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OOPMHUPOBAHUE TOAOTPAONYECKUX AUPPAKIIMOHHBIX
PEHIETOK B TOHKUX ITAEHKAX XAABKOI'EHUAHBIX
CTEKAOOBPA3HBIX ITOAYITPOBOAHUKOB

A. M. HACTAC", M. C. HOBY ", H. H. ATHIIIEB®, H. B. TABPYCEHOK?,
E. A. MEJIBHUKOBA®, H. B. CTAIIIKEBHUY?, A. JI. TOJICTHK?

YUnemumym npuxnaonoi usuxu, yn. Akademuveckas, 5, MD-2028, 2. Kuwunes, Mondosa
2)Eelzopyc01<m7 eocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

Hccnenosano GpopmupoBanue rojaorpadguieckux TudpakinOHHBIX PEHIETOK B TOHKHX IUICHKAX XalbKOTCHUIHBIX
CTEKII000PA3HBIX ITOIYIPOBOIHHUKOB. [IpoaHaIM3npoBaH MpoLece 3alUCcH ToIOrpapuIecKiX PelieToK Ha JTHHE BOJHEI
M3JTyYeHHs aproHOBOTO Jiazepa 488 HM, a Takke MPOIecC XUMHYECKOTO TPABJICHUS, TIO3BOJISIIONINN CO3/1aTh PeNbehHYIO
rojiorpadudeckyto perierky. OnpezeneHbl ONTUMalbHbIe YCI0BHs (GOPMUPOBaHUS TUPPAKIHOHHBIX PELIETOK B IUICHKAX
cynbuna Mbimbsika. [TokaszaHo, 4To Ha JUIMHE BOJIHBI aproHOBOTO Jiasepa 488 HM ONTHUMaJIbHAsSI SKCIIO3UIIMS COCTaBUIIA
~5-8 JTx/em”. Ha craun 3amicu oGpasyercs kBasudasoas (pernbedHo-(hasosas) peruerka ¢ Au(paKHOHHOM S deKTHB-
HOCTBIO Ha YPOBHE €JMHHMII MPOLECHTOB. TpaBlieHHe SKCIIOHMPOBAHHOTO 00pasia pactBopoM Iuenoun NaOH B neroHH3u-
POBaHHOIl BOJIE M W30IPOINAHOJNE MO3BOJMIIO CYLIECTBEHHO YBEIMYUTH IIyOHHY penbeda U MOBBICUTH TH(PAKIHOHHYIO
3¢ PeKTUBHOCTB TOHKOI penbedHO permeTky mpuMepHo 10 20 % a7t KpacHO# 001acTH CrIeKTpa U MPUONIN3UTHCS K MaK-
cUMallbHOMY 3HaueHUIO (~34 %) s OmkHeH nHppakpacHOi 0baacTu. Pe3yasraTsl HCCICIOBAHUS IEPCIICKTUBHBI 15
co31anus penbeHbIX rojiorpaguYeckux pelieTok B cepe onTHIecKoro npudopocTpoeHus (CeKTpaibHoe 000pyaoBa-
HUE, roorpaduuecKie IPUIENbl U JIp.).

Knrouegwie cnosa: ronorpadudeckas pemerka; 1ppakiioHHas CTPYKTypa; XaJIbKOTeHUAHBINH CTEKII000pa3HbIH MOTy-
MIPOBOJHHK; (DOTOPE3HCT.

bnazooapnuocme. Pabora BrinonHena npu puHancoBoi nozyepkke bexopycckoro pecrryonukanckoro Gponaa dyHa-
MEHTaIBHBIX uccienoBanuii (moroop @ 19MIIII-001 «TexHOMOTHS N3TOTOBICHUS ToOTpaduIecKuX TU(PAKIIMOHHBIX
ONITHYECKUX 3JIEMEHTOB Ha TOHKOIUICHOUHBIX CTPYKTYPaxX METAJUI — XaJIbKOTEHUIHBIN CTEKIO00pa3HbIH MOITyIPOBOA-
HHUK») 1 MOJIJaBCKOTO HAIMOHAJIBHOTO areHTCTBA UCCIEOBAaHUN U Pa3pabOTOK (IIPOEKT roCylapCTBEHHOM MPOrpaMMbl
ANCD 20.80009.5007.14 «I'ubpuanbie MHOTO(QYHKIIMOHAIbHbIE HAHOKOMITO3UTBI PA3IMYHON apXUTEKTYPhI U3 TOJINME-
POB ¥ HEKPUCTAIIMYECKHUX MOJTYIIPOBOAHUKOB JUIsl IPUMEHEHUSI B ONITOAIEKTPOHUKE, (DOTOHUKE M OMOMEITUIIHEY ).

OO0pa3en UUTUPOBAHUS: For citation:
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rpaguyeckux IU(PPAKIMOHHBIX PEIIETOK B TOHKUX IUICHKAX diffraction gratings in thin films of chalcogenide glassy semi-
XaJIbKOTCHUTHBIX CTEKIIO00PA3HBIX MOIYIPOBOTHUKOB. JKyp- conductors. Journal of the Belarusian State University. Physics.
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FORMATION OF HOLOGRAPHIC DIFFRACTION GRATINGS
IN THIN FILMS OF CHALCOGENIDE GLASSY SEMICONDUCTORS

A. M. NASTAS®, M. S. IOVU", I. N. AGISHEV", I. V. GAVRUSENOK?",
E. A. MELNIKOVA®, I. V. STASHKEVITCH®, A. L. TOLSTIK"

]nstltute of Applied Physics, 5 Akademicheskaya Street, Kishinev MD-2028, Moldova
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

Corresponding author: A. L. Tolstik (tolstik@bsu.by)

The paper presents a study of the formation of holographic diffraction gratings in thin films of chalcogenide glassy semi-
conductors. The recording process of holographic gratings at the argon-laser radiation wave length 488 nm and the process
of chemical etching that enables the formation of a relief holographic grating are analysed. The optimum conditions for the
formation of diffraction gratings in films of arsenic sulfide As,S; are defined. It is shown that at the 488 nm wave length of an
argon laser the optimum exposure comes to ~5-8 J/cm®. At the recording stage a quasi-phase (relief-phase) grating is formed,
with the diffraction efficiency on the order of a few per cent. Etching of the exposed sample with a solution of NaOH alkali in
deionised water and isopropanol makes it possible to increase considerably the relief depth and to improve the diffraction ef-
ficiency of a thin diffraction grating approximately up to 20 % for the red spectral region, and to approach the maximal value
~34 % for the near infra-red region. The results of the study considered look promising for the creation of relief holographic
gratings which are essential in present-day optical instrument building (production of spectral devices, holographic sights,
and the like).

Keywords: holographic grating; diffraction structure; chalcogenide glassy semiconductor; photoresist.

Acknowledgements. The work has been performed with financial support of the Belarusian Republican Foundation
for Fundamental Research (contract FI9MLDG-001 «Technology of manufacturing the holographic diffraction optical
elements on the thin-film structures metal — chalcogenide glassy semiconductor») and the Moldavian National Agency
for Research and Development (state program project ANCD 20.80009.5007.14 «Hybrid multifunctional nanocomposites
of different architecture from polymers and non-crystalline semiconductors intended for applications in optoelectronics,
photonics, and biomedicine»).

Introduction

The chalcogenide glassy semiconductors (CGS) are compounds of the chalcogenes (oxygen, sulfur, sele-
nium, tellurium, polonium, and livermorium) with metals. Most well-known and studied are their compounds
As,S;, As,Se;, As — S — Se and Ge — Sb — Te. Their use for optical recording, in holographic interferometry,
photolithography, manufacturing of holographic gratings and diffraction optical elements (DOE) holds the
greatest promise [1]. Most important parameters in the process of manufacturing the holographic gratings and
DOE are the resolution and signal-to-noise ratio. Among the numerous processes proceeding in semiconductor
structures under the effect of light with respect to these parameters, the authors have selected the process of
photostructural transformations in a CGS film, that is practlcally free from noise and features the resolutlon
above 10 000 mm ' [1]. Sensitivity of such recordmg process is rather low, on the order of 10 J/cm?, but this
parameter is not decisive when manufacturmg the small-area gratings and DOE. It becomes important when
large DOE (with the area exceeding 1 cm?) are recorded. If required, sensitivity may be improved by means
of using the corona discharge during the recording process of a grating [2; 3]. Photostructural transforma-
tions in a film of CGS are associated with a high degree of flexibility of the corresponding glassy net, having
low average atomic coordination (as a rule, atoms of chalcogenide are doubly coordinated in a glassy net)
and relatively great internal free volume. Irreversible photostructural transformations are due to processes of
photopolymerisation. Due to exposure, the free volume is removed and the film morphology is changed — they
loose their columnar structure [1]. In the process the volume of films is decreased and the refractive index of
the exposed areas is varied. One can fix such changes during recording of a hographic garting with the help
of a probe laser beam. The changes are irreversible but it is inexpedient to use them for the formation of holo-
graphic elements because the diffraction efficiency of these gratings is very low (about 1 %) and, as there is
no relief, mass production is obstracted by difficulties in replication. After irradiation, solution rates of the
exposed and unexposed areas of the films are changed, enabling one to manufacture holographic gratings and
DOE by etching of the exposed samples.

The main objective of this work is to optimise the formation conditions of relief diffraction gratings in
arsenic sulfide (As,S;) films during holographic recording at the wave length 488 nm with subsequent post-
exposure treatment.

B2Y — cnovemnss wemoprt Jaw/cw
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Manufacturing of samples

Samples of a light-sensitive material based on the layers CGS were manufactured by successive thermal
vacuum deposition of a metal layer and a chalcogenide glassy-semiconductor layer onto the glass substrate.
The system used VUP-4 offered the rate of As,S; deposition about 0.2 nm/s at the residual pressure 2.3 - 107
and 2.7 - 107 Pa for CGS and Cr, respectively.

It should be noted that a glass substrate may be bent (most often concave), keeping from variations in thick-
ness of the material over the area. A thickness of a CGS layer is chosen to guarantee the required modulation

depth (ordinary %~ 0.3-0.4, where d — thickness of a CGS layer, A — grating period [1]). The thickness of

a layer of CGS in the case under study is d = 1 um. The thickness of a layer of Cr metal comes to a few tens
of nanometres.

Recording of holographic gratings

Holographic gratings were recorded according to the Leith — Upatnieks scheme on a vibration-isolated holo-
graphic table (Standa, Lithuania). Schematically, hologram recording is demonstrated in fig. 1. Argon laser /
is used as a source of laser radiation. A spectral line of generation at the wave length A = 488 nm is split out
by prism 2 and diaphragm 3. Beam splitting cube 4 and mirrors 5 and 6 form two beams, brought together on

sample 7. The interference pattern period is A = 2 um, in line with A = 0.5, offering recording of a grating at

the spatial frequency 500 lines per millimeter.

To select an optimum exposure range, the formation kinetics of thin transmission phase holograms in
metal-CGS structures has been studied. Radiation of a helium-neon laser (A = 632.8 nm), used as a reading
beam, is directed by mirrors 9 and /0 to the area of overlapping beams which are recording a diffraction gra-
ting. As the grating is formed, the first- and second-order diffraction beams appear. Intensity of the beams
passing in the direction of diffraction maxima are registered by photodetectors /2 and 73, for the first- and
second-order diffraction, respectively. Photodetector /7 is registering radiation of an argon laser transmitted
through the sample. Signals from the photodetectors are fed into the channels of a C8-46/4 digital oscilloscope.
Amplification factors are selected so that three signals can be recorded simultaneously. Figure 2 shows an os-
cillogram of the holographic grating recording kinetics.

7

Fig. 1. Optical scheme of an experimental setup: / — argon laser; 2 — prism;
3 — diaphragm; 4 — beam splitting cube; 3, 6, 9, 10 — totally reflecting mirrors;
7 —sample; 8 — He — Ne laser; //—13 — photodetectors

Analysis of the diffraction grating formation kinetics points to the fact that the first-order diffraction is
observed when exposure time is about 10 s and the second-order diffraction appears when exposure time is
about 30 s. Note that the diffraction efficiency in the direction of the first maximum reaches plateau when
exposure time comes to ~50—80 s. This temporal range has determined the hologram exposure time for the
following pazlrameters: power of the beams recording a diffraction grating, 3.5 mW each; exposed area is
§~0.04 cm”.

Surface morphology of the recorded grating has been studied by means of atomic-force microscopy (AFM).
Figure 3 shows the typical surface structure of a sample. As seen, the surface relief during recording of a gra-
ting is developed weakly. The scale of the observed relief-phase grating over the surface area is on the order of
6—8 nm, whereas the scale of the surface roughness comes to ~1-2 nm.

Figure 4 shows a diffraction pattern of He — Ne laser radiation on the phase grating under study.

B2Y — cmovennsa wemoput ﬁ/m@i&w
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Fig. 2. Recording kinetics of a diffraction grating:
1 — transmitted radiation of an argon laser;
2 and 3 —radiation of a helium-neon laser in the case
of the first- and second-order diffraction, respectively
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Fig. 3. Surface morphology of a sample (AFM):
a — surface morphology of the exposed sample 3D; b — profile of the surface structure

Fig. 4. Diffraction pattern on the recorded phase grating

Also, in the process of studies the authors have estimated the first- and second-order diffraction efficiency
Moy on the grating recorded when exposure time was ¢ = 80 s. The diffraction efficiency is determined as

-
2l
k

where /, — intensity of the k-order diffraction, k=0, £m.
The diffraction efficiency comes to 1, = 90 % and 1., =4 % for the zero- and first-order diffraction, respectively.
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Note that the k-order diffraction efficiency of a thin phase hologram with a sinusoidal profile is given by the
following expression [4]:

n=J; (%dm), (1)

where J, — k-order Bessel function; A — wave length of diffracted radiation; d — holographic layer thickness;
An — refractive index modulation.

Figure 5 presents the dependences between the diffraction efficiency of a thin phase hologram and the phase
incursion, calculated by formula (1) for different diffraction orders.

100 0.9

B (o))
o S

Diffraction efficiency, %

[\
(=]

0.04’
N 1 1 1 1 L L 1 1 L L L
0.5 1.0 1.5 2.0 2.5
Phase incursion

—0 1

2 —3

Fig. 5. Diffraction efficiency of a thin phase grating as a function
of the phase incursion for the zero-, first-, second- and third-order diffraction

. . 2n : . . . L
In terms of the phase incursion TdAn corresponding to the experimental diffraction efficiencies for the

first- and second-order diffraction, the authors have estimated modulation depths of the averaged refractive
index, coming to An = 0.04 in the formed grating.

To improve the diffraction efficiency, it is necessary to increase modulation of the refractive index An, that
is possible when a stable surface relief is formed within the layers of CGS due to selective etching. A relief on
the hologram surface is resultant from the photoinduced changes is solubility of the irradiated and uniradiated
areas. This effect is revealed in the presence of the adequate selective etchant that differently influences the
radiation-exposed and radiation-unexposed areas of films. Such solvents for CGS films are alkali solutions
(NaOH, KOH, NH,OH) and solutions on the basis of the amines. One of the important parameters characte-
rising the possibility to use a photosensitive layer for the formation of a relief image is the solution selectivity y
representing a ratio between the solution rates of irradiated and uniradiated areas of a layer. According to the
data from [1], the solution selectivity for the layers of arsenic sulfide in the case of etching with KOH alkali
comes to Yy = 2. Selectivity is not high, imposing limits on a minimal thickness of the CGS layer. In the case
under study a minimal thickness should be approximately three times higher than the required profile depth of
a grating. Proceeding from the results of [5], the authors have used an etchant based on NaOH with isopropanol
and deionised water, which for unexposed arsenic sulfide results in the etching rate 10 nm/s. Proportion of the
components NaOH : isopropanol : water is 1 : 25 : 50. The etching process duration is controlled visually by
maximal diffraction on the grating. In the case under study the etching time was short enough, being on the
order of 10 s. The efforts to increase the etching time by lowering the alkali concentration, for more precise
control of the relief depth, have resulted in flaking of a CGS film from the substrate — it seems that the etching
type is changing from negative to positive.

The results obtained in studies (by means of atomic-force microscopy) of the surface morphology for the
recorded grating after the etching process are given in fig. 6.

As seen in fig. 6, etching makes it possible to form on the sample surface a relief transforming a purely
quasi-phase diffraction structure to the relief-phase hologram. A depth of the formed relief 4 comes to about
200 nm.
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Fig. 6. Surface morphology of a sample after the etching process (AFM):
a — surface morphology of the exposed sample 3D; b — surface structure profile
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Fig. 8. The diffraction efficiency 1, as a function
of the wave length A when a depth of the grating relief is 190 nm

Figure 7 demonstrates photograph of the diffraction pattern for radiation of a He — Ne laser on the relief-phase
grating under study after the etching process with the diffraction efficiencies N, =47 %, n., =20 %, N, =5 %
for the zero-, first- and second-order diffraction, respectively.

The surface relief depth # was estimated by comparing measured values of the diffraction efficiency 1, and
its theoretical values derived from formula (1), considering that modulation of the refractive index of a re-
lief grating is An = 1.5 (refractive index of arsenic sulfide in the red spectral region n ~ 2.5). The calculated
curve for the diffraction efficiency n as a function of the wave length A, when the grating relief depth equals
190 nm, is demonstrated in fig. 8. The calculations have been performed taking no account of dispersion of the
refractive index and modulation of the refractive index within the volume of a grating. Nevertheless, it is seen
that the selected relief depth agrees both with the experimental data obtained by the method of atomic-force
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microscopy (see fig. 6) and with the measured diffraction efficiencies. Besides, fig. 8 illustrates that an opti-
mum depth of the relief is dependent on the used wave length of laser radiation. It is demonstrated that, with

the selected relief depth, the diffraction efficiency is at maximum (1, = 33 %) for the near infra-red region
900-1000 nm.

Conclusions

Based on the conducted studies, optimal conditions for the formation of diffraction gratings in films of
arsenic sulfide have been established. It has been demonstrated that at the wave length 488 nm of an argon
laser optimal exposure comes to ~5-8 J/cm? but the diffraction efficiency is at a level of ~1 %. Etching of the
exposed sample with the use of a solution of NaOH alkali in deionised water and isopropanol offers a signi-
ficant increase in the relief depth and enables one to improve the diffraction efficiency of a thin relief grating
up to 20 % in the red spectral region. In these conditions passage to the near infra-red region makes it possible
to reach maximal values of the diffraction efficiency for thin phase holograms.

bubnauorpaduyeckne cCbLIKU

1. Berrep E®, Mensanuyk AB, Crporckuit AB. @omocmumynuposannsie npoyeccuol 8 XanoKo2eHUOHbIX CMEKI000PA3HbIX NOTY-
NnpoBOOHUKAX U Ux npakmuyeckoe npumerenue. Kuen: Axagemnepuoanka; 2007. 285 c.

2. Nastas AM, Iovu MS, Tolstik AL. Effect of corona discharge on the optical properties of thin-film Cu — As,Se; structures. Optics
and Spectroscopy. 2020;128(2):231-235. DOI: 10.1134/S0030400X20020174.

3. Hacrac AM, Hosy MC, Tonctuk AJl, CramkeBuu VB. Bausaue kopoHHOTO paspsaa Ha GopMupoBaHHE ToJI0rpaduiIecKux
PELIeTOK B CTPYKTYpaxX MeTaJll — XaJbKOIeHUAHBII cTekI000pa3HbIil moiaynpoBonHuk. B: Ponun BT, penakrop. IX Mexcoynapoonas
KoHgepenyusi no gpomonuxe u ungopmayuonnoii onmuxe; 29-31 aneapa 2020 e.; Mockea, Poccus. Mocksa: HUSTY MU®U; 2020.
c. 643-644.

4. Collier RJ, Burckhard CB, Lin LH. Optical holography. New York: Academic Press; 1971. 604 p.

5. Love JC, Paul KE, Whitesides GM. Fabrication of nanometer-scale features by controlled isotropic wet chemical etching. Advanced
Materials. 2001;13(8):604—607.

References

1. Wenger EF, Melnichuk AV, Stransky AV. Fotostimulirovannye protsessy v khal’kogenidnykh stekloobraznykh poluprovodnikakh
i ikh prakticheskoe primenenie [Photostimulated processes in chalcogenide glassy semiconductors and their practical application].
Kyiv: Akademperiodika; 2007. 285 p. Russian.

2. Nastas AM, Iovu MS, Tolstik AL. Effect of corona discharge on the optical properties of thin-film Cu — As,Se; structures. Optics
and Spectroscopy. 2020;128(2):231-235. DOI: 10.1134/S0030400X20020174.

3. Nastas AM, Iovu MS, Tolstik AL, Stashkevich IV. Corona discharge influence on the formation of holographic gratings in
structures of metal — chalcogenide glassy semiconductor. In: Rodin VG, editor. 9" International conference photonics and information
optics; 2020 January 29-31; Moscow, Russia. Moscow: National Research Nuclear University MEPHI; 2020. p. 643—644. Russian.

4. Collier RJ, Burckhard CB, Lin LH. Optical holography. New York: Academic Press; 1971. 604 p.

5. Love JC, Paul KE, Whitesides GM. Fabrication of nanometer-scale features by controlled isotropic wet chemical etching. Advanced
Materials. 2001;13(8):604—607.

Received 11.06.2021 / revised 21.06.2021 / accepted 09.07.2021.

ABTOpBI: Authors:

Anopuan Muxaiinoeuuy Hacmac — xanauaar pu3uko-mMareMa- Andrian M. Nastas, PhD (physics and mathematics); senior

THYECKHX HAyK; CTApIIH HAYYHbIH COTPYIHHK. researcher.

Muxaun Cenegecmposuu Hogy — 10oKTOp (GHU3NKO-MaTeMaTH- nastas_am@rambler.ru, andrian.nastas@ifa.md

YEeCKUX HayK; 3aBeAYIOLINH 1a0opaTopueil ONTOAIEKTPOHUKH https:/lorcid.org/0000-0003-3259-5953

nmeHu A. M. Aujpuent, IJIaBHbIH Hay4YHBII COTPYIHUK. Mikhail S. Iovu, doctor of science (physics and mathematics);

Hzopv Hukonaesuu Azuuies — 3aBenyronnii yaeOHoii nadopa- head of the Andrei Andriesh laboratory of optoelectronics and

Topueit kKadeapsl Ta3epHOil PU3UKHU U CIIEKTPOCKOTHH (hU3HUe- chief researcher.

cKOro (hakyipreTa. miovusel@gmail.com, mihail.iovu@phys.asm.md

Hnva Braoumuposuu I'agpycenox — crynent ¢puzuueckoro ¢a- Igor N. Agishev, head of the educational laboratory at the de-

kynsrera. Hayunsiii pykoBoautens — A. JI. Tonctuk. partment of laser physics and spectroscopy, faculty of physics.
agishev@bsu.by

Ilya V. Gavrusenok, student at the faculty of physics.
gavrusenok99@gmail.com

10 ey


file:///E:/%d0%92%d0%95%d0%a1%d0%a2%d0%9d%d0%98%d0%9a/%d0%a4%d0%98%d0%97%d0%98%d0%9a%d0%90/2021/%e2%84%963_%d1%81%d0%b5%d0%bd%d1%82%d1%8f%d0%b1%d1%80%d1%8c/%d0%a2%d0%be%d0%bb%d1%81%d1%82%d0%b8%d0%ba/%d0%9f%d1%80%d0%b0%d0%b2%d0%ba%d0%b0/javascript:;
file:///E:/%d0%92%d0%95%d0%a1%d0%a2%d0%9d%d0%98%d0%9a/%d0%a4%d0%98%d0%97%d0%98%d0%9a%d0%90/2021/%e2%84%963_%d1%81%d0%b5%d0%bd%d1%82%d1%8f%d0%b1%d1%80%d1%8c/%d0%a2%d0%be%d0%bb%d1%81%d1%82%d0%b8%d0%ba/%d0%9f%d1%80%d0%b0%d0%b2%d0%ba%d0%b0/javascript:;
file:///E:/%d0%92%d0%95%d0%a1%d0%a2%d0%9d%d0%98%d0%9a/%d0%a4%d0%98%d0%97%d0%98%d0%9a%d0%90/2021/%e2%84%963_%d1%81%d0%b5%d0%bd%d1%82%d1%8f%d0%b1%d1%80%d1%8c/%d0%a2%d0%be%d0%bb%d1%81%d1%82%d0%b8%d0%ba/%d0%9f%d1%80%d0%b0%d0%b2%d0%ba%d0%b0/javascript:;

JlazepHbIe TeXHOJIOTHU
Laser Technology

— YWYV

Enena Anexcanoposna Menvnukosa — xanauiar GU3NKo-Mare-
MAaTHYECKHMX HAyK, TOLCHT; JOLEHT Kaenpsl Ja3epHOi GpU3KKu
U CIIEKTPOCKOITHH (PU3MIECKOTO (haKysbTeTa.

Hzopv Bauecnasosuu Cmawikeguyu — Kananiat Gu3nKo-mare-
MaTHYeCKUX HayK, JOLICHT; JIOLEHT Kadeapsl JiasepHoi dusu-
KU ¥ CHEKTPOCKONHNH (PU3UUECKOTO (aKyIbTeTa.

Anexceii JIeonudosuu Toncmuk — TOKTOp (HU3MKO-MaTeMaTH-
YeCKHX HaykK, rpodeccop; 3aBeayronmii kadeapoi nasepHoil
(U3HMKY M CIIEKTPOCKONINH (pHU3nUIecKoro (akymbrera.

Elena A. Melnikova, PhD (physics and mathematics), docent;
associate professor at the department of laser physics and spect-
roscopy, faculty of physics.

melnikova@bsu.by

https:/lorcid.org/0000-0001-5097-5832

Thar V. Stashkevitch, PhD (physics and mathematics), docent;
associate professor at the department of laser physics and spect-
roscopy, faculty of physics.

stashkevitch@bsu.by

https:/lorcid.org/0000-0002-5491-5519

Alexei L. Tolstik, doctor of science (physics and mathematics),
full professor; head of the department of laser physics and spect-
roscopy, faculty of physics.

tolstik@bsu.by

https:/lorcid.org/0000-0003-4953-4890

B2Y — cnovemnss wemoprt Jaw/cw



(DI/IBI/IKA

KOHAEHCHUPOBAHHOI'O COCTOAHUA

CONDENSED STATE PHYSICS

VIK 537.622

OCOBEHHOCTU HU3KOTEMIIEPATYPHOIO
MATHUTOCOITPOTUBAEHUA B AUCKE KOPBMMHO
C MATHUTHBIM YIIOPIAOYEHUVEM

B. U. TOJIOBYYK", M. I. IVKAILIEBHY"

1)Ee/lopyccmu? 2ocyoapcmeennblil ynusepcumem, np. Hesasucumocmu, 4, 220030, e. Munck, benapyco

B ycnosusix cHmkenns temmeparyps ot 300 1o 2 K u3ydeHs! nemim ructepesuca mornepedHoro MarHuTOCOIPOTHBIIE-
aus (MC) B aucke KopOmHO ¢ MarHUTHBIM yTIOpSAAOYEHUEM TP TapayuieabHol (¢ = 0°) u nepreHankysipHoi (¢ = 90°)
OpPHEHTALMSIX MarHUTHOE I0JIE€ — INIOCKOCTh AncKa. MHayKnus MarHuTHOro mosst He npesbimana 1 Ti. Juck Kopouno
M3TOTOBJICH M3 TOHKOW IUICHKH MEePMaliod, ITOJyYeHHOI Ha CUTAJIOBOH MOIOKKE METOAOM HOHHO-TY4YE€BOTO PACIIBIIe-
nust. HesaBucumo ot Temmneparypsl 1 reomeTprn u3mepennii MC B 001acTi ¢1a0bIX MarHUTHBIX 1TOJIEH (MEHbIIIE 101t Ha-
CBIIICHHS HAMArHHYEHHOCTH ) HAOJIOAAI0TCsI pe3Kue MUKK oTpunaresibnoro MC, o0yciIoBICHHBIE ABHKEHHEM JJOMEHHBIX
CTEHOK ITpY IIepeMarHiuuBaHuy oopasna. [TosoxkeHne n1uka B MArHUTHOM TIOJIE ONPE/IeIIsieTCsl YITIOM MEKLy HarpasJie-
HHEM MarHUTHOTO TOJISL ¥ IUIOCKOCTBIO JIMICKA, a TAKKE TEMIEPaTypoi. YCTaHOBIICHO, YTO MPH YMEHBIICHUH TeMIIepa-
TypsI oT 300 1o 2 K nonokerne nuka B MarHuTHOM 1ione usmensiercs ot 0,2 mo 6,0 mTi (mpu @ = 0°) u ot 8 10 22 MTn
(mpu @ = 90°). IIpu Temneparype 2 K u nmepeopueHTalln MarHUTHOE TMOJ€ — IJIOCKOCTh JHCKA OT MapajjielbHON 10
MIEPIECHANKYIISIPHOM MOJIOKEHUE MTUKa B MATHUTHOM I10J1e U3MeHsiercst oT 6 1o 22 MTn. B o0nmacTi cuitbHBIX MarHUTHBIX
oJIeH, OOIBIINX OISl HACKIIICHUS HAMAarHUYCHHOCTH, MpH @ = 0° monoxuTenpHast komrmoneHTa MC uMmeeT JIMHEHHYI0
HeHacslmatoytocs 1o temmeparyp 7 = 40-50 K 3aBucumocts MC, 00ycrioBIeHHYI0 MArHOHHBIM MEXaHHU3MOM, a MU
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NN
NAAZ
T = 2 K MarHuTOpPEe3UCTUBHEIA dPQPEKT OTCYTCTBYET M3-3a BEIMOPAXUBaHUS MarHOHOB. [Ipu @ = 90° B cmalbIX momsx
3HaK 3(dexTa U3MEHAETCs C MOTOKUTEIFHOTO Ha OTPHULATENBHBIN BCIEACTBUE OPUEHTAIMM HAMAarHMYEHHOCTH JHCKA

HEPIeHIUKYIIAPHO JTMHUAM TOKA M JOMHHHPOBAHHSA OTPHLATEIBHOrO aHM30TporHOro MC, a B CHJIBHOM MHOJIC — U3-3a
JIOMUHHPOBaHUS JTopeHueBckoro MC.

Knrouesvie cnosa: nepMaioii; MarHUTOCOIIPOTUBIICHAE; TIOMJIOKKA; TUICHKA; TUCK KopOMHO; MarHUTHOE yIOps-
JIOYEHHE.

PECULIARITY OF THE LOW TEMPERATURE
MAGNETORESISTIVE EFFECT IN THE CORBINO DISK
WITH MAGNETIC ORDERING

V.I. HALAUCHUK'’, M. G. LUKASHEVICH®

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

Corresponding author: V. I. Halauchuk (golovchuk@bsu.by)

The transverse magnetoresistance (MR) hysteresis loops of a magnetically ordered Corbino disk have been studied
in the temperature range 300—-2 K in an external magnetic field with induction up to 1 T oriented in the plane of the disk
(¢ = 0°) and perpendicularly to its plane (¢ = 90°). The Corbino disk is made of a thin permalloy film obtained on an
insulating sitall substrate by ion-beam sputtering. Independently of the temperature and measurement geometry, the field
dependences of MR in the range of weak magnetic fields up to the magnetisation saturation exhibit sharp peaks of the
negative MR caused by the domain walls motion during the magnetisation reversal of the sample. The position of the peak
in the magnetic field (B,)) is determined by the temperature as well as the angle between magnetic field direction and the
disk plane. It was found that a temperature change in the range of 7=300-2 K leads to a change in its position in the range
0f 0.2—-6.0 mT and 822 mT at ¢ = 0° and ¢ = 90°, respectively. The magnetic field direction reorientation from in-plane
to out-of-pane at 7= 2 K leads to the B, change from 6 to 22 mT. In the range of strong magnetic fields above the mag-
netisation saturation field at ¢ = 0° the positive MR component decreases with induction and has a linear non-saturable
dependence down to 7= 40—50 K due to the magnon MR component dominance. The complete freezing of magnons at
T'=2 K leads to the absence of high-field magnetoresistive effect. At @ = 90° in weak fields, the MR changes its sign from
positive to negative due to the anisotropic MR component dominance because of the disk magnetisation reorientation
perpendicular to the current lines. In a strong field it changes the slope due to the saturation of negative anisotropic MR
component, as well as possible additional contribution of the positive geometric Lorentzian MR.

Keywords: permalloy; magnetoresistance; substrate; film; Corbino disk; magnetic ordering.

Introduction

Basic studies of galvanomagnetic phenomena in both diamagnetic and magnetically ordered solids with
different mechanisms of charge carrier transfer are focused on investigating their properties in thin and multi-
layer structures, nanowires and ensembles of magnetic nanoparticles in insulating or conducting matrices and
looking for correlations between their electric, galvanomagnetic and magnetic characteristics [1-4]. In mag-
netically ordered substances, much attention is paid to establishing the contribution of domain walls to the
resistivity, sign and magnitude of galvanomagnetic coefficients (magnetoresistance (MR) and Hall resistance)
during their motion induced by an external field or current [5-9], since the displacement of domain walls in
a weak field can lead to significantly greater changes in the kinetic coefficients, than the effects associated
with an anisotropic MR (AMR) [10; 11] or magnon MR (MMR) in a strong field [12]. An active interest in the
low-temperature investigations in magnetically ordered thin films and structures is primarily determined by
the possibility for the electron transport mechanism to change from diffusion to processes of weak or strong
localisation in different temperature ranges, as well as the main magnetic characteristics. This seems to be ef-
fective for optimising the sign and values of the galvanomagnetic and magnetic characteristics, since the basic
principles of spintronics are determined by the value of the kinetic coefficient and the ability to fix and easily
control the magnetisation direction.

Earlier [13], we have studied at 7= 300 K the magnetic microstructure and transverse MR hysteresis loops
of a permalloy thin film in the Corbino disk form at different angles between the magnetic field direction and
the disk plane. In weak magnetic fields up to technical magnetisation saturation field the MR, a peak caused
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by the rearrangement of the domain structure and the peak sign change were found. In a magnetic field greater
than the saturation magnetic field linear negative MR was observed independent of the measurements geo-
metry. It was of interest to study these dependences in the low-temperature region, in particular, in the magnons
freeze-out region, and to establish the dependences of the MR peak position on the temperature and the angle
between the magnetic field and the disk plane. Therefore, the aim of this work was to study the peculiarity of
the MR hysteresis loops in a magnetically ordered Corbino disk at low temperatures in the cases of in-plane
and out-of-plane magnetisation reversal.

Experimental methods

The permalloy thin films (Ni, ¢Fe, ,) were obtained by ion-beam sputtering off a target onto a sitall dielec-
tric substrate in an external magnetic field with induction B = 0.01 T. The direction of the induction vector of
the external magnetic field in the close proximity to the surface of the growing film was perpendicular to its
surface. The thickness of the films was varied in the range of d = 80—280 nm. The sample preparation tech-
nique, their magnetic microstructure, and the measurement technique are presented in [13]. To establish the
electron transfer mechanism the disk resistance temperature dependence was studied in the range of 2-300 K.
The hysteresis loops of the transverse magnetoresistive effect were measured in the current generator mode
without the sample demagnetising at sequential increases in temperature from 2 to 300 K in a magnetic field
of up to B =1 T. The measurements were carried out at parallel (¢ = 0°, in-plane) and perpendicular (¢ = 90°,
out-of-plane) orientations of the disk plane with respect to the magnetic field direction.

Results and discussion

The study of the resistance temperature dependence (see fig. 1, a, inset) showed that in the temperature
range from 300 to 2 K for the films under investigation the resistance temperature coefficient is positive, i. e.
the diffusion or metallic mechanism of the electrons transfer dominates. This allows us to conclude, that the
MR components contributing to the measured effect can be: a) the resistance anisotropy of a magnetically
ordered substance [11] in a weak magnetic field up to the technical saturation magnetisation field; b) usual
positive Lorentzian MR (PMR) in a strong field greater than the saturation magnetisation field [ 14]; ¢) negative
MR (NMR) component caused by scattering of electrons at domain walls [5; 6] or by magnon scattering [12].

As seen from fig. 1 and 2, which show the transverse MR hysteresis loops of the Corbino disk with a thick-
ness of d = 120 nm at 7 is equal 100; 50; 2 K for in-plane (¢ = 0° (see fig. 1)) and out-of-plane measurements
(@ =90° (see fig. 2)), a temperature decrease leads to significant changes in the MR magnitude and the form of
the magnetic-field dependence in comparison to 7= 300 K [13], when the NMR component dominates regard-
less of the measurement geometry. Furthermore, at 7= 300 K, independently of the temperature and measure-
ment geometry, in weak fields sharp peaks of the NMR are observed. These peaks are caused by the electron
scattering because of the rearrangement of the domain structure upon the magnetisation reversal of the disk.

One can see that at 7= 100 K and ¢ = 0° in a strong magnetic field above the magnetic saturation field
(B, =20 mT at the temperature 100 K) the MR effect positive and linearly decreases with the increase of the
magnetic field. The in-plane magnetisation hysteresis loop at 7= 2 K is shown as inset in fig. 1, ¢. The de-
crease of the PMR is related to the contributions of the negative MMR components. Indeed, a further
decrease of the temperature, leading the magnons to freeze, causes a decrease in the negative MMR and
to a smaller change in the positive component (see fig. 1, a and b). As a result of the complete freezing of
magnons at 7' = 2 K, there is no magnetoresistive effect at B > 0.25 T (see fig. 1, ¢). The dominance of the
linear non-saturable negative MR due to the magnons scattering (MMR) was predicted theoretically and
experimentally confirmed for the negative longitudinal MR of iron-group metal films in a magnetic field up
to B=40T [12].

A characteristic feature of the current flow in the Corbino disk is its spreading from the central electrode to
the peripheral one. In this case, the longitudinal MR measurement in a «pure» form is impossible regardless
of disk orientation in a magnetic field. Nevertheless, a linear decrease in the positive MR in a strong mag-
netic field is caused by the negative MMR, since at the transition point from weak to strong fields (B = B,)
positive AMR riches the maximum value and a further MR change may be due to the contributions of the
negative MMR components. It should be noted that for in-plane measurements the magnetic saturation field
changes from 15 to 25 mT at the temperature 300 and 2 K, respectively. These values are in a good agreement
with the saturation field MR data in the temperature range from 300 to about 50 K, while at 7= 2 K the MR
data indicate the saturation field to be one order of magnitude grater. However, the MR curve measured at 2 K
demonstrates a complex step-like shape with a plateau in the low-field range close to B, value of the correspon-
ding magnetisation curve, and a subsequent MR increase in B =0.20—0.25 T accompanied by a complete signal
saturation at higher fields. A sharp increase in the positive MR in the range of magnetic fields 0.20—0.25 T could
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be associated with the dominance of the positive AMR component increasing abruptly due to aligning the ma-
jority of magnetic moments of the film in its plane along the field direction only at this magnetic induction value.
The latter peculiarity of the MR(B) dependence at 2 K indicates a possible change in the domain structure and (or)
dominating anisotropy of the film.

Thus, the magnon freezing temperature in a Corbino permalloy disk is about 40—45 K, i. e. it is close to the
temperature at which the disk resistance loses its dependence on temperature (see fig. 1, a, inset) and is deter-
mined by the structural defects only. It can be noted also, that the magnon freeze-out temperature, estimated
from the negative longitudinal MMR measurements of iron and nickel films, is significantly higher and reaches
about 160 K [12].
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Fig. 1. Magnetoresistance hysteresis loops of the Corbino permalloy disk at ¢ = 0°,
measured at different temperatures: a — 100 K; 5 —50K; ¢ —2 K
(the inset in figure @ shows the temperature dependence of the disk resistance,
and in figure ¢ — the magnetisation hysteresis loop at 7'= 2 K)
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Fig. 2. Magnetoresistance hysteresis loops of the Corbino permalloy disk at ¢ = 90°,
measured at different temperatures: a — 100 K; 5 - 50 K; ¢ -2 K
(the inset in figure ¢ shows the magnetisation hysteresis loop at 7'=2 K)

A change of the external magnetic field direction from in-plane to out-of-plane leads to an increase in the
magnetisation saturation fields, which change from 0.75 to 0.83 T at the temperature 300 and 2 K, respectively,
suggesting the expansion of the weak magnetic field and AMR dominance areas. The inset in fig. 2, ¢, shows the
out-of-plane magnetisation hysteresis loops at 7= 2 K. As a result, in a weak field the negative AMR compo-
nent begins to dominate due to the reorientation of the disk magnetisation direction to the direction perpendi-
cular to the current lines. It is well known that in this case the AMR is negative [11]. One can see in addition
that the MR dependence exhibits a change of its slope in a strong magnetic field. Moreover, the fields at which
the slope change is observed increases upon a decrease of temperature. The observation of the slope change at
T'=2 K (see fig. 2, ¢) can be caused by saturation of negative AMR component in a strong field as well as due to
an additional contribution of the PMR component. Indeed, in the out-of-plane geometry the PMR geometric
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effect in the Corbino disk is the greatest [15; 16]. It can also be noted that an increase of the NMR slope
variation upon a decrease of temperature correlates with the temperature change the saturation magnetisa-
tion field.

As mentioned above, independently of the temperature and measurement geometry, the MR magnetic
field dependence in the region of weak fields exhibits sharp peaks in the NMR. Figures 3 and 4 show in-
plane and out-of-plane MR hysteresis loops in a weak magnetic field at 7 = 2 K. The arrows show the field
scanning direction. At approximately the same MR peak magnitudes for both measured geometries, the
peaks magnetic field positions differ significantly. Regardless of the temperature, the out-of-plane MR peak
position is always greater. It reflects the much more difficult rearrangement of the domain structure in the
direction perpendicular to the disk plane because of the very strong demagnetising factor in this direction.
We also note the difference in the peak position during the Corbino disk magnetisation reversal in the direc-
tions conventionally designated as B, and B_. It can differ by up to three times and, moreover, a greater dif-
ference was always observed for in-plane MR. Such a difference is believed to indicate the different domain
structure formation upon the magnetisation reversal and requires a more detailed investigation. It should be
noted that for low-temperature out-of-plane measurements, in contradiction to 7= 300 K [13], there are no
sharp MR oscillations. The MR peak at 7= 2 K changes sign from negative to positive in a rather smooth
manner without any oscillation.
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Fig. 3. Magnetoresistance hysteresis loop for the Corbino permalloy disk
in a weak magnetic field at ¢ =0°and 7=2 K
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Fig. 4. Magnetoresistance hysteresis loop for the Corbino permalloy disk
in a weak magnetic field at ¢ =90° and T=2 K
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The temperature dependence of the NMR peak position for in-plane and out-of-plane measurements is
shown in fig. 5. As expected, the freezing of the magnetic moment directions and wall positions of individual
domains leads to an increase in the magnetic field of the domain structure rearrangement and, as a conse-
quence, to a change in the MR peak position. One can see that the most significant change of the MR peak
position is observed at temperatures below 50 K, i. e. below the magnon freezing temperature.
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Fig. 5. Temperature dependence of the NMR peak position
for in-plane (/) and out-of-plane (2) measurements
for two directions of the magnetic field B, and B_

Finally, it should be noted that the sign and the magnitude of MR in a magnetically ordered Corbino disk in
the region of the peak can be determined not only by the magnitude of the AMR or MMR, but also by the num-
ber, type, and size of the domain walls crossed by the charge carriers. For example, in magnetic films thinner
than 20-30 nm, the Neel walls are stable, while for larger thicknesses the Bloch walls play the major role [17].
In films with thickness in the range of 30—120 nm, the transition between the Bloch and Neel walls, as well
as vortex domain walls or more complex types can be observed. However, the above-mentioned question is
currently a topic of further intensive theoretical and experimental research.

Conclusions

In Corbino thin-film permalloy disks with magnetic ordering in the temperature range of 300—2 K, sharp
peaks of negative magnetoresistance due to the domain walls motion are observed. The magnetic field peak
position is determined by the temperature and the angle between the magnetic field and the plane of the disk.
The temperature decrease in the range of 300—2 K leads to a change in the peak position in the range of 0.2—6.0
and 8-22 mT for in-plane and out-of-plane measurements, respectively. A transition from in-plane to out-of-plane
measurements at 7= 2 K leads to change of the peak position in the range of 5-22 mT. A linear NMR at 7=300 K
and a decreasing PMR at the temperatures of down to 40—45 K in a strong magnetic field is related to the mag-
non magnetoresistive effect. It was found that the magnon freezing temperature is about 40—45 K. The change
of the slope of the MR dependence for out-of-plane measurements is related to the saturation of negative AMR
and possible additional contribution of the positive geometric Lorentzian component to the Corbino disk MR.

References

1. Zuti¢ 1, Fabian Ja, Das Sarma S. Spintronics: fundamentals and applications. Reviews of Modern Physics. 2004;76(2):323-386.
DOI: 10.1103/RevModPhys.76.323.

2. Battle X, Labarta A. Finite — size effects in fine particles: magnetic and transport properties. Journal of Physics D: Applied Phy-
sics. 2002;35(6):R15-R42. DOI: 10.1088/0022-3727/35/6/201.

3. Sefrioui Z, Menéndez JL, Navarro E, Cebollada A, Briones F, Crespo P, et al. Correlation between magnetic and transport proper-
ties in nanocrystalline Fe thin films: a grain-boundary magnetic disorder effect. Physical Review. 2001;64(22):224431. DOI: 10.1103/
PhysRevB.64.224431.

4. Lukashevich MG, Popok VN, Volobuev VS, Melnikov AA, Khaibullin RI, Bazarov VV, et al. Magnetoresistive effect in PET
films with iron nanoparticles synthesized by ion implantation. The Open Applied Physics Journal. 2010;3:1-5. DOI: 10.2174/
1874183501003010001.

18 ey



Du3uKa KOHJIEHCHPOBAHHOTO COCTOSTHUSI
Condensed State Physics
LA
5. Franko V, Batlle X, Labarta A. Evidence of domain wall scattering in thin films of granular CoFe—AgCu. The European Phy-
sical Journal B — Condensed Matter and Complex Systems. 2000;17(1):43-50. DOI: 10.1007/s100510070158.
6. Ruediger U, Yu J, Zhang S, Kent AD, Parkin SSP. Negative domain wall contribution to the resistivity of microfabricated Fe
wires. Physical Review Letters. 1998;80(25):5639-5642. DOI: 10.1103/PhysRevLett.80.5639.
7. Ravelosona D, Cebollada A, Briones F, Diaz-Paniagua C, Hidalgo MA, Batallan F. Domain-wall scattering in epitaxial FePd or-
dered alloy films with perpendicular magnetic anisotropy. Physical Review. 1999;59(6):4322-4326. DOI: 10.1103/PhysRevB.59.4322.
8. Gregg JF, Allen W, Ounadjela K, Viret M, Hehn M, Thompson SM. Giant magnetoresistive effects in a single element magnetic
thin film. Physical Review Letters. 1996;77(8):1580—1583. DOI: 10.1103/PhysRevLett.77.1580.
9. Hayashi M, Thomas L, Rettner Ch, Moriya R, Xin Jiang, Parkin SSP. Dependence of current and field driven depinning of
domain walls on their structure and chirality in permalloy nanowires. Physical Review Letters. 2006;97(20):207205.
10. McGuire T, Potter R. Anisotropic magnetoresistance in ferromagnetic 3D alloys. /[EEE Transactions on Magnetics. 1975;11(4):
1018-1034. DOT: 10.1109/TMAG.1975.1058782.
11. Campbell TA, Fert A. Chapter 9. Transport properties of ferromagnets. In: Wohlfarth EP, editor. Ferromagnetic materials.
Volume 3. Amsterdam: Elsevier; 1982. p. 747-805.
12. Raquet B, Viret M, Sondergard E, Cespedes O, Mamy R. Electron-magnon scattering and magnetic resistivity in 3D ferromag-
nets. Physical Review B. 2002;66(2):024433. DOI: 10.1103/PhysRevB.66.024433.
13. Halauchuk VI, Lukashevich MG. Magnetic microstructure and magnetoresistive effect in Corbino’s disk with magnetic orde-
ring. Journal of the Belarusian State University. Physics. 2018;3:46-53.
14. Beer AG. Galvanomagnetic effects in semiconductors. New York: Academic Press; 1963. 418 p.
15. Lippman HJ, Kuhrt F. Der Geometrieeinflus auf den transversalen magnetischen Widerstandseffekt bei rechteckférmigen Hal-
bleiterplatten. Zeitschrift fiir Naturforschung. 1958;13a:462—-474.
16. Sokolov YuF, Stepanov BG. [Physical foundations of using the effect of magnetoresistance to measure the mobility and con-
centration of current carriers]. Mikroelektronika. 1974;3(2):142—153. Russian.
17. Kazakov VG. Thin magnetic films. Soros Educational Journal. 1997;1:107—114. Russian.

Received 05.03.2021 / revised 17.03.2021 / accepted 12.06.2021.

5?['4 — cmoemn AL wow\orm Jf,w,w,, 19



ZKypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2021;3:20-25
Journal of the Belarusian State University. Physics. 2021;3:20-25

WWW —

VIIK 538.91;621.315.592.2

OOPMUPOBAHUE J3ITMTAKCUAABHBIX ITAEHOK InSb
HA TTIOAYU3OAUPYIOIITEM GaAs(100) METOAOM
B3PBIBHOI'O TEPMHUYECKOI'O UCIIAPEHUS:

NX CTPYKTYPA I SAEKTPUYECKUE CBOUCTBA

E. A. KOJIECHUKOBA", B. B. YITIOB", A. K. KVJIELLIOB, JI. Il. PYCAJIbCKHH "

1)Eeﬂopyccmn? 2ocyoapcmeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

HccnenoBans! (a3oBblil COCTAaB, KPHCTAIUINIECKOE COBEPIICHCTBO M AJIEKTPHUECKHE CBOWCTBA IUIEHOK aHTHMOHHIA
nuans (InSb), oGycnoBneHHbIE TeMIIepaTypoi UX OCAXICHHUS Ha MOUIOKKH noxyusonupyromiero GaAs(100). Meromom
B3PBIBHOTO TEPMUYECKOTO OCaXICHHsI TTOpoIika InSb Ha moamoxku nonyusosupyroiiero GaAs(100) B uHTepBaie TemMIie-
paryp 375-460 °C 6butn c(hopMHPOBAHBI TOHKHE IUICHKH INSb pa3nuvHOM cTENeHN KPUCTAIUTMYSCKOTO COBCPIIICHCTRA.
PeHTreHOCTPYKTYpHBIM aHAJIM30M YCTAHOBJICHO, YTO TUICHKH InSb sBistoTcs rereposnurakcuaibHbiMU. [lokazaHo, 4TO
yBEJIMYEHUE TeMIIEepaTypbl ocakaeHus oT 375 1o 460 °C mpuBOIUT K U3MEHEHHIO LIEPOXOBAaTOCTH (R,) IOBEPXHOCTH
IeHoK oT 3,4 10 19,1 HM. UyBCTBUTEIBHOCTD AMEKTPOABIKYIIEH CHIIBI X0JUIa K MAaTHUTHOMY IOJIO IJIEHOK InSb me-
Hsetcs B auana3one 500—1500 mB/Ti. KorneHTpaIus SIeKTpoHOB (7) U UX ITOIBHYKHOCTH (|L) KOJICOIIOTCS B MHTEpBAIIC
2-10"-6-10"cm 10 - 10° - 21 - 10° eM?/(B - ¢). Chopmuposannbie Ha mooxkke noyuzompyomero GaAs(100)
ieHKH InSb npencTaBnsioT MpakTHYECKU MHTEPEC ISl N3TOTOBJICHHSI BBICOKOUYBCTBUTEIEHBIX MUHHATIOPHBIX TIPE00-
pazoBareneil Xosua.

Knrouegvle cnosa: anTuMoHU]T WHIWA; TUICHKA; IMOJIOKKA; BAKYYMHOC OCAKICHUE, CTPYKTYpa, SJICKTPUICCKUEC CBOICTBA.
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FORMATION OF EPITAXIAL InSb FILMS

ON SEMI-INSULATING GaAs(100) BY EXPLOSIVE THERMAL
EVAPORATION: THEIR STRUCTURE AND ELECTRICAL PROPERTIES
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In the present work, the influence of the deposition temperature of InSb films on semi-insulating GaAs(100) on
their phase composition, crystal perfection and electrical properties was investigated. The InSb films of various extent
of crystal perfection are formed by means of explosive thermal deposition of InSb on semi-insulating GaAs(100) sub-
strates in the temperature range of 375-460 °C. X-ray diffraction analysis established that the films are heteroepitaxial.
It is shown that an increase in the deposition temperature of InSb films from 375 to 460 °C leads to a change in the film
surface roughness (R,) from 3.4 to 19.1 nm. The Hall voltage sensitivity to the magnetic field of InSb films varies in the
range of 500—1500 mV/T. The electron concentration (n) and mobility (1) changes in the range of 2 - 10"~ 6 - 10" cm,
10 - 10°—21 - 10* cm?/(V - s). The formed InSb films on semi-insulating GaAs(100) substrate are of practical interest for
the manufacture of highly sensitive miniature Hall devices.

Keywords: indium antimonide; film; substrate; vacuum deposition; structure; electrical properties.

Introduction

Indium antimonide (InSb) is a narrow-band straight-gap semiconductor of the A"'BY group with an energy
gap of 0.18 eV at 300 K, which has a record high electron mobility. Due to its properties, InSb is widely used
in the field of microelectronics. Based on InSb, highly sensitive photocells, Hall sensors, magnetoresistors, and
optical filters are manufactured. InSb is also used in infrared detectors, including thermal imaging.

Methods of deposition of semiconductor films make it possible to give them various types of structural per-
fection, from polycrystalline to epitaxial structure, depending on the deposition conditions and the structure
of the substrate. The first work on the preparation of InSb films on various types of substrates appeared in the
middle of 1950s. The research results of this period are presented, for example, in works [1-3]. The most used
crystalline material for epitaxial growth of InSb is GaAs. However, lattice mismatch between InSb and GaAs
is quite large and amounts to ~14 %. Therefore, the formation of epitaxial perfect InSb films is a complex
scientific and technological goal. At the moment, the exact mechanisms and models of epitaxial growth of InSb
on GaAs depending on the deposition conditions are not established. The high quality epitaxial InSb films on
single-crystal substrates are formed by molecular beam epitaxy (MBE) [4; 5]. The two-stage processes of InSb
deposition by MBE in the deposition temperature range of 300-390 °C were the most successful, which made
it possible to create epitaxial InSb films on GaAs(111) of sufficient perfection confirmed by results of their
electrical properties measurements. Other methods used to create InSb films, such as the three-temperature
method and electron beam evaporation do not allow to form the films with the exact stoichiometry of the InSb
compound and sufficient adhesion of the film to the substrate for further practical application [6—8].

The deposition of InSb films on GaAs by explosive thermal evaporation makes it possible to achieve high
values of the film deposition rate. However, the epitaxial growth of thin InSb films on GaAs during explosive
thermal evaporation is a rather complicated process, depending on the substrate temperature, the temperature
of the powder evaporator, the size of the powder, its purity, and the rate of powder supply to the evapora-
tor [9; 10].

The aim of this work is to find the regularities of the changes in the phase composition, structure and micro-
crystalline structure, electrical properties of InSb films on GaAs(100) during explosive thermal evaporation
deposition depending on deposition temperature (375—-460 °C). The choice of a higher temperature interval in
heating the substrate during explosive evaporation in relation to MBE is a consequence of the higher deposi-
tion rate, which is a feature of the method we use.

Preparation and experimental details

InSb films on semi-insulating single-crystal GaAs(100) substrates deposited by explosive thermal evapora-
tion of a single-crystal InSb powder were investigated [11]. Powder made of InSb single crystal with a carrier
concentration of 10'°~10'® cm™ was used for film deposition. The films were deposited in vacuum (5 - 10~ Pa)
through masks to give the sample a rectangular shape with contact pads. The temperature of the substrate holder
with the GaAs plate was varied by means of a heater in the range from (375 + 2.5) to (460 £ 2.5) °C.
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During the experiment, the temperature of the GaAs substrate was controlled by a thermocouple. The thickness

and the deposition rate of the film was monitored by a quartz sensor. The thickness of formed film was measured

on a profilometer using a Mahr MarSurf M400 (Germany). The measured film thickness () was (2.0 £ 0.05) um.

Crystal state of the formed films was investigated by the X-ray diffraction (XRD) analysis with Cuk,,
radiation using a Rigaku Ultima IV diffractometer (Japan). The microstructure and element composition of
the deposited films was analysed on a scanning electron microscope (SEM) using a LEO 1455VP (Carl Zeiss,
Germany). The roughness of the film surface was estimated using a Solver P47-Pro atomic force microscope
(NT-MDT, Russia).

The electrical properties (electrical resistivity and Hall effect) using a four-contact method on rectangular
samples were investigated [12]. Hall measurements were performed in a magnetic field of (0.44 + 0.01) T.
The electric current value was (10.0 = 0.1) mA. The estimated error in measuring the concentration (n) and
mobility (p) of charge carriers does not exceed 7 %. The Hall voltage sensitivity to the magnetic field of InSb
films was calculated from the following equation [13]:

U,

_ ~Hmax
v B

where Uy, 1 the Hall maximum voltage; B is the magnetic induction.

Results and discussion

The results of the XRD analysis of the phase composition of films on semi-insulating GaAs(100) formed
by explosive thermal evaporation of InSb powder as a function of the substrate temperature in the temperature
range of 375—-460 °C are displays in fig. 1.

From the XRD patterns presented in fig. 1 and their analysis using the ICDD-PDF2 database, it follows that
in the temperature range of 375-460 °C, the phase composition of the films is an InSb compound. Note that the
diffraction reflection from a single-crystal GaAs(400) substrate was recorded in the region of a diffraction
angle of 66°. The intensity of the diffraction GaAs line is many times higher than the intensities of the InSb
line, which prevents the correct perception of the XRD patterns. Therefore, reflection GaAs(400) is not shown
on it. The reflection from the crystallographic planes (400) and (100) are structurally equivalent. Diffraction
reflections from the plane (100) for InSb and GaAs have a small diffraction angle and are not observed experi-
mentally in the XRD pattern. The angular positions for diffraction from the plane (400) correspond to diffrac-
tion from four interplanar distances (100). They are experimentally recorded on the XRD pattern and indicated
in the [CDD-PDF2 database.

The InSb films have a prevalent orientation (100), which repeats the orientation of the single-crystal GaAs
substrate (100), since the intensity of the InSb(400) diffraction peak is many times higher than the intensities of
other InSb peaks (see fig. 1). The maximum intensity of the InSb(100) diffraction peak is observed at a film depo-
sition temperature of 440 °C. Consequently, the InSb films deposited in the temperature range of 375-460 °C are
heteroepitaxial. In addition, with an increase in the substrate temperature, diffraction reflections from the (111),
(220), and (311) crystallographic planes were observed. This is due to the formation and increase in the concen-
tration of intercrystalline boundaries with an increase in the deposition temperature. At a deposition temperature
of 460 °C, the intensity of diffraction peaks from planes (111), (220), and (311) is greatest.

Note that an increase in the GaAs substrate temperature during the deposition of InSb films from 375 to 460 °C
leads to an increase in the film roughness (fig. 2). The average roughness (R,,) for the sample formed at deposition
temperatures of 375 °C is 3.4 nm, while for the sample formed at deposition temperature of 460 °C is 19.1 nm.
An increase in the deposition temperature leads to an increase in the crystallite size of the InSb film, as a result of
the coalescence of smaller crystallites [10], which leads to an increase in the surface roughness.

The electrical properties of InSb films on GaAs(100) formed by explosive thermal evaporation, depending
on the substrate temperature, are presented in the table.

Electrical properties of InSb films formed on GaAs(100)
by explosive thermal evaporation depending on the substrate temperature

ot | gt e’ oV
375 568.18 +0.03 (5.4+0.5)-10"° (21£2)-10°
430 1159.09 £ 0.03 (2.6£0.3)-10"° | (12.0%1.0)- 10°
440 1477.27 £0.03 (2.1£0.4)-10"° | (11.0£1.0)-10°
460 931.81+0.03 (3.3+0.3) - 10'° (9.8+0.9)-10°
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Fig. 1. XRD patterns of films samples deposited
on semi-insulating GaAs substrates by explosive thermal evaporation
of InSb powder as a function of the substrate temperature

Fig. 2. Scanning electronic images of the surface of InSb films formed
by explosive thermal evaporation at deposition temperatures: a — 375 °C; b — 460 °C

In InSb thin films, independent of their preparation method, the mobility of carriers charge depends strongly
on the thickness of film, especially at d < 2—3 um [14]. This is due to the presence of a defect transition layer
between the substrate and the film. An increase in the film thickness leads to a decrease in the density of misfit
dislocations at the film-substrate interface, the presence of which is due to the difference in the lattice para-
meters of InSb and GaAs. At the same time, an increase in the crystallite size is observed, which in turn leads
to a decrease in the scattering of charge carriers at grain boundaries [9].

The data in the table show that in the substrate temperature range of 375—-460 °C, InSb films on GaAs
formed by explosive thermal deposition have different electrical properties. With an increase in the depo-
sition temperature from 375 to 460 °C, the mobility of charge carriers decreases by a factor of two. This is
due to the scattering of carriers by inhomogeneities due to an increase in the concentration of grain bounda-
ries at higher deposition temperatures. Epitaxial films have the Hall voltage sensitivity to the magnetic field
of InSb films varies in the range of 500—-1500 mV/T. At the same time, similar Hall devices known today
have a sensitivity to the magnetic field of 300—-500 mV/T [15]. The electron concentration in the range of
2:10"-6-10" cm™.

The changes in the extent of crystal perfection of the films presented above have a significant effect on
their electrical resistivity. At a deposition temperature of 375 °C, the film electrical resistivity is 2 - 10~ Q - m,
while at a deposition temperature of 460 °C the continuity of the film is disrupted and its electrical resistivity
increases to 8 - 10 Q - m. The increase in electrical resistivity with the increase in the substrate temperature is
due to the decrease in mobility of the charge carriers as a result of decrease in the preferred orientation and ap-
pearance of additional crystallite orientations in the film. The resistance of InSb films deposited on GaAs(100)
by explosive thermal evaporation depending on the deposition temperature are shown in fig. 3.
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Fig. 3. Temperature dependence of resistance (R)
of the InSb films on semi-insulating GaAs(100) substrates deposited

by explosive thermal evaporation at different substrate temperatures

The obtained temperature dependence of the resistance satisfies the properties of semiconductor materials,
1. e. as the temperature rises, the resistance decreases. At the films deposition temperatures of 430—460 °C, the
change in resistance with increasing temperature is more significant (see fig. 3). For the film, the deposition
temperature of which is 375 °C, the drop in resistance with an increase in temperature by 100 °C is 3 Q, while
for the film obtained at a deposition temperature of 460 °C, this value is more than 20 €.

Conclusions

The explosive thermal evaporation method is promising for obtaining InSb films. The advantage of the
method is its technical implementation in comparison with MBE. The high deposition rate of the films makes
it possible to reduce the cost of devices based on them. In addition, a high repeatability of the results on the
concentration and mobility of carriers, homogeneity and phase composition of the grown films is observed.

In this investigation, it was found that the heteroepitaxial InSb films of various extent of crystal perfec-
tion are formed by means of explosive thermal deposition of InSb on semi-insulating GaAs(100) substrates
in the temperature range of 375—460 °C. The Hall voltage sensitivity to the magnetic field of InSb films
varies in the range of 500—1500 mV/T. The electron concentration and mobility changes in the range of
2-10"-6-10"cm™>and 10 - 10° =21 - 10* em?/(V - s), respectively. The formed InSb films on semi-insula-
ting GaAs(100) make it possible to use them as highly sensitive miniature Hall devices.
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IAEKTPOAIOMUMHECHEHIINA TTAEHOK SiO, HA Si,
ITOAYUYEHHBIX TEPMUNYECKUM OKNCAEHUEM
N ITAASMOXUMHUYECKHUM OCAJKAEHVEM

H. A. POMAHOB", H. C. KOBAJIBYYK?, /I. A. BIACYKOBA", H. H. IAPXOMEHKO",
B. A. COJIOAYXA®, B. A. IHJIHIIEHKO"-?, /. B. LIECTOBCKHUH?, C. A. JEMH/JIOBHY?

YBenopycckuii 2ocydapemeennsiii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Benapyco
«Hnmezpany — ynpasisiowjas komnanusi xonounea « nmezpany,
ya. Kasunya, 1214, 220108, . Munck, berapyco

[TpoBeneHO cpaBHEHHE CBETOUIITYYAIOUIMX CBOWCTB IPH JIEKTPHUUECKOM BO30YXK/ICHUH CBEYCHHUS IJICHOK OKCHJIA
KpEMHUS, MOJIyYEHHBIX TEPMUUYECKUM OKCHUAMpPOBaHHEM B mapax Boasl npu 900 °C u MeToa0M IIa3MOXUMUYECKOTO
ocaxkieHus n3 razoBoi asel n3 cmecu SiH, + N,O npu 350 °C. CrieKTpbl 2JIEKTPOITIOMHUHECICHIINH CHATHI B CHCTEME
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ABTOpBI:

Hean Anexcanoposuu Pomanos — accucteHt kadenps Gusm-
YEeCKOW ANIEKTPOHUKHM M HAHOTEXHOJOTHH (haKyIbTeTa pajuo-
(HM3HUKN 1 KOMITBIOTEPHBIX TEXHOJIOTHH.

Hamanva Cmanucnasogna Koganvuyk — xanmuaar TeXxHu4e-
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HayK; TeHEePAJIbHBIH TUPEKTOP.
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AIEKTPOJIUT — TUAIEKTPUK — TTOTYMPOBOJAHUK. B CIIEKTpe 2MEKTPOTIOMUHECIICHIINN OKCUTHON TUICHKH, TIOJTYYEeHHOU Tep-
MHUYECKHM OKHCIICHHEM, JJOMUHHUPYET MHTEHCHBHA 110JI0Ca B KpacHOi obyactu ¢ MakcumyMmoM 1ipu 1,9 5B. Crienan BbI-
BOJI O CBSI3U JJAHHOM MOJIOCHI C HAJTMYUEM B OKCHJIC CHIIaHONIBHBIX Ty (Si— OH). B criekTpe 251eKTpoIiFoMUHE CLIEHITUU
OKCHJIHOH IIICHKH, MOJyYCHHOW TUIa3MOXHUMHUYSCKUM OCaKJICHUEM, HAOIIONACTCSl MYJIBTHIIONOCHOE cBeueHHEe B YD-
obmactu. JlonomHuTensHbIe Mccaenoanus Mmerogamu MK-ciekrpockormmu 1 KPC mokasanu, 94To MOXYJSIAS CHEKTpa
“MeeT KoJeOaTenbHyI0 IPUPOY, a He SIBISETCS pe3ylbratoM nHTephepeHun. [IpeamnonoxuTensHo, TIOMIHECICHIINS
B YD-o00acTr 00yCIIOB/ICHA HAJTMYUEM [ICHTPOB JC(PHUIINTA KUCIOPOIA, COACPIKAIINX CBA3U C aTOMaMHU BOAOPO/IA.

Knrwueswvie cnosa: nnenku OKCHUJa KPEMHUS; SJICKTPOJIIOMUHECHCHIUA; CUCTEMA JJICKTPOJIUT — AUIJICKTPUK — IOy~
MNPOBOAHHMK; HCHTPLI ,HC(bI/H_II/ITa KHCIIOpOAa; KPEMHHUECBAA ONTOIJICKTPOHUKA.

bnazooapnocme. Pabora BeinonHeHa rnpu (GUHAHCOBOW MOAJEPIKKE TOCYAAPCTBEHHON MPOrpaMMbl HAyUHBIX HCCIIE-
JoBaHUM «DOTOHMKA U DIIEKTPOHKKA /U1 HHHOBalMit» (3aaanue 3.8.1, Ne roc. peructpanuu 20212595).

ELECTROLUMINESCENCE OF SiO, FILMS GROWN
ON Si BY THERMAL OXIDATION AND PLASMA-ENHANCED
CHEMICAL VAPOR DEPOSITION

I. A. ROMANOV? N. S. KOVALCHUK?", L. A. VLASUKOVA®, I. N. PARKHOMENKO®,
V. A. SALADUKHA®, U. A. PILIPENKA™®, D. V. SHESTOVSKI®, S. A. DEMIDOVICH"

Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus
b«]ntegral» — Holding Management Company, 1214 Kazinca Street, Minsk 220108, Belarus

Corresponding author: L. A. Vlasukova (viasukova@bsu.by)

Emission of the silicon oxide films grown on Si by wet thermal oxidation at 900 °C and by plasma-enhanced chemical
vapor deposition from the SiH, + N,O mixture at 350 °C has been compared using electroluminescence. The electrolu-
minescence spectra were recorded in electrolyte — insulator — semiconductor system. The intense band in the red range with
amaximum at 1.9 eV dominates the electroluminescence spectrum of the thermal oxide film. It was concluded that this band
is related with the existence of silanol groups (Si—OH) in the oxide matrix. Multiband emission in the UV range is observed
in the electroluminescence spectrum of the oxide film formed by plasma-enhanced chemical vapor deposition. Additional
investigations using IR and RS spectroscopy revealed that observed spectrum modulation is of an oscillatory nature and is
not the result of interference. Presumably, the luminescence in the UV region is due to the presence of oxygen deficiency
centers containing bonds with hydrogen atoms.

Keywords: silicon oxide films; electroluminescence; electrolyte — insulator — semiconductor system; oxygen deficiency
centers; silicon optoelectronics.
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BBenenune

JIFOMUHECIICHTHBIE METOJIbI HIMPOKO HCIIONB3YIOTCS MPHU TPOBEICHUN (PYHIAMEHTAIBHBIX HCCIICIOBAHUN
W JIMaTHOCTHKHU TBEPJIOTEIBHBIX O0OBEKTOB, BKIIIOYAS CTPYKTYPHI MOIYIPOBOAHUK — AMAIEKTpUK [1-3]. Bos-
pocImii B OCIEAHNE TOIbI MHTEPEC K M3YUCHHUIO JIOMHUHECHEHINHN MJICHOK HUTPUIA U OKCHIAa KPEMHHUS
Ha KPEeMHHH, a TAKKe KOMIO3UIMKA Ha MX OCHOBE CBS3aH CO CTPEMJICHHEM K CO3JAHHMIO OMTOAIEKTPOHHBIX
YCTPOMCTB Ha 0a3e CylIeCTBYOIICH KpEeMHUEBOW TexHooruu [4—6]. PaspaboTka 3(heKTUBHOIO HCTOYHHUKA
CBETa Ha OCHOBE KPEMHUS MO TEXHOJIOTHUH, COBMECTUMOH ¢ TexmporieccoMm usrororiennss KMOII-ipubopos,
MO3BOJIMIIA ObI OOBEIMHUTH B OIHOM MHTETPAIbHOW cxeMe (POTOHHBIE U 3JIEKTPOHHBIE yCTpoiicTBa. JlanHas
MeuTa HaydyHOro cooOllecTBa CTajla pacCMaTpHBaThCS B KaueCTBE pealibHOM BO3MOXKHOCTH TOCIE ITyOIu-
Karuu nroHepckoil pabotsl JI. T. Koaxoma, nmocBsimeHHON (HOTOMIOMUHECIIEHIINN TTOPUCTOTO KpeMHHus [7].
C 3TOTO BpeMEHU HAYaJIUCh NHTEHCHBHBIE MICCIEIOBAHMS MO0 CO3AAHMIO CBETOM3ITYYAIOMIMX MaTEpHUajoB Ha
6aze kpemHus. OHAKO, HECMOTPS Ha TOCTUTHYTHIN MPOrpecc, CBETOM3IyYarolIre AHOIbl Ha OCHOBE Si IMoka
HE MOTYT KOHKYPHPOBATh C aHAJTOTaMH Ha OCHOBe coexuHennii A’B’ mmn A*BP. Oxnoii u3 Hanbonee cyime-
CTBEHHBIX HEpEIIEHHBIX MPOOJIEM Ha MyTH K MX MPAaKTHUYECKOMY NMPUMEHEHHUIO SIBIIsieTcs HU3Kast dpdekTus-
HOCTB JIEKTPOITIOMUHECTIEHIINH. [1epCrIeKTUBHBIM TTOIX0IOM K TIPEOIOJICHNIO TAHHOTO TIPETISITCTBUS CUUTAETCS
WCIIOJIH30BAaHNE MHOTOCIIOMHBIX CTPYKTYp Ha 0a3e HUTpUIA U OKCHJA KPEMHHS CO BCTPOCHHBIMH KPEMHHE-
BBIMH HaHOKpHcTauiaMu [8—11]. B kauecTBEe OCHOBHOTO CBETOHM3IYYAIOIIECTO Marepuajia paccMaTpUBACTCS
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HAHOKOMIIO3UT U3 KPEMHHUEBBIX arjioMeparoB, OKPYXXEHHBIX aMopQHOW maTpuieil nuokcuaa kpemuus [12].
MexaHu3M U CTIEKTp M3ITydaTelIbHOW peKOMOMHAIINY B TAKOW CHCTEME ITOKa SIBIISTIOTCS MPEIMETOM JTUCKYCCHI
U ONPEJEISIOTCS HE TOJIBKO CBOMCTBAMHU KPEMHHUEBBIX KPUCTAIUIOB M XMMHUEN MX MOBEPXHOCTH, HO U BKIIAJIOM
TOYEUHBIX JIe()EKTOB MATPHLIBI TUOKCHIA KPEMHUS. DTOT BKJIAJl 3aBUCHUT OT METOJIa OJIyYCHHUS] OKCUIHOH TUICH-
KU, €¢ TONLIMHBI U criocoba Bo30yxIeHus cBeueHusl. [loaTomy BakHOE 3HadeHHE UMeeT UH(OpPMALMsS O CBe-
TOM3IY4arolUX cBOMCTBAaX camoil Marpuibl SiO, U UX CBA3U C TEXHOJIOTUEH W3TOTOBIEHUS OKCHIIHBIX CIOEB.
[Ipyn m3yyeHHn AMANEKTPUKOB Ha OCHOBE KPEMHHS KITIOYEBBIM METOJIOM HCCIIE/IOBAHUS SIBISETCS IEKTPO-
JFOMUHECHeHIMs. JITaHHBIH METOT ITO3BOJISIET U3YYHUTh COCTAB M CTPYKTYPHBIE 0COOCHHOCTH JIMAIEKTPUICCKHX
CJIOEB, OINPENEINUTh KOHUEHTPALNIO EHTPOB JIOMUHECHEHIINN, UCCIEN0BaTh JETpafaluio JUIIEKTPUKOB
B pe3y/bTaTe BO3AEHCTBUS CUIIBHOTO IEKTPUUIECKOro 1mosisi. OfHAKO U3-3a TPYAHOCTEH I0JIyYeHNs] MHTCHCUB-
HOTO CHTHaJia 3JIEKTPOJIIOMUHECLIEHIINN OITyOJIMKOBAaHO HEOOMIBLIOE KOJIMYECTBO PadOT IO CBEYCHHUIO TIIEHOK
SiO, npu anexTpuueckoM Bo3OykaeHuu [6; 13—15]. B HacTosime cratbe mpeacTaBiIeHbl pe3ybTaThl CpaB-
HHUTEJIbHBIX UCCIIEA0BAHUN AEKTPOIIIOMUHECIEHIUH IIEHOK Si0,, MOTyUYeHHBIX TePMUUYECKUM OKUCICHUEM
Y TUTa3MOXUMHUYECKUM OCaXK/ICHUEM.

MeToauka IKCIIEPUMEHTA

B xauecTBe MOMIOKEK 17151 HAHECEHUS AUIEKTPUUECKUX IJICHOK HCIOJIb30BaINCh IUIACTUHBI KPEMHUS
p-tuna kpuctamtorpadudeckoit opuentarmu (111) muamerpom 100 mm. [LiteHkn trokcnaa KpeMHNS OBLTH TIOITY-
YeHbl METOIaMH TEPMUUECKOTO OKUCIICHUS 1 TIa3MOXUMHUYECKOT0 OCaKACHHs U3 ra3oBoi ¢asbl. Tepmuueckoe
OKHCIIEHHE NTPOBOIMIOCE B Iapax Bojbl pu Temneparype 900 °C B teuenne 120 Mun. TonmuHa TepMUdecKu
BBIpAlICHHON MmieHKH cocTaBisuia 130 uM. i mia3sMOXMMHUYECKOTO OCaKACHUS HCIOIb30BalaCh CMECh
MmoHocunana (SiH,) u 3akucu azora (N,O), Temneparypa noaioxku cocrasisiia 350 °C, Bpems ocaxIeHus —
12 mun. TonmuHA IMICHKH, HAHECEHHOHN JaHHBIM MeTomoM, mocturaia 110 am. TonmuHb IIeHOK ONpeesTuCh
METOJIOM PaCTPOBOU IIMEKTPOHHON MUKpockormu [14]. I momydeHus SIIEKTPOITIOMIHECIICHITUN B KaUeCTBE
BEPXHEr0 KOHTAKTa K M3IydaromuM ciosiM SiO, NpuUMEeHsuICs Npo3padHblii 31ekTponuT. [IpenmymecrBamu
SNIEKTPOJIUTA Tepell TBEPAOTEIbHBIMI KOHTAKTaMU JJIsl peaqu3alMd METOAA BJICKTPOJIIOMUHECICHIUH SIB-
Js10TCs 0oJiee BBICOKOE HarpsbKeHHE Mpo0os, BBICOKAsl CIIEKTpajibHas MPO3PauHOCTh B MCCIICAYEMOM JHa-
Ma30HEe JJIMH BOJIH, BO3MOKHOCTh U3MEPEHHUs CIIEKTPAIBHOTO PaCIpe/IesIeHuUs IEKTPOIIOMUHECIIEHIIUN TIPU
MTOCJIOHOM CTPaBIUBAHUH AUAICKTPHUECKOTO ¢jios [ 13; 15]. DAeKTpomOMUHECIICHITUS UCCIIEIOBAIACH B CIIEKT-
passHOM auamnazone 1,8—5,3 5B B raipBaHOCTAaTHYECKOM PEKUME TIPH MOJIOKUTEIIEHOM CMEIIEHUN KPEMHHUEBOH
MOAJTIOKKHU. B KauecTBe ayeKTposnTa UCNosb30Bajics | Monb/n BomHblid pactBop Na,SO,. CHeKkrpbl 3J1eKTpo-
JIFOMUHECIICHIINU PETUCTPUPOBAIHCH IIPH HaIpsbkeHUsx 6onee 60 B u mumoTHOCTSIX Toka 150 u 250 MKA /M
¢ momouipo MoHoxpomatopa M/IP-23, ocHamennoro ¢orosnekrpoHHbIM yMHOKUTeneM @Y -100. [{ns pe-
ructpauun MK-cnekrpos ucnons3opaics UK-pypoe-ciektpomerp Spectrum 3 Optica (PerkinElmer, CI1IA),
crnekTpbl komOuHannonHoro paccestausi cBeta (KPC) 3anmcpiBanuck Ha criektpodoromerpe Ramanor U1000
(Horiba Jobin Yvon, ®pannms). CHekTpsl OTpayKeHUs] PErHCTPUPOBAINCEH Ha criekTpomerpe Lambda 1050
(PerkinElmer). Bce ontnyeckue u3MepeHHst MPOBOIMIMCH TPU KOMHATHOM TeMIepaType.

Pe3yabTarhl U MX 00CyXKIeHUE

CrexTp 271eKTpOIIOMHUHECHEHIMN CTPYKTYphl Si0,/Si, mOMy4eHHOH TEPMUUECKUM OKHCIEHHEM, PEICTaB-
JieH Ha puc. 1, a. OH XxapakTepu3yeTcsi HHTCHCUBHOH MOJIOCOH B KpacHOH 00JacTi ¢ MakcuMyMoM 1ipu 1,9 3B
1 GOHOBBIM CBeueHHEM B auanasone 2,0—-3,5 3B. Panee Oblia ycTaHOBIEHA CBSI3b MOIOCHI AJIEKTPOIIOMHHEC-
nenuu npu 1,9 3B ¢ nanmuunem B cnoe SiO, cunanonsubix rpyni (Si—OH) [13]. B nponecce Bo30yxaeHus
JIOMHUHECIICHIIMU CUJIAHOJIbHBIC TPYIIIBI Pa3pyIIaloTcsi ¢ 00pa30BaHUEM IIEHTPA JIIOMUHECICHIIMA — OJTHO-
KOOpAWMHUPOBAHHOTO KHcIopona (=Si—O-) B BO30YyKICHHOM COCTOSHHUH. Ero penakcamus 10 OCHOBHOTO
COCTOSTHUSI COTIPOBOXKIaeTcs n3nydeHneM ¢orona [6]. [Tomoca ¢ sneprueit 1,9 5B u momymmpunoii 0,18 >B
ObLIa 3aperuCcTPUPOBaHA B CHEKTpax (HOTOTFOMHUHECIICHITNH cTekia [16]. ABTOpsI paboTsl [16] Takxke cBsi3aimu
JaHHyIo nonocy ¢ HannuueM B SiO, cunanonbHbX Tpynn (Si—OH). TlosiBienne cBeueHHs NPUNUCHIBATIOCH
W3JTy4aTeNIbHBIM MEePeXoAaM MEXAY PacCIleIUICHHBIMU MO/ BO3IEHCTBUEM JIOKAJIbHBIX 3JEKTPHUYECKUX IO-
nei 2p-opOUTansiMiu HEMOCTHKOBBIX aTOMOB KHCJIOPO/a, 00pa3yIoNUXcsl B pe3ynbTare JUCCOLUAINH CBSI3U
Si—OH. B namewm ciygae B nporecce GpopmupoBanus cioes SiO, HCIIOIb30BAINCE Ta3bl, COACPIKAIINE BO-
JIOPOIT ¥ KUCJIOPOA. DTO MOTJIO MPUBOAUTE K oOpa3zoBanuio cBsa3eil Si— OH 1o Bcelt TomuHe ClIoeB OKCHaa
KpemHUs. TakuM 00pa3oM, BOZHUKHOBEHHE IMOJIOCHI 3JIEKTPOIIOMUHECIICHIINA ¢ 3Hepruei 1,9 »B B Tepmu-
YEeCKU BBIPALICHHONH OKCHIHOM IUIEHKE MOXKHO CBS3aTh ¢ HaJIW4YHEM B cliogx SiO, CHIAHONBHBIX TPy
(Si—OH).

DNeKTPOTIOMUHECHEHINS CTPYKTYphl Si0,/Si, HOMy4eHHOH MIa3MOXUMUUECKUM OCaXIEHUEM, IIpeICTaBIe-
Ha Ha puc. 1, 6. /s maHHOTr0 00pasiia 3aperucTpUPOBAHO MYIBTUIIONIOCHOE CBEUCHNE BBICOKON HHTEHCUBHOCTH
B Y®-00macTu criekTpa, mojoca B KpaCHOM 00NacTH Ha CHEKTPEe AIIEKTPOITIOMHHECIICHIIUN HE MPOSBUIIACH.
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NAZANZ

CrexTp mpeacTaBisieT co00i Habop y3KUX MOJIOC C MTUPUHON Ha MOTyBhIcoTe 0KoJio 0,11 7B, mokanm3oBaHHBIX
B JMaria3oHe sHepruit 3,2—5,2 3B. MakcumyM Hanboliee HHTEHCUBHOW TIEHTPATBHOM MTOJIOCH HAXOAUTCS TIPH
4,43 5B. DHepreTuyecKuil CIBUT MEXAY COCETHUMH mosiocamu coctasiseT ot 0,25 1o 0,27 3B. Bepositaee
BCET0, HaOIo[aeMasi MOJYJISIIISL CTIEKTPa — TIPOSIBIICHUE TOHKOH CTPYKTYPBI, 8 He pe3ylbTaT HHTepepeHIINH.
B mosp3y TOHKOH CTPYKTYpBI TOBOPUT OTCYTCTBHE MOJIOC MHTEP(HEPEHIMH Ha COOTBETCTBYIOLIUX CIIEKTPAax
oTpaxeHus (cM. puc. 1, 6), a Takke OTCYTCTBHE CMEIICHUS TOJIOC MPU YMEHBIICHUH TOJIIIWHBI IUIEHKH Me-
TomoM TpamieHwsl. [lo-BuamMoMy, HaOIFoMaeMoe CBEUCHHE TIPEICTABIISET COOOM AIIEKTPOHHO-KOJIC0aTebHY IO
MONIOCY M3y EHHUS. Benuuuna sHepreTuyeckoro casura 0,25-0,27 5B B nepecyeTe Ha CAHTUMETPBI B MUHYC
nepBoi crenern coorBercTByeT 2000-2200 cm . it moaTBEpKACHUS KoJieOaTeIbHON MPUPOIBLI MOIYIISI-
1uu criekrpa 0putn cHATH ciekTpsl KPC u K- nornomeHm[ HCCIIeMyeMoro 00pasia, moKa3aHHbIC HA pHUC. 2.
Ha UK-cniekrpax B o6mactu wactot 20002200 cm™ ! onoc mormomeHust He HaOII0IAI0Ch, OJTHAKO HA CIIEKTPe
KPC nposiBuIack crabast IHPOKast 11010ca ¢ MakcuMyMoM rpu 2150 ey . TT00CH! B JaHHOM YaCTOTHOM JHa-
Ma30He CBA3aHbI ¢ KonebanueM cpsizeit Si—H, [17].
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Puc. 1. CrieKTpsbl 3EKTPOIIOMHHECHEHINH cTPYKTYp Si0,/Si, mosry4eHHbIX MeTogaMu
TEPMHUYECKOTO OKHCICHUS (@) M TNIA3MOXUMHYECKOTO OCaKICHNUS (6).
[I1oTHOCTB TOKa depe3 oGpasers coctasmsita 150 i 250 MKA/cM? COOTBETCTBEHHO.
Ha pucyHke 6 IONOIHATENIBHO IMOKa3aH CIIEKTP OTPAKEHUS

Fig. 1. Electroluminescence spectra of the SiO,/Si structures formed
by thermal oxidation (a) and plasma-enhanced chemical vapor deposmon (b).
The current density through the sample was 150 and 250 pA/cm?, respectively.
Figure b additionally shows a reflectance spectrum
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Puc. 2. Cnexrp KPC B obnactu konebanuii csizeit Si—H (a)
u criektpbl UK-moromenus B obnactu xonebanuii cszeid Si—O 1o u mocine orxwura (0)
st cTpykTypbl Si0,/Si, mony4eHHOi METOA0M IIa3MOXHUMHYECKOTO OCaXICHHs

Fig. 2. RS spectrum in the range of Si— H vibrations (a) and IR absorbance spectra in the range
of Si—O vibrations before and after annealing (b) for the SiO,/Si structure
formed by plasma-enhanced chemical vapor deposition

EQC'J — cmoemn AL Mw\ofqm J,,w,w,, 29



ZKypnan Besopycckoro rocyrapcrseHHOro yuusepeurera. ®usuxa. 2021;3:26-31
Journal of the Belarusian State University. Physics. 2021;3:26-31

YWY —

B nipoBorMomM skcriepuMenTe (GOPMUPOBAHHE B OKCHIC TAKHUX CBSI3CH 0XKMIaeMO M3-32 HU3KOH TemIiepary-
PBI OCaKICHUSI OKCHIHOTO CJIOS M MICIIOJIb30BaHMs MOHOCHIaHa (SiH, ) B kagecTBe nmpekypcopa. B coorBeTcTBUM
¢ [17] cBeuenue okcuaa kpeMHuws B oonactu 3,5-5,0 5B cBsi3aHo ¢ M30BITKOM KpeMHUS U (Wh) nedekramu gedu-
[IUTa KUCIOPOJa THITA CUITUIICHOBBIX IIEHTPOB, MPEICTABIISIFONINX COO0H TBYXKOOPJMHUPOBAHHBIE TT0 KHCIOPO-
Iy arombl kpemHus (O,==Si:). Hanuuue n30bITka KpeMHHUS TaKkoKe OATBEpak1atoT JaHHble IK-criekTrpockonuy,
MIpUBEICHHBIE Ha pHC. 2, 6. MI3BeCTHO, UTO MOJI0KEHHUE MOJI0CH, 00YCIIOBICHHOH KoeOanusmu cszeit Si—O,
Ha crniekrpax MK-normomenus 3aBUCUT OT KOHLEHTpaIK n30bITouHOro kKpemuus B Si0,. Tak, amst amopgdHO-
IO KPeMHHs ¢ HeGOIBIION KOHIEHTpaIHeil Kicaopoa momnoca Si— O mposieisiercst pu 940 oM ', Toria Kak
JJISL CTEXMOMETPUYECKOTo AMoKeuaa kpeMHust SiO, MakCHMyM JaHHOHU 1onockl Haxoxurest pu 1075 om! [18].
B namem ciryuae BasieHTHBIE KoseOaHus cBsi3u Si— O B OKCHIHOH IJICHKE, MOJTYYEHHONH METO/IOM TIa3MOXH-
MHYECKOTO OCAXKICHHS, HAOIFOIAI0TCs ipH dactoTe 1050 ¢M ', 4TO TOBOPHT O HEZOCTATKE KUCIOPOJA B IUICH-
ke SiO, (x ~ 1,7) [18]. Anst moaTBepxaeHns ponu csaseit Si—H B hopMupoBaHHN MYIIBTHUIIONOCHOTO CIIEKTpa
3IEKTPOIIOMUHECHEHIINH CTPYKTYp Si0,/Si, MOTy4eHHBIX METOIOM IIa3MOXMMHUYECKOTO OCAXJCHUS, ObLI
MPOBEJICH JIOTIOJTHUTENBHBIN OTKUT JJanHoTo 0Opasia npu 900 °C B armocdepe aprona. [Ipu oTxure B Takom
peXuMe JT0JDKHA TPOUCXOANTH arucconnanus cesseil Si— H. Ha ciextpax KPC otoxskenHoro odpasiia mnoso-
ChbI, CBSI3aHHOM ¢ KosiebaHueM cBsizeli Si— H, He HaOmoaam0ch. OTHKUT IPUBEIT K MOJIHOMY TYIICHUIO CUTHAJIA
ANEKTPOIIOMHHECIICHITUH B Y®D-00macTH, B TO BpeMsi Kak Ha criekTpax MK-mormomieHus: 0Tox:keHHOTo 00pas-
11a MAaKCHMYM T010ckl Si— O Habmronancs npu 1066 ey '. CMemenue monocsl Si— O B BBICOKOYACTOTHYIO
00JIacTh, B CPABHEHHH CO CIIEKTPOM HEOTONIKEHHOTO 00pasiia, FTOBOPHUT 00 YIyUIICHUH KauecTBa IJICHKH (BO3-
pactanuu mapametpa x). Habmronaemoe cBeuenne B YD-0061acTH, BEPOSTHEE BCETO, OOYCIOBICHO HATMYHUEM
HEHTPOB JiehUITa KNCIOPOA, CONIEPIKAIIMX CBS3H C aTOMaMHU BOJIOPOJIA.

3aKjaoueHune

[TpoBeneHO CpaBHUTENBHOE UCCIIEA0BAHNE SIEKTPOITIOMUHECIEHIINN TUIEHOYHBIX Komno3unui Si0,/Si,
B KOTOPBIX TUICHKH JUOKCHJIA KPEMHUSI HAHOCHIIUCh METOAAMH TEPMHUUECKOTO OKHCIICHHS U I1a3MOXHUMHU-
YEeCKOTO OCa)JIeHUsS U3 ra3oBoi (as3bl. B criekTpe 3eKkTpoFOMHHECIIEHIINN OKCHTHOW TUICHKH, TOJTy4eH-
HOW TEPMHUYECKUM OKHCIICHHUEM, IOMUHUPYET MHTCHCUBHAS 110JI0OCA B KPACHOW 00NIacTH ¢ MAKCUMYMOM TIpU
1,9 5B. Crienan BBIBOJ O CBSI3W IAHHOH ITOJIOCKHI ¢ HAJTMYMEM B OKCHJIE CHIIaHONBHBIX Tpym (Si— OH).

B cnekrpe anexTpontoMuHeceHIuH CTpyKTyphl SiO,/Si, moiydeHHON MIa3MOXHUMHYECKUM OCaXKICHHUEM,
3apEruCTPUPOBAHO MYIIBTUIIONOCHOE cBedeHue B YD-00macT criekTpa ¢ MaKCUMyMOM HauOosiee HHTEHCHBHON
LEHTpaJIbHOM Tosock! ipu 4,43 3B. DHepreTndyeckuii CABUT MEX/Iy COCEIHUMH IT0JI0CaMu cocTasiser ot 0,25
1o 0,27 5B. C ucnonb30BaHuEM JOMOTHUTEIBHBIX nccienoBannii metonamu MK-cnexrpockonuu u KPC mo-
Ka3aHO, YTO MOJYJISILIUS CIIEKTPa MMEET KOJIeOaTeIbHY0 IPUPOJLY, & HE SBIISIETCS PE3YJIBTaTOM HHTEPPEPEHIIHH.
CaenaHo mpennonokeHne, 4yTo JroMUHecHeHIus B YD-o0macTi 00ycoBlieHa HallMYMeM IIEHTPOB jaehurunTa
KHCIIOPOIa, COAEePKAIINX CBS3H ¢ aTOMaMu Bonopona. Tymenne YD-cBeuenus nocie oxura npu 900 °C B ap-
TOHE, a Takke cpaBHeHUEe MK-CIeKTpOB MCXOHOTO U OTOXCGKEHHOTO 00Pa3IoB MOATBEPANIIN STOT BBIBOJI.
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HccnenoBana BO3MOXKHOCTh KOPPEKTHPOBKHU SKCIUTYaTAIIMOHHBIX XapaKTEPUCTHK MPOMBIIUICHHBIX (POTO3IEMEHTOB
pou3BoJIcTBa (PUPMBI Suniva Ha OCHOBE MOHOKPHUCTAJTMYECKOTO KPEMHUS IOCPEICTBOM JOTONIHUTENBHOTO Auddy-
3MOHHOTO JIETHPOBAHMsI MX IPUMECKIO HUKeNA B uHTepBaje Temneparyp 700—1200 °C. ITokazaHo, YTO onTUMaIbHAas TEM-
neparypa qupdysun mukenst 7, = 800-850 °C, B oTOM Ciyvae 3HaYCHHE MAKCHUMAIbHOH MOIIHOCTH £, BO3pacTaeT
Ha 20—28 % 10 OTHOLIEHUIO K ITapaMeTpaM UCXOJHOTO IPOMBIIUIEHHOTO (oToanementa. [Ipu temneparypax muddysun
Ty > 1000 °C poncxoaut peskoe yMEHbIICHUE L, YTO CBS3aHO C yBEJIMYCHNEM IIIyOUHbI 3aJIeTaHus p—n-IIepexoza
BCJIEJICTBHE PA3TOHKH aToMOB (ochopa mpu MpoBEACHUH BEICOKOTEMITEpaTypHOH ntuddy3nn Hukens. [1oToKnTensHbIiH
s ekt audHy3HOHHOTO JISTHPOBAHUS HUKEICM Ha IEKTPO(OU3NICCKHE CBOHCTBA (DOTORICMEHTOB SIBIISICTCS HAUOOIb-
LIMM B TOM CJIy4ae, KOrzia MPUMECHbIE KIIaCTepbl HUKEIIsI HAXOISATCS B 00JIaCTH p—n-Tiepexojia, T. €. npu 1udQy3noHHOM
JIETUPOBAHMH B JIMLIEBYIO CTOPOHY IIACTHHBI. J[efiCTBHE IIEKTPUYIECKH HEHTPaJIbHBIX KIIACTEPOB HUKEISI MEHEE BBIpake-
HO TIPM MX PacroJIOKEHUH B 00JIACTH M30THITHOTO p—p -IEPEX0ia, T. €. Npu AU (Py3HOHHOM JETHPOBAHUU B 0OPaTHYIO

CTOPOHY TUIACTHHBI.
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The possibility of adjusting the operational parameters of industrial solar cells produced by the company Suniva based
on monocrystalline silicon by means of additional diffusion doping with nickel in the temperature range 700—1200 °C
has been investigated. It is shown that the optimal temperature of nickel diffusion is 75z = 800—850 °C. In this case the
value of the maximum power P, ,, increases by 20—28 % in relation to the parameters of the original industrial photocell.
At diffusion temperatures 7 > 1000 °C, a sharp decrease in P, ,, occurs, which is associated with an increase in the depth
of the p—n junction due to the distillation of phosphorus atoms during high-temperature diffusion of nickel. The positive
effect of diffusion alloying with nickel on the electrophysical parameters of photocells is greatest in the case when the
nickel impurity clusters are in the region of the p—n junction, i. e. with diffusion alloying to the front side of the plate.
The action of electrically neutral nickel clusters is less pronounced when they are located in the region of the isotypic
p—p" transition; in case of diffusion alloying with nickel in the opposite side of the plate.

Keywords: silicon photocell; maximum power; nickel diffusion; nickel-enriched layer.

BBenenune

ConHevHast SJHEPreTUKa — OIMH U3 MEPCIEKTUBHBIX YKOJIOTHUECKUX MCTOYHHKOB BO30OHOBIISIEMON HEp-
run. OIHAKO ee CYIIECTBEHHBIM HEIOCTATKOM SIBIISIETCS IOBOJILHO HU3KUH KO3 QUIIMEHT MOIe3HOTO IeHCTBUS
NpUMEHSIEMBIX IPUOOPOB U ycTPOHCTB. Kak ciiencTBue, OCHOBHBIEC pabOThI B JAHHOI 00JaCcTH HalpaBlIeHbI HA
nioBbItieHue 3 pexTuBHOCTH (POTOAIEKTpHUECKUX ITpeoOpasoBareieii. C 3TOM 1eIbI0 UCTIONB3YIOTCS Pa3Iny-
HbIE METOJBI TEKCTYPUPOBAHUS TIOBEPXHOCTH JJISl YMEHBIICHUS € KOd(PPHUINEHTa OTpaXKeHUsI, pa3padaTsbl-
BatoTcs Oosiee 3((eKTHBHBIE MPOCBETISIONINE TTOKPBITHS, COBEPUICHCTBYIOTCS TEXHOJIOTHH (DOPMHUPOBAHHUSI
M30THUITHOTO MEpexo/ia, yBeInInBaomero 3pGpekTuBHOCTh COOUpaHusi HEPaBHOBECHBIX HOCHUTENEH 3apsia,
a TaKk)Ke U3y4atoTCsl BOBMOKHOCTH MPUMEHEHHUS Pa3IMYHbIX BHOB TETEPOCTPYKTYP HA IUPOKO30HHBIX MOY-
npoBoaHuKax [1; 2]. Jlo HacTosImero BpeMeH! Hanbosee paclpoCTPaHEHHBIM C TOYKH 3PEHUSI COOTHOIICHHSI
[EHbI ¥ KAa4eCTBa SBJSICTCS UCIIONB30BaHre (HOTOINEKTPUIECCKUX MpeoOpa3oBarelieii, H3roTOBICHHBIX Ha OC-
HOBE MOHOKPHCTAJUIMYECKOTO KpeMHHs. B JaHHOM citydae OCHOBHAs Macca MCCIEeIOBaHUH TOCBAIICHBI KaK
NPOBEJCHNIO MHOTOCTYIIeHYaTol Andy3uu npu GOPMUPOBAHUN IMUTTEPHOH 00IaCTH, TaK U JIETHPOBAHHIO
MarepHana HeTPaJAUIMOHHBIMH dIEKTPHYECKNA HEHTPAIbHBIMH PUMECSIMHU B LEJSIX YBEIHMUCHUS BPEMEHH
’KU3HU HEPAaBHOBECHBIX HOcUTeneH 3apsiaa [3].

B paborax [4—6] ObUTO TIOKa3aHO, YTO 00pa30BaHUE 0OOTANIEHHOTO HUKEJIEM CJI0Sl B MIPUIIOBEPXHOCTHON
005acT KpeMHHEBBIX (oTOAIEeMEeHTOB (DPD) MPUBOAUT K YAYUIICHUIO UX 3JIEKTPOYUZNICCKHX TTapaMeTpOB.
B cBsi31 ¢ 3THM aKTyanbHOI 3a/1aueii sBisieTcs pa3paboTka TEXHOIOTUH (HOPMHUPOBAHUS B TPUITOBEPXHOCTHON
00J1aCTH MPOMBIIUICHHBIX KpeMHHEBBIX DD obnacreil, 000TaleHHBIX AMEKTPUISCKH HEUTPATbHBIMU aTOMaMH
HUKEJIs, a TAK)KE U3yUYeHUE UX BIUsHUS Ha 9 deKTHBHOCTD paboTel 3. [TogoOHbIe ncclienoBaHus TO3BOJISIOT
BBISIBUThH BIIMSIHAE OOOTAIIEHHOTO HUKENIEM IMPHIIOBEPXHOCTHOTO CJIOSl HA JKCIUTyaTallMOHHBIC MapaMeTphl
mpoMbIIIIeHHBIX DD ¢ qocTaTtouHo MenkuM p —n-niepexogoM (0,50—0,75 Mxm). B cBsi3u ¢ 3TUM 1ENbIO TaH-
HOW paboThl OBUTH yCTAHOBJICHUE ONTHUMAJIBHBIX YCIOBHH (OpPMUpOBaHUS 00OTaIllEHHON HUKEJIeM 00JacTH,
MO3BOJISTIOIIMX TIOBBICUTH () (hEKTUBHOCTH TPEOOpA30BaHMsI COTHEUHON YHEPTUH IPOMBILIIICHHBIMUA KpEMHIE-
BbIMU DD, ¥ OI[eHKa MPUMEHHUMOCTH METOJIa JISTHPOBAHMS HUKEIIEM B CTAHJAPTHOM TEXHOJOTHYECKOM IPO-
LIECCE U3TOTOBJICHNSI MOHOKPHCTANIMUECKUX KpeMHUEBbIX DO.

MaTepHaJ'lbl U METOAbI UCCJICAOBAHUA

B pa6ote ucnonszobanrce @D Ha 0CHOBE MOHOKPUCTAIUIMYECKOTO KPEMHHUS IIPOMBIIIIICHHOTO H3TOTOBJIE-
HUS (KpEeMHHUEBBIC TUTACTUHEI quameTpoM 200 MM mpon3BoacTBa GupMel Suniva ¢ 6a30¥ p-THTIA U TITyOMHON
3aneranus p—n-nepexona ~0,5 Mxm). KoHIIGHTpaIusi OCHOBHOM JICTUPYIOIICH MpUMecH 00pa B MCXOMHBIX
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HOAJIOXKKAX, olpeneneHHas MerogoM Ban-nep-Ilay (p,), cocrapmsia ~1 - 107 em>. B XOJIe UCClIeN0BaHUI
U3MEPSUIMCE BOILT-AMIEPHLIE XapaKTEPHCTHKH (BAX) ©3O mpu ocBelleHNH JaMION HaKaJIMBaHUA C IUIOT-
HOCTBIO MOIITHOCTH U3TydeHus ~150 MBT/cM?, 3armiTaHHO# OT crabunm3aropa HanpsbkeHus. Ha ocHoBe mpoBe-
JICHHBIX N3MEPEHHUN ONPEACIIINCE OCHOBHLIC OMEKTPHYECKHE NAPAMETPBI NPOMBILILICHHOTO @D: HanpspKeHUe
xonoctoro xoza U, , = 0,6 B, III0THOCTB TOKa KOPOTKOI'O 3aMbIKaHusA J,, = 50 MA/cM%. CTaGHIBHOCTD TeMIepary-
PBI 00pa3LOB NOAAEPKUBATACEH TACCUBHBIM BOJSHBIM TEPMOCTaTOM I/I cocrasisa (25 = 2) °C. Ins uckirode-
HUS HarpeBa oOpa3ioB BO BpeMsi H3MEPEHHUH X OCBELICHUE MPOBOAMIOCH UMITYJIbCAMH JUTHUTEIBHOCTHIO | C,
MIEPHOJT CIIEZIOBAHUS KOTOPHIX paBHsuics 15 c.

[To 3aBepIcHNN TECTUPOBAHMS MCXOIHBIX MPOMBIIUICHHBIX 00pa3iioB OO THUTHHBIA W JIUIICBOH OMHYCCKIEC
KOHTAKThI YAASUIACH O€3 pa3pyIieHus MPOCBETIISIONIET0 MOKPHITHS (TBUTBHBIN — TpaBieHueM B 10 % pactBope
HCl npH KOMHATHOH TeMneparype B TedeHue 10 MuH, a nmuneBoii — TpapineHueM B 12 % pactsope HNO; nipu xoMm-
HATHOMU TEMIIEPATYDE B TeUCHNE 10 mun) [7-9]. [ocne 3toro mwiactuabl @D pazpe3atruch Ha OTACTBHBIE 00pa3Ibl
pasmepom 1 x 1 em” (90 wrt.). JIjisi KOHTPOIS HA HEKOTOPBIE OOPA3LIEI HAHOCHIIUCH KOHTAKTHI U3 HH/IMii-raime-
BOH 3BTEKTHUKH, onpeaersuiich BAX naHHbIX 00pa3LoB U BBIUUCIUINCH UX MEKTpHYecKHe mapamerpsl (J,, 1 Uy, ).
beu1o ycranosneHo, uto J,, n U,, 00pas1oB nocnie yaneHus KOHTaKTOB IPAKTHYECKH HE M3MEHUITHCh (coxpaHnnH
CBOM MCXOJIHBIE 3HAYEHNUSI), YTO FTOBOPUT O IOCTATOYHO BHICOKOM KaueCTBE KOHTAKTOB W3 MHIMN-TaJJINCBOM 3BTEK-
TUKH. Takum 00pa3oM, UCHONB30BaHHBIA METOJ YAAICHHUS CTAHAAPTHBIX MPOMBIIUICHHBIX KOHTaKTOB PO 1m03B0-
JISIET COXPAHUTB MUCXOTHBIE TTAPAMETPBI MOTYTIPOBOAHUKOBOH CTPYKTYpBI IpoMbliieHHoro ®0.

[Monyuennsie o6pasipl DI pasmepom 1 x 1 cm” genuiuck Ha Tpu rpynmnsl (o 30 mr.):

e rpymnma | — KOHTpoIbHBIE 00pasLbl, B KOTOPBIE MU QY3Us HUKEIS HE TPOBONIACK;

e rpynma II — 00pasisl, y KOTOPBIX Ha TEUIBHYIO ( p-THTIA) CTOPOHY CTPYKTYP B BaKyyMe HAITBIISIICS TOHKUI
METaTMYECKUM CIIOM YMCTOTO0 HUKEIIS TONIIHHON ~1 MKM;

e rpymnmna [II — 06pasipl, y KOTOpeIX MeTauIndYecKas IIICHKa HUKENsI co3jaBajach Ha MOBEPXHOCTH AU y-
3HMOHHOTIO /1-CJIOSL.

Anddysus Hukens nposoxunack B uHtepsane temneparyp 7, = 700-1200 °C ¢ warom 50 °C. Bpems
TUQPy3un sl KaKJ0U TeMIleparyphl PaCCYUTHIBAIOCH C YUETOM TeMIIEpaTypHOU 3aBUCUMOCTH KOd(hhu-
nueHTa 1udQy3uu HUKENS B KpEMHHH TaKUM 00pa3oM, 9TOOBI p—n-Tiepexo]] OB PacIiookKeH B 000TaIieH-
HOW HHKeNeM TpuroBepxHocTHON obmactu [10—12]. CormacHo pacueTam Bpems nposeneHus auddy3un ams
Tmnb 800—-850 °C cocrapmsmo 30—40 muH, a mis T = 950—-1200 °C BappupoBanocsk ot 10 1o 25 mun
B 3aBHCHMOCTH OT TEMIIEPaTyphI.

Bee o6pasust rpynn 11 u [l mocne nposenenns nuddysnn nukens B narepsae remneparyp 7, =700-1200 °C
OBbLIM MOABEPTHYTHI CTAOMIM3UpYOLIEMy TepMudeckomy oTxkury npu 7, = 750—800 °C B Teuenue 30 Mun
B HEJISX CHIDKCHUS BIUSHHSA TTyOOKHX PEKOMOMHAITMOHHBIX IIEHTPOB B pPEIIETKE KPeMHUs, (hOPMHUPYIOIINXCS
IIpH BBICOKOTEMIIepaTypHOil 00padoTke mpu npoBenernn auddysun [6; 13—15]. KorTponbHbie 00pasiisl Takke
OTKHUT'AJIUCh TP COOTBETCTBYIOLINX TeMieparypax Aupdy3ruu U MOABEPTaInCh CTAOMIN3UPYIOLIEMY TEPMHU-
YEeCKOMY OTXKHTY aHajmorugHo oopasuam rpymm 11 u I11.

Jnst ynaneHus oKCHIa KPeMHHSI M HUKENS C MOBEPXHOCTH TUIACTUH BBIMOJNHSUIACH XUMHYECKasi 00paboTka
B 10 % pactBope HCI mpu xomHarHO#l Temneparype B Tedenue 10 muH, a 3arem B 12 % pactBope HNO,
Mpu KOMHaTHOW Temmeparype B TedueHue 10 mun. [lepen n3amepennsamu BAX Ha riccnenyemble o0pasisl Ha-
HOCHWJINCH KOHTAKThl U3 MHIWUN-TaJNINEBON BTEKTHKH B BHJE OIHOM MOJOCKHU IIUPHHOHN ~0,5 MM Ha MecTe
yAaJeHHOrO KOHTaKTa B LieHTpe o0pasua. Ha ocHoBaHMM POBEAECHHBIX I/I3MepeHI/Iﬁ ObUIN OTIpeeNICHbl MaKCH-
MaJibHasi MOIHOCTb MCCIICAYEMbIX IKCIIEPUMEHTANBHBIX 00pasoB P, =& - J,, - U, (§ — xoadpuumenr 3a-
nonHeHust BAX) 1 ee n3MeHeHHe 10 OTHOILIEHUIO K napaMeTpaM HCXOHOIo KOHTpOJ'ILHOFO MPOMBIIILICHHOrO
@D, He noaseprasuierocst repMmoodpadorkam (J,, = 50 MA /cM?, U,=06B,§=044,P, . =132 MBt/cm?).

ma

Pe3y.]'leaTbI H UX oﬁcymﬂeﬂne

B xone uccnenoBanmii ycraHoOBIeHO, 9To A1t DD rpymiisl | (KOHTpOIbHBIC 00pa3Iibl) B MHTEpBAJIC TEMIIE-
patyp nepsoit Tepmoobpaborku 7, = 950—1200 °C npoucXomuT CHIKEHHE 3neKTpo¢)H3quCKHX rapamer-
pos. Tax, npu nposeaernn aupdysuu npu 950 °C Gbuty moTydeHs! 3HaueHus J,, = 48 MA/cM?, U,=0,58B,
£=045,P, =125 MBr/em?, anpu 1050 °C — J, =40 MA/em?, U, = 0,52 B, & = 0.37, P P, =7,7 MBr/cM’. [lan-
HBII 3P EKT, 10 BCeil BUAMMOCTH, 00YCIOBJICH YBEITUICHUEM FJ'Iy6I/IHI>I p—n-niepexona BeieacTeue nuddysun
¢docdopa u3 smutTepHOi obmactu OD. ABTopamu paboTel [15] ycTaHOBIEHO, YTO, C OJHON CTOPOHBI, MPH
YBEIMUCHHUN TITyOUHBI 3aJIETaHusl p—n-Tepexo/ia YMEHbBIIACTCS CIIOEBOE COMPOTUBIICHUE CTPYKTYPHI U TTOBBI-
mraercst ko unuent 3anonHerns BAX. C npyroil cTOpoHbI, POCT TOJNIIMHBI IMUTTEPHOTO CIIOSI IIPHBOJIUT
K yXyameHnto 3¢GGEeKTUBHOCTH COOMpaHUs HEOCHOBHBIX HOCHTENEH 3apsiia, TeHEPHUPOBAHHBIX BOJIW3U TIO-
BEPXHOCTH, @ TAKXKE CHI)KEHHIO KBAHTOBOTO BbIX0Aa (POTOOTBETA BO BCEM CIIEKTPAIbHOM JHara3oHe (hoTodyB-
CTBHUTEJILHOCTH, 0COOEHHO B KOPOTKOBOJIHOBOM €€ 4acTH, YTO OOYCJIOBIMBAECT YMEHBIICHHE TOKA KOPOTKOTO
3aMBIKaHUs M HAIIPSDKEHUS XOIOCTOTO XOAa.
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[IpoBeeHHbBIC pacyeThl U3MEHEHMsSI TITYOUHBI 3aJIeTaHus p—n-Tiepexojia mpu yciaoBuu audGy3uu U3 cios
KOHEYHOH TonmuHbl (Iupdy3us U3 OTpaHMYCHHOTO UCTOYHUKA) C YUETOM TEeMIIepaTypHOW 3aBHCHMOCTH
ko3 unmenta auddysuu Gocdopa B kpemuuu [11] mokazanu, uto NiyOHMHA 3aJieTaHus p—n-Mepexoia npu
Ty = 950-1200 °C yBenuaunace B 1,5-3,0 pasa. Tax, npu 7, = 950 °C miybuna 3aneranus p—n-nepexoza
BBIpocia Ha 0,18 MkM, mpu TMb = 1000 °C —na 0,36 MxM, a mpu TMb = 1200 °C — na 1,0 mxm. CrexyeT oT-
METHTb, YTO MapamMeTpbl KOHTPOIbHBIX OO B nHTepBane Temneparyp 7, = 700-900 °C npaktudecku He
W3MEHWINCH, YTO TIOATBEPKIACT MPEAIONIOKEHHE 00 YBETUYECHUU TIIYOUHBI 3aJIeTaHusl p—n-Tiepexoaa Mpu
Ty = 950-1200 °C.

Ha pucyHke mnpejicTaBieHbl 3aBHCUMOCTH M3MEHEHHS OTHOCHTEIBHOW MaKCHUMajbHOM MorHOoCcTH DD
rpym I u III mpu pazueix Temmeparypax auddy3un HUKEIs T0 CPABHEHHIO € TTapaMeTpaMu KOHTPOJIBHOTO 00-
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nozaseprasiuerocst uQQy3un HUKEIs ¥ pa3IMIHBIM BUIaM TEPMOOOPaOOTOK.
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OTHOCHTENBFHOE H3MEHeHre MakcuManbHOi MomHocTH OO rpymm II u 11 B 3aBucuMocTH
oT Temreparypsl Auddy3nu HUKes 1Mo cpaBHEHHUIO ¢ napamerpamMu OO rpymisl |

The relative change in the maximum power of photocells’ groups II and III depending
on the nickel diffusion temperature in comparison with the parameters of the photocells’ group I

Kak BuHO U3 pHCYHKa, OTHOCHUTENIbHASE MaKCUMallbHast MOIIHOCTH 00pa3noB @D rpynmsl 11 mocne npo-
BezeHunst uddysun Hukens B uHtepsane temneparyp 7, = 950-1200 °C yBenmunBaercst ¢ MOHMKEHHEM
Temneparypsl auddysun Hukens ke 1050 °C. Tak, npu 7, = 1000 °C P, Bo3pacraer Ha 16,43 % mo
CPaBHEHUIO ¢ MAaKCUMaJIbHOM MOIIHOCTBIO KOHTPOJIBHOTO IPOMBIIUICHHOTO 00pasla. YCTaHOBIEHO, YTO HpH
T = 800—850 °C 3HaueHust 91eKTPOPU3NYECKUX APAMETPOB COCTABWIN: J,, = 55 MA/eM®, U = 0,61 B,
£~ 0,46, P, ~ 154 MBr/cM’, T. e. Ha0mIOIaeTCS TOBBIIIEHHE 3HayeHuii J, Ha ~10 %, U, Ha ~1,66 %, a &
Ha ~4,54 %. IIpu stom P, ,, yBennuuinack Ha 16—17 % 110 OTHOILIEHHUIO K ITapaMeTpaM HCXOJHOTO IIPOMBIIIICH-
HOro @3. MakcnMasbHOe 3HA4YCHHE JaHHOH BeM4uHbl Jocturaeres npu 7, = 800 °C, B nanHOM cirydae F,,
Bo3pacTaeT Ha 16,92 % 1o cpaBHEHNIO C MAKCHMAIILHON MOIITHOCTHIO KOHTPOJIFHOTO TIPOMBIIIUIEHHOTO 00pasIia.

AHaJIOTHYHBIE 3aKOHOMEPHOCTH U3MEHEHHSI MaKCUMaJIbHOW MOILIHOCTH, KaK BUAHO U3 IIPUBEIEHHOTO PHU-
CYHKa, XapakTepHbl U 111 00pa3uoB rpynis! 111, y KoTopbIX HUKENb HABUIAIM C JIMLEBOH CTOPOHBI, OMHAKO

YBEJIMYCHIE JaHHOTO Tapamerpa Obuto Gosee cymecrBeHHbM. [Ipu 7, = 800850 °C 3HaueHus snexrpo-

busnyeckux napameTpoB coctaBunu: J, = 53,3 MA/CMZ, U,=0,62B,5=0,51, P, =167 MB1/cMm?. Takum
00pa3oM, IPOUCXOAUT POCT 3Ha4eHuH J, Ha ~6—7 %, U, Ha ~2,5 %, a § Ha ~15,9 %. B 10 e Bpems P,
yBesMumiIach Ha 26—27 % 10 OTHOLIEHMIO K NapaMeTpaM KOHTPOJIbHOTO mpombliinuieHHoro @3. CyiiecTBeH-
HOE TOBBINICHUE JTAHHOW BEIMUMHBI Habmomaetcs npu 71 g < 900 °C, mpu 3TOM [100aIBHBIN MAKCHMYM JI0-
cruraercst npu T, = 800 °C (yBennuenne £, Ha 27,12 %). Vimeercs Takke JOKAIbHBI MaKCUMyM IPH

Ty = 1000 °C (yBennuenue F,,, Ha 23,49 %).
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Auddysnst nukens npu 6onee Hu3KuUX Temneparypax (7, = 700-750 °C) yxyamaer snexrpodusuye-
ckue napametpsl @O rpynn I u Il (otHOCHTENEHO 00Pa3LIOB, MOTYUYEHHBIX [IPHU ONTUMAIILHON TeMIeparype
T = 800 °C). D10 MOXKET OBITH CBS3aHO C YMEHBIIICHUEM TOJIIUHBI 000TAIEHHOH HUKeNeM 00JIACTH, a TaKKe
C TIOHIKEHUEM KOHIICHTPAITHH aTOMOB HHUKEIIS TP OoJiee HU3KUX TeMrieparypax auddysuu [16; 17].

Koaddumment 3anonnenns BAX @O rpynmsr [ ipu Bcex Temmneparypax nud@y3un HUKEIsl yBEITAUUIICST
OTHOCHTEIILHO TAaKOBOT'0 00pa3ioB rpyriisl [ Ha 15—16 %, o0pa3ios rpymmsl I Ha 10—11 %. BepositHo, 310 00yC-
JIOBJIEHO YMEHBIIIEHHUEM CJIOEBOTO CONMPOTUBJIEHNS MOBEPXHOCTHBIX CJIIOEB 3MUTTEPA COJIHEUHOTO AJIEMEHTA.
JlelicTBUTENBbHO, HU3MEPEHUE TOBEPXHOCTHOTO COMPOTUBICHHUSI SMUTTEPHOIN 0051aCcTH (7-CJI0ST) UCCIIETyEeMBIX
00pa3LoB, JernpOBaHHbIX HUKeNeM (P, = 1,8 OM Ha KkBaapar), HOKa3bIBaeT ero CHukeHue Ha 14,3 % o cpas-
HEHMIO C TIOBEPXHOCTHBIM COIIPOTUBIIEHUEM SMUTTEPHOI 001aCTH KOHTPOJIBHBIX 00pa3LoB (P, = 2,1 OM Ha
KBaJIpar), 4To MPUMEPHO COOTBETCTBYET POCTy Ko3dduiinenTa 3amonuenuss BAX.

Peskoe ymenbuienne B, s 06pasuos rpym I u Il pu 7, > 1000 °C, BeposiTHO, CBS3aHO ¢ yBenuye-
HUEM [ITyOHMHBI 3aJIeTaHusl p—n-1epexoaa BCIeCTBUE Pa3rOHKU aTOMOB (ocdopa Mpu MpOBEIEHUH BBICOKO-
TemneparypHoit nuddysun HUKes.

MaxkcumarnbsHbIe 3HAYSHHSI TapaMeTPOB HAOIIOIAI0TCS B TEX CITydasx, KOoraa MeJkuid p —n-niepexon [18—20]
®D pacmonokeH B 000TaIeHHON HUKEJIEM MTPUIIOBEPXHOCTHON 00macTu. [lomydeHHbIe SKCTIepUMEHTATbEHEIC
PE3YNIBTAThI MTO3BOJISIOT 3aKIIOUUTh, YTO d(PPEKT MOBBIIICHUS IKCILTyaTallHOHHBIX XapaKTepUCTUK 00pa3IioB
00YyCIIOBJICH HAJIM4MEeM 00O0TallleHHOTO HUKEJIEM CJIOS B TIPUIIOBEPXHOCTHOM obnactu @D.

Crenyer oTMETHTb, 4TO HauOOJbIlEe YBEJINUYCHUE MEKTpopu3nueckux napamerpoB @3 Habmomaniocs,
KaK CKa3aHO BBIIIE, B CiIydae NpoBeAeHus 1uddy3un HUKeIs B pabodylo CTOPOHY IJIACTHH, [ PaclioiokeH
p—n-nepexof, T. €. B 00JIACTH OCYILECTBICHUS T'€Hepaluy MO ACHCTBHEM H3JIyYeHHs HEPaBHOBECHBIX HO-
cuteneit 3apsaa. [Ipu nposenennn muddy3nn HUKENIs B 00paTHYIO0 CTOPOHY TUTACTHH TU(DPy3HOHHO BBEICH-
HBIil HUKEJIb HaXOMUTCSA B 00JACTH M30TUITHOTO p—p -Nepexoaa, OTBETCTBEHHOIO 3a MPOLECChl COOMPaHUS
HEpaBHOBECHBIX HOcHUTeNeH 3apsia. B nponecce anddysnn HUKenb GOPMHUPYET NMEKTPUICCKH HEAKTUBHBIE
MIPUMECHBIE KIaCTePhl, KOTOPBIE SBISIFOTCS TETTEPaMHU JJIsl TEXHOJIOTHYECKHUX (POHOBBIX mpumMecei [4; 21], 00-
pasyomux B KpEMHUH PEKOMOMHALMOHHO aKTUBHBIC ITyOOKHE MPUMECHBIC YPOBHH B 3alpEIICHHON 30HE,
U CHIDKAIOT BPeMs JKU3HU HEPaBHOBECHBIX HocuTenel 3apsna. [lapamiensHo ¢ popMupoBaHueM KacTepoB
HUKeJS! IIPU IPOBEICHUU TEPMOOOPaOOTOK MPOUCXOAUT 00pa30BaHUE KHCIOPOAHBIX MPELUIHUTATOB, TAKKE
BBICTYTAIOMINX dPPEKTUBHBIMU TeTTEPaMU JUISI TEXHOIOTHYECKUX (POHOBBIX npumMeceit [22]. dopMupoBanue
reTTePUPYIONINX [EHTPOB 00YCIOBIMBACT yBEIHMUCHHE BPEMEHH KU3HN HEPAaBHOBECHBIX HOCHUTENEH 3apsia,
9TO 00ecneyrBaeT MOBBIIICHUE HATPSHKEHHUS XOJIIOCTOTO XOAa, TOKa KOPOTKOTO 3aMbIKaHusl M Ko3(dunueH-
Ta 3anonHeHuss BAX oOpa3uoB. anHbli 3¢ ¢eKT oka3biBacT HanOoIbIIee BIMSIHAE HA JIEKTPOPU3NIECKUE
napameTpsl @3 B TOM ciiyyae, KOrja IpUMECHbIE KIIacTepbl HAXoAsATcs B odnactu p—n-nepexona. Ilpu pac-
TIOJIOXKEHUHU B 0OJIACTH M30THITHOTO p—p ' -TIepexo/ia X JeiCTBHE MEHee BhIpakeHo. TakuM 06pa3om, MpH Hc-
MOJIb30BAHUH CTAHAAPTHOTO MPOMBIIIIJICHHOTO MPOCBETISIONIETO MOKPHITHS ¥ OMUYECKHX KOHTAKTOB, HMEIO-
IIMX ONTHMANbHYI0 (opMy, MakcuMalibHass CHUMaeMasi MOIIHOCTh ¢ DD, U3rOTOBICHHBIX C MPUMEHEHUEM
MPEACTABICHHOTO B HACTOsIIEH paboTe criocoba HOMOMTHUTENBHOTO AU(()Y3HOHHOTO JETHPOBAHUS HUKEIIEM,
MOXeT OBITh TOBBILIEHA TPUMEPHO Ha 2028 %.

Crenyer OTMETUTb, YTO BAKyyMHOE OCaXICHUE HUKEJIS SIBJSIETCS TOCTATOUYHO JOPOTOCTOSALIMM U JUTUTEIIb-
HBIM TEXHOJIOTHYECKUM IporeccoM. i CHI)KEHUSI CTOUMOCTH M3roToBlIeHNsT PO NepCrneKTUBHBIM IIpe-
CTaBIISIETCSl MCIIOJIB30BAHHUE CIIOCO0A JISTHPOBAHMS HUKEIEM MCXOIHBIX IJIACTHH U3 CIIOS XUMUYECKH OCaXK-
feHHoro Hukens [23] ¢ nocneayromum nposenenneM auddysun nukens npu 7., = 800-850 °C. Iocxe
yAaJIeHUs] OCTaTKOB METAJUIMYECKOTO HUKENSI XUMUYECKUM TPaBIEHUEM MOKHO HCIOJIb30BATh CTAHAAPTHYIO
MIPOMBILUIEHHYIO TeXHOJIOTHI0 u3rotoBieHust @3. [t oTpaboTKH JaHHOTO criocoda Aajee IaHupyeTcs Mpo-
BECTH COOTBETCTBYIOILIUE UCCIICIOBAHUS.

3akJroueHue

Ha ocHOBaHMM IIPOBEAECHHBIX UCCIIEIOBAHUI MOXKHO CIEIaTh CJICIYIOLIIE BEIBO/BL.

1. JIyist moBbImeHust OTOAIEKTPUUECKUX MTapaMeTPOB MPOMBIIUICHHBIX DD 1enecoo0pa3Ho MpoBeeHue J10-
MOJHUTENIFHOTO JISTUPOBAHUS TIACTHH MOHOKPHCTAJITMYECKOTO KPEMHHS IPUMECHIO HUKeNA. OnTUMabHbIe
ycnoust ternpoBanns Hukenem: 7, = 800—850 °C, Bpems nposenenus auddysnn — 30—40 mun ¢ nocie-
AYIOIUM TepMocTaOuIusupyromumM orxurom mpu 7, = 750-800 °C B Teuenune 30—40 mMuH.

2. JlernpoBaHue IUIACTUH MOHOKPUCTAIIIMYECKOIO KPEMHUS HUKEJIEM IIPH YCJIOBUSIX, HEPEUHCIICHHBIX B II. 1,
MO3BOJISIET YBEIUYUTh MAaKCUMAIIbHYIO MOIITHOCTh MPOMBINIIEHHO n3rotoieHHOro @D Ha 2028 %.

3. [onoxwurenbubiii 3 dexT quddy3noHHOTO TernpoBaHms HUKEIEM Ha dIeKTpogu3ndeckue napamerpsl @O
SBJISIETCS HAHOOJBIINM B TOM CITy4ae, Koria IPHUMECHbIE KIIacTepbl HUKEJISl HAXOIATCS B 00JIaCTH p—N-1IePexoAa,
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T. €. Tu(PYy3MOHHOE JICTUPOBAHKUE MTPOU3BOIUTCS B JIMIIEBYIO CTOPOHY IJIACTUHBI. JIeHCTBHE BIIEKTPUYCCKU
HEUTPaNbHBIX KJIACTEPOB HUKENSI MEHEE BBHIPAXKEHO IIPU UX PACHOIOKEHHH B OONACTH U30TUIIHOTO p—p -
repexona, T. . pu quhGy3nOHHOM JICTUPOBAHIH B 00PATHYIO CTOPOHY TUTACTHHEI.

[IpennokeHHbIN B HACTOSIIEH pabOTe CIIOCO0 KOPPEKTUPOBKHU IMEKTPOPUINICSCKHIX ITaPAMETPOB POMBIIII-
JICHHO M3rOoTOBICHHOTO ®D MO3BOJISIET COBMENIATh €r0 CO CTAHJAPTHBIM TEXHOJIOTHYECKUAM TPOIECCOM H3-
rotoBieHns OO 6e3 cymecTBEeHHBIX N3MEHEHUH U ¢ HEOONBIIMMH 3aTpaTaMH.
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WzyuaeTcs MmaremaTnieckas Moaels pactpoctpanenus nmangaeMun COVID-19, ocHoBaHHas Ha OOBIKHOBEHHBIX TH(-
(epeHInanbHEIX YPaBHEHUAX ¢ JPOOHOMN MPOM3BOAHOI 1O BpeMeHU. B MoJenn y4uThIBaroTCS BOCIPHUUMYHMBOCTD Ha-
CEJICHUS K 3apa)KCHUIO, MHKYOAI[MOHHBIN MEPHO/, YHUCIO KOHTAKTOB MEK/IY 3J0POBBIMU U OOJBHBIMH JIFOIBMH, YHCIIO
3apa)KeHHBIX, BBI3IOPOBEBIINX U YMEPIIHX B ONpPEAETICHHBIH epro. s mpoBepKH MoOjIen B padoTe POBEICHO CpaB-
HEHHE C MOJICJISIMM Ha OCHOBE TPOM3BOHON TIEPBOTO TOPSAKA MO BPEMEHH, MCIONB3YIOIIMMHU H3BECTHBIC JaHHbIC 1O
UTAJbSHCKOMY perioHy JlomGapaus. Pe3ynsrarsl MO3BONSIOT YTBEPKAATh, YTO UCIIONB30BAHUE MATEMAaTHICCKON MOJISITH
Ha OCHOBE JPOOHOM MPOMU3BOIHOM 10 BPEMEHH IIOCPEICTBOM JAaHHBIX, TAKUX KaK BOCIIPHUMYHBOCTD HACEIICHNUS K 3apa-
)KEHHMIO, MHKYOAIIMOHHBIN NEPHUOJ, YHCIIO 3aPAKSHHBIX, BBI3IOPOBEBILINX M YMEPLINX B ONIPEACIICHHBIH IIEPHOJ, TOMOXET
opraHaM 37paBoOXpaHeHus pa3padboTaTh IPPEKTUBHBIE MEPBI 10 OOpLOE C naHxeMueil. IT0 0COOEHHO BO3MOXKHO, €CIIN
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UOHHO-M () (HY3MOHHBII MPOLIECC C YUSTOM MPEABHICHUS IreorpaduecKoro pacipe/ieeHus BaXKHEHIINX MEANIIMHCKIX

pecypcos.

Knioueswie cnosa: COVID-19; SEIRD; npobnas mpousBoaHast; IpoOHBINA MeTOA Alamca.

O0pa3en HUTHPOBAHUSA:

Edwmmona TA, Tumornenko A, A6panmna->Kanaesa HI. [Ipo6Ho-
i depeHnmansHas Monens pacnpocrpanerust COVID-19. JKyp-
nan Benopycckoeo eocyoapcmeennozo ynusepcumema. Dusuxa.
2021;3:40-48 (Ha aHr.).
https://doi.org/10.33581/2520-2243-2021-3-40-48

For citation:

Efimova TA, Timoshchenko IA, Abrashina-Zhadaeva NG. Frac-
tional differential model of the spread of COVID-19. Journal of
the Belarusian State University. Physics. 2021;3:40-48.
https://doi.org/10.33581/2520-2243-2021-3-40-48

ABTOpBI:

Taucua Aoamosna Egumosa — crynenTka Gusmdeckoro ¢a-
kynsrera. Hayunbiii pykoBonuress — H. I. AGpamina-YKagaesa.
Hzopy Andpeesuu Tumouyenko — crapuiuii npenoiaBaTenb Ka-
(eaprl KOMITBIOTEPHOTO MOJICITUPOBAHUS (PU3NIECKOTO (PaKyIThb-
TeTa.

Hamanvs I'puzopvesna Aopawmuna-Kaoaeea — noxrop ¢u-
3MKO-MaTeMaTHYeCKUX HayK, JIOIEHT; mpodeccop Kadeapsl BbIC-
IIeif MaTeMaTHKA ¥ MaTeMaTHYCCKOi (HU3MKH (HU3HUeCcKOro (a-
KyJIBTeTa.

Authors:

Taisia A. Efimova, student at the faculty of physics.
efimovataya77@gmail.com
https:/lorcid.org/0000-0001-8334-5773

Igor A. Timoshchenko, senior lecturer at the department of com-
puter modelling, faculty of physics.

timoshchenkoia@bsu.by
https:/lorcid.org/0000-0003-2830-9213

Natalia G. Abrashina-Zhadaeva, doctor of science (physics and
mathematics), docent; professor at the department of higher
mathematics and mathematical physics, faculty of physics.
zhadaeva@bsu.by

https:/lorcid.org/0000-0001-8531-6490

40

’521’4 — cmotemnAa wwqo]om juwm



Bbuopusuka
Biophysics

— YWV
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OF THE SPREAD OF COVID-19
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This paper studies a mathematical model of the spread of the COVID-19 pandemic based on ordinary differential
equations with a time-fractional derivative. The model takes into account the susceptibility of the population to infection,
the incubation period, the number of contacts between healthy and sick people, number of infected, recovered and de-
ceased people in a certain period. To test the model a comparison was made with models obtained with a time derivative
of integer orders, with known data for the Italian region of Lombardy. The results suggest that the use of a mathematical
model based on a time-fractional derivative with the help of data such as susceptibility of the population to infection,
incubation period, number of infected, recovered and deceased people in a certain period, ultimately can help health
authorities to develop effective measures against the pandemic. This is especially possible if we expand the model and
consider partial differential equations describing the convection-diffusion process, taking into account the prediction of
the geographical distribution of the most important medical resources.

Keywords: COVID-19; SEIRD,; fractional derivative; fractional Adams method.

Introduction

Throughout its history, humanity has faced challenges such as wars, environmental problems, demographi-
cal problems, exhaustion of resources, and other global problems. But these problems were successfully solved
due to the development of science and technology and, of course, to an increase in the consumption of Earth’s
resources. Currently, humanity is going through one of the most difficult periods — the coronavirus pandemic.

Epidemics have repeatedly affected humanity throughout history. It is believed that malaria and tubercu-
losis devastated ancient Egypt more than 5000 years ago. From 541 to 542 AD, a global pandemic, known as
the Justinian Plague, is estimated to have killed 15-25 % of the world’s 200 mIn population. After the Spanish
conquest of Mexico, the local population decreased from about 30 mln in 1519 to just 3 mln 50 years later.

The latest outbreak of the SARS-CoV-2 coronavirus (hereinafter COVID-19) has affected the whole world,
which has led to significant damage both in terms of human lives and economic resources. To stop the spread
of the disease, governments of different countries have taken different measures, such as quarantine, isolation,
and lockdown. The consequences of these measures (both positive and negative) are partly due to the lack of
information about the spatiotemporal spread of COVID-19.

It is impossible to conduct an experiment in the current situation, so an important role is assigned to nume-
rical mathematical modelling of the disease spread process. Mathematical modelling is a very promising tool
for studying the origin, growth, spread, and extinction of pandemics. Thanks to the construction and analysis of
various mathematical models, it becomes possible to predict the dynamics of the epidemic and determine the
best measures to fight the epidemic for a specific situation. For example, experts at Imperial College London
made a prediction in March, according to which many patients and deaths due to coronavirus infection were
waiting for the UK without restrictive measures. Given this prediction, the UK government has changed its
policy towards the epidemic and increased the restriction of social activity.

Scientists have discovered that with the help of basic mathematical models researchers can begin to predict
the progression of diseases and understand the impact of interventions on the spread of diseases. With the help
of more complex models, we can begin to answer questions about the effective allocation of limited resources or
the elimination of the consequences of public health interventions, such as closing cafes and banning meetings
of large groups of people'.

Currently, the COVID-19 pandemic is still an open problem for the world. This suggests the relevancy of
this work from the point of view of studying various models that are used to describe the development of pro-
cesses associated with the coronavirus. By studying the virus spread on a mathematical model and analysing
the solution, it will be possible to influence the situation and prevent outbreaks. The paper proposes a model
and a numerical method for its implementation. In addition, the obtained results are analysed and compared
with the available official data.

! Christian Ya. How to model a pandemic [Electronic resource] // The Conversation. 2020. URL: https://theconversation.com/how-
to-model-a-pandemic-134187 (date of access: 05.08.2021).
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At the moment, there are many different works devoted to this problem, for example [1-3]. The basic model
of virus spread is the SIR (susceptible — infected — removed) model, in which the rate of pandemic growth
depends on the number of infected carriers and the number of individuals not yet infected [4]. People who
have not yet had the disease are marked as susceptible. It is assumed that every person is born susceptible and
capable of being infected. Those who are able to transmit disease to susceptible people are infected. The third
group is called the removed class. These are people who have suffered an illness, recovered, and now are im-
mune to it, or those who have died. The removed people contribute no longer to the spread of the disease. This
model is described by a simple system of three differential equations:

% _ —BrS(t)%,
%zgrs(z)% (o),
% =1 (1),

where S, /, R are the number of people susceptible to the disease, infected and removed people, respectively;
r is the number of contacts per unit of time; [3 is the probability of transmission of the disease during contact; 7 is
the recovery rate; N =S+ [ + R is the total number of people.

The SIR model illustrates the importance of social isolation for infected people. By staying at home un-
til full recovery, you effectively transfer yourself from an infected class directly to a removed class without
spreading the virus. This simple action can reduce the scale of the outbreak, reducing the possibility of trans-
mitting the disease to susceptible people.

But it is possible to improve this model if we consider the human demography for diseases when the time
frame of the dynamics of the disease is comparable to the human demography. There are many ways to model
human demography: a constant level of immigration, constant indicators of fertility and mortality per capita,
a mortality rate depending on density, mortality from diseases. Then the SIR model can be represented in
a different form:

%:m BrS(t)%—uS(t),
%= BrS(Z)% ~(y+)1(2),
=1 (1) ~uR(),

where A is the fertility rate; [ is the mortality rate.

A simple SIR model is not enough to cover the subtleties of many outbreaks of infectious diseases. For
example, it doesn’t consider the phenomenon of delayed processes in time that characterises COVID-19,
when a certain time passes from the moment of infection to the moment of active manifestation of the virus,
after which a person becomes an open spreader of infection, called the incubation period. Then this model can
be complicated by adding another group of people who have the disease in the incubation period (exposed).
In this case, the SEIR (susceptible — exposed — infected — removed) model [5] is described by a system of four
equations:

B n-prsin ) -ps),

P prs () - (o+w)E().

dl
i GE(1)—(y+u)1(2),
t
dR
—=vI(¢) - 1R (2),
- =V (1)—kR()
where E is the number of people who have the disease in the incubation period; G is the inverse incubation
period of the disease; N=S+ E+ [+ R.
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The SEIR model reflects the behaviour of the infection more accurately, but it is impossible to estimate the
total number of people who died from the disease (and, accordingly, the scale of the epidemic) with its help.
In this case, we can consider the SEIRD (susceptible — exposed — infected — recovered — deceased) model [6],
described by a system of five differential equations:

%: A- Brsg)% 0
%’f: BrS(t)% ~(n+0)E(0),
dl

== GE ()= (y+u)I(1),
§= Y(1= e (1))1(0) - uR(r).
i—?ﬂuc (1)1 ().

where D is population loss due to the disease; pe(¢)~ e ¥ is a death rete due to COVID-19; N (r)=S() +
+E(t)+1(2)+R(2).

Population

Days

Fig. 1. Evolution of SEIRD model

The numerical solution of SEIRD model with parameters described below is presented on fig. 1. We can

observe that this model (like SIR, SEIR) predicts a larger number of infections than are presented in official
statistics. This may be since not all people pass the COVID-19 detection test, but this does not explain the
sharpness of the peaks and the very rapid attenuation of the number of people exposed to infection. To elimi-
nate this problem, we propose to use differential operators of fractional orders in the model.

Theoretical basis

Following [1] consider the model described by a system of differential equations in fractional derivatives:

3ty r—{1= {1 s ),

doe(x, 1) ( ]Bsz+(1——j[3se ((5+(pe+u)e+V-(nveVe),
1

0pi(x, 1) =0e— (@4 +@, + )i+ V- (mVi), (1)

Aot r(x, 1) =0,i+¢.e—pr+V-(n,Vr),

88‘,5, d(xv t) =0 1,
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where s(x, 7) is the number of healthy people susceptible to the disease; e(x, 7) is the number of infected people
having the disease in the incubation period; i(x, t) is the number of infected people; r(x, t) is the number of

people who are no longer susceptible to the disease; d (x, t) is the number of deceased people; n=s+e+i+r

is the entire population. These functions are normalised for the entire population of the country. Further A is the
birth rate, ¢ is the inverse of the incubation period of the disease, @, is the recovery rate, @, is the asymptomatic
recovery rate, ¢, is the mortality rate among patients, 3, is the asymptomatic contact rate, f3; is the contact rate
with symptoms, W is the mortality rate without the COVID-19, 4 is a parameter that accounts the distribution of
resources and is intended for modelling the trends of outbreaks in large populations, and v, v,, v;, v, are parameters
of the diffusion of various population groups, which we take as zero, since this paper does not consider the spatial
spread of infection. In this model a Gerasimov — Caputo time-fractional derivative operator of order ot (0 < a < 1)

1s used:

[
9% u(x, 1) = 1 Jut (x, 1)dt
’ Fl-o)y (1-1)

The model (fig. 2) takes into account asymptomatic transmission of infection, which is considered a key
factor in the COVID-19 pandemic [7]. The first and second equations from the model (1) show that exposed
asymptomatic patients can transmit COVID-19 to susceptible people with a contact rate of 3,. This is consistent
with recent studies suggesting that patients can transmit COVID-19 almost immediately after infection [7].
In addition, the third and fourth equations from the model (1) include the infected patients who do not develop
symptoms and who move directly to the recovered population. It is also assumed that recovered patients are
immune therefore there is not any reverse flow from the equation for r to the equation for s [8].

Death

Fig. 2. Ablock diagram describing the dynamics
between subgroups of people in the model (1)

Since there is quite detailed data on the development of infection for the Italian region of Lombardy, we

1

took the coefficients for our model from there. We assume 6 = 7 days™, ¢, = >4 days ', ¢, =— days ', and

160

! These values are based on the data available in the literature on mortality, incubation period

1 _
=— days
. 6 Y
and recovery time of infected and asymptomatic patients [7]. In addition, we do not consider the birth rate or

mortality without COVID-19 (that is, we set A = 0 and W = 0 accordingly). The time scale in our simulations is
days. Based on the results of parameter calibration, we initially set ,=,=3.3 - 10~* people ' - days "

Given the uncertainty in the currently available COVID-19 data, we believe that an assessment of the pa-
rameters aimed at matching the dynamics of all parts of the model is impractical. Since not every member of
the population is tested for infection, and asymptomatic cases are known to exist in possibly large numbers,
we think that the available data on cases of infection may lead to an unrealistic adjustment of the parameters.
Conversely, the data presented for COVID-19 deaths provide greater reliability for calibrating the model
parameters. Therefore, we strive for a quantitative agreement in the subgroup of the deceased d (t) and a quali-

tative agreement for the remaining model subgroups s(t), e(t), i (t), r(t).
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When developing the numerical method, it was taken into account that with fractional differential equations
are interrelated with first-order differential equations, and therefore we combine the fractional-order algorithm
and the classical method. The results of the work allow us to give recommendations on the choice of these
two algorithms, indicating the need for both methods to be based on very similar principles of construction.
Therefore, the Adams approach was chosen.
Consider a system of differential equations with Caputo fractional derivative:

o.u(1)=f(z w),

where u= (ul, v U, )T and f = (fl, oo fn)T, fi= ﬁ(t, Uy, ..oy un), are unknown and given functions, respec-

: . . T .
tively. On the interval [0, T ], we construct a grid o, = {tj =jT, =0, joux> T= —} Let u; be an approximate
max

solution at the node 7. The numerical solution is obtained by predictor-corrector scheme [9; 10]:

. a ]
Jj+1 (X+1 zz‘, k, /+1 >
2
Ot J
uj+1: kj+1 tk’uk)—i_qj'ﬂj+lf(tj+19uj‘+l)’
0c+2 - ’

where

gk,j+1=(j_k+1)u_(j_k)a’

J* = (=) +1) k=0,
G = (—k+2)" =2 —k+ 1)+ (k)T 1 k<,
Lk=j+1.

To apply the algorithm at each step, according to the formula (2), the predictor uj. +1 1s being calculated first,
then the value f|(¢ ( 1 uj. +1) for determination of the corrector u;, ; considered to be an approximate solution

at the next time layer. This scheme is very useful and effective for the numerical solution of fractional diffe-
rential equations.

Results and discussion

The numerical solution of the system (1) is presented on fig. 3—7. All computations were performed in the
Wolfram Mathematica. The graphs show the distribution over time of the number of people from a certain
group at different orders of the fractional derivative in a mathematical model. It can be seen from the graphs
that the smaller the order of the fractional derivative is, the faster the curves come out on horizontal straight
parallel axes, i. e. the stationarity of the process is established what in general does not mean that the number of,
for example, infected people will not grow, just the growth rate will not be so high.

Taking into account the official data from Italy (fig. 8), and comparing them with the results obtained, we
were convinced that our model is consistent with the published statistics in Italy. As it can be seen all processes,
in fact, do not have obvious peaks that were characteristic of the differential model with derivatives of integer
orders, and with the characteristic features of the fractional derivative (memory) they reach the stationary state
faster with time. All the data was provided by the Johns Hopkins University, who made the data available for
educational and academic research purposes.

Thus, we can conclude that the model proposed in this paper correctly describes the general trends in the
spread of the disease. However, we do not claim its absolute accuracy, for several reasons:

1) a limited number of tests conducted for the presence of COVID-19;

2) the percentage of people who have suffered the disease asymptomatically is not taken into account, be-
cause they can be detected only after testing for antibodies;

3) the COVID-19 virus has not yet been fully studied and many parameters cannot be set absolutely accurately;

4) spatial trends in the spread of the disease are not taken into account.

But we will leave these details for future research.
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a — 2 days dynamics; b — 300 days dynamics
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Conclusions

The problem of the spread of COVID-19 infection is still relevant for the whole world. This paper and others
in this direction are intended to provide proof of the importance of using systems of differential equations
with fractional orders derivatives. With the help of fractional operators previous morbidity can be taken into
account, which allows us to obtain much more accurate results than with a derivatives of integer orders.

Our model was implemented numerically using the Adams — Bashford algorithm. There is a good qualita-
tive agreement of the computational experiment with reality, which indicates a fairly accurate representation of
the overall dynamics of the outbreak. However, there are still ways to improve our model, such as, for example,
adding a diffusion operator and considering the spatial spread of the virus, which is supposed to be considered
in our further research.
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HEKOT'EPEHTHOE PACCEAHUE YABTPAPEASITUBUCTCKUX
KAHAANPOBAHHBIX YACTHUL HA 9AEKTPOHAX

B. B. THXOMHPOB"
I)anmumym s0epruvix npoonem BI'Y, yn. Bobpyuckas, 11, 220006, . Munck, Berapyce

Crarbst IOCBsILIEHa IPOOIIEME ITOCIISIOBATEILHOTO ONHCAHUS IBH)KCHHS 3apsDKCHHBIX YaCTHIL BBICOKHX SHEPTHH B ITOJIE
ATOMHBIX IIETIOYEK 1 IIOCKOCTEH OPUEHTHPOBAHHBIX KPUCTAIUIOB, TPUMEHSIEMOT0 JUTs YIPaBICHHS ITyYKaMH KPyTTHEHIITNX
YCKOPUTEJICH U MOJTyYeHUsI MHTEHCHMBHOTO TaMMa-U3JlydeHHs. B JomoiHeHne K pa3BUTOMY paHee ONHMCAHUIO PacCesHHs
KaHAJIMPOBAHHbBIX YaCTHUII Ha SIIPaX pacCMaTpUBACTCsl HEKOTEPEHTHOE paccesiHUE Ha AJIeKTpoHaxX. Pa3BruBaemas Teopust yuu-
ThIBaeT P (EKTHI Mepeaadn UMITYIIbca MEXKTy OBICTPBIMU YaCTHULAMH U SJIEKTPOHAMH aTOMOB KpUCTaJlla Ha PaCCTOSHUIX,
Ha4YMHAs ¢ MUHUMAJIBHBIX W KOHYas MPEBBIIIAIONIMMHI MEKAaTOMHbIE, a TaK)Ke BKIIIOYACT 3aBUCSIIUNA OT TEMIIEPaTyphl
¢axrop Jlebas — Bannepa, paccuuTaHHble C y4EeTOM JIeTalleld aTOMHON CTPYKTYPbI GopMbaKkTopsl U QYHKIHIO pacCesTHHUSI.
Bce a¢ddexrsl MomudUKaIy 3MEKTPOHHOTO PACCESHUS B KPUCTAIIAX CBEJICHBI K BEJIMYMHE, UTPAIOIIeii posib 3 eKTHB-
HOTO MUHHMMAJIBHOTO IIepeIaBaeMOro UMITYJIbca U OoJiee YeM Ha IOPSI0K IPEBBIIAIONIeH BEMYHHY, COOTBETCTBYIOLIYIO
cpenHeit atoMHO# SHeprun Teopuu bere — brioxa. CoBMecTHOE HCIIONB30BAHKE ATOM BETMYNHBI C BRIPAKEHUEM IS CPEJTHE-
TO KBa/IpaTa yIiia OTKIOHEHHS KJIACCUYECKH JIBMKYILEHCS YaCTHIIBI [TO3BOJISIET KOPPEKTHO CPABHUTD PACCESIHUE Ha JJICKT-
poHax M sAApax, a ¢ ceyeHueM Pesepdopra — cMOAETHPOBATh NPOLECC MIOCKOCTHOTO KaHAJIMPOBAHHS IOJOKUTEIBHO
3apsDKCHHBIX YacTHIl B BECbMa IPOTSHKEHHBIX KPHCTAJIIAX, KOTOPBIE MIPEIIIoaraeTcs IPUMEHSTh UL BEIBOJA ITyYKOB 3
YCKOPHTEIICH, N3MEpPEHNS HEKTPOMATHUTHBIX XapaKTEePHUCTHK KOPOTKOKUBYIIIUX YACTHIL M CO3aHNS ICTOYHUKOB HHTCH-
CHBHOTO Y3KOIOJIOCHOTO PEHTI'€HOBCKOTO M3JIy4YEHUs U raMMa-N3JTyd4eHHs] Ha OCHOBE KPUCTAITMYECKUX OHIYJISITOPOB.

Knrwuesoie cnosa: Boicokne OHEPIruu; pCIATUBUCTCKAA KBAHTOBAA MCXaHUKA, KAHAJIMPOBAHUC YaCTHULl B KpUCTAJJIaX,
N30IrHYTBIC KPUCTAJIJIbI; pACCEAHUEC YaCTHUL SJICKTPOHAMU; KOTEPEHTHOC PACCCAHNE; HEKOITCPECHTHOC paCCEIHUC.
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INCOHERENT ULTRARELATIVISTIC CHANNELING
PARTICLE SCATTERING BY ELECTRONS

V. V. TIKHOMIROV?

Institute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus

The problem of high-energy charged particle motion in the field of atomic strings and planes of oriented crystals,
widely applied to control large accelerator beams and generate intense gamma radiation, is addressed. Following the pre-
viously developed theory of channeled particles incoherent scattering by crystal atom nuclei, we consider here the same
by crystal atom electrons. The theory developed takes into consideration all the effects of momentum transfer between
fast particles and electrons of atoms in a crystal in the range from the nuclear radius up to the many inter-atomic distances.
The theory also includes the temperature-dependent Debye — Waller factor, as well as both the atomic form factors and
scattering function, evaluated with the detail consideration of atomic structure. All the modifications of electron scattering
in crystals are reduced to the value of the effective minimum momentum transfer, which by an order of value exceeds that
one, related with the Bethe — Bloch mean atomic energy. Substituting this quantity to the expression for the mean square
of the scattering angle of a classically moving particle makes it possible to compare the scattering by electrons and nuclei,
while its joint use with the Rutherford cross section allows for the correct simulations of the planar channeling of posi-
tively charged particles in the thickest crystals, supposed to be used for the beam extraction from high energy accelerators,
measurement of electromagnetic characteristics of short-living particles and development of intense narrow-band X-ray
and gamma radiation sources based on crystal undulators.

Keywords: high energy; relativistic quantum mechanics; particle channeling in crystals; bent crystals; scattering by
electrons; coherent scattering; incoherent scattering.
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BBenenue

ConpoBoXkKAAIOMINICS MONEPEYHBIMH OCHMIUILMSIMU POLIECC KaHATUPOBAHHOIO IBUKEHUS OBICTPBIX 3a-
PSDKEHHBIX YaCTHIl BJOJIb aTOMHBIX LIEIIOYEK M MJIOCKOCTEH KPUCTAJUIOB, a TAKXKe APYTHX YIOPSIOYCHHBIX
aTOMHBIX CTPYKTYpP MMEET Psi/i IEPCIEKTUBHBIX NPWIOKCHUH, CBA3aHHBIX C IOJYYEHUEM JKECTKOTO JIEKTPO-
MarHUTHOTO W3JTy4EHUs], yIPaBICHHEM JBIKCHUEM M PerucTpalueil 4acTull, n3MepeHreM U MoaupuKanuei
uX XapakTepuctuk [1]. PacmpocTpanenue gacTui yepe3 OpUEeHTUPOBAHHBIE KPUCTAJUIBI, [IOMUMO 3TOTO, SIB-
JISieTCsl HICTOYHUKOM HOBBIX 3a/1a4 KBAHTOBOM TEOPHUHU U METO/IOB HKCIIEPUMEHTAIBHOM NPOBEPKHU UX PEILICHUM.
B vactHOCTH, 3 ()EKTUBHOCTD BBIBOJA ITYUKOB U3 YCKOpUTEIEH [2], TOUHOCTh H3MEPEHHsI SIIEKTPOMAarHUTHBIX
XapaKTEPUCTHK KOPOTKOKUBYIIMX YacTHll [3; 4] ¥ APKOCTb HCTOUHUKOB HHTECHCUBHOT'O Y3KOMOJIOCHOTO PEHT-
TEHOBCKOTO M3JIyYCHHSI U raMMa-H3JIyuyeHHs Ha OCHOBE KPUCTAJUIMYECKUX OHAYIATOPOB [1; 5] kputHuecku
3aBUCAT OT YCTOWYMBOCTH KaHAJIMPOBAHUS B YCJIOBHSX CHIBHOTO M3rH0a M 3HAYUTEIBHOM MPOTSKEHHOCTH
kpuctawios. [Ipu 3ToM Bo3MyleHHEe KaHAJTMPOBAHHOTO IBMKEHUS B 00JIACTSAX €0 MaKCUMAaJIbHON yCTOHYN-
BOCTH BBI3bIBAETCSI HEKOTEPEHTHBIM pacCcessHUEM Kak Ha siipax, TaK U Ha JIEeKTPOHAaxX, JOCTUrast KpUTUUECKOTO
YPOBHS B IIPOCTPAHCTBEHHOH 00JIACTH, I/le THTEHCUBHOCTH JJAaHHBIX ITPOLIECCOB cpaBHUBatOTCs. [1o 310l mpu-
YHMHE ONMCaHUE MHOTHX NPUIIOKeHNH 3P eKTa KaHAIMPOBaHUs TpeOyeT MOCTPOSHHS TEOPHH HEKOT€PEHTHOTO
paccesHUs YacTHUIl Ha aTOMHBIX SIIPax U 3JIEKTPOHAaX.

W3 Teopun HOHU3aLMOHHBIX IOTeph SHEpTuH [6—10] n3BeCTHO, UTO 30HA OJIMKHUX CTOJIKHOBEHUH UCTIOJIb-
3yeMbIX B MPUIOKEHUIX [1—5] gacTurl ¢ mopeHI-hakropom ¥ ~ 10°, B KOTOPOH paccesiHue Majo OTIMYaeTCs
OT paccesiHus Ha CBOOOAHBIX AJICKTPOHAX, MIPEBBIIIACT HECKOJIBKO MEKATOMHBIX PACCTOSIHUHN, OITUCATh HEKO-
TEPEHTHOE PACCESIHUE Ha JEKTPOHAX B KPHUCTAIaX HA OCHOBE BEJIMYMHBI JIOKAJIBHON 3JIEKTPOHHON IUIOT-
HOCTH (KOHLIEHTPAIMN) IPEICTABISETCS B €LIe MEHbILEH CTeeHN BO3MOKHBIM, UM B CIIydae pPaccesiHus Ha
sapax [11; 12]. JlaHHas cTaresd IONOJHSET HEAABHEE Pa3BUTHE TEOPUM SIACPHOIO PACCESHUS B YKa3aHHBIX
paboTax, OHa MMOCBSILEHA PACCESIHUIO YACTHL BBICOKMX SHEPIHi Ha AIIEKTPOHAX.

XO0Ts ONIMCAaHNE HOHN3ALMOHHBIX IOTEPh B YCIOBUSIX HEOIHOPOIHOCTH paclpeesIeHNs 3JIEKTPOHOB aTOM-
HBIX IIEMIOYEK U TUIOCKOCTeH 00cyxmanoch panee [13—15], ero Hemb3s HEMOCPEICTBEHHO MPUMEHHUTD K TPO-
LIECCY MHOTOKPATHOTO 3JIEKTPOHHOTO paccesHusl, TIOTOMY YTO MOCJIEAHEe 00yCIOBICHO MONIEPEUHON nepeaa-
4ell IMITyJIbCa, B TO BPEMSI KaK HOHW3ALHMOHHbIE TIOTEPH CBA3aHbI HE TOJIBKO C IONEPEYHOM, HO U C IPOAOILHON
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A A
nepenadeil. He BHOCS BKJIaJ B MHOTOKpATHOE paccestHue, MpoobHas repeaada UMITyJIbca CTaHOBUTCS Cy-
IIIECTBEHHOM MPHY TOCTATOYHO BBHICOKHMX SHEPIHsX, Jieflas U3BECTHYIO (POPMYIy TEOPUN MOHHU3AIIMOHHBIX TO-
Tepb [16], koTopast yYuTHIBAaeT MPOJOIBHYIO TIepeiady, HeIPUMEHUMOM JIJTsl pacueTa CpeiHero KBajpara yria
paccestaus. [loMUMO penITUBUCTCKUX BEIMYUH, POOIBHBIE MEpeadi UMITYJIbCa TOMUHUPYIOT U BOJTU3H I10-
pora Bo30yXJCHHUSI 1 MOHU3AIMU aTOMOB, IJIe TIPEJICTABICHHOE OMHCAHUE TAKKe OYIET OTIUYAThCS OT MPEe-
noxxerHoro I. bete [6; 7] s HOHU3AITMOHHBIX TTOTEPh. KpoMe TOro, MBI BKITIOYHM B PA3BUBAECMYIO KOJTHUIECT-
BEHHYIO TEOPUIO HEKOT'€PEHTHOTO IEKTPOHHOTO paccesiHus paHee He yureHHble (aktop [ebas — Bamiepa
U PAacCYMTAHHBIC HA OCHOBE JICTAIBHOTO PACCMOTPEHHsI aTOMHOM CTPYKTYphI popmbartopsl [17-19] u dyHK-
o paccesinust [17; 20], mapamMeTpr30BaB Bce onuchiBaeMbie MU 3GGEKThI POCTON (GOPMYIIOH, copeprkaliei
JIOKAJIbHO OTpeNIesIeMbIi TapaMeTp, NMEIOIINI CMBICT HIDKHEW IpaHHIIbI MITYIIbCa, TIEPEAaBaeMoro ImpH pac-
CEesTHUY YaCTHUI] HA 3JIEKTPOHAX.

OTK/IOHEHHEe YACTHIbI eTUHUYHBIM aTOMOM

Teopust HEKOTePEHTHOTO 3IEKTPOHHOIO PACCESTHUS YacCTHI] C SHEPTHSAMH, UCIIOJIb3YEMbIMH B MPHIIOKeE-
HUAX [2—5], JOMKHA cOYeTaTh KJIacCHUYeCKoe OMMCaHNe JABM)KEHUS YaCTHUI] C KBAHTOBBIM PAcUETOM HEKOTe-
PEHTHOH Tlepeaun UMITyJIbca aroMaM cpebl. [locKoNbKy TIepexo] K EpBOMY M3 HHUX Yxke OblT 000CHOBaH
Ha IpHUMepe SJEPHOTO paccesiHUS B paMKax psla KBaHTOBBIX moaxonoB [11; 12; 21] u npuBen K pe3yinb-
TaraM, COOTBETCTBYIOUIUM HWHTYUTHBHBIM MPEIACTABICHHUIM KJIACCHYECKOW DJIEKTPOJUHAMUKU, MBI OyreM
CJIEOBATh MOCIEIHUM U MPU PACUETe YITIOB PACCESHUS YaCTHUIl dJIEKTPOHAMH, UCXOAs [22] U3 MOTHOTO
ypaBHeHus JlopeHua

@z—ea—A—ev(p+evxﬁx;l. (1)
dt ot R
JLoist yripoIIeHust epexo/ia K KBAaHTOBOMY CIIydaro MOCIIEIHEE BRIPAKEHO Yepe3 CKaJSIPHbINA (@ U BEKTOPHBINA A
MOTEHITNAIIBI, CO3/IaBaeMble BPEMEHHBIMU TapPMOHUKAMHU ITPOCTPAHCTBEHHBIX paclpe/ie]IeHHd TUIOTHOCTEH 3a-

psna p(f -7, )eii‘”’ U TOKa ](17 -7, )ef’.“” aToMa ¢ paJuyc-BEKTOPOM 7, U YIOBJIETBOPSIOIIUE YPABHEHUAM [9]
0°4 N
AA- s(co)a— =—4nj(F -7, ), (2)

e(w)| Ap — g(0)—- |=—4np(F -7, )e ™, (3)

B KOTOPBIX B pacCMaTpUBAEMOM JIOCTATOYHO JKECTKOM DIIEKTPOMArHUTHOM JHara3oHe IS JUAJICKTPUIECKON
MPOHHUIIAEMOCTH MOYKHO HCIIOJIb30BaTh BLICOKOYACTOTHBIN mipeae [15]
2
0
~1— 2
g(w)=1-—=£,
0

4men
CoZIeprKaIuii KBAAPAT IJIa3MEHHON YaCTOTHI 0);, = Te, 1€ n,, € U m — KOHLEHTpauys (IIpoCTpaHCTBEHHAs
IJIOTHOCTB) 3JICKTPOHOB CPEIIbI, 3apsiji U Macca JIEKTPOHA COOTBETCTBeHHO. Pemas ypaBaenus (2), (3) merto-
oM pasznoxeHus B psag Oypbe, HallieM CKaISIPHBIA U BEKTOPHBIA MOTEHLUATBI, ACHUCTBYIONIME HA YACTHILY,

JBIDKYIIYIOCSI CO CKOPOCTBIO U ¥ MPHIICIBHBIM MapaMeTpoM b, MOACTaBUM HX B ypaBHeHue (1), HHTETpHpys
KOTOPOE MOJIYYUM KJIaCCHUECKOE PEJIITUBUCTCKOE BBIPAXKEHUE

L (- otr O =P H(p-rea)-io dk
Apu(p ) =dme [ [, 57 T (2n)

“4)

JUIS TIOTIEPEYHON KOMIIOHEHTBI UMITYJIbCa, NePeIaBaeMoro 4acTUIIe aTOMOM. 3aMETHM, YTO B CTaTUYECKOM IIpe-
pene ® = 0, B orcyreTue cpenpl (0, = 0) ¥ B IPEHEOPEKEHNN aTOMHBIM TOKOM BBIpXKEHHE (4) Mepexoaut
B (pOpMYITY /IS OTKJIIOHEHHMS YACTHIIBI DJICKTPOCTATUYECKUM MOTESHIMAIOM B IPUOIMKEHUH MAJIBIX YIJIOB, OMH-
CBIBAIOIIYI0 OCHOBHOM BKJIaJ] ¥ B pacCMaTpHBAEMOM PENIITUBUCTCKOM CITydae.

st mepexofa ot (4) K COOTBETCTBYIOIIIEMY KBAHTOBOMY BBIPQXKCHUIO () CICAYET 3aMCHUTH [23] Ha 4acToTy
aTOMHOTO Tepexofia O, , MEXAy TPaJULIUOHHO 0o003HauaeMbIMH [7; 8; 13] AUpakoBCKUMHU CUMBOJIAMU OCHOB-

HbIM |0) 1 BO30Y’KICHHBIM MO0 HOHU30BAHHBIM ATOMHBIM COCTOSIHHEM |71), & ()ypbe-KOMIIOHEHTBI ILIOTHOC-
Teil 3apsA/Ia U TOKA — HA UX MATPUYHEIE IeMEHTHI:

'B crarhe HCTONB3yeTcs CHCTeMa SIUHAIL ¢ = /i = 1.
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pe =Pl )= X {nfe

a

0),

i = (k)= X - (n]Ve 4 o),

ra€ CYMMUPOBAHUE ITPOBOAUTCA IO aTOMHBIM 3JICKTPOHAM.

Paccesinne Ha COBOKYNIHOCTH aTOMOB
KPHUCTAJJINYECKON peleTKn

Jst HaXOXKIEHUsI KBaapaTa UMITY/IbCa HEKOIEPEHTHOTO PACCESIHUSI B KPUCTAJUIE KBAHTOBOE 0000IIEHHE BbI-
pakenus (4) HeoOXOANMO MTPOCYMMHPOBATH 10 BCEM €r0 aTOMaM M YCPEIHUTH KBaIpaT MOIYJISl OTy4EHHON
CYMMBI 110 MX TEIUIOBBIM KoseOaHusM. [ TOro yToObl BHLACIUTE BIMSHUE YIIOPSI0UYEHHOTO PACIIONOKEHHS
aToMOB, clielyeT 00ObEJMHUTH COJEPKALINE MX KOOPANHATHI SKCIIOHEHTHI M3 (4) M KOMILUIEKCHO CONPSKEHHOTO
€My MHTErpaa, BBOJs Pa3sHOCTb U CyMMY BEKTOPHBIX NEPEMEHHBIX UHTErpUpoBaHus k, u k,, U BOCIOIb30-
BaTbCsl BHITEKAIOLIMM U3 MHTETPAJILHOTO MPEACTABICHHS JebTa-(QyHKINN COOTHOLICHUEM

”exp[i(mnotl + kBt — © oty — kyOt, )} didt, = 88 [(El +hy)5 + 2(0”0}8[(121 - IEZ)TJ},

KOTOPOC MOKAa3bIBACT, YTO BEKTOPLI kl’ k2 HUMCIOT paBHBIC NPOJOJIbEHBIC KOMIIOHCHTEI:

—0,

ky =k =ky=—"= (%)

[Tpy THOMYHBIX I TpUJIOKeHHH [2—5] opeHn-gaxkropax y ~ 10° MacmTabHele pensTHBHCTCKHE d(heK-
THI O3BOJISTIOT U30exath [9; 10; 14; 15] paccMoTpenus Hanboee CIOKHBIX aCTIEKTOB TCOPUH B3aUMOICH-
CTBHSI YaCTHI] C IEKTPOHHOM MOICHCTEMOM KOH/IEHCHPOBAHHOTO BEIECTBA [6; 7], CBI3aHHBIX CO BXOXKIEHUEM

SHEPTUuH aTOMHOTO BO30YXJeHHUS (,, B 3HaMeHatelb (hopmyist (4). CyTh B TOM, 4TO KBaJpar npoz[om,Hozﬁ

W
KOMIIOHEHTHI (5) peylMpyeT BKJIaJl KBaJpaTa SHEPrHH aTOMHOTO BO3OYXKICHHS () 10 BETHUMHBI | — | |

CTaHOBSIILIEHCS MpHU Y ~ 10° MIPEHEOPEKUMO MaJIOH 110 CPAaBHEHUIO C KBAJIPATOM IIa3MEHHOUW 4acTOTHI (oil
KOHJICHCHPOBAHHOTO BEIIECTBA. JTO MO3BOJISET YIPOCTUTh 3HAMEHATENb (4), poBos 3aMeHy [9; 15]

2 2 2 2 2
k= 0,0+, = ki +0,. 6)

[ToMuMO TOTO YTO COKpallleHHEe BKJIQJI0B SHEPTUU aTOMHOTO BO30YyX/IEHHs B 3HaMeHatene (4) CyIecTBEHHO
YIPOIAET BCE PACCMOTPEHNUE 110 CPABHEHUIO C HEPEISATUBUCTCKOM TEOpHed MOHM3ALMOHHBIX MOTEPs [6; 7],

OHO OTpaXa€T HCBO3MYILICHHOC NPOCTUPAHUEC KYJIOHOBCKOI'O MOTCHIIMAJIA B nonepeqﬂoﬁ IJIOCKOCTHU BILIOTH

o -1 c - o
J0 paCcCTOAHNU b~k ~—~10 7 CM, TOBOpPAIIECC O MPUHIUITNAJIBHOU H606XOILI/IMOCTI/I PACCMOTPCHUS HE-

/

JIOKaJIbHOW TIPUPOABI BHGKTSOHHOFO paccesiHus B MaclTadax MEKIUIOCKOCTHBIX PACCTOSIHUM, COCTAaBISIOIINX
HECKOJIbKO aHrctpeM. OTMETHM Takike, 4TO, B OTJIMYHE OT MOHU3ALMOHHBIX MTOTEPh YHEPTUH [9], CBA3aHHBIX
C mepeaadeii MporoIbHON KOMIOHEHTHI UMITYJIbCa, PACCMOTPEHHUE elle OONBIINX MPULETbHBIX PACCTOSHUM,
COOTBETCTBYIOIIMX IIPEICITY HENPEPHIBHOM CPEbl, IPUBOAUT K TapaHTUPYEMOMY COOOPaKEHUSIMH CUMMETPUH
HYJIEBOMY BKJIa/ly B IIepe/laBaeMblii IONIEPEYHBII UMITYIIbC.

[Tocne nepexona K mepeMeHHOU 121 - Ez CYMMHUPOBaHHE [0 aTOMaM pPELIETKH, BHIIOJHEHHOE C yYETOM
CTPYKTYpHOTO (hakTopa S, IEPUOANIHOCTH PACTIONOKEHHUSI aTOMOB U TEIUIOBOTO pa3dpoca uX MOJIOKEHUH OT-
HOCHTEJBHO Y3JIOB PELIETKH, XapaKTePHU3YIOLIErocsl B MPOCTENIIeH MOIETH I'ayCCOBBIM paclpeieieHUeM CO
CpEeIHEKBaIPaTUYHON aMIIMTYIOH u, [24], IPUBOAUT K paBEHCTBY

Zei(/a—lgz)J_fg :41'[',27’1 Azzs(g)eigzmzﬂa(];u_— ];2J__ g), (7)
. g

B MPaBOW YacTH KOTOPOTO CYMMHPOBaHHME OCYIIECTBIAETCS MO BEKTOpaM g OOpaTHOW PEelIeTKH, 31eCh 1 —
YHCIIO DJIEMEHTAPHBIX sTUeeK B eUHHUIIE 00beMa KpHucTauia, a Az — JTUHA TPOU3BOIBHOTO MIPSIMOIMHEHHOTO
y4acTKa TpaekTopuu yacTuupl. Ilepednciennsle onepanuy NpUBOJAT K CPEAHEMY KBaJApary MMITYJIbCa He-
KOTEPEHTHOTO pacCcestHUs Ha €AMHUIIE UTMHBI B TOUYKE b TUTOCKOCTH MPHUIIETHFHOTO IMapamMeTpa, MPaKTHIeCKn
COBITATAIOMIEH C TTIOCKOCTHIO TIOTIEPEYHOTO IBMKEHUSI OTHOCHTEIIHFHO HAMpaBIICHUS BRIOPaHHOW aTOMHOM I1e-
MTOYKHU WM TUIOCKOCTH:
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dp? (l; )
dz 4

2 o - —
- 225 g)e [d*k, | k2 - ZM;n(§—§)Mno(l€+§], @®)
v 4 | 2 2

rae BBeIEeHbI 0003HaUYeHNE
i(ve_ikfﬂ + e_ikfav)

- 4o ik
M, (K)=(4)),4(F)= ﬁz nle 10) ©)
ki 2m
=~ ky+k, . . - .
" BCKTOD k = , IOCJICAHUHU, IOMHUMO MONCPEUHON KOMIIOHCHTBI kJ_, O KOTOpOU NMPOU3BOAUTCA UHTC-
—® .
IPUPOBAHUE, UMEET IPOJOIEHYIO KOMIIOHEHTY k||, B COOTBETCTBUH C (5) kj = T”O. BonbmmuHCTBO eTaneii nH-

TErpUPOBAHHS 10 MONEPEUHON KOMIIOHEHTE UMITYJIbCa MOXKHO OyJeT BBIACHUTD Aajiee, IpeHeOperas BKIa oM
IJIOTHOCTH TOKA M pacCMaTpHBasl IPOU3BOJIBHBIN WIEH CyMMBI IO BEKTOpaM 06paTHOﬁ peueTKu

koK O>, (10)

I o BRI

=1 a

<n|e kily

B KOTOPOM
ko=k + 5. (11)

\S)

HNHTerpupoBanue no nepejaHHOMy UMITYJIbCY
B clIy4yae amop¢HOM cpelbl

Bripakenue (10) TOMOMHATEEHO YIIPOIIACTCS B COOTBETCTBYIONIEM HYJICBOMY BEKTOPY OOpaTHOM pEIIeTKH
g =0 cirydae aMmopQHOU Cpejibl, KOTia OHO MOXKET ObITh HpeILCTaBHeHO B BHUJIC
k2 S k dz max dk2 k
k1S(ky )"k, zj L =7 n| “mex | (12)
A (k2 + 0 ) Kegt

I[eHCTBI/ITenLHo JIBOMHASA CyMMa MIPOU3BEACHUN MaTpUUYHBIX dreMeHToB guciutens (10) onpenenser QyHK-
ITHIO paccesIHI/IsI [17; 20]. Meton pacdera OJOOHBIX CYMM OMHPAETCS Ha CBOMCTBO MOJTHOTHI COCTOSHUM,
MIPUBOJALIEE K NMPENCTABIECHUIO [7]

(k)= (0] S
rae F(k) = 2<0|e’kr

a
(mepBoe M TpeTbe ciaraeMple) BKIIAIbl, TaK U CyMMY HEIMAaroHajbHBIX (BTOPOE cllaraeMoe), HaxOXKJIeHHE MOo-
CJICTHUX OCJIOXKHAETCA HEOOXOAUMOCTBIO paciyeTa COOTBETCTBYIOIIUX OJHOYACTUYHBIX MATPUYHBIX JICMEHTOB
U y4era CBOI/ICTB CHMMETPHHU aTOMHBIX BOTHOBBIX (yHKIMH. [Tpu nmmynscax k > k, rae k, ~ 100 x3B/c (¢ — cko-
pocth cBera)’ uist kpeMmumst (Z = 14) u ky ~ 200 x3B/c nns Bonbdpama (Z = 74), BTOpoe U TPEThE caraeMble
ObIcTpo cnianarot, ¥ GyHKIMs paccesHus (13) mpubmmxaeTcs K Z, 4To MO3BOJSIET BbLAEIUTH B (12) Bropoe cia-
raeMoe, COOTBETCTBYIOLIEE YUCTO KyJOHOBCKOMY paccesHHIO. [ paHHYHBIN UMITyIbC k, ObLI OLIEHEH BBIIIE HA
OCHOBE CPaBHEHMs [IOIPEIIHOCTH HEPEISITUBUCTCKOIO NpUOIMKeHus npu k < k, u omtnuus S ot Z upu k > k.

> e 0)=z+ ¥ (0]" =)o) F?(k), (13)
b

a#zb

0> — atromubiil popmaktop [18; 19]. [Ipeacrasnenue (13) copepKUT Kak AUAroHaIbHbIC

Iostomy npu BeIONHEHUH ycloBuA k. > k, cymma uaTerpanos (12) MoxeT ObITH MapaMeTpU30BaHa €IMH-
CTBEHHOM BEJNYUHOM K g (x), UMeoIel cMbIC 3PHEKTUBHON HIKHEN IPaHMIIb] IEPENABAEMBIX UMITY/IbCOB.
IMepexon npu k,, > k, K 4MCTO KYJIOHOBCKOMY PAacCEsHUIO OTKPBIBAET BO3MOKHOCTb SKCTPAIOJSALHUU B pe-
JATHBUCTCKYIO 001aCTh NePElaHHbIX MMITY/I5COB Kk = m, T1e BelIuduHa m (paBHas B OOBIYHBIX €AMHUILIAX /71C)
3a1a€T PENATUBUCTCKUI MacmTad umiynsca. CyTh B TOM, YTO KaHAJIMPOBAaHHE JIOCTATOYHO BBICOKODHEpIe-
THYHBIX YACTHII, @ BMECTE C HUM M HE HapyNIAIOIIEE €r0 yCTOMYMBOCTH HEKOTEPEHTHOE PACCESHNUE CTAHOBSATCS
IIPY BEICOKHMX SHEPTHAX ITyOOKO PENATHBUCTCKHMM, O Y€M FOBOPUT MAKCUMaJIbHBIN MTONEPEYHbIH MMITYIIbC

KaHAJIUPOBAHHOU 4acTHLbI /2)) €, nocturaromuil npu 3Hepru 1 ToB B kpeMHUU yNbTpapensITUBUCTCKUX

[Ipu TOM, 9TO aHANOTHIHOE 0003HAYCHHE TPAINIIHOHHO HCIIONB30BAHO B (7), (8) 7St CTPYKTYPHOTO (aKTOpa, HIDKE TOX S (k)
us (k l) Be3Jie IOHUMAaeTCst PYHKIHS PACCESHUS.

3 VIIoMsHyTas CIMHKIA M3MCPEHUS MMITYIBCA OMHCHIBACTCS B CTAThE « JIEKTPOHBONBTY HHTCPHET-3HIMKIONCANH «BHKumemsn»
(cm.: https://ru.wikipedia.org/wiki/aneKTpOHBOJIBT).
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BenmnuuH ~10m. Ilepexon K peNsITHBHCTCKOMY ONMUCAHMIO KYJOHOBCKOTO PACCEsIHUS, KaK 0OBIYHO [8], HE BBI-
3bIBA€T 3aMETHBIX 3aTpyJHEHUI. B camoM zene, B peHeOpeKEHNHU IBUKEHUEM U CBSI3bIO DIIEKTPOHOB B aTO-
Max TIepeIaBaeMble IByXMEPHBIH [OMEPEHBINH HMITYIIhC k |, oHeprus T, TpexMepHBbIi k v deThipexMepHBbit
Q= (T, k ) HMITYJIbCBI CBSI3aHBI COOTHOLICHUSIMH

22
T=E —E =P +m —m=2L "2 (14)

2m  2m
BLIpaSI/IB ‘{epe3 HHUX CCUCHUC KyﬂOHOBCKOFO paCCGHHHH B BUJIC
2
_4mo’ d(—Q )_ 4mo’ dk}  2mo’ dT

do = —,
v° o* v* kl mvt T?

MOYKHO YOEIHTHCS, YTO MPUMEHUMOCTh BTOPOTro ciaraeMoro (12) B neiiCTBUTENBHOCTH HE OTpaHHuYeHa He-
PEISATUBUCTCKAM CITydaeM.
KacarenbHO KOPPEKTHOCTH HEPEIIITUBUCTCKOIO Pa3JIOKEHUs B 001acTH k < k OSICHUM, YTO CIIEAYIOLIEe

n3 (14) HepaBeHCTBO 5
k
ko~ <k
" 2m +

MO3BOJISICT CUUTATh BKJIAJIBI TIPOJOJIEHOTO UMITYJIbCA PEISTUBUCTCKAMHU TIOIIPABKaMU B CITy4ae CBOOOHBIX 3JICK-
TpoHOB. OJIHAKO MPH y4YeTe CBS3U MOCIICIAHUX B aTOMax (ee MaKkCHMaJlbHasi SHEPIUsi, HAIPUMEP, B BOJIb(pame

nocruraetr 69,5 k3B) npoonbHas KOMIIOHEHTa OTPaHUYMBAETCSI CHU3Y BEJTMUMHOMN T”O, KOTOPYI0, KOHEUHO,

HEJTb3S CYUTATh MPEHEOPEKNMO MO TP HEPENATHBUCTCKOM paccMOoTpeHnr. CKa3aHHOE OKa3bIBAETCs CyIIe-
CTBEHHBIM IIPH pacueTe (QYyHKIIMU pacCcesHUs B TPEJIeNie MaJIbIX UMITYJIbCOB

S(k)=Y.(0]x2|0)k?,

a
HE ITO3BOJISIONIEM IPOCIIEANTH 3aBUCUMOCTD OT k| . I30ekaTh 9TOTO 3aTpyaHEHHs yIaeTCs PpU y4eTe BKiaaa
B (8), (9) aromHOro0 TOKa, 1MOCIe KOTOPOro BXOISIINK B BEIpakeHHe (9) HHTErpal B Ipenene Maiblx k| npu-

HHUMACT BU . - e
N i(ve—zkr + e—tkr V)
<n| e—lkr _
2m

Yepenusis ganee kBaapar Moayis (15) mo a3uMyTanabHOMY YIITy OPUEHTAIMHA BEKTOpa kK OTHOCHUTEIHHO CKO-
pocTu gacTuIlsl [8], yoexmaeMcs B COKpalleHUH BKJIAJ0B MPOIOILHOTO UMITYJIbCA B YTOUYHCHHON (DYHKITHH

paCCGSIHI/ISI
S(k)=k>Y |(n]x, |0) + 20, (i (1], |0) (3 (n]x,|0)) +

%0 N, |0} = &2 i, [0}
Uz'Yz a 1 a

|0) = —i(k + w,48) (| ] 0). (15)

+ o2l |(n]x, |0) = S (k)= | k2 + g

(16)

KOTOpOe, Ha caMoM Jiefie, Y ke ObII0 yuTeHo Bhile B (12) mocpeacTBoM nepexona B yHKIHN PACCESTHUSI OT ITOIHO-
IO nmepeaaBacMoro MMITyJibCa K IOTNCPpEIHOMY. 3aMeTI/IM, 4To 1pun GOHBHII/IX HUMITYJIbCax, HEC OOITYyCKaromux pasJjio-
xeHus (15), yder BK1asia aTOMHOTO TOKa B (9) mpoBOAMTCS ¢ MPUMEHEHHEM HCTIoNb30BaHHoTO 1. bere B padorte [6]
MpaBIIa CyMM MaTPHYHBIX JIEMEHTOB 0€3 MX pasiokeHws [6; 7] M Takke MPUBOIHT JINIIb K PEISTUBHCTCKAM
TIOTIPABKaM, Yero MOYKHO OXKU/IaTh M M3 CPABHEHHS WICHOB CYMMBI O] MHTETPAJIOM 9TOTO BBIPAKESHHSI.

HNHTerpupoBanue no nepefaHHOMY HMITYJIbCY
B CJIy4ae KpHCTaJLIa

B ornuume ot cinyvas amopdHON cpeibl, COOTBETCTBYIOILETO HYJICBOMY 3HAYEHUIO KOTEPEHTHO IepeaaBae-
MOTO MMIYJIbCa, pacueT aHanora QyHKIUH paccessHus (13) mpu HEeHyJIeBOM 3Ha4€HHH B MOJHOM 00beMe He
[IPOBOAMJICA, U TOJIBKO IIEPBOE CJIAIaeMOE €€ PA3JI0KEHUs

Sk g)= i (Y ™

n><n|§e‘”€*7b |0)=

n=1 a
= F(g)+ X (0] [0) — F (k, ) F (k). (17)
a#b

>4 T
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NN
NAA
COOTBETCTBYIOII[EE KOTEPEHTHOMY PAaCCESHHIO B OTCYTCTBHE OOMEHHBIX 3(p(ekToB, paccMarpuBajoch B T€O-

PHYH HOHU3ALMOHHBIX TTOTEPh B KpucTamiax [13; 14]. OTcyTcTBHE 3aBUCUMOCTH OT TIEPEMEHHOHN k MO3BOJISIET
BeIHECTH (hopMmpakTop F ( g) U3-11071 3HaKa uHTerpana (12) u nomyuuts B npezene k, > g

- 2 2
| MR gy =iy £ (18)
fl<x, KRS g

[penmonaras B JanbHeHIeM, 9TO HHTEIPHUPOBAHKE MO TONEPEUHOMY MMITYJIbCY JAlIeKO SKCTPATIOIUPYETCs
B PEISTUBUCTCKYIO 0051acTh, OyieM mpeHeOperarh nocieaHuM ciaraembiM (18). Uto kacaercst BToporo ciarae-
moro (17), To, MOCKOJIBKY UMEIOLIHECs: pacyeTHbIe NaHHbIe [17—19] He MO3BONAIOT BBACIUTH HHPOPMAIHIO
0 KOTEPEHTHOM OOMEHHOM pacCestHUH, TIPU KOTePEHTHOH nepenade uMiryiabca (11) Oyaem anmpoKCHMHPOBATh
€ro JaHHBIMH 00 0OMEHHOM paccesHur B amopdHoii cpezae (13) ¢ momomipto aH3ana

3 (0] 500y - \/(S(k+)+F2(k+) —Z)(S(k.)+F*(k.)- Z). (19)

a#b

[lepexoast K BBISICHEHHIO POJIM MPOAOJIBLHON MepeJad UMITYJIbca BOJIHM3H MOpOra peakuui BO3OYKICHUS
¥ HOHH3AIMH aTOMA IIPU CTPEMIICHUH K HYIIIO BEKTOpOB k, = k £ %, 3aMETHUM, YTO, IOCKOJIbKY ITPOU3BEACHHE

- — 2 . — -
k+k_ = ky + gk; COACPIKUT JIMIIb IMONICPCYHBIC KOMIIOHCHTBI BEKTOPOB k?’ IIpU UHTCTPUPOBAHUU 10 a3UMY-

TaJIbHOMY YTIIy Pa3JIOKEHUs
+iky 7

(n]e*5]0) = e, (n]|0)

MaTpu4YHbIX 3JIEMCHTOB I10 CTCIICHAM CTOAIINX B SKCIIOHCHTEC MaJIbIX BEKTOPOB ki’ k¢‘ < g, TaKkXKe coxpa-

HSIOTCSI JIMIIb BKJIA/IbI MX MOIIEPEUHBIX KOMIIOHEHT, BCJIEACTBHE YETO OKa3bIBACTCS BOSMOXKHBIM IIPEHEOpeUb
MIPOIOIBHOM KOMIIOHEHTOW UMITyJIbca B MHTerpatie (8) oT dynkuuu paccesHus (17).

Ocraercs MOosSCHUTH, YTO TOKOBBIN BKJIaJ B MaTPUUYHBIN 351eMeHT (9), Kak U paHee, MPUBOIUT K PEIATH-
BUCTCKHMM IIOTIpaBKaM K BbIpaxkeHuto (8). Hanpumep, nuHEeHHBINA BKIaJ] [0 TOKY OOYCIIOBIMBAET MOSBICHUE

F(g)ki y

MIOTIPABKH — 1 K miepBoMy ciaraeMoMmy (17), KOTOpoii, oHaKo, clienyeT npeHeOpeub HapsiLy C APYIu-
MU PEISITHBHCTCKHMH TonpaBkamMu K ¢opmyre (8). Takum odpazom, mocne noacraHoBok (13) u (17)—(19)
BbIpaxkeHre (12) mo3BoisieT paccuuTaTh CpeHUI KBajapaT yrila HEKOT€pPEHTHOIO paccesHUs Ha TPAEKTOPUHU
KJIACCUYECKON YNBTPapEIITUBUCTCKON YaCTHLIbl B HEPEIATUBUCTCKOM NPUOJINKEHUH, OIIUCHIBAsI BCE PEIISITU-
BUCTCKHE 3PQPEKTHI B PACCESIHUU C IOMOLIBIO Pe3epPOPIOBCKOIO CEUCHUSL.

Cpemmifl KBaJApaT yrjia HEKOIr¢peHTHOI'0 3JICKTPOHHOI'0 pacCesiHUusA
MpHA MJIOCKOCTHOM KaHAJIUPOBAHUU

B kauecTBe mMpoCTOro akTyaJbHOTO MPUMEpa MPUMEHEHHS Pa3BUTOTO MOAXOAA PACCMOTPHUM CIIydal III0-
CKOCTHOTO KaHAJIMPOBaHUS, UCTIOIB3YEMOTO B IPHUIIOKEHUAX [2—5]. Byaem npu 3TOoM monarars, 4To Hampas-
JICHWE JBIKCHHS KaHAJIMPOBAHHBIX YACTHUI] JOCTATOYHO YIAalleHO OT HaIlpaBJlICHUI 00pa3yroNuX MI0CKOCTH
aTOMHBIX IETI0YEeK, TpeHedperas COOTBETCTBYIONIMMH KOTEPEHTHBIMH IepelauaMi UMITyJIbca. B aTom cirydae

HaGOp BCKTOPOB O6paTHOI>i PCHICTKH
g =i i=0,£1,£2, ...
d
SABJIACTCA OAHOMEPHBIM U ONPCACIIACTCA MCIKIIJIOCKOCTHBIM PACCTOAHUCM d. HOCKOJ'ILKy npu pacCMOTPCHUHN
HpI/IJIO)KCHI/Iﬁ 1 INPOBEPKE TCOPECTUUCCKUX IMMOAXOA0B MHTCPEC MOKET NMPEACTABIATH HEKOTCPCHTHOC paCCCAHUC
KaK B INIOCKOCTH KaHAJIMPOBAHHUA Xz, TaK U B HCpHCHZ[HKy.TI?IpHOﬁ €M IIOCKOCTH JIOKaJIM3allru aTOMOB yz, HaM

HOHaI[06$ITC$I HUHTCTpaJIbl
2

kz_gi k2
[ —tdh =T m= 1| (20)
Tt 2\ ¢
k; . ki
Y _dPk =~ = In=%+1]|.
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\p
Tlepexoist OT MONEPEYHBIX KOMIIOHEHT UMITYJIbCA K YITIaM PACCEAHUs O = —— B INIOCKOCTSX XZ H Yz, JUIs
>y p
WX CPEHMX KBaIPaTOB, HAKAITUBAIOIINXCA HA €AMHUYHOMN JUITHHE B TOUYKE TPAEKTOPHH C ITOTIEPEIYHON KOOPAH-
Haroil b — x, u3 popmyn (12), (17), (19)—(21) noxyvaem BbIpakeHHE

d{e> 2 k (k2 ) k2 di? —ghu?
< x,y(x)>:4'ﬂ72C ’Zat Zlnkl l ( l) - :+226Xp - cos(g,-x)x
dz vp ko 23 (ki+ (Dio) i=1 2

max
+

1) & S(ky, g, )-F(g) |k2-5]
X F(gl.) lng(ziz +ZI (lz )2 4 .

i=1 &; 2 2
k? +T+®i’ —(k,g:) k,

=
|
[N
Y
'_
11l

272
_ Aoz,

kJ_
max , 22
U2p2 ( )

nSC(x)ln P
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B KOTOPOM, CUMTAasi MEXIIJIOCKOCTHON MOTEHIMAl CUMMETPUYHBIM, MbI TTOJIOKUINA F ( g) =F (— g). [TosicanM,
YTO BCJIEJCTBHE NMPUCYTCTBHS IJIA3MEHHON YacTOTHI B 3HAMEHATeNe U SKCIIOHEHITNAIbHOTO YObIBaHUS (POpM-
(baxTopoB 11pu k > k, mpeaesl BTOPOro HHTErpasa MOXKHO CUUTATh OECKOHEUHBIMH.

B nensax ynpomienust popMynupoBKH OOIIEH KapTHHBI HEKOTEPEHTHOTO PACCESHUs YacTHIl B KpUCTAIIaxX
B niocne/iHel ctpoke (22) BBeaeH 2 PEeKTUBHBIN MUHUMAJILHBIH I1€pejaBaeMblii UMITYIIbC K g (x), a cama UCKO-
Mas BeJIM4YMHA [Ipe/ICTaBleHa B (hopMe, IPUMEHHMOMN KaK AJIsl 3eKTPOHOB (Z,, = 1), Tak u s sanep’ (Z,,=2),
€CIIM IO, 7, (x) MMOHUMATh COOTBETCTBYIONIYIO KOHIICHTpanuto. [locie Beiaenenus nocienaeit 3ppexTuBHbII
MHUHUMAJIbHBI UMITYIbC K g (x) OyIeT MOJTHOCTHIO aKKyMyJUPOBaTh BIMSIHNAE HEJIOKaIbHBIX 3((EeKTOB Ha
paccesiHUe, He 3aBUCS IIPU 3TOM OT apaMeTpoB k, k| ... 1 SHEpruu yacTtull. IIpocTpaHcTBEHHOE [TOBECHUE
BEJIMYUHBI K g (x) (x3B/c), paccunrannoii aist wiockocty (110) kpucramia KpeMHUS, WILTIOCTPUPYET puc. 1.

A
20

kg, ¥3B/C

0,5 1,0 1,5
—8
x, x10 " cm
Puc. 1. 3aBucumMocTh 3PPEKTUBHOTO MUHUMAIIEHOTO UMITYJIbCA

OT PACCTOSTHHUS X 10 aTOMHOM MJIOCKOCTH, paCCUMTaHHAs
JUIst KprcTautorpagduaeckoit mrockoctr (110) kpucramma KpeMHHS

Fig. 1. The dependence of the effective minimum momentum on the distance x
to the atomic plane, calculated for the crystallographic plane (110) of silicon crystal

st SZICPHOTO PAaCCESIHUS aHAJIOTHYHOE MPE/ICTABICHHUE HCTIONb30BaHO B npenpuHTe aBropa arXiv:2103.03141v1 (Tikhomirov V. V.
Relativistic particle incoherent scattering by the nuclei of crystal plane atoms [Electronic resource]. URL: https://arxiv.org/abs/2103.
03141v1 (date of access: 04.05.2021)).
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NZANANZ

Pa3BuBaemblii TTOXOM SIBIISICTCS adbTEPHATHBON JIOKATHHOMY OMUCAHUIO [25; 26] HEKOTepEHTHOTO JJICK-
TPOHHOTO PACCESHUS BBIPAKEHUEM

d<92> 2m(dE\ n,(x) 8me'n,(x)(, 2my
—dZ = — d_ P = ) In 7 -1 (23)
p Z Jam 0 vp

dE
BeriTekas u3 GopMyinbl A7l yAEIbHBIX HOHU3ALMOHHBIX IOTEPh SHEPIUU B aMOP(QHOM BEILIECTBE = [16],
/z

am
BeIpaKeHHE (23) HacieayeT B KaueCTBE HW)KHETO Mpefiesia CPETHIOI aTOMHYIO SHEPTHIO (SHEPTUI0 HOHU3AIHH )

teopuu bere — bnoxa [6; 7] I = 16Z 09 < 172 »B. Tlo 3TOMY IIOBOZY Ba)KHO OTMETHUTb, YTO, KaK IOAUYEPKHYTO
B pabore [15] u orpaxkeHo popmysioii (6), pu KOPPEKTHOM yueTe dpdekra MIoTHOCTH B (hopMyIie Jisl yaeTbHbBIX
WOHU3AIMOHHBIX MTOTEPH JIOJDKHA HCIIOIh30BaThCS HE CPETHSA aTOMHAst 4acToTa (JHEprHs), a Iia3MeHHast. B iro-

O0M ciTydae, IOCKOJIbKY UMITYIIbC K, g (x) > 1,75 x3B/c > 10//c oxa3piBaeTcs Onmke K MUHUMAaJIbHOMY UMITYIIBCY
2n
00paTHOH peIIeTKH g = 7 ~ 6,5 K3B/c, 4eM K 3HaYMTENBbHO MeHbIeMy ummyisey J/c = 162%%/c = 172 sB/c

u TeM Gonee K Benmumne ©,,/c = 31 3B/c, onucanue npouecca nepenaun MMIYJIbCa BONM3N HIKHETO Npejena
HHTErpupoBanust (22) CyLIeCTBEHHO OTIMYAETCS OT OMMCAHKs MOHM3ALMOHHBIX MOTeph B paborax [25; 26] Ha
ocHoBe Gopmyitsl (23). BeipaskaeMoe 3TUM OTIHIHEM COKPAIIEHUE POTH MAITBIX TIepenad MONepeIHOTO UMITYITb-
ca MO CPaBHEHUIO C MPOIECCOM MOHHM3ALUH O0BIICHSIECTCS HHTEP(EPESHIMOHHBIMU dPeKTaMi B KOTepEHTHOM

k,
paccesasHuu, NpuBOAALIIMMU K IMMOSABJICHUIO J'IOI‘apI/I(i)Ma In g—o', KOTOPbIN COACPKUT UMITYIILC J; >/ C, a TAK)KC Ha-

1
JTUYUEeM MHOKHATEICH kf » 1OJI 3HAaKOM MHTerpaia (22) u CTeNeHHBIM criajjaHneM QyHKiun paccesHus (16).

Ucnonp3yemsiil B pabotax [25; 26] MeToq cOBMEIIAeT y4eT pacCcesHus Ha YIINbl, MPEBHIIIAIONINE, B TOM
YKcIie MHOTOKPATHO, YTOJI KaHAIMPOBAHUS, U TIOPOKIAEMOH paccessHueM Ha MEHBILNE YIIIbl MEAJICHHO An-
(y3un 4acTHIl O MONEPEUHON IHEPTUH, YTO TAKKE OTIIMYAET €ro OT IPEATIOKEHHOTO aBTOpoM [29] pazaens-
HOI'O TEOPETUYECKOr0 OIUCAHUSI U MOAEIMPOBAHUS ITUX IIPoLieccoB. B cityuae a1eKTpoHHOIO paccessHus oba

OHHM CYIIECTBEHHO YIPOIIAIOTCS IPH YCIOBUH k< |2V €, BBINONHAIOMEMCS yXKe IPH SHEPTUSIX TO3UTPO-
HOB, TipeBbIatonux 1 ['B, koraa ommyne ceyeHus paccessHus OT pe3epPOpIOBCKOTO CEUCHUS TPOSIBIISIETCSI

TOJIBKO TIPU MMITyJTbCax k| < ky < 4|2V, €, MEHbBIINX UMITYIbCOB K 2 /2); €, onHOKpaTHas mepenada KOTOphIX

CYIIECTBEHHO BO3MYIIAET TPACKTOPUN KaHATMPOBAHHBIX YacTHUIl. [Ipu 3TOM JOMONHAIOMNN paccesHue Ha
Oosbiue yoibl mporecc Tudy3HOro JeKaHAIMPOBAHUS XapaKTEPU3YETCsl OIYyYaeMbIM ITOJICTAHOBKOM BepX-

Hero npezena k. = +/2V;€ B Gpopmyity (22) CpeHUM KBaZpaToM yIiia PacCesiHUsI

d<e)2"y(x)>dech ~ 41[.’0(‘22326
dz v’ p?

2
. (x)in] Y208
keff(x)

MOJICXKAIIMM CPAaBHEHUIO C BeMUIMHOM (23). MomenupoBaHue dIEKTPOHHOTO PACCESHUS OCYIIESCTBISICTCS Ha
OCHOBE pe3epOpAOBCKOTO CCUYCHUSI C YUCTOM OrpaHUuCHUS k > k g (x) Ha Tepe/iaBaeMblil UMITYJILC U HE Tpe-
OyeT UCIIONIb30BaHUsI HE BCEria KOPPEKTHO onpesierseMoro [30] moHsTus JUIMHbI AeKkaHaiupoBanus. [Ipu stom
CKauKko0Opa3HbIe U3MEHEHHS TPACKTOPUH, TPOUCXOISIINE TP BEICOKUX SHEPTHAX Yepe3 3HAUUTEILHOE KOJIH-
YeCTBO NEPUO/IOB KaHAINPOBAHMS, aI€KBaTHO MOJCIUPYIOTCS IepegadaMy UMITylbca k > k), omuchbIBas Kak
CTOXaCTHYECKHE M3MEHEHUS! TPACKTOPUH YaCTHUI[ B YCIIOBUSIX KaHAIUPOBAHHS, TaK M «KATACTPOPUUCCKHE»

; 24)

HPOLIECChI ICKaHATMPOBAHUS TIPH niepenadax k > (/2V; € BIUIOTh 10 paccesHus Ha yIVIbl, ONpe/essieMble pas-
MepaMH U CTPYKTypoii sipa. [logooHo auddy3zHomy, FITOT mporecc MOKeET ObITh KAYECTBEHHO OMTUCAH YKCIIO-
HEHIIMATFHBIM 3aKOHOM, JIEKPEMEHT KOTOPOTO OIICHMBAETCSl Ha OCHOBE cedeHus Pezepdopra.

Jlorapudm BeipaxkeHusi (24) B mpenjokKeHHOM aBTOPOM MOJXOJE CIY)KHT allbTePHATUBOM Jorapudmy
B popmyne (23). Jlns cpaBHEHUS TpeAcKa3aHmii, CAETaHHBIX Ha OCHOBE ATHX BBIpAXKEHUH, Ha pHUC. 2 U 3 pac-
CMaTpPUBAIOTCS CIIy4ail MO3UTPOHOB C dHeprueit 2 7B, onTuManbHON ISl HCTIONH30BAHUS B KPUCTAUIHYC-
CKHMX OHJIYJSITOpax”, U ciydyaid mpoTOHOB ¢ 3Heprueil 1 TAB, mumocTpupyomuii cCuTyaluno, THIHYHYIO0 KaK
JUTS. BBIBO/IA BBICOKODHEPI€TUYHBIX ITyYKOB U3 HAKOMUTENEH, TaK U JJIs TOTOBAIIETOCs 3KCIepuMenTa [4] mo
HU3MEPEHHIO TEKTPOMArHUTHBIX MOMEHTOB KOPOTKOKMBYILINX YacTull. [Ipu 3TOM, mockonbky Ha puc. 2 u 3
CPaBHUBAIOTCS CITy4dal PACCESHUS B TUIOCKOCTH KaHAJIMPOBAHIS Xz, PE3YIIBTAThI pacueTa 1mo gopmyse (23) mis
CYMMBI KBaJIpaToOB YIJIOB paccesHus B 000MX MOMEPEUHBIX HANpaBICHUAX ObLIH Pa3/eieHbl Ha J1Ba.

>Tikhomirov V. V. A benchmark construction of positron crystal undulator [Electronic resource]. URL: https://arxiv.org/abs/1502.06588v1
(date of access: 04.05.2021).
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Puc. 2. Paccunrannble 17151 TO3UTPOHOB ¢ 3Heprueit 2 9B (a) u mporonos ¢ 3neprueii 1 THB (6)
3aBUCHMOCTH CPEIHUX KBAJPATOB YITIOB HEKOT€PEHTHOTO PACcCesTHUS Ha SIMHUYHOM JIHHE
OT paccTOSHHA A0 aTOMHOM TutockocTH (110) KprcTamma KpeMHus,

BBIYHCIICHHBIE 110 popmynam (23), (24) as1st paccestHUs Ha ISKTPOHAX
u 110 popmynam paboTsl [12] miist paccesHus Ha spax. Bee BeTMUMHBI BRIPAKCHBI
B €IMHHIIAX, ONPE/ICISIEMBIX MHOJKUTEIEM (PUTYPHOH CKOOKH B popmyrie (22)

Fig. 2. The mean squares of incoherent scattering angles at a unit length for electron scattering
according to equations (23), (24) and for scattering at nuclei according to
the formulas of [12] calculated for positron energy 2 GeV (@) and proton energy 1 TeV (b)
as a function of the distance to the atomic plane (110) of silicon crystal. All quantities are expressed
in the natural unit determined by the multiplier of the curly bracket in equation (22)
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OTHOIIEHHE CyMM
KBAJIPaTOB YIJIOB PACCESHUS

0,1 0,2 03

—8
x, x10 " cMm

Y

—— Tlosurpownsl ¢ sHeprueii 2 ['9B - - - - IIpotons! ¢ sueprueit 1 ToB

Puc. 3. PaccuutanHble i IO3UTPOHOB ¢ 3Hepruel 2 I'3B u npotonos ¢ sueprueii 1 ToB
3aBHCHMOCTH OTHOILIECHUS CYMMBI KBaJPaTOB yITIOB HEKOT€PEHTHOTO PACcCesTHUS Ha SJIEKTPOHAX U sIpax,
BBIYHCIICHHOH 110 (popmyste (23) Jutst 2IeKTPOHHOTO PACCEsHUS M B COOTBETCTBUU € paboToid [26]

JUISL IIEPHOTO PACcCesHMs, K aHAJIOTHIHON CyMMe, HalIeHHOH 110 (opmyie (24) aist HIeKTPOHHOTO PacCesTHUS
1 B COOTBETCTBHU C paboTOil [12] A7t AAEPHOTO pacCcestHus, OT PACCTOSHUS
110 aroMHOM miockocty (110) xpucranna kpeMHUs

Fig. 3. The dependences of the ratio of the sum of squares of the angles of incoherent scattering by electrons
and nuclei calculated using the formula (23) for electron and in accordance with reference [26] for nuclear
scattering to the analogous sum calculated by the formula (24) for electron and in accordance with reference [12]
for nuclear scattering for the cases of positrons of energy 2 GeV and protons of energy 1 TeV
on the distance to the atomic plane (110) of the silicon crystal

Crenyer MOsICHUTB, 9TO Ha pHC. 2 U 3 TpeacTaBicHa Hanboaee BakHas 00IacTh TOMEPEUYHOTO TBMKCHHUSI,
XapaKTepU3yIoIascs CPaBHUMBIMU MHTEHCHBHOCTSIMM HEKOT'€PEHTHOTO paccesHUs Ha JIEKTPOHAX U sapax,
B KOTOPOH MPOMCXOJUT MEPEXO OT CTA0OMIBLHOIO KaHAJHMPOBAHHS K YCKOPEHHOMY SIIEPHOMY JIeKaHAJIHPOBa-
HUI0. PUCyHKHN 2 U 3 IeMOHCTPUPYIOT COOTBETCTBEHHO YETHIPEX- U IBYKPATHOE OTIIMYME Mpe/ICKa3aHuil pac-
CMaTpUBAEMbIX MOAXOAOB K 3JIEKTPOHHOMY paccesHuto npu sHeprusx 2 [B u 1 TaB. McTounnkoM 3ameTHOR
JHEPIreTHUYECKOM 3aBUCUMOCTH OTIAMYMH IpeICKa3aHUN 00CyK1aeMbIX TOIXOI0B SBISIETCS TO, YTO B apIyMEH-

Thl JIorapu(moB Gopmyi (23) u (24) BXOAAT pa3Hble COOTHOLIEHUS Y = % u 42V €.

g vccnenoBaHus YCTOWYMBOCTH KaHAJIMPOBAHHOTO JABMKEHHS IPUHIUMIHAIBHYIO POJIb UTPAET COOTHO-
[IEHUEe AJIEKTPOHHOTO W SJIEPHOTO PACCESHHS B OOJIACTH MCYE3AI0IIe MaJbIX MPOCTPAHCTBEHHBIX IJIOTHOC-
TeH snep, TaKke WITIOCTPUpYyeMoil puc. 2. B cBs3u ¢ 3TUM OTMETHM, YTO MPEUIOKEHHBIN aBTOPOM ITOIXO.
K siiepHOMy paccesiamio [11; 12], kak 1 coracyrommiics ¢ HUM B IPUHIUITHATBHBIX MOMEHTAX MOIXOJ PO~
theccopa U. Omyku u ero yueHuKoB [21; 27], Takke CyIIeCTBEHHO OTIIMYAETCS OT MCIOIB3yeMOTo B ITyOJIH-
kanusx [25; 26]. B ocHoBe pabot [11; 12] nexuT yueT BIUSHUS KOTEPSHTHOTO PACCEsSIHUS HAa HEKOTEPEHTHOEC,
MTOCJIEZICTBHSI KOTOPOTO HEJAaBHO OBLIN MPOJIEMOHCTPHPOBAHKI dKcIiepruMeHTanbHo [28]. [Tomumo 3toro, yka-
3aHHBIE Pa0OTHI 0OECHEYHITH TOCIE0BaTEIbHOE OMMCAaHNe HEJIOKAIBHOTO XapaKTepa HEKOTePEeHTHOIO paccesi-
HUs1, HanOoJIee SPKO MPOSBISIONIETOCS B 3aMETHOM BKJIaJIe pACCEsTHHSI HA OCHOBHOW Macce sifiep aTOMHBIX I1e-
II0YEK U IUIOCKOCTEHN B 001acTH X > 31/, UX MCUE3a01Ie MaJION KOHLIEHTPALUK, B PE3yJIbTaTe KOTOPOro siepHOe
paccesiHie BMECTO PE3KOTO CIIaJlaHHs CO CHUKEHHUEM NTOCIIETHEN POI0IKAET 0CTaBaThCsl CPAaBHUMBIM C 3JIEK-
TPOHHBIM (IITPUXOBBIC IMHUW HA PHC. 2). PUCYHOK 3 MIUTFOCTpHUPYET OTHOIIICHUE MPEACKa3aHUi CyMM KBajpa-
TOB yIJIOB HEKOT€PEHTHOTO PAacCesTHUS Ha SIIpax | AIIEKTPOHAX, PACCUNTAHHBIX Ha OCHOBaHUH padoT [25; 26]
Y TIPE/IOKEHHOTO aBTOPOM TIO/IX0/1a. YMEHBIIICHHE ATOTO OTHOIICHHUSI C POCTOM SHEPTHH TAK)Ke OOBSICHAETCS
3aBUCHMOCTBIO OT Hee aprymeHTa (opmyibl (24). Takum 00pa3oM, HaMU BIIEPBBIC PEaIM30BaHO KOJIUYCCTBCH-
HOE OINMCAaHME HIEKTPOHHOIO PACCESIHUS, KOTOPOE MO3BOJISIET 0OOCHOBAaHHO CPaBHUTH €TI0 C SIACPHBIM U CMO-
JETUPOBATh MPUIOKEHUS [2—5] 2 dekTa KaHATHPOBAHSI TIOTOKUTEIIEHO 3apPsHKCHHBIX YACTHII.

3akaoueHmne

ITomy4densl BeIpakeHUs UIsl CPEJHETO KBaJpaTa yIila HEKOTEPEHTHOTO PacCesTHHUs Ha JJIEKTPOHAX aTOMOB
KpHUCTaJlIa, YUYUTHIBAIOLINE JaHHbBIE MOCIE0BATEbHBIX Pacu€TOB aTOMHON CTPYKTYpBI, BIUSHUE TEIUIOBBIX
KOJIe0aHNH KPUCTAJUIMYECKON PEIIETKH, a TakkKe 3PQPEKT IITOTHOCTH, 3aMETHO yNPOIIAIOLUINN PACCMOTPEHHUE.
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Bce ykazanHble (hakTOphI MapaMeTPU30BaHbI ¢AMHCTBECHHBIM, 3aBUCAIIMM OT MOMEPEUHBIX KOOPIUHAT, Mapa-
METPOM, KOTOPBIF NMeeT CMBICT HIKHEH TPAHUIBI UMITYJIbCa, MIEPEaaBaeMoro aTOMHBIM JJIEKTPOHAM TIPU
BO30Y)KJICHUH ¥ MOHHU3AIHH, U JTaeT BOBMOKHOCTH 3(PPEKTHBHO pa3bIrphIBaTh HEKOT'EPEHTHOE paccessHue Ha
aNeKTpoHax MetosioM Monte-Kapino. Pa3BuThlil moxo/ Mo3BoJIsIET IPUCTYUTHh K 000CHOBAHHOMY MOJIEITHPO-
BaHUIO TAKUX OOBCIUHIEMBIX HEOOXOJMMOCTBIO UCIIONH30BaHUS KaHAUPOBAHUS TOJIOKUTEIIHHO 3apPsKEHHBIX
YaCTHI] B TOJICTBIX KPUCTAJUIAX MPHIIOKEHUH, KaK BHIBOJI ITYYKOB U3 YCKOPUTEIICH, U3MEPEHUE AIEKTPOMATrHUT-
HBIX XapaKTEPUCTHUK KOPOTKOKUBYIIUX YACTHIT M TIOTYUECHUE HHTCHCUBHOTO Y3KOIIOJIOCHOTO PEHTTEHOBCKOTO
M3ITyYeHUs ¥ TaMMa-U3Ty9eHHs Ha OCHOBE MPUMEHEHHUS KPUCTAJUIMYECKUX OHIYISTOPOB.
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IMEPCITEKTUBBI AAEPHO-OU3NYECKUX
NCCAEAOBAHVN B BEAAPYCHA

M. B. KOP)KHK"

1)PIHcmumym s0epHuix npobnem BI'Y, yn. bobpyiickas, 11, 220006, 2. Munck, bBerapyce

OOcyxnaarorcst Onmvkaiime NepereKTHBEl HayYHBIX MUCCIIEIO0BaHUI B 00NacTh siiepHON (U3MKH Uil OEIOPYCCKHUX
yUYeHBIX. PaccMaTpuBarOTCs CllenyIolie HalpaBieH s AeATeIbHOCTH: Y4acTHE B HCCIICHIOBATEIIbCKUAX MIPOCKTAX Kiacca
«MeracaiieHcy, co3nanHbeX B Poccun n EBpocorose, paboTa ¢ HOBBIM ITOKOJICHHEM HCTOYHHKOB HOHU3UPYIOIIETO H3-
JIy4eHHS, HCIIOJIb30BaHHE MUPOBOH SIePHO-(PHU3NUSCKON HAay4HOI CeTH Ul KPaTKOCPOYHBIX HCCIIEA0BAHUI M MOHUTO-
PHHT aTOMHBIX AJieKTpocTanuuii. [Ipeanaraercs couerars AajibHEIINe H3yUYeHHEe MAaTePUH U OTIPE/ielIeHHE €€ COCTOSHHUS
1 9BOJIIOIIMHU BO BPEMEHH C PYTHHHOH JIESITEbHOCTBIO, CBSI3aHHOM C BBISICHEHHEM JIeTalled MHUpa, JIIsl KOTOPBIX YiKE CO3-
JIaHBI JOCTaTOYHO XOPOUIO IPOpadoTaHHble Mojieny. [lanee yTOUHSIOTCS THOCEOIOTHUECKHE LIEJIN UCCIIEA0BaHUHI B 00-
nacT sjaepHoil pusnku. OHM BKIFOYAIOT NPENOTBpAIIeHNE ITOTEPH 3HAHUM B 00NacTH siiepHOil Gpusnkm, coxpaHeHue
npueMIIeMOl KBamM(UKALMU 1 ee BOCIIPOU3BOCTBA, MOIACPKAHHE COOTBETCTBYIOIIETO YPOBHS HHKCHEPHOTO KOpITyca
IUIsL BOCIIPHATHS HOBeHIINX 3HaHWH. CTaThst OCHOBAaHA HA JIMYHOM OIBITE yYaCTHS aBTOPA B NMPOEKTaX BBICOKOH Haydy-
HOW 3HAYMMOCTH. MapIipyT pacCMOTPEHHUs 00IacTel MPUIOKEHHUS YCUIINN yUEHBIX-SACPIIUKOB TOCTPOCH M0 MPUHIIH-
Iy MakCUMaJbHOW OTJa4i OT BHICOKOKBaIH(UIIMPOBAHHBIX KaJIpOB — JOKTOPOB M KaHAWAATOB Hayk. [lomuepkuBaercs
Ba)KHOCTbH TOATOTOBKH MaruCTPaHTOB M aCIIUPAaHTOB K Hay4yHOH Kapbepe. HakoHen, yka3piBaeTcss Ha HEOOXOAUMOCTh
TIOJICPKAHHS BBICOKOTO YPOBHI 3HAHMIT B OTPACIIH [UISl IPOBEACHHS SKCIIEPTH3EI 10 3alpOCy MPAaBUTENILCTBA B PAMKaX
obecrneueHns OE30MTACHOCTH W Pa3BUTHUS CTPAHEL.

Knrouessie cnosa: saepHo-(pu3nIecKie HCCICA0BAHNS; HAyYHO-HCCIIeI0BaTENbCKas IIaTGopMa; HOHU3HPYIOIIEE U3-
JIy4CHHUE; YCKOPHUTEIb; KOJUTAep; sIepHbIA peakTop.

OUTLOOK FOR NUCLEAR PHYSICS
RESEARCH IN BELARUS

M. V. KORZHIK"

*Institute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus

The future nuclear physics research capabilities for scientists from Belarus are discussed. The following branches for
the activity: megascience class research platforms created in Russia and the European Union, a new generation of ioni-
sing radiation sources, use of the world nuclear science network for short-term research and, monitoring of nuclear power
plants are debated. The purposes of nuclear physics research are suggested to be a balanced combining of the further
penetration deep into the matter, to clarify its status and time evolution and, the routine activity associated with clari-
fying the details of the world, for which sufficiently well-developed models have already been created. Further, the goals
of nuclear physics research are specified. They include preventing the loss of knowledge in the field of nuclear physics;
conservation of the acceptable qualification and its reproducibility, maintaining the appropriate level of the engineering
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corps for the perception of the latest knowledge. This article is based on the author’s personal experience in participating
in projects of high scientific significance. The route of considering the areas of application of nuclear physics scientists’
efforts is formed according to the principle of maximum return from the highly qualified personnel (PhDs and doctors of
science). Ain importance of training undergraduates and graduate students for a scientific career is underlined. Finally,
a need to maintain a high level of knowledge in the branch for the expertise upon the request of the government to secure
and develop the country is pointed out.

Keywords: nuclear physics research; research platform; ionising radiation; accelerator; collider; reactor.

Introduction

The role of nuclear physics research in science can be defined based on the driving force of the develop-
ment of human civilisation. The core of this development is the improvement of the living standards, and the
promptness of progress is determined by several factors, among which the development of new sources of
energy and its storage is perhaps the most important. For thousands of years, progress has been ensured by
utilising chemical sources to extract energy from combustion and explosion, and in the last 150 years by elect-
rical sources. Both types of sources provide relatively low storage density and energy extraction efficiency.
This is because the electromagnetic interaction is responsible for the functioning of such sources, the mini-
mum volume from which energy is extracted is a volume of the order of the size of an atom. Nuclear physics
has discovered the possibility of storing and extracting energy from nuclei, objects that are much smaller in
volume than atoms. As a result, humanity has received both nuclear power plants and nuclear weapons, in-
cluding its most fearsome component, thermonuclear weapons. The prototypes of thermonuclear reactors for
generating electrical energy are in progress on the Earth [1]. Further energy capabilities utilisation is associa-
ted with deeper penetration into the matter, the use of its varieties, and the search for opportunities to release
energy from volumes comparable to the volume of the constituent particles of the nuclei of familiar matter
or, on the contrary, from the other types of the matter. Thus, the main purpose of nuclear physics research is
further penetration deep into the matter, to clarify its status and time evolution. This does not exclude the rou-
tine activity associated with clarifying the details of the world, for which sufficiently well-developed models
have already been created. Firstly, we note the Standard Model, the triumphant confirmation of which required
three generations of accelerators at the European Organisation for Nuclear Research (CERN (Geneva, Swit-
zerland)): Proton Synchrotron, Super Proton Synchrotron, and Large Hadron Collider (LHC). The methodical
work on the preparation of the Higgs boson measurement at the LHC took more than 20 years, culminating in
the discovery of the particle [2]. The team of authors of ~4000 scientific workers from all over the Earth with
a population of 7 bln people also included 19 scientists from Belarus with a population of ~9.5 mln people,
which undoubtedly demonstrates the high level of qualifications of the scientists and education in our country.
The question arises about the application of further efforts of nuclear scientists, the goals should be carefully
clarified. I would suggest three essential goals. They are the preventing the loss of knowledge in the field of
nuclear physics; conservation of the acceptable qualification and its reproducibility, maintaining the appropriate
level of the engineering corps for the perception of the latest knowledge. This article focuses on the consideration
of nuclear physics research in the country in the nearest future based on the author’s personal experience in par-
ticipating in projects of high scientific significance. Although the investigations under discussion, in view of
the diversity of the issues under study, have long been divided into several directions, including the rapidly
developing areas of particle and high-energy physics, in this article we will keep the subject of discussion
under the generalised name «nuclear physics research». The genesis of considering the areas of application of
scientists’ efforts is formed according to the principle of maximum return from the highly qualified personnel
(PhDs and doctors of science). Next, training undergraduates and graduate students for a scientific career. Last
but not least, the maintaining a high level of knowledge in the branch for expertise upon the request of the
government in order to develop the country. We are talking about a relatively small group of people who are
highly qualified and strive to achieve high qualifications. But, despite the seemingly small number, they will
have the mission of making a significant contribution to the preservation and progress of our nation, which has
more than a thousand-year-old confirmed history, through the perception of the foundations of future techno-
logies and their implementation in our life.

Megascience class research platforms

Nowadays, the major direction in the development of research in the field of nuclear physics is the creation
of multidisciplinary research platforms with the general name «megascience» to designate unique world-class
scientific installations. The closest to us are the 4+ generation synchrotron radiation source being created in
Russia (Novosibirsk region), the prototype of a pulsed neutron source based on the spallation type reactions
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(Protvino, Moscow region), the International Center for Neutron Research based on the high-flux PIK reactor
(Gatchina, Leningrad region), the Zelenograd synchrotron radiation source, the upgraded KISI-Kurchatov spe-
cialised synchrotron radiation source (Moscow), and the NICA collider (Joint Institute for Nuclear Research,
Dubna). Russia, as the major direction for coming years, has chosen synchrotron-neutron research. Many the
above facilities are being created for interdisciplinary research, much of nuclear physics, but also in the inte-
rests of materials science, biology and, mainly, the development of nature-like technologies. The NICA colli-
der, conversely, has a highly specialised mission to penetrate deep into the matter and has a scientific program
that would be complementary to the work at GSI (FAIR) accelerator-storage ring (Darmstadt, Germany).

Other centers of European importance are in Lund (Sweden) European Spallation Source (ESS) and CERN,
perhaps the main platform for research in this area on the Earth. Belarusian physicists began to take an active part
in CERN programs starting with the LHC program. Despite the fast discovery of the Higgs predicted particle
during the first period of the data acquisition, all experiments on the LHC ring have a high potential for making
measurements to refine the nuances of the Standard Model. Particular attention is paid to the modernisation
of the ALICE and LHCDb experiments, which are focused on the study of quark-gluon plasma and search for
light-by-light scattering and search for physics beyond the Standard Model (axion-like particles). The work is
planned for the next fifteen years.

At the same time, the creation and operation of general-purpose experimental facilities of the CMS and
ATLAS collaborations [3; 4] also highlighted several problems of detectors created on the basis of twenty-
year-old technologies. The prime motivation of these experiments at LHC was to elucidate the nature of
electroweak symmetry breaking for which the Higgs mechanism is presumed to be responsible. The Standard
Model predicts that the Higgs boson lasts for only a very short time before it breaks up, or decays, into other
well-known particles. The boson decay channels vy, ZZ and WW are equally sensitive in the search for a Higgs
boson around 125 GeV. The yy channel is especially important as it allows the mass of the new particle to be
measured with precision [5]. In the Yy channel, the mass is determined from the energies and directions of two
high-energy photons measured by the electromagnetic calorimeter. Although the branching ratio for the decay
of a 125 GeV Higgs into two y-rays is as low as 0.3 %, this decay mode is one of the most important at this
energy because both photons can be measured very accurately, and the backgrounds can be precisely estimated.

Apparently, the need to accurately measure the parameters of an open particle has led to the need to increase
the luminosity of the LHC accelerator from 2025. This, in turn, will cause an increase in the radiation back-
ground, especially its hadronic component. Therefore, the radiation load on the detectors will increase, and
the performance of the detectors will not drastically improve. Therefore, it was decided to create a new family
of the Future Circular Collider (FCC) at CERN, Circular Electron — Positron Collider in China, and Future
Electron-lon Collider at Brookhaven (USA), which continue the LHC scientific program within the Standard
Model and beyond. To reduce background at the experimental points all the colliders will use electron beams
to create so-called Higgs factories. Both empirical and theoretical motivations of the new generation of the
colliders include global matters: precision electroweak physics, dark matter, matter-antimatter asymmetry,
electroweak hierarchy.

The Research Institute for Nuclear Problems of the Belarusian State University is actively involved in the
work on the preparation of the scientific program and the development of the essential detecting techniques at
FCC. The creation of new technologies for the next generation of circular colliders will require the attraction of
fresh brains, which in turn creates unique opportunities for training highly qualified personnel in the following
areas: nuclear physics, big data analysis, new materials, photonics, nano-electronics, computer science, acce-
lerating technologies, global simulations. Worth noting, the preparation and the implementation of chains from
term papers to dissertations on various topics of the collider creation program. Participation in these works will
allow us to get access to the most modern means of measurement and analysis, including electronic equipment,
supercomputers, and software. The positive experience has already been gained through the participation of
the country’s scientists in the framework of the LHC program. Participation in the programs of new nuclear
physics platforms requires relevant intergovernmental and interagency agreements. The National Academy of
Sciences of Belarus and National Research Centre «Kurchatov Institute» are negotiating on participation in
research at megascience class facilities in Russia. Belarus is a JINR member state, and the next step is to update
relationships with CERN.

Towards an accelerator’ sources of ionising radiation

One of the major trends in nuclear physics measurements is the transfer to accelerator sources of ionising
radiation operating on the principle of widespread artificial sources of electromagnetic radiation of type «plug
and work» (PW). Recently, accelerator sources of charged particles coupled with targets for obtaining the
X-ray spectrum have become widely spread in industry and measurement technology [6]. It should be noted
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the inspection technique for safety reasons, non-destructive testing, elemental analysis, medical diagnostics,
and visualisation. The use of electron beams with an energy of more than 6 MeV also makes it possible to
obtain a neutron flux due to photo-nuclear reactions with targets made of heavy metals. The main advantage of
PW sources is that they cannot be used for other doubtful purposes. Unlike isotope-based sources, which gene-
rally have a small physical volume, intense PW sources contain massive shielding elements and high-voltage
power supplies and can only be moved using vehicles. The use of PW sources eliminates the need to create an
expensive infrastructure for the control, storage, and disposal of radioactive sources. The development of such
sources, the creation of a new generation of sources for industry and research is an urgent need. To train spe-
cialists in this field, it is necessary to consider the possibility of creating a specialised center in the republic, for
example, as part of the Institute for Nuclear Problems of the Belarusian State University, to install accelerators
for protons and electrons with energies up to 20 MeV. Such accelerators are mass-produced in Russia and other
countries with a developed nuclear instrumentation industry. This would make it possible to provide training
for specialists in accelerator technologies and the operation of accelerator installations, as well as the acquisi-
tion of skills in methodical work for carrying out measurements with accelerator sources of ionising radiation.

Mastering international facilities
for short-term measurements

For a Central European country like ours, there is no need to create separate research platforms in the field of
nuclear physics that provide measurement services. This is due to the geographical proximity of countries such as
Russia and the European Union. For example, the Russian program for the development of synchrotron-neutron
research aims to create multi-user systems, the radiation will be distributed over measuring stations. Experts of
various profiles, from biologists to physicists and chemists, can carry out measurements at the stations at the
same time. In contrast, carrying out measurements with beams requires certain qualifications in understanding
the architecture of the measuring equipment, the data collection system, and their processing. Thus, each of the
groups carrying out the measurements should preferably have a nuclear engineer responsible for the safety
and carrying out measurements, as well as the docking of the modelling of ionising radiation in objects and
the measured properties. Nuclear physics modelling should become an integral part of the relevant profile of
university education. A short-term visit to the measurement site should be preceded by a simulation of the
measurement conditions and expected values and the time of the data acquisition. This is due to the signifi-
cant cost of operating a measuring station at a synchrotron or neutron source however, the expenses for the
short-time visits cannot be compared with the cost of the construction and operating the research platforms
themselves. Measurement services will be provided by ESS and the Nuclear Research Center in Grenoble
(France). The classic reactor research facilities on fuel rods, which were built near scientific clusters, as a rule,
in the capital cities, are becoming a thing of the past. This is due not so much to the exhaustion of their research
potential as to security issues.

Measurements near nuclear power plants

A widespread point of view is that nuclear power plants are commercial facilities for which the creator
bears a warranty, that is, work by other specialists, except those authorised by the creator of the plant, is li-
mited. In the State Atomic Energy Corporation (Russia nuclear energy plants producer), such authorisation can
take years. The disasters at Chernobyl and Fukushima raised the level of corporate responsibility in many ways
more stringent than in the space industry. At the same time, a compact localisation of nuclear power plants allows
for external monitoring. Moreover, the development of techniques for ionising radiation measurements allows us
to hope for rapid progress in the development of methods for remote monitoring of fuel cycles of stations. One
of the promising methods is the registration of reactor antineutrinos. Antineutrino is a weakly interacting par-
ticle. Therefore, its detection is a special art in the technique of nuclear physics measurements. In contrast, the
development of compact solid-state antineutrino detectors can make this procedure close to routine. Therefore,
there will be a demand for specialists in the field of antineutrino registration. Yet, we do not completely under-
stand the physics of neutrino and antineutrino at the same level as electromagnetic radiation. Rapid progress in
this area could provide a bridge to measuring even less visible dark matter particles.
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IAEKTPOMATHUTHAA KAAOPUMETPUA HA OCHOBE PWO
AAA PABOTHBI ITP HU3KUX TEMIIEPATYPAX

1. 0. OPCHY ", K.-T. EPHHKMAHH?, B. H. JOPMEHEB?,
M. B. KOPKUK"Y, B. A. MEYUHCKHH", J. 10. KO3JIOB, X.-I. IAYHHK?

1)HHcmumym s0epruvix npoonem BI'Y, yn. Bobpyuckas, 11, 220006, e. Munck, Berapyce
Ilucencruii yrusepcumem um. FOcmyca Jlubuxa, yn. Xatinpux-bygg-Pune, 16, 35392, 'ucen, I'epmanus

VXyameHne onTHYeCKOTO MPOMyCKaHUs CIUHTHUIIIHOHHOTO KPHCTAlIa Mo ASHCTBHEM MOHU3UPYIOIIETO H3ITy-
YEeHHs] B CUMHTHJUISIMOHHOM CIIEKTPAJIFHOM JHMana3oHe HMPUBOIMT K MOTEPSIM CBETOBOTO IOTOKA, BCIEICTBHE YETO
SHEPreTHYECKOe pa3penieHIe CHIDKACTCS H BpeMst pa0OThI KaJOPUMETPa Ha OCHOBE CIUHTIIIIATOPOB OTPaHUIHBACTCS.
3T10T 3P PeKT 0COOSHHO 3aMETEH IS KaTOPUMETPOB, PA0OTAOMINX IPH HU3KKUX TeMIepaTypax. Vcmonbp30Banne cinH-
TWUIAILMOHHOTO KpHUcTa/ia Boiabdpamara ceunua (PbWO,) B kasopuMeTpun npu HU3KUX Temmeparypax (or —20 no
—45 °C) obecrnieynBaeT TPEXKPaTHOE YBEIMYCHUE CHUHTWUIALIAOHHOTO BBIXO/A, YTO IPUBOIUT K 3HAYHTEIHHOMY
VAYYIICHUIO 3HepreTudeckoro paspemenns (o 10 MaB). Coxpanenne 3Toif 0COOCHHOCTH KPUTHYECKH BaXKHO IS
aZlpoOHHOM crekTpockonuy. OnHAKO IPU MOHWKEHUH TeMIeparypsl kpucrania PbWO, ckopocTb CIIOHTaHHOH pernax-
CaIuy IICHTPOB OKPACKH, CO3MaHHBIX IMOJ ACHCTBHEM HOHH3UPYIOIICTO M3ITyYCHUs, 3HAUUTCIBHO 3aMEIIIICTCS, YTO
CMeIIaeT TUHAMHYECKHH YPOBEHb HaBEJCHHOTO MOTIONMIEHUS B CTOPOHY 00Jiee BRICOKOTO 3HAYCHHS TP UTUTEITHHOM
o0JryueHHH B dKCIIepUMeHTax (PU3UKU BBICOKMX Hepruil. [IpoBeseHo cpaBHEHNE CIIOHTAHHOM pellakcalii HaBeIeH-
HOTO TOTJIOIICHUS B CIIEKTPAIBHON 00JaCTH CIMHTHIUISIIIAIA CO CTUMYJIMPOBAaHHBIM BOCCTAaHOBIICHUEM IIPH OOIYICHUN
00pa31oB nH(ppakpacHEIMU (GOTOHAMH PA3HBIX JUIMH BOJH. [loka3aHo, 9TO permakcaIus IeHTPOB OKPACKH MOXKET OBITh
yCKOpeHa /1o Thicsiun pa3. Takum o0pa3oM, CTUMYIMPOBAaHHOE BOCCTAHOBJICHHE MO3BOJISIET OBICTPO M 3(P(eKkTHBHO
BO300OHOBUTH ONTHYECKOE MPOITYCKAHUE KPUCTAIIIOB JTUOO MEXKIY MEPUOIAMHU PabOThl YCKOPUTEI, JH00 mpu cOo-
pe DaHHBIX B OHJANH-pEXHMME, NMPH ATOM H3BICKaTh KPHCTAIUIBI U3 DKCIIEPUMEHTAIBHON yYCTaHOBKH HE TpedyeTcs.
[IpuMeHeHne CTUMYIIMPOBAHHOTO BOCCTAHOBICHHS MOKET CYIIECTBEHHO YIYYIIUTh padOTy KaJIOPUMETPOB HA OCHOBE
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PbWO, min npouinTh CpoK UX CIyKObI IIPU HU3KUX TEMIEpaTypax ¢ COXPaHEHHEM PaJHalliOHHOTO IOBPEKACHUS
OINTUYECKOIO IPONYCKAaHUA KPUCTAJIJIOB HA IPUEMIIEMOM YPOBHE.
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PWO BASED ELECTROMAGNETIC CALORIMETRY
TO OPERATE AT A LOW TEMPERATURE
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The degradation of the optical transmittance under ionising radiation of the scintillation crystal in the scintillation
spectral range leads to the losses of the light output, which results in the deterioration of the energy resolution and limits
the operation time of the calorimeter made of the scintillator. This effect is especially prominent for calorimeters operating
at a low temperature. The use of a lead tungstate scintillation crystal PbWO, in calorimetry at a low temperature in the
range from —20 to —45 °C provides a threefold increase in its scintillation yield, which causes a significant improvement
in the energy resolution in the range up to 10 MeV. Keep on this feature is critically important for hadron spectroscopy.
However, as the temperature of the PbWO, crystal is lowered, the rate of spontaneous relaxation of colour centers created
under ionising radiation significantly slows down, which shifts the dynamic level of the induced absorption towards
a higher value under long-term irradiation of high-energy physics experiments. A comparison is made of the spontaneous
relaxation of induced absorption in the spectral region of scintillations with stimulated relaxation upon irradiation of
samples by infrared photons of different wavelengths. It is shown that the relaxation of colour centers can be accelerated
up to one thousand times. Thus, recovery stimulation allows fast and efficient in situ recovery of the crystal optical trans-
mittance either at beam-off periods or online at data acquisition. The application can substantially improve or extend the
running period of the PWO based calorimeters at low temperatures by keeping the radiation damage at a tolerable level.

Keywords: electromagnetic calorimetry; lead tungstate scintillation crystal; radiation damage; light yield; optical trans-
mittance; stimulated recovery.

Introduction

Nowadays, lead tungstate (PbWO,, PWO) scintillation crystal is the most widely used scintillation material
in modern electromagnetic calorimetry at high energy physics experiments [1; 2]. Deterioration of the optical
transmittance of PWO crystals occurs in electromagnetic calorimeter (ECAL) operation in harsh irradiation
environments due to the creation of colour centers under ionising radiation. The radiation-induced optical ab-
sorption, which overlaps the scintillation band, limits the energy resolution of the calorimeter.

Dependence of the ECAL energy resolution may be parameterised as the quadratic sum of three terms [3]:

% _ 4 gl g,

E, B, E
where the symbol @ indicates a quadratic sum.

The first term, with coefficient a, is the stochastic term, arising from fluctuations in the number of signal
photons generated by ionising particles. Fluctuations in the measurement of the signal contribute as well.

Moreover, the second term, with coefficient b, is usually referred to as the noise term. It receives contri-
butions not only from noise in the readout electronics, but also from effects such as «pile-up» (simultaneous
energy deposition by uncorrelated particles).

The third term is the constant term with coefficient c. It arises from several effects including imperfections
in calorimeter construction (dimensional tolerances, etc.), non-uniformities in signal collection, calibration
errors, fluctuations in longitudinal energy containment, etc.

Forexample, the stochastic term in the resolution function is dominated by statistical fluctuations in the
number of detected photoelectrons and can be evaluated for an ideal crystal calorimeter by formula [3]
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where F' is the Fano factor, and », is the number of detected photoelectrons. Hence, the stochastic term is
controlled by both the light yield of the scintillation material and the light collection affecting the transport
of photons to the photoreceiver window. Thus, the deterioration of the response of the calorimeter is due to
the loss in the light collection. At such conditions, the rate of the spontaneous recovery of the colour centers,
in order to keep their dynamical concentration small at a given dose rate, becomes a crucial parameter of the
detection material. For the lead tungstate scintillation crystal, the light yield of which might be increased by
cooling, the fast recuperation of the colour centers at low operational temperature stands as a decisive property.
Unfortunately, the spontaneous recovery processes are significantly slowed down in PWO by cooling [4].

A possible way to recuperate the radiation-induced optical transmission damage during the ECAL operation
will be described here. The method is based on the implementation of stimulated recovery based on the injec-
tion of infra-red (IR) light into each crystal of the electromagnetic calorimeter.

Experimental results and discussion

Lead tungstate is a self-activated scintillator [5]. Therefore, the luminescence has a strong temperature
quenching, which provides fast scintillation kinetics with a decay constant of about 10 ns. The light yield
of the lead tungstate crystal varies with temperature coefficient (-3 %/°C) [6; 7] in the temperature range
from +50 to —50 °C. Figure 1 shows dependence of the light output on the integration time of the ensuring
electronics behind the fast readout photomultiplier tubes at different temperatures. The overall gain factor
of the light yield at 7=—-40 °C compared to 7= 420 °C is seven.
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Fig. 1. Gated light output of PWO scintillator (20 x 20 x 200 mm) coupled
to a Hamamatsu R2059 photomultiplier (Japan) tube at different temperatures

An increase of the light yield allows improving the energy resolution of the detector at hundreds of MeV
photon energy, which is crucially important for precise spectroscopy in hadron physics. The gain in energy
resolution obtained with a 3 x 3 matrix made of 200 mm long PWO crystals [8] confirms this statement and is
presented in fig. 2. Apparently, a decrease of the PWO based detector operational temperature is a prospective
way to achieve better energy resolution of the PWO based detector.

According to these experimental results, energy resolutions of % =1.11/JE ®1.67 and % =1.88/E®1.79

(in %; E given in GeV) were deduced at —25 and +10 °C, respectively. The reduced energy resolution at
T =+10 °C is consistent with the lower light output due to thermal quenching and is quantitatively expressed
by the higher stochastic term in the parametrisation of the resolution [10]. Assuming the ratio of light yields
at—25 and +10 °C around 2.5-3.0 from fig. 2, the stochastic terms of energy resolutions from experiment agree
well with equation (1).
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Fig. 2. The energy resolution of a 3 x 3 PWO matrix of 200 mm
long crystals measured at two different operating temperatures
of —25 and +10 °C, respectively (after [9])

When a lead tungstate crystal is exposed to ionising radiation, the pre-existing point defects of the crystal
structure may act as traps for electrons or holes. The resulting charged defects have discrete energy levels and
optical transitions can be induced, absorbing part of the scintillation light that propagates in the crystal toward
the photodetector.

Ionising radiation damage of optical transmission of the inorganic crystal can be considered as a three step
process consisting of creation of hot electrons and holes from the interaction of ionising particles with the crys-
tal lattice; free carrier separation during the thermalisation (through strong coupling with lattice phonons) and
diffusion process; localisation of electrons and holes near lattice defects, to balance local charge. This chain
results in the creation of colour centers overlapping the scintillation band.

Up to five types of colour centers have been identified in lead tungstate with corresponding absorption
bands at 350—400; 470; 520; 620 and 715 nm [11; 12]. Only three of them having absorption bands in the blue-
green spectral range overlap the scmtlllatlon band. Absorption bands in the 350—400 nm spectral range are
caused by the recharge of the WO Frenkel-type defect centers, whereas 470 and 520 nm absorption bands,
which also overlap the scmtrllatron band, are caused by several types of di-O™ centers [5].

The slowing of spontaneous recovery becomes observable already at the cooling the crystal to +10 °C.
The spontaneous recovery of the radiation induced absorption coefficient at 420 nm after irradiation of two
PWO samples at +22 and +10 °C is shown in fig. 3.

Stimulated recovery of the optical transmittance was measured during 50 and 500 h for short and long PWO
samples, respectively. Irradiation was perforrned using a “°Co source to a radiation dose of 100 Gy. Recovery
with a fast constant was not observed in the small samples, since the measurements were taken 30 min after
irradiation. The measurements for full-size samples were taken 2 min after irradiation.

The experimental data of recovery kinetics are approximated and the parameters of spontaneous recovery
of the radiation induced absorption coefficient for PWO samples at +22 and +10 °C are presented in table 1.
The time constant was evaluated with an accuracy of better than 5 %.

Table 1
Spontaneous recovery parameters of the radiation induced absorption coefficient
for PWO samples at +22 and +10 °C, respectively
Recovery time constant, h leaclt ion (f) (t)f ftasot/ Amplitude, m ™'
PWO sample, cm | Temperature, °C and s’ow constant, 7o
Te T T Ja Ja Jo k™™ K k™
+22 — 99 |1541.0 — — — — 0.205 1.040
2x2x%x2
+10 — 18.7 | 4278.0 — — — — 0.035 1.389
+22 0.18 71.0 109.6 | 0.0002 | 19.2 | 80.8 | 0.078 0.190 0.520
2.5x25x20.0 =
+10 0.42 74.3 771.2 10 301970 0.120 0.240 0.800
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Fig. 3. Spontaneous recovery of the radiation induced absorption coefficient at 420 nm
of two PWO samples irradiated and measure at +22 and +10 °C.
Samples are courtesy of the PANDA Collaboration at FAIR (Darmstadt)

The contribution of the fast recovery constant is accounted for less than 20 % at +22 to +10 °C. This effect
can be explained by low concentration of colour centers in the crystal. Decreasing the temperature signifi-
cantly reduces the contribution of the fast recovery constant. The recovery time constant for PWO at —25 °C
can be evaluated by linear approximation in the low temperature region of the recovery constants obtained for
the 20 cm long PWO crystal. The recovery time constant for PWO at —25 °C was estimated at the level of as
much as 260 000 h (~30 years). Conversely, radiation damage of optical transmittance for a PWO crystal can
be reduced by application of stimulated recovery. The stimulated recovery can be carried out by annealing the
crystal or by injection of visible light or even infrared radiation. The application of stimulated recovery makes
it possible to restore optical transmittance in situ either during technological breaks in the operation of the
accelerator or even during the operation of the accelerator if the photosensor is insensitive for the wavelength
range of injected photons. The recovery of the optical transmittance of the detector modules of a calorimeter
will increase their lifetime, maintaining the radiation induced absorption at an acceptable level.

There are two actual processes initiated by the photons: ionisation of colour centers and transport of the cap-
tured electron from ground state of the colour center to its radiation level. The first process depends on the
energy width of the conduction band and the position of the colour center ground state in the forbidden zone
and may be initiated in a wide spectral range from UV to visible light. However, ionisation of colour centers
is an improvident way because the energy £, of the injected photons should be much greater than the ther-
mal activation energy of colour centers E1,. The second process, called stimulated recovery, is an intra-center
resonant transition that can be initiated by photons with an energy £, even as low as E, ~ Ep,, so even infrared
photons can initiate it. In this case, stimulation can even be applied simultaneously with ionising irradiation,
in particular, if the photosensor used is blind for the chosen wavelength region. As a consequence, the level of
the dynamic saturation of the induced optical absorption in the crystal will be reduced.

The spontaneous and stimulated recovery of the transmittance at 420 nm at —25 °C of a lead tungstate crys-
tal after gamma-irradiation (30 Gy absorbed dose) is shown in fig. 4. The process of transmittance recovery
was monitored with a 420 nm LED pulsed source with intensity stabilised at the level of 0.1 %. A significant
acceleration of the recovery of the transmittance is observed with stimulation via intracenter transitions with
IR photons in the range 850—1060 nm. This effects is achieved by illuminating with photons at different wave-
lengths produced by laser diodes with an intensity 1 - 10" photons per second in the wrapped lead tungstate
crystal of 20 cm length cooled down to —25 °C. Deterioration of the relative optical transmittance of PWO crys-
tals was controlled by the monitoring system which provides continuous measurements of the relative optical
transmission in the blue spectral region with a peak around 420 nm after irradiation and during the stimulated

t t

recovery. The recovery curves are fitted with a double exponential function of the form 1 — ge ™ — a,e ™ —c,

where a = a, + a, is the sum of recovery; T, and T, are the fast and slow recovery constants, respectively;
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c is the residual damage according to range time of illumination; 1— (a + c) is the total initial damage. For

more details, the experimental setup for studying stimulated recovery of the radiation damage of lead tungstate
crystals is described elsewhere [13].
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Fig. 4. Changes of relative transmittance at 420 nm of a PWO crystal at —25 °C
due to spontaneous recovery and under stimulated recovery by photons
with different wavelengths of intensity 1 - 107 photons per second after 30 Gy absorbed dose

Stimulated recovery provides simultaneous changes of relative transmittance in a wide spectral range.
The stimulated recovery constants of a lead tungstate crystal for the transmittance at 420 nm and at —25 °C
after gamma-irradiation measured for different wavelengths of injected photons are presented in table 2.

Table 2
Stimulated recovery parameters of the radiation induced absorption coefficient
for PWO samples at —25 °C for different wavelengths of injected photons
Stimulated Fraction (/) of fast Total recovery. % Residual damaged
Wavelength recovery constant, h and slow constant, % Ty, 7o transmittance, %
of injected photons, nm

Tf Ts fcf fcs a=a, + a ¢
850 1.9 52.6 2.0 98.0 32.0
980 10.7 81.5 8.6 91.4 19.6 14
1060 10.4 106.3 2.2 97.7 15.2 19

As seen, stimulation of the colour centers by IR photons is able to accelerate the recuperation of the crystal
optical transmittance by three orders of magnitude. This finding makes a very perspective described approach
to keep ECAL acquisition capabilities at the operation at low temperatures.

Conclusions

An approach to keep ECAL detector capabilities constant, while operating at low temperature is described.
The PWO scintillator radiation-induced damage recovery stimulation by illumination with external light of IR
photons was found to be an effective way to recuperate radiation-damaged optical transmittance.

Recovery time may be accelerated by a factor 1000 in a comparison with the spontaneous process. This
finding may have a strong impact on future detector concepts, how to maintain the performance of electro-
magnetic calorimeters at accelerator experiments based on PWO scintillator. /n situ recuperation of optical
transmission of scintillator elements by stimulated recovery during the breaks between or even in parallel with
the data acquisition can substantially improve the detector performance and prolong its lifetime under tolerable
conditions. Since commonly used photosensors are blind in the IR region, stimulated recovery can possibly be
applied even during detector operation and data acquisition.
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K 60-AETNIO KA®EAPDI BI)ICI.[._IEﬁ MATEMATHUKHA
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[IpescTaBieHsl KITOUEBBIE TOCTHXKEHHUS Kadephl BHICIIIEH MaTeMaTHKN U MaTeMaTH4ecKol (PU3UKH pU3NIecKoro (a-
kynbTera BI'Y 3a 60 ner ee cymecrBoBanus. [IpuBeieHb! Ii1aBHbIE STarbl pa3BUTHS Kadeapsl — oT co3nanus B 1961 1. kak
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The key achievements of the department of higher mathematics and mathematical physics of the physics faculty of the
Belarusian State University during its 60 years of existence are presented. The milestones of the department’s history are
outlined — from its establishment in 1961 as a general education chair providing both lecture courses and practical classes
in all branches of higher mathematics at the physics faculty and the radiophysics and computer technologies faculty to
its further strengthening as one of the leading departments of the physics faculty. The department’s present-day priori-
ties, which are strongly related with the integration of information and communication technologies into the educational
process and updating the educational system in accordance with both the requirements of modern society and scientific
advances, have been indicated. Particular attention is paid to the searching for new forms of educational process orga-
nisation, developing new methodological supports and studying guides, textbooks for the studied subjects, monitoring of
current progress, conducting exams and tests, stimulating students’ self-study.

Keywords: department of higher mathematics and mathematical physics; research work; educational and methodical
work; information and communication technologies; organisation of the educational process.

The university department of higher mathematics and mathematical phy-
sics (HM & MP) was founded in September 1961 as a general chair providing
the high-level educational process in mathematics courses at the physics faculty.

Doctor of science (physics and mathematics), professor A. H. Turetsky estab-
lished and took over the leadership of the department (1961-1968). Among the
first lecturers of the department of HM & MP were experienced employees of
the mathematics faculty: professor A. V. Ivanov, associate professor N. 1. Brish,
associate professor I. A. Sokolov, associate professor M. S. Garashchuk, senior
lecturer E. A. Murashko. Already in its early stages the department had developed
certain traditions in the teaching of mathematics courses at the physics faculty.
It was during these years that typical and working training programs were deve-
loped, programs were agreed with related disciplines and methodological support
for the teaching process was elaborated.

Professor A. H. Turetsky was an exclusive organiser of educational, methodo-
logical and research work. His lectures on constructive function theory attracted
a wide audience of mathematics students of various specialisations and were characterised by depth of content
and accessibility of presentation. Scientific investigations supervised by the head of the department were related
to the theory of approximation. A. H. Turetsky also chaired a scientific seminar,
which attracted a great attention of employees and students of other universities
and scientific institutions from the Minsk and became widely known including out-
side the BSSR. A. H. Turetsky was the founder of a scientific school, where under
his supervision 7 PhD theses were successfully defended. His scientific heritage
includes more than 60 scientific articles on the theory of interpolation, 2 mono-
graphs (1968, 1977) and textbooks [1; 2] approved by the Ministry of Higher
Education of the BSSR, which even today are the source of new approximation
problems for students and scientific followers.

The department of HM & MP was chaired by professor Yu. S. Bogdanov
(1968—1973). During this period the activities of the department staff were aimed
at developing and improving the methods of teaching mathematics, as well as de-
veloping methodological supports for new training courses. Yu. S. Bogdanov has
published a number of textbooks, 3 of which are addressed to students of physics
Yu. S. Bogdanov specialties: «Lectures on mathematical analysis» (in two parts) [3; 4], «Lectures

A. H. Turetsky
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on differential equations» [5]. Yu. S. Bogdanov made a great contribution to the
establishment and development of the Belarusian school of differential equations,
among his students there were more than 40 PhD, 5 of them became doctors
of science. He obtained a great number of fundamental results in the modern
asymptotic theory of differential equations and published over 100 scientific ar-
ticles. In memory of the outstanding researcher-mathematician and lecturer the
famous «Bogdanov readings» are traditionally held at the department of higher
mathematics of the faculty of applied mathematics and informatics of the Belaru-
sian State University.

Later the department was chaired by professor A. S. Fedenko (1973-1976).
Scienific interests of A. S. Fedenko belong to the field of differential geometry, the
theory of Lie groups, homogeneous and Riemannian spaces. A. S. Fedenko joint-
ly with R. I. Tyshkevich published the textbook «Linear algebra and analytic geo-
metry» in 1976 [6], besides he is the author of textbooks on algebra, topology, ana-
lytical and differential geometry [7; 8]. In books on modern differential geometry
A. S. Fedenko’s papers are characterised as fundamental. Eight PhD theses were defended under his supervision.

The department of HM & MP was headed by professor V. N. Rusak for the
next 26 years (1976-2002). The head of the department continued the tradition
of writing textbooks for mathematics courses. The textbook «Elements of linear
algebra» [9] was published under the general editorship of associate professor
R. F. Apatenok in 1977, the textbook «Collection of tasks in linear algebray» was
published in 1980 [10]. The textbook «Collection of tasks in algebra and geometry»
was published by the authors’ team consisting of A. S. Fedenko, A. A. Burdun,
E. A. Murashko in 1979 [7]. The monograph «Rational functions as an apparatus
of approximation» was published by V. N. Rusak in 1979. The first and the se-
cond parts of the textbook «The course of higher mathematics» were published
by V. N. Rusak, L. I. Shloma, V. K. Akhramenko, A. P. Krachkovsky in 1994
and 1997, respectively [11; 12]. The textbook «Mathematical physics» was pub-
lished by V. N. Rusak in 1998 [13].

V. N. Rusak headed the Belarusian scientific school on approximation theory
because he was an apprentice of A. H. Turetsky. Rational approximation and its
applications became the main focus of scientific research at the department of
HM & MP in the period of 1976-2002. The staff and graduates of the department defended 11 PhD theses.
The doctoral thesis «Rational functions as an apparatus of approximation» was defended by V. N. Rusak at
the Institute of Mathematics of the National Academy of Sciences of Ukraine in 1988. The doctoral thesis
«Direct and inverse theorems of rational approximation» was defended by A. A. Pekarsky at Moscow State
University in 1990. A great number of the results obtained by A. A. Pekarsky and V. N. Rusak, is included in
the English language monographs: 1) «Rational approximation of real functions» by P. P. Petrushev, V. A. Popov
(Cambridge, 1987) [14]; 2) «Constructive approximation» by G. G. Lorentz, M. V. Golitschek, Y. Makovoz
(Berlin, 1996) [15]. For a long time associate professor M. A. Sheshko worked fruitfully at the department of
HM & MP. He defended his doctoral thesis «Approximate solution of singular integral equations using resi-
dues» at the Computing Center of the Russian Academy of Sciences in 1992.

During his chairmanship V. N. Rusak has published over 180 scientific papers, prepared 9 PhD and 3 doctors
of physical and mathematical sciences, founded a scientific school on rational approximation and its applications.

The period of leadership of the department of HM & MP by doctor of science (physics and mathematics)
N. G. Abrashina-Zhadaeva (from 2002 to 2020) coincided with the beginning of a new stage in the evolution of
the department. Firstly, the material and technical base of the department has been strengthened, secondly the
number of employees has been increased and, accordingly, the research topics have been expanded significantly.
N. G. Abrashina-Zhadaeva continued her scientific work on numerical methods of problems of mathematical
physics as she was an apprentice of the school of academician A. A. Samarsky and professor V. N. Abrashin. In-
tensive research has been carried out on the theory of approximation by associate professor I. V. Rybachenko,
associate professor N. K. Filipava; fractional partial differential equations by senior lecturer I. A. Timoshchenko;
computational mathematics by associate professor A. A. Egorov; boundary value problems by associate professor
V. V. Kashevsky, associate professor A. P. Shilin, senior lecturer T. A. Chekhmenok and others. Various applica-
tions of mathematical methods were studied by N. G. Abrashina-Zhadaeva, 1. A. Timoshchenko, T. A. Chekh-
menok, V. V. Kashevsky, A. P. Shilin. Scientific research in the field of numerical modelling of anomalous
diffusion based on differential equations of fractional orders was carried out by N. G. Abrashina-Zhadaeva,
N. S. Romanova, V. N. Rusak, I. A. Timoshchenko and others.

A. S. Fedenko

V. N. Rusak
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The staff of the department of HM & MP (2020):
T. A. Chekhmenok, L. G. Krylova, E. A. Tishchenkova, M. A. Gletsevich, I. V. Rybachenko,
N. L. Ilyinkova, D. N. Menyailova, O. A. Kononova, A. A. Egorov, N. G. Abrashina-Zhadaeva,
N. K. Filipava, I. A. Timoshchenko, L. L. Berezkina, V. 1. Zelenkov, 1. I. Rushnova, A. P. Shilin, A. G. Gutor

Scientific researches carried out at the department under the leadership of N. G. Abrashina-Zhadaeva were
associated first of all with the solution of applied problems in various areas of the national economy. In par-
ticular, such topics as «Creation and applying of mathematical models of dynamic biosystems» (2011-2015),
«Mathematical models in membrane systems and numerical methods for their study» (2016—2020) were carried
out according to the state program of scientific research «Convergence». A. S. Lyalikov (2003), A. N. Koval-
chuk (2004), 1. V. Rybachenko (2005), M. A. Prokhorovich (2009) defended their PhD theses. N. G. Abrashina-
Zhadaeva defended the doctoral thesis «Multicomponent vector splitting schemes in the methods of mathema-
tical physics» at the Kazan Federal University in 2008.

A new course «Mathematical modelling of physical processes» was developed based on the results of the
scientific researches «Investigation of rational approximations and their applications to the analysis of mathe-
matical models» (2005-2010) and «Creation and applying of mathematical models of dynamic biosystems»
(2010-2015). In these researches a generalised model of the electrodiffusion process was proposed based on
the Nernst — Planck — Poisson equations and taking into account anomalous diffusion. A new numerical model
was created based on the two-dimensional fractional Fokker — Planck equation.

The department maintained a high level of not only scientific, but also educational and methodological
research during this period. The staff of the department was involved in the work on the topic «Development
of methodological support in higher mathematics and its applications». A number of textbooks was published
based on the great experience of teaching mathematics courses at the faculty of physics and the faculty of
radiophysics and computer technologies and was focused on deepening theoretical knowledge and practical
training of students [ 16—18]. The main aim of writing these textbooks was to make educational materials avai-
lable to the students, in view of modern requirements and programs. Textbooks were written by all the staff of
the department, headed by professor V. N. Rusak, professor N. G. Abrashina-Zhadaeva, associate professors
L. L. Berezkina and A. P. Shilin. It should be noted that they were winners of the A. N. Sevchenko Award for
the cycle of methodological works «Educational resources of the complex organisation of the educational
process» in 2020.

Significant work has been done by the department of HM & MP to provide the library of the Belarusian
State University with published textbooks. A large number of educational and methodological guides have
been developed on the basis of the written textbooks, both in hard copy and digital form. They are available for
students and convenient for the educational process. Educational resources have been created in digital form:
digital educational and methodological supports in mathematical analysis and analytical geometry and linear
algebra; a number of tests with the possibility of distance learning in analytical geometry and linear algebra;
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an accompanying online resource for the course «Fundamentals vector and tensor analysis» (it was among the
winners of the Belarusian State University educational online resources competition (I. A. Timoshchenko) in
2016); lectures using multimedia devices; digital laboratory practice on selected topics of mathematical ana-
lysis using the package « Wolfram Mathematicay.

Textbooks on mathematical analysis, vector and tensor analysis, analytical geometry [19-21] were pre-
pared and published with the participation of N. G. Abrashina-Zhadaeva and received universal recognition in
the Republic of Belarus and abroad.

Moreover, the department of HM & MP was the initiator of the introduction of testing into the educational
process to improve the students’ self-study and the students’ self-control. Associate professors of the depart-
ment O. A. Chuprigin, N. L. Ilyinkova, O. A. Kononova made a great contribution to the work. O. A. Chuprigin
prepared over 2500 questions on various topics in mathematical analysis and published textbook «Mathema-
tical analysis. Theory in tests» [22].

The continuity of teaching school and higher mathematics was ensured by N. G. Abrashina-Zhadaeva joint-
ly with the lecturers of the department L. L. Berezkina, N. S. Romanova, V. N. Rusak, 1. A. Timoshchenko,
N. K. Filipava. In particular, articles were prepared and published in the «Encyclopedia for schoolchildren
and studentsy, which is popular not only among the schoolchildren and students, but also among the lecturers.

Associate professor I. I. Rushnova is the head of the department of HM & MP since 2020. Her research
interests focus on an important area in physics — the electro-optics effects in liquid crystals [23]. The extension
of the research area has a positive impact on the involvement of students in the department’s courseworks
and theses. The main scientific directions of the department’s work are related to the fundamental sections of
computational mathematics, mathematical modelling and the theory of approximation by rational functions.
Scientific topic «Analytical and numerical modelling of the properties of carbon’s fractal systems» is being
carried out according to the state program of scientific research «Convergence». Senior lecturer of the depart-
ment A. N. Derevyago defended his PhD thesis «Semiclassical models of electrical conductivity, electrolumi-
nescence and spin-phonon magnetic resonance for heavily doped semiconductors» in 2021. Junior staff of the
department, senior lecturers M. A. Gletsevich and L. G. Krylova has already been formalised their scientific
researches in PhD theses and presented results at the seminars of the department.

The department of HM & MP continues to provide at a high level mathematical training of students studying
in physical, radiophysical and computer-technical profiles. Postgraduate students N. S. Magon, D. N. Menyailova
and M. A. Samarina were included to the staff of the department. They provide lectures and practical classes
competently in all courses of higher mathematics. A worthy change is growing up. Moreover the lecturers of
the department began to lecture in English in the following courses: «Mathematical modelling of physical pro-
cesses» (V. I. Zelenkov), «Equations of mathematical physics» (A. N. Derevyago) for undergraduates from the
Arab Emirates and the People’s Republic of China. In addition, the department has already experience to work
with foreign students, as the lecturers gave lectures on differential equations in Dalian Polytechnic University.

Currently, the department of HM & MP provides excellent training for students of the faculty of physics
and the faculty of radiophysics and computer technologies in 16 mathematical courses. The priority direction
of modernisation of the methods of teaching higher mathematics is the introduction of new information tech-
nologies into professional activities. So educational portals Attp://eduphys.bsu.by/ and http://edurfe.bsu.by/
play an important role in the process of training young physicists and radiophysicists. They are developed on
the basis of the Moodle platform. Training course is developed for each taught course on the educational por-
tal and is structured as follows: lecture part, practical part and part for knowledge control, filled with various
formats’ tasks (test, essay, open type tasks) and difficulty levels. The use of visualisation of learning material
on educational portals has a positive impact on the learning of the content being presented. The department is
developing new standard programs and educational programs for four-year and five-year courses at the faculty
of physics and the faculty of radiophysics and computer technologies.

The educational field is currently acquiring a distance learning format, so the department identifies the main
aims of online learning: 1) to fill gaps in knowledge, abilities and skills in certain courses; 2) to develop basic
courses of educational programs for students who are unable to attend full-time training sessions for various
reasons; 3) additional hobby education; 4) in-depth study of previously completed courses (for postgraduate
students).

To realise the possibility of obtaining a high-quality education, various textbooks, methodological sup-
ports and studying guides with detailed algorithms and methods for solving problems are of great help for
students. The staff of the department prepared 3 electronic methodological supports in mathematical analysis
for students of physical and radiophysical specialties [24; 25], a number of electronic studying guides only for
2020-2021. The textbook «Mathematical analysis. Examples and tasks» [26] will be published by A. A. Egorov,
L. I. Rushnova, 1. V. Rybachenko, A. P. Shilin in the third quarter of 2021. The staff of the department continues
to publish textbooks in English [27].
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For the first time, the department introduced open-type colloquia in the courses «Analytical geometry and
linear algebra», «Mathematical analysis», «Fundamentals of vector and tensor analysis». They represent stu-
dent’s prepared responses to creative questions in the form of presentations or video.

The department has a permanent full-time physical and mathematical school «Kvant BSU» aimed at popu-
larising mathematics and physics among schoolchildren and preparing pupils for olympiads and centralised
testing. Young employees of the department are actively working in the physics and mathematics school headed
by A. G. Gutor.

A total of 16 PhD theses and 7 doctoral theses have been defended by the staff and graduates of the depart-
ment over the past 45 years. The tradition of preparing author’s textbooks for courses in higher mathematics
continues both in the typographic version and especially recently in the digital form. The staff of the depart-
ment of HM & MP is ready to do everything to improve the level of mathematical training of students at the
faculty of physics and the faculty of radiophysics and computer technologies, in order to provide our republic
with qualified specialists for science-intensive and high-tech production.
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wractuHbl. KoadduimenTsr npemoMireHnss U monIomeHust HeXoqHbx 00pas3noB K/B-12 opuenranuu <100>, K/Ib-10
opuentanuu <111>, KI1b-0,005 opuentanuu <100> u K3C-0,015 opuentauuu <100>, umeromux auametrp 100 mm
1 TIPOIIEAINNX CTAHAAPTHYIO XUMHKO-MEXaHUUECKYTO MTOTMPOBKY, N3MEPSITICH A0 U TIOCIE OBICTPON TePMHUYECKOI 00pa-
6otku Ha umunicomerpe Uvisel 2 (Horiba Scientific, ®pannus) B criekTpanbHoM auanasone 0,6—6,0 3B (200-2100 uwm).
VYron mageHus CBETOBOTO Iy4Ka Ha obpaser coctasisn 70°. I[lokazaHo, 9T0 H3MEHEHNE ONTHYECKUX XaPaKTEPUCTUK O-
BEPXHOCTH KPEMHHS B CIICKTPAIBHOW 00JacTH pacroiokeHus [ -Touku 30HbI bpriumrosHa mociie mpoBeneHus ObICTPO
TEPMUYECKOH 00pabOTKH 00YCIOBICHO CHH)KEHHEM MOBEPXHOCTHOIO e()OPMAIIMOHHOTO MOTESHIIHANA 3a CYET TBEPJIO-
(ha3HOW PEKPUCTAIUIN3ANN MEXaHUIECKH HAPYIICHHOTO CIIOsI. YCTaHOBJICHO, YTO OBICTpast TepMHUYECKas 00paboTKa 00-
Pa3I0B KPEMHUs C BBICOKOIH KOHIICHTpAIKel 00pa MPUBOAUT K 00JIEE CYIIECTBEHHOMY YMCHBIICHHIO KOA(D(GHUIIMCHTOB
MIPEIOMIICHUS ¥ TIOTIIOMICHNUS, 9eM y 00pa3IioB KPEMHHS C HU3KOW €r0 KOHIIEHTPAINeH, BCISACTBIE 00eTHEHNS OOPOM TIpH-
ITOBEPXHOCTHOW 00TacTH KpeMHHUS B pe3yiabrare quddy3HOHHBIX POIIECCOB HA TPAHMIIC KPEMHHUI — IBYOKHCh KPEMHUSI.

Knrwouesvie cnosa: opicTpasi TepMuucckas 00padoTka; K03 PHUIUESHT MOMIOIICHUS; KO3(D(UIMCHT PEIOMIICHUS; TBEPIO-
(ha3Hast peKpUCTAIITH3AI.

VARIATION OF THE SILICON OPTICAL PARAMETERS
AFTER RAPID HEAT TREATMENT

V. M. ANISHCHIK®, V. A. HARUSHKA", U. A. PILIPENKA™",
V. V. PONARIADOV®, V. A. SALADUKHA®, A. A. OMELCHENKO"

*Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus
b«[ntegral» — Holding Management Company, 1214 Kazinca Street, Minsk 220108, Belarus

Corresponding author: V. V. Ponariadov (ponariadov@bsu.by)

The results of the effect of rapid heat treatment on the optical characteristics of a silicon wafer surface in the region of the
G-point in the Brillouin zone are presented for different types of silicon wafers conductivity, their doping level, the covalent
radii of dopants and the crystallographic orientation of the wafer surface. The absorption coefficient and refractive index of
the initial 100 mm diameter samples KDB-12 <100>, KDB-10 <111>, KDB-0.005 <100> and KES-0.015 <100>, under-
went standard chemical-mechanical polishing, was measured on a Uvisel 2 ellipsometer (Horiba Scientific, France) in the
spectral range 0.6—6.0 eV (200—2100 nm) before and after rapid heat treatment. The incidence angle of the light beam
was 70° relative to the sample plane. It is shown that the changes in the optical characteristics of the silicon surface in the
spectral region of the location of the G-point in the Brillouin zone after rapid heat treatment is due to a decrease in the sur-
face deformation potential due to solid-phase recrystallisation of the mechanically damaged layer. It has been established
that carrying out the rapid heat treatment of silicon samples with a high boron concentration leads to a more significant
decrease in the refractive index and absorption compared with silicon with a low boron concentration, due to an increase
in the depletion of the silicon surface with boron as a result of diffusion processes at the silicon — silicon dioxide interface.

Keywords: rapid heat treatment; absorption coefficient; refractive index; solid-phase recrystallisation.

BBenenue

CocrosiHue TOBEPXHOCTH KPEMHHUEBBIX IIACTUH — OAMH U3 (QyHIaMEHTaIbHBIX (DAaKTOPOB, OMPEIEIISIOIINX
KaueCTBO M HaJEKHOCTh MHTETPAJbHBIX CXeM. B cBA3M ¢ 3TMM BompocaM ee HMOATOTOBKH MEpPE MPOLEccoM
(hopMupoBaHUS MTOCIETHNUX yaenseTcs 0oipiroe BHUMaHue. [locine XMMHUKO-MEeXaHWIeCKOi TOIMPOBKH, SB-
JSIOLIeCsl 3aBepLIaroNleil cTaanell MeXxaHn4ecKoil 00pabOTKH KPEeMHHUEBBIX TUIACTUH, Ha X [MOBEPXHOCTH
nUMeeTcsl HapylIeHHbIH ciioi. Ero Haimune okasbIBaeT BIMSHHE HA ONTHYECKUE XapaKTEPUCTUKU IUIACTHH.
OnHUM M3 BO3MOXKHBIX IyTEH YIyYIICHHS! IOBEPXHOCTHBIX CBOWCTB KPEMHHS SIBJISIETCSl €r0 TBepAo(azHast
PEKpHCTAIUIM3ALHNS ¢ HCIIOIb30BaHUEM OBICTPOi TepMuueckoil 00padotku (BTO) nmmynscamu ceKyHIHON
JUTATENBHOCTH, YTO IPUBOJUT K MOBBIIICHUIO CTPYKTYPHOTO COBEPIIIEHCTBA paboueil MOBEpXHOCTH KPEMHHE-
BBIX TJIACTUH B PE3yJIbTaTe YMEHBIICHHS Je()EeKTHOCTH U TOJIUHBI HAPYIIEHHOTO ¢10sl. BakHbIMK nTapamer-
pamu, HECYIIMMHU UH(OPMAIMIO O COCTOSIHUU NTOBEPXHOCTH KPEMHHUEBOW IJIACTUHBI, BBICTYNAIOT K03(du-
LUEHT MPeIoMICHUS U KO3(D(HUIIMEHT MOIIONICHUs, KOTOpble Hanbosee YyBCTBUTEIBHBI K HATMUUIO HA HEH
HapyLIEHHOTO CJI0S B CHEKTPaIbHON 0051acTH, COOTBETCTBYIOMIEH I'-TouKe 30HbI BpriutiosHa, sBistoeiics To4-
Kol cuHry/sipHoctd Ban XoBa, sHeprus koropoii cocrasisier 3,43 3B [1; 2]. Haubosee 4yBCTBUTEIILHBIN METO
KOHTPOJISI ONITUYECKUX TapaMEeTPOB MOBEPXHOCTHBIX CII0EB KPEMHUS — SJUTUIICOMETPUS, OCHOBaHHAsI Ha aHAJIN3E
XapaKTePUCTUK OTPAXKEHHOTO MOJISIPU30BAHHOTO N3TyUCHHUS. Y YUThIBAS, YTO JUIMIICOMETPUUYECKUIN aHaIN3 0JI-
JKEH NIPOBOIUTHCS B IIMPOKOM CIIEKTPAJIBHOM JHaIa30HE, B KauecTBE 00OPYHAOBAHUS IJIsl HCCICIOBAHNUIN ObLI
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BbIOpaH cnekTpaibHbid amumuncomerp Uvisel 2 (Horiba Scientific, ®paHius), KOTOPbIA 103BOJISIET padOTaTh
B CHEKTpaJibHOM muana3zoHe ot 190 go 2100 HM u ToydaTh Pe3yabTaThl ¢ BBICOKUMH TOYHOCTRIO, pa3pere-
HUEM U OTJMYHBIM COOTHOIIIEHHEM CHT'HAJIA U IITyMa.

B nmannoit pabore uccnenoBanock BausHue bTO Ha onTHYecKkne XapaKTEPUCTHKH KPEMHHUS B 00JIacTh
I'-Touku 30HBI Bpuinro3Ha B 3aBUCHMOCTH OT THTIA IPOBOJAMMOCTH KPEMHHUEBBIX TIACTHUH, YPOBHS UX JIETUPO-
BaHUsI, KOBAJICHTHOTO Pajnyca JETHPYIONIUX IPUMECEH, a TakiKe OPUCHTAIIMH TTOBEPXHOCTH TUIACTHHBI.

MeToanka IKCIIEPUMEHTA

B kagecTBe 00pa3iioB UCMOIB30BAIMCH MIACTHHBI KpeMHus auamerpoM 100 mm, B uactHocTr K/1b-12 opuen-
taru <100> (manee — KJb-12 <100>), K/Ib-10 opuenranuu <111> (manee — KJb-10 <111>), K1b-0,005
opuerraruu <100> (maee — KJIb-0,005 <100>) u KB3C-0,015 opuentarmm <100> (ganee — K9C-0,015 <100>),
NPOIIE/IINE CTAaHAAPTHYIO XUMHKO-MEXaHHUYECKYIO TIOIMPOBKY.

Uzmepenust nx ko3hGUIMEHTOB MPETIOMIICHHS 1 TIOMIONMIECHHS MPOBO/MIIUCH B CIIEKTPAIILHOM JIara3oHe
0,6—6,0 3B (200—2100 um) Ha smmuncomerpe Uvisel 2. Yrou najeHust CBETOBOIO Mydyka Ha 00pasel] CoCcTaB-
asut 70°. OOpaboTKa CHEKTPOB M MX BU3yalU3alldsl OCYIICCTBISUIMCH C MCIIOJIb30BaHUEM Iporpammbl Ori-
gin Pro 2017.

Hanee ncxomusie wiactuabl KJB-12 <100>, KIIB-10 <111> 1 K3C-0,015 <100> #a nporspkennn (3 £ 1) mun
TIO/IBEPrajiiCh XUMUYIECKOH 00pabOTKe B PacTBOpeE TIAaBUKOBOM KucioThl, miactuHa KJB-0,005 <100> — B pac-
TBOpe M1aBuKoBOM KuciaoTel 1 KAPO. [locne storo Ha manHbIx obpasuax mnposoamiack bTO myrem obmydeHns
CBETOBBIM UMITYITLCOM C HEpabouei CTOpOHBI TIacTUHEI B TedeHue 7 ¢ B cpene Ar (KJIb-12 <100>, KIIb-10 <111>
nipu Temneparype orxura 1025 °C, KI1b-0,005 <100>— 1150 °C, K3C-0,015 <100> — 1075 °C). 1o 3aBepinennu
npornecca BTO Ha 00pa3iiax BBITONHSIICS TOBTOPHBIN KOHTPOJIb ONITHYECKUX MapaMeTPOB.

Pe3yJI])TaT])I U UX 06cymelme

HccnenoBanne ONTHYECKHUX MMapaMeTpPOB MOBEPXHOCTH MCXOMHBIX KpeMHHUeBBIX miuactuH K/b-12 <100>
u KJIb-10 <111> ¢ paznuuHO# opueHTanuei B oonactu ['-Toukn 30HbI bpriuitosHa rmokasano, 4To y KpeMHHUsI
opueHTanuu <111> ko3ddunreHT norouieHus OOJIbIIE, YeM y KpeMHUs opueHTauu <100>. 910 00ycioB-
JIEHO TeM, 4TO MmiIockocT {111} obnmamaroT MakCMMalbHOM TUIOTHOCTBHIO YIIAKOBKH aTOMOB, T. €. KPeMHHUH
opueHTanuu <111> nmeer Oosiee BBICOKYIO PETHKYIISPHYIO TUIOTHOCTb.

[ocne nposenenns BTO manHbIX 00pa310B HAOIIOAAIOTCS CHIDKEHUE KO PHUIIMEHTA ITOTIIONICHUS, YBEIH-
yeHne kodQdUIreHTa MpeJoMIeHHS U YMEHbIIIEHHE TOJIIMHBI €CTECTBEHHOTO OKUCIIA B 00IACTH MaKcuMyMa
HONJIOIIEHHS, COOTBETCTBYIOIIEro I'-Touke (Touke cuHrymsipHocta Ban Xosa M, ) 30ub! bpmtosna (cm. Tab-
nuity). [TockoibKy KpeMHHE MMEET TpaHeleHTPUPOBAHHYIO KyOMUECKYIO PEIIeTKY, TO €e oOparHas perieTka
SIBJISICTCSI 00BEMHOIICHTPUPOBAHHON KyOUYECKOH ¢ epBOi 30HOM bpuiuirosHa B (hopMe yCEUSHHOTO OKTadIpa.
B rtakoit crpykrype ['-Touka oOnamaeT MosHONH CHMMETpHEH KyOMYecKOH CTPYKTYpBI, U JII000€ UCKaKeHHE
KPHUCTAITMUECKOM pEIIeTKH 3a cdeT ee JedopMaliy 1moJ| IeHCTBUEM HanpshKeHUi OyaeT MpHBOJUTH K Ha-
PYLICHHIO CUMMETPHUH, a CIEI0BATEIbHO, K N3MEHEHHIO TOIIOIIEHUS! KPEMHUS B CIIEKTPaJIbHOM JHara3oHe,
6mu3koM K 3,43 3B, 4TO COOTBETCTBYET NPSAMBIM IepexoaM Ha CHHTYIsipHocTH Ban XoBa 30HbI bpuiitiosHa.
B Hamem ciydae ymMeHbIeHHE KO3 QHUIIMEHTa TTOTJIONIEHUS B TAHHOM 00J1acTh roBOpHUT 0 ToM, uTto BTO 06e-
CIIEYUBAET YIIy4IlIeHHE CTPYKTYPbI HOBEPXHOCTHOTO CJIOS ¢ paboyeil CTOPOHBI MJIACTUHBI 33 CYET YMEHBIIEHUS
JIEHCTBYIOIINX B HEM HANpsKEHUH, a 3HAYUT, U JedopMaliy KpucTauindeckoil pemeTku. CienyeT OTMETHTb,
YTO 3TH U3MEHEHHsI OoJiee CyIIeCTBEHHBI JIsI KPEMHHUEBBIX IJIACTUH opueHTaruu <111> u3-3a ee Oosee BbI-
COKOM pEeTUKYJISPHOHN MIIOTHOCTH.

CpaBHeHHUe pPe3y/IbTATOB M3MEPEHUIi ONTHYECKUX NapaMeTPOB
KPeMHHeBbIX I1acTHH 10 1 nocie BTO

Comparison of the results of measuring the optical parameters
of silicon wafers before and after rapid heat treatment

Opaser Jlo BTO [Mocne BTO
Knax ax E, . 9B d, A Konax Hyax E, .. 9B d, A
KJb-12 <100> 3,281 5,413 3,46 17,585 3,168 5,495 3,48 9,949
KIb-10 <111> 3,311 5,348 3,48 15,283 3,193 5,549 3,48 8,810
KJIb-0,005 <100> 3,295 5,331 3,46 20,069 3,102 5,454 3,51 8,691
K3C-0,015 <100> 3,283 5,222 3,48 19,285 3,170 5,461 3,49 10,036

I[Ipumevanue. k,,, — MaKCUMAIbHBIH KOA(QQUIMEHT MOMIOMIEHHS; 1, — MAKCUMAJIBHBINH KO3 GUILMeHT npenominenus; £, — Mak-
CHUMaJIbHasl SHEPrHs NONIOIEHHS B I'-TouKe 30HbI BpuinmosHa; d — TONIIMHA €CTECTBEHHOTO OKUCIIA.
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HccnenoBanue BIUSIHUS YPOBHS JIETHPOBAHUSI KPEMHHSI Ha €rO ONTHYCCKHE XapaKTEPHCTHKH B 00JIacTH
MaKCUMyMa IIOIJIOIIEHHUS, COOTBETCTBYoMIEro I'-Touke 30Hb bpuiuiosna, mpoBOaMIOCH HAa HCXOJHBIX U TEPMO-
o0paboTaHHBIX KpeMHHEBBIX TuTacTHHaX KJ[B-12 <100> u KJ[5-0,005 <100>, nMerommx ouHaKOBYO OPHEH-
TalUWIO U Pa3IMYHYIO0 CTENEHb JernpoBaHusi. CpaBHUTEIBHBIN aHAIN3 ONTHYECKUX MTapaMeTPOB HCXOIHBIX
00pasoB KpeMHUsI A0 U rociie 00pabOTKH MoKa3aj, 4To K03()OUIIMEHT MOIOMIEHHS Y HCXOAHOTO KPEMHHUS
C BBICOKOM KOHIICHTpAMHeH 00pa OOJIbINe, YeM Yy KPEMHUS ¢ HU3KOH KOHIIEHTPAITHEH, 4TO CBA3aHO C yBEIIHUe-
HHUEM Jie(hOpMaIK €T0 KPHUCTAIIIMYECKOH PEIIeTKH NPH BEICOKHMX J103aX JISTHPOBAHUS U, COOTBETCTBEHHO, BbI-
COKHM cofiepkanneM ToueuHbIx gedekros. [locne nposenenust BTO manHbIX 00pa3moB UMEET MECTO YMEHb-
[ICHUE 3HAUYCHUH ONTUYECKHX MapaMeTpOB C yBeIMYCHHEM KOHIeHTpauuu oopa. st cnabonerupoBaHHOTO
kpemunst KJ[b-12 <100> 3170 MO’KHO OOBSICHUTH OOCTHEHHEM MTOBEPXHOCTHOTO CJIOS OOPOM BCIIEACTBHUE €TI0
1 dy3un K TOBEPXHOCTH U MOCIIEAYIOIIET0 YaCTUYHOIO yX0/1a B OKPY’KaIOIyI0 CPEAY IPH BBICOKOM TemIie-
parype. Y KpeMHHS ¢ BBICOKOH KOHIIEHTPALMEeH NPUMecH, HECMOTPs Ha 00eTHEHHE TOBEPXHOCTHOTO CIIOs, JIe-
(dbopmanys KpHCTAIITMYECKOM PelIeTKH OyAeT BHIIIE, a CJIE0BATENILHO, ONTHIECKUE MTapaMeTPhl OKa3bIBAIOTCS
HIDKE, 9eM y CIIa00JIETHPOBAHHOTO KPEMHHUS (CM. TaOIHITY).

AHaNM3 ONTHYECKHUX MapaMeTpoB TIOBEPXHOCTH UCXOAHBIX 00pasioB KJIb-0,005 <100> u KOC-0,015 <100>,
UMEIOMINX pa3Inyarolinecs 3Ha4eHHs KOHIEHTPAMH M KOBaJCHTHBIX PaJlycoOB JIETHPYIOLIEH MpuMecH,
MoKazaj, 4T0 Kod((UIMEHTHI MOTIOUICHUS W MPEIOMIICHHST Y UCXOIHOTO KPEMHHS, JISTHPOBAHHOTO OOpOM,
BBIIIIE, YeM y KPEMHHs, JIETHPOBAHHOTO CYpbMOil. DTO 00yCIIOBIEHO Ooyiee BHICOKOW KOHIIEHTpalmeil 6opa
B KpemHU# (2,3 - 10" em ) 1o CPaBHEHUIO C CypbMOii (2,4 - 10" em™), uto B MIEPBOM CIIy4ae IPUBOIUT K MO-
BBIILICHHOW Je(hOpMalliil KPUCTAUTMUECKON PEeIeTKH KPEMHHUSI, a CIIeIOBaTeNbHO, U 00Jee BHICOKUM 3Haye-
HUSM KO3 QHUIIMEHTOB NOTIOIIEHHS 1 IpesioMieHrs. HecMoTpst Ha To 9TO cypbMa UMeeT OB KOBaJICHT-
b1t paguyc (139,5 - 107'° M, Torma kak KoBaleHTHBIH paguyc 6opa cocrasiser 8,43 - 107" M), oH oka3sBaeT
3HAUUTETIHHO MEHbIIEE BIMSHUE HA ONTHYECKUE XapaKTePUCTUKN KPEMHHS, YeM OoJiee HU3Kasi KOHLCHTPALUs
nerupyrouei npumecu. Kpome Toro, KpeMHUiA, JIETHPOBaHHBIN OOpPOM ¢ OoJiee BBICOKOH KOHLIEHTpalre, ooma-
naeT 6oJee TWIOTHOM CTPYKTYPOH IO CPABHEHUIO C KPEMHHUEM, TIOJBEPTHYTHIM CIIA00MY JISTHPOBAHUIO CYPHMO,
YTO TAKXKE TOPA3/0 CYLIECTBEHHEE BINACT HA ONTUYECKHUE IIapaMeTpBbl.

[Tocne npoenenus BTO npu temnepatype okoso 1100 °C ko3 dULIHMEHTH MOTIOMIEHHUS U MPEIOM-
JIEHUS! Y KPEMHUS, JIETUPOBAHHOTO CYpbMOHi, BBIIIE, YeM y KpeMHUs, JerupoBaHHoro 6opom. Ilocuen-
Hee MOXHO CBA3aTh C MepepacnpeieIeHueM JETHPYIOMKX MpUMecel U, cliefoBaTeIbHO, U3BMEHEHUEM HX
KOHIIEHTPALlMX Ha rpaHule paszzaena ¢pa3 KpeMHHI — eCTECTBEHHBIH OKucelsl. Tak Kak aTOMbl 00pa UMEIOT
MEHBIINE 3HAaYCHHUS KOBAJIEHTHOIO paauyca (B 1,6 pa3a) U Macchl, a TaK)Ke MOBBIIICHHBIH KOAPHUIUEHT
muaddy3un mo cpaBHeHHIO ¢ aToMamu cypbMsl (B — 4,4 - 107'% em?/c; Sb — 3,6 - 107 em?/c mpu 900 °C),
TO MIPU HarpeBe OHU OYAYT CeTperupoBaTh MPEUMYIIECTBEHHO Ha TOBEPXHOCTH T'PAHUIIBI pa3jienia u Jac-
TUYHO B €CTECTBEHHOM OKHCIJIE, IPUBOJIS K CHIDKEHUIO 1e()OPMALIMOHHOTO IIOBEPXHOCTHOTO NOTEHLIMAJIA
KPEMHHS, a CJIeI0BATEeIbHO, YMEHBIICHUIO €T0 ONTHUYECKUX XapaKTePUCTHK. B ciayuyae cypbMbl, KOTOpas
OCTaeTCsl B CTPYKTYype KPeMHUS ¥ Ha TIOBEPXHOCTH TPaHUIIBI pa3zesia KpeMHUN — €CTECTBEHHBIN OKHUCE,
nedopMalnOHHBIA MOBEPXHOCTHBINM MOTCHIIMAI BBIIIE, COOTBETCTBEHHO, BBIIIE U ONTHYECKUE XapakTe-
PUCTHUKH KPEMHHS.

3aKjIoueHune

Uccnenoanue Biausausi BTO Ha onTHYeckue XapakTepUCTUKU KPEMHHS MOKa3ajo, 4To B 00JIacTH Mak-
CHMyMa IOIVIONICHUS, COOTBETCTBYoIIero I'-Touke (Touke cuHTynsspHocTH Ban Xosa M) 30ubI bpuimooHa,
MMEET MECTO CHIDKEHHE KOA((PUIIMEHTa TIOTIONICHHUS 110 CpaBHEHMIO ¢ ero BemuunHo 10 BTO. Kpome Toro,
JUTSL BceX 00pa3iioB HaOIoaeTcs pocT ko3 duiineHTa npeaoMICHUS U YMEHBIIIEHUE TOIUHBI €CTECTBEHHOTO
okucia B 1,7-2,0 pa3a, 4To CBHICTEIHCTBYET 00 YMEHBIICHHH TOJNIIMHBI HAPYIICHHOTO CJIOS Ha TOBEPXHOCTH
KPEMHHUEBOM TUIACTHHBI MOCIE XUMHKO-MEXaHHYECKOH MOTUPOBKH B TIpoliecce TBepao(hasHOM peKpucTaim-
3anuu pu bTO 1 04rcTKe KPEeMHHS OT Pa3IMYHOTO Pojia 3arpsi3HEHU.
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