, OBUIO YCTAHOBJIEHO, YTO JJIsSi BTOPOH BOJIHBI
SMUJEMUH JTaHHAsg MOJENb HE MO3BOJSAET MOJYUUTh aJeKBaTHOE BOCIPOU3BEAECHUE PACTIPOCTPAHEHUS UH-
(exnuu. Bpina BEIIBUHYTA THIIOTE3a O TOM, YTO BBy MyTarecHHOCTH BUpYca repeiada HHPEKIUH Mproo-
petaer psig ocodbeHHOCTeH. B 1ensax ydera 3Toro (akropa MpUHATO pemieHrHe MOIU(UIIUPOBATh MOJIEINb,
Oojee neTambHO OMMCAB MEXAHU3MBI Mepelaun U pa3BUTHA 3aboneBanus. B pesynbrare OblIO 106aBIeHO
JOTIOTHUTENbHOE YpaBHEHHE, ONHUCHIBAIOIIEEe JUHAMUKY YHCIEHHOCTH MOMYIISIIINY, Y TPEACTaBUTENEH KOTO-
poii 3a0onieBaHIEe HAXOIUTCSI B MHKYOAIIMOHHOM MIEPUOJIe, HO TIPU 3TOM OHH HE SIBIISIIOTCSI aKTUBHBIMHU pac-
npocTpaHuTensMu nHpekun. JJanHoe ypaBHeHHE BBEICHO HAa OCHOBaHWHU HEJIAaBHUX HccieqoBanuii [13],
COTJIACHO KOTOPBIM 3apa3HOCTh MPOSBISETCS HE Ha MEpPBBIN JEHb MOCe HEMOCPEICTBEHHOTO 3apaykeHusl.
VMMyHHBIH OTBET MOKET CYIIIECTBEHHO BapbUPOBATHCS OT YEJIOBEKa K YeJIOBEKY, U HadyaJlo paclpocTpaHe-
HUS BUpyca ¢ MOMEHTa 3apakeHUs CTPOTO WHIUBUIYAIBHO.

CoOTBETCTBEHHO, B IIPEJIaraeéMyro MoJIeb ObIJT JOOABIIEH JOTIOTHUTEb-
HBIH KOMIIAPTMEHT €, 0003HAYarOLINH JIFOJICH, KOTOPBIE YK 3apasHIINCh M1a-
TOTE€HOM, OJTHAKO €II€ HE SIBIIAIOTCS aKTHUBHBIMH €T0 PacipoCTPAHUTEISIMU.
3apaskeHHne MPOUCXOIUT MPU B3aUMOJICHCTBUU BOCTIPUMMYHMBOTO K MH(]EK-
UK HAaceJIeHHs (§) ¢ MUHPUITUPOBAHHBIMHU JIFOIBMH (i) MITH O CCUMITTOMHBIMU
pacnipoctpanuTensivu Oonestu (e). Hacenenue u3 noarpymnisl e, mepexoant
B KOMIIAPTMEHT €, CO CKOPOCTbIO G|, ABJIAOLIEHCS BEIMIUHOMN, 0OpaTHOMH Bpe-
MEHH, 32 KOTOPOE pa3BUBAETCS CIIOCOOHOCTh OpraHU3Ma paclpoCTPaHATh BU-
pyc (oxono 48 u1). Hacenenue u3 noarpymnmsl e, IepexoauT B KOMIAPTMEHT i
CO CKOPOCTBIO G,, KOTOpasl ONpeessieTCcsl MHKYyOallMOHHbIM nepuosioM. Cxema

Puc. 2. Brok-cxema, TIePEeX0I0B MHANBUIYYMOB MEX/Ty KOMITApTMEHTaMH MpeJICTaBIeHa Ha pUC. 2.
OTMCBIBAFOIIAsl TMHAMHKY TTEPEX0I0B I/IHKy6aL[I/IOHHI>II7'I nepuo BUpyca — 3TO NPOMEKYTOK BPEMCHH MEKAY
M3y KOMIAPTMEHTaMH HACENICHNs.  BEPOSITHBIM CaMbIM PAHHMM KOHTAKTOM C MCTOUYHMKOM Iepeiadu HHQEKIHN

B HpC/UIaracMom MOz Y CaMbIM PAHHUM IOSIBJICHHEM TIEPBBIX CUMIITOMOB. IHKYOAIIMOHHBII IEPHOJT

_ Fig. 2. Flowchart o SIBJIICTCS OJTHUM M3 BXKHECHIITNX 3MMUCMHOIIOTMYSCKUX TapaMeTpOB HH(DEK-
describing the dynamics of transitions .

between population compartments  WHIOHHBIX 3a0oseBaHni. 3HAHWE WHKYOAI[MOHHOTO Ieproyia 3a00eBaHMsI

in the proposed model rMeeT OOJbIIIOe 3HAUEHHE JUTS OTNPEe/IeNIeH s YHCiIa HOBBIX CITydaeB 3a0oiie-

BaHUsI, YIIPABJICHHUS BO3HUKAIOIINMHU YTPO3aMH, OLIEHKH MPOJAOIKUTEIBHOCTH

NOCTICYIONIETO HAOMIOCHUS TS OTCIIC)KUBAHKSI KOHTAKTOB U BBISIBIICHUSI BTOPUYHBIX CITy4aeB 3apa)KeHUs,

a Takke Ui pa3paboTKH mporpamMm oOIIIeCTBEHHOTO 3paBOOXPaHEeHUs, HAlIPAaBJICHHBIX Ha COKpAIIeHUE repe-

Jladan 3a00JIeBaHUS BOCTIPUUMYHUBEIM Jitomsim [14; 15].

'Coronavirus disease (COVID-2019) situation reports [Electronic resource] // World Health Organisation : website. URL: https://
www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports (date of access: 12.02.2024).
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B cooTBeTcTBUM C OJI0K-CXEMOM TMHAMUKY ITEPEXO0B MEX, Ty KOMIIAPTMEHTaAMH HACEJICHHSI MO DUITHPO-
BaHHas1 Mozienb pacnpoctpaneHust SARS-CoV-2 npexacrasinsieT co0ol cucTeMy U3 HIECTH YpaBHEHUH B Jpo0-
HBIX ITPOU3BOAHBIX M HOCUT HazBaHue moaean SEqQESIRD (ab0peBuaTypa mo yka3aHHBIM BbIIIE KOMIApTMEH-

TaM HaceJICHUs): . '
Do,ts(t) =—B,si - B,se,

D&,eq(t)ZBisi+ B,se—oe,,

D(;f tes(t) = Gleq — 06, — (pees’
Dy i(t)=0,e,— @ i — @i,
Dy r(1)=0,i+ ¢,

Dgf,d(t) =@,l.

[Tockonbky B MOzeNb ObLIM 100aBICHBI HOBBIE TApaMEeTPHl (G, U G,), TO allIPOKCHUMAIINS CTATUCTUUECKUX
JTaHHBIX TPOBOJWIIACH C YUETOM BapbUPOBAHUS 3THUX MTAPAMETPOB.

Jnist Banuaanuy NpeijaokeHHON MOZIeNN ¢ BBEJACHHBIM JJONOIHUTENBbHBIM KOMIIAPTMEHTOM ObLT IPOU3BE-
JICH TIOJTHBIM pacyeT BCEeX BOJH SMUIAEMHUU ISl Pa3IMYHBIX CTpaH. B KauecTBe HamIsgHOTO IpUMepa HIDKE
MpHUBEICHBI JJAHHBIC AJIs1 bellbrun Kak mpeacTaBuTeN sl Kiactepa 1, B KOTOpoM OBUTH TPeANPUHATE Hanboee
3¢ PeKTUBHBIC TPABUTENBCTBEHHBIE MEPBI IO OOpEOE ¢ pacnpocTpaneHueM 3adoneBanus. bnaroxaps BBeaeH-
HOMY B MOJIEJIb IOTIOJIHUTEIEHOMY YPaBHEHHIO MOSBUIACHh BO3MOYKHOCTD a/IEKBaTHOTO ONMCAHUS BTOPOH U ITO-
CIICIYIOIINX BOJTH ATHIEMUH, JAHHBIE O KOTOPBIX MPEACTABICHBI HA PUC. 3—6 (KOJIMYECTRO JIFOACH HOPMUPOBAHO
Ha OOLIYIO YUCIICHHOCTh HACEIICHHS).

C ucnonp30BaHWEM YTOYHEHHOM MOJENN M3y4eHa JMHAMHUKA paclpoCTPaHEHHs BUpPYyca Ha MPOTSKEHUU
JBYXJIETHETO Tieprona s ABctpun, bensrun, BenmkxoOpuranuu, Benrpun, l'epmannn, [lannn, Upnanmm,
Wcnanwnn, Utammu, Kanagel, Jlareuun, Jluteer, Hunepnanmos, Hopseruu, [lomemm, [lopryrammm, CroBakuwu,
Cnosenuu, CIIA, Ounnsaaum, @pannmu, Xopsarun, Yexun, Lsenun, [Beitinapun, Octonnn. B pesynbrare
paccunTanbl K0O3(GHULIUCHTHI MpeAiaraeMoi MoAen st Beex BonH 3aboneBanust COVID-19, nabnogaBmmxcst
3a UcCIEeyeMbII TEPUO/.
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Puc. 3. PazsuTne nepsoit Bonus! snuaemun B bensruu (o = 0,80):
@ — 9NCII0 HOBBIX CITy4aeB 3apa)KeHUs1; 6 — KyMYISTUBHOE YHCIIO cMepTeil

Fig. 3. Development of the first wave of epidemic in Belgium (o = 0.80):
a —number of new cases of infection; b — cumulative number of deaths
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Puc. 4. PazButre Bropoit BonHsI snuneMun B bensrum (o = 0,90):
@ — 9NCII0 HOBBIX CITy4aeB 3apa)KeHMs1; 6 — KyMYISITUBHOE YHCIIO cMepTeit

Fig. 4. Development of the second wave of epidemic in Belgium (o = 0.90):
a —number of new cases of infection; b — cumulative number of deaths
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Puc. 5. Pazpurue Tpetheld BoHBI dnuaeMun B benbruu (o = 0,90):
@ — 9UCTIO HOBBIX CITyYaeB 3apaKeHUs; 6 — KyMYJSTHBHOE YHCIIO CMepTei
Fig. 5. Development of the third wave of epidemic in Belgium (o = 0.90):
a —number of new cases of infection; » — cumulative number of deaths
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Puc. 6. PazBurue uetBepToii BomHbI snuaemud B benasrum (o = 1,00):
@ — 4UCIIO HOBBIX CITy4JaeB 3apakeHus; 6 — KyMyJISITHBHOE YHCIIO CMepTel

Fig. 6. Development of the forth wave of epidemic in Belgium (o = 1.00):
a —number of new cases of infection; b — cumulative number of deaths

KirroueBoii cTama TeHIEHITHS, BEIIBJICHHAS B HI3MECHEHUH TTOPSIKA TPOOHOM IPOM3BOIHOM (01). Y BCeX CTpaH
HE3aBHCHMO OT KJIaCTePHOH MPUHAICKHOCTH 3HaUE€HHUE JJAaHHOTO ITapaMeTpa Co BpEMEHEM CTPEMITOCH K e/IH-
HUIE. DTa TEHICHINS CBUJIETEIILCTBYET O TOM, YTO THHAMHKA PACIIPOCTPAHEHHSI OOJIE3HU CTPEMHUTCS OT aHO-
MaJIbHOM K HOpMaJIbHOM.

[TomyueHHBIN pe3ynbpTaT MOXKET YKa3bIBaTh Ha TO, YTO MOPSIOK APOOHOM TPOM3BOTHON OMpEIEIsIeTCs He
TOJIBKO CTETIEHBI0 TPUHUMAEMBIX MEp 0 KOHTPOJIIO 3a00JIeBaHMs, HO U KOJIMYECTBOM IIITAMMOB BHPYCa, IUP-
KyJIHPYIOMHX cpean HaceneHus [16]. Takum oOpa3om, yBenmdeHre 3Ha9eHuUs IapaMeTpa oL O3BOJISIET OTPA3UTh
MIpoIiecC TMOSBICHUS HOBBIX MyTalMid BUpyca. B mombs3y 3Toro ¢akra TOBOPHUT TO, YTO TMOBBIINICHHUE MOPSIKA
JpOOHOH TIPOM3BOIHON XapaKTEPHO a0COIIOTHO JUIS BCEX CTPaH, TaK JKe Kak M TOsBIeHHE MyTaIiid. JlaHHbIH BbI-
BOJI IIOATBEP)KAACTCS M TEM, YTO 3HaYeHUE Kod(duIreHTa CMEpTHOCTH cpean 3a00eBIunX (¢,) ¢ Kax1o1 BoJI-
HOW yMEHbIIIajock. Mcxons n3 BBIIECKa3aHHOTO, MOYKHO TTPEITOIOKHTE, YTO KOMIUIEKC Mep, MPeATpHHAMAae-
MBIX IPABUTEILCTBAMH PA3HBIX CTPaH (HOIIEHNE MAaCOK, OTpaHIMYeHNE KOHTAKTOB, JIOK/IAYH U JIp.), CTAHOBHIICS
6oee 3¢ (eKTUBHBIM 1 TTPUBOANI K YMEHBIIICHHUIO YMCIIa JIETATFHBIX UCXO/IOB. TeM He MeHee 3apakaeMOCTh
Bupycom COVID-19 pocia. 910 HabmOneHNE MOKHO OOBSICHUTH TE€M, YTO MyTHPOBABIININ IITAMM PacIpo-
CTpaHsIICS ¢ OONBIIEH CKOPOCTHIO.

3akJroueHue

BBenenne npoOHBIX IPOM3BOAHBIX B MOJIENH ONHMCAHUS PACTIPOCTPaHEeHUs WH(GEKINH MO3BOJIsIeT Oonee
TOYHO TI0 CPaBHEHHUIO C MOJIEISIMH C TIEITBIMU ITPOM3BOIHBIMH BOCIIPOU3BECTH CTAaTUCTUYECKHE JaHHBIE TIPO-
TEKaHWs MaHIeMHAN. DTOT BBIBOJ CITPABEIIHB TSI BCEX M3YUYEHHBIX CTPaH, YTO 000CHOBEIBAET MIMPOKYIO 00IACTh
WCTIONTb30BaHUS IPOOHBIX TIPOU3BONHBIX. [loMydeHHbBIE pe3ynbTaThl TakKe YKa3bIBAIOT HA TO, YTO MPH BBHIOOpE
TIopsIIKa IPOOHOM MTPOW3BOIHOM TSI MOACITUPOBAHUS TTOCIICTYIOTUX SITHIEMUN, KOAPDUITHESHTA CHUMITTOMHON
riepeaadn 3a00aeBaHusI U KOd(PPUITMEHTAa CMEPTHOCTH Cpenr 3a00JICBIINX CIIETYET YIUTHIBAThH MEIHMAHHBIN
BO3pacT HACENIeHUs, MJIOTHOCTh HACEIIEHUS M Psi/I SKOHOMUYECKUX ITOKa3aTemei.

Kpome Toro, He0OXOAMMO OTMETHTB, UTO JJII BUPYCOB, XapaKTEPUIYIOIINXCS TPOIOIHKUTEIHHBIM HHKYOa-
[IMOHHBIM TIEPUOOM, B Hadasle KOTOPOTO WHAMBHIIYYM HE SIBISETCS paclpocTpaHUTeIeM O0JIe3HU, IPEod-
TUTETHHO TIPUMEHATH NPEUIOKCHAYIO0 B qaHHOW pabote moaenb SEqESIRD, Bkmtogaromnyro ypaBHEHUE IS
COOTBETCTBYIOIIEr0 KOMITAPTMEHTA HACETICHHS.
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MUKPOCTPYKTYPA CIIAABOB
N3 AAIOMVMHHUEBOI'O AOMA 1 BUCMYTA
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Annomayusn. Crinasst Al — 1,3-2,6 mac. % Bi H3roToBIEHBI Ha OCHOBE aTFOMHHHUEBOTO JIOMA, COIEPIKAIIEr0 OKOJIO
0,3 mac. % KpeMHUs U JKene3a, 1 BUCMyTa ¢ YucToToi 99,999 % cruranennem npu 800 °C u nmocnenyromen 3aauBKON
B rpauToBYI0 M3NMOXKHAIYY. CpenHss CKOPOCTh OXJaKICHUS paciuiaBa coctapisuia npumepHo 10 K/c. B crmaBax BbIsiB-
JICHBI IPEUMYIIECTBEHHO IapO0Opa3HbIC BIJCICHUS BUCMYTa, PACIIOIOKEHHBIC TNIAaBHBIM 00pa30M Ha rpaHHIaX 3epeH.
MeTomoM CITy4aiiHBIX CEKYIIHMX ONpPEIeIICHbI MapaMeTPbl MUKPOCTPYKTYPHI CIUTaBOB. CpeHsIsl UTMHA XOP CIyYaifHbIX
CEKyIIUX Ha CEUYCHUIX 3CPCH aAIFOMUHHMS paBHA 71 MKM, CpEIHUH pa3Mep 3epeH aTFOMHUHUS cocTaBisieT 120 MKM, a yreb-
HAsl TOBEPXHOCTH IPAHMII 3epeH antoMuHms — 0,026 MKM . MakCHMAaIbHBIN JHaMeTp AMCIIEPCHBIX YaCTHI[ BHCMYTA JI0-
cruraet 10 MKM, a cpeHuit auamerp — 2,1 MKM, yenbpHas TOBEPXHOCTh MeK(a3HON TpaHHIIBI AIFOMIHUH — BHCMYT paBHA
0,008 MKM . OTMeueHo o0Opa3oBaHKe CKOTUICHUH, BKIIIOYAIONINX BBIICIEHUS KeJle30Co/epKaIiei ¢pa3bl B BUIE TOHKHX
rtactud TomnuHoi 0,3—0,8 MkM. YMeHblieHue MUKpoTBepaocTH ciuiaBa Al — 2,6 mac. % Bi npu M30XpoHHOM OTXKHTE
00ycIoBiIeHO pa3BUTHEM AU PY3UOHHBIX TPOIeccoB Mpu Temiieparype Boime 80 °C, 4To CrocoOCTBYET KOaJIeCIIEHIIMN
JUCTICPCHBIX YaCTHI[ BUCMYTA.
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MICROSTRUCTURE OF ALLOYS
OF ALUMINIUM SCRAP AND BISMUTH

V. G. SHEPELEVICH"

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Abstract. Al —1.3-2.6 wt. % Bi alloys are made on the basis of aluminium scrap containing about 0.3 wt. % silicon and
iron, and bismuth with a purity of 99.999 %, fused at 800 °C and then subsequent filling into a graphite mold. The ave-
rage rate of melt cooling was approximately 10 K/s. The alloys contain mainly spherical bismuth precipitates, located
preferentially at the grain boundaries. The microstructure parameters of the alloys were determined by the random secant
method. The average length of chords of random secants on sections of aluminium grains is 71 um, the average size
of aluminium grains is 120 pum, the specific surface area of aluminium grain boundaries is 0.026 pm . The maximum
diameter of dispersive bismuth particles reaches 10 um, and the average diameter is 2.1 pm, the specific surface area of
the interphase boundary aluminium — bismuth is 0.008 um . Clusters are formed, including iron-containing phase in the
form of plates 0.3—0.8 um. The decrease in the microhardness of Al — 2.6 wt. % Bi alloy during isochronous annealing is
due to the development of diffusion processes at temperature above 80 °C, which promotes the coalescence of dispersed
bismuth particles.

Keywords: alloy; aluminium; bismuth; grain; specific surface area.

BBenenune

MuKpocTpyKTypa U (PU3MUECKHEe CBOMCTBA CIUIABOB aJTIOMUHUS C BACMYTOM, WHIMEM U CBUHLIOM HEIOCTa-
TOYHO M3YYEHBI, YTO O0YCIOBICHO UX OTPaHMYCHHBIM NPUMEHEHUEM B PA3IMYHBIX OTPACISX MPOMBIIICHHO-
CTH, SHEpPreTuke M Ipyrux cdepax NesTeNbHOCTH denoBeka. OHAKO B TOCIEIHHE JBa JCCATHIICTHSI BO3POC
HAy4HBII U IPAKTUYECKUN UHTEPEC K YIIOMSIHYThIM Marepuasnam. Tak, Ha OCHOBE CUCTEMBI AIFOMUHUI — CBUHEL]
pa3paboTaHbl aHTH()PHUKIIMOHHBIC CILIABbI, MEXaHMYECKHE CBOWCTBA M KCIUTyaTallMOHHBIC XapaKTEPUCTUKU
KOTOPBIX 3aBHCAT HE TOJNBKO OT XHMHUYECKOTO COCTaBa, HO M OT pazMmepa (a3, ux MopQoIOTUU U pacrpere-
nenus [1]. CraBel Ha OCHOBE QIIOMUHMS M BUCMYTa MOTYT OBITh UCIIOIB30BaHBI IS 3aIIUTHl METAJIOB OT
KOppO3uH [2], 4TO BayKHO JJIsl MPOMBIIIJIEHHOCTH, ITPOU3BO/ICTBA TPAHCIIOPTHBIX CPEACTB U CTPOUTEIHCTBA.
Kpowme Toro, crutaBbl cucTEMBbl QJIFOMUHUN — BUCMYT B3aUMOJIEHCTBYIOT C BOJIOM, IPY 3TOM BbIJIENsIeTCS BOJIO-
PO, 4TO UMEET OOJIBIIIOE 3HAUCHHE JI BOJOPOJAHOMN 3HEpreTHKH [3—6]. /laHHOE B3auMO/ICHICTBHE 3aBUCUT OT
TeMIepaTypbl, AaBICHHsI, XUMHUYECKOTO COCTaBa CIUIaBa U €r0 MUKPOCTPYKTYpHI. J{JIs1 CHIPKEHHUS] CTOUMOCTH
BOJIOpPOJIa BMECTO AJTIOMHHHUSA, TOITY4aeMOT0 3JIEKTPOIN30M, 11eJIeco00pa3HO UCIHOIb30BaTh CIIJIaBbl U3 allto-
MHUHHEBOTO JIOMa (Hampumep, MpoBoja, TPyObl, MOCY1y, KOHCTPYKLIUOHHBIE H3aenust 1 1p.). MccnenoBanue
MHUKPOCTPYKTYPBI TAKHX CIUIABOB SBJISICTCS IIETbI0 HACTOSAIICH PaOOTHI.

MarepuaJibl 1 MeTOABI HCCJIETOBAHUS

CrmuiaBbl B3 aIIOMHHUEBOTO JI0Ma, coaepkaiiero okoio 0,3 mac. % sxene3a u KpeMHHUS, U BACMYTa C YUCTO-
To#1 99,999 % nonyuens! ciaBiaeHueM. Konnenrpanusa BucMyTa B HuX paBHa 1,3 u 2,6 mac. %. Marepuassl
pacruiaBisuid npu Temrneparype Beime 800 °C u 3anuBaiu B rpa@UTOBYI0 M3I0KHHIY. CKOPOCTH OXJIaX-
JeHusl paciuiaBa coctasisuia mpumepHo 10 K/c. UccnenoBanne MUKpOCTPYKTYPBI CIIAaBOB OCYIIECTBIISLIOCH
C TMIOMOIIBIO PacTPOBOTO AIEKTPOHHOTO MUKpockona LEO-1455VP (Carl Zeiss, ['epmanust), 0CHaIIEHHOTO
NPUCTABKOM AJISl TPOBENCHHS PEHTTCHOCIICKTPAILHOTO aHalln3a, pu padouem Hanpsokennu 20 kB. [Tapamer-
PBl MUKPOCTPYKTYPBI OIPEEIIEHBl METOZOM CITydalHbIX ceKylux [7] ¢ morpemHuocTbio 5—10 %. M3mepenue
MHUKPOTBEPOCTH CIIaBOB BBIMOIHATIOCH Ha Tpubope [IMT-3 (OAO «Jlomoy, Poccust) moa Harpyskoii 20 T npu
M30XPOHHOM OT)KHTE C BbLAEP:KKOI 20 MUH Ipu KaXk 101 Temrieparype B uHTepBaie ot 20 g0 160 °C. Ilorpermi-
HOCTb MU3MEPEHHsI MUKPOTBEPOCTH cocTaBuiua 4 %.

Pe3ynbrarhl 1 HX 00CyK/IeHHE

Wzobpaxkenne MUKpOCTPYKTyphI criaBa Al — 2,6 mac. % Bi npuseneno Ha puc. 1. Ha remHoM done HaOm0-
JIAFOTCsl CBETIIBIC BBIACTICHUS. BOMBIIMHCTBO U3 HUX UMEIOT (POPMY KpyTa, HEKOTOpbIe — (POPMY TPEyTOIbHUKA
C BOTHYTBIMU CTOPOHAMH WJIM OTpPE3Ka.

Pacnpenenenue snemenToB Ha moBepxHocTy muuda crasa Al — 1,3 mac. % Bi (puc. 2) nozBonuiio ycra-
HOBHTH, YTO CBETJIBIMH BBIICIICHUSMH SIBIISIOTCSl YACTHIIBI BUCMYTa, & TEMHBIMU 00JacTSIMHU — BBIACICHHS
AITIOMUHHSL.
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Puc. 1. Muxpoctpyktypa cmiasa Al — 2,6 mac. % Bi
Fig. 2. Microstructure of the Al — 2.6 wt. % Bi alloy
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Puc. 2. PactipeniesieHHe 3JI€MEHTOB BJIOJIb JTMHUH CKAHUPOBAHUS
3JIEKTPOHHOTO JIyya Ha MOBepXHOCTH ciutaBa Al — 1,3 mac. % Bi

Fig. 2. Distribution of elements along the scanning
of the electron beam on the surface of the Al — 1.3 wt. % Bi alloy

Briaenenust BUCMyTa pacrnonararoTcsl IpeUMYIECTBEHHO Ha TPAaHHLIAX 3€PEH, TEKOPUPYs MX, YTO MO3BO-
JIIET ONPEAEIUTh MapaMeTphl 36pEHHON CTPYKTYphl. CpenHss ATMHA XOP/ CITyYallHbIX CEKYIIUX Ha CEUYEHUSX
3epeH aTIOMHUHHUA paBHa 71 MKM, CpeHHI pa3Mep 3epeH alfOMHUHUS cocTaBiseT 120 MkM, a yiaenbHast HOBEpX-
HOCTb I'paHul] 3epeH anoMunus — 0,026 MKM .

Pacnpenenenue yactun BucMmyTa criaBa Al — 2,6 mac. % Bi 1o pasMepHBIM TpylmaM NpeacTaBiIeHo Ha
puc. 3. Jlons cedeHnit 4aCTHIl BUCMYTA B BUJE TPEYTOIBHUKOB U OTPE3KOB COOTBETCTBYET MOCIEAHEN KOJTOHKE
ructorpammsl (Y). Haubonpiuas 1o yacTul NPUXOAUTCS HA MUHUMAJIBHYIO pa3MEpHYIO TPYIIILY, B KOTOPOI
HaXOJATCsl CEUEHMsI TuaMeTpoM MeHee 2 MKM. C yBeIM4eHHEM pa3MEpPHOCTH TPYII J0JI YacTHL[ BUCMYTa
B HUX yMeHbInaeTcs. CpeqHui [uaMeTp 9acTULl BUCMYTa COCTaBIsAET 2,1 MKM, yJeIbHas MOBEPXHOCTh MEX-
(ha3HOM rpaHuUIbl AOMUHUI — BUCMYT paBHa 0,008 MKM .
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Puc. 3. Pacnpenenenue 4acTull BUCMYTa
cruaBa Al — 2,6 mac. % Bi o pasmepHBIM TpynmaM

Fig. 3. Distribution of bismuth particles
of the Al — 2.6 wt. % Bi alloy by size groups

Kpome Toro, B ucciemyemMbIx CIuiaBax Ha TpaHHUIAX 3epPeH HAOIONAIOTCS CKOTICHHSI OCTIbIX U CEPhIX BhIJC-
JICHWI, CEYCHUSI KOTOPBIX UMEIOT (hopMy HEOOIBIIINX OTPE3KOB MM KpyToB (puc. 4). x oO6pa3oBaHre BO3ZMOKHO
13-32 OTTECHEHHS MaJIOPAaCTBOPUMBIX aTOMOB JKeJie3a ITPH KPUCTAIUIM3AI[UH B OCTABIIYIOCS XKUIKYIO (azy, uTo
00yCITOBIMBACT YBEITUICHIE B HEW KOHIICHTpAIHH kesne3a. [losBiieHrne 061acTed ¢ MOBBIICHHON KOHIICHTPA-
[UeH Kele3a MPUBOUT K MPOTEKAHUIO IBTEKTHUECKOTO MPEBPAILCHHS, TIPU KOTOPOM (OPMUPYIOTCS Kee30-
CofIeprKallye BBIJIENICHIS, YTO TIOATBEPKAAETCS PEHTTEHOCTIEKTPATLHBIM MUKPOAHAIH30M (pHC. 5), coracyercs
C IMarpaMMOii COCTOSTHHS aJTIOMIUHHN — Kele30 [§] v JaHHBIMH, TIPUBEICHHBIME B pabdote [9].

dopMupoBaHKe HEOJHOPOIHON CTPYKTYPHI B UCCIIETYEMBIX CIUTaBaX CBA3aHO C 0COOCHHOCTSIMU IUarpaMMbl
COCTOSIHUS aJTIOMUHUHN — BUCMYT [8]. B manHoii cucteme npu Temrieparype Boitie 657 °C uMeeT MecTo paccioe-
HUE pacIulaBa Ha ABe KuAKocTu (L, u L,), ommyaromuecs coctaBoM. [Ipu 3ToM o6beMHast 10s )KuAKoCTd L,
00OTaleHHON aJIFOMUHHMEM, 3HAUUTEIbHO OONblIe 00bEMHOMN JONH KUAKOCTU L,, 000TameHHOH BUCMYTOM.
Kugkocts L, npu oxnaxaeHun Huxke 657 °C UCHBITBIBAET MOHOTEKTHUYECKOE MPEBpALIEHNE, IPU KOTOPOM
00pasyroTcs 3epHa aTIOMUHHUS, & aTOMBbl BUCMYTa H JKeJie3a OTTECHSIIOTCS B OCTAaBIIYIOCS KUIKOCTh. B ciryuae
oxJakaeHus Hrxke 652 °C BO3MOXKHO MPOTEKaHUE IBTEKTUUECKOTO MIPEeBpalleHs (KOHLIEHTpaLus jKejie3a co-
crasiset npumepHo 0,9 at. %), mpu koTopom oOpasyetcs coenunenne Al,Fe. DopmupoBaHue sxene30coneprkarieit
(asbl B CIJIaBaX CUCTEMBI aTIOMUHUI — kene30 Habmonanock paxee [9]. XKuakocts L,, oOoraiieHHas BUCMY-
TOM, TIpH OoxJakaeHnn Huke 270 °C HCHBITHIBAET 3BTEKTUYECKOE TPEBPAIICHUE, IPH KOTOPOM BBIIEISIOTCS
BHUCMYT M aJTIOMUHUHA. BbIenenns BUCMyTa 1 jkene3ocoaepikalieii Gpaspl pacmonaraioTcs IpenMyIecTBEHHO
Ha TpaHUIax 3epeH aIOMUHUS. Briaenenus xkene3ocoaepkamei Gpa3pl IMEIOT IIIACTUHYATYIO CTPYKTYPY; TOJ-
HIMHA [UIaCTHH HaxonuTcs B mHTepBaie 0,3—0,8 MxM. BeigenuBimiicst amfoMUHIH TPUCOSANHSIETCS K 3epHAM
ATIOMUHUS, 00pa30BaHHBIM paHee MPU MOHOTEKTHYECKOM TpEBpalleHUH. B Xo/le peHTTeHOCIEeKTPaIbHOTO
MHUKpOaHaIN3a He Y/Ia10Ch OOHAPYKUTh CKOTIJICHHUH KPEMHHS, T. €. OH 00Jiee OTHOPOTHO PACIIPEEIICH B allfo-
MUHUH, Y€M BHCMYT U KEJIE30.

Puc. 4. Cromnenus BoiieneHuii a3 B cruiase Al — 2,6 mac. % Bi

Fig. 4. Accumulation of phase precipitation in the Al — 2.6 wt. % Bi alloy
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Fig. 5. Distribution of elements in an area containing aluminium,
bismuth, iron and silicon of the Al — 2.6 wt. % Bi alloy

Hannuue B crutaBe IMCHEPCHBIX YacTHIl BUCMYyTa OOYCJIOBIMBAET €ro MeTacTaOWibHOE cocTosiHue. M3-
MEHEHHE MHUKpPOTBepAOCTH ciuiaBa Al — 2,6 mMac. % Bi npu H30XpoHHOM OT)KHTE, IPOBEJCHHOM B HHTEpBaJie
temneparyp 20-160 °C, npencrasieno Ha puc. 6. B nuanazone remneparyp 80—140 °C nabnionaercs OTHOCH-
TEJIbHOE YMEHBIIIEHNE MUKPOTBEPAOCTH, paBHOE TpUMepHO 10 %.
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Fig. 6. Change of microhardness of the Al — 2.6 wt. % Bi alloy
during isochronous annealing

W3MeHeHne MUKPOTBEPAOCTH CIUIABA MIPU U30XPOHHOM OTXKUTE 00YCIIOBIICHO pa3BuTueM Juddy3noHHBIX
MIPOIIECCOB, KOTOPBIE CIIOCOOCTBYFOT KOAJICCIICHIINY AUCTIEPCHBIX yacThll BucMyTa [ 10]. [IpoucxomuT pactBope-
HUE MEJIKUX YaCTHII ¥ YBEJIMYCHUE KPYIIHBIX BBIICICHUN BUCMYTa. AHAIOTHYHOE U3MEHEHUE MUKPOTBEPAOCTHU
HaOJTIoAaeTCs B CIIaBaX ATFOMHHHIM — CBUHEI] M aTFOMUHUI — 0710BO [11; 12], 4To 0OBSICHIETCS KOoalleCIICHITUEeH
BBIJICJICHHI JIETUPYIOIHNX 3JIEMEHTOB. B criaBax alfoMUHAN — BHCMYT TaKK€ YMEHBIIASTCSl KOJTMYECTBO METKIX
YaCTHIl BUCMYTa, OTHOCSIIIUXCS K TIEPBOI pa3MepHOil rpynme (cM. puc. 3), 9To U MPUBOAUT K HAOIOIaeMOMy
CHHKCHHIO MUKPOTBEPIOCTH.
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3akjaueHmne

Kpucrammuzamus crutaBoB Al — 1,3-2,6 mac. % Bi, U3roTOBIEHHBIX Ha OCHOBE JIFOMUHUEBOTO JIOMA, CO-
nepskaiero okono 0,3 mac. % KpeMHUs U Kene3a, U BUCMYTa MPU CPeIHEN CKOPOCTU OXJIAXKICHUS paciljiaBa
npumepHo 10 K/c, npuBoaut k popMUpOBaHUIO 36pEHHON CTPYKTYPBI CO CPEAHUM Pa3MEPOM 3€PECH aJTFOMUHUS
120 MKM H YICIBbHON MOBEPXHOCTBIO IPAHHI] 3epeH amoMutust 0,026 MKM |, a TakKe AHCIEPCHBIX YACTHII
BHCMYTa C MaKCHMaJbHBIM auaMeTpoM 10 MKM, cpeqHHM quameTpoM 2,1 MKM M yAeTbHOW TMOBEPXHOCTHIO
Mex(a3zHOl TpaHHIb amoMuHui — BucMyT 0,008 MM . BblnelneHus BUCMyTa H xele30conepianieii hassl
pacroaraioTcsi IpeuMyIIECTBEHHO HA TPAHMIIAX 3epeH amoMuHMs. [Ipyu M30XpOHHOM OTKHUTE B MHTEpBAJC
temrreparyp 80—140 °C mpoucXoauT CHHKCHIE MUKPOTBEPIOCTH, 00YCIOBIICHHOE YMEHBIIICHHEM KOJTMICCTBA
MEJIKMX 9aCTHUI] BUCMYTA.
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OOPMUPOBAHUE CUAUILIUAOB B ABYXCAOMHBIX CTPYKTYPAX
HUKEAb-BAHAAMUEBBIA CITAAB — ITAATUHA HA KPEMHUHA
ITPA BBICTPON TEPMUNYECKON OBPABOTKE

A. A. COJIOBBEBY, I1. H. TAHJIYK?

D Hnumeepany — ynpasnsiowas komnanus xonounea «MAumeepany,
yn. Kazunya, 121a, 220108, 2. Munck, bBerapyco
2)Ee/zopyccmn? 2ocyoapcmeennwlil yuusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

Annomayus. Meronamu pe3epdopIoBCKOro 0OpaTHOTO paccesHUs, PEHTTeHO()a30BOro aHalK3a, IIPOCBEYUBAIOILECH
ANIEKTPOHHON MUKPOCKOIIMHU ¥ MTPOCBEYHMBAIOIIEH AIEKTPOHHOM TU(PaKIIMK UCCIEA0BAHO BIMSHUE TEMIIEpaTyphbl ObICT-
poii TepMUYecKoit 00pabOTKH CTPYKTYp HHMKEJIb-BaHAIUEBBIN CIUIAB — IUIATHHA HA KPEMHHEBBIX MOJUIOKKAX C OPUECHTA-
nueii (111) Ha crpykTypHO-(ha30BbIe NpeBpaeHust B (POPMUPYIOLIMXCS CIOSAX CHIMIHUIOB M UX KOHTAaKTHO-OapbepHbIe
cBoiicTBa. TomuHa ciios HUKeIb-BaHaaueBoro cruiasa (93 mac. % Ni, 7 mac. % V) cocraisuia ot 20 10 60 HM, TOJIITHHA
ciost aTuHel — 40 HM. BrICTpyIo TepMudecKyto 00paboTKy MPOBOIMIIN B PEKUME TETIOBOTO OaaHca ITyTeM OOITydeHUs
00paTHOW CTOPOHBI MOJIOKEK HEKOT€PEHTHBIM CBETOBBIM ITIOTOKOM KBAPLIEBBIX FAJIOTCHHBIX JIAMIT TOCTOSIHHOM MOIITHOCTH
B Cpelie a30Ta B TeueHue 7 ¢ 10 JocTivkeHus temmeparypst ot 400 no 600 °C. ObHapyxeHo, uTo npu Temmeparype 400 °C
Ha IpaHulle paszierna ¢ KpeMHueM Gopmupyercs cioid PtSi. Yeenmuenue temmneparypst 10 450 °C npuBoaut K auddy3un
HUKEJISI U3 TOBEPXHOCTHOTO CJIOSI K MOJIOKKE € TOCIIEAYIONMM 00pa30BaHHEM Ha TPaHUIE pas3jiesia C KpeMHHEM KBa3H-
smuTakcuanbHEIX qoMeHoB NiSi. [Tpu remmneparype Broitre 500 °C mpoucxomsT ycuineHue TudQy3un IIaTHHEI K TPAaHHIIe
paszmena ¢ kpeMHHEM U hopmupoBanue nBoitHOTO cmymnuaa NiPtSi. B muamazone remmeparyp ot 550 mo 600 °C mpo-
(e pacripeneseHus] HUKEIs U IUIATHHBI 110 TONIIMHE CHIIMIMIHOTO CJIOS CTAaHOBUTCSA PaBHOMEPHBIM. IIpu 3ToM co-
JIep)KaHHe B HEM HHKEJIsl POTIOPIIHOHATBLHO UCXOJHOM TOJIIIMHE CJIOS HUKEIb-BaHAMEBOTO CIUIaBa, a BaHA/IWI mocie
OBICTPOIl TepMHUUYECKOW 00pabOTKM JIOKAIU3YeTCsl B MPUIIOBEPXHOCTHOM OONACTH CHIIMIMAHOTO CJIOS M HE BIMSET Ha
€ro KOHTAaKTHO-OapbepHbIE CBOWCTBA. YCTAHOBIICHO, YTO CHJIMIMIHBIA CIION ¢ YMEHBIICHHOW 1e()eKTHOCTBHIO I'PaHHUIIbI
paszena ¢ KpeMHHEM M HawmIydIIeil BOCIIPOM3BOIMMOCTEIO BBICOTHI Oapbepa LlloTTk opMupyercs mpu TeMmneparype
550 °C. IIpu m3MEHEHUH TOJNIMHBI CIIOS HUKEIb-BaHAIUEBOTO CIIaBa BbicoTa Oapbepa IIOoTTKH B 3TOM cirydae Bapbu-
pyercs ot 0,77 mo 0,81 B.

Knrwouegvie cnoea: cunminuibl; HAKEINb; IUIaTHHA; ObICTpas TepMUYeckas 00paboTka; CTPYKTYpHO-(a30BbIe MpeBpa-
menunst; 6appep LloTTkm.
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FORMATION OF THE SILICIDES IN TWO-LAYER
STRUCTURES NICKEL-VANADIUM ALLOY — PLATINUM
ON SILICON DURING RAPID HEAT TREATMENT
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®Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: J. A. Solovjov (jsolovjov@integral.by)

Abstract. Using Rutherford backscattering, X-ray phase analysis, transmission electron microscopy and trans-
mission electron diffraction methods, the effect of the temperature of rapid heat treatment of two-layer structures
nickel-vanadium alloy — platinum on silicon substrates with orientation (111) on structural-phase transformations
in the forming silicide layers and their contact barrier properties. The thickness of the nickel-vanadium alloy layer
(93 wt. % Ni, 7 wt. % V) was from 20 to 60 nm, the thickness of the platinum layer was 40 nm. Rapid heat treatment
was carried out in the thermal balance mode by irradiating reverse side of the substrates with an incoherent light flux
of quartz halogen lamps of constant power in a nitrogen ambient for 7 s until a temperature of 400 to 600 °C. It was
found that at a temperature of 400 °C, a PtSi layer is formed at the interface with silicon. At a temperature of 450 °C,
nickel diffusion from the surface layer to the substrate is observed, followed by the formation of quasi-epitaxial NiSi
domains at the interface with silicon. At temperatures above 500 °C, increased diffusion of platinum to the interface
with silicon is observed with the formation of NiPtSi silicide composition. At the temperatures from 550 to 600 °C,
the nickel and platinum distribution over the layer thickness becomes uniform. The nickel content in it is proportional
to the initial thickness of the nickel-vanadium alloy layer, and the vanadium is localised in the near-surface region
of the silicide layer and does not affect the contact barrier properties. It has been established that a silicide layer with
minimal defects in the interface with silicon and the best reproducibility of the Schottky barrier height is formed at
a temperature of 550 °C. In this case the Schottky barrier height varies from 0.77 to 0.81 V when the thickness of the
nickel-vanadium alloy layer changes.

Keywords: silicides; nickel; platinum; rapid heat treatment; structural-phase transformations; Schottky barrier.
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BBenenue

Cron cuinuaoB, chopMupoBanHbie TG Py3HOHHBIM CHHTE30M CTPYKTYpHI Ni/Pt/Si, HaxomsaT mpuMeHeHHe
B KOHTAKTHBIX CUCTEMaX Pa3IMYHBIX U3/ICTH KPEMHHUEBOH MUKPOAIEKTPOHUKH B KA9€CTBE TEPMOCTAOMIEHOTO
MaTepuraga OMUYECKUX U BBITPSIMIISIONINX KOHTAKTOB, TOKOBEAYIINX TOPOXKEK, a Takke nuonoB LloTTku [1-4].
HecoMHeHHBIM PEeNMYIIECTBOM JIAHHOW TEXHOJIOTHH SBJIIETCS IPOCTOTA YIIPAaBICHUS BbicOTON Oapbepa IlloT-
TKY TIYTEM U3MEHECHHS COOTHOIICHISI TONITHH ciioeB Pt u Ni [5; 6].

[Ipu B3aumMoielicTBIH KPEeMHHUS C ABOWHBIMHU CIIOSIMU METAJIOB HAOIOAETCS CIIOKHAS KHHETHKA, KOTOpast
B 3HAYUTENILHON CTENEHH 3aBUCHT OT Mpeodiafaromux TuGQyHIUPYOIHX IEMEHTOB, TEMIIEpPaTypbl 00pa-
30BaHMs CWIIMLIKIOB, a TAKXKE OT peaklnil MEeX 1y MeTallaMH B JBYXCIOHHON cTpyKType [7]. MoHOCHIHINIBI
TUTATHHBI M HAKEJSI UMEIOT OIMHAKOBYIO KPHUCTAIIMYECKYIO CTPYKTYpYy € OJIM3KMMU IMapamMeTpaMy perieTKn
1 MOTYT ()OPMHPOBATH TPOMHBIE PACTBOPHI MpHU Temrieparypax auddysnonnoro cuutesa domee 600 °C [7].
BBeznenue B ¢J10M HUKEINS JIETHPYIOUIMX J100aBOK MPUBOIHUT K 3aMEIICHUIO CKOPOCTH ero Au((y3un U MOBbBI-
LICHHUIO SHEPrHY aKTUBALIUH Tpoliecca o0pa3oBanus cumiua [8]. B To sxe BpeMst popMHUpOBaHUE CHUITUIINIOB
pHu OBICTPO TepMmudeckoit 00padotke (bTO), HapoTHB, BEI3EIBACT yCKopeHUe MU Py3MOHHBIX MPOIIECCOB
U CHUYKEHHE UX SHEPruu akTuBauuu [9].

Bricora 6aprepa LLIOTTKHM CHIMLIUAHBIX CIIOEB, MOTYYEHHBIX TU(Q(Yy3HOHHBIM CHHTE30M, [IIaBHBIM 00pa3oM
3aBHCHUT HE CTOJILKO OT (Da30BOTO COCTaBa rPaHUIIbI pa3jiesia ¢ KpeMHHEM, CKOJIBKO OT XapakTepa rnepepacipe-
JIeJICHMsI Ha Hel r1aThHbl 1 HuKes [3]. Kpome Toro, cTpykTypHO-MOPGhOIOTHIECKIE 0COOCHHOCTH TPAHHIIBI
paszzena CHIIMIUI — KPEMHH OKa3bIBAIOT CYIIECTBEHHOE BIMSHUE HA TNIOTHOCTH OOPATHOTO TOKA BEITTPSMIISIFO-
X KoHTakToB [10].
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Takum 00pazom, UCCIICTOBAHUE 0COOEHHOCTEH CTPYKTYPHO-(a30BbIX IPEBPAICHUI B CUITHIIAIHBIX CIIOSIX,
chopmupoBanubex ipu BTO CTPYyKTYypbl HUKEITb-BaHATUEBEIN CIIaB — MlaThuHa Ha KpemHuu (Ni — V/Pt/Si),
a TaK)Ke KOHTAKTHO-0aphePHBIX CBOMCTB TAHHBIX CHUJIHIIUIOB SBJISICTCS BAXKHBIM KaK ¢ HAYYHOM, TaK U ¢ Mpak-
TUYECKON TOUKU 3PCHHUSIL.

Hacrosmiast pabora nocBsiieHa yCTaHOBIECHUIO BinsiHus Temiieparypsl BTO ctpykrypsl Ni — V/Pt/Si Ha
CTPYKTYPHO-(a30BbIC TPEBPAIICHUS B CIOSX CHITHITUIOB U UX KOHTAKTHO-O0aphepHbIC CBOWCTBA.

MarepuaJibl 1 MeTOAbI HCCJIETOBAHUS

Jnst uccnenoBaHust CTPYKTYpHO-(a30BbIX NPEBPALIEHU B CHIIMLUAHBIX CIOSX WCIONb30BaU TOLIOKKY,
IPE/ICTABISIONINE COO0W AMUTAKCUAIIBHBIE CIIOH JIETUPOBaHHOTO (hochopoM KpeMHHUsI, chopMUpOBaHHBIE HA
MTOJITO’KKAX M3 JISTHPOBAHHOTO MBITIIHSIKOM MOHOKPHCTAJUINYECKOTO KpeMHHs fruaMeTpoM 100 MM ¢ yaemsHbIM
compotusinerreM 0,003 OM - cm u opuenTanueii (111). TommuHa SUTaKCHATBHOTO CIIOS COCTABIISLIA ~5,0 MKM,
a yaensHoe conportusienue gocturano ~0,5 Om - M. [locne ctannapTHOM OYMCTKH B IEPEKUCHO-aMMHUAYHOM
pacTBope u nocieayonield 00padboTKH B pacTBOpE TUIABUKOBOW KHCIOTHI Ha TIOBEPXHOCTH SMTUTAKCHAIEHOTO
CJIOS TTOCJIEZIOBATENTFHO HAHOCHIIM CJIOH ITIaTHHBI TOMHHON 40 HM MarHeTPOHHBIM PACHBIICHHEM MHIIIEHU
U3 IUIATUHBI ¢ YucToToi 99,93 % Ha ycranoBke MRC-603 (Materials Research Corporation, CILIA) B cpene
aprona ¢ uuctoroit 99,993 %, a 3aTem cl0i HUKEIb-BaHAMEBOTO criaBa Toamuuon 20; 40 u 60 HM MarHeTpoH-
HBIM PaclbUICHUEM MUILEHH U3 CIUiaBa, couepikariero 93 mac. % Niu 7 mac. % V, Ha yctanoBke UHV PVD
(Syskey Technology, TaiiBanb) B cpenie aprona ¢ 9uctoToit 99,9999 %. Jlanee momnoxku moxseprain bTO
B PEKMME TEIJIOBOTO OaraHca myTeM oOydeHus: uX 00paTHOW CTOPOHBI HEKOTEPEHTHBIM CBETOBBIM ITOTOKOM
KBapIEBbIX TAJIOI'€HHBIX JIAMII TOCTOSHHON MOIITHOCTH Ha ycTaHoBke JetFirst-100 (Jipelec, ®paniust) B cpene
azora ¢ yncroroir 99,995 % B Teuenue 7 ¢ 1o poctmwxenusd temmneparypsl ot 400 no 600 °C. Ilepen HarpeBom
KaMepy JIByKpaTHO BaKyyMHPOBAIIU C IPOMEKYTOUHBIM U (PHHATBHBIM HAITyCKOM a30Ta. KOHTpoIs TeMIieparypsl
paboueii CTOPOHBI MOJIOKKHU OCYIIECTBILTN TEPMOIapoii ¢ TOYHOCTHIO 10 £0,5 °C.

Jnist uccnenoBaHus KOHTAKTHO-0apHEPHBIX CBOWCTB CHIIMLIMIOB CJIOU IUIATHHBI U cruiaBa Ni— V mocienosa-
TENILHO HAHOCHJIM Ha CTPYKTYPBI 110/10B LLIOTTKYM ¢ 0OXpaHHBIM KOJIBIIOM, COPMUPOBAHHBIM B SITUTAKCHATBHOM
CJI0€ IETHPOBAHHOTO (HhocHOPOM KpEMHUS TOIIIIHHOMN 12 MKM C YISIBHBIM COpOTHBIICHHEM 2,5—2,8 OM - cM Ha
MOJJIOKKE U3 MOHOKPUCTAIUIMYECKOro KpeMHust ruamerpoM 100 mum ¢ ynenbHbiM conpotusiaeHueM 0,003 OM - cm
u opuentauueii (111). [Ipu 3ToM MOBEpXHOCTH MOATIOKEK ObLIa MOKPBITA CI0OEM TEPMUYECKOTO OKHCIIa KPEMHUS
TONIIHON ~0,6 MKM CO BCKPBITBIMH KOHTaKTHBIMU OKHaMu. [locie nuddy3noHHOrO CHHTE3a CHIIUITUIHOTO
CJIOSl OCTATKH HETIPOPEarnpoBaBIINX METAJIIOB YIAJSIIN C TOBEPXHOCTH OKHCIIAa KPEMHHS B PACTBOPE ITAPCKOM
BOJKH TTpu TeMneparype 75 °C. 3aTteM cTaHIapTHRIME METOJJaMH MarHETPOHHOTO PaCIIbUIEHHS ¥ (POTOIUTOTpPa-
¢un popmuposanu 1udpQy3noHHO-0apbEePHBIN CI10H BaHAAMs TONMIIMHON ~0,15 MKM M MeTayUIM3alUIo aHoaa
u3 crutaBa Al — Si rommuHo#R 10 3,0 MrMm. Jlanee mouIokKKy YTOHSUTH ¢ Hepabodyei CTOPOHBI JI0 OCTATOYHOM
TOJIIUHBI CTPYKTYPHI ~300 MKM 1 Ha IITHUGOBAHHONW ITOBEPXHOCTH (HOPMHUPOBAITH METAIITH3AIINIO KaTOa TTy-
TEM IOCJIEI0BATEILHOTO HAHECEHUS CIIOeB TUTaHa, ciuiaBa Ni — V u cepeOpa MarHETPOHHBIM PacIblIICHHEM
COOTBETCTBYIOIIMX MUIIeHeH. [Tocie popMupoBaHUs TMOAHBIX CTPYKTYP MOUIOKKHU Pa3aesisuid Ha KPUCTAILIbI
pasmepom 2,7 x 2,77 MM U cOOMpay UX B MIacTUKOBBIN Kopryc Tuna KT-28 (TO-220).

[Ipodunu pacnpesneneHus: KOHIEHTPALUK aTOMOB M TOJIIMHY cJOeB B cTpykTypax Ni — V/Pt/Si m3me-
psanu MeTonoM pesepdopaosckoro ooparHoro paccesuus (POP) monos He' ¢ sneprueit 1,2 MaB. O6pasup
(uKcHpoBaIK B KacceTe-JIepKarelie, 3aKperuieHHON Ha JIByXOCEBOM TOHHOMETPE, M OPUEHTUPOBAIN OTHOCH-
TEJBHO MMAJaloIero Mmydka ¢ TOYHOCThIo He Xyxe 0,02°. YacTtuipl, paccesHHble mox yriom 170°, peructpu-
POBaM KPEMHUEBBIM TIOBEPXHOCTHO-0aphepHBIM JIETEKTOPOM. JInaMeTp aHaTU3UPYIOIIEero MyYKa COCTaBIISLIT
0,7-1,0 MM, Tok myuka — 5-20 HA, 0011as 1032 HOHOB MIPU CHATUH OJHOIO criekTpa jocturaia 5—100 mxKir.
Pazpematomas crmocoOHOCTh perucTpupyromero Tpakra osiia pasHa 11-14 kaB. Mccnenosannst POP mpoo-
JIJTA C TIPUMEHEHUEM SIIepHO-(DU3NIECKOT0 KOMITJIEKCa Ha OCHOBE AJIIEKTPOCTATHYECKOTO YCKOPHUTENSI HOHOB
AN-2500 (High Voltage Engineering Europa, Hunepnausr). [Ipu npeoOpa3oBaHuU IIKAJIbI SHEPTU B IIKATY
[IyOWH MCIIONIb30BaIM MIAKET pacyeTHbIX nporpamm HEADG6 (MHCTUTYT PUKIAAHBIX (U3ndeckux mpobiem
umenu A. H. Cesuenxko bI'Y, benapycs).

HccnenoBanne ¢azoBoro cocraBa cTpykTyp Ni — V/Pt/Si mpoBoammu MeTomoM peHTreHo(]ha30Boro aHau-
3a (PDA). U3mepenus Bemonusiu Ha nudpakromerpe Ultima IV (Rigaku, Sinonust) ¢ ncnonp30BaHueM reo-
metpuu bparra — bpenrano B uznyuenuu Cuk, (A = 0,154 179 um). Mccnenyemslit oOpaser pa3meriany Ha
CTOJIMKE MTPUCTABKHU JUIsI TOHKHUX IJIeHOK. [IpeaBapuTensHO MpOnN3BOIMIN aBTOMATHYECKY IO HACTPOMKY BHICOTHI
obpasma. CreMKy 00pa3IoB OCYIIECTBISUTH B Auara3one yros 20 ot 20° go 100° ¢ mrarom 0,05° 1 cKOpOCThIO
IBUKEHUS JieTeKkTopa 2 Tpaa/MuH. Da3oBelil COCTaB OMPEAEIISUIA C TIOMOIIBI0 TPOTPAMMHOTO 00eCIIeYeHuUs
PDXL (Bepcus 2.0) (Rigaku).
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HccnenoBanue cTpyKTYpHO-()a30BbIX CBOHCTB 00pa3IOB POBOAMINA METOIAMH ITPOCBEUNBAIOIICH AIICKTPOH-
HOM MuKpockoruu (IT9M) u mpocBeunBaromieii anekrponnoit qudpaximu (I13]1) ¢ mpuMeHeHHEM IIEKTPOHHOTO
mukpockona Hitachi H-800 (SImonwust) pu yckopsitoriem HampsbkeHun 200 kB, a Takke TOHHOMETPHYECKOTO
ycrpoiicta. [Ipu anannze ocoOeHHOCTEH CTPYKTYpHO-(a30BbIX IPEBpaLICHH B MHOTOCIOWHBIX CTPYKTypax Hc-
TMOJTB30BAJIM CTAHIAPTHBIC METOIBI TIOJTyYCHHUS ¥ aHAN3a TU(PAaKIIUOHHOTO KOHTPACcTa B COYCTAHUY C JIAHHBIMU
Mukpomudpakrmu. s nposenenus [I19M-nccaenoBanuii 00pa3ibl IpermapupoBaii B BUIE IIaHAPHBIX (Me-
tox P-II9M) u nonepeunsix (Merox X-I119M) ceuennii, 4To Mo3BOISIIO MOMYHaTh HONHYIO U CTATUCTHYECKU
JOCTOBEPHYIO HH(OPMALIUIO O CTPYKTYpHO-(Pa30BbIX PeBpalIeHusX B c1osx. [[penapupoBanue o0pa3mos s
P-IT5M ocy1iecTBIsIM XUMHUKO-THHAMUYECKIM TPABJICHUEM 110 METOJTY BPAIIAIOIIETOCs CTaKaHa B TIOJTUPYIO-
uieM Tpasurelie ¢ cootHomenneM kuciaoT HNO; : HF =6 : 1. O6pasust g X-I19M roroBuinm MexaHH4eCKuM
YTOHEHUEM CTPYKTYP MyTeM MX HUTH(OBKH U ITOJUPOBKH a0pa3UBHBIMH MaTepHajaMi C TOCIEAYIOIEH ABY-
CTOPOHHEH NOHHO-Ty4eBOW 00pabOTKOM.

Bricoty 6aprepa HLIOTTKM CHIIMITUAHBIX KOHTAKTOB OMPENEISUI METOJIOM BOJIBT-aMIIEPHBIX XapaKTepHc-
TuK (BAX) myTeM SKCIIOHEHITHATLHOM armpoKCUMAITMH HadaabHOTO ydacTka npsMoit BAX nuoma IoTTkn
k ocu opauHar [11]. Jlns pacuera BbicoTsl 6aprepa LLIoTTku @4 (B BONBTax) NCIONB30BAIN HOPMYITY

_kr, SA'T?
AR A
rae k — nocrostaHas Bonbimana, Ik - K'; 7 — aGcomoTrHas TemmepaTypa BBIIPSIMIISIONEro KOHTakTa, K;
q — dneMeHTapHbli 3apsan, Ki; S — miomaas BEIIpSAMIISIOIIErO KOHTAKTA, oMy A" - a¢dexTUBHAS MOCTOSHHAS
Puuapscona, A - cm” - K 2; I, — TOK HACBIIIEHHs, ONpeieseMblii 0 HayalbHOMy yuacTKy BAX u uncienHo
PAaBHBII IPEIIKCIIOHEHIIMAIIBHOMY MHOXKUTEIIIO MPSIMOM €€ SKCIIOHEHIIMAIbHON alllIPOKCUMALINH, A.

N3amepenuss BAX BBIIPSIMIISIONINX KOHTAKTOB MPOBOJMIIN C MOMOIIBIO aHaliM3aropa rnapaMeTpoB MoJy-
MPOBOAHUKOBBIX TprOopoB B1500A (Agilent Technologies, CILIA). IInoTHOCTS OOpaTHOTO TOKa OMPEACISITN
py 0OpaTHOM CMELICHUH Ha TUOAHBIX CTPYyKTypax BennunHou 100 B.

Pe3y.]'ll>TaTl>I H X oﬁcym}le}me

CTpykTypHO-(ha3oBble mpeBpamenus. [[DM-uccnenoBannst HcXomaHOH CTpyKTypbl Ni — V/Pt/Si mokassi-
BaIOT, YTO ITOCJI€ HAHECEHUS TUNIEHKH METAIJIOB HMEIOT MOJIMKPUCTAILTHYECKOE CTPOSHHE CO CPEIHUM Pa3MepoM
3epeH ~5—10 uMm (puc. 1, a). II9/I-kapTrHa npeactaBiseT co00i HaloKeHHe HEMPEPBIBHBIX AUPPAKIMOHHBIX KO-
JIel] OT ABYX(pa3HOU CHCTEMBbI HUKEIIS ¥ IUTaTHHBI, KOTOPBIE MIMEIOT IPaHEeLIEHTPUPOBAHHYIO KyOHUYECKYIO PELIETKY
(Fm3m). MaTercuBHOCTH MU(PaKIIMOHHBIX KOJIEI] HEPABHOMEPHO pacIpeessieTCsI TI0 KPyTY, YCHINBAsCh B Ha-
MIPaBJIEHUSIX, COOCHBIX C KPHCTAILIOrpa@uueCKUMH HAPaBISHUSAMH MOAJIOKKH (CM. pHC. 1, @), 9TO yKa3bIBaeT Ha
TEKCTYPUPOBAHHOCTH CTPYKTYPBI: 3epHA HUKEIS U INIaTUHBI 001a1a0T IPENMYILeCTBEHHOM opuenTauuei (111),
o0ycIioBieHHOM oprenTaruei mosioxkku Si (111). Metomnom PDA onpeneneno, uto da3za rieHku cruiaa Ni—V
TIPEICTaBIIACT COOOM TBEPBIN pacTBOP BaHAIUS B HUKeNE U ee mapametp pemetka (0,353 0-0,353 2 am B 3a-
BHCHUMOCTH OT 00pa3iia) BhIIIe, 4eM mapameTp penretku ¢asbl yucroro Hukens (0,350 6 M), BBUIY OoJbIIero
panuyca aroma BaHaaus (179 M) mo cpaBHEHUIO ¢ TaKOBBIM aTtoma HUKeTs (163 ).

Tunuunsie cnextpsl POP, monmyuennsie ot ctpykryp Ni— V/Pt/Si no u mocne BTO (puc. 2), a Takxe pe3yib-
TaThl UX 00pPaOOTKU B BUE MOCIOWHOTO PacIpeAeICHUs] KOHIEHTPALUi aTOMOB IJIaTHHBI U HUKENIS (puc. 3)
noka3eiBaroT, uto nocie bTO npu Temneparype 400 °C Ha rpaHuile pa3jiena ¢ KpeMHueM (GopMupyercst ciaon
Pt,,Si4, a Onuske k moBepxHOCTH — 10 Ni,,Pt,Si,,. DT ABa c105 pasaeneHbl TOHKOH Mpocnoikoil Ni,, Pty Siy,.
Ha noBepxHOCTU OcTaeTcs CJION MOYTH YMCTOTO HUKEIb-BaHAAUEBOro ciasa Nig,V,;Si,. AHamu3 pacnpene-
JICHUSI KOHLIEHTPAIUI Pa3IuYHbIX aTOMOB MO3BOJISIET 3aKII0UUTh, 4TO B ciaydae bTO mpu temmneparype 400 °C
OCHOBHBIM T (D QYHAMPYIOIINM 2JIEMEHTOM SIBIISIETCS KPEMHUH, TIOCKOJIBKY U aTOMBI ITATHHBI, U aTOMBI HUKEJIS
CYIIECTBEHHO HE M3MEHSIOT CBOIO MEPBOHAYATIBHYIO (TIOCIIE OCAKICHHUS ) JIOKALNIO, TOTAA KaK aTOMBI KDEMHHUS
CHIIBHO TU(GGYHANPYIOT U3 TTOIIOKKU BIUIOTH 10 TOBEPXHOCTH.

Hannbie POA (puc. 4) u [I9M (cM. puc. 1) cCBUAETENBCTBYIOT O QOPMUPOBAHHUH B 3THUX yCIOBHAX (a3
PtSi u Ni,Si (+ Pt). MoHOCMIMIM NIaTHHBI UMEET MUKPOKPUCTAIMUECKYIO CTPYKTYPY C Pa3MEpoM 3€peH
~30-100 uM (cM. puc. 1, 6), 9TO TPUBOAUT K TOIYYCHUIO JOCTATOYHO Y3KHX M BBICOKHX JU(DPAKIIMOHHBIX
MaKCHMYMOB Ha PEHTTeHOrpamMme (CM. pHc. 4) M HTHTeHCUBHBIX Kojtel Ha [19/[-kaptune (cm. puc. 1, 0, BcTaBka).
KpucranmmueckuM gBiseTcs U TOHKUIT TOBEPXHOCTHBIHN ci1oi crutasa Nig,V,5Si, (puc. 5, a). ®aza Ni,Si (+ Pt),
HaIlPpOTHB, UMEET HAHOAUCTIEPCHYIO (TIOYTH aMOP(HYIO) CTPYKTYPY, KOTOpas 00yCIOBINBACT pa3MBITHE KOHT-
pacta Ha [IDM-mukpodororpadusx, ymMeHbIIIEHHE TMKOB HA PEHTTEHOTpaMMe | JaeT qudQy3HbIe KObla Ha
[19/1-xaptune (cM. puc. 1, 6, u puc. 4).
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Puc. 1. Cernononsasie P-IT9M-muxpodororpaduu n [19][-kapTHHEI (Ha BCTaBKax),
nony4deHubie oT cTpykrypbl Ni— V/Pt/Si ¢ TonumHoit crnost crtaBa Ni — V 40 um 10 BTO (@)
u nocite BTO npu Temneparype 400 °C (6), 450 °C (8), 500 °C (2), 550 °C (0) n 600 °C (e)
Fig. 1. Bright-field plan-view transmission electron microscopy micrographs
and transmission electron diffraction patterns (on insets) obtained
from the Ni — V/Pt/Si structure with a Ni — V alloy layer thickness of 40 nm before rapid heat treatment (a)
and after rapid heat treatment at a temperature of 400 °C (b), 450 °C (¢), 500 °C (d), 550 °C (e) and 600 °C (f)
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Puc. 2. Ciexrpst POP, monyuenssie ot ctpykrypst Ni — V/Pt/Si
¢ tomuuHoi cnost crasa Ni — V 40 um 1o BTO 1 nocne BTO npu pazinnyHbIX TeMneparypax

Fig. 2. Rutherford backscattering spectra obtained from the Ni — V/Pt/Si structure
with a Ni — V alloy layer thickness of 40 nm before rapid heat treatment
and after rapid heat treatment at different temperatures

61



Kypnaa Besopycckoro rocyrapcrBeHHOro ynusepcurera. ®usuxa. 2024;2:57-68
Journal of the Belarusian State University. Physics. 2024;2:57-68

ala

Conepxanue
[UIaTUHEL, aT. %

0
Jlo BTO
400 °C
450 °C
500 °C
550 °C
600 °C

1

2 3 45 6 7 8 9101112131415 16

Paccrosinue oT rpaHUIIbI pas3aena,
17 2
10 aromoB Ha 1 cMm

o/b

100

]
(e}

(o))
(e

Conepxanue
HHKeIs, aT. %
B
(e

e}
(e}

o

Jlo BTO
400 °C
450 °C
500 °C
550 °C
600 °C

1

2 3 4 5 6 7 8 91011121314 1516
PaccTosiHue OT rpaHHIIBI pa3aena,
10" atomos ma 1 e’

Puc. 3. PacnipeserneHre KOHIICHTPAIMIA aTOMOB TUIATUHBI (@) ¥ HUKEJS (0) 1O TONIINHE
B ctpyktype Ni — V/Pt/Si o BTO u nocie BTO npu pa3nuyuHbIX Temieparypax

Fig. 3. The thickness distribution of platinum (a) and nickel (b) atom concentrations in the Ni — V/Pt/Si structure
before rapid heat treatment and after rapid heat treatment at different temperatures
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Puc. 4. PeHTreHOrpaMMBl, ITOTy4eHHBIE OT cTPYKTYyphl Ni — V/P/Si
¢ tommuHO#H cios cmasa Ni— V 40 am 1o BTO u mocne BTO mpu pa3nuyHbIX TeMmeparypax

Fig. 4. X-ray diffraction patterns obtained from the Ni — V/Pt/Si structure
with a Ni— V alloy layer thickness of 40 nm before rapid heat treatment
and after rapid heat treatment at different temperatures
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Puc. 5. Cetnononsubie X-I19M-Mukpodotorpadumu,
noJy4eHHbie oT cTpyKTyphl Ni— V/Pt/Si ¢ TonmmuHo# ciost crutaBa Ni — V 40 amM
nocite BTO npu Temneparype 450 °C (a), 500 °C (6), 550 °C (8) u 600 °C (2)

Fig. 5. Bright-field cross-section transmission electron microscopy micrographs
obtained from the Ni — V/Pt/Si structure with a Ni — V alloy layer thickness of 40 nm
after rapid heat treatment at a temperature of 450 °C (a), 500 °C (b), 550 °C (c) and 600 °C (d)

CoBepIIeHHO WHas CUTyalus ¢ (OPMUPOBAHUEM CHITUITUAOB CKJIaJBIBACTCS MPU YBEIUYCHHH TeMITepa-
Typbl BTO Bbiie 450 °C. Ha puc. 2 Xxopoiro BHAHO MOSBIEHUE JTOMOIHUTENBHOIO NHKa Ha crekrpe POP
B oOnactu kaHanoB 270-280, 4ro sBisieTCs CleJCTBUEM CHIIBHON TUPPYy3UN aTOMOB HUKEIIS 3 TPUITOBEPX-
HOCTHOTO CJIOSI K KDEMHHUEBOH MTOITIOKKE Yepe3 CII0H MOHOCHUITUITNAA TIaTUHEL. [Ipy 5TOM Ba)XXHO OTMETHTB,
YTO, BO-TIEPBBIX, HUKEIb CTAHOBUTCS MpeodIagaronuM 1u(PyHIUPYONUM JIEMEHTOM, a BO-BTOPHIX, HE
MIPOUCXOJUT JTOMUHUPYIOLIETO BCTPAMBAHMSI aTOMOB HHUKEJS B PELICTKY MOHOCWIMIK/A TJIATHHBI, O YeM
CBUJICTENBCTBYET npoBai Ha criiekTpe POP B oOnactu kananoB 290-300. B To ke BpeMsi aTOMBbI IIJIaTHHBI
HaYMHAIOT aKTHUBHO NTU(PPYHIUPOBATH K MOBEPXHOCTH M JTOCTATOYHO XOPOIIO BCTPAMBAIOTCS B PEIIETKY
CWJIMIIM/Ia HUKETS (CM. puc. 3, a u 6).

OueBUIHO, YTO MEpeMeIleHHE aTOMOB HUKEIIS K TPaHHUIIe pa3/esia CHIIMIH — KPEMHHUH C IOJTHBIM HJTH Yac-
THUYHBIM BBITECHEHHEM OTTY/IA IJIATHHBI (MOHOCHIIMIIH/IA TUTATHHBI) TOJPKHO COTIPOBOMKAATHCS COOTBETCTBYIO-
IIUMH CTPYKTYpHO-(Da30BBIMH TpeBpamnieHnsiMi. Ha peHTreHorpaMMe JONMOJHUTETBHBIX MMHKOB, CBI3aHHBIX
C CHIIMITU/IOM HHKEJIS Ha TPaHUIlEe pasfiesia ¢ KpeMHHEM, He 3aperucTpupoBaHo (cum. puc. 4), onHako Ha [19]]-
KapTUHE MOSIBISIIOTCS TOYSUHBIE pe(IIeKChl OT CHIIMINAA HUKEIs, COOCHBIE ¢ pedrexcamu Si (220) u nMeroryne
nyroobpasHyto ¢opmy (Ha puc. 1, 6, 4acTh U3 HUX OXBa4eHBI IIYHKTHPHBIM KpyroM). B cooTBercTBHH C pe-
3yJIbTaTaMH HaIIMX HeJaBHUX nccienoBanuii [ 10] Takue skcTpapedIeKchl BOSHUKAIOT BCICACTBUE JUDPAKITAN
AJIEKTPOHOB Ha CHJIUIIMJIC HUKENS, C(HOPMUPOBAHHOM Ha KPEMHHUHU B BHUJI€ KBa3WUAIMHUTAKCUATIHHBIX JIaMeJen
cuUIMIHOH (asel. B psine myOnukanuii (oM., Hanpumep, [ 12]) momoOHble snuTakcHaibHbIe CTPYKTYPBI MOTY-
YT Ha3BaHUE TPAHCPOTAIIMOHHBIX JIOMEHOB, ITOCKOJIBKY OHH 00pa3yloTcs B pe3yibTare cepuieckoro uim
OWIAHIPAYECKOTO N3TH0A OTMPENeIeHHBIX KPUCTAIOTpadUIecKUX TNIOCKOCTEH TUICHKH B MEJSAX alanTainu
K KPUCTAJUTUYECKOH CTPYKTYPE MOIIOXKKH.

[Ipu BTO B ananazone temmeparyp ot 450 10 550 °C npurpaHnyHbIN KBa3U3MUTaKCHAbHBIHN ciol NiSi co-
XPaHsIETCsI, OTHAKO B €r0 COCTABE YBEIUUMBACTCs /107151 aToMOB Pt (cm. puc. 3). Criion, pacronararomnmecs Onmke
K TIOBEPXHOCTH, MMPHOOPETAIOT COCTAB MTBOMHBIX cHIUITHAOB NiPtSi, B KoTOphIX kKommdecTBO aToMOB Ni 1 Pt
MIPaKTHYECKU OJJMHAKOBO. J[aHHBIN (DaKT CBUIETEIHCTBYET O TOM, YTO aTOMBI Pt OoJiee pacTBOPHMEI B CHITUITU/IC
NiSi, uem arombl Ni B cuuiuzie PtSi. [Ipu 3ToM HeoOXouMo MpUHUMAaTh BO BHUMaHue, 4To (a3bl NiSi u PtSi
SIBJSIFOTCSL U30MOP(HBIMHE, 00JI/Ial0T OJIMHAKOBOH OPTOPOMONYECKON CTPYKTYpOH ¢ ONM3KMMHU TTapamMeTpaMu
PEIIeTKH 1 JOJKHBI 00pa30BhIBATh TICEBIOOMHAPHBIE TBEPBIC PACTBOPHI. Pe3ynbTarel cTpyKTypHO-(ha30BhIX
uccinenopanuii Merogamu POA, TIOM u [I9]] (cM. puc. 1 u 4) TOATBEpKIAIOT JaHHOE TOJIOKeHHe. B gacT-
Hoctu, BTO o6pa3nos Ni — V/Pt/Si ¢ Tonmmnotii cnost crmasa Ni — V 40 uM nipu temmieparype 500 °C npuBoauT
K CIIBUTY TU(DPAKIIMOHHBIX ITUKOB B 00J1aCTh 00IbIINX YITIOB 20 (cM. puc. 4). Pe3ysbraTel pacyera mapameTpoB
pEIIeTKH ToTydYeHHOH (ha3sl MeTomoM PuTBenpaa (cM. Tabnuiry) yka3sBaroT Ha (hopmupoBanue daszsl NiPtSi
¢ opropomOudeckoi pemeTkoit (Pbnm). Yeenuuenne remneparypsl BTO nmpruBoanT K yMEHBIICHHIO TApaMETPOB
pemetkn ¢as3sl NiPtSi (cMm. Tabnuiy). Kak cnenyer n3 manasix POP (em. puc. 3), nocine BTO npu temnepa-
type 600 °C popmupyeTcsi MpaKTHUESCKH OHOPOAHBIIN cinoi cununmaa NiPtSi, rpaHudaniuii ¢ KpeMHUSBON
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notoxkkoi. Coctas cnost cuuiaa NiPtSi n3mensiercs B 3aBUCHMOCTH OT MCXOAHOMN TOJIIMHBI CIIOS CILIaBa
Ni—V creayrommm o0pa3oMm:

o Ni,sPt,Sis, (ma crpykrypst Ni — V/Pt/Si ¢ Tonmmnol ciost crmasa Ni— V 20 HM);

e Ni,sPt,,Sis; (ma crpykrypst Ni — V/Pt/Si ¢ Tonmunol ciost crmasa Ni— V 40 HM);

o Ni, Pt,¢Sis, (mna crpykrypst Ni — V/Pt/Si ¢ Tonmunoi ciost crtaBa Ni— V 60 HM).

ITapameTpbl pemeTrku opropomonyeckoii gpasnl NiPtSi, nonyuyennsie u3 janubix POA
s crpykryp Ni — V/Pt/Si ¢ paznn4noii Tommunoii cios ciiapa Ni — V nocie BTO

Lattice parameters of the orthorhombic NiPtSi phase obtained from X-ray phase analysis data
for Ni — V/Pt/Si structures with different thickness of the Ni — V alloy layer after rapid heat treatment

; [Tapamerp pemieTku, HM
o erpykrype N Wipys | Tewneparypa BTO, °C - : pi I
450 0,5918 0,5570 0,3575
500 0,5903 0,5512 0,3544
20 550 0,5876 0,543 7 0,349 1
600 0,5886 0,5439 0,3490
450 0,5923 0,5580 0,3587
500 0,5845 0,544 5 0,3496
0 550 0,5843 0,5395 0,3456
600 0,5827 0,5368 0,3429
450 0,5902 0,5536 0,3560
500 0,5822 0,5412 0,3493
0 550 0,5876 0,5347 0,3685
600 0,5804 0,5414 0,3628

OtaenbHO HEOOXOJMMO OTMETUTH OCOOCHHOCTH MPEBPALLICHUI B CIIOSX, COACPIKAIINX TPUMECHBIE aTOMBI
BaHanus. M3 ananuza cnekrpoB POP (cM. puc. 2) ciaenyet, 4To Bo BcexX clydasx HE3aBHCUMO OT TeMIIepaTy-
pbt BTO u ucxonaHoi TommuuHb cnost criiiaBa Ni — V aToMmbl BaHaaust He TUPPYyHIUPYIOT BIITYOb CTPYKTYPHI,
a OCTArOTCS JIOKAIM30BaHHBIMU B TOHKOM IPUIIOBEPXHOCTHOM CJIO€ U BXOJST B COCTaB MO0 METAITUIECKUX
craBoB (mpu Temmeparype 5TO 400—-500 °C), 1160 ClI0KHOTO YETHIPEXKOMIIOHEHTHOTO cuutniua (mpu 6o-
nee Boicokoi Temmeparype BTO). [IpucyrcTBue BaHaausi B cOCTaBe CIOKHOTO CHIIMIHMIA, 0Opa30BaBIIEroCs
npu temneparype BTO Beime 500 °C, npuBomuT K (GOPMUPOBAHMIO HAHOTIOPUCTOH CTPYKTYPHI MPHITOBEPX-
HOCTHOT'O CJIOSI, O UeM MOXKHO CyAHTh 10 AaHHBIM X-11OM (puc. 5, 6 u 2). Taxke cienyeT OTMETHTb, YTO TIPU
YBEIMYECHUH MUCXOAHOHN TOMIMHBI ci1ost cmiaBa Ni — V ¢ 20 7o 60 HM TOJIIIMHA HAHOTIOPUCTOTO MPHUITOBEPX-
HOCTHOTO cJiost yBenuunBaeTcs ¢ 10 1o 30 HM, 4TO KOppenupyeT ¢ KOJIUYECTBOM BaHaIUs B MICXOIHOM CIIO€.
[Tprunnel popMUpOBaHUs HAHOIIOP B NPUIIOBEPXHOCTHOM CJIO€, COJCPIKALIEM aTOMbI BaHA/IWsl, B HACTOSIIEE
BpeMsl He BbISICHEHBI (OyAyT SIBISTHCS MPEIMETOM AajbHEHIINX MCclenoBaHui). Bmecte ¢ TeM, OCKONbKY
HAHOIIOPUCTBIN CIION MPOCTPAHCTBEHHO OTAEIIEH OT IPAaHUIIbI pa3/iesia CUIIUIN — KpEMHHUI U HE pacipocTpa-
HSIETCS BIVIYOb CHITMIIMIHOTO CJIOSI, TO €ro BIMSHUE Ha SIICKTPOHHBIC U AMEKTpopU3NUECKue cBoiicTBa Oapbe-
pos LLloTTkM npencTaBiseTcs MaJOCYIECTBEHHBIM.

Wzmenenue 3epeHHO# cTpyKTyphl cuniuanoro cios NiPtSi ¢ yBennduenunem temneparypsl bTO mpocie-
KHMBACTCSI IPU CpaBHEHUH THITMYHBIX [[DM-mukpodoTtorpaduii Ha puc. 1 1 5. B yactHOCTH, MOKHO OTMETHTH,
YTO C POCTOM TEMIIEPATYPBl YBEIMUMUBAETCS pa3Mep 3epeH MOIMKPUCTAININYECKOT0 CHIIMIUAA, 33 UCKITIoUe-
HueM TemiieparypHoro untepsana 400—-500 °C, xoraa pasMep 3epeH cHayasa yBeJInunBaeTcs (1o CpaBHEHHIO
C TAaKOBBIM OCaKICHHBIX CJIOEB), a 3aT€M HECKOJBbKO yMeHbInaercs (cp. puc. 1, a, 6 u ). anpHeHmunit poct
temmneparypsl 10 600 °C IprBOINUT K YBETHUCHUIO 3€PEH BILUIOTH 10 CyOMUKPOHHBIX Pa3MepoB. TOT Ha MEPBBII
B3IVISI TPOTUBOPEUYMBLINA (PakT 00BSCHSIETCS NOCIEAOBATEILHBIM (POPMUPOBAHUEM Pa3InUHBIX (a3 B mpoluecce
BTO npu Temneparypax 400 °C u cBoiie 450 °C. Kak cinenyer u3 cpaBHeHus Janusix POP (cum. puc. 3) u POA
(cMm. puc. 4), ocHoBHBIMH (hazamu, popmupyembiMu rocsie BTO npu temneparype 400 °C, SBIISIIOTCS IPOCTHIE
cunmuuuanabie ¢asel Ni,Si u PtSi, Torna kak npu ysenmuenunn remneparypsl BTO 10 450 °C u Bblle HaYMHAIOT
MPEeBATUPOBATh CclOXHbIE cranuuanbie (as3sl NiPtSi. MoXHO NpennoiaokuTh, 4TO 00pa3oBaHUE CIOKHBIX
CHJIMIMIOB TpeOyeT OONBIINX SHEPTeTHUECKUX 3aTpaT (MMeeT OOJBIIYI0 SHEPTUI0 aKTHBALMH), TOCKOJIBKY
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BKJTIOUAET JIOTIOTHUTENbHBIE TU(PPYy3HOHHBIE IPOIIECCH, @ TAKXKE COTPOBOXKAACTCS KOHPHUTYPAIMOHHBIMU TIEpe-
CTPOWKaMH B 3JIEMEHTApHBIX SUCHKAX CHIMLMIOB U CBSI3aHHBIMU C 3TUM M3MEHEHUSIMU JUIMHBI XMMUYECKUX
CBSI3CH M MX TIEpEeOpHUCHTAINCH (M3MEHEHHEM OFKHETO TTOPSIKAa B PACIIONIOKEHUH aTOMOB).

Kax ckazano Beimre, BTO npu 450 °C npuBoaut k npeodmananuto crumnuaoB NiPtSi cimokHoTo cocraga.
JlanmpHeliiee OBBIIIIEHHE TEMIIEPATYPHI COMPOBOXKAAETCS HEMTPEPHIBHBIM POCTOM pa3Mepa 3epeH. 3/1eCh, OTHAKO,
Ba)XHO OTMETHUTH, YTO YBEITUYEHHUE 3€PEH A0 CyOMUKPOHHBIX Pa3MEpOB HE BBHI3BIBAET CYIIECTBEHHOTO MOBBI-
HICHUS [IEPOXOBATOCTH TPAHMIIbI passena cuuiug — kpemuuit, U3 X-II19M-mukpodororpaduii (cMm. puc. 5)
BUHO, uTo naxe nocie bTO nmpu 600 °C rpanuua pasjena octaeTcs MIaaKoil. ABTOPHI MOJIAraoT, YTO TaKas
OCOOCHHOCTh CTPOCHUS TPAHUIIBI Pa3jieiia 00yCIIOBICHA ONaronpUsTHBIM BIMSHAEM KBA3UAIUTAKCUATHHOTO
CJIOS CWJIMIU/IA HUKEJISI Ha MPOMEKYTOYHOM dTare (GOpMHUPOBAHHS CHIMLUIOB, KaK 3T0 00CYKIaloCh paHee
B HAILIUX CTaThsIX M MyOIMKALUIX APYTUX aBTOpoB [12—15].

KonrakTHo-0apsepHbie cBoiicTBa. CTpyKTypHO-(a3zoBbie npeBpatieHus B crpykrype Ni— V/Pt/Sinocne BTO
MIPUBOIT K COOTBETCTBYIOLIMM M3MEHEHHUSIM KOHTAaKTHO-0apbepHbIX cBOKCTB. Tak, nocne BTO npu remmneparypax
400 u 450 °C Boicota Oapbepa Llortkn Haxogurest Ha yposHe oT 0,81 10 0,82 B (puc. 6), T. e. npubnmkaercs
K CIipaBoyHOMY 3HaueHuto /uist PtSi, papaomy 0,88 B [16], 4T0 00yCIIOBIEHO IPEUMYIIIECTBEHHBIM BIUSTHHEM Ha
BbIcOTY Oaprepa llloTTkn nMeHHO naHHOH (pa3bl HE3aBUCHMO OT TOJNIIIMHBI BEPXHETO Ciost crtaBa Ni— V.
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0,70 —{ =& 20 um
-0~ 40 HM
-0 60 M o
0,65 |
350 400 450 500 550 600 650

Temneparypa bTO, °C

Puc. 6. 3aBucumocTs BEICOTHI Oapbepa LlloTTkn cTpykTypst Ni — V/Pt/Si
ot remneparypsl bTO mpu Tommune cios cmasa Ni— V 20; 40 u 60 HM

Fig. 6. The dependence of the Schottky barrier height of the Ni — V/Pt/Si structure
on the rapid heat treatment temperature at a Ni — V alloy layer thickness of 20; 40 and 60 nm

ITocie BTO mpu temmeparype 500 °C mabmromaeTcsi CHIDKEHUE cpefaHeit BBICOTH Oaphepa LIoTTkn mo
0,79—0,80 B nipu tosnmuue ciost ciiaBa Ni — V 20 u 40 um u 10 0,77 B npu Tonmuue ciiost cruiaBa Ni — V
60 HM, 4TO 00OYCJIOBJICHO IIPUTOKOM aTOMOB HUKEJIS K IPaHUIIC pa3/elia ¢ KpeMHUeM U popMupoBaHueM (a3
MOHOCHJIHIIM/IA HUKEIIS, XapaKTEepU3YIONIMXCs 00Jiee HU3KOH 1Mo cpaBHEHUIO ¢ (a3oii PtSi BricoToii Oapbepa
Hlortku (0,66 B ms daser Ni,Si u 0,65 B mis daser NiSi [16]). VBennuenue pa3dpoca 3Ha4€HHUH BBICOTHI
Oapnepa LLloTTkH yKa3piBaeT Ha pa3dopoc 3HAYEHUH CKOPOCTH POTEKaHus U Qy3HOHHBIX TPOLECCOB MO 110~
L4 1 CTPYKTYPBL.

B cnyuae BTO mpu Temmneparype 550 °C cpennsist Beicota O6apbepa LLIOTTKH mpu TONIIMHE CJI0S CIUIaBa
Ni —V 20 um Bozpactaer g0 0,81 B, uto cBuzaerenscTByeT 00 yBennueHuu 1oiu (assl PtSi Ha rpanuue pas-
nena cunua — kpemHauid. [Ipu tonmmae cinos crumaBa Ni — V 40 u 60 HM cpennsist BeicoTa Oapbepa [lorTku
coxpansiercs Ha yposae ~0,80 u 0,77 B coorBercTBeHHO. B TO k€ Bpems mpu TonmmHe cios crutasa Ni — V
60 HM CYIIECTBEHHO CHIKAETCS Pa30pOC 3HAUEHUH TaHHOW BEIMYMHBI, YTO 00yCIOBIEHO YMEHBIIIEHHEM pa3-
Opoca 3HaYeHUI CKOpoCcTH (POPMHUPOBAHUS CHITHIIMIHBIX (a3.

ITocie BTO mpu Temmeparype 600 °C mst ctpykryp Ni — V/Pt/Si ¢ Tommumuoit ciost crutaBa Ni — V 20 HM
HaOTIOmaeTCsl JalpbHEHIIee yBenmdeHne cpenteil BeicoTsl 0apbepa [lortku mo 0,83 B, uro yka3piBaeT Ha mipe-
UMYIIECTBEHHOE BIMSHUE Ha JaHHbIH apaMetp ¢asbl PtSi. [Tpu Tommune crost croraa Ni — V 40 HM cpenssist
BeIcoTa Oapwepa [llorTku ocraercs Ha yposHe ~0,80 B, a mpu tommune cnost criaa Ni— V 60 HM yMeHbIIaeTcst
1o ~0,78 B, uto 00yciI0BIIEHO yBETMUEHUEM COZep KaHUs HUKENs Y TPaHMIbl pa3ziena ¢ kpemaueM. [lpu stom
HaOIIomaeTcst pa3dopoc 3HaYeHUH BBICOTHI Oaphepa [llorTku ot 0,68 mo 0,77 B, 9To ykas3pIBaeT Ha CYIICCTBCH-
HYIO IPOCTPAHCTBEHHYIO HEOIHOPOIHOCTH pactpezeneHus (a3 NiSi u PtSi na rpanuie paznena c KpeMHHEM.
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B nenom 3uauenus Boicothl Oapbepa [llortku mociie BTO cTpykrypsl Ni — V/Pt/Si pu temnieparype 600 °C
KOPPETUPYIOT C MPUBEICHHBIMU BHIIIE JAaHHBIMH O CONEP’KAHUH TUIATHHBI B MOTPAHUYHOM CIIO€ JBOHHOTO
cumnuaa NiPtSi. Taxke cieayer oTMETUTh CIPaBEITUBOCTh paHee CICTAaHHOTO BBIBO/IA 00 OTCYTCTBUU CY-
IICCTBEHHOTO BIIUSHUS COJICPIKAIINX BAaHAIUN TOBEPXHOCTHBIX CIIOEB HA 3JICKTPOHHBIC U AIEKTPO(QU3HUSCKIC
cBoiicTBa 6apbepoB LLIoTTkH.

AHanu3 3aBUCUMOCTH ITUIOTHOCTH OOPATHOIO TOKA Yepe3 CHJIMIIMIHBIC KOHTAaKThl OT Temreparypsl BTO
(puc. 7) moka3zeiBaet, uto npu ee nossimernn ot 400 1o 450 °C mI0THOCTH 00PAaTHOTO TOKA ISl CTPYKTYP
Ni — V/Pt/Si ¢ Tonmmuno# ciost criaBa Ni — V 20; 40 u 60 HM Bo3pacrtaeT OoJiee 4YeM Ha MOPSI0K BETUUHNHBL.
Ha ¢one crabmibHBIX 3HaYeHUI BhICOTHI Oapbepa I1IoTTku gaHHbBIN (DakT yKa3blBacT Ha YBEIWYCHUE TUIOTHO-
cTH 1e(heKTOB Ha TPaHUIIe pa3/iena CUIININA — KPEeMHH, 00yCciIoBIeHHBIX 11 dy3neil KOMIOHEHTOB CTPYKTYPbI
1 (ha30BBIMH MTEPECTPOCHHUSIMH, YTO TaKXKe IMOATBEPKIAAETCA pa3BUTON MOp(doIorreit 3Toil TpaHuIbl pasaena
(cMm. puc. 5, a).
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Puc. 7. 3aBHCUMOCTb IUIOTHOCTH 0OPATHOTO TOKa yepe3 cTpykTypy Ni— V/Pt/Si
ot Temneparypsl bTO mpu Tonmune cnos crmasa Ni—V 20; 40 u 60 HM

Fig. 7. The dependence of revers current density through Ni — V/Pt/Si structure
on the rapid heat treatment temperature at a Ni — V alloy layer thickness of 20; 40 and 60 nm

Hast crpykryp Ni— V/Pt/Si ¢ Tonmunoit cinost crutaa Ni— V 40 u 20 HM ganbHel1Iee MOBBIIICHUE TEMIIe-
parypsl BTO Brutots 10 600 °C IpUBOAXT K YMEHBILICHHUIO IUIOTHOCTH 00PAaTHOTO TOKA Ha OAMH U JIBa TIOPSIJIKa
BEJIMYNHBI COOTBETCTBEHHO, YTO BBI3BAHO CHIKEHHEM IIJIOTHOCTHU Je()EKTOB Ha TPaHUIle pas/ena CHIALUI —
KPEeMHUH U CIiIa)KuBaHUEM ee Mopdostoruu (cM. puc. 5, 6 u 2). Kpome Toro, Bo BTOpoM Citydae JOIOIHUTEIIb-
HOE BIIMSHUE HA YMEHBILIECHHE TUIOTHOCTH 00PaTHOTO TOKA OKa3bIBAET YBEJIMUEHHE BEICOTHI Oapbepa LLloTTku.

st cTpyKTyp ¢ TonmmHoM cios crasa Ni— V 60 aM nossitenue remneparypst BTO no 500 °C npuBoaut
K JJUTbHEHIIIEMY POCTY IJIOTHOCTH 00PaTHOTO TOKa, 4TO, HO-BHIUMOMY, 00YCIIOBIMBAETCS] CHUKEHUEM BBICOTHI
Oapoepa LLloTTkH (CM. pHUC. 6) U CBUACTEIHCTBYET O COXPAaHEHUH BBHICOKOH MJIOTHOCTH Ae(hEKTOB HA TpaHUIIe
pasnena cumiua — kpemuuit. [Ipu Temmneparype BTO 550 °C naOmiomatoTesi CHUKEHHE CpeHEH TIOTHOCTH
00paTHOTO TOKA Ha MOPSAO0K BETMUMHBI U CYIIECTBEHHOE YMEHBILICHHE pa30poca 3HaYeHUH 3TOro MapameTpa,
YTO TOBOPHUT O CHU)KEHHH TIOTHOCTH Ae(PEKTOB Ha TpaHuMIle pas/ielia CUINIUI — KpeMHHI Ha ()OHE CIia)KuBa-
Hus ee Mopdororuu. lanpHeimee ysennaenue temmeparypsl bTO mo 600 °C cHOBa MPUBOIUT K KPaTHOMY
POCTY INIOTHOCTH 00OPATHOIO TOKA M Pa30pOCy 3HAYEHUH ITOM BEIMUYMHBL, YTO B JAHHOM ClIyyae KOppeaupyeT
C YMEHBIIEHHEM BBICOTHI Oapbepa LLIOTTKH ¢ OJHOBPEMEHHBIM YBEIMYCHNEM pa3dpoca ee 3HaUYCHUH.

Takum 06pa3zom, Ha BETIMYKMHY INIOTHOCTH OOPAaTHOTO TOKA CHIIMIMIHBIX KOHTAKTOB, oiy4eHHbIX BTO cTpyk-
Typsl Ni — V/Pt/Si, nusier kak BoicoTa ux 6aprepa LLIoTTku, Tak 1 IIIOTHOCTH Je(eKTOB Ha TPAHUIIE pa3eria
CHJIMLIMJ — KpeMHHH, 00yCcIoBIeHHbIX Au(dy3reil KOMIIOHEHTOB CTPYKTYPBI U (Pa30BBIMHU MEPECTPOCHUSAMHU.

3akJroueHue

B pesynbrare npoBeIeHHBIX HCCIIEIOBAaHUH ycTaHOBIeHO BiusiHuEe Temiieparypbl BTO ctpykryp Ni— V/Pt/Si
¢ TommuuHol cnos crmasa Ni—V 20; 40 u 60 HM Ha CTPYKTypHO-(a30Bbie IPEBPALICHUS B OPMUPYIOLIHXCS
CJIOSIX CHUTMITU/IOB M NX KOHTaKTHO-OaphepHbIe CBOWCTBA.
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Tak, npu Temmieparype bTO 400 °C na rpanwuie pasaena ¢ kpemaueM Gopmupyercs cioid PtSi. [Ipu tem-
neparype bTO 450 °C npoucxonut qudy3ust HUKEIs U3 TOBEPXHOCTHOTO CJI0S K TIOJIOKKE C IMOCIICIYIONUM
00pa3oBaHMEM Ha TpaHHMIE pasziesia ¢ KpEMHHUEM KBa3udNUTaKcHanbHbIX JoMeHOB NiSi. [Ipu Temneparype
BTO Borme 500 °C nabmonarores ycunenne nuddys3un iaTHHBL K TPaHUIE paszieia ¢ KpeMHUEM U pOpMH-
poBanue nBoiiHoro cuiuiuaa NiPtSi. B nuanazone Temneparyp BTO ot 550 1o 600 °C pacnpezaeieHue Hu-
KeJIsl ¥ TUIATHHBI 110 TOJIIMHE CHITUIMIHOTO CJIOSI CTAHOBUTCS PaBHOMEPHBIM. [1pn 3TOM cofiepkaHue B HeM
HUKEJIS POTOPIMOHAIIFHO HCXOIHOW ToNMHE cos cryiaBa Ni — V, a Banaauii nocine bTO nokanuzyercst
B IPUITOBEPXHOCTHOW 00IACTH CHIUITMIHOTO CJIOSl M HE BIMSET Ha €r0 KOHTAaKTHO-0aphepHbIE CBOHCTBA.

YcTaHOBIICHO, YTO CHITHITUTHBIH CIIOH C YMEHBIIEHHOM IeEKTHOCTHIO TPaHMIIBI pa3jiesia ¢ KpEeMHUEM U HaH-
Jy4Iiel BOCIPOU3BOIUMOCTHIO BBICOTHI Oaphepa LlloTTku dhopmupyercs npu Temmeparype BTO 550 °C. Beicota
Oapwepa LlloTTku B 3TOM citydae uzmensiercst ot 0,77 B (st Tommumnst ¢inos criasa Ni—V 60 um) 1o 0,81 B
(s TommuHbI cinost crutaBa Ni— V 20 HM).
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BAUAHUE PEJKUMOB HAHECEHUA HAHOCTPYKTYPUPOBAHHBIX
HUTPUAHBIX 1 KAPBOHUTPUAHBIX ITOKPBITUU HA UX CTPYKTVPY,
OIITUYECKUE U DAEKTPOOU3NYECKUE CBOMUCTBA

C. B. KOHCTAHTHHOB", ®. ®. KOMAPOB",
H. B. YHKOB>, B. A. 3AHKOB?, JI. B. XKUI'YJIUH?

1)Hchmmym npuxaousix Qusuveckux npoonem um. A. H. Cesuenxo BI'Y,
yn. Kypuamosa, 7, 220045, e. Munck, Benapyce
2)Eeflopyccxuﬁ eocyoapcmeennulil ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, berapyce
«Hnmezpany — ynpasnsowas komnanus xonounea « Mumezpany,
yi. Kasunya, 121a, 220108, 2. Munck, berapyce

Annomayus. MeToroM peakTHBHOTO MarHETPOHHOTO PACTIBUICHNS C HCTIONB30BAHUEM Pa3IMYHbBIX PEKUMOB HAHECCHHS
chopmupoBanbl HaHOCTpYKTypupoBanHbie HUTpuaHbIE (TiAICuN) u kapoouuTpunabie (TiAICuCN) nokpeiTus. M3yueHbt
CTPYKTYpa, MOP(OJIOTHsI, ONTHYECKNE U HIEKTPOPU3NUECKUE CBOWCTBA TOJYUYSHHBIX MOKPBITHH, TAKWE KaK TOJIIMHA
IUICHKU (/1), cpenHsis MIepoXoBaTocTh (S,), K03(pULUUEHT CONHEYHOTO NomIoeHus (o), KodhPUIUEHT U3Iy4eHus (g),
OTHOLIEHUE KO3()(HULUEHTa COIHEUHOIO NONIOMEHHs K Kod(pduuuenTy usiaydenus (o,/€,), paBHOBECHAs TeMIIEpaTy-
pa (7)), kosppurment GpororepMuueckoro npeodpazosanus (1), MOBEPXHOCTHOE CONPOTUBICHHUE (R,), YACIBHOE COMPO-
TUBJICHHE (R ), IIIA3MEHHAs JUIMHA BOJHBI (A,,), KOHLEHTPALKS SICKTPOHOB (V) ¥ OABIKHOCT HOCHTENEH 3apsiaa (W).
YcTaHOBJICHO, UTO IaHHBIE TIOKPBITHS SBJISIIOTCS AIIEKTPOIPOBOISIIMMU. BBeneHue yrnepoaa B cocta nokpbitust TIAICUN
NPUBOAUT K M3MEJTBYEHHIO €T0 CTPYKTYPBI, POPMUPOBAHUIO IIPEUMYIIIECTBEHHO IIOOYIISIPHON MOP(OIOTUH, JIeiasi MaTepHall
Oosiee OIHOPOTHBIM TI0 MOBEPXHOCTH U TiryOHHE. [10KpbITHS, HAHECEHHBIC C UCTIOIB30BAaHUEM MHUIIICHH, COCTOSIICH 13
46 at. % Ti, 46 ar. % Al, 8 ar. % Cu, umerot 60sbIHe KO3 dUIIEeHT conHeyHoro noromeHus (Ha 32 %), ko3 punueHTt
n3nydeHus (Ha 69 %) u koapunueHT poTorepmmueckoro npeobdbpasosanus (Ha 31 %), MeHbIINE OTHOILIEHUE KO DH-
IIEHTa COJTHEYHOT0 MOmIoNmeHus K ko3 dpunnenty usnyuenus (Ha 21 %) n paBHOBecHyto Temmneparypy (Ha 50 %), uem
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00pasIipl, OTyYCHHBIC TOCPEACTBOM PaCbUICHHSI MUIIICHH, BKIIToUaroiiei 69 at. % Ti, 23 at. % Al, 8 at. % Cu. YcraHOoB-
JICHO, 4TO JJ00aBieHne Meu B coctaB HUTpuAa TiIAIN npu onTHMaNbHBIX YCIOBHSIX HAHECEHHSI TPUBOAUT K yMEHBIICHHIO
yaesnbHoro conpotusieHus nokpbitust TIAICuN B 4,0—7,5 pa3a o cpaBHeHuto ¢ TakoBbIM OKpbITHs TIAIN. TloyueHHbIe
HanoctpyktyprpoBanHbie oKpbIThs TIAICUN 1 TiAICuCN nepcrieKTHBHBI JUTsl HCTIONB30BaHUSI B KAUECTBE TEPMOPETYITH-
PYIOIINX MOKPBITHIT I KOPITyCca, CUCTEM M YCTPONUCTB MaJIbIX KOCMUYECKHUX ariapaToB.

Knrouegwie cnosa: peakTMBHOE MarHeTPOHHOE paciblieHne; HaHocTpykTyprupoBanHble NOKpbITHst TIAICUN u TIAICuCN;
OINITHYECKHE CBOIMCTBA; AEKTPOPU3INUECKIE CBOMCTBA; KOCMHUYECKOE MaTepHaIOBElICHHE.

THE EFFECT OF DEPOSITION REGIMES OF NANOSTRUCTURED
NITRIDE AND CARBONITRIDE COATINGS ON THEIR STRUCTURE,
OPTICAL AND ELECTROPHYSICAL PROPERTIES

S. V. KONSTANTINOV?, F. . KOMAROV?,
L V. CHIZHOV®, V. A. ZAIKOV", D. V. ZHYHULIN®

®A. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
7 Kurchatava Street, Minsk 220045, Belarus
®Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
“«Integral» — Holding Management Company, 12la Kazinca Street, Minsk 220108, Belarus

Corresponding author: S. V. Konstantinov (svkonstantinov@bsu.by)

Abstract. Nanostructured nitride (TiAlCuN) and carbonitride (TiAICuCN) coatings were formed using the reactive
magnetron sputtering method in various deposition regimes. The structure, morphology, optical and electrophysical pro-
perties of the obtained coatings, such as film thickness (%), average roughness (S,), solar absorption coefficient (a.,), emis-
sivity (&), ratio of solar absorption coefficient to emissivity (o./¢,), equilibrium temperature (7,,), photothermal conversion
coefficient (n), surface resistance (R,), resistivity (p), plasma wavelength (1), electron concentration (V) and charge carrier
mobility (), were studied. It has been discovered that the resulting coatings are electrically conductive. The introduction
of carbon into the composition of the TiAICuN coating leads to a refinement of its structure and the formation of a pre-
dominantly globular morphology, making the material more uniform on surface and in depth. Coatings deposited using
a target with a composition of 46 at. % Ti, 46 at. % Al, 8 at. % Cu, have higher solar absorption coefficient (by 32 %),
emissivity (by 69 %) and photothermal conversion coefficient (by 31 %), lower ratio of solar absorption coefficient to emissivity
(by 21 %) and equilibrium temperature (by 50 %), than samples obtained using a target with a composition of 69 at. % Ti,
23 at. % Al, 8 at. % Cu. It has been observed that the addition of copper to the composition of the TiAIN nitride under
optimal deposition conditions leads to a decrease in the resistivity of the TIAICuN coating by 4.0—7.5 times compared to
that of the TiAIN coating. Thus, the formed nanostructured TiAICuN and TiAICuCN coatings are promising for use as
thermoregulatory ones for housings, systems and devices of small spacecrafts.

Keywords: reactive magnetron sputtering; nanostructured TiAlICuN and TiAICuCN coatings; optical properties; elec-
trophysical properties; space materials science.

BBenenue

Hanoctpyxrypuposanusie autpugusie (TiAICuN) u kapoonutpuansie (TiAICuCN) nokpsiTus o0nanaioT
MEPCIEKTUBHBIMU MEXaHUYECKUMH CBOMCTBAMH Ul 00eCIIeUeHUs] HAaJeKHOTO (PYHKIIMOHUPOBAHUS CUCTEM
MaJIbIX KOCMHYECKUX allapaToB, @ UMCHHO BBICOKUMH TBEPAOCTHIO M CTOMKOCTBIO K YAapHBIM HarpysKam,
OTIIMYHOHN COMPOTUBIIAEMOCTBIO TUIacTHUeckoi nedopmaruu [1; 2]. Kpome Toro, yHUKaIbHBIM CBOMCTBOM I1O-
JNOOHBIX KEPaMUUECKUX ITOKPBITUH SIBISIETCS] BBICOKAs paJlallMOHHAsl CTOMKOCTh K BBICOKOIHEPIETUIECKOMY
MOHM3HpYOIeMy obimydenuto [3-9].

[Ipu npoeKTHpOBaHUN KOCMHYECKOTO amIapara BaXHO YUYHUTBIBAaTh, KAKHMX TeMmeparyp OyayT HOCTHUraTh
pas3nYHbIE y3JIbl BO BpeMs osieTa. bIoky 4yBCTBUTENLHON DIIEKTPOHUKH JOJKHBI OBITh 3aIIUILEHBI OT BO3-
JIeHCTBUSI HETATUBHBIX (DAKTOPOB M IKCIUTYaTHPOBATHCS B ONTHMAIBHOM TEMIIEPaTypHOM Jlara3oHe. JKc-
TpeMalbHbIC Meperajbl TEMIIEPaTyp, KOTOPBIM MaTepHallbl TOJIBEPratOTCsl B TEUEHUE JITUTEIBHOTO BPEMEHU
B KOCMOCE, OKa3bIBaIOT HEIOCPEICTBEHHOE BIMSIHNE HA UX (PyHKUMOHANbHBIE CBOMCTBA. BbiOOp Matepuana
MOKPBITHSL, OTBEYAIOIIETO KECTKUM TPEOOBAaHUAM AJIs1 IPUMEHEHHSI B KOCMUYECKOM IPOCTPAHCTBE, SIBIISETCS
CIIOKHOM 3a7aueil. [y nporHo3upoBaHus TeMIIEpaTypbl KOCMUYECKOI0 aliapara B KOCMoce He0OX0JUMO 3HATh
OINITHYECKUE XapaKTePUCTUKU MaTepualia Kopiyca cnyTHuka. B padote [10] Obl10 ompeneneHo 3Ha4eHue Ko-
3¢ durrenTa NoIHOro COTHEYHOro NOMIOLIEHUS (a,) JIs CITyTHUKOB C(epHueCcKON U LIUINHIPUIECKOH GopMBbl
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¢ yuetoM Koddunmenra orpaxenns. CymmapHsIil nomychepnaeckuit Ko3hdunneHt n3nydeHus (ey, (T)) JUTSL

CIyTHHKa cepruueckoil GopMbl U3MEPSUICS KaJOPUMETPUIECKHM METOJOM M CPAaBHHUBAJICS C pE3ylbTaTaMH
n3MepeHus KodQuimenTa oTpakeHus B nHPpakpacHoM auanazone (ot 2 10 30 mxm). Beuto ycranosieHo,
4TO COOTHOIIEHUE a /€, Ui rpadura cocrasiser 0,95—1,11, mpu 3ToM paBHOBECHAsl TeMIIEpaTypa CIIyTHUKOB
HaxonuTca B uHTepBasie 90—380 K. [l nurpuna tutana (TiN) cooTHomeHne a,/e; AOCTUTaeT 3HAYCHUIH
2,64—4,64 nipu paBHOBecHO# Temmepatype 130—490 K [10]. PaBHOBecHBIC TeMmepaTypsl At ChepruIecKux
U LWIMHAPUYECKUX KOCMUUECKUX allapaToB ObLIM PACCUUTAHBI C HCIOIb30BAHUEM COJTHEYHBIX MTOCTOSIHHBIX
Ha Benepe, 3emie u Carypne [10]. PaccMoTpeHHBIE IOKPBITHS SIBJISIOTCS IEPCHEKTUBHBIMU JUIA 337a4 TEPMO-
PETYIHPOBaHMS MallbIX KOCMUYECKHX allaparos.

ABropamu pa6oTsl [ 11] 6b11H otteHeHbI 3P HEeKTHBHOCTH (POTOTEPMUUECKOTO MPEeoOpa3z0OBaHUsl TOHKOIIICHOY-
HBIX OKPBITHI, MX TEPMUYECKasi CTAOMIBHOCTb, & TAKXKE MPEIUIOKEHBI ITyTH B CIIOCOOBI YITyUIIIEHHSI OTITHYe-
CKHX U, KaK CJIEACTBHUE, TEINIOBBIX XapaKTepPUCTUK. OTMEUEHO, YTO HUTPUIHbIE U KAPOOHUTPUAHBIE TOKPHITHS,
KaK IpaBUJIO, IEMOHCTPUPYIOT BBICOKHE MEXAaHUUECKHUE CBOMCTBA M XOPOLIYIO TEPMUYECKYIO CTAOUIBHOCTb.

Uccnenosanus kapoonutpuaaoro nokpeitust TIAICN [12] moka3zanu n3aMeHEHHs yAeIbHOTO COPOTHBIICHUS
IJIEHOK B mpenenax ot 1,982 no 3,169 MOM - cM nipH BapbHpOBaHUM TEXHOJIOTHYECKUX YCIOBUM OCaKIEHMS.
Koadurment conneunoro nornomenus (o) coctasisin ot 0,24 1o 0,54, koadduiuent usnyuenus (g,) — ot 0,33
10 0,52, a nx orHomenue (o./€,) nocturano ot 0,60 1o 1,44, 9TO CBUIETEIBCTBYET O BO3MOKHOCTH H3MEHEHUS
OINITUYECKHUX U AIEKTPOPU3NIECKUX XapaKTEPUCTUK MOKPHITUH, HAHOCUMBIX BAKYYMHBIMH METOJAMHU, IIyTEM
BbIOOpA ONTUMAJILHBIX YCIOBUH UX (POPMHUPOBAHUSL.

TakuMm 00pa3zoM, akTyaJabHOH 3a/1aueil SBJISIETCS] YCTAaHOBJICHHUE BIMSHUS PEKMMOB HAaHECEHHS Ha ONTHYe-
CKHE U JIeKTPO(PU3NIECKIE CBOICTBA HAHOCTPYKTYpUpPOBaHHBIX HUTPUAHBIX (TiAICuN) 1 kapOOHUTPUAHBIX
(TiAICuCN) kepamMHueCKUX MOKPBITHI ¢ 1o0aBieHHEM Men, GOPMUPYEMBIX METOJOM PEaKTHBHOTO MarHe-
TPOHHOTO PACIIBUICHUS U SBISIFOIINXCS IEPCIEKTUBHBIMU JIJIS1 IPUMEHEHHUS B Ka4ECTBE TEPMOPETYIHUPYIOLTIX
MTOKPBITHH [UI KOCMHYECKONH TEXHUKH.

MarepuaJibl M1 MeTOAbI HCCJIETOBAHUS

Ocaxaenne nokpeituii TIAICuN u TiAICuCN npon3BoauIoch METOIOM PEaKTUBHOTO MAarHETPOHHOTO pac-
MBIJICHUS C MCIIOJIb30BAaHHEM KOMIIO3UTHBIX MHILIEHEH, COCTAaB KOTOPBIX MpejacTaBieH B Tabn. 1. Hanecenune
OCYIIECTBISIIIOCH HA MOIEPHU3UPOBAaHHOU ycTaHOBKe Y BH-2M, ocHalieHHOM MarHeTpOHHBIM PACIIBUIUTEIEM
¥ MOHHBIM HCTOYHUKOM «Pagukamy», cucreMaMy HarpeBa MOJIOKEK, MOJaul CMEIIEHUS Ha MOJIOKKY U MO-
IyTHBIM KOMITJIEKCOM yTIpaBieHus pacxomom razoB (MKYPI'), mo panee orpaborannoit Texnonorum [1; 2].
OTkayka BaKyyMHOU KaMephl, OCHAIIEHHOW a30THON JIOBYIIIKOW, TPOMU3BOINIACH C TIOMOIIBIO TU(PPY3HOHHOTO
MIapOMAacIITHOTO ¥ (POPBaKyyMHOTO HAaCOCOB. BakyyMmHast cucTeMa mo3BoJIsiia Ioy4arh IpeieIbHOE OCTaTOYHOE
nasnenne 9 - 10 ITa. HanbuisieMble MOIOKKH — MOHOKpHCTAILTHYeCKm kpemunii (Si (100)), okena kpem-
Hus (Si0,), cutamt (Mapka CT-1) — 3akpenisiIi Ha INIOCKOM HarpeBaeMoM IMOAJIOKKOIepKaTee.

JlJ1s1 KOHTpOJIS pacxozia peaKTUBHbIX ra3oB — a3oTa (N,) u aneruinena (C,H,) — ucrnonp3oBaiach 3aBUCUMOCTh
XapaKTEePHUCTHK CIIEKTPOB ONTHYECKOTO U3TyUEHHs pa3psaa OT CoAep:KaHMs ra30B B BAKyyMHOU Kamepe. Komm-
YEeCTBO yIIepojia B COCTaBe MOKPHITHH KOHTPOIMPOBAIIOCH COOTHOIIEHHEM TapIHaIbHbBIX JTABICHUH PEaKTHB-
HBIX ra3oB B /Fe y .

B pabore npuMeHsICsS OAHOKAHAIBHBIN aITOPUTM KOHTPOJISL PACX0/a I'a30B, KOTOPBIA CBOIUTCS K PETUCT-
paiuy 1 MoAaepKaHHIo Ha 33JaHHOM YPOBHE HHTEHCHBHOCTH OJTHOTO KOHTPOJIBHOTO CIIEKTPATbHOTO JIeMEH-
Ta — IMHUY TUTaHa I; 506,5 HM. Mcnonb3yemas cucremMa KOHTposst pacxoza razoB MKYPI [1; 2] no3sossier
TTOJIIEPKUBATH TIOCTOSTHHOE COOTHOIIIEHHE TIOTOKOB PACIBIJICHHBIX aTOMOB METaJlIa MUIIIEHN U TTOTOKA peak-
THUBHOTO Ta3a Ha MOUIOKKY MTPH MOCTOSHHBIX paboueM JTaBIeHUH U ITapaMeTpax Ha UCTOYHHUKE MUTaHus. Takon
Croco0 yTpaBJIeHNsT HAHECCHHEM TOKPBITUH M KOHTPOJISI MPOIecca PEaKTUBHOTO MarHETPOHHOTO paciiblie-
HUS 00eCTIeYrBaeT BHICOKYIO BOCIIPOM3BOAUMOCTH (POPMUPOBAHUS TIOKPBITHH 110 COCTaBy U TONIIUHE [3—06].

Tabnuna 1

CocraB mumeHeii TiAlCu, H3roToBJICHHBIX METOIOM B3PbIBHOIO IIPECCOBAHUS

Table 1
Compositions of TiAlCu targets manufactured by explosive pressing
Howmep CocraB MHIICHI
MIHICHHI | T vac. % Ti,ar.% | Al mac.% | Alar% | Cumac.% | Cuar%
56 46 31 46 13 8
4 74,5 69 14 23 11,5 8
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MeTtonoM ckaHUpYIOIIeH 3M1eKTpOoHHON MUKpockonuu (COM) ¢ HCIONB30BaHUEM 3JIEKTPOHHOTO MUKPO-
ckora Hitachi SU-3400 (Slnonus) ObIIM M3y4YeHBI CTPYKTYpa U MOP(OIOTHS TOITYYSHHBIX IMOKPBITHH. YCKO-
psrOIee HAMPSIKEHHUE 3ICKTPOHHOTO My4YKa COCTaBisuio 15 kB. Mukpockon ObL1 OCHAINEH JTAaTYUKOM PEHT-
TEHOBCKOTO M3JIy4EHUS (3HEPrOAUCIIEPCUOHHBIM CIIEKTPOMETPOM), IO3BOJISIOIINM ONPENENIATh JIEMEHTHBII
COCTaB MCCIIEAYEMbIX IMOKPBITUH METOAOM PHEProANCIEPCHOHHON peHTreHoBcKol crekTpockonuu (DPC).
Tonmmny mokpeiTHil n3ydanu mo COM-mukpodoTorpadusm MmomepeyHbIXx CKOJIOB 00pa3IoB Ha MOMIOKKAX
13 KPEeMHHUsSI U OKCHJa KpeMHHUsl. Mopdoioriio NoBepXHOCTH MCCIEI0BAIN ¢ OMOIIBI0 aTOMHO-CHIIOBOTO
mukpockona (ACM) NanoEducator I (OOO «HT-MAT», Poccust). CkaHnpoBaHue NOBEPXHOCTH 00pa3LoB
MIPOM3BOIMIIOCH Ha IOJIE pa3MepoM 2 X 2 MkM. OOpaboTKa OIy4eHHbBIX JaHHBIX BBIIOJIHSIIACH B IPOIPAMMHOM
komIutekce Gwyddion. CriekTpbl OTpaskeHHs OT MOKPBITHH PerucTpupoBaIMCh Ha ycTaHoBke Lambda-1050
UV/Vis (PerkinElmer, CIIIA) B nuanazone miud BoiH 190-2500 uM. IloBepxHocTHOE conporusienue (R)
TJIEHOK M3MEPSIIOCH YETHIPEX30HA0BBIM METOJIOM C TOMOILIBI0 Ludposoro npudopa MY C-3 (Poccust) B ueHTpe
oOpasiia npu KOMHaTHOH Temneparype. [lorpemHocts n3MepeHuit He npepbimana 5 %.

Pe3yabTarhl U MX 00CyKIeHUE

B tab6n. 2 npeacrasnens! qanneie o coctare chopmupoBaHHbIX TOKPbITHI TIAICuN u TIAICuCN. CreneHnb
PEaKTHBHOCTH IPOLIECCa U COOTHOMICHHE MEKIY METAITMIECKUMH ¥ HEMETATTNIECKUMH KOMIIOHEHTaMH SIB-
JISIIOTCS OCHOBHBIMH TTapaMETPaMu, ONPENEIISIONIMMU COCTaB U, KaK CJIEACTBUE, CTPYKTYPY M CBOWCTBa Ha-
HOCHMBIX MTOKPBITHH, TIO3BOJISISE TEM CaMbIM ()OPMHPOBAThH HAHOMATEPHAJ C JKEJIAEMBIMH XapaKTEPUCTHKAMH.

Tabnuna 2

CreneHb peakTHBHOCTH (@), 10/ MeTa/iIndeckux komnoHenTos (Ti + Al),
110J151 HeMeTajuInyeckuX KoMnoHeHToB (N + C), oTHOLIeHHe 10J1H MeTAINYeCKUX KOMIIOHEHTOB
K 10J1e HeMeTainyeckux komnonenToB ((Ti + Al)/(N + C)) pazinyHbIX 00pa3uoB
nokpeITHii TIAICuN u TiAlICuCN

Table 2

The degree of reactivity (a), the proportion of metallic components (Ti + Al),
the proportion of non-metallic components (N + C), the ratio of the proportion of metallic components
to the proportion of non-metallic components ((Ti + Al)/(N + C)) of various samples
of TiAlCuN and TiAlCuCN coatings

O6pasen o Ti + Al at. % N+C,ar % (Ti + Al)/(N + C)
3N1 0,605 44,80 45,89 0,976
3N2 0,474 48,05 38,97 1,233
4N1 0,605 45,19 45,53 0,993
4N2 0,474 56,79 31,70 1,791
3CN1 0,605 42,23 48,36 0,873
3CN2 0,474 51,77 39,99 1,295
4CN1 0,605 51,51 41,73 1,234
4CN2 0,474 59,97 30,99 1,935

Ha puc. 1 mpencrasnens COM-n300paeHus MOBEPXHOCTH U MOMEPEYHOTO CKOJIA UCCIISTYEMbIX TIOKPBITHIA
Bunno, aro mms ob6pasma 3N1, TOIydIeHHOTO ITOCPEICTBOM PACTIBIICHUS MUIICHH 3 B pexkume 1 (cocTaB 1o-
KPBITHSL OJTM30K K CTEXHMOMETPHUYECKOMY), XapakTepHa V-oOpasHasi cronOuaras crpykrypa. CpenHuil uamerp
CTOJIOLIOB pOCTa Ha MOBEPXHOCTH cocTarisieT okoio (90 + 5) um. TommmHa cpopMUpOBaHHOTO HAHOCTPYKTY-
pupoBaHHOTO TOKpBITHS paBHa 1730 HM (cM. puc. 1, 6). Ha mOBEpXHOCTH MOKPBITUS OTCYTCTBYIOT TPEIIHHBI
Y IyCTOTBI, YTO CBUACTEIILCTBYET 0 ero ofHopoaHocT. Oopaser; 3CN1 (cM. puc. 1, 6 u &), OITy4YEHHBIH C UC-
MOJIb30BAaHMEM aHAIOTUYHBIX MapaMeTpoB HaHeceHus (o = 0,605, mumiens 3, pexxum 1), nMeeT cyOHAHOKPH-
CTJUTMUYECKYIO TIIOOYISIPHYIO CTPYKTYpY 0€3 sIpKO BBIPaXKEHHOTO HampasieHus pocrta. Ha puc. 1, 2, ormMeueHa
TOJIIIMHA OKHUCIIAa KpeMHHUs, paBHast 456 HM. BBenenne yriepona crmocoOCTBOBAJIO M3MEHEHHIO COOTHOIICHHS
MEKAY METAJUTMYECKUMH 1 HEMETANIMYECKUMH KOMIIOHEHTaMH MOKPBITUS (CM. Tad. 2), 4To, B CBOIO OYEPE/ib,
MIPUBEIIO K PEOOPa30BaAHUIO CTPYKTYPHI MOKPBITHS, & UMEHHO K MEpexoy OT V-00pa3HOo cTONO4aTol CTPyKTY-
PBI K METIKO3EPHUCTON TIIOOYIISIPHON CTPYKTYpE.
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COM-u300paskeHHs IOBEPXHOCTU M TIONEPEYHOTO CKOJIA MMOKPHITHH, COPMUPOBAHHBIX MTOCPENICTBOM Pac-
MBIICHUSI MUIICHH 3 B peskume 2 (¢ o0oraiieHueM MeTaJUTMYECKUMU KOMIIOHEHTaMH ), IPUBEICHBI Ha puUC. 2.
Ha moBepxnoctyu nony4deHnbix 00pasinos mokpbiTiit TIAICUN u TiIAICuCN oTCyTCTBYIOT KaresibHast (paKIms,
CKOJIBI, ITycTOTHI U oTcioeHus. O6pazer; 3N2 umeeT TeKCTypHPOBAHHYIO MMOBEPXHOCTH (CM. pHC. 2, a) C JOMHU-
HUPYIOIIUM HarpaBlieHneM pocta. Ha n3o0paskeHn# monepeyHoro ckosa (CM. puc. 2, 6) MOKHO HaOJIOIaTh ve-
penoBaHue CTOJ0UATOM U IIOOYJISIPHOM CTPYKTYp HaHOKOMIIO3UTA. TOJIIMHA HUTPUIHOTO ¥ KAPOOHUTPHUIHOTO
nokpeITHE coctarisieT 1290 n 1530 HM COOTBETCTBEHHO. AHain3 MUKpO(hoTorpaduii BCEX UCCIICAYEMbIX 00-
PAas3IIoB MOKA3bIBACT, YTO TIOBEPXHOCTD MOTYUYCHHBIX HAHOKOMITO3HTOB SIBIISICTCS TIIAJIKON 0€3 pa3pbhIBOB U MaKpo-
BKJTFOUCHHH, HETATHBHO BIMSIONINX HA CBOWCTBA HAHOCTPYKTYPHPOBAHHOTO MaTepHaa.

IMokpsitue TiIAICuCN, chopmupoBarHoe ¢ go0aBieHreM yrieposa (oopaser; 3CN2), umeer V-00pa3Hyro
CTPYKTYpY (CM. puC. 2, 2), a Tak)Ke TeKCTYPHPOBAHHYIO IIOBEPXHOCTH 0€3 JOMUHHUPYIONIETO HAIIPaBICHUS pocTa
(cMm. puc. 2, 6). [TokpbiTre, 000TallIEHHOE METAIIMYSCKUMU KOMITOHEHTaMu (oOpaser] 3N2) (cwm. puc. 2, a), oona-
Jaet 0oJiee MEITKO3EPHUCTOM CTpyKTypol, yem obpaser; 3N1 (cM. puc. 1, a), cocTaB KOTOPOTo OJIM30K K CTEXHO-
METpUUYECKOMY. B cuily Manoro n3MeHeHUs] COOTHOMICHUS] MEXITy METATMUYSCCKUMH U HEMETaITHUeCKUMH
KOMIIOHEHTaMHu (cM. Tabu. 2) mpeoOpa3zoBaHre MOPHOIOTUU HE CTOJIb 3HAYUTENBHO, KaK B cilydae ¢ o0pasia-
mu 3N1 u 3CNI.

Ha puc. 3 npencrasnensl nokpbiTust TIAICUN u TiAICuCN, HaHECCHHBIC ¢ TOMOIIBIO MUIIICHH 4 B PEXKH-
Me 1 (Co CTeXHOMETPUYECKUM COOTHOIIIEHHEM KOMITOHeHTOB). O6pazert 4N1 (cM. puc. 3, a) UMeeT TeKCTypu-
POBaHHYIO TIOBEPXHOCTH 0€3 BUAUMBIX 1e(DEKTOB.

Ha puc. 3, 6, nabmomaercs ctonbuaras CTpykTypa (IuamMeTp CTOIOIOB pOCTa COCTaBIsIeT 0koio 150 M)
¢ HeOOMBIITNM HAKJIOHOM OTHOCHUTEIBHO HOPMAJIH K IOJITIOXKKe. BBeieHue yriepo/ia B OKPHITHE C aHATOTHYHBIMH
napameTpamu HaHeceHus (0opazers 4CN1) (cM. puc. 3, g U 2) IPUBENIO K MEPEXOAY OT CTOIOUATON CTPYKTYPhI
(cMm. puc. 3, 6) K TIIOOYIISIPHOM.

Mopdomnorust moBepxHocTy u morepednbiid ckoll mokpbITHi TiAICuN (o6pazer; 4N2) u TiAICuCN (006-
paseir 4CN2), chopMHUPOBAHHBIX C MOMOIIBIO MHIIICHH 4 B pekuMe 2 (C HEIOCTATKOM a30Ta), MPEICTaBICHBI
Ha puc. 4. OOpa3zer; 4N2 uMeeT MEJIKYH CTOJI04aTy0 CTPYKTYypy (okosio 10 HM) ¢ HAKJIOHOM OTHOCHUTEIIBHO
HOPMAJIH K TIOJIOKKE. Ha mMOBepXHOCTH HAHOKOMITO3UTA OTCYTCTBYIOT BUIUMEIE Ne(PeKThI (M. puc. 4, a), He-
TaTHBHO BIIUSIOIIME HA CBOMCTBA MOKPbITHs. O0pasen; 4CN2, ierupoBaHHbIN yIIIepoaoM, 00IaaaeT 0 JHOPO/I-
HOM TJI00YJISIPHOM CTPYKTYpOU 0€3 TOMUHUPYIOIIETO HAalpaBJIeHUs pocTa (CM. puc. 4, 2).

o/b

12.0 kV x20.0 k SE(U)

6lc 2ld

1456 nm

0 kV x30.0 k SE(U) .0 12.0 kV x20.0 k SE(U) 2.00 pm

Puc. 1. COM-u300pa>keHus MOBEpXHOCTH (a, 6) U IONEPEYHOTO cKoia (0, 2)
nokpbrtuit TIAICuUN u TiAlCuCN, HaHECEHHBIX ¢ HCIIOJIb30BaHIEM MUIICHH 3 B pexume |
(o6pazen; 3N1 Ha momnoxkke u3 Si (a, 6) 1 obpaser; 3CN1 Ha outoxke n3 Si0, (8, 2) COOTBETCTBEHHO)

Fig. 1. Scanning electron microscopy (SEM) images of the surface (a, ¢)
and cleavage (b, d) of TiAICuN and TiAICuCN coatings deposited using target 3 in mode 1
(sample 3N1 on Si substrate (a, b) and sample 3CN1 on SiO, substrate (c, ) respectively)
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o/b

12.0 kV x40.0 k SE(U)

6lc 2ld

12.0 kV x30.0 k SE(U) 1.00 pm

Puc. 2. COM-u300paskeHNs: TOBEPXHOCTH (¢, 8) M IOMIEPEYHOro cKoina (60, 2)
nokpbituii TIAICuN 1 TiAlCuCN, HaHECEHHBIX C UCIIOIb30BaHHEM MHIICHH 3 B pexKuMe 2
(o6pazen; 3N2 Ha moanoxkke u3 Si (a, 6) u odpaser; 3CN2 Ha nomoxke u3 Si (8, 2) COOTBETCTBEHHO)

Fig. 2. SEM images of the surface (a, ¢) and cleavage (b, d)
of TiIAICuN and TiAICuCN coatings deposited using target 3 in mode 2
(sample 3N2 on Si substrate (a, b) and sample 3CN2 on Si substrate (¢, d) respectively)

| -
| 112 pm

12.0 kV x20.0 k SE(U)

eld

158 um

12.0 kV x30.0 k SE(U) 1.00 um

12.0 kV %20.0 k SE(U)

Puc. 3. COM-u300paskeHHst TOBEPXHOCTH (2, 8) ¥ TIOMIEPEYHOTO0 CKoa (6, 2)
nokpeiTiid TIAICuN 1 TiAlCuCN, HaHECEHHBIX C HCTIOJIB30BAaHUEM MUIICHHU 4 B pekumMe |
(o6paszer 4N1 Ha mommoxke u3 Si (a, 6) u odpaser; 4CN1 Ha nomsoxke u3 Si (6, 2) COOTBETCTBEHHO)

Fig. 3. SEM images of the surface (a, ¢) and cleavage (b, d)
of TiAlCuN and TiAlCuCN coatings deposited using target 4 in mode 1
(sample 4N1 on Si substrate (@, b) and sample 4CN1 on Si substrate (¢, d) respectively)
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ala o/b

1.28 wm

12.0 kV x30.0 k SE(U) 1.00 um

12.0 kV x20.0 k SE(U)

6lc 2ld

1.64 pm

12.0 kV x30.0 J ‘ )\ 12.0 kV x20.0 k SE(U)

Puc. 4. COM-u300pakeHust MOBEPXHOCTH (&, 6) U TIONIEPEYHOTO cKoa (6, 2)
nokpbrtuit TIAICuUN u TiAICuCN, HaHECEHHBIX C UCIIOIb30BaHIEM MHIICHH 4 B pexnme 2
(obpazen 4N2 Ha momoxke u3 Si (a, 6) n odpazen; 4CN2 Ha noanoxke u3 Si (8, 2) COOTBETCTBEHHO)

Fig. 4. SEM images of the surface (a, ¢) and cleavage (b, d)
of TiAICuN and TiAICuCN coatings deposited using target 4 in mode 2
(sample 4N2 on Si substrate (a, b) and sample 4CN2 on Si substrate (c, d) respectively)

Anamz COM-mukpodoTorpaduii MOBEpXHOCTEH U IMTONIEPEIHBIX CKOJIOB (cM. puc. 1—4) cdhopMHUPOBaHHBIX
MTOKPBITUI yKa3bIBae€T HA MPSIMOE BIMSHHE COOTHOLICHUSI MEXKAY METAJUIMYECKHMMU U HEMETAJUIMYECKUMHU
KOMIIOHEHTaMH (CM. Tabi. 2) Ha MOP(QOIIOTHIO HCCIIEAYEMbIX HAHOKOMITO3UTOB. BBeieHNe yriepoaa B cocTaB
okpeITUst TIAICUN TIpUBOAMT K U3MENBYCHUIO €r0 CTPYKTYPHI, (POPMHUPOBAHHUIO MPEUMYIICCTBEHHO TII00Y-
JSpHOHM Mopdoornu, aenas Matepuan 0ojiee OTHOPOTHBIM IO MTOBEPXHOCTH M rryOuHe. [lokpeiTre, HaHe-
CEHHOE C UCIONb30BaHueM MulieHu 3 (oOpaszen 3N1), ouuaercs okpymiold GopMoil KpUCTAIUTOB Ha TO-
BEPXHOCTH (CM. puC. 1, @), a 17151 HOKPBITHSL, TOJYYSHHOTO ¢ MOMOILbI0 MutieHH 4 (06pazen 4N 1), xapakrepHa
3aocTpeHHas ¢popma 3epeH (cM. puc. 3, a). Hurpugam, chopmupoBaHHbIM B peskrMe 2 (¢ H30BITKOM METaILIH-
YEeCKHUX KOMITOHEHTOB) (00pa3ibl 3N2, 4N2), cBoiicTBeHHa OoJiee METKO3epHUCTAst CTPYKTYpa, YeM MOKPHITH-
SIM, OCaXKJICHHBIM B pexkrMe 1 (CO CTeXMOMETPUUYECKUM COOTHOIIEHUEM KOMITOHEHTOB) (00pa3isl 3N1, 4N1).

Ha puc. 5 uzo0paxena mopdoiiorus moBepxHoctu 00pasuoB murpuaa turaHa TiAICuN, uccienoBanHas
¢ nomompio ACM. [lomydeHHbIe pe3yabTaThl XOPOIIIO coracyroTes ¢ JanapiMu COM. Cpennsis mepoxoBa-
Tocth (S,) oOpasua 3N1 paBHa 4,5 M, o6pasua 3N2 — 6,2 M, oOpas3ua 4N1 — 3,1 uMm, oOpas3ua 4N2 — 2,2 HwM.
Cpennuii pazmep 3epeH s oopasna 3N1 cocraBui okouo (88 £ 5) Hwm, st oopasia 4N1 — (38 £5) Hm.

[ornomarensHast U OTpaXkaTeabHast CHOCOOHOCTD JIIOOBIX MOKPBITHI 3aBUCUT OT OOJBIIOTO KOJIMYECTBA
(hakTOpOB, BIUSIOIIMX HA WX JIIEKTPOHHYIO CTPYKTYPY M MOPQOJIOTHIO — dJIEMEHTHBIA u (ha30BBIN COCTaB,
pa3mep 3epeH, MepoXoBaTOCTh, HAIMYKE IyCTOT U T. 1. [11]. BappupoBaHnue ycnoBuid 0CaxIeHUS TOKPBITHN
TaKKE U3MEHSIET UX ONTUYECKUE XapaKTEPUCTUKH B IIUPOKOM CIEKTpalbHOM auamnasone [11; 12].

C nomorusio criektpodoromerpa Lambda-1050 UV/Vis Obi1 nzmepeH KodPHUIUEHT OTPaXKEHHsI TTOKPbI-
tuit TiIAICuN u TiAICuCN B Buinmo# u omvkHel nH(pakpacHoit oOnacTax criekrpa. KpuBble crieKTpaibHO-
ro k03(punreHTa oTpaskeHUs UMEIOT XapaKkTep, NOAOOHBIN XapaKTepy aHaJIOTHIHBIX KPUBBIX METAITHIECKUX
MTOKPBITHH, YTO XOpOoIIo oObsicHseTcst Teopueit pyne — Jlopenna [10].

Ha puc. 6 npezcrasienbl KpuBbIE CyMMapHOTO OTpaxeHus (R,,,) 06pasuos Hutpuanbx (TiAICuN) u kap-
oonuTpuHbIX (TIAICuCN) MOKpBITHI Ha MOJUIOKKAX M3 OKCHJIA KPEMHUS, JEMOHCTPUPYIOIIUE METaJlIU-
YeCKHH Xapaktep oTpakeHus. HanbombmmMm ko3 GUIHEHTOM OTpaKeHUS B U3MEPSEMOM CIIEKTpe o0amaeT
obpazen; 4CN2, a HaumeHbIIUM — oOpaser; 3N1. dopma kpuBoii ko3 punmeHTa orpaxenus y oopasna 3N1
oOycioBieHna ero Mopdosorueii (cMm. puc. 5, a, u puc. 1, ). BeisiBieHo, uro 100aBieHue yriepoja B COCTaB
MOKPBITUI 3HAYUTEIHLHO YBEIMYNBACT KOOPPHUIMEHT OTPAXKCHUS B UHPPAKPACHOM JIMAITA30HE U3ITYUCHHUSI.
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Puc. 5. ACM-¢ororpadpun nosepxuoctu oopasuoB nokpsitus TiIAICuN:
a —obpazen 3N1; 6 — obpaser; 3N2; ¢ — oopaser; 4N1; 2 — o6pazer; 4N2

Fig. 5. Atomic force microscopy photographs of the surface of TiAlCuN coating samples:
a —sample 3N1; b — sample 3N2; ¢ — sample 4N1; d — sample 4N2
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Puc. 6. CrieKTpbl CyMMapHOTO OTpakeHus pa3anuHbix 00pa3nos nokpbituid TIAICUN u TiAICuCN

Fig. 6. Total reflection spectra of various samples of TIAICuN and TiAICuCN coatings
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W3 mony4eHHBIX CIEKTPOB CYMMapHOTO OTPAXKEHHUS C UCTIOIH30BAHUEM TIPOTPAMMHOTO MOAYJIS, Pean30-
BaHHOTO Ha sI3bIKe MporpaMMupoBanus Python (Bepcus 3) cornacHo TeopeTndeckiM AaHHbIM [ 10], aBTopamu
ObLTM orpesieNieHb! KO3((GUIMEHT COIHEYHOTO MOIIOIEHUS (0L, ), KOA(DHUIIMEHT N3ITydeHus (&), OTHOLIEHHE KO-
>duimenTa CONHEYHOro NOMIOmeEHns K koodduunenty usnyuenus (o /g,), paBHoecHas Temneparypa (7,,)
u k03 dunuent Gororepmuueckoro npeodpazoBanus (1) st CHOPMUPOBAHHBIX HAHOCTPYKTYPUPOBAHHBIX
nokpeiTHi TIAICUN 1 TiAICuCN.

CriekTpasnbHbIi KodQQUIeHT nornorieHus (A (k)) paccuuThIBAIICS U3 3aKOHA COXPaHEHUsI SHEPTyu 1o (op-
MyJe

A(M)=1-T(2) - R(%),

rne T (X) — nponyckanue (7 (X) =0 BO BceM HCCIIEIYyEeMOM CIEKTPaJIbHOM HHTEpBaJle; IPUHUMAEM OKPBITHS

Kak Helpo3payuHbIe); R(X) — CHEKTpaJbHBIN KOAPPUIUEHT OTPayKeHHUsT; A — JUTHHA BOJHBI TaJAFOIIETO U3IY-
YeHUSI.
Tak xak mpomnyckanue 7 (k) = 0, COOTHOIIICHUE MEKTY CIIEKTPAIbHBIMU KO PUIIUESHTAMH H3ITyUeHHUS (€ (l)),

TTOTJIOIICHHS (A(l)) u otpaxkeHus (R (k)) MOYKHO OTIPENIEIHTH C TIOMOIIbI0 3akoHa Kupxroda [10]:
e(1)=A(1)=1-R(1).

Koaddunuent conneynoro nornomenus (o) 1 kodddunment usnydenus (g,) s nokpbiruil TiIAICuN
1 TIAICuCN paccuuThIBaINCh COTNIACHO TEOPETHYECKUM AaHHbIM [10] mo dpopmynam

[4(n) Bl
o =2

K b

[
0

e(M) P (T)dn

Se—y

€)=

o0
[P (T)d
0
rie P/ — crekTpasibHas TIOTHOCTh MOITHOCTH MaJIafoIero COMHEIHOTO H3TydeHH s, be b(T ) — crekTpanbHast
IUIOTHOCTH MOLIHOCTH U3JIy4eHHsI aOCOMOTHO yepHoro Tena (AUT).

CriekTpanbHas TUIOTHOCTh MOIITHOCTH m3irydeHust AUT paccuntsiBanachk mmo gpopmyne [lnanka:

B 21thc? 1
==
eMT _1

B(T)

rae & —nocrosnHas [lnanka; ¢ — CKOpoCTh cBeTa B BakyyMe; k — moctosinHas bonmbrimana; 7'— temmeparypa AYT.
PagroBecHast Temiieparypa (7,,) Tesna B KOCMOCE ONPE/IeIseTCsi BHY TPEHHUM HarpeBoM (0T 60pTOBOM 3J1eKTpo-
HUKH) ¥ U3JTy4aTeIbHBIM 0OMEHOM C OKpYy’Karoleil cpenoii. Harpes HaHO- 1 MUKPOCITYTHHKOB OT paboTaromeit
BHYTPH DIIEKTPOHUKHN OOBIYHO MaJI IO CPABHEHHUIO C BHEIITHUM HAarpPEBOM OT COJIHIIA, TIOITOMY B TEOPETHIECKHUX
pacderax UM 4acTo IpeHeOperatoT. PacueT paBHOBECHOI TeMIIepaTypbl B HALIEM Cllyuyae IPOBOAMIICA Oe3 yuera
BHYTpPEHHETO Harpena 1o Gopmyie
Sa

s

T =4 ,
4ey0

rne ¢ — noctosinHas Credana — bonbsivana (o = 5,67 - 108Br - m?- K_4); S — conHe4Has MOCTOSIHHAS
(S = 1360 Br/m?) [10; 11; 13].

Jis onieHKH 3¢ (HEeKTUBHOCTH MPE0OPa30BaHUs MAIAIOIIETO U3ITYYCHHUS B TEILIOBYIO YHEPTHIO BEIYUCIISICTCS
k03 dunueHT GoToTepMUIecKoro npeodpazoBanus (1) no Gopmysne [11]

sol
rae B — smnupuueckuit ko3puuuent (B = 0,91); T'— Temneparypa nokpsitus; Q| — MOLIHOCTb COTHEYHOTO
U31y4yeHus Ha eauHuny miuomanu (Qg, = 150 kBt/M%). [ToTepn Ha H3TydEHHEe YUUTHIBAIOTCS KO3 (HIHECH-
TOM U3J1ydeHUs (g).
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He menee BaxHOW 0COOCHHOCTBIO OIpeesieHHsT KO UIIMEHTa COTHEYHOTO TOIIOMEHH s (OL,) SBISETCS
3aBHCHMOCTH MOIITHOCTH COJTHEUHOTO M3JTy4eHHs OT MPOITycKaHust arMocdepsl. 1 pacueTa o, HCTIOIb30BaJICS
CIIEKTP M3JIy4EHHs COJIHIIA 3a rpesesiamu armocdepsl (Bo3myiHas Mmacca AMO).

B ta6n. 3 npencraBneHbl KOAQQPHUIUEHT COTHEYHOTO NMOMIOIIEHHS, KOOQPHUIIMEHT H3ITyYCHUS, & TAKIKE HX
OTHOIIICHHE, PaBHOBECHAsI TeMmIieparypa, ko3dGduinueHT (oToTepMHUSCKOro MPeodpa3oBaHus i MOKPHITHI
TiAlCuN u TiAICuCN Ha nouioxkkax U3 cutamia u okcuaa kpemuus (SiO,).

Tabnuma 3

KoxdpunuenT costnednoro noraomenns (0,), K03GGUIHEHT H3aydeHns (&),
oTHOWeHHEe KO3 (PHIMEHTA COJIHEUHOI0 NOIJIoLeHUs K KO3 PuLuenTy usaydenus (o,/g,),
paBHoBecHas Temneparypa (7,) u ko3¢ duunent q)gToTepMquCquo npeodpazoBanus (1)

1Js pa3an4HbiX 00pa3nos nokpbiTuii TiIAICuN u TiAlICuCN

Table 3

Solar absorption coefficient (a,), emissivity (g),
ratio of solar absorption coefficient to emissivity (o,/¢,), equilibrium temperature (7,)
and photothermal conversion coefficient (n) for various samples of TiAICuN and TiAICuCN coatings

Obpaszen IMoxnoxka o € o,/g T, °C n
3CNI1 Curamn 0,76 0,70 1,08 10,62 0,69
3CNI SiO, 0,77 0,71 1,09 11,24 0,70
3CN2 Curann 0,65 0,48 1,35 26,59 0,59
3CN2 Si0, 0,67 0,52 1,28 22,55 0,60

3NI1 Curamn 0,82 0,71 1,15 14,93 0,74
3N1 SiO, 0,82 0,75 1,08 10,71 0,74
3N2 Cutamn 0,70 0,58 1,20 18,36 0,64
3N2 SiO, 0,65 0,48 1,37 27,80 0,59
4CN1 Curann 0,60 0,37 1,64 41,58 0,55
4CN1 Sio, 0,62 0,39 1,57 38,39 0,56
4CN2 Curann 0,47 0,32 1,48 33,53 0,43
4CN2 SiO, 0,49 0,32 1,55 37,38 0,44
4N1 Cutamn 0,67 0,41 1,65 42,16 0,61
4N1 SiO, 0,64 0,43 1,48 33,88 0,58
4N2 Curann 0,49 0,36 1,36 27,28 0,45
4N2 Si0, 0,46 0,31 1,47 33,18 0,42

Hanmensime 3Hauenus kodddunuenta connednoro nomronieHus (o, = 0,46), a Taxoke Kodhduimenra us-
ayuenus (g, = 0,31) n xoaddunuenta Gpororepmuueckoro npeodpazosanus (1 = 0,42) nemMoHCTpHpYET 0Opaser]
4N2 na nomnoxke u3 SiO,. B cBoto ouepens, HanOombIIMe 3HAYEHNS AaHHBIX BenuuuH (o, = 0,82; g, = 0,75;
1 = 0,74) xapakrepHsl 11t o0pasia 3N1. Camas Beicokas paBHOoBecHast Temmneparypa (7, = 42,16 °C) oOHa-
py»xena y mokpeitust TiAICuN (o6pasen 4N1), a camas nuskas (7, = 10,62 °C) — y nokpsrrust TIAICuCN (06-
paserr 3CN1).

BrusiHue MuIieHH, pexuMa HaHECEHHS U JISTUPOBAHUS YIIIEPOIOM Ha yCpeTHEHHbIEC 3HAYCHUsI Ko duireHTa
COJIHEYHOTO TOIJIOIIEHHS, KO PHUIUCHTA U3TyUIEHHs U KX OTHOLICHHS, PABHOBECHOU TeMIepaTyphbl, KO3 HIu-
eHra (hororepmudeckoro npeoodpazosanus 1yist HOKpbITUH TIAICuUN u TIAICuCN otpaxeHo B Taom. 4. [TokpbiTHs,
HAHECEHHBIE C HCTIOJIb30BAHUEM MUILICHH 3, IMEIOT OOJIBIITNE KOA(PPUIIMEHT COTHEYHOTo nortomieHus (Ha 32 %),
kod(duipeHT m3nydeHus (Ha 69 %) u koaddurment Gororepmudeckoro npeodpazopanus (Ha 31 %), MeHbIIHE
OTHOIICHUE KO3 (UIIUEHTA COTHEUHOTO MOIVIOIICHHsI K Ko uimeHTy unyueHus (Ha 21 %) u paBHOBECHYIO
temneparypy (#a 50 %), yeM o0pasiibl, MOJyUYSHHBIC OCPEACTBOM paciblieHUs MullieHH 4. HaHOKOMITO3UTHI,
copmupoBanHBIe B peskuMme 1, oTmgarorcs 00mbimmu Koddduirentamu o, (Ha 24 %), €, (Ha 33 %) un (1a 24 %)
¥l MEHBLIMMH 3HAUEHUAMH O /€, (Ha 3 %0) u T, (Ha 10 %) 110 cpaBHEHUIO ¢ 00pa3Lamu, IOTy4EHHBIMU B pexHUME 2.
Kap6onutpua TiAICuCN xapakrepusyercst 0oj1ee BRICOKMMH 3HAYCHUSIMUA OTHOLIEHUsI KoddduIeHTa coHed-
HOTO TIoTIonIeHus K kodddurmenty m3nyuenus (Ha 3 %) U paBHOBECHOM Temrieparypsl (Ha 7 %), HO MEHBITMMHU
K03(UIIMEHTOM COTHEYHOTO TorioleHus (Ha 4 %), koadduinernroM usnyueHus (Ha 5 %) u koapuimeHToM
¢dororepmmueckoro npeodpazoBanust (Ha 4 %), uem Hutpug TiAICuN.
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Tadonuma 4

BiusiHue MUILIeHH, pesKHMA HAHEeCeHHsl M JIeTHPOBAHMS YI1epoaoM
Ha yCpeJHEeHHbIe 3HaYeHUS KOI()(PHIMEHTa COTHEYHOr 0 MOTJIomeHns (d),
k03¢ punmenTa uzaydenus (g,), OTHOMIEHUs KO3 puumenTa coiHeIHOr0 NOTI0NIEHHSI
K K03 duuneHTy uzaydenus (0,/¢)), paBHOBecHO Temuepatypsi (7))
u k03¢ unmenta pororepmuyeckoro npeodpasosanus (1) Aas nokpeiTuii TIAICuN u TiAlICuCN

Table 4

Effect of the target, the mode of sputtering and carbon doping
on the average values of the solar absorption coefficient (a,), the emissivity (g),
the ratio of solar absorption coefficient to emissivity (o,/¢,), the equilibrium temperature (7,
and the photothermal conversion coefficient (1) for TiAICuN and TiAICuCN coatings

Bapuant o € o,/g T, °C n
Muwens
Murens 3 0,73 0,62 1,20 17,85 0,66
Murmiens 4 0,56 0,36 1,53 35,92 0,51
Peoicum nanecenus
Pexunm 1 0,71 0,56 1,34 25,44 0,65
Pexum 2 0,57 0,42 1,38 28,33 0,52
Hememanauueckue komnonenmol
CN 0,63 0,48 1,38 27,74 0,57
N 0,66 0,50 1,35 26,04 0,60

BaxxHol xapaKTepuCTUKONU TEPMOPETYIUPYIOIIUX 3AIUTHBIX MOKPBITUN 1711 KOCMUYECKOM TEXHUKH SIBIISAETCA
3NIeKTpUdecKoe conporusieHue. [IokpoiTus, obnagaronie HU3KUM OBEPXHOCTHBIM COIIPOTUBIECHUEM (R,),
Oy/IyT MPETATCTBOBATH IOKaJTPHOMY CKOTIIEHHIO 3apsifia, CIOCOOHOTO MOBPEIUTH OOPTOBYIO IEKTPOHHUKY KOCMH-
geckoro armapara [ 12]. [ToBepXHOCTHOE CONMPOTHUBICHUE UCCIIEAYEMBIX TIOKPBITHH OTPENEISIIOCHh U3 BEIPAKCHUS

4,53U
R, =—"——
1
rae U- HAIIpsKCHUE, UBMEPIACMOEC MEXKAY JIBYMs BHYTPECHHHUMU 30HIaMU C ITIOMOINBIO BOJIBTMETPA C BBICOKUM
BXOJIHBIM COTIPOTHBJICHHEM; / — TOK, TIPOIYCKaeMbIl Yepe3 JIBa BHEITHUX 30H 2 (/7151 U3MEpeHui BRIOUpacs
pabounii Tok / = 20 MA).

HpI/I HU3BCCTHBLIX TOJIIHNHAX HOKpBITI/Iﬁ 1 3HAYCHHUAX UX IMOBEPXHOCTHOTO COIMMPOTUBIICHUA MOXHO OIIpEac-

JIUTH Y/ICIBHOE CONPOTHBICHNUE (R ) 10 popmyrte

Ry, =Rk,
rae h — TONIMHA [UIEHKH.

B3aumoseiicTBre cBeTa ¢ METALIMYECKUMHE MOKPBITUAMH U METAJUIONO00HBIMHE CUCTEMaMH JIOCTATOYHO
xopoio onuckiBaeTcs teopuei lpyne — Jlopenma [10], koTopasi KaueCTBEHHO COOTBETCTBYET DKCIIEPUMEH-
TaJbHBIM JIAHHBIM 110 OTPAKCHUIO CBETA B METAJLIONOM00HBIX cucTemax [14]. O0paboTka pe3ynbTaToB HCCie-
JIOBaHUI BIUSIHUS MUKPOCKOITHYECKON CTPYKTYPhI TOBEPXHOCTH HA OTPAKCHUE CBETA OOBIYHO MPOU3BOAMUTCS
B paMKax TPEXCIIONHOM Moieny (BO3ayX — MOKPHITHE — MOJJI0XKKA), UCTIONB30BaHHOM B padoTtax [13; 15]. B atoit
MOJICJIH TIOJTYYar0TCsl TOUHBIC BRIpAXKEHUsI [T Ko duitneHTa otTpakerus ceera (Gpopmyist pyne). B padore [16]
MOKAa3aHo, YTO TJIa3MEHHAs 4aCTOTa COOTBETCTBYET TOYKE Mepernda Ha rpaduke 3aBUCUMOCTH CIEKTPaIbHOTO
ko3 duierra orpakenus (R (l)) OT JUTUHBI BOJIHBI NAIAI0IIET0 H3ydeHus (A). Popmyna rmia3MeHHOM JUTHHBL
BOJIHBI (A,,) ©IMEeT BHJL

= =, (1)

rie N — KOHLEHTpaLus IEeKTPOHOB; ¥, — PauycC NeKTpoHa (7, = 2,818 - 107 M) [16].

Takum oOpazoM, ypaBHeHue (1) MO3BOJISIET IO BEIMYMHE MJIa3MEHHOH JJIMHBI BOJIHBI, OTIPEENIIEMON TOU-
KOH reperuba Ha rpaduke 3aBUCHMOCTH CIIEKTPAIBHOTO K03()(UIIMEHTa OTPAKCHHUS OT JAJMHBI BOJIHBI a/1a10-
IETO U3IYYCHUS], OLICHUTh KOHIEHTPALIMIO 3JIEKTPOHOB B TIOKPBITHHU 110 OpMYyIIe

N=

.
kpr

e
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[MoxBmKHOCTE HOCUTEIIEH 3apsi/ia (L) OlleHHUBajIach Mo Gopmyie

e e — 3apsj ekTpona (e = —1,6 - 107" Ku) [16].

[TokpeITHS, U3rOTOBJICHHBIE C TOMOLIBIO MUILICHH 4, IEMOHCTPUPYIOT OOJBIIYIO MOABMKHOCTH HOCHTEIICH
3apsizna (Tadm. 5), 4eM aHaJOrMYHbIC OKPBITHS, OTyUYEHHbIE TOCPEICTBOM PACIBIICHUS! MULIEHH 3, 4TO 00y-
CIIOBJICHO OOJBIINM COACPKaHNEM METAIIMYECKUX KOMIIOHEHTOB B COCTaBe HAHOKOMITO3HTA (CM. Tabm. 2). O6-
pasLibl, OCaXKICHHBIC B PSKUME 2, XapaKTepU3YyIOTCs 0oJiee BHICOKOH KOHIIEHTPALUEH SJIEKTPOHOB 110 CPABHEHUIO
C TAaKOBOHW y aHAJIOTMYHBIX 00pa3L0oB, MOJTY4YEeHHBIX B pexuMe 1. JlobaBneHue yrnepona B COCTaB MOKPBITHS
MOBBIIIACT €TO yeNIbHOE conpoTuaieHue. OOpariaeT Ha ceOsi BHUMaHUE CYILIECTBEHHOE Pa3Jiniue B KOHLCHTPa-
UM AJICKTPOHOB M MOABMKHOCTH HOCHUTEICH 3apsiia MPH OAMHAKOBBIX 3HAYCHUSIX CONMPOTHUBIICHUS TOKPBITUI
Ha pa3HbIX MouIokKax. [1o Bceld BUIUMOCTH, 3TO CBA3aHO C BIMSHUEM MHTep(eiica MOKPBITHE — MOJIOKKA
MIPY TIPOXOXKICHUN H3ITyUCHHS.

Bcee cdopmuposannbie mokpbiTust TIAICUN u TIAICUCN sBISITOTCS 37€KTPONPOBOISIIUMU, YTO BaXKHO IS
KOCMHYECKON TEXHUKH, TaK KaK OHU OyIyT MPENsITCTBOBATH JIOKAJIFHOMY CKOIUICHHIO 3apsijia, CIOCOOHOTO MO-
BPEANTH YyBCTBUTEIILHBIC JIEMEHTHI ITOJIE3HOM HArpy3KU MAJIOTO KOCMHUYECKOTO ammapara.

Tabnuma 5

IToBepxHoCcTHOE conmpoTuBieHue (R ), TouuHa niaeHku (h),
yAelabHOe conporuBienue (R,), m1a3sMeHHast JUIHHA BOJIHBI (h,), KOHIEHTPALHS 3TeKTPOHOB (IV)
U NOABMKHOCTH HOCHTe el 3apsiaa (p) pa3innyHbix 00pa3uoB nokpbiTuii TiIAICuN u TiAlICuCN

Table 5
Surface resistance (R,), film thickness (%), resistivity (p),
plasma wavelength (2,,), electron concentration (V) and charge carrier mobility (n)
of various samples of TiAlCuN and TiAlICuCN coatings
O6pasen IMoanoxka R_, Om/0 h, HM 1 Ofo (‘/;;\’/I . A, HM N, 10% M7 |, eM¥(B - ¢)

3CN1 Curann 32,66 2120 6924 840 0,16 0,57
3CNI1 Si0, 32,66 2120 6924 621 0,29 0,31
3CN2 Curamnn 6,99 1530 1069 839 0,16 3,69
3CN2 SiO, 6,99 1530 1069 362 0,85 0,69

3N1 Curann 33,57 1730 5808 2232 0,02 4,8

3N1 SiO, 33,57 1730 5808 2416 0,02 5,63

3N2 Curamn 5,37 1290 693 519 0,41 2,18

3N2 Si0, 5,37 1290 693 616 0,29 3,07
4CN1 Curann 2,83 1580 447 832 0,16 8,67
4CN1 SiO, 2,83 1580 447 821 0,17 8,43
4CN2 Curanmn 1,36 1640 223 426 0,61 4,56
4CN2 Si0, 1,36 1640 223 513 0,42 6,6

4N1 Curamn 2,98 1120 334 630 0,28 6,65

4N1 Si0, 2,98 1120 334 664 0,25 7,39

4N2 Curamn 1,20 1280 154 388 0,74 5,5

4N2 SiO, 1,20 1280 154 423 0,62 6,51

CBoanas Ta0i1. 6 MO3BOJISIET CPABHUTH YACIBHOE CONPOTHUBIICHNE PA3INYHBIX HUTPUAHBIX U KapOOHUTPHI-
HBIX KEpaMHYECKHX MOKPBITHHA. CpeHee 3HaYCHNE YIEIbHOTO COMPOTUBICHUS 151 CQOPMUPOBAHHBIX METO-
JIOM PEeakTUBHOTrO MarHeTpoHHoro pacnbuieHust HuTpuaa TiAICuN u kap6onutpuna TiAICuCN cocrasnsieT
3267-107° u 3572 -10"° OM - M COOTBETCTBEHHO. Jlernposanue nokpeitust TIAICuUN yrneponoM moBsiaer
yAeIbHOE CONpoTUBIIeHHE puMepHO Ha 9 %. [lob6aBnenne menu k Hutpuay TiAIN npu onTUMaibHBIX yClIO-
BUsIX HaHeceHUs (oOpaszen 4N2) MpUBOIUT K YMEHBIICHHUIO YAEIBHOIO conpoTusiaeHus mokpbitus TiAICuN
B 4,0-7,5 pa3a o cpaBHeHHIO ¢ TakOBbIM NOKphITHS TiAIN. [To-BuarMOMY, 3TO IPOMCXOMUT 3a CYET cerpera-
LUK MEJIU 110 TPaHULaM KPUCTAJUIUTOB C (POPMUPOBAHMEM BBICOKOTIPOBOSIICH aMOP(HOM MPOCIONKH.
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Hanoxomnozut kap6onutpuna TiAICuCN umeeT B cpeanem Ha 72 % Oosbliiee CONPOTHBICHUE, YE€M T0-
kpbiTie TiAIN, 4T0 00YCIIOBICHO U3MEHEHHEM MOP(OIOrUY MaTepuaia U YMEHbIICHHEM CPEIHEro pa3mepa
3epHa. Bo3MOXKHON MPUYMHOI 3TOTO cTaja cerperanys Meau B aMOp(hHON MEXKPHUCTAIITUTHON MPOCIONKe,
NpUBENIIAs K CIEPKUBAHUIO POCTA KPUCTAIUIUTOB.

Tabnuma 6
3Ha4yeHus yaeJabHOro conporusienus (R, )
M COOTHOILEHHUSI MEKIY MeTa/NIMNYeCKUMU
H HeMeTaInYeckumMu komnoHenramu (Me/(C + N))
JJIs1 Pa3JHYHBIX TOKPBHITHIA
Table 6

Values of resistivity (p) and ratio between metallic
and non-metallic components (Me/(C + N)) for various coatings

Tun nokpsITHA Ry, 10%0M- M Me/(C +N) Hcrounnk
TiN 25 1,22 [17]
TiCN 42-71 1,01-1,24 [17]
TiC 100 1,22 [17]
TiAICN 1982-3169 0,80-2,25 [12]
TiAIN 616-1171 0,2-1,0 [12]
TiAISIN 920-42 600 0,74-1,12 —
TiAISiCN 510-23 600 1,11-2,18 -
TiAICuN 154-5808 0,98-1,79 -
TiAICuCN 223-6924 0,87-1,93 —

Cdopmuposannsie Hutpuansie (TiAICuN) n xapoonurpugnsie (TiAICuCN) moKpeITHS JEMOHCTPUPYIOT
XOPOIINE ONTHYECKHE U IIEKTPOPUZNIECKUE CBOICTBA, YTO OIMPEeNsieT UX KaK MePCIeKTHBHBIC MaTepHAaIbl
JUIS1 NICTIONIb30BAHMUS B KAYECTBE TEPMOPETYJIMPYIOIIUX HOKPBITHI B KOCMUYECKON TEXHHKE.

3akaoueHmne

MeTon0M peakTHBHOTO MarHETPOHHOTO PACIBUICHUS C HCIIOIb30BAaHUEM KOMITO3UTHBIX MUILIEHEH chOopMHU-
posanbl HuTpuAHbIE (TIAICuN) u kapoountpunasie (TiAICuCN) nokpeitus. Ananuz COM-mukpodororpaduii
[IOJTyYEHHBIX TIOKPBITUI CBUIETEILCTBYET O HEIMOCPEICTBEHHOM BIIMSHUN COOTHOIICHUSI MEKAY METaJllu-
YECKMMH M HEMETaNTMYECKUMHU KOMIIOHEHTaMu Ha Mopdoioruto. OOHapyKeHO, YTO BCE MOKPBITUS UMEIOT
V-o0paznyto cTonbuaryro cTpykrypy. CpenHuii juaMeTp cToilIoB pocta coctapiseT okoio (90 + 5) um. [lo-
Oasnenue yrepoaa Kk HUTpuay TiAICuN npuBOANT K M3MENBUCHHIO CTPYKTYPbI IOKPBITHS, (HOPMHUPOBAHHIO
MEJIKO3EPHUCTON [I00YIIsipHON MOPQOIOrHH, Aeias Marepual 6ojiee OTHOPOIHBIM 110 HOBEPXHOCTH U TITyOHHE.

OTmedeHo, 4To Bce ChOPMHUPOBAHHBIE MOKPBITHS SIBISIIOTCS 3JEKTponpoBotsmuMu. CpenHee 3HAYCHUE
yensHoro conpotupienns s autpuaos TiAICuN u kapGonutpunos TiAICuCN cocrasmser 3267 - 10
1 357210 Om - M cooTBeTCTBEHHO. BBIABIICHO, UTO BBEIEHHE yIiepoaa B cocTas nokpsrrus TiAICuN mo-
BBIIIACT Y/EJIbHOE CONPOTUBIICHHE IPUMEPHO Ha 9 %.

YcraHoBieHo, uTo nobaBieHne Meau K Hutpugy TiAIN mpu onTumanbHBIX YCIOBHUSIX HaHeceHus (00pa-
3er; 4N2) npuBOAUT K YMEHBIICHHUIO yAETbHOTO conpoTtuBienus nokpbitust TiAICuN B 4,0—7,5 pasa mo cpas-
HEHUIO ¢ TakoBbIM MOKPBITHsS TiAIN 3a cueT cerperayy Meu Mo TpaHUIaM KPUCTAILIUTOB ¢ (DOPMUPOBAHHEM
BBICOKOIIPOBOsIIICH aMOp(HON MPOCTIOHKH.

[TokpeITHs, OCaXIEHHbIC TTOCPEACTBOM PACIbICHUSI MUIICHH 4, TeMOHCTPUPYIOT MOABUKHOCTh HOCUTE-
Jeii 3apsijia, KOTopasi B cpelHeM B 2,5 pa3a NpeBbILIaeT NOABMKHOCTh HOCUTENICH 3apsiia y 00pasLoB, MOIy-
YEHHBIX TIPU CXOXKUX YCIIOBHSIX, HO C HCIIOJIb30BaHHEM MUILEHH 3. JlaHHBIH (QakT 00ycioBiieH 00JIbIINM CO-
JepKaHUEeM METaJUIMYEeCKUX KOMIIOHEHTOB B COCTaBe C(HOPMUPOBAHHOTO HAHOKOMITO3UTA.

Wzmepens! ko3 GuumeHTsr cyMMapHOro U JUQ@y3HOro OTpaskeHHUsI AJIsl UCCIIETYEMBIX TOKPHITUI B BUAM-
MoOM, OKHEM HH(paKpacHOM U ONKHEM yibTpaduoneToBoM auanazoHax (A = 200-2500 um). Hanbonbmmm
K03(PUIIMEHTOM CyMMapHOTO OTPaKEHHS B U3MEPSIEMOM CIIeKTpe o01agaet oopasen 4CN2, a HAUMECHBIINM —
obpazen; 3N1. BreisiBneno, 4ro 106aBKu MO U yriiepoja CloCOOCTBYIOT HHTEHCU(UKAIIMN OTpakaTeIbHOM
cnocooHoctH mokpeITuii TIAICuN n TiAlICuCN. PaccunTanbl k03()(QUIMEHT COTHEYHOTO MOMIOIIEHHS, KO-
3¢ PULMEHT U3Ty4YeHNs, OTHOLIEHHE KOd((UIIEHTa COMHEYHOr0 NOMIOIEHHS K KOAQPHULUECHTY H3TyYeHus,
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a TaK)Ke paBHOBECHAs TeMIiepaTypa u Ko3(pPUineHT hoToTepMUIECKOro MpeoOpa3oBaHus i UCCIIEAYEMbIX
MOKPBITUH. Ha 0CHOBaHMM COBMECTHOTO aHANM3a Pe3yJIbTaTOB ONpPEeSICHHS CIIEKTPaIbHOro Ko3(huImreHTa
OTPAXEHUS U NEKTPOPU3NIECKUX U3MEPEHNI OLICHEHB! IUIA3MEHHAs JIJIMHA BOJIHBI, KOHIIEHTPALS JIEKTPO-
HOB U MOJIBM)KHOCTH HOCUTEJICH 3apsaaa B TOHKOIIeHOUHBIX cTpykTypax TiAlCuN u TiAICuCN.

Takum o6pazom, chopMUPOBAHHBIE METOOM PEAKTHBHOIO MarHETPOHHOTO PACTIBUICHUS! HAHOCTPYKTYPHPO-
BanHble HUTpUIHBIE (TiAICuN) u kapoonuTpuaabie (TiAICUCN) MOKPHITHS SIBISIOTCS TEPCIICKTUBHBIMHE JIJIS
WCTIONIb30BAaHMUS B KAUECTBE MTACCHBHBIX TEPMOPETYIUPYIOLIUX ITOKPHITHH U151 MaJIbIX U CBEPXMAJIbIX CITy THHKOB.
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N3MEHEHNS B ITPUIIOBEPXHOCTHOM CAOE CTAAM,
OBPABOTAHHOUM UMIIYABCHBIM 3AEKTPOHHBIM ITYUKOM

H. U. 10JIAK", B. M. AHUII[UK", B. B. XOJACEBUY"

l)Eeﬂopyccmn? eocyoapcmeennwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

Annomayus. ViccienoBaHo BIUSAHNE OOMydeHHS UMITYTbCHBIM JIEKTPOHHBIM My4YKoM ¢ 3Hepruei £ = 300 k3B, ko-
TMIECTBOM HMITYITbcoB N = 100, ITHTeIBHOCTBIO HMITYITbca T = 50 HC M IIOTHOCTBIO ToKa J = 3 A/cM® Ha MOP(hOIOrHIo
MOBEPXHOCTHU U (PU3NKO-MEXaHWYECKHE CBOMCTBA ITPUIIOBEPXHOCTHOT'O CIIOS 3aKaJICHHOH cTaiu Mapku 65. O0HapyKeHo,
410 00paboTKa 00pa3IOB AEKTPOHHBIM ITy4YKOM HPUBOIUT K (YOPMUPOBAHUIO OoJiee pa3BUTOrO peibeda MOBEpXHOCTH
(c KOHYCOBHTHBIMH 00pa30BaHHUSMHU Pa3IMYHBIX Pa3MEPOB) B pe3ylIbTaTe paIaliiOHHON 3pO3HH, a TAKXKE K Iiepepacrpee-
JICHUIO aTOMOB YTJIEPO/Ia B IPHITOBEPXHOCTHOM CJIO€, 00y CIIOBICHHOMY CBEPXOBICTPHIM HATPEBOM U PE3KUM OXJIaXKICHUEM
1 TIOSIBJICHUEM BCJIEACTBHE ITOTO BBICOKOW KOHIIEHTPAIMU BAKAaHCHH U MOJIEH HANpPSDKEHUH, OKAa3bIBAIOIINX BIMSHUE Ha
CHHTE3 OKCHKapOMIOB CIOKHOTO COCTaBa. BHIABIEHO N3MEHEHNE (PU3UKO-MEXaHMUECKUX CBOMCTB (MUKPOTBEPIOCTH T10
Bukxkepey (HV,,), tBeproctu no Mapreucy (HM), tBeproct (Hyr), monyis FOura (Eyy), nonsydect (Cyr), pabotsl ynpyroi
nedopmanuu (W), HOIHON pabOThI, COBEPLICHHON TpU HHASHTUpOBaHUH (W, ), YIIPYTOH cocTaBisIomeH paboTsl (1)
U yHpyroro BoccraHoBieHus (R)) Moau(UIMPOBaHHOTO clios cTajiu. [lokazaHo, 4YTO U3MEHEHHE apamMeTpoOB TOHKOU
CTPYKTYpHI (Ieproa KPUCTAIIIMYECKON PEIIeTKH, BEIMYMHBI MUKPOHANPSDKEHUH, pa3Mepa OJIOKOB MO3auKH), OIpesae-
JICHHBIX C IOMOUIBIO PEHTTEHOCTPYKTYPHOTO aHaJIN3a, KOPPEIUPYET C U3MEHEHHEM ee (PU3NKO-MEXaHHYEeCKHUX CBOMCTB.

Knrouegvie cnosa: MMITYIIbCHBIN JIEKTPOHHBIN ITyYOK; CTallb; MOP(OJIOTHS TTOBEPXHOCTH; (Pa30BBIi COCTAB; CTPYK-

Typa; TBepI0CTh; Moayis FOHra.
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CHANGES IN THE NEAR-SURFACE LAYER OF STEEL
PROCESSED BY A PULSED ELECTRON BEAM

N. I. POLIAK®, V. M. ANISHCHIK?®, V. V. KHODASEVICH"

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: N. I. Poliak (n.poliak@mail.ru)

Abstract. The effect of irradiation by a pulsed electron beam with an energy of £ = 300 keV, number of pulses of
N = 100, pulse duration of T = 50 ns and current density of J = 3 A/cm” on the surface morphology and physico-mecha-
nical properties of near-surface layer of hardened steel grade 65 has been studied. It was found that the treatment of samples
with an electron beam leads to the formation of a more developed surface relief (with cone-shaped formations of various
sizes) as a result of radiation erosion, the redistribution of carbon atoms in the near-surface layer due to ultrafast heating
and abrupt cooling, the resulting appearance of a high concentration of vacancies and stress fields affecting the formation
oxycarbides of complex composition. A change in the physical and mechanical properties (Vickers microhardness (HV),),
Martens hardness (HM), indentation hardness (H,;), Young’s modulus (£,;), indentation creep (Cy), elastic reverse defor-
mation work of indentation (/,), total mechanical work of indentation (W), elastic component of work (n;;) and
indentation relaxation (R)) of the modified steel layer was revealed. It is shown that the change in the parameters of the
fine structure (the period of the crystal lattice, the value of the microstresses and the size of the mosaic blocks) obtained
by X-ray diffraction analysis correlates with a change in its physical and mechanical properties.

Keywords: pulsed electron beam; steel; surface morphology; phase composition; structure; hardness; Young’s modulus.

BBenenue

B nocneanee BpeMs BbI3bIBACT HHTEPEC 00pabOTKa MOBEPXHOCTH METAIIIOB UMITYJILCHBIMU JICKTPOHHBIMU
Y MOHHBIMH ITy4YKaMH C IJIOTHOCTBIO MOLTHOCTH 10°~10° Br/cM®. B 3aBUCHMOCTH OT IUIOTHOCTH MOIHOCTH HM-
MYJIECHBIE 21eKTPOoHHBIE ITy4dkH (D11) ciocoOHBI peann30BBIBaTh PA3IHYHBIE PEKUMBI 00PaOOTKH MHIIIEHH (pa3o-
TpEB, TIABJICHHE, BEICOKOCKOPOCTHYFO 3aKAJIKY, PEKPUCTAIUTU3AIIUIO ), KOTOPBIE MOTYT IIPUBOAUTH K CYIIIECTBEHHOMY
M3MEHEHHIO COCTOSTHUS IIOBEPXHOCTH U (PH3UKO-MEXAHMIECKUX CBOMCTB MPHUITIOBEPXHOCTHOTO CIros [ 1-5].

B cBsi3u ¢ 3TUM 11€IbI0 HACTOSIIEH PAOOTHI SIBIISUIOCH N3YyUEHUE BIUSHUS 00TydeHus] UMITYJIbcHbIM DI1 Ha
MOPQOJIOTHIO TIOBEPXHOCTH W (PU3UKO-MEXaHUIECKIE CBOMCTBA IIPUIIOBEPXHOCTHOTO CJIOS CTAJIH.

MarepuaJibl 1 METOABI HCCJIETOBAHUS

B pabote nccnenoBanuch 3akaieHHBIC 00Pa3Ilel cTamd Mapku 65 (Tabdm. 1) pazmepom 10 x 10 X 2 mm. O6-
pasibl BeiAepxkuBanuchk npu temmneparype 830 °C B reuenue 30 MUH, OCIIE YETO OXJIAXKIAINUCH B BOY, LILIH-
doBasmick 1 monuposaiick. O6nydenre uMmyIbcHbM DI mpoBoamIocs B Bakyyme (=1 - 107 ITa) Ha ycko-
putene «Actpa-M» (Tomckuit nonurexundeckuii ynusepcutet, Poccust) [6] B ciieyroleM pexkuMe: SHeprus
E =300 x3B, konnyectBo umnynbcoB N = 100, nnurensHoCTh UMIyNbea T = 50 HC, IITOTHOCTh TOKa J = 3 Alem?.

Taonuma 1
Xumudeckuii cocTaB crajm, mac. %
Table 1
Chemical composition of steel, wt. %
Fe C Mn Si Cr S P
OcHoBa 0,62-0,70 0,50-0,80 0,17-0,37 <0,25 <0,035 <0,035

Mopdonorust TOBepXHOCTH 00pa3IOB UCCIIENIOBAIACh HA PACTPOBOM AIEKTPOHHOM MHUKpockore (POM)
LEO-1455VP (Carl Zeiss, I'epmanust). Pentrenocnexrpanbibiii Mukpoananns (PCMA) npoBoauics ¢ OMOIIBIO
SHEProfUCIIepCHOHHOTO criekTpomerpa Aztec Energy Advanced X-Max 80 (Oxford Instruments, BenmukoOpuTa-
nus). Tororpadus moBepXHOCTH 00pa3LoB M3y4aiach Ha CKAaHUPYIOILEM 30HI0BOM MuKpockorne Solver P47-PRO
(000 «HT-M/T», Poccus). Pertrenorpadudeckrne MCCIETOBAHUS OCYIIECTBISUINCH Ha THPPAKTOMETPE
Ultima IV (Rigaku, SInonus) B uznydenuu CuK, (A = 0,154 18 HM) ¢ UCIOIB30BaHUEM T€OMETPUH CKOJIB3SIIETO
mydka (yron ckonmmxkenus 1°, mar 0,05°). [Tapamerp pemreTkn (@) ONpenessuics M0 YIIIOBOMY TTOJIOKESHUIO H-
(pakumonnoii muanm (211) a-Fe, pazmep obnacTeli KorepeHTHOTO paccesiHus (OJIOKOB MO3auKH (L)) ¥ BelnIrHa
MUKpPOHANPsHKEHHUH (€) OIEHMBAIUCH 110 yiupeHnto audpaxunonssix auaui (110) 1 (211) a-Fe coorBeTcTBEHHO.
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Mukporsepaocts 1o Bukkepey (HV,,) 00pasuos nsmepsinack Ha Mukporsepaomepe DHV-1000 (Jinan Victory

Instrument, Kurait) mo F'OCT 9450- 761 B nensix vickimoueHns MacmtabHoro (pakropa M3MEpeHus POBOANIHCH
TIpU pa3In4HbIX Harpy3kax Ha uaaeHTop (0,098; 0,245 1 0,490 H), Bpemst BBIZIEp>KKH 11OJT HArpy3KOoi COCTaBIISIO
10 c. 3nayenne HV, paccunteiBanock no 10 ormedarkam Npy Kax10i HarpysKe, MOrPpelIHOCTh U3MEPCHHUI He
npesblinana 5 %. Tseprocts o Maprency (HM), TBeprnocts (H 1), Momyns FOnra (£,1), nomsydects (Cr), pabota
ynpyroi neopmarnuu (W), nonnast pabora, CoBepIleHHast IPH UHAEHTHPoBaHUU (W, ,)), yIIpyTas COCTaBIIAIOLIas
paboTsI (1;1) ¥ ynpyroe BoccraHoBieHue (R) 00pa3oB U3y4ananuch METOJOM HHCTPYMEHTAJIBHOTO HJIEHTAPOBA-
uws (indentation test, IT) ua npubope DUH-202 (Shimadzu, Snowmnst) io TOCT P 8.748-2011 (ISO 14577-1:2015).
Harpy3ka na nupamuny bepkosuua cocrasnsiia 0,294 H, ckopocts Harpyskenus — 0,070 H/c. B pesxume moHO-
HarpyxeHus (7 = | UMKI) BpeMsl BBIICP)KKH O] HAarpy3koi paBHsiochk 10 ¢, B peskuMe MyJIbTHHATPYKESHUS
(n =10 UKIIOB) — 5 ¢ IS KQXKIOTO ITUKJIA.

Pe3y.]'II>TaTI>I H UX oﬁcymeﬂne

Mopdosorus MOBEpXHOCTU UCXOHOTO 1 00padoranHoro D11 00pa3noB cranu npeacTabieHa Ha puc. 1 u 2
COOTBETCTBEHHO. POM-CHUMKU IMOJTy4eHBI C MCIIOIB30BaHUEM PEXKHMa BTOPHYHBIX AJIEKTPOHOB (secondary
electron, SE), 4To M0O3BOJIsAET HAOMIOAATH pebed MOBEPXHOCTH, U PEKUMa 0OPATHOPACCESTHHBIX MIEKTPOHOB
(backscattered electron detector, BSD), xoria Ha 1300pa)KeHUH MTOBEPXHOCTH 00pa3iia MOYKHO BHETh (Da30BbI
KOHTPACT, CO3/IaBacMblii OJ1aroaps pa3aInyusiM B €ro XHMUYECKOM cocTaBe. Tak, Ha MOBEPXHOCTH UCXOHOTO 00-
pasiia NpUCyTCTBYIOT IIapaiHbI, 00pa30BaBIINECs B Pe3yJIbTaTe €€ MPEIBAPUTEIBHON ITOATOTOBKY (CM. pHC. 1).

Ha moBepxaoctu o6padorarHoro D11 06pasima MoKHO BUACTH JTIOKAJIEHO PACTIONOKCHHBIC Ha CBETIIOM (OHE
TeMHbIC y4acTKu. OHM UMEIOT CIIOKHYIO (JOPMY U OTJIMYAFOTCS MEHBIIICH IIOTHOCTBIO [0 CPABHEHHIO ¢ MaT-
puLel cruiasa.

Kak cnenyer u3 qanabix PCMA (puc. 3 u 4), TeMHBIC YYaCTKH SIBIISTIOTCS YIIIEPOICOSPKAIIUME U Xapak-
TEPHU3YIOTCS MOBBIIIEHHBIM COJEPKAaHUEM KUCIOpoia. MOKHO MPENONIOKNTE, YTO TaKWe N3MEHEHHUSI MOTYT
OBITh CBSI3aHbI C CHHTE30M B IIPUIIOBEPXHOCTHOM CJIO€ CTaJIU, 00paboTaHHON nMITyibcHbIM DI, okcukapOu-
JIOB CJIO)KHOTO COCTaBa.

B cBsi3u ¢ pa3HbIM MacmTaOHBIM yPOBHEM pelibedha HCCIIeIOBAHUS METOJIAMHU aTOMHO-CHIIOBOH MHKPOCKO-
in (ACM) TpOBOAMIIACH HA yUACTKaX, CBOOOTHBIX OT OKCHKApOUIOB (pHC. 5), IIPH 3TOM 3HAUYCHHUS IIIEPOXOBa-
TOCTH TIOBEPXHOCTH YCPETHSUTUCH 10 5 pa3UuHbIM y4acTKam 00pasiia ¢ OMHAKOBOW BEIOOPOYHOM IIOIIA/IBIO.
B pesynbrare oomydenus D11 cpennsis 1mepoxoBatocTs (Ra) U CpeIHEKBaIpaTUMHOE OTKIIOHEHHE (Rq) yMEHb-
watores ot 32 10 28 uM u ot 39 110 36 HM cooTBeTCTBEHHO. Hanuuue napanuH Ha MOBEPXHOCTU CTaJIU MOCIIe
06paboTku D11 CBUACTETECTBYET O TOM, UYTO MMPUTIOBEPXHOCTHBINA CJIONW HE PACTIABIISCTCS.

Crnenyer OTMETUTh, YTO Ha MOBEPXHOCTH HAOJIFOIAIOTCS KOHYCOBHUIHBIC 00pa30BaHus BbICOTOH 10 20 HM,
TaK)Ke BCTPEYAIOTCS SAMHUYHBIE 00pa30BaHusl, BBICOTA KOTOPKIX gocturaer 40 uM (cMm. puc. 5, 2). [Ipencras-
JseT uHTEpec U (popMa OTHEIBHBIX KOHYCOB: HEKOTOPBIE U3 HUX ToJble BHYTpH (puc. 6). Takoe nusMeHeHue
penbeda MmoBepXHOCTH 1 TAPaMETPOB MIEPOXOBATOCTH MOXKET OBITH CBSI3aHO C PaJANAIIIOHHON IpO3Uei TOBEpX-
HocTH MultieHd. COTIIaCHO MPEIOKEHHOM B CTaThe [4 ] MOIEH SPO31H MTOBEPXHOCTH MUITICHH O] BO3ICHCTBHEM
MOIIHBIX UMITYJIbCHBIX ITyYKOB 3apsKEHHBIX YaCTHII TIPU CXOAHBIX C HAIIUM citydaeM napamerpax DIl umeer
MECTO IMOBEPXHOCTHOE UCTIAPEHHE.

ala i o/b

Puc. 1. POM-u306pakeHus moBepxHOCTH cTayu 10 00padotku O,
noiy4ueHHblie B pexxumax SE (a) u BSD (6)

Fig. 1. Scanning electron microscopy (SEM) images of the steel surface
before treatment with an electron beam obtained in SE (a) and BSD (b) modes

'TOCT 9450-76. U3Meperne MEKPOTBEPIOCTH BIABTHBAHIEM aTMa3HbIX HAKOHEYHIKOB. Be. 01.07.1977. M. : M31-Bo cTaHzapToB,
1993.33 c.

2LOCT P 8.748-2011. MeTalis! i CILIaBHL. H3mepenue TBEpAOCTH U APYTUX XapaKTEPUCTUK MaT€PUAIOB IPU HHCTPYMEHTAILHOM
nHaeHTrpoBanuu. Y. 1. Merox ucneiranuii. Been. 01.05.2013. M. : Crannaptunadopm, 2013. 1V, 23 c.
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Puc. 2. POM-u300pakeHns OBEpXHOCTH cTasu nocie oopadorku OI1,
noy4deHHble B pexxumax SE (a, 6) u BSD (6, 2)

Fig. 2. SEM images of the steel surface after treatment with an electron beam
obtained in SE (a, ¢) and BSD (b, d) modes

ala

Puc. 3. Kaprbl pacupeie/ieHuss XAMHYECKHX 3JICMEHTOB B CTAJIN
nocie 00padoTKH UMIyIbcHBIM D11

Fig. 3. Maps of the distribution of chemical elements in steel
after treatment with a pulsed electron beam
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Puc. 4. Pactipezenenne XUMHYECKUX IEMEHTOB BJIOJIb TPOM3BOJIBHON JTMHUN
B IIPUIIOBEPXHOCTHOM CJI0€ HCXOIHOTO (@) 1 06padoTranHoro DI (6) obpa3ios
Fig. 4. Distribution of chemical elements along an arbitrary line
in the near-surface layer of the original (a) and electron-beam-treated (b) samples
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Puc. 5. JIymephble (a, 6) 1 TpexmepHbie (0, 2) ACM-n300paxeHus
MOBEPXHOCTH UCXOIHOTO (a, 6) u obpaborannoro DII (8, 2) 06pasos

Fig. 5. Two-dimensional (a, ¢) and three-dimensional (b, d) atomic force microscopy (AFM)
images of the surface of the original (a, b) and electron-beam-treated (¢, d) samples
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Puc. 6. Tpexmeprnoe ACM-u300paxeHne KOHYCOBHHOTO 00pa3oBaHusl
Ha IOBEPXHOCTH cTany, odopadorannoit OI1 («), u ero nmpoduis (6)

Fig. 6. Three-dimensional AFM image of a cone-shaped formation
on the surface of steel treated with an electron beam (a) and its profile (b)

Takum 00pa3om, aHAIN3 TPEACTABICHHBIX BBIIIE YKCTIEPUMEHTAIBHBIX JAHHBIX CBHICTEIBCTBYET O CYIIeCT-
BEHHOM M3MEHEHHHU COCTOSIHUS IPUIIOBEPXHOCTHBIX CIIOEB CTalH, 00padoranHoi DI1. YyacTku ¢ mOBBILICHHBIM
coJiepKaHueM KUCIIOpOo/ia U yriieposa (M. puc. 3 u 4) COOTBETCTBYIOT YaCcTHIIAM OKCHKapOHI0B, 00pa3oBaHue
KOTOPBIX BBI3BAHO MHTCHCH(UKAIEH Ti(HY3HOHHBIX MPOIICCCOB BCIEACTBHE HE TOIBKO CBEPXOBICTPOTO Ha-
rpesa (10’—10° K/c) 1 peskoro oxmaxaerns (10*-10° K/c), Ho 1 pasBUTHS mpH 5TOM 3HAYNTEIBHBIX HATPSDKCHHUIA
B IIPUMIOBEPXHOCTHOM CJIO€ MUILEHHU.

Kax nokasanu pe3ynbTarbl peHTITCHOCTPYKTYPHOTO aHanu3a [7], mapameTp pemeTku o-Fe mias ucxomHoro
obpasua cocrasister 0,286 51 HM, uTo HIKe TaOMMYHOrO 3HaUeHUs (. = 0,286 64 HM). ITocne BosnelicTaust D11
€ro BeTMYMHA He3HAYUTEIbHO yMenbiaetcs (10 0,28645 HMm), ip 3ToM pazmep OI0KOB MO3aUKH YBEINYNBACTCS
ot 18,7 10 21,9 HM, a BeMUMHA MUKPOHANPSKEHUI yMeHbImaercs ot 3,29 - 107 10 2,49 - 10, Hecmotpst Ha TO
YTO TIOBEPXHOCTH 0OpaboranHoro D11 obpasua npuodpena pagyKHbIH OTIMB, KOTOPBI CTAHOBUTCS 3aMETEH
HEBOOPY>KEHHBIM I71a30M ITPY TOJILIMHE OKUCIEHHOTO ci1os 40—500 HM, pedriekcbl OKCHKapOn10B Ha AU(PAKTO-
rpamMme oOJly4YeHHOTO 00pa3slia He BBISBICHBI, YTO MOJKHO CBSI3aTh C UX MaJloil 00beMHO nonei [7].

brnaromapst HenpepbIBHOM perucTpanui rIyOMHBI IPOHUKHOBEHUS! HHCHTOPA / TIOJ] MPUIIOKEHHONH HOP-
MaJbHON HArpy3koil F' B T€UeHNE BPEMEHH f PU HHICHTHUPOBAHUH MOKHO OIPEIENIUTh YIPYTOIIACTHYECKAE
xXapakTepucTuku marepuaios [8]. Ha puc. 7 u 8 npuBeneHbl TUIIMYHBIC KPUBBIC «HArpy3Ka — IIIyOWHA MPo-
HUKHOBEHUSI HHJICHTOPa» M «IIyOMHA IPOHUKHOBEHUS MHICHTOPA — BPEMS» UCCIICAYEMbIX 00pa3IioB. MoxHO
BHUJICTh, YTO INIyOWHA IPOHUKHOBEHUS HHIICHTOPA /1., TTOCIIE BBIACPKKH [10 MAaKCUMaJIbHON HAarpy3Koi, NryOnHa
OCTaTOYHOI'O OTIEYATKa /1, [IOCIIE CHATUS HArPy3KU U yIpyras >KeCTKOCTb MaTepHaja B OTIeyaTke (HaKJIOH Ha-

. dF
YabHOTO YYacTKa pa3rpy304HOil BeTBH) S = T it oopadoTtannoro D11 oOpasia 3HAYUTENFHO OTIIMYAIOTCSE

OT TaKOBBIX MCXOTHOTO 00pasIa.
PesynbraThl MHCTPYMEHTAIBHOTO WHACHTUPOBAHUS, TPUBEICHHBIC B Ta0JI. 2, MOKa3aIl 3aMETHBIC U3MCHE-
HUS (PU3NKO-MEXaHUIECKHX CBOWCTB MPUITOBEPXHOCTHOTO CIIOSI CTAIH Tociie ee oopadboTku DI1.

Tabnuma 2
Mukporeepaocrs no Bukxepey (HV,), TBepaocrs no Maprency (HM), reepiocts (Hyy),
mony.ab lOura (Eyy), momy4ects (Cyp), padora ynpyroii nedpopmanun (W,)), noanas padora,
coBeplIeHHAasi NpH HHAeHTHpoBaHuu (W, ), ynpyras cocrapisiiomasi padorsl (1)
U yIpyroe BoccraHoBjieHHe (R) o0pa3nos crajm 10 1 nocje odopadorku 11
Table 2

Vickers microhardness (HV,), Martens hardness (HM), indentation hardness (H,y),
Young’s modulus (E|;), indentation creep (Cy;), elastic reverse deformation work of indentation (/7,)),
total mechanical work of indentation (W), elastic component of work (1,;) and indentation relaxation (R)
of the steel samples before and after treatment with an electron beam

W, Wiotal>
O6pasen HV,,TTa | HM,TTa | Hy, T | By, THa | G, % |43 M;lH 107 N‘HE}I_I | % | R %
WcxomHbrii 2,1+0,1 2,1 2,5 202 3,2 36 313 11,5 12
Oo6paboTannsrii D11 —* 1,5 1,8 141 34 46 365 12,7 17

*M3-32 HANM4KsL OKMCIIEHHBIX 00JIACTeH HA OBEPXHOCTH 00pasLia KOPPEKTHO POBECTH U3Mepenue H V), He yaanocs.
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Puc. 7. lnarpaMMbl HHCTPYMEHTAJILHOTO MHACHTHPOBAHHUS «HATrpy3Ka — IIyOHHA TIPOHUKHOBEHHS HHJICHTOPA»
ucxoxHoro (a) u oopadorannoro D11 (6) obpasros. Ha BcTaBkax NprBeIeHbI ONTHYECKHE CHUMKH OTIIEYaTKOB HHAECHTOPA
Fig. 7. Diagrams of instrumental indentation «load — indenter penetration depth»
of the original («) and electron-beam-treated (b) samples. The inserts show optical images of indenter prints
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Puc. 8. lnarpaMMbl HHCTPYMEHTAIILHOTO WHICHTUPOBAHUS «TITyOMHA MPOHUKHOBCHHUS HHACHTOPA — BPEMsD»
ucxonHoro (a) u oopadorannoro JI1 (6) o6pas3moB

Fig. 8. Diagrams of instrumental indentation «indenter penetration depth — time»
of the original («) and electron-beam-treated (b) samples

MukpoTtBepaocTh o Bukkepcy ucxomHoro oopasua cranu npu rinyonne uaaeatupoanus 2200-3000 am
cocrasinsier 2,1 I'Tla, uto coBnamaeT co 3HayeHneM TBepaocTH o MaprteHcy (cM. Tadn. 2). J{ist oOpaboraHHOTO
OIl obpasua Hamuune OKCUKapOUI0B HA MOBEPXHOCTH HE MO3BOIMIO KOPPEKTHO MPOBECTH U3MEPEHUS AITHH
JaroHaJIell OTIeYaTKoB U ONpeaesuTh Bennuuny HV, (cm. puc. 7, 6, Bcraska). Teprocts no Maprency Haxo-
JMIIAch 110 MAKCUMAJIbHOMU NITyONHE IPOHUKHOBEHUS MHAEHTOPA (,,,, ) KaK AJIsl MOHOHArpyxeHHs (cM. Tabi. 2),
TaK U A7l KayKI0T0 [UKJIAa MYJIBTUHArPY>KeHHSI U COOTBETCTBYIOMIeH Harpy3ku (puc. 9 u 10). MoxHO BUIETD,
YTO JUISt UICXOHOTO 00pa3iia C yBeIMYCHUEM ITyOHHBI TPOHUKHOBEeHHs uHAeHTOpa oT 420 mo 2300 HM HabIro-
JaeTcsl yMeHblIeHne TBeproctu no Maprency ot 6,3 no 2,2 I'Tla. O6paboTka obpasuos JI1 He nmoBnusia Ha

xapakrep 3aucumoctein HM = f (h), ipu stom suauenns HM ymenpmmmick Ha 3035 % i cocrasumu 4,4 I'Tla

it h =530 am u 1,4 I'Tla mns 4 = 2800 uMm. Kak BUIHO U3 MIpeicTaBICHHBIX B Tabi. 2 1aHHBIX, 00padoTka D11
TaKKe IPUBOUT K 3HAYUTEIIFHOMY YMEHBIIIEHUIO TBEPIOCTH 1 MOIYJIsi KOHTa MPUTIOBEPXHOCTHOTO CIIOS CTAIH
(#a 28 1 30 % ot ucxonHsIx 3HaueHuil H = 2,5 I'Tla u £, = 202 I'TIa cootBeTcTBeHHO). CKOPOCTH YOBIBAHUS H ||
u E; npuMepHO oAMHAKOBa [T 000UX PEKUMOB, TIOJI3yUECTh [IPU HTOM HE3HAYUTENbHO Bo3pacTaet. [lonHas
pabota nedopmaunu W, = W, + W1, COBEpLICHHAs DY HHICHTUPOBAHMH, TPATHTCS PEUMYIECTBEHHO HA
IJIaCTUYECKYIO neopMariio W,1, ipu 5TOM o0pabotka D11 mpUBOIUT K yBETHUEHUIO PabOTHI YIIpyroit xedop-

Mauuu W, 1 yrpyroro BOCCTaHOBJIEHHS R = mZ‘—O.

max
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Fig. 9. Diagrams of instrumental indentation «load — indenter penetration depth»
of the original (a) and electron-beam-treated (b) samples

10
9 B —e— lcxomubrit 00pasery
E’ g " —e— O06pabotanubiit D11 oOpazern
E o8hk
g7t
s (L
g L
= 5k
g -
2 4r
3 3
a -
2 2r
e L
1 -
[ L L L L L L L
0 1000 2000 3000

['myOuHa NIpOHNKHOBEHUS MHAECHTOPA, HM

Puc. 10. 3aBucUMOCTb TBEPAOCTH 110 MapTeHcy
OT ITyOMHBI IPOHUKHOBEHHSI MHACHTOPA JUTS HCXOTHOTO
n obpaborannoro JII o6pa3nos

Fig. 10. Dependence of the Martens hardness
on the indenter penetration depth of the original
and electron-beam-treated samples

Pesynbrarel MHCTPYMEHTATBHOTO HHASHTHPOBAHHUS XOPOIIIO COTIIACYIOTCS C TaHHBIMU PEHTTEHOCTPYKTYP-
HOTO aHaJIN3a, T. €. MOXKHO IT0JIaraTh, 4TO N3MEHEHHE (PH3UKO-MEXaHNIECKUX CBOMCTB BO MHOTOM 00YCIIOBJICHO
HAMPSHKCHUSAMHU B aHAIM3UPYEMOM ciioe. B To e Bpems BO3/IeHCTBHE CBEPXOBICTPOTO HAarpeBa M Pe3KOTo OX-
JKICHUS TP 00TYYESHNN TPUBOIUT K 00Pa30BaHUIO BEICOKOI KOHIIEHTPAIINY BAaKaHCH B IPUTIOBEPXHOCTHOM
CJI0e, 9TO CITOCOOCTBYET MPOTEKAHUIO CTPYKTYPHO-(PAa30BBIX MPEBPAIICHNH, a TaK)Ke N3MEHEHHIO YPOBHS Ha-
npspKeHn [9]  mapameTpa peneTku MUTICHH.

3akaueHmne

Takum 00Opazom, 0OpadboTKa cTamu UMIYIbCHBIM DIl NPUBOAUT K M3MEHEHUI0 MOPQOIOTUU MOBEPXHO-
CTH, BBI3BaHHOMY Pa/IMAIIHOHHON 3p0o3Kel, HHTCHCUPHUKAIUU TUPYy3UOHHBIX TIPOIIECCOB MO/ BO3/IEHCTBHEM
CBEpXOBICTPOTO HarpeBa U PEe3KOro OXJIaXIeHus (¢ 00pa30BaHMEM BBICOKOM KOHIICHTPAIMH BaKaHCHIl), Iepe-
MEIINBAaHUIO KOMITOHEHTOB CIJIaBa, CHHTE3Y HOBBIX (a3, paclpOCTPAHEHHUIO MPH ITOM YIIPYTOTIACTHYECKUX
BOJTH, peJIaKCaIlH HANPSHKEHUN ¥, KaK CIIEACTBHE, COOTBETCTBYIOIIEMY M3MEHEHHUIO (PH3UKO-MEXaHHUECKUX
CBOICTB.

91



Kypnaa Besopycckoro rocyiapcTBeHHOro ynusepcurera. ®usuxa. 2024;2:84-92
Journal of the Belarusian State University. Physics. 2024;2:84-92

bubnauorpadguyeckue cChIIKU

1. Munenko AH, Jluraues AE, Kypaxun Ub. Bozoeiicmsue nyuxoe 3apssicennvix uacmuy Ha no8epxHoCHb MEMAaulos U Cnidgos.
Mockga: Dueproaromuszzar; 1987. 184 c.

2. KionoroB AA, UBanos IO®, BiacoB BA, Ilorekaee AU. Tepmonunamudaeckuii ananmm3 ($a3o00pa3oBaHUs B HEpKaBEIOLICH
cTanu, 00paboTaHHOI BBICOKOMHTEHCUBHBIM HUMITYIbCHBIM 3JIEKTPOHHBIM ITy4dkoM. B: CamconoB BM, Cno6usaxos HIO, penakTopsr.
Qu3uKo-XumuyecKue acnekmol Uzy4eHus: Kiacmepos, HaHoCmpykmyp u Hanomamepuanos. Beinyck 8. Tsepb: TBepckoii rocyiapcTBeH-
HbIi yHEBepcuTeT; 2016. ¢. 155-163. EDN: XERSOX.

3. Peixaniun HH, penaxrop. Bosoeiicmsue konyenmpuposannsvix nomoxoe snepauu na mamepuansi. Mocksa: Hayka; 1985. 246 c.

4. Bnetixep I'A, KpuBo6okos BII. Biusinue nmapamMeTpoB MOIIHBIX HMITYJIbCHBIX IMYYKOB 3apsDKCHHBIX YAaCTUI] HA MHTEHCHBHOCTD
1 3HEProdGGeKTHBHOCTH IPO3UHU TTOBEPXHOCTH METAIUIOB. M36ecmus 6y306. Ilopowikosas memannypeus u QyHKYUOHATbHBIE NOKPbI-
mus. 2013;2:48—54. DOI: 10.17073/1997-308X-2013-2-48-54.

5. Ilorpe6nsk AJl, KynementbeBa OIl. CTpykTypHO-(ha30BbIe IPEBPAIICHNS B TOBEPXHOCTHBIX CIIOSIX U CBOMCTBA METAIIHIECKUX
MaTepUaIOB MOCIIE UMITYIbCHOTO BO3ACHCTBHS IMyYKOB YaCTHI. Dusuueckas utcenepus nogepxrocmu. 2003;1(2):108—136.

6. Egorov I, Esipov V, Remnev G, Kaikanov M, Lukonin E, Poloskov A. A high-repetition rate pulsed electron accelerator. /EEE
Transactions on Dielectrics and Electrical Insulation. 2013;20(4):1334—1339. DOI: 10.1109/TDEIL.2013.6571453.

7. Honsx HU, Aanmmk BM, Xonacesuu BB, Buxroposckuit H/I, KapaBaesa BC, Eropo UC. CtpykrypHO-(pa30Bble H3MEHEHUS
B CTaJIH, OOIy4YEeHHOH MMITyJbCHBIM IIy4KOM 3JIeKTpoHOB. B: PybGanuk BB, penaxrop. Ilepcnexmugnvie mamepuansl u mexHonio2uu.
Mamepuanvi mexcoynapoornoco cumnosuyma, 21-25 aseycma 2023 2.; Munck, benapyco. Munck: UHOOPMAIIMOHHO-BBIYUCIUTETBHBII
neHTp MununctepctBa punancos Pecybnuku benapycs; 2023. ¢. 204-206.

8. Oliver WC, Pharr GM. An improved technique for determining hardness and elastic modulus using load and displacement sen-
sing indentation experiments. Journal of Materials Research. 1992;7(6):1564—1583. DOI: 10.1557/JMR.1992.1564.

9. Tkauenko DA, I[ToctHukoB JIB. Pacyer HanpspkeHWI IPH paHaliOHHOM OOTyYeHUH METAIUTNIECKUX CIUIABOB. OMCKULL HAYUHbII
eecmnux. 2013;123:29-31.

References

1. Didenko AN, Ligachev AE, Kurakin IB. Vozdeistvie puchkov zaryazhennykh chastits na poverkhnost’ metallov i splavov [ The ef-
fect of charged particle beams on the surface of metals and alloys]. Moscow: Energoatomizdat; 1987. 184 p. Russian.

2. Klopotov AA, Ivanov YuF, Vlasov BA, Potekaev Al. [Thermodynamic analysis of phase formation in stainless steel treated with
a high-intensity pulsed electron beam]. In: Samsonov VM, Sdobnyakov NYu, editors. Fiziko-khimicheskie aspekty izucheniya klaste-
rov, nanostruktur i nanomaterialov. Vypusk 8 [Physical and chemical aspects of the study of clusters, nanostructures and nanomaterials.
Issue 8]. Tver: Tver State University; 2016. p. 155-163. Russian. EDN: XERSOX.

3. Rykalin NN, editor. Vozdeistvie kontsentrirovannykh potokov energii na materialy [The effect of concentrated energy flows on
materials]. Moscow: Nauka; 1985. 246 p. Russian.

4. Bleikher GA, Krivobokov VP. The effect of powerful impulse charged particle beam parameters on intensity and energy effi-
ciency of metal surface erosion. [zvestiya vuzov. Poroshkovaya metallurgiya i funktsional’nye pokrytiya. 2013;2:48-54. Russian. DOI:
10.17073/1997-308X-2013-2-48-54.

5. Pogrebnjak AD, Kul’ment’eva OP. Structure-phase transformations in near-surface layers and properties of metal materials after
pulse influence of particle beams. Physical Surface Engineering. 2003;1(2):108—136. Russian.

6. Egorov 1, Esipov V, Remnev G, Kaikanov M, Lukonin E, Poloskov A. A high-repetition rate pulsed electron accelerator. /[EEE
Transactions on Dielectrics and Electrical Insulation. 2013;20(4):1334—1339. DOI: 10.1109/TDEI.2013.6571453.

7. Poliak NI, Anishchik VM, Khodasevich VV, Victorovsky ND, Karavaeva VS, Egorov IS. [Structural and phase changes in steel,
irradiated by a pulsed electron beam]. In: Rubanik V'V, editor. Perspektivnye materialy i tekhnologii. Materialy mezhdunarodnogo
simpoziuma, 21-25 avgusta 2023 g.; Minsk, Belarus’ [Advanced materials and technologies. Proceedings of the International sympo-
sium; 2023 August 21-25; Minsk, Belarus]. Minsk: Information and Computing Centre of the Ministry of Finance of the Republic of
Belarus; 2023. p. 204-206. Russian.

8. Oliver WC, Pharr GM. An improved technique for determining hardness and elastic modulus using load and displacement sen-
sing indentation experiments. Journal of Materials Research. 1992;7(6):1564—1583. DOI: 10.1557/JMR.1992.1564.

9. Tkachenko EA, Postnikov DV. Calculation of stresses under irradiation of metal alloys. Omsk Scientific Bulletin. 2013;123:29-31.
Russian.

Honyuena 28.02.2024 / ucnpaenena 07.03.2024 / npunsama 07.03.2024.
Received 28.02.2024 / revised 07.03.2024 / accepted 07.03.2024.

92



Du3NKa KOHAEHCHPOBAHHOTO COCTOSTHUS
Condensed State Physics

VIIK 535.375.54

CABUI IIOAOC B CITEKTPAX KOMBUHAIIMOHHOTI'O .
PACCEAHHMA CBETA TBEPABIX PACTBOPOB KPEMHHWU - TEPMAHUH,
OBPABOTAHHBIX B BOAOPOAHOU ITIAA3SME

B. C. BOJIOBYEB", A. B. THPO?

1)Ee/zopycczcuﬁ 20CY0apCmEeHH bl MEeXHON02UYeCKUL YHUugepcumen,
yi. Ceeponosa, 13a, 220006, e. Munck, Berapyco
2)Ee/zopycc;<u12 eocyoapcmeennblil ynusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

Annomayusn. MeTooM CHIEKTPOCKOIIMN KOMOMHAIIMOHHOTO PAaCCEsSTHHSI CBETA UCCIIC/IOBAHBI IUICHKH TBEP/BIX PACTBO-
poB Si, _,Ge, (0,006 < x <0,5), BbIpallieHHbIE METOLOM MOJICKYIJIIPHO-IIy4€BOM HMUTAKCUU Ha KPEMHUEBOH IOJIOKKE C UC-
TIOJTB30BaHUEM IIEPEXOTHOTO CJI0s], & 3aT€M OIBEPTHYThIC 00pabOTKE B BOAOPOIHOM I1a3Me 1 TepMoodpadoTke mpu 275 °C.
[Tomy4eHsl crieKTpbl KOMOMHAIIMOHHOTO PACCESHUS CBETa, 3alMCaHHbIC PY KOMHATHOM TeMIepaType ¢ MOMOIIBI0 MUKPO-
PAMaHOBCKOTO CHieKTpoMeTpa ¢ pasperuennem 0,8 cM . OGHApYkKeHO, 4To 06paboTKa B BOXOPOIHOI MIa3Me HPUBOIUT
K caury nosnoc Si— Si, Ge— Ge u Si— Ge B criekTpax B CTOpOHY Oosiee HU3KHX 4acToT. [lokazaHo, 4yTo naHHbIN 3P dekT
CBsI3aH C TEM, YTO B IPOLIECCE MIa3MEHHON 00padOTKH aTOMbI BOIOPO/A MPOHUKAIOT B MEXK/0Y3JIHsl KPHUCTAIUTNIECKON
PELIETKN U BBI3BIBAIOT €€ pacTsbKkeHne. PaccuuTaHHble BEIMYNHBI KOPPEIUPYIOT CO 3HAUYCHHUSIMH ITapaMeTPOB PELIETKH,
HalJICHHBIMH TIPSIMBIM METOJIOM peHTreHoBckoi nudpakuunu. [Tomocer Si—H, HabiromaemMple B CLIEKTPax YUCTOTO KPEM-
HHsI, HEBO3MOYKHO YETKO BBIJICIIUTH B CIIEKTPaxX TBEP/BIX PacTBOPOB KpeMHMH — repmanuii. [loiyueHHble pe3ynbrarTs
O3HAYaroT, YTO PEJIaKCcalys yIPYrHX HalpsHKEHUH B paccMaTpUBAEMOM Cllydae IIPOUCXO/INT 3a CUST U3MEHEHUS KaK JITH-
HBI cBsi3ell Si— Si, Tak U yriia MeXa1y HUMH.

Knroueeswie cnosa: TBEPAbIC pACTBOPLI erMHI/Iﬁ — FGpMaHPIﬁ; BOAOPOAHAA IJ1a3Ma, KOM6I/IHaI_[I/IOHHO€ paccesaHucC CBCTA.

BANDS SHIFTING IN THE RAMAN SPECTRA
OF SILICON — GERMANIUM SOLID SOLUTIONS
TREATED IN HYDROGEN PLASMA

V. S. VOLOBUEV? A. V. GIRO®
*Belarusian State Technological University, 13a Sviardlova Street, Minsk 220006, Belarus
Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: V. S. Volobuev (viasname@mail.ru)

Abstract. Silicon — germanium solid solution films with different compositions, treated in hydrogen plasma and also
heat-treated at 275 °C, were studied by Raman spectroscopy. It was found that treatment in hydrogen plasma leads to
a shift of the Si—Si, Ge— Ge and Si— Ge bands in the Raman spectrum towards lower frequencies. The Si—H bands
observed in the spectra of pure silicon are not observed in the spectra of silicon — germanium solid solutions.

Keywords: silicon — germanium solid solutions; hydrogen plasma; Raman scattering.
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BBenenue

WHTepec K Noy4eHUIo U UCCIIE0BAHUIO INIEHOK TBEP/bIX PACTBOPOB KPEMHUI — FepMaHUi HA IIOJUIOKKAX
13 KpeMHUsl 00yCJIOBJICH BO3MOXKHOCTBIO TPUMEHEHHS TAHHBIX CTPYKTYP JUISl CO3J[aHHS MPUOOPOB MUKPO-
Y ONTORJIEKTPOHUKH Ha OCHOBE KPEMHHEBOHN TEXHOJOTHH. Bogopoa B KpeMHUU U TBEPIBIX PACTBOPAX KPEeM-
HUM — repMaHU SIBJISIETCA BAXKHOM TEXHOJIOTMYECKON PUMECHIO, BIUSIOLIEH HA ONITUYECKUE, DJIEKTPUUECKUE,
CTPYKTYpHBIE U JpyTHue CBOMCTBa Marepuana. OMHUM U3 CIIOCOOOB KOHTPOJS COCTaBa U CTPYKTYPHI TIICHOK
TBEP/IBIX PACTBOPOB CIY)KUT METOJ] CIIEKTPOCKOIMK KOMOUHAIIMOHHOTO paccesHus ceta (KPC), koTopsiii ObLT
OCHOBHBIM METOJIOM JIaHHOTO HcclieioBaHus. Llenp HacTosmel paboThl 3aKitodanach B aHAIN3E BIUASHUS KOM-
MTOHEHTHOTO COCTaBa TBEPIBIX PACTBOPOB KPEMHHUI — repMaHWi W WX 00pabOTKH B BOJOPOAHOW IIa3Me Ha
CTPYKTYpHBIEC CBOMCTBA HCCIIEyeMbIX 00pa3IIoB.

MarepuaJbl 1 METOABI HCCJICTOBAHUS

B pabote nccienoBanucs mieHkH TBepAbIx pactBopoB Si; _,Ge, (0,006 < x <0,5) TonumHo#i 1-2 MKM, BbI-
palieHHbIe METOAOM MOJIEKYJISIPHO-IY4€BOH AMUTAKCHU Ha KPEMHHUEBOH MO/JIOKKE C MCIIOIb30BAaHUEM TIepe-
xoaHoTrO ciosi. YacTb 00pasiioB Obun 00paboTankl B BeicokoyacToTHOH (13,56 MI', 50 Bt) BomoponHoii mia3me
npu Temneparype 150 °C. [iurensHocTs 00paboTKH CTPYKTYp coctaisiia 1o 10 4. B xauectBe oOpasua ams
CpaBHEHUS AOIOJIIHUTEIBHO HCTIoNb30Basics kpeMHuit Mapku KJ[B-10.

Criextpsl KPC 3anucheiBanuch Mpu KOMHATHON TEMITEpaType ¢ TIOMOIIBI0 MUKPOPAMaHOBCKOTO CIIEKTPO-
metpa Nanofinder High End (LOTIS TII, benapych — Slnonus). Perucrpanusi CIEKTpOB OCYIIECTBISIIACE 110
cxeMe 0BPATHOTO pacCcesiHus IPH paspelneHny criekrpomerpa 0,8 e . [logBomumast k 06pasiy MOIHOCTH GbLIa
paBHa 2 MBT, a auameTp BO30yKIarOLIEro My4Ka cocTaniisul okoso 1 MxM. [IpumeHnsutocs Bo30yxIeHne U3ryde-
HUEM TBEPIOTEIBHOTO Jla3epa ¢ JITMHOM BOJHBI 532 HM.

[MTapametp pemietku (@) TBepAbIX pacTBopoB Si; _ Ge, ompenessicss METOI0M PEHTIeHO(])a30BOro aHanu3a
Ha qu¢pakromerpe Ultima IV (Rigaku, Sinonus) ¢ ucnonssoBanuem usnyuenust Cuk, (A = 0,154 um).

Pe3yabTarhl U MX 00CyXKIeHUE

Ha puc. 1 npencrasnens! cnekrpsl KPC muieHok TBepbix pactBopoB Si; _,Ge,. Ha npuseneHHbIx ciekrpax
MOJKHO BBIJICJIUTH THKH, 00ycIiioBlieHHbIe KoieOanusmu cBsizeit Ge—Ge (1) u Si—Si (I11), a Takke nuku, co-
OTBETCTBYIOLIME pa3InyHbIM KoHpurypauusm ceszu Si—Ge (1I) [1]. Crnekrpsl HOpMUPOBaHbI HA MAKCUMYM
naTeHcuBHOCTH HKa [1I. Makcumymer montoc Si— Si u Ge— Ge B criekTpax NCXOAHBIX 00pa3IloB CMEEHBI
B 00acTh OoJlee HU3KMX YacTOT TI0 CPABHEHHUIO C TAKOBBIMH B CIIEKTPaX YMCTOrO KpeMHUs 1 repmanus. Oopa-
00TKa 00pa3OB B BOIOPOIHOM TIIa3Me TaKKe MPUBOIUT K CABUTY TIOJIOC B CTOPOHY OoJiee HU3KHUX YacTOT, TOTIa
Kak TepMoo0OpaboTka mpu 250 °C He OKka3bIBaeT CyLIECTBEHHOTO BIMSHHMS Ha MOJIOKeHHE nonoc. [lanHblil a¢-
(hbexT 00yCIIOBIIEH TeM, YTO B MpoIecce MIa3MEHHO 00pabOTKH OTHOCUTEIEHO HEOOBIIE aTOMBI BOIOPO/IA
MIPOHUKAIOT B MEXKIOY3JHsI KPUCTAJUINIECKON PEIIETKH M BBI3BIBAIOT €€ PACTSHKEeHHE (3TO MOKHO IIPOBEPUTH
¢ ucrnoib3oBanueM Gopmyiiel [pronaiizena [2]). B To ke BpeMs TepmooOpadoTka mipu 275 °C He BIUsET Ha
COCTOSTHHE BHEIPEHHOI'O BOJOPO/A M KPHUCTAIIMUECKYIO PELIETKY.

CwMmeleHrne MakcuMyMoB nonoc B criekrpax KPC B 3aBUCUMOCTH OT coiep KaHus FTEPMAHUSI IPUBEIECHO Ha
puc. 2. Kak BugHO U3 puc. 2, 9aCTOTHI KojieOauuit cBsi3u Si— Ge He 3aBUCAT OT KOHIIEHTPAITUH KOMITIOHCHTOB
TBEPIOro pactBopa. BMecre ¢ TeM 4acToThl KoslebaHuit cBsizu Si— Si IMHEHHO yOBIBAaIOT C POCTOM coJlepkKa-
HUS TePMaHUs, YTO CBS3aHO C PACTSDKEHHUEM CBsA3el Si— Si B KpUCTaNTMUECKOH pemeTke. Takxke BUAHO, YTO
BHEJIPEHHBIN BOIOPOA OKA3bIBAET BIMSHUE HA KOJIeOaHHE BCEX PACCMATPUBAEMBbIX CBA3EH B KPHCTANINUECKON
pelieTke BHE 3aBUCHMOCTH OT KOHIIEHTPAIMH Te€PMaHHS.

MexaHudeckre HalpsKeHUsT PacTsKeHUs CBsizeit Si— Si, BHI3BAHHOTO MPUCYTCTBHEM B PACTBOPE aTOMOB
repManus [3], BcieAcTBIE aHTapMOHU3Ma MPUBOAAT K CHIYKEHHUIO YaCTOTHI KOJIeOaHu. YBeanueHue napamerpa
peweTky (B HM), HaliieHHOE Ha OCHOBE PE3yJIbTaTOB U3MEPEHUH NU(paKIKU PEHTTCHOBCKUX JIydei, XOpoLIo
ommchIBaeTcs BeipakenneM a = 0,544 + 0,018x.

J1st pacdeTa BETUYUHBI @ MOXKHO KCIIONIB30BaTh cooTHOIIeHue [ proHaiizena [1]

Vgi —si _V

Vei i VO Ysi»
TJIe Vg, __g; — JacToTa Kosiebaumii cas3u Si— Si B Hened)opMUpOBaHHOI deMEHTAPHOM SueiiKe; Vg, g — 4acTo-
Ta KonebaHui cBA3u Si—Si B 2neMeHTapHOM A4elike B TBEPIOM pacTBope; }; — 00beM HenepopMHPOBAHHON
3NIEMEHTApHOM sTUeHKH; } — 00beM JIeMEHTAPHOMN SYEeHKN B TBEPIOM PacTBOPE; Yg; — IapameTp I'proHaiizeHa.

Jlist KpeMHHUsL 3TU IapaMeTpbl UMEIOT CIIeNYyOLUe 3HAUCHUsI: IIapaMeTp pelerku ag = 0,543 um [4; 5],
napametp ['pronaiizena ams cs3u Si— Si B quanaszone 0 < x < 0,3 yg; = 1,05-1,20, vgiisi =520cm .

Takum 06pa3om, U3MEPEHUE YACTOTH MAaKCUMyMa MOI0CH Si— Si 03BOMISIET ONPEAESTUTh COCTAB TBEPIBIX
pactBopos Si; _ Ge,, UCTIOIb3YsI BBIIEIPUBEICHHbBIE COOTHOILICHUSL.
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Puc. 1. Cnexrpst KPC o6pasioB tBepaoro pacrsopa Si; _ Ge, npu x = 0,3
(I — ncxomusIe 00pa3Ikl; 2 — 006pa3is! mociae 00padoTKN B BOZOPOIHOI MTa3Me;
3 — oOpasusl mocie 00paboTKK B BOXOPOAHOM IIazme U TepMooOpadoTku nipu 275 °C B Teuenue 20 MuH)

Fig. 1. Raman spectra of samples of the Si, _,Ge, solid solution at x = 0.3
(1 — initial samples; 2 — samples after treatment in hydrogen plasma;
3 — samples after treatment in hydrogen plasma and heat treatment at 275 °C for 20 min)
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Puc. 2. Cmemenne MakcCUMyMOB 1osoc B criekrpax KPC
o0pas3noBs TBepaoro pacteopa Si; _,Ge, B 3aBUCHMOCTH OT COAEPKaHUS TePMAHHS
(a — xonebanue cps3u Si— Ge; 6 — konebanue cszu Ge—Ge; 6 — konebanue cBsa3u Si— Si;
1 —ucxonHbIe 00pasIbr; 2 — 00pasIsl mociie 00paboTKH B BOJOPOTHOM ITa3Me)

Fig. 2. Shift of band maxima in the Raman spectra
of samples of the Si, _,Ge, solid solution depending on the germanium content
(a — vibration of the Si— Ge bond; b — vibration of the Ge— Ge bond; ¢ — vibration of the Si— Si bond,
I — initial samples; 2 — samples after treatment in hydrogen plasma)
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Ha puc. 3 npeacrasnens cuekrpsl KPC kpemuus u tBepuoro pactsopa Si;_ Ge, npu x = 0,006. Bunzo, uto
B CIIEKTpaX YMCTOTO KPEMHHs HaOIIONAr0TCs TOJIO0CHI, CBsI3aHHbBIE ¢ KonebanusamMu cBsa3u Si—H [6], B To e
BpeMs B CIIEKTpax TBepaoro pacrsopa Si, ,(Ge, UX Heslb3s 4EeTKO BbIIEIUTH Ha ypoBHE lllyma. B oOpasmax
¢ OONBIINM COIep)KaHNEM TepPMaHNs OTMEUAETCs aHAIOTHYHAs KapTHHA. MOXHO MPeInoI0KHUTh, YTO aTOMbI
repMaHus B TBEPJOM PAaCTBOPE MPEMATCTBYIOT 00pa3oBaHMIO CcBsA3el Si— H, onHako JaHHOE MpenIoaoKeHrne
TpeOyeT mambHEHIIeTO H3yUCHUSI.

Ha puc. 4 npezcrasieHs! CIIEKTpsl, JeMoHCTpupytolue nojoxenue nuka KPC teepapix pactsopos Si; _ Ge,
B 3aBUCUMOCTH OT COJICPXKAHUS TepMaHusl.

1,2
it
.‘h‘:‘ﬂ -]
L “"fA*.‘: L «2
i}
E 10
N
S
o
=
m
S
Q
=
[
=
= 0,81 ol
L L L L L
1800 2000 2200
CIIBHT YacTOTHI, CM |
Puc. 3. Ciexrpst KPC xpemnunst (1)
u TBepaoro pactopa Si, _ Ge, mpu x = 0,006 (2)
Fig. 3. Raman spectra of silicon (/)
and the Si; _,Ge, solid solution at x = 0.006 (2)
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Puc. 4. Ilonoxenne nuxa KPC tBepapix pactBopos Si; _ Ge,
B 3aBUCHMOCTH OT COZICPIKaHMsI TePMaHuUsI
(/{—mpux=0,3; 2—npux=0,12; 3 —npu x =0,08; 4 — nipu x = 0,029; 5 — npu x = 0,006).
CIUTOIIHBIC JINHUU COOTBETCTBYIOT anmpokcuManuu Gpyukiei Jloperia
Fig. 4. Position of the Raman peak of the Si, _ Ge, solid solutions
depending on the germanium content
(I —atx=0.3;2—atx=0.12; 3—atx=0.08; 4 —at x = 0.029; 5 — at x = 0.000).
Solid lines correspond to the approximation by the Lorentz function
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3aBUCUMOCTH YacTOThI HAOIIOAEMOTO0 TTHKa, 00YCIIOBIICHHOTO KOJIe0aHNsAMH CBI3H Si—Si, OT comepKanus
repMaHusi MOXKET OBITh OOBSICHEHA C TIOMOIIBI0 MOJIEIT aHTAPMOHUYECKOTO KPUCTAIIA 32 CUST M3MEHEHUSI JIJTH-
HBI CBSI3M MEXJly aTOMaM{ IPH pelakcalliy PelIeTKH B Ipolecce 00pa3oBaHMsI TBEPIOTO pacTBopa. [leicr-
BUTENIFHO, B aHTAPMOHHYECKOM TIPUOIMKEHUH BO3BpAIIAIONIasl cujila He TIOMYHHSIETCS 3akoHy [yka, a Henu-
HEHO 3aBHCHUT OT cMemleHus [3]. B aTom cimyuae ais ompeaeneHus mapaMeTpa pemeTKH U3 MOTy9eHHBIX
JAHHBIX MOYKHO HCIIOJIb30BaTh cooTHolIeHue [ pronaiizena. Pe3ynbsrarsbl pacuera npuBeCHbI Ha pHC. 5.

5,50

1

[Mapamerp pemetku, 10 HM

548 -

5,46

5441

1 1 1 1 1 1
0 0,1 0,2 0,3
CozepxaHue TepMaHHs

Puc. 5. 3aBHCHMOCTB apaMeTpa peIeTKu
TBepAbIX pacTBopoB Si; _,Ge, OT coepkaHus repMaHus
(I — pacueTHbIe TaHHEIE; 2 — Pe3yNIbTaThl PEHTIeHO()A30BOTO aHAIN3A).
CrutomHast JMHUS COOTBETCTBYET 3aBUCUMOCTH Berapaa

Fig. 5. Dependence of the lattice parameter
of the Si; _,Ge, solid solutions on the germanium content
(1 — calculated data; 2 — results of X-ray diffraction analysis).
The solid line corresponds to the Vegard dependence

BrrunciieHHbIE BEIMYMHBI IOCTATOYHO XOPOILIO KOPPEJIUPYIOT CO 3HAYCHHUSIMHU NApaMETPOB PELIETKH, Hall-
JICHHBIMH TIPSIMBIM METOJIOM PEHTTeHOBCKOH udpakuuu. Ha puc. 5 crutomnoii JimHKrel noka3ana 3aBUCHMOCTh

Berapza [7], paccuntanuas no dpopmyne a(x)=ag — (dg, — dg; )X ¥ HELOCTATOYHO XOPOLIO OMHCHIBAKOLIAS

SKCHEepUMEHTaNbHbIE JaHHble. M3BecTHO [1; 4], 4To permakcupoBaHHBIN TBepblid pacTBop Si,  Ge, ABisercs
TEPMOAMHAMHYECKH CTAOMIBHBIM CITydailHBIM pacTBOpoM. [lomydyeHHbIe pe3ysbTaThl 03HAYAIOT, YTO pellakca-
[UsL YIPYTUX HANPSDKESHWH B HAILIEM CITyvae MPOUCXOJTHUT 3a CYeT M3MEHEHHS KaK JUTMHBI cBsizel Si— Si (npeen
Berapna [7]), Tak 1 yra mexxay HumH (ipeaen lonmmnra).

3akaueHmne

Takum 0Opa3zom, mokazaHo, 4To 00pabOTKa B BOAOPOAHOM I1a3Me MPUBOAUT K cABUTY mosioc Si—Si, Ge— Ge
u Si— Ge B cnekrpax KPC TBepabix pacTBOPOB KPEeMHUIT — repMaHuii B CTOPOHY 0o0Jiee HU3KUX YacToOT, YTO
MOET OBITh CBSI3aHO C BIMSHHUEM Ha KPUCTAUTMYECKYIO PEUIeTKYy BHEAPEHHOTO Bojpopoxa. [locnemyromias
tepmooOpadoTka mpu 275 °C He BbI3BIBACT CyIlIeCTBeHHbIX u3MeHeHui B criekrpax KPC. ITonocer Si—H,
HaOmonaemble B criekTpax KPC unctoro kpeMHust, He MOTYT OBITh YETKO BBIACITICHBI B CIIEKTPaX TBEP/BIX pac-
TBOPOB KPEMHMM — T€pMaHM.
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CO3AAHUE ITOAUMEPHBIX MUKPOANMH30OBbBIX 3AIIUTHBIX
SAEMEHTOB C OIITUYECKUN U3MEHAIOHNINMCSA 9OPEKTOM

JI. B. TAHHH", A. H. TOPYAPYK"

DTonoepapuueckas unoyempus, nep. Kanununa, 12, 220012, 2. Munck, Berapyco

Annomayua. OTMEUEHO, UTO ONTUYECKHE 3AIIIUTHBIC 3JIEMEHTHl HA OCHOBE MOJUMEPHBIX MUKPOONITHYECKUX CUCTEM
SIBJSIFOTCSI IIEPCIEKTUBHOM TIAT(hOPMOI IS CO3/1aHMsI HOBBIX BU3yaJIbHBIX IPU3HAKOB, KOTOPBIC MOYKHO IPUMEHSITh B TEX-
HOJIOTHUSIX 3aIUTHI IEHHBIX Oymar u JoKyMeHToB. [IpeicTaBieHs! pu3ndeckre MPUHIHIEI (POPMUPOBAHHS CTEPEO- U Ba-
pron300pakeHNH C TIOMOIIBIO MaTPUIBI MUKpOJIMH3. [IoKka3zaHo, UTO B pe3ybTare KOMIUIEKCHOTO B3aMMOACHCTBUS MEXIY
MAaCCHBOM MHUKPOJIMH3 X MAaCCHBOM MUKPOU300pa)keHUH (POPMHUPYIOTCSI MHUMbIE CHHTE3UPOBAHHBIE H300paKEHHs1, KOTOPBIE
CMEUIAIOTCS TIPH U3MEHEHUH yIy1a HaOIIOCHHS, T. €. TulaBafonue n3o0paxenus. Takne n300paXkeHHs: HCIOIb3YIOTCS KaK
3aMTHBIA npu3Hak. C MpUMEHEHNEM TEXHOJIOTUH U(PPOBO 3aIMCH TOJI0IPaMM IOJY4EHbl PEIIETKH MUKPOU300paske-
HUH ¢ BBICOKMM pa3pelleHneM, KOTOPOe HEBO3MOXHO JI0CTUYB € TOMOIIBIO TPAAUIIMOHHBIX METOAUK reyary. Pazpaboran
CTII0CO0 MOBBIIICHUSI KOHTPACTHOCTH MEK/Ty 00JIaCTSIMH, COAECPKAIIMMIA MUKPOHU300pakeHNUS, M YUCTOM TIICHKOM.

Knirouesvie cnosa: ronorpadhudeckuii 3aIUTHBINA 3JIEMEHT; TOIOrPaMMa; ONITHYECKasi CHCTEMa; MUKPOJINH3a; MUKPO-
JIMH30BBIA MacCUB; CTEPeOrIPPEKT; mapasiakc; rpahuaeckoe n300paKeHue.
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CREATION OF POLYMER MICROLENS SECURITY ELEMENTS
WITH AN OPTICALLY VARYING EFFECT

L. V. TANIN®, A. I. HARCHARUK*

*Holography Industry, 12 Kalinina Lane, Minsk 220012, Belarus
Corresponding author: A. I. Harcharuk (gaiholin@gmail.com)

Abstract. 1t is noted that optical security elements based on polymer microoptical systems are a promising platform
for creating new visual features that can be used in technologies for protecting securities and documents. The physical
principles of stereo and vario image formation using a microlens matrix are presented. It is shown that as a result of the
complex interaction between an array of microlenses and an array of microimages, virtual synthesised images are formed,
which shift when the viewing angle changes, i. e. floating images. Such images are used as a security feature. With the
use of digital hologram recording technology, microimage arrays with high resolution have been obtained, which cannot
be achieved using traditional printing techniques. A method has been developed to increase the contrast between areas
containing microimages and blank film.

Keywords: holographic security element; hologram; optical system; microlens; microlens array; stereo effect; paral-
lax; graphic image.

BBenenue

CeroHs Takue IIeHHbIC OyMaru, Kak 0aHKHOTBI, 0OBIYHO COACPIKAT ONTHUECKU U3MEHSIOIIUECS YCTPOUCTRA,
a UIMEHHO JU(DPaKIIMOHHBIC PEUISTKH WIX TOJIOTpadUIeCcCKrue ONTUHYSCKUE MUKPOCTPYKTYPBI, UTO SIBIISIETCS
MIPU3HAKOM 3aIlUThI OT MOJJICIKU ¥ KOMPoBaHus. JlaHHbIN (hakT 00yCIIOBJICH IPOTPECCOM B cepe TEXHOIIO-
T, IPH KOTOPOM TPAJUIIMOHHBIE CIIOCOOBI IMeYaTH 3alMIICHHBIX OyMar, B YaCTHOCTHU TTyOOKasi U opceTHas
revaTh, CTAHOBSTCS 00JIee YSI3BUMBIMH JIJISl TIOTIBITOK MOJJICIIKA M KOTUpOBaHus. J[udpakiimoHHbIe peIeTKN
U rosiorpaduueckre ONTUYECKUE MUKPOCTPYKTYPbI IPUMEHSFOTCS IIOBCEMECTHO, U, CJISI0BATEIIBHO, 001aCcTH
TEXHUKH 110 UX U3TOTOBJICHUIO CTAHOBSITCS BCE OOJiee JOCTYMHBIME (asibcupukaTropaM. ONTHUECKHUE 3alUT-
HBIC 3JIEMEHTBI TAK)KE MOYKHO CO3JIaTh C MIOMOIIBEO HEroJIorpaduuecKkoi MUKPOONITUKH. JJOCTOMHCTBO TaHHON
TEXHOJIOTUU COCTOUT B TOM, YTO MEXaHHMUYECKOE KOITMPOBAHUE MUKPOOIITUYECKHUX 3JICMEHTOB, TAKUX KaK Ce-
pUYeCKre MUKPOJIUH3BI, UMEIOIINE XapaKTepHbIN pasmep 1-50 MKM, BechbMa CI0KHO Peain30BaTh, MOCKOIbKY
pH JIFOOOM HE3HAYUTEIIPHOM U3MEHEHHUU Pa3MEPOB WIIH TEOMETPUYCCKUX UCKPUBICHHUSIX MTPOUCXOAUT YXYJI-
IIeHHUE JIM0O MoJaBiIeHue TpeOyeMbIX onTHuecKkux cBocTB [1-3]. Kpome Toro, o0beMHbBIE N300pakeHus Ha
OCHOBE JINH30BO-PaCTPOBOW TUICHKH JIOMOJHUTEIILHO OTPaHUUEHBI HEOOXOAMMOCTBIO TOYHOTO COBMEILCHUS
MUKPOJIMH3 M OTIIEYaTaHHBIX W300paKEHUI U, KaK CJIEICTBUE, OUCHb CJIOKHBI B M3TOTOBJICHUH C TIOMOIIbLIO
TEXHOJIOTU CEPUITHOTO MIPOU3BOJCTBA, UTO MPEMSATCTBYET UX KOMMEPUYECKOMY HUCIOIB30BaHUIO [4—6].

Lenp HACTOSIIETO MCCIIEIOBAHUS — pa3padOTKa ONTUYECKOrO 3aIIUTHOTO 3JIEMEHTA, KOTOPBIH CONEPIKUT
MOJIOXKKY C PEIIeTKON CPepUIeCcKUX MUKPOIUH3 Ha OHON CTOPOHE M OJIHOM MJIM HECKOJIBKUMHU PEIICTKAMU
MHUKPOU300paKCHUI Ha JIPyTOil CTOPOHE.

CTpyKTypa 3alIMTHOIO YCTPOICTBA

B pabote npeioxkeHo JIMH30BO-PacTpoBOE YCTPOUCTBO (puc. 1) AJisi MPUMEHEHHUS! B TEXHOJOTHAX 3allId-
ThI LICHHBIX OyMar U JOKYMEHTOB. YCTPOHCTBO MpPEACTaBIACT cOOOW JABYMEPHYIO EPHOANYECKYIO MATPHILY
MHUKPOJIMH3, IOMEUICHHBIX Yepe3 ONTHYECKYIO MPOKIAAKY HaJ MEPUOJUUECKU CPOPMUPOBAHHBIMH MHUKPO-
n3zo0paxenusimu. Ha puc. 2 npuBeneHo ceueHre yCTPOUCTBA MII0CKOCTHIO, OPTOrOHAIBHOW €r0 OCHOBAHHUIO,
MO3BOJISIIOLIEE ONMCATh KOHCTPYKTHBHBIC ITAPaMETPhl CHCTEMbI. MUKpONKH3a /, KaK IPaBUIIo, UIMEET AUaMETP
MeHee 50 MKM, 3a30p 3 MEX/ly MUKDPOJIMH3aMH OOBIYHO COCTABIJIACT 5 MKM WM MeHee. MukpounsoOpaxke-
Hue 4 poxycupyercss MEKpOJIMH30M / M MpoenupyeTcs B HalpaBieHUH 9. DTa cucTeMa UCIONIB3YeTCsl IPU
HAJIMYMM €CTECTBEHHOTO OCBeUICHUs.. MuKpon3oOpakeHue 4 sBISETCS OIHUM M3 3JIEMEHTOB MEPUOANICCKON
MaTpuIbl MUKPOU300paKeHHIA C pa3MepaMu U eproioM / (), COOCTaBUMBIMU C pa3MepaMH U MIEPUOIOM Mart-
pHLb MUKpoNrH3. ToNnmmHa 5 ONTHYECKON MPOKIAIKH TaKoBa, YTO n300paxkeHue Gopmupyercs B GOKaTbHON
IUIOCKOCTH MUKPOJUH3 (Touka /7). MaTpuily MUKpon300paXeH!H 3aliaeT rTepMeTH3npyomui cioi 6. O
MOXeT OBITh MPO3PaYHbIM, METAUTHNYECKUM, TUTMEHTUPOBAHHBIM, MAaTOBBIM, MATHUTHBIM, ITOJYIPO3PauHbIM,
OKpAaIllEHHBIM, C U3MEHSIOIMIMMUCS ONTHYSCKHMH XapaKTePUCTUKAMH WM UMETh JII00YI0 KOMOMHALIMIO Tepe-
YHCJICHHBIX CBOMCTB, 4TO oOecneynBaeT Tpedyemble onTruueckue 3QGexTsl MO0 JONOTHUTEIbHBIE CIIOCOOBI
3alIUThI HEHHBIX OyMar U JOKYMEHTOB.
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Puc. 1. I3omeTrpuyueckuii BUJ 3aIlIMTHOTO YCTPOHCTBA:
1 — MUKpOJHMH3bI; 2 — TOJNIIMHA ONTUYECKON POKIIAIKHU;
3 — MUKpOH300pakeHue; 4 — mepruoj MUKpOH300paKeHUS

Fig. 1. Isometric view of the security device:
1 —microlenses; 2 — optical spacer thickness;
3 — microimage; 4 — microimage period

Puc. 2. Bua 3a1luTHOTO YCTPOHCTBA B OPTOrOHAJILHOM MPOEKIINU:

1 — MUKpOMH3a; 2 — THaMeTp MHKPOIHNH3EL; 3 — PacCTOSTHUE (3a30p) MEXITy MUKPOIUH3AMUY;
4 — MUKpOH300pakeHne; 5 — TOIIIHA ONTHYECKON POKIAIKU; 6 — TepMETU3UPYIOLINIA CIIOH;
7 — o011ast TOJIIMHA CHCTEMBI; 8 — BBICOTa MUKPOJIHMH3BI; 9 — X071 Jiyy4a;

10 — mepuox MuKponsodpakenust; // — GoKycHast TOUKa

Fig. 2. View of the security device in orthogonal projection:
1 — microlens; 2 — microlens diameter; 3 — distance (gap) between microlenses;
4 — microimage; 5 — optical spacer thickness; 6 — sealing layer; 7 — total system thickness;
8 — microlens height; 9 — beam path; /0 — microimage period; // — focal point

[IpakTndeckas mpobiieMa ¢ JTMH30BO-PACTPOBLIMU YCTPOMCTBAMH 3aKIIFOYAeTCs B TOM, YTO TOJIIUHA 3a-
[IMTHOTO 3JIEMEHTA 3aBHCUT OT IIMPHHBI H KOJHMUYECTBA YePEIYFOIIUXCS TOJI0C MUKpon3o0paxenuit [7]. dus
(hyHKIIMOHUPOBAHHUS ONTHYECKOTO YCTPOUCTBA 00paTHOE (POKYCHOE pacCTOSHUE F MUKPOIUH3BI / TOIDKHO
OBITH TAaKUM, YTOOBI OHO (POKYCHPOBAIIOCH HA TI0JI0CaX MUKPOU300paskeHUH 4, a TIepHOT IIOBTOPEHUS 1mooc /()
JIOJDKEH OBITh paBeH IHaMeTPy 2 MUKPOJHMH3BI (0003HaUuNM ero uepe3 D). O0patHoe (poKycHOE paccTosHUE
MUKPOJIMH3BI / 331a€TCs OT 3aHEH MOBEPXHOCTH JUH3EI 10 (OKyCHOU TOUKH //. OOMMA IPUHIIAIT AJIS TI0-
JTUMEPHBIX TUIeHOK — /> 1,0—1,5D.

TakuM 00pa3oM, 4TOOBI YCTPOMCTBO MMEINIO TOMMHHY 30 MKM, THaMeTp MUKPOJIMH3 JOHKEH OBITh HE 00-
nee 30 mxMm. Kak cieicTBre, mepros MOBTOPEHHS MOIOCHI MEKPOU300PaXKEHUI TAKKe HE JIOJDKEH MPEBBIIIATh
30 MxM. O/THAKO 3TO HEBO3MOXKHO MPH TPAJAUIIMOHHBIX METOIUKAX TIEYATH, KOTOPbIC B JIyUIlIeM CIy4ae MOTYT
obecreunTs pazpemieraue 1200 dpi, aro coctarmsger 20 MKM/TIK.

B Hacrosimielt pabote n300pakeHus ¢ BBICOKHM Pa3pelIeHneM CO3IaHbl METOIOM ITH(POBOI Tosrorpadude-
CKOM 3aIiCH ONTHYECKHX CTPYKTYpP Ha (POTOPE3HCT € MOCIIEAYIOIUM EPEHOCOM MOTYICHHBIX MUKPOPEbed-
HBIX CTPYKTYP C IMTOMOIIBIO HUKEJIEBOW MATPHUIIBI HA TOBEPXHOCTh MOJMMEPHOH TIICHKH.

PaccmoTpum mosipoOHO TEXHOIOTHIO H3TOTOBJICHHSI 3aIIIUTHOTO dIIeMEHTa 1151 (QOPMHUPOBAHHUSI ABYMEPHBIX
U TPEXMEPHBIX N300paKEHUH C UCTIONIL30BAHUEM MAaTPHIIGl MUKPOJIIMH3. ONITHYECKH H3MEHSIOIIEECs YCTPOui-
CTBO OCHOB2HO Ha B3aUMOJICHCTBUH MEXKTy PEIIECTKOW MUKPOJIMH3 H COOTBETCTBYIOIIMM HAOOPOM UJICHTUYIHBIX
MUKpOon300paxkeHuid. Koryia perreTku uiieaibHO COBMEIIEHBI, Ka)/1ash MHKPOJIMH3a UMEET 1101 COO0H MUKpPO-
n300paKEHUE B TOYHOM COOTBETCTBHH, TAK YTO HAOIFOAATENh BUIUT TOJIBKO OJTHO YBEITHUCHHOE H300paKEHHE.

101



Kypnaa Besopycckoro rocyiapcrseHHOro yuusepeurera. ®usuxa. 2024;2:99-107
Journal of the Belarusian State University. Physics. 2024;2:99-107

Brenenne HecoBnaeHus IIara MKy PEIIeTKOW MUKPOIMH3 U PEIICTKONH MUKPOU300paKECHUH pacierisieT
OJTHO YBEIMYEHHOE M300pakeHHE Ha PETYISPHYIO PEIIeTKy N300pakKeHUH C yBEIMYCHHEM YHCIIa BUIUMBIX
n300paXeHUH ¥ YMEHBIICHUEM UX OTIENLHOTO pa3Mepa Mo Mepe TOro, Kak BO3pacTaeT HECOBIAICHHUE IIara.
Taroke HecoBIaieHUe I1ara MoXKeT OBITh JIETKO C(POPMUPOBAHO B PE3yIbTATE BPAIIIEHHS TAHHBIX PEIIETOK IPYT
OTHOCHTEIBHO ApYyTa.

[lepexpriBaromuecs o6macTi U300paskeHus], IO CYTH, OTIPENEISIFOTCS TOCPEICTBOM MYyapOBOM KapTUHKH,
c(hopMHPOBaHHON MEXK]Ty PEIIETKOMN JIMH3 M PEIIeTKON N300paKeHUH, U IOITOMY JJAHHOE ONITHYECKOE YCTPOC-
TBO MOYKHO Ha3BaTh yBelnuyuteieMm myapa. OctaHoBuMcs Ha 3 dexre hopmupoBaHus Myapa 0osiee moApoOHO.
Db dexT Myapa IByX MEPUOIIMUECKUX CTPYKTYP MOXKET OBITH OOBSCHEH ITPH PACCMOTPEHNH YaCTOTHBIX BEKTOPOB
3THX CTPYKTYp. HampaBrieHnne 4acTOTHOTO BEKTOpa COBIAJAET C HANpaBIEHUEM NTEPUOANYHOCTH, a €ro JUIMHA
OTIpeneNsieT YacTOTHI PENIeTOK. BEeKTop BhIpaskaeTcsi MOCPeICTBOM JAEKapTOBBIX KOOpAUHAT (U, V), THE U 1 V —
TOPU30HTANbHASI U BEPTUKAJIbHAS KOMIIOHEHTHI YaCTOTHL.

OnHoMmepHast pereTka mpeICTaBIIseTCs Mapoi TOUEK B YaCTOTHOM TNIOCKOCTH (pelieTKa 0KHA OBbITh CH-
HYCOUIAILHON, YTOOBI HIMETH TOJBKO JIB€ TOUKH B YaCTOTHOH 1ockocTH). [IpencraBiienue 1ByX 0JJHOMEPHBIX
pELIeTOK ¢ OMHAKOBOW YacTOTOM, HO Pa3HON OpHEeHTalMell KaKk YaCTOTHBIX BEKTOPOB IMOKa3aHO Ha puc. 3.

Pemrerka 1 Pemrerka 2 Pemrerka 3

VA VA VA

/ - b S |hfy
\,f _fl fZ*f1 f2 f|+qu

N )

=y

2

Puc. 3. O6pa3oBaHue NEPUOJUUECKON MyapOBOil CTPYKTYpbI
Fig. 3. Formation of a periodic moire structure

Pemerka 1 MoxxeT OBITH TIpE/ICTaBICHA TOCPEIICTBOM TOUEK f; U —f;, @ peleTka 2 — IOCPEACTBOM TOUEK f,
U —f,, T71e f— IpOCTpaHCTBEHHAs YacTOTa, BEIMIMHA KOTOPO 00paTHO MPONOPIIMOHATIbHA IEPHOLY PEIIETKH.
CriexTp, reHepupyeMbIi U3 CBEPTHIBAHMS ABYX YACTOTHBIX MPEACTABICHUH (perieTka 3), yKa3blBaceT, 4To BO3-
HUKAIOT 4aCTOThI Myapa. Myap, HaOIo1aeMblii Y HAaJIOKEHHUHU JIBYX PEIIETOK Ha PUC. 3, COOTBETCTBYET TOU-
KaM f, — f, 1 f, — f; B 4aCTOTHOH IIOCKOCTHU. [|j1sl ABYMEPHBIX NPSIMOJIMHEHHBIX PELIETOK NPUMEHSETCS TOT JKe
MIPUHIMII, HO OH peanu3yeTcs B AByX OPTOrOHAJIBHBIX HAMIPABICHUSIX OHOBPEMEHHO.

3HaUNTENbHOE YBEITMYCHUE MUKPOU300PaKEHHUsI COOTBETCTBYET HU3KOYACTOTHOMY Myapy. M3 yacToTHOTO
MPEACTABICHUS Ha PUC. 3 MOXXHO BUJETh, YTO HU3KOYACTOTHBIN Myap TpeOyeT OJIM3KOTO COBIMAIECHHS YaCTOTHI
W OpUEHTAIIMH PEelIeTOK. TakKe U3 pHc. 3 CIeAyeT, YTO Pe3yNbTUPYIONINH YaCTOTHBIA BEKTOP Myapa HaXOIUTCs
noji yoioM npuMepHo 90° K OTACTIbHBIM YaCTOTHBIM BEKTOpaMm. Ecin BMECTO JBYX OJHOMEPHBIX PEIIETOK
UMeeM HaJIOKEHHE PENIeTKH MUKPOJIWH3 M PEHIeTKH MHKPOU300paKeHUH, TO pe3ylNbTHPYIOMINH YacTOTHBIN
BEKTOP Myapa COOTBETCTBYET PEIIeTKE YBEIMUCHHBIX U300paKeHUI, KOTOpasi OpHEHTHPOBAHA IO YIIIOM MpPH-
MepHO 90° K pemieTkaM MHUKPOJIMH3 U MUKpon300pakeHHH. CTeneHb YBEJINYeHUs] MUKPOU300paKeHus 3a-
BHCHT OT COOTHOIIICHHS YaCTOThI MUKPOU300PaKEHHsI 1 YAaCTOThI YBEIIMUEHHOTO M300pakeHus (Myapa), T. €.
Jmicroimage /fmoire: B OOJIBIIMHCTBE CITy4aeB CTENEHb POTALMOHHOTO CMELIEHHUS MEKLY PELIETKOH MUKPOU300pa-
JKEHUH U PEIIeTKON MUKPOIMH3 HaxoauTcs B quanaszoHe 0,1-2,0°, 9yto mpuBoauT K yBenudeHuto x25-500 mis
PEIIETKH MUKPOU300paKCHHH.
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®opMupoBaHUE PelIeTKH MUKPOU300pakeH Uil

Ha puc. 1 moka3zaHo B3auMOIEUCTBUE MEXIY PEIICTKOW MHUKPOJIHWH3 M PEIICTKON MUKPOHU300paKeHH.
B atom mpumepe penrerka 3 cuMBoiia $ mpocMaTpuBaeTCsl MOCPEACTBOM pemieTkn | MUKpoinH3. TurnuvHas
pemretka 3 COAEPKUT MHOXKECTBO CHMBOJIOB, MHOTOKPATHO MOBTOPSAIONINXCS B Ka)KJIOM HAIPABJICHNU C pe-
TYIApHBIM IIaroM. B paccmarpuBaemMom npuMepe JuaMeTp MUKPOIUH3 D U, CIeA0BaTeNbHO, IIar PEemeTKy 1
coctaBisioT 30 MkM. [TockombKy perreTkn MUKpON300pakeHHUH W MUKPOJIMH3 JTOJHDKHBI HMETh OJIMHAKOBBIN
II1ar, TO MUKPOU300pakeHNE JTOJDKHO OBITh CO37aHO B paMKaX KBaJpaTHOH oOmactu pazmepoM 30 x 30 MKM
WM MEHee, TaK KaK MPEAIOdTUTEIHFHO OCTABIIATh 3230 MEXKTy MEKpOM300pakeHUsIMH. B KBagpaTHOit 00mactu
pasmepom 30 x 30 MKM pasMep muKcena | MKM CO37aeT pemeTky n3o0pakeHni, cogepxkantyto 900 mk, 941o
obecreunBacT BO3MOKHOCTH ((OPMUPOBAHUS MACHTU(DHITMPYIOMNX N300paKEHUH, TAKUX KaK OyKBHI U IIU(PHI.
Ecnu pa3mep nukcena JONOTHATETHHO yMeHbImaeTcs 10 0,5 Mk, Oosee clIoKHbIe HACHTU(OUITNPYIOIIHE H30-
OpakeHHUsT MOTYT OBITH CHOPMUPOBAHBI U3 PEMICTKH, comepskarmei 3600 mk.

Kak 0b110 M37105KEHO BBIIIIE, HEBO3MOYKHO CO3/1aBaTh TAKHE N300paKEHHS C BRICOKUM Pa3peIIeHueM, HCIIOTh-
3ysl TpAJUIIMOHHBIE METOANKH 1edaTi. DopMupoBaHue N300PAKEHHI C BBICOKIM pa3pelieHneM 00ecTieqnBaeT
TEXHOJIOTHS U POBOIi 3ammcu rojorpamm. [locie 3Toro CTpykTypa MOXKET OBITh PETUTAIIIPOBaHA B IPO3PATHYIO
TTOJTUMEPHYO TUIEHKY C TIOMOIIBIO TAKUX METOJIHK, KaK ropsidee THCHEHUE M OTBEPKACHNUE MO IecTBHEM YD-
obmyuenus. OmHako mpobiaemMa dTOTo MOIX0/Ia COCTOUT B HEOCTATOYHON KOHTPACTHOCTH MEXIY 0OIacThIO
¢ M300pakeHNEeM U 00JacThio 0e3 m300paxkeHuil. IlpenmymecTBoM pa3pabOTaHHOTO 3aIIMUTHOTO AJIEMEHTA
SBIISIETCS TO, YTO OH TEHEPUPYET N300pakeHNe C BRICOKIMH Pa3pelIeHneM U KOHTPACTHOCTHIO.

B ocHOBe MOBHITIICHISI KOHTPACTHOCTH MEKITY O0JIACTHIO C H300paKeHUEM M 00JIacThI0 0e3 M300pakeHHIA
JISKUT TOT aKT, UYTO MEPUOANICCKUE CYOMUKPOHHBIC CTPYKTYPHI KaXKyTCs YEPHBIMH TIPHU METaAJUIH3aInu [8].
CrenoBareabHO, MOKHO 3aITUCHIBATH H300paKCHUE HA TTOBEPXHOCTH MTOJIMMEPHON TUICHKH B (hOpMe CYyOMHUK-
pOHHOI1 cTpyKTYypHI. [Ipn MeTammm3anny miIeHKH 00ecTIeYnBaeTCsl BBICOKAs CTENEeHh KOHTPACTHOCTH MEXKITY
0071aCTBIO ¢ M300pakeHUEM B hopMe CYOMHKPOHHOM CTPYKTYPHI, KOTOpasi 0TOOpakaeTCsl YepHON, 1 00TaCTHIO
0e3 m300pakeHUH, NMEIOMICH SIPKUH METaUTMIECKUl OTTeHOK. MuKpopenbe@HbIe CTPYKTYPBI MOTYT OBITh
c(hopMupoBaHBI Ha TOKPHITON (POTOPEIUCTOM CTEKIISTHHOM MOITOKKE MTOCPEACTBOM TOJIOTPpaPpHIeCKOro IKCIO-
HHUPOBAHUS ¢ TTOMOIIbI0 YD-1azepa. DopMupoBaHUE PEIICTKH MHKPOU300paKEHNH HA TIOBEPXHOCTH YUCTON
TTOJIMMEPHOM TIICHKH TpeIcTaBieHo Ha puc. 4—6. Ha mepBoHadanpHOM 3Tare (cM. puc. 4, a) popMupyercs
MHKpOpebedHas CTpyKTypa 2 B clloe GoTOpe3ucTa 3 Ha CTCKIITHHON OCHOBE 4.

ala o/b

Puc. 4. DopmupoBanue MUKpOpenbehHOI CTPYKTypbI

B (hopMe pemeTKn MUKpOn300paxeHuii B cioe doropesucra (a).
Mukpopenbsed 0THOTO U3 HICHTUPHUIUPYIOIIIX MUKPOU300pakeHHH (6):
1 — MarpuIa MUKpOH300pakeHuit; 2 — MUKpopenbedHas CTPYKTypa; 3 — GpoTopesuncT;
4 — CTeKJITHHAsI OCHOBA; 5 — HACHTH(UIUPYIOIee H300pakeHne
Fig. 4. Formation of a microrelief structure
in the form of a microimage array in a photoresist layer (a).

Microrelief of one of the identifying microimages (b):

1 — microimage matrix; 2 — microrelief structure; 3 — photoresist;
4 — glass substrate; 5 — identifying microimage

Metonuku co3naHust MUKpOpenbe(HON CTPYKTYPHI B (hOpMe MHUKPOU300paKEHHUS BKITFOUAIOT B ¢e0s1 TOJIO-
rpaduygeckoe dKCIOHUPOBaHKE, POTOIUTOTPAHIO, TA3EPHYIO 3aMKCh U IEKTPOHHO-ITYIEBbIE TEXHOIOTHH.
Ha puc. 4, 6, mokazan MEUKpOpeTbed) OTHOTO U3 HIACHTH(DHUITMPYIOIIIX MAKPOU300paKEHUH ITOCTIC TIPOSBIICHUS
9KCIOHMWPOBAHHOTO (hoTope3ncTa. Jlanee 3TOT OpUTHHAI CTIONB3YETCS IS CO3/IaHUs HETaTHBa MUKPOPEIbe]-
HOM CTPYKTYpPbI MUKPON300paskeHUH / B HUKEIIEBOM MaTpHIle 2 C TOMOIIBIO CTAHIAPTHOTO MPOIIECcCa AIEKTPO-
JTUTHYECKOTO (POPMOBAHUS, N300paKEHHOTO B TIOTIEPEYHOM pa3pese Ha puc. 5, a.

CTpyKTypa MEKPON300paXeHHH / B HUKEICBOW MaTpHIIE 2 3aTeM KOITUPYETCsI Ha TTOBEPXHOCTD TIOTMMEPHOM
IJICHKH 3 ¢ UCTIOIh30BAaHUEM CTaHIAPTHBIX MPOIECCOB KOMUPOBAaHUA (CM. puc. 5, 6). Hanbomee npeamodrn-
TETBHBIMH M3 HUX B JAHHOM CITydae SIBJISIOTCS Topsdee THCHEHUE TIOIMMEPHOH TIJICHKH M OTBEPIKICHHE TTOJT
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neiictBueM Y®-00mydeHus, MOCKOIbKY 00a 3THX IMpolecca 00ecrnednBaioT HePEPhIBHOE PYJIOHHOE MPOU3-
BOJICTBO 3allIUTHBIX 31eMeHTOB. Ha puc. 5, 6, moka3zan npouecc KonupoBaHust oz feiictBuemM YD-o0mydeHus,
KOI/1a TOHKUH ciioil Yd-0TBep:kK1aeMOro MoJIMMepa 4 HAHOCUTCA Ha YUCTYIO IOJMMEPHYIO IUIEHKY 3, KoTopas
3aTeM MPWXKUMaeTcsl K HUKelleBou marpuiie 2. Jlanee mojauMep OTBEPKIAAETCA 10 OTIAEIEHUS OT HUKEIEeBOU
MaTpUIBI 2, TOCJIE YEeTO B MOJMMEPHOM CJIO€ 4 Ha TIOBEPXHOCTH YHCTOM MOIMMEPHOM MIEHKH 3 OCTaeTcs OT-
KOITUPOBaHHAasI CTPYKTYpa MUKpon300pakeHni. OJTHO U3 TAKMX MUKPOHM300pakeHHH MTPeICTaBIeHO Ha puC. 6.
Ho mipu aTOM cymiecTByeT HeqoCTaTOYHAs KOHTPACTHOCTh MEXKTy N300paKeHNEM | TUIEHKOU. [10BBICUTH KOH-
TPaCTHOCTh MOYKHO 32 CUET MPUMEHEHHUS TOHKOTO METAJTHIECKOTO CJI0S, TAKOTO KaK aJIFOMUHUH, KO BCeH aK-
THUBHOH IMOBEPXHOCTH YCTPOMCTBA, B TOM YHCIIC MUKPOPEIbePHOH MPOCBETIIsIIOINICH CTpyKType. B pesynbrare
(dopMupyeTcss MeTaNTU3UPOBaHHAsI IUICHKA, TPEACTaBICHHAas Ha pHc. 0, 0.

ala o/b
Y®-uznyuenue

A $o0003000

' TraJJbBAaHUYCCKOEC
TIOKPBITHE 2 3

quﬁ

Huxkenepas 4
marpuia 2 (W\/\/WVW

Puc. 5. Coznanne MUKpOpeIbeHON CTPYKTYpBl MUKPOU300paskeHIH
B HUKEJIEBOH MATPHUIIE C MOMOIIBIO IPOIlecca MEKTPOTUTHIECKOTO (hOpMOBAHUS ()
U [IEPeHOC MUKPOpenbe(hHOIT CTPYKTYPBI HA MOJIUMEPHYIO IUICHKY (6):
1 — MukpopesbedHas CTpyKTypa MUKPOU300pakeHHH; 2 — HUKeJleBasi MaTpuUIa;
3 — monMMepHas IieHKa; 4 — YD-0TBepKIaeMblii oiIuMep

Fig. 5. Creation of microrelief microimage structure
in a nickel matrix using an electrolytic molding process (a)
and transfer of microrelief structure onto a polymer film (b):
1 — microrelief microimage structure; 2 — nickel matrix;
3 — polymer film; 4 — UV curable polymer

ala o/b

MeTamm3anus

—>

2

Puc. 6. TIoBbIIICHHE KOHTPACTHOCTH CTPYKTYPhI MUKPOH300paKeHM
Ha TTOJIMMEPHOM TIICHKE METOZ0M METaTM3alluK IOBEPXHOCTH MOJIUMEpa:
1 — muxpousobpaxenue; 2 — YO-orBepxkIaeMblil monumep; 3 — MOIUMEpHas IJICHKa;
4 — MuKpopenbedHas TPOCBEeTIIONIast CTPYKTypa B (hopMe UISHTH(OUIMPYIOIET0 H300pakeHus;
5 — MeTamM3upOBaHHAS TJICHKA
Fig. 6. Increasing the contrast of the structure of microimages

on a polymer film by metallisation of the polymer surface:

1 —microimage; 2 — UV curable polymer; 3 — polymer film;

4 — microrelief antireflective structure in the form of an identifying image; 5 — metal-lised film

B mannoM cimyuae MukpopenbedHas MpoCBETIsAoNas CTPyKTypa B (hopMe HWACHTH(HUITUPYIOIIETO MUKPO-
M300paKEHUS 4 KaXKETCsl YePHOU 110 CPABHEHHUIO C HECTPYKTYPUPOBAHHBIMY OOJIACTAMU TICHKH, UMCIOITUMHU
METAJUTUYCCKUI OTTeHOK. TOHKUI MeTaNInYeCKuil cioi 5 00bIuHO (HOPMUPYETCSI C TIOMOIIBI0 BAaKyyMHOI'O
OCaXKJICHHUS.
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®opmMupOBaHKeE IBYMEPHBIX U TPEXMEPHbIX H300paKeHHil B pe3yJibTaTe B3aUMOACHCTBHS
MEK1Y pelIeTKO MUKPOJIMH3 U PelleTKOH MUKPOU300pasKeH Uil

CHauasia pacCMOTPHM NIPOCTOH IPUMEP, KOTIa 3aLUTHOE YCTPONUCTBO COIEPIKUT OAHY PEIICTKY MUKPOU300pa-
YKEHUH «C», 00bEIMHEHHYIO C OHOH pemieTkoi MuKponnH3. Ha puc. 7, a, mpencraBieHo poTalioHHOE OTHOIIIe-
HHUE MEX/Ty YaCTOTHBIMU BEKTOPAMH PEIIETKH 1 N300paykeHNH «C», PEIIETKOHN 2 MUKPOJINH3 U PE3YIIbTUPYIOIIEH
peleTkoii 3 yBeInueHHbIX N300pasKeHUI «C», a Ha puc. 7, O, IPUBEICH COOTBETCTBYIOIINI YaCTOTHBIH CIIEKTP.

vV
Pemmerka MUKpOJIMH3 MpeCcTaBleHa Ha pHUC. 7, O, TOCPEICTBOM HaCTOTHEIX BEKTOPOB Jricrolens B Jricrolenss

a pereTka MUKpOH300pakeHUH «C» — MOCPEICTBOM YaCTOTHBIX BEKTOPOB f u f YacToTHBIN BEKTOp pemeTku 1
MHUKPOH300paKEHUN «C» MMOBEPHYT 0] YIJIOM 0L OTHOCHTEIBHO 4aCTOTHOTO BEKTOPa PEIIETKH 2 MUKPOJIMH3,
KaK IMOKa3aHo Ha puc. 7. B 3Toil KOMIIOHOBKE YaCTOTHBIC BEKTOPHI f ﬁmcmlem " f fmicrolens pemieTku 3 yBe-
JMYCHHBIX M300paKEHUH «C» HAXOAATCS MOJ YIIOM IpuMepHO 90° K COOTBETCTBYIOIIMM TOPH30HTAIBLHBIM
Y BEPTUKAJILHBIM YaCTOTHBIM BEKTOpaM pelieTku 2 MuKkposinH3. Ha puc. 7 npencraBieHbl BEpTHKaIbHbBIE U T0-
PU30HTAJIbHBIE YACTOTHBIC BEKTOPBI VIS PELICTOK MUKPOJIMH3 X MUKPOM300PaKEHHI, HO B IOCIESAYIOIINX IPUMEpPax,
€CITH He 3asIBIICHO MHOE, YaCTOTa PEIIETOK MUKPOIIMH3 M MUKPON300paKeHNH OIMHAKOBA B JIBYX OPTOTOHATIBHBIX
HaNpaBJIeHUAX, U, CIEIOBATENbHO, U MPOCTOTHl B COOTBETCTBYIOLIEM YAaCTOTHOM CHEKTPE MOKa3aH TOIBKO
OJIMH M3 YaCTOTHBIX BEKTOPOB.

B cnenyromem npuMepe B 3alIUTHOE YCTPOWCTBO BKIIIOUEHA IOTIOJTHUTENIbHAS PeIIeTKa 3 MUKpOU300paxe-
Huit «O» (puc. 8), Tak 4YTO HOBOE 3aIIUTHOE YCTPONCTBO COAEPIKHUT JIBE PEIIETKH MUKPOU300paykeHUH — peIIeTKy
MHUKPOU300paKeHUH «C» U pelIeTKy MUKpon300paxeHnit «O», 00beMHEHHBIE C OTHON PEeIIETKONH MUKPOJINH3.

ala o/b
VA

u

Pemerka 1
WV v
fc ﬁnicmlcns
V]
h h
f; jl‘nicrolens v v f<; - ﬁnicrolcns fc "
o .fc; - fmicrolcns 7
C h
f microlens
Pemerxa 3
Pemierka 2
Puc. 7. Ontryeckas cxema (@) ¥ YaCTOTHBIN CIIEKTP (6 ) 3aIIUTHOTO YCTPONWCTBA
C PEIIETKOM MHUKPOU300paXKEHUH «C», 00bETMHEHHOMN C PEIIETKON MUKPOIHH3
Fig. 7. Optical design (@) and frequency spectrum (b) of a security device
with a microimage array «c» combined with a microlens array
ala 6/b
O O Pemrerxa 3
VA
Pemerka 1
fc — ﬁnicrolcns f;
f . (04 fmicrolcns -
microlens —Q Z
/. Jo
o [—a fO - fmicmlens

Pemrerka 2

Puc. 8. Ontryeckas cxema (@) ¥ 9aCTOTHBIN CIIEKTP (6 ) 3aIIUTHOTO YCTPONWCTBA
C peIIeTKaMu MUKPOU300paskeHUH «c» 1 «O», 00beINHEHHBIME C PEIIECTKOW MUKPOJIMH3

Fig. 8. Optical diagram (a) and frequency spectrum (b) of a security device
with microimage arrays «c» and «O» combined with a microlens array
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JIBe peneTkn MUKpOU300paKeHUI pacIioioyKeHbl B OHOM INIOCKOCTH, HO UMEIOT B HEel pa3Hoe pOTaIlOH-
Hoe HampaBieHue. Ha puc. 8, 6, moka3zana cuTyarus, Korja pereTku 1 u 3 MUKpou300pakeHUH, IpeIcTaB-
JIEHHBIE TIOCPEACTBOM YaCTOTHBIX BEKTOPOB f, U f,, OPUEHTUPOBAHBI TAKUM 00Pa30M, YTO OHH COCTABIIAIOT
YTOJI 0L U —0O. K YACTOTHOMY BEKTOPY f;icrolens PEIIETKH 2 MUKPOJIHMH3 COOTBETCTBEHHO. PeleTky yBenn4eH-
HBIX M300pa)KeHUH MPEICTaBIEHbl IOCPEICTBOM BEKTOPOB fo — fricrolens ¥ fe — Sicrolens & OPUEHTHPOBAHbI
noJ yriioM npumepHo 180° 1pyr OTHOCHTENIBHO ApyTa, YTOOBI IepeMEeIaTbCs B IPOTHBOIIOIOXKHBIX Halpas-
JICHUSX TPU HakjIoHE. [Ipu ompeesieHHbIX yrilax HaKJIoOHA M300paKeHUs HAKJIAbIBAKOTCS JIPYT HA JpyTra.
[Ipumep 3TOTO TIOKA3aH Ha pHC. 9, KOTHA «C» TIEepeMentaeTces K IeHTpy crpana, a «O» — cieBa (cM. puc. 9,
m3o0paxenus 1-3).

N3o6paxenue 1 W3zob6paxenue 2

ﬁ Haxkion ﬁ

() Cem (T em

JIBrnxeHue
U H300paKEeHHST U
Hzobpaxenue 3 Nzobpaxenue 4 Hzobpaxenue 5

3 3 3

Qe O «wcOm

g\ U y)

3aBepIeHNe H300paKeHUS

Puc. 9. Busyanuzanus c(opMHUPOBaHHOTO ONTHYECKU H3MEHSoIIEerocs dddexra
Fig. 9. Visualisation of the generated optically varying effect

[Ipu KOHKPETHBIX yIIaX HAKJIOHA CO3JIaeTCs 3aKOHUEHHBIH cuMBOJI © (cM. puc. 9, uzobpaxkenue 3). Jlanb-
Helee N3MEeHEeHNE HaKJIOHA TPUBOUT K TOMY, YTO M300paXeHHs TPOIOIDKAIOT MTEPEMEIaThCs, HO TeTeph
yaaissch Ipyr ot apyra (cMm. puc. 9, nzoopaxkenus 4 u 5). CPopMUPOBaHHBIN ONITHYECKN U3MEHSIOIIHNACS
3¢ (deKT MoBBIIIAET BOCIPHUATHE IBHKEHHS IMOCPEICTBOM TOTO, YTO, BO-IIEPBBIX, PELIETKH M300pakeHUI
NnepeMeIaroTCA B IPOTHUBOIIOJIOKHOM HAITPaBJICHUU, TAK YTO OTHOCUTECIIbHOC ABUKCHUEC Ily6J'II/IpyeTCSI, a BO-
BTOPBIX, PEIIETKA U300paKEHUI MepeMenIaroTcsi OTHOCUTENBHO 3TAIOHHBIX TOYEK (T. €. IPYroi pemeTKn
M300paKeHMH ), KOTOPBIE HAXOAATCS B TOM K€ ITOJIe 3peHMsI. 3aBEepIICHNE OHOTO N300paKeHHS TOCPEICTBOM
nepeMeIeHusi BMECTE IBYX KOMIIOHEHTHBIX H300paXeHUH MTPU HAKIIOHE MPEACTABISIET JIETKO 3alIOMUHAEMBII
W pacrio3HaBaeMbIil BBIICONMCAHHBIN CTI0CO0 MPOBEPKH MOATUHHOCTH, KOTOPBIN 00€CTIeYMBAETCS IPOCTHIM
nepeMenieHneM n3o0paxenuil. [IpuBeneHHBIN BapHaHT He OTPAHUYUBACTCS PEIIETKaMHU N300pakeHnH, epe-
MEIIAIOIIIMHUCS B TPOTHBOIIONIOKHBIX HAPaBIEeHUAX. ANBTEPHATHBHO YACTOTHBIE BEKTOPHI IBYX PEIIETOK
YBEJIIMYCHHBIX MU300paXeHUH MOTYT OBITh MOAM(DHUIHUPOBAHBI, YTOOBI 00ECTIEUUTh OTHOCUTEIBHOE NIEpeMe-
HIeHue B 1I000M TpeOyeMOM HarpaBJIeHUH.

3aKjaoueHune

Taxum oOpazom, B paboTe MpeniokeH Cocod M3TOTOBICHUS MOJMMEPHBIX ONTHYECKHUX 3aIUTHBIX dJIe-
MEHTOB C PEIIETKON C(heprUueCcKUX MUKPOJIUH3 Ha OJHON CTOPOHE M OJJHOW WJIM HECKOJbKHMH PEIIeTKaMU
MHUKPOH300pakeHUH Ha Ipyroi ctopone. PazpaboTana TexHOnOrust pOPMUPOBAHUS MUKPOU300paKEHUH C BbI-
COKHM pa3pelieHneM rojorpaguueckuM Croco0oM C MOCIeNYIONIMM BaKyyMHBIM HaIlbJIEHUEM aTIOMUHUS
JUTS TIOBBIIIIEHUS X KOHTPACTHOCTH. DKCIIEPUMEHTAIBHO U3yUeHO BIUSHUE Ha ONITHYECKHH 2PeKT nuameTpa
MUKPOJIMH3 U pa3Mepa MUKpOU300pakeHU. Pe3ynbraTel vccie oBaHus MO3BOISIOT OTMETHTD CIIEIYOIINE
OCHOBHBIE TEXHMUYECKHE XapaKTEPUCTUKN MUKPOJIUH30BBIX 3AIIUTHBIX JIEMEHTOB, KOTOPBIE JI€NAI0T UX KOH-
KyPEHTOCIIOCOOHBIMH C IPYTUMHU BUAAMH ONTHYECKON 3aIIUTHI: TOMIUHY He 0ojiee 30 MKM, BEICOKYIO CTETIEHb
3aIUTHl OT KOMMMPOBAHUS ONTHYECKUM U MEXaHHUECKHM CIOCOOaMH, BU3YaTH3AIHIO 3aIUTHBIX MTPU3HAKOB
ONTUYECKOTO YCTPOMCTBA O€3 CIenaTbHOTO HICHTH(PUKAIIMOHHOTO 000PY/I0BaHHSI.
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OOTOAIOMUWHECHEHIIVA SIIMTAKCUAABHBIX CAOEB GaP,
ITOAYUYEHHBIX N3 PACITAABOB HA OCHOBE MHAUA

JI. H. BPHHKEBHY", B. C. IPOCOJIOBHY ", IO. H. IHKOBCKHH ",
3. T. KEH)KAEB®, b. K. HCMAH/IOB®

1 . .
)Eelzopyccmu eocyoapcemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce
2 . N .
) Tawkenmexuii 20cyoapemeennviii mexnudeckuii ynugepcumem um. Henama Kapumosa,
yi. Yuusepcumemckas, 2, 100095, e. Tawkenm, Y36exucman

Annomayus. VicciienoBaHbl sSNUTakCcHaIbHbIE CIIOU (ochuia rajivs, BeipallleHHbIe Ha ojyiokkax GaP u neruposan-
HBIE peziko3eMenbHbIMH dneMeHTamu (P39) Gd n Dy B mponecce KpucTaaIi3aiuy U3 paciiaBOB-pacTBOPOB HA OCHOBE In
B uHTepBaje TeMiepatyp 975—670 °C. Konnentpanus P33 B anuTakcHaabHBIX CI0SX ObLIa HIKE Mpezesia 00HApYKESHUS
perTrenocnekrpanbHeiM aHamu3oM (0,01 at. %). Vizmepenne criekTpoB (pOTOTFOMUHECIIEHIINH IIPOBOAMIOCH B ANATIA30HE
temreparyp 4,2-300,0 K. B cnexrpax nccneqoBaHHbIX 00pa3ioB HaOMIOJANCh THITHYHBIE U1 MOHOKPUCTAJUTHYECKOTO
GaP nuHuK: TMHUA KCUTOHA, CBSA3aHHOIO Ha cepe u Gocdope, a Takke cepust y3KHUX JIMHUI Ha ()OHE IIHUPOKOH IOTIOCHI,
00yCIIOBIIEHHOH JIOHOPHO-AKIETITOPHON Mapoi C y4acTHEM IPUMEceH yriiepoaa u cepsl. B 6irkHeM HH(ppakpacHOM ra-
na3one (1,4—1,8 3B) npucyTcTBOBaIa MIXPOKas 0I0Ca, 00YCIOBICHHAS CYIICPIIO3UIIUCH YSTHIPEX MOJI0C ¢ MAKCUMYMaMHU
BOmm3m 1,53; 1,69; 1,85 u 1,35-1,40 »sB. CnexrpanbHas ¢popMa 1 HHTEHCHBHOCTH ATOH MOJOCHI 3aBUCENN OT yCIOBHI
pocra u aerupoBanusi. Beenenne Gd u Dy B pacmuiaB-pacTBOp IPpHUBOAMIO K HOSBICHUIO Y3KoW X-muHuM (A = 541 HM).
Ee MHTEHCHBHOCTB BO3pacTaja ¢ yBeaMueHHEeM KoHueHTpauun P33 B pacrnase. MHTEerpanbHast HHTEHCUBHOCTD (hOTO-
JIIOMUHECLICHIINH BO BCEH MCcieayeMoii 00JIacTH JUTHH BOJIH TaKKe BO3pacTaia npu qooasineHnn P33 B pacraB-pacTBop.
Cxopee BCEero, 3TO CBA3aHO C YBEINYCHUEM BPEMEHH KU3HU HEPABHOBECHBIX HocuTenei 3apsaaa B GaP : P33. Ynomsanyras
X-nuHns HAOIIOAAIack U B 0000 9nucThIX ciosix GaP. OqHako ee MHTEHCHBHOCTH ObLTA 3HAYUTEIILHO HIKE, YEM B JITH-
TakcHalbHBIX ciosix GaP : P3D. DkcriepuMeHTallbHbIe TaHHBIE O0BSCHSIOTCS TeTTEPUPOBAHIEM B pacIulaBe JTOHOPHBIX
npumeceii (S, Se, Te) u oOpasoBanreM 1eEKTOB aKLIENTOPHOTO THITA (PEATIONOKHUTETBHO, Vp Wil Gap) B SNUTaKCHATBHBIX
cnosx ¢ocduaa rauaus Ipy BBeIeHUH B pactuias P30.
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Abstract. In the present work, we investigate epitaxial layers of gallium phosphide grown on GaP substrates and doped
by rare-earth elements (REE) Gd and Dy in the process of crystallisation from the melt-solutions on the base of In in the
temperature interval of 975—-670 °C. REE concentration in the epitaxial layers was below the detection limit by X-ray
spectral analysis (0.01 at. %). Photoluminescence spectra were measured in the temperature range of 4.2-300.0 K. In the
spectra of the studied samples, typical for single-crystal GaP lines were observed: line of exciton bound on sulphur and
phosphorus, as well as a series of narrow lines on the background of a broad band due to the donor — acceptor pair invol-
ving carbon and sulphur impurities. In the near-infrared range (1.4—1.8 V), a broad band due to the superposition of four
bands with maxima near 1.53; 1.69; 1.85 and 1.35-1.40 eV was observed. The spectral shape and intensity of this band de-
pended on the growth and doping conditions. The introduction Gd and Dy in melt resulted in occurrence of narrow X line
(A =541 nm). Its intensity increased with the concentration increase of the REE in the melt. The photoluminescence
intensity in all investigated region of waves lengths increased also with the addition of the REE in the melt-solution. This
is most likely due to the increase in the lifetime of non-equilibrium charge carriers in GaP : REE. The mentioned X line
was also observed in especially pure GaP layers. Then its intensity was considerably lower than in GaP : REE. The expe-
rimental data are explained by gettering in the melt of donor impurities (S, Se, Te) and formation of acceptor-type defects
(presumably V; or Ga,) in epitaxial layers of gallium phosphide when REE are introduced into the melt.

Keywords: gallium phosphide; epitaxial layers; rare-earth elements; photoluminescence; crystallisation from the
melt-solutions.
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Introduction

The interest to the GaP is caused by wide application of this semiconductor in the production of diodes for
the visible region and multi-junction solar cells [1-5]. Rare-earth doped semiconductors exhibit sharp intra-f
optical transitions and it has become apparent that in wide-band materials such as GaN and SiC, or in Si nano-
crystals, the luminescence persists to room temperature. This has naturally led to an increased interest in the
dopants in these materials [5; 6]. III-V semiconductors doping by rare-earth element (REE) Er have sharp
and temperature-independent 4 f-intrashell emission near 1.55 pm. It determines the prospects for their use in
silica-based optical fibres with the lowest attenuation wavelength [2; 4].

The mechanism of the processes which occur when I1I-V monocrystal doped with the REE impurities is
still open. For example, the authors of works [6; 7] assert, that in monocrystal GaP : REE the introduction of
additional acceptor defects takes place. Another viewpoint is that the gettering of donor impurities by REE
have been discussed [8; 9]. It should be noted that properties of GaP epitaxial layers grown from the melt with the
doping of REE have not been investigated. Keeping this in mind, it is of great interest to study the electrical and
recombination activity of the REE in GaP epitaxial layers.
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Experimental part

The experiments were carried out on epitaxial layers of gallium phosphide (up to 15 um thick) grown on
GaP substrates. The epitaxial layers have been doped by REE Gd and Dy (GaP : REE) in the process of crys-
tallisation from the melt-solutions on the base of In in the temperature interval of 975-670 °C. The cooling
rate of the solution was varied in the range of 0.5-4.0 °C/min. The concentration of the REE in the melt did
not exceed 0.2 wt. %. A part of samples has been grown from the melt treated by a high temperature (900 °C,
33 h) vacuum treatment. The photoluminescence (PL) measurements were carried out at 4.2—300.0 K. Optical
excitation was carried out by a DKsEI-1000 xenon arc lamp. InGaAs PIN photodetectors were used as a re-
ceiver of recombination radiation. Then the lock-in nanovoltmeter type 232B (Unipan, Poland) was used for
impedance matching of the latter signal and narrowband low-frequency signal from amplifier. Amplification
was performed to the signal modulation frequency (~16 Hz) of light beam that was determined by the rota-
tional speed of the mechanical chopper. The PL spectra were detected from the illuminated side of samples.

Results and discussion

The concentration of the REE in the epitaxial layers was lower than the limit of detection by X-ray spectral
analysis. Analysis of the capacitance — voltage measurements shows [10] that the doping of the epitaxial layers
with shallow impurities is non-uniform over the depth. No electrically active defects with deep levels were
discovered in the epitaxial layers (in concentrations >10'" cm®) by capacitance spectroscopy. Doping with
REE resulted in a sharp decrease of the concentration of free charge carriers, up to the point of inversion of the
conductivity to the hole-type conductivity. It intensified the non-uniformity of the charge-carrier distribution
in the epitaxial layer.

The typical GaP lines were observed in the PL spectra of all investigated samples (fig. 1): bound exciton re-
combination of sulphur (NPg) and phosphorus (NP;), as well as a series of narrow lines in the spectral region of
535-565 nm on the background of the broad band caused by the donor — acceptor pair (DAP) (fig. 2) involving
the carbon and sulphur impurities [11].

In the near-infrared range (1.4—1.8 eV) the typical wide I band was observed in all PL spectra (see fig. 1).
The spectral form and intensity of this band depended on the growth conditions and doping. It is a superposi-
tion of bands with maxima near 1.53 eV (I,), 1.69 eV (I;) and 1.85 eV (I,) and weak band in the energy region
of 1.35-1.40 eV (I,), which were observed in GaP : REE (fig. 3). 1, I;, I, bands were previously observed by
the authors of work [12] in GaP single crystals. However, their nature was not established.

The introduction of Dy and Gd into the melt resulted in increased the intensity of all PL lines and the appea-
rance a narrow X line localised at 541 nm (fig. 4). Its intensity increased with increasing of the REE concentra-
tion in the melt. In addition, a reduction of the ratio of the intensities NP;/ DAP was also observed (by a factor
of ~1.5). On the other hand, a decrease in the intensity of excitation (by a factor of ~4) also resulted in a similar
decrease in the intensity ratio NPg/DAP. Therefore, the introduction of a REE impurity into the melt is identi-
cal to increasing the excitation intensity. The addition of REE into the melt would also increase the PL intensity in
the entire experimental range of wavelengths (table 1). This is most likely due to an increase in the lifetime of the
non-equilibrium charge carriers in GaP : REE (according to our estimates, by almost an order of magnitude).

A A
1o DAP Lok
Distant couple C — S———>
] )
g I g ,
E; 05k NP, \ § o5k Narrow lines DAPC - S——
~ NPy ~
0 L 1 | | 1 L 1 > 0 1 L 1 L 1 L 1 L 1 L
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A, nm A, nm
Fig. 1. PL spectra of standard Fig. 2. PL spectra of DAPC — S
GaP epitaxial layers at 7=4.2 K in GaP epitaxial layers at 7’=4.2 K
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Fig. 3. Decomposition into I band components Fig. 4. PL spectra at T=4.2 K of GaP : REE epitaxial layers
of GaP : REE epitaxial layers obtained obtained from melt-solutions with REE content of 0.2 wt. %,
from melt-solutions containing REE as well as ultrapure films obtained from the melt subjected
in the amount of 0.1 wt. % to high-temperature heat treatment

Table 1
PL band intensities of GaP : REE epitaxial layers normalised
to the DAP band intensity in control samples
Band intensity, rel. units
REE content, wt. % NP;/DAP
X DAP I
- - 1.00 0.60 0.41
0.05 0.25 1.10 0.68 0.33
0.10 0.30 1.25 0.70 0.29
0.20 0.33 1.30 0.70 0.27

As the excitation intensity decreased, the intensity of the X band decreased synchronously with NPg. Their
intensity dropped sharply as the measurement temperature increased, and at 7> 100 K they were not observed
(table 2). This suggests that the above band is due to an exciton associated with a structural defect. However,
the obtained experimental data do not allow to definitely interpret unambiguously the nature of the above men-
tioned X band. It can only be asserted reliably that it does not involve the REE, since it was also observed in
ultrapure samples prepared from vacuum-annealed melt.

Table 2

Temperature dependences of the normalised intensities
of the NP and X bands in GaP : REE grown from a melt-solution
containing 0.2 wt. % REE

Band intensity, rel. units

Temperature, K NP X
4.2 0.41 0.62
78.0 0.06 0.09
110.0 - —

In analysing the experimental data it is helpful, in our opinion, to take into account the results of investiga-
tions of Si: REE, in which the effect of the lanthanides on the impurity composition of the crystal can be traced
unequivocally. In previous studies [13; 14] we determined that the introduction of a REE in concentrations
of ~0.1 wt. % into the melt results in the removal carbon and other technological impurities (Au, Cu, etc.),
which are effective recombination centres in silicon, from silicon single crystals and epitaxial layers. In addi-
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tion, the REE in a melt effectively interact with carbon, forming compounds of the type REE,C,, which pre-
cipitate in the form of slag. It was also found that the REE interact with phosphorus, which is the main shallow
impurity in silicon; this results in a lower concentration of the majority charge carriers in 7-Si.

It is known [9; 11] that REE actively interact with impurities belonging to the group VI of the periodic
system (specifically, with sulphur) in the melt. The interactions with the elements of groups II and III are less
effective. It leads to decreasing the content of technological impurities in I1I-V compounds. On the other hand,
when the apparatus with the melt is annealed, the volatile impurities evaporate first (in our case sulphur and
phosphorus). To take the above in to consideration, we can resume that the decrease of the relation NPy/DAP
in pure samples and GaP : REE is stimulated by the melt purification from the technological impurity S. The in-
creasing of the PL bands intensity determined by the increasing of the lifetime of the non-equilibrium charge
carriers due to the REE gettering effect in the melt.

The X band is most likely due to a structural defect. The research of the static magnetic susceptibility of
GaP : Dy [15] has shown that microinclusions of Dy interacted with elements of the group V (DyN and DyP).
This fact testifies the ability of REE to shifting the stoichiometric equilibrium of the melt in the direction of Ga.
It is should lead to generate the defect structure in GaP. The analysis of the experimental results does not ex-
clude that the presence of the X line in the PL spectra is due to defects in V, and Ga,.

It is unlikely that the defect responsible for the X line contains carbon, since otherwise the X line in the epita-
xial layers of ultrapure GaP would be more strongly expressed than in GaP : REE, which is not in agreement with
the experimental data. Long-time heating of the melt should result in dissolution of the graphite apparatus, carbon
enrichment of the melt, and an increase in the carbon impurity concentration (DAP band intensity) in the epita-
xial layer. However, introduction of the REE lead to the reduction of carbon concentration in the epitaxial layer
due to the formation of insolubility slags (such as REE,C)) in the melt. We observed a similar effect of carbon
gettering by REE in melt during the growth of single-crystal silicon, as well as in obtaining Si epitaxial layers by
liquid-phase epitaxy method [9; 14]. Therefore, from what we have said above, the assumption that the increase
in the acceptor concentration accompanying doping of III-V compounds with lanthanides is connected with
an increase in the carbon solubility for GaP is, in our opinion, not entirely correct. Thus, the participation of
carbon impurities in the formation the defect responsible for the X line is improbable.

Conclusions

In the spectra of GaP epitaxial layers grown on gallium phosphide substrates during crystallisation from In-
based melt-solutions in the temperature range of 975-670 °C, typical for single-crystal GaP lines were observed:
line of exciton bound on sulphur and phosphorus, as well as a series of narrow lines on the background of a broad
band caused by the DAP involving carbon and sulphur impurities. In the near-infrared range (1.4-1.8 eV),
a broad band due to the superposition of four bands with maxima near 1.53; 1.69; 1.85 and 1.35-1.40 eV.
The spectral shape and intensity of this band depended on the growth and doping conditions. The introduction
of Gd and Dy into the melt-solution resulted in the appearance of a narrow X line (A = 541 nm). Its intensity
increased with increasing concentration of REE in the melt-solution. The integral intensity of PL in the whole
investigated wavelength region also increased with the addition of REE in the melt-solution. The mentioned
X line was also observed in particularly pure GaP layers. However, its intensity was much lower than in
GaP : REE epitaxial layers. Content of REE in the epitaxial layers was below 0.01 at. % (limit of detection by
X-ray spectral analysis). The totality of the experimental data obtained suggests that the X band is most likely
due to an exciton bound on a structural defect (presumably V; or Gap). Based on the experimental results and
analysis of literature data, we can conclude that two mechanisms occur simultaneously when REE is intro-
duced into the melt-solution: technological impurities in the melt are removed from the material and additional
centres unrelated to REE are introduced.
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ABTOpBI:

JImumpuii Heanoeuy bpunkesuy — xanauar Gu3nKo-MaTeMa-
TUYECKHX HAyK; BEAYLIHH HAyYHbIH COTPYIHHK HAY4YHO-HCCIIe-
JIOBATEJIbCKOM JIA00PAaTOPHUY CHIEKTPOCKOIINH MOy IPOBOJAHHKOB
Kadeaps! GU3NKH MOTYTIPOBOJHUKOB I HAHOICKTPOHHUKH (-
3U4eCcKoro (akymbrera.

Bnaoucnae Casenvesuu Ilpoconoguu — xanaunar Gu3nko-ma-
TEMaTHYEeCKHX HayK, JIOIEHT; 3aBeAYIOMNI HAyIHO-HCCIIEN0-
BaTeNIbCKOH TabopaTopuell CHEKTPOCKOIUH MOTYITPOBOIHIKOB
Kadeaps! GU3NKH MOTYIIPOBOJHUKOB M HAHONICKTPOHUKH (H-
3M9ecKoro (akymbrera.

FOpuit Hukonaeguu fnuxoeéckuit — xaumuaar Gpu3nko-mMareMa-
TUYECKUX HayK; BeAyIUI HayYHbI COTPYAHUK Hay4YHO-HUCCIIe-
JIOBATEIBECKON JJA00OPATOPHUH CHEKTPOCKOIINH MOTYTIPOBOAHUKOB
kadenpsl GU3NKN TOTYTIPOBOIHUKOB U HAHOAIEKTPOHUKH (H-
3U4ecKoro Qakymsrera.

3oup Toxup Kensnwcaes — xannunar Gpu3nKo-MaTeMaTHIeCKIX
HayK; JOLUEHT Kadeapbl Lu(pOBOi 3IEKTPOHUKH U MUKPOSJIEK-
TPOHUKH (haKyJIbTEeTa MICKTPOHUKH U aBTOMATHKU.
Baiupamoaii Kanamoaesuyu Hemaiinos — kannunar GU3NKo-ma-
TEeMaTH4eCKUX HayK; TOLEHT Kadenpsl TU(GPOBOI 3IEKTPOHUKH
1 MHKPOJIEKTPOHUKH (paKyJIbTeTa IIEKTPOHUKY 1 aBTOMATHKU.
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