MHUHHICTEpPCTBO HAYKH M BbICIIEro obpaszoBaHus Poccniickoit denepannn

DenepanbHbIi HecnenoBarenbekuii nenTp «udopmaruka u ynpasiaenue» PAH
MockoBcKuii rocynapcTBeHHbli yHuBepcuTeT uMeHn M.B. JlomoHocoBa
@DakynbTeT BHIYUCIUTEIBHON MAaTEMAaTHKH M KHOSPHETHKH
Hayunsiii coBer PAH «®yHnaMeHTaIbHbIe IPOOIEMBI 2JIEMEHTHOM 06a3bl
HUH(GOPMAIMOHHO-BBIYHUCIUTENBHBIX U YIPABISAIONIMX CUCTEM U MaTePUAJIOB A7 UX CO3JaHHsD)

Koncopruym «IlepcriekTuBHBIC MaTepHAabl H 2I€MEHTHAsI 0a3a HH(POPMALHOHHBIX
U BEIYHCIIUTENIBHEIX CHCTEM)

MATEMATUYECKOE MOIEJINMPOBAHUE

B MATCPpUAJIOBCACHUHN JJICKTPOHHBIX KOMIIOHCHTOB

MMM3K-2022

Marepuanst [V MexryHapogHo#t KoHpEpeHITUN

24-26 okmsabpa 2022 2., Mocksa

MATHEMATICAL MODELING
in materials science of electronic components

ICM3SEC-2022

Proceedings of the International conference

October 24-26, 2022 Moscow, Russia

MAKG @ NPECE

MOCKBA - 2022




VJIK 519.6.517.958.533.6
BbK 22.2.2218
M34

OTBETCTBEHHBIH PEAKTOP:

K. K. Abzapsn — n-p.pus.-MatT.HayK, IJIaBHBIA HAYYHBIA COTPYIHHK,
pyxoBoautens otaena ULl NY PAH

MaremaTnyeckoe MOJe/JIMPOBAHME B MaTepPHAJIOBEIeHHUU IJIEKTPOH-
M34 HbIX KOMIOHeHTOB. MMMDK-2022. 24-26 okta6pst 2022 1., Mocksa : Mare-
puansl IV MexaynaponHo# koHpepenn. — Mocksa : MAKC Ipecc, 2022. —
180 c. : mi.
ISBN 978-5-317-06871-4
https://doi.org/10.29003/m3056. MMMSEC-2022

COOpHUK BKJIIOYAET B ce0s HayuHbIe pabOThI, OTPasKarOLIME COBPEMEHHBIE MUPOBBIE JIOCTH-
JKEHHS B 00J1aCTH MaTepUaIOBEACHNS HIEKTPOHHBIX KOMIIOHCHTOB H IIPECTABIISCT HOBBIC METOBI
MaTeMaTHYeCKOro MOACIMPOBAHUS H IIPOrPaMMHBIE PEIICHUS LI Pa3paboTKU MPUKIAIHBIX TIPO-
TPaMMHBIX CHCTEM.

JUts crienuaucToB B 00JIACTH BEIYHCIUTEILHOIO MAaTepPUAIOBEACHHUS, IIPUKIIAHON MaTeMa-
TUKH, MaTeMaTHYeCKOro MOJCIMPOBAHUS, NPOCKTHPOBAHMS M aBTOMATH3aLUH HM3ICIUH HAHOd-
JIGKTPOHMKH, Pa3pabOTYNKOB COBPEMEHHBIX MPUKIAAHBIX IPOrPAMMHBIX CHCTEM, aClHPAHTOB M
CTYZICHTOB CTapIINX KypCOB YHHBEPCUTETOB M TEXHUUECKUX BY30B.

Kniouegvie cnosa: MareMaTH4ecKoe MOJEIMPOBAHUE, BBIYMCIUTENBHOE MAaTEpHAIOBEACHHE,
NpHKIafHas MaTeMaTHKa, IU3aiiH MaTepuasoB, DJIEKTPOHHBIE KOMIIOHEHTHI, HAHOYIEKTPOHHKA,
IPHUKIaAHbIE TIPOTPAMMHBIE CHCTEMBI, HeHPOMOP(HBIE CHCTEMBI.

VYK 519.6.517.958.533.6
BbK 22.2.2218

Mathematical modeling in materials science of electronic component.
ICM3SEC-2022. October 24-26, 2022, Moscow : Proceedings of the
international conference. — Moscow : MAKS Press, 2022. — 180 p.

ISBN 978-5-317-06871-4

https://doi.org/10.29003/m3056.MMMSEC-2022

The Book includes scientific works reflecting modern achievements in the field of materials sci-
ence of electronic components and presents new methods of mathematical modeling and software
solutions for the development of applied software systems.

For specialists in the field of computational materials science, applied mathematics, mathematical
modeling, design and automation of nanoelectronic products, developers of modern applied software
systems, graduate and postgraduate students.

Key words: mathematical modeling, computational materials science, applied mathematics,
materials design, nanoelectronics, applied software systems, neuromorphic systems.

Cmambvu nybauKkyomcs 6 agmopcrol peoaKyuu.
HcnonvsosarHvie u300pasicenust NOLYYeHbl U3 OMKPbIMbIX UCHOYHUKOS.

ISBN 978-5-317-06871-4 © Agropsr, 2022
© Odopmnenue. OO0 «MAKC Ipeccy, 2022



OI''TABJIEHUE

1. A. CoBpeMeHHbBIe TIPOGJIEMBI CO3JAHUS HCCIET0OBATEILCKON WH-
(pacTpykTyphl 10151 CHHTE3a HOBBIX MATEPHAJIOB € 3a/IaHHBIMH CBO¥i-
CTBAMH, BKJIKYas NMPHMeHeHWEe HOBBIX METOMOB M CPEICTB aHAJIW3A
00JILIIMX JAHHBIX 7

A.A. 3ayapunnsiii, K.K. A6zapsan. CHHTE3 HOBBIX MaTEpPHAJIOB KaK IIPHO-
PHUTETHOE HaIlpaBJICHIE MHHOBAIIMOHHOTO PA3BUTHS IIPOMBIIIIEHHOCT . ........... 8

M. Lisnichenko, S. Protasov. Bio material modeling quantum circuit
COMMPIESSION ..vvvreerienreeeresereseeesseesseesseassesssasseesseessesssesssesssesseessesssesssesssesseensesnsenns 15

K.K. Abzapsn, E.C. I'agpunos. MeTompl CO3JaHUs WHTEIPALMOHHOM
TIATGOPMBI JUTS PEIICHHS 33129 MATEPHATIOBEICHHS «.....vovvenrenvenrereneeneeeneeneenne 18

K.HU. Bonosuu, C.A. /lenucos, B.A. Konopawes. YnpaieHue BbIYHACIIHU-
TEJIbHBIMH 33JIaHUSIMH BBICOKOTIPOM3BOAMTEILHOTO BBIYMCIUTELHOTO KOM-
TUIEKCA TIPU PEIICHUH 32149 MATCPHATIOBEICHMS. ......veenveeneeeneeaneesueesseenueeneeeeens 24

K.U. Bonosuu, C.A. /lenucos, B.A. Konopauieg. ApXuTeKkTypa cetu 00-
pabOTKM MaHHBIX U1 MApaJUICIBHBIX BBIYHACICHHN B BBICOKOIIPOU3BOIU-
TEJIbHOM KOMITIEKCE JUTS 33124 MATEPUATOBEHACHMS. ......vevveuverrerenrerueeneeneeneneens 30

H.H. Kucenesa, B.A. [Iyoapes, O.B. Cenvko, A.A. Hoxyxun, FO.0O. Ky3He-
yosa. TlpuMeHEHHE METOMOB MAIIMHHOTO OOYYCHHUS JIS KOHCTPYHPOBAHHUS
HOBBIX HEOPTaHUIECKUX COCIMHEHNH, IEPCIIEKTUBHBIX [UIS 3JIEKTPOHUKM ......... 36

A . Mamunos. IIpoekTupoBaHue CiIy>kObI MOHUTOPHHTA BBHICOKOIPOU3-
BOJIUTENBHOTO BBIYMCIUTENFHOTO KOMIUIEKCA JJIsl PELICHHS 3a1a4 MaTepha-
B (0):1571 (53 51 6 RPN 39

A.A. Monomxkos, O.H. Tpemwskosa, /{.H. Tyscunun. O pa3paboTke Tex-
HOJIOTHU [IPOU3BOJICTBA KOMIIOHEHTOB JIEKTPOHHBIX IIPUOOPOB ........cecevnnenen. 44

H.A. Honxosnuxosa, 1. Kouemos. HanimoHambHBIC BHI30BHI B IH(PO-
BOM MATEPUATOBEICHHM. ... ..eeureeureenureenureenreesnseenuseensseensseesssesssseessseesseeenseesnsees 47

B.C. Il]epbaxos. ApXUTEKTypa MPOrPaMMHOTO KOMIUIEKCA IUII MHOTO-
MacITabHOrO MOJIEIUPOBAHUS MHOTOCJIOWHBIX CTPYKTYp C MarHHUTOpE3H-
CTHUBHBIMH CBOMCTBAMI .........eiuiiuiiiiiuieitieteeteeetesaaesieesieesaeesaeeaeeeeeneesaeesneeneas 51

2. B. [IpoGaemMbl pa3BUTHSI MaTepHAJOBEIEHUS KBaHTOBOpazMep-
HBbIX 3JIEKTPOHHBIX FeTePOCTPYKTYP 57
G. Suchaneck, N. Kalanda, M. Yarmolich, E. Artiukh, G. Gerlach,

N.A. Sobolev. Magnetization of Magnetically Inhomogeneous Sr2FeMoO6-d
INANOPATTICIES ...ttt sttt et et sttt eneeeseeseeas 58

B.B. Casenves, C.B. Xazanosa. UucneHHbI pacuéT TPAaHCIOPTHBIX Xa-
PaKTEPUCTHK ABYCIOHHOTO rpadeHa ¢ pa30pHeHTUPOBAHHBIMHU CIOAMM .......... 59



3. C. MaremaTH4ecKkoe MOJEJHMPOBAHHE B CTPYKTYPHOM MaTepHa-
JIOBeleHMH (MHOTOYPOBHeBble, MHOTOMAacIITa0HbIe MOJeIH, HMUTALM-
OHHbIEe MOJIeJIH U T.]1.) 61

K. K. Abeapsn. TlpoexTupoBaHue MPOTPaMMHBIX CHCTEM UISI MOIEIHPO-
BaHMS B MaTEPHAIOBEJICHUH SIEKTPOHHBIX KOMIIOHEHTOB «....veveveveeneeereneennense 62

U.B. Mamwwxun, O.A. Teromunos, A.H. Muxatinog. Y4er TEII0OBBIIE-
JICHWS B MaJbIX O0BEMax BEIIECTBa Ha MPHMEPE POCTa MHUKPOCTEPKHEH
ZnO: MOUCK METOJIUKHA MOJCTTHPOBAHMS ...c..vveervrrenereeereeueeeireenseesseeesseesnseesnseess 68

A.I'. Hacmosvsxk, /I.B. LlImepenmanv, U.I. Heuzgecmuwiii, H.JI. lleapy.
MoenupoBaHie BHICOKOTEMIICPATYPHBIX OT)KHIOB MacCHBa HAHOIPOBOJIOK

GABAS . ettt st et 71
A.A. Cnupuna, HJI. [llsapy. D1ienoHUpOBaHUE CTyNEHEH BUIIMHAIBHBIX
noBepxHocteid GaAs(111) B mporiecce BEICOKOTEMIIEPATyPHBIX OTKHUIOB......... 74

K.K. Abeapan, U.C. Konbun. IlpuMeHeHre METOIa MOJAIBHOTO TIOHAB-
neHus i1 pacdéra IPQPEKTHBHOTO KOA(P(GHUIMEHTA TEIUIONPOBOIHOCTH
CBEPXPCIIIETOK. . ueveeuvreerereenreenureenseeensseesseeensseesseenseessseenseesnseessseesnseesssessnseessseen 77

P.JI Anses, A.B. Jlebeoes. UnciieHHBI alNrOPUTM JUIS MOJEIUPOBAHUS
npoduiell TpaBleHHs METOJOM YPOBHEH C MPOM3BOJBHON (yHKIMEH CKO-

EJI. Bamaun, I''A. Kapuyn, A.A. llapanog. IlocTtpoeHne KiacCU4ecKon
MOJIENIM pacy€Ta yNpaBisSIOUUX BO3ICHCTBUI HA SK30CKENET PYKH. ........cen..... 82

C.A. IT'opoxos, M.B. Yepnaes, C.U. [lamwoxos, A.A. Pes3sanos. Kunetu-
YyecKasi MOJIENIb POCTa OKCHJIA KPEMHHSI B TPOIECCE PAJUKAIBLHOTO OKHCIIe-

AJIL XKypaenes, K.K. Abeapsan, /1.JI. Pesusnukos. JINCKpETHO-IICMEHT-
HO€ MOJICIUPOBAHUE KOMITOZUIIHOHHBIX MATEPHATIOB. ....eevveenverneeieenieenieeeeaneenne 88

C.C. 3w3un, A.A. Pezsanos, A.I. 3accees, B.A. I'6030es, E.A. I anviku-
na, E.C. I'opnes. Uncnennoe MoJeIMpoOBaHUE MPOIEcca OCAKISHHUS CIOEB
okcuaa radpHUST MeTOIOM RP-ALD ..ot 92

BJIL Jlumeunos, K.B. Jlumeunosa. MarteMaTuueckoe MOIEIMPOBAHUE
AJIEMEHTOB CHCTEM IMUTAHUS YAAJICHHBIX JJIEKTPOHHBIX YCTPOWCTB ONTHYE-
CKUM HBITYUEHHUECM ......eeuvveentreeireenireensressseeenseesseeenseesseesseesseessseesnseessseesnseessseess 95

A.A. Pesnuk, A.A. Pe3ganos. Pacuér BIUSHUA TETUPYIOMNX J00ABOK Ha
NEKTPOPU3NICCKUE XaPAKTEPUCTHKH THOKCHIA TaQHUS METOIaMHU KBaHTO-
BO-XUMHYECKOTO MOTCTTHPOBAHIS «...c..veenveenreeneeaneenseenteenseesesnsesneesneesseenseenseenseans 97

A.M. Pomanenxos._ MonenupoBanue KojieOaHUi TBHXKYLIETOCS YIPYToTo
1 (011 (07 5 ¢: TR TSRO 100

A.B. Caenxo, B.B. JKeiy, I''E. bunvix, C.I1. Manioxos. UucieHHOe MoJie-
nupoBaHue (OTOIIEKTPUUSCKUX XAPAKTEPUCTHK COMHEYHBIX 3JIEMEHTOB Ha
ocHoBe reteporepeXxona TIO)/CUrO....iuiiieiieiieieieeeeee e 102

4



I1.4. Ceyenvix. MaTemaTuueckoe MOAEIUPOBAHUE KPUCTAIUINYECKON
CTPYKTYPBI TTIY METATITOB ......eetieiieiieiieeiie sttt 105

M.A. Cmenosuy, JI.B. Typmun, B.B. Kaimanosuu, M.H. @urunnos. Ma-
TEMaTUYECKOE MOJISTUPOBAHNE M KaYeCTBEHHAs OLIEHKA BO3/CHCTBUS 3apsi-
JKCHHBIX YACTHI[ WM DJICKTPOMATHUTHOTO W3JIYYCHUS HA OJIHOPOJHBIC IO-
JTYTPOBOTHUKOBBIE MATEPHAIIBL. ... veeeveersreennreenveensreesseensseensesnssesssesssseenaesnes 109

A.B. Typmun, M.A. Cmenosuu, H.B. Il]epbaxos. O MaTeMaTH4eCKOM
MO/JICTIMPOBAHUU M KaYECTBEHHBIX OICHKaX B METOJE BPEMSIPOJIETHOM Ka-
TOJOITFOMUHECLIEHIIIII .......eeeveeeeeeeeeeeteeeeeeeeeeeesaaeaeeseeeeeeaaeeeseeesasnneseseseesnnnnns 112

O.B. Veaposa, K.K. Abeapsn, /[.U. Baxcanos, C.H. Yeapos. Ilotennna-
JIBl MEKATOMHOTO B3aUMOJEHCTBHSI Ul M3YYCHUs] CBOMCTB KPUCTAJLTHYE-
CKIX CTPYKTYD +eeeuveeeureeerueeereeensuesseeensseenseeenssesnseeensseesseeessseesseesssessssessseensseenns 115

A.P. @apxymounos. MonennpoBaHue OXJTaKACHUS OTHOKOMIOHCHTHOM
cucreMsl JlenHapa-JDxoHca cO CKOPOCTSIMH, NMPHOMMKEHHBIMU K 3KCIIEpH-
MEHTATTBHO PEAITHZYEMBIM ........eetieutienreaueenseenteeteenseaneesaeesseesseenseenseensesseenseensens 119

B.U. Xseciok. Ternopusnka Uit HAHOIIEKTPOHUKH. ......veuververerrenrenreaneenns 120
B.U. Xseciox, I]. Yocon, A.A. bapuros. JITuHBI CBOOOIHBIX MPOOETOB
(DOHOHOB B HAHOTIIEHKAX ....euventeneenseenseenseenseeteaneeeneesaeesseenseenseensesnsesseesseensens 124

K.M. Ivicapy, [I.U. basxcanos, E.M. Cmenosa. KBaHTOBOMEXaHUYECKOE
MOJICTUPOBAHNE MAarHUTOONTHYECKUX CBOHCTB OJHOMEPHBIX MPOBOJOB OK-
CHJIOB KOOQITETA HA TIOBEPXHOCTH TTATHHBL........eeuveeneeeneerneereeeeeeneeeneenseenseeneens 128

4. D. MoaeupoBaHue pa3MepHbIX, PAAHALMOHHBIX, IOBEPXHOCTHBIX
H APYTHX Je(eKTOB B MOJYNPOBOIHHKOBON HAHOIIECKTPOHHKE .....eeeneennee 131

A.U. IIpocmomonomos, H.A. Bepe3y6. JlepekroobpazoBanue B Oe3auc-
JIOKAIIMOHHBIX MOHOKPHUCTAIIAX KPEMHHS. ... uveeeeeienrieneeaneeaneenseesueenseeneesneenaes 132

C.I1. Kobenesa. Ctpykrypa coOcTBeHHBIX TOUeuHbIX JedekroB B CdTe .. 135

E.B. Oxynuu, B.U. Oxyauy, J[U. Temenvboaym. KBaHTOBO-XUMUYECKUH
pacueT SHepreTHIeCKUX XapaKTepUCTHK JETUPOBAaHHOTO 60opoM B-GA,0;.... 138

E.B. Oxynuu, B.U. Oxynuy, JLU. Temenvoaym, A.H Muxaiinos. Monexy-
JISIPHO-TUHAMHYECKOE MOJICIIUPOBAHIE HAYAIILHOTO 3Tana OTKUTa JUOKCUIA
KPEMHHS, OOTYYEHHOTO HOHAMHU ST ... ..., 140

A.B. Ilpoxopenxo, A.A. I'nuoenxo, A.H. Yuoucos, M.A. Yubucosa. Vc-
CJIEIOBAHUE 3JICKTPOHHBIX W MArHUTHBIX CBOWCTB MpH aacoOpOIMH IBYX
aTOMOB (hochopa Ha TTOBEPXHOCTH CHITUIICHA.........eeveerreeererreenseeseesenssenseesens 143

5. E. MoaeaupoBanue padoThl MHOTOYPOBHEBBIX 3JIEMEHTOB MaMSATH
AJI51 KOMIIBIOTEPOB CJIeYIOLIero MOKoJeHust 147

E.A. I'anvixuna, A.A. Pezeéanos, C.C. 3103un, E.C. I'opnes. Komnbrorep-
HOE MOJIe/IUpoBaHue pe3ucTuBHoro nepexmouenus B HFO,-mempucropax ... 148



A.FO. Moposzos, K.K. Abeapsn, J[.JI. Pesusnuxos. IMMUTaITMOHHOE MO-
JIeIMpOBaHUE aHAJIIOTOBOM UMITYJILCHOW HEHWPOHHOM CETH HAa OCHOBE MEMpHU-
CTHBHBIX JJIEMEHTOB C HUCIIOJIb30BAHUEM MAPAIUICIbHBIX TEXHOIOTHH ............ 150

O.A. Tenvmunos, E.C. [opHes. AHaIN3 3IEMEHTHOW 0a3bl U CXEMOTEX-
HUYECKUX PEIICHUH Ui HEHPOMOP(MHBIX BBHIYHCICHUN Ha MEMPUCTOPHBIX
KPOCCOAPAX .vveuvveveereereesteeseeseeesseesseesseessesssesseesseessesssesssesseessesssesssesssesssessessens 156

6. F. MogeaupoBanue CTPYKTYpP M CBOHCTB KOMMIO3UIIMOHHBIX MaTe-
PHAJIOB ¢ HAHOKPHUCTAJIAMH, HAHOKJACTEpaMH, HaHOAMOP(HLIMHI

BKJIIOYEHUSIMH U T.1. 161
W.IO. bpamyxun, A.®. Kpsauxo, O.B. lllaxun, I'"M. Pesynos. Cunres
MHKPOYPOBHEBBIX CTPYKTYP KOMITO3UTHBIX MATEPHATIOB ......eenveenreerenerenreennens 162

I'.C. Hsanuenko, A.B. Ten, M.A. Bymenxo, HM. Ky3omun. Monenupo-
BaHUEC KOJICOATENIBHBIX CBOWCTB THAPHPOBAHHBIX  AIMa30IMOI00HBIX
HAHOTITEHOK ....eeuteeuteeauteeeuteeentteeuteesstessseesbtesaseesbaeeseesnbeeenseesbeeesseesnbaeenseesnne 164

E /I Tuxonosa, E.C. I'opues. Vctionb30BaHHE HOBBIX KOMITO3HUIIHOHHBIX
MaTepHAJIOB B MPOIIECCE CAMOCOBMEIIICHHOTO IBOMHOTO MATTEPHUPOBAHUS .. 167
J.U. Baocxcanos, A.®@. @ammaxos. ViccnenoBanne BIUSHUS BaKaHCHI Ha

MPOIIECC Cerperauy MPUMECH HUKEIsI BOJIM3H rpaHull] 1e()eKTOB CTPYKTYPHI
LSNT nepoBckuTa METOAOM MEPBOMPUHIIUITHON MOJIEKYIAPHON quHAMUKH . 170

7. G. TIpodaemnl obGecnieueHusi HagexHocTHn IKB muxposiaexkrTpo-
HUKH U CHCTEM HA ee OCHOBE 175

A.A. 3ayapunneiti, FO.A. Cmenuenxos, FO.I. [vauenxo, FO.B. Pooicoe-
cmeenckutl, JII1. Ilnexanos. OTKa30yCTONYMBBEIE CAMOCHHXPOHHBIE CXEMBI .. 176




1. A

COBPEMEHHBIE ITPOBJIEMbI CO3IAHUA
HCCJEJTOBATEJBCKO NHO®PACTPYKTYPBI
JJIS1 CHHTE3A HOBBIX MATEPHUAJIOB
C 3AJAHHBIMU CBOMCTBAMMU, BKJIFOUASA
INPUMEHEHME HOBBIX METO/J0OB
N CPEACTB AHAJIN3A BOJIBIINX JTAHHBIX



https://doi.org/10.29003/m3057.MMMSEC-2022/8-14

CHUHTE3 HOBBIX MATEPUAJIOB
KAK IPUOPUTETHOE HAIIPABJIEHUE
NHHOBALIMOHHOI'O PA3BUTHUSA NIPOMBIINJIEHHOCTH

3ayapunnviii Anexcandp Anexceeguu’,
0.m.H., 2.H.C., pyKogsooumenb omoenenuss QU] 1Y PAH,
e-mail: alex250451@mail.ru

Aézapan Kapuns Kapnenosna',

0.¢p.-m.H., 2.H.C., 3a8. omOenom OUI] 1Y PAH,
e-mail: kristal83@mail.ru

" @eoepanvuviii uccredosamenvcruii yenmp «HMngopmamura u ynpasnenue»
Poccuiickoii akaoemuu nayx (OUL UV PAH), Poccusa, 119333, Mocksa,
ya. Basunosa, 0. 44.

AHHOTamms1. B 1okinaze paccMaTpuBaloTCsl akTyallbHbIE TIPOOJIEMBI, CBSI3aH-
HBIC C CO3JAaHHMEM HOBBIX MATCPUAIOB B pPa3IMYHBIX C(bean X MPUMCHCHUA.
ITpuBeneHs! TprMepsl HOBBIX MaTepHanoB. OTMEYEHO, YTO CETOIHS 3TO BasKHEH-
Ui (akTop MHHOBAIIMOHHOIO pa3BUTHSI NpombliuieHHOCTH Poccuu. [lokazana
AKTYaJIbHOCTb pa3pa60TI<I/1 HOBBIX BBIYUCIIUTCIIBHBIX METOJ0B JJIsI CHHTE3a HOBBIX
MatepruanoB. ChopMyarpoBaHbl TpeOOBaHUS K BBICOKOIIPOM3BOAUTEIHHOW HH-
(bpacTpyKType Ui MHOrOMacIiTaOHOTO KOMITBFOTEPHOTO MOJIEJTMPOBAHMS.

KoueBsie ciioBa: mudposast TpaHcdopmaius, CHHTE3 HOBBIX MaTEepUaIIOB,
MHOIOMAacIITa0HOE MOJCIHPOBAHNE, BBHICOKOIPOM3BOIUTENbHAS HCCICIO0BaA-
TeJIbCKast ”HPpaCTPyKTypa.

BBenenue

Ceroauns 3aman cozfan sl Poccuu 1enblii CEeKTp peajbHbIX MPo-
OnemM, uMeronMx rinodanbHeId Xapaktep. OgHa U3 HUX — B cepe dek-
TPOHHOU KOMIIOHEHTHOM 0a3bl M MAaTEpPUATIOB — CTABHUT IMOJ yTPO3y BO3-
MOKHOCTB pealn3alii CTPAaTErHd Hay4YHO-TEXHOJIOTMYECKOTO pa3BHTHUS
CTpaHbl Ha OocHOBe LU(poBoi TpaHcopmaruu [1, 2]. KimtoueBoit mpo-
OneMoil CTaHOBUTCA O0OECIeYeHHE TEXHOJIOTHUYECKOTO CyBEpPEHUTETa
CTpaHbl B OOJIACTM MHKPOIJIEKTPOHHKH Ha OCHOBE CO3JIaHMS IIOJ-
HO(YHKIIMOHATBHOM MUKPOAJIEKTPOHHOM OTpaciu. DTa 3ajada CpaBHH-
Ma IO YPOBHIO CTPaTETnYecKO 3HAYMMOCTH U MAaCIITA0HOCTH yCIEITHO
BBITNIOJTHEHHOW B KOHIlE 40-X IT. IPOIIIOro CTOJNETHS 3aAade IO co3ja-
Huto B CCCP aToMHOM NpOMBIIUIEHHOCTH, KOTOpas MO3BOJIMIIa obecre-
YUTH MAPUTET B 00JIACTH SAEPHOTO OPYIKHS, & B TIOCTIEAYIOMIEM PeaTu30-
BaTh MHOT'HE IIPOCKTHI U B IPaXIaHCKOH cdepe.



IIpencraBnsgercs, uto Poccunm HEOOXOIUMO CPOYHO peau30BaTh
MIPOEKT, M0 AaHAJIOTUU C YHOMSHYTBHIM aTOMHBIM, IO CO3/IaHHUIO OTeye-
ctBeHHON OKb n MartepuanoB. Takoil «3ME€KTPOHHBIN» MPOEKT JOHKEH
MpeycMaTpuBaTh KOMIUIEKC MEPOIPHATHH, BKIOYas HCCIEIOBaHUS,
pa3paboTKy TEXHOJOTUH, Peann3yIoluX WX MHUKPOIJEKTPOHHBIX H37e-
T, HEOOXOIMMOro TEXHOJOIMYECKOro O0OpYAOBaHMS M PACXOTHBIX
MaTepHaioB, HAYYHO-IIPOU3BOACTBEHHONW 0a3bl, B TOM YHCIIE€ CEPUMHBIX
3aBOJIOB, a TAK)K€ MOATOTOBKY BBICOKOKBAJIM(DHUIUPOBAHHBIX CIIELIHAIH-
CTOB B 00J1aCTH PaUOIIEKTPOHHUKH.

OCHOBHBIMH 3aWHTEPECOBAHHBIMH MOTPEOUTENIIMHA HOBBIX MaTepHa-
JIOB SIBISIFOTCS TAKHE BBICOKOTEXHOJOTMYHBIE OTPACIM MPOMBIIIIEHHO-
CTH, KaK aBTOMOOWJIECTPOEHHE, aBUAIMOHHAs U KOCMHUYECKasl OTpaciH,
MEIUIUHCKUE U3IENIUs, PaTUOdIEKTPOHUKA U IPUOOPOCTPOCHHE.

B craTthe mpeacTaBiieHbl OCHOBHBIE COBPEMEHHBIE TPEH/B! Pa3BUTHSA
MaTepUaIOBEACHNS KaK HayYHOI'O HalpaBlIeHUs, a TaKXKe BO3MOKHOCTHU
BBICOKOIIPOM3BOJUTEIBHON MHPPACTPYKTYpBl Al MHOTOMAacIITaOHOTO
KOMIIBIOTEPHOTO MOACITUPOBAHMSL.

OcHoBHbBIE TPEHAbI B 00J1aCTH CO3TaHHUSI HOBBIX MaTepuajaoB

3ameTrM, 9TO Tpo0JIeMa CO3JaHHS MATEPUANIOB C 33aHHBIMH CBOIi-
CTBaMH MMEET MHOTOBEKOBBIC KOPHH, TaK KaK Ha BCEM MPOTSKEHUH UCTO-
pUHM YETIOBEUECTBA OCBOCHHE HOBBIX MATEPUATIOB OKA3BIBAIO KIIOYECBOE
BIIUSTHUE Ha Pa3BUTHE IUBHIM3ALUU. JIOCTATOYHO YHOMSHYTH, YTO TpHU-
POJIHBII KaMeHb, OpOH3a W JKENe30 Ay Ha3BaHUS IeJbIM 3moxam [3].
Tak, 1500 nmer mo Hamield 3psl B ErunTe cramm m00aBiATH COJNOMY
B TJIMHY TIPU CTPOSHUH 3[aHHM, a TaKKe JUIA YKPETUICHHUS KEPaMUIECKIX
m3nenuit. 1200 et 1o H.3. IPEBHUE MOHIOJBI CO3/Iadd KOMIIO3UIIMOH-
HbI MaTepuan U3 JiepeBa, KOCTeM W >KMBOTHOTO Kies. B cepenune
XIX Beka pycckue yduenole B.B. Jlrobapckuit u ILI. CoboneBckuit
M300penu crmocod M3rOTOBIEHUS YKpaIleHH ¢ T0OABICHHEM IOPOIIKa
miatuabl. B 20-30-¢ roasr XX Beka HaCTyMHiIa 3pa MOJMMEPOB, MOCTE
Yero TPYIHO MPECTaBUTh HAITy JKU3HB 0e3 miacTuka u pe3uHsl. CiycTs
HECKOJIbKO JECSATWIECTHN Ha IEpPBBIA IUIaH BBIIIEI KPEMHUMN, KOTOPBII
JIaJI UMITYJIbC COBPEMEHHOMY Pa3BUTHIO JICKTPOHUKH U NU(POBBIX TEX-
HOJIOTHH.

K HacrosimemMy BpeMeHH OCHOBY COBPEMEHHOTO MPOU3BOJCTBA IPH-
MepHO Ha 90% COCTaBISIOT BCETO JBa BHJa MaTEPUAIOB: METaJLIbI (Ma-
IMIMHOCTPOEHHE, KEJIE3HBIX TOPOT, TPYOOIIPOBOIBI, JIMHUHU AJIEKTPOIIepe-
ad) W KepaMuKa (CTPOUTENbCTBO 3/JaHWM, IMPOW3BOICTBO TIOCY/HI,
TEIJIO- W DIICKTPOU3OISITOPEI) [3]. B Mmpe exerogHo mIpou3BOIUTCS
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oxono 600 MiH T MeTaiuta — cBhile 150 Kr. Ha Ka)KI0ro KATENS IUIaHe-
ThI. [IpuMEpHO CTOJBKO K€ MPOU3BOAUTCS KEPAMHUKH BMECTE C KUPIIH-
yoM. OIHAaKO M3rOTOBJIEHUE METajula B COTHHU pa3 Jopoxe. HoBbie Tex-
HOJIOTMH OTKPBIBAIOT BO3MOXKHOCTH 3aMEHBbI MeTajla KepamMukoi. Tak,
C IPUMEHEHHEM HOBBIX XMMHUYECKHX D3JIEMEHTOB (IUPKOHUS, TUTaHAa,
Oopa, repmaHusi, XpoMma, MOIHOeHa, BOJb()pama) B TOCIEIHEE BpeMs
CHHTE3UPYIOT OTHEYIOPHYIO, TEPMOCTOWKYIO0, XHUMOCTOMKYIO, BBICOKO-
TBEPAYIO KEPaMHKY, a TaKKe KepaMHKy ¢ HaDOpOM 3alaHHBIX DJIEKTPO-
¢m3ugeckux cBoucTB [4, 5, 6 ]. CooOmmeHnss 0 HOBBIX MaTepHaiax M
TEXHOJIOTHSIX MOSBIISIOTCS Bee varie [7, 8, 9].

CeroyiHsi y4eHbIC TIEPEXOJAT K CO3JIAHHIO HOBEHIINX MATEPHAIOB CO
CBOWCTBaMH, KOTOpPbIE HE BCTPEUAIOTCS B IPUPO/IE.

OnHUM U3 TPEHIOB B UCCIENOBAHUAX SIBISETCS CTPEMIICHHUE CO3/1aTh
«MeTaMaTepualbl», CBOMCTBA KOTOPBIX BBIXOJST 32 MpeAesbl CBOWCTB
0o0pa3yromux uX KOMIMOHEHTOB. C (hM3MUYECKOW TOYKH 3PEHHS ITO HC-
KyCCTBEHHO C(OPMUPOBAaHHbIE M OCOOBIM 00pa3oM BBICTPOCHHBIE
CTPYKTYPHI, 00JIa/JatoIue HeTOCTHKUMBIMH B IIPUPOE IJICKTPOMArHUT-
HBIMH I ONITHYECKUMH CBOMCTBaMH, B YaCTHOCTH CBOMCTBOM HEBUJIH-
moctu [6]. Tak, B 2020 roxy Forbes cooOrmi, uto Apmeiickas Hcciaeno-
Barenbckass mabopatopusi CIIIA (ARL) mpoBoauT wmcciaemoBaHus IO
CO3/IaHHI0 METaMaTepUalioB, KOTOPhIE MOTYT HANpPaBIATh YHEPTHIO Me-
XaHUYECKUX BOJIH BOKPYT 0OBEKTOB, 3alIHIast X OT B3PBIBOB, yAAPHBIX
BOJIH, 3eMJyleTpsiceHnid wian BuOpanuu. [lomoOHBIE pa3pabOTKM MOTYT
CAENaTh CTPATETHYECKH Ba)KHBIE OOBEKTHI (3MaHHS, MOCTBI, CHCTEMBI
BOOPY>KEHHUS U JIp.) KHEBHAUMBIMHY» 11 MEXaHHYECKOH SHEPTHU.

B 2020 romy mupokuii pe3oHAHC BBI3BAJO HAYYHOE IOCTIIKEHHE,
CBSI3aHHOE C 3asBJICHHEM O CO3[aHWH IIEPBOTO CBEPXIPOBOIHHKA, aK-
TUBHOTO TPH KOMHATHBIX TeMIeparypax. Takoro pojaa TEXHOJOTHH, IO
CJIOBaM aBTOPOB, MO3BOJAT OTKA3aThCS OT HCIOJIB30BAHHS JIIEKTpUYe-
ckux Oarapeil. CBEpXIIPOBOIUMOCTD (CITOCOOHOCTH TIPOBOJIUTH DIIEKTPH-
4eCTBO 0€3 CONPOTHBIICHUS) BXOJUT B YHCJIO HAUOOJIee BBHIIAIOLIUXCS
OTKpBITUI XX BeEKa.

Pa3BuTHe nn(pOBBIX TEXHONOTUI MOAETUPOBAHUS, MAILIMHHOTO 00Y-
YEeHUS TIO3BOJISIIOT CYLIECTBEHHO MOBBICUTH 3(PPEKTUBHOCTH MPOLIECCOB
pa3paboTKK HOBBIX MaTEpPHUAJIOB TPU OJHOBPEMEHHOM CHIDKEHHH Bpe-
MEHHBIX M (PMHAHCOBBIX 3arpaT. MHOTHE MOJXOAbI OCHOBAHBI Ha METO-
JaX MOJAEIMPOBAHMUSI, UCIIONB3YIOIIUX JAaHHbIE CTATUCTHKH, MATHHHOTO
00y4YeHHsI ¥ UCKYCCTBEHHOTO MHTEIUIEKTa U OIIEHKU MOBEICHUSI MaTEePH-
anoB. OTHUM M3 aKTyaJIbHBIX HAIllpaBJICHUH B 00JAaCTH CHHTE3a HOBBIX
MaTepHajoB ¢ 3aJaHHBIMU CBOWCTBAMU SIBJISICTCSI Pa3BUTHE METOJIOB Ma-
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TEMaTHYECKOTO MOJEIMPOBAHHUA, B YACTHOCTH, METOJOB MHOTOMAac-
mTabHoro MmoaenupoBanws [10, 11].

[lpuMeHeHne TEXHOJOTHH MAaTeMaTHYeCKOr0 MHOTOMAaCIITaOHOTO
MozenupoBanus [10,11], cormacHo KOTOpO# pacueThl Ha KaXKJIOM YPOBHE
MPOBOJATCS C HCIOJB30BAHUEM COOTBETCTBYIOIIUX MAaTEMaTUYECKUX
MOJIeNIel U BBIYUCIUTENHHBIX alTOPUTMOB, TI03BOJISAET:

— OOBSICHUTD MHOTHE SIBIIEHHS M CBOWCTBAa OOBEKTOB, BKIIFOUAs HC-
CJIeIOBAaHHUE CTPYKTYPHBIX OCOOCHHOCTEH (PU3NUESCKUX SIBICHUHA U
MPOIIECCOB HAa HECKOIBKUX MacITadax;

— TIONy4YaTh Ka4eCTBEHHO HOBBIE Pe3yJbTaThl B 00JaCTH MPOTHO3U-
POBaHUsI CBOWCTB HOBBIX 0OBEKTOB;

— pewmaTh 3aJa4dl ONTHUMM3AIMHU COCTaBa M CTPYKTYpHl MHOroMac-
MTa0HBIX 00BEKTOB, BRICTPAMBATH B3aHMMOCBS3H MEXAY CTPYKTY-
POl U CBOMCTBaMH, YTO AAE€T BO3MOXKHOCTb CHUHTE3UPOBATH KOM-
MO3UIMOHHBIE CTPYKTYpPHI, OOJaJaromue 3aJaHHbIM HabopoMm
CBOICTB.

Hcnonp3oBaHue TakuX IMOAXO/IOB ITO3BOJIMIIO PEHIaTh MIMPOKHUI Ki1acc
3ama4 B OOJIaCTH BBIYMCIUTENFHOTO MaTepuajoBeneHus. Hampumep,
MPOBOJUTh HCCICIOBaHUS CTAOMIIBHOCTH MPOTSDKEHHBIX JIe(EKTHBIX
KOMIUIEKCOB B KPEMHHUEBBIX CTPYKTypax [12], MOAeTupoBaTh MPOLIECCH
pacrpesneneHust HocuTenel 3apsia B HaHOPa3MEpHBIX MOITYIPOBOIHUKO-
BBIX TETEPOCTPYKTYypax C yUETOM TMOJSApU3aUOHHBIX ddekToB [13],
pelarh 3aJayi ONTUMHU3ALUU 1711 ONPENETICHUS! ONTUMAIBHOTO JIETUPO-
BaHUsI O0aphepHOTO CJIOS, COCTOSIIErO U3 psja IMOJCIOEB, O0ecIeynBa-
IOIIETO 33aJJaHHYI0 KOHIICHTPAIIHIO AJIEKTPOHOB B KaHaJe IIPOBOJIUMOCTH
MOJIYTPOBOJTHUKOBBIX F€TEPOCTPYKTYp [14] u MHOTHE ApyTHeE.

HccnenoBareanckas nugpacrpykrypa ®UIL 1Y PAH

Hnsa addexkTrBHOTO pemieHns 3a1ad CHHTE3a HOBBIX MaTepHajoB Ha
OCHOBE METOJIOB MaTEMaTHYECKOTO0 MOAEITUPOBaHUS TpeOyeTcs mccie-
noBatenbckas MHPpacTpykrypa. OCHOBHBIE (PAKTOPHI, ONpEHEISIOUINe
3HAYMMOCTh BBICOKOTIPOU3BOAUTENBHBIX IUIATGOPM U HAYYHBIX HC-
crienoBanuii, 000cHOBaHKI B [15, 16, 17]. C ydeTroM yKa3aHHBIX TCHJICH-
U 7151 TOBBIIEHUS 3P ()EKTUBHOCTH MTPOBEICHHS SKCIIEPUMEHTAIBHBIX
uccienoBaHuil B uHTepecax HudpoBoil Tpanchopmanuu B OULL NY
PAH co3nana coBpemennas nudposas miatGopma I HaydIHBIX HCCITe-
JIOBaHWUH, KOTOpasi MPEAOCTABIISIET UCCIIEOBATEISIM TPAJAUIINOHHEIE 00-
JIAYHBIE YCIYTH, a TakKKe TEXHOJIOTHW HAyYHOTO CEepBHCA KaK YCIyTH
(RaaS — Research as a Service) B BuIe NpeaMeTHO-OPUEHTHPOBAHHBIX
mporpamm [18]. 3aperucTpupoBaH MEHTP KOJUICKTHBHOTO IOJIb30BAHI
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(LIKIT) «1adopmaTtnka», Ha KOTOPOM YCHEIIHO PEIIAeTCs LETBIA PsiI
3a1a4, B TOM YHCJIE€ B MHTEpEcax CHHTE3a MaTepUalioB C 3aJaHHBIMU
CBOICTBaMU.

B pamkax cosepmenctBoBanus LIKII B HacTosimiee Bpems uccneny-
IOTCSI TIOAXOABI K OPraHU3alui BBIYMCIUTENFHOIO MPOLECca B BBICOKO-
MPOU3BOJUTENLHOM KOMIUIEKCE C YYETOM IIMPOKOTO CIIEKTPa BBIYMCIIH-
TEJIbHBIX HArpy30K Il perieHus 3ajady matepuanoBeneHusa [19]. Tak,
Ul psifia 3aJad ¢ MHTEPAKTHBHBIM PEKUMOM PabOThI BBICOKOIIPOU3BO-
JTUTETFHOTO KOMIUIEKCa MPEIOKEH MOAX0A K AMHAMUYECKOMY pactipe-
JICJIEHUIO BBIYMCIUTENHHBIX PECYPCOB MEXIY OuYepelsiMHu 3aJlaHuil, 00-
CIIy’)KUBAIOIIUX MOTOKM HMHTEPAKTHBHBIX M TIAKETHBIX PACUETHBIX
3a1aHUM.

Peanu3oBaHbl HECKOJIBKO BUAOB MHAUBHIYAIBHBIX CPENl UCTIONHEHHUS:
cpeaa MOJETUPOBAaHUS (PU3UKO-XUMHUYECKHX MPOLIECCOB B MOJIEKYJISIP-
Hoil nuHamuke GROMACS, cpena aBTOMAaTH3HPOBAHHBIX WH)KEHEPHBIX
pacuéroB Ansys, cpefa pa3pabOTKu MoJesiell MallMHHOTO OOY4YeHHUs U
HMCKYCCTBEHHOTO HHTE/UIEKTa Ha Oa3e pemenms Jupyter Notebook, —
cpenpl MarepuanoBenenns (ABINIT, VASP, Quantum ESPRESSO,
LAMMPS, MEEP, MPB, OpenFOAM), oOpa3yemble cpeacTBaMu
HACTPOWKH mIaTGopMeHHbIX cepBrucoB PaasS [20].

BwMmecte ¢ TeM, 1iist 5pGEKTHBHOTO IPUMEHEHHSI COBPEMEHHOH BBICO-
KOTIPOU3BOAUTENFHON HMHQPACTPYKTYPbI Ul PEHICHUs 3aJad CHHTE3a
HOBBIX MaTepHajloB 0053aTeNbHO TpeOyeTcss MOArOTOBKA KaJpOB BBIC-
el KBanu(UKaK, CIOCOOHBIX BBHIOJHATH MMOCTAHOBKU 3a7ad Ha OC-
HOBE COBPEMEHHBIX MAaTeMaTHYECKHX METO/OB, pa3padaTbiBaTh CIOXK-
Hble NPOrpaMMHBIE MOJENHM [UIl pEHICHUs TakuxX 3afad, a TaKkKe
CITOCOOHBIX BBITIONHATH 00pa0OTKY M aHAIN3 OONBIINX 00BEMOB JAHHBIX
(MeToaB! UCKYCCTBEHHOTO MHTEJUIEKTa, MALIMHHOIO OOYYEHUs, TEOpUHU
VIIpaBJICHHSI, CHCTEMHOTO aHaym3a) [20].

3akaouenue

CuHTE3 HOBBIX MaTEpPHAIOB — BOKHEHTIIHNI (pakTOp MHHOBAIIMOHHOTO
Pa3BUTHS IPOMBIIIICHHOCTH. [[J151 yCTIEIHOTO pelieHus 3TUX 3aad Tpe-
Oyercs:

— CO3[]aHHE OTEYECTBCHHOM 3JICKTPOHHON KOMIIOHCHTHBINH 0a3bl;

— pa3palboTKa 1 BHEJPECHUE HOBBIX BBIYUCIUTEIBHBIX METO/IOB;

— pa3BHUTHE BBICOKOIIPOM3BOJAUTEILHON W HAJEKHOW HCCIIeI0oBa-

TEJIbCKOM Cpebl;
— TIOATOTOBKAa BBICOKOKBaTM(HUITMPOBAHHBIX KaJpPOB B 00JacTH Ma-
TEeMaTHYECKOTO MOJACITUPOBAHIS W IIPOTPAMMHUPOBAHIIS.
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Abstract. The report deals with topical problems associated with the crea-
tion of new materials in various fields of their application. Examples of new
materials are given. It is noted that today it is the most important factor in the
innovative development of Russian industry. The relevance of developing new
computational methods for the synthesis of new materials is shown. The re-
quirements for a high-performance infrastructure for multiscale computer simu-
lation are formulated.
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Abstract. Bioelectronics is a perspective future of electronics. The model-
ling of the protein is an important part that allows to search the appropriate fold-
ing structure with applicable conductivity properties. The classical computers
struggle from modelling large structures because of number degrees of freedom.
The mathematical modelling inside the quantum programming paradigm is a
possible way to overcome this factor. This work describes a simplification algo-
rithm of bio material (protein) model used in bioelectronics.

Key words: quantum computation, protein folding, bio materials, bioelec-
tronics, optimization.

Introduction

Bio- or proto-electronics is a potential development of the future elec-
tronics [1]. Researchers have already investigated s- and p-semi-
conductor properties [2], bio-molecular electronic junctions [3], and dis-
covered electron transport [4]. Thus, bioelectronics and electronics with
proteins evolved may become possible in near future.

The protein structure affects on its conductivity. Ha and Kim showed
an interconnection between protein folding structure and the junction
mechanism [5]. Thus, protein modelling is an important task, which
makes possible further bio-electornics modelling and development.

At the same time, protein folding modelling is an NP-hard problem
[6]. The quantum computations potentially overcome this problem due to
natural computational parallelism. This fact allows the modelling and
optimization in the bounded time limits [7]. Quantum computers encode
molecules in a quantum state and model their evolution applying unitary
operators U. These operators correspond to application of constant ma-
trix Hamiltonians as U = e~*ft, This work describes the quantum cir-
cuit optimization via detection and removal of adjoint operators and op-
erators with small parameters without loss of folding structure
prediction.
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Protein folding modelling

Robert et al. introduced a hybrid classical-quantum pipeline to encode
amino acids information and to predict a native protein folding structure
[8]. The proposed pipeline, Variational Quantum Eigensolver with Con-
ditional Value at Risk (CVaR) [9] computes the protein folding with
minimum energy. After amino acid encoding, the quantum circuit in-
cludes a number of unitary operators — gates. The quantum circuit looks
like a string with beads, where string (or wire) is a quantum bit — qubit —
and beads are gates. The longest bead path in the circuit represents a
metric called depth. In the case of a real quantum computer execution of
gates is non-perfect and leads to computational errors. The more gates
the quantum program has, the greater error is. Another reason for circuit
optimization is cost of the gates. For instance, the cost in the IonQ server
is $3 - 107> per each single qubit gate, $3 - 10™* per each two-qubit gate
and $33 - 107> per each measurement shot [10].

The adjoint gates are destroyable in pairs. This mathematical property
cuts the circuit depth when these pairs occur successively. The commuta-
tive property allows to find a complex conjugated gate for the initial one
within circuit part, where all gates commute. The paper bases on this
phenomena of commutative gates and makes possible to simplify the
primary protein state initialization. Additionally, the compression algo-
rithm includes the reduction of rotation gates with small parameters. De-
pending on the reduction threshold the folding prediction deviates from
native structure to incorrect result. Combination of optimazation based
on adjoint gated and gate with small parameter reduction is named as full
optimization pipeline.

Conclusion

The paper described the quantum circuit compression of the bio mate-
rial modelling via adjoint pairs reduction and reduction of rotation gates
with small parameters. The experimental modelling uses Azurin’s first
five amino acids folding optimization. The algorithm successfully reduc-
es the circuit depth from 635 to 500, and 478 (for original, reduced only
based on adjoint property, and fully optimized algorithm with max pa-
rameter value 0.1 respectively) without negative effect on the output
folding structure prediction. As result, quantum computations have a po-
tential for better scaling of optimization and modelling tasks.
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AHHoTanusi. B noknane paccMaTpuBaroTcst IpoOJieMbl IOCTPOSHUST HHPOP-
MAalMOHHBIX CHCTEM JUIA PEICHHs 3aJad MarepuaioBeneHHs. lIperncTaBieHs!
METOJIBI CO3JIaHMsI MHTETPALMOHHON MIaTGOPMBI UIT MHOTOMACIITA0OHOTO MO-
nenvpoBaHus. OTMEUeHa aKTyaJbHOCTh Pa3paOOTaHHBIX MOJXOJ0B AJISI H3yue-
HHUSI CBOWCTB MarepualioB M IOCTPOCHHS B3aUMO3aBHCHUMOCTEH CTPYyKTypa-
cBOHCTBa. B kauecTBe MHCTpyMEHTa Ul aBTOMATH3allMHU Ipoliecca paclpese-
JICHHBIX BBIYMCIICHUH OBUIM HMCHOJIB30BaHbl MOAXOABI, MPUMEHSIONIMECS IpU
aBTOMaTH3allMK Ou3Hec-mporieccoB. IIOCTpOEHHBIE pELICHUS Ppealu3yrTCs C
MIPUMEHEHNEM TapaJlIeIbHBIX BBIYMCICHUH Ha BBICOKOIPOM3BOJHUTENIBHBIX pe-
cypcax LKIIT «udopmartukay OGUI Y PAH

KuroueBble c10Ba: MHOromMacmrabHOe MOJICIMPOBAHHE, IPOTPAMMHEBIE CH-
CTEMBI, WHTETPallMOHHas IulaT(Gopma, BBICOKONPOM3BOAMUTEIBHBIE PECYPCHI,
aBTOMAaTH3anus OM3HEC-TIPOIIECCOB.

BBenenue

Pa3BuTHE METOIOB MPOCKTUPOBAHMS MTPOTPAMMHBIX CHCTEM B pecyp-
COEMKOW 00JIaCTH TOJIyYEeHHUsI COBPEMEHHBIX MaTepHAIIOB BEChMa aKTy-
aJpHO W BOCTpeOoBaHO. B HacTosiee BpeMs, BO BCEM MHPE YCKOpPEH-
HBIMH TEMIIaMH BeIeTCsS pa3paboTka W BHEAPEHHE COBPEMCHHBIX
MaTepHalioB ¢ 3aJaHHBIMU CBOMCTBaMHU. Tak, HampuUMep, COTIACHO IPO-
THO3aM DJKCIIEPTOB, MHUPOBOW PHIHOK KOMITO3HIIMOHHEIX MAaTepHUaioB
€XKerogHo OyAeT yBeNWYMBAThCA B nuama3oHe oT 4 10 7,7 MpOIEeHTOB
BILTOTH A0 2024 1. 1 ero ctouMocTh Bo3pacteT 10 103—-131,6 mapn noin-
mapoB [1]. Ilo npuamHe HapacTaome KOHKYPESHIINA B JAHHOW 00J1acTH,
BKHBIM (PAKTOPOM OITePEKAIOIIETO PA3BUTHS SBIIICTCS HUCIOJIb30BaHNE
MpeacKa3aTeIbHOr0 KOMIIBIOTEPHOTO MOJCIMPOBAHUS C IMPUMEHEHHEM
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BBICOKOIPOM3BOIUTENBHBIX BBIYUCIUTENHFHBIX KOMIUJIEKCOB. Temarnka
pa3BUTHUSl BHICOKOTPOM3BOIUTENEHOW CpEeNbl IS HAy4YHBIX HCCIIEeI0OBa-
HUU B yCIOBUSX IUQPPOBON TpaHCHOpPMAIMH MPUMEHUTEIHLHO K pele-
HUIO 337]a4 CHHTE3a HOBBIX MaTepHAJIOB C 3aJJaHHBIMU CBOWCTBAMH pac-
cMarpuBanach B pabdortax [2, 3]. Han anamu3 ompita OUIL[ Y PAH
B CO3JJaHWU COBPEMEHHOH BBICOKONIPOM3BOIAUTENBHON IIaT(OPMBI AJIS
Hay4HBIX HccienoBanuii. O0O0CHOBaHA HEOOXOIMMOCTh €€ TIPUMCHCHIS
JUTSL peIlIeHHs TIPUKJIAIHBIX 3a/1a4, CBSI3aHHBIX C MTOJI0OPOM HOBBIX MaTe-
pHajoB B 00JaCTH MUKPOAJIEKTPOHHKH U IPYTUX O0IACTSIX.

NMuTannmoHHOMY MOJEIMPOBAHHUIO CIIOXKHBIX TPOIIECCOB M CHCTEM
nocssimieH psg pador H.IL. Bycnenxo [4], FO.H. [1aBnoBckoro [5], nnen
KOTOPBIX HAllUTM CBOE MpUMeEHeHue B paborax bpoackoro H0.U., npex-
JIOKUBIIETO (HOPMATM30BAHHBI MOJEIHHO-OPHEHTUPOBAHHBIA TOIXOM
K MIOCTPOCHUIO W pealu3aliil WMHTAIMOHHBIX Mojneneid. B paborax
K.K. AGrapsia [6, 7] naHHbBIH 0aX0J ObLT Pa3BUT U MPUMEHEH K CO3/a-
HUIO (OPMANM30BAaHHOW TEXHOJIOTUM TOCTPOSHHS MHOTOMAacIITaOHBIX
BBIUMCITUTENBHBIX MOJENIE 1 MHOTOYPOBHEBBIX HMH()OPMAIMOHHBIX CH-
CTeM JJISl MCCJIEJIOBAHUS TPOLIECCOB M SBJICHUHN, XapaKTEpHU3YIOLIUXCS
IIMPOKUM CIEKTPOM HPOCTPAHCTBEHHBIX H/WMJIM BPEMEHHBIX MacIITa0OB.
Brimo mokazaHo, 9YTO OqHUM K3 HanOojee 3(h(PEKTUBHBIX pelieHui B 00-
JIaCTH BBIYMCIUTEIBHOTO MaTepUaOBEJCHUS SBISIETCS pa3paboTKa Me-
TOOB MHOTOMAcCIITaOHOTO MOJAETHPOBAHMS, MO3BOJSIONIMX B paMKax
OJTHOW MOJIeNIM TPOBOJUTH HCCIEIOBAHUS COBPEMEHHBIX MAaTEpUAIOB
C Y4eTOM OCHOBHBIX (DaKTOPOB C pa3HBIX MPOCTPaHCTBEHHO-BPEMEHHBIX
MacImTaboB, UTPAIOIINX KIIOYEBHIE POJIM B TaKuX 3amadax. Mx mcmoms-
30BaHUE JTA€T BO3MOXKHOCTH CYIIECTBEHHO YIEIIEBUTh U YCKOPUTH IPO-
1ecchl pa3paboTKU M MPHUMEHEHHs] COBPEMEHHBIX TEXHOJIOTHH MOiyde-
HUSI COBPEMEHHBIX MaTEepHaJoB ¢ TpeOyeMbIMU cBoMicTBaMu. Ha nanHbIN
MOMEHT, MHOTOMACIITa0HBI MMOAX0]] pean3yeTcsl BO MHOXKECTBE 3apy-
oexnbix mporpamMmHbix CAIIP makeroB (CAD/CAE/TCAD) u Heko-
TOPBIX OTEYECTBEHHBIX pa3paboTkax [8]. OCHOBHBIMH HEIOCTATKAMH
3apyOeXHBIX TAKETOB SIBISAIOTCS BBICOKAs CTOMMOCTh U TPOOIEMBI
C TOJTyYCHHEM JIMLEH3UH, B OOJBIIMHCTBE CIy4YaeB 3aKphITasi apXUTEK-
Typa MIaTOpMbI, OrpaHMYMBAIONIAs PACIIMPEHHE CTOPOHHUMHU WIIH
COOCTBEHHBIMH pa3pabOTKaMu, U y3Kasl CIie[HaIn3anus 15l KOHKPETHOH
UHAYCTpUHU. B cBA3M ¢ 3TUM, pa3paboTka M aBTOMaTH3alMsl METOAOB U
cpencTB HHQOPMAIMOHHON MOIIEPKKH MHOTOMACIITAOHOTO MOJAEIHPO-
BaHUSA C OTKPBITOM pPaCHIMPAEMON apXHUTEKTYpOH, JENaroliee BO3MOXK-
HBIM MPUMEHSTH X K HOBBIM THITaM 3a/1a4, SIBJISIETCS aKTyalbHOM.
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IMoaxoap! kK NOCTPOeHUI0 MHGPOPMALMOHHBIX CHCTEM
B 33/1a4aX MaTepuaJl0BeleHusl

IToctpoenne MH(GOPMALMOHHBIX CUCTEM B 00JAacTH €CTECTBEHHOHA-
YYHBIX HCCIIEIOBAHUMN SIBIISICTCS CIIOKHOW 3ajadeid, TpeOyromield 3HaYm-
TEJIBHBIX YCHIUM 10 OpraHu3anuu 3pHekTHBHOro B3auMOAECHCTBHS BXO-
JSIIUX B 3TH CHUCTEMbl KOMIIOHEHT. B Hacrosimee Bpems B obnactu
pa3BUTHUS TEOPETHUECKHUX ITOAXOJ0B K pa3padOTKe MpOTPaMMHBIX CH-
CTeM, MpeTHa3HAYEeHHBIX JJIS MOAEIUPOBAHHS CBOWCTB COBPEMEHHBIX
MaTepUaIOB WA CIOXHBIX MHOTOYPOBHEBBIX IMpPOIECCOB C HUMH CBS-
3aHHBIX, HE BBIPa0OTaHO 00MmKX cTaHAapTOB. OCOOEHHO 3TO MOXHO OT-
HECTH K HCCIIEJJOBAHHSAM, B KOTOPBIX JUISl BBISABIEHHUS B3aMMOCBS3EH
CTPYKTYpa-CBOMCTBO, HEOOXOAMMO HCIIOJIB30BaTh AaHHbBIC, OTYYEHHBIE
C IpUMEHEHHEM (PU3MKO-MaTeMaTHYECKUX MOJeJIel, ONMCHIBAIOIIUX MPO-
LIecChl Ha pa3HbIX MaclITaOHBIX YPOBHAX. MHOTHE padOThl POCCHICKUX U
3apyOeKHBIX HCCIIeoBaTeIeH MOCBAIIEHBI MaHHOH TemaTwke [9—15].
MO>KHO CKa3aTh, YTO B OCHOBHOM, IIPH CO3JaHMH CXE€M MHOTOMAaCIITa0HO-
T0 MOJETUPOBAHUS IS PEIISHHUs IMUPOKOro Kilacca 3afad B 3TUX pabo-
TaX, UCHOIB3YIOTCS JTUOO METOJIbI, OCHOBAaHHBIE HA HCIIOJIH30BAHUH AJITO-
putMoB Teopuu rpados [16], mibo onmcarenbHble, HehopMaIU30BaHHEIC
MOJIXO/IbI K CO3JIJaHHI0 MHOTOMACIITAOHBIX Mojenei. [Ipu mporpamMmHOi
peanuzalyy NPUMEHSIOTCS Pa3In4Hble HHCTPYMEHTHI, B OOJbIICH cTere-
HH — 3TO KOMMEpUYECKHE MpOorpaMMHbIe KoMIuiekcsl (Hampumep, TCAD
Sentaurus Synopsys, TCAD Silvaco, ANSYS) c 3akppITOil apXUTEKTypOit
Ul CTOPOHHUX DPa3pabOTYMKOB, IMOSTOMY HHTETpPAlMsi CTOPOHHHX IIPO-
rpamMM, Win cOOCTBEHHas peanu3anys oOMEHa JaHHBIMU MEXIY MOZIY-
JSIMM B HUX CHWJIBHO 3aTpyJHEHa WM HeBO3MOXkHAa. C Ipyroi CTOPOHBI,
B MIOCTIETHUE TOJBI TIOSABIISIETCS BCE OOJBIIE pealn3ayii OTAeNbHBIX aj-
TOPUTMOB HJIM JTa)K€ MAKETOB MPOTPaMM C OTKPBITBIMU HCXOJHBIM KO-
JIOM, C KOTOPBIMH aKTHBHO padOTaeT Hay9IHOE COOOIIeCTBO (Hampumep,
MakeT KBaHTOBO-MeXaHuueckux pacuetoB QuantumEspresso [17], maket
MoJIeKyJIApHO-AuHaMuueckux pacuetoB LAMMPS [18]). Taxxe, koi-
JIEKTHBBI yYEHBIX YacTO CO3[al0T COOCTBEHHbIE MPOrpaMMHBIE pean3a-
UM OTHENBHBIX MOAEJEH, CHEeUUATU3UPOBAHHBIX II0A KOHKPETHBIE
3aJa4u NpoeKkToB. TakuM 00pa3oM, B paMKax OJHOTO MPOEKTa BO3HHUKA-
€T HeoOXOOMMOCTh HCIOJb30BaTh IOJHBIM CIEKTP IPOrPaMMHBIX
CPEACTB — OT COOCTBEHHBIX peaM3alui, FOTOBBIX ITAKETOB, A0 OTAEIb-
HBIX (YHKIUHA JOPOTOCTOALINX MPOTPAMMHBIX KOMIUIEKCOB.

B pab6ore [19] 6b11 mpencTaBieH (GpopMamM30BaHHBIN MOIX0J K IIO-
CTPOCHUIO M KOMIIBIOTEDHOH peanu3alMd HMUTALMOHHBIX MOJeEIei
CIIOKHBIX CHCTEM, COCTOSIIMX M3 Pa3HBIX KOMIIOHEHT, UCIOJb3YIOIMIUN
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TEOPETUKO-MHOKECTBEHHOE TPEJICTaBIICHNE. Pa3BUTHE JaHHOTO TOJXO-
na OBLTO MOy4YeHo B paboTtax [6, 7], roe Obuta co3mana GhopMaTn30BaH-
Hasl TEXHOJIOTUS (POPMHUPOBAHUS MHOTOMACIITAOHBIX MOJENEH U MHOTO-
YPOBHEBBIX WH(QOPMAIMOHHBIX CHUCTEM IS W3Y4YEHHs MPOIECCOB H
SIBIICHUH, XapaKTePU3YIOMUXCSI IMUPOKUM CIIEKTPOM MPOCTPAHCTBEHHBIX
W/WH BPEMEHHBIX MaciTaboB.

Jloknan IMOCBAIIEH KOMIIBIOTEPHOM pealu3aly MOJENE MHOro-
MacIITa0HBIX CHCTEM U3 00JIACTH MaTepHUaIoBeIeHHs, CPOPMUPOBAHHBIX
C TIOMOIIBIO TEXHOJIOTHH, OTIMCAHHOM B [6, 7], 1 METO/IaM CO3/IaHUS UH-
TErparfioOHHON TIAT(GOPMBI TSI aBTOMAaTH3AIMH MPOTPAMMHBIX perle-
HUI TpU pacrpeesieHHOW U MapajielbHOl 00paboTKe pacyeTHBIX JaH-
HBIX C Pa3HBIX MACIITA0OHBIX YPOBHEH.

B noxmnane onmcana nporpaMmHas HHQPACTPYyKTypa UHTETPAIIMOHHON
m1aThopMbl MHOTOMACIITAOHOTO MoenupoBanus. [IpencraBieHsl pa3pa-
OOTaHHBIE METOJABI M MOJIENIN CO3JaHHS MPOTPAMMHBIX CHCTEM. MHOTO-
MacmTabHOTO MOJIETMPOBAHMS B 3a]a4ax MaTepPHAIOBEICHUS, TT03BOJIS-
IONIME COKPaTHTh TPyAO3aTparbl Ha BBIOJHEHHWE CEPHH THUIOBBIX
napaMeTpU3UPOBaHHBIX BBIYMCIUTEIBHBIX SKCIIEPUMEHTOB, a TaKKe pac-
IMIMPHUTH OOJIACTh HWCCIIEJOBAaHUSA B paMKaX (DHKCHPOBAHHBIX PECYPCOB.
O6ocHOBaHa apXUTEKTypa HHTETPAIIMOHHON IIaTGOPMBI MHOTOMAc-
mTabHOTO MOJIEIUPOBAHUS Ha BHICOKOIIPOH3BOIUTENBHBIX POTPAMMHBIX
KOMILJIEKCAaX TO03BOJISieT 3((PEKTHBHO BBITIOIHATh 3KCIIEPUMEHTAIBHBIC
UCCJICZIOBAaHUS TIO pacyeTy CTPYKTYpPHBIX XapaKTEPUCTHK Pa3IHYHBIX
KJIACCOB MaTepUANIOB. B kadyecTBe HHCTpyMEHTa ISl aBTOMATH3AIUHU TTPO-
Hecca pacrpeleleHHBIX BBIUYUCICHUH, ObUIM HWCIOJIBb30BaHbI MOAXO/BL,
MIPUMEHSFOIIECS TIPU aBTOMATH3aIlii OM3HEC-TporeccoB. brur BeIOpaH
MOAXOJ MOAECIHMPOBAHUS CIIEHAPHEB KaK OM3HEC-TPOLIECCOB M €ro peatu-
3anms B Buge Camunda BPM.

3akioueHmne

B nokname oTmMedeHa aKTyalbHOCTb Pa3BUTHSA METOAOB IPOEKTHPO-
BaHMS [IPOrPAMMHBIX CHCTEM B PECYPCOEMKOH 00JaCTH MONYyYeHHS CO-
BpPEMEHHBIX MaTepPHajOB BeChbMa aKTyaJlbHO M BocTpeboBano. [Ipencras-
JIEHbl OCHOBHBIE METOJbl M IOAXOAbI, IPUMEHSEMbIE U1 CO3JaHUs
WHTETPAllMOHHON TIATGOPMBI 7151 MHOTOMAacIITAOHOTO MOJEITUPOBAHUS
B 3ajjayax MarepuanoBeneHHs. Ha KOHKPETHBIX NMpUMepax MPOAEMOH-
CTpUpOBaHa paboTococoOHOCTh pa3paboTaHHOro noaxona. Co3gaHHbIe
METOJIbl U PEIICHHUS UCIIONB3YIOTCS B aKTYaJbHBIX MPUKIIAJHBIX 3a1a9ax
13 00JacT BBIYMCIUTENBHOTO MaTepuaioBeaeHus. llocTpoeHHsie pe-
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MEHUA PCAIM3YIOTCA C NMPUMCHCHUEM IMapalICIIbHBIX BBIYHCIICHUH Ha
BBICOKOTIpOM3BOAUTENBHBIX pecypcax LKII «uadopmarukay OUILL UY
PAH [20].

PaboTa BEIMONMHEHA IpH TOAACpPKKE HaydHOTO TMpoekTa Ne 075-15-
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AHHoTanms1. B pabore paccMaTpHBarOTCs TOAXOABI K OPTaHU3AIMH BBIUHC-
JIUTEIBHOTO TPOLIECCa B BBICOKOMPOU3BOIUTEIBHOM KOMILIEKCE C YYETOM IIH-
POKOT0 CHEKTpa BBIYUCIUTEILHBIX HAIPY30K JUIS pelIeHus 3aad MaTepraIoBe-
neHus. Jia pana 3agad, Ui KOTOPBIX BOCTPEOOBaH WHTEPAKTUBHBIM PEXUM
paboTel B BBIYMCIMTENBHON Cpele BBHICOKOIPOM3BOAUTEIBHOIO KOMILIEKCA,
MPEUIOKEH MOAX0A K AMHAMUYECKOMY PAcIpeeNieHHIO BEIYUCIUTEIBHBIX pe-
CYPCOB MEXIy O4epeasMH 33laHUH, 00CIYKHBAIOIINX [TOTOKH WHTEPAKTUBHBIX
M TAKEeTHBIX PacdyeTHHIX 3aaHUH, YTO ITO3BOJSIET HMOBBICHTH 3((PEKTUBHOCTH
3arpy3kl pecypcoB BBICOKOIPOU3BOAUTENBHOIO BBIYHCIUTEIHHOIO KOMILIEKCA
B YCJIOBHSAX COBMECTHOT'O IIPIMEHEHUSI HHTEPAKTUBHOTO U TTAKETHOTO MOJX00B
K BBIYHCIICHHSM.

KnrodeBbie ciioBa: mapajienbHble BBIYUCIEHUS, MEKIIPOLIECCHOE B3aHMO-
JielicTBHE, BHICOKOIIPOU3BOIUTEIbHBIC BHIUUCICHUS, KIIACTEP

CoBpeMeHHBIE BBICOKOIPOU3BOAUTENLHBIE KOMIUIEKCHI 00ecTeqnBa-
I0T pellleHre MIUPOKOTO CIEKTpa 3a7ad M MPOBEICHHS MEKIUCIHILIIH-
HapHBIX UCCIICAOBAaHUN, BKIIIOYAsl 33/1a4H BHIYUCIUTEIHLHOTO MaTepUaIIO-
BeaeHus. Takol oOmMpHBIA HabOp 3amau ompenenseT CreHuQuKy
OpraHu3aliy BBIYUCIUTEIHHOTO Tpollecca Ha TakuX Komiuiekcax. Ot
BBIYUCIIUTEIBHON cpenbl TpeOyercs: Oonblnas THOKOCTh M alalTHBHOCTh
K M3MCHSIOUIMMCS. TPEeOOBAaHHAM CO CTOPOHBI IMPHUJIOKEHUH W 3amad
noJnb3oBareneil. Takne WHTErpUPOBaHHBIC MPUKIAIHBIE MPOTPAMMHBIC
cuctrembl kak ABINIT, VASP, Quantum ESPRESSO, LAMMPS,
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MEEP, MPB, OpenFOAM opueHTHpOBaHbI Ha HUCIOIB30BAaHUE TEXHO-
JIOTHH MapajuIeNIbHOTO BHIMOJIHEHNS 3alaHUH Ha y371aX BBICOKOIIPOU3BO-
nuTenbHoro knacrepa [1,2].

B paGote [3] B momonHeHHE K KIACCHYECKOMY TAKETHOMY DPEXUMY
(GYHKIMOHUPOBAHUS BBIYUCIUTEIBHON cpelpl Obll1 000CHOBAH MHTEpaK-
TUBHBII PEKUM PaObOTHI MOIB30BaTeNsl B CBOCH MHAMBHIAYAIBHOU cpesie
UCITIOJIHEHHS B BBIYUCIUTENBHON Cpefie BBICOKOIPOU3BOAUTEIHLHOTO
KoMmIIiekca. B pabore mpemioxkeH moaxoa Ajsl pa3sMELICHUS! paCUeTHBIX
3aJjaHui, OTHOCSIIMXCS K KJIacCy MaKeTHHIX WM MHTEPAKTHBHBIX 3aja-
HUI C yYeTOM OpraHW3allid WHAWBUIYAILHOW Cpelbl HWCIIOJHEHHS.
B Hacrosmiei pabote OyxyT pacCMOTPEHBI BOIIPOCH! BBIAEIEHUS BBIUHC-
JIMTENBHBIX PECYPCOB W JIOMYCTUMBIX BPEMEHHBIX MHTEPBAJIOB BBITION-
HEHMs pacUETHBIX 3aJlaHuil pa3HbIM myJsiam ouepenei. Ha mpumepe Llen-
Tpa  KOJUIGKTUBHOIO  TIOJB30BaHUS  «BBICOKONPOM3BOAUTENbHBIC
Berumcnenus: 1 Oonpmue ganabiey» (LUKIT «Mupopmarukay) OULl UY
PAH [4] GyneT npensioxeH MOAXO0J K THHAMHYECKOMY PACIIpeIeIeHUI0
BBIYMCIIMTENBHBIX PECYPCOB MEXKIY OUEpeAsMHU 3aJaHUM, 00CIyKUBAIO-
HIMX TOTOKW WHTEPAKTUBHBIX U MAKETHBIX PACUETHBIX 3aJaHUH.

@YHKIMN yOPAaBIEHHS BBIYUCIUTEIBHON Cpefod BBICOKOIIPOU3BOAM-
TEIBHOTO KOMIUIEKCA BO3JIAraroTcs Ha CHUCTEMY YNPABICHHS BBIYUCIIH-
TENBHBIMU 3aJaHUSIMU (B OTEUECTBEHHOHN JIUTEpaType TaKKe MOXKET 000-
3HAYATHCS TEPMUHOM «JIHCIIETYEp 3a]a49», B HHOCTPAHHBIX UCTOUYHHKAX —
tepmuHaMu «workload management system», «job scheduler» u mpou.).

Kak mpaBuio cucrema ynpaBieHHUs BBIYHCIUTEIBLHBIMH 3aJaHUSIMU
(GYHKIMOHUPYET B MapajurMe «KIUEHT-CEpBEp» U YIPaBISET IMpoliec-
COM BBINOJTHEHUSI PACUETHBIX 3aJlaHMH OCHOBBIBAsICh HA HACTPOCHHBIX
MOJUTUKAX OOCITYy>)KUBaHHS — COBOKYIHOCTH MPaBUi (AJITOPUTMOB) pac-
NpeeTICHNs] BEIYMCIUTENBHBIX PECYPCOB MEXKAY PACUCTHBIMH 3aJIaHHSI-
MU U YIIPABJICHUS XOJIOM UX KOHKYPEHTHOT'O BBIITOTHEHHUSI.

[Mpouecc ymnpaBiieHHUs BBIITOJTHEHUEM PACUETHBIX 3aaHUIl CBOIUTCS
K pealn3alii TpeX KIIOYEBhIX (YHKIUH CHCTEMBI YIPABICHUS BBIYHUC-
JIUTENbHBIMU 3a1aHUSIMU:

1) mpenocraBiieHre MOJIB30BATENSIM HCKIIOUUTEILHOTO /WM HEHC-
KITFOUMTENFHOTO JIOCTYTA K BBIYHCIHUTENLHBIM pecypcaM Ha HEKOTOPBIH
Nepuo] BpEMEHHU;

2) obecnieueHue Cpeasl JUIs 3allycka, BBIOJHEHHMs M MOHHUTOpPHHTA
paboTel mapayuienbHOTO 3amaHusi, Hanpumep, MPI (Message Passing
Interface — nnTEpPeiic mepenaun cooOICHNN);

3) BoIlONIHEHHE apOuTpaka CONEpHUYECTBA 3a PECypchl MyTeM
YIPaBICHUS OYEPEABIO OXKHUIAOIINX 3a0aHUM.
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Kak mpaBmiio B crcteMax ympaBieHHUS BBIYHCIUTENFHBIMA 33JaHUSM
MMEETCs] BCTPOCHHBIN HAOOp alropUTMOB, PEATM3YIOLIMX CIEAYIOIINE
MOJUTUKU 00CTYKHBaHUSI:

— TOJUTHUKY 00pabOTKM BXOAHOTO IIOTOKA PACUETHBIX 3a4aHUM;

— TIOJWTHKY YIpPaBIEHHUS TOBEJEHHEM BBIMOJHAEMOIO pPacdyeTHOTO

3aaHus.

Krnaccuueckum moaxo oM OpraHU3alyy BEIYUCIUTENBHOTO MIporecca
B BBICOKOITPOM3BOAUTEIHLHOM KOMIUIEKCE CUMTAETCS TAaKETHOE 00CTyKH-
BaHUE PaCYETHBIX 3aJaHWii, oOecreunBaromee Hanbonee 3PPEKTUBHBIN
CHoco0 UCIOIB30BaHMsI BEIYUCIUTEIBHBIX PECYpcoB [5].

OpHako B psAe CIIydaeB CIOXKHBILASCS MPAKTHKA HCIIOJIB30BaHMSA
BBIYUCIUTENBHBIX CPEACTB TUKTYET HEOOXOAMMOCTH COBMECTHO C Ta-
KETHBIM PEXHMOM OOCIYXHBAaHUSI PEaTM30BbIBATH MHTEPAKTUBHBIN pe-
KM paOOThI IOJIB30BATENs B CBOSH MHAMBHIYalIbHOHW Cpele HCIIONHE-
HUS 332 CUET NMPHUMEHEHHs] TEXHOJOTUH BUPTYAIbHON KOHTEHHEpH3alnuu
Ha 0aze cucrembl Docker [6]. C TOukM 3peHHs] CHCTEMBl YNpaBJICHHS
BBIUUCIUTEIBHBIMH 33JaHUSMH, HET Pa3HUIIBI B YIPABICHUH 3aJaHUEM,
COZEp>KalMM MPUKIIAJHYIO 331ady, WM COAEPKAIIUM KOHTEHHEp ¢ MpH-
knamHoW 3amaveit. Takas Bo3MoxkHOCTH peanu3oana B [KIT «udop-
MaTHKa», Ille HHOUBHAyalbHAas Cpela HCIOJHEHHS HHTEIPUpPOBaHA
B BBIUMCIHUTENBHYIO Cpelly KOMITJIEKCa M TO3BOJSIET pa3iMyHbBIM IpyI-
MaM TI0JIb30BaTeNIel MapajuiebHO pelIaTh CBOM 33Ja4d B Pa3HBIX BhI-
YUCIUTENBHBIX cpefax. B [7] o0ocHOBaHBI MOIXOAbI K (POPMHUPOBAHHUIO
n obecrieueHUI0 (HYHKIIMOHUPOBAHUS WHANBHIYAJIHHONW CPEIbl MOJAEIH-
POBaHMS B UHTEpECaX KOHKPETHOTO MOJIb30BATENs.

B nactosimee Bpems B LIKIT «MupopmaTnkay peann3oBaHbl cleny-
IOLINE BBl MHIUBUYaJIbHbBIX CPEXl UCIIOJHEHNU:

— cpena MOJECIUPOBAaHUS (PU3MKO-XUMHYECKUX MPOIIECCOB B MOJie-
kynspaod guHamuke GROMACS [8] ¢ BO3MOXXHOCTBIO 3amycka
HECKOJBbKUX Komud u opranuzanuu MPI B3aumonelictBus meny
HUMH;

— cpena aBTOMaTU3UPOBAHHBIX MHKEHEPHBIX pacuéToB Ansys [9];

— cpema pa3pabOTKM MOJNEICH MAaMIUHHOTO OOYYEHHS M HCKYC-
CTBEHHOTO MHTEJUIEKTa Ha Oa3e pemreHus Jupyter Notebook [10];

— CcpeIcTBaMH HAcTpOWKM TaTPOpMEHHBIX cepBUcOB PaaS Bo3-
MOJKHO pa3BepThIBAHHE IPOTPAMMHBIX Cpell MaTepUaIOBEICHHUS
takux kak ABINIT, VASP, Quantum ESPRESSO, LAMMPS,
MEEP, MPB, OpenFOAM [7].
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Jnst obGecriedeHus] OJJHOBPEMEHHOTO (YHKIIHOHHUPOBAHUS TTAKETHOTO
U UHTEPAKTUBHOI'O PEKUMOB pabOTHl Mpeiaraercsi Co3IaHue CIenyro-
IUX ouepeeit.

WnTepakTrBHAs odepenp MpeaHa3HadyeHa ISl BBITOIHEHUS (QYHKIUN
pa3paboTKH M OTJIAAKH M IO3BOJIAET MCIHOJHATH PACUETHBIC 3aJaHus
NPaKTHYECKH B pexuMme OH-naiH. [lomutukamu oOCITy:XMBaHMSA AJIS
JAHHOHM OYepear OTPaHUYCHO BPeMsI NCIIOJTHEHHS 33 /IaHHsL.

OcHoBHas ouepeab NpeAHa3HaueHa ISl BBIIIOJIHEHUS PacyeTHBIX 3a-
JaHWH B MAKeTHOM pEeXHME U TO3BOJISIET pa3MellaTh Ha HCIOJHEHHE
pacueTHble 3aJaHus, BpeMs (yHKIIMOHUPOBAHHUS KOTOPBIX IOJIb30BATENb
OIpeAeNIHII TON UIN UHON BETUYHUHOM.

JomonHuTenpHas oyepenp TakKe IMpelHa3HadeHa Ui BBIIOJHEHUS
pacueTHBIX 3a/laHUil B MaKeTHOM PEXHMME M TIO3BOJISIET pa3MelaTh Ha
UCIIOJIHCHHUE pacyeTHBIC 3aJaHus, A KOTOPbIX HE MPEACTaBISETCS BO3-
MOJKHBIM OLIEHUTbH BpeMs UX HcmoiHeHus. Ouepens MeeT HauMeHbIINH
npuoputeT. s ouepean mpenocTaBiseTcsl OrpaHUYEHHBIN ITyJI pecyp-
COB, 33/1aHHsI MOTYT IIPUOCTAHABJINBATHCA.

O0603HaueHHbIE OYepear ONPEAEIAIOTCS CIECAYIOIINMH NTapaMeTpaMHu:

— WHTEpAKTHBHAs OYepelb: NPUOPUTET — BBICOKHHA, JOCTYITHOCTH
pecypcoB — IO NPUHLMIYY <«JIydIlee M3 BO3MOXKHOTO», MAaKCH-
MaJIbHOE BpeMs BBITTOJIHEHUS 3314l — CUJIBHO OTPaHUYEHO;

— o0mas o4yepep: MPHOPUTET — CPENHUM, JOCTYITHOCT PECYpPCOB —
B paMKax OTPaHUYEHHOTO IyJia, MAaKCUMAaJbHOE BpPEMs BBIIIOJIHE-
HUS 331a48 — OTPaHUYEHO;

— JIOTIONHHTEIbHAS OYepeab: MPUOPUTET — HU3KHHA, JOCTYITHOCTH
pecypcoB — B paMKax OTpaHHYEHHOTO ITyJla, MAKCUMaJIbHOE BPEMsI
BBITIOJTHEHHS 33J]a4yi — HE OTPaHUYEHO.

Hamee OymeT paccMOTpeH MOAXOJ] TUHAMHYECKOTO pPacIpeleeHus
BBIYMCIIUTENBHBIX PECYPCOB MEXKIY OUEpeAsMHU 3aJaHUH, 0OCTYyKUBAIO-
[IMX MOTOKU MHTEPAKTHBHBIX U MAaKETHBIX PACUETHBIX 3aJaHUH C yIETOM
TOTO, YTO CHCTEMa YTPABJICHUS BBIYUCIUTEIHHBIMU 3aJaHUSIMH (I
npuMepa 3TO cucteMa 0Oa3e mporpamMMmHOro mnpoxaykra Slurm [11])
MPEAOCTABIIET MOJIB30BATENSIM THOKHE BO3MOXHOCTHU IJISI PEHICHUS HX
HAy4YHBIX W MPAKTHYECKUX 33/1a4 MOCPEACTBOM 3aIlycKa PacdYeTHBIX 3a-
JTaHW:

— Ha OJIHOM CepBepe U3 COCTaBa BHIYMCIUTEILHOTO KOMIUIEKCA;

— HAa IpyIIe cepBepOB, OTHOCALIMXCS K OJHOMY BBIYHCIUTEIEHOMY

KOMIUIEKCY;

— Ha cepBepax W/WIHM TPYIIE CEpBEPOB, OTHOCIIIUXCS K PasHBIM

BBIYUCIIUTEIBHBIM KOMILIEKCAM.
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st cucTeMbl ynpaBi€HMs BBIYMCIMTENbHbIMU 3afaHusmu  LIKII
«MudpopmaTukay BBIIEISIOTCS ABA PEXHUMa pabOThI: «I€HB» — IHEBHOMN
pexxum padotel ¢ 8.31 1o 21.30 U «HOYB» — HOYHOH PEXHUM PaOOTHI
c21.31 no 8.30.

IIpemnaraemMslii MOAXON IWHAMHYECKOTO PAaCIpENEICHHs BBIYUCIIH-
TEJIBHBIX PECYpCOB MEXAY OuepelsiMU 3aJaHHi, 0OCTyKMBAIOIIUX MO-
TOKM MHTEPAKTHUBHBIX W TAKETHBIX PACUETHBIX 3a/aHUil, BBIIOJTHIETCS
[IBa pasza B CyTKH IIPH CMEHE PEXUMOB pabOThl Ha THEBHOM M HOYHOU
pexxuMbl. CMeHa peXKHMOB OCYIIECTBIISIETCS aBTOMATUYECKH ITyTeM Iie-
peHa3HaueHUs MapaMeTpoB odepenei B COOTBETCTBHU C CIEAYIOUINMH
YCIIOBUSAMU.

B pexxume «aeHb» MHTEPAKTHBHON Odepeard Ha3HA4aloTCs CIEIYIo-
II¥e TapaMeTphl:

1) mpruopUTET — BRICOKHH;

2) IyJ1 pecypcoB — BCE THOPUAHBIC BEIYUCIUTENbHBIE Y3TIbl;

3) BpeMs pe3epBHPOBaHUS — HE Ooyiee OJHOTO Jaca;

B pexxume «zieHby 00IIel odepean HA3HAYAOTCS CICAYIONIHE Mapa-
METPBHI:

1) mpHOpHUTET — CPETHHIA;

2) myJa pecypcoB: BCE BBIYUCIMUTENBHBIE Y3JIBI JUISL 337a4, BPEMs pe-
3epBHPOBAHUS KOTOPHIX HE MPEBBINIAET BPEMEHHYIO TPAHUITy OKOHYAHIIS
peXKUMa «ICHBY.

B pexxnme «HOYBY» MHTEPAKTUBHOW Ouepenr Ha3HA4YaeTcsl TOJIBKO Ma-
paMeTp «pexuM paboTel» — 3aKkpbiTa. [lapameTpbl IpUOPHUTET, My pe-
CypCOB, MOpLUS PECYPCOB, BPEMs PE3EPBHPOBAHUSA — HE HA3HAYAIOTCSA
BBHJy pEXHMa pabOTHI.

B pexumMe «HOUYBY 0O0IIEH ovepeny Ha3HAYAIOTCS CIEAYIOUIHNe Tapa-
METPHI:

1) mpuopuTET — BHICOKHIA;

2) My pecypcos:

— BCE MMEIOLIMECS Y3JIbl JUIS 3a4a4, BPEMsI pE3epBUPOBAHUS KOTO-
pPBIX HE MPEBBIINIAET BPEMEHHYIO TPAHUIy OKOHYAHHSA pEeXHMa
KHOYbY;

— OIWH TMOPUIHBIN BBIYMCIHUTENBHBIN y3€I UIA 3a/1a4 BpeMst pe3ep-
BUPOBAHUS KOTOPBIX IIPEBBIIIAECT BPEMEHHYI0 I'PAHULy OKOHYAHUS
pexuMa «HOYbY;

— TpHU BBIYMCIMTENBHBIX y371a AN 3a/ad, BPEMs PE3EPBHPOBAHMUS
KOTOPBIX IPEBBIIIAET BPEMEHHYIO T'PaHMIy OKOHUYAHHUS peXnUMa
KHOYBY.
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Takum 06pa3om, B peKUME «HOUB)» TOJIB30BATEISIM JOCTYIIEH TOJIHKO
MaKETHBINA PEXUM BBIYMCICHUN B BBICOKOIPOU3BOIUTEILHOM KOMILIEK-
ce. [Ipu 3TOM pacuerHble 3a7auu, M1 KOTOPBIX ONPENEIEHO BpeMs pe-
3€pBUPOBAHUSI PECYPCOB, UMEIOT MNPUOPUTETHOE MPEUMYILECTBO Haj
pacueTHBIMHU 3ajlauaMH, NI KOTOPBIX HE MPEACTaBISECTCS BO3MOMXHBIM
OLICHUTDH BPEMS UX UCITOJHEHUS.

C yd4eToM TOro, YTO MHTEPAKTUBHEIN PEXUM HCIIOIB3YETCS C Orpa-
HUYCHHBIM HA0OpOM pecypcoB Ha HAYalbHBIX dTalax CO3MaHUS MOJe-
JIel, B TO BpeMs Kak JJIsl 3KCIUTyaTallud XOpOIIO MOAXOJUT KJlaccuye-
CKUH TaKETHBIM peXUM, TaKOW MOJXOJ B OpraHu3alldd BBIYMCIECHUN B
3HAQUUTEIBbHON Mepe paclIupsAeT JOCTYIHOCTb BBIUUCIUTENBHBIX PECyp-
COB JIJ151 BBINIOJIHEHUS 3a/1a4 MaTepHUAJIOBEICHUS.
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CONTROL OF COMPUTATIONAL TASKS
OF A HPC CLUSTER WHEN SOLVING PROBLEMS
OF MATERIALS SCIENCE

S. Denisov, V. Kondrashev, K. Volovich

Abstract. The paper considers approaches to the organization of the compu-
tational process in a HPC cluster, taking into account a wide range of computa-
tional loads in the problems of computational materials science. For a number of
tasks for which the interactive mode of operation in the computing environment
of a high-performance cluster is in demand, an approach is proposed to the dy-
namic distribution of computing resources between job queues serving the flows
of interactive and batch computational tasks, which makes it possible to increase
the efficiency of loading resources of a HPC cluster with the combined use of
interactive and batch approaches to computing..

Keywords: parallel computing, interprocess communication, high perfor-
mance computing, cluster.
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AHHoTanms. B pabote paccmarpuBaeTcsi apXUTEKTypa MOCTPOSHHUS Hapall-
JICNBHBIX CHCTEM XPAHCHHS JaHHBIX B BHICOKOIPOU3BOHUTEIBHBIX BEIYUCIATEIIb-
HBIX KOMIIJICKCaX. AHaJ'II/BI/Ipy}OTCH OCO6CHHOCTI/I MpEaACTaBJICHUA JTaHHBIX B IIa-
pauTenbHBIX (alIOBBIX CHCTEMAaX UL NPHKIAIHBIX 3aJa4 MATEPHAIOBEICHHS.

KnroueBble ciioBa: mapajuieibHble BBIYMCICHHS, TapaviensHas (daiiioBas
CHCTEMa, BEICOKOTIPOU3BOIUTEbHBIC BBIYHUCICHHS, KIIACTED.
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Bospacraromias moTpeOHOCTh HayYHBIX KOJJIEKTHBOB, NMPOMBIIIICH-
HBIX TPEATPHUATHA, KOMMEPUYECKHX (UPM B PEUICHUH 33724, TPEOYIOIIX
BBICOKOIIPOM3BOIUTENBHBIX BHIUUCIUTENBHBIX PECYPCOB TPeOyeT co3na-
HUS BBIYHACIUTEIBHBIX WHCTPYMEHTOB, MPEIOCTABISIEMBIX TIOJB30BaTE-
JIIM C HCTIONTB30BAaHUEM OOJIAYHBIX W IIATGOPMEHHBIX TEXHOJOTHH [1].
B nacrosiiee BpeMsi B KaUeCTBE TAKUX BBIYUCIUTEIBHBIX PECYPCOB BBI-
CTYyHalOT CYMEePKOMITBIOTEPEl M BBICOKOIIPOU3BOIUTEIHHBIC BBIYMCIIN-
TEJIbHbIE KOMILUIEKCHI, IO3BOJIAIOIINE OCYLIECTBISATh PACUEThl C UCIOJIb-
30BaHUEM TEXHOJIOTMH MapajyleibHBIX BbIYMCIEHUH. Tak, B 4aCTHOCTH,
3aJa4d MaTepUANOBEACHUS HE MOTYT OBITh PEIIEHBI C UCTIOIB30BAHUEM
OJTHOTO cepBepa, TpeOyIOTCS MOITHBIE MHOTOMAIITMHHBIE KJIacTePhl, 00b-
€IMHEHHBIC BBICOKOMPOU3BOIUTEIPHBIMA BBIYUCIUTEILHBIMU CETSIMHU.
Takue pacnpocTpaHEHHBIE HHTETPHUPOBAHHBIE CHUCTEMBI MaTepHallOBe-
nenus kak ABINIT, VASP, Quantum ESPRESSO, LAMMPS, MEEP,
MPB, OpenFOAM opueHTHpOoBaHbBl Ha NPUMEHEHHE MHOTOMAIIMHHBIX
KJIaCTEPOB M MaKCUMAJIBHYIO 3(Q(PEKTUBHOCTh JEMOHCTPUPYIOT UMEHHO
Ha TAaKUX BBIYMCIUTEIBHBIX KOMIUIEKcax. OpraHuzanus BbIYUCIUTENb-
HOTO TIpoLEcca SIBISIETCS KOMIUIEKCHOW HAy4HOH 3aJadei, HalpaBlICH-
HOHM Ha ONTHUMHU3AIMIO 3arpy3KH BBIYUCIUTEIBHBIX PECYPCOB, MUHUMU-
3alMI0 BPEMEHHU OKUIAHUS U BBIUHUCIEHUS, YIPABICHUS MIPUOPUTETAMU
3aJlaHui, 00CCIICUCHUS BHIYMCIUTEIBHBIX 3aJ]aHUN MCXOJIHBIMU JaHHBI-
Mmu [2, 3].

Jia peanmu3anuu Takux TpeOOBaHUH K BEIYACIHTEIHPHOMY KOMILIEKCY
0c000€ 3HaYCHHE MPUOOPETACT 00CCIICUCHUE BRIYMCIUTEIBHBIX 3aaHUN
WCXOAHBIMH JaHHBIMA. [IpOM3BOANTETHHOCTH CPEICTB MPEAOCTABICHUS
JTAHHBIX BBIYMCIUTEIHHBIM 3aJaHUSM JOJDKHO OBITH TaKOBa, YTOOBI MU-
HUMH3HPOBATh MPOCTOU 0OpabOTKM 3a CUET OKUAAHUS IPEeA0CTABICHUS
JAaHHBIX. 3a/1a4d TIPEIOCTABICHIS TaHHBIX BBIUYUCIHTEIHHBIM 3aJaHUSM
B MHOTOMAIIIMHHBIX BBIYMCIUTEIBHBIX KOMILIEKCAX PEIIAeTCs 3a CYeT
CO3JIaHMA CIIEIUAIH3UPOBaHHOTO (aiiloBOro XpaHwiuiia, odecreynBa-
IOIIET0 TapajuIeNbHbI JOCTYN BBIYUCIUTENBHBIX Y3JI0B KiIacTepa
K qaHHbpIM. Takum oOpa3zom oOecreunBaeTCs MaKCHMalbHas CKOPOCTbH
oOMeHa JIaHHBIMH B YCJIOBHSX MapalIeIbHOTO ()YHKITMOHUPOBAHUS BUP-
TYaNbHBIX TPOTPAMMHBIX CpPEJl WCTOJHEHHUS PA3HOTHUITHBIX BBIYUCIIH-
TEJIbHBIX 3aJIaHuil [4].

Krnaccuueckoit cxeMoil opraHu3aiuy napauiebHOTo (aiaoBoro mo-
CTymna fBJIAIETCA NPUMEHEHHUE IPYIIIbl y3J0B XpaHEHHs JaHHBIX, CBSI3aH-
HBIX C BBIYUCIUTEIBHBIMHU Y3JIaMH BBICOKOCKOPOCTHOH ceTbro. Ilapain-
nenbHas (aiioBas cucTeMa, pa3BepHyTas Ha y3jax XpaHeHHs, CO3JacT
€MHOE TPOCTPAHCTBO JAaHHBIX, OOECIIEYNBAECT HEMPOTHBOPEUHMBOCTH
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nH(popMaIy, AyonMpoBanue HHOOPMAIIMK Ha PAa3HBIX y37ax, yIpaBie-
HUE JOCTYIOM K (haitlaM co CTOPOHBI BEIYHCITUTEIBHBIX Y3II0B [5].

Ha cerogusmHuii eHh UMEIOTCS KaK MPOIPHETAPHBIE, TAK U OTKPBI-
THIE peau3alny MapaJlIeIbHBIX (ailIOBBIX CHCTEM.

K mpomprerapHbIM penIeHus M OTHOCATCS:

e General Parallel File System (GPFS) — pazpa6oTka kommnanuu IBM;

¢ Google File System.

GPFS npumensiercst pupMON-IIPON3BOIUTEIIEM B COCTaBe KOMMepYe-
ckoro npoaykra Elastic Storage System, npezacrapmstomiero co0oit mMac-
ITa0UPYEMbIH armapaTHO-MPOTrPAMMHBIH KOMIUIEKC XpaHEHUS TaHHBIX.

Google File System ucnonb3yercs kopropaiueir Google B kiacrepax
KOMIaHHH, TPEAOCTABIAIONINX YCIYTH BBICOKOIIPON3BOAUTEIHHBIX BbI-
YHUCIICHUH.

Cpenu nmapajuienabHbIX (ailIOBBIX CUCTEM C OTKPBITBIM KOJOM B Ha-
cTofIIee BpeMsl akKTUBHO pa3BHBaeTcs MpoekT Lustre, Oepymmii Hawamo
u3 YHuBepcuteTa KapHeru, npuHaiexanmii B HacTosIIee BpeMs KOp-
noparuu Intel. JIpyruM OTKPBITBIM MPOEKTOM SIBJISETCS MapajlieiibHas
¢atinosas cucrema Ceph, conmpoBoxxmaemerii RedHat (IBM).

PaccMoTpuM apXuTekTypy mapajuienbHol (HaloBOM cucTeMe Ha
npumepe npoekra Lustre.

Lustre — 5T0 BBICOKOIIPOM3BOAUTEIbHAS (halijioBast CUCTEMa, COCTOSI-
mas u3 cepepoB u xpanunuiia. Cepeep metananubix (MDS) otcnexu-
BaeT METaJaHHbIe (HAIPUMEp, TPaBO COOCTBEHHOCTH W TpaBa JOCTyIa
K (hafiny mnm katanory). CepBepbl OOBEKTHBIX XPaHIITUII IPEJOCTaBI-
10T (aiiyioBble CTy)0bl BBOJIA-BhIBOJA IS LIEJICBBIX OOBEKTOB OOBEKT-
HBIX XPaHWJIHII, B KOTOPBIX pa3MelraeTcs (akTHUECKOE XPaHMIIHUIIES
naHHbeIX. LlemeBble OOBEKTHI XpaHEHHS OOBIYHO TIPEICTABIAET COOOM
OJIMH TUCKOBBIA MaccuB. [lapamnenbHas QaiinoBas cucrema Lustre no-
CTHUTAET CBOCU MPOM3BOJUTEIHLHOCTH 32 CUET aBTOMATHYECKOTO pasjie-
JIEeHUsl NaHHBIX Ha (parMeHThI, M3BECTHBIE KaK «IOJIOCHD» (stripes), W
3alMCH TI0JI0C B IUKIUYECKOM PEKUME 10 HECKOJBKUM OOBEKTaM Xpa-
HEHHUsS. DTOT NPOIECC, HA3bIBAEMBIH «UYEPEIOBAHHUEMY», MOXKET 3HAYH-
TEJIHHO MOBBICUTH CKOPOCTH (hailIoBOr0 BBOJIA-BHIBOJIA 32 CUET YCTpaHe-
HUS y3KUX MECT, CBSI3aHHBIX C OJHUM JIUCKOM [6].

[TapannenpHas cucTeMa XpaHEHHS COCTOUT M3 MHOXKECTBAa KOMIIO-
HEHTOB, BKJIOYas MHCKH, KOHTPOJJIEPHl XpaHEHHs, IUIaThl BBOJA-
BBIBOJIA, CEPBEPhI XPAHCHUS, KOMMYTATOPbl CETH XPaHCHUS JAHHBIX U
COOTBETCTBYIOIIIEE MpOrpaMMHOe oOecriedeHrue sl yrpaBieHus. O0b-
€JIMHEeHUE BCEX ITHX KOMIIOHEHTOB BMECTE U MX HACTPOWKA IS JOCTH-
JKEHUSI ONITUMAIBHON MPOU3BOAUTEIBLHOCTH COMPSKEHBI CO 3HAYUTEIh-
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HBIMH TpyAHOCTSMH. Ha prucyHke 1 moka3zaHa apXMTEKTypa Mmapauieib-
HO¥ (aitnmoBoii cuctemsl Lustre.

Ceppepa XpaHeHBR

Cp eIcTBA XPARCHAR MeTATANALIX METAIAHHRIX et
%
Hmer 1 —= Ceprep 1 Kmment 1
ek 2 - | Kamenr2 I
S
Huckossift Koutpomep 3 c
HIPQLAEP Cepaep 2 E Eament 3
8
o
CepBepa XpAHEHNs a
Cpeicrea xpaeHnd 06LexTon 00EEKT OB B
———1 |
Heex 1 H Cepaep 1 E
]
=2 g | 8
Muewe 2 Ceprep 2
Huckopsfi . | N
St H Komtportep [ Ceprep 3

Puc. 1. Apxutexrypa napaiensHOH (aiinoBoii cuctemsl Lustre

DJeMEeHTaMU apXUTEKTYPhI SBIISIOTCS:

— YTIpaBJSOLIUE Y3JIbI — cepBepbl MeTafanHbix (MDT);

— Y3IIbI XpaHeHUs u npenoctaBierns qaHabx (OSS);

— aneMeHTH xpaHeHus gaHHbX (OST);

— 3JeMeHTHI XpaHeHus Metafganubx (MST);

— BBICOKOCKOPOCTHAs CeTh 00paOOTKH JaHHBIX.

Kak oTMedeHO BhIIIE, apXUTEKTypa NapajuiebHOro (ainoBoro xpa-
HIIUINA MO3BOJSIET MPEJOCTABISATh BBIYUCIUTEIBLHBIM Y3J1aM JIOCTYI K
Pa3IMYHBIM y3JIaM XpaHEeHHS, YTO TO3BOJISIET N30eTraTh «y3KHX MECT» H
NpeAOTBpaIlaTh Jerpagalnio IPOU3BOAUTEIEHOCTH.

OTMeTHM, YTO pa3jH4yHble MPHUKIAIHBIC 33290 MOTYT NPEIbSIBISATH
pasHbIie TpeOOBaHUs K CTPYKTYpE NAaHHBIX, XpaHAIIeics B (haiioBoil cu-
CTEME.

Jns 3amay MmaTepuanoBeieHus, Tie apajuIeIbHBIE IPOIECCH] OJTHOTO
BBIUMCIIATEBHOTO 33aHNs, BHITIOIHAEMBIE HA PA3HBIX BEIYUCIUTENBHBIX
y31ax, TpeOYIOT AOCTyNa K He3aBUCHUMBIM MAaCcCHBaM JaHHBIX, 10CTATOY-
HO pa3MeIIeHUs] OJHOW KOMWHW NPHUKIAJHBIX JAHHBIX Ha KaXIOM y3Iie
XpaHeHUs W oOecliedeHrne B3aMMOJEHCTBHA KaXKIOW Tapbl «BBIYHCIIH-
TEJIHBIN y3€ll — y3€J XpaHEeHHUs» M0 BHICOKOCKOPOCTHOM CETH Iepenadn
JTaHHBIX. B ciaydae HeoOXOAMMOCTH BO3MOXKHA OoJiee CIOXHasi OpraHu-
3amusa XpaHeHHUs TaHHBIX, MO3BOJIAIONIAS PA3IUNYHBIM BBIUMCIUTEEHBIM
y3J1aM MOJy4aTh AOCTYH K OAHOMY M TOMY (hailiry cO CTOPOHBI HECKOJb-
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KHX BBIUYHCIIUTENBHBIX y3710B. Takas (GyHKIHUS HOJIePKUBACTCS Mapaji-
JenpHOU (paitmoBolt crucTeMoit 3a cueT (parmeHTanuu ¢aiiaoB Ha OT-
JebHBIC OJIOKH (TIOJIOCHT).

TepMUH «KOJTUYECTBO TIOJIOCY» OTHOCHUTCS K KOJIMYECTBY (pparMeHTOB,
Ha KOTOpbIe pazneneH (aiim; apyrumu ciaoBamu, xommdectBo OST, korto-
PBIE UCTIONB3YIOTCS [Tl XpaHeHus ¢aitna. Takum oOpazom, Kaxaas moJo-
ca (haiiia 6yner Haxomuthes B npyrom OST. «Pa3mep mosocen» OTHOCHUT-
sl K pa3Mepy MOJIOCHI, 3aIMCaHHON B BHle equHOoro O0moka B OST [5].

Ha pucynke 2 mokazaH mpumep pacupezaeneHusi ¢aiina mo mectu
3JeMEHTaM XpaHEHUS JTaHHBIX.

Brnoxk 1 Biok 2 brnok 3 Brok 4 Biok 5 brnok 6
Brox 7 Brnok 8 Brox 9 brok 10 | brok 11 | Bnok 12
Biok 11 Baok 12
Brok 6 Biok 7 Broxk 8 Brok 9 Brok 10
Biok 1 Brok 2 Brok 3 Brok 4 brnok 5
A 4 Y 1& 1&
y Y 4
Juck 1 Juck 2 Juck 3 Juck 4 Huck 5
roliFoliroliFoliproe:

Puc. 2. Pacnipenenenue ¢aiina 1mo 31eMeHTaM XpaHEHUS TaHHBIX

[TapamnensHas ¢aiitoBas CHCTEMBI SBIISIETCS HEOTHEMIIEMOH YacThIO
BBICOKOTIPOU3BOTUTEIBHOTO BBIYMCIUTENEHOTO KOMILIEKCA, TpeIHA3HAa-
YECHHOIo [Jid pPCHICHUA [MUPOKOro CICKTpa HAyY4YHBIX W Hay4YHO-
mpakTHdeckux 3amad. IlapamrensHas daiinoBas cuctema 3Gh(HEKTHBHO
Mpe0TBpaIiaeT 00pa3oBaHus «y3KUX MECT», CHHKAIOUIMX ITPOU3BOJIH-
TCJIbHOCTH BBIYUCIHUTEIIBHOTO KOMINJIEKCA 3a CUHET 3aACPKEK B JJUCKOBBIX
omepanusax. Ee mprMeHeHHe B IEHTpaxX KOJUIEKTHBHOTO MOJh30BaHUS,
MPEOCTABISIONIETO YCIYTH BBICOKONPOU3BOIUTEIBHBIX BBIYHCICHUH,
MO3BOJISIET 00ECTICYUTh TOCTATOYHOW MPOMYCKHOHW CITIOCOOHOCTBIO JIHCKO-
BOW TIOAICHCTEMBI BCE 3a/la4d MaTepUAJIOBECHNUS, BBHITOTHIEMBIE Iapall-
JIETFHO BOCIPOHM3BOAUTEEHBIM BIYHCIHTEIILHBIM KOMILTEKCOM [7, §].
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B 3aBucumocTH OT THNa 33a49U ¥ XapakTepUCTHK (HalIoBOT0 XpaHH-
JIUIIA BRIOMpaeTCs MIa0IoH XpaHCeHHs NaHHBIX. B oOmeM ciydae, mis
MaKCUMU3aIUU TPOU3BOIUTENEHOCTA (DalIoBO cucTeMbl Tpedyercs
MaKCHUMHU3alUA KOJINYECTBA UCIIOJIb3YEMBIX 00BLEKTOB XpaHCHHA.

Takum oOpazom, TIpH pa3BepTHIBAHUU MPOEKTOB, MPeIHA3HAYCHHBIX
JUTSL PEIIEHUS BBIYUCIUTENBHBIX 33/1a4, TPEOYIOIIUX BHICOKYIO TUCKOBYIO
3(h(HeKTUBHOCTD, CHEeAyeT BBIACIATh MaKCHMaJbHOE KOJHYECTBO DJie-
MEHTOB XpaHeHus, npenumyuiectBeHHo NVMe SSD.

3amauaM co cpeaHedl M HU3KOW AMCKOBOW MHTEHCHBHOCTBHIO JTOCTa-
TOYHO BBIJCIICHUSA HEOOJIBIIOT0 KOJIHMYECTBA DJIEMEHTOB XpaH€HUA THUIIA
SAS nnu SATA.
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DATA PROCESSING NETWORK ARCHITECTURE
FOR PARALLEL COMPUTING IN A HIGH-PERFORMANCE
COMPLEX FOR MATERIALS SCIENCE PROBLEMS

K. Volovich, S. Denisov, V. Kondrasheyv

Abstract. The paper considers the architecture of building parallel data stor-
age systems in high-performance computing systems. The features of data rep-
resentation in parallel file systems for applied problems of materials science are
analyzed.
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AHHOTanusi. PacCMOTPEHBI BO3MOXKHOCTH M PE3YJIBTAThl IPHMCHCHHS Me-
TOOB MAIIMHHOTO OOYYEHHS Il IIPOTHO3UPOBAHKS CBOMCTB HOBBIX COCIUHE-
HHH JUTS SIEKTPOHUKH.

KaroueBsie ciioBa: machine learning, inorganic materials for electronics.

CornacHo [1] K 3/IEKTpOHHBIM MaTepHazaM OTHOCATCS MOIYIPOBOJ-
HUKOBBIE, MATHUTHBIE, ONITUYECKHE, TTHE303JIEKTPUIECKHIE, CETHETOIIEK-
TpUYECKHE U ApYyTHe MaTepuasbl, IPUMEHIEMbIE B COBPEMEHHON 3JIEK-
TpoHuke. B Hacrosmee Bpems HakoluleHa Oombliasgs HHGOpManus
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0 CBOMCTBaxX 3THUX BEUIECTB M MAaTEPHajOB, YTO IMO3BOJWIO TPOBECTH
KOMIBIOTEPHBIH aHaJIH3 AKCIEPUMEHTATBHBIX JAHHBIX C [EThI0 MOWCKa
3aKOHOMEPHOCTEH, CBA3BIBAIOIIMX CBOMCTBA BELIECTB C MapaMeTpaMu
XUMHYECKUX SJIEMEHTOB, BXOIAMMX B MX cocTaB. Hambomee mepcrek-
TUBHBIMH IS PEUICHHWsS ATOW 3afadd SBISFOTCS METOJBI MAIIMHHOTO
o0yueHus1. 3azaya KOHCTPYHPOBAHHUS HOBBIX HEOPTaHMUYECKUX COEIUHE-
HUN MOET OBITh CBEJIeHA K 0OHAPYKEHHIO 3aBUCHMOCTEH MEXTy CBOIi-
CTBaMH HEOpPTaHMYECKUX CHUCTEM, B TOM YHCIIE, CBOMCTBAMH COEIUHE-
HUM, U CBOHCTBAMH JJIEMEHTOB, OOpa3yIONIMX 3TH cuctembl. [lepBbie
yCHemHbie paboTHI IO UCIOIB30BAaHUIO MAITMHHOTO O0yYeHUs ISl KOH-
CTPYUPOBAHUS €IIle HE MMOyIeHHBIX HEOPTaHNYECKUX COeAMHEHUH ObLH
MIPOBEICHBI HAMU €Ille B ceMuaecsToie Tosl [2]. Co cpeaHeil TOUHOCThIO
6onee 80% ymamock TMpeacKa3aTh BO3MOXKHOCTh OOpa3OBaHWSI M THI
KPUCTAJUTMYECKOW CTPYKTYPHI THICSY €Ille He TOMYYEHHBIX COCTUHEHNN:
XaJIbKOIIIMUHENEH, NePCNeKTUBHBIX JUIA MOMCKAa MAarHUTHBIX MOJYNPO-
BOIHUKOB, (ha3 ['eiiciepa, cpenn KOTOPBIX MPOBOIMIICS ITOUCK HOBBIX
MAarHUTHBIX MaTepuaioB, coeluHeHud coctaBa ABQO;, y KOTOpPBIX
B JaJbHEHIIEM ObUTH OOHApYKEHBI aKyCTO-, JJIEKTPO- U HEJIWHEHHO-
ONTHYeCKHe CBOWCTBA, U T.1. [3]. Celiuac HamMu pa3pabOTaHBl METOABI U
MPOTpaMMBI JUI TTPOTHO3UPOBAHUS HE TOJIHKO BO3MOXKHOCTH 00pa3oBa-
HUS U THMA KPUCTAUIMUECKOH CTPYKTYPBI, HO U (PU3MYECKUX CBOWCTB
HOBBIX coefuHeHu# [4, 5]. Pa3paboTaHHBIN HAaMH TOIXOA K KOHCTPYH-
POBaHHIO HOBBIX COEAMHEHUH C MCITIOIB30BAHUEM MALIMHHOTO 00yUYeHHS
ceifuac mpuMeHsieTcs BO BCEM MHUpPE, B TOM UYHCIIE U JJs MOMCKA HOBBIX
MaTepHaNoB AJIs JEKTPOHUKH, HarIpumep, [6—8].

OCHOBHBIM OTpaHMYCHHEM NPU NPUMEHEHHH MAIIUMHHOTO OO0YYECHUS
ABJISICTCSl PENpPEe3eHTaTUBHOCTh aHaiu3upyemMoi uHpopmanuu. HcTtou-
HUKOM HMH(pOpPManuu A IPOBOJAMOTO HaMU KOMITBIOTEPHOTO aHAIN3a
CpeAcTBaMH MAalIMHHOTO OOyueHMs ABJseTCS pa3paboTaHHAas HaMHU HH-
TerpupoBaHHas cucTeMa 0a3 maHHBIX [9], BKIIOUaromas U MOJACHUCTEMY
CBOICTB MaTepuaioB Il NIEKTPOHUKH. B HacTosmee BpeMs 3Ta cucre-
Ma COJEPKUT MH(POPMANHIO O AECATKAX THICAY HEOPTaHHMYECKUX Be-
IIECTB, UMEET CUHYI0 TOUYKy BXozaa https://imet-db.ru/ u mmpoko uc-
MOJIB3YETCS CIIEIUATUCTaAMH.

Cucrema MamHHOTO 00y4YeHUs MHTETPUPOBaHA C Pa3padOTaHHBIMU
0azamMu TaHHBIX U COCTOMT U3 ABYX mojacucteM: MAC (uH(popMaImoHHO-
AQHAIMTUYECKOH CHCTEMBI) IS TPOTHO3a KATETOPHAIBHBIX CBOWCTB
(BO3MOKHOCTH 00pa3oBaHUs, THUIA KPUCTAIMYECKOH CTPYKTYpBI, MPO-
CTPaHCTBEHHOM TpymIibl U T.1.) [4], 00beaunsitomeii 6oiee 20 mporpamMmm
MammHHOTO 00y4eHus, u ParlS (Parameters of Inorganic Substances)
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JUTSL TIPOTHO3a CBOWCTB (TapamMeTpoB KPUCTAIUTMYECKOW PEIIETKH, TeM-
nepatyp ($a3oBBIX MEPEX00B, IMTUPHHBI 3aMPEIeHHOW 30HBI U T.1.) [5],
B KOTOPYIO BxoIAT Oosiee 30 mporpaMM MallMHHOTO OOYYEHUSI.

C moMomIpI0 3TUX MOJCUCTEM YJAIOCh MPEACKa3aTh HE TOJIBKO HO-
BbIE COCIMHEHUS, MPECTABISIONINE HHTEPEC I IMPUMEHEHHS B AJIEK-
TPOHMKE, HO U OLEHUTH UX CBOMCTBA (HApUMEp, TUI KPUCTAJUIMYECKON
CTPYKTYpPBI, IPOCTPAHCTBEHHYIO TPYIIIY, MapaMeTpbl KPUCTAJUINIECKON
pEIIeTKH, TeMIIepaTypy IJIaBICHUS, IMAPUHY 3alpeIleHHON 30HbI U T.1.)
[10-12]. IIpu 3TOM TOYHOCTH OLEHKH JHUHEWHBIX MapaMeTpOB PELIETKH
(cpenane abcomrotaple omuOku (MAE), ompeneneHHble METOIOM
CKOJB3AIIero KoHTpoisd B pexkume LOOCV), HanmpuMmep, JUIS COCITHHE-
Huil coctaBa A,BB’O¢ (A, B, B’ — pa3Hble XUMUYecKHE 3JIEMEHTHI),
6b11a B pezenax +0.0120-0.8264 A [11], a To4HOCTH MPOrHO3a TeMIepa-
Typbl IUIaBJIEHUsI IBOMHBIX TajoreHuaoB MAE = 29-52 K B 3aBucuMocTu
OT COCTaBa TaJIOTeHUJOB U BBHIOpaHHOro anropurMa. PazpaboTaHHbIEe cH-
CTeMBI TaKXX€ IIMPOKO MPHUMEHSIOTCS HE TOJBKO Ui HMPOTHO3WPOBAHUSA
HOBBIX HEOPTraHWYECKUX COCTUHEHWH M OIIEHKH MX CBOWCTB Ha OCHOBE
3HaHUs TOJBKO MapaMeTpPOB XUMHUYECKHX 3JEMEHTOB, HO U B NPOMBIII-
JICHHBIX pa3paboTKax, HaIpUMep, AJIS MPOrHO3UPOBAHUS KOPPO3HMHU CTa-
Jieil, METaJJIOB U MX CILIABOB B 3aBUCHUMOCTH OT YCJIOBUI BHEIIHEH Cpeibl.
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AunHoTanusi. B pabore paccMaTpHBArOTCs METOIbI MOHHTOPHHIA 3arpy-
JKEHHOCTH PECYPCOB BBICOKOIIPOM3BOIUTENHFHOTO KOMILIEKCA TPH MOCTaHOBKE
BBIYUCIIUTECIIbHBIX 3ada4 MaTCPUATOBEACHUA B 06H1y}0 O4Y€peab BBLINIOJIHCHUA.
B cBsi3u ¢ TeM, 4TO aNrOPUTMBI MAaT€PHAJIOBEACHUS MOTYT OBITH 3(PPEKTHBHO
3aIyLIeHBl ApaJUIeNbHO U TPeOOBATENbHbI K BBIYUCIUTEIBHBIM pecypcam, BO3-
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HHUKaeT HEOOXOJMMOCTh B HCIOJIb30BaHUE CYNEPKOMITBIOTEPHBIX cucteM. Of-
HaKo HE3(P(EKTUBHOE HCIOIb30BAHUE PECYPCOB 3HAUMTENIHHO YBEIUYUBAET
pacdérHoe BpeMs 3a1ad. [Ipemiaraercst peamu3anusi CHCTEMBl MOHUTOPHHTA JUIS
MOCTIETYIOIIEr0 aHANIN3a BbIIENIIEMBIX BBIUUCIUTENIBHBIX PECYPCOB.

KnroueBble cj10Ba: BHICOKOIIPOM3BOANTEIBHBIC BBIUHCICHHE, CHCTEMa MO-
HUTOPHHTA, MaTepHAIOBEICHHUE.

B mocnennee BpeMsi yBenW4yMBaeTCs MOTPEOHOCTh B BBIYHCINTENb-
HBIX pecypcax CO CTOPOHBI HaAYyYHBIX KOJUIEKTHUBOB B 3a/layax maTepua-
noenenus [1, 2]. Jlyusg BbIACNCHHUS M PACHpPEICIICHUS HEOOXOIMMBIX
BBIYMCIIUTEIBHBIX MOITHOCTEH aKTUBHO HCTONb3yoTcs [ ubpunneie Boi-
cokompousBoautenbHbie LlenTpsl KomnektueHoro [oms3zoBanus (LIKIT)
[3]. Opranu3zaiys BBINOJIHEHUS PacYETHBIX 3a]a4 B TaKUX LIEHTpax co-
CTOUT U3 CIAEAYIOIIHUX IIaroB:

® 3arpoc PecypcoB, HEOOXOAUMBIX IS BBIMOJIHEHUS 334a4H;

® [IOCTAHOBKA 33/1a4H B OOIIyI0 OYepeab BHITIOTHEHNUS;

e BHINOJIHEHUE 3a/1a49H TIPU OCBOOOXKICHNE HEOOXOTUMBIX PECYPCOB

Y HaXOXAEHUE 3aa4l B HaYaJle ouepeu.

IKII umeroT B cBO€H CTPYKTYpe COBPEMEHHBIE BBIYUCIUTENIbHBIE Y3-
JIBI, KOTOPBIE MOTYT OBITH A(PEKTUBHO MCIIOIB30BAHBI TS 3aITyCcKa pas-
JUYHBIX BBIYUCIUTENBHBIX 3a4ad. OQHON M3 Ba)XKHBIX COCTaBJIAIOIINX
COBPEMEHHBIX BBICOKOIIPOU3BOIUTENBHBIX KOMIUIEKCOB SIBISIETCS CH-
CcTeMa MOHUTOPHHTA 3arpy>KEHHOCTH PECYpCOB CHCTEMBL. B CBs3M ¢ TeMm,
YTO MHOTHE COBPEMEHHBIE HHCTPYMEHTHI [4] 1 anroputMmsl [5] maTepua-
JIOBEACHUSI MOTYT OBITh 3alyIIEHBl MapajieNIbHO, BaXKHOH 3ajadell sB-
JISIeTCS aIEKBAaTHOE PAacIpe/ieIeHne HMEIOIINX B CHCTEME BBIYHCIUTEb-
HBIX pecypcoB. OnHaKo, B Ipoliecce MOCTAaHOBKU 3aadyd B O4epesb Ha
BBITIOJTHEHNE, MTOJTB30BATENN MOTYT JOMYCKATh OIIMOKH, CBSI3aHHBIE C:

® BEHIJIEJICHHEM HEOCTaTOYHOTO WM H30BITOYHOTO KOJHMYECTBA

sJep JUid 3aa4u;

® 3aITyCK 337]add Ha HECKOJIBKHUX sApax 0e3 WCIOJB30BaHUS TEXHO-

JIOTUH MapajiIeIbHOr0 IPOrpaMMHUPOBaHMS;

e Brieneane GPU-yckopureneit ans 3amad 6e3 (hakTHUIECKOro HC-

noss3oBanus GPU;

e BHIJIEJICHHE BBIYUCIUTENFHBIX PECYPCOB y3ia 0e3 MX HCIIONb30Ba-

HUS 171 pacYETHBIX 3a1aY;

Takue omuOKu MOTYT 3aHUMaTh 3HAYUTENHHOE KOJHMUECTBO PECYPCOB
HKII, HeoOXOmUMBIX IUIA BBIIOJHEHUS JPYTHMMH IIOJB30BATEISIMH.
Haubonee pacrpoctpanéHHas Cily:)k00i OpraHHM3allMd OYepeld 3ajadu
B LUKII sBnstercst SLURM [6]. OmHako, OOIBIMMHCTBO TAKUX OMIHOOK HE
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MOTyT OBbITh pacnio3HaHbl SLURM nipu 3amycKe BBIYHCIUTENbHBIX 3a7a4
Ha BeIMoJHEeHHE. [103ToOMy HEOOXO0IUMO HCITONB30BaTh CIyXK0y MOHHTO-
pUHTa JJIs aHAJIM3a BBLIETSIEMBIX pecypcoB. B maHHo# paborte mpeiara-
eTCsl TIOJXO IS CO3MaHus Takoi ciyxO0wl it LenTpa KomnexktuBHOTO
[Tonb3oBanus «Bpicokonpou3BoAUTeNbHbIE Bprunciaenus u bosbnime
Hannsiey» (UKIT «MuadopmaTukay) ULl UY PAH. B nanehefinieMm, mo-
Jy9eHHBIE W MPOAHATN3UPOBAHHBIC JAHHBIC MOXHO HCITOJIB30BATh IS
pacmo3HaBaHus HEOPPEKTUBHBIX 33/1a4 M PErIaMEHTAlUN BbIIEISIEMbIX
peCypcoB MOJIB30BATENAM.

W3BecTHRIME  cy’)k0aMH  MOHHTOPHWHTA  SIBIISTIOTCS  IIPOTPAMMBI
JobDigest [7] u Savio [§8]. B ocHOBE TakuX CHCTEM HCIOJIB3YIOTCS pas3-
JUYHBIE YTWIUTHl JJI1 CUMTHIBAHMS XapakTepucTHk (3arpy3ka CPU,
GPU; ncnonp3oBaHme ONEpaTHBHON MaMsITH; ceTeBas Harpy3ka U T.1.) U
0aza maHHBIX s XpaHeHHs wHMopmarmu. OgHako, B 3THX paboTax
MoJIpa3yMeBaeT BBIAENEHUE LEN0oro y3ia Julsl 3aaad nojabs3oBaTeneil. Ta-
Kasi CTpaTeTruss MOKET OBITh MPUMEHUMBI TIPH HEOOJBIIOM KOJUYIECTBE
nosib3oBaTenel u 3amad. B IIKII “UudopmaTika” mpeamoiaraercs BbI-
JIeJIeHHe HEKOTOpOro KOJIMYECTBa siAep IS 3aJlaud IOJIb30BaTens, Io-
3TOMY TpeOyeTCsl aHATM3UPOBATh HATPY3KY OTIEIHHBIX SIEp, BBIICIICH-
HBIX cITy:k001t SLURM nns 3amaqm.

[Ipennaraercs ucnons3oBanue ciayxkOwel Telegraf [9] mnst mMoHUTO-
punra aktuBHocTh saep. Telegarf mpencrtaBnger coOOil CepBEpHBIN
areHT, OCHOBaHHBIM Ha IarnHax. lloj miuarnHamMu mojapa3ymeBaercs
psa BXOAHBIX (input) W BBIXOAHBIX (Output) IJIATMHOB, PErYJIHPYIOIIUX
TO, KaK COOMPAIOTCSI METPUKH CUCTEMEI (B CITydae BXOTHBIX IJIATHHOB) U
KyJa OTIPABISIFOTCS cCOOpaHHBIE NaHHBIE (B CIy4yae BBIXOAHBIX IUIArH-
HOB). B manHo# paboTe MbI coOupaeM nHGOPMAIUIO 00 UCTIOIH30BAHUE
CPU B Bunme 10 meTpuk (usage guest, usage guest nice, usage idle,
usage_iowait, usage irq, usage nice, usage Softirq, usage steal,
usage _system, usage user). O0praHO, g pacuéra CPU yTuiamzaunu
MCTOJB3yeTCs cieayomas ¢popmyia:

10 k :
—, cpus — cpuldle. — cpulOwait;
cpu_util = Z Zic=1 P — cpuldle, - cp “)- 100%,

10 k
0 cpus
iEN k=1 CPU;

rie cpuf 3TO k-as MeTpuKa i-ro sapa, cpu = {cpuUser, cpuNice, cpuSys-
tem, cpulRQ, cpuSoftIRQ, cpuSteal, cpuGuest, cpuGuestNice, cpuldle,
cpulOwait} 1 N — MHOXKECTBO BBIACTICHHBIX siAep. Takxke Mbl codupaem
MHQOPMAIMIO O 3alyIlEHHbIX 3a/adaXx C HCIOJIb30BAHUE CIIy>KOBI
SLURM. Mpb1 nonyyaem uH(pOpMamuio o user_id m MHOXECTBE BbIJie-
JICHHBIX S1ep Ha 3a7auqy.
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[TocnenHM KOMITOHEHTOM JAaHHOW CHCTEMBI MOHHUTOPHHTA SIBIISCTCS
CUMTHIBAaHHME NAaHHBIX 00 mcmnoiab3oBaHne GPU-yckopureneil BEIYHCIN-
TEIBHOTO y37a. B CBsI3U ¢ TeM, UTO MHOTHE aJrOPUTMBbI MaTepuaIoBee-
HUS UCTIOIB3YIOT BEIUUCIHTENbHBIE CeTKU [10], 0oHM MOTYT OBITH 3(pdek-
THBHO pacnapamienedsl Ha GPU. Takum o0pa3oM, CUHTHIBaHHE
uHpOpMaIK 00 MCIOJIB30BAaHUE BHJCOKAPTHI SBISACTCS BAXKHBIM KOM-
MMOHEHTOM CHCTEeMbl MOHHTOpHWHTra. COOp MaHHBIX 00 HCITOJIB30BaHHUE
GPU-yckopureneii ocymecTBiIsieTcss IpyU IOMOIIN KOMaH[IBI nvidia-smi.
JanHas xomaHAa BO3BpamaeT MHGOPMALHUIO O Ha3BaHWE, DHEProIo-
TpebiieHne, YTUIN3alud TaMATH U BEIYUCITUTEIBHBIX SIIep BUICOKAPTEHI.

UroroBrie maHHbIE MPEACTABISAIOT COOOM BpEMEHHBIE PSINIbI, TAE KaXK-
JIOMy MOMEHTY BPEMEHU COOTBETCTBYIOT METPUKHU. [[J1s1 XpaHEHUS TaKUX
BPEMEHHBIX PsIOB ObliIa Mcrionb3oBaHa 6a3a nanaeix InfluxDB [11].

B pesynbrare maHHO#H paboThl OB pa3pabOTaH MPOTOTHIT CHCTEMBI
MOHHUTOPHHTA BBIYUCIUTENBHBIX pecypcoB LIKIT “Uupopmarnka” npu
MOCTAHOBKE 3aJa4 MaTepHajoBe/eHNs Ha BhionHeHHe. C MCIOIh30Ba-
HUEM Pa3IUIHBIX MTPOTPAMMHBIX CPEICTB OCYIIECTBISIETCS cOOp JaHHBIX
0 3alylICHHBIX BBEIYUCIUTENBHBIX 3a/ladax. Takas cHUCTEMa IO3BOJSET
MIPOBOJIUTh AHAIHM3 IOJYYCHHBIX BPEMEHHBIX PSIOB M BBIIBIIATH Kak
pa3iryHbIe OMIMOKH TIPH 3aITycKe 3ajad, Tak U Hed(h(EeKTHBHOE UCTIONh-
30BaHHE BBIJENAEMBIX pecypcoB. B nmanpHelieM IiaHUpyeTcsl YBEH-
YUTh KOJWYECTBO COOMPAEMBIX METPHK W pa3paboTaTh IPOrpaMMHBIN
KOMIUIEKC TI0 aHAIH3y PECypCOB CYIIEPKOMITBIOTEPA: BBISBIICHUE HEA(]-
(EeKTUBHBIX 337124, BBIABICHHE OMIMOOYHO 3aIMyIICHHBIX 3334, PEryJin-
POBaHUE BBIJIEISIEMBIX PECYPCOB.

HccrnenoBanre BBHIMONHEHO C HCIIOJNB30BAaHUEM HHQPPACTPYKTYPHI
LleHTpa KOJUIEKTUBHOI'O MOJB30BaHUA «BBICOKOTIPOM3BOIUTEIHHBIC BBI-
yucnenus u 6onpmme nanasie» (LUK «uadopmatukay) OULL 1Y PAH
(r. Mockga).
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MONITORING SYSTEM DESIGN IN HIGH PERFOMANCE
COMPUTING CENTER FOR SOLVING MATERIAL
SCIENCE PROBLEMS

A.D. Maminov

Abstract. The paper considers methods for monitoring the workload of re-
sources of a high-performance complex when setting computational problems of
materials science in a common execution queue. Since materials science algo-
rithms can be effectively run in parallel and are demanding on computing re-
sources, there is a need to use supercomputer systems. However, inefficient use
of resources significantly increases the estimated time of tasks. We propose to
implement a monitoring system for subsequent analysis of allocated computing
resources.

Key words: high-performance computing, monitoring system, material
science.
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O PABPABOTKE TEXHOJIOI'MX ITPOU3BOACTBA
KOMITOHEHTOB 2JIEKTPOHHBIX ITPUBOPOB

o 1,2
Monomxkoe Anopeii Anopeesuu ",
ACTUPAHM, UHIICEHEP-NPOCPAMMUCH.
karacerr@gmail.com.

1,2
Tpemwakosea Onvea Hukonaesna ™,
K.(h.-M.H, O0YeHm 8.H.C.
tretiyakova_olga@mail.ru,

Tysrcunun Imumpuii Hukonaesud’,
3amecmumenv 2eHEPAIbHO20 OUPEKMopa
tuzhilin@laserapr.ru
'MAH. Mockea,
000 «Jlabopamopus npomviunennvix uccredosanuiiy HITL]
«/lazepvr u annapamypa TM». Mocksa

AnHoTanusi. PaboTta mocesieHa pa3pabOTKe COBPEMEHHBIX MTPOMBIIILICH-
HBIX TEXHOJIOTHI MPON3BOICTBA KOMIIOHEHTOB AJIEKTPOHHBIX IprubopoB. Cozman
MIPOTPAMMHBIN KOMIUIEKC AJIS MOAETUPOBAHUS MPOLIECCa CEJIEKTUBHOIO Jia3ep-
HOTO CIUTABJICHHS U BU3YaJU3aI[HH MIPOIECCOB 00Pa0OTKU, IPUMEHUMBIN K JIPY-
TUM TEXHOJIOTUSIM, KaKUM Kak IpsIMOE JIa3€pHOE IJIaBJICHHUS, JIa3epHas pe3Ka,
Ja3epHas CBapKa, NMPENHU3HOHHAS MUKPOOOpabOTKa pa3IHYHBIX MAaTEPUANIOB.
Pa3zpaboTaHHbIif MPOTrpaMMHBIN KOMITJIEKC TO3BOJISIET peIlaTh 3aJa4d OpTaHH-
3anuu 3 (PEeKTUBHOTO W aBTOMATH3UPOBAHHOTO IMPOU3BOACTBEHHOTO IIHKJIA HC-
CJIEIOBaHUS W M3TOTOBIICHUS KOMIIOHCHTOB JJIEKTPOHHBIX IPUOOPOB U JETAJCH
CJIO’KHOW T€OMETPHH.

KiroueBble ciaoBa: TexXHOIOTHS, Ja3ep, mporpaMmmHoe obecnedeHue 10,
MOJIETUPOBaHUE, ABTOMATU3ALHSI.

BBenenue

[IpuMeHeHUe COBPEMEHHBIX JIa3€PHBIX TEXHOJIOTHI MPOHM3BOICTBA
KOMIIOHEHTOB 3JIEKTPOHHBIX MPUOOPOB M M3JENUI CI0KHOW TeOMETpUr
HEOOXOOUMO TaM, TJE CYIIECTBYET HEOOXOIMMOCTh B MHHUMH3ALUHU
cOOpOUYHBIX oOTepanuidi ¥ YMEHbIICHHE 4YHuclia COOPOYHBIX EIMHMUIL,
YMCEHBIICHUH MAacCOra0apUTHBIX XapaKTEPUCTUK H3IENUs, W3TOTOBIIE-
HUM BBICOKOTOYHBIX M3JIENIUI U WX MPOTOTUIIOB B KpaTyaMllne CPOKH.
Jns peann3anyy TEXHOJOTHHM CEJIEKTUBHOTO JIa3€PHOTO CIUIABICHHS
(SLM — selective laser melting) ocymecTBIeHO MPOEKTUPOBAHHUE U TIPO-
U3BOJICTBO JIA3€PHOTO TEXHOJIOIMYECKOT0 000pYI0BaHUSL.
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Heorbemiiemoil yacTbio KaxJa0W TEXHOJOTHMYECKON YCTAaHOBKU SIBIISI-
eTcs TporpaMMHOe oOecriedeHHe sl e€ aBTOMATHYECKOH pabOoTHI.
Co3aH mporpaMMHBIA KOMIUIEKC ISl MOJCIUPOBAHUS MpoIlecca CeeK-
THBHOTO JIA3€PHOTO CIUTABJICHHUS W BU3YAIHM3aIldH IPOIIECCOB 00padboT-
KU, IPUMEHUMBIN U K IPYTUM TEXHOJOTHSAM, KaKUM KakK MPsSMOE Jia3ep-
HOE TUTaBIICHWE, Ja3epHas pe3Kka, ja3epHas CBapKa, MPeru3uOHHASL
MUKPOOOpabOTKa pa3IUIHBIX MaTEpHAIIOB.

Oco00eHHOCTH NPOrPAMMHOI0 KOMILJIEKCA
IJI51 J1a3€PHOT0 TEXHOJIOTHYeCKOT0 000py/I0BaAHUS

[IporpaMMHBIIi KOMILIEKC OO0ECIIEYMBACT BECh TEXHOJOTHUCCKUN
IPOLIECC MIPOM3BOACTBA 3JIEKTPOHHBIX NPpHOOpoB oT 3D MonenupoBaHus
MPOTOTHIIA M3JENHUs 0 MOI00pa TEXHOIOTHIECKUX MapaMeTPOB MPOU3-
BOJICTBA, BKIIOYAsl TPOTPaMMHBIE OJIOKH IS MAaTEeMaTHYECKOTO MOJIEIIH-
POBaHUS TEIUIOBBIX MPOIECCOB U TepMoymnpyrocTH [1-8]. Ero cocraBHoit
YacThIO SBJISETCS pa3paboTaHHas miathopMa MalIMHHOTO 3PEHHSI, M03-
BOJISIIOIIASl MPUMEHSATh METOJbl MAIIMHHOTO 3pPEHHS K COBPEMEHHBIM
Ja3epHBIM TEXHOJIOTHSIM 00paOOTKU M W3TOTOBJICHUS JETallel CI0KHON
dbopmbl. HaMu OBITH pelreHbl HEKOTOPBIE 3aaUd pacio3HaBaHUsI 00bEK-
TOB, BO3HUKAIOIINE B Mpollecce pa3pabOTKH JIa3epPHBIX TEXHOJOTHIA. Pe-
LIeHa OJHA W3 3a/1a4 PAaCHO3HABAaHHUS OOBEKTOB B IPOMBILIUIEHHOCTH —
3a7aya HaXOXKACHUS IJIOCKOW 3arOTOBKH CBOOOJIHON (opMBI B pabouem
nojie craHka. Pa3paboTaH M pea30BaH aITOPUTM OIpPEeNICHUS KOHTY-
poB 00BEKTa 10 paHee HalgeHHBIM yriaM. OH ObUT MPUMEHEH Ui pe-
HICHUS 33/1a4H HAXOXKJCHUS U aHaJIM3a KauyecTBa OTBEPCTUH IpH nepgo-
panuu M Ui HaXOXKACHUSI T€OMETPUHN CIUIABIIEMOrO CJIOsl B IpolLecce
CEJIEKTUBHOTO JIa3¢pHOT'0 CILUIaBJICHUSI.

PazpaboTtannas mporpamMMmHas IutatrgopMa MAIIMHHOTO 3pEHHUS JacT
BO3MOXXKHOCTh BHUIEO(UKCAIIMHM TPOLECCOB B HM30JHMPOBAHHBIX Cpenax,
oTpe/ieNieHHs TPaHull 0ObEKTOB Ha N300paKeHUH, aHAIn3a U 00paboTKU
BU3YyaJIbHBIX JAHHBIX, (POPMHUPOBAHUS M HPEACTABICHUS KapTUHBI pac-
MIpeJIeNieHns] TeIla B TPeXMEpPHOM 00bekTe. OHa MO3BOJMIIA Peanu30-
BaTh COBMEILEHHUE PACUECTHBIX JAHHBIX O TEOMETPUH H3MAENHs, AaHHBIX,
MOJYYECHHBIX MPU MOMOIIY aHaNIN3a BUICOJAHHBIX OT CPEACTB BU3Yalb-
HOT'O HaOJIOAEHUS, C JaHHBIMH O PAacIpEeIeeHNH Telia, KOTOpble ObUIN
MOJYYEHBI B pe3yJibTaTe MPOBEICHUSI YMCICHHOTO SKCIIEPUMEHTa B CO-
OTBETCTBUHU C PEAIM30BAaHHON HAMU MaTeMaTHYECKON MOEIBbIO HCCIe-
JyeMOTr0 TIpoLiecca CeICKTUBHOTO J1a3epHOro CIUIaBICHUSI.
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BriBoabl

[IpumeneHre pa3pabOTaHHOTO MPOTrPAMMHOTO OOECTICUEHHS TTO3BOJIA-
€T YIPOCTUTh TEXHOJOTaM aHaju3 mpouecca mnpous3BoacTBa. Co3maHHas
IIporpaMmMHas rmaT(bopMa MAIIMHHOI'O 3pC€HUA IMO3BOJIACT YIIPOCTUTH BBI-
SBIICHHE KPUTUYECKUX OOJacTel, a TakkKe MoJ00p TEXHOJIOTWIECKUX I1a-
paMeTpoB Tpolecca CENEKTUBHOTO JIa3epPHOTO CIUIaBICHHUS. A pelLIeHHe
3a]1a4 pacro3HaBaHusI OOBEKTOB B pabodeM TOJIe CTaHKa MOYKET HMCITOJb-
30BaThCs IS IIMPOKOTO KPYTa TEXHOJIOTHIECKHUX MTPOIECCOB.

Pa3paboranHoe nporpaMMHOe oOecliedYeHre BHEPEHO B PsJIE BBHICO-
KOTCXHOJIOTUYHBIX MPOMBINIJICHHBIX IPOU3BOACTB. OHO MO3BOJIAET pe-
aTh 3aa4il OpraHu3anui 3PQPEeKTUBHOTO MPOU3BOJCTBEHHOTO IHKIIA
MOATOTOBKH, MCCIEIOBAHUS M HM3TOTOBJICHHS KOMIIOHEHTOB JJICKTPOH-
HBIX IPUOOPOB U MHBIX JeTajel CI0KHONH T€OMETPHH.
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ABOUT THE DEVELOPMENT OF PRODUCTION
TECHNOLOGY FOR ELECTRONIC DEVICE COMPONENTS

A.A. Molotkov, O.N. Tretiyakova, D.N. Tuzhilin

Abstract. The paper presents a development of the modern industrial technol-
ogies for the production of components of electronic devices. A software package
has been created for modeling the process of selective laser melting and visualiza-
tion of processing processes, applicable to other technologies, such as direct laser
melting, laser cutting, laser welding, laser micro-micromachining of various mate-
rials. The developed software package allows solving the problems of arranging of
effective and automated production cycle for researching and manufacturing of
components of electronic devices and parts of complex geometry.

Key words: technology, laser, software, modeling, automation.
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HAIIMOHAJIBHBIE BbI3OBbI
B IN®POBOM MATEPHNAJIOBEIEHNN

Iloaxoenuxkoea Hamanva Anexkcanoposna,
1
PpyKogoodumenv npoexkma «L{ughposoe mooenuposanue mamepuanosy’,
Natalia. Polkovnikova@rusnano.com

Kouemoe Hean Heanosuu,
PYKOBOOUMENb NPOEKMA N0 pa3pabomke OHLAUH-NAAMBOPMbL
«Lughposoe modenuposanue mamepuanosy’,
Ivan.Kochetov@rusnano.com

' Dono ungpacmpyxmypuvix u o6pazosamenvubix npozpamm
(I'pynna POCHAHO), 2. Mocksa

AnHoTanmsi. B pabote nccnenoBaHbl KIroueBble Cepbl HAydIHBIX HCCIIEI0-
BaHuii B Poccun u Mupe, a Takke mpencTaBieHa miardopMa il B3aUMOJeH-
CTBUS HayKH 1 Om3Heca material.business.

Kuaroueble ci10Ba: nudpoBoe MaTepuanoBeeHue, Hayka, Ou3HecC.

BBenenue

[Tudposoe marepuanoBeaeHNE SBIAETCS OOLIETIPU3HAHHBIM HAIIPaB-
JIEHHEM B COBPEMEHHOM MaTepHaloBEACHNHU. ba3bl TaHHBIX U MAIIMHHOE
o0ydeHne CTaau OOIIenpu3HAHHBIM HHCTPYMEHTOM B CO3JAaHHUU W HC-
CJIEOBAaHMM HOBBIX MAaTE€PHAJIOB U KOHCTPYMPOBAHHWU PA3JINYHBIX TOBA-
poB. B aT0li cTaThe UccaenyroTes KIroueBblie chepbl HHTEPECOB MaTEePH-
anoBezioB B Poccum m mMupe. MbI mpHu3HAaeM pacTyIIyl0 HOTpeOHOCTh
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B 00JIee TECHOM B3aMMOICHCTBUH OM3HECA W HAYKH, B CO3IaHHU KOJIIa-
OopaIuii 1 B3aMMOBBITOHBIX HCCIICAOBATEIBCKUX MPOEKTOB. [y 00-
JIeTYeHust OOIEHUS MbI TIpeJyIaracM 3alyCTUTh MPOEKT material.business
JUTSL TIOJICPYKKKA OOIIEHHST M TPHBJICYCHUS] WHBECTUIMH [UI KOMAH]I,
paboTaroIux Ha Mepe0BbIX pyOekax HU(POBOro MaTepHAaIOBEACHHS.

HanpaBJIemm HccaeI0BaHuM MaTepuajoBe€I0B B Poccuu u MHpE

Jns amanu3a Mel BeIOpanu 9527 nmyOnnkanui, U3 MPOWHIEKCUPOBAH-
HBIX B Scopus © WoS, 00 HCHONb30BaHMHM MaTMOJEIMPOBAHHS B MaTe-
pHuanax, Ha KOTOPBIE CCBUIAIOTCS MATEeHTHI, T.€. 3TO TO, YTO PeajbHO HC-
MTOJIB30BAIOCH Ha TpakTuke. Ha rpadax — o0nacTh HCCIeIOBaHUM,
yKazaHHas B MHyOnukauud. Yem KpynHee TOYKa/TOKEH/CloBo/meiben,
TeM OoJblle MyOIuKaluii Mo 3Toi Teme. UeM IeHTpalbHee TOYKa, TeM
Ooyee oHa CBs3aHA C APYTUMHU TeMaMH. PeOpo/CBsI3b/IHMHAS MEXIY TOU-
KaMH MOKa3bIBAa€T, YTO CYIIECTBYET HCCIEIOBAaHUE, KOTOPOE OCBSILIECHO
obenM TemMaM.

Puc. 1. AkryanbHble 3apyOexHbIe HayYHbIE NCCIIECIOBAHMS

U3 OPCACTABJICHHBIX HAa PUCYHKE 1 JaHHBIX MOXHO CACJIaThb BBIBO/J
O TOM, 4YTO 3ap}I6e)KHBIC HCCJIICA0BAaHN KaCaroTCA KaK IpaBUJIO OIITHUKHU
B TECHOM CBSI3H C OHTOSHCKTPOHHKOﬁ, KOMIIO3UTHBIMH MaT€puajlaMu,
MCXaHHUKOH H HAaHOTCXHOJIOTUAMU, IIPHU 3TOM I.IeHTpaJ'ILHOfI COCTaBJIAIO-
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el Bcel ATOM 1enouku sBisieTcs TeMa « KoMIbIOTepHbIE CUMYIISLIUNY.
Bce aT0 TOBOpUT 0 TOM, UTO 3apyOeKHBIE HCCIEIOBAaHUA KaK MpPaBUIIO
HaIpPaBIICHBl Ha PEIICHUE KaKUX-THOO TEXHOJIOTMYECKUX MPOOIeM Mpo-
MBIIUICHHBIX (M HE TOJILKO) KOMIIAHUH, YTO TOBOPHUT O BBICOKOH 3 dek-
THBHOCTH KOMMYHHKAIINN MEXy HAyKOW U OM3HECOM.

Puc. 2. AKkTyanbHbIE pOCCHHCKIE HAYYHBIE HCCIIETOBAHHS

JlaHHbIe, NMpeACTaBICHHBIE Ha PUCYHKE 2, MOKA3bIBAIOT, YTO B pPOC-
CHICKHX HCCIIEIOBaHUAX MpeoOyanaloT (GyHIaMeHTaIbHbIE TEMBI B 00-
TacTd (U3MKM, MEXaHWKH W ONTHKH, MMEIOIINE BechbMa OTAAJCHHBIC
HEePCIIEKTHBBI PEaJbHOrO NMPUMEHEHHSI B IPOMBIIUICHHOCTH, YTO TOBO-
PHT O CYLIECTBYIOIIMX Mpo0iIeMax BO B3aMMOJICHCTBUU MEKAY Hay4HbI-
MU TPyIIaMH ¥ TPOMBIIUIEHHBIMHA KOMITAaHUSAME (OM3HECOM), BBUIY Ue-
O MHOTME Hay4HBIC HCCIICIOBAaHHS POCCUICKHUX YUYCHBIX OCTAIOTCS
HEBOCTPEOOBAHHBIMU M HE HAXOAT MPAKTHYECKOTO MPUMEHEHHUS B pe-
aIbHOM JKU3HU.

Jlns pemieHus: JaHHOW MpOOJIEMBI MBI MpeAJiaraeM CO31aTh OHJIAMH-
noptayl material.business., KOTOpPBI TO3BOJIUT HANATUTh KOMMYHHKA-
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U0 MEXIy HayKoW M OM3HECOM, TeM CaMbIM IOBBINIAs BOCTPeOOBaH-
HOCTb POCCUICKHX HAy4YHBIX UCCIEIOBAHUN C OJHOM CTOPOHBI U periast
aKTyalbHbIEC IPOOJIEMBbI UHIIyCTPUAIBHBIX M IPOMBIIUICHHBIX KOMIaHUH

C IpYyTroMu.

MATERIAL.BUSINESS - avo

=% 3anpockl npeanpuATHA Ha noabop nau
pa3zpaboTKy HOBLIX MATEpHanos
Co06IecTBO eAMHOMbIWNEHHUKOR, KOTOPHE
NOHUMAIOT, YTO TEXHONOrMHECKWA NPOPLIB
Hepo3MoxeH Be3 HOBLIX MaTepuance

p&% MocnepHne HOBOCTH M3 MUPA NEPEAOELIX

5 TEXHONOTMK B MATEDWANOBEOLEHWHN

£
&l

Kelchl BeayWHUX POCCHIACKUX W 3apyBemHbliX
KOMMAHMWI M AHOHCH KAKOUEBbIX OTPACARBBIX
MeponpUATKIA

75

WUHdopMaumna o ny4wux MUPOBLIX MHCTPYMEHTaX
ANA MaTEMaTUYECKOro MOAENUPOBAHUA
MaTepuanos, B TaM yucae open-source MO u
npunoxenuna Ha base Al uw ML

.HFYHTECB HA NOPTANE
: BUSINESS '

WIECh HA uaurTl'--xaaar_l- :

“d t.me/MathModMat

pce t:a uo ra axtyan bHDI’ﬂl

Puc. 3. Onnaitn-uardopma At B3auMOACHCTBUS HAYKH
u OusHeca material.business

BriBoabI

B pabote nccienoBaHbl KIIOYEBbIE HAy4YHbIE HAPaBJICHUS HUCCIENO-
BaHMI POCCUHCKHUX M 3apYOEIKHBIX YUEHBIX, OTIpE/IeieHa CyIeCTBYIOIAs
npobieMa B KOMMYHHKAIMU HayKu U Ou3Heca B Poccun, n npencrasie-
Ha oHJaiH-matdopma material.business B KauecTBe peIIeHHUs STOH
poOIEeMBL.
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NATIONAL CHALLENGES IN MATERIAL INFORMATICS

N.A. Polkovnikova, I.1. Kochetov
Abstract. The paper explores the key areas of interest of scientists in Russia
and the world, and also presents a platform for the interaction of science and
business material.business.
Key words: material informatics, business, science.

https://doi.org/10.29003/m3066. MMMSEC-2022/51-55

APXUTEKTYPA IPOI'PAMMHOI'O KOMILJIEKCA
A1 MHOTOMACIHITABHOI'O MOAEJIMPOBAHUSA
MHOI'OCJOMHBIX CTPYKTYP
C MATHUTOPE3UCTUBHBIMU CBOVICTBAMU

Illepoaxos Bacunuii Cepzeesuu,
acnupanm’,
basil-scherbakov@ya.ru, +7 (930) 893-88-10

IMAI/I, 2. Mockea

Annotanmsi. PaboTa mocBsiiiieHa BorpocaM NMpOeKTHPOBAHUS ITPOTPAMMHO-
ro KOMIUICKCA, MpEeIHAa3HAYeHHOro Ul MHOTrOMaclTabGHOTO MOJIEIHPOBAHHS
MHOTOCJIOHHBIX CTPYKTYp ¢ MarHHTOPE3NCTHBHBIMU CBOWCTBaMH. Paccmatpu-
BAlOTCS CIEHApUU WCIIONb30BAaHMS JAHHOTO MPOTPaMMHOTO oOecredeHus,
(yHKIMOHATIbHBIE U He(YHKIMOHAIbHbIE TPeOOBaHUS, IIPENBSIBISIEMbIC K HEMY,
a TaKKe JACTaIH TEXHHYECKOTO PEIICHUS U apXUTEKTypa.

KaioueBsbie cjioBa: nporpaMMHBIN KOMIUIEKC, MHOTOMAacCIITaA0HOE MO/JIEIIH-
pOBaHKe, apXUTEKTypa MPOrPaMMHOIO KOMILIEKCA, CIIEHAPHH HMCIOJIb30BaHUs,
(hyHKIIMOHATTFHBIE TPEOOBAHNS, TEXHIYECKOE pEeIIeHHE.

BBenenue

B pamkax pa®oThl HaJ MPOrpaMMHBIM KOMILIEKCOM IJisi MHOIOMAac-
mrabHOro MoaenupoBaHus [3] TpeOoBaIOCh CIIPOEKTHPOBATH TEXHHUYE-
CKOE€ pelIeHHuE, MpeayCcMaTpUBaIOLIee B3aWMOACHCTBUE C CYLIECTBYIO-
miei maatgopMoi mpoBeAeHUs pacueToB [l], MCHOIB30BaHHE CPENCTB
MHTEJUIEKTYalbHOTO aHajN3a JaHHBIX, aBTOMATUYEeCKHUH 3alyck pacuye-
TOB, a TaK)K€ IOJIB30BATENbCKUI HHTEpdEic mis ymnpaBieHus. Taxxe
TP TPOSKTHPOBAHUH YUUTHIBATHCH HH(POPMAIIMOHHBIE TEXHOJIOTHH T10-
CTPOCHHSI MHOTOMACINTaOHBIX Mojeneit [2].

Cueﬂapnn HCNOJb30BAHUA U Tpeﬁona}mﬂ

[lepen mpoexkTHpOBaHHMEM apXUTEKTYPHl W BBHIOOPOM TEXHUYECKHX
CPEICTB peanu3anud (sS3bIKa TPOTPaMMHPOBAHUS, OMOTHOTEK, IUIaT-
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¢bopM U T.1.) OBUIH TPOAHATU3UPOBAHBI BO3MOXKHBIC CIIEHAPUU HCIIONb-
30BaHUS MPOTPAMMHOTO KOMIUIEKCA, a TaKKe TpeOOBaHUS, MpeIbsIBIsie-
MBIE K HEMY.

beum BBIACIICHBI CIICAYIONUC CIICHAPUN UCIIOJIb30BAHUA:

e 3amyck CLEHapHs pacyeTa ¢ MCIOJIb30BaHUEM IaKeTa MOAEIIHUPO-
BAaHMSI MATHUTHBIX CTPYKTYP.

e 3amyCcK aBTOMAaTUYECKOTO MPOBEIEHUS PacyETOB C BapbUPOBAHHU-
€M IapaMeTpoB.

e lccrnenoBanne naHHBIX W OOydeHHE MOJIENH Ha OCHOBE JaHHBIX
pacyeTos.

e TlonyuyeHue MaTepuana Mo 3alaHHBIM CBOMCTBaM.

e 3amycka CIieHapHeB MHOIOMACIITaOHBIX pacueToB [1].

Jns obGecriedeHrs BBITIOJTHEHUS NAHHBIX CIIEHApHEB, HEOOXOAHUMO,

YTOOBI CHCTEMA YJIOBIETBOPSUIIA TPeOOBAHUSM, IIEPEUHUCICHHBIM HUXKE.

OyHKINOHATIBHBIE TPEOOBAHUS:

e Bo03MOXHOCTh Ha/Ie’KHO HAKaIUIMBATh PE3yJIbTaThl PACUETOB.

e Hanuune cpeAcTB MHTEIUICKTYATBLHOTO aHAIW3a JaHHBIX IS pa-
0OTBI C pe3yibTaTaMH PacueTOB CBOMCTB MaTepHUajoB MHOTO-
CIIOMHBIX CTPYKTYP.

e ABTOMAaTMYECKHU MOBTOPHBIM 3aIlyCKa pacuyeToB C BapbHUPOBAHU-
€M I1apaMeTpoB.

Hedyuxmmonansabie TpeOOBaHUS:

e Hanuumue UHTYUTHUBHO IIOHATHOTO rpa(bnqecxoro IOJIb30BATCIIb-
cKoro uHTepdeiica.
e ACHHXPOHHBIN MPOIECC 3AMUCH PE3YIbTATOB YKCIICPUMEHTOB.

TexHuUYecKoe penieHne

C y4eToM NepednclIeHHBIX TPeOOBAaHHUN U CIICHAPUEB UCTIOJIb30BAHUS
MOJIYYHJIOCh CNIEAYIONIEe TEXHUYECKOe pelieHue. [IporpaMMHBIN KOM-
IUIEKC JIE MHOTOMACIIITAOHOTO MOJICIIMPOBAHUS Pa3/eisIeTCs Ha CIIeIy-
FOIIHE YACTH.

1. O6Gonouka HaJ OJHUM WM HECKOIHKUMH MPOTPaAaMMHBIMH I1aKe-
TaMU JUIsi MOJEIMPOBAHUS CTPYKTYP ¢ MarHUTHBIMH CBO¥McTBaMu. [[is
ee B3aUMOJICHCTBHSI C MOJICTbIO, TPEICKA3bIBAIONICH CTPYKTYPY Ha OC-
HOBE MMapaMeTpoB, HEOOXOAMM HAJICKHBIM MEXaHHU3M mepenadn uHpop-
Manuyd. JTOT MEXaHW3M JIOJDKEH IMO3BOJLITH ACHHXPOHHO (TO €CTh 0e3
OKUJIaHUSI OTBETa TMOJydYaTells) MmepeaaBaTh JaHHBIC JJIST TOTO, YTOOBI
ObUTa BO3MOXXHOCTh Pa3BePHYTh XPAHUJIMIIE YKCICPUMEHTAIBHBIX JaH-
HBIX BHE OCHOBHOI'O KjacTepa, Ha KOTOPOM pPa3BOPAuMBACTCS CEPBHC
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YOpaBIeHHUS CLEHAPUSMHU PAcyeTOB. JTO MOXKET OBITH IOJIE3HO, YTOOBI,
K IpUMepy, XpaHuiuiie OblJI0 JOCTYIIHO U3BHE (€CJIN CEPBUC CLIEHApUEB
pasBepHYT BHYTpPHU 3aKpbITON ceTn). TpeboBaHNE K aCHHXPOHHOCTH 00Y-
CJIaBJIMBAETCS HEOOXOJIUMOCTBIO MPOAOIDKATH PaboOTy cepBUca, HE JIO-
XKHUJasICh 3alMCH PE3yJIbTaTOB BBIIOJIHEHHA pacdera. s maHHOM 3ama-
YM TOAXOAAT TaK Ha3blBaeMble OpOKEepHl COOOLICHWH, KOTOpHIE
MO3BOJISTIOT TPUIIOKEHUSIM aCHHXPOHHO OOMEHHMBATHCS COOOICHHSIMHU
B 331aHHOM (opMaTe ¢ rapaHTUPOBaHHOW AocTaBkoil. Cpenu Hanbosee
NPOABUHYTBIX CHCTEM OJTOTO THIIA MOXXHO BBIACIHTH CIEAYIOLINE:
Apache Kafka m RabbitMQ. Kaxnast u3 3TuX cuCTeM MMEET CBOHU J0-
CTOMHCTBA U HEAOCTATKU. [[pUHIMIINANBHBIM pa3nu4yueM SBISIETCS CIIO-
co0 mepenayn cooOIEHHS KIMEHTY: B TO BpeMs kak RabbitMQ otmpas-
JSIET JaHHBIE HETOCPEICTBEHHO MPHIIOKCHHUIO, a 3aTeM YJAIISET ero U3
cBOero BHyTpeHHero xpanwiuina, Apache Kafka 3amuceiBaer ero B Tak
Ha3bIBaE€MbIH JKypHaJ, U3 KOTOPOTO KIMEHT BIIOCJIEACTBUHM CUHTHIBAET
pe3ybTaThl pacueToB. [Ipu TakoM MOAX0Je B cliydae MpeKpalieHus pa-
0OTBI MPUIOKEHUS TI0 TOM WINM MHOM NMpPUYMHE, [OCIE €Tro Mepe3anycKa
cooOlIeHne He MPOoMajeT, YTO U JeNlaeT 3TOT MOAX0A Oojee Kelareib-
HbIM. Takke cpeu JOCTOMHCTB 3TOTO PEIICHUST MOXKHO BBIICIHUTH BO3-
MOKHOCTh MHTETPAalUU C XPaHWIUILEM JaHHBIX, pa3pabOTaHHBIM KOM-
nanueir Sugexc — Clickhouse [4]. JlaHHOe XpaHWJIUINE ITO3BOJISIET
HAaCTPOUTh KOH(PHUTYypAIHIO TAKUM 00pa3oM, YTOOKI MOTydaTh JaHHBIC U3
Opokepa coobmenuii Apache Kafka u coxpanste nx B HeEoOX0IUMOM
¢dopmare, 4TO SIBISIETCS YAOBIETBOPEHUEM €Ie OJHOTO (YHKIHOHAIIb-
HOT'O TpeOOBaHMS — XPAaHEHHUS JaHHBIX B MOJIXOMAANIEM JJisi OOYUYCHUS
npeacKas3bIBatoIeil Mojenu Buae. Takke Npu JaHHOM MOJXOIE CXOAMT
Ha HET 3aBUCHUMOCTb OT 0a3bl JaHHBIX CEPBHCA YNPABICHUS CLICHAPHAMHU
u ee (opmaTa — HCIONB3YS OTHMEIBHYIO 0a3y MaHHBIX. BCETJa MOYKHO
NepeKOH(UTYpUPOBAaTh CTPYKTYpy €€ TaOiul, a TakKe MUTPHPOBAThH
JaHHbIE (10 HEOOXOIUMOCTH).

2. CpencTBa MHTEIDICKTYAIBHOTO aHAJM3a JAHHBIX IS PEICKA3aHs
CTPYKTYpBI 10 mapaMerpaM. Jis 3Toil menu mpeamnosaraeTcs UCIOJB30-
BaTh SI3BIK MPOrpaMMUpoBaHus python u 6ubnmorexy tensorflow [5].

3. Tlonp3oBarensckuii uHTEPPENHC W cepBHUC I PabOTHl MOJEINBIO.
s peanmzaiyu NOJIB30BaTENbCKOrO MHTEpQeiica ObLT BHIOpaH (hperm-
BOpPK Angular, KOTOpBIH MO3BOJIIET CTPOMTH HAACKHBIE B paboTe BeO
MIPIJIO’KEHUS, TIPA 3TOM OOECTIeUnBas HEOOXOMUMYIO I BeO IMPHITOXKe-
HUS (YHKIUOHAIBHOCTH (B3aUMOAEHCTBUE C CEPBEPOM, YNpPAaBIECHHE CO-
CTOsIHUEM M T.1.). st cepBrca OblT BEIOpaH CTaHAAPTHBIA MOAXOM C UC-
MTOJTE30BaHUEM S3BIKA TTporpamMmMupoBanus kotlin u 6ubmuorekn ktor [6].
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4. CepBuc ansi aBTOMaTH3aIlMHU 3aIlyCKa CIIEHApPHUEB C BapbHUPOBAHU-
€M IapaMeTpoB. DTOT CEPBUC HEOOXOAMM Il aBTOMATU3ALMH IIpoLiecca
3allyCKOB pacuera B cucTeMe cueHapueB. OH TOJIKEH MMETh BO3MOXK-
HOCTb XPaHUTh B BUJe KOHQHUTyparu popMaT BXOJHBIX JaHHBIX ClIeHa-
pHsL, a TaKKe MepeueHb WM IUala30H BO3MOXKHBIX 3HAYCHHUH KaKIOI'0
U3 MapaMeTpoB JUIsl aBTOMaTHYECKOTO BapbUpPOBAHHUSA IpH 3amycke. Ta-
KUM 00pa3oM JIJisl HAKOTUICHHSI IAHHBIX JUisi 00yUeHHs MOJIeNI He Oyaer
HEOOXOOMMOCTH KaXKABIM pa3 BPYdUHYIO 3allyCKaTh CIIEHapuil pacdera
C Pa3NUYHBIMU MapamMeTpaMu, 3T0 OyAeT MPOUCXOAUTh aBTOMATHYECKH,
MPH 3TOM IIUPOKUH (IO BO3MOKHOCTH) CHEKTP 3HAYCHWH M pe3yJbTa-
TOB. IIOJIY4YE€HHBIX Ha UX OCHOBE IIO3BOJIUT MOBBICUTH TOYHOCTH MOJEIH.

PesyabTarnl

C y4eTom npeapsBIIeMbIX (PyHKINOHAIBHBIX M HEQYHKIIMOHATBEHBIX
TpeOOBaHMM, a TAKXKE COINIACHO TEXHUYECKOMY PELICHUIO, OIMCAHHOMY
BBIIIIE, APXUTEKTYpPa IPOrPaMMHOI0 KOMIUIEKCA IPUHUMAET CJIEyOLIUI
BH/I:

BBICOKOYpPOBHEBAR APXNTERTYPA

Mpor 14

WuTerpauuonnan nnatdopma ANA MOAENHP MHOT it <TRYKTYP |
ANA MHOromacwTabuoro P € MarHuTop cEOHCTRAMH -
Fa ~
=
CERBIC BNDAHEHAR CEepPBMC 8BTOMATASECKOID NoAL3IoeaTENECKMA
ClaHapues 3aMyCHa pacieTon UrTepdeic
|
-
- /
= ; ,I | |
= = . 5 CpEefcTEa MHTEANEKTYENLHOMO
BuumMcInTEALHEIA MOOY Db U | NporpamMMHLi HTEpheRc L | AHANKIA [AHHEX

b

| MOTOK AaHHLX IKCNEPAMEHTDS | SHLLLIEL
! L DaHHbX

L awcnepumenton |

Puc. 1. ApxutekTypa IporpaMMHOTI0 KOMITIEKCa

BriBoabl

B wrore, Oputa crpoekTHpoBaHA HadajdbHAs BEPCHUS APXUTEKTYPHI
MPOTPaMMHOTO KOMILIEKCA, IO HeM pa3paboTaH MPOTOTHI, KOTOPHIN ObLIT
pa3BepHYT Ha cepBepe. IIpoToTun mo3BosieT yOeTUTHCS B IPUTOHOCTH
WCTIOJB30BAHHUSA TAKOW apXUTEKTYPHl ISl MPOBEACHHUS HEOOXOINMBIX
pacueroB [7]. B naHHBII MOMEHT BeeTCs NanbHelInas pa3paboTka,
HMHTETpanys IpOrPaMMHBIX CPEICTB B KOMIIIEKC, a TAK)KE €r0 TECTUPO-
BaHUE.
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ARCHITECTURE OF A SOFTWARE PACKAGE
FOR MULTISCALE MODELING OF MULTILAYER
STRUCTURES WITH MAGNETORESISTIVE PROPERTIES

V.S. Scherbakov

Abstract. The work is devoted to demonstrating the details of designing a
software package designed for multiscale modeling of multilayer structures with
magnetoresistive properties. The user scenarios that the complex should allow to
perform, functional and non-functional requirements imposed on it, as well as
details of the technical solution and architecture are considered.

Key words: software, multiscale modeling, software architecture, user sce-
nario, functional requirements.
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MAGNETIZATION OF MAGNETICALLY INHOMOGENEOUS
Sr2FeMoO6-D NANOPARTICLES

Gunnar Suchaneck’, Nikolai Kalanda’, Marta Yarmolich’,
Evgenii Artiukh™, Gerald Gerlach’, Nikolai A. Soboley’

!Solid-State Electronics Laboratory, TU Dresden, 01062 Dresden, Germany;
? Cryogenic Research Division, Scientific-Practical Materials Research
Centre of NAS of Belarus (SSPA), 220072 Minsk, Belarus;
3i3N and Departamento de Fisica, Universidade de Aveiro,
3810-193 Aveiro, Portugal

Strontium ferromolybdate (Sr2FeMoO6-d, SFMO) is a widely stud-
ied ferrimagnetic double perovskite. SFMO is a promising candidate for
magnetic electrode materials for room-temperature spintronic applica-
tions because they present a half-metallic character (with theoretically
100% polarization), a high Curie temperature (T¢) of about 415 K, and a
low-field magnetoresistance [1].

Recently, an inhomogeneous magnetic state was obtained in SFMO
nanoparticles fabricated by solid-state reactions from partially reduced
SrFeO3-x and SrMoO4 precursors by studying the temperature depend-
ences of the magnetization measured in the field-cooling (FC) and zero-
field-cooling (ZFC) modes and small-angle neutron scattering [2]. This
state was attributed to the frustration of the exchange bonds and the sim-
ultaneous occurrence of various magnetic states: antiferromagnetic, fer-
rimagnetic, and superparamagnetic when the spin inversion does not
change the energy of the system in a wide range of temperatures.

We fabricated nanosized SFMO particles with a narrow size distribu-
tion around ca. 70 nm by the citrate-gel technique. Single-phase compo-
sition and superstructure ordering degree were proved by X-ray diffrac-
tion. Superparamagnetic behaviour was demonstrated by magnetization
measurements using ZFC and FC protocols as well as by electron mag-
netic resonance. The linear slope of the shift of the resonance field Br
versus reduced temperature served as the basis for the derivation of an
approximate 4/3 power dependency of the magnetocrystalline anisotropy
constant on the reduced temperature J = (1 — T/T¢). The origin of the
simultaneous superparamagnetic and blocked behaviour was attributed to
a nanoparticle size distribution around a value on the order of the critical
diameter of single-domain particles.

[1] K.I. Kobayashi et al., Nature 395, 677 (1998).
[2] N. Kalanda et al., J. Mater. Sci. 56, 11698 (2021).
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YUCJIEHHBIN PACUKT TPAHCIIOPTHBIX
XAPAKTEPUCTHK ABYCJIOMHOI'O TPA®EHA
C PABOPUEHTUPOBAHHBIMHU CJIOSIMUA
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'HHT'Y um. HU. Jlobauesckozo

AHHoOTanusi. B naHHO#l paboTe YMCICHHBIM METOJIOM MaTpHIIBI HEepeHoca
pacCUNTHIBAIOTCS] BOJNBT-aMIIEPHBIE XapaKTEPHCTUKH I'Pa)eHOBBIX CTPYKTYP CO
CBEXIIEPHO/IOM.

KaioueBsie cioBa: rpadeH, 1ByMepHBIE MaTepHaIbl, TBUCTPOHHUKA, MaTpH-
I1a epeHoca.

BBenenue

OCHOBHBIMH TpeOOBaHHUAMH, NPEABABIAEMBIMU K COBPEMEHHBIM
AJIEKTPOHHBIM yCTPOWUCTBAM, ABISIOTCS MHUHHMAJIbHBIE pa3Mephl KOMIIO-
HEHTOB, OBICTPOJEWCTBHE U HU3KOE SHEPronoTpedIeHue, mo3ToMy 3je-
MeHTHas 0a3a TaKUX YCTPOWCTB IOJDKHA OCHOBBIBATHCS HAa MaTepHaiax
C IIOHMKEHHON Pa3MEpPHOCTBI0 M BBICOKOW IOJBHIKHOCTBIO HOCUTENEH
3apsga. Kpome Toro, BHEApEeHHE CTPYKTYp C MOHMKEHHOM pa3sMEpHO-
CTBIO MO3BOJISIET MCIIOIB30BAaTh KBAHTOBbIE Y (EKTHI, TaKHe KaK TyHHE-
JUPOBaHNE, OCIMUISIIMA MPOBOAMMOCTH B MarHUTHOM moie. bonsmoin
UHTEpEC B MOCIEAHEE BPEMS BBI3BIBAET CO3/JaHUE JBYXMEPHBIX MaTepH-
anoB [1]. B wactHoCTH, rpadheH — MOHOCIION aTOMOB yriiepoja, o0ana-
FOLTUH PAIOM YHUKAJIBHBIX 3JIEKTpodr3ndecKux cBOUCTB. [Ipu a3Tom He-
JOCTaTKOM HM30JIMPOBAHHOTO MOHOCIJIOS rpadeHa sBISIETCS OTCYTCTBHE
IIMPHUHBI 3alpeIléHHON 30HBI, HEOOXOAMMOW sl YNpPAaBICHUS 3JIEK-
TPOHHBIM TPAHCIIOPTOM PUOOPOB.

PacuyéT TpaHCHOPTHBIX XapAKTEPUCTUK

Coznanne TpeOyeMBbIX SHEPreTHYECKUX CBOWCTB ISl OJHOCIOWHOTO
rpajeHa BO3MOXKHO C IOMOIIBIO JIETHPOBAHHUS WM BO3IEHCTBHUS TO-
noxku. Kpome Toro, B mociennee BpeMsi OOJBIION UHTEPEC BHI3BIBAIOT
TeTEPOCTPYKTYPHI U3 IBYX WM HECKOJIBKHUX CIOEB MBYMEPHBIX MaTepH-
aJOB C PasNUYHBIMH TapameTpamu. Taxoke yIrpaBlieHHEe XapaKTepUCTH-
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KaMH CTPYKTYP MOKET OCYILLECTBIISTHCS IIyTEM IIOBOPOTA CIOEB OTHOCHU-
TenbHO NpyT apyra. [Ipubopsl, co3gaHHbIe HA OCHOBE TpadeHa W3 He-
CKOJIBKHX CIIOEB, pa3BEPHYTHIX OTHOCUTEIBHO JAPYT JPYra, OTKPHIBAIOT
HOBBIM pa3fien 3JMeKTPOHUKHM — TBUCTPOHMKY [2]. B nBycnoiiHOM rpa-
(eHe ¢ pa3NUYHBIM YTJIOM Pa3OpUEHTAIMH MOSBIAIOTCA NEPUOAUIHO
pacnionoxenHble obnacti (T.H. AA- 1 AB-ynmakoBKky WiH), IpH 3TOM
CBOICTBa TpadeHa MepruoIUIeCKH MEHSIOTCS W BO3HHUKAET Y30, HaIlo-
MUHaIOMMUKA MyapoBblii. Takum 00pa3oM, MOSBISETCS CBEPXIEPUOI
B r€OMCTPUN JAaHHBIX CJIO€B, a BCJICACTBUC 3TOr0 U B 3HCpI‘CTI/I‘-IeCKOI71
cTpyKType. Pazmepsl obiacTeil 1, COOTBETCTBEHHO, ITapaMeTp CBEpXIIe-
pHoJa 3aBUCAT OT yIUVIa pa3opUEHTAlMU. YUWTHIBas, 4To (asza rpadeHa
¢ AA-ynakoBKOH MeTacTaOWiIbHA, YepelIOBAHUE Pa3IMYHBIX YHaKOBOK
JIeJIaeT CTPYKTYpy OoJiee CTaOWIBHONM M JaeT 0oyiee IMIMPOKUE BO3ZMOXK-
HOCTH JIJISl CO3JIaHMsI YCTPOMCTB HA X OCHOBE.

B kauecTBe nccaemyeMpIx CTPYKTYp pacCMaTpUBalOTCS CIIOHM rpadena
CO CJIOSIMH, MNOBCPHYTBIMU APYI OTHOCUTCIBHO [pyra C pas3jindHbIM
CBEpXIIEPHUOJOM B 3aBUCHMOCTH OT yTIjia IoBopoTa. B manno# pabote
YHCIEHHBIM METO/IOM MAaTPHIIBI IIEPEHOCa PACCUUTHIBAIOTCA KO PUIIH-
€HTBI MPOXOXKIEHUS CTPYKTYPBI U BOJIbT-aMIIEPHBIE XapaKTEPUCTUKH Ha
X OCHOBE. Mccnenyercs BIUSHHUE yTia MOBOPOTA CIOEB U CHIIBI MEXKC-
JIOMHOTO B3aWMOJEWCTBHS B JBYCIOWHOM TpadeHe Ha TPaHCIIOPTHHIC
XapaKTEePUCTUKU CTPYKTYPHI.

BriBoabI

Pe3ynpTaThl pacueToB MOKA3bIBAIOT, YTO OCOOEHHOCTH BOJIBT-aMIIEp-
HBIX XapaKTEPUCTHK JBYCIOWHOTO MyapoBOro rpadeHa ¢ 3aBHCAT OT yI-
Jla pa30pUEHTAINHN CIIOEB.

CHmcox HCI0JIb30BAHHBIX HCTOYHUKOB

1. Ferrari and other, Science and technology roadmap for graphene, related two-
dimensional crystals, and hybrid systems, Nanoscale, 7, 45984810, 2015.

2. Rozhkov A.V. et al, Electronic properties of graphene-based bilayer systems,
Physics Reports, 648, 1-104, 2016.

TRANSPORT CHARACTERISTICS NUMERICAL
CALCULATIONS OF TWISTED BILAYER GRAPHENE
V.V. Saveliev, S.V. Khazanova

Abstract. In this work, the current-voltage characteristics of graphene struc-
tures with an superperiod are calculated by the transfer matrix numerical method.
Key words: graphene, two-dimensional materials, twistronics, transfer matrix.
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INPOEKTUPOBAHME ITPOI'PAMMHBIX CUCTEM
A MOJEJIUPOBAHUSA B MATEPUAJIOBEJIEHUN
SJIEKTPOHHBIX KOMIIOHEHTOB

Aézapsan Kapuns Kapnenosna',
0.¢h.-m.H., 2.H.c., 3a8. omOenom OUI] UY PAH,
e-mail: kristal83@mail.ru

! Dedepanvhulil ucciedosamenvckuil yenmp «HMugopmamura u ynpasnenuey
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ya. Basunosa, 0. 44.

AHHoTanmsi. B nokmane paccMarpuBaroTcsi COBpEMEHHBIE NPOOJIEMBI, CBSI-
3aHHBIE C CO3/IaHMEM HOBBIX IIPOIPAMMHBIX CUCTEM B 00JIaCTH MaTepHaIoOBe/Ie-
HUA DJICKTPOHHBIX KOMIIOHCHTOB. PaCCMOTpeHI)I TMEPCIICKTUBHBIC TTOAXO/bI
K IIOCTPOEHHIO MPOTPAaMMHBIX CUCTEM B JaHHOH oOmactH. OTMEUEHa aKTyamb-
HOCTH NPUMEHEHHSI METOJ0B MHOTOMACIITA0HOTO KOMIIBIOTEPHOTO MOJIEINPO-
BaHUWA U1 U3YUCHUSA CBOMCTB MaTepuraJioB U MOCTPOCHUA B3aHMO3aBHUCHUMOCTEH
CTPYKTypa — cBoicTBa. [lepeuricieHsl OCHOBHBIE TEHICHIINH, CBSI3aHHBIC C pa3-
BUTHEM LU(POBOrO0 MOAEIMPOBAHWS B MarepuayioBereHnH. [lokasaHo, dTO
pa3paboTKa MHTEIUIEKTYalbHBIX CHCTEM B OOJIACTH MaTE€pHAJIOBEICHUS 3JICK-
TPOHHBIX KOMIIOHEHTOB Ha CErOJH SIBIISICTCS OJHUM U3 BaKHEHIINX HarpasJie-
Hui. Ilpy uxX co3maHuKM MOTYT OBITH HCIIOJIB30BAHBI MPOTPAaMMHBIC PEIICHUS
T10J1 yrpaBiieHneM OHTONOrHi. OTMEYeHO, YTO yCIeXH B AaHHOH 00nacTu mos-
BOJIAT AOCTUTHYTH OIIEPEIKAIOIIETO PA3BUTHUA HE TOJIBKO B CO3/IaHMM HOBBIX Ma-
TEpHaJoB ¢ TpeOyeMBIMH CBOWCTBAMH, HO U B MPOMBIIUICHHOM IPOU3BOJICTBE
B LIEJIOM.

KunroueBble cioBa: MHOroMacmrabHoe MOJEIMpoBaHue, LudpoBoe Mmare-
pHaNOBEICHUE, WHTEIUICKTYyallbHbIE CHUCTEMBI, IPOrPAMMHBIE DPEIICHHUS MOJ
YIPABJIEHUEM OHTOJIOTHH.

BBenenue

Ha ceromus, nmpubopHOe MOgemUpoOBaHNE B MUKPO- 1 HAHOIJIEKTPOHH-
K€ TMO3BOJIAET INPECKA3bIBATh JIEKTPHUUECKUE, TETJIOBBIE M ONTHYECKHE
CBOWCTBa TOJYINPOBOAHHUKOBBIX HPHOOPOB 0€3 TPOBENEHHUS HATypPHBIX
sKcriepuMeHToB. COBpeMEHHBIE MPOTPaMMBbI IPUOOPHOTO MOJIETTUPOBAHUS
MO3BOJIAIOT:
® CKOHCTPYHPOBAaTh U ONTUMHU3UPOBATH JIOOBIE TPUOOPHI U YCTPOIi-
CTBa, BKJIOYas MpHOOpHI, paboTa KOTOPHIX OCHOBaHA Ha HOBBIX
(hM3MYECKUX MPUHIIUIIAX WK MaTepualax;
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e OOBSICHUTH NMPUHITUIIEI PAOOTHI TPHOOPOB MOCPEICTBOM H3yUCHUS
OTJENBHBIX J3TAMOB M (DaKTOPOB BIMAHUA: PacIpeNeIeHUs OTEH-
Uana, JIEKTPUIECKOTO IMOJIs, TOKA, IUIOTHOCTH TOKAa, TeMIIepary-
PBI, CKOPOCTH TEeHepaly M PEeKOMOWHAIMM HOCHUTeNeH 3apsia
U T.I.,

® M3YYUTH CTAMOHAPHBIC M IEPEXOMHBIC IMPOLECCHI MPHU Pa3HbIX
YCIIOBHSX DKCIUTyaTalluy IPUOOPOB;

e chopMUPOBaTh AAHHBIC JIJIS KOMIIAKTHBIX MOJeJei mpruOopoB, KO-
TOPBIC MOT'YT OBLITh HCHOJIB30BaHbI npu CXEMOTEXHUYCCKOM aHa-
JM3€ U MOJICITUPOBAHUH;

o 06’BCIII/IHI/ITL B O6HIYIO QJICKTPHUYCCKYIO IICNIb OJJUH UJIN HECKOJIBKO
(1)I/I3I/I'-ICCKI/I CMOACTIUPOBAHHBIX HpI/I60pOB C IIaCCUBHBIMHU H aK-
TUBHBIMHU 3JICMCHTAMHU U KOMIIAKTHBIMU MOACIAMU.

OnHUM H3 OCHOBHBIX JTallOB MpPU W3YyYEHHH MPUHIMIIOB PabOTHI
MHUKPODJIEKTPOHHBIX MPHOOPOB U YCTPOWCTB C LENBI0 ONTUMH3ALUN HX
(YHKIIMOHUPOBAHUS WM YIYYIIEHUH OCHOBHBIX XapaKTCPUCTHK SIBIIS-
€TCsI 3Tall MOJCIUPOBAHUS CTPYKTYPHI M CBOHCTB MaTepHaIIOB, JIEKAIIIX
B UX OCHOBE.

IlepcnekTHBHBIE MOAXO0bI K MOCTPOEHUIO MPOrPAMMHBIX CHCTEM
B 00JIaCTH MaTepHaJ0OBeAeHHs IJIeKTPOHHbIX KOMIIOHEHTOB

3a4acTyio TOJIBKO JI€TATHHOE IIOHUMAHHE MTPOIECCOB, IPOMCXOIAIITIX
B MaTepuajaX COBPEMEHHON MHUKPOAJICKTPOHUKH(B OCHOBHOM HCKYC-
CTBEHHO BBIPAIICHHBIX), 3aBUCSIIECE OT MX CTPOCHUS MOTYT IIOMOYb TI0-
CTPOUTH MPOTHOCTUYECKUE MOJENIH, MO3BOJSIOIINE CBA3aTh CTPYKTYPY
MarepHala, ero CBONCTBA, a Iajice XapaKTePUCTUKU MPUOOpa, B KOTOPBIX
3TOT MaTepuain npuMmensercs. CeroHsa, KOMIbIOTEPHOE MOJCIUPOBAHUE
B MaTEPUATIOBEACHUM CTaj0 Ba)KHEHIIEH 4acTbiO TEXHOJIOTMH U HHXKE-
HEpUH, IPUMEHIEMOM K CO3JaHHUIO0 HOBBIX MaTepuanoB. M3BecTHO, 4TO
MaTepuall MOXXHO paccMaTpHUBaTh KaK CIOXKHYIO HEpapXUYECKYIO KOH-
¢urypanuio BIOXKEHHBIX JIPYT B JIpyra mojcucreM. M3ydeHne B3ammo-
CBsi3el MEX]ly CTPYKTYpOil U CBOMCTBaMH MaTepuajla B paMKax OJHOU
MOJENTH Ha EIUHCTBEHHOM IIPOCTPAHCTBECHHO-BPEMEHHOM MaciTade
3aTPYJIHEHO, TaK KaK Y4YeCTb BCE JI€Talld KaXKJIOM MOJCUCTEMBI BECbMa
cioxHO. OOBSICHUTh MHOTHE CBOHCTBA COBPEMEHHBIX MaTEpHalioB 0Oe3
ydera sBICHHI U (PaKTOPOB MIPAIOIIUX KIIFOUEBBIC POJIU B TAKUX TOJICH-
CTeMax, OTHOCSIIUXCS K HECONMOCTABUMBIM MPOCTPAHCTBEHHBIM W/WIIN
BPEMEHHBIM MAacIiTabax, HEBO3MOXHO. [[puMeHeHne MeTOIOB MHOTO-
MacIITa0HOTO MOJICTUPOBAHHS TIO3BOJISAET PACIPEIEIIUTh MOJICUCTEMBI U
COOTBETCTBYIOIIME WM MOJENH II0 Pa3HbBIM MAacCIITa0HBIM YPOBHSIM
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(aTOMHO-KPHUCTAITMIECKOM, HAHO-, MHKPO-, M€30- M MaKpOYPOBHSIM)
u B3aumocornacoBate [1-4]. Ilpu 3ToM Monmenu 6oree BBICOKOTO Mac-
MITA0HOTO YPOBHS CBSI3aHbI C MOJCISIMU HIDKHETO YPOBHSI MI00QTLHBIMU
napaMeTpaMyd M YYHUTHIBAIOT UX CBOWCTBA B MHTErpanbHOi (opme. Ta-
KM 00pa3oM, CTaJi0 BO3MOXHBIM B paMKaX OJHOW MOJETH MPOBECTU
WCCIIEJIOBAaHUE CII0KHOM HEepapXU4eCKOH CHCTEMBbI M BBICTPOHUTH B3au-
MOCBSI3HM CTPYKTypa — CBOMCTBO. B paborax [5, 6] mpeacTaBIeHB Teope-
TUYECKHE OCHOBBI IOCTPOEHUSI MHOTOMACIITA0HBIX MOJIEIIEH.

g uHpOPMAITMOHHOHN MOAAEPKKH pa3pabOTaHHOTO MaTeMaTHYeCKO-
ro ammapata (METOJIOB, MOJAEJEH, aJrOPUTMOB) M TEXHOJOTUU IOCTPOE-
HUS MHOTOMACIITaOHBIX MOJIEIEeH ObUTH pa3padOTaHBI METOMBI CO3/AaHUS
WHTETPAIlMOHHON I11aThOopMBbl JJIsl aBTOMATH3MPOBAaHHOW pealn3aliu
(hopMaTM30BaHHON TEXHOJIOI'MU MOCTPOCHUS MHOTOMACIITA0HBIX BBIUKC-
JUTENBHBIX MOJIENeH, XapakTePH3YIOUIMXCS IIMPOKUM CIIEKTPOM IIpO-
CTPAHCTBEHHBIX W/WJIM BPEMEHHBIX MACIITa00B. DTO MO3BOJIAIO MOJATOTO-
BUTh MHCTPYMEHTAPHIA IJIsi pa3padOTKH MHOTOYPOBHEBBIX IMPOTPaMMHBIX
cucteM [7] mnst penreHus 3a1a4 B 00JIACTH BBIYUCIIUTEILHOTO MaTepHaIo-
BeneHus. [IpuMeHnenne BBRICOKOIIPON3BOAUTEIBHBIX pPecypcoB [8] u mpo-
TPaMMHBIX CPEICTB pachapaieIMBaHUs BHIYUCICHUH TO3BOJISIOT CYIIe-
CTBEHHO YCKOPHTh M YIEHICBUTH TIPOIECC TONYUCHHUS pPE3yIbTaTOB
MHOTOMAcIITaOHOTO MozenupoBaHus. KOppeKTHOCTh U MpaKTHYecKast
3HAYMMOCTh PE3yJIbTATOB, MOKa3aHa Ha NPUMEpE PElICHUs 3a/1a4 B 00Ja-
CTH MOJISTUPOBAHUS M ONITUMH3AINN HOBBIX MOJTYIPOBOJHUKOBBIX MaTe-
pHAJIOB C 3aJaHHBIMU CBOMCTBaMU [9—13] A1t MEUKPORIIEKTPOHUKH.

Heo0Xx011MM0 OTMETHTh, YTO B HACTOSIIEE BpEeMsi pa3BUBAcTCS mud-
pOBOE MOJEIMpPOBaHHE MaTepuanoB (HHU(pPOBOEe MaTepUANOBEICHHUE).
PazBuTHEe TaHHOTO HAIIPaBJICHIS MIPEIIONATACT:

e co31aHue ODAaHKOB METa — JJAHHBIX CTPYKTYP M CBOWCTB M3BECTHBIX

KJIACCOB MaTepHaJIOB;

e pa3pabOTKy HOBBIX W PAa3BUTHUE CYIICCTBYIOIIMX (DU3UKO-MaTe-
MaTHYEeCKHX MOJEJIeH, METOJIOB, ITOPUTMOB, a TaKXKe MPOTrpaMM-
HBIX PEIIEHUH, MO3BOJIIOMINX MPOBOJUTH KOMILIEKCHBIE UCCIIEIO0-
BaHUs TI0 CO3IaHHIO0 IU(POBBIX MOJENeH I TpeacKa3aTebHOro
MOJICTTUPOBAHUS CTPYKTYPHI U CBOMCTBAaX HOBBIX MaTEPHAJIOB;

® TPUMEHEHHE METOJO0B MHOTOMACIITaOHOTO KOMITHIOTEPHOTO MOJe-
JUPOBAHUS U METOJIOB aHAJIU3a JAHHBIX C MPUMEHEHHEM BBICOKO-
MTPOM3BOUTENBHBIX TPOTPaMMHBIX CPEICTB, a Takxke 0a3 Mera-
JIAHHBIX JUISI XPAHCHUS PE3yJIbTATOB BBIYUCIUTEIBHBIX JKCIICPH-
MEHTOB;
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® JCIIOJIB30BaHUE OAHKOB METa — IJAHHBIX CTPYKTYP M CBOMCTB H3-
BECTHBIX KJIACCOB MAaTEpPHAJIOB sl BEpU(HUKAIUN PE3yIbTaTOB
BBIYMCIIUTEIBHBIX SKCIIEPUMEHTOB;

e pa3pabOTKy Ha OCHOBE OaHKOB METAa-JaHHBIX MHTEIUIEKTYaIbHBIX
CHCTEM, TTO3BOJISIOIINX OCYIIECTBIIATH IeJIEHAIPAaBICHHBIN MTOMCK
MaTepUaNoB MO 33JaHHBIM ITapamMeTpam.

Ha cerogns, pa3paOoTka MHTEIEKTYAIBHBIX CHCTEM B JAHHOW TMpE-
METHOHM 00JIaCTH SIBISIETCS OJJHAM M3 LICHTPAIbHBIX HAIIPABICHUH, YCIIEXH
B KOTOPOM MO3BOJIAT B OyivpkaifieM OyaylieM JOCTUTHYThH OIepesKarolie-
rO Pa3BUTHSA HE TONBKO B CO3JaHUM HOBBIX MAaTEPUAIOB C TPEOYEMbBIMU
CBOMCTBaMHM, HO U B MPOMBILUICHHOM IIPOM3BOJCTBE B LIEIOM. BakHBIM
ACTIEKTOM SBJISIETCS NMPOEKTHPOBAHME CHUCTEM IPOTPaMMHOTO odecrede-
HUS JUIS peau3allid MHTEIUIEKTYaNIbHbIX peleHni. Kak nokasaHo B pa-
0ote [14], oOmMM TPEHIOM Ha CETOAHS CTAHOBUTCS «HCIIOJIb30BaHUE Me-
TOJIOB U CPEJACTB OHTOJIOTUYECKOTO MOJEIUPOBAHMSA M CHenH(UKAIi
pa3pabaTeiBaeMbIX cHCTeM». B maHHON paboTe 00CYXTAroTcs BOMPOCHI
MO/JISIIUPOBAHNS TIPOIIECCOB Pa3pabOTKH W MPOTPaAMMHBIA WHXKHHUPUHT
C MIOBTOPHBIM HCIIOJIb30BAaHUEM MMEIOIIUXCS KOMIoHeHT. [lpu 3ToMm
B KauecTBe OOIIEro IMOIX0/a HCIHONB3YeTCsl «IIPOrpaMMHUPOBAHUE uepe3
reHepaiuio». B pabore [14] moka3aHo, YTO Ha CETOAHS TEOPETHUYECKHE
OCHOBBI OHTOJIOTHYECKOTO MOJAEIUPOBAHHUS MPOLIECCOB MPOCKTHPOBAHMUS
MPOrpaMMHOTO 00ECIICUCHHUS EPEXOAT K MOJEIISIM, MTOPa3yMEBatOLIM
«TeHepalnio OJIOKOB M3 COIIACOBAaHHOW CHCTEMbI OHTOJIOTMYECKHX IIa-
TEpHOB UX BHYTPEHHEH crielu(UKanum.

JlaaHbii 00mMUN TOMXOJ, COMIACYETCS C METOJUKON TOCTPOCHHS
MPOTPpaMMHBIX PEIIEHU uepe3 TeHEepaluio CIIEHapheB, W3JI0KEHHOU
B pabote [15], peanm3oBaHHOW Ha MPUMEpPE MOCTPOSHHS HH(OPMAIINOH-
HOM cHUCTeMBI Ul pacueTa CTPYKTYPHBIX CBOMCTB KOMIIO3MLIMOHHBIX
MaTepuanoB. AHaJIOTHYHBIE [TOIXO/IbI B HACTOSIIEE BpeMs TPUMEHSIOTCS
JUISL IOCTPOEHUS MPOrPaMMHBIX PEICHUH NPU MOAEIMPOBAHUNA PaOOTHI
HelipoMopdHBIX cucteMm [12, 13].

B kauecTBe NMepCHEKTUBHBIX HANPABICHUH pa3BUTHS B OOJIACTH BbI-
YHUCIUTENBHOTO MaTepUaioBeICHHsI, BKIFOUasi 00JacTh HUPPOBOrO Moje-
JUPOBAaHUSI B MAaTEpUANIOBEICHUH DIIEKTPOHHBIX KOMIIOHEHTOB, MOTYT
OBITH MCIIOJIB30BaHBI METOBI M CPENICTBA, MIPEACTaBICHHBIE B padoTe [14],
MO3BOJISIONINE CO3aBaTh MPOrpaMMHOE OOecIieueHHe MoJ1 YIpaBIeHUEM
oHTOJIOTHH. Takue Mmoaxoapl MOTYT OBITh HCIOJIB30BAHBI IS MOCTPOCHHUS
NPUKJIAJAHBIX HHTEIUIEKTYaJ bHBIX CHCTEM B JTaHHOW MpeAMETHOH o0mactu
C OCHOBHBIMH KOMITIOHEHTAMH B BHJE 0a3bl 3HAHWH M MalIWHBI BBIBOJA,
MMOCTPOCHHOW Ha 0a3ze OHTONOTHYeCKHX Moxeneil [14]. B mampmeiimiem,
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MMPUMEHCHUE MCTOJ0OB U CPCIACTB MalllTMHHOT'O o6yqu1/I;1 MOJKET OBITh MC-
IIOJIB30BaHO JId I'€HEPAIHUKU HOBBIX «OHTOJOIHMYCCKHX) MOI[CJ'IGﬁ IIPOCK-
TUPOBAHUA NPOrpaMMHBIX CPECACTB B MATCPUAJIOBCIACHUU IJICKTPOHHBIX
KOMIIOHCHTOB.

3akioueHne

[epexon x mudppoBOMy MOICTHPOBAHUIO B 337a4aX MaTepUAIOBEC-
HUS, BKIIIOYAsi MHTETPAIMI0, METO0B MHOIOMACIITAOHOI'O MOCIUPOBa-
Husi, Machine Learning, 3HaHUI1 B IpeIMETHOI 001acTH Yepe3 Co3AaHne
0a3 3HaHMIA, ¢ IPUMEHEHNEM MH()OPMAIIMOHHOM MOAIEPKKH MHOTOMAac-
ITa0HOTO MOJCIMPOBAHMS, PEATU30OBAHHON Ha BBICOKOIIPOU3BOAMTE b~
HBIX BBIYMCIHMTENBHBIX PeCypcax TMOPUAHON apXUTEKTYPhl B NAIbHEH-
IIEM TO3BOJIUT MEPEUTH OT Ppa3pabOTKU YEJIOBEKO-MAIIMHHBIX CHCTEM
K CO37IaHHI0 MHTEJUICKTYaIbHBIX CHCTEM. B KauecTBe MEPCHEKTHBHOIO
HAIPaBJICHHUS MPU IPOCKTUPOBAHMHM CHCTEM IMPOrpaMMHOI0 obecreue-
HUS JJIs pealiu3allii UHTEJUICKTYAIbHBIX PEIICHUH MOTYT OBITh UCTIONb-
30BaHbl POTPAMMHBIC PELICHUS MO YIIPABICHUEM OHTOJIOTHH. Ycrexu
B 00JIACTH CO3IAHHUS UHTE/UIEKTYAIbHBIX CHCTEM II03BOJIST JOCTHTHYTh
ONEPEKAIOIIETO PAa3BUTHsI HE TOJIBKO B CO3JaHUM HOBBIX MAaTEPUAIIOB
¢ TpeOyeMbIMU CBOWCTBAMH, HO M B IIPOMBIIUICHHOM IIPOH3BOJICTBE
B ILIEJIOM.

PaboTa BBIMONHEHa Npu (HUHAHCOBOW moanepkke rpanta PODOU
Ne 19-29-03051 mxk.
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Abstract. The paper considers current problems associated with the creation
of new software systems in the field of material science of electronic compo-
nents. Perspective approaches to construction of software systems in this field
are considered. Relevance of using methods of multiscale computer modeling
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for studying material properties and construction of structure-property relations
is noted. Main tendencies related to the development of digital modeling in ma-
terials science are listed. It is shown that development of intellectual systems in
the field of material science of electronic components is one of the most im-
portant directions today. Software solutions under the management of ontolo-
gies may be used as a promising direction in the development of information
support for their creation. It is noted that successes in this area will allow to
achieve outstripping development not only in creation of new materials with
required properties, but also in industrial production as a whole.

Key words: multiscale modeling, digital materials science, intelligent sys-
tems, ontology-based software engineering.
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Annoranus. [Ipeanaraercs oOmiasi METOJMKa y4yera TeMIepaTypHOro (ak-
TOpa W BBOIITCS HOBBIC TOHATHS «JIEMEHTAPHBIH aKT TEIUIOBBIACICHUS)
(EAT) u «peruon temnoBoro Bozneicteus» (PTB). IIpennoxena xoppektupy-
Io1I1ast IOTIpaBKa B 3aKOH AppeHuyca.

KnroueBble ci10Ba: MEMPUCTOP, SK30TEPMHUIECKAs PEAKIHS, MOJIEKYIAPHAS
MeXaHUKa, TeMIepaTypa, 3aKOH AppeHuyca.

BBenenue

[ToTpeOHOCTh B MOJCTNPOBAHUH TEILUIOBBIICICHUS U TEILIONEpeIaun
BO3HUKAET BO MHOTHX O0JACTSIX HAHOTEXHOJIOTHU. AKTYalbHOCTb TaKON
npo0JeMbl cBi3aHa ¢ pa3paboTkoil M(POBOro NBOMHUKA UHTEIPATEHON
CXEMBI, IJi¢ TEIUIOBBIICICHUE JIOKAIN30BAaHO B HAHOPAa3MEPHBIX 00Jia-
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CTSX. SIpKUM MPUMEPOM 3TOTO SBIISETCS 3aIyTaHHBIA BOIPOC O TeMIIe-
paTtype obmactu (ujIaMeHTa MPH NPOTEKAaHWH TOKa B MEMPHUCTUBHOM
anemenTe [1]. B ciydae pocta MukpoctepxkHeit ZnO [2] ¢ nepexomaMu
VS win VLS MbI oKakeM BO3HUKAIOIINE MPOTHBOPEUHUS TIPU JIOOOBOM
MPUMEHEHUH IS MaJbIX 00bEMOB KJIACCHYECKUX METOJ/OB, T.€. 3aKOHA
®yphe U ypaBHEHHS TEIUIONPOBOIHOCTH. J[pyras albTepHaTHBA COCTOUT
B UCTIOJB30BAHUN METOIOB KBAaHTOBOW XWMHWH, aTOMHCTHYECKOTO MOJIe-
JUPOBaHUsL, YTO OBLIO OBI 11eTIecO00pa3HO Al HAHOOOBEMOB, HO SIBIISIET-
CSl pECYypCOEMKHUM M M30BITOYHBIM IS PelIaeMol PaKTHUECKON 3a/1a4H.
Meroaudeckas Ienb CTaTbH, COCTOSIIAs B pa3pabOTKe MpeXkIe BCEro
KOHIIENITyaJIbHOTO 0a3mca I ydeTa TeIUIOBBIACNeHHs, OIlpaBiaHa B
KOHTEKCT€ MHOTOMACIITa0HOTO MOACIHpoBaHus [3].

MeToauka MoaeIUPOBAHUS

OHa COCTOWT B MOCJENIOBATEIFHOM HCIIOJIHEHUH TSTH IIYHKTOB, Ye-
TBIPE U3 KOTOPBIX CBA3aHBI C BBOAMMBIMU ITOHITUAMH

«OnemeHTapHBIA akT TemoBbaeneHus» (EAT) mongenupyercst Tpoii-
KO (TE AT.VEAT,qEAT> , XapaKTEPHbIMU JJIUTEIBHOCTHIO, 00BEMOM U Tell-

JIOBBIM 3(pPeKxToM.
Obmnactp u pacrpenenenne EAT mo mpocTpaHCTBY, MOJENHUPYETCs

MHOT0o0GpasneM G e R’ , IHCKpEeTHBIM, HO BO3MOXKHO M HEHPEPBIBHBIM,
oOnaxoMm Touek, neHTpoB EAT. Hano nomuuTts, uto AET pacnpenenenst
W BO BPEMEHH, HABEpPHSKA, NMPUCYTCTBYIOT (DIyKTyaliu BO BpPEMEHH.
Pagnyc EAT-Bo3neiicTBus p,,, , VI KPUCTAIIMYECKOTO MaTepHaa 3To

JUTHHA CBOOOHOTO Ipodera poHOHA, a B popMaiu3Me KoneOaHuid aToM-
HBIX CBSI3€H 3TO XapaKTepHas JJIMHA 3aTyXaHus (KOppeKTHee paccMmart-
pUBaTh W30BITOYHYIO SHEPTHIO KOJICOAHU), M 3aTyXaHHWE IO BEITUIHHBI

=-Lmax{kT.,q,,, }. Pernon temnosoro Bo3aeiicteus (PTB). Ha ero

rpaHvnax MOXHO 3aJaBaTb KpacBbIC YCJIOBHA JIsA PCHICHUA KJIaCCHUYC-
CKOT'0 ypaBHEHHS TEILIONpPoBOoaHOCTH BHe PTB, OataHca TEMIOBBIX MO-
TOKOB, cpaBHeHust 7. >T, , BbIABIEHHS cTerneHu mneperperoctu PTB

ex
(pa3HOCTH TEMIepaTyp €ro TpaHHUIIBl M BHEUTHEW cpebl). XapakTepusa-
IUsl KJIFOYEBBIX JIIEKTPO(U3UYECKUX MPOIECCOB, IS KOTOPHIX OyAer
paccMaTpuBaThCSl TEMIIEPAaTYPHBIM (aKTop, OCYIIECTBISIETCS BHauaie
XapaKTepHBIM BPEMEHEM, 3aTe€M KOPPEKIMeH KIacCHYeCKHX COOTHOIIe-
HU, KaK, Hal[puMep, HaMU CIIETaHo [Tl 3aKOHAa AppeHmyca.

B 00bIuHOI cuTyalyu, AOMYCTUM T'e€HEepallii BaKaHCUI, MBI UMEIN

661 A= A exp(—B/kT), rae A — uenesasi BenuunHa (4MCIO BaKaHCHIL
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KaK JAMHAMUYECKOe PaBHOBECHE NPAMOTO M OOpaTHOro mpoliecca, T.e.
reHepanus 1 pekoMOWHaIms), A, MPEIIKCIIOHEHTa, BEIMYUHA HYKCTEH-
cuBHas, B — sHeprus aKTUBAIUH.

i+l

I
Azégmi exp(-B/kT) Y(m>0)=1 Te [Tw;Tm +%vQ}Ti <T
3,HCCB k — IIOCTOsSTHHAas1 EOHLHMaHa, Q — TeI10Ta, V — O0J TEIJIOThI, I10-
[IeIas Ha pa3orpes, / — YHCIIO IIyJIOB, M1; — Beca, OTPaXKarolIhe pac-
npenenenne SHepruu mo Quaykryanusm. [lapamerp n yduThIBaeT mpe-
BBIIIEHHE CIIy4allHOrO BBIOpOCA HAaJ OKUAA€MbIM CpPEIHHUM, N ~ 2.
3a 7., MOXHO NPHUHATH TEMIEPATYpy BHEIIHEN Cpebl.

BriBoabI

IIpy MHTEHCHBHOM TEIJIOBBIIEIEHUHU CTPYKTYpa BEILECTBA PAHIOMM-
3UPYETCs, a 3HAYUT, BOSHUKAET JIETKasd HEKOPPEKTHOCTb HUCIIONb30BaHUA
NPUBBIYHBIX B (PU3HMKE TBEPAOTO Tella MOHATUI BakaHCHM M (JOHOHA, N1
U CaMo TMOHATHE TEMIIEPATYPBI HE AAET MOJHOTY OIIUCAHUS.
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ACCOUNTING FOR HEAT RELEASE IN SMALL VOLUMES
OF MATTER ON THE EXAMPLE OF THE GROWTH OF ZnO
MICRO-RODS: SEARCH FOR A MODELING TECHNIQUE

LV. Matyushkin, O.A. Telminov, A.N. Mikhaylov.

Abstract. A general method of accounting for the temperature factor is pro-
posed and new concepts of “elementary act of heat release” EAT and “region of
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thermal impact” RTV are introduced. A corrective amendment to the Arrhenius
relationship is proposed.

Key words: memristor, exothermic reaction, molecular mechanics, tempera-
ture, Arrhenius relationship.
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AnHoTanusa. PaboTa mocBsIIeHa UMUTAMOHHOMY MOJICIIMPOBAHUIO TPO-
1ecca oTKHWra maccuBa HaHompoBoJok GaAs meronom Monrte-Kaprno. [lano
00BSICHEHHE HEOJHOPOJHOMY YTOHEHHIO HAHOMPOBOJOK, HAOIIOIAEMOMY 3KC-
MEPUMEHTAJIBHO B IJIOTHBIX MACCUBAX JJIMHHBIX TIPOBOJIOK.

KuoueBbie cioBa: Monte-Kapno, monenupoBanue, GaAs, HAaHOTIPOBOJIO-
KU, OTKHT.

BBenenue

[MonynpoBoguukoBsle HaHompoBonoku (HIT) mpencraBnsior coboit
MOAXOASIIe OOBEKTHI M1 HAOJIOMEHUS KBAaHTOBO-Pa3MEPHBIX d(dek-
TOB M CO3JaHMIO MPUOOPOB Ha MX OCHOBE. B mocnennue roasl pacnpo-
CTpaHeHHBIM criocoboM momydenus: HIT sBiseTcst ux pocT moj Karuieii-
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3aTpaBKOW 1o MexaHuzMy map-kuakocte-kpuctamn (IDKK). B astom
Cllydyae JUaMeTp MPOBOJIOKM 3aJaeTcid pPa3MEpPOM KalljM-3aTPaBKH.
HenaBno 1y ymeHnsiieHus nuamerpa BeptukanbHblx HII GaAs, momy-
yeHHbIXx MetomoM [DKK, Opur mpeanoskeH WX IMOCIEPOCTOBOM OTXKHT,
B IPOIIECCE KOTOPOro MPOUCXOAuio ucnapeHue matepuana HIT [1].
B Hacrosimeit paboTe ¢ TOMOLIBIO IMUTAIIHOHHOTO MOAETUPOBAHUS Me-
TogoM MoHrte-Kapino wuccnenoBaH mpouecc OTXKHUIA BEPTUKAIbHBIX
HaHONPOBOJIOK GaAs B YCIOBHSX KOHIPYIHTHOIO W HEKOHIPY3HTHOI'O
HCHIapeHusl.

MoaeaupoBaHue OT:KHTa HAHONPOBOJIOK GaAs

PacdeTsl oCyIIECTBISUINCE € HCNOJIB30BAaHHWEM IIAKeTa IMPOrpaMM
SilSim3D [2]. Beina paccMoTpeHa cieayomas CUCTeMa: MBIIIBSIK B aTo-
MapHOM M MOJIEKYJISIpHOM BHJE (As U AS;), TAJUIHIA B TBEPAOH U KUAKON
daze (Ga(s) u Ga(liq)) n marepuan mreHkH-Macku (Mg). B Momens Obplu
3aJI0KEeHBl CJeqylonre COOBITUS AJSl 4acTHI: oOpa3oBaHHE M pacmaj
MOJIEKYJI MbIlIbsiKa As + As <> As,, aecop6bius atomoB Ga(s) u Ga(liq)
U MOJIEKYJ MBIIIbAKA, IUIABJICHHEC W KPUCTAUIM3alMs apceHunaa
raums (tuiaBnenue Ga(s) + As — Ga(liq) + As u Kkpuctammuzanus
Ga(liq) + As — Ga(s) + As), auddy3ust aTOMOB MBIIIBSIKA B KUIAKOM
ramn (As + Ga(liq) — Ga(liq) + As), a Taxoke auddy3us Bcex BUAOB
YaCTHIl 110 MMOBEPXHOCTH. BBIOOp 3HEPrHil akTHBAlUK ATUX MPOLIECCOB
MOJIPOOHO PacCMOTPEH B padoTe MO JICHTMIOPOBCKOMY HCHApEHHIO ap-
cenuna rauug [3]. MUcnapeHnue 4acTull B MOJIETILHOM CUCTEME IPOUCXO0-
JUJIO TIOJ TMPOW3BOJBHBIM YIJIOM, a NPU HaJWMYUH Pa3BUTOrO peibeda
MOBEPXHOCTH OblIa BO3MOXKHA peajcopOIysi UCIapUBIIETOCs MaTepHha-
na. McxonHast MozenbHasl CUCTeMa IPEACTaBIsIa COOON BEPTHKAILHO
OpUECHTUPOBaHHBIH KpucTaimn GaAs OWIMHApHYECKOH (OpMBI, pacio-
JoKeHHBIN B meHTpe mominoxku GaAs(111) pasmepom 35%41 uM, m0-
KpBITOW MJIEHKOH-MAacKOM CO CKBO3HBIM OTBepcTueM. lcmonb3oBaHue
HUKINYECKUX TPAaHUYHBIX YCIOBUH JieNaeT TaKylo CUCTEMY SKBUBAJICHT-
HO# 6eckoHeuyHOMY MaccuBY onnHakoBbiX HII. Beimo mposemeno monme-
nupoBanue npouecca omxura HII GaAs ¢ yderom oOpa3oBaHUs KHUIKO-
ro rajuiis u 6e3 Hero.

MonenupoBanue omxura npu Temmeparype 1200 K moxazano, 4uto
B npouecce omkura HII ¢ ucxogHoil nuiauHapudeckoid GopmMon yTOHS-
IOTCSl, IPUYEM HEOJAHOPOAHO BAOJb BEPTUKAJIBbHON OCU. B HIDKHEN yacTu
KpUCTajuta (HOpMHpPYETCsl ThelecTall, KOTOPOH OTAENeH OT OCHOBHOU
gacti HII Tonkum mepeunteiikom. Bepxnss wacte HII npuoGperaer 3a-
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OCTPEHHYIO KOHycooOpa3Hyto ¢opmy. CKOpPOCTh HCHIApEHUs] KpUCTaJlIa
B BEpXHEH €ro JacTH OKa3bIBaeTCs OOJIBIIE, YeM B CPEIHEH, M3-3a BO3-
MOYKHOCTH CBOOOIHOTO HMCHAPEHHMS, YTO HNPUBOIUT K 3a0CTPEHHUIO KPH-
cTaia.

MonenupoBaHre OTXKHra HAHOMPOBOJIOK C Yy4YeTOM OOpa3OBaHUS
skuakor dasel Ga mpoogmiiock pu temmeparype 890 K. B mporecce
OT)KHra Ha OOKOBOH IMMOBEPXHOCTU TOABJIAIUCH KaIlJil Tallliud, 4YTO
CBSI3AHO C HEKOHTPYSHTHbIM HcrapeHueM GaAs. AHanu3 ucHnapeHus
mioTHOTO MaccuBa anuHHBIX HIT mpoBommics ¢ yderom peancopOiuu
ucnapsemoro marepuana. Ecou pnura HII Oonpine, yem anmmHa mMacco-
MEPEeHOCa MBIIIBIKA 32 CUET IMepeoTpakeHust Mexy coceqaumu HII, To
B HkHed yactu HII paspymieHne O0OKOBBIX CTEHOK 3a CUET HCHApeHus
KOMIIEHCHPYETCSl peasicoOpOIMOHHBIM MOTOKOM. TakmMm oOpazom mucma-
peHHe HIDKHEW 9YacTH KpHCTalsla OKa3blBaeTcs ONM3KO K KBa3UpPaBHO-
BECHOMY, & BEPXHEW YacTH K CBOOOJHOMY HCIIAPCHHUIO B BaKyyM. DTO
0O3Ha4acT, 4TO TEMIICpaTypa KOHI'PYSHTHOI'O HCHAPCHHA OKa3bIBACTCIA
HeogHopoaHa BAoJb ocu HII. MoXXHO HallTH Takue TeMIlepaTypHbIe
ycnoBust ¥ anuHy HII, mpu KOTOpBIX HIKHSS 4YacTh KpucTajia OyJer
HCIIAPSIThCS. KOHTPYIHTHO, a BEPXHSSI — HEKOHTPY3HTHO. B 3THX ycioBu-
sax B BepxHel yactu HII popmupyrores kammm ramms. B ocoOwIx yeio-
BUsAX Haxonutcs ocHoBaHue HII, rae HaOmogaeTcs oOpa3oBaHue Karelb
rajjmmsa HE3aBUCUMO OT I/ICXOI[HOﬁ JJIMHBI HAaHOIIPOBOJIOK. HpI/ITOK anaa-
TOMOB TaJUIHsl B ATy 00JIACTh MPOUCXOIUT HE TOJIBKO 3a CUET peajicopo-
MY, HO U 3a cueT Mud(y3uOHHOTO cOOpa Tauivs peajacopOupoOBaHHOTO
HAa TIOJIOXKKY.

BoiBoabI

B paboTte BBINOIHEHO MMHUTAIMOHHOE MOJAETUPOBAaHUE OTXKUTA B Ba-
KyyMe IIOTHOTO MacCHBa BEPTHUKAJIBHBIX HAHOIPOBOJOK apceHuaa
rayuis. B pesynbrare omxura Ha O0KOBOI MOBEPXHOCTH HAHOIPOBOJIOK
¢dopmupyroTcst Kammy rajuas. Jlano o0bscHeHne HepaBHOMEPHOMY pac-
IPEeEICHUI0 Kallelb BJI0JIb OCH IIPOBOJIOKU.
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SIMULATION OF HIGH-TEMPERATURE ANNEALING
OF GaAs NANOWIRE ARRAY

A.G. Nastovjak, D.V. Shterental, 1.G. Neizvestny, N.L. Shwart;

Abstract. The paper deals with Monte Carlo simulation of GaAs nanowire
array annealing. Non uniform nanowire shrinking experimentally observed in
dense array of long nanowires was explained.
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AHHoTanusi. B pabore ¢ momoIbpio MOAEIMpOBaHMS MeTonoM MoHTe-
Kapno npoaHamu3upoBaHO BIMSHHE Karelb Taljius Ha pa3BUTHE peibeda BH-
IUHATIBHBIX MoBepxHOCcTeW GaAs(111) ¢ pasHBIMH yIilaMH OTKJIOHEHHS OT CHH-
TYJISIPHOCTH B IIPOIECCE OTKUTa B IMIMPOKOM JTUAMa30He TeMIepaTyp.

KaioueBsie cioBa: Monte-Kapiio, MosennpoBaHnue, apceHu] rajuimsi, OT-
JKHT, DILEJIOHBI.

Beenenne

B MponecCe BBICOKOTEMIICPATYPHBIX OTKHUI'OB GaAs BBIACIIAIOT OBa
TEMIICPATYPHBIX JUAlla30HA: KOHI'PYSHTHOC UCIIApCHHUEC, KOI'/la CKOPOCTh
HCIIapCHUA TaJllIud W MbIIIbAKA OAMHAKOBA, M HEKOHI'PYOHTHOE, KOraa
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MBIIIBSK HCHApsieTCss MHTEHCHBHEE, a TaJUIMi HaKalUIMBaeTCsd Ha II0-
BEPXHOCTH M cOOMpAeTcs B Kalid. DKCIEPUMEHTAJIHHO MOKa3aHo, YTO
KaIlli TaJUIMsl HalpaBJIeHHO JBUXKYTCSA B Ipouecce oTxura [1]. WuTe-
PECHBIM SIBISIETCSI HCClleioBaHKe MOp(dosioruu ciena mocie Kam. B [2]
MIOKa3aHO, YTO peiibed) MOBEPXHOCTHU ciea NepUOANYEH, KaXKAbIH mepu-
0]l COZIEPXKUT OOJBIIYIO ITIAAKYI0 T€ppacy U SIIEJOH CTYNEHEH, TO eCTh
Y4aCTOK MOBEPXHOCTH, Ha KOTOPBIX IUIOTHOCTh MOHOATOMHBIX CTYIEHEH
3aMETHO BBILIE, YEM Ha COCEJHHUX OOJIACTSX MOBEPXHOCTH BHIWHAIBLHON
NoU10KKK. Bonpoc 0 ToM, Kak KaIji rajulisl BIUSIOT Ha popMupoBanue
SILEJIOHOB CTYINEHEH B MpoLecce BHICOKOTEMIIEPATYPHOI'O OTXKHIa IOJ-
JIOXKEK, 0 CHX IIOp OCTaeTcsi OTKPHITHIM. B HacTosmeit pabore neraabHO
paccMoTpeH mporecc GOPMHPOBAHHS AIIEIOHOB CTYNEHEH B IMpoIecce
OT)KUTOB BUITMHANBHBIX Toioxkek GaAs(111)A u GaAs(111)B.

MogaeanpoBaHue 0T:KMIOB MoAJ10KeK GaAs

MonenupoBanre npoBouiIock MeronoM MonTe-Kapio ¢ ucnonb3o-
BaHHeM mporpammHoro makera SilSim3D [3]. [ns umuTanum HepaBHO-
BECHBIX OTKHTOB mooxkek GaAs(111)A paccmarpuBaiachk 4-X KOMIIO-
HEHTHas CUCTeMa: TraJUIMi B TBEPAOM M KUAKOM COCTOSHUM U MBILIBSIK
B aTOMapHON W MOJIEKYJISIpHOU (popmax. DiIeMeHTapHbIe MPOIECCH, 3a-
JIO)KEHHBIE B MOJIENb, BKJIIOYAIOT B ce0sl MOBEPXHOCTHYIO auddysnto
BCEX KOMIIOHEHTOB;, 00pa30BaHME U pacmaj MOJEKyl As,; JecopOIuio
aTOMOB TaJUIMS ¥ MOJIEKYJ MBIIIbSIKA; PACTBOPEHNE apCeHH/a Tajlius B
KHUJIKOM TaJUIMH, KPUCTATHU3AIMI0 apceHuaa ramnus; auddysnto Mbl-
mibsika B skuakom rauu. [logpo6uoe onucanne Mounte-Kapio monenu
MO>XXHO HalTH B [4].

PaccmaTpuBanmcs BunmHanbHbIE OBepxHOCTH GaAs(111) ¢ yrmamu
OTKJIOHEHHS MoBepxHOCcTH 5.2°, 3.2°, 2.6° u 1.3°. Kamnu raymumms popmu-
poBaNUCh BOJHM3M CTyNEeHEH BUIIMHAIBHBIX MOBEpXHOCTEH. Bokpyr ka-
MeNnb BO3HMKANIA MOBBINIEHHAs KOHLEHTpPALUs aJaTOMOB Tajulus, BBIXO-
JAMUX U3 Kalenb, YTO MPUBOAMIO K YBEITMUYEHHOMY IPUTOKY TaJlIMs
K KpasiM Teppac BOMW3M Karenb. | ammuii BCcTpauBaics B CTyIEHH, 3a-
MeJIsAs MCIapeHue MOBEPXHOCTH BOKPYr Kamu. B pesynerare okxoio
Karejab pacCTOSIHUE MEXIy CTYNEHSMH YMEHbBIIAIOCh: CTYNEHU CTATH-
BAJIMCh B OJMH MAacCHB, Ha3bIBacMbIi dmenoHoM. Ha otnanennn ot kxa-
MeNb PAcCTOSHUE MEXIY CTYNEHSAMH COXPAaHSJIOCh, TO €CTh JIIEIOH
CTYIIEHEN MMeEeT JIOKaNbHBIA XapakTtep. IIpu NBMKEHMHM Kaluld IO II0-
BEPXHOCTHU JIOKAJIBHBIHM 3IIENOH CTYNEHEH CMENIAeTCs] BMECTE C KallIeH.
JIBr>KeHne SIenoHa OCYLIECTBIACTCS MyTEM M3MEHEHHUs HalpaBICHHA
JBIDKEHHS CTyTeHel BONMM3K Karum rayumis. Ha puc.l npencraBinena Ku-
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HETHKa U3MCHCHUA HAIIPABJICHUA JIBUXCHUA CTyneHeﬁ Ha MMOBEPXHOCTHU
GaAs(111)A ¢ yrmom otkmonenus 5.2°. Ha puc. 1 BeIOpaHBI Takume Mo-
MEHTHI BPEMEHU OT)KUTA TOJJIONKKH, MPU KOTOPBIX Karlisl Tajuivs Mpak-
TUYECKHM HE CMEIACTCs.

Puc. 1. Bugs! cBepxy nmoBepxHoct GaAs(111)A yrmom otkinonenus 5.2°
TocIie OTKUTa B TeueHuu S ¢ (a), 5.8 ¢ (0), 6.2 ¢ (B) mpu 7= 840 K:
PO30BOH CTPEIKOM MOKA3aHO HAIPaBJICHUE ABMKCHHUS KaIUIH, Oesol — CyOIrMMarum
CTyIeHeit; KpecTHK 0003HaYaeT MECTO 3aPOXKACHUS KATUIH

BenpivMu nuHMsAME Ha puc. | BbLAENEHBI OBE CTYIEHH, PaCIONIOKEH-
HBIE BBIIIE U HIDKE KAIUTM Ha PAcCTOSIHUM V; U Wi, COOTBETCTBEHHO. Bu-
HO, YTO PACCTOSHHE OT BBINIE PACIIONOKEHHOH CTYNEHH IO KaIulld
YMEHBILAETCs CO BpeMEHEM (V) > V;) U CTAHOBUTCS paBHBIM Hyto (v; = 0).
A paccTosiHUE OT HUXKE PACIIONOXKEHHOW CTYIIEHH JI0 KaIlli yBeIHYHBa-
ercsi B mmporecce oTxkura (wy < w, < ws). YMEHBIICHHE V; ¥ YBEINUCHNE
W; IIPOMCXOAUT 3a CYET POCTa Teppac BOIN3HU KaIllu.

BriBoabl

MojenupoBaHue MOKa3ano, YTO KAIIH TauTisl MOTYT OBITh MPHYH-
HOW SIIEIIOHUPOBAHUS CTYIEHEH B IPOIECCe BBICOKOTEMIIEPATYPHBIX
OT)KHTOB BHUITMHAIBHBIX TIoBepxHOCTel GaAs(111).
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STEP BUNCHING OF GAAS(111) VICINAL SURFACES
DURING THE HIGH-TEMPERATURE ANNEALING PROCESS

A.A. Spirina, N.L. Shwartg

Abstract. In this work, simulation of GaAs(111) high-temperature annealing
has been carried out. The effect of gallium droplets on the surface relief evolu-
tion of the vicinal GaAs(111) substrates with different misorientation angles
during annealing in a wide temperature range is analyzed.

Key words: Monte Carlo, simulation, gallium arsenide, annealing, step
bunching.
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INPUMEHEHUE METOJA MOJAJIBHOTI'O ITOJABJIEHUSA
JIVIA PACUETA D®®EKTUBHOI'O KOY®PUIIUEHTA
TEIIJIOITPOBOJHOCTHU CBEPXPEHIETOK

Abzapan Kapuny Kapnenoena,
0.¢p.-M.H., 2.H.C., 3a8€0yI0Was omoenom’,
kristal83@mail.ru

Konboun Hnvsa Cepzeesuu,
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'@UI] UV PAH, 2. Mockea

AHHoTanusi. B pabote mpoBeneH pacuer 3ddexTuBHOrO K0oddduimeHTa
teronpoBoaHocTH GaAs/AlAs ¢ WCIIONb30BaHHEM METOJla MOAAIBHOTO II0-
JaBJICHUA, IPOBEACHBI CPAaBHCHUA C OKCIICPUMEHTOM.

KaioueBbie cinoBa: >3pQeKTUBHBIA KOIPPHUIUCHT TEIIIONPOBOIHOCTH, KH-
HeTH4ecKoe ypaBHeHue bosbiiMaHa, MoIabHOE 1T0JIaBJICHNE, CBEPXPELIETKH.

BBenenue

MOZ[GJ'II/IpOBaHI/Ie TCIUIOBBIX IMMPOLECCOB B HAHOCTPYKTYpPAX NPCACTaB-
JIACT aKTyaJIbHYI0 HAyYHO-TCXHUYCCKYIO 3alady, CBA3AaHHYIO CO 3HA4YHU-
TEJIBHBIM YBCIIMYCHUEM BBIACIACMOr0O TEILIA IIPHU POCTE pa60lmx qacToT
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¥ YMEHBIIICHUEM Pa3MepOB yCTPOMCTB, KOTOPhIE UCTIONB3YIOT MOJOOHEIE
Marepuainsl [1, 2]. OgHUM U3 BaKHBIX MapaMeTPOB JUIs paccMaTprBae-
MBIX 331a4 siBisgeTcs 3((HEeKTUBHBIA K03()(PUIIMEHT TeTIONPOBOIHOCTH,
3HAYCHUA KOTOPOI'0 MOXKHO IOJYYWUTHh, B HaCTHOCTH, N3 KMHECTUYCCKOI'O
ypaBHeHus1 bonbiiMana. Kak mpaBuiio, As pacdeToB UCIIONB3YETCS Me-
tox MonTte-Kapno. C npyroii cTopoHsl, 1iist onpeeneHus 3h(ekTuBHO-
ro xodddunmeHTa TEmIONPOBOIHOCTH MOXKHO NPHUMEHUTh METOJ MO-
JATBHOTO TIOJABJICHUS, KOTOPBIA B psAe CIydaeM JIeMOHCTPHUPOBAIT
XOPOILYI0 TOYHOCTH M BHICOKYIO BEIUUCIUTENbHYIO () ()EKTHBHOCTb.

Pe3y.]1]>TaTbI BBIYUC/IUTECIbHBIX OKCIIEPUMEHTOB

B pabore mpoBenecHB! BBIYHMCICHUS 3()QeKkTHBHOTO KOod(hduImeHTa
TEIIONPOBOJHOCTH Al cBepxpemerok GaAs/AlAs ans temmeparyp
30-296 K, ¢ pasmepom ciost 12 HM U 9UCIIOM TIepuooB 1-9, B cooTBeT-
CTBUH C HKCIIEPUMEHTAIGHBIMH TaHHBIMU, TIPEJICTABICHHBIM B ITyOIHKa-
uuu [3]. s pacdyera ObUT MCIIOJIB30BaH METOJ MOJAIBHOTO IMOJABJIC-
HUSl, peann30BaHHBIA B mporpaMMHoM makete AlmaBTE [2], npu sToM
CBEpXpeIeTKa MOJEeNMpoBaiach Kak CIUIAB Ha OCHOBE METOJa BHUPTY-
QJIBHOTO KpHCTaJJIa C JIOTIOJIHUTEIBHBIM OapbepHbIM WieHOM [2]. Bbi-
YUCJICHUS BEJINCHh HA PACUCTHOU ceTke 24x24%24, BXOAHBIC JaHHBIC I10
MarepuaniaM cBepxpemieTok GaAs/AlAs ObuTH B3ATH M3 0a3bl JAHHBIX
nakera AlmaBTE. [lomyuenHble pe3ynbTaThl B 1I€JIOM JJAJIA YAOBJIETBO-
PUTETBFHOE COOTBETCTBHE C 3KCIIEPHUMEHTAIBHBIMH JaHHBIMHU, CYIIe-
CTBEHHOE OTKJIIOHEHHE OBbLITO B 00JaCTH HU3KUX TeMIieparyp. Tak ke Obl
MIPOBEZCHO MOJETUPOBAaHUE C HCIOJIb30BaHHEM MeTona Moure-Kapio,
MIpH 3TOM HHTEPQEHCHOEe COMPOTUBICHNE OBLIO yYTEHO Ha OCHOBE MO-
nemu nuddy3Horo HecooTBeTcTBHA [4]. B manHOM cimydae B obmactu
HU3KHUX TeMIleparyp OBLIO MOJIy4eHO XOpOIlee COOTBETCTBHE C IKCIIE-
PUMEHTOM, OJHAKO C YBEJIHUYEHHEM TeMIIepaTypsl U pasMepoB oOpasia
pe3yNbTaThl 3HAYUTEIFHO PACXOJUINCH, YTO OOYCIIOBICHO OrpaHHYEHH-
em Mojenu auddys3Horo paccornacopanus [4].

BriBoabI

Jns pacuera sddextrBHOTO KOd(DPHIHEHTa TEMIOMPOBOIHOCTH
ceepxpemeTku GaAs/AlAs ObUT IPUMEHEH METOJ MOJAIBHOTO IO/aB-
JICHHsI, TTPOBEJCHBI CPABHEHUS C SKCIIEPUMEHTOM, MOJyUYEHHBIC PE3yJlb-
TaThl MMOKA3aJIU YAOBJICTBOPUTEIEHOE COOTBETCTBUE C KCIIEPHUMEHTAIb-
HBIMH JAHHBIMH, YTO IO3BOJISICT TOBOPUTH O MPUMEHUMOCTH METOJ]a
B paccMaTpHUBaEeMbIX 3ajadax.
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Abstract. In this work, the effective thermal conductivity coefficient of
GaAs/AlAs superlattices was calculated using the modal suppression method
and comparisons with experiment were made.
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YUCJEHHBIN AJITOPUTM JIJISI MOJEJIUPOBAHUSI
MPO®UJIEN TPABJIEHUSI METOJOM YPOBHEM
C ITPOU3BOJIBHON ®YHKIIUENA CKOPOCTH

AgasieB Poman JleoHnaoBuy,
cmydenm’, mradwuii Hayunwili compyOHuK”,
aliaev.ri@phystech.edu

Jlebeoes Anexcanop Bnaoumuposuu,
K.qh.-M.H., HAYYHbITL COMPYOHUK',
lebedev@kintechlab.com

1M<DTH, 2. Mockesa
’KinTech Lab., 2. Mockea

AHHoTauusi. B pabGote BpImONHSETCS pa3paboTka M BepuHUKAIHS TIPO-
TPaMMHOTO MHCTPYMEHTA JUISl MOJACINPOBAHUS TPABJICHHUS IBYMEPHBIX MPOQH-
JIeld METOJIOM BJI&YKHOTO M CyXOT'O TPaBJICHHUSL.

KinroueBbie cji0Ba: METOJ ypOBHEH, BIaXXKHOE TPaBJIEHHUE, METO Y3KOH IIO-
JIOCHI, YHCIIEHHAS BSI3KOCTb.

BBenenue

MogenupoBanue npoQuis TPaBICHUS HEOOXOAWMO AJsl OBICTPOH M
3¢ dexTUBHON pa3pabOTKW MHUKPOIIEKTPOHHBIX M MHKPOIJIEKTpOMEXa-
HUYECKUX CHCTEM TaKHX, KaK TPaH3UCTOPBI, 3€pKajia, THPOCKOIBI U T.J.
Pa3paboTka U pa3BUTHE YHCICHHBIX METOJOB MO3BOJISIET YIyUIIUTD MIPEa-
CKazaTeNbHYIO CHITy MOJIENH U1l ONTHMHU3AIIUH TTapaMeTPOB TEXHUIECKUX
MPOLIECCOB. 3a CUeT MPUMEHEHUSI METOa y3KOHM IOJIOCH U NpHeMa YHC-
JICHHOW BSA3KOCTH B JIAaHHOHM pa®oTe co3laH ajaropuTM, MO3BOJISIOLIMN
C BBICOKMM IPOCTPAHCTBEHHBIM pa3pelleHHeM MOAETUPOBaTh TaKhe 3a-
Jaud, KaK TpaBlE€HUE CUTrMa-poduieil, XapakTepu3yeMblX HaIMdHeM
OCTPBIX YIJIOB B PEIICHUH.

YucjeHHBIH METO]

UuclieHHbIN alropuT™M CO3JaH Ha OCHOBE METOJa YPOBHEH [2]:
de¢/dt + HV¢p) = 0,
rne H = V(V¢)|Vep| — ramunsronuan, V(V¢) — ckopocTh TpaBlieHUs
MMOBEPXHOCTH.
OBoMIOIHS MPOQHIIS ONMMChIBaeTcsa (DYHKITHEH YpoBHEH ¢, 3HAUCHHS

KOTOPOH ecTh 3HaKoBash (YHKIMS PACCTOSHHS JO TPAHUIIBI MTPOQHIISL.
[Mpodune npeacrasnsier cobol reOMETPUIECKOE MECTO TOUEK, rae ¢ = 0.
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Cy1ecTByIoIas B JIMTeparype WHGOPMAIIMK MOKa3bIBAET, YTO TaKOH
TIOJIXOJT TI03BOJISIET OMHUCHIBATH MPOMUIN CIOXKHON (POPMBI BEIYHUCITUTEIh-
HO 3¢ dexTuBHBIM 00pa3om [2]. JlobaBiieHHe K YpaBHEHUIO JTOTIOTHUTEIhb-
HOTO YJIeHa, MPECTABIISIONIETO COOOH YHCIEHHYIO BI3KOCTD U, TIO3BOJISIET
CTTIANTh Pa3phIBBI MPOU3BOTHONW (YHKIMH () M JOOUTHCS yCTOHYNBOTO
peLIeHust A7 33124, BKJIIOYAIOMIUX B TOM YUCIIE OCTPBIE YTIIBL.

H' =H +v(¢)

CdopmMmynupoBaHHOE TaKUM 00pa30M YPaBHEHHUE PEIIACTCS METOI0M
KOHEUYHBIX pasHocTel mo cxeme Lax-Friedrichs ¢ rpaHmdHBIMU yCIIOBH-
SIMU TUTIA «TIOCTOSTHHBIA TPaueHT.

Pacuer uzer mo ToukaM B aKTUBHOM CJIO€ — HAOOpE TOYEK, HEMOCPE-
CTBEHHO COCEJICTBYIOIIMX C TpaHUIlel pa3zgena. Taxke mporpaMma Hc-
MOJB3yeT aJalTUBHBIA IIar MO0 BPEMEHH JOCTATOYHO OOJBIION, YTOOBI
IIPU 3TOM YJIOBJIETBOPATH KpuTeputo KypaHTa 1l 4MCIEHHON yCTONYM-
BOCTH.

OyHKIMA CKOPOCTH MOKET OBITh KAK aHU30TPOITHOH anredpanyecKoi
¢GyHKIHEH, Tak ¥ (YHKIHEH, ONpeensseMoil pelieHneM KHHETHIeCKOn
CUCTEMBI YPaBHEHUH C MJIa3MOXUMHUYECKUM MEXaHU3MOM.

Bepuduxauns

Paborocnioco6HOCTE pa3paboTaHHOTO MeToAa Oblila MPOBEpEeHa CpaB-
HEHUEM C 3KcrepuMeHToM [1].

B pacuere ncnonp30BaHa aHU30TPOITHAST (PYHKIUS CKOPOCTH, 3a]aBa-
emasi anre0pandecKuM BBIPAKEHUEM:

1 R
R(x,y) = —(x + YR_w)Rna
11
HM
F,JJ;e Rll - Sm, Rlo - 24
Hcnonp3oBana GyHKIUS BI3KOCTH aHAIOTHYHAas pabdore [2].

Briio mpoBeneHo CpaBHEHHE C DKCIEPUMEHTAIBHBIM MPOPUIEM H
MOJIyYEHO COBIAJACHUE C OTHOCUTEIBHOM MOrpenIHOCThIO He Bhinie 10%.

BrIBOBI

B paGote co3zman 4nCIeHHBIN METOJ], TTO3BOJISIONINA MOJEINPOBATH
3BOJIIOLHMIO TPO(UIIS TPABIECHUS U SBISIOIINICS 3a7€JI0M JUIS Pa3BUTHUS
Y IIPUMEHEHHNS K 3a]la4aM TUIa3MEHHOTO TPaBJICHUS.
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NUMERICAL ALGORITHM FOR SIMULATING ETCHING
PROFILES BY LEVEL-SET METHOD WITH AN ARBITRARY
RATE FUNCTION

R.L. Alyaev, A.V. Lebedev

Abstract. The work includes the development and verification of a software
tool for modelling the etching of two-dimensional profiles using wet and dry
etching.

Key words: level-set method, wet etching, narrow band approach, numerical
viscosity.
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AHHOTanusi. B paGore BBINOJIHEHO ONKCAaHUE MOCTPOCHUS KIIACCUYECKON
MOJIENIA OIEHKH YIPABILIIONINX BO3ICHCTBHHA K JIEMEHTaM pa3padaTbiBacMoit
MOJIETIN DK30CKEJIeTa PYKH.

KaioueBsie ciioBa: aHTporioMopdHas TEXHUKA, SK30CKEJIET, MOAENb yIIpaB-
JICHUSL.

BBenenue

OnHolt w3 o0iacTeld TEXHOJNOTWH, MONYYHBIIEH 3HAYUTEIHHBIN
WUMITYJIbC Pa3BUTHUS B IIOCIEAHHUE JECATH JIET, CTala 00JacTh aHTPOIIO-
MOp(hHOM POOOTOTEXHUKH M 3K30CKeneTocTpoeHust [1]. Ympasienue
AHTPOMTOMOP(GHBIME  POOOTOTEXHUYECKUMH  KOMIUIEKCAMH  CBOZIMTCS
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K (hopMHpOBaHUIO cHCTEMBI AU depeHIMaIbHbIX ypaBHEHUI B 3aBUCH-
MOCTHU OT MapaMeTpoB kKoMiuiekca [2]. CoBpeMeHHbIE KJIaCCUYeCKUe Me-
TOIBl TpeOyIOT OONBIIMX BBIYMCIMTENBHBIX 3aTpaT U HE HMMEIOT CTa-
OMIIFHOW CXOIMMOCTH, YTO BBIHY)KJIAET Pa3pabOTUMKOB KOMOMHHUPOBATH
KIITACCHUYECKUE METOABI pacdeTa TPACKTOPHH IBW)KEHUS C MHTEIUICKTY-
AbHBIMH.

OnnHako B 000WX CIIydasiXx HEOOXOIMM MOJTYJIb, TPeoOpa3yIoNIuii pac-
CUMTAHHYIO TPACKTOPUIO B yNPaBIAIOIINE CUTHAIBI. B HacTosmiei pado-
T€ IPEeNIaraeTcs KIACCUYECKUHA aIrOpuTM pacdera BO3AECUCTBHM Ha Po-
0OTOTEXHMUYECKUH KOMIUIEKC PYKH B 3aBHCHMOCTH OT pPacCUUTAHHOU
TPAaeKTOPHH U (U3MUYECKUX MapaMeTPOB KOMIUIEKCA, & TAKXKe aJrOpUTM
npeoOpa3oBaHUsl MONYyUYEHHBIX BO3JEHCTBUI HEIOCPEACTBEHHO B CHTHA-
JIBI IPUBOJA.

MopenupoBanue

[lo ananorum ¢ pa®oToii [3] mMOCTpoeHA KllAaCCHMYECKas MOJECIb CH-
CTEeMBI, COCTOSIIEH M3 AIIEMEHTOB IIJIeda, MPEAIUIeYbs, a TAK)KEe JTOKTEBO-
ro M TUIEYEBOTO IMapHHUPOB. McXoms W3 MeXaHWYeCKHMX M KWHeMaTHde-
CKHX OTpaHMYEHHUH KapKacOB COBPEMEHHBIX IK30CKEJIETOB, MPEII0KEeHa
CTPYKTYpHO-MEXaHWYECKasi CXeMa 4eJIOBEUECKOW PYKH IS JajdbHEnIe-
ro pacuéra [4]. B kauecTBe BXOJIHBIX TaHHBIX YKa3aHbl pa3Mephl, MacChl
JIByX 3JIEMEHTOB, a TAaKXKe BEC JIOKTEBOT'O IIapHHUpa U Macca Harpy3Ku.

Mojienb SKBUBaJICHTHA IBOHHOMY MasTHHUKY, IIOJBEIICHHOMY B TOY-
K€ IUIEYEBOI0 CyCTaBa. 3amucas A1 Hero ypaBHeHue Jlarpanxa 2 pona,
MOJIyYUM PABEHCTBA JJIi MOMEHTOB CHJI, CO3J]aBacMbIX B MECTax JBYX
CYCTaBOB 3JICKTPUYCCKHUMH JIBUTATCIIIMUA. B 3TH ypaBHEHHS BXOIAT Kak
BBIIICYTIOMSAHYTHIE TTApaMEeTPhl KOHCTPYKIIUU SK30CKeJeTa, TaK U YIJIO-
Bas JIMHAMUKA TIOJIOKCHHSI 3BCHbCBA.

Ilocne 3amaHust ABYX 3aBHCHMOCTEH YTJIOB B JABYX COUWICHEHHUSX OT
BpemeHH (puc. 1), o0ycnoBneHHbIX (u3nonoruell 4eaoBeka U MPUHLH-
namMu paboThI SK30CKeNeTa, MOMYYeHbI (PYHKIIMH MOMEHTOB CHJI Ha Iap-
HUpax OT BpeMeHu (puc. 2).

BoiBoabI

B paboTe BBIMOIHEHO OMHMCAaHUE TOCTPOCHUS KIACCUYECKON MOJIeNN
OIICHKY YIIPABJISIIOIINX BO3JACUCTBHIA K d3JEMEHTaM pa3pabaTbiBaeMoit
MOJEIN PK30CKENETa PYKHU.

83



. = Yron B nne4yesomM cycrase

301 g N ——— Yron B NOKTeBOM cycTase

2.0 1

f, Pan

15 1

1.0+

0.5

0.0 4

Puc. 1. 3amanHas TpeGOBaHUAME JIHAMUKA IBIKCHHUS HJIEMEHTOB SK30CKeIeTa
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Puc. 2. PaccunTanHas 3aBUCHMOCTh MOMEHTOB CHJI Ha apHupax OT BpECMCHU
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DESIGN OF CLASSICAL MODEL FOR CONTROL ACTIONS
ESTIMATION ON THE ARM EXOSKELETON

E.D. Vatlin, G.A. Karnup, A.A. Sharapov

Abstract. The paper describes the construction of a classical model for esti-
mation of control actions to the elements of the arm exoskeleton model under
development.

Key words: anthropomorphic devices, exoskeleton, control model.
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AnHoTanus. MccnenoBana KMHETHKA paAUKaIbHOIO OKHCICHHUS B IIpoliecce
ISSG (in situ steam-generation), OCHOBaHHOM Ha cropaHuu Bojopoza. [Iporecc
pOCTa OKCH/Ia OIMCHIBAIICS JIMHEHHO napabonnueckoii Moaensio [Auna-I'poysa n
9KCIOHEHIMAIBHBIM 3aKOHOM.
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KnroueBble ciioBa: paaukanbHOE OKHCICHUE, KMHETHKA pPOCTa OKCHA
KpeMHus1, Moaenpb Juna-I"'poyBa, SKCIOHEHIMANIBHBII 3aKOH pOCTa, MOJEINb pe-
aKTOpPa MJICaJTbHOTO CMEIICHHS.

BBenenue

TepMuueckoe OKUCIIEHHE KPEMHHSI OTHOCUTCS K KIIFOUEBBIM IIPOLEC-
caM B IPOM3BOZACTBE MHTETPAJBHBIX CXEM, MO3BOJIAET CO3AaBaTh Oe3ze-
(exTHBIC, HAJC)KHBIC TOHKHE IJICHKH OKCHAa KpeMHus [1]. Aktyanb-
HOCTb IPUOOpEI MPoLecC TEPMUIECKOTO OKHUCIICHUE C TeHepalrei napa
y moBepxHOCTH KpeMHueBor iacTuHbl (ISSG) Ha ycTaHoBKe OpIcTpOTrO
TepMuueckoro okucieHusi. B mpouecce ISSG okucieHus UCTOUHUKOM
BOCIJIAMEHEHHS CMECH MOJIEKYJIIPHOTO BOJOPOJAA U KHCIOPOJa BBICTY-
naeT Harperas KpeMHHEBas IMOMAJ0XKKa, BOJIU3U MOBEPXHOCTH KOTOPOH
MIPOUCXOANUT PEaKIysl TopeHrs. Pagukanbl KHCIOpoJa UTParoT BaXHYIO
poub nipu ISSG okucneHnn, MO3TOMY OHO Tak)Ke€ Ha3bIBAETCS paUKallb-
HeiM. Ha sddexruBrocTs ISSG OKMCIeHNs BIUSAIOT MHOTHE TEXHOJIOTH-
YyecKHe MapaMeTphl Mpolecca, B CBSI3U ¢ YeM Ba)KHO MCCIIEJIOBATh KUHe-
THUKY pOCTa OKHCIIA.

Pe3yabTaThbl u 00cy:x1eHue

JlaHHbBIC BpEMEHHBIX PAIOB TOJIIMHBI OKCHUJIA, TOJTYUYCHHBIC HA yCTa-
HoBke RTO Centura XE+ B auanazone temmneparyp 850-1050 °C, mpen-
CTaBJIEHBI Ha puc. la. DKCHepuMEHTaIbHbBIE TOUYKH OBLTH alIpOKCHUMHU-
poBaHbel coriacHo wmoxaenu Jwuma-I'poysa (AI) [2]. Mogems I
MO3BOJISIET BBEIBECTH 00OOIICHHOE JTHHEHHO-Iapa0oIUIeCcKOe COOTHOIIIE-
HUE TOJIIIUHBI OKCHJa L OT BpEMEHHU { M TPEX MapaMeTpOB:

L?+AL—-B(t+1) =0,
rae B — mapabonmdeckas KOHCTaHTa CKOpOCTH, B/A — nmuHeiHas KOH-
CTaHTa CKOPOCTH U T — MOCTOSIHHAS 7151 yu€Ta Ha4aJlbHOM TONILUHBI OK-
cuja. [Ins momydeHus: YHMBEPCAIBHBIX 3aBHCUMOCTEH CKOPOCTH pOCTa
OKCHJa OT TapaMeTpPOB Ipolecca OBUIO MPOBEICHO MAaTeMaTHYECKOE
MOJIEJTUPOBaHUs COCTaBa ra3oBoil cpenbl B peakrope RTO ¢ ucmnosb3o-
BaHHEM MOJEIIU PeaKTopa UaealbHOro cMemeHus [3].

[Ipomecc paavKaIbHOTO OKUCICHHUS XOPOIIO OMUCHIBACTCS JTUHEHHO
nmapaboIMIecKuM 3aKOHOM pPOCTa. DHEPrus TEIUIOBON aKTHBAIMH Iapa-
Oonuueckoii koHcTanThl 0am3Kka k 0,78 5B. HecooTBeTcTBHE € KilaccHye-
ckoii mogenbto JI' kacaercsa sHepruu aKTUBAIIUU JTUHEHHOW KOHCTAHTBHI,
YTO MOATBEPKIAAET OrpaHUYEHHOCTh MoAenu I’ 11 TOHKOTO AU3JIEK-
TpPUKa, HC YUIUTHIBAIONICH SBJICHUS HA TPAHUIIE pa3jieia KPeMHHI-OKCH]T
B paMKax KOHIEMIINN EPeX0IHOTO cios [4].
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Puc. 1. (a) BpemeHHBIC 3aBUCHMOCTH TONIIUHEI OKCHIA,
amMMpOKCUMUPOBAHHBIC JIMHEHHO MapaboIyecKoi 3aBUCUMOCTBIO 110 Mozenu I
(6) nmuHeitHO MapabomdecKkas CKOPOCTh POCTa U IKCIIOHESHITAIBHO
3aTyXarollas CKOPOCTh POCTA C MOMPABKONW Ha KOHIECHTPALIMN MOJIEKYJT

[Ipu ommcaHnM KUHETUKH OKHUCIIECHHUS SKCIIOHEHIMATHHON MOEIBIO
CKOpPOCTb pOCTa NPEACTABISICTCA CYNEPIO3ULUEH IBYX CllaraeMblX —
MOCTOSTHHOTO, OIMMCHIBAIOIIETO JIMHEHHO mapabommueckuii pocT (Ryp), 1
SKCIOHEHITHAIIFHO 3aTYXAOIIETO C YBEIWMISHUEM TOJIIIUHBI OKcHaa (Rg):

R(L) = AL/At = Ryp + Rp - e L/tc,
rne Ryp,Rp,Lc = f(T,p,C), R — cKOpoCcTb OKHCIEHHUs, L — TONIIMHA
okcuna, Le — KpuTHU4ecKas TOJIIWHA, ¢ — BpeMsi, T — TeMIeparypa mpo-
1ecca, p — napieHue, C — KOHIIEHTpalus OKUCINUTES.

[TapameTpsl Mmonenu R;p, Rg, Lc onpeneneHbl ¢ y4eToM KOHIIEHTpa-
LU OKUCIUTENbHBIX PEareHTOB, NOJIYYEeHHBIX B PE3yJIbTaTe MOAEIHPO-
BaHUS Ta30BON Cpeabl MOJEIBIO peakTopa HUAeaIbHOI0 CMEUIeHHs, B pe-
3yJIbTaTe 4ero ObLIM MOJIYdYeHH MPUBEACHHbIC mapamerpsl Rip, Ry,
npezncraBieHHble Ha puc. 10. [lokaszaHa NMPUMEHMMOCTH 3KCIIOHEHIIH-
aJTHFHOW MOJIEH JUIS ONUCAHUs KUHETHKH mporieccoB ISSG okucneHus.
[TomrydyeHHBIMI 3aBUCUMOCTSIMH OOBSICHEHBI HEKOTOPHIE CBOWMCTBA pajIi-
KaJbHOTO OKHCJICHUS: MOBBIMICHHAS PaBHOMEPHOCTH TONIIMHEL, ciadas
YyBCTBUTEIBHOCTh TONIIMHBI OKCHIA K KPUCTAJUIMYECKOW OpUEHTAINH,
CTETICHH JICTUPOBAHUS W HATIPSIKSHHSIM.
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KINETIC MODEL OF SILICON OXIDE GROWTH
IN THE PROCESS OF RADICAL OXIDATION

S.A. Gorokhov, M.V. Chernyaev, S.1. Patyukov, A.A. Rezvanov

Abstract. The kinetics of radical oxidation in the ISSG (in situ steam-
generation) process based on hydrogen combustion is investigated. The process
of oxide growth was described by the linear parabolic Deal-Grove model and
the exponential growth laws.

Key words: radical oxidation, kinetics of silicon oxide growth, Deal-Grove
model, exponential growth law, well stirred reactor.

VJIK 004.4:004.9
https://doi.org/10.29003/m3077. MMMSEC-2022/88-92

JUCKPETHO-2JIEMEHTHOE MOJAEJIUPOBAHUE
KOMITIO3UIINOHHBIX MATEPHUAJIOB

Kypaenee Andpeit Andpeeguu,
M.H.C., zhuravlyow.andrei@gmail.com,

Abzapan Kapuny Kapnenoena,
0.¢h.-M.H., 2.H.C., 3a8. OMOeNOM,
kristal83@mail.ru,

Pegusnuxoe /Imumpuii Jleonuooeuu,
0.¢h.-m.1., npogheccop, 8.1.c.,
reviznikov@mai.ru,
QUI] 1Y PAH, 2. Mocksa

AnHotanmus. Pabora mocBsameHa BompocaM ompeaeicHus S((EKTUBHBIX
XapaKTePUCTUK KOMIIO3MLIIMOHHBIX MaTepuanoB. C 3TOH 1enblo MpUMEHseTCs
MHOTOMACIITaOHBIA METOJ TUCKPETHBIX 3JeMeHTOB. [IpecTaBIeHHbINA MOIX0.
MIO3BOJISIET YYUTHIBATH ATOMApPHBII COCTAB U MUKPOCTPYKTYpY MaTepuaia U ero
KOMIIOHEHTOB.

KiioueBble cjioBa: KOMIIO3UITMOHHBIN MaTepuall, TOMOTeHHU3AIHsI, MHOTO-
MacmrTabHOe MOJICIPOBAHIE, METO/I AUCKPETHBIX 3JIEMEHTOB.

BBenenue

HpI/I MOACIIUPOBAHUN KOMIIOSUIIMOHHBIX MAaTCpHAJIOB BaXXHYIO POJIb
WUrpaeT BhMMHCICHUE dPGEKTUBHBIX (PU3NKO-MEXaHHYECKUX XapaKTepH-
CTHK. DJTO TIO3BOJSET paccMaTpuBaTh MaTepual KakK OJHOPOIHBIA U
HCIIOJIb30BAaTh PA3BUTBIE MCETOAbI MOACIUPOBAHUA CIUIOIIHBIX CPEI.
TpaauoHHO 3a/1a4a TOMOTEHH3aUHU (onpeneseHuss 3PPEKTUBHBIX Xa-
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PaKTepUCTHUK MaTepHhayia) pelraeTcs ¢ OMopOo Ha 3HAHWE CBOWCTB OT-
JIENBHBIX MAaTepUaliOB, COCTABJIOIINX KOMIO3UINI0. Mcmonp3yroTes
NpUOMMKEHHBIE AHAMTUYECKUE M TOIYIMIIMPUYECKUE 3aBHCUMOCTH,
METOJIbI aCUMIITOTHYECKOTO ocpeaHenus [1, 2].

B macrosime#t pabote [y pemieHus 3afadd TOMOTEHU3AINH Tpel-
JlaraeTcsl HMCIOJNb30BaTh MHOTOMAacIITa0HOE IUCKPETHO-3JIEMEHTHOE
MOJIETUPOBaHUE. ITOT MOIXO0J MPEACTaBlieH B padorax [3, 4]. Ero or-
JUYATENFHON 0COOCHHOCTHIO SIBIISIETCS MCIOIB30BAHUE MOJIEKYIJISIPHO-
JTUHAMUYECKOTO MOJEIHPOBaHMs, YTO MO3BOJIAET YUUTBIBATH MHUKpPO-
CTPYKTYpy MaTepuaja W ero cocraBisfiomux. llpumenenme mertona
JIUCKPETHBIX JJEMEHTOB MPOAEMOHCTPHPOBAHO B paboTax aBTOPOB
[5, 6]. MHoroMacmTabHBIN MOJIXOJ MPUMEHSJICA K aHaJIU3y YNPYTUX
CBOMCTB MOJUKPUCTAITNIECKUX MaTEPHAIIOB C METAJUIMYECKUMH U KO-
BAJICHTHBIMH MEKaTOMHBIMU CBs3AMH [3, 4]. B mepBoMm ciydae mis
MOJIEKYJIIPHO-TUHAMUYECKOTO MOJIETHUPOBAHUSA HCIIONIH30BAICT MEX-
ATOMHBIA TOTEHIIMAaT MOTPYXEHHOTO aTOMa, BO BTOPOM — ITOTEHITHAI

Tepcodda.

BorunciaureabHasi MoJedb

Hanmnyne B KOMIO3WTHBIX MaTepualiaX MOJIHMEPHOTO CBS3YIOLIETO
00yCIIOBIMBAET aKTyaTbHOCTh IPUMEHEHUS CIICIIHATIBHBIX TOTCHI[UATIOB,
KOTOpbIE YUYHUTHIBAIOT TEOMETPHUECKYIO CTPYKTYPY CBSI3€H MEXKAY aro-
MaMH B TojmMepe. [IpuMepaMu TaKHX IOTEHIMAJIOB SIBIISIOTCS CON-
sistent-valence forcefield (CVFF) m polymer consistent force field
(PCFF). 111 pacuéra sHEepriuH CHUCTEMBI C TOMOIIBIO TaHHBIX TOTEHIIHA-
JIOB CHayalla BCEM aroMaM, IOMHUMO UX 3JIeMEHTa W Habopa CBs3eil ¢
COCe/ISIMH, TIPUCBAMBACTCS CICIHATBHBIN TOATHI, TaK Kak XapakTep
B3aWMOJICHCTBYSI, HAIIPUMEP, aTOMOB YIIIepo/ia B OEH30JbHOM KOJIBIE U
OOBIYHO¥ LIEMOYKE 3aMETHO OTIMYACTCS, 3aTEM MPOU3BOJUTCS TIepepac-
npeznenenue 3ppekTuBHOrO 3apsaa MeXIy aTOMaMH U MOCIE 3TOTO IPO-
BonsATCs pacu€rhl. [loTeHIManbHas SHEPTHsl CUCTEMBI BKIIIOYAET B Ce0sl
Takue cjaraeMble, KaKk SHEPrHH B3aUMOJICHWCTBHS TMap CBS3aHHBIX aTo-
MOB, SHEPI'HH, 3aBHCAIINE OT IUIOCKHX YIJIOB, COCTaBIISIEMBIX TPOWKaMHU
CBSI3aHHBIX aTOMOB, DSHEPIUH, 3aBUCSIIUE OT ABYTPAHHBIX YTJIOB, CO-
CTaBIISIEMBIX YETBEPKAMH CBSI3aHHBIX aTOMOB U WHBIC 3HEPTHH, ITO3BO-
JSIFOIME XOPOILIO BOCIPOM3BOAUTE TEOMETPHIO CBS3EH MEXIY COCETHH-
MH aTOMaMH B MOJIEKyJiaX TOJMMEpOB. BwIpaxkeHue s cymMMapHOH
SHEPTUU UMEET CIEAYIONINN BHI:
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E=Z[K2(b—b0)2 +K,(b—b,) +K,(b-b,)']
[;Iz Y +H,(6-6,) +H,(06-6,)]
[Vl (- cos(¢ 0 )+ 7, (1= cos(29 - 49 )}+ 1. (1 - cos(30 - 97 )]
+ Z K.x*+ Z Z F, (b—b, b-b',) Z Z F,(6-6,)6-¢,)
+ZZ 1o(b=D, ) )+ (b=, )V, cos(@) +V, cos(2¢) + V; cos(3¢)]
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+ )ZZ{P: b'=b', JIV; cos(¢)+V, cos(2¢)+V; cos(39)]

+ XX K (0-0,)0-0) ) 4 5y
= &y Sl T

Jiis npoBeieHUs pacy€ToB CTPYKTypa nonuMepa 3anaércs B popmare
SMILES ¢ HeGompmmMu AONMOTHEHUSIMHA ISl YIIPOIICHNUS BBOJA JUIWH-
HBIX MOJUMEPHBIX CTPYKTYp, 3aT€M BbICTpauBaeTcs HayaJlbHasl CTPYKTY-
pa monmMepa, pocTasi ATMHHAS [EM0YKa N3 MHOKECTBA aTOMOB, JTaHHAS
[eNoYKa pa3MHOXKAeTCs HEOOXOAUMOE YHUCIIO pa3, YTOOBI MOIyYUTh JI0-
CTaTOYHO IPEACTABUTENBHBIM 3JIEMEHT Marepuaja U Ha MEepBOM JTarle
HarpeBaeTcs U CKUMAETCs, YTOOBI yOpaTh IMyCcTOe MPOCTPAHCTBO U CIIJIe-
CTH TIOJIIMEPHBIE IETTH MEXTy COOO.

B MHOromacmrTaOHOM AWCKPETHO-3JIEMEHTHOM METOJIE MOJICKYJISp-
HO-IMHAMHUYECKOE MOJICTTUPOBAHHUE MTPUMEHSIETCS MHOTOKpaTHO. OO0rmas
cXeMa BBIYUCIUTENBHOTO MpOolecca MPEeICTaBIsSeTCs CleaAyomuM obpa-
30M. Mozenupyemoe Teno pa3ouBaeTcs Ha TeTPadApbl, KaXIOMYy U3 KO-
TOPBIX MPHCBAMBAETCS THI MaTepHala, 9TO OIpeNeNsieT ero OTKIMK Ha
nedopmanmu. 3amgaeTcsl CTPYKTypa BKIIOYEHUH, KOTOPBIE MOTYT OBITh
BHEJPEHBbl B MaTPUIly KaK B BHJE OTAEIBHBIX CIy4alHBIX BKJIIOUEHHH,
TaKk W B BHJE€ KaKUX-JTHOO CTPYKTYPHBIX AJIEMEHTOB (3JUIMUIICOMIOB, BO-
JIOKOH, CETOK W T.A.). TakuM 00pa3oM, TUCKPETHBIE DJIEMEHTHI Npea-
CTaBISIIOT cOOOW TEeTpadAphl, B3aMMOIEHCTBYIOIIME MEXIY COOOH IO
CMEXHBIM TpaHsIM. DIIEMEHTHl B3aHMOJIEUCTBYIOT CO CBOMMH COCEISIMHU
yepe3 JaBlicHHE, BO3HHUKaloIlee B pesysbTare nedopmauuu. Kaxasiit
TETpadp COACPKHUT B cebe MpeACTaBUTENbHBIN (parMeHT (CIMILI) aTo-
MapHOU CTpyKTyphl. IIpeamnonaraercs, 4To TEH30pbl HANPSHKEHUN U Jie-
(opmaLuii AUCKPETHOTO 3JEMEHTA M €ro aTOMapHOI'0 CIMILIA OIUHAKO-
Bbl. TEH30p HalpsHKEHUH Ha aTOMAPHOM YPOBHE PACCUUTHIBACTCS
C TIOMOIIBI0  MOJIEKYJIIPHO-THHAMUYECKOTO MOJEIMPOBaHUs. JTa WH-
¢dopmanus mepenaeTcss Ha YPOBEHb JJIEMEHTA, YTO IO3BOJSIET Paccyu-
TaTh TEH30p AedopMaluy 3JIeMeHTa, MPeIBAPUTENHLHO ONPENEIUB CHITBL,
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HeﬁCTBYIOIHHe Ha BCPHIMHBI 3JICMCHTa W IPOU3BCIAA paCy€T NUHAMHUKHN
BepinH. PaccumTaHHbBIl TeH30p AedopManuu mepefaeTcs Ha aToMap-
HBI YPOBEHb, MPOU3BOANUTCS JAedopMaliusi aTOMapHOTO CIMILIA, MOCIIe
YEro CHOBA OCYILECTBISAETCS MOJIEKYJISIPHO-AMHAMHYECKOE MOJAEIUPO-
BaHHE, ONPEIEISIETCS TEH30p HAIPSLDKEHUH U MTPOLIECC MOBTOPSETCA.

[IpoBeneHre 4YMCIEHHBIX 3KCIIEPUMEHTOB C Pa3jM4YHbIMU BHUAAMH
Harpy3o0K, IPUMEHSIEMbIX K HCCIIEyeMOMY 00pasily, IO3BOJISIET OIpee-
JUTHh UCKOMBIE 3(PEKTUBHBIE CBOWCTBA KOMIIO3UIIMOHHBIX MaTepHAIIOB.

OcHOBHOH Hp06neM017I MPEACTAaBICHHOIO MOAX0Aa SIBIACTCS HEO00XO0-
JMAMOCTH HAIMYHUS HE TPOCTO MPON3BOIHHON XUMUYECKON (HOPMYITBI MO-
JIETIPYEMOTO BEIIECTBA, a CTPYKTYpHOU (hOPMYIIBI C TTOJHOH WH(pOpMa-
LHEN O TUHax CBA3EH MEXKIYy BCEMH COCEISIMH, KOTOPYIO HE BCErja
MIPOCTO TOJYYUTh AJIS MPOM3BOIBHOTO MaTepuana. OmIHaKO Tako¥ moa-
XO0Jl IO3BOJISIET IIPOBOJUTH MMOUCKOBBIE pacYEThl MATEPHATIOB, ISl KOTO-
PBIX BOBCE€ OTCYTCTBYIOT OKCIICPUMCHTAJIBHBIC JAaHHBIC, AJOCTATOYHO
JIMIIb ITIOHUMAaHHA TOr0, KakK X CUHTE3UPOBATh.

PaboTa BbInoNHEHa NpH NOoAepXkKe MHUHUCTEPCTBA HAYKU U BBICIIE-
ro obpazoBanus Poccuiickoit ®enepanuu, Hay4Hblid mpoekT 075-15-
2020-799. TlapamienbHble BHIYUCIEHUS MPOBOJUIUCH Ha BHICOKOMPOU3-
BoAUTENbHBIX pecypcax ®UL 1Y PAH.
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SIMULATION MODELING OF AN ANALOGUE SPIKING
NEURAL NETWORK BASED ON MEMRISTIC ELEMENTS
USING PARALLEL TECHNOLOGIES

A.A. Zhuravlev, K. K. Abgaryan, D.L. Reviznikov

Abstract. The work is devoted to the issues of determining the effective
characteristics of composite materials. For this purpose, the multiscale method
of discrete elements is used. The presented approach makes it possible to take
into account the atomic composition and microstructure of the material and its
components.

Key words: composite material, homogenization, multiscale modeling, dis-
crete element method.
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AnHoTanus. B pabore paccMoTpeHa MozeNb Iporecca MmIa3MOCTUMYJIIHPO-
BaHHOTO aTOMHO-CIIOEBOT'O OCAKACHHUS CIOEB OKcHaa radHus. Mozens 0cHOBa-
Ha Ha MeToe MoHTe-Kapiio i y4uThIBaeT XUMUYECKYHO KHHETUKY OCaXICHHUSI.
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KnroueBble cioBa: aToMHO-cioeBoe ocaxieHue, ALD, mia3ma, okcun
raduuA, MoaenupoBanne, Monrte-Kapio, KoHpOPMHOCTB.

BBenenue

[TnazmMocTuMynupoBaHHOE aTOMHO-clioeBoe ocaxkaeHue (RP-ALD,
nin PEALD) sBiseTcs HeNpeB30HAEHHBIM METOIOM HAHECCHHSI TOHKHUX
CIIOEB pa3IMYHBIX MaTepUaoB, 0COOEHHO KOrJla BakKHA BBICOKasl PaBHO-
MEpPHOCTh U TpeOyeTcs KOHTPOJIb TOJIIMHBI CJI0SI HA aTOMapHOM ypOBHE.
Vkazannsie cBoiictBa RP-ALD Baxubsl nipu usroroBieHuu MOSFET
TPaH3UCTOPOB, a TaKXe sueeK 3HeproHesaBucuMmon mamsatTH (ReRAM
u np. [1, 2]). HecmoTpst Ha Gonbioit 00bEM MyOIMKaIyii 10 JaHHOM Te-
M€, OIpeNleIeHNEe MPABUIIBHBIX MapaMETPOB U YCIOBHM IpoIEcca OCTa-
€Tcsl CIOXHOM W 3aTpaTHOM 3ajadeii, HE B MOCIEIHIOI OYepeab H3-3a
OOJBIION IUTENHHOCTH TpOIecca W €ro AOpOoroBu3HEL [lostomy mms
pelieHyss MOAOOHBIX 3afady Bc€ yalle NPUMEHSETCS MOJENIHPOBaHHE
[2-5]. B manHo#i paboTte mpeacTaBieHa MOJEIb OCAXKIECHHUS CIOEB OKCH-
na radHMS Ha KPEeMHHEBOH IutacTHHE. lICroib30BaHHBIE B MOJEIH
YIPOILEHUS MO3BOJISIIOT OIMUCATh MPOLECC ¢ JOCTATOYHON TOYHOCTBIO H
MIPY 3TOM 3HAYUTEIBHO MOBBICUTH 3PPEKTUBHOCTh BHIYUCIICHHUH.

MoaenupoBaHue

BBUT IIpenioxkeH aaropuT™M, OCHOBAaHHBIA Ha METO/E KHHETHYECKOTO
Monre-Kapno, koTopslil 3akmodaeTcs B CilydyalHOM BbIOOpe M3 Habopa
BO3MOXHBIX PEaKINi, MPOUCXOAANINX Ha TMOBEpXHOCTH obOpaszma. Cywm-
MapHasi CKOpocTh Habopa u3 N peaknuii BeIpaxaercs 1o gopmyne (1) [5]:

N
Riotar = ZRi,i =1..,N, (D
i=1

rae R; — 3T0 CKOpOCTh i-oU peakiuu u3 HaOopa. [l kaxmaol peakuuu
BBOJUTCS T.H. HOpManu3oBaHHbIN nHaukatop L; € (0; 1] mo dopmyne
2): |
i J
j=1 Ruanj
= SN ok (2)
YN Rk .C
k=1 unw®™k
Jis BeIOOpa peakiyu reHepupyeTcs ciydaitHoe uncio y;. Ecim 31o
YHUCIIO JISKUT B mpenenax L;i...L; To BeIOUpaeTcs i-ast peakius. Takxke
U1l pacy€Ta BpEMEHU IpolLecca TeHEepUpyercs emé OJHO CllydailHoe
YHUCIIO 5.

L;

—1
At = 02 3)

Rtotal
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JT0 BpeMs npuOaBIsLETCS K 00meMy TaiMepy, Toka He OyaeT mpe-
BBIIIIEHO MTPEyCTaHOBIEHHOE BPeMs [IUKJIA.

3akioueHnmne

[IpenBaputenbHas OLEHKA IOJYYEHHBIX PE3YyJbTaTOB IOKAa3bIBAET
XOpOIllee COOTBETCTBUE MPEACTABICHHON MOJICTH U peallbHBIX 00pa3iioB
[6]. Monenp MoxeT OBITH YCHENIHO NMPUMEHEHa JJIs aHalu3a Mpoiecca
OCAKICHUS M TMpeICKa3aHus 0a30BBIX XaPaKTEPUCTHK CJIOCB OKCHA
radHUS.
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NUMERIC MODELING OF A DEPOSITION OF HAFNIUM
OXIDE LAYERS USING RP-ALD METHOD

S.S. Zyuzin, A.A. Rezvanov, Ya.G. Zasseev,
V.A. Gvozdev, E.A. Ganykina, E.S. Gornev

Abstract. In this work, model of remote plasma atomic layer deposition
(RP-ALD) of hafnium oxide layers was considered. This model is based on
Monte-Carlo method and takes into account the chemical kinetics of a process.

Key words: atomic layer deposition, ALD, plasma, hatnium oxide, model-
ing, Monte-Carlo, conformality
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MATEMATHYECKOE MOJAEJIMPOBAHUE 2JIEMEHTOB
CUCTEM IIMTAHUSA YJAJEHHBIX 3JIEKTPOHHBIX
YCTPOUCTB ONTUYECKUM U3JTYYEHUEM
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AHHoTanus. B paGote BBINOIHSIETCS MaTeMaTH4eCKOE MOJICIMPOBAHHUE CH-
CTEM IUTAHUS yJAIEHHBIX JJIEKTPOHHBIX YCTPOMCTB ONTHYECKHM H3IYyYEHHEM.
PazpaboTtana MeTo/uKa, MO3BOJISIOMIAS TOJYYUTh PAcYeT MaKCUMaJIbHOW UTH-
HBI (DOKOHA, TIPH KOTOPOI OTCYTCTBYIOT IOTEPU CBETOBOM DHEPIHH, CBSI3AHHBIC
C M3Iy4YEHHEM uepe3 OOKOBYIO IIOBEPXHOCTb.

KnioueBble cjoBa: cucTeMbl NMUTAaHHS ONTHYECKHM H3IydeHHEM, (hOTO-
BOJIbTaUUECKHH IpeoOpa3oBarTelib, BOJIOKOHHBIE CBETOBO/IBI.

Pa3p2160TaHa MaTeMaTudeckKkass MOJICJIb BBIYUMCICHHSA OCHOBHBLIX IIa-
pamMeTpoB (OTOBOIBTAMYECKOTO TIPe0Opa3oBaTes, BXOISIINX B YpaBHE-
are BAX, mis onpenenenns 3¢pOEKTUBHOCTH MTPeoOpa3oBaHUsI SHEPTHH
MOHOXPOMAaTHYECKOTO M3IYUYSHHs B SIEKTPHUECKYIO dHEpTUio. BaxHoU
MPAKTHYECKOW 3ajauedl JUIsl MOJyueHHUS BBICOKOA()(EKTUBHBIX (OTO-
BOJIbTAUYECKHUX Mpeo0pa3oBareiel ABISCTCS CHH)KCHUE BEJIUYHMHBI I10-
CJIeIOBATEIFHOTO COMPOTHBIICHHUS W TOBBIIICHUE 3HAUYCHUS TMapauieihb-
HOTO comnpoTtuBieHus [ 1-4].

[TocTtpoeHa maremMaTHyecKas MOJIENb COINIACOBAHHS JJIEMEHTOB BO-
JIOKOHHBIX CBETOBOJIOB C (JOTOBOJIFTAMYECKUM IPeoOpa3oBaTEIeM C HC-
MOJTE30BAaHUEM IHMAJIEKTPUUECKNX (DOKOHOB B KAaueCTBE COTIIACYIOIINX
aneMeHToB. [Ipu ameprype BONOKHA, B KOTOPOE BBOAMTCS H3ITydYeHHE,
B KaYeCTBE COTJACYIOUIMX JIIEMEHTOB IE1ecO00pa3HO HCIIONIb30BaTh
(OKOHBI € yriIoM KOHycHOCTH He Oosnee 0,5 Tpa.

Pa3zpaborana mMeTolHMKa MaTeMaTHYECKOTO MOJICTHPOBAHUS AJIEMEH-
TOB CHCTEM IHTAaHUS ONTHYECKUM H3IIyYCHHEM, ITO3BOISIONIAS ITOITY-
YUTh pacdyeT MaKCHUMaJIbHOHN JUIMHBI POKOHA, TIPU KOTOPOU OTCYTCTBYIOT
MOTEPU CBETOBOW SHEPIHM, CBS3aHHBIC C W3JyUCHHEM Yepe3 OOKOBYIO
MTOBEPXHOCTb.
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JlJis MaTeMaTUYeCKOro MOJCIMPOBAHMS JIEMEHTOB CHCTEM ITHTaHUS
YIOAJICHHBIX 3JIEKTPOHHBIX YCTPOMCTB ONTHYECKUM H3IydeHHeM [4—7]
MOJTyYeHbl BBIPAKCHHUS, OTNPEACISAIONINE ONTUMAIbHYIO IMHY Tpaju-
EHTHBIX JIMH3 Ul HelapaKCHaJIbHBIX CBETOBBIX My4YKOB. BriOop omnTH-
MaJIbHOW JTHHBI JIMH3BI MO3BOJISIET CHU3UTH MOTEPH MPH CTHIKOBKE BO-
JIOKOHHBIX CBETOBOJIOB C (DOTOBOJIBTANYECKHMH MTPE0Opa30BATEISIMHU.

PaspaboTanHple MaTeMaTHMYECKHE MOJCIH peali30BaHbl B IPO-
rpaMMHOM Komiutekce Simulink makera MatLab npu mMomenmpoBaHUH
MepPeXOAHBIX MpoIieccoB [8,9].
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MATHEMATICAL MODELING OF ELEMENTS
OF POWER SYSTEMS OF REMOTE ELECTRONIC DEVICES
BY OPTICAL RADIATION

V.L. Litvinov, K.V. Litvinova

Abstract. In this work, mathematical modeling of power supply systems for
remote electronic devices by optical radiation is carried out. A technique has
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been developed that makes it possible to obtain a calculation of the maximum
length of the focon, in which there are no losses of light energy associated with
radiation through the side surface.

Key words: power supply systems by optical radiation, photovoltaic con-
verter, fiber light guides.
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PACYET BJIMSAHUSA JIETUPYIOHUX JOBABOK
HA JIEKTPOOPUZNYECKUE XAPAKTEPUCTUKH
JANOKCHUJA TA®PHUSA METOJAMU KBAHTOBO-
XUMHUYECKOI'O MOJEJIUPOBAHUA

Pe3nuk Anexcanop Anamonvesuu,
1 o o 2
cmyoenm’', MAAOWULL HAYYHBLIL COMPYOHUK”,
fuma006@mail.ru

Pezeanoe Ackap Aneaposuu,
2
K.Gh.-M.H., HAUATLHUK Aabopamopuu’,
arezvanov(@niime.ru

"M@TH, 2. Mocksa
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AnHoTauus. B pabore paccmarpuBaercst BiuustHue 20 nerupyrommx go06a-
BOK Ha 3JIEKTPO(U3MYECKUE CBOWCTBA TPEX CTPYKTYPHBIX MOJIM(PHUKAMN IUOK-
cuna rapuus (HfO,), B yacTHOCTH, Ha JUANEKTPUYECKYIO MPOHUIAEMOCTh U
OCTaTOYHYyI0 mnoisipu3anuio. CpaBHUBAIOTCS Pa3iIMYHBIE HNPOTPAMMHBIE alro-
PHTMBI IUATOHATNA3AINH MaTPHII.

KnaioueBsbie cioBa: auokcuja radHusi, AUDIEKTpUYECKask MPOHUIAEMOCTb,
ocTaToyHas NOJISIPU3alHs, PaCYEThl U3 MEPBBIX MPHUHIIMIIOB, TUATOHAIM3ALUS.

BBenenue

Pa3paboTka ¥ Ipor3BOACTBO MOTYNPOBOJHUKOBBIX H3/EIHUN B HACTO-
SIIAA MOMEHT SIBJISIETCSI OUEHb TPYJOEMKUM U JOPOrOCTOSLIUM IIPOLIEC-
COM, TOJIHBIA IMKI KOTOPOTO CIIOCOOHBI OCYIIECTBUTH JIMIIbL IOXKHHA
KoMmmaHuii B mupe. OTHUM U3 CIIOCOOOB YCKOPHUTH M yIICIIEBUTH pa3pa-
OO0TKY HOBBIX JJIEKTPOHHBIX H3/ETHH SBISETCS KOMIBIOTEPHOE MOJIEIH-
pOBaHKe, KOTOpOE TO3BOJISICT Y3HATh CBOMCTBA MaTepuaia 0e3 mpoBeze-
HUE PEAIBHBIX U3MEPEHUN UJIU 3KCIIEPUMEHTOB.

OpHrM W3 MaTepualoB, KOTOPBIA B HACTOSIIEE BpEeMs HAXOIHUT BCE
Oonee MUPOKOE NPUMEHEHHE B JJIEKTPOHUKE, SIBISETCS JUOKCU TadHuUs
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(HfO,). bnaronapst cBoum snektpodusndecknm cpoiictBam, HfO, yxe
UCIIOJIB3YETCSl NPU CO3JaHMU MOJ3aTBOPHBIX ANUAIEKTPUKOB IIOJIEBBIX
TPaH3UCTOPOB, & TAKXKE KaK (PYHKIMOHAIBHBIN CIIOW IUIS CErHETO3JIEK-
TPUUECKOH MaMsATH ¥ MEMPHCTOPOB [1].

B nmanHoii paboTte, Ha OCHOBE pacuéToB U3 NEPBBIX NPUHLIUIIOB, ObLIA
NpOBeJICHa OLICHKA BIUSHUA JISTUPOBAHMS JUOKCUAA TaQHUS Pa3IndHbI-
MM JICTHPYIOUIMMU 3JIEMEHTAMU HA TAKUE Ba)KHBIC XapAKTEPUCTHUKH, KaK
ocTaTouHas nonsipuzanys 2Py u nusnexTpuyuecKas IpoOHULAEMOCTb €.

MogaeanpoBaHue TUOKCHIA rapHus

B HacTosmieit pabote, s mpoBeneHUsT pacdEToB, OBLIT HCIIOIB30BaH
nporpamMMmHbii komiuieke Quantum ESPRESSO [2, 3]. beuto paccmot-
PEHBI TPU CTPYKTYpHBIE MOAM(DUKAINY JUOKCUAA TaQHHS: MOHOKIIUH-
Has (m-HfO,), Terparonanenas (t-HfO,) u opropombuueckas (f-HfO,).
[Ipn ommcaHWM 37EKTPOHHOHN IIOTHOCTH aTOMOB KHCIIOpoJa, TadHUS U
BBE/ICHHBIX JJIEMEHTOB HCIIOJIB30BAIUCh OOMEHHO-KOPPEISIIHOHHBIN
(YHKIMOHA U COOTBETCTBYIOIIHE €My IceBaonoTeHuans [4]. s onu-
CaHMS BOJHOBBIX (YHKIIMA W JUCKPETU3AIMH HWMITYJIBCHOTO TPOCTPaH-
CcTBa TpuMeHsUIach ceTka MoHkpycrta-Ilaka pasmepa 5x5x5 u 6asuc
IUIOCKUX BOJIH C 3HeprusiMu 10 250 Pumbepr = 250 - 13,6 = 3400 3B.
Jlns HaxoxIeHUsT COOCTBEHHBIX 3HAYCHWA W JHAarOHaIH3aIl[Mi MAaTpPHIL
OBUIM HCIIONB30BaHBl BCTPOCHHBIE MPOTPAMMHBIC aITOPUTMBL: AHaroHa-
mu3anus [psuncona [S], PPCG [6] u ParO [7]. Pacder sHeprum OCHOB-
HOTO COCTOSTHHS 3aBepIIaliCsi, €ClM pa3HHUIla SHEPrHil OCHOBHOTO CO-
CTOSIHMS TIOCJIEJIOBATEIbHBIX MTEepaluii OkasbiBajach MeHblie 1078
Punbepr = 1078-13,6 3B = 1,36+ 10~7. PacueT NOJ0XKEHUsS aTOMOB
B fiYeliKke MpOBOAMICS 1O TeX IOp, IMOKa B IPOILEcce pelaKkcaluu
AYEEK MEKATOMHBIE CHJIbl He CTaHOBWJIMCH MeHbmie 1073 Pun-
Gepr/bop =1073-2,18-10711:529- 107° = 4,12 10~ %(apr/cm) =
= 2,57 - 10° (3B/cM) u pasHuIa SHEPrHil OCHOBHBIX COCTOSIHHUI MEKITY
T0CJIe/I0BaTEeIbHBIMKM UTEPALMAMH HE CTaHOBMIAch MeHbine 107 % Pun-
Gepr=10"*-13,6 3B = 1,36 1073 3B.

PaboTa BBIMONHSANACH C UCIIOJIL30BaHUEM WHOpacTpyKTypsl LleHTpa
KOJUIEKTUBHOTO TIOJIh30BaHUSA «BBICOKOTIPON3BOANTEIHHBIE BEIYMCICHUS
u Oonpme panHeiey OUL[ UY PAH (DexpepanbHblil HccliegoBaTeIb-
ckmii 1ieHTp «HubopmaTtnka u ympasieHue» Poccuiickol AxagemMuu
Hayk) u otnena 27 ®UL 1Y PAH.
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BriBoabl

B pesynbTare mpoBeIeHHOTO MOJICIUPOBAHUS ObIJIO YCTAHOBJICHO, YTO
TeTparoHanbHas ¢a3a Auokcuia ragHus 007agaeT HAaHOOMBIIEH TUAIICK-
TPUYECKOHN MPOHUIIAEMOCTBIO 110 CPABHEHHIO ¢ APYTHMMHU MOAM(DUKAITUIME
HfO,, a mpu moMoru JernpoBaHus MOXKHO U3MEHATH 3HaueHue €. OpTo-
poMOmueckas ¢asza Mmokaszajia HAIMYME OCTATOYHOM moisipusarmu 2Py, a
[IPY TIOMOIIU JISTUPOBAHHUS BO3MOXHO JOOWUTHCS YMEHBIICHUS WU I10-
BBIIICHHSI OCTAaTOYHOM IOJIAPH3ALMU B IIMPOKHX Ipeaciax. Takxke u3
PacCMOTPEHHBIX AITOPUTMOB AHArOHATU3AIMHU, aroput™ ParO mokasbl-
BaJI HAWJIYYIIIME PE3YJIbTaThl B OOJIBIIMHCTBE CITy4acs.
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CALCULATION OF THE INFLUENCE OF ALLOYING
ELEMENTS ON THE ELECTROPHYSICAL
CHARACTERISTICS OF HAFNIUM DIOXIDE USING
QUANTUM-CHEMICAL SIMULATION METHODS

A.A. Reznik, A.A. Rezvanov

Abstract. The paper considers the effect of 20 alloying elements on the elec-
trical properties of three structural modifications of hafnium dioxide (HfO,), in
particular, on the dielectric constant and remanent polarization. Various soft-
ware algorithms for matrix diagonalization are compared.

Key words: hafnium dioxide, permittivity, remanent polarization, first prin-
ciples calculations, diagonalization.
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MOJIEJTUPOBAHME KOJIEBAHUM
JABKYHIEI'OCH YIIPYT'OT'O ITIOJIOTHA
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romanaleks@gmail.com
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AnHoTauusi. B pabote paccmaTpuBaeTcs MoJeibHas 3a/ada OJHOMEPHBIX
MaJIbIX MONEPEYHBIX KOJIeOaHMI yIpyroro MOJIOTHA, IBMKYLIEr0oCs C IOCTOSH-
HOH ckopocThlo. KosiebaTenbHBIN IMporecc ONMUCHIBAETCS JIMHEHHBIM audde-
PEHIMAJIBHBIM YpaBHEHHEM 4-TO C TMOCTOSHHBIMH K03 ¢uunentamu. CTouT
OTMETHTb, YTO 33/1a4d MCCIECNOBAHUS BIMSHUSA YOPYTUX CHJI TUIIMYHBI JUTS U3Y-
YEeHUs NMPOYHOCTH BOJOKHHCTBHIX KOMIIO3MIIMOHHBIX MaTepHasloB. B mpakrnke
HEOOX0AMMO MpeCcKa3bIBaTh U ONHMCHIBATh KOJEOAHUSI CTEKIISTHHBIX, YTIIEpO[-
HBIX, OOpHBIX M OPTaHUYECKUX BOJOKOH. B paccmaTpuBaeMoil Moneny Mpouc-
XOIUT y4er cuiibl Kopronca, 9To IPHBOJIMT K MOSBICHHUIO B T (hepeHInab-
HOM YypaBHEHHMHM CJIaraeMoro CO CMeEIIaHHOW Npou3BoxHOHW. [laHHBIN 3ddekT
CHJIBHO 3aTPYAHSET MONy4YeHHe TOYHOTO pelleHre B Buje psana dypbe, ogHako
yIAeTCsl TPEIUIOKUTH AITOPUTM MOCTPOSHMSI CeMeiicTBa TOUYHBIX pEIICHUH
B BHJIE CIIEIIMAILHOTO TPUTOHOMETPHUYECKOTO Psija.

JIyist pa3nuuHbBIX YCIIOBUH 3aKpEIUICHHs, YCTAaHOBJICHO, YTO PEIIEHHE MOXKET
OBITH ITOCTPOCHO B BUJE psina Pypee 1Mo crcteMe cOOCTBEHHBIX (yHKIMI BCIIO-
MOraTeNibHOM 3amaun o Konebanusx Oanku. B pabore uccienoBan Bompoc
0 CXOJIMMOCTH BO3HHKAIOIINX PSJIOB.

KnroueBble cjioBa: ypaBHeHHE KOJeOaHUH JIBIDKYLIETOCS IMOJOTHA, 3aKOH
COXpaHEHHs] SHEPTHHU, TOYHBIE PEILICHNUSI.

BBenenue

PaccmatpuBaetcs HadanbHO-KpaeBas 3a/ada IJisl ONpeesIeHHs IoIIe-
peuHbIX KoneOaHui ABMXKYIIerocst nojotHa. M3sectHo [1], uyto koneba-
HUS TIOJIOTHA OMHCHIBAIOTCS ypaBHeHHEM (1)

D
Upr + 2VoUsy + (vS - Cz)uxx + Euxxxx =0, (1)

rae u = u(x,t) — OTKIOHEHHE ABKXKYIIETOCS IMOJOTHA OT IOJIOKEHHUS
PaBHOBECHS B TOYKE X B MOMEHT BPEMEHH t, Vy — IOCTOSHHAS CKOPOCTh
JIBUKEHUS TIOJIOTHA, C — CKOPOCTh PAcIpOCTPAHEHUs KoJeGaHui B I10-
KOSIEMCS MOJIOTHE, D — BeIMYMHA KECTKOCTU HA M3TMO, COOTBETCTBY-
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IOIIEr0 KOMIIO3UIIMOHHOTO MaTepuana. B kadecTBe KpaeBbIX YCIOBHM
paccMaTpUBaOTCS IIAPHUPHBINA TUIT 3aKPETIICHHS TI0JIOTHA:

Ulx=0 = Upxlx=0 = Ulx=1 = Uxx|x=1 = 0, (2)

nim CBO6OIIHOC 3aKpCIJICHUE Ha JICBOM U MIPpaBOM KOHIIaX IOJIOTHA:

Uy lx=0 = Usxxlx=0 = Ux|x=1 = Uxxlx=1 = 0, (2,)
TAKXEC CUYUTAKOTCA U3BCCTHBIMU HAYAJIBHBIC yCHOBI/Iﬂ:
Ule=o = f(x), Utle=0 = g(x). 3)

B pabote ycTaHOBJICHO CleayIOUINEe YTBEPKICHHE:

. a? 2 2 a
Jns HaGopa umcen A, =i \/T+ (T) (a + (T) )—E,n €N

¢GbyHKIIMH BUaA
[[_D [ D
CAn |1-—=22¢ —cAp [1-—=A3¢t _
U, (x,t) = [ Cre” ™ meET 4 e TN T meE T ) pAn(x=vol) (4

SIBJISTIOTCST pelIeHussMu ypaBHeHUs (1). Pemrenne HaganbHO-KpaeBO# 3a-
naun (1-3) onpenensercs psaOM:
u(x,t) =

D D
cA /1——/12t —ch /1——/12t _
=YY% | Cine " me2n + Cype T Tmezm” | pAn(x vot)’ (5)

rae koadduuuentsl Cqy, €,y ompenensaiorcs yepe3 Ko3(QQUIHEHTH! Ps-
noB Oypbe s HaYaJIbHBIX YCJIOBHU (3), KOTOpPBIE PA3JIOKEHBI 10 CH-
cTeMe COOCTBEHHBIX (DYHKITHH BCITOMOTATEIHHOM 3aJadd O KOJICOAHUAX
JBYTaBpOBOH Oankw [2].

BrIiBOBI

B pabote paccMOTpeHBI MONepeyHble KoIeOaHusl ABMXKYLIETOCS IMO-
J0THA. MaTeMaTHYeCKOi MOJENBIO 3TOTO MpoLecca SBISIETC Ha4aIbHO-
KpaeBas 3a/lada [yl YpaBHEHHS C IOCTOSHHBIMU Kod(duuneHTamu 4-ro
nopsiaka. Ilomydensr sBHBIE (OPMYJIBI OMMCHIBAIONIINE CEMEWCTBA TOY-
HBIX pelIeHni B Buje Oeryiieil BOJIHbI.

CnucoK HUCIO0JIb30BAHHBIX HCTOYHUKOB
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SIMULATION OF OSCILLATIONS
OF A MOVING ELASTIC FABRIC

A.M. Romanenkov

Abstract. The paper considers a model problem of one-dimensional small
transverse vibrations of an elastic web moving at a constant speed. The oscilla-
tory process is described by a linear differential equation of the 4th with con-
stant coefficients. In the model under consideration, the Coriolis force is consid-
ered, which leads to the appearance of a term with a mixed derivative in the
differential equation. This effect makes it very difficult to obtain an exact solu-
tion in the form of a Fourier series, but it is possible to propose an algorithm for
constructing a family of exact solutions in the form of a special trigonometric
series.

For various conditions of fastening, it is established that the solution can be
constructed in the form of a Fourier series according to the system of eigenfunc-
tions of the auxiliary problem of beam oscillations. In the paper, the question of
the convergence of the resulting series is investigated.

Key words: equation of vibrations of a moving canvas, law of conservation
of energy, exact solutions

VK 621.383.4
https://doi.org/10.29003/m3082.MMMSEC-2022/102-105

YUCJEHHOE MOAEJINPOBAHUE ®OTOJJIEKTPHYECKHUX
XAPAKTEPUCTUK COJTHEYHBIX 3JIEMEHTOB
HA OCHOBE I'ETEPOIIEPEXO/IA TIO,/CU,O
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ODY, 2. Tazanpoe

AnHoTanusi. B pabore npoBeeHO YUCIEHHOE MOJCTHPOBAHUE OKCHIHOTO
COJTHEYHOT'0 3JIEMEHTa Ha OCHOBe p-n rereponepexona Cu,O/TiO, ans ontumu-
3allMd ero CTPYKTYPHI M TOBBIMEHHUS 3()(GEKTHBHOCTH MPeoOpa3oBaHHs dHEp-
THH.
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KnroueBble c10Ba: COTHEUHBIH 3JIEMEHT, OKCHIbl METAJUIOB, YHCIEHHOE
MOJIETTMPOBaHNE, KOHIIEHTPALUs aKLETOPOB, KOHIIEHTpaNus TOHOPOB, 3¢ dex-
THUBHOCTb.

BBenenue

[TomynpoBOMHUKM HAa OCHOBE OKCHIOB METAJUIOB MPEICTABIISIOT
TPYNIy HOBBIX HEIOPOTUX MATEPUANOB C OOJBIIMM TMOTEHIHMAIIOM IS
NpUMeHeHUs. B (OTOANEKTpUIECKUX MpeoOpazoBareisx. B mociennee
BpeMsl O0JIBIIIOE BHIMAHUE yAEISIeTCS TOHKAM TUIEHKaM THOKCHIa THTa-
Ha (TiO,), KOTOpBIE SABIAIOTCS HETOKCHYHBIMU, UMEIOT BBICOKHUI TIOKa3a-
TeNb MPeJOMIICHUs, XOPOUIYyI0 IOJITOBPEeMEHHYI0 crabumibHOCTh [1].
B kadgecTtBe QoTO3TMEKTPHUIECKOTO MaTepuana p-Tuma ¢ dosee y3Koi 3a-
MPeNeHHON 30HOW mUpoko uccieayercs okcun meau (CuyO) ¢ mmpu-
HOU 3amperieHHoM 30HBI 2,17 3B, oTnnyaroniuiicss He TOKCHUYHOCTBIO,
HH3KOIl CTOMMOCTBIO, BBICOKOH MOABIKHOCTBIO ABIPOK (1o 110 cm?/Bce),
OTHOCHUTENIFHO BBICOKMM KO3((UIIMEHTOM TIOTJIOMIEHUS COJIHEYHOrO
CBETa M HU3KUM 3JIEKTPOHHBIM cpojacTBoM (3,2 »B) [2, 3]. D10 memaet
Cu,O xopomuMm mMaTepuaioM p-THIA IJis NMEepeHoca JBIPOK U IMepCriek-
TUBHBIM MaTEPUAJIOM JIJIs TIOTJIOMIEHHUS COJTHEYHOTO CBETA.

MopaenanpoBanue CTPYKTYPBI COJTHEYHOT0 DJIeMEHTA

B nmanHO# paboTre co3maHa MOJENb MOTHOCTHI0 OKCHUIHOTO COJTHEYHO-
ro 3JIeMEHTa B NporpaMMme ducieHHoro mojenuposanus SCAPS-1D.
[IpoBeneHo uccieqoBaHUE BIMSHUS KOHICHTPAMM AOHOPOB M aKIEIl-
TOPOB B CJIOSIX N- W p-THMA Ha (OTORIEKTPHUECKUE XapaKTEPUCTUKH
COJIHEYHOTO SJIEMEHTA.

ITpy MoIeMpPOBaHUN pPacCMATPHUBAJICS CONHEYHBIH 3JEMEHT, COCTO-
AU U3 P-n TETEPONEPexo/ia U ABYX KOHTAKTOB: (POHTATBHBIA KOHTAKT
(ITO), mpo3paunslii okoHHBIH cioit n-tuna (Ti0,), hoToakTUBHBIN clOH
p-tuna (Cu,O) u teubHbI KoHTAKT (Ni/Cu). BaxkHbIM (akTOpOM, BIIH-
AIOMUM Ha (POTORNEKTpUYECKHe MapaMeTpbl OKCHAHOTO COJHEYHOTO
AJIEMEHTA, SBJSETCS KOHIIEHTPAIHS aKIENTOPOB (BaKaHCHU MEIN) U JI0-
HOPOB (KHCJIOPOJHBIX BaKaHCHIA) B CJIOSIX OKCUJIHBIX MOJTYIPOBOJHHKOB
p- (Cuy0) m n-trma (TiO,) MPOBOIUMOCTH, KOTOPBIE TAKXKE SBISIFOTCS
ToueyHbIMU Jedextamu (nedextsl o lortkn) [3]. [Ipu 3TOM GomnbIas
KOHIICHTpaIus JeeKTOB MOXKET MPUBOIUTH K 00JIee BRICOKOW CKOPOCTH
pEeKOMOMHAITMN HOCHTENEH 3apsaa W CHIDKEHHIO 3(PQPEKTHUBHOCTH COJI-
HEYHOTO 3JICMCHTA.

Jnst uiccieoBaHusl BIUSHHAS KOHIIGHTPAIMH aKIENTOPOB H JJOHOPOB
Ha (HOTORIIEKTPHUECKHE XapAKTEPUCTUKN COIHEYHOTO DIIEMEHTa TpPOBe-
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JIEHO MOJICTUPOBAHUE TPU KOHIICHTPAIMU aKIENTOPOB M JOHOPOB OT
10" o 10" CM'3, tommuae ciost TiO, pasHo# 100 HM, TOIIMIMHE CIIOS
Cu,0 pasno#i 1,5 mxm [3].

[TokazaHo, YTO YBEIMYCHHUE KOHIEHTPALMH aKIENTOPOB B (POTOAK-
tuBHOM cioe Cu,O ot 10" 1o 10" em™ MPUBONT K YBEIMYCHUIO 3(-
(eKTUBHOCTH COJHEYHOro ayeMeHta ¢ 7,1 no 8,78%, a nanbHeliniee
yBeJIMUeHNe KOHIEHTpaluu akuentopos g0 10" cm™ npusoaut k cHu-
xeHuto 3¢pdexkruBHocTr 10 0,49%. Yeenuuenue 3¢pdekTuBHOCTH COI-
HeuHoro sementa 10 10'® cM® cBsA3aHO ¢ TeM, YTO SHEpreTHdecKuil
ypoBeHb Pepmu B cioe Cu,O cHUXKaeTcd W MPUBOAUT K BO3PACTAHUIO
HalnpspKeHus: xosioctoro xona ¢ 1,28 go 1,36 B, a Bo3pacraromias cko-
pPOCTh pEeKOMOMHAIIMK HE MPUBOJUT K 3HAYMTEIHHOMY CHIDKEHHIO KOH-
HEHTpaIN HocuTeNeH 3apsaaa. Tak MIOTHOCTh TOKAa KOPOTKOTO 3aMbIKa-
HUS yMEHbIaeTcst HesHauntensHo ¢ 10,85 mo 9,73 MA/cM?. JanbHelimee
BO3pACTAaHME KOHILEHTPALMK akKuenTopos (Gombme 10" cv™) npusomut
K CyIIECTBEHHOMY YMEHBIIICHUIO IUIOTHOCTH TOKAa KOPOTKOTO 3aMbIKa-
Hust 10 0,65 MA/CM®, UTO CBS3aHO C YBEIMUYEHHEM CKOPOCTH PEeKOMOH-
Haru Hocutened 3apsana B cioe Cu,O, u CHMKEHHIO 3((EKTUBHOCTH
comHedHoro 3iementa 10 0,49%. Takum oOpa3om, onTUMaibHAas KOH-
LeHTparms akuenTopos B cixoe Cu,O momkaa cocrasmsts 10'° em™, uro
MO3BOJISIET TONYYUTh MAaKCHUMAaIbHYIO 3¢ eKkTuBHOCTE 8,78% (TToTHO-
CTH TOKa KOPOTKOTO 3aMbIKaHUs 9,73 MA/CM’, HANPSDKEHHS XOJIOCTOTO
xona 1,36 B, dakrop 3anomaenus 66,35%).

VBenuueHne KOHIGHTPAIK 10HOpoB B cioe TiO, ot 10 no 10" em™
MPUBOIUT K BO3pacTaHHIO 3()p(HEKTUBHOCTH OKCHAHOTO CONHEYHOTO 3Jie-
MeHTa 710 10,21%, 4TO CBSI3aHO CO CMEIIEHHUEM SHEPreTHUECKOTO0 YPOBHS
®epmu B cnoe TiO, (Bo3pacTaHueM HANPSHKEHUS XOJIOCTOIO XOAa 10
1,38 3B) n HeGOABIIMMH PEKOMOWHALIMOHHBIMU TOTEpsiMH B cioe Ti0;
(TTOTHOCTH TOKa KOPOTKOTO 3aMbikaHus 9,71-9,89 MA/cM) 1332 Manoit
tommuHbl (100 HM), BRICOKOW MOIBIKHOCTH M AUG(Y3HOHHOW JUTHHBI
HocuTenel 3apsana. Takum oOpa3oM, onTUMaTbHAs KOHIIEHTPAIUS JOHO-
poB B cioe TiO, momKHa COCTAaBIIATh 10" em™.

BriBoabl

B pabote mpoBeseHO UYMCIIEHHOE MOJCIHPOBAHUE OKCHUIHOTO COJ-
HEYHOTO 3JIEMEHTa Ha OCHOBe p-n rerepomnepexona Cu,O/TiO, B mpo-
rpamme SCAPS-1D. [lokazano, 4to mjist moidydyeHus: BBICOKOH 3ddek-
TUBHOCTH COJHEYHOTO JJIEMEHTAa KOHIICHTpAlHMs aKIENTOPOB B CIIOE
Cu,O nmoipkHa COCTaBISATH 10 CM'3, a KOHIIGHTpalusl JOHOPOB B CIIOE
TiO, nomxHa 66T 10"’ cM™. ITonyuena MakcumanbHas 3QHEKTHBHOCTD
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cotHeuHOTO AmeMenTa papHas 10,21% (TUIOTHOCTH TOKa KOPOTKOTO 3a-
2
MbikaHus 9,89 MA/cM”, HanpshKeHHE XoocToro xozaa 1,38 B).

HccnenoBanue BBIMOIHEHO NpH (UHAHCOBOW MOJACPKKE TpaHTa
IIpaBurennsctBa PO (Cornamenne Ne 075-15-2022-1123).
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NUMERICAL MODELING OF PHOTOVOLTAIC
CHARACTERISTICS OF SOLAR CELLS BASED
ON A TIO,/CU,O HETEROJUNCTION

A.V. Saenko, V.V. Zheits, G.E. Bilyk, S.P. Malyukov

Abstract. Numerical modeling of an oxide solar cell based on Cu,O/TiO,; p-
n heterojunction was carried out in order to optimize its structure and increase
the energy conversion efficiency

Key words: solar cell, metal oxides, numerical modeling, acceptor
concentration, donor concentration, efficiency.
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MATEMATHYECKOE MOJAEJIMPOBAHUE
KPACTAJJIMYECKOM CTPYKTYPHI I'lTY METAJLJIOB
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AnHoTauusi. B pabore mpesnctaBiieH pacu€T METPUUYECKHX MapaMeTpoB
KPUCTAJUTUYCCKUX COCIMHEHUIN MO 3aJaHHBIM XUMHYECKOW (opMyne U Mpo-
CTPaHCTBEHHOM Ipymnie CUMMETpUH. PaccMOTpeHbl METaIbl ¢ reKCaroHaaIbHOM
IUIOTHOYTIAKOBaHHOM cTpykTypoit (['TIY).

105



KiroueBble cjioBa: AJITOPUTM MMUTAIIUN OTKUIaA, TCKCAaroHaJlbHas IJIOTHAA
ynakoBka, ['TIVY.

BBenenue

Mertamisl (B TOM 4HCIE, PEIKO3EMEIbHBIE) IIUPOKO MPUMEHSIOTCS
B Pa3IMYHBIX OTPACIAX 3JIEKTPOHHON MPOMBIIUIEHHOCTH, YTO 00yciaB-
JUBAEeT AaKTyaJbHOCTh HCCIENOBAHHUA MX CBOMCTB. I'ekcaroHanbHas
wiotHoynakoBanHas (I'TIY) cTpykTypa sBisercs OAHHMM H3 YacTo
BCTPEYAIOIIUXCS CTPYKTYPHBIX THIIOB, XapaKTEPHBIX IUIsI MHOTHX Me-
tajuioB. JlaHHas paboTa MOCBAIIEHA ONMPENCICHUI0O METPUUYECKUX Mapa-
METPOB — MOCTOSIHHBIX KPUCTALTHYECKOH petéTk (a, b, ¢) v TIIOTHOCTH
YIaKOBKH aTOMOB B 3JIEMEHTapHOU A4YeHKe.

Pacuyétr MeTpuyecKkux napaMeTpos

s pacuéra METpUUYECKHX MapaMeTpoB ObUT IPUMEHEH MOIXOJ, IT10-
IpoOHO M3I0KEHHBIH B [1]. PaHee 3TOT mMoaxo 1 MCIOIB30BAJICS TS pac-
yéTa METPUUYECKUX [apaMEeTPOB COCIWHEHUW PAa3IUYHBIX KJIACCOB
(oxcuapl MeTauioB [2], IEPOBCKUT, ABOMHON MEPOBCKUT [3]) ¢ KpucTa-
JTUYECKON pemeTKol KyOM4ecKoro TUma CUMMETpUH (a = b = ¢, yrisl
aueiiku a= f = y = 90°). B nanHoi paboTe Moka3aHo €ro NpUMEeHEHHE
JUISL KPUCTAIIJIOB ¢ TeKCAroHaIbHOW peméTkoit (@ = b # ¢, o = f = 90°,
y = 120°). BeIIM paccCMOTpPEHBI METaUIBl, KpHCTaUTHUecKas peréTka
KOTOPBIX peanm3yercss B cTpykrypHoMm Tume [TIY (rexcaroHanbHas
TUTOTHAs ymakoBKa). Takast CTpyKTypa OMUCHIBAETCS MPOCTPAHCTBEHHON
rpynnoi cummerpun P6;/mmc, no3unus Y aikosa 2c.

Jlns1 penieHrs mocTaBIEHHOM 3a7ja4uM MPUMEHSIIACH IPOTpaMMHast pe-
anu3anysg aIropuTMa UMUTAIMH OTXKuTa [4] Ha A3BIKE IPOTPaMMHUPOBa-
Hus C# [5], BXOOZHBIMH JAHHBIMH JUJIs1 KOTOPOU SIBJISIFOTCSI:

e xuMuYeckas Gpopmyia,

® paJNyChl aTOMOB, BXOJISIIUX B COCAUHECHHUE,

e cmpaBoYHas KpucTtauiorpadudeckas wHpopManus (omepanuu

CHMMETPHUH U MO3UIMH Y alikoBa [6]).
Pamnycrl aTOMOB XUMHUYIECKUX 3JIEMEHTOB OBUTH B3STHI U3 [7].
OCHOBHBIE pe3yJIbTaThl BEIYUCIICHUI MPUBEACHBI B Ta0uIe 1.

JlanHble, puUBeCHHBIE B TaOmuIle 1, MOKa3bIBAIOT, YTO PE3yJIbTATHI
MOJEMPOBAHNS CTPYKTYPHBIX XapaKTEPUCTHK PACCMOTPEHHBIX COEHU-
HEHUI COTIAcYIOTCS C OIMyOIMKOBaHHBIMU 3HAYEHUSAMU [8].
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CTpyKTypHbIE XapaKTePUCTHKHU

Tabnuya 1

Meramt l;ﬁ::;gf:: a (BbI4.), | ¢ (BbIY.), a a (”126.), c (T;{ﬁ.),
Be 0.602 2.269 3.615 1.593 2.29 3.58
Ce 0.592 3.559 5.59 1.571 3.65 5.96

a-Co 0.594 2.419 3.81 1.575 2.51 4.07
Dy 0.605 3.599 5.754 1.599 3.59 5.65
Er 0.614 3.567 5.772 1.618 3.56 5.59
Gd 0.604 3.644 5.822 1.598 3.64 5.78
Hf 0.614 3.246 5.254 1.619 32 5.06
Ho 0.605 3.575 5.721 1.600 3.58 5.62
La 0.623 3.81 6.24 1.638 3.75 6.07
Lu 0.602 3.501 5.576 1.593 35 5.55
Mg 0.609 3.217 5.177 1.609 3.21 5.21
Nd 0.616 3.707 6.019 1.624 3.66 5.9
Os 0.624 2.728 4.473 1.640 2.74 4.32
Pr 0.621 3.732 6.098 1.634 3.67 5.92
Re 0.62 2.78 4.537 1.632 2.76 4.46
Ru 0.602 2.7 4.303 1.594 2.7 4.28
Sc 0.593 3.227 5.078 1.575 3.31 5.27
Tb 0.602 3.62 5.784 1.598 3.6 5.69
Ti 0.595 2.959 4.67 1.578 2.95 4.69
Tl 0.591 3.145 4.938 1.570 3.46 5.53
Tm 0.606 3.531 5.653 1.601 3.54 5.55
Y 0.592 3.557 5.592 1.572 3.65 5.73
Zr 0.623 3.258 5.339 1.639 3.23 5.15

[TomyduenHble pe3yabTaThl MOTYT OBITH MCIOJIB30BAHBI MPU TPOBEIE-
HUM KBaHTOBOMEXAHWYECKHUX pacueToB Ha Oasze Teopuu (GyHKLIHOHAIIA
IEKTPOHHON mioTHocTH [9, 10], ¢ NOMOIIBIO KOTOPBIX MOYHO yTO4-
HUTH KOOPAMHATHI CHCTEMBI aTOMOB, & TaK)K€ PACCUUTATh NEKTPOHHEIE,
MAarHUTHbBIC U JIPYyTHUE CBOMCTBA COEUHEHUM.
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BriBoabl

B paGote BBIIIOJHEHO MOAEIUPOBAHUE METAJUIOB C KPUCTATIINIECKON
ctpyktypoil Tuna I'TIY. IlomyueHHble 3HaUEHUST METPUUECKUX HapaMeT-
POB COIIACYIOTCS € AKCIIEPUMEHTAIbHBIMUA JaHHBIMH.

PaboTa BeImonHeHa mpu mopnepxke mpoekra Ne 075-15-2020-799
MuHucTepcTBa HayKd W BBICIIEro oOpasoBaHusi Poccuiickoit denepa-
IUH.
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MATHEMATICAL MODELING OF THE CRYSTAL
STRUCTURE OF HEXAGONAL CLOSE-PACKED METALLS

Sechenykh P.A.

Abstract. the paper presents the calculation of the metric parameters of crys-
talline compounds according to a given chemical formula and a space symmetry
group. The hexagonal close-packed structure is considered.

Keywords: annealing simulation algorithm, hexagonal close-packed, hcp.
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AnHoTanus. OnucaHbl pe3yibTaThl MAaTEMaTHYeCKOr0 MOJEIMPOBAHUS U
KayeCTBEHHBIE OLEHKH, IO3BOJISIOIIME OLEHHUTH CTENEHb BO3JIEHCTBHA 3apsi-
JKEHHBIX YacCTHIl WIM 3JIEKTPOMArHUTHOIO H3JIy4Y€HHUS Ha OJHOPOIHBIE IIOJIY-
IIPOBOJHUKOBBIE MaTEpHallbl, UCIIOJIb3YEMBIE B MAaTEPUAIOBEACHUN IEKTPOH-
HBIX KOMIIOHEHTOB.

KurodeBble cjioBa: MareMaTn4eckoe MOAEIMPOBAHUE, 3apSKEHHBIC YaCTH-
Lbl, 3JEKTPOMAarHUTHOE H3JIyYEHUE, NOJYINPOBOJHUKY, HEPAaBHOBECHBIE HEOC-
HOBHBIE HOCUTEJIH 3aps/1a, KAYECTBECHHBIE OLICHKH.

BBenenune

[Ipu nccnenoBaHuAX MONYHPOBOJIHUKOBBIX MAaTEPHAIIOB C UCIOIb30-
BaHUEM IYYKOB 3apsDKEHHBIX YAaCTHUI] WM 3JIEKTPOMAarHUTHOTO H3Iyde-
HUS HanOoJee 4acTo B KauecTBE MH(POPMATHBHOTO PETUCTPUPYETCS CUT-
Hall, CBSA3aHHBIN C reHepauued u aud¢ys3ueldl B MOIyNPOBOAHUKOBON
MHIIIEHU HEPABHOBECHBIX HEOCHOBHBIX HOocuTenel 3apsaa (HH3) w/nmm
PETUCTPUPYIOTCA CHUTHAJBI, XapaKTEPUCTHKH KOTOPBIX CYLIECTBEHHO
3aBucat or HH3, nanpumep, katogomomunecuenus (KJI).

Ecnmu mo kakoi-To mpUYMHE XapaKTep BHEIIHEro BO30YKICHUS H3-
MEHWICS, TO 3TO IPUBEAET K U3MeHeHuto pacnpeneneanii HH3 mocne nx
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mudy3uu B moaynpoBoAHUKe. [Ipy MareMaTn4eckoM MOJEITHPOBAHUH
maddy3un renepupoBaHHbIXx HH3 3TO OTBewaeT W3MEHEHHIO IMpaBOi
yacTi AnpdepeHIraIbHoro ypaBHeHuss 1upQys3un U, COOTBETCTBEHHO,
WU3MEHEHUIO PElIeHUs 3TOT0 ypaBHeHHss. OTMETUM, YTO JUIi MHOT'OCJIOM-
HBIX CTPYKTYp AaXKe IpPU HACAIbHBIX YCIOBUSAX HMPOBENCHHS HKCIIEPH-
MEHTA: HAIWYMU WICAJbHBIX CIOEB IMOIYIMPOBOJHUKOBOW CTPYKTYPBHI
W UCXOJHOM MOHOJHEPTeTUYECKOM MyYKe AJIEKTPOHOB — JJISi BTOPOTO U
MOCIIEAYIOUINX CIOEB YCIOBIE MOHOIHEPI€THYHOCTH IIy4Ka HapyIIaeTCsl
U TIpU MaTEeMaTU4eCKOM MOJEIUMPOBAHUU 3TO IOJDKHO OTpakaThCcs Ha
ONMMCaHWU TPaBoil dacTu AudQepeHaaTsHOro ypaBHeHUusd Iudy3um.
OpHako y4€T 9TOro SBJIEHUS B IOJIHOM Mepe B HACTOSAIIEE BPeMs OTCYT-
CTBYET ¥ NOTOMY 0c000€ 3HAUYCHHUE MPHU OMHMCAHUU Tpoliecca AudPy3un
NproOPETAOT Ka4eCTBEHHBIE OLIEHKH JUIS OJJHOPOJIHBIX MOIYIIPOBOIHH-
KOB, YTO MOXET CIYyXUThb OCHOBOH IJISl MOJYYEHUS MOJOOHBIX OLIEHOK
JUI MHOTOCTIOWHBIX CTpYKTYyp [1-3].

IlocTanoBKka 3agaun

B macrosmei paboTe KOMITBIOTEPHOE MOACIIHPOBAHUE TTPOBOIUTCS H
KaYeCTBCHHBIC OIICHKU JAlOTCSA NPU OMKUCAHUM IMPOILIECCOB B3aUMO/ICH-
CTBUSL LIMPOKUX 3JCKTPOHHBIX IYYKOB C OIHMM M3 IEPCICKTHBHBIX
MOJYTPOBOAHUKOBBIX MaTepuayioB ansi CBU-TeXHUKH, MUKPO- U OITO-
3JIEKTPOHUKH — MOHOKpHCcTainueckuM GaN — U pa3InYHbBIMH MaTepua-
JIAMH TIOJJIOKEK, HCIOIb3YyEeMbIX IS CO3JaHUs CTPYKTYp Ha OCHOBE
autpuna rammmsa (SiC u Si). A TOCKOJNBKY TPH MOICTUPOBAHUH BHI

Gynkuun p(z) B npasoii yacth AUdPEPEHINATLHOTO yPaBHEHUS AU-

by3un D dzAp(z)/dz2 —Ap(z)/T=—p(z), He KOHKPETHU3HDPYETCS, IO-
Jly4eHHBIC Pe3yJIbTaThl CIIPaBEUINBEI JUIS pacuéra paclpeelIeHnil reHe-
puposannbix HH3 mocie ux muddysun B nonxynposoaunke Ap(z) kak

JUTSL TIAPOKOTO MOTOKA 3apsHKEHHBIX YacTHIl, TaK U JUISI IIUPOKOTO MOTO-
Ka KBAHTOB 3JICKTPOMAaruuTHOI'O U3 1yUCHU.
Pe3yabTathbl

IIpu HamMuuMK BHEIIHUX BO3JEHCTBUI Ha MOJYIPOBOJHUK JJIsl MaTe-
MaTHYECKOH MOZAENH B MpPaBoi yacTh JUQQepeHIUuaT-HOr0 ypaBHEHUs

andysuu Gynem umeTs pasauassie GyHkuun p,(z) u p,(z) u, coor-
BETCTBEHHO, J(Ba pa3iu4HbIX ero peurenus Ap,(z) u Ap,(z). Ilomyde-
HO, YTO €CIIH |p2 (z)— pl(z)| <&, rue € — HeOTpUIlaTeIbHAs KOHCTAHTA,
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TO CIpaBeJIUBA CIEAYIOLIas OLIEHKA: |Ap2(z)—Ap1(z)| <Cg roe C -
noCTOsiHHAsL, 3aBucsas or D u o =1/Dr. Jlns MuieHH KOHEYHOH

TomuuHsl [ mocrosHHas C = [ch l\/— J / Do.

OHaKo BO3MOKEH M HMHOH METOH OIEHKH, 0€3 UCIOIL30BAHUS BEI-
IIeyKa3aHHbIX COOTHOMIEHHH. JIJIsl 9TOro 10CTaTOYHO MPOBECTH PACUETHI
IJIS. Pa3MYHBIX MPAaBbIX YacTed Au(depeHInan-HOr0 ypaBHEHHH |
OLIEHUTD BIIMAHUE 3TOTO Ha pacnpenencuus Ap(z) v UHPOPMATUBHBIM

curHai, Hanpumep KJI. B Hactosmeit pabore KOMIBIOTEPHOE MOJEIH-
pOBaHUE TIPOBEICHO IS MMapaMeTpoB, XapakTepHbIx 1 GaN u mo xa-
paktepy m3MmeHenus curHaima KJI moirydena omeHka pa3Opoca B 3Haue-
usax p(z) u Ap(z).

BrIBOABI

OnucaHbl BO3MOXHOCTH OIEHKW BJIMSHHUS Ha WHGOPMATHBHBIN
CHUTHAQJI HECTAIIMOHAPHBIX YCIIOBHUN OOIyYECHHSI OIHOPOIHBIX IMOJIYIIPO-
BOJIHUKOBBIX MaTEpPHAJIOB 3apsDKEHHBIMU YACTHUIIAMHU WJIM 3JIEKTpoMar-
HUTHBIM M3JIydyeHueM. MozelbHble pacyEThl MMPOBEAEHBI 71 KaTOI0JII0-
MHHECIICHTHOTO U3TyUEHUs MIPH mapaMeTpax, XapakTepHbix st GaN.

Pa6ora BrimonHena npu moanepxxke rpanta POOU Ne 19-03-00271.
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MATHEMATICAL MODELING AND QUALITATIVE
ASSESSMENT OF THE EFFECT OF INFLUENCE
OF CHARGED PARTICLES OR ELECTROMAGNETIC
RADIATION ON HOMOGENEOUS SEMICONDUCTOR
MATERIALS

M.A. Stepovich, D.V. Turtin, V.V. Kalmanovich, M.N. Filippov
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Abstract. the results of mathematical modeling and qualitative assessments
are described, which make it possible to assess the degree of influence of
charged particles or electromagnetic radiation on homogeneous semiconductor
materials used in materials science of electronic components.

Key words: mathematical modeling, charged particles, electromagnetic ra-
diation, semiconductors, nonequilibrium minority charge carriers, qualitative
assessments.
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AnHotanusa. OmHcaHbl pe3yabTaThl MAaTEMATHUSCKOTO MOICITHUPOBAHUS H
KaueCTBEHHBIE OLIEHKH, MO3BOJIIOIIME OLUEHUTH pacrpeielieHne HepaBHOBEC-
HBIX HCOCHOBHBIX HOCHTCJ’ICﬁ 3apsu:[a, FeHepI/IpOBaHHI:-IX SHCKTpOHHBIM 30HI0M,
mocie ux IUGQPy3un B OTHOPOAHOM IIONYyIPOBOAHUKOBOM Martepmaie. Pac-
CMOTpEHHUE MPOBEACHO sl YCIIOBUH, PEATU3YIOIIUXCS B METOJIE BPEMSAIIPOJIET-
HOM KaTOIOJIOMHHECIICHIIUH.

KiroueBble cjioBa: MaTeMaTHYeCKOe MOJCITUPOBAHUE, dJCKTPOHHBIA 30HI,
OIHOPOJHbIE MOTYNPOBOJHUKY, HEPABHOBECHBIE HEOCHOBHBIE HOCUTEIH 3apsija,
KaueCTBEHHBIE OLICHKH.

BBenenue

[Ipu BpeMATIPONETHBIX HCCIeNOBAHUAX AUPPY3UH U U3TydaTeTbHON
peKOMOMHAIIMK HOCUTENEH 3apsia, TeHEPUPOBAHHBIX OCTPO C(HOKYCHPO-
BaHHBIM 3JIEKTPOHHBIM IYYKOM, 3JIEKTPOHHBIM 30H]IOM, HCIIONB3YIOTCS
00pasmpl, MOKPEITEIe HenpoHuaeMon it KJI u3nydenns Mackoi, nMe-
IOLe KpyIJyible OTBEpPCTHS Pa3lIM4HOro auamerpa. KaTomomroMuHec-
nenTaoe (KJI) m3mydenne Bo30ykaaeTcs B LEHTPE OTBEPCTHS MPH II0-
MOIIM TYJIBCUPYIOIIETO JJIEKTPOHHOTO 30HAAa M PETHCTPHPYETCS B
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00JIacTH CIEKTpa, XapaKTepHOH IS HM3IydaTebHON PEeKOMOWHAIMHA B
HCCIIETyEMOM IOy IPOBOTHHUKE.

B mpomecce o0ayueHns B 00pasiie yCTaHABIUBAETCS KBa3HpPaBHOBE-
CHE MEXIy MpoleccaMy TeHepallii U peKOMOWHAITNH, 3aTeM 3JIeKTPOH-
HBIH My9O0K OTKIIOHSETCS CH-
cTeMOW ONaHKUpPOBaHUsI, BO3-
OyXKIeHHE TIPEKpaIiaeTcs W
HabOmonaercs 3atyxanue KJI
(cM. pHCYHOK), XapakTep Ko-
TOPOTO 3aBHCHUT B OOIIEM CITy-
4yae TOJBKO OT W3BECTHOTO
paauyca OTBEpPCTHsI, BPEMEHU
KU3HH T'€HEPUPOBAHHBIX 30H-
JIOM HOcHUTenel 3apsama 7 ‘ ‘ . . .
(koTOpOE€ MOXKET OBITH TIOJY- 0 4 8 2oe 02
YeHO W3 M3MEPEHUIl B OTKPHI-
Tol obyacTu oOpaslia BAaIM OT Kpas Macku) U kodddunueHra auddy-
3un D, XapakTepHu3ylomero IBHXEHHE T'€HEPHPOBAHHBIX HOCHTEIEH
noa Macky [1, 2]. DTo no3BoNA€T MpU HATTMYUKU MATEeMAaTUYECKON MoJie-
Ji, onuchkiBaromei cnan naTeHcuBHOCTH KJI, Ha OCHOBE aHanmm3a JKCIie-
PUMEHTAJIBHBIX MAHHBIX TONYYaTh ONEHKH 3JeKTPOPU3NIECKHUX Iapa-
METPOB TMOJIyIPOBOJHUKA IyTEM PELICHHS COOTBETCTBYIOIICH 00paTHOM
3amaun. Panee [3, 4] Ol mpoBeA¢H KadeCTBEHHBIM aHanu3 anddepen-
[UANBHBIX YpaBHEHUH Mu((dy3un HEPaBHOBECHBIX HEOCHOBHBIX HOCHTE-
Jiel 3apsiyia, TCHEPUPOBAHHBIX AJICKTPOHHBIM 30HIOM. [loydeHHbIe pe-
3yJbTaThl IO3BOJIIIOT TOBOPUTH O KOPPEKTHOCTH PacCMOTPEHHON
3a/la4d, OJHAKO HEKOTOphle W3 OIEHOK HYXIAIOTCS B YTOYHEHWH.
B HacTosmieit paboTe Takue HCCIEIOBAaHUS MPOJOIIKEHBI U IMOTyUEHBI
YTOYHEHHBIE OIIEHKH PacCMaTPHBAEMOTO TIPOIIecca.

R e
FX

3aryxaHue

KEB:’MDBBHOECCMC

BoaneicTere NyNeCUPYIOLLETD Nyyka

MHTeHcneHocTe KI, yen. ea.
e

Bpems, HC

ITocTanoBKka 3agaun

OOBEKTOM paccMOTPEHUs B HACTOsIIEH paboTe SBIsSETCS aHAIH3 pe-
3yJbTAaTOB, M3I0XKEHHBIX B [3] u [4], U3ydeHHe BONPOCOB, CBSI3aHHBIX C
KOPPEKTHOCThIO MaTeMaTudeckoi monaenu Bpemsinponéraon KJI, u mo-
Jy4eHHe YTOUHEHHBIX KaueCTBEHHBIX oneHoK nuddysznun HH3.

PesyabTaTrnsl

B cocTosinny KBa3upaBHOBECHS NMPU HATUYKMM BHEIIHUX BO3JIEHCTBUN
Ha MOJIyTPOBOHUK IS MATEMaTUYECKOH MOJICIH B MPABOM YacTH Au-
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¢depennuansHoro ypaBHeHust auddysun [3, 4] OyaeM UMETh pa3IHyHbIe
(ynkunu renepaunn p;(x,y,z) u p,(x,y,z), onmUCHIBAIOIINE KOHIICH-
TpaIM{ TEHEPUPOBAHHBIX B eAUHUIYY BpeMenrn HH3 U, COOTBETCTBEHHO,
JBa pa3MYHBIX peuleHus ypasHeHus auddysum n(x,y,z) u

n,(x,y,z). Homydeno, 4ro ecnu |p2(x,y,z) — pl(x,y,z)| <g, rHe € —

HEOTpHUIIaTeIbHAsI KOHCTAHTA, TO B YCIOBHUSX KBa3WPaBHOBECHS JUISI CO-
oTBeTCTBYIOIMX KoHLeHTpauuit HH3 cnpaBeanupa cinegyroas oLeHka:

|n2(x,y,z) - nl(x,y,z)| <Cs, tne C=2%/2, A% = Dt. Taxas onen-
Ka MpH ITHX YCIOBHX MOJIy4Y€Ha U JUId U3MeHeHHs KoHueHTpauun HH3
c(x,y,z,t) na cnage curnana KJI: |c2 (x,y,z,t)— cl(x,y,z,t)| < Cs.

HpI/I 9TOM KOPPEKTHOCTH MOACIN OUCBUIHA.

BriBoabl

Ilomy4eHsl OLIEHKH BIMSHHS HECTAllMOHAPHBIX YCIOBHH OOMydYeHHS
JJIEKTPOHHBIM 30HJOM Ha PpAaCIpelclIeHUe I'€HEpUPOBAHHBIX HEPAaBHO-
BECHBIX HOCHTEJEH 3apsaa mocie ux AuQQy3ur B OJHOPOTHBIX MOIY-
MIPOBOJHUKOBBIX MaTepHanax. PaccMOTpeHHe NMPOBENEHO AN yCIOBHI,
peanusyromuxcst B Merose Bpemsinponaéraon KJI.

Pabora BrITTONTHEHA TPH YacTHYHOW moaepxKe rpanta PODU Ne 19-
03-00271.
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ON MATHEMATICAL MODELING AND QUALITATIVE
ESTIMATIONS IN THE METHOD OF TIME-OF-FLIGHT
CATHODOLUMINESCENCE

D.V. Turtin, M.A. Stepovich, N.V. Shcherbakov

Abstract. The results of mathematical modeling and qualitative estimates
are described, which make it possible to estimate the distribution of nonequilib-
rium minority charge carriers generated by an electron probe after their diffu-
sion in a homogeneous semiconductor material. The consideration is carried out
for the conditions realized in the method of time-of-flight cathodoluminescence.

Key words: mathematical modeling, electron probe, homogeneous semi-
conductors, nonequilibrium minority charge carriers, qualitative assessments.
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AHHoTanusi. B pabore BBINIONHEH 0030p MOTEHIINAIOB MEKAaTOMHOTO B3au-
MOJCHCTBHS TSI U3YUIEHHSI CBOMCTB CTPYKTYP C Pa3lIUYHBIMH THUIIAMHU KPUCTAI-
nmrdeckoi pemerkn. PaccMoTpens! noternuan Tepcodda, morernmanr MEAM,
a Taxke moauduiMpoBanHelii moreHman 2NN MEAM.

KnioueBble ci10Ba: KpHCTaUIMuecKas CTPYyKTypa, moTeHuuman Tepcodda,
noteHman MEAM, morennman 2NN MEAM.
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BBenenue

N3yueHue CBOWMCTB KPUCTANIMYECKUX CTPYKTYp SIBISIETCS OJHOU U3
BOKHEUIINX 3a7]a4 MaTepuaaoBeeHus. BepHoe Bocipon3BeieHUE TTOBE-
JIEHUA CTPYKTYPBI B paMKaX MOJIEKYJIIPHO-IMHAMUYECKOTO MOJIEIHUPO-
BaHUS BO MHOTOM 3aBHCHT OT IPAaBHILHOTO BBHIOOPA MOTEHIHAIIA, C I10-
MOIIIbI0 KOTOPOTO BBIMOJHSETCS pacuyeT SHEPrUd CUCTEMBbl U APYTUX
XapaKTEPUCTUK CTPYKTYPHI, TAKUX KaK OOBEMHBIH MOIYJb YIPYTOCTH,
MOJIyJIb CABHTA U JIP.

ITocTanoBKa 3ala4Yd 1 ME€TO/I p€IICHUSA

Lenwio HacTosIIEH paObOTHI SBIISETCS BBISIBICHHE OCOOCHHOCTEH BBI-
0opa moTeHIHaga MEKaTOMHOTO B3aWMOJEHCTBHS ISl CTPYKTYp C pas-
JUYHBIM CTPOEHHEM KpUCTAILIHYECKOU pemeTkd. C IOMOIIBI0 BEIOpaH-
HOTO TIOTEHIMaNa OyIeT pPaCCUUTHIBATHCS DHEPTUS CHCTEMBI IS
JATBHEHIIIETO WCIONF30BAaHU 3HAYEHWH HSHEPTHH IIPH MOJEKYJSIPHO-
JUHAMUYECKOM MoJenupoBanuu. llomHas »Heprusi paccMarpuBaeMoin
CTPYKTYpHl E pacCUUTBHIBACTCS KaK COBOKYIHOCTH BKJIAJIOB JHEPTHI
Ka)XJIOro atoma CTpyKTypsl E; [1, 2].

E=YE.

Jns pacuera ’HEpTHM HEOOXOIMMO IMOCTPOSHUE TMOTEHIMAa MEX-
aTOMHOTO B3aUMOJCHCTBUSA. BBIIO BBIABIEHO, UTO C MMOMOIIBIO TTOTCHIIU-
ama Tepcodda Xopomo MOASTUPYIOTCS IMOIYIPOBOTHUKOBEIE CTPYK-
Typbl C KOBaJCHTHBIM THUIIOM CBSI3U, I 4Yero TpedyeTcss moaoop
11 mapameTpoB moTeHIMana (s OAHOKOMIIOHEHTHBIX COSIMHEHUN) UITN
30 mapameTpoB (11 TBYXKOMITOHEHTHBIX COEAMHEHUH). B pamkax pabot
[1, 2] ¢ momompio noTeHmana Tepcodda mpoBoaMIICS pacyeT SHEPrUU
TaKUX COSAMHEHHI C KyOMYEeCKUM TUTIOM perieTky, kak Si, C, Ge.

PacueTr kore3noHHOW PHEPrUM MOAPA3yMEBAET MOTYUCHUE 3HAUYCHUS
SHEPI'HH OJHOTO aToOMa B MPUCYTCTBUE TPEThero atoMa. Takum oOpa3om,
YYUTBIBAIOTCS BKJIQJBI COCEAHMX aTOMOB, OKPYXKAIOIIUX CTPYKTYPY.
B ciydae ¢ MomennpoBaHHEeM COCTMHEHHUN C aIMa3HON CTPYKTYpOH, J0-
CTaTOYHO 3aJ1aTh 3HAUCHHE paJuyca OTCEUCHUS, KOTOPOE MO3BOJIUT yUU-
THIBaTh BO3JIEHCTBHUE COCEAHHX aTOMOB, JICXKAIIMX HA OMPECICHHOM
PACCTOSIHUH, ¥ HE YYHTHIBATH BO3JCHCTBHE OCTAIBLHBIX aTOMOB, PacIio-
JIOKEHHBIX Ha OOJIBIIIEM PACCTOSHUH.

Jlist onvcaHue CTPYKTYp METaUIOB ¢ KPUCTAJUTMUESCKUMHE PEIIeTKAMM
hcp (rexcaronanmbHas IIOTHOyMakoBaHHas) M fcc (TpaHeNEHTPHUPOBAH-
Has) noaxoaut noteHnuanr MEAM [3]. OH no3BossIeT XOpOIIO OMUCHI-
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BaTh Takue CTPYKTyphl, Kak Al, Mg, Cu. J{ns pacuera 3Ha4eHUS KOTE3H-
oHHOM sHepruu E; ¢ momonipio MEAM Takke y4duThIBaeTcs BO3JEH-

CTBHE OKPY’KAIOLIUX aTOMOB, TIONAAA0IINX B PaIUyC OTCEYEHU 7, .

E = F(p)+2 26,05,

J#E

Sy = H Sik/fc(rc—)s

-7,
i
ki, Ar

rac pz' — DJICKTPOHHAsA INIOTHOCTD, 7., — PACCTOSIHUE MCXKIAY aTOMaMHU

y

Opnako B [4] ObUIO YCTAaHOBJICHO, YTO MPU UCIOJIb30BAaHUH ITOTCHIIH-
ama MEAM 111 MeTa/lIoOB ¢ KPUCTAJUIMYECKOM CTPYKTYpoi bee (00beM-
HOIIGHTPUPOBAHHAs), PACCYUTAHHOE 3HAYCHHE JHEPTUU CYIIECTBEHHO
OTJIMYANOCH OT DKCIIEPUMEHTANBHBIX 3HaueHUi. Takoe oTau4ne BBI3Ba-
HO PacIoOJIOKEHUEM BTOPOTO Psla COCEACTBYIOIINX aTOMOB Ha PacCTOsI-
HUU, MPEBBILIAIONIUM PACCTOSHHUE N0 IEPBOTO pAlla COCEACTBYIOIIUX
aToMOB, Bcero Ha 15%. Takum o0pa3oM, aTOMbI U3 BTOPOTO psijia COCE/-
CTBYIOIIIUX aTOMOB PacCIoJIaratoTCs JOCTATOYHO OJIM3KO, OHU TaKXKe OKa-
3bIBAIOT BO3JACHUCTBHE Ha paccMaTpUBAEMYIO TPYIIy aTOMOB U Takoe
BO3/ICHCTBHE HEOOXOIUMO YUUTHIBaTh. MOIU(QHUIMPOBAHHBINA MTOTCHIIH-
an 2NN MEAM noaxoauT il MOJIETUPOBAHNS TaKHMX METaJUIOB, UMe-
romux bee cTpykTypy, kKak Fe, Cr, Mo, W, V, Nb u Ta.

Pacuer koresnonHoOM sHEprun npuodperaet Bu [S]:

E(r) = F(p(r))+%zl¢(r)+§Zz¢(m),

rae Z,— KOJIMYeCTBO COCEACTBYIOIIMX aTOMOB M3 MEPBOro psna, Z, —

KOJIM4YECTBO COCEACTBYIOLUIUX aTOMOB M3 BTOPOTO Psiia, (X — COOTHOILE-
HUE PacCCTOSIHUM MEXAy IEPBBIM U BTOPBIM PSIOM COCEACTBYIOIIUX
aroMoB, S — (QYHKIHS OTCEUCHUS Ul y9eTa B3aHMMOJCHCTBHS aTOMOB,
HaxoJAIIUXCsI BO BTOPOM Py COCENCTBYIOIINX aTOMOB.

BriBoabI

B pamkax nanHO# paboThI OBUT BBITIONHEH 0030p MOTEHIIMATIOB, TO-
XOAAIIMX JJIS U3YYCHHS CBOWCTB KPUCTATMUECKHX CTPYKTYp, UMEIO-
MIUX CIeXyIONINN TUT PelIeTKN: 00beMHOIIeHTpupoBanHas (bcc), Texca-
roHanbHas IiotHoynakoBanHas (hcp) u rpaneneHTpupoBanHas (fcc),
KyOndeckas. [lyiss MopenupoBaHUs MOJMYMPOBOJHUKOBBIX CTPYKTYp C
KyOMUYeCKOH pemieTKod XOpoIo MOIXOANT moTeHnuan Tepcodda. s
METAaJIOB, UMEIOIIUX CTPYKTYpHl hep u fcc — motennuan MEAM. ns
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METAJIIOB, UMEIOIIUX CTPYKTYpY bcc — MOANGMUIIMPOBAHHBINA TOTESHIHAI
2NN MEAM.

Pabota BpimonHena npu noxpaepskke rpanra PODU Ne 19-29-03051
MK.
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MOJEJIUPOBAHUME OXJAKIAEHUA
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AnHoTanus. B paGore npencrapieHa METOIUKAa MOJCTIUPOBAHUS OXJIAXKIE-
HUSI pacIUIaBOB CO CKOPOCTSIMH, MPUOIMKEHHBIMH K IKCIIEPUMEHTAIILHO peasti-
3yEMBIM.

KaioueBsie ci1oBa: MoneKysipHasi TUHaMKKa, MallIMHHOE 00y4eHHe.

CKOpOCTh OXJIAXKIACHUS y, HCIOJIb3yeMasl MpU MOJEIUPOBAHUU MPO-
IIECCOB OXJIAKICHHSI CHUCTEMBI KIACCHISCKIMI METOIaMU MOJIEKYJISIPHOM
MUHAMUKH, OOBIYHO COCTABJISACT ) ~ 10" K/e. OnHako, MaKCHMAaJIbHbBIE
CKOPOCTH OXJIQXKJICHUS, pean3yeMble B IKCIIEPUMEHTE Ha JaHHBIA MO-
MEHT, KaK TPaBUJIO, He mpesbimaiot y ~ 10" K/c [1]. Mozenuposanue Tiy-
GOKOTO mepeoxtaskaeHust cucteMsl N ~ 10* qacTui mpu Takux 3HAYCHHSIX
y Oy#eT IIHThCS Mecsbl 1 Tonsl. CleoBaTenbHO, pa3paboTka METO/IOB,
MTO3BOJISTIONINX MOJICTMPOBATh MHOTOYACTHUIHYIO CUCTEMY B DKCIIEPHMEH-
TAJIHO PEaIM3yEMBbIX YCIOBHUSIX, SBJIECTCA aKTyaJbHOU 3afaueii. PemeHue
3TOM 3aJa4yUl MO3BOJIUT HUHTEPHPETHUPOBATH PEajbHbIe SKCIEPUMEHTHI MO
(ha30BBIM TIEpPEX0AaM C TIOMOIIBIO METOJI0B MOJIEIUPOBAHUS MOJIEKYIISP-
HOW nuHaMukH. Llens maHHO# pabOTHI 3aKiIIOYaNach B Pa3BUTHH OPHTH-
HaJIBHON METOAMKH MOJCIUPOBAHUS OXJIAXKICHUS PACIUIaBOB CO CKOPO-
CTSIMH, IPUOTMKEHHBIMHU K 3KCIIEPUMEHTAIIBHO PEATH3yEMBIM.

PaccmatpuBaercsa cuctema u3z N = 1372 wyacTtui, B3aumMonelcTBHE
MEX]ly KOTOPHIMH ONKCHIBaETCA MoTeHuunanoM Jlennapa-Jxonca [2]:

U(ry) = 4e [(gj)” - (—)6] 0

r1e 7jj — pacCTOsiHMEe MEXJy dacTuiiamu i u j. TemmepaTypa cucteMbl
MeHseTcst B auamnaszone or 1.3¢/kg mo 10_4g/kB. IImoTHOCTE CHCTEMEI
p ~ 0.750° momep;KUBaeTCs MOCTOSHHON. VIHTerpupoBaHue ypaBHe-
HUW JBUKCHHS OCYIIECTBIACTCS C MOMOIIBI0 CKOPOCTHOI'O aJirOpuTMa
Beprne [3] ¢ BpemennbiM maroM At = 0.0057 = 0.0050(m/c)"?, rue
m — macca 4acTuilbl. CKOPOCTh OXJIAXKICHUS y MPUHUMACT 3HAYCHUC
y=410"¢/kgr ~ 10" K/c.
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Ha npumepe cucremsl Jlennapa-/[xoHca 1moka3aHo, YTO OpUTHMHAIb-
Has METOAMKA MO3BOJISIET BOCCTAHOBUTH MHTEPECYIOLINE COCTOSHUS CH-
CTEMBI C 3aJaHHOW TemnepaTypod 7,, WAEHTUYHbIE MOTy4aeMbIM IpHU
OXJXKICHUN C MPOU3BOJBHO 33/JJaHHBIMHA CKOPOCTSIMH, HauWHAs C TEM-
neparypbl T, He mpuderas K MOJIEIMPOBAHNIO TAKOTO OXJIAXKICHHUS Ha
BCEM nuanasone temnepatyp [71; 1a,].

Pabora 6p1a mogaepsxana rpanToM PoH/IA Pa3BUTHS TEOPETUUECKON
¢bm3ukn u MmatemMaTuku «bA3UCy (mpoekt Ne 20-1-2-38).
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Co3nmanrne HaHODJIEKTPOHHBIX YCTPOMCTB OOECIIEUUT CYIIECTBECHHOE
YBEIMYEHHE MaMATH, a TaKKe CKOpOCTe oOpaboTKM W Tepenadd WH-
¢dopmanum. ITO 0OYEHD BaXKHO IS cO3JaHus Oonbnx 0a3 nadopmanmy,
«YMHBIX» O0BEKTOB Pa3IMYHOTO YPOBHS.

Ho ymensbiienue pasMepoB J0 HaHOMAacIITabOB CTaBUT IEpe] Tell-
J10(hU3UKOM CephE3HBIC MPOOIIEMBI, TaK KaK BEAET K PE3KOMY CHHUIKCHHUIO
AJIEKTPONIPOBOAHOCTH ¥ TETIJIONPOBOAHOCTH IOJYIPOBOIHUKOB. B ycio-
BHSX pOCTa TEIUIOBBIACICHUA W CHIKEHHSA TETUIONMPOBOIHOCTH OYEHBb
CJIOHO O0ECIIeYNTh ONTUMANIBHEIE TEMIIEpATyPHbBIE YCIOBUS ISl TTOITY-
NPOBOJAHUKOB. B manHOM cooOmieHun o0cysKaaeTcs, 4To Hal0 CAenarh,
Y 9TO JIENTAeTCs ISl PEIICHUSI COOTBETCTBYIOIINX MPOOIIEM.

1. [lepBoe — HEOOXOAMMOCTH Pa3pabOTKH HOBOTO HAampaBliCHHS —
TeIIOU3NKH HAHOCTYKTYyp. OYEeBHAHO, YTO CPEACTBA KIACCHYECKOM
TETUIO(U3NKH HETIPUTOIHBI JIJIS U3yYEHUS TEIUIOBBIX MPOIIECCOB B HAHO-
cTpykTypax. Ilo ompenenenuto, Terio(U3NKOH HAHOCTPYKTYp Ha3bIBa-
eTcs 00JIaCTh TETUTO(PU3NYECKUX SBJICHHI, W3yYaromas TepMOIUHAMHU-
YecKHe WM TPAHCIOPTHBIE CBOWCTBA TBEPABIX TeN, pa3Mephl KOTOPBIX
MOPSIKa, MEHBIIIE WIIM CYIIECTBEHHO MEHbINE IJIH CBOOOJHOTO Mpolde-
ra IepeHOCYNKOB TeMJjia B MAaKPOCKOMMYECKHX TeslaX U3 N3y4aeMoro ma-
tepuana. 3 3Toro cieayer NpUHIMNHAIFHOE OTIMYME HOBOTO HAIIPaB-
JIeHUus1 OT Kiaccuyeckod ternodusuku. Ilocneanss sBiseTcs, B
OCHOBHOM, ()€HOMEHOJIOTHYECKOI Teopueil, KoTopasl CIpaBeiiBa Ipu
00paTHOM COOTHOIIEHWH MEXAY JIMHAMH CBOOOIHOTO mpodera M pas-
Mepamu TBEpABIX Teil. [IoaTOMy HOBOE HampaBiIeHUE HE MOXKET UCIOJIb-
30BaTh (PCHOMEHOJIOTHUECKUE 3aKOHBI, THUNA 3aKkoHa Dypbe. OHO JOIIK-
HO MPUMEHATH METOJBl CTATUCTUYECKOM (DM3HKH, YYHUTHIBAIOICH
MHUKPOCKOMTUYECKoe CTpoeHne BemiecTB. OIHAKO, CTaTUCTHYECKas (pH3u-
Ka 3TOTO HaIPaBJIEHUs TAK)Ke OTIUYAETCS OT KJIACCHUECKOM cTaTUCTHYe-
ckoii pm3ukn. Kimaccudeckas Terodn3nka u3ydaeT Oe3rpaHWYHbBIC CH-
CTeMbl, Tero(u3rKa HAHOCTPYKTYp 00s3aHa YYHUTHIBATh T'PAHHUIIBL.
[osiBnArOTCA MPUHIMIHAIBEHO HOBBIE 33Ja4M M COBEPIIIEHHO HOBBIE Me-
TOJBI WX PEIICHUS W, COOTBETCTBEHHO, HOBBIE pe3ynbTaThl. [Ipumepsl.
IlepBoe — Tak Ha3bIBAEMBI OAUTMCTUYCCKUN PEXHUM TIEpPEHOCA TEIlIa,
KOTJla 9acTOThl B3aMMOJEHCTBHN TEPEHOCYMKOB TEIJIa C TpaHUIAMH,
HanpuMep, HaHOIUIEHOK 3HAYUTENBHO OoJIblie, yeM Apyr ¢ ApyroM. Ho-
Bas 3a/1a4a, B paMKax KOTOPOH HEOOXOANMO YUUTHIBAThH IIEPOXOBATOCTH
rpanul. [pyrue 3ama4dm, XOpoIIo U3BECTHBIE B AJIEKTPOHUKE, — pa3Mep-
HOE KBAaHTOBAHHWE aKyCTHYECKHX (POHOHOB, IPHBOJAIIEEC K M3MEHEHHUIO
SHEPreTUYECKOTO CIEKTpa (POHOHOB B HAHOCTPYKTYpax.
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2. HecmoTpst Ha HAIMYHE MHOTHUX OYEHBb BaXXHBIX M HHTEPECHBIX pe-
3yJIBTATOB, B I[EJIOM, COCTOSIHUE Pa3paOOTKH STOTO HOBOTO HANPaBICHUS
TEIUIOU3NKH JTaJIeKO OT 3aBEPILICHUS, €CIIM yYUThIBATh, YTO TJIABHOM
3amaveil ABJsieTcs oOecrieueHne BBICOKOTO YPOBHS TpeAcKa3aTelbHOU
JIOCTOBEPHOCTH TEOPHH.

3. BakHBIM JOCTH)KEHHEM HBIHEITHETO BeKa OBLJIO 3aBEepIICHHE CO-
3IaHHUSI METOAOB pacuéTa TeMJIONPOBOAHOCTU TBEPABIX TET «H3 MEPBBIX
NPUHIMIIOB», TO €CTh 0€3 MPHUBICUYCHHs «IOATOHOYHBIX» MapameTpoB
[1]. Ho ucmonp3oBaHme 3TO# Teopun K HAHOCTPYKTYpaM MOKa HE UMEET
XOPOILIUX Pe3yJIbTaTOB, TAK KaK HE PELICHBl TPpaHu4HbIe MpodiemMbl. OT-
JIENIBHO CIIEAYeT CKa3aTh O METOJax pacdéra TEIUIONPOBOIHOCTH rpade-
HOBBIX HAHOJICHT, KOTOpPHIE€ MOTYT CTaThb OCHOBOH YTJIEPOAHOW HaHO-
3JMIEKTPOHUKH. MeToapl pa3BUTHl C y4ETOM TpPaHWYHBIX YCIOBHMl [2].
OtcTaér 3KCEepUMEHT — OTCYTCTBYIOT JaHHBIE AJISI CPABHEHUS.

I'paden nmeeT GombIIve MPEUMYIIIECTBA IO CPABHEHUIO C KPEMHHEM
WJIM apCCHUJIOM TaJUTUs: Ha TOPSA0K 0oJiee BBICOKAs TEIUIONPOBOIHOCTh
Y Ha HECKOJIBKO TIOPSIAKOB 00Jiee BRICOKASI ITOIBIIKHOCTE DJIEKTPOHOB.

4. N3y4yeHne TEMIIOBOIO COCTOSIHUS TPaH3UCTOpPOB. [Ioka 3T0 TONBKO
TPaH3UCTOPbl Ha KPEMHHHM OTHOCHUTENBHO OOJbIIMX pa3MepoB [3, 4].
Pa3BuBaroTCsl caMOCOrIacOBaHHBIE METOMBI C YYETOM psiia MPOLECCOB.
OT0 TpE€XMepHBIE pacupeaeNeHHs AIEKTPUUECKOTo Mo U TeMIepaTyp
BHYTPH TPAaH3UCTOpA, THHAMHUKA ABMXKYIIUXCS B 3TOM TOJIE 3JIEKTPOHOB,
BKJIIOYas MPOLIECCHl TeHEepallMy U YAAJCHUs TeIUla U ONTUYECKUX (POHO-
HOB. B mporecce uccrienoBannii 00Hapy»eHO 00pa3oBaHKE TaK Ha3bIBa-
EMBIX «TOpSIYUX TSITeH», BOIM3M CTOKa TpaH3ucTopa. B sToii obmactu
BO3HHMKAET MUK JIEKTPUUECKOro mois, nopsaaka 50 kB/cm. Temneparypa
B nsatHe gocturaet 700K. IToka HesicHO, Kak OXJakaaTh 3TO MATHO. MH-
TEPECHO, YTO B ITHX YCIOBHAX OOHApY>KUIICS HOBBIM MepeHoca Teria —
TaK Ha3blBaeMas HEJOKalbHas TEIUIONPOBOIHOCTb, KOTJA AIIEKTPOHEI
MOJTy4YalOT SHEPTHUIO B 30HE MMHKA 3JEKTPUUECKOT0 OIS, a IEpEaroT €€ B
OTHAIIEHHBIX OT JTOrO NMHWKA MHUKPOOOBEMax. DTO CBA3aHO C TeM, YTO
IIMPUHA MHKa 3aMETHO MEHbBIIE CPEAHUX [UIMH CBOOOIHBIX MpPOOEroB
3JIEKTPOHOB.

5. BHuMaTenpbHO M TEOPETHUYECKH, M DKCICPUMEHTATBHO WU3Y4aroTCs
KOHTaKTHBIE TEILIOBBIE COMPOTUBJICHUS (conpoTuBienus Kanwuipr) [5,6].
Takux KOHTaKTOB OTPOMHOE KOJTMYECTBO B MJIEKTPOHHBIX CXEMaX, U OHHU
UTPAIOT Ba)XXKHYIO POJIb B MEPEHOCE TEIUIa BHYTPH JJIEKTPOHHBIX CXEM.
CymiectByer OoJiblliasi JIMTEpaTypa MO MEPEHOCY Teljia B MEpHOANYE-
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CKHAX MHOTOCIJIOMHBIX CHCTEMaX, COCTOSIIUX U3 CIOEB Pa3NUIHBIX MaTe-
PHAJIOB, TaK Ha3bIBAEMBIX CBEPXPEIIETOK. 31€Ch CIEAYET OTMETHUTh /Ba
npopsiBa. Bo-nepBrix, oOHapykeHHe KOTepeHTHOTO epeHoca Temia [7].
OH 00Hapy»KeH IpU AOCTATOYHO TOHKHUX CJIOSIX MAaT€PHUAIOB U PUBOAUT
K TIOBBIIIEHHOMY IE€pEeHOCY Terula. Bo-BTOpBIX, Hallla Tpylna co3jana
0oJiee CBEpIICHHBI METO/ pacyéTa mepeHoca Teria B TaKUX CHCTEMaXx.
3t0 no3Bonmio B Aecarts pas u 6oraee (¢ 30K xo 300K) pacmuputs TeMm-
MepaTypHBIA JHama3oH, B KOTOPOM OOecledrBaeTcs XOpollee coriacue
TEOpHUH U KCIIEpUMeEHTa |8, 9].
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THERMAL PHYSICS FOR NANO ELECTRONICS

V.I. Khvesyuk

Abstract. In this work is shown that investigation of phenomena heat
transport in nanosructures needs development fundamentally new direction of
thermal physics — thermal physics of nanostructures.

Keywords: electronics, thermal physics of nanostructures, statistical
physics.
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AHHoTanusi. B paboTe BIepBbIe MpencTaBiIeHbl METOX M Pe3yJbTaThl pac-
YETOB JJIMH CBOOOJHBIX MPOOETOB ()OHOHOB B HAHOILIEHKAX C YUETOM IICPOXO-
BaTOCTEH MoBepXHOCTEH IUIEHOK. [IpuHIMIIManbHas BaKHOCTD TaKUX PAc4ETOB
3aKJII0YaeTCsl B HEOOXOIMMOCTH ITUX JIAHHBIX JJISl OIIPEZEICHUs! TeIUIONPOBO/I-
HOCTH.

KaioueBbie ciioBa: (OHOHBI, HAHOIUIEHKH, JUIMHA TpoOera, 3ddexTrBHAS
TETIONPOBOIHOCTb.

BBenenue

Jis HaHOCTPYKTYPHPOBAHHBIX IONYIMPOBOJIHUKOBBIX MAaTEPUAIOB
XapaKTepHBIA pa3Mep CpaBHUM CO CpeJHel IUTMHOW cBOOOJHOIO mpole-
ra. B aTo Bpems 3akoH TermmonpoBogHOCTH Dypbe yKe HEIPUMEHUM, H
Ha TPOIECC TEIUIONPOBOTHOCTU (DOHOHOB JIETKO BIUSIOT TPAHUYHBIC U
Mexdazasie dhdextsr [1-3]. B manHolt paboTe OCHOBHOE BHUMaHHE
YAENSETCS BIUSHUIO MIEPOXOBATOCTH IOBEPXHOCTH HAHOIJICHKH U T€O-
METPUYECKUX CBONCTB IUICHKH Ha JUTUHY CBOOOJHOTO mpodera OHOHOB
B HAHOINUJICHKE, W BICPBLIC IMPEAJIONKEH paC‘IeTHBIfI METO/ OIPEACICHUA
cB0OOTHOTO TIpodera (POHOHOB B HAHOIUIEHKAX

1. Moaeab 1miepoxoBaToCcTH U paccesiHue (pOHOHOB
Cravana chopMynrMpyeM MOJETh HAHOIIEHKH C IIEPOXOBATON Tpa-
Huner (puc. 1). BBogutcs nBymepHas cucrema koopaumHat x(Oy, och
Ox — Bonb WiéHKH, ock Oy — nonepek wIeHKH. [1o1 HUKHEN U BepX-

Hell TpaHuIaMu TUIEHKH OyJleM TOHUMATh CpPEeIHWE JIMHUHU (TIOCKOCTH)
mepoxoBaToctel. Paccrosuue mexay Humu pasHo /1. Ocs OX coBnana-
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€T CO CpelHEN JIMHUEH HUKHEH epoxoBaToi rpanunei. M3ydaercs nu-
HaMHMKa B3aUMOJEWUCTBHS (DOHOHOB C 3JIEMEHTaMHU ILIEPOXOBATOCTEM,
MMEIOIIMMHA Pa3JIU4YHbIE YIVIBI HAKIOHA () OTHOCUTENIBHO CpEIHEH JIH-

HUM HIDKHEH 1epoxoBaToil rpanuisl. [IpuanMaetcs, yTo 11000 GoHOH
B3aUMOJIEHCTBYET C JIIOOBIM 3JEMEHTOM IIEPOXOBATOM IOBEPXHOCTH
B TOUKE MEPECEUEHUS ITOrO IEMEHTa CO CpPEeIHEH TMHUEN HIDKHEH mie-
POXOBATOM rPaHULIBL.

Puc. 1. Monenb mepoxoBaTOCTH U paccessHie GOHOHOB

TCHHOHpOBOI[HOCTB TBép,Z[LIX HCMCTAINIMYCCKUX TCJI COTrJIaCHO KHWHC-
THUYCCKOI TCOPHH 3alIMCBbIBACTC CICAYHOIINM 06pa30M:

koc = %Zcqquslqs . (1)
qs

31ech CyMMHUpOBaHHE BEAETCSA MO TUNAM ()OHOHOB S M BOJIHOBBIM
BektopaMm ( , C' — TEmI0éMKOCTh, V — IPYIIIOBas CKOPOCTh (POHOHOB, [

JUTMHA 1po0era, 0. — HampaBlieHHUE, B KOTOPOM PaCIPOCTPaHSAETCS Tel-
JIOBOM MOTOK.

2. limHAa cBOOOIHOTO TIpodera

Jimmaa mpoGera (oHOHAa MEXAy HIDKHEH W BEpXHEH TpaHHWIaMU
TUIEHKH ompeaesiercs no Gopmyie:

— h
lph (9’ X, (P) cos(—0+2¢) , (2)
0=0(x,x") =tan" (=) ' 3)

31eck O — yroa mageHus OTHOCHTENHLHO HOPMAIM K CPEIHEN JTUHUM
LIEPOXOBATOCTH, () — yroj HAaKJIIOHA HEPOBHOCTH OTHOCUTEIBHO CPEX-
Hel TUHUU [MIEePOXOBATOCTH HUKHEHW TpaHUIlbl NIEHKU, X — TOUYKA Haje-
HHs (POHOHA HA HYDKHIOK MOBEPXHOCTD IUIEHKH, X' — TOYKA W3Iy4YEHHS
(hOHOHOB BEpXHEH rpaHUIICH TUIEHKH.
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3aTeM MOCJIeN0BATENFHO IIPOBOJAMTCS HMHTETPUPOBAHHME MO X H
mo 0:

(1,,), (x.0) =

E—e*—an
h ’ hd® h 1 %QLM 1 gfeﬂﬂtp
= m J. Cos(—6229) . 070 4 n|tan 5 —In|tan 5

T **
—0 +2
2 ¢

4)
L

(1)) @ =£[{1,0), (r.2dx. 5)

0
rae O m 07 — 5T0 MHHMMANBHBIA YTOI HAKIOHA, H3TY4aeMblil TOPLOM
ek, O =tan"'(=x/h), " =tan” [(L—x)/h].

Haxoaum cpenHee 3Ha4YeHHe yria () M COOTBETCTBYIOIICE €My 3Ha-
gyenue yY'=0.051.

(0)=1]"" w(e)-odg. (6)

Kor)la|(p| > 0.5, momywaem W(Q)=0, mostomy wuHTErpanm misiQ@

JIOJKEH OBITh [‘7‘,%] .

<<<l,,h>e>x>w = Jlfz w(Y', @) <<l,,h>e>x (©)do. (7)

= 2.0\ D
3rece W(Q) =(yv21)  exp(—0.5¢y ")cos (®); Y — cpenmne-
KBa/IPATUYHBIN FPAJMEHT HAKIOHA MPOMMIIS, PABHBIA OTHOIIEHHUIO CPE/I-
HEKBaIPaTHYHON MIEPOXOBATOCTH O W JIMHBI Koppesuuu [ : Y=G/1;

paccMoTpeHa aTOMapHO Tiajkas nosepxuocts 1.7 <7y-107 <8.5.

3. PesyabTaThl pacyera M BHIBOJ

B nanHO# pab®oTe BIEpBBIE MPEAJIOKEH BBIYUCIHTEIHHBIA METO.
pacuera cBOOOIHOTO TIpobera B TOHKOW IJIEHKE U c(hOpMyIHpOBaHa MO-
Jlellb TOHKOM IJIEHKH ¢ IIepOX0BaToM moBepxHOcThiO. [0 pe3ynbraTam
pacueToB (pucC. 2) MOXKHO CJIENaTh CICAYIOIIUH BBIBOJ: C YBEIHYCHHEM
TOJNIIMHBI ¥ JJIMHEI TUICHKH, JUTHHA CBOOOHOTO TMpodera OyaeT yBenu-
YUBATHCSL.
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h=10[nm] h=20 [nm]

e 100w i
n > W —+—L=1500m . TR
——L=200nm » .,

(Y "

om 1]

T T
a1 [ ] a1 [rn/nm]

Puc. 2 JInuHBI cBOGOAHBIX MPo6eros kak Gynkuus G / [ .
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MEAN FREE PATHS OF PHONONS IN NANOFILMS

V.I. Khvesyuk, J. Zheng, A.A. Barinov

Abstract. This work presents the new method and results of calculations of
the mean free paths of phonons in nanofilms, considering the roughness of the
surfaces of the films. Such calculations are extremely necessary to determine the

thermal conductivity.

Keywords: phonons, nanofilms, mean free paths, effective thermal conduc-

tivity.
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AHHOTaHl/Iﬁ. B pa60Te BBITIOJTHEHO KBAHTOBO-MCXaHHYCCKOC MOJCIMPOBA-
HHE¢ MarHUTOONTHYCCKUX CBOMCTB OAHOMCPHBIX HAaHOIIPOBOJAOB OKCH A Ko0ab-
Ta, C(i)OpMI/IpOBaHHBIX Ha CTyHeH‘IaTOﬁ TMOBEPXHOCTHU IUIATUHBI. Pacuetn moka-
3aJI1 B3aUMOCBA3b MCKAY OINTUYCCKUMHU XAPAKTECPUCTUKAMU IMOBEPXHOCTHBIX
OKCHIHBIX KOOaJIbTOBBIX HaHOIIPOBOJAOB U NX MAarHUTHBIMHA CBOMCTBaMH.

KiroueBble cjI0Ba: KBAHTOBO-MEXaHHYECKOE MOJCIMPOBAHNUE, MATrHUTOOII-
THYCCKHUC CBOﬁCTBa, OAHOMCPHBIC OKCUABI, HAHOIIPOBOJIA.

BBenenue

B HacTosiiee BpeMst B3auMoJIeiicTBUE 3JeKTpOMarHuTHoro (OM) mosst
C HHU3KOPa3MEPHBIMH CTPYKTYpPaMHU TPEACTABIIIET OCOOBINH MHTEpEC UIs
pa3nu4HbIX o0nacTelt HaHO(OTOHWKU U cIMHTPoHUKH [1]. Haubonee Boc-
TpeOOBaHHBIM HAITPABIICHUEM SIBJISICTCS WCCIICAOBAHUE B3aMMOICHCTBHS
OM 1ol ¢ MarHUTHBIMHA METAJUIMYECKUMHU HAaHOCTPYKTypaMH, o0aja-
IOIIMMHA HECKOJIBKUMU COCTOSIHUSIMU MAarHUTHOT'O ymHopsimoueHus. Bos-
MOYXHOCTh KOHTPOJIS 1 U3MEHEHHUSI MATHUTHOTO COCTOSIHHSI HAHOOOBEKTA
[0 CPEACTBOM DIIEKTPOMArHUTHOTO H3ITyYeHHUS aKTUBHO HCCIETyeTCs
C IIENBIO CO3MIaHUs TPHUHIMITHATEHO HOBBIX YCTPOWCTB XpaHEHUS H TIe-
penauyn nH(HOPMAIUH.

MO}IeﬂHPOBaHl/le MATrHUTOONTHYECKHUX CBOMCTB

B nmanHOli paboTe MpOBEAEHO KBAHTOBO-MEXaHHYECKOE HCCIIEOBaA-
HUE MarHUTOONTHYECKUX CBOMCTB OKCHAHOro HaHomposoaa Co, pacTy-
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IIer0 Ha CTyNeHW BUIMHAIbHOW moBepxHocTH Pt(111). Teopernyeckoe
WCCIIEJIOBaHNE TPOBEJIEHO C MOMOIIBI0 KBAHTOBO-MEXaHUYECKOTO KOJa
VASP [2]. JanHblii mporpaMMHBIA KO NpeAHa3HaueH Uil paboThI
B Cpelie MapajuIeNbHOTO MPOTPAaMMHUPOBAHUS JUIS KJIacca MHOTOIPOIIEC-
COpHBIX 33/1a4, YTO 3HAYUTEIFHO COKPAI[aeT pacdeTHOE BpeMs MpH HC-
CIIEIOBAaHHUHU CJIOXHBIX COEIMHEHUH M KPUCTAIIIMYECKUX CTPYKTYp. Tak
KaK B KBaHTOBO-MEXaHMYECKUX pacdyeTax He HCIOJIb3YIOTCS MOATrOHOY-
HBIE TMapaMeTphl, Pe3yIbTaThl HCCIENOBAaHHA OOJNAar0T BBICOKOW pac-
YETHOM TOYHOCTHIO. MccienoBaHue MarHUTHBIX CBOMCTB HAaHOIIPOBOJIOB
okcuga Co oOHapYKUJIO CYIIECTBOBAHUE B HUX JIBYX COCTOSHUU Hamar-
HUYEHHOCTH: aHTU(EePPOMArHUTHOTO W (eppOMarHuTHOrO. B 3aBuUCH-
MOCTH OT CTPYKTYpbI OBEPXHOCTU Pt MOMIOXKKHM, TUIIA CTYIIEHU BUIH-
HAJBHOIN TMOBEPXHOCTH W CTENEHH OKHCIICHHS MOBEPXHOCTH IUTATHHBI
aTOMHOE CTPOCHHE W JJIEKTPOHHAs CTPYKTypa KOOAIBTOBOTO IMPOBOJA
M3MEHAIOTCS, KaK pe3ysIbTaT MEHSIOTCS U €0 MarHuTHbIE CBOICTBa.
B Tom uncne, HamMu 00HapY’K€HO W3MEHEHHE MAarHUTHOTO MOpsiiKa, CO-
OTBETCTBYIOIIETO OCHOBHOMY COCTOSIHHIO IPOBOJA, B 3aBHCHMOCTH OT
CTENEeHN OKUCIIEHHUs MOBEPXHOCTH IUIATHHOBOM MOJUIOKKH. B 3aBucHMO-
CTH OT CTETEeHH OKHCIIEHHUS TOBEPXHOCTH IUIATHHBI MPOBOJ OKCHIA KO-
0ampTa B OCHOBHOM COCTOSHHHM OyJeT nru00 (eppOMarHUTHBIM, JIHOO
aHTU(EeppPOMarHUTHEIM. Harm KBaHTOBO-MEXaHUYECKHUE pacueThl ONTHU-
YEeCKHX XapaKTEepPHCTUK HAaHOMPOBOJOB okcuaa Co, TaKWX KakK CIIEKTPHI
MPENOMIICHHSI ¥ OTPAXKEHHsSI, BBIABAIM 3aBUCHUMOCTh ONTHYECKHUX
CBOMCTB HAaHOINPOBOJOB OT COCTOSIHMSI UX MAarHUTHOTO YIOPSIOYEHHS.
Hamu oOHapy)keHO OT/IHYHE CIIEKTPOB OTPAKECHUS W MPETOMIICHUS I
(heppoMarHuTHOr0 M aHTU(EPPOMArHUTHOTO COCTOSHHS HAaHONPOBOIA
okcuza Co Ha MOBEPXHOCTH IIATHHB.

BeiBoabI

B paGore BBINOJIHEHO KBAaHTOBO-MEXaHMYECKOE MOJACIHPOBAHHE
MarHUTOONTHYECKHX CBOMCTB HAHOMPOBOIOB OKCHJIA KOOaabTa Ha MO-
BEPXHOCTH CTYNEHYATOW MOBEPXHOCTH TUIATHHEI. PacyeTsl 0OHapy)uin
CWJIBHYIO 3aBHCHMOCTb ONTHYECKHX XapaKTEPUCTUK HAHOMNPOBOJOB OK-
cuja KobanbpTa OT X MarHUTHBIX CBOMCTB.

Pe3ynbTaTel MmoslydeHsl C MCIONB30BAaHUEM YCIOyr LIeHTpOoB Koiulek-
TUBHOTO MoJb30BaHusl «Komiiekc MoaenupoBaHuss U 00paOOTKH JaH-
HBIX HCCIEAOBATENBCKUX YCTaHOBOK Mera-kimaccay HUI[ «Kypuatos-
CKMU MHCTUTYT» U «MEKBETOMCTBEHHBIN CyNEpPKOMIBIOTEPHBINA LIEHTP
Poccuiickoit akagemun Hayx» MCL PAH.
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QUANTUM-MECHANICAL SIMULATION OF THE MAGNETO-
OPTICAL PROPERTIES OF ONE-DIMENSIONAL COBALT
OXIDE NANOWIRE ON THE PLATINUM SURFACE

K.M. Tsysar, D.I. Bazhanov, E.M. Smelova

Abstract. Quantum-mechanical modeling of the magneto-optical properties
of one-dimensional cobalt oxide nanowires formed on a stepped surface of plat-
inum has been performed. Calculations have shown the relationship between the
optical characteristics of surface cobalt oxide nanowires and their magnetic
properties.

Keywords: quantum mechanical simulation, magneto-optical properties,
one-dimensional oxides, nanowires.
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AnHoTanus. O6cyXaaroTcs (GpU3HYecKie MPeACTaBICHUs O MpoIeccax Jae-
(hexTo0Opa3zoBaHMs B OE3MUCIOKANMOHHBIX MOHOKPHCTAJUIaX KpeMmHus. Pac-
CMaTpHUBAIOTCS MaTeMaTUYeCKHe MOAETIH ATUX MPOLIECCOB IS PA3INYHBIX TEM-
MepaTypHBIX [AWANa30HOB, pEAM3yeMbIX NP WX BBIpAIIUBaHUA. BOmm3u
TEeMIepaTypbl KPUCTAILTH3AINA ITOAPOOHO PacCMaTPUBAIOTCS MPOIECCHl OBICT-
POl peKOMOWHAIIMK U MEePeHOCa COOCTBCHHBIX TOYCYHBIX JIC(EKTOB (BaKaHCHUI
M MEXY3eIbHBIX aTOMOB KPEMHHS), PE3YIbTAaThHl PACUETOB KOTOPHIX BEpUDHUIIH-
PYIOTCS IKCTIEPUMEHTAIBHBIMI JTaHHBIMU KapThl BPEMEHHU JKH3HU HOCHUTENCH B
MOHOKpHUCTaJIe KpeMHHus1 nuamerpoM 150 MM, BbIpalieHHOM MeTojoM Yo-
XPanbCKOTO.

KnioueBsie cioBa: moHokpucrami, kpemuauit, CT]l, pekomOuHanus, Moze-
JIUpPOBAHUE.

BBenenue

K nauvany 1980-X roioB HaKOMUIOCH JOCTATOYHO MHOTO 3KCIIEpH-
MEHTAJILHBIX JIaHHBIX O Je(eKTax, Ha3BaHHBIX D-nedexramu, oOpasyro-
ITUMUCST U3 M30BITOYHBIX BaKAHCHH TPU BBIPAIIMBAHUA MOHOKPHCTAII-
JIOB METOJIOM 30HHOH IUIaBKH C OYEHb OONBIIUMH CKOPOCTSIMH
BBITATUBAaHUsA V,. OHM HalLM OoTpakeHHe B (QyHIaMEHTaJIbHOW CTaThe
B.B. Boponkosa [1], B koTopoi#i mpemioxeHa ¢Gu3ndeckasi KOHIICTIIIHS
B3aUMOJICHCTBHSI «COOCTBEHHBIX TOYEUHBIX nedektoB» — CT/] (BakaH-
CUU-V U MEXIOY3€IbHBIX aTOMOB-i KPEMHUs) MPUMEHHUTEIBHO K TIPO-
IIECCYy BBIPAIIMBAHMS MOHOKPHCTAJUIMYECKOTO OE3MCIOKAIIHOHHOTO
kpemHus. Pacdersl B [1] mpoBeseHbl Ha OCHOBE OJHOMEPHOM CTaIuo-
HapHOM Mojenu v-i-pekoMOuHanuu. JlaHHBIE 00 OCEBOM TeMIlepaTyp-
HOM TpaiieHTe B KpucTaiie G CUUTAIOTCS M3BECTHBIMU U 33/IaI0TCS KaK
AQHAIMTUYECKH, TaK U U3 dKcrepuMenTa. OHH MO3BOJISIFOT OLEHUTh THIT U
pacnpenenenue octatouHbix CT/l-KOHIEHTpanuii B pacTyIeM KpucTai-
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Jie TIpH 3aaHHON CKOPOCTHU BBITATUBAHUA V), B 3aBUCHMOCTH OT BEJIUYH-
Hbl [ = V,/G. 3HaunTenpHas oCTaTOYHAs KOHIIEHTpALUs BaKaHCHH BO3-
HUKAaeT, €CJIIH CKOPOCTh POCTAa NPEBHIIAET KPUTHYECKYIO CKOPOCTh
(V))erit = UerixG n oHa yBenuuuBaetrcs mpu BospacTtanuu V,/(V),)erii. KoH-
LEHTpaLUs MEXY3€IbHBIX aTOMOB IIPU V), < (V)i ABIAETCA yOBIBatoLIEH
dynxuueit ot V,/(V,)ei. Konuenrpamun CTI nedexToB (BakaHCcHil IpH
Vy >> (Vy)eric 1 MEXKY3€IbHBIX aTOMOB NPH V), << (V},)crit) OLIEHUBAIOTCS
BeTHunHOM ~ 10 cm™

MartemaTuueckas MOAECJIb U PE3YJbTAaThl pacueToB

AHHATWSIIIAS BaKaHCHA W MEXKIOY3€JIbHBIX aTroMoB BOmm3u OK
B 3HAUUTEJIbHOIN CTENEHH ONpeneisieT WX MOCIEOYIOUIYI0 MHUIPALHI0 U
pacnpesneneHue B kpuctamuie. CKOpOCTh aHHUTWISALUN PaBHA Pa3HOCTH
MEXTy CKOPOCTSIMH TPSMON peaknnu peKoMOWHAIK U 00paTHO# peak-
un Tepmudeckoi reHepanuu nap CTI. CkopocTs peaknuu peKoMOu-
HaIlMM TPONOPLHOHATBFHA MPOU3BEACHUIO KOHIIGHTpAlUKd B3aUMOJEH-
cteytonux CT]l. CxopocTh 00paTHOM peakIuu CBsi3aHA CO CKOPOCTHIO
MIPSAMOM peakIMK 3aKOHOM ICHCTBYIOIMX Macc. Takum o0pa3oMm, CKO-
POCTh AaHHUTHJIAIMH 3amuchiBaeTes B Bune: w = K;,(C,C; — C,eCip), TIE
Kiy — koo dunment ckopoctu peakiyu (Ko3pPUIUEHT peKOMOUHAIINN).
Konnenrpaunu C(7, z, ) — Bakancuid U Ci(7, z, ) — MEXy3€IbHBIX aTO-
MOB yI[OBJ]CTBOpS[IOT TP PYy3nOHHO-PEKOMONHALIMOHHBIM YPaBHEHHSAM:

aC,,
le(D Ve ) VP Kiv(CvCi - CveCie)s
a_ci =div(D;VC;) — Vp a—Zi — Kip (GG — CueCie).

Koaddummentsr nuddys3un (D,, D;) 1 paBHOBECHBIC KOHIICHTPAINH
BaKaHCHH U Mexy3elbHBIX aToMOB (Cy, Ci.) yI0OHO 3a7aBaTh C UCTIOIb-
30BaHUEM MX 3HAYCHUH B TOUKe ILIaBiieHus (7,,) CleayromumM o0pa3om:

E, E, Eip , Ei
Dy(T) = Dy, exp exp (_k_; + kT,[:l) /Di(T) = Dy, exp exp ( wt kTD) ’

E, E; E;
Cre(T) = Cyom €xp exp (_ﬁ T, ) rCieT) = Cim exp exp ( KT " KTy, )

WHaeke m cOOTBETCTBYET 3HAUCHHUIO JTAHHOW BEJTMYHMHBI TIPH TEMIIE-
parype tuiaBnenus (kpuctammuzanun) Tp,. Kosaddunuent pekomOnHa-
M 3aMUCHIBACTCS B BUIE:

E
K, = Ay (D, + D;) exp exp <_ ]:;C> ,

rie Ay, = ATqp (Feap — panuyc, E,.. — dHEPrUs peKOMOMHALNM). 371ECh

BenuuuHbl Eyp, Eip — sHeprum aktuanmu juis nuddysuu, a E,, E; —
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SHepruu oOpa3oBaHusg AePeKToB. B GopMyax HCIIOIL30BaHbI KOHCTAH-
TBI: TemIepaTypa MiaBieHus kpemHus 7, = 1683 K u mocrosHHas
Bombimana k = 8.625x107 5B/K. B nanHOM ciyuae TpeGyercs 3a1aTh
9 mapametpoB. Ilapamerpa pekomOuHanuu E,.. He npesbimaeT 1.5 3B, a
paguyc peKOMOUHALUH F,, PABEH 3.0x10® cm. Jlns mpouecca BeIpay-
BaHUsI MOHOKPHCTAIIJIOB KPEMHUS JaMeTpoM 150 MM M3 THUTIIS AHaMET-
poM 18 mrOWMOB BBIMIOJIHEHO CpPaBHEHHE C JKCIEPUMEHTAIbHBIM KpHU-
CTaJUIOM, BBIPALIEHHBIM M 3aTeM HUCCIECIOBAHHBIM Ha HaJIM4Ue
MuKposedekToB. JlaHHBIE UIA cpaBHEHMs mNpeacTaBieHbl Ha Puc. 1:
PO IIb CKOPOCTH BBITATUBAHUA (a), pacdeTHbIe M30auHHH (i, TOCTe
v-i-pekoMOuHanuu (0), ¥ IKCIIEpUMEHTATbHAsI KapTHHA MUKPOIe(hEeKTOB
(B), 3mecw Ls — % mons BeIpaimeHHOro kpucramuia. CpaBHEHHE TOKa3bIBa-
€T, 4TO KOH(HTypaIlys Mepexof0B OT BAKAHCHOHHOM K MeXy3eIbHOU
MOJI€ 110 JaHHBIM KapThl BPEMEHH KHU3HH COOTBETCTBYET aHAJIOTHYHBIM
repexoqaM Ha pacueTHOW KapTUHE W30JWMHUN. DTH NEpEeXO0abl BHI3BAHEI
3HAYUTENLHBIM YMEHBIIEHUEM V), 0T Hayana npouecca 10 50%-ii craauu
M, COOTBETCTBEHHO, yMEHBIICHHEM Tapamerpa |, 10 3HAYeHHii, MCHb-
wHX e, COOTBETCTBYIOMIMX IEPEXOTY OT BAKAHCHOHHOTO K MEKY3Elb-
HOMY POCTOBOMY PEKUMY.
a 6 B
Ls. %
20

40t

60

80r

Vg, MM/MUH

Puc. 1.
PaGora BeimonHeHa 1o TeMme roc3aganus Ne AAAA-A20-
120011690136-2.

CnucoK HCI0JIb30BAHHBIX HCTOUHHKOB

[1] Voronkov V.V. The mechanism of swirl defects formation in silicon // J. Crystal
Growth. 1982. V. 59. P. 625-643.
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DEFECT FORMATION IN DISLOCATION-FREE SILICON
SINGLE CRYSTALS

N.A. Verezub, A.1I. Prostomolotov

Abstract. The physical concepts of defect formation processes in disloca-
tion-free silicon single crystals are discussed. Mathematical models of these
processes are considered for various temperature ranges realized during their
growth. Near the crystallization temperature, the processes of fast recombination
and transfer of intrinsic point defects (vacancies and interstitial silicon atoms)
are considered in detail, the calculation results of which are verified by the ex-
perimental data of the carrier lifetime map in a silicon single crystal 150 mm in
diameter grown by Czochralski method.

Key words: single crystal, silicon, IPD defects, recombination, modeling.

VJIK 004.3:004.9
https://doi.org/10.29003/m3092. MMMSEC-2022/135-138

CTPYKTYPA COBCTBEHHBIX TOYEUYHBIX JTE®PEKTOB
B CdTe

Kooenesa Ceemnana Ilemposna,
K.¢h.-Mm.H., Ooyenm, kob@misis.ru

HUTY « MUCuCy», 2. Mocksa

AnHoTanms1. B pabore aHanm3upyroTcs UMeEIoIuecs Ha HAaCTOSIINI MOMEHT
JAaHHBIE TI0 COCTaBY M KOHCTAHTaM KBa3MXMMUYECKUX pEakIHil oOpa3oBaHMs
CT/] B CdTe. IlpuBenensl pacyeTsl KOHTPYSHTHO HCHApSIOIIMXCS COCTABOB M
IpaHuI] 00J1aCTH TOMOTEHHOCTH COEMHEHHUS B Pa3IMYHbIX Mozeisx. [lokaszaHo,
4TO0 Hamboliee YJOBJIETBOPUTEILHOE COIJIACHE C WUMEIOIIMMHCS SKCIEPHUMEH-
TaJIFHBIMH JAHHBIMH MMEET MOJETb, YUHTHIBAIOIIAS OMUMO 3apsDKCHHBIX Jie-
(exToB dpeHkens Mo 00enM MOAPeNnIeTKaM 1 HEUTPaIbHBIN eEeKT THIIA aHTH-
CTPYKTYPHOTO TeJUTypa Wi JUBAKAHCUHU KaJIMUsl.

KiaioueBsle cioBa: coOctBeHHble TouedHble nedektsr, CdTe, KOHCTaHTHI
KBa3UXUMHYECKHX PEaKIUi, 001aCTh TOMOTEHHOCTH.

BBenenue

CdTe sBnsercs ogHUM W3 Hawmbosiee BOCTPEOOBAHHBIX MaTEPHAIIOB
B IPYIIE IIMPOKO30HHBIX coenuHeHuil A,B¢. CoOCTBEHHBIE TOUYEUHBIE
nedekrel (CT) B 3THX MaTepuaiax HWTparoT OIPEIeISIONIyI0 POJib
B ()OPMHUPOBAHUM KaK INMEKTPUUYECKHUX, TaK U ONTHYECKUX cBoiicTB. Ha
CdTe nmpuxomutcs Hanbonpliee 4KUCIO paboT, M3YUAIOLIMX COCTaB U
tepmoauHamudeckue cBoiictBa CT/l. DTo enmWHCTBEHHBIN MaTepual U3
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IPyINIbl, B KOTOPOM B COCTaB JAe()EKTOB BKIIIOUCHBI MPAKTHUECKU BCE
BO3MOXHBIE Ae(hEKThI, BKIOYas AchekThl DpeHKes mo o0enM Ioape-
IIeTKaM, aHTUCTPYKTYpHbIE JAeQeKThl U KOMIUIEKCH nedextoB. O030p
TEOPETHUECKUX U IKCIIEPUMEHTAIBHBIX PaboT 1Mo MosmensM aedeKToo0-
pazoBaHug B 3ToM Marepuaiie Ha 2009 r. mpezactasineH B [1]. Ha Hacto-
SIUA MOMEHT HET OOIIero JUIs BCEX aBTOPOB MPEACTABICHUS HU O CO-
cTaBe, HU 0 DJHeprernyeckux xapakrtepuctukax CTJl. Ha rpanwmme
00JacTH TOMOTEHHOCTH M30BITOK KOMIIOHEHTA, OIPENIEICHHOTO 110 aHa-
T3y COCTaBa PAaBHOBECHOW MapoBOM (a3bl, T. €. BKIIOUAsi KaK 3apsDKeH-
HBIE, TaK W 3JeKTpudecku HewrpanbHeie CT/l, mpeBbIIaeT KOHIEHTpa-
A0 CBOOOMHBIX HocuTeneh 3apsma (CH3) mpakthuecknm Ha ABa
nopsaka. CyIiecTByeT JBa IMOAXO0Ja K OOBSCHEHHIO 3TOTO Pa3NIUUMA.
B [2] Ha ocHOBe M3MEpeHHsI TeMIIEpaTypHOH 3aBHCHMOCTH MapIHaib-
HBIX JaBJIEHHH KOMITOHCHTOB PaBHOBECHOW MapoBoi (pa3wl OBLIO IMTOKa-
3aHO, YTO B KOHIPYIHTHO HCHAPSIONIUXCA COCTaBaX HEOOXOIUMO
YYIUTHIBATh HEUTPATHHBIA NEe()EKT, KOHIIEHTPAUI KOTOPOTO IPOIOPIIH-
onanbHa P;7 Takas 3aBHCHMOCTb XapakTepHA Uil aHTHCTPYKTYPHOTO
nedexra Tecy. Bropoit moaxon oCHOBaH TakKe Ha paccMOTpeHHH Tecy
CO CTOPOHBI W30BITKA TEIUTypa, HO KaK JIOHOPHOTO ILIEHTPa, KOMITEHCH-
pymoiero akuentopHbiii neHTp Veg[3]. Llensto paboTel ObLIO CpaBHEHHE
UMEIOIINXCST MOJIeNIell C HOBBHIMH WJIM HE YYTEHHBIMH paHee JKCIIepH-
MEHTaJIbHBIMH JAHHBIMH.

Pacuer konuentpaumii CT/]

Konnentpanuu CT]] paccuuThiBaidi Ha OCHOBE METOJa KBa3UXUMHU-
yeckux peakiuii (KXP). B aTom Merone koHIeHTparuu 1e(heKTOB BbI-
paxaroT depe3 KOHCTaHTHI COOTBETCTBYIOIINX KBAa3MXUMUUYECKUX peak-
W, TapuyanbHBIE TaBICHHS KOMIIOHEHTOB IMapoBOd (a3sl u s
3apsDKEHHBIX JeQEeKTOB — depe3 KOHLEHTpaluu CBOOOTHBIX HOCHTENEH
3apsnoB. C y4eToM ypaBHEHHS dJIEKTPOHEUTPATFHOCTH A1 M Ae(heKToB
umeeTcss m+1 ypaBHeHUI 1 m+2 Heu3BeCTHBIX. [lapiiuanbHble JaBIeHUs
KOMIIOHEHTOB TIapOBOW (pa3bl XOPOIIO M3BECTHHI [1], MOATOMY paccuu-
THIBAIOT KOHIIEHTpAau# Je(hEKTOB B 3aBUCHMOCTH OT MapIHAILHOTO
JIABJICHUS KOMIIOHEHTa, B JAHHOW paboTe — MapIHuaIbHOTO JaBICHHS
KaaMusi. DKCIEPUMEHTAIBHBIC TAHHBIEC 110 3aBUCUMOCTH OTKJIOHCHHS OT
crexuomerpuu 1 kornerTpanuu CH3 mpu 973 K B3saTe! u3 [4]. Pacuers
MOKa3aJId, 9YTO Ha CTOPOHE M30BITKA TETypa XOpOIIIee COTIacue C IKC-
MEePUMEHTAIBHBIMU JAHHBIMU HAOIOJAETCS y MOJEH, YUUTHIBAIOIICH
HelTpanbHblid gedext tuna Tegy. OmHako TpU 3TOM ITOT AedeKT Io-
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HOpPHOTO THWIIA M HEUTpPaIbHBIM OH OyZET TOJNBKO B CIydae, €CIIH €ro
SHEPreTUYEeCKUi YPOBeHbB JIeKHUT Hke ypoBH Pepmu (F). B meipounom
MaTepuane ¢ KOHIEHTpalmell Abpok mopsaka 107 cm™ mpu 973 K
Ec — F = 0,69 5B, a Teoperndueckne OIEHKH IMOJIOXKEHUSA JakKe BTOPOTO
HOHHU3AIMOHHOTO ypoBHS Te-, HaxoasTcsa Ha ypoBHe 0,4 OT JHA 30HBI
MPOBOJAMMOCTH M BO BCEX KOMIICHCAIIHOHHBIX MOJEIAX 3TOT AedeKT
paccMarpuBaeTcs Kak JABYKPaTHO HMOHH3UPOBAaHHBIA TOHOP. Bmecrte
¢ TeM, B [5] OBLIO MOKa3aHO, YTO Ha 00EHX IPAHMIIAX 00JIACTH TOMOTEH-
HocTH mapamerp pemeTkn CdTe ymeHbInaeTcs, Mo3TOMY aBTOPBI Ipea-
JIOKWIIM T. H. MOJIETIh BAKaHCHOHHBIX TIop. B [3] Ha ocHOBaHMM TeopeTH-
YEeCKUX pAacyeToB OBUIO TNPENI0KEHO pPaccMaTpUBaTh HEHUTpPabHBIN
nedext Tecy — Vg, HO €r0 KOHIECHTpALUs Ha IpaHHIE 00NacCTH TOMO-
TEHHOCTH CO CTOPOHBI M30BITKA TEJUTypa Ha 3 MOpsAIKa MEHBIIE OTKIIO-
HEHHUS OT CTeXuoMeTpuu. J[MBakaHCHs B pacueTax HE Y4YUTHIBalach,
BMECTE C TeM KOHILIEHTpAalUs JUBAaKAaHCHM TAaK)Ke, KaK M KOHLIEHTpaLUs
aHTUCTPYKTYPHOTO fedekTa, mpornopuuonansaa Pp7. Co CTOPOHBI M3-
OBITKa KagMHs Tak)Ke HEOOXOAMMO YUHUTHIBATH JAe(EKT HEHTPaTLHOTO
Thma. TaKOBBIM TaKXKe MOXKET OBITh TUBAKAHCHUS TEILTYpA.

BrIBOaBI

B paGote BBIMONHEHBI pacueThl 3aBUcHUMOCTH KoHteHTpammii CT/I,
OTKJIOHEHHs OT crexuomeTpun W KoHIeHTpanmmn CH3 B CdTe mpm
973 K. IlokazaHo, 4TO CO CTOPOHBI M30BITKAa TEIypa OTKIOHEHHE OT
CTEXHOMETPHH KOHTPOJHUPYEeTCd HEUTpadbHbIM nedexkrom Tuma Tecq4
WM JUBAaKaHCUM KaIMHs. DKCIEPHUMEHTAJbHbIE JaHHBIC MO 3aBHCHMO-
ctu napamerpa pemeTkd CdTe OT OTKIOHEHHUsI OT CTEXUOMETPHH CBUEC-
TEIBCTBYIOT B IOJIb3y BAKAHCHOHHON MOZEITH.

CnucoK UCIO0JIb30BAHHBIX HCTOYHUKOB

1. Triboulet R. Siffert P. CdTe and Related Compounds // Elsevier Science BV, 2010.

2.Mensenes C.A.u np. CoOcTBeHHBIE TOYEYHBIE IE(EKTHI B HEJIETHPOBAHHOM
CdTe // Kpucramnorpadus, 28, 1983, c. 556-561.

3. Berding M. Annealing conditions for intrinsic CdTe //Appl. Phys. Lett., 74, 1999,
p. 552-554.

4. AserncoB 1.X. ®a3oBbie paBHoBecus B cuctemax A(II)B(VI)// Beicokouncrtsie
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5. Mengsenes C.A. u np. O npupoze TodedHbIX AedexToB B HenerupoBanHom CdTe //
Heopr. Marepuanst. , 9(3), 1973, c. 356-359.
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STRUCTURE OF INTRINSIC POINT DEFECTS IN CDTE
S.P. Kobeleva

Abstract. The currently available data on the composition and constants of
quasi-chemical reactions of IPD formation in CdTe are analyzed. Calculations
of congruently evaporating compositions and boundaries of the compound ho-
mogeneity region in various models are presented. It is shown that the model
that takes into account, in addition to charged Frenkel defects in both sublattic-
es, also a neutral defect such as antisite tellurium or cadmium divacancies has
the most satisfactory agreement with the available experimental data.

Key words: intrinsic point defects, CdTe, constants of quasi-chemical reac-
tions, homogeneity region.

VIIK 004.9
https://doi.org/10.29003/m3093. MMMSEC -2022/138-140
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'Huorcecopoockuii 2ocydapemeennoiii ynusepcumenm
um. H.U. Jlobauesckozo, Huxcruii Hoeeopoo
2 HIY ¢punuan PAHXul'C, Huorcnuti Hoé2opoo

AnnoTtanus. B paGoTe npeacraBieHs! pe3ynbTaThl pacaéTtoB merogom DFT
SHEPreTUYECKHX XapaKTePHCTHK BO3MOXKHBIX KOH(HUrypauuii aroma Oopa,
BHeApEHHOTO B Ga,O3; METOOM MOHHOI MMILIaHTAIMH. [loTydeHsl pe3yabTaThl
JUISL Pa3HBIX THUIIOB MEXKA0Y3/I1H, IPOBEICHA OLIEHKA SHEPTETHIECKUX OaphepoB
muddysun B mo Mexa0y3enbHbIM KaHaIaM.

KiroueBble ciioBa: okcua rawiusi, 0op, nonHas nmiuiantanus, DFT pacué-
ThI, MEXJ0Y3/IUs, MEXKI0Y3€IIbHbIE KaHANbI, YHEPT U MUTPALIUY.

BBenenue

Wonnas ummutantanus 6opa B Ga,O; npeacTaBiIseT HHTEPEC B CBS3H
¢ TmpoOiaeMol MOIU(UKAIMK CBOMCTB JAHHOTO TOJYIPOBOJHUKA IS
pacIIMpeHus Tuana3oHa Bapualliy ero SKCILTYaTallMOHHBIX CBOWCTB ITy-
TEM M30BAJIEHTHOTO 3aMEIIeHHsT aTOMOB Tajuns. Eciu 3amerieHue ato-
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MaMH aJTIOMUHUSA, a TaKKe WHIUSA U3y9alioch TOCTATOYHO MOAPOOHO, TO
B Cllydae HamboJee JIETKOro M3 3JIEMEHTOB 3-ei TPyl diIeMeHTa — 60-
pa, TaHHBIE BEChbMa OTPaHUYCHEI.

HccnenoBanne Mmogudukammu cBocTB 0eta-Ga,O; HoHaMH B* pea-
CTaBJISIETCSL JOCTATOYHO aKTyalbHOH 3anauyeid. [Ipu 3ToM Hapsnmy ¢ 3kc-
MEPUMEHTATBHBIMA ~ METOJAAMH  WCCIIEIOBAHUSA  dJIEKTPOPUINIECKUX
cBoiictB Ga,Os3, JIErHpPOBAHHOTO B’ MeTomoM HOHHOW HMMIUIAHTALNH,
MPEJICTABJIICT UHTEPEC OIICHKA BO3MOXKHBIX KOH(UTYpalHii pacioIokKe-
HUS aTOMOB B B pemi€Tke okcuaa ramuius, a Takke OLleHKa dHepreTuye-
CKHX 0apbepoB IPH €r0 BO3MOKHOM IepEMEIICHUH.

Meton pacuera

C 3T10ii menpo0 OBUTH TIPOBEICHBI PACUETHI YPHEPTUH JBYX THIIOB: TIEp-
BB — 1 kinactepa u3 80 aromoB Ga,O; u onHoro aroma B; BTOpOit —
U1 knactepa u3 79 atomoB Ga,0; ¢ Bakancueir Ga u ogHoro aroma B.
Jns npoBenenus uccnenoBanus 0bu1 BeIOpan Meton DFT, koTopsiii no-
CTAaTOYHO YCIIEITHO MCIOJIb30BAJICA paHee IS pacdéTa SHEPreTUYECKUX
napameTpoB BakaHcuu Ga [1] U SHEPreTHYecKUX XapaKTEPUCTHK IPO-
necca auddy3un psaga npuMeceld [2] B 3ToM MaTepuaine. Pacuérsl mpo-
BOJWINCH C UCIOJIb30BaHUEM IporpaMMHoro nakera Quantum Espresso
[3] u ncesnonotennuana UltraSoft (US) ¢ sneprueii orceukn 25 Ry.

Pacuetsr sHEprUm KpHCTAIIHIEeCcKoro kiactepa -Ga,O; mpu Bapua-
MY TIO3UINN €AMHUYHOTO aToMa 0opa B pemieTKe ObUIH MTPOBEASHBI IS
TpEX TUNOB MeXA0y3nmuid. OnpeeneHbl KOOPIUHATE paBHOBECHBIX I10-
JIOXKEHUH aToMa B B 3THX MeXI0y3/usX, Kak B 0e31e(EKTHOM KpUCTa-
Je, Tak U ¢ Bakancuer Ga. Pesynbrarel mokaszanu, 9yTo B He 3amemraer
atoM Ga B pemeérke, KaKk OXXHIAIOCh 0 Hadaja ucciemoBaHus. llpum
3TOM CTENEeHb CMEUICHUsl aroMa B 0T 3TOro mojokeHus pa3iuyHa s
Pa3HBIX MEXKJIO0Y3JIUMI.

[Tomy4yennsie pe3yabTaThl MO3BOJWIIM OTPEICIUTh BEPOSTHBIA BEK-
top muddysuu BT mo Mexmoy3ensHBIM KaHATaM M ONEHHTh COOTBET-
CTBYIOIIIME 3HEPTEeTUYECKHE OAphephl, 3HAUSHUSI KOTOPHIX BapbUPYIOTCS
B npenenax (1.5-3) aB.

BriBoabI

[TpoBenéHHbIE PAacUETHI MO3BOJIMIIM MOJTYYUTh MOJAEIBHOE MPEACTaB-
JICHHE BO3MOKHBIX KOHPUTIYpauusx BHeApEHHOTro atoma B B pemérky f3-
Ga,0; 1 OLIEHUTH PHEPTETHYECCKUE XaPAKTEPUCTHKH BO3ZMOKHON AU QY-
3uu. [losydeHHbIE pe3yabTaThl MOTYT OBITH MCIOJB30BAHBI TP UHTEP-
MpEeTaNyy OBeIeHUs B B SKCIIeprMeHTax 10 ero HOHHOM MMILTaHTalluu
B 9TOT MaTepuall ¥ HOCTUMILIAHTALOHHOTO OTKHTa.
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Uccnenosanne nogaepxano B pamkax rpanra bPUKC PODU (19-
57-80011).
CnHCOK HCI0Jb30BAHHBIX HCTOYHMKOB

1. Kyrtsos A. et al. Migration mechanisms and diffusion barriers of vacancies in Ga2
03// Physical Review. 2017. B 95. P. 245202.

2. Sharma R. et al. Diffusion of dopants and impurities in f-Ga203 // J. Vac. Sci.
Technol. 2021. A 39. P. 060801.
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QUANTUM-CHEMICAL CALCULATION OF THE ENERGY
CHARACTERISTICS OF BORON-DOPED B-GA;O;

E.V. Okulich, V.I. Okulich, D.I. Tetelbaum

Abstract. The paper presents the results of calculations by the DFT method
of the energy characteristics of possible configurations of the boron atom em-
bedded in Ga,0; using ion implantation. The results for different types of inter-
stitials are obtained, and the energy barriers of diffusion B along interstitial
channels are estimated.

Key words: gallium oxide, boron, ion implantation, DFT calculations, inter-
stitials, interstitial channels, migration energy.
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AHHoTanusi. B paGoTe BBIMONIHEHO MOJEKYISIPHO-INHAMHYECKOE MOJAEIH-
pOBaHHE MPOIECCOB CAMOOTKHTra (PMIIAMEHTHBIX CTPYKTYpP B MEMpPHCTOpax Ha
OCHOBE TIEHOK a-Si0,, MOIBEPTHYTHIX 06TydeH IO HOHAaMH Si'.

Kaiouessie ciioBa: SiO,, HOHHAsI UMIUIAHTALUS, MEMPUCTOP, 1€(EKTHOCTD,
MOJIEKYJISIpHAS. TUHAMHKA, CAMOOTIKHT, KJIAaCTePH3ALNs, CTOXaCTHIHOCTD.

BBenenue

BrisicHeHre TIPUPOABI CTOXaCTHYHOCTH XapaKTEPUCTHK MEMPUCTHB-
HBIX CTPYKTYp Ha OCHOBE TOHKHX IUIEHOK OKCHJIOB SIBJISIETCS] aKTyallbHON
3apadeii. CopMHUPOBAIOCH YCTOMUNBOE MHEHHE 00 ONPENeIsIOmeEM BIH-
SHUM Ha XapaKTEPUCTHKA MEMPUCTOPOB Ae(eKToB padouero ciod [1, 2].
OmHako mpupoaa dTUX 1e(EeKTOB OCTACTCS MAION3YICHHOM.

ITockonbKy yCTaHOBJIEHO, YTO B 30HE MPOBOAALICTO KaHana — Quia-
MeHTa (5—20 HM) — TeMIepaTypa B MPOBOJAIIEM COCTOSIHUM MOKET J10-
crurath 6osree 1000 K [3], To MOKHO TIpenrionaraTh HaIHYHE TpoIecca
CaMOOTKUTa Ae()EKTHBIX CTPYKTYP B 3TOH 00JacTu.

B Hacrosmeit pabore mpeacTaBiieHbl Pe3yNbTaThl MOJEIUPOBAHMUS
3TOTO Ipoliecca Uil MEMPUCTOPOB Ha OCHOBE IIEHOK aMmopdHOoro SiO,.

B pabore [4] 6bu10 OOHAPY)KEHO MOJOKUTENBHOE BIUSHUE HOHHOTO
o0ydeHust Ha TapaMeTpbl PE3UCTHBHOTO MEPEKIIOUEHHsI B CTPYKTypax
Ha OCHOBE IJICHOK OKCHJAa KPEMHUsI, IO3TOMY MOJEINPOBAHUE IIPOBO-
JIAJIOCH MIMEHHO JUIsl ISTMPOBAHHBIX HOHAMH Si IIEHOK.

Meton pacuera

HauanpHOW 3amadeli MomemupoBaHHSA OBLIO CO3MAaHUE CTPYKTYPHI
(pa3mepom 60x60x60 A*), HACHIIEHHO aTOMaMH KPEMHHS 33 CUET 00-
NTydeHus HOHaMHU Si' ¢ 3aJaHHON 0301 HA ONpeNenéHHON TiyOuHe, a
TaKkKe coaeprxameil aedexTsl, co3nanaeie nMu. [logpasymeBaercs, 9To
Takas CTPYKTypa MNpeICTaBlseT uU3 cebs oOmacte Quuamenta. Pacuer
yrcna aedektoB npoussoauics B nporpamme SRIM. IIpu sToMm royOuna
amopdroro SiO;; 3agaBanach paBHOH 20 HM, J03BI COCTABUIIH 1-10% u
1-10"cm?, sHeprus BHempsiembix HOHOB Si” — 20 k9B. CooTBeTCTBYIO-
1iee Yuciio BakaHcuii aToMoB Si v O c03/1aBajoCh UX CIy4YaiHBIM y[a-
JICHWEM, a MEXIO0y3eIbHbIE aTOMBl — HX CIy4YailHBIM BHEIPEHUEM IIPH
BBITIOJTHEHUU TOTO YCJIOBHS, YTO PACCTOSIHAE MEXKAY IByMs aTOMaMH He
JOJDKHO OBUTO OBITH MEHBINE CYMMBI aTOMHBIX PaJHyCOB COOTBETCTBY-
ommx coceaei. I[poreccyl aTOMHOM MEpecTPONRKHU IPU CAMOOTHKHUTE MO-
JENUPOBAINCH METOJOM MOJIEKYJISIpHOW JUHAMUKH C HCIOJIb30BaHHEM
makera LAMMPS npu Temneparype 1500 K.
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KoopnuHatel aTOMOB KJIACTEpOB MEPUOJMUYECKH (DUKCHUPOBAIIHCH,
obmee Bpemst pacdera coctaBiasuio ~ 100 He. IlpoBommiachk oOIeHKa
CTPYKTYPHBIX XapaKTEePUCTUK MOJEINPYEMOTO 00bEMA C HCTIONb30BaHH-
€M CIeHUaNbHO HAMMCAaHHOIO KOMIIJIEKCa MporpaMM. OTO IO3BOJIMIIO
HaAOII0AaTh SBOJIIOLUIO YHCIA, B3aMMHOTO DACIOJIOKEHHS CKOIICHUN
aTOMOB KPEMHHS, pa3MepoB KJIACTEPHBIX OOpa3oBaHWH M OCHOBHBIX
CTPYKTYPHBIX €AWHHML aMop(pHOro auokcuaa kpemMHus Tuma Si-O.
B pamkax uccrnenoBaHuil pacCUMTHIBAINCH pavajibHble (YHKLUHUH pac-
npenenenus: (POP) aTomoB kak oTMeueHHBIX 00pa30BaHMiA, TaK U MOJE-
JUPYyEMOro 00beMa B IIEJIOM, a TAK)KE YTIIBI MEXKIY CBA3SIMU.

Pe3yabTaThbl u 00cyxIeHHE

Beina nonyyena nHopmuposanHas POP ceszelt Si-Si anst Mmonenupye-
MOro (parMeHTa A0 MMIUIAaHTAUWH (MCXOTHOE COCTOSIHUE), TIOCIIE HM-
ruranTanuu ¥ nocie omkura mpu 1500 K B Tewenne 100 ue. s nexon-
HOro cocTosHMs monoxkeHne nwmka (R = 3.19 A) mnpumepso
COOTBETCTBYET JMTEPATypPHOMY 3HAUEHHUIO Ul TEPMUYECKHX IIJIEHOK
Si0,. [locne UMIUIAHTALUH TOT MUK COXPAHSETCs, yMEHbIIASICh TI0 BbI-
COTE U IUIONIA/IN U CTAaHOBSCH PE3KO acuMMeTpu4yHbIM. [losBiisseTcst BTO-
poit muk mpu R = 2.38 A, uTo cBA3aHO ¢ BBeIEHMEM ONONHUTETHHBIX
aTOMOB KPEMHUSI.

OTXUT MPUBOJIUT K 0OPa30BAHUI0 MUKPOKJIACTEPOB Si, MpuOIIMKa-
FOITUXCA 10 CTPYKTYpe K KPUCTAUIMYECKOMY KPEMHHIO, IS KOTOPOTO
Rsisi = 2.34 A u BanenTHelit yron pasen ~109°.

Usmenenue nonoxenus nuka 1 SiO; (2.9 A) nocne oxura mosxker
OBITH CBSI3aHO C OcTaTO4HBIMHU jAedektamu. Ilpeamonaraercs, 4To M3-3a
nocneaHnX OoJiee TUIOTHAS CTPYKTYypa OKCHAA CTAHOBHUTCS dHEpreThde-
CKH BBITOJTHEE.

3aki0uenue

IToxa3aHa BO3MOXKHOCTb CYLIECTBEHHON IIEPECTPOMKHU 3a KOPOTKOE
BpeMsi CTpYKTypsI amopdHoro SiO, B o6mactu ¢puiaMmeHTa, MpUBOIIeH
K 00pa3oBaHMIO MUKPOKIACTEPOB Si, UTO ABISAETCS CIEICTBUEM 3BOJIIO-
Uel MMOCTUMIUIAHTALMOHHBIX Je(PeKTOB. MOKHO IPEIIoNoXUTh, YTO
3TH TPOLECCH MOTYT 00yCIaBIMBaTh CTOXaCTUYHOCTD BOJBT-aMIIEPHBIX
XapaKTePUCTUK MEMPUCTOPOB, WX HIYMOBBIC XapaKTEPUCTHKH U, B KO-
HEYHOM CuéTe, Jerpajaltio MEMPUCTOpA.

Pabora mommepkana IlpaButenbctBoM Poccuiickoit ®enepanum
(rxorTpakT Ne 075-15-2019-871 (2)) 1 BEINONHEHA B paMKaX pealn3aiuu
MPOrpaMMBbI CTPATErHYECKOT0 aKajeMudeckoro auaepcrsa «[Ipuopurer-
2030» (H-466-99 2021-2023).
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MOLECULAR DYNAMICS SIMULATION OF
THE INITIAL STAGE OF ANNEALING OF SILICON DIOXIDE
IRRADIATED WITH Si* IONS

E.V. Okulich, V.I. Okulich, D.I. Tetelbaum, A.N. Mikhaylov

Abstract. In this work, molecular dynamics modeling of the processes of
self-annealing of filament structures in memristors based on a-SiO, films irradi-
ated with Si" ions has been performed.
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AnHoTanusi. C TTOMOIIBI0 KBAHTOBO-MEXaHHUYECKUX PACUETOB OIMPEIEICHBI
SHEPTHH CBSI3U CHJIMIIEHA, C aICOPOMPOBAHHBIMHU Ha €ro TOBEPXHOCTH aTOMaMHU
(doctopa. BeisiBieHo Hanboee BBHITOHOE B3aMMOPACIIONIOKEHHE aTOMOB (hoc-
(dopa Ha MOBEPXHOCTH CUIHIICHA. M3yueHO M3MEHEHHE 3apsiia U JIOKAIbHOTO
MarHUTHOIO MOMEHTa Ha atomax Qocdopa B 3aBUCHMOCTH OT 33]aBaeMbIX
KoHpHUTypanuii.

KunroueBsble ciioBa: Teopusi pyHKIMOHANA MIIOTHOCTH, METO]] TICEBIOMNOTEH-
1pana, cuuiieH, hocdop, axcopouus.

BBenenue

Hannume yHUKadbHBIX 3JEKTPUYECKHX, MEXaHHYECKUX U XHUMHUYe-
CKHX CBOWCTB y rpadeHa 3apoiiiii MHTEpEeC K UCCIEAOBAaHUIO €ro aHa-
JIOTOB, OAHUM M KOTOPBIX SIBJIIETCS CHIIMLICH. B oTiinunu ot rpadeHa, on
oOnamaer Oojiee CHJIBHBIM CIUH-OPOUTAIBLHBIM B3aumojeiicTeueM [1],
YTO TI03BOJISIET HAOMIOAATh CIUHOBEIN d(dekT Xota mpu He CIUIIKOM
HU3KHX Temrieparypax [2]. Taxxke K 0COOEHHOCTSIM OTHOCSATCS MEXaHH-
YecKHM perynupyemas 3ampeléHHas 3o0Ha [3] ¥ Mertayundeckas ¢asza
¢ gonuHOOOpa3Hou mossipu3arueii [4]. IlpoBen€HHBIE SKCTIEPUMEHTHI
[5-9] moka3pIBatOT BO3MOYKHOCTH BHEAPEHHSI B COBPEMEHHYIO JIEKTPO-
HUKY HaHopa3MepHbIXx MartepuanoB [10]. HMccnemoBanue B3ammoneii-
CTBUSI aTOMOB (hocdopa ¢ MOBEPXHOCTHIO CHIIMIIEHA, MPEICTaBICHHOE
B IaHHOH paboTe, MOXKET MPEACTAaBISATh HHTEPEC B MEPCIEKTUBE CO37a-
HUSI KyOMTOB ISl KBAaHTOBBIX BBIUMCIUTENICH HA OCHOBE JAHHOTO MaTe-
puana.

Pe3yJ’leaTbI pPacu€ToB U MX aHAJIHU3

Jns mpoBeleHUsT KBAaHTOBO-MEXaHWYECKUX BBIYHMCICHUI HCIONB30-
Bajicst maket nmporpamMm Quantum Espresso [11], ocHoBaHHBIN Ha Teopun
(GyHKUMOHANA TJIOTHOCTH M METOAE ICEBIONOTEHIMana. Pacu€rel BbI-
MOJTHSJIUCh C YYETOM CIUH-OPOUTAIEHOTO HEKOJJIMHEApHOI'O B3aHMO-
neiicteus. [lonmHOpenaTHBHUCTCKME TICEBIOTOTEHIMANBI I KPEMHUS H
¢dochopa Obum BBIOPaHBI W3 OHONMOTEKW TMporpaMMbel Quantum
Espresso [12]. Dueprus oOpe3anus 0azuca TUIOCKHX BOJIH COCTaBHIIA
476 5B. Pacuéter Si:P cTpyKTyp TpOBOAWMINCH C OJHOPOIHOHN CETKOMH
k-rouex 3x3x1, moctpoeHHoil mo cxeme Monkxopcra-IIska. Ananus
BEJIMUYMH 3aps/I0B Ha aTOMaxX BBIMOJHSJICA C HCIOJB30BAaHHMEM METO]a
paszouenus beinepa.

B onHoli u3 Hammx padot [13] Oblna u3ydeHa aacopOIus OAUHOYHO-
ro aroma (ocdopa Ha TOBEPXHOCTU CHIIUIICHA B HEKOTOPBIX KITFOUEBBIX
MOJIOKEHUSX W OBLIO BBIABICHO Hamboyiee PHEPreTHYECKH BBITOTHOE
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cocrosinue. @ocdop pacnornarancs Haa BepxHUM atoMoM kpemHus (Hill)
Y DHEPTHUS CBSI3H CHCTEMBI cocTaBmiia -3.84 »B. Tak ke ObIT CMOAEITHPO-
BaH ciy4ail 3amMenIeHus (3HEpTus CBsI3U paBHa -3.34 3B).

B mammoit pabore paccMmarpuBaercs amcopbumsi aroma ¢ocdopa HA
CIIIAIIEHOBYIO TIOBEPXHOCTh. B-TIepBOM BapmaHTe yXe COIEpKallyio
onuH 3amematoniuii atom pocdopa (Puc 1a), a Bo-BTOpOM OIIMH ancop-
ouposannslii (Puc 1b).

Puc. 1. BapuaHTBI pacnioioxeHus ancopoupoBaHHOTo atoma P
PSAIOM ¢ a) 3aMeMaloNM; b) amcopOupyommM

Bo 2-om u 3-em ciyuyae B obiactu agcopOuuu BTOporo aroma (hoc-
¢dopa TPOHUCXOAAT CMEIIEHHS B PACIOJOXKEHUSAX COCEIHUX aTOMOB
KpEMHHUsI, aHAJIOTHYHbIE PACCMOTPEHHBIM paHee moioxenusaMm Hill u
Valley; sHeprum CBSI3U MPHU 3TOM CTAHOBSTCSI HHMXKE, CAMbIM BBITOJHBIM
okasbiBaetcs mosoxkenue Hill (-4.17 3B). B ciyuae aByx amcopoupyro-
IIMX aTOMOB, 110 BEJIMYMHAM DHEPTUH CBS3H MOYKHO BBIJICITUTH KOHPHUTY-
pauuio 5 Kak camyio BbIroaHyio (-4.23 3B), pacmonoxeHue BTOpPOTro
atomMa ¢ocdopa pAIOM C TMEPBLIM YMEHBIIAET €r0 SHEPrHUI0 CBS3U
B KOH(Qurypauu 4, a B KoHQuUrypauuu 6 IpuBOJUT K CaMOIPOU3BOIIb-
HOMY CMELICHHUIO OT YK€ MMEIOLIErocs aacopOMpOBaHHOIO aroma. 3a-
psna Ha aromax Gocdopa HECYHIECTBEHHO OTKIOHAETCS OT PaCCMOTPEH-
HBIX paHee CIy4aeB OJMHOYHOIO 3aMeIleHHus Wi abcopOuuum aroma
¢docopa Ha cunuuene. JlokanbHbIe MarHUTHBIE MOMEHTBHI Ha aToMax
¢docopa He BEIPAKEHBI.

Pabora BeImONHANACK B paMKax TeMaTwku Jlaboparopun Momemupo-
BaHMsI KBaHTOBBIX MpoueccoB TOI'Y B coorBercTBHM ¢ ['ocymapcTBeH-
HBIM 3aaHueM Ha BbinosiHeHne HUP MunuctepcTBa HayKu U BBICLLIETO
obpazoBanns Poccutickoit @eneparuu (mpoekt Ne 0818-2020-0005).
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QUANTUM-MECHANICAL STUDY OF THE SUBSTITUTION
AND ADSORPTION OF P ATOMS ON SILICENE

A.V. Prokhorenko, A.A. Gnidenko, A.N. Chibisov, M.A. Chibisova

Abstract. Using quantum mechanical calculations, the binding energies of
silicene with phosphorus atoms adsorbed on its surface was determined. The most
favorable mutual arrangement of phosphorus atoms on the surface of silicene has
been revealed. The change in the charge and local magnetic moment on phospho-
rus atoms depending on the specified configurations has been studied.

Key words: density functional theory, pseudopotential method, silicene,
phosphorus, adsorption.
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AHHOTanusi. B paboTe BBINOIHEHO KOMITBIOTEPHOE MOJEINPOBaHUE 00pa-
30BaHUS M Pa3phiBa MPOBOSIIETO (DUIIAMEHTa B MEMPHUCTOPE Ha OCHOBE OKCHJIA
ragHUS IBYMS Pa3TUYHBIMA METOAAMU: METOJOM KOHEYHBIX DJIEMCHTOB M KH-
HETHUYeCKUM MeToa0M Monte-Kapio.

KaioueBble c10Ba: MEMpPUCTOP, PE3UCTUBHOE MEPEKITIOYCHHUE, (PHIaAMEHT.

BBenenue

B teuenne TMOCJICAHETO ACCATHUIICTHUSA MPOUCXOAUT AKTHUBHOC H3YyUcC-
HUEe 0COOCHHOCTEH (PYHKIIMOHUPOBAHHS PE3UCTHBHOM MaMsITH BBUIY €€
TJIaBHBIX JOCTOWHCTB: BBICOKOW MacCIITa0MPyEeMOCTH, HU3KOTO 3HEPTO-
moTpeOIeH s, BEICOKOUW cKopocTH mepeximrodeHus [1]. [Ipu paccmotpe-
HUM SYCEK MaMSITH C HCIOJL30BaHUEM OKcHa TadHHs B KayecTBE aK-
TUBHOT'O CJIOA MPUACPKUBAIOTCA KOHUCTIIUHN O6pa3OBaHI/I$1 " paspbiBa
MPOBOJSIICTO (PHUIIAMEHTA, COCTOSIIEr0 U3 MOJOKUTEIBHO 3apsSKECHHBIX
KHUCJOPOJHBIX BakaHcui. OJHAKO JaHHBIE TPONECCH NMEIOT CTOXACTH-
YECKHI XapakTep, YTO MPUBOJIUT K HEOOXOAMMOCTH CO3JaHMsI JTUHAMHU-
YeCcKOi MOJEeN MEeMPHCTOpa, CIIOCOOHOW NETalbHO OIHCHIBATH PE3H-
CTHBHOE TIEPEKITIOUCHHE.

MoaenupoBaHnue

B nmanHO#1 paboTe OBUTH PacCMOTPEHBI JIBa CIIOCO0A MOMICTUPOBAHUS
MPOIIECCOB, MPOUCXOAIINX MPU PE3UCTUBHOM MEpeKIoUYeHUH. B mep-
BOM cCily4ae o0pa3oBaHUE U Pa3pbiB MPOBOJAIICTO (UIaMEHTa OOBSICHS-
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I0TCSI MUTpalyedl BaKaHCUM KUCIOPOJa, BBI3BAHHOW JIOKAIbHBIM JJIEK-
TPUIECKUM TTosieM W Temmepatrypor [2]. [TosTomy Tpedyercss camoco-
TJIACOBAaHHOE pelieHre Tpex IudepeHInaNIbHBIX YPaBHEHHH B YaCTHBIX
MPOM3BOAHBIX: ypaBHEeHHE TU((GY3UN KUCIOPOTHBIX BaKaHCHA, ypaBHe-
HUE TEIUIONPOBOIHOCTH M YpaBHEHHUE HeNpepblBHOCTH. [Ipu 3ToM Hanmo
OTMETHTB, YTO SJIEKTPUUECKasl MPOBOIUMOCTh U KOI(PPUIMEHT TEIIo-
MPOBOIHOCTH aKTUBHOTO CJIOS 3aBUCAT OT KOHIIEHTPALIMU BaKAHCHIH.

[Ipu BTOpOM mnOAXOAE MOJEIMPOBAHWE HAUMHACTCS C 3aJaHud
HA4aJIbHOTO PACIpeieNeHns] KUCIOPOAHBIX BaKaHCUN B aKTUBHOM CIIOE,
MpUYEM B KaXIbIi OTAETHHO B3SATHIA MOMEHT BPEMEHHU paclipe/ieiieHre
BaKaHCHUM ompeaesieT MeXaHu3M MPOBOJUMOCTH. Tak, mpu HU3KOU KOH-
LEHTPAIMN KUCIOPOAHBIX BaKaHCHM MPOUCXOAUT MpsIMOE TyHHEIUPOBa-
HHUE 3JIEKTPOHOB MEXIYy 3JEKTPOJaMH M TYHHEITMPOBAHHE SJIEKTPOHOB
MEXIYy BaKaHCHUAMH. BepOSTHOCTH JAHHBIX MPOLIECCOB ONPEACNIAIOTCS
C TIOMOIIBIO KBa3UKIIACCUIECKOTO MPUOIIKEHHS.

[Iporekatomuii 4epe3 CTPYKTypy TOK MOXKET OBITh pacCUUTaH
C WCIIONIb30BaHNEM MEXaHHM3Ma TyHHennpoBaHus depe3 noBymku (TAT,
trap-assisted tunneling) [3]. OgHako mpu YBENWYEHWH KOHIEHTpAIMU
KHCJIOPOJHBIX BaKaHCHI HeNb3d NpeHeOperaTh CHIIBHBIM B3aUMO/ICH-
CTBHUEM MEXIY COCEIHUMH BAaKaHCHUSIMH, YTO MPUBOAUT K CMEHE UCIOJIb-
3yemoro Mexanusma npoBogumoctu ¢ TAT Ha apeiidosiii [3].

MojenupoBaHre TpeKpamaeTcs Mpu TOCTHKEHHH HEKOTOPOTO 3apa-
Hee 3aJjaHHOro Toka. B kaxnom muxie ypaBHeHus Ilyaccona u Hempe-
PBIBHOCTH PEIIAIOTCA CaMOCOIJIACOBaHHO. PaccunTaHHBIN 1O OJTHOMY U3
BBIIIEYTIOMSHYTBIX MEXaHHU3MOB TOK HCIIOJNB3YETCS IS BBIUMCIECHUS
JIOKAJIbHOW TeMIepaTyphl MO YpPaBHEHMIO TEIUIONpoBoAHOCTU. [lamee,
WCIIOJIB3Ysl MOJyYeHHBIE JIOKAIbHbIE MOTEHIHAT U TeMIepaTypy, C Io-
MOIIBI0 KHHETHYECKOTO MeToja MoHnTe-Kapio omnpenensercs, Kakoud u3
NpOLIECCOB — TreHepanus, pekoMOuHauus wim auddy3us — npou3onaeT
Ha CIIeAYIOLIEM dTare.
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COMPUTER SIMULATION OF RESISTIVE SWITCHING
IN HFO, MEMRISTORS

E.A. Ganykina, A.A. Rezvanov, S.S. Zyuzin, E.S. Gornev

Abstract. The paper presents computer simulation of the formation and rup-
ture of a conductive filament in a hafnium oxide-based memristor using two
different approaches: the finite element method and the kinetic Monte Carlo
method.

Key words: memristor, resistive switching, filament.
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UMMUTAIIMOHHOE MOJIEJIMPOBAHUE
AHAJIOTOBOM UMIIYJIbCHOW HEMPOHHOM CETH
HA OCHOBE MEMPUCTHUBHBIX DJIEMEHTOB
C UCIMTOJIb30BAHUEM MMAPAJUJIEJBHBIX TEXHOJIOT UM

Mopo3zoe Anexcandp FOpvesuu,
K.h.-M.H., H.C., morozov@infway.ru,

Abzapan Kapuns Kapnenoena,
0.¢p.-Mm.H., 2.H.C., 3a8. omOenom, kristal83@mail.ru,

Pesusznukoe /Imumpuit Jleonudoeuu,
0.¢h.-m.H., npogpeccop, 8.H.c., reviznikov@mai.ru,

QU] UY PAH, 2. Mockea

AHHoTanusi. Pabora mocssiieHa BonpocaM MMUTALMOHHOTO MOJIEINpPOBa-
HUS aHAJIOTOBOW MMITYJIbCHOM HEHPOHHOH CETH HAa OCHOBE MEMPUCTUBHBIX 3Ji€-
MEHTOB B paMKax 3aJadd pacmo3HaBaHUS 00pa3oB. PaccmarpmBaercs Habop
n300pakeHuid pazmepa 128 Ha 128 muKceneid, 4To MPUBOIUT K UMHUTAIUOHHON
Mozenu, BKiIrouaromed Oomee 80 Thicsu auddepeHnnanbHEIX YpaBHEHHHA, U
00yCIJIOBITBAaET HEOOXOANMOCTD PACIIapAIICTUBAHUS BEIYHCICHHUMH.

KioueBble cjioBa: ummnynbscHas HelipoHHas ceth, STDP, pacno3naBanue,
MEMPHCTOP, OKCHJ TadHHs, UHTEpBalbHas Mojenb, BAX, mapaiieibHble BbI-
ugncnenus, OpenMP.
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BBenenue

HckyccTBeHHBIE HEHPOHHBIE CETH HCIIOJIB3YIOTCS BO MHOTHMX 007a-
CTSIX COBPEMEHHOM JKM3HH U MO3BOJISIIOT PeliaTh aKTyalbHbIE, BXKHBIC U
MPaKTUYECKU 3HAYUMEBIE 3aJlaui, KOTOPbIE 3a4acTyio He TOJIAI0TCS pe-
IICHUIO C ITOMOIIBIO KJIACCHUYECKUX MOAX0A0B. g yckopeHus: paboTsl
HEHPOCETEBBIX aJTOPUTMOB BEAYTCS pa3padOTKU CIIELHaIbHBIX MPOLEC-
COPOB, OCHOBaHHBIX Ha TPUHIMIAX JICHCTBUS YEIOBEUECKOTO MO3ra U
MIPEICTABISIONINX COOO0H aNMapaTHyIO peaan3annio UMIYJIbCHBIX (CIai-
KOBBIX) HEHPOHHBIX CETeil.

Panee aBropamm Hactosmieil paboTel ObplTa pa3zpaboTaHa MaTeMaTH-
yeckas MOJIeb aHaJIOTOBOM MMITYJIbCHOM HEHPOHHOM CETM OCHOBAaHHOM
Ha MEMPHUCTHBHBIX 3JIEMEHTaX ¢ MeTofoM camooOyuenus Spike Timing
Dependent Plasticity (STDP) [1-3]. Kaxnprii cuHamnc mpencTaBiseT
co00lf MEMPHUCTOp, KOTOPBIH ONMHUCHIBACTCS € MOMOLIbI0 AuddepeHIy-
AIFHOTO YPaBHEHUS! OTHOCHTENIBHO NEPEMEHHONW COCTOSHHS, XapaKTepH-
3yoIel YpOBEHb MPOBOJUMOCTH dJieMeHTa. IMUTAlMOHHOE MOJEIUpO-
BaHME I03BOJIIET ONPENEIUTh ONTHMANbHbIE HACTPOHKM HeHpoMopdHOI
CTpyKTypbl. [Ipn GonbIIOM KOJMMYECTBE CHHAIICOB UMHUTALIMOHHOE MOJIE-
JMPOBAHUE CETH CTAHOBUTCS 3aTPYAHHUTENLHBIM H3-32 PACTYIIMX BBIYHC-
JUTENBHBIX 3aTpatr. s oNTUMM3alK pacyeToB MPOLIECC MHTEIPHUPOBA-
U quddepeHnnanbHbIX YpaBHEHUH pacnapauieiiBaeTcs ¢ HOMOIIBIO
texaonorun OpenMP.

I/IHTepBaJI])Haﬂ MaTeMaTuieckasi MOA€JIb MEMPUCTOPA

CornacHo SKCIEPUMEHTANBHBIM JaHHBIM, XapakTep (PyHKIIMOHHPO-
BaHHUS MEMPHUCTOPOB SIBJIAETCS CTOXaCTUYECKHUM, O YEM CBHICTEIIbCTBYET
pa3dpoc B BOJIBT-aMIIEPHBIX XapaKTEPUCTHKAaX B MpOIecce MepeKItoye-
HUS MEXJy BBICOKOOMHBIM M HU3KOOMHBIM coOCTOsiHMsMHU. [y ydera
3TON OCOOEHHOCTU TPUMEHSETCS MOJICIb MEMPUCTOPA C MHTEPBaIbHBI-
MU MTapaMeTpaMH, KOTOpas 1aeT OTPaHWYEHHs CBEPXY U CHU3Y Ha WHTe-
PECYIOIIUE BEIUUUHBI, M 3aKII0YAeT SKCIICPUMEHTAIbHBIC KPUBBIC B KO-
PHUIOPBHIL.

PaccmaTpuBaeTcst MoguduKamus MOJENd MEMPHCTOpa, MpencTaB-
JIeHHOH B [4]:

1= (1=x(0)) Y (1)<,
=a-V(t)40,-V,, <V(t)<V,

thr
l—x(t)p N2

dx(t)
dt

7o

(1
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I(1)=x(t)" Bsinh(a,V (1)) +;([exp(7/V(t))—1J+ o,p=
- 2round[b(|v(t)|+c)*},1e(t) =V (6)/1(t).

rie X — IepeMeHHAas COCTOSHUS; d € [1.000,1.1 19] B — mocrosiHHas,

onpeaeiaeMas CBOMCTBaAMH marepuaia; s = 5 — HedyeTHOE IIeNoe Yucio,

I(t), V(t), R(t) — Texyume 3HAYCHNS TOKA, HAIPSHKEHNUS U CONPOTHB-

nenust; V, =0.4 B — moporoBoe 3HaYeHHE HANPSDKCHMS AKTHBAIHU;

n=9, B=910° B, y=1510" B, «,€[l.674,2.114] B,
yeE [—0.019,0.415] B!, Se [—0.011,1.464] MKA — MMOJATOHOYHBIE Mapa-

METPHI B BEIPAXCHHUH IS TOKA; round _ (YHKIHS TIOTYYSHHS IEeTI0YHC-
JeHHOTO pe3ynbrata; b=15 B, ¢ =2 B — noaronounsie ko3 duinen-
Tbhl OCHOBHOT'O YpaBHCHMU:. HaHHLIe 3HA4YCHUA MapaMETpPOB IOJTYYCHBI C
ITOMOIIBIO TTOIX0/Ia ONMMMCAHHOTO B padoTe [5] A HaIydIIero BOCIpo-
M3BENIEHUS DKCIEPUMEHTANbHBIX NaHHBIX TI0 MEMpPHCTOPY Ha OCHOBE
okcupa raduaus [4]. Ha puc. la mokazaHa 3aBUCHUMOCTh HAMPSHKEHUS OT

BpEMEHU V(t), Ha puc. 10 yepHOW KpUBOI NpeACTaBIeHA KCIIEPUMEH-

TaJbHasg BoJbTaMIlepHasa xapakrepuctuka (BAX) u Ha puc. 1B — BoccTa-
HoBnennast no V (¢) n BAX 3aBucumocts Toka or BpemeHH. CepbiM

LOBCTOM IMOKAa3aHbI MOJYYCHHBIC MOJACIIbHBIC UHTCPBAJILHBIC OLICHKU.

200 -1

100 = -1

I, pA

-100 = -1

=200 | 1 L -

)

1

V.V (6)

Puc. 1. Pe3ynpTaThl MOAETHPOBAHUS:

(a) — ucxoMHAs 3aBHCUMOCTB HarpshKe-
HUSI OT BPEMCHH;

(6) — sxcepUMEHTaIbHAS 1 MOJICTIbHAS
BAX;

(B) — BKCTIEpUMEHTAJIbHAS U MOJIEIIbHAs
3aBHCHMOCTb TOKa OT BPEMEHHU
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[Ipu manpHEWIIEM MOJENIMPOBAHWU PAOOTHI BCEil aHATOTOBOW caMo-
oOyHJaromeiicss MITYIbCHON HEHPOHHOM CeTH, KaXKIYI0 30Xy 00ydeHuUs
napamMeTpbl MEMPHCTOPOB 3aJal0Tcs cay4aliHbIM 00pa3oM U3 moAo0paH-
HBIX UHTEPBAJIOB.

MareMaTu4eckasi MoJeJIb HePOHHOI ceTn

MaremaTtnyeckass MOJENb CETH JUIS Pacllo3HAaBaHUs IMATH M300pake-
Hull pazmepom 128 ma 128 mukceneil 3amaercs CIEIYIOIIUMH COOTHO-
IIICHUSMHU B COOTBETCTBHH ¢ padoToii [1]:

dr,, Fy(x, . V] =V). Vi) >0, dr, -

. V,)T
dt 0,V (1)=0, dt

mt Jj?

i=1

AN I A R Y V,h)ﬂ,j](s( (v, - V)jm,
int i=l1 i,j int ’
Vi(t)>0

Ve 7,57,
vV —’<r,££+r +
Vi ) i s? ;o Vom,T/.STWt,
te VIS,TV<TJ, out 0’ Tout<T_i,
O,TS<TjS%\/Z—r+Iy<TjST,.,

@, =1-a(1-38,),V,/ =max(0,min(V,/, V),
x, ;(0) = random([0,1], / (0) = 0, 7,(0) > max(z,,7,,,),
i=1,.,128x128, j=1,..5,

rae V, — TeKyliee 3HaYCHNE HATIPSUKEHUS Ha i-M BXOJIE HEHPOHHOM CeTH;

V! — Tekyluee 3HaueHHEe HANpPSKEHUsS B OOPATHON CBSA3M j-TO HEMpOHa;
V/ — Tekyllee 3HaYeHME HANPSKEHMS Ha BBIXOJE j-TO HEHpOHa;

out

7. — BpéMms, MINPOULICAIICE ITOCIIC HOCHeﬂHCﬁ aKTHBalluK1 j-FO HeﬁpOHa;

J
J
V.| — HampspbkeHne Ha KOHAeHcaTope j-ro Heipona; R, , C,,

int int >

— 3Ha4dc-

o 0
HHE CONPOTHBIICHUS ¥ €MKOCTH y Heliponos; V', V| V.| — 3Hauenus

te 2 te > te

AMIUIMTY bl UMITYJILCOB 06paTHOﬁ CBs3HM M 3HAYCHUC HAIPSAKCHHUA I10
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ymon4anuio; V'

out

— aMIUINTYyZAa BBIXOAHOTO UMITyJbca; V, — ypOBEHb
HaIlpsOHKCHUSA aKTHUBallUN HeﬁpOHa; Ri,j — 3HAUCHHUEC COIPOTUBIICHUA
MEMPHCTOpA i-I0 CHHAIICA j-TO HEHPOHA; X, ; — COCTOSIHUE MEMPUCTOPA
[-TO CHHAIlca j-ro HeWpoHa; 7, — JJIUTEIBHOCTh CUTHAJa B 0OpaTHOH
CBA3H I10CJIC aKTUBAIIUH HeﬁpOHa; T: — JJIUTCIIbBHOCTH OJTHOT'O UMITYJIbCa

B curHaie oOpaTHOW cCBsA3M, 27, <7,; T, JUIMTEIIFHOCTL OJHOTO

out
MMITYJTbCA Ha BBIXOJIE CETH; & — KOd(QQUIMEHT nonasienus; J; — CUM-
Bon Kponekepa; o(x) — mensra-¢yHknus; 6(x) — dyaxums Xspucaiina;
3aBUCUMOCTH Fy # R, ; ONpPEIEISIOTCS B COOTBETCTBUH C MOJEIBIO

MEMPHCTOPA.

B mpolecce MMUTAMOHHOTO MOJIETMPOBAHHUS TIOI0OOHBI CIIETYIONIIE
sHavenus mapamerpos: R =10.9 Owm, C,, =4.1 m®, V, =1.55B,
V.=-16 B, V=10 MB, V! =2 B, V,,=2.5 MB, 7, =15 mc, 7, =1

out
Mmc, 7,, =1 mc, =0.1.
OtmetnmM, uTo oOmiee KonmnyecTBO AuPepeHnaIbHBIX YpaBHEHUH
B MoJienu coctaBisger 81930 (128x128x5+4+5+5), uro oOycnaBiuBaet
HEOOXOIMMOCTb paciapaIeIMBaHuUs BBIYNCIICHHUH.

PesyabTarsl

PaccmarpuBaeTcs 3aia4a pacrio3HaBaHUs M300pa)KEHHI PEICTaBIICH-
HBIX Ha puc. 2 [6]. Beraucnenus nmpousBoammmchk Ha mporeccope Intel(R)
Xeon(R) CPU E5-2620. Ha puc. 3 mokasaH Mmpolecc ajanTaiui CHHATITH-
YEeCKHUX BECOB K pacrio3HaBaeMbIM 0o0Opasiiam. L[BeT cooTBeTCTBYET 3HAUE-
HHUIO [IEPEMEHHOM COCTOSHHS COOTBETCTBYIOIIEIO MEMPHUCTOPA: YEM TEM-
HEe, TeM IPOBOIUMOCTh OOJIBIIIE; YEM CBETJICE, TEM MEHBIIIE.

Puc. 2. Pacnio3raBaemMbIe M300paKeHUS

CooTBeTCTBHE MEPEMEHHBIX COCTOSHHIA pacro3HaBaeMbIM 0Opa3iam
TOBOPUT O TOM, YTO CETh YCICIIHO OOYyYHJIach M 3allOMHUJIA 3aJIaHHBIC
n300paxeHus. 3a cUeT pachapajule]IMBaHUs YIaloCh MOIYYHUTh Ooliee
YeM [IECTUKPATHON YCKOPEHHE BBIYMCICHHI.
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500 snox

Puc. 3. VI3mMeHeHne COCTOSTHUI MEMPHUCTOPOB B ITPOIIECCE O0YUEHHS

PaboTa BeimonHena npu noxpaep:kke rpanra PODU Ne 19-29-03051
MK. IlapanienbHble BBIYMCIEHUS INPOBOAMINCH HA BBICOKOIPOM3BOIM-
TenbHBIX pecypcax OUI 1Y PAH.
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SIMULATION MODELING OF AN ANALOGUE SPIKING
NEURAL NETWORK BASED ON MEMRISTIC ELEMENTS
USING PARALLEL TECHNOLOGIES

A.Y. Morozov, K.K. Abgaryan, D.L. Reviznikov

Abstract. The paper deals with the issues of simulation modeling of an ana-
log spiking neural network based on memristive elements within the framework
of the problem of recognizing a set of five images of 128 by 128 pixels in size,
which involves solving more than 80 thousand differential equations.

Key words: spiking neural network, STDP, recognition, memristor, hafnium
oxide, interval model, VAC, parallel computing, OpenMP.
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40 «HUHUMDy, 2. Mockea

AHHOTalMsI. PACCMOTPEHBI BAapHUAHTHl CXEMOTEXHWYECKHX PELICHUH JUIs
aHaJIOTOBBIX MaTPHUYHO-BEKTOPHBIX BBIYHMCIEHUH Ha KpoccOapax, B y37ax KOTO-
PBIX YCTaHOBJIEHBI MEMPHUCTOPHI — ABYXIIOJIIOCHUKHU C IPOTrPaMMHUPYEMBIM 3Ha-
YEHHWEM CONPOTHUBIICHUS.

KnioueBsbie cioBa: aHanoroBble HEHpOMOp(QHBIE BBHIUYUCICHUS, MaTPUIHO-
BEKTOPHOE YMHOKEHHE, HEHPOHHBIE CETH.
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BBenenue

HeiipoHHble ceTH U UX anmnapaTHas pean3alys B HACTOSLIEEe BpeMs
SIBIISIIOTCS. OCHOBHBIM JIPaiiBEPOM Pa3BUTHS HCKYCCTBEHHOT'O MHTEIIEKTa
(). Bropoe nanpasnenune N1 — nmornveckuii BBIBOJ, OAHAKO IJIS HETO
WCIIOJIB3YIOTCS KJIACCHYeCKHe KOMIbIOTephl. HeilpoceTeBble BhIYMCIIE-
HUSl B CBOEH OCHOBE cojiepKaT MaTpUYHO-BEKTOpPHBIE ONepalyu, CyThb
KOTOPBIX CBOJUTCS K MONapHOMY MEPEMHOKEHHUIO 3JIEMEHTOB C IocIe-
IYIOIIMM HaKoIUIEHHEM Ipou3BelneHuil. Kiaccuueckue IeHTpalbHbIE
npoueccopsl (CPU) He criocoOHbl 3)(heKTUBHO BBIUUCIATH TaKHE OIE-
panyu B 0a3uce 3HEProdPPEeKTUBHOCTh — OBICTPONEHCTBUE — ILIOMIA/Ib
Ha KPUCTAJUIE, B CBSI3U C YEM IPEAJararoTcs U peaju3yoTCs HOBBIE CIIe-
IAaTN3UPOBAHHBIC BEIYHCIUTENH [1].

B ocHoBe HEHWPOHHOI CETH JIEXKUT HEHPOH, B KOTOPOM IOCIEI0Ba-
TEJTBHO BBIMOJIHAIOTCS ONEpalUy MOMAPHOTO YMHOXKEHUS, CyMMHPOBa-
HUS ¥ IPUMEHEHUE HeNWHeWHoW (QyHKuMu akTuBanuu. HepoHsl peann-
3yIOTCSA B COOTBETCTBHU C MOJEISAMH PabOTHl UYEIIOBEYECKOTO MO3Tra,
paspaboTaHHble HelipoObuonoramu. K HacTosiieMy MOMEHTY pa3BUBAIOT-
Cs JIB€ BETBU HEHPOCETEBBIX PEIIEHUH — KOMMEPUYECKH YCIEIIHOE Ha
OCHOBE KJIacCHUYeCKOH (DOpMaIbHOH MOJENU HEHpOHAa M CTPEMUTEIHHO
pa3BHUBaIOLIeecs Ha YPOBHE HayUHBIX pa3pa0d0TOK HeiipoMophHOH Moze-
7, T.€. HanboJiee COOTBETCTBYIOLIEH AEHCTBUTEIBHOCTH € TOUKH 3PEHHUS
HEHPOOHOIIOTOB.

[lepBast BeTBb MmoOApa3zyMeBaeT HCIIONB30BAHHNE COMPOIIECCOPOB Ha
apxutektype pon Heiimana co cratmueckoil mamsateio SRAM u nuna-
Mudeckoi mamsTeio DRAM. bosiee HOBBIE HEHPOYCKOPUTETH COACPKAT
Oomnee S QEKTHBHBIE AITOPUTMBI peaIM3alud BEKTOPHO-MAaTPUUHBIX
YMHOXEHHUH, HallpUMep, JIs pa3pexeHHbIX MaTpull. OyHAaMEeHTaIbHBIM
OrpaHUYEHHEM TaKHX PELICHUH SBISETCS CIUIIKOM MEIJICHHBI 00MeH
JTAHHBIMHU MEXKy MPOLIECCOPOM M ONEPATUBHON MaMSATBIO, OTHAKO TaKHE
HEHPOYCKOPHUTENHN 3aHUMAIOT JIbBUHYIO [JOJIO pPBIHKA, a KOMIIAaHUH-
MPOU3BOAMUTENN UMEIOT BBICOKYIO IPUOBLIb.

Bo BTOpOIi BeTBH — HEelipoMOpGHOM MOAX0/IE, — TIIABEHCTBYET CHaii-
KOBasi MOZIeJib HepoHa. B Hel cUrHajbl MEXly HEHPOHAMU KOAUPYIOT-
CsI UMITYJIbCaMH (CITaikaMM) U MTepeIaroTCs TOIBKO IPH HEOOXOAMMOCTH,
B TO BpeMs Kak B (hOpMallbHON MOJIENH TOJIEPKUBAIOTCS JIOTHIECKUE
YPOBHH Ha MPOTSDKEHHMH BCEro MpolieccopHoro Ttakra. Kpome Toro,
criaiikoBasi MOJIENb peaju3yeTcd Ha HH(POBBIX, HU(PO-aHAIOTOBBIX U
aHAJIOTOBBIX Tpolieccopax. B cBoo ouepens aHAIOrOBHIE BBIYUCIUTENIN
He TpeOYIOT TaKTUPOBAHHUS, YTO CYIIECTBEHHO COKpAIlaeT 3HEProlio-
TpeOsieHre ¥ BpeMs OJTyUEHHs pe3yibTaTa.
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Amnarnorosbsie HeWpOMOPQHBIE (CHANKOBbIE) BEIUMUCICHHS PEATU3YIOT-
Cs1 C TIOMOUIBIO KpoccOapoB, B y3/1aX KOTOPBIX pPa3MEILEHbl MEMPHCTOPHI
B M1ape C CEJIEKTOpaMu Il KOPPEKTHOM afipecanyu nepBsIX. st ympas-
JieHus1 pabOTOH MEMPHCTOPOB, @ IMEHHO 3alliiCH B HUX TpeOdyemMoro 3Ha-
YEHHSI IPOBOUMOCTH, TIOJJa9X BXOJHBIX JAHHBIX, BEKTOPHO-MaTPUIHBIX
BBIUMCIICHNH, IPUMEHEHUs! (DYHKIINU aKTUBAIlMM W WHTEPIIPETALUU pe-
3yJIbTaTa HCIONB3YIOTCS paccMaTpuBaeMble HMXKE 3JIeMEHTHas 0as3a u
CXEMOTEXHUYECKHE PEIICHMUSL.

AHaJioroBas 3jieMeHTHasi 6a3a popMHUPOBaHUS
BXO/JHbIX BO31€HCTBHI, BEKTOPHO-MATPUYHBIX BHIYUCIEHHUH,
(pyHkuuu akTuBauuu M 00padoTKU BHIXOAHBIX CUTHAJIOB

MeMpucTOpsl MMEIOT HECKOJIBKO peXuMOB pabotel. Cpasy mocie
W3TOTOBJIEHUS! OOBIYHO TpeOyeTcs MHUIHMaIu3auus — mnpouenypa ¢op-
MOBKH, BBITTOJIHSIOIIASICS TYTEM TIOIa4H HANPSDHKCHUS C JOCTATOYHO BhI-
COKHMM 3HAY€HHEM Viorming. B PE3yIbTaTe MEMPHCTOP NEPEXOIMT B CO-
CTOSIHME HM3KOro 3HaydeHus comportusineHus (LRS). ns mnepeBona
MEMpPHUCTOpa B COCTOSIHME BBICOKOTro 3HadeHus compotusieHus (HRS)
HEOOXOJMMO T0/IaTh MOHWKEHHOE HANPSDKEHHUE Ve, B TO BPEMS Kak
nepexon u3 HRS B LRS npoucxoaut mpu momavue HanpspKeHUs V. Bee
MEPEXO0IbI TIPOUCXOIAT TI0 TETISAM THCTEepe3uca ¢ OTpaHWYCHHEM TOKa
notpednenus (current compliance).

[Tocne ycTaHOBKM MeMpHCTOpa B HEOOXOAUMOE COCTOSIHUE, COOTBET-
CTByIOIIEE BecOBOMY Ko3(uuueHTy CcHHamca HeWpoceTH, B padote
ANEKTPUIECKON CXEeMBI KpoccOapa HCIIONB3YEeTCsl €ro MPOBOJAMMOCTD.
[TonaBast Ha BXOABI pa3MEIICHHBIX B CTONOIE KpoccOapa MEMPUCTOPOB
HaNpsDKEHUSI B COOTBETCTBUM C aMIUTUTYAaMH BXOJIHBIX CHUTHAJIOB IPO-
WCXOAWT WX B3BEIIMBAHWE MPOMOPIHUOHAIHFHO MPOBOJUMOCTSIM MEMpPH-
CTOPOB W TOCIEAYIONIee CyMMHPOBAHHNE BBITEKAIOIINX U3 CTONOIA TO-
KOB. 3aTeM NPOUCXOAUT NPUMEHEHNHE (YHKLINHU aKTUBALMU C TIEPEBOJOM
TOKOBOT'O CUTHAJIA B HAIPSHKEHHE IS TIOCTIe Iy oIIeld 00paboTKH.

K ananmoroBoii snemeHTHOM 0a3e, 00eCIeYNBAIONIEH HEIOCPEICTBCH-
HYI0 pabOTy C TOKaMH W HaNpsKEeHUSAMH 0e3 NMPUMEHEHHS ITOMEXO-
YCTOMYMBOTO KOAMPOBAHUS WM NMpeICTaBIeHNUs MH(YOpMAIMU OTHOCST-
csl Takue MPUOOPBI KaK OMEpalMOHHBIE YCUIIUTENN U KOMIIApaTOphl, IS
COIIPSDKEHUsI ¢ NU(PPOBBIMU CXEMaMH — aHAJIOTO-IU(PPOBBIE U HPPO-
aHaJIOTOBBIE MTPE0Opa30BaTEIH.

CxeMoOTeXHHUYECKHE pelicHusd 1Jasi MEMPUCTOPHOI'O Rpoccﬁapa

[Ipu pabore kpoccOapa BOHUKAIOT Pa3iIMYHbIC Mapa3UTHbIC TOKU U
TOKH YTCUKHU, CBA3AHHBIC NIPOTCKAHUEM TOKOB IO COCEAHUM ITPOBOJIHU-
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KaMm. WX Hamnume orpaHWYMBAcT MaciTabupoBaHue Kpoccbapa He-
CKOJIKUMH JIECATKAMHU CTOJIOLIOB M CTPOK, YTO SIBJIETCS HEIOCTATOY-
HBIM JIJIs1 00pa0OTKH MOJTHOIIEHHBIX HeWpoceTeit.

PaccmaTpuBaroTcsi pa3MYHBIC CXEMOTEXHHYECKHE peIleHUsi, o0ec-
MeYnBaroIe paboTy MEMPHUCTOPHBIX KPOCCOAPOB B PEXHUME TEPEKITIO-
YESHHUS] MEMPHUCTOPOB B COCTOSIHUE C 3aJJaHHBIM COMPOTHUBIICHUEM, a TaK-
K€ IMOATOTOBKY BXOJHBIX CUTHAJIOB, BBIYHCIICHUA q)YHK]_II/Iﬁ aKTHUBalluu U
npeoOpa3oBaHus pe3yJIbTaTOB BEIUUCIICHHS.

BrIBOaBI

BrimonHen aHanus u kiaccuuKanys 3JeMEHTHOH 0a3bl U CXeMOTEX-
HUYECKUX PEUICHUI Ha ee OCHOBE JUIS peau3aiiy ONepaliii BEKTOPHO-
MaTPHUYHOTO YMHOXCHHUSI HA MEMPHCTUBHBIX KpoccOapax ¢ IeNbi0 MOj-
TFOTOBKU K MHTCTPAIbHOMY HCIIOJIHCHHIO ynpaBnﬂ}omeﬁ CXEMBI, BBIIIOJI-
HenHo# mo KMOII-texHomornu [2], 1 MaTpHIlbl MEMPHCTOPOB.

HccnenoBanue BBIMOMHEHO B paMKax HayyHOW mporpamMmbl Harmo-
HAJILHOTO [EHTpa QU3UKH ¥ MaTeMaTuKu (TIpoekT «VcKyccTBEHHBIH MH-
TEJJICKT ¥ OOJIbIINE JAHHBIC B TEXHHYECKHUX, TIPOMBINUICHHBIX, TPUPOJI-
HBIX W COIMATBHBIX CUCTEMAX)).

CnucoK UCIO0JIb30BAHHBIX HCTOYHUKOB
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ANALYSIS OF THE ELEMENT BASE AND CIRCUIT
DESIGN FOR NEUROMORPHIC COMPUTING
ON MEMRISTOR CROSSBARS

O.A. Telminov, E.S. Gorney

Abstract. The variants of circuit solutions for analog matrix-vector calcula-
tions on crossbars with memristors — bipolar with programmable value of re-
sistance installed in their nodes are considered.

Key words: analog neuromorphic computations, matrix-vector multiplica-
tion, neural networks.
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6. F

MOIEJUPOBAHUE CTPYKTYP
1 CBOMCTB KOMITO3UITMOHHBIX
MATEPHUAJIOB C HAHOKPUCTAJIJIAMM,
HAHOKJIACTEPAMU, HAHOAMOP®HbBIMH
BKIIOYEHUAMU U T. /.
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!CIIBrYAIL, 2. Canxm-ITemep6ype
’AO «HII «Cuenany, 2. Canxm-ITemep6ype

AHHoTanusi. B pabote paccMoTpeHbl 0COOEHHOCTH TPeOOBaHUN K CBOWA-
CTBaM JKPaHHPYIOIINX MaTepHanoB. Takke BBIIIOJHEHO MOJEIMPOBAaHHE HU-
KeJIb-LITHKOBBIX PaJHONOTIOMAONINX (PEPPUTOB C LEIbIO MOBBIIICHHS YKCILTY-
aTallUOHHBIX XapaKTCPUCTHUK.

KawoueBbie ciaoBa: cunre3, PIIM, koMmo3uTHble Marepuaisl, (eppur,
9KpaHUpPOBaHHUE.

Beenenne

3anavya MOAETUPOBAHUSI MUKPOCTPYKTYP MOXKET OBITH pelieHa Ha oc-
HOBE HCIIOJIb30BaHUsI MeT0oA0B MoHTe-Kapno st mocTpoeHus TOmono-
TUYECKUX OCOOCHHOCTEH WM OTpECICHUS COCTABJISIONUX XapaKTePH-
CTHK B COOTBETCTBHH C HEKOTOPHIM CTOXACTHYECKHM pPacIIpeleIeHuEM
BHYTPH 3JIEMEHTAPHBIX 00BEMOB (DYHKIIMOHAIBHBIX MaTEpHAIIOB B BHJIC
JIOCTATOYHO OOJIBIIIOTO KOJUYECTBA PETYJSAPHBIX SYCCK. ITOT TOIXOJ
JTaeT BO3MOYKHOCTh YCTPaHHUTh OCHOBHYIO MpoOJeMy peain3anvu, 3a-
KITIOYAOIIYIOCS B HEOOXOIUMOCTD HCIIOJI30BAHUS 3HAUYUTEILHON TTaMsi-
TH BBIYUCIIUTEIBHON MAIMHBI M BBITIOJIHEHUS OOJBIIOTO KOJIMYECTBA
BBIYHCIICHUH, OJ1aroaps TOBOJBHO TIPOCTOM TOMEHHOUW MEKOMITO3UIINM,
YTO MOXET OBITh IPPEKTUBHO PEATN30BAHO C IOMOIIBIO0 TEXHOJOTHUN
MapaJyIeNbHBIX U pacIpeleIEHHBIX BEIUUCICHUM.

MopaennpoBaHue paanoNnorJiomAaKINX MATEPHAJIOB

BaxueiiiiuM napamMeTpoM, ONUCHIBAIOIINM PagUOINOIIIONIAI0IINE
CBOWCTBa, sBJIsieTCS KOd(GUIMEHT oTpakeHus. Ha ocHOBaHMM aHanu3a
JIAHHBIX BBISBICHO, YTO KOX(MUIIMEHT OTPaXKCHUS SBISIETCS CTPYKTYPO-
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YyBCTBUTENIBHBIM MTapaMeTPOM W BJIHATH HA HETO MOXKHO C TIOMOIIBIO
M3MCHECHHS pa3MepoB 3epHa deppurta. s AOCTIKEHUS ITOW IIETH
B HacTosAUlel paboTe ObUIM MCIOJIb30BAHBI J1BA TEXHOJIIOTHUECKUX MpPHE-
Ma — CIIeKaHHe B MPHUCYTCTBUM KHUIKOW (a3bl (MPH JIETHPOBAHUHM OKCH-
JIOM BUCTYTa) M JAOIIMXTOBKa KpymHO3epHUCTON (ppakuuneit (K3®D) roro-
Boro (heppura TOro *xe cocrana [1].

IIpu onpeneneHHO cTeneHN KOHTAKTa MEKAY YaCTHLAMHM HaUMHACT-
Csl MpUIICKAaHWE W OHHU TEPSIOT CBOIO CTPYKTYPHYIO O0OCOOJIEHHOCTB.
3epHO B 3TOM cCJIy4yae pacTeT 3a CYET OTHOCHUTEIHHO MEUIEHHOTO MpOo-
necca auddy3un OTIETBHBIX aTOMOB 4epe3 KUAKYIo ¢a3y. C moBsiiie-
HHEM TeMIIepaTyphl 00XWra BCIEACTBHE WCIAPEHUS U YaCTHYHOTO BBI-
TEKaHHUs >KUAKON (a3bl CTAaHOBUTCS BO3MOXKHBIM HETOCPEICTBEHHBIN
KOHTAaKT MEXIy 3€pHaMH, YTO MPHUBOAMUT K Hayally TUIMUYHON Mex3e-
pEHHOUW coOMpaTeTpbHOW PEKPUCTALIN3ANN, XapaKTepu3yromencs 00-
Jiee OBICTPBIM POCTOM KPHUCTAIIIOB [2].

Hns otobpaskeHHs €ro M3MEHEHHS B LIMPOKOM AHMANa30HE YacTOT
OBUTH MOCTPOCHBI YaCTOTHBIE 3aBUCHUMOCTH KOA(P(HUIHMEHTa OTpa)KeHUs
paccMaTpuBaeMbIX YeThIpex mapTuid 00pasmos (puc. 1).

1000HH / TEW [koakc. nHHRA]

Ko (K30, 2B 1000HH 7 TEW {koass nuHas) Fonp (30, 85

EEES = =

Ospatey Gaionoi
RIpTI

HEYTIHOR ([P Ak

Odpaey ¢ 25%
T Trpmnd dpaigini

10 100 1000 1 ‘IIU ‘IlIJI'I 1000
Yscrars, My Yacrara, My
a) 0)
Puc. 1. 3mepenus ko punmueHTa oTpakeHust Ha METAIMYECKOH TIaCTUHE
(pexxum «K3») o6pasuos Ni-Zn deppuTa, conepxariero 2% oKcHaa BUCMyTa
n 2% KpyIHOH (ppakuuy N3MeIbUeHHOTO (eppuTa

BrIBOIBI

Takum 00pa3oM aHa M3 XapaKTEPHCTHK KOAIPPHUIMECHTOB OTPasKEHHUS
IMoKasajl, YTO HaWITy4YlIIMMH SKCILUTyaTallMOHHBIMU CBOMCTBaAMU 06.]'13113-
10T 00pasmpbl, Yy KOTOPHIX pa3Mep 3epHa HaWOOIBIIHHA, TO €CTh JIETHPO-
BaHHBIE BUCMYTOM M IIPUTOTOBJIECHHBIE C A00aBKOH 2% KpyNHO3EpHH-
ctoil ¢pakuuu. OOpa3upl 0a30BOMl MapTHH HMMEIOT HEJOCTaTOYHOE
MOTJIONIEHNE DIICKTPOMArHUTHON SHEPTMHM BO BCEM YaCTOTHOM Juarna-
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30HE, TOYKa SKCTpeMyMa COOTBETCTBYyMomel kpuBoii -13 nb. Hemocrat-
KOM 00pasmoB mapTuu, coaepxaimeii 2,5% KpymHO3epHHCTOH (hpaxium,
SIBJISIETCSI HeocTaTouHoe nornomienue 10 50 MI'n, no moxynio He mpe-
Beimaromiee 10 nb.

CnucoK UCI0JIb30BAHHBIX HCTOYHUKOB
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2005, Ne 6, 25-31.

SYNTHESIS OF MICRO-LEVEL STRUCTURES
OF COMPOSITE MATERIALS

LY. Bratukhin, A.F. Kryachko, O.V. Shakin, G.M. Revunov

Abstract. The paper considers the features of the requirements for the prop-
erties of shielding materials. Modeling of nickel-zinc radio-absorbing ferrites
was also performed in order to improve performance.

Key words: synthesis, RAM, composite materials, ferrite, shielding.
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Boneoepadckuii cocyoapemeennwiil ynusepcumem, 2. Boneoepao

AnHoTanmsi. B nanHo# pabote mMpoBOUTCS pacdeT KoiedaTeNbHOTO CIeK-
Tpa nquamana [1] B pamkax gopmanusma ["amubrona. ['eomerpudeckas Moenb
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JMaMaHa NpeJICTaBjIeHa B BUJE IBYXCJIOHOTO rpadeHa [2], Ho kaxapiid C-aToM
MMeeT Sp’-rHOPHIN3AIMIO BHEIIHUX JIEKTPOHHBIX OpOUTAIel. ATOMBI yriepo-
Jla OJJHOM W3 TOAPENIETOK rpad)eHa KOBAJCHTHO CBSA3aHBI C aTOMaMH BTOPOTO
ciost rpadeHa, a K aTomMaM BTOPOH MOJPEIICTKH KOBAJIEHTHO IMPUCOEANHEHBI
BHEITHME aTOMBI BOJAOpOJA. DJEMEHTapHasl sdeika IuaMaHa COAEPKHUT JBa
aToMma yriaepoaa U OfuH atoM Bopopoza. [Ipu mocTpoeHnn Monenu Oblna ydre-
Ha aedopmanys rpad)eHOBOM IUIOCKOCTH B pe3yJibTaTe NMPUCOETUHEHHS K Hel
aTOMOB BOJIOPO/Ia U M3MEHEHHE TMOpHIM3alMH BHEIIHUX DJICKTPOHHBIX OpOU-
Taseil aTOMOB yriepoa ¢ sp” Ha sp°. B3auMoseiicTBIe MEXTy aTOMaMH BOJIO-
poJia He YYUTHIBAJIOCh.

KnaroueBbie cioBa: rpadeH, AuaMaH, HaHOJEHTa, >JIEMEHTapHas sdelika,
KoneOaTeIbHBII CIIEKTpP, JUCIEPCHOHHOE YpPaBHEHUE.

BBenenue

Co BpeMeH OTKPHITHS MHOTOYHCICHHBIC PabOTHI OBLTH TOCBSIICHBI
M3YUYEHUIO HaHOPa3MEPHBIX MaTEepHaIOB Ha OCHOBE yriepoxaa [1], u aTo
CBsA3aHO C UX YHUKAJIbHBIMU CBOMCTBAaMHU U BO3MOXKHOCTBIO IMPUMCHCHUA
B Pa3IMYHBIX OOJIACTSAX HAYKW U TEXHUKU. | padeH, mpencka3aHHbIi Te€o-
peTruecku 0O0Jiee MOJIyBEKa Ha3aJ U MOJYUYEHHBIH DKCHEPUMEHTAILHO
B 2005 roay [2], obmagaeT BBICOKOM 3IEKTPOIPOBOIHOCTHIO, TETUIONPO-
BOJHOCTBIO, THAPOGOOHOCTHIO ¥ Tak jainee. [loaromy pasiauuHbIe
Moaupukanud Ha ocHoBe rpadena [4—6], cam rpadan [4], Ourpaden
C BO3MOXHBIMH TIPUMECSIMH, TUaMaH [5] TakKe MPUBJICKAIOT BHUMAaHUE
YYEHBIX.

Bce BrIlieckaszaHHOe TOBOPUT O TOM, YTO M3ydeHHE KoJieOaTeTbHBIX
CBOWCTB TUAPUPOBAHHBIX aJIMa3OHOI[06HI)IX HAHOIIJICHOK SABJIACTCA aKTY-
ABHBIM.

MOI[eJIHpOBaHI/Ie K0J1e0aTeJbHBIX CBOMCTB AHaMaHa

Pacuer (oHOHHOrO criekTpa JuWamMWHa OBLI TPOBEJCH Ha OCHOBE
KJIACCUYECKOTO U KBAHTOBOT'O MOAXOAOB. PaccMOTpeHHME OCHOBaHO Ha
TaMIJIBTOHOBOM IIOAXOZE, HO MapamMeTpbl MOJCIBHOTO TaMIIbTOHHUAHA
OBUIH TIONyYEHBI C TIOMOINBI0 KBAaHTOBO-XMMHYECKHUX PacueToB. OIe-
MEHTapHas sueiika nuaMana (cM. puc. 1) comepKuT Tpu aToma (ZIBa aTo-
Ma yriiepofa W OIWH aToM Bomopona). bykser A, B 0603Ha4atoT aTomMbl
yriaepoza rpad)eHOBBIX TOAPEIIETOK, a OykBbl C 0003HAYAIOT aTOMBI BO-
JIOPOJIa, PAacIOIOKEHHBIE BBIIIIC H HUXKE CIION TpadeHa, COOTBETCTBEHHO
(cMm. puc. 2).
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Puc 1. Ctpykrypa anamana Puc. 2. 'eomerpudeckast MOJenb qHaMaHa

BrIBOaBI

B pabote BrITIONIHEH pacdeT (POHOHHOTO CIIEKTpa rpadeHOImoa00H0M
CTPYKTYPBI JMaMaH JJisl Pa3InYHOrO BUIA PACIIOJIOKEHHS CIIOEB rpade-
Ha Mexay coOoil. PaspaboranHas Mozenb, MO3BOISIET MOTYYHTH HaOOp
W3 IBYX YpaBHEHUI TPETheH CTETIEHH OTHOCUTENBHO KBAJIpaTa YacTOTHI.
YpaBHEHUS MPOCTHI Oiarogaps BEIOOPY AIIEMEHTAPHOU STYEHKH U3 Tpex
aTOMOB OJTHOTO CJIOS U BBEJCHHUIO CHCTEMbl KOOPJHMHAT, YUUTHIBAIOIICH
HEUETHYI0 CHMMETPHIO CJIOCB.
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THE MODELING OF VIBRATION PROPERTIES
IN THE HYDROGENATED DIAMOND-LIKE NANOFLAKES

G.S. Ivanchenko, A.V. Ten, M.A. Butenko, N.M. Kuzmin
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Abstract. In this paper, the vibrational spectrum of diamane [1] is calculated
within the framework of Hamilton's formalism. The geometric model of the
diamane is represented as a two-layer graphene, but each C-atom has an sp’
hybridization of external electronic orbitals. The carbon atoms of one of the
graphene sublattices are covalently bound to the atoms of the second graphene
layer, and the outer hydrogen atoms are covalently attached to the atoms of the
second sublattice. A diamane unit cell contains two carbon atoms and one hy-
drogen atom. When constructing the model, the deformation of the graphene
plane as a result of the hydrogen atoms addition to it and the change in the hy-
bridization of the external electronic orbitals of carbon atoms from sp’ to sp
were taken into account. The interaction between hydrogen atoms was not taken
into account.

Key words: graphene, diamane, nanofilms, elementary cell, phonon spec-
trum, the dispersion equation.
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HNCIIOJBb30BAHUE HOBBIX KOMITIO3UIIMOHHBIX
MATEPHAJIOB B TPOUECCE CAMOCOBMEIIEHHOI'O
JIBOMHOT'O MATTEPHUPOBAHUSA
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'M®TH (HHAY), 2. Joreonpyonuiii
24O «HUHMD», 2. Mockea

AnHoTanusi. B paboTe mpeacTaBiIeHO HCCICIOBaHUE CTPYKTYPHBIX Tapa-
METPOB HOBBIX KOMIIO3ULIMOHHBIX MaTepUalOB B KayecTBE >KECTKUX MacOK B
MPOLIECCE CaMOCOBMEIIEHHOTO MYJIbTUIATTEPHUPOBAHUS. BbIIO BBISBICHO, UTO
IVIEHKA C UCIIOJIb30BaHUEM OKCHJa THTaHA 00JalacT HAWIYYIIUMH XapakTep-
HBIMU CBOWCTBAMH ISl TIPOLIECCA MYJIBTHITATTCPHUPOBAHUS.

KiaroueBble cioBa: paspemaronias CliocOOHOCTh, CAMOCOBMEIIEHHBIN Me-
TOJ MYJbTUIATTCPHUPOBAHUS, KOMIIO3UIIMOHHBIC MaTEPHAITBI, MATEMATHIECKOE
MOJICTHPOBaHHE.

BBenenue

I[J'IH OCBOCHUA HOBBIX TCXHOJOIMYCCKHUX HOPM IIpU MNPOU3BOACTBC
CBGpX6OJ’ILIHI/IX HUHTCTPAJIbHBIX CXEM HCO6XOI[I/IMO, B MICPBYIO O4YEpPClb,
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yIIy4iliaTh Pa3periaonlyr0 CrocoOHOCTh (OTONUTOrpaUIECKOro Mpo-
mecca [1]. B ¢Bs3u ¢ 3TIM TpeOyeTcsl HCTOIb30BaHNe TIEPEIOBBIX METO-
JTOB TIOBBITICHUS pa3penieHus n3oopaxenns. OTHUM U3 KITFOUEBBIX CIIO-
COOOB JIOCTIOKEHHUSI JaHHOHM 3alayd SIBJSICTCS KCIOJb30BAaHHUE HOBBIX
MaTepHaoB.

B nmamHOW paboTe paccMaTpWBarOTCS CTPYKTYPHBIE IapameTphl
TOHKOIUIEHOYHBIX CJIOEB W3 KOMIIO3UIMOHHBIX MaTEpHajoB, C LIEJbIO
OTIPEAETUTh KOMIIO3UIINH, KOTOPBIE MOTJIH OBl OBITh 3aJ€HCTBOBAHBI
B KaYeCcTBe KECTKMX MAacOK B IMEPEIOBBIX MeTonax (oToiurorpadum,
B YaCTHOCTU JUIsl CaMOCOBMEHIEHHOTO JBOMHOTO W YETBIPEXKPATHOIO
natrtepaupoBanus [2]. OcHOBHBIE TpeOOBaHUSA K MackKaMm: BBICOKas ce-
JICKTUBHOCTh TI0 OTHOIICHUIO K OJIM3JICKAIIMM CJIOSIM, MUHHMaIbHAS
IIEPOXOBATOCTh MOBEPXHOCTH IUIEHOK M HHU3Kas CTENEHBb 3arpsS3HCHUS
TEXHOJIOTHYECKUX HHCTPYMEHTOB.

HccnenoBanmne CTpyKTYPHBIX
napaMeTpoB KOMIIO3UIIHOHHBIX MATEPUAJIOB

B kadecTBe 00BEKTOB MCCIIEIOBAHUS OBLTH BHIOpAHBI INIEHKH HA OC-
HOBE OKCHJIOB THTaHa, Ta(HHS, alOMUHUS, UPKOHUS M BOJb(pama,
CMEIIaHHBIX B pasHbIX mpomopiusax. CojepikaHue OKCHIOB METAIIOB
B UTOTOBBIX KOMITO3UIIMSX B IIPOIIEHTHOM COOTHOIIIEHHH BapbHPOBAJIOCh
oT 20% 10 90% B 3aBUCUMOCTU OT METAJUIMYECKOIO 3JIEMEHTa, XUMHUYe-
CKOH CTPYKTYpHI U ycioBuii 00padotku [3]. B pe3ynbprate, CTpyKTypHBIE
mapaMeTpsl ObUTH M3YYEHBI Y 15 pa3iudHBIX KOMIIO3UIIMOHHBIX KECTKIX
Macok. C mporieccoM nuTorpadud B UTOT€ OKA3aJIMCh COBMECTHUMBI
TOJIbKO 8 Bapuanuii (Tadu. 1).

Tabauya 1
OCHOBHBbIE XapaKTePUCTHYECKHE CBOWCTBA MJIEHOK
U3 HOBBIX MATEPHAJIOB

Matepuajibl YciaoBus OTHoOCHTeJIbHAs OtHocuTeabHast | JmdnexkTpuyeckas
CYHIKH CKOPOCTb TPaBJIEHHUS CKOPOCTh MOCTOSIHHAS
B CF, TpaBJeHust B O,

TiOx-1 250°C/60c 1.50 0.46 7.2
300°C/60c 1.24 0.22 6.8

TiOx-2 | 250°C/60c 2.10 0.50 11.2
300°C/60c 1.60 0.30 10.4

ZrOx-1 | 250°C/120c 0.68 14.04 4.6
300°C/120c 0.39 7.32 4.1
350°C/120¢ 0.21 1.55 3.7
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ZrOx-2 | 250°C/120c 0.34 4.46 4.2
300°C/120c 0.23 1.29 3.8
350°C/120¢ 0.10 0 34

ZrOx-3 | 250°C/60c 0.45 2.66 5.1
300°C/60c 0.37 1.00 4.5

HfOx-1 | 250°C/60c 0.30 0.83 5.2
300°C/60c 0.21 0.50 6.2

WOx-1 | 350°C/120c 2.85 0.51 34

AlOx-1 | 350°C/60c 0.61 11 2.8

JlaHHBIE KOMITO3ULIXHU OBUTH OIIPOOOBAHBI HA TECTOBOM TEXHOJOTHYE-
ckom mapuipyte B IIAO «MUKPOH» u He BbI3BaM CEpbE3HOTO Me-
TJIMYECKOTO 3arpsi3HEHUSI TEXHOJIOTHYECKUX HMHCTPYMEHTOB. 3aTeM
y IaHHBIX KOMIO3HUIIMOHHBIX MaTtepraiioB Ha ACM Solver Pro 6bu1o uc-
CJIEIOBAaHO COCTOSIHME MOBEPXHOCTHU IUIEHOK IO BETUYMHE CPETHEKBa-
PaTUYHOrO OTKJIOHEHHUS BBICOTHI HEPOBHOCTEH IOBEPXHOCTU ILIEHOK.
Bbeo oOHapy’keHO, YTO NyYIIMMHM KaHAMOATaMH SBISIIOTCA IUIEHKH
¢ ucroibp3oBanueM okcuna turaHa TiOx-2, rapuaus HfOx-1 u nupronus
ZrOx-3.

Hcxons M3 MOTy4YEeHHBIX Pe3ybTAaTOB, C IIOMOIIBIO MIPOTPAMMHOIO
obecrieuenus Prolith ot paspabotunka KLA Obu1 mpoMoeIupoBaH mpo-
LIECC CaMOCOBMEIEHHOIO JBOWHOIO MAaTTEpHUPOBAHMS JIHHUI 3aTBOpa
C MCIIOJIb30BaHUEM TPEX BBILICTIEPEUUCICHHBIX KOMIIO3UIIMOHHBIX Ma-
TEpPHUAJIOB B Ka4eCTBE KECTKUX MACOK. BBIIO BBISBIEHO, YTO C MOMOIIBIO
TiOx-2 B kadecTBe KECTKOM MacKku yHa€TCs TOMYyYHUTh JIMHHUU C HaW-
JYYIIUM TPOGHIEM.

BriBoabl

[lo mToram mpopaenanHOW pabOTHI, OBUIO MOKa3aHO, YTO TJIEHKH Ha
OCHOBE HOBBIX KOMIIO3MIIMOHHBIX MaTEpHalIOB MOTYT CTaTh IMEPCIEK-
TUBHBIMHM aHAJIOTAMH JKECTKUX MAacOK 3apyOeKHBIX MPOU3BOIUTEICH,
MPUIEM JTydIle BCEX MPOIESMOHCTpHpOBaNa ceOs IIEHKa Ha OCHOBE
TiOx-2.

CnucoK UCI0JIb30BAHHBIX HCTOYHUKOB

1. Kpacuukos I'.SI. Otmunrensaeie ocodeHHocTH H pooinembl KMOII-TexHonoruu
[PU yMEHBIICHUN NPOeKTHONH HOpMBI 10 ypoBHA 0.18 MxkMm u menbiue / ['.51. KpacHukos,
O. M. Opnos // Poccuiickue HanoTexHONOrHU. — 2008. — T. 3. — No 7-8. — C. 124-128.
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Hanounnyctpus. —2020. — T. 13. — Ne S5-3(102). — C. 859-861.

3. TuxonoBa E.JI. [IpumeHeHNE OKCHIOB METAJIOB TUTaHA, TaQHHA, aTFOMUHHA,
UPKOHUS U BOJb()pamMa B KAuecTBE HKECTKHX MacoK B mporecce QoTomutorpaduu /
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COopHUK HayyHBIX cTareli MeXayHapoZHOW HAay4YHO-NIPAKTUYECKOW KOH(EpeHLUH. —
C.312-315.

INVESTIGATION OF NEW COMPOSITE MATERIALS
IN THE PROCESS OF SELF-ALIGNED DOUBLE PATTERNING

E.D. Tikhonova, Y.S. Gorney

Abstract. The paper presents a study of the structural parameters of new
composite materials as hard masks in the process of self-aligned multipattern-
ing. It was found that the film with titanium oxide had the best characteristic
properties for the multipatterning process.

Key words: resolution self-aligned multipatterning (SAMP), composite ma-
terials, mathematical simulation.

https://doi.org/10.29003/m3102.MMMSEC-2022/170-174

UCCJIETOBAHUE BJIMAHUSA BAKAHCUM
HA MPOLHECC CEI'PEI'AIIMNA TPUMECH HUKEJISA
BBJIN3U I'PAHUIL JAE®@EKTOB CTPYKTYPBI LSNT
MEPOBCKHTA METOJIOM HNEPBOIIPUHIIUITHON
MOJIEKYJISIPHOU TUHAMUKH

Dammaxoe A.D.%, baxcanoes ZZ.I/I.' -
E-mail: fattahovazat@yandex.ru

' Dusuueckuii paxyromem, Mockosckuii 2ocydapcmeennyiii ynusepcumen
umenu M.B. Jlomornocosa, Jlenurckue 2opwt, 0. 1, cmp. 2, Mockea 119991,
Poccus.

“Daxynvmem gvruuciumenvroi mamemamuru u Kubepnemuxu, Mockogckuii
2ocyoapcmeentylil yHueepcumem umenu M.B. Jlomonocosa, Jlenunckue eopbl,
0. 1, cmp. 52, Mocxea 119991, Poccus.

SQUI] UY PAH, yn. Basunosa, 0.44, kop.2, Mockea 119333, Poccus.

AnHotanus. B pabore uccnemyercs cerperanus puMeceii HAKENS B IPH-
CYTCTBUH KHUCJIOPOJHBIX BaKaHCHH BOJHM3M TpaHHUIl Je(PEeKTOB CTPYKTYpHI
nepoBCKUTa Lag»Srg7Nig 1199029 (LSNT), Ha mpumepe MOJCIBHON SYCHKH
co crexuomerpuenn LagsSrysTi0O; (LST). PaccmarpuBatorcss Takue Ae(eKThI
pemerkn, kak TiO-tepmunupoBanHas moBepxHocTh (001) m TiO-TepmuHu-
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poBaHHasi nmpotuBo(azHas rpaHuia. Vcnonp3yercst MmakeT NEepBONPUHIIUITHON
MOJIEKYJIIPHON TUHAMHUKH AJISI IPOBEJEHUS] KBAHTOBO-MEXaHUUECKUX PACUETOB
sHEprui. B pesynprare 0OHapyXeHO, YTO Kak ISl TOBEPXHOCTH, TAaK W IS aH-
TU(a3HOW TPaHUIBI TPUMECHBIE YacTUIBI Ni IMEIOT TEH/ICHINIO K Cerperarun
Ha TPaHMIAX CTPYKTYPHBIX Ae(ekToB. IIpu 3TOM KHCIOpOAHBIE BaKAaHCHUH YCH-
JMBAIOT TPOLECC CEeTPEranuy. JTH PE3yJbTaThl MOATBEPKAAIOT SKCHEPHMEH-
TaJIbHBIE HAOMIOICHNSL.

KuiloueBble cj10Ba: MEPOBCKUT, cerperamus, kiacrep, BakaHcus, LST u
LSNT matepuansl, anTr(azHbIe TPaHALBI, TEOPHs QYHKIMOHAIA ITIOTHOCTH.

BBenenue

[TepoBCKUTHI, KIacC OKCHIOB METALUIOB CO CTPYKTypoi ABOs, The
‘A’ m ‘B’ aT0 nBa KatmoHa, a ‘O’ — KUCIOPOJ , IIMPOKO MUCTIOIB3YIOTCA
B KaYE€CTBE 3JICKTPOJIHBIX MATEPUAIIOB Il TBEPIOOKCHIHBIX TOIUIUBHBIX
3JIEMEHTOB. BoJibII0i HHTEpEC BBI3BIBAIOT MEPOBCKUTHI HA OCHOBE THTa-
Hata ctpoHnus Sr7i0s, nerupoBannbie La (LST marepuansl, HampuMmep:
Lay4Sro4TiO5 , Lay1SrooTiO; u np. [1]), u3-3a uX BBICOKOU 3JIEKTPOHHOM
MIPOBOJAUMOCTH, MPEBOCXOAHON XUMHUYECKOH CTAOMIBHOCTH MPH OKHC-
JUTETHFHO-BOCCTAHOBUTEIIHHBIX PEAKIIHSIX U CTOMKOCTH K KOKCOBAHHUIO.

B pesynbraTe 3KCIepUMEHTAIBHBIX UCCIICIOBAHUN OBLIO OOHApYXKe-
HO, YTO B COeMUHEHUU Lday,S7)7Nig17Tio90;9 IPUMECHBIE aTOMBI Ni ce-
rperupytoT B ‘B’ — mojperierke W3 KPUCTAUIMYECKOTO MAacCHBa
B HAIPaBJICHUH MIOBEPXHOCTH MEPOBCKUTA, (DOPMUPYS HA HEH KIIACTEPHI.
Kak crnencrBue, B pe3yibraTe cerperaldd W KIacTepU3AUU HHUKEIsS
BO3pacTaeT KaTAIUTUYECKass aKTUBHOCTh U JJCKTPOXUMHUYECKHE XapaK-
TEPUCTUKU coeauHeHus [1].

[Ipenmomnaraercs, 4To TpolecC cerperaui OO0YyCIOBIEH HAIUYHEM
CTPYKTYPHBIX e(EKTOB MEPOBCKHUTA (KUCIOPOIHBIC BaKaHCHH, JUCIOKA-
1, antudassbie rpannisl (APB) v ap.), KOTopble MPUBOIAT K aKTHBHON
KJIacTepH3aliy aToMoB Ni BOJIU3H TpaHul] Ae()eKTOB CTPYKTYPBHIL.

Llenpto paboOTHI SABISETCS WCCIENOBAHUE CETperamuu mpumeceit Ni
B coeiuHeHNUHU Lag 2570 7Nip 1Ti990,.9 (LSNT) npu HaTM4uu KUCTIOPOAHBIX
BaKaHCUH U TPOBEpKa MPEANOJIOKECHUS O TOM, UYTO BaKAaHCHH YBEIHYH-
BalOT UHTEHCHUBHOCTh CETPETalii K CTPYKTYPHBIM JeheKTam.

Meton ucciaenoBaHus

[Ipu nccnemoBanumM MCHONB30BaJCs makeT VASP [2] mns BeImOIHE-
HUS KBAaHTOBO-MEXAaHWYECKMX BBIYHCICHHN Ha TMPUMEpPE MOJAEThHOU
sTUeUKH co cTexuomerpuent LaysSros7i05 (LST) .

[Ipomecc cerperanmm paccMmarpuBaercs B HampaieHUH TiO-Tepmu-
HuposanHoi noBepxHoctu LST(001) u k TiO-TepMUHMPOBAHHOI aHTH-
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¢azuoit rpanune (Puc. 1), mockonbKy (OpMUpPOBaHHE WMEHHO TaKHX
MOBEPXHOCTEH U rpaHuI HAaOMI0JaeTCsl B IKCIIEPUMEHTE.

Puc. 1.

TiO-TepMUHIPOBaHHAS TOBEPXHOCTH
LST(001) (a)

u TiO-TepmuHUpOBaHHAs aHTH(a3HASL

rpanuna B ctpykrype LST (Brizenena
KenTeiM) (0)

(©)

Uro0bl WcceqoBaTh BIMSHUE BaKaHCHH Ha MPOIECC CeTperarum,
CpPaBHUBAIOTCS JBa MeXaHHM3Ma cerperauuu B HampaBieHun K TiO-
TEPMHHHAPOBAHHBIM ITOBEPXHOCTH M aHTHU(A3HOW TpaHUIEe: CeTperarys
KHUCIIOPOIHBIX BaKaHCUW U Ni MO OTIAENBHOCTU U cerperauus Ni BMecTe
C KUCIOpOoAHOH BakaHcued. O BBITOJHOCTH MPOIECCa MOXKHO CYIUThH IO
BEJIMYUHE PA3HOCTHU TMOJHOM AHEPIHM MEX]Yy KOHEYHOM M HadalbHOU
KOH(UTYpaLUeH.

Pacuer momHON SHEPrUM CHUCTEMBI MPOBOJUTCS B paMKaX TEOPHH
(hyHKIMOHANA TUIOTHOCTH, Yepe3 pemeHue ypaBHeHnid Kona—Illama mo

¢dhopmye:
B = .4 [ drar + Bl - [ vetonGiar, (3]

|r —7']|

rae & — AeHCTBHUTENIbHBIE COOCTBEHHBIE 3HaueHHs ramuibToHnaHa Ko-
Ha—Illbma, v,.(r) — yHKIMOHANBHAS TPOU3BOAHASA, E,. — 0OMEHHO-
KOPPEJSILIMOHHAS SHEPI U

172



Pe3yabTaThbl

st TiO-TepMUHUPOBAHHON TOBEPXHOCTH ObLIa TPOBEICHA CEPHS
pacyeToB: Korja npuMechk Ni 00pasyeT n1eeKTHYIO apy ¢ KHCIOPOIHON
BakaHcuell (Ni-Vac) n xorga OHM HaXONATCS Ha PACCTOSHUU BHYTPHU
KPHCTAIIMYECKOT'O MAaCCHBA U HA IIOBEPXHOCTH.

[lony4yennsle 3Ha4deHus BSHepruil cerperaumu Ha TiO-TepMUHH-
POBAaHHYIO TIOBEPXHOCTh MOKa3bIBAIOT, YTO 3HEPTreTHUECKH BBITOJIHBI
ciemyromye nporeccel: 1) odbpazoBanne aedekTHOM mapsl Ni-Vac BHYT-
pu KpHucTaiuia, 2) oOpazoBaHue napsl Ni-Vac Ha TOBEPXHOCTH, 3) cerpe-
ramus qumepa Ni-Vac x moBepxHocTH u 4) cerperamus Kak Ni, Tak U Ba-
KaHCHH 10 OTAEIBHOCTH Ha IIOBEPXHOCTb.

Jns anTrda3HOM T'paHMIBI BHITOAHBI IPOLECCH 00pa30BaHUs Haphl
Ni-Vac BayTpu 00beMa, hopMUpOBaHUE 3TOW Mapbl HA aHTU(hA3HOU Tpa-
HHIIE U Cerperanus 3TOH mapsl K I'paHulle.

Taxum oOpa3om, oOHapyskeHa TeHASHIHS K cerperanuy npumeceit Ni
K TpaHHIAM CTPYKTYpHBIX aedektoB mnepoBckuta LST. I[pudem mns
TiO-TepMuHUpPOBaHHON aHTH(A3HOW TpaHUIEI TpeodiagacT IPoIece,
Npy KOTOPOM CHaudasla MPOUCXOAUT (opMupoBaHHE AeHEKTHHIX Tap, a
3aTteM ux cerperauusi Kk APB, mpudeM BakaHCHMM YyCHIIMBAIOT 3TOT IPO-
necc. Tem cambIM, KMCIOpOJHbIE BaKaHCHH CIIOCOOCTBYIOT KilacTepH3a-
1K aTOMOB Ni ¥ 00pa30BaHUIO KATATUTUYECKUX YaCTHI Ha TIOBEPXHOCTH.

3aKiIoueHne

B paboTe ObuTH NpOBENICHBI pacyeThl JHEPTH TPU Pa3HBIX PacIoio-
KEHMSIX MPUMeCH Ni M KUCIOPOAHBIX BakaHCHU. VI3 MOMy4YeHHBIX 3HaYe-
HHUH 9HEPTuil cienyer, YTO HUKeIb UMEeT TeHICHIIUIO K Cerperannu, Kak
Ha oTkpbiToi TiO-TepmunupoBanHoi mosepxHoct LST(001), Tak u
BONMM3M aHTHU(A3HOW TPaHMIBI, 0OPa30BAHHOW STHMHU MOBEPXHOCTIMH.
Taxoke 0OHApYXKEHO, YTO HAJIMYNE KUCIOPOAHBIX BaKaHCUH CIIOCOOCTBY-
eT Ooyee MHTEHCUBHOM cerperauuu. [lomydeHHbIe pe3yabTaThl COrIacy-
FOTCS C TAaHHBIMU DKCTIEPUMEHTAJILHBIX HAOIIO/ICHHUH.

PaboTa BrITTONIHEHA TIpH (GUHAHCOBOW Mommepkke rpanta PODU
Ne 19-29-03051 mxk.

CnucoK UCI0JIb30BAHHBIX HCTOYHUKOB
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INVESTIGATION OF THE EFFECT OF VACANCIES
ON THE PROCESS OF NICKEL IMPURITY SEGREGATION
NEAR THE BOUNDARIES OF DEFECTS IN THE STRUCTURE
OF IN LSNT PEROVSKITE BY THE METHOD OF AB INITIO
MOLECULAR DYNAMICS

A.F. Fattakhov, D.I. Bazhanov

Abstract. In this paper, we investigate the segregation of Ni impurities in
the presence of oxygen vacancies near the boundaries of defects in the structure
of perovskite Lag,Sry7Nig1Tio9029 (LSNT), using the example of a model cell
with stoichiometry LaysSrosTiO; (LST). Lattice defects such as TiO-terminated
surface (001) and TiO-terminated antiphase boundary are considered. The
VASP package is used to perform quantum mechanical calculations of energies.
As a result, it was found that Ni impurity particles tend to segregate at the
boundaries of defects for both the surface and the antiphase boundary. Besides,
oxygen vacancies enhance the process of segregation. These results confirm
experimental observations.

Key words: perovskite, segregation, cluster, vacancy, cation, LST and
LSNT materials, antiphase boundaries, density functional theory.
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7.G

HPOBJIEMbBI OBECIHIEYEHU A
HAJIEKHOCTHU 3Kb MUKPOJJIEKTPOHUKH
N CUCTEM HA EE OCHOBE



VK 621.382:004.052.2
https://doi.org/10.29003/m3103.MMMSEC-2022/176-178
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'@UI] UV PAH, 2. Mocksa

AnHoranusi. CTaThg HccienyeT mpollieMy CO3JaHHS OTKa30yCTOHYMBBIX
camocuaxpoHHBIX (CC) cxeM. Mcnomp3oBanne n30brounoro CC-konupoBaHus
n aByxdazHol aucnumuMHBL paboThl obecrieunBaeT Oojiee BBICOKYIO cOoe-
ycroitunBocTh CC-cXeM B CpPaBHEHUH C CHHXPOHHBIMH aHajlorami. lcmoib3o-
BaHHUE IyOnMpoBaHUS KaHaja 0OpaOOTKM NAaHHBIX BMECTO TPAIWIIMOHHOTO LIS
CHHXPOHHBIX CXEM TPOHUPOBAHUS ITO3BOJISIET COKPATUTh N30bITouHOCTE CC-cXxeM
B OTKa30yCTOHYMBOM HCIIOJHEHHUH M obecreunBaeT 0ojee BBICOKHII ypOBEHBb
HaJC)KHOCTH B CPAaBHEHUH C CHHXPOHHBIMH aHAJIOTAMH.

KnioueBsble ciioBa: caMOCHHXPOHHBIE CXEMBI, JIOTHUECKHI OO, 0TKa3, BO-
TUpOBaHUe, napadasHblii CUTHAT, WHIUKAIHSL.

BBenenue

[NapupoBaHue 0TKa3a B CUHXPOHHBIX CXxeMax 00ECIeUMBAaETCs C IO-
MOIIBI0 COOCYCTOWYMBBIX KOZOB WK OJHOBPEMEHHOUW 00pabOTKM BXOJI-
HBIX JIAHHBIX HECKOJNHKUMH TapaJUIeTbHBIMA HWICHTHYHBIMH YCTPOM-
CTBaMH C MOCIICAYIONIMM BOTHPOBAHUEM MIPABHILHOTO pe3yibTara [1].

Camocunxponnsie (CC) mudpoBbie cxembl 00Ja1ar0T 601ee BRICOKON
©CTECTBEHHON YCTOWYMBOCTHIO K JIOTHYECKAM COOsM [2], 4eM WX CHH-
XPOHHBIE aHAJIOTH, OJIarojaps U3HAYAIBLHOW anmnapaTHONH H30BITOYHOCTH,
IBYX(pasHOMY peXHMy paOOThl U MHIWIMPOBAHUIO 3aBEPLICHUS Iepe-
KITIOYEHUS CXEMBI B KOKIYIO TEKYIIYIO (a3y.

176



JerexkTtnpoBanne oTka3a B CC-cxeme

CC-cxeMbl HCIIONIB3YIOT U30BITOYHOE, O0BIYHO Mapada3Hoe, KOJAUPO-
Banue uHpopmammu. OTkaz B CC-cxeMe 03HauaeT «3aUNaHue» OTHOU
WM 00erX KOMIIOHEHT Mapada3Horo curHaisa B GUKCHPOBAHHOM 3HaUe-
Huu. OHO OOHAPYXKUBAETCS MHIUKATOPHOW MOJICXEMOM, TOCKOIBKY MPH
Hajuiexkamed peanuzanuu Tornonorun CC-cxeMbl HEKOPPEKTHOE pado-
Yyee COCTOSTHHE CXEMbI He MOKET TOSIBUTBCS M3-3a cO0s MM 0TKAa3a.

OcHoBHOe mpenmytecTB0 CC-cxeM sBIsAeTCS (QYHKIIMOHATBHAS KOP-
PEKTHOCTb MX pabOThI TPH JIFOOBIX 3a/IepiKKax (GOPMHUPOBAHUS U PaCIIPoO-
CTpaHEHUS! BHYTPEHHUX M BBIXOJHBIX CUTHaNOB. OlHAKO, 3TO CBOWCTBO
3aTpyJHSET 331a4y OOHApYKEHHsI OTKa3a, TaK Kak 3ajep>KKU cpadaThIBa-
HUS DJIEMEHTOB U CXEMBI OKa3bIBAIOTCS HE PErJIaMeHTHPOBaHHBIMHU.

Bapuantsl oTkazoycroiiunBbeix CC-cxem

Camoe nipoctoe pemenne — nyonmupoanne CC-cxemsl [3]. dy6mmpo-
BaHHasg CC-cxema mapupyeT NepBblid 0TKa3 B II000M U3 1yOIMpOBaHHBIX
KaHaJOB U rapaHTHpYyeT AeTeKTHpOBaHUE He OoJyiee IByX OTKa30B, OCTa-
HaBJMBas OOpaOOTKY AAHHBIX NPH BBIIBICHWH BTOPOTO OTKaza. Jlms
oOecriedeHus ycroiiuuBocTH K N 1ocIe0BaTeIbHBIM OTKa3aM, KaKIbli
13 KOTOPBIX BOCHPHUHUMAETCA U NETEKTUPYETCs KaK OJHOKPAaTHBIN OT-
Ka3, ee HyHO JonoiaHUTh (N—1) pe3epBHbIMU KaHaJaMH.

CunxpoHHas cxema, ycToldmBas K N OTKa3zaM, MOXET OBITh peanu-
30BaHa cxeMoli BoTupoBaHHUA «(N+1)-m3-(2-N+1)» (Bapmant C-1) nmm
cxeMoi BoTupoBaHus «2-u3-3» ¢ (N — 1) pe3epBHBIMH KaHajlaMH (Bapu-
aut C-2). CpaBHeHHUE ammapaTHBIX 3aTpaT BapHAaHTOB OTKAa30yCTOWYH-
BbIX CHHXpOHHBIX U CC-cxeM, NMpUBEACHHBIX K amlapaTHbIM 3aTpaTraM
cUHXpOHHOTO BapuaHTa C-1, moka3aHo Ha pUCyHKE. 31eCh YyUTEHO COOT-
HouleHue annapatHeix 3aTpaT CC u CHHXPOHHBIX pealu3alii TUIIOBBIX
IUQPOBBIX CXeM Kak 2,4.

Ipusenennpie
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BriBoabl

1. BorupoBanasle CHHXpOHHBIE cXeMBI (N-H3-M) MacKHPYIOT 4acTo
MTOBTOPSIFOIIMECS] OUHOYHBIE COOM M MHOXXECTBEHHBIC OJHOBPEMEHHBIC
cbou, HO HE TapaHTHPOBAHHO.

2. Tomonornyeckne METOIBI CIIOCOOHBI COKPATUTE YUCIIO THIIOB COO-
eB B CC-cxemax. B wacTHOCTH, chemaTh HepeanmnzyeMbIMu cOO#l Thma
«TepeKiroueHre napadazHoro CUrHajia M3 KOPPEKTHOTO pabodero co-
CTOSIHUSI B MHBEPCHOE PaboUee COCTOSHUEN.

3. HyompoBanHas CC-cxema 00ialaeT yCTOMYMBOCTBIO K MHOMXeE-
CTBEHHBIM JIOTHYECKUM COOSIM U OJHOKPATHBIM OTKa3aM, HO MPH 3TOM
HE0OX0IMM TaliMep, pabOTAIOIIHKA OT BHEITHETO CHHXPOCHUTHAIIA.

4. [lpu yBeNWYEHHWU CTETICHU 3aIUIICHHOCTH, T.C. YUCIA OTKAa30B,
MapupyeMbIX OTKa30yCTOHUIMBOM cxemoii, ee CC-peann3arisi CTAHOBUT-
csl MeHee M30BITOYHOI B CPaBHEHHUH C TPATUIIMOHHBIM CHHXPOHHBIM pe-
HICHUEM.
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FAULT-TOLERANT SELT-TIMED CIRCUITS

A.A. Zatsarinny, Yu.A. Stepchenkov, Yu.G. Diachenko,
Yu.V. Rogdestvenski, L.P. Plekhanov

Abstract. The article considers the problem of developing synchronous and
self-timed (ST) circuits that are tolerant to faults. Redundant ST coding and
two-phase discipline ensures that ST circuits are more tolerant to the faults than
synchronous counterparts. Duplicating ST channels instead of tripling reduces
redundancy of the fault-tolerant ST circuits and retains their reliability level
compared to synchronous counterparts.

Keywords: self-timed circuits, soft error, fault, voting, dual-rail signal, indi-
cation.
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