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Poccuitickoii akaoemuu nayx (OUL UV PAH), Poccus, 119333, Mocksa,
ya. Basunosa, 0. 44

? Mockosckuti asuayuonbii uHCmumym (HayuoHaIbHbIIL UCCTCO08AMENbCKUIL
yrugepcumem) (MAH), Poccus, 125993, Mockea, Bonokonramckoe wiocce, 0. 4

AnHoTanus. B paGoTe paccMOTpPEeHBI OCHOBHBIC aCIICKTHI 3HAUUMOCTH Pa3-
BUTHS BBICOKOTIPOM3BOAUTEIHHON CpeNbl JJIsi HAyYHBIX HUCCIIENIOBAaHUI B yCIO-
BUSX IU(POBOH TpaHCchopMaIiy I pelreHus 3a1ad CHHTe3a HOBBIX MaTepHha-
JIOB C 3aJ1aHHBIMK cBoWicTBamu. [lan ananmu3 onbita UL 1Y PAH B coznanun
COBPEMEHHOM BBICOKOIPOU3BOAUTEIBHOM MIaT(HOPMBI U €€ UCTIOIb30BAHUH IS
HAYYHBIX UCCIICIOBAHIA.

KuroueBble clioBa: WcCCiIeqOBaTeNbCKas HH(PPACTPyKTypa, CHHTE3 HOBBIX
MaTepUaJiOB, THOPUIHAS BBIYHCIUTENILHAS APXUTEKTYPa, BBICOKOIPOHM3BOIH-
TENBHBIA KIIACTEP, MHOTOMACIITaA0HOE MOJEIMPOBAHIE, HAHOAIEKTPOHNKA, Te-

TEPOCTPYKTypa.

DaKTOpPhI, ONpeaeANie 3HAYUMOCTh BHICOKONPOU3BOUTEIBLHBIX
BblUKCJIeHH B IM(poBoii TpaHchopmanumn

Peanmzanms Ctpaternu HaydHO-TEXHOJIOTUYECKOTO pa3BuTHs Poc-
cuu, yrBepxkaeHHas [Ipesunentom 1 nexadps 2016 r., B COOTBETCTBHU C
OTIpeIeTICHHBIMHU TIPHOPHUTETAMH TPEOYeT pa3BUTHS BBICOKOIIPOU3BOIH-
TENbHON MHQPPACTPYKTYPHI, TPEJOCTABISIIOMIEH YCIOBHS JUIS MPOBEIE-
HUs 3QPEKTUBHBIX HAYYHBIX UCCIICAOBAHUIN KaK HAYYHBIM KOJUICKTHBAM,
TaK U OTJAENbHBIM uccheaoBatesaMm [1, 2]. OnHol U3 BaKHEUIIMX 3a/1ad,
pelaeMbIX B paMKax MEPBOr0 MPUOPHUTETA, SBISETCS CUHTE3 HOBBIX Ma-
TEpUAJIOB C 3aIaHHBIMU CBOMCTBaMHU.

K dakTtopam, ompenensronuM 3HAYUMOCTh BBICOKOTIPONU3BOIUTEITb-
HBIX BBIYMCIICHUHN AJI PEIICHUs TAKOU 3a/1a4uH, CIeAyeT OTHeCTH [2, 3].
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1. CuHTEe3 HOBBIX MaTE€pHAJIOB C 33JlaHHBIMH CBOWCTBAMH SBIISIETCS
CTpPATErMYEeCKH BaXKHbIM HAIPaBICHHUEM HHHOBALIMOHHOIO Pa3BUTHUS B
paMKax mporpaMmsbl HU(GPOBOH SKOHOMHKH, YUUTHIBAS HU3KYIO HHHOBA-
[IMOHHYIO aKTUBHOCTH Poccuu Ha (hoHE pa3BUTHIX TOCYAAPCTB.

2. YcneumHoe penieHue 3a1ad CUHTe3a HOBBIX MATEpUAJOB SBIAETCA
OCHOBOH NPOPBIBHBIX TEXHOJOTUH, HEOOXOIUMBIX AJISI CO3AaHUs OTeye-
CTBEHHON MMIIOPTOHE3aBUCUMOMN 3JIEKTPOHHOW KOMIIOHEHTHOH 0a3bl.

3. KapaunanpHOE pemieHne mpoOieMbl oOecreueHus] WHQOpMaIn-
OHHOH 0€30MacCHOCTH KOMITBIOTEPHBIX CHCTEM Pa3IMYHOr0 Ha3HAYEHUS,
MpeKAe BCEro B MHTEpEcax roCyIapCTBEHHOTO yMpaBJIeHHSA, OOOPOHEI,
0e301acHOCTH U PaBOTIOPSIKA.

4. TpebGoBaHuUs CO3AaHUS MEPCHEKTHBHBIX KOMIUIEKCOB BOOPY>KEHHUS
U BOCHHOW TEXHHKM Ha OTE€YECTBEHHOW 3JIEKTPOHHON KOMIIOHEHTHOM
0a3e MOTYT OBITH BBHITIOJTHEHBI TOJBKO 32 CUET CO3/JaHUS HOBBIX KOM-
IUIEKTYIOUIUX JIEMEHTOB U MAaTEPUAJIOB, & TAKXKE TEXHOJIOTMH UX IIONYy-
YEHUSI.

5. Pa3paboTaHHBIII Hay4YHO-METONWYECKHI ammapaT TpeOyeT amek-
BaTHOM IMOJJICPIKKU B BUJIC BEICOKOIIPOU3BOIUTEIBHOMN THOKOM HCCieno-
BaTENbCKON HHPPACTPYKTYPHI.

6. CozmaHne COBPEMEHHOH WCCIIeOBaTENbCKONH HHMPACTPYKTYPHI
JIOJDKHO CTaTh MOIIHBIM TOJYKOM JJIS Pa3BUTHs Pa3iIUYHBIX OTpaciel
POCCHICKON HayKHu, KOTOpas HaXOAUTCS B YCIOBHUSX KOHLENTYaJIbHOTO
nepexoja K HOBOW MapaurMe B HAyYHBIX HCCIIENOBAHUAX, OCHOBAaHHOU
Ha aHaJN3€ HaKOIJICHHBIX OOJBIIMX JAHHBIX B KOHKPETHBIX IMpeaMeT-
HBIX oOjacTax [1].

7. Heo6xonuMoCTh cO3aHMsI BEICOKONIPOM3BOAUTENIBHOM HCcCae0Ba-
TENbCKOW HMHQPACTPYKTYPHI SIBISAETCS CTHMYJIOM KapAMHAIBHOTO pe-
(OpMUpPOBAaHUS CHUCTEMBI MOJTOTOBKH CHEIHMATNCTOB. Tak, (hakymbTeT
BMK MI'Y umenu M.B. JlomoHOCOBa OpHEHTHPYET MPOrpaMMbI 00yde-
HUS Ha TOATOTOBKY CIIEHUATMCTOB B 00JACTAX MaTeMaTHu4ecKoro MoJe-
JUPOBAHMS, CUCTEM IPOTPAMMHPOBAHMSA M METOJIOB aHANIH3a OOIBIINX
JaHHBIX [2].

[Mocnenuuii haxTop MpHOOpETAET CEroH 0CO00E 3HAUCHHE, TaK KaK
MMOCTAHOBKH 3a7lad CHHTE3a HOBBIX MAaTEpPHAJIOB BBI3BIBAIOT HEOOXOIH-
MOCTb NIPUMEHEHUS COBPEMEHHBIX METOJ0B MaTEMATHUYECKOTO MOAEIH-
pOBaHUs, MO3BOJLIIOIIMX aJ€KBATHO OTPA3UTh IPOLECCHl MCCIELYEMOM
CHCTEMBI, IPUMEHEHHE KOTOPHIX MPHUHIUIHAIEHO TPeOyeT BBICOKOIPO-
W3BOAMTEIBHYIO BBIYMCIUTENBHYIO cpeny [3]. Peus maer o mertomax
KOMITJIEKCHOTO MOJEITUPOBaHUS, PEACTABIAIONINX U3 ceOsl CHHTE3 aHa-
JIUTUYECKOr0, UMUTALMOHHOTO U HATYPHOTO MOJEIIMPOBAHUS UCCIEIYe-
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MBIX IIpolieccoB. Takue nocraHoBKU (POPMYIMPOBAIUCH U PaHEE, OJHAKO
YCIIOBHS JUIA MX peaju3alii B BUIE BHICOKOIPON3BOAUTEIHHOMN BBIUMC-
JUTENbHON TATGOPMBI HOSBUIIKCH TOJBKO B IOCIEIHEE BPEMSL.

IIpu 3TOM cregyeT mOa4epKHYTh, YTO BCE BHIBI MOJETEH B paMKax
KOMIIJIEKCHOTO MOZEIMPOBAHUST HIPAIOT CBOIO POJIb HA PasIMUHBIX
JTanax MccieqoBaHui. Peanusanys cOBpEMEHHBIX METOAOB MOJAEIHPO-
BaHUS TIPEABSABISET IMOBBIMICHHBIE TPEOOBaHWS HE TONBKO K KOJIHYe-
CTBEHHBIM XapaKTEPUCTUKAM HCIIOJIb3yeMOM BBIYUCIUTENBHON CpPEAbl
(TpOU3BOIUTENBHOCTh, HAIEKHOCTh, €MKOCTh XpaHWJIHUINA JaHHBIX,
MPOLEAYPHI AOCTYIA), HO U K KaUeCTBEHHBIM IOKa3aTemsiM, XapaKTepH-
3YIOIIUM T'MOKOCTh OPTaHU3alMU BBIUMCIUTEIBHOTO Ipouecca u 3¢dek-
THBHOCTb UCIIOJIb30BaHMsI BHIYUCIUTEIBHBIX PECYPCOB.

Hpyrumu cnoBaMu, COBpeMEHHBIE (PaKTOPHI, ONpeaesieMble moTped-
HOCTSIMH IH(POBOH TpaHChOpMaLUN OOIIECTBA, ONPENEIIOT AKTyasb-
HOCTb BBIYMCIIUTENBHBIX CHUCTEM JJIsl HAyYHBIX HCCIIEZIOBaHUI B BHIE
BBICOKOIIPOM3BOIUTENBHOM H(POBOH TIIATHOPMBL.

006 onbiTe PUIl Y PAH

Jns noBbimieHns 3¢ GEKTUBHOCTH MPOBEACHUS SKCIIEPUMEHTAIBHBIX
HCCIIeNoOBaHNN B WHTepecax mudposoit tpanchopmarum B OUIL[ Y
PAH co3nana coBpemenHas nudposast tuiatdopma Ui HAyIHBIX HCCIe-
noBaHUM [4] Kak COBOKYITHOCTh IICHTPA KOMIIETEHITUH, BEICOKOTIPOU3BO-
JMUTEBHOTO BBIYHCIUTEIRHOTO Komruiekca ('BBK) m coBokymHOCTH
HAYYHBIX CEpBUCOB (aHAIUTHYECKHX, OOpa3oBaTENbHBIX, OMOMMOTEY-
HBIX, BBIYUCIUTENbHBIX, AaHATUTUYECKUX U Jp.), KOTOpPbIE MPEIOCTaBIs-
0T yCIYyTW DPa3NUYHBIM cdepaMm AesTeIbHOCTH (0Opa3zoBaHHE, HayKa,
Ou3HeC, MPOMBIIIJICHHOCTh, TOCYJapCTBEHHBIE CTPYKTYPBI).

I'BBK ®OUILl NY PAH umeer ruOpuaHyI0 BBIUHCIUTENBHYIO apXH-
TEKTypy, B KOTOPOW BBIUYMCIUTENBHBIE PECYPCHl MPEAOCTABISIOTCS HC-
CIIEAOBATEISIM B BUJIC TPAJULIMOHHBIX OOJIAYHBIX YCIIYT, a TAKXKe CIIeIH-
(uveckux TEXHOJOTUI Hay4dHOro cepBuca kak yciyru (RaaS, Research
as a Service) [5-7].

Ha 6a3ze I'BBK co3man u 3aperucTpupoBaH LEHTP KOJJIEKTUBHOTO
nonp3oBanus (IIKIT) «WudpopmaTtuka» [8], KOTOPBIH NpeaoCTaBIsSIECT
HAayYHBIM KOJIJIGKTHBAM BBIYHCIHTEIbHBIE PECYpPCHl ISl TPOBEACHUS
HaYYHBIX PacueToB B BUjAe 001ayHbIX cepBucoB (SaaS, PaaS, RaaS). Pe-
aIM3yeMble TEXHOJOTMH 00ecIeYnBaloT pa3BEpPTHIBAHHE BCEX BUAOB
MPOrpaMMHBIX KOMITIeKcoB (frameworks) B MHOIWBUAYaNTbHON BUPTY-
anpHOU cpeae docker, on-line octyn mosk3oBarenell K HHCTPYMEHTAb-
HbIM cpeactBam ['BBK, mHTepakTHBHYI0 M MakeTHYI 0OpabOTKY BBI-
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YHCIIUTENLHBIX 331aHUil HAYYHBIX PacueToB, CO3J[aHUE JTMYHBIX KaOWuHe-
TOB IOJIb30BAaTENEH, a TAKXKE €ANHYIO TOUKY BXOJa M BCIOMOIaTelIbHbIE
cepBUCH IU(POBOH TIIATPOPMBL.

ObocHOBaHbI ¥ cHOPMYIHPOBAHBI CUCTEMHBIE PELICHHUS IS IPOBEe-
HHSL MCCJIEIOBAHUM C UCIIOIb30BaHUEM PECypcoB LU(POBOH MIaThOpMEL,
BKJIIOYast pa3paboTKy CpeaCcTB MHOTOMACIITA0HOTO KOMIIBIOTEPHOTO MO-
JEeTMPOBaHUsl (PU3NYECKOH CTPYKTYpbl TNPHOOPOB HAHOIIEKTPOHHUKH,
HEHPOMOPGhHOH apXUTEKTyphl MHOTOYPOBHEBBIX YCTPOWCTB IMaMSTH, Jie-
(hexT000pa3oBaHus B KOMITO3UTHBIX MaTepraiiax u apyrue [9—11].

3akioueHne

Pa3ButHe BBHICOKONIPOM3BOAUTENBHON CPEabl Ui HAyYHBIX HCCIIEN0-
BaHWI B yCIOBUSAX LU(POBOH TpaHcopManmu sBISETCS aKTyalbHON
3agadeil. Mictoprueckne (hakThl CBUAETENHCTBYIOT 00 OTPOMHOM BHUMa-
Huu pykoBoactea CCCP k 3ToMy HampaBJieHHIO, 9TO 00ecrednBao Be-
OyILUe TO3UIUKM CTPAHbl B Pa3BUTUU BBIYMCIUTENBHOW TEXHUKH IS
Hay4HbIX UCCJIENOBaHUN. BOoJbIIyIO pOSIb B Pa3BUTHM ITOrO HaIpaBIIE-
Hus ceirpanu coBerckue yueHsie (Jlebenes C.A., bpyk U.C., bepr A.H.,
KuroB A.U. u 1p.).

B nacrosmee Bpems OUILl 1Y PAH npoBoauT akTUBHBIE HCCIIEN0-
BaHUS W pa3padOTKH IO PAa3BUTHUIO COBPEMEHHOW BBICOKOIPOHM3BOIM-
TeTbHON TUTaT(OPMBI ISl HAYYHBIX HCCIEOBaHWNA B cdepe CHUHTE3a
HOBBIX MaTEpUAJIOB C 3aJaHHBIMH CBOWCTBAMH Ha OCHOBE MHOIOMac-
mTaOHOTO0 MaTEMaTHYECKOT'O MOJIEIHPOBAHHUS.

Hccnedosanue evinonmneno npu unancosoi nododepicke PODHU ¢
pamkax npoexmog 18-29-0391 u 19-29-0305 k.

Jlurepatrypa

1. Zatsarinnyy A.A., Kiselev E.V., Kozlov S.V., Kolin K.K. Information space of
the digital economy of Russia. Conceptual foundations and problems of formation //
Under the general editorship of A.A. Zatsarinnyy. — M.: FRCCSC RAS, 2018; 236 p.

2. bonbmoe untepsbio akagemuka PAH M.A. CokosoBa Juist 3I€KTPOHHOIO I1e-
puonuueckoro usmanus «Hayunas Poccus». Pexxum ncrtyma: https://scientific
russia.ru/partners/rossijskaya-akademiya-nauk/akademik-ran-i-sokolov-vmk-mgu-
eto-bezuslovnaya-vostrebovannost

3. 3amapunusiii A.A., Abrapsa K.K. ®aktopsl, onpenensiomue akTyalbHOCTb
CO3JJaHUs MCCIIE0BATENbCKOM MHGBPACTPYKTYpHI U1l CHHTE3a HOBBIX MaTepHajioB B
paMKax peamH3aldd HPHOPUTETOB HAyYHO-TEXHOJOTWYECKOro pas3Butus Poc-
cun. M3BecTusi BRICIINX y4eOHBIX 3aBeIeHHH. MaTepHalibl SIEKTPOHHON TEXHUKHU.
2019; 22(4): 298-301.

4. Amnaronuii Banosuu Kuros / [Tox penakuumeii B. B. [llunosa u B. A. Kuro-
Ba. — M.: MAKC Ilpecc, 2020. — 688 c., 64 otx. c. uB. mwi. ISBN 978-5-317-06344-3
https://doi.org/10.29003/m871 kitov.

11



5. Zatsarinnyy A.A., Kondrashev V.A., Sorokin A.A. Algorithms for managing
service-oriented processes of deterministic scientific services in hybrid computing
environments of digital platforms // Highly Available Systems. Vol. 18. No. 3. 2020.
in press.

6. Zatsarinny A.A., Volovich K.I, Kondrashev V.A. Methodological issues of
managing scientific services of scientific and educational organizations of the Rus-
sian Federation // In the digest: Radar, navigation, communication. Proceedings of
the XXIII International Scientific and Technical Conference. In 3 volumes. 2017.
P. 7-14.

7. Kondrashev V.A. Architecture of a system for providing services of a digital
platform for scientific research // System and Means of Informatics. 2018. V. 28.
Ne 3. P. 131-140.

8. Zatsarinny A.A., Kondrashev V.A., Sorokin A.A. Approaches to the organi-
zation of the computing process of a hybrid high-performance computing cluster in
the digital platform environment // 5th International Conference on Information
Technologies and High-Performance Computing, ITHPC 2019; Computing Center
of Far East Branch of the Russian Academy of Science Khabarovsk; Russian Feder-
ation; 16 September 2019 through 19 September 2019 // CEUR Workshop Proceed-
ings. Volume 2426 (2019). P. 12-16.

9. Aorapsu K.K. MHoromacurabHoe MOJICTHPOBaHKE B 33J]a4aX CTPYKTYPHOTO
marepuanoseneHus. — M.: MAKC Ilpecc. 2017. 284 c.

10. Abgaryan K.K. Optimization problems of nanosized semiconductor hetero-
structures // Pleiades Publishing, Ltd., Russian Microelectronics. — 2018. — Vol. 47.
No 8. —P. 561-566.

11. Abrapssa K.K. Mapopmanmonnast TeXHOJIOTHS TOCTPOSHHUSI MHOTOMACIITa0-
HBIX MOJEJCH B 3aJa4yax BBIYMCIMTENBHOTO MartepuanoBeneHus // M3nateiabcTBo
«PamnoTtexuukay, «Cuctemsl BRICOKOH moctynmHocTi». 2018. T. 15. Ne 2. C. 9-15.

CURRENT PROBLEMS OF CREATION OF RESEARCH
INFRASTRUCTURE FOR SYNTHESIS OF NEW MATERIALS
IN THE FRAMEWORK OF THE DIGITAL TRANSFORMATION
OF SOCIETY

Zatsarinnyy Aleksander Alekseevich, chief Researcher, doctor of engineering,
deputy Director, Federal Research Centre "Computer Science and Control”
(FRC CSC RAS), of the Russian Academy of Sciences (FRC CSC RAS).Vavilov
st. 44, 119333 Moscow, Russia,
e-mail: alex250451@mail.ru.

Abgaryan Karine Karlenovna, chief Researcher, doctor of physical
and mathematical Science, head of the department Federal Research Centre
"Computer Science and Control” (FRCCSC), of the Russian Academy
of Sciences, (FRC CSC RAS). Vavilov st. 44, 119333 Moscow, Russia, head
of the department Moscow Aviation Institute (National Research University),
Volokolamskoe shosse, 4, 125993, Moscow, Russia (MAI),
e-mail: kristal83@mail.ru

12
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METO/AbI OGECHEYEHUSA HAJAEXKHOCTH
COBPEMEHHBIX CBUC

TI'opues E.C.,
ynen-koppecnondenm PAH, 0.m.u., npogheccop,
3AM. pyKo8oOumens NpUOPUmMemHo20 MexHoI02U4ecKo20 HanpasieHus
no anekmpouuvim mexuonoauam, AO « HUHUMDI»
e-mail: egornev@niime.ru

AnHoTanus. O0ecrieyeHne HAASKHOCTH pabOTHl pagnOJEKTPOHHOM amma-
paTypsl W CHCTEM Ha €€ OCHOBE pPacCMOTPEHBI KaK KOMIUIEKCHAs Hay9HO-
TEeXHHYECKasl MpodieMa, peleHre KOTOpOi 3aBUCUT OT MHOTHX (akTopoB. OT-
MEUEHO, YTO HaAEKHOCTh M3JENUs 3aKIIa/IbIBAeTCs NMPU ero paspaboTke, obec-
MIEYNBAETCS TIPH €TI0 IIPOU3BOICTBE M ITOICPKUBACTCS TPH €TI0 SKCIUTYaTaI|H.
[Ipoananu3upoBaHbl OCHOBHBIC HAIIPaBIEHHS MHPOBBIX HCCIEOBaHUN MO
obecrieueHNI0 HaIEKHOCTU. bosbplioe BHIMaHUE yAEICHO METOJaM MOJEINUpPO-
BaHHUA, BKIIIOYAsl CO3/IaHUE DJIEKTPOHHBIX JBOMHMKOB M HOBOW BHUPTYaJbHOU
peanbHOCTH, MO3BOJISIONIEH NPOHUKaTh B cymHocTs CBUC.

KualoueBble ciaoBa: cBepxOomnbpmas uHTerpanbHas cxema (CBUC), nHa-
JISKHOCTh PaAMO3JICKTPOHHONW ammaparypbl, MOJCIUPOBAHHUE, JIEKTPOHHBIN
JIBOMHUK.

ObecnieueHre HAJEKHOCTH PATUORIIEKTPOHHOW amlmaparypsl U CHU-
CTeM Ha €€ OCHOBE SIBJISICTCSI KOMIUIEKCHOW HayYHO-TEXHHYECKOH Mpo-
OneMoli, pelieHre KOTOPOH 3aBHCUT OT MHOTHX (DaKTOPOB, BIHMSIOLIMX
Ha HA/IKHOCTD amIaparypbl ¥ CUCTEM B T€UEHHE WX KH3HEHHOT'O IIHK-
Ja, KaKk Ha YPOBHE MCXOIHBIX MaTepHajiOB U KOMIIOHEHTOB, TaK M Ha
YpOBHE MPOM3BOJCTBEHHO-TEXHOJIOTHUECKUX MPOIIECCOB, MPOLECCOB
MPOEKTUPOBAHUS, TEXHUYECKOTO OOCTYXMBaHHS W JKCIuTyatanuu [1].
B nmpOMBINUICHHOW TEXHOJIOTUM NPOU3BOACTBA MHTErPABHBIX MHKPO-
cxem (MC) Bompockl o0ecrieueHus: MX Ka4eCTBa U HAJICKHOCTH SIBIISTIOTCS
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OJIHAMH U3 OCHOBHBIX. OCOOEHHO OCTPO 3TH MPOOJIEMBI CTOAT TIPH TIPO-
W3BOJICTBE MHUKPOCXEM /Il OOPTOBBIX CHUCTEM PAKETHO-KOCMHUYECKHX U
aBHALIMOHHBIX cUCTeM. BMmecTe ¢ TeM, 1 aBTOMOOHIIbHAS JIEKTPOHHKA, U
MEINIMHCKAs TEXHUKA TaK)Ke MMEIOT MOTPEOHOCTH B IPOIOIKUTEIHLHOM
CpOKe CITyObI ¥ BEICOKOM HalexHOCTH [2]. MeTomomorust odecreueHus
BBICOKOT'O Ka4yecTBa M HAaEKHOCTH MHUKPOCXEM Pa3BUBANIACh COBMECTHO
C Pa3BUTHEM MHKPODJIEKTPOHUKH.

Msl yke OTMeually, YTO «BBIPaOOTKA OOIIMX MPHUHIMIIOB OpPraHu3a-
UM TEXHOJOTHYECKOTO Tpolecca u pa3paboTka ONTHMAIbHOW, TEXHO-
JIOTUYECKH peanm3yeMoil U oTHocuTenbHO aemeBoii CBUC ¢ cyOMuk-
POHHBIMM pa3MepaMH HEBO3MOXKHBI 0€3 €IMHOr0 KOMIUIEKCHOTO
MOJX0/a, BKIIOYAIOMIET0 B ceOsi pacCMOTpeHHE BCEH COBOKYITHOCTH
mpobiem» [3]. Y 3TOT moaxoxa B MOJHOW Mepe peann3yeTcsl B POMBIIII-
JICHHOW TEXHOJOI'MH MHKPO3JCKTPOHHUKH, KOTOpasl «HAIpaBieHa Ha pe-
nIeHue npoOieM Co3faHus, ONTUMH3ALUU U COBEPIICHCTBOBAHHS IPO-
IIECCOB C IeJIbI0 HanOoJiee TOJTHOTO BHITIOJHEHHS OKHIaHMi [3].

Hapé:xxnocte wm3neamsi 3akJaAbIBaeTcs MNPH ero paspadorke,
o0ecreynBaeTcsl MPU €ro NPOM3BOJACTBE U MOJAIeP:KUBAETCS NPU €ro
IKCIIYyaATALMH.

HHTerpaipHble MUKPOCXEMBI B IIPOLIECCE CBOETO KU3HEHHOTO LIUKIIA,
KakK ¥ 0OJbIlas 4acTh 3JCKTPOHHOW KommoHeHTHoU Oa3wel (DKB) obna-
nmaet U-00pa3HBIM pacrpefesieHHeM O0TKa30B, UMEIOIINX TPH MepHoaa —
NEepUoJ PaHHUX OTKA30B WM MEPUOJ NPUPAOOTKH, IEPHO HOPMATBHOMN
paboThl WM MIEPUOJ MOCTOSTHHON MHTEHCHUBHOCTU OTKA30B U IEPHUOIOM
CTapeHws..

[IpupaGoTouHble OTKa3bl SABISAIOTCSA, KaK MPaBUIIO, PE3YJIbTaTOM
Hamuusl y oObekTa JNedeKToB U JePEeKTHBIX 3JIEMEHTOB, Halle)KHOCTh
KOTOPBIX 3HAYUTENHHO HIKE TpeOyemoro ypoBHs. [y 3Toro mepuona
XapakTepHbl HU3KHE TPOLEHTHl BHIXOJA TOAHBIX, AKCIIEPUMEHTAaJIbHAs
pa3paboTka mapaMeTpoB Mpolecca, MOAPoOHas XapaKTePUCTHKA U UJICH-
tudukanusa nedexros. JledekToB Ha 3TOI CTagul MHOXECTBO, Ipeoda-
JA0T CUCTEMAaTHYECKHE MOBPEKACHUS M CUIBHO COCPEIOTOUYCHHBIE Jie-
(EeKTBI, ¥ OT CPEACTB M METOIOB OOHAPYXKEHUS KOHTPOJIsS TpeOyercs
CpPaBHHUTENBHO HHW3Kas MPOU3BOAMTEIHHOCTh, HO OOJiee BBHICOKOH YyB-
CTBUTENBbHOCTH. Eciin Ha HagEKXHOCTh MCHBITHIBAIOTCS MUKPOCXEMBI 10
3aBepIIeHUs MepHoAa paHHUX OTKAa30B WM MPHUPAOOTKH, TO HUX IIAHCHI
BBIICPKATh UCIBITaHUS yMeHblIaroTca. OTcoaa BO3HHKaeT BOIPOC O
PHCKax ¥ 1ejJecoo0pa3sHOCTH TNpOBeleHHs B HacTosiiee BpeMs
ONBITHO-KOHCTPYKTOPCKHUX pa3padoTok nmo popme A ¢ oJHOBpPeMeH-
HOM MOCTAHOBKOI HA NMPOU3BOICTBO Pa3padaTbIBaAeMOro0 U31eJIusl.
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st HeoOCTy)KUBAaEMBIX KOCMHUYECKHX CHCTEM BOMPOCHI CIOXKHOCTH
U TIOJIy4YeHUsT HEOOXOIUMBIX pab0YMX XapaKTePUCTHUK PEIaroTcs, B TOM
YHClle, OrPaHUYCHUEM YHUCIA HCHOJB3YEMBIX HU3IEIUA U COIMYTCTBYIO-
IIUM 3TOMY OYEHBb MAJBIM BIUSHUEM UX OTKa30B. OTpaHUYCHUIO KO-
YecTBa MUKPOCXEM HamOollee CITocOOCTBYET MPUMEHEHHE COBPEMEHHBIX
CBUC «cuctem Ha xpuctamie» (CHK), cogepxamux necsTku pa3HO00-
pa3HBIX OJIIOKOB, pa3padOTKa KaKIOT0 M3 KOTOPBIX TpebyeT cnenuduye-
CKHX HaBBIKOB M OoJbIIoro ombiTa. Ho, ¢ Apyroil CTOpOHBI, BBIXOA U3
CTPOsi TAaKOM MHKPOCXEMbI MOXET IOBJE€Yb 32 COOOW 3HAYUTEIHHO
Oopiie mpoOsieM , 9eM MPH BBIXOAE M3 CTPOS MHKPOCXEMBI MEHBIIEH
crenienn uHTerpanuu. OTCI0/la U MOBBIIICHHE TPeOOBaHUA K HaIEKHO-
ctu CBUC Tumna «cucreMm Ha KpUCTaJLIE.

Mukpocxema COCTOUT M3 TPeX YacTel — TpaH3UCTOpa, KOHTAKTOB H
MexcoennHeHui. TpaH3uCcTOp pacmonaraeTcst B HIDKHEH 9acTH CTPYKTY-
PBI U CIIyKHUT MepeKirodaTesieM. MexXcoeIuHEHHs, PaCcIoIOKEHHBIE T10-
BEpX TPAH3UCTOPA, COCTOSIT U3 TOHKUX CXEM MEIHOU pa3BOJKH, Iepea-
IONINX CHTHANl OT OJTHOTO TpaH3WUCTOpa K apyroMmy. Ha kaxmom HOBOM
TEXHOJIOTMYECKOM YPOBHE MEXKCOCJMHEHUSI CTAHOBITCS BCe 00Jiee KOM-
MaKTHBIMH, YTO MPUBOJHUT K HEXKEIATEIHHBIM PE3UCTUBHO-EMKOCTHBIM
3a/IepiKKaM.

JledexTsl, BIUSIONUE HA BBIXOJ TOJHBIX U HAJEKHOCTD, B3aUMOCBSI-
3afbl. Jt000# medekT, CriocOOHBIN MPUBECTH K CHIDKEHUIO BBIXOJA TOJ-
HBIX, SIBJISIETCSI U MOTEHUUAIBHOM YTrpo30M HAaAEKHOCTH. AHANIU3 OTKa-
30B TIOKa3bIBaeT, YTO OOJILIIMHCTBO JC(PEKTOB, BIHUAIONIMX Ha
HaJIS)KHOCTh, CBA3aHBI C TEXHOJIOTUYECKUAM TporieccoM. BBuay Toro, 9ro
nedeKTh, BO3ACHCTBYIOIINE HA BBIXOJ TOAHBIX U HAJEKHOCTh, UMEIOT
OJIHY U Ty >K€ NEPBOIPHUYMHY, YBeJUUEeHHEe BbHIX0Aa IOAHBIX 32 CYeT
CHUzKeHMs JedeKToB 0yeT NOBBIIATH U HAEKHOCTD.

BbIxos rogHBIX 3aBUCHT OT TAKHX OCHOBHBIX (DAKTOPOB, KaK AE(PEKTHI
OKpYXaroller Cpejbl, CTAaTHCTUYECKUI pa3dpoca mapaMeTpOB 3JIeMEH-
ToB MIC M TEXHOJOTHYIECKOTO Ipoliecca, U Haa&KHOCTH (DYHKIIMOHHUPO-
BaHUSI MHQPACTPYKTYPhl 00ECIEUeHUsT MMPOU3BOJICTBA — 000pYHOBaHHS,
MUKPOKJIMMATa, SHEProodecneueHus U T.1. MareMaTHuecKu o0l BbI-
XOJI TOAHBIX OMpEEIeTCs KaK Mpou3BeeHne QYHKINI BeposTHOCTEH
0e31eeKTHOCTH CO3MaHUs W3JENNs, BKJIIOYAs €ro IPOCKTHPOBAHHE;
BOCIPOHM3BOIMMOCTH U3JIC/HS TIPU U3TOTOBJICHUU; U HAJIC)KHOCTH (PyHK-
[IUOHUPOBaHUS HH(PPACTPYKTYPHI 00ECTIEYeHHS TEXHOIOTHIECKOTO TIPO-
necca.

B Havane ¢asel mcciemoBaHuMii U pa3pabOTOK mpolecca JISPEKThI
UMEIOTCS B OOJBIIIOM KOJIMYECTBE M OHA MOTYT MOSBHUTHCS B JIIOOOM Me-
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CTe TI0 BCeH Tuiomaan miacTuHbl. [ledekTsl OyayT BCTpedaThCsl TOpasio
pexe mo Mepe TOro, Kak MpolLecc BCTYMAET B CTAJAMI0 POCTa BBIXOJA
TOJTHBIX, OJHAKO 3TH Je(EeKThI BCE €IIe MOTYT CO3[aBaTh JIOCTATOYHO
MHOTO JJICKTPUYECKUX HEHCIPABHOCTEH, BIHSIONMX Ha HAAEKHOCTH
Mukpocxem [4]. IIpu opranuzamnuu Npor3BOACTBA BCETJa €CTh MePeXo/l-
HOW TIEpUO/JT K CTAOMIBHOMY BBITYCKY — neproj o0yueHus. OH CBsi3aH ¢
MOATOTOBKOW TPOM3BOACTBA, OTJIAJAKON 00OpYHAOBaHMS, IMOATOTOBKOM
IepcoHaja M oTpabOTKOW Texmporiecca. Ha cramum oOydueHus (ocBoe-
HUS) BBIXOJ TOAHBIX NOBbImaercs A0 80 mpoueHToB. M1 0coOEHHOCTBIO
coBpemennblx CBUC sBiseTcs coBMemenne mpupadoTOIHOTO Tepruoaa
Y TIOCTaBIJIIEMBIX Ha PRIHOK MHUKPOCXEM C TIEPHOIOM O0yIeHHSI.

B3auMocBs3b MEXy KaTaCTpO(PUUECKUMU U CKPBITBIMU JedekTamu
BBITEKACT W3 HAONIOJCHHS, YTO T€ KE TUIHI AEPEKTOB, YTO BIHAIOT Ha
BBIXOJI TOJHBIX, BIUSIOT M Ha HaJeXHOCTh. J[Ba Tux Tuma aedexkToB
pa3IUYaroOTCs MO pa3MepaM U MO MECTY B NMPUOOPHOM CTPYKType, TIe
OHM OOBIYHO BO3HHUKAIOT [5].

Cratuctrnyecku 000CHOBaHHOE OMpE/eNIeHue HAJAEKHOCTH 32 MIHH-
MajabHOE BPEMS M MPU MUHUMAIBHBIX U3JEPKKaX BO3MOKHO MPU TTOMO-
IITY TIOCTICIOBATENFHBIX UCITBITAHUH KaK HanOosee 3G heKTHBHOE.

IIpu ocyuiecTBIEHHH MOCTABOK BBICOKOHAIEKHBIX U3AEIUH, K KOTO-
PBIM OTHOCSITCSI MUKPOCXEMbI, OOBIYHO HCIIONB3YIOTCS JIBE TPYIIIBI Me-
TOAMK 00eCIIeYeHNs BEICOKOHW HANEKHOCTH.

[lepBas rpymma MeTonuk — obecriedeHrne BBICOKON HaAEKHOCTH ITy-
TEM HUCHBITAHUM — 0a3upyeTcsl Ha MPEANOJIOKCHUH, YTO MHUKPOCXEMBI
BBIMTYCKAIOTCSI C TPUMEHEHHEM CTAOWMIBHOTO M OTJIAKEHHOTO TEXIIPO-
ecca, anpoOUPOBAHHOTO C TOYKH 3PEHUS HAIEKHOCTH TOAHON MPOIYK-
WY, TaK YTO JOCTATOYHO HCKIIOYUTH MPHOOPHI C OTKIOHEHHSIMH OT
TEXHOJIOTHH, TOJBEPTHYB TOTOBBIC H3ACIUS PNy OTOPAKOBOUYHBIX HC-
MBITAHUN U TPEHUPOBOK.

Bropas rpynna meToguk — oOecrieueHue BBICOKON HAJEKHOCTH ITy-
TEM KOHTPOJIA TEXIIpollecca M3rOToBJIeHUA. [Ipu 3TOM pemieHue 0 TMpu-
TOIHOCTH BBIITYCKAEMOM MPOIYKIUHU sl BHICOKOHAIEKHOU anmnaparypbl
MO>XHO MPUHUMATH 33JI0JITO JO OKOHYAHMS COOpPKU MPUOOPOB, a TaKKe
HCITIOJIB30BaTh Ooyiee MHGOPMATHBHBIC METONBI BBIIBICHUS CKPBITHIX
NeeKTOB, YeM MPOCTask TPEHUPOBKA TOTOBBIX M3nenuid. s 3TuX Mero-
UK TPeOYIOTCS YYBCTBUTEIBHBIC METOJbI OINEPANMOHHOTO KOHTPOJIS
TEXHOJIOTUH, & TaKXE METOJbl NUAarHOCTUYECKOTO HEPA3PyLIAIOUIEro
KOHTPOJISL.

Jlyummii crmoco0 CHU3UTHh BO3MOXXHOCTH TOSIBIICHUS CKPBITHIX Je(ek-
TOB — CHIDKEHHE OOIIEeT0 YPOBHS CIy4aiHOH neeKTHOCTH. DTO Mmojapa-
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3yMeBaeT pa3pabOTKy CTpaTervii CHWKEHUS Ae()EKTHOCTH 10 HECKOJb-
KUM HarpaBJIeHHsIM:
* obOecnieyeHne Ooyee BBICOKOTO MCXOTHOTO YPOBHSI BBIXOAA TOJ-
HBIX;
" CHIKEHHE YacTOTHl OTKJIOHEHHWH OT CTAaHIApTHBIX ITapaMeTpOB
TEXHOJIOTHYECKOTO IPOLECCa;
= OpIcTpoe OOHapyXeHHEe U HCIIpaBIIEHUE OTKIOHEHHUH OT MapaMer-
POB TEXHOJIOTHYECKOTO Ipolecca B ClIydae HX BOSHUKHOBEHUS;
- OT6paKOBKa MOAO3PUTCIIbHBIX KPHUCTAJUIOB C MCIOJbB30BAHUCM
KOHTPOJISI HA yPOBHE KPUCTAIIA.

Ha HadanbHBIX 3Tanax pa3BUTHS MHUKPOAICKTPOHUKH MEPEXO0]T HA HO-
BB YPOBEHBb ObLJT BO3MOXKEH € MOMOIIBIO MPOCTOTO MACIITAOUPOBAHHS,
HO 10 Mepe YMEHBIIICHUS HOPM OT 1 MKM U MeHee, TaKue Nepexobl CTa-
JIU TpeOOBaTh CIIOKHBIX PEIICHUI — KOPEHHBIX U3MEHEHHI IMpolecca
obopynoBanus GoToauTorpadu, HOBBIX MaTEPHAJIOB, CTPYKTYP H T.II.

1. Yuer ¢dakTopoB MacmTaOMpOBaHUsS, OTPAKAIONINX B3aUMHOE BIIH-
SIHE€ T€OMETPUUYECKHUX Pa3MEpOB U CBOWCTB MaTEpUajOB, a TaKXKe OCO-
OeHHOCTEW WX WMHTErpalud B €IUHOM OO0BEME C MO3ULUNA KPHUCTAIIIO-
XUMHUYECKOM, TEPMOMEXAaHUYECKOM, 3JIEKTPOMArHUTHOM, XUMHUYECKOM
COBMECTUMOCTEH, TEIJIOBOM, SIEKTPUUECKON, MEXaHUYECKOH CTOMKO-
CTH, YCTOMYMBOCTH K BO3JEHCTBUIO arpeCCUBHBIX CpeJ U paaualiuu, a
TaKke BpEMEHHOH cTabmibHOCTH. Heo0XomumMo 3HaTh W, COOTBETCTBEH-
HO, YYUTHIBATh pa3MepHbie d(H(HEKTh H3MEHEHUS IEKTPO-(PU3HUECKUX U
JNPYTUX CBOWMCTB MaJbIX OOBEKTOB M3-3a YBEIIMYCHUS BKJaJla MOBEPX-
HOCTHOU PHEPTUH B OOIIYI0 SHEPTHIO 00BEKTA. DTO BEAET, HAIIPUMED, K
YBEJIMUCHUIO YJIEJIBHOTO COMPOTUBIEHUS, CHIDKCHHUIO TEeMIEpaTypbl
TJIABJICHUS | T.J.

2. Poct 3agepxku B RC-nienovykax MeKCOEIUHEHHH. Y MEHBIIAIOTCS
KaK CEYeHUe MPOBOJHHUKOB, TaK U PACCTOSHHUE, MEXy HUMH, 3aIIOJIHECH-
HOE JAHMAJIEKTPUKOM, U TOJIIMHA MEXYpPOBHEBOIO IMUANIEKTpUKa. VX BiH-
SHAE Ha 3aJep’KKy CHWJIBHO BO3pacTaeT, T.K. 33JepXKKa B TPaH3UCTOPE
YMEHBIIAETCS, @ B MEXKCOCAUHEHMIX BO3PACTAET M3-3a YBEIMYEHHUS OT-
HOLICHUS UX [UIMHBI K IUIOLIaau cedeHus. TpeOyercs: yBeanueHne ypoB-
Hell pa3BOJKH C POCTOM CONPOTHUBIICHHS MEXKCOEINHEHUN M yMEHbIIe-
Hue eMmkoctd C 3a Ccu€T HOBBIX MAaTepHaloB MEXYPOBHEBBIX U
BHYTPHYPOBHEBBIX ANUIEKTPUKOB C KaK MOXHO Ooyiee HU3KOU IHM3IIEK-
TpUYECKOH MPOHUIAEMOCThIO. M B 9THX cilydasx Jake HeOOJbIIUE Ba-
pUanuy B IOIYCKE MO pa3Mepy WIH AOIYCKE Ha BhIPAaBHUBAHHE, BO3HU-
KalollKe B CHJIy MHOTOYHMCIICHHBIX B3aUMOICHUCTBHUN CJI0€B JIUTOrpaduu,
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MOT'YT IPUBECTHU K 3HAYUTCIbHBIM KoJIeOaHUSIM B COIIPOTHUBJIICHUU MEXK-
COC,ILI/IHeHI/Iﬁ, YTO OI'paHHYMUBACT OKCINUIyaTalMOHHBIC XapaKTCPUCTHUKHU
TPaH3UCTOpA.

3. OGecnieueHue MpUEMIIEMOT0 3HAYCHHSI CUTHAII/ILTY M.

4. OGecriedeHrne KOHTPOJIS SJCKTPOMHUTPAIIMN MEIHBIX MPOBOTHUKOB
C TIOMOIIEI0 OAPBEPHBIX CIOEB, OIOKUPYIOMUX TUPPY3HIO.

Ho ectb 1 npyrue npobiaemsr:

* [UICHKH MEHbIIE 25 HM TPYIHO PacTUTh, TAaK)Ke HEOOXOIHMO HC-
KaTh KOMIIPOMHCC MEX]Ty CKOPOCTBIO pOCTa U KAYECTBOM ILIEHOK;

* TyHHeNbHBIE 3P EeKThI;

" BEpPTHUKaJbHOE MacIITaOMPOBaHWE MPUBOJUT K YBEJIWYCHHUIO I10-
neil  (BCIEACTBHE YBENWYEHHWS KOHIEHTPAIlMM TMpHMeced u
YMCHBIIICHHUSI Pa3MEpPOB), a 3HAYUT K YMEHBIICHUIO MPOOOWHBIX
HanpsbkeHui. JlaTepanbHoe MaciTaOUpoOBaHHE NMPUBOIMT K YBe-
JUYEHUIO Pa30rpeBa MHUKPOCXEM BCIEICTBHE TEIUIOBBIX IOTEPh
(ymeHbLIaeTCSI TOBEPXHOCTD, C KOTOPOH UAET M3JIyuYeHHE TeIlIa);

" YMEHBIIIAETCS €MKOCTh KOHJEHCATOPOB, UTO HEXKENATEIbHO IS
YCTPOMCTB OMEpaTHBHON MaMsTH, B KOTOPBIX WH(pOpMAIHsI Xpa-
HUTCS B BuIE 3apsuoB. [Ipy yMeHbIIEHUM pa3MepoB TOJIIHMHA
MPOCIONKN TUAJIEKTpUKa d JOJDKHA YMEHBIIATHCS Jaxke ObIcTpee,
4eM pas3Mephl IUIACTHH KOHAEHCATOpa, YTOOBI MOJAEp)KaTh HEU3-
MEHHOH eMKOCTb. OJHaKo NpH YMEHBIIEHUH pa3MepoB 3a3opa
MEXIy IJJaCTHHAMH B KOHJEHCATOpPE CTAaHOBUTCS BO3MOYKHBIM
TYHHEITUPOBAHHUE DIIEKTPOHOB Yepe3 AMIJIEKTPUUYECKHI Oapbep.
N30exaTh CTOND HEXKENATEIHHOTO YMEHBIIEHUS TOJIIUHBI JIH-
3NEKTPUYECKOTO CJIOS MO3BOJIAIOT HOBBIE MaTepHajbl ¢ OOJBIION
IURIIeKTpHUYecKol mporuriaeMocthio € (high-k materials);

* HM30BITOYHBIA Pa30rpeB MUKPOCXEM.

Ob6ecrnieuenne HamexHocTH CBUC sBnseTcss KOMIIEKCHOW Hay4YHO-
TEXHUYECKOW MpoOIeMoil, peleHne KOTOPOi 3aBUCHT OT MHOTHX (hak-
TOPOB, BIUSIONINX HA HAJCKHOCTH aIapaTypbl U CUCTEM B TCUCHUE HX
JKU3HEHHOTO IUKJA, KaK Ha YPOBHE HCXOIHBIX MATEPHAIIOB M KOMIIO-
HEHTOB, TaK U Ha YPOBHE MPOU3BOJCTBEHHO-TEXHOIOTHUYECKUX IMPOIIEC-
COB, TIPOIIECCOB MPOSKTHPOBAHUS, TEXHHUECKOTO OOCITY )KHBAaHUSI M IKC-
TUTyaTalluy.

MupoBsie uccaeAOBaHUs IO 00SCIICUCHUIO HAAEKHOCTH BEIYTCS 1O
CJIEIYFOIIMM OCHOBHBIM HAITPaBICHUSIM:

" MOJETUPOBAHME, MPOCKTUPOBAHUE, CXEMOTEXHUUYECKUE PEIICHUS

Y TECTUPOBAHUE BHICOKOHAICIKHBIX CUCTEM-HA-KPHUCTAILIE,
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"  HaJIGKHOCTb MOJ3aTBOPHBIX H30JIUPYIOIIUX CIOEB TPAH3UCTOPOB C
BBICOKMM AmdJexTpudeckoid mponumaemocteio (high-k gate
dielectrics);

" HAJACKHOCTh METALIMYECKHX  3aTBOpoB  (metal gate) y
MOSFET/FinFET tpan3uctopos;

"  HaJEKHOCTh MEIHBIX MEXKIJICMEHTHBIX COCIUHCHHN U COCIUHE-
HUH ¢ HU3KUM conpoTuBieHneM (copper/low-k interconnects);

"  HaJECKHOCTh MOHTQ)XXKHBIX KOHTAKTOB U COCJMHEHUA KOMIIOHCHTOB
CHCTEM-Ha-KpUCTaIe.

MogenupoBanue GU3NIECKUX MPOLIECCOB B MHTETPAIBHBIX CXEMax U
MUKPOCHCTEMAaxX MO3BOJISET OLEHUTh BIMSHHUE Pa3IUYHBIX BHYTPEHHUX U
BHEIIHUX (PaKTOPOB HA COOTBETCTBYIOIINE TEMIIEPATYPHbIE M 3JIEKTPH-
YecKHe MapaMeTphl, ONPEACNIAIOMUE HAAEKHOCTh U MOMEXO3AIIHIIECH-
HOCTh KOMIIOHEHTHOH 0a3bl. K TakuM mapaMeTpam OTHOCSATCS:

— TeMIepaTypHas 3aBUCUMOCTb HalPsDKEHUS CMELLCHHUS;

— TeMIepaTypHasl HeCTaOMIBLHOCTh HANPSKECHNUS CMELICHUS;

— MUIpPALMs] HOCUTEIIEH;

— CIyd4aiHble OIINOKH M3-3a BBICOKO3HEPIeTHYECKUX YaCTHLI;

— 3JIEKTPUYECKHUI POOOH AUAIIEKTPUKA,;

— JIpyrue, KOTOpble HEOOXOIMMO YUYHUTHIBATH HPU MOAETHUPOBAHUH

Ha/Ie)KHOCTHU U NOCIEAYIOLIEM IPOEKTUPOBAHUU MUKPOCXEM.

MopenupoBaHue TEMIIEPATypHOH HECTAOMIEHOCTH HAIPSDKCHUS
CMeIleHnsT — BakHOro (akropa HajekHOCTH coBpeMeHHBIX CBUC,
UCTIONIB3YIOIIUX U30Nupyomue cion ¢ Beicokor (high-k) auamekrpuye-
CKOH TpoHHIaeMocThi0. [IpudnHa HecTaOMIBHOCTH — BBICOKAsI BEPOSIT-
HOCTb aKTHBALMH 3JIEKTPOHOB B «AJIEKTPOHHBIX JIOBYLIKAX» JUIIEKTPH-
KOB, 4TO MPUBOJUT K UX BO3JIEHCTBHIO Ha MOJIOKUTEIHHOE CMEILEHIE Ha
3aTBope. MojenupoBanue Takux 3PQPEeKTOB MMeeT OOJbIIOe 3HAYECHHE
i1 OyAylIMX MOKOJIGHHH 3allOMUHAIOIINX YCTPOWCTB, B KOTOPBIX
Ha/Ie)KHOCTh CHCTEM OYZeT 3aBHCETh OT MOBEICHHS OJMHOYHBIX IJIEK-
TPOHOB U Je(EKTOB B HAHOCTPYKTYpax.

MogenupoBaHue HaAEKHOCTH CUCTEM — Ha-KpUCTAIJIE, BKIIOYACT:

® aHaJIM3 CTAaOMIBFHOCTH MMapaMeTPOB FINEKTPOMUTPALINN HOCUTENEH;

e TeMIepaTypHBIM aHanu3 (TmpuoOperaeT 0COOYI BAXKHOCTH NpHU
WCITOJIb30BAaHUH aKTHBHBIX KOMIIOHEHTOB, Y KOTOPEIX 3QheKT COOCTBEH-
HOT'O HarpeBa CTPYKTYpPbI TPAH3UCTOPA OKa3bIBACT 3HAYMTEIBHOE BIIHSI-
HHUE Ha MPOLECCHI TEKTPOMUTPALIUN).

Tpebyrotcs mozenu ompeneneHus (GUKCHPOBAHHBIX BETHYUH DIIEK-
TPOMUTPALM NPU U3MEHEHUH TEMIIEPATypHhl, B T.4. C UCIOIb30BaHHEM
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MOACIN OLCHKHN HEMPEPBIBHBIX A3MEHEHHN MUrpalvi B JIMHUAX METAJI-
JM3alMU TPU TPaJAUEHTHOM H3MEHEHUHM TEeMIIEpaTyphl OKPYXKaroLlen
Cpelibl U BHYTPEHHUX KOMIIOHEHTOB MUKPOCXEMBI;

® aHaJIM3 BIMSAHHUSA CTATHYECKOTO 3JIEKTPUYECTBA — CTATHYECKOE
9JIEKTPUYECTBO BBI3BIBACT TAKUE HEXeNaTelbHbIC SBJICHUS, KaKk MpoOon
aKTUBHOW 30HBI TIEPEXO0/a, PACIJIABICHHE MEXKIJIEMEHTHBIX COCIUHE-
HUH, BOSHUKHOBEHUE IAPa3UTHBIX HABOJIOK U T.II. KOMIUIEKCHBIN aHaIN3
JIOJKEH TaKXe BKIIIOUaTh TAKXKE MapaMeTpOB COCIUHUTEIbHBIX JIMHHUH
BJICKTpOHI/ITaHI/ISI), IIUHLI U JIMHUH nepeaaynu CUrHajlioB, JJICKTPOCTAaTU-
YECKUX [apaMETPOB BHYTPEHHUX COEIUHEHUI MeXAY (DyHKIIMOHAIbHBI-
MH 3JEMEHTAaMHU CHUCTEMBI-HA-KPUCTAIUIE M BHEIIHUX COEIWHEHUM KpH-
CTajljla MUKPOCXEMBI;

® AHAJIN3 BIMSHMA TOPAYUX HOCUTENEH — HHKEKIUS FOPSTYUX HOCH-
TeJlell IBIIsIeTCS 0HH0171 N3 BAXHBIX HNPUYUH MNOCTCIICHHOI'O0 CHUXXCHUSA
HaJEKHOCTH (DYHKIMOHHUPOBAHMUS M COKPALICHUS CPOKAa XHU3HU IOJY-
MIPOBOJHUKOBBIX KOMIIOHEHTOB, MOCKOJBKY OHAa W3MEHSET MOpPOTOBBIC
HAIPSOKEHHS M paboyre TOKH B MOJIEBBIX TPAH3UCTOPaX; TPEOyIOTCS MO-
JeNY, YYUTHIBAIOIIMX Oojiee TOHKHE IPOLECcChl HAa CyOMHUKPOHHOM H
HaHOpPa3MEPHOM YPOBHAX, MO3BOJIAIOIINE IMPOaHATU3UPOBATh BCE MPO-
IECChI TCHEPALIMN 1 B3aMMOCBA3U I'OpsAIUX U Oosee «XOJIOOHBIX» HOCH-
TeJlel, a TaKXKe UX BIMSHHE Ha AETPajallfio XapaKTEpPUCTHK B TPaH3U-
CTOpax C pa3HOMU JJIMHOM 3aTBOPA.

dunexTponHnsblie ABoitHnKkN CBUC

Heo6xomumo Oyner co3naTh HOBYIO BUPTYalIbHYIO PEalbHOCTH, Ha-
IOIIYI0 BO3MOXHOCTh IpoHUKHOBeHMs B cyiiHocTh CBUC. Cneunanuct
CMOKET BOMTH B BHUPTYQIbHBI MHUpP TPEXMEPHBIX OOBEKTOB, U «yBH-
JIeTb» Kak (OPMUPYIOTCS TPaH3UCTOPBI, EMKOCTH U MEXKCOCIUHEHUS C
KOHKPETHBIMM IapamMeTpamMH. YBHUIETh MPOBOJHHUK C AJIEKTPUUYECKUMU
MIEPEKPECTHBIMH CBS3SIMH M TIOMEXaMH, KaK TMPOKIaIbIBAE€TCS €ro Tpacca
B CTOPOHY IpUEMIIEMOro MecTonojoxeHus. [Ipu 3Tom Oyner moHSATHO,
Kak Tomoiyorust popmupyer anextpuieckyro cxemy CBUC u Biusier Ha
e€ AIIeKTPUYECKOe TOBeIeHNe. DKCTPAKIHUS TONOJIOTHYECKHUX JIEMEHTOB
Y CUHTE3MPOBAaHME TOIOJIOTUH 3aTE€M CTaHET B OOJIbIIEH CTEIIEHU MOXO-
’Ka Ha COOPKY TPEXMEPHBIX «I1a3JIOBY.

[pyroit o6macTeio, B KOTOPOH BUPTyajibHasl pealbHOCTh MOTJa OBl
0Kas3aTbCsl TOJIE3HOM SBJIseTCs BhIsiBIeHHEe aHoManuii B pabore CBUC o
CPaBHEHHIO C OXKHIaeMbIM (PYHKIMOHMPOBAHHEM. DTOT «BHPTYaIbHBIN
MHUDP», B KOTOPOM MOYKHO MEPEXOINTh MEXIY MPEICTaBICHUIMHU IPOEK-
Ta M KPEMHHMEBBIMH DPEaNU3alUsAMH, NPEICTABISEMBbIH TaKUMH CpEi-
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CTBaMH, KaK pacTpoBble IeKTpoHHble, K u akycTuyeckue MHKpOCKO-
Ibl, 3JIEKTPOHHO-IYYEBBIE U ONTUYECKUE 30HIBI U ABTOMATHYECKOE Te-
CTOBOE 00OpYAOBaHHE, MOKET 3HAUUTENIHHO YIPOCTUTh HOHUMAHHUE I0-
BEJICHHS MIPY BUJITHUY PA3IMYHBIX BHEITHUX U BHYTPEHHUX (DaKTOPOB.
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Abstract: Ensuring the reliability of radio electronic equipment and systems
based on it is considered a complex scientific and technical problem, the solu-
tion of which depends on many factors. It is noted that the reliability of the
product is laid down in its development, provided in its production and main-
tained in its operation. The main directions of world research to ensure reliabil-
ity are analyzed. Much attention is paid to the methods of modeling, including
the creation of electronic twins and a new virtual reality that allows you to pene-
trate into the essence of ULSI.

Keywords: ultra large-scale integration (ULSI), reliability of electronic
equipment, modeling, electronic twin.
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"@HI] 1Y PAH, 2. Mockea

AnHoTtanmsi. B pabore paccMarpuBaroTcsi BOIPOCH MHTErPallii HAyYHBIX
CEPBHCOB MaTepHaIOBEACHUS MUGPOBON MIaTGOPMBI ¢ HCIIOJL30BAHUEM CH-
creMHOro mHTepdeiica. Dopmynupyrorcss TpeOoBaHHS K CHCTEMHOMY HHTEp-
(eiicy, a TakKe mpeIaraeTcs apXUTEKTypa CUCTEMHOro uHTepdeiica nHrerpa-
MM HAy4YHBIX CEPBUCOB IU(DPOBOM MIaTHOPMBIL

KiaroueBble ciioBa: HaydHBIA cepBuc, IudpoBas miardgopma, obIadHbIC
BBIYHCIICHHS, CHCTEMa HHTErpaluy, CHCTEMHBIN nHTEepdeiic.

Cuctemublii naTepdeiic tndpoBoii mIaThopMbl A HAYUHBIX HCCIIe-
JOBaHW B 00JIaCTH MaTepUANIOBECHUS JOJDKEH 00ecrednTb WHGOp-
MAaI[MOHHOE B3aMMOJEHCTBHE C CepBHCaMU M HabOpaMu CHpPaBOYHBIX
JaHHBIX LuGpoBoH miuaropMbel B XOJE 3aKa3a HAay4HBIX CEPBHCOB,
NpeAHa3HAYEeHHBIX A1 MOJEIMPOBAHUS HOBBIX MaTEpHAlOB, a TaKKe
oOMeHa MCXOJHBIMM JJAHHBIMU U PE3yJbTaTaMHU BBIMOJIHEHUS HAYyYHOTO
cepBHca B TOM YHCJIE B X0/Ie MEKIUCIUIUTMHAPHBIX NCCIIETOBAHNN.

Ennnas nndopmarnumonnas cpena mudpoBoi miardopmsr [1] momapa-
3yMEBaeT HalMuue HHCTPYMEHTOB CONPSDKEHHS KOMIUIEKCA Hay4HBIX
CEpBUCOB JIJIsl peaji3alii OCHOBHBIX (DYHKLHUI CUCTEMHOTrO MHTepQeii-
ca, KOTOpble OOBIYHO CBA3BIBAIOT C BBIAa4Ye W MpueMoM HH(MOpMAaIiH,
yIpaBJIeHHEM Iepeadeil JaHHBIX, COTJIACOBAHUEM MCTOYHUKA U TPHUEM-
HHUKa HH(pOPMALIUY.

B cootBercTBHU ¢ MOIXOI0M IPEIJIONKEHHBIM B [2] equnas uH)OP-
MalMoHHas cpena nuppoBod mnarGopmMel GpopMHpYETCS KaKk CEepBHC-
OPUEHTUPOBAHHBIN KOMIIJIEKC HA OCHOBE TEXHOJIOTUU OOJIAYHBIX BBIYMC-
JICHUH, BUPTyaIn3aluuM (KOHTCHHEpHU3alUH) BBIYUCIUTEIBHBIX PECyp-
COB, MHUKPOCEPBUCHBIX apXUTEKTYp, 00CCHECUNBAIOIINI CHCTEMHbBIE WH-
Tepdeiicel s dPQPEKTHBHOW HMHTETPAllUM KOMITIOHEHTOB KOMILIEKCA,
BKJIFOYasl I10JIb30BaTEIbCKUE CEPBHCHI.
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OCHOBHBIMH ()YHKIIMOHATLHBIMH KOMITOHEHTaMH TLIAT(QOpPMBI SIBJISI-
IOTCSL:

— KaTaJIor UCCIEI0BaHUS;

— KaTaJIor 3asABOK HA Y4acTHE B UCCIIEJOBAaHUH;

— KaTaJloT pe3yJIbTaToB;

— KaTaJIor yCIyT (HayYHBIX CEPBUCOB).

LleHTpanbHBIM KOMIIOHEHTOM HHU(POBOH IIaT(OPMBI HAYYHBIX HC-
CIIEIOBAHMH SIBIIETCS KaTaJor MCCIIEOBAHMH, XpaHAIIUKA HH(OpMaInio
00 rccnenoBaHusX (IUVIAHUPYEMBIX, IPOBOAUMBIX, 3aBEPLICHHBIX).

Ha ocHoBe kartajiora HMcCCIeHOBaHHN 00€CIEUMBAETCS BBIIOJIHEHHE
crenyromux (GpyHKIuH miaThopMBbI:

— YIpaBJCHUE MOUCKOM M OTOOPaXKCHUEM CUCTEMATH3HPOBAHHOM
nH(pOpMAIK 00 UCCIIeIOBAHUSX;

— yIpaBJICHUE TPOIIECCOM CO3JIaHUS U 00pabOTKM 3asBOK Ha MpPOBe-
JICHUE MCCIICIOBAHMUS, BKIIOYAsl MOMCK U MPEIOCTABICHUE CIIMCKA TEKY-
IIMX 3asSBOK HA MCCJIEIOBaHHME, COIJacOoBaHHE TPeOOBaHMU 3asABOK Ha
HCCIICJIOBAHNE MEXK/Y 3aKa3YMKOM M HCIIOTHUTEIIEM;

— COTJIACOBAaHMUE TUJIAaHA W YCJIIOBUI MPOBEACHUS MCCIICIOBaHUSI, BKITIO-
Yast UCII0JIb30BaHNE HayYHON MH(PACTPYKTYPHI U HAyUHBIX CEPBUCOB;

— moyiyuyeHne WHQOpPMAIMH O XOJle M pe3yibTaTax HCCIEIOBaHUS,
MPOBEJICHHBIX AKCIIEPTU3AX;

— NoJy4YeHHe WH(POPMAIIMH O TOTPEOJICHHBIX PECypcax.

BBenenune katanora 3asiBOK Ha y4acTHE B HCCIICHOBAaHUU OOeCTIedH-
BaeT (OPMHUPOBAHHE U yIpaBICHHUE 3asBKAMH Ha ydacTHE B HUCCIIENOBa-
HusAX. KaTanor cogepXuT KapTouky 3asiBOK Ha y4acTHE B UCCIIEIOBAaHUN,
co3JlaBacMble MOTEHIUAIBHBIM HCIOJHHUTENIEM C yKa3aHueM HHpopma-
uH, TpedyemMoii 3aka3unkoM ajst otoopa VicmomHurers.

Karanor pe3ynbraToB HakamiuBaeT MHGOPMALUIO O PE3ybTaTax UC-
CJICZOBAHMS AJIsl UCIIONB30BaHMA MX B APYTHX padoTax, Ajsl OLEHKHU pe-
3yJbTaTUBHOCTH HCCJIEIOBATENEH, I aBTOMATHU3alMM IPOLIECCOB OT-
YETHOCTHU 10 UCCIEAOBAHHUIO.

Karaznor yciayr comepXur omMcaHue Hay4dHBIX CEpPBHCOB OpraHM3a-
UH — UCCIIe0BATENbCKUX Pa0OT, BBHIMOTHAEMBIX MO KBa3HAETEPMUHH-
POBaHHBIM (MTApaMETPU30BAHHBIM) IUIAHAM (METOIMKAM, TE€XHOJOTHYe-
CKHUM KapTam).

LlenTpanbHBIl KOMIIOHEHT apXUTEKTYpHl IU(POBOH ImIaT(opmbl —
MHUKPOCEPBHUCHBIE NPUIOKEHHsI, 00ECIIEUNBAIONINE PELICHUE LIEIEBbIX
3aga4 miat(opMel, GYHKIHOHUPYIOIINE B BUPTYaIbHON KOHTEHHEPHOH
cpene o0avHBIX BEIYHCIICeHHH. OCHOBHOE B3aMMOJCHCTBHE KOMIIOHCH-
TOB TUIAT(GOPMBI OCYILECTBISIETCS B KOHTEHHEPHOH cpele HCIOIHEHUS
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THOKOW MHTETpalyU C UCIIOJIL30BAaHUEM 3JIEMEHTOB CHUCTEMHOI'O MHTEP-
¢etica API, oOecreunBaromeid IerEeHTPATH30BAaHHYI0, MHOTOKOMIIO-
HEHTHYIO MHTETPaLHIO.

Jns B3aUMOZICWCTBHSI C II0JIb30BATEIbCKUMHU HH(DOPMAMOHHBIMU
cuctemamu, He pabotatommmu ¢ BeO-API ¢ ctune REST [3] unu gRPC,
MpelyCMaTpUBAETCS BO3MOXKHOCTh IIUTIO30BaHMS MO TEXHOJOTHUH «TOY-
Ka-Touka». [lonmp3oBarenbckue MHPOPMALMOHHBIE CUCTEMBI, (DYHKIHO-
HUPYIOIIME HA OCHOBE MHTErpauoHHbIX pemenuit ESB [4], mo3BomsitoT
pa3paboTarh ajzantep I MOAKIIOYEHHUS K CUCTEMHOMY HHTepdeicy
mudpoBoit  Tatgopmel. s cepBHC-OpHEHTHPOBAaHHBIX HH(pOpMa-
IIMOHHBIX CHCTEM IPEIOCTaBISAETCS BO3MOXKHOCTH IMOJIYYUTh AOCTYI K
CHUCTeMHOMY HMHTepdeiicy nudpoBoil miaTQopmMel, pasMECTUB Ha Cpea-
CTBax IIAT(GOpPMBI CHENHANN3UPOBAHHBIM IIUTI03, COITIACYIOIINI MpaBH-
Jla MHTETPAINH MTOJIb30BaTEIbCKON CHCTEMBI U III(PPOBOH TIaT(HOPMBL.

IIpoBeneHre Hay4YHBIX MCCIECJOBAHUI C MCIIOIb30BAHUEM COBPEMEH-
HBIX WHQOPMAIMOHHBIX TEXHOJIOTHI SIBJSIETCS MHOTOIpaHHOM mpobie-
MOH, BKIJIIOYAOLIed B ceds BOMPOCH OpraHU3alUd B3auMOIECHCTBUS
YYEHBIX, HCIIOJB30BaHHE HAydHOro oOopymoBaHus, OuOIMOTEK, 0a3
JTAaHHBIX, [IPOBEJCHUE HCCIENOBAHUN B pa3iIMYHBIX OpTaHU3alUAX, OpY-
THe aCMeKThl HAyYHOW U OPraHU3allMOHHON JesTeTbHOCTH.

[Mapagurma mudpoBoii mIaTGopMbl NPerOCTaBISIET HOBBIE BO3MOXK-
HOCTH OpPTaHU3alMU IPOLECCOB HAYYHOT'O HCCIIEIOBAHMUS.

OcHoBHO# (pyHKIHIEH 1THUGPOBOIH TUIAT(HOPMEI SBISETCS 0OCCIICUCHUE
MPOIIECCOB MOJATOTOBKU U IMPOBECHHUS UCCIIEIOBAHUH 3a cUET (popMan-
3allUM CLIEHapHeB B3aMMOAEHCTBUSA HccienoBaTeNeli, MOCTaBUIMKOB (HC-
TOYHHMKOB) MCXOJAHBIX NAHHBIX, MOTpeOUTENeH pe3ysibTaToB. MexaHu3-
MBI TIOAJIEP’KKH KaTaJIOTOB 3asBOK, UCCIIEAOBAHU, HAYIHBIX CEPBUCOB U
Pe3yIbTAaTOB MO3BOJISIIOT PEaIM30BBIBATh OM3HEC-TIPOLIECCHl B3aUMO/ICH-
CTBHS YYEHBIX MPH BHITIOJHEHUN HAYYHBIX HccieqoBaHUi. B3anmoneii-
CTBHE KOMIIOHEHTOB M CMEXHBIX cHCTeM cTpouTcs Ha ocHoBe REST,
¢dopmarta odmena manHbiME JSON (JavaScript Object Notation). C mo-
SBJICHUEM MapaJuIMbl MHKPOCEPBHCHOW apXUTEKTyphl ctan ¢op-
MUPOBATHCS APXUTEKTYPHBIN moaxoj obnerdennoi (lightweight) nate-
rpauud [5].

OCHOBHBIMH CBOWCTBaMHU THOKON MHTETPALIUH SIBIISIFOTCS:

— KOHTEWHEepHasl Cpeia MHTETPalliy — KayKAas HHTETPaus IpUIIoKe-
HUHM HCHONB3YyeT NMPEeUMyILIecTBA MHOTOCIOWHON apXHTEKTYPhl MHKPO-
CEpPBHUCOB, BBINOJHICTCS OTAECIBHBIMH KOHTEHHEPAaMH CO CBOEH cpenoi
BBITIOJTHEHHUS, HACTPOSHHON Ha 3Ty WHTETPAIHIO;
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— IEUEeHTPATN30BaHHAs WHTETpalys — HHTErPalliOHHBIE KOHTEIHEPHI
(GYHKIMOHUPYIOT HE3aBUCHMO APYI OT ApYra, 4TO IOBBIIIAET Halek-
HOCTh (PYHKIIMOHHPOBAHHUS KOMILJICKCHOW CHCTEMBI HHTETPALIUH;

— MHOTOKOMITOHEHTHAsI MHTETpalusl — KOHTEHHEP MHTErpaIfy B3au-
MOJEHCTBYET C MHOXKECTBOM MHKPOCEPBHCOB, YTO IMOBBIILIAET THOKOCTh
¥ MacIITabupyemMocTb HHQOPMAIIMOHHOW CHCTEMBI.

Hccnedosanue evinonneno npu ¢unarncosoi noddepixcke PODH ¢
pamkax Hayunoeo npoekma Ne 19-29-03051ux, 18-29-0391.
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INTERFACES OF SCIENTIFIC SERVICES
OF A NEW MATERIALS MODELING SYSTEM
ON A DIGITAL PLATFORM

V.A. Kondrashev, S.A. Denisov

Abstract. The paper discusses the integration of material science services of
a digital platform using a system interface. Based on the functional structure of
the integration of scientific services of the digital platform presented in the
work, which are particularly effective in interdisciplinary research, the require-
ments for the system interface are formulated.

Keywords: scientific service, digital platform, cloud computing, integration
system, system interface.

25



VIIK 004.051
https://doi.org/10.29003/m1510.MMMSEC-2020/26-29

OIIBIT ®UIl 1Y PAH B IIPEJOCTABJIEHUU
OBJIAYHBIX CEPBUCOB BBICOKOITPOU3BOJAUTEJIBbHBIX
BBIYMCJEHUM U151 3AJAY MATEPUAJIOBEIEHUS

Jenucoe Cepzeit Anamonveeuu,
nauanonux LIKII « Ungpopmamuxay,
SDenisov@frccsc.ru, +7(499)135-43-20",

Bonoeuu Koncmanmun Hocugoeuu,
K.M.H., CMApuutl HAy4Hslli COmpyoHUK,
KVolovich@frcesc.ru, +7(499)135-43-20",

Konopawee Baoum Aoonvghosuu,

K.M.H., 3aMecmumeb OUpeKmopd,
VKondrashev@ficcsc.ru, +7(499)135-43-20"

" @HI] 1Y PAH, 2. Mockea

AHHoTanms1. B craThe mpencTaBieHsl pe3ysIbTaThl HAyYHBIX HCCIIEIOBAHMN
®denepanbHOro MccenoBarenbckoro neHrpa «VHdopmartuka u ynpasieHHe»
PAH mo npemocTtaBieHHIO OOJaYHBIX CEPBHCOB BBICOKOIIPOU3BOIUTEIBHBIX
BBIYHCIIEHUH B 00J1aCTH MaTepUalOBEACHUS.

KaioueBsie cioBa: nudposas miathopma, BEICOKOIPOU3BOJUTEIILHBIE BbI-
YHCIICHNUS, 00JIaUHbIE CEPBHUCHI.

Jns noBbiieHus: dPQGEKTUBHOCTH MPOBEACHHS KCIHEPHUMEHTAIBHBIX
WCCIIeIOBaHNH B MHTEpecax nudposoii Tpanchopmaruu 8 OULL 1Y PAH
co3ZlaHa coBpeMeHHasi nudposas miardopMa Uil HaydHBIX HCCIIEAOBA-
Huii OHa mpencTaBisieT coOOH COBOKYIHOCTH LEHTPAa KOMIICTCHIHH, B
KOTOPOM KOHIICHTPUPYIOTCSI 3HAHUSI B KOHKPETHON 00JIaCTH, BEICOKOIIPO-
W3BOJUTENIBHOTO BBIYMCIUTEIBHOIO KOMIUIEKCA M KOMIUIEKCA Hay4YHBIX
CEpPBUCOB (AaHAJMTUYCCKUX, 00Pa30BaATEIBHBIX, OMOIMOTCYHBIX, BEIYUCITH-
TENBHBIX, AaHATUTHISCKUX H JIP.), KOTOPBIE MPEIOCTABISIOT YCIYTH pa3-
JTUYHBIM cepam nearenbHOCTH (00pa3oBaHUIO, HAYKe, KOMMEPLIUH, IIPO-
MBIIIICHHOCTH, TOCYIapCTBEHHBIM CTpyKTypam) 0, 0, 0.

Ocoboe BHUMaHWE YAETSAETCS HCCIEIOBAHMSIM TI0 MHOTOMACIITAOHOMY
MOJICTIMPOBAHUIO IS CHHTE3a MATEpPUAIOB C 3aJaHHBIMU CBOMCTBaMHU
0, 0, koTopBIe HampaBiIeHbl Ha Pa3pabdOTKy AITOPUTMOB MAIIMHHOTO 00Y-
YEeHHUsI 1 METOJIOB YIpaBJIeHUs OOJIBIIMMH JAHHBIMU AJIS PEIICHHs 3a/ad
KBaHTOBO-MEXaHUYECKOro MozenupoBanus. Vcmons3oBaHue Helpocere-
BBIX QJITOPUTMOB TO3BOJISIET C BBICOKOW TOYHOCTBIO HAXOAWTH pPEIICHHE
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ypaBaenus llpeanarepa B mHTEepecax 3((eKTHBHOTO pelleHHs 3a1ad
pacdeTa 3JIeKTPOHHON MJIOTHOCTH IPH 33AaHHOM KOH(UIypaluu aTOMOB,
a TaKXe MOUCKAa aTOMHOW CTPYKTYphl, MUHHUMHU3HPYIOIIENH SHEPTHIO CH-
cTeMbl. BrimomnasroTess paboTel B 00:1aCTH TOTYIPOBOAHUKOBOTO MaTepH-
QJIOBEIICHUSI, BHICOKOCKOPOCTHOTO B3aMMOACHCTBUS TBEPABIX Tel (BHEI-
peHHE) W MOIETMPOBAHMS CBOHCTB KOMIIO3UTHBIX MaTEpPHANOB C
nedexramu. [IpuMeHsIOTCS TapayuielbHbIE BBHIYMCICHUS Ha THOPHIHBIX
NPOrpaMMHBIX KOMIUIEKCaX. Pe3ynbTaThl TEOPETHYECKOr0 MOJIEIMPOBa-
HUSL BEpUPUIUPYIOTCS IO SKCIIEPUMEHTATBHBIM TaHHBIM.

BricokomponsBoauTensHbIi  BhraucauTenbHblil  kKommuieke (I'BBK)
OULl Y PAH 0, 0 umeeT rTHOpHIHYIO BEIYUCIHTEIHHYIO apXUTEKTYPY,
B KOTOPOI BBIUMCIHUTENBHbBIE PECYpPCHl MPEIOCTaBISIOTCS HCCIea0BaTe-
JIIM B BUZE TPAJUIMOHHBIX 00JaUHBIX YCIYT B PEXKUMaxX MPOTPaMMHBIX
(SaaS), mrardopmennsix (PaaS) n nadpactpykrypasix (I1aaS) cepBucos,
a TaKXKe C MOMOIIBIO CIeNU(PUIECKUX TEXHOIOTUH MPEIOCTaBICHHS HC-
ciemoBarelsIM HaydHOTo cepBuca kak ycrmyru (RaaS, Research as a
Service) 0.

Cospannas 8 ULl UV PAH uudpoast ruiatdopma akTUBHO 3aael-
CTBYETCSl B paMKax Hay4HbIX mporpamMm coTpyaaukoB OUI[ 1Y PAH u
UX KOJUIET U3 APYTHX aKaJeMU4YeCKUX MHCTUTYTOB. s perieHus 3agay
MmatepuanoBeaeHust B  BBK passepTreiBatoTcst 001auHble Cpebl A1l HH-
TerpupoBaHHBIX cucteM MoxenupoBarus ABINIT, VASP, Quantum
ESPRESSO, LAMMPS, MEEP, MPB, OpenFOAM. Bo3moxxHOCTH pa3-
BEPTHIBAHUS MPOrPAaMMHBIX CpPEJ] HE OTPaHMYUBAIOTCS MPHUBEIECHHBIM
nepeyHeM, 4To To3Boisier mpoBoanTs B I'BBK mpaktuuecku moObie
Hay4HbIE U HayYHO-NIPAKTHYECKHUE PACUETHI.

Ha 6a3e I'BBK co3nan u 3aperucrpupoBan LIKIT «Mupopmatnkay,
[EeNbI0 KOTOPOTO SIBISIETCS NPEAOCTABICHHWE HAYYHBIM KOJUIEKTHBAM,
YYEHBIM, NPEONPHUITHSAM, IPYTUM 3aHHTEPECOBAHHBIM IOJIB30BATEIAM
COBpPEMEHHBIX BBICOKO3(D(DEKTUBHBIX BBIYHUCIUTENBHBIX PECYPCOB IS
pelIeHus] MIMPOKOTO Kiacca MPHUKIATHBIX U (yHIaMEHTATbHBIX Hayd-
HBIX 1 TexHuueckux 3agad 0. LIKII npengocrasnser Hay4HBIM KOJIJIEKTH-
BaM BBIYHCIIUTENBHBIE PECYpPCHl B BUE 00JauHBIX cepBUCOB (SaaS) ans
MPOBEICHUA HAy4YHBIX pacueToB Ha 6a3zoBoM 110, 00iadHBIX CepBUCOB
PaaS nna pasBepTbiBaHMA BCeX BHAOB NPOTPAMMHBIX KOMIUIEKCOB
(frameworks) B nHIMBUAYanbHON BUpTyanbHOU cpene docker, a Takke
on-line nocTym momk30BaTeNell K HHCTPyMEHTaNbHBIM cpeacTBam [ BBK,
MHTEPAKTUBHYI0O W MAaKETHYI0 OOpabOTKy BBIYMCIMTENBHBIX 3aJaHuil
HAyYHBIX PacyeToB, JINYHBINA KaOMHET MOJIb30BATENS] HAYUHBIX BBIYMCIIH-
TEJIbHBIX CEPBUCOB.
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Peanuzanus nepednclieHHBIX MPHHIUIIOB OCYIICCTBISETCS 32 CYET
WCTIOJB30BaHMS OOJIAYHBIX TEXHOJOTHH, TEXHOJOTHH BHUPTYaTH3aIIH,
Hay4HBIX cepBHCOB 0.

B 3aBucumocTy oT TpeGoOBaHMN K BBIYHCIUTEIHHON Cpenie MOIb30Ba-
TeJb MONyYaeT 00 0a30BBIA HAOOP YTHIWT M MPOTPAMMHBIX OHOIHO-
TeK, MO0 BUPTYAIbHYIO Cpedy Ha 0a3e TeXHOJIOTHH KOHTeHHepoB. ba3o-
BBl HabOp YTWJIMUT W TPOTPaMMHBIX OMOIMOTEK IaeT BO3MOXKHOCTH
MOJIL30BATEN0 pa3padaThiBaTh, OTIAKMWBATH W BEHITIOIHATH MTPUKIIATHBIC
3aJayyl ¢ UCIOJIB30BAaHHEM MpOrpaMMHOro obecredeHus. s 3Toro Ha
BoluncauTenbHbIX y3nax LIKII ycraHoBieHO cienyroliee nmporpaMMHOe
obecrieuenue: omneparronnas cuctema (Red Hat Enterprise Linux), mpo-
TpaMMHBIA CTEK il paboTel ¢ rpaduueckumu yckoputemsimu (Nvidia
Cuda/Cupti/cuDNN), cpena pa3pabotku (Python/ Python3), mporpamm-
HBIE CpeACcTBa s MamuHHOTO 00y4eHus (TensorFlow), Momynb pacna-
panenuBanus nporpamm (Open MPI) u cuctema KoHTEeHHEpHOI BUPTY-
anmmnzanuu (Docker).

Bo3MoXXHOCTH (pOpMHUpOBaHHS TIOIH30BATEIIEM COOCTBEHHOUN BBIYHC-
JUTENBHOW Cpelbl CPeACTBAMH BUPTYyaIH3alMd 00EeCIIeYnBaCT UHBAPH-
AQHTHOCTh IPOTPAMMHOTO 00ECIEeUeHHsI Pa3IMYHBIX MOJb30BaTeNell 1o
OTHOIIIEHUIO K TPOTPaMMHON cpene nudpoBoil miaargopmbl, a Takxke
napajjieNIbHOE BBIMOIHEHNE HAyYHBIX M OKCIIEPUMEHTAIbHBIX 3a/1a4 Ma-
TEPUAIOBE/ICHUST W JIPYTHX HampaBlicHHH (QyHIAaMEHTAILHOW W TpH-
KJIATHOM HayKH.

OmnucaHHBIH BBIIE CIIOCOO MPEAOCTABICHUS BEIYUCIUTEIBHBIX PECyp-
COB KaK O0OJIa4HOTO CEpBHICA OTHOCUTCS K 00JadHO# ycmyre tuma PaaS,
Koraa oOlauHbll IpoBaiiiep MpemocTaBiseT MPOTrPaMMHO-TEXHHYECKHE
pecypcbl AJsl pa3BepThIBaHUSI COOCTBEHHBIX MIPUIIOKEHUH MOIb30BaTEIIEH.

[IpeobpazoBaHme rOTOBOW MOJIB30BATENHCKOM BBIYHCIUTENFHON Cpe-
Ibl B OOJIAYHBIA CEPBUC JaeT BO3MOXXHOCTb IMPEAOCTABICHUS 00JauHON
yenyru tuna RaaS (RaaS — Research as a Service). Pazpaborannas npo-
rpaMMHasi cpejia, MpelHa3HauYeHHas JIIsl pellieHus HAyYHO! 3a/laun Ma-
TEpUAIIOBENICHHS, MOXKET OBbITh MpeoOpa3oBaHa B 0a30BBI KOHTEHHED.
B sTOM cnyyae mosp3oBaTeny 00JAUYHOIO CEpBUCA MOTYT MOIydYaTh ro-
TOBOE TMporpamMmHoe obOecniedueHue RaaS, 3arpykaTh HCXOJHBIE JaHHBIE
U TPOBOJUTH HAy4YHBIE pAacUeThl HAa OCHOBE IPEAMETHO-OPHUEHTH-
POBaHHOH MpPOTPaMMBbl, HE TMPOBOIS Pa3padOTKM M HACTPOWKH TMPO-
TPaMMHOT'O 00eCTIeUeHUSI.

Uccnedosanue evinonneno npu gunancosou noddepicxe PODU ¢
pamkax Hayunvix npoekmos Ne 18-29-03100, 18-29-0391.
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Research Center "Computer Science and Control" of the Russian Academy of
Sciences in field of providing of cloud services for material science.

Keywords: digital platform, HPC, cloud service.

29



VIIK 004.051
https://doi.org/10.29003/m1511.MMMSEC-2020/30-33

OIEHKA 3AI'PY3KHM I'HBPUJHOI'O
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AnHoTtanus. CTaThs MOCBAIIEHA METOANKAM pacueTa U oreHke 3(dexTHBHO-
CTH (DYHKIIMOHUPOBAHUSI TMOPUIHBIX BBIYHMCIUTEIBHBIX CHCTEM IPH PEIICHUH
3a7a4 MatepHaioBe/ieHus. B crarbe mpeiaraeTcss METO/ pacdyera 3Ha4deHHs Be-
JIMYMHBI 3aTPY3KH € HCIOJIB30BAaHUEM ITHKOBBIX 3HAYCHUH IPOM3BOIUTEILHOCTH
KOMIUIEKCa. AHAIU3UPYIOTCS Pe3yJbTaThl U Ka4eCTBO (DYHKIMOHHPOBAHHS 00-
JIJAYHBIX HAaYYHBIX CEPBUCOB BBICOKOIIPOU3BOAUTCIIbHBIX BBIYMCIIEHUH C ITIOMO-
mero roofline Momenm.

KnioueBble cioBa: ruOpuaHas apxXUTeKTypa, 3()(EeKTHBHOCTb, Hay4HBIH
cepBUC, O0JIaUHBIA CEepBHC, TPA(QUUECKHH yCKOPUTEIh, MEKANUCIUTUIMHAPHBIC
HCCIIeI0BaHHUS.

3agauu MOAETUPOBAHMS B MaTEpPUATIOBEICHUH, PELIAEMBIE C IIOMO-
LIbIO BBICOKOTIPOU3BOJUTEIBHBIX BBIUYHUCIUTEIbHBIX CPEJICTB, ABJISIOTCS
OCOOCHHO PECYPCOEMKHMH W TpPeOOBAaTENbHBIMA K BBIYHCIUTEIHLHBIM
pecypcam. Takme mnporpammubie cuctembl kak ABINIT, VASP,
Quantum ESPRESSO, LAMMPS, MEEP, MPB, OpenFOAM s kade-
CTBEHHOTO BBITIOJTHEHHUSI MOJEIUPOBAaHUS TPEOYIOT HAIWYHS CIeIHaH-
3MPOBAHHBIX YCKOPHUTEICH BBIYUCICHUN (TpadUuecKuX YCKOpHUTEINeH).
AKTyanpHOUW 3a/adeil MpH DKCINIyaTallid BHICOKOIIPOW3BOAUTEIHEHOTO
BBIUMCIIMTEIHHOTO KOMIUIEKCA SBIISIETCS oOecrieueHne Harbolee MoJTHOU
3arpy3KHU €ro pecypcos.

B 3amaue makcuMu3amnuu 3arpy3kd THOPUIHOTO BBEICOKOIIPOM3BOIH-
TEJIBHOr0 KOMIUIEKCA MOXKHO BBIJCIHUTH /1BA OCHOBHBIX HAINpaBJICHUS
[0, O]:

— obecrieyeHNE BBHITTOJIHCHUSI MaKCUMAIBHO BO3MOYKHOTO KOJTMIECTBA
MPWIOKEHU Ha ONPENEICHHOM MEPUOIE BPEMEHU;

— MaKCUMAaJIbHO KaY€CTBEHHOE UCITOJIb30BAHUE PECYPCOB KOMILIEKCA
MPWIOKEHUSIMU T0JIb30BaTENCH.

OrmnpezaeneHre KauecTBa 3arpy3Ku KOMIUIEKCA SBIISIETCS BaXKHOU 3a1a-
yel Ipu S3KCIUTyaTallid, MOCKOJIbKY MO3BOJSET IUIAaHUPOBAaTh MpPENo-
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CTaBJICHUE PECYPCOB, OIEHUBATh HEOOXOIUMOCTh MOJACPHU3AIINH, OTIpe-
JIENATH Ka4eCTBO MPEIOCTaBISIEMbIX YCIYT.

Kax npaBuino, 3arpyska onpezaensercs Kak OTHOLLIEHUE METPUKH (Ta-
pamMeTrpa) 3arpy3Kd K MaKCHMajIbHO BO3MOXXHOMY 3HAYCHHIO JTaHHOTO
napameTpa. MeTpuka onpeaensercs myTeM U3MEpPeHHs UK pacuera.

Bricokas 3arpy3ka BBIYHCIHMTEIHRHOTO KOMIUIEKCA HE O3HadaeT 3¢-
(heKTUBHOTO UCTIONB30BAHUSA €TO pecypcoB. Bo3mokHa cuTyarus, Kormaa
3aIIPOLIEHHBIE IIPUIIOKEHUEM PECYPCHI HE MCIOIL3YIOTCS U IIPOCTanBa-
10T. B aToM ciaydae kod(DHUIIMEHT 3arpy3Kd KOMILTEKCa MOXKET OBITh
BBICOKHM, OJHAKO Ka4Y€CTBO BbIIIOJTHCHU A 3aI[aHPII>'I — HU3KHM.

Jns TpaIMIIMOHHBIX CYNEPKOMIIBIOTEPOB MapaMeTpoM 3arpy3Kd Mo-
JKET OBITh KOJHYECTBO SJIPO-4acOB, KOTOPHIE OBLIM TPEIOCTABIICHBI
MPUJIIOKCHUTIO [JId BBIIIOJHCHUA PaCUCTOB. OTtHomenne BBIACJICHHBIX
SJIPO-4aCOB K MAaKCHMaJbHO BO3MOXKHOMY SBIJISETCS TOKa3aTeleM 3a-
Irpy3Ku KoMmIuiekca. /laHHble mapaMeTpbl pacCUMTHIBAIOTCS IS OIpene-
JIEHHOTO TIEPHO/a BPEMEHH W TPEACTABIAIOT COOOW MHTETPAbHBINA T10-
Ka3aTenb 3arpy3KU 3a JaHHBII [IEPUOA.

Jiis THOPHIHBIX apXUTEKTYp, NMPEJOCTABISIOMINX BHIYHCIUTEIbHBIC
peCypChl Kak cepBUCH IU(PPOBOY MIaT(GOPMBI, TAKOW MTOAXO]] MTPEICTaB-
JIAE€TCA MEHEC MOKa3aTC/IbHbIM, ITIOCKOJIBKY B FI/I6pI/I):[HOM BBIYUCINTECIIb-
HOM KOMIUIEKCE MPHUCYTCTBYIOT SJipa pa3jMYHBIX THUIIOB, a 3aJaHUs
PE3EPBUPYIOT PECYpPCHl BRIYHCIUTENS HE AApaMH, a LEIUKOM rpadmuye-
CKUMHU ycKopuTemsMh. lIpm 3TOM 3aka3 BBIYHCIUTEIHHBIX CEPBHCOB
OCYHICCTBIIACTCA pa3HbIMU HAYYHBIMH KOJUICKTUBAMHU, pasMCIIAIOUINX B
BBIUMCIIUTEIPHOM KOMILIEKCE MOICITUPYIONINE MPHIOKEHUS Pa3HBIX
TUIIOB, KOTOpBIE TPEOYIOT pa3IMYHOIN MPOrPaMMHOM Cpellbl U Pa3IudHO-
I'0 COCTaBa BBIYUCIUTEIBHBIX PECYPCOB.

[Ipemnaraemas MeTOAMKA TO3BOJSET Y4YECTh 3Ty OCOOCHHOCT.
OneHka 3arpy3kd OMPENEISIETCS] IMTyTEM CPAaBHEHUS 3ampalrinBaeMoro
MPHUIOKEHUSIMI U MaKCUMAJIbHO BO3MOXKHOTO KonmdecTBf omeparuii ¢
MJIABAOLIEN TOUKOH 32 €IMHHIY BPEMEHHU.

Hcnonb3oBanue pacyeTHON MUKOBOW MPOU3BOJUTEIBHOCTU BBIYKC-
JIMTENBHBIX Y3JIOB ITO3BOJISIET OLEHUTH TPEOYEMBIi MPUIIOKEHUIMHU 00b-
€M BBIYMCIUTENFHBIX OMEepalnii, OJHAKO He IMO3BOJIIET CYIOUTH O TOM,
HACKOILKO A((EKTUBHO WCIONB3YIOTCSI PECYPCHl BBIYHACIUTEIHHOTO
KOMIIJIEKCA.

[ToaTomMy mpwW 3KCILTyaTaluil BEIYUCIUTEIHLHOTO KOMILIEKCA ITOJIE3HO
IMPOU3BOJUTH OLICHKY KaueCTBa (b}IHKHI/IOHI/IpOBaHI/ISI IIOJIB30BATCIIbCKUX
MIPUIIOKEHUA M BBIIaBaTh PEKOMEHIAIINH TOJIF30BATENSIM 110 ONTHMH3a-
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WU NpUiIoKeHui. Tak ke Ha OCHOBE aHaIM3a KaueCTBA UCIOJIb30BAHMS
KOJAa MOTYT HM3MEHATbCA TNPUOPUTETHl MPU MPENOCTABICHUH BBIUKC-
JUTETBHBIX 00JaYHBIX yCIyT NU(GPOBOH TIATHOPMBI HAYYHBIX HCCIEIO-
BaHUH.

KauecTBO HCHonb30BaHUs PECYpPCOB BBIUUCIUTENBHOIO KOMILIEKCA
MPUIOKEHUEM TOJE3HO MPEACTABIATh C UCIONIb30BAHUEM TaK Ha3bIBae-
moit Roofline monmemnu [3].

Mopnene MO3BOJSET IMOKa3aThb IPOU3BOAUTEIBHOCTh KOMIIOHEHTOB
anropuTMa (TIpolelyp ¥ LUKIOB) B YCIOBUSAX €CTECTBEHHBIX OTpaHHYe-
HAU BBIYUCIUTEIHHOU CHUCTEMBI — MPOU3BOAUTEIHLHOCTH MAMATH U TIH-
KOBOM TPOM3BOIUTENEHOCTH BRIYHCIUTENRHOTO Ooka. [Ipruem, B 3aBu-
CUMOCTH OT HCIOJb30BAaHHOM TEXHOJOTHM MOTYT YCTaHaBIHUBATHCA
pasmuYHBIC TpaHWIBl. Tak, MPOW3BOAMTEILHOCTh MaMsATH Mt RAM u
Kellled pa3HOro YpoBHS fABIAETCS pa3nuyHoil. Ilostomy mpu ycioBuu
WCIIOJIb30BaHUs TIPUIIOKCHUEM pa3HBIX TEXHOJOTUH paboThl ¢ MaMsTBIO
TEXHOJIOTUYECKHE OTPAaHUYECHUS MPOU3BOJUTEIBHOCTH PA3IHYAIOTCA.
AHaJOTHYHO, TPOU3BOAUTEIHHOCTh BBIYUCIUTEIHLHBIX OJIOKOB OTpaHU-
YUBAETCS BO3MOXXHOCTSAMH TEXHOJIOTUM: CKAISPHBIC BBIYMCICHUS, BEK-
Topm3arus U T.J. OneHka 3(h()EKTUBHOCTH BBITIOJIHEHUS BBIYHCICHUN
MOXKET MPOBOJUTHCA C HCMONB30BAHUEM pPA3IM4YHOIO POJa BBIYUCIIH-
TEJbHBIX TECTOB [4].

B 5Tux ycioBusx opraHuzanus BBIYHCIHTEIHHOTO Ipolecca B TH-
OpUIHBIX  BBICOKOIIPOU3BOAMTENBHBIX KOMIUIEKCAX JIOJDKHA  OBITh
HampasJieHa, C OJHOW CTOPOHBI, Ha OOecreYeHne BO3MOXKHOCTH OJIHO-
BPEMEHHOTO HCIIOTHCHHS PAa3HOTUITHBIX CHCTEM MOJCIHPOBAHHS B Ma-
TEPHUAJIOBEICHUH, YacTO TPEOYIOIUX CO3JaHHs BBIYMCIUTEIBHBIX Cpei,
HE COBMECTHUMBIX Mexay co0oi. C Ipyroil CTOPOHBI, JOJDKHBI pa3pada-
TBIBATHCS METOABI IO ONTHMU3AINH 3arpy3KH BBEIYUCIUTEIIHBHOTO KOM-
IJIEKCa, MO3BOJSIOIUNA MaKCUMAIbHO HCHOJIB30BaTh BO3MOXKHOCTHU BbI-
YUCITUTEILHOW WHQPACTPYKTYPHl 0 BBIMOJIHEHUIO MAaTEeMaTUYSCKUX
pacyeTos.

3ajauu MepBOro HAMpaBJICHUS PELIAIOTCSA C 3a CUET HCIOJIb30BaHUA
TEXHOJIOTHI BUPTyaJIM3alliy ¥ IPUMEHEHUS 00JIaYHBIX CEPBUCOB.

Pemenue 3aay BTOpOro HalpaBlIEeHHs] BO3MOXKHO 3a CUET IIPUMEHE-
HUS METOJOB M MOJXOJOB, KOTOPBIE MO3BOJSIOT ONPENEISATh alpUOpU
TpeOyemble 3amadell BHIYUCIUTEIBHBIH pecypchl U Ha OCHOBE IaHHOU
nH(GOpPMAINK TUIAHUPOBATh 3arpy3Ky W BBIMOJHEHWE 33JaHUN THOpPU-
HOTO BBICOKOIIPOU3BOAUTEIHLHOTO BHIUUCIUTEIBHOIO KOMILIEK A [5].

[MocTpoeHne MHTYUTHBHO MOHATHBIX rpaduueckux Roofline moxeneit
MO3BOJIUT TIOJNH30BATEISIM OIPENENITh «y3KHE MecTa» B COOCTBEHHOM
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IIporpaMMHOM KOJE U KOAC CUCTEM MOIACIMPOBAHUA U BBI6I/IpaTL IIyTH
OIITUMHU3AINHU UCIIOJIBb30BAHUA BEIYUCIUTCIBHBIX PECYPCOB.

Hccneoosanue evinonneno npu Qurancosou noooepixcke PODU 6
pamxax Hayuuwvlx npoekmos Ne 18-29-03100 u 18-07-00669.
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ESTIMATION OF THE WORKLOAD
OF A HYBRID COMPUTING CLUSTER IN TASKS
OF MODELING IN MATERIALS SCIENCE

K.I. Volovich

Abstract. The article is devoted to methods of calculation and evaluation of
the effectiveness of the functioning of hybrid computing systems. The article
proposes a method of calculating the value of the workload using peak values of
the cluster performance. The results and the quality of the functioning of cloud
scientific services of high-performance computing using the roofline model are
analyzed.
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AuHoTanusi. B paGoTe omucsIBaeTCS MOIEINB, TO3BOJISFOIIAS TTOIYYaTh 3HA-
YeHHs TOTEHIMAIBLHON SHEPTHH KPUCTAIUTHUECKUX CTPYKTYP C IMPHMCHEHHEM
METOZIOB MAIIIMHHOTO 00yueHus. Pa3paboTaHHas Mojens Obuta oOydeHa Ha
JAaHHBIX, PACCUMTAHHBIX C MOMOIIBIO MOTeHIMAaa0B Tepcodda u Mopse ¢ wuc-
MOJIb30BAHUEM MapaMeTpoB, momoopanubix s Si, Ge, C, Al, W, Cu, Fe.

KiaioueBble cjI0Ba: KPUCTAIMYECKUE CTPYKTYPbI, MOTEHIIUAIBLHAS SHEPTHS
CTpyKTypbl, moteHnuan Tepcodda, morenrman Mop3e, napaMeTpsl MOTEHI[HA-
Ja, MalInHHOE 00YYEeHUE, MOJIENIb CTEKUHTA.

BBenenue

MosneKkyJISspHO-TMHAMUYECKHI TOJIX0J] aKTUBHO NPUMEHSICTCS s
MOJICTIMPOBAHUS PA3JIMYHBIX MPOIECCOB, MPOUCXOIANIMX B KPUCTAILIH-
YECKHX CTPYKTYypax: BO3HHKHOBCHUHU JIe()EKTOB, MOSBICHUN BAaKAHCHIA,
JMUBaKaHCUH U Ap. HauanbHOE COCTOSHUS KPUCTAUIMYECKON CTPYKTYPHI,
KOTOPOE MCIIOJIb3YETCSl B KAYECTBE OTIIPABHOW TOYKH B MPOIECCE MOJIe-
KYJSIPHO-TUHAMUYECKOTO MOJICIIMPOBAHUS, ONPEIACIIAETCS C IOMOIIBIO
KBAaHTOBO-MEXaHHYECKHX pacueToB. Takue pacueThl, OCHOBAaHHBIC Ha
TEOpuu (PYHKIMOHATA JJIEKTPOHHOM IUIOTHOCTH, JAIOT BO3MOXKHOCTH
MPEJICKa3aTh 3HAYCHUS METPUYCCKUX IapaMeTPOB KPHUCTATUIMYCCKHUX
CTPYKTYp B ONpEe/iCHHbIH MOMEHT BpeMeHU. OHAKO, MPOBOJAUTH MO-
JICTUPOBAHUE CHCTEM, COCTOSIIUX U3 ThICSY U MUJUIMOHOB aTOMOB C IO-
MOIILI0 KBaHTOBO-MEXaHUYECKOTO MOJCIUPOBAHUS IPOOJIEMATHYHO,
TaK KaK TaKOW TOAXOJ] SBJSCTCS BBIYMCIUTEIBHO 3aTPATHBIM M 3aHUMAET
OYCHb MHOTO BpeMeHU. BO3MOXKHOCTD MPOBEACHHUS OBICTPBIX U BBICOKO-
TOYHBIX PACYETOB METPHUYECKUX MAPAMETPOB, & TAKIKE U3yUCHUE HX M3ME-
HEHHUI BO BPEMEHHM JJIs CHCTEM, coCcTosImuX Oonee yeM u3 1000 atomoB,
MOSIBUJIACH B PE3yJIbTaTe MPUMEHEHHSI METOJIOB MOJICKYJISIPHOMN TUHAMUKA
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C MCIIOJIB30BAHMEM MOTEHIMAJIOB MEXAaTOMHOro B3auMopewcTeus. [Ipu
MOJIETUPOBAHNN KPUCTAJUIMYECKUX CTPYKTYpP C KOBAJICHTHBIM THIIOM XH-
MHYECKOH CBSI3U B psilie CIy4aeB HMCHOJB3yeTcs MoTeHuuan Tepcodda.
[Moabop mapamMeTpoB JAaHHOTO MOTEHIHANA IJIsl CTPYKTYPBI Si MO3BOIIHIT
peanr30BaTh MOJIEKYJISPHO-IMHAMHYECKHE DPAacYeThl U CMOJENHNPOBATH
TIOBEJICHNE KJIACTEPOB TOUEUHBIX e(eKToB B Si [1].

IlocTanoBKa 3a1aYi M METO/I pemeHus

OpnHOlM 13 BaXKHEWIINX XapaKTEpUCTHK CTPYKTYpHI SABJISAETCA 3Hade-
HUE ee MOTeHINAIFHON 3HEepPTruu. DHEPIus, B 3aBUCHUMOCTH OT aTOMHBIX
KOOPJIMHAT MEXY COCEHUMHU aTOMAMU B CTPYKTYPE, BEIUUCIIAETCS KaK:

1
E=ZEL =EZVU,
L L

e V;j — moTeHImanbpHas SHEPTHs B3aUMOJIEHCTBHA MEK/Ty YaCTHIAMH i, J.

Pacuet sHeprum — pecypcoemkasi, HO HeoOXoAUMas MpoUeaypa, Uc-
MOJIB3YIOIIASICS B TOM YHKCIIE JJIs TOJIYYCHHS 3HAYCHHH TaKUX BEIHYHH,
KaKk OOBEMHBIH MOAYJNb YNPYTOCTH, IIOCTOSHHASs PEMIETKH, MOIYIb
caura u np. B manHOW paboTe paccMaTpuBaeTCs MOIXOJ, CIOCOOHBIN
coYeTaTh TOYHOCTb, OJIM3KYIO K TOUHOCTA KBAHTOBO-MEXaHUYECKUX pac-
YETOB M BBIYHCIUTENHHYIO 3(PPEKTHBHOCTh MOJIENel, OCHOBAaHHBIX Ha
WCIOJh30BAHUH SMITUPHYCCKUX MOTCHIMAIOB 32 CUET NMPUMEHEHUS Me-
TOIOB MamuHHOTO oOydeHHs. C mMoOMonIpl0 OOYyYEeHHOH MOZETH BO3-
MOJKHO TPOBECTH pacyeT 3HEPTUU B3aHMOJCHUCTBUS aTOMOB B CTPYKTY-
pe, a B TajbHEHIIEM Mpeicka3aTh OTACIbHBIC €€ CBOMCTRA.

Bb110 ipoBeieHO HCClieIoBaHNE Ha CIENYIOINX CTPYKTYpax, UMEro-
mwmx kyoudeckue pemrerku: Si, Ge, C, Al, W, Cu, Fe. Jlns kaxao# pac-
CMaTPUBaEMOW CTPYKTYpbl aTOMOB OBUIM HW3BECTHBI KOOPJMHATHI €€
aToMOB A(X1; Y1;21) U B(xy; y,; Z,), 3HaU€HNE MOCTOSHHOW PEIIeTKH
(a), a Taxke 3HAUYCHUE DHEPTHH B3auMOJEHCTBUs map atomoB (F). Mc-
XOJIHbIC 3HAYCHUS PHEPTHH B3aUMOJICHCTBUS ObUIM MOJYYECHBI C TIOMO-
B0 PACcUYeTOB, MPOBOJMMBIX C HWCIOJIB30BAHMEM IOTEHIHANIOB Tep-
copda u Mop3e. [lapamerps! ans motenuuanos Tepcodda nu Mopse,
YYaCTBYIOIME B PacuyeTe SHEPTUH B3aMMOJCHUCTBUS Map aTOMOB, ObUIH
MOJTydeHbl Onarogapsi pa3pabOTaHHOMY MPOTPAMMHOMY KOMITIEKCY
moxdopa napaMeTpoB MOTESHITHAIOB MEKATOMHOTO B3aUMOCHCTBUS [2].

JLst ¥CTIONTb30BaHUST METOJIOB MAITMHHOTO OOy4YeHUWs JaHHBIE ObLIH
MOIU(UITUPOBAHBI CIEAYIONUM 00pa3oM:

— BCE KaTeropualibHbIe IPU3HAKY OBLIH MEPEBEICHBI B YHCIIOBBIE;

— ¢ IOMOIIBI0 OJHOCTPOYHOIO KOJUPOBaHMs ObUT 3apUKCHpPOBAH

THUTI B3aUMOJICHCTBYIOIINX aTOMOB;
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MO KOOp/IMHATaM B3aUMOJICHCTBYIOIIMX aTOMOB OBLIO pacCYMTaHO
PAcCTOSIHUE MEKTy B3aUMO/ICHCTBYIOIINMHI aTOMaMHU;
Bein chpopmupoBan Habop, cocroaumii u3 okoiao 40 000 map B3aumo-
JIEHCTBYIONTUX aTOMOB (Ta0u. 1).

Tabauya 1

X1 Y1 zZ, Xy ¥a Z, r E a |Si|Ge|C|Al{Cu|W|Fe
0,0000 |2,7154|2,7154| -1,3577 | 4,0730 | 1,3577 |2,3516|-2,3150|5,4307| 1|0 [0{0 [0 |0|O
2,8300 |2,8300|5,6600| 4,2450 | 4,2450 | 7,0750 |2,4509|-1,9251|5,6600|0| 1 [0{0O [0 |0]|O
1,6282 (10,0000 | 1,6282 | 0,0500 | 0,0500 | 0,0500 |2,2324|-1,0361{3,2563|0| 0 ({0|0[0|1|0
0,0000 |2,90980,0000 | 0,0200 {-0,0200(-0,0200{2,9299(-0,3982({2.9098 (0| 0 (0|00 |01
0,0000 | 1,7820(1,7820| 0,8910 | 0,8910 | 0,8910 |1,5433|-3,6850{3,5640{0| 0 (1|0[0|0|0
2,0224|2,02240,0000 | -0,0350 | 0,0000 | 0,0000 |2,8849|-1,1742{4,0447|0|0 (0|10 |0|0
3,6204 |3,6204 |3,6204 | 0,0000 | 0,0000 |-0,0200(6,2822|-6,31413,6204|0 | O 0[1({0(0

Martpuna 00BEKTOB-IIPU3HAKOB COCTOSAJIA M3 CIEMYIOMINX 3HAYCHUM:
KOOPIMHATHl ~ B3aMMOJCHCTBYIOIIMX  aTOMOB  (Xq,Y¥1,Z1,X2,Y2,22),
paccTosiHuEe MEXIy aToMaMH (7), IOCTOSIHHAs PEIIETKH CTPYKTYpHI (@),
yKazaHue Ha B3amMojeicTByromue atomsl (Si, Ge, C, Al, Cu, W, Fe).
BexTop nmpaBUIIBHBIX OTBETOB COCTOSUI M3 3HAYEHUI DHEPrUil B3auMO-
neiictBUs aToMOB (E). UTOOBI IpH3HAKH UMENTH MPUMEPHO OJHHAKOBYIO
JHUCTIEPCHUIO, TaHHBIC OBLTH HOPMHUPOBAHBI.

Tak xak 0Oy4eHHBIH ANTOPUTM MOXKET CHJIBHO MEHSTHCS B 3aBHCHUMO-
cTH 0T oOywyaromieli BRIOOPKH, MCIOJIb30Bajlach Kpocc-Bauganusl — pas-
OmeHue MaHHBIX HAa HECKOJNBKO OJAMHAKOBBIX YacTeW IS MOOYepenHOrO
WCIIOJIb30BaHMs KaKIO0H 4acTH B KadecTBE TECTOBOM BBIOOPKH, a OCTaB-
mieiics yacTu — B KadecTBe oOyuaromieil BeiOopku. B kadectBe oOyuaro-
el Mozenu Oblla MOCTPOEHA MOJIENIb CTEKHMHTa, 0COOCHHOCTBIO KOTOPOH
SIBIISIETCSL HCIIOJIB30BAaHNE PA3IMYHBIX AJITOPUTMOB B Ka4eCTBE IIPHU3HAKOB
00BEKTOB. B kadecTBe MeTaanropuTma, MPUHUMAIOIIETO Ha BXOJ] PU3Ha-
KOBBIC 3HAUCHMS TICPBUYHBIX MOJIENCH, ObUIO BEIOPAHO pelIarolee Jaepe-
BO. B KauecTBe mepBUUHBIX MOJeNel ObUIM BBIOPAHBL: JIOTUCTUYECKAs pe-
TpeccHs, CIyJalHBIN JIEC U allTOPUTM ONMKaNIIINX coce/eH.

B nponecce popmupoBanns Momenu OBUT ONpENeNIeH ONTHMAaTbHBIN
napameTp 4Juciia coceleil n_neighbors ais anroputMa OMMKaHIIUX co-
ceneil. Taxoke ObUT TOZOOpPaH MUHUMAJIBHBIN TTapaMeTp n_estimators ams
CIIy4aflHOTO Jieca, IOCJieé KOTOPOro KadecTBO OOy4eHHUs] HE MEHSJIOCh
3HaYUTENHHBIM 00pa3oM. J[7s oleHKH KadecTBa pabOTHI aJropuT™Ma HMC-
MOJIB30BAINCh METPUKHU CpeJHel KBaJIpaTUUIHOW OMIMOKH M CpeaHel ao-
COJIIOTHOH OIIMOKH.
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IHoayuyeHHbIe pe3yabTaThl H BHIBOAbI

B pabote Obl1a oka3aHa MOEIb, IIO3BOJISIFOINAS [TOJYyYaTh 3HAUCHUS
MOTCHIIMAIEHON SHEPTHH KPUCTALTUIECKUX CTPYKTYp. BBUT co3man ai-
TOPUTM OOyYEHHUS MOJICTH M IIPOBEIcHa OIleHKA ee KadecTBa. B pe3yib-
TaTe, Ha O0yuaromiel BHIOOPKE 3HAYCHHUE CPEHEH KBaIpaTHYHOW OIIHO-
ku cocraBwio 0,00017, a cpenneir abcomorHoit omubOku — 0,0036.
[IpuMeHeHre METOI0OB MAITMHHOTO OOYYCHHsI MTO3BOJISET PACCUNUTHIBATH
3HAUCHHWE DHEPTrUM B3aUMOJCUCTBHSI Tap aTOMOB 0€3 HMCIOJIb30BAHMS
BBEIYHCIIUTEIHLHO HATPY)KEHHBIX aJITOPUTMOB, YTO ITO3BOJHUT YBEIUIHTH
CKOPOCTh PabOThl MOJIEKYJISIPHO-TUHAMUYECKOTO MOJACITUPOBAHUS, a
TaKXKe MOBBICUTH A((HEKTUBHOCTD NPU PEIICHUU Pa3IMYHBIX 33]a4, CB-
3aHHBIX C H3YUYEHUEM CTPYKTYPHBIX CBOMCTB HOBBIX MaTEPHUAIIOB.

Paboma evinonnena npu noodepowcke PODU, npoexm Ne 19-29-
03051 mx u npoexm Ne 19-08-01191 A. Ilpu nposedenuu pacuemos uc-
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Abstract: In this work was described a model that allows obtaining the po-
tential energy values of crystal structures using machine learning methods. The
developed model was trained on the data obtained with the Tersoff and Morse
potentials, using the selected parameters for Si, Ge, C, Al, W, Cu, Fe.

Keywords: crystal structures, potential energy of structure, Tersoff poten-
tial, Morse potential, potential parameters, machine learning, stacking model.
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AnHoTanusi. Pazpabotansl METOANYECKHE MOJXOABI K OLeHKe 3((EKTUBHO-
CTH BBICOKOIIPOM3BOJMTEIBHON TIATGOPMBI ISl HAy4YHBIX HCCIEIOBaHUI Ha
mpuUMepe IeHTpa KosuiekTueHoro nonbk3oanus (LIKIT) «udopmarukay, co3gau-
Horo B ®ULL MY PAH. Ilpencrasiena odmias xapakrepuctuka [KIT «upopma-
THKa» BKJIIOYasi OCHOBHBIE XapaKTEPUCTHKK €r0 HaydHOTO 00OpYZOBaHMsI, Opra-
Huzanuio padoter IIKIT u ero Bo3moxnocTd. Ha 310l ocHOBe pa3paboraH
nepedeHp nokazateneil apdexrnBrocTr LK, yunTeBatomuii ero cienupuky u
XapaKTePU3YIOIIUA Pa3IUIHBIC ACIICKTHI JCATCIBHOCTH (OOIICCHCTEMHBIC, TEX-
HUYECKHE, PE3YILTATUBHOCTE). [IpeIosKeHBI METOIBI PacueTa YacTHBIX U 0000-
meHHbIX mokazareneit addekruBHoctn LIKII, a Taroke oOmmid METOAMIECKUI
MOAXO[ K OeHKe ero ddekTuBHOCTH. OTMEUCHBI 0COOEHHOCTH BBIOOpA TIOKA3a-
teneit apdexruBHOcTH LIKII py perennn 3a1a4 CHHTE3a HOBBIX MAaTEPHAIIOB.
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KnioueBble ci10Ba: 1IEHTP KOJJIEKTUBHOTO MOJIB30BaHUs; d3(QPEKTUBHOCT;
TIOKa3aTellb; yCIIyra; HayYHbIH CEpBHC.

BBenenue

OmHMM W3 TIPUOPHUTETHBIX HANPABICHWHA Pa3BUTHS HAyIHO-TEXHO-
JIOTHYECKOT0 KoMmIulekca Poccum SBIAIOTCA LEHTPHl KOJIJIEKTUBHOIO
nonb3oBanust (LUKIT). Ocuosuoit 3amaueii LIKII siBnsiercst obecrieuenne
IIMPOKOTO CIIEKTPa HAYYHBIX HCCIEIOBAHUN C HCIOJIB30BAaHHEM HMEIO-
HIeHicsl y OpraHu3aluy MaTepHaIbHO-TEXHUUECKOW 0a3bl, B TOM YHCIE B
MHTepecax TPEThUX JIMII.

B pamkax nestensHoctr LIKII npencraBisieT nHTEpeC OLEHKa Kade-
cTBa MX (YHKUMOHUPOBaHUA. B HacTosmee BpeMs pyKOBOAAILINE JOKY-
MEHTHI OTPEACIIAIOT MUHUMAIBHO HEOOXOIUMBI epedeHb MoKa3aTesnei
kauyectBa LIKII, koTopsrit BkimtogaeT Bpems 3arpy3ku LIKII (B ToM uucine
B MHTEpEcax TPETHHX JIHII), Yucio ncnonb3ytomux LIKII opranmzanmii n
YHCIIO MyOJUKalMi O pe3ysbTaTax HCCIENOBAHUH, MOIYUYCHHBIX C HC-
nose30BanueM obopynosanus LIKII [1].

B Hacrosmiel craThe METOAWYECKHE BOMPOCH (OPMHPOBAHUS Tie-
pedHs mokazateniell A3((EeKTUBHOCTH, a TaK)Ke METOABl MX pacueTa pac-
cMarpuBatotes Ha npumepe LIKIT «Madopmatukay, cozmanHoro B ®UIL]
Ny PAH.

MeToanyeckue moaxoabl K oueHke 3¢ pekTHBHOCTH
HOKII «ndopmaTuka»

[IpencraBnena obmas xapakrepuctuka LIKIT «Muabopmarukay, npea-
CTaBJIAIONIEr0 CO0O0W TMOPUIHBIN BBHICOKOMPOU3BOIUTENBHBIN BBHIYMCIIH-
TEJbHBIA KOMIUIEKC, BKJIIOYasi OCHOBHBIE XapaKTEPUCTUKU €ro Hay9IHOTO
obopymoBanus, opraam3anuro padoTs! LIKII u ero BosmoxkHOCTH [2—4].

IToka3zaHo, 4TO OIHOW M3 BaXKHBIX 3a4ad SBJSIETCS BHIOOP U 0OOCHO-
BaHHE HOMEHKJIATyphl Mokasaresedl 3¢dexkruBHOCTH, Haubosee MOITHO
xapaktepusytomux LIKII, koTopsie BEIOMpPAIOTCS UCXO U3 LeNel U 3a-
nmaua L[KTI, a Takxe Tpe6OBaHMIT HOPMAaTUBHBIX TOKYMEHTOB.

Belgenensl Tpu Ipynnbl HOKa3aTeNnel, XapakTepU3yIOIHUX pa3iind-
HBIE acneKTHl AesrenbHocTH LIKII:

— 00IIECUCTEMHBIE MTOKA3aTelu;

— TEXHUYECKHE TIOKa3aTely;

— TM0KAa3aTely pe3yIbTaTUBHOCTH IEATEIBHOCTH.

K obmecucreMHBIM NOKa3aTeNsiM OTHECEHBI TaKHe, KOTOPbIE MO3BO-
JIAIOT onucaTh cooTBeTcTBUE cTpyKTyphl LIKII pemaemsim 3amauam, o6-
M€ XapaKTepPUCTUKH MOJb30BaTeNell (BHYTPEHHMX W BHEIIHUX), IITaT-
uerid coctas LIKII, unciaennocts, kBanmmpukanuio cotpyaankos LKII,

39



XapaKTePUCTUKY YCIOBHH pa3MEUIeHHs, CHCTEM KH3HEOOeCIeueHus,
HaJU4he HOPMATUBHOU U TEXHUYECKON JOKYMEHTALIUH.

Bropas rpynma xapakrtepusyer TexHuueckue Bo3MmoxkHocTH LIKII,
BKJIIOYasl COCTAB M TUII 00OPYNOBAHMS, PEXKUMBI €rO HCIONIb30BAHHUS,
MPOU3BOANTEIHHOCTD B PA3JIMUHBIX PEKUMAX; XaPAKTEPUCTHKY CHCTEMBI
XpaHEHUsI TaHHBIX; BPEMEHHBIC XapaKTEPUCTUKU BBITIOJHEHUS 3aJaHUM;
Bpemst 3arpy3ku LIKII; Bpems pa6otsr LIKII B nHTEpecax TpeThUX JIMII.

TpeTsst Tpynma moxkazaTesnel BBIACISIETCS IS OLIEHKH Pe3yIbTaTHBHO-
ctu aesrenbHocTH LIKIL. K Takum moka3zaressiM MOTYT OBITh OTHECEHBI:

— 9HUCIIO BBIMONHEHHBIX ¢ momMombio LIKII Hay4yHbIX HcciaenoBanuii u
MIPUKJIAIHBIX 32134,

— 9UCIO MyOMUKAIUi 0 pe3yibTaTaXx UCCIEOBAHUN C UX XapaKTepH-
CTHUKOM, MOJATOTOBIEHHBIX ¢ moMotsio LIKII;

— CTOMMOCTB BBITIOJTHEHHBIX paboT u ycmyr LIKIT;

— ucnojib3oBanHue odopynosanus LIKII;

—yncno nonb3oBateneid [IKII 3a mepuon BpeMeHH C UX XapaKTepu-
CTUKOMH.

B crarbe Takke nmpeuiokeHbl METOBI pacueTa YacTHBIX U 0000IIeH-
HBIX nokazareneit 3¢ dexruBHocTr LIKII, a Takke oOmIMiA METOANIECKUHT
MOJIXOJ] K OIIeHKe ero 3()(PEeKTHBHOCTH, B TOM YHCIIE C UCTIOIH30BAHUEM
ONMCaHHBIX B HAYYHO-TEXHUUYECKOM JUTEpaType METOJOB peEIIeHUs
MHOTOKpUTEPHAIBHBIX 3a1a4 [5—7].

LKII «Muadopmatrka» HCIONB3yeTCs MPU pPEHICHWH 3a7ad CHHTE3a
HOBBIX MaTepHaioB. DTH 3aJaudl TPeOYIOT OONBIINX 00BEMOB BBIYHCIIH-
TEJIBHBIX PECYpPCOB, YTO JIENAET 1eJIeco00pa3HbIM IMPUMEHEHHE BBICOKO-
MPOU3BOANTEIHHBIX BHIYHCIUTEIHFHBIX KOMIUIEKCOB C THOPUAHON apXu-
TexTypoi. IIpu 3ToM coBpeMeHHBIM 3(h(HEeKTUBHBIM PEIICHUEM SIBISETCS
WCIIOJIb30BaHNE MHIUBUAYAIBHBIX Cpell UCIOJHEHHS Ha OCHOBE TEXHO-
JOTUHA BUpTyanu3auuu. Vcronp30BaHUE ATUX TEXHOJIOTMHM MO3BOJIAET
MIPEIOCTaBUTh MOJIB30BATENIO MOJHOCTHIO TOTOBYIO CPENy Ul BBINOJ-
HEHUS pacyeToB.

B srom mmane mnmsa onenku 3¢dexkruBHocTH LKIT «ubDOpMaTHKay
MIPH PEIICHUH 33]]a4 CHHTE3a HOBBIX MaTepHAIIOB 0cO00€ 3HAYCHHE MPH-
oOpeTaeT TMEepBOOYEPETHON YUET W BBHIOOpP TEXHHUYSCKHMX ITOKa3zaTeseit
s dextuHOCTH LIKII, XapakTepu3yOMMUX BO3MOKHOCTH BBIYUCITHTEIh-
HOT'O KOMIUIEKCA M0 CO3JAaHHUIO CPEAbl BUPTyalu3aluu (MUKOBask MPOU3-
BOJAWNTEIBHOCTh BBIYMCIUTENFHOW CHCTEMBI, peanbHas MPOWU3BOAUTEIh-
HOCTb BBIYUCIHUTEIBHON CHCTEMBl Ha CHELHUAIW3UPOBAHHBIX TECTaX,
3arpys3Ka o0OpyAOBaHHMs MPUKIAIHBIMH 331a4aMu, 3pekTuBHOCTD mpo-
rPaMMHOTO KOZa — MOKa3aTeld MPOU3BOAUTEIHLHOCTH KOMIIOHEHTOB aj-
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roputMa (TIPOIEyp U MHUKJIOB) B YCIOBUSX €CTECTBEHHBIX OTPaHUYICHUI
BBIYMCIIUTEIBHON CUCTEMBI — MPOU3BOAUTEIBHOCTH MaMSATH U MUKOBOM
MPOU3BOAUTEIHHOCTH BEIYHCIUTEIHLHOTO OJIOKA).

BriBoabl

[IpenokeHHBIE B CTaThbe METOAMUYECKUE ITOAXOIBI TO3BOJISIIOT OIle-
HuTh 3 dexruBHOCTh LIKIT «MHDOpMaTHKa» U €ro BKJIa B HAyYHBIE UC-
cnenoanust OULL 1Y PAH u np. opranuzanuii, ucronb3yrommx [IKIL.
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METHODOLOGICAL APPROACHES TO EVALUATING
THE EFFECTIVENESS OF THE «CKP « COMPUTER SCIENCE»
IN SOLVING PROBLEMS OF SYNTHESIS
OF NEW MATERIALS

A.A. Zatsarinny, K.I. Volovich, S.A. Denisov, Y.S. Ionenkov, V.A. Kondrashev

Abstract. Methodological approaches to evaluating the effectiveness of a
high-performance platform for scientific research have been developed based on
experience of the Shared Research Facilities «CKP «Computer science» of FRC
CSC RAS. The general characteristics of the CKP «Computer sciencey are pre-
sented, including the main characteristics of its scientific equipment, the organi-
zation of the CKP's work and its capabilities. On this basis, a list of indicators of
the efficiency of the CKP has been developed, taking into account its specificity
and characterizing various aspects (system, technical, effectiveness) of the activ-
ity. Methods are proposed for calculating particular and generalized indicators
of the effectiveness of CKP, as well as a general methodological approach to
assessing its effectiveness. The features of the choice of performance indicators
of CKP in solving problems of synthesis of new materials are noted.

Keywords: the center for collective use; efficiency; indicator; service; scien-
tific service.
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3 . . .

@I'BOY BO Mockosckuii aguayuonublil uHCmumym (HayuoOHAIbHbIL UC-
cnedosamenvcekuti yrusepcumem) MAHU. Poccus, 125993, Mockea, Borokonam-
ckoe uiocce, 4

AnHotanms. Pabora mocBslieHa pa3pabOTKe MPOTPAMMHOTO KOMILICKCA
JUTS. pealTU3aIliy IIPOMBINUICHHONW TEXHOJIOTHH CEJICKTHBHOTO JIA3EPHOTO CILIAB-
nernust (SLM — selective laser melting). PazpaboranHblii porpaMMHBIH KOM-
TUTEKC MTO3BOJIIET PEIIaTh 33aaui OpraHu3an 3G (GeKTHBHOTO MPOU3BOACTBEH-
HOI'O IMKJIA HCCIACAOBAHUS M M3TOTOBICHUS TEXHHMUYECKH CJIOMKHBIX JeTallei
U3JEIUA a3pOKOCMHUYECKOM, MEAULIMHCKOW M MAIIMHOCTPOUTENIbHON OTpaciei
MIPOMBIIIICHHOCTH.

KiroueBble c10Ba: TEXHOJIOTHS, JIa3ep, CEIEKTHBHOE JIa3epHOE CIUIABIIE-
HHUe, mporpaMMHoe obecriedenne 110, mogenmpoBanne, apromaru3amnmst, CAM,
CAD.

BBenenue

[IpumeHeHne anTUTHBHBIX TEXHOJOTHHA IPOW3BOACTBA (PYHKIIHO-
HaJIBHBIX HM3JIeNIMi Hanbosee BOCTPeOOBaHO LI HYKI TaKUX OTpaciel
MPOMBIIIUIEHHOCTH KakK: aBUAKOCMHYECKas, aBTOMOOWIE- M MAIIHHO-
CTpOeHHe, MPUOOPOCTPOCHUE, METUITIHCKAs TEXHIKA, TO €CTh TaM, TJie
CYyILIECTBYET OCTpasi MOTpeOHOCTh B MUHHMHU3AIMH COOPOUYHBIX OIepa-
WA ¥ yMEHBIIEHHE YnCiIa COOPOYHBIX €IUHHII, YMEHBIIEHHH Maccora-
OapUTHBIX XapaKTEPUCTUK W3JENNs, M3TOTOBICHHH BBHICOKOTOYHBIX H3-
JeNuid M UX IPOTOTUIIOB B KpaTdaillllue CpOKH. BBICTpoe pa3BuTHE
HayKOEMKHX aJTUTUBHBIX TeXHOJOTHH [1] 00ycroBiamBaeT moTpeOHOCTh
B Pa3BUTHH CIICIIHATU3UPOBAHHOTO MporpammHoro obecreuenus (I10).
Cunamu ['pynmer komnanuii «Jlazepsr u Anmaparypa» paspaboTaHa u
co3nana cepust crankoB MJI6 [2], peanmusyromas SLM texHomoruto. st
oOecrieueHus1 e€ paboThl pa3pabaThIBAETCs NPOrPaMMHBIN KOMIUIEKC AJIS
MOJITOTOBKH U BBITMOJIHEHUS aJINTUBHOTO MPOU3BOJICTBA, TO3BOJISIOMINN
pearn30BBIBATH MOTHBIA TEXHOIOTHIECKHH ITUKI H3TOTOBJICHHUS.

Nudopmanmonnas cuctema noadopa
TEXHOJIOTMYECKUX NIAPAMETPOB

BrIcokas creneHp KaCTOMU3ALMM MPOLECcCca aJAUTUBHOIO MPOU3BO-
CTBa MpeanojaraeT BBITYCK €ANHUYHBIX YHUKAIBHBIX JeTajieid Tubo ma-
TbIX uX naptuil. [ToaToMy MOoTpeGHOCTH B TEXHOJOTHYECKOM DKCIIEPH-
MEHTE BO3HUKAET IPAKTHUYECKH KaXKIBIM pa3 IMpU [EepeHalaake
TEXHOJIOTHYECKOro 00OpYIOBaHMS AJsl M3TOTOBICHUS HOBOWM JETaiu.
Bo3Hukaer 3ajada CHI)KEHUS 3aTpAaT BPEMEHU U TpyJa Ha IPOBEICHUE
TEXHOJIOTHYECKHIX IKCIIEPUMEHTOB. UTOOBI MUHIMHU3UPOBATH 3TH 3aTPaThI
HEoOXO0IMMO aBTOMAaTHU3UPOBATh IUIAHUPOBAHUE TEXHOJIOTHYECKOTO 3KC-
MepUMEHTa, TPOBECTH MOAEIUPOBaHUE (PUIMUECKUX MPOLIECCOB U3TOTOB-
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JeHns Jetanu (TeriooOMeH M TepMOHAmpshDKeHHOoe cocrosHue) [3-5],
a TakKe 00eCIeYnTh HAKOIUIEHHE U aHAJIN3 AaHHBIX HKCIIEPUMEHTOB.

B kadecTBe MHCTpyMEHTa MOJOOHOI aBTOMaTH3alUN MOXKET CITYKHUTh
nHpopmarmonHas cucrema (MC) coBmectumast xak ¢ [10 ams moaroros-
KA W BBIIOJHEHUS AAJUTHBHOIO NPOW3BOACTBA, Tak M ¢ CNC-cuc-
TeMaMH YCTaHOBOK aJlTUTUBHOIO MPOU3BOJICTBA.

Undopmarmonnas cucrema (MC) BhIMOIHEHA B TPaguIIMOHHOW ap-
XUTEKTYpe KIMEHT-CEPBEPHOI MOIeNM M BKIIOYaeT B cels: 0a3zy naH-
HBIX, XPaHALIYI0 TEXHOJOTMYECKYI0 HMH(POPMALHUIO, TMPHIOKCHUE
WebApi mist mocTyma K pa3lIddHBIM HA0OpOM TEXHOJIOTHYECKOW WH-
dopmanuy, a Takxke KiIMeHTckoe Web-npuioxeHne Uisi KOHTPOIS U
aHaJi3a TeXHOJOTHYeCcKOH HH(pOopMaLnu.

Jig moBBIIEHUST THOKOCTH Pa3pabOTKH M B3aUMOJEHCTBHS MEXIY
MH()OPMAITMOHHON CHUCTEMOW W OCTAIbHBIMH KommoHeHTamu [10 mis
MOJTOTOBKM TEXHOJIOTHUYECKUX 33/JaHU MPHUHAT MOJXOJM, MPU KOTOPOM
(UKCUPOBaHHBIM (HO TPH 3TOM PACIIUPAEMBIM) SBISAETCS MPOTOKOI
B3aUMOJEHUCTBYS], @ KOMIIOHEHTH! M KOHKPETHBIE PeaIn3allii COCTABHBIX
gacteit IC MoryT MeHSThCS.

Ha narrom sTame 0a3za JaHHBIX TEXHOJOTHYECKUX MapaMeTpOB A0pa-
OaTbIBaeTCA Ul HAKOMJICHUS PE3YJIbTaTOB MPEABAPUTEIBHOTO MOJEINH-
poBaHUs TemIoBeIX Aedopmarmid. Taxke HWHPOpPMALMOHHAs CHCTEMa
moabopa mapamMeTpoB CMOXKET OpaTh Ha ceOs 3aTpaTHBIC MO BBIYMCIIH-
TEJILHBIM pecypcaM oOIepaluud MOAEIHpoBaHHs TermnooOmena B SLM
npoueccax. g pacyéra CTOMMOCTH M BPEMEHM U3TOTOBIICHUS AETalei
nH(pOpMAIFIOHHAs CHCTeMa MOoa0opa MapaMeTpoB MOXKET BBINMONHATH
ONTHMHU3ALUIO0 CTOUMOCTH U3TOTOBJICHUS JIeTaleH.

Takum 06pa3oM, KIMEHTCKOE MPHIOKEHHE HE 3aBUCUT OT OCHOBHOM
yactu UC u MoxkeT OBITh M3MEHEHO [UISI JOCTIDKEHUS JTYUIIero MOJIb30-
BaTEJIbCKOTO OMBITA U JJI aAaNTaliK MOJ ONpEeICHHbIC HYKABl KaX-
JIOTO KOHKPETHOT'O MPOM3BOJICTBA, TAKHE KaK, HAl[pUMEp, BBIBOJ OTUET-
HOCTH, MOHHUTOPHHT pabOTBl TEXHOJIOTHYECKOTO 00OpyIOBaHMS,
KOHTPOJIb 32 pabOTOH HaJ TEXHOJIOTMYECKUMH SKCIIEPUMEHTaMH.

BoiBoabI

B xone paboT mpoBeneHO MMHUTAIIIOHHOE MOJIEIHPOBAHKE TIpoIiecca
SLM B mepBoM NpHONMXEHUH, co3AaHa HH(OpMAIMOHHAs CHUCTEMa,
MpeaHa3HaueHHas JJI HaKOIUIEHHs, aHaJlM3a U MCIOJIb30BaHUS JaHHBIX
MOJIEJIMPOBAHNA M HATYPHBIX SKCIIEPUMEHTOB B LEJIAX YKOHOMHUH 3aTpaT
BpeMeHH U pecypcoB Ha HUOKP u npoMsblneHHoe Npou3BOJACTBO BbI-
COKOTEXHOJIOTHYECKUX H3JICIUM.
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DEVELOPMENT OF AN INFORMATION SYSTEM
FOR MODELING ADDITIVE MANUFACTURING
TECHNOLOGY FOR ELECTRONIC DEVICE COMPONENTS

LF. Lebedkin, A.A. Molotkov, O.N. Tretiyakova

Abstract. The paper presents a development of a software package for the
implementation of industrial technology of selective laser melting. The devel-
oped software package allows us to solve the problems of organizing an effec-
tive production cycle for research and manufacturing of technically complex
products of the aerospace, medical and engineering industries.

Keywords: technology, laser, selective laser melting, software, modeling,
automation, CAM, CAD.
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TRANSITION METAL NITRIDE THIN FILMS DEPOSITED
AT CMOS COMPATIBLE TEMPERATURES FOR TUNABLE
OPTOELECTRONIC AND PLASMONIC DEVICES

Ryan Bowerl, Daniel A. L. Lochz, Andrey Berenovl, Bin Zoul, Papken
Eh. Hovsepian®’, Arutiun P. Ehiasarian’ and Peter K. Petrov'

! Department of Materials, Imperial College London, London, SW7 24Z, UK
? National HIPIMS Technology Centre — UK, Sheffield Hallam University,
Howard St., Sheffield, S1 1WB, UK

Keywords: Plasmonics, High Power Impulse Magnetron Sputtering, CMOS
compatible

High quality, plasmonically active binary and ternary transition met-
al nitride thin films are deposited using High Power Impulse Magnetron
Sputtering. The deposition process is CMOS compatible and scalable.
The deposition is demonstrated to be possible on a range of industrially
relevant substrates and films are spectrally tunable within the wave-
length range 325—483 nm.

Plasmonic materials have a wide range of applications, from energy
storage and harvesting to biosensing and memory storage devices.'™
However, the archetypal plasmonic materials gold and silver are limited in
their applicability, displaying poor thermal stability, limited spectral tuna-
bility, and incompatibility with standard CMOS fabrication processes.

Consequently, transition metal nitrides (TMNSs), including titanium
nitride and niobium nitride have been suggested as viable alternative
plasmonic materials. In addition to superior mechanical and thermal
properties compared to gold and silver,” TMNs also offer spectral tuna-
bility of the plasmonic response, with optical properties dependent on
phase, stoichiometry and oxygen impurities.® Broadband spectral tuna-
bility is observed in ternary transition metal nitrides and is achieved by
varying cation ratios.” Furthermore, TMNs such as titanium nitride are
currently used within CMOS compatible fabrication processes as barrier
layers and gate metals.*'? However, a significant barrier to the applica-
tion of transition metal nitrides as plasmonic materials within CMOS
processes is the prohibitively high temperatures required for optimised
thin film optical behaviour (>400°C).

High Power Impulse Magnetron Sputtering (HIPIMS) can be used to
deposit binary and ternary transition metal nitride thin films at CMOS
compatible temperatures. HIPIMS utilises high instantaneous powers to
produce plasma density of the order of 10" cm™ at the substrate which
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activates the deposition process by increasing the ionisation degree of
the sputtered flux and the dissociation rate of the reactive gas ions.

In this presentation, we will present the plasmonic characteristics of
Ti(1.0Nb«Ny thin films deposited via confocal HIPIMS on a range of in-
dustrially relevant substrates, including steel, MgO, Si, and glass. The
deposition process parameters were above the threshold for achieving
high dissociation and ionisation during deposition which allows access to
lower substrate temperatures of 300°C, compatible with CMOS fabrica-
tion flow. A comparison of the optical properties of co-sputtered ternary
transition metal nitrides with multi-layered binary nitrides, as measured
by spectroscopic ellipsometry will also be presented.

HIFIMS

Figure 1:
a) Photo of the two confocally-arranged HiPIMS cathodes;
b) Plasma composition analysis. It indicates that within the plasma N'*/N,'*
and Ti'"/T{ ratios exceed 1;
¢) A comparison of the epsilon-near-zero crossover wavelength for binary,
ternary and layered films
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MODELLING OF ENVIRONMENT SENSORS BASED
ON THE SURFACE PLASMON RESONANCE EFFECT

M. 1. Vasilevskiy

Centro & Departamento de Fisica, Universidade do Minho, Braga, Portugal;
International Iberian Nanotechnology Laboratory, Braga, Portugal
mikhail@fisica.uminho.pt

Abstract. Surface plasmons (SPs) are collective excitations of free electrons
in a conducting medium bounded by a surface or interface with a dielectric.
They can originate surface plasmon-polaritons (SPPs), which are evanescent
waves involving electron density oscillations and the associated electromagnetic
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(EM) field whose amplitude decays exponentially with distance from the sur-
face. SPPs are characterised by a dispersion curve (frequency vs wavevector
along the interface) that lies outside of the light cone, so they cannot be excited
directly by propagating light; however, it is possible to excite them using the
Attenuated Total internal Reflection (ATR) method or a periodic grating. SPs in
a confined geometry such as a metallic sphere are localised in space and charac-
terised by discrete frequencies (a single one in the case of sphere, two or three in
the case of an ellipsoid). They can be excited directly by propagating light if its
frequency coincides with the localised SP frequency, giving rise to the Local-
ized Surface Plasmon Resonance (LSPR). Both SPPs and LSPR are highly sen-
sitive to the dielectric constant of the surrounding media and can be used for
environment sensing (e.g. gas molecules that adsorb onto the structure’s sur-
face).

In this talk, I shall consider two molecular sensor systems based on the SPPs
and LSPR, respectively: (i) graphene nano-ribbon structure with adjustable
Fermi energy [1], and (ii) gold nanoparticles (NPs) embedded in a dielectric
film [2]. The sensing principles of these structures will be reviewed and the
modelling of their observable EM properties and detection characteristics, using
mostly semi-analytical methods of electrodynamics, will be described.

[1]1 D. Rodrigo et al., Science 349, 165 (2015)

[2] M. S. Rodrigues et al., SoftwareX 12, 100522 (2020)

Keywords: environment sensor, plasmon, graphene, nanoparticle, spectros-

copy.
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Sousa’, B. Dienys, L. Cuchet’, J. Mondaud’, J.R. Childress’, S.
Magalhdes®, E. Alves®, N.A. Sobolev"”

Ti3N, Departamento de Fisica, Universidade de Aveiro, Aveiro 3810-193,
Portugal.

? Crocus Technology, 3 avenue Doyen Louis Weil, Grenoble Cedex] BP1505 —
38025, France.

? Univ. Grenoble Alpes, CEA, CNRS, Grenoble INP, SPINTEC, Grenoble
F-38000, France.

* IPFN., Instituto Superior Técnico, Universidade de Lisboa, Bobadela LRS
2695-066, Portugal.

Email: sobolev@ua.pt Mobile: +351 927 992 332

AHHoTanmsi. B pabore mcciemnoBaHo BiMsSHHE OOMOApIMPOBKH BBICOKO-
OHECPIreTUYHBIMU MOHAMH Ha MapaMeTpbl MAarHUTHBIX TYHHCJIBHBIX MEPEXO0J0B
Ha ocHOBe CoFeB/MgO, Takne Kak MarHUTHAs aHU30TPOMHS, MarHUTOCOIPO-
TUBJICHHE W KO HUIMEHT 3aTyXaHus MPelecCud HaMarHMYeHHOCTH. Mojienu-
pOBaHUE CIEKTPOB (hepPOMArHUTHOTO PE30HAHCA MPOBOAMWIOCH B paMKax (op-
Mamm3MoB Cwmmurta-bemmkepca u Jlanmay-JInpmmna-I'mmsbepra. Y craHoBieH
npezen ¢urioeHca HOHOB, HIDKE KOTOPOTO JOCTHIAaeTCs KOHTPOJIMPYEMOe N3Me-
HEHHE MAarHUTHOM aHW30TPOINY MPH COXPAHEHUH BBICOKOTO TYHHEJILHOTO Mar-
HHUTOCOIPOTHBIICHUS] U MAarHUTHOW KOH(UTypaluu nepexoaa.

KnioueBble cji0Ba: MarHUTHBIM TYHHEJBHBIA Nepexol, NOHHAs MMILIaHTa-
Iy, MarouTHass aHu30TpOoInd, TYHHCIIbHOC MariuToCOIpPOTHUBIICHUE.

Magnetic properties of materials and layered structures may be modi-
fied by ion irradiation [1-3]. This provides a route for the control of
magnetism e.g. in magnetic tunnel junctions (MTJ). We show that irradi-
ation with 400 keV Ar+ ions allows obtaining an easy-cone anisotropy
with different cone angles in double-MgO free layers of MTJ with an
initial perpendicular magnetic anisotropy [4]. The setting of the magnetic
easy-cone state in MTJ allows attaining field-free, fast and non-
stochastic magnetization switching.

Before applications can be envisaged, however, it is necessary to un-
derstand the full extent of effects produced by the irradiation on the in-
terface-controlled parameters of MTJ stacks. Thus we subjected full
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MTJ stacks with the layer sequence IrMn/PL/Ru/RL/MgO/FL/Ta/Ru
(the PL, RL and FL are the pinned, reference and free layers made of
FeCoB) to the same type of irradiation in a wide range of ion fluences
[5]. The samples were investigated by ferromagnetic resonance, vibrat-
ing sample magnetometry and current-in-plane tunneling techniques. We
show that there is an ion-fluence window below ca. 10E14 Ar+/cm2
where the modulation of magnetic anisotropy can occur while preserving
a large tunnel magnetoresistance (TMR) and stable magnetic configura-
tion of the MTJ. Above 10E14 Ar+/cm2 a strong decrease in the satura-
tion magnetization is accompanied by a loss of the interlayer magnetic
coupling and of the TMR. The underlying physical processes are dis-
cussed. We demonstrate that the layers surrounding the FL play a deci-
sive role in determining the trend of the magnetic anisotropy modulation
resulting from the irradiation.
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ION BEAM MODIFICATION
OF MAGNETIC TUNNEL JUNCTIONS

B.M.S. Teixeira, A.A. Timopheev, N.F.F. Cacoilo, S. Auffret,
R.C. Sousa, B. Dieny, L. Cuchet, J. Mondaud, J.R. Childress,
S. Magalhdes, E. Alves, N.A. Sobolev

Abstract. In this work, the effect of bombardment with high-energy ions on
the parameters of magnetic tunnel junctions based on CoFeB / MgO, such as
magnetic anisotropy, magnetoresistance, and the damping coefficient of mag-
netization precession, is investigated. The modeling of the ferromagnetic reso-
nance spectra was carried out within the framework of the Smit-Beljers and
Landau-Lifshitz-Gilbert formalisms. The ion fluence limit is established, below
which a controlled modulation of the magnetic anisotropy is achieved while
maintaining a high tunneling magnetoresistance and stable magnetic configura-
tion of the transition.

Keywords: magnetic tunnel junction, ion implantation, magnetic anisotropy,
tunnel magnetoresistance.
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AHHOTanusi. PaccMoTpeHbI BOIIPOCHI CO3/[aHUsI MaTeMaTHYECKUX MOJeNei
IUIS pa3paboTKH M ONTHMHU3AINH PaboTH HelpomopdHbIX cucteM. [Ipencras-
JIeH MHOTOMAcCIITaOHBIA 1MOJX0Jl, OCHOBAaHHBI Ha TEOPETHKO-MHOXECTBEHHBIX
MIPEACTaBICHUIX, TMO3BOJISIONINN OMEepaTUBHO pa3padaThiBaTh MPOTPAMMHOE
o0ecriedeHHe C MEXaHH3MOM IapajUIeNbHBIX BBIYUCICHUH Ui CO3JAHHUS
HEeWpOMOp(HBIX CHCTEM

KaroueBble cioBa: HeHpoMOp(HBIE CHCTEMBI, METAI-OKCHIHbIE MEMpH-
CTHUBHBIE YCTPOWCTBA, MHOTOMAacCIITa0HOE MOJCIMPOBAaHUE, MHOTOYPOBHEBBIS
3JIEMEHTHI PE3UCTUBHOM MaMSITH.

HccnenoBanne MHOTOMacIITaOHBIX MPOOJEM, CBS3aHHBIX C paspa-
0OTKOM M onTHMH3aIell HeHpoOMOP(HHBIX CHCTEM HEBO3MOXKHO 03 yue-
Ta OCHOBHBIX (PaKTOPOB, MTPAIOIINX KIIIOYEBBIC POJIM B TaKHUX 3a/Jadax.
[Mpy n3ydeHHH BOMPOCOB, CBS3aHHBIX C CO3JaHUEM OCHOB aHAJIOT'OBBIX
HEHPOMOPGHBIX CHUCTEM, HEOOXOIUMO CIHPOCKTHPOBATh MHOTOYpPOBHE-
Bble AyieMeHTHl pesucTuBHON mamatu (RRAM)[1,2], no3Bossronue co-
3[aTh CHUCTEMbI C MEXaHHU3MOM MapajUIe]bHBIX BBIYMCICHUN U YBEIH-
YUTH TUIOTHOCTh WHTETPAINY DHEPrOHe3aBUCUMON mamMsaTu. Ha ceromns,
OIHMUM W3 HauOoyee MEPCHEeKTHBHBIX DIIEMEHTOB, JICKAIIUX B OCHOBE
TaKUX CHCTEM SIBIISICTCS MEMPHUCTOpP. KOHCTpYKIHMS ¥ ONTHMH3AIUS
MEMPHUCTUBHBIX 3JIEMEHTOB OCHOBaHa Ha MOHMMAaHUHU MPOLECcCOB (op-
MHUPOBaHUS MPOBOJISIINX KaHAJIOB, 3HAHUU JIETaTbHBIX MEXaHU3MOB Tic-
PEKIIIOYCHUSI MEXKIY Pa3IHYHBIMH COCTOSHUSIMH MEMpHUCTOpa. B stom
OTHOIICHUU Ba)KHYIO POJIb WIPAIOT METOJBl MaTeMaTHYECKOTO MOJAEIH-
POBaHWUsI, TO3BOJIAIONINE OJTYYHTh MTOAPOOHYIO KAPTHHY MPOUCXOSIINX
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MPOIIECCOB Ha pa3HBIX MAcCIITa0HBIX ypoBH:X. [Ipu n3ydennn npobiem,
CBSI3aHHBIX C CO3/IaHWEM aHAJOTOBBIX HEMPOMOP(HBIX CHCTEM CTaBHTCS
3a/a4a B paMKax OJZHON MaTeMaTH4eCKON MOJEIH MPOBECTH HCCIIEN0BA-
HUE MHOTOMacImTabHOTo Qusndeckoro mporecca. CII0KHOCTh CO3TaHM
MoOJIeNeld ATOT0 Kilacca CBA3aHa, ¢ HEOOXOAWMOCTBIO y4eTa MIMPOKOTO
Jana3oHa MPOCTPAaHCTBEHHO-BPEMEHHBIX MaclITa0OB OT YPOBHS XUMH-
YECKUX 3JIEMEHTOB, KBAaHTOBO-MEXaHHYECKOTO YpPOBHS, HAHOYPOBHS H
YPOBHSI DJIEMEHTa PE3WCTUBHOW TaMSTH IO YPOBHA (OPMHPOBAHHSA
HEHPOMOP(HOH CeTH M JIOTMYECKOTO YpoBHs. B Takux ciydasx Hanbo-
Jiee aKTyaJbHBIM MPEICTABISAETCS MPUMEHEHHE TEXHOJIOTHH MHOTOMAac-
MTa0HOTO MOJISIUPOBAHNS HAa OCHOBE TEOPETUKO-MHOKECTBEHHOTO
npeAcTaBiIeHUs] (PU3NKO-MaTeMaTHYeCKUX MOJENed W HUCIOJIb30BaHUU
MH(POPMAIIMOHHBIX CTPYKTYpP, COUETAIOMINX JAaHHBIE U METOJABI X o0pa-
0O0TKH, MpeACTaBICHHON B [3—6].

Tabauya 1
No . Ha3Banmue
O003HauyeHHe H HA3BaHHe 0a30BOH MoeJIN-
Macul. MacITaA0HOro
KOMIO3HIINHT
YPOBHS YPOBHS
YpoBeHb
0 |[MCL«ATOM Ab» XUMHY
9JIEMEHTOB
MC} KPUCTAJIJIOXUMUNYECKA S ®OPMVYJIA» | KsanToBO-
1 |MC? (KBAHTOBO-MEXAHUUYECKAS MeXaHU4YecKUil
SYEMKA» YPOBEHb
5 MC} «<ATOMHBIU KJIACTEP-CTATHUKA» HAHOVDOBCHE
MC2«ATOMHBI KJIACTEP-JTUHAMUKA» P
MCL«Mogenb reHepanyi/peKoMOUHAIIMH HOHOB
KHCIIOpoaa M KuciaoponHbix Bakancuid (GR-model)» v
MC%«Monens apeiida-mudysun HOHOB KUCIOPOIa POBCHE
JJIEMEHTa
3 (DD-model)» .
MC3 «Mogens cunosoro nons (E-model)» PE3MCTHBHON
. HNaMsATH
MC3 «Mogens mepeHoca IEeKTPOHOB (dJEKTprIe- (MempucTopa)
ckoro toka) (J-model)» p p
MC5 «Monens temoneperoca (HT-model)»
YpoBenb
4 MC, «®urunr moaeneit. BAX» (dbopmupoBaHus
MC?% «CxeMOTeXHUUECKOE TIPEICTABICHUE) HelpomMopdHO
ceTH
5 MC} «HeiipoceteBoe MoaenupoBanue». OGyuenue Jlornmueckuit
0 MPELCHACHTaM YPOBEHb
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B Ttabm. 1 w3 [3] mpeacTaBiieHbl OCHOBHBIC 0a30BbIE MOJIEIIH-
KoMIo3unuy (MH(OOPMAITMOHHBIE aHANOTH  (PH3MKO-MaTEMATHYECKUX
MoJeneit), 3aneiicTBoBaHHbIe MPH (HOPMUPOBAHMH MHOTOMAacHITA0HBIX
KOMITO3HITHHA (aHAJIOTOB MHOTOMACIITA0OHBIX MATEMATHICCKUX MOJIEIICH),
KOTOpBIE MCHONB3YIOTCS ISl PEIICHUS 33/1a4i MOAEIMPOBAHUS MHOTO-
YPOBHEBBIX 3JIEMEHTOB IAMATH B KaU€CTBE CHHAIICOB U Pa3pabOTKU Mpo-
rpaMMHOTO OOECIICUeHHSI B CHCTEMax C MEXaHM3MOM MapauIeIIbHBIX
BBIYMCIICHNH, HEOOXOIUMBIX JUTsI CO3TaHus HelpoMopHBIX ceTeit [3].

Ha puc. 1 mano cxematnmyHoe n300pa)KeHWE OJHOW M3 BO3MOXKHBIX
peann3anuii MHOTOMacIITa0HOH KOMIO3UIIMY JUIsl PEIICHUS 3aJa4H.

.h-"""-
! i | [ AL fak gl pgm 1 -J:.Iu'{:_l.d!,l,l.lfn
| ‘:r-|:l L e J_’ "fﬂii

i
i LT ErLY

T T alingialin

S

Puc. 1. Cxema MHOromMacimraOHON KOMITO3HULIHHA
JUISL pELLICHNs 33]a4l MOJICTMPOBAHUSI MHOTOYPOBHEBBIX 3JIEMEHTOB TTAMSITH
JUTs HelipoMOp(dHBIX crucTeM [2]
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A,/ A% Ay /AR,
31

HOTO YPOBHS, COCTaBJICHHAs M3 COOTBETCTBYIOIIUX DK3EMIUIIPOB 0a3o-
BBIX MOJCICH-KOMITO3UIIMIA: MC%,MC%,MC;,MC%, MCg. 3amarh Xu-
MHUYECKUI COCTAB MO KAKIOMY COCIMHEHHIO, BXOJSIIEMY, HAIpUMED,
B METa/UI-OKCHJIHBIE MEMPHUCTHUBHBIC YCTPOHCTBA MOXKHO C IIOMOIIBIO

3necy K — KOMITO3UITUST MOJIeNIel TPEThero MacIiTaod-

SK3eMIUTAPOB 6a30Boit Mozeu-kommosunun MC5«ATOM Aé»: Elél,
EI¥ EI4" E14",

Takoe cxemMaTHYHOE MPEACTABICHHE MO3BOJIET ONEPATUBHO pas3pa-
0aTeIBaTh TPOTPaMMHOE OOecleueHre ¢ MEXaHM3MOM MapalIeiIbHBIX
BBIYMCIICHUH M TpaHC(HOPMUPOBATh €ro IOA pasHble 3a1adu. B yactHo-
CTH, HE pa3pylas oOLIel cXeMbl BBIYUCICHUH BO3MOKHO MEHSITh XUMH-
YecKHe COCTaBhl, PACCMAaTPHUBAEMBIX METANII-OKCUAHBIX MEMPHCTHBHBIX
YCTPOMCTB MJIM MOAOHpaTh Ipyrue, 0ojee CIOXKHbIE KOMIIO3UTHBIE Ma-
TepuaJibl Ha KOTOPBIX HaOmogaeTcs priiaMeHTapHbIH Mpolecc.

Hccneoosanue evinonneno npu gurancosoii noooepicke PODU 6
pamkax npoexma 19-29-0305 Lux.
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MATHEMATICAL MODELING OF NEUROMORPHIC SYSTEM

Abgaryan Karine Karlenovna
e-mail: kristal83@mail.ru

Abstract. The paper deals with the creation of mathematical models for the
development and optimization of the operation of neuromorphic systems.
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A multiscale approach based on set-theoretic representations is presented, which
makes it possible to quickly develop software with a parallel computing mecha-
nism for creating neuromorphic systems

Keywords: neuromorphic systems, metal-oxide memristive devices, mul-
tiscale modeling, multilevel elements of resistive memory.
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AnHoTauus. C MOMOIIBIO ATOMHUCTUYECKOTO MOJEIUPOBAHUS METOIOM
Momnre-Kapno uzydeHbl BO3MOXHBIC NPUYMHBI TOSIBICHUS MAacCHBHBIX KpH-
craiiuToB GaAs MpU CaMOKaTaTUTUYECKOM POCTE HAHONPOBOJIOK (GaAs.

Kirouessle ciioBa: Monre-Kapio, Mogenuposanue, Hanonpososoka, IDKK.

BBenenue

Hanonposonoku (HIT) Ha ocroBe MatepuanoB A"'BY sBistorest mep-
CIIEKTUBHBIMU HU3KOPA3MCPHBIMU 06’I)CKT3MI/I IJIA CO3JaHusA COBPEMCH-
HBIX OINTOXJIEKTPOHHBIX MpuOopoB. OfHA U3 CaMBIX PAaCIPOCTPAHEHHBIX
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METOAMK JUIs ToiydeHus BepTukanbHBIX HIT GaAs 3T0 camokaTanurtu-
YECKUH POCT MO MEXaHU3My Hap-KUAKOCTb-KpUcTall. Bo Bcex skcre-
pUMEHTaX, MOCBALIEHHBIX caMoKkaTtanuTuueckomy pocty HII GaAs, no-
MHUMO pocTa BepTukanbHbIX HII, HaOmrogaroTcst Takxke GhopMHUpOBaHUE
TaKUX OOBEKTOB, KaK MAacCHBHBIE KpUCTAUIHTHI (GaAs, HAKIOHHBIE H
rranapaeie HIT [1-4]. Llenbro HacTosmied paboThl SBISUIOCH U3YYCHUE
npuuuH (HopMUpOBaHUS KpuUCTALIHTOB GaAs B Ipolecce caMoKaTaju-
TUYECKOTO POCTa HAHOIIPOBOJIOK.

Pe3yabTatel MonTe-Kapio moageaupoBanust

MK-monenupoBanue camokatanutudeckoro pocra HII GaAs mposo-
IIAJI0CHh B IporpaMMHOM Komrutekce SilSim3D Ha ocHOBe KHHETHUECKOMH
TpeXMepHO# pereTouHo Mozaenu [5]. PaccmoTpeHa 5-Tu KOMIOHEHT-
Has cuctema: Ga(s), Ga(l), As, As,, My — Tajumnii B TBEPJIOM H KUIKOM
COCTOSIHHH, MBIIIBSK B aTOMapHOW M MOJIEKYJIApHOH (popme 1 MaTepual
TUIGHKU-MacKH, COOTBETCTBEHHO. lcxomHas MojenbHas TOAJIOKKA
MpeACTaBIsieT coO0M KPHUCTAII ¢ PEIIeTKOW THIA IMHKOBOW OOMaHKH,
MOBEPXHOCTh KOTOPOTO MOKPHITA TOHKOM TJIEHKOW-Mackoi. Pazmep mo-
BepxHocTH paBeH 120x100 um. [Ipu MonmennpoBaHuM caMOKaTaIUTHYe-
CKOTO POCTa YUYHUTHIBAINCH CIEIYIOIINE MPOIECCH: OCAKACHNE U HCIa-
peHre aTOMOB TaJUIHsI W MOJIEKYJ MBIIIbAKA, 0OpaTUMas JUCCOIHAIHS
MOJIEKYJ MBbIIbsKa As; <> As+ As, mudpdys3us aTOMOB U MOJEKYIL,
TpaBJICHUE IUICHKU-MACKU JKUAKHUM TauideM, AU(Qy3ust MBIIIbSIKA B
JKUJIKOM TaJuuH, pactBopeHue GaAs B ®KHUIKOM TaJTUM U KPUCTAILIH3a-
nus GaAs Ha rpaHuIle pa3zena JKUIKOCTb-KPUCTalI.

TpamuroHHO BEIIEISIIOT aBa peskuma pocta HIL: nuddy3mnonusii (3a
cuet audy3uoHHOTO cOOpa BEMIECTBA C MOMJIOKKH) U aJICOPOIIMOHHBIN
(3a cuer HemocpeACTBEHHOH aacopOIMK OCaXKIaeMOTr0 BEeLIeCTBa Ha Karl-
IO Katanm3aTopa). B HacTosmei paboTe moKa3aHo, 9TO BAYKHBIM YCIIOBH-
eM (popMUpOBaHUS KPUCTAJUTUTOB SIBIISIETCS HEHYJEBOH TU(QPY3HMOHHBIN
MPUTOK MBIIIBSIKA C MOMIOKKU. Ha puc. 1 mpuenena mopdonorus Mo-
JIETIbHOM TOBEPXHOCTU B
a7copOLIMOHHOM H TU(]- -

(Gy3MOHHOM  pexHuMax & - ‘ " i

pocra npu orokax Ga u

As, 10 u 25 MClc, coot- .

_ o Puc. 1. Mopdonorus MoaeIbHON MOBEPXHOCTH
BeTcTBerHO (7= 620°C). B (a) aacopOumonHoM u (0) auddysnoHHOM
BujHo, 4T0 B aICOPOLH-  pesxpme pocta MO MBILBAKY. CBETIO-CEpbIM
OHHOM pPEXHME BCIEI-  1BeTOM O00O3HAYEHA IUICHKA-MacKa, CepbIM —
cTBHE HenocTaTka Melb-  Ga(l), remHO-ceppiM — GaAs

a A

61



sIKa KAl KaTaau3aTopa KpUCTAIUIN3YIOT-
csl HeNOJHOCTEIO (puc. 1a). B muddysnon-
HOM PEXUME MBIIIbSIKA JOCTATOYHO IS
TIOJTHOM KPUCTAJUTH3AINY Karenb (puc. 10).

brumn HaliieHbl MOJIEIbHBIE POCTOBBIE
YCIIOBUS, TIPH KOTOPBIX IMOMHMO MAacCCHB-
HBIX KpucTamuToB GaAs Ha pPOCTOBOM

Puc. 2. MonensHas
MIOBEPXHOCTH (BUJI CBEPXY)

IPH CAMOKATATHTHIECKOM MOBEPXHOCTH HaOIIOAanock (GopMupoBa-
pocte HIT GaAs. Crpasa uHue BeptukanbHbix HIL: motoku Ga u As,
3D BuJI HAHOTIPOBOJIOKH JUIs Takoro poctra paBuel 5 u 25 MClc,

cooTBeTCTBeHHO (puc. 2). Ha ocHOBe aHa-
TM3a KHHETUKU MOJENBFHOTO pocTa Obla MpemioxkeHa MoJenb (HopMHu-
poBanus HII 1 KpucCTalsmuTOB B IPOLECCE CaMOKATAIMTHYECKOIO POCTa
u3 kanenb Ga. Mojens OCHOBaHa Ha W3MEHEHHWH IOBEPXHOCTHOW KOH-
LOCHTpAlWU raJuiid U MbIIIIbAKA B IMIPOLIECCE POCTaA.

BriBoabI

KpucraniuTsl 1 HaHOIIPOBJIOKH BO3HHKAIOT HA POCTOBOI MOBEPXHO-
cti He ogHoBpeMeHHo. Camokatanutnueckuit poct HII GaAs 310 camo-
PETYJIMPYIOIIMICS MPOIECC, B KOTOPOM TMPUTOK TaJJIUS U MBIIIbSIKA K
Karuie Karaau3aTropa 3aaeTcs He TOJBKO BHEIIHMM MOTOKOM, HO pery-
npyercst MOpQoJIOoTrueli MOBEepXHOCTH.

Paboma nposedena npu noooepacke PODHU (epanm 18-02-00764).
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STUDY OF THE REASONS OF CRYSTALLITE FORMATION
DURING THE SELF-CATALYZED GAAS NANOWIRE
GROWTH USING MONTE CARLO SIMULATION

A.G. Nastovjak, N.L. Shwartz, Emelyanov E.A., Petrushkov M.O.

Abstract. The model for the explanation of GaAs crystallite formation dur-
ing the self-catalyzed nanowires growth was proposed using Monte Carlo simu-
lation.

Keywords: Monte Carlo, simulation, nanowire, VLS.
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AnHoTanus. B paboTe MpoOBOAMTCS MOCTPOCHHE HEHPOCETEBBIX MOIEICH
3¢ GeKTHBHOrO KO3 GHUIMEeHTa TEIUIONPOBOIHOCTH IS T'€TEPOTreHHBIX HAaHO-
CTPYKTYp Ha mpumepe cBepxpemietok GaAs/AlAs, oOydeHHe BeleTcs Ha JIaH-
HBIX, TTOJy4EHHBIX METOJJOM MOJAILHOTO MOAABICHUS.

KiaroueBsbie ciioBa: 3GGeKTHBHBIN KOAXPPHUIUEHT TEIUIONPOBOIHOCTH, KH-
HETHYecKoe ypaBHeHHE bonbliMaHa, CBEpXpeIeTKH, [eTEpPOreHHbIC HAHOCTPYK-
TYPBI, METOJI MOJIJILHOTO ITOIABJICHUSI.
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BBenenue

MonenupoBaHre TEIJIOBBIX CBOWCTB HAHOPAa3MEPHBIX CTPYKTYP B
HACTOSIIMI MOMEHT SIBISETCS BOCTPEOOBAaHHBIM HAIpaBIICHHEM Hayd-
HBIX HCCIICIOBaHUI, YTO CBSI3aHO C IOCTOSIHHO PACTYIIEH CKOPOCTHIO
paboThl MHUKPOSJIEKTPOHHBIX 3JIEMEHTOB, KOTOPHIE BBIICTSIOT BCE 0OIb-
mee KOJUIECTBO DHEPTUHU B BHUJIE TEIUIA, KOTOPYIO TpeOyeTCs OTBOJIUTH,
yTOOBl M30€XaTh TeperpeBa W NOTEepPH (PYHKIIMOHAIBHBIX CBOMCTB
ycTpoiicts [1, 2].

st mocTpoeHuss MojeNel TeIUIONepeHoca B HAHOPa3MEPHBIX TeTe-
pPOCTPYKTypax CBOIO 3((EeKTHBHOCTH MOKAa3aJd METOJbI Ha OCHOBE pe-
IIeHNs KHHETHYECKOTo ypaBHeHus bonbiimana s ¢poHoHOB [2]. Bonee
JIleTalbHOE MOJAEIUPOBAHUE MOXKHO MOJYYUTh C UCIIOJIB30BAHUEM METO-
JIOB MOJIEKYJISIPHON TWHAMHUKH, HO 3TO COIPSIKEHO C 0ojiee BBICOKOM
BBIYHICIIUTEIHLHON CIOKHOCTHIO M HETPUBUATIHLHOM 3amadeii moadopa or-
TUMabHOTO ToTeHnuana[3]. CTouT OTMETUTh, YTO NMPUMEHEHHE Kilac-
CHYECKHUX MOAXOAOB JUIsl PEIICHUS 3a/1ay TEIUIONPOBOAHOCTH HA OCHOBE
3akoHa Dypbe NI paccMaTPUBAEMBIX HAHOCTPYKTYP HaeT HEYAOBIE-
TBOPHUTENIBHBIE PE3YIbTATHI, T.K. TIPH IMOAOOHOM ITOAXO0E UTHOPUPYETCS
KBaHTOBOMeXaHW4YeCcKue PPEKTH MaTEPHaIOB, YTO NAET CHIIBLHOE pac-
COTJIACOBAHUE C IKCIIEPUMEHTAILHBIMU JTaHHBIMH [2].

TexHOJIOrMM MAIIMHHOTO OOYYEHHS TOJIyYWIM CUJIBHOE pa3BUTHE
B MTOCIIEAHEE JCCSTUIICTHS, B TOM YHCIIE BEAYTCS aKTHBHBIC UCCIICIOBAHUS
B MMPUMEHEHHH TTOJOOHBIX MTOAXOJIOB B 3371a4ax MaTepraioBeaeHus [4, 5].
[Ipu MomenMpoBaHUH MaTEPUAIOB XOYETCS IOyYUTh TOYHBIE XapaKTe-
PUCTUKU TIPU ATOM UCIONB3YS IPHU STOM MUHUMAJIBHOE KOJTHYECTBO M-
MAPUIECKUX JTaHHBIX. [1010OHBIMU CBOWCTBaMH OOJIaTaf0T TIEPBOIIPUH-
[UTTHBIE METOBI pacyera, K COXAICHUIO OHU O0JaJaloT CYIIeCTBEHHON
BBIYHMCIUTEIBHON CII0KHOCTBIO, B CBSI3U C YEM paccMaTpUBaeMble CHU-
CTEMBI KaK MPaBUJIO OTPAHUYCHBI Pa3MEPOM B COTHH, MHOTAA THICSIH
aTOMOB. BBIIO TPOIEMOHCTPUPOBAHO, UTO MTOAXOBI MAITUHHOTO 00yUe-
HUS TTO3BOJIMJIO TIPOBOANTD aJalITHPOBAHHEIE TIEPBONPUHITUITHBIE pacye-
ThI JJI1 CUCTEM M3 MUJUIMOHOB aTOMOB Ha CYIIECTBYIOIIEM B HACTOSILIUN
MOMEHT 000pYIOBaHHH 32 MpHeMIIeMoe BpeMs [5].

ITocTaHoBKA 3aJa4M M METOJ peuicHus

Lenwio HacTOAIIEH PabOTHI SIBISIETCS] UCCIIEIOBAHUE MTPUMEHUMOCTH
MOJIX0JIOB MAIIMHHOTO OOYYEeHHS /IS MOJACTHPOBAHHS 3PPEKTHBHOTO
KOX(PUIMEHTA TEILIONMPOBOAHOCTH HAHOPA3MEPHBIX TE€TEPOCTPYKTYD, B
YaCTHOCTH CBEpXpemieTok. s 3Toro mpeamosnaraercs reHepanus BbI-
OOpKH HAa OCHOBE MOJETH MONAILHOTO TOJMABICHUSA [6] U 0OydeHHs
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HEHpOHHBIX ceTell Ha Heill. Ha Bbixonme amropurma OyayT MOTydYEHBI
KOMTIaKTHBIE HEHpPOCEeTeBhIE MOJIENH, KOTOPhIe OyIyT CpaBHUBATHCS IO
TOYHOCTU pa0OTHI HA TECTOBOM HaOOpe NaHHBIX, JJIS OMPECIICHUS Tyd-
LIEH CEeTH.

B kauectBe mpumMepa OBLIM MOCTPOEHBI HEHMPOCETEBBIE MOJENH IS
pacdera 3dexTuBHOTO KO3 PHUIIEHTa TEIIOMPOBOTHOCTH I OMHAp-
HBIX TETEPOCTPYKTYp: cBepxpemeTok GaAs/AlAs ¢ pa3InIHBIME TIepHO-
Jamu ciioeB. JlaHHbIe U1 00y4YeHHs ObLITN CTEHEPUPOBAHbI B TIPOTPaMM-
HoM makere AlmaBTE 1.3.2 [1], napameTpbl MaTepraaoB MOIXy4YEHBI U3
OTKpPBITON 06a3bl MaHHBIX TpoekTa. Bribopka (opmuposanmace majis pas-
JTUIHBIX KOMOWHANWHA conepkannus GaAs u AlAs, TONINH TUICHOK, TTe-
pUOI0B cBepxpelieTku. [lonydeHHbI MacCHB TaHHBIX OBLT pa3/elieH Ha
3 wactu: 60% mnsa oOydenus Heitpocetelt, 20% i Banumanmu (s u3-
Oexxarmst mepeoOydenns) u 20% Kak TecToBas BBIOOpKA, JJIA OIICHKH
pEe3yNbTUPYIOMIEH TOYHOCTH OOY4YEHHBIX Mojenei. OnTuMu3anus
HellpoceTell Belach ¢ MCNOJIb30BaHKMEM anroputMa RMSprop ¢ marom
0.0001 B cpene Tensorflow 2.3 [7].

B xagectBe mojmenu ans pacdera HCIOIB30BAINCH MHOTOCIOHHBIE
HEHpPOHHBIE CETH MPSMOTO pacrpocTpaneHus. B pabote ObUIH paccMoOT-
PEHBI CETH C PA3IUYHBIM YHCIOM CKPBITHIX CIIOEB, TaKXKE MPOBEACHBI
CPaBHEHUS JUIs BapbUPYIOLIETO YKcia HEHPOHOB U pacipOCTPaHEHHBIX
aKTUBAIMOHHBIX (QyHKUWH. [lomydeHnHsle B pe3ynbraTe OOy4eHHS CETH
CPaBHUBAJIUCH IO CPETHEKBAAPATHIHOW OMMOKEe M CpemHed aOCOJoT-
HOW OIIMOKE Ha TECTOBOW BEIOOPKE.

Honyqeﬂﬂue PE3yabTaThbl U BLIBOAbI

Haubonee BrIcOKasi TOYHOCTH HA TECTOBOW BBIOOpKE ObLiIa IMOTyYeHA
Ha TpexcioiHoi cetn ¢ ReLU akruBammoHHO# (yHKIHMEH, ¢ 16 Heipo-
HAMH Ha KaXJIOM CKDBITOM cJioe: CpeaHss aOcomoTHas ommoKa
0.502 Bt/(Mm K), cpennekBanparuunas omuoka 0.544 Bt/(m K). OtHOCH-
TeJIbHAsI CpPeTHEKBa[paTHYHAs OIMMOKA MPU 3TOM COCTABISIET MOPSIKA
3-5%, 4TO MO3BOJISET TOBOPUTH O JOCTATOYHO XOPOILIEH TOYHOCTHU BbI-
OpaHHOTO MOJIXOIA.

Paboma evinonnena npu noooepocke POOHU (npoexmur 19-29-03051
mr u 18-29-03100 mx). Ilpu npogedenuu pacuemos Ucnoab308AJCs Gbl-
yucaumenvrulll knacmep OUI UY PAH.
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AHHoTanusi. B pabore umccnemyercs aHM30TpomHMs CBOOOIHON SHEprun
I'enbpMroneiia B MEXaHUYECKH HANPSDKEHHBIX CTPYKTYpax TeTparoHaJIbHOH (a-
361 TMOKCHA TaHUS C TPUMEHEHHEM PacyETOB U3 MEPBBIX ITPUHIINIIOB.

KroueBble cnoBa: anoxcupa radHus, cBoOonHas 3Heprus [erxpMrosnsiia,
pacy€Thl U3 MEPBBIX IPUHINIIOB, MEXaHUYECKUE HAIPSDKCHUS.

Juokcun radHUS M3BECTEH KakK NEpPCIEKTHBHOE MaTepHaloBeade-
CKO€ PElLlICHNE B COBPEMEHHON MHUKPO3JIEKTpOHKKe. B HacTosmee Bpems
JUOKCHUJ raHUS MPUMEHSIETCS HE TOJIBKO KaK JU3JIEKTPHUYECKHNA CIOH B
MHUKpPOCXeMax JTUHAMHYECKOW MaMATH, HO M pacCMaTpUBAeTCs KakK 3ame-
Ha JAMOKCHIY KPEMHHS B KauecCTBE IOA3aTBOPHOIO AMINIEKTPHUKA U KaK
(YHKIMOHANBHBIN CIIOH B CETHETORJIEKTPUUECKON U PE3UCTUBHOMN mams-
i [1-3]. KoHeunsle cBoiicTBa MIEHOK Ompenenstorcs (pa3oBbIM cOCTa-
BOM JIuOKcuAa radHHs, KOTOPHIM MMEeT TPH NPAKTHUECKH 3HAUYHUMBIE
KpHcTaIUIorpaguyeckue MOAU(PUKAINN: MOHOKIMHHYIO, MOJSPHYIO Op-
TOPOMOMYECKYIO M TeTparoHaIbHYI0. MeTacTaOnibpHas MOMSPHAS OPTO-
poMOudeckas ¢aza 0OycCIaBIMBaeT CErHETORJIEKTpuuecKuil 3¢ dekrt, a
MOBBIIICHHAS JIOJISl TeTParoHaJbHOH (pa3bl MPUBOAUT K POCTY IHAJICK-
TPUYECKOM MPOHUIIAEMOCTH.

TerparonanpHast Qasza quokcuzaa radHUsI TECHO CBsi3aHa C OPTOPOM-
Ouueckoit, koropas (HOpPMUPYETCSI MMEHHO W3 TeTparoHajJbHOU (a3bl
t-HfO, [4]. Takum o6pazom, t-HfO, BamseTr HEe TOIBKO Ha JMIIEKT-
PHUECKYIO IPOHUIIAEMOCTh, HO M1 KOCBEHHO — Ha CErHETONIEKTPUIECKHE
cBolicTBa IUIEHOK. Tpebyemble cBoiicTBa M ()a30BBI COCTAaB CTPYKTYP
HfO, nmocturarmoTcs crnenuambHBIMH peXUMaMHU TEMIIEpaTypHOH oOpa-
0O0TKHM, N3MEHEHHNEM CTEXHOMETPHH IUIEHOK U BHECEHHEM Ha TPaHULE C
JIEKTPOJIOM MEXaHUUECKUX HaNpsKEHUH, IIPU TOM BaXKHA HE TOJIBKO MX
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BEJIMYMHA, HO U KpUCTaiorpaduyeckas mIOCKOCTh, B KOTOPOH OHU BbI-
3BaHbI [5]. Takum 00Opa3oM, YMCIIO BO3MOKHBIX KOMOMHAIMK (haKTOPOB
CTOJIb BEJINKO, YTO MPEJCTABISAETCS 3aTPyAHUTENBHBIM UCCIIEIOBAHNE UX
BJIMSHUS 3KCIIEPUMEHTAIbHBIM IIyTEM, B CBSA3M C YE€M B HACTOALIECH pa-
00Te yKa3zaHHOE HCCIICJOBAHUE BBIIIOJIHEHO METOJOM MaTeMaTHYECKOTO
MOJEIUPOBAHUS.

IlocraBneHHas nenp pemieHa MyTéM pacuyéra CBOOOAHOM 3HEpruu
I'enpMronpua cBOOOAHONW M MEXaHUYECKU HAMPSKEHHBIX CTPYKTYDP TET-
paroHanbHOW (hazel muokcuaa raduus npu Temmepartypax mo 2000 K ¢
[IPUMEHEHUEM PAcYETOB U3 IEPBBIX IPHUHIIUIIOB.

CBoOonHast sHeprus [ 'enpMronpia HaxoIuIach 1o Gopmye:

F=U+U"T)-TS (D)

riae U— sHeprus ocHOBHOTo coctosuus, U'(T) — BKiaj GOHOHHBIX KO-
nebanuii pu temnepatype 7, T — abcoitoTHasl TeMieparypa, S — KOH-
(buryparnroHHas SHTPOIHSI.

Brluucnenus BBINOJIHEHBI B NPOrpaMMHOM  KoMiuiekce Quantum
Espresso v. 6.3 [6] ¢ nmprMeHeHHEM 00MEHHO-KOPPESIIMOHHOTO MOTEH-
nuana [7] w mceBmomoTeHIManoB TadHUA W Kuciaopoma [8], ceTku
Momnkpycra-Ilaka 4x4x4 u 06a3uca MIOCKUX BOJH C JHEPTUSIMH OO
200 Ry = 2720 3B na mMommHocTsX ['MOPHIHOTO BBEICOKOIIPOU3BOIUTEIb-
HOro BEMmciuTenbHOro komruiekca ('BBK) B cocrase IO ®UIL UY
PAH.

Ha puc. 1 mokazano, kak cMmelaercsi ypoBeHb CBOOOIHOW HEPTHU
I'expMronbpLa B 3aBUCUMOCTH OT XapakTepa MEXaHWIECKUX HaIPSKEHUH
B TETParoHaJIILHON (pa3bl OTHOCUTENBHO HEHAMPSIKEHHOM CTPYKTYPHI.
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Puc. 1. Cmernienne ypoBHs CBOOOIHOW HEPTUHU HANIPSDKEHUSX COKATHS
U PACTSDKEHHS B PA3INYHBIX KPHCTALIOrPAQHISCKHX MIOCKOCTAX
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Kax BuHO U3 MOTy4eHHBIX KPUBBIX, TOJIBKO TAHYIIHE HAMPSDKEHUS B
B miockocTsx (011) u (111) ymeHpmaoT cBOOOAHYIO SHEpPrur0 I enpm-
roJbla U AeJalT CTPYKTYpy Oosiee TepMOANHAMUYECKN CTa0UIBHOM.

Ha puc. 2 mokasana 3aBHCHMOCTH CMEIIEHHUS YPOBHS CBOOOTHOU
SHEpPruM ['enbMrosipia OT BEIWYUHBI TSIHYIIETO MEXaHMUYECKOTo HaIps-
xenus B mwiockoct (011). Kak BUaHO U3 moiydeHHOTO Tpaduka, moiy-
YeHHas 3aBHUCUMOCTh HEMOHOTOHHA M MMeeT dKcTpeMyMbl. Kpome Toro,
B Juana3oHe HampsbkeHud ot 3 po 7.5 I'Tla yBenndeHue temmnepaTypsl
COTIPOBOXKJIAETCSI POCTOM CBOOOJHOM JHEPrUM B TO BpeMs, Kak B
OCTaJIbHOM JHMara3oHe HaNpsHKEHHH MMEEeT MeCTO oOpaTHas CBs3b. AHa-
JIOTUYHAsl 3aBUCUMOCTb IMOJy4Y€HA MAJi1 3aBUCUMOCTH HANpsSOKECHUN B
miockoctr (111).

Puc. 2. Cmemenne ypoBHs CBOOOAHON HEPTUH IIPU TAHYIINX HANPSDKEHUAX
B Kpuctautorpadudeckoit miockoctu (011)

B pabote BBINONHEHO MOIEIMPOBAHWE MEXaHMUYECKH HaNpsLKEHHBIX
CTPYKTYp TeTparoHalbHOU (a3bl auokcuna rapuus. [lokazaHno, 4to T4-
HyIIWe HampsDKeHus B Kpucramiorpaduueckux miockoctax (011) u
(111) mpuBOIAT K YMEHBIICHHUIO CBOOOIHOHN 3Hepruu ['eapMroibua ot-
HOCUTENIbHO HEHanpshKeHHOW cTpykTypel t-HfO,. B ykazannbix
IUIOCKOCTSIX 3aBUCHMOCTb CMELIEHUSI YPOBHS CBOOOJHOI SHEPIUy UMeeT
SKCTPEMYMBI U IPH (PUKCUPOBAHHOM HaNpPsDKEHUH M3 JUana3oHa oT 3 10
7-8 TI'Tla poct TemmepaTypbl YBEIUYHMBAaeT CBOOOIHYIO 3Hepruto. [lpu
(ukcupoBanHOM HampspkeHun mo 3 [Tla mm 6onee 8 I'Tla poct
TEMIIEPaTypbl COMPOBOKAAETCSI YMEHBLICHHEM CBOOOAHON 3HEprueit
I'ensmronsna.
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AHHoTauusi. B manHO# paboTe mpencraBieHa pa3paboTka (QyHKIHOHAIA
MIPOTPaMMHOTO OOECTIEYEeHUs AJIsI MOJIEKYJISIPHO-TMHAMHUYECKOTO MOIEIHPOBa-
HUSI CTPYKTYpPHBIX CBOWCTB OKCHJIOB, JISKAIIMX B OCHOBE Pa0OTHI SlUEEK pE3U-
CTUBHOM MaMATH.

KnioueBsbie cioBa: MONEKymspHas ITUHAMHKA, KOMIBIOTEPHOE MOJIEIHPO-
BaHMe, ITapamMeTpuiecKas Bepudukanus, notennuail Tepcodda, OKCHIbI.

BBenenue

MonekynsapHO-TUHAMUYECKOE MOJCIUPOBAHUE MPUMEHSETCS B CIy-
yasx, KOTJla HaTypaJbHBIM 3KCIEPUMEHT HEBO3MOXKEH, OYEHb CII0KEH
win Tpedyer OonpImmX 3arpaT. JaHHBIA MOAXOHA SBIACTCS OJHHUM W3
HaIpaBJICHUM MaTeMaTUYECKOr0 MOJEIUPOBaHUA, KOTOPBIM ceiyac uc-
MOJIb3yeTcs A0BOJBHO YacTo. CyTh MOAX0JAa COCTOUT B OTCIEKHMBAHUU
MOJIOKEHUI aTOMOB B IPOCTPAHCTBE C TEUEHUEM BPEMEHHU.

MMapamerpuyeckas naeHTHPUKATMS

UToObl TPOBECTH MOJIEKYISPHO-JUHAMUYECKOE MOJETHPOBaHUE
IOBIDKEHHS aTOMOB B KPHUCTAJUIMYECKOM peleTke, TpeOyeTcs peluTh
HOpMaJibHYI0 cucteMy Ko npencraBnennyro B ypaBuenu (1).

UToOb!I BBIUMCINTH MpaBble YacTH, HY>)KHO UMETh MOTEHIMAJ C KOp-
PEKTHBIMU IapaMeTpam. BaXHO MOHMMAaTh, YTO IUISI MOJECIMPOBAHHUS
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CIIeyeT UMETh «IIPAaBUIBHO» pabOTAIOMMKA MOTEHIIHAN, TO €CTh MOTEH-
[IHAJT CTIOCOOHBI MaKCHMAaJIFHO TIOJTHO BOCIIPOM3BECTH OCHOBHBIE CBOM-
CTBa CUCTEMBI.

dvf‘ _ aU;
Loat - dx;
m dviy an
J Lde Ay; (1)
dv? aU;
m,_": —_ 1
Lot 0z;
Wi _ox Wiy 3%z
dt L ae L’ at t

B xauecTBe memoHCTparuu padoTaromero (GpyHKIIOHAIa POTrpaMM-
HOro oOecmedeHus: A MOAETMPOBAHMS CBOIMCTB OKCHIOB METaJUIOB
ObuT BBIOpaH M3MEHEHHBIH moTeHman Tepcodda, KoTopslil paccMarpu-
BaJics B cTaThsx [1] u [2]. Bua noteHuuana npeAcTaBieH B YPaBHEHUAX

(2)-(3):
. .u. .
Uy = LiXjty Z &; (1)
2 i

U;j = Uggpij T Usnrij t Uonij T Uvpwij (3)
Upgpij = fsijAij exp(—2y7i;) )
Usurij = —fsijbijBij eXp(_#ijrij) ®

fLijUiﬂjQin
uIONi]‘ - TOTU (6)

_ _ frijyCvpwiCvpw;

Uypwij = ——— % > (7

5

rae Up sBAseTcst SHEPrueil CUCTEMbl aTOMOB; U;j — 3TO DHEPIUs CBA3U
MEXKIy aToMaMu [ W j; ¢b; ABISETCS DHEPrUel atoma i; Ugpppij, UsHTij>
Ujonij B Uypwij — OTO DHEPTHH OTTAJIKHBAHMS, OJNMKHETO TOPSI/IKA B3aH-
MOJICHCTBUS (COCTOUT U3 SHEPTHH KOBAJIEHTHOH CBS3M M DHEPTUH METaj-
JUYEeCKON CBs3M), MOHHON CBS3W M B3aMMOACHCTBHsA BaH-mep-Baanbca,
COOTBETCTBEHHO. boliee moApoOHO BUI MOTEHIMANIA OMTUCAH B CTaThsX [1]
u [2]. JanHbI# BUI OTEHITHANA OBUT BEIOpaH HaMU JIJIS H3yUYESHIsI CBOMCTB
KPUCTAJUIMYECKUX U MOBEPXHOCTHBIX CTPYKTYP Ha OCHOBE OKCHIIOB LIUp-
KOHMS M Ta(HHs, MOCKOJIbKY TaKHe MaTepHalibl B HACTOSAIIECE BpeMs aK-
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THBHO TPHUMEHSIOTCS I TIOCTPOCHHS STYECK PE3UCTHUBHOU TIaMSITH
(MEMpPHCTOPOB) ISl BBIYUCITUTENFHON TEXHUKHA HOBOTO TIOKOJICHHS.

VY nmoTeHIHuaNoB MEXaTOMHOTO B3aUMOJEUCTBUS CYLIECTBYIOT MHIU-
BHUIyJIbHBIN HAOOp IMapamMeTpoB, 3HAYCHHUS KOTOPHIX YHUKAIBHBI IS
KaXaoro marepuaia. HaxoxkmeHue Taknx HaOOpPOB Ha3bIBaeTCS IMapa-
METPUYECKON UACHTU(UKAIIUEH MOTeHIIMANIa MEKaTOMHOTO B3aUMO/ICH-
cTBUs. MaTtemaTudeckas MOCTaHOBKA JTAHHOM 3a/1adu mpuBeneHa B [3] u
[4]. dns ee pemenns TpeOyeTcs HAWTH BEKTOP TapaMeTPOB MOTEHIHATIA,
MIpeICTaBICHHLIN B ypaBHeHHUH (8)(9), MPU KOTOPOM JAOCTUTACTCS MUHU-
MyM (pyHKIHMOHAA, TPEACTABIEHHOTO B ypaBHEHHH (9).

E=(&,...&) EX, X S R¥ ®)

SN2 < \2
(fl(g);fl) +"'+wn (fn(f);fn) = min (9)
fl fn

Crnenyer moHMMaTh, YTO 3a/Jaya MapaMeTPUUECKOW MICHTU(PHUKALUU
SIBIISIETCS. MHOTOJKCTpeMaIbHOU. [10CKOJIbKY MUHHMHU3UPYEMBbIH (DyHK-

F(§) = wy

nuoHanr F (.fl, s .fk) SIBJIICTCS CIIOKHOW (YHKIIMEH ¢ MHOXKECTBOM JIO-

KaJbHBIX MHHUMYMOB, HEOOXOIMMO TNPHMEHEHHE INPEIBAPUTEIHLHOTO
MIOWCKA HayaJIbHBIX MPUOJIMKEHUH, KOTOPBIM MOXKHO ITPOBECTU HECKOJIb-
KAMH CcII0cO0aMH, HamlpUMep, BEpOSTHOCTHBIMH MeTogamMu MoHTe-
Kapno wnn MeronamMu CKaHUPOBaHHS, MMMTAIUU OTXHra, MPHUMEHSA
TEHETUYECKHE aNTOPUTMBI M APYTUMHU. B kadecTBe BXOAHBIX IapaMeT-
POB HYXHO 3aaTh YHCJIO TOYEK (A7 CIy4allHOTO TOHMCKa) MM pa3Mep
CeTKH MO KaxJ0i mepeMeHHOW (111 MeTo/la CKaHMpOBaHUsA). MoXHO
UCIOJIb30BaTh PaBHOMEPHO-PACIPEIENECHHBIE NICEBIO-CITyYaiHbIE YUCIIa
MO0 KaKAOH M3 KOOpPOWHAT B Ipefeiax TpaHHul o0JacTH AOIMYCTHMBIX
3HauyeHui. C TIOMOIIbIO TaHHBIX METOJI0B TEHEPUPYIOTCS TOCIIEA0BATENb-
HOCTH CIIy4ailHbIX HayaJIbHbIX NMPUOIIKEHUI B MHOXECTBE JOITyCTUMBIX
3HaueHu# Y. Ilpennonaras, 4ro B pe3yibTaTe MEepBOro 3Tana Moucka Oblia
HalJiIeHa TOYKa CO 3HAYEHUAMHU MapaMeTPOB (951, . §k) € Y nmocratouHo
ONMU3KUMH K TI00aJbHOMY MUHHMYMY, MOYKHO MEPEHTH K CIIeIyIoLeMy
3Tamy NoucKa. 3/1eCh MPUMEHSIOTCS METO/IbI JJOKAJIbHOW MUHUMM3ALUN —
MeTobl XyKa-/[KuBca U IpaHyJIIpHOrO MOKCKA, KOTOPBIA IPEACTaBIeH
B cTaThe [5].

Bepudukanus noxy4eHHBIX MapaMeTpoB MOTEHLUANa IJIsi MOCeny-
IOIIETr0 HCIOJB30BAHNSA B MOJEKYJSIPHO-AMHAMHUYECKOM MOJEIHPOBa-
HUM TPOBOAMIIACE HA OCHOBE HA0Opa JaHHBIX, B3ATHIX M3 HKCIIEPUMEHTA
1 pacyeToB Ha OCHOBE MEPBONPHUHIIUITHBIX METOJIOB.
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BriBoabl

Takum oOpazoM, B JaHHOW pabOTe MPEACTaBIICH YHHUBEPCATLHBINA
(YHKIIMOHAJI MPOrPaMMHOTO OO0ECIIEYeHHs, CIIOCOOHOTO MPOU3BOAUTH
MapamMeTPUUIECKyI0 HASHTU(DUKAINIO U BEPU(PUKAINIO TapaMeTPOB TIO-
TeHnuamna. [IporpaMMHBIN MakeT SBIIIETCS MPOAODKCHHEM paboThI [6] 1
HamucaH Ha si3blke C++ C HCIIONIB30BAaHUEM METOJIOJIOTUH OOBEKTHO-
OPHUEHTHPOBAHHOTO MPOTPAMMHUPOBAHUS ¥ MMAPAUICTHHBIX BEIYHCICHUH.
Kpome Toro, oH mo3BoJsieT B ciaydae HEOOXOAMMOCTH CHIEIaTh 3aMEHY
MOTEHIMalIa C TOMOIIBI0 BBEJCHH HOBOT'O Kjacca.

Paboma evinoanena npu noodepoicke PODU, npoexm Ne 19-29-
03051 mx u npoexm Ne 19-08-01191 A.
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DEVELOPMENT OF A FUNCTIONAL BASED ON TERSOFF
POTENTIAL TO MODEL THE PROPERTIES OF OXIDES

A.V. Grevtsev, K. K.Abgaryan, D.I. Bajanov

Abstract. This work presents the development of software functionality for
molecular dynamics simulation of the structural properties of oxides, which are
using for the operation of resistive memory cells.

Keywords: molecular dynamics, computer modeling, parametric verifica-
tion, Tersoff potential, oxides.
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AHHOTanusi. B paboTe BBINONHSAETCS UMUTAIIMOHHOE MOJIEIIMPOBAHUE TPO-
reccoB aAudPpy3un HOHOB METAIUTMIECKOTO Oapbepa B low-k MHIIEKTpUK MEXITy
JIBYMSI METHBIMH JIMHUSIMH.

Karouessie cioBa: low-k auanexrpuk, TDDB.

BBenenue

CornacHo MeXIyHapOoJHON JOPOXKHOM KapTe JJis yCTPOWCTB U CH-
creM (International Roadmap for Devices and Systems — IRDS 2020),
BpeMeHHOH mpoOoit muanektpuka (Time-Dependent Dielectric Break-
down — TDDB) siBAsieTcs OJJHOW M3 OCHOBHBIX MPOOJIEM, TPUBOISIINX K
oTka3y cBepxOompmux uHTErpanbHbIX cxeM (CBUC) [1]. BpemenHoit
MpoOOH MUANIEKTPHKA 3TO MEXaHHW3M OTKa3a B CHCTEME METaILTH3alliH,
pyd KOTOPOM TpoOOH TUIICKTPHKA — pe3ybTaT JAIUTEIBHOTO BO3EH-
cTBUA dJeKTpudeckoro mois. [Ipwaunoit TDDB npenmnonaraetcs ¢Gop-
MUPOBaHHUE MPOBOSILIETO CJIOS JOBYIIEK B AUDJIEKTPUKE, COCTUHSIONIE-
ro gaBe Onuznexamue MeETAUIMYeCKue JHUHUM (IEeKTpoaa), dUTO
BITOCJIEZICTBUY MPHUBOINT K CYIIECTBEHHOMY YBENHYEHHUIO Toka. CumnTa-
€TCsI, YTO JIOBYIIKU (IIEHTPHI JIOKATH3AIUHA TYHHEIHPYIOIIUX SJIEKTPO-
HOB U3 DJIGKTPOJIOB) (hOpMUPYIOTCS 3a cueT auddy3un MOHOB METaJLIH-
geckoro Oapeepa [2]. JIokasbHAsS MPOBOIUMOCTh MEXKIY MEIHBIMHU
JUHUSAMU OMNpPENENsieTCS BEPOSTHOCTBIO MPBDKKA DIEKTPOHA MEXKAY
Oy KalIIMMK IIEeHTpaMU, KOTOpasi, B CBOIO 04epe/ib, ONpeesieTcs] KOH-
IEHTparyel HOHOB MeTammieckoro 6aperepa C(x,),t) B paccMarpuBae-
MoM cioe [3]. Ilpu 3ToM u3-3a pa3HUIBl B PACCTOSTHUM MEXAY LIEHTpa-
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MH, IIOJIHO€ COIPOTHUBJIEHHE IIPOBOJILETO IyTH ONpPENesAeTCd MHUHU-
MYMOM yKa3aHHOMW BBIIIE KOHLIEHTPALUH.

MopeanpoBanue BpeMeHHOT0 NPOo00s IMJIEKTPHKA

HopMmupoBaHHYI0 MHUHHMAIBHYIO KOHIIEHTPAIMIO HOHOB METajia
MOJKHO OTIpEAeNUTh, UCXOMAA U3 ypaBHEHHs U dy3un U apeiida nOHOB
B 2JIEKTPUYECKOM II0JIe U IPAaHMYHBIMH YCIIOBHSAMH Ha 3JeKTponax [4].
[pencrapnennple Ha puc. 1 pacyeTsl HOPMHUPOBAHHOW KOHIICHTPAIHH
HMOHOB METAJUTHYECKOTO Oapbepa MeXIy IByMs OJNM3JICKAIIUMHI METHBIMU
TMHUSIMA (TIpU (PUKCUPOBAHHOM PACCTOSIHUM MEXIYy HUMH) B 3aBHCHMO-
CTH OT BpEMEHH MpoBOAWINCH B mporpamme COMSOL Multiphysics®
(3Ha4YeHMsT BXOMHBIX MapaMETPOB MOJCIMPOBAHKS MOKA3aHbl BBEPXY
puc. 1) [3]. U3 rpaduka 3aBHCUMOCTH HOPMHPOBAHHONW MHHUMAILHON

norm

KOHIIEHTpauy oT BpeMenn C™" (t) MOXHO OLIEHHUTb BpeMsl 10 mpodos

mudsexrpuka (Time to Failure — TTF) npu ycnosun C ™t~ 1 (o6macth

norm
onpenenenus TTF ykazaHa Ha puc. 2). B nanHom ciyuae 3nadenue 717F
cocraBisier mpumepro 1.2x10° cexynn (= 3.85 ner). TpeGyembie mapa-
METPHI ISl MOJISIIMPOBAHUS M3BIIEKAIOTCS W3 DKCIIEPUMEHTAJIBHBIX J1aH-
HBIX AU PY31uH HOHOB METAJUINYECKOTo Oaphepa B AUINEKTPUK [6].
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Puc. 1. Pacr[pe)leneHI/Ie KOHICHTPpAIU NOHOB METAJUIMYCCKOI'O 6apLepa
MECKAY ABYMA 6J'H/I3J'I6)KaIIII/IMI/I MCIHBIMHU JIMHUAMHA
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BpIBoabI

B nmaHHO# paboTe mpencTaBieH METOJ OIEHKH BPEMEHH JI0 MPo0os
nopuctoro audiekTpuka B 3nementax CBUC, ucxons u3 maremaruue-
CKOI MOJeNny pacrpeieneHusi HOHOB MeTaJuIndecKoro Oapbepa B MaTe-
puaie MEXAy ABYMs ONHM3JICKAIMUMU METHBIMH JIMHUSAMH. JlOmoIHU-
TENbHO, B pabOTe NPOM3BEACHBI pacueThl 3aBucuMoctu 1TF ot
pacCTOSHUS MEXKAY IBYMS ONHM3IICKAIIMHI METHBIMA JTMHUAMH, a TaKKe
B 3aBUCUMOCTH OT '€OMETPUU TOMOJIOTUU CUCTEMBI METAJUIU3ALUH.
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SIMULATION OF THE TIME-DEPENDENT DIELECTRIC
BREAKDOWN IN THE METALLIZATION SYSTEM
OF INTEGRATED CIRCUITS OF THE MODERN
TOPOLOGICAL LEVEL

A.A. Orlov, A.A. Rezvanov

Abstract. In this work, simulation modeling of processes of the dif-
fusion of ions of a metal barrier in low-k dielectric between two copper
lines is performed.

Keywords: low-k dielectric, TDDB.
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! UTMex PAH, 2. Mockea

AHHoTanmsi. PaccMOTpeHBI 1Ba BapuaHTa KPUCTAIUT3aTOpa: B TIEPBOM pac-
TBOP TMOJAETCS K LEHTPATBHONW YacTH KPUCTAIIa, BO BTOPOM MMEET MECTO Iie-
pudepuitHas mogaga pactBopa 1o MepUMETPy KPHCTaJUTN3aToOpa, MO3BOJISIONIAs
CO3JaTh €ro 3aKpy4YeHHOE TeueHHe. PacueTHbIE MOJENH COOTBETCTBOBAIM Ja-
MHHApHBIM U TypOyJCHTHBIM PEKUMaM TEUECHUsI pacTBOpa NPH BHIPALIMBAHUN
cvemanaoro kpucrtamia KCNSH u3 cmecn IByX BOAHO-CONIEBBIX PAacTBOPOB
(xo6anproBoit KCSH u nuxenesoit KNSH coreit).

Knro4eBble cjI0Ba: pOCT KPUCTAJIJIOB, BOAHO-COJIEBBIE PACTBOPHI, MEPECHI-
HIeHUE, THIPOMEXaHHKa.

BBenenue

@dyHnaMeHTaIbHON Hpo0IeMOl BbIpalllMBaHUsl KPUCTAIOB U3 pac-
TBOpA SIBJISIETCS YNpaBJeHUE MPOIeCCaMH THAPOAMHAMHUKH M Maccoo0-
ME€Ha B KPHUCTAJUIM3aTOPax CIIEIHUAIBHBIX CIOKHBIX KOHCTPYKUIMH. JTa
npobiemMa OCIOXKHSAETCA TEM, YTO Ha MPAKTUKE YacTO BBIPALIUBAIOT KPH-
CTaJuIbl M3 PacTBOpa, BOBICUEHHOTO B TYpOYJEHTHOE TeUeHHE 3a CUET
Pas3INYHBIX MEPEMEIINBAIOIINX YCTPOICTB, BPAIllEeHUs CaMOT0 KpUCTal-
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Jla, BBICOKOCKOPOCTHOM TOJadM pPacTBOpa B KPHUCTAJUIM3ATOP U T...
TpaguuoHHBIH CITOCOO YBENWYEHHS CKOPOCTH POCTa KPUCTAIUIOB 3a-
KIJIIOYAETCS B NMPUMEHEHUU BBIHYKICHHOH KOHBEKLUUHU ISl YCKOPEHHS
MaccorepeHoca B pactBope. OOBIYHO HCIIONB3YETCSI METOJI PEBEPCHUBHO-
ro BpallleHMs pacTylero kpuctauia. KoHBeKIUs MOKET KaK yBEIHYUTh
CKOpPOCTh POCTa, TaK W YCHJIUTH MOP(OIOTHYECKYI0 HEYCTOHYHBOCTH
MOBEPXHOCTH KPUCTAIIIA, YTO MOXKET yXyAIIUTH €r0 Ka4eCTBO.

BrnusiHue ruapoauHaMHKH Ha KUHETHKY IPOLIECCOB Ha POCTOBOU
TIOBEPXHOCTH OINpEeNeNseTcsl BIUSHUEM CKOPOCTH IMOTOKa pacTBOpa Ha
TIepechIIIeHNe Ha TPaHW KPUCTAUIa W 3aBHCHMOCTBHIO TaHTCHIMATbHOU
CKOPOCTH JIBWXKEHHUSI CTyIIeHEe! oT nepechinienus. HeonHoponHoe pacope-
JIeTICHUE TIePECHILICHUsI BJIOJIb TPaHHU MPUBOAMT K (PIYKTyalrsM CKOPOCTH
CTyneHel 1 MOp(OIOTHIECKO HEYCTOHYNBOCTH MIOBEPXHOCTH.

[IpoBeneH psia SKCIEpUMEHTANBHBIX U TeopeTudeckux [1] uccuemno-
BaHUIl C IIENBI0 ONpeeNeHNs] BIUSIHNS KOHBEKIIMHM Ha HEYCTOWYMBOCTH
pocTa TpaHu U oOpa3oBaHue BKIIOUYeHMH. [lokazaHo, 94TO HampaBieHHE
TEYEeHHS IOTOKA PacTBOpa BOJHM3H TPaHUIIBI PACTBOP-KPUCTAIUT B 3HAUH-
TEJILHOW CTENEHH BIIMSET Ha BO3HHUKHOBEHHE MOPQOJIOrHMYEcKON He-
ycToiunBOoCTH. ECiM TOTOK HampaBieH NPOTHB JIBUKEHHS POCTOBBIX
cTymeHel, To Mopdolorudeckass YCTOWYHBOCTh TPaHH COXpaHSIETCH.
HanpoTuB, TedyeHue pacTBopa IO HAIPaBIICHUIO JABMKEHHS CTyNeHen
MPUBOANT K €€ HEYyCTOMYMBOCTH. OKCHEPHMEHTAIBHOE OIpe/eIeHre
pacmpeneseHus] MOBEPXHOCTHOI'O IMEPECHIICHUs 3aTpyIHUTENbHO, II0-
9TOMY OOJBIIYIO POJb WIPAET YHCICHHOE MOJICIIMPOBAHUE TCUCHHS U
MaccoIepeHoca MpH POCTe KPUCTAIIIOB U3 PacTBOPA.

MOI[eJIHpOBaHI/Ie THAPOMEXaHUKHU
MPH POCTE KPpUCTAJJIa U3 pacTBOpa

B [2] 6b110 TIpOBEIEHO YHCTICHHOE MOJEIUPOBAHNE BIUSHUS XapaKTe-
pa THAPOJMHAMUKH B MPOTOYHOM KPHCTAJUIM3aTOpPE Ha paclpeacicHHe
COJIEBBIX KOMITIOHEHTOB pacTBOpPA BAOJb pACTyIIEN rpaHu KpucTaia. Pac-
CMaTpUBaJiach cXeMa KPHUCTAJUIU3aTopa, peau30BaHHas B HCIOJIb3yEeMON
YCTaHOBKE TEMIIEPAaTYpHOTO Mepenaga MpH POCTe KPHCTALIA «CBEPXY
BHH3», KOTJIa pacTBOP BTEKAeT BEPTHKAJIBHO BBEPX U3 TPYOKH B HIDKHEH
OTKPBITOW YacTH IWIMHAPUIECKOTO COCYa C 3aJ]aHHOI CKOPOCTBIO M 00-
TEKaeT MOBEPXHOCTh PACTYIIEro KpHcTawia. PaccMaTpuBamich BapHaHThI
MOAa4YH pacTBOpa B IEHTP KPHCTAJIA, a TAaKKe 2 BapuaHTa MMOJauH MOTOKa
C 3aKpyTKOH CTPYH: NP MOMOIIM BUHTOBOI HACa/IKM Ha TPYOKy IMUTaTeIIs
Y 10 KacaTeJbHOH K cTeHke GpopmMooOpa3oBaress o HaKIIOHOM K BEPTH-
KanbHOH ocu. U3-3a pasnuipl kodpduuuentoB nuddysun coneit Co n Ni
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HEOJHOPOIHOCTh COCTaBa PacTBOpa BJOJIb I'PAaHM KPUCTAJUIa BapbUPOBa-
nack B mpenenax 0.1 at.%. IIpoBeaeHHbIE pacueThl NOKa3aJId, YTO LIEPO-
XOBaTOCTh TOBEPXHOCTH KPUCTALUTU3AIMK TPUBOAUT K OOpPa30BaHHUIO
MHOJKECTBA MEJIKHX BUXpEH BOIM3H Hee. ITO, B CBOIO OUEPE.lb, BIHSCT Ha
MaccoOoOMEH Ha TPaHHUIE PACTBOP-KPUCTAIUI, YTO MPHUBOAHUT K OTIMIHIO
paauaibHBIX pacnpeiesicHU KOHUEHTpaluu NpuMece U ypoBHEH mepe-
CBINIIEHUS COJSIMA. TaK, ecIiv TpH TJIAAKOH ITOBEPXHOCTH KPUCTAILTU3AITAN
W3MEHEHHNE TIEPECHIIEHUS CHIDKAETCS TJIABHO 0 Mepe yIaleHUs OT OCH,
TO TIPH IIEPOXOBATON MMEIOT MECTO KOJCOaHUs MEPECHIIECHHs], COOTBET-
CTBYIOIIHE HEPOBHOCTSIM TIOBEPXHOCTH.

o HacTosIero BpeMeH! MOAETUPOBAINACH TOJIBKO JJAMHUHAPHBIC Te-
YEHHUSI PacTBOPA, COOTBETCTBYIOIINE TOKPUTHUECKUM dYHCIIaM PeitHob-
nca Re. OcobeHHOCTH BIUSHUS TYpOYJICHTHOTO TEYCHHSI Ha TIPOIECC
KpHCTaJUTH3aIlii M3 pacTBOpa pacCMOTpeHBI B padorte [3]. s sToro
OBUIM MCIOJIB30BaHbI JIAHHBIC I PAa3BUTOrO TYpOYJIEHTHOTO PeXUMa,
pearn3yemMoro B YaCTHOM Cllydae — JUIsl T€YeHHS B TJIaJIKON TpyOe mpu
oompmux gucinax Re. Ha mx ocHOBe ObUHM chenaHbl HEKOTOPHIE OOIIHe
BBIBO/JIBI JIJISl KPUCTAJLIM3AIMK U3 PACTBOpA JUIS TYpOYJIEHTHOrO 00TeKa-
HUS TIOBEPXHOCTH KPUCTAJUIM3AIMH. OTH BBIBOJBI SIBISIIOTCS OCHOBOW
JUTST TIPUMEHEHHS Pe3yJbTaTOB MOJEINPOBAaHUS TYypOYJICHTHOW THUAPO-
JMUHAMUKH K BBIPAIIMBAHUIO KPUCTAIIIOB U3 PA3IMYHBIX KPUCTAJUIU3ATO-
poB [4]. B manHoi#t paboTe poBEIEHO YNCICHHOE MOJEITHPOBAHKE TIPO-
1ecca ¢ y4eToM Pa3HHIBI B KO3 (UIMEHTaX pacrlpeesieHHs] COJEeBBIX
KOMIIOHEHTOB. PaccMaTpuBaiuCh BapuaHThl C LEHTPAIBHON W mepude-
puiiHOM (IT0 KacaTeIbHON) Tojadeil pacTBopa.

CxeMa pocTOBOTO Mpoliecca ¢ LEHTPAIbHOU MMoAauel pacTBOpa MoKa-
3aHa Ha Puc. la: pactBop (3) BTekaeT BEpTHKAILHO BBEpX U3 TpyOkw (1)
C JIHa IMJIMHAPHYECKOro cocyna (2) mpu 3aJaHHON CKopocTH Vi, n 00-
TEKaeT IMOBEPXHOCTh pacTyiuero kpucramia (4). OcaxaeHue coleli Ha
MOBEPXHOCTh KpHCTasIa 00ECIeUYNBACT €ro HapallMBaHUE CBEPXY BHU3
10 BCEMY HMaMETPy COCyaa. 3aTeM «OTpaOOTaBIIHID» PACTBOP BHITEKAET
yepe3 OTKPBITYIO YacTh AHA cocyna (5). Pazmepsl kpucraimn3aTopa: BbI-
cota H = 0.04 M, nuamerp D = 0.03 m. Auamerp TpyOku (1) c BTekaro-
M pactBopoM d = 0.003 m.

Jns vaTeHCHUKAMK TTpoIecca THAPOUHAMHUKY ObLIIa pACCMOTPEHA
MoJzieNnb ¢ nepudepuitHol momayel pacTBOpa B KPHCTAIM3aTOpP, MOKa-
3aHHAs Ha puc. 106: / — MIMHIPHUIECKUH cOCy I, 2 — KOJBIIO JJIS BTEKa-
HUSl pacTBopa ¢ KoMmoHeHTamu ckopoctu (V,, V., Vo), 3 — kpucramn,
4 — oTBepcTHE VI CTOKA pacTBopa. IIpUMEHUTENBHO K 3TOM cxeme pas-
MepbI MOJIeNH OBITH YBEITUYEHBI MPOTIOPIINOHANBFHO B 5 pa3. Ilpu coxpa-
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HEHMU TOW K€ CKOPOCTH BTEKAHHUS PAcTBOPAa B KPUCTALIM3ATOP UHCIIO
PeiiHoMb/ICa BO3POCIIO 10 KPUTHYECKOro 3HaueHus Re = 2.25x10°, coot-
BETCTBYIOILIETO TIEpeXoy B TypOYJICHTHBIN pexkuM TeueHus. s pacye-
TOB [IPUMEHEHA CTaHAAPTHAsI k—& MOJIEIb.
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Puc. 1. CxeMBI MaTeMaTHYECKUX MOJIEIIEI:
a — C IIEHTpaJIbHOM U 0 — ¢ mepudepuitHoi moaueii pacTBopa

BriBoabI

[epudepuitnas nogada pactBopa obecneynBaeT 601ee paBHOMEPHOE
pacripeqesieHle COJIEBOTO MEPECHIIEHHsI BIOIb MOBEPXHOCTH PACTYLIETO
KpHCTaJla, 9TO CIOCOOCTBOBYeT 0oJiee YCTOWMYMBOW MOPGOIOTHH TIO-
BEPXHOCTH M, KaK CJIEJCTBUE, YMEHBIICHHIO KOJIHYECTBA ICPEKTOB B
kpuctayuie. [lpu ucciieoBaHuu mpoiecca ¢ mepudepuiiHoNr moaave
pacTBOpa KOHCTPYKIIHSI KPUCTAIUIN3aTOpa OBLTH MPOIMOPIIHOHATIHHO YBe-
mudeHsl B 5 pa3. [Ipu 3ToM HEoOXOAMMEIH ypOBEHb PaBHOMEPHOCTH
pacnpezesicH!s] TEePECHICHUS COJICH BJOJb TOBEPXHOCTH KpUCTaJLIa
coxpamnsiercs. [lo pe3ynpraram pacueToB OblIa M3MEHEHA (hopMa TpyOKH,
Yyepe3 KOTOPYIO OCYIIECTBIISIETCS IMOJIavya pacTBOpa K KPUCTAILLY, JUIS
BO3MOXKHOCTH €r'0 TOJ[auu C 3aKPYTKOM.

Paboma evinoanena na evruucaumenvrou oaze HIlIMex PAH (mema
No AAAA-A20-120011690136-2) npu noodepocke Poccuiickoeo ¢onoa
¢dynoamenmanvuwix uccaiedosanuii (epanm Ne 18-02-00036).
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HYDRODYNAMICS AND MASS TRANSFER
IN SPECIAL CRYSTALLIZER DESIGNS

A.L Prostomolotov, N.A. Verezub

Abstract. Two variants of the crystallizer are considered: in the first, the so-
lution is supplied to the central crystal part, in the second, there is a peripheral
solution supply along the crystallizer perimeter, what provides creating its swirl-
ing flow. The calculation models corresponded to the laminar and turbulent re-
gimes of the solution flow during the mixed KCNSH crystal growth from a mix-
ture of two water-salt solutions (cobalt KCSH and nickel KNSH salts).

Keywords: crystal growth, water-salt solutions, supersaturation, hydrome-
chanics.

YK 538.975: 519.245
https://doi.org/10.29003/m1525. MMMSEC-2020/82-85

BJIMAHUE OBPABOTKHA NOBEPXHOCTH NNOJJIOKKH
HA MOP®OJIOI'HIO GaAs IINTAHAPHBIX HAHOITPOBOJIOK
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AnHoTtauus. [IpeacraBneHsl pe3ynbTaThl IMUTALIMOHHOTO MOJIEIIMPOBAHUS
caMOKaTaIuTHIecKoro pocta GaAs miaHapHBIX HAHOIPOBOJIOK.
KunioueBble ci10Ba: HAHONPOBOJIOKU, CAMOKATATUTHYECKUN pocT, GaAs.
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BBenenue

HNurtepec x mnanapabiM GaAs HaHOMPOBOJIOKAM CBSI3aH C UX COBME-
CTUMOCTBIO C TPAJUIIMOHHON TUIAHAPHOW TEXHOJOTHUEM CO3JaHus MOJy-
MPOBOJHUKOBBIX MpuOopoB. DopMUpOBaHHE HAHOMPOBOJIOK IMPOU3BO-
JIUTCSI B OCHOBHOM C TIOMOIIBI0 XHMMHYECKOTO OCAKICHHS M3 Ta30BOM
(ba31>1 M0 MEXaHu3My MNap-XKUAKOCTb-KPUCTAJII, TAC B KAaYCCTBC KaTalu-
3aTopa UCIOB3YIOTCS Kamiau Au. BeTpauBanue aToMoB Au B pacTyui
KpUCTAJUI NMPUBOAUT K YXYAIIEHHIO XapakTepucTuk GaAs ONTo3NeK-
TPOHHBIX NMPHOOPOB, OCHOBAaHHBIX Ha HaHOMPOBOJOKax [1]. Pemenuem
JAHHOW MpoOJIeMbl MOXKET OBITh CaMOKAaTaJUTUYECKUH POCT (KaTaau3a-
TOPOM SIBIIIETCSI MaTepuall, BXOJSIIUI B COCTAB PacTyIlel MPOBOJIOKH)
[2]. IIpu camokaTanuTHIECKOM (OPMUPOBAHHH TUTAHAPHBIX HAHOIIPOBO-
JIOK OOJBIIYIO POJIb UTPAIOT CBOMCTBA MOBEPXHOCTH MOJJIOKKH, ITO3TO-
My TpeOyeTcs AeTalnbHOEe UCCIEAOBAaHUE BIMSHHUA CBOWCTB MACCHBAIIUU
MMOBEPXHOCTH Ha MOP(OJIOTHIO TNTAHAPHBIX HAHONPOBOJIOK. Panee ¢ mo-
MOIIBIO MOJETUpoBaHus MeTogaoM Monte-Kapio usywanocs BiausHUE
OpUEHTALMU TOJAJIOKEK, TEMIepaTypsl U cKopocTeil ocaxnaeHus Ga u
As, Ha Mopdonoruto maHapHeix GaAs HaHompoBoinok [3]. Hepemen-
HOU MpoOJIeMOH SIBISIETCS YMEHbILICHNE KallIM-KaTalu3aTopa B MpoLec-
ce pocTa U, KaK cJIeICTBHE, HEOAHOPOJHOCTh HAHOIPOBOJIOK MO JHAMET-
py. B maHHOi# paboTe ¢ Hcmonp3oBaHWEM perieTodHor MonTe-Kapio
MOJENU TMPOBOJIWICS IOMCK CBOWCTB IaCCHBHPOBAHHON MOBEPXHOCTH
HEOOXOIUMBIX IJIS1 COXPaHEHUs pa3Mepa Kallulu-KaTann3aTopa B IMpoLec-
ce pocra.

MopeaupoBaHue CaMOKATAJIUTHYECKOT0 POCTa
njaHapHbIX GaAs HAHONPOBOJIOK

MonenupoBanue camokatanuTudeckoro pocra GaAs IUIaHapHBIX
HAHOIIPOBOJIOK OCYIIIECTBIISUIOCH C MTOMOIIBI0 IPOTPaMMHOI0 KOMILIEKCa
SilSim3D na 6a3e pemerounoit 3D Monre-Kapno monenu [4]. B mone-
JIM IPOCTPAHCTBO IMPEACTABISAET COOOH HaOOp y3JI0B B aIMa30Mo100HOM
pelreTke, KaXX bl U3 KOTOPBIX MOXET OBITH CBOOOIEH HITM 3aHSAT TOJIHKO
OHOM yacTulel. B narepaibHbIX HAIIPaBICHUIX CTABITCS LUKINYECKUE
TpaHUYHbBIE yCIOBHsI. MaKCHMaabHO BO3MOXXHOE KOJMYECTBO YaCTHI] B
MOJIENTM 3aBUCHT OT MOIIHOCTH KOMIIBIOTEpa W IS IMpoLeccopa THIa
Core i7 cocrasiser ~ 10°, PaccMaTpyuBanach MATHKOMIIOHEHTHAS CHCTE-
Ma, COCTOAIIAs M3 MBIIIbsIKAa B aTOMAPHOM U MOJIEKYJIIPHOM Buje (As,
As,), ramuus B TBEpAOM U xkuaxoM coctosauu (Ga(s), Ga(/)) u miueHku-
Macku. B Mopenp 3aloKeHbl CIEeAyIOIUe 3JIeMEHTapHbIe COOBITHS:
ancoporus Ga(s) u As,; nuddysnonnsiii ckauok As, As,, Ga(s), Ga(/)

83



B CBOOOJHBI y3€J B IEpPBOii, BTOPOH MM TPETbel KOOPIWHAIIMOHHON
coepsr; necopbuust Ga(s), Ga(/) u As,; pacnag u odpazoBanue As, I0-
CpeAcTBOM 00paTuMoi peakuuu As + As <> Asy; nuddysus As B xKua-
KOM TaJUIuH; pacTBopeHne M Kpuctaumzanus GaAs. Kpucramnmmzanus
GaAs peann3oBBIBaNIaCh MPU B3aUMOJICHCTBUN JKUIKOTO TaJUTHS C MBbI-
mbskoMm Ga(/) + As — Ga(s) + As. PactBopenne GaAs UMHTHPOBAIOCh
4yepe3 B3aMMOAEWCTBUS TBEPAOTO TN M MBIIIBAKA C KUAKUAM TaJlIH-
eMm Ga(s) + Ga(l) — Ga(/) + Ga(/) nu As + Ga(/) — Ga(/) + As. Beposr-
HOCTB JIF000TO 3JIeMeHTapHOro coObIThs B MonTe-Kapimo Mozenu ompe-
JIENIIeTCSl €r0 JHeprue akTuBauuu FE,y U NpeadKCIOHEHIMATbHBIM

MHOXHTENEM A: P = A-exp (—E kT ) Bu160p Eye v A IpOBOAMIICS

act
Ha OCHOBE CIIPABOYHBIX JAHHBIX, a TAKXKE COTJIACOBAHUS IKCIIEPUMEH-
TaJIbHBIX M MOJIENBHBIX TEMIIEPATypHBIX 3aBHCHMOCTEH PpaCTBOPEHHSA
GaAs B XUAKOM TaJUIMU M TEMIIEPaTyPHBIX 3aBHCUMOCTEH paBHOBECHO-
ro naeneHus napos GaAs.

B kadecTBe MCXOJHOIO MOJENBHOTO KpHCTasla HCIOJIb30BAINCH
mommokku GaAs pazmepom 120x20 HM, MOKPHITEIE 4 MOHOCIIOSIMU Ma-
Tepuana INIeHKU-MacKu. [1o/] n3MeHeHneM CBOWCTB MOBEPXHOCTH B JIaH-
HOU paboTe MOHMMaeTcs M3MEHEHHE DHEPTUH CBS3W (PHEPTUHM aKTHBa-
uuu  auddy3un) dHacTu ¢ aromMamH IUIEHKHM-MacKd. [Ipu paBHBIX
9Heprusix cBsizu As, As, u Ga ¢ HOBEPXHOCTBIO OBUIM MOJTY4EHBI HEOA-
HOPOJHBIC TIO TUAMETPY HAHOMPOBOJIOKU, Aocturaroiue 100 HM B aiu-
Hy. HeomHopomHOCTh TPOBOJIOK 00yCIIOBIIEHA YMEHBIIEHHEM KaIuld U
panuanbHBIM POCTOM, TO €CTh BeTpanBanueM Ga u As B OOKOBBIE CTEHKU
HaHONPOBOJNIOKH. C yMEHBIICHHEM SHEPrHU aKTHBAaUWU IUPPy3un As
BO3pACTaeT CKOPOCTh ero nudy3uu Mo MoBepXHOCTH. MoaenupoBaHue
MOKa3aJio, YTO NMPU YMEHBIIEHUH SHEPTHH CBSA3U MBIIIbSIKA C TTIOBEPXHO-
CTBIO, YMEHBIIIAETCS PaJUalIbHBIH POCT MPOBOJIOKH UM KAl Tajulus Co-
XpaHseT cBoi pazmep. OHAKO, BMECTO OJHOPOJHOTO 110 AHAMETPY KpH-
CTajula, HaOMIOAAJIOCh IEPHOANYECKOE H3MEHEHHE €ero auaMeTpa

(puc. 1).

LLiET]

Puc. 1. boxoBoe ceuenne (a) u Buz cBepxy (0) MomeIpHOI MIIaHApHOM
GaAs HaHOTIPOBOJIOKU
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3TO CBS3aHO C HEJOCTATKOM UG PY3HOHHOTO cOOpa MBIIIBIKA C TIO-
BEPXHOCTH MOJJIOKKH B KaIUTIO M MOSBICHUEM KOHKYpHpYIomien dacert-
KM Ha TpaHHle pa3zfesa Kallsi-HaHOMpPoBoJoKa. HemocTaTok MbIbsKa
BO3ZHHMKAET M3-32 POCTa CKOPOCTH JecopOuuu As;, BEpOSTHOCTh 00pa3o-
BaHUsI KOTOPOTO BO3PACTAET MPH yBEIUUECHUH CKOPOCTH AU dy3un As.

BoiBoabI

B paboTe BBHIMONTHEHO MOJENMPOBAHNE CAMOKATAJIUTHYECKOTO POCTa
GaAs maHapHBIX HaHOINPOBOJIOK MeToaoM Monte-Kapno. Hailinenst
YCJIOBHSI YMEHBIIIEHUS PAJNaIbHOTO POCTa HAHOMIPOBOJIOK U COXPAaHEHUS
pa3mepa Kareib rajius.

Paboma noooepacana PODU (npoexm Nel9-31-90023) u npoepam-
mamu PAH.
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INFLUENCE OF SUBSTRATE SURFACE TREATMENT
ON THE GAAS PLANAR NANOWIRE MORPHOLOGY
(MONTE CARLO SIMULATION)

A.A. Spirina, N.L. Shwartz

Abstract. The simulation results of the self-catalyzed planar GaAs nan-
owires growth are presented.
Keywords: nanowire, self-catalyzed growth, GaAs.

85



VIIK 004.942
https://doi.org/10.29003/m1526. MMMSEC-2020/86-87

ONMUCAHUE UMUTAIIMOHHOMN MOJIEJIN
OBPA3OBAHUSI HAHOPA3ZMEPHOM HEPOBHOCTH KPAS
B NPOLIECCE 3KCIIOHUPOBAHMUS ITOJIMMEPHBIX
®OTOPE3UCTOB
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andrey.sharapov@phystech.edu, +7 (905) 747-68-35
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AnnoTtanmsi. B paboTe npeioxeH noaxos K IpOBEAESHUI0O HMUTAIIHOHHOTO
MOJIETTMPOBaHMsI 00pa30BaHUsI HEPOBHOCTH Kpasi B IIPOLECCE SKCIOHMPOBAHMS
MOJIMMEPHBIX PE3UCTOB, a TAK)KE NMPHUBEACHBI PE3YJIbTaThl OLIEHKH BIMSHHA Ia-
pametpoB ¢oroauTorpaguu Ha aMIUTUTYJIy IIEPOXOBATOCTH Kpa€B JIMHEWHBIX
HAHOCTPYKTYP.

Ki1roueBble ¢j10Ba: HEPOBHOCTH Kpasi, (hoToauTorpadus.

BBenenue

OpmHOl W3 KIIOYEBBIX KOJMUYECTBEHHBIX XapaKTEPHCTHK KadecTBa
MIPOSIBICHUS TMHEWHOTO JIEMEHTA Ha MHTETPAlbHOM CXEME CITy’KUT Be-
nmuarHa HepoBHocTH Kpas (LER). Ilpu ymeHbLIeHMH TEXHOJIOTMUYECKUX
HOpM 3HaueHHe LER B OTHOCUTEIBHOM BBIPaKEHUM CTAaHOBUTCS BCE
Oospire [1]. B cBs3u ¢ 3TUM HccnenoBaHNe MyTEH CHIDKEHHUS Napamer-
POB LIEPOXOBATOCTH ABJISETCS BECbMA aKTyaJbHBIM.

B Texnomoruu Si MUKPOAINEKTPOHUKH aHAJIN3 HEPOBHOCTH KpaéB 060-
KOBBIX TOBEPXHOCTEH CTPYKTYP OCYLIECTBISIOT C IOMOILBIO pacTPOBOIO
37eKTpoHHOr0 MuKpockona (POM) [2]. IIpu sTom pacyér 3HaueHUS Ma-
pamerpa LER ocymiecTBisieTcst 10 CpeIHEKBAAPATUYHOMY OTKJIOHEHUIO,
YTO B CPAaBHEHUH C JPYTMMH HM3BECTHBHIMH METOAMKAaMHU Ha&T Hamboiee
cTaOUIBHBIN pe3ynbTarT [3].

MopeaupoBanune 00pa3oBaHusi HEPOBHOCTH Kpasi

Ha 0a3e nmpuOnmxeHus: OMUMEPHBIX (POTOPE3UCTOB B BUIE CBOOOA-
HO-COWJICHEHHOH e MOHOMEPOB TIOCTPOEHA MOJIeNIb 00pa3oBaHUs
HAaHOPa3MEPHON HEPOBHOCTH Kpas, CXEMATUYECKH NPEACTABICHHAs Ha
puc. 1. SIBnerne GoTOHHOTO IIyMa MO3BOJSIET ONPEACIUTh 00JIacTh TaK
Ha3bIBAEMOM HErapaHTUPOBAHHOW 3aCBETKH, B KOTOPOU CTENEHb JKCIIO-
HUPOBaHUS MOJIEKYJ PE3UCTa OIpeneisercd ClydallHOCThIO. Taxke
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JTaHHAasl MOJENb MO3BOJISIET YYECTh JUCKPETHOCTh CTPYKTYpPbI BEIIECTBA
pesucta. [IpeacTaBnensl pe3ynbTaThl UMUTAMOHHOTO MOJEIUPOBAHUS
00pa30BaHUs HAHOPA3MEPHON HEPOBHOCTHU Kpasi JJisi TECTOBOH JIMHEHYA-
TOH CTPYKTYPHI B IIPOIECCE SKCITOHUPOBAHNUS (HOTOPE3HCTA.

HCRD LA S BT
AR T I

ECIEHUEH N PO W A e

Puc. 1. CxemaTudeckoe npeCcTaBIeHne UMUTAIIMOHHOM MOIETTH
00pa30BaHUsI HEPOBHOCTH Kpasi TP MPOSBICHUN (POTOPE3UCTA

BoiBoabI

B pabote BBINOTHEHO MMHUTAIIMOHHOE MOJIEIUPOBAaHHE 00pa3oBaHHUs
HaHOPa3MEPHOW HEPOBHOCTH Kpas, M MPOBEICHA OLEHKA BIUSHUA Iapa-
MeTpOoB (HOTONUTOTrpaduu I TUHEHHBIX CTPYKTYP.
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SIMULATION MODEL DESCRIPTION
OF A NANOSCALE EDGE ROUGHNESS EMERGENCE
DURING POLYMER PHOTORESIST EXPOSURE

A.A. Sharapov

Abstract: In this work, an approach to simulation modeling of an edge
roughness emergence during POLYMER PHOTORESIST EXPOSURE is sug-
gested. There are evaluation results of photolithography parameters’ impact on
edge roughness magnitude for linear nanostructures provided as well.

Keywords: edge roughness, photolithography.
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AHHoTanusi. B pabote mccrnenoBaHa aToOMHasi CTPyKTypa YHCTOH BBICOKO-
nHIEeKCHOM moBepxHOCTH Si(47 35 7). C moMombpio pacyeToB Ha OCHOBE TEOPHU
(YHKIMOHANAa IUIOTHOCTH C HCIIOJb30BAaHHEM OSKCIEPHUMEHTAIBHBIX JaHHBIX
pa3paboTaHa aTOMHasi MOJIENb IIOBEPXHOCTH.

KiroueBsble c10Ba: KpeMHHUH, TIOBEPXHOCTb, CTPYKTYpa, NEHTaMep, CKaHH-
pylolIasl TyHHeJIbHass MUKPOCKOITHSI, TeOpHst (PYHKIHOHAIA TNIOTHOCTH

WccnenoBanne aTOMHON CTPYKTYpHI BBI-
COKOMHJIEKCHBIX TIOBEPXHOCTEH KpEeMHUS
MIPEJICTaBIAeT MHTEPEC, TaK KaK OHH 4YacTo
HCIONB3YIOTCS B KadyeCTBE MOAJIOXKEK IS
BBIpAIMBaHMs YIIOPSAJOYCHHO PaCIIONOKEH-
HBIX HaHOCTPYKTYp [1]. C momormipio MeTo-
J0B TU(QPaKIUH MEJICHHBIX 3JIEKTPOHOB,
CKAaHUPYIOUIEH TYHHEIBHOM MUKPOCKOIINU
(CTM) u pacuyeToB W3 NEPBBIX MPUHITUTIOB,

Puc. 1 OCHOBaHHBIX Ha Teopud (PyHKIMOHATA

JKCTepUMEHTATHOE miotHoctu (SIESTA), I/ICCJIGI[OB%H& aToM-

CTM-m306pasenye Hasi CTPYKTypa BBICOKOMHIEKCHOW IOBEPX-
nosepxHocTH Si(47 357), HoctH Si(47 35 7), OTKIOHCHHOH Ha yroin

400x400 A”: 10.7° x mockoctu (1 1 0) [2]. Ycranosie-

Ha seTapke nokasano HO, YTO TOBEPXHOCTh OCTAeTCs CTaOWMIBHOMN
CTM-u306paxxeHHe BHICOKOTO y o

o KpaiHed mepe no temmepaTypsl 900°C

paspemenns, 5%5 A% i snemen-
TapHas sueiika mosepxpoctn M MMEET TEPUOIMYHOCTL 1X1. ATOoMHas
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CTPYKTYpa IMOBEPXHOCTH 3HAYUTEIHHO PEKOHCTPYHUpPOBAaHA IO CpaBHE-
HUIO ¢ IIOCKOCTAMH (47 35 7) B o0beMe KpHCTAIa U COACPIKUT TEHTA-
MEpBI, aHAJOTMYHbIE TEM, KOTOphle HaOmonaroTes Ha nosepxHoctsix Si(1
1 0) u Ge(1 1 0) (puc. 1).

Pazpaborana aToMHass MoJleNb PEKOHCTPYHUPOBAHHOW MOBEPXHOCTH
Si(47 35 7). Mogens coctouT u3 MuHU-{111} daceToyHbIX MIOCKOCTEH
U YHHUBEPCAIBHOTO CTPYKTYPHOTO OJIOKa, TPEAJIOKEHHOTO paHee s
00BsacHeHHs TeHTaMepoB Ha moBepxHocTax Si(1 1 0) m Ge(1 1 0) [3].
[MpeanoxenHnass Moieib cTabWIIbHA, XOPOIIO BOCIIPOU3BOAUT OCHOBHBIE
4epTHI 3KcTIepuMeHTaIbHbIX CTM-n300pakeHnit BEICOKOTO pa3pelieHns
moBepxXHOCTH Si(47 35 7) ¥ NPUBOIUT K AOCTATOYHO HU3KOW DHEPTHUH.

Oxcnepumenmanvhas paboma 6vinoIHeHd npu nooddepoicke PODHU
(ecpanm Ne 18-02-00025), meopemuueckue pacuemsl 6bINOJHEHbL NPU
nooodepaicke PH® (npoexm Ne 19-72-30023).
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ATOMIC STRUCTURE OF THE SI(47 35 7) SURFACE
R.A. Zhachuk, A.E. Dolbak, A.A. Shklyaev

Abstract. The atomic structure of clean high-index Si(47 35 7) surface is
studied. The atomic model of this surface is proposed based on density func-
tional theory calculations and experimental data.

Keywords: silicon, surface, structure, pentamer, scanning tunneling micros-
copy, density functional theory
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AnHoTtanus. Ha ocHOBe enHOro CTpyKTYpHOro GJIOKa, COAEepIKaIIero IeH-
Tamep C MEXYy3eIbHbIM aTOMOM, pa3padoTaHbl aTOMHBIE MOJIETHM YHCTBIX I10-
BepxHocteit Si(331) u Ge(331). PaGoTa mpoBeneHa ¢ UCIOJIb30BAaHUEM pacye-
TOB Ha OCHOBE TEOPHH (pyHKIIHOHAJIA [UIOTHOCTH.

KnroueBble c10Ba: KpeMHUIA, repMaHHi, TOBEPXHOCTh, CTPYKTYpa, ITeHTa-
Mep, Teopusi pyHKIIMOHAJIA IUIOTHOCTH.

MY ML HB P
AT

¥

Puc. 1. Mozenb cTpyKTYypHOIO
0II0Ka MOBepXHOCTEN
Si(331) m Ge(331):

8PU (8-pentagon unit),
cocTosias U3 neHraMmepa
C MEXY3€JIbHBIM aTOMOM
Y ILIECTU TIEHTarOHOB KPEMHHUS
(BBIJIEJICHBI LIBETOM)
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BrhICOKOMHACKCHBIE ITOBEPXHOCTH
KpEMHUSA MIMPOKO MCIOJB3YIOTCA B
KaueCcTBe IOJIOKEK JUIsl BBIpAIUBA-
HUS YIOPSANOYEHHO PAaCIOIOKEHHBIX
HaHOCTpyKTYyp [1]. B saTOM 1uKIE pa-
00T [2-3] ¢ NMOMOIIBID PacyeTOB Ha
OCHOBE TeOpWH (PYHKIHOHANA ILIOT-
HOCTHU C TPUMEHEHHEM IPOTPAMMHOTO
nmakera SIESTA ©Oputa uccriemoBaHa
aTOMHasi CTPYKTypa BBICOKOHMH/IEKC-
HeIX moBepxHocTed Si(331)-12%1 u
Ge(331)-5%1 u mpoBeneHO CpaBHEHHE
C UMCHOIIUMUCS 3KCTIICPUMECHTATHHBI-
MU JaHHBIMH CKaHUPYIOIIEH TyH-
HenpHOM Mukpockonuu (CTM).

[TokazaHo, uTo 00€ MOBEPXHOCTH
COCTOST U3 OJMHAKOBBIX CTPYKTYPHBIX



0JIOKOB, YHOPSJOYCHHBIX PAa3UYHBIM 00pa3zoM. CTpyKTYpHBIH OJIOK co-
CTOUT M3 IEHTaMepa, aTOMbI KOTOPOTO YIEP)KUBACT BMECTE MEXKY3€Jb-
HBIH aToM, M COCeAHEW PEeKOHCTPYHpPOBaHHOW obsactu (cM. puc. 1).
IlenTamepsl B PEKOHCTPYHPOBAHHOH 0O0JIACTH YIOPSAIOYEHBI IOAO00HO
neHTaMepam B CTpykType ¢yiepena Cyy (BbLACICHBI IIBETOM HA PUCYH-
ke). Monens nmomyunna HaszBaaue SPU (8-pentagon unit), mo 4ucty BUIH-
MBIX IICHTaroHOB B OJJHOM CTPYKTYPHOM OJIOKE TIOBEPXHOCTH.

Pa3zpabortannpie aromnble Mozenu moBepxHocted Si(331)-12x1 mu
Ge(331)-5x1 npuBOmIT K OYEHb HU3KOU SHEPTHH, CPABHUMOM C SHEPTH-
eil Ipyrux peKOHCTPYHPOBAHHBIX MOBEPXHOCTEH KPEMHHUS M TepMaHHS.
Nzo6paxkennss CTM, paccuuTaHHBIE HA OCHOBE IPEIONKEHHBIX MOJIEC-
JIeH, TIOTHOCTBIO COTMIACcYIOTCs ¢ 3KcnepuMeHTanbHeIMH CTM m300pa-
xeHusiMu mosepxHocteit Si(331)-12x1 u Ge(331)-5%1.

Takum 00pazoM, MBI TPOJIEMOHCTPHPOBAIHM CTPYKTYpHOE Mojo0He
gucThIX moBepxHocTel Si(331) u Ge(331), koTopoe paHee ObUIO Haifme-
Ho anst moBepxHocTer Si(100) m Ge(100), Si(110) m Ge(110), Si(113) u
Ge(113).

Paboma evinonnena npu nooodepoicke POPDOU (epanm Ne 18-02-
00025).
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PENTAMER WITH INTERSTITIAL ATOM
AS THE STRUCTURAL BLOCK OF RECONSTRUCTED
Si(331) AND Ge(331) SURFACES

R.A. Zhachuk, J. Coutinho

Abstract. Atomic structure models of the Si(331) and Ge(331) surfaces are
developed based on unified structural block, containing pentamer with intersti-
tial atom. The work is performed using density functional calculations.

Keywords: silicon, germanium, surface, structure, pentamer, density func-
tional theory.
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AHHoTanms. B pabote mpHBOIATCS pe3yJbTaThl TEOPETUYSCKOTO pacyeTa
CIEKTPOB OTpaXkeHHs B ONMKHEM MH(PPAKPACHOM Juara3oHe s AUppaKHOH-
HOW pemieTkn u3 coequaeHnst Ge-Sb-Te Ha BOIHOBOAE CTPYKTYPHI KpeMHHI-Ha-
U30JIATOpPE C IPUMEHEHUEM AUCIIepCHOHHOM Moaenu Tayna—JlopeHTia n mero-
Jla MaTPUYHOTO ypaBHEHHsI Pukkartu.

KaroueBsble ciioBa: 1udpakMoOHHAas peIIeTKa, CIIEKTP OTPakKeHHUsI, MaTepH-
aJIbl ¢ U3MEHsIeMBIM (a3oBbIM coctostHueM, Ge-Sb-Te, monens aucnepcnn Tay-
na—JlopenTua.

Beenenne

CoBpeMeHHOE pa3BUTHE Paguo(POTOHUKH CTABHUT IEpeln HCCIIeI0Ba-
TESIMH Psii BAXKHBIX 3aaad. OHA U3 HUX — pa3paboTKa SHEProHe3aBH-
CHMOHM ONTHYECKON MaMATH C BO3MOXKHOCTBHIO BCTPAaWBAHHS B BOJHO-
BOJIHBIE CTPYKTYpPBbI HAHO(GOTOHHKH [1]. BO3MOXHBIM pemeHneM TaHHOU
3aa4d MOKET CIY’KUTh CO3JaHHE SYEeK ONTHYECKOH MaMATH C MpUMe-
HEHHEM MaTEepPUANIOB, CIIOCOOHBIX OBICTPO MEHSATH CBOU ONTHUYECKHE Ta-
paMeTphl B pe3yJIbTaTe OTHOCUTEIBHO HEOOJBIINX MO BEJIMYMHE BHEIII-
HUX BO3JIeUCTBUUA. BecbMa NMEpCNEKTUBHBIMU SBIISIIOTCS MaTepHalibl Ha
OCHOBe XajbKoreHumHoro coemuHeHuss Ge-Sb-Te (GST), obmamaromntue
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3HAYNTEIHHBIM KOHTPACTOM ONTHYECKUX XapaKTEPHUCTUK B aMOp(pHOM U
KPUCTAJUIMYECKOM COCTOSAHHU. OJTHAKO, BOZMOXHOE MPUMEHEHUE 3TOr0
MaTepHaia B KaueCTBE aKTUBHOI'O 3JIEMEHTA SYEHKU ONTHYECKOU mamsi-
TH — AU(PPAKIMOHHON PEIICTKU, TIOMEIICHHOW HA BOJHOBOJ CTPYKTYPHI
KpEMHHI-HA-U30JIITOPE — OTPaHUIMBAETCS MTOKA €IIe CPAaBHUTEIBHO Ma-
JIOW CTETIEHBI0 M3yYE€HHOCTH €r0 JUCIEPCHOHHBIX CBOMCTB. D(PPeKTHn-
HBIM METOJIOM ONHUCAHUS U3MEHEHUS] ONTHYECKUX CBOMCTB MaTEpHUAJIOB
MpU B3aUMOACUCTBUHU CO CBETOM SBIISETCS KCIIONb30BAHUE TEOpPETHYE-
CKUX Mojened aucnepcuu. TakoBOH, HampuMeEp, MOAENb IUCIEPCHU
Tayua—JlopeHTiia, KOTOpasi XOPOILIO OIHUCHIBAET 3KCIEPHUMEHTaIbHbIE
3aBHCHMOCTH, TTOJIy4YE€HHbIE METOJIOM 3JIIuIicoMeTpuu [2]. B HacTosien
paboTe OymyT pacCMOTPEHBI CIIEKTPHI OTPaXCHUS ISl AU(QPAKIMOHHON
pemretku u3 GST B amopdHO# U KpucTauindeckoi (aze, pacCUNTAHHBIC
¢ npuMeHeHrueM mozenu Tayna—JIopeHTiia ¢ TOMOIIbI0 METOAa MaTpUy-
HOTO ypaBHeHUs Pukkaru.

Pacuyer cnieKTpoB OTpaskeHUs
Pacyer cmexkTpoB oTpaxkeHHs NPOMU3BOJIUTCS C TOMOIIBI0 METOMa
MaTpPUYHOTO ypaBHEHUS Pukkatw [3], KOTOpPHIH MMO3BOJSET OMPEIETUTH
MaTpPUYHBIE BOJTHOBBIE KOI(DPHUIIMEHTHI OTPAKEHHS U TIPOXOKIACHUS IS
MHOTOCIIOWHON HEOTHOPOAHON CTPYKTYpHI. sl onmucanus JUCIEpCUu B
GST amopdHoOli 1 KpucTaJUIMUeCKOH (a3bl MpUMEHseTcs MoJenb Tay-
nma—JlopenTa ¢ qo0aBKamMu BHA rayccoBa oCImuiaTopa [2]:

2
E_Eopl
E;L (E) _ ( zg ) ) ACE;OE (1)
E (E*-E3) +C°E
4 E-E Y| 4 E+E. Y
g, =TCexp _[J] + 46 exp _(A] _ )
- CG CG CG CG

3neck E,” ', 4, C, Ey, Ag, Cs, Eg ABISI0TCS CrIeLUaIbHBIMU TIapaMeT-

paMu MopeJied M UMEIOT pas3iHyHble 3HaYeHUs JUI1 aMOp(HOW U KpH-
cTayueckoil Qassl, € — MHUMasl 9acTh KOMIIEKCHOW IUAJIEKTpHYe-
ckoii mpoHuiaeMocTi. AMopdHas (aza GST omuceBaeTCs ¢ MOMOIIBIO
cocrapistomied  Tayna—JlopeHTHa IHAIEKTPUUECKON MPOHHMIIAEMOCTH
(1), a onucanue KpUCTAIUINYECKOH (ha3bl TaKKe BKIIOYAeT 100aBKy (2).
JelicTBUTENbHAS YaCTh JUNIEKTPUYECKON TPOHUIIAEMOCTH PAaCCUUTHIBA-
eTcst ¢ momouipio uHTerpanga Kpamepca—Kponura kak mns amop¢HOI,
TaK U A KPUCTAININIECKON cbasbr

¢(E)=¢(oo)+ 2 “vp j

Ez)pt

e G
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£'(0) — TMOCTOSIHHBIN BKJIAJ B AMAIEKTPUUECKYIO MPOHUIIAEMOCTH MpPH
BBICOKMX 3HEPrUsX (BBICOKOYACTOTHAS COCTABIIOILAs), V.p. O3HAUaeT,
YTO MHTErpaj OepeTcs B CMBICIE TTIaBHOTO 3HAYCHUSI.
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Puc. 1. PaccuntanHble CIIEKTPHI OTPAXKCHUS IS TUPPAKIAOHHOW PEIICTKH U3
GST B amopdHOi (cBepXy) U KpUCTAUTMIECKOH (CHU3Y) (haze mpu pa3HBIX ee
BBICOTax (yKa3aHBI cripaBa B HM). CBeT IafaeT Ha PEmIeTKy BEPTHKAIBHO CBEp-
xy B TE nmomspmsannu. [leprox pemeTtku ¢uxcupoBaH U coctaBuser 0.8 MKwM,
¢axrop 3anonuenust — 0.5. [IlyHKTUpHAs JMHUS MPEICTABISET CHEKTP OTpa)Ke-
Hust KHU BonmHOBO/Ia B OTCYyTCTBHE AMPPAKIIMOHHON PEIIETKH

BriBoabI

B paboTe mpoBeneH TEOPETHYECKUH pacyeT CHEeKTPOB OTPAKCHHS B
ommwxnem MK nuamazone s qudpakMOHHBIX PELIETOK U3 COCTUHEHUS
Ge-Sb-Te nra KHU BosmHOBOME ¢ yueTOM Aucriepcuu Matepuaion. [lomy-
YEeHHBIE CIIEKTPBI OYAyT HMCIOJIB30BAaHBI B NaTbHEHIIEM Ul ONpesese-
HUSl ONTUMAJBHBIX MapamMeTpoB TUPPAKIHMOHHBIX DEMIETOK (TIEPHOA,
BbICOTa, (haKTOp 3aroNHEHus) A obecredeHns HanOombinel 3ddex-
THUBHOCTH ONTHYECKOW SUCHKH MaMSTH, B YaCTHOCTH, C TOYKH 3PEHHS
YMEHBIICHUS SHEPTeTHUECKUX 3aTpaT Ha MePeKIII0ueHHeE.

Paboma evinonnena npu nooodepoicke epanma PODOU Ne [9-29-
03040 mx.
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CALCULATION OF THE REFLECTION SPECTRA
OF Ge-Sb-Te DIFFRACTION GRATING USING
THE TAUC-LORENTZ DISPERSION MODEL

R.T. Minnullin, D.S. Korolev, A.A. Sapegin, M.Yu. Barabanenkov

Abstract. In this paper reflection spectra in the near infrared range are cal-
culated for the diffraction grating of Ge-Sb-Te alloy on a silicon-on-insulator
waveguide with use of Tauc—Lorentz dispersion model and Matrix Riccati
Equation method.

Keywords: diffraction grating, reflection spectrum, phase-change materials,
Ge-Sb-Te (GST), Tauc—Lorentz dispersion model.
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AnHoTanusi. B pabore BBIONHAETCS MOIESTMPOBAHUE IPOYHOCTH U IIPO-
THO3UPOBaHUE JETPaJallHOHHBIX MPOIECCOB MEXaHHMYECKHX CBOWCTB KOMIIO-
3UTHBIX MAaTE€pHUAJIOB C UCIIOJIB30BAHUEM MHOFOMaCIHTa6HOFO MOJCIMPOBAHUA U
METOZ0B MALlIMHHOTO 00yYeHHSI.
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KiroueBble c10Ba: KOMIO3UTHBIE MaTepHabl, MHOTOMAaCIITaOHOE MOJAETH-
pOBaHMe, MAIIMHHOE 00y4eHNe, HEHPOHHbIE CETH.

BBenenue

[IpumMeHeHHE KOMIO3UTHBIX MAaT€PUAIOB HAIILIO CBOE MPUMEHEHHE B
Pa3IMYHBIX OTPACIAX WHXEHEPHOW MAeATeNbHOCTH, YTO O0OYyCIIOBIEHO
MPEUMYILIECTBOM KOMIIO3UTHBIX MAaTEpHallOB MEeped MeTallaMH, IpU
PaBHBIX MEXaHUYIECKUX M DKCIUTyaTallHOHHBIX CBOMCTBax. BMmecre ¢ TeM,
KOMTIO3UTHBIE MaTE€PHAaJIbI ITOIBEPKEHBI M3MEHEHHIO CBOUX CBOWCTB MO
JIEHCTBUEM HEKOTOPBIX BHEIIHUX Bo3AeWcTBUM. HMccrmemoBanue 3THX
MPOIIECCOB HATYPHBIM METOJIOM M (hOPMHUPOBAHHUE JTOKA3ATEIBHONU 0a3bl
JUTST TIPUMEHEHHsI CIOCOOHO CYIECTBEHHO 3aMEUIUTh TEMIBI 00OCHO-
BaHHOTO NMPUMEHEHUS] KOMITIO3UTHBIX MaTepuaioB. [1o 3Toi mpuymH Oblia
pa3paboTaHa METOAMKA I TIPOTHO3UPOBAHUS JIETPATAMOHHBIX TIPOIIEC-
COB OCHOBaHHasg Ha MHOTOMACIITA0HOM MOJENMPOBAHHUA W MAaIIHHHOM
o0yueHnn. MonenupoBaHue, peamzyeMoe B paboTte, B pe3ylibTare M03B0-
JSIeT OOHAPYKUTH U 3aPETHCTPUPOBATH TOJIHKO Pa3BUBAIOIINECS TEPEKTHI,
W3 4ero cieayer Kinaccudukanus nedexkToB He 1o pa3Mepam, Gpopme, Imo-
JIO’)KEHUIO ¥ OPUEHTAIINHU, a M0 CTEMCHU UX OMACHOCTU, TO €CTh IO BIIMS-
HUIO Ha MPOYHOCTH KOHTPOIUPYEMOTO MaTepHraIa.

MHoromacmrabHoe MOJeJMPOBAHNHE U MAIIMHHOE 00y4eHHne

MuoromacimrabHasi MOJIeNb MO3BOJISIET PACCUUTATh CTPYKTYPY MaTe-
pHaga Ha aTOMHO-KPUCTAJUIMYECKOM YPOBHE, Jajee OCYILECTBISETCS
nepexo Ha CIeyIoUMe MaciuTaOHble YPOBHHM K MOJEKYJISIPHO-IUHA-
MHUUYECKUM, AUCKPETHO-3JIEMEHTHBIM, CIUIOITHOCPEIHBIM MoaensaM. [lpu
9TOM pe3yJbTaThl MOJCIUPOBAHMS KOMIIO3UIIMOHHOTO Marepuaia Ha
OoJiee MEJIKOM MacIITa0HOM YPOBHE HCIIOJIB3YIOTCS KaK IpPEeABaAPUTEIIb-
HBIH 1ar 00pabOTKK AaHHBIX JUIA KPYITHOMACIITAOHBIX (MaKpOCKOIIHYE-
ckux) mogeneld. IlocTpoeHne cBsizell MeXay MacITaOHBIMH YPOBHSAMU
OCYILECTBISIETCS. MOCPEICTBOM BBIJACICHHSA TJIOOANBHBIX HapaMeTpoB
Mozenell, 3a1efiCTBOBaHHBIX B IIPOLIECCE CO3/aHHMs MHOroMacuTaOHOMN
MOJIENIH 1 TIepeAaonuxcs ¢ MaciTada Ha MacTal.

Bropoii moaxox 3akiIrouacTcs B UCHONIB30BAaHUK METO0B MAIIUHHO-
ro o0y4yeHus: AJsl TTOMy4eHHst GOpMyIIbl IMIIMPUYECKOro mporuosa. [e-
TEPMUHHUPOBAaHHBIE METOJbl MAIIMHHOI'O OOYYCHHS, TaKUe KaK MHOTO-
MepHasl JHHEHHas perpeccusi, aHcamOJIM HajJ OCPEBbSIMU PELICHUH U
WCKYCCTBEHHAs] HEHPOHHAs CEeTh, MO3BOJISIOT MOJIY4aTh TOYHBIE ypaBHE-
HUS JUI TIPOTHO3WPOBAHMS JIETPaallil MEXaHHYECKHX CBOMCTB M CO-
CTOSHUSI NTPOYHOCTH HAa OCHOBE MaTepHajiOB M IapaMeTpoB Ipolecca.

96



B mammaHOM 00ydeHHH Ha OCHOBE MOJIETIEH CBSI3b MPOIECC-CTPYKTypa-
CBOMCTBO-TIPOU3BOIUTENIFHOCTh BBIPAYKAETCA YCIOBHBIMU pacIpeee-
HUSIMU BEpOSATHOCTEH. JlaHHOE uCCleoBaHUE COCPENOTOUYEHO Ha CBS3HU
MEXY CBOMCTBAMU U CTPYKTypaMH MaT€pUalOB.

BpIBOaBI

B pabote Oblia mpeioskeHa OCHOBA 7Sl IPOTHO3UPOBAHUS Jerpaja-
IMUOHHBIX MNPOLECCOB MEXAHHYCCKUX CBOMCTB KOMITO3UTHBIX Marepua-
JIOB C UCTIOJIb30BaHHEM MHOTIOMACIITA0HOTO MOAEIMPOBAHMS U METOJIOB
MaIIMHHOTO O0Yy4eHHUs. Pe3ynbTaTsl MOKa3bIBAIOT, YTO MalIMHHOE 00Yy-
YeHHe Ha OCHOBE MOJIEJel Hapsay ¢ MHOTOMAacCIITaOHBIM MOJEIHPOBa-
HHEM SIBISIETCS MHOTOOOCIIAIOIIIM HHCTPYMEHTOM IJIsl IPOTHO3UPOBA-
HUSI COCTOSIHUS CBOMCTB KOMITO3UTHBIX MaTcpUuajoB.

Paboma ewvinonnena npu noooepoxcxe PDODU npoexm Ne 19-29-
0305 mx.
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SIMULATION OF THE DEGRADATION PROCESSES
OF MECHANICAL PROPERTIES, STRENGTH
AND FRACTURE OF COMPOSITE MATERIALS

Y.D. Mochalova, K.K. Abgaryan

Abstract. The work is aimed at modeling strength and predicting degrada-
tion processes of mechanical properties of composite materials using multiscale
modeling and machine learning methods.

Keywords: composite structures, multiscale modeling, machine learning,
neural networks.
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AHHoTanmsi. Pa0oTa MOCBAIICHA YHCICHHOMY MOJCIUPOBAHHUIO IEPOB-
CKUTHBIX COJIHEUHBIX 3JIeMeHTOB co cTpykTypoil TiO,/CH;NH;Snl;/Cu,O ms
OINITHMH3ALMY UX KOHCTPYKLHHU H YIy4IeHHs 3)(HEeKTUBHOCTH.

KaroueBble cjioBa: COMHEYHBIA JJIEMEHT, IIEPOBCKUT, YUCICHHOE MOMCIH-
pOBaHMe, TOJIIMHA IJIEHKH, 3PPEKTUBHOCTB.

BBenenue

Pa3BuTHE NEPOBCKUTHBIX COJIHEYHBIX 3JIEMEHTOB B OCHOBHOM CBSI3a-
HO C TEXHOJIOTHUYECKHM MpPOrpeccoM (pOPMHUPOBAHHS TUIEHOK MEPOBCKH-
ToB THNa Hoaun MetunamMonunii ceuHna (CH;CN;PbI;) [1]. Hecmotps
Ha BHEYATISIOMINN NPOrpecc AaHHBIX CONHEYHBIX HJIEMEHTOB, UX KOM-
MepIHaIn3anys Mo-mpexxHeMy TpeOyeT pelieHns] HECKOIbKUX MpooeM,
BKJIIOYasl CTAOMJIBHOCTH IPH BO3JICHCTBUY CBETA, BIAYKHOCTH U BBICOKOH
TEMIEPATYphl, a TAKKE YCOBEPILIEHCTBOBAHNE MPOLIECCOB NMPOU3BOJCTBA
U ONTHMHU3ALNI0 KOHCTpyKUIMH. KpoMe Toro, Bce NMEepOBCKUTHBIE COJ-
HEYHBIE JJIEMEHTHI C BBICOKOH 3(h(heKTUBHOCTHIO COAEPIKAT CBUHEL!, YTO
CO3JIaeT CYIIECTBEHHYIO SKOJOrMYecKylo mpobnemy. PazpaboTka u mc-
MOJIb30BAaHUE TIEPOBCKUTHBIX MaTepHalioOB, HE COJEpXKalluX CBUHIIA,
HMeeT pellarolee 3HaYeHHe U UX AajbHEHIIell KoMMepIaIu3auy.

MO[{eHﬂpOBaHHe CTPYKTYPHbI COJTHEYHOT 0 3JIEMEHTA

IIpn MopenupoBaHUM PACCMATPUBAICS IEPOBCKUTHBINA COJIHEYHBIN
3JIEMEHT C P-i-N CTPYKTYPOM, T1€ B Ka4eCTBE MOIIOIIAIOIIEr0 MaTepuaa
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HCIIOJIB30BANICS HETOKCHYIHBIA TepoBckUT CH3;NH;Snl; (Tommmaa 10—
1000 HM) B codeTtaHun C 31eKTPOHHBIM TiO, (TommuHa 50 HM) B OBI-
pounbiM Cu,O (tommuaa 500 HM) TpaHCOpTHRIMU ciiosiMH [2]. B mpo-
necce MoaenupoBanus ToimmHa wieHkn CH;NH;Snl; u3Mensmacey mist
oTpeAeNeHrs] MaKCUMaTbHOH 3P PEKTHBHOCTH COTHEYHOTO IIIEMEHTA.

Mopenb MEepOBCKUTHOTO COJMHEYHOTO 3JIEMEHTa OCHOBAaHA Ha CTallM-
oHapHOH A Gy3UOHHO-IPEHPOBON CHCTEME YPaBHEHHH IMOIYIIPOBOI-
HUKa, B KOTOPYIO BXOJAT YpPaBHEHHUS HEIPEPHIBHOCTH W YpaBHEHHE
[Tyaccona [3]:

—[un( +g0tz )]+G R=0, 1)
I R
:—x(eg—f) =:—0(Tl—p_ND+NA)' )

rJ€ 7, p — KOHLEHTPALUsS SJIEKTPOHOB U JIBIPOK; L, L, — ITOJBHKHOCTH
3JIEKTPOHOB U JBIPOK; ¢ — SJIEKTPUIECKUH MTOTECHINAN; ¢O; — TEMIIEpaTyp-
HBIM TOTEHIMAN; ¢ — 3JIEMEHTapHBIN 3apsf; € — OTHOCHTENbHAS JUIJIEK-
TpUUecKash MPOHMIIAEMOCTb; & — AMIJIEKTpUUecKas NocTtosHHas; G —
CKOPOCTh ONTUYECKON I€HEpALMK NIEKTPOHHO-BIPOYHBIX Iap; R — CKO-
POCTb PEKOMOMHAIIMK BJIEKTPOHHO-ABIPOYHBIX map; Np, Ny — KOHLEH-
Tpauusi JOHOPHOM U aKLENTOPHOM JIETUPYIOLEN TPUMECH.

Pemenne nuddysnonno-npeiipoBoil cHUCTEMbl ypaBHEHHH MOJENN
COJIHEYHOTO 3JIEMEHTA OCYIIECTBIIUIOCH YHMCIEHHO B cucteme Matlab
UTEPAllMOHHBIM MeTo0M ['ymMMens, B KOTOpOM Ha KaXJOW HTepauuu
CHauaja pemanoch ypaBHeHue [lyaccona, a 3aTeM BBIUMCIIEHHOE 3Hade-
HUE 3JIEKTPUYECKOT0 MOTEHIHAIa MOJCTABIAJIOCh B YPaBHEHUS HETpe-
PBIBHOCTH JUIsI pacyeTa KOHLIEHTPALUi HOCUTENEH 3apsiaa.

[IpoBeneno wnccnemoBanne BIWSHUS TOJIIMHBI TUIEHKHA TIEPOBCKHUTA
CH;NH;Snl; Ha doTosnexkTpuueckne XapakKTepUCTUKN COJTHEYHOTO 3Je-
MEHTa, MOCKOJIbKY OHa BJIMsET Ha IOIJIOIIEHHE CBeTa, TeHEepalulo, pe-
KOMOWHAIIMIO W TIepeHOC HocuTened 3apsima. OmnTuManbHas TOJIIMHA
wienkn CH3NH;Snl; cocrasnser 400-500 M, pu KOTOpO# HAOMIO1aET-
cs MakcHManbHasi J(QQEKTUBHOCTh COJHEYHOro 3jeMeHTa. Hamuuwme
MaKCHMyMa CBSI3aHO C TE€M, YTO IPU YBEIMYEHUH TOJIIHMHBI IUIEHKH IIe-
POBCKUTa BO3pacTaeT (POTOTOK, KOTOPBIH BBIXOAUT Ha HACHILIEHHE, B TO
BpeMsl Kak (poToHanpspKeHHE ¢ POCTOM TOJIIMHBI YMEHBIIACTCS BCIIEA-
CTBHE BO3PACTaHHUsI CKOPOCTH PEKOMOHMHALIH.
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BriBoabl

Ha ocHoBe MomenmnpoBaHus UCCIIEIOBAHO BIMSHUE TOJIITHHBI INICHKH
CH;3;NH;Snl; Ha 3 (heKTHBHOCTh COJIHEYHBIX AJIEMEHTOB. Y CTaHOBJICHO,
9TO MaKCUMalbHas J(P(EKTHBHOCTh ONTUMHU3HPOBAHHOW CTPYKTYPHI
comaeunoro snemenTa TiOp/CH3;NH;3Snl;/CuyO cocraBmser 19,3% mpu
TOJIIIMHE TUICHKU MepoBckuTa 450 HM U KOHIEHTpalu 1e(heKTOB B HE
opsIKa 10" em”. Hanmane MaKCUMyMa CBSI3aHO ¢ KOHKYPEHITHEH MeX-
Iy 3aBHUCHMOCTSIMH TOKa KOPOTKOTO 3aMBIKAHUS M HAIPSDKEHUS XOJIO-
CTOTO XOAa OT TOMIIMHBL [lomydeHHBIE pe3yNbTaThl MOKA3BIBAIOT, YTO
mrenka CH;NH;Snl; o0nagaer OOJbIIMM ITOTEHIIHAIOM B KAa4eCTBE I10-
TJIOMIAIOMIETO CJIOS C MOAXOASIINM HEOPTaHHYECKHM IBIPOYHO-TIPOBO-
IAIMM MatepuaioM, TakuMm kak Cu,O (0ojee BbICOKas MOIBUKHOCTH
IBIPOK TO cpaBHEHHIO co Spiro-OMeTAD), mis mocTrkeHusT BBHICOKOM
3¢ PeKTHBHOCTH.
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NUMERICAL SIMULATION OF SOLAR CELL
WITH TiO,/CH;3;NH;Snl;/Cu,O STRUCTURE

A.V. Sayenko, S.P. Malyukov, A.V. Palii

Abstract. The work is devoted to the numerical simulation of perovskite so-
lar cells with the TiO,/CH3;NH;Snl3/Cu,O structure to optimize their design and
improve efficiency.

Keywords: solar cell, perovskite, numerical simulation, film thickness, effi-
ciency.
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AHHoTanusi. B paGore onmcanbl pe3ynbTaThl BBIYUCIUTEIBHOIO 3KCIIEPH-
MEHTa 10 OleHKEe 3()(HEKTUBHOCTH M ONTUMHU3AIMH KOHCTPYKIMH TEIUIOOTBO/A
JUIS TeTJIOHATrPYKEHHOTO UCTOYHHUKA 3JIEKTPOHHONW TEXHHMKH C LENbI0 MUHUMU-
3alUH TEMIIEPATyphl HICTOYHUKA U CHI)KEHHIO TIPON3BOJICTBEHHBIX 3aTpaT.

KnioueBble c10Ba: TEIUIOOTBOJ, TEIUIOBOM PEXHUM armaparyphbl, BHIYUCIIH-
TENbHBIA AKCIEPUMEHT, MaTEPUAIIbl TEKTPOHHON TEXHUKHU.

BBenenue

JlocTHKeHUsT SIEKTPOHUKU PACKPBIBAIOT OOJBIIHE TEPCIICKTHUBBI
JAJIbHEHIIIETO YJIYYIIIeHUs] KaueCTBEHHBIX ITOKa3aTeleil pa3padarbiBac-
MOi ammapatrypel. B To ke BpeMs HeNpephIBHOE €€ yCIOKHEHHe He-
Pa3phIBHO CBSI3aHO C POCTOM KOJMYECTBA MCIOIB3YEMBIX AJIEMEHTOB,
JNaTbHEHIINM YBEJIMUYCHUEM IUIOTHOCTH MOHTa)Xa M MUHHUATIOpHU3aluen
JJIeMEHTHOH 0a3pl. DTO 0OYCIIOBIMBAaET POCT YAETHHON TETIOBON
Harpy3kd Ha 3JEMEHT U COOTBETCTBEHHO ITOBBIIICHHE TPeOOBaHUU K
HaJeKHOCTH CaMUX 3JEMEHTOB. B cBOIO ouepelb pocT yAeIbHOM Terio-
BOH Harpy3KW W 3a/1a4a o0ecre4eHrs OOJBIINX BBIXOIHBIX MOIIHOCTEN
anmapaTypsl CBsI3aHbI C MPOOJIEMO OTBOJA TeIJla — HEU30EXKHOTO I10-
0OYHOTO MPOJYKTa €€ AIEMEHTOB, YTO B CBOIO OYepe/lb TpeOyeT MOUCKa
HOBBIX KOHCTPYKIIHIA, TPIMEHEHUSI HOBBIX MaTEpHAIIOB U CIIOCOOOB TeT-
nootBoAa [1, 2].
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BoruncianTeabHbIH IKCIEPUMEHT

Jiis 0TBOJIA TeIIa OT KpHCTallia K KOPITYCY B IEPBYIO O4Yepeab He00-
XOJTUM TIPaBUIIBHBIN BRIOOp MaTepHalia ¢ BEICOKOH TETJIONPOBOAHOCTHIO.
Bo MHOrMX nuTepaTypHBIX HMCTOYHHUKAX, OMHCHIBAETCS BO3MOXKHOCTH
NPUMEHEHUs B Ka4ecTBE MaTEpUANIOB Ui 0TBOJA Teruia Metamio (Cu,
Al u np.) [3]. [lpumeHEeHHE pPa3TUYHBIX MaTEPHAIOB B KOHCTPYKIIHH
TEII00TBO/Aa 00YCIIOBIICHO pa3HOH 3((EKTUBHOCTHIO IIOLIAIN PACCEH-
BaHUs. OCHOBHYIO Harpy3Ky HECET OCHOBaHHE TEIUIOOTBO/A, HETIOCPE]-
CTBEHHO KOHTAKTHPYIOIIEE C TEIUIOHATPYKEHHBIM JIIEMEHTOM U ee
npeaaraeTcs BBIMOIHATh U3 MeAn. Tak Kak ee Kod(Q(UIHEHT TeT00T-
BOJIa BBIIIE, HO BBIIIE M Macca. JlanpHelIee ke pa3BUTHE KOHCTPYKIHH,
B BHJE IITHIPEH, pedep U mp., IpeuiaraeTcs BHIOIHATD U3 aTIOMUHHS,
TaK Kak Mmojo0Has pa3BUTas MMOBEPXHOCTH YKe MeHee 3P eKTUBHA.

ABTopamMu pabOTHI TpeaIaraeTcsi ONTHMU3UPOBAHHAS KOHCTPYKIIHS
paauaTopa ¢ paBHOI((PEKTUBHOW, BHIMOJIHEHHOW 1O SKBHUTEMIIEPATyp-
HBIM TIOBEPXHOCTSM OT TEIUIOHArPY>KEHHOT0 WCTOYHHKA, OOecleyrnBa-
foIasi MUHAMH3AIAI0 TEMIIEpaTypbl Ha HEM MPH 3alaHHBIX Maccorada-
PUTHBIX XapakTepucTukax [4].

Ha Bxox xanana ¢ 3aJaHHOM CKOPOCTBIO M TEMIIEPATYpOil MmoaaeTcs
BO3AYIIHBIA MOTOK, OOTEKAIOIINHA TEIIOOTBOJISIIEE TEJIO ¢ BHYTPEHHUM
TOYEYHBIM HUCTOYHHKOM Ternia. TpeOyeTcs OIpelnennuTs pacipeaeieHme
TEMIEPaTypHOTO TOJIS Ha TMOBEPXHOCTH TeJla C IENbI0 BBIIBICHHUSA He-
3 PEKTHBHBIX YYaCTKOB IUIOIIAAN TEIUIOOTBOJAA U OOJIACTH OTpPHIBA I10-
TOKa OT TMOBEPXHOCTH TeJ, BIHUAIOIIME Ha TEMIeEpaTypy HCTOYHHKA.
BHemHss cpena B paboyeM NpOCTPAHCTBE — BO3AYX, CUMTACTCS HECHKH-
MaeMOl HEBECOMOW BSI3KOW TEIIONMPOBOMHOHN >KHIKOCThIO. OOTekaHme
CUMMETPUYHOE, PEXKUM TCUCHUS — IAMHHAPHBIH.

B nporpamme SolidWorks Oblii co3fiaHbl TpeXMEPHbIE MOJCITH HC-
CIIEAyEMBIX TEMJIOOTBOMAIIMX TEN W TEIUIOHATPY>KEHHOTO 3JIEMEHTA.
B mporpamme Ansys Workbench 0vimu pazpaboTaHbl (haliiIbl IPOEKTOB,
conepkamue B cebe Bce HYXXHBIE KOMIUIEKCHI, JJIsl MCCIIEJOBAHUS pac-
MPOCTPaHEHHSI TEMIIEPATYPHBIX TOJNEH B CUCTEME TEJI0—TOTOK.

IMocpenctBom DesignModeller coznanHble TeOMETpUH OBUIN IIEpe-
MeIleHbl B porpammy Workbench, B Helt e ObliM pa3paboTaHbl U pa-
Ooume obOnacTy, Ha JBa MOPAIKA MPEBHIMAIONINE pa3Mepbl CO3TaHHBIX
00BbekToB. CHpoeKTHpOBaHHAs TEOMETpHs padodeil obmacTh B Haib-
HeliieM Oblia Mpeo0pa3oBaHa B CETOYHYHO CTPYKTYPY, TJE C TOMOIIBIO
IpOrpaMMHOT0 KOMIIOHEeHTa Ansys Meshing Oblia CIPOEKTUPOBaHA pac-
YeTHas CETKa.
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BriBoabl

B pesynprare mNpoBEACHHOIO BBIYUCIUTENBHOIO SKCHEPUMEHTA
ONPEAEISUIACh 3aBUCUMOCTh TEMIIEPATyphl TEIJIOHATPYKEHHOIO 3Jie-
MeHTa OT (OPMBI TEILIOOTBOISIIETO Tela B KOHBEKTUBHOM IIOTOKE.
UuclieHHOE HUCCIIEA0OBaHUS MPOBOAMINCH B YHUBEPCAIBHON HpPOrpaMM-
HOW cHCTeMe KOHEYHO-3JIEMEHTHOrO aHanuza Ansys Fluent, maremaTu-
YECKOM OCHOBOM KOTOPOTO SABJISAIOTCS ypaBHeHHs HaBbhe-CToKca, TeIio-
MPOBOHOCTH W HEMPEPHIBHOCTH B TPUOIMKCHUW I HEC)KUMAeMOU
JKuIKocTH. JlJid onucaHusl mpouecca pacnpeeseHns TeIIOBOro nos B
CHCTEME TEJIO-TIOTOK MBI BOCIOJIb30BAJIUCh aHAJIOTMEW pacIpOCTPAHEHUS
TEIJIOBOTO M DJIEKTPOCTATHUYECKOIO IMOJEH OT TOYEYHOrO HCTOYHUKA.
[IpuBeneHHbIe TEOpeTUUECKHE NaHHBIC 00 pPa3HOA((HEKTUBHOCTH 30H
MMOBEPXHOCTH TEILIOOTBOAIIETO Tella B KOHBEKTHBHOM IIOTOKE OBLITH
MOATBEPKACHBl BBIYUCIUTEIBHBIM 3KCIEPUMEHTOM, KOTOPBIMA IMOKa3al,
9T0 (JOpPMY TEIUIOOTBOJA CIEAYET BBIMOJHAThH IO SKBUTEMICPATYPHBIM
MOBEPXHOCTSAM TEIUIOHATPY>KEHHOT'0 UCTOUHHMKA.
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RESEARCH OF THE EFFICIENCY
THE DESIGN A BIMETALLIC RADIATOR COPPER
AND ALUMINUM FOR A HEAT-LOADED SOURCE
OF ELECTRONIC TECHNOLOGY

N.N. Chernov, A.V. Palii, A.V. Sayenko

Abstract. The paper describes the results of a computational experiment to
assess the efficiency and optimize the design of a heat sink for a heat-loaded
source of electronic equipment in order to minimize the temperature of the
source and reduce production costs.

Keywords: heat removal, thermal conditions of equipment, computational
experiment, materials of electronic technology.
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CONSISTENT MODELING
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Abstract. This work discusses the necessary modelling efforts needed to
build nonlinear equivalent-circuit models that can produce consistent direct-
current (dc) and alternate-current (ac) characteristics of non-quasi-static devices
such as GaN/AlGaN HEMTs, showing electro-thermal and/or trapping behav-
ior. With this goal in mind, a measurement methodology addressing both pulsed
dc I/V characteristics and pulsed S-parameters is presented and exemplifying
results are shown.

Keywords: GaN HEMT, modeling, nonlinear measurements, non-quasi-
static model, Pulsed S-parameters, trapping.

Static and Non-Quasi-Static Electron Devices

By adopting an equivalent-circuit topology based on the physical
structure of the device to be modeled, and then extracting the values of
its elements from measurements, an equivalent-circuit model can provide
a representation of the device that is optimal in accuracy and predictive
capabilities [1]. Indeed, it is this predictive capability that leads us to
believe that a model extracted from dc current-voltage, dc I/V, measure-
ments, can be useful to predict the device’s response to a time-varying
signal.

In mathematical terms, this means that, e.g., the drain-source current
of an FET, ips(t), which is dependent on the transistor’s terminal gate-
source and drain-source voltages, vss(t) and vpg(t), respectively, can
be calculated as a times series of static points ips(vgs, Vps), as if the
succession of the voltages in time was irrelevant. This is so because the
FET is supposed to react to the present terminal voltages, regardless of
their past:

ips(t) = ips[ves(t), vps(t)] = ips(vgs, vps) €Y

Under this assumption, the device is said to obey the quasi-static
approximation, so that its drain-source current small-signal characteris-
tics can be estimated from the following first-order Taylor series
approximation:
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. . . dips(vgs,vps)
ins(Wgs, Vps) = Ips + ias = ips(Wgs) Vps) lvaevps % (vgs — Vgs) +
GS Ves/Vps
dips(vgs,Vps) —
+ —BEGSRs (wps — Vps) = Ips + G (Vgs, Vps)vgs + Gas(Ves, Vps)vas (2)

vps Vs.Vps

where the small-signal or incremental components, vy, V45, iqs, and their
corresponding dc quiescent points, Vg, Vps, Ips, are defined from the total
voltages and currents, vgs, Vps, ips, by vgs = Vs + vys, Vps = Vps + 4 and
ips = Ips + igs.

According to (2), one could be led to believe that a fitting function of
ips(vgs, vps) (i.€., the nonlinear voltage-dependent current source that, in
the equivalent-circuit model, represents the FET’s drain-source current)
can be either directly extracted from measured dc I/V characteristics —
ips(Wes, vps) = Ips(Vgs, Vps) — or from the integration of measured trans-
conductance [e.g., from the low-frequency bias-dependent forward ad-
mittance parameter, y,; Vs, Vos)]

ips(vgs, Vps) = f;:ssl Gm(w, Vps)du + Ips(Visy, Vps) 3)

or even from the integration of measured output conductance [e.g., from
the low-frequency bias-dependent output admittance parameter,

V22 (Vgs, Vps)]
ips(Vgs, vps) = vas Gas(Ves, wdu + Ips(Vgs, Vps1)- %)

Vbs1
The problem is that the drain-source currents obtained from (3) and
(4) are equal, and equal to the directly measured dc I/V characteristics,
if, and only if,
0%ips(vgs, Vps) _ 0%ips(vgs, vps)
dvgsdvps  OUpsOvgs

or

0G4s(vgs, Vps) _ 0Gm(Vgs, Vps)

0v¢s dvps

)

something that is not verified in any device that shows significant elec-
tro-thermal and/or trapping behavior, as is the case of modern high-
power GaN/AlGaN HEMTs, as illustrated in Fig. 1.

DC I/V and Small-Signal Isodynamic Characterization

To guarantee the above quasi-static conditions, it is necessary that the
dc I/V or bias-dependent small-signal tests are made under isodynamic
(same temperature and trapping state) conditions [1], with double-pulse
vps biasing and a specific laboratory setup like the one shown in Fig. 2 [2].
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Fig. 1. Inconsistent drain-source current characteristics obtained
from non-isodynamically measured G,, (v4s, Vps) and Gys(Vgs, Vps)
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Fig. 2. Laboratory measurement setup for isodynamic
dc I/V and Y-parameter characterization [2]

Although complex and expensive, such a laboratory setup pays back
since it provides the measurements needed to extract GaN HEMT mod-
els that are consistent under dc and ac excitations. In addition, and be-
yond quasi-static drain-source current extractions, this laboratory setup
also provides quasi-static gate charge [actually, gate-source capacitance,
Cy4s(vgs)] measurements, essential for high-frequency GaN HEMT appli-
cations.

Fig. 3 and Fig. 4 illustrate such Cgs(vss) and Ggs(vss) measurements,
respectively, taken from a commercial microwave power GaN HEMT,
where Vpg, set the isodynamic state.
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AnHoTanus. [IpoBeneH HEKOJUIMHEAPHBIN pacueT MEKTPOHHON CTPYKTYpPHI
KpPEMHHsI JIONHUpPOBaHHOTO (ocopoM. YcTaHOBIEHA 3aBUCHMOCTD ILIMPHHBI
SHEPreTU4ecKOl e MeXAy AOHOPHBIM YPOBHEM U JHOM 30HBI IPOBOJUMO-
CTH OT BEJIMYMHBI MarHeTusaluu Ha atrome (ocdopa, MokazaHa BOZMOXKHOCTb
YIpaBJICHUS HAlPaBJICHUEM aTOMHOTO ciiiHa (hocdopa ¢ MOMOIIBI0 MATHUTHO-
0 I0JIA.

KiroueBble c1oBa: KpUCTAUIIMYECKUH KpeMHUH, JOHOpHas NMPUMECh, TEO-
pus QyHKIIMOHAIA INIOTHOCTH, METO, IICEBIONOTEHIINATIOB, KyOUT.

BBenenue

CrniocoOHOCTh ynpaBiieHUs] KBAHTOBBIMU COCTOSTHHSIMH, BO3MO>KHOCTh
CUMTBHIBaHMA U Tepeaadil HHPOpManuy depe3 KyOUTHl — BaXKHBIM BOIIPOC
B Pa3BUTUHU KBAaHTOBBIX KOMIBIOTEPOB. OANH U3 NEPCHEKTUBHBIX CIOCO-
00B co3aHus KyOUTOB — HCIIONB30BaHUE OJMHOYHBIX aTOMOB (hocdopa,
JIOIIMPOBAaHHBIX B KPUCTAJUIMYECKUA KpeMHUU. TexHonorudeckas cxema
co3/1aHus KyOuTOB Ha ocHOBe Si:P Oputa npemnoxena Keitnowm [1] eme B
1998 romy. CnuHOBBIE COCTOSHHS 3JEKTPOHA, CBA3aHHOTO C aTOMOM
dochopa xapaKTepU3yIOTCS OTHOCHTEIHFHO BBICOKHM BPEMEHEM KOTe-
PEHTHOCTH, KPOME TOTO CO3/laHHe KyOMTOB Ha ocHOBe Si:P momHOCTBIO
COBMECTUMO C TEKyLIEH KPEMHHUEBOM IOIYIPOBOJHUKOBOM TEXHOJIOTHU-
eii. B pabore Mopemio [2] 3KcIiepuMEHTAIBHO ObliIa IOKa3aHa BO3MOXK-
HOCTh CUMTBIBAaHUSA OPHEHTALMM CIMHA 3JIEKTpoHAa. B mpencraBieHHON
paboTre OBLI MPOBEICH KOMILJIEKC KBaHTOBO-MEXaHHUYECKHX PAacUETOB C
HENBI0 U3yYeHUs DIEKTPOHHOH CTpYKTyphl Si:P m BimsHUWSA, OKa3bIBae-
MOT0 Ha Hee OTpaHMYCHHEM MarHeTU3aluy.

Pe3yJ'II)TaTI)l pacueToB U MX aHAJIU3

KBanTOBO-MeXaHWYECKIE pacUeThl, IPEACTABICHHBIE B JAaHHOH pabo-
T€, BBIIOJHEHBl C WCIIOJIB30BaHMEM MpOorpaMMHOro makera Quantum
ESPRESSO [3], ocHOBaHHOTO Ha TeopuH (PyHKIMOHAJa IUIOTHOCTH U
MeToJie TiceBnonoTeHnuana. s 0OMeHHO-KOPPEISIIHOHHOTO TTOTEHITH-
ama OBbUTO KCIOJIB30BAaHO TPUONIMKCHHE OOOOIIEHHBIX TPaAJUCHTOB.
DHeprus o0pe3anus 0a3uca MIOCKUX BOJH cocTaBmiia 476 3B. Kpucrai-
JUYecKas pelieTka KpeMHHs ObLTa 33/1aHa cymnepsdeiikoil n3 64 aToMoB,
LEHTpaJbHBIM aToM B sA4eiike 3ameniancs atomMoM ¢(ocdopa. Habop
k-touek ObL1 3aaH ceTkol 3%3%3 mo cxeme Monkxopcra-IIaka.

[Tomuyro marHeTH3amuio cucteMbl Si:P ompenenser Hammune Hecma-
PEHHOTO 3JIEKTpOoHa aToMa (ocdopa, B COCTOSSHUN PaBHOBECHS OHA CO-
crapnsier 1 pg/cell. Tak e Kak U IIOTHOCTH U30BITOYHOTO JJIEKTPOHA HE
JIOKaTN30BaHa MCKJIIOYMTENFHO HA aTOMe, a MPOCTPAHCTBEHHO pacripe-
JefieHa B HEKOTOPOH 00jacTh, TaKk M MarHeTH3auus MMEeT MPOCTpaH-
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CTBEHHOE pacmpezenenne. B cimydae sueliku w3 64 aromoB (1 atom
KpeMHHs 3amereH ¢ochopoM) Mardermsarus Ha atrome (ocdopa co-
crasnsier 0.019 pB/cell, Ha 4-x aTomMax KpeMHHUS CBA3aHHBIX C aTOMOB
dochopa — 0.010 pB/cell. Ha mpyrux atomax KpeMHHS BEIHMYWHA Mar-
HeTu3anuu MeHsercs B npeaenax ot 0.002 mo 0.007 uB/cell.

MBI HCIIONB30BANM JIBA OCHOBHBIX, PEaJM30BAHHBIX B IMPOTPaMMeE
Quantum ESPRESSO, cnioco6a orpannuuth Maraeru3anuio. [1pu orpa-
HUYECHUW BEIIMYMHBI OOIIell MarHeTH3allii W €€ HaIpaBIeHHS MBI MO-
JKEM PacCMOTPETh €€ BIUSHUE HA OPUCHTAIMIO criiMHA atoMa (ocdopa.
OTtkitoHeHNE OOIIei MarHeTH3aIuy CUCTEMBI OT OCH Z TIPUBOJHT K CO-
3IaHUI0 MarHUTHOTO TOJISi, KOTOPOE pa3BOpayMBacT HalpaBJICHHWE Mar-
HUTHBIX MOMEHTOB OT/CJIBHBIX aTOMOB (KBaHTOBBIE COCTOSIHUS [0> 1 |1>
B ctepe bnoxa) mo HampaBienuro oOmei Maraetuzanun. OrpaHndeHNe
(ycuneHnue) mMarHeTu3anuu Ha atome ¢ochopa BelIeT K COOTBETCTBYIO-
[IeMy YBEIMYEHHUIO MOJHOW SHEPTHH, KOTOPOE MOXKET OBITH 00yCIIOBIIe-
HO yBEITMYEHHEM JHEPreTHYECKOH e MEXIy JOHOPHBIM YPOBHEM U
MOTOJIKOM 30HBI TIPOBOJMMOCTH. YBEIHUYEHHE MarHeTH3aI[Mi Ha aToMe
¢dochopa o Bemuunnsl 0.140 pB/cell NpUBOAUT K YBEIHUYCHHUIO YHEPIe-
THYECKOH MIeNH, BeauciaeHHoi B ['-Touke, ¢ 0.056 go 0.091 >B. Ilomy-
YeHHBIE PEe3yNbTaThl MOTYT OBITh HCITONB30BaHBI ISl KAa4eCTBEHHOTO
onucanusi Si:P B mepcrekTHBE MPOEKTHPOBAaHMsS KyOHTOB Ha OCHOBE
JTAHHBIX CUCTEM.

Paboma nooodepocana ¢ coomeemcemesuu ¢ I ocyoapcmeenuvim 3a0a-
Huem Ha evinoanenue HUP Munucmepcmea nayku u @vicuieco oopazo-
sanus Poccutickou @edepayuu (npoexm Ne 0818-2020-0005). B pabome
UCNONIL308ANUCL MeMOObl, paspabomannvle 8 pamkax I ocyoapcmeento-
20 3a0aHue Ha evinoanenue HUP ¢ BL] /IBO PAH (X©UL] /IBO PAH).
Ipu svinonnenuu pacuemos ovinu ucnoavizosaust pecypcot LIKII «l]enmp
oannvix [[BO PAH» (2. Xabaposck) [4], LIKII « Upxymcxuii cynepkom-
noromepustii yeump CO PAHy (2. Upxymck) [5].
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QUANTUM MECHANICAL STUDY OF THE MAGNETIZATION
EFFECT ON THE ELECTRONIC STRUCTURE OF SI: P

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

Abstract. Non-collinear calculation of the electronic structure of silicon
doped with phosphorus were performed. The dependence of the energy gap be-
tween the donor level and the bottom of the conduction band on the phosphorus
atom magnetization is investigate, the possibility of manipulation of the phos-
phorus atom spin using a magnetic field is shown.

Keywords: crystalline silicon, donor impurity, density functional theory,
pseudopotential, qubit.
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AnHoTauus. B pabote mpeniaraioTcss KOHCTPYKTHUBHBIE M CXEMOTEXHHUYE-
CKHE peIIeHUs Ui peaji3aliyd BBICOKOIIPOU3BOAUTENBHBIX KOMIBIOTEPOB
cienyrouiero nokoseHusa. OHM OCHOBAaHBI Ha METOJOJIOTMH MPOEKTUPOBAHUS
CaMOCHHXPOHHBIX CXEM M 00ECIICUHBAIOT TIOBHINICHHE YCTOHYUBOCTH BBIYUCITH-
TENBHBIX CUCTEM K JIOTHYECKUM COOSIM, SBIISIOIIAMCS CIEICTBHEM HaBEICHHBIX
MOMEX U paJualiiOHHOr0 BO3IEUCTBUS.

KiroueBble c10Ba: CaMOCHHXPOHHAs CXEMa, WHIMKAINWSA, COOCYCTOWYH-
BocTh, KMOII. MHOrONIOpOTOBBIN TPAH3UCTOP.

BBenenue

OCHOBHBIM TPEHIIOM COBPEMEHHOW MHUKPOAICKTPOHUKH SBISIOTCS
MOCTOsIHHAsE O0ph0a 3a CHIDKEHHE SHEPToNOTPEOICHHsI M COOMIOACHIE
JKECTKUX TPeOOBAaHMH K HAJEKHOCTH M IMOMEXO3AIUIICHHOCTH cXeM. B
HACTOsSIIIIEE BPEeMs CYIIECTBYET AOCTaTOYHO XOPOMIO IMpopadoTaHHas
aJbTepHATHBA CHHXPOHHBIM cxemMaM — camocuHXpoHHEIE (CC) cXeMsl.
OHU SIBISIOTCS MHOTOOOCIIAIONICH 3aMEHOW CHHXPOHHBIX CXEM B Kade-
CTBE CXEMOTEXHUYECKOW 0a3bl Il CO3JJaHUsl KOMITBIOTEPOB HOBOTO IT0-
KOJICHUS, o0ecrieunBasi OecrepeO0oifHyt0 padoTy B HECTAOMIIBHBIX YCIIO-
BUSIX JKCIUTyaTal[ill BBIYUCIUTEIBHBIX CHCTEM (HANPSOKCHUS MUTAHUSA,
TEMIIepaTyphl) U NOBHIIICHHYIO YCTOWYUBOCT K BO3JIECHCTBUIO HEOIaro-
MPUATHBIX (HAaKTOPOB OKpY’KafommIeH cpeapl. B pabore ob6cyxmaroTcs
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KOHCTPYKTHUBHBIC U CXCMOTECXHUYCCKUE METOAbI IMOBBIINICHUA HAOCKHO-
ctu CC-cxeM U BBIYHCIIMTEIbLHBIX CHCTEM Ha UX OCHOBE.

HoBbimenne cooeycroitunBoctu CC-cxem

CC-cxeMbl UCTONB3YIOT YeThIpe OCHOBHBIX MPHUHLUIIA MPOEKTUPOBA-
Hus [1]: n3066ITOYHOE KOANPOBaHNE HHPOPMAIMOHHBIX OUT; AByX(a3Hoe
MOBE/ICHNE; MHINKAIINIO OKOHYAHSI TIEPEKITIOYCHUST CXEMBI B 0UepeTHOe
COCTOSIHHE; 3allPOC-OTBETHOE B3aMMOJICHCTBUE COCEJHHX B TPaKTe 00-
pabotku uHbpopmaru CC-ycrpoiictB. Mcnonb3oBanue napagda3HOro
Koja [2] juis mpeacTaBiieHHs WHGOPMAIMOHHBIX CHUTHAJIOB YIIPOIIACT
WHIWKAIMIO OKOHYAaHHWA TEepPeXOAHBIX IpoieccoB B dnemeHtax CC-
CXEMBbI U TIOBHIIIAET HAJEKHOCTh TNepeaadnd MHpOpMauu MEexIy OJo-
KaMH{ BBIUYHCIIUTENBHON CHCTEMBI.

AHanu3 IOBEIEHHS] CAMOCHHXPOHHBIX CXEM B yCIIOBHSIX BO3JEHCTBHSA
HeOMaronpusATHRIX (PAaKTOPOB OKPY KAIOIMIEH Cpebl, MPUBOIAIINX K IT0-
SBJICHUIO KPAaTKOBPEMEHHBIX JIOTHUECKMX cOOeB, MoKasbiBaeT, 4ro CC-
CXeMBbl 00JIaIal0T €CTECTBEHHOH YCTOHYMBOCTBIO K KPAaTKOBPEMEHHBIM
mormdeckuM cO6osiM. OHE MackupyroT 6omee 80% yormdecknx cOoeB 3a
CYeT CBOWX IMPHUHIWIIOB OpraHM3anud M (QyHKIHOHWpoBaHUS. VHanKa-
LUsl 3apeIeHHOT0 COCTOSHMS Mapada3Horo CUrHala, MOSBIISIOLIET0Cs
B pe3yibTaTe Jormyeckoro cOos, Kak creiicepa u ucmonb3oBanue Dual
Interlocked Cell (DICE) nmomxozaa [3] kK MpOEKTHPOBAHUIO KPUTUIECKUX
y310B CC-cXeM JOMONHUTENBHO MOBBIAIT yCTOMYNBOCTE CC-cxeM K
KpPaTKOBPEMEHHBIM JIOTHYECKUM cO0SM 10 YPOBHS 96%.

Ymenbienne ciaoxkaoctu CC-cxem

OCHOBHOH HEOCTATOK CAMOCHHXPOHHBIX CXEM — ammapaTrHas W30bI-
TOYHOCTb, CBSI3aHHAs C U30BITOYHBIM KOIUPOBAHNEM MH(OPMALIOHHBIX
CHUTHAJIOB ¥ HEOOXOJMMOCTBIO MOATBEPIKICHUS 3aBEPLICHHUS IPOLIECCOB
MEPEKITIOUCHNS BCEX JJIEMEHTOB cXeMbl. B pabote obcykmaercs BO3-
MOXHOCTb COKpAIllEHHs allllapaTHbIX 3aTpaT Ha peanu3anuio CC-cxeM 3a
CYeT HCIIOJIb30BAHNS HOBOTO CXEMOTEXHHYECKOTO0 KOMIIOHEHTa — MHO-
rOIOPOroBOro Tpansucropa. Ero npuMeHeHne mo3Boamio Obl yIpOCTUTh
CXEMOTEXHUYECKYIO U TOMOJIOTHYeCKyI0 peanu3anun CC-cxeM U 3a cUeT
3TOTO JIOMOJIHUTENFHO YBEIMYHUTh UX TIOMEX0- H COOCYCTOHUUBOCTD.

BriBoabI

B pabote npeasioxeHsl HOBBIE MOAXOABI K MOBBIIICHHIO HA/ICKHOCTH
CC-cxem B 0Oazuce KMOII TexHOMOTHH, BKIIOYAIONINE CXEMOTEXHHYE-
CKHE€, KOHCTPYKTHUBHBIE U TOINOJOrMYecKue crnocoOsl. Pa3paboTka
MHOTOTOpOoroBeIXx MOII TpaH3UCTOPOB W CXEMOTEXHHKH OCHOBHBIX
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anemeHTOoB CC-cXeM Ha WX OCHOBE IO3BOJHT COKPATHUTH CIOKHOCTH
CC-yCTpOMCTB U IJIOIIA/Ib UX TOMOJOTUYECKON peanu3aliuu.

Paboma svinonnena npu noodepacxke Munucmepcmea Hayku u gvicuie-
20 obpasosanus Poccutickoii @edepayuu, npoexm Ne 075-15-2020-799.
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SELF-TIMED CIRCUITS AS A BASIS FOR DEVELOPING
NEXT GENERATION HIGH-RELTABLE
HIGH-PERFORMANCE COMPUTERS

A.A. Zatsarinny, Yu.A. Stepchenkov, Yu.G. Diachenko, Yu.V. Rogdestvenski

Abstract. The paper proposes design and circuitry solutions for the imple-
mentation of high-performance next generation computers. They are based on
self-timed circuit design methodology and provide an increase in the tolerance
of computing systems to soft errors resulting from induced noises and radiation
exposure.

Keywords: self-timed circuit, indication, fault-tolerance, CMOS, multi-
threshold transistor.
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NPUMEHEHUE METOJOB MAIIIMHHOI'O OBYYEHUA
A AIITPOKCUMAIIMA OKCITEPUMEHTAJIBHBIX
XAPAKTEPUCTUK MEMPUCTOPA

1
Jlonamenko B.B.

1 . .
Mockosckuii asuayuonnsiti uncmumym (HHUY)

AHHOTanusi. MeMpHUCTOp — MAaCCUBHBIN AJIEMEHT B MUKPOIJIEKTPOHUKE, TIO
CBOMM CBOMCTBaM MOXO0XKHH Ha OMOJIOrMUeCKuii cuHarc. Bo3MOXHOCTh UCITONb-
30BaHM MEMpPHUCTOpAa B KAa4eCTBE aHAIOTOBOTO DIIEMEHTa B HEHPOCETSIX IMOBHI-
IIaeT MHTEPEC K M3YYCHHUIO €r0 CBOMCTB CO CTOPOHBI HAyYHOTO COOOIIECTBa.
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B nanno#t paboTe u3y4aercsi BO3MOXXHOCTh MOJCIUPOBAaHUS HEKOTOPBIX Xapak-
TEPUCTUK MEMPHUCTOPA, UCTIONb3Ys alTOPUTMBI MAIIMHHOTO OOy4YCHHUS, B 4aCT-
HOCTH aJITOPUTM TPAIUEHTHOTO OyCTHHTA.

KnaioueBsbie cjoBa: MeMpHCTOp, MallMHHOE OOy4eHHE, TPagMeHTHBINH Oy-
CTHHT, 3a/1a4a PErpecCui.

HckyccTBeHHBIM MHTENIEKT SBISETCd OJHUM M3 CaMbIX Ba)KHBIX
HaIpaBJIeHU WHHOBAIIMOHHOTO Pa3BUTH HAIIero BpeMeHu. Bce Gonee
u Oosee BOCTpeOOBAHHBIM Ha MPAKTHKE CTAHOBATCS METOIBI HAXOXKIE-
HUSI 3aKOHOMEPHOCTEH B OOJIbIIMX OO0BeMax MaHHBIX H, B YaCTHOCTH,
ANTOPUTMBI MAIIMHHOTO OOy4YeHHsS Ha MpEleACHTaX W alrOPUTMBI
0o0y4yeHHsl C yuuTeJIeM. B KOHTeKcTe TaKuX ajJrOpUTMOB MOXKHO T'OBO-
PUTH O OBYX THIAax 3a/ad — 3ajaya PerpeccHy U KiacCH()UKAIUH, TPH-
9YeM €CJIH MBI XOTHM IPeICKa3bIBaTh 3HAUYEHUS M3 KOHEYHOTO MHOXe-
CTBa METOK (KJIacCOB), TO CJEIyeT TOBOPHUTH O 3a/ade KIACCHU(PUKAIIH.
HanpoTuB, nbITasch MOCTaBUTh MHOXECTBY HaHHBIX B COOTBETCTBHE
ONPEIIEIICHHOE BEUIECTBEHHOE YMCJIO, MBI pellaeM 3a/Jady perpeccum,
Kak Obl BOCCTaHABIIMBAsl HEU3BECTHYIO LIEJIEBYIO (DYHKIIHIO.

MeMpHcTOp — TacCUBHBIN 3JEMEHT B MUKPORJIEKTPOHHKE, CIIOCO0-
HBII U3MEHATh CBOE CONPOTUBIICHUE B 3aBUCUMOCTH OT IPOTEKILIErO Ye-
pe3 Hero 3apsna (MHTerpaia Toka 3a Bpems pabotei) [1, 2]. [lo cBoeii
CYTH OH IOXO0X Ha PE3UCTOp, C TEM JMIIb OTIMYHUEM, YTO CONPOTUBIIE-
HUE MEHsSEeTCA HEJIHMHEWHO (PE3UCTOpP MOXKET MMETh KakK MOCTOSHHO CO-
NPOTUBJICHUE, TaK U MEPEMEHHOE — B TaKOM CIIydae OHO OyIeT H3Me-
HATBCSL MO JIMHEHHOMY 3aKoHy). JIaHHBIA 3JIEeMEHT IpelCcTaBiseTcs
MEPCIIEKTUBHBIM aHAJIOTOM OHOJIOTHYECKOT0 CHHAIICa, YTO JETAaeT OCO-
OCHHO aKTyalbHBIM H3YYEHHUE €TI0 CBOMCTB.

B nmannoii pabote m3ydaeTrcs MPUMEHHMOCTh METOIOB MAIIMHHOTO
0o0ydeHus, B YaCTHOCTH METOJla TPaJNEeHTHOr0 OYCTHHTa, JUISl pEeIIeHus
3a[Ja4M anmnpoKCUMAalUU BOJbT-aMIEPHOM XapaKTEPUCTUKH MEMPHUCTOPA
BO BpeMeHHM. Ha OCHOBe HMEIOHIUXCS HKCIIEPUMEHTANbHBIX JAHHBIX,
MIPEJCTABICHHBIX HAa pHUC. 1, MOAENb MBITAETCA MpPENCKa3aTh 3HAYCHHE
BEJIMYMHBI CHJIBI TOKA B OIIPEIEIEHHBII MOMEHT BPEMEHU.

I'pamuenTHBIi OyCTHHT SIBISieTCS aHCAMOJIEBBIM alTOPHUTMOM Ma-
IIMHHOTO O0Yy4YeHHMs, IOCKOJIBKY Ha CaMOM JIeJIe UCIIOJIb3YEeT KOMIIO3H-
LU0 AITOPUTMOB, MIOCTPOSHHBIX UTEPATHBHO TaKUM 00Pa3oM, 4TO Kax-
IBIH CIeAYIOIUi 00y4aeMBblii aJITOPUTM pelIaeT 3aJa4y MUHUMHU3AIUN
OMOKN MEXIy HaOJII0NAaeMbIMM 3HAUYEHHMSIMHU I1I€JICBOM NEPEMEHHOU U
MPOrHo3oM Tekyiei kommosuuuu [3]. Ilo cytu ato MeTamozens, KOTo-
past BBIIIOJHSIET TPAJUEHTHBII MOUCK HAWTyYIIeld B CMBICIIE BHIOpaHHON
METPHUKH MOJIEIH B IPOCTPaHCTBEe (GyHKIHUHA. Takol MOIX0 K PEIICHHIO

117



3a7a4 MAIIMHHOTO OOYYEHUs AENaeT 3TOT aJrOPUTM JIHIEPOM BO MHO-
TMX 3aJa4ax Cpeau KIAaCCHYECKHX AITOPUTMOB, HE MCIIOJIB3YIOLINX
MPUHIMIIEL TITyOOKOTO 00yUeHHS.

W R e L P! e T

T

Puc. 1. BOJ'II)T-aMHepHaﬂ XapaKTCPUCTHUKA Ha SKCIICPUMCHTAJIbHBIX JaHHBIX

TR AP L A

valagr v

Puc. 2. Bonpr-amnepHas XapakTepHCTHKa COTJIACHO NMPOTHO3Y MOJIEIH
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Ha puc. 2 mpencraBneHa MpOrHO3HAs BOJBT-aMIEpHAs XapaKTepH-
CTHKa MEMPHUCTOPA, IOCTPOCHHOTO HA OCHOBE HAHOCTPYKTYPHI JUOKCHIA
tutana (Ti02), momyuyeHHOH B pe3yibraTe 00yUYeHUs ajJropuTMa rpaiu-
€HTHOTO OyCTHWHTa Ha WMEIOIINXCS JKCIIEPUMEHTAIBHBIX NaHHBIX. [lpn
MOJEIUPOBAHUN HCIOJIb30BATACh PEANN3aLUsl aJrOPUTMA, IMPENCTaB-
JIeHHas B BbIUMCIUTENbHOM (hperimBopke XGBoost [4] s3bika mporpam-
mupoBanus Python.

B pesynbrare o0yuyeHns: MoJiesin ObUIN MOMYYEHbI YOBIETBOPUTEIb-
HBI€ pe3yJIbTaThl, KOTOPbIE JOCTATOYHO XOPOIIO COTJIACYIOTCS C DKCIIe-
PUMEHTATHHBIMHA JTaHHBIMH, 9TO TOBOPHUT 00 3(h(PEeKTUBHOCTH TpeIo-
KEHHOro mozaxona. AOCOIIOTHOE 3HA4YE€HHE BEIMYMHBI OLIMOKH IpHU
9TOM He TpeBblaeT 1. B xauectBe (yHKIMOHANA KauecTBa MPH pelle-
HUU TaHHOU 3aj1auu ObLIa UCTIONH30BaHA CPETHEKBAAPaTHIHAS OIIHOKA.
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APPLICATION OF MACHINE LEARNING METHODS
TO APPROXIMATE THE EXPERIMENTAL
CHARACTERISTICS OF A MEMRISTOR

V.V. Lopatenko

Abstract. Memristor is a passive element in microelectronics, similar in its
properties to a biological synapse. The possibility of using a memristor as an
analog element in neural networks increases the interest of the scientific com-
munity in the study of its properties. In this paper, we study the possibility of
modeling some characteristics of a memristor using machine learning algo-
rithms, in particular, the gradient boosting algorithm.

Keywords: Memristor, Machine learning, Gradient Boosting, Regression
task.
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AnHoTaums. [IpennoxeHa npoctas MOAENb HEIMHEWHON JUHAMHKHU IMOBE-
JICHHUS COMPOTHUBIICHUS MEMPHCTOpA MPU €r0 NUKINPOBAHUH, PEIIIONaraonas
nBe (a3oBBIC MMEpeMEHHbBIE (UTMHA W 3aXBauCHHBIN MM 3apsi), ONpeAeIIFOIIne
YeThIpe KIII0YEBBIE MapaMeTpbl MeMpUCTOpa. B mpocTpaHCcTBe Tpex mapaMeTpoB
MOJIENT HalIeHbl KBA3UIIEPUOIUIECKIE PEKUMBI, CTPAHHBIA aTTPAKTOP M Xao-
THYECKOE MOBeIcHUE. B OONBIIMHCTBE CIIyYaeB yIpaBIICHHEC PacCMaTPUBAIOCh
CHUHYCOUJAIbHBIM CUTHAJIOM.

KiroueBble c10Ba: MEMpPUCTODP, HEJMHEHHAS AUHAMUKA, CTPAHHBIA aTTpak-
TOP.

BBenenne

HectabunbHOCTE pabOTBl MEMPHUCTOPA, MPOSBISIOMIAsICS, B YaCTHO-
CTH, TIPH €ro LUKIMpoBaHUH [1-3], sABiseTCS caepKuBaromuM (akTo-
pOM Al ero MpHUMEHEHHs. JTa HeCTaOMIBHOCTh, 10 HAIIeMy IMPEario-
JIO)KEHUIO, €CTh CBOWCTBO HEJIMHEWHOW MTUHAMHUKHU 00JIacTH (prmaMeHTa
MOJT BO3/ICWCTBUEM BHEILIHETr0 HaNpspKeHHs. AKTyaibHa 3ajladya MoMcKa,
YKEJaTEIbHO MPOCTOM, MOJIEIH, ONKCHIBAIOLIEH 3Ty AUHAMUKY. Mccie-
JOBaHHE TaKoOM Mozenu U (a3oBOro moprpera €€ PeKUMOB PabOTHI
MIPEJICTaBIIAET UHTEPEC U I MaTeMaTHKOB, U JUIS MPAKTUKOB, MOCKOIb-
Ky TIpaBWJIBHBIA BHIOOp YMCIIEHHBIX 3HAYCHUH MapaMeTpoB, HAIpHUMED,
IpU TPEHUPOBKE MEMPUCTOPA, CIIOCOOEH YCTPAaHUTh HECTAOUIBHOCTh U
BBECTH MEMPHUCTOP B IPOCTON NEPUOJUUECKUI PEKUM.

CTpyKTypa MOAeIH U METOABI €€ ucCaeJOBAHMUS

dopmanbHbI U Qu3ndeckuid 6a3uc Moaenu naH Hamu B [1]. Tpaau-
nroHHas Mojens CTpyKOBa JUIsl MEMPHCTOPA TIEPBOTO MOPSAKA HE CIIO-
co0OHa BBUAY ciieAcTBHA U3 Teopemsl llyankape-benmukcona Bocmpons-
BECTH Xa0C, HAONIONaeMblii Npu IUKIMpoBaHuu [2]. HyxkHbl Monenu
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0oJiee BBICOKHX MOPSIKOB JJIsl HaxoxIeHus oudypkanuit [3]. Hama mo-
JIeNIb HE SIBJIAETCSI TOUHOW B CMBICIIE OIMCAHUS IEKTPOPU3UKH, B HEH
numb 1o0aBneHo Hapsany ¢ AudepeHInanbHON CBA3BI0 HA AJHHY (QH-
JaMeHTa, QopManu3yemMoil depe3 MPUMUTHBHYIO CTYNEHBKY (QYHKIMH
3axBara, OJHO ypaBHEHHE Ha 3aXBau€HHbIM (QUIAMEHTOM 3apsp, Ipo-
MOPLMOHAIBHBIA MPOTEKAIOIIEMy 4Yepe3 HEero TOKY, U COOTBETCTBEHHO
BBOIUTCS QYyHKIUS 3axBara. CTpyKTypa BTOPOTO YPaBHEHHUS MOBTOPSET
CTPYKTYpPY NEPBOTO YpaBHEHMS, a (DYHKLHS 3axXBaTa UMeEET TaKKe IPo-
CTOM BHJ — JMHEHHON (QYHKIMU ¢ HOPMHUPOBKOM Ha HEKUH MaKCHMaib-
HBIN 3apsi.

JluHaMKKa W3MEHEeHUs JJMHBI (UIaMEeHTa, CBA3aHHAasl OOBIYHO C I10-
JIBWKHOCTHIO MOHOB KHCIIOPOAA, JAeT MepBbId K0d(D(UIMEHT, a IuHa-
MHKa 3aXBaTa 3apdA/a, onpeaessieMas U3 KBAaHTOBO-MEXaHHUECKHUX CO00-
paxkeHu#, maeT BTOpou koddduuueHT Momenu. TpeTuit kKodhdHUIHEeHT
OTpa)kaeT MOMPABKY Ha CIIBUT HAINPSLKEHMS sl IPEOJOICHUS KYJIOHOB-
CKOTO Oapbepa M pe3yibTUPYIOUINI TOK, BBOAUMYIO B alnredpandeckoe
ypaBHeHue monenu CTpykoBa Ul OMHYECKOH CBSI3U TOKA M HAIpsKe-
Hus. TakuM 00pa3oM, MOBEAEGHUE MOJENH, T.€. BUA PEKHMa, MOXKET
OBITH HCCIIEIOBAHO B MPOCTPAHCTBE TPEX ITApaMETPOB W JIBYX Hadailb-
HBIX YCIIOBUH.

BHemHee HanpspKeHUE TPU TUKIMPOBAHUU IO CYTH SIBJISIETCS YIIPaB-
JICHHWEM ]IS aBTOHOMHOM CHCTEMBI YPaBHEHUH; Mbl PACCMATPUBAIIH JIBE
0a3oBeie (OPMBI — CHHYCOHMJA M NEPUOJMYECKAsl CTyNEHbKa-MeaHnap.
BpemeHHas och enuiack Ha MepHOnbl, a (a30Bble MEPEMEHHBIE CMOT-
peNuch Kak B HEIIPEPHIBHOM BPEMEHH, TaK M B IMCKPETHOM — KaK OTCYe-
THI B CE€peAMHE TepHoia curHana. B mpenenax ogHOro nepruoaa Ml UMe-
€M OJHYy THCTEpe3HCHYI0 KpUBYIO, XapakTepusyemyno  4-ms
napamMeTpaMu — HaNpsDKEHUSIMU 3aIMCH U CTUPAHHUS, COPOTHBICHUIMHU
BO BKJIIOYEHHOM H BBIKJIFOYEHHOM COCTOSIHHU.

B mepBylo ouepenp HCCIeIOBANOCH pa3HOOOpa3ue TPAeKTOPHU HC-
KPETHBIX OTCYETOB M (Da30BBIX MEPEMEHHBIX, U YETBEPKU MapameTpoB
MempucTopa. Hamu ObIIM HE TOJNBKO YCTOWYHMBBIE TPAaCKTOPHH, T.€.
CTpEMJICHHE K PaBHOBECHIO WU 2-, 3-TIepUOJIUECKIE OPOUTHI, TO U JH-
HaMu4ecKas cMeHa arrpakropa (mocie 50-200 muKiIoB), M KBa3UIIEPHO-
JUYHOCTB, M XaoTH4YeCKHe KojebaHus. bbuio mocTpoeHo HECKONBKO (a-
30BBIX MOPTpeToB. Hanbomnee TpynoeMKUM OKa3aioch MOCTPOCHUE TPEX
($a30BBIX OUArpaMM-CEUEHMH B IIPOCTPAHCTBE TPeX MapaMeTpoB;
HayaJIbHBIE YCJIOBHUS TOJIATajuCh HyJeBbIMH. KaxIoe cedeHHe CTpOH-
JIOCh TP HEKOTOPOM JHana3oHe U3MEHEHUs JBYX MapaMeTpoB H (PHK-
CHPOBAaHHOM YPOBHE TPETHETO apameTpa.
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BriBoabl

XOTS MPH COCTABIIEHUH MOJIENIH MBI PYKOBOJICTBOBAIHCH COOOpaxke-
HUSMU TIPOCTOTHL M UCCIEAOBANIACH JIUIIL OJHA U3 €€ Bapualuil, HO BbI-
YUCJIUTEIBHBIN 3KCIIEPUMEHT MOKa3ajl CI0KHOCTh €€ MOBEJECHUS B JIU-
HaMUKe, HaTuare 00JacT Xaoca B KOMIIAKTHON O0JIACTH TPEXMEpPHOTO
MIPOCTPAHCTBA MAapaMETPOB, a TAKXKE SIBICHHE CTPAHHOIO aTTpakTopa
(HeyCTOHYMBON CMEHBI AMHAMUKHA TIPU CMEHE OJHOTO aTTpakTopa Ha
JIPYTOH TIPH JUTUTENHHOM IUKINPOBaHUH). TakuM 00pa3om, IpH Mepro-
JIMYECKOM BHEITHEM BO3JEHCTBUU (IUKIUPOBAHUN) MOJAEIH MEMPUCTOPA
BTOPOTO MOPSAAKA CIIOCOOHA ONMHCHIBATH XAOTHYECKHWE CIOBUTH KPHUBOU
TUCTepe3uca.

Paboma evinonnena npu nooodepocke Ilpasumenvcmea PD yepes co-
enawenue Ne 074-02-2018-330 (2).
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INVESTIGATION OF A SIMPLE MODEL
OF A SECOND-ORDER MEMRISTOR DURING ITS CYCLING

LV. Matyushkin, D.V. Guseinov

Abstract. A simple model of nonlinear dynamics of the memristor re-
sistance behavior during its cycling is proposed, which assumes two phase vari-
ables (the length and the charge captured by filament) that determine the four
key parameters of the memristor. In the space of three parameters of the model,
quasi-periodic modes, a strange attractor, and chaotic behavior are found. In
most cases, the control was considered a sinusoidal signal.

Keywords: memristor, nonlinear dynamics, strange attractor.
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UMUTAIIMOHHOE MOJIEJITUPOBAHUE
UMIYJbCHON HEMPOHHOU CETU C MEMPUCTHUBHBIMUA
YJIEMEHTAMU B KAUECTBE CUHAIICOB

A.FO. Mopo3oe™’, K.K. A6zapan™’, JIJI. Pesusnukos™’

! Boruucnumensiwiii yenmp um. A.A. Jopoouuyvina dedepanvrozo ucciedo-
samenvckozo yenmpa «Mngopmamura u Ynpasnenuey PAH

? Mockosckuii Asuayuonnviii Hucmumym (nayuonansnwlii ucciedosamens-
CKUll yHU8epcumenmn)

HckyccTBeHHbIE HEHPOHHBIE CETH MCHOJB3YIOTCS BO MHOTHX OOIa-
CTSIX COBPEMEHHOMW JKU3HU U MO3BOJISIOT PElIaTh aKTyallbHbIE, BAKHBIE U
MPAKTUYECKH 3HAYMMBbIE 33/1a4l, KOTOpPhIE 3a4acTyl0 HE MOJAAI0TCs pe-
IIEHUIO C ITOMOILIBIO KJIACCHYECKUX MOAX0A0B. [na yckopeHus: paboTbl
HEHPOCETEBBIX aJTOPUTMOB BEAYTCS pa3pabOTKU ClIeUaIbHBIX MPOLEC-
COpOB, OCHOBaHHBIX Ha MPUHIUIAX AEWCTBUS YEIOBEYECKOTO MO3ra U
NPEACTaBIAIOLUINX COOO0H amlmapaTHyO peaar3alnio UMIYJIbCHBIX (Craii-
KOBBIX) HEWpOHHBIX cereil. [lepceKTMBHBIM B JaHHOM HAampaBlICHUU
NpEACTaBISIETCS HCIOIb30BaHIE aHAIOTOBBIX BEIYUCICHHN BMECTO (-
POBBIX, TaK KaK OHU IPOM3BOIATCS Ha HOpsIKU ObicTpee. B cBs3m ¢
9THM, aKTyaJbHOW 3ajjadyell SBISIETCA CO3/laHUE AaHAJOTOBBIX HEHpo-
MOP(HBIX CHCTEM.

MeMpucTop — 3TO PE3UCTOpP, MPOBOAUMOCTE KOTOPOTO MEHSETCS B
3aBHCHUMOCTH OT CyMMAapHOTr'0 MPOTEKIIETO Yepe3 HEro 3JIEKTPUIECKOrO
3apsia U KOTOPBIM SIBISETCA 3JIEMEHTAPHOM SYEMKOM [OJrOCPOYHON
sHeproHezaBucuMoit mamaTH [1]. O0bequHEHHEe MEMPUCTOPOB B MaTpH-
1y (kpoccOap) MO3BOJISET BHIMOIHATH OBICTPOE aHAIOTOBOE MPOU3BEIC-
HUE MaTpHULbl Ha BEKTOp. 3a CUET OIpPEIECHHOIO CXOJCTBA MEMpPH-
CTUBHBIX 3JIEMEHTOB C OHOJOTMYECKMM CHHAIICOM IEPCIEKTUBHBIM
MIPECTABIIAETCS UX MCIIOJNB30BAaHUE JUIsl aHAIOTOBOM peanu3alui caMo-
00yJaroNIMXCsl UMITYJIHCHBIX HEHPOHHBIX CeTe [2].

B pabote BbIMoNHSAETCS MMUTALMOHHOE MOAEIMPOBAHHE ABYXCIOM-
HOW TIOJIHOCBSI3HOW CaMO00y4Yalolelicsl aHaJoroBOM CEeTH ¢ OJHHUM
CJIOEM MEMPHUCTOPHBIX 3JEMEHTOB (CHHAICOB), KOTOpPasi COCTOUT W3 7
BX0JI0B 1 m HeipoHoB (puc. 1). Ucnomesyetcs 1T1R-kpoccOap-apxu-
TEKTypa, B KOTOPOIl KaXJI0My MEMPHUCTOPY COOTBETCTBYET OAMH TpaH-
3uctop. brnaromaps takoil KOMOMHAIMKM MMEETCS BO3MOXHOCTb BBIIOJ-
HATH 00y4eHHUE CeTH Ha alnapaTHOM ypoBHE ¢ nmomoinsio Metoga STDP
(Spike Timing Dependent Plasticity) [3]. Jlanubiii MexaHu3M 00y4eHUs
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peanusyercs 3a cueT oOparHoi cBs3u (V). B MoMeHT akTuBaiuu
HelpoHa 1Mo KaHaly OOpaTHOHM CBA3HM C 3aJlepKKaMHU IOCTYMAlOT J1Ba
MIPOTHUBOIIOJIOKHBIX M0 3HAKY UMITyJbca (pHC. 2).
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Puc. 2. CxeMoTeXHUYECKas peann3alus npapmia ooydenuss STDP
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Ecnn Ha cuHarce ecTh aKTUBHOCTH W IIPHIIEI MOJIOKUTEIBHBI HM-
MyJIEC 0OpPaTHOHN CBSI3M, TO 3HAUYEHUE COMPOTHUBIIEHHS COOTBETCTBYIOIIIE-
r0 MEMPHUCTOPA YMEHBINAETCS, a €CJIM MPULIEN OTPULATEIbHBIN UMITYJIbC
00paTHOI CBSI3U, TO COMPOTHUBIIEHINE MEMPHICTOPA YBEITUIHNBAETCSI.

CxemoTexHHYecKas MOZelb HelpoHa mpeacTaBisier coboil mapain-
nensHy0 RC 1enb ¥ aOCTpaKTHBIA reHepatop uMmyibcoB G (puc. 3).
Kak Tonpko 3HaUYeHHE TOTEHIMAIa Ha KOHAEHCATOPE MPEBBIIIAET HEKO-
TOPBIA TOPOT, €ro MOTEHINANl cOpachIBaeTca, M TeHepaTop WMITYIBCOB
BBIJIACT BBIXOJHOM cuUTHAN V,,, U CUTHall 00paTHOM CBsI3U V. JlonomHu-
TEJIbHO, B MOMEHT aKTHBAIlUW HEHPOHA MPOUCXOANT MOJIABICHNE APYTUX
HEHPOHOB (IPUHYIUTENHFHO YMEHBIIAETCS HAKOIUICHHBI UMH TIOTEHIIH-
a1 MPOTMOPIIMOHANTBHO K03 PHULIHEHTY Ct).

l

o S N

T l l L/

Puc. 3. CxemoTexHIUECKas peanu3alus HeiipoHa

OOyueHne ceTd MPOUCXOJHUT CIEAYIOIUM 00pa3oM: B HadallbHBIN
MOMEHT BPEMEHH CHHANTUYECKUE BECa MHUITUAIN3UPYIOTCS CITydaiiHbIM
o0Opa3omM, a Jjajiee MHOTOKPaTHO Ha BXOJI B CETh C PaBHOM BEPOSATHOCTHIO
MOJIAeTCsl WIIM TIPOM3BOJIBHBINA IIyM, WA 3apaHee OIpeeNeHHbIe I1al-
noHbI. CIyCTsl HEKOTOPOE BpeMs CETh aJaNTHPYETCd K paclo3HAaBaHUIO
mrabnonoB. [lox omHo# 3moxol 00yuYeHHsT MMOJIPa3yMeBaeTCsl TO BpeMs,
Ha MPOTSHKEHWH KOTOPOTO CETH JEMOHCTPUPYETCSl 00pasel] Win cirydaii-
HBIH 1IyM.

PaccmatpuBaeTcst 3aava pacro3HaBaHUs MMATH 00pa3loB pazMepoM
8x8. BrInosHgeTCs MaTeMaTHYEeCKOE MOJEIMPOBaHHE HEHMPOHHOU ceTu
cocrosie u3 64 BXoI0B U 5 HEHpoHOB. B kadecTBe MoJenn MEMPUCTO-
pa UCHOIb3yeTCs MOJEIb C HETMHEHHONW 3aBUCUMOCTBIO OT HalpsKeHHS
[4], koTopast onUChIBaCT MEMPHUCTOP Ha OCHOBE okcuma raguus HfO,.

Ha puc. 4 moka3aH mporiecc ajanTaiuyd CHHANTHYECKUX BECOB K pac-
Mo3HaBaeMbIM oOpa3maM. L[BeT COOTBETCTBYET 3HAYCHHUIO IEPEMEHHOMN
COCTOSIHHSI COOTBETCTBYIOIIETO MEMPHCTOpA: YeM TEMHEee, TeM IMpPOBO-
JIUMOCTB OOJIBIIIE; YeM CBeTIiee, TeM MeHbIe. [Ipumepno ¢ 3000-i 3mo-
XM Beca CETH HAYMHAIOT COOTBETCTBOBATH PACIIO3HABAEMBIM IIabIOHAM:
MPOUCXONT 3aIIOMHHAHUE HH(POPMAIINK HEUPOHHOU CETHIO.
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Puc. 4. VI3MeHeHHEe CHHANITHYECKUX BECOB B IIporiecce 00ydIeHus

B xomn1e mporecca o0ydeHUs KaKIbIi HEHPOH cpabaThIBAET TOJIBKO
Ha CBOH ONpeAeNeHHBIN BXOIHOW CUTHAN (ONpeAeNsaeMbld MAOIOHOM),
WTHOPUPYS IIIyM, YTO TOBOPUT O TOM, YTO HEUPOHHAS CETh YCIIEIIHO
o0y4niach pacro3HaBaTh 3a/1aHHBIE 00PAa3IIHL.

Paboma ewvinornena npu nooodepocke epawma PODOU Ne [9-29-
03051 mx.
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AHHOTanus. B 1eHTpe BHUMaHUS JTaHHOW PabOTHI JIGKHUT 3a/ada IKCTPaK-
UM [ApaMETPOB MOJECIH MEMPHCTOpPa W3 3KCIEPUMEHTAIBHO IMONTYYCHHBIX
BOJIETAMITEPHBIX XapakTepucTuK. CTaBUTCS MpodiemMa MoucKa HavyaibHOTO TPH-
OyvbKeHMsl T TaHHOM 3a/laud Ha OCHOBE aHaiu3a BHeHero Buna BAX cpen-
CTBaAMH MAIIUHHOTO 00YYCHUSI.

KaioueBbie ciioBa: MOieb MEMPUCTOPA, BOJBTAMIIEPHAs XapaKTEPHUCTHKA,
MAalIHHHOE O0yYCHUE.

BBejnenne u nnpodjeMaTuka

MeMpHCTOp — MUKPORJIEKTPOHHOE YCTPOMCTBO, B OCHOBE PabOTHI KO-
TOPOTO JIGKHUT 00paTUMOE U3MEHEHHE CBOETO CONPOTUBICHUS B 3aBUCH-
MOCTH OT IPOTEKIIIETO Yepe3 HETo 3apsijia U COXPaHEHHE dTOrO COMpO-
TUBJICHUS TIOCTe OTKIIIOYEeHHs NuTaHus. [lepBeiii oOpaszenm MempucTopa
ob1 monrydeH B 2008 romy [1], omHako 3ajada MOCTPOCHUSI €r0 TOYHOU
¢busmaeckoit Moaenu BcE emé He pemeHa [2]. OcHOBHOE pacmpocTpaHe-
HUE TIONYYWIH KOMIAKTHBIE Mofend [3], KOTOpble NMPUMEHSIOTCS IS
MHOXXECTBa TPUKIAIHBIX 3aja4, BKJIIOYash MOCTPOCHUE CXEMOTEXHUYE-
CKHX MOJIEJIell Ha OCHOBE MEMPHCTOPOB. MCIoib30BaHNE KOMITAKTHBIX
MOJIeNIeH TS aHalln3a peaNbHbBIX YCTPONCTB IpeaBapseTcs] SKCTpaKIuen
UX KIIOYEBBIX MapaMETPOB U3 IKCIEPUMEHTA. {15 SKCTpakiuu mpume-
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HSIOTCS pa3IUYHbIe METOABI [4-6], caMbIM pacpOCTpaHEHHBIM U3 KOTO-
pBIX sABisieTcs anmpokcumanus BAX MempucTopa mpu MOMOIIM pas3ind-
HBIX METOJIOB ONITUMHU3AIUH.

KommuectBo ureparuii, HEOOXOMUMBIX JUIS alMPOKCUMALIAH NaXKe Of-
HOM BAX MOXET UCUMCIATHCS OECATKAMH ThICAY. JTO MOXKET 3aHUMATh
3HAYUTENLHOE BPEMsl, Beb I KaXKOT0 ONpeeseHus 11ejeBor QyHKINN
HE0OXOAMMO TIONHOCTBIO TIEPECUUTHIBAThL MonaeiabHyto BAX. B ciydae,
KOTJ]a HEOOXOIMMO OTIPENIENTUTh MapaMeTphbl MOJENHU JIJIsl JECSITKOB THICSIY
BAX (Hanpumep, U1 aHaidM3a CepUM MEPEKIIOUeHHi), 3TO HE SIBISEeTCS
npruemsieMbiM. Ha maHHBI MOMEHT pa3paboTka METOZO0B OBICTPON OITH-
MU3AIMU CEPUU TIEPEKITIOYCHUM SIBIISIETCSI OTKPBITOH 3a1a4uei.

OnucaHue MNOAX04a K pelIeHHI0 MPodieMbl

B nmanHoO# pabore mpezyaraercs pemieHHe MpencTaBisIonee cooon
KOMOMHAIIMIO METOAOB, B OCHOBE KOTOPBIX JIGKHUT NMPUMEHEHNE MAaITUH-
HOTO O0yuYeHUs, a UMCHHO aJITOPUTMOB CIIyYaiHOTO Jieca. JUIsi onpee-
JIEHUSI Ha4aJIbHOTO MPHOIMKEHUS almpOKCHMAIIUA 0 MIPU3HAKaM 00pa-
OarpiBaeMbIx BAX.

BBuay Toro, 4to, 00BIYHO, SKCTPAKIUS [IAPaMETPOB MEMPUCTOPA MO~
pa3yMeBaeT JOCTaTOYHO XOPOIee COBIAJEHHE MOJEIBHBIX W SMIHpHYE-
ckux BAX — cocraBnenne oOydaromieii BRIOOPKH, B paMKax JaHHOTO pe-
IICHUS, 3aBsI3aHO Ha PaHAOMM3ALlMU MapaMeTpPOB MOJENN MEMPHUCTOpa,
WCTIONIb3yeMOW Jlajiee U 3a[add SKCTPaKIUK TMapaMeTpoB. B ciydae
JTAHHOM PabOThl B Ka4eCTBE MOJAEIH MEMPHUCTOpA HCIOIh30BAIACH MOJIH-
¢unmpoBaHHas Bepcus Moaenu Yakopeic.

B paboTe mpuBOAUTCS ONMUCAHUE aNTOPUTMA TIONCKA YHCICHHBIX 3Ha-
YeHUW MPU3HAKOB KOHTYPOB BAX, 0CHOBaHHOTO Ha BBIIEICHUN OCOOBIX
TOYEK — Hayajla U KOHIIa NepekitoueHus Mmempucropa. Ha puc. 1a MoxHO
BHJICTh PE3yJIbTaT PabOTHl aITOPUTMA IO BBIIEICHHIO OCOOBIX TOYCK Ha
npumepe monensHoii BAX mempucropa. Ha puc. 16 — cxemarnunoe
M300pakeHUE PACCUUTHIBAEMBIX Mpu3HaKoB BAX.

Jlist aHanm3a 3aBUCHUMOCTEH Mex Iy mpusHakamMu BAX u mapamerpa-
MU MOZIeNTU OBLIO pean30BaHO MPOrPaMMHOE CPENICTBO, TO3BOJISIONIEE B
pearbHOM BPEMEHH BapbHUpPOBaTh MapamMeTpbl MOAETH MEMPHUCTOpa U
CIIEINTD 3a U3MEHEeHUIMH Bruga BAX.

Jlns momydeHus Ha4aabHOTO TPUONIKEHUS JIJIs KaXKI0TO TapaMeTpa
MOJIETTH MEMPHUCTOPa MPOBOIUIICS PETPECCHOHHBIA aHAIU3, MO BBIUKC-
JIHHBbIM Npu3HakamM BAX ¢ MOMOIIBIO ajJropuTMOB CIy4ailHOTO Jieca.
I'paduk TOUHOCTH cilydallHOTO Jieca Ui mMapamerpa b UCHOIb3yeMoi
MOJIETT! MEMPHUCTOPA MOKHO BUJIETH Ha puUC. 2.
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Puc. 2. I'paduk TOYHOCTH ITpeICKa3aHUs
napametpa b moxenu Yakopcic

OOy4eHHBIe MOJIEIH CIy4aifHOTO Jieca MCHOJIb30BAINCH AT aHAIN3a
CEepUU NEPEKIIYEHUN MeMpUCTOpa, cocTosdel u3 300 KOHTYpOB.
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DETERMINATION OF THE INITIAL GUESS
FOR THE PROBLEM OF MEMRISTOR MODEL
PARAMETERS EXTRACTION USING MACHINE
LEARNING ALGORITHMS

Shamin Evgeniy Sergeevich, Zhevnenko Dmitriy Alekseevich,
Meshchaninov Fedor Pavlovich, Kozhevnikov Viadislav Sergeevich,
Gornev Evgeniy Sergeevich

Moscow Institute of Physics and Technology, Dolgoprudny
JSC MERI, 124460, Moscow, Zelenograd

Abstract. The focus of this work is on the algorithm of extraction of param-
eters of the memristor model from the experimentally obtained current-voltage
characteristics. The problem of finding the initial guess for this algorithm based
on current-voltage characteristic features is stated and solved by means of ma-
chine learning algorithms.

Keywords: memristor model, current-voltage characteristic, machine
learning.
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AHHOTanuUs: B HacTosIIEeH paboTe mccieayercs oOpa3oBaHue U pas-
PBIB MPOBOASAIETO ciosi BakaHcuii B cTpykrype Hf/HfO,/TiN. Pabota
OXBAaThIBAET TEOPETUYECKOE DPACCMOTPEHHE TEePMUYECKHX I(PPEKTOB,
BO3HUKAIOLIUX B JaHHOU cTpykType B mporiecce RESET. IlpoBenén ana-
mu3 00pa3oBaHMs W pa3phiBa (PHIIAMEHTAa B TMOJHMKPHUCTAIUIMYECKOM U
amopdaOM cioe HfO,.

KiroueBbie cioBa: oxcup radHus, GUIaMEHT, MEPSKIIOYCHUE, pa3-
pBIB npoBoasiero cios, RRAM

BBeagenue

RRAM-ycTpolicTBa, B 4aCTHOCTH Ha OCHOBE OKCHJA Ta(HHs, BBI3bI-
BalOT HaWOOJBIINN WUHTEPEC U3-3a BHICOKOM CKOPOCTH paboTHI, CTAOMIIh-
HOCTH U JIOJTOBEYHOCTH, a Takke BO3MOXXKHOCTH 3D-unTerpanuu [1]. Ha
JIAaHHBI MOMEHT HET TOYHO YCTAaHOBJICHHBIX CBA3E€H CBOMCTB MaTepHa-
JIOB CTPYKTYPBI C IEPEKITI0YaTeIbHBIMU XapaKTePUCTHKAMH yCTPOKCTBA.

B nannoit pabore paccmarpuBaercs RRAM-crpykrypa Hf/HfO,/TiN.
[epBbIM 3TanomM GOpPMUPOBaHHSI BHYTPEHHETO MPOBOASALIETO CIIOS B JH-
anekTpuke siBugercs paspeiB Hf-O-cBs3u. Baxuelmed mpuauHON pas-
pBIBa CBSI3€H SABISETCS MOBBIINICHNUE JIOKAJIBHOW TEMIIEpaTypbl, BbI3BaH-
HOE CKayKaMH 3JIEKTPOHOB, WH)XEKTHPOBAHHBIX W3 BHEIIHEH IenH, IO
BakaHcUsiM. [[aHHBIN MpoIEeCcC BBI3BIBAET CMENIEHHWE COCEIHMX AaTOMOB
PELIETKH, YTO HKBUBAJCHTHO HCIyCKaHHIO (POHOHOB. DTO HPUBOIUT K
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MOBBIIICHNIO JIOKAJIIBHOW TEMIIEpaTyphl M YBEIHMYEHHUIO 9acTOThI BHOpa-
mun Hf-O-cBs3u.

W3-3a cuiabHOro KyJIOHOBCKOTO B3aUMOJICHCTBHSI BaKaHCUS M HOH
Kuciopozaa, oopazoBapmuecs npu pa3psise Hf-O-cBsi3n, OBICTPO peKoM-
OuHupytoT. OOHAKO B YCIOBHSX HMH)KEKLUH 3JICKTPOHOB W3 BHEIIHEH
e y OTPULATEIFHOTO 3JIEKTpoJa 00pa3yroTcsi BaKaHCHUH, 3aXBaTHB-
mwue IMeKTpoHbl. [Ipu Hamuumu BOMM3M 0Opa3zoBaBIIEWCS Mapbl TaKoH
BAaKaHCHH OHA CTAOMJIM3HMPYETCS 3a CUET 000OILIECTBIECHUS 3IEKTPOHOB.
HoBooOpa3oBaBmasicss BAKaHCHS OKa3bIBACTCS AJIEKTPUUECKH HEUTpaib-
HOM, 94TO MpeAoTBpaIiaeT ObICTPYIO0 peKoMOMHAIIHIO [2].

Takum o0pa3oMm, y OTPHLATEIBHOTO 3JIEKTpoJa HauuHaeTcs HopMHU-
poBaHuE KiacTepa BakaHCHW. M3-3a pa3nuuHbBIX CBOWCTB MaTepHalIOB
3NEKTPOJIOB (hMITaMEHT OyJeT MMEeTh KOHHUYECKYIo (hopMy: Habogaercs
pacmmpenue ciiosi BakaHcuii y BepxHero Hf-amekrpona [3].

[Ipu nepexmtouennn HampspkeHus (mporecc RESET) nonst kucnopo-
Jla HAaYWHAIOT COOMPATHCS BOMM3M HUIKHETO 3JEKTPOJa, KOTOPHIN SBIS-
€TCsI XOPOITNM OJIOKHpyIomuM citoeM 1t kuciopora (TiN, kpucramim-
gyeckas CTpyKTypa KOTOpPOrO He MMEET BaKaHCHUN AJ BHEAPEHUs MOHOB
KHCI0poaa). JBrKMMBIEe BHEITHIM TOJIEM U TPadE€HTOM TEMIIEpaTyphl,
MOHBI KHcIopoaa 1ubGyHAUPYIOT K HIKHEMY 3JICKTPOLY M BTSATHUBAIOT-
csi B 001acTh (puIaMeHTa, peKOMOMHUPYS C UIMEIOLIMMUCS TaM BaKaHCH-
avu. Juddy3ns MOHOB B HampaBIeHWH OT (PUIAMEHTa MOJIABISAETCA
CHJIbHBIM CHIDKEHHEM TeMIIepaTyphl: Oojiee HU3Kas TeMmIeparypa BHE
obnacTu puIaMeHTa CHUXKaeT CKOpocTh nuddysuu [4].

BriBoabI

B paboTte paccMOTpeHBl W NPOAaHATU3UPOBAHBI IMPOLECCH (HOPMHU-
poBaHMS M pa3phlBa TMPOBOJAIIETO CJOS BaKaHCUH B CTPYKType
Hf/HfO,/TiN. Takxe ObUTH TOIXYy4EHBI paclpeelieHNs] TeMIIEPaTypbl U
anekTpuueckoro noius B npouecce RESET. beuio noka3ano, 4To B HU3-
KOOMHOM COCTOSIHUHM D3JIEKTPUYECKOE MOJie M TIPaJUeHT TeMIlepaTyphl
BBI3BIBAIOT 1M ((Py31I0 HOHOB KUCIOPO/Ia U UX BTSTMBAHUE BOIW3U HUXK-
Hero kpas (uiaMeHTa, YTO MPUBOAUT K MEPEKITIOYEHHIO CTPYKTYPHI B
BBICOKOOMHOE COCTOSTHHE.
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INVESTIGATION OF THERMAL EFFECTS
IN HfO, RRAM STRUCTURES DURING THE RESET PROCESS

E.A. Ganykina, E.S. Gornev, A.A. Rezvanoy

Abstract. In this paper, the formation and rupture of a conducting filament
in the Hf/HfO,/TiN structure are investigated. Theoretical consideration of the
thermal effects occurring during the RESET process is covered. The analysis of
the formation and rupture of a filament in an amorphous HfO, layer is carried
out. The introduction of the thin AL,O; layer into the Hf/HfO,/TiN structure is
also considered.

Keywords: hafnium oxide, aluminum oxide, filament, switching, conductive
filament rupture, RRAM
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INPUMEHEHUE AJI'OPUTMOB MAIIIMHHOI'O OBYYEHUA
JIJISI MOJEJIMPOBAHUA BOJIbTAMITEPHOM
XAPAKTEPUCTUKUN MEMPUCTOPA

Epewienxo A.B.
! Mockosckuii asuayuonnuviii uncmumym (HUY)

AHHoOTammsi. Pabota mocBsmieHa W3Y4YEHHIO BO3MOMKHOCTH TPHUMEHEHHS
ITOPUTMOB MAIIMHHOTO OOYYEHHMS JJIsl MOJICIIMPOBAHUS BOJIBTAMIIEPHOM Xapakx-
tepuctuku (BAX) meMprcTopa Ha mpuMepe MOIESTHPOBAHMSA MEMPHCTOPOB Ha
ocHose HfO,, TiO,. UccnemoBana BO3MOKHOCTb COBMEIICHHS HECKOJIBKUX MaTe-
MaTUYECKUX MOJIENIEH Ha OCHOBE MpeJCKa3aHuil OTAENbHBIX Mojenel. Brimomnne-
HO CpaBHEHHE Pe3yJbTaTOB MOJyYEHHBIX C IIOMOIIBI0 KOMOMHHUPOBAHHOM MOJIEIIH
C IIPEe/ICKa3aHUsAMHM OTIETBHBIX MOJIENICH U SKCIIEPUMEHTAIbHBIMH JaHHBIMH.

KiroueBble c1oBa: MEMpUCTOp, BOJbTaMIEpHas XapaKTEpUCTHKA, MOAM-
(unupoBaHHbIE OKOHHBIE (DYHKIMH, MAIIMHHOE 00Yy4EHHE.

BBenenue

Oddexr nepexaroUeHUs CONPOTHUBIICHUS, HAOIIOMaeMblii BO MHOTHX
amopdubx okcunax (TiO,, HfO, u mp.), anamuzupyercs ¢ 1970 r. Ycra-
HOBJICHO, UTO TaKHUE OKCHJIbI CIIOCOOHBI H3MEHSTh CBOE COMPOTHBIICHUE
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B COOTBETCTBUH C NPUJIOKEHHBIM HANpSKEHHEM U COXPAHITh CBOE CO-
CTOSIHME B TEUCHHME AJMTEIBHOrO IEpUuoJa BPEMEHH, C YeM CBSI3aHO
Hanuuue GU3MUECKUX peannzanuii meMpuctopoB Ha ocHoBe HfO,, TiO,.
[Tpu nccreoBaHUN MEMPUCTOPOB M UX CBOWCTB, OJJHAM M3 BXKHBIX Ta-
pameTtpoB sBisieTcas BAX [1].

CymiecTBYIOT pa3jIMuHble TOAXOABl K MATeMaTHYECKOMY MOAEINPOBa-
HUIO MTOBEJICHUs MeMprcTopa. JlaHHas paboTa 3akirodaeTca B 00bennHe-
HUM JIByX MOZENEH MEeMpHCTOpOB, OCHOBaHHbIX Ha Mozenu Lehtonen-
Laiho u wucnonp3yommx MOAWGHUIMPOBAHHBIE OKOHHBIE (YHKIIMH
Joglekar u Biolek [1].

O0beanHeHHAas! MPeICKa3aTeJbHasI MOJeJIb

[Mpubnu3uTenbHas 3aBHCUMOCTh MEXKIY TOKOM MEMpHUCTOopa [ U
HaIpsHKCHUEM U BBIPAXKACTCs CIETYIONUM ypaBHeHUEM [1]:

i = x"B sinh(av) + y[exp(yv) — 1],

rae n, f§, a, Y 1y, SIBIAIOTCS MOATOHOYHBIMU MapamMerpamu, x € [0,1] —
MepeMEHHAasl COCTOSIHUS. DTa MOJEINb ONMKUCHIBAET ACUMMETPUUHOE MOBE-
nenue. B o0miem Buae ypaBHEHHE, OMMCHIBAIONIEE COCTOSIHHE MEMPHU-
CTOpa ¢ HETMHEHHOW 3aBUCHMOCTBIO OT HANPSOKCHUS, MOXKET OBITh
MPEJICTABIICHO CIeMyoIuM oopa3oM [1]:

d
= f v,

IJIe @ — MOCTOSIHHAS, S — HEYETHOE LIeNoe YnCIo, a f(x) — QyHKIHS OK-
Ha, UCrioJib3yeMas IJjisd HpI/I6HI/I3I/ITeHLHOFO MpeaCTaBJICHUA HEJIMHENHBIX
3¢ dexToB noHHOTO Aperida U OrpaHUUEHNUS TPAHMII.

B crartbe [1] npuBonaTCs J1BE MOJEIU OCHOBaHHBIE Ha Pa3IMYHBIX
OKOHHBIX (QYHKUMsIX. B mepBoii Mojenu ucmonb3yeTcsi OKOHHast (yHK-
mus Biolek:

dx d b
It =q=* [1 —(x—- 1)2roun (|v|+c> * V5,0 < —v,
dx 2 d _b
It =q=x* [1 —xroun (|v|+c) * V5,0 > Uy
dx 0 <p<
—=0,—v v <,
dt thr

TIIE Vip, — MOPOTOBOE 3HAYCHHUE HANPSDKEHUS aKTUBAIMU, b U ¢ — TOA-
TOHOYHBIE MTAapaMeTpsl, a QYHKUUS «roundy UCIONb3yeTCs ISl MOIyde-
HUS LEJI0YUCIIEHHOIO PE3yJIbTATA.
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Mojenb, UCHOMB3YIOIIas MOAUDUIIMPOBAHHYIO OKOHHYIO (DYHKIUIO
Joglekar:

dx d * f;(x) + g * sin?(mx)
a = d+g v

rie d M g — TOATOHOYHBIE MTApaMeTPHI.

Ha ocHoBanwmm mpenckazaHuii TaHHBIX Mojeliell Obla oOydeHa pe-
TPECCHOHHAs MOZETb C MPUMEHEHUEM TPaJHeHTHOTO OycTHHTa (peaju-
sarust CatBoost [2]).

PesyabTartsl

[Ipu MonenupoBaHUN KCIIONB30BANNCH IKCIIEPUMEHTAIBHBIC TAHHBIC
0 MEMPHCTOPY Ha OCHOBE OKCHIa radHus MpUBEIEHHBIC B padote [1].
B xone moaronku mapaMeTpoB, TOUHOCTh MOJEJEH OLEHUBAJAch C IO-
Moo cpenHekBagparnynoii omubku (RMSE). B xonme nmon6opa ru-
meprapaMeTpoB  MaTeMATHUECKUX MOJENEH MPUMEHSUICS —alTOpUTM
nmuddepeHnnanpHoi 3BomonuH [3].

Ha puc. 1. mpuBegeHo cpaBHEHHE MOJYYCHHBIX BOJIBTAMIICPHBIX Xa-
PAKTEPUCTHUK € IKCIIEPUMEHTAIBHON KPUBOM.

n2d - Men. hyHKkumMa Biolek
H  3KCNEPMMEHTANLHBIE 3HAYEHWA ’

A woODMUHWMPOBAHHAA MOOENE

SHAYEHWE TOKE B MEMPWCTOPRE, MA

—0.2 1

-15 -1.0 -0.5 0.0 0.5
3HAYeHWe HANPAMEHWA B MEMpUCTORS, V

Puc. 1. CpaBaenue rpaduxoB BAX

3necy HabMIOAAETCS, YTO KOMOMHUPOBAHHAS MOAETb JYUILE COracy-
€TCAd C OKCIICPUMCHTAJILHBIMU JaHHBIMU, YE€M KaXKJasd MOACJIb B OTACJIb-
HOCTH, YTO TOBOPUT 00 3PPEeKTUBHOCTH HCIIOJIb30BAHHOTO MOIX0/Ia.
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APPLICATION OF MACHINE LEARNING ALGORITHMS
FOR MODELING THE CURRENT-VOLTAGE
CHARACTERISTIC OF A MEMRISTOR

Ereshchenko A.V.

Abstract. The goal of this work is to explore the possibility of using ma-
chine learning algorithms for modeling the current-voltage characteristic of a
memristor, using modeling of HfO, and TiO, based memristors as an example.
The possibility of combining several mathematical models based on the predic-
tions of individual models is investigated. The results obtained using the com-
bined model are compared with the predictions of individual models and exper-
imental data.

Keywords: memristor, current-voltage characteristic, modified window
functions, machine learning.
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MOIEJIUPOBAHUE CTPYKTYP
1 CBOMCTB KOMITO3UITMOHHBIX
MATEPHUAJIOB C HAHOKPUCTAJIJIAMM,
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MOJIEJNPOBAHUE NPOLHECCA I'A3O®A3HOI'O
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AO HUHUMD, 2 Mockea

Annoranms. [IpenoxkeHa MoJeKyJISpHO-KMHETHUYECKass MOAEb Ipolecca
OCa)KJCHUS CIIOEB M3 ra3oBoi (ha3bl. JlaHbI OLIEHKM MPHMECHOCTH, MOIUMOPd-
HOCTH ¥ HEKOH(OPMHOCTH KaK HEOJHOPOJHOCTEH CII0eB OKCHAA KPEMHHS, I10-
JIyYEHHBIX OKHCIIEHUEM MOHOCHJIAHA U TeTPAdTOKCUCHIIAHA.

KuaroueBsbie ciioBa: razoda3Hoe ocakAeHNe, MOAEINPOBAaHHE Tpoliecca, Ie-
TEPOrEHHBI U TOMOTEHHBIN POCT, I0KA3aTEIN HEOAHOPOJHOCTEH.

BBenenue

[Ipormeccsl razoga3zHoro ocaxaeHUs OKCHAa KPEMHHS IIMPOKO HC-
MOJTB3YIOTCS B TEXHOJOTHH MUKpocxeM. OTHAKO 10 HACTOSIIETO BpeMe-
HU He c(OPMYIHPOBAaHBI KOMIUIEKCHBIE MPEACTABICHHSI O BHYTPEHHHX
MEXaHU3Max MPOIIecca OCAKICHUS U UX POJIA B POPMUPOBAHHUH COCTABA,
CTPYKTYpHl W TOIOJIOTHH, Kak Oa30BBIX XapakTepUCTHK cioeB. s
OIICHKW M TPOTrHO3UPOBAHHA YKAa3aHHBIX XaPaKTCPUCTHUK H€O6XOZ[I/IM3
pa3paboTka ajeKBaTHOH (PU3NKO-XMMHYECCKOW MOJCTH, YIUTHIBAIOIICH
KHHETHKY BCEX CTaAUi U BEeTBEHl mpoliecca 0CaxaCHHUs.

Kunernueckasi cxeMa u MOACTUPOBAHMUE IMTPoLECCA OCAKACHUSA

B cooTBercTBHM ¢ TipeasiaracMoil MOJICNBIO, KHHETHYECKas cxema
npoliecca ocakaeHus (puc 1) Moka3pIBacT pAaBHOBECHOE COCTOSIHUE KOM-
TIeKCa B3aUMHO CBSI3aHHBIX ckopoctedt nuddysuun, agcopOiuu, necopo-
U U XUMHYECKOH PEaKIMy B Ta30BOM IOTPAaHUYHOM CJIOE€ M Ha ITOJ-
JIOKKe, BKIIodasi oOpaszoBanue U AU Qy3uio OCHOBHOIO M MOOOYHOTO
MOJICKYJISIPHBIX MPOJYKTOB M KiacTepoB. [Ipoliecc mpoTeKaer mo Tpem
rmapayuieIbHBIM BeTBsAM. [lo 1-if BeTBH clloil opMupyeTcs Mo reTepo-
TeHHOMY MEXaHH3MY, BKIItoUaomeMy B cebs ctanuu andys3un peareH-
Ta G (CKOPOCTB I'gg,), €0 ACOPOIHIO (Iga) M XMMHYECKOE TPEBpPAILEHHE
B OCHOBHOHM IPOIyKT S(rs) ¢ mobodnsM mpoaykroMm I (r;), a Takxke cTa-
JMU JIe3aKTHBAIIMU MOJIEKYJI MOOOYHOTO MPOAYKTa (rga), AACOPOIMU HA
nou1okKe (rj)) U JUQQy3uu U3 MOTPaHUIHOTrO ciod (rig). [lo 2-i BeTBH
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POCT MPOTEKAET MO0 TOMOI€HHOMY MEXaHH3MY C 00pa3oBaHUEM IPOJYK-
TOB B 00b€Me MMOTPAHUYHOTO CJIOSl, B OCHOBHOM, B OOJIACTH MaKkCHUMyMa
peakunu. Ctaguu BKJIIOYAIOT B ceds oOpa3oBaHUE B ra30BOM CIIOE OC-
HOBHOTO MPOAYKTa Sy (CKOPOCTH Ty ), mobouHoro nponykra I (ryy), mud-
(y3uI0 OCHOBHOTO MPOJYKTA K MOIITOXKKE (I's) U M (Hy3UI0 OCHOBHOTO
¥ T0O0YHOTO NPOLYKTOB HAPYKY HOTPAHUYIHOTO ciI0s (I'so U Tip). BeTBb 3
MPECTaBISAET COOOI0 TAaKK€ TOMOTCHHBIH MEXaHH3M H ONpeIeiseT
(opMupOBaHHUE CIOS 3a CUYET KIACTEpPOB, OOPa3YIOIUXCS B MOTPaHUY-
HoM ciioe. Kiactepsl, ¢ ux koHnentpanueid C, oOpa3yloTcst U pacTyT B
CTOJKHOBCHUAX MOJICKY I OCHOBHOT'O u MOOOYHOTO IIPOAYKTOB
(rsctric=>Trye) 1 TuQOYHIUPYIOT K MOMIOKKE (Tpq), @ TAKXKE HAPYKY ITO-
TPAHUYHOTO CIOA(¥ o).

[ 8 L L= 5
s A kL
:;:. Tgi s it -
¥ - .
wen & Q8 o wor i Rt
r i ——a e = .
h o i -:l;
L
fu T ' C
i [P I .
: e ¥ T petin 3
Tes ‘Tl-n-—} & L Tt
] T
> 9 l'- | !
5 R o g, Bemel ’ E
5. TEIR I & & 5

ECOPASSF ESFHHEDD # $ENEE T P ST R LTI

Puc 1. Kunernueckas cxema cTanuil 1 BeTBeH mporiecca OCaKIeHUs

[IpumecHOCTh Kak IMoKa3aTellb XMMUYECKOW HEOJHOPOJHOCTH OIpe-
JIENSeTCsl IOl CKOPOCTH POCTa IO MOOOYHOMY HPOAYKTY B MOJIEKY-
JIIPHOM BHJIE ¥ B COCTABE KJIACTEPOB B OTHOIIECHUU K MOJHOM CKOPOCTHU
IO BCEM COCTaBISTIOMUM pocta, K= (rj+r,)/r, TIe r =r + rj; +rgt+ ryg.

[MomumopdHOCTh, Kak TOKa3aTellb CTPYKTYPHOW HEOMHOPOJHOCTH,
BBIpAXaETCA JOJIEN CKOPOCTHU POCTa CJIOS 32 CYET OCHOBHOTO MPOAYKTAa,
MMOCTABJISIEMOTO W3 TIOTPAHUYHOTO CJIOS B MOJIEKYJSIPHON M KJIacTepHOM
¢dopmax B obmier ckopoctu pocta, K= (rgt+ ryg) / 1, TIE T = rtrg — 00-
1iasi CKOpOCTb POCTA IO FETEPOre€HHON U TOMOTE€HHOM COCTaBIISIOLIEH.
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HexondopmHocTs, Kak MOKa3aTeidh TOMOJIOTHYECKOW HEOIHOPOTIHO-
CTH, OTPAXKACT JIOKAJIbHYIO0 HEPAaBHOMEPHOCTh TOJIIMHBI CJIOSL Y JIEMEH-
TOB MHKpopenbeda MOJIOKKU IMPH TETEPOreHHOM HIM TOMOT€HHOM
MexaHn3Max pocta. [Ipu rereporeHHOM pocTe, moKa3aTeiab HEKOHPOPM-
HocTu K= 1-ry/r, a ipu romorenHoM K= rg/r.

ComocraBieHue pacyeTHBIX IJaHHBIX C JKCIIEPUMEHTOM MIJISl CJIOEB
Si0,, ocaKAeHHBIX W3 MOHOCHJIAHA WM TETPA’TOKCUCHIIAHA — MPEKyp-
COPOB, UMEIOLINX CYIIECTBEHHO Pa3In4aoLINecs TEIIOTY aAcopOLuio U
SHEPrUI0 AaKTUBAIMM OKHCJIEHMs, MOKa3alo XOpOIlee COOTBETCTBHE
MOJIEJIH C Pe3yIbTaTaMHi U3MEPEHHH 0a30BBIX XapaKTEPUCTUK CIOEB.

3aKkioueHne

Pa3paboTranHas MOZENb MOXKET OBITh IPUMEHEHA ISl OLICHKU M TIPO-
THO3WPOBAaHHS 0a30BBIX XapaKTEPHCTUK CIIOEB, OCAXKIAEMBIX U3 Ta30BOM
(ha3pl B pa3IMYHBIX YCIOBHUIX IPOLECCOB U3 PA3JIMYHBIX IPEKYPCOPOB.
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MODELING OF GAS-PHASE DEPOSITION
AND BASIC INHOMOGENEITIES OF SILICON
OXIDE LAYERS

V.L. Evdokimov
JSC NIIME, Moscow

Abstract. A molecular-kinetic model of the deposition of layers from the
gas phase is proposed. Impurity, polymorphism, and nonconformity are estimat-
ed as inhomogeneities of silicon oxide layers obtained by oxidation of
monosilane and tetracthoxysilane.

Keywords: gas-phase deposition, process modeling, heterogeneous and ho-
mogeneous growth, inhomogenities indicators.
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THE RESPONSE OF TITANIUM
AND TUNGSTEN NANOWIRES TO MECHANICAL STRESS:
AB INITIO STUDY

Chibisov Andrey,
PhD in Physics and Mathematics, senior researcher,
andreichibisov@yandex.ru, +7 (924) 402-89-08

Chibisova Mary,
PhD in Physics and Mathematics, senior researcher, omari-
va2003@yandex.ru, +7 (924) 113-42-09

Computing Center, Far Eastern Branch, Russian Academy of Sciences, 65
Kim Yu Chen Street, Khabarovsk, 680000, Russia

Abstract. Using density functional theory, we studied the atomic, electronic
and elastic properties of titanium and tungsten nanowires oriented in the [0001]
and [111] directions, respectively. It was found that the Young’s modulus for W
nanowire is 1.8 times smaller than the value for bulk tungsten, but for titanium
nanowire is three times greater than the value for the bulk material.

Keywords: titanium and tungsten nanowires, Young’s modulus, total energy
calculation.

Introduction

Due to their unique properties, such as high melting temperature and
high corrosion resistance, tungsten (W) and titanium (Ti) have been
widely used in aircraft building, electronics, medicine, inter alia [1,2]. In
addition, in recent years, much attention has been devoted to the study of
metallic nanostructures on the basis of W and Ti [3,4], due to the pro-
spect of using the material in nanomechanical and nanoelectronic devic-
es. The size miniaturization leads to a change in the physicochemical
properties of the material, due to surface and quantum size effects. How-
ever, so far, there is no clear understanding of the interconnection be-
tween the direction orientation and mechanical properties of tungsten
and titanium nanowires. Therefore, our work deals with the ab initio cal-
culations of Young's modulus of tungsten and titanium nanowires orient-
ed in the [111] and [001] directions, respectively. In this work, we con-
struct an atomic model of the W and Ti nanowires, calculate the
equilibrium structures, and use an integral form of Young's modulus to
determine the elastic and electronic properties of nanowires.
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Methods and approaches

For the total energy calculations, we used density functional theory
with the generalized gradient approximation (GGA) and spin polariza-
tion. A special Monkhorst—Pack grid composed of 4X1X1 k points with
a cutoff energy of 761.92 eV was used to simulate the Ti nanowires by
means of the ABINIT code [5]. The simulation model was placed in a
very large cell, which had a size of approximately 18X18X3.200 A. The
W atomic systems was calculated using the Quantum Espresso software
package [6]. During the calculation of tungsten nanowire behaviour, a
special k-point set of 1X1X8 with an energy cutoff of 734.71 eV was
used. The atomic structure was relaxed until the interatomic forces were
less than 0.005 eV/A, which is sufficient to obtain good results.

The elastic modulus K can be calculated from the change in the total
electronic nanowire energy E during its deformation (elongation or com-
pression) along a certain direction d:

=1 5%

0

(d_d0)2+c(d_do)+Eo> (1)

where E, is the total energy at the equilibrium length dy, V, is the
equilibrium volume and C an integration constant.

Next, the structural models for titanium and tungsten nanowires were
deformed in the [0001] and [111] directions, respectively and the de-
pendences of the total energies on the nanowire lengths d were obtained.
Using expression (1), we can obtain the values of Young's modulus for
the nanowires. The calculated Young's modulus for titanium nanowire is
485.4 GPa. This value is three times greater than the value for the bulk
material. The calculated value of the Young’s modulus for the tungsten
nanowire is 200 GPa. Thus, tungsten Young’s modulus of the nanowire
is 1.8 times smaller than the Young’s modulus for bulk W. Therefore,
the W nanowire has reduced elastic properties compared to the bulk W.
In our opinion, the only explanation of such a difference in these values
is associated with a change in the electronic structure.

Conclusion

In this work, we have used first-principle calculations to construct the
equilibrium atomic models of titanium and tungsten nanowires oriented
in the [0001] and [111] directions and calculated their elastic properties.
To calculate Young's modulus, the integral form of the total electronic
energy with respect to the nanowire length was proposed. The value of
Young's modulus for titanium nanowire is three times greater than the
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value for the bulk material, but for W nanowire is 1.8 times smaller than
the value for bulk tungsten.
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