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COBPEMEHHBIE TOJXO/1bI K PEIIEHUIO ITPOBJIEMbBI
CHUHTE3A HOBBIX MATEPHAJIOB C 3AJJAHHBIMHU
CBOMCTBAMHU

3auapunnviiit Anexcanop Anexceesuu’,
0.Mm.H., 2.H.C., pyKosooumenb omoenenus QUL 1Y PAH,
e-mail: alex250451@mail.ru
Abzapan Kapuns Kapnenoena'”,
0.¢h.-M.H., 2NAGHBII HAYUHBIU COMPYOHUK,
3a8. omoenom OUI] UY PAH,
e-mail: kristal83@mail.ru

I @edepanvubiii uccredosamenvckuii yenmp «Mngpopmamuxa u ynpasnenuey
Poccuiickoii Axaoemuu nayx (OUL] UY PAH), Poccus, 119333,
Mocksa, yn. Basunosa, 0.44.

AnHOTanus. B crathe paccMaTpHBalOTCSl COBPEMEHHBIE TTOIXO/BI K pe-
IIEHUIO 337144, CBA3aHHBIX C CHHTE30M HOBBIX MaTepHaioB. OTMedeHa aKTy-
aJBHOCTh 3TOM BaXKHEHILEH CTPATErMYECKOM 3a1a4l HHHOBALIMOHHOI'O Pa3BU-
THS B COBPEMEHHBIX yCIOBHAX. HOBBIE MaTepHalibl C 3aJaHHBIMH CBOHCTBAMHU
KpaitHe HeOOXOIMMBI JJIsl IPOM3BOJICTBA JOBEPEHHBIX POCCUHCKUX MPOrpam-
MHO-aIapaTHbIX H3}ICJ’IHﬁ KaK HIMPOKOT'0, TaK U CIICHHUAJIBHOI'O HAa3HAYCHUA.
ITokazaHa 3HaYMMOCTb pa3pabOTKU METOJIOB MAaTEMAaTHUYECKOr0 MOAEIUPOBa-
HUS ¥ IPOTPAMMHBIX PEIIEHUH Ha UX OCHOBE JAJIS Pa3BUTUSI HHHOBAIIMOHHBIX
MOJIXOJIOB B 00JIACTH CHUHTE3a HOBBIX MaTepHaioB. OTMEYEHO, YTO JUIsl Jajlb-
HeWIIero pasBUTHA TPeOYeTCs OTEeUECTBEHHAs BBICOKONPOU3BOIMTEIIBHAS
cpema Uil Hay4YHbBIX MCCIIEIOBaHMM, oOxiamaronas KOMGOPTHBIM MOJIb30Ba-
TEJILCKUM HHTEep(enHcoM, THOKOCTIO B HACTPOHKE PECYPCOB, BHICOKON ITPOM3-
BOJIUTEIBHOCTBIO M HA/IE)KHOCTBIO.

KiroueBble ciioBa: mudposast TpaHchopMaiusi, CHHTE3 HOBBIX MaTepra-
JIOB, HOBBIE MaTE€PHAIbl, MHOTOMACIITA0HOE MOJETMPOBAHNE, BBICOKOIIPOH3-
BOJIUTENbHAS NCCIEAOBATENbCKAs HHPPACTPYKTYpa.

BBeaenune

Baxnelmmmu coOBITHSIMH B 3TOM rony siBminch 300-netue co3na-
Hus Poccuiickoit akagemuu Hayk [1] u yTBepknenue IlpesumenTom
Poccun HoBOYM CTparernui Hay4HO-TEXHOJIOTHYECKOTo pa3Butus Poc-
cuiickoii @enepanyu, pa3paboTaHHON B COOTBETCTBUU C MOPYUYCHHEM
[pesunenTa Ha 3acenanuu CoBera 1Mo Hayke u oOpazoBaHuio 8 (es-
paisa 2023 1. [2].

B Crparernn omnpeneneHsl Liedb M OCHOBHBIE 33aJadyd HAy4YHO-
TEXHOJIOTHYECKOrO pa3sutus Poccuiicko denepanyy, yTOUYHEHBI



npuoputeTsl pa3Butus (ux ctano 9) [3]. B Ilocmanuu [Ipesunenta
®enepanpHoMy cobpanuio 28 ¢espanst 2024 r. [4] oTMmeueHO, YTO
B YCJIOBHUSIX MacIITaOHBIX SKOHOMHUYECKHUX U (PMHAHCOBBIX CaHKIMH 3a-
nazna npotuB Poccun obecnedeHo yCTOHUMBOE COCTOSHUE SIKOHOMHUKHU
¥ CHCTEMEHI ympaBlieHus. BmecTo oxumasmierocs cranga B 2023 romxy
poccuiickasi 3KOHOMHKA [I0Ka3ajia pocT (10 pa3HbIM OIIEHKaM — Ha 2,5—
3,0%) u BBINILIA HA IATOE MECTO B Mupe [5].

[Ipm 3TOM HEMaloOBaXHYIO pOJb B OOecrHeueHUH CTaOWIBHOTO
(YHKIMOHUPOBAHUSI POCCUHCKONW SKOHOMHUKU B CIOXKHEHIIMX ycIo-
BUSIX CHITPaJH MPOLECCHI, CBA3aHHBIE C NHTCHCUBHBIM Pa3BUTHEM HH-
(hopMaIoHHBIX TexHonorui [6]. HoBas cTpaTerns y4uThIBaeT 3TO 00-
CTOSITENILCTBO: TEPBBII MPHOPUTET, ONPEACISIONINMA, MO CYIIECTBY,
npoteccs nupoBoii TpaHCHOPMALIUK, B OCHOBHOM OCTaJICs O€3 U3Me-
HEHHH, TIPU 3TOM TOSIBIIINCH HOBBIE aKIICHTHI B BHJIE UHTEIICKTYallb-
HBIX MTPOU3BOJCTBEHHBIX PEIICHUH M BBHICOKONPOU3BOIUTEIBHBIX BBI-
YHUCIIUTEILHBIX CUCTEM.

IIpesunent Poccun B.B. Ilytun B IlpuserctBun X Poccuiickomy
bopymy «Mukposnexrponuka 2024» oTMETHII, YTO 3JIEKTPOHHAS MPO-
MBIIIUIEHHOCTh — OJIHA U3 KJIIOYEBBIX, CTPATETHYECKUX OTpaciei co-
BPEMEHHON 3KOHOMHKH, OT Pa3BHTHUS KOTOPOW BO MHOTOM 3aBHCST
000pOHOCTIOCOOHOCTD U 0€30MacHOCTh HAIlleH CTpaHbl, €€ UHIYCTpHU-
ANBHBIA ¥ HAYYHBIA MOTEHIUAN, COCTOSIHUE HHOPACTPYKTYphI, huHaH-
COBOT'0 CEKTOPa, KAYECTBO XKU3HU TpaxkjaH [7].

B nacrosmelr pabote paccMaTpuBaroTCsi MPOOJIEMHBIE BOIPOCHI
Pa3BUTHUS TEXHOJOTHI CO3/IaHMsI HOBBIX MaTE€pUANIOB, a TAKKE pUMe-
HEHHS BBICOKOIIPOM3BOJUTEIBHBIX BBIYUCIUTENBHBIX CPEACTB IJIS1 MO-
JEeTUPOBaHUSI.

1. AKTyaJ’[I)HOCTI) npoﬁneMu CHUHTE3a HOBBLIX MaTECpHAJI0B

OpmHUM W3 BaXHEUIIMX HANPaBJICHUHN B paMKax dTOTO MPHOPUTETA
SBIISIETCS PA3BUTHUE MIEPEIOBBIX TEXHOJIOTUI CHHTE3a HOBBIX MaTEPHAJIOB
C 33JlaHHBIMU CBOWCTBAMH Ha OCHOBE MaTeMaTHUYECKOT'O MOJEIUpPOBa-
HUS. OTa Ipo0iieMaTrKa O9eHb CJI0XKHAs, HAYKOeMKast, MHOTOACTIeKTHAS
u TpeOyeT, C OIHOM CTOPOHBI, BCECTOPOHHETO O0CYKACHHS B HAYYHOM
COO0OIIIECTBE, a C IPYTOi, MOIIIHOM TOCYAaPCTBEHHOMN MOIIEPIKKH.

O6o3navennslii B.B. [lyTuHBIM BEKTOp pa3BUTHSA OTEYECTBEH-HOM
JIEKTPOHHOM POMBILIIEHHOCTH [4, 7], a 110 CYIECTBY — €€ BO3POXKAe-
HUS1, 00yCIIOBIIEH IIENIBIM PSAIOM 00BEKTUBHBIX (hakTopoB. OTMETHM OC-
HOBHBIC U3 HUX [8, 9, 10]:



* HOBBbIE MaTepHaJbl C 3aJaHHBIMH CBOWCTBAMH SIBISIFOTCS. OCHO-
BOW MHHOBAIIMOHHOT'O Pa3BUTHS B paMKax Iu(ppoBoii Tpanchopmanmu;

* CHHTE3 HOBBIX MaTepHajioB TpeOyeT HOBBIX MPOPBIBHBIX TEXHO-
JIOTUH ISl CO3/JaHUSI OTEUECTBEHHON HMIIOPTOHE3aBUCUMOM AIEKTPOH-
HOI KOMIIOHEHTHOU 0a3bl;

* HOBBIE OTEYECTBEHHBIC MAaTEpUalbl C 3aJaHHBIMHU CBOWHCTBAMH
o0ecreunBaloT YCIOBHS Uil KapAWHAIBHOTO PELICHUS MPOOJIeMBI
obecrieuenuss WHOOPMAIIMOHHON 0€30MMaCHOCTH KOMIBIOTEPHBIX CH-
CTEM Pa3IMYHOTO Ha3HAYEHUs, MPEKAE BCEro B MHTEpecax rocynuap-
CTBEHHOTO YTIPaBIIeHUsI, 000OPOHBI, 0€30MaCHOCTH H NPABOIIOPSIAKA;

* ocTpasi TOTPeOHOCTh CO3IaHus EPCIIEKTUBHBIX KOMILIEKCOB BO-
OpY’KEHHUSI U BOCHHOW TEXHUKU Ha OTEYECTBEHHOW 3JIEKTPOHHON KOM-
TIOHEHTHOM 0a3e 3a CUeT CO3JJaHusI HOBBIX KOMITJIEKTYIOIINX 3JIEMEHTOB
W MaTepHalloB, a TAKXKE TEXHOJIOTUH UX MMOTYyUYCHHUS;

* HEOOXOOMMOCTh Pa3BUTHS COBPEMEHHOM HCCIIEIOBATEIbCKON
UHPPACTPYKTYPHI C HCIOJIH30BAHUEM BBICOKOIPOU3BOAUTEILHBIX BBI-
YHCITUTENBLHBIX CPECTB;

* UHTEHCHBHOE BHEJpPEHHE TEXHOJOTHH MCKYCCTBEHHOTO MHTEIN-
JIEKTa, KOTOPBIE MOTYT CYIIECTBEHHO TOBIHUATH HA BCE MPOLIECCHI CO-
3JIaHUs] HOBBIX MaTEPHAaJIOB — OT HAYYHBIX UCCIICIOBAHUI IO MPOU3BO/I-
CTBEHHBIX ITPOLIECCOB.

YcneurHoe penieHue NpruBeACHHBIX TIPOOJIEM BO3MOXKHO HA OCHOBE
PasBUTHS COBPEMEHHBIX HAyYHO-METOJUYECKUX HHCTPYMEHTOB, KOTO-
pble TpeOYIOT aleKBaTHOM MOJAEPKKU B BUJE BEICOKOIIPON3BOIUTENb-
HOH HCCIIeJ0BaTeNbCKON HHDPACTPYKTYPHI.

Heo6xonumo oTMETHTB, YTO POJIb 3TUX (HAKTOPOB HE TOJIBKO CO-
XpaHseTcsl, HO ¥ ycuiauBaercs. JpyruMu cioBamMu, COBpeMEHHbIE (hak-
TOPBI, OTIpeesIeMbIe MOTPEOHOCTIME U(POBOH TpaHchopmanuu 00-
IIECTBA, ONPEACIIIOT aKTYaIbHOCTh IIPEACTABICHHUS BEIYMCIUTEIbHBIX
CHCTEM JJIsl HayYHBIX MCCIICAOBAaHUN B BUJAE BBICOKOIPOM3BOJUTENb-
HOU TMPOBOI TIIATPOPMBIL.

it BOCCTaHOBIIGHHSI POCCHHMCKOM MHUKPORJIEKTPOHUKU HEO0OXO-
VMO PEIIUTh LENbIN psif 3a1a4, CBA3aHHBIX C:

® BOCCO3/IaHMEM HAYYHBIX MIKOJ MPOSKTHPOBAHUS MHKPOIJICK-
TPOHHOM TEXHUKH M MOATOTOBKOW BBICOKOKBATH()UIIMPOBAHHBIX CIIE-
[UAJIICTOB B 00JIACTH PagHOdICKTPOHUKY;

® HaKOIUIEHHEM 3HAHHWH C Y9€TOM MHUPOBOTO OIIBITA;

® DPa3BHTHEM OTEUYCCTBEHHBIX MPOTPAMMHBIX CPEACTB ISl pas-
pabOTKM M ONTHUMM3ALMUH IOJyIPOBOJHUKOBEIX HNPUOOPOB, a TaKkKe
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TEXHOJIOTHH MX MPOU3BOCTBA C UCIOIB30BAHUEM CPEACTB aBTOMAaTH-
3MPOBAHHOTO MPOEKTHPOBAHUS;

® U3BICKaHHEM HEOOXOAMMOTO MPsIMOro (YMHAHCHUPOBAHUSI BCErO
KU3HEHHOTO [HKJIAa MHKPOIJICKTPOHHON TEXHWKH, BKIIOUas (pyHma-
MEHTaJIbHbIC Hay4YHbIE FCCIIeTOBAHIIS,

® CO3AaHMEM  KOHKYPUPYIOIIMX  HAyYHO-TIPOU3BOJICTBEHHBIX
Y TIPOM3BOJICTBEHHBIX TPYIIT

e opraHm3almell IpoOU3BOJICTBA C HEOOXOUMON MOIITHOCTHIO;

® [IOMCKOM 3aHHTEPECOBAHHBIX HHBECTOPOB;

e 000CHOBaHMEM HOBBIX JIOTHCTUYECKMX IEMOYEK B3aMMOJEH-
CTBHA NPEANIPUATHH Kak BHyTpu Poccuu, Tak u ¢ IpyruMu cTpaHaMu
(c ydeToM CaHKLMOHHBIX OTPaHUYECHUN).

KommuiekcHoe perieHre mocTaBIeHHbIX 3aad MTO3BOJIUT HE TOIBKO
€03J1aTh HEOOXOAMMBI HAOOp aHAIOTOB CYIISCTBYIOLIMX MaTEPHUAIOB
u OKB, HO 1 1TacT BO3MOXKHOCTB BBEINTH Ha yPOBEHb 00ECTICUCHUS T10JI-
HOTO TEXHOJIOTHYECKH HE3aBHCHMOTO OTE€YECTBEHHOTO >XH3HEHHOTO
LUKJIA CO3JaHMsA MaTepHajioB ¢ TpeOyeMbIMH CBOHCTBaMH. MIMeHHO
TaKOH MOAXO]I TTO3BOJIHUT NPUIATh IIMPOKO UCTIOIH3yEeMOMY MOHSATHIO
«MMITOpTO3aMeIlleHne» HOBOE, OoJiee aKTyaJbHOE, COJepKaHHe,
a IMEHHO — «MMIIOPTOHE3aBHUCUMOCTD.

Heo0xoamma cuctemMHas mocTaHoBKa paboT 1Mo pa3paboTKe TEXHO-
JIOTHUI CO3/MaHUSl MHKPOIJIEKTPOHHOH KOMITOHEHTHOW ©a3bl, B TOM
qycie Ui annaparypbl BOEHHOTO W JBOMHOTO HazHadyeHus. Mukpo-
3JIEKTPOHMKA JTOJDKHA OBITH 0003HaUYEHa Ha TOCY/IaPCTBEHHOM YPOBHE
Kak 0a30oBast IJIsl BCET0 KOMIUIEKCA BEICOKOTEXHOJIOTHYHBIX OTpacieit.

[ToHnmaHue TakuX MOIXOA0B K MOACPHU3AIINH JaHHOTO HampasJie-
HUS B paMKax OOIINX Ieel pa3BUTHS CTPAHBI B HOBBIX T€OIOIUTHYE-
CKHX M YKOHOMHUYECKHX YCJIOBHAX JIOJDKHO 00ECTIEYUTh MOOHITU3AITHIO
Y CIUIOYEHHOCTh HAyYHOT'O COOOIIEeCTBa Mepes JUIOM PEanbHBIX TJI0-
OanpHBIX yrpo3. Oco0yro 3HAYUMOCTH JJIS HAIlEH CTPaHBI MPEICTaB-
nseT coboi mpoOieMa KOHCONWAANWY WHTEIJIEKTYadbHOW DIHTHI,
peleHre KoTopoi HeoOX0AUMO ist 0OecTieYeH sl CTUIOYEHHOCTH POC-
CHICKOTO 00IIecTBa.

OmnpeneneHHbI ONTHMUA3M BBI3BIBAET B CBS3H C 3TUM KOMILIEKC Me-
PONPUATHH B paMKax G- MoAMporpaMMbl (yHAaMEHTaIbHBIX Hay4Y-
HBIX FICCTIEIOBaHMM, ((MHAHCHPOBaHHUE KOTOPOH OTKPHITO ¢ 2024 roxa.

B rox 300-metust obpazoBanust Poccmiickoii akajmeMuu HayK He-
00X0IMMO OTMETHUTH OTPOMHBIH BKIJIaJ B pa3BUTHE (yHAaMEHTATBHBIX
TEOPETHYECKHUX OCHOB B 00nactn (m3uku u xumun. Ciemyer BCIIOM-
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HUTh IOCTUKCHUS POCCUICKUX M COBETCKHX YUCHBIX B 00JIACTH XUMUU
n ¢usukm, ymocroenHbix Hobeneckoit mpemuum [17]. Cpemm HEX
Beinatonuecst yaensie — JIJI. Jlangay, I1.JI. Kamuma, XX.1. Andépos,
Annpeit I'eiim n Konctantun HoBocénoB. X OTKPBITHS MHPOBOTO
YPOBHSI I MHOTHE JIPYTHE HAYYHBIE PE3yIbTaThI, TOTyICHHBIE POCCUH-
CKAMH YYEHBIMHU SIBIITIOTCS OCHOBOW CHHTE3a HOBBIX MAaTEepHAJIOB
B Pa3IUYHBIX OTPACIIAX IIPOU3BOJICTBA.

HexoTopble MO3MTHBHBIE TPEHIbI
B o0ecreyeHUN UMIMOPTOHe3aBUCUMOCTH B o0JacTu DKb

PazpaboTka MaTepuanoB ¢ HOBBIMH CBOMCTBaMH JAJISl pa3HbIX 00Ja-
CTel MpUMEHEeHHU — OJJHO U3 MPUOPUTETHBIX HanpaBieHui CTpaTerun
Hay4YHO-TEXHOJIorn4deckoro pas3sutus Poccuiickoit denepanun 1o
psiy HalpaBiIeHUN. B yCIIOBHAX KE€CTKUX CaHKLIUKA CO CTOPOHBI 3aIajl-
HBIX KOMIIaHUH B Poccuu npeanpuHIMaloTCs HHTEHCUBHBIE YCHIIHSA TI0
CO3JIaHMIO LIEJIOTO Psiia HOBBIX MAaTEpUaJIOB, KOTOPbIE HEOOXOIUMBI
JUISL TIPOM3BOJICTBA JIOBEPEHHBIX POCCUHCKHUX MpPOrpaMMHO-amrmapar-
HBIX U3JIEUN KaK ITUPOKOTO0, TaK M CHEIMaIbHOr0 Ha3HaYeHHs. B aToM
HaIpaBIEHUH YK€ JOCTUTHYThl 3HAUMMbIE HAYYHO-NPAKTUYECKHE Pe-
3ynbTaThl. JlOCTaTOYHO MPUBECTH HEKOTOPHIE U3 HUX.

Muxkpocxemor. B Hauane 2024 toma MUHIPOMTOPT 3aKITIOYNIT
¢ MUOTom u 3eneHOrpackMM HHHOBALMOHHO-TEXHOJIOTHUYECKUM
neHTpoM (3UTL]) KOHTpaKTHl Ha BBHITOJHEHHE OMBITHO-KOHCTPYKTOP-
ckux pabdor (OKP) mo cozmaHwio TEXHOJIOTHH W YCTAaHOBOK JUIS BBI-
ITycKa MHUKPOCXEM C TOIIOJIOTHEN B Auana3oHe 250—65 HaHOMETPOB cO
cpokxom okoHuanus B 2026 roxy [11]. 3UTL npeacrout pa3paborarsb
Y M3TOTOBHUTH OIBITHBIE OOpa3lbl YCTAHOBOK JIA3ePHOTO yCTPAHEHUS
JIe(eKTOB U KOHTPOJISI KOOPAMHAT TOMOJIOTHUECKUX AIIEMEHTOB U KPH-
TUYECKUX pa3MepoB CTPYKTYp Ha (oTomadbioHax Ui MPOU3BOJICTBA
HMHTErPaJbHBIX CXEM C TONOJOrHYecKkuMH HopMmamu 90—65 um. I'mas-
HOE TO, YTO MPOU3BEICHHAs MO TAKMM HOpMaM NpPOXyKIHs OyneT siB-
JIATBCSI OTE€YECTBEHHOW, HE3aBUCUMOM OT AKCIOPTA, U MPU 3TOM BOC-
TpeOOBaHHON NPUMEHUTENFHO KO MHOTHM 00JacTsSM, B KOTOPBIX
BBICOKasi HOpMa He SBISETCS KPUTHUECKH HEOOXO0IUMOH.

Eme onuH rockoHTpakT MuHmpomropr 3axiounil ¢ Hayuno-uccie-
JTOBaTENLCKUM MHCTUTYTOM MOIIeKy sipHOM 3nekTponuku (HUMMD) na
pa3paboTKy U OCBOCHHE CEPUHHOIO MPOU3BOACTBA MUKpocxeM. [lma-
HUPYETCSI, YTO 3TH MHUKPOCXEMBI JOJDKHBI CTAaTh 3aMEHON HHTErPaib-
HBIX CXEM aMepHKaHCKO# kopriopamnuu Intel (Altera) [12].
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@omopesucm. 3HAUUMBIM Pe3yJIbTATOM SIBJISIETCS MOIyUYEeHHE CIie-
nuanuctamu HUMMD onbsiTHOTO 00pasiia 0TedecTBEHHOTO (DoTOpe3n-
CTa, IOJIMMEPHOTO CBETOUYBCTBUTEIHLHOIO MaTepualia, He00X0IUMOT0
JUTSL OTHOW M3 KITIOYEBBIX ONepaluii B MUKPO3JIEKTPOHHOM MPOU3BO/-
ctBe [13]. PazpabaTsiBaeMble MUKPOCXEMBI Oy IyT IPUMEHSTHCS B O0p-
TOBBIX IM(POBBIX BBIYUCIMTENBHBIX CUCTEMaX aBHALMOHHON M KOC-
MUYECKOH TEXHHUKH, B TOM YHCJIE B KAUECTBE 3aMEHBI 3apyOekKHBIX PO-
rpaMMHUpPyeMBIX Jorndeckux uHTErpaitbHbIX cxeMm ([IJIMC). IIpsmeie
OTEUECTBEHHbIE AaHAJOTM TAaKOIro IPOIyKTa celdyac OTCYTCTBYIOT,
OmmwkaluM 3apyOekKHBIM aHaJloroM siBisieTcst Mukpocxema [TJIMC
5CEFADY ot Intel (Altera), xoTopas, Mo JaHHBIM U3 OTKPBITBIX HCTOY-
HUKOB, OblJ1a BeiymieHa emie B 2011 roay mo TexHonoruu 28 HaHOMET-
pos [13].

@omonumoepagpus. Potonurorpadus — 3TO KIFOUEBAS OTIEPAITHS
B MUKPORJICKTPOHUKE, a ¢oTomaurorpad mpegHasHadeH 1 GopMHupo-
BaHUS CTPYKTYpPhl MUKPOCXEMBI Ha KPEMHHEBOM IJIACTHHE, TOKPHITON
cioeM ¢orope3ucta. HaMeTHiuch CymecTBeHHBIE CIBUTH B 00IacTH
co3laHMsA OTedecTBeHHOH QoTonutorpadun. Ha dopyme «Mukpo-
3JIEKTPOHHKa» B HAYYHO-TEXHOJOTHYECKOM yHHMBepcutere «Cupuyc»
B Coun 3enmeHorpajckue KoMmannu «Mukpon» U HanotexHomorude-
ckuit ieHTp (AO «3HTL») noanucanu coranieHne 0 COTPyIHUIESCTBE
B OCBOCHHHU TEXHOJIOTHH W MPOHU3BOACTBE OTEUECTBEHHOTO (POTONUTO-
rpaduueckoro obopymoBanus ¢ Hopmamu 350-90 HanoMeTpoB [7, 14].
[To cnoBam pykoBogutens AO «3HTL» Anatonus KoBanesa, ceronns
B MHUpPE MEHBLIE JECATH CTPaH, CIOCOOHBIX MPOM3BECTH (POTOIUTO-
rpag, IOCKOJIBKY 3Ta 33/1a4a «TpeOyeT MOIIHEHIIEro HayYHOTO OTEeH-
nuanay [21]. O orMeTtwi, 4To hoToNMHUTOrpaduuecKoe 000pyI0BaHKE
paspabateiBaetcs AO «3HTL» coBmectHO ¢ OGemopycckum OAO
«IInanap», a B paMKax COTpyAHUYECTBA ¢ « MHUKPOHOM) IUIAHUPYIOTCS
COBMECTHBIE HCCIIEOBAHMSI, SKCIICPUMEHTAIbHBIE PA0OTHI U TECTHPO-
BaHKE 3TOro 000pynoBaHus. UHITbl, KOTOpEIE Oy IyT BBITYCKATHCS C MO-
MOLIBIO0 pa3pabaTeiBaeMoro 000pyIOBaHMS, UCIIOJIB3YIOTCSA B CHIIOBOM
JIEKTPOHUKE, aBTONEKTPOHHUKE U IPOMBIIIIIEHHBIX CUCTEMAX.

Cunmes mamepuanog 01 (QOMOHHLIX CYNepKoOMNnviomepos. Yue-
Hble u3 TIOMEHCKOTO TOCYZAapCTBEHHOI'O YHUBEPCUTETa IEPBBIMHU
B MHpPE CMOIJIM MOJYyYUTh B IMPOMBIIIJICHHOM OOBEME LEJbIi pAfg
YHUKAIBbHBIX XUMUYECKHX coeanHeHuit [15]. HoBrle xumMnyeckue co-
€AMHEHHUS, CTaBIIME OCHOBOM AJIsl CHHTE3UPOBAHHBIX MAaTEpHAJOB,
OTKPBIBAIOT BO3MOKHOCTH ISl pa3pabOTKH M co34aHHs (DOTOHHBIX
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CYTIEPKOMIIBIOTEPOB, & TAKXKE COTHEYHBIX OaTapeil HOBOTO MOKOJICHHS.
OcHOBa HOBO# TEXHOJIOTHH — CJIOXKHBIE CYIb(HIBI, BEIIECTBA, Ha Ie/ICH-
HbIE SIPKO BBIPAXKEHHBIMU MOJYTIPOBOAHUKOBBIMU CBOMCTBaMH. CekpeT
ycrexa KpoeTcsi B HOBOM METOIMKE CUHTE3a PeAKUX coenHeHuil. [1oiy-
MIPOBOJHUKOBBIE CHCTEMBI C 3JIEMEHTAMH Ha CIIOKHBIX CYITb(QHIaX MOTYT
OBITH MPUMEHEHBI B PA3IMYHBIX SKCTPEMAIBHBIX YCTPOHCTBAX, HAIPH-
Mep, MU HCCIIEOBaHNM M3BEPKEHUH BYJIKaHOB WJIM B KOCMOCE, MpU
HETIOCPEJICTBEHHOM BO3/I€HCTBHN COJIHEYHOTO M3JIyYEHUs, TaK KaK Ma-
Tepuansl BeiepxkuBaoT 10 1300 rpagycos no Llenscuro.

B nepcrnextrBe — co3paHue MOABOAHBIX COJNHEUHBIX Oarapei i
MIpUMEHEHUs Ha TayounHe 10 50 MeTpoB. DTO CTAHOBHUTCS BO3MOKHBIM
Onarogaps MOTJIOLICHUIO CYJIb(GHIAMH 3€IEHOTO H KENTOrO CIEKTPOB U3
BUJMMOTO COJTHEYHOT'O CBETa, YTO MO3BOJIIET UX MPUMEHSTH O] BOJIOM.

Hoegvie mamepuanvt ons conneunvix bamapeii. HoBbIi THII MaTepH-
aJIOB JJI51 OTHOTO M3 3JIEMEHTOB COJIHEUHBIX OaTapeil npeayoKuiIx crie-
UATIKCTHI Y palbCKoro (eaepaisHOro yHuBepeuTeTa u MIHCTHTYTa Op-
raaudeckoro cuaTe3a Ypambckoro Otaenenus PAH [16]. Conreunas
SHEpreTrKa ceiiuac mpuBieKaeT OONBIIOe BHUMAHHUE YUSHBIX U HHBE-
CTOPOB, MOCKOJIBKY TPaJWLIMOHHBIE PECYpChl AJIS TOJIY4YEHHUS SHEep-
T — YTOJib, HeTh U ra3 — ucdepnaemsl. HaiinenHsle coegnHeHNs
MO3BOJIAT 3aMETHO COKPATUTh PAacXOJbl HA IMPOU3BOJICTBO COTHEUHBIX
Gatapeii. B ocHOBE IIpeI7I0’)KEHHOM TEXHOJIOTHH JICKHUT UCTIONH30BAHNE
COITHEYHBIX TOJYIPOBOJHUKOBBIX 3JIEMEHTOB, YJIaBIWBalOMUX (Ho-
TOHBI U MIPEBPAILAIOIINX UX SHEPTHUIO B 3JICKTPUUECTBO.

Mamepuan co ceemosvimu «anmennamuy. Yuensle IHCTUTYyTa XU-
mun JlanpaeBoctounoro otaenenns PAH (MX JIBO PAH) coBmecTHO
co cnenuanuctamMu JlanpHeBocTouHOrOo PenepanbHOro YHHBEPCUTETA
(AB®Y) pazpaboTanu HOBBIE MaTepraIbl HA OCHOBE HOHOB €BPOIIHS CO
CBETOBBIMU «aHTeHHaMm» [17]. HekoTopeie U3 HUX MOXKHO MPUMEHSTh
qu1s yBennuenusa KII/] conHeuHsix maHenel, Apyrue — UCIONb30BaTh
B BUJIC I00aBOK K (DYHKIIMOHAJIHHBIM IMOKPBITUSIM, YTO [TO3BOJIET BH-
3yalbHO HAONIOIATh MECTa HaWOOJBIIEr0 MEXaHHYEeCKOTO HarpsiKe-
HUS MaTepualia Npy Harpy3kax. DTH Pe3yabTaThl MOIYUYEHbI KOJUICKTH-
BOM J1abopaTopuu cBeToTpaHchopMmupytonmx matepuanios UX JIBO
PAH npu yyactuun nabopatropuu JIeKTPOHHOTO CTPOSHHUS i KBAHTOBO-
XUMHUYECKOro mognenupoBanus [IB®Y. bnarogaps miogoTBopHOMY
COTPYIHUYECTBY KOJJIEKTUBOB 3THX KOJUIEKTHBOB YAAETCS MPOTHO3H-
pOBaTh CBOMCTBA HOBBIX MaTepHUaioB. B nanpHeleM y4eHble MIaHu-
PYIOT NO0aBUTh K COCIWHEHUSAM PEOKO3EMENbHBIX JJIEMEHTOB IIe-
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PEXOHBIE METaJUIbI (HAlpUMEp, IIMHK) IS MONTYYSHUS TeTepoMeTal-
JTUYECKAX KOMIUIEKCOB. DTH PE3yJIbTaThl — IpuMep 3G HEKTHBHOTO CO-
TPYJHHYECTBA YUEHBIX aKaJIEMUYECKOTO WHCTHUTYTa W TOCYAapCTBEH-
HOTO YHHBEPCUTETA.

Hoevuii komnozummsiii 08ymepnwviti mamepuan. Ydaenbie n3 OUILL
«Kpacnosipcknii Hayunsnii neaTp CO PAH» coBmectHo ¢ Cubupckum
(enepalIbHBIM YHUBEPCUTETOM CHHTE3UPOBAIN HOBBIM MHOTO(YHKIIU-
OHAJIbHBIA KOMIIO3UTHBIM JIBYyMEpHBIA MaTepuaj Ha OCHOBE IMPHUPO/I-
HOTO MHHEpaja TOUYMJIMHUTA, KOTOPBIH COCTOUT U3 YepenyIOLIUXCs
CJIOeB Cynb(uIa Kene3a U THAPOKCHIA MAarHus, CBSI3aHHBIX 3a CUCT
AIEKTPUUECKUX 3apsaaoB, M 00pa3yeT UelryeBUIAHBIC HAHOYACTHUIIHI
[18]. DToT MaTepran MOKET IPUMEHATHCS B HAHO(POTOHHUKE, ONTO3JICK-
TPOHUKE, WUCIONB30BaThCSI B KA4eCTBE COPOCHTOB, 3JICKTPOIOB
Y HAaHOAHTEHH. J|ByMepHbIe MaTeprabl, BKIIOYas oTMeueHHbIi Hobe-
JICBCKOU TmpeMuel rpadeH, UMEIOT TOJIIUHY BCETO B OJIMH aTOM H 00-
JMAJal0T YHUKAJbHBIMH CBOMCTBaAMHU, KOTOPHIE MOTYT MPUBECTH K CO-
3MaHUI0 HOBBIX YCTPOHCTB M TEXHOJNOTHA C YIy4YIICHHBIMH
xapakTepucTukamu. Takue MaTepuaibl OTKPHIBAIOT HOBBIE BO3MOXKHO-
CTH KaK /I HAyYHBIX MCCIEOBAaHUH, TaK U JJIs MIPAKTUIECKOTO BHEI-
pEHUS B Pa3IMIHBIX 00JIACTAX TEXHUKH.

Hoevlii komMnozummsiti mamepuan Ha 0CHO8e COeOUHEeHUL MEMALL08
u xnopa. Yuénsle u3 UHctuTyTa npobinem mamuHoBeaeHus (MIIMarr)
PAH B CankT-IlerepOypre n Y puMcKkoro yHUBEpCHTETa HAYKH U TEX-
HOJIOTHM NpOBEIM YCHEIIHOE MOJAETUPOBAHUE NMEPCHEKTUBHBIX ABY-
MEPHBIX XJIOPUIOB METAJIOB, BKIIOYAsl HUKEIh, BAHAIUMN, IIMHK, KaJI-
MUK, MapraHell, *ejle30 U MarHui, a Takxe TPOMHON HUTPHUJ LIMHKA
JUISL U3yYEHUs BO3MOXHOCTHU MX CHHTE3a U peanbHBIX CBOWUCTB [19].
UccnenoBarenu OneHWIN yCTOMYUBOCTh STUX MAaTEPUATIOB K MEXaHU-
YECKUM U TEMIIepaTypPHBIM BO3ACWCTBUSM U TMPHUILIA K BBIBOIY, YTO
OHHM 00JIaJIAF0T BBICOKOM IIETIOCTHOCTRIO M YCTOWYMBHI K ehekram. s
CHHTE3a HOBOTO MaTepHalla IPUMEHIIOCh KOMIIBIOTEPHOE MOJIEIUPO-
BaHHE Ha OCHOBE T€OpUH (PYHKIIMOHAJA IIOTHOCTH C UCTIONH30BAHUEM
CyNEepKOMIbIOTEPA. YUEHBIM yAANOCh CO3aTh MaTeMaTUYECKUE MO-
JeNTd MaTepUaIOB, MAKCUMAaIbHO TPUOIMKEHHBIE K (pU3ndecKuM 00b-
eKTaM. DTH OYeHb TPYJOEMKHUE MPOLECCH TPEOYIOT MOIIHBIX BBIYHC-
JUTENbHBIX PECYpPCOB, HO TMO3BOJISIIOT IOJYYUTh BBICOKOTOUHBIE
pe3yabpTaTel. MaTepuransl, IpeIcka3aHHbIe ¢ MIOMOIIBIO TAKOTO MOJIe-
JTUPOBaHWs, BIIOCIEICTBUY YCIEIIHO CHHTE3UPYIOTCA U B OymymieMm
MOTYT CTaTh OCHOBOM Ji1 HOBBIX IMPOMBIIUIEHHBIX KOMIIO3UTOB IpU
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CO3JITaHUU U3JIETUI MUKPOAJIEKTPOHUKY, MUHUATIOPHBIX BRICOKOIIPOU3-
BOJUTEILHBIX YCTPONUCTB, ONITOAICKTPOHHBIX TIPHIIOKCHHMN.

Takum 00pa3oM, poccHHCKHE YUCHBIE TOJIBKO 3a TOCIETHUE TOIBI
JIOCTUTJIU CYIIECTBEHHBIX HAYYHBIX PE3YyJbTaTOB B 00JaCTH CHHTE3a
HOBBIX KOMIIO3UTHBIX MAaTEPHAJIOB C 3aJaHHBIMHA CBOMCTBAMH, KOTOPHIC
JTOJLKHBI HAWTH MTPUMEHEHUE B IPOMBIIIIIEHHOCTH TIPH CO3/IaHUH TIepe-
JIOBOM OTEUECTBEHHON MUKPOIIEKTPOHUKU. DTHU PE3yIbTAThl CO3IAI0T
pealbHyI0 OCHOBY IJIsl TIPEOJIOJIEHUSI HAKOTUIEHHBIX Mpo0eM B 3TOH
00nacTu, KOTOpbIE PUBEIH K OTCTaBaHUIO POCCUM OT pa3BUTHIX 3apy-
6exHbIX cTpaH [20,21].

2. CoBpeMeHHAasi BLICOKOINIPOU3BOAUTEIbHAS cpeia
JJIS1 MOJIeJINPOBAHUS

YcneuHoe penieHre 3a1a4 B 001acTH CHHTE3a HOBBIX MaTepHAIOB
C 33JaHHBIMH CBOMCTBaMH HEBO3MOXKHO 0€3 MPUMEHEHHS METOIOB Ma-
TEMaTHUYECKOT0 MOJAEIUPOBAHUS C UCIOIb30BAaHUEM BBICOKOIIPOM3BO-
JIUTEIILHOM UCCIIEIOBATEIbCKON HHPPACTPYKTYpHI [22-25].

B mapre 2023 . Bnactu Kutas 06b4B1IHM 0 MacmTabHBIX Mepax 1o
pa3BuUTHIO cephl UccieoBaHuid U pa3pabotok [26]. Kuraiickas aka-
JEeMHsl HayK MPUHSUIA TOPOXKHYIO KapTy Pa3BUTHS OONBLIMX HCCIIENO-
BaTenbCcKkux HHppacTpykTyp A0 2050 roma, KoTOpas oxBaTeIBaeT boiee
50 kpynHBIX HHPPACTPYKTYPHBIX UCCIIENOBATEILCKUX 00BEKTOB [27].

Kak mokxasbIBaeT aHaIM3 MHUPOBOTO OIBITA, OCHOBHBIMU TE€HACHIIH-
SIMU SIBJISIFOTCSL UCTIOJTE30BaHNE THOPUIHBIX BBIYHCITUTEIFHBIX apXUTEK-
Typ, OpraHM3aLus BBIYUCICHUH B TEPPUTOPUAIBHO paclpeeIEHHBIX
BBIUUCIUTENBHBIX KOMIUIEKCAX; BUPTyaIU3alis BEIYUCIUTENBHBIX Cpesl
Y MUTPAIis BEIYUCIUTENBHON CPebl K NCTOYHUKY JTAaHHBIX 33 CUET HC-
MOJIb30BAaHUS TEXHOJIOTUI BUPTYyalIU3alluy U KOHTeHHepu3auu [28, 29].

C y4eToM yKa3aHHBIX TeHACHIHI IS MOBBIIEHHS 3)(HEKTHBHOCTH
MPOBEJICHUSI SKCIIEpUMEHTANIbHBIX uccienoBanuit B UL Y PAH co-
30aHa W Pa3BUBACTCS COBPEMEHHas LUQpoBas miathopma Al Hayd-
HBIX HCCIIEOBAaHUN, KOTOpas MpeloCTaBIsAeT UCCIEA0BaTENIM TPaaH-
[IMOHHBIE 00JaYHBIEC YCIYTH, a TaK)Ke TEXHOJIOTHH HAayYHOTO CepBHCa
kak ycryru (RaaS — Research as a Service) B BUjie mpeIMeTHO-OPHEH-
THPOBaHHBIX Mporpamm [29,30].

Ha 0a3ze mmardopmbl 3aperHCTpUpPOBaH IIEHTP KOJUIEKTHBHOTO
none3oBanus (LUKIT) [31] «MuadopmaTrnka», Ha KOTOPOM YCIICIIHO
pemaeTcsl menbld psit 3a7ad, CBS3aHHBIX C pealn3anyeil MHOromac-
MTa0HBIX MaTEMaTHYECKUX MOJeINel, MOCTPOCHHBIX ISl IPOBEICHUS
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WCCIIEZIOBAHUHN JUIsl CO3/IaHUS HOBBIX MaTEpHasoB C 3aJJaHHBIMHU CBOM-
CTBaMH B 00JacTH CTPYKTYpPHOTO MarepuanoBenmeHus [24, 32, 33].
OTMETHM 3KCIIEPUMEHTAIbHBIE HCCIICAOBAHMUSA IO MOJIEIHUPOBAHUIO
CIIOKHBIX (PU3UUECKUX U TEXHUYECKUX cucTeM. K HUM OTHOCSTCS HC-
CJIEIOBaHMA 1O Pa3pabOTKe OTEYECTBEHHON CHCTEMBI aBTOMATHU3HPO-
BAaHHOTO NPOCKTHPOBAHMS ISl CO3IAHUS SIUCEK SHEProHEe3aBHCHUMOMN
naMAaTu B 06mactu matepuanoBeaenus [32, 33],

Hapsiny ¢ nayuneimu komutektuBamu OUI] MY PAH IIKII ncnosns-
3yeTcsl KOJUIEKTUBAMH U IpYTMX OpraHu3aluil B paMKax peleHus 3a-
Jlad 10 MPOEKTUPOBAHUIO OTEYECTBEHHON 3JIEKTPOHHOW KOMIIOHEHTOU
6a3er B ob6mactu MukpodnexTpoHukd (PHUL] «Kpucramnorpadus
u ¢poronuka» PAH, HUMMD u ap.). Baxuo, uto LIKII npenocrasnser
BO3MOKHOCTb MPAKTUUECKON OTpabOTKH 3HAHUI, MOITYYEHHBIX B XO/I€
oOydeHnus, ctyaeHTaM 6a3oBbix kadenp B MI'Y umenn M.B. JlomoHo-
coBa, Bricmieit mkounsl skoHomukH (BLLID) u Poccuiickoro yHuBepcu-
TeTa ApykObl Haponos (PY/IH).

[Ipu pemieHnn 3a7a49 MOIH30BATETH UMEIOT BOZMOXKHOCTD BBITIOJN-
HATh PacyeTbl B BBICOKOIIPOU3BOAMTEIBHON BBIUMCIUTENBHOM cpene
LIKII c mpuMeHeHrneM TakuX CUCTeM MOAETHpOBaHus Kak Ansys, Intel
oneAPI, Gromacs, Matlab, Orca, Pytorch, Tensorflow, Keras, Quantum
Espresso B (hoHOBOM (TIaKeTHOM) M MHTEPAKTHUBHBIX pexumax [34].
HmeeTcst BO3MOKHOCTh MHTETPAIlH APYTUX CUCTEM MaTeMaTH4YeCKOTr0
MOJEIUPOBAHUS B BBICOKOIPOU3BOAUTEIBHYIO BBIYUCIUTEIBHYIO
cpeny LIKII.

Koneuno xe, LIKII mo cBoMM XapakTepHUCTHKaM YCTyHaeT He
TOJIKO OTEYECTBEHHBIM CYIEPKOMIIBIOTEpaM, HO W MOCIEOHUM U3
TOP-500 (Kuraiickuii cynepkommsiotep Inspur TS10000, 34 400 sioep
u GPU, 3.0 PFlops). 1 nosToMy ajisi pemieHust peCypcoeMKHX 3ajad
CHHTE3a MAaTepUaJIOB HEOOXOIUMBI MOIIHBIE CYTIEPKOMITBIOTEPHI.

B 37011 cBsI31 HEOOXOANMO YIIOMSHYTH O HOBOM CYIIEPKOMITBIOTEPE
«MI'Y-270» B MI'Y umenu M.B. JlomoHocoBa (Ha akynsTere BMK),
KOTOPBIN OTKPBUICA B ceHTs10pe 2023 rona. ApXUTEKTypa CyIepKOMITh-
torepa «MI'Y-270» coderaet B cebe nieHTpanbHbIe mpoteccopsl (CPU),
rpaduueckue npoueccopsl (GPU) u Heiiponnsie nponeccopst (NPU).
Ero BerancnurensHas MomHOCTh gocturaet 400 meradioric mo onepa-
LUSIM UCKYCCTBEHHOTO MHTEJIeKTa [35]. 3a MuUHYyBLINiA oA (aKybTe-
toMm BMK mon pyxoBoacTtBom akanemuka M.A. CokornoBa nponenana
orpomHasi paboTa 1Mo NPHUBJIECUYCHHUIO AECATKOB HAYYHBIX KOJJIEKTHBOB
JUTSL PELICHUs 3aa4 B Pa3IMYHBIX 00JaCTAX HAYKH.
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Bwmecte ¢ TeM, kak mokassiBaer onbIT npumenenus LIKII u cynep-
KOMITBIOTEPOB, HAJTMYHE BBHICOKOIPON3BOIUTEIHHBIX BBIUHUCIUTEIHHBIX
CPEICTB HE SBISETCS JOCTAaTOYHBIM YCIOBHEM YCIEITHOTO PEIICHUS 3a-
Jlad CMHTE3a HOBBIX MaTepuanoB. HeobxoauMo 0JTHOBpEeMEHHO pelaTh
MpoOJIeMbI TOATOTOBKH KaJpoB BBICHIEH KBaTU(HUKAINH, CIIOCOOHBIX
BBINOJIHATH IOCTAHOBKM 3a/1a4 Ha OCHOBE COBPEMEHHBIX MaTeMaTHye-
CKUX METOJIOB, pa3padaThIBaTh CIIOKHBIE IPOTPaMMHBIE MOJEIH, 00pa-
00TKy ¥ aHau3 OONBIINX 0OHEMOB JAHHBIX (METOMBI UCKYCCTBEHHOTO
MHTEIJUIEKTa, MAIIMHHOTO 00YYeHHs, TEOPUU YIPaBICHUS, CHCTEMHOTO
aHanmm3a). Hapsity ¢ 9TuM kpaiiHe He00X0IMMO COBEPIICHCTBOBATh TEX-
HOJIOTHH JIOCTYTIa K PecypcaM CyNepKOMITBIOTEPOB ¢ THOPHIHON apXu-
TEKTypoH, odecnieunBaroniye 3pGHeKTUBHOE UX HCIOIb30BaHHE.

3akioueHmne

HoBrie matepuanbl — BaKHEHWIIMHA KOMIIOHEHT YCIMEIIHOTO pas-
BUTHA LU(poBoi Tpanchopmannu. Co3gaHHe OTEUECTBEHHOU 3IIEK-
TPOHHOW KOMITOHEHTHBIM 0a3bl CTAHOBHUTCS CTPATETUUYECKOM 3amadcit
B paMKax nupoBoit Tpanchopmaruu. be3 eé€ pemeHnsT HEBO3MOXKHO
o0ecrieunTs co3aanne 0a30BbIX JOBEPEHHBIX KOMIOHEHTOB.

B ron 300-netust o6pazoBanus Poccuiickoil akaneMuu Hayk HE0O-
XOJUMO OTMETHUTHh OTPOMHBIA BKJIaJl POCCHICKUX YUYEHBIX B pPa3BUTHE
(byHIaMEHTaJIbHBIX TEOPETUIECKUX OCHOB.

Heo06xomuMo OTMETHTB, YTO Ha CETOIHS MPOOJEMBI, CBS3aHHBIC
C CHHTE30M HOBBIX MaTE€pHAJIOB C 3aJlaHHBIMH CBOWCTBaMH, HEBO3-
MOYKHO pelIats 6e3 MPUMEHEHUSI METOI0B MaTeMaTHu4eCcKOro MOJIENH-
POBaHMUsI, KOTOPBIE TO3BOJIAIOT CYIIECTBEHHO COKOHOMHTE BpeMs U (hH-
HAHCOBBIE 3aTPaThl Ha WX ToMy4deHue. /i mporpaMMHOM peannzanuu
pa3paboTaHHBIX KOMIIBIOTEPHBIX MoOjeJieil TpeOyeTcsi oTedecTBEHHAs
BBICOKOITPOM3BOJUTENbHAS cpela, 0bnanaromas KoMPOPTHEIM HHTEP-
(eiicoM [Tt TONTB30BaTENEH, THOKOCTEIO B HACTPOIKE PECypcoB, BBICO-
KOH MPOMU3BOJUTENBHOCTBIO U HAJIEKHOCTBIO.

Octpoit poOsIeMOl SBISETCS MOATOTOBKA BHICOKOKBATH(PUIIUPO-
BaHHBIX KaJIpOB B OOJIACTH MaTEeMaTHYECKOTO MOICIUPOBAHUS U TIPO-
TPaMMHUPOBAHUSA.

Jnst pemieHns Ha3peBIIMX MpobOieM HeoOXoArMa CHUCTEMHAs II0-
CTaHOBKa paboT IO CO3/IAaHMIO TEXHOJOTHI CO3MaHUS MUKPOIJIEKTPOH-
HOW KOMITOHEHTHOW 0a3bl U ammapaTtypbl BOGHHOTO H IBOHHOTO
Ha3zHavyeHnsa. HeoOXxoanMo mNpu3HaHWE MHUKPOIIEKTPOHHUKH 0a30BOH
OTpAacIIbIO JUTA BCETO MPOMBIIIIIEHHOTO KOMILIEKCA.
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Co3aHue pOCCHICKON 3JIEKTPOHHOW MPOMBIIUICHHOCTH 0e3
OTIOPBI HA PE3yJIbTaThl HAYYHBIX MCCIIEIOBAHMM, BKIIFOUas (GyHIaAMCH-
TaJbHBIE, B IPUHIINIIE HEBO3MOXKHO.

MexnyHaponubsie koH(pepeHimn MMMDOBK BHOCAT AOCTOHHBIN
BKJIAJT B Pa3BUTHE HAYIHON COCTABIIAIONICH MTPOOIEMBI CHHTE3a HOBBIX
MaTepuanoB B Poccun.

Paboma evinonnena npu gunancosoii noodepoicke npoexma Mun-
O6pHayku Ne 075-15-2024-544.
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Abstract. The article discusses modern approaches to solving problems
related to the synthesis of new materials. The relevance of this most important
strategic task of innovative development in modern conditions is noted. New
materials with specified properties are essential for the production of trusted
Russian software and hardware products for both general and special purposes.
The importance of developing mathematical modeling methods and software
solutions based on them for the development of innovative approaches in the
field of synthesis of new materials is shown. It is noted that further develop-
ment requires a domestic high-performance environment for scientific re-
search, which has a comfortable user interface, flexibility in setting up re-
sources, high performance and reliability.

Keywords: digital transformation, synthesis of new materials, new mate-
rials, multiscale modeling, high-performance research infrastructure.
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AHHOTanMsi. DJIEMEHTHI SHEPTrOHE3aBUCUMOM TAMSTH CETOAHS IPUMEHS-
IOTCSI B KQUECTBE MEPCHEKTUBHOM JIEMEHTHOM 0a3bl 11 XpaHEHUs] HHPOpMa-
L1H, CO3/IaHHs] BEIYMCIUTEIbHBIX CHCTEM, HCKYCCTBEHHBIX HEHPOHHBIX CETEil,
umMuTHpyonX GyHkuuu Mo3ra. Pabora mocesieHa BOIpocaMm, CBS3aHHBIM
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¢ pa3paboTKOi mpoToTUIA 0a3bl TAHHBIX — COCTABHON YacTH CHCTEMBI aBTO-
MaTH3UpPOBaHHOTO TipoekTHpoBaHUsA DKb 11t co3maHus ssueek SHeproHe3aBH-
CUMOI mamsTH Ha ocHOBe TexHoJIorud ReRAM. OHa npeaHa3zHaueHa Jiis Xpa-
HeHHs WHQOPMAIUHN M0 CTPYKTypaM M HX CBOWCTBaM, IOJYYECHHOH B XOJE
BBIYHCIIUTENFHBIX SKCIIEPIMEHTOB, B X0JI€ JTa0OPaTOPHBIX MCCIEIOBAHUHN, U3
JIPYTUX UCTOUYHUKOB. [IpeicTaBieHbI OCHOBHBIC XapaKTEPUCTHKH pa3paboTaH-
HOTO TIPOTOTHIIA JOKYMEHTOOPHEHTHPOBaHHOU ba3sr manHpIXx. OT™MEUEHO, 9TO
(hyHKIIMOHAJ peaIi30BAaHHOTO MPOTOTHUIIA ba3bl TaHHBIX MOXKET OBITh PACIIIH-
PEH, ¥ B TaJbHEHIIIEM aHAIOTHYHBIC CHCTEMBI MOT'YT OBITh UCIIOIb30BAHBI IS
XpaHeHHUsT UH(POPMAIUK MO0 APYTUM THIIAM YCTPOHCTB dHEPrOHE3aBHCUMOU
MMaMsITH.

KiroueBbie c10Ba: JOKyMEHTOOpUEHTHPOBaHHAs bas3a qaHHBIX, cUCTEMa
aBTOMATH3UPOBAHHOTO MPOCKTHPOBAHU, SJHEPTOHE3aBUCUMasl TIAMSTh, JJICK-
TpoHHas kKomnoHeHTHas 0aza (OKbB), cucrema ynpaBiieHnst 06a30i JaHHBIX
(CYBJ).

BBeagenne

B nocnennee BpeMs B 00JIaCTH MUKPOIJICKTPOHUKH HaOIIOAaeTCS
MOBBIIIICHHBIN HHTEPEC K 3JIEMEHTaM SHEPrOHE3aBUCUMOI TaMSITH, BBI-
CTYTIAIOINM B Ka4eCTBE IMEePCIIEKTHBHOM IeMEeHTHON 0a3bl I XpaHe-
HUSI THQOpMALIUH, CO3AaHUS BBIYMCIUTEIBHBIX CUCTEM, UCKYCCTBEH-
HBIX HEHPOHHBIX CEeTeH, MMHUTHUpPYIOUMX (QYHKIHKM Mosra. B xome
pa3paboTKH MPOTrPaMMHBIX CPEICTB CHCTEMBI aBTOMAaTH3UPOBAHHOTO
npoektupoBanus Kb s co3naHus sdyeek SHEproHe3aBUCUMOMN Ia-
MaTH Ha ocHOoBe TexHonoruu ReRAM, FeRAM, MRAM (CAIIP
«CoBay) 6b11 moctpoeH npotoTun basbl JaHHBIX, MpeJHa3HAYeHHBIN
IUTSL XpaHeHUs1 THPOPMALIUH TI0 CTPYKTYPaM U UX CBOMCTBAM /IS STUEEK
ReRAM. Jlannas cuctema mpeaycMaTpuBaeT paciiupeHue GyHKITHO-
HaJla U B JajbHEHIIEeM BO3MOXKHOCTh UCTIONB30BaHHS pa3padOTaHHBIX
MPOrpaMMHBIX CPEICTB JJIsi XpaHEHUsS JaHHBIX 10 CTPYKTypaM MU HX
CBOMCTBaM /JIsi SHEPTrOHE3aBHCHMOW MaMITH Ha OCHOBE TEXHOJIOTHUH
FeRAM u MRAM.

Onucanue NpPoTOTUNA §a3bI JAHHBIX
M0 CTPYKTYPaM M MX CBOMCTBAM VISl JHEPIrOHEe3aBUCUMON MaMsATH
Ha ocHOBe TexHoJJornu ReRAM

B apxutekType pazpaboTaHHOTO MpOTOTUNA 0a3bl JaHHBIX, UMe-
I0TCSI CIIEAYIOLINE KITIOUEBBIE OCOOEHHOCTH:

— nporpamMMmHbIi HHTEpdeiic (API), mo3BoOISMIOMINI aBTOMaTH3HPO-
BaTh 3arpy3Ky U Jpyrue onepanuy ¢ JaHHBIMU IIPU TTIOMOIIY BHEIIHETO
MHCTPYMEHTApUs Ha PA3IHYHBIX A3bIKaxX MPOrpaMMHUPOBAHMS;
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— BeO-uHTEep(deiic monp3oBarTens;

— aBTOMaTHYECKask BaJUIAINS UMIIOPTUPYEMBIX TAHHBIX;

— BO3MOYKHOCTb PyYHOTO KOHTPOJISI KAUeCTBa JTaHHBIX;

— o0s13aTeNbHas CChUIKA HA UCTOYHHUKH JTaHHBIX.

Kpome Ttoro, m3 ocoGeHHOCTEH, MPOAWKTOBAHHBIX HCIOJIb30Ba-
HueM 0a3bl TaHHBIX B cOCTaBe oOcmykuBaroriei moacucremsr CAITP
HEOO0XOIUMO OTMETHUTD CJICAYIOIIHNE:

— BO3MOXKHOCTh XpaHEHHsS pa3lIWYHbIX OOBEKTOB (Hampumep,

ycTpoiictB ReRAM);

— BO3MOYKHOCTh PacCIIUPEHUs] CIHMCKA XPaHUMBIX THUIIOB JaHHBIX

0e3 mu ¢ HeOOIBIION JOPaObOTKOW CUCTEMBI.

Jpyroii apXxUTEeKTYpHOI OCOOCHHOCTBIO Pealn3alliy SIBISETCS UC-
nmosib3oBaHue AokymeHTHOH CYBJl BMecTo penmsmuoHHOM, 9TO 00y-
CJIOBJICHO PsIOM NPEUMYILIECTB Ul JAaHHOM NpenIMeTHOH obnactw,
onucaHHbIX B [1, 2]. B wactHoctu, nokymentHas CYB/] onepupyer xoz-
Jekyuamu JOKyMEHTOB, HIMEIOIINX CTPYKTYpy AepeBa. Takas cTpykTypa
XpaHeHHUs I03BOJIIET paboTaTh Jaxe ¢ JOCTaTOUHO Pa3BETBICHHOM U K-
HAMHYHO MEHSIOMIEHCS CXeMO JaHHBIX, a TAK)Ke MHACKCHPOBATh JOKY-
MEHTBI JJ1s1 OBICTPOTO TIOMCKA MO OTAENBHBIM arpudytam. [Ipumenenne
nporpamMMHoro naTepdeiica APl ams morcka mo3BossieT He TOJIBKO pa-
00TaTh C ONEPATUBHBIMHU JJTAaHHBIMH, HO M ONIPEACIATH HOBBIE THIIbI Xpa-
HUMBIX JaHHBIX 0€3 N3MEHEeHHUs POrPaMMHOTO KOJIa.

IIpuBenem nepedeHb OTAEIBHBIX TUIIOB XPaHUMBIX JaHHBIX, KOTO-
poie onpenensitorcs norpedHocTsiMu CAITIP «CoBA» u OyayTt pacum-
PATBCSL B MPOLIECCE PA3BUTUS U MOAKIIOYEHHS HOBBIX BHJOB MAMSTH
U pacyeToB:

— MaTepHallbl, HCIIOJIb3yeMbIe B cocTaBe ycTpoiictBa ReRAM (s

npeiid-nuddy3noHHON 1 KBaHTOBO-MEXaHHUUECKON Moenel);

— cTpykTypa ycrpoiictBa ReRAM (mns apeiid-nuddysnonnoit

MOJICITH);

— XHMMHYECKHEe 3JIEMEHTHI, UCTIOoIb3yeMble B MaTepranax ReRAM;

— KpHCTaJuIM4ecKasl CHCTEMa IPyII CHMMETPHN KPHCTAJIIOB;

— TIPOCTPAHCTBEHHbIE TPYMIIbI, HCIOJb3YyEeMble B KpUCTAJUIMYe-

cKHX cTpykTypax ReRAM;

— TICEBJOMOTEHIINAIIBI AJI1 KBAHTOBO-MEXaHHMUECKUX PAacUETOB Ma-

TepHajoB, UCTIOIB3yEMBIX B cOCcTaBe ycTpoiictBa ReRAM;
— KOMIIaKTHbIE Mojein ycTpoiictBa ReRAM (pesynbratsl 00yue-
HUS MOAYJISl KOMIIAaKTHON Monenu ReRAM).
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Bce nanHbIe B paMKax OJHOTO THIA OOBEIUHECHBI B BUJIC €IUHOTO
TaOJIMYHOTO TIPEACTaBIeHHS Ha ypoBHe mHTep(eiica mportotuma BJ]
(MMEIOT eIMHYIO CTPYKTYPY, OIMMCAHHYIO CXEMOH).

Cxema JaHHBIX JOKYMEHTHOW MOJEITH 0a3bl JaHHBIX MPEICTaBICHA
Ha puc. 1.

KiroueBbIM 00BeKTOM (KOJIICKIIMEH) Ha cxeMe sBisercs Record,
XpaHSIIUNA BCE 3aUCH 0a3bl JaHHBIX. TUIT JAHHBIX OMPEEISICTCS T0-
JeM «type» M OT CXEMBI THITa 3aBUCUT cojepxkumoe mois Record.data.
[Ipu noGaBneHUN U OOHOBJICHUU 3aIMCU POU3BOIUTCS MPOBEPKA CO-
OTBETCTBUS JaHHBIX B nojie data JSON-cxeme NaHHBIX, ONpeIeICHHON
B RecordType — RecordTypeSchema.

ITocTpoennsiit npototun ba3el NaHHBIX CYIIECTBEHHO YYUTHIBAET
UHGOPMAITMOHHYIO COBMECTUMOCTh TPOCKTUPYIOIIMX U 00CITYKUBAFO-
mux noacucteM CAIIP m oOecrieunBaeT HE3aBUCHMOCTH JAHHBIX Ha
JIOTUYECKOM ¥ (PH3MUYECKOM YPOBHSX, B TOM YHCIIE:

— UHBApUAHTHOCTH K IIPOrPAMMHOMY OOECIICUCHUIO, & TAKKE BO3-
MOXXHOCTh OJHOBPEMEHHOT'O HCITIOJIb30BAHUS JTAaHHBIX, UMIIOPTHPYE-
MBIX U3 pa3nuyHbix b]l pa3nuyHbIMU MOIB30BATEISIMU;

— BO3MOXHOCTb HapaiusaHus b/l;

— KOHTPOJIUPYEMYIO NU30BITOYHOCTD TAHHBIX.

Ba3 gaHHen owkdatabase

cconnekumar >
Record
DCHOBHEA  CYIHOCTE  Batkl  AaHHEDN —  330MCH,
COAEDMBILAA A3HHDIE, COOTBETCTBYIOWME CEOEMY THNY

- _id - mpeTadesaTop 3anucn scHONNERIMRT>

- code - Hog 3anua (yHuLEn bHes ) RecordType
-Type - TvN SANMCH 1-N M4 BENAIDTR NAES!
|| St A EREL I HEIMUA CAPRE CUHIKEM EUCTEAE

- state - coctoAxke [Active, Draft, Deleted)

- sowres - MerouHes: {ofsesT THna Saurce]

- lastUpdateDate - nata obnoaneHMA

- pwnerlserlogin - asTop 3anmcy (wa nonsaosaTensA)

- verifiedByUserLogin - sepudmnarop (ng nonsaceatenn)
- data - ganmeie |oftexT, cooTERTCTEYROW M Cleme TinE)

<<HonnerunA dainos=>
ReenrdFil

1-N Db, NYUKDENNEHHBEE H S8NMCH

L R T
Record dudit
HHEORMELIN O SETE W NONESIEETENE,
L FUTOPEIR NOCNEQHAR HSMEHRA 8K biE
- MABHTUAMKSTOD NONES0BATERR
- BATE MIABHEHAR
= TAN M3ME HEHHA

- maesTwhURaTOp THNE
- HEZBEHME THNS
- yerpodtcras (RERAM, FERAM, MRAM)

1-1
Oain ¢ ISON CresoR, onpegenamumi
bopmar garmox e Record

. 4

<<Honnerpa fainos>>
Record TypeSchema
Daknw g dopmars JSON Schema,
NP UKPENA BHEBIE K TAMY SAMMCA

Puc. 1. Cxema gokyMeHTHON MOZIeTH 0a3bl JaHHBIX
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BuiBoabI

B noxiage paccMaTprBarOTCs aKTyaJbHbIE METOIBI U CPEACTBA KOM-
MBIOTEPHOTO MOAEIHPOBAHMSI, IPUMEHAEMBIE IPH CO3IaHUH IPOTOTHIIA
basbl TaHHBIX I CO3[aHMsl STYEEK SHEPTOHE3aBUCUMON ITaMsTH Ha OC-
HoBe TexHojormn ReRAM. IlpencraBieHbl OCHOBHBIE OCOOCHHOCTH
U IPOEKTUPYEMBIE BO3MOKHOCTH MOCTPOEHHOIO MPOrpaMMHOIO IpPO-
nykra. IIpuBeneH nepeyeHb TUIIOB XPAHUMBIX JTaHHBIX, KOTOPBIE OIpe-
nenstorest morpebHocTaMu CAIIP «CoBA» m MoryT pacmmpsiTbes
B IIPOLIECCE PA3BUTUSA U NIOKIIIOYEHHS] HOBBIX BUJIOB IIAMSITH U PACUETOB.
[pencraBieHa cxema JOKYMEHTHOH MO/IeNy 0a3bl JaHHBIX.

Paboma ewvinonnena npu nodoepiicke Poccuiickoeo HayuHo2o
¢onoa, npoexm Ne 23-91-01012.
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Abstract. Non-volatile memory cells are nowadays used as a promising
element base for information storage, creation of computing systems, artificial
neural networks imitating brain functions. The work is devoted to the issues
related to the development of a prototype of a database — a component of the
system of computer-aided design of ECB for the creation of non-volatile
memory cells based on ReRAM technology. It is intended for storing infor-
mation on structures and their properties obtained during computational exper-
iments, in the course of laboratory research, from other sources. The main char-
acteristics of the developed document-oriented prototype of the Database are
presented. It is noted that the functionality of the realized prototype of the Da-
tabase can be extended, and in the future similar systems can be used to store
information on other types of non-volatile memory devices.

Keywords: document-oriented Database, computer-aided design system,
non-volatile memory, electronic component base, database management system.
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CoBpeMeHHbIE TeHICHITUH MPOBEACHUS MPUKIATHBIX U TOMCKOBBIX
WCCJICJIOBAHUH B 00JIACTH MaTePUAJIOBEICHUS JEMOHCTPUPYIOT BO3pac-
TaOIIYI0 MOTPEOHOCTh B BHICOKONIPOW3BOAUTEIHLHBIX BBIYHCICHUSX,
YTO CO3/aeT MPEANOCHIIKA HCTIOIB30BAHUS CYIIESCTBYIONUX WM CO-
3IaHUSI COOCTBEHHBIX BBICOKOIPOU3BOJUTEIHHBIX BBIUYHCIUTEINBHBIX
MoIHocTeH [1].

YuuTsiBas NOTPEOHOCTH HAYYHBIX KOJUICKTUBOB B BBICOKOTIPOU3-
BOJMTENBHBIX BRIYUCIUTENBHBIX pecypcax B UL UY PAH B koHue
2019 roga 6bu1 co3nad LleHTp KOIEKTHBHOTO TOJIB30BaHus «BbIco-
KOIIPOU3BOAUTENbHBIC BRIUUCICHU U Oombiue ganasie» (LKII «1a-
dbopmaTtukay) [2], KOTOPBIA MO3BOJSICT OJMHOBPEMEHHO HECKOIBKUM
KOJUIEKTUBAM pelaTh 3aJa9d MaTeMaTHIeCKOTO MOJIETUPOBAHUS, TTPH-
MEHSSI COBPEMEHHBIEC BHIYUCIUTEIbHBIC TEXHOJIOTUU.

Ha nayanbHoM 3Tane B coctaB BeruucauTenbHol cpensl LIKII Bxo-
AN CcepBepa C MHOTOSJICPHBIMU MPOU3BOIUTEIHHBIMU IICHTPATIh-
HBIMH TIPOIIECCOPAMU M OOJIBIIUM 00BEMOM ONepaTUBHON mamsiTh. Ta-
Kasi KoH(pHUTypaIus o0ecrednsia yCIenHOe PEIMICHHEe MHOTOTIOTOYHBIX
pacdeTHBIX 3a/1a4 B paMKaX OJHOTO BRIYUCIIUTEILHOTO cepBepa. J{nHa-
Mmuka ucnonb3oBanus LIKII xapakrepusyeTcs cienxyonmmuMy oka3are-
nsvu: B 2021 roxy 6but0 BhITONHEHO 563, B 2022 1. — 641, B 2023 1. —
1958, B 2024 r. (Ha Texymuii MOMeHT) — 3092 BBIYMCITUTENBHBIX 3a/1a-
Hull. Takum 00pa3om, 3a MOCJICAHUE TPH TOJ[a YHCIO BRIYUCIUTEIIbHBIX
3alaHui BRIPOCIIO IPUMEPHO B 5—6 pas.

Tlocnenyroiiee HapanMBanue BhluMcIUTeNbHOM MomiHocTH IIKII
OCYIIECTBIISIIOCH 3a CUET CO3/IAHUS BEICOKOITPOU3BOAUTEILHOM BBHITHIC-
mutensHOU cet InfiniBand EDR u moxakimoueHns K Hell CyIIeCTBYIO-
IIMX BBIYMCIUTEIHHBIX CEPBEPOB, a TAKXKE BHOBB MMPHOOPETAEMBIX CEP-
BEPOB THOPHUIHON apXHUTEKTYpPbI, OCHAIIEHHBIX MMPOU3BOIUTECIHLHBIMU
rpadguueckumu yckopureasimu (GPU).

Ha nacrosmuit MOMeHT B equHOM BerauciaurensHou cpene LIKIT na
ocHoge cetH InfiniBand ¢pyaxmmornpytot 2 cepsepa ¢ GPU Nvidia V100
u 12 cepsepoB ¢ GPU Nvidia A100, a Takxke 21 TByXTIpOIIeCCOPHEINA cep-
Bep ¢ 00beMoM omepatuBHOM mamaTw 1 TOaiit. Takas KoHGHUTypamys BbI-
YHCIUTEIBHBIX CPEJICTB 00ECIIEYNBACT YCIICIIHOE PEIICHUE MHOTOITOTOY-
HBIX PACUCTHBIX 3a/1a4 C 3aJ[CHCTBOBAHUEM TPa(UUECKUX YCKOPHTEICH
KaK B paMKax OJHOI'O BBIYHCIUTENIHLHOTO CepBEpa, TaK U MHOTOIPOIIECC-
HBIX (TapaJUIeIbHBIX ) PACUETHBIX 33724 Ha HECKOJIBKUX BEIYHUCIUTEIEHBIX
y371ax. ITO MMONTBEPKIACTCS CICTYOMIEH CTaTUCTUKOM: ecir B 2022 Tomxy
YHCIIO BEIYMCITUTEIHHBIX 3aJaHAH HA CEpBEpax ¢ THOPUITHON apXUTEKTY-
poit coctaBuiio 3375, To B 2023 r. oHO BO3pociio mouTH B 4 paza — 12 839
(na cepenuny 2024 ropa yxe coctaBuiio — 11 726).
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[IpencraBnenHas JUHAMUKA KOJMYECTBA BBIMOIHAEMBIX BBIUNCIIH-
TEJBbHBIX 33I1aHNH ITOKA3bIBAaeT BOCTPEOOBAHHOCTH HAYYHBIX KOJIJICKTH-
BoB OUI[ MY PAH B BeruncnutensHoi nappacTpykrype LIKII, koTo-
pasi MO3BOJISIET IIPHU PEIICHUH 33]]a4 MaTeMaTHUeCKOT0 MOJIEIUPOBAHHUS
WCIIOIH30BaTh COBPEMEHHBIE TEXHOJIOTHH paclapauIeTNBaHus BBIYHC-
JICHWH, CIEIUaTN3UPOBaHHbBIE MPOTPaMMHBIE CHCTEMBI MaTeMaTHde-
CKoro MojenupoBanus, Hanpumep, Quantum Espresso [3, 4], a Taxxke
BECTH pa3pabOTKy OTCUYCCTBEHHOTO aHAJIOTA 3apyOEIKHBIX CHCTEM IS
MOJICJIMPOBAHHUS STYEEK SJHEPrOHE3aBUCUMOM NaMATH [5, 6].

[Ipu 3TOM KOJIMYECTBO BBIYMCIUTENBHBIX 33aJaHUM, IPU BHITOIHE-
HUW KOTOPBIX OBLIO 3a7IeHCTBOBAHO O0JIee 0THOTO IpaduIeCcKOro yCKO-
pUTENS B paMKaxX BBIYUCIUTEIBHOTO CEPBEPa, B LIEIOM HEBEIMKO IO
CPaBHEHHUIO C OOLIMM KOJWYECTBOM BBIYMCIUTENBHBIX 3alaHuil, mpu
BBITIOJTHEHUH KOTOPBIX OBUTH 3aeiiCTBOBAaHBI rpadpuyuecKue yCKOpH-
Tenu. JlaHHBIH QakT co3aeT MPEANOCHUIKH K TIPOBEACHUIO HAyYHBIMU
KOJUIEKTUBAMH paboT 1o 10paboTKe W ONTUMH3ALNN CBOUX BBHIYHCIIHU-
TENTbHBIX 33JaHAN C IIENBI0 TONXYYEHHS BO3MOXXHOCTH BBITIOTHEHUS
pacyeToB C 3aAeHCTBOBAaHHEM HECKOIBKHUX IpaMUECKUX YCKOPUTETIEH,
YTO TO3BOJIUT YBEIMYUTH PEATbHYIO MPOU3BOAUTENBHOCTh MPHU HC-
II0JIb30BAHUU BBIUYHCIUTENBHBIX pecypcoB LIKII.

B nHacrosimee Bpemst 00beM U MPOU3BOIUTENEHOCTD BBIYMCIUTEIb-
HbIX pecypcoB LIKIT mo3Bosser HaydHbIM KOJUIEKTHBAM pemaTh MUpo-
KHH CTIIEKTP aKTyallbHBIX 33/1a4 B 00JIaCTH MaTepHaIOBEACHUS C HCIIOb-
30BaHHEM COBPEMEHHBIX BBIYHCIUTEILHBIX TEXHOJIOTUH, TPUMEHIEMBIX
B aHAJIOTHYHBIX HHPPACTPYKTypax OTEUECTBEHHBIX U 3apYOeKHBIX LICH-
TpoB 00pabOTKM JAaHHBIX, CYNIEPKOMITBIOTEPOB M 00IaYHBIX IIaThopM.
[pu 3tom xomnektus LIKII mpomomkaeT BRIIOIHATH KOMIUIEKC KCIIe-
PUMEHTAJIBHBIX HCCIIEOBAHUI 10 COBEpIICHCTBOBAHMIO TEXHOJOTHH
JTOCTYTIA TTOJIb30BaTeNel K BEIYUCIUTEIFHBIM pecypcaM | MpeoCTaBIIe-
HUIO HOBBIX CEPBHUCOB.
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KaioueBble cj10Ba: BHICOKONPOM3BOAMTENBHBIH BEIYUCINTEIbHBIH KOM-
TUIeKC, THOPHAHAS apXUTEKTYpa, rpadUuecKuil yCKOPUTEIlb, HHAUBHIYaIbHAs
cpela MOJICITMPOBAHUS, CUCTEMa MAaTeMAaTHIECKOT0 MOJICIIMPOBAHHS, CHCTEMA
pa3paboTKH.

Pa3BuTHE MUKPO3IEKTPOHUKH HEPA3PBIBHO CBSI3aHO C Pa3pabOTKOM
CPEJCTB aBTOMAaTH3MPOBAHHOTO MPOEKTHPOBAHHUSA, B TOM YHCIE CIie-
[UATM3UPOBAHHBIX POTPAMMHBIX CHCTEM MojenupoBanus [1], korto-
pble B OCHOBHOM SIBJISIIOTCSI IPOAYKTaMH 3apyOeXKHBIX KOMIIAHHH,
Hanpumep, Cadence Design System, Synopsys, Ansys u Siemens EDA.
Kak u3BecTHO, TOJOOHBIE CHCTEMBI IPEABSBISIOT BBICOKHE TPeOOBa-
HUS KaK K BBIYMCIMTENIBHBIM PEcypcaM, Tak U K Clloco0aM MpeaocTaB-
JIEHWsI AOCTYIIa MOJIb30BaTENEN K CUCTEME MOJICITMPOBAHNUS, U TIpUMeE-
HSIOTCS B BBIYHCIUTEIBHBIX KOMITJIEKCaX, KOTOpPBIE 00J1a/1al0T BEICOKON
NPOM3BOAUTENBHOCTBIO. B HacTosIIee BpeMsi, CTOJIKHYBLINCH ¢ HEOO-
XOJMMOCTBI0 MMIIOPTO3aMEIIeHUs, POCCUHCKHE KOMIIAHUM, y4Y€HbIe
Y FiCCTIEIOBATENN B 00JIACTH MHUKPORJIEKTPOHUKN aKTUBHO BEIYT pas-
pabOTKH OTEUECTBEHHBIX AHAJIIOTOB 3apyOEKHBIX CUCTEM B TOM YHCIIE
JUISL MOJISTTUPOBAHUS STUEEK SHEPTOHE3aBUCUMOMN maMaTu [2].

[Ipu 5TOM BO3HHKKIIA OCTpasi HEOOXOAMMOCTh B OOECTICUCHIH €/IH-
HOT'O IIMKJIa pa3pabOTKHU CHCTEM MOJETUPOBAHUS, BKIIOYAOLIETO KaK
KJIaCCHUYECKHE 3Tanbl CO3JaHNus MPOrpaMMHOTO KO/, TaK M 3Tall po-
BEPKH KOPPEKTHOCTH PabOTHI CHCTEMBI 10 HA3HAYCHHIO ITyTEM BBITIOJ-
HEHHS PacyeTHBIX 33a4 MOICIMPOBAHUS B CPEIE BHICOKOIIPOU3BOAN-
TEJIbHBIX BBIYUCIICHUH.

Jist oGecriedeHus €MHOTO HUKIA Pa3paboTKH CHCTEMBI MOJEITHPO-
BaHMS B LIEHTPE KOJUIEKTUBHOT'O II0JIb30BaHUS « BBICOKONIPOM3BOAUTEb-
Hble BbluuciieHus u Oombinme aanubley (LIKIT «MubopMmarukay) [3]
B JIOTIOJTHEHHUE K CYIIECTBYIOIIUM TEXHOJOTHSIM IPEJOCTaBICHUS JI0-
CTyIa K MPOrpaMMHBIM CHCTEMaM MOJIEIIMPOBAHHUS B BRICOKOIIPOHU3BO-
JIUTEIILHOW BBIYUCIUTEIILHOM cpejie [4] Oblia BHeApEHA HMIMPOKO H3-
BECTHas CHCTEMa COBMECTHOU pazpaborku GitLab ¢ mommepikkoit
¢bynkuuii HenpepriBHOW paszpabdotku CI/CD (Continuous Integration /
Continuous Deployment).

OcoOeHHOCTBIO BHEApEHUs sBisgeTcss MHTErpanus cpeasl GitLab
C CYILECTBYIOIIEH CHCTEMOH YIpaBiIeHUs BEIYUCIUTEIbHBIMU 3aJaHHU-
smu Slurm [5,6], koTopasi MO3BOJIMIIA PEATTM30BATh CIUHBIN ITUKI Pa3-
paboOTKM OTEYEeCTBEHHOW CHCTEMBbI MOJEIHPOBAHMS SYEEK JHEPTo-
HE3aBUCHMON MaMATH C 3aeiCTBOBAHUEM BBICOKOIIPOM3BOIUTEIBHBIX
BBEIYHCIUTENBHBIX pecypcoB LIKII.
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Enunerii nukn pa3paboTKu MOKHO MPEACTABUTH B BHJE COBOKYII-
HOCTH TPEX OCHOBHBIX 3TaIOB:

— co3nanue (pa3paboTka) MpPOrpaMMHOIO KOJa CHCTEMbI MOJEINU-

pOBaHUS;

— TeCTHPOBaHHUE IPOTPAMMHOTO KOJIa Ha MPEMET MOUCKa OIUOOK,
JOIYIIIEHHBIX [IPY CO3JaHUU KOJa,;

— TECTHPOBAaHUE CHCTEMBI MOJCIHMPOBAHHS, PEATU30BAHHON MPO-
TpPaMMHBIM KOJIOM, ITyTEM BBITIOJTHEHUS PACUETHBIX 33]1a4 B Cpe/ie
BBICOKOITPOM3BOAUTENbHBIX Bhranciennid LIKII.

Co3panue mMporpaMMHOTO KOZa peajn3yeTcsi Ha padodynx MecTax
pa3paboTYUKOB C MPUMEHEHHEM HHCTPYMEHTOB COBMECTHOM paspa-
0oTku, mHTErpupoBaHHBIX B GitLab. B nomomHenue k pa3paboTke mpo-
rpaMMHOTO Koja paszpaboTumku moarorasiuBaioT cueHapuu CI/CD,
MO3BOJISIONINE aBTOMATHYECKH 3allyCKaTh MPOIECCHl TECTHPOBAHUS
NPOrpaMMHOT0 KOZa W/HIM CUCTEMBl MOAEIHPOBAHUS MIPU HACTYILIC-
HUU OMpENEeNCHHBIX coObiTUl B cucteMe GitlLab, Hanpumep, nipu co-
XpaHEeHUHN U3MEHEHUH MPOrpaMMHOT0 Koja (git commit).

TectupoBaHue MPOrpaMMHOIO KOJia BHIIIOTHICTCS HA BBIACTICHHOM
BBIYUCIIMTEIBHOM cepBepe, (PyHKIMOHHPYIOIIEM B BBIYHUCIUTEIBHON
cpene LIKII. JlanHbI# cepBep oOecrednBaeT (pyHKITMOHUPOBAHHUE CEp-
BucoB GitLab Runner (manpumep, shell runner, docker runner) u Slurm.
Cepsucsl GitLab Runner npeanazHadeHsbl 11 HCIIOTHEHUS TPOTPaMM-
HOTO KOJa B COOTBETCTBHH C MOATOTOBIEHHBIMH crieHapusmu CI/CD
Ha 1aHHOM BBIYHMCIHMTEIBEHOM CEpBEpE, B TOM YHCIE B 3apaHee MOAro-
TOBJICHHOW MHIUBH Iy abHOI cpene. CepBuc Slurm npeaHazHaueH Juis
MIOCTAHOBKM PACUYETHBIX 33/a4 B OYepedb 3aJaHUM BBIYMCIUTEIBLHON
cpensl LIKII, Beiaenennss HEOOXOAMMBIX BBIYUCIUTEIBHBIX PECYPCOB,
MOCIIEAYIOUIETO 3aIyCcKa pacyeTHOTO 3aIaHus M OCBOOOXKICHUS pecyp-
COB IIPU 3aBEPIICHUH PACUETOB.

TecTupoBaHue CHCTEMbl MOZEIHPOBAHUS BBINOJHACTCS IyTEM
3aIlyCcKa pacueTHBIX 3a/1a4 B BerauciutenbHoi cpeae LIKIT ¢ BozmoxHO-
CTBIO WCIOJIb30BaHHUS BXOAALIMX B €€ COCTaB BBICOKOIIPOM3BOIUTEINb-
HBIX THOPWAHBIX BBIYMCIHMTENIBHBIX CEPBEPOB, OCHALICHHBIX rpaduye-
ckumu yckoputenaMu BeruuciaeHuit (GPU). IloctaHoBka pacueTHBIX
3a1a4 B O4epeib 3aaHuK o0eclieunBaeTCs Ha BBIICIICHHOM CEpBepe cep-
BucoM GitLab Runner, koTopblil BEIMOJHAET chenyomye QyHKIUH:

— B MOMEHT HCIIOJTHEHHsI cOOTBeTCTBYMomIero cueHapus CI/CD un-
TEpIPETUPYET yKa3aHHBIE B CLIECHAPUHU [TapaMeTPbl IOCTAHOBKH pacyeT-
HOT'O 33/IaHUsI B OYepeib 3aJaHuii;
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— OopMHUpYET CKPHUIIT TOCTAHOBKH PAaCUETHOTO 3aaHHs B OUepeb
3a/laHdi, UCTIONb3YS JUPEKTUBBI, OIEPKUBAEMbBIE CHCTEMOH yIIPaB-
JICHWSI BBIYUCIUTEIbHBIMY 3aJaHUSAMU;

— 3aIlyCKaeT PacuETHOE 3aJlaHUE HA UCIIOJHEHUE ITyTEM BBIIIOIHE-
HUSl KOMaH[HI sbatch.

Taxum oOpa3oMm peann3yercsl eIuWHBI LMK pa3pabOTKU OTede-
CTBEHHO! CHUCTEMBI MOJEIUPOBAHMS SYEEK SHEPTOHE3aBUCHUMOMW Ia-
MATH C 33JCHCTBOBAHUEM BBICOKOIIPOU3BOJUTEIBHBIX BBIYUCIUTENb-
HBIX pecypcoB LIKIT «udopmaTukay.

BuiBoabI

[IpencraBienHblii moaxoa obOecreyrBaeT IOCTYI MOJIb30BaTeNeH
K BBICOKOIIPOU3BOAUTENBHON BhruucauTeNbHOM cpene LIKIT «Mudop-
MaTHKa» Ha OCHOBE Pean3alliy eMHOTO ITUKIIa Pa3paboTKU CHCTEMBI
MOJETUPOBAHUS SIUCEK SHEPrOHE3aBUCUMON MaMATH B 3aJadax mare-
puanoBeaeHus. Takoi MOIX0/ MO3BOJISET PACIIUPHUTD (PYHKIIMOHAT CH-
cremsl GitLab 3a cueT nHTETpaIyy ¢ CHCTEMOU yIpaBICHHUS BBIUNCIIH-
TEJIbHBIMHU 3afaHusIMH Slurm W co3maTh Ans pa3paboTUMKOB OoJjee
KOM(OpPTHBIE YCIOBHS paOOTHI TPU pa3padOTKe MOJTO0OHBIX CHCTEM MO-
JEeUPOBAaHUs, a TaKKe COKPAaTHTh BpeMs MPOBEPOK NPOIPaMMHOTO
KOJIa ¥ CUCTEMBI MOACTUPOBAHUS B LIEJIOM.

Paboma evinonnena npu gpunancosoii noodepixcke PH®, epanm
Ne 23-91-01012.
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Abstract. The paper discusses an approach to providing high-performance
computing resources of the CKP «Informatics» in the development of a do-
mestic system for modeling non-volatile memory cells when solving current
problems in materials science.
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LleHTp KOMIEKTUBHOTO MOIB30BaHUs « BRICOKOTIPON3BOIUTEIHHBIC
Bbrancinenuss u Oompmme manueie» (LKII «adopmaruka») [1]
obecnieunBaeT MOTpPeOHOCTH Hay4HBIX KoimiektuBoB OUIL] MY PAH
Y BHEUTHUX TI0JI30BATEICH B BBICOKOTPOU3BOIUTEIBHBIX BBIYUCITH-
TEeTBHBIX pecypcax Ui NMpoBeaeHUs (QyHAAMEHTATBHBIX W TPUKIIAI-
HBIX UCCJICIOBAaHNM, B TOM YHCJIC B 00JIACTH MaTepHaIoBeIeHus [2].

AHanu3 3asBOK Ha MPEJOCTABICHUE AOCTYINA K BEIUUCITUTEIHHBIM
pecypcam LIKII nmokas3pIBaeT, 4T0 OCHOBHBIMU HANPABIECHUSMHU HCCIIE-
noBaHUM Hay4yHbIX KouiekTuBoB OUI MY PAH sBastores:

— CUCTEMBI HMCKYCCTBEHHOTO WHTEJUICKTa, W3BIICUCHUC 3HAHWMA
Y aHAJIU3 TEKCTOB;

— MaTEeMaTHICCKUE METOJIBI aHAITN3a TAHHBIX U IIPOTHO3UPOBAHNS,

— MOJIEIIMPOBAHUE CIOKHBIX (PH3UIECKUX H TEXHUIECKUX CHUCTEM;

— TEOPETUKO-BEPOATHOCTHBIC U CTATUCTUYECKUE METOIBI MOJICIH-

pOBaHUS;

— METOZIbl U MPOTPAMMHBIC CPEACTBA HAKOIUICHHS M 00pabOTKH

JTAHHBIX;
— o0yueHHe ¢ MOAKPEIJICHHEM C HCIOJL30BAHUEM CETEBBIX BEK-
TOPHO-CUMBOJIBHBIX TTPEICTABICHIIM.

[Ipu »TOM OONBIIMHCTBO 33729 B paMKaX 3TUX HANPaBICHHIA pela-
10TCs (WM IIAHUPYIOTCS PEIICHUS) C TPUMEHEHUEM TEXHOJIOTHHN HC-
KYCCTBEHHOI'O MHTEJJIEKTA.

B cBsi31 ¢ 3THM, OZTHUM aKTyaJIbHBIX ¥ BOCTPEOOBaHHBIX HAIpPaBJIC-
HUU HCCIEAOBAHUM SIBISIOTCS SKCHEPUMEHTANIBHBIE HCCIEIOBAaHUS
B MHTEpecax pelIeHUs 3a7ad MO MOUCKY U aHaIu3y YI3BUMOCTEH HcC-
KYCCTBEHHBIX HEHPOHHBIX CETeH Pa3iNWIHBIX KJIACCOB, MO pa3padoTke
METO/IOB OLICHKU UX YCTOWYMBOCTH B YCIOBUSX CIyYalHBIX U MpEIHA-
MEpPEHHbIX BO3JIEUCTBUH, a TAKKE METOJIOB MOBBIIIEHUS YCTOHYMBOCTH
HEUPOHHBIX CETEH.

OTMeTHM SKCIIEPUMEHTATBHBIE UCCIICIOBAHUS 10 MOICIUPOBAHIIO
CIIOKHBIX (PU3NYECKUX M TEXHUYECKHUX cucTeM. K HUM oTHOCATCS HC-
CJIeIOBAHMS 10 Pa3pabOTKE OTEYSCTBEHHON CHCTEMbI aBTOMATHU3HPO-
BAHHOTO TPOCKTHUPOBAHUS JUISI CO3MAHUS SUEEK dHEPTOHE3aBUCHUMOM
namsTH B 00JacTu MaTepuanioBeieHus [3, 4], a TakKe UCCIICOBaHUS
10 COBEPIIICHCTBOBAHUIO METOJIOB MOJEIHPOBAHMS HEPABHOBECHBIX
TEUCHUH ra30BbIX CMECEH B YaCTH MOJICTTUPOBAHUS MEXAHUK Pa3peiKEH-
HOTO Ta3a U BRICOKOCKOPOCTHOM a’pOoAMHAMUKH [5, 6].
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[IponomkatoTca akTUBHBIE UCCIIEIOBAHUS 110 CIEIYIOIIUM TeMa-
THKaM:

— pa3paboTKa METOI0B ¥ IPOTPaMMHBIX CPEICTB HAKOIUICHHUS U 00-

paboTKH OONBIINX TaHHEIX;

— W3BJICUCHNE 3HAHUI M aHAJU3 TEKCTOB, HAIIPUMED, ONpEICIeHUE
JIETIPECCUBHOCTH Y TMOJIb30BATeNsl COL[MAILHOM CETH Ha OCHOBE
MHTEJICKTYAJIBHOTO aHAJIN3a [Ty OIMKYEeMbIX TEKCTOBBIX COOOIIIe-
HUI 1 THGQOPMALIUU CO CTPaHULIBI MTPOQUIIS TOIb30BaTeNs [7];

— MalMHHOE O0y4eHue, TIyO0oKoe MallMHHOe O0ydeHue, paspa-
00oTKa MoJemnel HCKYyCCTBEHHBIX HEHPOHHBIX CETeH, HampuMep,
pa3paboTka aJrOpUTMOB YIIPABIECHUS aBTOHOMHBIM TPaHCIOPT-
HBIM CPEJICTBOM B PEXXHMME PEATTLHOIO BPEMEHH C yUYETOM CTaTH-
YeCKHUX U JTUHAMHYCCKUX OTpaHUICHHA [§].

Hapsiay ¢ nHayunsiMu komtektuBamu GUILL MY PAH 1IKII ucnosns-
3yeTcs KOJIEKTUBAaMU U IpyTux opranuzanuil. Tak, B mocieaHue roast
9KCTIIEPUMEHTAJIbHBIEC HCCIEA0BAHMS B 00JaCTH MOJICIIMPOBAHUS XUMU-
YeCKUX peaklui, KBAHTOBO-MEXaHMUYECKUX M MOJIEKYJISIPHO-MEXaHH-
YECKUX PacdeToOB, MOJEKYJSPHONH AWHAMUKH, MOJAEITHPOBAHUS (HH-
3UKO-XMMUYECKUX MPOIECCOB B3aUMOJCHCTBUS MOJIEKYJT BBIIOIHSIOT
corpynuaukn ®HULL «Kpucrammorpadus n dporornnka» PAH mposo-
JIUT. AKTUBHO HCIIONB3YIOTCS BeIanucauTenbHble pecypebl LIKIT criernm-
amuctamu HUM monexynsapuoit anexrponnku (HUMMD) B pamkax pe-
LIEHUs] 3aJad 10 MPOCKTHPOBAaHHMIO OTCUYECTBEHHOW 3JIEKTPOHHOMN
KOMITOHEHTOH 0a3bl B 00;1aCTH MUKPO3JIeKTpoHUKH. Kpome Toro, LIKIT
NPEOCTaBIsIET BO3MOXKHOCTh MIPAKTUYECKOW OTPaOOTKU 3HAHWH, HO-
JYYeHHBIX B XOJe¢ OOyd4eHHs, cTyneHTaM 0a30BbIX Kadenp B MIY
nMeHu M.B. JIoMoHOCOBa, MOCKOBCKOIO aBHAllMOHHOTO HHCTUTYTA
(MAN), Beicmieii mkomnst sxoHOMukH (BIID) u Poccuiickoro yHuBep-
cutera Apyx0s1 HapoaoB (PY IH).

ITpu pemenuu 3ana4 NOIb30BATEIN UMEIOT BO3MOXKHOCTb BBIIOJ-
HATH pacyeThl B BBICOKOIPOM3BOIUTEIHHON BBIUUCIUTENBHON Cpelie
LKII c mppuMeHeHnEeM TaKUX CHCTEM MOJISTMPOBaHUs Kak Ansys, Intel
oneAPI, Gromacs, Matlab, Orca, Pytorch, Tensorflow, Keras,
Quantum Espresso B ¢0OHOBOM (ITaKETHOM) W MHTEPAKTUBHBIX PEXKHU-
Max. MiMeeTcst BO3MOXKHOCTh MHTETPALUU APYTUX CHCTEM MaTeMaTu-
YECKOTO MOJIETUPOBAHNA B BBICOKOIIPOM3BOAHUTEIBHYIO BBIUHCIH-
TenbHyto cpeny LIKIL.
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AnHoTanus. B pabore mpeacrasiieH Moaxox K MOATOTOBKE HAOOPOB J1aH-
HBIX, HCIIOJIB3YEMBIX JUIsI MH(OPMAIIMOHHOTO OOECIIEYEeHHs PECypPCOEMKHX
MIPWIOKEHUH.

Ki1roueBble c10Ba: ceMaHTHIECKUE TPEOOBAHMSI, AaHAIN3 JAHHBIX, CTPYK-
Typu3anusi ”HPOPMAIMOHHOTO KOHTEHTA, CHENN(HUKALUS JaHHBIX.

Pe3ynbraThl KOMIBIOTEPHOTO MOJICTTHPOBAHUS B 00JIAaCTH MaTepHa-
JIOBEICHHS SIEKTPOHHBIX KOMIIOHEHTOB CYIIECTBEHHO 3aBHCST OT Kaue-
CTBA UCIIOJB3YEMbIX JaHHBIX, ITO3TOMY IPH UX ITPOBCACHUU TpeGyeTCﬂ
YACTIATE BHUMAHUE HE TOJIBKO ITOUCKY U HAKOIIJICHUIO I/IH(bOpMaHI/II/I, HO
¥ €€ ICTATLHOMY OITMCAHUIO M AHATUTUYECKOMY UCCIIEIOBAHUIO T10 KITFO-
YEBbIM Tpe6OBaHI/I$1M KOHTPOJIA NOJIHOTEL, JOCTOBEPHOCTH, IPUMCHHUMO-
CTHU 1 aJICKBATHOCTH OJaHHBIX.

MoxHO cpopMyTHUpOBaTH TPH KIIIOUYEBBIX (haKkTOpa MpoOIeMaTHKH
MOCTPOCHUSI OOBEKTOB JaHHBIX, XapaKTePHBIX IJIsi PacCMaTpHUBaEeMOMR
MpeIMETHOM 00IacTH:

e (OJBIIOI 00BEM 3JIEMEHTOB JaHHBIX U UX COOPOK (arperaTos),
O6yc.]'[0B.HeHHBII7[ TEM, YTO MaTEMATUYCCKOEC U KOMIIBIOTEPHOE MOJACIIN-
poBaHue OasupyeTcs Ha MOJICKYJISAPHBIX HJIM aTOMAapHBIX PacueTHBIX
YPOBHAX C MOCIEAYIOLIMM MacIITaOMpOBaHHEM HX B MAaKpO-CTPYK-
Typst [1];

e 0O0JIBIIOE KONUYECTBO MPELU3HOHHBIX PACUETOB M YyBCTBHUTEb-
HBIX K BXOAHBIM [IapaMeTpaM ajJropuTMOB;

® MHOXECTBO Pa3sHOOOPA3HBIX MCTOYHHWKOB TAHHBIX, TPEOYIOMIHX
HPOBEPKH M COTIIACOBAHMS.

HeobxomumocTs xpaHeHHs1, aHaIN3a, CONIOCTABIICHUS, TIOMCKa, ar-
peranuu 1 GUIBTPalUK 3HAYUTEIBHBIX 00BEMOB Pa3HOOOPA3HBIX J1aH-
HBIX, TpeOyeMbIX AJI paObOThl PA3NUYHBIX MaTepUATOBEAUECKUX MIPH-
JIOKEHUH, [eNaeT akTyaJbHbIM HE TOJNBKO MX cOOp, HO M MoIpoOHoe
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ONMCaHue, BKIIOYAloIlee JIEKOMIO3UINIO JAaHHBIX Ha MHOXECTBa IO
pa3HOOOpa3HBIM KPUTEPHUAM U TPeOOBAaHUSM, MapKHPOBKY MHOXKECTB
0 X HA3HAYCHHUIO U CTETIEHHU JOCTOBEPHOCTH, a TAK)KE COTIOCTABICHUS
UM COOTBETCTBYIOLIMX OIPaHUYCHUH 1 onepanuii 00pabOTKH.

Jns npoBenenust IyOnHHOM crieruUKayy JaHHBIX IPpeJiaracTcst
METOJIOJIOTHS, BKIFOUAIOIIast Tpu Oa3oBble cTamun. Ha mepsoii ¢hopma-
JIM3YIOTCS KOJMYECTBEHHBIE M CEMAaHTUYECKUE TPEOOBAHUS U ONPEaeIs-
10Tcs paboune HaOOpbI JaHHBIX, KOTOPBIE B 3aBUCUMOCTH OT HCTOYHHKA,
MOTYT OBITh KIACCH(HIMPOBAHBI KaK JaHHBIE W3 CIPAaBOYHHKOB, 0a3
JTAHHBIX, THCTPYMEHTAIBHBIX CPENICTB MPEAMETHOIN 00JIACTH MM MHBIX
IKCTIEPUMEHTAIBHO-PACYETHBIX HCTOYHUKOB HH(pOPMAIIMOHHOTO KOH-
TEHTa B UX MCXOAHOM BHAe. OHM COXpaHAOTCA AJS JaJbHEHIIEro nc-
CJIEIOBAHMS B CICIMATM3UpPOBAaHHON oOyacti. Ha BTOpO# cragmm ocy-
IIECTBIIAETCS] aHAJIM3 U BBIMIOJIHAETCS MepapXUdecKasi CTPyKTypH3alus
HaKOIUJICHHBIX JAHHBIX. OTO J€acT BO3MOKHBIM YTOUHEHHE U CpaBHE-
HUE TaHHBIX, XPaHEHUE Pa3IMYHBIX HA0OPOB, H IPIMEHEHHE MHOYKECTBA
WHCTPYMEHTOB MX 00paboTku. Ha Tperseil craaun naHHBIE arperupy-
I0TCS U OTOOpaXKarOTCs B OOBEKTHI MMPEMETHOM 001aCTH B COOTBETCTBUU
CO CXeMoii 0a3bl JAHHBIX CHCTEMbI HH()OPMAIIMOHHON TTOIIEPIKKH TIPH-
noxxeHuil. [lepedncienHbie 3Tanbl NPeIIoKEHHOW METO0JI0THH TI03BO-
JSIFOT UCTIONB30BaTh CIIEUAIN3UPOBaHHYIO 00JIaCTh HCCIIENOBAHUS UH-
(OpMaIIMOHHOTO KOHTEHTA /ISl MOCTPOSHUSI OOBEKTHBIX MOJIEINEH clie-
HapHeB MPUIOKEHUH, CTPYKTYPHU3ALUK CXEMBI TIOMEHHOTO IPEJCTABIIC-
HUS JAHHBIX U (JOPMHUPOBAHUS COOBITUIHO-NH(POPMALIMOHHBIX (HOPM.

AnpoOanys 1aHHOH METONO0JIOTHH Ha IpUMeEpE OMUCAHUS AaHHBIX
U1 3aladyd pacueTa METPUYECKUX MapaMeTpPOB KPUCTAIUIMYECKUX
CTPYKTYp [2, 3] mo3BonMIa yTOUHUTH TPEeOOBaHNUS, KPUTEPUH U (HUITb-
TpPHI TOMCKa MH(OpMAIMY, OTIMCAHHUS JaHHBIX, KaTaJOTH3alHUI0 Iapa-
METPOB M UX BepH(]HKAIMI. YIaJoCh TaKKe BBIIBHTH B3aWMOCBS3b
HaOOPOB MOJTOTOBJICHHBIX JAaHHBIX, TPUMEHUTH (QIIBTPHI U MIpaBHiIa
OTpaHUYEHHH I1eIOCTHOCTH, TPOBECTH KaTaJIOTHU3AIMI0 BXOIHBIX Mapa-
METPOB U UX MPOBEPKY MO KPUTEPHUSAM MOITHOTHI U TOCTOBEPHOCTH, Pe-
aTM30BaTh MIEPBUYHOE arPETUPOBAHNE U TIOCTPOCHUE OOBEKTOB IOMEH-
HOM MOJeNy NPUIIOKEHUH.

[Imanupyercs nporpaMMHas peanu3anys JAHHOTO M0X0/1a, KOoTopas
TIpEATIoaraeT UCIIONbh30BaHue cTeka Web-OpHeHTHPOBaHHBIX HHCTPY-
MEHTAJIBHBIX CPEJICTB, 00ECTIEUNBAIOIINX JIOKAJIBHBIA M YAAIEHHBIN J10-
CTYII K KOHTEHTY TPEOOBaHMIA U KaTaloraM pelleHUH ¢ pa3ielieHHeM 101-
HOMOYMH JUIS pa3JIMuHBIX KaTErOpHi HCclieioBaTenel 1 MoJIb30BaTeNeH.

Paboma evinoanena npu ¢unancosoui noodepocke npoekma Mun-
ObpHayxu Ne 075-15-2024-544.
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PROBLEMS OF DESCRIPTION AND ANALYSIS OF DATA SETS
FOR INFORMATION SUPPORT OF RESOURCE-INTENSIVE
APPLICATIONS
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Abstract. The work presents an approach to preparing data sets used for
information support of resource-intensive applications.

Keywords: semantic requirements, data analysis, structuring of infor-
mation content, data specification.
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AnHoTanusi. B naHHol paboTe MpoBOAMIOCH HCCIIEI0OBAHUE BO3ZMOXKHO-
CTH IPUMEHEHUS] MOHOCIIOS Jucyabduaa Monnoaena (MoS2) it KBaHTOBBIX
BEIYUCIICHUH TIPU IOMOIIH Teopud QyHKImoHana motHoctd (DFT) u metona
ncesgonoTeHraia. Co3nanue B MOHOCIIOE JIEKTPOHHOTO KyOuTa npu oopa-
30BaHWH BaKaHCHH CEPBI.

KiroueBble cnoBa: aucynbdua MonmmOaeHa, BaKaHCHs, ICEBAONOTEH-
U, Teopus (pyHKIFOHAA ITIOTHOCTH, KyOHT.

BBeaenune

Hucynedun monubaeHa — mpeacTaBisieT co00il HeopraHn4eckoe
COEIMHEHHE, KOTOPOE MPUHAANIEKHUT K JUXaTbKOTEHHUIaM NTEePEXO0IHBIX
MeTtaiioB. Kpucrammndeckas CTpyKTypa HMeEeT T'€KCOTOHAIBHYIO
(hopMy MIIOCKOCTH aTOMOB CEPbI, PACTIONIOKEHHBIX 110 00€ CTOPOHBI OT
TUIOCKOCTH aTOMOB MOJTUOJIeHa. DTH TUIOCKOCTH HAKJIABIBAIOTCS JPYT
Ha JIpyra ¢ CUJIbHBIMH KOBaJCHTHBIMU CBSI3SIMH MEXAYy aToMaMH, HO
cnabbiMu BaH-nep-BaanbcoBBIMU  CBSI3SIMH, YIEpPKHUBAIOIIMMH CIIOU
BMecTe. DTO MO3BOJIAET MEXaHUUECKH UX Pa3JeNIUTh A 00pa3oBaHUs
IByMepHBIX TicTOB MoS2 [1]. O6beMHBIN MaTepHai IpeaCTaBIIsSET CO-
00l TOTYITPOBOIHUK C HETIPAMOU 3aIpenIeHHON 30H0H paBHOH 1,2 3B.
IIpu ynaneHuy MeXCIONHBIX B3aUMOJAEHCTBUN U YAEP/KAHUU 3JIEKTPO-
HOB B OJTHOY IJTIOCKOCTH MTPUBOAXT K 0Opa30BaHUIO MIPSMOH 3ampeIeH-
HOH 30HBI, 3HEPTHs KOTOpoii paBHa 1,9 3B [2]. Tak ke crout 00paTUTh
BHUMaHHE Ha M3MEHEHHE CBOWMCTB CJOs TUCYNb(UAa MONMUOIeHa TIPH
00pazoBaHNM B HEM JIe(heKTOB.

HUccnenoBanus mpoBOAMINCH MIPH TOMOIIM TEOpUH (DyHKIHMOHANA
miockoctd (DFT) — 3To MeTOT KBaHTOBOW MEXaHWKH, HCIIOIH3YEMBIi
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JUTSL OTIMCAHUS 3JIEKTPOHHBIX CHUCTEM, TaKMX KaK aTOMBI, MOJIEKYJIbI U
TBepasie Tena. [ maBHas unes DFT 3aximrodaercs B TOM, 94TO BCS HHPOP-
Malus O CUCTEME JIEKTPOHOB COACPHKUTCS B UX JJIEKTPOHHOU IJIIOTHO-
CTH, KOTOpast IpeICTaBIISET COOOH pacipenesieHne BEpOsSTHOCTH OOHa-
PYKUTH JIEKTPOH B OTPEACICHHOM 00beMe pocTpaHcTBa [3—5].

Pe3yabTaThl pacuéra 1 MX aHAIN3

OCHOBHOH HPUHIHUI DIIEKTPOHHBIX KyOUTOB 3aKIIOUAETCS B TOM,
YTO CIUH 3JIEKTPOHA WK €r0 OPOUTAIBHOE COCTOSTHUE MOXKET Haxo-
JUTCS B CYNEPIO3ULHMHU JABYX COCTOSHHH, YTO COOTBETCTBYET COCTOSI-
HusMm 0 u 1 B TpaguimonHoi noruke. braromaps cocTOsITHUIO KBaHTO-
BOW 3aIllyTaHHOCTH TIOSIBJISIETCSI BOBMOXKHOCTH CBSI3BIBATH HECKOJIBKO
KyOHUTOB MeXAy o000 U UCIOIB30BAThH 3TO MPUMEHHUTENHFHO K BBIYHC-
neHusM [6].

OHepruio 00pa30BaHNs BaKaHCUHU MBI OIIPEIEISUTH, UCIONB3YS BBI-
paskeHHE Pa3HOCTH MOJHBIX YHEPTHUIL:

—Eg+nEg

Ef(n) =~ (1)

rae Ev — nonHas sHeprusi CTpyKTyphl C BakaHcuen cepsl, By — sHeprus
cios ¢ Bakancuel, Es — aneprus, npuxopsmascs Ha 1 aToM cepsl B 005-
E€MHOM CTPYKType S, N — KOJIHYECTBO 00pa30BaHHBIX BakaHcHid. B utore
MBI TTONYYMJIH 3HAYCHHE I YHEPTHH O0Opa30BaHUs BAKAHCUU CEPBI
paBHyto 3,04 3B. JlanHOE 3HAYEHHE XOPOIIIO COTIIACYETCS C pe3yibTa-
TaM# padoTHI [7].

Tabauya 1
HN3meHenne 30HHOM cTPYKTYpbl Mo0S:2
Mapametp Oo0bemublii | MoHocT01 ¢ paKai- 2e le
cuel cepbl
Mupuna
3anpenieHHON 30HbI 0,83 1,79 1,16 1,14 {0,009
(3B)
YpoBeHb
BQJICHTHOW 30HBI 7,97 -1,47 -1,68 -1,67 | -2,47
(3B)
YpoBeHb 30HBI
MIPOBOIUMOCTH 8,81 0,32 -0,52 -0,52 | -2,46
(3B)
meprus depun 8,08 1,48 1,56 | -1,53 | 2,47
(3B)
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[lasiee MbI IpOBENTH aHAIIU3 3JEKTPOHHOM CTPYKTYPHBI HCCIIEYEMBIX
CTpyKTyp. B Tabmune 1 mpuBeneHp! W3MEHEHHUS apaMeTpOB 30HHOU
CTPYKTYpHI i1 o0beMHOTO MoS2, 6e3nedexTHoro MoHocmost MoS;
U ¢ 00pa3oBaHHOH BakaHcuel cepbl MoS,-x. M3 Tabauier 1 BUIHO, YTO
Mpu Tiepexoze Aucyibduaa MoaubdIeHa u3 00bEMHOTO COCTOSTHUS B 2D
COCTOSIHHUE MPOUCXOJUT YBEIMYECHHE IIMPUHBI 3alpPEHICHHOW 30HBI
¢ 0,83 3B nmo 1,74 3B wu3-3a cMelieHns ypOBHEW BaJEHTHOW 30HBI
Y 30HBI TPOBOAUMOCTH. DTO MMPOUCXOANT U3-32 HATNIHSI IOBEPXHOCTH.
OO0pa3zoBaHye BakaHCHU cepbl B MOHOCTIO0e MOS; MPUBOANUT K YMEHb-
IICHHIO HIMPUHBI 3allpereHHoN 30Hb! 10 1,16 3B.

W3-3a morepu 6e B cucTemMe NpH yJaleHUN aTOMa CEepPhI IPOHCXO-
OUT yBEJIWYCHUE 3apsiaa Ha OMKalIIMX K MECTy BakaHCHH aToMax
CepBl, TaK JKe 3aps yBEIMYUBACTCS HA aTOMaxX MOJHOAeHa BOJIM3H Me-
cra BakaHcuu. [Ipu yganenuu le u3 cucteMbl ¢ BakaHCUEH Ha aToMax
MonuOaeHa 3apsi YMEHbIIAETCS, Ha aTOMaxX CEpbl TaK e MPOUCXOINUT
yMeHblIeHHe 3apsaa. [Ipu ymaneHun BTOpPOTO CBOOOAHOTO € 3apsij
BOJIM3M BaKaHCHH TaK ke yMeHbIaeTcs. Ilepepacnpenencnue 3apsaa
OTpa)kaeTcs Ha MOBEAECHUH TTOJHOTO MTOTEHINAJa CUCTEMBI.

BuiBoabI

B xone BemonHeHUs paboThI OBUTH TPOBEICHBI PACUETHI C UCITOJb-
30BaHUEM TE€OpHUU (DYHKI[MOHAIA IJIOTHOCTH W METOJA ICEBOTOTCH-
nuana. MccienoBaHa BO3MOXKHOCTH YIIPABJICHHSI MapamMeTpaMu CH-
CTEMBI U CO3JIaHUS AIEKTPOHHOTO KyOHTa Ha OCHOBE MOHOCIOS MoS)
MpH OMOIIM 00pa30BaHUs BaKaHCHH CEpbl. B MTOTe MOXKHO 3aKITO-
YUTh, YTO CUCTEMA Ha OCHOBE MOHOCJOS TUCY/Ib(HIa MOJIMOICHA MO-
JKET MCTIONB30BATHCS U CO3JaHMsI DIIEKTPOHHOTO KyOHTa W B Jajb-
HellmeM MacmTabHOTO KBaHTOBOrO Bbrumciurens. [lomydeHHbIe
pe3yIaBTaThl MOT'YT UCTIOIB30BATHCS VISl IPOBEICHHUS SKCIICPUMEHTAIb-
HBIX U TCOPETUICCKUX HCCIICTOBAHUM.
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THE BEHAVIOR OF AN ELECTRONIC QUBIT
IN A 2D LAYER OF MOS2

S.S. Bulakh, A.N. Chibisov, A.S. Fedorov

Abstract. This work investigates the possibility of using a monolayer of
molybdenum disulfide (Mo0S2) for quantum computing through density func-
tional theory (DFT) and the pseudopotential method. The creation of an elec-
tronic qubit in the monolayer occurs upon the formation of a sulfur vacancy.

Keywords: molybdenum disulfide, vacancy, pseudopotential, density
functional theory, qubit.
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KBAHTOBO-MEXAHHWYECKOE UCCJIIEJOBAHUE
AbIPOYHBIX KYBUTOB B IBYXMEPHBIX CJIOAX
T'EPMAHUA
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AnHotanus. C nomousio mporpaMMHoro mnakera VASP Obutn BBIION-
HEHBI MCCIIE0BaHUS AIIEKTPOHHBIX CBOWCTB cucTeMbl Si/Ge/Si ¢ 1enbio Bo3-
MOXXHOCTH NIPUMEHEHHS! JAHHOT'O MaTepHaa JuIs CO3aHusi KBAHTOBOTO TPaH-
3UCTOpPA HA €r0 OCHOBE.

Kniouegvie cnosa: Teopus GyHKIMOHATIA INIOTHOCTH, METO] TICEBAOIIOTEH-
uana, KpeMHUH, TepMaHuii, KyOuT.
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BBenenue

KBaHTOBBIE BBIYMCIHTENM — 3TO YCTPOMCTBA, OCHOBaHHBIC Ha
NPUHIHUIAX KBAaHTOBOM MEXaHHWKH, KOTOPBIE MCIIOJIB3YIOT KBAHTOBBIC
OouThl (W KyOuTsI) Tt 00paboTku nHbopMarwu. B oTimgme ot kinac-
CHUYECKUX OMTOB B OOBIYHBIX KOMIIBIOTEPAX, KOTOPBIE MOTYT TPHHU-
MaTh TOJIKO OfHO u3 cocTosHui (0 1 1), KyOUTBI MOTYT HaXOAUTHCS
B CYTEPIO3ULUN HECKOJIBKUX COCTOSHUM OJHOBPEMEHHO, YTO IMO3BO-
JSIeT KBAaHTOBBIM KOMITBIOTEPAM BBIMOJHATH BBIYMCICHUS HA MOPSIKK
onicTpee u 3¢ dextuBHee. Llenp Harel paboThl COCTOUT B IPOBEACHUN
psila KBaHTOBO-MEXaHMUECKUX pacueToB cucteMbl Si/Ge/Si ¢ BHeape-
HHUEM B CUCTEMY ABIPKHU JJII OLIEHKH BO3MOKHOCTH YIPaBJIEHHsI COCTO-
STHHEM JIBIPKH ITyTE€M BO3/ICHCTBHS BHEITHETO MAarHUTHOTO TIOJIS.

Pe3yabTaThl pacuéra 1 MX aHAIN3

J1st mccnemoBaHUs aTOMHO# M QJIEKTPOHHOM CTPYKTYpHI 2D uHTEp-
¢eiica Si/Ge/Si npexe BCero Mbl UCCIEAO0BAIH OTACIBHBIE CTPYKTYPHI
JUTSL CWIIMIIEHA W TepMaHeHa. AToMmHas cTpykrypa 2D wuHTepdeiica
Si/Ge/Si cTpounack caeayonmMM 00pa3oM: MKy IBYMS CIOSMHU CH-
JULEHa pa3Melnancss ciod repmaHeHa. [lomyueHHas B pesyibTaTe
CTPYKTypa n300paxkeHa Ha puc. 1. 3aTeM MpoBOAMIIACH MTOJTHAS aTOM-
Has pellakcanus CTpYKTYpbl C OTHOPOIHOM CeTKOU K-Touek 9x9x1 mo-
CTpOeHHOM 1o cxeme Monxopcrallaka. PacueTs! IpOBOIUINCEH C IIOMO-
mipio makeTa mporpaMm VASP [1-3] MexaToMHBIE B3aMOICHCTBUS
MCCIIEJIOBATINCH C MMPUMEHEHNEM TOIX0/a MTPOSKIINOHHBIX MMPUCOEIH-
HeHHBIX BOJH (PAW) [4, 5]. PacuéThl yuuThIBaIH CIMH-OPOUTAIILHOE
HEKOJUIMHEApHOE B3auMOJICHCTBHE [6].

Puc. 1. UnTepoeiic Si/Ge/Si

g vccnemoBaHus SIEKTPOHHBIX CBOMCTB CTPYKTYPBI HUCIIOIB30-
BaJjach Cymnephsideiika ropasno Oonbiero pasmepa. s storo sueiika
Si/Ge/Si, npencraBneHHas Ha puc. 1, TpaHCIUPOBATIACH BIOJIH Ocei X
1 Y c yBeTMUEeHHEM TapaMeTpOB sUeliku a 1 b B 3 pa3a. B pesynbrare
MoJTydanach Cylepbsdyeiika cocTosiias U3 54 aToMoB, W3 KOTOPBIX
18 aromoB Ge u 36 aromoB Si (puc. 2).
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Puc. 2. Cynepsiueiika 2D-untepdeiica

3arem B cucreMe Si/Ge/Si co3naBaics N30BITOYHBIA TOJIOKUTETb-
HBI 3apsi/] ¥ 3a/1aBaIach HaYabHass HAMarHHYeHHOCTh. J[J1s yBenuJeH-
HOM 3JIeMEHTAPHOH SYeHKK PUMEHSIach paBHOMEpHas ceTka k-Touex
4x4x1] Tak e cocTaBlIieHHas 1o cxeme Mouxopcra—IIaka. s Harms-
HOU JIEMOHCTpAIMU JIOKAIM3AIMK JBIPOYHBIX COCTOSHUI B CHCTEME
Si/Ge/Si HaxoaMIack Pa3HOCTh MEKAY 3apAJOBBIMU TUIOTHOCTSIMH CH-
cTeMbI 0e3 IBIPOK U C OJTHOM JBIPKOM.

=
o ! d

Puc. 3. Jlokanu3anuu IbIPOYHBIX COCTOSIHUM B cucteme Si/Ge/Si:
(a) npu 3a1aHHOM HaMarHu4eHHOCTH +1, (0) Npy HAMarHW4eHHOCTH -1
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Buano, uto npu 3agaHHON HaMarauueHHOCTH +1 (puc. 3a) nbipod-
HBIE COCTOSHUS JIOKATU3YeTCA IPEUMYIIIECTBEHHO Ha aTOMaX KPeMHHS,
B TO BpeMsI KaK Ha aTOMaX TepMaHUS COCTOSIHHSI OTCYTCTBYIOT. OOpat-
Hasl CUTyalusi HaOroaaeTcs mpu HaMarauueHHocTH —1 (puc. 30). Tak
K€, KaK U B MPOLJIOM CIIy4ae, IbIPOYHBIC COCTOSIHUS TOXKE CKaIUIUBa-
€TCsl CBepXy aTOMOB KPEMHUs, OTHAKO Teleph OHM TaK XK€ €CTh W Ha
aToMax TepMaHHUs.

BriBoabI

PG3YHBT3TI>I HUCCIICIJOBaHWA ITOKA3bIBAKOT, YTO CUCTEMA MOXKCT OBITH
HCIIOJIb30BaHa B KA4CCTBC ABIPOYHOTO KBAHTOBOI'O TPAaH3UCTOpA AJIA
IMOCTPOCHHS JTIOTUYCCKUX BOPOT C LEJIBIO IIPOCKTUPOBAHUA KBAHTOBOT'O
BBIYHCJIIUTCIIA. HonyquHHe PE3YIbTATBI MOTYT OBITH HCIIOJb30BaHbI
AJId TPpOBEACHHN A MOCIICAYIOIINX HCCHGHOB&HHﬁ, KaK 3KCIICPUMCHTAJIb-
HBIMH, TaK U TCOPETUICCKUMH METOJaMHU.

Paboma ewvinonnena npu noodepcke Poccutickozo HayuHo20
¢onoa (npoexm Ne 24-13-20024).

ABTOpHI BBIPAXKAIOT OJAroJapHOCTh 33 MPEAOCTABICHUE JOCTYTIa
K Kactepy MeXBeTOMCTBEHHOI' 0 CyNepKOMIIbloTepHOro nenrpa PAH
(MCILI PARH).
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QUANTUM-MECHANICAL STUDY OF HOLE QUBITS
IN TWO-DIMENSIONAL LAYERS OF GERMANIUM

Obraztsov K. V., Chibisov A.N., Fedorov A.S.

Abstract. Using the VASP software package, studies were carried out on
the properties of the Si/Ge/Si electronic system with the aim of using this ma-
terial to create a quantum transistor based on it.

Keywords: density functional theory, pseudopotential method, silicon,
germanium, qubit.
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AnHoTranus. C HOMOIIBI0 MPOrpaMMHOIO MakeTa MPOTHO3UPOBAHHUS
ctpyktyp CALYPSO 6b1tn HalineHs! KprcTayuiorpaduueckue rpyInsl HOBBIX
JIBYMEpHBIX (a3 KPEeMHHsI, paCCUMTaHbl UX 3HEPruu (GOpMHUPOBAHMS M KOTe-
3WH.

KiroueBble ciioBa: Teopus (pyHKINOHANA INIOTHOCTH, METOJ TICEBOIIO-
TEHLUaNa, KPEMHUM.

BBeagenne

HccnenoBanne AByMEpHBIX MaTepUAIOB HAXOANUTCS HA HAYaJIbHOM
sTane, 1 Hanbosee 1enecooOpa3HbIM MPEACTABIACTCS TIOUCK aHAJIOI0B
rpadeHa cpeau 3IeMeHTOB rpynmsl [V nepuoanyeckoit Tabmumst. Co-
TJIACHO MIEPHOANYECKOMY 3aKOHY, 0C000€ BHUMaHHUE CIEAyeT yIeIUTh
kpeMmHuto. Ero BHemHne opOuTamu comepar IO 4eThIpe 3IEKTPOHA,
OTHOCSIIMXCA K p- U s-opoutansim. C SHEpreTHYECKON TOUKU 3pPEHUS
KPHUCTAJUIBI KPEMHHS IMEIOT ONTHMAJIBHYIO MATHYTOIBHYIO CTPYKTYPY.
OTa KpHUCTalNIM4ecKas peléTKa BKIYAET 1B B3aMMOIPOHUKAIOIINAE
rpaHelleHTPUPOBaHHBIE TMOAPEIETKH (fcc), B KOTOPBIX KaXKABIA aToM
OKpYXEH YETBIPHMS COCEIHMMH aToMaMH. Bce KOBaJeHTHBIE CBS3U
B JaHHOM peIIETKEe SKBUBAJCHTHBI M XapaKTEPHU3YIOTCS T'MOpuan3a-

LHUEH S, Px, Py U p: (SP°).
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Pe3yabTaThl pacuyéra U X aHaJIN3

st onpenenenns CTaOMIBHBIX KOH(PUTYpAIFii MOHO- U IBYCJION-
HOTO KpeMHHs ObUI MCIOJIb30BaH nporpammuselii maker CALYPSO
[1-3]. B mporiecce MoaenupoBaHus MPUMEHSJICA aJrOPUTM ONTHMHU-
saruu post yactuil (PSO). Jlnsg yriay0iaeHHOro aHaan3a MOJyYeHHbIX
CTPYKTYp OBLIH ITPOBEIECHBI KBAHTOBO-MEXaHMYECKHUE PacuEThI B paM-
KaX Teopuu (yHKIHUOHANIA IIJIOTHOCTH C HCIIOJIH30BAHUEM IIPOTPaMM-
Horo maketa VASP [4-6]. MexaToMHbBIE B3aUMOIECHCTBHUS HCCIIEN0-
BAJINCh C MPUMEHEHUEM IMOJX0Ja MPOCKIIMOHHBIX MPUCOCIUHEHHBIX
BosiH (PAW) [7, 8]. Pacuérsl yunThIBaNu CIMH-OPOUTATIBHOE HEKOJI-
JTUHEeapHOe B3amMojneircTBue [9]. DHeprus oOpe3anus 6a3mca IIIoC-
KX BOJIH cocTaBuia 600 »B.

Jns HaxoxnmeHus: HamOoyiee BEPOSTHBIX KPEMHHEBBIX CHCTEM,
HEOOXOJMMO PacCMOTPETh PAJ BO3MOXKHBIX CTPYKTYp. IIpu coznanuu
AJIEMEHTApHOHN SYEeWKU OBUIO 3alaHO JIBa aToMa JUIT MOHOCIIOHHOTO
KpEMHHUS U JIBa aTOMa Ha CIIOH JJIs ABYCIOMHOTO. [ KaXk1oro ciydas
OBUTH 0TOOpaHBI YETHIPE ONTUMANIBHBIE CTPYKTYPHI IS JallbHEHIIIEero
uccienoBanus. Ha cnemytormem stane BHIOpaHHBIE CTPYKTYpPHI OBLIH
ONTHMHU3HUPOBAHBI U PACCUUTAHBI UX SHEPTrUU (HOPMUPOBAHUS U KOTe-
3uM (Ta0JIUIIA HUXKE).

Siz Sia
Toueunasn | Duranbnus, | Eform, Eeon, €V Toueunasi | Iutaabnus, | Eform, Econ,
rpynna eV eV ’ rpynna eV eV eV
Pmma -6.722 |0.770|-4.919 | P1 -6.880 0.612 |-5.077
P6/mmm | -6.691 [0.801|-4.888 |P1 -6.900 | 0.592 |-5.098
P-3ml -6.691 |0.801 | -4.888 |P2/c -6.848 | 0.644 |-5.045
P6/mmm | -6.691 |0.801|-4.888 | Pmma -6.846 0.647 |-5.043

IlepBas u Hanbosiee 3HEPreTHUECKH BBITOIHAS CTPYKTYpa Si2 mpH-
HaJJISKAT TPOCTPAHCTBEHHOM rpynne Pmma u uMeeT NpuMHUTHBHYIO
TETParoHaNbHYIO0 KPUCTAIUIMYECKYIO CTPYKTYpy C NapaMeTpaMu pe-
métku a = b =2.416 A (puc. 1a).

B cnydae amycnoitHoro kpemuus (Si4) onTUMaNIbHOU SBISETCS
BTOpas MO CIUCKY KOH(Uryparus KpUCTaUIOrpaduuecKOd IpyIIIbI
Pl c npumMuTHBHOH OpTOpOMOMYECKOH CHUHTOHHEH, rae a =2.351
ub=2.516 A (puc. 16).
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a b
Puc. 1. DnemeHTapHbIE SUEHKH ONTHMAIIBHBIX MOAN(HUKALIUI:
a) Siz, b) Siy

BoiBoabI

Pe3ynpraThl TaHHOTO MCCIIEIOBAHUS IOKAa3bIBAIOT, YTO HamOoiee
ONTUMAJIBLHON KOH(UTrypauuei sSBisieTcss KpUCTaJUINYecKash peréTKe
tuna Pmma (Heprust popmuposanus 0.770 3B) mnst ogHOCHoiHOTO
kpemuust u P1 (sHeprust popmuposanus 0.592 3B) ¢ pasnuuabIME Ta-
paMeTpamu SYEHKH @ U b 171 ABYCIOMHOTO KPEMHUS.

Yacmv pabomvi, nocesueHHAs paciemam amomMHOU U dNeKMPOH-
HOU CMPYKmMYpbl, 8bINOIHEHA 8 coomeemcemeuu ¢ 1 ocyoapcmeeHnbim
3adanuem Munucmepcmea Hayku u gvicuie2o obpazoeanusi Poccuii-
ckou Dedepayuu (npoexm FEME-2024-0005). PacdeTsl BBITOIHEHBI
C UCIIOJIE30BAHMEM METOJOB W METONWK, pa3paboTaHHBIX B paMKaXx
lNocynapctBenHoro 3ananus BeruucaurensHoro uentpa JBO PAH
(BL ABO PAH). UccnenoBanus BBIMOTHEHBI C UCIOJIB30BAHUEM pe-
cypcos LIKII «Ilentp nanusix JIBO PAH».
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PREDICTIVE MODELING OF NEW 2-DIMENSIONAL
SILICON ALLOTROPES

A.V. Prokhorenko, A.N. Chibisov, A.S. Fedorov

Abstract. Using the CALYPSO structure prediction software package,
crystallographic groups of new two-dimensional silicon phases were found and
their formation and cohesion energies were calculated.

Keywords: density functional theory, pseudopotential method, silicon.
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AnHoTanusi. Benencreue cMelieHus AByX rpa)@HOBBIX CIIOEB Ha HEKO-
TOPBI yroi ApYyr OTHOCUTENBHO ApPYyra B CTPYKTYpE BO3HUKAIOT YYacCTKU
C pa3yIMuHBIM TUIIOM KpucTaiuiorpaduyeckoi ynakoBku (AA- m AB- yna-
koBKa). [Ipu 3TOM BHeElIHE aHHAs CTPYKTypa UMEET TeOMETPHUYECKUH y30p,
HATlOMUHAIOLIUN «Myap», a B SHEPreTHYeCKOM CIIEKTPE 3TO MPOSIBIISIETCS KaK
yepesloBaHHUE INENEBBIX M OeciiesneBblx oOmacteil. [IpocTpaHCTBEHHBIH Tie-
PHO/ M3MEHEHHUsS] YHEPreTHYECKHX IapaMeTPOB COCTABISIET BEIWYMHY II0-
psiziKa JecsATH HAaHOMETPOB, CIIEI0BATENBLHO, 00JIaCTH MOTYT pacCMaTpPUBATHCS
Kak cBepxpemérka. Kpome Toro, Ha rpaHuIax y4acTKOB € pa3jIMYHON YIIaKOB-
KOM NMPOMCXOANT T.H. pENaKcalys, BAUAONIAs Ha pa3Mepsl 001acTeil 1 sHep-
TETUYECKYIO CTPYKTYpY B HUX. B naHHOM paboTe YiCIeHHO nCccieyeTcs BIu-
SHHE yTJa pa3OpUEHTAllU CJIOEB, MapaMeTpa JHEPreTUYecKOod IIenu Ha
TPAHCIIOPTHBIE XapaKTEPUCTUKH CIIOEB.

KoaroueBblie cioBa: rpadeH, A1ByMepHbIe MaTepHaibl, TBUCTPOHUKA, MaT-
pHLa epeHoca.
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BBenenune

OCHOBHBIMH TpeOOBaHUSMHU, TPEABABIIEMBIMA K COBPEMEHHBIM
AIIEKTPOHHBIM YCTPOICTBAM, SBISIOTCS MUHHATIOpU3AIMs, OBICTPO-
NIEHCTBHE M HU3KOE PHEPromnoTpediieHne, MO3TOMY 3JeMeHTHas 0aza
TaKUX YCTPOMCTB BCE Yallle OCHOBBIBACTCS HA IBYMEPHBIX MaTepraax,
o0ajarmux BBICOKOH MOIBMKHOCTBIO HOCHTENEH 3apsia W psaoM
YHUKANBHBIX 3NeKTpodusmuecknx cBoicTB. Kpome Toro, co3manue
CTPYKTYp MOHMKEHHOW Pa3MEPHOCTH IMO3BOJISIET MCIOIb30BATh KBaH-
TOBBIE dQQEKTHI, TAKHE KaK TUCKPETH3alus CIEKTPa, TYHHEIUpPOBa-
HUE, OCHWIISINN MPOBOAMMOCTH B MarHUTHOM moJie. C 3Tol TOYKH
3peHusi 0co0YI0 MPUBJIEKATEILHOCTD MOMYYHIN pa3nuiHble BaH-nep-
BaanbcoBbl cTpyKTypbl. OZHUM U3 MaTepHAIIOB JUISL KX CO3IAHUS SIBIISI-
ercs rpadeH (MOHOCIION aTOMOB YTIIepo/ia), CYIIeCTBEHHBIM HEIOCTaT-
KOM KOTOPOTO SIBJISIETCS OTCYTCTBHE 3alpeIIEHHON 30HBI, HEOOXOAHU-
MOM AJISl yIpaBJIeHUs SIEKTPOHHBIM TPAHCIOPTOM NMpubopoB. OTcrona
BBITEKAET AKTYaJbHOCTh IOWCKAa INENIEBBIX MoJuduKanuii rpadeHa,
JOPYTUMH CJIOBAMH, CO3IaHHSI CTPYKTYP, B KOTOPBIX rpad)eH CTAHOBUTCS
Y3KOILIEJIEBBIM MONYNpoBogHUKOM. Co31aHue TpeOyeMBIX dJHepreTHIe-
CKHX CBOWCTB JISI OTHOCIIOWHOTO TpadeHa BOZMOXKHO C TIOMOIIBIO JIe-
THUPOBaHUS WM BO3ACHCTBHA MOANOXKKH. J[pyroit cmocod moandum-
poBaTh rpadeH CBSI3aH C CO3JaHUEM CTPYKTYP U3 HECKOJIBKUX CIIOEB,
Pa3BEPHYTHIX OTHOCUTENHFHO JOPYT JpyTa, 9TO OTKPHIBAET HOBBIA pa3-
JIeJT SIEKTPOHHUKH — TBUCTPOHUKY [1]. YnpaBieHue xapakTepucTHKaMu
MOJOOHBIX CTPYKTYP MOXET OCYIIECTBIATHCS MYyTEM CMEIIEHHSI CII0EB
OTHOCHUTEIBHO NPT ApPYyra WIH NPUIOKEHHEM IEepPIeHIUKYIIPHOTO
3IIEKTPUIECKOT0 MOJIsL. B 3aBHCHMOCTH OT THIIa HOCUTENEH, HHAYLIPO-
BaHHBIX B pa3In4HbIe 00IaCTH CTPYKTYPBI, MOKHO MEPEKII0YaTh H30-
JTUPYIOIINE ¥ MPOBOIAIINE CBOWCTBA [2], TAKHM 00pa3oM, MOAETHPO-
BaHHE TMO3BONUT 3((dexkTuBHEEe co37aBaTh HPUOOPHI C TAKUMHU
CBOWICTBAMU M YIPABIATH UX XapaKTEPUCTUKAMH.

Pac4éTr TpaHCIIOPTHBIX XaPaAKTEePUCTUK

B nBycnoiinom rpadeHe ¢ pasIMYHBIM YTIJIIOM pa3OpHeHTalud
TTOSIBJISIOTCS TIEPHOTUIHO PACIIONIOKEHHbBIe o0macTh (T.H. AA- n AB-
YIaKOBKH), MPH 3TOM CBOMCTBa rpadeHa MEepHOANYECKH MEHSIOTCS
Y BO3HHUKAET Y30p, HAllOMUHAIOMN MyapoBbli. Tak mnosBiseTcs
CBEpXIEPHON B TEOMETPUH JAHHBIX CJIOEB, a BCIEICTBHE 3TOr0 U B
SHEPreTHYECKOH CTPYKType, pa3Mepsl o0yacTeld M, COOTBETCTBEHHO,
rmapaMeTp CBEpPXIepHOoJia 3aBHCAT OT yria pa3opHeHTanuu. MOoXHO
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nogo0paTh yribl TAKUM 00pa3oM, YTO POCTPAHCTBEHHBIH MEPHO U3-
MEHEHHSI IHEPTeTHYECKUX MapaMeTpoB OyAeT MMETh MOPSAOK JACCITH
HaHOMETPOB. AA-ynakoBaHHbIE 00JaCTH UMEIOT MOTYyMETAJUINIECKUE
CBOICTBa, XapaKTepU3YyIOTCS BLICOKOH IIIOTHOCTBIO COCTOSIHU 1 00ec-
MEeYNBAIOT KOH(AHHMEHT 3JIEKTPOHOB, B TO BpeMs Kak AB-ymaxo-
BaHHbBIC UMEIOT ITOJIyIPOBOIHUKOBBIE CBOMCTBA. Y UMTHIBas, 4TO (haza
rpadeHa ¢ AA-ynakoBKoOW MeTacTaOWIIbHA, YePEIOBAHUE PA3TUUHBIX
YIIaKOBOK JIeTIAeT CTPYKTYPY OoJiee CTaOMIHHON 1 1aeT 00JIee MTUPOKHE
BO3MOXKHOCTH JUIS CO3[aHMs YCTPOMCTB Ha MX OCHOBE. B psane pabor
YKa3bIBAaeTCsl YTO B HEKOTOPOM JIMAala30HE yrila pa3opUEHTALUU CKO-
pocte ®epmu B TpadeHOBBIX MYapOBBIX CIOAX MOXKET YMEHb-
matecs [1]. C apyroit cTopoHsl, 3 QEeKTh peJaakcaluy, yCUINBAOIINE
PE3KOCTH T'PaHUI] U MEHSIOIINE pa3Mephl 001acTeil ¢ pa3MyHbIMU yIa-
KOBKAaMH, TPUBOAAT B pe3ysibTaTe K YBEIHMUEHHIO cKopoctn Pepmu
U YCIOXKHEHHIO 30HHOM CcTpyKTypbl [3]. Jlns Kaknod KOHKpeTHOH
CTPYKTYpHI TpeOyeTcs 1eTallbHOEe PacCMOTpPEHHE pe3yJsbTaTra AeHCTBUS
3THX TPOIIECCOB HA MAapaMeTpEHI.

B xauecTBe nccnenyemMsIx CTPYKTYp paccMaTpHUBaeTCs ABYCIOMHBIN
rpadeH mocine penakcaiyu, cIOd KOTOPOro MOBEPHYTHI IPYr OTHOCH-
TENBHO Jpyra Ha HEKOTOPHIH yroi. B maHHON paboTe Ui CTPYKTYp
C pa3NUYHBIM CBEPXIEPHOAOM Myapa UYUCICHHBIM METOAOM MaTpUIIbI
MepeHoca U TEOPUH ONTHUECKOTO MPOXOXKIEHHS TUIOCKUX BOJIH CKBO3b
BOJIHOBOZ C TO(ypUPOBAHHOM CTEHKOH pacCUUTHIBAIOTCS KOG PHUIIMECHTHI
MIPOXO’KAEHUS, 3aTEM Ha UX OCHOBE MOJTYYat0TCs BOJIbTaMIIEPHBIE XapaK-
TepuCTUKH. MccnemyeTca BIMSHUE yIUla pa3OpHEHTAlUU CIOEB, CHIIBI
MEKCIIOHHOTO B3aUMOACHCTBHS U ITapaMeTpa PesIaKCalluy B JIBYCIION-
HOM rpadeHe Ha TPAaHCIIOPTHBIE XapaKTEPUCTUKH CTPYKTYPBL.

BriBoabI

OHpeHCHCHBI 3HAUCHHUA YIJIOB, HAYMHAA C KOTOPBIX 3aBUCUMOCTDH
TPAHCIIOPTHBIX XaPAKTEPUCTHK JBYCIOMHOTO MyapoBOro rpageHa ot
SHEPTHH CTAHOBUTCS HEMOHOTOHHOMW. BBISBICHBI TapaMeTpEI, PH KO-
TOPBIX BOJIBTAMIIEPHBIE XAPAKTEPUCTUKH JBYCIOMHOIO MYapOBOIO
rpadeHa UMEIOT 00IacTh oTpunareabHou mudddepeHnnansHON mpo-
BOJIIMOCTH.
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TRANSPORT CHARACTERISTICS CALCULATION
OF GRAPHENE BILAYER WITH DIFFERENT MOIRE PERIODS

V.V. Saveliev, S.V. Khazanova

Abstract. Due to the two graphene layers displacement at a certain angle
relative to each other the different types regions of crystallographic (AA- and
AB-packages) appears in the structure. At the same time, this structure has a
geometric pattern looks like a “moiré” and their energy spectrum has alterna-
tion of the energy gap and gapless regions. The spatial period of the energy
changing parameters is about ten nanometers order, therefore, the regions can
be considered as a superlattice. In addition, at the areas boundaries, the relax-
ation occurs, which affects the region size and the energy structure in them. In
this work, we numerically study the layers disorientation angle influence, the
energy gap parameter on the transport characteristics.

Keywords: graphene, two-dimensional materials, twistronics, transfer
matrix.
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Annotanus. B pabore paccmarpuBaercs MoaudunrpoBaHHast (C J1010-
HUTCJIbHBIM IT'apMOHUYCCKUM B3aHMOﬂeI>iCTBPIeM MEKIAY COCCIHUMU BHYTPCH-
HUMU MaCCaMI/I) OAHOMCPHasA OeckoHeyHas IEeIIo4YKa MaccCa-B-Macce. Ilo-
JIYYUCHBI YpaBHCHUSA IJIL aKycTH‘IeCKOﬁ M ONITHYECKOM BETBEH JAUCIIEPCUH, 1N~
PUHEI 3ampemEéHHON 30HbI U 3 (PEeKTUBHOM MacCHI.
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KnaroueBble ciaoBa: [CrnoYkKka Macca-B-MaccCe, aKyCTU4YeCKasd U ONTHYC-
CKHC BCTBU AUCIICPCHUH, 3anpeméHHa${ 30Ha, 3(1)(1)6KTI/IBH3H Macca, aKkyCcTtuie-
CKHIA MeTamMarepuall.

BBenenue

IMuonepckas padora B.I'. Becenaro 1967 rona nauunpoBaa Oyp-
HOE pa3BUTHE HCCIIEAOBAHUN B 00JACTH ONTUYECKUX M aKyCTHYECKHX
MeTaMmaTepHuaioB. l3yueHne aKyCTHYeCKHX MeTaMaTepHajoB Ipej-
CTaBJIAET MHTEPEC KaK C TOYKH 3peHHS PYHIAMEHTAIbHON 3HAYNMOCTH,
TaK M ¢ TOUKH 3PEHUS NEPCIEeKTUBbI MPAKTUUECKUX NpuioxeHuid. Of-
HUM W3 TEPCIEKTHBHBIX MPHUIOKEHHUH SBISETCS BOZMOXKHOCTh CO3/a-
HUS CyNepHOTIIOTHTENS 3ByKa. Kpome Toro, akycTudeckne Meramare-
pHuanbl MOTYT OBITH TOJIE3HBI B aKyCTOIJIEKTPOHHKE M AJIS CO3JaHHMS
6oree 3(pPeKTUBHBIX 3BYKOBBIX CHCTEM OBITOBOW 3JEKTPOHHKH. B pa-
oore [1] BuepBble OblTa UCCIeOBaHA MEXaHUYECKasl CHCTEMa, MPEJ-
CTaBIsIoIasl coboil OJHOMEpPHYIO OECKOHEYHYI0 LEMOYKYy Macca-B-
Macce (puc. 1(a)). Ota cucrema, u3-3a HAJTUYHS 3AMPEIIEHHON 30HBI,
SIBIISIETCS MPOCTEHIINM MEXaHUIECKAM (HITBTPOM, pealTn3yeT KOHIIET-
1o 3G PeKTUBHON Macchl ¥ MPOJI0JKAET BBI3BIBATH HHTEPEC Ha COBpE-
MEHHOM 3TaIre ¢ TOYKU 3PEHUs CO3AaHNS Ha €€ OCHOBE aKyCTHYECKHX
MeTaMaTepHalloB ¢ YHUKAJIbHBIMU XapakTepuctukamu [2]. B ciyuae,
KOT'/Ia BHYTpEHHsIA Macca M MHOTO OOJbIe BHEUTHEH M, MOXKHO CUH-
TaTh, YTO TIOJIOKEHHE PaBHOBECHS Tpy3a m HemoaBmwkHO (puc. 1(0)).
B sTOM ciydae nienoudka B JUIMHHOBOJIHOBOM MPUOIMKEHUH ONHCHIBA-
€TCsl BEIeCTBEHHbIM ypaBHeHHeM Kueitna-I'opgona-®oka, koTopoe,
MIPU PaBEHCTBE HYNIO KOA(QQHUIMEHTAa YIPYTOCTH BHYTPEHHEU IIpy-
JKUHBI K, TepexoIuT B BOJTHOBOE YpPaBHEHHE.

Puc. 1. (a) OmHoMepHas OeckOHEUHAs IeTI0YKa Macca B Macce; (0) Iermoyka
Macca B mMacce B ciydae M >> m (HONOXEHHE PaBHOBECHS TPy3a M HEIo-
JIBIDKHO M TOMEYEHO KPECTUKOM); (B) MOIM(HUIMPOBAHHAS LIENOYKA Macca
B Macce C J00aBlieHHEM T'apMOHHYECKOTO B3aUMOJIEHCTBUSI MEXIy COCel-
HUMHU BHYTPEHHHMHU Ipy3aMu Maccbl M

B mnameii pabote uccnemyercss MoauduUIMpoBaHHAs (C JIOMOJ-
HUTEJILHBIM TapMOHHYECKUM B3aMMOJCHCTBUEM MEXIY COCCIHHMHU
BHYTPEHHUMH MaccaMH) IIerodka Macca-B-macce (puc. 1(B)). Crout
OTMETHUTh, YTO, paHee, HA OCHOBE aHAJIM3a MOIUGDUIIUPOBAHHOHN Iie-
MOYKA Macca-B-Macce NpU MEpexojie K JUIMHHOBOJIHOBOMY IMPHOIH-
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JKEHUIO yIAIoCh MONY4YHTh (opMalibHOE 0000IeHHEe KOMIUIEKCHO-
3HAYHBIX YPABHEHUH PEIATUBUCTCKOW KBAHTOBOW MexaHUKH: KneitHa-
I'opnona-®oxka u [{upaxa [3]. Okazanock, 4To 0000IMEHHOE YpaBHEHHE
Jupaka ¢ BOCBMUKOMITOHEHTHOH BOJIHOBOH (pyHKIMEH MMeeT onTHde-
CKYIO M aKyCTHUYECKYIO BETBH AUCIIEPCHH, KaXK/Iasl C ITOJIOKUTENBHOMN 1
C OTpUIIATEILHON SHEPTHUECH.

Kiaccudeckass 1 Mogu(pMUMpPOBaHHAS LHENMOYKH Macca-B-Macce

Krnaccuueckas nemnoyka Macca-B-mMacce (M BHYTpU m) UMeeT aKy-
CTHYECKYIO U ONTUYECKYIO BETBH TUCIIEPCHUH, BCETIa pa3IcIEHHBIC 3a-
npemEHHON 30H0i# [2]. Jlns memouku Macca-B-Macce BBOIUTCS 3 dek-
THBHAsg Macca mgpr [2]. Ilpu M = 0 Kaccuueckas LENOYKa Macca-
B-Macce MepexXoquT B LIETIOUKY U3 OAMHAKOBBIX MAcC 11 COEIUHEHHBIX
MPYKUHKAMHU C )KECTKOCTBIO | C TOJIBKO aKyCTHUYECKOM BETBBIO IUCIIEP-
cud w? = 4w, sinz% u mep =m. Ilpu M — oo knaccuueckas Le-
MOYKa Macca-B-Macce MEPEXOAUT B IIETOYKY CBSI3AHHBIX MICHTHYHBIX
OCLIULJISITOPOB Wy € TOJBKO ONTUYECKOHM BETBBIO JUCIEPCHU

. ka w3
w? = 4w?, sin? S+ WG U Mepp = (1 - w—‘z’) m. XapakTepHbIe 4aCTOTHI:

wo =+ K/m, wy =+K/M, w, =+I/m 1 wy =+J/M. Mogudunu-
pOBaHHAs [ETMOYKa MAcCca-B-Macce MMEET aKyCTHIECKYIO (w_) U ONTH-
YecKyI0 (w, ) BETBU JUCIIEPCUH:

2 2
witw . ka
wi ===2 4 2(wh, + wfp)sin® -+

2
wd+w? . 5 ka . o, ka\ . ,ka
\/(% + 2(wZ + wd) sin? ?) -4 (a),znwf, + wiwy + 4w w?, sin? 7) sin? —
(1)
100, + 100
g |\ (a) 5 \, (6)
o i, 8 ,
o ® g
= 104 L L =
A = R
@ e o T
E 1 ey & k2 s =
g 0.1 g 01 (
0.01 0.01
Do 05 10 15 20 25 30 00 05 10 15 20 25 30
Yacrota YacTota

Puc. 2. 3aBucumocts 3 PpeKTUBHOM MacChI OT YAaCTOTHI JUIsl aKyCTHUYECKOH (ce-
pblIe) ¥ ONITHYECKOH (YEPHBIE) BETBEW NUCIIEPCUH ISl KJIACCHYECKOH (a) 1 Mo-
nudunupoBanHoil (6) uemovyex macca B macce npu [ /] = 10 u m/M = 0,5.
Cunesa nanpaso 1/K =100; 4; 2; 1; 0,5; 0,25. YactoTa B €IMHAIEX Wy, @ IP-
(hekTHBHAS Macca B m
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IlupuHa 3anpemEéHHoN 30Hbl ONIPEIEIAETCS TaK:

Aw = w2 + wd —

2
2 2 2 2
% + 2(w + wd) — (% + 2(w? + wf,,)) — 4(wE w3 + wiwh + 4o wz)

()

OtMmeTnM, 4TO 3ampeniéHHas 30Ha IS MOTUGPHUIIMPOBAHHON Iie-

MOYKA Macca-B-Macce CylnecTByeT He Bcerda. s adQexTuBHOU
Macchl MOTyYaeTcsl ypaBHEHHUE:

Mefft _ _lﬁ(w_i_Hﬁ(w_%_l));
Wi

m 2wi \ w? w?

2
lob (@i 4 4 (% _ wh (050 +wp
[2 0y (wz 1+ w? (w2 1) + w0y ( w? ) G)

OTMeTHM, YTO IJIs MOITY4YEeHHs YpaBHEHUM IJIs KIACCHYECKOH Iie-
MOYKH Macca-B-Macce B YpaBHEHHUSAX Uil MOAUGUIMPOBAHHOH Iie-
MIOYKHU HY’KHO YCTPEMUTh Wy, K HyJt0. PaccMoTpum ciydail w,, = wy.
BBeném 0603HauCHUE Wy AT ATUX YacTOT. OTMETHM, UTO w3 + w§ =
K/u. 3neck u = mM/(m + M) — npuBenénnast macca. Beeném o0o3Ha-
YCHUE W,q = /w3 + wi. V3 ypaBaenus (1) momydaercs ypaBHEHUE IS
AKyCTHUYECKOM BETBU AMCIIEPCHUHU:

. oka  Mepr-
w? = 4w?, sm27a | % =1. 4)

OtmeTHnM, 9TO IJIs aKyCTHYECKOM BETBH AUCTepchu 3 heKTUBHASL
Macca He 3aBUCUT OT 4acTOThI. /{151 oNTHYECKON BETBU JUCIIEPCHUH MO-
JTyqyaem:

2
2 _ .2 2 cin2ka Mefri+ @rd
Wi = Wrg + 4wg, sin Su— —=1- wrz . &)
BuiBoabI

IlomyueHs!l ypaBHEHHS Ui aKyCTHYECKHUX M ONTHYECKUX BETBEH
OUCTIEPCUH, Ul IIMPHHBI 3alpeuiéHHONW 30HBI M Ui 3G HEKTUBHOM
Macchl MOTU(HUIMPOBAHHON LEMOYKH Macca-B-Macce. C HCIobp30Ba-
HUEM IOJy4YEHHBIX YpPaBHEHUH MPOMOJEIHPOBAHBI KIIACCHYECKas
1 MOAM(UIIMPOBaHHAs LEMNOYKH Macca-B-Macce MPH Pa3sHbIX COOTHO-
HIEHUSX Macc M ymnpyrocred mnpyxuH. M3ydeH dacTHbIA ciydai
Wy, = Wy, Ha OCHOBE KOTOPOTO, C UCTIOIb30BAHUEM JUINHHOBOJIHOBOTO
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npuOmKeHus, B padore [3] momyueHo ¢popManbHOE 0000IIEHUE ypaB-
HEHUU PEISTHBUCTCKON KBAaHTOBON MEXaHWKHU. B manpHelei padore
MBI TUIAHUPYEM W3YYHTH THHHOBOJHOBOE TMPHOIMKEHHE, 9TO COOT-
BETCTBYET HEMPEPHIBHBIM MaTEpUATAM.
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WAVES IN CLASSICAL AND MODIFIED MASS-IN-MASS
CHAINS

V.O. Turin, LV. Nazritsky, D.D. Kireev, P.A. Andreev,
Y.V. Ilyushina

Abstract. The paper considers mathematical models of acoustic met-
amaterials based on classical and modified (with additional harmonic interac-
tion between neighboring internal masses) one-dimensional infinite mass-in-
mass chains. Equations are obtained for the acoustic and optical branches of
dispersion, for the band gap width, and for the effective mass.

Keywords: mass-in-mass chain, modified mass-in-mass chain, acoustic
and optical branches of dispersion, band gap, effective mass, acoustic
metamaterials.
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KOMIIBIOTEPHOE MOJIEJIMPOBAHUE PABOTHI AYEEK
SHEPTOHE3ABUCHUMOM MAMSTH HA OCHOBE
TEXHOJIOT'UA RERAM
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AHHoTanus. B cBs3u ¢ OypHBIM pa3BUTHEM HH()OPMALMOHHBIX TEXHOJIO-
THH, BKJIIOYAs CHCTEMbl MCKYCCTBEHHOTO WHTEIIEKTa, B IOCIEIHEE BpeMs
YCHJIMJICSI MHTEPEC K DJIEMEHTaM dHeproHe3aBucuMoi namsiti. B pabore npen-
CTaBJICH NPOTOTHII ITporpammHoro obecrieuernss CAIIP mist KOMIIbIOTEpHOTO
MOJEJIMPOBAHNUS SHEPTOHE3AaBUCUMOM MaMSITH Ha OCHOBE TexHOJIoruu ReRAM
(udp «CoBA»). B ocHOBE pa3paOOTKH JIEXKUT MHOTOMacIITaOHAs CXeMa MO-
nenupoBaHua. CHcTemMa MOCTPOEHA MO NPUHLHUIY CHENHATH3HMPOBAHHOTO
MHoroypoBaeBoro I10. B pabote npecraBieHa apXUTEKTypa CUCTEMBI U OTIH-
caHa cpejia IPOCKTUPOBAHUSL.

KaioueBble cjioBa: sHEproHe3aBUCHMAs TaMsTh, CUCTEMa aBTOMAaTH3H-
posanHoro npoekrupoBanus ( CAIIP), MHOromacmTabHOE MOAETHPOBAHNE.

BBenenne

B cBsa3u ¢ OypHBIM pa3BUTHEM HH(POPMALMOHHBIX TEXHOJIOTHMH,
BKJIIOYasi CUCTEMBbI MCKyccTBeHHOro uHTemiekra (MU), ¢ akruBHO#I
pa3paboTKON 37IeMEHTHOH 0a3bl ISt HEHPOMOP(HBIX CHCTEM U IPYTUX
oOracTel, B IocieIHEe BpeMsl YCUITWIICA UHTEpEC K 3JeMEeHTaM JHep-
TOHE3aBUCUMOM NMaMATH. JJaHHBIE 3IEMEHTHI M X MaTPHUIBI MOTYT HC-
MOJIB30BATHCS VIS TOCTOSSHHOT'O MJIN IOJITOBPEMEHHOTO XPaHEHUs! MH-
¢dopmanum, B TOM YUCIE IPU OTCYTCTBHHU BIIEKTPUYECKOTO MUTAHUA,
paboTaTh KaK MCKyCCTBEHHBIC CHHAIICHI, B TO BpEMsI KaK JIOTHYECKHE
CXEeMBI CTPYKTyp MeTami-okcua-momynposogauk (KMOII) wmoryr
(GYHKIMOHUPOBATH KaKk HeHpoHbI. K Hanbosee nepcreKTHBHBIM MOXKHO
OTHECTH TaKW€ TEXHOJIOTMH AJS CO3JAaHMA Y€K SHEPrOHE3aBUCUMON
namsTi kak ReRAM (Resistive random-access memory, pe3ucTUBHAS
MaMATh C MPOu3BOJIBHBIM focTynioM), FeRAM (Ferroelectric RAM —
CerHeTOdJIeKTprUYecKas omnepatuBHas mnamaTe), MRAM (magneto-
resistive RAM — MarHuTOpe3UCTHBHAS ONlEpaTHBHAS aMsATh). MHOTro-
YPOBHEBBIE JIEMEHTHI MAMSITH TO3BOJISIOT YBEIUUUTH MIOTHOCTh MH-
Terpaium, 0IHAKO TpeOyIoT 0ojilee TOYHOTO MOETUPOBAHUS U BEIOOpa
PEKUMOB TIEPEKIIOYCHUS.
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Pa3paboTka HOBBIX JIEMEHTOB IMaMATH HEPa3pbIBHO CBs3aHa C CO-
3JJaHUEM CPEJICTB aBTOMATH3UPOBAHHOTO MPOEKTHUPOBAHUS 3JIEKTPOH-
HBIX ycTporicTB. Ha 60bIIy o 4eTBepKy MpOM3BOANTENEH aBTOMATH3H-
POBaHHOTO MPOTrPaMMHOTO o0ecreueHus, B KoTopyro BxonsaT Cadence
Design System[1], Synopsys[2], Ansys[3] u Siemens EDA[4], B HacTo-
stmree BpeMs mpuxomautcs oonee 90% moxomor orpaciu EDA (aBToma-
TU3aIHS IPOSKTUPOBAHUS AIIEKTPOHUKN). OTHIM U3 Hanboee BocTpe-
OOBaHHBIX B JAaHHOW 00JAacTH MPOTPAMMHBIX MPOAYKTOB SBISIETCS
Quantum ATK — mporpammHoe oOecrieueHue Uil aTOMHUCTHYECKOTO
MOJEIUPOBAHMS, BXOISIIUNA B cocTaB Synopsys. JlaHHBIN makeT uc-
MOJIB3YETCSI B X0/I€ KOMITBIOTEPHOTO MOAEITUPOBAHUS CIIOKHBIX CTPYK-
TYp, COCTOSILIMX M3 HOBBIX KPUCTAIUIMYECKUX U aMOP(HBIX MaTepHha-
JIOB, CIUIABOB, MHTEP(EHCOB M MHOTOCIOWHBIX CTEKOB, IO3BOJSET
WCCIIEZIOBAaTh pa3lW4yHble TEIUIOBBIE W MEXaHWYECKHE CBOWCTBA,
a TaKkXKe paccMaTpuBaTh JUQPQPYy3UOHHBIE U TIOBEPXHOCTHBIE ITPOLIECCHI.

Pa3paboTka oTeyecTBEHHBIX MPOTPAMMHBIX CPEJICTB CHCTEMBI aB-
TOMaTHU3UPOBAHHOTO TpoekTupoBannsa DKb — HenmpemeHHOE yciaoBue
PasBUTHSL MUKPO3JIEKTPOHUKH B PD, ocobeHHO ¢ yueToMm crieruduku
TeKyIlel cuTyauuu B mupe. B Hacrosiee Bpems B Poccuu psaj komna-
HUM, pa3paboTYNKOB CHUCTEMHOTO MPOrPaMMHOIO 0OeCIedeHus,
o0benuannck B Koncopunym «basucy, cpean yupenuresneid KOTOpOro
paspabotuuku  cucreMHoro I1O «Ackon», «Ckan», Eremex,
Omega, UHCTUTYT WHXXEHEPHOH (PH3UKHN 1 AcCOIanus IeKTPOHHOTO
MalIuHOCTpoeHus. KoHcopuuyM OTeuecTBEHHBIX pa3pabOTUHKOB
Hanpasun B 2022 roxy mpeiioxkeHne MHHIPOMTOPrY BbIpaOOTaTh
CTPATEruI0 Pa3BUTHS POCCUICKUX CHCTEM aBTOMATU3UPOBAHHOIO MPO-
€KTUPOBaHUSA ISl AJIEKTPOHUKH. AKTYaJlIbHOCTh TaKOTO MPEUI0KEHUS
CBsI3aHA C HEOOXOAMMOCTHIO 3amenieHus 3apyoexusix CAIIP, pa3pa-
O0oTurku KOTOpsIX (Synopsys, Cadence, qpyrue) mpeKpaTHIIN MPOIAXKy
nuueH3uit B Poccuio u oTkazanuck oT 0OHOBJICHHUH yke MpuoOpeTeH-
Horo [1O (mporpaMMHOTo 00ecIeUeHYs).

OnucaHue NpOTOTHNA NMPOrpaMMHOro odecnedenusi CAITP
JAJIS KOMIIBIOTEPHOI'0 MOJEJIMPOBAHUS JHEPrOHE3aBUCHMOM
namMsTH Ha ocHOBe TexHOJI0Tuu ReRAM (mmdp «CoBA»)

B ®UIL[ NY PAH B HacTosmiee BpeMs MPOBOIATCS pabOTHI IO CO-
3JTaHUIO IPOTPaMMHOM Cpebl ISl MOJIETMPOBAHHUS 3JIEMEHTOB SHEPTO-
HEe3aBHCHUMOW mamsTH B paMkax mpoekra PH® Ne 23-91-01012 «Pas-
paboTka MPOTPaMMHBIX CPEICTB CHCTEMBI aBTOMATH3UPOBAHHOTO
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npoektupoBanus Kb s co3naHus sdyeek SHEproHe3aBUCUMOMN Ma-
MITH Ha ocHOBe TexHojormd ReRAM, FeRAM, MRAM»y, IITNUOP
«CoBa» no 3akazy AO HUMMD3. Ha nepBoMm 3Tarne BBIIOJIHEHHSI IPO-
eKTa COo3[aHa M MPOrpaMMHO-pealn3oBaHa o0lias apXUTEKTypa CH-
ctemsl 1 ipototun [Iporpammaoro obecnedenus 1 CO3AAHNAS TIEEK
SHEProHEe3aBUCUMON NaMATU Ha OCHOBE TexHOJI0oruu ReRAM.

[10O «CoBay» nocTpoeHo 1o NpuUHLIHKITY CIeNHaTU3UPOBAaHHOTO MHO-
royposHeBoro [10.

B ocHoBe nexut MHOromacitabHasi cxema MOAEIUPOBaHUs [5, 6].
Ypornu [10 nuddepeHnrpoBaHsl Mo BPEMEHHOMY U MIPOCTPAHCTBEH-
HOMYy MacmTaly 3ajad, Ha4MHAs C aTOMapHOTO W MOJEKYJSIPHOTO
YPOBHS C IEPEXOI0M Ha YPOBEHB BELIECTB, T€J, CTPYKTYp C TpaHULIaMU
paszena, 3JeKTPHUYECKUX H IIEKTPOPU3NISCKUX XapaKTEPUCTUK MPH-
OOpHBIX CTPYKTYyp. s pemenwii Ha KaXkIIOM YpPOBHE B CHUCTEMY
«CoBa» moarpyxaroTcsi COOTBETCTBYIOLIME BBIUYUCIHUTENBHBIE MO-
nmynu [10.

Apxutekrypa [10 «CoBa» mpeaycMaTpuBaeT HCIIOIb30BaHUE Psijia
OpUTHMHAJBHBIX OTEUECTBEHHBIX MOJYJIEH, BBIIOJHEHHBIX B pPaMKax
JTAHHOTO TPOEKTa, a TakKe MOJIyJel B cocTaBe 3apyOeKHBIX CIlelua-
nmusupoBaHHbIX [10. Bee oHM 00BeTMHEHBI 110/ YIIPaBICHUEM €IUHOMN
cpensl mpoekThpoBaHud. B cocras cnenumanusupoBanHelx [10 B kaue-
ctBe coctapyomux [10 «CoBa» Bxoasr:

1. Omeuecmeennvie MOOYaU (COOCMEEHHbIE PA3PAOOMKIL):

— BBIYMCIIUTENBHBIE MOIYJIIH AJIS IPOBEJECHMS pacieTOB HA AaTOMHO-
KPUCTAJUIMYECKOM YPOBHE, Ha HAHOYPOBHE, MOAYJb PEIyLHPOBAHUS
(bU3NKO-MaTeMaTHIeCKUX MOJENeH B KOMIIAKTHBIC MOJIEIH;

— Ha0Op pacyeTHBIX MOXLYJICH, peaTn3yIOUINX YHCICHHBIE METOIbI
C BO3MOYKHOCTBIO CUMYJISILIUM MTPOLIECCOB;

— MOAYJIb OIMCAHUSI 3JEMEHTOB HEPrOHE3aBHCHMOW HaMATH U
SYEEK Ha UX OCHOBE.

2. Modynv 0151 K6AHMOBO-MEXAHUUECKO20 MOOEIUPOBAHUsL DIICK-
TPOHHOM CTPYKTYpPBhI M SHEPI€THUECKUX XapaKTEPUCTHK CTPYKTYp Ha
OocHOBe TeopuH (yHKHMOHana 3nekTpoHHol miaotHoctH (DFT) [7].
Moryt O6bITh 3aneiicTBoBaHbl makeTsl: Quantum ESPRESSO (URL
https://www.quantum-espresso.org/), SIESTA (URL https://siesta-
project.org/siesta/index.html), ABINIT (https://abinit.github.io/abinit_
web/) u Ipyrie cienratu3upoBaHHBIE IPOTPAMMHBIE TPOAYKTHI, KOTO-
pBI€ MO3BOJISIFOT MOJECTUPOBAThH 3JIEKTPOHHYIO M ATOMHYIO CTPYKTYPY
MOJIEKYJI U KPUCTAJIJIOB.
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ApXHUTeKTypa CHCTEMBbI

Ha puc. 1 npencraBineHa apxuTeKTypa CUCTEMBI, OIIMCAHHAS C I10-
motsio JmarpamMmmer kommoreHToB 110 «CoBay.

Ofwan apxuTtertypa N0 «CoBan (37an 1, centAafips 2024 1.)

[ e

Ofcmymummmuym nagcectean Mpotstrepoiuss rodeus tevs
Easa farimmen

Aucan namaty ReRAM

L nabuTm ¢

Web-uniepieic .
1

Ddsrapaatar.

maAenes Apeig Andbpny

Cyeimpal PRCUTHEMH

g
by Nl A

R 380 Tt pIAATITE
HITRw A

¥

R s o8 e g |

!

PacseTri Moy
HoMnETHOR MO

Mg ANpTa R APERG-

auw.w

[ P | |

Degines,

Puc. 1. lnarpamma xomnonentoB 110 «CoBay.

[IporpammMHoe obecrieueHne 1Jis CO3AaHusI STUeEK SHEPrOHE3aBUCH-
MO TaMsATH Ha OCHOBE TexHoJornu ReRAM mpemocTaBisieT BOZMOXK-
HOCTb!

— MPOBEACHUSI MHOTOYPOBHEBHIX M pacHapauIeIeHHBIX PacyeToB
B aBTOMAaTU3UPOBAHHOM PEKUME HA BBICOKOIIPOM3BOJUTENBHBIX IIPO-
TPaMMHBIX KOMIUIEKCAX;

— MPOBEACHUS] KOMIBIOTEPHOW CHMYIISILIH TPOLIECCOB B CTPYKTY-
pax 3HEproHe3aBUCUMON MaMATH HAa HAHO U MUKPOYPOBHSIX;

— HU3y4aTh IOBEACHHE 3JEMEHTOB HSHEPrOHE3aBUCHMOM MaMATH
B TIPY pa3IMYHbIX pekKUMax paboThl;

— MCIOJIb30BaTh CPEJCTBA BU3yalU3allMU PE3YJIbTATOB BBIYUCIIU-
TEJIHBIX 9KCIIEPUMEHTOB M HHTEIJUIEKTYaJIbHOTO aHAIN3a TaHHBIX, VIS
aHaJi3a pe3yJIbTaTOB U MPUHATHS PEIICHHUs Ha OCHOBE MOIy4YEHHOMH
nHbOpMaIIIH;

— ucnonb3oBath npotokos REST u popmar manueix JSON s uH-
(opMamOHHOTO OOMEHa MEXy KOMIIOHEHTaMHU;

— KPYTJIOCYTOYHOTO peXnMa (YHKIMOHUPOBAHMS JUIS CHCTEMBI,
0e3 0coOBIX TpeOOBaHU K TOCTYITHOCTH.
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Oco0enHoctu peasnsannu cpeabl ucnoaHenns IO «CoBay

Pa3paborana cpena HMCHOJIHEHUS CIICHAPUEB JACT BO3MOXKHOCTD
B aBTOMAaTHYECKOM PEKUME 3aIyCKaTh CICHAPHHU C 3aIaHHBIMH BXO/]I-
HBIMH TapaMeTpPaMH, OTCICKHUBATH WX BBIIOJIHEHUE B IEJIOM, M TI0
COCTaBHBIM 3aji1ayaM, MPOCMATPUBATh BXOJHBIC U BBIXOJHBIC JaHHBIC
(pe3ynbTaThl pacyeToB).

WHTerpanonHast posib Cpe/Ibl HCIIOJHEHUS 3aKIIoYacTcs B popmu-
POBaHUHU BXOIHBIX JaHHBIX JIJISl BHIYUCIUTEIBHBIX MOIYJICH B COOTBET-
CTBYIOIIEM (pOpMaTe W SAMHUIAX U3MEPEHUS, OTCIC)KUBAHUN PAOOTHI
BBIYMCIIMTEIBHBIX MOJYJICH, TOJYyYCHUH KOHEYHOTO pe3ysibTaTa pac-
yeTa v Ipeo0pa3oBaHuu ero B GopMaT U €AMHULIBI H3MEPEHUS, JOCTYII-
HBIC JJISL APYTUX MOJYJICH CIICHAPHSL.

Cpena npoextupoBanus 110 «COBA»

Cpena mpoeKTHPOBaHUs, MOJ YNpPaBICHHEM KOTOPOH 00BEeIUHS-
1otcst 1 padbotarot moaynu I10 «CoBay Bkirodaet:
— TIOJIB30BATENbCKUH HHTEpdeEiic (puc. 2, 3);

& e 8

R-QM-0007

@

CAIP «CoBa» Hauano patoru

Puc. 2. OkHo aBTOpHU3aLUU Puc. 3. [IpuBeTcTBEeHHAs CTpaHUIIA

— rpadUUeCcKuil MOJIb30BaTSIbCKUI MHTEPQEIC IS yU4EeHOro- UC-
CJIeZIOBATEIS, BKIIIOYAs CPEJICTBA BU3YIN3AINH PE3YIbTaTOB PACUCTOB
(puc. 4, 5);

— 0a3y maHHBIX ¢ MHQOpMAIMel O MaTepuanax, uX CTpyKTypax M
CBOWCTBAxX, MHTETPUPOBAHHYIO CO CPENION MOJICITMPOBAHNS CIICHAPUER;

— cpelly MOJICTUPOBAHUS CIICHAPUEB, TTO3BOJISIONIYIO CO3/1aBaTh U
MOJU(HUIUPOBATH CLIEHAPHH, HCIIONB3ysS HOBbIE POrPaMMHBIC pellie-
HUSI (aTOPUTMBI TIOCJIEIOBATEIBHOTO BBITIOJTHEHUS OTJCIBHBIX MHOTO-
MacImTa0HBIX PACYETOB) AJISl PEIICHHS Pa3HbIX KJIACCOB 3a/1a4, YUUThI-
Basi OCOOCHHOCTHM KOHKPETHOM 3amaud M TpeOyeMbIX BBIXOIHBIX
JIAHHBIX.
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Puc. 4. Pe3ynbTathl pacyera Puc. 5. MonenbHas
DHEPreTUUECKOro dapbepa W 9KCIIEpUMEHTAJIbHBIE BOJIbTAMIIEPHBIC
st HfO, xapakrepuctuku i Pt-HfO,-TiN

Kpome Toro, cpena mpoekTUpoBaHUS B JadbHEHIIIEM MOXKET OBITh
HCIIONTB30BaHA IS CO3/IaHUS TEOMETPHUICCKOTO OITUCAHUS KOHCTPYKITHH
AIIEMEHTOB SHEPrOHE3aBUCUMON MaMSITH B HAHO- U MUKPO- MacinTabax,
a TaKoKe IS pa3pabO0TKU CPEACTB UX WHTETPAIMH C ONTUCAHUEM MaTepH-
aJIOB KOHCTPYKIIMH, BKITFOUast HHTEP(EHCH 1 X TTapaMeTpBhl.

3akjouenune

B nokmage paccMaTpuBalOTCA akTyaldbHBIE METONIBI W CpEACTBa
komnbroTepHoro mMonenupoanusa CAIIP «CoBA», npeana3sHaueHHON
JUTSL CO3JJaHNA TYeeK SHEPrOHEe3aBUCUMOM MaMsITH Ha OCHOBE TEXHOJIO-
run ReRAM. IlpencraBneHsl OCHOBHBIE OCOOCHHOCTH M TTPOEKTUPYE-
MBbI€ BO3MOKHOCTH IOCTPOEHHOTO NPOrPaMMHOTO IMPOAYKTA, C TIOMO-
IIBI0 KOTOPOTO co3aaeTcs 3P deKTUBHAS cpea JJIs:

— peanu3anuu MHOTOMACIITaOHBIX (DPU3UKO-MAaTEeMaTHYECKHX MO-
Jlesied, ONMCBHIBAIOIIMX C PA3IMYHOM CTENEHBIO AETaIu3allM IIpo-
IIECCHI, MPOXOAIINE B sSUeiiKaX HYHEProHE3aBUCUMON MaMsITH Ha OC-
HoBe TexHOMornid ReRAM B xome WX (yHKIMOHHPOBAHUS WU
Pa3IUYHBIX YCIOBHIX:

— pa3paboTKH COJIBEPOB, OA3UPYIOMIMXCS HA YHUCICHHBIX aJTOPHT-
Max pelIeHus] ypaBHEHUH MaTeMaTHIeCKOW (DU3UKH, CTOXaCTUIECKHIX
MeTo10B A1 MoHTe-Kapio MoaenupoBaHus, aHATUTUUECKUX METOA0B
U IPYTHUX, CIYKaIIUX IJIs1 BBIYUCIUTENBHON pealn3anny MaTeMaTnie-
CKHX MOJICIICH;

— pa3pabOTKH KOMIIAKTHBIX MOJIENIEH 3JIEMEHTOB 3HEPrOHE3aBHCHU-
MOH NaMsTH U YCTPOMCTB HA UX OCHOBE;
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— IMOCTPOEHHS KOMITBIOTEPHBIX MOJIENICH IS TIpeACcKa3aHusl Xapak-
TEPUCTHK DJIEMEHTOB Ha OCHOBE aHAIIN3a TEOPETHYCCKUX H IKCIICPH-
MEHTANBHBIX JJAHHBIX;

— CO3JIaHUS] METOJIOB BEPU(PHUKAIIMY U BATUAAIUHN TU(POBBIX TBOH-
HUKOB AJIEMEHTOB SHEPTOHE3aBIUCUMON MAMSTH U SYEEK MaMsITH Ha MX
OCHOBC;

— pa3pabOTKH MEXaHU3MOB OOPATHOM CBSI3U C IICIIBIO ONPEACICHHS
nyTeil yTouHeHHs cnenuuKauii IpOSKTUPYEMBIX 3JIEMEHTOB U BBI-
MIOJTHEHUS] HEOOXOAUMBIX JOPa0OTOK;

— MPOBEACHUS KOMITJICKCHBIX UCCIIEIOBAaHNH N0 U3Y4YEHHIO TIOBE/IC-
HUSI DJIEMEHTOB YHEPrOHE3aBUCUMON MaMSTH B KPUTHUECKHUX PEKUMAX
MIPH MIPEBBIIICHUN JIOIYCTUMBIX ITapaMeTpOB;

— CO37aHUs HA OCHOBE IU(POBBIX TBOWHUKOB 3JIEMEHTOB SHEPro-
HE3aBUCUMOW TAaMSATH SKCHEPTHBIX CHCTEM JJisi MPOTHO3UPOBAHUS
HaJIe)KHOCTH U CPOKOB Oecriepe0oiHOM padoThl IPH Pa3uUHBIX BHEIL-
HUX BO3JIEHCTBUSAX U YCIOBUIX IKCILTyaTalllH, MO3BOJISIONINX OBICTPO
BBISIBUTH NTPUYHHBI HEUCTIPABHOCTEH B TPOLIECCE TECTHPOBAHHS U BbI-
paboTaTh peKOMEHIALNH 110 UX YCTPAHEHHIO.

Paboma ewvinoanena npu noodepacke Poccuiickoco nayunoeo
¢onoa, npoexm Ne 23-91-01012.
CHHCOK HCIOJIb30BAHHBIX HCTOYHIUKOB
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Abstract. Due to the rapid development of information technologies, in-
cluding artificial intelligence systems, interest in non-volatile memory ele-
ments has recently increased. This paper presents a prototype of CAD software
for computer modeling of non-volatile memory based on ReRAM technology
(cipher “SoVA?”). The development is based on a multiscale modeling scheme.
The system is built on the principle of specialized multilevel software. The
paper presents the system architecture and describes the design environment.

Keywords: non-volatile memory, computer-aided design system (CAD),
multiscale modeling.
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MI'TY um. H.D. baymana, e. Mockea

Aunnoramust. [TokasaHo, 9To B 3a7a4ax pacuyera MHTEHCHBHOCTH TEILIO-
o0OMeHa B TBEPAOTENBHBIX CTPYKTYPaX, MOCTPOSHHBIX Ha 2JIEMEHTAX MHKPO-
HaHOMACIITa0a, OHON M3 KIFOUEBBIX SBIISETCS MPOOIeMa ydeTa TPaHHIHOTO
addexra. [TosBaeHHE rpaHUYIHOTO P PeKTa CBA3AHO, BO-TIEPBBIX, C MOP(HOIIO-
THel pearbHOM MOBEPXHOCTH 00pasiia (IepOXOBaTOCTHIO MMOBEPXHOCTH, T€O-
MeTpHeﬁ OTACJIIbHBIX CJ'IOGB) 1, BO-BTOPLIX, C CYIICCTBCHHBIM BJIMIHUEM B3au-
MOJICHCTBHS MEPEHOCUYMKOB TeIIa ¢ rpaHuileil oOpasia Ha TeIonepeHoc.
IMpeanoxeHsl MOAXOABI K KOMIUIEKCHOMY Y4YeTy TPaHU4HOrO 3dderra mpu
pacyere 3(h(HeKTUBHON TEMIOMPOBOIHOCTH [UIEHOK W KOHTAKTHOTO TEpMHYE-
CKOTO CONPOTHBIICHUS HHTEPPENHCOB.

KaroueBbie ciioBa: >pQPeKTHBHAs TEIIONPOBOAHOCTH, KOHTAKTHOE TEp-
MHYECKOE COTPOTHBIIEHHE, MOP(HOJIOTHS TIOBEPXHOCTH, IIIEPOXOBATOCTb.
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BBenenune

OnHo¥ U3 TeHAEHLUH B TPHOOPOCTPOSHUH U MaTEePUaIOBEICHNH SIB-
JsieTcs MUHUTIOAPH3alHs W TPUMEHEHHE CTPYKTYPHBIX 3JEMEHTOB
HaHOMacmITaba W HU3KOpa3MepHbBIX CTpyKTyp [1]. B Takmx oObekTax
KJIIOYEBYIO POJIb B TEILIONEpeAade Hapsily ¢ pa3MEpPHBIM M KBaHTOBO-
pa3MepHbIM 3(P(PeKTOM HaYMHAIOT UTPATh MPOLECCHl PaccesHHs Iepe-
HOCYMKOB TETUIOTHI Ha TPaHUIaX o0pa3lia — TaK Ha3bIBAEMBIH I'paHUY-
HbIH 3¢ dekT. [Ipn 3TOM Bo3HUKaeT hyHAaMEeHTaNIbHAS 3a7a4a 110 Co3/a-
HHIO JIOCTOBEPHBIX U HAJCKHBIX METOJIOB PacueTa U MPOrHO3UPOBAHUS
Terutopu3nyeckux CBOMCTB. B manHO# paboTe MPOBOIUTCS aHAIH3 BITH-
AHUSI (PaKTOPOB, OKA3BIBAIOLINX ONPECISIONIEe BIUSHAE Ha HHTCHCUB-
HOCTh TEIUI00OMEHA Ha IpHMepe ABYX 3afad: 1) pacdeT TEeIuIonpoBOa-
HOCTH TIpY PacIpOCTPaHEHUH TeIjla BAOJb IUICHOK (TpyOOK, HUTEH —
KaHaJIOB) HAHOMETPOBOH TOJILMUHEI, 2) pacueT KOHTAKTHOTO TEepMHYeE-
CKOT'O COTIPOTHBIICHHSA MPU PAcCHpOCTPaHEHWH TeIlla MOIMEpeK HHTEep-
¢eiica (007aCTH KOHTAKTa MEXKTy JBYMS TBEPABIMU T€JIaMH).

Pe3yJ'[bTaTBI HCCJICJ0BaAHUA

B pamkax nmpoBeseHHOTO HUCCIIETOBAHUS MOKHO BBIIEIUTH CIEAY-
IOLINE KIIIOYEBBIC TE€3UCHI

1. [ns pacyera TemI0pU3NIECKUX CBOMCTB NPUMEHSACTCS] KHHETH-
yeckas Teopus GoHOHOB (popmanusm Jlanaayspa) [2], B COOTBETCTBUU
C KOTOPO#l yueT rpaHu4Horo 3¢ddexra MpoucXoauT yepe3 UIMHY CBO-
O6oxHoro mpobera /; anst onpenenenns 3pGHEeKTUBHON TEIIONPOBOIHO-
CTH INIEHOK M uepe3 Ko3((HUIMEHT IepeHoca ¢, Ui ONPEAEICHUs
KOHTaKTHOTO TEPMUYECKOTO CONPOTHBIICHHUS UHTEP(EHCOB.

2. VI3 aHanu3a psana SKCIepUMEHTAIBHBIX padoT MO UCCIIeAOBaHUS
TEIIONPOBOJHOCTH HAHOCTPYKTYP M KOHTAKTHOT'O TEPMHYECKOTO CO-
NpOTHBJICHUS [3] yCTaHOBJIEHO, YTO HMHTCHCHUBHOCTH TEIJIOOOMEHA
HaNpsIMyIO 3aBUCUT HE TOJIBKO OT CpelHEeH KBaApaTUYHOM IIEpOXOBa-
TOCTH TIOBEPXHOCTU ¢ (CPEAHSS «BBICOTa» IIEPOXOBATOCTH ), HO TAKKE
W OT HHTEpBaJia KOppesiun | («UIHHBD) IepoxoBaroctn). [Ipobiema
3aKJII0YaeTcs B TOM, UTO CYIIECTBYIOIINE MOETH 0a3UpYIOTCS Ha OTHO-
napaMeTpHYecKoM 3aJaHUU IepOXOBAaTOCTH MMOBEPXHOCTH [3] uepes Tak
Ha3bIBAEMBIN NapaMeTp 3€pKAIBHOIO OTPAKEHHUS, YUUTHIBAIOLIMN 100
TOJIBKO «BBICOTY», JTMOO «UTMHYY IIEPOXOBATOCTH.

3. IIpemioxeH MPUHIMIIMATBFHO HOBBIM MOIX0]] — OIHCAHHE MIePO-
XOBaTOM TPaHUIIBI C MOMOIIBIO MOJENU CTATHCTUYECKH CIy4alHOTO
npoduist [2, 3]. Ilpu 3ToM paccMaTpuBarOTCs pacrpelelieHus rpa-
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JUCHTOB (YIJIOB) HAaKJIOHA MPOQUIIs, a HE JINHEHHBIE TeOMETPHUYECKHE
pa3mMepsl mwepoxoatoctu. K npumepy, pu pacCMOTPEHUH CITydaliHON
JIBYMEPHOW NMOBEPXHOCTH, JUIsI KOTOPOH YIJIBI HAKJIOHA paclpeaeIeHbl
110 3aKoHy I'aycca, onrcanue NepoxoBaToil MOBEPXHOCTH CTPOUTCS HA
3aJJaHUU CPEAHEro yIiiay HaKIOHa MpO(UIIs MEepoXOBaTON MOBEPXHO-

CTH, KOTOpBIA ompenensercss Kak y = o /[ . IlpeumymiecTBo Mo-

JIeJIA — ONHOBPEMEHHBIN y4eT CpeTHEKBaIPaTHYHOTO 3HAUEHUS [IEPO-
XOBaTOCTH ¢ (BBICOTHI) M MHTEpPBAIa KOPPEISAIUH [ (JIHHBI).

4. IIpobnemy pacuera B3auMOACHCTBHS (POHOHOB C LIIEPOXOBATHIMH
MOBEPXHOCTSIMU TBEPABIX Tel [2, 3] mpearaeTcs pemunTh Ha OCHOBA-
HuM npubmmxerns Kupxroda — paccMoTpeHHHN KacaTelbHBIX TIOCKO-
CTEH, OT KOTOPBIX MPOUCXOIUT OTPAKEHHE IIEPEHOCYMKOB Teruia (¢o-
HOHOB B TOJYNPOBOJHMKAX U JHUAIEKTPUKAX) MpPHU B3aUMOACHCTBUU
C K&KIOM TOYKOM IIEPOXOBATOM MOBEPXHOCTU U ONPEICICHUM YIJIOB
OTpa)KeHUs OT TAKOW MOBEPXHOCTH. JJaHHBIN OAXOM, BO-NIEPBBIX, M03-
BOJISIET 0000IIUTE OOIIEHPUHATHIC METO/IBI pacueTa TEIIO(hU3NICCKIX
CBONCTB Ha cily4ail peajlbHOM IIEpOXOBATOM IPaHULIbl Pa3Aeiia IpHy Mo-
MOIIY NPOCThIX MoanuKanuii (cM. 1. 3). Bo-BTOphIX, OH IpenocTas-
JSIeT HHCTPYMEHT 151 oTpe/iesieHus mpoBoauMoctu Kamuups! u adpdek-
THBHOW TMPOJOJBHON TEMJIONMPOBOAHOCTH W M3YyYEHHUS BIHSHUA
[IEPOXOBAaTOCTH HA HHTEHCHBHOCTH TEIUIOOOMEHa (cM. 1. 1).

BuiBoabI

Ilokazana HEOOXOOUMOCTh aHAIN3a HIEPOXOBATOCTU MOBEPXHOCTU
NP SKCIIEPUMEHTAILHOM OIPEACICHUHN TEIIONPOBOAHOCTH M KOHTAKT-
HOTO TEPMHUYECKOTO CONpOTUBIIEHUS. B HacTosiee BpeMs 3TOMY BO-
MPOCY He yHAeNseTcsl AOJDKHOTO BHHMAHWS, OTBITHBIEC JTaHHBIE BEChbMa
cKyaHble. Bo-niepBbIX, TpeOyercs OLeHKa MapaMeTpoB MPOQHIIs peab-
HOM (1IepOoX0BaTON) MOBEPXHOCTH HAHOCTPYKTYP — CPEAHEKBaApaTH-
HOU IIEPOXOBATOCTH (CpeIHEH BBICOTHI) U AJIMHBI KOppemsiuu (6a30Boi
JUTMHBI), KOMOMHAIMS KOTOPBIX 00pa3yeT CpeJHEeKBaApPaTUYHBIA yTrom
HaksoHa npodwmiis. Bo-BTOphIX, HE0OXOIMMO M3ydeHHe MPOQUIs MO-
BEPXHOCTH HAHOCTPYKTYp (OIpenesieHre BEPOSTHOCTHOW IIOTHOCTH
pacnpenesneHus yIiIoB HaKJIOHa), TaK Kak Ha JaHHBIH MOMEHT OOLIenpH-
HATBIM SIBIIsieTCA pacnpesaeneHue ['aycca u TpeGyeTcst moaTBepKICHHUE
€ro IPUMEHUMOCTH JUTS Pa3JIMUHbIX IOBEPXHOCTEH HAHOCTPYKTYP U UH-
TepdeicoB, B TOM YHCIIE C aTOMapHOH [IEPOXOBATOCTHIO.
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ON THE PROBLEMS OF CALCULATING THE EFFECTIVE
THERMAL CONDUCTIVITY OF MULTILAYER STRUCTURES
AND THE CONTACT THERMAL RESISTANCE
OF INTERFACES

A.A. Barinov, V.I. Khvesyuk

Abstract. One of the key problems of calculating the intensity of heat
transfer in solid-state micro- and nanostructures is the boundary effect. The
boundary effect is associated, firstly, with the morphology of the real surface
of the sample (surface roughness and etc) and, secondly, with the significant
influence of the interaction of heat carriers with the sample boundary. Ap-
proaches to the integrated consideration of the boundary effect in calculating
the effective thermal conductivity of films and the contact thermal resistance
of interfaces are proposed.

Keywords: effective thermal conductivity, contact thermal resistance,
roughness.
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Annotanusi. C MOMOIIBIO PACUETOB U3 NEPBBIX MPUHIUIIOB, OCHOBAHHBIX
Ha TeoprH (pyHKIMOHAIIA IIIOTHOCTH, UCCIIE0BaHAa OTHOCHTENbHASI TEPMOIH-
HaMH4ECKask yCTOMUUBOCTB CTPYKTYyp 3%3, 55, 7x7, 9x9, oTHOCAIIHXCA K CE-
merictBy DAS-ctpyktyp (dimer-adatom-stacking fault) Ha mnoBepxHOCTH
Si(111). C yaerom $OHOHHOTO BKJa/a B CBOOOJHYIO SHEPTHIO MMOBEPXHOCTH
OBUTO HAaWAEHO, YTO CTPYKTypa 5x5 Goisee crabmibHa, 9eM 7X7 MpH HU3KUX
teMrieparypax. @a3oBblii nepexon 7x7 — 5%5 10MKEH NPOUCXOIUTH IIPU TEM-
neparype, OJIM3KOi K KOMHATHOM, OJTHAKO Takasi TpaHC(HOpMaIHs CTPYKTYpbI
MOBEPXHOCTH IIPH OXJIAKAECHUH 00pa3lia 3aTpyIHEHa U3-3a OIPaHUYEHHOM 110-
JIBIDKHOCTH aTOMOB Si ITPU HU3KUX TeMIlepaTypax. Pe3ynbrarhl moka3biBaroT
peLauyto poib GOHOHHOH SHTPONHH B POPMHUPOBAHUY CTPYKTYPBI 7X7 mpu
MOBBILIEHHBIX TEMIIEpaTypax U MeTacTaOWIbHBII XapaKTep 3TOW CTPYKTYpHI
IIPU TEMIIEpaTypax HIKe KOMHATHOM.

Ki1roueBble c10Ba: KpeMHHH, TOBEPXHOCTh, CTPYKTYPa, TeOpus (PyHKIHU-
OHAaJIa TJIOTHOCTH.

Te3ucel

Crpykrypa 7x7 pekoHCTpyupoBaHHOU rmoBepxHOocTH Si(111) sBiis-
€TCsl OTHOM U3 CaMbIX CI0XKHBIX U3 U3BECTHBIX CTPYKTYpP Ha IIOBEPXHO-
ctsx Siu Ge. Kak cnenyer n3 skcriepuMeHTaTbHBIX JaHHBIX, 3Ta CTPYK-
Typa Hambomnee yacto Qopmupyercs Ha moepxHocTH Si(111), uto
CBUJICTENBCTBYET 00 €€ MCKIIIOYUTENbHONW CTa0MIBHOCTH, BBI3BAHHON
HU3KOW 3Hepruer GopmupoBaHus. ATOMHasi CTpyKTypa 7X7 ompene-
JIeHa JOCTaTOYHO JaBHO W omuckiBaeTcsi DAS-monenpio (dimer-
adatom-stacking fault) [1]. DAS-Monenp siBiseTcst oOIIenpU3HAHHON
[2] 1 cmy)kUT OCHOBOM 11 HCCIIEOBAHNMN, OTHOCAIIMXCS K IOBEPXHO-
crsim Si(111) m Ge(111) [3, 4]. OTa Mozeah OMUCKHIBACT IEI0E CEMEH-
CTBO TMOBEPXHOCTHBIX CTPYKTYp, OOpa3ymOLIMXCS Ha MOBEPXHOCTSIX
Si(111) u Ge(111) 1 umeromux nepuoaUUHOCTh (2n+1)X(2n+1), Tae
1 — HOJNOKUTENRHOE Tenoe: 3x3, 5x5, 7x7, 9x9 u T.n1. OqHako B IHTE-
patype OTCyTCTBYIOT HaJIe)KHBIE IJaHHbIE 00 OTHOCHTEIBHBIX SHEPTUSIX
¢dopmupoBanus noBepxHocTd Si(111) ¢ pasTHMYHBIMH CTPYKTYpaMHu.
Taxue pacdeTsl TpeOYIOT ydeTa BKJIaga SHTPONUHU B CBOOOAHYIO dHEp-
rui0 (OpMUpPOBaHUSI TIOBEPXHOCTH, TaK KaK H3BECTHO, YTO 3HEPTHU
¢dopmupoBanust cTpykTyp U3 DAS-cemeiictBa npu 7=0 K ominya-
F0TCS He3HAYUTENbHO [5]. B manHOi paboTe MBI MMPOBEIIN pacdeThl OT-
HOCUTENbHOM cBOOOMHOM sHeprun ¢opmupoBaHus psga DAS-
cTpykTyp Ha noBepxHoctH Si(111) (3%3, 5x5, 7x7, 9x9 n 6eckoHEUHO
00NBIIOI) C y4eToM BKIaJ0B (DOHOHHOM M 3JEKTPOHHOM SHTPOIHH.
PacueTs! ObUTH BBINOJIHEHBI HA OCHOBE TEOPUH (YHKIHMOHAA TJIOTHO-
CTH ¢ IpUMEHeHHeM nporpaMMHbIX maketoB SIESTA u VASP.
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B pesynbrate pacueroB ObUIO HaiIeHO, YTO TPHU TEMIEpaTypax
HIKE KOMHaTHOU CTPYKTypa 5x5 obiiafjaeT MeHbIIe CBOOOTHON SHEP-
THe, ueM 7x7, a mpu OoJiee BEICOKHUX TeMIepaTypax HaobopoT. Tem He
MeHee, CTPYKTypa 7X7 3KCIEpUMEHTAIbHO HAOII0AaeTCsA B IIMPOKOM
nuamnaszone remmepatyp, oT 0 K go 1100 K. 310 o0bscHISTCS HU3KOM
MOJIBIKHOCTBIO aTOMOB Si NpH TeMIieparypax OKOJIO KOMHATHOU
W HUKE, B pe3yJIbTaTe uero (a3oBblii mepexof 7x7 — 5x5 oka3pIBaeTcst
3a0mokupoBad. TakuMm 00pa3oM, pe3yibTaThl HAIIUX HCCIIEIOBAHMIA
MOKA3bIBAIOT PEUIAIONIYIO POIIb (DOHOHHOM SHTPONUH B (POPMHUPOBAHUN
CTPYKTYpBI 7X7 IpU NOBBIIIEHHBIX TEMIIEPATYPAX U CBUIAECTEIBCTBYIOT
0 METacTa0MILHOM XapaKTepe 3TOW CTPYKTYPhI IPH TeMIlepaTypax
HHUYKE€ KOMHATHOM.

Paboma evinonnena npu noooepoicxke PH® (epanm Ne [9-72-
30023) u onybnuxosana 8 [6].
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ROLE OF PHONON ENTROPY IN FORMATION OF THE 7x7
STRUCTURE ON THE SI(111) SURFACE

R. A. Zhachuk, J. Coutinho

Abstract. The relative thermodynamic stability of 3x3, 5x5, 7x7, and 9x9
structures belonging to the DAS (dimer-adatom-stacking fault) family of struc-
tures on the Si(111) surface has been investigated using first-principles cal-
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culations based on density functional theory. Taking into account the phonon
contribution to the surface free energy, the 5x5 structure was found to be more
stable than 7x7 at low temperatures. The phase transition 7x7 — 5x5 should
occur at temperatures close to the room temperature, but such a surface struc-
ture transformation during sample cooling is hindered due to the limited mobility
of Si atoms at low temperatures. The results show the crucial role of phonon
entropy in the formation of the 7x7 structure at elevated temperatures and the
metastable nature of this structure at temperatures below room temperature.
Keywords: silicon, surface, structure, density functional theory.
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MITY um. H.D. Baymana, e. Mockea

AHHoTauus. BriepBeie mpeanpuHATa TeopeTHdecKas MOIBITKA OIpere-
JIUTH BEPOSITHOCTB 3€PKATIBHOTO OTPAKEHUS YIIPYTHX BOJH p OT IIEPOXOBATOM
MOBEPXHOCTH HAaHOIIEHOK B OAIUTMCTHYECKOM PEXUME TETUIONEepeHoca BJI0JIb
IUIEHKU. DTOT MapaMeTp KPUTHUUECKHU BaXKEH JUIsl OLIEHKH TETJIONPOBOIHOCTH,
OJIHAKO TEOPHsI ITOTO SIBJICHUS IT0KA OTCYTCTBYET.

KinoueBble cl10Ba: BEPOSTHOCTb 3€PKAIBHOIO OTPAXKEHMs, YNPYrHi
BOJIH, IIEPOXOBATOCTb, HAHOIIIEHKA.

BBengenne

[Tapametp p 6511 peanoxed /. 3aiimarom B 1960 roxy [1], HO 1O
CHX IOp HE CYIIECTBYET TCOPHUH JUIsl €ro TOUHOTro onpenenenus. Cyie-
CTByeT ojHa paboTa, B KOTOPOIl peasn30BaHO 3KCHEPUMEHTAIHHOE
oTIpezieNieHNE P B 3aBICUMOCTH OT JUIWH BOITH, MAJAI0IINX HA IIEPOXO0-
BaTyIo MOBEPXHOCTH [2]. TeopeTnyeckre pacu€Thl TEIUIOMPOBOHOCTH
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OTPAaHUYMBAIOTCS, KaK MPaBUJIO, 3alaHUEM dTOM BenuuuHHI [3] 6e3 Ka-
KHX — TU00 cOOOpaKeHMii, OCHOBAHHBIX Ha y4&Te OCOOCHHOCTEH IIe-
POXOBATOCTH TIOBEPXHOCTH M OCOOCHHOCTEH YIPYTUX BOIH.

Metoaoaorus

s onpeneneHus mapaMeTpa p HeoOXouMa MOJIEIh MIepOXOBa-
TOCTH, pa3paboTanHas B [4, 5], OCHOBaHHAs HA CTATUCTHYCCKOM aHa-
JIU3e, TaK KaK TOYHOE BOCIPOU3BEACHUE IIEPOXOBATOCTH HEBO3MOKHO.
AHanu3 6a3upyeTcs Ha MaJIbIX JOKaJbHBIX HAKIOHAX IIEPOXOBATOCTH ,
YTO 00ECIICUUBACTCSI METOJIOM MOJICKYJISIPHOM SITUTAKCHUH, UCTIONB3YE-
MBIM IIpH TPOU3BOJCTBE HAHOCTPYKTYp. BBoguTcsa dyHKkIus pacmpe-

JICJICHUs] HAKJIOHOB, Yaile Bcero — ¢yHkius ['aycca B opme:
2

1 2¢ (1)
= —- —_——
w(@) ,—2”7/ xp( 7 )
31ech y=0-/<1> ,The o, <l> CPeIHss BBICOTA U CPEIHSS JJIUHA

IEPOXOBATOCTEH.

PaccmarpuBaeTrcss [ByMepHas KapTHHA LIEPOXOBATOCTH IUIEHKU
1pH €€ CeYeHNH III0CKOCTHIO, HOPMaJIbHON K IIOBEPXHOCTH BIOJIbH OCH
wi€Hku. Beenena cucrema koopauHat: OX COBHNAAAET C OCHIO IIIEHKH,
Oy — mneprneHauKyIspHa €. AHaTU3UPYIOTCS MPOLIECCHl MalCHUS
u oTpaxkeHus ynpyrux BosH 1151 SH, SV, P BoiH. 3epkanpHoe oTpaxke-
HUE NPOUCXOAUT, KOI1a YroJl OTPAKEHUS PABEH YIy MaJCHUs, U3Me-
PSEMBIM MEXy TPACKTOPUSIMHU M HOPMAJIBIO K OCU IUIEHKHU. Y CIIOBUE
3epKaJIbHOTO OTPAXEHHS BBIMONHAETCS TPH COOTHOIICHWH CpeaHen

JAJIMHBI IEPOXOBATOCTU <l> 1 OPOCKIUU MJIMHBI BOJIHBI HAa OCb Ox:

A-sin@ , roe @ — yron najgeHus BOJHBIL.
[IpuaMMaeTcsi, 4TO OTpaKE€HHE SBISAETCS 3EpKaJbHBIM, €CIH
A-sin@> 2<l> . BBeném rpannuHOe 3HaUYeHUE yriia najieHus 6, , MeHbIe

KOTOPOTO 3€PKAIBHOE MAJCHHE YNPYTOW BOJHBI HEBO3MOKHO:
A-sin@/2(l)=1. Tlpu stom ycnosun p(4,6)=1. Takum obpasom,

BOJTHBI, JUTHHBI KOTOPBIX YAOBIETBOPSIOT yCHOBHIO A/2(I)<1 , a TaKxke
BOJIHBI, /Ul KOTOPbIX A/2(I)>1, HO @< @ , HE MOTyT OTpakaThes

3epKallbHO, TO €CThb U1 HUX p(A4,60)=0.
Ilpu yenosnu, uro A/2(l)>1 10N BONH, OTPakaIOWIMXCS 3€p-

KaJbHO OT IIEPOXOBATOM HMOBEPXHOCTH, TO ecTb p(A,0)=1 . Teneps
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PaccMOTPUM BO3MOKHOCTH peaibHOM OlleHKH Bennuntbl p(A) . Pasme-
JMM BCE BO3MOXKHBIE BOJIHBI Ha TpH 4dacTH. [lepBasi uacTb — BOJIHBI,
JUISL KOTOPBIX BBINOIHSETCS YCIOBHE:
A12(1)<1 )
Ymucro 9TuX BOJH paBHO N,.

BTOpaH YacCTh YIIPYIruX BOJIH — BOJIHBI, JJI1 KOTOPBIX BBITIOJIHA-
eTCsl YCIIOBHE:

A12(1) =1, elses% 3)

W uucno sTuX BOJIH paBHO NN, .

TpeThbst 4acTh YIPYTHX BOJIH - BOJIHBI, A IAONIHE HA IOBEPXHOCTh
noa yrnamn 0<@<6, W yaOBIETBOpsiomme ycnoBuio A/2(l)>1.

Yucno 5TuX BOJIH paBHO V.

B XO0J€ BBIITIOJIHCHUA paC‘-IéTOB Hago UMETb B BUIY, YTO I'paHUY-
HbIE 3HAYEHUS A 3aBUCST OT TeMIleparypsl. [[09TOMY pe3ysbTaThl STUX
pacd€ToB 3aBUCAT OT TEMIIEPATYPHL.

Taxum 06pazom, omydaem:

p(r) =) )
() N,(D)+ N, ()

BriBoabI

B nmanHO# paboTe BHEpBBIC TAaHO ONpPEACICHUE BEPOSATHOCTH 3€p-
KaJIbHOT'O OTPaXKEHHs YIPYTUX BOJH OT LIEPOXOBATHIX NOBEPXHOCTEU
HAHOIUIEHOK W TONy4YeHa (hopMylia sl OMpeeNIeHUs] 3aBUCUMOCTH P
OT TEMIIEPaTyPHI.
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DETERMINATION OF THE PROBABILITY OF SPECULAR
REFLECTION OF ELASTIC WAVES FROM A ROUGH
SURFACE

F.Yin, S. Liu, V.I. Khesyuk

Abstract. For the first time, a theoretical attempt is made to determine the
probability of mirror reflection of elastic waves from the rough surface of nan-
ofilms in the ballistic regime of heat transfer along the film. This parameter is
critically important for the estimation of thermal conductivity, but the theory
of this phenomenon is still missing.

Keywords: specular reflection probability, elastic wave, roughness,
nanofilm.
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AHHOTanusi. B paboTe BBINIOJIHEHO YMCIICHHOE MOJEIHPOBAHHE TEILIO-
BBIX TI0JIEH B pa3pabaThIBaeMOI BEICOKOTEMIIEPATYPHOH YCTAaHOBKE LTSI BBIPa-
IIMBAHUS MOHOKPHUCTAJUIOB TeJuTypuaa kaamus auamerpom 100 MM u3 pac-
mraBa MetogoM VGF (Vertical Gradient Freeze). KoncTpykuus Bkito4yaer
B ce0sl MEXaHU3M BBEIICHHsI aKCHAJIbHBIX HM3KOYACTOTHBIX BHOpaluii B pac-
TUIaB U1l BBIPDABHUBAHUS (DPOHTA KPUCTAILIM3ALMH C ITOMOLIBIO ITOTPYKEH-
HOT'O MHEPTHOTO TeJa CIeHaNbHON GOpMBI.

Kawuessbie cioBa: CdTe, kagmuid, Teunyp, Kpucrawi, pacmias, VGF,
BuOpanus, MmoaennpoBanne, CFD, KOHBEKIHS, H3ITyYeHHE.
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BBenenune

Ha ceropssmmnmii AeHb TEIUTypHAI KaIMUS U €T0 TBEPABIE PACTBOPHI
CdyZn;<Te ABAAIOTCS JIyUIIMMHU MaTepHalaMy AJIsl CO3/1aHHsI JETEKTO-
POB PEHTTEHOBCKOTO W TaMMa-M3JIy4deHHsS KOMHATHOW TemIepa-
Typsl [1]. KauecTBo Takux AETEKTOPOB HANPSIMYIO 3aBHCUT OT CTPYK-
TYpPHOTO COBEpILIEHCTBA W XHMHUYECKONW HYHCTOTHI BBIPALUBAEMOIO
MoHOKpHcTayuia. Meron VGF obecniednBaeT Malblif TeMIepaTypHBIA
TPaJUEHT, YTO MO3BOJSET CHU3UTh KOHLEHTPALMIO HECTEXHOMETpUYE-
CKHUX JIe)eKTOB, KOTOPBIE 00Pa3yIOTCs ITPU BEICOKOTEMITEPATypPHOM MO~
mumopdHOM mepexone [2]. OmHako MpH BHIPAIIMBAHUN MOHOKPH-
crayuta guametpom 100 mm meromom VGF Oyner oOpa3oBbiBaThCs
BOTHYTBIH B KpHCTAILT )POHT KPUCTAJUIM3AINH 32 CUET BBIICTICHUS TeTl-
JIOTHI KPUCTAJLTU3AIIUN ¥ HU3KOH TETTONPOBOAHOCTH PACTYIIETO KPH-
crauta CdTe, yTo Bemer K 0Opa3oOBaHUIO CHIIBHBIX TEPMHUYECKHX
HalpsKEHUN Y yBEJIMYMBAET IJIOTHOCTH Auciokauuil. IlepcnekTus-
HBIM peIICHHEM ITOCTABICHHON 3a[aud SIBIAETCS BBEIEHUE aKCHAIb-
HBIX HU3KOYAaCTOTHBIX BUOPAIMi C TOMOIIBIO HHEPTHOTO Tea [3] s
CO3/1aHUSI KOHTPOJIMPYEMOTO TEUEHHUS B pacljiaBe, KOTOPOE MO3BOJIIET
BBIPOBHSATH TEILUIOBOE I10JI€ ¥ 00ECIIEYUTh IUNIOCKUH (POHT KpHUCTAIUIN-
3anun. Takke mokasano [4], 94To BBeJeHHEe BUOpaLMii IPUBOJUT K pa3-
OHMEeHHIO accoLMaTOB B pacIylaBe, UTo MPHUOIMKAET MPOLECC pOCcTa MO-
HOKpHCTaJIJIa U3 pacIulaBa K poCTy KPUCTAJUIOB U3 NapoBOil (ha3kl.

KOHCprRlII/Iﬂ pOCTOBOﬁ YCTaHOBKH

ITpouecc BripammBanusi MoHOKpHcTamioB CdTe mpousBogurcs B
TEPMETUYHON IUINHAPUIECKON KaMepe nuameTpoM 70 cM U BBICOTOH
100 cM ¢ BomooxnaxkaaeMbIMU cTeHKaMu. [Ipomecc pocTta ocymiecTs-
nsieTcst B atMocdepe aproHa (Pa,= 5 atm). TemmoBoli y3en yCTaHOBKH
CIPOEKTUPOBAaH M3 TpadUTOBBIX MaTepHalioB. THrenb ¢ pacmiaBoM
HaXOAWTCS B TEMIIEPATYPHOM T'PaJUEHTE MEXIY BEPXHUM M HIDKHUM
HarpeBaTensiMH. 1 BBIpaBHUBAHMSI TEIUIOBOT'O TOJISL ¥ KOMIIEHCALUU
MOTEPh Yepe3 TEMTOU30IIALMIO B PaIUaIbHOM HaNPaBICHUH UCTIONb3Y-
ercsi OOKOBOI HarpeBaTenb C paclpeAeTuTeIbHbIM dKpaHoM. B mpo-
1ecce pocta MOHOKPHCTA/UIa MOIIHOCTh HarpeBaTenell peryiupyercs
[UIs o0ecTieueHusl IIaBHOTO YMEHBIIEHU TeMIIepaTypsl u obecrede-
HUSl TIOCTETIEHHOTO POCTa KpPHCTalljla BBEPX W3 3aTPaBOYHOTO KpH-
CTajula B HOCHKE TUIJIsL. BuOparnumoHHOe Bo3xeiicTBHE NMPOU3BOIAMTCS
C TMIOMOIIBIO MOTPY>KEHHOTO B paciuiaB Tena u3 rpaguta. B nenTpans-
HOW YacTH TeJa MMEEeTCS OTBEpPCTHE, HEOOXOAMMOE IS CO3JaHus
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Te4eHHsI HE0OXOIUMOM KOHPHUTYpaLuH U YAAJICHUS Ta30BbIX ITy3bIPEH.
CKkpyTieHre TOPLEBbIX KPOMOK Tella UTPAaeT OMPEIeIoNlyi0 poib B
TeHepaLuy BUOPAIIMOHHBIX IIOTOKOB U YETKO KOHTPOJIUPYETCS P U3-
roroBiaeHuU. Hoxka Tena MpoIrycKaercs 4epe3 OTBEPCTHE B KPBIIIKE
THIJISL M 3aKPEIUISIETCS] HA METAJUIMYECKOM INTOKE, C MOMOILIBIO KOTO-
poro nofBomsTcs BuOpanyy. KOHCTpYKIMS Takxke MperycMaTpUBaeT
IIOJIHOE U3BJICUCHUE TEJla U3 PACILIABA.

MOIleJH(l]JOBaHI/Ie TENJIOBOI'0 y3J1a

Pacuér TemIoBbIX MOJIEH B YCTAHOBKE OCYIIECTBIISIICS C HUCIIONb30-
BaHHMEM TaKeTa BerIuciuTeasHou ruapoanaamMuk ANSY'S Fluent. Tak
kak kpuctauzanus CdTe npoucxoaur mpu BEICOKOW TeMIeparype —
1092 °C, — To 00s13aTENFHBIM YCIOBHEM SIBISIETCS YUET TEIJIOBOTO H3-
JMy4YeHUs! B yCTAaHOBKE, IPOU3BENICHHBIH ¢ MOoMoIIbio Moaenu Discrete
Ordinates. bpim momydeH NpakTHYeCKHd JWHEWHBIA TeMIepaTypHBIN
rpaauent 1 K/cm B o0acTu ¢ TUIIeM, JOCTaTOYHBIN A7 oOecreueHns
TUTaBHOT'O MOJIMMOP(HOro nepexona. bt npoBeseH pacuer BBeACHUS
BUOpanuii ¢ MOJETUPOBAHNEM (POHTA KPUCTAJUIM3ALMH TIPH TTOMOIIN
Enthalpy-porosity — monenn. IIpousBoauics mogdop reoMeTpuu Tena,
€ro IOJI0KEHUS B TUIJIE, @ TAKXKE ONTHMAJIbHBIC YaCTOTHI M AMILIUTY bl
KoyebaHuil Ui obecneueHHs: IUIOCKOro ()POHTAa KPHUCTAIH3ALUU
B mipouiecce pocta CdTe.

BriBoabI

Pazpaborana ycTaHoBKa Al BBIPAIMBAHUS MOHOKPHCTAJIOB
CdTe metogom VGF u npoBelieH ee TEIJIOBOW pacueT. Y CTAHOBIICHBI
HEoOXOAMMbIe MOIITHOCTH HarpeBaTeliell, 00ecrednBaroniie TpagueHT
temneparypsl B 1 K/cm. Onpeznernena ontumaibHas GopMa U MOJI0XKe-
HUE Tela B TUTJIE, a TAK)KE ONTUMAJIbHBIE YaCTOTa U aMIUIUTY1a KOJe-
Oanuii. [IpoBeneH pacueT BBeJCHUS aKCUAIBHBIX BUOpALUii B pacIliaB.

Paboma eévinoanena npu punarncosoii noodeporcke Munucmepcmsa
Hayku u evicuteco obpazoeanus P® ¢ pamxax nayunozo npoexma ia-
bopamopuu «Jlabopamopusi mexHono2ull eujecma IAeKMPOHHOU Yu-
cmombly, npoexm Ne FSSM2022-0005.
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NUMERICAL SIMULATION OF THE THERMAL UNIT
OF AN INSTALLATION FOR CADMIUM TELLURIDE SINGLE
CRYSTALS GROWTH BY VGF METHOD WITH THE
INTRODUCTION OF AXIAL LOW-FREQUENCY VIBRATIONS

V.A. Kostikov, A.D. Dovnarovich, I.Ch. Avetisov

Abstract. The work performs numerical modeling of thermal fields in a
high-temperature installation being developed for growing cadmium telluride
single crystals with a diameter of 100 mm from a melt using the VGF (Vertical
Gradient Freeze) method. The design includes a mechanism for introducing
axial low-frequency vibrations into the melt to level the crystallization front
using a specially shaped immersed inert disk.

Keywords: CdTe, cadmium, tellurium, crystal, melt, VGF, vibration,
modeling, CFD, convection, radiation.
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BJUSIHUE B3AUMO/JIEVICTBUA
JBAJTOIINHCKOI'O-MOPUSA HA MATHUTHY 1O
JANHAMHUKY ATOMHBIX TUMEPOB
HA HUTPUJIU3UPOBAHHOM MOBEPXHOCTU MEIH
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2@QUI] MY PAH, 2. Mocksa

AnHotanusi. B pabore uccienyrorcest AuMepsl U3 aTOMOB (eppoOMarHuT-
HbIx 3d-metaioB Ha moBepxHocTd Cu,N/Cu(001): mpoBOaUTCS aHAIN3 UX JIe-
(hopmanuii 1 MoJETIMpYeTCs NEPEKIIIOYEeHHe NX HaMarHn4eHHocTH (spin-flip)
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B MarHMTHOM I0jie ¢ HoMolblo ypaBHenus: Jlannay-JIudmmna-I'misbepra
(JIJIT'). PaccmaTpuBaeTcs BIUSHUE aHTHCUMMETPHUYHOTO OOMEHHOTO B3aHMO-
neiicTeuA (B3anmozelicTaue [I3surommHcKoro-Mopust) Ha Iose B BpeMs riepe-
KJIFOUCHNS] HAMarHH4eHHOCTH.

Ki1roueBble €j10Ba: aTOMHBIE JUMEPHI, CIIMHOBAsI JUHAMUKA, ypaBHEHHE
Jlarnay-JIndmmna-I mnsbepta, B3anmoaeiicteue J3smommuckoro-Mopust.

BBenpenne

Ilenoyku U3 MarHUTHBIX ATOMOB C JETKOW OChI0 HAMAarHUYMBaHUSA
0073120 T MOTEHIINAIOM IPUMEHEHHSI B KA4eCTBE AJIEMEHTOB MaMATH
3a cu€T OMHAPHOCTH YCTOHYMBBIX MAarHUTHBIX KOHPUTYpaLUii, OTIH-
YaOIIMNXCS HAITPABJICHUEM MarHUTHBIX MOMEHTOB. DKCIIEPUMEHTHI 10
MEPEKITIYCHUIO MKy TAKUMU KOH(PUTYPAIHSIMHI OBLITH MPOBEIACHBI
Ha IIeTI0YKax K3 aTOMOB )Kelie3a Ha IMOBEPXHOCTH MEAH, TMOKPHITOU
TOHKHUM cjoeM HuTpuna meau [1]. Beibop Takoit moBepxHOCTH 00y-
CJIOBIIEH TE€M, YTO OHA, BO-MIEPBBIX, B CHIIy CBOUX JMIJIEKTPHUECKHUX
CBOWCTB, MO3BOJISIET «OTCEKATH) ANEKTPOHHYIO CTPYKTYPY NOAJIOKKH
oT ajicopbara, yCTpaHsas UX B3aUMOBJIHUSHUE U JJaBasg TaKUM 00pazoM
BO3MOXXHOCTh HCCJIEAOBATh 3JEKTPOHHBIE W MarHUTHBIE CBOMCTBA
CTPYKTYp OTIENBHO; BO-BTOPHIX, 3Ta IOBEPXHOCTh, KaK OBLIO JKCIIE-
PUMEHTANBHO OOHAPYKEHO, MOKET MPUBOJIUTH K CUIIBHBIM pellaKkca-
UM 3a CUET TOro, YTO aTOMBI aficopOara BHEAPSIOTCS B CTPYKTYDPY
MOHOCJIOSI HUTpHUAA Meau [2], 9TO JJIA IETOYeK aTOMOB IPHUBOJHUT
K UX aHTU(QEpPOMarHUTHOMY YHOPSAOYEHHUIO 3a CU€T cBepXOOMeEH-
HOTO B3aUMOJIEHCTBHS 4Yepe3 aToM a30Ta U YCHJICHHIO MarHUTHON
AHU30TPOIHH.

B T0 BpeMs kak B TEOpeTHUYECKUX MCCIEIOBAaHUSIX U PU UHTEPIIpe-
TaIlUN SKCIIEPUMEHTANBHBIX PE3YyJIbTaTOB YUYHTHIBAIOT, KaK IMPaBHIIO,
JUIIb OOMEHHOE B3aMMO/ICHCTBHE, MATHUTHYIO aHH30TPOITHIO U B3aH-
MOJEHCTBUE C BHEIIHUM MAarHUTHBIM ToJeM, 0ojiee OOIIMM SIBIISIETCS
3¢ PEeKTUBHBIA TAMUIBTOHUAH, BKIIIOYAIOMINK aHTUCUMMETPUIHOE 00-
MeHHOe B3ammojelicTBue JI3smommuackoro-Mopus (JAM) [3]. B aToit
CBSI3W LIENBIO HACTOSIIIEH pabOThI OBUIO OIpeNeNeHre BIUSHAS 3TOTO
B3aUMOJICUCTBUSI Ha XapaKTEPUCTUKU MEPEKIIOYCHUST HaMarHU4eHHO-
CTH B LIENIOYKAaX U3 IBYX aTOMOB (auMepax) 3d-meTasioB (>kese3a u Ko-
OanbTa) BO BHEITHEM MAarHUTHOM II0JIe, B YaCTHOCTH Ha T0JI€ U BpeMs
MEPEKITIOYCHMS.
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MeToabl uccaeaoBaHus

CTpyKTypbl aTOMHBIX IUMEPOB K0oOaibTa M Kelle3a Ha MOBEPXHO-
cti CuaN/Cu(001) (cm. Puc. 1) u mapaMeTpbl 0OMEHHOTO B3aUMOCH-
CTBHSI, MATHUTHOM aHU30TPONHHU M B3aUMOJEHCTBUS J{35ITOIMHCKOTO-
Mopust onpenessuIuch U3 pacyéToB ¢ KOJJIMHEAPHBIM U HEKOJTHHEAp-
HBIM MarHeTU3MOM METOJIOM (PYHKIIMOHAJA IJIOTHOCTH, pealn30BaH-
HBIM B TPOTPAMMHOM TIaKeTe
VASP [4], npu 3TOM CpaBHEHHE -108e 4062e
C DKCIIEPUMEHTAJIbHBIMU 3HAYe- L9
HUSIMH TIapaMeTpoB [5, 6] maér
YAOBJIETBOPHUTEIHHOE COTIIACHE. Q ) =) Q
ITpou3sBOAMIIOCH HECKONBKO Ce-

puil pacuéToB NPU HAJOKEHUU (A A A

IIOCTOAHHOI'O BHCIIHETO I10JISA

. Puc. 1. Ctpykrypa numepa xobabTa
PasHOM BEJIMYHUHBI, 9TO TIPUBO- Ha oBepxHocTr CupN/Cu(001):
AUTIO0 K U3MCHCHHUIO CTPYKTYPBI  3enéneiM 0003HaYeHBI aTOMBI KOOAIIbTA,

U TapaMcTpOB. MOI[@J'II/IpOBa— CEpBIM — aTOMBI a30Ta, CHHUM — aTOMBI
HHE MepeMarHHYHBaHUS HMe- Meau. YKa3aHbl 3apsiibl aTOMOB KOOAIbTa
U a30Ta

pOB B MAarHUTHOM IIOJI€ OCY-
MIECTBISUIOCH B paMKkax ypaBHeHus Jlannay-JIndmmma-I unsoepTa:

ot ot
rae S; — cruH i-ro atoma, Hig — ddextuBHOE MaruuTHOE MOMTE, AEi-
CTBYIOILIEE HA i-if aToM:

= —]/Sl X Héff + a’Si X

; ] 2K, 2K,
eff = H+— (Si+1 + Si—l) +— (Sixex - Siyey) + _Sizez
Us Us Us
_ D12

X (Si—1 — Si+1)s

S
rae H — BHemmHee MarHuTHOE 1oJ1e, /| — 0OMEHHBIH mapametp, K; u K, —
IapaMeTpsl MAarHUTHON anu3otponuu, D, — napamerp M, uy — mar-
HUTHBI MOMEHT aToMa, Y — THPOMarHUTHOE OTHOIIIEHHUE, & — ITapaMeTp
3aTyxaHus (B 1aHHOMU pabote paseH 0,1).

BriBoabI

Pacu€Thl mokazanu, 4to y4é€r B3aUMOJEHUCTBUS JI3SJIONITMHCKOTO-
Mopus npuBOAUT K 3aMETHOMY U3MEHEHMIO THHAMUKH CIIMHOB aTOMOB
B MAarHUTHOM II0JI€, CJICICTBUEM YETO SBJISIETCS TOHUKEHNE BEIMYUHbI
MEePEKIII0YAIOIIer0 MarHUTHOTO ToJist. PaccunTana 3aBUCMMOCTD MOJIS
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MEPEKITIOYeHHs OT OTHOLICHUSI OOMEHHOI'O Mapamerpa K mapamerpy
JM. Tak, Hanpumep, A1 AUMepa JKene3a B ciaydae c1adboro 0OMeHHOTO
B3aumonelictBust Oe3 yu€ra Bkimaga JIM mosne mepekioueHus
H;,, = 5,9 Tn u Bpems mepekitoueHus tg,, = 7 TC, B TO BpeMsl KaKk
c ero yuérom Hgy, = 1,2 Tnu tg,, = 12 nc.
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EFFECT OF DZY ALOSHINSKY-MORIYA INTERACTION
ON MAGNETIC DYNAMICS OF ATOMIC DIMERS
ON A CUN/CU(001) SURFACE

LA. Loktionov, D.I. Bazhanov

Abstract. The work focuses on chains of ferromagnetic metal atoms on
the Cu,N/Cu(001) surface: their deformations are analyzed and their magneti-
zation switching (spin-flip) in a magnetic field is simulated using the Landau-
Lifshitz-Gilbert (LLG) equation. The influence of anisotropic exchange inter-
action (Dzyaloshinsky-Moriya interaction) on the field and magnetization
switching time is studied.

Keywords: atomic chains, spin dynamics, Landau-Lifshitz-Gilbert equa-
tion, Dzyaloshinsky-Moriya interaction.
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AnHoTanusi. B padote BriepBbie c(hOpMyITHpPOBaH METOA pacyéra B3aMO-
neiicTBUs POHOHOB C YUETOM aHH30TPOIIHH ATOMAPHOH pemeTKu AJisl rpadeHa
Ha ocHoBe MeToaa MonTte-Kapio.

KuaroueBblie cioBa: B3aumMoneiictBue (oHOHOB, MeTox MonTte-Kapio,
AQHU30TPOIHSL.

BBeagenne

Meton Monte Kapno nMeeT nmpenMyInecTsa o CpaBHEHHUIO C Me-
TOJIOM, HCTIONIB3YIONUM ypaBHEHHe iepeHoca boipimMana. DTumu mpe-
UMYIIECTBAMH SBISIETCS OoJiee ToJTHast MHPOPMAIHSI O KHHETHIECKIX
MpolLEeCcCcax, BEAYLUINX K IEPEHOCY SHEPruu MO BO3IEHCTBUEM I'paau-
eHTta temrieparyp. Hanmpumep, momu pa3audHbX GOHOH — (DOHOHHBIX
B3aMMOJICHCTBUH, BpeMeHa )KU3HH Pa3INYHBIX (POHOHOB | npyrHe [1].
Opnaxo, A TMOJAHOM peanusanuu Metona MouTe Kapio Heo6xoanm
y49€T aHM30TPONHMH ATOMAPHBIX PEIETOK NMPH PEIICHWH ypaBHEHHH,
OTIHMCHIBAIOMINX B3aUMOJIEHCTBHS (DOHOHOB IIPYT C APYroM (a Takxke
1 OHOHOB C JIe(peKTaMHU PEIIETKH U IPUMECIMHU).

B cmyuae rpadena mist 5Toro He0OXOIUMO pacCUUTATh TPEXMEp-
HBIE TUCTICPCHOHHBIEC TIOBEPXHOCTH IS COOTBETCTBYIOMUX 30H bpni-
mosHa. DopmMa 3THX MOBEpXHOCTEN [2] yUnTHIBAaET BIUSHUE aHU30TPO-
MUY aTOMApHOH pemeéTKU. ITo BUAHO Ha puc. 1. Ha HEM npencraBneHs
MPOEKIINU CEYCHUH TUIOCKOCTSIMH, TapauIeTbHBIMU TUIOCKOCTH Tpa-
(eHa, TUCTIEPCHOHHBIX MMOBEPXHOCTEH. BUIHO Ba ceMelicTBa 3aMKHY-
THIX KpUBBIX. OHM TPEACTABIAIOT JHHUM TOCTOSHHBIX 3HAYCHUH Ya-
ctotel (3Heprun) (oHOHOB. OHO CEMEHCTBO PACIIONIOKEHO BOIU3U
OCH JUCTIEpPCHOHHONW IMOBEPXHOCTH. OTO 3aMKHYTBIE OKPY>KHOCTH.
B aT0it 06macTi OTCYTCTBYET BIMSHUE aHU30TPOIMHA aTOMAapHOU pe-
mérku. Mmeer MecTo ogHO3HAYHAs CBSA3b MEXKIY 4acTOTOH M BENH-
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YHHON BOJIHOBOT'O BEKTOpa OHOHA. [Ipyroe CeMelCTBO paciooKeHO
OymKe K TpaHHIle 30HB bpmumoeHa. DTH KpHUBBIE HE SBISIOTCS KPYyT-
JBIMHU. DTO O3HAYAET, YTO CBSI3b YACTOTHI U BOJIHOBBIX BEKTOPOB 3aBU-
CUT HC TOJILKO OT BCJIMYMH 3TUX BEKTOPOB, HO U OT UX HaHpaBHCHHﬁ.

g pacdera TeIIOMPOBOIHOCTH TpebyeTcs Kak MaTpuIia pacces-
HUS, OTPa)karolasi aHrapMOHU3M, TaK U IOHUMaHHUE KOHKPETHON KOM-
OMHALIMK MPOUCXOMASAIINX B3auMoekcTBuil hoHoHOB. [Ipoiecc B3am-
MoxeicTBus nmenutcss Ha N-mportecc u U-miporiecc. B atoit pabote
npeaaraeTcs MeTo pacueTa B3auMmoaeicTus Gpornonos (N-mpouecc u
U-mipotiecc), KOTOPBIH YUUTHIBAET aHU3OTPOMHUIO aTOMHOM PEIIETKH
rpadeHa Ha ocHOBe MeToxa MonTe-Kapio. OtoT MeTos Oy et moseseH
NIPU pacyeTe TEIIONPOBOJHOCTH TpadeHa.

Meton pacuéra
Jns GoHOHA ¢ yacTOTON (@, , 4ACTOTa B3aUMOEHCTBYIOILETO C HUM
horoHa @, ompenensercs caydaitHbIM YnucIoM. COrnacHo 3aKOHY Co-
XPaHEHHs SHEPIHH, 4ACTOTA TCHEPUPYEMOro GOHOHA (0, OMPEAENACTCS
4acTOTaMH ABYX (hOHOHOB. [l mpouecca CIMSHUA: @), = @, + (0, ; A
mporecca pacmana: @, = ‘a)/1 -, ‘ Ha ocHOBe aHM3OTPONHBIX AHMC-

MIEPCHOHHBIX COOTHOIICHHUH ()OHOHOB B rpadeHe, MOTyUYEHHBIX ITyTeM
penieHusi COOCTBEHHBIX 3HAUSHUN MaTpHIBI JHHAMUKA BO 30He Bpmi-
Tr09HA [2], MBI MOXKEM OIpPEICIHTh M30YacTOTHBIC JHHUH B K -TIpo-
CTpaHCTBE. BekTopbl OT HavYa a KOOpAMHAT 10 JIF000I TOUKH 3TOH JIMHUN
SIBJISIFOTCSI BO3MOKHBIMU BOJIHOBBIMHU BEKTOPaMH Ha ATOW YacToOTe.

Puc. 1. Cxema coxpaHeHHs UMITYJIbCa paccestHUsl (JOHOHOB:
(a) N-nponecc npu |k|+|k1| < |k2| ; (b) N-nportecc npu |k|+|k1| > |k2| ;

(¢) U-niportecc mpu |k| +|k1| > |k2| . Kpachas touka npeacrasiser N-mporiece,

yepHas Touka — U-Tipormecc
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BO-HepBHX, MNPCATIOJIOKKUM, UTO HAIIPABJIICHUC k saBnseTcs moo-
JKUTCJIIbHBIM HAIlpaBJICHUEM X , TO €CTh k MoxHO OAHO3HAaYHO OIIpe-

JIeUTh 10 YacToTe @), . 3aTeM, MCNOJb3ys TOUKy k B LIEHTpe Kpyra,
PUCYETCA N309aCTOTHAA JIMHUA (()/1 M HaAXOOUTCA TOYKA NEPECCCUCHUA
1
C M304aCTOTHOM JIMHUEH w, ¢ HYJIEBOM TOYKOM B KA4ECTBE LEHTPA.

Ecnu Touka nepecedyeHuss HAXOAUTCS BHYTPU NEPBOM 30HBI bpumito-
sHa, 310 N-mpomecc (puc. la u 1b). Ecnu Touka mepecedeHus Haxo-
IUTCsS 3a TpeaenaM NepBoll 30HBI bpmmmosHa, 3to U-mporecc
(puc. 1c). Hakonen, n3meHuB HampaBjiaeHue K, NIpUBEACHHBIN BhILIE
pacueT MoBTOpseTCs.

Ha ocHoBe ommcaHHOTO BBIIIE METOAA MOYKHO OTPEAENIUTh KOM-

ounaumn pononnsix mox {44, }, B kotopsix mponcxomst N-nponece

u U-niporiecc. CrieqoBaTeNnbHO, HHTETPUPYS 3TH KOMOUHAITNH, TEIII0-
MPOBOJHOCTH Tpa)eHa MOKHO PACCUUTATh METOJAMU IEPBHIX MPHH-
IIUIIOB.

BriBoabI

B pabote mpezacraBneH MeTO[ pelIeHUS YpaBHEHWH COXpaHEHUS
SHEPrUM W KBAa3HMHMMITyJbca NPH B3aUMOACHUCTBHHM TPEX (OHOHOB B
YCIIOBUSAX aHU30TPOIHOM cpejibl Ha 0OcHOBE MeToaa Monte-Kapio. Pe-
3yJIBTATHI TOKA3BIBAIOT, YTO (POHOHHYIO aHU30TPOIHIO rpadeHa HeIb3s
urHopuposats. Mexny N-nipoueccom u U-niporieccom pOHOHHOTO B3a-
MMOJCUCTBUSL UMEETCSI CYLIECTBEHHOE paszinyue: N-IpoLecc Urpaet
BaKHYIO POJTb B HU3KOYAaCTOTHOM JTHara3oHe, Toraa kak U-mporecc 60-
Jiee 3HauuM B BBICOKOYACTOTHOM JHMaria3oHe.
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CALCULATION OF PHONON INTERACTION IN GRAPHENE
TAKING INTO ACCOUNT ANISOTROPY OF THE ATOMIC
LATTICE

S. Liu, V.I. Khesyuk
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Abstract. The work analyzes various phonon interaction processes using
the Monte Carlo method, clearly distinguishes between the N-process and the
U-process for the first time, and calculates the thermal conductivity of gra-
phene based on first principles.

Keywords: phonon interaction, Monte Carlo method, anisotropy.

YIK 51-73: 519.245: 538.971
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MOHTE-KAPJIO MOAEJINPOBAHUE HAYAJIBHBIX
I9TAIIOB POCTA IINTAHAPHBIX HAHOITPOBOJIOK
GaAs C UICIIOJIb30BAHUEM IIVIEHOK SiOx

Manuyposa Cuexcana Bukmoposna,
acnupaum’, snezhana@isp.nsc.ru, +7 (383) 333-14-75
Illg¢apy Hamanus JIveoena,

K.Qh.-M.H., Qoyenm’, cmapuiuii Hayunsiii compyoHux’
nataly.shwartz@gmail.com, +7 (383) 333-14-75

! Unemumym gusurxu norynposoonuxos um. A.B. Paucanosea CO PAH,
Hosocubupck, Poccus

2Hosocubupckuii 20cy0apcmeeHvlil mexHu4eckull ynueepcumen,
Hosocubupck, Poccusa

AnHoTanusi. B paboTe BBIMOIHEHO MOJIEITUPOBAHUE HAYAIBHBIX ITAIIOB
CcaMOKaTalIuTHIecKoro pocra GaAs HaHONPOBOJNIOK Ha mominoxkax GaAs
(111)A, nmokprrTeix mwienkoit SiOx, MmetrogoM Monte-Kapmo. [Tpoananmsupo-
BaHO BJIMSIHHE TOJIIMHBI OKCH/A HA CMa4YMBACMOCTh TAJUIMEBBIMH KAILISMH.
[TponeMoHCTPUPOBaHO BiMsiHEE MOP(HOJIOTUH U CBOMCTB OKCH/IA HA OPUEHTA-
nuto GaAs HaHOTIPOBOJIOK.

KuoueBbie ciioBa: GaAs, HaHonmpoBosoku, MouTe-Kapino Mmoaenupo-
BaHUE.

BBenenue

Hanoctpykrypst GaAs ciay»aT MepCcrleKTHBHBIMA KOMITOHEHTAMHU
JUTSL CO3/IaHUs ONTO- U HAHOYCTPOWCTB. OJHUM M3 MEXaHU3MOB pOCTa
Ha”orpoBosiok (HII) GaAs sBrnsercs MexaHU3M Map-KUAKOCTb-KPH-
cramt (IDKK) ¢ ucnons3oBaHreM Kamenb TauIisa. JKCIepUMEHTAIBLHO
MOKa3aHo, YTo JUIs camokaranutudeckoro pocra HII Ha moBepxHocTH
GaAs He06X0MMO HaIMuKMe MACKUPYIOMIEro cios — mienku SiO; ['].
Ha cerognsimauii [eHs CymiecTByeT OONBIIOE KOJIHMYECTBO padoT, Mmo-
ka3pIBatonux BiussHUe MOKPBITHS SiOx (1 < X < 2) Ha OpUEHTAIUIO
u Mopdonoruro HernaHapHeix GaAs HII, BeIpamieHHBIX caMoKara-
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JIUTHYECKUM CHOCOOOM KaK Ha KPEMHHEBOW MOJUIOXKKe [2], Tak U Ha
GaAs [1]. OkcrepuMeHTaIbHBIE JaHHBIC TI0 CaMOKATAIHTHYCCKOMY
pocty mnaHapHsix HIT GaAs, KOTopble XOpOILIO COBMECTUMBI C ITAHAP-
HOM TEXHOJIOTHEH CO3TaHMs UHTETPATBHBIX CXEM, B HACTOSIIIEE BpeMs
OTCYTCTBYIOT. PaHee OBUIH TOTyYEHBI pe3yJIbTaThl IO POCTY TUIAHAP-
HbiX HII GaAs Ha MOBEPXHOCTH CTPYKTYPUPOBAHHOH IICHKU-MAaCKH
C IOMOIIBI0 MoJIenupoBanusa MeTogqoM Morte-Kapno [3]. Hannas pa-
0oTa MoCBAIIeHA HCCICAOBAHUIO BIUSHUS MOP(HOIIOTHH ¥ CBOMCTB TIIe-
HOK SiO4 Ha HavajbHBIE dTankl pocTa mianapHeix HIT GaAs mo mexa-
Hm3my [1KK ¢ momomipio MmonenupoBanus MmetogoM MonTte-Kapio.

Monte-KapJio moaeaupoBaHnue

MonenupoBanue caMoKaTalIuTHUeCcKoro pocra GaAs IIaHapHBIX
HaHOTPOBOJIOK MPOBOJMIIOCH B TporpaMMHOM Takere SilSim3D, ocHo-
BAaHHOM Ha KHHETHUYECKOW pemeTouHoil Monrte-Kapmo momenu [4].
IIpu MozenupoBaHNM HayabHBIX 3TanoB pocta HII paccmarpuBanacek
6-KOMIIOHEHTHAasI CHCTE€Ma, COCTOsILAas M3 MBIIIbIKa B aTOMapHOM
1 MOJIEKYyJIsipHOM BUE (As, Asy), TalTusl B TBEPIOM U XKHUJIKOM COCTO-
sauu (Ga(s), Ga(l)), yactuir ciiost Macku M | 9acTHIT JIETYYETO KOMITO-
HeHTa M,. DJieMeHTapHbIe Mpolecchl MOJACIH BKIIOYAIOT B ce0sl a-
copbrmto u gecopommio Ga(s) u Asy, Auddy3u0 KOMIIOHEHTOB 10
MOBEPXHOCTH, pacnaj u oopasoBaHue As;, pactBopenue Ga(s), nudpdy-
3110 AS B XKHIKOM TaJlsTuH, PACTBOPEHUE €10l Macku M Karuiei rajmims
¢ 00pazoBaHKEM JIETYUero KOMIIOHeHTa My, muddysuto M, B kamie Ga,
kpuctamnzanuio GaAs. BeposTHOCTh KaXI0To 3JEMEHTapHOTO Mpo-
1ecca ornpeaensiercs 3KCIOHEHIIMaTbHOW 3aBUCUMOCTBIO OT €r0 3Hep-
THH aKTHBALIUH.

B pabote mpoBeneHo nccienoBaHue BIASHUS CBOMUCTB MiIeHKH SiOx
Ha cMadMBaeMocTh KarsiMu Ga. Bapeupys sHepruu cBsizu, oTBedaro-
M€ 32 CMaYMBaEMOCTh IOAJI0KKH KaIlIlel, ObIIIH MOyYeHbl KOHTAKT-
Hele yribl 76°, 100° 1 116°, cOOTBETCTBYIOIIME AKCIIEPUMEHTAIBHBIMU
3HAYCHUSAM Ha TUIeHKaX okcuja ToiuHol 0.6, 1.2, 1.6 am [2]. [Tnenku
SiOx mokpeiBarOT MOMIOKKY GaAs, KOTOpas WUTpaeT pojb 3aTpaBodU-
HOT'0 KpucTayia. PocT HaHOIIPOBOJIOKM HaUYMHAETCs, KOTAa KarJls Ipo-
TpaBUT IJICHKY U KOCHETCS o u10kku GaAs. PaccMaTpuBanich 1Ba Ba-
puanTa pocta GaAs HaHONPOBOJIOK: ¢ ()OPMHUPOBAHUEM Kaleib Ha
noBepxHocTH SiOx ¢ momompio npepocaxaeHuss Ga W ¢ mpenBapu-
TETbHO C(POPMHUPOBAHHBIMH KAIUISIMH B CKBO3HBIX OTBEPCTHSIX B CIIO€
SiOx. BrrsicHeno, uro B ciiydae mpemocaxaeHus (Ga Kalim caMo-
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CTOSITENILHO MPOTPABJIMBAIOT IJICHKY, (GOPMHUPYS SIMKY M CMaduBast 1o-
BepxHOCTh SiOy, 9TO MPUBOIUT K POCTY IJIAHAPHOW HAHOIIPOBOJIOKU
(puc.1 (a)). B ckBO3HOM OTBEPCTHH Karlld MOYKET HE KacaTbCsl IIOBEPX-
HocTH SiOx, YTO NPUBOIUT K POCTY HAKIOHHON HAHONPOBOJIOKH
(puc. 1 (6)). BepossTHOCTH IITaHAPHOTO POCTA OIPEIENSIETCS HE TOIBKO
cBoiictBamu 1 Mopdonorueit mieHKn SiOx, HO ¥ POCTOBBIME yCIIOBH-
MU (TeMIiepatypoil u ckopocTsMu ocaxaeHus Ga u Asy).

" @-Galf)
@- Ga(s)
®-As
@-M(Si0,)

Puc. 1. ®parmMeHTBl MOIENBHBIX MOIJIOKEK IPH CaMOKaTaIUTHYECKOM
pocre GaAs HaHONPOBOJOK cO c(HOPMHPOBAHOW Kamjied B IIpolecce
npenocaxneans Ga (a) W ¢ TpenBapHTENbHO Cc(HOPMUPOBAHHOM Karmien

B CKBO3HOM oTBepcTHH B SiOy (0): I — ceuenue kanens nepea pocrom, Il — ceuerne
HaHonposoiok. 7=890 K, F(Ga)=0.5 MC/c, F(4s2)=5 MC/c

BriBoabI

C nomouipto MonTe-Kapiao MonenupoBaHus MpoOaHaIM3HPOBAHO
BIIMSTHUE CBOWCTB M HadaJIbHOHM Mopdomorun tieHkn SiOx 1 ycaoBui
ocaxknieHus Ga u As; Ha HampaBieHUs pocta GaAs HAaHONIPOBOJIOK HA
nojoxkke SiO/GaAs(111)A. TlokazaHo, 4TO peocakICHHE rajIne-
BBIX Kallelb U XOpOoIlas CMaynBaeMOCTh MOBEPXHOCTU SiOy )KUIKUM
rajuiieM crnocoOcTByeT pocty miuaHapHsix HII.

Paboma svinonnena npu noooepacke Munucmepemea HayKku u bic-
utezo oopasosanus PO (npoexm No FWGW-2022-0008).
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MONTE CARLO SIMULATION OF THE INITIAL STAGES
OF PLANAR GaAs NANOWIRE GROWTH ON SiOx FILMS

S.V. Mantsurova, N.L. Shwartz

Abstract. The initial stages of self-catalyzed GaAs nanowire growth on
GaAs (111)A substrates coated with SiOx films was simulated by Monte Carlo.
The effect of oxide thickness on the wettability by gallium droplets was ana-
lyzed. The influence of oxide morphology and properties on the orientation of
the GaAs nanowires was demonstrated.

Keywords: GaAs, nanowires, Monte Carlo, simulation.

YK 004.3:004.9
https://doi.org/10.29003/m4269.MMMSEC-2024/91-94

TPEX-MACIHITABHOCTH MOJEJUPOBAHUSA U SA3BIK
K-CUCTEM: HA IPUMEPE JATUUKA Y®-U3JITYUYEHUSA
HA OCHOBE HAHOCTEPKHEM U3 OKCHJIA [IMUHKA

Mamwwkun Heopv Banepveguu,
K.Qh.-M.H., .H.C.
imatyushkin@niime.ru

AO HUHMD, 2. Mockea-3enenozpad

Annotanusi. [lokasaHa pelieBaHTHOCTh HCHOJIB30BaHUs (opmani3ma
K-cucTteMm B kauecTBe MHCTPYMEHTA PealIU3alny TPeX-MaCIITaOHbIX MOJIEIICH.
Meroanueckre BOIPOCH PacCMaTPUBAIOTCSI Ha NMPUMEpPE MAaTPUYHOHM CTPyK-
Typsl Ha ocHOBe 1D HaHOMarepuana.

KiroueBble cj10Ba: HaHO-CTPYKTypa, K-cucrema, KOHHEKIIMOHHU3M, Me-
TOJIBI MOJICJTUPOBAHMSL.

BBeagenne

OObIyHO HEHpOHHBIE ceTH U HelipoMopdHsie [ 1] cucTeMsl paccmart-
PHUBAIOTCS KaK CpeACTBO 00pabOTKM AaHHBIX, HO HE KaK MPOTOTHIT JUIs
IU(POBOr0 IBOWHUKA WM WMHUTALMOHHON MOJENM HaHO-IIpuOopa.
XopomuM, ¢ METOANYECKON TOYKH 3PEHUs, IPUMEPOM TaKOH CTPYK-
TypBI/IpUOOpa ABISAETCS CEHCOP Ha yIbTpadHoieT [2], OCHOBaHHBIHN Ha
«J1ece» HaHO-CTEPXKHEH, 00JaaroIeM pa3BUTON MOBEPXHOCTHIO. OT-
nenbHas TexHojoruuyeckas oOIepanus CO3JaHus HaHO-CTPYKTYpPBI
TaKK€ MOYKET MOJETUPOBATHCS B paMKax MapagurMbl KOHHEKIIHO-
Hu3Ma [1], HarpuMep, ¢ TOMOIIbIO KJIETOYHOTO aBToMarta. CIOXKHbIE,
U AK€ YMEPEHHO CJIOXHbIC (IBOMHOM dleKTpuueckudl cioi [3]
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B BOJTHOM PacTBOpe) 0OBEKTHI TPEOYIOT MHOTO-MacTabHOCTH [4] Ma-
TeMaTH4ecKoi Moaenu. ['oBopss 0 MHOTOMACIITA0HOCTH, MMIUTAIIUTHO
MpEANoIaraloT Uepapxuro Moaeneil. AkTyanbHa 3a1ada CBEpTKU HH-
dbopmariu, MoJydeHHOH B XOJ€ MOJCIMPOBAHHS Ha OINPEACIEHHOM
ypoBHe. JJi1 ypOBHSI KBAHTOBOW MEXAHUKH W 3aJlay BBIYMCIUTEIIHHOU
XUMHH 3Ta U30BITOYHOCTH MMOKa3zaHa B [5]. [loaTtomy mens paboThl Me-
TOAMYECKas — CBA3aTh KOHIENThI K-cucTeM ¢ mpobiieMaMu MHOTO-Mac-
MTa0HOCTH.

OcHoBHble nousaTHs Gpopmanu3ma K-cucreM u ux npuMeHeHune
B 3a/1aue MojeiupoBaHus dQ(PeKTa 3aMopOKeHHOMH
(doTonpoBoaUMOCTH CeHcopa

CeHcop npeacTaBuseT co00# MOMMKPUCTATUIMIECKYIO TUICHKY ZnO
C DJIEKTPOHHOM MPOBOAMMOCTBHIO, HA KOTOPOM BBIPAIICH «JIEC» HAHO-
CTEep)KHEH ¢ Kpuctautorpaduell BIOpHIHTA, OOJAIONIUH pPa3BUTHIM
KHCIIOPOJHBIM OOMEHOM C Ta30BOH cpefod. ba3oBbIM MOACTHHBIM
MIPEICTABICHUEM SIBJISICTCS BBIJCIICHUE AP «HAHOCTEPKEHbT MOJCTH-
Jaroui MUKpooOseM». K TopiaM TIeHKH TPUCOSTUHEHBI 3JIEKTPOIHI,
3amepstomme (HoToTok. [IpoBOAMMOCT TUICHKH, TIO HAIIEMY MPEIIIo-
JIOXKEHUIO 3aBHCUT OT YKCJIa KUCIOPOIHBIX JMBAKaHCHI U 1e(DEKTOB Ha
MMOBEPXHOCTH KPHUCTAJUIMTOB. JTH BEIMYHUHEI CBSA3aHBI ¢ quddy3uei
KHCIIOpOJa U €r0 BaKaHCHUl, OT MOBEPXHOCTH HOHOCTEPXKHSI U TLICHKU
B ¢ MukpoobOweM. [lyn Bakancuii opMupyeTcst Ha CBETOBOW CTaaAuU
U CIIyKUT IapaMEeTPOM AJIEMEHTA, KaK U €ro FEOMETPUUYECKUE Pa3MEPBI.

OnementoMm K-cuctemsl sBisieTcs Takas mapa. BepxHuM ypoBHEM
MOJEIHUPOBaHUS Ms BBICTyHIaeT TMHAMUKA COCTOSHUS K-CuCTEMBI, T/1e
(OTOTOK 3amaeTcs WHTETPaiOM MHUKPOTOKOB TOPIEBBIX 3JIEMEHTOB.
JeranbHOe omucaHue >JIEKTPOHHO-MOHHBIX MPOLIECCOB BHYTPHU 3Je-
MEHTa C TIOMOIILI0 (PYHKIIUH pacipeieieHus Mo MPOCTPAHCTBY 1ist (a-
30BBIX TIEPEMEHHBIX €CTh CYyTh CPEIHETO ypOBHS (YPOBEHH DIIEMEHTA)
monenupoBanuss Mg JuddysnoHHO-KMHETHYECKUE —MapaMeTphl,
MpEXK]Ie BCETO XapaKTepHbIC JUIUTEILHOCTH, OMPENCTSIOTCS Ha YPOBHE
ATOMHUCTHYECKOr0 MOAENUpoBaHUS Mon C NPUMEHEHHUEM BBIYUCIIH-
TEJIbHOW XUMHH, METOI0B XapTpu-Poka.

BsaumoneiicTBue Tpex mMacmTaboB MoJienupoBanus otpaxkaer (1),
rae K-cucrema 3amana xoprexom (E, K, S, Q, A, B) a UIMEHHO CleBa-
HaIpaBO: MHOXKECTBA DJIIEMEHTOB; KOHHEKTOMA (TeM WM UHBIM ITyTeM
OTIPENIEIIAIONTUM MHOXKECTBO CBs3€H); MHOXECTBa (CTPYKTYpHPO-
BaHHOTO (ha30BBIMH TIEPEMEHHBIMH) TIOTEHIIMAIBHBIX COCTOSIHHI
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3IIEMEHTA; MHO>KECTBA BO3MOKHBIX CUTHAJIOB C CEMaHTHUKOM TUPPy3nun
u npefida; anroputMa AeUCTBUS, QYHKITNHA HCKaKEHUS (TI0 YMOTIaHUIO
npearnoaraeTcs €€ nIeMIOTEHTHOCTb).

X= Gconfig M X{2p <P} 4 X =5(t =0) c State
. T T —
X = (M) =75 Mg, =% A = Ms (1)
Y2P Y = State(y,,, Y =5t)=>[ SO

Jlutepamu X,Y 11 Ka)KJI0T0 YPOBHS yKa3aHa BXO/IHAs U BBIXOHAA
uHopmartis st Mmoaenu. [lepexo or Moenn k Makpomo e (Ooee
KOMIIAKTHOM) yKa3aH uepe3 mpoueaypy arperupopanus Agr. OTHoIIe-
HUE BXOXJICHUS OTOOPaKCHO 3HAKOM NPUHAJICKHOCTH MOIMHOXKE-
cTBa. /{7151 aTOMUCTHYECKOTO YPOBHS BXOJ €CTh CEMEHCTBO T€OMETPH-
YeCKHX KOH(UTypalui, a caM YpPOBEHb JaeTCs POCCHIIBIO MOJeie
(MHIEKC 1), HAIICJICHHBIX Ha TIOJyYeHHE apaMeTpoB P;.

BriBoabI

Jlis GonbIIMHCTBA HAHO-TIPUOOPOB JTOCTATOYHO TPEX MacIiTaboB
MOJCIUPOBAHUS: CUCTEMBI, SJIEMEHTA U aTOMUCTHIECKOTO. AJTOpUTM
neiictBust sneMenTa K-cructembl dopmanmiyeT KHHETHKY TpeBpare-
HUU BHYTpPH DJIEMEHTA U TIEPEHOC MOHOB M AIIEKTPOHOB MEXIY 00be-
MaMU BEIIECTBa, a (PYHKIUSA UCKAKEHUS — MPOIIECCh JUCCUTIAIIMHN Ha
cBs3sX. UHCIOBBIE XapaKTEPUCTHKU alrOpuTMa AEWCTBUS OTpPEeIs-
FOTCS B X0OJI€ aTOMUCTHYECKOTO MOJISIMpOoBaHusl. Takum 00pa3om, sI3bIK
K-cucrem HaxoauTCss B CHHEPTHH C TPEX-MACIITAOHOCTHIO MOJEITHPO-
BaHus. UHTepBaJIbHBIN NOAX0/ [4] IEPCIIEKTUBEH MPU arperupoBaHUN
CTATUCTUKU UYUCICHHOTO MOJETUPOBAHMS HA HUKECTOAILLEM YPOBHE
1 (hOPMUPOBAHUH KOMIIAKTHOW MOJICJIU BBIIIECTOSIIETO YPOBHS.

HccnenoBanne BEITIOIHEHO B paMKaxX HaydHOW mporpaMMbl Hamm-
OHAJILHOTO IIeHTpa (PU3NKHU 1 MaTeMaTuku, HarpasieHue Ne 9 «Hckyc-
CTBECHHBIN WHTEIUICKT W OOJNBIINE NaHHBIE B TEXHUYECKUX, ITPOMBIIII-
JIEHHBIX, TPUPOTHBIX U COIMATBHBIX CUCTEMAX)
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THREE-SCALE MODELING AND THE TERMS OF C-SYSTEMS:
THE EXAMPLE OF A UV RADIATION SENSOR BASED
ON ZINC OXIDE NANORODS

LV. Matyushkin

Abstract. The relevance of using the C-systems formalism as a tool for
implementing three-scale models is shown. Methodological issues are consid-
ered on the example of a matrix structure based on a 1D-nanomaterial.

Keywords: nanostructure, C-system, connectionism, methods of modeling.

VK 548.55
https://doi.org/10.29003/m4270.MMMSEC-2024/94-97

MATEMATHUYECKOE MOJAEJIMPOBAHUE
T'A30JIMHAMMKM U ITIEPEHOCA ITIPUMECEN
IIPU BBIPAHIUBAHUUN MOHOKPUCTAJIJIOB KPEMHUA
HA YCTAHOBKE PEJMET-90M
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IIpocmomonomoe Anamonuii Heanosuu,
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THITMex PAH, 2. Mocksa

AnHoTanus. [IpencTaBieHsl pe3ynbTaThl MaTEMAaTHUYECKOTO MOAEIHPO-
BaHMS Ta30JMHAMHMK{ aproHAa B Pa3pesKeHHOH arMocdepe pocTOBOI Kamepsl
ycranoBkd PEJIMET-90M nns BeIpamyBaHusi MOHOKPUCTAIUIOB KPEMHHUSI Me-
To10M YOXpanbCKOro. AHAIM3UPYETCs BIMSHHUE PACHOJIOKEHUS TEIIOBBIX
9KPaHOB Ha CTPYKTYpYy TEUEHHMsS Iasza MpPHU €ro BITyCKE Yepe3 BEpPXHEe IICHT-
pabHOE OTBEPCTHE KAMEPHI 1 BBIITyCKE Ye€PE3 LIEHTPATBHOE OTBEPCTHE Ha JIHE.
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C yueToM TeueHHs ra3a pacCUUTBHIBAETCS MEPEHOC MOHOOKHCH KPEMHUS, UC-
MapsIoIIeiicss ¢ MOBEPXHOCTH paciljlaBa, © MOHOOKHCH yTiiepoja, o0pasyro-
IIeHCs B pe3yJIbTaTe OKUCIICHNS HarpeBaTels.

Ki1ioueBble ¢j10Ba: poCcT KpUCTAJUIA, KPEMHHH, Ta30JMHAMHKA, TIPHMECH,
MOJIETTMPOBAHHE.

BBegenne

MoHOKpHUCTAIIBI KPEMHUS BBIPAIIMBAIOT METOAO0M YOXpaabCKOTro
TIpH TIOHIDKEHHOM JaBJICHUH B aTMocdepe MHEpTHOTO Tra3a (aproHa),
yTOOBI M30€XKaTh WM CHU3UTH 10 MUHHMYMAa BJIHSIHHE COMYTCTBYIO-
HIUX XUMHYECKHUX PEaKIUi Ha TEXHOJIOTUYECKUil mpouecc. Baxknas pe-
aKIusl IPOTEKAeT B paciiaBe KPEMHUS MPU PaCTBOPCHUH KBapIIEBOTO
TUTIIA ¢ 00pa30BaHMEM MOHOOKWCH KpeMHHsA. KOHIeHTpamus MOHO-
OKHCH KPEeMHHUS HaJl IOBEPXHOCTHIO paciljiaBa BIUSET Ha €€ UCIIapeHHE
W3 pacIulaBa, TeM CaMBIM ONPEIEIsas CoAep KaHne KHCIOopo/ia B BEIpa-
LIIMBaEMOM MOHOKpucTamie. Kpome 3T0ro, mpu BBICOKUX TeMIEpaTy-
pax MPOHMCXOAUT HEXKelaTeNbHOe BBITOpPaHUE HarpeBaTelsi ¢ 00pazo-
BaHWEM MOHOOKHCH yriepona. [loatomy wmccienoBaHue Tra30quHa-
MHUKHA B POCTOBOM Kamepe SIBIIAETCS aKTyalbHBIM. B maHHOW pabote
OHO BBIMIOJIHEHO [UIS OTEYECTBCHHOW OOJNBIIETPY3HOH YCTaHOBKH
PEJIMET-90M, npenna3sHavueHHON IS BBIPAIIUBAHNS MOHOKPHCTAII-
J10B kpemHus quametpoM 200 Mm meToaoM Yoxpaiabckoro.

MartemaTudeckas MOI€Jb U pe3yJbTaTbl pPacu€ToOB

MaremaTuyeckoe MOAEIMPOBAHHE IIPOLECCOB TEILUIOMAacCOIepe-
Hoca aisi npouecca YoXpaabCKOro OCyLIECTBISIIOCh HA OCHOBE IPO-
rpamMmHOro Komiuiekca Crystmo/Marc [1] u cocTOsUI0 U3 2-X 3TamoB.
Ha nepBoM 3Tame paccUMTHIBAJICS COMPSIKEHHBIA TEIUIOOOMEH B CHU-
CTeMe KPUCTaJUI-paciljiaB U B TBEPIBIX HACTIX POCTOBOH Kamepsl. Ha
BTOPOM 3Tarle NporpaMmusblil kommeke Crystmo/Marc Gbul 1OTIOTHEH
MOJYJISIMH JIJIsl PEIICHHsI CHCTEMBI HECTAI[IOHAPHBIX YPaBHEHUH, OIH-
CBIBAIOIIMX TEYCHUE U TEINIOMAacCOOOMEH Ha OCHOBE MOJEIH HIeallb-
HOTO Ta3za. BBumy Toro, 4to yuer TeueHus ra3a W3MeHsUT TeIUIoBOH Oa-
JIAHC B POCTOBOW Kamepe, PacCUMTAHHBIA Ha TIEPBOM 3Tare, TO JUIs
JOCTIKEHHS TEIUIOBOTO OajaHca OCYIIECTBISIICS KOPPEKTUPOBOYHBIN
nepecyueT pagrualuoHHO-KOHIYKTUBHOTO TEINI00OMEHa B pOCTOBOH Ka-
Mmepe. Pacuernas mozmens ans ycranoBku PEJIMET-90M npuBenena Ha
puc. la.
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Puc. 1. Ycranoska PEJIMET-90M:
(a) cxema ycraHoBKH: 1 — Kopiyc, 2 — KpucTaii, 3 — OOKOBO# 3KpaH, 4 — HIKHUN
JKpaH, 5 — OKOJIOKPUCTAJIbHBIA 3KpaH, 6 — paciiaB, 7 — HarpeBaTellb, 8 — THUTeEllb,
9 — rpaduToBas noxacrtaBka, 10 — HWKHUN TpaduTOBBIN dKpaH, 11 — oTBepcTHE IS
BITycKa U 12 — oTBepcTHe [UIA BBITyCKa ras3a; (6) Te4eHHe aproHa (CTpenKH — HallpaB-
JieHne); (6) He3aKpalleHHbIE 00IaCTH COOTBETCTBYIOT U3MEHEHHIO KOHIICHTPAIIMH MO-
Hookucu yraepona CO (cieBa ot ocn) U MOHOOKHcH kpeMHHs SiO (cmpaBa OT ocn),
YHCIIa TOKA3bIBAIOT KOHIIEHTPAI[NY, HOPMHPOBAHHBIE HA MX MaKCUMAIbHBIC 3HAUCHUS

B pocroBoii kamepe OCHOBHOE BTEKaHHE Ta3a depe3 HeOOoJbIIoe
[EHTPAITBHOE OTBEPCTHE PATUYCOM 2 cM (pHC. 16) IpOUCXOIUT B BUIE
MPUOCEBOI CTpyH co OombIIol ckopocThio Vi, = 100 cm/c. Ctpys raza
Ha KOHYCHOM YaCTH PacTYIIETo KPUCTAILIA pa3/iesieTCs: YacTh MOTOKa
MEHSET HalpaBlieHHe OT BEPTUKAIBHOTO (CBEpXY BHU3) Ha HAKJIOHHOE,
oTpezensieMoe yIiIoM KOHyca KpHCTaia, a Ipyras 4acTh MPOJOHKaeT
JOBIDKEHHE BHU3 BIOJH OOKOBOM MOBEPXHOCTH KpHCTa/Ia M 0OTEKaeT
OKOJIOKpUCTATBHBINA dKpaH. O0a MOTOKa CITUBAIOTCS B HUKHEH dacTh
KaMephl U YJEeTyUYMBaIOTCs Yepe3 IOHHOW oTBepcTHe. Takoe TeueHue
OKa3bIBACT OMpENesIoNlee BIUSHUE Ha MEPEHOC OOpa3yIOIIUXCs
B miporiecce mpumeceit (puc. 1¢). bnaromapst o0TekaHUIO YacThIO TMO-
TOKA ra3a MOBEpXHOCTH paclijlaBa MPOUCXOAUT €ro HACHIIEHUE HcIa-
psroreicss MOHOOKHCKI0 KpeMHus SiO no 3HaveHus 1.0 u e€ mepeHoc
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BHM3 B COOTBETCTBHH C HANpaBICHUEM TeueHUs raza. OQHaKo B HUX-
HEel 9acTH KaMephI dTOT MTOTOK CIIMBACTCS C IPYTHUM IIOTOKOM, HEHACKI-
HICHHBIM puMechio Si0, Mo3ToMy €€ KOHIIEHTpAIUs CHUYKASTCS 10 Be-
muauHbE! 0.5. AHATOTUYHOE U3MEHEHHE TPOVCXOANT ¢ KOHIICHTpAITUEH
MOHOOKHCH yTIEPOa, UCTOUHUKOM KOTOPOTO SBJISETCS MIPOLIECC OKKC-
JIEHUs HarpeBaTessi, Ha KOTOPOM KOHIICHTpAlUs JOCTUTAaeT MAaKCH-
ManbHOTro 3HadeHus 1.0 ¥ COOTBETCTBEHHO MajaeT A0 BenuduHbI 0.5
MIpU CTUBAHUU TEUCHHUS Ta3a C APYTUM IIOTOKOM, HEHACHIIIEHHBIM MTPH-
Mechio CO.

Paboma evinonnena no meme 2ocyoapcmeenHozo  3a0aHUsL
(Ne cocpecucmpayuu 124013000674-0).

CHnucok HCI0JIb30BAHHBIX HCTOUYHHKOB

1. IpocromonoroB A.U., Bepesy6 H.A. MexaHnnka poreccoB HOJIyYESHHs KPH-
crayuimdeckux marepuanos. 2023. Uznarensckuit Jom HUTY «MUCuC» Mockaa,
568 c.

MATHEMATICAL MODELING OF GAS DYNAMICS
AND IMPURITY TRANSPORT DURING SILICON SINGLE
CRYSTAL GROWTH BY REDMET-90M

N.A. Verezub, A.1. Prostomolotov

Abstract. This article presents mathematical modeling of argon gas dy-
namics in rarefied atmosphere of REDMET-90M hot zone for Czochralski sil-
icon single crystal growth. The influence of heat shield locations on gas flow
structure is analyzed at its inlet through upper central hole and outlet through
central bottom hole. Taking into account of this gas flow, the transfer of silicon
monoxide evaporating from a melt and carbon monoxide formed by heater ox-
idation are calculated.

Keywords: crystal growth, silicon, gas dynamics, impurity, modeling.

97



https://doi.org/10.29003/m4271. MMMSEC-2024/98-101

MOJYYEHUE AHAJIMNTUYECKOMN ®YHKIIUU
MOTEHIIUAJIA MEXKATOMHOI'O B3AUMOJIENCTBUA
METOJAMU MAIHINMHHOI'O OBYYEHMUSA
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AnHoTanusi. B nanHoit pabote ucciemnyercss BO3MOKHOCTb TPUMEHEHHS
CHMBOJIBHOM pPerpeccus AJst HOMydeHNs (PyHKINN MEKaTOMHOTO ITOTEHIINAIa
B3aUMO/ICHCTBUS B aHATUTHYECKOM BHUJIE.

KiroueBble €/10Ba: MEXAaTOMHBIN MOTEHIMAN, MalIMHHOE OOyYeHHE,
CHUMBOJIbHAsS perpeccus, Teopus GyHKIHMOHAIA TNIOTHOCTH.

BBeaenune

Haubonee Tounoe npeicTaBieHNe O TTOTEHIIMATHHON SHEPTHH TI0-
Jy4aeTcsl U3 KBaHTOBO-MEXaHMUCCKHX BBIYHMCICHUH, OJHAKO TOYHOE
pemenne ypaBHeHus IllpenuHrepa ansi peaqbHBIX CHCTEM HEIOCTH-
KHIMO, TIOATOMY HEOOXOJMMO MCIOIB30BaTh YHUCIEHHBIE METOIBI IS
MoMcKa MpHOJIMKEHHOTo pemieHus. Ha ceromusauii 1eHb Haubosee
MOIYJISIPHBIM TIOJIXOJIOM SIBIISIETCSl Teopusi (DyHKIIMOHANA TUIOTHOCTH,
KOTOpasi coueTaeT cKopocTh u 3PQPeKTuBHOCTh. OIHAKO ATOT HOAXO[
TUIOXO0 MAaclITaOupyeTcst U HEMIPUMEHUM JUIsl 6ombiux cucteM. C po-
CTOM HMHTEpeca K MallMHHOMY OOYYEHHIO, OHO CTall0 MPUMEHSTHCS
U B 9TO# oOnactu. B HacTosimee BpeMs CyIIecTBYET MHOXKECTBO pellie-
HUH UCTIONIB3YIOIIUX aJTOPUTMbI MAIIMHHOTO 00YUYEeHHMSI, HO UMCIOIIIX
pasnuunsie uaen: B MTP (Moment Tensor Potentials) cunraercs, aro
MOYKHO MPEICTaBUTh MOTCHLIUAN KaK JUHEHHYI0 KOMOMHAIMIO Oa3uc-
HBIX MMOJIMHOMHATBHBIX (QyHKIM [ 1]; message-passing networks mpej-
CTaBIIAIOT CO00M Tpadh UMUTHPYIOIINN UCCIEAYEMYIO CUCTEMY [2]; BBI-
cokopa3MepHble HelipoHHble noTeHmanbl (High-Dimensional Neural
Network Potentials) — koMOuHaIMs HEHpOCeTeH armpPOKCUMUPYIOIINX
atomHoe B3amMmozneicTBue [3]; Gaussian Approximation Potentials
(GAP) HCmonmb3yrOT perpeccuro TayCCOBCKOTO Mpoliecca s Mojie-
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nupoBanus motennuana [4]. OqHako U TaKue METObI HE JTUIICHEBI He-
JIOCTaTKOB, HAIIPUMED, TIPOOIIEMBI ¢ UHTEPIPETUPYEMOCTHIO U HEO0XO0-
JIUMOCTBIO B OOJIBIIION TPEHUPOBOYHOU BEIOOPKE.

OnuH U3 UHTEPECHBIX MOJX00B MAIIMHHOTO 00YUYEHUS MO3BOJIS-
0NN TIOYYUTh WHTEPIPETUPYEMBIH Pe3ysIbTaT — CHMBOJIBHAS pe-
rpeccust [5], KOTOpBIM TakKe MOYKHO HNPUMEHHUTb U JJISl MOJIyUYECHUS
MEXaTOMHOTO IMOTEHITHAA.

CuMBoOJIbHAAI perpeccus

JlaHHBIA anropuTM MO3BOJSIET MONYYUTh AHAIUTHUYECKYIO (op-
MyJly, ONHCBHIBAIOIYI0 MCKOMBIE JaHHBIE (TpeHHpoBouHbIE). Ero pa-
00Ta OCHOBBIBaeTCS Ha TEHETHYECKOM IPOrpaMMHUpPOBaHUH. J{aHHBIN
aNropuT™M paboTraeT uTepaunoHHo. Ha xaxnod urepanum coszgaercs
Ha0op (DyHKIMH, KOTOpBIC MPEJCTABISIOTCS B BHJE AepPEeBbeB (puc 1).
[Hanee unet npeobpazoBaHue MaHHBIX QYHKIUH (MyTaus U CKpeu-
BaHue (puc. 1)) W TMOJy4YeHHE HOBBIX, IOCIE 3TOr0 OTOMPAIOTCS
N ¢yHKUM#, KOTOpEIe HanboJIee TOYHO ONMHCHIBAIOT TPECHUPOBOYHEIC
JTaHHBIE.

Z{l-—r')+l4 (r+!])"‘2(3+r) Z(]“!‘)+Z{3+J')
P! /'\.Z /\
! /N N\ / N\

1 + - +

/7 N\ / N\ /7 N\ / N\

Puc. 1. [Ipumep QyHKIMHA U UX BO3MOXKHOTO IPEe0OPa30BaHHUS
(ckpemuBanue)

B nannoii pabote perpeccust OyaeT UcKaTh (QyHKIMU BHJIA!
E; = YE" (i) - f(ri)) — (BEP (ryj - g(rij N,

rae E; — nonuas sHeprus atoma i; EP, E” — GyHkuuu sHeprum npurs-
JKESHUS ¥ OTTAJKUBaHuUs st motennmana RGL[6];g(r), f (r) — nonoin-
HUTEJIbHBIC QYHKIHH, T;; — PACCTOSHHE MEK/Ty aTOMaMM { | J.
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Hannas ¢popma Obula OCHOBaHA Ha TIOIYIMITUPUIECKOM TOTCHIIH-
ane RGL [6]. Tak kak RGL cam mo cebe criocoOeH onmuchIBaTh pa3ind-
HBbIE€ KPUCTAJUINYECKUE CHCTEMBI Ha ocHoBe 3d-5d meTayoB , TO ero
MoIu(HKALKS ¢ TOMOIIBI0 QyHKIWH f (1) 1 g (1) MOMOXKET COKpaTHTh
CIIOKHOCTH MOJIENH M 33/1aCT BEKTOp pa3Butus (pyHkiuii. bonee Toro,
WCIIOJIb30BaHNE MOAN(DUKALIMN TO3BOJIUT YCKOPHUTH BpeMsi 00yUCHHSI.
B ponu mapameTtpa Takxke BRICTyIaeT U cTeneHb . OTKIOHEHHE OT Tpa-
munronHoro a = 0.5, koTopoe OBIIO MOJIYYEHO C IMOMOIUBI0 TEOPHU
CHJIBHOH CBSI3H, CBS3aHO SKCIICPUMEHTAIEHO OOHAPY >KEHHBIM IUIATO Ha
KOTOPOE BBIXOJIUT MOJIEINb MIPH JaHHOM . 3aflaHne & Kak CBOOOIHOTO
napameTpa He HECeT CepPbE3HOW BBIYMCIUTEIBHOM HArpy3KH, TaK Kak
nogo0paTh ONTUMANBHYIO KOHCTaHTY TOpa3lo MpoIle, YeM LEIyIo
(GyHKITHIO.

Tax kak RGL agantupoBaH 11st onucanus 00bEMHBIX CBOMCTB CH-
CTEMBI, OH HE TOKAa3bIBAE€T XOPOILIETO KAauecTBa Ha HU3KOPa3MEPHBIX
cucTeMax (agaTtom, AUMEp Ha MOBEPXHOCTH, ...)[7]. IloaToMy B Kaue-
CTBE TPCHUPOBOYHOH 0a3bl ObLIM BEIOPAHbI CIIEAYIOMINE CUCTEMBI: Ipa-
HereHTpupoBaHHasg Kyonueckas pemérka (I'LIK, FCC) Cu u anatom Cu
Ha moBepxHocTu Cu (001). Inst popmMupoBanus TpeHUPOBOUHON Oa3bl,
C TIOMOLIBIO TeOopHH (PYHKLIMOHANA TUIOTHOCTH M mporpammbl VASP,
ObLIH MOTydYeHbl Tpyrmsl 3HaueHuil (1, E) (Puc. 2) s JaHHBIX ABYX

CTPYKTYD.
BoiBoabI

B pabote ynmanoce moixy4uTh aHATUTHYECKYIO0 (OPMY MEKaTOM-
HOT'O ITOTEHIIHaNa CIOCOOHOTO ONUCHIBAaTh Kak 00BEMHYI0, TaK U HU3-
KOPa3MEpHYIO CUCTEMY:

4.05-1;
— r 1.88-7j b i

E; = Y;E"(rij) - (1.311y) U= E"(ry) - (1 -

Tij 240.25
0.33"4 (405 — rij)) ) .

Jannas MoxuduKanys HOMOIJIA HE TOJNBKO CYIIECTBEHHO YIIyd-
IIMTh KA4€CTBO MOJEIH MPpH paboTe C aJaTOMOM, HO U MOBBICUTh TOU-
HocTh Auist LK cTpykrypsr (puc. 2). BHenpenue a B poiu cBOOOTHOTO
napameTpa MOMOIJIO MPEOAOJIETh IIaTO, Ha KOTOPOE BBIXOIWIA CHM-
BoJIbHasA perpeccusi ipu a = 0.5. YcnemHslil NoAroH MOIeNu Mo JaH-
HBIC JJIA pa3JIMYHbIX CUCTEM MOKA3bIBACT MOTCHIHAIBHBIC BO3MOXHO-
CTH HPUMEHEHHUS CHUMBOJBHOM PErpeccuu Uil MOIY4EHHUsS] LIMPOKO
0000111a6MOT0 MOTEeHIHATIA.
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Adatom cluster

1 H 1 H s ] ] [ 1 4 s “ 7 0 3 1

Puc. 2. [Torermman RGL u pe3ynbrat ero MoauguKamm
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GENERATING ANALYTICAL FUNCTION FOR INTERATOMIC
POTENTIAL USING MACHINE LEARNING APPROACH

D.V. Svirin, D.I. Bazhanov

Abstract. In this work, symbolic regression is used to generate interatomic
potential in analytical form.

Keywords: Machine Learning, Symbolic Regression, DFT, Interatomic
potential.
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AnHoTanusi. B Hacrosieli pabote Mbl IPOaHATU3UPOBAIIN CTENEHb BIIH-
SHUS PA3TUYHBIX TTApaMETPOB HAa HEPOBHOCTH Kpasi JIMHUH TSI TIpoLiecca IBOH-
HOM JIUTOrpaduu U UCCIIEeA0BAIN 3aBUCUMOCTh TEMIIEPATYPhI TOCTIKCIIO3HIIH-
oHHOH 00pabotku (ITD0O — Post exposure baking, PEB) ot kpurnueckux
pasmepoB (KP) nuuuii 1 oT ammiuTyas! HepoBHOCTH Kpast tnHuK (AHKIT —
Line edge roughness, LER).

Kitrouessle ciioBa: poronurorpadust; papemaronias CiocOOHOCTh; MHO-
JKeCTBeHHast JuTorpadus; IBolHas IuTorpadusi; JBOHHOE SKCIIOHUPOBAHUE;
MOJIETIMPOBaHNE, aMIUINTyJa HEPOBHOCTH Kpas JIMHWHU; OIINOKA CMEINEHHS
MIOJIOXKEHHS Kpasi.

BBeagenne

[Ipu mpou3BoACTBE BBICOKOTEXHOJIOTHYHBIX MHUKPOIJIEKTPOHHBIX
YCTPOHCTB paspemarmas CriocoOOHOCTh TUTOrpaduiIeckoro mporecca
[1] cTaHOBHUTCS KITIOYEBBIM TIOKA3aTeIeM, OTPAaHUIHBAIOIINM TOYHOCTh
BOCTIPOM3BEACHUS TOIMOJIOTUYECKONW CTPYKTYPHI Ha TUTACTUHE. YIIyd-
HICHUE pa3pelieHus] TpeOyeT BHEAPEHHS MEPEIOBBIX METOMK, TAKHX
Kak MHOXkecTBeHHas nutorpadus (MJI — Multiple patterning, MP) [2].

JlaHHBII METO/ MO3BOJIACT B JIBa U O0Jiee pa3 yIaydIlIUTh pa3pelia-
OIIYIO CITOCOOHOCTH JINTOTpayMueCcKoro mporecca 3a CYET pa3OneHus
Tonoyoruu GoTomadioHa Ha JBe 1 Ooiee coctaBmstonux. OTHAKO UC-
MOJIL30BaHUE JABYX ()OTOIIA0IOHOB MPUBOIUT K YBEITMUCHHUIO 3HAYCHUS
OIINOKHU COBMEIIEHUS [2] M K YCIOKHEHHIO TPOIEcca, H3-3a Yero ak-
TyalIbHBIM CTaHOBHTCS HCITOJIE30BAaHUE METOA JBOHHOTO 3KCIIOHUPO-
BaHus [3].
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JaHHBIH TOAXOM MOTEHLIMAIBHO yXY/IIAET aMIUIUTYLy HEPOBHO-
ctu kpas yuand (AHKIJI — Line edge roughness, LER) [3], uTo B cBoIO
ouepenb BEAET K YBEIMUCHUIO 3HAYECHUS OLIMOKU CMELICHUS MOJI0XKe-
Hust kpast (OCIIK — Edge placement error, EPE). B cBsizu ¢ aTum aHanu3
KITIOYEeBBIX mapameTpos, Biustomux Ha OCIIK, takux xak auddysu-
OHHasl ANMHA (HOTOKUCIIOTH!, KOHLIEHTPALUs TACUTENS ¥ IIOCTIKCIIO3HU-
nuonHas oopadotka (IT90 — Post exposure baking, PEB), B mporecce
JIBOMHOTO 3KCIIOHUPOBAHMS CTAHOBUTCS KIIFOUEBOM 3aauei.

HccnenoBanne u pazpadorka Moaen
g ontumuzanuu AHKJIL

B pabote wucmonp3yeTcss XUMHYECKH yCHJICHHAas MOAETbh (POTo-
pe3ucTa ¢ BBICOKUM KOHTPacToM M paspemeHneM. CTpyKkTypa cTeka
BKJIIOYAET HIDKHee aHTuoTpaxkarwmee mokpeite (HAOII, Bottom
antireflective coating — BARC), 3a koropsM ciiemyeT cioit SION. Pac-
9YeThl MOACIUPOBAHMS IpoBoAWIHCE 1o u3MeHeHusiM AHKIJL, npoduns
n KP nuamii nocne nposieinenus poropesucra. B kauecTBe uccienye-
Moro napameTpa, Biusromero Ha AHKJI, Osi1 BeIOpan mapameTp Tem-
nepatypsl [120.

Oran [190 HeoOxoauM A akTHBaLUHM (POTOrCHEPATOPa KUCIOTHI
(@I'K, photoacid generator, PAG) u katanu3anuu peakiiuy CHATHUS 3a-
IIUTHI ¢ OJMMEPHBIX Henel ¢poropesrcta. CKOPOCTh CHATHS 3aILUTHI
CHIJILHO 3aBUCHT OT Temrneparypsl [130: Gosee BBICOKHE TeMITEpaTyphl
YCKOPSIOT peakuuto [4]. Bo Bpemst npoTekaHus peakluyd U3MEHSIETCs
XMUMHYECKasi CTPYKTypa MOJUMEPA, YTO B KOHEYHOM HMTOre MPUBOIUT
K MTOBBIIIEHUIO €T0 PACTBOPUMOCTH.

ITomumo 3TOTO, TeMMepatypa [130 Taxke BnusieT Ha Tuddy3u0H-
HYI0 JUIMHY (OTOKHCIOTH B (oTopesucte. bonee Bricokue Temmepa-
TYpBI YBEITMYUBAIOT OABKHOCTD MOJIEKYJT (POTOKUCIOTHI, YTO MPUBO-
IUT K OompIed amuHe nuddysuu [4].

Paccmotpum crenens BaustHUA Temnepatypsl [190 Ha xapakrepu-
ctuku 3HaueHnt AHKJI u KP. {5 oGneruenus cpaBHeHU IPOHOPMHU-
pyeM BbIXOnHBIE NaHHBIe. Kak moka3aHo Ha puc. 1, IpH MOBBIICHUN
temrepaTypsl ¢ 70°C no 90°C nopmuposanssle 3HaueHust AHKJI ocra-
I0TCSl paBHBIMH 1, 9TO yKa3bIBaeT Ha TO, YTO JaHHBIN TUaNa30H TeMIle-
paTyp He IOCTaTOuYeH Ui M3MEHEHHWS 3HAYeHHWH HEPOBHOCTH Kpas.
HanbHelmee noseimenne temneparypsl 1o 110°C u 130°C cootseT-
CTBEHHO TPHUBOIUT K 3HAYUTEIHHOMY CHIDKEHHIO HOPMHPOBAaHHOU
AHKII no 0,89 1 0,64 cOOTBETCTBEHHO.
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Puc. 1. 3aBucumocts HOpMupoBaHHEIX AHKII u KP
TP U3MEHEeHnU TeMiepaTtypsl 1120

B srom xe auanasoHe TeMiepaTyp 3HaueHHs HopMupoBaHHoro KP
U3MEHSIOTCSl B OOJee CHIKEHHOM TeMIle. DTO SIBJIEHUE OOBACHIETCS
TeM, 4TO BBICOKas TemnepaTypa [190 BbI3bIBaeT peakiuio CHATHUS 3a-
IIKUTH! HOTOPE3UCTa B HEAKCIIOHUPOBAHHOI obnactu. Ilocie stana npo-
SBJICHUS 3Ta YacTh POTOPE3NUCTA yIAIAETCS, YTO BIOCIEACTBUH U MIPH-
BomuT K m3MmeHeHussM KP u mpoduns ¢oropesucra. Takum oOpaszom,
B HallleM MCCIIEIOBAHUHU ONTHMAJIbHO Pab0TaTh UMEHHO B AMAIa30HE
ot 110°C mo 130°C.

Hcxons U3 nony4eHHBIX TaHHBIX, yBeanduBas temnepatrypy [190,
MOJKHO YJIy4IIUTh HEPAaBHOMEPHOCTh CKOPOCTH CHATHS 3aIuThl. On-
HAaKO B CIIMIIKOM BBICOKOM JMana3oHe TEMIEpaTyp MOSABISAETCS PUCK
pa3MbITUs KpaéB PUCYHKA, UTO BICUET 32 cOOO0U yBEIMYCHHUE 3HAUCHUS
AHKIJI. Takum o0pa3zoM, i AocTHx)eHUsT MUHIMabsHOH AHKIJIL, xe-
naemoro KP u mpodwuiis, a Takke KOHTPOJIUPYEMOW KHHETHKH PEak-
un, TeMneparypa [190 nomkHa ObITh TIIATENFHO ONTHMUZUPOBAHA U
OTKaJIMOpOBaHa IO ONPENEAEHHBINA THIT POTOPE3UCTa B COOTBETCTBUU
¢ TpeboBaHUsAMH K (oTOTUTOrpaduiIeckomMy mpoueccy.

BriBoabI

ITo utoram npoaenaHHoN paOOTHI BBIICHUIIH, YTO MOBBIIICHUE TEM-
nepatypsl [130 ciocobcTByeT OoJiee yCHICHHOM aKTHBAaLUK (POTOKHC-
JIOTHI, YTO TPUBOJHUT K XUMHUYECKHUM PEAKIHUSAM, HEOOXOIUMBIM JUIS
(hopMHUpOBaHMS MaccHBa 33aaHHBIX CTPYKTYP, @ TAK)KE IIOMOTaeT CHU-
skennro AHKIL
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THE MODEL DEVELOPMENT FOR OPTIMIZING THE LINE
EDGE ROUGHNESS IN DOUBLE PATTERNING PROCESS

E.D. Tikhonova, Y.S. Gorney

Abstract. In this paper, we analyzed the influence of various parameters
on the line edge roughness (LER) for double patterning process and investi-
gated the dependence of the post exposure baking (PEB) temperature on the
critical dimension (CD) of lines and on the LER.

Keywords: photolithography; resolution; multiple patterning; double pat-
terning; double exposure; simulation; line edge roughness; edge placement error.
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HUCCIIEAOBAHUE U3 ITEPBBIX IPUHIIUIIOB ITPOLECCA
CET'PEI'AIIMY IPUMECEN HUKEJIS B CTPYKTYPE
LSNT NIEPOBCKHUTA

Dammaxoe Azam Dapeazosuu,
cmyoenm’, fattahovazat@yandex.ru
Basxicanoe /Imumpuit Hzopeeuu,
K.Qh.-M.H., ()ouenmu,
dima@kintechlab.com
'MTY umenu M.B. Jlomonocosa, 2. Mocksa
QUI] 1Y PAH, 2. Mockea

AHnHoTanusi. B pabore npoBeieHO HCCleI0BaHNE NPOLEcca Cerperamun
npuMeceil HuKenss BOJAM3M TpaHuIl] JIeEeKTOB CTPYKTYpbl IEPOBCKHTA
Lay2Sr0.7Nio.1Tip 9029 (LSNT) MeTomoM NEpBONMPHUHIMITHON MOJEKYISIPHON
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JuHaMuKH. [Iporecchl cerperalMy W KJIACTEPU3ALMU  pacCMaTpHUBAIOTCS
BOnmm3u TiO-repmunnpoBanHo# noepxuoctH (001), TiO-repMuHHpOBaHHON
aHTH(}a3HOM TpaHMLBI U AApa JUCIOKALMU B COOTBETCTBUH C JAHHBIMH CKa-
HUPYIOLIEH 3JIeKTPOHHOW MUKPOCKONHKH. B pe3yiprare pacdeToB 0OHapyxeHa
TeHIEHLHS K Cerperamyy M KIacTepU3aliy IpUMeceil HUKeJs Ha TpaHuIax
CTPYKTYpHBIX nedexToB. [lomydeHHbIe pe3ynbTaThl HAXOAATCS B COTJIACHH
C 9KCIICPUMEHTAJIBHBIMH HAOTIOICHUSMH.

KaroueBsbie cioBa: neposckut, LSNT, cerperauus, Teopusi pyHKIHO-
HaJja IIOTHOCTH.

BBeaenune

B HacTosmee Bpemst HaOmronaeTcsl OONBIION MHTEpEC K COeqUHE-
HUSIM CO CTPYKTYpOH NEPOBCKUTA. B 4acTHOCTH, OHM HCTIONIB3YIOTCS
JUISI W3TOTOBJIGHWS KOMIIOHEHTOB TBEPAOOKCHIHBIX TOIUIMBHBIX
AJIEMEHTOB M3-332 CBOWX JJIEKTPOIPOBOJHBIX CBOWCTB. B manHOI pa-
0oTe wuccimemyercsi COeIMHEHHWE Ha OCHOBE THUTaHaTa CTPOHLUS
Lao2Sr07Nio1Tio9029 (LSNT), B KOoTOpOM HaOIIOMAETCS CETperarus
YaCTHIl HUKENS U3 KPUCTAITMYECKOTO MAacCHBa K MOBEPXHOCTH DJIEK-
TpoJa U (OPMHUPOBAHHUE KATAIMTHUYECCKUX KiacTepoB [1]. bmaromaps
3TOMY BO3pacTaeT WHTEHCHBHOCTh XMMHYECKUX PEaKIWUH OKHCICHHUS
B TOITMBHOM 3yeMeHTe. [Ipeamomaraercs, 9to mpoliecc cerperamnuu
00yCJIOBJIEH HAJIMYUEM CTPYKTYPHBIX Ie(EeKTOB MEPOBCKHUTA (KHCIIO-
pOIHBIE BAaKaHCWH, aHTHU(A3HBIE TPAHUIBI W JUCIOKALNHN), KOTOPBIE
MPUBOIAT K aKTUBHOW KJIacTepH3allil IPUMECHBIX aTOMOB HHKEIs
BOJIM3M TpaHMILl JeeKTOB CTPYKTYphl. PaccMaTpuBaemble MOACTH aH-
TH(a3HOI TPaHHIIBI M AUCIOKAIIMOHHOTO S7jpa OCHOBAHBI HA SKCIIEPH-
MEHTaJIbHBIX TaHHBIX 3JIeKTpoHHOU Mukpockomnwu (STEM) [2]. Llensio
paboTHI ABISIETCS UCCIIEIOBAHUE CeTperaliy MPUMEcei HUKEs BOI31
CTPYKTYpHBIX JteekToB B coenHeHun LSNT .

Pacuer 3nepruii cerperanuu

[t uccnemoBaHuUs IpoIiecca cerperamuy B HarpapieHuu Ti0-Tep-
MuHHpOoBaHHOH noBepxHOocTH (001), TiO-TepmuaMpOBaHHO aHTHDA3-
HOU T'paHMLBI U K AUCIOKAIMOHHOMY SIIPY MPOBOJSTCS PacyeThl MOJI-
HOUW SHEPTHU MOJICIIUPYEMBIX CHCTEM. 3aT€M PaCCUUTHIBACTCS SHEPTHUS
cerperauuy, KOTopast onpeaessieTcs Kax:

Eseg = EDefect - EBulka
r1e Epefect — MOHAS SHEPTHs CUCTEMBI C IPUMECHBIM aTOMOM Ha Tpa-

Hute nedexra, Ep, , — MOJTHAS YHEPTHUS CUCTEMBI C TIPUMECHBIM aTo-
MOM B KpUCTAITHYeCKOM o0BbeMe. OTpHIlaTeIbHOE 3HAUCHUE SHEPTUH
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Cerperanuu CBUICTENBCTBYET O HAJIWYUU TCHACHIIMM K CETpErailvi.
Pacuer sHEprum cucTeMbl B paMKaxX TEOpHH (HyHKIIMOHAIA TUIOTHOCTH
MIPOBOJAUTCS MyTeM perenns ypaBHeHn Kona—1llsma o dopmye:

Enomn = Xi & fn(l?n(r )dr 'dr + Exc[n] — [ vec(m)n(r)dr,

rie € — JACHCTBUTENbHBIE COOCTBEHHBIC 3HAYECHHUS T'aMUJIbTOHHAHA
Kona-Illama, vy (r) — ¢yHKIHOHANBHAS TpoW3BOaHAsA, E,. — 00-
MEHHO-KOPPEJSILIMOHHAS Heprus. [ pacyeToB MOJHON YHEPTUH CHU-
CTeM HCHOJb30Bacs nporpaMMHblid maker VASP [3]. B pesynbrare
MPOBEJICHHBIX PACUETOB MMOJHON SHEPTHH MPH PA3TUIHBIX KOHHUTYpa-
musix npumeceii Hukenst B crpykrype LSNT Obuto ycraHoBieHo, 4TO
SHEepPreTHYecK! BBITOJIEH IPOIeCC Cerperalydud MPUMECHBIX aTOMOB
K ITOBEPXHOCTH, MPOTHBO(A3HON TPaHULIC U SIPY TUCIOKAINH. J{omom-
HUTEJBbHBIE PACUYETHI C ABYMS IPUMECHBIMH aTOMaMH HUKEJS ITOKa3bl-
BalOT, YTO TaK)X€ BBITOJIHA TUMEpU3alMs MPUMECHBIX aTOMOB Ha Ipa-
HUIAX Ae(EeKTOB, YTO CBUACTENLCTBYET O HAIWYMM TEHACHIIMU
K HauaJly KiacTepu3alru aToMoB Hukensa. Kpome Toro, B Xxoze pacue-
TOB OBLIO YCTAaHOBJIEHO, YTO IIPOLIECC CErperalnuy npuMeceil CBs3aH
C mepepacipeeICHIEM 3apsaJ0B aTOMOB BOJIM3H JE(PEKTOB CTPYKTYPHI.

BoiBoabI

B pesynbrare npoBeJeHHBIX pacueToB ObLIa OOHApy>KeHa TEH/ICH-
U K CEerperalyy U KIAaCTepU3aluy NMPUMECEN HHUKENs Ha TpaHHUIax
nedekroB marepuana LSNT. [lomydeHHble pe3ynbTaTbl HaxoIsATCA
B COTJIACHH C JJAHHBIMH 3KCIIEPUMEHTAILHBIX HAOIIOISHHH.

CHnucok HCII0JIb30BAHHBIX HCTOUYHHKOB

1. Kim K.J. et al. Facet-dependent in situ growth of nanoparticles in epitaxial thin
films: the role of interfacial energy // J. Am. Chem. Soc. 141, 7509-7517, 2019.

2. Han H. et al., Anti-phase boundary accelerated exsolution of nanoparticles in
non-stoichiometric perovskite thin films // Nat. Commun. V. 13, P. 6682, 2022.

3. Kresse G. et al., Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set // Phys. Rev. B 54, 11169-11186, 1996.

FIRST-PRINCIPLES STUDY OF THE PROCESS OF
SEGREGATION OF NICKEL IMPURITIES IN THE STRUCTURE
OF LSNT PEROVSKITE

A.F. Fattakhov, D.I. Bazhanov
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Abstract. The paper investigates the segregation of nickel impurities near
the boundaries of defects in the structure of perovskite Lao2Sro.7Nio.1T50.902.9
(LSNT) by the method of ab initio molecular dynamics. The processes of seg-
regation and clustering are considered near the TiO-terminated surface (001),
the TiO-terminated antiphase boundary and the dislocation core in accordance
with the data of scanning electron microscopy. As a result of calculations, a
tendency to segregation and clustering of nickel impurities at the boundaries
of structural defects was found. The results obtained are in agreement with
experimental observations.

Keywords: perovskite, LSNT, segregation, density functional theory.
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PACYET ®OHOHHBIX KOJIEFAHU B KPEMHUEBBIX
HAHOINVIEHKAX C IIOMOUIBIO METOJA IMHAMUKHU
PEHIETKHA
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AnHotanusi. B maHHOW paboTe AHUCHEPCHOHHBIE KPUBBIE KPEMHHEBBIX
HAHOIVICHOK pacCHUTBIBAIOTCA MCTOAOM AUHAMUKU PCHICTKU JIA U3YyUYCHUS
Kose6anuii POHOHOB.
KiaroueBble cjioBa: KPEMHHEBBIE HAHOIUJICHKHW, METOA AWHAMHUKHU pE-
MICTKHU, JUCIIEPCUOHHBIE KPUBBIEC.

BBeaenune

C pa3BuTHEM HaHOPA3MEPOB TEPMOIUHAMHUKA MPEIOCTABISET HO-
BbIe U Oojiee 3pQeKTUBHBIE METObl H3YUCHHUS! YHUKAIBHBIX (PU3HKO-
XUMUAYECKAX CBOWCTB HAaHOMATEpUANIOB. B TpakTUYecKoM NpuMe-
HEHUH IPUXOAUTCS YIUTHIBATH IPOOIEMBI TpaHUYHBIX 3(hPeKToB 1 3h-
(beKTOB pazmMepa, KOTOpbIE CYIIECTBEHHO U3MEHSIOT TEPMOIHHAMUYC-
CKO€ TOBEICHHE MaTepHaioB, IO3TOMY OOBEKT HAIIUX HCCIICAOBAaHUN
MOCTETEHHO MTEPEMECTHIICS OT OOBEMHBIX K U3yUSHHIO TOHKHX TUICHOK.
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IlepBoHAaYaIbHO MBI MCIOJIB30BAJIM TEOPUIO YNPYTHUX BOJH IS
M3Yy4YeHUsl TOHKUX IUICEHOK. McclenoBaHue 3aKIIOYacTCs B U3y4YCHHUH
JIUCTIEPCUOHHBIX COOTHOIIEHUI BOJIH B OJTHOPOHOW TOHKOH INTACTHHE
MIPOU3BOJIBHOM TONIIUHBI OECKOHEYHOTo MpOoTskeHus. OHaKO HeNo-
CTaTKOM 3TOTO MOAX0/1a SIBISIETCS TO, YTO OH TPeOYeT MPEANOI0KEHUS
00 OHOPOJHOCTH M HENPEPHIBHOCTH MaTEpUalla, YTO, KaK Mbl 3HAEM,
HE BCETJla UMEET MECTO B PEAIbHOCTH, U IO3TOMY MOXET IPUBECTH
K HETOYHBIM PE3YJIbTaTaM.

Oco3HaB MOTEHIUATBHBIE TPOOJIEMBI, CBA3aHHBIE C TEOpUEH ynpy-
TUX BOJIH, MBI IIPUCTYIUIN K U3YYEHUIO TOHKHUX IIJIEHOK C IIOMOILBIO
JUHAMUKH pelIeTKH. MeTol TMHAMUKH PELIETKY Yepe3 MaTpUILy CHIIO-
BBIX [TOCTOSIHHBIX JA€T BO3MOKHOCTb NTOHATh MEXaHUUYECKUE CBOWCTBA
MarepuasioB. IIpenMyniecTBOM 3TOro MOAX0AA SIBJISETCS BOBMOXHOCTb
CITyCTUTBCS] HA MUKPOCKOIIMYECKUN YPOBEHD U IPOAHATIU3UPOBATh ME-
XaHUYECKOE IOBEJIEHUE HA aTOMHOM YPOBHE.

Meton pacuéra

DiieMeHTapHas sAUCiKa KPEMHHUS COIEPIKUT J[BA aroMma, KOTOpbIe
MbI 0603HauaeM OykBamu a 1 b [1]. [IOBTOPSOIIHECS SMHHLIBI, COCTO-
SIIHe W3 3THX JBYX aTOMOB, MO3BOJISIOT TMOJIYYaTh GOJee CIIOKHBIC
CTPYKTYPbI IYyTEM TPAHCIISAIHNA. ATOM KPEMHUSI b CyIIECTBYET TOIBKO
BHYTpU Ky0a, a aTOM KPEMHHUS d PACMOJIOKEH B BEPIIMHE U LCHTPE
rpanu Ky6a. AToMbl B Kaxa0i mosuiuu X (1) pemeTku, COOTBETCTBY-
IOIIEH IEHTPAIBHOMY aTtoMy (a WK b), IMEIOT COOTBETCTBYOIIHE MaT-
PHIIBI CHIIOBBIX KOHCTAHT ez (0b; I'b"). Ml paccMaTpuBaeM TOIbKO
BIIMSIHUE OJIMKAWIINX U BTOPBIX OJMKAMIIIAX aTOMOB K IIEHTPAIEHOMY
aToMy; BIUsIHUE OOJiee yIalICHHbIX aTOMOB Ha LICHTPAJIbHbIH aTOM Ipe-
HeOpeXMMO Malo.

— b2 e

Puc 1. Pacrionoxenne nepBoro Puc 2. PacmionoxeHne aToMOB
1 BTOPOTO OJIMKaNIIINX aTOMOB B KPEMHUEBBIX ITUICHKAX

109



Ecnu paccmaTpuBaTh aTOMBI, KOTOPBIE MOTYT HAaXOJIUTHCS Ha OJI-
HO rpaHy MapauieIbHOM KPEMHHUEBOMU IJIEHKE, KaK OJUH THUIl aTOMOB,
TO 7S TUIEHKH TOJIIHMHOM (n-1)*(a/4) HM cymiecTByeT B 0OIIeH CI0XK-
HOCTH N TUIIOB aTOMOB (n — u€THoe uncio). C MOMOIIIBIO MOTYUYECHHOM
MUHAMAYECKON MaTPHUIIEI HAM HYXKHO PacCMOTPETh HE Oojiee ISTH U3
HUX, Ha3BaB COOTBETCTBYIOMMUE UM cuitbl Dy 1,D1 2, D13, D1 n_1, D1 s
KOTOPBIE SIBIISIOTCS B3AUMOJICHCTBUSIMH aTOMOB Ki1accoB 1,2,3, n-1un
Ha atoMe | Ha puc 2. J[mHaMudecKasi MaTpuIla UMEET CIICTYIONTHI BUI:

1
Dop = EZ $q g(Ob; ') exp(ik - x(1")
ll

DOHOHHBIE YaCTOTHI BOJHOBOTO BEKTOpa K SBISIOTCS COOCTBEH-
HBIMHU 3HAUCHUSIMH AuHaMudeckor marpuibl D (k), koTopas npeacTas-
nsieT coboit mpocTo mpeodpazoBanue Dyphe MEKATOMHBIX CHIIOBBIX
MIOCTOSIHHBIX B peaJIbHOM NPOCTPAHCTBE.

JucniepcMoHHOE COOTHOIIEHUE MOTYYaeTCsl U3 PELICHUS XapaKTep-
Horo ypasHeHus w?A = D(k)A. YHUBepcalbHOE BBIPAKECHUE JUIS JIH-
Hamuueckoit marpuiisl D (k) umeet Bux (D* — Matpuiia TpaHCIIOHUPO-
Banus D):

I Dl,] DLZ D1‘3 0 0 0 0 D],n—l Dl‘n |
D, D, D, D, 0 0 0 0 0 D/,
D,, D, D, D, D, 0 0 0 0 0

D, D, D, D, 0 0 0 0 0
0 D,, D, D, 0 0 0 0 0
D(k) = :
0 0 0 0 D, D, D, 0 0
0 0 0 0 D, D, D, D, 0
o 0 0 0 0 Dy D, D, D, D,
D, 0 0 0 0 0 D,, D, D, D,
D, D, O 0 0 0 0 D, D, D

B ornnume ot pe3ynbTaToB, MOTyYEHHBIX B TEOPUH YIPYTHX BOJIH
C IIOCTOSTHHOM CKOPOCTBIO BOJIHBI, JUCIIEPCHOHHOE COOTHOLICHHE 3/1€Ch
HMMeeT TEHICHIUIO K YIIOIEHUIO Ha IpaHulie 30HbI bpuittosna. I'pyn-
1OBasi CKOPOCTh (POHOHOB B IUIEHKE HIDKE B 00BEMHBIX, YTO BUIAHO U3
HAKJIOHA JHUCIEPCUOHHOIO COOTHOILICHUS.
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BuiBoabI

B nannoit pabote mpemiaraerca MeToa pacueTa (POHOHHBIX KOJIe-
OaHMii KPEMHHUEBHIX HAHOIIJICHOK, OCHOBAHHBIN Ha TIOJX0/I¢ AMHAMUKHA
pemeTky. C IOMOIIBIO 3TOT0 METO/[a YCIIEIIHO PACCYUTAHbI JUCTIEPCH-
OHHBIE KPYBbIE TSI HAHOTIJICHOK PAa3IMYHON TONIIUHBI, YTO yTIyOser
MOHNMaHue (POHOHHBIX KOJIeOATEeIHHBIX CBOHCTB KPEMHHEBBIX MaTEPH-
aJoB M NPEAOCTaBJIAET BHIYUCIUTEIBHYIO OCHOBY JUISI MaTepHalloB C
AHAJOTUYHON KPUCTAJUINYECKON CTPYKTYpOoH. B cilydae oueHb TOHKUX
IUIEHOK, TAKMX KaK MOHOATOMHBIE U JABYXaTOMHBIE CIIOH, 3HAUNUTEJIEH
3¢(deKT KBAaHTOBOTO pa3Mepa, U 00JIee TOUHBIC PE3yJbTAThl JOJKHBI
onITh paccumntansl MeTonoM DFT (Density functional theory). Taxoke
B2)XHO YYHTHIBATh BIHMSIHUE BHEIJIOCKOCTHBIX KOJI€OATEIBHBIX MO,
YTO CTAaHET TEMOM I JaJbHEHUIINX HCCIIeTOBAaHUM.

CnucoK HCI0JIb30BAHHBIX HCTOUYHUKOB

1. Herman F. Lattice vibrational spectrum of germanium // Journal of Physics and
Chemistry of Solids. 1959. (8). C. 405-418.

CALCULATION OF PHONON OSCILLATIONS IN SILICON
NANOFILMS USING LATTICE DYNAMICS METHOD

G. Zhang, S. Liu, V.I. Khesyuk

Abstract. In this paper, dispersion curves of silicon nanofilms are calcu-
lated using the lattice dynamics method to study phonon vibrations in terms of
atomic interactions.

Keywords: Silicon nanofilms, lattice dynamics method, dispersion
curves.
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PACUYET COCTABA PABHOBECHOM ITAPOBOM ®A3bI
ITPY UICITAPEHUU XAJIBKOT'EHUJIOB KA IMUSI
U IIUHKA B OTPAHUYEHHBIA OBBEM
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K.¢h.-M.H., Ooyenm,
yurchuk60@mail.ru

Yuusepcumem MUCHUC, e. Mockea

AHHoOTanusi. B pabore aHanm3upyroTcs pe3ynbTaThl pacueTa COCTaBa
PaBHOBECHOH MapoBoii (ha3bl YUCICHHBIM METOIOM Ha 0a3e pelleHus ypaBHe-
HUS JIEKTPOHEUTPAIFHOCTH M YPaBHEHUS HCHApeHHs Ha IpuMepe IOocTa-
ToYHO Xopoiuno n3BectHo! cuctembl CTJl B CdTe. Bamuausaius paboThI mpo-
rpaMMBbl IIPOBEA€HA C HUCIOJNB30BaHHUEM pE3yJbTaTOB pacyera HCIapeHus
CdTe c cocTraBoM, COOTBETCTBYIOIINM KOHIPYIHTHO UCTIAPSIOIEMCSI IPH TEM-
nepatype 973 K u Bennunnoii 3,88 10'° cm™ usbbrrounoro remtypa. Ilpose-
JICHBI pacdyeThl TEMIIEPATYPHOH 3aBUCHMOCTH TaKOT'O COCTaBa ISl COOTHOIIIE-
HUS 00BEMOB TapoBoil m TBepmoir (aser or 2 mo 40. Ilokazano, 49TO
KOHTPY?HTHO HCHapSIONIHAACs cocTaB Habmonaercs npu 973 K, gato moareep-
JKZIAeT IPaBUIBHOCTD MTOJYIEHHbBIX PEIICHHUI.

Ki1roueBble c10Ba: XaabKOT€HHUIBI KaAMHS U IMHKA, 007IaCTh TOMOTEH-
HOCTH, COOCTBEHHBIE TOUYEUHBIE Ie(EKThI, OTKIIOHEHHUE OT CTEXHOMETPHH.

BBeaenune

IMonynpoBogHukoBeie coeaquHenus: rpynnel AIIBVI, B yactHoCcTH
XaJIBKOTEHUIBI KaIMUS U ITUHKA, IIIUPOKO UCTIOIB3YIOTCS B PA3THMUHbIX
OTTORJIEKTPOHHBIX yCTpoHcTBaX. [[yist O0NBIIMHCTBA U3 HUX TpedyeTcs
MaTepHall C BBICOKUM YACIbHBIM CONPOTUBICHUEM U, CIEIOBATEIBHO,
C MUHMMAJILHO BO3MOXKHOHM KOHIIEHTpAIUEH COOCTBEHHBIX TOYCUHBIX
nedextoB (CTH). B cBsizm ¢ 3TUM CTOUT BOIpPOC OO OIpeneIcHUH
OTKJIOHCHHS OT CTEXMOMETPHH B MaTepualie, pruueM Hauboiee OnTH-
MaJbHBIM KaK ¢ TOUYKH 3PEHUS MOCIIEAYIONIETO UCTIOIb30BaHNUS IS BbI-
paruBaHus COCTUHEHUH U3 TIEPOBOH (a3bl, Tak U IS HEMOCPEACTBEH-
HOTO HCIOJB30BaHUS B OMNTORJICKTPOHHBIX YCTPONCTBAX, SBISETCS
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COCTaB, COOTBETCTBYIOIIMH MMUHHMAIbHOMY OOIIEMY JIaBJICHUIO B Ta-
poBoii ¢aze. B [1] na mpumepe CdTe Obut0 MOKa3aHO, YTO TaKHE CO-
CTaBbl UMEIOT 1 MUHUMAJIBHYIO CYMMAapHYIO KOHLIEHTPALHUIO 1e(eKTOB
U JIeXxaT BHYTpY 00JacTH TOMOTEHHOCTH 3a NpesieiaMH Hauboee pac-
MPOCTPaHEHHBIX METOJOB OLIEHKH OTKJIOHEHHUS OT CTEXHOMETPHH IO
KOJINYECTBY U COCTaBy MaTepHaja, COOpaHHOMY B XOJIOJHOM KOHLIE U3-
MepuTenbHOro ycrpoiictsa [2]. C npyroit CTOPOHBI 3TH COCTaBbI €MH-
CTBEHHBIE, UCTIAPSIOINECS KOHTPYIHTHO, T.€. U3MEPSASI COCTaB TapOBOU
¢a3bl K MpUMepy 1O ONTHYECKOH TIIOTHOCTH MapoB [3], MOKHO TOYHO
UACHTH(QUIPOBATH HAIMYKE TAKOTO cocTaBa. B paboTe mpoBeneHa Ba-
JUIA3aNys IPOrPaMMBI pacueTa coCcTaBa PaBHOBECHON MapoBOM (a3sl
Mo MeTojuke, npeiokeHHoi B [4] Ha 6aze momenu CT/ B CdTe,
BKIItoUarorien nedexkrel dpeHkenst 1o o0euM TOJpPENIeTKaM U HEeHT-
PaIbHBIA aHTUCTPYKTYPHBIH nedekT Tecq.

IIporpamma pacyera paBHOBECHOI 1apoBoii (pa3bl

[Iporpamma, pazpaborannas Ha s3bike Borland Delphi 7, mo3Bo-
JISIeT PACCYUTHIBATh KOHIICHTPAILIMIO 3JIEKTPOHOB M MaplUabHbIE 1aB-
JIeHHUs TApOB KOMIIOHEHT B MOJTYNPOBOJHUKOBBIX coemuHenusx A''BY!
(A — aTombl kamMus Wi UHKA; B — atoMel xanskorena (Te, S, Se)).

Pacuersl mpoBoaMiM Ha OCHOBE pEUICHHUS CHUCTEMBl YpaBHEHHUN
3IIEKTPOHEHTPAIILHOCTH U MaTepualibHOTrO OanaHca [4].

Nmeercs cucreMa IBYX HEJIMHEHHBIX YPABHEHHUW C JBYMs HEU3-
BECTHBIMU — N ¥ Pa. IIOCKOIBKY KOHCTaHTBI KBa3UXHUMUYECKUX PEaK-
LU, TOTy4YeHHbIE U3 JUTEPaTyPHBIX HCTOUHUKOB, OTIIMYAIOTCS y pa3-
JIMYHBIX aBTOPOB, NMPEIyCMOTPEHAa BO3MOKHOCTh 3arpy3KH CHCTEMBI
pa3INYHBIX JaHHBIX.

Pemenne cucrembl ypaBHEHHH MPOBOAMIM C IOMOILIBIO METOAA
3eiiens, [Uisi KOTOPOTO B KAUECTBE HAYAIBHOTO TPUOIIMIKEHHSI HCTIONb-
30BaJIi Pe3yJIbTAaThl PACUETOB C IIOMOIBI0 pa3pabOTaHHOM paHee Ipo-
TPaMMBI pEIIEHUs ypaBHEHUS 3JEKTPOHEUTPAIBHOCTH MPH 3aJaHHOM
naBieHuu Pa, e Pa, B CBOIO ouepeb, paCCUUTHIBAETCS C MTOMOIIBIO
KOHCTaHThl HcrapeHud. [Iporpamma mo3BOIsE€T NPOBOAUTH PACUETHI
KaK IIpH ONpEAEIeHHON TeMIepaType, Tak U TeMIEepaTypHbIE 3aBUCH-
MOCTH B 33JJaHHOM JIMara3oHe.

PesyabTaThl pacueroB
Jnsg BanuauMs3anuu IpOrpaMMbl IIPOBEJEHBI pacyeTbl TeMIEpa-

TypHOW 3aBHCHMOCTH COCTaBa pPaBHOBECHOW MapoBoil (as3sl ams
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Mozenu 1eeKkToB, BKItouaronieh nedekrel dpeHkens mo 00euM moj-
pemerkaM W HeWTpambHBIA aHTUCTPYKTypHBIH B CdTe. Bennumna
8o = -3,88-10'° cM™ cOOTBETCTBYET KOHIPYIHTHO HCTIAPSIONIEMYCS CO-
CTaBy Mpu Temmeparype noaydeHus marepuana 973 K. Pacuersl npo-
BEJICHBI JI OTHOIICHHS 00BEMOB ITapOBOi U TBEp10i (a3wl oT 2 10 40.
N3 prcyHKa BUAHO, YTO KOHIPYIHTHO UCTIAPSIOIIMIICS COCTaB COOTBET-
cTByeT Temnepatype ucnapenus 973 K, ¢ poctom o coctaB nmapoBoit
(ha3bl MpUOIIIKAETCS K YCIOBUIO KOHTPYIHTHOTO HCIIAPEHUs, YTO TOI-
TBEP>KIAET MPABHILHOCT OIYUYEHHOTO PEIICHHUS.

, 1=PCAPTes  50=-3,88*10'(16) ex’(-3) mpu TO = 973K

b
L

—=Pmin
a
-2

-2-10

40

1000/T,
e AL

. 1/K
07 pe Pmin g, 13 15 17 /

1

Puc. 1. TemnepaTypHast 3aBUCHMOCTb COCTaBa PaBHOBECHOH 1MapoBoii (ha3bl
BriBoabI

Ha npumepe ananusza ucnapenus CdTe moATBepkaeHO, YTO MPoO-
rpaMMa pEUICHUSI CUCTEMBbl YPaBHEHUM, ONMCHIBAIOIIHUX HCIAPECHHE
MaTepHuaia B 3aMKHYTBHIH 00beM, MOATBEPKAEHA NPaBHUIBHOCTD IPO-
IrpaMMBbl PEUICHUS! CUCTEMBI. JlaHHYIO MPOrpamMMy MOKHO HCIIONb30-
BaTh JUIsl aHAJIN3a BEJIMYMHBI OTKIIOHEHUS OT CTEXMOMETPUU B XaJIbKO-
reHuiax KaJaMHus U LUHKA.

CnHcoK HCII0JIb30BAHHBIX HCTOYHUKOB

1. Kobenesa C.I1., 3yes A.C., CtpenbiioB H. A. MuUHUMH3AIUST KOHIICHTPAIHH
CTJ B CdTe// Marepuaner V MexayHaponHoit koHdepenuun MMMDK2023,
Mocksa, 23-25 oktsa6ps 2023 1, ¢. 126-129.

2. Avetisov 1., Mozhevitina E., Khomyakov A., Khanh T. Universal approach for
nonstoichiometry determination in binary chemical compounds.// Crystall Reserch
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3. Brebric R.F., Strauss A.J. Partial pressures in equilibrium with group
IV tellurides. 1. Optical absorption method and results for PbTe. Journal of Chemical
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4. KobGenera C. Onpernenenue OTKIOHEHUSI OT CTEXHOMETPHU B MIMPOKO30HHBIX
oJIynpoBogHUKOBBIX coequHeHusax AIIBVI mo cocraBy paBHOBecHON mapoBoit
tdaser // U3e. BY30B. MOT, 2022. T. 25, Ne 2. C. 107-114.

COMPOSITION OF THE EQUILIBRIUM VAPOR PHASE
NUMERICAL CALCULATION IN THE CASE OF CADMIUM
AND ZINC CHALCOGENIDES EVAPORATION IN A LIMITED
VOLUME

Streltsov N.A., Kobeleva S.P., Yurchyk S.Yu.

Abstract. The results of the equilibrium vapor phase composition numer-
ical calculations during avaporation of Cd and Zn chalcogenide are presentied.
The program is based on the electroneutralyty and avaporation equiations so-
lution. The defects model including Frenkel defects in both sublattices and
neutral antisite defect are used for calculation of CdTe composition at 973 K.
The validisation of the program was carried out using the results of calculating
the evaporation of CdTe with a composition corresponding to congruently
evaporating at a temperature of 973 K and a exess of Te in the solid state
3.88 106 cm™.

Keywords: cadmium and zinc chalcogenides, homogeneity region, intrin-
sic point defects, deviation from stoichiometry.

YK 537.9:004.94
https://doi.org/10.29003/m4276. MMMSEC-2024/117-122

KBAHTOBO-MEXAHUYECKOE MOJEJIUPOBAHUE
ATOMHOM U DJIEKTPOHHOM CTPYKTYPbI ®A3
RE(SEsCL,

Yuobucos Anopeirt Huxonaesuu,
0.¢h.-M. 1., 6edywull HaYuHbL COMPYOHUK',
andreichibisov@yandex.ru
Cmompoesa /lapva Muxaiinogua,
Mazucmpanm, unicenep’,
dsmotrik@mail.ru
Anypaz Cpusacmasa,
PhD, npogeccop”,
IBI] JIBO PAH, 2. Xabaposck
UHUUTY, 2. 'saruop, Unous
AHHOTaHHﬂ. CraThsg OIUCHIBAET MOACINPOBAHUC NBYMCPHBIX CBEPXMO-
JIEKYJIIPHBIX MaTepualloB ¢ MCIOJIb30BaHMEM ab initio MeronoB. Obcyxa-
IOTCA Ppe3yJIbTaTbl HCCICAOBAHUM ATOMHOU H DBJICKTPOHHOU CTPYKTYPhI
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ResSesCl, B 00beMe U TBYMEPHOM TPOCTPAHCTBE. AHAIU3UPYETCS pa3HUIIA
B 3()(EKTUBHBIX Maccax JJEKTPOHOB U JBIPOK MEXIY ITUMU IBYMS THUIIAMH
MAaTepHaoB, YTO BAKHO ISl TPAHCIIOPTa B HAHOJICKTPOHHUKE.

KaroueBsble ciioBa: cBepxaToMHble 2D-MaTepuanbl, aTOMHast M JJICKTPOH-
Hasl CTPYKTypa, pacueTsl ab initio, mmpuHa 3anpeneHHo 30HbI, pacmpenese-
HHUE aTOMHBIX 3apsI0B, 3(eKkTnBHBIE Macchl

BBeagenne

[IpoextupoBanue 2D cBepXxaTOMHBIX MaTepHaJOB OOPa3yIOIINX
CBOIO aTOMHYIO CTPYKTYpYy C ITOMOIIbIO KOBAJIEHTHO CBSI3aHHBIX KJa-
CTEpOB, C M3MEHSIOIUMCSI XUMHUYECKHM COCTaBOM, ITO3BOJIUT MOIY-
YUTh HOBBIE MaTepHajbl C MEPCIEKTHBHBIMHM JIEKTPOHHBIMH CBOM-
CTBaMH IIOJIE3HBIMH JJI1 COBPEMEHHON HaHO3JEKTpOHUKH. B pabote
MIPENICTABIICHBI ab initio pacdeTsl aTOMHOM ¥ 3JIEKTPOHHON CTPYKTYPHI
i o0bemHol u 2D-mepHO# cTpykTypsl ResSesCla. [IpuBeaens! pe-
3yJbTaThl 10 BEJMYMHE 3alpelleHHOW 30HbI, MepepacipeeneHus
ATOMHBIX 3aps/IOB B aTOMHBIX CcTpykrypax. [lokazaHo pazmuume 3¢-
(DEeKTHBHBIX Macc AJIsl BJIEKTPOHOB U IBIPOK VIS IBYyXMEPHOTO U 00B-
emHOorO Marepuana ResSesCl, m 00BsSCHEHO Kak 3TO BIUSET HA HX
TpaHCIIOPTHBIE cBoiicTBa. [lomydeHHBIE pe3ynbTaThl UMEIOT BaXKHOE
3HaYeHHE NI NMPOEKTHUPOBAHMs, CHHTE3a M BHEIPEHMAX HOBBIX 2D
CBEPXaTOMHBIX MaTepHaJIOB B COBPEMEHHYIO HAHODJIEKTPOHUKY.

CeepxaromHoe coeamHeHne RegSesCl, sBisercs AByMepHBIM
CTPYKTYpPHBIM aHAJIOroM Kiiacca MaTepuanoB ¢assl [LleBpenst McMogEs
(M = metain, E = S, Se, Te) [1-5]. OHO coCTOUT U3 MOJEKYJISPHBIX
KIJIACTEPOB, CBSI3aHHBIX KOBAIECHTHBIMH CBS3SIMH M XapaKTePU3yeTCs
CIIOMCTOM CTPYKTypoM, rae kiactepsl [ResSes] 3akpbIBaroTCs KOHIlE-
BBIMH aTOMaMH XJiopa. MeXKiacTepHas CBS3b B IJIOCKOCTH U ClIa0bIe
MEKCIIOEBBIE B3aUMOJISHCTBUSI IOMTYCKAIOT MEXaHUIECKOE PACCIIOCHHE
cioeB ResSesCly [6-8]. O0bpemusIi ResSesCl, mposiBisier ceds kak He-
MPSIMO30HHBINA TNOJYNPOBOJHUK C IEKTPOHHOM 3alpenieHHOW 30HOU
1.58 + 0.03 3B, ontuueckoi 3anpenieHHon 3000 1.48 3B + 0.01 3B
1 OonpIION HHepruen cBA3M K 3kcuToHy nopsaka 100 maB. CunbHas
CBSI3b JIEKTPOHOB C MEKKJIACTEPHBIMU ONTUYECKUME (POHOHAMH IIPH-
BOJIUT K BOBHUKHOBEHHIO CBEPXITPOBOANMOCTH. OOHapyskeHa OoJbImas
JUIMHA CBOOOJHOrO mMpobera IKCUTOHA MopsAaka 1 MM, YTO co3gaeT
MPEINOCHUTKH JUIS CO3/IaHUS OAJUTMCTUIECKIX SKCUTOHHBIX TPAH3UCTO-
poB. Manas muprHa MOJIOCH MPOMyCKaHus dKCHOHA [9], 00ycioBneH-
Hasi TeMIepaTypHO-3aBUCUMON MEPEHOPMHUPOBKON H3-3a ONTUYECKUX
(hOHOHOB, BaKHA I CTAOMIBHOCTH aKyCTHYECKHX TTOJISIPOHOB.
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[lepexoxa maHHOTrO MaTepuaia B IBYMEPHOE COCTOSHUE M M3MECHCHHE
€ro XMMHUYECKOT'O COCTaBa MO3BOJIMT MOIYYUTh €liie 00Jiee HHTEPECHBIX
CBOWCTB JIJIS1 HETO C BO3MOKHOCTBIO CO3IaHHUS M POSKTUPOBAHUS COBPE-
MEHHBIX ¥ MEPCIEKTHBHBIX HAHOIICKTPOHHBIX MATCPHAIIOB HA €ro OC-
HoBe. [103TOMY 11eJTh HAIIIEr0 HCCIICAOBAHMS COCTOSIIA B TEOPETHUECKOM
HCCIICIOBAHUU M JETAIbHOM IOHMMAaHUH Pa3Iiniii aTOMHO-3JIEKTPOH-
HBIX CBOWMCTB 00EMHOT0 U IByMepHOTo coctostuni it RegSesCla.

MeToabl pacyeToB

HccnenoBanue npoBOIMIOCE € HCTIONb30BaHUeM naketa VASP [10—
12]. Ilpumensiocs 0000meHHOE TrpaaueHTHOE mnpuomxenue GGA-
PBE [13] u nceBnonotenmanst PAW [14,15]. YunTsiBanacs civH-op-
OuranbHas cBA3b. [y ydera MeKCIIOEBOTO B3aUMOACHCTBHUS HCIIONIB30-
BaJIMCh nonpaBku Ban-nep-Baansca Ha ocHoBe Metona I'pumme DFT-
D3 [16]. DnemenTapras stueiika ResSesCl, ananmmsupoBazack ¢ Habopom
k-touex 9x9x7. Ilns MoHOCHOS UCTIONB30BaANICS HAabop k-Todek pazme-
pom 9x9x1 ¢ mpumenennem cxembl Monkxopcta—Ilaka [17]. Ontumu-
3aIMsl ATOMHOM CTPYKTYpBI BBIIOJNHSIIACH ¢ TouHOCTBIO crt 0.001 3B/A.

Pe3y.]'leaTI)I pacueToB

B pabote ObuT MpOM3BEIEH pacyeT 3HEPTUun (POPMHUPOBAHUU CIIOS,
KoTopas coctasmia 0.65 3B. J/laHHOE 3HaYCHHUE YHEPTUH OIPEACIISIOCH
C TIOMOIIIBIO BEIPAXKCHHUS:

Eform = EZD - Ebulk

rae E,p — momHas sueprus 2D cimost ResSesCl u Eyyy — 3TO ToiTHas
sHeprusa oobeMHoro marepuaia [ 18]. Takum oOpa3om, BUIHO, YTO TOITY-
YeHHOE 3Ha4YeHHe I SHEepPruu (OPMHPOBAHUH JABYXMEPHOTO CIIOS
ResSesCl, ropasmo Oombmme, dem must MoHocios ReSeCl paBHoe
0.22 eV/fu [19] u monocnos ReSe; [20] kotopoe cocrasnser 0.23 eV/fu.

IHupuna 3anperieHHoil 308 4151 06beMHOr0 RegSesCl, cocras-
asiet 1.11 3B, a nns 2D cnost — 1.34 3B. JIByxMepHbII MaTepHUall TaKkKe
SIBJISIETCSI MTOJIyIIPOBOJHUKOM C HENPSMOM INUPUHON 3aIpEleHHON
30HBI. [loy4yeHHbIe 3HAUEHNUS INPHH 3aIIpeIieHHON 30HBI IS 00HEeM-
HOTO 1 iByxMepHOT0 RegSesCly, Xopotro cormacyroTest ¢ ApyTUMU JaH-
HeiMH [21]. Jlanee mpoBowiIcs aHAIM3 3apsSA0BOTO paclpeicsieHUs
st cTpyKTyp ResSesCl,. Pacder 3apa10B Ha aToMax MPOU3BOIMIICS TIO
metony baiinepa [22]. BugHo, uTo mpu nepexozae u3 o6vemHoro B 2D
COCTOSIHME 3apA]bl Ha aToMaxX peHHsd MPaKTUYeCKH HE MEHSIOTCH.
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[To HameMy MHEHHIO, 3TO TMPOUCXOIUT M3-3a TOTO, YTO Ha aromMax Re
MPUCYTCTBYIOT HECIAPEHHBIC 3JIEKTPOHBI, KOTOPHIC 3KPAHUPOBAHBI
aToMaMmu Se 3a cueT 00pa3oBaHHs cTaOMIBHOU cBs3U Re-Se [8, 23].

Puc. 1. a) O6bemnuas crpykrypa ResSesCly; 6) 2D cnoit ast ResSesCla

Tabnuya 1
3apsaasl Ha aTomax o Metoay baiinepa B eTMHMIIAX 2JIEKTPOHOB
(ITpuBeneHs! cpeqHNE 3HAUECHUS 3apSAA0B)

Crtpykrypa Re Se Cl

2D 12.404 6.325 7.489
bulk 12.405 6.318 7.512
free atom 13.000 6.000 7.000

Hanee 11 HOHUMaHUS POLIECCOB MEPEHOCa SHEPTUH U MH(POopMa-
UM B JaHHBIX MaTepualiaX Mbl BBIYUCITIN () (HEKTHBHYIO Maccy AJIs
3JIEKTPOHOB U IBIPOK B IJIOCKOCTH CJIOEB 00Pa30BaHHBIX KJIACTEPAMU
ResSesCla, xak mi1st 00beMHOT0, TaK U U1 ABYXMEPHOT'O MaTepHania.

3akjoueHmne

B pabote Obutn mpoBeneHBI KBAHTOBO-MEXAHHYECKHE PACUETHI
ATOMHOU U 3JEKTPOHHOU CTPYKTYPHI ISl 0OBEMHOTO U JIBYXMEPHOTO
cnos coenunenus ResSegCly. [Tokaszano, uto y ciost ResSesCly mupuna
3arpernieHHON 30HbI yBEIIMYMBAETCS 110 CPAaBHEHHIO C 00bEMHBIM MaTe-
pHAIOM U JByXMEpPHasi CTPYKTYpa TaKKe OCTACTCs MOIYIPOBOIHHUKOM
C HETPSIMOM HIMPHHOMN 3ampenieHHo 30Hb1. [Ipu 5TOM mpu o6paszoBa-
HUM 00beMHOTO 1 2D MatepuaiioB ResSesCly M3 XUMHUECKHX 3IeMEH-
toB Re, Se u Cl, npoucxomuT nepeHoc 3apsaa ¢ aToMoB Re Ha aTrombl
cesieHa U xjopa. AHamu3 3¢ HEeKTHBHBIX MacC IS DJICKTPOHOB U IBIPOK
MOKa3bIBAIOT, UTO JJIs ABYXMepHOro Marepuaina ResSesCl, xapakTepHsbl
0oJee TOBBIIICHHBIC TPAHCIIOPTHBIC CBOHCTBA MO 3JCKTPOHY BIOJb
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HanpasieHus G — X, 0 cpaBHEHHIO ¢ 00beMHBIM MaTepuaiom. Ox-
HAaKO JJIsl JBIPOK TPAHCIOPTHBIE CBOWCTBA MOHWKAIOTCS B 000X
HanpapieHussx G - Xu G — Y.
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QUANTUM-MECHANICAL MODELING OF THE ATOMIC
AND ELECTRON STRUCTURE OF REsSEsCL, PHASES

A.N. Chibisov, D.M. Smotrova, A. Srivastava

Abstract. The article describes the modeling of two-dimensional super-
molecular materials using ab initio methods. It discusses the results of studies
on the atomic and electronic structure of ResSesCl, in bulk and two-dimen-
sional form. It analyzes the difference in the effective masses of electrons and
holes between these two types of materials, which is important for transport in
nanoelectronics.

Keywords: superatomic 2D materials, atomic and electronic structure,
ab initio calculations, band gap, atomic charges, effective masses.
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'Boneoepadckuii 20ocydapcmeenmviii ynusepcumem, 2. Bonzozpad

AHHoTaums. B paborte ObUIO MPOBEICHO KBAHTOBO-XHMHYECKOE MOJICIIH-
poBaHHe Tporecca MpHcoenuHeHnsT okcuna kodanbra Co304 K TOBEPXHOCTH
yraepoxnoit HaHOTPYOKH (YHT) THma «xpecio» B TpeX pa3iIMdIHBIX MOJI0-
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JKEeHUAX agcopoumu. Mccnenyercs BIusHIE NO00HOTO MOIU(DUIIMPOBAHUS HA
3JIEKTPOHHO-YHEPIeTHIECKHIE CBONCTBA PACCMaTPUBAEMOH HAHOCTPYKTYPBI.

Ki1roueBble ci10Ba: yriepoaHble HAHOTPYOKH, OKCH KOOaIbTa, ancopo-
1Hst, TeopHst QYHKIIMOHAJA INIOTHOCTH, IIMPHHA 3aIPEIEHHON 30HBI, 3apsi10-
BOE pacIpeeieHuE.

BBegenne

YHT u ux mpou3BOAHBIC B HACTOSILEE BPEMsl pacCMaTpUBAIOTCS
KaKk KpailHe IMepCIEKTHBHAS TPyNIa MaTEpHUalioB IS TPUMCHCHHUS
B HaHORJIEKTPOHUKE U ONTOAIEKTPOHUKE, B YACTHOCTH, JIsI KOHCTPYHU-
poBaHus MoieBbIX TpaH3ucTopoB, FED-nucmees [1], ra3oBeIx ceHCO-
poB [2] u OmoceHcopoB [3]. Beicokas amcopOImoHHash aKTUBHOCTH
YHT ofycnaBiuBaeT MMPOKIE BO3MOKHOCTH TI0 MX MOAM(PHIIMPOBA-
HUIO: BO3MOXHO MPUCOSANHEHNE aTOMOB, MOJIEKYJI, ()yHKITHOHATbHBIX
IpyII K MOBEPXHOCTH, rpanunaM YHT win ux BHeApeHHE B MOJIOCTh
CTPYKTypHL. Mcronp3oBanue st MOTUGUITUPOBAHIS OKCHIOB METal-
JIOB TIO3BOJISIET YIPABIATH JCKTPUUCCKUMHU, ONTHUSCKUMHU U MarHUT-
HBIMU CBOMCTBaMHM Marepualia, a, COOTBETCTBEHHO, M0JIy4aTh MaTepu-
anpl ¢ 3aJaHHBIMU Xapakrepuctukamu. Lleqbio Hactosmield paboThI
SIBJISIETCS WCCIIEOBAaHUE BIIMSHUS Ha 3JIEKTPOHHO-IHEPTETHUECKHE
cBoiictBa YHT moBepXHOCTHOTO MOMUGMUIIMPOBAHUS OKCHIOM KO-
6ampTa Co304.

HpOBe}]eHHe MOA€JBbHOT0 IKCIIEPUMEHTA

MonensHbIH SKCIIEPUMEHT MPOBOIMIICS METOJIAMH TEOPUN (PYHKITH-
OHaJa III0THOCTH Ha ypoBHE Teopuu B3LYP/3-21G. YHT xapakrepu3zo-
Bajlach MHJCKCAMU XUpalbHOCTH (6,6). [l KoMITeHcauu 000pBaHHBIX
XUMHUYeCKHuX cBsi3eii rpanurel YHT Oblim 3aMKHYTBI TICEBIOATOMAaMHU
Bogopoza. [Ipubmkenne oxcuna xobansra Co3O4 IPOBOAMIOCH aTo-
MOM KoOajbTa BIOJb HopManu K noBepxHocTd YHT. Beutn BeIOpaHbI
TP TIOJIOXKEHUST aCOPOLIMH: HAJl aTOMOM YTIJIepo/a, HaJ| IEHTPOM CBA3H
YIJIEpOI-yIJIepO U Hall IEHTPOM r'ekcarosa. B kaxxnoi Touke ¢puxcupo-
BaJIMCh 3HAYEHUS PACCTOSHUS U SHEPTHUH JUTSL AabHEHIIIEro MOCTPOSHUS
npoduieil noBepxHocTH nMoTeHmansHo i sHepruu (I111119) B3anmoneii-
CTBHSL. 3apsi/ibl HA aTOMaX PacCUNUTBHIBAINCH 1O cxeMe Marukena. [1Iu-
pHHAa 3arnpelieHHoN 30HbI AE, ornpesensiiack Kak pa3HOCTb MEKAY SHEp-
THell HIDKHEeW BaKaHTHOW MOJIEKYISIpHO# opOutamu Erumo 1 aHEpruen
BEpXHEH 3al0IHEHHON MoJIeKyJsipHOi opouTanu Exowmo:

AEg =Eumo ~ Enomo -
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Ha ocHoBe mpoBeeHHOro KBaHTOBO-XMMHYECKOI'O MOJIEIHPOBA-
Hus ObuTH mocTpoeHsl IO mas KaXaoro MONOXKEHUS aacopommu
(puc. 1). Ananus mpoduieii mokas3al, 9To B3aUMOJIEHCTBHE MEXTY OK-
cugoM Meramia 1 YHT cTaHOBHTCS BO3MOXKHBIM BO BCEX pacCcMaTpH-
BaeMbIX BapmaHTax. OmHako Hambosee TITyOOKH MUHUMYM TIpH ai-
copOIMH HaJI IIEHTPOM CBSI3M TOBOPHUT O HAMOOIBIIEH SHEPreTHIECKON
BBITOJTHOCTH STOTO TOJIOKEHHUS M0 CPABHEHUIO C OCTAIBHBIMU.

0+ . T - - . -
0,5 0 0,5 1 1.5 2 2.5 3 3,5
-1
-1,5
-2
—+—Hag atomom
E,aB -25
-3

=@~ Hag UeHTpoM CaA3n

—i—Hap rexcaroHom
-3,5

-4

45

-5

Puc. 1. IIIIIO B3aumoneticteust YHT n Co304
B Pa3JIMYHBIX MTOJIOKEHHUSIX aICOPOIIUH

[oBepxnoctHOe MoguduuupoBanne YHT okcumom xobanbTa BO
BCEX PACCMOTPEHHBIX CIy4asX IPUBOIUT K YMEHBIIECHHUIO IINPHUHBI 3a-
npemieHHo# 30Hb!. [Ipudyem Hanbonee CHIBHO 3TO BBIPAXKEHO ISl HO-
JIOKEHHSI Ha/T IICHTPOM IeKcaroHa — IMPHHA 3aIPeIeHHOI 30HbI 3/1eCh
cHIDKaeTcs Ha 26% Tpu UCTIOIH30BAHNY IPH pacueTe YHepruil anbda-
opbuTanei u 36% npu HCNOIB30BAaHNH SHEPruid Oeta-opouTaneil. Ana-
JIU3 3apSAI0BOTO paclpeneieHns TO3BOJIMI YCTAHOBUTh YMEHBIIICHHE
3apsia Ha aToMax yriiepoza nosepxaoctu YHT u yBenuuenun 3apsina
Ha aToMe KoOabTa, KOTOPBIM MIPOU3BOAMIOCE ipucoeanHenne. Coot-
BETCTBEHHO, 3JICKTPOHHAS IUNIOTHOCTh cMeIaeTcs ¢ okeuaa Ha YHT.

BriBoabI

B paborte 0b1U10 IPOBEICHO KBAHTOBO-XUMUYECKOE MOJISITHPOBAHNE
npucoenuHeHus okcuaa kobambra Co304 k moBepxHoctd YHT THma
«KPECIIO» ¢ MHACKCAMHU XHUPAITBHOCTH (6,6). Y CTaHOBJICHO, YTO TaKUM
Croco00M BO3MOXKHO YHPAaBIATh HMIMPUHON 3ampelieHHOW 30HBI, YTO
MOJKET OBITH ITOJIE3HO JIUISI CO3/IaHUSI HOBBIX MAaTEPHAIIOB JIJIsI HAHODJIEK-
TPOHHKH M ONTOJICKTPOHHUKH.
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Paboma evinonnena 6 pamkax zocyoapcmeennozo 3aoanus Munu-
cmepcmea Hayku u evicuiezo oopazosanus PO (mema « FZUU-2023-
0001»).
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QUANTUM CHEMICAL MODELING OF THE SURFACE
MODIFICATION OF AN “ARMCHAIR” CARBON NANOTUBE
WITH COBALT OXIDE

A.R. El Zanin, S.V. Boroznin

Abstract. In this work quantum chemical modeling of the process of at-
tachment of cobalt oxide Co304 to the surface of a carbon nanotube (CNT) of
the “armchair” type in three different adsorption positions was carried out. The
effect of such modification on the electronic properties of the nanostructure
under consideration is investigated.

Keywords: carbon nanotubes, cobalt oxide, adsorption, density functional
theory, energy gap, charge distribution.
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1

"Tioml’V, 2. Tiomens

AunHoTanusi. [IpeacTaBieHa HecTalOHApHAs OJHOMEpHast (HH3UKO-Ma-
TeMaTH4eCcKasi MOJENb MacCONEepPeHOCa KHCIOPOIHBIX BAKAHCHH U 3aXBaycH-
HBIX 3JIEKTPOHOB B CAMOCOTJIACOBAHHOM BJICKTPUYECKOM I10JIe, KOTOpasi 103~
BOJISIET TOYHEE ONPEICIUTh BIMSHHAE TEMIICPATyphl HA dIEKTPODUIHYESCKHE
CBOI{CTBAa METAJUIOOKCHAHOTO MEMPHCTOpa II0 CPABHEHUIO CO CTAL[MOHAPHON
Y HECTALIOHAPHOI MOJEIISIMH B IPHOIIVDKEHHH ITOCTOSIHHOTO TIOJIS.

KaioueBble ciioBa: MEMPUCTOP Ha OCHOBE OKCH/JIAa METAJLIa, MOJIETb Mac-
comepeHoca 3apsiioB, KACIOPOIHbIE BAKAHCHH, BOJIBT-aMIEPHAS XapaKTepH-
CTHKa MEMpPHUCTOPA.

BBenenne

B [1] Ha ocHOBE NOCTATOYHO MOJHON CUCTEMBI YPaBHEHHUM Macco-
MepeHoca 3apsoB [2] mpeacTaBiieHa MpocTas CTalroHapHas (PU3HKO-
MaTeMaThdecKasi MOJIeb MEPEKITIOYSHUS MEMPUCTOPA U3 HU3KOTPOBO-
JIAIIETO B BBICOKOMPOBOJsIIEe cocTosiHue. Mojens [1] B oTinuue
ot [2] yuurtsiBaeT An¢y3HOHHBIN WICH B ypPaBHEHUH HEMPEPHIBHOCTH
JUTSI KOHIIGHTPaluy BaKaHCHH KUCIOPOAA, CBSI3aHHBIN ¢ HATMYHEM Tpa-
JIUEHTa KOHIICHTPAIMHA B OKCHIHOM CJIO€.
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B nacrosieii paboTte npencTaBieHa HECTALMOHAPHAS OJHOMEPHAs
MOJZIENIb MACCOIEpEHOCca 3apsioB B CaMOCOTTIACOBAHHOM JJIEKTpUYe-
CKOM I0JIE OKCHIHOTO €10 MEMPHUCTOPA, B KOTOPYIO MOMHUMO YpaBHe-
HUI HETIPEPHIBHOCTH KOHLIEHTPAIIUU KUCIOPOJHBIX BAKaHCUI 1 HOHOB
BIIEPBBIE BKJIOYEHBI HECTAIMOHAPHBIE YPAaBHEHHS HEMPEPHIBHOCTU
KOHIIEHTPALMH U TUNIOTHOCTH TOKA 3aXBaYEHHBIX JJIEKTPOHOB.

Hecranuonapuasi Moes b MacconepeHoca 3apsaaa
Cucrema HeCTallMOHAPHBIX YpPaBHEHUH MaccollepeHoca 3apsioB

B CaMOCOIJIaCOBAHHOM 3JICKTPHUYCCKOM II0JIC OKCUJHOTO CJI0A MEMpPHU-

CTOpa UMECT BUA!
3E
N Eg= megy

= V(DVN - NVE) + (Npmax — N)foexp | — kT ~ NNoxVEox 4£ZOE’ M

ONox

Eg— P E
at = V(DoxVNax + NoxVEax) + (Nmax - N)foexp - - NNoxVon $: (2)
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o, _ = e E

e aV(nt (1 N)Pfu"E)’ Q)
one _ 137 7 e E

o= = VT = ean (1-3) Pun @
divE = —¢ o™V (5)

Eréo

YpaBHeHUs JUIsl KOHLICHTPALUMH KACIOPOJHBIX BAKAHCUN U MOHOB
(1) u (2) B3sare u3 [1]. HecrannonapHble ypaBHEHUST HETIPEPHIBHOCTH
KOHIICHTPAIIMH U IJIOTHOCTU TOKA 3JIEKTPOHOB (3) 1 (4) HCTIONB3YIOTCS
BIIepBHIE. Bce 0603HaYeHNS B 3THX YpaBHEHHAX B3ATHI U3 [1].

UuncneHHOe MOJIeNnMpoBaHue ciucTeMbl ypaBHenui (1) — (5) mpose-
JICHO C MOMOIIBIO TporpaMMebl Ha si3bike Python. [Toctpoena BoiabT-aM-
nepHas xapakrtepuctika (BAX) Ha y4acTke mepexstoueHHs] MEMpPH-
CTOpa M3 HU3KOIPOBOISIIECIO B BHICOKOIIPOBOJIICE COCTOSHHE IPU
MOCTOSTHHOM 3JIEKTPHUYECKOM I0JIe, COOTBETCTBYIOIIAs HECTaI[OHap-
HOMY pEXXHMY PE3UCTUBHOTO MepeKtoueHmst MemprcTopa. OHa pacmo-
JIOXKeHa ONnXe K SKCIIEPUMEHTANbHONW KPHUBOM, YeM KpHUBas B clydae
cTanroHapHoro pexxuma (puc. 1). Pacuérnas BAX npu camocornaco-
BaHHOM TIOJI€ PACIIONIOKeHa eIé OIIKe K KCIIEPUMEHTATbHON KPHBOU
OTHOCUTENIBHO COOTBETCTBYIOIIEH KPHMBOH NpPH IIOCTOSIHHOM II0JIE
(puc. 2).

[Homyaensr kpuBble BAX Ha ydacTke epeKIrO4eHNs MEMPHCTOPa
13 HU3KONIPOBOJSILETO B BBICOKOIPOBOAALIEE COCTOSHUE IIPU Pa3Iuy-
HOH TeMIepaType OKCUIHOTO CIIOSL.
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Puc. 1. 3aBucHMOCTh TOKA Puc. 2. Biustane
1= JnD?/4 ot manpsoxerus U €aMOCOIIaCOBAaHHOTO
Ha aHOJIe, OITUCHIBAIOIIAS 3IEKTPUUYECKOTO TOJISI
PE3UCTHUBHOE NEPEKIIOUEHUE Ha BuJ kpuBoid BAX
MeMpHcTOpa MEMPHUCTOPA.
BriBoabI

[IpencraBiena HecTanMOHAPHAS MOJENb MacCOIEPeHOca 3apsIoB
B CaMOCOTJIaCOBaHHOM 3JIEKTPUYECKOM T10JI€ OKCHJIHOTO CJIOSI MEMpPH-
cropa. Pacuernas BAX pacronoxeHa Oimke K SKCIIEpUMEHTaILHOM
KPUBOW TI0 CPAaBHEHHIO CO CTAIIMOHAPHOW MOJIENTBIO F HECTAIIMOHAPHON
MOJENBIO C TIOCTOSTHHBIM ToJieM. OTpe/IelIeHO BIHSIHUE TeMIIepaTyphl
Ha pacmpelecHiue KOHIICHTPAUA KUCIOPOTHBIX BaKaHCUH IO TOJ-
oMHe MeMpucTtopa U BuI KpuBod BAX Ha ydacTke HepeKIIIOUeHHUs
MEMPHUCTOPA U3 HU3KOIPOBOSIIETO B BEICOKOIIPOBOIAIIEE COCTOSTHHE.

Hccredosanue npogedeno npu noodepoicke Munobpuayku P®
8 pamkax 2ocyoapcmeenno2o 3adanus (npoexm FEWZ-2024-0020).
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A NON-STATIONARY MODEL OF MASS TRANSFER
IN A SELF-CONSISTENT ELECTRICAL FIELD FOR
DETERMINING THE INFLUENCE OF TEMPERATURE
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ON ELECTROPHYSICAL PROPERTIES OF METAL OXIDE
MEMRISTORS

A.N. Busygin, B.K. Gabdulin, S.Y. Udovichenko, N.A. Shulaev,
A.D. Pisarev, A.H.A. Ebrahim

Abstract. A non-stationary one-dimensional physical and mathematical
model of mass transfer of oxygen vacancies and trapped electrons in a self-
consistent electric field is presented, this model allows to determine the influence
of temperature on the electrophysical properties of metal oxide memristors.

Keywords: metal oxide based memristor, physical model of charge mass
transfer, oxygen vacancies and trapped electrons, current-voltage characteris-
tic of a memristor, oxide film temperature.
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'QUI] UY PAH, 2. Mockea

AHHoTanus. B pabote paccMaTprBaroTCs BOIPOCHI BEIYUCIUTEIHHOM pe-
aNM3alMU MaTEeMaTHIeCKOM MOJIENN MepeKitodaTenbHoil auHamMuka ReRAM
3JIEMEHTOB, OCHOBAHHOM Ha CHCTeMe ypaBHEHUil npeiida-nuddy3un noHoB,
JIEKTPONPOBOJHOCTH U TETIJIONPOBOJHOCTH B DJIEMEHTE.

Kawuessie ciioBa: memprictop, ReRAM, duiament, ypaBHeHue npeiida-

muddy3um.

PaboTa mocBsieHa BONMpOcaM MOJEIUPOBAHHS MEPEKII0YATEIb-
HOW JTMHAMUKHA MEMPHUCTHBHBIX DIIEMEHTOB. [lepekitoueHue Mexmay
BBICOKOPE3UCTUBHBIM U HHU3KOPE3UCTUBHBIM COCTOSIHUSIMH 3JIEMEHTA
Ha OCHOBE TOHKOI'O OKCHJIHOTO CIIOSI CBSI3aHO ¢ 00pa3oBaHHEM/pa3py-
HIeHueM (PUIaMEHTHBIX CTPYKTYp, KOTOpPbhIe OOBIYHO MPEACTABJISIOT
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co0OH KIacTepbl KUCIOPOIHBIX BakaHCUH. JJOMHHUPYIOIIYIO pPOIb
B 3THX MPOIIECCAX UIPACT JMHAMHKA HOHOB KHCIOPOIa.

B nacTosiee BpeMs IpeIoKeH eI P MAaTEMAaTHICCKHX MO-
JIeNiel, B TOM MJIM MHOW CTENIEHU OTPaXKaroIUX OCHOBHBIE MEXAHU3MBI
MEMPHCTUBHOTO TMepekmoueHus. Hanbosiee KOMIUIEKCHBIH IMOAXO.
MIpearoiaraeT mpsMoe MOICTUPOBAHNE MPOIIECCOB TeHEPaITHH/PEKOM-
OMHAIIMK MOHOB KUCJIOPO/A, TPAHCIIOPTA MOHOB U DJIEKTPOHOB B OKCH-
JIHOM cioe. Kak mpaBuiio, /Ui ONKMCAaHUs JUHAMUKHA HOHOB B 3THX MO-
JIEJISIX HCIOJNIb3YyeTCsl MeToJ| KuHeTndeckoro MonTte-Kapmo. Taxoii
MOJIX0J], B YaCTHOCTH, PUMEHSUJICS aBTopamMu B pabotax [1, 2]. Ocy-
IIECTBISIOCH MOJICIIUPOBAHUE TUHAMMKH MOHOB METOJIOM KHHETHYE-
ckoro MonTe-Kapo Ha peanbHON KPUCTANIMYECKON PEIISTKE OKCHIIA
KPEMHUSI, YTO MO3BOJIUJIO IOJIYYUTh JIETATLHYH KapTHHY JBOJIIOIHUU
¢bunaMeHTHBIX CTPYKTYp. [Ipr 3TOM MOJEIMpOBaHKE CBSI3aHO BO 3HA-
YUTEIHHBIMU BBIYUCIIUTEIBHBIME 3aTpaTaMy, a BOCIIPOU3BEICHUE CTa-
OMJIbHBIX IUKJIOB, XapaKTEPHBIX JIJIS BOJIBTAMIICPHBIX XapPaKTSPUCTHK
MEMPHCTUBHBIX 3JICMEHTOB, 3aTPYIHUTEILHO. B 3T0# CBA3M NpecTaB-
JISTIOT UHTEPEC MOJIEIN, OCHOBaHHBIE HA MAKPOCKOITMYECKOM OMTUCAHUU
npeiida u nuddysun nonos. Kak npasuio, ypaBHeHue npeida-aud-
(Gy3uH B TAKUX MOJIENISAX JIOMOJHACTCS YPAaBHECHHUSIMH 3JICKTPOIPOBO/I-
HOCTHU M TEILIONPOBOJAHOCTH C IENBI0 yUeTa JHPKOYJIeBa TEIUIOBBIIENe-
Hus. B Jokiaje paccMaTpuBAaeTCs BBIUMCIIHTENBbHAS pealn3alus
MaremaTudyeckoi Mojenu [3]. Mojens mo3BoJieT, ¢ OHOW CTOPOHBI,
aJICKBAaTHO OIMUCATh MEXaHU3Mbl MEMPUCTUBHOTO TICPEKITIOYCHHUS U T10-
JIYYUTh CTAOUJIBHBIC BOJBT-aMICPHBIC XaPAKTCPUCTHKH, a C APYTOW —
CAeNaTh TO MPHU MPUEMIIEMBIX BBIYHCIUTENHHBIX 3aTPaTax, 4To aKTy-
aJBHO JII1 MHOTOBAPHAHTHOTO aHAJIM3A.

C TOUKM 3pCHHS BHIYMCIUTEIHLHON pealn3alliu CIeyeT OTMETUTh
nBa acniekTa. [lepBeIif cBsi3aH C COMPSKEHHBIM XapaKTepOM ypaBHEHH.
Koadpdunuent nuddysun u ckopocTs apeiida cylecTBEeHHO 3aBUCAT
OT TEMIICpPaTyphbl, KOTOpas OMPEIACNISICTCS YPaBHEHHUEM TEILIOIPO-
BOJHOCTH, T/Ie KO3(PDHUITUEHT TETUIOPOBOIHOCTH 3aBUCUT OT KOHIICH-
Tpaluy BakKaHCHIA, a MpaBas 4acTh 3aBUCHUT OT MPOTEKAIOMIETO TOKA.
[110THOCTB TOKA B 3JIEMEHTE ONPEACISACTCS YPAaBHCHHEM JJICKTPOTIPO-
BOJHOCTH, B KOTOPOM KO3(PPHUITUEHT SJIEKTPOTIPOBOTHOCTH 3aBHCHT OT
KOHIICHTPAIIMH BaKaHCHUI U TeMIepaTypsl. [t moay4yeHus camocoria-
COBAHHOT'O PEIICHUS yPaBHEHUN MOHHOW JMHAMUKH Ha Ka)KJIOM Bpe-
MEHHOM I1are TpedyeTcsl OpraHu3alysl CIeHaIbHOTO HTEPAIIHOHHOTO
mpolecca.
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Bropoil acmekT kacaercs IMOCTPOECHHsSI BBIYUCIUTEIIBHON CETKH.
B mporecce nepexmroueHus B aneMeHTe ReRAM BO3HHUKAIOT HOABIK-
HBIE 30HBI C PE3KUM Iepenas oM KOHIEHTPAlud YacTHLl. I moBbIIIe-
HUS TOYHOCTH M COKpPAILIEHHS BBIYMCIUTENBHBIX 3aTpaT pacdyeTHas
CeTKa aBTOMAaTHYECKH IepecTpanBaeTcs Ui afanTaluid K 0COOEHHO-
CTSIM MOJTY9aE€MBIX PELICHUM.

JanbHeliniee pa3BUTHE MOJEIH CBSA3aHO ¢ AOOABJICHUEM ypaBHeE-
HUAW XUMHYECKONH KWHETHKH B OKCHUIHOM CJIO€ M Ha MHTep(deiicax ok-
CUIHOTO CJI04 C 3JIEKTPOAaMH [4], a TakKe ¢ yUETOM KOHTAKTHOT'O Tep-
MHUYECKOTO CONPOTUBIICHUS reTepONHTEP(EHCcOB.

Hcceneoosanue svinoaneno 3a cuem epanma Poccutickoeo nayuno2o
¢onoa (npoexm Ne 23-91-01012).
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SUIITM PAH, 2. Yepnozonosxa

AnHotanusi. B pabore ObIJIO NPOM3BEEHO MOJEIUPOBAHHUE CEJIEKTOPA
ReRAM Ha ocHOBE TYHHEIBHOT'O JHOJA C WCIIONB30BaHWeM TiN B KauecTBe
NIEKTPOJa M pasnuyHbIX MaTepuanoB auiekTpuka (TaOs, TiO», SizNy).
Bb110 mponsBeieHo cpaBHEHUE PE3yIbTaTOB MOJICIIMPOBAHMS C PE3yIbTaTaMU
TEOPETHUYECKUX PAcUeTOB CTPYKTYphl. IlodydeHHBIE NMpH MOIETUPOBAHUA
BAX coBmafaroT C TEOPETHIECKAM PACIETOM.

KuaroueBsbie cioBa: ReRAM, cenexkrop, MoIenupoBaHNe, TYHHEIbHBIN
JTHO].

BBeaenune

C nmenplo pemeHus npodieM ¢ MaclITaOMPOBaHUEM yCTPOICTB Ha-
msite Tuna Flash [1] pa3spabaTeiBatoTcst HOBbIE TEXHOIOTHUH TAMSTH, OJI-
HOM 13 KOTOPBIX siBisieTcss ReRAM. Pe3nctuBHas mamMsaTh C TPOU3BOIIb-
HeIM jgocTynioM (ReRAM) — 3T0 BHI SHEproHe3aBHCUMOW MaMSITH,
KOoTopasi paboTaeT 3a CueT W3MEHEHHUS! CONMPOTHBICHHUS TOHKOTO JH-
AIEKTPUYECKOTO CIIOSI TOJA JEHCTBHEM BHENIHETO SJIEKTPUYECKOTO
moysg. OJNeMeHTHl XpaHeHHs ReRAM (Mempucropbl, aHri. —
memristors) 00JamaroT BHICOKOH MacIITaOupyeMOCThIO, JOJITOBEYHO-
CTBIO, HU3KUM 3HEPTONOTPEOICHNEM M BBICOKOW CKOPOCTHIO pabOTHI.
TpaguMOHHBINA NOAXOMA K OMMCAHUI0 MEMPUCTOPA MO3BOJISIET ONPENE-
JIUTh €r0 KaK 3JEMEHT SHEPrOHE3aBUCMMOM MaMsITH, UMEIOIIUN ABa
KoHTaKkTa [2]. /laHHas paboTa mocBAIIeHa PACCMOTPEHUIO KOMITOHEHTA
MaccuBoB ReRAM, KOTOpbI NpUMEHSETCI COBMECTHO C MEMpHC-
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TOPOM — CEJIEKTOpHOEe ycTpoiicTBo. CeleKkTop npeaHa3HayeH A KOH-
TPOJMPOBAHMS HEKEIATEIbHBIX TOKOB yTEeUKd. bumosspHble cenek-
TOPHI, CIOCOOHBIE TPOBOIUTH TOK B IBYX HAIPaBICHHSX, JIENAI0T KOM-
MOHEHTHl Ooyiee MPHUBJICKATENbHBIMU ~ Onarogapsi BO3MOXKHOCTH
yIpaBIeHHs OCTYIIOM K SYedKe MaMsITH NP MPHI0KEHUH HampsKe-
HUS pa3HOil NOJSPHOCTH.

MopeanpoBanue cejektopa ReRAM B TCAD

B cBs31 ¢ HamMMYMEM WM OTCYTCTBHEM JOCTYTa K HEKOTOPHIM U3
TpeOyeMBIX MaTepHajoB, HanOoiee TEXHOJOTMYECKH peallu3yeMbIM
seisieTcst MIM-cenekTop Ha OCHOBE TYHHENBHOTO nuoaa. Cpeau marte-
pHaNoOB, LIMPOKO PACHPOCTPAHEHHBIX B POCCHHCKOM MHKpPOANIEKTPO-
HUKe, noaxoasmyo MJIM cTpykTypy MOXXHO peaan30BaTh Ha OCHOBE
TiN B kadecTBe marepuana 37ekTpoaoB U Ta,Os/Ti0,/SizNs B posn
(YHKITHOHAIBHOTO CJIOA.

Monenuposanue npoussoaunock B CAIIP Sentaurus TCAD sep.
K-2015.06. Haubonee nomxozsiei ais monenupoanus MIM cTpyk-
TypsI cpenu noctynHbix B cpere TCAD moneneit TyHHETUPOBaHUS SB-
nsiercst Direct Tunneling. B ¢Bs3u ¢ TeM, 4TO KOPPEKTHOE MPUMEHEHHE
Mojieel TyHHEeTUPOBAaHUS BO3MOKHO TOJIBKO JUIS CTPYKTYp IHAJIEK-
TPHK-TIOIYIIPOBOIHUK, MeTai TiN 3amaBasics Kak MoJIyIpOBOJHUK He-
pes3 psx mapaMeTpoB B cooTBeTcTBYomEM ¢aitne (WorkFunction, Eg0,
Chi0, epsilon, Resist0, TempCoef).

ITomy4eHHast MOJEnb MOKa3aJla COOTBETCTBUE C TEOPETUUECKHU pac-
cunTaHHOM 1o popmyne CHMMOHCa BOJIBTAMIIEPHOIN XapaKTEPUCTHUKON
B pabote [3]. CpaBHEeHHE MPUBEICHO B Ta0J. 1 B BUJIC BEIUYMHBI TOKA
IUIS Pa3lWYHbIX BUAOB JUAJICKTPHKA M IUIOMIALEH CTPYKTYpHI, OTKyAa
MOYKHO 3aMETHUTh, YTO BEJIWYHMHA TOKA 3aBHCHT IPSIMO IMPONOPLIUO-
HaJIBHO OT IJIOLIAAN CTPYKTYpPHBI, YTO COOTBETCTBYET C TEOpHUEH.

Ha puc. | mpencraBieHbl BOJbTaMIICPHBIE XapaKTEPUCTUKH JUIS
CTPYKTYp ¢ MarepuanoMm audnekTpuka SizN4/TiO2/TarOs TommmHOR
1 HM U MIOIIA/IBIO CTPYKTYPBI 1 MKM”. MOKHO 3aMETHUTB, YTO CENIEKTOP
Ha ocHoBe SizNs oONamaeT HU3KOW HEMWHEHHOCTHIO. I cenmekTopa,
UCIIONB3YIOIIEr0 OKCHJ TaHTajda MOJAEIHPOBAaHME KOPPEKTHO IS
HanpsKeHUs, He mpeBbliaonero 1,3 B, mockonbky npu JanbHeimeM
pacuere B popmyIie, exarieii B ocHoBe Moaenu Direct Tunneling mipo-
UCXOANT BO3HUKHOBEHHE OTPHLATENBHBIX KOPHEW, M MOCIENyIOIINe
pe3yNbTaThl HeNb3s CYNTATh PEICBAHTHBIMH.
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CpaBHeHHe pe3yJIbTATOB MO/IeJTUPOBAHUS

Tabnuya 1

JusnexTpuk/
tonmuHa, HM/ | @opmyna CummoHca, | MoznenuposaHue, Dopmyna MonenupoBanue,
TUIOINAb, 0,1B 0,1B Cummonca, 1,4 B 1,4B
MKM?

SisNg/1/1|  8,22019e-07 3,95763e-07 | 2,53446e-05 | 8,78106e-06
SisNs/1/4| 3,28808e-06 1,58305e-06 | 0,000101378 | 3,51242e-05
SisN4/1/9|  6,57615e-06 3,56186e-06 | 0,000202757 | 7,90295e-05
TiO/1/1 1,16301e-05 4,98759e-06 | 0,000514109 | 0,000344518
TiO,/1/4 4,65205e-05 1,99503e-05 | 0,002056437 | 0,00137807
TiO,/1/9 0,000104671 4,48883e-05 | 0,004626984 | 0,00310067

Taz0s

Si3nNg

Tioz2

E 0.0006 F
2e-05 f
E 0.0004 £

1e-05F 0.0002 E

0 0.5 1 15

Puc. 1. Boneramnepnsie xapakrepucTukul 1i1st SisN4/Ti02/TaxOs

BoiBoabI

B pabote ObulO MPOW3BEICHO MOJACITHPOBAHHME CEIIEKTOpa pe3u-
CTUBHOW MaMATH Ha OCHOBE TYHHEIFHOTO JHMOAA C UCIOIh30BAHHEM
TiN B KadecTBe 3JEKTPOJAa M PAa3IUYHBIX MATEPHAJIOB JHAJICKTPHUKA.
CpaBHeHHE pe3yIbTaTOB MOJICIIUPOBAHUS C pe3yIbTaTaMH TeOpeTHYC-
CKHX PacueTOB CTPYKTYPHI BBIIBUIIO COOTBETCTBHE MOJIENN U TEOPHH.
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MODELING OF RERAM SELECTOR BASED ON MIM DIODE
A.O. Kuryanov, G.S. Teplov, M.1. Fedotov

Abstract. This work presents modeling a ReRAM selector based on a tun-
nel diode using TiN as the electrode material and various dielectric materials
(Ta,0s, TiO,, SizN4). The modeling results were compared with the results of
theoretical calculations of the structure. The IVC obtained during modeling
agrees with the theoretical calculation.

Keywords: ReRAM, selector, modeling, mim diode.
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'OUI] 1Y PAH, 2. Mocksa

AHHoOTanus. MaTeMaTHUeCKue MOJEIIN MEMPUCTOPOB, KaK MPaBHIIO, 3a-
JIAI0TCSI B BUJIE JUHAMUYECKUX CHCTEM OTHOCUTENIBHO MapaMeTpa COCTOSHUS
JIEMEHTA, XapaKTepU3yIOIEro MpoBOIUMOCTb. [Ipy 3TOM 3aBUCUMOCTb TOKa
(MM CONPOTHBIIEHUS) OT ApaMeTpa COCTOSHHUS U MTPUIIOKEHHOTO K DJIEMEHTY
HAaIpsDKEHNST MOKET OBITh JOBOJIBHO CIOKHOHM. CyIIecTBYIOIME MOAEIH 3a-
4acTyl0 He B IMOJIHOM Mepe BOCIPOU3BOMAAT HKCIEPUMEHTANIBHBIE JaHHBIE.
B cBs3u ¢ 3TuM B paboTe mpezsaraeTcsi IBYXSTAlHBI METOJ, 3aKJIF0Yaro-
LIUICS B UCIIOIb30BAaHUU KJIACCUYECKUX MOJIENIEH Ha [IEPBOM 3TaIe U HEHPOH-
HBIX CEeTeH I alpOKCUMALUU 3aBUCUMOCTH TOKA OT IapaMeTpa COCTOSTHUS
U HAIIPSKEHHs HA BTOPOM JTarle.

KiroueBble cioBa: kommakTHas Mojens, ReRAM, mempucTop, anmpok-
cumanus, BAX, okcun raduus, HfO2.

BBeaenune

BonbIMMHCTBO HM3BECTHBIX KOMITAKTHBIX MOJENEH 3JIEMEHTOB
RERAM cdopmynupoBaHbl B BUAE TUHAMUYECKOH CHCTEMBI OTHOCHU-
TEIBHO IapaMeTpa COCTOSHHUS MEMPHUCTOpa w(t)e [0,1]. ITapametp
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COCTOSIHASL MEMPHUCTOPA — 3TO BEIUYMHA, KOTOPast COOTBETCTBYET I10-
JIO’KCHUIO TPAHUITBI, PA3ACIIIONICH 00JIACTH C HI3KOH M BRICOKOW KOH-
LEHTpalel BaKaHCUU KHUCIOPOJa, TONILKMHE MPOBOISIIETO CJOs,
WIM TOJIIMHE HEMpPOBOAALIEro Oapbepa, B KOTOPOM BO3HUKAET TYH-
HEJIFHBINA TOK 3JIEKTPOHOB. B camMoM mpocToM 1 HanboJiee pacmpocTpa-
HEHHOM BapUaHTE CONPOTUBJICHUE MEMPHUCTOpaA 3aJacTcsi B BHUJIE
BBHIMTYKJION JUHEWHOW KOMOWMHALMU JABYX KpallHMX €ro 3Ha4eHUH

(BBICOKOOMHOTO — R . ¥ HHU3KOOMHOrO — R ) C BECOBBIMH

off
KOO(pGUIIMCHTaMH,  ONPEJCIIICMbIMA  MApPaMETPOM  COCTOSIHUS
R(t)z(l—w(t))Roﬁ.+w(t)R0n, a Tok — uepe3 3akoH Owma:

1(6)=V ()[R ().

3a4acTyro CYyIIECTBYIOIHE MOJAETH HE B TIOJHONH Mepe BOCIIPOU3-
BOJISIT SKCIIEpUMCEHTaNIbHBIE aHHBIe. PaHee aBTopamu paboThl OBLIO
MPEIOKEHO MCTOIh30BaTh MHTEPBAIBHBIA ammapar Uil yIydIIeHus
nmaHHOU cutyanuu [1-2]. B HacTosmiel paboTe nmpeanaraercst moaxo,
3AKJIFOYAIOIINIICS B HCIIOIB30BAHUU HEMPOHHBIX CETEU JUIS alllIPOKCH-
Malli¥l 3aBUCHMOCTH TOKa [(f) OT mapametpa cocTostHus w(t)

v HanpspkeHust V(¢) [3]. B pesysnbrare mnonydaercs KOMIIaKTHas

MOJIeNb, B KOTOPOH MapaMeTp COCTOSHUS ONPEAEISETCS C MOMOIIBIO
JUHAMUYECKOW CHCTEMBI, YUUTHIBAIOIIEH OCHOBHBIC (PU3NYECKUE 0CO-
OEHHOCTH JIEMEHTOB, a y’K€ TOHKas I1OJICTPOWKA MOJAENIHU IIOA KCIIe-
pUMEHTAIbHBIE TaHHBIE OCYILECTBIISIETCA HA YPOBHE HEHPOHHOM CETH.

IlocTpoeHHe KOMIIAKTHBIX Mo/eJIeil MEMPUCTOPOB
ITocTpoeHne KOMIAKTHOW MOJENH OCYIIECTBIISCTCS B JIBAa JTarla.
[lycTb SKcIIeprMeHTaNbHEBIE TaHHBIE MPEICTABICHBI B BUIE TAOIUIIBI
V() I(4), k=1,.., N,,> TAE N, — KOIMYECTBO SKCIEPUMEH-
TaTbHBIX TOUeK. Ha mepBoM 3Tame BBITIONHACTCS MOACIUPOBAHUE -
HAMUYCCKOH CHUCTEMEI IO V(tk), U OINPENEIAIOTCS W(tk)’ OrmeTum,

YTO JUHAMUYECKAsl CUCTEMA MOKET 3aBUCETh OT PsAJ1a IapaMeTPOB, 3Ha-
YeHHS KOTOPBIX 33/1al0TCSA B COOTBETCTBHH C JOCTYITHON HHpOpMarmen
OTHOCHUTEIILHO KCIIEPUMEHTAIBHOr0 00pasia. BaxHoi 0COOEHHOCTHIO
MIPEACTABICHHOTO NOJAX0/Ia SIBISAETCS TO, YTO AMHAMMYECKAs CUCTEMA
MOJKeT OBITh J1000H. Ha BTopom 3Tame ¢ sKcrepruMeHTaNbHBIME JaH-

HBIMH cONOCTaBseTcs w(z, ) : w(t, ) : V(tk) 1 (tk) U pelaeTcs 3a1a4a
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nocTpoeHust GyHKuuK [ (w,V) anmnpoKCUMUpPYHOLICH . Jiobyto He-

NPEPHIBHYIO QYHKIHIO IEHCTBUTENLHBIX IEPEMEHHBIX MOKHO alIpOK-
CUMHUPOBATh C JIIOOOH TOYHOCTHIO MCKYCCTBEHHOW HEHPOHHOU CETHIO
MPSIMOTO PACHpPOCTPAHEHHS] C OJHUM CKPBITBIM CIOEM M HENPEPBIB-
HBIMM CUTMOMIHBIMA QyHKIMAMH akTuBaiuu. [loatomy Bux 1(w,V)

BBI6I/Ipa€TC$I CJICAYIOIINM:

b

1(w, a+z : , (1)

Y 1+exp(—cw—dV —e,)

rne a, b, c,d, e, i=1,..,N — Becosbie K03hOHUHCHTBL.

Pe3yabTarhl

BrimonHseTCs MOCcTpoeHe HeHpPOCeTEBOM MOJIEI MEMPHUCTOPA, Ha
ocHOBe okcuaa raduus. Ha puc. la moka3zaHa 3aBHCHMOCTD HaIpsiKe-
HUS OT BPEMEHH, a Ha PHC. 10 — CEphIM I[BETOM SKCIIEPUMEHTAIbHAS
BoJIbTaMIIepHas xapaktepucTuka (BAX) B cooTBeTcTBHH ¢ pabOTOM
[4]. B kauecTBe OCHOBHOM MOJIEIH HCIIOJIB30BANIACH MOJECIb, IPEI0-
>KeHHas B [4]:

thr >

09_1/;11 <V( ) V.

a%t) —ar (0 1=l ()2, @

b
2round| ————
1-w(z) [\V<t>\+c],V(t)>V,hr,
rae V, =0.8 B-— moporopoe 3Haye€HHe HANpPHKEHHs aKTHBALWH,

a =1 — KOHCTaHTa, § =5 — HEYETHOE LEJ0€ YUCIIO, round —
(GYHKIUS TTOTYYEeHUS [EIOYUCIICHHOTO pe3ynbTara; b =15, c=2 —

MOTOHOYHBIE KOA()(DHUIMECHTBI, W(O) =0.

Io (2) 6bu1 omysen naGop suauermit w(z, ):V (¢, ): (¢, ) u nanee

BEITIOJTHEHO O0y4eHne HelpoHHOH cetr (1) ¢ moMombio OMOIHOTEKN
TensorFlow 10 mOCTHXEHUS CETBIO ONPENEICHHON TOYHOCTH aIPOK-
cuManuu. B CKpeITOM cjl0€ HEMPOHHOW CETH HAaXOAUTCS MOpsAKa
cotuu Heiiporos (N =120 B (1)). Ha puc. 16 — depHBIM IIBETOM T10-
kazaHa mozenbHas BAX. HeGonbimoe HecooTBeTCTBUE HaOmMIOAaeTCs
TOJIBKO B JIEBOM «XBOCTEY.
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Puc. 1. CpaBuenue moznenbHoi BAX ¢ sxcniepumenTanbaoit BAX (0)
NIpY oNpeJieNieHHON opMe BXOAHOTO HANPsDKEHUS (@)

3akjouenune

[TpeacrarieH MeTOM MOCTPOCHUSI KOMIAKTHBIX MOJICNICH SJIeMeH-
ToB RERAM, cornacHo KoTopoMy napaMeTp COCTOSIHUS OIPEIeIsIeTCs
C MTOMOIIIBIO AMHAMUYECKON CHCTEMBI, YUUTHIBAIOIICH OCHOBHBIE (hU3H-
YecKre 0COOCHHOCTH JJIEMEHTOB, & TOHKAas MOJCTPOKA MOJACTH TMOJ
IKCIIEPUMEHTAIILHBIC JJAHHBIC OCYIIECTBISICTCSI HA YPOBHE HEHPOHHOU
cetd. [IpeaoskeHHBIN MOAX0/] MPUMEHEH K MEMPUCTOPY Ha OCHOBE OK-
cuna raduaus (HfO2). PacuetHas BAX coOTBETCTByeT 3KCIIEpHUMEH-
TaJlbHOMN, YTO JEMOHCTPUPYET YHHBEPCAIBHOCTh U 3(P(EKTUBHOCTH
MPETIOKESHHOTO TIOJX0/IA.

HUccneodosanue gvinonneno 3a cuem cpanma Poccuiickoco HAY4YHOcO

¢onoa (npoexm Ne 23-91-01012).
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TWO-STEP METHOD FOR CONSTRUCTING
COMPACT MODELS OF RERAM ELEMENTS

A.Yu. Morozov, K.K. Abgaryan, D.L. Reviznikov
morozov@infway.ru

Federal Research Centre “Computer Science and Control” (FRCCSC),
of the Russian Academy of Sciences, (FRC CSC RAS). Vavilov st. 44,
119333 Moscow, Russia

Annotation. Mathematical models of memristors are usually specified as
dynamic systems relative to the state parameter of the element characterizing
conductivity. In this case, the dependence of the current (or resistance) on the
state parameter and the voltage applied to the element can be quite complex.
Existing models often do not fully reproduce experimental data. In this regard,
the paper proposes a two-stage method consisting of using classical models at
the first stage and neural networks to approximate the dependence of the cur-
rent on the state parameter and voltage at the second stage.

Keywords: compact model, ReRAM, memristor, approximation,
I-V characteristics, hafnium oxide, HfO2.
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ACIHEKTBI ®PU3UYECKOI'O MOJAEJIMPOBAHUS
MATHUTOPE3UCTUBHOMN MAMSTHU STT-MRAM HA BA3E
AYEWKHU MTII C TYHHEJBbHBIM BAPBEPOM MGO

Ilepoaxos Bacunuii Cepzeesuu,
undIcenep-ucciredogamens , acnupanm?,
basil-scherbakov@ya.ru, +7 (930) 893-88-10
'QUI] MY PAH, 2. Mockea
’MAM, 2. Mocksa

AnnHotanus. Pabora nocesiieHa BonpocaM (HU3NIECKOTO MOICITHUPOBaA-
HUS STYeeK MarHUTOPE3UCTUBHOW MaMATH. PaccMOTpEHO BIMSHUE 3JIEKTPOCO-
MPOTHUBIICHHSI, TYHHETPHOTO MarHUTOCOIPOTHUBIICHUS W KPUTHIECKOTO TOKA
MEPEKITIOYCHUS Ha CKOPOCTh 3aIHCH W CYUTHIBAHUS YCTPOUCTBA.

KiroueBble ¢j10Ba: MarHUTOCOIIPOTHBIICHHE, MAarHUTHBIE TYHHEIbHBIC
nepexons! (MTII), sHeprone3aBUCHMast HAMATB.

OpauM 13 HamboJee MepCIeKTUBHBIX HANpPaBICHWHA B Pa3BUTHH
3JIEMEHTHOH 0a3bl BBIYMCIUTEILHON TEXHUKH OYyIyIIEro sBJISIETCS CO-
3laHHE YCTPOWCTB MarHUTOPE3UCTUBHOMN naMsTU. Takue ycTpoucTsa
obOecnednBalOT HaA&KHOE XpaHEHHWE [AaHHBIX, BBICOKYIO CKOpPOCTBb
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3aMHCH U YTEHUS, a TAKKE HE3aBUCUMOCTH OT UCTOYHUKA muTaHus [1].
B gactHOCTH, MHOTOOOCIIAONIEH SBIIACTCS MAMSTh C MPON3BOIHHBIM
JIOCTYTIOM Ha OCHOBE TMepeMarHMYUBaHUS CBOOOIHOTO CIIOS CIHH-IIO-
nspu3oBaHHbIM TokoM (STT-MRAM).

OTOT TUN ONEPAaTUBHON NMAMITH UMEET PSIA IPEUMYIIECTB!

®  BBICOKas IJIOTHOCTH STYE€EK HA KPHUCTAIIE;

e  MeHbIIIee YHEPronoTpedIeHHE;

®  BBICOKYIO CKOPOCTh YT€HHUS U 3aIHCH JaHHBIX;

®  CpOK CIIyXOBI TAKOH MaMATH NPAaKTHYECKH HEOTPaHUYCH;

®  OTCYTCTBHE IPOOJIEMBI IEPEKPHITHS COCETHIX SUEeK WHIYIIU-

POBAHHBIM MarHUTHBIM ITOJIEM TOKA.

BaxupiMu xapaktepuctukamu sueilku STT-MRAM  sasnstorcs
AJIEKTPOCOTPOTHBIICHHE, TYHHENbHOe MarauToconpoTusieHue (TMP),
KPUTUYECKUH TOK MEPEKIIOYEHUS] U TepMHUUYECKasl CTa0MIBHOCTD [2].
TyHHeNbHOE MarHeTOCONPOTUBIICHNE BO3HMKAET Ha IpaHUIle paszena
IBYX (hepPOMarHATHBIX MaTEPHAJIOB, Pa3I€IEHHBIX TOHKAM CIIOEM IIH-
anexTpuka. Koraa noTox 31eKTpoHOB MPOXOIUT U3 OAHOTO (heppomar-
HUATHOTO MaTepuaja (3aKperyIiEHHOro CJI0s) B aHTHIIAPAUICITFHO OPH-
CHTHUPOBAHHBIN (eppOMArHUTHEIN MaTepualt (CBOOOIHEIH ), TIOCTIC THHIA
NIpU TPEBBILIEHUH ONPEACTIEHHOTO TOPOTOBOrO 3HAYECHUSI CKaYK000-
pa3HO U3MEHSET CBOIO HAMarHU4YE€HHOCTD, IEPEXO0/I B MapauICIbHYIO
KoH¢urypanuto. [ co3maHus MaccWBa MaMATH W3 MarHUTHO-TYH-
HenpHBIX nepexonoB (MTII), kaxmoe ycTpoicTBO OOBIYHO HHTETPUPY-
€TCsl C 30JIMPYIOIIUM TPAH3UCTOPOM, KOTOPBIl MOXKET OBITh BKITFOUYEH
JUTSE BRIOOPOYHOTO TPOITYCKaHUsI TOKA depe3 WHTePECYIIne yCTpOoii-
ctBa MTII, nanpumep, Bo Bpems omnepauuu cuutbiBanus. s STT
MRAM oauH ¥ TOT € TPaH3UCTOP MCHOIB3YeTCs IS MPOIYCKaHUs
KOMMYTalMOHHOI'O TOKa yepe3 1enesble yerpoictBa MTJ. [Tockonbky
Kazas ssuelika maMsaTH OOBIYHO UMEET OAMH TpaH3ucTop 1 onud MTII
3Ta KOHKpETHAas apXWTEKTypa H3BECTHa Kak apxuTekrypa MRAM
1T-1MTJ [3].

DIEeKTPOCONPOTUBIICHNE TYHHEIHHOU SIMEUKH OMPEeNsieTcs TyH-
HEJBHBIM 0apbepoM M IUIOMmaAbi0 KoHTakTa. [Ipu 3ToM crenyer y4u-
THIBaTh TOJNIIIMHY Oaphepa, MaTephall KOHTaKTa, Hajdwdue ae(eKToB
WK puMeceii B Oapbepe WU KOHTAKTe, TEMIIEPaTypy, MPH KOTOPOU
OCYIIIECTBIISIETCS M3MEPEHHE, a TAK)Ke BHEITHEee HaIlpsKEHHE.

IIpu pazpabotke stueek STT-MRAM HeoOX0IUMO YUHTHIBATH PSJT
(U3NUECKUX aCTIEKTOB, BIMSIOINX HA XapaKTEPUCTUKU TaKOH MaMsTH.
Hanpumep, i w3MeHeHUS HAMarHMYEHHOCTH CBOOOTHOTO CJOS
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B MarHUTOPE3UCTUBHBIX A4YEKaX HCIHOJIB3yeTCd CHUH-NOJSPU30BaH-
HBIA TOK. DTO MO3BOJISET H30ABUTHCSA OT PACTYIINX MAarHUTHBIX ITOJIEH
Y TOKa, HEOOXOAUMBIX IS 3aIMCH OUTOB B YMEHBIIIEHHBIX CITUH-BEH-
TUIBHBIX 7eMeHTax (MTJ), 3a cdeT CHIKEHUS KPUTHUECKOU IIOTHO-
CTH TOKa NepekodeHnd. [Ipn HU3KOM 3HaUY€HUHN TOKa MOYKHO 3HAYH-
TEJIbHO COKPaTUTh BpeMs U dHepruto 3anucu B STT-MRAM. Oxnako
yMEHbIIIEHUE 3Ha4eHUs 3JIEKTPUUYECKOro TOKa | yBeTn4nBaeT 4yacToTy
OTKa30B TPU XPaHEHHH M BEPOSITHOCTh BO3HMKHOBEHHUS MOMEX MpHU
YTEHUH U OIIMOOK HpH 3alHCU. DTH MPOOJIEeMBl MOTYT UMETh CyIle-
CTBEHHBIE TIOCTIEICTBUSA JJIs1 IPOEKTUPOBAHUS apXUTEKTYP UHTErpalb-
Heix Mukpocxem (MMC) ma ocnoBe STT-MRAM. B sueiike MTII
C TYHHENbHBIME Oapbepamu MgO KpuTHYeCKas IIOTHOCTh TOKA Mepe-
KIIIOYeHHs TIPUMEpPHO B TpH pasa Mmenblue, uemM B MTII ¢ 6aprepamu
AlO,. D10 cBs3aHo ¢ Oojee 3(G(HEKTUBHBIM CIIMHOBBIM IEPEHOCOM
Onmaronmapst Ooniee BBICOKOMY KO3(PQHUUUEHTY MONSPU3ALNH  dIIEK-
TpoHOB. Kpome TOro, Humskue 3HaueHus RA= = 50 Om-Mxm’
uJoo=2,2x10° A/em? s sraeiikn MTTI ¢ 6apsepamu MgO 1o3BonsioT
co3znaBatb MRAM c BBICOKO# IMIIOTHOCTBIO Pa3MELICHUS STUeeK U OBICT-
PBIM BpEMEHEM J0CTYIIa B HECKOJIBKO HAHOCEKYHI.

dopMUpOBaHUE NEPHECHAUKYISIPHOM MArHUTHOM aHU30TPOIUU
B sauerike MTII mo3BoisieT UCIOIb30BaTh MEHBIINE 3HAUYEHUS J.o 019
MEPEKITIOYeHIS] HAMAarHWYeHHOCTH CBOOOIHOTO CJOS. DTO MPUBOIUT
K Oonee Hr3komy 3HaueHnto TMP. IIpu 3ToM HEOOXOIUMO yINUTHIBATH
BIUSHHE TOJIIIMHBI CBOOOHOTO CJIOS Ha xapaktepuctuku TMP u Jog
nipu cunTe3e cTpYKTYpsl STT MRAM ¢ onTHMansHBIMU MTapaMeTpaMy.

s nanpHENero yMeHbIIEeHUs! BEIUYUHBI J.9 PEKOMEHIYETCS UC-
MoJIb30BaTh AByXx0aphepHbie MTII-CTpyKTypBI, cocTosimue U3 ABYX
M30JUpYIOMUX 0aphepoB MgO ¢ pa3TuIHBIM COIPOTHBIICHHEM, IBYX
3aKPEIIEHHBIX CIOEB, HAMAarHUYEHHBIX aHTUIAPAJUIEIbHO APYT IpYTY,
1 cBOOOJTHOTO CJI0s1, MOMEIIEHHOTO MEX Iy ABYMS H30JIUPYIOIUMHU Oa-
prepaMu. DTO MO3BOJISET MOTYYUTHh KPUTHUECKYTO MIIOTHOCTD TOKA Tie-
pexitoueHus Jop = 0,52 MA/cm2 nipu 30 Mc. D10 3HaueHue Joo B 2-3
pasza MeHblle, 4eM y cTpykTypsl MTII ¢ oqauM n3onupyrommm 6apbe-
pom u3 MgO, u 06ycioBiieHO yiydmenueM ) PeKTHBHOCTH MOMEHTA
IepeHoca CIuHa.

Paboma svinonnena npu noooepoicke epanma Poccutickoeo nayu-
Ho2o ¢honda (npoexkm Ne 23-91-01012).

143



CnHcoK HCII0JIb30BAHHBIX HCTOUHHKOB

1. A6rapsu K K., bBaxanos JI.U1., Co6ones H.A. MuoromacirabHoe MOIeIHpO-
BaHME MHOTOCTIOHHBIX HAHOT€TEPOCTPYKTYp HA OCHOBE (heppoMonubaaTa CTpoHIHS //
Marepuansr 11l mexayHaponHoi xoHdepeHmun «MaTeMaTHueckoe MOJEIHPOBAHHE
B MaTEPUAJIOBEICHUH DJICKTPOHHBIX KOMIOHEHTOB» MMMOK-2021. 25-26 okTa0ps
2021 r., Mocksa, c. 53—57 https://doi.org/10.29003/m2455.MMMSEC-2021.

2. Spin-transfer torque magnetic random access memory (STT-MRAM) /
D. Apalkov, A. Khvalkovskiy, S. Watts, et al. / ACM Journal on Emerging Technolo-
gies in Computing Systems. —2013. — Vol. 9, No. 2. P. 1-35.

3. Dmytro Apalkov, Bernard Dieny, J.M. Slaughter. Magnetoresistive Random
Access Memory. Proceedings of the IEEE, 2016, 104, pp.1796 — 1830.
ff10.1109/JPROC.2016.2590142ff. ffhal-01834195

ASPECTS OF PHYSICAL MODELING OF STT-MRAM
MAGNETORESISTIVE MEMORY BASED ON MTJ CELL
WITH MGO TUNNEL BARRIER

V.S. Scherbakov

Abstract. The work is devoted to the issues of physical modeling of mag-
netoresistive memory cells. The influence of electrical resistance, tunneling
magnetoresistance (TMR) and critical switching current on the recording and
reading speed of the device is considered.

Keywords: magnetoresistance, magnetic tunnel junctions (MTP), non-
volatile memory.
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MOJEJINPOBAHUE 2BOJIIOIINHN
MUKPOCTPYKTYPBI MEJJHO! ITPOBOJIOKH
NP JE®@OPMHUPOBAHUU HOBBIM COBMEIEHHBIM
CIIOCOBOM

Bonokumun Anudpei Banepvesuu,
PhD, 00L;eHm1,
dyusha.vav@mail.ru
IHanun Eezenuii Anexcanopoeud,
PhD, 00L;eHm1,
cooper802@mail.ru

'KapHy, 2. Temupmay, Kazaxcman

AnHoTanusi. B nanHoi pabore ObUIO MPOBEACHO HCCIIENOBAHHE BIIHS-
HUSI COBMEIIEHHOTO CII0co0a pagnuaabHO-CABUTOBON HMPOTSHKKA U MOCIIEYTO-
IIEr0 BOJOYEHHS Ha 3BOJIIOLMIO MUKPOCTPYKTYPBI METHON IIPOBOJIOKH METO-
oM Jlxoncona—Meiina—ABpamu—Konmoroposa (Johnson—Mehl-Avrami—
Kolmogorov mm JIMAK). AHanu3upys HOJXy4eHHBIE TaHHBIE, MOKHO OTMe-
TUTb, YTO C POCTOM YacTOTHI BPAIEHHUS MAaTPHIbl BOSHUKAET MOBBIIICHHBINA
YPOBEHb 3aKpyUYHBaHUsI 3aTOTOBKH, YTO OTPAXKAETCS Ha IUIABHOM YMEHBIICHUN
pa3mepa 3epHa. PaccMaTpuBas MUKPOCTPYKTYPY B Pa3IMIHBIX HAIIPABICHUSX,
MOXHO OTMETHTH TOCTH UICHTUYHYIO KapTHHY 1O pa3Mepy 3epHa.

Kirouesbie cioBa: Bonouyenue, IMAK, monenupoBanue, CKpyunBaHue,
MIPOBOJIOKA.

Beenenne

B cucreme Deform cymecTByeT nBa MeToAa MOICITHPOBAHUS
MUKpPOCTPYKTYpHI. [lepBeiM MeTomoM siBnsieTcss meton JlkoHCOHa—
Meitna—ABpamu—Konmoroposa (Johnson—Mehl-Avrami—Kolmogo-
rov unu JMAK). BTopsiM METOAOM SIBISIETCS METOA ITUCKPETHBIX
PEIIETOK, PeaM30BaHHBIA C MOMOIIBIO AJIFOPUTMa KIECTOYHBIX aB-
tomatoB (Cellular Automata). B meroge JMAK oxoHYaTeILHBII
CpeHHI pa3Mep 3epHa ONpeesieTcss Ha OCHOBE HAYallbHOTO CPEell-
HEro pa3Mepa 3epHa, KOHCTAHT MaTepHualia 1 MoJiel MepeMeHHBIX JIaH-
HBIX, TAKUX Kak TeMIeparypa, aehopMains, CKOPoCTh AehopManuu
1 BpeMsl.
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MoaeaupoBaHue IBOJIOUNH MUKPOCTPYKTYPbI
B X0/le¢ COBMELIEHHOI0 NpoLecca «paanuaibHO-CIBUI0Bast
NMPOTSIAKKA ¢ BosloueHHeM» metogom JMAK

Jlyis MCMONBb30BaHUs JTAHHOTO METOAa HEOOXOIMMO HW3HAYAIbHO
pacCUYHMTHIBATh MOJICTh C 3aJaHHBIMH TapaMeTpaMu HadaJdbHOTO pa3-
Mepa 3epeH. [lo ymomganuio MoJenp moapa3yMeBaeT paBHOMEPHOE
pacrpesiesicHie HadajlbHOTO pa3Mepa 3epeH Mo BceMy 00beMy 3aro-
TOBKH. B kauecTBe HagasbHOTO pasMepa 3epHa ctanu AISI 1045 Gsuto
MPHUHATO 3HaueHue 60 MKM.

ITocne 3TOrO0 HEOOXOAMMO BBECTH IMapaMETPHl DBOJIOIUN 3EpHA
s metoga JMAK. Oun BKIIO4aroT B ce0s JaHHBIE 110 CTaTHYECKOH,
JTUHAMUYECKON U MeTa-TUHAMUYECKON PEeKpUCTAIUIM3aLUU, a TaKkKe
0 KMHETHKE POCTa HOBBIX 3epeH. CyTh BBOJAA ATHX JAAHHBIX 3aKIF0Ya-
eTCS BO BBOJIC ONPEICICHHBIX KOHCTAHT MOJEIH, 3aBUCIIIHX OT
CBOICTB MaTepualia M THIIa mpoiiecca 00padboTku. Bee oHu moapo6HO
paccMoTpeHbl B paboTax [1,2], rae mpeacTaBiIeHO OOJBIIOE KONIHYe-
CTBO 3HAYCHUH MaHHBIX KOA(P(OUIIUCHTOB AJs Pa3UYHBIX MapOK CTa-
JIeH W CIIJIaBOB B 3aBUCHMOCTH OT BHAOB e(hOPMAITMOHHBIX U TEPMHU-
gecKkux 00paboTOK.

Ha puc. 1 mpexacraBineHbl pe3yiabTaThl MOACIUPOBAHUS MHUKPO-
cTpykTypsl MeTtonoM JMAK wu3ydaemoro mporecca ¢ pacCTOSHHUEM
MeXAy MaTpuLel 1 Bos1okoil 300 MM U CKOPOCTBIO BpaILLEHUSI MATPULIBI
30 06/MuH.

Avrami Grain model - Average grain size (um)
60.0 l
54.6
49.3

\ 43.9

38.5

. 33.1

i\w 27.8

- \ 224
17.0
Puc. 1. DBomronnst MEKPOCTPYKTYpHI 1o MeToxy JMAK
B Mozenu «300 mM 30 06/MuH»
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KapTunsl npeacTaBieHs! B IONEPEYHOM CEYEHHH 3aIr0TOBKH 11OCIIE
BCeX cTaguil AeopMHpOBaHUS ISl BCEX MOJEIIEH, KOTOpble paccMmart-
PHUBAJIMCh paHee NPH W3yUYCHUH HANPSIKEHHO-Ae()OPMUPOBAHHOTO CO-
crostHus. [list ynoOGCcTBa cpaBHEHUS BCE PE3yIbTaThl UMEIOT OJUHAKO-
BBIM AUAITa30H IIKaJIbI.

BriBoabI

AHanu3 TMOJIy4eHHBIX PEe3yJIbTaTOB IOKa3all, YTO paclpeneieHne
pa3Mepa 3epHa BJI0JIb OCH 3aTOTOBKH HOCUT HEOAHO3HAYHBIN XapaKTep.
OTo sABIsIeTCA PE3yJNbTaTOM TOrO, YTO JAHHBIM @JITOPUTM pacydera
B OOJIbIICH CTENEHU ONTHUMH3HPOBAH IJisi 00Jee MacCHBHBIX 3arOTO-
BOK, YeM JIJIs1 IPOBOJIOKH. [ Ipr 3TOM KITFOUEBBIM HEJJOCTATKOM SIBIISIETCS
TIOJTHOE OTCYTCTBUE JAHHBIX 00 U3MEHEHUH (DOPMBI 3EpeH.

Hannoe uccneoosanue ¢unancuposanroco Komumemom Hayku
Munucmepcmea Hayku u evicuieco oopazosanus Pecnyonruxu Kazax-
cmat (I paum Ne AP19676903).

CnHcoK HCII0JIb30BAHHBIX HCTOUHHKOB

1. Lenard J.G. et al. Mathematical and Physical Simulation of the Properties of
Hot Rolled Products / Amsterdam: Elsevier, 2005. 376 p.
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450 p.

MODELING OF COPPER WIRE MICROSTRUCTURE
EVOLUTION DURING DEFORMATION BY A NEW COMBINED
METHOD

A.V. Volokitin, E.A. Panin

Abstract. In this work, the influence of the combined method of radial-
shift broaching and subsequent drawing on the evolution of the microstructure
of copper wire by the Johnson—Mehl-Avrami—Kolmogorov (Johnson—-Mehl—
Avrami—Kolmogorov or JMAK) method was investigated. Analyzing the data
obtained, it can be noted that with increasing die speed, there is an increased
level of twisting of the workpiece, which is reflected in a smooth decrease in
grain size. Looking at the microstructure in different directions, one can note a
nearly identical grain size pattern.

Keywords: drawing, JIMAK, modeling, twisting, wire.
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MOJAEJIMPOBAHUME 2BOJIOIINU MUKPOCTPYKTYPbI
MPYTKOB U3 YIJIEPOJUCTOM CTAJIH
P JE®@OPMHUPOBAHHNU HOBBIM
KOMBHUHUPOBAHHBIM CIIOCOBOM

Bonokumuna Hpuna Eezenvesna,
PhD, npogeccop’,
irinka.vav@mail.ru

Hanun Eezenuii Anexcanoposuu,

PhD, 00L;eHm1 ,
cooper802@mail.ru

KapH, 2. Temupmay, Kazaxcman

AnHoTtanus. B nanHoit paboTe OBUIO MPOBEACHO UCCIICIOBAHIE BIMSHUS
COBMEIICHHOW TEXHOJOTHH DPaIHabHO-CIBUTOBON MPOTSHKKH M MOCIETYIO-
IIETO BOJIOYCHHUS Ha SBONIONUIO0 MUKPOCTPYKTYPHI IPYTKOB MeToAoM JIkoH-
cornaMeitna—ABpamu—Komamoropoa  (Johnson—Mehl-Avrami—Kolmogorov
wm JMAK). V3 noiy4eHHBIX JaHHBIX MOAEIMPOBAHUS MUKPOCTPYKTYPHI
MOJKHO CKa3aTh, 4TO AedopMupoBaHHe 3aroToBkd mo cxeme 30-25-20 npu
KOMHATHOW TeMIleparype SBIseTCs caMbiM 3((EKTHBHBIM CIIOCOOOM, IIO-
CKOJIbKY ITO3BOJISIET M3MENBYHThH UCXOJHOE 3€pHO OoJiee yeM B 3 pasa Ha I1o-
BEPXHOCTH 3aroToBKu. [Ipu 3TOM ncnosnb3oBanue cxembl 30—27-23 npu Kom-
HaTHOI TeMmepaType JaeT ABYKpaTHOE M3MEIbU€HHE HCXOAHOIO 3epHa.
[IpopaboTka meHTpaIBHOW 00JACTH 3arOTOBKH BO BCEX PACCMOTPEHHBIX MO-
JIEJIIX HOCHT c1a00 BRIPpaKEHHBIH XapakTep, JocTuras 35%-ro yMEHBIICHHUS B
CaMBIX ONITUMAITEHBIX YCIIOBHSX.

KuaroueBsle ciaoBa: Bomouenue, JMAK, moaenupoBaHHe, MPOTSHKKA,
MPYTOK.

Beenenne

B cucreme Deform cymiectByer 1Ba MeTOa MOACTUPOBAHUS MUK-
poctpykTyphl. [1epBeiM MeTo10M siBisieTcs MeTon J»xoHCOHa—Meiina—
Aspamu—Komnmoroposa (Johnson—-Mehl-Avrami—Kolmogorov —wmm
JMAK). BTopbIM METOIOM SIBJISIETCSI METO TUCKPETHBIX PEIIETOK, pe-
AIM30BaHHBIN C TOMOIIBIO AITOPUTMa KiIeTOYHbIX aBToMaToB (Cellular
Automata).

MopennpoBanue IBOJTIONMH MUKPOCTPYKTYPBI
NpHU PaauaIbHO-CABUTOBOMH MPOTS:KKe U MOCJIeTYIONIEro
BoJIouenus MeroaoM JMAK

Jnis ncnonb30BaHMs JTAHHOTO METOAA HEOOXOIMMO H3HAYalIbHO
paccuuTBIBaTh MOJIENb C ITapaMeTpaMH pacdeTa MUKpOCTPYKTYphI. I1o
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YMOJYaHUIO MOJIENb I0/Ipa3yMeBaeT OJHOPOJHOE paclpeseieHne
HAayYaJIbHOTO Pa3Mepa 3epeH M0 BCel IUIOLIaal UIH 00bEMY 3arOTOBKH.
B kadectBe HawanbpHOTO pasMepa 3epra Ct 10 ObUTO MPUHATO 3HAYCHUE
25 MKM.

JJ1st KOppEKTHOTO MOJETUPOBAHNUS HYKHO BBECTHU ITapaMeTPhI 3BO-
moruu 3epHa it metoaa JMAK. OHu BKIIIOYAIOT B ceOsl JaHHBIC TI0
CTaTUYECKOM, TMHAMUYECKON U METa-TUHAMUYECKON peKpucTalin3a-
UM, a TAKXKE O KHHETHUKE POocTa HOBBIX 3epeH. CyTh BBOJA 3THX JaH-
HBIX 3aKJIF0YAETCsl BO BBOAE ONMPEACTICHHBIX KOHCTAHT MOJICIIH, 3aBHCS-
X OT CBOWCTB MaTepwalia W THIMa mporecca obpaborku. Bece onun
noapoOHO paccMOTpeHkI B paboTe [ 1], rae npeacTaBieHoO 0OJBIIOE KO-
JMYECTBO 3HAYCHUH NAHHBIX KOA((QUIMEHTOB AJs Pa3IMYHBIX MapOK
CTajie U CIUIaBOB B 3aBUCHMOCTHU OT BHJOB Ie(QOPMAILIIOHHBIX U TEP-
MHUUYeCKuX 00paboTok. Ha puc. 1 mpencraBieHbl KapTUHBI HBOJIOLHUN
MHUKPOCTPYKTYPBHI.

30-25-20 (20°C) 30-27-23 (20°C) 20-18-16 (20°C)
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Puc. 1. Pacnpenenenue cpeHero pa3mepa 3epHa o CEYeHUI0 3ar0TOBKU
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KapTunsl npeacTaBieHs! B IONEPEYHOM CEYEHHH 3aIr0TOBKH 11OCIIE
BCeX cTaguil AeopMHpOBaHUS ISl BCEX MOJEIIEH, KOTOpble paccMmart-
PHUBAJIMCh paHee NPH W3yUYCHUH HANPSIKEHHO-Ae()OPMUPOBAHHOTO CO-
crostHus. [list ynoOGCcTBa cpaBHEHUS BCE PE3yIbTaThl UMEIOT OJUHAKO-
BBIM AUAITa30H IIKaJIbI.

BriBoabI

1. Hanbosiee WHTEHCHMBHOE W3MENBUCHHE MCXOIHOTO pasMepa
3epHa Habmronaercs B Mozenu 30-25-20 mpu 20°C, yTo sBIAETCS Chen-
CTBHEM MaKCHUMaJIbHBIX CMHUYHBIX U CYMMapHBIX 00KaTHH, a TaKkxKe
MUHUMAaJIEHOW TeMIEepaTyphl 3arOTOBKH; TAK)KE B OCTAIHHBIX MOJIEISIX
JaHHAs TeMIleparypa siBIsieTcs Hanboee NpenoYTUTELHOH;

2. Mogens 20-18-16 sBisieTcst HauMeHee 3PPEKTUBHON C TOUKH
3peHHs U3MENBUYCHHUS 3epHA ITPH BCEX TeMIlepaTypax, 1axe MpH OTCyT-
CTBUH HarpeBa 3aroTOBKH LIEHTpaJbHAs 30HA 3arOTOBKHU MTOUYTH HE IO-
Jy4aeT KaKkoro-i1udo 3HaYMMOT0 U3MENbUCHUS 3epHA.

Jannoe uccrneoosanue ¢unancuposanocs Komumemom Hayku
Munucmepcmea mayku u evicuieco oopazoganusi Pecnyonuxu Kazax-
cman (I paum Ne AP19678974).

CnucoK HCII0JIb30BAHHBIX HCTOUYHHKOB

1. Lenard J.G. et al. Mathematical and Physical Simulation of the Properties of
Hot Rolled Products // Amsterdam: Elsevier, 2005. 376 p.

MODELING OF MICROSTRUCTURE EVOLUTION OF CARBON
STEEL BARS DURING DEFORMATION BY A NEW COMBINED
METHOD

LE. Volokitina, E.A. Panin

Abstract. In this work, the influence of combined radial-shift broaching and
subsequent drawing technology on the evolution of bar microstructure by the
Johnson—Mehl-Avrami—Kolmogorov (JMAK) method was investigated. From
the obtained data of microstructure modeling, we can say that deformation of the
billet according to the scheme 30-25-20 at room temperature is the most effec-
tive way, because it allows to crush the initial grain more than 3 times on the
surface of the billet. At the same time, the use of the scheme 30-27-23 at room
temperature gives a twofold pulverization of the initial grain. Processing of the
central region of the workpiece in all considered models has a weakly pro-
nounced character, reaching 35% reduction in the most optimal conditions.

Keywords: Drawing, IMAK, modeling, broaching, bars.
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HPUJIOKEHUE TAMMA-PACHIPEJAEJIEHUSA

K MOJEJUPOBAHHUIO JBYXTOYEUHOI'O U3 MBA
MHOTOCJIOMHOT'O CTEPKHS

Mapmupocan Mukain /lepenukosuu,
cmyaeHm] ,
martirosyan-mikael@yandex.ru

THUY MDBH, 2.Mocksa

AnHoTanusi. B nanHoii pabote ObLI MpoBeNEH CTATUCTUUECKUN aHAIN3
pe3yNbTaToOB OSKCIEPUMEHTA 10 JBYXTOYEYHOMY HM3THOY MHOTOCIOHHOTO
CTEPXKHA, B KAYECTBE KOTOPOrO MCIONb30BaNIOCh ONTHYECKOE BOJOKHO C 3a-
JAaHHBIMHM NapaMeTpamiu. Kaxaplii mapamMeTp MoJenu ObUT OLIEHEH TPHIKIIbI
C IOMOUIBIO METOAOB HAUMEHBIINX KBaJAPaTOB, MOMEHTOB U MaKCUMAIIbHOIO
npasponono0ust. BeickasaHHas B peapL Iy X paboTax THHOTe3a 0 HANOO0IIb-
IIel IPUMEHUMOCTH pactpeseneHus BeitOyiuia st 00bsCHeHUS pe3yIbTaToB
3TOTO 3KCIEPHMEHTa ObLIa OMPOBEPTHYTA: IaMMa-paclpesieliCHHe MOXKET
IMPUMEHSATBCA C BEChbMA XOPOILUM yCIIEXOM, OHO TaKXKe 3HAUUTENIbHO CHHXKAET
00IIIyF0 IUCTIEPCHIO PACTIPEIEICHNS IIPU UCTIONIb30BAHUH OLIEHOK MaKCHMallb-
HOT'O MPaBIONOA00uS.

KaroueBblie ciioBa: raMma-pacnpeielieHue, peell IPOYHOCTH, SKCIIepH-
MEHT, OIIEHKa MaKCHMAJIbHOTO IPaBIONOA00US, METOJ, MOMEHTOB, METO[
HaNMEHBIIINX KBaJIPaTOB.

BBenenne

[lepen mocTpoeHreM MOCTH CTOUT 0003HAYUTH YCIOBUS SKCIIEPH-
MEHTA: PKCIEPUMEHT MPOU3BOAMIICS C MOMOIIBIO MPUOOPA, U3MEPSIIO-
LIEro Mpeiell MPOYHOCTH MHOTOCIOMHBIX CTEPKHEH METOJIOM JBYXTO-
4eyHOTro U3ruda, B X0A€ Hero ObLIM M3MEPEHBI TP THIA ONTUYECKUX
BOJIOKOH KaK IIPUMEPOB MHOTOCIIONHBIX CTepxHEW. BOJIOKHO HE KOH-
TaKTHPOBAJIO ¢ KAKUMHU-IHOO cpeaMu, KpoMe aTMOC(HEpPHOTO BO3ayXa
U CTaJbHBIX IUIACTUH MPUOOPA, IETOCTHOCTh €0 MOKPHITH HE Hapy-
11anach, B Tpéx cepusix 6pu10 coepiero 30 uzmepenuit. Huke MoxHO
YBUJIETh T€OMETPUUECKHE XaPAKTEPUCTHKU BOJIOKOH.
Tun 1. BonokHo auametrpoM 125 MKM € MOTMMEPHBIM MOKPBHITUEM
TOJIIIMHON 42.5 MKM.

Tun 2. BomokHo ¢ aumamMeTpoM 0007109KH 125 MKM W quaMeTpoM
cepAeyHUKa 62.5 MKM C MOJUUMHUAHBIM MOKPBITHEM TOJI-
muHoH 10 MKM.
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Tun 3. BonokHo ¢ nuaMeTpoM ceplaeyHuka cocrapiser 160 MM
1 auaMeTpoM 0005109ku 390 MKM C METHBIM TIOKPBITHEM
TomuHoi 40 MKM.

MeToaojorus MOCTPOCHUA MOAEIHN

st craTUcTHYeCKO MO HaXOAWINCh 3HAUCHHUSI MaTeMaTHye-
CKOT'O OXHJIaHUs, MeIMaHbl, HECMEUIEHHOMN NUCTIEPCHUU U CPEAHEKBAI-
paTH4YecKoe OTKIOHEHWE Ui OIEHOK, NPOU3BENEHHBIX METOJOM
HanMEHBIIUX KBaApaToB. [ ux HaxoxaeHUs! ObUIM MPUMEHEHBI Me-
TOJl HANMEHBIIUX KBaJPaTOB, METOA MaKCUMAILHOTO MPaBIONOA00US
W MeToJl MOMEHTOB. bputa oleHeHa TpaBAONOAOOHOCTh THIIOTE3BI
0 BUJIE pacrpeeeH s ¢ MOMOIIbI0 Kputepus [lupcoHa (cM. HCTOUHUK
[1]), »Ta omeHKa maBayia MUPOKUH 3amac MOJ U3MEHSIEMOCTh JAaHHBIX,
pasHUIla ¢ MOPOTOBBIM 3HAYEHHEM KpHUTepHs Oblia OoJiee 5 ais Bcex
TUNOB. Bee onieHEHHBIE BETMYMHBI CMOTJIN IPOHTH HHTEPBAIIBI C YPOB-
HeM 3HauuMocTu 0.99. @opMyIibl U1 OCYIIECTBICHNS METOa MOMEH-
TOB OBUTH B3ATHI U3 HCTOYHUKA [2], OIIEHKH ISl TapamMeTpa MaTeMaTH-
YECKOTO OKHIAHHS METOIOM MaKCHMAaJbHOTO IMPaBAONONo0us Obuia
B3sTa U3 UCTOYHUKA [3]. BaykHO MOMHHTH O MPUOIMKEHHOM XapaKTepe
BBIYHMCIICHUS] MEMAHBI — JIM0O0 C IOMOIIBIO ACUMIITOTUYECKUX PHOIH-
JKeHUH, Kak B padore [4], mubo ¢ momorpio 00paTHOH HyHKINK raMma-
pacnpezneneHus, Kak B JaHHOH pabore.

J1J1s1 OIeHOK MaKCHMaJIBHOTO ITPAaBAOIIOA00HSI HCIIOIB30BAIHNCh HU-
xenpuBeaéHHble GopMynsl. Dopmyrna (2) pekoMeHAyeTcs K TNpH-
MEHEHHIO HOPMaTUBHBIM JTOKYMEHTOM [5], HenuHelHoe ypaBHeHue (1)
peranock METOAO0M CeKYIIHX, HO JTy4iie Obl mopoméen Mmeron HeroTona
n3-3a OONBLIETO MOPSAKA CXOAUMOCTH (CM. KHUTY [6]) M COKpalIeHus
CYMMBI B IPOU3BOIHOM 10 mapaMeTpy Gopmbl. @opmysl (1) u (2):

1nXl.—1n)_(+lnk—‘P(k):0, (1)

M=

i
N4
2

rae N — KOJIMYeCTBO CIy4YaiiHbIX 3HaYeHHUH B BBIOOpKE, X; — 3HAYCHUE
CITy4aifHOM BeIMYWHBL, k 1 O — mapameTps! GopMBI M MaciiTaba raMmma-
pacripeneneHus COOTBETCTBEHHO, ¥ — ncu-GpyHKuus Diijepa Win Iu-
ramMma-(QyHKIU, TOApoOHee cM. HCTOYHUK [7] u X — cpenHee ciydaii-
HOH BEMUUYUHBI X, PACCUUTAHHOE 110 COOTBETCTBYIOLIEH BEIOOPKE.

0=

A~|><I.
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BuiBoabI

Hacrosimas craructuyeckast MOJENb MPOCTa B pealn3aluu, 10CTa-
TOYHO TOYHA (MAaKCHUMAaJIbHOE OTHOCUTEIBHOE OTKIOHEHHE COCTABIISIET
0.0384), HanéxHa oTHOCHUTENbHO HeOombIKX (He Oonee 1 I'Tla B Bochb-
MOW-IIIECTOM YacTH BBIOOPKH) UCKAKEHHUI JaHHBIX, YTO JeNaeT e€ oT-
JIMYHBIM BBIOOPOM JTsI PUKJIATHOTO TIPUMEHEHHSI BMECTE C IPHUOOPOM,
peanu3yIoNMM JBYXTOUYCUHBIM W3THO MHOTOCIIOWHBIX CTEpXKHEH
B OOBIYHBIX YCIIOBHUSX U SIBJSICTCS XOPOIICH albTEPHATUBOM CTaBIIEMY
TpaJUIIMOHHBIM pacripeneieHnio Bebyna.
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APPLICATION OF GAMMA DISTRIBUTION TO MODELING
THE TWO-POINT BENDING OF A MULTILAYER ROD

M.D. Martirosyan

Abstract. In this paper, a statistical analysis of the results from an experi-
ment involving the two-point bending of a multi-layer rod using an optical fi-
ber with specific parameters was conducted. Each parameter of the model was
evaluated three times three times using method of least squares, method of
moments, and maximum likelihood estimations. The hypothesis proposed in
previous studies about the supremacy of the Weibull distribution for explaining
the results of this experiment was refuted. Instead, the gamma distribution was
found to be a suitable option too, as it significantly reduces the overall variance
in the distribution when maximum likelihood estimates are used.

Keywords: gamma-distribution, ultimate strength, experiment, maximum
likelihood estimation, method of moments, least squares method.
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HHPOBJIEMbBI OBECIIEYEHUA
HAJIEKHOCTH 3Kb MUKPO2SJIEKTPOHUKH
N CUCTEM HA EE OCHOBE
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HNOBBIIIEHUE CTOUKOCTH JEKTPOHHBIX
KOMIIOHEHTOB B CUCTEME HHAYKTUBHOI'O
SHEPI'OOBECIIEYEHUA UMIIVIAHTUPYEMBIX
MEJIULHHUHCKUX IIPUBOPOB

I'vpoe Koncmanmun Onezosuu,
MAGOWIULE HAYYHBLI COMPYOHUK'
constantinegurov@yandex.ru

THIAY MUDT, 2. Mocksa

AnHoTauusi. B pabote ommcriBaercs mpobiiema BBIOOpa 3JIEKTPOHHBIX
KOMIIOHEHTOB B CHCTEME MHIYKTHBHOI'O SHEProoOecIevyeHns] HMIUTaHTHpYe-
MBIX MEIMIMHCKUX TprOOopoB. [IpoBeeHo cpaBHEHHE 3aIIUTHBIX (KOH(OPM-
HBIX ) OKPBITUH I CHHKCHHUS HarpeBa 3JIEKTPOHHBIX KOMIIOHEHTOB U TIOBBI-
IIEHHsI UX CTOMKOCTH K arpeCCHUBHOM Cpelle OpraHi3Ma 4elioBeKa.

KaioueBbie cjioBa: iieKTpOHHASI KOMITOHEHTHAsI 0a3a, 3alUTHHIE TOKPHI-
THSI, THAYKTUBHAS Nlepe/iadya SHEPTHH, UMIUIAHTUPYEMbIE MEJULIMHCKIE TIPH-
OOpEIL.

BBenpenne

OnHUM 13 NePCIEKTUBHBIX METOA0B SHEProoOeceueH s HMIUIaH-
TUPYEMBIX MeTUIMHCKUX npubopos (MMII), Hampumep, HEHPOCTHMY-
JATOPa, BU3YaJHHOTO U CIIyXOBOTO ITPOTE30B, SIBIIETCS OECIIPOBOIHAS
nepeJady SJHEPTUu Ha OCHOBE MHIYKTUBHOM CBsI3U. OHAKO, B CUCTEME
WHAYKTUBHOM mepenaun sxnepruu (MI19) k MMII HarpeB oTaenbHBIX
AJIEKTPOHHBIX KOMIIOHEHTOB, TAKUX KaK KOHJIEHCATOPOB U KaTyIIeK HH-
JIyKTUBHOCTH, MOKET MpeBbIaTh 55°C Ha OTKPBITOM I1aTe, 4YTo MpH-
BOJIUT K YMEHBIIEHHIO BBIXOAHBIX XapakTepucTuk 10 40% [1]. B Toxe
BpeMsl, COTJIACHO MeXIyHapogHoMy craHmapTy [SO 14708-1:2000,
TKaHU BONMM3W BHEMTHUX oBepxHocTel UMII He momKHBI HarpeBaTbes
6osee yem Ha 2°C OT HOpMaJIbHOM TeMIepaTypsl Tena nanuenTa. [pu-
MEHEHHE KOHJIEHCATOPOB C TEMIEPaTYPHBIM KO3 (PHUITIEHTOM EMKOCTH
turra NPO B cucreme MIID mo3BoiseT CHU3UTH HarpeB Ooliee 4eM Ha
30%, a cHIDKEHHE HarpeBa KaTyIleK HHAYKTUBHOCTH MOXKHO oOecrie-
YUTH MPUMEHEHHEM KOMIIOHEHTOB C HMU3KHM SKBHUBAJICHTHBIM ITOCIIE-
IoBaTeNbHBIM corpotuBiieHreM (low ESR) [1], [2]. A1 ZOTIOTHUTETTE-
HOTO CHIKEHHUS HarpeBa OT/ENbHBIX D3JIEKTPOHHBIX KOMIIOHEHTOB
B 3aMKHYTOU nMInIanTupyemoii cucreme U3 xk UMII moxxHO Mcmons-
30BaTh 3allUTHBIE (KOH(GOPMHBIE) MOKPBITHS, KOTOPBIE, B CBOIO
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0o4epeib, MOBLIMIAOT AUBJICKTPUIYCCKUEC CBOﬁCTBa, XUMUYCCKYIO U MC-
XaHUYECKYI0 CTOMKOCTh AJIEKTPUUECKON CXEMBI K arpeCCUBHOH cpefe
OpraHHU3Ma 4eIIOBEKa.

CpaBHelme 3aIMUTHBIX l'lOKpl)ITl/lﬁ 3JICKTPOHHBLIX KOMIIOHCHTOB

Ha Bb100p KOH(OPMHOTO MOKPBITHS BIUSIIOT YCIOBHUS IKCILTyaTa-
UM IPUOOPA, TOTIONOTHS TUIATHI M UCTIONIb3yEeMbIe KOMITOHEHTHI, DJIEK-
TPOUBONIALNMOHHAA IPOYHOCTH MOKPBITHS, YI00CTBO OOCITYXKUBAHUS U
PEMOHTONIPUTOAHOCTD. Y CJIOBHO MOKHO BBIJIEIHTS IISITh OCHOBHBIX TH-
MOB KOH(OPMHBIX IMMOKPBITHH: aKPUIIOBOE, SIMTOKCHIHOE, CHIIMKOHOBOE,
MapakcHiImiIeHoBoe U yperaHoBoe [3]. CTOUT OTMETUTH, YTO aKpHIIO-
BbIE€ TOKPBITUSI YCIOBHO MOXXHO OTHECTH K MOKPBITUSM AJIST OOIIEro
MPUMEHEHUs], ATMOKCHUIHBIE — JUIS 3aIIUThl OT XUMHUYECKHUX BO3Zei-
CTBUi1, CHITHKOHOBBIE — JUI BBICOKOTEMIIEPAaTypHOU 3aIUTHI, a ypeTa-
HOBBIC U MAPaKCUIWICHOBBIC — JUISI 3alIMTHI OT BJIArd U XMMHYECKUX
BO3jAeHcTBHIA [3].

ITo pesynbpTaTaM MpoOBEAESHHOTO aHANIN3a, OBUIO YCTaHOBIIEHO, YTO
SMOKCUIHBIEC TOKPHITUS MOT'YT MPUBOJUTH K aJUIEPITUUECKUM PEaKLUsIM
OpraHM3Ma YellIoBeKa, a TAaK)Ke uyepe3 JaHHOE MOKPHITHE MOKET IPOHcC-
xomuTh nuddy3ns BOASHOTO Tapa, KOTOPHIA SBISAETCS UCTOYHHKOM
BBIXOJa mpubopa u3 crpos. Takum oOpa3oM, A NPUMEHEHHS B CHU-
creme UIID x UMII MO>XHO BBIIENUTEH YPETAHOBOE U MapaKCUIMIIEHO-
BO€ KOH(OPMHOE ITOKPHITHE, IMTOCKOJIBKY TaKHWe MOKPBITHS 00IaIatoT
JTy4YIIUMHU THAJEKTUYECKUMU CBOMCTBaMU, TEIUIONPOBOIHOCTBIO, XU-
MHMUYECKON U MEXaHMYECKON CTOMKOCTBIO K arpecCUBHOM Cpeie opra-
HU3Ma YeJIOBeKa.

J11 TONOMHUTEIBHOT O TOBBIIIEHHS CTOMKOCTH JIEKTPOHHBIX KOM-
noHeHToB B cucteme NI k UTIM k BHEIIHUM BO3JIEHCTBYIOIUM (hak-
TOpaM HEOOXOIMMO MCTIOIH30BaTh BHEITHUN 3allIUTHBIA Kopiryc. B pa-
0ore ObuM chopMyITUPOBaHBl TPeOOBAaHUS K CBOMCTBAM 3alUTHOTO
TepPMETHYHOTO KOPITyca, KOTOPBIE COOTBETCTBYIOT MPHUHATHIM MEXTY-
HapOJHBIM CTaHAAPTaM ISl aKTHBHBIX WMILTAHTHPYEMBIX METUIIHIH-
ckux m3genuii. Ha ocHoBe naHHBIX TpeOOBaHMH ObLIM BBIOpaHBI OHMOU-
HEPTHBIE MaTepHalbl, TaKHe Kak HEKOTOpble BHUABI IOJIMMEPA,
CUJIMKOHA, KepaMUKU U MeTajuia [4]. Beuio ycTaHOBIEHO, 4TO ONTH-
MaJbHBIMHU MaTEpHalaMU AJIsl 3aIUTHOT'O BHEIITHETO KOPITyCa CUCTEMBI
NIID x UMII siBistitoTCst TOMMeEp, HaIlpuUMeED, TOIUTETPad TOPITHUIICH,
Y MeTaJlJl, HarpuMep, TUTaH [S].
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BuiBoabI

B paGore BBHIMOIHEHO CpaBHEHHUE 3AIMUTHBIX (KOH(GOPMHBIX) TI0-
KPBITUH U CHUKEHHS HAarpeBa OTAEIbHBIX 3JIEKTPOHHBIX KOMITIOHEH-
TOB B CHCT€ME€ MHAYKTHBHOH rnepenaun suepruu (UI13) k ummianTu-
pyembIM MeauuuHckuM npubopam (MMII), a Taxke MOBBIIEHUS WX
CTOMKOCTH K arpeCCUBHON Cpejlle OpraHru3Ma 4eJIOBEKa. Y CTAHOBIIEHO,
YTO ONTHMAJIHHBIMHU 3AIIUTHBIM ITOKPBITHSAMHE IS SJIEKTPOHHBIX KOM-
noHeHToB B cucteme UIIO x UMII aBnstorcs yperaHOBOE M MapaKCcH-
JUJICHOBOE KOH(OPMHBIE MOKPHITHS, a MaTepHaIaMH sl 3alIUTHOTO
BHEIIHETO KOPITyca ABISAIOTCS MOJIUTETPAPTOPITHIICH U TUTAH.

Paboma evinonnena npu unancosou noddepocke Munobprayku
Poccuu 6 pamkax peanuzayuu kpynnozo nayunoeo npoexma (Coznauie-
Hue Ne 075-15-2024-555 om 25.04.2024).
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INCREASING THE DURABILITY OF ELECTRONIC
COMPONENTS IN THE INDUCTIVE POWER SUPPLY SYSTEM
OF IMPLANTABLE MEDICAL DEVICES

K.O. Gurov

Abstract. The work describes the problem of selecting electronic compo-
nents for an inductive power supply system for implantable medical devices.
A comparison of protective (conformal) coatings is made to reduce the heating
of electronic components and increase their resistance to the aggressive envi-
ronment of the human body.

Keywords: electronic component base, protective conformal coatings, in-
ductive power transfer, implantable medical devices.
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AHHOTaIIPIﬂ. PAaCCMOTPEHBI OCHOBHBIC ITOAXOJbI K ITPOCKTUPOBAHUIO
1 MaTEMAaTHYCCKOMY OIMUCAHUIO pa6OTBI CUCTEM UHAYKTUBHOI'O MMUTAHUA UM-
IIAHTATOB C LICJIBIO ITOBBINICHUSA YCTOﬁqHBOCTH TaKuX CHCTEM K U3MCHCHHIO
yCHOBI/Iﬁ OKCIITyaTalru.

KiroueBble ciioBa: MCTOJ KOHCYHBIX DJICMCHTOB, YUCJICHHOC UHTCTPHUPO-
BAaHHNEC, CUJIOBAs 3JICKTPOHHKA, UMINTAHTUPYCMBIC JICKTPOHHBIC CUCTCMBI.

BBenenne

OmauMm u3 Hanboyiee BaKHBIX HAIPAaBIICHUN Pa3BUTHSI COBPEMCEH-
HOIl MMIUTAHTUPYEMON MEIMLIMHCKOU AIEKTPOHUKH SBISAECTCS COBEp-
[ICHCTBOBAHUE CHCTEM MHIYKTUBHOTO MUTAHUS UMILIAHTATOB, OJTHAKO
HaJM4YHe psia HEPEMEHHBIX MPOOIeM MemaeT MUPOKOMY UX BHEIpE-
Huto [1]. OmHO#M M3 TakuX MpoOJIeM SIBISAETCS W3MEHEHHE YCIOBHUU
IKCIUTyaTallK: U3MEHEHUE TONIIUHEI CJI0sI OMOJIOTMYECKON TKaHH, pa3-
JIENAFOIIeH MPUEMHYIO U TIepeJaroNIyI0 KaTyIIKH; CMEIeHHs Tiepe/a-
IOIEH KaTyIIKU OTHOCUTEIbHO MPUHUMAIOIIEH; U3MEHEHUS TeMIIepa-
Typsl Tena. OTO JenaeT akTyalbHOW pa3padOTKy METOJ0B
MPOEKTUPOBAHUS U MAaTEMAaTUIECKOTO OMTMCAHUS YCTOWIMBBIX K M3Me-
HEHUIO YCJIOBUM IKCILTyaTallud CUCTEM.

Onucanue HH}IyKTI/lBHOﬁ CBA3H NMMPOU3BOJbHO OPUCHTUPOBAHHBIX
B MPOCTPAHCTBE KATYIIEK UHAYKTUBHOCTH

KiroueBo#i (m3udeckol BETWIMHON, ONMMCHIBAIONICH CBSI3b IMapbl
LC-xoHTypoB, sBIseTCA B3aUMHas WHAYKTUBHOCTb. OJTa BEIUYMHA
MOJKET OBITh NOJYy4YeHBI HA OCHOBE PELICHWH ypaBHEHHH Makcsemia
YUCIIEHHBIMH METOJIaMH, M TaKasi BO3MOXKHOCTh pealn30BaHa B CyIIe-
CTBYIOLUIMX TPHUKIAAHBIX TaKeTax (QHU3MYECKOro MOACIUPOBAHHUA.
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HenocTtatkoM Takoro moaxojia sBJISETCS YCIOKHEHUE MPOLEAyp Mpo-
eKTHPOBAHUS MPU HEOOXOANMOCTH NTapaMeTPUIECKOT0 aHAIIN3a U UTe-
PaIOHHOTO TOI00Pa KOHCTPYKTUBHBIX XapaKTEPUCTHK.

ANBTEpHATHBON TaKOMY MOJXOIY MOKET OBITh YHCIEHHOE WHTe-
TpUpOBaHUE TaK Ha3piBaeMoil ¢opmynsl HelimaHa A BbIYMCIEHUS
B3aUMHOM MHAYKTUBHOCTH [3]. Micnonp30BaHue YUCICHHOTO HHTETPU-
POBaHHUS MTO3BOJIIET MPOBOIUTH MMAPAaMETPUUECKUN aHAIN3 B IIpoIiecce
NPOCKTHpOBaHuA. B psine ciaydaeB oOBEM BBIYHMCICHUI OKa3bIBAETCS
JIOCTAaTOYHO OOJBIIHMM JUIsI TOTO, YTOOBI ONPAaBIAHHBIM OBLIO MCTIONE-
30BaHUE MapayIebHBIX BBIYUCICHUHA. [ pemennst SToi mpooIemMbl
0BT pazpaboTaH aNTOPUTM, UCTIONB3YIOMINH POTPaMMHO-AIIIPATHY IO
apxutektypy CUDA [2].

A.T[l"OpI/lTMHZiaIII/IH NMPOCKTHPOBAHUA CUCTEM MHAYKTHBHOI'O
NMUATAHHASA HMILIAHTATOB C MOBBIIEHHOMH YCTOﬁqHBOCTbm

Ha ocHoBe MeTona YMCIEHHOTO MHTETPUPOBaHMs ObLTa pa3pado-
TaHa TpyIa aJrOPUTMOB JJISl ONTHUMH3AIUN KOHCTPYKIIMU KaTyIiey-
HBIX Hap B COCTaBE€ CHUCTEM HHIYKTUBHOI'O MHUTAHMSI HUMILIAHTATOB.
Lenpro anropuTMOB SBISETCA TMOTy4YeHHE KOHCTPYKIMIA KaTyIIEeK HH-
JTyKTUBHOCTH, 00ECIICUMBAIONINX 33JJaHHYIO0 YCTOMYNBOCTH CHCTEMBI
(OTKIIOHEHUE BBIXOJHOW MOIIHOCTH OT HOMUHAJIBHOTO 3HAYCHUS HE
MIPEBBINIACT 33JAHHOT0) B 33/IaHHOM JHAIA30HE CMEIIEHUN KaTyIIeK
WHIYKTUBHOCTH. B OCHOBY anropuTMma MmoyioxeHa UTEpalMoHHas Mpo-
Heaypa moadopa KOHCTPYKTUBHBIX XapaKTEPUCTHUK U JOCTHIKEHUS
3aJIaHHOH YCTOWYNBOCTH HA OCHOBE BRIYHCIICHUS B3AMMHON HHTYKTHB-
HOCTU. BBUTIO TOKa3aHO, YTO pa3pabOTaHHBIC AITOPUTMBI TIO3BOJISIOT
00€ecTeunTh OTHOCUTENIEHO BHICOKYIO YCTOMUMBOCTh CHCTEM: MEepenai
MotHOCTH +10% Mpu GOKOBBIX CMEIIEHHUSIX, IOCTUTAIOIINX BETHINHBI
paanyca NpUHUMAIOLIEH KaTyIIK UHAYKTUBHOCTH [3].

MeTtoa ObICTPOIi OLIEHKM TeIJI0BOI 0€30MacHOCTH

st OlleHKH TeruIoBOi 0e30MacHOCTH OOBIYHO HCIIOJNIB3YIOT YHC-
JICHHBIE peleHns T.H. ypaBHeHUs [lenneca. CyIiecTBEeHHBIM HEOCTAT-
KOM TaKOTO TIOJX0/a IPU MPOSKTUPOBAHUY SBISIETCS HEOOXOIUMOCTh
MOBTOPEHHUST Pacu€ToB ISl KAXKIOTO HOBOTO BapHaHTa KOHCTPYKIIHH.
MOHO TPeANIORKHUTH METO OBICTPOIl OLIEHKH U3MEHEHUS XapaKTepH-
CTUK HarpeBa MpU U3MEHEHUU KOHCTPYKLUUU Ha OCHOBE HA JMHEHHOU
anmpOKCUMAIINH PacuéTOB ISl IBYX BapHaHTOB KOHCTPYKIWH. bpiio
MOKa3aHO, YTO JIMHEWHasl amnmpoKcUManusi B Tpejaenax (U3UOIOTH-
gyeckoro amamnazoHa Temnepatyp (36...42 °C) mo3BoisieT OICHHBATH
o’KMTaeMBIH HarpeB TkaHel ¢ ommokoii 0,2..0,5 °C [4].
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BuiBoabI

HTepaunoHHbIe IPOLEAYPbl IPOSKTUPOBAHUS TPEOYIOT HUCIIOIb30-
BaHUS OTHOCHUTEIBHO IIPOCTHIX MaTEMaTHYECKUX MOJIETIEeH, TO3BOISIO-
IIUX TpeACKa3bIBaTh N3MEHEHUE XapaKTEPUCTHK CHCTEMBI MIPH U3Me-
HEHHUM YCJIOBUHM 3KCIUTyaTauuu. J[ns cMCTeM MHAYKTHBHOTO MHUTAaHUS
MUMILUIAaHTATOB TaKUE MOZEIH MOTYT OBITh MMOCTPOCHBI IMOO Ha OCHOBE
YHCIEHHOTO WHTerpupoBanus popmynsl Heiimana (s mpenckazanus
M3MEHEHHUs] MOIIHOCTHBIX XapaKTEPUCTHK) WM Ha OCHOBE JIMHEHHOU
anMpOKCUMAIMM Pacy€TOB Ha OCHOBE METOJa KOHEYHBIX 3JIEMEHTOB
(st mpeicka3aHus XapaKTePUCTUK HAarpeBa).

Paboma evinonrnena npu gunancosoii noddepacke Poccuiickou
Dedepayuu 6 nuye Munobpuayxku Poccuu 8 pamkax KpynHo2o Hay4Ho2o
npoexma no coanaweruio Ne 075-15-2024-555 om 25.04.2024 e.
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DESIGN AND MATHEMATICAL MODELING OF ELECTRONIC
INDUCTIVE POWER SUPPLY SYSTEMS FOR IMPLANTS
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Abstract. the main approaches to the design and mathematical description
of the operation of inductive power supply systems for implants are considered
in context of improving the tolerance of such systems to changing operating
conditions.
Keywords: finite elements method, numerical integration, power elec-
tronics, implantable electronic systems.
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NPUMEHEHUE [IU®POBLIX JIBOMHUKOB
JIJISA MOBBIIIEHUA HATEXKHOCTH
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HUY MUDT, 2. Mockea, 2.3enenoepad

AHHoTanus. B paboTe onucrIBaioTCs pe3ynbTaThl IPOSKTHPOBAHUS TIPO-
TOTUNA IM(POBOTO NBOWHHMKA CHCTEMBbl MHAYKTHBHOW Tepedaydl SHEPrHU
K UMIUTaHTHPYEMOMY MeIUIMHCKOMY npubopy. B ocHoBe nm¢poBoro asoii-
HUKa MaTeMaTH4YecKass MOJENb JJI pacdéra AIEKTPUUECKUX XapaKTePUCTUK
CHCTEMBI, a TAKXKE KOHCUHO-3JICMEHTHBIE MOJISITH JUISI OIICHKH HAarpeBa U AJICK-
TPUUYECKUX XapPAKTEPUCTUK KATYIIeK HHAYKTHBHOCTH.

KiaroueBble ciaoBa: nupoBoil TBOWHWK, UMILIAHTHPYEMbIE MEIUIIH-
CKHe TpUOOPHI, MHIYKTHBHAS TIepeiada YHEPTHUH.

BBegenne

Crnenudurka TpUMEHEHHs MEAMIUHCKHX WMIUIAHTATOB 3HAYM-
TEJIBHO OTPaHUYMBAECT BO3MOXXHOCTH MOHUTOPUHIA MX COCTOSHHS BO
BpeMsl JKCIUTyaTaluu ycTpoiicTBa. IIpum 3ToM Hemonmaaku B pabote
W OTKa3 UMIUTAHTHPYEMON CHCTEMBI CBS3aHBI C PHCKOM JUIS )KU3HHU I1a-
IUEeHTa. JTO JeNaeT aKTyaJIbHBIM Pa3BUTHE METOJOB NPOrHO3MPOBA-
HUSI COCTOSIHMSI TAKMX CHCTEM C LIENbIO MMOBBIIICHHUS HAAEKHOCTU JaH-
HBIX YCTPOICTB.

Bo3MOXHBIM peleHreM 3aayuy OBBIIEHUS HaJEKHOCTH UMILIAH-
TUPYEMBIX MEIUIMHCKUX YCTPOWCTB SBIISICTCS MEPEXo] K Mapajnurme
«ur(pOBHIX TBOMHUKOBY. B paMkax qaHHOM mapagurMel KOHKPETHOMY
¢bu3nuecKOMy OOBEKTY CTaBUTCS B COOTBETCTBHUE €ro K (poBasi KOmus,
TaK Has3bIBaeMbIld «H(poBOi ABoOIHKK». LldpoBoil ABOHHHK sBIIS-
€TCS MATEMaTHIeCKOW MOJIEIBIO, YaCTh BXOJHBIX MTapaMeTPOB KOTOPOH
ompeesieTcs BBIXOAHBIMHU JAHHBIMHU CEHCOPOB, MOJKITIOUYCHHBIX K QU-
3M9eCKOMY OOBEKTY. B OTIENbHBIX CiTydasx, Ha OCHOBE JaHHBIX, ITOJTY-
YEHHBIX IMPH MOMOIM NU(POBOTO JBOHHMKA, OKa3bIBACTCS YIPaB-
JISTIOTIee BO3ACHCTBIE Ha (DU3MIecKor 00bekT. Takum oOpazoM, dop-
MHUpYyeTCsl 3aMKHYTasi cucreMa «(uzndeckuéi oOBEKT — LU(PPOBOH
JIBOMHUK.
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OCHOBHO# TPEANOCHUTKOM JIsi Pa3BUTHS TEXHOJOTUH ITUPPOBBIX
JIBOWHUKOB SIBJISICTCSI COBEPIIICHCTBOBAHUE METOJIOB U TIPOTPAMM JIJIS
MOJEIUPOBAHMS MPOLECCOB U CHUCTEM, & TAKXKE Pa3BUTHE BBIYUCIIH-
TeJbHOW TexHHKHU. Tak, HaunoHanbHOE yIpaBieHHE MO a3pOHAaBTHKE
u uccnenoBanuio kocmmueckoro mpoctpanctea (HACA) CIIA wuc-
MOJIB3YyeT HU(POBBIE TBOWHUKH TSI OLEHKH U TPOTHO3MPOBAHUS COCTO-
STHUS KOCMHYECKUX JIeTaTeNbHBIX amnmapaToB [1]. JJo mepexona k mapa-
IUTME TIMQPPOBBIX IBOWHUKOB IS OTOW 3aJaddl HCIOJIH30BATHUCH
IyONEpPHI armaparoB, K KOTOPBIM NPUKJIIAIBIBAIMCH BO3/ICHCTBUS aHAIIO-
THYHBIC TEM, KOTOPBIM MOABEPraJiCcs anmapar, HaXOISIIHICS B KOCMOCE.

IToMuMo KOCMHUYECKOH oTpaciu, TU(POBEIC TBOWHUKH TPUMECHSI-
I0TCS B TPOMBIIIUIEHHOCTH, MAIIIMHOCTPOCHHH, aBuacTpoeHun. Lludpo-
BBIC JBOMHUKU TaKXe HaXOIAT MpPUMEHEHHE B MenuuuHe. V3BEeCTHBI
paboThI, HaTPaBIICHHBIC Ha CO37aHue ITU(POBBIX TBONHIUKOB OPTaHOB,
a Takxke, HalpuMep, UPPOBBIX JBOHHUKOB MOITYJISIIAH, TIO3BOJISIOIINAC
OIICHUTh PACIPOCTPAHCHUE BUPYCHBIX 3aboseBanuii [2, 3]. B cBoro
odepenb, HCCICAOBAHUS, HANMPABICHHBIE HA CO3JaHHEe MHQPPOBHIX
JIBOMTHUKOB UMILTAHTUPYEMBIX MEIUIIMHCKUX MPUOOPOB, MOKHO CUH-
TaTh MaJOYUCICHHBIMU.

IIpoexTHpoBaHue NPOTOTUNA HM(PPOBOro NBOMHUKA

B nmanHO¥ paboTe OBUIO BBIMOJIHEHO MPOSKTUPOBAHUE MPOTOTHIIA
U(POBOTO IBOWHMKA CUCTEMBI HHAYKTUBHOHU nepenadu sHepruu. Oc-
HOBHBIM OTJIMYMEM MPOTOTHUNA OT IOJHOLEHHOTO LU(pPOBOTrO IIBOM-
HUKa SBJISIETCS TO, YTO JJAHHBIE C CEHCOPOB, KOTOPbIE MOCTYIAIOT Ha
BXOZ LU(PPOBOT0 IBOWHUKA, SBJISIFOTCS CHHTETUYECKUMH.

OcHoBolf 1H(POBOro IBOMHUKA SIBISETCS MaTeMaTH4ecKash MO-
JIeNib, TIPU TMOMOIIM KOTOPOW BBIMOJHSETCS pacuéT 3JIeKTPUYECKUX
XapaKTePUCTUK CHUCTEMbl MHIYKTUBHOW INepexauyn sHepruu. K Taxum
XapaKTEepPUCTUKAaM OTHOCSTCS, HAPUMED, BBIXOJHOE HANPSKEHNUE, BbI-
XOJTHOU TOK, HallpsDKEHUE Ha OT/IEIBHBIX 2JIEMEHTAX CUCTEMEI, a TAKKe
(ha30BbIC XapaKTEPUCTUKH IEKTpUIecKoi renu. Pabouas yactora Mo-
JENAPYEMOM CUCTEMBI MHAYKTUBHOW mnepenaun 3nepruud — 300 kI
BBIXO/IHAsI MOIITHOCTH CUCTEMBI MOKeT octurath S00 MBT, HoMHHAB-
HOE pacCTOSHUE MEXIY MEpearollel U MPUHUMAIOLICH KaTyIIKaM{
WHAYKTUBHOCTHU COCTaBIISIET 15 MM.

OKBUBAJICHTHBIE 3JIEKTPUYECKHE XapaKTEPUCTUKH KITIOUEBBIX pe-
AKTHBHBIX KOMIIOHEHT PACCUUTHIBAIOTCS NMPH HOMOILIM KOHEYHO-3JIE-
MEHTHOTO MOZENIHpoBaHUs. Mozenb SABISAETCS MYyJIbTHPH3HUECKON
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Y IIO3BOJISIET YYUTBIBATH BJIMSIHUE HATPEBA KOMIIOHEHT Ha UX 3JIEKTPU-
YECKHE XapaKTepUCTUKHU. [[aHHBIE O HArPEBE OLIEHUBAIOTCSI HA OCHOBE
MOKa3aHUIl CEHCOPOB. [IOMOIHUTENBHO pealn30BaH MOIYJIb IJIs pac-
4yéTa BpEMEHHOM JeTpafaliy 1apaMeTPOB 3IEKTPOHHBIX KOMIIOHEHT.

BriBoabI

B pabore BBIMOIHEHO MPOEKTHPOBAHHE MPOTOTHIA IH(PPOBOTO
JBOIHMKA CHCTEMBI WHIYKTUBHOH Tepemaun sHepruu. OmnpenenéH
¢ynkumonan nudposoro aBoiHUKa. [Tpyn momomm nuQpoBoro IBOM-
HUKa BO3MOXKHA OILIEHKA JJICKTPUIECKUX XapaKTEPUCTUK CUCTEMBL. Mo-
JIeTb YIUTHIBAET BIMSHME HArpeBa W BPEMEHHOHU JeTpajlalliil KIrode-
BBIX 3JIEKTPOHHBIX KOMIIOHEHTOB.

Hccnedosanue svinonneno sa cuem epanma Poccuticko2o HayuHo20
@onoa Ne 24-29-00649.
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APPLICATION OF DIGITAL TWINS TO THE IMPLANTABLE
MICROELECTRONIC SYSTEMS RELIABILITY ISSUE

E.A. Mindubaev

Abstract. The paper describes the results of designing a prototype of a
digital twin of an inductive energy transfer system for an implantable medical
device. The digital twin is based on a mathematical model for calculating the
electrical characteristics of the system, as well as finite element models for
assessing the heating and electrical characteristics of the inductance coils.

Keywords: digital twin, implantable medical devices, inductive power
transfer.
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HNPOBJIEMBI CO3JAHUSI CUHTE3ATOPA
CAMOCHUHXPOHHBIX CXEM IO CUHXPOHHOMY
OIMUCAHHIO

IInexanoe Jleonuo Ilempoesuu,
K.M.H., Capuuil Hay4Hblil CompyoHuK’,
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'OUI] 1Y PAH, 2. Mocksa

AnHoTanusi. B pabore onmuchIBatoTCst 0COOEHHOCTH U MPOOIJIEMBI CO3/a-
HUS aBTOMAaTHUYCCKOI'0 CUHTE3aTOpa CAMOCUHXPOHHBIX CXEM 110 CHHXPOHHOMY
OIIMCAaHUIO. CHHTGSaTOp OGCCHC‘{I/IBaeT U CXEM YHUKAJIbHBIC CBOﬁCTBa I10-
BCIACHHUS U HAACKHOCTH.

KiroueBbie cjioBa: CaMOCHUHXPOHHBIC CXEMbI; CUHTC3 CAMOCUHXPOHHBIX
CXEM.

BBeaenue

CaMOCHHXPOHHBIC CXEMBI Jlajiee 0003HadaroTCs Kak CC-CXEMBI.

B mpemaraemom metone cuHTe3upyroTcst CC-cxeMbl UCXOns U3
YCIIOBHS, UTO 3aJICPXKKH B LIETISIX MOCTIE PAa3BETBIICHHUS HE MPEBBILIAIOT
3aJIePKKH OIKIF0YaEMbIX JIEMEHTOB.

CC-cxeMBbl TaKOTO THIIA UMEIOT YHUKAIBHBIC CBOWCTBA MTOBEICHUS
Y HAJISKHOCTH: TTOJTHOE OTCYTCTBHE COCTI3aHMUI M 0TKa300€3011acHOCTh
(ocraHOBKa pabOTHI MPH MOSBICHUH BBIXOAHBIX KOHCTAaHTHBIX HEHC-
npaBHOCTeH Tumna 3anunanuii Ha 0 uiam 1). OTH cBoiicTBa rapaHTHPY-
FOTCSI BO BCEM JMAIa3oHe (hU3MIECKOr pabOoTOCTIOCOOHOCTH TpaH3H-
CTOPHBIX CTPYKTYP, TO €CTh B MAKCUMAIIbHO BO3MOXKHBIX ITpeienax Mo
HaNpsDKEHUIO MMUTaHUS U TeMIIEpaType.

Cxewmsl ki1acca BD He nmerot ocHoBHOTO IpenmytinectBa CC-cxeM —
CIOCOOHOCTH K OOHAPYKEHUIO KOHCTAHTHBIX HEUCITPABHOCTEH, a TaKkKe
o0ecreunBal0T MEHBIINH TUANa30H HeUyBCTBUTEIBHOCTH K 33IePIKKaM.
[lanee cxeMbl 3TOTO Kjlacca paccMaTpUBaThes HE Oy ayT.

CymiectByeT psj 3apyOeKHBIX METOJOB aBTOMATH3HUPOBAHHOTO
npoektupoBanus CC-cxem.

OCHOBHO# HEIOCTaTOK STHUX METOIOB — HEMPHCIIOCOOIEHHOCTh
K IPOCKTHPOBAHMIO CXEM B IPOMBIIUICHHBIX MacIITabax, YTo BhIpaXka-
€TCsl B CIIEYIOIIEM:

— OTCYTCTBHE KaKOH-TMOO ONTUMHU3AIINH ITOJTyYaeMbIX CXEM;

— IpUMeHEeHHe COOCTBEHHBIX SI3BIKOB OMUCAHUS, UICXOIHBIX OIHCa-
HUi B Buze rpadoB (Hanpumep, cereii [lerpn) [1-3], He ucmonb3yeMbIx
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B MPOMBINIJICHHBIX pa3paboTKax (B HACTOSIIEE BPEMsI MACCOBOE MPOEK-
THPOBAaHUE CXEeM IMPOBOJMTCS Ha S3bIKax OIMCAHHS amnmapaTypsl
Verilog u VHDL);

— METOABI, OCHOBaHHBIE Ha HCXOJHOM CHHXPOHHOM OIIHCaHUH,
Hanpumep, [4, 5], He 00HapyXHMBalOT KOHCTAHTHBIE HEUCIPABHOCTH,
a Takke OO0eCIeynBalOT MEHBIIHNKA JHWana3oH HEYyBCTBUTEIHBHOCTU
K 3aJIepiKKaM;

— OTCYTCTBHE HEpapXUUECKOTO CUHTE3a;

— B OOJIBIIIMHCTBE METOAOB OTCYTCTBHE NMPHUBSI3KH K KOHKPETHOM
OubIMoTeKe 3JIEMEHTOB, YTO JENaeT 3TH METOABI HE3aKOHYCHHBIMHU.

IIpo6aemsl cozpanus CC-cxem

Jsa paspabotrku CC-cxeM HEOOXOIUMO MPUMEHEHUE CIIeIUab-
HBIX MaTeMaTHYEeCKUX METOJOB [6], MOATOTOBKU OMOIIMOTEUHBIX dIe-
MEHTOB 1 BBITIOJIHEHUE PsAa JPYTHUX YCIOBHUH.

IIpennaraercs MeTO CO31aHUS ABTOMAaTUYECKOTO CUHTE3aTOpa AJIs
CC-cxem, MpUTOAHBIN IS IPOMBIIIUICHHOTO MTPOCKTHPOBAHUS.

HcxonHoe onrcanne cXeMbl — OMHCaHNE KOPPEKTHOW HECAMOCHH-
XPOHHOH cxeMbl Ha si3bIke Verilog. OTo onucanue MOXKeT ObITh Uepap-
XUYECKUM U COAEPkKATh OMEPaTOPhI JTI0O0T0 YPOBHS: MTOBEACHUYECKOTO,
PETHUCTPOBBIX Tepeaad, TOTHISCKUX (QYHKIUN

Ha nepBom 3Tane cuHTe3a UCMONB3YETCS CUCTEMa OTKPBITOTO J10-
ctyna Yosys, KOTopas mpeoOpa3yeT MUCXOIHOE OIMHUCaHHe B (opMmy,
YAOOHYIO IJIs JaTbHEHUIIero CHHTE3A.

CuHTEe3 MPOBOAUTCA C MUHUMU3ALUEH 3aTpaT B TPaH3UCTOPaX U 1O
BO3MOXXHOCTH C YITy4IIIEHUEM OBICTPOICHCTBHS. BRITIOMHAIOTCS CTICTIH-
¢buueckne mua cmHTe3a CC-cXeMm ACUCTBHUA: pa3OMeHHE HCXOTHOU
CXEeMBl Ha Kackajbl, mpeobOpa3oBaHue HCXomHbIX (yHKIui B CC-
¢GbyHKIMH ¢ onTuMU3auei [7].

CuHTE3 31IEMEHTOB M PETUCTPOB MaMSTH ITPOBOIUTCS C yIETOM pa-
Hee BBIMTOJIHEHHBIX padoT [8—10].

Ha mocmeqaux sTanmax CHHTE3a CO3aeTCs HHIUKATOPHAS YacThb Te-
KYIIIETO MOIYJISl U JApyTHe HeoOXoauMble AeicTBusA. Mepapxwmueckas
HCXOJIHASl CTPYKTYpa CUHTE3UPYETCS PEKYPCUBHO.

BriBoabI

IIpennoxen METOA CO34aHMs aBTOMATHYECKOTO CHHTE3aTopa IJIsi
CC-cxeM 10 CHHXPOHHOMY OITHMCAHHIO, IIPUTOAHBIN AJIs TPOMBIIIICH-
HOT'O IIPOEKTHPOBAHUSL.
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CunreszaTop KOHCTpyHpyeT uepapxuieckyio CC-cxemy, ONTUMU-
3UPOBAHHYIO IO 3aTpaTaM B TPAH3UCTOPAX M OBICTPOACHCTBHIO.
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PROBLEMS OF CREATING A SYNTHESIZER FOR SELF-TIMED
CIRCUITS FROM SYNCHRONOUS DESCRIPTION

L.P. Plekhanov
Abstract. The paper describes the features and problems of creating an
automatic synthesizer of self-timed circuits from synchronous description. The
synthesizer provides unique features of behavior and reliability.
Keywords: self-timed circuits, synthesis of self-timed circuits.
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OCOBEHHOCTHU APXUTEKTYP
HENPO- U HEUPOMOP®HBIX TPOIIECCOPOB
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AHHOTanusl. B paboTe pacCMOTPEHBI APXUTEKTYPHI allapaTHBIX CPEICTB
JUTS peanr3anuy (OPMaTbHBIX U CHAHKOBBIX HEHPOHHBIX CeTeH.

KitroueBble cjioBa: HEWpONPOIECCOPHI, HEWPOMOpP(hHBIE MPOIECCOPHI,
MEMPHCTOPHBIE MATPHUIIBIL.

IlenTpanbHble M HeHPONPOLECCOPBI

TexHOMOTUN MCKYCCTBEHHOTO WHTEIUIEKTa MOXKHO pa3/eNHuTh Ha
OKCIIEPTHBIE CHCTEMBI, METOIBI MAIIMHHOTO OO0y4YeHHs 06e3 mpuMeHe-
HUs HelpoceTell U ¢ UX MpUMeHeHHueM. MacmTaOupoBaHUe C TOMO-
IIBIO MAapaJIeIFHOTO BBHITIOJHEHHS OTEepayii BO3MOKHO UMEHHO IS
HelipoceTtell Omarogapst X apxXuTeKType. B 3aBHCHMOCTH OT IPUMEHS-
eMoi Mozieny HelpoHa — (QopMallbHON MM CTTAWKOBOH, — HCIIOJIB3Y-
F0TCS pa3INdHbIe (PPEHMBOPKH, TPOrPaMMHBIE CPEABI TSI pa3padOTKH,
oOydeHus U 3ammycka HeiipoceTeil. PaccmarpuBaercs Habop xapaKkTepH-
CTHK U BO3MOXHBIX TECTOB JIJIsl CPaBHEHHUsI Heipompolieccopos [1].

ApXUTEKTYpbl HEHPOIIPOLIECCOPOB COCTOAT W3 «IUPHIKEPa» —
[EHTPAIBHOTO TMIpoIleccopa M comporeccopoB st 3ddekTuBHOTO
pacueta HeipoceTrel. BrimonHsercs cpaBHeHHe apxuTektryp ARM
u RISC-V, a Ttakxke apXuTeKTyp NOIYJSPHBIX HEHPOIPOIECCOPOB
¢upm NVIDIA, Rockchip (RK3588), a Takke 0TeUeCTBEHHBIX pa3pa-
oorok ¢pupm HTI «Moaynby, HITI «JIBUC» nu HTII «XaitTak».

PaccmaTprBaeTcsi BO3MOXXHOCTh H3TOTOBJICHHS HEHPOIPOLIECCO-
POB C NOMOIUIBIO METOJIOB MEYATHON SIEKTPOHUKHU KaK aJbTEPHATHBBI
obmenpunasaToit KMOII-TexHnonorun [2].

Heiipomop@Hbie mpoueccopbl

K oTnuunTenbHBIM XapakTepUCTHKaM HEHPOMOP(HBIX MpPOLEcco-
poB otHOCsTCA: (1) apXUTEKTypa, OTIIHYHAs OT apXUTeKTyphl hoH Heil-
MaHa; (2) HOBBIC CIIOCOOBI KOJIMPOBAHUS CHTHAIIOB; (3) peanu3anus Ha
9IIEMEHTHOH 0a3e Ha HOBBIX (PM3MUYECKUX MpUHIMIAX. Takoi mporec-
COp JIOJDKEH UMETh XOTsI OBl OZIHY M3 MEPEUNCIICHHBIX XapaKTEPUCTHK.
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PaccmarpuBatotcst  3apyOekHble HeHpoMOp(dHBIE MNPOLECCOPEI,
Brumrodast TrueNorth, Tianjic, Loihi 2 u apyrue, a Takke OTE€YeCTBCH-
HBII «AnTaiiy.

[Iupoxkoe mpruMeHEeHNE HEUPOMOPQHBIX MPOLECCOPOB HA SJIEMEHT-
HOW 0a3e Ha HOBBIX (PM3MYECKUX MPUHIUIIAX — MEMPHUCTOpaX, Orpa-
HUYEHBI JOCTUTHYTBIMH MOKAa3aTEIIMU MOCJIEIHUX: BPEMEHEM COXpa-
HEHUSI PE3UCTHBHOIO COCTOSIHUS, BBIHOCIMBOCTBIO K LUKINYECKHM
MEPEKITIOYEHUSAM, IJIACTUYHOCTBIO, HANPSIKEHUEM M BPEMEHEM Iepe-
KITIOYEHHS], HAIIPSDKEHUEM M TOKOM YTEHUS, a TaKXKe IPYTUMHU ITapaMeT-
pamu. PacCMOTpEHBI pa3jInyHbIE CXEMOTEXHUYECKUE PELICHUS, KOM-
MIEHCUPYIOIIME YKA3aHHBIE U JPYrMe€ OTpaHUYCHUs INPU PeaU3aLUU
MaTPUYHO-BEKTOPHOTO YMHOKEHUS C TIOMOIBI0 MEMPUCTOPHBIX Mat-
pull. IIpuBeneHbl BO3MOXKHBIE TEXHOJIOTMYECKUE PELICHUS 110 UHTETpa-
[IUU MEMPHUCTOPHBIX MaTpuIl 1 yrnpasisromux KMOII-cxem.

CHnucoK HCII0JIb30BAHHBIX HCTOUHHKOB
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FEATURES OF NEURO- AND NEUROMORPHIC PROCESSOR
ARCHITECTURES

O.A. Telminov
Abstract. The paper considers hardware architectures for the implemen-
tation of formal and spike neural networks.

Keywords: neuro-accelerators, neuromorphic processors, memristor
matrices.
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'OUI] 1Y PAH, 2.Mockea

AnHoTanus. B pabote mpuBOAMTCS METOJ JCCUHXPOHU3AIIUH, KOTOPBIN
MO3BOJISIET aBTOMATU3UPOBATh OJWH M3 3TAllOB CHUHTE3a CaMOCHMHXPOHHOM
CXEeMbl Ha OCHOBE €€ UCXOJHOI0 CHHXPOHHOTO MOBEICHYECKOTO ONKMCAaHUsS Ha
si3pIke Verilog.

KirodeBble cJI0Ba: JECHHXPOHM3AINS, CAMOCHHXPOHHAS CXEeMa, JTOTHUe-
CKHIl CHHTE3.

BBengenne

CamocunaxpoHsble cxeMbl (rmiu CC-cxembl) SBISIOTCS TEpCIek-
TUBHOM aJdbTEpHAaTHBOM CHUHXPOHHBIX, TaK KaK HE HCIONB3YIOT IJIO-
OaJbHBIM TAaKTOBBIM CUT'HAT M pabOTalOT HA OCHOBE 3allPOC-OTBETHOTO
MeXaHHM3Ma W 005f3aTeNbHON HHIUKAIIMN OKOHYAHUS TMepeKIIOYeHUN
Bcex aneMeHToB. [IpenmMymectBamu CC-cXeMbl SBISIOTCSA: MAaKCH-
MaJbHO BO3MOXKHBIN TUana3oH paboTOCIIOCOOHOCTH; OTCYTCTBHE arma-
PaTHBIX M 3HEPreTUYECKUX PACXOOB IS Pealn3aliy "TaKTOBOIO Jie-
peBa' 1 JIOKanu3allMy HEUCIIPABHOCTEN 3a CUET MEXaHU3Ma HHANKALUN
3aBepIIeHUs NepeXOoaHbIX MpoleccoB. IlepeuncieHHble cBOWCTBa 00Y-
CJaBJIMBAIOT BBICOKYIO HaIEKHOCTh CAMOCUHXPOHHBIX M3aenuii [1, 2].

CrnenyeT OTMETHTH TPHU OOCTOATENILCTBA, MPEMATCTBYIOMIKE Oojee
IIMPOKOMY HCIIOJIb30BAHUIO CAMOCHHXPOHHOM MapajurMbl B CXEMO-
TexHUKe: 1) M30BITOYHOCTh ammapaTHBIX 3aTPaT; 2) HEXOCTATOYHBIH
CHEKTp OTpabOTAaHHBIX CXEMOTEXHMYECKHX PEUICHUH; 3) OTCyTCTBUE
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HeoOxoaumoro criektpa cpeacts CAIIP, obecieunBaronnx 3 PpeKkTrs-
HYI0 pa3paboTKy cxem. [l pemeHns yka3aHHbIX mpooiem B OUILL Y
PAH 6wutn pa3paboTanbl: MEeTOIUYECKHAE TTOaX0 b, onommoTeku CC-
3JICMEHTOB W TPOTOTHIIBI YCTPOMCTB, a TaKKe HA0Op MPOTPaMMHBIX
cpeacTB. EAMHCTBEHHBIM OCTABIIMMCS MPEHSTCTBHEM IS ITOJHOLICH-
Horo npoekthupoBanusi CC-u3fenuii sBisieTcsi OTCyTCTBHE d3PPEKTUB-
HOW CHUCTEMBI CHHTE3a, He TpeOylomield oT pa3padoTuuka riy0oKoro
3HaHUS CIEeNU(UKH CXeM JaHHOTO Kiiacca.

MeTO}I ACCUHXPOHU3AIIUU CUHXPOHHOI'0 OIMMUCAHUSA

K nHacrosiiieMy BpeMeHH Ipolielypa JeCHHXPOHU3AIUH IPUMEHSI-
Jach MpH cHHTe3e acHHXPOHHBIX cxeM (CC-cxeMbl ABISIOTCA UX MOI-
KjlaccoM). B kadecTBe OCHOBHOTO MOJXOAAa K JAECHHXPOHH3ALUU
B QCHHXPOHHBIX CXE€MaX HCIIONB3yeTcsl YeThIpeX (ha30BBIA MPOTOKOI
«pykonoxatus». [3 4]. Peanusyercs TaHHBIN IPOTOKOI ITyTEM IOCTPO-
enust Doubly Latched Asynchronous Pipeline (DLAP) [5, 6]. B pa6ote
[7] mpencraBmeHO oOmMHCaHWE METOJOJOTHH W MapIIpyTa CHHTE3a
CC-cxeM U3 HCXOAHOTO CHHXPOHHOTO MOBEICHYECKOTO OMHMCAHMS Ha
A3bIKe onucanus anmaparypsl Verilog. ITpouenypa necuHXxpoHU3aMN
B paMKax JaHHOTO MapipyTa npemmectByet atany CC-koaupoBaHus
MH(QOPMAIOHHBIX CUTHAJIOB CXEMBI U SABJISIETCS OHUM M3 3TAIIOB IPO-
1ecca MoCTPOCHUS MHANKATOPHOM cxeMbl. DTa Mpoleaypa J0JKHa 3a-
MEHUTH TTI00ATBHOE U JIOKATbHBIE «JePEBbs» TAKTOBBIX CUTHAJIOB Ce-
TBIO CUTHAJIOB yNpaBlieHHus, (POPMHUPYEMBIX Ha OCHOBE MHIAMKATOPHBIX
BBIXO/IOB YCTPOUCTB CHHTE3UPYEMOI CXEMbI M 00ecTIeynBalomux 6ec-
KOH(IMKTHOE B3aWMOJCHCTBHE COCTAaBHBIX YacTeld CHHTE3UpyeMOun
CXEMBI Ha OCHOBE 3alPOC-OTBETHBIX OTHOIICHUH MEXIY HUMHU.

Jnst peanu3zanyy JaHHOW MPOLENypBl B paMKax CTaThH Ipejasiara-
€TCsl METOJ IECHHXPOHM3AINH, BKIIOYAIOIINN B ce0sl IIECTh ATAIOB.
Ha nepBoM 3Tame ocyIIECTBISIETCS CHHTE3 MCXOAHOTO CHHXPOHHOTO
OTIMCaHUs CPECTBAMH CBOOOIHO PACIPOCTPAHAEMON CUCTEMBI Y OSYS.
[IpomexxyTouHBIE pe3yIbTaThl CHHTE3a U3BIIEKAIOTCS B BUIE OTIMCAHUS
Ha crienuanbHOM s3bike Register transfer level intermediate language
(RTLIL). Ha Bropom sTane ocymectsisiercsa npeodbpaszoBarane RTLIL-
omucaHus B Tpad cCoeAMHEHWH MeXIy 0a30BbIMU suelikamu. Ha Tpe-
THEM 3Talle C UCTIONB30BaHUEM Pa3IMYHBIX aJITOPUTMOB Ha rpadax ocy-
LIECTBIISIETCS ONpEJIEIIeHUE CTaAnil KOHBeKepa B BUE MHOXKECTBA MO/~
rpadoB. Ha geTBepTOM STame OCYIIECTBISETCS NECHHXPOHU3ALUS
KaXIIOW CTaguM KOHBeWepa MyTeM 3aMeHbl HCXOAHBIX YIPAaBIISIOLINX
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CUTHAJIOB Ha HA0OP YIIPABJISIONIUX CUTHAJIOB 3aIIPOC-OTBETHOTO B3aM-
MOJCHCTBHS M CIIENHAIBHBIX TUCTEPE3UCHBIX TpurTepoB (I'-Tpurrep).
Ha msatom srtame w3 curHanoB u ['-Tpurrepos dopmupyercs cxema
ynpaBiieHus: KoHBeliepoM. Ha mrectoM sTare moiyueHHbIH rpad mpe-
obpasyercs B RTLIL u 3arpykaercst B YOSys IS TabHEHIIIETO CHH-
TE€3a.

BruiBoabI

B pabore npenioxeH MeTo ] AECUHXPOHU3AINN CUHXPOHHOTO OTIH-
caHus s ganpHeimero cuate3a CC-cxembl. JlaHHBIN MeTO A OTIHYa-
€TCSI OT CYIIECTBYIONIUX PEUICHUH TEM, UTO ITO3BOJISET Pean30BaTh ca-
MOCUHXpPOHHBIN KOHBeliep BMecto DLAP, a Taxke mpuHUIUNUAIBHO
JIIPYTYI0 CXEMY YTPaBIEHUS, OCHOBAHHYIO HA MCIOJIB30BAHUU CaAMO-
CHHXPOHHOTO KOJUPOBAHUS U | -TpHUTTEpPOB.
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DESYNCHORNIZATION METHOD FOR SELF-TIMED
CIRCUITS SYNTHESIS

D.V. Khilko, G.A. Orlov, A.A. Grigoriev, G.S. Appolonov

Abstract. The paper covers a desynchronization method that allows auto-
mating one of the stages of synthesis of a self-timed circuit based on its original
synchronous behavioral description in the Verilog language.

Keywords: desynchronization, self-timed circuits, logic synthesis.
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PACUYET BAPUAIINU ITOKA3ATEJIA HPEJTOMJIEHUSA
B GE/SIGE 'ETEPOCTPYKTPAX JJIS1 CO3JAHUA
ONITUYECKHUX MOAYJIATOPOB

Hangunoe Auopeii Cepzeesuu
Xazanoea Cogvsa Bnaoucnasoena
boopoe Anexcanop Hzopeeuu
T'opwkoe Anexceit Ilagnosuy
Hesicoanoe Anexceii Braoumuposuu

THHT'Y um. Jlobauesckozo, 2. Huscnuii Hos2opoo

AnHoTaunus. B paboTe BRINONHAETCS pacdeT MOKa3aTeNs MPeIOMICHHUS
KpEMHHUN-TEPMaHUEBON TETEPOCTPYKTYPHI, KOTOPYIO MOXKET OBITH HCIIOIB30-
BaHa B KAUeCTBE aKTHBHOM Cpebl AJIs CO3AaHUsI MOIYIIATOpa 1Mo cxeme Maxa—
Lennepa.

KiroueBble cjioBa: MOIYJIATOp, HHTErpaJIbHAs CXeMa, FeTepOCTPYKTYpa,
saddexr Htapka.

BBenenne

PaszBuTHe ontudeckoit cBs3u TpeOyeT co3maHus Bc€ Ooyiee coBep-
IICHHBIX (DOTOHHBIX WHTETPAIBHBIX cXeM. [ COeMMHEHMIA IEHTPOB
00pabOTKH JaHHBIX HAaN0O0JIEee IMUPOKO UCTIONH3YETCS apXUTEKTypa MO-
nynsropa Maxa—Llennepa (MML), mpu atom MMI npennasuaden mis
MOJYJISIIIMK KaK CUH(A3HOM, TaKk W KBaJpaTypPHOW KOMIIOHEHTBI CHUT-
Hana. [[puHIHT 1edcTBUS STOTO YCTPOHCTBA OCHOBAH Ha BapHAIMH KO-
s uLreHTa TPETOMIICHHS M0 BO3AECHCTBHEM 3JIEKTPHUYECKOTO MO
Ha TEJIeKOMMYHHUKAIIMOHHOW JIMHE BOJHBI. [lOCKONBKY H3MEHEHHE
Kod(UIIeHTa TPETOMIICHNS HAPSMYIO CBsI3aHO ¢ Kod(dummeHTOM
MOTJIONICHUS, [T PEATH3AIUU TaHHBIX A3PPEKTOB MOTYT OBITH UCIIONb-
30BaHbI TOJIYIPOBOJHUKOBBIE MACCUBBI KBAHTOBBIX SIM KaK Ha OCHOBE
MaTepualioB ¢ MpsAMoM 3ampernieHHo# 30H0# 111 — V, Tak u Mmarepuanon
rpynns [V. Bapuanus ko3¢ duiuerTa norioneHus B TeTepOCTPYKTY-
pax Ha ocHoBe Ge/SiGe mpu BO3IeHCTBUY BHEITHETO HAIIPSDKCHUS CMe-
mieHns 00yCIIOBJIeHa KBaHTOBO-pa3MepHbIM 3¢ dextom [lTapka.

Moneﬂnponanne HU3MEHECHUSA IMTOKa3aTEeJIsl MPEJIOMJIICHU S

Hecmotpst Ha 1O, uto Ge B LENOM SBISETCS HENPSIMO30HHBIM
MOJTYIPOBOAHUKOM, C IIOMOIIBIO AeopManyu 1 JETUPOBAHUS TETEPO-
CJIOEB TIPOMUCXOIUT MOIU(UKAIUS 30HHOW AMAarpaMMbl BCE TeTepo-
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cucteMbl. [Ipu 3TOM ciioM TepMaHusl, OKPYKEHHBIC HAMPSKECHHBIMU
cinosimu SiGe 00pa3yIoT KBaHTOBBIE SIMBI C TETEPOIIEPEX01aMH ITEPBOTO
pona mompo6Ho marepuanam 11—V, Takke cTaHOBHTCS BO3MOKHBIMU
MOTJIONICHUE TIPU TPSIMBIX MEXK30HHBIX Tepexonax B I mommmue [1].
B psine pabot coobmanock 06 3pPeKTHBHOM N3MEHEHHH MTOKa3aTeIs
npexomaerus (oxomo 1,3 x 107) ¢ moMOIIBIO CO3aHMs MHOKECTBEH-
HbIX Ge/SiGe KBaHTOBBIX M. [IpH 3TOM BIIEKTPOONTHYECKUE XapaKTe-
PUCTUKH MOTYT OBITh 3aMETHO YJIYYIIICHEI 32 CUET CO3JaHUS CTPYKTYP
C TYHHENbHO-CBsI3aHHBIMU KBaHTOBBIMHU simamu (TCKS). Tak, B [2]
MPOJIEMOHCTPHPOBaHa paboTa BOJTHOBOJHOTO MOAYJISITOPA C aCHMMET-
puanabivu Ge/SiGe TCKS, koTopsiii MOKeT ObITh peain30BaH Kak IJis
MOJIYJIAIIMA HHTEHCUBHOCTH, TaK ¥ ()a30BOM MOJYJISAIMU MPH HU3KOM
HanpsDKEHUH CMEIISHHs B KpeMHUEeBOH (poToHHOM nHTerpanuu. B naH-
HOM paboTe C TOMOIIBIO YUCIIEHHOTO METOAa Ha OCHOBE KOHEUHBIX Pa3-
HocTel ObuTo pemeHo ypaBHeHue LlpenuHrepa, omTydeHbl SHEPTHAN
pa3MepHOT0 KBaHTOBaHMSI, OTHMOAIOIINE BOJHOBBIC (DYHKIUM JJIS TPEX
PasITUYIHBIX TU3aHHOB TETEPOCTPYKTYp. Pe3ynbTaTsl pacueToB I1eMOH-
CTPUPYIOT 3aMETHOE Mepepachpe/ieieHue 3JICKTPOHHON IUIOTHOCTH
B cuctemax TCKS, 00OycClIOBIEHHOE SIBIICHUEM KBaHTOBO-Pa3MEPHOIO
addexra Illrapka. Ha ocHOBe pacCUMTaHHBIX SHEPTHHA Pa3MEPHOTO
KBaHTOBAHMs W OTHOAIONIMX BOJHOBBIX (PYHKIMH MMOJyYeHA MHHUMAs
YacTh AUPJICKTPUUECKONW IMPOHUIIAEMOCTH KaK pe3yibTaT CIOXKECHUS
MEX30HHOTO M HKCHTOHHOTO BKJAJOB IOTJOIIeHNuA. PacueT sneprun
CBsS3M M OOPOBCKOTO pajnyca SKCHTOHA IMPOBEJCH BapUAIlOHHBIM
METOJIOM.

Hcnons3ys momy4eHHbIe CIEKTPHI MOTIIONEHHS B TOCTATOYHO IIH-
poxom auanazone aauH BoaH (900—1800 HM), ¢ TOMOIBIO COOTHOLIE-
Hus Kpamepca—Kponura, noaydeHsl ClIeKTphl H3MEHEHUS MOKa3aTels
MIPETOMIICHHSI TI0J] IeWCTBHEM OOPAaTHOTO CMEIIEHUs Ha JITUHE BOJHBI
1550 M.

Paboma evinonnena npu noodepacxke Munucmepcmea HayKu U 6bic-
wezo obpaszosanus Poccuiickou Dedepayuu, npoexm Ne FSWR-2022-
0007.

BruiBoabI

PesynbTathl pacuéToB MOKA3bIBAIOT 3aMETHOE M3MEHEHHE IOKa3a-
TeJIsI IPEJIOMIIEHUS B TpeOyeMoM nuana3one JmuH BoiH (1,55 Mxm), 9to
MO3BOJISIET UCIIONIE30BATh JTAHHBIE TETEPOCTPYKTYPHI B KAUECTBE AJICK-
TPOONTUYECKU aKTUBHOM cpebl MOAYJIsITOpa o cxeme Maxa—Ilennepa.
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CALCULATION OF REFRACTIVE INDEX VARIATION
IN GE/SIGE HETEROSTRUCTURES FOR CREATING OPTICAL
MODULATORS
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Nezhdanov A.V.
Abstract. In this paper refractive index is calculated for a silicon-germa-
nium heterostructure, which can be used as an active medium for creating a
modulator using the Mach-Zehnder scheme.
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AHHOTaIII/lSl. Tlouck IOAXOJAIINX HEJIUHEHHBIX ONTUYECKHX Marepua-
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178



SKCIEPUMEHTOB NpPU ONPEAETCHHH MOAXOASMETr0 (TaTONNAaHHHOBOIO
KOMITIEKCa B Ka4eCTBE ONTHYECKOTO OrpaHWYHUTENs OBIT MCIOIB30BAH HO-
Beimmit koppemsunonHsiii Meton CORRELATO. ns anpobannmn ObLT HC-
MOJIB30BaH PsIl HU3KOCHMMETPUYHBIX TEHTa(XJI0p)IuKIoTprdochaseH-
3aMEIIEHHBIX MOHO(TAlONNAaHMHOB. [IOHWKEHHAas CHUMMETPHS MOJIEKYJI
MO3BOJIAJIA TIOTYYUTH dPPEKTUBHBIE CPEIBI ISl OTpaHHIUTENeH, obecredn-
BafoIIue OciIabJIeHne HAHOCEKYHIHOTO JIa3epHOTo m3aydeHus no 20 kpat
B 3aBHCHMOCTH OT IIEHTPAJIBbHOTO HMOHA MeTalia. B Koppemsamusax ydacTBo-
BaJIM 3HAYEHUS JUMOJIHHOIO MOMEHTA, NOJISPU3YEMOCTH M THIIEPIOIIPU3Y-
€MOCTH, II0Jly4eHHbIE KBAaHTOBO-XUMHUYECKUM MeTonoM DFT, a takxe akc-
NIepUMEHTaIbHBIEC 3HAUEHHSI U3 Ja3ePHBIX AKCIIEPUMEHTOB. TakuMm criocobom
Teopus ObLIa corocTaBiieHa ¢ akcriepuMeHToM. OnieHka 3 hekTHBHOCTH Ma-
TepHana OrpaHUYHUTENeH MPOM3BOIMIACH HA OCHOBE JECKPHUIITOPOB, BHIBE-
JICHHBIX B aHAJIUTUYECKOM BHJIE.

Kuarouensie cioBa: CORRELATO, kBaHTOBass XUMHUS, ONITUYECKOE OTpa-
HU4YCHNE, (TATOIMAHNHBI, HETMHEWHBIC ONITHYECKHUE CBOMCTBRA.

BBegenne

Jna pa3sBUTHS NMAacCHUBHBIX CPEACTB JIa3epHOM 3alIUTHl HE0OXO-
UMbl HEIIMHEHHO-ONTHYEeCKHe MaTepHallbl, obOjanaromiie OOJbIINM
TIOTJIONICHHEM BBICOKOMHTEHCHBHOTO HM3NyueHHs. [lonck Takux cpen
OCIIOKHEH HEOOXOMMOCTBIO HCIIOJIb30BAaHUS IOPOTOCTOSIIIETO 000py-
JIOBaHUSA U IPOBEIEHUEM OOJBIIOTO YUCIIA UCCIIEIOBAHNHN TS KXKIOTO
oOpasna. [{nst oOyerueHus 3Toi 3a7ayu B HACTOSIIEM HCCIICOBAHUU
0BT McToNB30BaH KoppemsuoHHbd Metonn CORRELATO, ocHoBaH-
HBI Ha CTATHCTUYECKOM ITOMICKE COOTHOIICHUH Pa3NYHBIX JTaHHBIX —
OKCTIEPUMEHTAILHBIX H/MIH TEOPETHUECKUX — C TOCTPOSHUEM IIPOTHO-
CTHYECKHX MOJICJICH U BHIBOJIOM BCEX COOTHOIICHHUI B aHATUTHYECKOM
Bujae [1-3]. JlaHHBIM MOJXOJ TO3BOJUI HAWTH CEPUI0 KOPPEISIUi
MEXKIY TEOPETUUECKH PACCUMTAHHBIMU MapaMeTpamMHu (JUIOIBHBIN MO-
MEHT, TIOJIIPU3YEMOCTh ¥ THIIEPIIOJIIPH3YEMOCTh — KBAHTOBASI XUMUs)
Y MapaMeTpaMH, BBIYUCICHHBIMU Ha OCHOBE 3KCIICPUMEHTAIBHBIX JaH-
HBIX (JIa3epHBIE IKCIICPUMEHTHI).

B pesynbrare U3 cepur HU3KOCHMMETPUYHBIX TIEHTA(XIIOP )IUKIIO-
Tpu-docdazensamerieHHbIX MoHodTanonnannaos HH (1a), Mg (1b),
Zn (1c), Cu (1d), Ni (1e) u Co (1f) (puc. 1) ObuIH BBIOpaHBI KPACHTENN
1c¢,d,f s mpoBenenust ucciaenoBaHu Ha creHze. Llenpio SBujICsS BBI-
00p 3P PEKTUBHBIX HETMHEHHBIX a0COPOEPOB IS JOCTIKEHUS 0ciad-
JICHUS U3ITyYeHHS MTPY TPEBBIIICHUH OTPEIEIEHHOT0 IIOPOTOBOTO 3Ha-
yeHus1 (MOPOT OTpaHUYEHHs) 32 BpPEMs, MEHBINEE UIUTCIBHOCTH
UMITyJIbca (CKOPOCTh cpadaThIBaHuUs).
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Puc. 1. Xumuueckas cTpyKTypa neHTa(xJjaop)uukiaorpudocdazeHamenieH-
HBIX MOHO(dTanoManuHoB 1a—f

Heo0xomumo obecniednTs T0CTaTOYHO CHUIIBHOE OCIa0lieHHEe Orac-
HOTO HM3MydeHUs (KO3(PPUIUEHT HETUHEHHOTO TOTJIOMICHMS), YTOORI
HE BBI3BIBATh HEOOpATUMOE TIOBPEXK/ICHHE TJ1a3 [4] WM CBETOYYBCTBH-
TEJBHBIX AETEKTOPOB [5], HO MPU 3TOM HE3HAYHUTENLHO TMOTIIOMIATH M0-
TIE3HBIN cuTHAN (KO3((GUITUEHT JIMHEHHOTO TPOITyCKaHUs) ISl coXpa-
HEHHs1 PpaboTOCOCOOHOCTH mpubopa Ha pabodyel [JIMHE BOJIHBL
B Hacrosmieii paboTe mpoBefeHa anpodanus pe3yiabTaToB MPOTHO3HU-
POBaHUS Ha CEPUH HU3KOCHUMMETPUYHBIX (hranorrannHoB 1a—f.

KBaHTOBO-XUMHYECKHE pacueThl

Ontumuzanus IeNeBbIX CTPYKTYp MeHTa(xJop)uukiorpudocda-
3€H3aMEIIeHHBIX HU3KOCHMMETPUYHBIX MOHO(pTanonuanuaoB la—f,
B KOTOPBIX mpem-OyTUIILHBIC 3aMECTUTENN 3aMEHEHBI aTOMaMH BOJIO-
poza Asisl yBeNU4YeHUs] CKOPOCTH pacueToB, OblIa BHIITOJTHEHA METOIOM
teopun pynknnonana miotHoctd (DFT). YcroitumBocTs reomerpun
OIICHUBANACh 10 PELICHUIO CIIEHUATBHON 3a/1ayil — BBIYUCICHUE MaT-
put ['ecce, B KOTOPBIX OTCYTCTBOBAJIM MHUMBIE YAaCTOTHI, YTO yKa3bl-
BaeT Ha IOJly4YeHHe UCTHHHBIX MUHUMYMOB dHeprud. JlazepHoe nu3my-
YEHHE MOKET OBITh MPEICTABICHO B BUJIC AIEKTPUICSCKUX KOMITIOHCHT,
YTO MO3BOJIAET UCIONIBb30BaTh pacu€Tel DFT myTem Bo3myleHus oc-
HOBHOTO COCTOSHUSI MOJIEKYJI CTaTHYECKUMH DJIEKTPHYECKUMH I10-
nsvu. C BCTIONb30BaHNEM cxeMbl orpanndeHHoro mous (FF) ans onu-
MHU3HPOBAHHBIX CTPYKTYp IPOM3BOAMJICS pacyeT CTaTHYECKUX
MOJISIPU3YEMOCTEH 0o M TIEPBBIX THUIEPIIONAPU3yeMOoCTer o, a TaKkxke
3HAYCHHH IUIOILHOTO MOMeHTa W (Tabnuia 1). PacueTs! BHITOTHEHBI
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B GAMESS-US. Bce KBaHTOBO-XUMHUYECKHE pacyeThl (ra3oBas (asza)
npoBoawiHch Ha kiactepe Intel/Linux (MeXBe1OMCTBEHHBIH CyTiep-
kommbioTepHBIH eHTp PAH — https://www.jscc.ru).

Tabnuya 1
IMapametps! cTpykTyp la-f paccuuranubie metogom FF-DFT
JunonabHbIi [lepBas
Ionspusyemocts
CoennHenne MOMEHT A THIIEPIIOSPH3Y EMOCTD,
(1. 2 (@), (Box102), esu

la 3,63 68,0 2,2
1b 3,53 69,0 2,8
1c 3,52 68,7 2,2
1d 3,47 68,4 2,4
le 3,44 67,9 2,6
1f 3,51 67,8 2,9

HeobOxomumo moOuthesi 3HaueHUS KOd(hQGUIMEHTa OCIa0IeHuUs
ceeimmie 10. Bocmonb3oBaBmMCh cUCTEMOl ypaBHeHHUH [3], KoTopas
CBSI3BIBAET 3TOT MapaMeTp C MOJSPH3YEMOCTBIO, THIIEPIIOISPHU3YEMO-
CTBIO ¥ TUTIOJLHBIM MOMEHTOM, TIPOBEIEM COPTHPOBKY KpacHUTENCH:

3
k,za

?0 >0 - (1)
wB,

B cootBercTBHU ¢ cuctemoii HepaBeHCTB (1) HamOonpInas Benn-
YMHA PAacCYMTAHHOTO 3HaueHHs Kodhdunuenta ocnabienust ka = 16
MOJKET OBITh IOJIyYeHa B cllydae oOpasia 1¢ a1 JTUHEHHOTO MpoITyc-
kaaus cBeime 60%. [Ipu sToM 3HaYeHWE TUHEHHOTO Kod(dQUIeHTa
TIOTJIONIEHHUS IOKHO HAXOAUThCA B TIpefienax o < 2,5 cM™, oTkyma 10-
MyCTUMasi TOJIIUHA ONTHYECKOr0 CIIOS JoJkHa cocTaBiarh 0,21 cm.

Henunueiinpii ko3¢ ¢duimentT mnoriomieHns [3 HaiiieM H3 BbIpaxke-
Hus [3]:

B>1000 . (2)

B pesynbraTe Takoil OIEHKM 3HAUYEHHE HEJIWHEWHOro Kod(Quiu-
€HTa TOTJIOMEHHs JODKHO ObITh Oobime 1600 cm TBT'. Hanmenn-
IIMM 3HauYeHHeM Ko duimenTta ocnadaeHus, COrjlacHO TaKUM pacye-
TaM, obnagaet oopaser 1f, a 1d 3aHMMaeT MPOMEKYTOUHYIO TTO3UITUIO
Mexny HuMU. CTpykTypsl (prajonmanuaoB le, 1d u 1f BeiOpansr s
anpoOanuy pe3yabTaToB MOICINPOBAHHUS.
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Pe3yabTarhl

Armpobanys MpoM3BOAMIACE IO Pe3yIbTaTaM HCCIEAOBAaHUH Tpex
00pa3LoB Ha OCHOBE ONTHUYECKOTO0 OTKIMKA MOJEIBHOTO JUMHTEpPA
(pucyHoOK 2a,6,B), a TaKXKe MeTo/1a Z-CKaHUPOBAaHUS C OTKPBITON amep-
Typoii [6] (puc. 2r.1,¢).

Ha ocHoBe mosy4eHHBIX 3aKOHOMEpHOCTEH (PHCYHOK 2) ompene-
JIEHBI XapaKTepUCTUYECKHE apaMeTphbl ONTUYECKOTO JINMUTHPOBAHMUS,
KOTOpBIE TIPUBEICHBI B Ta0II. 2.

Tabruya 2
ITapameTpsbl ONITHYECKOr0 OrPAHUYEHUS

Jluneinwiii | Henuuei-

. IMoporoaast| Koaddunu- | Juaamuue- |deckpun-|Jeckpur-
ko3 punm- | Hblif K03- P G- 1 Heckpun- Jleckp

O6pasent| ent norsto- | pummer 9KCIIO3H- |CHT Oclabie-|CKuii quama-|  Top, TOD,
P S norng cppis [ Ta3€pa, HUS, 30H, G, [N
]él o B CM'I?BT'I F,, Ix/cM?| ks, oTH. en. | DR, OTH. e11.| OTH. efl. | OTH. ef.
1c 2,1 1200 0,09 20,5 550 -3,72 500
1d 3,0 630 0,06 12,9 630 -3,75 | 215
1f 1,6 1550 0,73 7,2 80 -3,60 190

KpI/IBBIe OIITHYCCKOI'0 OrpaHUYCHUA CBA3BIBAIOT MWHTCHCHBHOCTDH
MPOIIEANIEr0 U3TyUeHHs C MaJalonieii B COOTBETCTBUU C aHAUTHYC-
CKHM pEIICHHEM YPaBHEHHUS MEPEeHOCa M3ITYUCHUS IS Caydas Jyda C
TJIOCKOM BEpITHUHOM [7]:

T =exp B F - U°2 w, |—o|d

T o, . 3)
Tae o — TUHEHHBIA K03 (UINEHT TMOTJIONIEHUS, 3 — HeTMHEHHBIA KO-
s duuneHT noraouienusi, 7 — NporycKkanue, Fy — IOporoBast SKCIO3HU-
IS JIa3epHOTO M3IyueHus, Uy — TIOJTHAS SHEPTHs OIMHOYHOTO A 1ak0-
1asi UMITYJIbCa, Wy — HOPMHUPOBAHHBIM paguyc, KOTOPBIH Ui Cirydast
KPUBOI ONITUYECKOTO OIPAaHUYEHHS PaBEH HYJII0. B ciyuyae Z-ckaHupo-
BAHMSI C 3aKPBITOH arepTypoil HOPMUPOBAHHBIN PAINYC ONPEAEIIAECTCS
U3 COOTHOLICHUS:

zp . 4)

TJie Z — CMEelIeHne 00pasiia OTHOCUTENHHO (POKYCa JIMH3HI, Zo — JUTHHA
Porest.
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Puc. 2. DkciepuMeHTalIbHBIE KPUBBIE AJIs1 KOMIUIEKCOB
(hTamonuaHNHOB B TETparuapodypane:
onrtuaeckoro orpannuenus (a — 1c¢, 6 — 1d, B — 1f) u Z-ckans! (r — 1¢, 1 — 1d, e — 1f)

3HaueHUS JECKPUIITOPOB G| U G OMPEICICHBI B COOTBETCTBUU
¢ METOJINKOH, OTMMCaHHOH B padote [2, 7]:

o, =lg(ap™)
kB )

I

2

B cooTBeTCTBHM C TpPaHWUYHBIM YCIOBHUEM yCHIIEHUE 3((HEKTUBHO-
CTH ONITUYECKOT0 OTPAHUYCHUS MPOUCKONT IPU G| — — 0 U G — + 00,
HuskocummeTpudaHbIH  TeHTa(XI10p )IUKI0Tprdocha3zeH3aMeeHHBIH
MoHO(TaNoNManuH l¢ obnamaeT HawTydiied COBOKYITHOCTBHIO HEJH-
HEHHBIX ONTUYECCKUX MMAPAaMETPOB, OH XapaKTEPU3YeTCs 3HAUCHUSIMU
JIecKpunTopoB o1 = -3,7 u 6= 500.

JIJ1s TIOJTyYeHHBIX JaHHBIX Z-CKaHUPOBAHUS C OTKPHITOH amepry-
pOH olpeeNieHbl 3HaYeHUsT ONTHYECKUX napameTpoB. s obpasua 1c¢
(puCYHOK 2T) 3HaUeHHUE HeMMHEHHOT0 K03 pHIreHTa MorIomeHus f§ =
1200 cM/I'BT 1 moporoBast 5Kkcro3uiust JiazepHoro uznydenus Fn, = 0,09
Jx/cm?. B cnydae kommiekca 1f (pucyHOK 2¢) COOTBETCTBYIOIIEE 3HA-
genue coctaBmiio B = 1500 cm/I'BT, HO moporoBast SKCIO3HUITHS 3HAYH-
tenbHO BhIe Fy, = 0,73 JHx/cM?.
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3akjoueHmne

B cnyyae nuHKOBOTO (hTANOUAHWHOBOTO KOoMIUIekca 1¢ moctura-
eTcs HanOoJibIIee 3HaUeHUe Koadduimenta ocnadnaenus 20,5, 4To coB-
majgaeT ¢ pesyiapraTamMu nporHozupoBaHus merogom CORRELATO.
Amnanu3 3¢ GeKTUBHOCTH C UCTIOIL30BAHUEM ICCKPUTITOPOB TAKKE yKa-
3bIBACT Ha NPCUMYIIECCTBO HCIIOJB30BaHUA JAaHHOT'O (bTaJ'IOIII/IaHI/IHa B
Ka4eCcTBE OrpaHUUHUTEIIs JlazepHOro uanydenus. Oopasen 1d 3aHumaer
MPOMEXYTOYHYIO TO3UIHI0 Mexay 1¢ u 1f, 4To Takke COOTBETCTBYET
HalIeMy TEOPETUUECKOMY MOJICTHPOBAHHMIO.

BriBoabI

KBaHTOBO-XMMHUYECKOE MOJICITUPOBAHUE JJISi U3BECTHBIX CTPYKTYP
(hTaTOIMAaHWHOB TIO3BOJIMIIO OIPENENTUTh HAOOp HEOOXOMIUMBIX Tapa-
METPOB: MOJISIPU3YEMOCTb, IEPBYIO THIIEPIOISIPU3YEMOCTh W 3HAUCHHC
JUTIOJIBHOTO MOMeHTa. [10 3TUM 3HAYCHHUSM B COOTBETCTBHH C KOppe-
JSUUOHHBIMH MOJENSAMHU, mnonydyeHHbIMH MeTonoM CORRELATO,
OBLIH OTpeAeNieHbl TapaMeTPhI CPelibl, 00ECTICUNBAIOIIUE TOCTHKCHIC
HEOOXOMMOT0 HEIMHEHHOI0 ONTHYECKOTO OTKIIMKA, YTO BhIPAXKACTCs
Ha mpuMepe TpeOyembIx 3HaueHu kodhdunmenta ocmadbnenus. [lpu
MPOBEJCHUN 3KCIIEPUMEHTOB BCET/Ia BO3HUKAIOT BOMPOCHI 10 BEIOOPY
TOJIIIMHBI CJIOS U KOHIIEHTPAI[UN KPACUTEIs, U JJAHHBIH OI00D 3HAYH-
TEIHHO YIPOINAETCS C HMCIIONF30BaHUEM OMHMCaHHOW MeTtomuku. llpm
3TOM JUI y4YeTa COBOKYITHOCTH MapaMeTPOB HEIMHEHHOW-ONTUYSCKON
Cpellbl TakXke yJIOOHO HCIOJB30BaTh JCCKPUIITOPBI, KOTOPHIC MO3BO-
JISIOT ONPeNeNaTh A GEeKTUBHOCTh MaTepHalia OTPaHUIHTEIsL.

Oxcnepumenmanvubie UCcie008aHUL HENUHEUHbIX ONMUYeCKUX na-
pamempos pmanoyuaHuHO8 8bINOJIHEHbL 8 PAMKAX 20CYOAPCHEEHHO20
3a0anus Munoopuayxku Poccuu (Ilpoexm FSMR-2024-0003). Kpan-
ToBO-xuMuueckue pacuetsl DFT n aHanu3 ¢ ucnonb3oBaHUEM KOppe-
nsmurorHOU Moaenu CORRELATO npousBeneHs! mpy noanepxxke Poc-
cuiickoro HayyHoro ¢onza (21-73-20016).

CnHcoK HCII0JIb30BAHHBIX HCTOUHUKOB

1. Tolbin A.Y. Establishing Correlations between Unlimited Datasets, Certificate
of State Registration of Computer Program — Correlato No 2022613888, 2022.

2. Tolbin A.Yu. An efficient method of searching for correlations between unlim-
ited datasets to provide forecasting models // Mendeleev Commun., 2023. Vol. 33,
pp. 419-421.
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HOTO U3JIy4eHHUs B YIBTPaHOICTOBOM U BHANMOM Auaria3oHax Ouc-dranonuaHnHaMu
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ESTIMATION OF THE NONLINEAR OPTICAL RESPONSE
OF PENTA(CHLORINE)CYCLOTRIPHOSPHAZENE
OF SUBSTITUTED MONOPHTHALOCYANINES Zn Cu AND Co
BASED ON CORRELATION MODEL

M.S. Savelyev, P.N. Vasilevsky, A.Yu. Gerasimenko,
A.Yu. Tolbin

Abstract. The search for suitable nonlinear optical materials is difficult
due to the need for a large number of expensive studies. The use of the Corre-
lator program is proposed to reduce the number of experiments in determining
the best phthalocyanine complex as a optical limiter. A number of low-sym-
metry penta(chloro)cyclotriphosphazenesubstituted monophthalocyanines
were used for testing. The reduced symmetry of the molecules made it possible
to obtain effective media for limiters that provide attenuation of nanosecond
laser radiation up to 20 times, depending on the central metal ion. The correla-
tions involved the values of the dipole moment, polarizability and hyperpolar-
izability obtained by the DFT quantum chemical method, as well as experi-
mental values from laser experiments. The effectiveness of the limiter material
was evaluated on the basis of descriptors derived analytically.

Keywords: CORRELATO, quantum chemistry, optical limitation, phthal-
ocyanines, nonlinear optical properties.
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IO®dY, o. Tazanpoe

AnHoTanus. B paboTe mpoBeNeHO YHCICHHOE MOJCITHUPOBAHUE COJIHEY-
HOTO 37eMeHTa Ha ocHOBe ZnO/CuO 1 uccne0BaHo BIMSHUE TOJIIHHEI, KOH-
LIEHTPALUK HOCUTEIIEH 3aps/ia U IIUPUHEI 3anpelieHHol 30161 eHku CuO Ha
(hoTORNIEKTpUIECKHE XapaKTEPUCTUKH.

KuoueBble c10Ba: COTHEUHBIA AJIEMEHT, OKCHJT MEIH, YUCIECHHOE MOJIC-
TUPOBAHKE, TONIIMHA TUICHKH, KOHIIEHTPAIIMHA HOCHUTENeH 3apsana, 3 heKTHB-
HOCTb.

Brenenmne

B HacTosimmee BpeMsi akTHBHO BEAYTCS ITOMCKU HEIOPOTHX MOJY-
MPOBOJIHUKOBBIX MaTepHUajIoB Al (OPMHUPOBAHUA MPOCTHIX U P dek-
TUBHBIX (POTOINEKTPHUYECKHUX CTPYKTYp. OKCHIHBIE MOTYMPOBOIHUKH
IIMPOKO PaclpOoCTpaHEeHbl M 0O€30MacHbl UIA OKpY’Karolled cpemsl,
a TakKe He TpeOyIOT CIOXKHBIX TEXHOJIOIMYECKUX MPOLIECCOB, UTO JIe-
JIaeT UX MHOTOO0CIAI0IMMH MaTepraiaMu IJIsl CHIDKEHHSI CTOUMOCTH
M3TOTOBJICHUSI COTHEYHBIX 3JIEMEHTOB. B wacTHOCTH, mmpuHa 3ampe-
nieHHo# 30HbI okcuAoB Menu (CuO u Cu,O) 6am3Ka K OnTUManbHOR
(1,0-2,0 3B) nns ucnons30BaHus UX B (POTOINEKTPHUECKUX CTPYKTY-
pax B KaueCcTBE MOTTIOTUTENIEH COTHEYHOT O U3JTy4eHus, Toraa kak ZnO,
TiO, i Ga,O3 MOTYT MCHONB30BaThCS B KA4ECTBE MIMPOKO30HHOTO
okHa (> 3 3B) mus hopmupoBaHUs p-n-reTeponepexoaa, 9T0 OTKPHI-
BaeT 0OJIbIIKE BO3MOKHOCTH B CO3JaHUU PA3IMUYHBIX CTPYKTYp HEIO-
POTHX OKCHIHBIX COTHEUHBIX 31eMeHTOB [ 1-3].
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MojesupoBanue CTPYKTYPbI COJIHEYHOT'0 dJIeMEHTA

J1s1 auCcIeHHOTO MOJIETUPOBAHUS (POTOIICKTPUUECKUX XapaKTe-
PUCTHK U TTApaMETPOB T€TEPOCTPYKTYP COIHEUHBIX AIIEMEHTOB CYIIe-
CTBYET IIMPOKHI BHIOOP MPOrpaMMHBIX MaKeToB, Takux kak SCAPS,
PC1D, AFORS-HET, AMPS u npyrue [1, 2]. IIporpamma SCAPS
(Solar Cell Analysis Program Simulator) siBnsieTcs HanGosee MOITHOMN
1 yI00HOH CHCTEMOM OJHOMEPHOTO YUCIEHHOT'O0 MOACTUPOBAHUS IS
omucaHusl (PU3MIECKUX MPOIECCOB, MPOTEKAIOIINX B CTPYKTypaxX COJ-
HEYHBIX 3JIEMEHTOB. J[aHHas IporpaMMa MO3BOJIAET YUUTHIBATH PEKOM-
OMHAIIMIO HOCUTENeH 3apsia uepe3 JIOKaIbHBbIE YPOBHH (Ae(eKThI)
B 3aIpEIIeHHOI 30He TOIYIIPOBOJAHNKA M Ha MeX(]a3HOH rpaHuIle re-
TEpOIEPEX0/I0B, a TAKXKE 3a7aBaTh THIT IIPOBOJUMOCTH U YPOBEHb Jie-
TUPOBaHM 32 CUET HAJIWYMsI ONPEACIICHHOW KOHIEHTpaluH MpUMeECH
WIN CTPYKTYPHBIX Je(EKTOB (JOHOPHBIX WM aKIenTOpHbIX) [3]. Uwnc-
nexHoe monenuposanne B SCAPS ocHoBaHO Ha HecTaIlMOHAPHOM Au]-
¢y3uoHHO-Ipeli(hoBON cUCTEMe ypaBHEHUH MOIYyIPOBOIHUKA, B KOTO-
pPYIO BXOAST YpPaBHEHHUS HENPEPBIBHOCTH IS 3JIEKTPOHOB U ABIPOK
u ypasHenue Ilyaccona [1].

B nmannO# paboTe Mpu MOAETMPOBAHUH COTHEYHOTO 3JIEMEHTa Ha
ocHoBe rereporepexona ZnO/CuO B kadecTBe (GPOHTATHLHOTO M THUTb-
HOT0 KOHTAaKTOB HCIOJB30BAJINCh MPO3pAuHbId MPOBOAALINM OKCHA-
Heli cnoit (TCO) u 3010T0 (Au), a TakkKe MPUHUMAIIOCH, YTO OCHOB-
HBEIMH nedektamu B TwieHKe ZnQO SBISIOTCS BaKaHCHU KHCIOPOAA,
KOTOpBIE TaKKe SIBIAIOTCA JOHOPaMH, a OCHOBHBIMH jaeekraMu
B uieHKe CuO BBICTyNarOT BAKAHCUU MEN, KOTOPBIE SBISAIOTCS aKIIET-
TopamMu. JIJs1 OKCUIIHBIX TUICHOK 3()()EKTUBHOE CEUCHHE 3aXBaTa AJICK-
TPOHOB U JBIPOK JedeKTOM TIpHHUMANnoch paBubiM 107 cM?, a Temmo-
Basi CKOpPOCTh HocHTeneil 3apsma 107 cm/c. DddeKTHBHOE cedeHue
3aXBaTa 2NEKTPOHOB M ABIPOK Ae(EKTOM MPUHUMANOCH paBHBIM 107
e’ [3]. KoodduuuenT npomyckanus (ppoOHTAILHOTO 3JEKTPOaa Co-
cTaBms1 95% mpu CTaHIAPTHOM CHEKTPE IIIOTHOCTH MOTOKAa (POTOHOB
AM1.5G. Tun neheKTOB KPUCTAUTHYECKON PEIIETKH (LIEHTPOB PEKOM-
OMHAIMK) 3a1aBaJICSl HEUTPANbHBIM, IO3TOMY MEXaHU3M PEKOMOMHA-
nuu onuceiBancs coriaacHo Teopuu llloknu-Puna-Xomna. CormacHo
9KBHBAJICHTHOI CXe€Me PealbHOr0 COJIHEYHOI'0 JJIeMEHTa TaKXKe Heo0-
XOJUMO YUYHUTHIBaTh 3HAYCHHSI IIYHTHPYIOIIETO U TIOCIEI0BATEIFHOTO
COTIPOTHBIIEHHIA, KOTOphle cocTapismy 2500 u 3,3 Om-cm? [1, 3].

[IpoBeneHo MonaenupoBaHUE BIUSHUS TOJLIMHBI U KOHIIEHTPALUU
HOcHuTelNeH 3apsaa (aknenTopor) B mieHke CuO ot 0,1 mo 4 MKM U OT
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10" 10 10" cm™ Ha poTosnexTpUECcKHE XapaKTEPUCTUKH COTHEYHOTO
aJIeMeHTa IipH TouHe ieHKH ZnO 20 HM 1 KOHIIEHT AN HOCUTEIICH
3apsiaa (moHopoB) 10"’ v, OnTrManbHas KOHIEHTPAIMs HOCUTENeH 3a-
psna B menke CuO coctasuna 10'7 cM™, a B kauecTBe onTMMANBLHOM
TOJIIIMHBI BBIOpaHO 3HaYeHHe 3 MKM. [1oka3aHo, 4TO MaKCHMAaITbHAs (-
(heKTUBHOCTH COJIHEYHOT'O 3JIEMEHTa JAOCTHraeTCs MpH LIMPHHE 3arpe-
menHoi 30HBI CuO paBHOU 1,4 3B 1 BennumHe cMelleHus KpaeB 30H
npoBogauMocTr Mexy ZnO u CuO 0,03 3B. Taxxke ynyumierne ¢hoTo-
ANEKTPUYECKUX XapaKTEPUCTHUK COJIHEYHOTO 3JIEMEHTa BO3MOXKHO 32
cueT yBeuueHus koddduuuenta nornomenus mienku CuO ¢ 5-10% 1o
10° em' [3], a Takske CHIDKEHHS KOHIIEHTPALMHK 1e()eKTOB Ha TeTeporpa-
mune ZnO/CuO ¢ 10" 1o 10'° cM?, 4T0 MO3BONAET MOTYUHUTH MAKCH-
MaJIbHYI0 3Q(PEKTUBHOCTh COJHEYHOTO 3eMeHTa 18,27%, MI0THOCTh
TOKa KOPOTKOTO 3aMbIKaHus 28,55 MA/cM’ U HampsKEHHE XOJNOCTOTO
xozxa 0,84 B.

BruiBoabI

B pesynbprate MomenupoBaHus MONy4YeHA MakcHUMalbHas 3¢ dek-
TUBHOCTH COJTHEYHOTO 3jeMeHTa Ha ocHOBe ZnO/CuO pasHas 18,27%,
KOTOpas JOCTHTaeTCsl MpU IIUPUHE 3allpemieHHON 30HBI, TOIIIMHE
Y KOHIIGHTPALMU HOocuTelNeH 3apsna (akuentopos) B ieHke CuO pas-
Hoit 1,4 9B, 3 Mxm 1 10! cM™ COOTBETCTBEHHO, a TAKKe BEINYHHE CMe-
meHus Kpaes 30H npoBoauMocty 0,03 B Ha rereporpanwuie ZnO/CuO.
[MomydeHHBIC pe3yNbTAaThI MOTYT OBITH HCITOJIL30BAHBI IPU pa3paboOTKe
Y U3TOTOBJICHUH HEAOPOTHX U 3((EKTUBHBIX TETEPOCTPYKTYP COTHEY-
HBIX 3JIEMEHTOB.

Hccnedosanue svinonneno 3a cuem epanma Poccuticko2o HayuHo2o
donoa Ne 23-29-00827, https://rscf.ru/project/23-29-00827/ 6 FOxcrhom

gedepanvrom yHugepcumeme.
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MODELING PHOTOELECTRIC CHARACTERISTICS OF SOLAR
CELLS BASED ON ZNO/CUO HETEROJUNCTION

A.V. Saenko, V.V. Zheits, G.E. Bilyk

Abstract. The paper presents a numerical simulation of a ZnO/CuO-based
solar cell and studies the influence of thickness, charge carrier concentration,
and band gap of the CuO film on photovoltaic characteristics.

Keywords: solar cell, copper oxide, numerical simulation, film thickness,
charge carrier concentration, efficiency.
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