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npegcenartens OPrkOMUTETA,
A-p us.-maT. Hayk, npodeccop, pektop benopycckoro
rocygapCTBEHHOIO yHUBepcuTeTa NHOPMAaTUKM
N Pagno3NEKTPOHUKMY;

conpeacenaTenb OPrkoMUTETA,
reHepanbHbin anpektop OAO «MHTEIPAJl» — ynpasnstowas
komnanua xongudra « MHTEMPAJ»;

3amecTuUTenNb NpeaceaaTensi oprkommuTeTa,

KaHO. TEeXH. HayK, [IOLUEHT, NMPOPeKTop MO Hay4yHoW paboTe
Benopycckoro rocyapCTBEHHOIO yHMBepcuteTa
NHOPMATUKM N PAANOINEKTPOHMUKN;

AO-p TEeXH. HaykK, reHeparnbHbIn gupektop OAO «[lMnaHap»;

3aMecTUTENb HavyanbHMKa Hay4YHO-UCCcreaoBaTeNbCKOM YacTu
Benopycckoro rocyapCTBEHHOIO yHUBEpcUTeTa
NH(OPMATUKM N PAANOINEKTPOHMUKN;

3aBeylowmMn  Hay4yHo-uccrnegoBartenbckon nabopatopuen

«KomnbloTepHoe NpOeKTUpoBaHmne MUKpPO-
" HaHO3MNEKTPOHHbIX cUCcTEMY, Bernopyccknin
rocyapCTBEHHbIN yHUBepcuTeT MHopMaTUKK

N Ppaano31EKTPOHUKN.
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NMPOrPAMMHBIA KOMUTET

npegcenarens NPOrpaMmMHOro KOMUTETA,
O-p TexH. Hayk, npodpeccop, akagemuk HAH Benapycy,
MHOCTpaHHbIM YneH PAH, Hay4HbIM pykoBOAUTENb Hay4HO-
uccnegosartenbckon nabopatopumn  «MHTErpupoBaHHble
MUKPO- M HaHocucTeMbl», benopycckun rocynapCTBEHHbIN
YHUBEPCUTET MHAPOPMATUKN N PpagnN03NEKTPOHNKN;

A-p dus.-mat. Hayk, npodpeccop, npodpeccop kadeapbl
MUKPO- W HAHOSMEKTPOHUKW, 3aBedylowWwuiA  HayyHo-
nccneposartenockon nabopatopuen «dusnka npubopos
MUKPO- n HaHO3MEKTPOHUKN Y, Benopycckui
rocyapCTBEHHbIN yHuBepcuTeT NHopmMaTUKN
N pagnosnNeKTPOHMUKN;

KaHg. un3.-maT. HayK, 3aBedyLWNN CTyaeHYeCKON Hay4HO-
nccnegoBaTenbCKkomn nadopaTtopuen, Benopycckui
rocyapCTBEHHbIN yHuBepcuTeT NHopmMaTUKN
N pagnosnNeKTPOHMUKN;

A-p dwm3.-maT. Hayk, npodpeccop, 3aBeyroLmin Kadenpom
JoM3NYECKON 3MNEKTPOHUKM N HAHOTEXHOMNOMMK, bernopycckui
rocygapCTBEeHHbIV YHUBEPCUTET;

A-p. TEeXH. HayK, [dOUEHT, 3aBedylolnin  HayyHo-
nccneposaTernbCKom nabopaTopuen «MpuknagHas
nyasmMoHuKay, Benopycckuin rocygapcTBeHHbI

YHUBEPCUTET MHADOPMATUKN U PAAMNOSNEKTPOHUKN;

KaHO. TeXH. HayK, AOUeHT kadeapbl 3amTbl MHopMaumm,
3aBefylowmn Hay4HO-uccnegoBaTenbckon nabopartopuen
«MHoroyHKLMOHarbHbIE METaNNOOKCUAHbBIE KOMMO3UTHbIE
Martepuansl», bernopycckuin rocyaapCTBeHHbIN yHUBEPCUTET
NHOPMATUKM U PaANOIANEKTPOHUKM;

A-p du3.-mMaT. Hayk, npodyeccop, 3aBefyloLlnin Hay4HO-
nuccrnegoBartenbckon nabopartopuen  «HaHoOTOHMKaY,
Bernopyccknin rocyaapCTBEHHbIN yHUBepcuTeT
NHOPMATUKM U PaANOIANEKTPOHUKMY;

KaHd. TexH. HayK, [OUeHT, 3aBeaywowmi kKadenpown
WHTENNeKTyanbHbIX U MEeXaTpPOHHbIX cucTeM, benopyccknin
HaUMOHamnbHbIA TEXHUYECKUNA YHUBEPCUTET;

KaHd. wua.-maT. HayK, [OOUEHT, BeOylWunM HayuYHbIN
COTPYAHWK nabopaTtopun «dusmka WM TEXHUKA BbICOKUX
HanpsbkeHun», MHCTUTYT namkm HaumoHanbHoOW akagemum
Hayk AsepbangxaHa;

KaHO. pu3.-mMaT. HayK, OOUEHT, OOUEeHT Kadenpbl MUKPO-
W HAHOSNEKTPOHUKN, bBenopycckuin rocygapCTBEHHbIN
YHUBEPCUTET MH(POPMATUKM U PaONOINEKTPOHUKN;
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anpektop OAO «MuHckun HAW pagnomatepumanos»;

KaHg. u3.-maT. HayK, CTaplui HayYHbIn COTPYAHUK
natopatopun «MeTannbl 1 cnnaeBbl NPU 3KCTPEManbHbIX
BO3ENCTBUSAXY, Ydunmckun yHUBepcuTeT HayKun
N TEXHOSIOTUM;

KaHO. TeXH. HayK, [OOUeHT, 3aMecTuTernb reHepanbHOro
avpektopa — rnaeHbin nHxeHep OAO «UHTEMPAIl» —
ynpasnawowasa komnaHusa xonaumHra « MHTEMPAT»;

a-p duna.-mar. HayK, npodeccop, 3aBeqyowunm
nabopartopuen «MeTtannbl U chnaeBbl NPU AKCTPEMArbHbIX
BO3ENCTBUAXY, Ydnmckunn yHUBepcuTeT HayKun
N TEXHOSOTUN;

a-p duna.-mar. HayK, 3aBefyoLmmn Hay4HO-
nccnegosartenbckon nabopatopuen «MHTErpypoBaHHble
MUKPO- U HaHOCUCTEMbI», Benopycckun rocyaapcTBEHHbLIN
YHUBEPCUTET MHPOPMATUKN U PAANOINEKTPOHUKN;

OOKTOp  dmnocodun, 3aMecTuUTeNb  OeKaHa  LUKOIbl
SNEKTPOHUKM U MHPOPMATUKN AHBXOMCKOrO YHUBEPCUTETA;

npodgeccop, nekaH dakynbTeTa OfeKTPOHHbIX Hayk,
HaumoHanbHbIN yHUBEPCUTET OBOPOHHBIX TEXHOMOMNA;

O-p us.-maT. Hayk, AOOUEHT, npodeccop, 3aBeayroLimi
Kacpeopon MUKPO- M HAHOIMNEKTPOHUKW, bBernopycckui
rocyapCTBEHHbLIN yHUBepcuTeT NHOPMATUKN
N Paano3NEKTPOHUKM;

O-p hus.-maT. HayK, AOUEHT, 3aBeayrowmi nabopartopuen
«®Pu3Mka U TexHUKa BbICOKUX HanpsXeHun», WHCTUTYT
dun3mkn HaumoHanbHon akagemun Hayk AsepbangxaHa;

3aMecTuUTenb AupekTopa Mo Hay4yHOM W WHHOBALWOHHOM
paboTe - HauvanbHWK HIL «TexHonornsay;

KaHg. TEXH. HayK, AOUEHT, Ha4YanbHUK HAay4YHO-TEXHNYECKOTO
ueHtpa — 3asegytowmn OJIHTM OAO «UHTEIPAIl» —
ynpasnawowasa komnaHusa xonauHra « MHTEMPAT»;

KaHg. pn3.-maT. HayK, Ha4anbHWK otaeneHus «T», dunuan
HTL «benmukpocucrembl», OAO «UHTEIMPAIl» -
ynpasnawowasa komnaHus xonaumHra « MHTETPAT»;

npodbeccop, 3aMecTUTesb AeKaHa Konneaxa 3NeKTPOHHbIX
HayK W  WHXWUHUPWUHra, HauMoHanbHbIN  yHUBEPCUTET
0BOPOHHbBIX TEXHOMOMNMN.
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HayvanbHUK oTAeria MapKkeTuHra u Hay4YHbIX KOMMYHUKaLWK,
Bernopyccknin rocyaapCTBEHHbIN yHUBepcuTeT
NHOPMATUKM U PaANOIANEKTPOHUKM;

BeOyLLMA MapKeTonor oTtAeria MapkeTMHra W Hay4HbIX
KOMMYHUKaLINNA, Benopycckui rocyapCTBEHHbIN
YHUBEPCUTET MH(POPMATUKM U PaONOSNEKTPOHUKN;

Hay4HbIN COTPYOHMK Hay4HO-uUccnegoBaTenbCKon
nabopatopum «KomnbioTepHOE NPOEKTUPOBaHWE MUKPO-
n HaHO3MEKTPOHHbIX CUCTEMY, Benopycckui
rocyapCTBEHHbIN yHuBepcuTeT NHopMaTUKN
N pagnoanNeKTPOHUKN;

Hay4HbIN COTPYLHUK Hay4YHO-UccnegoBaTeNbCKON
nabopatopun «KoMnbloTEPHOE NPOEKTUPOBAHME MUKPO- U
HaHO3MNEKTPOHHbIX CUCTEMY, Benopycckui
rocyapCTBEHHbIN yHUBepcuteT MHopMaTUKK
N Pagno3NEKTPOHUKMY;

An3alnHep oTAena MapkeTMHra U Hay4HbIX KOMMYHUKaLWA,

Bernopyccknin rocyaapCTBEHHbIN yHUBepcuTeT
NHOPMATUKM U PaANOIANEKTPOHUKM;

MapkeTonor oTaena MapKeTuHra n Hay4HbIX
KOMMYHUKaLINNA, Benopycckui rocyfapCTBEHHbIN
YHUBEPCUTET MH(POPMATUKM U PaONOSNEKTPOHUKN;
MnaaLwmm Hay4YHbIN COTPYOHVK Hay4HO-
nccnepoBaTernbCKom nabopaTopuun «KomnbloTepHoe

NPOEKTUPOBAHNE MUKPO- U HAHOSMEKTPOHHLIX CUCTEMY,
Bernopyccknin rocyaapCTBEHHbIN yHUBepcuTeT
NHOPMATUKM U PaANOIANEKTPOHUKMY;

NHXEHEeP-3NEKTPOHUK Hay4YHO-UccnegoBaTebCKoON
nabopatopun «KoMnbloTEPHOE NPOEKTUPOBAHNE MUKPO- U
HaHO3MNEKTPOHHbIX CUCTEMY, Benopycckui
rocyapCTBEHHbIN yHUBepcuteT MHopMaTUKK
N Pagno3NEKTPOHUKMY;

nepeBoaYmnK oTgena MapKeTuHra n Hay4HbIX
KOMMYHMKaLNN, Bernopyccknin rocyapCTBEHHbIN
YHUBEPCUTET MHAPOPMATUKN N PaaN03NEKTPOHNKN;

NHXXEHEeP-3NEKTPOHUK Hay4YHO-UccnegoBaTebCKoON
nabopatopun «KomnboTepHOE NPOEKTUPOBAHUE MUKPO-
" HaAHO3MEKTPOHHbIX CUCTEMY, Benopycckui
rocyiapCTBEHHbIN yHUBepcuteT MHopMaTUKK
N Pagno3NEKTPOHMKN.
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NMAPTHEPDI

IAINHTErPAN

OAO «WMHTEIPAJl» — ynpaBnsawowaa kKomnaHua xonauHra «UHTEIPAI»,
XONauHroBass KomnaHus ¢ 55-neTHMMm  onblIToM pa3paboTkM W NPOU3BOACTBA
WHTErpanbHbIX CXEM, AUCKPETHbIX MONYyNPOBOAHMNKOBbLIX NPMOOPOB, cUCTEM OTOBpaKeHns
MHopmauumn, 3NEKTPOHHON U MeaUUMHCKOM TexHuMKW. Komnnekc npeanpuaTtum
N KOHCTPYKTOPCKMX Btopo obecneymBaeT MOMHbIN LMK CO34aHNA NPOAYKUMM OT CTaguu
NPOEKTUPOBAHNA OO CEPUNHOIO NPOmn3BOACTBa. XonauHr Boinyckaet 6onee 3500 Tmvnos
NHTerparnbHbIX CcxXem " NosnynpoBOAHUKOBbIX npnbopos, 200 TUMNOB
Xungkokpuctannmyeckmx gucnnees n mogynen, 150 TMnos anekTpoHHoro obopyaoBaHns
AN MeauvuMHbl U1 MOHUTOPUHra 340poBbsi, 6GAHKOBCKOW Cdpepbl, TOProBnu, CENbCKOro
X03saMcTBa U T. 4.

«MHTEIPAI» paspabaTtbiBaeT u npomM3BOAUT HOBblE MUKPOINEKTPOHHbIE KOMMOHEHTbI
AN OTEeYEeCTBEHHbIX M 3apybexHbix npousBoauTene ObITOBOM M NPOMbILLSIEHHON
9NEKTPOHMKM, a Takke cneumanuanpoBaHHoe obopygoBaHue, paboTatowee
B OKCTpemarbHbiX ycnoBuax. [lpogykuus  xonguHra YCrewHo MpUMeHsieTcs
B KOCMUWYECKOW 3NEKTPOHUKE, B YCTPONCTBAX C BbICOKMMN TPeOOBaHMAMMU K HAAEXKHOCTH,
B OblTOBOM TEXHUKE, CpeacTBaxX CBA3N WM TENIEKOMMYHUKAUUW, MPOMbILLINIEHHON
aBTOMaTWKe, CBETOAMOOHOM annapaTtype ynpaBrieHUsl, 3rfEKTPOHHbIX CcUcTemax
naeHTumKaummn n 4ocTyna, NnaTeXHblIX CUCTEMaXxX, aBTOMOOUNBHOWN ANEKTPOHUKE, 1 Ap.

K BT 3 M

NJ1AHAP

OAO «[lMnaHap» sBNseTCA eauHbIM Hay4YHO-TEXHUYECKUM KOMIMIIEKCOM MNPeAnpuUsTUN,
KOTOpbIN Ha Ga3e caMbIX COBPEMEHHbIX TEXHOMOMMN U AOCTMXKEHUIA HAYKU U TEXHWUKM
B pas3nuyHbiX o0b6nactax 3HaHui paspabaTtbiBaeT U MNPOM3BOAUT  CrioXHelllee
cneunanbHoe OMNTUKO-MEeXaHU4YecKoe, KOHTPOIbHO-U3MepuTensHoe U cbopoyHoe
obopyaoBaHue O5is NPOM3BOACTBA U3OENNA MUKPOSTIEKTPOHMKMN.

XonauHr sengaetca yneHom SEMI, SPIE, BACUS, JlazepHon accounaummn ctpaH CHI
n bantun. ObopynoBaHue, BbiNyckaemoe XONANHIOM, NpeHasHa4YeHo NS peanusauum
TEXHOSMOMMYEeCKNUX MpoLeccoB B MNPOM3BOACTBE WHTErparnbHbIX CXeM B AuanasoHe
ot 0,8 Mkm ao 45 Hm ans nognoxek go 200 mm 1 hoTowadbnoHoB Ao 9 AOMMOB.

B HacTosiwee BpeMsi NpeanpusiTUs XONAMHra BbiNyCKatoT LUMPOKUIA CNEKTP cneunanbHOro
TEeXHOMormM4yeckoro 06opyaAoBaHMS, KOTOPOE MOXHO pasgenutb Ha nNsaTb  rpynn:
obopynoBaHve aOns  QOPMUPOBAHUA W  KOHTPONSA TOMOMOMMYECKUX CTPYKTYp Ha
doTowabnoHax; obopygoBaHue Onsi POPMUPOBAHUS W KOHTPOMS TOMONOrMYECKNX
CTPYKTYPp Ha nONynpoOBOOHUKOBBLIX MOAMOXKax; obopygoBaHwe Ana  MNOArOTOBKM
KpuctannoB K cbopke; cbopoyHoe o06oOpygoBaHME;, MeXaHU4ecKne Uu OonTuyeckme
KOMMOHEHTbI.
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NABVHHbBIN MPOBOW TPAH3UCTOPA C BbICOKOW MOABV>KHOCTbLIO NEKTPOHOB
HA OCHOBE HUTPWUOA TAIINNA C TENNOOTBOAALLMM SJIEMEHTOM HA OCHOBE NPA®EHA

Bonuék B.C.

Benopycckuin rocyaapcTBEHHLIN YHUBEPCUTET MHAOPMATUKN N PagUONIEKTPOHUKHN,
MuHck, Pecnybnvka Benapycs, vlad.volchek@bsuir.by

AHHoTauus: OgHoM M3 rmaBHbIX NPOGEM TPaH3NCTOPOB C BbICOKOM NMOABMXXHOCTBIO 3M1EKTPOHOB Ha OCHOBE
HUTpUAa rannus, NPenaTCTBYIOLUMX UX pasBuUTUO, sBnaeTca addekT camopasorpeBa. HepaBHomepHoe
pacnpefeneHue paccevBaemMon MOLLHOCTM WM NOBbILIEHWE CpeaHen TemnepaTypbl NPUBOAAT K NOSBEHUIO
B6NM3nM kaHana obnactu ¢ oYeHb BbICOKOW TemnepaTypon u gerpagauuun npnbopa. Cpeaon nepcnekTuBHbIX
peLleHnin, HanpaBNeHHbIX HA CHMXXEHNE BNUAHNA adhdeKkTa camopasorpeBa, CTOUT OTMETUTb UCMNOSb30BaHNE
TENMOOTBOAALLMX 3NIEMEHTOB Ha OCHOBE BYMEPHbIX MaTepranoB C BbICOKOW TEMMOMPOBOAHOCTLIO, TAKMX Kak
rpadbeH n rekcaroHanbHbIA HUTPUA 6opa. HegoctaTtkom rpaddeHOBOro TEMNOOTBOASILLENO 3NIEMEHTA SABNSIETCA
€ro BbICOKasi aneKkTpuyeckas NpoOBOAMMOCTb, YTO OrpaHMYMBAET 00facTb ero BO3MOXHOIO PacrofioXeHus.
B paHHoM paboTe nokasaHo, YTO Marioe pacCTOsiHME MeXAy 3aTBOpPOM M CrosiMu rpadheHa npuBoauT
K NpexaeBpeMeHHOMY Npo6oto, BbI3BAHHOMY NTaBMHOOOpa3HOWM reHepaumern HocuTtenen sapsiaa.

KntoueBble crnoBa: reTepoCTPYKTYPHbIV NONEBOW TPAH3UCTOP, rpadyeH, NaBuUHHLIA Npoboi, moaenb YnMHoBeTa,
HUTPUG rannus, TennooTBOAALUNA 3NIEMEHT, TPAH3MCTOP C BbICOKOW MOABWXHOCTBLIO 3IIEKTPOHOB, YAapHas
NoHM3auus.

|. BBEOEHNE

OddekT camopasorpeBa SABNSAETCS OQHOM U3 OCHOBHbIX NPOGMAEM TPaH3UCTOPOB C BbICOKOW MOABUXHOCTbLIO
3NEKTPOHOB Ha OCHOBE HUTpuAa rannusa, nNpensTcTBylWuX ux passutuo. Cpean nepcrnekTUBHbIX
KOHCTPYKTUBHO-TEXHOMOIMMYECKUX  PEeLUeHUI, HanpaBfeHHbIX Ha  CHWKeHWe BnusHuMA  addekTa
camopasorpeBa, BbIOENSeTCsa UCNOMb30BaHUE TEMMOOTBOASALWNX SfIEMEHTOB HA OCHOBE [OBYMEPHbIX
MaTepuarnoB C BbICOKOW TennonpoBOAHOCTbLI, Takmx Kak rpadeH [1] v rekcaroHanbHbIi HUTpUA Gopa [2].
Hepoctatkom rpaceHOBOro TennooTBOASALLEro 3fieMeHTa SBMNSAETCSA ero BbICOKAasd 3rekTpuyeckast
NPOBOAMMOCTb, YTO OrpaHnyYmMBaeT obnacTb ero BO3MOXHOIO pacnonoxeHusi. B gaHHo paboTe nocpeacTsom
YNCMNEHHOTO MOJENMPOBaHUS MOKa3aHo, YTO Marioe paccTosiHie Mexay 3aTBOpOM W crnosiMu rpadeHa
NPVBOAWT K NpexaeBpeMeHHOMY Npo0oto BCNeAcTBME NaBMHOOOpa3HON reHepaumm HocuTenen 3apsaa.

II. MTPUBOPHAA CTPYKTYPA

O6bekToM wuccnenoBaHMsa SBMASIETCA HOPMArbHO 3aKPbIThbIA  TPAH3UCTOP C  BbICOKOW MNOABWMXHOCTLIO
3NEKTPOHOB Ha OCHOBE HUTpuAa rannuda, n3obpaxeHHbln Ha puc. 1. Cuctema TennooTBoda BKOYaeT
rpacpmToBbIv TennonornowatoLwmii anemeHT (TM3), npegHa3HaYeHHbIV 4518 NOrMNOLWEeHMs U30bITOYHOro Tenna,
n rpacpbeHoBbIn TennooTBoaswmun anemeHT (TOJ), 3agaver KOTOpOro ABNSAETCHA Co3aaHne AOMNOMHUTENBHOrO
(MOMMMO MOANOXKKM) MapLUpyTa ANA OTBEOEHUA Tenna M3 akTMBHOW obnactu TpaH3ucTopa.

Pa3mepbl Ha pucyHke ykasaHbl B MukpomeTpax. LLnprHa npubopHon CcTpykTypbl paBHa 1 Mm.
l1l. MOOENb YOAPHOWN MOHN3ALIMW

Ecnun Hanps»KeHHOCTb 3MEKTPUYECKOro Nons ABMNSETCA AOCTAaTOMHO BbICOKOMW, CBOGOAHbBIE HOCUTENW 3apsaaa
MOTYyT NPUOOPECTU KUHETMYECKYHD JHEPrvi0, HeobOXoaUMYI ANs WOHM3AUUW HEenTpanbHbIX aTOMOB M
nepebpoCKM 3NEKTPOHOB U ObIPOK COOTBETCTBEHHO B 30HY MPOBOAMMOCTM U BarieHTHYO 30HY. B pesynbTaTe
MOHM3aLMMN NOSBMAKTCSA 3MEKTPOHHO-ObIPOYHbIE Mapbl, KOTOPbIE B CBOK O4Yepedb YCKOPSIOTCA MOMeM U
CO34alT [OMNOSMHUTENbHbIE HOcuTenu 3apsga. [lockonbky npy 9TOM CaMyM UOHU3MPYIOLLME HOCUTENMU
OCTaloTCA B pa3pelleHHbIX 30HaX, KOHLUEeHTpauna 3J1eKTPOHOB U OblIpOK 6y,qu J'IaBVIHOO6pa3HO yBennynBaTbCca
00 Tex Mop, Noka 3TOT MPOLECC He OKaKeTCA YpaBHOBELUEHHbIM MPOLIECCOM peKoMOMHauMM unm He
NPOM30MAET NaBWMHHLIN NPOOO. Takon MexaHM3M reHepaunm CBOBOAHLIX HOCUTENEN Ha3blBaeTCs yaapHoOWm
NoHM3aunen.

CKOpOCTb reHepaLn 3MeKTPOHHO-AbIPOYHBLIX Nap BCNEACTBME YAapHO MOHU3aLMM 3aAaeTCst ypaBHEHNEM
1 — —
G =;(an|]n|+ap|]p|)’ @

roe g — snemeHTapHbIn 3apsag, Kn; an 1 dp — KO UUMEHTLI YAapHON MOHU3aUNN NS SNEKTPOHOB U AbIPOK,
1/M; Jn 1 Jp — NNOTHOCTW SNEKTPOHHOIO U AbIPOYHOrO TOKOB, A/M?2.
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KoadhdpuumneHT yaapHom MoHU3auum onpefensieTcsl Kak YMCro SMNeKTPOHHO-AbIPOYHbIX Nap, Co3faBaeMblX
3ANEKTPOHOM UMK AbIPKON Ha eauHULEe NyTY nepemeLlleHms. ToYHOe BblYMCIIeHUe 3TOro napameTpa, 3HavyeHue
KOTOPOro OYEeHb CUITIbHO 3aBWCUT OT HAaMpsPKEHHOCTU SMNEKTPUYECKOro Mons, SABNSAETCA BaXHbIM MNpwu
MOZENMPOBaHNN pasfNNYHbIX 3pPEKTOB, CBA3AHHbIX C YAAapHOW MOHU3aLUUER, B TOM YMCHe NTaBUHHOTO Npobos.
Knaccunyeckon mogenbto, npeaHasHavyeHHoM Ans pacyeTta KoadhPULMEHTOB yaapHOW MOHM3aLMK, SBRseTCA
mozenb YuHoseTa [3]:

E
Ap = Anexp <_ Ezll)v (2)
=A EP 3
oy = Apexp | — E ) ( )
rae An, Ap, En 1 Ep — aMnnpunyeckne koadpdpuumneHTol; E — HanpspkeHHOCTb 3neKTpudeckoro nonsi, B/m.
0,1
0,5
Y - 0,1
X 0.1 0,5
1 1,9 58 1 4
0,1 ‘ b - N O = ~ ]
3aTeop TO3 — rpadieH
/ / 20
0,0035 Y y TN3 — rpaduT ¥
# p-Aly 14Gag gsN /
Cnoi naccusauuu SiO, unK SizNy 0.18
0,015 ‘ Y
Y L4
Y BapbepHbIi cnow Aly 14Gag N A
Y 0,02
0,002 MpoMeXyTouHBI cnoii AN
A Al e S
L2 -
= (6]
1,5
" BydepHeiii cnoit — GaN
100 Mognoxka — Al,O5
l

PucyHok 1. MNpubopHasa cTpykTypa

3HayeHns napaMeTpoB MOAENMN YOAPHOW MOHU3ALMN ANS HUTpUAA rannusa nepedncriedsl B Tabn. 1. B gaHHon
paboTe ncnonb3yeTcs nepsbi HAbop NapameTpos.

Tabnuua 1. NMNapameTpbl MOAeNn yaapHOW MOHMU3aL MK

MapameTp
MNcTOYHMK
An (1/cm) En (MB/cm) Ay (1/em) E, (MB/cm)

2,9-108 34 — - [4]
4,48-108 33,9 7,13-106 14,6 [5]
2,11-10° 36,89 4,39-1068 18 [6]
2,69-107 22,7 4,32-108 13,1 [7]

IV. PESYINIbTATbI MOAEJIMPOBAHUA

Ha puc. 2 nokasaHbl npodunu pacrnpepeneHns HanpsKeHHOCTU SNEKTPUYECKOro Moss BAONb KaHana
TpaH3ucTopa nNpu HanpsbkeHun 3ateop-uctok 0 B n HanpskeHun ctok-uctok 320 B. Kak crnegyet ua
pe3ynbTaToB MOAENMPOBAHMWSA, MPU OTAANEHUN OT 3aTBOpA HamMpsPKEHHOCTb Pe3Ko BO3pacTaeT U AocTuraet
MaKkcMMarbHOW BENUYMHBI Ha paccTosHuKn okoro 0,25 MKM OT 3aTBopa, Nocne Yero nnaBHO CHwxaeTcs. Mpu
MCMONb30BaHUN HUTPUOA KPEMHUS B KavyecTBe MaTepuana naccuBauum BEpXHEN MNOBEPXHOCTU
anNuUTaKcuarnbHOW CTPYKTYPbl HaMPSPKEHHOCTb 3MIEKTPMYECKOro Mosids HaMHOro Bbille, YeM MpU NaccuBauuu
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OKCUOOM KPEMHMS1, MOCKOSbKY OTHOCUTENbHAA AN3NeKTpudeckasi NpoOHULAEMOCTb NEPBOro Matepuarna noytm
B [Ba pasa nMpeBblllaeT COOTBETCTBYWOLLEE 3HavyeHMe p[nsa BToporo. MakcumarnbHoe 3HayeHue
HanpsKEHHOCTM B Cny4Yyae HUTpuaa KpeMHust paeHo 6,7 MB/cM, B TO BpeMst Kak Ansl OKCuaa KpeMHUS NONy4eHo
3Ha4yeHue 5,3 MB/cm.

7 1E+26

1E+24
% 1E+22

M
[
m
+
[
[ee]

Hanps»keHHOCTb 3NEeKTPUYECKOro
nonsa (MB/cm)

0 0,5 1 1,5 2 2,5 3 0 0,5 1 1,5 2 2,5
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PucyHok 2. MNMpodunu pacnpegeneHns PucyHok 3. MNpodunu pacnpegeneHns ckopoctu
HaMNpPsPKEHHOCTUW 3MEKTPUYECKOro nons BAoMNb reHepaumy aneKTpOHHO-AbIPOYHbIX Nap BAOSb
KaHana KaHana

BospacTtaHue HanpsKeHHOCTW SMEKTPUYECKOro Mons y 3aTBOpa NPUMBOAMUT K YBENUYEHUIO KO3(D(PULNEHTOB
yAapHON MOHU3auunM W, crnefoBaTenbHO, NaBMHOOOPa3HOMY YBENUYEHUIO CKOPOCTU FeHepauum Hocutenemn
3apsga, npodunu pacnpegeneHnst KOTopon BAONb KaHara nokasaHbl Ha puc. 3. BugHo, 4to Bug 3aBUCUMOCTH
CKOPOCTU FeHepaummn 3MeKTPOHHO-AbIPOYHBLIX Nap OT paccTOsiHWS OO 3aTBOpa B LIENOM MOBTOPSET hopmy
3aBMCMMOCTM A1 HAMPSXKEHHOCTU aneKkTpuyeckoro nons. Ecnu matepranom naccuBauum SBNsSieTCst HUTPUL
KPEMHUSI, MakCMMarnbHOe 3HayYeHue CKOpOCTU reHepauum coctaenset 5,4-10%5 1/(cm3-c). B cnyyae okcupa
KpPEMHUSI COOTBETCTBYIOLLASA BENNMYMHA Ha TpuU nopsaka MeHblle — 5,0-10%2 1/(cms-c).

Tak Kak HanpshkeHHOCTb 3NEeKTPUYECKOro MOMs U CKOPOCTb reHepauuu 3MeKTPOHHO-AbIPOYHbIX nap B
NpUBGOPHOI CTPYKTYpe CO CNoem naccvBaLuW Ha OCHOBE HUTPWUAA KPeMHMWS Bbille, BMOMHE OXWOAeMo, YTOo
NaBUHHbIA NPOGOM 3TOW CTPYKTYPbl HAacTyrnaeT paHblle, YTO MOATBEPXXAAETCA pacCUUTAHHLIMU BOMbT-
amMnepHbIMK XapakTepuCcTMKamMu, NpeacTaBrieHHbIMU Ha pyc. 4. Tak, npo6oii 3Toro TpaH3ucTopa OXuaaeTcs
Mpu HanpsPKeHUUM CTOK-UcTok 324 B. OTa BenuuMHa CYLLECTBEHHO HKE TOW, KoTopas moflydeHa ans
NpUBOPHON CTPYKTYPbI CO CIIOEM NaccMBaLMM HA OCHOBE OKcuaa KpemHusi — 443 B.
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V. SAKITIOYEHNE

CornacHo pes3ynbTaram YMCrneHHoro moaennmpoBaHua, NnposeeHHOro B pamMmkax Mmoaenu y,u,apHoﬁ MOHU3aLUunn
UnHoBeTa, Manoe pacctodaHne wMexny 3artBOpoOM WU Fpa(*)eHOBbIM TennooreoadlMM  3J1IEMEHTOM,
ncnonb3dyemMbiM Onda CHMXeHUdA BITUMAHUA SC*)CpeKTa camMopa3sorpesa, TpaH3ncTopa C BbICOKOW MOABWXHOCTbIO
OJIEKTPOHOB Ha OCHOBE HWTpuAaa rannuna npuBoaAUT K MNpexageBpeMeHHOMY I'IpO6OIO, Bbl3BAHHOMY
J'IaBVIHOO6pa3HOI7I FeHepaLl,VIeVl AJIEKTPOHHO-AbIPOYHbIX Nap. Ncxopa ns pacCYnUTaHHbIX 3Ha4YeHun HanpsaxXxeHuna
r|p0609|, OKCna KpeMHua daBnAeTcadA bonee npennoyvTuTesibHbiM MaTtepuasiioM naccumBauumn, 4em HUTpUO
KpeMHUA.
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AVALANCHE BREAKDOWN IN GALLIUM NITRIDE HIGH ELECTRON MOBILITY TRANSISTORS
ENHANCED BY GRAPHENE HEAT-ELIMINATING ELEMENTS

V. Volcheck

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
vlad.volchek@bsuir.by

Abstract: One of the main problems that hinder the expansion of high electron mobility transistors based on
gallium nitride is the self-heating effect. The non-uniform distribution of dissipated power and the increase in
average temperature lead to the formation of a hot spot near the active area, resulting in device degradation.
Among the promising solutions for tackling the self-heating issues is the use of heat-eliminating elements
based on two-dimensional materials with high thermal conductivity such as graphene and hexagonal boron
nitride. A disadvantage of graphene heat-eliminating elements is their high electrical conductivity, which limits
the areas of their possible location. In this work, we show that a small spacing between the gate and graphene
layers leads to a premature breakdown due to the avalanche-like generation of charge carriers.

Keywords: avalanche breakdown, Chynoweth model, gallium nitride, graphene, heat-eliminating element,
heterostructure field-effect transistor, high electron mobility transistor, impact ionization.
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FIRST-PRINCIPLES MODELING OF ELECTRON-PHONON SCATTERING RATES
IN HYDROGENATED GRAPHENE

V.N. Mishchanka

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
mishchenko@bsuir.by

Abstract: Graphene has a high mobility of charge carriers, which exceeds the mobility of charge carriers for all
known materials, and is currently considering as one of the most promising materials for the creation of new
semiconductor devices. The results of modeling of electron scattering rates on acoustic and optical phonons
in a single layer of hydrogenated graphene CzH: type without a substrate are presented. When modeling these
rates, variants of both emission and absorption of phonons are considered. The obtained dependences of the
charge carrier scattering rates will allow us to study the main characteristics of charge carrier transport in
semiconductor structures containing different layers by modeling using the Monte Carlo method.
Characteristics and parameters of graphene and its modifications can be used to create new heterostructured
devices with improved output characteristics.

Keywords: graphene, phonon, modelling, semiconductor structure.
I. INTRODUCTION

Graphene is of great interest as a promising material for the development of new semiconductor devices for
various frequency ranges [1-2]. The study of charge carrier transfer processes for semiconductor compounds
containing graphene and other semiconductor materials layers is an urgent task, which is associated with the
development of fast and powerful devices in the microwave and ultrahigh frequency ranges, as well as in the
optical frequency range. The Monte Carlo statistical method is widely used to analyze semiconductor
structures. One of the main features of this method is that it allows to take into account the processes of charge
carriers scattering in the semiconductor and to study the operation of semiconductor devices in different
operating conditions.

Quasi-analytical dependences of electron-phonon (e-ph) coupling matrices for various scattering processes
have been developed. They have been used to obtain scattering rates (velocities) based on the Fermi golden
rule and thus to describe the charge carrier transport properties [3, 4]. Based on the concept of deformation
potential, a number of analytical expressions were proposed to estimate the scattering of electrons on optical
and acoustic phonons for different materials (amount then and graphene). However, the semi-empirical
expressions obtained in this way have serious limitations because of the simplifications made in their
derivation. The main simplification of these expressions is related to the necessity of selecting the value of
deformation potentials either from experimental measurements or from the calculated data of other theoretical
approaches.

The limitations associated with the use of deformation potentials are largely removed by using density
functional perturbation theory (DFPT) and an interpolation scheme using Wannier functions [5]. This approach
allows us to fully determine the coupling matrix from ab initio calculations (first-principles calculations), without
using empirical values of the deformation potential.

In this work, an ab initio study of scattering rates associated with electron scattering on optical and acoustic
phonons in hydrogenated graphene has been carried out. Using Wannier functions, the coupling matrices of
electron-phonon interaction were calculated, which are then used to model the rates (velocities) of electron
scattering on acoustic and optical phonons. The obtained modeling results allow us to determine the
contribution of various electron-phonon interaction components in the overall process of charge carrier
scattering.

Il. METHOD AND PECULIARITIES OF MODELING OF ELECTRON-PHONON SCATTERING INTENSITIES
IN HYDROGENATED GRAPHENE

First-principles simulations of hydrogenated graphene (graphane) CzH: type were performed with the Quantum
Espresso [6] and EPW [7] software packages using the Perdew-Burke-Ernzerhof (PBE) parametrization within
the local density approximation (LDA). Initially, self-consistent energy simulations were performed using the
Quantum Espresso software complex with program pw.x. Then the calculation of electron-phonon dynamic
matrices was performed using the program ph.x. The pseudopotentials of the Norm-conserving type [22] and
the following modeling parameters were used in the Quantum Espresso software package: the cutoff energy
of the wave function was 60 Ry (1 Ry = 13.605 eV), the cutoff energy of the charge density and potentials was
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240 Ry. The Brillouin zone (BZ) was represented using a 12 x 12 x 1 Monkhorst-Pack grid. To eliminate
possible parasitic energy oscillations during the simulation, a vacuum layer of 20 A thickness (1 A = 1-10-20 m)
was added to the considered structure.

The program epw.x from the EPW software package [7] was used to simulate the scattering rates. This
program is permitted to calculate the imaginary part of the eigenenergy

d !
Im(ze_kph) =T Zf_q |gmnv(kr (I)|2 X
" mv Oz ’

{(nqv + fmk+q) X 5((‘) - (Smk+q - EF) + qu) + (nqv +1- fmk+q) X 6((‘) - (Smk+q - EF) - qu)}- (1)
where w is the phonon frequency, emk+q is the energy for the band with number m and wavevector k in the
Brillouin zone (g7), wgq, is the phonon energy with mode v and wave vector q in the BZ over which the
integration is performed, the parameters f;,4 and ng, are the Fermi and Bose distributions, respectively,
which are estimated at a given temperature, g,,,, (k, q) is the electron-phonon interaction matrix for the bands

with number n and m; 5 is the Fermi energy, the symbol § of the function means the necessity of performing
Gaussian smoothing operations during integration.

The total scattering rates of the electron-phonon interaction with phonon absorption and emission were
calculated from the imaginary part of the eigenenergy as [7, 8]

™t =2.1m(3o "), 2

The following values of the modeling parameters were chosen for modeling in the EPW program of the
dependences of the scattering rates. So the size of grids of the form NxNx1, which corresponded to the
conditional directions of coordinates X, y, z, for electrons and holes during interpolation procedures, was set
by the value of the parameter N, the value of which was equal to 264. The values of other modeling parameters
were taken as follows: the value of the Gaussian smoothing coefficient (parameter “dg”) - equal to 0.001 eV;
the value of the parameter “fsthick”, which determines the value of the range of energies during modeling
relative to the Fermi energy level - equal to 4 eV; the number of Wannier functions - equal to the value of 12.
The mode of setting the parameters “auto_projection” and “scdm_proj” to value “true” was used in modeling.

The value of the concentration of electrons and holes for all presented modeling results was taken as 1-10%2 cm-
3

[ll. RESULTS OF MODELING FROM FIRST PRINCIPLES OF ELECTRON-PHONON SCATTERING RATES
IN HYDROGENATED GRAPHENE

The dispersive phonon dependences of single-layer hydrogenated graphene C:H: type are considered for
modes of the ZA, TA, LA, ZO, TO, LO, LB, TB, LB*, TB*, ZS, ZS* type [9]. The first group of dependencies,
denoted as ZA, LA, TA, represents the scattering on acoustic phonons along the conventional longitudinal and
transverse directions (X, y coordinates), as well as the z coordinate orthogonal to them, respectively. The
second group of dependencies, denoted as ZO, LO, TO, represents the result of scattering on optical phonons
along the conventional longitudinal and transverse directions (X, y coordinates), as well as the z coordinate
orthogonal to them, respectively.

Among the additional modes that appear in hydrogenated graphene (graphane) by comparison with graphene
and are related to the processes of bending of the structure, two symmetric modes - longitudinal and transverse
LB and TB, and two asymmetric modes LB* and TB* can be noted. In the z direction, two modes associated
with stretching processes are formed. One of them is the symmetric mode ZS, and the other is the asymmetric
mode ZS* [9].

The results of modeling the scattering rates for modes TO, LO from energy obtained in the EPW program
using formulas (1-2) are presented in Figures 1-2 by lot of the blue and dark green dots, respectively. When
modeling these rates, variants of both emission and absorption of phonons are considered.

The obtained point data sets were subjected to approximation using analytic degree functions in the data
processing and plotting program ORIGIN when performing Fitting and Polinomial Fit operations in the Analysis
section. When performing these operations in the ORIGIN program, analytical dependencies are obtained with
minimal approximation errors.

Results of approximation of the first-principles modeling data for the ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO,
LO, ZS, ZS* modes are presented by the curve 1 on the Figures 3-6. The total scattering rates 1 have the
dimension in s and the energy E have dimension in eV. Curve 1 shows the approximated dependences of
scattering rates on energy in the case of TO and LO mode in Figure 1 and 2, respectively.

16



MexayHapoaHasa Hay4yHO-NpakTuieckas KoHgepeHLns
«KomnbloTepHOE MPOEKTUPOBAHUE B 3NIEKTPOHUKE»

2,0

1/210%,
5-1

1,5

1,0

0,5

0,04
0.5

Figure 1. Dependence of the scattering rates for the

TO optical mode on energy

2,4 : -
1/*10%,
-

s
2,0

E, eV

Figure 3. Dependences of scattering rates on
energy in the case of ZO (curve 1), TO (curve 2)
and LO (curve 3) optical mode

4

1/e*10"%,

0 3
1,5 2,0

3,0

2,5

Figure 2. Dependence of scattering rates for LO
optical mode on energy

1/:*10",
-
s 7
6
v
5
4
34
2 4
M
\.\l {
kY
1 ~ | i
2 "':‘-l 2=
e | _ A
e i il S S Ly
0 k_._,y‘.__,’__‘ 2 r—"”"l
0 1 2 3 4

E, eV

Figure 4. Dependences of scattering rates on
energy in the case of ZA (curve 1), TA (curve 2)
and LA (curve 3) acoustic mode

The analysis of Figures 3-6 shows that the largest scattering rates are observed for the LB mode for small
energy value. ZA, ZO, LO, TO, ZS, ZS* modes have largest scattering rates at energy near the value 4 eV.
The scattering rates for the other modes LB, LB*, TB, TB*, TA, LA are significantly smaller than the scattering
rates for the above mentioned modes for the energy near 4 eV.
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From the presented data, we can see that the scattering rates of mode LO are higher than scattering rates of
the modes TO and ZO in energy range from 2 eV up to 4 eV.

[V. CONCLUSIONS

The results of the study of electron scattering rates on phonons in a single layer of hydrogenated graphene
C:2H: type without a substrate are presented. The electron scattering rates for modes of ZA, TA, LA, ZO, TO,
LO, LB, TB, LB*, TB*, ZS, ZS* type at modeling from first principles are obtained. The presented dependences
and parameters of electron scattering rates on acoustic and optical phonons in hydrogenated graphene can
serve as a basis for modeling of new heterostructured devices containing graphene and other semiconductor
materials.
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MOLENMPOBAHWE N3 MEPBbIX MPUHUMMOB MHTEHCVBHOCTEN 3NIEKTPOHHO-®OHOHHOIO
PACCEMBAHWA B TMAPUPOBAHHOM MPA®EHE

MwuweHko B.H.

Benopyccknin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUOINIEKTPOHUKH,
MuHck, Pecnybnvka Benapycb, mishchenko@bsuir.by

AHHOTauus: MpadpeH obnagaeT BbICOKOW MOABWKHOCTBIO HOCUTENEN 3apsiaa, NpeBbllatoLle NoaBUKHOCTb
HocuTenen 3apsga Ans Bcex M3BECTHbIX MaTepuaros, 1 B HAcTOsILLLEEe BPEMS paccMaTpMBaeTCs Kak OauH 13
Hanbonee nepcnekTUBHbIX MaTepuanoB Afs CO303aHUA HOBbIX  MOMYNPOBOAHMKOBBLIX  NpubBOpPOB.
MpencraBneHbl pesynbTaTtbl MOAENUPOBAHUSA MHTEHCUBHOCTEN pacCesiHUSA SMEeKTPOHOB Ha aKyCTUYeCKUX U
onTuyeckmx (POHOHaxX B OOHOCMOMHOM ruapupoBaHHOM rpadeHe Tuna CzHz 6e3 noanoxku. [lpu
MOLENVPOBAHUN 3TUX WMHTEHCMBHOCTEN pPaCCMOTPEHbl BapuaHTbl Kak WCMYCKaHus, Tak W MOrnoweHus
oHOHOB. [lonyyeHHble 3aBUCUMOCTU WHTEHCUBHOCTEW pacCesiHusi HocuTenen 3apsiga  no3BonsT
uccnenoBaTb OCHOBHbIE XapaKTEpUCTUKM UMX TpaHcnopTa B MOMYNpOBOAHMKOBBLIX CTPYKTypax npwu
MoOenupoBaHuK ¢ ucrnonb3oBaHneM Metoaa MoHTe-Kapno. XapakrepucTukm n napameTpbl TMapMpoBaHHOIO
rpadeHa MoryT OblTb UCMOMb30BaHbl 419 CO34aHUS HOBbIX FeTEPOCTPYKTYPHBIX NMPMOOPOB C YryYLLIEHHBIMM
BbIXOOHBIMW XapakTepucTUKamu.

KntoueBble crnosa: rpadgpeH, poHOH, MOAEeNMpoBaHne, NoNynpoBOAHUKOBAs CTPYKTypa.
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KOMIMbIOTEPHBLIE N3BMEPUTEJIbHO-BbIMNCINTENBbHBLIE KOMIMJIEKCHI
BMBEPALMOHHOIO KOHTPOITA N MOHUTOPUHIA

BpaHueBuu IM.10.

Benopycckuin rocyaapcTBeHHbIN YHUBEPCUTET UHADOPMATUKM N PagUN03SIEKTPOHUKN,
MwuHck, Pecnybnvka Benapycb, branc@bsuir.by

AHHOTaums: paccmaTpmuBaeTcAa npumMeHeHne KOMMbTEPHbLIX N3MEePUTESTbHO-BbIYNCITUTESTbHBIX KOMMJIIEKCOB
HenpepbIBHOIo BI/I6paL|,I/IOHHOFO KOHTPOINA, MOHUTOPWUHIa U aBTOMAaTUKN 3alUUTbl CITIOXHbIX ME€XaHU3MOB U
arperaTtoB C BpawaTteribHbIM ABWXEHUEM, perncrtpauum m o6pa60T|<|/| AONMNHHBIX BPEMEHHbIX peanmaau,vlﬁ
BI/I6paL|,I/10HHbIX CUrHanos. npe,El,CTaBJ'IeHbI anropuTmbl O6p660TKI/I ONMNHHBIX peanwsau,vlﬁ BM6paLI,I/IOHHbIX
CurHanoB C Uenbko onpegeneHna I/IH(*)OpMaTI/IBHO-3Ha‘-II/1MbIX napamMeTpoB WU XapakKTepuctuk Aand
JanbHeunwero nx NCnonb3oBaHns B aBTOMATU3NPOBAHHbLIX N aBTOMATUYECKNX CUCTEMaX NPUHATUA peI.IJeHI/IIZ.

KntoueBble cnoea: Bubpauus, curHan, umgpposas o6paboTka, napameTp, XapakTepucTtuka, pelieHne
I. BBEOEHVE

B 3HepreTuke, rasoTpaHCMOPTHOM cCUCTEME, Ha MPeanpUSaTUSX KPUTUHMECKOW WHPPaCTPyKTypbl BaXKHEWLLVUM
TpeboBaHMeM SBRSETCA NpedoTBpalleHVe aBapuiHbIX cuTyaumi. [loatoMy B mpouecce  aKkcnnyataumu
NMPOM3BOACTBEHHOTO 06OPYOOBaHNS HEOOXOAMMbI OLUEHKa M MPOrHO3MPOBaHUE W3MEHEHUs] €r0 TEXHWUYECKOro
COCTOSIHUSI, CBOEBPEMEHHOE npedynpexaeHne W obHapyxeHue BO3HMKaWwuMX JdedektoB. Ons CRoXHbIX
MEXaHU3MOB W arperaroB C BpallaTenbHbIM ABWKEHWEM BUOPALMOHHbIE KOHTPOSb, MOHUTOPWHI, AMarHoCTvKa
SIBMSAOTCA OCHOBOMOMNararoLLMMKN B peLleHnn aTux 3agad [1].

CnoxHble 3a4ayn, BO3HMKAIOLLME NPU OLIEHKE COCTOSIHUA MEXaHWM3MOB U1 arperaTos, peLleHnn 3aaay TEXHUYECKO
ANarHoOCTVKW, MPOBEAEHWN  UCTbITaHUIA, TPeBylT COOTBETCTBYIOLLErO annapaTtHOro,  anropuTMUYECKOrO,
MPOrpaMMHOro, METPOIOTMYECKOro U MeToaMYeckoro obecrieveHmrs. BelumcnmrenbHas MOLHOCTb COBPEMEHHbIX
MarnoraGapuTHbIX KOMMbIOTEPOB, BO3MOXHOCTb MOAKMIOYEHVUS K HUM MO CTaHOAPTU30BaHHbIM MHTepdencam
aHarnoro-undpoBbIx npeobpasosateneit (ALIM) u cneumanuavMpoBaHHbIX YCTPOWCTB MO3BOMSAIOT CO34aBaTb Ha UX
OCHOBE M3MepUTESIbHO-BbIMMUCTIUTENBHbIE KoMmmnekchl (MBK), crocobHble peluaTb MepeyvcrieHHble 3adayuv U
obnagatoLyie npy 3ToM MMBKOCTbI0, MOAUULIMPYEMOCTBIO, BO3MOXHOCTbBIO (OYHKLIMOHANBHON PacLUMPSEMOCTU U
afanTaumm nog HoBble 3aauu 1 YCIoBUS MPUMEHEHMUS.

OPeKTMBHOCTE U KPYr pellaeMbiX 3ajay TakMx CUCTEM B OCHOBHOM OrfpedenseTcs BO3MOXHOCTAMM
mMaTematuyeckoro u nporpammHoro obecnederuss (MO). Ux ponb ewe Gonblle Bo3pacTaeT B CBA3N C
HeobX0oAMMOCTBI0 aBTOMaTU3aLMK psiga CONyTCTBYIOLLMX 33ay, CBSI3aHHbIX C NIaHUPOBAHUEM XO4a WCTIbITaHWN,
NpoBEAEHNEM METPOSIOMMYECKON aTTecTaLlmm U NepUoaMYECcKom NOBEPKY UCTbITAaTENBHOMO 1 BUOPOU3MEPUTENBHOMO
obopynoBaHusi, oOpaboTKoM pe3ynbTaToB WCMbITAaHUA U U3MEPEHUN, MPUHATUEM pelleHun. KomnbloTepHble
cucTeMbl cobrpatoT 6onbLLo 06beM MHAOPMaLIMM O COCTOSHUM KOHTPOMNMPYEMbIX OOBEKTOB U MO CYTU SBMAIOTCH
cuctemamy 6omMbLLINX AaHHBIX.

II. KOMMIOTEPHBLIE NBK BUBPALINMOHHOIO KOHTPOIJIA

Ons pewenns 3agady no yny4yweHuto BMOPALMOHHOIO KOHTPOMS, MOHUTOPUHIA, OLEHKN TEXHUYECKOro
coctosdHusa TypboarperatoB benopycckon sHeprocuctembl Obina npeanoXeHa KOHUEenuusi MOCTPOEHUs
KomnbtoTepHbIX MBK. KomnbloTep ABNAeTca OCHOBHbIM arniemMeHToM Takoro VIBK, a ero doyHKLMOHaNbHOCTb
onpegensieTcs nporpaMMHbiM obecneyeHvneM, paspabaTtbiBaeMbiM MOA KOHKPETHblE MPOM3BOACTBEHHbIE
3agayM u JOoCTaTtoO4HO MPOCTO MOAUMUUMPYEMBIM MPU U3MEHEHUN WM pacLUMPEHUU (OYHKLMOHAIbHbIX
TpeboBaHuin. [ns npeobpa3oBaHUA aHanoroBbiX CUrHamNoB B LMPOBbIE MCNOMNb3YEeTCA YHMBEPCANbHbIN
moaynb AL, nogkniovaemMbln Ha CTaHOAPTHYIO LUMHY KOMMbOTepa M paboTalowun B pexnme pearnbHOro
BpemeHun. Ha Bxoapbl AL nogatoTcsa curHanbl OT NePBUYHBIX MICTOYHMKOB MHAOPMAaLMK (OaTYMKOB), KOTOPbIE
npeobpasyoT U3MEHEHUS (PU3NYECKNX BEMNYMH B INEKTPUYECKUI CUTHAN TOKa Mnu HanpsixeHus [2].

MpeonoxeHa ctpyktypa VIBK ana paboTbl B pexume peanbHOro BpEMEHU C rpynnoBbiM NepekroyYeHnem
KaHanoBs AN MHOrOTOYEYHOro KOHTPOSS MHOrOOMOPHOro MexaHuama unu arperata. PaspaboTaHo HECKONbKO
moaundmkaumin UBK (cepusi «Jlykomnby, «[anecce», «lMonouk-2003»). Mpu pabote UBK «Jlykomnb» ans
onpeaeneHusi napameTpoB BUOPaLMOHHBIX CUrHANoB B 6OMbLUIMHCTBE CIlydaeB MCNonb3yeTcs BUOpPaLUOHHbIV
curHan anuHHon 200 mc, 4YTO COOTBETCTBYET AecATu obopoTam Bana Typboarperata, BpaljaloLlerocsa ¢
yactoton 50 My [3]. Kaxxgas nodwmnHMKoBas onopa KOHTPONMPYeTCs B TPeX HanpaBneHUsX: BEpTUKarbHOM,
rOPM30OHTANbHO-NOMNEPEYHOM U TFOPU3OHTANbHO-O0CEBOM. [ns KakOoW TOYKM KOHTpoOns BbluMcnsieTca 14
napameTpoB BMOpaumm, a Ans NoaWMNHUKOBOW ONopbl, COOTBETCTBEHHO, 42. [Ins Typboarperata ¢ BOCEMbIO
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NOALUMMHUKOBLIMM OMOpamMKn Kaxable 2 ceKkyHAbl BblumcnatoTca 336 napameTtpoB. CnepoBaTtenbHo, Ans
Typboarperata 3a 4ac nonyyaetca 604800 3HayeHun napameTpoB BMbGpauumm, a 3a cyTkm — 14515200,
KOTOpble COXPaHSATCS B (painax Ha XXeCTKOM AUCKe koMmnbloTepa. Takum obpasom, BHeapeHue KIBK
«Jlykomrniby» obecneunno nony4yeHne gaHHbIX, Ha OCHOBE KOTOPbIX Obin chopMynnMpoBaHbl MHAMBUAYaNbHbIE
anropuTMbl aBTOMAaTKKK 3awmnThl [4].

dyHKkunoHanbHocTe  UMIBK  cepumn  "Jlykomnb-2001"  onpegendetcsa  nNporpaMMHO-anropuTMUYECKUMK
cpencteBaMu, KOTopble NPefoCTaBAlT BO3MOXHOCTb MOMb30BaTENO MYTEM YCTAHOBKU COOTBETCTBYHOLLMX
3HaA4YeHM HaACTPOEYHbIX MapamMeTpoB BbIOpaTb HYXHbIA pexum pabdoTbl. bonee Tpuguatm MBK cepun
"Nykomnb-2001" BHeOpeHbl Ha npeanpuATUsIX 3HepreTukun benapycu M BBeAeHbl B MPOMBILLNIEHHYHO
akcnnyatauumio [5-7].

MporpammHoe cpenctso MBK «Jlykomnb-2001» obecneunBaeT peanunsaumio BUOPALIMOHHOIO KOHTPOMS U
MOHUTOPUHIa MOALWUMHUKOBBLIX Onop TypboarperatoB C oOnpefeneHMeM amniuTyoHbiX U (PasoBbIX
napameTpoB Bubpauum B pexmmax Mycka-OCTaHOBa W LUTATHOrO CTauMoOHapHOro BUBPOKOHTPONSA C
PYHKLMAMN TEXHONOMMYECKON CUTHANM3aLunn N NPUHATUS peLleHnin O 3aLUMTHOM oTkntoveHun (puc. 1) [7, 8].
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K komnbtoTepy MIBK no RS uHTepdelicy nogkntodaetca 6ok pene ans ynpasnieHus WMTOBOW CUrHanusaumnemn
N 3aLLMTHBIM OTKIOYeHneM TypboarperaTta. B cooTBeTCTBUM C 3aAaHHBIMW anropuTMamun NPUHATUSE pELLEHNI
O curHanusauuMvM U 3alMTHOM OTKIOYEHMM MPOrpaMMHO POpMUPYHOTCA ynpasnsowme 6anTbl, KOTOpbie
nepegatoTcs B 3TOT 651ok. BrTkl aToro ynpaenstoLero 6anta onpegenstoT 3amMmbikaHne (3HaveHne 6uta 1) unm
pa3MblkaHue (3HayeHue 6uta 0) KOHTaKTOB COOTBETCTBYIOLLENO pere.

B camom npocTom crnyyae curHan Ha 3almTHOE OTKIYEHUE BblOAeTCs Mpu npesbieHun no nbomy m3
BUOPOM3MEPUTENBHBIX KaHanoB, YCTAHOBIIEHHbIX Ha MOALWMMHUKOBBLIX onopax Typboarperata CK3
BMbpockopocTn B YactoTHou nonoce 10—1000 Iy 3HayveHusa 11,2 mm/c. Bonee npaKkTUKO-OPUEHTUPOBAHHBIN
anroputm TpebyeT He Tonbko npesbiweHns CK3 BubGpockopocTu ypoBHSA 11,2 mMm/c no nobomy n3 kaHanos
n3MepeHu, Ho 1 Hanuunsa npesbiweHns CK3 BubpockopocTy No noboMy 13 ocTanbHbIX KaHaNoB 3HaYeHus

4.5 mm/c.

CuctemMbl BUOPALMOHHOIO KOHTPOSS U 3aLUMTbl, MOCTPOEHHbIE HA Ga3e KOMMNbIOTEPHON TEXHUKM, MO3BOMAOT
peanv3oBaTb pa3HOOOpasHble U CIOXHble anropuTMbl 3alluTbl, OPUEHTUPOBAHHbLIE HA KOHKPETHbIE TUMbI
0edeKkToB 1 aBapuiHbIX CUTyaLMin. ATO, B CBOK o4vepedb, No3BoNsieT n3bdexatb He0OOCHOBaHHbIX («J10XHas
TpeBora») cpabaTbiBaHWUi 3alLMTHOrO OTKITHOYEHUS U He OONYyCTUTb «npornycka gedekra». PeanvsoBaH u
npowen anpobauuto Ha psge TypboarperaToB anropuTM 3aLUTHOIO OTKMOYEHMS MO BMOpauuu, B KOTOPOM
yuMTbIBaETCS Heckonbko daktopos [9, 10].
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Ecnu cTouT 3agaya co3gaHus CUCTEMbl MPOAKTMBHOIO TEXHWYECKOro obcrnyxuBaHus obopynoBaHus, TO
BO3HMKaeT noTpebHOCTb TLATENMbHOIO M3Y4eHUs W3MEHEeHU BUOPAaLMOHHOTO COCTOSHUSI TEXHUYECKUX
0OBEKTOB Ha pasHbIX pexnmax paboTbl B TEHEHME UX IKCMyaTauun, OOHapy>KeHNUsi pegKnx KpaTKOBPEMEHHbIX
N3MEHEHWI CTPYKTYpbl BUOPALMOHHOIO CUrHana 1 BbISIBNEHUS MPUYMHHO-CIIEACTBEHHbBIX CBA3EW MeXAy WX
nosiBNeHnem u passutvem gedektoB. [ns 3TOro OCyLEeCTBNAETCA Peructpaums 1 aHanm3 HenpepbiBHbIX
BMOPALMOHHBIX CUrHaNoOB, OTPaXaloLWMX COCTOsHWE OObekTa, Ha MPOTSXKEHWMM ANUTENbHBIX BPEMEHHbIX
WHTEpBamnoB (4acbl M paxe CcyTku). [Ona npakTMy4eckonm peanusauun [aHHOrO MeToda MCccredoBaHWn
paspaboTtaH 16-kaHanbHbIi VIBK «Tembp» («Tembp-M» ans amnnutygHo-ca3oBbIX namepeHuin) Ha base
HoyTOyka, mogyns AU, BubponamepuTenbHbIX KaHanoB C MEPBUYHBIMKU  BUBPOM3MEPUTENBHLIMU
npeobpasoBatensMmu 1 NPobNEMHO-OPUEHTUPOBAHHOIO NporpamMmmMHoro obecneyeHus [2, 11].

N3meputenbHO-BbIMMCIIMTENBHBIM KOMNNeKe "Tembp" (puc. 2) copaepxuT cneayowmue @yHKLMOHaNbHbIe y3nbl
n 6noku: kaHan BUOpPOU3MEPUTENBHBIA ABYXKOMMOHEHTHbIV (40 8), COCTOAWMN U3 OBYXKOMMOHEHTHOro
BMOpoM3MepuTenbHOro npeobpasoBaTtens W COrNacyllMx YCUNUTENen C MNONoCOBON YacTOTHOM
dunbTpaument; 6rnok Beoga UndpoBbIX KOAOB B komnbioTep no USB kanany, cogepxawun 16-u kaHanbHbIN
AL, aHanoroBbIn KOMMYTaTOP U KOHBEPTOP MUTAKOLLEro HanpsXKeHusl; MOOUIbHbIN KomnbioTep Tvna Note-
Book; coegmnntenbHble kabenu (oo 50 meTpos).

Pl/lcyHOK 2. I/IBk «TembBp» ANs HenpepbIBHOW perncTpauumn BUbpaLmoHHbIX CUTHamNoB

Ons obecrnevyeHnss MEeTPONOrMYECKNX XapakKTepUCTUK MPOU3BOAUTCS KanubpoBka BMOPOUMEPUTESNBHBIX
KaHasloB C Lenblo onpeaeneHunst ux koaduuMeHToB Npeobpa3oBaHnsl B eanHULAX U3MepeHUs MB-c%/m.

OCHOBHbIMU (PYHKLMAMM KOMMIEKca SBMNAOTCH: BBOA LMMPOBbLIX CUFHANOB, OTpaXalolwmx BUGpaLMOHHbIE
korneGaHusi KOHCTPYKLUMW NMPU UMMNYIIbCHOM BO3GYXKAEHUM Unn KoneGaHusi NOALMITHUKOBBIX OMOpP U KOPMyCOB
MeXaHW3MOB C BO3BPaTHO-MOCTYNaTeNbHbIM UMW BpaLlaTenbHbIM ABVKEHWEM; 3annCb NMPUHSATON peanusaumm
LUMdpoBoro BuGpaLMOHHOrO curHana B dain(bl); onepaTUBHOE OMpedeneHne OCHOBHbIX NapaMeTpoB
BMOpocurHana; npeacTaBneHve BUOPaLMOHHOrO curHana B rpaduyeckoM BuAe B BuUAe BPeMEHHOM
peanusauuv UM amnauMTy4HOro CnekTpa.

. SAKITIOHEHNE

PaspaboTaHbl KOHLEeNTyarnbHble OCHOBLI COBPEMEHHOIO Hay4YHOro HanpaeneHus « KoMnbloTepHbIE CUCTEMBI U
N3MepPUTENBbHO-BLIYUCIINTENBHLIE  KOMMMeKcbl  uucpoBor  0OpaboTkm  BUBPALMOHHBLIX  CUrHANOBY.
MpeanoxeHbl cTpykTypbl IBK Ha 6a3e TUMNOBLIX 311IEMEHTOB KOMMBLIOTEPHOW TEXHMKU. PYHKLMOHANBbHOCTb
Takux VIBK onpegensietcsi paspaboTtaHHbIM NpuUKNagHbiM NporpamMHbIiM obecnedeHneM. [JaHHbIM noaxon
CHWKaeT 3aTpaTbl Ha NPOM3BOACTBO, MoauduvKaumioo W 3IKcnnyataumio komnnekcoB. ObecneunBaeTtcs
MHOTFOOYHKLIMOHANbHOCTb U BbICTpasd HacTpowka noA TMn KOHTponvMpyeMoro obopynoBaHus. B HacTosiwee
BpeMsi BbIMNOJHATCA paboThl NO CO3OaHWI0 CUCTEM pacnpefeneHHoro cbopa (BCTPOEHHbIE KOMMbTEPHbIE
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MOZYNU) N LIeHTPanuM30oBaHHOW MHTennekTyanbHon obpaboTkm (obnayvHble XpaHunuiia) BUOPALUOHHBLIX Y
WHbIX NHPOPMATMUBHO-3HAYUMbIX CUTHAMNOB U AaHHbIX.
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COMPUTER MEASURING AND COMPUTING COMPLEXES
OF VIBRATION CONTROL AND MONITORING

P. Brancevich
Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus, branc@bsuir.by

Abstract: The application of computer measuring and computing complexes of continuous vibration control,
monitoring and automatic protection of complex mechanisms and units with rotational motion, registration and
processing of long-term implementations of vibration signals is considered. Algorithms for processing long-
term implementations of vibration signals are presented in order to determine information-significant
parameters and characteristics for their further use in automated and automatic decision-making systems.

Keywords: vibration, signal, digital processing, parameter, characteristic, solution.
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MULTISENSORY MICROSYSTEM SIMULATION FOR EARLY DETECTION AND PREVENTION
OF THERMAL RUNAWAY IN Li-lon BATTERIES

U.S. Fiadosenkal, L. Dong?, C. Yue? G.G. Gorokh!

1Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
gorokh@bsuir.by

2Hangzhou Dianzi University, Hangzhou, China, donglinxi@hdu.edu.cn

Abstract: This article presents the concept and modeling results of a multisensory system designed to prevent
thermal runaway in lithium-ion batteries, specifically for LCO, NMC, and NCO types. The system integrates
gas, temperature, and pressure sensors on a single crystal, ensuring enhanced reliability and safety by
minimizing the risks of fire, explosion, or damage to battery packs. The proposed multisensory system holds
significant application potential across various portable devices, including smartphones, tablets, trimmers, and
different types of electric vehicles.

Keywords: simulation, thermal runaway, lithium-ion batteries, multisensory system.
I. INTRODUCTION

Lithium-ion batteries (Li-ion or LIBs) have become a ubiquitous power source in various electronic devices due
to their high energy density and long service life. However, the occurrence of overheating in these batteries
poses a significant safety threat, as it can lead to catastrophic failures such as fires and explosions. The
process in which the temperature of the battery increases rapidly, which leads to a chain reaction of increased
heat generation, is called thermal runaway (TR). Over the past decade, the issue of TR in lithium-ion batteries
has garnered significant attention from both manufacturers and consumers. The processes occurring in a
lithium-ion battery that lead to thermal runaway are conventionally divided into 12 stages [1]. They include
dissolution of metal ions, decomposition of the SEI (Solid Electrolyte Interphase) film, reaction between lithium
and electrolyte, melting of the separator, and combustion of the electrolyte. These stages are accompanied by
significant changes in temperature and voltage, illustrating the complex and dangerous progression of thermal
runaway.

To protect lithium-ion batteries, there is a Battery Management System (BMS), but such protection is not
always effective. Thermocouples used in it to monitor temperature detect a malfunction after at least one cell
has entered a state of thermal runaway, which can lead to irreversible processes [2]. An increase in
temperature in the battery block leads to gas release and an increase in internal pressure in the battery. To
prevent thermal runaway in a lithium-ion battery by detecting its onset at early stages, we propose a design of
a multi-sensor system consisting of a gas, temperature and pressure sensor. This paper presents the results
of modeling such a multi-sensor system, which can become an effective early warning option for a dangerous
terminal runaway.

II. DESIGN OF MULTISENSORY MICROSYSTEM
a. Gas sensor constructions

At temperatures ranging from 70-120°C in a lithium-ion battery, the electrolyte initially starts evaporating, while
the salt inside begins decomposing. These changes set off chemical reactions between the decomposed salt
and either the solvent or the solid electrolyte interphase (SEI), which plays a crucial role in maintaining battery
stability. Such chemical reactions cause accumulation of gases inside the battery and raise internal pressure.
This gas buildup leads to an initial venting process and eventually triggers thermal runaway. This venting
serves as a safety measure to release the excess pressure that has built up inside the battery. Detecting
hydrogen within a lithium-ion battery cell has been highlighted by researchers as the most effective early
warning sign for ensuring the safety of LIBs [3]. The concentration of hydrogen gas released during first venting
varied from zero to approximately 1000 ppm [4].

Lithium-ion batteries are highly sensitive to temperature variations; therefore, it is imperative for the gas sensor
to function without a heater. For the multisensory system, a metal oxide gas sensor was selected due to several
advantages it offers, such as high sensitivity, rapid response time, and cost-effectiveness. Although hydrogen
is the target gas, it is worth noting that metal oxide gas sensors typically lack high selectivity. However, in this
case, this lack of high selectivity is advantageous because the sensor will promptly react to a range of gases
that could arise during a thermal runaway event, with hydrogen being the main target.
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A multi-sensor system consisting of a gas, temperature and pressure sensor was made on an anodic alumina
(AA) substrate with overall dimensions of 4 x 4 x 0.43 mm? (Fig. 1). Interdigitated electrodes of gas sensor,
consisting of three pairs of electrodes 100 um long, 30 um wide and with a gap of 15 um between them. Gas-
sensitive layer of ZnO-GaO with a thickness of 1 um is located on top of the electrodes. The use of AA in
modern sensors allows significant reduction in the energy consumption of thin film chemical sensors [5].
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Figure 1. Design of multisensory microsystem
b. Pressure sensor constructions

The pressure inside a lithium-ion battery before and during a thermal runaway can be vary, depending on the
specific conditions and the design of the battery. For cylindrical batteries, the pressure at the first venting
begins to rise to 10-36 bar (1-3.6 MPa), while normal operation pressure is approximately 0.97 bar (97 kPa).
Pouch batteries have the thinnest outer shell among the three types of batteries. Therefore, the pressure at
the first venting in batch batteries is usually the lowest, approximately 190 kPa when first venting arise. The
most common MEMS pressure sensors are piezoresistive, capacitive and resonator sensors. Advantages of
a capacitive sensor: high sensitivity to pressure; less temperature sensitivity; less floor power consumption;
low costs, easy to manufacture.

The proposed capacitive pressure sensor includes a lower plate of aluminum (625x530 ym, 2 ym thick), a
dielectric (air and silicon nitride supporting the sides) between the plates, an upper membrane of polycrystalline
silicon (530x530 ym, 12 ym), and contact pads on the membrane and bottom plate (75x75 pm) made of
aluminum. The layer sizes proposed here are optimal and most effective in terms of modeling results. This
design of the pressure sensor allows to accurately measuring pressure by analyzing changes in the capacity
caused by the deflection of the membrane under the influence of external influences.

c. Temperature sensor design

In this work, we suggested to use a platinum wire as a temperature sensor. Such a non-contact temperature
sensor based on platinum resistance thermometers avoids the problem of emissivity error. The platinum
temperature sensor in our system is a four-loop platinum meander structure with a thickness of 0.3 um. It is
located directly beneath the gas sensor in the system, as shown in Figure 1. The total area of the sensor,
including its contacts, is 0.55682 mm?2.

The platinum meander-based temperature sensor operates on the principle of measuring the change in
electrical resistance of a platinum element as the temperature varies.

The technological process of creating such a microsystem comprising three sensors will involve four stages:
1) substrate formation (the formation of an AA substrate is described in more detail in our previous article [5]);
2) formation of the platinum temperature sensor and platinum counter-pin electrodes for the gas sensor;
3) deposition of the gas-sensitive layer on the counter-pin electrodes for the final formation of the gas sensor;
4) formation of the pressure sensor (which will include several operations for layer formation of the capacitive
pressure sensor and electrodes).

I1l. SIMULATION RESULTS OF MULTISENSORY MICROSYSTEM
a. Sensors simulation

The process of modeling a multisensory system took place in Comsol Multiphysics 6.1 using the finite element
method. The list of modules, used and their description are given in the table 1. Parameters of materials such
as Young's modulus, thermal conductivity coefficient, relative permittivity, electrical conductivity and material
density during modeling were taken from the libraries of materials.
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Table 1. The list of modules used in Comsol Multiphysics 6.1

Type of sensor

The Comsol module

Description

Temperature sensor

Electric Currents

Creating electrical boundary conditions of a
conductor with electrodes

Heat Transfer in Solids

Simulation of heat transfer in a sensor

Pressure sensor

Solid Mechanics

Simulation of deformation of the sensor membrane
under external pressure

Electrostatics

Changing the sensor capacity during deformation

Gas sensor

Laminar Flow

Simulation of the gas flow in the system with the
laminar flow regime

Transport  of

Species

Diluted

Modeling the transport of dilute components, with
the diffusion of gases in the system

Reaction Engineering

Initiation of chemical reactions on the surface of the

gas sensor

The temperature sensor was simulated by applying a direct current to one of the electrodes. To prevent self-
heating of the platinum wire, a low current of 20 pA was utilized. With increasing temperature, the sensor's
resistance demonstrated a linear progression (as illustrated in Fig. 2,a). Specifically, at a temperature of
100 °C, the resistance was 35.7 Ohms, while at 200 °C, the resistance increased to 45.35 Ohms. The
OriginLab program's linear approximation unveiled the relationship between resistance (R) and temperature
(T), delineated by the expression R = 26.224 + 0.09454T. Thus, using this expression, it is possible to calculate
the temperature from the resistance of the sensor.
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Figure 2. Sensor modeling results: a) — The dependence of Pt sensor resistance on temperature; b — The
dependence of capacity on pressure; ¢ — Correlation between gas sensor resistance and hydrogen
concentration

26



MexgyHapogHas Hay4dHOo-npakTnyeckasl KoHpepeHuna
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

The simulations unveiled that with rising pressure, the membrane's deformation and corresponding
capacitance both escalate. Figure 2b graphically represents the correlation between capacitance and applied
pressure. As previously noted, under normal operating conditions, the pressure inside the cylindric Li-ion
battery is 97 kPa, at this pressure, the sensor capacity was 0.329 pF, when gases begin to be released inside
the battery, the pressure inside the battery can rise to 3 MPa. At a pressure of 1 MPa, the capacity was
0.360 pF, at a pressure of 2 MPa, the capacity was 0.415 pF, at a pressure of 2 MPa, the capacity was
0.550 pF.

The polynomial approximation of the OriginLab described the relationship between the sensor capacity and
the pressure value as expressions:

P =0.3216+ 533 x 107°C — 2,494 x 1078C? + 1,054 x 107113

For gas sensor modeling in the Comsol, a gas reactor with periodic hydrogen supply at a concentration of ppm
from 10, 50 and 100 was created during the time-dependent study. The correction coefficients based on
experimental data [6] where used due to the fact that in the Comsol Multiphysics program, the task of
describing all chemical reactions on the surface of the gas-sensitive layer is complicated. The change in
resistance of the ZnO-GaO gas sensor based on simulation results and is presented in the figure 2,c. The
sensitivity of the gas sensor for 100 ppm is determined by the expression below:

Rair  179.88 kOhm
gas  95.68 kOhm

For hydrogen concentrations of 50 and 10, the sensitivity of the sensor was 1.66 and 1.47, respectively.

1.88

b. Concept application and prospects

We propose to determine three modes of battery operation: normal, dangerous and critical using the sensors
described in this work (Table 1).

1. Normal safety range. In this range, the battery capacity is within normal operating limit, which depends on
the packaging shape of the lithium ion battery. The temperature according to the sensor is within 20°C-50°C,
which avoids overheating or hypothermia. The gas concentration level remains at zero or a safe level, without
reaching critical levels that could lead to fire or explosion.

2. Dangerous Range: The battery temperature begins to approach dangerous levels (51°C-80°C) where
overheating or hypothermia may occur, posing a threat to the safety and stability of the battery. Gas
concentration levels may begin to increase, indicating possible problems within the battery, such as
overheating or problems that could be a precursor to a fire. In this range, battery capacity may be at the edge
of acceptable limits, which may indicate that measures must be taken to prevent deep discharge or
overcharging, which can negatively affect the life cycle of the battery.

3. Critical Range. The battery reaches a critical level of discharge or overcharge that may result in structural
damage or poor performance. The battery temperature (above 80°C) is outside the safe range, which may
cause fire or explosion. The gas concentration reaches critical levels, indicating serious problems within the
battery and increasing the risk of fire or explosion. For instance, the table 2 shows possible modes as an
example for 18650 li-ion battery.

Table 2. Possible operation modes for 18650 li-ion battery

Temperature, °C

Pressure, kPa

Gas concentration, ppm

Normal safety 20-50 100 0
Dangerous 51-80 200 20
Critical above 80 600 500

IV. CONCLUSIONS

The results of modeling a complex multisensory system including gas, pressure and temperature sensors are
presented. Additionally, we delved into the operational concepts across three modes. The design of the
developed multi-sensor system promises to bolster the reliability and safety of various lithium-ion battery types
like LCO, NMC, and NCO by mitigating risks associated with fire, explosions, or battery pack damage. This
proposed system has a wide array of potential applications, spanning from portable gadgets like smartphones,
tablets, laptops, and power tools to modules in electric vehicles.
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AHHOTauua: B paHHOM cTaTbe npeacrtaBneHa KoHuenuua pa6OTbI n pes3ynbTaTtbl MoOOenupoBaHUA
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KOMMbIOTEPHOE NCCNEAOBAHUE «MOJNEKYIbl AMAMAHA» N EE AHATTIOIA N3 HUTPUOA BOPA
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AHHOTaUMA: NpyY NomoLwM Teopun dyHKUMOHana nioTHOCTU uccnegoBaHbl Monekyrnbl Ci2Hs n BeNsHe,
npeacTaensoLmne cobon MUHUMaNbHO BO3MOXHbIE ABYXCIOWHbIE MONEKYNAPHbIE CTPYKTYPbI, COCTOSILLNE U3
KOBANeHTHO CBSA3a@HHbIX YrNepodHbiXx WNU Bop-HUTPUAHbLIX korey. OnpegeneHbl CTPYKTYpHble W
3HepreTU4ecKMe XapakTepucTUKM 3TUX Mornekyn. PaccuuTaHbl uHdppakpacHble M PamaHoBCkMe cnekTpbl,
HeobxoauMMble ANa naeHTMdUKaLnm paccmaTpmBaeMblX MoOrnekyn. TepMuyeckas yCTOMYMBOCTb U MEXaHU3MbI
pacnaga Mmonekyn onpeaeneHbl ¢ UCNONb30BAHUEM MOMEKYNAPHON AMHAMUKN U UCCNeaoBaHUs KOOPAUHATbI
peakunn. yCTaHOBJ'IeHO, 4YTO MONeKyna gnamaHa yCTOVIHMBa npn HopMarlbHbIX YCIOBUAX, a eé aHanor u3
HUTpnaa 6opa yCTONYMB TONBKO NPU KPUOTEHHbIX TeMnepaTypax.

KntoueBble croBa: MOMNeKynsipHas AMHamuKka, Teopust oyHKUMOHarna MiOTHOCTW, AuMamaH, ABYXCOWHble
MOJEKYNSPHbIE CTPYKTYPbI.

I. BBEOEHNE

B nocnegHue rogbl nccnenytoTCs MHOTOCIIOVHbIE YIIepoaHble CTPYKTYPbI, TaKMe Kak ABYXCIOWHbIN rpadheH ¢
KOBamneHTHbIMN MexcroeBbiMn cBasamu. B 2009 rogy Obina npegckasaHa cTpykTypa CzH, nsBectHas kak
OnamaH — OBYXCIOWHasi anMasonogobHas nneHka TonwuHon meHee 1 Hv [1]. B 2017 rogy nHaoyLmMpoBaHHoe
[aBneHneM MEeXCNoeBOe CBA3blBaHME B [ABYXCMOMHOM rpadeHe Obino noaTBEPXKAEHO CNEKTPOCKOMNUENn
PamaHa, ogHako onsi obecneyeHnss cTabunbHOCTM UCMONb3oBanacbk XMMuyeckas (PyHKLMoHanu3sauusa [2].
Bbinn cuHTesnpoBaHbl F-gnamaH n H-guamaH, KoTopble HalnuM LWMPOKOe MPUMEHEHUE B 3NEKTPOHUKE U
HaHOUHXXeHepun Gnarogaps BO3MOXHOCTWN HACTPOMKM UX CBONCTB [3].

[unamaHbl NCNOMNb3YTCS B NOMNEBbLIX TPAH3UCTOpaXx, CynepkoHAeHcaTopax, NMTUEBLIX BaTapesix, a Takke B
TEPMOSNEKTPUYECKNX U ONTOINEKTPOHHBIX ycTponcTeax [4]. VX doyHKLuMOHann3aums Bogopoaom, (hTopom 1
XJIOPOM  yny4llaeT MONynpoBOAHUKOBbIE CBOWCTBA, YTO AenaeT WX MOOXOAAWMMM Anst MPUMEHEHMs B
HaHO3MEKTPOHUKE U ONTUYECKNX YCTPOWUCTBaxX. Takke paccMaTpyMBaeTCst HEAaBHO NMpeasioXKeHHbI MaTepumarn
— rekca-teTpa-yrnepog (HTC), npeacrasnsowuin cobomn ABYXCITONHYIO CTPYKTYPY U3 LLIECTUYTONbHbIX MPU3M
Ci2. HTC saBnsietca nonynpoBOAHMKOM C 3anpelieHHon 3oHonm 2.20 3B u obnagaet BbICOKOW
cTabunbHOCTbIO [5].

Il. METOObl PACYETA

Onsa nccneposaHusa monekyn Ci2Hs 1 BeNsHs, NpeacTaBnsitowmx cobon ABa napannenbHbIX LWeCcTUYyronbHuKa
¢ mexcnoesbiMu C-C unu B-N cesasamu (puc. 1), ucnonbsoBanacb Teopust pyHkunoHana nnotHoctu (DFT) ¢
dyHKkunoHanom B3LYP n 6asucHbiM Habopom 6-311G* [6]. Pac4éTbl 6binm BbINOMHEHbI C NCMONB30BaAHNEM
nporpammHoro naketa GAMESS-US [7], KoTOpbll NO3BONSIeT MNPOBOAUTL KBAHTOBO-XMMMUYECKOE
MOZEeNMpoBaHue, BKNOYasi oNTUMU3aLuio reoMeTpum 1 aHanus konebdarenbHblix Mof, [8].

¢

(@) (6)

PucyHok 1. CTpykTypa MOMNeKynsipHbIX aHanoros AnamaHa (a) u 6opHutpaHa (6)
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Tepmuyeckas yCTOMUMBOCTb U MeXaHU3MbI pacnaga Monekyn 6binv nccnegoBaHbl METOAOM MOMEKYNSiPHON
OVWHaMUKM C UCMOMb30BaHMEM HEOPTOroHaNbHON MOAENM CUNbHOW CBA3N, peanu3oBaHHon B nakete NTBM
[9]. MogenupoBaHme NpoBOAMITIOCE B MUKPOKaHOHNYeckoM aHcambne NVE, obecneunBasi appeKTMBHOCTb MO
CPaBHEHMNIO C MOJIEKYNSAPHON AMHAaMMKOM Ha OCHoBe nepBbix MpuHuunos (AIMD) [10]. MyTtb pacnaga,
onpegeneHHoin ¢ nomouwbto NTBM, 6bin 3aTem nepecumTaH € ucnonb3oBaHMeM DFT gna TouvHoro
onpeneneHus 3HepreTU4eckoro bapbepa cTabunbHOCTK.

II. PESYNbTATbLI N OBCY>XAEHNE
a. CTpyKTypHble, 3HepreTUyeckme N KBaHTOBO-XMMUYECKUE XapaKTePUCTUKN

Monekynbl Ci2Hes 1 BsNsHs NpeacTasnsatoT cobon napannenbHble WeCTUYroNbHbIE CTPYKTYPbI, COEANHEHHbIE
MeKCroeBbIMM cBs3siMu. Mexcnoesble ceasn C-C B Ci2Hs cocTasnsioT 1.39 A, a csian B-N B BeNeHs — 1.44
A, uTO HecKkomnbKO MeHblle aHanorvuHbiX CBA3eil B AvamaHe n 6opHuTpade (1.52 A n 1.49 A) [11].
BHyTpucnoesble csian B C12Hs BapbupytoTcst oT 1.44 go 1.57 A, uto 6onbLue, Yem B rpadpeHe, rae cssasm C-
C coctasnsoT 1.42 A [12]. B BsNsHs AnuHbI BHYTprcrioesbix cszen B-N Bapbupytotes ot 1.48 0o 1.50 A, a
AnvHbl cesideit B-H n N-H coctaensiiot 1.18 A n 1.02 A cootsetcTBeHHO. 3TV napameTpbl BaHbl ANS
NMOHMMaHWS OCOOEHHOCTEN YCTOMUYMBOCTU U PEaAKLIMOHHOM CMOCOOHOCTM MOSEKYI.

[ns OUEHKM 3NEeKTPOHHBLIX CBOWCTB MOJSEKYN pacCYMThbIBANUCh KBAHTOBO-XMMUYECKME OECKPUNTOPbI, Takue
Kak MOHU3auUnoHHbIN noTeHumnan (IP), cpoacTBo K anekTpoHy (EA), xumudeckas TBepdocCTb (Nn), MArkocTb (S),
3NEeKTPoOTPULATENBHOCTL (X) M MHAEKC 3NeKTpodunbHocTH (w) (Tadn. 1).

Tabnuua 1. KBaHTOBO-XMMUYECKME AECKPUMNTOPLI PeaKTUBHOCTU Monekyn aAvamaHa Ci2Hs
n 6opHuTpaHa BeNsHe

Eyomo. eV E ymo,eV n,eVv S,eV1 w, eV x.ev
Ci2He —4.74 —2.88 0.93 0.54 7.80 3.81
BeNsHs —6.76 —-2.72 2.02 0.25 5.56 4.74

CormacHo aTuM AdaHHbIM, Monekyna BsNeHs xapaktepusyetcss nodtm BgoBoe 6onblien TBEPAOCTbIO MO
cpaBHeHuto ¢ Ci2Hs, YTO XxapaKTepHO ANS NOMSPHbIX COeAMHEHN 3 HUTpuaa bopa. OHepreTuyeckas Lenb
MEXAY BbICLLUEN 3aHATOM M HU3LIEN HEe3aHATOM MonekynspHeiMu opbutanammn (HOMO-LUMO) coctaBnser
1.86 eV ansa Ci2He 1 4.04 eV gns BsNesHs, 4TO CBMOETENBCTBYET O PA3NNYmMsaX B X PEAKLMOHHON CMOCOOHOCTMU.

6. CnekTparbHble XapakTepucTUKA U TepMUYECKast YCTOMYMBOCTb

Ona noaTBepXAeHUs CTPYKTYypbl Mornekyn 6biny paccuutaHbl ux uHdpakpacHble (MK) n PamaHoBckue
cnekTpbl (puc. 2). B K-cnektpe monekynbl Ci2Hs Nk Ha 304 cm™! oTpaxkaeT konebaHus MeXCrnoeBow CBA3U
C-C, a nonoca npu 958 cm™ cooTBeTCTBYET KONebaHMsAM BHYTPUCIIOEBLIX CBSA3el. B pamaHoBCKOM criekTpe
nuk Ha 3090 cm™ cooTBeTCTBYET KOnebaHusim cesazent C-H. Ons BeNsHs xapaktepeH nuk B WK-cnekTpe Ha
1034 cm™, koTopbIN cBA3aH ¢ konebaHusimu B—N, un nuk Ha 1232 cM™1, KOTOPLIN OTpaxaeT MEXCNOoeBble
konebaHus.

Tepmuyeckas yCTOMYMBOCTb MOJSIEKYST OLEeHMBanacbe METOA0OM MOJEKYNAPHOM AMHAMUKM NpY TemnepaType
1500 K. lNpouecc pacnaga Anst Monekymnbl AnamaHa HauyMHaeTcs C paspbiBa BHYTpUCoeBbIx cBssen C-C, B
To BpeMs Kak ans BeNsHe aHanmormyHbln npouecc uHuummpyetca paspbiBoM B-N ceasen, npuBogs K
00pa3oBaHMIO  MONULMKIIMYECKON CTPYKTypbl. BbicoTa 9Hepretudeckoro 6apbepa, npensaTcTBYHOLLErO
pacnagy, coctaenset 1.23 eV ana Ci2He 1 0.84 eV anst BsNsHs, UTO ykasbiBaeT Ha BbICOKYO CTabMIbHOCTb
AnamMaHa no cpaBHeHUo ¢ BopHuTpaHoMm. OueHka BPEMEHU XN3HU MOJEKyNn Mpu KOMHaTHOW TemnepaType
nokasana, 4to Ci2Hs 06nagaeT BpeMeHeM Xxu13HM okono 16 net, B To BpeMsi kak BeNsHe — Bcero okorno 2.5
MUHYT, YTO TpebyeT KPUOreHHbIX YCIoBUA AN CTabunbHOCTU.
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PucyHok 2. MHpakpacHble 1 PamaHoBckue cnekTpbl Ans monekyrbl CizHes(a) n BsNeHe(6)
. BAKITKOYEHNE

OByxcnovHble 2D MaTepuanbl C KOBafiEHTHbIMWM MEXCMOEBLIMU CBA3SIMM 00NagalT  YHUKaNbHbIMU
CBOWCTBaMW, 3HAYUTEMbHO OTMMYAKLWMUMWUCA OT TpaauMUMOHHbLIX 2D MaTepuanoB, U OTKpbIBalOT HOBbIE
BO3MOXHOCTM 41151 MPUMEHEHUS B HAHO3NEKTpoHuKe. B gaHHon paboTe Obinn nccnegosaHbl monekynbl Ci2He
1 BsNesHs, 4TO N03BONMNO OXapakTepusoBaTb UX CTPYKTYPHbIE, 3HEPreTUYecKne 1 cnekTparnbHblie CBOMCTBA, a
Takke TEpMMYECKYI0 YCTOMYMBOCTb WM MexaHu3Mbl pacnaga. [lonydeHHble pesynbTatbl MOryT ObiTb
ncnonb3oBaHbl Anst 0606weHnsa Ha Gonee KpynHble ABYXCMOMHbIE MaTtepuansl, a Takke ans pas3paboTku
NepcrneKkTUBHbLIX HaHOTEexXHonorvni. B pganbHewwem npegnonaraeTcs uvccnegoBatb BnusiHue OpPMbl U
pasMepa MOJIEKYN Ha X CBOMCTBA, a Takke n3yy4ntb 6ornee KpynHble Mogenu rpadheHoBLIX MaTepuaros.
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COMPUTER STUDY OF THE «DIAMINE MOLECULE» AND IT'S BORON NITRIDE ANALOGUE
Yu.A. Bauetdinov

National Research Nuclear University MEPhI, Moscow, Russian Federation, yabauetdinov@gmail.com

Abstract: Using density functional theory, molecules Ci2He and BeNeHs, which are minimal possible bilayer
molecular structures consisting of covalently bonded carbon or boron-nitride rings, have been studied. The
structural and energetic characteristics of these molecules have been determined. The infrared and Raman
spectra necessary for the identification of the considered molecules have been calculated. The thermal stability
and decay mechanisms of the molecules have been determined using molecular dynamics and reaction
coordinate studies. It was found that the diamane molecule is stable under normal conditions, while its boron
nitride analogue is stable only at cryogenic temperatures.

Keywords: molecular dynamics, density functional theory, diamane, bilayer molecular structures.
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KOMMbIOTEPHbLIN AN3ANH N PACYHET ®YHKLMOHABbHBIX CBOACTB MOHOCHOEB Zn2(V,Nb,Ta)Ns
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AHHOTaums: B HacTosilee Bpems HaHOpas3MepHble TPOWHbIE HUTPUAbI aKTUBHO WM3YYaloTCs pasfnvMyHbIMU
mMeTogaMu, B TOM 4uCrie MeToAaMu KOMMbIOTEPHOro MogenvpoBaHus. B gaHHow paboTe, ¢ nomoLlbio
NEePBOMPUHLIMIMHBLIX PacyeToB, M3y4yeHa BO3MOXHOCTb CyllecTBoBaHus MoHocroeB Znz(V,Nb,Ta)Nas.
lMokasaHo, YTO nccrneayemble MOHOCNON cTabunbHbl, @ MoHocnon Zn2VNs aBnsieTcs Hanbonee NpocTbiM ANg
CUHTe3a, OH Takke obnagaeT camon BbICOKOM MPOYHOCTLIO U dnacTU4HocTblo. MoHocnou Znz(V,Nb,Ta)Ns
ABMAOTCA MONYNPOBOAHMKAMM C MOYTU PaBHBbIMW NPSMONM U HEMPSAMOWN 3anpeLLeHHbIMIU 30HamK nopsaka 2,7-
3,4 aB. Tlpu oatom, moHocnon ZnzNbNs umMeeT aHoMarnbHO BbICOKYHO MOABWXHOCTL SMEKTPOHOB
1,67x10* cm?/B-c. Takum obpasom, uccrnegyemble moHocrion Znz(V,Nb,Ta)N3, B 0COGEHHOCTM MOHOCION
Zn2NbNs, nepcnekTuBHbI AN NPUMEHEHNS B CBETOAMOAHbIX YCTPOWCTBAX M COMHEYHbIX 3eMeHTax.

KntoueBble cnoa: TepHapHbil HUTpuA; LOPT; anmekTpoHHas CTPYKTypa; CTPYKTypHasi CTabMIbHOCTB;
MogenupoBaHue.

I. BBEOEHNE

B HacTosiLlee BpeMs CIPOC Ha TEXHOSOMMM Ha OCHOBE HOBbIX (DYHKLMOHArbHbIX MaTepuarnoB, B YaCTHOCTM,
OBymepHbIX (2D) matepuanax, HeyKnoHHO pacTteT. [IBymepHble MaTepuanel, bnarogapst CBOMM yHUKanNbHbIM
CBOMNCTBaM, MOTYT UCNOJSIb30BaTbCA B Pas3nuMyHbIX 061acTaX, TaKMX Kak aneKTpoHuKa, (POTOHUKa, CEHCOopUKa U
T. . OgHumn mn3 Takmx 2D maTepuanoB SBNAKTCA TPOWHble coeauHeHust [1]. Hanpumep, Ha ocHoBe
npeackasaHum U3 nepsblX NPUHLMNOB MOHOCMOW Sb2TeSez GbiN NpeanoxeH B KayecTBe matepuana Aans
COMHEYHbIX 3MEMEHTOB U3-3a €ro YMEepeHHOW LMPWHbI 3anpeLyeHHOW 30Hbl W BbICOKOW MOABUXHOCTU
HocuTenen 3apsiga [2]. MNepBonpuHUUMNHbBIE pacyeTbl Nokasanu, YTo MoHocrion BsC2Ps obnagaeTt BbICOKOWN
YYBCTBUTENBHOCTBIO N CENEKTUBHOCTBIO MO OTHOLEHUIo K razam NO2 n NO [3]. PesynbTaThl MOAENMPOBaAHMUS
TakKe Mnokasanu yBenuyeHve NpoBOAMMOCTM 3apsgoB B nneHkax CoMnN nmpu ymepeHHOM MOBbILLEHUN
KOHUeHTpaumn Mn [4].

CoBcem HegaBHO OoMbLLIOE BHMMaHWe CTano yaenstbCA TPOWHbIM HUTpuaam. Hanpumep, TOHKas nneHka
TiZnN2 6bina npegnoxeHa B KayecTBe rmapodobHOro, BbICOKOCTabUNBHOTO M 3KOHOMUYECKN 3(PEKTUBHOTO
aKTMBHOIO CNosA B COMHeYHbIX anemeHTax [5]. Kpome Toro, 6binn oBHapyxeHbl TOHKME nneHkn Znz2VNs,
Zn2NbNs 1 Zn2TaNs. 3TU TOHKME NNEHKM OEMOHCTPUPYIOT BbICOKYIO CTabunbHOCTb B OKpyXatollen cpene,
UMEIOT YMEPEHHYIO LUMPUHY 3anpeLLeHHON 30Hbl U BbICOKOE 3HA4YeHWe CBETOMOrNOLWEHUs, YTO Aenaet ux
nepcneKkTUBHbLIMU ANsi NPUMEHEHNS B KayecTBe BapbepHOro crnosi B TaHAEMHbIX COJTHEYHLIX afieMeHTax [6-8].

B paHHon paboTe, ¢ Mcnonb3oBaHMEM MOAENUPOBAHUSA Ha OCHOBE Teopun ddyHKUMOHana nnotHocTtn (DFT),
n3yyeHa BO3MOXHOCTb CYyLUEeCTBOBaHWS HOBbIX MoHocnoes Znz(V,Nb,Ta)Ns. [NokasaHa wnx CTpyKTypHas
cTabunbHOCTbL NyTeM pacyeTa SHeprum obpasoBaHWs; CMOAENMPOBaH NMPOLECC CMHTe3a M hOpMUPOBaHNSA
CTPYTKPbl MeTOAOM ab initio MonNeKkynsipHOM AMHAMUKM U NMOKa3aHbl OCHOBHbIE (OYHKLMOHaNbHbIE CBOMCTBA.

Il. PESYNIbTATDI

Mogenb moHocnoeB Znz(V,Nb,Ta)Ns paspaboTtaHa Ha OCHOBE CTPYKTYpbl UX OOBEMHbIX aHanoros,
NnonydeHHbIX B npeabligywmnx pabotax [6-8]. OTM MOHOCIOM WMMEKT OPTOPOMOMYECKYHO peLUeTKy C
napameTpamu pewetkmn a =b =563 A, a=b =577 Ana=Db =578 A coorBetctBenHo. Ha puc. 1a, Ha
npuMmepe MoHocnost Zn2VNs, nokasaHbl ONTMMU3UPOBAHHbIE 3MEMEHTapHbIE  SIYEWKM MOHOCIIOEB
Zn2(V,Nb,Ta)Ns, koTopble NONY4YMNNCh NyTEM OTCEYEHMSA aTOMaPHOro Crost oT 06beMHOro MaTepuarna Baosb
HanpasneHune (001).

OHeprust obpasoBaHus Eosp MOHOCNOEB Zn2(V,Nb,Ta)Ns paccumTaHa Kak:
Eosp = (Etot — NznEzn — N (v,Nb,Ta)E (v,Nb,Ta) - NNEN)/Niot 1)

roe Ewt, — cBoB0oaHbIE 3Heprum moHocnoes Znz(V,Nb,Ta)Ns; Ezn, Ev,nb,Ta) U EN — 3HEPrMM N30NMPOBaHHbIX
aTomos Zn, (V,Nb,Ta) n N B ctabunbHou pase, COOTBETCTBEHHO; Nzn, NV(Nb,Ta), NN U Niot — KONUYECTBO aTOMOB
Zn, (V,Nb, Ta), N n obuwee konm4ecTtBo aToMOB CTPYKTYypbl. Eosp MOHOCHOEB Zn2(V,Nb,Ta)Ns coctasnser
-3,60 aB Ha aTom, —-3,82 3B Ha aTom 1 —3,91 3B Ha aToM, 4YTO roBOpUT 06 MX CMOCOBHOCTU K camocOopKe.
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TeopeTuyeckasi oLeHKa «NOTeHLUnanbHO paccnamBaloLmnxcs» ABYMEPHbIX CUCTEM MOXeT ObiTb nornyyeHa c
MOMOLLbIO 3HEePruM paccnanBaHus Eex, koTopas He gorkHa npesbiwats 200 MaB/A2 [9]. PaccuntaHHas Eext
ans moHocrnoes Zn2(V,Nb,Ta)Ns coctaensiet 105 maB/A2, 117 maB/A2 n 125 maB/A2, cootBeTcTBEHHO, YTO
No3BonseT NPeanosiokKnTb, YTO 3TU MOHOCITON MOTYT ObITb NOMYyYeHbl MPU ONpPeAerneHHbIX ycroBusax. Kpome
TOro, HedaBHO OblN onNMcaH ele OAWH MOoAXO4 K OCaXAEHWIO TOHKOW MneHKu Zn2VNsz, npu KOTOpOM
ncnapenHbie ZnsN2 n VN B noHnsmposaHHOM a3oTe npu Temnepatype 390-490 K o6pa3syoT TOHKY NIeHKy
Zn2VN3 B pesynbTtaTe peakumm ZnsNz + VN -> (N+) Zn2VNs + Zn (ncnapenue) [6]. Ucxoga m3 atmx
3KCMepUMeHTanbHbIX AaHHbIX, NPOBOAEHbl ab initio monekynspHo-auHamukue (AIMD) pacdeTbl ans
MoAenupoBaHus npotecca popmupoBaHusa moHocrnoes Znz(V,Nb,Ta)Ns. Kak nokasaHo Ha puc. 16, npu AIMD
MOLENMPOBaHNN, BbINONHEHHOM MPY BbILLEYNOMSHYThIX YCAOBUAX, OblNI0 0GHAPYXEHO, YTO LLIECTUYrONbHUKN
Zn2VVNs3 penictButensHo dopmupytotesa npu ~180 °C B TeueHue ~4 nc. CnepoBaTtenbHO, KOHTPONUPYS
onpeferneHHble napameTpbl, TakMe Kak CKOPOCTb UCMapeHus Zn U CKOpOCTb MOHU3MPOBAHHOrO asoTa unu
TemnepaTypbl CUHTE3a, BO3MOXHO CUHTE3npoBaTb MoHocrion Znz2(V,Nb,Ta)Ns.

Ona OueHKM MexaHuyeckmx CBOWCTB MoHocrnoeB Znz(V,Nb,Ta)Ns3, paccuutaHa npocTpaHCTBEHHas
3aBMCUMMOCTb X Moaynsa HOHra, mogynst cogura n koadduumenta lNyaccoHa, kak nokasaHo Ha puc. 1B.
Moayne KOHra moHocnoeB Znz(V,Nb,Ta)Ns npaktnyecku nsotponeH un paseH 96,4 H/m, 89,0 H/m n 88,3 H/m,
COOTBETCTBEHHO. B cBOO ovepeab, moaynb casura n koadduumneHTt lNyaccoHa moHocnoeB Znz2(V,Nb,Ta)N3
obnapgatoT Hebonblion nsotponuen. Hubonee BbiCOkMe 3HayeHuss moayns cagura 35,7 H/m (MoHocrnon
Zn2VN3), 33,0 H/m (MmoHocnon Zn2NbN3) n 32,8 H/m (moHocrnon ZnzTaNs) U camble BbICOKME 3HaAYeHUsI
koadpdumumenTa MNyaccoHa 0,43 (MmoHocnon Zn2VNs), 0,37 (moHocnon Zn2NbNzs) n 0,40 (MmoHocnoi Zn2TaNs).
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PucyHok 1. (a) Cxema npespalieHns Zn2VNs n3 o6 beMHOro COCTOSHMSA B ABYMEPHOE N arieMeHTapHas
A4enka MoHocnos Znz2VNs. (6) Pesynstat AIMD mogenvpoBaHust oopMUpoBaHUsS MOHOCIIOEB
Zn2(V,Nb,Ta)Ns. (B) lNpocTpaHcTBEHHbIE 3aBMcMMOCTM Mogyns KOHra (H/m), mogynsa cagura (H/m) n
koadhpumumeHTa lNMyaccoHa gnst moHocnoeB Zn2(V,Nb,Ta)Ns.

Ha pwvc. 2a npepcTtaBneHa 30HHasi CTpykTypa moHocnoeB Znz2(V,Nb,Ta)Ns, nonyyeHHas ¢ MCMONb30BaHMEM
00OMeHHO-KoppensaumMoHHoro dyHkumMoHana Heyd-Scuseria—Ernzerhof (HSEO06) [10]. MoHocnon Zn2VN3
UMeeT HEMPSAMYIO 3anpeLleHHy0 30HY 2,75 aB 1 npsamyto 3anpeLleHHyto 3oHy 2,85 3B, a moHocnon Zn2NbNs
n Zn2TaNs3 umeroT NpsiMyto 3anpeLleHHYo 30Hy (KOTopasi paBHa HENpPsIMOM 3anpeLLeHHON 30He) paBHyto 3,38
3B n 3,33 aB, cooTBeTCcTBEHHO. [MOCKONBKY MOHOCION Zn2VN3 MMEEeT HENPSAMYHO 3anpeLLeHHYH0 30HY, NpsMoe
OTOBO30OYKAEHNE HEBO3MOXHO, YTO MOXET CHMKATb €ro KO3 ULMEHT NOrMoLeHNs U genaeT ycTponcTea
cBeTonornaweHs Ha ocHoBe MoHOcnos Zn2VNs MeHee aP(eKTUBHLIMU, MO CPABHEHUIO C TakOBbIMW Ha
ocHoBe MoHocrnoeB ZnaNbNsz 1 ZnaTaNs.

[danee 6bin onpegeneH MexaHW3M nepeHoca HocuTenen 3apsga B MoHocnosix  Znz(V,Nb,Ta)Ns.
MpocTpaHCTBEHHAsA CTPyKTypa BOJSHOBbIX (PYHKUMIA B K TOYKax, COOTBETCTBYHOLUMX MUHUMYMY BaneHTHOM
30Hbl (VBM) 1 makcnmymy 3oHbl npoBogumoctu (CBM) ana moHocnoeB Znz(V,Nb,Ta)Nz, Ha npumepe
MoHocrnos Zn2VNs, nokasaHa Ha puc. 26. BugHo, yto CBM n VBM B mMoHocnoe Zn2VN3 nokanusoBaHbl B
HanpaBfeHnsax X 1y, YTo aHanorMyHo B cnydasax MoHocnoes ZnaNbNs u ZnzTaNs. lNMpumevaTtensHo, 4to CBM
B moHocnoax Znz2(V,Nb,Ta)Ns cunbHO genokannsoBaH B HamnpaBfieHMU BHE MAOCKOCTW, YTO npeanonaraeT
MOBbILUEHHYH0 NOABMKHOCTb 3MIEKTPOHOB MO CPaBHEHUIO C MOABWKHOCTBIO AbIPOK B 3TUX MOHOCNOSIX. [pn aTOM
pacunTaHo, 4To MoHocnon Zn2NbN3 uMeeT caMmyto BbICOKYH NOABUXHOCTL anekTpoHoB 1,67x%10% cm?/B c.
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PucyHok 2. (a) 3oHHas cTpykTypa MoHocnoes Znz(V,Nb,Ta)Ns. (6) NMpocTpaHcTBEHHasA CTPYKTypa BONHOBbIX
dyHkuun B k Toukax, cootBeTcTByowmx VBM n CBM, Ha npumepe moHocnosa Zn2VNs

1. BAKIMIOHEHUE

MeTogamm KOMMbIOTEPHOIrO MOAENMPOBaHNE Npeacka3aHbl HOBble PYHKLMOHArbHbIE MaTepuarbl, MOHOCIION
Zn2(V,Nb,Ta)Ns. OkcneprvmMeHTanbHOe MonyyYyeHWe OaHHbIX CTPYKTYp BeCcbMa BEeposiTHO Grarogaps HWU3KOM
3Heprum oTcrioeHus, ropasgo Hwke 200 maB/A2. Tawke npegnonaraeTtcs, 4TO NS CMHTE3a MOHOCIIOEB
Zn2(V,Nb,Ta)N3 moxeT ObITb MCMOMb30BaH NOAX04 XMMUYECKOTO OCaXAeHus1 N3 razoBon ¢asbl, aHaNorm4yHo
npousBoactBy o6bemHoro ZnxVNsz [7]. Ctout oTmeTuTb moHocnon Zn2NbNs, koTopbli MmeeT npsmyto
3anpeLLeHHYI0 30HY paBHyl 3,38 3B 1 BbICOKYO MOABWXHOCTbL anekTpoHoB 1,67%10*4 cm?/B ¢, npu aTom
OEeMOHCTpUpyeT YMepeHHble MexaHn4eckme cBoncTea. Bce ato genaet moHocnon Zn:NbNs kaHaMaaTom ang
NPUMEHEHNS B ONTO3MEKTPOHHbIX YCTPONCTBAX U COMHEYHbIX 3rIEMEHTaX.
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COMPUTATIONAL DESIGN AND FUNCTIONAL PROPERTIES OF Znz(V,Nb,Ta)Ns MONOLAYERS
S.V. Ustiuzhaninal, A.A. Kistanov?
linstitute for Metals Superplasticity Problems, Russian Academy of Sciences, Ufa, Russian Federation
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Abstract: Currently, nanosized ternary nitrides are actively studied by various methods, including
computational modeling. In this work, the possibility of the existence of Zn2(V,Nb,Ta)N3z monolayers is studied
using first-principles calculations. It is shown that the studied monolayers are stable, and the Zn2VNs
monolayer is the easiest to synthesize, it also has the highest strength and elasticity. Zn2(V,Nb,Ta)Ns
monolayers are semiconductors with almost equal direct and indirect band gaps in the range of 2.7-3.4 eV.
And Zn2NbNs monolayer shows an abnormally high electron mobility of 1.67x10% cm?/V s. Thus, the studied
Znz(V,Nb,Ta)Ns monolayers, specifically the Zn2NbNs monolayer, are promising for use in LED devices and
solar cells.

Keywords: ternary nitride; DFT; electronic structure; structural stability; modeling.
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MODELING NETWORK TRAFFIC DYNAMICS UNDER DDoS ATTACKS
USING DIFFERENTIAL EQUATIONS
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Abstract: In this paper, we develop a set of differential equations to model the network traffic dynamics under
DDoS (Distributed Denial of Service) attacks by analyzing active connections and server response times.
Focusing on packet loss and degradation of legitimate traffic, our model illustrates the changing behavior over
time during DDoS attacks. Numerical simulations implemented using the Runge-Kutta method in Python
provide insight into the effectiveness of mitigation strategies. By studying the relationship between attack traffic
and legitimate traffic, our findings highlight the impact of DDoS attacks on network performance and the
importance of robust security mechanisms to ensure service availability and quality in the face of cyber threats.

Keywords: DDoS Attacks, Network Traffic Modeling, Differential Equations, Server Performance, Active
Connections, Numerical Simulations, Cybersecurity, Mathematical Modeling.

I. INTRODUCTION

DDosS attacks pose significant threats to network availability and performance, leading to service interruptions
for legitimate users. These attacks overwhelm target servers with excessive traffic from multiple sources,
resulting in unacceptable delays or complete service denial. Mathematical modeling is pivotal in understanding
and predicting the impact of these attacks on network systems. This research aims to develop a set of
differential equations that describe the changing dynamics of network traffic during a DDoS attack, thereby
contributing to the understanding of potential mitigation strategies.

Il. DIFFERENTIAL EQUATIONS MODEL
a. Definitions
In our modeling framework, we define the following variables:

Where:

N(t) — Number of active connections at time (t);

A(t) — Rate of incoming attack traffic (packets/second);

L(t) — Rate of legitimate traffic, under normal conditions, the server may operate with a traffic rate of § = 100
(packets/second);

R(t) — Server processing rate (requests/second);

C — Server capacity (maximum number of connections);

P(t) — Rate of packet loss (packets/second);

B — Incoming rate of legitimate traffic, a value of § = 100 indicates the average load from legitimate users under
normal operating conditions (packets/second);

d — Decay factor representing natural completion or timeout of legitimate connections;

J — Processing speed (requests/second);

a — Packet loss coefficient, indicating how rapidly packets are lost above capacity.

b. Dynamic Model

The dynamics of active connections in the system can be modeled by the following differential equation:
It looks like you're dealing with a system of differential equations that models the flow of network traffic through
a server. Let's break down the given equations and their components:
1. Overall Traffic Dynamics:
dN(t)
3 - LO+AG - RO - PO
Here, N(t) represents the total number of connections or traffic at time t. The rate of change in N(t) depends

on four components:
L(t): The rate of incoming legitimate traffic.
A(t): The rate of attack traffic or unwanted traffic.

R(t): The rate at which the server processes traffic.
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P(t): The rate of traffic being dropped due to exceeding capacity.

2. Dropping Rate Function:
Pe) =) FN@O<C
a-(Nt)—C) if Nt)>C
This function models how traffic is dropped when the total number of connections exceeds the server's capacity
C.If N(t) < C, no traffic is dropped (P(t) = 0). If N(t) > C, the excess traffic is dropped at a rate proportional
to N(t) — C, with a as the proportionality constant.

3. Legitimate Traffic Rate:

dL(t)
S =B —dL(
The rate of change of legitimate traffic depends on a constant incoming rate B and a decay factor d, which
could represent the natural completion or timeout of traffic.

4. Server Processing Rate:
R(t) = u-min(N(t),C)
The server processes traffic at a rate determined by y, which is the processing speed, and the minimum of the
total traffic N(t) and the server's capacity C. This ensures that the server cannot process more than its capacity.
These equations describe a traffic model with legitimate traffic growth, attack traffic, server processing, and
congestion control through traffic dropping.

lll. METHODOLOGY

In this section, we provide a detailed description of the methodology employed to simulate the dynamics of
network traffic under DDoS attacks using differential equations. The approach consists of several key steps,
including the formulation of the mathematical model, selection of numerical methods, parameterization,
implementation, and evaluation of results. Each of these steps is critical to ensuring that the simulation
accurately reflects the complexities of network behavior during such attacks.

a. Mathematical Modeling

Mathematical modeling forms the foundation of our approach. The first step involved defining the system
components and establishing the relationships between them. We identified essential variables, such as active
connections, legitimate and attack traffic, server processing rate, capacity, and packet loss. Guided by these
variables, we formulated a system of differential equations representing how these factors evolve over time
during a DDoS attack:

b. Numerical Methods

Given that our model consists of ordinary differential equations that cannot easily be solved analytically, we
employed numerical methods for simulation. The Runge-Kutta method, specifically the fourth-order Runge-
Kutta method (RK4), was chosen for its robustness and accuracy in estimating solutions of differential
equations.

The RK4 method is particularly effective because it approximates the value of the next step based on the
current value and the slope (derivative) calculated at multiple points within the interval. For each time step (t):

1. Calculate the slopes (derivatives) (k_1), (k_2), (k_3), and (k_4) based on the current state and
intermediate values
2. Update the state variable (N(t)) using a weighted average of these slopes to achieve the next value.

c. Parameter Settings

Parameters must be carefully selected to ensure that the model accurately reflects realistic network conditions.
Several parameters were set for the simulation based on typical network performance characteristics.

o Attack Traffic Rate ((A(t))): A constant of 200 packets/second was chosen, representing a sustained
and aggressive DDoS attack on the server.

e Legitimate Traffic Rate ((\beta)): Set at 100 packets/second, this reflects a typical level of legitimate
incoming traffic under normal operating conditions.

e Server Capacity ((C)): The server's capacity was defined as 300 connections. This value is a point
where the system experiences significant degradation in service quality due to limited processing
capability.

e Processing Rate ((\mu)): A processing efficiency of (0.9) requests per second indicates the server's
capability to handle incoming connections effectively without delay under ideal circumstances.
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Packet Loss Coefficient ((\alpha)): We set (\alpha) at (0.5) to model the rate of packet loss as a
function of the overflow connections. This parameter is crucial for understanding how aggressively the
system responds to congestion.

d. Implementation

The model was implemented using Python, leveraging libraries such as NumPy and Matplotlib for numerical
operations and data visualization, respectively. The implementation includes:

Time Discretization: The continuous time range from (0) to (60) seconds was discretized into 1000
intervals to maintain high resolution during simulation.

Initialization: Active connections ((N_{active})) were initialized to zero, reflecting a clear system
before the attack.

Time Loop: A loop was created to simulate time progression, where active connections were
calculated based on the previous state and the parameters set. Conditions checked if connections
exceeded capacity, applying the appropriate packet loss function.

Data Collection: As the simulation progressed, active connections and packet loss data were
collected to visualize and analyze the impact of the DDoS attack on network performance.

e. Evaluation of Results

After running the simulation, a range of analyses was conducted to evaluate the model's behavior:

Plotting Results: Graphical visualizations were created to present the changes in active connections
and packet loss over time, particularly highlighting the effects of the DDoS attack initiated at the 10-
second mark.

Interpretation: Each plot was analyzed to identify trends in the data, specifically looking for increases
in active connections and corresponding packet loss during the attack period.

Insights on Mitigation: The results were further analyzed to derive insights into how various
parameters affect the robustness of networks under DDoS attacks, facilitating discussions on effective
mitigation strategies based on observed trends.

IV. RESULTS

a. Active Connections Over Time

Number of Active Connections
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Figure 1. illustrates the dynamics of active connections in the network during a DDoS attack

b. Packet Loss

Packet Loss Rate

12000 4 Packet Loss Rate (P(t))
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Figure 2. Shows the relationship between packet loss and the number of active connections
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V. CONCLUSIONS

The mathematical model developed in this study illustrates the intricate dynamics of network traffic during
DDosS attacks through differential equations. The simulation results reveal how rapidly increasing attack traffic
can lead to severe congestion, resulting in high packet loss and degradation of legitimate traffic. These findings
underscore the importance of proactive measures and robust security systems to mitigate the effects of DDoS
attacks and ensure network performance and availability. Future work will focus on exploring various mitigation
strategies and their effectiveness in reducing the impact of such attacks on network traffic dynamics. By
utilizing advanced modeling techniques, network administrators and cybersecurity professionals can better
understand, predict, and respond to the challenges posed by DDoS attacks.
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MOOENMPOBAHVE AMHAMUKA CETEBOIO TPA®UKA MPU DDoS ATAKAX C UCMOJIb3OBAHVEM
ANOOEPEHLIMANBHBIX YPABHEHNA

Beknesa M.B.

NHxeHepHo-TexHoNorm4yeckun yHmsepcuteT TypkmeHucTaHa umeHn Orys xaHa,
Awxabaga, TypkMeHucTaH, successbmb@gmail.com

AHHOTaums: B ato cratbe Mbl paspabatbiBaem Habop gudydpepeHumanbHbiX  yYpaBHEHUMIA  AnNs
MOZENMPOBaHNS OUHAMUKN CeTeBOro Tpadmka npu atakax DDoS (Distributed Denial of Service) nytem
aHanusa akTMBHbIX COEAVMHEHWI U BPEMEHM OTKNMKa cepBepa. Hawa mogens, dokycupyowascsa Ha notepe
NakeToB U yXyOLWEHUN NIETMTUMHOTO Tpaduka, UITCTPUPYET N3MEHEHME MOBEAEHUS C TEHEHUEM BPEMEHU
BO BpeMsa DDoS aTak. YncneHHoe MoaenMpoBaHune, peann3oBaHHOE C UCNonb3oBaHueM meTtoaa PyHre-KyTThbl
B Python, paet npeacrtaBneHve 06 apekTMBHOCTM CTpaTerMn cmardeHuss nocneactsuii. M3syyas
B3aMMOCBA3b MeXAy aTakylowMM M NerMTUMHbIM TpaduKoM, Hawmn pesynbTaTbl NOAYEPKMBAIOT BrUSHWE
DDoS aTak Ha nNpoOM3BOAMTENbHOCTb CETM U BaXHOCTb HAOEXHbIX MexaHu3MoB 6esonacHocTn ans
obecneyeHns 4OCTYMHOCTU 1 Ka4YeCcTBa yCnyr nepes nuuom knbepyrpos.

KnioueBble crosa: DDoOS artaku, mogenvpoBaHve ceTeBoro Tpadwuka, avdpdepeHumnanbHble ypaBHEHUS,
Npou3BOAUTENBHOCTL CEPBEpPA, aKTUBHbIE COEAMHEHWS, YNCNIEHHOEe MoAeNnupoBaHue, KnbepbesonacHocCTb,
MaTeMaTu4yeckoe MoAenMpoBaHue.

40



MexgyHapogHas Hay4dHOo-npakTnyeckasl KoHpepeHuna
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY
UDC 681.3
SIMULATING NETWORK CONDITIONS AND DDoS ATTACK SCENARIOS USING NS-3 TECHNOLOGY
G. Orazdurdyyeva
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Abstract: The growing dependency on networked systems has made understanding and mitigating Distributed
Denial of Service (DDoS) attacks increasingly vital. NS-3 (Network Simulator 3) is a widely-used discrete-event
network simulator that enables researchers and practitioners to model, analyze, and evaluate networking
protocols and scenarios. This article outlines the methods to simulate network conditions and DDoS attack
scenarios using NS-3, providing a framework for testing network resilience and security protocols.

Keywords: NS-3, Network simulation, DDoS attacks, Performance metrics, Throughput, Packet loss, Network
topology, Traffic patterns.

1. INTRODUCTION

DDoS The increasing frequency and sophistication of DDoS attacks pose significant threats to organizations
operational capabilities and financial stability. A DDoS attack occurs when multiple systems flood targeted
services with a high volume of traffic, rendering them unable to respond to legitimate requests. According to
industry reports, the scale of DDoS attacks has grown exponentially, with some attacks reaching bandwidth
levels of over 1 terabit per second.

Understanding the impact of DDoS attacks under various network conditions is essential for developing
effective defense mechanisms. This research employs NS-3, a popular discrete-event network simulator, to
provide a controlled environment for simulating network conditions and DDoS attack scenarios. NS-3 allows
for the modeling of intricate network architectures and facilitates the experimentation of diverse traffic patterns
and attack methodologies.

2. METHODOLOGY
2.1 Defining Network Topology

Defining the network topology is a critical step in simulating realistic scenarios. The following describes how
to set up the network elements:

Nodes:

Client Nodes: Represent users or compromised devices that will send requests to the server.

Server Node: The service that handles client requests, vulnerable to DDoS attacks.

Attacker Nodes: These represent malicious users or compromised nodes that will generate attack traffic.
Switch/Router: Facilitate data transfer between clients and server, providing structure and control to the
network.

CliptL___
Cliogt2—________
Cliggt-3- -
Cliapt-4===="""
Cliapt-5 =
Cliegt6

Cliopt7 ™ et

Cliagt§ e P
Climrs -~ Attagker 3
Clieat10

Figure 1. Network topology diagram
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Creating a Topology:

Use the NS-3 scripting interface to create and configure nodes programmatically, assigning their roles and
interconnections. For example, (Figure-1):

NodeContainer clients;

clients. Create (10); // Create 10 client nodes

NodeContainer server;

server. Create (1); // Create 1 server node

NodeContainer attackers;

attackers. Create (5); // Create 5 attacker nodes

2.2 Node Configuration and traffic generation

Each node in the simulation very much plays a specific role, and they need to be configured accordingly:
Client Nodes: Generate normal traffic to the server, simulating user behavior, such as sending HTTP requests.
Server Node: Responds to requests and handles incoming traffic from both legitimate clients and attackers.

Attacker Nodes: Execute DDoS attacks by flooding the server with malicious requests, testing the resilience
of the network under duress.

Switch/Router: Responsible for directing traffic between clients and servers and may have additional features
such as queuing or load balancing.

Normal traffic generation simulates typical user behavior, enabling researchers to establish a baseline for
network performance. This can be configured using NS-3 applications:

OnOffApplication: Commonly used to simulate traffic flows, allowing users to configure the rate of data
transmission:

OnOffHelper onoff ("ns3::TcpSocketFactory”, InetSocketAddress (serverlp, server Port));
onoff.SetConstantRate(DataRate("448kb/s")); // Set the data rate for normal traffic

2.3 DDoS Attack Traffic

DDosS attack traffic simulates malicious activity designed to overwhelm the server:

UDP Flood: Simulating DDoS attacks can begin with a UDP flood, targeting the server to exhaust its resources
by rapidly sending a high volume of UDP packets:

for (inti = 0; i &It; numAttackers; i++) {
/I Attack traffic generation here, looping to create high traffic}

SYN Flood: Exploits the TCP handshake mechanism by sending a flood of SYN packets that the server must
respond to, causing resource exhaustion.

2.4. Performance Metrics
2.4.1. Throughput

Throughput is defined as the rate of successful message delivery over a communication channel within a
specific time frame.

Measurement: Typically measured in bits per second (bps) or packets per second (pps), throughput can be
monitored using built-in NS-3 tracing capabilities to log how much data the server successfully processes
during the simulation.

2.4.2. Packet Loss

Packet loss is an essential metric that indicates the percentage of packets that are sent but never reach their
destination, which is critical in assessing overall network performance.

Significance: High packet loss can signal network congestion or an ineffective attack mitigation strategy,
directly impacting user experience. This is measured using NS-3's packet tracing functionality to compare sent
vs. received packets.
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2.4.3. Latency
Latency represents the time taken for a packet to traverse from the source node to the destination node.

Recording: Latency is typically recorded in milliseconds and can be monitored using timestamps in NS-3,
allowing for analysis of how DDoS attacks impact response times.

2.4.4. Resource Utilization

Monitoring CPU and memory usage on the server provides insights into how effectively it handles traffic loads
during normal operations and DDoS attacks.

Monitoring Tools: NS-3 provides features to track resource consumption, helping researchers understand the
limits of their systems and the efficacy of any mitigative measures implemented during the simulation.

3. RESULTS AND DISCUSSION
3.1. Data Collection

During the simulation, various performance metrics were systematically logged to evaluate the network's
behavior under normal and DDoS attack conditions. The following steps were taken to ensure comprehensive
data collection:

Tracing and Logging:

NS-3 allows for extensive tracing functionalities. Specific event tracing options were enabled within the
simulation scripts to capture relevant statistics, including throughput, packet loss, latency, and resource
utilization.

For example, packet transmission and reception events were logged using built-in trace functions:
Config: Connect ("/NodeList/*/ApplicationList/*/Tx", MakeCallback(&MyTxCallback));

Config: Connect ("/NodeList/*/ApplicationList/*/Rx", MakeCallback(&MyRxCallback));

Output Files:

The results of the logged metrics were written to output files at the end of each simulation run. This allows for
easy analysis post-simulation. The metrics were recorded in a structured format that simplifies the importation
into data analysis tools or visualization libraries.

Additionally, tools like gnuplot can be utilized to visualize the results directly from the output files.
Performance Metrics:

Metrics captured included:

Throughput (Kbps)

Packet Loss (Percentage)

Latency (Milliseconds)

CPU and Memory Utilization (Percentage)

3.2. Throughput analysis and packet loss analysis

Throughput is a critical measure of network performance that represents the rate at which data is successfully
delivered to the server. In the conducted simulations, the following observations were made:

Normal Conditions: Under standard operating conditions, clients successfully transmitted data to the server at
rates reaching up to 500 Kbps.

Under Attack: During DDoS attack scenarios where a UDP flood was initiated, throughput dropped
significantly. For instance, throughput plummeted to approximately 50 Kbps during peak attack times due to
congestion and server resource exhaustion.

Packet loss occurs when packets of data sent across the network fail to reach their destination. In the
simulation.

Normal Conditions: Packet loss was minimal, averaging around 1%.

During DDoS Attacks: Significant increases in packet loss were observed, spiking to approximately 70% when
the server was under sustained UDP flood attacks.
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Throughput Analysis
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Figure 2. Example throughput data Figure 3. Packet loss example data

3.3 Latency Comparison and Resource utilization

Latency measures the delay in packet delivery from source to destination. This is crucial for user experience
and network performance.

Normal Latency: Latency remained consistent at around 20 ms under normal conditions.During DDoS Attacks:

Latency increased sharply, reaching over 300 ms, indicating substantial delays in service response times
during attack scenarios.

Monitoring CPU and memory utilization provided insights into how the server copes with varying traffic loads:
Normal Scenario: CPU utilization averaged around 20%, with memory usage stable.

During Attacks: CPU utilization surged to over 85%, and memory consumption increased under extreme DDoS
circumstances, reflecting the additional processing required to cope with attack traffic.

Latency Comparison During DDoS Attack
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Figure 4. Latency data example Figure 5. CPU Usage example data
3.4. Insights and Implications

The results obtained from the simulations provided valuable insights into the resilience of the network under
various attack scenarios:

Network Vulnerabilities: The drastic drops in throughput and spikes in latency and packet loss indicate that
unprepared networks are highly vulnerable to DDoS attacks, which can significantly impair service delivery.

Need for Defensive Strategies: The findings underline the necessity for robust DDoS mitigation strategies,
such as:

Overall, the results obtained from these simulations provide a deeper understanding of the vulnerabilities faced
by network architectures in the face of DDoS attacks and prompt a re-evaluation of current strategies to
enhance resilience and security.

4. CONCLUSIONS

This article has effectively demonstrated the capabilities of NS-3 as a powerful tool for simulating network
conditions and assessing the impact of Distributed Denial of Service (DDoS) attacks on network performance.
Through the structured approach of designing various network topologies, generating representative traffic
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patterns, and implementing realistic attack scenarios, we gained vital insights into the vulnerabilities that
modern networks face.
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MOLOENVPOBAHWE YCNOBU CETU N CLLEHAPUSA DDoS ATAK C UCTMONMb30OBAHVEM
TEXHOJIOMMU NS-3

OpasgypabieBa I'.

NHxxeHepHO-TexHONOrM4ecknin yHnsepcuteT TypkMmeHucTaHa umeHun Orys xaHa,
Awixabapn, TypkmeHucTaH, gulshatorazdurdyyewa3@gmail.com

AHHOTauus: PacTywas 3aBUCUMOCTb OT CEeTEBbLIX CUCTEM [enaeT NoHMMaHue n cmsaryeHue atak Distributed
Denial of Service (DDoS) Bce 6onee BaxHbIMU. NS-3 (Network Simulator 3) — 3TO LUMPOKO MCMONL3YyEMbIN
CETEBON CUMYNATOP [OUCKPETHbIX COObITMIA, KOTOPLIM MO3BONMSIET WCCredoBaTeENsM U MpakTUKam
MOAenMpoBaThb, aHanUM3npoBaTb M OLeHMBaTb CeTeBbIE MPOTOKOSbI U CLueHapun. B aTon cTaTbe onucbkiBatoTcA
MeTodbl MOAEeNnuMpoBaHus CeTeBbIX YycnoBun u cueHapmeB DDoS artak ¢ wucnonb3oBaHuem NS-3,
npegocTaBnsowmx GpenMBoOpK Ans TECTUPOBAHUST YCTONYMBOCTU ceTU 1 6e30MacHOCTM NPOTOKOMOB.

KnioueBble crnoBa: NS-3, ceTesoe MogenupoBaHue, DDOS artaku, nokasaTenu npous3BOOUTENIbHOCTH,
nponyckHasa CnocobHOCTb, noTepsa nakeToB, TOMOJIOrnA CceTu, LWabnoHbl TpaQ)VIKa.
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Abstract: In this study, the forward bias I-V characteristics of graphene/n-Si heterojunctions were studied in
the wide temperature range of 10-320 K in order to get detailed information on the barrier heights distribution
(pg). The Schottky parameters (g, n) are estimated in the framework of the thermoelectron emission theory
using Cheung-Cheung method considering the presence of the interface native oxide layer. At room
temperature, we obtain an ideality factor of about 2.5 and a Schottky barrier height of ~0.22 eV, which reduces
at lower temperatures. A quantitative analysis of the inhomogeneity in Schottky barrier heights is presented
using the potential fluctuation model proposed by Werner and Guittler.

Keywords: graphene, chemical vapor deposition, Schottky diode parameters, barrier heights distribution.
I. INTRODUCTION

Graphene has been widely studied as a promising next generation optoelectronic material due to potential
advantages such as ultrahigh carrier mobility, ambipolar behavior, inherent good chemical stability and good
compatibility with other semiconductor materials [1].

At the same time, |-V measurements performed in a wide temperature range are an effective way to evaluate
the quality of contacts and for the extraction of fundamental parameters such as the Schottky barrier height
(SBH) and ideality factor (n).

Also, the accuracy of determining the main parameters of the heterojunction in a wide temperature range is
determined by an adequate choice of the method of elaboration of the experimental data, taking into account
the quality of the metal/semiconductor interface. For graphene/silicon heterojunctions, this is especially
relevant, since the charge states arising at the interface, surface roughness, loose contact of graphene with
the material, and natural inhomogeneity of the oxide introduce distortions into the ideal picture of graphene
contact with another material.

II. RESULTS AND DISCUSSION

For the device fabrication, graphene growth was performed through the atmospheric pressure chemical vapor
deposition using methane as a precursor. After the growth graphene was transferred onto structured n-Si
substrates with metallic contacts by a wet-chemical process without using polymeric frame. The area of the
heterojunction A formed was A = 0.087 cm?. More details about samples fabrication and characterization can
be found elsewhere [2,3].

Figure 1 shows the dark |-V characteristics of the graphene/Si heterojunctions under a voltage bias from -5 to
+5 V (40 mV steps) plotted in a semilogarithmic scale. The experimental data follows the typical Schottky
heterojunction dependency (inset to Fig. 1).

To determine the Schottky heterojunction parameters over wide temperature range, the experimental forward
biased I-V curves at low voltages were analyzed at each temperature within the Cheung-Cheung method,
considering the presence of the interface native oxide layer [4]. In this case, the forward biased I-V
characteristic can be expressed according to the following expression,

@)

where A* is the Richardson constant (= 112 A.cm-2.K-2 for n-Si), k is the Boltzmann constant, g is an elementary
charge, y (in eV) is the mean tunneling barrier height and & (in A) is the interface oxide thickness which was
assumed to be 2-3 nm. For V — IRs > nkT/q Eq. (1) provides

a(V-IRg)
1=AA*T2e—x/75e‘%[e kT —1],

av nkT

a(n)) = RsA] + T (2)

where J = I/A is the current density. From Eq.(2) it follows that the derivative dV /d(InJ) should be directly
proportional to the current density /. From the fitting procedure the Rs and the n values are obtained.
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Employing the estimated from Eq. (2) the n values, the SBH (¢5) and again the Rs can be deduced by an
additional Cheung’s equation, defined as [4]:

H() =V =20 (—L5) = ReA] +19s/4. 3)

Obviously, plot H(J) also obeys a straight linear relationship.
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Figure 1. Forward biased I-V characteristics of the graphene/Si heterojunction under dark conditions
measured in the T range of 10 — 320 K. The inset shows the experimental data of the graphene/Si
heterojunction under a voltage bias from -5 to +5 V plotted in a semilogarithmic scale

The analysis of the measured temperature-dependent I-V-T characteristics of the heterojunctions by using the
thermionic emission theory reveals a decrease in the zero-bias SBH and an increase in the n with the decrease
of the temperature (Figure 2a). Such temperature dependencies of both n and SBH indicate the influence of
inhomogeneities at the graphene/n-Si interface, which are also mentioned in several studies [5,6]. In order to
explain the origin of anomalous temperature behavior of SBH and n, the temperature dependent barrier
inhomogeneities were evaluated assuming the Gaussian distributions of the SBH [5]. As per this method, the
total forward bias current flowing over all possible barrier heights is then given by

JV) = [ J(05,V)P(9p)des, @)

Gaussian distribution expression of the barrier heights with a mean value of ¢z, and standard deviation oy
has the form

P(pp) = 03%3[_ <(¢B;f§m)z)], (5)

The apparent barrier height (¢,,) has the form [7]

Gap = Pom — 2+ KTIn [1 + exf (22)] - TIn

(12
1+ erf( £22oi 6
erf{ === | (6)

The plot of ¢, versus 1/2kT of studied heterojunction is shown in Figure 2b. Utilizing a model tailored to
thermionic emission over a Gaussian distribution of barriers, both the mean barrier height (¢g,,) and the
standard deviation (o) in the distribution were extracted from experimental data via multiple linear regression
(Figure 2b). The obtained graphene/Si heterojunction parameters are summarized in Table 1.

where erf denotes the error function.

To obtain more accurate values, the conventional activation energy equation can be modified under the
assumption of Gaussian distribution of barrier heights, as follows

Io _ _ 9B oh
In (TZAAfo> =Tt (ZkZTZ)’ ™

where saturation current (I,) can be extracted from the experiment by linear fitting of the forward I-V-T
characteristics.
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Figure 2. a) Ideality factor (circles, left Y-axis) and SBH (triangles, right Y-axis) as a function of T obtained
using Cheung’s method. b) Apparent SBH as a function of 1/2kT of the graphene/Si heterojunction

The modified Richardson plot for the graphene/Si heterojunction is shown in Figure 3b. From the fitting
procedure the values of ¢z, and effective Richardson constant (4;,,) were extracted. It should be noted that

in the calculations of the effective Richardson constant (4;;,) the full contact area between graphene and Si

was taken as a

constant (A = 0.087cm?).

The presence of three different linear fits indicates that there are effective three Gaussian distributions of
barrier heights. These values are listed in Table 1. The variations in the values of effective Richardson
constants (A.f) for three temperature regions are lower than the known value for n-Si, that is assumed to be

=112 A-cm2K=2,

Table 1. Temperature-dependent parameters of graphene/n-Si heterojunction

Temperature Cheung’s method Wernerrr];r;]%(?uttler Modified Richardson plot
range, T(K) N o5 (V) Do (V) o5 (€V) (A.cmz']; f K2 ©pm (€V)
(1O|1|40) 91-18.6 | 0.0067-0.037 0.039 0.008 0.00012 0.048
(40280) 18.6-8.5 | 0.037-0.077 0.160 0.038 29.500 0.275
(90—|320) 8.0-2.5 0.08-0.22 0.385 0.095 67.823 0.736

]
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Figure 3. Modified Richardson plot for graphene/Si heterojunction. The solid lines represents the best fit to
the experimental data in each region.
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IIl. CONCLUSIONS

The parameters of graphene/Si heterojunction, such as ideality factor, Schottky barrier height and effective
Richardson constant values over a wide temperature range of 10-320 K are presented. The obtained results,
which were based on thermoelectron emission theory, exhibited an increase of r and a decrease of ¢ with
the decreasing temperature and A, was found to be much lower than its theoretical value

(for n-Si= 112 A-cm2.K*). The differences in the A;;, values can be caused by spatially inhomogeneous SBHs

and potential fluctuations at the interface that consist of low and high barrier areas. In this case,
inhomogeneities of SBH can be caused by poor interface quality, inhomogeneity of surface states and
dislocations, as well as inhomogeneous thickness of the dielectric interfacial layer. Besides, inhomogeneities
and/or residual contamination in the interfacial region may be introduced during the copper etching and
subsequent transfer process of the graphene film onto n-Si substrates.
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AHANN3 TEMMNEPATYPHbIX 3ABUCUMOCTEW NAPAMETPOB FrETEPOMEPEXOAA MPA®EH/N-Si
OpoHuHa E.A.L, Koanbuyk H.I".1, Oanuntok AJ1.2L, JlyueHko E.B.2, Oanunbuuk A.B.2, Mpuwena C.J1.1

1Benopycckuin rocyaapCTBEHHbIN YHUBEPCUTET MHAPOPMATUKM U PaaNO3NEKTPOHUKN,
MwuHck, Pecnybnuka Benapycs, lizadronina@yandex.by

2HCTMTYT cbmankm umenn b.U. Ctenanoea HAH Benapycu, MuHck, Pecnybnuka Benapycb

AHHOTaumus: B pgaHHoOW paboTe uccnegoBanvcb MNPSIMble TEMHOBLIE BONbTaMMEpPHblE XapakKTEPUCTUKU
reteponepexoga rpadeH/n-Si B WwmMpokoM TemnepatypHom amanasoHe 10-320 K ¢ uenbio nonyyeHus
JetanbHOM MHopMaL MM 0 pacnpeneneHumn BbicoTbl 6apbepoB (pg). OcHOBHbIE NnapameTpsl agnoaa LoTtTkm
(g, N) OUEHEHbl B pamKax TEOpUW TEPMOSIMEKTPOHHOW 3MUCCUMKM MO MeToay YyHroB C y4yeToM Hamm4us
Mexda3HOro OKCUOHOro crosi. YCTaHOBMEHO, 4TO NpW KOMHATHOW TemnepaTtype Ko3addpuuneHT
HenaeanbHOCTM OOCTUraeT 3HadeHust ~2,5, a BoicoTa 6apbepa LWoTTkn ~0,22 aB. KonnyecTBeHHbIN aHanms
HeoaHOpPOAHOCTU BbICOTHI Gapbepa LUoOTTKM npeacTaBneH € WUCMOMNb30BaHMEM MOAENU NPeanoXKeHHOW
BepHepom u IN'yttnepom.

KnioueBble croBa: rpadeH, Xumuyeckoe napodpasHoe ocaxaeHue, napameTpbl auvoda LWoTTku,
pacnpegnerneHue BbICOTbl 6apbeposB.
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YOK 621.383.52
MOOENMPOBAHME MOLLHOIO NONEBOIO TPAH3UCTOPA HA OCHOBE AlGaN
BopcuH H.H., Magpiwyk A.A., KywHep T.J1., Tapactok H.I1., YyryHoe C.B.

BpecTtcknii rocynapcTBeHHbIN TeXHUYECKUA yHuBepcuTeT, bpecTt, Pecnybnvka benapyck, phys@bstu.by

AHHOTaums: TponHoe coeamHeHne AlGaN ¢ wuvpuHOM 3anpellueHHon 30Hbl oT 3,4 go 6,2 aB saBnsetcs
NnepcneKkTUBHLIM MaTepranomM AJis NOCTPOEHMS Pas3fNNYHbIX SMIEKTPOHHBIX MPUOOPOB: ANOA0B, TPAaH3UCTOPOB,
nasepoB, CBY mukpocxem. 3ameHa kpeMHuMss Ha GaN no3BonsieT MoBbICUTH pabodylo Temnepartypy,
FPaHUYHYIO 4YacTOTy, YMEHbLUUTb B HECKOSbKO pa3 MnoTepu MepekrnoyeHust U NPOBOAMMOCTU B CUSIOBbIX
npubopax. KomnbioTepHoe mMoaenvpoBaHne U3NYecknx NpoLIeCCOB SABMSETCS HEOOXOOUMbIM 3M1EMEHTOM
OCBOEHMSI HOBbLIX 3MEKTPOHHBLIX YCTPOWCTB. B HacTtoswen paboTte npeacTaeneHbl pesynbTaThl
MOLENMPOBaHNS MOLLHOMO MOMEBOro TPaH3MCTOpa Ha OCHOBE NONYNPOBOAHUKOBOro coeauHeHns AlGaN.

KrnitoueBble crioBa: reTeponepexofHblil TPaH3UCTOP, HUTPUA rannus, HATpUL aniomMuHus, anddys3moHHO-
apencoBasa Mmoaenb, rpaaneHT 3NEKTPOHHOW MAOTHOCTU, NoONApu3aUns, BoNbTaMnepHasa XxapakrepucTtumka.

I. BBEOEHUVE

eTeponepexoaHble MoneBble TPaH3UCTOPbLI (B aHrnosasbidHoW nutepaTtype — HEMT) Ha ocHoBe HuTpuaa
rannua obnagalT onpegeneHHbIMN XapakTepUCcTKamu, KOTopble HeJOCTVXMMbI AN NpubopoB Ha OCHOBE
kpemHusi [1]. Hanuume y nonynpoBogHuka GaN 3anpelleHHOM 30HblI BenuuuHon 3,4 3B nossonser
YCTPOMCTBaM Ha OCHOBE 3TOro coeAnHeHns paboTtaTb Npu BbiCOkMX TemnepaTypax. Kpome Toro, GaN umeet
BbICOKOE 3HayeHue HanpshkeHHocTu nons npobosi, npumepHo 3,3 MB/cm. OTO Ha MoOpsSAoOK Bbiwe MO
CpaBHEHMIO C aHamnorM4yHbiM NapaMeTpoM Y KPeMHUs, 4YTO MO3BONdAeT co3gaBaTb Ha ocHoBe GaN Tak
HasblBaeMble BbICOKOBOMbTHblE Mpubopbl. [eTeponepexon Ha rpaHuue AlGaN/GaN cospaeT ABYMEpHbIN
SNEKTPOHHbIN ra3 (manee — [O3IN) Bbicokow nnoTtHoctn, nopsigka 1013 cm™2. Bbicokas MNoaBWXKHOCTb
ANeKkTpoHOoB, obpasyowux O3l nossonser yrBepXxaaTb, YTO retepornepexofHble noresble TPaH3UCTOPbI
(nanee —I'TIT) Ha ocHoBe AlGaN/GaN moryT 6biTb UCNONb30BaHbI 41151 CO34aHNE MOLLHbIX BbICOKOCKOPOCTHbIX
npubopoB, Tak Kak 006MagalT HU3KMM COMPOTMBIIEHMEM KaHama W BbICOKOW MIIOTHOCTbIO Toka [2]. B
HacToswern paboTte onucaHa co3gaHHas KomnbioTepHas mogenb ITIT AlGaN/GaN ¢ npocTbiM MIOCKMM
3aTBOPOM ¥ pa3mepamMu, UCMOSb30BaHHLIMU B OMbITHOM MPOU3BOACTBE.

Il. PESYNbTATbLI N OBCY>XAEHNE

CTpyKkTypa 1 pa3mepsbl (B MMKpOHax) MOAENMpyeMOoro TpaH3ncTopa nokasaHa Ha pucyHke 1. OHa coctouT 13
kaHanbHoro crosi GaN TonuwwmHon 0,4 MKM, KOTOpPbIN 4epe3 NpoMexyToudHbii crion AIN onupaetcs Ha
noanoxky. TonwmHa aToro cnosd AomkHa ObiTb CpaBHUTENBHO GONBLUON ANA YMEHbLUEHUSI MEXaHUYEeCKMNX
HanNps>KeHUn B BEPXHEN ero 4actu, o6yCcnoBrneHHbIX paccornacoBaHUEM KpUCTanfMYeCKon CTPYKTYpbl ero
PELLETKN B HUXKHEN YacTu C peLLeTKOn NOOOXKN.

W, Wg=-2.2 ¥ Surface: Log of electron concentration (1) Line: 1 (1}
Lings 1 (1) Line: 1 (1) Line: 1 (1)

20

16

Werok 3araop Crow 14
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PucyHok 1. Pasamepbl CTPYKTYpbl reTeponepexoaHoro nosieBoro TpaHanctopa
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CBepxy Ha kaHarnbHbIM cnomn HaHeceH 6apbepHbiit crion AlGaN TonwuHon 0,02 mkM. Ha pycyHke 1 kaHanbHbIN
cnon obo3HayeH XenTbiM LBEeTOM, GapbepHbIl CMNoW — KpacHbIM (MOYTM He3aMeTHbIM). PucyHok 2
UNIIOCTPUPYET CTPYKTYPY B YBENMYEHHOM BuAe Y MPaBoro Kpas 3aTeopa.

Vd=0 V, Vig=-2.2 ¥V Surface: Log of electron concentration (1) Line: 1 (1)
Line: 1 {1) Line: 1 {1} Line: 1 {1}
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PucyHok 2. LiBeToBas kapTuHa 3f1€KTPOHHOM NAOTHOCTM Y MPaBOro Kpas 3aTBopa

N3-3a pasHOCTM LWMPWHBI 3anpeLleHHON 30Hbl OapbepHOro W KaHanbHOrO CMOEeB Ha rpaHuue KX
COMPUKOCHOBEHNS 0bOpasyeTcs [OBYMEpPHbIA CMOW 3MEeKTPOHHOrO rasa, BbIMOMHALWWA pPoNb  KaHana
TpaH3ucTopa. Ha pucyHkax ¢ UBETOBbIM NpeAcTaBNeHNEM KOHLEHTpaUM cBOOOAHbIX SNEKTPOHOB 3TOT CIOW
OKpalleH B TEMHO-KpacCHbIN UBeT. Haa kaHanom pacnonoXeH meTtannudeckun satsop LLOTTkM ¢ AocTaToOuHON
paboTow BbiIxofa (NpeanonaraeTcs HUKENeBbIN).

[ekcaroHanbHast CTpykTypa Kpuctannudeckonm pewetkn GaN npuBoaut Kk addektaMm BHYTPEHHel
nondpusaumMmM B MaTtepuane u MOSBMEHUIO BHYTPEHHEro anektpuyeckoro nons [3]. 3Tn addekTsl
YUMTbIBAOTCA B MOJAenW MnyTeM BBEAEHMS B Hee CBHA3aHHbIX 3apsgoB Ha MOBEPXHOCTAX pasgena.
MpeoBapuTensHO pacCcYMTbLIBAOTCS MOOYNU BEKTOPOB COOCTBEHHOM M Mbe303MEKTPUYECKON Nonspmusaumu,
3aTeM B MOAENb BBOOMTCA COOTBETCTBYIOLLMIA NOBEPXHOCTHbIN 3apag [4].

Pes3ynbTaTthl MOgenMpoBaHusi NpeacTaBneHbl HUXKe B BUAE rpaddMKOB HEKOTOPbLIX 3aBUCMMOCTEN. Ha pucyHke
3 nokasaHa 3aBMCMMOCTb KOHLIEHTpaL MM CBODOAHbIX 3/IEKTPOHOB OT BEPTUKANBHOM KoopAanHaTel. BugHo, uto
Ha BepLUMHE KaHanbHOro Crnost UMeEeT Pe3KUI MUK, COOTBETCTBYHOLMUIA Hannyuio B 3To obnactu O30, Ecnn
NPOVHTErpupoBaThb pacnpeaeneHne NNOTHOCTU CBOOOAHbLIX 3MIEKTPOHOB MO BCEW BLICOTE CTPYKTYPbl, TO
NonyyYnm Tak HasblBAaeMYHO JIUCTOBYHO MITOTHOCTb 3MEKTPOHHOrO rasa. ATOT napamMeTp JIerko n3MepsieTcs, u
ero aKcriepumeHTanbHoe 3HadyeHue coctaenseT 9,0-1012 cm—2. 3HadeHue 3Ton ke (PM3NYEeCcKol BENUYMHbI,
nory4yaemoe nyTeM WHTErpupoBaHusl, paBHO 7,3:10%2 cM—2, 4YTO MOXHO CYMTaTb XOPOLUMM COOTBETCTBUEM
3KCNepMMeHTanbHOMY pesynbTaTy.
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PucyHok 3. PacnpeneneHne nnoTHOCTM CBOBOAHbBIX SJIEKTPOHOB MO BEPTMKASIbHOM KoopAuHaTe
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Ha pucyHke 4 nokasaHbl rpaduku NNOTHOCTU KaHaNbHOro (CTOKOBOMO) TOKa, Kak (PyHKLUUM BepTUKanbHOW
koopavHaTbl. [lockonbKy npeacTaBrneHbl rpacukM Anst BCEX BO3MOXHbLIX HamnpsKeHWn CMmelleHusi, BCH
obnacTb ABYMEPHOrO rasa OKasblBaeTCs «3amnoSfIHEHHOW» (YHKLUMOHAamNbHbIMKM 3aBucumMmocTamun. OaHako,
BMAHO, YTO TOK MPUCYTCTBYET TONbKO B 06nacTu AByMEpHOro rasa.

OueHNTb TOYHOCTb MOAENMPOBaHMS MO3BOJMISAOT TakKe BOJSIbTAMMEPHbIE XapakTepUCTUKW TpaH3UCTopa,
MOCKOJbKY SIBMAIOTCA Jerko usmepsiembiMu. Ha pucyHke 5 npefctaBneHbl rpaduku BbIXOgHbIX BAX,
BblgaBaeMblXx Moaenbto. Popma KpUBLIX TUMWYHA AN TPAH3UCTOPOB, BENUYMHBI CTOKOBOIO TOKa HECKOJIbKO
OT/IMYAIOTCS OT MOJSTYYEHHBIX IKCNEPUMEHTAabHbIX AaHHbIX, OAHAKO, MOrPELHOCTb He npeBbiwaeT 20 %.

o
Line Graph: Electron drift current density norm (A/m?)
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PucyHok 4. PacnpegeneHue nnoTHOCTM KaHanbHOro Toka Nno BepTUKanbHOW KoopauHaTe
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PucyHok 5. N'padmkn cemeinctea BbIxogHblix BAX, paccymMTaHHbIX KOMMABLIOTEPHOW MOLENbIO

Mogynb «[lMonynpoBogHukuy» nporpammHoro obecnedeHnss COMSOL Multiphysics cogepXut MuHu mogenm
KOHTaKkTOB MeTanmna C nonynpoBOAHUKOM, 4TO wu3baBndeT uccnegosatenen OT CheuuanbHOro KX
MoAenupoBaHus. Vicnonb3oBaHbl ABa TUNa KOHTAKTOB: HEBLIMPAMIAOLLME KOHTAKTbI ANS UCTOKA U CTOKa, a
Takke koHTakT LloTTkm — ans 3atBopa. OTMeTuMM, 4TO BbicoTa Oapbepa LUOTTKM Ana reTepoCTpyKTypbl
AlGaN/GaN c¢ «HanpsbkeHHbIM» crioem  AlGaN oTnuyaeTcss OT  3HAYeHUr, W3MEpPEHHbIX Ana  uX
COOTBETCTBYIOLLMX 0OBEMHbBIX «HeHanpshXeHHbIX» aHanoroB. B retepoctpyktypax AlGaN/GaN npoucxogut
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CHUXeHue BbicoTbl Bapbepa LLUOTTKM 3a cyeT nonspusaumoHHbIX adpdekToB. bonee Toro, obblvHaa Teopus
TEPMOINEKTPOHHON 3MUCCUM HE MOXET ObITb NPUMEHEHA U3-3a CUMbHOWN Nbe303MEeKTPUIECKON nonspmnsaumm
B HanpsikeHHoMm croe AlGaN.

1. SAKINOYEHUE

CosgaHHas KOMMbOTEPHAasi MOAENb reTeponepexogHoro NosieBoro TpaH3WCcTopa Ha OCHOBE COeAMHEHMS
AlGaN paet pesynbTaTbl, 6nu3KMe K 3KCNEpPMMEHTarnbHbIM AaHHbIM, YTO MO3BOMSET OMNTUMU3NPOBATHL
M3roTOBMEHNE TakMx NpMOOPOB MO MapameTpaM pasMepoB U U3YYUTb BIUAHME NerMpoBaHus obnacren
CTPYKTYpbl Ha HEKOTOpble h3NYECKNE XapaKTepucTuku. NprmeHeHne MogennpoBaHns Ha dTane NoAroTOBKU
ONbITHbIX 06pasLoB, 3neMeHTHOM 6a3sbl 3NEeKTPOHMKKU, aBNAeTca 3MPEEeKTUBHbIM Kak B obnactu
dyHOaMeHTanbHbIX, Tak W MNpuknagHblX wuccnegoBaHun. MopenupoBaHue ©  oOnNTUMM3aUUsA  UrparoT
CYLLECTBEHHYIO poOnb B (U3MKE M TEXHOMNOIUSIX NPW CO34aHMM HOBbIX MaTepuanoB, FeTepoCTPYKTYp,
ANEKTPOHHbIX YCTPOWUCTB Ha UX OCHOBE [5].

BNATrOOAPHOCTb

WccnepgoBaHnsa nposogatca npu BeinonHeHun HUP «MopenvpoBaHune usmyeckux npoueccos B p-i-n u
WoTTkn gmogax u TpaH3ucTopax Ha ocHoBe retepocTpyktyp AlGaN», no 3agaHuio 2.1 «PaspaboTka u
uccnegoBaHme TEXHOMOMMA pocTa HUTPUOHBIX reTePOCTPYKTYP, TEXHOMOMMN U3rOTOBMNEHUS] KOMMOHEHTOB Y
ycTporcTB onTo-, CBY- 1 CMnoBOW 3NEKTPOHUKM HAa OCHOBE MOJSTYNPOBOAHNKOBbLIX MaTepMarnoB U CTPYKTYpP» B
pamkax MHU «PoToHUKa M 3NeKTPOHUKa ANs MHHOBaUMi», nognporpaMmmbl «OnTo- n CBY- anekTpoHuka»
Ha 2021-2025 rogbl. PuHaHcmpoBaHue ocylecTenseT MuHucTepcTso obpasoBaHua Pecnybnuku benapychb.
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MODELING AlGaN HETEROJUNCTION FIELD-EFFECT TRANSISTOR
N. Vorsin, A. Gladyschuk, T. Kushner, N. Tarasiuk, S. Chugunov
Brest State Technical University, Brest, Republic of Belarus, phys@bstu.by

Abstract: AlGaN ternary alloys with a band gap of 3.4 to 6.2 eV are promising materials for the construction of
various electronic devices: diodes, transistors, lasers, microwave circuits. Replacing silicon with GaN allows
several times to increase the operating temperature, the cutoff frequency, and to reduce several times the
switching and conduction losses in power devices. A necessary element in the development of new electronic
devices is computer modeling of physical processes in them. In this work, a model of a heterojunction field-
effect transistor (FET) based on AlxGax-1N was developed using the COMSOL Multiphysics software,
including its CVC and other parameters.

Keywords: Heterojunction field-effect transistor, gallium nitride, aluminum nitride, diffusion-drift model, electron
density gradient, polarization, current-voltage characteristic.
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B (001), (110) U1 (111)-OPMEHTVMPOBAHHbBIX CIIOUCTbIX SilGe MIEHKAX
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1Benopycckuin rocyqapCTBEHHbIN YHUBEPCUTET NHGOPMATUKN U paano3NEKTPOHMKN,
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SHaumoHanbHbIM uccnegoBaTenbCkuin saepHbli yHuBepceutet «MN®OU», Mockea, Poccuiickas degepaums

AHHOTaLmsA: B paboTe ¢ nomoLlblo MeToaa MOMEKYNSIPHON AMHaMUKU NPOBEAEHO MCCrnedoBaHUE BNUSAHUS
NMOBEPXHOCTU W rpaHnL, pasgena Ha aHU30TPONUI0 NPOAOSILHOW TEMMONPOBOAHOCTU CNOUCTLIX Si/Ge NnéEHoK
¢ (001), (110) n (111) opueHTaumsamu. NokaszaHo, YTO aHU3OTPONHbLIN TEMNMNOBOW TPAHCMOPT B cnouctbix Si/Ge
nnéHkax xapakrtepeH ansa (001) n (110) opmueHTauun, B To Bpems kak B Si/Ge cBepxpeLléTkax aHM30Tponus
coxpaHsieTca Tonbko B criydae (110) opueHTaumm. OBCYyXAEHO U3MEHEeHWe (POHOHHbLIX AUCMNEPCUOHHbLIX
KPUBbIX, @ Takke BInsSHME (POHOH-NMOBEPXHOCTHOTO U POHOH-MHTEPENCHOIO pPacCcesiHnsi B BO3HMKHOBEHMWM
aHu3oTponuu.

KnoueBble cnosa: TEPMOINIeKTpn4eckne martepuarnbl, erMHMVI, FepMaHVIVI, TOHKME MNEHKN, NOBEPXHOCTb,
MoneKkyndapHaa AqnHamMuka, CbOHOHHaFI TENNONPOBOAHOCTb.

I. BBEOEHWE

B coBpeMeHHOI KpeMHVUEBOW MUKPO- U HAHOSMEKTPOHUKE DornbLloe TennoBbligeneHe SBAsSeTca OAHON u3
rmaBHbiX npobnem, u4to TpebyeT noucka wnu pa3paboTkM HOBbIX MaTepuarioB C  BbICOKOW
TEennonpoBOAHOCTLIO. B TO e BpemMsa paspaboTka MaTepuanoB C HU3KOW TENNONPOBOAHOCTLIO Heobxoanma
ana 9dEKTMBHOIO TEPMO3NeKTpuyeckoro npeobpasoBaHua [1]. B nocnegHem crnyyae HeobxoovMmo
3HaUUTENbHO YMeHbLIaTb (POHOHHYIO COCTaBMSLLYI0 TENMONPOBOOAHOCTU (k;), YTO B HacTosiiee Bpems
SBNAETCA OOHUM K3 OCHOBHbIX MOAXOAO0B ANl YBENUYEHUS TEpPMOINEKTPUYeCcKon 3(pPeKTUBHOCTM Mpu
NCMOMb30BaHMN CTPYKTYP MOHWKEHHOW pasMepHOCTW, TakMX Kak TOHKME MIMEHKW unu cBepxpelétku [1]. B
NOAOGHBIX CTPYKTypax MPOMCXOAWT CYLLEeCTBEHHOE M3MeHeHue (POHOHHOro TEeMnsIoBOro TpaHcrnopTa, YTo
CBSI3aHO C pasnnyHbIMK 3ddekTamu (Hanpumep, M3MEHEeHUEe (OHOHHbIX OUCMEPCUOHHbIX KpMBbLIX [2],
nokanmsaumern MoBepXHOCTHbIX (OHOHOB [3], adhdekT doHOHHOoro obegHeHus [4] n gp.). U3-3a aToro
CTPYKTYPbI NMOHWKEHHON Pa3MEPHOCTU XapaKTepPU3YTCS CYLLLECTBEHHBIM CHVXXKEHWEM TEMMONPOBOAHOCTM 6e3
CYLLIECTBEHHOIO CHWXEHNSI ANEKTPONPOBOAHOCTN.

C momeHTa nosiBNeHnst AaHHoro noaxoaa 6onblune ycunms 6e1nn HanpasneHbl HA UCCNeaoBaHUE TEMMOBOro
TpaHcnopTa B CTPYKTypax MOHWKEHHOW pa3MepHOCTM Ha OcHoBe Si. Hanpumep, ana ynydweHus
TepMOaneKkTpmyeckon aeEKTUBHOCTU 2D CTPYKTYP 3a CYET CHMXKEHUS TEeNnonpoBOAHOCTU npeanararnTcs
cnegywowmne ctpaternn: chopmupoBaHme Si nnéHok ¢ TonwmHon ot 1 go 100 HM [4, 5] (gononHUTENbHbLIN
MexaHu3M paccesiHus (POHOHOB Ha MOBEPXHOCTU), co3naHue Si/Ge cBepxpelléTok ¢ HebonbLIOW ANUHOM
nepuoga [6] (MexaHu3m paccesHuss QOHOHOB Ha rpaHuue pasgerna), a Takke WU3MEHeHMEe CTPYKTYPHOro
COBEpLLEHCTBA rpaHuL, pasgena (MHTepdgencoB) 3a cueT Anddy3MoHHOro nepemeluneaHms (anddy3noHHo-
CNIIaBHOM MexaHu3m paccesHusi poHoHoB) [5]. MMommmo 3TOro, BHMMaHue yAEnAnocb MCCNeaoBaHWI0
BMNUSAHNS KpucTannorpaguyeckon opueHTauum Ha TensnonpoBoaHOCTb B Si NIIEHKaX C y4ETOM NOBEPXHOCTHOM
pekoHcTpykumu [7]. CnegyeT oTMETUTb, YTO NPOAONbHas (POHOHHAsA TennonpoBOAHOCTb CNOUCTbIX Si/Ge
NNEHOK C HEBOMbLUUM YMCOM NEPUOLOB He uccrnedoBanack. B Hawmx npegplaywmx paboTax TeopeTnyeckm
n3y4anocb BMMsIHME OpMEHTauuM MOBEPXHOCTM W rpaHuL pasgena Ha nonepeyHyk [8] n npoaonbHyto
TennonpoBoaHOCTL [8-10] cnoncTtbix Si/Ge nnéHok. OaHako, He yaenanock OMMKHOrO BHUMaHUS NOSABIEHUIO
aHU30TPONUKM B CNy4ae NpPogosibHOM TEMIONPOBOAHOCTM A5 NNEHOK C TPEMS OCHOBHbLIMU HU3KOUMHOEKCHBIMMN
opueHTaumamn. Llenb gaHHOM paboTbl 3aknyaeTcs B TEOPETMYECKOM UCCNeaoBaHMM aHU3O0TPOMUK
npogoneHon TennonpoeogHocTt (001), (110) n (111) OpueHTUPOBAHHBIX CrOMCTbIX Si/Ge NNEHOK.

II. METOOVKA MOOENMMPOBAHUA

B pabote 6binn paccmotpenbl (001), (110) u (111)-opneHTUPOBaHHbIE CUMMETPUYHbLIE crioucTble Si/Ge
NNEHKN C pe3kumu rpaHunuamm pasgena. Nposogunace p(2x1), p(1x1) n p(2x1) pekoHCTPyKUUss CBOBOAHbBIX
nosepxHocten ans (001), (110) n (111) opueHTauun, cootBeTcTBeHHO. [AnuHa nepuoga ans (001), (110) n
(111) opuenTaumn otnuyanacs u coctaensna 1.1, 1.6 n 1.9 Hm, cooTBeTCTBEHHO. Yncno Si/Ge neprogos (n)
BapbupoBanocb oT 1 go 48. JononHuTenbHo paccmatpuBanucb Si/Ge cBepxpelweTkn (6e3 cBoboaHbIX
MOBEPXHOCTEN) C aHaNorM4yHbIMIN KpucTannorpagmyeckumm opMeHTaumsamMm n anvHamu nepuoga.
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Ona Bcex paccmaTprBaeMblX CTPYKTYp MpoBoAunacb ONTUMU3aUUs CTPYKTYpbl C MOMOLUBD MeToAa
MOMNEKYNSIpHON CTaTWKW, peanu3oBaHHOro B nporpamMmHom nakete LAMMPS [11]. Ucnonb3oBanuch
TpexMepHble nepuoanyeckne rpaHnyHble YCNoBUS C BaKyyMHbIM 3a30pOM OKONMO 5 HM Haj MMoCKOCTbIO
YKNagku Cnoés Ans MMmntTauny TOHKONMEHOYHOW CTPYKTYpbI. [Ng onnucaHna MexaToMHOro B3aMmodencTBus
ucnones3osarncs noteHuvan Tepcodpda. PelieTouHas TennonpoBOAHOCTb Af1 BCEX paccMaTpuBaeMblx
CTPYKTYp paccyuTbiBanach C NoOMOLbI0 MeToa HepaBHOBECHOW MOMEKYNSPHON AUHAMUKN NO 3aKkoHY Pypbe,
peanu3oBaHHOro B nporpamMmMHomMm nakete LAMMPS.

PacueT ) OHOHHbIX ANCMEPCUOHHBIX KPUBBIX, FPYNNOBbIX CKOPOCTEN U KonebaTenbHbIX NIOTHOCTEN COCTOSTHUN
B rapMOHMYECKOM NpuUBRMXeHMn NPoOBOAWICSA C uUcnonb3oBaHveMm nporpammbl Phonopy [12]. CunoBble
KOHCTaHTbl BTOPOro nopsiika Arnsi OnTUMU3MPOBAHHBIX CyNep-s4Yeek pacCcYuTbiBanvCb C NOMOLLbIO MeToaa
KOHEYHbIX CMELLeHUA C ucnonb3oBaHvem nporpammbl phonoLAMMPS. [MpuMMeHAnMCb HENPUMWUTUBHbIE
aneMeHTapHbIe AYENKNU, OrpaHUYEHHbIE TOMLWMHON B cnydae cnoucton Si/Ge nNnéHkM u ogHUM NepuoaoMm B
cnyvae Si/Ge cBepxpelléTkn. PacyeT rpynnoBbix CKOpOCTEN (POHOHOB NMPOBOAUIICA M3 COOTBETCTBYHOLLMX
ANCMEPCMOHHbIX KPMBBIX KaK: v, = dw/dq, rAe w —4YactoTa POHOHOB, q - BONHOBOM BekTop. KonebatenbHble
nnoTHoctTn coctosHui (VDOS) paccunTbiBanucb [AOM1s1  pasfiMYHbIX 00nacTe’ CNOUCTOM  CTPYKTYPbI
(moBepxHOCTb, rpaHuua pasgena n obbem) C MCNONb30BaHMEM MeToda TeTPasgpoB MyTeEM MHTErpupoBaHus
no 3oHe bpunnioaHa ¢ ucnonb3oBaHMeM paBHOMepHor 15x15x15 g-ceTku. KonebaTenbHble NNOTHOCTU
COCTOSIHUI NpoeLmpoBanmncb Ha onpeaeneHHoe TPaHCNOoPTHOe HarpaBneHune.

[ll. PESYINBTATbI N OBCYXOEHNE

B cooTBeTCTBUU C pe3ynbTaTtaMmu pacyeToB TennonposoaHocTu [8-10] 6bino obHapykeHo, YTo NpoaofbHas
TENMONPOBOAHOCTL CIOUCTLIX Si/Ge NNEHOK 3aBUCUT OT TOMLWMHbI, NPU 3TOM HaMMEHbLUME 3HAYeHUs
TENnonpoBOAHOCTM BO BCEM AmManasoHe paccMmaTpuBaeMbiX TOMWMH XapakTepHbl Ana (001)/[110] w
110/[001] no cpasHeHwuto ¢ (001)/[110] n (110)/[110] TPAHCNOPTHLIMM HANPaBEHNSIMWA COOTBETCTBEHHO, B
TO Bpems Kak ans (111)/[112] n (111)/[110] cny4aes 3Ha4YeHUs TEMMONPOBOAHOCTU COMOCTaBMMbI. Takke
ObINO YCTAaHOBMEHO, YTO aHM30TPONWS MNPOAOSBLHOM TEMMOMNPOBOAHOCTM OOYCMOBNEHA HEe TONbKO
TPaHCMOPTHbIM HanpaBfieHNWEM, HO W TOMWWMHOM MneHkM. Haubonbwme 3HavyeHuss KoadduumeHTa
aHusoTponuu (y) Habnoganmuch NpyM HAMMEHbLLMX TOMNWKNHAX NNéHokK (1,1-1,9 Hm) n coctaensanu 3,1 ansa (001),
2,5 ona (110) u 1,1 gna (111) opueHTaumii, COOTBETCTBEHHO. [10 Mepe yBenuyeHus TOMLWUHbI (UK Yncna
NepuoaoB N) Yy CHKaeTcs, U, B criydae Si/Ge cBepxpeLLETKM, NOoNHOCTbIo nogaensdetca ang (001) n (111)
opueHTaumin, a ana (110) opueHTaumm — okasancsa pasHbiM 1,5.

Mpy yBenuyeHun TOMLWMHBLI MAEHKU YMEHbLIaeTCs A0Ms NMOBEPXHOCTHbIX aTtoOMOB, YTO GyaeT npuBoauTb K
nepepacnpegeneHmio  MexaHnsMoB (DOHOHHOrO paccesiHust C  (POHOH-MOBEPXHOCTHOrO Ha  (POHOH-
MHTepdencHoe n OoHOH-POHOHHOE paccesHus. PasnnyHoe 3HayeHue y B cnyyae cnouctbix Si/Ge nnéHok
MOXET CBMAETENbCTBOBAaTb 00 OTMMYaloWEMCs BIUSHUM MOBEPXHOCTUM ANA PasfnMYHbIX OpUEHTaLUn |
HanpaBneHun. B To e BpemsA coxpaHeHue aHu3doTponuu B cnydae (110) opueHTaummn ykasblBaeT Ha
pasnuMyHoe BIMWSIHWE TpaHWL, pasfdena Ha MpoAoSibHbIA TEMMoOBOW TpaHcnopT. [Ans KavyecTBEHHOro
00OCHOBaHMsI [aHHbIX BbIBOAOB Ha pucyHke 1 npeactaBneHbl (POHOHHbIE AWMCMEPCUOHHbIE KPUBbIE,
rpynnoBble CKOPOCTU U kKorebaTenbHble MIOTHOCTM COCTOSHUI ANS CNoucTbIX Si/Ge NNEHOK N CBEPXPELLETOK
BCEX pacCMaTpUBaEMbIX HU3KOMHOEKCHbIX OPUEHTaLMIA BOOSb Pa3fNYHbIX TPAHCMOPTHBIX HANpaBneHun.

AHanu3 AMCNEepCUOHHbBIX KPMBBIX ANA CrioucTbiX Si/Ge NNéHOK BbiSBMM Pas3fMYHyl0 CTEneHb CUMMeTpUn
BETBEN ANs BCEX OPMEHTAUUN, YTO MOXET CBMAETENbCTBOBATb OO0 OTNUYAOLLENCs rpyrnnoBOW CKOPOCTU
cdoHOHOB. Hanbornee cywecTBeHHOE OTMAMYMe rPynnoBON CKOPOCTUN aKyCTMYEeCKuX ()OHOHOB XapakTepHO AN
(001) n (110) opueHTauun, B To BpeMs kak B criydae (111) opueHTauum otTnnyne HecyLeCcTBEHHOE, YTO MOXET
OblTb OOYCMOBNEHO CUMMETPUYHON (DOPMOI M303HEPreTUYECKOM MOBEPXHOCTM AN POHOHOB [7]. Momnmo
atoro, ana (001)/[110] u 110/[001] TpaHCMOPTHLIX HAaMPaBMEHWA XapaKTepHO Hanuume akyCTMKO-
ONTUYECKOTO cuenneHuns [8], 4To ABMSAETCH NPUYMHOWN CUITBHOIO Pe30HAHCHOro paccesaHus [13]. AHannanpys
konebaTenbHble MNMOTHOCTU COCTOSHUA  MOXHO OTMETUTb Hanuynme pacCcornacoBaHMsA  CMEeKTpoB
NOBEPXHOCTHbIX M 06GbEMHBLIX aTOMOB B HM3KOo4acTOTHOM obnactu (okono 2,5 TIu) B crniydae (001)/[110] u
110/[001] TpaHCNOPTHbLIX HANPaBEHWUIA, YTO MOXET ObITb NPUYNHOI Bornee cunbHOro OHOH-NOBEPXHOCTHOMO
paccesHus no otHoweHuo K (001)/[110] n (110)/[110] TpaHCMOPTHLIM HaMpPaBEHUAM, COOTBETCTBEHHO.
Ana (111)/[112] n (111)/[110] TpaHCMOPTHLIX HanpaBfieHWit TAKOro paccornacoBaHus kone6aTtenbHbiX
CMEeKTPOB He HabngaeTcs, a caMmu CnekTpbl NOAOOHBI.
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Crnoncras Si/Ge nnenka Si/Ge crepxpelnerka
18

(001)
b

2>
!

T

005 0 50 25 [110] 0 [110] 25 5

Yacrora, TI'u
Yacrora, TI'u

005 0 50 25 [110] O [T10] 25 50

Yacrora, TT'i
Yacrora, TI'n

0 005 i [0o1] 0 [i10] 25

Yacrora, Tl
Yacrora, TI'u

005 0 50 25 [1i2] 0 [110] 25 50 0 005 005 0 50 25 [i12] 0 [T10] 25 S0 0 005

Hanpaenenue B Hanpasnenue B
VDOS, ot ex. v, 102 m/c obparHom Vs 102 m/c  VDOS, oTH. ex. VDOS, otu. en. v, 10% m/c obparHoM V., 10 m/c  VDOS, oTu. en.
MPOCTPaHCTBE MPOCTPAHCTRE

PucyHok 1. ®OHOHHbIE ANCNEPCUOHHbIE KPUBbLIE, TPYMNMOBbLIE CKOPOCTU U KonebaTtenbHble NITOTHOCTY
coctosiHun (VDOS) ans pasnuyHbixX TpaHcnopTHbIX HanpasneHu (001), (110) u (111)-0pMeHTUpOBaHHbIX
cnouncTbix Si/Ge nnéHok n ceepxpelétok. Ha VDOS 3eneHblii, OpaHXeBbIN U CUHUIA LiIBETA COOTBETCTBYIOT
06bEeMHBIM, MHTEP(ENCHBIM 1 MOBEPXHOCTHLIM aTOMaM COOTBETCTBEHHO.

B cnyyae Si/Ge cBepxpeLLETOK, CTeneHb CUMMETPUN BETBEW YBENUYMBAETCS. B TO e Bpems U3 4acTOTHbIX
3aBMCUMOCTEN TPYNMNOBON CKOPOCTU (OOHOHOB MOXHO OTMETUTb, YTO TrpynnoBasi CKOPOCTb (QOHOHOB
CyLLeCTBEHHO oOTnuyaeTca B cnydae (110)/[110] m 110/[001] TpaHCMOPTHLIX HanpaBneHwii. Mexee
CYLLECTBEHHOE OTNMYME [PYMMNOBOM CKOPOCTU (POHOHOB XapakTepHo ansa (111)/[112] un (111)/[110]
TPaAHCNOPTHbLIX HanpaeBneHUA, kak N B cnydae MnéHoK. AHanu3anpys konedartenbHble MIOTHOCTM COCTOSIHUN
anst Si/Ge cBepxpeLléTok MOXHO OTMETUTb Bornee cunbHOe yBENWYEHWE aMMnuTydbl U paccoriiacoBaHue
CMEKTPOB 0OBLEMHbIX M UHTEPAENCHLIX aTOMOB B LUMPOKOM AManasoHe 4actoT B crydae (001)/[110] u
110/[001] TpaHCMOPTHLIX HanpasfeHun, Mo oTHoweHuno K (001)/[110] u (110)/[110] TpaHCNOPTHLIM
HanpaBlEHUSAM, YTO MOXET SABNATLCS NPUYMHON Boree CUIbHOro OOHOH-MHTEPMENCHOrO paccesHus.

IV. SBAKINOHYEHWE

lMpoBegeHO TeopeTuyeckoe WCCnefoBaHWe BNUSIHUS MOBEPXHOCTW W rPaHuUL, pasgernia Ha aHW30TpOonuio
npogonbHon TennonposogHoctu (001), (110) u (111)-opueHTUpPOBaHHbLIX CcrouCTbIX Si/Ge nnéHOK.
YCTaHOBMEHO, YTO aHU30TPONUS NPOAOSLHON TEMMONPOBOAHOCTM OOYCNOBMAEHA KaK pa3nnynemM rpynmnoBbiX
CKOpoCcTen OOHOHOB, TakK U OTNMYaOLWKUMCA BNUAHMEM (POHOH-NOBEPXHOCTHOIO U (POHOH-MHTEpPhencHoro
paccesiHus Ans pasnuyHbIX OpUEeHTaUuin U TPaHCNOPTHLIX HanpaeneHui. B cnydae cnonctbix Si/Ge NNéEHOK K1
CBEPXPELUETOK, OTNINYME TPYNMNOBBLIX CKOpocTen hOHOHOB ABnsieTca Hanbonbwum ans (001) opmneHTaumm un
HauMmeHblM aAns (111) opueHTaumit. Momumo atoro, ana (001)/[110] u 110/[001] TpaHCMOPTHbIX
HanpaBfeHW XapakTepHO Hanuyne akyCTUKO-ONTUYECKOro CUEnfeHWs U NOBEPXHOCTHOM Nokanusauuu
HW3KOYACTOTHLIX (POHOHOB, YTO MOXET SBMATLCA MNPUYMHON Gonee CunbHOro (POHOH-MOBEPXHOCTHOMO
paccesiHus.
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ANISOTROPY OF IN-PLANE THERMAL CONDUCTIVITY
OF (001), (110) AND (111)-ORIENTED LAYERED Si/Ge THIN-FILMS

A.L. Khamets?, L.V. Safronov?. A.B. Filonov!. D.B. Migas??

1Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
migas@bsuir.by

2Belarus State University, Minsk, Republic of Belarus
SNational Nuclear Research University MEPhI, Moscow, Russian Federation

Abstract: In this work by means molecular dynamics method the effect of surface and interfaces on the
anisotropy of the in-plane thermal conductivity of layered Si/Ge films with (001), (110) and (111) orientations
were studied. It was shown that the anisotropic thermal transport in layered Si/Ge thin-films is typical of (001)
and (110) orientations, while in Si/Ge superlattices anisotropy is retained only in the case of (110) orientation.
The change in phonon dispersion curves and the influence of phonon-surface and phonon-interface scattering
on the occurrence of anisotropy was studied.

Keywords: Thermoelectric materials, molecular dynamics, silicon, germanium, thin-film, surface, phonon
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AKYCTUYECKUE ®OHOHbI B CTPYKTYPE CBEPXMPOBOAHMUK — ABYXJINCTHbLIN FTPA®EH
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1Benopycckuin rocyqapCTBEHHbIN YHUBEPCUTET NHGOPMATUKN U Paano3NEKTPOHMKN,
MwuHck, Pecnybnuka Benapycb, vnkushnir@gmail.com
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AHHOTaums: B gaHHoOM paboTe oLeHUBaETCs BNUSHME «AblXaTerbHbIX» MO cnekTpa konebaHui rpadeHa Ha
(POHOHHbLIN CNEKTp HUOGUA B CTPYKType HMobun — rpadpeH. YuuTbiBaeTCs BNUAHWE AUINEKTPUYECKOWN
npocnonky, obpasoBaHHOM okcuaamum Huobusa. OB6ocHoBaH aPEeKT cMmArdyeHus (QOHOHHOro ChekTpa,
UMELLNIA CriefCTBUEM YBENUYEHNE KPUTUYECKON TemnepaTypbl NIEHKN HUOBKS.

KntoueBble crosa: cBepxnposoasilas nneHka, MOHOHHbIA CNeKTp.
I. BBEOEHUVE

Mpobnema paspaboTkm mMeToaoB Moaudukaumm POHOHHOIO CnekTpa CBEPXMPOBOASALLEN MMEHKA C Lenbio
yBenMYeHus 1, B 6onbLuen cTeneHu, KOHTPOMNsi ee KpUTUYECKOM TeMnepaTypbl, copmynmpoBaHHasi B 1960-x
rogax, akTyanuanpyeTcsi, BO-NepBbIX, N0 NPUYMHE YCOBEPLUEHCTBOBAHNS TEXHOJOMMW U3rOTOBMEHUS TOHKNX
CBEPXMPOBOASALLMX NMEHOK U, BO-BTOPbIX, BBUAY YBENMYEHUSA ObICTPOAENCTBMS KOMMBIOTEPHON TEXHUKM [1].
MpuHUMN peleHns JaHHOM Mpobnembl AOCTAaTOMHO MOHSITEH [Afs CBEpPXNPOBOAALLMX MaTepuanos,
XapaKTepusyemMbiX CTPYKTYPHON yHKuun Anuawbepra o?F(o), NponopuMoHanbHoOW, B LWIMPOKOW obnactu
4YacToT, crekTpanbHoOn yHKUMM POHOHHON noacucTemsl, F(w). B Takom cnyyae kputndeckas temnepaTtypa
NMAeHKN BO3pacTaeT Mpu «CMArYeHMU» (POHOHHOrO CnekTpa, TO €CTb, MPU YBENMYEHWUU CMEKTparbHOM
NMOTHOCTM B obractM Hu3kmMx 4actoT [2]. Cnocob peanu3auuu JaHHOrO nNpuHUMNE, 3EKTUBHBLIA ©
KOHTponuvpyeMbiii, 6bin npeanoxeH B [3]. Cytb cnocoba coctont B hOPMUPOBAHMM HA MOBEPXHOCTU MITEHKN
cBepxnpoBoAHMKa (HMOBWS) KpUCTannuMYecKkon CTPYKTYpbl, COCTosILLEen M3 ABynuctHoro rpadpeHa (G). Nb
yOOBMNETBOPSiET OroBopeHHoMy ycrnosuio o?F(w) ~ F(m); cyllecTBeHHO, YTO (DOHOHHBIN CNekTp rpadeHa
n3BecTeH (ccbinkn cMm. B 0b3ope [1]). M3BecTHO Takxke, YTO KpuTuyeckas Temnepartypa nneHkn Nb pesko
najaeT C yMeHblleHWeM €ee TOMLWMHbI, Ha4yMHass C HEeKOTOPOro 3HaveHwus (NogpobHOCTUM npuBeneHbl B
MoHorpacumm [4]). MNonyyeHHbI ahdekT — cTabnnusauns KpUTUYECKon TemnepaTtypbl NeHkn [3].

II. PESYINIBTATBI N OBCYXOEHNE

B pabote [3] npeanoxeHa npocTtas YicneHHas modenb adpdekta. 30eCb Mbl MOKa3biBaeM, YTO B paMKax
AaHHom mogernu adhdekT cMmsar4eHnst hOHOHHOIO CNekTpa MMeeT pasymMmHoe obbscHeHne. B nepByto ouepeab,
obpaliaem BHMMaHWe Ha TO, YTO U3 BCeX BeTBeW (POHOHHOrO chnekTpa 2-nNucToBoro rpadeHa Haubonee
CYLLEeCTBEHHOE BIUSIHME Ha OMHAMWKY KpucTannuyeckon peweTkn Nb okasbiBaeT akycTuyeckash BETBb
konebaHui B HanpaBfeHNMM OPTOroHaNbHOM MAOCKOCTSIM rpadpeHa — AMana3oH YacToT 3TOM BETBM CUIbHO
NnepeKpbIBETCSA C YAaCTOTHBIM CMEKTPOM aKyCTMYECKMX BOMH B HMOOUN. OnTudeckne hOHOHb!I AeMndupytoTcs
npu pacnpoctpaHeHumn B Nb, 6rnarogaps Hanuuuio guanektpudeckon npocnoviku (1) mexay Nb n G us okcnaos
Nb, npeacraensowen cobor xaotudeckyto cpegy. Mexay Tem, ONUHHbIE BOSMHbI MEHEEe YyBCTBUTENbHbI K
OaHHou cpefe. B pesynbTaTte, cTpyktypa Nb/G moxeT mogenupoBatbes cTpykTypon Nb/I/Gr (Gr — rpadheH ¢
peayumpoBaHHbIM (DOHOHHBIM CMEKTPOM) cO criabow cBsA3b0 o Mexay cnosimu. [anee, conoctaBnss
MOAENbHOW CTPYKTYpe AMHAMUYECKYD MaTpuuy ¢ dOpMYNMPOBKON 3a4adn O ee CrekTpe, Mbl BUAMM, YTO
pesynbTupyowme HopManbHble KonebaHus MpoMcXoaaT Ha BCEeW COBOKYMHOCTW 4YacTOT, OOHAKO anpuopwu
Henb3si gaTb Kakoro-nnbo 3akmoyeHnst 0 BEKTOP-PYHKLUMSIX COCTOSHUI. 3aech cneayeTt npueBneYb ele asa
BaXHbIX 06CTOATENbCTBA: BO-NEpPBbIX, 06a nucTa rpadeHa okasbiBaloTCs cnabo cBs3aHHbIMU [5]; BO-BTOPbIX,
OCHOBHOW BKIaj, BO B3aMMOOENCTBUE C KpUCTaMYeCcKon peLleTkon HMobums garwT T.H. «breathing modes»
(«abIxaTtenbHble Mogpbl»), Unu (bonee TOYHbIN TEPMUH) — TPAHCASILMOHHBLIE Moabl. Cnaboe B3amMoaencTame
Mexay ABYMS MOCKOCTAMU rpacheHa NpMBOAWT K NEPEHOPMUPOBKE MX NMOSNOXEHUI paBHOBecus. [NosiBneHve
TPaHCNSAUMOHHBIX MO, M3 KOTOPbIX CYLIEeCTBEHHa Ta, KOTOpas HanpaefieHa OpPTOroHaNbHO MMOCKOCTSM,
00yCrnoBnNeEHO O4YEeBUOHLIM HapyLlEHWEM TPaHCMAAUMOHHOW WMHBApUAHTHOCTM B 3TOM HanpaeneHun. B
pes3ynbTate B QUHAMKKe NMOJSIHOW CTPYKTYpbl UrypmpyeT B3aMMOLENCTBME LIEHTPOB Macc ABYX NITOCKOCTEN
rpadpeHa u LeHTpa macc Hnobusi. Cpasy ke CTaHOBUTCS NMOHATHBIM, C 3TOM NO3ULMN, UCHE3HOBEHUNE achdekTa
CMsArYeHnsa POHOHHOTO CneKTpa Npu yBenuyeHum TonwuHel nneHkn Nb (oTHoweHue macc nnockoctn G 1 Nb
cTpemnTca K Hynw). NMogyepkHeM Takke, 4TO Manasi macca niockocten rpadeHa no cpasHeHuo ¢ Nb
obecneynBaeT «yCTONYMBOCTb» 3hheKTa — amnnnTyga kornebaHum aToMoB yriepoaa COOTHOCUTCS C TAaKOBOW
ans Nb kak (Mno/Mc)*2,
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MpuBeneHHble coobpaxeHust MO3BOMAKT MonaraTb, YTO MpuBedeHHass Ha puUCyHke 1 AucnepcuoHHast
XapakTepucTtuka mogenu (cmelleHne cobcTBeHHbIX YacToT pelleTkn Nb Boonb HanpasneHusa 001) otpaxaet
CyTb uccnegyemoro apdekra.
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PuvicyHok 1. OTKNOHEHUsI COBCTBEHHbIX YaCTOT YNPYron LIeNOYKM «TSHKENbIX» aTOMOBY» C NPUCOeANHEHHBIMU
NerkMm aToMamu, MOAENMPYIoLLIME B3aUMOOENCTBUE «TPAHCMALMOHHBLIX» Moa G v pelieTkn Nb
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Abstract: In this paper, the influence of "breathing" modes of the graphene vibration spectrum on the phonon
spectrum of niobium in the niobium-graphene structure is estimated. The influence of the dielectric layer
formed by niobium oxides is taken into account. The effect of softening the phonon spectrum, which results in
an increase in the critical temperature of the niobium film, is substantiated.

Keywords: superconducting film, phonon spectrum.
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MPOEKTUPOBAHWE YCTPOWCTB OBPABEOTKN MOOVN®UKALIMIA KOQOB
BOY3A-HOYOXYPU-XOKBNHTEMA HA OCHOBE PA3AEJIEHNA OWMBOK HA KITACCHbI

Bnacosa ' A.

Benopycckuin rocyaapcTBEHHbIN YHUBEPCUTET UHADOPMATUKM N PagUNOo3SIEKTPOHUKN,
MuHck, Pecnybnuka benapycs, g.vlasova@bsuir.by

AHHOTaLMSA: paCCMOTPEHbI anropMTMbl 1 YCTPONCTBA MOLUAroBON 1 naparnnensHon ob6pabdoTku mogudukaumi
kopoB bBoysa-Yoyaxypu-XokBuHrema. Ha npumepe koOoB, KOPPEKTUPYIOLWMX OAUHOYHbIE W [BOWHbIE
He3aBuUCMMble OLINOKK, NOKa3aHo, YTO pasfeneHne owmrboK Ha Knaccbl NO3BOMSET YMEHbLUNTb CMOXHOCTb
cenekTopa: MpPONOPLUOHANbBHO KPaTHOCTU KOPPEKTUPYEeMbIX OLWMBOK Npu MOLaroBOM AeKOAUPOBaHUU ”
NPoMnopuUnoHanbHO ANMHE Koda npu napannenbHoM AekoaupoBaHun. Ha ocHoBe pasgeneHust omnbok Ha
Krnacchbl ¢ UCMonb30BaHWEM nporpammMHoro obecneyeHns Logisim paspaboTaHbl yCTPOMCTBa AEKOANPOBAHNS,
OLIEHEHbI NX CNOXHOCTb 1 BbICTpOaeNCTBUE.

KritoueBble koabl boysa-Hoyaxypu-XokBuHremMa, knaccbl olwmnbok, napameTpbl naeHTudmrkauumn, ycTponctea
OeKoanpoBaHus.

I. BBEOEHWE

YBennyeHve oObLEMOB M CKOPOCTEN MepedaBaemMon MHopMauun NpUBOAUT K YCIOXHEHWUIO MOMEXOBOW
obcTaHoBKM. B 3TOM cBA3WM pacTeT 3anpoc Ha OGHapyXeHue, MAEHTUUKALUI0O U KOPPEKLMIO OLWNBOK B
co0bLLEeHUsX, NepefaBaeMbIX B MPOCTPAHCTBE (CBA3b) U BO BpeMeHU (XpaHeHune). AP eKTUBHBIM CpeCcTBOM
60pbbbl ¢ NToMexamu n obecneyeHnss COXpaHHOCTU MHOpMaLIMK ABMASIETCS MOMEXOYCTOMUYNBOE KOANPOBaHNE
[1,2]. Mpn atom Tpebyetca obGecneynTb KOHTPOMb OWWMOOK BCe OOonblUen KpaTHOCTM C npuemnembiMu
annapaTHbIMU 1 BPEMEHHbIMU 3aTpaTamu.

Il. PASOENEHME OWWMNBOK HA KINNACChbI

Cpean Bcero MHOroobpasns U3BECTHbIX KOAOB, KOHTPONMUPYIOLUX OLNOKMK, LUMPOKOE NPUMEHEHME HaxooaT
koabl boysa-Hoyaxypu-XokeuHrema (B4YX) [1,2]. laHHble KOAbI UCMPaBNSAIOT KpaTHbIE OLLIMOKM U OTHOCATCS K
LUMKITMYECKUM. JINHENHBIN KOA4 Ha3biBAETCA LUKMIMYECKMM, €CIU LUKMMYECKMIA COBUM KOOOBOTO CIIOBa Takke
npuHagnexut kogy [1,2]. B [3,4] Obino nokasaHo, 4TO BCe OLWMOKA MOXHO pasfenuiTb Ha Kracchl,
XapaKTepusyLmnecs BECOM OLIMOOK (KONMMYECTBOM OLLIMBOYHBIX pa3psgoB B KO4OBOW MOCNEA0BATENbHOCTH)
N paccTosHMeM Mexay owmbodHbimMu paspsgamu. Hanpumep, ownbku B paspsgax (0,1), (1,2), (2,3), ...,
((n—1),0), rae n — gnuHa croBa, OTHOCATCSH K OAHOMY Kraccy ABOWHbIX owunbok. Takum obpasom, Bce
MHOXXECTBO [BOWVHbIX OLIMOOK 06bemMoM n(n — 1)/2 MOXHO pa3genutb Ha (n — 1)/2 He nepecekarLwmxcs
knacca. O4eBMAHO, YTO OAMHOYHble owKnbkM obpasyloT oamH Knacc. Ona TPOWMHbLIX OLMOOK KOMMYEeCTBO
knaccoB paBHo (n—1)(n—2)/6 u T.0. Hmke OyoeT nokasaHo, kakve NpevMyLlecTBa AaeT pasfereHue
OLWMBOK Ha Knacchl Npy NPOEKTUPOBaHUN yCTpONCTB 06paboTkn BYX-koaos.

Mockonbky paccMmaTpuBaemMble KOfbl OTHOCSTCS K LIMKITUYECKUM, anropuTMbl MX 06paboTkn MOXXHO pa3genutb
Ha napannenbHble (B TOM Yncne NpsaMble TabnmyHble) 1 nowaroskle [2].

l1l. YCTPOMCTBA MNOLWArOBOIro AEKOAVMPOBAHMA KOOOB EOY3A-YOYOXYPU-XOKBUHIEMA

CornacHo [2] 0600LeHHas CTpyKTypHas cxema Aekodepa LUKIMYECKOro koga CoOaepXuT 6ydepHbIn perncrp,
B KOTOPbIM 3@ m TaKTOB 3anuCbIBAETCSl aHanuavpyemas nocriegoBaTternbHOCTb. OOHOBPEMEHHO KOOOBOE
CNOBO MNOCTYyMaeT B KOHTPOSIbHOE YCTPOWCTBO, MpeAcTaBnsiolwiee cobon YCTPOWCTBO [AeNeHns Ha
nopoXaatoLLnin MONIMHOM kofa. 3a n TaKTOB B KOHTPONbHOM YCTPONCTBE NPOVCXOAUT BbIYMCIEHUE CUHAPOMA
(T. e. ocTatka OT [OerneHusi MPUHATOW MOCINEeLOBATENBbHOCTM Ha MOPOXOAKWMA MOSNMHOM). HeHyrnesown
CYHAPOM SIBNSAETCS NPU3HAKOM OLWMOKKU, NO BMAY CMHAPOMA MOXHO uaeHTuduumpoBaTth owmnbky. Cenekrop
BblOAET KOPPEKTUPYIOLLMIA CUrHAN B TOT MOMEHT, Koraa OLWMOOYHbIA CUMMBOS NOKMOAeT OydepHbI perncTp.
Koppekumsi owmbok npoucxoauTt 3a 2n TakToB. CHOXHOCTb peanu3aumm YCTPOWCTBa onpenensiercs
CMNOXHOCTbIO CenekTopa, KOTopbli AoMmKkeH obecneynTb KOPPEKLMIO BCEX BO3MOXHbIX OWKMOOK. Tak, ans
KOPPEKLUUN OAMHOYHBIX M [BOWHBLIX HE3aBMCUMbIX OLIMOOK Heobxogmmo cenektupoBatb n + n(n —1)/2
cvHApOMOB. Mcnonb3ysa Teopemy Merrmtra, MOXHO B KayeCTBE CENEKTUPYEMbIX WUCMONb30BaTb TOSbKO
CYHAPOMbI T€X OLWMOOK, B KOTOPbIX OOMH M3 OWMNOOYHLIX CMMBOJSIOB PacrofioXeH B cTapllem paspsge [2].
Yuncno Takmx koMOMHaUMiA AN OAUHOYHbIX U ABOWHbLIX OLWMOOoK cocTtasnsieT 1 + (n — 1). [lekogmMpoBaHue no-
npexHemy npoucxoauT 3a 2n TakToB. B cxeme pekogepa Merrutta ¢ mogudbmkaumen cuHgpoma (c
BblNaBnmMBaHMEM OLLMOOK) AOCTAaTOMHO CEeNekTUpoBaTb B [Ba pa3a MeHblLUEe CUHOPOMOB ABOWMHBLIX OLUNMOOK,

60



MexgyHapogHas Hay4dHOo-npakTnyeckasl KoHpepeHuna
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

O[HaKO, KOPPEKLMA OWNBOK Npu 3TOM 3aHMMaeT 3n TakToB [2]. Kpome Toro, MeToA BbifaBfvBaHuUsl OLLIMOOK
NPUMEHNM TONBKO K HU3KOCKOPOCTHBIM KOAaM, a Nnofo0Hble KOAbl peaKo MPUMEHSIOTCA Ha NpaKTUKe.

PasgeneHne owmbok Ha Knaccbl M MCMONb30BaHMe MogudvkaummM cuHOpoma MO3BONSIET peanun3oBaTb
ucnpasneHve OBOWMHbIX OWNBOK He Gornee 4YeM 3a 2,5n TakToB MpU COKPALLEHHOM YuUCne CenekTupyembix
KomOuHauwmw [3]. [locTaTo4HO ceneKkTupoBaTbh CMHOPOMbI 06Pa3yoLLMX KNaccoB OWNBOK, YACMHO KOTOPbIX MpK
UCMpaBfeHMN OAMHOYHBLIX U OBOWHBIX OLIMOOK COBNagaeT C YMCIOM KOMOWHaLMW, CenekTupyemblX B
gekogepe MerrutTa c BblaBnMBaHMeEM OLWMOOK. [JOMONMHUTENBHO YMEHbLIUTL BpeMsi AeKOAUPOBaHUS
NO3BOMMT UCNONb30BaHUE PEBEPCUBHBIX OAHOPOAHbLIX KOAOB, KOTOPblE OTHOCATCS K MOAUMULMPOBAHHbLIM
kogam BYX. OgHako npu 3TOM BO3pacTyT annapaTHble 3aTpaThl MOCKONbKY YCTPONCTBO OOIMKHO COCTOSATb U3
ABYyX KaHanos [5].

PaspabotaHa cxema OAHOKaHaANbHOMO YCTPOMCTBA AeKoAMpoBaHus peBepcuBHoro BYX-koga gnvHbl 31,
KOPPEKTUPYIOLLLErO OAUHOYHbIE U ABONHbIE OLLMOKKU, C MCNONb30BaHNEM pasgerneHus owmnbok Ha Knaccsl [5].
CnoxHoCTb OgHOKaHanbHOro ycTponcTBa cocTaensieT He 6onee 835 ycnoBHbIX nornyeckmx anemeHTos GE
(Gate Equivalent, eanHuua MamepeHus Ons onpegeneHns pasmepoB MUKPOCXEM; Miowadb, 3aHuMaemas
YHMBEpCarbHbIM OBYXBXOA0BbLIM flornyeckum anemeHTom — anemeHtom NAND ¢ gBymsi Bxogamu [6]). Takas
peanu3aumMsi yCTPOMCTBA Ha3biBaeTCs «ynbTpanerkomy», nockonbky Tpebyetr meHee 1000 GE.
MopgenupoBaHue paboTbl CXxeMbl C UCMOMb30BaHMEM NPOrpaMmMHOro obecneyeHns Logisim noareepamno, 4To
KOppeKUUs BCEX BO3MOXHbIX OAMHOYHbIX Y ABOWHbIX OLLUMBOK NpoucxoauT He 6onee, YeM 3a 2,5n TakToB.

IV. YCTPOWCTBA MNAPANNENbHOIO AEKOAVNPOBAHMA KOOOB EOY3A-YOYOXYPU-XOKBUHIEMA

Mpy Heo6XoAMMOCTM MUHMMU3ALMKW BPEeMEHHbIX 3aTpaT Ha WCnpasneHue OLIMBOoK, AeKoavpoBaHue
peanuayeTcs Mo napannenbHbiM anroputmamM. B aTom cnyyae cMHApoM onpeaensieTcs kak npousseneHune
MPUHATOrO KOJOBOIO CroBa X Ha NPOBEPOYHYI0 MaTpuUly H . 3aTem cenekTop no Buay CUHApOMa onpeaenseTt
BMA OWWGKM. KoppeKumsi nocTynueLIero cooblleHns peanuayeTtcs nyTeM CyMMMpPOBaHMS Mo MoAymno ABa
BEKTopa oWwnbKM ¢ aekoampyembim crioBom [1,2]. OcHOBHble annapaTHble 3aTpaThbl NPUXOAATCSA Ha CenekTop,
peanvayemblil Ha 3aNoMUHaOLLEM YCTPOCTBE.

PasgeneHune oinMbok Ha Knaccbl NO3BONSAET B n pa3 COKPaATUTb KONUYECTBO XPaHMMbIX BEKTOPOB OAMHOYHbIX
W OBOWMHbIX OWKNBOK. MOXHO nokasaTb, YTO KaXAbl KNacC XapaKTepusyeTcsl He TOfIbKO BECOM OLUMOKN K
paccTosHMeM Mexay OWuBOoYHbIMK paspsgamMu, HO M NapamMeTpoM uaeHTudukaumm N, onpeaensembiM
BMOOM MpoBepoyvHOM MaTpuubl koga [3]. Hanpumep, pesepcuBHbii BYX-kog, koppekTupylowmin nse
He3aBuCKUMbIe OLWMBKKM, 3amaeTca nposepoyHon matpuuen suaa H = (ab,a )T , roe a — NPUMUTUBHBIN
anemMeHT nonga lMNanya GF(2™), m>3,0<i<(n—1), n= (2™ —1) [8]. Npn gekognpoBaHUM BbIYUCHSETCH
3HaueHune cuHgpoma S = XHT = (aP,a?) v napameTtp ngeHtudmkaumm N = (p + q¢)mod (2™ — 1) [3,7]. Mo
3Ha4yeHMI0 napameTpa uaeHTUdUKauum onpefensieTca obpasylowmii Knacca, KOTOPOMY COOTBETCTBYET
cuHapoMm S, = XoHT = (aP®, a9°). Mo 3HayeHuto casura (p — p0)mod (2™ — 1) onpenensieTcss gakTnyeckas
owwubka [7]. JaHHbIN anropuTM OeKOOMPOBaHUS MOXHO MPUMEHUTb K MoauduumpoBaHHbiM BYX-kogawm,
npeanoxeHHeiM B [9]. B gaHHom paboTe nokasaHo, YTO MepecTaHOBKa B NeKCUkorpaduyeckomM nopsiake
cTonbLoB NPOBEpPOYHON MaTpuubl peBepcuBHOro BYX-kopa no3sonseTr AOMOMHUTENbHO K OAMHOYHBIM Y
OBONHBIM HE3aBUCUMbBIM OLIMBKaM KOPPEKTMpOBaTb OAVUHOYHbIE MOOYSM OLWMOOK ANWHBLI YeTbipe U NakeThbl
OLWMOOK ANVHbI TP,

Pa3paboTaHo yCcTpoONCTBO AekoampoBaHus moamduunpoBaHHoro BYX-koga anuHel 128 ¢ AONOMHUTENbHBIMA
KOPPEKTUPYIOLLMMUN BO3MOXHOCTSMUN MO KOHTPOITHO MOAYJIbHBLIX M MakeTHbIX OWMB0oK. CNoXXHOCTb YyCTpPONCTBa
coctaensetr 9500 GE. beicTpogencTsme onpegendercss MakCMMarbHbIM  YMCOM  MocrenoBaTesibHO
CO€MHEHHbIX 3NEMEHTOB cxeMbl U cocTaBngaeT 31. MakcumanbHyo 3a4epXKKy BHOCUT MAEHTUUKaLMa ©
KoppeKuus OBOMHON He3aBucMMOW owunbkn. Cxema, peanusyrollas OaHHbIA anropuTM, npeacraBreHa Ha
pucyHke 1.

PucyHok 1. NaeHTudukaums n Koppekums BOMHOM owmnbkm moandmumpoBarHbiM (128; 113)-kogom BYX
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V. SAKITIOHEHNE

PaspeneHne owmboKk Ha Knaccbl MNO3BOMSET 3HAYMTENbHO CHU3UTbL annapaTtHble 3aTpaTtbl  npwu
NPOEKTUPOBAHUN YCTPOWCTB 0OpabOoTKM ULMKIMYECKUMX MOMEXOyCcTonumBbIX kKogoB. [Ana BYX-konos,
KOPPEKTUPYIOLLMX OANHOYHbIE N ABONHbIE HE3AaBUCUMbIE OLLUMGOKM, CITOXKHOCTL CenekTopa ymeHblUuaeTcs B ABa
pasa npuv nowaroBon obpaboTke, Npu 3ToM Ha 16% CHWXalTCA BpeMEHHbIE 3aTpaTbl Ha AeKoAupoBaHMe.
Kpome TOro, OaHHbI anropuTtM MPUMMEHWM He TOMbKO K HU3KOCKOPOCTHbIM Kogdam. [pu napannensHom
OEeKoANPOBaHWMN CIOXKHOCTb CeNnekTopa MOXeT ObITb YMeHbLUEHa NPONOPLUOHANbLHO AnvHe koga. Kpome Toro,
anropuTM OeKOAMPOBaHUS, OCHOBAHHBIN Ha BbIYUCIIEHWM U aHanuse napameTpa uaeHTuduKaummn knacca
ownboK, NO3BONSAET NPUMEHUTL B CXEME 3arnoMUHaloLLMe YCTPOMCTBA C MeHbLUEN pa3psaaHOCTbIO agpeca u
OaHHbIX, YTO Takke NoBblWaeT ObicTpogencTame. [JaHHbIA anropuTM MOXHO UCMONb30BaTh Npu paspaboTtke
ycTponctB 06paboTtkm moguduumpoBaHHbix BYX-kogoB € OONONMHUTENBHBIMU - KOPPEKTUPYHOLLUMM
BO3MOXHOCTAMU. CrnegyeT OTMETUTb, YTO METOL pa3fenieHusl Ha Kraccbl MoXeT ObITb NPUMEHeH npwu
NPOEKTUPOBAHUN YCTPONCTB KOPPEKL MU HE3ABMCUMbIX OLLMOOK KpaTHOCTM GornbLue ABYX.
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DESIGN OF DEVICES FOR PROCESSING BOSE-CHAUDHURI-HOCQUENGHEM CODES
MODIFICATIONS BASED ON DIVIDING ERRORS INTO CLASSES

G. Vlasova

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
g.vlasova@bsuir.by

Abstract: algorithms and devices for step-by-step and parallel processing of Bose-Chaudhuri-Hocquenghem
codes modifications are considered. Using the example of codes that correct single and double independent
errors, it is shown that dividing errors into classes can reduce the complexity of the selector: proportional to
the multiplicity of corrected errors during step-by-step decoding and proportional to the code length during
parallel decoding. Based on the division of errors into classes using Logisim software, decoding devices were
developed, their complexity and performance were assessed.

Keywords: Bose-Chaudhuri-Hocquenghem codes, error classes, identification parameters, decoding devices.
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OMNTNMYECKOE MOOENMPOBAHME TOHKOIMJIEHOYHOIO MK-CBETOOMOOA
HA OCHOBE KOJTNMONAHbIX KBAHTOBbLIX TOYEK

Typoseu Y.E.

Benopyccknin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUO3ISNIEKTPOHUKH,
MwuHck, Pecnybnuka Benapycs, u.turovets@bsuir.by

AHHOTauus: B pgaHHom paboTe NpoBeOeHO MOAEeNUpPOBaHUE ONMTUYECKMX MPOLECCOB B CTPYKType
ToHkonneHo4yHoro MK-ceetogmoga mMeToooM KOHEYHOW pa3HOCTM BO BpeMeHHon obnactu. MccnepoBaHbl
Takue napameTpbl, Kak nponyckaHue, 3(p¢eKTMBHOCTb pPacnpOCTPaHEHUS 3NEeKTPOMAarHUTHbIX BOJSH
B AnanasoHe 1,25-1,35 MkM. [oka3aHo, 4YTO KO3h(PMLMEHT NpOnyckaHUa YMeHbLLIAeTCs Npu NpoXoXaeHun
dyHKUMOHanNbHbIX cnoeB A0 35%. B 3aknioyeHne npeanoXxeHbl cTpaTernnm ontTuMmsaumm yHKLNUOHaNbHbIX
CIOEB.

KntoueBble cnosa: QLED, FDTD-moaenupoBaHue, HanpshKeHHOCTb MOfs, nponyckaHue, 3deKTUBHOCTb
n3BneyeHns ceeta.

I. BBEOEHNE

BHewwHsas kBaHToBas addekTnBHocTb (BKI) — ogmH 13 BaxkHenwmx napametpoB VIK-ceetognonos (MKC) Ha
OCHOBE KONnouaHbIX kBaHToBbIX Todek (KKT). OrpaHunyeHne 3HaveHmin BKO moxeT ObiTb CBSA3aHO C HU3KMM
KoadpcpmumeHToM adppekTuBHOCTM uM3nyveHus ceeTa (OUC). [Ona He TONMbKO Ka4YeCTBEHHOro, HO
M KONWYECTBEHHOrO aHanusa [JaHHOro napameTpa npuberaloT K ONTUYECKOMY MOLENMPOBAHMIO,
NO3BOSSAIOLLEMY PaCCUMTbIBATb pacceuMBaeMyd MOLLHOCTb U OLleHMBaTb CTENEHb M3BNEYeHMs1 cBeTa U3
yctponctea [1, 2]. OTm napameTpbl cnyxaT Ana NepBUMYHON OLEHKM 3hdekTMBHOCTM paboTbl
PYHKUMOHANbHbIX CrOeB ycTponcTea. [nsa MoaenupoBaHnst pasnuyHbIX CBETOM3MyYaloLWMX 3fIEMEHTOB, Kak
npaeunmno, ucnonb3yoT 2D MoaenupoBaHUe, Tak Kak OHO BbIMOMHSETCS 3Ha4uMTenbHO ObicTpee u Tpebyet
MEHbLUMX BbIYUCINTENBHBIX MOLLHOCTEN [3].

II. METOOVNKA MOOENMPOBAHUA
a. TeopeTuyeckoe obocHoBaHne

[Ons oueHkn pacnpedeneHnst aneKkTpoMarHWTHbIX BONMH B cTpyktype WKC npoussogunu pacuet
pacnpefeneHnss UHTEHCMBHOCTM [AanbHero nons, paeHoe (B-m1)2. [aHHble napameTpbl cnyxaT Aans
nepBuYHOM oueHkn npowussopuTenbHocTn MKC. Bce xapakTepucTuku ObiniM pacCcyvMTaHbl MyTEM peLleHus
ypaBHeHun MakcBenna ¢ Mcnofb3oBaHMEM METOAa KOHEYHOM pas3HOCTM BO BpeMeHHon obnactu (FDTD) Ha
©a3e nporpammHoro komnriekca Ansys Lumerical.

KoHcTpykuua VMKC npenctasnsaet coboin nonydeHHble paHee [4] TOHKOMMNEHOYHble PYHKLUUOHANbHbIE CROW.
Ha puc. 1 npuBegeHa 3D mopenb cTpyktypbl MKC B COOTBETCTBUM C NOPSAOKOM CROEB, UX TOSLUUHBI
npueegeHbl B Tabn. 1. 3HayeHUs KOMMNNEKCHOro nokasartens npenomneHna ansa onmwkHero VMK ananasoHa
ObInn B35ITbl U3 OTKPLITbIX a3 gaHHbIX [5, 6].

PucyHok 1. Cxematunyeckoe npeactasneHmne KoHCTpykuun MKC Ha KonnongHbiX KBAHTOBbIX ToUkax PbS
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Tabnuua 1. MapameTpbl hyHKUMOHaNbHbIX crnoes MKC

DYHKLMOHaNbHbLIN CNOu MaTtepunan TonuwmHa, HM
Kartop, Au 100
JbIpOYHO-UHXEKUMOHHbIV cnor (ANC) MoOs 3
OblpoyHo-TpaHcnopTHbIN cnown (OTC) 4,4’-N,N’-gukapbasonun-éudexunn (CBP) 60
AxkTueHbIv crion (KKT) PbS 47,5
ONEKTPOHHO-BMOKMPYIOLLNIA CROW
(3BC) Al2O3 3
ONEeKTPOHHO-TPaHCNOPTHbIV Cow
(3TC) ZnO 25
AHopf ITO 70
Mopnoxka SiO2 >1000

[Ina oueHKM XxapaKTepUCTUK CPaBHUBANM Takue napamMmeTpbl, kKak 3dEKTMBHOCTb M3nyyeHus ceeta (AUC),
ONTMYECKOE MpOMyCckaHWe W pacnpejeneHne 3neKTpoMarHWTHeIX BONMH B cTpyktype WKC ans
npeanonaraeMbix pyHKLMOHANbHbLIX CIOEB 1 UX TONWWH. NMapameTp OUC BbipakaeTcs n3 3Ha4eHUn BHELLHEN
kBaHTOBOM adpcpekTmBHOCTU (BK3) mn BHyTpeHHeln kBaHTOBOM adpcpektmBHOCTM (BHKD) [1] n onpegenser
OTHOLIEeHME (POTOHOB, NCMYyCKaeMbIX CBETOAUOAOM, KO BCEM (DOTOHAM, UCMYCKaeMbIX aKkTUBHOW 061acTbHo:

BKO = OUC - BHKD, "
rae ynpoweHHo dNC =1 — [1 - ( nmzz

Nakr.ca.

cnosi n ATC, 1. e. B gaHHoM crniydae, KKT PbS n ZnO. YuuTbiBas 3HaveHus n, ¢ yyetom 36C SNC = 0,34%,
6e3 3bC 3NC = 0,64%. Takum obpasom, ABC bygeT NnpensaTcTBoBaTh pacnpoCTPaHEHMIO CBETa Ha BbIXO4e
n3 yctporictea. OgHako, Mo Mosy4YeHHbIM SKCMEpPMMEHTarbHbIM JaHHbIM, ucnornb3oBaHne ObC Heobxoammo
ONs BblpaBHMBAHUSA HepaBHOMEPHOW MOABMXHOCTM HOCUTENEN 3apsiga B akTMBHYHO obnactb [4], 4To
3HauMTEmNbHO ynyyllaeT BbIXOAHbIE ANeKTpuyeckne xapakrepuctukn. Ctpatervsa Bblibopa cnoes and UKC
TpebyeT KOMMMEKCHOrO peLLEeHNs U KOMNPOMKCCa MPU ONTUMMU3aLMK CITOEB.

) [2], cunbHO 3aBUcSLLas OT KO3 MUMEHTa NPENTOMIIEHUS aKTUBHOIO

6. MapameTpbl MOAENMPOBaHMS

Ob6nacTtb cumynaumm coctaensana 4x1 Mkm? B NNOCKOCTM X — Y (AnvHa — wupnHa) u 0,5 MKM B HanpaeneHun
Z — KoopAuHaThl (TonwmHa). B kadecTBe rpaHUYHbIX YCroBUA 06r1acTn CMMynauumM No X — y KoopauHatam
BbIbpaHbl naeansHo covetatowmecs cnou (perfectly matched layers — PML). Konuvectso crnoes PML — 24,
Mo koopanHaTe z ANs BEPXHEro crnosi katoda ObinNM yCTaHOBMEHbI rPaHM4YHbIE YCNoBusA MeTanna (ans
OTpaXKeHusa uanyyeHus obpaTHo B 06nacTb cumMynaummn), a AN HWKHEro crosi aHoaa — ctaHgapTHele PML.
MpaHuubl PML nornowaroT noYTn Bce BXOAsLEE U3NyYeHne C MUHUMarbHbIMU OTPaXEHUSMU, U, NOCKOMbKY
B pearnbHOW XMU3HWN CBET BbIXOAUT 3a Npeaenbl 3TUX rpaHuny, 6bino BaxHO, YTOObI M3NydeHne He OTpaxanoch
obpaTtHo B obnacTb cumynauun. paHvubl cCUMynaumm No KoopauHate z ObinM ycTaHOBMNEHbl MO cepeauHe
cnoes ITO u Au. [Ina mMogenvpoBaHUsi NIIOMUHECLMPOBaHUSA B aKTMBHOM CMO€ WCMONb30Barica TOYEYHbIV
NCTOYHMK nanydenus (dipole source) [2], nanydatowmii Ha anuHe BonHbl 1300 HM, YTO COOTBETCTBYET ANMNHE
BonHblI u3nydennss KKT PbS. Ytobbl cMogenupoBaTb YrioBoe pacnpefernieHne BOJH, a Takke OLEeHUTb
n3MeHeHne koaduumeHTa nponyckaHus, Obin 3agaH MUHUManbHbLIA Anana3oH Ansg anuH BorH UK
nanyderuns 1,25-1,35 mkm. Ytobbl co3paTth achdekT NPon3BONbHOrO HaNnpaBneHUs N3nyyYyeHnsa (T. K. NpoLeccsl
pekombuHaumMn € nocneaylowmMm HanpaBneHneM MU3NydYeHUs HOCHAT CryyYawHbI XapakTep), TOYeYHbIN
NCTOYHWK MMen CryYyanHylo OpueHTaumilo B NPOCTPaHCTBE aKTUBHOMO cnos. [ns ynpoweHns BbIYMCAEHUS 1
onTUMM3auuM UCNonb3oBancs AOCTYNHbIA oduumanbHbIn  ckpunT (sweep width and position) [3],
CYMMUPYIOLLNIA pe3ynbTaThl A5S KaXK40ro NOfoXKEeHUs TOYEYHOIo MCTOYHUKa B NPOCTPaHCTBE akTUBHOIO Cros
N HanpaeneHusa ero msnydveHus. Lar BbiumcneHunsa coctasun 0,25 HM, Bpems cumynsaumm 1200 de. Ona
yBeNUYEHNss TOYHOCTU BblUUCNEHWU ynbTpaToHkux crnoeB 36C u ONC ycTtaHoBneH uHauBMAyanbHbINA Lwar
ceTkM c warom 1 HM. JKpaH AeTEeKTUPOBaHWA NafaloLllero ManydeHus (NPonyckaHwsi) pacrnosioXeH Mo
Z — KoopauHare.

. PESYNBTATBI N OBCYXOEHNE

AHanus yrrnoBoro pacnpegeneHusi E (puc. 2) nokasbiBaeT, YTO pacnpocTpaHeHne U3MyYeHusl MpoucxoanT
npenmyLLEeCTBEHHO B Npeaenax 60° 3a ero npeaenamMu B aansHeM rorne.

Mo xapakTepy pacnpenenenus nons E (puc. 3) MOXHO 3aMeTUTb, YTO YNbTPATOHKUIA CIION OKCuaa antoMuUHUA
(3BC) BbICTyNaeT kak 6apbep, B HEKOTOPOW CTEMeHU MPenATCTBYIOLWNA NPOXOXKAEHMIO n3nyvyeHus. Beuay
CTPEMIEHUS SMNEKTPOMArHUTHOrO U3NyyYyeHus K pacrnpoCcTpaHeHuto B Bonee nnoTHbIX cpefax, NpoucxoauT
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YacTU4Has NoTeps U3nydeHuss B akTUBHOM croe, a Takke B ATC n 3TC. B koHeyHOM utore, B pesynbtaTte
OTpaXeHnss OT 30M0TOr0 3MeKTpoaa, MyTeEM MHOXECTBEHHOro nepeoTpaxeHusi BOMHbI pacnpoCTpaHATCA
NpPeMMyLLIECTBEHHO B HanpaBneHnn Npo3pavHoro npoeogsLlero anekrpoga (Mrad).

108

LlnvMHa BOMHBI, MKEM
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20 Q 20 40 =] 0
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PucyHok 2. 2D npeacTaBneHue yrinoBoro pacrnpeaeneHns E oT AnvHbl BOMHbI U3NyYeHUs ¢
MCNoONb30BaHNEM 3a4aHHOTO Ko3hrUMeHTa NPenoMIeHus 3a NpeaesniaMmm rpaHnLbl YyCTPoicTea B
AanbHem nose

PucyHok 3. 2D cpes pacnpegenenus nonst E Bo BpemeHHon obnactu ¢ 15 go 60 dc
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PucyHok 4. OnTnyeckoe nNpornyckaHue U3nyyeHnst B pasnunyHbix cnosix ycrponcrtea: ATC (cnHun),
ITO (3eneHbln) U Ha rpaHuLEe CTEKNO-BO3aYX (KpacHbIN)

M3 puc. 4 BMAOHO, YTO KO3I(PPUUMEHT NPOMNyCKaHWs 3HAYUTENbHO YMEHbLUAETCH MOcre MPOXOXAEeHUs
YHKUNOHANbHbLIX CNOEB Ha BbIXOAE U3 YCTPOWCTBA. ATO MOXeT BbITb CBA3aHO C TeM, 4To B GnmkHen UK
obnactn npoucxoauT 3HauuTenbHOe nornoweHne mnsnydeHmss cnoem ITO. ITO no-npexHemy 3aHUMaeT
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nuavpylowme nosvummn B kadectse [M3 BBMAY HU3KOTO MOBEPXHOCTHOTO COMPOTUMBIIEHUS U BbICOKOW
npo3payHocTM B BMAMMOM [AmanasoHe, opgHako B WK obnactv npoucxoguT 3ameTHOe yxyglleHue
nponyckaHus [7].

IV. SBAKINOHYEHWE

B pesynbrate mMogenupoBaHuMs U NepBUYHOM oOLeHku napameTpoB OUC BbisIBNEHbl HECOBEpPLUEHCTBA
YCTPOWCTBA, KOTOpbIE NpeanaraeTcs pewarb C MOMOLLbI ONTUMMN3aUnM YHKUNOHAarbHbIX crioeB. OCHOBHbIE
BbIBOAbI MO pes3ynbrataM MogenupoBaHusi: ITO HenpospadeH B VMK obnactm, 3a cyeT 4yero Onokupyet
npoxoxaeHne manyyenus; B kavectBe [NMO npegnaraetcsa vcnonb3oBaHMe FTO kak ©onee noaxoasiero
MaTepuana, coxpaHstoLlero npospadvyHocTb B VIK o6nactn Ha yposHe 70%, B cpaBHeHuu ¢ ITO, nponyckaHune
KoToporo HaxoauTcs B npegenax 35% [8]. Kpome Toro, matepuan FTO nokasbiBaeT He CUMNbHOE yXyAlleHne
NpoOBOAMMOCTU, YTO UrpaeT CYLIEeCTBEHHYK ponb npu Bbibope matepuana [M3; B kayecTBe pelueHUs
npobnemsbl 6rOKMPOBaHUA n3NyyeHnsa Ha rpaHuue ypoeHs OBC npegnaraetca 3ameHa AlzOs Ha Taz0s [5],
obnapatownn 6onee BLICOKOW ANSMNEKTPUYECKOW MPOHULAEMOCTbIO, U, B CBOK oyepenb, ©onee BbICOKUM
rnokasaTenem npenomneHus.
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OPTICAL MODELING OF THIN FILM IR QUANTUM DOT LIGHT EMITTING DIODE
U. Turavets
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u.turovets@bsuir.by

Abstract: In this work, optical processes in the structure of a thin-film IR QLED were modeled using the FDTD
method. Parameters such as transmission and propagation efficiency of electromagnetic waves in the range
of 1.25-1.35 microns have been studied. It is shown that the transmission coefficient decreases with the
passage of functional layers up to 35%. In conclusion, strategies for optimizing functional layers are proposed.

Keywords: QLED, FDTD modeling, E-field, transmission, light extraction efficiency.

66



MexayHapogHas Hay4YHo-npakTuyeckas KoHgepeHLms
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY
YK 53.06

MOJENMPOBAHWE INEKTPOOVHAMUYECKMX CBONCTB KONMMOWAHbLIX NMNA3MOHHbIX
HAHOYACTWL, CEPEBPA, MOKPbITbIX CTABNTN3NPYHOLWMM ATEHTOM

Bopuctok A.A., boHgapeHko A.B.

Benopycckuin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUONIEKTPOHUKHN,
MuHck, Pecnybnvka Benapychb, a.borisuk@bsuir.by

AHHoTauus: [lMpoBegeHo MoaenupoBaHue cdepudeckux HaHodyacTuy, cepebpa guameTtpom 31 HM C
000MoYKon, COOTBETCTBYHIOLLEN ONTUKO-IMNEKTPUYECKMM NapaMeTpamM SHTapHON KUCMNOThI, B cpefe choccaTHo-
coneBoro Oydepa. YcTaHOBNEHO, YTO Takue HaHo4yacTuulbl CMOCOOHbI yCUNMBaTb 3MEKTpUYeckoe none
B6Nu13n nosepxHocTn Ao 37 pa3. KoahpuumeHT yecuneHms HanpsXKeHHOCTU 3NEKTPUYECKOro nomns CUIMbHO
3aBUCUT OT PaCCTOsIHUA MeXay HaHoyacTuuamu 1 ymeHbluaetca B 10 pas npy nsmeHeHnn pacctosiHus ot 1
0o 30 Hm. MNMokasaHo, YTo yBenuyeHue TomMLWUHbI 0B60MN0YKN N3 CYKLUUHAT-UOHOB SSHTAPHOW KUCMNOTbl NPUBOAUT
K CMELLEeHNI0 pe30HAHCHOW ANMHbI BOMHbI HAaHOYacTuy, cepebpa B 6onee ANMMHHOBOMHOBYHO 06nacThb.

KnoueBble crioBa: HaHOYaCTULbI cepe6pa, CTa6I/IJ'IVI3I/IpyI'0LLI,I/IIZ areHT, pacnpegeneHne 3rIeEKTpnU4YeCcKoro nomAd,
NSa3MOHHbIN pe30HaHC, anekrponopauna KneTok.

I. BBEOEHNE

HecmoTpsi Ha TO, YTO HaHOYaCTULbI SIBNSIIOTCS AOBOSIbHO XOPOLIO U3Yy4YEeHHbIM 00 bEKTOM HAHOTEXHOSOMNI, A0
CUX NOp CYLLECTBYKOT HEKOTOPLIE CIIOXXHOCTUN B U3MEPEHNN OTAENbHbLIX NAapaMeTPOB TakMX CTPYKTYp. B nepByto
oyepedb 3TO CBSA3aHO C UX pasmepamu, T. K. AN nonydeHuss Hanbonee JOCTOBEPHLIX AaHHbIX TpebyeTtcs
BblAENUTb OTAEMNbHbIN OOBEKT ANA NPOBEAEHUS N3MEPEHMUI, YTO CTAHOBUTCS BECbMa CNOXHOW 3agaden [1].
Ewe ogHMM nUMUTUPYOLLUM (DaKTOPOM SIBNSIETCS BbICOKas YYBCTBUTENBHOCTb HAHOYACTUL, K UBMEHEHUSIM
OKpY>KaloLLeN cpeapbl U BNUSIHUIO BHELLIHMX BO3OEeNCTBUI (TemnepaTtypa, AaBneHune, CBeT u Aap.) [2], 4To Takke
OCMNOXHSIET nony4vyeHme obbeKTUBHbLIX AaHHbIX. OgHako Hanbonee 3HaAYMMbIM (PAKTOPOM, BIUAKOLLMM Ha
n3mMepeHns, OcobBEeHHO korga pedb MAET O MNMA3MOHHbIX HaHoYacTuuax, sIBMsieTCs HEBO3MOXHOCTb
NPEUN3NOHHOIO KOHTpOnst MX ¢OopMbl M pasMepoB. OTO KPUTUYHO CKa3blBAaeTCsl Ha CBOWCTBaXx
HaHo4acTuy [2—-4].

YKa3aHHble OrpaHWYeHUsi He CHWKaKT BbICOKYD MOTPEOHOCTb B YCTAHOBIEHWM pPasfMyHbIX CBOWCTB
HaHo4acTuu, B 4acTHOCTM HaHovacTul 6raropogHbix MeTannoB (cepebpo, 30M0To, NnatuHa v ap.), Ans
KOTOpPbIX XapakTepHo nposBrneHue addekTa nokanbHOro NoBEPXHOCTHOrO Nra3MoHHoro pesoHaHca (JIMTMP)
npv BO3OENCTBUN BHELLHETO SNEKTPOMarHMTHOIO U3Ny4eHnst ONTUYECKOro AnanasoHa. S deKT nnasmoHHOro
pe3oHaHCa 3aKnyaeTcs B PE30HaHCHbIX OCUMMNAUUAX 3NEKTPOHHOro rasa B Metanne. pu atom ctouT
OTMETUTb, YTO AN chepudecknx HaHovacTuL, AaHHbIA A deKT npuobpeTaeT NnokanbHbIN XapakTep, T. K. B
pesynbTate ocumMnnauun copMmpyeTcs AUMNOMb, YTO MPUBOAMT K BO3HUKHOBEHUIO 3MEKTPUYECKOro Mons
BbICOKOW WHTEHCUBHOCTW Yy MOBEPXHOCTM HAHOCTPYKTYpbl. Hapsgy C 3Tum npoucxoguT YCUITeHHOe
NOrnoLeHne N3Nny4eHus, YTo NpMBOANT K HarpeBy HaHodacTuu,. SddekT JIMTMP Hawen wmnpokoe npumMmeHeHne
B OMTMYECKOW CMEKTPOCKONWUW, BKIHOYas CMEKTPOCKOMMIO MOBEPXHOCTHO-YCUIIEHHONO pPamaHOBCKOro
paccesHua (SERS — ot anrn. surface-enhanced Raman scattering) U MNOBEPXHOCTHO-YCUIEHHOWN
dnyopecueHunn (SEF — ot aHrn. surface-enhanced fluorescence), dotokatanuse, TapreTHou Tepanun B
OHKONOrnW, Co3aaHnM aHTMbaKTepmnanbHbIX NOKPbITUIA, CONTHEYHOW SHepreTuke u ap. [5].

Llenbto HacTosiwien paboTbl Gbifl TEOPETUYECKU aHanu3 3MNeKTPoAMHaMUYECKUX CBOWCTB HaHo4vacTuu
cepebpa, CYHTE3MPOBaHHbLIX KONMMOWAHBbIM METOAOM B MPUCYTCTBMM CTabunuaupylollero areHta [6], ans
OLIEHKWN BO3MOXHOCTU UX MPUMEHEHNS B (DOTOMHAYLIMPOBAHHON arekTponopaummn GakrepuasnbHbIX KIeToK.

II. TOCTPOEHWE 3D-MOJEJIN

[nsa nocTtpoeHus Mogenu HaHoyacTuy cepebpa Gbiny NnpegBapuTenbHO onpegeneHbl x dopma u pasmepsl
no M300paxeHusM, MONTyYEHHbLIM Ha CKaHWUPYIOLLEM 3reKTPOHHOM Mukpockone (C3M) Hitachi 4800 wm
obpaboTtaHHbIM B nporpamme ImageJ. Bbino yctaHoBneHo, 4YTo HaHodacTuubl MMEeT opMy, Bnmnskyro K
chepudeckon, n nmetoT achbeKTUBHBIN AnameTp nopsigka 31 HM. PedynbTaTthl aHanu3a Oblniv NoATBEPXKAEHbI
n3MepeHusiMM aseta-noteHumana c nomoLlplo cuctemol Zetasizer Nano ZSP. Ha pucyHke 1 npeacraBneHo
C3M-nzobpaxeHme nonyvyeHHbIX HaHoYacTuL, cepebpa, a Takke ructorpaMmma pacnpefeneHus HaHo4acTuLy
no pasmepam. HecmoTps Ha TO 4TO hopMa HaHOHACTUL, CTPEMUTCA K CHEPUYECKON, AN KaXKOON U3 HUX
XapakTepHa onpefeneHHas orpaHka. [pu 3Tom CTOMT MMEeTb B BUAY, YTO UMEHHO CTPYKTypa NMOBEPXHOCTM
HaHoYacTuy urpaet Haubornbluee 3HadeHue, Koraa pedb MAET 06 Nx ANEeKTpoanHaMU4eCckux CBOMCTBax [7],
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OpaHako ansa ynpoLleHusa noctTpoeHns Mmogenu 6bina BeibpaHa MMeHHO cdepuyeckasn dopma HaHodacTuy, 6e3
Bblpa)KeHHbIX rpaHen, KoTopble nmenu acpekTuBHbI anameTp 31 HM.
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PucyHok 1. COM-n3obpaxeHune HaHo4yacTuy, cepebpa (a) u ructorpamma ux pacrnpegeneHms
no BenuunHe acpcekTnBHoro guameTpa (b)

OpurMHanbHOCTb BbINOMHEHHOMO UCCNeOBaHMSA 3aKNoYaeTCs B TOM, YTO NpY MoaenupoBaHum bbina npuHaTa
BO BHMMaHMe o6onoyvka n3 ctabunmampylolero areHTa Ha NoBepXHOCTM HaHOYacTUL, KoTopasi cocTosna us
CYKUMHAT-UOHOB SHTApPHOW KUCMOTbl. [ONs M3ydyeHus1 BRMSHUA [aHHOW 060MoYkM Obinu nNpousBedeHbl
N3MePEHNS ANEKTPUYECKUX U ONTUYECKUX XapaKTEPUCTUK SHTAPHOW KUCMOTbI, KOTOpble BbIN UCNONb30BaHbI
ONns co3gaHua nonb3oBaTenbLCKoro marepuana. lMomumMo atoro, Ans MOAENMPOBaHUSA ANEKTPOANHAMUYECKUX
CBOMCTB HaHoyacTuy, 6bin paspaboTaH nonb3oBaTeENbCKMA MaTepuan, BKrovawLwmn B cebst 3aBUCUMOCTU
KOHCTaHT KO3(hPULNEHTOB oTpaxkeHus (N 1 K) OT ANUHbI BOMHbI U3rydYeHus (AaHHble Bbinn 3aMMCTBOBaHbI U3
ctaTtbm [xoHcoHa u Kpuctu [8]). Takke npu cumynsaumm 66110 y4TEHO, YTO HAHOYACTMLBI HAXOAATCH B cpeae
docdaTHo-coneBoro oydepa (PCH), onTMmanbHOM AN XU3HU BakTepuanbHbIX KneTok. CooTBETCTBYHOLLMNA
maTepuan obin fobaBneH Bpy4YHyto B pe3ynbTate uaMmepeHnin Tpedyembix 4ns MogenMpoBaHUsa napaMeTpoB.

1. MONYYEHHbIE PE3YJIbTATbLI N X OBCYXXOEHWE

MogenupoBaHne  3NeKTPOAMHAMMYECKUX CBOWCTB, @ WMEHHO pacnpedeneHusi  HanpskeHHOCTU
3NeKTpMYecKoro nonsg BGAM3M HaHOYacTUL, NPOM3BOOUIIOCH MPU PasfUYHbIX PACCTOSAHUAX MEXAY HUMU U
TonwuHax obonouku ctabunuampytowlero areHta. lNpu atom ana yaobctea 6b1nn nogobpaHsl napameTpbl 4ns
nony4yeHus BO30yXaatoLlero nsnydeHus, kKotopoe opMuMpyeT rnone HanpsKeHHOCTbO paBHon 1 B/M, yto
Mo3BONUMO nonyyaTb pacnpegeneHnss ang  3HayvYeHun KoapdpuumeHTa YCUNEeHUss HanpsKeHHOCTU
3NEKTPMYECKOro Mons. BbiNo BbIACHEHO, YTO CTEMEHb YCUMEHMSI HaMPSPKEHHOCTM 3MNEKTPUYECKOro nons
BOMM3Kn YacToTbl BO36YKAEHMSA MOBEPXHOCTHOIO Na3aMOHHOIro pe3oHaHca nexuT B npegenax ot 8 go 10 pas,
a areKTpMYeckoe Mnose NoKanuayeTcsl Ha paccTosHMM BMoTh A0 10 HM OT MOBEPXHOCTU HaHoyacTuu,. MNpu
3TOM Ha 4YacToTe NOBEPXHOCTHOMO NIAa3MOHHOMO Pe30HaHCa YCUMEHNE HaNpsXKEHHOCTU SMIEKTPUYECKOro Nons
OOCTUraeT NUKOBOIo 3HavyeHus B 36—37 pas. PedynbTaThl MOAENUPOBAHMUS TakKe KOPPENMPYIOT C BbiIBOAAMM,
KOTOpble MOXHO cenaTb Npu aHanuae aKcnepyMeHTanbHbIX CMEKTPOB MOrMOLLEHMS HAHOYACTUL, caeNaHHbIX
Ha cnektpodoTomeTpe MC 122. o cnekTpam onpeaeneHo, YTo AfiMHa BOMHbI, COOTBETCTBYIOLLAA MakCUMyMY
MOrmnoLweHnsa ceeTa KOMoUOHbIMU HaHovacTMuammn cepebpa, coBnagaeT C AJSIMHOW BOSHbI, MPU KOTOPOW
OOCTUraeTCa MakCMMyM YCUSIEHUS SNEKTPUYECKOro Mons Npyu MOAENMPOBAHNN HAaHOYacTuUL, ¢ 060104KOoN N3
CYKUMHAT-UOHOB SIHTAPHOM KUCIOTbI TonwmHon 0,3 HM.

Momnmo aToro, Obin NpoBefeH NapamMeTPUYECKUIN aHanmM3 3aBUCMMOCTM CTEMNEHU YCUTEHMUS SNEKTPUYECKOrO
nonsi OT PacCTOsIHMA MeXay HaHo4YacTuuamu. YBenuyeHne pacctosHusa oT 1 oo 30 HM NpMBOOUT K pe3komy
ybbiBaHUtO KoadhpmumeHTa ycuneHus ¢ 86 pgo 8 pa3. Habnopgaetcs 2 obnactu peskoro ybbiBaHMS
KoapmLmeHTa ycuneHus B guanasoHe ot 1 0o 3 HM (cHukeHue ¢ 86 o 35 pa3s) n ot 10 oo 20 HM (CHWXeHne
¢ 27 po 10 pas) cooTBETCTBEHHO. pn 3TOM CTOUT OTMETUTb, YTO NPU PACCTOAHUSIX MeXAY HaHo4YacTuLaMm
oT 1 go 5 HM obnacTb ycuUneHust 3NEeKTPUYECKOro MOSii HOCUT O4YEHb JTOKamnbHLIN Xapaktep (ycureHue
HabnopgaeTcsa B obnactu paamepom nopsigka 3x1 HM). Ha pucyHke 2 npeactaBneHbl 3aBUCUMOCTb CTEMNEHM
YCUINEHUS SNEKTPUYECKOro Nnossi OT PacCTOsHMA MeXay HaHovacTuuamu, a Takke npodune pacnpeaeneHums
HaNPSYKEHHOCTU 3MEKTPMUYECKOro nons B6nn3n HaHo4acTuml.
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PucyHok 2. 3aBUCUMOCTb KO3hpumLMeHTa YCUMNEHUS SNEKTPUYECKOro Nons ot
paccTOosIHUS MeXay HaHovacTMuamu (a), Npodunb pacnpefeneHns HanpsHPKEHHOCTY
3NEeKTpMUYEecKoro nons B6nnan noBepxHocTn HaHo4vacTul (b)

MuKkoBbIe 3HaYeHuA koadd. yeunenns 3N

=}

Bbino ycTaHOBNEHO, YTO Hanuyne O0BONOYKM NPUBOOUT K HE3HAYMTENbHOMY W3MEHEHWIO XapakTepa
pacnpegeneHns aMnekTpuyYeckoro nomns B6nmam HaHovactuy. MNMpy 3TOM NpoUCXOauT YMEHbLUEHME CTEMNeHu
YCUIEHUS 3MEKTPUYECKoro nonsi Bo6nmam HaHoyactuubl ¢ 14 go 10 pas. Ha pucyHke 3 npeacTaBneHbl
3aBMCVMMOCTU MUKOBbIX 3HAYEHUW CTEMNEHW YCUITEHUST SNEKTPUYECKOrO NoMsA OT TOMNWUHBI 060M0YKM AHTapHOM
KMCNOTbl B Auanas3oHe ANWH BOMH okono Bo30Oyxaewus JIMMP. Kak crnegyet v3 3aBUCUMOCTEW, npwu
YBENMYEHUN TOMWMUHBI ODONOYKM U3 CYKUMHaT-MOHOB SIHTAPHOW KUCHOTbI nornoxeHue nonockl JIMTP
cMellaeTcsi B AJIMHHOBOSHOBYO 06MacTb, YTO MOXET ObiTb CBA3aHO C BO3HUMKHOBEHMEM HOBOW cpefdbl C
OTNNYHbIM OT ®CB KO3 PULMEHTOM NPENOMIIEHNS.

430, 35,6
(426.3“)‘ | ) (434,368)

@22,368)

o
(=]
1

_~-(440.37.2)

7

\ ¢ oBonaukoi (3 Hm)

\ —— ¢ oBonoukoil (2 HM)
——— ¢ obenoykoi (1 Hm)
— c ofanoukoi (0.5 Hm)
~—— Be3 0GonoHkM

w
(52
1

w
o
1
—

N
wm
1

10+

o
1
——

MukoBble 3HaYeHWa koadd. yeunennsa O

o

360 380 400 420 440 460 480 500 520 540 560
[nuHa BONHbI, HM
PucyHok 3. 3aBncmMmMocTb koahduLmMeHTa ycuneHns anekTpuyeckoro nonsi B obnactu JIMNMNP
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IV. BAKINIOYEHUE

1. Mopgenb cdepuyeckmx HaHodacTuy cepebpa guameTpoM 31 HM, NMOKPbITbIX OOOMOYKON U3 SHTapHOW
KMCMNOTbI (CYKLMHAT-MOHOB), Nokasana MX CNOCOBHOCTb K YCUMEHWUIO HANpPshKEHHOCTU 3NEKTPUYECKOro MNons
B6NM3n noBepxHocTu B 37 pas.

2. CTeneHb yCUMEHUS HaMNPSDKEHHOCTW 3MIEKTPUYECKOTO MOMsi OYeHb YYBCTBUTENbHA K PACCTOSIHUIO MeXAay
HaHo4acTuuamu 1 ybbiBaeT ot 86 fo 8 pa3 npu ero yBenudeHum ot 1 go 30 Hm.

3. OGornoyka U3 CTabUNM3MPYIOLLErO areHTa He3HauyWMTenbHO BIMSIET Ha XapakTep pacnpeneneHus
HanpshHKeHHOCTU 3IeKTPMYEcKoro nosisi BOGMM3M HaHo4YacTuL, OOHaKo MPWBOAUT K ero ocnabreHuto.
YBenuyeHue TonwuHbl 060M0YKN U3 CYKLMHAT-UOHOB AAHTAPHOM KUCMOThI cMeLLaeT nonoxeHve nonocsl JIMMP
B ONIMHHOBOJIHOBYIO 06NacTb.

I'IonyquHble pe3ynbTaTtbl B panbHenwem MOoryT OblTb MCMOMb30BaHbl A5s npenckasaHua noseaneHunsa
KONNOMAHbIX HaHO4YacTuUL B pacTBOpax, a Takke And OUeHKM BO3MOXHOCTU UX NpUMEeHEeHUA B KayvecTBe
reHepartopos BbICOKOMHTEHCUBHbIX JTOKaribHbIX ANEKTPU4EeCKnx nonen ana npoBeaeHusA
Q)OTOMH,EI,yLl,I/IpOBaHHOIZ aAneKkTponopauunn 6a|<Tepmaanb|x KNeTOoK.
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ABTOpLI BblpaxatoT 6narogapHocTs YO «YHutexnpom BI'Y» 3a npoBefeHue nsmepeHun aseta-norteHumana
HaHodacTuy. VccnepoBaHusi BbIMOMHEHbI B paMkax rpaHTta MwuHucTepcTBa obGpasoBaHus Pecnybnuku
Benapycb 'bL| Ne 23-3171 M.
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MODELING OF ELECTRODYNAMIC PROPERTIES OF COLLOIDAL PLASMONIC SILVER
NANOPARTICLES COATED WITH A STABILIZING AGENT

A. Borysiuk, H. Bandarenka

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
a.borisuk@bsuir.by

Abstract: Here, we report on a simulation of spherical nanoparticles of a 31-nm diameter coated with a shell
that has optical and electrical parameters of succinic acid in a phosphate buffer. It was found that such
nanoparticles can enhance the electric field strength near the surface up to 37 times. The coefficient of
amplification of the electric field strength strongly depends on the distance between the nanoparticles and
decreases by 10 times once the distance changes from 1 to 30 nm. It is shown that an increase in the thickness
of the succinic acid shell leads to a shift of the localized surface plasmon resonance band of silver
nanoparticles to longer wavelengths.

Keywords: silver nanoparticles, stabilizing agent, electric field distribution, plasmon resonance, cell
electroporation.
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CMNMHOBAA MNMONAPN3ALINA SNEKTPOHOB HA NMOBEPXHOCTHbLIX COCTOAHNAX ONOKCUOA
TUTAHA B TETEPOCTPYKTYPE Si/®M/TiO2 NP OBNYYEHNN COJTHEYHbIM CBETOM

Cwupoposa T.H., Januntok A.J1.

Benopyccknin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUOINIEKTPOHMKM,
MuHck, Pecnybnuka Benapycb, sharsu_antea@bk.ru

AHHOTaumus: PaccMOTpeHbl NpoLEeccbl CMMHOBOW MHXEKUMUM NPU  CMWH-3aBUCMMOM  TYHHENMPOBAHUM
3MIEKTPOHOB Ha MOBEPXHOCTHbIE COCTOSIHUS AMoKcuaa TuTaHa, obpasoBaHHble afcopbupoBaHHbLIMU
OpraHN4eckUMn coeguHeHusaMn. [JokasaHo, YTO YeM Bbille BENUYMHA CMMHOBOKM nonspusauun, TeMm bonblue
3Ha4yeHne OOMEHHOWN AMWHbI, @ 3aBUCMMOCTb OT KOHLIEHTPaLMK 3fIEKTPOHOB XapaKTeEpU3yeTCst Hanuumem
Makcumyma. [JaHHble B3aMMOCBSI3 NO3BOSISOT KOHCTPYMpoBaTh hoToKaTanMTUYeckne NoKpbITUS HA OCHOBE
Si/cbeppomarHeTuk (OM)/TiO2 reTepoCTpyKkTyp, 4YTO MOXeT cnocobcTBoBaTb peanusalmmM npoLeccoB
CMWHOBOrO KaTanu3a Ans yeBenuyeHust 3pEeKTUBHOCTU Pa3fOXEHUs OpraHMYeckMx COeAMHEHWA Ha
NMOBEPXHOCTU AMOKCMAA TUTaHa.

KnioueBble crioBa: AMOKCUA TuTaHa, reTepocTpyKTypa, COJNIHEYHOE M3NyyYeHue, crnvHoBasi mnonsipusauus,
obmeHHasa anvHa.

I. BBEOEHNE

B HacTosillee BpeMs akTMBHO U3y4aeTcsd MpoLecCbl CO34aHusi CTPYKTyp Ha ocHose TiO2, obnagarowmx
doToKaTaNMTNYECKON aKTUBHOCTBIO B BUOWUMOW YacTW CMEKTpa COJIHEYHOro usnyvyeHus. OgHUM u3 Hux
ABMNSIETCA UCMONb30BaHUE reTepoCTPYKTYP, COCTOALWMX U3 Yepeayowmxcsa cnoés TiOz2 n kpemHus (Si). Ons
BO3HMKHOBEHUS CMMHOBOIO ooToKaTanmaa, 3eKTMBHOCTb KOTOPOro onpeaensieTcst 06MeHHON ANNHOM Lex,
Ha noBepxHocTn TiO2 Heobxoonmo obecneynTb CMUHOBYIO WHXEKUMIO SMNEKTPOHOB, reHEepUpOBaHHbLIX B
KpemMHun. B paHHoMm paboTe Takas ChWHOBAs WHXEKUMS paccMaTpuBaeTcsl B reTepocTpyKType
KpeMHuin/beppomMarHeTMk/AnoKkcua TuTaHa.

Il. MOOENb

PaccmoTtpum npouecchl, npoucxogswme B retepoctpyktype TiO2/deppomarHeTvk (PM)/Si NMockonbky B
retepocTpyktype Si/TiO2, obny4yaemon noONApM3OBaHHbIM COMHEYHbIM CBETOM, CTeMneHb CMMHOBON
nonspusaumMm HocuTenen 3apsga He BbICOKA, TO HaMuM B KayecTBe MCTOYHMKA CNUH-MOMNSPU30BaHHbIX
anekTpoHoB Mexay Si n TiO2 ncnonb3yeTcst MeTannnyeckmin cnnHoBbIn nkxektop (CoFe, Co u T.M.), KOTOpbIN
MoxeT obecneuntb HeobxoanMyto BENUYUHY CMMHOBOW nonspu3auun. MNoTeHumanbHas gnarpamMmma Takom
CTPYKTYpbl MpeacTtaBrneHa Ha pucyHke 1 [1]. Obipku, creHepuMpoBaHHbIE B KPEMHMUW, OTTanKMBakTCA OT
noTeHumanbHoro 6apbepa Ha rpaHuue CO CMUHOBLIM WHXEKTOPOM W PEKOMOUHMPYIOT C 3MeKkTpoHamu B
KPEMHUWN. DNEKTPOHbI, FEeHEPUPYEMbIE B KpEMHUW, BBUAY OTCYTCTBUA NOTEHUManNsHoro 6apbepa Ha rpaHuue
CO CMMHOBLIM MHXEKTOPOM NEPEXOAAT B Hero. [lanee anekTpoHbl, NpuobpeTas onpeneneHHylo CNUHOBYHO
nonspusaumio, nepexoasat B TiO2 u Aanee TYHHENUPYIOT Ha €ro NOBEPXHOCTHbLIE COCTOSTHUS.

MoTeHuuwanbHeln penbed nosepxHocTn TiO2, OOYCNOBMEHHbIA MOBEPXHOCTHLIMU  COCTOSHUSIMU,
06pa3oBaHHbBIMK aAcopOMpoBaHHbIMK Ha NoBepxHOCTU TiO2 XMMUYeCcKkuMmn KOMNoHeHTamu B obLiemM cnydae
uMeeT LOCTaTOYHO CROXHYy ¢opmy. lNoTeHumanbHbIM penbed BKMOYaeT fokanbHble 3HepreTudeckune
MaKCUMyMbl U MWHUMYMbI, OTpa)alwwue onpeaerneHHble MOBEPXHOCTHBIE COCTOSIHUSE UM BO3MOXHbIE
nepexonpbl 3N1EKTPOHOB MeXAy HUMMU. [poxoXaeHVe INEeKTPOHOB Ha NMOBEPXHOCTHbIE COCTOSHUSA NPOUCXOAUT
nyTeM Ux TyHHennpoBaHus n3 obvema TiO>.

B cooTtBeTcTBMM C nNpennoxeHHoOM MoAenbld Ha OCHoBe MeToda has3oBbix (yHkumi [1,2] paccumTaHbl
napameTpbl OBYX BO3MOXHbIX MNOTeHUManbHbIX penbedoB B TiO2 M KOSPPUUMEHTbI UX TYHHEMBHON
Npo3payHOCTN [ANsi 3NEeKTPOHOB, reHepupyembiX COSMHEYHbIM CBETOM B Si U TYHHENUpYKLMX Ha
NoBEPXHOCTHbIE cocTosAHMA TiO2, o6pasoBaHHbIe aacopbrpoBaHHBIMU OPraHUYECKUMUN COEANHEHNSMMU.
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PucyHok 1. MNoTeHunansHasa anarpamma cTpykTypbl TiO2/CNMHOBBIN MHXEKTOP/Si € y4eToM
NMOBEPXHOCTHbLIX COCTOAHWI Ha TiO2[1]

Ha ocHOBaHMM MONy4YeHHbIX Pe3ynbTaToB OTMETUM, YTO CTEMNeHb CMUHOBOW MOMSpU3auMy 3NIeKTPOHOB Ha
MOBEPXHOCTN Bcerga HwKe WX CMUHOBOW MOMsipu3auMu B MHXEKTOpe, YTO B AAHHOM Crlyyae CBSI3aHO C
HanMyYMeM OTpaXKeHUS YacTu 3ANEKTPOHOB OT NOTeHUManbHoro 6apeepa. Ha ocHoBe NoNyYeHHbIX pe3yrnbTaToB
MOXHO 3aKkMi4ynTb, YTO 4eM Yyxe Oapbep, Tem Oonblue BEepOATHOCTb TYHHENMPOBAHUSA U MOBbILEHMWS
KOrepeHTHOCTU (YMeHbLUeHne a3oBbix caBuroB). Kpome aToro, nepegHsisa 4actb Npoduns Npu yBenmyeHmm
noTeHuMarna nonagaeT B 06riacTb CUIBHOTO CHWXKeHMS YacTu B6apbepa. YKasaHHble ABa dakTopa NpuBOAAT
KakK K CyLLLeCTBEHHOMY POCTY CTENEHN Nonapu3aLum, Tak 1 K HacbilweHunto ee. B crniyyae y3koln noTteHLmMansHom
sAMbl HabnaaeTcsa nepBoHaYvanbHbIA NOPOr U AanbHENLWNA PE3KMIA POCT CTeneHn nonsapusauumn ao 25% [1].
Mpn yBeNnyeHUUN WNpUHbLI NOTEHLMANBHOM AMbl HAbNOAAETCA NHOW XapaKkTep 3aBUCUMOCTEN — NOSBNSAETCA
obnacte HacblweHus. [lonsapu3oBaHHble 3MNEKTPOHbl Ha noBepxHocTu TiO2 cnocobCTBYOT NPOTEKaHUIO
peakuumm okncrneHus. Ee yckopeHue BNusieT Ha NpoTekaHue CNUHOBOro KaTtanuaa.

CnMHOBBI KaTanus — 3To CTUMYNMPOBaHNE XMMUYECKMX PeaKLuii 3a CHET N3MEHEHWNSA SMEKTPOHHOIO YrIoBOro
MOMeHTa (CrnvHa) peareHToB. Ero uctouyHvkom sBnsieTcs oyHOaMeHTamnbHbl 3aKOH COXpPaHeHWsl CrvHa:
pa3peLleHbl TOSbKO Te HanpaBreHusl peakuum, B KOTOPbIX CMIYH NPOAYKTOB MAEHTUYEH CTIMHY peareHToB; Bce
ocTarnbHble peakUMOHHbIE KaHarbl CTPOro 3anpeLleHbl.

®n3n4ecKkMin CMbICN U Ha3Ha4yeHne CMMHOBOrO Katanumsa COCTOUT B TOM, YTODbl CHMMaTb CAWHOBBIN 3anper,
N3MEHATb CNWH peareHToB M OTKPbIBaTb KaHanbl peakuun, 3akpbiTble N0 CNUHY. OTW OYHKUWUM BbINOMHAET
CNWHOBbLIV KaTanusaTop — YacTvua, Hecyllas COOCTBEHHbIN 3NEKTPOHHbIV CMWH (aTOM, paguKan Wnn MOoH).
B3avmopencTBys ¢ pearmpyioLien CMCTEMOW, CIMHOBLIV KaTanu3aTtop 0606LecTBAseT CBON CMWH CO CNMHOM
pearvpyloLLen CUCTEMbI; B TakoW 0BOBLLEHHOM CMMHOBOW CUCTEME pPaHee 3aKpbIThble PeaKLMOHHbIE KaHanbl
CTaHOBATCS OTKPbITbIMU, T.€. padpeLleHHbIMy No cnvHy. OQHWM 13 OCHOBHbLIX NapamMeTpoB, ONpeaensoLwmx
npoTekaHWe CNMHOBOrO KaTanuaa, aenseTca obMeHHas AnvHa.

lIl. ONPELENEHWNE OBMEHHOW ANNHBI

O6meHHast AnvHa onpegensieTcs BoipaxeHnem [3]

Loy = vV Doy Ts, 1)
roe Dex — KO3gduMUMEHT cnuHoBon Anddy3unn, Ts - BPEMSA KOPPEnsauMM 3MeKTPOHHOro cnuHa. BenuumHa
KoahpmLmMeHTa CNMHOBON AU dY3un paBHa:

D, = érsz % ) (2)
roe cpegHee pacCTosHUE MEXAyY ANeKTpPoHaMU Ha NOBEPXOCTU rs=(1/1TNs)Y2, Ns — KOHLEHTpaUUsl aNeKTPOHOB
HB MOBEPXHOCTM ANOKCMAA TUTaHa, 3Heprust obmeHHoro B3ammoaenctems [3]

J(ny) =0.82 [®)_a® (T—S)S/z exp (— T—S). 3)

2 4meggap \ap ap

3pecb dyHkuma f(p)=(1+p)¥? +(1-p)®?, ag - GOPOBCKMN pagmyc IMEKTPOHA Ha [AOHOpe, p — ChUHOBas
nonspusauus.
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C nomouubio BblipaxxeHun (1)—(3) MoXHO paccunmtaTtb OOMEHHYIO AMMHY B 3aBUCUMOCTM OT KOHLeHTpauum
ANEKTPOHOB, BPEMEHU KOPPEensumMn 3reKTPOHHOro CNuHa 1 cTeneHn nonspusaumn. Ha ocHoBe NonyYeHHbIX
BblpaxxeHUn Gbina paccynTaHa obMeHHass AnvHa B 3aBUCUMOCTM OT KOHLIEHTpaLMM Ns NpU PasfuyHbIX
3Ha4yeHnax GOPOBCKOro paguyca anekTpoHa Ha A0HOpPE {puc. 2a), BpeMeHM KOPpensiLumn aNeKTPOHHOIO CrnHa
(pnc.2b), cteneHn nonspusauum (puc. 3).

Ha pucyHke 2a npepacTtaBrneHa 3aBWCUMOCTb OOMEHHOW AfIMHbI OT KOHLUEHTpauuu Ns Npu pasnmnyHbiX
3HayeHMsax OOpPOBCKOrO paguyca SneKkTpoHa Ha pgoHope. BugHo, 4TO 3HaveHune OOMEHHOM AfUHbI
yBENMYMBaeTCA MpU YBEMUYEHUM 3HAYEHUss KOHLUEeHTpauuu. Korga 3HayeHwe KOHLUeHTpauuu gocTturaet
BenuuuHbl (1-5) 108 M2, 3HayeHne OOMEHHOW ANWHbI HAYMHaeT MOCTENeHHO yMeHbluaTbes. lMoBeneHue
3aBMCMMOCTU KayeCTBEHHO coBnagaeT Ans BCEX paccMmaTpuBaembiXx 3HadeHun 60opoBCKOro paguyca
3MeKTpoHa Ha [JoHope.
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PucyHok 2. OBbMeHHas AnvHa B 3aBUCMMOCTU OT KOHLEHTPaL MK Ns MPU pasnimyHbIX 3Ha4eHnsAx 60poBCKOro
paguyca anekTpoHa Ha AOHOpPE (a) U NPU PasnUYHbIX 3HAYEHUAX BPEMEHWN KOPPENALUN INEKTPOHHOTO
cnuHa (b)

I'Ipvl yBENMNYEHNN 3Ha4YeHnsA 60pOBCKOFO paanyca anekrtpoHa Ha AOHOpe 3Ha4YeHune 0BMEHHON ANWHbI Takke
yBenn4nBaeTCcA. YucneHHoe 3HavyeHne Lex MEHSETCA HE3HAUYUTENbHO B 3aBUCMMOCTM OT 3HAYeHUs BpemMeHn
Koppenauun anekKTpoHHOro cnnHa. Korga 3HaueHue KOHLUEHTpauun gocturaet BeJIM4nHbI 1107 M2, 3HayeHue
OOMEHHOM AnMHbI  HayMHaeT MOCTENEHHO YMEeHbLUAaTbCA. |_|pl/l yBENMMYEHNN BpPEMEHN KoppenAauunn
OJTIEKTPOHHOIO CnMHa 3HavyeHune 0OMEHHOW ANuHbI Takke yBeINnn4nBaeTcA.

Takke Oblna paccuntaHa oOMeHHasi ArnvHa B 3aBUCUMOCTM OT KOHLUEHTpauuy npu pasfuyHbIX 3HAYEHUsIX
cteneHn nonsipusaummn (PucyHok 3). MokasaHo, YTO 4YeM Bbille BeNUYMHA CTEMEHW Monsipusauun p, Tem
6onblle 3Ha4YeHne oOMeHHOW ASNHbI.

PacuéTt o6MeHHOI AnvHbI MoKa3ar, YTo ee BeNMYnHa HEMOHOTOHHO MEHSIETCS C YBENUYEHMEM KOHLIEHTpaLum
3M1IEKTPOHOB Ha MOBEPXHOCTM AMOKCMAA TuTaHa, pucyHok 2b. C poCTOM KOHUEHTpauuu B guanasoHe
1010-10'2 cm2 npu gaHHbIX NapameTpax (as=5 HM, Ts=1 nc) obmeHHas AnvHa gocturaet makcumyma 50-60 HM
B 0611acTu KOHLUEHTPaLMIA 3NeKTPoHOB (6-8)1010 cm2.
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PI/IcyHOK 3. O6bmeHHas anvHa B 3aBUCUMOCTHU OT KOHLUEHTpaUUn Ns Npn pas3rnimyHbiX 3Ha4eHNAX CTENEHN
nonapunsauunn
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Takum oGpasom, 3HayeHue OOMEHHOW [ONUHbI YBENWYMBAETCSt MpU YBENUYEHUN BPEMEHU KOppensuum
MponopuUMoHanbHO TsY2 M yMeHbLUaeTCcsl CO CHWXKeHWeM ag. PocT OBMEHHOM AnuHbI B 3aBMCUMOCTU OT
yBenMYeHns CTeneHn CnMHoBOW nonspusaunm coctasngaet npu p=50 % B 1,05 pasa, a npu p=90-100 % B 1,2
pa3a. [NoaToMy aAns yBenMyeHnss 06MeHHOM AnWHbI HE06X0AUMO NPUMEHSITb CMIMHOBbIE UHXEKTOPBI C BbICOKON
CTEMEHbIO CMNMHOBOW MONsipM3auMun, Hanpumep, chnaebl [eiicnepa, a Takke ynpaBnsaTb KOHLEHTpauuen
3MEKTPOHOB Ha NOBEPXHOCTM AUOKCUAA TUTaHa.

IV. SBAKINIOHYEHWE

Bbimo  ycTaHOBMEHO, 4YTO 3aBMCMMOCTb OOMEHHOW [OfIMHbI OT KOHUEHTpauuMu 3MeKTPOHOB WMeeT
HEMOHOTOHHbI Xapaktep. [Npu yBenMYeHUn cTeneHyn nonspusaunm, BPEMEHN KOPPENSILUN 3NEKTPOHHOIO
CMNuHa, 6ODOBCKOFO paanyca O3neKkTpoHa Ha NOBEePXHOCTHbIX COCTOAHUAX OUOKCMOa TUTaHa BeNnYnHa
oOMeHHOoMN AJTNHDbI B Makcumyme pacTeT. ,D,aHHbIe B3aMMOCBA3N Nno3BONAKT KOHCTpynpoBaTb
doToKaTanuMTMyeckne NokpbiTUs Ha ocHoBe Si/cbeppomarHeTuk(PM)/TiO2 reTepoCTpyKTyp ANSA NOBbILIEHMWS
3dhPeKTUBHOCTU npoLecca CnnMHoBoro potokatanunsa.
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SPIN POLARISATION ON THE SURFACE STATES OF THE TITANIUM DIOXIDE IN THE Si/FM/TiOz
HETEROSTRUCTURE AT THE SUN EXPOSURE

T. Sidorova, A. Danilyuk

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
sharsu_antea@bk.ru

Abstract: Processes of the spin injection at the spin —dependent tunneling of the electrons to the titanium
dioxide surface states, created by the organic compounds, were observed. It was proved that the higher is
spin polarization, then more is exchange length. Dependence from the electron concentration is characterized
by the Maximum availability. Current interconnections permit to create photocatalytic covers based on
Si/ferromagnetic(FM)/TiO2 heterostructures. It can assist to the realization of the spin catalysis processes for
the increasing of the efficiency of the decomposition of organic compounds on the TiOz surface states.

Keywords: titanium dioxide, heterostructure, sun exposure, spin polarization, exchange length.
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3APANOBBLIE CBOVICTBA TETEPOCTPYKTYPbI MNEHKN YIMEPOOHbLIX HAHOTPYBOK
HA KPEMHWU MNP OBNYYEHUW YIbTPASUONETOM

Kypanuosa A.A., Januntok A.J1.

Benopycckuin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUONIEKTPOHUKHN,
MuHck, Pecnybnuka Benapycb, anku2lgwerty@gmail.com

AHHOTaums: B pabote nytem KOMMbIOTEPHONO MOAENMPOBaHUSA C MOMOLLBIO NMporpaMmmHoro naketa Comsol
Multiphysics wuccnegyroTca 3apsagoBble CBOWCTBA FETEPOCTPYKTYPbl MfeHKa OOHOCTEHHBIX YriepoaHbIX
HaHoTpybok (OYHT) Ha KpeMHUM B yCrOBUAX NafatoLlero Ha reTepoCcTPYKTYpy M3nydyeHusa anvHorn sonHesl 300
HM. B pesynbtate mogenupoBaHus Obinv  OBHapyXeHbl 3aBUCMMOCTM MOBEPXHOCTHOW MNMOTHOCTU
3NEeKTpPUYecKoro 3apsaaa o v noteHumnana Vs oT sHeprum E; noByLLIEYHbIX COCTOSIHUIM Ha NMOBEPXHOCTU MIEHKN,
MOHOTOHHOE YMEHbLUEHME AaHHbIX 3HAYEHU C POCTOM E;, a Takke oTnmMymne B 3Ha4YEHNSIX AaHHbIX BEMNYUH B
YCNOBUSX HanNuuusa nagjatroLlero U3nyyeHus u ero otcytcTens. Hanbonbliaa pasHuua B 3HAYEHUSIX O Mpu
HanM4mMm n3nyyYeHus n ero oTcyTcTBum bbina obHapyxeHa npu E=0 aB n coctaBuna 106 mkKn/cm2. Pasnuuune
B 3Ha4YeHuax Vs cnabo oTnnyanock Ans Kaxaoro sHavyeHne aHeprm E; n coctaensano npumepHo 47 mB.

KntoueBble crioBa: yrrepofHble HaHOTPYOKM, KPEeMHWIA, reTepoCTpyKTypa, MIeHKa, yrbTpaduosieToBoe
n3ny4yeHue.

I. BBEOEHNE

YrnepogHble HaHoOMaTepuanbl MPeacTaBnsalT  LWUPOKUA  Kracc coefuHeHun: rpadpeH, dynnepeHsl,
HaHOTPYbKM, HaHOBONOKHa U Apyrne. O4Ha 13 TakMx MakpoCTPYKTYP — NMEHKN, COCTaBMNEHHbIE U3 YTNepoaHbIX
HaHOTPYOOK, KOTOPbIE OPUEHTUPOBaHbLI B criydanHom nopsake. NneHka OYHT coctont n3 nepenneTeHHbIX
HaHOTPYBOK, Kaxaasd M3 KOTOPbIX XapaKTepu3ylTCd CBOMMW CBOWCTBaAMW, TakMMU Kak OMaMeTp, ONvHa,
XupansHocTb 1 T.4. OgHako nneHky OYHT MOXHO paccmaTpmBaTh, Kak LEeNOCTHbIN 00beKT, YTo ynpoLiaeT
WHTepnpeTauunio gaHHbIx [1].

Cpeaun noteHuunanbHbIX MPUMEHEHWI FeTEPOCTPYKTYP Ha OCHOBE YrNEpPOAHbIX KOMMO3UTOB B PasfiMyHbIX
06nacTsax anNeKTPOHWKN cnegyeT 0cobo OTMETUTb MX NEPCNEKTUBHOCTD B ONTO3MNEKTPOHUKE. [lepcnekTuBHOM
ONS ONMTO3NEKTPOHUKN ABNSAETCA retepocTpyktypa nneHka OYHT/KpeMHun, 3apsigoBble CBOWCTBA KOTOPOW
paccmMaTpuBaloTCs B JaHHOW paboTe. OTO CBA3aHO C psSAOM OTAMYMNTENbHBLIX 0cobeHHocTern OYHT, Takmx Kak
HU3KOe YyAenbHOEe COMpPOTMBMEHME, BbICOKas Mpo3payHoCcTb B BuaAMMOM u OnwkHem WK-guanasowe,
BO3MOXHOCTb TMOKOM HacTpPOWKM CBOWCTB MaTepuana 3a CYeT W3MEHEHMs MnapamMeTpoB pocTa MM
XMUMWYECKOro NernpoBaHus, CTabunbHOCTb NpW TemnepaTtypax, 3HauYUTENbHO MNPEBbIWAOWNX KOMHATHYIO,
npsamas 3anpeweHHas 3oHa [1]. B pabotax nocnegHero AecaTunetuss nNpOAEMOHCTpUMpOBaHa
NepcrnekTMBHOCTb UCNONb30BaHuA reteponepexogos OYHT/KpeMHMIA B Ka4eCTBE COMHEYHbIX 3NIEMEHTOB ANng
npeobpasoBaHns 3Hepruun, a Tawke IPPEKTUBHBIX CBEPXOBLICTPbIX LUMPOKOMOSOCHbIX hoToaeTekTopoB [2].
CaoicTBa 1, B 4aCcTHOCTH, anekTponposogHocTe OYHT 3aBucKT OT MHOXeCTBa (hakTopoB nX hOpMUPOBaAHUS
[3], yTo No3BONAET CO3naBaTh YrnepoaHble HAHOTPYOKM C 3apaHee 3aJaHHbIMM CBOMCTBaAMM.

YnbTpacroneToBoe M3nydeHne — 3MeKTPOMArHUTHOE M3NydeHue, 3aHMMatloLlee CrneKkTpasnbHblA guanas3oH
MeXxay BUAMMbIM U PEHTTEHOBCKMM M3nydeHuaMn. OnuHbl BonH YP-nsnyyeHns nexart B uHtepsarne ot 10 go
400 Hm (7,5-1014-3-10%6 '), uTO COOTBETCTBYET 3HEPrUM M3nydenus 124 — 3,1 aB. Mogaenstowasn vyactb Y-
nsny4yenHusi, ncnyckaemoro CorHuem, MOrnoLliaeTcd 030HOM, Mapamu BOAbl, KACMOPOAOM M YITIEKUCHbIM
rasom. Ho 6narogaps co3gaHuio 1 COBEPLUEHCTBOBAHUIO UCKYCCTBEHHbBIX MCTOUYHUKOB YP-M3rny4yeHus cendac
BO3MOXHO MONy4eHMEe W3MyYeHUss C ANVHOW BOSHbI HauMHas OT [ecsATka HaHOMETPOB, YTO HaxoauT
NpMMeHeHVe B pasnuyHbIX 00nacTsax, TakMx Kak MeauumHa, obessapaxuBaHue BO34yxa U NMOBEPXHOCTEMN,
KocMeTonorusi, Kpuntorpadusi, xpomartorpaduyveckuii aHanma, OMOTEXHOMOMMKU, Macc-CneKTPOCKONWs,
CenbCKoe XO3ANCTBO M MHOIMMX Apyrux [4].

. METOOVNKA MOOEJIMPOBAHUA

B paHHoOm paboTe paccMaTpvBaeTCsi reTepoCTpyKTypa MieHKa OAHOCTEHHbIX YriepoaHbIX HaHOTpybok
(OYHT) Ha «kpemHun. Llenbio paHHOM paboTbl SBMASIETCS MOAENMPOBAHWE 3apsooBbiX  CBOWCTB
retepocTpykTypbl nrneHka OYHT TonwmHon 50 HM Ha KpeMHUEBOW MOANOXKKE TOMWMHON 2 MKM. B npouecce
dopmupoBaHusa nneHkn OYHT Ha kpeMHun obpasyeTcsa TOHKUI crol okcuaa kpeMHus SiO2, B nccrnegyemon
modenu TonwmHa cnosa SiO2 cocTtaBnsna 2 HM.

MogenupoBaHue Gbino NpoBeAeHO C NOMOLLB NporpammMHoro naketa Comsol Multiphysics Ha ocHoBaHuK
pelueHus mogeny AHaepcoHa Ans NonynpoBOAHMKOBbLIX reTeponepexoaoB, pelleHus ypaBHeHus NyaccoHa,
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ypaBHeHMﬁ HenpepbIBHOCTU A4 3J1EKTPOHOB U ObIPOK U ypaBHeHMIZ Makceena gnsa ANEKTPOMarHMUTHbIX BOJIH.
MO,D,eJ'IMpOBaHMe npoBoaAuNoCb Ha OCHOBaHUN ,u,BymepHoﬁ mMmoaenu.

[nvHa BonHbl nagatowero Ha cTpykTypy nanydeHna A=300 HM. [TNOTHOCTb MOLLHOCTU U3Iy4eHnst cocTaBnsana
1000 Bt/m2. Oina OYHT, KpeMHUsi 1 okcraa KpeMHUs 3afaBarics KOMMSIEKCHbI NnokasaTtenb NPenomMreHus,
ero gencreutenbHas n u MHUMas k yactu [5,6,7].

OCHOBHblE CBOICTBA UCMOSb30BaHHBIX MaTepuasioB NpeacTasneHsl B Tabn. 1.

Tabnuvua 1. NMapameTpbl MaTepuanos

n-Si SiO2 n-OYHT

npuHa 3anpeLleHHON 30HbI, 9B 1,124 8 0,3
CpoacTBO K 9aNneKTpoHy, 3B 4,05 0,75 4,2
OTHOCcHTENbHAsA ANaneKkTpuyeckas NpPoHNLAEMOCTb 11,7 3,9 4,75
Bpems X13HM 3NeKTPOHOB, MKC 10 0,012 0,0004
Bpems Xun3Hu ablpoK, MKC 10 0,012 0,0004
KoHueHTpauus npumecu, cm3 1016 - 1018
MoaBWMXHOCTb aMNeKkTpoHoB, cMm?/(B-c) 1450 21 56
MoaBwXHOCTb AbIPOK, cM?/(B-c) 500 0,0001 56
[MokasaTenb NpenommeHns:

- OencTBUTEenbHas 4acTb N 4,976 1,46 1,51288

- MHMMas 4acTb k 4,234 0,0019 0,64472

B npouecce cdopmupoBaHusa nneHkn OYHT Ha NMOBEpXHOCTM BO3HMKAKOT PasfiMyHblie NOBYLLKW HOCUTENEWN
3apsiga. B ocHoBHOM OHM BbI3BaHbl agcopbumenn moHoB kucnopoga O-, yto obecneymBaeT n-Tun
nposogmmoctn OYHT [1]. JloByLLeYHble COCTOSAHUSI BO3HUKAIOT TaKKe B OKCUAE KPEMHUSA Ha NOBEPXHOCTU
KpeMHueBon noanoxku. Ha nosepxHoctn OYHT OGbinu 3agaHbl NOBYLIEYHbIE COCTOSHUS OOHOPHOro Tuna
nnotHocTbio 1012 cm2 u ¢ aHepruen E; ot 0 oo 0,1 aB cumTas oT AHa 30HbI NpoBoAnMOcTU [1], B o6beme SiO2
ObIny 3agaHbl NOBYLWKM OOHOPHOro Tuna nroTHocTbio 1012 cm2 n sHepruen 0,34 3B cumtas OT AHA 30HbI
npoBoguMocTH [8].

B pesynbTate MmoaenvpoBaHusa reTepoCTPyKTypbl Obina nofyyeHa 3aBUCUMOCTb MIIOTHOCTU 3MEKTPUYECKOro
3apsiga 0 Ha noBepxHocTw nneHkn OYHT oT sHeprum noByLleYHbIX cocTosHuA E; (puc. 1) npu obnyyveHun
cBeTOM AnuHou BoHbl 300 HM.
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PucyHok 1. 3aBUCMMOCTbL MOBEPXHOCTHOWM NIOTHOCTM 3apsifa Ha noBepxHocTn OYHT oT aHeprum E;

Mpy Hanuuum nagaroLwero Ha reTepoCcTPYKTYPY M3nyyvyeHusa AnuHon BorHbl 300 HM NAOTHOCTL 3apsiia O Ha
NMOBEPXHOCTU NIEHKMN C YBENMYEHMEM 3HAYEHUS E; MOHOTOHHO yMeHbLuaeTcst oT 0=3,6-10-* mkKn/cm? npu E=0
3B po 0=1,1-10"° mkKn/cm? npu E=0,1 aB. lNpu oTCyTCTBUM NagatoLlero M3nyyeHuss o Takke MOHOTOHHO
yMeHbLUIaeTcs npu pocte E; 1 He3HauMTenbHO NPEBOCXOAMUT 3HaYEHUSsI O B YCNOBUSIX HANUYMS N3Ny4eHus, npu
E=0 aB Ha 106 mkKn/cm?2 u npu E=0,1 3B Ha 1,5-10-° mkKn/cm2.
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Takke Obina nonyyeHa 3aBUCMMOCTb 3FIEKTPUYECKOTO HaMpsiKeHUs Vs OT 3HEPTUM FOBYLLEYHbLIX COCTOSTHUINA
E:. Kak npy Hanuumm nsnyyeHusi, Tak n npu ero oTCyTCTBUM 3Ha4YeHne Vs MOHOTOHHO YMEHbLLANoch Npu pocte
E: Ha BenununHy 0,5 mB 1 0,17mB, cooTBeTcTBEHHO. HO B YCNOBMAX NagatoLLero nsny4yeHus aHadeHms Vs bbinm
CYLLLECTBEHHO BbILLE, YeM Npu ero oTcyTcTBum, npu E=0 aB 119,7 n 72,4 mB, cooTBeTcTBEeHHO. [Ina BCEX
3Ha4eHun E: pasnuune Vs octaBanocb NpubnmantTensHoO oanHakoBbiM, 47,4 mB ons E+=0 3B 1 47,04 mB ans
E«=0,1 3B.

[nsa o6bACHeHMs NonyyYeHHbIX pe3ynbTaToB bbina NOCTpoeHa SHepreTuyeckasi guarpamma CTpykTypbl Mo OCu
nepneHAVKyNspHON NOBEPXHOCTH NIeHKM (puc. 2). Pa3pbiB Mexay 30HaMu NPOBOAMMOCTM KPEMHUS U NITEHKN
OYHT, npenaTcTByOLLMIA TOKY 3NeKkTpoHoB U3 nneHkn OYHT B kpemHuin, coctasun 0,22 3B. Pa3pbie mexay
BaneHTHOM 30HOM KpeMHusa u nneHkn OYHT coctasun 0,6 9B, 1 Takke 6nokMpoBan npoTekaHne AbipoK un3
nneHkn OYHT B KpeMHW.
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PucyHok 2. QHepreTudeckasn guarpamma retepoctpyktypbl SI/OYHT

[MNOTHOCTL TOKa 9NEKTPOHOB 4epes3 rpaHuly pasgena kpeMHUn/OYHT npu obnyyeHun CTPyKTypbl
nany4yeHnem gnuHon BonHel 300 HM cocTaBuna npubnuanTensHo 47 A/cm? B HanpaBneHUN U3 KPEMHUSI B
nneHky OYHT, B To e Bpemsi Mpu OTCYTCTBUM OOMy4eHUs MIOTHOCTb TOKA 3NEKTPOHOB cocTaBnsina 527
A/cm2. TINOTHOCTb TOKa AbIPOK Yepes rpaHuuy kpeMHuin/OYHT coctaBuna npubnusutensHo 0,006 MKA/cm?
npu OTCYTCTBUM U3NYYEHUS, a NP ero Hanu4MM nokasana 3aBUCUMOCTb OT 3HEPrumn E;, MOHOTOHHO CHUXKASACh
oT 2,9 mkA/cm? npu E=0 aB go 0,55 mkA/cm? npu E=0,1 aB.

CkopocCTb reHepauuu HocuTenen sapsiga y noeepxHocty nneHkn OYHT paeHsieTcsa 2,72:106 cm?c?, a B
KPEMHUK OKOSO rpanuLbl pasaena KpeMHuin/OYHT 1,37:10%° cm2ct. KoHueHTpaums OblpoK B KPEMHMU OKOSO
rpaHuubl pasgena paeHa 740 cm S npy oTcyTCTBMM Nagatowero nanydenns n 1,3-10% cm= npu ero Hanuumm.
KoHueHTpaums abipok B nneHke OYHT okono rpaHuubl pasaena kpemHuin/OYHT gocturana 5,4-1012 cm2 npu
OTCYTCTBMM NagatoLlero usnyvenusi n 3,4-1013 cm2 npu ero Hannyuw.

[MNOoTHOCTL TOKa AbIPOK, B OTNMYME OT MNNOTHOCTU TOKa 3MeKTpoHOB, 4epe3d nneHky OYHT nokasana
3aBMCMMOCTb OT aHepruu E;, okono nosepxHocty nneHkn 0,19 mA/cm2 npu E=0 3B 1 2,7 mkA/cm? npun E=0.1
3B. Mpn n-Tne nervpoBaHWsi KPEMHWEBOWM MNOAJIOXKKN YMEHbLUEHUE TOMWMHbI nNneHkn OYHT BeposATHO
MO3BOSIUT YBENMUYUTL KOHLIEHTPAUUI0 ObIPOK Ha rpaHuue pasgena kpemHui/OYHT 3a cueT yBenuueHus
CKOPOCTM reHepauum HocuTenen 3apsga B KpEMHUMN.

1. BAKINIOYEHUE

PesynbTratbl MOAENUPOBaHMSA 3apsiAoBbIX MPOLIECCOB B FETEPOCTPYKTYpe Kpemuui/nneHka OYHT npu
00ny4YeHUn 3NEKTPOMarHMTHbIMU BOMMHAMKU C AfiMHOM BoSHbI 300 HM nokasanu 3aBUCUMOCTb 3apsiiOBbIX
CBOWNCTB reTepoCTPYKTYPbl OT NapaMeTpOB NTOBYLLUEYHbIX COCTOSIHUA Ha NoBEpPXHOCTU nneHkn OYHT.

[Mony4yeHHble pe3ynbTaTbl NPOAEMOHCTPUPOBANU BO3MOXHOCTb YrpaBrieHnsa paboTon hoTOINEKTPUYECKUX
YCTPONCTB B YynbTpadmonetoBon o6ractv 3SNEeKTPOMarHUTHOrO M3ny4veHus, a Tawkke HeobxoouMmocTb
paspaboTkm meTogoB dopmupoBaHnsa nneHok OYHT ¢ rmbkmm KOHTPONEM WMX CBOWCTB, B 4aCTHOCTMU
napameTpoB NTOBYLLUEYHbIX COCTOSIHUN.
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CHARGE PROPERTIES OF A HETEROSTRUCTURE OF CARBON NANOTUBES FILM ON SILICON
UNDER ULTRAVIOLET IRRADIATION

A. Kuraptsova, A. Danilyuk

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
anku2lgwerty@gmail.com

Abstract: In this work, the charge properties of a heterostructure of a single-wall carbon nanotubes (SWCNT)
film on silicon under irradiation of 300 nm wavelength are investigated by using computer modeling with the
Comsol Multiphysics software package. As a result of modeling, the dependences of the surface electric
charge density o and the potential Vs on the energy E;: of trap states on the film surface, a monotonic decrease
in these values with increasing E;, as well as a difference in these values under conditions of the presence of
incident irradiation and its absence were found. The greatest difference in the ¢ values in the presence and
absence of irradiation was found at E:=0 eV and was 106 uC/cm-2. The difference in the Vs values was slightly
different for each value of the energy E: and was approximately 47 mV.

Key words: carbon nanotubes, silicon, heterostructure, film, ultraviolet radiation.

78



MexayHapogHas Hay4YHo-npakTuyeckas KoHgepeHLms
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

YOK 621.315.592

PASPABOTKA NNABNHHbLIX CBETOONOOOB HA OCHOBE HAHOCTPYKTYPUPOBAHHOIO KPEMHUA
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1Benopycckuin rocy4apCTBEHHbIN YHUBEPCUTET MHADOPMATUKM U PaaNOSNEKTPOHUKM, MUHCK,
Pecnybnuka benapyck, serg@nano.bsuir.edu.by

20A0 «MHTETPAIT» — ynpaensitowasa komnanus xongudra « MHTEMPATT», MuHck, Pecnybnuka Benapycb

SHIMK «TexHonornyeckuii LeHTp», Mockea, Poccuiickas ®enepauus

AHHOTauus: Pa3paboTaHbl KOHCTPYKUMS U TEXHOMOIMMS U3rOTOBMEHMS NaBMHHBIX CBETOAMOOOB Ha OCHOBE
HaHOCTPYKTYPUPOBAHHOTO KpemHusi. CgopMupoBaHbl MaTpulbl CBETOAMOAOB C pasfMuyHoi pabodeit
nnowaabto. MiamepeHne eMKOCTM CBETOAMOA0B NoKasaro, YTo YMeHblLeHWe paboyeit nnowaam ceeToanoaos
MO3BOJIAET CHU3WUTb CYMMapHYK €MKOCTb YCTPOWCTBa [0 AECSTbIX Aornei nukodapap, 4YTo Mo3BosnseT
NaBUHHBIM cBeToaMoAaM (hYHKLMOHMPOBATL B rMrarepLoBOM AMana3oHe YacToT. [aHbl pekoMeHaauuy no
JanbHenweMy yBenmyeHuio ObICTPOAECTBUS NaBUHHBIX CBETOAMOAOB BMOTb A0 TeparepLoBOro AmanasoHa
YyacToT.

KnioueBble cnosa: HaHOCprKTprpOBaHHbIVI erMHVIIZ, NaBnHHble CBeToaMoObl, KpemMHueBad (*)OTOHVIKa,
onTn4yecKkmne mexxcoegmHeHuA.

|. BBEOEHNE

BbicTpopencTBMe  COBPEMEHHbLIX  UHTErparbHblX CXeM  OrpaHM4MBaeTCd  Pe3NCTUBHO-EMKOCTHbIMU
3aJepXKamMn MX INEeKTPUYECKUX MEXCOeOUHEHWUN, YTO He MO3BOMseT MM (PYHKUMOHMPOBATbL Ha YacToTax
6onee 10 MTu. JaHHas npobnema MoXeT ObiTb pelleHa 3a c4eT 3aMeHbl 3MIEKTPUYECKNX MEXCOEOUHEHWNI
ObICTPOAENCTBYIOLLUMM ONTUYECKUMU MexcoeanHeHuamn [1-6]. Mpu aTom rnaBHble TPYAHOCTU CBSA3aHbl C
pa3paboTKoM MCTOYHMKOB CBETA Ha KPEMHWMW, KOTOPbIV SBSIETCA OCHOBHBIM MatepuarnoM, NCnosib3yeMbIM B
WHTErpanbHOW 3nekTpoHuke npu wusrotoBrneHnn MWC. PaHee Hamu 6Gbina paspabotaHa TexHonorus
W3roToBSIEHUS NaBUHHbBIX CBETOAMOLOB Ha OCHOBE HaHOCTPYKTYPUPOBAHHOrO KpemHusa [7-13]. KniodeBbiM
NpenMMyLLeCTBOM NTAaBUHHBIX CBETOONOAOB SABMSETCS MX BbICOKOE BbICTpOAEeCTBUE, TaK Kak BPEMS NTAaBUHHOTO
OTKIMKa AN KpeMHuWs HaxoguTcd B (DEMTOCEKYHOHOM [uanas3oHe, 4YTo TeopeTudecku obecneunBaet
yHKUMOHMpPOBaTbL MNpuboOpoB BO BCEM rurarepuoBoM AmanasoHe dactoT. OpHako, Ha npakTuke
ObicTpoOoeNCcTBME OrpaHNYMBAETCH EMKOCTHbIMU 3adepXkamu, OB6YCrOBMEHHbIMU GapbepHOM EMKOCTbHO
obpaTHocMelLeHHOro nepexoaa. B aaHHon paboTe npeacraBneHa KOHCTPYKLMSA NaBUMHHbIX CBETOAMOLOB Ha
OCHOBE HaHOCTPYKTYPUPOBAHHOIO KPEMHUSA, XapakTepUsylLasaca HU3KUM 3Ha4YeHnemM GapbepHON eMKOCTH,
YTO No3BondeT npubopam PyHKLMOHMPOBATL B rMrarepLiOBOM Manas3oHe 4acToT.

II. IPOEKTUPOBAHWE, N3IrOTOBJIEHVE MATPUL NABNHHBLIX CBETOONOOOB N USMEPEHUE UX
NAPAMETPOB

JlaBuHHbIE CcBeTOAMOObI HAa OCHOBE HAHOCTPYKTYPUPOBAHHOIO KPEMHUS MPOEKTMPOBaNM C pasfnyHbIMU
pa3vepamMu CBETOU3Ny4YaloLMX 3NIEMEHTOB, KOTOpble BapbUpOBanvCb B AManas3oHe OT eauHuL OO0 COTeH
MuKpomeTpoB. CBeTtoamoabl hopMmMpoBanu no TEXHOSOMMKU, COBMELLEHHOW ¢ TexHomnornen KMOIT UC, a
WMEHHO, KpEMHMEBBIE MITACTMHbI MPOXOAMIN BCE onepaumm TUNoBoro mapLupyta marotosneHms KMOT UC,
BKIOYas onepauuto co3daHunsi N-kapMaHOB B OKHAaX MEXKOMMOHEHTHOro auanektpuka SiO: [14]. Oanee
cnefoBann K4YeBble oOnepauvMyM M3roTOBMEHUS faBMHHBLIX CBETOAMOAOB. OCaXAeHWe antoMUHUEBO-
KPEMHMEBOW HAHOKOMMO3UTHOW MNNeHKW, cocTosiwen mn3 75 ar.% anoMmuHua mn 25 at.% KpemHus;
doTonutorpadusa, onpeaensolas reoMeTpuo aNeKTpoaoB CBETOANOLOB U pa3nennTenbHOro ANANeKTpuKa
Al203; nokanbHOEe CKBO3HOE 3IIEKTPOXMMMYECKOE aHOAMPOBAHWE anOMWHUEBO-KPEMHUEBOW MIEHKN, MpuU
KOTOPOM arntoMUHWUIA NOMHOCTLIO Nepexoaun B OKCUA antoMUHUSA, a KpeMHUEBbIE HaHOCTPYKTYPbl OKUCNSANNCH
YaCTU4YHO, B pe3ynbTaTte 4Yero hopMUpoBannChb KpeMHUEBLIE KNacTepbl, BCTPOEHHbIE B OKCUAHYIO MaTpuuy.

[anee cdopMMpoOBaHHbIE CBETOAMOAHbIE MaTpuLUbl Ha KPEMHMEBBIX MOAJIOXKKAX MNpoBoAUNM MO
cTaHgapTHomy mMapupyTy msrotoenenns KMOI NC ¢ gByxypOBHEBOW anioOMUHUEBOW MeTannusauven u c
MEXYPOBHEBbLIM OUANEKTPUKOM Ha ocHoBe SiO2. bonee nogpobHO TEXHOMNOrMSA U3roTOBNEHWS NpeacTaBneHa
B [14].
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C(bOpMI/IpOBaHHbIe cBeToanoaHble MaTpuulbl Ha KpeMHUEBbLIX MNoANoXKax pas3gendann Ha oTaelibHble
KpucTtannbl npy noMoLlmn CKpaIZ6MpOBaHMﬂ. Hanee npoesogunmnchb onepaunm nocagku nofy4YyeHHbIX Kpuctanios
B antoMOOKCcMaHble Kopnyca U nocnep,yrow,eﬁ pa3Bapkn KOHTAKTHbIX MniowagokK U BbIBOOOB Kopryca npu
NoMOLLM antoMUHUEBOM NPOBOJIOKW.

Mpu nccnegoBaHUKM XxapakTePUCTUK CHOPMUPOBAHHBIX CBETOAMOLHBIX CTPYKTYP M3Mepsiniacb 3aBUCUMOCTb UX
€MKOCTM OT HanpshkeHus cmeweHns B gunanasoHe ot 0 go 10 B. Takke cBETOBOMW CUrHan namepsncsa npu
nogave HanpshkKeHus CMeLLeHNs CMHycomnaanbHOM oopMbl pasnmMyHoOM 4acToThl. [pu 3TOM permctpupoBanach
yacToTa, Ha KOTOPOW NMHTEHCUBHOCTb CBETOBOIO CUrHara yMeHblUanach B ABa pa3a OTHOCUTENbHO BENTUYMHLI,
XapaKTepHOW AN HU3KUX YacTOT. YMEHbLUEHNE MHTEHCUBHOCTM CBETOBOIMO CUMrHana CBUAETENbCTBOBAsO O
BPEMEHHbIX 3afepXKKax Pe3UCTUBHO-EMKOCTHOIO Xapakrepa, NpenaTCTBYOLWNX BHELIHE Mmoaynaumm [1].

. PESYNBbTATbI N OBCYXOEHNE

Ha pucyHke 1 npeactasneHsl oTorpadmm KpUcTannos CO CBETOANOAHBIMI MaTpuLaMn chopMmUpOBaHHbIMU
cornacHo paspaboTtaHHon TexHonorun. CeeToanogHasa Matpuua ¢ MMHUManbHbIMU pa3Mmepammn CBETOAMOL0B
npeactasneHa gaxabl (puc. 16 — ootorpacums Bcero ynna, puc. 18 — potorpadus CBETOANOAHON MaTpULbI
npu yBenuieHun 250 kpat). doTorpacmsi C ONTUHECKOTO MUKPOCKOMa BbICOKOTO paspelleHusl nokasbiBaeT
MUHMMarnbHblE pa3Mepbl CBETOM3NyYalLmMx CTPYKTYp — KBagpatbl cO cTopoHo 10 mkm. [Ona Bcex
uccriegyembix 00pasLOB CTpPyKTypa CBETOOMOAHBLIX MaTpuy coctosna u3 Habopa cBeToaModoB 5x7,
pacnonoXeHHbIX B hopMe NPSIMOYrofibHMKA, Kak 3TO BUAHO Ha pucyHKe 1a. [lnanasoH uccnegyemon paboyen
nnowaan ceetogmoaoB coctaBnsaeT oT 10 Mkm2 go 4105 MKM2,

N

PucyHok 1. doTorpacmm MaTpuL, NaBUHHBbIX CBETOANOA0B HAa OCHOBE HAHOCTPYKTYPUPOBAHHOIO KPEMHUS;
a — ceeToaunoabl ¢ paboyel nnowaapo 104 Mkm2, 6 — ceeToanoadbl ¢ paboyen nnowagpto 100 Mkm2, B —
cBeTogmoapl ¢ paboyen nnowaasto 100 Mkm? (yBenuyeHue 250 kpar)

EmMKoCTb CBETOAMOLOB ANns BCEX uccnenyemMblx 06pasLoB, U3MepeHHas npu HanpsxeHuu cmelleHmsa 10 B,
npeacTaBsneHa Ha pucyHke 2. BenununHa obpatHoro cmelleHns 10 B 6bina BoibpaHa B CBS3M C TEM, YTO npu
OaHHOM CMeLleHMM Ha BCex wuccriegyembix obpasuax Habmwganocb W3nyvyeHue CBETOBOroO curHana,
pPasnMYMMOro HEBOOPYKEHHbBIM [1a30M.
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PucyHok 2. 3aBMCUMOCTM €MKOCTY NaBWHHbIX CBETOAMOAOB Y UX MaKCMMarbHOW YacToTbl MOAYNALMUMN OT
paGoyeii Nnowaam pasnnyHbIX KOHCTPYKLIMIA CBETOANOA0B
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PesynbTathl, NpeacTaBrneHHble Ha PUCYHKe 2, CBUAETENbCTBYT O TOM, YTO 3aBUCUMOCTb EMKOCTU
CBeTOOMOO0B OT WX MfoWwaan MMeeT NpakTUYecku NUHEWHbIM XapakTtep. Hebonbluoe OTKNoHeHue OT
NMHEeNHOCTM B 00nacTu manbix pabounx ninowiagen cBeToano4oB OObACHAETCS CyMMapHbIM BKITagoM ABYX
COCTaBnsoOWMX: OapbepHON EeMKOCTbl0 OOpaTHO CMeLeHHOro KoHTakta LWoTTkm u  eMKocTbio
pasgenuTtensHoro auanektpuka Al2Os, pacrnonioXXeHHOro  Mexgy  anoMVHUEBBIMU  3MEKTPOAaMM
MexcoeanHeHuin. MNMpn 3Tom GapbepHas eMKOCTb 06paTHOCMELLEHHOro KoHTakTa LLoTTkM BHOCUT OCHOBHOW
BKIag B MU3MEPSEMYI0 CYMMapHY eMKOCTb. Ha pucyHke 2 Takke npegcTaBreHa 3aBMCMMOCTb NpeaeribHON
YacToThl MOAYNAUMM CBETOOMOAOB OT MX paboyen nnowagu. YacTtoTHble AaHHble OblnyM NonyyYeHbl Ans
cBeToaMoaoB ¢ paboyelt nnowaapto ot 4*10% go 104 MKMZ2,

MpenoenbHasa yactoTa npu aTtom ysenuumeanacb ot 200 My go 6 Mu. N3amepeHua ana 6onee BbICOKMX
YacToT MOAynAuMM OBbINU OrpaHUYeHbl TEXHUYECKMMU BO3MOXHOCTAMMU MUCNONb3yemMoro obopyaoBaHus.
[MpMHUMasa BO BHUMaHue NMHENHYO 3aBUCUMOCTb NpeaernbHON 4acToTbl MOAynaAuum ot paboyen nnowaam
CBEeTOaMOO0B Ha rpaduke NpeAcTaBneHbl pe3ynbTaTbl AKCTPaANoONAuuM npeaensHONn 4acToTbl MOAYNALUK
cBeToaMonoB ¢ nnowagbto MeHee 104 Mkm2. Ha pucyHke 2 pesynbTaTbl 3KCTpanonsumMvM npeacTaBreHb
npepbIBUCTON NNHNEN.

PesynbTaTthl SKCTpanonsAunm aKCNnepUMeEHTanbHbIX AaHHbIX CBUOETENbCTBYIOT O TOM, YTO MPU YMEHbLUEHUN
paboyelt eMKOCTM CBETOAMOAOB 40 Aorien nukodapan npegenbHasa Yactota QYHKLMOHUPOBAHUS NTaBUHHBIX
cBeTogmonoBs byaet coctaBnATb 6onee 100 [Ty, OTn pe3ynbTaTthl NOATBEPXKOAOTCA UCCNed0BaHUAMMU APYINX
aBTOPOB MO paboTe NaBMHHbLIX CBETOAMOAOB B AnanasoHe YacTtoT oT 10 go 100 Iy [15-19]. Takke MOXHO
NnpeanonoXnTb, YTO, YMeHbllasi pasmep paboyelr nnowagn naBuMHHOro ceetoauoda Ao 1 Mkm2, Gyget
OOCTUTHYTO (PYHKUMOHMPOBaHWE NMaBUHHLIX CBETOAMOAOB BO BCEM rurarepLoBOM AManasoHe 4YacToT, YTO
cornacyeTcsl C M3BECTHbIM CBOWCTBOM MaBMHHOMO Npobosd B KPEMHUW, UMEKOLLUM BPEMEHHYIO 3aOepKKy
meHee 0,1 nc [20], yTo Nno3BonNsieT MoAyNMpoOBaTb CBETOBOMW CUrHaM Ha YacToTax BNMOTb 4O TeparepuoBoro
JnanasoHa.
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BNATOOAPHOCTb
Pa6ota BbinonHeHa npu prHaHcoson noagaepxke BPOOU (npoekt Ne T23M3-018, Ne npoekt Ne T24B-009).
JINTEPATYPA

[1] 3D silicon photonic structures based on avalanche LED with interconnections through optical interposer /
S.K. Lazarouk [et al.] // International Journal of Nanoscience. 2019. Vol. 18 (03n04). P. 1940091.

[2] Si-based optoelectronic couple / P. Jaguiro [et al.] // Physica E: Low-dimensional Systems and
Nanostructures. 2009. Vol. 41, No. 6. P. 1094-1096.

[3] On the Route Towards Si-based Optical Interconnects / S. Lazarouk [et al.] // Microelectronic Engineering,
2000. Vol. 50., No 1-4, P. 81-86.

[4] Integrated Optoelectronic Unit Based on Porous Silicon / S. Lazarouk, P. Jaguiro, V. Borisenko // Physica
of Status Solidi (a). 1998. Vol. 165. P. 87-90.

[5] Reverse biased porous silicon light-emitting diodes for optical intra-chip interconnects / S.K. Lazarouk [et
al.)// Physica E: Low-dimensional Systems and Nanostructures. 2003. Vol. 16. P. 495-498.

[6] Progress in the field of integrated optoelectronics based on porous silicon / S. La Monica [et al.] // Thin
Solid Films. 1997. Vol. 297. P. 261-264.

[7] Stable electroluminescence of nanostructured silicon embedded into anodic alumina / P. Katsuba [et al.] //
Low-dimensional Systems and Nanostructures. 2009. Vol. 41, No. 6. P. 931-934.

[8] Efficiency of Avalanche Light-Emitting Diodes Based on Porous Silicon / S.K. Lazarouk [et al.] //
Semiconductors. 2005. Vol. 39, No. 1, P. 136-138.

[9] Electroluminescence from aluminum-porous silicon reverse-biased Schottky diodes formed on the base of
highly doped n-type polysilicon / S. Lazarouk [et al.] // Thin Solid Films. 1996. Vol. 276, No. 1, P. 296-298.

81



MexgyHapoHas Hay4dHO-npakTuyeckas KoHepeHLms
«KoMnbloTepHOe NPOEKTUPOBaAHME B ASNIEKTPOHMUKE Y

[10] Visible electroluminescence from Al-porous silicon reverse bias diodes formed on the base of degenerate
n-type silicon AF / S. Lazarouk [et al.] // MRS Online Proceedings Library Archive. 1996. Vol. 358, P. 659-664.

[11] Porous silicon avalanche LEDs and their applications in optoelectronics and information displays / P.
Jaguiro, [et al.] // Acta Physica Polonica A. 2007. Vol. 112, No. 5. P. 1031-1036.

[12] Electroluminescence from nanostructured silicon embedded in anodic alumina / S. Lazarouk [et al.] //
Semiconductors. 2007. Vol. 41, No 9. P. 1109-1112.

[13] Optical characterization of reverse biased porous silicon light emitting diode / S. Lazarouk [et al.] //
Materials Science and Engineering. 2000. Vol. 69-70, P. 114-117.

[14] Influence of anodic alumina used as separating dielectric of silicon avalanche LEDs on diode
characteristics / Le Dinh Vi [et al.] // Doklady BGUIR. 2019. Vol. 7-8, No 126. P. 165-172.

[15] High-speed light modulation in avalanche breakdown mode for Si diodes / A. Chatterjee, B. Bhuva, R.
Schrimpf // IEEE Electron Device Letters. 2004. Vol. 25, No 9. P. 628-630.

[16] Xu K. Electro-optical modulation processes in Si-PMOSFET LEDs operating in the avalanche light
emission mode. IEEE Transactions on Electron Devices. 2014. Vol. 61, No 6. P. 2085-2092.

[17] Xu K. Silicon MOS optoelectronic micro-nano structure based on reverse-biased PN junction Physica Status
Solidi. 2019. Vol. 216, No 7. P. 1800868.

[18] Towards 10-40 GHz on-chip micro-optical links with all integrated Si Av LED optical sources, Si N based
waveguides and Si-Ge detector technology / K.A. Ogudo [et al.] // Proc. SPIE 8991, Optical Interconnects XIV.
2014. Vol. 8991. P. 1-16.

[19] Avalanche leds based on nanostructured silicon for optical interconnections / Le Dinh Vi [et al.] // Doklady
BGUIR. 2020. Vol. 18, No 3. P. 63-71.

[20] Physics of Semiconductor Devices: Print ISBN:9780471143239/ S. M. Sze, K. K. Ng. Pub. 10.04.2006.

[21] Anodic nanoporous titania for electro-optical devices / S. Lazarouk [et al.] // Japanese Journal of Applied
Physics. 2007. Vol. 46, No. 7R. P. 4390.

DEVELOPMENT OF AVALANCHE LEDS BASED ON NANOSTRUCTURED SILICON FOR THE
GIGAHERTZ FREQUENCY RANGE
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Abstract: The design and manufacturing technology of avalanche LEDs based on nanostructured silicon have
been developed. LED matrices with different working areas have been formed. The investigation of the LEDs
capacity has shown that decreasing their working area allows to reduce the total capacity of the structure to
tenths of picofarads, which allows avalanche LEDs to operate in the gigahertz frequency range.
Recommendations for further increasing the speed of avalanche LEDs up to their operation in the terahertz
frequency range are given.

Keywords: avalanche LEDs, nanostructured silicon, silicon photonics, optical interconnects.
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MOOEJIMPOBAHNE KOJ'IEEAHI/I?I HAMATHUYEHHOCTW B HAHOCTPYKTYPE CoFeB/Cu/CoFeB
NPV BO3OENCTBUK CMNH-NMONAPN3OBAHHOIO TOKA

Kyxapes A.B., locnogapuk E.A.

Butebcknin rocynapcTBeHHbI yHMBepceuTeT nmenn N.M. Mawweposa, Butebck, Pecnybnuka Benapycs,
kukharev.av@gmail.com

AHHOTaums: [lonyyeHbl pesynbTaTbl MOAENMPOBaHWS KonebGaHWi HamarHWMYeHHOCTW, BO3HUMKallne B
HaHocTpykType CoFeB/Cu/CoFeB (5 HM/2 HM/5 HM) unnuHapuyeckon opmbl C NepneHauKynsipHom
HaMarHM4YeHHOCTU 3aKpenieHHoro eppoMarHMTHOro Cnos 3a cyeT addhekTa nepeHoca cnmHa Npu 6onbLLIMX
NMNOTHOCTHAX MPONYCKAEMOro 3MfeKTPUYEeCKOro Toka B OTCYTCTBUM U HANMYUN BHELLIHEro MarHUTHoOro nond. B
pesynbTaTte 6bIr0 Noka3aHo, YTO B OTCYTCTBUM BHELLIHErO MarHUTHOrO NOMsi 3aBUCMMOCTb YacTOTbl KonebaHwui
OT NNOTHOCTM MNPONYCKAaeMOoro Toka B TakoW CTPYKType 6nunska K NMHenHon B ananasoHe go 17 Mu.

KnioueBble croBa: CMMHTPOHHbLIA HAHOOCUMNNATOP; KoneGaHus HamarHu4eHHocTu; deppomarHeTHas
HaHOCTpYKTypa.

I. BBEOEHNE

OdbekT nepeHoca cnvHa, OTKpbIThbIM CroHyeBckuMm U bepxe [1-2], HabniogaeTcss B MHOMOCIOMHbIX
HaHOCTPYKTypax deppoMarHeTuk/aMaMarHnTHeli MeTann/peppomarHeTmk npyv MPOMYCKaHUN Yepe3 HUX
3MeKTPUYECKOro Toka. 3a cyeT nonsgpusaumy NoTtoka 3NEKTPOHOB B MEPBOM (DeppOMarHMTHOM Croe C
3aKpenfeHHoOM HaMarHMYeHHOCTBI U paccenBaHWM 3TOO MOTOKA Ha KPUCTanMyecKkon pelueTke BTOPOro
deppomMarHMTHOro €nos co CBOOOAHOM HaMarHMYEHHOCTbIO MPOUCXOAUT Mepefadn CNUHOrO KPYTSLLEero
MOMEHTa aTomMaM peLleTkM 3Toro cnosi. B pesynbTate B dheppoOMarHUTHOM Crioe MoryT Bo3OyxaaTbCs
konebaHnss HamarHu4yeHHocTU. Ha ocHoBe adbdekTa nepeHoca cnuHa MoryT paspabaTtbiBaTbCs Takue
nNpubopbl Kak CMMHTPOHHbLIE HaHOOCUMMNATOPLI (Spin torque nano-oscillator) ¢ BO3MOXHOCTBIO reHepaumm
3NEKTPOMArHUTHOrO M3ny4yeHus B MMKPOBOSIHOBOM AManas3oHe y3koM nonocbl [3], a Takke 3MeMEHTbI
MarHUTHOW MNaMsTU C MNEPEKNOYEHNEM HaMarHU4EeHHOCTM  3NEeKTPUYECKMM TOKOM. CHMHTPOHHbIE
HaHOOCUUNNATOPLI NMO3BOMSOT reHepMpoBaTh 3NIEKTPOMAarHMTHOE U3NyyYyeHne B MUKPOBOSTHOBOM AmManasoHe
Y3KOW NOSIoChl.

B paHHux wuccnegoBaHusx 3SddeKkta nepeHoca CnvHa YCTOM4YMBbLIE nNepuoanyveckume  korebaHus
HaMarHM4YeHHOCTW yAaBarocb MOMYYUTb TOMBKO NPW MPUIMOXEHWU K CTPYKTYpe HEKOTOpPOro MOCTOSIHHOIrO
BHELIHEro MarHUTHOrO Monsl, KOTOpOe CHAyXWUT Ans 3adaHus OpueHTauuu Mnpeueccun BekTopa
HamarHuyeHHocTn. [lo3dxe Obina npeanoxeHa KoHdUrypauus CTPYKTypbl C  NepneHaukynsipHom
HaMarHM4eHHOCTU 3aKpensieHHOro eppomMarHMTHOro Crnosi, B KOTOPOW reHepauus konebaHnin BO3MOXHa 1 B
OTCYTCTBMM BHELUHEro MarHuTHoro nonsa [4-5]. B TakoW CTpyKType OpueHTauus npeueccum BeKTopa
HaMarHM4YeHHOCTU onpeaensaeTcs HanpasneHMeM MarHUTHOM KpUcTannorpagmuyeckon aHn3oTponuu.

OpHVYM 13 BaXHbIX BOMPOCOB MpPU pa3paboTKe CMMHTPOHHLIX HAHOOCLWMMATOPOB Ha OCHOBe addekTa
rnepeHoca crnvHa SIBNSETCA yrnpaBneHue 4acToToi konebaHuii HamMarHMYEHHOCTU, a TaKKe CUHXPOHM3aLms
OTAENbHbIX HAHOOCUMUIMATOPOB AJ1s1 MOJYYEHUsI CUrHana AOoCTaTOYHOW MOLIHOCTM. Ha YacToTy koneGaHwuii
MOTYT BNUSATb Kak BHYTPEHHME napaMeTpbl caMoii CTPYKTYpbl, Tak W BHELUHWE ()aKTopbl, Hamnpumep
HanpsHKeHHOCTb BHELLIHEro MarHUTHOTO Mosis.

Llenbio  HacTosiLLEro uMccrnegoBaHus SBMASIETCA  YCTAHOBIEHWE  3aBUCUMOCTW  4acToTbl  konebaHun
HamarHM4YeHHocTU B HaHocTpykType CoFeB/Cu/CoFeB uunuHgpudeckoin ¢opmbl C NeprneHauKynsipHON
HaMarHM4YEeHHOCTUN 3aKPENnIEHHOro heppoMarHMTHOrO Criosi OT MAOTHOCTM MPOMYCKAaeMOro 4Yepes CTPYKTYpy
CMVH-NONSIPU30OBAHHOIO TOKA, a TaKkKe onpedeneHne MakCumanbHOW U MUHUMArbHOW MIIOTHOCTM TOKa, nNpwu
KOTOPOM BO3MOXHbI YCTONYMBbBIE kKONiebaHUA HaMmarHM4eHHOCTM!.

II. MATEPWANBI U METObI

Wccnegyemasa HaHOCTpyKTypa NpeacTaBnsieT cobOoM MHOFOCMOMHYK CTPYKTYpy Buga deppomarHeTuk/
anamarHutHeln metann/cdeppomarHeTuk (®1/0M/P2) co cnosmu B popme AUCKOB HAHOMETPOBOW TOMLUUHbI.
Uepe3 CTpPyKTypy MNpOMycKaeTCcs 3NEKTPUYECKUA TOK MeprneHauKynapHo crnosim.  HanpaeneHnwe
HamarHu4eHHocTu crnost @1 3akpenneHo ¢ MOMOLLLI0 BCMIOMOraTesnbHOro aHTudeppomMarHuTHoro crnost Ad.
HanpaBneHve HamarHudeHHocTH crios ®2 cuntaetcs cBo6oaHbIM. [OTOK 3NeKTPOHOB, MPOXo4sA Yepes3 Crion
®1, npuobpeTaeT cnuHoByo nonsipusauuto. Mpu nonagaHum B cnont ®2 crnvHbl 3NEKTPOHOB NPOBOAMMOCTHU
afanTMPYOTCA K HarpasBrieHUio HaMarHWYeHHOCTU 3TOro Crosi, YTo Grarogaps JoKanbHOMY COXpaHeHUo
MOMEHTa KONnMYecTBa ABWXEHUS MPUBOLAMT K BO3HMKHOBEHWUIO BpallaloLEero MOMeHTa, AENCTBYOLEro Ha
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atombl cnoa ®2. HaHomeTpoBas AuvamarHuTHasa npocnonka OM cnyxuT Ang ymeHblUueHus OBMeHHOro
B3aMMOJENCTBUA MeXay heppOMarHUTHbIMU COSIMU.

MogenvpoBaHWe W3MEHEHUs HanpaBrieHusl HamarHM4eHHocTu cBobogHoro crios @2 nop gencrevem
MoNsIPU30BaHHOrO MO CrMHY Toka GyaemM NpoBOAWTbL B MPUBIMKEHMU MaKPOCNMHA (KOrepeHTHOro BpalleHus
MarHWTHbIX MOMEHTOB) C MCMOMb3oBaHWEM ypaBHeHus Jlanpay-Jindwuua-Ir'ns6epta-CrnoHyeckoro-bepxe
[6], 3anucaHHoro B chepudeckon cucteme koopavHar (r, 8, ¢) cnegyoLlimm obpasom:

. dep ah,—hg
51n95=#—9(9,¢)]59
do h(p+(lhg
E: 1+ 2 _g(ei(p)jsfp

roe
Sg = SxCosfcosy + s, cosfsing — s,sinb,
Sp = —SxSing + s, cosg.

3aoecb a — napameTp 3atyxaHusa nebepTta, h — cymmapHoOe MarHUTHOe none, S — €ANHUYHBIA BEKTOP BOOSb
HanpaBneHns HaMarHM4eHHOCTK 3akpenneHHoro cnosa ®1. BeipaxeHus ans he n h, B chepunyeckon cucteme
KOOPAMHAT MMEITCS TaKoW e BMA Kak U AnNA Sg U S, bespasmepHas BenuuvHa | = jh/(ugedM?)
npornopuuoHansHa NAOTHOCTM TOKa j (Uo — MarHMTHasa NOCTOSAHHAs, € — AfleMeHTapHbIn 3apsa, d — TonwmHa
cnoga ®2, M — HaMarHU4EHHOCTb HaCbILLEHUS).

DYHKLMSA
9(6,0) =[(3+m(8,9) s)p —4]"

HasblBaeTcs koaduLmMeHToM nepedadn cnuHa CnoHuesckoro—bepxe [1], rae S = (1 + P)3/(4P%/%), P —
CTeneHb CMMHOBOW nonsipu3auun deppoMarHeTvka 3akpenieHHoro crosi.

MarHuTHoe none h BkntoyaeT B cebs pa3amarHMynBaroLlee nose 1 none MarHUTHOW Kpuctannorpadunyeckomn
aHusoTtponuu h, = k,(m-m)n, rae k, = 2K,/(uoM?) , Ka — KOHCTaAHTa MarHMTHOMN KpuUcTanmorpaguyeckon
aHM30TPONMUN N N — HanpaesieHNe OCK NIErkoro HamarHndnBaHna peppomarHetmka d2.

B xooe mogenupoBaHusa B kavyecTBe heppoOMarHMTHOro matepmana ceobogHoro cnost 2 mcnonb3oBarcs
(CossFess)ssB1s ¢ HamarHM4eHHOCTbO HacbkiweHuss M = 1,08x108 A/m, cTeneHbio CNMHOBOM nonsipusauuen P
= 0,5 1 HOPMUPOBAHHOW KOHCTAHTOW MarHUTOKpUCTannnyeckon aHnsotponum ky = 0,0088, paccuntaHHON No
OaHHbIM 3KcnepuMeHTanbHon paboTbl [7]. TonwuHa deppomarHutHoro cros ®2 — 5 Hm. Martepuan
NMPOMEXYTOYHOIO AUaMarHUTHOro Crnosi — Mefpb, TOMWMHa crnos — 2 HM. [NapameTp 3aTyxaHus a 3aBucuT oT
MaTepuana n ot pasMmepoB obpasua. [Ina matepnana CoFeB 3HauyeHne a nexut B npegenax ot 0,002 go
0,2 [7].

Il. PESYNbTATbLI 1 X OBCYXOEHWE

PesynbTaTtbl MOgenupoBaHus MOKa3blBalOT, YTO YCTOMYMBLIE KOrebaHus HamMarHM4eHHOCTM B CBOOOAHOM
deppomarHuTHoMm crioe 2 npu OTCYTCTBMM BHELUHUX MarHWTHbIX MOfer BO3HMKAKOT B TOM criydae, korga
HanpaBfeHne HaMarHW4YeHHOCTU 3akpenneHHoro crod ®1 u HanpaBneHue KpucTannorpaduyecKkon
aHusoTponuu cnost ®2 napannenbHbl U HanpaBneHbl BOOMb OCKM CTPYKTypbl. [1oaTomMy mopenvpoBaHue
yacToTbl konebaHun 6ygem NpoBOoAUTH TONMbKO ANSA Takow koHdwurypauuun. B gpyrux cnydasix konebaHus
HamMarHMYeHHOCTUN ABMAKTCS HEYCTONYMBBLIMU M ObICTPO 3aTyXaloT.

Ha puc. 1 nokasaHa 3aBMCUMOCTb 4acToTbl F konebGaHMin HaMarHU4YeHHOCTM OT MITIOTHOCTU MPOMYCKaemMoro
TOKa j Mpy NapameTpax 3atyxanus a, paBHom 0,02 n 0,2, B cTpykTtype CoFeB/Cu/CoFeB (5 HM/2 HM /5 HMm).
BugHo, 4TO 3aBUCUMMOCTb YacTOThl KoNnebaHnin HaMarHM4eHHOCTM OT NIIOTHOCTU NPONYCKaeMOoro Toka B Takom
CTPYKTYype 65m3ka K IMHENHOW NPW MAOTHOCTAX TOKa HUXXE HEKOTOPOro KpUTnyeckoro 3aHadeHus. Mpu a = 0,02
MakcMMarnbHas Yactota konebaHus coctaenseTt 16,7 [Tu n gocturaeTcs npu NnoTHOcTM Toka 0,025%1012
A/mM2, a npu a = 0,2 cootBeTcTBEHHO 17,3 'Tu npu nnoTHocTn Toka 0,204x1012 A/m2. Mpu aTom KonebaHus
SIBNSAIOTCSH YCTONYMBBIMU U BIIM3KM K rapMoHmnyeckum. OgHako npu ganbHenwem yBenmyeHnm nioTHOCTU TOKa
konebaHusi HaMarHM4eHHOCTU NepecTaroT ObITb FAPMOHUYECKMMU, @ X YacTOTa HauYMHAEeT yMeHbLuaTbes. [Mpu
HEKOTOPON MaKCMMarlbHOM KPUTMYECKOW MIIOTHOCTU TOKa YCTOMYMBBLIX KonebaHui HamarHM4eHHOCTU He
BO3HMKAET BOBCE. OTO OOBACHSETCS TEM, YTO CTPYKTYpa NepexoanT B PEXUM NePEKNoYeHNs HanpaBneHus
HamarHM4eHHOCTU, Korga 3(PPeKTUBHOrO MarHUTHOrO MOMsi OKa3biBaeTCs AOCTATOMHO ANS yAepXMBaHUA
BEKTOpPA HaMarHM4YeHHOCTM B ONpeaeneHHOM MOMNOXEHUMN.

84



MexayHapogHas Hay4YHo-npakTuyeckas KoHgepeHLms
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

YacrtoTa, Ty

0,14

0,0 ‘ . T T ‘
00 05 1,0 1,5 20 25 30

MnoTHocTb Toka, 10" A/m®

PucyHok 1. 3aBMCMMOCTb YacToThl kKonebaHuin HaMarHMYEHHOCTH OT NIOTHOCTM NPOMYCKaeMoro Toka B
HaHocTpykType CoFeB/Cu/CoFeB npu 3HauyeHusx napametpa 3atyxaHus 0,02 n 0,2

Takoe noBefgeHne 4acToTbl konebaHun HamarHM4YeHHOCTM HabngaeTcs NPy pasHbIX 3HAYEHWAX NapaMeTpa
3atyxaHusa [mnbbepTa. 3HadeHne napameTpa 3aTyxaHus BrMsieT TOMbKO Ha Yron HakoHa JIMHENHOW YacTy
rpacpuka dyHkumm F(j). Mpu Manbix 3HayYeHWss napameTpa 3aTyXxaHua Ans OOCTMKEHUS MaKcuMarbHOW
YacToThl konebaHun TpebyTCA MeHbLUNE MITOTHOCTM TOKA.

MN3yyeHo Takke BNMSIHWME BHELUHEr0 MarHUTHOTO NONs Ha korieGaHns HamMmarHUYeHHOCTU NMpU MKCMPOBaHHOM
napameTpe J = 0,01. MNpunoxeHne BHELUHErO MarHUTHOTO NOJIst BAOSb OCU Y MPUBOAMT K NOTEPU YCTOWYMBOCTM
koneGaTtenbHOro npolecca, B pe3ynbTarte 4yero konebaHnsa HaMarHMYeHHOCTM CTAHOBATCH 3aTyXaloLUMM.
Mepeoanyeckne konebaHUa MMeroT MECTO TOMbKO MPY NPUNOXKEHUW BHELLHEro MarHMTHOrO BAOMb OCeN X U Z.

Mpn NpUNOXeHUn BHELLHEro MarHUTHOrO MoNnsa BAOMb OCU X nepuoamnyeckme konebaHmss HaMarHM4eHHOCTH
HabniogatoTca npu napameTpe 3aTyxaHusa a = 0,02 u He HabnopatoTesa npu a = 0,2. INpu atom vacToTa
KonebaHun pacTteT NnMHenHo oT 8 o 62 My Nnpu n3amMeHeHun Benn4mMHbl MarHuTHoro nons ot 0 4o 1 oTH. ea.
Mpu panebHenwem yBENWYEHWUN HaMPSHXKEHHOCTU MONS NepUoanyecKknmx konebaHum HamMarHU4YEeHHOCTU He
HabnopgaeTcsa. [pu NPUIOXEHWM BHELUHEr0 MarHWTHOro Mofsi BOOMb OCM Z BO3MOXHbI  KonebaHus
HamarHu4eHHocTu ot 0 go 62 'y, Mpwn aTom npu napameTpe 3aTyxaHus a = 0,02 yacToTa konebaHun pacTteT
NNHENHO NPU U3MEHEHUUN BENUYMHBI NONSA OT 1 A0 3 OTH. e., a Npu AarnbHenweM yBennmyeHnn HanpsKkeHHOCTH
nonsa 4vactota kornebaHum octaeTcsl NocTosiHHOW. [Mpu napameTpe ke 3aTyxaHus a = 0,02 3aBUCUMOCTb
YyacToTbl konebaHun HamarHM4YEHHOCTU OT BENUYMHBLI Nonsi MMeeT Bornee CrnoXHbI xapaktep u Tpebyet
JanbHenLwero n3y4yeHus.

. BAKITKOYEHNE

M3 nonyyeHHbIX pesynbTaToB criegyeT, 4to B HaHocTpykType CoFeB/Cu/CoFeB (5 HM/2 HM/5 HM) moryT
BO3HMKaTb YCTOMYUBbLIE rapMOHMYECKMe konebaHus HamarHMYEHHOCTU B OTCYTCTBMU BHELUHUX MarHUTHbIX
nonen npv nNPOMyCcKaHWW 4Yepe3 CTPYKTYPY 3NEKTPUYECKOro ToKa 3a CYeT MexaHu3Ma nepeHoca ChvHa
CnoHyeBckoro-bepxe. Mpu aTom YacTtoTa KOonebGaHUMm HaMarHU4YEHHOCTU pPacTeT JIMHEWHO C YBENUYEHUEM
NMOTHOCTW NPOMYCKAeEMOro Toka 4O HEKOTOPOro MOpPOroBoro 3HadeHusl. MakcumanbHasa Yactota konebaHum
coctaenset 17,0 £ 0,3 'Tw. MNpn ganbHenwem yBennyeHus NAoTHOCTM TOKa YacToTa konebaHum HaumHaeTcs
YMeHbLUATBCA, a MnpyM MAOTHOCTM TOKa BbllE HEKOTOPOrO KPUTUYECKOrO 3HayeHust KonebaHui
HaMarHW4YeHHOCTU He BO3HWKaeT. [lpyM NPUNOXEeHUW BHELWHero MarHUTHOro nons u OUKCMPOBAHHOM
napametpe J = 0,01 makcumanbHasa 4actoTa konebaHum HamMarHM4YEeHHOCTM ANs OAaHHON heppoMarHMTHOM
CTPYKTYpbl cocTaBuna 62 .

MonyyeHHble pe3ynbTaTbl O YAaCTOTHLIX XapakTepucTukax kornebaHuin HamarHMY4eHHOCTU B MHOTOCSIOMHbIX
eppOMarHUTHbLIX HAHOCTPYKTYPaxX MOTryT UCMOSIb30BaTbCA Npy pa3paboTke NnepeaaTynkoB MUKPOBOSTHOBOTO
M3nyyeHnss Ha OcHOBe 3ddhekTa nepeHoca cnuHa. Hamuume BepxHero npegena 4actotbl kKonebaHwm
HaMarHM4eHHOCTU HaKnaablBaeT onpegerfieHHble orpaHn4eHnda Ha obnactb NMPUMEHEeHUA Taknx yCTp0I7ICTB.
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SIMULATION OF MAGNETIZATION OSCILLATIONS IN CoFeB/Cu/CoFeB NANOSTRUCTURE
UNDER THE INFLUENCE OF SPIN-POLARIZED CURRENT

A. Kukharev, E. Gaspodarik

Vitebsk State University named after P.M. Masherov, Vitebsk, Republic of Belarus, kukharev.av@gmail.com

Abstract: The simulation results of magnetization oscillations occurring in a cylindrical CoFeB/Cu/CoFeB (5
nm/2 nm/5 nm) nanostructure with perpendicular magnetization of the pinned ferromagnetic layer due to the
spin-transfer effect at high current densities in the absence and presence of an external magnetic field have
been obtained. The results showed that, in the absence of an external magnetic field, the dependence of the
oscillation frequency on the current density in such a structure is nearly linear in the range up to 17 GHz.

Keywords: spintronic nano-oscillator; magnetization oscillations; ferromagnet nanostructure.
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THE ELECTRONIC STRUCTURE MODIFICATION AND PHOTOCATALYTIC ABILITY IMPROVEMENT
OF TITANIUM DIOXIDE DOPED WITH SILVER AND COPPER ATOMS
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Abstract: This research employed density functional theory (DFT) calculations to investigate the electronic
structure, band characteristics, and bonding properties of pure titanium dioxide (TiO2) and its silver (Ag)- and
copper (Cu)-doped counterparts. The potential of these materials for photocatalytic water splitting to produce
hydrogen was assessed. The calculated band gaps were 3.18 eV, 2.3 eV, and 2.1 eV for TiO2, Ag-TiOz, and
Cu-TiO2, respectively. Crucially, localized impurity states appeared within the band gap of the doped
semiconductors. For Ag-TiOz, the conduction band edge (-0.73 eV) and valence band edge (1.53 eV) were
favorably positioned relative to the redox potentials for water splitting, suggesting promising photocatalytic
activity.

Keywords: Ag- and Cu-doped titanium dioxide, DFT, band gap, photocatalysis, electronic characteristics,
mobility and lifetime of charge carriers.

I. INTRODUCTION

Titanium dioxide (TiO,) has been extensively explored as a photocatalyst due to its chemical stability, non-
toxic nature, and environmental abundance. However, TiO, has limitations that hinder its efficiency under
visible light, primarily because of its large intrinsic bandgap (~3.2 eV for anatase phase and ~3.0 eV for rutile)
which restricts its absorption to the ultraviolet (UV) region, constituting only a small fraction (~4%) of the solar
spectrum. To address this issue, researchers have employed various strategies, including bandgap
engineering through doping, surface modifications, and coupling with co-catalysts. Among these approaches,
transition metal doping is one of the most promising techniques for enhancing visible-light-driven
photocatalysis by altering the electronic properties of TiO,. In particular, the doping of TiO, with silver (Ag) and
copper (Cu) has drawn considerable attention due to their unique electronic contributions.

The incorporation of Ag or Cu atoms into the TiO: lattice introduces impurity levels within the bandgap, thereby
enabling visible-light absorption. Studies report that Ag doping forms shallow donor states close to the
conduction band, which lowers the bandgap and enhances light absorption. Moreover, Ag-doped TiO,
improves electron-hole separation, as silver acts as an electron sink, reducing the recombination of charge
carriers and facilitating more efficient photocatalysis [1]. On the other hand, Cu-doping creates mid-gap states,
which also reduce the effective bandgap, though the photocatalytic improvement is often limited by issues
such as photo-corrosion and reduced long-term stability [2]. These dopants modify not only the optical
properties but also influence surface reactions by enhancing adsorption of water and oxygen molecules, which
are critical intermediates in photocatalytic processes.

Density Functional Theory (DFT) has become an indispensable tool for understanding the structural and
electronic modifications introduced by dopants in semiconductors. Standard DFT calculations often
underestimate the bandgap, which can be corrected by employing Hubbard U-corrections or hybrid functionals.
In recent studies, DFT has been used to model the effects of Ag and Cu doping on the electronic band
structure, density of states (DOS), and charge transfer dynamics in TiO, systems [3]. These calculations
provide insights into the spatial distribution of charge densities and the interaction between dopant atoms and
the TiO, host lattice. For instance, Ag-doping shifts the Fermi level closer to the conduction band, resulting in
an n-type semiconductor behavior [4]. In contrast, Cu-doping introduces localized states that promote p-type
conductivity, a desirable feature for applications in photocatalytic hydrogen production. Charge density
analysis obtained through DFT simulations has shown that Cu atoms preferentially bind with oxygen atoms in
the TiO, lattice, further stabilizing the material and facilitating enhanced surface reactions under visible light [5].

Il. COMPUTATIONAL DETAILS

To accurately capture the electronic structure of both pure and doped TiO2 systems, we employed a
comprehensive DFT framework. Geometry optimizations were conducted using the generalized gradient
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approximation (GGA) exchange-correlation functional parameterized by Perdew-Burke-Ernzerhof (PBE),
renowned for its robustness and accuracy in describing a wide range of materials. This initial optimization step
ensured that the atomic positions of each system were relaxed to their equilibrium configurations, providing a
reliable foundation for subsequent electronic structure calculations.

For an accurate description of the electronic wavefunctions, we utilized a plane-wave basis set with an energy
cutoff of 450 eV, determined through rigorous convergence tests to ensure sufficient precision in our
calculations. The Brillouin zone integration, essential for sampling the reciprocal space, was performed using
a 9x9x14 k-point mesh, chosen to adequately capture the electronic band structure of the tetragonal anatase
TiO2 lattice. The atomic positions and cell parameters for the pure TiOz structure were optimized using the
guasi-Newton method, specifically the LBFGS (Limited-memory Broyden-Fletcher-Goldfarb-Shanno)
algorithm, achieving a force convergence criterion of 0.03 eV/A for unconstrained atoms. The optimized
structure was then compared with experimental data to ensure accuracy. The lattice dimensions of pure TiO2
and doped structures, as obtained using the LDA + U method, are presented in Table 1. The calculated lattice
parameters of pure TiO2 (a=3.776 A, b =3.776 A, c = 9.484 A) are in good agreement with the experimental
values reported in [6] (a=3.785 A, b =3.785 A, ¢ =9.514 A). In the optimized TiO2 geometry, selected titanium
atoms were substituted with silver and copper atoms, and the resulting structures were further optimized using
the LBFGS algorithm.

Table 1. Optimized structures and the deviation with experimental results

Unit cell TiO; Ti1xAgxO2 Ti1xCuxO2 Experiment Deviation (%)

parameter, A [23]

a 3.776 3.775 3.776 3.785 +0.23

b 3.776 3.775 3.776 3.785 +0.23

c 9.484 9.486 9.484 9.514 +0.31

— u o ot I
e _ =
¢

Figure 1. Crystal structures of a) TiOz, b) Ag-doped TiO2, c) Cu-doped TiOz used in the calculations.
Titanium, oxygen, silver and copper atoms are indicated in grey, red, blue and brown, respectively.

In order to mitigate the well-known band gap underestimation issue inherent in standard DFT, we implemented
the LDA+U method, a widely adopted approach to correct for the self-interaction error in strongly correlated
systems. In this method, the Hubbard U parameter, set to 8.0 eV for the Ti 3d states, accounts for the on-site
Coulomb interactions between the localized d electrons of titanium. This correction significantly improves the
accuracy of the calculated band gap, bringing it closer to experimental values. To incorporate the effects of
valence electrons, we employed ultrasoft pseudopotentials, which significantly reduce the computational cost
while maintaining accuracy.

88



MexgyHapogHas Hay4dHOo-npakTnyeckasl KoHpepeHuna
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

IIl. RESULTS AND DISCUSSION

The calculated electronic band structures and density of states (DOS) reveal a profound impact of Ag and Cu
doping on the electronic properties of TiO2 (Figure 2). In pure TiOz2, the valence band is dominated by O 2p
states, while the conduction band primarily consists of Ti 3d states, consistent with previous theoretical and
experimental studies. This clear separation results in a wide band gap of 3.18 eV, limiting the material's ability
to absorb visible light.
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Figure 2. Structure of energy bands and partial density of states of a) TiO2, b) Ag-doped TiOz, c) Cu-
doped TiOz2 structures

Upon doping with Ag, we observe a notable decrease in the band gap to 2.3 eV. The Ag 4d states hybridize
with the O 2p states, forming localized impurity states within the band gap. These new states effectively narrow
the band gap and introduce additional energy levels that can facilitate the absorption of photons with lower
energies, extending the absorption spectrum into the visible range. Additionally, the presence of these

89



MexgyHapoHas Hay4dHO-npakTuyeckas KoHepeHLms
«KoMnbloTepHOe NPOEKTUPOBaAHME B ASNIEKTPOHMUKE Y

localized states can act as traps for photogenerated electrons and holes, potentially enhancing charge carrier
separation and reducing recombination rates, thereby improving photocatalytic efficiency.

Similarly, Cu doping also leads to a reduction in the band gap, albeit to a slightly lower value of 2.1 eV. The
Cu 3d states contribute to the formation of impurity states near the valence band edge, further modifying the
electronic structure. This band gap narrowing, coupled with the potential for enhanced charge carrier
separation due to the impurity states, suggests that Cu-doped TiO2 could also exhibit improved photocatalytic
activity under visible light irradiation.

The band edge positions of the doped systems are of particular interest for photocatalytic water splitting. The
calculated conduction band edge of Ag-TiOz (-0.73 eV) lies above the H+/Hz reduction potential, while the
valence band edge (1.53 eV) is below the O2/H20 oxidation potential. This favorable alignment suggests that
Ag-TiO2 possesses the thermodynamic potential to drive both the reduction and oxidation half-reactions of
water splitting, a crucial requirement for efficient photocatalytic hydrogen production.

Furthermore, the effective masses of charge carriers are a critical factor influencing carrier mobility and
transport properties. Our calculations reveal a decrease in the effective masses of both electrons and holes
upon doping with Ag and Cu, indicating enhanced carrier mobility. This improved mobility can facilitate faster
charge transport to the surface reaction sites, thereby promoting efficient charge separation and reducing
recombination losses.

[V. CONCLUSION

In this comprehensive DFT investigation, we have elucidated the intricate electronic structure modifications
induced by Ag and Cu doping in TiO2. Our findings unequivocally demonstrate the ability of these dopants to
engineer the band gap, introduce localized impurity states, and modulate charge carrier dynamics. These
alterations hold profound implications for the photocatalytic performance of TiOz, particularly in the context of
water splitting for hydrogen generation.

Specifically, Ag-doping emerges as a promising strategy, significantly narrowing the band gap of TiO2 and
creating favorable band edge alignments for both hydrogen and oxygen evolution reactions. The introduction
of localized states within the band gap not only enhances visible light absorption but also promotes charge
carrier separation, potentially leading to improved photocatalytic efficiency. Additionally, the reduced effective
masses of charge carriers in Ag-doped TiO2 suggest enhanced mobility, facilitating faster charge transport and
further mitigating recombination losses.

While Cu-doping also exhibits a beneficial band gap narrowing effect, the resulting band edge positions may
not be as optimal for water splitting as those observed in Ag-doped TiO2. However, the presence of localized
states and reduced effective masses still suggest the potential for improved photocatalytic performance
compared to pure TiOz2.

To further optimize the photocatalytic activity of doped TiOz, future research could explore the effects of varying
dopant concentrations, co-doping with multiple elements, and investigating alternative dopants with different
electronic configurations. Moreover, experimental validation of these theoretical predictions is essential to
assess the practical feasibility and long-term stability of doped TiO2 photocatalysts.
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MOLUNOUKALINA SMEKTPOHHOW CTPYKTYPbI 1 ®OTOKATANUTUYECKUA NOTEHLMAN OVOKCUOA
TUTAHA (TiO2), IETMPOBAHHOIO ATOMAMU CEPEBPA 1 MEON: NCCJIEQJOBAHNE
METOOOM TEOPUN ©®YHKLINOHATA NMNOTHOCTH
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AHHOTauus: B aTom nccnegoBaHnm MCNonb3oBannch pacyeTbl Teopum dyHKUMoHana nnotHoctu (DFT) ans
N3y4eHUs1 SNIEKTPOHHOW CTPYKTYPbl, XapakTEPUCTUK 30H U CBONCTB CBSI3eN YMCTOro anokcuaa tutana (TiOz2) n
€ro aHanoroB, nermpoBaHHbIx cepebpom (Ag) n meabto (Cu). beina oLeHeHa cnOCOBHOCTL 3TUX MaTep1anos
K (oToKaTanuMTU4yeckoMy pacLUenneHnio BOAbl C MonyvyeHuem Bogopoda. PaccuuTaHHbie LUMPUHBI
3anpeLleHHbIX 30H coctasunu 3,18 aB, 2,3 aB u 2,1 3B angd TiOz, Ag-TiO2 n Cu-TiO2 COOTBETCTBEHHO. BaxHO
OTMETUTb, YTO NOKaNM30BaHHbIE MPUMECHbIE COCTOSIHWUS MOSBUIMUCH B 3anpeLLeHHON 30He NermpoBaHHbIX
nonynposoaHukoB. [ns Ag-TiO2z kpan 30HbI npoBoanmocTu (-0,73 aB) 1 kpan BaneHTHoOW 30HbI (1,53 aB) 6binn
BbIFOZHO PacrnonoXeHbl OTHOCUTENBHO OKUCIIUTENBHO-BOCCTAHOBUTENbHbLIX MOTEHUMANOB ANg pacLuenneHns
BOAbI, YTO MpegnonaraetT MHoroobeLarLyto hoTokaTannTUYECKyo akTUBHOCTb.

KntoueBble cnoBa: [uokcug TuTaHa, nernpoBaHHbii cepebpom m meabto, DFT, 3anpeljeHHast 30Ha,
doToKaTanusa, ANEKTPOHHbIE XapaKTePUCTUKKN, MOOBKHOCTb U BPEMS XN3HU HOCUTENEN 3apsaaa.
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Sbenopycckuii rocygapcTBeHHbIn yHuBepcuteT, MuHck, Pecny6nvka Benapycb

AHHOTaLMA: NyTEM YNCMEHHOIO KBAHTOBO-MEXaHN4YeCKOro MoAenMpoBaHnst MeTogamMu U3 nepsbiX NPUHLUNOB
uccnepoBaHa 30HHasi CTPYKTypa MOHOCNOSA Aucynbduga peHus B YCNOBUSIX €ro  akcuarbHOro
aedopmnpoBaHusa pactskeHmem B HanpasneHun (100). YctaHoBneHo, B ob6nactu uccnegoBaHHbIX
aedopmaumn (no 5% c warom 0,5%) coxpaHsieTcs KpucTanmnuyeckass CTpyKTypa C MpPOCTPaHCTBEHHOM
rpynnoit P1 ¢ He6omMbLIMM KOMNEHCUPYIOLLIUM PacTsXKeHNE M3MEHEHUEM YITIOB U ANMH MEXaTOMHbIX CBA3E.
MokaszaHo, 4TO B 0GnacTM uccnegoBaHHbIX Aedopmaunini Matepuan coxpaHsieT MnonynpoBOAHUKOBbLIE
CBOWCTBA C PaBHOMEPHbIM YMEHbLUEHMEM LUNPUHBI 3anpelleHHor 30Hbl Ha 0,32 aB. OxupgaeTcs, 4To
danbHerwas pedopmauua OyaeT npvBOAUTL K NEPEXOQY B HEMPSAMO3OHHBIM  MOMYNPOBOOHUK C
YMEHbLUEHNEM LUNPUWHBI 3anpeLLEHHOW 30HbI.

KnioueBble crioBa: 3MIeKTPOHHAs CTPYKTypa, AUCMEPCUS] 30Hbl, 3HEpreTuyeckasi Lienb, CTPeNMHTPOHMKA,
avcynbduabl, peHuid, Teopusi yHKLMOHaNa nNinoTHOCTU, MOAeNMpPoBaHMe.

I. BBEOEHUVE

C momeHTa nonyyeHus rpacdpeHa OByMepHble MaTtepuanbsl npuernekalT kK cebe BHMMaHve OGonbLIOro
KonmnyecTBa uccnegosartenen ns pasnuyuHbix obnacten Hayku u TexHuku. Cpeou ABYMeEpHbIX MaTepuanos
0coboe MeCTO 3aHMMalOT guxanbkoreHuapl Tyronnaekux metannos (OTM), npemmyliecTBeHHO MonmMbaeHa u
Bonbpama, bnarogapst yHMKansHOMy COYETaHMI0 CIIONUCTON CTPYKTYPbI M 3NEKTPOHHbIX CBOWCTB, YTO Aenaet
NX NePCneKkTUBHBIMU AN Pa3nUYHbIX NPUNOXEHUIA: OT KaTanu3aTopoB M ra3oBblX CEHCOPOB A0 TPaH3UCTOPOB
CyObHaHOMeTPOBOM «MNOCT-KPEMHMEBONY dNEKTPOHUKM [1-3]. MepcneKkTMBHbLIM ANs MUKPO- N HAHOIMEKTPOHNKM
SABNSAETCA Takke OUCynbua peHus, ynbTpaToOHKNE MMEHKN KOTOPOro ObinyM MCNOMb30BaHbl B KOHCTPYKLUMAX
BbICOKOYYBCTBUTEIBLHOIO [JeTeKkTopa Monspu3oBaHHOIO cBeTa, MNONeBoro M OoToTpaH3UcTopoB [4—6].
B kOHTekcTe cTaHOBNEHNS U pa3BUTUE CTPENHTPOHMKN — HOBOIO HanpasneHns B usnke KOHAEHCUPOBAHHOIO
COCTOSIHMS!, OCHOBaHHOIO Ha WCMOfb30BaHWM MeTodoB AedOopMaLMOHHOW WHXeHepun Ans HabnogeHus
usnyeckux apdekToB U peanusaLmMm HOBOrO MOKOMEHUSA YCTPOMCTB WH(OPMALMOHHBLIX, CEHCOPHbLIX W
aHeprocbeperawLmx TEXHOMOMIN, UCCredoBaHMEe akcmanbHO AedOpPMUPOBaHHBLIX MOHOCIOEB Aucynbduaa
peHnsi npeacTaBnseTcs 0COOEHHO akTyanbHOW Hay4yHO-MpakTu4eckon 3agaden [7]. Llenbto gaHHoW paboTol
SIBNSAETCHA UccrnegoBaHme 30HHOWM CTPYKTYPbI akcrarnbHO edopmMupoBaHHOro B HanpaeneHmm (100) moHocnos
ancynbduaa peHust ¢ UCNoNib30BaHMEM YMCMEHHOrO KBAHTOBO-MEXaHNYECKOro MogennpoBaHnsa MeToaom u3
nepBbIX NPUHLMMOB.

II. METOOMKA NMPOBEAEHNA NCCITEAOBAHUA

UucneHHoe MOOENMPOBaHUSA MNPOBOOMMM B paMKkax Teopum pyHKUMOHana nroTHOCTW, Teopumn
nceesgonoTeHumana u 6asmca YNCNeHHbIX aTOMHO-LEHTPMPOBAHHBLIX opbuTanen, peanu3oBaHHbIX B NaKkeTe
OpenMX [8-10]. MicxogHyto anemMeHTapHyt si4eliky CTPOWUM NO AaHHbIM, paHee HaMu onybnMKOBaHHbLIM B
pabote [11]. OedopMMpoBaHNE MOHOCIOS peanu3oBani pacTskeHneM s4enkm Baonb HanpasneHus (100) Ha
BennuuHy ao 5% c¢ warom 0,5% € ogHOBpeMeHHbIM cXatuem BOonb HanpasneHus (010). 3HadeHue
koadbdmumeHTa MNyaccoHa ana ReS: Beibnpanu pasHbiMm 0,19, 4To 65M3KO K 3HaYeHuto ans MoSz n WSz [11].
[na nedopMUpOBaHHON AYENKN MPOBOAUNM CTPYKTYPHYHO ONTMMM3auuio (penakcaumio) no3vumm MOHOB L0
Tex, noka nbas KOMMOHEeHTa CWI, AENCTBYIOLMX Ha HUX, He cTaHosunack meHee 0,01 aB/A. Kputepuin
CXOOMMOCTU pacyeTa camocornacoBaHHoro nons coctaensn 106 aB/voH n 10° aB/MoH ona CTPyKTypHON
penakcaumm u HeCaMOCOrnacoBaHHbIX (30HHbIX) pacyeToB COOTBETCTBEHHO. HTerpnposaHue B NepBomn 30He
BpunnioaHa nposoaunu no [-LEHTPUMPOBAHHOM perynsapHon cetke k-todek pasamepoMm 4x4x1. CeTky Ans
YMCIEHHOrO UHTErpMpPOBaHUs BbIGUpanu Takomn, YTobbl cpefHee 3HaveHne aHeprum obpesaHus 66110 6mM3Knm
k 2900 3B. MNceBaonoTeHuuanbl BKIIOYaNu B KAYeCTBE BarneHTHbIX: 5s-, 5p-, 5d- 1 6s-3neKkTpoHbI ANsi peHus,
a Takke 3s- U 3p-anNeKkTpoHbl Ansa cepbl. basucHbIi Habop cTpounu B BUOE JIMHEWHOW KOMOMHauuu
nceBgoaTOMHbIX opbuTanen ¢ NCNoNb30BaHMEM ABYX ONTUMU3MPOBAHHBLIX 6a3UCHBIX PYHKUUIA AN KaXO0ro
BaN€HTHOrO 3MeKTpOHa C OOHOW [OMOMHMTENBHOW ONTMMM3NPOBAHHOW Ga3ncHon dyHKUMen B KayecTse
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nonspusaumMoHHon p[ns 0Gonee akkypaTHOro yyeTa XMMUYECKOW CBSI3W B KpucTanfie U KOPPEKTHOro
BOCMPOU3BEOEHMST OUCTNIEPCUM IHEPreTUYECcKMX 30H. YucneHHoe MoaenupoBaHWe NPOBOOUNN B paMKax
npubnmkeHns nokanbHon nnotHoctu (MJ1M) n obmeHHo-koppensunoHHoro dyHkumoHana Ceperley-Alder
npegnoxeHHoro B pabote [12]. Bbibop AaHHbIX napameTpoB OOYCNOBMAEH BO3MOXHOCTbI [OCTaTOYHO
KOPPEKTHOro ONUCaHUs CTPYKTYPHbIX CBOMCTB ReS: [13].

. PE3YINbTATbI 1 OBCY>XOEHNE

BHelwHMIn BUO MoHOCMos ancynbduaa peHust 4o v nocne gecdopmaumm nokasaH Ha puc. 1. CTpenkamum
0603Ha4YeHbl HanpaBieHUs U3MEHEHWUs] NapaMeTpoB peLLeTKM, NPy 3TOM YIMbl COXpaHaTCHa. Kak MOXHO
3aMeTUTb XapakTepHas MCKaXeHHas CTPYKTypa, NpuUcyLLas UCXOAHOMY MaTepuany Takke Habnogaetcsa ang
nedopMmnpoBaHHON S4ErKU NpU HEBOMbLLIOM U3MEHEHUN AMNNH MEXaTOMHbIX cBa3en. OTMeTnM, 4To Ans ReS:
He M3BECTHbl BenuuMHbl Aedopmaunn, NpuBOAsLLENn K HeobpaTUMOMY paspyLUEHUIO CTPYKTYPbl, OA4HAKO
U3BECTHO, 4YTo Ansa WSz ata BenuunHa npesocxoaut 15%, 4to 3ameTHO Bornblue MakcMmarbHON BENNYUHDI
5% vcnonb3dyemon B gaHHom pabote [2]. CuMMeTpusi JaHHOW CTPYKTYpbl COXpaHSeTCcs BO BCEM Auana3oHe
uccnefoBaHHbIX Aedopmaunii, YTO NOATBEPXKAAETCA aHanu3oM fpouecca CTPYKTYPHOW penakcauuu B
pexvMe noaaBneHHON CUMMETPUN. DTO NO3BOMSET C AOCTAaTOMHOM TOYHOCTBIO CYUTATb, YTO MPU PacTSXKEHUM
MoHocnosi ReSz B HanpaBneHun (100) go 5% He NpoucxoauT MOMUMTUMHBLIX NpeobpasoBaHUn aToMapHOM
yknagkv. Jedopmaumm oxugaemo NpuBOAAT K YBENTUHEHMIO MOJTHOW 3HEPTUM CUCTEMBI, U A1 MaKCUManbHO
0edopMmnpoBaHHOro crydasa npupocT aHeprum coctaBndeT 0,62 aB no cpaBHEHUIO ¢ HegedhoOPMNPOBAHHBIM.

PucyHok 1. CTpykTypa MoHocos aucynbduaa peHms 6e3 gedopmaunm (cneea) n akcmuasnbHo-
aedopmmnpoBaHHoro (pactsbkeHue) B HanpasneHun (100) Ha 5% (cnpasa). Bug ceepxy

XapakTepHasi aHepreTudeckas CTPyKTypa MCXOLHOro WM akcuarnbHO-AedopMUMPOBaHHLIX MOHOCMOEB ReS:
npeacTaBneHa Ha puc. 2.
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PucyHok 2. 3oHHas CTpykTypa akcuanbHo-aedopMmpoBaHHOro B HanpasneHun (100) moHocnosa

aucynsduaa peHns npu pasnuuHbix 3HaveHusax pactskeHuns: 0,0% (cnesa); 2,5% (B ueHTpe);
5% (cnpaBa)
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Bo Bcex cnyyasax maTtepuan npeacrasnsetr cobon nonynpoBOAHWK C LUMPUHOMW 3anpeLleHHOn 30Hbl 1,446 n
1,126 aB pgnsa HegedopMMPOBAHHOMO M MakCcMManbHO AedOPMUMPOBAHHOINO CrydYaeB COOTBETCTBEHHO.
BbipaXeHHbI MPSMO30HHbIM Xapaktep AN HededOpMMPOBaHHOIO BapuaHTa C nepexogom B Touke [
CMEHSIETCA KBa3WNPSIMO30HHBIM OJ19 MakcumarnbsHO gedopmupoBaHHOro cny4vas. [dedopmaums MOHOCMOoS
ReS2 NpuBOAMT YLUIMPEHMIO BaNEHTHbIX 30H, @ BEPXHSAS U3 HUX OTLENMSeTca OT OCTarbHbIX HebOomnbLWum
3a3opom (oo 14 maB). 3oHa nmpoBogumMocTM npeTeprneBaeT Goree BbipaXEHHbleE U3MEHEHUSI C POCTOM
BENMMYMHbI AedopMaLmmn: YBENUYNBAETCS YNCINO AOMVH N N3MEHAETCSA QUCTNEPCUS HA3KOMEXaLUMX 30H BAOMb
TOYEK CUMMETPUM, OCODEHHO CUMBbHO B OKPECTHOCTSAX TOYKM Y. MOHOTOHHBLIN XapakTep Ha yyactke Y-I
n3MeHsaeTcs TakuMm obpasom, 4YTO Npu BenumunHe gedopmauun 5 % copmupyeTcs ABe OONUHbBI OKOMO TOYEK
Y u I, yto mMoxeT ObiTb BOoCTpeboBaHO B BONMUTPOHWKE (aHrn. «valleytronicsy»). lMpu nocnegytowem
pacTsKeHun criefyeT oXnaaTb AanbHENLIEro CY)XXeHWs 3HePreTUYeCcKom LLenm n u3MeHeHne NnepBoro NPSMoro
nepexofa € NPSAMOro Ha HenpaAMon. 3aBMCMMOCTb LLUMPUHBI 3aNpeLLEHHON 30HbI OT BEMUYUHBI AedopmaLinm
NPOOEMOHCTPMpPOBaHa Ha puc. 3, a 3Ha4YeHus npeacrasneHbl B Tabn. 1.

1,5

Eg=-6,4218x+ 1,4463
R?=10,9999

o
L

Tupuna 3anpeiieHHOH 30HL1, 3B

=

0% 1% 2% 3% 4% 5%
Benuuuna aedopmarinu, %

PucyHok 3. 3aBUCUMOCTb LLUMPUWHBI 3aMpeLLleHHOM 30HbI OT BENMYMHBI AedopMaumnmn akcnanbHo-
AedopmunpoBaHHoro B HanpasneHuy (100) moHocnos ancynsduaa peHus

Tabnuua 1. WnpuHa 3anpeLLeHHOn 30HbI MOHOCMOS ReS2 Npu pasnuyHbiX BenMUYnHax gegopmauium

BenuunHa gedopmanmu, % LUnpuHa 3anpeLLieHHon 30HbIl, 3B
0,0 1,446
0,5 1,413
1,0 1,383
15 1,350
2,0 1,318
2,5 1,287
3,0 1,254
3,5 1,222
4,0 1,187
4,5 1,157
5,0 1,126

IV. BAKITIKOMEHNE

VccnenoBaHa 30HHast CTpYKTypa akcuanbHO-4edOpMUPOBaAHHOMO Ha BeNuUMHy Ao 5% c warom 0,5% BOonb
Hanpaenenua (100) moHocnosa aucynbduaa peHus TMyTeM YMCIIEHHONo KBaHTOBO-MEXaHWUYEeCKOro
MOZENMPOBaHNS METOA4AaMUN U3 NEPBbLIX MPUHLUMOB. YCTaHOBMNEHO, YTO CUMMETPUSA MaTepuarna coxpaHsieTcs
BO BCeW uccnegoBaHHoW obnactu gedopmaumii, Takke COXpaHsieTcsl MOoNyNpOBOAHWUKOBBIA XapakTep
maTepuana. C pocToM BenuuMHbl dedopMaumm HabngaeTcss JIMHEMHOE YMEHbLUEHME  LUMPUHBbI
3anpeLleHHon 3oHbl ¢ 1,446 0o 1,126 aB. Takke HabnwoaaeTcs BblpaXeHHOE CMELLEHME MOJTOXKEHUS 30HbI
NpoBOOMMOCTM B Toudke Y, MNpuBoAdLlee K KBa3UMPSIMO3OHHOMY XapakKTepy Martepvana B crydae
MakcumanbHoW cTeneHn pgedopmauun. [lonyyeHHble pesynbTaThl MNPeACTaBnslOT UMHTepec And
CTPENHTPOHHBLIX M HAHOAMEKTPOHHbIX MPUMOXEHUN.
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BAND STRUCTURE OF AXIALLY DEFORMED (100) RHENIUM DISULPHIDE MONOLAYER
A. Kozich2, A. Baglov!3, L. Khoroshko®3, D. Migas?!?

1Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
aliaksandrakozich@yandex.ru

2National Research Nuclear University MEPhI, Moscow, Russian Federation

3Belarusian State University, Minsk, Republic of Belarus

Abstract: The band structure of a rhenium disulfide monolayer was studied under axial deformation by
stretching in the (100) direction within numerical modelling of quantum-mechanical from first-principles
methods. It was found that within the range of the investigated deformations (up to 5% with a step of 0.5%),
the crystal structure with the space group P1 is maintained with a minor stretch-compensating alteration in the
angles and lengths of interatomic bonds. The material maintains its semiconductor characteristics, exhibiting
a consistent reduction in the band gap by 0.32 eV within the range of deformations examined. It is expected
that further deformation will lead to the transition to an indirect-gap semiconductor, accompanied by a reduction
in the band gap.

Keywords: electronic structure, band dispersion, band gap, straintronics, disulfides, rhenium, density functional
theory, modelling.
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PASPABOTKA N PEATTM3ALINA AHANTM3ATOPA CTPYKTYPbl SHEPITETUHECKINX 30H
AnA NAKETA KBAHTOBO-MEXAHMYECKOIO MOJENNPOBAHMA OpenMX

Barnoe A.B.12, Xopouuko J1.C.12
1Benopycckuin rocyaapcTBeHHbIN yHuBepcuteT, MuHck, Pecny6nuka Benapyco, baglov@bsu.by

2Bbenopyccknii rocygapcTBeHHbIN YHUBEPCUTET NMHAOPMATHKA U PaanNo3NEKTPOHMKN,
MwuHck, Pecnybnuka Benapycb

AHHOTaLMA: 0B6CYyKOalTCA KOMMepyeckue nakeTbl Ans aHanm3a n obpaboTkM AaHHbIX, MOnyvyaeMblX B
nporpaMmmax Ansi KBaHTOBO-MEXaHU4YeCKOro MOAenupoBaHusa maTepumanoB. [lokaszaHo, 4YTO uaeanbHbIM
JononHeHreM K nakety OpenMX siBnsieTcs nporpamMmma-aHanmsaTtop Ang obpaboTkm pe3ynbTaTtoB pacyeToB
CTPOEHUSA 30HHOW CTPYKTYpbl MaTepuanoB. O6CcyxaalTca NnpakTuyeckne 3agavv aHanmsa pacyeToB 30HHOWN
CTPYKTYpbl MaTepuanoB 1 YHKLUNOHANbHOCTb Takon NporpamMmmbl, a Takke hopmynumpytoTca TpeboBaHus K ee
peanusaumn. NpooemMoHcTpMpoBaHa (OYHKLMOHANLHOCTL TEKyLlen Bepcum paspabaTbiBaemMon aBTopamu
nporpaMmbl-aHanu3artopa Ha npuMepe TeCToBOro darna.

KntoyeBble cnoBa: anekTpoHHas CTPYKTypa, ANCnepcus 30Hbl, aHanus, obpaboTka, nporpammunpoBanue, C++,
OpenMX.

I. BBEOEHUVE

B HacTosiee Bpema B (PuU3MKE KOHOEHCUPOBAHHOIO COCTOSIHUA W HaHoMaTepuanoBedeHUU aKTUBHO
ncnonb3yeTcsa YNCNeHHoe MoAenMpoBaHne Kak addekTUBHbLIN NoAX0A ANS UCCeA0BaHUS LWMPOKOro cnekTpa
CBOWICTB pasfnu4yHbIX martepuanos. [lonyyaemble B TakuMX YUCMEHHbIX 3JKCNEepMMeHTax pesynbTaTtbl B
3HaYMTENbHOW CTEeMNeHW PacLIMPSIT U OOMONHAT TPaAULMOHHbIE 3KCMEPUMEHTarbHblE UCCNegoBaHWUN.
B cnyyasx, korga nposefeHue IKCNepUMEHTanbHbIX WMCCNEeAOBaHWMN Cepbe3HO 3aTpyAHEHO, YUCIIEHHblE
3KCNEepUMEHTbI SBMATCA NPeanodYTUTENbHbIM METOAOM UccrenoBaHus, (Hanpumep, dasoBas gmvarpamma
COCTOSIHMI BellecTBa B 0611acTu aKCTpeMarbHbIX AaBfeHWUA, 30HHAs CTPYKTypa COeANHEHUA JOPOroCTOSALLMX
N pedKknx XUMWUYECKUX 3NEeMEHTOB M T.4.). VccrnegoBaHUs 30HHOW CTPYKTYpbl MarepuanoB MpOBOAAT C
MUCNONb3OBaHMEM  CNeunanuanpoBaHHbIX  MakeToB  ANA  YMCMEHHOro  KBaHTOBO-MEeXaHUYecKoro
MOOENUPOBaHMSA METOAAMU U3 NEPBbLIX NPUHLUUMOB, Hanboree N3BECTHLIMM M3 KOTOPbIX sIBNAOTCA Quantum
ESPRESSO, VASP, CASTEP [1-3]. Kak npaBuno, B3aMmogencTemne Co BCEMU NporpaMmmMamu B Taknx NakeTax
ocyuwlectensetcsa yepes CLI (Command Line Interface — uHTepdpeinic komaHaHown cTpoku). C Lenbio
YrpOLEeHNsa NnaHMpoBaHUs, NPOBEAEHUS U aHanusa pes3ynbTaToB YUCMEHHOrO SKCNEepUMEHTa, B T.4. «Ha
neTy», CyWeCcTBYIOT MNakeTbl, BKMYatowme npuBblYHbIN GonblwmHeTBY GUI (Graphical User Interface —
rpacmnyecknii Nonb3oBaTeNbCKUA MHTepdenc), Hanpumep, NPOABUHYTbIE KOMMepyeckve naketbl SCM [4],
QuantumATK [5], Medea [6]. Takoi nogxod He SABMSAETCA MPUHUMMNMANBHO OTMUYHBIM, T.K. dhakTuyeckn GUI
ABNAETCA NWWb (PpPOHTEHOOM, aBTOMAaTM3VPYIOLWMM MOATOTOBKY BXOAHbIX pavinoB ana  CLI-6akeHga,
peanu3yloLlero HernocpeaCTBEeHHO YMCIEHHOE MOAENWpoBaHMe C MNocrnegylwyM aHanmu3oM  BbIXOAHbIX
pe3ynbTaToB, OpraHn3yemMbix B ygobHOM Ans uccnegosatens suge. K coxaneHuto, ons meHee nonynsipHbiX 1
NOSTYKOMMEPYECKUX NaKeTOB BCOMoOraTernbHoe nporpaMmmHoe obecrneyenue (MO) pasBuTo OTHOCUTENBHO cnabo,
nmMbo oTCyTCTBYET COBCEM. ABTOPbI JAHHOW paboTbl, Kak U MHOTME UCCreAoBaTeNbCKME rpynmbl Mo BCEMY MUPY,
NPUMEHSIIOT AN YMCMNEHHOro KBAHTOBO-MEXaHWYeCcKoro MOAENMPOBaHNSa MeTodamMu U3 nepBbiX MPUHLMNOB
naket OpenMX, ucnonb3yLWwni Teopmio MYHKLMOHaNa nroTHOCTM, TeOpUI0 NcesgonoTeHumana n 6asmc
UYMCIIEHHbIX aTOMHO-LIeHTPUPOBaHHbIX opbutanen [7—12], 6ecnnatHO pacnpocTpaHseMblA NO4 NULEH3nen
GPLv3.

OOHVM 13 BaXHEMLUMX acrneKkToB WCCMeAoBaHUsA SNEKTPOHHOIO CTPOEHUs MaTepuarioB, OCOBGEHHO
MOHWXEHHOWN PasMepHOCTY, ABNSETCHA U3yYeHNe CTPYKTYPbl SHEPreTUYECKNX 30H (UM 30HHON CTPYKTYPbI) —
cnekTpa CoBCTBEHHbIX 3HaYeHW onepaTopa 3Hepry 3MeKTPoHa B MPOCTPaHCTBE BOSIHOBbLIX BEKTOPOB B
0OHOYaCTUYHOM MPUBAKEHUN BAOMb OCODbLIX TOYEK BbICOKOW CUMMETPUU 30HbI BpunnoaHa. OcobeHHoCTb
npoBedeHNs Takoro pacuyeta COCTOUT B TOM, YTO OONbLUMHCTBO MakeToB, B T.4. U OpenMX, nonyyaiT
CODCTBEHHbIE 3HAYeHWs 3arnpoLUEeHHOro 4YMcrna COCTOSHUM ANS Kaxaon K-ToYkM u B TakoM xe Buae
NpefocTaBnaloT ee nonb3oBaTento ANS JanbHeWwero aHanmsa v Bu3yanusauumum 30HHOW CTPYKTypbl. B
cocTtaBe naketa OpenMX npucyTtcTByeT nporpamma bandgnui13, koTopas cuMTbiBaeT «Cbipble» OaHHbIE U
Np1MBOAUT UX K dhopMaTty, YAobHOMY ANns rpacdru4eckoro nocTpoeHus, a Takke NoarotTaBnMBaeT CKpUNT Ans
naketa Gnuplot, no3sonas 6bICTPO BM3yanu3npoBaTb MOMYYEHHbIW pe3yrnbTaT B ONepauMoHHON cucTeme
Linux.
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K coxaneHuto, 3TOro HegoCTaTOMHO NS MONHOLEHHOro, 3(MdEKTUBHOIO U BbICTPOro aHanusa AaHHbIX,
BocTpeboBaHHbIX B paboTe mccneposaTens. Takum obpasom paspaboTtka cneuunanuaupoaHHoro MO ans
NpoBeAeHNs1 aHanmu3a «CblpbiX» AaHHbIX O CTPYKTYPE SHEPTreTUYECKNX 30H, U 3hheKTUBHOMY NPEACTaBMNEHUIO €r0
pe3ynbTaToB B yA0OHOM Ansa uccrneaoBatens opmMaTte sBNsSeTCs akTyanbHON 3agaye.

II. ONMIMCAHVE N TPEBOBAHWA K ®YHKLMOHAIIBHOCTN

Ucxoasa us CTPOEHUA «CblIpbIX» AOaHHbIX, Noflyd4aemMblX B pe3yrnbrtate MogennpoBaHnd, MOXHO BblAENIUTb 2
HanpasneHna aOnAa aHanu3a: nogcucreMa, cCBdA3aHHaAaA C reomeTpMePl O6paTHOl7I peweTtkn unn
NpoOCTpaHCTBEHHaAA nogcucremMma, n noagcmucrtemMa 3HEepPreTu4ecKoro cnekrtpa 3J1eKTPOHHbIX COCTOSIHUIA Unn
ANEeKTPOHHadA nogcucremMa.

PesynbTat aHanmsa npocTpaHCTBEHHOW MOACUCTEMbI OOIDKEH BKNOYaTb B ce0s MHopMaLnio 0 BEKTOpax
TpaHcnsumm obpaTHOM peLleTKn U KOOpANHATLl TOYEK BbICOKON CUMMETPUU, BAOMb KOTOPbLIX PACCYMTBIBAKOTCS
npomexyToudHble TodkM. KoopauHaTtbl TOYEK criefyeT MpeAcTaBnsiTb Kak BO BHYTPEHHUX koopauHaTax (B
€OVHMLAX peLueTkn), Tak U B ObObIYHbIX AEKapTOBbiX B OpTOroHanbHoM penepe. OObIYHO Npu pacyeTax
nNporpaMmbl UCMOMb3YIOT aTOMHYI0 CUCTEMY €AUHUL, TAe eQuHULLA U3MEPEHUS 3Heprum — XapTpu, a AnvH —
Bopel, T.e. cneagyeT NnpegycMoTpeTb BO3MOXHOCTbL KOHBEPTALMM B NPUBbIYHbIE OONBLUNMHCTBY U yaOOHbIE ANns
ony6rIMKoBaHMS 3NEKTPOHBOSIbTbI U @aHICTPEMbI, COOTBETCTBEHHO.

PesynbTaT aHanm3a 3neKTPOHHOW MOACMCTEMbI AOSMKEH BKMNoYaTb B cebsA MHGOpMauuio O KonmyecTse
pacCcYMTaHHbIX COCTOSIHUWA, B TOM YUCIIE 3aHATbIX U HEe 3aHSTbIX, aHeprun Pepmu, KONMYECTBE CMMHOBLIX
KaHanoB, y4acTBylLWMUX B pacyeTe. Kak U3BecTHO, B Crlyyae MeTansioB HEKOTOPOE YMCIO 30H nepecekaeT
ypoBeHb Pepmu. Heobxoammo nony4mTb MHPOPMALMIO O YUCTIE TaKUX 30H M ONpeaennuTb UX MHOEKCHI, YTO
HeobxooMMo 4nst BU3yanusaumm noBepxHocTn depmun B cneumnanusnpoBanHom 0. B cnyvyae Hanuums wenm
B 9HEPreTU4eCcKOM CMeKTpe 3NEKTPOHOB (B Cryvae nonynpoBOAHMKOB M OUSNEKTPUKOB), HEOOX0AMMO cpasy
npeaocTaBnTb MHAOPMALUIO O LLUMPUHE 3TOW LLENN B 3NEKTPOHBOMBbTAX, TaK e AOIMKHbI ObiTb MOMy4YeHbl
3HaA4YeHMS MMHMMYyMa 30Hbl NPOBOAMMOCTA U MakCMMyMa BaneHTHOW 30Hbl. [ToMMMO aHanusa, nporpamma
[OIMKHa KOHBEPTMPOBATL «Chlpble» AaHHbIE B ABYXKONOHOYHbLIV (hopMat 1 3annceiBaTb UX B TEKCTOBLIN dhans,
yOOGHbIV ANst nocneayloLero umnopTa 1 NocTpoeHus rpacmkoB cunamu cneuunanuampoBanHoro MO, Takoro
kak MS Excel, IBM SPSS, Originlab OriginPro n 1.a4. OcHoBbIBasiCb Ha pe3ynbTaTtax aHanuaa, uccnegoBaTerb
OOMKEeH WUMeTb BO3MOXHOCTb CABUraTb 3HEPreTMYecKMn CrekTp Ha MPOWU3BOJIbHYIO BEIUYMHY, 4TO
HeOOXOAMMO ONsi COBMELLEHUSI MakcMMyma (MoTonika) BaneHTHOW 30Hbl C HYNEBbIM YPOBHEM — 4acTo
MCMNOMb3yEMOro B Hay4HbIX Nybnukauusax BapuaHta BU3yanv3aunm 30HHOW CTPYKTYpbl MaTtepuarnos, a Takke
ONs NOCTPOEHUsT 30HHbIX Anarpamm retepornepexodos. [Mpu NOCTPOEHMN 30HHOW CTPYKTYpLI Hanboree YyacTo
MCMNomnb3yeTcsl Ta YacTb SHEPreTUYeCcKoro CnekTpa, kKotTopas pacrnonoxeHa Bo6nnsm yposHs depmMu, NnosTomy
Oonee rnyboKo- M BbICOKOMNEXALUNE COCTOAHMUA MOTryT ObITb OTOpOLIEHbl, T. 0Op. uccnegoBaTenb OOJDKEH
UMeTb BO3MOXHOCTb Bbibopa MHAEKCa 30H, KOTOPbIe AOIMKHbI ObITb KOHBEPTMPOBAaHbI U 3aMMCaHbl B BbIXOOHOM
dann. HakoHel, cnegyeTt MMeTb BO3MOXHOCTb aHanm3a WUPWHbLI 30H, U 3anncbiBaTb pe3ynbTaTt B OTAEMbHbIN
BbIXoAHOW dhann. Bce BO3MOXHOCTU 0IMKHbI ObITh peann3oBaHbl B peXXMMe no TpeboBaHusl U COBMELLATbCS
Mexay cobown 6e3 normyeckmx npoTneopeynii. B criyyae o6paboTku CNMH-NONAPU30BaHHbLIX pacyeToB aHanms
JormkeH OblTb NPOBeAEH AN KaXA0ro CNMHOBOrO KaHana oTAenbHO, a BbIBOA4 UH(OpMaLMM COBMELLEH, YTO
HeobxooMMO [fisi OMMCaHMUs CUCTEM C MarHUTHbIM ynopsaodeHuem. [logaepkka paboTbl C nakeTom
Bu3yanusaumm Gnuplot Takke gomkHa OblTb COXpaHeHa.

YuuTbiBas, YTO NogaBnstoLlas YacTb NakeToB ANs MoaenMpoBaHust paboTaeT noa onepauyMoHHOM CUCTEMOM
Linux (unn gpyrumm UNIX-nogoBHbIMM onepauMoHHbIMU CUCTEMaMK), TO CnefyeT NpuaepXmBaTbCsl Takux
npaeun paspabdoTky, KOTOpble MO3BONAT OPraHUYHO WCMnonb3oBaTh paspabdatbiBaemoe MO B pamkax
dumnocodum UNIX, T.e. pykoBoacTBOBaTbCA NpuHUmMnamm Maknnpos [13].

PaspabaTtbiBaemblii aHanuMsaTtop AOMKeH ObiTb KOMMNakTHbIM, obrnagaTb BbICOKOW CKOPOCTbIO paboTbl u
ABNATLCHA KpOCCnnaTPOpPMEHHbIM peLleHneM. Y4uTbiBas onucaHHble TpeboBaHusa Ansa pas3paboTtku, Gbin
BblOpaH A3blk C++, NpeMMyLLeCTBEHHO BBMAY HaNMyns KOHTENHEpPHbIX KNaccoB B CTaHAapTHoM GubnuoTeke
wabnoHoB STL. B3aMmopencTBMe OCYLLECTBNSETCHA 4epe3 KOMaHAHYI CTpoky. B kauvectBe cbopouHomn
cucTeMbl ucnonb3dyeMm make nog Linux n nepeHOCMMbIN ananekT, nogaepxmeaemMbln nmake nog Windows.
Cbopka MoOxeT ObITb oOcywecTBneHa mMwbbiM KOMAUNATOPOM C nogaepxkon crtaHgapta C++11.
PaboTtocnocobHocTb 1 TecTupoBaHue nog Linux npoBeAeHbl C MCMONb30BaHUMEM KOMMMUIIATOPOB MPOEKTOB
GCC (g++), LLVM (clang++) n Intel (icpc), nog Windows ¢ ucnonb3sosanvem MSVC.

. OBCYXXOEHWE PE3YJIbTATOB

Bce onvcaHHble TpeboBaHMsa peanv3oBaHbl B NONMHOM ob6beme B Tekyliern sepcum 0.3.2 paspabaTtbiBaemoro
aHanmnsaTopa, KOTOpbI NOCTaBNAETCS B BUAE €ANHCTBEHHOMO MCnonHsemoro danna ans Linux unm Windows,
BKITIOYaloLlero B cebs B CNpaBoOYHY MHOpMaUuio U NpuMMepbl 3afaHusi NapamMeTpoB M ONuui. 3anyck
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OoCylllecTBMsieTCsA CTaHgapTHeiM obpasom: PROGNAME <PARAMS AND OPTIONS> FILE. 3pgecb
PROGNAME ums nporpammbl, PARAMS AND OPTIONS — napameTpbl 1 nx onuuu, FILE — dhann ¢ «cbipbiMuy
OaHHbIMK, reHepupyeMbli naketom OpenMX. o ymonyaHumioo dans € «CbipbIMUY» OaHHbIMWU UMeeT
pacwmpeHue Band, Hanpumep TEST.Band. lNMporpamma ycTpoeHa Takum 00pa3om, 4TO NporpaMme LOCTaTOuHO
ykasaTtb Tonbko TEST nnu TEST. (c Toukon). lNonHoe nms Takke NogaepXMBaeTcsi, HO ero pasyMHee 3agaBaTb,
Korfa OHO OTNMYyaeTcs OT cTaHgapTHOro. B Tekyllen Bepcumn JOCTYMHLI cnegyoLme napaMmeTpsbi:

-h BbIBOAWT MHGOPMaLMIO MOMOLLb MO NCMOMb30BaHMIO NPOrpaMmel;

-V BbIBOAWT MHGOPMaLMIO O BEPCUM NMPOrpamMmbl;

-i NPOBOAMWT aHanu3 3anpoLueHHoro danna v BbligaeT pe3ynbTaTt B SMyNATop TepMuHana;

-w NPOBOAUT aHanm3 30H M 3anucbIBaeT MHOEKC 30HbI, €€ MaKCUMMYM, MUHUMYM W LUMPUHY B daiin
seedname-BS-WIDTH.out;

-t BbiBOAMT MHbOpMaLMIO O BpeMeHM, 3aTpayeHHOM Ha YTeHue, 3anucb hannos, a Takke NonHoe
BpEMs C y4eTOM aHanuaa;

-g CospaeTt hannbl, Heobxoammble Anst paboTbl NakeTa Bu3yanusaumm Gnuplot;

-S 3agaeT cOBur B 31EKTPOHBOMbTAxX 4SS 30H;

-b BbiOvipaeT 30HbI B AMana3oHe yka3aHHbIX MHAEKCOB Ansi 06paboTkM 1 3anncu B BbIXOAHOW doann

seedname-BS.out;
-vbm  BbIBOOMT 3HaYeHMe MakCMMyMma BarieHTHOWN 30HbI C MOBbLILEHHOW TOYHOCTLHO.

3anyck nporpaMmmbl 6€3 napameTpoB KOHBEPTMPYET BCE 30Hbl M3 UCXOOQHOro pavina M 3anucbiBaeT MX B
BbIXOAHOW hann 6e3 oNoNHUTENbHLIX YBegoMeHui. MNpumep paboTbl NporpaMmbl NokasaH Ha puc. 1.

+:\EDACONF>PROGNAME -i TEST

ELECTRONIC STATES AN

ow of the Ferm
ve of the Fermi

(bohr)
i 4 -0.0000000
0. 0000000 0. 0000000
0.00o0REO - 8.2757001

K-PATH (fractional)
0.0000000 ©0.0000000 0.0000000 0.5000000 ©.0000000 0.0000000
0.5000000 ©0.0000000 ©.0000000 ©.3333333 0.3333333 0.0000000
9.3333333 0.3333333 . 0000008 0.0000000 ©.0000000 0©.0DOOOBS
0.0000000 0.0000000 0.0000000 0.0000000 ©0.0000000 0.5000000
0.0000000 0.0000000 O.5000000 ©.5000000 ©.0000000 ©.5000000
0.5000000 0.0000000 O.5000000 ©.3333333 09.3333333 0.5000000
©.3333333 0.3333333 5000000 0.0000000 ©.0000000 ©.5000000

K-PATH (cartesian (bohr)
0.0000000 0.0000000 0.0000000 o . 00RO
c . 0000000 o 2. 00A060
. 00008 .0000000 ©.5R0BDBA o ]
. 000008 .0000000 B .500B008 a1
.5319717 40 a1
a1

c 8.
.00060000 0.0800000

PucyHok 1. Pesynbtat paboTbl aHanuM3aTopa nporpaMmmbl Ha TectoBoM harine TEST.Band B komaHaHowM
cTpoke Windows

Paamep ucnonnaemoro canna coctaesnset 74 Kéant ana Windows n 63 K6ant gns Linux. MNoTpebneHne
pecypcoB 3aBWCUT OT pasMmepa aHanusavpyemoro arvna m coctaBnsdetr obblMHO MeHee 1 Mb6awnTta
onepaTtMBHON NamMaTU. TUNMYHOE BpeMsi paboThbl aHanmM3aTopa COCTaBMAET AECATKU MUNTINCEKYHA,. VICXOAHbIN
Koa koMnakTeH n umeeT meHee 900 cTpok. [Ana paboThl KoAa HYXHbl BUBNIMOTEKN, NPUCYTCTBYIOLLME B Ntobom
onepauuoHHOW CUCTEME, a MMEHHO CTaHgapTHasi bubnuoTeka m paHTamm C++. B paHHbIA MOMEHT
paccMaTpuBaeTCs pacliMpeHMe BO3MOXHOCTEN AN aHanus3a W BHeApeHWe HOBOro dyHKUMOHana.
Vcnonb3yemasi apxuTekTypa nporpaMmmMbl NO3BOMsieT obecneunTb NoaaepkKy aHanmsa ans apyrnx nakeTos.

1. BAKINIOYEHUE

PaccMoTpeHbl OCHOBHblE MPUHUMMBLI PaboTbl HAay4YHOrO MPOrpPaMMHOro obecneveHus ons MccrnenoBaHus
MaTepuanoB MOAENVPOBAHUS U MpaKTUYeCKMe 3aJayn aHanvsa pesynbTaToB pacyeTa 30HHOW CTPYKTYpbI.
Ob6cyxaeHa yHKUMOHaNbHOCTL paspabaTtbiBaeMoro aHanusaTtopa, BblpaboTaHbl TpeboBaHus K ero
peanusauun. lNMokasaHo, YTO ncnonb3oBaHme A3blika C++ 1 cTaHgapTHOW GMGNMOTeKkn LWabnoHOB NO3BoONSAET
paspaboTatb M peanu3oBaTb 3PEKTUBHOE KpoccnnaTtdopMeHHOEe peLleHne, KOMMUNAUMS KOTOpOro
OCYLLECTBNAETCHA C NMOMOLLBIO CUCTEM UHKPEMEHTanbHon coopkm make n nmake. PaspaboTaHHbIi aHanusaTop
MMeEeT KOMNaKTHYI0 KOZOBY 6a3y, Manbii pa3Mep MCNOMHSAeMOro dhavina, BbICOKYK CKOPOCTb paboThbl U HU3Koe
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n0Tpe6neHv1e BblYUCITUTENbHbIX PeCypCOB. ApXI/ITeKTypa NnpoeKTa no3BondeT paclumpuTb (*)yHKLI,MOHaJ'IbHOCTb
aHanmsaTtopa u nobaBuTb noanepXxKy q)OpMaTOB OPYrux nakeToB A5A KBaHTOBO-MeXaHN4YeCKoro MmoaennpoBaHus.

BNATOOAPHOCTb
ABTOpbl 6narogapsTt A.B. Kosuu n A.C. CupoTioka 3a ux Bknag B TecTMpoBaHue paspabotaHHoro MO.
JIMTEPATYPA

[1] QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials
/ P. Giannozzi [et al.] // Journal of physics: Condensed matter. 2009. V. 21, No. 39. P. 395502.

[2] Kresse, G. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set /
G. Kresse, J. Furthmller // Physical Review B. 1996. V. 54, No. 16. P. 11169.

[3] First principles methods using CASTEP / S.J. Clark [et al.] // Zeitschrift fur kristallographie-crystalline
materials. 2005. V. 220. No. 5-6. P. 567-570.

[4] Chemistry with ADF / G. Te Velde [et al.] // Journal of Computational Chemistry. 2001. V. 22, No. 9. P. 931—
967.

[5] QuantumATK: an integrated platform of electronic and atomic-scale modelling tools / S. Smidstrup [et al.] //
Journal of Physics: Condensed Matter. 2019. V. 32, No. 1. P. 015901.

[6] Computational materials engineering: Recent applications of VASP in the MedeA® software environment /
E. Wimmer [et al.] // Journal of the Korean Ceramic Society. 2016. V. 53, No. 3. P. 263-272.

[7] Ozaki, T. Variationally optimized atomic orbitals for large-scale electronic structures / T. Ozaki // Physical
Review B. 2003. Vol. 67. P. 155108.

[8] Ozaki, T. Numerical atomic basis orbitals from H to Kr / T. Ozaki, H. Kino // Physical Review B. 2004. Vol.
69. P. 195113.

[9] Ozaki, T. Efficient projector expansion for the ab initio LCAO method / T. Ozaki, H. Kino // Physical Review
B. 2005. Vol. 72. P. 045121.

[10] Baglov, A.V. Atom species energy dependence on magnetic configurations in the perovskite yttrium
orthoferrite / A.V. Baglov, L.S. Khoroshko // Doklady BGUIR. 2021. Vol. 19(8). P. 63-67.

[11] Baglov, A. V. Crystal structure and electronic properties of rhenium disulfide / A.V. Baglov., L.S. Khoroshko
/I Journal of Applied Spectroscopy. 2022. Vol. 89. P. 860—864.

[12] Evolution of structural and electronic properties standardized description in rhenium disulfide at the bulk-
monolayer transition / A.V. Baglov [et al.] // Heliyon. 2024. Vol. 10. P. e28646.

[13] Raymond, E.S. Basics of the Unix Philosophy. The Art of Unix Programming / E.S. Raymond // Addison-
Wesley Professional. 2004.

DEVELOPMENT AND IMPLEMENTATION OF A BAND STRUCTURE ANALYZER
FOR THE QUANTUM-MECHANICAL SIMULATION PACKAGE OpenMX

A. Baglov!?, L. Khoroshko!?
1Belarusian State University, Minsk, Republic of Belarus, baglov@bsu.by

2Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus

Abstract: Commercial packages for analysis and processing of data obtained in programs for quantum
mechanical modeling of materials are reviewed. The analyzer program for processing the results of
calculations of the properties of the band structure of materials as an ideal complement to the OpenMX
package is presented. Practical problems of analyzing calculations of the band structure of materials and the
functionality of such a program are discussed. The requirements for the implementation of analyzer programs
have been formulated. The functionality of the current version of the analyzer program developed by the
authors was demonstrated by a test file.

Keywords: electronic structure, band dispersion, analysis, treatment, programming, C++, OpenMX.
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AHHOTaums: B gaHHon pa60Te paccmaTpuBaeTcda BO3MOXHOCTb UCMOJIb30BaHNA reHepaTuBHOro MallnMHHOro
o6yquM;| n mMeToaos pa60Tb| ¢ 6onbWwWMMN gaHHbIMKU AN NPeanKTMBHOIO aHann3a 3J1eKTPOHHbIX CBOWCTB
CBEPXTOHKMX HaHOCTPYKTYp Ha OCHOBE nonynpoBOAHUKOBbLIX MaTepuanoB, He orpaHundmBad npm 3TOM
OOLLHOCTb AaHHOro Noaxona Ans UHbIX KpUcTannmn4eckmnx matepumarosB.

KntoueBble cnoea: MalUMHHOE o6yqu|/|e, HeﬁpOHHble ceTn, bonblume A3blkoBble MoAdenu, 6onblune gaHHbIe,
HaHOMaTepuarnbl, I'IpeLI,CKa3aTeJ'IbeIIZ aHanma.

I. BBEOEHWE

YcnewHoe pas3BuTME Haykm B 0O0MacTu CUHTE3a U WUCCRefoBaHWs COBPEMEHHBbIX W MEepPCrneKTUBHbIX
HaHoMaTepmasnoB Ha CEroAHSALWHUA AeHb NPaKTUYeCKM HEBO3MOXHO 6€3 MCMOMb30BaHUS BbIYUCIUTENBHbIX
CpeacTB M KOMMbIOTEPHOM aBTOMaTtusaumm. CTpeMuTensHoe pasBUTME HEMPOHHBIX CETEW U MPOrpaMMHbIX
nHtepdgencos ans Hux (Machine Learning, Discriminative Al, Generative Al) no3sonseT aHanuanpoBaTb B
KpaTyaniime CpokM 3HauYnTernbHble 06beMbl SKCNEPUMEHTANbHbLIX AAHHBIX W HE TONbKO NCCreaoBaTh, HO U C
BbICOKOWN JOCTOBEPHOCTLIO NpeAckasbiBaTb MHTEPECYIOLLIME CBONCTBA UCCNeAyEeMbIX MaTepuanos, Hanpumep,
CTEXMOMETPUYECKUA COCTaB, 3MEKTPOHHbIE CBOMCTBA W BNUSHWE Ha HUX AedektoB u ap. CoBpeMeHHble
nHctpymeHnTol BigData n Advanced Analytics moryT 6bITb NpyBReYeHsbl ANd onTMMM3aumm NoAo6HbIX 3adau,
COKpalleHun BpeMeHu ob6paboTkM BonbLUMX MaCcCUBOB [OaHHbIX, aBTOMaTM3auMM aHanu3a MonyYeHHbIX
pesynbTatoB M T.0. B u4actHocTn, B obnactu MaTepuanoBedeHUss Takve noAaxodbl NPedoCcTaBnsiioT
uccrnegoBaTensM  BO3MOXHOCTU  FeHepauum HOBbIX 3KCMEpPUMMEHTarbHbIX MOAENen HaHOCTPYKTYp C
NPEeOVKTUBHBLIM aHaNM30M MX 3NIEKTPOHHbIX CBOMCTB (haKTUYECKM B peXNME pearibHOro BpeEMEHU, B OTNn4mne
OT «PYYHBIX» PEXMMOB MOAENMpoBaHus. B gaHHom paboTe paccMOTpeH MpuMMep peLleHus creuunansbHom
nuccregoBaTeNbCkoM  3aJayn — MOAENWPOBAHMSA M aHanusa CTPYKTYpbl M CBOWCTB  BblOpaHHOro
nonynpoBOAHUKOBOrO MaTepuana, KOTOpPbIi MOXET ObiTb MCMONb30BaH Takke AN U3y4YeHus CBOWCTB
00BEMHBIX U CBEPXTOHKMX HAHOCTPYKTYP M3 NpaKTUYeckn nobbix HeaMopdHbIX MaTepuanos.

II. AHATIN3 N TTOCTAHOBKA 3AJAYN

OdDEKTUBHOCTE  BBIYUCIINTENBHBIX 3KCMEPUMEHTOB AN WCCNefoBaHWs W onpedeneHus CTPYKTyp U
3MNEKTPOHHbIX CBOWCTB HaHOMaTepuarnoB B 3HayMTenbHOW Mepe OOyCrnoBrieHa KayecTBOM MpOrpammHoOMn
peanu3aumv 1 UCMOSb3yeMbIMU BbIYUCIINTENBbHBIMWU MOAENAMU KOMMBIOTEPHOrO MOAENMPOBaHNS. XOpOoLLO
3apekomeHgoBanu cebs, Hanpumep, Takue o06LWedoCcTynHble nporpaMMHble Komnnekcol kak VESTA
(Visualisation for Electronic and Structural Analysis) u1 OpenMX (Open source package for Material
eXplorer) [1-3]. NepBbIn NCNONbL3yeTCHa AN MOAENUPOBaHUSA MPOCTPAHCTBEHHBLIX CTPYKTYP U BU3yanusauum
NX 3MNEeKTPOHHbIX CBOWCTB, BTOPOW — AN onpeAeneHnst aNIeKTPOHHbIX CBOWCTB (30HHAsi CTPYKTYP M T.4.). Ha
ocHoBe Teopui (pyHkumoHana nnotHoctu (DFT), HopmocoxpaHsawwWmMX nNceBaonoTEeHLManoB U
NCceBA0aTOMHbIX JIOKaNM3oBaHHbIX 6a3ncHbIX yHKUMIA. Pe3ynbTatbl MogenvuposaHusa B OpenMX no3sonsioT
y4YeCTb 3NEeKTPOHHblE CBOMCTBA UCCnedyeMblX MaTepuanosB AN aHannsa BO3MOXHOCTU UCMOMb30BaHUS B
MONyNpPOBOAHVMKOBOM  HAHO3MEKTPOHWKE, 4TO BOCTpebOBaHO Ans MpoBeAeHMs  NpeaBapuTErbHbIX
BbIYNCINTENBHBIX 3KCMEPUMEHTOB C HOBbIMK MaTepuanamu. lNpaktuyeckas TpyAHOCTb peanusauum 4aHHOTO
nogxoda OOycrnoBfeHa LWMPOKUM  pasHoobpasveM napamMeTpoB  MOMYNPOBOAHMKOBBLIX — CTPYKTYP,
XapakTepusyLnx ux Mopdoriormyeckne CBOWCTBA (TakMe Kak CUMMETPUS KPUCTanfMYecKon s4veriku,
B3aMMHOE pPacCMoNOXeHne KpucTannorpaduyecknx MnocKOCTeN W MPOCTPAHCTBEHHas opueHTauus
nHTepdpenca B crnyyae ABYMEpPHbIX Matepuanos, Aedopmaums U B3auMOOEWCTBUE CMOeB ANs COUCTbIX
CTPYKTYp 1 Ap.). AKKypaTHOE onucaHune Bcex 3TUX napameTpoB TpebyeT 3HauMTeNbHbIX BPEMEHHbIX 3aTpaT U
ocyllecTBnseTca Ha aTane (opMupoBaHUS BXOAHOrO havna, 3ajalolero napameTpbl BblYUCIEHWUN,
NPEUMYLLECTBEHHO B PYYHOM pexume. [pouecc mMoaenmpoBaHns B pasnnyHbIX MPOrpaMMHbIX MakeTax B
COBOKYMHOCTM C MNOAFOTOBKOW WMCXOOHbIX OAHHbIX MOXET 3aHMMaTb 3HaduTenbHoe BpeMs, Npu 3TOM
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NPOrHo3Haa wunn BEpPOATHOCTHaA OUEeHKa pe3dynbtata npoBOAMMOIO WUCCneaoBaHMA NpakKTU4eCKU
HEBO3MOXHa.

[na pelweHns onucaHHbIX Npobrem TpebyeTcs KOMMITEKCHBbIM NOAXon, COYeTarlmn B cebe BO3MOXHOCTHU
ONTUMU3aLUN N YCKOPEHUS MPOLLECCOB MOAENNPOBAHNS U aHann3a HaHOCTPYKTYP C NMOMOLLIbK UHCTPYMEHTOB
Big Data & Machine Learning. ABTOpbl f@HHOW paboTbl yke NPUMEHSNN NogobHbIe NoaXoAbl A1t OLEHKU U
aHanuaa pesynbTaToB OOHOro U3 6a30BbIX METOAOB UCCMEA0BaHUN CBONCTB U CTPYKTYPbl KPUCTANIMYECKNX
MaTepuanoB — audpakunm peHTreHoBCKMX nydven [4, 5]. lNpeguktMBHoe MalnHHOe obydeHue 6bino
NPUMEHEHO ANs NpeABapuUTENbHOrO NPOrHO3MPOBaHMSI CBOMCTB HAHOCTPYKTYP M BKITtoYano B cebs cosgaHune
HEMPOHHOM ceTn MU eé obyyeHme C MOMOLLBIH 3TanoHHbIX 06pasuoB AudpakTorpamM HaHOCTPYKTYp C
ONUCaHHbIMK cBOMCTBamMWU. B cnydyae nosBneHus 3agjaum uMccnenoBaHWUsi  CTPYKTYPHbIX  CBOWCTB
KpUCTann4yeckMx MaTtepmanoB Takasd HempoceTb cMmorna Obl NpeanoXuTs BEPOATHOCTHOE onpeaeneHne mx
XapakTepUCTUK C OnpeaeneHHON CTENeHbld TOYHOCTW, 3aBUCHALLENA OT KONMYecTBa LUMKMNOB obyveHus u
cteneHn nopgpobHocTn obyvatowero wmaTepuana. OpfHako, peanusauus [AaHHOMO noaxoda Ans
NPOrHO3MpPOBaHMWS 3NEKTPOHHBLIX CBOMCTB BECbMa TPYAOEMKa, YTO OOYCNOBNEHO NOSABNEHMEM HEOYEBUOHBLIX
3aBMCMMOCTEN SMEKTPOHHBIX CBOWCTB OT CTPYKTYPHOW KOHdUrypaumm B Matepuanax € MOHWKEHUEM
pasMepHOCTH, a Takke, Kak yXXe YNoMmHanocb paHee, 6OMbLUMM KONMYECTBOM BapbupyeMbIX napaMeTpoB
ONns OByMepHbIX U cBepxToHkux (0o 10 mMoHocnoeB) HaHoOcTpykTyp. O6paboTka TakvMx 3aBMCMMOCTEN C
NCMNOMb30BaHNEM YHUBEPCANIBHOTO anroputMa siBNSeTca npobnematuyHon, a Mopoll U HEBO3MOXHOW, B
pe3yrnbTaTe Yero BEpPOATHOCTHbIV (NMPEAVKTUBHBIN) MPOrHO3 CBOWCTB C MPUMEHEHMEM HENPOCETU CHUXKAETCA
BMMOTb 4O NOMyYeHnUst HEAOCTOBEPHOro pe3ynbTaTta [6].

Ill. ONMNCAHWE PELLEHNA

Mcnonb3oBaHue 6onblunx a3bikoBbix Mogenen (Generative Al, LLM — Large Language Models) ans pewexus
OnUcaHHoM nNpobrieMbl MOXET OblTb UCMOMb30BAHO KakK MPUHLMMMANbHO HOBbLIA NOAXOM K UCMOSb30BAaHUIO
HEMPOHHbIX CEeTeN W MalUMHHOrO obydyeHuss B M3MKe WM MaTepuanoBedeHMn HaHOCTPykTyp [4]. Ons
ucnonb3oBaHua LLM B cneumanusampoBaHHbIX 06nacTax mnpegnaraeTcss cneumarnbHas MeTo[onorus
“oboraleHns” KOHTeKCTa 1, COOTBETCTBEHHO, pacLUMPeHMst 0O6nacTn 3HaHUIN HEMPOHHOW CEeTH, KOTopast HOCUT
HasBaHuWe reHepauum pononHeHHoro noucka (Retrieval-Augmented Generation, RAG). JaHHbIi MeTOA
npeacTaensieT cobov oNTUMM3aL N0 BbIXOOHBLIX AaHHbIX OOMbLLON A3bIKOBOW MOAENW, B pe3yrbTaTe KOTOPOM
OHa ccbinaeTtcs Ha “oboralleHHy” (JonoNHeHHY0) 6a3y 3HaHWUI, T.e. Nepes reHepaunelt oTBeTa BeIXOOUT 3a
npegernsl CBOUX UCTOYHMKOB 0Oy4atoLwmx gaHHbIX (puc. 1). RAG [ONONMHUTENBLHO paclUMpsAeT BO3MOXHOCTM
LLM Ha onpegeneHHble OOMEHbI UMW BHYTPEHHIO 6a3y AaHHbIX opraHu3auuu, npu 3ToM nepeodyyeHus
Mozenu He Tpebyetcsa. Npumepom ObiCTpOpa3BMBAOLWNXCS SI3bIKOBbIX Mogenewn ¢ nogaepxkon RAG Ha
cerogHsAWHMA aeHb MoryT aenaTbea Meta Llama 3, Anthropic Claude, Amazon Titan v psg gpyrux meHee
NONYnsPHbIX Y LUMPOKOro Kpyra cneumnanmcToB.

Raw ML Vector Vector l
data models embeddings stores
ot 7\ 0 Question + context
User Question lT SR Fnundatlun Answer

Relevancy

0.550.100.9 001.000 0001.0 0. model
i _).—>_ @ o )
Audio c\l 0.100,7001,0600001.000,
et @—"—&
Tokenization and Vector points in Vector database -

= space (Object metadata )
Ia and vector Knowledge base Embedding Document New data

representation) (vector database) model repository

Documents By

PucyHok 1. CxeMa npoueccoB NpuBneYeHns BEKTOPHbIX 6a3 AaHHbIX Anst oboraleHnst OTBETOB S13bIKOBOM
MOZEeN Npu nonb3oBaTeNibCkoM 3anpoce B LLM

B pamkax pelueHus onncaHHon 3agaun RAG-oboralleHe NpoucxoanT B HECKOMbKO aTanoB. Ha HavanbHoMm
aTane HakannuBaeTCcsa peneBaHTHas MHpopMaums B TEKCTOBOM 1 BuHapHOM dhopmarte (bopmaTsl .txt, .doc(x),
XIs(x), .pdf n gp.), MeroLwemM NpPon3BOSIbHYD OpraHM3auuio U CTPYKTYPY, HO CoaepxallemM onpenerieHHble
KONMMYECTBEHHbIE OMUCaHNS CBONCTB HAHOCTPYKTYP M UX KaYECTBEHHYIO MHTepnpeTauuio. MNpumepamm Takux
WUCTOYHWUKOB TEKCTa MOrYyT CMYyXWUTb Hay4yHble Mybnuvkaumm wn MoHorpacumm, oTyeTbl O nabopaTopHbIX
nuccrnefoBaHUsSX W U3MEPEHUsIX, OaHHble MO MOAENVPOBAHWUIO OMNPeAeneHHbIX CTPYKTYp, 0O30pHbie
I'Iy6]'II/IKaLI,I/II/I, peq)epaTbl MW BbiIBOAbI Ha MX OCHOBE, TeopeTunvyeckue wunccrneanoBaHusA d)yH,D,aMeHTaJ'IbeIX
CBOMNCTB Matepuarnos u T.4. Takke ¢ ncnone3osaHmeMm RAG MoxHO paboTtaTs ¢ rpaduyeckumm matepmanamu,
CKaHMpoBaTb N pacno3HaBaTb V|306pa>|<eH|/|;|, T.€. 43blKOBasd MoAdellb MOXeT o6yanbc;| C UCcnoJsib3oBaHMeEM
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rpadMKkoB 3aBMCMMOCTEN, M30OPaKeHWIA CTPYKTYP, BU3yanuaaLmm 3KCnepuMeHTanbHbIX AaHHbIX U ap. OgHUM
N3 BaXkHbIX MPEUMYLLECTB MCMNOMb30BaHUSI TakoW METOAMKWN ABMSIETCA OTCYTCTBUE CTPOrMx TpeboBaHwui K
OrMaBMEHUID U CTPYKTYPUPOBAHUIO COAeEpXaHUsi MaTtepuana, a Takke, (hakTUYEeCKW, OrpaHUYeHuin mno
pa3mepam obpabaTbiBaeMblx (harnnos. Mo mepe cbopa 1 HakomnneHUst obyyaroLLero KOHTEHTa NoAKNYaeTcs
creumanMampoBaHHas BekTopHas 0asa pgaHHbix (Hanpumep LanceDB, AWS OpenSearch), koTopas
TPaHCHOPMUPYET ITOT KOHTEHT B GUHAPHbLI BUL U UHTErPUPYETCS C S3bIKOBOW MOAENbI0 (puc. 2).

Frontend
web or
mobile app

Long-term
mermory
store

Text or
image
embeddings

Foundation
model

Madel
training

Vector
database

Enterprise
datasets

PI/IcyHOK 2. ApXI/ITeKTypHaﬂ anarpamma B Buge nporpamMmmHoro MHTepd)eVlca C nonb3oBaTesibCKMM BBOJOM
ana onncaHHoro peLleHna

3aTeM npu obpallieHnn Nonb3oBaTenbLCKOro 3anpoca B Moaernb npomcxoaunt ceepka ¢ RAG-KOHTEKCTOM U ¢
y4eToM Creumnanm3mpoBaHHOro KOHTEKCTa U3 BEeKTOPHONM Gasbl AaHHbIX OCYLLECTBIsSeTCA reHepaums oTeeTa
nonbL3oBaTento, Npu 3TOM PeneBaHTHbIN MOUCK MO AecCATKaM U COTHAM TepabaiiT BEeKTOPHbIX AaHHbIX
A3bIKOBasA MoAenb OCYLLECTBNAET 3a HECKObKO CEeKYH[, a NoNnb3oBaTerb nony4YyaeT oTBET B Buae Haubonee
BEPOATHLIX CITOBOCOYETaHWI U NpeanoxeHuid. Mpu aToM B 0TNM4YMe OT TpaauLMOHHBIX HEMPOHHLIX ceTel, Ans
peanusauuvM JaHHOrO noaxoda He TpebyeTcs AONONMHUTENbHBIX TPEHUPOBOK U MepeobyyveHuin A3bIKOBOM
MOJenu, YTO coKpallaeT BblYUCIUTENbHbIE U BPeMeHHble 3aTpaThl Ha MCMNOMb30oBaHWe WCKYCCTBEHHOro
UHTEenneKTa.

OnucbiBaeMbll MOAXOA nNpeanaraeTcs K peanu3auum B BUAE KpoccnnaTOpPMEHHOro MnporpammHoOro
pelleHns, KOTOpOoe HaxoauTcs B CTaguuM pa3paboTkm U HaKOMMEeHWst BEKTOPHbIX 0a3  gaHHbIX.
[MepcnekTMBHOCTL pa3BUTUA OaHHOW MAew NoaTBepXaaeT psan npedBapuTenbHbIX 3KCNEPUMEHTOB B BuAe
ananoroB (prompting) ¢ NCKYCCTBEHHbIM MHTENMNEKTOM. B 4acTHOCTW, ncnone3yembii Ansi B3anMoaencrans
RAG 4aTt-60T B COCTOSHUM ONpefennTb XapakTePUCTUKM 30HHOW CTPYKTYPbI (LUMPUHA 3anpeLLeHHON 30HbI,
3Heprua depmun) B HAHOCTPYKTYPE Ha NpMMeEpeE LLUMPOKO30HHOMO CerHeToanekTpuka TutaHarta 6apus (BaTiOs).
UMcnonb3ys “oboralleHHbI” KOHTEKCT U CO3OaHHYI0 3apaHee BEKTOPHY 6a3y AaHHbIX, 4aT-60T onpeaenun
3TV 3HAYEHUS N CreHepupoBan KOPPEKTHbIA OTBET Ha 3anpoc, Mpu 3TOM TecTupyemasi 3blkoBasi MOAesb He
obrnagana 3anpawvBaeMbiMX MapamMeTpamu B SBHOM BMAE, HO CMOrfa MpOBECTM CTaTUCTUYECKoe
COMOCTaBIIEHNE U CreHepupoBaTb BepHbIN OTBET. [1py 3TOM NPOrHOCTUYECKME 3anpoChbl MO WHXMHUPWHTY
3anpeLleHHON 30Hbl (M3MEHEeHMEe ee LWUPWHBLI MyTeM MogucmKaumMm KpuUcTaninMyeckonl peLlleTkun Wnm
BHEOPEHWS A0NAHTOB U AedeKTOB) 4aT-60T He CMOT KOPPEKTHO 0OpaboTaThb: BMECTO 3TOro S3bIKOBasi MOAENb
npegnarana Apyrme XvMMUYECKMe COEeAMHEHWS C WCKOMbIMW NapaMeTpamy 3anpeLleHHOW 30Hbl. JTO
NMoKasbIBaeT BaXXHOCTb Co3aaHns 6a3 AaHHbIX 4OCTAaTOYHOM NOMHOThLI U UX CBOEBPEMEHHOW akTyanu3auuu, 13
Yyero cnefyeT BaXHOCTb HANUYMA OTKPbITbIX pe3ynbTaToB UCCnefoBaHUi aAng rnodanmsalmm Hay4dHou cetTu u
MOMHOLIEHHOrO BHEAPEHMS COBPEMEHHbLIX TEXHOMOMMIA B HAyKOEMKMNE cdhepbl MO BCEMY MUPY.

V. BAKITIOHEHNE

[na pa3suTMa COBPEMEHHOro MaTepuanoBefeHUs XapakTepHbl, B obLieM crnyyae, ABE MPOTUBOMOMOXHbIX
TeHaeHuun. C O4HOM CTOPOHbI, COPEBHOBATENMbHbBIA XapakTep BeAEeHUS UCCMNeAOoBaHUN MEeXAy Hay4YHbIMU
rpynnamm pasHblX CTpaH, YTO npegronaraeT 3akpbiThii oopMaT pe3ynbTaToB Hapsgy ¢ nybrvMkoBaHWEM B
N3gaHnNsIX, UMEKLWUX OrpaHMYEHHbIN Kpyr AOCTyNna, YTO B COMETaHUN CO CBOEBPEMEHHBIM MaTEHTOBAHUEM U
0OpMIIEHMEM HOY-Xay NOMOraeT COXPaHUTb SKCKMO3MBHOCTb pe3yrbTaToB uccregoBaHui. C apyron
CTOPOHbI, HeusbexHas rnodanmsaumsi BCeX MNPOLIECCOB HayYHbIX WCCIEAOBaHWA NpuBeENna K CO34aHWuio
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MOLLHENLLMX MUPOBLIX UCCNeaoBaTeNbCKUX Konnabopauunn n HayuHbIX LLeHTpoB (Hanpumep, O6beanHEHHbIN
WHCTUTYT A4epHbIX uccrnenosaHui B r. [lybHe, PO u ap.), B KOTOPbIX COBMECTHOE MOMy4YEeHMEe HOBbIX 3HAHWI
W NCMONb30BaHWe pe3yrnbTaToB SABNSETCS OCHOBOW CYLLECTBOBaHUS NPOEKTOB U YCTONYMBOIO pa3BmUTUS BCEN
uccrnenoBaTenbCkon  MHPaCTPYKTypbl. VIcNONb3oBaHWe COBPEMEHHBLIX WMH(OPMALUNOHHBIX TEXHOMOMMM
MOXeT CTaTb AOMOSIHUTENbHBIM CPeacTBOM obecneyeHnst apheKTUBHOIO B3aMMOAENCTBUS MEXAY YYEHBIMM
n nccnegoBaTensaMu Bcex CTpaH, B TOM vucne, Ans obmeHa akTyanbHbIMU pe3ynbTaTaMmu, CONoCTaBeHNs 1
BepudmKaumm HOBbIX OaHHbIX, ODMerYeHuss MOMCKOBOW MCCreaoBaTernbCKOM paboTbl M MOBbIWEHMS ee
achbdekTnBHOCTU. [MpuMeHeHne HenmpoHHbIX ceTen (Generative Al, LLM) B kauecTtBe G0nblUMX SI3bIKOBbIX
MoZenen Ans uccnegoBaHus M aHanmsa CBOWCTB HAHOCTPYKTYP ABMSETCA NepCrneKkTUBHbIM, OCOBEHHO, Ans
MOBbLILLIEHMSI YPOBHA aBTOMaTtu3auuu psga MccrefoBaTenbCKuMX 3ajadv Mnpy 3HaYUTENbHOM COKpaLlleHun
BPEMEHHbIX 1 TPYOO0BbIX 3aTpaTthbl HA 06paboTKy. [MpeanoxeHHbI B AaHHON paboTe noaxoa npeaycmartpueaeT
nocTosiHHoe passBuTne n obydyeHne LLM mogenu B pamkax cneumanv3npoBaHHOIO Hay4yHOro KOHTeKcTa (B
paccmatpvBaemMoM crny4dae - B 0bnactn HaHoMmaTtepuanos), UTo byaeT cnocobcTBoBaTh MO MEPE HAKOMMEHUs
33a[@aHHOTO KOHTEKCTa YBENIMYEHMK TOYHOCTW MPOrHO3HOrO aHanmMsa W CnoCOBHOCTU UCKYCCTBEHHOTMO
WHTENMEKT He TONbKO KOPPEKTHO MPOM3BOAMTbL MOWCK MO MMEHLMMCS OaHHbIM, HO M Npefgrnaratb HOBble
HaHOCTPYKTYpbI C TpebyeMbIMU 1 NpeackasaHHbLIMU CBOMCTBAMMU.

BNArOJAPHOCTb

McecnepoBaHusa YyactnuyHo nogaepaHol B pamkax HAP 4 no 3agaHuto Ne 2.25 IMHU «MatepunanosegeHue,
HOBble MaTepuarnbl U TEXHONOTMN Y.
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Abstract: This paper explores the possibility of using generative Machine Learning and Big Data methods for
predictive analysis of the electronic properties of ultrathin and nanostructures based on crystalline
semiconductor materials, without limiting the generality of this approach to other crystalline materials.
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MOJEJIMPOBAHWE CTPYKTYPHbIX /1 QNEKTPOHHbLIX CBOMCTB HAHOPA3MEPHbIX
KATAIIMSATOPOB C ACOPBENPOBAHHBIMW MOJIEKYNAMA

Barnoe A.B.12, Xopouuko J1.C.12, Pyanmypagoe O.H.3, NMapmaroe A.B.4, HypmaHos C.3.4

1Benopycckuin rocyqapCTBEHHbIN YHUBEPCUTET NHGOPMATUKN U paano3NEKTPOHMKN,
MuHck, Pecnybnuka Benapycb, baglov@bsuir.by

2benopycckuii rocygapcTBeHHbIn yHuBepcuteT, MuHck, Pecny6nvka Benapycb
STYpPUHCKUIA NONUTEXHUYECKNIA YHUBEPCUTET B ropoae TallkeHTe, TalkeHT, Y3bekuctaH

4HaumoHanbHbI yHuBepcuTeT Y3bekuctaHa um. Mup3o Ynyroeka, TallkeHT, Y3bekmucTaH

AHHOTaumsa: [NpoBegeH aHanu3 B3aMMOOENCTBUS COPOUPOBAHHOM MONEKynbl OGEH30MHOW KUCNOTbl C
NMOBEPXHOCTbIO MOAENbHOro KatanusaTopa — 6pykuta. YCTaHOBNEHO, UYTO NPeanoyvTUTENbHOW ABNAETCH
opueHTaumsa kapOOKCUMbHOW rpynnov K noBepxHocTu Opykuta. [MokasaHo, 4TO agcopbumsa Monekynbl
OEH30MHOM KUCMOTbl HOCUT MPEUMYLLLECTBEHHO (PM3MYECKUA XapakTep. AHanNn3 ANCnepcun aHepreTuyecKknx
30H NoKasblBaeT, YTO B 3anpeLieHHON 30He OpykuTa oKanmuayrTcsl SNEKTPOHHbIE COCTOSIHUSI MOJIEKYIbI
OEH30MHOW KMCMNOTHI.

KntoueBble crnosa: 6pykut, 6eH3oHas knucrnoTa, KBaHTOBO-MeXaHW4eckoe MofenupoBaHue, katanus.
I. BBEOEHUVE

Mpouecchbl BUHUTMPOBaHWSA kKapOOHOBBLIX KUCIOT AN MOSTydeHUs COOTBETCTBYHOLUX 3¢hmpoB BOCTpeObOBaHbI
B XMMWYECKOW MPOMBILLIIEHHOCTU 1 NPEACTaBNAT cOBOM KOMMNMEKCHbIV NO3TaMNHbIN NPOLECC, BKIHOYALLMNA
ncnonb3oBaHue HeopraHuveckux (doto)katanusartopos [1-3]. LLUupokoe pacnpocTpaHeHne AaHHOW rpynnbl
peakuMi XMMUYECKOro CMHTe3a Aenaet BocTpeboBaHHbIM MOUCK U UCCNEeAOBaHUE HOBbIX KaTanUTUYECKMX
MaTepuanos, CNocobCTBYIOLLMX NOBbILLEHNIO 3P(EKTUBHOCTU peanusaunm npoLecca U CHUXarLWMX pacxon
NCXOAHbIX peareHToB Hapsay € NOBbILLEHMEM KadyecTBa Lenesoro npoaykra. OgHUM nx MeTOA0B, CHUXKAIOLLMX
BPEMEHHbIE N 3KOHOMUYECKUE 3aTpaTbl Ha MUCCreLoBaTENbCKUMA NPOLIECC, SBNAETCHA aHanu3 peareHToB u
YCNOBUIN MPOTEKAHUSI peakuMin cpeacTBaMu KBaHTOBO-MEXaHUYECKOrOo MOAENMPOBAHWUS B paMKax Teopuu
dyHKUMOHana nnotHocTu (TPI), Ana ycnewHon peanusaumm KOToporo HeobxoanMbIM YCIOBUEM SIBISETCS
BbIOOp MOZENbHbIX COEAMHEHWM [NS aHanM3a COOTBETCTBYHOLUMX XapakTEepUCTUK U OCOOEHHOCTEN
NPOTEKAHWNSI UCCNEQYEMbIX PEAKLWNA.

B pamkax paHHoro uvccnegosaHus NpoBefeHO MOoOEeNUpoBaHME CTPYKTYPHBIX W OMNEKTPOHHBIX CBOWCTB
HaHopa3MepHbIX kKaTannsaTopoB ¢ agcopbMpoBaHHLIMKU MOMEKynamu, NpeacTaBnaoLWwmnx cobor NOBEPXHOCTb
avokcuga TuTaHa C KpucTannuueckow peluetkon 6pykuTta. Bpykut BbiGpaH BBMAY NEepCneKkTMBHOCTU €ro
CBOWCTB W CpaBHUTENbHO Marion WCCNefoBaHHOCTLIO, MOCKOMbKY A0 HeAaBHEro BPEMeHU MorlyvyeHune
cTabunbHbIX HOpM BpyKMTa BbI3bIBANO pag 3aTtpyaHeHun [4]. AHanmM3upysa cTpoeHne NoBEPXHOCTU BpykmTa
Pas3nMYHON OpWEeHTauMKn, Mbl OLEHWNM Kak MepCrneKkTMBHYID NOBEpXHOCTb C opueHTaumen (010) m3-3a
BbIXOOALLMX Ha MOBEPXHOCTb aTOMOB KMCNOpoAa, y4acTue KOTopbIX B ((DOTO)XUMUYECKNX peakLmsax SBnseTcs
HeobXxoaMMbIM AN 3aMblkaHus KatanuTuyeckoro uukna. Cpean KapOGOHOBbBIX KUCHOT, UCMOMb3yeMblX B
npouecce BUHUNMPOBaHMWSA, Gonblloe npakTuyeckoe 3HaveHue umeeT GeH3oMHast KucrnoTa, KoTopas Takke
npeacrasnseT cobon yaobHy MoaenbHylo cMCTeMy NS UCCeAoBaHNs NPOLECCOB B3aMMOAENCTBUS MeXAY
kKapOOHOBBIMM KNCNOTaMU 1 NMOBEPXHOCTbIO KaTanUTUYECKUX MaTepmarnos.

II. NCXOOHbIE AAHHBIE N ONMCAHWE MOAEJIMPOBAHNA

B oTnunume oOT uvccrnegoBaHMs YMCTOW MOBEPXHOCTM M MPOLIECCOB PEKOHCTPYKUUM W penakcauuu Ans
nccrnegoBaHus NpoLLeccoB B3aMMOLEeNCTBMS OEH30MHOM KUCMOTbI C MOBEPXHOCTbH) HEODXOAMMO YYUTLIBATH
OOMONHUTENbHbIE TPeDbOBaHMS, @ MMEHHO YBENMYEHHYK TOSLWMHY CINOsi AMOKCUAA TUTaHa, YBENTMYEHHYHO
nnowanb NOBEPXHOCTU Ha KOTOPOWM aTOMbl MOJIEKYSbI B3aMMOAENCTBYIOT C aTOMaMu MaTepuarna U BakyyMHbI
CroW JOCTaTOYHOM TOMWMUHBI A1 OOHYNeHUss fanbHOAENCTBYOLLErO KyJTOHOBCKOrO B3aumogencTaus (puc. 1,
BaKyyMHbIV CITOV MOKa3aH YacTU4YHO). B Halem crniydae Mbl MCMOMb30Bany BakyyMHbIA MPOMEXXYTOK TOSLLMHOWN
25 A, koTopbI NO3BONSIET NPOBOAUTL KOPPEKTHOE YMCIIEHHOE MOAENMpOBaHue npu Ao6aBMNEeHNN MOMEeKymbi
GeH301MHON KUCMOThl. [TOBEPXHOCTL MOnyYanu nyTeM NOCTPOEHUsI CBEPXbAYEnKN 2%2, YTO B NepecyeTe AaeT
obnactb pasmepom 11,0x10,4 A, T.e. TonwmHa avokcuaa TuTaHa coctasnsna npumepHo 18,4 A. B uenom
cucTema Bkntoyana B cebst 64 atoma TuTaHa 1M 128 atomMoB Kkucnopoda, npuHagnexawux 6pykuty. Npu
BBEAEHWUM B cUCTeMy Mornekyrnbl 6eH3onHon knucnotel CsHsCOOH gononHuTensHo HeobxoamMmMo Bbino yyecTs B
pacyeTe cymmapHo 15 atoMoB BogopoAa, yriepoaa v Kucnopoga.
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PucyHok 1. Uccnepyemble cTpykTypbl BpykuTa: a — MmoHocnoun ¢ opuenTaumen (010);
0 — MoaenbHasa cTpykTypa. bonblinm atom — TUTaH, MEHBLUUI — KACNOPOA

YuncrneHHoe KBaHTOBO-MEXaHM4eckoe MOLEeNUpOoBaHMe MNpPOBOAUNM B pamKax Teopum yHKLMOHana
NIOTHOCTU U TEOpPMM NCeBAONOTEHUMana, peann3oBaHHbix B nakete OpenMX [5, 6]. Kputepun cxogmmocTun
pacuyeTa caMOCOrniacoBaHHOIo Nons ANs CTPYKTYpHOW penakcaumm coctaBnsan 10-6 aB/voH. ViHTerpnpoBaHue
B nepsBon 30He bpunnoaHa nposoannu no M-UeHTpUpoBaHHOM perynspHon cetke k-touek pasmepom 2x2x1,
CeTka O YACNEHHOTO UHTErPUPOBaHUSA Bbibupanacb Takom, YTOObl COOTBETCTBOBATL CPpeaHEMY 3HAYEHMIO
3Heprum otceykn okorno 2500 aB. [locTnkeHreM CXOAMMOCTU B npoLecce CTPYKTYPHOW penakcaumm cumtanum
[IOCTUKEHME BCEX KOMMOHEHT CUM, AENCTBYIOLLMX Ha MOHBI, BENMYMHBI MeHbLuel 10 MaB/A. Paccuntbisanu u
aHanuaupoBanu TOMbKO ANCNEPCUIO 30H.

Monekyna 6eH30MHON KUCMOTbI Oblfla NOCTPOEHa Ha OCHOBE 3KCMEPUMEHTanbHbIX AaHHbIX U3 paboTsl [3],
3aTeM npoBedeHa CTPYKTypHasd penakcauus no MEeToAuKe, W3NOXEHHOW Bbille, Ans  KOPPEKTHOro
nocriefoBaTensHOro U CaMOCOrnacoBaHHOMO ONMCaHUs UCCNesyeMon CUCTEMBI.

. PESYINbTATbI 1 OBCY>XAEHNE

Mo AaHHBIM MccneaoBaHWA OAHOSMEKTPOHHOrO MOTEHUMana v 3NeKTPOHHOW KapTbl Pa3HOCTHOW NIIOTHOCTH,
HanbornbLUne HEOAHOPOAHOCTU U Pas3nuyMs cocpeoToYeHbl HEMOCPEACTBEHHO Y KapbOKCUbHOM rpynnbl (—
COOH). Taknum obpasom NpegnoyTUTENLHOW OpUEeHTauuMeln ONns peanu3auun agcopOLMOHHOro npouecca
ABMNAETCA OpueHTaums KapbOOKCUMITbHOM T[pynnorW K MoBepxHOCcTU Opykuta. CTpyKTypHad Mogensb,
peanuaylollas gaHHble BbIBOAbLI NPeACcTaBrneHa Ha puc. 2, a (BaKyyMHbIV CINOW NoKa3aH He NOMHOCThL). s
HarnsagHoCcT Mogenb pa3eepHyTa Ha 90° B NIOCKOCTM Xy, YeM 06yCroBneH oOLwuin BUA CTPYKTYPbI, OTIINYHbIN
oT puc. 1.

B uccnegyemoint cucteme HabnogaeTcs 3HauUMTENbHOE M3MEHEHUE OAHOIMEKTPOHHOIO NOTEHLMana, npuyem
YCUNMBAETCS €ro fokanusaums Ha oTAenbHbIX aToMax, a Takke Ha aToMe KMCIopoda «XBocTay GeH30MHOM
KMCNOTbl, Hambonee ONM3KO pacrofiokeHHOM K aTomMaM KUCNopoAda MOBEPXHOCTM AMOKcMaa TuTaHa.
OneKTpOoHHas KapTa pa3HOCTHOWN MOTHOCTM NOKa3bIBAET CXOXYH TEHAEHLUMIO K MoKanuaauum nioTHOCTEN Ha
aTomax, OHaKO CMITbHOro B3aMOAENCTBUA He HabnogaeTcs, YTo roBOpMT 00 OTCYTCTBMM NepeHoca 3apsaa
OT MOJNEKynbl K MOAMNOXKE WMAM HAobopoT. YuuTbiBasi, YTO pacCTOsiHUE Mexay onwxkanwmmmy atoMamu
MOMeKyrbl U NOANOXKM CocTaBnseT okono 3 A, To pasymHo roBoputb 0 dmanyeckon ancopbumm 6eH30MHOMN
kucnotbl Ha (010) noBepxHOCTU BpykuTa.

[ucnepcust s3HepreTUYeckMX 30H NnokasaHa Ha puc. 3. Bcneacteue 605bLLIOMO YMcna aToMOoB, UCMOMb3yeMbIX
B pac4yeTe (8 anemeHTapHbIX f4yeek OpykuTa), HabnogaeTcs GONbLIOE YMCMO 30H C O4MHAKOBbIM 3aKOHOM
aucnepcun, Ho CABUHYTLIX APYr OTHOCUTENBLHO Apyra Ha Manyto BenuunHy sHeprn. Konn4ecTso BaneHTHbIX
30H MHOrO MeHbLUE, YeM YMUCNO 30H MNPOBOAMMOCTM, UTO OOYCNOBNEHO, BEPOSATHO, HaroXeHWem
3HEpreTUYECcKMX ypoBHEN MONeKyrbl GEH30MHOW KUCMOTbI HA SHEpPreTuYecKkne ypoBHN MOBEPXHOCTN AMOKCUAA
TUTaHa. Takke HabngaeTcs TpU 30HbI C NMIMHENHBIM 3aKOHOM OWUCMEPCUN B 3anpeLLeHHON 30He OpykuTa.
OTcyTCcTBME ANCNEPCUN TOBOPUT O MPUHALMNEXHOCTU AaHHbLIX YPOBHEN MOJSEKyrie 6EH30MHOM KUCMOThI.
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PucyHok 2. MNMoeepxHocTb 6pyknta (010) ¢ copbrpoBaHHOM MONEKYNoNn GEH30MHOM KUCHOTbI: a —
CTPYKTYpHas Mofenb; 6 — OAHO3NEKTPOHHbIV NOTEHLMAN; B — SNEKTPOHHAs KapTa Pa3HOCTHOWM NIIOTHOCTM
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PucyHok 3. 3oHHast cTpykTypa noBepxHocTu 6pykuta (010) ¢ copbnpoBaHHON MONEKynon 6eH30MHOM
KMCIOThI

IV. SBAKINOHYEHME

Mcxopa n3 aHanmsa arekTPOHHOIro CTPOEHMST MOSEKyIbl BEH30MHOM KMCNOThI (MogenupyoLlen kapboHoBbIe
KMCNOTbI), @ UMEHHO aHanmM3a OLHOSMEKTPOHHOrO NoTeHunana, 3rekTPOHHbLIX KapT Pas3HOCTHOM MIIOTHOCTY,
BM3yanu3auMn BbICLLEN 3aHATOM MOJIEKYNIAPHOM W HU3LIEA BaKaHTHOM MOJEKynsipHoW opbutanen,
YCTaAHOBMEHO, YTO NPeAnoOYTUTENBHOW OpPUEHTaALMEN MOMEKynbl SABMASETCS OpueHTaums KapOOoKCUMbHON
rpynnov kK noBepxHocTn OpykuTa. [lokaszaHo, 4TO aacopbums Monekynbl 6eH30MHOW KUCMOTbl HOCUT
npevMyLLLECTBEHHO (DU3NYECKUIN XapakTep, YTO criefyeT M3 aHanu3a OOHO3MEKTPOHHOro noTeHumana wu
3NEKTPOHHbIX KapT Pa3HOCTHOW MMOTHOCTM CUCTEMbI MOBEPXHOCTb BpykMTa/Monekyna 6eH30MHOW KUCMOThI.
AHanus gucnepcumn 3HepreTU4eckMx 30H MOKasbiBaeT, YTO B 3anpeLleHHOM 30He OpykuTa nokanuayrTcs

106



MexayHapogHas Hay4YHo-npakTuyeckas KoHgepeHLms
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

3NEKTPOHHbIE COCTOSAHUS MOMeEKynbl 6eH30MHON KNCMOoTbl. Ha ocHOBe aHanu3a npoBeAeHHbIX NCCneaoBaHuin
B KayecTBe [JanbHEWWMUX LaroB MNpeacTaBnseT WHTepec onpeneneHne B3aMMHOro pacnonoXeHus
3HEepreTU4ecKkMx YpoBHeW CBOOOOHOM U COPOMPOBAHHOW MOIEKyIbl GEH30MHOWM KUCIOTbl OTHOCUTESNBHO
3HEpreTU4ecKMx YpOBHEN MOBEpPXHOCTU OpyknTa, MOCKONbKY HEeobXoAMMO MNOHWMAaTb, 3arnoflHEHbl 3TU
COCTOSIHMSI WNW  BakKaHTHbl, 4YTO BaXHO [Afs [AeTanbHOro aHanmMsa npoueccoB (oToBO3OYKAEHMS.
MpeacraBnseTca pasymMHbIM OMpeaenvTb BO3MOXHOCTb M CTEMEHb peayuMpoBaHUS KONMYecTBa aTOMOB
anokcmaa TuTaHa € Lenbio MUHUMU3aUUN BPEMEHWN MPOBEAEHUS] YNCIIEHHOrO MOAENMPOBAHUSA. Y4uuTbiBasi
XapakTep B3auMOLEWNCTBUS MOneKysrbl GEeH30MHOM KUCMNOThbl, Kak TUMUYHOro NpeacTtaBuTens kapboHOBLIX
KMCNOT, Takke crnegyeT NPOBOAWUTb aHanu3 3aceneHHocTen opbutanen, KOTOpbIN OACT KONMMYECTBEHHYIO
OLLeHKY nepepacnpeeneHuns afeKTPoHHOM NNOTHOCTY B COPOMPOBaHHOM MOMEKYNe, a Takke Ha NOBEPXHOCTH
OpykuTa. YunTbiBasi UICNOMb30BaHMNE CBEPXbAYENKMN U CIIOXKHOMO XapaKkTepa 3NeKTPOHHOIo CTPOEHNSI CUCTEMBI,
cnegyeT pacCMOTPETb BO3MOXHOCTb NPOBEAEHUS NpoLeaypbl pa3BepTKM 30H, KOTOpas 4acT KONMYECTBEHHbIN
BKNaJ aToOMOB, OTHOCUTESBHO KOTOPbIX OHa 6yaeT NpoBOAUTLCS, B KAXKAYH0 30HY B 3aBUCUMOCTM OT BOSTHOBOIO
BEKTOpa, 4YTO MO3BONMMT Oonee TOYHO OLEHWUTb B3aMMOAEWCTBME MEXAY OMEeKTPOHaMU MOMEKynbl u
NoBEPXHOCTM BpyKuTa.
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MODELING OF THE STRUCTURAL AND ELECTRONIC PROPERTIES OF NANO-SIZED CATALYSTS
WITH ADSORBED MOLECULES
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Abstract: The interaction of the sorbed benzoic acid molecule with the model catalyst (brookite) surface was
analyzed. Based on the analysis of the electronic structure of the benzoic acid molecule, it was found that the
orientation of the carboxyl group to the brookite surface is the preferred. The adsorption of the benzoic acid
molecule is predominantly physical. According the analysis of the dispersion of energy bands, the states of the
benzoic acid molecule are localized in the band gap of brookite. Ideas for further extension of the research to
obtain detailed information on the physical and chemical features of the interaction of the brookite surface with
the benzoic acid molecule are proposed.

Keywords: brookite, benzoic acid, quantum mechanical modeling, catalysis.
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MOCTPOEHWE W1 BU3YATTbHbBIN AHANN3 MAPANIENBbHbLIX PELIJEI-JI/II7I B CUCTEME J'IOFI/I%ECKOI?I
ONTMMN3ALUNN OYHKUNOHATNBHO-CTPYKTYPHbLIX ONMNCAHNW ANCKPETHBLIX YCTPONCTB

Jlornnosa W.T1.

O6beanHeHHbI MHCTUTYT npobnem nHdopmaTtnkmn HAH Benapycwy,
MwuHck, Pecnybnvka Benapycs, irilog@email.ru

AHHOTaums: MNMpeanoxeH Noaxo4 K NoBbIEHN0 3MEKTMBHOCTU peLLEeHNs 3a4ay OnTUMM3aumnmn (CHWKeHne
TPYAOEMKOCTU BbIYUCINIEHNIA, YMEHbLLEHE BPEMEHHbIX 3aTpaT) NocpeacTBOM OpraHm3aumy napannesnbHbIX
BbIYNCIIEHUIN B CUCTEME NOrMyeckor onTMMusaunm YHKUMOHANbHO-CTPYKTYPHbIX OMUCAHUN OUCKPETHbIX
ycTponcTs FLC-2. Bo3MOXHOCTM pacnapannenueaHus Npuy BbINOMHEHUN pa3nUYHbIX NporpaMm onTumMm3sauum
co3galoTcsl NOCpefCcTBOM HEKOTOPbIX MPOEKTHbIX onepaunin. OueHkon 3ahpeKTUBHOCTM napanmnenbHbIX
peLLleHUn SABMseTCA COKpalleHWe BpPEMEHM BbIMOMHEHUS MPOEKTHbIX Onepauuin C yv4acTmem nporpamm
riormyeckomn onTuMmn3aunn.

KntoyeBble croBa: aBToMaTu3aums NPOEKTUPOBAHWS, MaparnsernbHble BblYWUCHEHUs, cuctema OyneBbix
dyHkuun, OpenMP.

I. BBEOEHWE

CvHTE3 MNorMyecknx Cxem, peanuayrowmnx yHKUMoHanbHble KOMOUHALUMOHHBbIE B610KM LUPOBBLIX 3aKa3HbIX
CBUC, ocTaetcs ogHOM M3 BaXKHbIX 3a4a4y aBTOMaTU3MPOBAHHOIO NMPOEKTUPOBAHMS, Tak Kak Bo3pacTaeT
pasMepHOCTb 3afay MPOEKTUPOBaHUS U, COOTBETCTBEHHO, PacTET BPEMS BbIMOMHEHWUS 3TanoB CUHTE3a.
MpakTuyeckn Bce 3agaym M3 0BNacTM NOrMYECKOro NPOEKTUPOBAHUS HOCAT KOMOWMHATOPHbLIM Xapaktep u
UMEIT IKCMOHEHLMArbHYO CNOXHOCTb. B cuny aToro ctaHoBUTCA NpobnemaTnyHo pellats 3agadu 60nbLuom
pa3MepHOCTH 3a npuemnemoe BpeMsi. Kpome Toro, K ygenmyeHuno pasmepHoOCTen 3agad CMHTe3a Takke BeaeT
n3mMeHeHne CyOMNKPOHHbBIX HOPM NPOU3BOACTBA KPUCTANMOB M cNOocob0B peannsaLmm nornyecknx aNemMeHToB
Ha TPaH3UCTOPHOM YPOBHE.

B HacTosilLee BpemMsi Hauboree nNepcrnekTMBHLIM HarpaBfieHWEM B Pa3BUTUM BbIMUCIUTENbHBIX CUCTEM
ABMNSIETCA Nepexoj Ha MHorosaepHyto apxutektypy. OpHako, 4TOObl MakCcumanbHO MOMHOCTbIO
3a0encTBoBaTb BCE MMEKLUMECS Pecypchbl npoueccopa TpebyeTca paspaboTka NpUHUUNMANbHO HOBbIX
anropuTMOB BbluMceHU. [na obecnevyeHns onTumManbHONM 3arpy3kmn NpoLeccopoB, B COCTaB KOTOPbIX BXOAUT
bonee opgHoOro sapa, HeOOXOAMMO nNPWU  BbLIMOSTHEHUX MPUIIOXKEHWA UCMNONb3oBaTb MNapansenbHble
BbluncneHuns. K coxaneHuto, CyLlecTByOLWMEe CUCTEMbI aBTOMaTU3NpoBaHHOro npoektuposaHus (CAMNP) He
MCNONb3YT B MOMHOM Mepe MHOrosiiepHble BO3MOXHOCTU COBPEMEHHBLIX MPOLLECCOPOB, MOCKOSIbKY
NpUMMEHeHne napanmnesnbHbIX BbIYMCNEHUA NpU  pelleHMn 3afdad NpPOoeKTMpOoBaHWs TpebyeT nonHown
nepepaboTKn anropMTMOB U COOTBETCTBYHOLLMX MPOrpaMMHbIX CPEACTB.

MpeacrtaBnseTcs MHTEPECHbIM M NepcnekTnBHbIM co3gaHme CAIP, opueHTMpOBaHHbIX Ha MCNONb30BaHNE B
TEXHONOrMI napannesnbHbIX BbIYMCIIEHWA OIS MHOrosiAepHbIX cucteMm. B gaHHOM pokrnage npeacraBrieH
noaxon K peanuMsaumm M WHTErpauvv napansesnbHbiX BbIYUCIIEHUA B CUCTEMY FIOrMYECKOW ONTUMMU3aLunn
PYHKUMOHANBHO-CTPYKTYPHbIX ONUCaHUN AUCKpPeTHbIX ycTponcts FLC-2 [1], uenbio KoToporo siBnsietcs
COKpallleHe BpeMeHns onTumMm3auumn npy NpoBeaeHnn psaga NpPoeKTHbIX onepaLmi.

Il. 10OX0[ K PEANM3ALMN NAPANNENbHBIX BBIYUCINEHWN B CUCTEME FLC-2

OpHum 13 Hanbornee pacnpocTpPaHEHHbIX CPEACTB obecneyeHns napannenbHbIX BbIYMUCTIEHUA NS CUCTEM C
obuwen namatblo sBnsetcsa TexHonoruss OpenMP [2]. OaHHas TexHomnorus npeacTtaBnsieT M3 cebst Habop
OVPEKTUB, PYHKLUUIA N NEepeMeHHbIX OKPYXXEHUs1, MO3BONSIOLLIMNX NOCcnefoBaTenbHy nporpamMmmy npespaTuTb
B napannenbHyto. [Ina obecneyeHuss napannenbHbix BbluucrieHuin cpepcrtBamm OpenMP peanusyetcs
MHOrOMOTOYHOCTb, NPY KOTOPOM MporpamMma pacnpegensieTcs Mexay rnaBHbiM (master) noTokoMm 1 Habopom
noayvMHeHHbIX (slave) noTokos, co3gaBaembix UM [3]. OpenMP npeanonaraet SPMD-mogens napannenbHOro
NpoOrpaMMmMpOBaHmns, B pamMKax KOTOPOM OAMH M TOT Xe O6nok koga obpabartbiBaeTcsi HECKONbKUMMU
npoueccamu. B Hayane nporpammbl AoMmKHa HaxoQUTbCS NocrnegoBaTenbHas obnacTb, TO €CTb M3HAYanbHO
3anyckaeTcs NULb OAUH MPOLLECC, KOTOPbI NOPOXAaeT HEKOTOPOe KONMYECTBO AOYEPHUX MOLIECCOB Mpu
BXOZe B NapansenbHyto obnactb nporpammbl. Y1cno NpoLeccoB, BbIMOMHSAOLWMX KOHKPETHYHO NapanfienbHyo
YacTb NPOrpamMmbl, OCTaeTCa HEUM3MEHHbIM 4O MOMEHTa 3aBepLUeHus pacyeToB. [locne Toro, Kak govepHue
noweccobl oTpaboTaloT napannensHy YacTb, ocTaeTca paboTaTb poanTENbCKUMIA NPOLLECC, NPUYEM B AaHHbIN
MOMEHT NPOUCXOAUT HESIBHAS CUHXPOHU3ALMS JAaHHBLIX NporpamMMbl. INepBbiM, 0COGEHHO TPYA0EMKMM, 3Tanom
CUHTE3a, SBNSIeTCsl NPOBEAEHUE TEXHOMOrMYECKN HE3aBUMCMMOW ONTUMM3auUKU, NOITOMY ANS MOMy4YeHust
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3 hEKTUBHBIX PeLlEeHNIn, B OTAENbHbIX CNy4Yasx, NpeanaraeTcs HaxoXaeHne Takoro peleHns ans npoekTa,
cocTaBneHHoro m3 6onblWworo yucna anemeHToB. PasbueHne onucaHusa npoekta Ha ceTb SMNEeMeHTOB
npecneayeT Lenu: NOHWXeHWe pa3MepHOCTU obbekTa ONnTUMM3auMKM, NOMyYeHUe ONTUMAarbHOMO peLUeHus
AOns KaXaoro anemeHTa ceTu W, B uTore, NonyyeHne onTyMarnbHOro pelleHus Bcero npoekTa, B cutyauus,
Korga onucaHue npoekTa MoXeT ObITb NpeacTaBneHo B BUAE CETU, MPUMEHEHWE napansenbHbIX BblYMCIIEHNI
obecneunt elle M cokpalwieHne obLuiero BpemMeHn pelleHus 3adadv ontummsaumm. B kayectse Kputepus
MPUrOAHOCTM CeTW, NOflyYyeHMe KOTOPOW OCYLLECTBNSAETCA NyTeM MPUMEHEHMS HEKOTOPbIX MPOEKTHbIX
onepaumnn cuctembl FLC-2. ABNseTCA BO3MOXHOCTb ee NpeAcTaBeHunst B BUAe COBOKYNHOCTU HE 3aBUCALLMX
Opyr ot gpyra o6bekToB (6nokoB).

OTnnunTenbHOM OCOBEHHOCTBID paccMaTpMBaeMoOro noAaxoda, KOTOPbIA  NO3BOMSIET WUHTErpupoBaTh
napannensHble BoluncneHms B FLC-2 — BknioveHne B coctas agpa cucteMbl FLC-2 nporpamm 3anyckaroLmx
napannenbHble npouecchbl Ans BCeX TUMOB WUCMONb3yeMblX B CMCTEME nporpamm ontumwmsauuun: Minim,
Espresso, ABC [4]. 3Tn nporpammbl peanu3yloT MOLHble, 3deKTUBHbIE anropuTMbl (MPUHLMNUANBHO
nocnegoBaTtenbHble) COBMECTHOW W pas3gefnbHONn MUHMMM3auum cuctem OyneBbix (PyHKUWMA B Kknacce
ON3BIOHKTVBHBIX HOPManbHbIX (DOpPM.

B cucteme FLC-2 peanu3oBaH BapuaHT opraHusauuu pacnapannenuBaHnst No NpuHUMNY MHOro3agadyHoro
napannenuama [5], korga BHe 3aBMCMMOCTM OT BMAa 3anyckaeMblX NporpamMm (Hampumep, pasfnyHbIX
nporpaMm onTMMM3aunMM) U UCXOOHbIX OOBHEKTOB peannsoBaHO NaparnnenbHOe BbINOMIHEHNE OOHOTUMHbBIX
3agay (O3) c pas3HbiMM BXOOHBIMM AaHHBbIMW, MpPeacTaBnslWMMUM cobol  UKCUPOBaHHbIE HabopbI
onpegensowmx napameTtpos (OIM) no npuHumny oauH BapuaHT O3(OIM) — ogHo aapo npoueccopa. Kaxaas
napannensHo BbinonHsemass O3 npegcraBneHa NpoLLEeCccoM, B KOTOPOM MPOM3BOAUTCS 3amnyck NporpaMmbl
onTMMU3auumM, NOCPeAcTBOM KomaHAabl «start». Ol aTo KOmMaHObl — pasHble AMs pasHbiX Mporpamm,
3anyckaemblX 3TOW KOMaHOOWM M NMPeACTaBneHbl apryMeHTaMu C ONMCaHMsIMU BXOOHbIX U BbIXOOHbIX OO BLEKTOB,
C KoTopbIMK paboTaeT 3anyckaemas B O3 nporpamma.

Taknm o6pasom, Npu peanusaumm Ha MHOTOSIAEPHOM BbIMMCIIUTENBHON cucTeme obLias cxema mapLupyTa
BbINONTHEHWUS NapannenbHbIX BbIYUCIIEHNIA NPY NPOBEAEHMM ONTUMU3aLUK BNTOKOB CETU CBOAMTCS K 3a4aHuI0
pasbueHnss onucaHusi MNpPOeKTa MO COOTBETCTBYHOLWMM MapameTpam, OMNpeaensiemMbiMi  MCMoNb3yeMOM
NPOEKTHOW onepauuen pa3bneHus, hopMnpoBaHno OAHOTUMNHLIX 3a4a4 Anst PUKCUPOBAHHOIO YMcna 6rokoB
cetn u pasgade Ol ¢ napameTpamu 6nokoB, HazHayYeHHbIX Ans kaxaon O3. Mo 3aBepLleHUN BbINOMHEHUS
Bcex O3 npoBoauTcs cOop AaHHbIX U hopMUMPOBaHNE MaccrBa GrOKOB C pe3ynbTaTtamu ONTUMMU3auun Ans
nocneaytwowen obpadoTtkn. B cuny Toro, 4yto BbinonHeHne O3 ocyllecTBnseTca B sgpax npoueccopa 6e3
obmeHOB uvHdoOpMaLmen Mexay sapamn, pacnapannenuBaHue cpegcteamu OpenMP  cBogutes K
opraHusauMm MHorosagadHoro napannenuama (multitasking), npu kotopom koonepaTtueHbin (Non-preemptive)
nnaHupoBwuk LM ynpaenset pacnpegenennem O3 no sigpam npoueccopa. Npyn ncnonb3oBaHnyM Takoro
NMaHUpPOBaHUS, Kak TONbKO 3afada nony4dmna HasHayeHne Ha siApo, OHO He MOXeT BbiTb oTobpaHo, Aaxe
€CINnn KOPOTKME 3aa4m BbIHYXKAEHbI XAaTh 3aBepLueHusi bonee anutenbHbix 3agadv. O3, pacnpeneneHHble no
agpam, OyayT BbINOSHATLCA OO0 Tex Mnop, noka He 6yayT 3aBeplleHbl. 3aTeM MNAHUPOBLUUK NpoBepsieT
COCTOsIHME BCeX 3adady U HasHayaeT u3 nyna O3 cneaywlowylo 3agady, HaxOOsAWYHCA B COCTOSHUU
rotoBHocTu. ObLas cxema MapLipyTa NpoBeAeHWs NapanfensHon onTuMm3aumm ¢ anemeHTammu 2-Connect
OLHOYPOBHEBOW CETW NpeacTaBneHa Ha pUcyHke 1.

SF-ONUCaHME CUCTEMBI BYNEBLIX DYHKLMH,
topmar SDF, popmat LOG

SF-ONUEaHMe CHCTEMb! BYNEBLIX BYHKLMIA,

2-Connect gopmar

!

3anyck napannenbHbIX NPOLECCoB

Pazfuenne va Baokw, bopmuposanue 03,
$opmuposanue ON.
Napannensteli 3anyck 03

ANA NPOTPAMMbI ONTHMHIALMH

——

QN == MporpaMma NOrM4EcKoR ONTUMKHIALUMK
MINIM wawn ESPRESSO unu ABC,
anemeHT 2- Connect cetk

QM -- Mporpamma NOTUYeCKON ONTHMH3aLKKH
MINIM 1y ESPRESSO naun ABC,
anement 2- Connect ceth

!

l

Ontummsnposanioe SF-onucane anemenTa

OnTUMUIKpOBaHHOE SF-ONMCaHWE 3INeMEHTa

—

‘ YCTpaHeHue Hepapxuu ‘

}

‘ OnTUMKIHpOBaHHOE SF-ONNCaHNE NpoeKTa

PI/IcyHOK 1. O6wasn cxema napannefibHOro BbiNoJIHEHNA ONTUMU3aLMK ONA 3N1EMEHTOB 2-Connect ceTu
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. NPEACTABJIEHUE OAHHBLIX OJ1A 3AMYCKA NMAPAIIENBbHBLIX MPOLUEQYP

B kauecTBe f3blka onucaHusa norndeckmx cxem B FLC2 ncnonesyetcs asbik SF [7], kOTOpbI OpUEHTUPOBaH
Ha nepapxmuyeckoe onucaHue noru4eckon cxemol. Cxema Ha si3blke SF onpegensaeTcsa nocnegoBaTenbHOCTbIO
PYHKUMOHaNbHO-CTPYKTYPHbIX OnucaHun nogcxem (6rnokoB), M3 KOTOpbIX OHa coctouT. PopmaTtHble
npeobpa3oBaHUsA NO3BONAT NPOBOANTL Npeobpa3oBaHne MHOIOYPOBHEBLIX NPEACTaBIEHUI B MAaTPUYHYHO
dopmy cuctembl OHO® (SDF-cdopmar). McxogHoe onucaHve AOMKHO OblTb NpeacTaBleHO MaTpUYHBbIMU
dopmamum cucteMbl Bynesbix yHkunn B Buge AH® (SDF-copmaT). [lanee npoBoanTCSa NpoeKTHasa onepaumsi
no npeobpasoBaHuio cuctembl [JH® B AByxypoBHeBYK ceTb (2-Connect dopmar), ecnm 310 BO3MOXHO.
Kaxpgas QH® B 2-Connect onucaHnn 3aBUCUT OT OrPaHUYEHHOro Yncra BXOAHbLIX/BbIXOAHbLIX NEepPeMEHHbIX,
nmnbo coaepXuT orpaHUYEHHOE YNCIIO dNEMEHTapHbIX KOHBIOHKUMIA [6]. Ha pucyHke 2 B kayecTBe npumepa
oTobGpakeHa nocrneaoBaTenbHOCTb BbibOpa B MeHI0 onepaumm « MnHnmmnsaunm asyxyposHeBoin cetu (ABC)»,
KOTOpasa 3anyckaeT napannenbHoe BbiNONHEHWE MUHUMU3auun nporpammon ABC gna 8-mu anemeHToB 2-
Connect ceTn.

Sy Beavevinnmiait - FLEZ =
Moo Buoamame Moocsicrp Komgmippaun 170124 35

AUTHOR DATE PROJECT
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PucyHok 2. O6Luasa cxema napannenbHOro BbIMNOMHEHUs oNTUMU3aLmMmn ans anemeHTos 2-Connect cetu
IV. PACLUMPEHWVE BHELWHEIO MHTEP®ENCA CUCTEMbI FLC-2

BHewHun Bug rpadmyeckoro uHTepdperica cuctembl FLC-2 [6], paboTa ¢ NpoekTHbIMW npouenypamu,
opraHm3aums nepapxmdeckoro MeHK He npeTepnen HWKaKMX M3MEHeHUMn npu paboTe C MpPOEKTHbIMU
onepauuaMun n npeacrasBneHnsMn AaHHbiX. [JobGaBneHa naHenb B JepeBe MEHI0, KOTopas No3BOnsieT
3anyckaTb NATb oOfnepauuidi  BbIMOMHEHUA napannenbHbIX BbIYUCIIEHUA C  pasHbIMU  NporpaMmamu
MUHUMM3aUUK, ANs pasHbIX UCXOAHbIX onucaHui (SDF-dopmat n 2-Connect dpopmat) U pasHbIX pexxumax
npoBeaeHUs COBMECTHOM 1 pas3fenbHOM MUHUMM3auuun. Kpome Toro, B 3Ty NaHenb BKAOYEHa BO3MOXHOCTb
BM3yanusauun pesynbTaTtoB napannenbHbIX BbIYUCIEHUA AN TeKyLero cocTosaHusa npoekta. Ha pucyHke 3
npeacTaBreHa BpeMeHHas Anarpamma pacnpegeneHms BbIYUCIIEHNI NO sapam npoueccopa.
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PucyHok 3. Busyanusauusa pacnpeaeneHus napannesnbHbiX NpoLeccoB No gapam npoleccopa
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B coctaB npoekTHbIX onepaLmi BbINOMHEHWS NapannenbHbiX BolYUCAEHWI, NPeACTaBNeHHbIX HA NocneaHemn
naHenn mMepapxmyeckoro MeH (PUCYHOK 2), BKIOYeHa nporpamma, Ans KOTOpPOM MCXOOHOe onucaHue
npeacTaBneHo MaTpudHbiMM hopmamMu cucTteMbl 6yneBbix yHkumiA B Buge OH® (SDF-dopmar). B aton
nporpaMmme NpoBeAeHO pacnaparnmnenMBaHue anroputMma pasaenbHOM MUHUMU3aLMKU, NOSTOMY pe3yrnbTaThl
npeacTaBneHbl ONTUMU3MPOBAHHON cucTemon OyneBbix yHKUMI B popmaTte SDF 1 BpeMeHeM BbINOMHEHNS
3TON NapannensHon nporpaMmbl. Buayanusaunst ons aTon nporpaMMbl HE NPOBOAUTCS.

1. BAKINIOYEHUE

®PyHKUMOHAN CUCTEMbI OrMYECKON OMTUMU3aUMM PYHKLMOHANbHO-CTPYKTYPHBIX OMUCaHUA OUCKPETHbIX
yctponcte FLC-2, Hanuume nMpOoeKTHbIX Mpoueayp ANnd npoBedeHus pa3HoobpasHbix opMaTHbIX
npeobpasoBaHnii C ONNUCaHMSMN OOBLEKTOB MPOEKTMPOBAHMS MO3BONWUIT peann3oBaTb AOCTAaTOYHO NMPOCTOWN
noaxo4 K WHTerpauvMuM napannenbHbIX BblUMCNEeHWA B cuctemy FLC-2 Ans BbINOMHEHMS FOrMyeckomn
onTumusauun. Kputepuem apdeKTMBHOCTN Takoro noaxona ABMsieTca CyLLeCTBEHHOE cokpalleHue obLuero
BPEMEHU peLleHnst 3a4a4m onTMMM3aLmMmn Anst 00 bEKTOB NPOeKTUpoBaHms 6onbLIon pasmepHocTy [5].
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DEVELOPMENT AND VISUAL ANALYSIS OF PARALLEL SOLUTIONS IN LOGIC OPTIIMIZATION
SYSTEM OF FUNCTIONAL STRUCTURED DESCRIPTIONS FOR DIGITAL CIRCUITS

I.P. Loginova
United Institute of Informatics Problems of NAS of Belarus, Minsk, Republic of Belarus, irilog@email.ru

Abstract: An approach to increasing the efficiency of solving optimization problems (reducing the complexity
of calculations, reducing time costs) by organizing parallel calculations in a logical optimization system of
structured functional descriptions for digital circuits FLC-2 is proposed. The possibilities for parallelization when
executing various optimization programs are created by means of some design operations. The parallel
solutions efficiency is assessed by reducing the execution time of design operations involving logical
optimization programs.

Keywords: computer-aided design, parallel computing, the system of Boolean functions, OpenMP.
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MOAEJIMPOBAHME ONTUYECKOIO BUOCEHCOPA
HA OCHOBE HAHOCTPYKTYNPOBAHHOIO AHOAHOIO OKCKMAA HNOBUA

lNora A.B.

Benopycckuin rocyaapcTBeHHbIN YHUBEPCUTET UHADOPMATUKM N PagnNo3IEKTPOHUKN,
MuHck, Pecnybnvka Benapycb, a.goga@bsuir.by

AHHOTauusa: B paboTe npoBedeHO ONTUYECKOE MOoAeNUpoBaHMe (OTOHHOrO KpucTamia Ha OCHOBE
HaAHOCTPYKTYPUPOBAHHOIO aHOA4HOro okcuaa Huobust B kavecTBe BuoceHcopa OMOTUHA-CTpenToBMAMHA
W rNoKO3bl B KPOBW, OaHa oueHka ero adekTUBHOCTW, nogobpaHbl onTumarnbHble Mopdonormyeckmne
napameTpbl.

KntoueBble crioBa: akcnpecc-aHanua, FDTD-mogennpoBaHune, otTpaxeHune, 2D OTOHHbIM KpucTansn, maccus
HaHOMNPOBOAOB, GMO-4un.

I. BBEAEHWME

VMcnonb3oBaHne HaHOCTPYKTYpUPOBaHHbLIX MaTepuarnoB Ans AeTeKTMpoBaHus OGuomonekyn no3BonsieT
000UTbCS NoBbIWEHMS 3PMEKTUBHOCTN aHaNM3a Mpu CHWXeHUN ero ctoumocTn. OgHUM M3 NEePCNEeKTUBHbIX
HanpaBneHun «label-free» — aBnatoTca GuoceHcopbl Ha ocHoBe 2D oToHHLIX kKpucTannos (PK), cozgaHHbIX
3 MaccmBa HaHocTonbukoB. lMpuHuun paboTbl Takux K 3akniovaeTcs B CMELLEHUU MONOXEHMS nuka
OTPaXXeHUs Npuv 3anofIHEHUN Cpefon, coagepXallen GMOMONEKYNbl, NPOCTPaHCTBa MeXay HaHOCTonbmKamu,
YTO MPUBOAUT K M3MEHEHMIO MoKasaTensi NPerioMIeHnss B MEXCTONOUKOBOM npocTpaHcTse [1, 2]. MuHycom
Takux OK, cdhopmMmpoBaHHbIX, Kak NPaBuIo, HA OCHOBE KPEMHUS U ero AUOKCMAa, SBMSeTCs UCNoNb3oBaHme
TexHonorum dpotonutTorpacdun, YTo NPUBOAUT K YAOPOXKAHUIO TEXHOMOIMMK, a TakKe Npu yMeHbLUEHUN Liara
peweTkn PK nosbiwaeT TpebosBaHns kK ob6OpyaoOBaHUIO UM BOBCE AeraeT co3faHue Takmx HaHOCTPYKTYP
HEBO3MOXHbIM. PelueHnem gaHHom npobnemMbl MOXeT OblTb UCNONb30BaHNE CaMOOPraHM30BaHHbIX CUCTEM,
TaknMxX Kak aHOAHble HAHOCTPYKTYPUPOBAHHbIE OKCUAOblI BEHTWUMbHbLIX METAmNMoB, Hanpumep, HUobua. Yxe
nccrnegoBaHbl  ONTUYECKME CBOWCTBA TakMX CUCTEM, O0OMafarolMX WCKYUTENBHON TepMUYECKON
CTabUNbHOCTBI U XMMUYECKON MHEPTHOCTBLIO. [na onTumMmusaumm mMopdosiorMyeckmx U ONTUYECKNX CBONCTB
BGuoceHCcopoB Ha Nx ocHoBe yAo6HO ncnonb3oBatb FDTD mogenupoBaHue, YTO MO3BOMUT COKpaTUTb CTaAuo
aKcnepuvmMmeHTaneHoro nogbopa onTumanbHbix napameTpoB @OK. UM3BectHo, 4yto PK Ha ocHoBe
HaHOCTPYKTYPMPOBAHHOIO aHOZHOro OKcuaa HMobus obragaeT OOCTaTOYMHOM CXOAMMOCTBLIO pes3yrbTaToB
ONTMYECKOTO CUMYNMPOBAHKSA 1 CBONCTB pearnbHbIX CTPYKTYp [3].

Takum obGpasom, uUenblo HacToswen paboTbl sABNsSeTCA onTudeckoe mogenuposaHve PK Ha ocHoBe
HaHOCTPYKTYPMPOBAHHOIO aHOOHOro okcuaa Huobus B kavecTBe OGuoceHcopa OBUOTMHA-CTpenToBMAMHA
M TNIOKO3bl B KPOBM YenoBeKka, [JdaHa oueHka ero addekTnBHOCTW, nogobpaHbl onTMMarbHble
Mopdonornyeckne napameTpbl.

II. METOOMKA MOOENUPOBAHUA

Bce xapakTtepucTtukm 6binm paccunTaHbl NyTem pelleHns ypaBHeHun Makceenna ¢ Mcnonb3oBaHneMm Mmetoa
KOHEYHOW pa3HOCTM BO BpeMeHHow obnactu (FDTD) Ha 6a3e nporpammHoro komnnekca Ansys Lumerical.

Mpu cosgaHum mogenu ®K ncnons3oBany crneayowne OONyLWEHUs:

1. Mopdornornyeckne napameTpbl MaccvBa HaHOCTONOMKOB HMOOWS Obinyn BbIOpaHbl MCXoast w3
peanbHbIX NofydyaembIX CTPYKTYp Npu aHoaMpoBaHum AByxcrnonHbix cuctem Al/Nb B 0.4 M BoaHbIX
pacTBopax LiaBerneBon (NepBbli TUM) M MaroHOBOW (BTOPOW TWM) KUCMOT MpWU MMAOTHOCTM ToKa
6 MA/cm2.

2. B kavecTtBe noanoxkm MCNOnb3yeTcs KpeMHueBas NracTuHa, Tak Kak 3To Haubonee AocTynHasd
nomnokka Ans HanbineHnsa ncxoaHbix cuctem Al/Nb.

3. [lpowncxoguT nonHoe 3anonHeHne 6GUOaKTUBHOM Cpeaon MaccmMBa HAHOCTONGUKOB.

4. YyBcTBMTENBLHOCTH OMOCEHCOpa onpedensinacb CMELWeHWEM T[NaBHOMO MNUKa OTpaxXeHus
OTHOCUTESNBHO €ro NOOXEHUS Npu 3anofnHeHUn NYCTOT Mexay HaHocTonbukamu ®K Bozayxom.

5. WHpekc npenomneHns 6MoakTUBHbIX MaTepuarnosB NPUHMMany paBHbIM TAKOBOMY Af1si PACTBOPEHHbIX
B KPOBU YerioBeka OMoTnHa-cTpenToBuAnHa 1 rmoko3sl [1].

O6nacTb cumynauumn coctaensana 1,5%1,5 MkM2 B NiockocTn X — y 1 0,7 MKM B HanpaBreHun z — KoopAnHaThbl.
B kauecTBe rpaHW4HbIX yCrnoBun obnact CMMyMsUMU MO X — Y — Z KOOpAMHATaM BblOpaHbl maeansHO
covetarowmecs cnou (perfectly matched layers — PML). MuHnmanbHoe konudectBo cnoes PML — 13.
B kayecTBe UCTOYHWMKA BbICTYNan AUMOSbHBIN UCTOYHMK U3Ny4YeHus ¢ yrnom nagenus 10° B guanasoHe AnvH
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BonH 200-550 HM, KOTOpbIN BbiOpaH UCXoas M3 AOCTYNHOro AuanasoHa ans cnekrtpodotomerpa MC-121.
War BbluncneHua coctasun 0,25 HM, Bpema cumynaumm 1000 cdc. SkpaH OeTeKTUpOBaHUS najatoLlero
n3ny4yeHnss (NPoMycKaHwWsl) pacrofioXeH Mo X — KoopAuHaTe. 3HayeHWst KOMIMIIEKCHOro nokasaTtens
npenomrieHust anst okcnaa HMobus Obinn B3ATbI U3 OTKPbLITLIX 6a3 gaHHbIX [4]. Mpu nocTpoeHun mogenu OK
Ha OCHOBE MaccuBa HaHOCTONIOMKOB OKcuaa HMobus ObinM Mcnonb3oBaHbl MOpPGONorMyeckue napameTpsbl
peanbHOro HaHOCTPYKTYPMPOBAHHOIO aHOAHOro oOKcuaa HUMOOUS, KOTOPbI BO3MOXHO cchopmupoBaTtb
aHoaMpoBaHMeM [fOByxcronHon cucteMbl Al/Nb Ha kpemHun. Metoguka dopmMmpoBaHus nogobHbIX
HaHOCTPYKTYpP BKIOYaAET cregylolne OCHOBHble 3Tanbl: aHOAMPOBAHWE BEPXHEro Crosi  antoMUHUSA
Cc ¢opMMpOBaHMEM MOPUCTON MATPULbl OKCMAA arntMWUHKSA, KOTOopas 3agaeT MOpdOoniorni Maccumea
HaHOCTONGUKOB OKcMAa HUMOOWS, peaHOOMPOBHME — Ha AaHHOM 3Tane MpPoOMCXOauT 3adaHune BbICOTbI
HaHOCTONOWKOB, TpaBneHWe C Uenblo yaaneHust aHoOAHOro okcuaa aniomuHuda. B pesynbrate nonyyaertcs
cnepywowas CTPyKTypa HaHOCTPYKTYPUPOBAHHOIO aHOAHOMO OKCuMAa HMOGUS (CHM3Y BBEpX): KpemHueBas
noasioxka, OCTaBLUMWACA MeTannMyecknii noAacrnon HuMobwusi, CNMOLWHOM OKCUAHBIA CrOM U Maccus
HaHOCTONBUKOB okcuaa HMobud. UTorosas CTpykTypa ANst MOAENMPOBaHUA NpeacTaBneHa Ha puc. 1.

PucyHok 1. NonHoe nsobpaxeHne maccmsa HaHOCTONBUKOB okcnaa HMObKsi, NOCTPOEHHOE Ans
MOZLEenMpoBaHns B cpeae nporpaMmmHoro komnnekca Ansys Lumerical

. PESYINBTATbLI N OBCYXOEHNE

Ona ynpoweHns pac4yE€TOB TOMLUUHY CHSMOLWUHbIX CMNOEB MPUHANW MOCTOSIHHOW W paBHoi 30 HM Angd
MeTannmMyeckoro crnos, a Ans ChnoLHOro cnos okcuaa HMobusa pasHon 100 HM. [aHHoe gonyuieHue Gbino
cOenaHo ucxoas M3 TOro, UYTO Ha KPEeMHMEBOW MOANOXKE Mpolle nonyyvyaTb CTPYKTYPbl C OCTaTOYHbLIM
MeTannmyecknum crnoem. lNpexae, YeM NepexoanTb K ONTUYECKOMY MOLENMPOBAHMIO B cpedax C pasHbIM
nokasaTenem npenomnenus, Obil MNpoBegeH nogdop ONTMMAanbHbIX MOPMONIOrMYECKUX MNapaMeTpoB.
Pa3BepTka nmapamMeTpoB npoucxoguna no BbiICOTE HAHOCTONOGUKOB okcuaa HMobus, T. K. 3To Hambonee
ynpaBensemMbiin napameTp. [uameTp U MeXCTonbMKoBOe paccTosHMe AN MaccuBa HaHOCTONOUKOB okcuaa
HMOOUS NpUHUMAnM MNOCTOsSHHbIMKM, YynakoBka @K rekcaroHanbHas. [lepBbii TMN HAHOCTONOUKOB
COOTBETCTBYET CTPyKTypam, Mofiy4aemMbiM B LUABENEBOW KUCMOTE, MpPU 3TOM B OAHHOM crlyvae BbiOoOp
MOPONOrMYecKkMX napameTpoB Bbin caenaH Tak, YUTobbl HenocpeacTBEHHOE PacCTOSAHNE MexXay CTonbukamm
coctaBuno nopsigka 20 HM. Tak Kak AnnHa uenoyvku OGuoTuHa-cTpentoBuMamHa coctaeBnsieT 10 HM, To
NPOUCXOOMT MOJSIHOE 3arofiIHEHNE MEXCTONOMKOBOro MpocTpaHcTBa. [Ans nepBoro tuna HaHOCTONOMKOB
MEXCTONBUKOBOE pacCTosiHME (MeXay LieHTpamMm CoOCeHUX CTONOMKOB) 1 AuamMeTp COCTaBUnU 77 HM 1 27 HM,
cooTBeTcTBEHHO. [Insa BToporo Tuna ®K mexctonbukosoe pacctoaHue u guametp coctasunn 180 HM 1 80 HMm,
COOTBETCTBEHHO. BTOpoi Tun COOTBETCTBYET HAHOCTONOMKaAM aHOQHOro OKcvMaa Huobus, nonydYaembiv
B MarioHOBoW kucroTte. Ha puc. 2 nokaszaHo pacnpeieneHne MHTEHCUBHOCTU OTPaXKeHUsl B 3aBUCUMOCTM OT
BbICOTbl HAHOCTONOMKOB 41151 BbIOpaHHOro AnanasoHa ANMH BOH. [Ins nepBoro Tvna paseepTka nokasaHa 6e3
CMIOLWHBbIX cnoeB, YncTbih OK, 6e3 OONONHUTENbHBIX CITOEB U MOAMOXKMA KpeMHusi. BugHo, 4to npun aTom
ynyJylaeTca OOOPOTHOCTb CMEKTpa OTPaXKeHWs, KoTopasi Bbllle, Yem Afs BTOPOro Tuna HaHOCTONOMKOB.
OgHako BMOHO, NpPU  MOAENUPOBAHUM C  OOMOSHUTENbHBIMU CMOSIMUA, MWK CUNBbHO «CMa3sblBaeTCca»
N cMeLaeTcs B ynbTpadmnoneToByo 00nacTb, YTO Takke OyaeT nokasaHo Hke Ha puc. 3. [Ina BToporo Tuna
Haunydwuin cnekTp HabniogaeTca Ans BbICOTbl CTONOMKOB B Auana3oHe AnuH BoNH 500-550 HM.
Habnogaetca crnepyolwias TeHOEHUUS: YEM Bbille HAaHOCTOMNOWKK, TEM Ny4lle CMEKTP OTPaXKeHMs, OOHAKO
OIS MepBOro Tuna CTONOMKOB HEBO3MOXHO 3HAYMTENbHOE YBENIMYEHME BbICOTbI, TaK Kak MpPW BbICOKOM
acnekTHOM COOTHOLLIEHUW NOBbILLAETCS CKITOHHOCTb K NageHMnio HaHOCTONOMKOB.

113



MexgyHapoHas Hay4dHO-npakTuyeckas KoHepeHLms
«KoMnbloTepHOe NPOEKTUPOBaAHME B ASNIEKTPOHMUKE Y

0.593

0.495 0.4l

0.397 0.335

OnuHa BONHbI, HM

0.185

0.102

000354 ** ' ' ) 0.0353
500

BbICOTa HAHOCTONGMKOB, HM

a — pa3BepTKa No BbICOTE 4114 NepBOro tmna HaHOCTONOGWKOB;
6 - pa3BepTKa Nno BbICOTE A4 BTOPOro tmna HaHOCTON6MKOB

PucyHok 2. PacnpeneneHne MHTEHCMBHOCTU OTPaXXeHUS B 3aBUCMMOCTU OT BbICOTbI HAHOCTONTOMKOB
B AnanasoHe anvH BorH oT 200 go 550 Hm

Ha puc. 3 nokasaH cnekTp oTpaxeHus ansa gsyx tTunos ®K B cpegax ¢ pasHbiM nokasaTtenem npenioMmsieHus.
BugHo, 4To rmaBHbIf MWK OTpaxeHus Ansi nepeoro Tuna ®K, He no3sonsieT ero ncnosne3opartb Ang «label-free»
6uoceHcopa. [na Btoporo Tuna ®K ¢ BbicoTon 550 HM, npu BbIOpaHHOW MOPAGONOTUMN MUK OTPaKEeHUs
coctaBun 0,46 oTH. ed. Ha AnuHe BorHbl 386 HM. [na gaHHoro Tuna ®K GbINo NpoBefeHO oNTUYEecKoe
MoZenvpoBaHne Ana 6GuoTMHa-CTpenTOBUAMHA W [NIOKO3bl B KPOBU C Pa3HbIMW KOHLUEHTpauuaMm wu
COOTBETCTBYIOLLMMN UHOEKCaMUX NpenoMneHns cpedbl. [Ang GuoTnHa-cTpenToBMaMHa 3Ha4YeHnst nokasaTens
npenomnenua coctasunu 1,45 n 1,46, a gna rmwokosbl 1,337 u 1,339. lNpn mnameHeHun nokasatens
npenomnenusa o 1,46 cmelleHne nuka coctasuno 6onee 50 Hm, npu 1,339 8o 40 HM. [pu HE3HAUUTENBHOM
M3MEHEHNN nokKasaTtensa mnpenoMneHns, [OeTeKTUPOBaHME CMELLEHUS MuKa BO3MOXHO TOMbKO Mpwu
ncnonb3oBaHum cnektpodotomeTpa. OgHaKo cMeLLeHne Nuka oTpaxeHusa Ha 50 HM 1 nepexon MakcMMyma B
BUOMMbIA [Mana3oH [onyckaeT Bu3yanbHoe HabniogeHve W3MEHeHMs LBeTa Ha MOBEpPXHOCTUM Mpu
3anofHeHNN MeXCTONBUKOBOro npocTpaHcTBa. KoOHeYHo, NpyMeHeHne MaccvMBa HaHOCTPYKTYPUPOBAHHOMO
aHOAHOro OKcMaa HMoOMA B KavyecTBe OMTUYECKOro GuoceHcopa OWOTMHA-CTPENTOBMAMHA WU TIHOKO3bI
npakTuyeckn HeuenecoobpasHo. OgHaKo NonyYeHHbIV pe3ynbTaT No3BONAeT AONYCTUTL MPUMEHEHNE OAHHON
CTPYKTYpPbl ANA OETEKTUPOBAHMSA OJNTUTOHYKIEOTUAOB U BUPYCOB NyTEM MMMOBUNmnsaummn GuocneumdunyHbixX
rpynn Ha NOBEPXHOCTU M NPUAAHUSA €N TEM CaMbIM UCKITFOYNTENBHbBIX CENEKTUBHBIX CBONCTB.

0,5 T

— =1 L-THN
0,45 | =1 TT-THN
m— n=1,377 II-TN
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OTpameHue, oTH.eg.
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0
190 240 290 340 390 440 490 540
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PucyHok 3. CnekTparnbHble XxapakTepucTukn GruoceHcopa NepBoro n BTOPOro Turna npu 3anosiHeHUK
cpeaamum ¢ nokasatensamu npenomnenus 1,337 un 1,339 gna rniokosbl, 1,45 n 1,46 ana 6uotuHa-
CTpenToBManHa
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IV. BAKINIOYEHUE

B maHHOn pa60Te nyTem ONTUYEeCKOro moaennposaHusA q)OTOHHOFO Kpuctanna Ha OCHoOBe
HaHOCTPYKTYPUPOBaHHOIo aHoOAHOro okcupga HMObUSA Obirla 000CHOBaHa BO3MOXHOCTb €ro MCMOSIb30BaHMS
B Ka4ecTBe 6moceHcopa 6VIOTVIHa-CTp6I'ITOBe,CI,VIHa W TTNOKO3blI. |_|OJ'Iy‘-IeHbI cnegywuime OCHOBHbIE pe3yribTaThbl:

e  BblibpaHHass Mopdonornsa anst POTOHHOIO KpucTansia Ha OCHOBE HAHOCTPYKTYPUPOBAHHOIO aHOOHOro
okcuaa Hnobus, ycnoBHo chopMMpPOBAHHOIO B LLIABENEBOM KUCIOTE C PacCTOSAHMEM MeXAy CTOnOnkamMm
25 HM, He NO3BONSAET NONy4YUTb BUOCEHCOP C 4OCTAaTOYHOW YYBCTBUTENBHOCTLIO;

e  (POTOHHBIN KpuCTann Ha OCHOBE HaHOCTPYKTYPUPOBAHHOMO aHOOHOrO OKcuaa HMobMs, YCIOBHO
ChOpPMMPOBAHHbLIN B MaNiOHOBOM KMCMOTE, C BbICOTON HAHOCTONGUKOB 550 HM MOXET ObITb MCNOML30BaH
B kKauyecTBe OmoceHcopa;

. rmaBHbIA MUK OTpaXkeHnst bnoceHcopa coctasmn 0,46 OTH. ed. Ha AnvHe BONHbl 386 HM, CMeLLeHne Nuka
OTpaXeHnsa Npu 3anosiHeHun cpenon ¢ nngekcamm npenomnenunsa 1,339 n 1,46 coctasunm 40 n 50 HM,
COOTBETCTBEHHO.
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MODELING OF OPTICAL BIOSENSOR BASED ON NANOSTRUCTURED ANODIC NIOBIUM OXIDE
A. Hoha

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
a.goga@bsuir.by

Abstract: Optical stimulation of photonic crystal based on nanostructured anodic niobium oxide as a biosensor
of biotin-streptovidin and blood glucose was performed. Efficiency of biosensor was evaluated, and optimal
morphological parameters were obtained.

Keywords: label-free, FDTD modeling, 2D-photonic crystal, reflection, arrays of hanocolumns, bio-chip.
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3APALOBAA HEYCTONYMBOCTb TPAH3UCTOPHOW CTPYKTYPbI C ABYMEPHbLIM KAHATIOM,
BbI3BBAHHAA MHTEP®ENCHBIMW COCTOAHUAMM

MenbHukoBa B.B.1, Kypanuosa A.A.2

Benopycckuin rocyaapcTBeHHbIN YHUBEPCUTET UHADOPMATUKM N PagnNo3SIEKTPOHUKN,
MwuHck, Pecny6nuka Benapycs, lvitaemaximus@gmail.com, 2anku2lgwerty@gmail.com

AHHOoTaumsa: [lonyyeHbl 3aKOHOMEPHOCTU 3apsfoBON  HEYCTOMYMBOCTU TPAH3UCTOPHOWM CTPYKTYpPbl C
OBYMEPHbIM KaHarom, BbI3BaHHOW MHTEPENCHbIMU COCTOSIHUSIMU, B KOTOPOW B KayecTBe Mmartepuana
OBYMEpPHOro KaHamna paccmaTpuBaeTcsi AuxanbkoreHu nepexogHoro metanna (OMM). PaccmotpeHo
BNUSHME Ha 3aneKTpousmyeckne napameTpbl TPAH3UCTOPHON CTPYKTYPbI C ABYMEPHbLIM NONYNPOBOAHUKOBBLIM
KaHanom LWMpWHbI 3anpeLeHHON 30Hbl MaTepuana kaHana, TONWWHbI Noa3aTBOPHOro AM3NeKTpuka, eMKoCTr
NMHTEPdENCHbIX COCTOSHUI. [Moka3aHo, YTO B YCIOBUSIX HEYCTOMYMBOCTW, BbI3bIBAEMOW POCTOM E€MKOCTU
MHTEPdENCHBIX COCTOSIHUK, 3aBUCUMOCTU XMMWYECKOrO MOTeHUMana, KOHUEHTpauun SneKTPOHOB OT
noTeHuMana norieBoro 3reKTpoda MMEKT cKaykooOpasHbii Bua. Takon adpdekt obycnosnvBaeTtcs
paccornacoBaHUEM 3fIEKTPOHENTPAnIbHOCTU U cTaTUCTUkn depmun-Lupaka.

KnioyeBble cnoBa: TpaH3UCTOpPHasi CTPYKTypa, [OBYMEPHbIA KaHarn, 3feKTPOXUMUYECKUA MoTeHuman,
KBAHTOBasi EMKOCTb, 3apsiloBasi HEYCTOMYMBOCTb, MHTEpPdEeic, BUCTabUNbHOCTD.

I. BBEOEHUVE

AKTyanbHbIM HarnpaBfieHMemM CO3[4aHWsi HOBOTO MOKOMEHUs 3rieMEeHTHOW 6a3bl yCTPOWCTB 06paboTku u
nepegaun  mMHOpMaLMM  KPOME  peELUEeHUs  TexXHOnorumdeckux npobrnem sABnseTca  paspaboTka
3HeproapekTnBHbIX  NPUOGOPOB  MUKPO- M HAHOJIMEKTPOHMKKM, 4TO  TpebyeT  HenpepbiBHOMO
COBEpPLUEHCTBOBAHMA MoOAenenm u anroputMoB Ans WX MPOEKTUPOBaAHUA U (PYHKLMOHUPOBAHMS.
CooTBeTCcTBYIOLIME NEPCNEKTUBLI CBA3LIBAOTCA C MPUMEHEHUEM ABYMEPHbLIX MaTepuanoB B KayecTse
npoBoasLmMx kaHanoB [1]. TpaH3uCTOpbl C OBYMEPHbIMU KaHamnamu JIULWEHbl HEKOTOPbIX HedoCTaTKOB
TpaanumMoHHbix MOl TpaH3MCTOPOB, HO OHM Takke MMEKT CBOM 0COBEHHOCTU, CBA3aHHbIE C MEXaHW3MaMu
TOKOMepeHoca W 3apsiAoBbiIMM CBOMCTBaMU. [lepcrnekTMBHbIMKM MaTtepuanamMui Ons OBYMEpPHbIX KaHaros
TPaH3MUCTOPHbLIX CTPYKTYP HOBOIO MOKOJIEHWSI CHMTAOTCS AMXanbKoreHnael nepexogHbix metannos (OMM),
Takne kak MoSz, WSz, MoSez 1 aHanornyHole nMm. Hapsigly C akTMBHbIM pelleHUeM TEeXHOMOrnyecKnx
npobnembl nonyyeHunsa asymepHbix [N1TM Heobxoanmbim siBrisieTcs paspaboTka Mogenen yHKLNOHNPOBAHUS
TPaH3UCTOPHbLIX CTPYKTYP, B KOTOPbIX OHW BbIMOMHSAKT pPOfb NPOBOOALWMX KaHamoB. Pexumbl
PYHKUNOHNPOBAHUSA MOMEBOro TPaH3MCTOpa C ABYMEPHbBIM KaHanoM B 3HaYUMTENbHOW Mepe onpenensiTcs
Takumu 3nekTpodhusnyeckMMm napameTpamMu Kak XMMUYECKU noTeHuuan ¥, 3apsg KaHana, KBaHToBasi
€MKOCTb KaHana, eMKOCTW KaHana 1 3aTBopa, €MKOCTb MHTepdelncHbix coctosHun Cit. 3TM napameTpsl
BMMSAIOT OPYr Ha Apyra M B KOHEYHOM CYeTe Onpeaensior dneKTpuyecKkue BbIXOAHbIE XapaKTepUCTUKK
TpaH3ucTopa [2]. AKTyanbHbIM ABASIETCA UCCNefoBaHWsS B3aMMOBIUSHUS 3MNeKTPodr3nyYecknx napameTpoB
TPaAH3UCTOPHbIX CTPYKTYP C ABYMEPHbIM KaHanamu ¢ y4eTOM BO3MOXHOCTU BO3HUKHOBEHUS 3apsioBbIX
HeycTonumBocTen. B paHHoOM paboTe npeacTaBneHbl pes3ynbTaTtbl MOAENVPOBAHUS BO3HMKHOBEHMS
3apsiA0BOM HEYCTOMYMBOCTU B TPAH3UCTOPHOM CTPYKType C ABYMEPHbIM KaHanom u3 MoS: C yy4eToMm
B3aUMOBIMSHUS MEXOY XMMUYECKMM MOTEHLManoM, KoOHUEeHTpaumen HocuTenen 3apsia, 3apsaoM kaHana,
KBAHTOBOW €MKOCTbI0, €MKOCTSMM KaHara W 3aTBopa, MOTEeHUManoM MOMeBOro 3NeKTpoda, €MKOCTbIO
Nnog3aTBOPHOro AMANIEKTPUKA, EMKOCTbIO COCTOSIHUIA Ha MHTepdencax.

II. MOOEb

Mogaenupyemasi TpaH3MCTOpHas CTPYKTypa COOEpPXMT KaHan u3 ABymMepHoro Kpuctanna us OrNM, nonesoit
aNeKTpod, OTAErneHHbI OT KaHamna noA3aTBOPHBIM OUSMNEKTPUKOM C eMKOCTblo Cox. KoHUeHTpauus
3MEeKTPOHOB B [BYMEPHOM KaHane Ha e[uHULY Nnowaan onpeaensertcs BenMYMHON ero XUMUYECKOro
noTeHuUmana corrnacHo ctatucTukn ®epmu-Aupaka

(1) = [ D(E)f (E - 7)dE &)

E

C

roe nNnoTHocTb coctosiHum ONMM [3]:
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3aecb H — oyHKUMs XaBucanga, me — acpheKTUBHas Macca 3NeKTPOHOB, En 3Heprusi nt! — nog3oHb! (OCHOBHOWA
BKIag B KOHLEHTpaUMIO HOCUTENen 3apsaga BHOCUT OCHOBHOE cocTosiHue ¢ h = 0), Ec — 3Heprus MuHnmyma
30HbI npoBoaMmMocTU, h noctosHHaga lNnaHka, f — pyHkunsa Pepmu-Aupaka. 0N KOHUEHTpaLMM ObIPOK N
3anvcbiBaeTCs aHanornmyHoe BblpaXkeHue.

C Opyrou CTOPOHbI, UCXOAA U3 YCIOBUSA SNEKTPOHENTParbHOCTU, OCHOBHOE ypaBHEHME dMEKTPOCTaTUKN ANiS
OBYMEPHOrO KaHana onpegenseTcs B3aMMOCBA3bI0 MeXAyY KOHLEHTpaumen Hocutenen 3apsga u XMMU4ecKnv
noTeHUManoM nOoCcpeacTBOM MOTEHUMana mMoneBoro 3nektpoda C YYETOM €EMKOCTEW MOA3aTBOPHOro
OnanekTpuka n MHTepdENCHbIX COCTOAHUN [2]

N qzns (x) _

C.
14—t
X C

C

qUg ©))

0X (004

roe Us — noTeHuman nonesoro afnekTpoaa, Ns = Ne — Nh,  — 3N€MeHTapHbI 3apsj.
1. PE3YINbTATbLI 1 OBCY>XAEHNE

[ns nposedeHns pac4eToB ObiNM MCMONb30BaHbI Credylolmne BenUYMHbI NapameTpoB TPaH3UCTOPHON
CTPYKTYpbl C OBYMEpHbIM KaHano: Temnepatypa T = 300 K, wwupuHa 3anpelieHHOW 30Hbl MaTtepuana
AByMepHoro kaHana, Eg = 0,22-0,312 3B, yaenbHas eMKOCTb NoA3aTBOPHOro Aunanektpuka 9,43x10~4 ®/m?,
yaenbHasi eMkocTb uHTepdenica Ci = (3—4)10-2 ®/m2, noTteHuman noneeoro anektpoga Us = 0 — 5 B,
acpdpekTuBHaa macca anektpoHos (0,45-0,56)mo. 3aeck Mo — Macca CBOOOAHOMO 3NEKTPOHA.

MonyyeHHble pe3ynbTaThl MOKasanu, YTo C yBENMYEHWEM NOTEHLMANa NoneBoro 3neKTpoaa 1 BapbupoBaHUu
LWMPUHBLI  3aMpPELLEHHON 30HbI XMMWUYECKMI MNOTEHUMan npyv HanMyinum HEYCTOMYMBOCTM U3MEHSIETCS
ckaykoobpasHo, puc.1 (kpuBble 1—6 MoMy4YeHbl NP Pas3fUYHOWN LUMPUHE 3anpeLleHHON 30Hbl Ey4/kT: 8,45
(kpuBast 1); 9,0 (2); 10,0 (3); 12,0 (4). MNepexon K HEYCTOMYNBOCTM M BO3HWKHOBEHMIO cKaykoB Ha X(Ug)
npoucxoguT npu pocte emkocTh Cit ¢ 3x102 ®/m? go 3,7x10-2 d/m?,

Mpn aTOM, C POCTOM LUMPUHBLI 3anpeLieHHON 30Hbl U MOCTOSIHHLIX BENWYMHaX eMKOCTM MoA3aTBOPHOMO
avanektpuka n nHtepdenca Ci noporosoe 3HaveHue noteHumana Ugt, NpY KOTOPOM MPOUCXOOUT peskoe
nsmeHeHne x(Ug) ymeHbLiaetcs ¢ 4,95 go 1,95 B. OgHako nameHeHue Ugt: HabntogaeTcs ToNbKo Npu pocte
Ey/KT ¢ 8,45 no 12, a npu Ey/kT = 12, 3HaveHue Ug; NpakTuyeckn He meHsieTca n coctasnset 1,9-2,0 B (k —
noctosiHHasa bonbumaHa).

3aBMCMMOCTU KOHLUEHTpauun ne oT Ug aHanormyHbl 3aBucumoctam X(Ug), T.e. Takke MMEKT CKaykoobpasHbIi
XapakTep, oTpaxarloLuii Hanmume 3apsgoBo HEYCTONYMBOCTH, pUC.2. BenuumHbl NOpOroBbIX NOTEHLMANO0B
Ugt aHanornyHo 3aBUCAT OT LUMPUHBI 3anpeLLEHHON 30HbI, HO MpKU 3TOM Goree pesko BblpaXKeHbl MNOMKW Npwu
Uc < Ug: HabnogaeTcs CHKeHne KoHueHTpauun npu pocte Eg/KT go 12. MNpu Ug > Ug: 3Ha4YeHns Bbixoga
ne(Ug) B 06nacTb MOHOTOHHOCTU cHuxkatoTes ¢ 2 1012 go 4,5 10 cm2 ¢ poctom Eg/kT go 12.
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PucyHok 1. 3aBUCMMOCTb XMMUYECKOTO PucyHok 2. 3aBUCUMOCTb KOHLEHTpaLum

noTteHumana ot noTeHuunana noneBoro afiekTpoaa ONTIEKTPOHOB OT MNMoTeHLUnana noneBoro anekrpoaa
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M3 nonyyeHHbIX pesynbTaToB crnegyeTt, 4YTO CKaykoobpasHoe WM3MEHEHWEe XMMMUYECKOro noTeHuuana u
KOHLUEHTpaLUun 3MNeKTPOHOB NPOUCXOAMUT Mpu onpeaeneHHOW KpUTUYEeCKoW BenudmnHe noTeHumana nonesoro
anektpoaa Ugt. Mpn Ug < Ugt 1 Ug > Ugt 3aBucumMoctn X(Ug) U ne(Ug) HOCAT MOHOTOHHLIN Xapaktep 6e3
Hanuumsa ocobeHHocTeln. Taknum o6pa3oM, pocT noTeHunana nonesoro anektpoaa npu Ug > Ugt cnocobeTByeT
NpeogoNeHnIo HeyCTONYMBOCTU U HabnogaeTcss MOHOTOHHbIN pocT napameTpos X(Ucg) 1 ns(Ug), HO yxke npu
CYLLECTBEHHO MHbIX 3HAYEHWUSIX.

lMpeogoneHne HEYCTOMYMBOCTM O3Ha4yaeT Mepexod B Apyrylo 00nacTb COOTHOLIEHWA MapamMeTpoB,
obecneuunBatomx camocornacosanue npn Us>Ugt. BO3HUKHOBEHWE HEYCTOMYMBOCTN MOXET BbITb CBSA3AHO
C TeMm, 4YTO CYLIeCTBEHHOe YyBenu4yeHne cooTHoweHns emkocten Ci/Cox NPUMBOAUT K MOSBAEHMIO
CUHIYNAPHOCTN B pelueHnn cuctembl (1)-(3) B HEKOTOPOW KPUTUYECKOW TOYKE, onpeaensemMon BennMYnHON
noTeHumana nonesoro anektpogaa Ug.. Pn3nyeckn 3To CBA3aHO C TEM OBCTOATENLCTBOM, YTO POCT €MKOCTH
nHTepenca BedeT K paccornacoBaHWIo YCNOBUS NEKTPOHENTPANbHOCTN U cTaTucTukn Pepmu-Adnpaka npu
onpegeneHHoM 3HadeHnn noteHumana Ug Mo Npu4mHe, orpaHNYeHHoN NNOTHOCTM cocTosHUM D(E), n3-3a yero
1 BO3HUKAET 3apagoBbin ancbanaHc.

IV. SBAKINOHYEHWE

Takum o6pasom, MpoBedeHHOe MOAENMPOBaHWE B3aVMOBIIUSHUS  3NEKTPO(M3NYECKMX NapamMeTpoB
TPaH3UCTOPHOW CTPYKTYPbI C ABYMEPHBLIM KaHarioM B YCIOBUSIX HEYCTOMYMBOCTYM MoKa3aro, YTo 3aBUCUMOCTHU
XMMUYECKOrO MoTeHUMana M KOHUEeHTpaLuM 3r1eKTPOHOB OT MOTeHLMana nosieBoro 3MieKTpoaa B YCroBUSIX
HEeYCTONYMBOCTU HOCHAT CKaYKOOOpa3HbI XapakTep, NOpOr KOTOPOro 3aBUCUT OT LLUMPUHbI 3amnpeLLEHHON 30HbI,
€MKOCTU MHTEPIENCHBIX COCTOSIHUIA 1 €MKOCTU NOA3aTBOPHOIO AMINEKTPUKA.
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CHARGE INSTABILITY OF A TRANSISTOR STRUCTURE WITH A TWO-DIMENSIONAL CHANNEL
CAUSED BY INTERFACE STATES

V.V. Melnikova?, H.A. Kuraptsova?

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
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Abstract: Regularities of charge instability of transistor structure with two-dimensional channel caused by
interface states, in which transition metal dichalcogenide (TMD) is considered as a material of two-dimensional
channel, are obtained. It is shown that under the conditions of instability caused by the growth of the interface
states capacitance, the dependences of the chemical potential, electron concentration from the field electrode
potential have a jump-like form. The obtained results are explained by the fact that under the conditions of
instability the growth of the interface state capacitance leads to the mismatch of the electroneutrality condition
and Fermi-Dirac statistics.

Keywords: transistor structure, two-dimensional channel, electrochemical potential, quantum capacitance,
charge instability, interface, bistability.
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MEPEMPOEKTUPOBAHWE KMOIN CBUC CPEOCTBAMU NHCTPYMEHTA CUHTESA Yosys
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AHHOTaums: PaccmatprBaeTcsa 3agaya nepenpoeKkTMpoBaHnst CXeMbl TPaH3UCTOPHOTO YPOBHS, 3a4aHHON B
dopmaTe SPICE, B gpyrom TexHornormdeckom Oasuce. Npeanaraetca nogxod, B OCHOBE KOTOPOro NEXUT
9KCTPaKLMA CTPYKTYPbl HA YPOBHE FIOMMYECKUX 3NIEMEHTOB U IKCMOPT NonyyeHHoro nepapxumyeckoro SPICE
onncaHms B MPOrpaMMHYK0 cpedy WHCTpyMeHTa cuHTe3a Yosys (Yosys Open SYnthesis Suite) ans
BbIMOSNIHEHNS ONTUMM3ALMM U CUHTE3a B 3agaHHOM ba3uce. PaspabotaH mMeToa M nporpaMMHOe cpefcTBO
npeacTtasneHus norudeckon cetn B gopmate SPICE 1 npeobpasoBaHus ero BoO BHyTpeHHee npeacTaBneHne
naketa Yosys.

KntoueBble crioBa: akCTpakumst TpaH3ncTopHbix noacxem, KMOT-cxemel, hopmaT SPICE, Verilog, VHDL.
|. BBEOEHWVE

MpoekTnpoBaHne 3neKTPOHHLIX YycTponcTB B ntob6or CAlP ocywecTBNAeTca B HECKOSIbKO 3TanoB
npeobpasoBaHNn OT BbICOKOrO K HM3KOMY ypoBHK abctpakuun. Onsa MJINC HuskoypoBHEBOE onmcaHue
COCTOUT M3 ABOUYHOrO oanna, KOTopbIf OOIDKEH OblTb MPOLWIWT B MaTpuLy BEHTUIEN, B TO BPpeEMS Kak Ons
WHTErpanbHOW CXeMbl HU3KOYPOBHEBOE OMNMCaHMEe COCTOUT U3 fienayTa, KOTOPbIA ONUCbIBAET Macku, KOTopble
OOMMKHbI  MCMONb30BaTbCA MallMHOW nutorpacpmm Ha abpuke wHTerpanbHbiXx cxem. Kaxgbii atan
npoekTupoBaHns TpebyeT cneunanuanpoBaHHbIX WHCTPYMeHTOoB. [lporpammHoe obecneyeHne Ans
aBToMaTn3auunm NpoeKTUpoBaHNA SNTEKTPOHHbIX yCTpOI7ICTB (B YaCTHOCTU ANA NPOEKTUPOBaHNA NHTErparibHbIX
CcxeM npegnararoT Tpu MUPOBLIX NocTaBwumka: Synopsys, Cadence Design Systems n Siemens EDA (paHee
Mentor Graphics, npuobpeteHHaa B 2017 rogy komnaHuen Siemens). 3Tu MNOCTaBLUKW NpeanaratT
nporpaMMHble MakeTbl, KOTOpble MO3BONMAKT OXBAaTUTb BECb CMNEKTPp NPOEKTUPOBaAHUA NC: oT cuHTE3a no
onucaHuio annapatypbl Ha sA3bike HDL (Hardware Description Language) Ao ¢u3nyYeckoro cuHTesa u
TECTUPOBAHNSI.

PaspaboTka WMHCTPYMEHTOB MNPOEKTUPOBAHUS TECHO CBsi3aHa C pa3paboTKOW TEXHOMNOrMW WU3roTOBEHUA
MukpocxeM. CBOWCTBa TEXHOMOMMW KOHKPETHOro 3aBoja MNONynpoBOAHWKOB, Takue Kak Moaenmu
TPaH3UCTOPOB, U3NYECKUE XapaKTEPUCTUKM W MpaBuna MPOEKTUPOBaHUS, OObIMHO UKCUPYIOTCS B
ONMCaHusX, KOTopble ABMAKTCA COOCTBEHHOCTbLIO M3rOTOBUTENS NMPOrpammMHoro obecneyeHus. OToT Habop
MHOPMaUMOHHBLIX MaTepuanoB cocTtaBndeT komnnekt PDK (Process Design Kit) ans npoektnpoBaHus
npoLuecca N3roToBIEHNsT MUKPOCXEM, KOTOpbIN pa3pabaTbiBaeTcs 0ObIMHO COBMECTHBIMM YCUITUAMN 3aBoAa
NnonynpoBOOHUKOB W MOCTaBLUMKA CpeacTB  aBTOMaTtusaumMum npoekTMpoBaHus. [loatomy 3aBogbl
NonynpoBOAHUKOB 0ObIYHO BbiNyckatT PDK, KoTopble COBMECTMMbI TOMBKO C OAHUM KOHKPETHBIM NakeToM
CAIP. NHdopmauus, cogepxatuascs BHyTpn PDK, 06bl4HO cumMTaeTcs KoHduaeHUManLHoM.

OpHor u3 npobnem, ¢ KOTOPOW CTankvMBaeTCs OTeYeCTBEHHas WHAYCTPUS MPOEKTUPOBAHUA MUKPOCXEM,
ABMNAETCSA OTCYTCTBME CBOWX MHCTPYMEHTOB aBTOMaTM3aLUW NMPOEKTMPOBaHWUS MUKpocxeM. Mcnonbayemble
TEXHOJMOrMM NPOU3BOACTBA UHTErParbHbIX CXEM HACTONbKO CIOXHbI, YTO TONIbKO MHOTrONeTHUI onbIT paboTbl
C CYLLeCTBYIOLWMMM MOCTaBLUMKAMM CPEACTB aBTOMaTM3auuM MNPOEKTMPOBaHWS MO3BONUT paspaboTaTb
aHarnorm4Hble NPoayKTbI.

BecnnaTtHble 1 C OTKPbITbIM MCXOAHBIM KOAOM nporpammHble nakeTbl CAMNP mukpoanektpoHukn FOSS (Free
and Open-Source Software) B HacTosiLiee Bpemsi HaxoasaTca B ctaguu GbicTpon pa3paboTkm Gnarogaps
npoekty DARPA 1 Google OpenROAD. NMpoekt OpenROAD [1] npegnaraeT NOMHbIA HAOOP MHCTPYMEHTOB OT
BbICOKOYPOBHEBOIO CUHTE3a L0 reHepauuu nenayta. Habop WMHCTPYMEHTOB BKMOYaeT MNporpammHbie
cpencTtea Yosys Ang normdeckoro cuHtesa n Openlane gns ¢pmanyeckoro cMHTesa, KoTopblii OPUEHTUPOBAH
Ha BbInyck 3aka3Hbix CBUNC ¢ texHonormen 130nm (SkyWater 130nm Open Source PDK). B nocnegHee
Bpems naketbl FOSS ans npoekTMpoBaHUs MHTerpanbHbIX CXEM COBEPLUEHCTBYHOTCH, bnarogaps ycmnmsam
SHTY31aCTOB M3 aKaAeMMNYECKNX KPYTrOB M KOMMEPYECKNX OPraHn3aL i, KOTopble NbITarTCH YNPOCTUTL AOCTYN
1 Ncnonb3oBaHme Habopa MHCTPYMEHTOB AN LMdPOBOro U aHarnoroBoro MPOEKTUPOBaHNS MUKPOCXEM.

Yosys npeactaBnseTr cobow nakeT nporpamm C OTKPbITbIM WCXOAHbIM KOAOM, KOTOpPbIA MO3BOnseT
obpabaTbiBaTh, ONTUMU3MPOBATL U CUHTE3NpPOBaTb NpoekTbl Ha Verilog-2005, a Takke npeobpasoBbiBaTbh
Verilog onncanus B popmatel BLIF (Berkeley Logic Interchange Format), EDIF (Electronic Design Interchange
Format), RTL Verilog, BTOR, SMT-LIB u ap., goctynHble Ans ucnonb3oBaHus B apyrux CAlP.
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B HacToswen paboTe paccmaTtpuBaeTcd 3agada us obnactu nepenpoektuposaHms KMOIT CBUC. OcHoBHbIM
aTanom obpaTHOro MPOEKTUPOBAHUSI CIYXXUT LEKOMMUIALUS MIAOCKOTO HETNMCTa TPaH3UCTOPHOW CXEMb,
3agaHHon B dopmate SPICE (Simulation Program with Integrated Circuit Emphasis), kotopas coctout B
M3BMIEYEHNN ONWCaHMUS Ha YpPOBHE JIOTMYECKMX 3nemeHToB [2]. [lonyyeHHass nornyeckas ceTb,
npeacTaBneHHas B Buae nepapxundeckoro SPICE onucaHus, MOXeT CryXnTb UCXOAHOM creumdukaumnen ans
BbINOMHEHNs onTummusaumm n cuHtesa CBUC, ecnn npeactaBntb ero Ha ucnonb3yeMbix B CAlNP asbikax
npoekTupoBaHus, Takux kak VHDL, Verilog. B pabote npegnoxeH metod n ero nporpaMMHas peanvaaums
ans akcnopta unepapxmyeckoro SPICE onucaHusa normyeckon cetu B cpedy naketa cuHTe3a YOosys, B pamkax
KOTOPOro BO3MOXHbI HE TOMNbKO onepalumm NPOeKTMPOBaHWs, HO U Npeobpa3oBaHNst ONUCAHWUIA.

Il. AEKOMMUNALNMA U NPEACTABNEHUE NOMMYECKOW CETU

B cratbe [2] onucbiBaetca nporpamma gekomnunsumm KMOIT cxemMbl M3 TpaH3MCTOPOB, KOTOPbIA
npeaHasHadeH Ansi 3aMeHbl MNPeACcTaBfeHUs CXeMbl Ha HUM3KOM (TPaH3UCTOpHOM) YypoBHe ©Oonee
BbICOKOYPOBHEBLIM €€ MpeAcTaBreHneM (Ha YPOBHE IOrMYeckmx anemMeHToB). McxogHbiM obbekToM Angd
nporpaMmmbl saBnsetca nnockui Hetnnct KMOI cxembl B hopmate SPICE, nmsa ronoBHON CXeMbl 1 UMeHa
uenen nutaHusa. PesynbTatom siBnaetca mepapxmyeckoe SPICE-onncaHue, B KOTOpOEe BKIOYEHbI MOAENM
BCcex maeHTudumumpoBaHHbix KMOIT anemeHToB. B nporpamme pacnosHatotcs nornveckme KMOIT BeHTUNN
CTaTUYECKOro CTWUMSI, Kak CaMOro pacnpoCTPaHEHHOTO, a TaKkKe 3NIEMEHTbl Ha OCHOBE MPOXOAHON NOrMKN —
nepenaTtoyHble BEHTUMM U CXEMbI Ha UX OCHOBE — MYIbTUMNIIEKCOPSI.

B npouecce gekoMnunsuMM MOXHO BblAENWTb Criedylolne OCHOBHble 3Tanbl: 1) BblAeneHue noacxem,
NnpeacTaBnsloWMX nepefaToyHble BEHTUNIM M CXEeM Ha WX OCHOBE; 2) pacrno3HaBaHWe MOACXeM,
npeactasnsowmx KMOIT BeHTWnM, ycTaHOBMNeHMe peanu3yembix UMy yHKumiA; 3) dopMmpoBaHue
BubnMoTekn anemMeHToB, (PYHKLUMOHANBHO N TOMOMOMMYECKN MAEHTUYHBIX; 4) NOCTPOEHME NOTMYECKON CeTu;
5) BblgeneHne nogcxeMm C obpaTHbIMU CBA3AMW, MPEeaCcTaBnsloWMX 3fIeMeHTbl namaTy; 6) TpaHcnAums
nepapxu4eckoro onncaHms normdeckon cetn B opmate SPICE B onmcanus Ha a3bikax SF, VHDL n Verilog.
MocnepHee onncanue nonydaetcsa cpegcreamu nocne npeobpasoanua SPICE onucaHusa noruyeckon cetu
BO BHYTpeHHee npeAcTaBrneHne Yosys.

Mporpamma [2] cTpouT norunyeckyto cetb B cdopmate SPICE, umeHn cetu npegwectsyeT cumBon «C»
(Hanpumep, CO0). Tak kak cdopmaT SPICE He coaepXuT cpeacTB yka3aHWs Tuna BbIBOAOB CEeTWU, TO AN
oTobpakeHus aton nHdopmMaumm, B AeKkoMnunmpoBaHHom onucaHum Ha SPICE noruyeckas ceTb BblaerieHa
Kak oTAenbHas Mofenb, B KOTOPOW NapameTpbl, UMeHa KOTOpbIX HaumMHatoTes ¢ “P”, 3agatoT BXoabl CXEMbI, a
napameTpbl C UMeHaMu, HadnHarowmnmmcs ¢ “O”, — BbIXOAbl CXEMBI.

CeTb NOTMYECKMX 3MEMEHTOB KaK BbIYMCIMTENbHASA CTPYKTypa MpeacTaBnsieT cobo NOMeYEHHbIN
opueHTMpoBaHHbIN rpad G(V, E), nos3sonstoowmii NormMyeckn npeacTaBnsTb OBYXYPOBHEBbIE CTPYKTYpPHblE
onuncaHusa cxeM. Kaxgas BepwmHa M3 MHOXecTBa V noMedeHa BXOAHOW UMW BbIXOAHOW NMEpeMeHHOW Wnu
TMMOM COOTBETCTBYIOLLIErO 3ieMeHTa (ero Mogenbs npueoauTcs B nepapxmdeckom SPICE onucanum). B atom
OMNMCaHMM AN JNIOTMYECKMX 3MIEMEHTOB YKasaHbl Takke W peanusyemble UMW yHKUMU. BHyTpeHHee
npencTtaeneHune rpadga G 3agaeTcsi MacCMBOM CMUCKOB CMEXHOCTU €ro BEPLLMH.

. CTPYKTYPA N MNMPEOCTABINEHUVE OAHHBLIX B YOSYS

C dyHKUMOHaNbHOW TOYKU 3peHust nporpamma YOosys cocTouT u3 sapa n obpabaTtbiBatolumMx mMopynewn
npeobpasoBaHusa (passes B Yosys). Mogynu npeobpa3oBaHus 3anyckaloTcA KOMaHAaMu BCTPOEHHOro
WHTepnpeTaTopa KOMaHAHOW CTpoku. Aapo Yosys npeacrtaBnsieT coboM COBOKYNHOCTb CTPYKTYP OaHHbIX U
METOO0B, KOTOPble UCMOMb3YKTCA AN NpeACcTaBneHUs ceT! NOMMYECKUX BEHTUNEN N MaHUMNYNALUA C HEWN.
Mogaynu npeobpasoBaHnsi B3aMMOAENCTBYIOT Yepes3 UHTepdenc, NpeacTaBnsAoLWmin cobon NPoOMeXyTOYHbIN
obbekT RTLIL (Register-Transfer-Level-Intermediate-Language). lNpeactaBneHne B popmate RTLIL no cytn
ABMNsieTCA MNpeACcTaBleHMeM CMMcka COeOUHEHUN CXeMbl CO Criefyrollerl OCOOEHHOCTbIO: UCMOMb3yeTcs
BHYTPEHHAS Ana Yosys 6mMbnvoTeka BEHTUNEN, KOTOPbIE MMET OUKCUpPOBaHHbIe hyHKunn. HomeHknaTtypa
BEHTUIENn GUBNIMOTEKM COOTBETCTBYET NIOrMyecknm onepaTtopam a3bikoB Verilog unu VHDL. OgHako nmeetcs
Takke n BeHTMnb LUT (Lookup Table), koTophii no3sonseT 3agaTb OyneBy (YHKLUUIO MPOU3BOSILHON
CNoXHoCcTU. B 3aBucuMocTu OT cBoen HacTponkn BeHTUnb LUT MoxeT peanusosatb nobyo Heobxoammyto
YHKUMIO OT BXOAHBIX curHanoB. Kpome nornyeckux BeHTunen 6ubnuoteka cogeput Takke MynbTUNIEKCOP.

CtpykTtypa gaHHbix RTLIL npeactaBngaet cobown knacc sidbika C++. KopHEBbIM 0O BEKTOM CTPYKTYPbI aHHbIX
RTLIL sBnsetca knacc RTLIL::Design, koTopbii npeacTtaenset obpabaTtbiBaemylo nornmyeckyto cetb. B
namaTn Yosys Bcerga ectb OAuMH 3agaBaembln knaccom RTLIL::Design «Tekywni npoekT», KOTOpbIn
TpaHchopmupyeTcs obpabaTtbiBaloWmMMn MOZYNSIMU, 3anycKaeMbiMW KOMaHgamMu si3blka MHTepnpeTtaTopa
KOMaHAHoOW cTpoku. Llenbio mocnepoBaTenbHOCTU TpaHcdopmauui (passes) sBnseTca npeobpas3oBaHue
BBOAMMOW FIOrMYECKON CeTU B COCTOSIHME, B KOTOPOM ee (DYHKLMOHANbHOCTb peanusyetcsi BEHTUNAMU U3
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3agaHHon BmubnuoTekn M NposogamMu Ang cesasen seHtunen apyr ¢ gpyrom. Knacc RTLIL::Design asnsietcs
BEPXHUM CIOEeM uepapxum OObLEKTOB, npeacTaBnsloWmx a4po. Moaynb cogoepXuUT OBbeKTbl pasHbIX
kateropun, Takmx kak RTLIL::Cell , RTLIL::Wire, RTLIL::Process n RTLIL::Memory. O6bekTbl NepBbIX ABYX
KaTeropum npeacTaBnsioT AaHHbIE CUCKA COeAMHEHWI, 3a4atoLLero CTPYKTYpy CXeMbl.

IV. UMMOPT B YOSYS JIOTMMECKOW CETU B ®OPMATE SPICE

Ona wvmnopta B a4po Yosys norndeckon cetn B ¢opmate SPICE 6bin paspaboTaH creuumanbHbii
obpabaTbiBatowmnn moaynb RTLIL::Module Ha sa3bike C++ ¢ MmeHem my_cmD. 3ToT Mogynb NpuHUMaeT
SPICE onucaHne normyeckon CXembl U NEPEBOANT ero BO BHYTPeEHHee npeacTasneHue dopmata RTLIL B
cpepe Yosys. [na atoro cHayana npoBOAWUTCHA aHanm3 TekcToBoro onucaHuss SPICE n noctpoeHue
npegcTaBneHns 3agaBaemMon UM fIorM4eckor ceTu B Buae NoMeYeHHOro opmeHTnpoBaHHoro rpaga G(V, E).

3aTem rpad npeacraensietcs moaynem $G(V, E), koTopbiit coaepxunt oobekTol AByx kaTeropuit: RTLIL::Cell
ayeek n RTLIL::Wire csizen. Npu reHepaumm 0OGBHEKTOB NEPBOM KaTeropuu AN Kaxaon SA4Yerkn CXembl
yKasblBaeTCs MAaeHTUdUKaATOp, peanuayemasi yHKUMS U MOEHTUUKATOPbLI BXOAHBLIX U BbIXOAHbLIX MOPTOB.
CnoxHas yHKUMS OT N aprymMeHTOB 3a[aeTcsl B BEKTOPHOM Buae: 2"-pa3psaHbiM BEKTOPOM €e 3HauYyeHun.
MpocTtbie dyHkuum Tvna AND, NAND BbibupatoTcsa us BHyTpeHHeln 6ubnuotekn Yosys. O6beKTbI kaTeropum
RTLIL::Wire cTposaTcs ¢ ncnonb3oBaHnem MetodoB Yosys Tuna Connect, KOTopble NO3BOMAIOT yKa3aTb CBA3M
MOpPTOB SYEEK.

Pa3paboTtaHHbIi Mogynb my _cmD 6bin MHTErpMpoBaH B cpeay YOsys B Ka4eCcTBe O4HOIo 13 npeobpasoBaHuii
(passes). Npu obpalleHnn K Hemy Npy paboTe NPOrpamMMHOro MHTepnpeTaTopa Yosys B KOMaHAHOW CTpoOKe
yKasblBaloTCa ABa napameTpa: my_cmd <Parl> <Par2>, rae Par1 3agaeT nyTb goctyna k ¢parnny co SPICE
onucaHunem, a Par2 — nma mogenun norn4eckon cetn B 3TOM OnNncaHuu.

V. MPUMEP BbIMOJIHEHNA PASPABEOTAHHOIO OBPABATBLIBAIOLLENO MOAYJIA B CPEAE YOSYS

PaboTta obpabatbiBatowero moayns my cmd B cpefe Yosys OEMOHCTPUMPYETCA Ha npumepe BBoda W
npeobpasoBaHus nepapxmyeckoro SPICE onncaHmns nornyeckon cetu (MUCTUHT 1), KOTOpoe GbINo NosyYyeHo
B pesynbtate gekomnunauuu nnockoro SPICE onucaHusi TpaH3UCTOPHOW CXeMbl OAHOPa3psgHOro
cymmaropa [3].

JinctnHr 1. Mepapxmnyeckoe SPICE onvcaHne ogHopaspsigHoro cymmaropa

* SPICE deck for cell adder_gen M3YC4gndn

.GLOBAL vdd gnd M4 4 D gnd gnd n
.SUBCKTGOABCDEFGY M54 E gnd gnd n

* ((A AND B AND C) OR (G AND (D OR E OR F))) M6 vdd A 6 vdd p
M1YA2gndn M7 vdd B 6 vdd p
M22B3gndn M8 6 E 7 vdd p

M3 3 Cgndgndn M9 7AY vdd p

M4 5D gnd gnd n M106 C Y vdd p

M5 5 E gnd gnd n .ENDS

M6 5 F gnd gnd n .SUBCKT G2 AY

M7Y G5gndn *A

M8 vdd A 7 vdd p M1Y Agndgndn

M9 vdd B 7 vdd p M2 vdd A Y vdd p

M10 vdd C 7 vdd p .ENDS

M11 7 A8vdd p .SUBCKT CO PO P1 P2 O3 O4
M12 8 E9 vdd p XGOMOI1 POP1P2POP1P212G0
M13 9 F Y vddp XG1M1I1 POP1 P2 POP11G1
M14 7 G Y vdd p XG2M2I111 03 G2

.ENDS XG2M2I12 2 04 G2
.SUBCKTG1ABCDEY .ENDS

* ((A AND B) OR (C AND (D OR E))) .SUBCKT adder_gen a b cin cout sum
M1YA2gndn XCO0 a b cin cout sum CO

M2 2B gnd gndn .ENDS

B Yosys aTo onucaHne npeobpasyeTcsi ¢ MoMoLLbio nepexonos (passes) tuna Write B onnucaHus Ha si3blkax
Verilog, BLIF u EDIF. Ha nuctuHre 2 npuBeAeHO COCTOSIHUE KOHCOMBHOrO OKHa MporpaMMHOro
uHTepnpeTaTopa YOSys Npu BbINOSIHEHUN COOTBETCTBYIOLLMX NEPEXOAoB, a Ha NUCTUHre 3 — NonyyYeHHoe
onucaHue cymmaTtopa Ha a3blke Verilog.
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JInctuHr 2. KoHconeHoe okHO MHTeprnpeTaTopa Yosys

yosys> my_cmd d:\abdata23\adder_gen_ier.sp CO yosys> write_verilog d:\abdata23\adder.v
Arguments to my_cmd: 1. Executing Verilog backend.
my_cmd Dumping module "\CO'.
d:\abdata23\adder_gen_ier.sp
Co yosys> write_blif d:\\abdata23\adder.blif
Read input file d:\abdata23\adder_gen_ier.sp 2. Executing BLIF backend.
Reading is OK
Modules in current design: yosys> write_edif d:\abdata23\adder.edif
CO (7 wires, 4 cells) 3. Executing EDIF backend.

Jlnctuhr 3. Onncaxme nornyeckon cetn cymmaropa Ha Verilog

/* Generated by Yosys 0.9 (git shal 1979e0b1, Visual Studio) */
module CO(Ca, Cb, Ccin, Ccout, Csum);
wire \1 ;
wire \2 ;
input Ca;
input Cb;
input Ccin;
output Ccout;
output Csum;
assign \2 = 128'h00005557555755575557555755575557 >> (* src = "Y=((A*B*C)+ (G* (D +E + F)))"*) {\1,
Ccin, Cb, Ca, Ccin, Cb, Ca };
assign\1 =32'd2039583 >> (* src = "Y=((A *B) + (C * (D + E)))" *) { Ch, Ca, Ccin, Ch, Ca };
assign Ccout = ~\1;
assign Csum = ~\2 ;
endmodule.

V. SBAKNIOYEHNE

MpennaraeTtcsa BapmMaHT NPOrpaMMHOIO UHCTPyMeHTa YOSyS, paclUMPEHHOro MoayrneM nmnopTa JIornmyeckomn
cetn B dopmate SPICE. PacwupeHHbin nakeT YOSys MO3BONSIET BLINOMHATE MOAENMPOBAHNE W
nepenpoeKkTMpoBaHne NMNOPTUPOBAHHOW CXeMbl 4O YPOBHS nenayTa. lNpegnaraembiii UHCTPYMEHT NPUroaeH
He TOMbKO AN UCCregoBaTenbCKoOro M akageMUYecKoro MCMonb3oBaHus, rae Tpebytotca mogudurkaumm
WHCTPYMEHTOB 1 OMMUCaHWUIA, HO 1 NPW MPOEKTUPOBAHWUN NPOMbILLIEHHbIMK CATP.
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REDESIGNING CMOS VLSI USING Yosys SYNTHESIS TOOL
D. Cheremisinov, L. Cheremisinova

United Institute of Informatics Problems of NAS of Belarus,
Minsk, Republic of Belarus, cld@newman.bas-net.by

Abstract: The problem of redesigning a transistor-level circuit specified in the SPICE format in a different
technological basis is considered. An approach is proposed based on the extraction of the structure at the
level of logical elements and export of the obtained hierarchical SPICE description to the software environment
of the Yosys synthesis tool (Yosys Open SYnthesis Suite) to perform optimization and synthesis in a given
basis. A method and software tool for representing a logical network in the SPICE format and converting it into
an internal representation of the Yosys package are developed.

Keywords: transistor subcircuit extraction, CMOS circuits, SPICE format, Verilog, VHDL.
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MEPCNEKTMBbI MPUMEHEHUSA TEXHONOMN CMELIAHHOW PEANIBHOCTW
B CBOPO4YHbLIX MPOLIECCAX HA NMPUMEPE O4YKOB HoloLens 2

Jinm AA., KytnH AA.

MWP3A — Poccuiicknii TexHonormydeckui yHnsepeuteT, MockBa, Poccuiickas Peagepaums, lim@mirea.ru

AHHOTauus: B paHHoOM paboTe paccmartpuBatoTCA MEPCrneKkTUBbI MPUMEHEHUST TEXHOSMOMMA CMeEeLLaHHON
peanbHOCTM B COOpO4YHBbIX Mpoueccax Ha npumepe odkoB HoloLens 2. Vccneagyetcs mcnonb3oBaHue
CMeLLaHHON peanbHOCTU AN NoBblWeHUs 3PEEKTUBHOCTU M TOYHOCTM cBopku akctpyaepa FDM 3D-
npuHtepa. OCHOBHOE BHWMaHWe yaeneHo pa3paboTke nporpaMMbl CMELLAHHOW peanbHOCTU, KOoTopasd
npeaocTaBnseT MHTEPAKTUBHbIE WHCTPYKUUM W BU3yanusauuu, Nomorawolime ornepaTopam B npouecce
cbopkn. Takke aHanM3UPylOTCA TEXHUYECKMEe W OpraHu3auuoHHble acnekTbl BHEAPEHUS TEXHOMOrunin
CMeLLaHHOWN peanbHOCTM B NPON3BOACTBEHHbIE MpoLecchl. Pe3ynbTathl paboThl NOKa3biBaOT 3HAYUTENBHBIN
noteHumMan aAng ynyyweHus Ka4yectsa 1 CKOpoCcTy COOPKM C MOMOLLBIO 3TUX TEXHONOMUN.

KntoueBble cnoBa: CmellaHHas peanbHOCTb, cOopoyHble npouecchl, HoloLens 2, askctpygep FDM,
BU3yanusauus, a¢peKkTMBHOCTb.

BBEOEHWE

C6opka MalMHOCTPOUTENbHBIX U3OENUiA ABNAETCS KPUTUYECKU BaXKHbIM MPOLECCOM, OT KOTOPOro 3aBUCUT
PYHKUMOHANBbHOCTb U  HaAEXHOCTb KOHEYHbIX NpoAyKToB. COBpPEMEHHblE TEXHONMOrMM CMELLaHHOM
peanbHocTM (MR) nmpegnaraloT yHWKanbHble BO3MOXHOCTW ANiS yrNy4lleHus 3TUX npoueccoB. B gaHHOM
pabote uccnenyetcs npumeHeHune TexHonorun MR ansa nosbiweHnss 3PHEKTUBHOCTU Y TOYHOCTU COOPKHM
akcTpyaepa FDM 3D-npuHTepa. COopka CnoxHbIX n3genun, Takmux kak akctpyaep FDM 3D-npuHTepa, Tpebyet
BbICOKOM TOYHOCTM M BHUMAaTENbHOCTU OT onepaTtopa. TpaavuMOHHble MeToabl ObydeHus, Takme Kak
OymakHble WMHCTPYKUMM U BugeomaTepuansl, MOryT OblTb HeAOCTaTOYHbIMU Ans obecneyvyeHuss TOYHOro
BbINONMHEHUs Bcex waroB cbopkn. MR npegoctaBnseTr MHTEpPakTMBHbIE U HArnsgHble MeToabl 00y4YeHus,
KOTOpble MOMOratT onepaTopam fy4dLle NOHATbL NpoLecc COOPKM U CHU3UTbL BEPOATHOCTb owmnbok [1].

Oukn HoloLens 2 npeacraensaioT cobor 0gHO U3 camMbiX NepeaoBbIX YCTPOWCTB AN CMeLUaHHOM pearbHOCTH
Ha cerogHsAWHuM aeHb. OHKU NO3BONSOT onepaTopaM BMAETb BUPTYaribHble MHCTPYKLMKN U KOMMIOHEHTbI MPSIMO
Ha peanbHOM 00OpPyAOBaHUW, YTO 3HAYMTENBHO YNyYlIaeT BOCMPUATUE U MOHWMaHue npouecca cOopKu.
B03MOXHOCTb B3aMMOOENCTBUSA C BUPTYyaribHbIMU 0ObeKTaMu Yepes XecTbl U roflocoBble KOMaHAbl AenaeT
npouecc bonee MHTYUTUBHBIM U YOOOHBIM Ansi onepaTopa.

B gaHHow paboTe mbl uccnegyem noteHuman mcnonb3oBaHus TexHonormn MR gnsa ynydweHms c6opoydHbIX
NpoOLLECCOB B MALUMHOCTPOEHMU Ha npumepe cbopkn akctpyaepa FDM 3D-npuHtepa. Mbl paspabotanu
nporpamMmy CMeLLaHHOM pearibHOCTU, KOTOpasa NPeAoCTaBNseT MHTEPaKTMBHbIE MHCTPYKLMMK 1 BU3yanm3auumm,
nomMorawLime onepatopam B npouecce cOOpku. PesdynbTaTbl Hawero wuccrnegoBaHUS MOKasbliBalOT
3HauYUTENbHBIN NOTEHUMan Ans ynydlweHns Ka4yecTBa 1 CKOPOCTU COOPKM C MOMOLLbIO 3TUX TEXHOIOMUN.

PESYIbTATHI

Ons noBbllweHns 3HEKTUBHOCTM U TOYHOCTU COOPKU MALLUMHOCTPOMUTENbHbLIX M3genuin 6bin paspaboTaH
WHCTPYMEHT cMellaHHon peanbHocTn (MR). O3TOT MHCTPYMEHT npefocTaBNAeT YHMKaNbHYH BO3MOXHOCTb
ans cbopwukoB paboTatb B BMPTyanbHOW cpefe, A€ OHU MOryT B3auUMOAEWCTBOBATb C pPasfvyHbIMU
JetansamMm u KoMOUHNPOBATb NX B pearilbHOM BpeMeHW. OTO CYLLECTBEHHO YNy4llaeT npouecc obyyeHust un
NoaroToBky COOPLUMKOB K peanbHoW cbopke. [poBedeHHble 3JKCNEPUMMEHTLI MoKasanu 3HauYUTeNbHOoe
ynyyweHne adeKTMBHOCTM COOpKM Ha HayanbHbIX 3Tanax. AHanm3 AaHHbIX Nokasan, YTo MCNoNnb3oBaHue
MHcTpyMeHTa MR npuBeno k yeenuyeHnio 3dEKTMBHOCTM cOopkum B 1,6 pasa no CpaBHEHUO C
TpaguUMOHHbIMK MeTogdamm (puc. 1). OTo gocturaeTcsa 3a cyeT 6onee 3hHEKTUBHOIO B3aMMOOENCTBUS C
netansgamm n BO3MOXHOCTU MOSNTyYEHUS HarnsiAHOM obpaTHOM CBSI3W O NpaBUITbHOCTU cOopku [2, 3].

123



MexgyHapoHas Hay4dHO-npakTuyeckas KoHepeHLms
«KoMnbloTepHOe NPOEKTUPOBaAHME B ASNIEKTPOHMUKE Y

CpegHee Bpema cOOpKK, MHH
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|

MTepaumm cbopoYHbLIX NPOLECCOE, e

smfboz AR = Mcnonbaya AR
PucyHok 1. 'paduk BpeMeHn cOOpKM Npu pasnmyHbiX Nogxoaax

Kpome TOro, npoBedeHHbI OMNpPOC MoKasan MoMoXUTENbHbIE OT3biBbl OT COOPLUMKOB O MPUMEHEHUM
nHcTtpymeHta MR. N3 22 onpoleHHbix cboplmkoB 18 4enoBek OTMeTMNM ygoGCTBO UCMONb30BaHUSA
WHCTPYMeHTa (puc. 2). 31o noaresepxaaeT apdheKTUBHOCTb MHCTPYMEHTA U €r0 NPUMEHUMOCTb B pearibHbIX
NPOM3BOACTBEHHbIX YCIOBUAX [4].
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TpapuumoHHar cbopka CBopxa c mcnonb3osaHuem AR/VR

PucyHok 2. M'mctorpamma onpoca y4acTHUKOB 3KCNepuMeHTa

PesynbTaTbl McCCneaoBaHUA U SKCMEPUMEHTOB MOKa3biBAT 3HAYUTENbHBLIA MOTEHUMAN MNpPUMEHEHMS
WHCTPYMEHTOB cMellaHHon peanbHocTn (MR) B cOopke MalMHOCTpoUTENbHbIX ngenuin. OHM NO3BONSOT
COKpaTUTbL BPEMS U ycunus, Heobxoammble ans obyyeHust cOOPLUMKOB M MOArOTOBKM K cbopke, a Takke
NoBbICUTb 3P EKTUBHOCTL COOPKM Ha HadanbHbIX 3Tanax. OT3biBbl COOPLLMKOB NoaTBEPXKAAT yA06CTBO
NCMNONb30BaHWsA UHCTPYMEHTA U €ro NONOXUTENbHOE BIUSHUE Ha UX paboTy.

Taknm obpasom, mHCTpymeHTbl MR npeactaBnsioT cobGOM NepCcnekTUBHOE peLleHne Anisi NOBbILEeHMUS
appekTMBHOCTM COOPKM MaLUMHOCTPOUTENBHLIX un3aenuin. PaspaboTka OEeMOHCTpUpYeT 3HauyuTerbHble
ynydlieHnss B cOOpKe Ha HavanbHbIX 3Tanax W nonyyurna nonoXuTenbHble OT3biBbl OT COOPLLMKOB.
[anbHelwee pa3sutne n npumeHeHne nHcTpymeHtoe MR B MalwmHoCcTpomTenbHOM npon3BoacTee obellaeT
OONOSHUTENbHbIE NPEUMYLLECTBA U yrydlleHMe npouecca cbopku B LIENOM.
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PERSPECTIVES OF MIXED REALITY TECHNOLOGIES IN ASSEMBLY PROCESSES: A CASE STUDY
USING HoloLens 2

A.A. Lim, A.A. Kutin
MIREA — Russian Technological University, Moscow, Russian Federation, lim@mirea.ru

Abstract: This work explores the potential of mixed reality technologies in assembly processes, using HoloLens
2 as an example. The focus is on the development of a mixed reality program that provides interactive
instructions and visualizations to help operators assemble an FDM 3D printer extruder. The technical and
organizational aspects of implementing mixed reality technologies in production processes are analyzed. The
results show significant potential for improving the quality and speed of assembly using these technologies.

Keywords: Mixed reality, assembly processes, HoloLens 2, FDM extruder, visualization, efficiency.
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PA3PABOTKA BUBMMOTEK/ CUCTEMHbLIX MOAENEN M3MC PESOHATOPOB
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AHHOTaLMsA: NpeAacTaBrieHa bMbnmnoTeka CUCTEMHbIX Moaenen norndeckux MOMC BeHTunen, BkAyawLlas
Tpex-, MNSATU- W OEBATUKOHTAKTHbIE  MWUKPOPE30OHATOPbl C  3MIEKTPOCTATUYECKUM  BO3OYXKOEHMEM.
MpoaHanManpoBaHbl AMHAMUYECKME XapaKTEPUCTUKM 1 NTOrMYECKNe onepauumn Ha paspaboTaHHbIX Modensx.

Kntouesble cnoBa: MOMC, pe3oHaTtopbl, lormyeckne anemMeHTbl, BEHTUINN, CUCTEMHOE MOAEeNpoBaHue.
I. BBEOEHWME

B nocnegHue Bpemss MOMC pesoHaTopbl HaxodAT MNPUMEHeHWe B KayecTBe JIOrMYecKUX 3IEeMEHTOB,
obecrneumBas HMU3Koe dHepronoTpebneHve, cokpallas KonuyecTBO (YHKUMOHASMbHLIX KOMMOHEHTOB MO
cpaBHeHuio ¢ KMOI-TexHomormsiMu, a Takke MO3BOMIsSs MepenporpaMMuMpoBaHMe B npolecce paboTbl v
NoBbILAs HAAEXHOCTb Grnarogapst 6ECKOHTAKTHOMY PEXXUMY PYHKLUMOHMpPOBaHMS [1].

B pa60Te npencraBlieHa OnbnmnoTteka CUCTEMHbIX MOZENEN, COCTOsALLAsA U3 TpeX-, NATU- U 0eBATUKOHTAKTHbIX
M3MC pe3oHaTopoB C 3N1EKTPOCTATUHECKUM BO36y)Kﬂ,eHVIeM Aana BbINOJIHEHUA Ha MX OCHOBE J1I0TMYeCKUX
onepau,l/l|7|. Co3spaHHOe TecToBOE OKpY>XEeHne no3BOJIdET NpoBEepUTb (byHKLI,VIOHVIpOBaHVIe Moaenn n npoBecTu
cnmMynaumm ctatn4eckoro, 4aCtotTHoro n guHaMmun4eckoro (BO BpeMeHHOVI 06ﬂaCTVI) OTKJTMKOB CTPYKTYPbI.

Il. TPEXKOHTAKTHbI/ M3MC PESOHATOP

TpexKoHTaKTHbIA pe3oHaTop npeacTaBnsieT cobor cuctemy "npyxumHa-macca-gemndep”, coCToslyo 13
HeaeopMmnpyemMon cenCMU4EeCcKor Macchl, NOABELLEHHOWN Ha YeTbipex nogsecax (cm. puc. 1). CobcTBeHHas
yacTtoTa BblbpaHa 439,49 kl'u, macca pasHa 0,019 mkr, 3a30p Mexay CencMMYECcKOn Maccon 1 GOKOBbIMU
anekTpogamu paseH 4 MkM. KoadpdpmumeHT gemndpupoBaHus pasHbii 2,57-10°6 mkH-c/mkm gna Q=20

[na co3paHns cUCTEMHBbIX Mogernen Obin BbibpaH s13blk OnucaHus annapaTtHbix cpeacts VHDL-AMS.
AHanoroeoe noBefeHne KOMMNOHEHTOB peaniM3oBaHO Yepes3 BENMUYUHBI, TEPMUHAIbI U ypaBHEHUS.

PaGoTa normyeckoro afieMeHTa OCHOBaHa Ha M3MEHEHNU Pe30HaHCHOW YacToTbl MOABWKHOIO 3ieKTpoda C
UCNonb3oBaHNEM 3hdheKkTa INEKTPOCTATUYECKOTO CMSAMYEHUS KECTKOCTU pe3oHaTopa. [ns onpeneneHus
ONTUMASIbHbIX BENMYMH HamnpshKeHWsi CMeLLeHWsl, NogaBaeMoro Ha MOABWXKHBIA SNEKTPOA, onpeaereHo
HanpsPKeHUe CXJonblBaHWsl, KOTopoe cocTaBnseT 276,1 B. 3aBucMMocTM Toka Ha YyBCTBUTENbHOM
aMeKTpode OT YacToTbl HaMPSHKEHUS CMELLEHUs Ha MOABWKHOM dnekTpode npusedeHsbl Ha puc. 1. Mpu
yBENUYEeHUN HanpsikeHWs1 Ha NoABUXKHOM 3MEeKTPOAE SNEKTpocTaTMYeckas cuna Bo3pacTaeT, YTo Bbi3biBaeT
CMeLLeHe pe3oHaHCHOro NuKka Breso W yBenuyeHne aMnimuTyabl OCUMNALNIA.

I I
140 J==100 B 240,4 kl'y
e 175 B
250 B
120 4275 B

LX)

3149 kly =

Yacrora

RRRNE.

Tok Ha 1 anekTpoge, HA
(=]
[=]
1

4223 klNy

L T T
350 400 450
YacroTa, kl'y

T I
250 300

PucyHok 1. 3aBucumocte AYX OT HaNpskeHUs Ha NOABWKHOM anekTpoge, Vi = 1 B (AC)
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Peanusauns noruyeckux onepaumini NOCTpoeHa Ha MpuHLUMNE pe3oHaHca [2], Korga pe3oHaHcHas 4acTtoTa
NOABWXHOrO anekTpoaa 1 YactoTa NoAaBaemMoro CUHycoMaanbHOro curHana coBnagatoT, BbICOKUA BbIXOOHOW
TOK €MKOCTHbIM CMOCOOOM OETEKTMPYEeTCH Ha YyBCTBMTENbHOM anekTpoge. [ns peanvsauun nOrm4eckomn
onepauun «HE» Ha BXOOQHOW anekTpod, NnogaeTcsl UMMYNbCHbIA curHan (puc. 2).

elect elec3 b
elec2 :ﬂ. struc1 vsir]e.‘i
vdc‘I. ¥
= SIN
Pie
®.M1 | vpulse1
n DC N (4.)
A
C @j ~pulse
_ n
0 0 SM_TRB1 0

PucyHok 2. lNoakntoyeHne pesoHaTopa 1 UICTOMHUKOB AN BbINOMHEHUSA nornyeckon onepavmm «HE»

Ona peanusauumn norvyecknx onepaumn Ha MNOABWXKHBIM 3NekTpoa 2 nogaHo cmelleHue 250 B, Ha
yNpaBnsawoLLnin anekTpoa 3, No4aeTcs UMNYNbCHBLIN CUrHan, rae HanpskeHue undgposon «1» npuHato 225 B,
a HanpsbkeHue uudposoro «0» paBHo 0 B. HanpsbkeHue umcpoBon «1» BbIOpaHO MeHbLUE HamnpsiKeHUs
CMeLLEeHMS NOABMKHOIO 3NeKTpoaa, Tak Kak Ansi CHATUS Ha YyBCTBMTENbHOM anekTpoae 1 curHana no Toky,
HeobxoaMMa pasHOCTb NoTeHUuanoB Mmexay 1-2 n 2-3 anektpogamu. Yactota CMHycoMaarnbHOro curHana Ha
anektpoae 3 paBHa 314,89 kl'u, npu KOTOpOK pe3oHaTop paboTaeT kak nornyeckuit BeHTUnb «HE» (puc. 3).
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PucyHok 3. Ocumnnorpamma, SEMOHCTPUPYKOLAsa peannsaumio normdeckom onepauumn «HE»
. IATUKOHTAKTHbLIN MAMC PE3OHATOP

[ns peanusaumm NonHoro yHKUMoHanbLHoOro Habopa NnorMYecknx BEHTUNEN HA OCHOBE OHOrO pe3oHaTopa,
Oblna ncnonb3oBaHa KOHCTPYKUMUS ¢ 4 OOKOBLIMW 3MeKTpogamMu Mo ABa C KaXAoW CTOPOHbLI MOABMXKHOMO
anemMeHTa pe3oHaTtopa (puc. 4) [3]. CobcTBeHHas yactoTa BblbpaHa 195 kl'U, a cencMmuyeckas macca paBHa
0,042 wmkr, koadbduumneHT aemnduposaHus d paseH 0,34-106 mkH-c/mkm ans Q=150.

YyBCTBUTENbHDIA

pusop,

Bxoa A

banka
PucyHok 4. MNaTtukoHTakTHeIN MOMC pe3oHaTop Asi BbIMOMHEHUS NTIOTMYECKUX onepawum

[1ns NATUKOHTAKTHOrO pe3oHaTtopa TPy pasfinyHble YacTOTbl MOXXHO MOSy4nTh, NodaBas Ha LMdPoBLIE BXOAbI
2 n 3 kombuHauum «0-0», «0-1/1-0» n «1-1» COOTBETCTBEHHO (pu1C. 5), rae HanpsbkeHne unudgpoBon «1» paBHO
30 B, a HanpsikeHune ymdposoro «0» pasHo 0 B, Ha noaBwkHbIN anekTpon 5 nogaHo cmeleHne 30 B.
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PucyHok 5. AYX pe3oHaTopa npu pasnnyHbiX BXOAHbIX KOMOMHaUMsIX undpoBbix Bxogax 2 u 3, V4=1 B (AC)

Ecnun yactoTta cuHycomganbHOro curHana Ha npMBoAHOM anekTpoge 4 paBHa 163,4 kL, TONbKO BXoAHas
kombuHaumst «0-0» MpMBOAUT K COBMAOEHUIO MeXOy BbIHY)XAEHHOM PE30HAHCHOW 4acTOTOW MOOBWKHOMO
3ANeKkTpoda M YacToTou curHana Bo3byxaeHusi. B ocTanbHbIX cnyyasx BbIXOAHOMW curHan 6yaet cnabbim.
CnepoBatenbHO, pe3oHaTop B AaHHOM crniydae paboTtaeT kak normdeckuit BeHTuns «ANU-HE» (puc. 6).
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PucyHok 6. Ocumnnorpamma, 4eMOHCTpUpYyoLWas peanusaumio norndeckon onepauuun UJTN-HE

IV. QEBATUKOHTAKTHBI MOMC PE3OHATOP

[na peanusaumm MynbTUMBXOOOBOMO JIOMMYECKOro BEHTUIS, Heobxoaumo 6Gonbluee KonmyecTBO GOKOBbIX
anektpopgoB. Ha puc. 7 npegctaeneHa AYX npu pasnuyHbiX KOMOGMHaUMsIX Ha undpoBbIX Bxogax 9-
KoHTakTHoro MOMC pesoHaTtopa ¢ cobctBeHHoM yacToTon 110 kl'y, maccon 22 MKr. HanpsihkeHne cMmeLleHus
Ha MOABWKHOM 3IIeKTPOoAEe W HanpsbkeHue UMdpoBOM efuHuubl «1», NogaBaeMOe Ha BXOAbl BEHTUNS,
BblOpaHbl ONN3KMMUK K HanpsiXeHUo CXIonbiBaHUSA Ans OOnblLUEro pasaeneHns pasgeneHmemM pe3oHaHCHbIX
nnKoB 1 pasBHsaoTca 95 B, amnnutyaa cuHyconaansHoro curdana 1 B (AC), koadduumneHT gemndpurpoBaHus
d paBeH 3,80-10* mkH-c/mkm ans Q=40.
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PucyHok 7. AYX 9-kOHTaKTHOro pe3oHaTopa Mpu pasnnyHbIX BXOAHbLIX KOMOMHAUMAX LMAPOBbLIX BXOA4AX
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[aHHbIN  pe3oHaToOp MO3BOMSAET peanu3oBaTb, Hanpumep, 6-BXOOO0BbIN IOrMyeckui BeHTUNb  «WU»,
ocuunnorpamma KoToporo npeacrasrieHa Ha puc. 8.
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PucyHok 8. Ocumnnorpamma, 4eMOHCTpupytloLwas paboTy normyeckoro BeHTuns 64

V. SAKITIOHEHNE

B paboTe npeactaBneHa 6OuGNMoTeKa CUCTEMHbIX Mogenen Tpex-, NATU- U OEBATUKOHTaKTHbIX
MUKPOPE30HATOPOB C 3MEKTPOCTATUYECKUM BO30Y)XAEHMEM W BapuaHTbl NOTMYECKUX 3MEMEHTOB Ha WX
ocHoBe. [lonyyeHHas 6GUONMOTEKA SMEMEHTOB U  TecTbl MOTYT TMPUMEHSATbCA AN CKBO3HOMO
aBTOMaTM3MPOBaHHOIO MPOEKTUPOBaHWUA LMPOBLIX cxeM Ha M3MC-anemeHTax, Hanpvmep, aHarnoro-
LUMPOBLIX U LUGPO-aHanoroBeix NpeobpasoBaTenen, TPUITepoB U apndMeTUKO-TTOTMYECKUX YCTPOMCTB.

BNAFOJAPHOCTb

PaboTa BbInonHeHa npu nogaepxke MuHuctepcTBa Hayku 1 Bbiclwero obpasosaHusa PP (FlocygapcTBeHHoe
3agaHue pans  yHuBepcutetoB Ne OId3-2023-0005).) m ¢ npumeHeHnem obopygoBaHus LleHTpa
KOMNNeKTMBHOro nonb3oBaHusa PTY MUP3A (cornawenune ot 01.09.2021 Ne 075-15-2021-689).
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DEVELOPMENT OF THE LIBRARY OF SYSTEM MODELS FOR MEMS RESONATORS
A. Solovev?, E. Pevtsov?, V. Kolchuzhin?

IMIREA - Russian Technological University, Moscow, Russian Federation, solovev_aa@mirea.ru

2Qorvo Munich GmbH, Munich, Federal Republic of Germany

Abstract: The library of system models of logic MEMS gates including three-, five-, and nine-terminal
electrostatically excited microresonators is presented. The dynamic characteristics and logic operations on the
developed models are analyzed.

Keywords: MEMS, microelectromechanical resonators, logic elements, gates, system modeling.
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MOLENNPOBAHWE KOPPEJTALUMOHHbBIX OYHKLMW OCEN CIYYANHOWM AHU3OTPOMUA
JBYMEPHOW CUCTEMbl PEPPOMAIHUTHBLIX HAHOYACTUL

HasapeHnko E.C., Januntok A.J1.

Benopycckuin rocyaapcTBEHHbIN YHUBEPCUTET UHADOPMATUKM U PagUNo3SIEKTPOHUKN,
MuHck, Pecnybnuka Benapycb, katyanaz2001@gmail.com

AHHOTaums: B gaHHon paboTe npeacTaBnieHbl pe3ynbTaTbl MOAENMPOBAHUS KOPPENALMOHHBLIX (PYHKLINIA OCeln
Cny4yarHON aHU30TPONUU AN ABYMEPHOW CUCTEMbI PeppPOMarHUTHbLIX HaHo4YacTul. PacyeTbl npoBeaeHsbl ¢
MOMOLLBID  UWHTEerpanbHOro npeobpasoBaHus Menepa, oOnucbiBaloLWEro 3akoH NpuUBnmkeHus K
HamMarHMYEeHHOCTU HacbIlLeHMs aHcamMbnsa deppoMarHUTHbIX HaHodacTul. PaccmoTpeH npumep B Buae
aHanuTudeckon yHKuumn-obpasa, Ha OCHOBaHWUM KOTOPOW MOMyYeHbl KOPPENALMOHHbIE YHKUUN pasnnYHbIX
TMNOB, KAK MOHOTOHHbIE N HEMOHOTOHHbIE, TaK 1 XapakTepuayLmnecs HannymMeM CKaykos.

KnioueBble crnoBa: cnyyamHass aHU30TPONUS, MAcCCMB HaHOYaCTUL, KOPPEensuuoHHast  yHKUUS,
npeobpasoBaHne Menepa.

MaccuBbl heppOMarHNTHbIX HAHOYACTUL, Ha NOBEPXHOCTY TBEPAbIX Ten (MeTansoB, ON3NEKTPUKOB), a Takke
OBYMEPHbIX KPUCTanmnoB, B YaCTHOCTU, rpadpeHa, BbI3bIBaOT DOMbLUOW MHTEPEC Yy nccriegoatenein. CUHTE3 un
nccrnegoBaHne TakMX MarHUTHbIX KOMMO3UTOB SIBMSIETCS BeCbMa akTyanbHOW 3ajaden Anst pas3paboTku
NPMOOPOB CNMHTPOHMKN. Takme KOMMNO3UTbl MOMYT YCMELHO CUMHTE3MPOBATbCS NMOCPEACTBOM OCaXAEHUSA Ha
NMOBEPXHOCTb TBEPAOro Tena HaHo4acTul, pasnuyHbix deppomarHuTHeix metannos (Co, Ni u gp.) [1]. U3
9KCMEepMMEHTalNbHbIX  AaHHbIX MO  W3MEPEHUI0  HamarHMdeHHoctn M(H)  OByMepHbIX  MaccuBOB
beppoMarHuTHbIX HaHo4YacTUl onpeadenseTca  yHKuus-obpas  F(p) = kp®/26M(p)/Ms. 3pecs k —
HOPMUPOBOYHbIN KO3PMLMEHT, napameTp p = (H/H,,)'/?, Ms — HaMarHM4eHHOCTb HaCbILLEHUs, Hex — None
obmeHHOM aHeprun. duTMpoBaHWe nokasano, 4YTO IKCNepUMEHTarnbHble [AaHHble YKNaabIBalTCHA Ha
aHanuTu4eckne 3aBUCUMOCTU, ONUCbIBaeMble CnagaloLuMmM MOHOTOHHbIMW (PyHKLUMAMM [2].

Ona aHanusa pes3ynsratoB MarHUTHbIX M3MEPEHUN TakMX MarHUTHbIX KOMMO3UTOB W UX WHTepnpetauum
006bIYHO Mcnonb3yeTcs Mogenb criydaHon aHusoTtponuu (RAM). OgHako oHa orpaHuyeHa us-3a nexaluymm B
€e OCHOBE NpUBNMKEHNAMN, TaKMMM Kak BbIOOp KoppensiumoHHon chyHkuun. B mogenv RAM koppensauum ocen
Cny4arHOW aHU30TPOMNUKN ONUCLIBAKOTCA TOMBbKO SKCMOHEHUManbLHOW (PyHKLMEN, K TOMY Xe yCTaHaBnuBaloTCs
KECTKMEe COOTHOLLUEHWUS] MeXAY BHELUHMM MarHMTHbIM Monem 1 nonem obmeHa. YkasaHHbIX HeJoCTaTKOB
NVLWEH Noaxop[, pa3euTbiv B paboTe [3]. OH onucbiBaeT 3aKoH NPUONMKEHMS K HAMarHU4EHHOCTM HacbILLEHUS
(LAS) B MHTerpanbHon ¢opme M MO3BONSIET HAXOAUTb KOPPENnsUMOHHble QYHKUMM ONisi OCEeW CriyYanHom
aHM30TPONUU HENOCPEACTBEHHO U3 (PYHKLMIA-06pa30B, onpeaensiowmx 3TOT 3aKOH. Takke AaHHbIA noaxon
ceobogeH oOT orpaHuyeHun mogenn RAM. LAS ana OBYMEPHbIX MarHuUTHbIX CUCTEM COOTBETCTBYET
uHTEerpansHomy npeobpasosaHuio Menepa (K-transform). C ero nomoLlbld BO3MOXHO OMNpeaenuTb
KOppensiunoHHble YHKUMN OCEW CNy4YamHOW MarHUTHOW aHu3oTponun C(z), a Takke nons obmeHa Hex u
cny4varHon anusoTponun Ha. LAS Onst AByMEPHOW MarHMTHOW CUCTEMbI, MONy4YeHHbI B [4], MOXeET BbiTb
3anucaH B Buge npeobpasosaHua Menepa [5]

32p3/2 (Hex\2 6M o 3
F(p) Zf—n(—) M—(Sp):fo z2C(2)\[pzK, (pz)dz, 1)

Hq

roe OM(p)=Ms-M(H), K1 — mogmnduumupoBaHHasa gyHKuua beccensa BToporo poga nepsoro nopsaka, M(H), M
— HaMarHM4yeHHOCTb B obnactu LAS, H — HanpsXeHHOCTb BHELUHErO MarHUTHOMO MOfs.

N3 uHTerpanbHoro ypasHeHus (1) cnegyeT, 4TO KOppensumoHHas (YHKLMS OAHO3HAYHO onpegenseTcs
dyHKuMen obpasom F(p) m JormkHa MaHATCa npu ee uaMmeHeHun. Kak nokasanu npeaBapuTenbHble
nccrnegoBaHusi, Moryyaemble M3 SKCMepUMEHTaNbHbIX  AaHHbIX  (PyHKUMM-06pasbl  XapakTepusyoTcs
HEMOHOTOHHbBIMW 3aBMCUMOCTAMM OT NapameTpa p ¢ Hanmumem Makcumyma. ObnacTte LAS 0BbIYHO NeXUT Ha
nagawwien 4actm kpusown F(p) ¢ poctom napameTpa p. PaccmoTpyM KOppensuMoHHble yHKUMM AnS
dyHKumm-obpasa F(p), koTopble moryT xapakrepusoBaTb LAS. NpoBeaeHHble npeaBapuTenbHble OLIEHKM
nokasanu, 4YTO 3KCMepuvMeHTanbHble AaHHble XOPOLIO YKMagblBalOTCA Ha aHanMTU4eckne 3aBUCUMOCTM,
onucbiBaemMble yHKLnen [5]

F(p) = k(2m)~/2a’~#p*K, (ap/2)Ky-12(ap/2) (@)
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roe a, 4 — napameTpbl, 3aBUCSLLME OT BEMUYUHBLI Nons obMeHa Hex. Ky1 — MoamdumumpoBaHHas yHKUMS
Beccens BToporo poga -1 nopsgka. B aTom cnyyae, cornacHo nHTerpanbHomy npeobpasoBaHutio Merepa
ans (2), koppensaumoHHas dyHkumsa C(z)= 0 npm 0<z<a, u

C2) = z7"73(z% — ®) 5P (z/a), 3)

npu z>a, rge Pf (2)— wapoBas dyHKUMS (MpucoegmHeHHasa GyHKums Jlexangpa), z — koopauHaTa,
2

HOpMMpPOBaHHAas Ha paguyc HaHovacTuubl. LLlapoBas dyHKLmMsS npu ycrnosun [6]

z/a—1
<1,
z/fa+1
onpenenaeTcad Kak
wo(F) o L (MR p g g et
Pv—% (a) - r(i-uw (z+1> ( 2 ) ZFl( 1' 1 H 1 H z/a+1)' (4)

raoe [(1-p) — ramma-dyHkumns, 2Fi(z/a, 1) — runepreomeTtpuyeckas yHKUMS.

PucyHok 1. ®yHkuun F(p) (a) npu a=1,0, p=-0,2 (1), p=-0,5 (2), p=-1,0 (3), u=-2,0 (4)

Ha pucyHke 1 npuBefgeHbl pesynbraTtbhl pacyeTtoB yHKuuun-obpasa F(p) npu a=1 un pasnuuHbIX
BENMYMHAX |, KoTopas crnabo 4yBCTBUTENbHA K MapameTpy |, U3MEHSeMOMY B LUMPOKMX Mpegernax.
CooTBETCTBYIOLLNE €l KOPPENsSLMOHHbIe YHKLMN, onpedeneHHble U3 obpaTtHoro npeobpasoBaHusa Meliepa
npuBegeHol Ha puc. 2. [Ons paHHoW QyHKUMKM-00pas3a KoppensaumoHHble (YHKLUUKM pasnuyatoTcs B
3aBMCMMOCTU OT napametpa [. OHM MOryT ObITb Pa3nUYHbIX TUMOB, KAK MOHOTOHHbIE N HEMOHOTOHHbIE, TaK U
XapakTepusyloLlimeca HanmymemM CKaykoB MNpU He3HauuTenbHbIX WU3MEHEHUAX napameTrpa . Tak npu
HEKOTOpbIX BeNnuMuuHax |, ysenumunsatowmxcs ot -0.833 go -0,625 koppensunoHHas dyHkumnsa C(z) meHsieTcs
C pacTylien MOHOTOHHOM (kKpmBas 1 Ha puc.2) M BbIXOAsLEN Ha HacbllleHue (KkpuBasi 2 Ha puc.2), o
HEMOHOTOHHOW, XapakTepuayoLwencs makcumymom npu z=2-3 (kpusble 3,4,5, puc.2) n ganee cnagaroLien c
pocToM z. [Mpy 9TOM NpU HEKOTOPbIX KPUTUYECKUX BENMYMHAX NapaMeTpa |, BXO4AWMX B AMaNa30H 3HAYeHWI
M, NPUBELEHHBIX HA PUC.2, BO3HUKAKT CKadkM KoppensaumoHHonm dyHkuum C(z), puc. 3. Takum obpasom,
NnpoBeAEeHHbIE pacyeTbl MOKa3arnu, YTo KOPPENALUMOHHbIE (DYHKLMM OCEN MarHUTHOM aHN30TPONUN ABYMEPHON
cucTem (beppOMarHUTHbIX HaHoYaCTUL, A58 MOXOXNX 3aKOHOB NPUONMKEHMS K HAMarHMYeHHOCTU HaCbILWEHNS
MOTYT Ka4€CTBEHHO Pa3nmnyaTbCH, NOKa3biBasi MOHOTOHHbIN, HEMOHOTOHHbIW M CKa4YKOOOpa3HbIN XxapakTep.
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PucyHok 2. KoppensiumoHHble dyHkumm C(z) (6)
npu a=1,0, u=-0,833 (1), u=-0,77 (2), u=-0,714 (3),

1=-0,67 (4), p=-0,625 (5)

Z
PucyHok 3. ®yHkums C(z) npu a=1, u=-0,8 (1), u=-
0,74 (2), u=-0,7 (3), u=-0,662 (4)
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[na marHMTHOM CUCTEMBI, XapakTepusyloLLencss HannuMeMm Bo3pacTalolen no amnnutyae ¢ pacctosiHuem
KOppensuMoHHON (YHKUUK, UMEET MEeCTO YCUNEeHWe Koppensaumin ocerd aHu3oTPOnuU Mnop BIUSHUEM
MarHMTOAMMONIBHOMO  B3aUMOAEWCTBUSA, OOMEHHOrO CMELLEeHWs Mpu  Hanuium aHTudeppoMarHMTHOM
000M0YKN, UMK CUTTBHOW aHU30TPONUN 060NOYKN. NSt HEMOHOTOHHOW KOPPENSALUMOHHON (PYHKUMEN C OOQHUM
MaKCMMyMOM MOXHO Mpegnonaratb CyLeCTBEHHOE MPEBbILIEHNE MO CryYaHOW aHU30TPONUK Hag nonem
obMeHa B obnacTtu, rge KoppensuuoHHas yHKUUS pacTeT ¢ paccTtosHueM. Ee cnag xapaktepusyet
3aTyxaHne KOppensuum C paccTosiHMeM [nis MaccuBoB (heppoMarHuUTHbIX HaHo4dacTuy, co crnabbiM
AanbHogencTeneM. Ckaykm KOppensiuMoHHONM (DYHKUMM CBA3aHbl C OrpaHWYEHHbIMU 0BnacTaMyu CUIBHON
KoppensuuMm ocen aHuM3oTponuu, OOYCNOBMNEHHOW CaMoOOpraHusaumer HaHo4vacTul B OnpeferieHHble
KnacTepbl, KOTOpble OTHOCUTENBHO cnabo B3auMOAENCTBYIOT APYr C OPYIrOM.
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MODELING CORRELATION FUNCTIONS OF RANDOM ANISOTROPY AXES OF A TWO-DIMENSIONAL
SYSTEM OF FERROMAGNETIC NANOPARTICLES

K.S. Nazarenka, A.L. Danilyuk

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
katyanaz2001@gmail.com

Abstract: This paper presents the results of modeling the correlation functions of random anisotropy axes for
a two-dimensional system of ferromagnetic nanopatrticles. The calculations were performed using the Meyer
integral transform, which describes the law of approaching the saturation magnetization of an ensemble of
ferromagnetic nanoparticles. An example is considered in the form of an analytical image function, on the basis
of which correlation functions of various types are obtained, both monotonic and non-monotonic, and
characterized by the presence of jumps.
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Abstract: In the era of digitalization of various areas of society development, data has acquired the status of a
vital resource. The constantly increasing volume of data in the world since 2000, both structured and
unstructured, coming from different sources and having different formats, has caused the emergence of new
tasks, required innovative non-standard solutions for fast processing, secure storage of data and well-
organized transparent access to them. Today, various concepts exist in parallel and are successfully applied,
often complement each other, and are successfully applied to solve emerging problems. A pressing issue is
also the search for directions that allow satisfying the need for modeling and storing information.

Keywords: data structures, Big Data, data warehouses, DaaS, DWH, ORM systems.

I. INTRODUCTION

Our time is characterized by the growth of data in geometric progression. Today, information is collected in
huge volumes from various sources: the Internet, contact centers, mobile devices, web cameras, loT sensors,
social media, etc. The data format may not have a clear definition; text documents, images, video, audio, data
from social networks, server logs, financial transactions.

Il. MAIN TEXT

Without a clear structure and orderliness, it is impossible to apply generally accepted concepts of automation
and analysis to data.

In addition, the mere presence of data, even well-structured, will not be enough for their technological, effective
maintenance. They must be transformed into an information structure ready for management, storage and
modification, which is impossible without displaying them in a certain form or model. In this regard, it is
important to decide on the choice of concepts for storage, modeling and processing.

A data warehouse (DWH) as an information system is nothing more than an infrastructure with the necessary
tools for prompt access to them and processing. We are talking about the essence of data warehouses as
structured, integrated, subject-oriented data sets with a time reference for their rapid processing and
information support. The need to work with data consolidation, integration of multiple data sources from
different systems (from files, external data sources, RDBMS, Data Lakes, etc.), the search for convenient, fast
and secure ways to work with data is growing. This is the reason why issues related to the design of data
warehouse architecture are so relevant and in demand today.

In this regard, an important aspect is the principle of organizing an object storage as a software system
designed to manage large volumes of data used for forecasting, reporting, analytics, and making business
decisions.

The next evolutionary stage in the development of the data storage concept can be called Enterprise Data
Warehouse (EDW), or corporate data warehouse, providing a wider range for typification of values and sources
of source information. Data presentation is characterized by a consistent, structured, standardized view, the
absence of discrepancies for users.

Due to the explosive growth of the volumes of processed information, the terms "Big Data" and "Hadoop"
appeared for areas of distributed processing of big data. With the advent of modern technologies, such as
massive parallel processing (MPP) architecture for commercial DBMS and the development of cloud
technologies, the concepts of Data Fabric and Data Lake have come forward. New technological directions
based on process automation and the prospects of cloud storage have led to the active use of cloud services
Data as a Service (DaaS) and architectural directions Data Mesh and Data Lakehouse.

The choice of the prevailing concept of the DWH management system, which includes relational, non-relational
(NOSQL), object-oriented, XML-oriented, hybrid object-relational, distributed - is an important aspect of
building the architectural foundations of IT projects. Of course, it is important not to make a mistake in choosing
the presentation of the data structure.
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Until a certain time, the relational approach to data modeling was considered more traditional; it is traditionally
more often represented in the corporate world and uses the widely used standard SQL language. Relational
modeling initially involves the development of ER diagrams that define the structure of entities and
relationships, as well as visualization of the relationships between them [1].

The definition of relationships between tables and tabular data is carried out by setting foreign and primary
keys. The presence of a primary key guarantees unique identification of table records. A foreign key is needed
to establish relationships between tables and is a column of a child table that refers to the primary key of the
parent table. The required form of databases is achieved through 6 forms of normalization. This way, data is
structured, retains integrity, access to it is simplified, and the redundancy of stored information is reduced.

Using object-oriented concepts in building data models (encapsulation, inheritance, polymorphism)
significantly simplifies development and design. Object-relational DBMS combine the capabilities of object-
oriented and relational databases. This provides a number of advantages. For example, one of the options for
solving the problems of structuring data coming from various sources organized using different metamodels
(Metadata Impedance Mismatching, is the creation of an object-relational mapping. In practice, the possibility
of including an intermediate layer in information systems that has a ready-made API with a full set of working
interfaces for accessing data has proven itself to be quite good in this regard.

Of course, ORM (Object-Relational Mapping) systems, which are based on the mechanism of linking a
database management system with an object-oriented programming language, have all the priorities of object-
oriented access to data. Such systems have long been successfully used for efficient processing, access and
storage of data. Many mechanisms have been developed that eliminate the problems of data typing and their
transformation for storage in a DBMS.

In this regard, it is possible to emphasize the advantages of object-oriented DBMS, characterized by the
provision of natural object-oriented interfaces for projects in high-level implementation languages.

A sufficient number of ORM systems have been developed to date, successfully performing tasks of efficient
and productive work with data storage. A kind of virtual DBMS is created. In this case, the developer must
provide (generate) mapping of DBMS tables to solution classes, and entities (Entity Framework) will perform
the necessary transformations.

Among the indisputable advantages of ORM systems are: reduced development time, transparency of
maintenance, no need to write most SQL queries, a standardized and understandable maintenance process,
resistance to internal and external errors. A classic software project in a high-level language, as a rule, also
includes layers of storage, processing, analysis and visualization of data.

Distributed databases [3] can be called the next step in the evolution of data storage and processing. The
impetus for their emergence was the branching and widespread use of computer networks. This is the most
promising direction of development of data processing and storage. However, it requires solving many
problems.

Along with issues of support, configuration, organization of request processing, fault tolerance and scaling of
applications, there are issues of reliability, performance, transaction synchronization, problems of
communication and computing resources, management of data storage as a single entity, etc.

[ll. CONCLUSION

The search for solutions that meet modern requirements for data processing and storage is currently being
conducted in all directions. Ways to improve the performance of data access, harmonization of data structures
coming from various sources, organization of storage security, elimination of conflicts, collisions, variability of
typing, etc. are successfully solved using various approaches, innovative and complex developments. Their
implementation in modern information systems opens up prospects for solving problems of data storage and
processing at the global level.
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AHHOTauus: B anoxy uudpoBM3auumn pasnuyHbIX HanpaefieHWA pa3BUTUsSt OOLLECTBa OaHHble npuobpenu
CTaTyC XW3HEHHO BaXHOro pecypca. lNMocTosiHHO Bo3pacTawwwmin B Mupe ¢ 2000 r. oObEM AaHHbIX, Kak
CTPYKTYPUPOBAaHHbIX, Tak U HECTPYKTYPUPOBAHHbIX, MOCTYMAOLLMX U3 Pa3HbIX UCTOYHUKOB Y UMEIOLLMX Pa3HbIv
dopmaT, Bbi3Ban nosBreHWe HOBbIX 3aday, noTpeboBan MHHOBALMWOHHBLIX HECTaHAAPTHbIX peLleHui ans
ObicTpon 0b6paboTkM, 6e30nacHOro XpaHeHUst JaHHbIX U XOPOLLO OpraHNM30BaHHOMO MPO3paYHOro AOCTyna K
HuMm. CerogHs napannenbHO CYLEeCTBYIOT U YCNewHO MNPUMEHSIOTCA pasnuyHble KOHLenuuuW, 4acto
B3anMMoOonoSTHAKT ApYyr Apyra, ycnewHO NPpUMeHAKTCA ANA pelleHna BO3HUKaLWnxX 3agad. 3H060,EI,HeBHbIM
BOMPOCOM TakKkKe 4ABNAeTCA NOUCK HanpaBneHmﬁ, Nno3BONAKLWNMX  yOOBNETBOPUTL I'IOTpe6HOCTb B
MOZENVPOBAHUN N XpaHEHUM MHPOPMALIUN.

KntoueBble crioBa: CTPYKTYpbl AaHHbIX, Big Data, xpaHunuuwa ganHbeix, DaaS DWH, ORM-cuctemsl.
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AHHOTaumsa: Pabota noceBsweHa BomnpocaM MOLENMPOBAHUS SNIEMEHTOB UHTErpanbHOM (QOTOHUKM,
HeobxoOuMbIX ANSA MNAaBHOrO YynpaBreHWsi BbIXOOHOW 4aCcTOTOM ONTO3MEKTPOHHOro ocuMnnaTopa nytem
KOHTPOIIS! MIHTENPUPOBAHHOW ONTUYECKON NNMHUM 3aePXKKM B KOHTYpe ero obpaTtHom cBa3u. [NokasaHo, 4To Ang
NNaBHOro Ans YNpaBneHUs YacTOTOW OMTO3NEKTPOHHOIO OCLMMMSATOpa MOXHO MWCMOMb30BaTb NUHWUN
3aJepXKkn Ha ocHoBe mHTepdepomeTpa Maxa-LieHoepa vnv Ha ocHOBE MMKPOKONbLEBOro pesoHaTopa, a
npouecc NepecTponknm MOXeT ObITb peanu3oBaH 3a CYET TEPMOONTUYECKOro UMW 3MEeKTPOOMTUYECKOro
apcpekTa. [lokasaHo, 4TO KpyTU3HA rpaduka 3aBUCMMOCTU BHOCUMOMN 3a4EPXKKU OT MPUIIOKEHHOrO
HanpskeHus, Ons  MUKPOKOMbLEBOro pe3oHaTopa CrMLLIKOM Benuka, 4Tobbl obecrnevnTb MfaBHYHO
nepecTporiky 4acToTbl, @ HaUMEHbLUMIA LWar NEepPecTpoOrNKM MOXHO MOMYYUTb MPU WUCMOSNb30BAHMMN JINHUM
3a0€epKKM Ha OCHOBE MUKPOKOSbLEBOIO pe3oHaTopa, YNpaBrisieMoro 3a cYeT anekTpoonTuyeckoro agdpexra.

KntoueBble CroBa: YMCNEHHOE MOAENMPOBaHME; OMNTOANEKTPOHHbIA OCLMMNATOP; POTOHHAA MHTerpanbHas
cxema; pagnodoToHMKa.

I. BBEOEHUVE

OnTnyeckve meToabl reHepaumm cBepxBbiCOokoYacToTHbIX (CBY) konebaHui aBRsOTCS NepcrnekTMBHOM
anbTepHaTMBOW TPagULMOHHBIM CXeMaM, OCHOBAHHbIM Ha UCMOMb30BaHWM MOSYNPOBOAHWUKOBBLIX aKTUBHbIX
npnbopos. [1pu 3TOM CTOUT OTMETUTb, YTO B BonbLueln YacTu coBpemeHHbIXx CBY-reHepaTopoB ncnonb3syotca
TPaH3WNCTOpPbI, U3rOTOBMEHHbIE C UCMONb30OBaHWeM apceHuga ranmnusa GaAs, obnagawlime OTHOCUTENbHO
ManbiM Auana3oHOM nepecTponkun vacTtotbl [1,2]. Metoabl pagmMoOTOHMKM Xe MO3BOMAT AO0CTUYb
CYLLECTBEHHOrO Anana3oHa nepecTporiku YacToT, MPY 3TOM OOHON U3 CaMbIX MPOCTbIX N 9KOHOMMUYHbIX CXEM
onTuyeckmx reHepatopoB CBY-koneGaHui sBNsSeTcA ONTOSMNEKTPOHHBIN ocuunnaTop (O30) [3.4].
Knaccnyecknini O30 cOCTOMT M3 UCTOYHMKA NAa3epHOro W3MyyYeHWUsi, 3NEeKTPOOMTUYECKOro MoAynsaTopa,
pexeKTopHOro dunbTpa, oToAeTeKTopa, yCUnmMTens anekTpM4ecKoro curHana 1 anemMeHTa, 3anacatoLlero
aHepruio [5]. bonbluMHCTBO paspaboTaHHbix paHee O30 peannsoBaHbl HA OCHOBE AMCKPETHbIX OMTUYECKNX
KOMMOHEHTOB, 0b6naaatoLmx oTHoCMTeNbHO GonbwnMK maccon n rabaputamm [3]. X CHUXeHne BO3MOXHO
MpW UCMONb30BaHUN TEXHOMOIMMN MHTErpansHoM OTOHMKK [6] 3a cyeT peanum3aumm ontuydeckon yactn OB0
Ha cpoToHHOM MHTerpansHon cxeme (PUC) c ganbHenLwen MHTerpaune ONTUYECKOW 1 ANEKTPUYECKON YacTen
Ha ogHom nevyatHom nnate [7,8]. MNpumepsbl peanusauun O30 Ha PUNC MOXHO HaWTu, Hanpumep, B paboTax
[9-12]. OgHako, B dyHAameHTanbHbIXx pabotax no O30 [3,13] paccmaTpuBaeTcss 0ObIMHO ynpaBneHue
YacTOTOW 3a CYET U3MEHEHWs1 Pe30HaHCHOMW [AJIMHOW BOSHbI pexekTopHoro dwuneTtpa. Lar nepectporiku
yactotbl O3B0 npu 3TOM OKa3bIBAeTCH 3HAYUTENBHO Bonblue, YeM Yy anekTpuyeckux aHanoros [14,15]. Mpu
YCNOBUKN (PMKCUPOBAHHOW OMTUYECKOW ANWHbI NeTnu obpaTtHon cesasn O30 oH onpefensieTcs obnacTbio
cBobogHon gucnepcun O30 u cocTaBnsaeT nopsaka HECKONbKUX AECHATKOB KWorepL, npu MCrnonb30BaHWUm
9MEeKTPUYECKOTO PEXEKTOPHOro cunbTpa, AuanasoH NepecTporKM KOTOPOro orpaHv4MBaeT WM AvanasoH
reHepupyemMbix O30 yvacToT. B To Xe Bpems, Ons aNEeKTPUYECKnX reHepaTopoB Lar NePecTPoOnkn 4YacToThl
moxeT gocturatb 0,001 'y ¢ npymeHeHem cxem hba30BOW aBTONOACTPONKM YacToThl [16,17].

CHM3nTb Wwar nepectporikn yactoTbl OB0 MOXHO NpW UCMONb30BaHUK anbTEPHATMBHOIO METOAA YNpaBeHus
€10, OCHOBAHHOIo Ha M3MeHeHun pa3oBoro Habera B netne obpatHoi cBs3n O30 3a cyeT BKIOYEHUS B Hee
OOMONHUTENBHO 3NEKTpMUYecKoro dhasoBpallatens unm nepecTpamMBaemMon onTUYeckon NuHum 3agepxkm (J13)
[14,16]. Ncnonb3oBaHWe peLleHuiA Takoro No3BosiMT o6ecneynTb HeNpepbIBHYIO NEPECTPONKY YacToTbl CBY-
curdana Ha Bbixoge O30. Hawa paboTa nocesieHa MmogennpoBaHuto komnoHeHToB ®PUC, Heobxoanmbix
ONsi HEeNpPepbIBHOTO yNpaBieHnsi BbIXOAHOW YacToTon nHTerpansHoro O30, B COOTBETCTBUU CO CTPYKTYPHOWN
CXeMoWn, npuBefeHHoON Ha puc. 1.

I. MOJJ,eJ'II/IpOBaHMe 3N1eMEHTOB CUCTEMbI

B nHTerpanbHom hoTOHMKE BbIAENAIOT ABa MeToAa ynpaBneHus oa3oBbiM Haberom onTUYECKOro U3nyyYeHns:
daszosbin casur (PS — phase shift) n geincreButensHas BpemeHHas 3agepxka (TTD — true time delay) [18].
MepBbI MeTOA peanu3yeTca 3a CYET U3MeHeHnst ahPEeKTUBHOroO nokasarensi NPenoMmneHnst MHTerpanbHOro
ONTUYECKOro BOMNHOBOAA (HampvMep, Ha OCHOBE TEPMOOMNTUYECKOro MMM 3ANEKTpoonTu4eckoro adpdgekra).
BTtoponn meTtog 4acto peanusyetcsl 3a CYET [AMCKPETHOTO W3MEHEHUsI MyTW MNPOXOXAEHMS CBETa,
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COOTBETCTBEHHO, BHOCUMAasi BpeMeHHas 3ajepxka Wu3MeHsieTcs auckpeTHo. OpHako B WMHTerparbHOM
(hOTOHMKE NpefcTaBneHbl PELLEHUSI C HENPEPbLIBHLIM U3MEHEHWEM BHOCMMOW BPEMEHHOW 3adepxkm [19-21].

.HC'I‘O'-IHHK.I__________________________—
nazepHoro —» Mazosklii MoxyATOp > PeikeKTOpHEBI HILTP
H3JIYYEHHA : y S l :

[MepecTpaneemas nuHUs
3AEPIKKH

|

Yeunurens

f 1 CBY-curnan
—— PasserBHTEIb —— >

[ MdotoaeTexTOp

doroHHas HHTCIpaJIbHaA CXeMa

PucyHok 1. CTpykTypHas cxema uHterpansHoro O30, gononHeHHoro J13

CyLecTBEHHbIM HeJoCTaTKOM MeToAa ha3oBOro casura ABNAETCS 3aBUCUMOCTb (0a30BOro Habera oT AfNUHbI
BOMHbI 1 6onee BbICOKME NOTEPU NO CPaBHEHMIO C METOA0M AENCTBUTENBHOW BPEMEHHOMW 3a4epXKkuM [22]. SToT
HegocTaTok obycnosun Bblbop meToda TTD B Hawem nccnegosaHuu.

HenpepbiBHasa nepectporika BpeMeHHOW 3aaepXku bbina npogeMoHcTpupoBaHa ana VML, [19,23], MKP [24]
n BOMnHoBoAHOM 6parroBckon pewétkn [21]. Hambonee BbIrOAHbBIMKM BapuaHTaMn C TOYKU 3pEHUN
TEXHOMOorM4HoCcTn npomseoacTea sasnstotces MML n MKP [25], koTopble n 6yayT pacCMOTPEHbl B Hallem
uccrnegoBaHumn.

a. Mogenupyemble CTPYKTYpbl U ahekThbl

MogenupoBaHue npousBoAMNOCE Ana  nnatopMbl  «KpeMHui-Ha-uzonatope» (KHW). TeomeTpus
BOITHOBOZOB U YACIIEHHbIE MOLENN HAarpeBaTebHOro 3fieMeHTa 1 NosynpoBOAHMKOBOMO AMoa B BOMTHOBOAE,
paspaboTaHHble B nporpammHom nakete Ansys Lumerical DEVICE, npuBegeHbl Ha puc. 2.
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PucyHok 2. N'eomeTpuyeckme napameTpbl BONIHOBOAA C HarpeBaTenbHbIM 3f1IEMEHTOM U
nonynpoBOAHUKOBOro gnoaa. Bce pasmepbl npuBeaeHbl B MKM. Y BOMTHOBOAA C pN-Nepexo4oM OTTEHKU
KpacHOro nokasbeiBatoT obniactv ¢ npuMecsaMu p-tuna, CUHEro — NPUMecaMu n-Tuna

6. PesynbTaThl MOAENUPOBaHUSA

Ha puc. 3 u 4 npuBeaeHbl NonyyYeHHbIe 3aBUCUMOCTU BpeMeHHbIX 3aaepxxek ans J13 Ha ocHose ML, u1 MKP
COOTBETCTBEHHO. BupaHo, uTO 3HauuTenoHas KpyTusHa xapaktepuctuku MKP npu wucnonb3oBaHum
TepmoonTudeckoro agdekta He NO3BONUT obecnedunTb Manoro wara nepectponkn Yyactorel O30. OaHako,
Takas cxema MOXeT HaUTN NPUMEHEHNE B CEHCOPHbLIX CUCTEMAX.
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PucyHok 3. 3aBMCMMOCTU BHOCWMMbIX BPEMEHHbLIX 3afepXeK OT MPUITOXKEHHOTO K Ynpaensowemy
KOHTaKTY HaNpsPKeHUs A4S TEPMOONTMYECKoro (a) u anekrtpoontuyeckoro ML, (6)
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PucyHok 4. 3aBMCMMOCTU BHOCUMbIX BPEMEHHbIX 3aePXXeK OT MPUNOXEHHOTO K ynpasnsaoLwemy
KOHTaKTY HanpshkeHus Ans TepMmoonTuyeckoro (a) n anekrpoontudeckoro MKP (6). PacyéTt BbinonHeH
Onsa AnnHbl BonHbl 1550,4 HM

1. SAKINIOYEHUE

B pabote npuBegeHbl pesynbratbl mogenupoBaHusa J13, npegHasHaveHHbIX ONA MNNaBHOMO W3MEHEHMWS
YyacToTbl BbIXxogHbIX konebaHuin O30, Ha ocHoBe VML, n MKP. lMokasaHo, 4to J13 Ha ML obecneunBatoT
Lwarn nepecrtporiku 3agepxkn 49,4 nc/B (tepmoontudeckun MIMLL), 8,25 nc/B (anektpoonTtudeckuii ML), a
MKP — 28611,43 n 3,49 nc/B (TepMOONTUYECKMIA N INEKTPOONTUYECKUIA, COOTBETCTBEHHO). Taknm obpasom,
MUHUManNbHOro LWara nepectponkn 4vactotel O30 MOXHO A0buTbca npu ucnonb3oBaHuu JI3 Ha MKP,
ynpaBnsieMoOM 3fEKTPOONTUYECKUM 3 PEKTOM.
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SIMULATION OF ELEMENTS OF AN INTEGRATED OPTOELECTRONIC OSCILLATOR WITH SMOOTH
FREQUENCY TUNING BASED ON PHASE CONTROL IN ITS FEEDBACK LOOP

G.S. Voronkov, |.V. Stepanov, V.V. Ivanov, R.V. Kutluyarov, E.P. Grakhova

Ufa University of Science and Technology, Ufa, Russian Federation, voronkov.gs@ugatu.su

Abstract: The study addresses the challenges in modeling integrated photonics-based elements necessary for
the precise control of an optoelectronic oscillator’s output frequency. This control is achieved by adjusting the
integrated optical delay line within the oscillator feedback loop. The research demonstrates that for smooth
frequency control, delay lines based on either a Mach-Zehnder interferometer or a microring resonator can be
utilized. The tuning process can be implemented through thermo-optical or electro-optical effects. However, it
is noted that the steepness of the delay versus applied voltage curve for a microring resonator is too high to
ensure smooth frequency tuning. The smallest tuning step is achieved using a delay line based on a microring
resonator controlled by the electro-optical effect.

Keywords: numerical simulation; optoelectronic oscillator; photonic integrated circuit; radiophotonics.
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MOAENNMPOBAHWE METOLOB MNOBLIWEHVA NMPOVU3BOANTENBHOCTW NMPOLIECCOPA C
APXUTEKTYPOW RISC-V

Cropoxes W.E., MNeBuoB E.O.

LleHTp npoekTMpoBaHMs NHTErparnbHbIX CXEM, YCTPONCTB HAHO3MNEKTPOHUKNA N MUKPOCUCTEM,
MWP3A — Poccuiicknii TexHonormdeckuii yHmsepcuteT, MockBa, Poccuiickaa ®epepauus,
storozhev9003@gmail.com

AHHOTauma: B cTatbe npeacTtaBneHa MUKpPOApXUTEKTypa npoueccopa ¢ apxutektyponm RISC-V,
noagepXusaroLllas oOrpaHMYeHHOE KOMUYECTBO WHCTPYKUun u3 Habopa komang RV32IM. [lMposepeHsbl
pa3paboTka 1 dyHKUMOHanbHasa Bepudurkaumnsa npoToTmna Ha aA3blke onucaHusa annapatypbl SystemVerilog,
a Takke cTaTMYeCcKUin BpeMEHHON aHanua aAns oueHku Taktoson YactoTtbl B CAIP Xilinx Vivado. MpumeHeHb!
MeToAbl MOBbLILLEHUA MPOM3BOAUTENBHOCTM MNpOLIeccopa: KOHBenepusauumsi TpakTa AaHHbIX, Nepecbinka
pe3ynbTtatoB (bypass), cTaTMyeckun npenackasatenb YCMNOBHbIX MEPexofoB, CUHXPOHHbLIA YMHOXUTENb,
CYMMaTop C YCKOPEHHbIM MEPEHOCOM.

KnitoueBble cnoea: npoueccop, RISC-V, MuKpoapxutekTypa, KOHBenepu3auusl, CUHXPOHHbIA YMHOXUTENb,
CyMMaTop C YCKOPEHHbIM MEPEHOCOM.

I. BBEOEHWE

Mpoueccopbl UrpalT KMYeBY pofb B paboTOCMOCOOHOCTM KOMMbIOTEPOB. Tak kak C kaXablM rogom
TpeboBaHMa MO 3(PPEKTUBHOCTU MPOLECCOPOB PaCTyT, pa3paboTyMKM NPUMEHSAIOT pas3fnuyHble MeToabl U
TEXHUKU MO MOBBLILLEHUIO MPOU3BOOUTENBHOCTU CBOMX pelwleHnin. Apxutektypa RISC-V — coBpeMeHHbIN
OTKPbITbIN CTAaHOAPT Ha apxuTekTypy npoeccopa [1,2,3], KOTOpbIA LUIMPOKO PacnpoOCTPaHAETCHA HE TOMbKO BO
BCEM MUpPE, HO 1, B YacTHOCTU, B Poccnn. MHorve kpynHewniime KomnaHuy no npovM3BoACTBY OTEHECTBEHHOWN
LUUPOBON SNEKTPOHNKM UCMOMNb3YIOT JAHHYIO apXMTEKTYpY A5s CBOUX pa3paboTok.

Il. PASPABOTKA RTL KOOA NMPOLECCOPA C NMPUMEHEHVMEM METOJOB MNMOBbILLIEHNA
NMPOMN3BOANTEJIbHOCTU

2.1 KoHBeepHasa MMKpOapXmnTekTypa

Ona anpobauuMn MeToOgoB MO MOBLILEHUIO MPOM3BOAUTENBHOCTM CHavana peanu3oBaH OAHOTAKTHbLIN
npoleccop, cogepxawmin B cedbe crnepyowme 6aszoBble 60k AN BbINOAHEHUS MHCTpykumin RV32IM: 32
apXUTEKTYPHbIX perncrTpa, apuMeTUKo-NIormyeckoe YCTPOWUCTBO, YCTPOMCTBO YMHOXEHUS U AeneHus
pasdeneHHble NamsTb MHCTPYKLUUIA U OaHHbIX, CYETYMK KomaHz. [anee B 3TOT MpoekT Obina BCTpoeHa
KOHBeWepHas MUKPOAPXUTEKTYPA, KoTopas ABNsieTcA MOLLIHbIM CpeacTBOM NOBbILLIEHNSI
npou3BoauTENbHOCTW, Tak Kak [JdobaBnseT B  MUKPOapXMTEKTypy BpemeHHoW napannenusm [4].
PeanusoBaHHas B JaHHOM NPOEKTE MeTOANKa KOHBENEpU3aL MM noapasyMeBaeT A00aBneHus B TPAKT AaHHbIX
He apXUTEKTYPHbIX BPEMEHHbIX pernctpos (puc. 1).

Fetch Decode Execute Memory Write Back
BranchDes
FCSource
i o clk ek
» + Sumpt
- Controller BranchE "
| MDUResw
MDUResM
MbDuU
clk o
clk ; o ALUResM A ALURes
BranchDes clk
- FPCnaxt - R4A1D
N o [ * Instruction ) ) -
| memory Register file i ALU - |1 I confi
3 |[Fet/iDec Rrazp Pec/Enc) Exc/Mem  memory  mMem/ S
Sty e - - 1 - WrtBck
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Adder 1 | T T - H—
a PC+4 rFoPusr PCPLSAD PCPRS4E PEPus. PEPUBAW
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PucyHok 1. CTpykTypHas cxema KOHBEMEepHON MUKPOApPXUTEKTYpPbI nNpoLieccopa
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B pesynbTaTe npumeHeHHOW KOHBeWepusauuu TpakT AaHHbIX pa3geneH Ha 5 ctaguin: Beibopka (Fetch),
HekopnposaHue (Decode), BeinonHeHne (Execute), ObpaweHune k namatu (Memory), 3anuce B perncrpsbl
(Write Back) [5]. N3BeCTHO, YTO B KOHBEMEPHON MUKPOAPXUTEKTYPE BO3HMKAIOT TpYU BUAA KOHMMMKTOB: MO
yrnpaBneHuto, No AaHHbIM U onepaumoHHble. [na npegoTBpaLLeHnst KOHMKTOB MO YNpaBeHno U AaHHbIM B
MUKPOAPXUTEKTYPY BCTPOEH Orok npegoTBpalwieHnss owmnbok (Hazard Unit) [6], koTopbin coaepxut
cnegyowunn pyHKUMOHAN: cTaTUYeCKNiA NpeackasaTernb YCNOBHbIX NepexonoB [7], nepechinika pe3ynbLTaTos,
OCTaHOBKa W OYMCTKa KOHBeNepa.

2.3 MNoBbllWEeHNE NPON3BOAUTENBHOCTM ONEPALIMOHHBIX YCTPOMCTB

Camon pacnpocTpaHeHHOM onepauuen, BbINONTHAEMON NPOLLECCOPOM, ABNSETCA onepauns crioxeHus. Cymma
OBYX OOHO BUTHBIX ONepaHaoB NPOUCXOAMUT Yepes NPOCTYH CXeMY CyMMaTtopa C NOSIHbIM NEPEHOCOM, HO ecnun
yncna umetoT 6onblue paspsaaos, Hanpumep 32, kak B apxutektype RV32IM, To cxema 6yaeT copepxatb 32
NOMHbIX CyMMaTopa, B KOTOPbIX BXOAHbIE U BbIXOAHbIE MEPEHOCHI COEAUHEHBI MEXAY pa3psgamu, YTO CUITbHO
3amMeanseT BblUMCNEHNE Pe3yNbTUPYIOLLEro NePEHOCa, TaK Kak HY>XHO XA4aTb NoKa paccynTaloTCs NepeHoChI
AN ocTanbHbIX pas3psiaos. [ns NoBbILWEHUA NPOM3BOAUTENBHOCTU B AAHHOM NPOEKTe B NPOLIECCOp BCTPOEH
cymMmmaTtop C ycKopeHHbIM nepeHocoM (carry-lookhead, CLA) [8], Tak UTO 32-OMTHbBIN cymMMaTop pas3gerneH Ha
BOCEMb 4-pa3psifHbIX CYMMaTOPOB, C curHanamu reHepauum (G) u pacnpoctpaHeHus (P), koTopble TpebytoTca
ONs onpefeneHusl nepeHoca N-Toro paspsga cymMMmaropa no cnegyollen opmyne:

Co= ApBy + (An + Bn)Cn—l = Gp + BCyy, €]
roe A, v B, ABNAOTCS N-ThIMW pa3psaaMu onepaH/oB.

Ha pucyHke 2 npeactaBneHa RTL cxema 32-BMTHOro cymmartopa C YCKOPeHHbIM nepeHocom. B kpacHou
obnacTu nokasaHa CUHTE3MpPOBaHHAas Morvka CUrHanoB reHepaluuM M pacnpocTpaHeHus, a B hruoneTosom
obnacTtu 4 nonHbix cymmartopa. B kaxaom n3 8 6r1okoB BbIXOAHOW NepeHOC paccynTbiBaeTcd no popmyne (1)
W nepexoauT B cneayroLmin 6nox.

a
L LB a

p2i RTL_REDUCTION AND L TR oR

TRTL_OR b > * '

Taskr_adder_biock

PucyHok 2. RTL 6nok cymmaTtopa ¢ yCKOPEHHbIM NEPEHOCOM

MaBHbIN PAKTOP CHWKEHUS NPOU3BOAMTEINBHOCTU — Onepauusi YMHOXEHUS B cpean onepaumoHHbIX
YCTPOUCTB, TaK Kak OHa ABMSieTCS CaMOn MegfIeHHON U OTHOCUMTENBbHO YacTo BCTpeYatloLwwencsa B OTnnymm ot
nernenus. B ogHOTaKTHOM peanm3aumm YMHOXEHWST MPOU3BOAMIIOCH C MOMOLLbIO KOMOMHATOPHOW JTOTUKK, YTO
CUMNbHO YBENUYMBASIO KPUTUYECKUIA MYTb, TaKMe PELLUEHUS HE MPUMEHSIOTCA B COBPEMEHHBIX MPOLIECCOPHbIX
cuctemax.

B paHHOM npoekTe peanu3oBaH CUHXPOHHLIN YMHOXUTESb, KOTOPbLIA coaepxut B cebe BcnomMoraTenbHble
pPerucTpbl, MPUMEHEHME KOTOPbLIX MO3BOSIAMO BbLIMOMHATL OMEpaUuilo YMHOXeHMs1 3a 32 TakTa, 4TO
COOTBETCTBEHHO CYLLIECTBEHHO YBENUYMBAET TAaKTOBYIO YacTOTy npoueccopa [9].

Anroput™M ymMHOXeHus npeactaBnseT u3 cebs koHedHbln asTomat (KA) ¢ gBymsa coctosHusamu SO n S1. B
coctosHum SO KA oxumaaeT curHan run, KOTOpbIA MHULMMPYET YMHOXEHWE, 8 MMEHHO MPUCBOUT 3HAYEHUSA
onepaHaoB B PerucTpbl, OOHYNUT CYETYMK, PErucTp roTOBHOCTUM U pe3ynbTupytowmin pernctp. danee KA
nepexoguT B COCTOsIHME S1, B KOTOPOM BbINOJSIHAETCA OCHOBHOW anropntMm. CHavana npovcxoanT npoBepka
Mraglwero paspsiga BTOPOro permcrpa onepaHga, ecriv OH paBeH efuHuue, TO pe3ynbTUPYIOLWUA perucTp
NPUCBOUT 3Ha4YeHMe CyMMbl NEPBOrO perncTpa onepaHaa v CBOEro 3Ha4YeHus!, MHaye OH He U3MEHUTCS, nocrne
3TOro 3HaYeHWst perMcTpoB OnepaHA4oB CABUMATCA HAa OAMH pa3ps BNEBO M BNPaBO COOTBETCTBEHHO, TaKKe
OOHOBPEMEHHO C 3TUM CYETYMK YBENUYMBAET CBOE 3HadeHume. [Janee, ecnu cyeTyMk goctur 32 onepauus
3aKaH4MBaeTCsa 1 perncTp rdone CMrHanMa3upyeT O TOM, YTO AaHHbIE roTOBbI.
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RTL-npeacraBneHuve 6noka CUHXPOHHOIo YMHOXWUTENA NpuBeeHo Ha pI/IC.3.

Cpagur Bnpaso

Cagur seeo Cymma curHanos

PucyHok 3. RTL 650K CUHXPOHHOIO YMHOXUTENSA
2.4 dyHKUMOHanNbHasa Bepudurkaumns

Ons  cnpoekTMpOBaHHOrO MPOTOTUMA MpoBedeHa (yHKUMOHanbHas Bepudmkaums, nokasbiBaroLLas
KOPPEKTHOCTL PaboTOCNOCOOHOCTL MUKPOAPXUTEKTYPbI U MPUMEHEHHbIX MeTogoB. B wacTHoctM gns
OeMOHCTpaumm paboTbl B NaMsATb npoleccopa Obina 3arpykeHa nporpaMmma, BbIMOMHSALWAsA BblYMCIIEHNE
dakTopmana 7 (pwuc. 4).

PerucTp X5  XpaHWT  HOMep  ufeHa Pe3ynbTaT ¢ YMHOMMTENA Aapeca  perucTpos  OnepaHAaos
nocnefoBaTeNbHOCTU 8 CTaZMIO UCMIONHEHMA (Rs1_E, Rs2_E) wu  perucrpa
Peructp x4 XpaHUT pe3ynbTaT BbIYUCIEHUA HasHadveHun (Rd_E)

PucyHok 4. TecToBbIV CLeHapuii BbluMcrneHus dakrtopuana vymucna 7

V3 BpeMeHHOM anarpamMmmbl BUOHO, YTO pe3yrnbTaTthbl 3aMnMCcbiBalOTCH B HYXXHbIE PErUCTPbI X5 U X4 KaXabI TaKT,
YTO CBMAETENbCTBYET O MpaBWibHOCTM paboTbl NMepechinku pesynbTata. B nmpouecce BbINOMHEHUSA He
NOSIBNAIOTCA 3afepXXku M3-3a paboTbl npeackasartens. Mo pesynbtatam daktopuan 7 paBeH 5040, 4yto
ABMNSIETCH BEPHbIM 3HAaYEHMEM.

2.5 Ctatnyeckun BpeMeHHOoN aHanms

[lna aHanusa n oueHKM NPOU3BOOUTENBHOCTU NPOBOAWIICS cTaTudecknii BpemeHHon aHanus (STA) B CAlNP
Xilinx Vivado oTHocuTenbHo TaktoBon Yactothl 100 My ana MIINC Arty A7 (Tabn. 1).

Mo pesynbTatam aHanuM3a NS peanusauuin ¢ NpMMEHeHWe MeTOOO0B MOBbILIEHUs NPOU3BOAUTENBHOCTHU
KpuTuyeckui nytb coctaBun -0.332 Hc. [na ogHOTaKTHON MUKPOAPXUTEKTYPbl KPUTUYECKUI NYyTb COCTaBWI
-8.74 Hc.

Tabnuua 1. Pe3synbTaTbl CTaTM4ECKOro BPEMEHHOIO aHanm3a

MapameTpbl Npoueccopa KpuTnyeckui nyTb, HC TaktoBag yactoTa, My
Bes koHBenepusaumm -8.74 53
Mocne koHBeKnepmsaunn -0.332 96
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METHODS TO IMPROVE THE PERFORMANCE OF RISC-V ARCHITECTURE PROCESSOR
|. Storozhev, E. Pevtsov

Centre for Design of Integrated Circuits, Nanoelectronics and Microsystems Devices,
MIREA — Russian Technological University, Moscow, Russian Federation, storozhev9003@gmail.com

Abstract: The paper presents a microarchitecture of a processor with RISC-V architecture supporting a limited
number of instructions from the RV32IM instruction set. Development and functional verification of the
prototype in the hardware description language SystemVerilog, as well as static timing analysis for clock
frequency estimation in Xilinx Vivado CAD. Methods to improve processor performance were applied: data
path pipelining, result forwarding (bypass), static conditional transition predictor, synchronous multiplier, adder
with accelerated carry.

Keywords: processor, RISC-V, microarchitecture, pipelining, synchronous multiplier, accelerated carry adder.
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PA3PABOTKA NOOXOOA K CEOPY M AHHOTUPOBAHMIO M3OBEPAXKEHIN KEPAMUYECKOIO
KNPINYA ONA 3A0AY KOMIMbIOTEPHOIO 3PEHUA

Mtyxa B.U.1, MNMtyxa K.WN.2

1Benopycckuii rocyqapCTBEHHbIN YHUBEPCUTET MHAOPMATUKN U paano3aNeKkTPOHMKN, MUHCK,
Pecnybnuka benapycs, viktar.ptukha@gmail.com

2Bbenopycckuin HaUMOHarnbHbIA TEXHUYECKUIn yHuBepcuTeT, MuHck, Pecnybnvka Benapycb

AHHOTaLMA: B cTaTbe NpeAcTaBneH noaxo Kk cbopy n aHHOTUPOBaHMIO 306paXeHni KepamMmyecKoro Kupnuya
AN 3a4ay KOMMNbIOTEPHOrO 3peHust. PaspaboTaH MOOMNbHLIA CTEHA ANA CTaH4APTU3MPOBaHHOM (POTOCHEMKM
obpasuoB, YTO NO3BONSAET Co34aTb KAYEeCTBEHHLINM JaTtaceT Ans aHanusa gedekToB. BoinonHeHa pa3meTka
6onee 5000 wn3obpaxeHun, yto obecneuvMBaeT BO3MOXHOCTb Krnaccudukaumm pasnuyuHbiX AedeKkToB U
crnocobCTBYyeT  MOBbLILWEHUIO  TOYHOCTM  anropuTMOB  aBTOMATU3MPOBAHHOIO  KOHTPOMS  KavecTBa.
MpeanoxeHHbIn noaxon U cobpaHHbIM JaTaceT OTKPbIBAKOT NepCrnekTUBbl ANs AanbHEWLEero yBenuieHus
KONM4yecTBa CHUMKOB M NPUMEHEHUS pa3paboToK Ha NPOMBbILLIIEHHbIX NPeANPUATUSIX.

KnoyeBble crosa: KOHTPOJIb Ka4YeCcTBa, KOMMbKTEPHOE 3peHune, gartaceT, pa3MeTKa OaHHbIX, MallnHHOEe
o6yquMe, MCKyCCTBeHHbIVI WMHTENNEKT, HeVIPOHHbIe ceTn.

I. BBEOEHWE

Ha Tepputopumn Pecnybnuku Benapyck B 2024 rogy dyHKUMOHMPYET okono 10 npeanpusaTuii, 3aHMMatoLWmMXcs
NpoM3BOACTBOM Kepamuyeckoro kupnuda. CornacHo ganHbiM 2019 roga, rogoBoi o6bEM NMpou3BOACTBa
coctaenseT 2150,9 mnH ycnoBHbIx kupnuyen [1]. B 2024 roay 06bEM MMPOBOro pbiHKa KUpNMya B AEHEXHOM
akBuBaneHTe coctasun 1,737 mnpg gonnapos CLUA, ¢ nporHosmpyembim poctom Ao 2,086 mnpa gonnapos K
2030 rogy. Ha CesepHyto Amepuky npuxoautcs 39% MMPOBOro pbiHKA, TOrda Kak eBPOMNEWCKUA PbIHOK
3aHumaeT okono 30% [2]. NpumeHeHne CUCTEM KOMMBIOTEPHOIO 3PEHNS ANs KOHTPOMS KavyecTBa Mo3BONuT
OCYLLECTBMATb HEMNpPEpPbIBHbIA  MOHUTOPUHI, BbIABMAATL OedeKTbl UM ONTUMU3MPOBATb  HACTPOMKU
0obopyaoBaHuUs ANS ynydleHnst kKayecTsa Npoaykuun. Micnonb3oBaHne KOMMbIOTEPHOTO 3pEeHUs NpU KOHTpore
KadecTBa HanpaB/iEHO Ha COKpaLleHWe U3AEPXKEK HA MPON3BOACTBO NPOAYKLNN, NCKITIOYEHNE HYENOBEYECKOTO
dhakTopa Npu OLEHKE KayecTBa, OpraHu3aunio KpyrinocyToyHoro n 6ecnepeboHOoro KOHTPONs B pasnmyHbiX
YCINOBUAX 3KCMIyaTaumm, B TOM YMChe SKCTPEMarbHbIX UM HENPUIroaHbIX ANA paboTbl YenoBeka yCrnoBUsX.
A TakKke yMeHblUeHMEe KonudecTBa Opaka, yBenuyeHve 4ucna aHanuaupyeMbiX MapameTpoB U CKOPOCTU
aHanusa BbiNyckaeMol NPOAYKLUN MO CpaBHEHMIO ¢ 06paboTko MHpopmaumn Yenosekom [3].

Llenb Tekywero wuccnepoBaHus: paspabotatb metogonormio cbopa M aHHOTMPOBAHUA M300paKeHWui
KepamMun4yecKkoro Kmpnmya and co3gaHuma cneuynann3npoBaHHOro aataceTa, npegHadHadyeHHoro ans o6yqu|/|ﬂ
HENPOHHOW CETU C Liefnblo aBTOMaTUYECKOro BbISIBIIEHUS Ae(EKTOB, TakuX Kak TPeLUHbI, CKOSbl, HEPOBHOCTH
KPOMKU, reoMmeTpnuyeckne OTKIOHEHUA N HeJOXOor.

II. ONMMCAHMVE METOOONOIMMM CBOPA JAHHbBIX

IOna cdopmmpoBaHuns gataceta HeobxoouMmo caenatb doTorpadumn Kepamumyeckoro kupnumya (pasmepom
250x120x65 MMm), 3aTtem obpaboTaTb u3obpaxkeHusi, NpuMBeaAst MX K 3adaHHOW OpUEHTauun M Mno3uuuu,
N3MEHNB pas3Mephbl 1 paspeLleHne, a Npyu HeobxoaumocTn — NnpeobpasoBaB B YepHo-6enbii dhopmart. MNocne
3TOro MPOBOAMTCA pasMeTKa M300pakeHWi: aHanmnampyeTcsa Hanuuve u Tun pgedekta(oB), 1 pesynbraTbl
3aHOCATCA B Tabnuuy ¢ NPUBA3KON K KOHKPETHOMY CHUMKY. [1ns aToro 6bin paspabotaH u cobpaH TeCTOBbIV
cTeHO AN (POTOCLEMKM, C YYETOM OMTUMASIbHbIX Pa3MepPOB MO BbLICOTE, WMpPUHE WU rMNybuHe. BaxHoe
TpeboBaHMe Npu MNPOEKTMPOBAHMM — MOOWUNBHOCTbL CTEeHOA, MO3BOMSAHLWAa NEerko nepemellatb €ro u
NCNoNb30BaTh HE TOMbKO B MOMELLEHUN. DTO HANOXUIO OrpaHMYeHnst Ha BbIGop maTepmanoB 1 rabaputbl
KOHCTpyKumn. Ocoboe BHMMaHWe yaerneHo cobnoaeHno TpeboBaHnin oxpaHbl TpyAa U 3KOJTIOMMYECKMX HOPM,
yTo obecneuymBaeT 0e30MacHOCTb WCMONb30OBaHWS CTeHA4A And ornepatopa M MUHUMU3NPYET BpegHoe
BO3AENCTBME Ha OKpyXatoLLyto cpeqy. [Npu Beibope maTepmanoB y4nTbiBannCch 3Korornyeckas 6e3onacHoCTb
N BO3MOXHOCTb MX yTunu3dauun. KoHCTpyKums npegycmatpyBaeT 3alimMTy OT BO3MOXHbLIX TPpaBM, TakMx Kak
3alleMneHus unu yaapbl, U He COO4epXUT TOKCUYHbIX BELLECTB, YTO AenaeT eé 6e3onacHom npu AnMTenbHOM
NCNonb30BaHUN B NMoObIX YCNOBUSAX, BKITHOYast paboTy Ha OTKPLITOM BO3AYyXe.

abapuTHble  pa3mepbl cTeHpa: AnuHa  (BHYTpeHHsis/HapyxHasd):  400/420 MM, LWwnpuHa
(BHYTpeHHAs/HapyxHas): 280/380 mmMm., BbicoTa (BHYTpeHHsAs/HapyxHas): 250/320 mm., MaTtepuan
N3roTOBIEHUSA — OPUEHTUPOBAHHO-CTPYXXeuHasa nnuta OSB-3 10mm. Macca koHCTpykumn: 5,25 kr
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CteHpa npeacTaBnsieT coboi kopob ¢ kpbikon (puc. 1). Ana ynobcTea KpblLllka He 3akpenneHa XECTKO U Nnerko
CHMMaeTCs 3a UMeKoLLMeCs Ha Hel pydku. B Kpbllke caenaHo npamoyronbHoe otBepctme pasmepom 40x40
MM, a Takke NpegyCcMOTPeEHbl KpenreHus Ansi YCTaHOBKM cMapTdoHa Ans oTockeEMKU. [N Hagnexallero
OCBELLIEHNSI HAa BHYTPEHHE MOBEPXHOCTM KPbILWKK 3aKpensneHbl ABe CBeTOoAuOAHble NeHTbl gnvHon 10 cm
Kaxgas, cogepxawme no 12 ceetogmonoB MolHocteio 0,08 BT. Takoe ocBelleHve obecneuvvBaeT
paBHOMEpPHbIN CBET, HEOOXoAWMBbIA [ONfisl KadeCTBEHHOM CbEMKM. CymMmapHas MOLUHOCTb [AOBYX JIEHT
coctaenseT 1,92 BT, cBetoBon notok 90 nm. JIeHTbl NOAKNIOYATCA K UCTOYHMKY NOCTOSIHHOIO HanpsiKeHus
ONs CBETOOAMOAHbLIX NEHT, Tpebylwmnx HanpshkeHne paBHoe 24B. VICTOYHMK NOCTOSIHHOrO HanpsiKeHusi
NnoaKntovaeTcs K CeTU MNepemMeHHOro Toka C HanpsbkeHuem 220B. Onektpuyeckas cxema NOACBETKU
npeacTaBneHa Ha pucyHke (puc. 2). Bce coeamHeHnsa ocyLecTBASOTCS NPY NOMOLLUN KNEMMHbIX COeAUHEHNI
Wago. CBeToguogHble NeHTbl, UCTOYHUK MOCTOAHHOIO HanpsiKeHwsi, YCTPOMUCTBO kopoba COOTBETCTBYHOT
TpeboBaHusim TP TC 004/2011 n TP TC 020/2011.

PucyHok 1. CTeHa ans oTocbEMKM: a) BUA 6e3 KpbIwKK, 6) HU3 KPbILWKM C NOACBETKOW, B) BUA CBEPXY

~220B
g__"f—’—g~2205 -24B'E:“QDDDDDDDDDDDD

foooooooooooo

PucyHok 2. OnekTpuueckas cxema opraHm3alunm noacBeTKu
l1l. TIPOLIECC CBEMKW N UMUTALIA KOHBEVEPHOIO PEXVMA

Ona dopmupoBaHms aataceta 6GbINO NPUHATO hoTorpadmpoBaTb TOMbKO BEPXHIOK WM HUXKHIOK MNOCTEnNb
knpnvya. Takum o6pas3omM OAMH KMPNU4Y MO3BONSAEeT MonyyuMTb ABa u3obpaxeHus. onoxeHwe kupnuda
OrpaHU4eHoO pas3MepamMu CTeHOa, KOTOpbi He Mo3BonseT pa3mecTutb obpasey nop yrnom 90 rpagycos
OTHOCUTENBHO OCHOBHOIO NOMoXeHus. [lonyckaeTcsa n Aaxe NpMBeTCTByeTCH cMmelleHre obpasua oT LeHTpa
no nwobon m3 ocen XY unm pasBopoT OTHOCUTENbHO OCKM Z Tak Kak Oyaylias HerWpoHHas ceTb CMOXET
pacno3HaBaTb [JedeKkTbl Ha obpasuax He3aBUCUMO OT UWX TOJIOKEHUA Ha KoHBewepe. Hanuuume
WCKIMIOYUTENBHO MCKYCCTBEHHOMO MCTOYHMKA CBETa, OAMHAKOBOE (POKYCHOE paccTosiHue OO0 Bcex 06pasuoB
obecneynBaeT 0 gHOPOOHOCTb N30DPaXKEHUN.

IV. PASMETKA MONYYEHHbIX JAHHbIX

Mony4yeHHble n30bpaxeHnst BU3yanbHO pasmeyaroTcst Ha ocHoBaHun TpebosaHun CTB 1160-99 “Kupnuy n
KaMHW kepamuyeckune. TexHudeckne ycrnosusa”. KoHTponupyemble AedeKTbl: TPELLMHbI, CKOMbl, HEPOBHOCTb
KPOMKW, reoMeTpuveckne OoTKrnoHeHna n Hegoxor. CornacHo CTB 1160-99, Hegoxer u nepexer nagenuni
yCTaHaBMNMBaKOT MyTEM CpaBHEHUS LiBeTa U BOAOMOrnoLweHns obpasuos ¢ o6pasLomM-3TanoHOM HOpMarnsHO
0060X0KEHHOTO n3genus. Ato aedekT B JaHHOW paboTe onpegensiem BnayanbHO. HEpOBHOCTL KPOMKM Tak e
[OIDKHA COOTBETCTBOBATb 00pasLy-aTanioHy UM He KOHTponupyeTcs OeNCTBYHOLWMMKU 00s3aTeNbHbIMU
HopMmaTUBHbIMKU. MHOrMe npeanpusaTus obpalwarT BHMMaHMe Ha 3TOT AedeKT, NOSTOMY OH BKIOYEH B
nartacet. PesynbTathl 3aHoCcATCA B Tabnvuyy EXCEL. ®parmeHT Tabnuubl npeacTtasneH B Tabnuue (tabn. 1).
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Tabnuua 1. Mpumepbl n3obpaxeHuin ¢ knaccudmukaumen e ekTos

name no_defect | crack | chipping | geometric_deviation | curved_edge EE?ﬁéd
20240310_154149.jpg 0 1 1 0 0 0
20240330_171219.jpg 0 0 0 0 1 0
20240330_181421.jpg 0 0 1 0 1 0
20240330_180707.jpg 1 0 0 0 0 0

Kak BugHO u3 Tabnuubl, obpa3sel, MOXeT cogepXaTb Heckonbko aedektoB. Ecnv umeetcs gedekr, 1o B
KonoHky BHocutcs 1, 0 ecnn gedpekT otcytcTByeT. O6paseLl, He umeroLmnn aedekToB, coaepxunT 1 B cTonodue
“no_defect”. Npumepbl M300paxxeHUN NpuBeAeHbI Ha pUCYHKe (puc.3).

PucyHok 3. [ledbekTbl knpnuya: a) obpasel, 6e3 gedekror, 6) TpelwuHa, B) CKOsbl, I) reOMeTpruYecKue
OTKJTOHEHWSI 1) HEPOBHOCTb KPOMKM €) HEA0XOr

V. SBAKNIOYEHNE

B pesynbTate npogenaHHon paboTbl pasdpaboTaH noaxod Kk cbopy M aHHOTMPOBaHMIO W300paKeHwun
Kepamn4yeckoro kupnuya ans 3agad KoMMbloTepHoro 3peHusi. Co3gaHHbLIM TeCcTOBbIA CTeHn obecneuun
CTaHOapTM3UPOBaHHbIE YCIOBUS CbEMKM, YTO NMOBLICUIIO TOYHOCTbL Nocnegyowen 06paboTkn 3obpakeHn.
CobpaHHbin gataceT u3 6onee yem 5000 CHMMKOB NO3BONSAET KnaccuduumpoBaTb AedeKkTbl C BbICOKON
CTeneHbto AeTanunsaumm n SensieTcs LeHHbIM MHCTPYMEHTOM A51s pa3paboTku anroputMoB aBTOMaTUYECKOro
KOHTpONs KayecTBa. [ns NOBbILEHUS HALEXHOCTU MOAENM HEOOXOAMMO YBENUYUTL KONMYECTBO CHUMKOB,
4yTo ByAEeT npolle BbIMNOMHUTL C UCMOMb30BaHNEM MMEIOLLETOCS MOBUIIBHOrO CTeHAA, NO3BOMAIOLWENO JIErKo
nepeHocuTb obopyaoBaHME M OCYLLECTBMSITb CbEMKY B pasfnUYHbIX ycnoBusix. [anbHellee paclumpeHue
JaTtaceTa 1 yCcoBepLUEHCTBOBaHWE METOAOB aHHOTAL MK AaHHbIX MOMOrYT co3aaTth 6osiee ToUHbIE anropUTMBbl
knaccudukauum gedeKkToB U aBToMaTM3aL MM KOHTPOMS Ha NPOU3BOACTBE.

NIMTEPATYPA
[1] OnekTpoHHbIV pecypc: https://nadezda.by/stati/obem-proizvodstva-kirpicha-i-blokov-v-mire/

[2] BnekTpoHHbIV pecypc: https://www.precedenceresearch.com/bricks-market/

146



MexgyHapogHas Hay4dHOo-npakTnyeckasl KoHpepeHuna
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY

[3] Mryxa, B. . MNpobnembl n onTuMankeHble NyTW peLUeHU 3afayn KOHTPONS KayecTBa MpOoAyKUMU npu
NoMOLLIM KOMNbIOTEPHOrO 3peHus = Problems and optimal ways to solve the problem of product quality control
using computer vision / B.W. MNtyxa // KomnbioTepHble cuctembl U cetn : cbopHuk ctaten 60-i HaydHoWm
KOH(EepEeHLUN acnMpaHToOB, MarucTpaHToOB U CTygeHToB, MuHck, 22—-26 anpensa 2024 r. / benopycckui
roCyaapCTBEHHbIV YHUBEPCUTET MHCPOPMATUKN U paamnoanekTpoHnku. — MuHck, 2024. — C. 504-507.

[4] CTB-1160-99 Knpnuyd n kaMHu Kepammuyeckme. TeXHNYeckne ycrnoBus.

[5] TexHunuyeckuin pernameHT TamoxeHHoro coto3da TP TC 004/2011 "O 6Ge3onacHOCTU HU3KOBOJSIbTHOTO
obopyaoBaHus".

[6] TexHnyecknn pernameHT TamoxkeHHoro cot3a TP TC 020/2011 "OnekTpomarHUTHas COBMECTMMOCTb
TEXHUYECKNX cpeacTB”.

DEVELOPMENT OF AN APPROACH FOR COLLECTING AND ANNOTATING CERAMIC BRICK IMAGES
FOR COMPUTER VISION TASKS

V. Ptukhat, K. Ptukha?

1Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
viktar.ptukha@gmail.com

2Belarusian National Technical University, Minsk, Republic of Belarus

Abstract: the article presents an approach for collecting and annotating images of ceramic bricks for computer
vision tasks. A mobile setup was developed for standardized sample photography, enabling the creation of a
high-quality dataset for defect analysis. Over 5,000 images were annotated, providing the ability to classify
various defects and enhance the accuracy of automated quality control algorithms. This approach and dataset
offer potential for further increasing the number of images and applying these developments in industrial
settings.

Keywords: quality control, computer vision, dataset, data partitioning, machine learning, Al, neural networks.
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BUILDING A MiniApp TO MODEL MICROSTRIP ANTENNA ARRAYS
USING THE INTEGRAL EQUATIONS METHOD

V. Kizimenko, N. Naumovich

Center 1.6, Belarusian State University of Informatics and Radioelectronics,
Minsk, Republic of Belarus, kizimenko v@bsuir.by

Abstract: This article discusses the development of a MiniApp that models microstrip antenna arrays using the
Integral Equations method. The MiniApp allows users to input key parameters such as the size and
arrangement of radiators, substrate properties, and operating frequency to compute the array’s characteristics.
MiniApp offers an interactive platform for antenna design, providing insights into radiation patterns, impedance,
gain, and directivity. This tool aids engineers, researchers, and students in exploring and optimizing microstrip
antenna arrays in real time.

Keywords: Microstrip antennas, antenna arrays, Integral Equations, Python, MiniApp, radiation pattern,
antenna modeling.

[. INTRODUCTION

Microstrip antennas are widely used in various applications, such as communication systems, satellite
technology, and radar systems, due to their compact size, ease of integration with printed circuit boards, and
low profile. These antennas consist of a conducting patch mounted on a dielectric substrate with a ground
plane beneath. The patch can take different shapes, such as rectangular, circular, or even complex
geometries, depending on the design requirements. Microstrip antenna arrays, which consist of multiple
individual radiators arranged in a pattern, are commonly used to improve the performance of antenna systems,
providing higher gain, directivity, and beam steering capabilities.

Modeling the performance of these antenna arrays is a crucial step in antenna design. One common approach
for solving electromagnetic problems in antenna theory is the Integral Equations (IE) method, which allows for
the analysis of radiation and scattering by antennas, especially when considering the interaction between
multiple radiators and the surrounding medium [1]. The IE method is particularly useful for microstrip antennas
because it provides a way to account for the effects of substrate materials, the spacing between radiators, and
other factors that affect the performance of antenna arrays [2-3].

In this article, we will focus on building a Telegram MiniApp using Python that models the characteristics of
microstrip antenna arrays using the integral equations method. The MiniApp will serve as an interactive tool
where users can input various parameters related to the antenna array and receive detailed information about
its performance. Through this MiniApp, users can calculate radiation patterns, impedance, directivity, and other
important characteristics of the antenna array based on specific input parameters.

[I. UNDERSTANDING MICROSTRIP ANTENNAS AND ARRAYS

A microstrip antenna is composed of a conducting patch, a dielectric substrate, and a ground plane. The patch,
typically made of a thin metal layer, is etched into the top surface of the dielectric substrate. The ground plane
lies beneath the substrate. The configuration is designed to radiate electromagnetic waves when an RF signal
is applied to the patch. The performance of the antenna depends on several key factors, including the size
and shape of the patch, the dielectric properties of the substrate, and the frequency of operation.

One of the major advantages of microstrip antennas is their low profile, making them suitable for integration
into compact devices, such as mobile phones, drones, and satellites. Microstrip arrays, which consist of
multiple individual microstrip antennas arranged in a grid pattern, can offer improved performance compared
to single-element antennas. The arrangement of the elements, the spacing between them, and the size of the
individual elements all influence the array’s radiation pattern, gain, and directivity.

The Integral Equations (IE) method is a nhumerical technique used to solve Maxwell's equations for antenna
problems. This method expresses the electromagnetic fields as integrals over the surface of the antenna,
which can be solved numerically. For microstrip antenna arrays, the IE method helps in modeling the
interaction between the different radiators, accounting for the coupling between elements, and analyzing the
overall performance of the array.
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IIl. MINIAPP PURPOSE AND FUNCTIONALITY

The goal of the MiniApp is to provide an intuitive interface for users to model microstrip antenna arrays by
simply inputting a set of parameters. These parameters will include:

Size of Individual Microstrip Radiators: Users will be able to specify the dimensions (length and width) of the
rectangular or other types of patch elements.

Number of Radiators in X and Y Directions: The MiniApp will allow users to define how many elements there
are in the array along the X and Y axes, which influences the total size and configuration of the array;

Spacing Between Radiators: The user can set the spacing between adjacent elements in the array. The
spacing affects the coupling between elements and, therefore, the overall radiation pattern and impedance
characteristics of the array;

Substrate Parameters: The dielectric properties of the substrate material, including its relative permittivity
(dielectric constant) and permeability, will be provided as input. The substrate thickness is another important
parameter that affects the antenna's impedance and bandwidth;

Frequency of Operation: The operating frequency will be an input parameter, which directly influences the
resonant frequency of the antenna and the overall design calculations.

The MiniApp will use these parameters as inputs and model the electromagnetic interactions between the
elements of the array using the Integral Equations method. By solving the associated equations, the MiniApp
will generate predictions for key antenna characteristics such as the radiation pattern, impedance matching,
gain, directivity, and beamwidth.

In addition to these basic parameters, the MiniApp will also allow for optimization of the array's design based
on the user's requirements. For example, users might want to maximize the antenna's directivity while
minimizing its size, or they might seek a specific impedance value for matching to a transmission line. The
MiniApp will use the Integral Equations method to model these trade-offs and provide insights into how
adjustments to the array configuration can affect its performance.

Once the user inputs the required parameters into the MiniApp interface, the Python-based backend will
process these inputs and use the Integral Equations method to compute the antenna's characteristics. The
method typically involves the discretization of the surface of the antenna and the surrounding medium into
small elements. These elements are then used in integral equations to represent the electromagnetic fields. A
numerical solver will process these equations, often using methods like the Method of Moments (MoM), to
compute the antenna's impedance matrix, radiation pattern, and other parameters.

Microstrip Antenna Array Model
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Figure 1. User interface of MiniApp and geometry of the microstrip antenna array
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The results will be displayed in a user-friendly format, providing the user with valuable information about the
antenna's behavior. For example, the radiation pattern can be visualized in polar or 3D plots, while other
parameters like gain and directivity can be presented in tabular form or graphical plots. This allows the user to
quickly understand the impact of different design choices on the antenna’s performance.
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V. ADVANTAGES OF USING A MINIAPP FOR ANTENNA MODELING

A key benefit of building this MiniApp within Telegram is the accessibility and ease of use. Users don’t need
to download or install any specialized software; they can simply interact with the bot within Telegram itself.
The input process is designed to be intuitive, with clear prompts guiding the user through the required
parameters.

Additionally, the MiniApp will allow for rapid prototyping of different antenna designs. Users can experiment
with various configurations and quickly visualize the effects of different parameters on the antenna’s
performance. This makes it a valuable tool for antenna engineers, researchers, and students learning about
microstrip antennas.

By leveraging Python’s scientific libraries and Telegram’s Bot API, the MiniApp can also be easily integrated
with external databases and tools, such as material property libraries or online frequency calculators. This
integration can provide additional value to users who wish to include real-world material data or compare the
performance of their designs against theoretical or experimental benchmarks.

V. CONCLUSIONS

Building a Telegram MiniApp to model microstrip antenna arrays using the Integral Equations method
represents an exciting intersection of engineering, mathematics, and modern communication tools. By using
the MiniApp, users can explore the characteristics of microstrip antenna arrays, experiment with different
design parameters, and gain valuable insights into the performance of their antenna systems. This tool will be
especially useful for engineers and researchers working in the field of antenna design, as well as for students
learning about the theory and application of microstrip antennas.

Using this application, users will gain an understanding of the key factors that influence the performance of
microstrip antenna arrays, such as element spacing, substrate properties, and array configuration. Moreover,
the ability to interact with this powerful modeling tool directly through Telegram provides an intuitive and
convenient way to explore the design space of microstrip antennas.

As you experiment with this MiniApp, you'll gain hands-on experience in both antenna theory and the practical
aspects of implementing computational methods. The integral equations method offers a powerful way to
model and analyze electromagnetic systems, and by applying it to microstrip antenna arrays, the MiniApp
serves as an accessible, real-time platform for antenna design and simulation.
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PA3PABOTKA MiniApp NMPUNOXEHWA ANA MOOENMPOBAHNA MUKPOMOJIOCKOBbLIX AHTEHHbIX
PELWLIETOK METOJOM MHTEMPAJIbHbIX YPABHEHN

KusmmeHnko B.B., Haymosu4d H.M.

LleHTp 1.6, Benopycckuin rocyqapCTBeHHbIN YHUBEPCUTET MHOPMATUKN U PpaguO3NIEKTPOHMKM,
MuHck, Pecnybnuka Benapycs, kizimenko v@bsuir.by

AHHOTaums: B cratbe obcyxpaetca paspabotka MiniApp nNpunoxenusl, npegHasHayeHHoro [Ansi
MOZENUPOBaHUSI XapaKTEPUCTUK MMUKPOMOMOCKOBbLIX aHTEHHbIX PELIETOK C WCMOfb30BaHMEM MeToaa
WHTerparnbHbIX ypaBHeHM. MiniApp NO3BONSET NONb30BaTENSM BBOAUTL Takue KroYeBble MapamMeTpbl, Kak
pa3mep W pacnorioxeHve usnydaTenein, CBONCTBA AMIMNEKTPUYECKOW NOANIOKKM M paboyyo 4acToTy Ans
pacyeTa xapaktepucTuk. PaspaboTaHHoe npunoxeHne MiniApp npeacTaBnseT coboll WHTEPAKTUBHYHO
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nnachopmy ONnAa NpoeKTupoBaHUA aHTEeHHbIX peLlleToK, KOTopad Nno3BONAeT paccyutaTb AuarpamMmmy
HanpaBneHHOCTN, MneaaHc, KOS(*)(*)I/ILI,I/IGHT ycuneHuna n HanpaeleHHOro OEencTBus. MHCprMeHT nomoraet
NHXEeHepaMm, uccrnegoesarteridM U CtygeHTaM B aHanm3e U ontuMunsaumm napameTpoB MUKPOMNOJIOCKOBbIX
AdHTEHHbIX PELWETOK B pEXXME pealibHOro BpeMeHu.

KntoueBble crnoBa: MUKPOMNOMOCKOBbLIE PELUETKM, aHTEHHbIE PELUETKU, METO[ MHTErpanbHbiX YpaBHEHWUN,
Python, MiniApp, guarpamma HanpaBfieHHOCTU, YNCIIEHHOE MOLENTMPOBAHNE aHTEHH.
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PA3PABOTKA TEXHONOI N LUTAMMNOBKK OMNPABOK MPOLUMBHBIX CTAHOB
C LENbIO MOBbLIWEHNA CTOMKOCTUN MHCTPYMEHTA

MpeobpaxeHckas E.B., MbiweukuH A.A., CkpunHuk C.B.

MWP3A — Poccuicknin TexHonormyeckun yHneepenteT, MockBa, Poccuiickas deagepaums,
Skripnik53@yandex.ru

AHHOTaums: I'Ipep,no»(eH HOBBbIN TEXHOSTOrMYEeCKni npouecc n3rotoBrieHnA NOKOBOK C ITIy6OKVIMVI nonocTaAMm
MeTogoMm ropﬂqe|7| LUITaMMOBKW, MO3BOMSOLLNA CHU3NTb Harpes n yaeribHble YCUnna Ha MHCTPyMeHTe, a Takxke
NOBbLICUTb €ro CTOWMKOCTb. Pa3pa60TaHHa;| TEXHONOIrM4a BKIo4YaeT onepaunn ocagku MCXOAHOW 3aroTOBKM,
ropﬂqeﬁ LUITAaMNOBKN HaAPYXHOro I'IpOCbI/I.I'IFl I'IOJ'Iy‘-IGHHOVI NOKOBKW, BblaaBlIMBaHUA BHyTpeHHeI7I NOoJ10CTU
onpaBkn n OTKprTOIz LUTaMNOBKN 3a4HEro KOHNYeCKOro y4acTtKka ornpaBKu.

KnioueBkle cnosa: MogenvpoBaHue, nporpamma QForm, ropsiuee o6bemMHoe (hOpMOM3MEHEHME, LUTaMI.
I. BBEOEHUVE

CnOXHOCTb NPOMBILUSIEHHOrO UCMOJSIb30BaHUS TEXHOMOMMU FOpsYelt LUTaMMOBKM MOKOBOK C rAyGOKMMMU
MONoCTAMM HebOnbLUOrO CeyvYeHusl CBsA3aHa C TSHKeNbiMWM YCNnoBuAMM paboTbl M HU3KOM CTOWKOCTbLIO
WMHCTPYMeHTa ANs BblAaBnNuBaHMSA Takmx nonocTtewn. VMlccnegoBaHMs TEXHONOrMYECKMX MPOLLECCOB ropsyen
LUTaMNOBKM MOKOBOK C rMyBOKMMM MOMOCTAMM MOKa3blBalOT, YTO MYaHCOH ANS BblAaBNMBaHMA MNOSIOCTU
ucnblTeiBaeT Oonblive ygenbHble ycunusa (>1000 MIla) npyu 3Ha4MTENbHOM TEMNfIOBOM BO34ENCTBUM.
Temnepartypa No ce4YeHuIo NyaHcoHa B Hanboree Harpy)XeHHOW HXKHE YacTn HaxoauTes B npegenax ot 400
(B ueHTpe) go 800 °C (Ha noBepxHOCTH). NpUMEHEHNE TEMMOCTONKNX MHCTPYMEHTarbHbIX cTanen (4X2B5SMo,
5X3B3M®, 2X6B8M2K8 u pgp.) He nos3BonsieT pewuTb 3Ty npobnemy. Lenb HacTosiwen pabotbl —
pa3paboTka HOBOro TEXHOMOMMYECKOro npoLecca ropsyen LTaMrnoBKU NMOKOBOK TUMAa OMpaBOK MPOLUMBHbIX
CTaHOB M3 Tensno- M >KapoCTOMKMX cTanewn, obecneyvBalollero MOBbILEHNE CTOWKOCTM LUTaMnoBOro
WMHCTPYMEHTA.

II. MOOENNPOBAHWE TEXHOJNOIMMYECKOI O MPOLIECCA

AHanu3 M3BECTHbIX TEXHOJSIOTMYECKMX MPOLIECCOB rOpsYei LUTAMMOBKM OMPAaBOK MPOLUMBHBIX CTaHOB
nokasblBaeT, YTO HaubonbluMe yAenbHble YCUIUSA, PasorpeB M HU3KYID CTOMKOCTb MMEET MyaHCOH Ans
BblOABNNBAHNSA BHYTPEHHE NMOMOCTU ONpaBKu.

PucyHok 1. TexHonormyeckue nepexodbl ropsyei WTamnoBKM NOKOBKM TUMa OMNpaBKX MPOLLMBHOIO CTaHa:
a — WTamnoBKa HapyxHoro npocuns; 6 — npegBapuTensHoe BblAaBvMBaHME NOMOCTY; B — LUTaMMOBKa
BHYTPEHHEN NOMOCTY ONpaBKK; I — LUTAMMNOBKa 06paTHOro KoHyca

Ha ocHoBe KOHCTPYKTMBHO-TEXHOJIOIMYECKOro aHanmusa ocobBeHHOCTe OnpaBkuM W CYLLECTBYIOLLMX
TEXHOMOMMYECKMX MPOLIECCOB [J1si MOBbILEHNST CTOMKOCTM WHCTPYMEHTa MNpensioKeH TEeXHOMOorMveckuii
npouecc ropsiyel LITaMmnoBKM OMPaBKM MPOLLUMBHOIO CTaHa, BKIOYaOLWMIA onepauuy ocagkM WUCXOOHOM
3aroToBKW, ropsYyeit LITaMMNOBKN HApYKHOTO NPOdUMsA Nofy4aeMoi MOKOBKM, BblOaBrnvBaHWE BHYTPEHHel
MOSIOCTY ONpaBKK, OTKPLITON LUTAMMOBKM 3aHEro KOHUYECKOro yyacTka onpasku. MNpu aToM Ans yny4dlleHus
yCrnoBuiA paGoTbl 1 NOBbILLIEHUSI CTOMKOCTM MHCTPYMEHTa ONA BblAaBMUBAHUS BHYTPEHHEN NOMoCTM OnpaBKu
NPeanoXeHo rocre ropsYveil LITAMMOBKM HapyXHOro npoduns MNpou3BOAUTL MpeaBapuTenbHoe
BblOABNMBaHNE W OKOHYaTeNnbHO (POPMUPOBATL BHYTPEHHIOW MOMOCTb W 33AQHWA KOHUYECKU Y4acToK
onpaBku.
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I'Ipvl MogenupoBaHuu B nporpamme QForm onpenensanu nsHoc MHCTPYMEHTa OT HOpMalibHbIX N KacaTellbHbIX
HanpmkeHwZ C y4eTOM CKOpPOCTU AOBWXEeHUA MeTana 3arotoBKkM OTHOCUTENIbHO MHCTPYMEHTa, npenena
TeKy4yeCTn Mmatepuana, BpeMeHn KOHTaKTa 3arotoBk C MHCTPYMEHTOM.

PucyHok 2. BnusHne pasmepoB NyaHCOHa Ha TPETbLEM NepPEXoae Ha ero N3Hoc
. BAKJTIOYEHUE

WcecnenoBaHns n3Hoca MHCTPYMEHTa Ha TpeTbeM nepexofe NnokasbiBalT, YTO Npu BblAaBAMBaHUU MOMNOCTU
nyaHCOHOM, pa3 Mepbl KOTOPOro COOTBETCTBYIOT MOMOCTU TOTOBOW MOKOBKM, HaMbBONbLUUMA WN3HOC
HabniogaeTca Ha Hocuke nyaHcoHa 1 M B 30He nepexoda KoHyca B KOHyc 2. [Mpu 3aTom 3HayeHwue
KoadhpmumeHTa, XapakTepusyloLlero MHTEHCUMBHOCTb M3HOCA HOCMKA MNyaHCOHa 3a LUMKI LUTaMMOBKM,
coctaensaet 0,008-0,009, Ha nepexogHoun YacTtn 0,0004—0,0005. MNpwn ncnonb3oBaHuu ANs BblaBMBaHUS
NofocTW MyaHCOHa C YBENWYEHHbIM nonepeyHbiM cedyeHuem (R = 17,5 mm BmMecto r = 9,5 mm)
MaKCUMarnbHbI M3HOC HabngaeTcsa Takke Ha HUWXKHEN 4acTu nyaHCoHa 3HadeHue KoadpduumneHTa,
XapaKTepuayLero MHTEHCMBHOCTb M3HOCA HOCMKA MyaHCOHa 3a UMK LITaMMAOBKM B 3TOM Cy4ae,
coctaBnseT 0,004-0,0045, T. €. UHTEHCUBHOCTb M3HOCA MHCTPYMEHTA NMpU yBESIMYEHUN €ro pasMepoB
yMeHblwunacb B 2 pa3a. [lonyyeHHbIn pe3ynbTaT CBUAETENbCTBYET O LenecoobpasHocTu
NCNONb30BaHUSA MNPEeanoXXeHHOW TEXHOMOrMU Ans NOBbILEHUS CTOMKOCTM MHCTPYMEHTa Mnpu ropsiyen
LUTaMMNOBKEe MOKOBOK C rMyBOoKMMK MOSTIOCTSAMM.
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DEVELOPMENT OF TECHNOLOGY FOR STAMPING MANDRELS OF SEWING MILLS IN ORDER TO
INCREASE TOOL DURABILITY

E.V. Preobrazhenskaya, A.A. Myshechkin, S.V. Skripnik

MIREA — Russian Technological University, Moscow, Russian Federation, Skripnik53@yandex.ru

Abstract: A new technological process for manufacturing forgings with deep cavities by hot stamping is
proposed, which reduces heating and specific forces on the tool, as well as increases its durability. The
developed technology includes the operations of precipitation of the initial workpiece, hot stamping of the outer
profile of the resulting forging, extrusion of the inner cavity of the mandrel and open stamping of the rear conical
section of the mandrel.

Keywords: Modeling, QForm program, hot volumetric shaping, stamp.
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MCMONb30OBAHWVE CPECTB MOLENMPOBAHUSA XAPAKTEPUCTWK COJTHEYHbLIX MAHENEN
MPY MPOEKTUPOBHUM NX OTKA30YCTONYMBOCTH

Ouk K.C.

Benopycckuin rocyaapcTBEHHbLIN YHUBEPCUTET UHADOPMATUKM N PagUNOo3SIEKTPOHUKN,
MuHck, Pecnybnuka Benapycb, kanstantind@gmail.com

AHHOTauusa: B crtaTbe paccmaTpuBaeTcs pesynbTaT uccnegoBaHus 3(EEKTUBHOCTM UCMONb30BaHUSA
nporpaMMHbIX CPeACTB AN BbiIBNEHWSI aHOManui B paboTe CONHEYHbIX NaHenen, 4To No3BonsieT NOBbICUTL
aKcnnyaTaumoHHble XapakTepucTuku obopyaoBaHus. Vccnegyemble nporpaMMHblie CPeacTBa MCMOMb3yHT
OBa pasHblX noaxoda npu oBHapYXeHUI aHoOManuii U HeMCnpaBHOCTEW: C UCMOSib30BaHUEM LMEPOBOro
OBOVHMKA W MWCKYCCTBEHHOW HEWPOHHOW ceTM — aBTokoaupoBuiMka. B cratbe npuBoautca onmcaHue
CTPYKTYPHON CXeMbl 3KCMEepUMEHTa, rAe [OaHHble TenemeTpuu cobupaloTcs C MOMOLLBIO cheumanbHOoro
obopynoBaHusa, a 3aTeM aHanM3MpylTCa C MCMOMb30BaHMEM ABYX NPOrpamMmmHbIX cpeacTB. Pesynbrathl
3KCMeprMeHTa MoKasblBalT, YTO MPOrpamMMHOE CPEACTBO Ha OCHOBE aBTOKOAUPOBLUMKA 3ddpekTBHeE C
TOYKM 3PEHUST BPEMEHM U BbIYUCIUTENBHBLIX pecypcoB Ha 33,3 — 42,5 % no cpaBHEHUIO C NMpOrpamHbIM
CpeacTBOM Ha OCHOBeE LMAPOBOro ABOVHUKA, obecnednBas 04MHAKOBYIO TOYHOCTb ODHAPYXEHUs1 aHOMarnun.

Kntouesble crnosa: MmodenvmpoBaHue napameTpoB CONMHEYHON NaHenu, Lngposoi ABONHMK, aBTOKOAUPOBLLMK.
I. BBEOEHWE

Pa3BuTMe NpuMOpPUTETHLIX HanpaBfeHWA Hay4dHO-TEXHUYECKONW B 3HAYUTEITIbHOW CTEMEeHU 3aBUCUT OT
CBOEBPEMEHHOI0 CO34aHUsA U NPaKTUYECKOro NPUMEHEHUsI COBPEMEHHbIX MPOrpamMMHbIX CPEeACTB, KOTOpble
obecneunBaloT NOBbILLEHNE IKCMNNYaTaLUNOHHbBIX XapaKTePUCTMK 3NEKTPOHHOro o6opyaoBaHMsa NyTéM noucka
aHomManui B nx paboTe, B TOM 4uMcre MonynpoBOAHMKOBBLIX A4€EK COMHEYHbIX naHenen. MoxHO oTMeTUTb
aKTyarnbHOCTb pa3paboTku NPorpaMmHbIX CPeACTB, HA OCHOBE HOBbIX METOAUK ODHapy>KeHUs aHomanuin B
paboTe CONMHEYHbIX ANEKTPOCTaHLUMIA Ha YPOBHE COMHEYHbIX NaHenen 1 NonynpoBOAHMKOBBLIX SYEEK MYTEM
aHanusa TenemMeTpUYeckMX AaHHbIX 3NIEMEHTOB 3TUX 3MeKTpocTaHuui [1-5].

|_|pl/l 9TOM BaXHO€ 3Ha4YeHune UnMeeT OLeHKa Sq)CbeKTI/IBHOCTVI ncnonb3oBaHuA paBpa6OTaHHbIX n
NPUMEHAEMbIX MPOrpaMMHbIX CpeacTB, OCHOBAHHbIX Ha pa3HbIX MeToAuKax MNMOUCKa aHomanui B pa60Te
COJNHEYHbIX NaHenen.

Llenbto paboTbl fBunacb cpaBHUTENbHAsA oueHka 3EKTMBHOCTM WUCMOMb30BaHMA OBYX MOOXOAOB ANS
noucka aHomanui Wu HeucnpaBHoOCTeW B paboTe CONMHEeYHbIX MNaHernen mnpu MNpOeKTUPOBAHMU KX
oTkasoycTonumsoctn. Ob6a nogxoga onNMparoTCsa Ha pesynbTaT TeneMeTpuu, HO OAMH UCMOoMb3yeT PU3INKO-
MaTemaTu4eckoe MoaenvpoBaHme co3gasasi LMdpoBor ABOMHMK [1-3], a 4pyron NCKYCCTBEHHYHO HEVPOHHYHO
ceTb [4, 5].

II. NCCNEOOBAHWE U PE3YJIbTATHI

[ns noctpoeHns uMpoBOro ABOMHUKA CONTHEYHOW NaHenu ObiNn MCNONb30BaHbl pesynbTaTbl TenemMeTpun
COITHEYHOW 3NEKTPOCTaHLUUN C YCTAHOBIIEHHON MOLUHOCThLIO 45,2 kBT, ob6opyaoBaHHy0 272 COMHEYHbIMU
naHensamy M190 (STORM Energy GmbH, Germany). CTpykTypHas cxema BKINOYEHUS CONTHEYHbIX NaHenen un
cucTeMbl cbopa TenemeTpuyeckon nHdopmaumm oTpaxeHa Ha pucyHke 1.

HanpsikeHune V n tTemnepatypa T B KaXX40OM CONHEYHON NaHenu namepseTcs kaxasle 15 MUHyT ¢ dukcaunen
OaTtbl U BpeMeHu t nocpeacTBOM cnelmanbHoro aatyuka Sensor (SunSniffer GmbH & Co, Germany). [JaHHble
C rpynnbl cemMHaguaTtu NocrnefoBaTeNbHO BKMOYEHHbIX MaHener cobupatoTcsi B YCTPOWCTBE CHMTbIBAHMSA
natymkoB — String Reader (SunSniffer GmbH & Co, Germany), KOTOpbIn JONOSHUTENBHO U3MEPSIET CUITY TOKa
| B uenn 9Tux naHenen. [aTymk YpOBHA SHepreTudeckow akcno3mumm Irradiance Sensor Si-13TC
(Ingenieurbiro Mencke & Tegtmeyer, Germany) obecneuynBaeT u3mepeHue e€ 3HaveHuss G (YpOBHSA
OCBELLEHHOCTN) 1 Nepeaady N3MepeHHoro 3HavyeHus B w3 — Gateway (SunSniffer GmbH & Co), koTopbIn
B CBOIO 0vepefb 3anucbiBaeT Bce pe3ynbTaTthl TernemeTpum B 6a3y AaHHbIX Ha cepBep. B akcnepumeHTe 6binn
ncnonb3oBaHbl 20160 BektopoB (t, |, V, T, G) cobpaHHble B TeyeHue 7 mecsiueB paboTbl COMHEYHOW
anektpoctaHumn. O6béEM mHdopmaumm ob Bektopax (i, I, V, T, G) coctaBun 269 Mb ansa Bcero BpemeHu
HabnogeHun. fletanbHo NpuHUMN paboTbl UCMNOMb30BaHHOMO B UCCNeoBaHMM LMGPOBOro ABOVHMKA OTPaXeH
B [1].
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PucyHok 1. CTpykTypHas cxema COJNTHEYHOWN 3M1IEKTPOCTAHLMMN U CUCTEMbI cOopa TenemMeTpu4eckomn
MHopmMaumn

Pesynbratom pabotbl LmdpoBoro aAsonHuka (API) sBNsOTCs cnegylowme napameTpbl, onpenerieHHble B
CMOJENUPOBaHHbLIX CTaHAApPTHBIX YycnoBusix ucnbitaHmi (Standard Test Conditions, STC) gns kaxgown
COSITHEYHOW NaHenu anekTpocTaHuuMKu: BbixogHast MowHocTb B MPP, HanpskeHne m cuna Toka B MPP,
nocriefoBatensHoe W napannenbHoe 3MeKkTpU4YecKoe CONpoTUBMEHME, TOK KOPOTKOrO 3amblkaHus W
HanpspKeHne XonocToro xoaa.

[na aHanusaa OaHHbIX WUCMONb30BanNuCh HOpManu3oBaHHble 3HaYeHus MolHocTern B MPP Py ana Bcex
COMIHEYHbIX MNaHenen. PaccuuTaHHble 3HaYeHUs CPaBHMWBAaNUCb C MEAMAHHbIMKU 3HAYEHUAMU U Mo
pesynbTaTam CpPaBHEHUS OTHOCUMNUCbL K OedeKTHbIM WnvM B npegenax Hopwmbl. [pu aToM aHanus
OCYLLECTBMIANCA B Npeaenax o4Horo mecaua (CTaTU4eckuin aHanva) UnNu B CpaBHEHNM OT MecsLa K Mecaly
(AMHamuyeckmin aHanus). AnNropuTM NporpaMmMHoro obecneyeHust OTPaKEH Ha puUcyHke 2.

Howano

1oy 3 CpasHeHUS DACCHUMOHHBIN 53 -
UMb GHUE PESWTBMaMoe 5 Fanuck o WEHHELK
pezin PN C nopozostis 3HOHSHUE M apy.

i L} b
pafom b yubpososo (cmamusectull arnanuz) OHOMTULT U De Sy m arm og

dectnuka uz API . DOMMEMoE & .05V GHaL
PURCTLLR aHoMEAU T

L v

4 CpgsHeHUS DACCHUMEHHBK
PN Cnoposoeind SHOMEH LS M
(Buraea tweckull awanus) u
urcayus aHomaaul

2 Poceém FN

PucyHok 2. Anroputm paboTbl nporpaMmmHoro obecneyeHns ansg nomMcka aHomanum B paboTte COMNMHEeYHbIX
naHenen, paspaboTaHHOro Ha OCHOBE LMPOBOro ABOMHMKA

BTopoe nporpammHoe obecrnevyeHne MMeeT B OCHOBE pas3paboTaHHYH WCKYCCTBEHHYHO HEWPOHHYI0 CeTb,
npeacTaBnawLLyl0 cobon aBTOKOAMPOBLLUMK W COCTOMT M3 MATU CNOEB HeWpoHoB. [Ona onpeneneHus
KpUTEPMEB OETEKTUPOBAHUSA COMHEYHbIX NaHenew B aHOMarnbHOM pexume paboTbl GbINM UCNONb30BaHbI
cpegHe-OHEBHbIE OTKIMOHEHNS U3MEPEHHBIX 3HAaYeHW cunbl Toka Al n HanpsbkeHns AU oT BOCCTaHOBIEHHbIX
aBTOKOAMPOBLLUKOM, @ TaKKe KONM4eCTBO CTPOK | B BEKTOPE, CpeaHMe OTKIOHEHMWS B KOTOPbIX MO HANPsKEeHUIO
WK MO cune Toka NPeBbICUIM YCTaHOBIEHHOE 3HayeHre. ANroputm paboTel NporpaMmmMHoro obecrneveHus Ha
OCHOBE HEMPOHHOWN CETU OTPaXXEH Ha PUCYHKe 3.
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PucyHok 3. Anroputm paboTbl NporpaMMHOro obecrneyeHnst Ansa nomcka aHomanum B paboTe CONMHEYHbIX
naHeneu, paspaboTaHHOro Ha OCHOBE NPeaJIOKEHHON METOAUKN

BmecTte oba nporpammHbIX cpedcTBa obecneyvmBalT BCe pacyéTtbl, Heobxoaumble ANst MPUMEHEHUs TPEX
pa3paboTaHHbIX METOAUK MOMCKA aHOManui B paboTe CONMHEYHbIX NaHenen 3neKTPOCTaHUMIA: CTaTUYeCKui
aHanus, AMHaMWYeCcKUiA aHanmM3 u aHanu3 Ha OCHOBE pe3ynbTaToB paboThl aBTOKOAMPOBLUUKA.

[anee Gbina npoBegeHa oueHKa 3aTpaTt BPpEMEHU Ha BbINOSTHEHNE BCEX MaTEMAaTUYECKMX U anrOPUTMUYECKNX
BblYMCNEHUN AN noucka aHomanun B pabote 186 CONHe4YHbIX MaHenem aSKcnepuMeHTanbHom
AMEKTPOCTAHLNKN C UCMONb30BaHNEM AaHHbLIX TeNeMeTpun, cobpaHHbIX B TeveHne 6 mecsaues. Bce onepaumm
OCYLLECTBMSANNCL C UCMONb30BaHMEM NEepPCOHaNbHOrO KOMMbOTEPA C XapakTtepucTukamu: npoueccop Intel
Core i9 (3,2 I'Tu), o6bém onepaTtuBHon namsatn 8 GB. Bce pacuyétbl 6binm noBTOpeHbl 7 pa3. 3aTtpaTtsl
BPEMEHMN COCTaBUMN:

— ONs pacyéToB napamMeTpoB UUGPOBOro ABOMHMKA W BbIMNOSIHEHUA onepauui 1 — 6 anropMTMa noucka
aHoManui (pucyHok 1) Heobxoammo 7 — 8 u.;

— Anst oby4eHns NCKYCCTBEHHON HEWPOHHOWM CETU TMNa aBTOKOOUPOBLUMK U BbINOMHEHWs onepauun 7 — 10
anropvTMa noucka aHomanui (pMcyHok 2) Heobxoaumo 4 — 4,6 u.

Mpn 3TOM, OCHOBHble 3aTpaTbl annapaTHOM MOLLHOCTM W BPEMEHW MpPW MCNOMb30BaHUW anroputMoB
OCHOBaHHbIX Ha OTKIMOHEHUW HOPMarM30BaHHbIX 3Ha4YEeHWA MOLLHOCTEN B TOYKE MaKCMMarbHOMW MOLLHOCTM
NpuxoadaTCcsa Ha onepauun, cBasaHHble ¢ paboTon uudgposoro aAsonHuka (80 — 83 %), a Npy ncnonb3oBaHUN
anropyTMOB OCHOBaHHbIX Ha aBTOKOAMPOBLLMKE — OByYeHUe UCKYCCTBEHHOW HENPOHHOW ceTu (86 — 89 %).

Takum obpasom, MeToanka U anropuTM Nomucka aHomanui B paboTe CONHEYHbIX MaHenen OCHoBaHHas Ha
NPMMEHeHMN aBTOKOAUPOBLUMKa addekTMBHee B ucnons3osaHum B 1,5 — 1,75 pasa unu Ha 33,3 — 42,5 %.
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USING MODELING TOOLS FOR SOLAR PANEL CHARACTERISTICS IN DESIGNING THEIR FAULT
TOLERANCE

K. Dzik
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kanstantind@gmail.com

Abstract: This article presents the results of a study on the effectiveness of software tools for detecting
anomalies in the operation of solar panels, aimed at improving equipment performance. The software tools
examined employ two different approaches to anomaly and fault detection: one using a digital twin and the
other an artificial neural network, specifically an autoencoder. The article describes the experimental setup,
where telemetry data is collected using specialized equipment and subsequently analyzed with the two
software tools. The experiment results indicate that the autoencoder-based tool is 33.3-42.5% more efficient
in terms of time and computational resources compared to the digital twin-based tool, while providing the same
level of accuracy in anomaly detection.

Keywords: solar panel parameter modeling, digital twin, autoencoder.
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AHHOTauusi: PaccmaTpuBaeTcsi KOMMbIOTEPHOE MOAENMPOBaHWe Harpeea Kpuctanna npu ero paboTte B
cocTaBe aKycTtoonTnyeckoro gunbTpa. MNMokasaHo BO3HUKHOBEHME rpadveHTa TemnepaTtyp npu pasfvyHbiX
3HaYeHMsIX NoABOAVMON MOLLHOCTM U OTCYTCTBUSI TEMNnooTBOAALUMX KOMMOHEHTOB, YTO MOXET yXyALWUTb
XapaKTepUCTUKN OUNbTPa.

KntoueBble cnoea: aKyCTOOI'ITI/I‘-IeCKI/IIZ (*)I/IJ'Ipr, Kpuctann, npeo6pasoBaTenb, Harpes, rpaguneHT
TeMnepartypbl.

I. BBEOEHWME

AkycToonTuyeckne unbtpbl (AOTD) nonyumMnu WKMpPOKoe pacnpoCTpaHeHue B pasnuuHbiX obnacTtax
Bu3yanusaumm. OCHOBaHHblE Ha aHU30TPOMHOM AMPPAKLUN LUMPOKOMOSIOCHOrO CBeTa YrbTpasByKOM B
KpucTannuyecknx cpepax, Takume npubopbl obecnedMBaloT Xopollee co4veTaHue ONTUYECKUX U
KOHCTPYKTMBHbIX XapaktepucTuk [1-2]. [ins peanusaumm BbICOKOro paspeLleHs U LUIMPOKOro AnanasoHa yrios
oTknoHeHns B AOT® TpebytoTcs 6onbLLON pa3mep KpucTanna u Lmnpokas YacToTHasd nonoca NponycKaHus.
COOTBETCTBEHHO, TAKUM KOHCTPYKLUSAM HYXXHO 6onblue pagmMo4acTOTHOM MOLLHOCTU, YTO MOXET MPUBECTM K
MOBbILLEHNIO TEMNEPATYpPbI pa3orpeBa 1 Bbl3BaTb 3HAYMTENbHbIA TEMNEPaTypPHbIA rpagueHT B KpUcTanne.

HarpeB akycTtoonTU4eckuMx YCTPOWCTB BO BpeMsi paboTbl CuUnbHO BNMSET Ha ux pabouve napameTpsbl:
ONPaKUNOHHYIO  3(PEKTUBHOCTb, BPEMEHHYK CTabunbHOCTb, HampaBneHune W  pacnpegeneHune
andparmpoBaHHbIX Ny4ykoB. JTOT apdekT o0cobeHHO 3ameTeH Ans  npubopoB, MCMNOMb3YHLLUX
aKyCcTOONTUYECKME KpuUCTannbl, rAe akycTuyeckas BOMHA pacnpocTpaHsieTcs B obbeme Kpuctanna, korga
YPOBHU NPUMNOXEHHON 3NEKTPUYECKON N aKYCTUHECKON MOLLHOCTN OTHOCUTENBHO BbICOKM [3-4].

B AOT®, ucnonb3ylolMX COBUIOBblE aKyCTMYECKME BOJHbI C BbICOKMM KO3(pULUMEHTOM NOrMOLEHUs,
OonbLLIOE KONMMYECTBO aKyCTUYECKOW 3HEeprum norrowaetcsa Aaxe npu OQHOKPaTHOM MPOXOXOEHUN 4epes
Kpuctann. Kpome Toro, 4acto Hy>KHO y4uTbiBaTb MOTEPU U B CaMOM npeobpasoBarerne.

N3ameHeHne TemnepaTypbl MOXeT BIUATb Ha BPEMEHHY CcTabunbHOCTb nyya. [loaToMy addekTbl
camMoHarpeBa Heo6XoaNMO YYMUTbIBaTb NPU MPOEKTUPOBAHUM NOObLIX aKyCTOONTUYECKUX YCTPOMCTB. OAHUM U3
nyTel pelleHus Takux 3adad sBnsieTcs paspaboTka TennoBblx Mogenein AOTP u  BbinonHeHue
COOTBETCTBYIOLLEr0 MOAENMPOBAHUS PACNPOCTPAHEHNSA TEMMOBbLIX MOMei.

Il. NOCTPOEHWE TEMNOBOW MOOENN

Kpuctann dunbtpa obnagaetr HUM3KOW TEMnonpoBOAHOCTbIO, MO3TOMY TENMoBble PaguMeHTbl MOryT
BO3HWKHYTb B HeM faxe npu 3EKTUBHOM OTBOAE Tenmna OT CTEeHOK kpucTanna. OcobeHHO BaxkHa
MOBEPXHOCTbL Camoro npeobpa3oBaTensi, MOCKOMbKY NOTepY B HEM MOTYT OblTb AOMNOSTHUTENBHLIM UCTOYHUKOM
BblOesnieHnsi n3bbIToYHOM MolwHOCTU. PacnpepeneHve Tenna B obObeme KpucTanna onpefensieTcss kak
aKyCTUYEeCKMM MOrMoWEeHNeM B KpucTanmne, Tak W MOLLHOCTbIO, BbIAENSAEMON HENOCPeACTBEHHO B
npeobpasoBarene.

MpoTnBONoOnoXHasi npeobpasoBaTento nuueBas CTOpoHA OObIMHO He napannenbHa emy W He
nepneHavKynspHa HWKHEN WU BEpPXHEN CTOPOHAM KpuCTanmia W HakroHeHa nog 3afdaHHbIM YriioM, YToObl
n3bexaTb OTPAXEHUS aKyCTUYECKOW BOJHbI B NIOCKOCTb B3anmogenctausi. Kopnyc kpuctanna AOT® nmeet
OonbLLIOE 3HAa4YeHME C TEMOBOW TOYKN 3PEHMUS, MOCKOSIbKY TEMNIO, BblAENAEMOE B YCTPONCTBE, NepenaeTcs B
oKpyxatLlyto cpegy 4vepes kopnyc. OOblMHO Ansd 3deKTMBHOrO OTBOAA Tensya KpucTans caguTcs Ha
KOHTaKTHbIE MOBEPXHOCTU U 3MEMEHTbI KOHCTPYKUMM C BbICOKOM TEnnonpoBoAHOCTbIO. OfHAKo B TeKyLlewn
KOHoUrypaumm paccmaTpmBaeTCsi TONbKO MOAENb KpUcTarnna ¢ COOTBETCTBYIOLLMMU rPAHUYHBbIMUN YCITOBUSIMMA.

[ns npoBefeHWst TEMOBOrO aHanuM3a MUCMosb3yeTcsl 3adaHHasi KOH(WUIrypauusi MIOCKMX WCTOYHMKOB
MOLLIHOCTU A5 y4eTa akyCTUYeCKOro norsioleHns U Harpeea npeobpa3oBaTens. AKyCTUYECKOe NormoLleHne
BHOCUT 3HAUYUTENbHbI BKNaA B Tennosble xapaktepnucTukn AOT® B OCHOBHOM U3-3a OTHOCUTENbHO BbICOKOrO
koappmuMeHTa MOrMOWEHNss CAOBWIOBOM BOMHbI B KpucTanne napatennyputa (TeO:2). Harpes
npeobpasoBaTens Bbi3BaH MOTEPSIMM Ha pacceuBaHue Tensa B o6nacTsx npeobpasoBaTens, KoTopble
BKITIOYAOT OMWYECKME MOTEepr 3EeKTPOAOB, AUINIEKTPUYECKME MOTEepU Mbe303NEKTPUYECKOTO KpucTanma u
akycTuyeckoe 3atyxaHue [5]. Mpu 3TOM nMoOrnoweHHass MOLLHOCTb MOXeT OblTb MOoflydeHa U3 pas3HOCTM
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MOLLIHOCTEN MeXay COoCedHMMM Toukamu. AKycTuyecKkasi MOLHOCTb P B TOYKe X Ha NMyTU pacnpocTpaHeHus
onpefenseTcs no cnegyowemy BbipaxeHuto [6]:

—-af?x
P=P,10 10 ,
rae Po — nogBoaumas akyCcTuyeckas MOLLHOCTb, o, — KO3(MULIMEHT aKyCTMYecKoro nornoleHns, f — paboyas
YyacToTa.

I1l. PE3YINbTATbI MOOENMPOBAHUA

PaccmaTtpuBaeTca Hauxygwumi criyydan, korga BCS MOrMOLEHHasa akycTuyeckas aHeprus npeobpasyeTcd B
Tenno. [Ana MoaenupoBaHusa TensoBbiX xapaktepuctuk AOT® Ha ocHoBe nmapaTennyputa UCnonb3oBarscs
METO, KOHEYHbIX 3MeMEHTOB [AMfs paccMaTpuBaeMon KoHdurypauumu Kkpuctanna. YuyuTbiBanacb
Tennonepefada 3a cyeT TENMonpoBOOAHOCTM U KoHBekuun. [lpoBedeHO npeaBapuTensHoe Tennosoe
MOLENVPOBaHNE UMEIOLLIMXCA KPUCTanNmMoB ANsi pa3nNuUYHOM paccenBaeMon MOLLHOCTU. [1na aToro kpuctann
TeO2 NnpeacTaBnsieTcsl Kak aHN30TPOMNHOE TENO C HECKONbKMMU TENNOBLIMU UCTOYHNKaMU. PaccmaTpuBaeTcs
YMCIEHHOE peLleHne MeTo40M KOHEYHbIX 3IEMEHTOB.

PesynbTtatel MoOOenupoBaHWUS KPUCTanmfoB MOKasbiBalOT HarpeB W HepaBHOMEPHOE pacnpefeneHve
TemnepaTypbl B 00bEME KpucTanmna. Yxe npu paccemBaemon molHocTn 1-1,5 BT mMoxeT Habnogatbes
Hanu4yue rpagueHTa Temnepatypsbl B 8-15 rpagycos (puc. 1).
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PucyHok 1. PacnpegeneHve Tenna B KpUcTasniie U COOTBETCTBYIOLLME rpaaneHTbl TemnepaTypbl

Mpu yBenuyeHun akycTMyecKkom MOLLHOCTW Bo3pacTaeT u TemnepaTypa HarpeBsa, U rpagueHT yCcunmBaeTcs,
YTO CBSA3aHO KakK HU3KOW TENJIONPOBOAHOCTLI0. Kak n3BecTHo, anst obecneveHms padotsl AOT® ¢ kpuctannom
n3 napatennypurta SBnseTcs OnTMMalbHbiM Anana3oH Ttemnepatyp + 30...40 °C [7]. OgHako rpagueHT
TemnepaTypbl MO BCEMY KpPUCTanmny W fokKanbHOe MNOBbILIEHWE TemnepaTypbl NPU YpPOBHE aKyCTUYeCKOMn
MoLLHOCTK oT 1,5 BT MOXeT NpuBeCTu K HapyLleHuto B paboTe npubopa.

Taknm o6pasom, akycTUyeckoe MNornoLleHue sBnseTcs AOMUHUPYIOLWLMM UCTOYHUKOM HarpeBa BCreacTBue
BblaeneHns n3bblTOYHOM MOLLHOCTU. OLeHMBas TENMOBbIE XapakTEPUCTUKM KpUCTarnna ¢ NOMOLLbIO TENMOBOW
MoZenu, MOXHO MWHUMU3MPOBaTb TennoBble addekTol Npu npoekTupoBaHun AOTD u onTUMU3NPOBAaTL
napameTpbl KOHCTPYKLNW.
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MODELING OF THERMAL GRADIENTS IN ACOUSTO-OPTIC FILTER CRYSTALS
V. Zhuravliov, N. Naumovich, V. Revin
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Abstract: Computer modeling of acousto-optic filter crystal heating is considered. It shows the appearance of
temperature gradient at different values of input power and absence of heat dissipating components. This may
be the cause of filter characteristic degradation.

Keywords: acousto-optic filter, crystal, transducer, heating, temperature gradient.
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AHHOTauus: B paMkax KOMMNbOTEPHOrO MOAENUPOBAHUS NMpoBedeHa aTOMHO-CTPYKTypHasi onTUMU3aumst u
paccuyuTaHbl 30HHbIE CMEKTPbl U MIOTHOCTU 3NIEKTPOHHBLIX COCTOSIHUA YEeTbIPEXKOMMOHEHTHbLIX KOOamnbT-
cogepxalmx cnnaeos [ericnepa B 3aBUCMMOCTM OT BXOAALMX B HUX XMUMUYECKNX INTIEMEHTOB N UX MO3NLIUNA.
BbisiBNneHbl ¢akTopbl, BMMSKOWME HA WX SNEKTPOHHbIE U MarHUTHblE CBOMCTBA, OCHOBHbIM W3 KOTOPbIX
SABNSIeTCA CTEXMOMETPUYECKMn coctaB. B pesynbTaTe yCTaHOBMEHO, YTO PACCMOTPEHHblE COEAUHEHUS
ABNATCA peppomarHeTvkamu. BbisiBfieHbl CTPYKTYpHble OCOBEHHOCTU, NPU KOTOPbIX 3HAYEHMSI CMIMHOBOWN
nondapusauum gocturatot 100%, T.e. coeanHeHns CTaHOBATCS nonyMmeTannamu. YCTaHOBEHO, YTO 3HAYeHUs
TemnepaTypbl Kiopu nexat B TemnepaTypHom AmnanasoHe oT 480 no 1400 K u B OCHOBHOM OKa3bIBalOTCS
NpOonopLMOHarnbHbl MOJIHOMY MarHUTHOMY MOMEHTY CUCTEMBI.

KnioueBble crosa: cnnaB [encnepa, 30HHbIA CMAEKTP, MSIOTHOCTb 3fIEKTPOHHbLIX COCTOSIHUA, MarHUTHbIN
MOMEHT, Temnepartypa Kiopu.

I. BBEOEHNE

MocnepHne gecatTuneTus MHTepMeTannmMyeckne coeanHeHmns encnepa ABnsOTCs 06bekTammu NPUCTanbHOro
n3ydyeHust 6narogapsi UX UCKMOUYUTENbHLIM KayecTBaMm, TUna nonyMeTansiMyeckoro MarHetuama, acpdekra
namMsiT¥ MarHUTHOM OOPMbI, TMraHTCKOrO MarHUTOKanopmuyeckoro adpdekTa, TepMOo3rekTpuyeckoro agdekTa
n ceepxnpoBoanmocTtu [1, 2]. 3TM CBOWCTBA YCNELIHO MPUMEHSIOTCS, Hanpumep, NONyMeTanfIMYyHOCTb B
deppomMarHUTHbIX Matepuanax UCnonb3yeTcsi B CIMHTPOHHbIX Npnbopax, Takux Kak CMHOBbLIE MHXEKTOPbI,
MarHUTHble TYHHENbHblE Mepexodbl U MaMsiTb C NPOU3BOMbHBIM AOCTYNOM, OCHOBaHHas Ha nepeHoce
CMuMHOBOro  MomeHTa. [lonymeTtannuueckne  deppomarHetnkn  (MM®P)  npeacrasngawTr  cobou
npuBnekaTenbHbIN Krnacc MartepuanoB OGnarogapsi HOBbIM 3MEKTPOHHBIM M MarHUTHbIM CBOWCTBaM, B
yacTHocTn, oHu obnagaT 100% cnuHOBONK nonsapusaunen. M3-3a noTeHuManbHbIX NPUMEHEHUA B
CMUHTPOHMKE [2] NIM®P MHTEHCUBHO UCCNERYKTCA Kak 3KCMEepPUMEHTAnNbHO, Tak U TeopeTUYeckn, 0COBEHHO
nocne npeAckasaHusi MyTeM KOMMbIOTEPHOrO MOAENVPOBAHUS MofymeTanmMyeckoro geppoMarHetTmama B
cnnase Nencnepa NiMnSb [3].

M3-3a BbICOKMX 3HAYEHMI MarHUTHOro MoMeHTa n Temnepatypbl Kiopu B kauectse [TM® oTnnyHo noaxoaat
cnnaebl ['eicnepa Ha ocHoBe kobanbTta (Coz2YZ) [4], ogHnM u3 Hanbonee nepcnekTuBHbIX sBnsietca Co2CrAl
bnarogapsa TeopeTMyecku npeackas’aHHbIM MonyMeTanfnMyeckum CBOMCTBAM UM BbICOKOMY 3HA4YeHuio
CMMHOBOW MonNsipM3aLmm B ynopsaaodeHHbIX CTPYyKTypax. HegasHne nccnegoBaHus coobLatoT O NOBbILLEHUN
TemnepaTypsbl Kiopu co casurom yposHa ®epmu B nonymeTannmMyeckon 3anpeLleHHon 3oHe Co2CrAl, nytem
YaCTUYHOM 3aMeHbl aTOMOB XpOMa Ha aTOMbl MeTarnnoB ¢ 6onee BbICOKOW BaneHTHOCThIO [5].

Bonblion MarHMTope3HUTHbLIN ahdeKT Takke Habnogancs B ynopsigodeHHbix cnnasax Co2CrosFeosAl [6].
Kpome TOro, nokasaHo OTHOCUTENbHO BbICOKOE 3Ha4YeHWe TYHHENbHOr0 MarHuToconpoTmenexms (26,5% npu
5 Kn 16% npu KOMHaTHOW TemnepaType) MarHMTHOroO TYHHENbHOro nepexofa Ha OCHOBE YNopsigovYeHHON
cTpykTypbl B2 [7]. B paboTe [8] 6bin cnHTe3upoBaH cnnaB [enicnepa Co2CrixFexAl, 4eMOHCTPMpOBaBLUNIA
BbICOKME 3HA4YeHUs CMMHOBOW nonsipusauun n Temnepatypbl Kiopu. Ons coegmHeHus CozCrixFexAl 6binm
NpoBeAEHbl Pa3fiNYHbIE SKCNEPMMEHTarbHbIE U TEOPETUYECKME NCCIIeg0BaHUS.

BonblIMHCTBO  M3y4YyaeMmbiX  MarHUTHbIX cnnaesoB [encnepa npeactaBnsAT  cobo  TPOWHbIE
UHTepMmeTannuueckme coeamHeHus supa Xz2Y'Z, rae X n Y' aBnsawTca nepexogHbiMy metannamu, a Z —
3anemMeHT ocHoBHOM rpynnbl [1]. O4eBMAHO, YTO HOBbIE MarHUTHbIE CBOMCTBA B 3TUX COEANHEHMUAX BO3HUKAIOT
n3-3a HanmMumsl HesanosiHeHHoW d 060104YKM Y OOHOrO N3 NepexofHbIX MeTannoB. bbino obHapyXeHo, YTo 3a
nosiBNEeHnEe HOBbIX ABMNEHUN, HabngaeMbix B 3TUX Matepuanax, OTBe4YaeT CroXHas CBA3b 3acerieHHOCTEN
MarHUTHbIX 3NIEMEHTOB B NogpeLlleTkax ¢ pasfiMyHbiMM cuMMeTpusMn. Ecnn kaxxgasa nogpelueTka B cnnase
lecnepa 3aHdaTa APYrMM 3fEMEHTOM, YTO nNpuBoauT K coeanHeHuto XX'Y'Z, rae MarHUTHbIN anemMeHT X'
OTNMdeH OT X, TO B TaKoW CTpykType OyaeT Oorblue noaknaccoB (B 3aBMCUMOCTM OT 3acerieHHOCTEen
noapeLleTok TPexX MarHUTHbIX 3SMIEMEHTOB), YEM BO3MOXHO B coeAuHeHusix X2Y'Z. CnepoBaTtenbHo,
YeTbIPEXKOMMOHEHTHbIE coeanHeHus [encnepa byaoyT obnagaTtb Gonee rMdkMMM BO3MOXHOCTSIMM Bblibopa
KOMMOHEHTOB U UX PACMOOXEHNs B y3riax peLleTky, YTO MoXeT obecneyunTb NosyYeHne HOBbIX MaTepuarnos
C 3agaHHbIMM cBoMcTBaMU. [1oaToMy B nocreHee BpeEMsi Hayanocb MccrnegoBaHne YeTbiPEXKOMMOHEHTHbBIX
coeaunHeHun Nencnepa. [1oBONbHO MHOMO COEANHEHWNA B 3TOM CEMEWNCTBE OKa3anncb NepcrneKkTMBHbLIMWU ANs
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CMUHTPOHHbIX I'IpI/lMeHeHI/IIZ, OEMOHCTPMPYWOLWKX nonymetannnyeckmne CBOWCTBa U BbICOKYKD TemMnepatypy
KI‘OpI/I. |_|pl/l 3TOM OOMbLIMHCTBO M3 HWX OCTaeTCA HeOoCTaTOYHO M3y4eHO KaK TeOopeTU4veCKku, TakKk "
SKCNepnMeHTalibHO.

Takum 0bpa3om, KOMMbTEPHOE MOAENMPOBAHWE CBOWCTB KOOamnbT-coaepXalluMx YeTbiPeXKOMMOHEHTHbIX
crnnaeoB [ericnepa Co2XY1-tZt, @ Takke cnocoboB MX MOAUDUKALMM ABNSAETCS akTyarnbHOW 3adaqyen.

II. METOOMKA PACYHETA

CornacHo MMeLLMMCS 3KCNePUMEHTaNbHbLIM AaHHbIM, YETbIPEXKOMMOHEHTHbIE cniaBbl ['encnepa CozXY 1-tZt
dopMUpYOTCH B ynopsgodeHHOM Kybudeckon pelleTke Tuna L2: (mpocTpaHCTBeHHas rpynna Fm3m) c
YeTbipbMsi  B3aUMOMPOHWKAKOLUMK  FPAHELLEHTPUPOBAHHLIMKM  Kybudeckumn  nogpewletkamm  [1].
OnemeHTapHas syenka coctouT M3 16 atomoB, N0 4 B Kaxaon nogpelueTke, M3 KOTOPbIX ABE NO3ULun
3aHUMMaloT aToMbl KobanbTa 1 No ogHon no3uumm — atombl X 1 Y unu Z. B kauectBe atoMoB Y 1 Z Gbinu
BbIbpaHbl atoMbl nepexodHblx metannos (Cr, Mn, Fe), B kadyectBe aTomoB X — aTtombl 111 (Al, Ga) u IV rpynn
(Si, Ge, Sn) neproamMyecKon CUCTEMbI SNIEMEHTOB.

Bce BbluncreHus n3 nepebiX NPUHLIMMNOB B pamMKkax Teopun OyHKLMOHaNa NinoTHOCTU BbINOSIHEHbI C MOMOLLbIO
nporpammbl  VASP [9]. [Ons onTumMM3auumn KpUCTamniMYecKom CTPYKTYpbl WCMOSb30Basnics MeToA
NPOELMpPOBaHHbIX MPUCOEAMHEHHbIX Nnockux BonmH (PAW) B npubnwxkeHun PBE [10]. NepBoHavanbHO
NPOBOAMIACb aTOMHO-CTPYKTYPHas ONTUMMU3auUnUst KPUCTaNfIMYECKUX PeLleTOK TPEXKOMMOHEHTHbIX CMiiaBOB
lericnepa Co2XY, nocrne 4ero OCYLWECTBASANIOCh YaCTU4YHOE 3aMELleHMEe OOHUX aTOMOB MepPexOoAHbIX
MeTannoB ApyrMMn atomamu. 3Ha4YeHne aHeprum oTceykm 6asmca 3NeKTPOHHbIX MIIOCKUX BOSH COCTaBIISANO
460 3B. [1na cTpykTypHO ONTMMM3aL MM UCMonb3oBanachk [-LeHTpMpoBaHHas ceTka n3 9x9x9 k-Toyex.

. PESYNBTATBI N X OBCYXXOAEHNE

B pesynbTate npoBeAeHHOr0 MOLEMNUPOBAHWUS 3MEKTPOHHbLIX CBOWCTB YCTAHOBMEHbI 3JHEpreTuyecku
cTabunbHble KoHdurypaumm psaga coeauHeHuin Buaa CozXY mn Co2XY1-tZt, ANs KOTOPbIX onpeaeneHsbl
napameTpbl peLleTKu, aTOMHble MNO3ULUMKW, a TakkKe MNOMHble MarHUTHble MOMeHTbl. [loka3aHo, 4TO Bce
nccneaoBaHHble CTPYKTYPbl COXPAHSOT KyOMYECKYID CUMMETPUIO pelleTKu. AHanu3 YUCNEeHHbIX AaHHbIX
nokasar, 4YTo B TPEXKOMMOHEHTHbIX coeguHeHusx Co2XY NOCTOsIHHbIE peLueTkn nameHsTes ot 0,5621 Hm
ans CozFeSi go 0,5988 Hm ana CozFeSn. B pamkax ogHon rpynnbl (Al-Ga, Si—-Ge-Sn) ¢ poctom HoMepa
anemMeHTa HabnwaaeTcsa PoOCT 3HAYEHUIN MOCTOSIHHOWM PELUETKU, paBHO Kak U obbema syenkn. AHanornyHas
TeHOeHuus HabntogaeTcsa Ans YeTbIPpEXKOMMOHEHTHbIX cniaBoB encniepa Co2XY1-tZt.

B cnnaeax [lericnepa Co2XY HabnopgaeTcd yBenvM4eHUe 3Ha4YeHWUW MOJTHOrO MarHWTHONO MOMEHTa Mpu
nepexoge ot anemeHToB Il rpynnel (Al, Ga) k anemeHTam IV (Si, Ge, Sn) B no3uumm Y. Npn 3TOM B pamkax
OfHOW rpynnbl B N03uLMK Y NoKarnbHbIA MarHUTHbIA MOMEHT Ha OAHOM 3rieMeHTe X NpakTU4eCKN He MEHSAETCS.
Takke HabnogaeTcss poCT 3HAYEHWA MarHUTHOrO MOMEHTa B psigy nepexogHbix metannos Cr—-Mn-Fe B
nosuuum X. 3To MoXeT BbiTb CBSA3AHO C YNCIIOM BaNEHTHbIX 3MIEKTPOHOB B KaXXA0M COeANHEHNN. AHanornyHas
TeHAeHUMs Habnoganack Ans YeTblpeXkoMNOHEHTHbIX cnnaeoB evicnepa Co2XY1-tZt.

KauyecTBEHHO 30HHbLIE CMEKTPbl AN TPEXKOMMOHEHTHbLIX W 4eTbIPEXKOMMOHEHTHbIX cnfaBoB [elicnepa
Nofo6HbI, Takke MOXHO HabnogaTh aHanornyHoe NoBeAeHMe KPUBLIX Y PACCMOTPEHHbLIX COEAMHEHUI B Py
aTOMOB M3 OAHOW rpynnbl. OTO MOXHO OOBACHWUTL TEM, YTO MCCMedoBaHHble crnnasbl [ericnepa umeloT
O[MHAKOBYIO KPUCTamMYECKYl0 peLIeTKY M OTNINYalTCH JUlb BXOOAWMMMU 3fIeMEHTaMu, HEKoTopble U3
KOTOPbIX MMEKT CXOXYH 3MEeKTPOHHYI KOHurypaumo. CpaBHEHME MOMyYeHHbIX 30HHbIX CMNEKTPOB U
CTPYKTYPHbIX MapamMeTpoB C WUMEKLWMMUCA pe3ynbTaTamu TEeOpeTMYECKUX pacyeToB [ApYyrMx aBTOPOB
nokasarno XopoLlee corfilacue, YTo roBOPUT O KOPPEKTHOCTU NPOBEAEHHOTO MOAENMPOBAHUS U MPaBUITbLHOCTU
BblbOpa 0OMEHHOro KOppensaLMoOHHOro dyHKUMoHana. V13 npeactaBneHHbIX CNEKTPOB MOXHO caenaTth BbIBOA,
4YTO B TO BPEMSI Kak OLHW COEOMHEHMST SIBMSOTCA nonymeTannamu, T.e. NposiBMsitOT NOMynpoBOAHUKOBbIE
CBOWCTBA B OAHOM CMMHOBOM KaHane u MeTtannuyeckne B apyrom (kak Co2CrFeSn, Co02CrMnGe u
Co2MnCrSi), apyrue (kak Co2CrFeAl) asnatoTca meTannmyecknmmn B 06oux cnuHoBbIX kaHanax. CoeanHeHun,
OEMOHCTPUPYIOLLMX MOMYyNPOBOOHUKOBOE MOBEAEHNE B O0OOMX CMMHOBbLIX KaHanax, cpean UCCrnefoBaHHbIX
mMaTepuanoB 06HapyXeHOo He Obino. BbisiBneHHble nonymeTannmyeckme coeanHeHus (Takme kak Co2CrMnAl,
Co2MnCrGe, Co2MnCrSi, Co2.CrMnSn, Co2MnCrGa), B KOTOpbIX aTOMbI >kefe3a He Haxoadarcsa B nosuumm Y,
npeacTaBnstoT HanbOMNbLINIA MHTEpeC, T.K. OHM 6yayT obnagaTte 100% cnMHOBOW nonsgpu3aunen, YTo UMeeT
npakTudeckoe 3HayeHue [Ansi CNUMHTPOHMKW. B kayectBe npumepa Ha puc. 1 m 2 npeacTaBneHb
aHepreTMyeckme guarpammbl MOMyMETannMYeckux Tpex- U YeTbIPEXKOMMOHEHTHbIX cnnaeBoB [encrepa
COOTBETCTBEHHO.
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PucyHok 2. 3oHHasa cTpykTypa Co2MnCro25Gao,7s B CNUH-BBEPX (Cnesa) U CNUH-BHU3 (CripaBa) kaHanax

C uenbio ycTaHOBMNEHUs CTabunbHOr0 MarHUTHOIO COCTOSIHUSA OLleHEeHa Pa3HOCTb MOMHOW SHEPTUU CUCTEMBI
B eppomarHutHoMm (PM) u aHTudeppomarHutHom (ADPM) cocTosHMsax. Ha ocHOBaHUM paccUMTaHHbIX
CMEKTPOB MITIOTHOCTEN 3NeKTPOoHHbIX cocTosHui (M3C) onpegeneHa cnuHoBas nondpusauusi, Kotopas
OLEHMBaETCS Kak OTHOLIEeHMe pasHOCTU 1 cyMMbl [M3C Ans aneKTpoHOB CO CMMHOM BBEPX W BHU3 Ha YPOBHE
®epmn. [Ona oueHkn Temnepatypbl Kiopu mcnonb3oBanocb npubnmkeHue cpegHero nons (mean field
approximation). B aTom cnyyae TemnepaTtypa Kiopu BbluMcnsnach, UCXoast U3 yncrna 6nmkanwmx marHUTHbIX
aTOMOB B f4enKe, OOMEHHOro WHTerpana, M ChivMHa MarHWUTHOrO aTtoMa, NPOMOPUMOHANBHOIO MOMHOMY
MarHATHOMY MOMEHTY. [ns oueHkn OOMEHHOro WHTerpana ucnonb3oBanacb 3Heprus OOMEHHOro
B3aMMOENCTBUA MeXOYy MarHUTHbIMW aToMaMu B siYENKe, KOTopasi OLeHMBanacb Kak pasHOCTb 3HEeprum
CUCTEMBI, paccymTaHHbix ¢ ®M n AOGM ynopsgoveHumem.

PacueTbl nokasanu aHepruio obmeHHoro B3ammogenctsust B gmanasoHe ot —0,3 go —1,1 3B, npun atom
oTpuLaTeNbHbIA 3HAK CBUOETENLCTBYET O TOM, YTO SHEPreTUYeCKN BbirogHbIM siBnsietcs @M cocTosiHve Ans
BCEX PACCMOTPEHHbIX COeAUHEHUN. 3HAYEHUST CMIMHOBOW NOMSpM3aUnm U3MEHSIIOTCS B LUMPOKOM AnanasoHe,
gocturas Bo MHormx crnydasx 100%, T.e. coeanHeHNsi CTaHOBATCS NonymeTansaMmu, sBfsisicb NPOBOAHNKaMM
ONs SNEeKTPOHOB C OAHOW CMMHOBOW OpWEeHTauuenl, U MonynpoBOAHUKAMW ONS  3IIEKTPOHOB C
NPOTMBOMOSIOXKHOW CMUHOBOW OpueHTauuen. [ns npakTU4ecKkoro MNPUMEHEHUS OHW NpeacTaBnsoT
HanbonbLNN MHTEpeC. YCTaAHOBIEHO, YTO 3TO OOSbLUMHCTBO WCCMEAOBaHHbIX YeTblPEXKOMMOHEHTHbIX
cnnaeoB [encnepa Co2XY1-tZt, y KOTOPbIX aTOMbI XXerne3a He HaxoaaTcs B no3uvunm Y. A coeguHerunst ¢ Y=Fe
n Z=Cr obnagatoT Hanbonee HU3KUMUN 3HAYEHUAMUN CMTIMHOBOW NONAPU3aLINN.

1. 3AKITIOHEHNE

PaspaboTaHa KoMMbloTepHas MoAeflb KPUCTaNmMYecko CTPYKTYPbl YETbIPEXKOMMOHEHTHLIX CrMaBoB
lencnepa Co2XY1-tZ:, NpoBeAeHa UX ONTUMU3ALNA U PacCUUTaHbl 3NEKTPOHHbIE M MarHUTHbIE CBOWCTBA B
3aBUCMMOCTU OT CTEXMOMETPUYECKOro cocTasa. [Ns KaOoih M3 pacCMOTPEHHbIX CUCTEM YCTaHOBIEHBI
3HepreTnyeckn ctaburnbHble KOHUrypauun, onpeaeneHbl 3NeKTPOHHbIE COCTOAHMSA BONU3N ypoBHS Pepmu,
MOMHble U NMoKamnbHble MarHUTHbIE MOMEHTLI, a TaKkKe BbIABMEHbl (PaKTOPbI, BNUAIOWME HA 3NEKTPOHHbIE U
MarHuTHble CBOMCTBA. YCTaHOBMNEHbl coeduHeHus, obnagawwme 100% cnuHOBOW nonspusauuen.
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Onpep,eneHbl 3Ha4YeHna Temnepatypbl KIOpI/I, KOTOpble neXaTt B LMPOKOM TemMnepaTtypHOM Ouana3oHe.

MonyyeHHble cBeAeHNA MOryT GbiTb UCMOMb30BaHbI NP Bbibope cnnasos [eicnepa AN Co34aHMs HOBbIX
CMMHTPOHHbIX 3/1eMEHTOB 06paboTkn NHpopMaLIUK.
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Pabota BbimonHeHa B pamkax npoekta Ne T23M3-016 Benopycckoro pecnybnukaHckoro ¢oHaa
dyHaameHTanbHbIX uccnegosaHnn (BPOON).
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BAND STRUCTURE AND SPIN PROPERTIES OF COBALT-CONTAINING HEUSLER ALLOYS
V.L. Shaposhnikov, A.V. Krivosheeva, V.E. Borisenko

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
shaposhnikov@bsuir.by

Abstract: The atomic structural optimization was carried out and the band spectra and the electronic density
of states of the four-component cobalt-containing Heusler alloys were theoretically calculated, depending on
the chemical elements and their positions. The stoichiometric composition was found to be the main factor
affecting their electronic and magnetic properties. As a result, all the compounds considered were identified
as ferromagnets. Structural features in which the spin polarization values reach 100%, i.e. the compounds
become half-metal were revealed. It was established that the Curie temperature values lie in a temperature
range from 480 to 1400 K and are mainly proportional to the total magnetic moment of the system.

Keywords: Heusler alloy, band spectrum, electronic density of states, magnetic moment, Curie temperature.

164



MexayHapogHas Hay4YHo-npakTuyeckas KoHgepeHLms
«KoMnbloTepHOE NPOEKTUPOBaHME B ANIEKTPOHUKEY
YK 621.382
OCHOBHbIE METOOVNKN OBEHAPYXXEHUA AMNMAPATHBLIX TPOAHOB HA STATME NMPOEKTUPOBAHNA
BopoHos A.1O., Ctemnuukun B.P.

Benopyccknin rocyaapcTBEHHbIN YHUBEPCUTET MHAOPMATUKN N PagUOINIEKTPOHUKH,
MuHck, Pecnybnuka Benapycb, voronov.drawtoon@gmail.com

AHHOTaUMA: yBENMYEHNe pasHoobpasnsa U CnekTPoB NPUMEHEHUS MHTErpanbHbIX MUKpocxem (aanee — UNC)
NPVMBOAWUT K POCTY YMCMa Y4aCTHWKOB WX MPOM3BOACTBA M NpPoekTupoBaHus. CTOpOHHee MporpaMMHoe
obecneyeHve ans npoektnposaHusa VIC, ncnonssosanune IP-6nokos (Intellectual Property) gpyrux komnaHum
3HAYUTENbHO YBENMYMBAET PUCK BHEAPEHUSI B YCTPOMNCTBA BPEOOHOCHbLIX CXEM, Ha3biBaeMblX annapaTHbIMU
TposHaMK, Yyxe Ha dTane npoeKkTupoBaHus. AnnapaTHble TPOsHbl MOryT Bbl3BaTb W3MEHEHUe
dyHKUMOHaNbHOM paboTbl YCTPOWCTBA, YTeuky MHGOpMauuu unu BbiBoA4 M3 cTpos [1]. B atom Teswuce
paccMOTPEHbI COBPEMEHHbBIE U ManocTosLWmMe MeToAbl 0BHapyXeHns annapaTHon 3aknaaku 6e3 paspyleHns
MUKPOCXEMBI.

KnioueBble crioBa: uUuMdpoBasi 3MeKTPOHMKa, annapatHas GesonacHoCTb, annapaTHble TposiHbl, MJIUC,
IP-agpa, aHanu3 no CTOPOHHEMY KaHany, yHKLMOHabHO-IOrMYeckoe TECTUPOBaHME.

BBEOEHWE

CerogHs, HapaBHe C nporpamMHbIM obecrnevyeHueMm, annapaTHasi YacTb YCTPOWCTB Takke noaBepXeHa
BHEOPEHWIO BPEOOHOCHbBIX CXEM, HAa3blBaeMbIX annapaTHbIMU TPOSTHAMMU, KOTOPbIE MOTYT ObITb UCMOSb30BaHbI
Ons HapyweHuns 6e3onacHocTVM nomnb3oBaTtens ycTpowcTBa. CBA3aHO 3TO € Oonblunm pacnpegeneHnem
3TanoB pa3paboTku ANEKTPOHHLIX YCTPOWCTB He TOMNbKO MeXAy KOMMaHUsMU, HO U MexXay CTpaHaMmun 1 gaxe
KOHTMHEHTamu. B Takmx ycnoBusix HEBO3MOXHO coBMoCcTu Te e TpeboBaHmsa no 6e30nacHOCTY K annapaTHOM
YyacTu, Kakumm oHu 6binm ewe 30 — 40 net Ha3ag, korga paspaboTka 1 NPON3BOACTBO MUKPOCXEMbI BEMOCH B
pamkax ogHon MpMbl M HUKOrO4a 3a npegernamu CcTpadbl-npou3dsoantens. Cenvac ke gaxe OTAenNbHble
uncppoBble BMOKN NPUHATO OTAAaBaTb HA CTOPOHHEE MPOEKTUPOBAHNE UM BOBCE MCNOMNb30BaTb MO NMLEH3UM
IP-6nokn (Intellectual Property) Ons yMeHbLUEHUSA U3OEPXKEK, CBSA3AHHLIX C pa3pabOoTKOM 3MEKTPOHHbIX
YCTPOMUCTB.

Ona obHapyxeHUs annapaTHbIX 3aknagok NPUMEHstoTCs 2 Gonblune rpynnbl METOAOB: C MOCNEAYIOLMM
paspyLlleHMeM MUKpocxembl U 6e3. MeTop ¢ paspyLleHMEM 4YMna OCHOBLIBAETCS Ha M3YyYEeHMU TOMONOrvMu
rOTOBOW MUKPOCXEMbI NOCIE CHATUSI KAXA0ro Crosi MeTannm3auum ¢ NOMOLLbIO ONTUYECKOW UMK SNEKTPOHHO-
nyy4eBOM MUKpockonuW. [aHHbll MeTon obragaeT BbICOKOW TOYHOCTbIO, OAHAKO [AOMOor, [OPOrocTosily M
TpebyeT cneumannsMpoBaHHyo nabopatopuio ¢ 0Oy4eHHbIM MepcoHanam, He roBOps YXXe O 3aTpaTax Ha
NpoOu3BOACTBO TECTOBOW MapTMM  MUKPOCXeM. HewHBasuBHble crnocobbl  OGHapyxeHus  Hornee
npeanoYTUTENbHbI B CBSA3M C HU3KON CTOMMOCTbLIO U BO3MOXHOCTbIO 0BHapy)XeHUst annapaTHOro TposiHa eLle
Ha aTane pa3paboTtku. K gaHHOMy HanpaBneHuo OTHOCUTCS rpynna MeToA0B aHann3a no CTOPOHHEMY KaHany
(Side-channel analysis), ¢ MOMOLLbIO KOTOPbIX M3y4alTCA M3MEHEHMS B MUKPOCXeMe Mo noTpebnsemon
MOLLHOCTU, BblAensieMo TemnepaType, BpEMEHHbIM 3afepXkam 1 Tak aarnee.

Llenbto gaHHOro uccrnegoBaHUs SIBNSIETCA HaxXOoXAEeHWe METOAMKW, KoTopas Mpu KoMOWHauMM rpynmbl
aHanM3oB MO CTOPOHHEMY KaHany W JOMMYeckoro TecTUpOBaHMs, nomorana Obl C [OOCTaTOYHOM U
HeobxoaMMOI TOMHOCTbIO ONpeaennuTb Hanuyne TposiHa B NpoekTe Ha MNJIMC Ha sTane pa3paboTku undposom
MUWKPOCXEMbl Marnoro obbema (4o 3 TbicA4y anemeHToB). [ns 3Toro B 3TOW cTatbe OyoyT pacCMOTPEHbI
COBpEMEHHble MeTOAbl, OTHOCALLUMECH K aHanu3y No CTOPOHHEMY KaHamy W NIOrM4eCcKoOMy TeCTUPOBaHUIO, U
OyaoeT gaHa MM oueHKa MO COOTHOLLIEHUIO AEHEXHBIX 1 BPEMEHHbIX U3AepPXKeK K Mofy4yaemMomMy pesynbTarty.

OCHOBHAA YACTb

Jlornyeckoe TecTupoBaHWEe 3aKM4YaeTcs B CO34aHUM HECKOMbKMX TECTOBbIX LWAGOHOB AaHHbIX, KOTOpble
OOIMKHbI NpeAcTaBnaTe cobON Kak CTaHAapTHBIM MOTOK AaHHbIX, Tak U pedkne ux KombuHaumu C uenbio
HaxoXAeHUs1 yCnoBui akTMBauun annapaTtHon 3aknagku. Ecnu xe otBeTbl mexay o6pasuom u 3TarioHOM
pa3nunyHbl, TO NorMyeckoe TecTupoBaHWe OOHapYXMNO annapaTHbii TPosH. [naBHas npobnema Takoro
noaxoda 3akntovaetrcd B Tom, 4to ana WNC 6onbworo obbema (VLSI, Very Large Scale Integration)
HEBO3MOXHO nepebpaTb BCe BO3MOXHble KOMOMHALUMM BUTOB BMeCTe CO BCEMU BO3MOXHBIMWU KOMBOUHALMAMMU
3TUX TECTOBLIX MOCHISIOK NOTOMY, YTO CUMYNSALMSA paboTbl C UCHepnbIBaOLWMM HABOPOM TECTOBLIX LWABNOHOB
AaHHbIX AOna 06Hapy>Keva BCe€X BO3MOXHbIX annapaTtHbIX 3aKnagokK TPpyAHO BbIMOJIHUMO Ha TeKyWux
BblYNCITNUTENbHbIX MOLLHOCTAX. CBsi3aHo 3TO C TEeM, 4YTO Npu Nonyv4eHnun Ka>K,EI,Ol7I HOBOWM MOCbIJTKA, UBMEHAKTCHA
COCTOAHUA OTAENIbHbIX KOHEYHbIX aBTOMATOB UK MPOLECCOPHbLIX NoACUCTEM, pPerncTpoB, 3aLllienok un T1.4a.,
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KOMOBUHALMS OaHHbIX Ha BbIXOA4E KOTOPbIX U MOXET Bbl3BaTb OTKa3 ycTpouctsa. [nsa TectupoBaHusa UC ¢
BonbLuon cteneHbo uHTerpaumm (o1 100 ThiCAY 3NEMEHTOB Ha KpucTarnne) MoXHO BblAeNnUTb ABa OCHOBHbIX
nogxopna: pa3bueHne cxembl Ha Marble QYHKUMOHAamNbHbIE Y3bl U JIOrTMYeCcKoe TECTUPOBAHUE C aHanmM3oMm
AaHHbIX MO CTOPOHHEMY KaHary.

B pabote [2] npeacTaeneH cnocob, roe Tectupyemasi cxema pasbuBanachb Ha nogcxembl. B kaxagon Takom
cxeMme BblOMpanucb KOHKpETHbIE y3Mbl, B KOTOPbIX OyAEeT NpPOMCXOAWUTb CpaBHEHME MOMyYyaeMblX AaHHbIX C
TaKMM Xe y3nom cocegHen nogcxembl. OTnn4YMe oTBETa XOTb OAHON TAKOW AYENKN MOXET CBUAETENbCTBOBATL
0 HanMuMM TposiHa B MaccuBe OJHOTUMHbIX nogmMoayrnen. [laHHoe TeCTUpoBaHue MOXeT MaclTabrnpoBaTbCes,
nsberas npobnem, ceazaHHbIx ¢ TMNoM NC un npoueccom paspaboTku.

B pabote [3] npeanaraetca mMcnonb3oBaTb MacliTabvpyembli METOA reHepauun CTaTUCTUYECKUX TECTOB,
KOTOPbIN MOXET reHepupoBaThb BbICOKOKAYECTBEHHbIN HABOp TECTOBbIX WABGMNOHOB AN CO34aHNSA KOMaH4 C
BbICOKOWN BEPOATHOCTbIO akTUBaLMM BCTPOEHHOIO NPOU3BOSIbHOMO TpOsiHa. ATOT METOA reHepupyeT KoMaHbl
C YY4EeTOM aHanu3a CUrHanoB Mo CTOPOHHUM KaHanam. Takon aHanu3 No3BoSisieT YCTaHOBUTbL OTKMNWK B BUAE
OONOMHUTENBbHOTO NEPEKNIYEHMA TPAH3UCTOPOB B annapaTHOW 3aknagke v onpeaennTb He TONbKO Hanuive
BCTPOEHHOMO TPOSHA, HO M MEXaHW3M €ro akTuBauuW, BKYasi u cam WabrioH akTueauum.

AHanus curHana no CTopoHHeMy kaHany cpaBHuBaeT MC B ponu “3onotoro obpasua” ¢ tectupyemon MIC no
BCEM BMAAM CTOPOHHMX MapamMeTpoB, TaKMX KakK HanpshkeHue, Temnepartypa, 3afepXKa pacnpocTpaHeHus
curHana (path delay) n 1. g. No M3amMeHeHUsIM 3TUX NapamMeTpoB B XO4Ee TECTUPOBAHUA UCCIELYEMON CXEMbI
MOXHO MPEeANoONoXnTb, YTO PacXoXAEHNE UccneayeMbiX NnapaMeTpoB MpU aHanmse No CTOPOHHEMY KaHany
CBUOETENbCTBYET O HaNU4MU HE3asiBIIEHHOTO AOMOJIHUTENBHOMO formyeckoro yana B VIC ¢ HeEn3BECTHbIM
(PYHKLMOHANOM, KOTOpbIM MOXeT MPUBECTU K HEeUCnpaBHOCTW YCTPOWCTBA, cogepxallero annapaTHyr
3aknagky. Tem He MeHee, He TOMbKO LUYM MelaeT OBOHapYXEHMIO annapaTHOro TpOsiHa, HO U Marble
BEMNYMHbI USMEHEHMS HAMPSPKEHUIN N TOKa NOTpeOneHus.

B pa6ote [4] npegnoxeH meTod OOHapyxeHus annapaTHbIX 3aknagok B MC Ha ocHOBe maTpuubl pasHuubl
TemnepaTyp. OTa MaTpuua NpeacTaBnseT cobor NONUKCENbHBIN aHanu3 TENSIOBOro M3obpaKeHnss cxemMbl 3a
HekoTopoe BpeMsi. B akcneprMMeHTe, NpMBedeHHOM B AaHHOW paboTe, Ao6aBneHbl Takke OOMONHUTENbHbIE
MOAYynu AN co34aHus TEnsoBOro Lyma [Afis MackKMpoBKM annapaTHoro TposiHa. OgHako cpaBHEHUWe
TemnepaTypHO MaTpuubl uccriegyemMoro obpasua Cco BCTPOEHHOM annapaTHOW 3aknagkol u “30M0Toro
ob6pasua” nokasano 3Ha4yuTenbHoe NoBbileHNe anddepeHunansHoi TemnepaTypsl.

B pa6ote [5] npeacTaBneH HOBbIA METOA OGHapyXeHUs BCTPOEHHbIX annapaTHbIX 3aKnagok Ha OCHoBe
aHanusa 3adepXKu pacnpocTpaHeHus curHana. B aTtoi paboTe npeanoxeHve o6beaVHUTL UCCReayemyto
CXEeMy CO CTPYKTYpOi 3alleniku, U 3Ta CTPyKTypa 3allernky criocobHa mnokasaTb 3aAepXKKy, Bbl3BaHHYHO
annapaTHoOW 3aknafkor. ATOT METOA MO3BOMSET pelwnTb NPobremMy BUSIHAS U3MEHEHUS] TEXHOMOTMYECKOro
npouecca MIC n B TO e BpeMsi YMEHbLUUTb BIMsSIHWE WyMa Ha 3(PMEKTUBHOCTb aHanusa no CTOPOHHeMY
KaHany.

B cBsA3M ¢ TeM, YTO Lienblo AaHHON paboThl ABNSETCHA HAaXxoXaeHue MeToauKW, BKovaloLlel B cebs MeToabl,
TpebylolimMe MUHUMANbHBLIX (PUHAHCOBLIX BIIOXEHWIA, a Takke NpPOBepKka 3TON METOAMKM Ha MUKpPOCXeme
manoro o6bema, B KayecTBe aHanM3a Mo CTOPOHHeMYy KaHarny npennaraeTtcs WCNonb3oBaTb aHanus
MU3MEHEHUSI PaCYETHOM CTaTMYecKoW MOLLHOCTM U AMHAMWUYECKON MOLLHOCTM NoTpeGreHus ycTpoiicTea.
Takum o6pasom, UCMONb3ys B KayecTBe aHanmsa Mno CTOPOHHEMY KaHany cTaTUdeckylo noTpebnsaemyio
MOLLIHOCTb M AWHAMUYECKYl noTpebnsaemMold MOLHOCTb, TEOPETMYECKM MOXKHO OnpeaenuTb Hanudue
BPEQOHOCHO annapaTHOW 3aknagky ¢ BHYTPEHHUM UIN BHELLHUM MeXaHU3mMaMu akTMBaLui.

3AKJTIOMEHKME

PaccmoTpeHbl MmeToabl (OYHKLMOHANBHO-NMOMMYECKOro TECTMPOBAHNS 1 aHanmM3a no CTOPOHHEMY KaHany. Ha
OCHOBE aHanm3a BpeMeHHbIX U (OMHAHCOBbLIX 3aTpaT peLleHo And obHapyxXeHus annapaTHow 3aknagku B VIC
mManoro obbemMa ucnonb3oBaTb KOMOMHAUMIO CTaHOAPTHOrO (OYHKLMOHANbHO-NIOMMYECKOr0 TECTUPOBAaHNS
BCEN CXeMbl, aHanmM3a CTaTM4YecKoM M OMHAMMYECKOW MOLLHOCTENA M ucnonb3yembix pecypcoB MJINC n
CpaBHEHWE NONyYeHHbIX Pe3ynbTaToB C “30M0TbiM 06pasLomM”. [JaHHas meToguka 6yaeTt ncnonb3oBaTbCs ANs
obHapyxeHus annapaTHbIX 3aKMagoK C BHYTPEHHUM M BHELWHMM MEXaHU3MOM akTMBauuu, a TecTupyemoe
ycTponcTBO GyneT npeacTtaBnsaTb cobow ob6biuHbIMG SPlI master u SPI slave, peanv3oBaHHble Ha OOHOM
kpuctanne MNJINC Spartan-7 kamnaxnum Xilinx.
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MAIN METHODS FOR DETECTING HARDWARE TROJANS AT THE DESIGN STAGE
A. Voronov, V. Stempitsky

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
voronov.drawtoon@gmail.com

Abstract: the increasing diversity and range of application of integrated circuits (ICs) leads to an increase in
the number of participants in their production and design. Third-party software for ICs design, the use of
IP-blocks (Intellectual Property) of other companies significantly increases the risk of introducing malicious
circuits, called hardware trojans, into devices already at the design stage. Hardware trojans can cause a
change in the functional operation of the device, leak information, or disable it [1]. This thesis examines modern
and low-cost methods for detecting a hardware bug without destroying the chip.

Keywords: digital electronics, hardware security, hardware trojans, FPGA, IP-cores, Side channel analysis,
functional testing.
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OBHAPYXXEHME AMMAPATHOW 3AKNALKW B MPOCTbIX LIMGPOBLIX YCTPONCTBAX HA OCHOBE
AHATNN3A MO CTOPOHHEMY KAHAITY

Boporoe A.1O., Ctemnumukun B.P.

Benopycckuin rocyaapcTBEHHbIN YHUBEPCUTET UHADOPMATUKM U PagUNO03SNIEKTPOHUKN,
MuHck, Pecnybnuka Benapycb, voronov.drawtoon@gmail.com

AHHOTaLMA: CerogHsa Ansi YMeHbLUeHMs1 uMkna pas3paboTku mHTerpanbHbix cxem (ganee -UC) komnaHum
npuberalnT K UCNONb30BaHUIO CTOPOHHEro nporpamMmmMHoro obecneyeHnss npoektuposaHus NC, BHeapeHMto
CTOpOHHUX |IP-6rokoB (Intellectual Property) apyrux cdvpM 1M NPOU3BOACTBY MUKPOCXEM Ha MOLLHOCTAX
KOMMepUeCkux abpuk, YTO 3HAUYUTENbHO YBENUUMBAET PUCK BHEAPEHMUS B U3LeNus annapaTHbIX TPOSIHOB.
AnnapaTHble TPOsiHbl MOTYT Bbl3BaTb U3MEHEHUEe PYHKLMOHANbHOM paboTbl yCTPONCTBA, YTeuKy MHopmaLumm
unu BbiBoa 13 cTposi [1]. B aTon cTatbe npeacTaBneH npouecc BHeApeHUa annapaTtHoro TposiHa B LindpoBoi
npuemo-nepenaTymk, NPpoBeAeH aHanm3 nonyyY4eHHoW CTPYKTYpbl HA PYHKLMOHANBHOM U CXEMOTEXHUYECKOM
YPOBHE MpY MOMOLLU MPOrpaMMMUPYEMbIX PECYPCOB NPOrpamMmMUpPyeEMON NMOMMYECKOW MHTErpasibHoOM CXembl
(oanee — MNNC).

KnioueBble cnoBa: uMdpoBas aNeKTPOHWKa, annapaTHas 6e3onacHOCTb, annapaTtHble TposHel, MINC, IP-
saapa, Serial Peripheral Interface, Side channel analysis, byHKLUWOHaNbHO-NOrM4eckoe TeCTUPOBaHUE.

BBEOEHWE

Kak n nporpammHoe obecneyeHune, annapaTHoe obecneveHne MeeT pUCKK, CBA3aHHbIE ¢ 6E30MacHOCTbIO, U
Jonroe Bpemsi npo6nemam 6e3onacHOCTM annapaTHOro obecrnedyeHns He yaoensnochk OOMKHOrO BHUMaHUS.
PacnpegeneHHas U MHOroctyrneHyaTass npouegypa COBPEMEHHOWN LEernoyku W3roTOBREHUS U MOCTaBOK
MUKPOCXEM [OJ1s1 SMNEKTPOHHOW annapaTypbl C MCMOMb30BaHWEM MHOMMX FOCYAapCTB CO34aeT BbICOKYHO
OMacHOCTb BKIMIOYEHNS B MUKPOCXEMbI Tak HasbiBaeMbIX annapaTHbIX 3aknafok (annapaTtHbiX TPOSIHOB).

B aton pabote paccmoTpeHbl HeMHBa3uBHble Crocobbl OBHapyXeHus annapaTHbIX 3aknagok kak bonee
npeanoyTUTENbHbl B CBA3W C HU3KOW CTOMMOCTBIO M BO3MOXHOCTb OOHAapyXXeHusi TposiHa Ha aTtane
pa3paboTku, 4To obecneumBaeTcs aHanNM3oM Mo CTOPOHHeEMY KaHany (Side-channel analysis) n normyeckum
TecTupoBaHveM. K aHanuay no CTOPOHHEMY KaHany OTHOCWUTCS M3y4YeHMEe U3MEHEHWA B MUKPOCXEMeE Mo
noTpebnsieMon MOLLHOCTW, TeMnepaTtype, BPEMEHHbIM 3afepXkam W 3aHMMaeMoW MIowaan CXembl Ha
KpucTanne.

Llenb npoBoaMMOro uccregoBaHust — onpegernenne acpdekTMBHOCTU aHanmaa no CTOPOHHEMY KaHany Ans
obHapyxeHus BHegpeHHoro TposiHa B C. [Inga aToro Ha 6a3e nporpammHoro komnnekca Xilinx Vivado 2020.1
n MIINC cemenictBa Spartan-7 paspabotaH 6nok SPI (Serial Peripheral Interface) master n SPI slave B
KOTopbI O6yneT BBeAeH (DYHKUMOHANbHbLIA annapaTHbI TPOSiH C BHYTPEHHMM MEeXaHW3MOM akTMBauuu U
NPOBOAMTCS NOMbITKA €ro 00HapyXeHus.

METOAOMKA NMPOBEJEHNA NCCNEOOBAHNA

Ons BHegpeHuss annapaTHOW 3aknagkvu BblbpaH uMdpoBon 6nok, nzobpaxeHHbIn Ha pucyHke 1. OH
npeactasnset cobon asa SPI npuemo-nepeaaTyuka, kotopble 06MeHUBaTCA APYr C APYroM uHdopMaumen,
XpaHaWwmnca B namMsaTy ¢ npou3BonbHbIM goctynom (Random Access Memory, RAM). Takaa npocrtas
CTpyKTypa mnos3sonsieT 6onee TOYHO OLEHUTb He3aMeTHOCTb BCTPavMBaemol annapaTHOM 3aknagku u
adhpeKTUBHOCTb OBHapYXeHUs1 BHEAPEHHOr0 TPOsiHa C MOMOLLbIO aHanu3a no CTOPOHHEMY KaHany, a UMeHHO
noTpebnsemon cTaTu4eckon n AMHaMUYEeCKON MOLLHOCTH.

Mpu cBOEen HopmanbHOW paboTe B NakeTe nepefaBaemblX AaHHbIX Miagwmn nonybant bonbLue ctapLuero Ha
eavH1LYy, a Mnaglme u ctapliune nonybanTbl cocegHux 6anToB paBHbl. B cBoto ovepenb SPI slave coxpaHsieT
nony4eHHble OaHHbIX B 6r1o4Hyt0 RAM 1 no komaHae SPI master nepegaet nx obpaTtHO. AnnapaTHbI TPOSH
BHOCUT (PYHKLMOHaNbHOE M3MeHeHne B paboTy LUMdPOBOro yCTPOWCTBA, CyTb KOTOPOro SIBNAETCA NOgMeHa
OaHHbIX, MOYLWKX U3 NamMATK B nepedaTtyvk. Ha BpeMeHHon gnarpamme CUMynsaumm 310 NnpeacTaBreHo B Buae
pucyHkax 1 u 2. Ha H1X BUOHO, 4TO BO BpeEMS nepedayun AaHHbIX NPy akTMBaumm TposaHa (curHan trj_led) Ha
nnHun send_data_MasterSPI mnagwuni nonybanT KONMPYeTCs U 3aMEHsIeT CBOMM 3HaYeHuem CTapLuuin
nonybant, nocrne 4ero, nonydyeHHass SPIl slave nocbinka no komaHge oTnpaBnsdeTcd obpaTHO C yxe
NCMNOPYEHHBLIMU JAHHBIMWN.
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PucyHok 1. BpeMeHHasa avarpaMmma nepegayun gaHHbix SPI slave ¢ akTuBMpoBaHHbIM TPOSIHOM
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PucyHok 2. BpemeHHasa guarpamma nepegayv gaHHolx Ha SPI master ¢ akTMBMPOBaHHbLIM TPOSIHOM

Cratunueckasi notTpebnsiemasl MOLHOCTb — 3TO MOLLHOCTb, NOTpebnsemMas yCTPOMCTBOM B NPOCTOE, Koraa Ha
HEro He MOAAKTCHA CUrHarbl, B TOM 4YuCe TaKTOBbIA curHan. B OCHOBHOM, 3Ta MOLLHOCTb onpegensietcs
TOKamMK yTeuku napasutHbix guogoB KMOIT-cxem. PoCT cTaTMyecko MOLHOCTU MO CPaBHEHMIO C “30510TbIM
obpasuyom” 4acTo CBMAETENbLCTBYET O BHECEHMM aBTOMAaTta KOHEYHbIX COCTOsIHMM B npoekT. CTaTudveckas
notpebnsemasi MOLLHOCTb paccunTbiBaeTca no copmyne 1 [2]:

Pstat = VDD X Ljgax, 1)
roe VDD — HanpsbkeHue NUTaHus, lieak — TOK YTEYKN.

OuHamuyeckaa noTtpebnsemas MOLWHOCTbL OBYyCnoBneHa MepeknioyYeHneM TPaH3UCTOPOB U3  OOHOro
coctosiHua B gpyroe. [pu paboTe ycTpomcTBa TPaH3UCTOPbl MEHSIOT CBOE COCTOSHME C OTKPbLITOro Ha
3aKpbiTOe 1 HAobOpPOT, 13-3a Yero Takke NPOUCXOAUT 3apsaka un paspsigka emkoctenn KMOTI-cxem. Korpa
KOHCTPYKUMS (DYHKUMOHUPYET B pe3ynbTaTe nepegayn AaHHbIX MW BbIYUCTIEHWIA, TPAH3MCTOPbLI MEHSIIOT CBOE
COCTOSIHME C BKIMIOYEHHOIO Ha BbLIKITHOYEHHOE U C BbIKIIIOYEHHOrO Ha BKIOYEHHoe. PocT guHammnyeckon
MOLLIHOCTU MO CPaBHEHMIO C “30M0TbiM 06pa3LomM” MOXET CBUOETENbCTBOBATb O BHEAPEHWUM B YCTPOWCTBO
TpOsSiHa Ha OCHOBE KOMOMWHAUMOHHOW NOMMKW, Tak U O TpOsiHe-cyeTymke. [Ons pacdeta AMHAMUYECKOW
notpebnsemor MoLLHOCTY NpumeHseTca popmyna 2 [2]:

Pagn = 5Ci X VDD? X f, )
roe CL — ob6uasi emkocTb Harpysku, VDD — HanpsbkeHWe nutaHus, f — TaktoBasi 4yactoTa.

Ona “3onotoro obpasua”, T.e. uudposoro yctponctea 6e3 annapaTHbiX 3aknagok, Psat = 0,068 BT mn
Payn = 5,180 BT, 4To 661110 paccumTtaHo npu nomolum Xilinx Power Estimator (qanee — XPE) [3], Bxoasero B
coctag Xilinx Vivado.

AnnapaTtHasi 3aknagka MMeeT BHYTPEHHU MeXaHM3M aKTMBaLMW U NpeacTaBnsieT cobom 00bIYHbIN 32-6UTHBIN
CYETYUK, KOTOPbIN TAKTUPYETCA HE OT OCHOBHOIO TakTOBOIrO CUrHana, a ot NPoCTON KOMOVHALMOHHOW CXEMb,
KOTOpasi MOXeT NpeacTaBnsiTe COOOM HECKOMBKO YNPaBsOLWNX U NepedaroLwnx CUrHanoB, NOAKIHYEHHbIE
yepes MOorMYeckUn aNemMeHT, Kak NpeAacTaBneHo Ha pucyHke 3. Takom npuem npu COXpaHeHWU pa3mMepoB
TPOSIHOB U UX 3HepronoTpebneHns No3BOMsIET 3HAYUTENbHO YBENUYUTL CPOK paboTbl yCTponcTBa nepen
3annaHupoBaHHbIM OTka3oMm. Cpeaun yHKUMOHAmNbHbBIX annapaTHbIX 3aknagok, TakMe npeacTaBnsitoT
OOnbLIOK MHTEPEC C TOYKN 3pEHUS HE3AMETHOCTM MOTOMY, YTO OHM MOTFYT MPeACcTaBnAaTb cO60M OObIYHYIO
KOMBUHALIMOHHYIO CXeMy, KoTopasi OyaeT Bbi3biBaTb Nepuoanyeckue, KpatkoBpeMmeHHble cbon B paboTe, 4uTo
npy OuMarHOCTUpoOBaHMKM Npobnembl ByaeT BhIrMAAeTb Kak 0BblYHbI OedeKT MUKpOCXeMbl. [lonyyYeHHble B
XPE 3HayeHue cTaTtuyeckom MOoLLHOCTHU Pstat = 0,068 BT, a guHamumyeckon — Payn = 5,383 BT.
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PI/IcyHOK 3. CxemaTunyHoe |/|306pa>|<eHv1e KOMOWHaLNOHHOIo TpOoAHa-cHeT4YnKa

Ona ypnobcTBa cCpaBHEHUS MOMYYEHHbIX pPe3ynbTaToB, 3HAYeHWs CTaTUYECKMX U ANHAMUYECKUX
noTpebnsieMbIX MOLLHOCTEN, a TakKe 3afencTBoBaHHbIX pecypcoB MNNTMC npogybnunposaHbl B Tabnvue 1. U3
HMX BMAHO, YTO BO BCEX CIy4asx BHeAPEHUS annapaTHOMW 3aknagku pocna notpebnsemas guHamunyeckas
MOLLIHOCTb YCTPOWCTBa M caMoe Oombluoe 3Ha4YeHWe y KOMOMHAaLMOHHOIO TposiHa-cyeTymka. HensmeHHoCTb
CTaTUYECKOM MOLLHOCTM OO BbSACHSAETCS Kak ManbiMu pa3mepamMu TposHa 1 camoro umdpoBOoro YCTpOMCTBa, Tak
n camon apxutektypon MJINC, roe He3agencTBOBaHHas NporpaMMmupyemMast fiormka cama no cebe sipnsietcs
OCHOBHbIM MOTpebuTenemMm MOLLHOCTU B MPOCTOE YCTPOWCTBA. Tak e BMAHO, 4TO “3oroTon obpaseu”
3aHumaeT bonblle mecTa, YeMm koMOuHauma “3onoTon obpasel’ n annapaTtHas 3aknagka. YuuTbiBasi, UTo U
nuccnegyemoe yCcTponcTBo, U ero koMbmnHaumsa ¢ annapaTtHOW 3aknagkon paboTalT COrnacHoO OXuaaHusaM, a
cTpaTermm onTMMM3aLMM OAMHAKOBbI ANA MX 06OUX NPOEKTOB, cneayeT NpeanonoXWUTb, YTO KOMMUAATOP
nporpammHoro obecneveHus Xilinx Vivado 2020.1 npocTto nepeucnonb3yeT 3aHATble 3MeMeHTbl Ansd
coxpaHeHus pecypcos MJINC [4].

Tabnuua 1. MNMoTpebnsemMasi MOLWHOCTb UCCReAyeMbIX YCTPOWCTB

Mccnegyembli npoekT Pstat, BT | Payn, BT | Posw, BT t:{r FF, wr.
“3onoTon obpasen” 0,068 5,180 5,248 567 356
“3onoTon obpasew” + KOMOMHALUNOHHBIN TposaH | 0,068 5,488 5,556 209 353

[lononHMTENbHO K aHanuMay no CTOPOHHEMY KaHarny, Anst 4ETEKTUPOBaHMS TPOsIHA NCMONb30Barniocb 00bIYHOE
YHKUMOHANbHO-NIOTMYECKOe TECTUPOBaHME B CUMYNSAUWKW, TOe [aHHble, MOSyYeHHble C TeCcTUpyemoro
npoekTa, CpaBHUBANMUChb C AaHHbIMK U3 “305110TOro obpasua”’. TecToBas MocrefoBaTeNbHOCTL BKOYana B
cebs nocbinkn no 256 6ant B 10 cnyyamHbix kKombuHaumsax. C NOMOLLbIO Takoro noaxoda He yaanochb
0BOHapyXnTb akTMBaLMIO annapaTHOM 3aKknafku ¢ NOMOLLbI BCTPOEeHHbIX cpeacTs Xilinx Vivado 2020.1.

SAKNIOYEHNE

MpoBeneHo uccnegoBaHvMe MeTOAMKM OBHapY>KEHUs, OCHOBaHHOW Ha aHanuMse MO CTOPOHHEeMY KaHany,
annapaTHOW 3aknagku B LUndpoBon BGNoK BHYTPEHHUM MeXaHM3MOM akTuBaumn. [NokasaHa adhpeKkTUBHOCTb
OAaHHOro MeToda npu MCnornb30BaHUM UHCTPYMeHTapusa nporpaMmmHoro obecneveHus Xilinx Vivado 2020.1.
HaHHas wmeToguka MoxeT OblTb Mcnonb3oBaHa ANA uccnegoBaHus 3@EKTUBHOCTM  OBHapyXeHus
annapaTtHbIX TPOSIHOB C APYTMMW MexaHM3Mamu akTuBauum 1 nocneayoLen ee gopaboTku.
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HARDWARE TROJAN DETECTION BASED ON SIDE-CHANNEL ANALYSIS IN SIMPLE DIGITAL
DEVICES

A. Voronov, V. Stempitsky

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
voronov.drawtoon@gmail.com

Abstract: today, in order to reduce the development cycle of integrated circuits (ICs), companies resort to using
third-party ICs design software, implementing third-party IP blocks (Intellectual Property) of other companies,
and manufacturing microcircuits at the facilities of commercial factories, which significantly increases the risk
of introducing hardware trojans into products. Hardware trojans can cause a change in the functional operation
of the device, leak information, or disable it [1]. This article presents the process of imserting a hardware trojan
into a digital transceiver, and analyzes the result structure at the functional and circuit levels using
programmable resources of a programmable logic integrated circuit (FPGA).

Keywords: digital electronics, hardware security, hardware trojans, FPGA, IP-cores, Serial Peripheral
Interface, Side channel analysis, functional testing.
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PA3PABOTKA YYEBHbIX CTEHOOB HA PIC16F887 B EasyEDA
Canuxos P.B., A6gpaxmaHoB B.X., Octanbuyoa A.[.

YduMcKknin yHMBEpCUTET Haykn 1 TexHornorun, Yda, Poccuinckas Peaepaums, salikhovrb@yandex.ru

AHHoTaumsa: O63op nonynspHbix B Poccun cuctem aBTOMaTusMpoBaHHOro npoektupoBaHus (CAlP) ¢
aKkueHTOM Ha TpeboBaHusl K cpeacTBaM TPacCUpPOBKM MedaTtHbix nnart. PaccmaTprBaloTCcsi BO3MOXHOCTM
obnayHon CAIP EasyEDA u onpaBgaHHOCTb ee npumeHeHus. ioes co3ganHusa GromKeTHbIX nabopaTopHbIX
cTeHOoB Ha 6ase mukpokoHTponnepa PIC16F887 gna n3yyeHUs OCHOB MUKPOMNPOLIECCOPHON TEXHUKWU.
CTeHabl OEMOHCTPUPYIOT  (OYHKUUKM  MUKPOKOHTpONnepa, BKkh4Yas paboTy nopTtoB BBOAA-BbIBOAA,
nocrnegosaTtenbHOro nopra, aHanoro-umugposoro npeobpasosartens (ALI), ncnonb3oBaHune ¢ ABYXCTPOYHbLIM
Xugkokpuctannmyeckum  uHgukatopom  (PKKW), TemnepaTypHbIX [OaTyuuMkoB, a Takke YynpasreHue
asuratenamu. NpuBegeH onbIT pa3paboTkm yyebHoro cteHaa Ha 6ase PIC B EasyEDA gna u3yyeHus
NporpaMMmMpOBaHUA MUKPOKOHTPOMMEPOB. Takke pacCMOTPEHbl BO3MOXHOCTM cepBuca jlcpcb.com anga
3akasa nedaTtHbIX NnaT y kuTanckoro npoussoantens JLCPCB.

KnioueBble cnosa: CAIP, EasyEDA, npoektMpoBaHue nMevaTHbIX nnat, YydyebHble CTeHapl,
nporpaMMmpoBaHue MUKpokoHTponnepoB PIC, MukpokoHTponnepbl pmpmbl Microchip.

I. BBEOEHUE

B HacTosilee Bpems CyLlecTByeT MHOXECTBO CUCTEM MPOEKTUPOBAHMS PaAvMO3MEKTPOHHOW annapartypbl,
nHGOPMaLMa O KOTOPbIX NMpeAcTaBrneHa B pasfnuyHbiX UCTOYHMKAX. Jingepammu Ha pbiHke CAIP neyaTtHbix
nnat asnsawTca komnaHun Mentor Graphics (okono 40% peiHka), Cadence n Zuken, a Takke Altium, Pulsonix,
Eagle n Topological Router (Eremex, Poccus). Takke pacnpoctpaHeHbl nporpaMmmel, Takue kak KiCAD u Dip
Trace [1-2].

KnoyeBbIMM KOMMOHEHTAMM 3TUX CUCTEM SABMSOTCA CPEACTBa TPACCUMPOBKMU MeYaTHbIX MfaT, KoTopble
obecneumBaloT criegylolime YHKUMKU: 3adaHUe TEeXHONOrMYecknx MapaMeTpoB U OrpaHWYeHuid Ha
TpaccupoBKy nevatHbix nnat (MMM); pasmelleHne KOMMOHEHTOB; TPAcCUPOBKY coeauHeHuin Ha [1;
penakTMpoBaHue Toronorun TpaccupoBku [IM; KOHTPONb BbINOMHEHWUSI TEXHOMOMMYECKUX HapylleHuiA Ha
passegeHHol MMM; o6MeH JaHHBIMKU C APYrMM NporpaMMHbIM oBGecrneyeHnemM, BKIoYasi CXxeMoTexXHUYeckme
penakTopbl M CUCTEMbI MOAENUPOBAHUS.

Ona peweHus aTux 3agad B Poccun yvalle Bcero ucnonb3ytoTcs nporpammbl oT Mentor Graphics (PADS,
Expedition), Altium (Altium Designer, NanoBoard) u Cadence (SPECCTRA, Allegro PCB Router), a Takke
Topological Router ot Eremex. Bblibop nporpammHoro obecneveHns ansa adeKTMBHOIO NpOEKTUPOBaHUSA
nevyaTHblX MnaT SBMASETCA CMOXHOW 3adaden, 3aBUCALLEN OT TEXHUYECKMX BO3MOXHOCTEM MNpPOAYKTa,
CTOMMOCTM NnLEH3U 1 0by4eHuns, a Takke annapaTHbix TpeboBaHMI K komnbioTepy [3].

II. OBJTAYHbIE CAINP

B nocnegHee BpeMsi akTuBHO pasBuBarTca obnadHble CAlP, pabGoTtatowme B BMpTyanbHOW cpeae,
OOCTYMNHble 4epe3 npunoxeHuss unum 6paysepbl [4]. VX OCHOBHOE nNpeMmyLlecTBO — BO3MOXHOCTb
MCMNonb30oBaHMsA Ha cnabbix komnbloTepax. OgHOM N3 NonynspHbiX 0bnayHbix cuctem saensetca EasyEDA —
6ecnnaTtHbIi UHCTPYMEHT 4118 MPOEKTUPOBAHMWS 3NEKTPOHMKN, KOTOPbIV He TpebyeT ycTaHoBku. OH BKIOYaeT
pefakTopbl cxem u nevatHblx nnaT, SPICE-cumynsaTop, reHepaTop M NpocMoTpLUmk dpannos Gerber, a Takke
obnayvHoe xpaHunuwie. EasyEDA paboTtaeT no knueHT-cepBepHON mogenu B Opay3sepax, NoaAepKUBAKOLLMX
HTML5, 6e3 Heo6xoaAMMOCTM yCTaHOBKM nnarnHoB. Monb3oBaTtenu Moryt paboTaTtb C MpoeKkTamMmu Ha Nrobom
KOMMblOTEPE C UHTEpHETOM. CuctemMa ctaburbHa, NpocTa B OCBOEHUU U NpegnaraeT boratyto 6GubnmoTteky
3MEKTPOHHLIX KOMMOHEHTOB M MPUMEPOB CXeM. Takke nogaepxusaetcs MnopT npoektoB u3 Altium, Eagle v
KiCad, a nonb3oBatenu umetot goctyn k Open Source moaynam [5]. EasyEDA npepoctaBnsieT MHOXECTBO
BO3MOXHOCTeN, BkItodasi 3D-0030p nevaTHbIX nNnat un akcnopt B8 BOM.

1. OMbIT PASPABOTKW B EasyEDA 1 CBOPKA MAKETOB

CoBpeMeHHble YCTPOMCTBA CBSA3M, aBTOMATUKN U ObITOBOM 3NEKTPOHMKN TPEOYIOT MUKPOKOHTPOSINEPOB, YTO
aenaet o6yyeHne MUKPONPOLECCOPHON TEXHUKE BaXKHbIM acnekToM 06pa3oBaHns B ANEKTPOHMKE. DTO TaKkke
WHTEPECHO WHXeHepaM W paguoniobutensaMm, CTpeMsauMCa  NoBbICUTb  kBanudukauuwo  [6-7].
Ona npaktudeckoro obyyeHuss ctygeHTam Heobxoaumbl nabopaTopHble CTeHAbl Ha 6a3e CoOBpPEMEHHbIX
MUKPOKOHTpoOnnepoB. PekomeHayeTcs HauvHaTb C MPOCTbIX 8-pa3psagHbiX KOHTPOMMEpPOB, TaKUX Kak
Microchip, 6narogaps ux 4OCTYMNHOM CUCTEME KOMaHZA U PYCCKOS3bIYHOW JOKYMEHTaLMN.
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PaspaboTtaHbl gBa y4ebHbIx cTeHaa Ha 6Gase PIC16F887. CteHa Nel gemoHcTpupyeT paboty ¢ XKKA-
aucnneem, kHonkamu, csetoguopamu, AU u gpyrumm anemeHtamun. CteHg Ne2 opueHTUpoBaH Ha
yrnpaBrieHne aBuratensiMm v BKNovaeT KnaBmaTypy, CEMUCErMEHTHbIE MHAMKATOPbLI U MHTepdelchl.

Insa cteHooB Ne1 n Ne2 Gbina paspabotaHa anekTpuyeckasa cxema B EasyEDA (puc. 1, 2), cnpoekTvpoBaHa
neyaTHasa nnarta (puc. 3, 4) n coenax 3akas Ha eé narotoBneHue Yepe3 JLCPCB . B pesynbTtaTe 6611 cobpaH
MakeT (puc. 5, 6).

PucyHok 3. CnpoekTupoBaHHasi nevyaTHas nnarta y4yebHoro cteHaa Ne1
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PucyHok 6. CobpaHHbIn MmakeT y4ebHoro cteHga Ne2
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IV. BAKINIOYEHUE

MpencTtaBneH 00630p MonynsipHbIXx B PoccuMu cUCTEM MPOEKTUPOBAHMSA MevaTHbIX nnaT u o6o3HadeHa
npobnema BbibOpa 3dHEKTUBHOrO NporpamMHOro obecrneyeHus. JOTa 3agada pellaeTcss C y4eToM
TEXHUYECKNX XapaKTepMUCTUK NPOAYKTa, (PMHAHCOBBLIX 3aTpaT Ha NULUEH3nn n oby4yeHne, a Takke TpeboBaHui
K annapatHomy obecneveHuto komnbioTepa. OgHMM M3 pelleHun aenstoTcs obnayHele CAlNP, koTopble
PYHKLMOHMPYIOT B BUPTYyanbHOW Cpede U JOCTYMHbl Yepe3 Opay3ep unu cneuumanbHoe MpUioXeHue, Yto
Nno3BofsieT MX UCMOMNb30BaTh Aaxe Ha cnabbix komnbloTepax. B pesynbTate aHanusa angd cosgaHms y4ebHoro
cTeHaa BblibpaHa obnauyHas cuctema EasyEDA. Takke npectaBneH onbIT pa3paboTkm OromaKeTHOro
yyebHoro cteHaa Ha 6a3e mukpokoHTponnepa PIC, koTopbin nogxoant Anst 3ydeHust MUKPONpoLEeCCOpPHOM
TEXHUKM KaK CTyaeHTaMu, Tak 1 paguontobutensimu.
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DEVELOPING EDUCATIONAL PROJECTS ON PIC16F887 WITH EasyEDA
R.B. Salikhov, V. Kh. Abdrakhmanov, A.D. Ostaltsova

Ufa University of Science and Technology, Ufa, Russian Federation, salikhovrb@yandex.ru

Abstract: an overview of popular computer-aided design (CAD) systems in Russia with an emphasis on the
requirements for printed circuit board routing tools. The capabilities of the cloud-based EasyEDA CAD system
and the justification for its use are considered. The idea of creating low-cost laboratory stands based on the
PIC16F887 microcontroller for studying the basics of microprocessor technology. The stands demonstrate the
functions of the microcontroller, including the operation of input-output ports, a serial port, an analog-to-digital
converter (ADC), use with a two-line liquid crystal display (LCD), temperature sensors, and motor control. The
experience of developing a PIC-based training stand in EasyEDA for studying microcontroller programming is
given. The capabilities of the jlcpcb.com service for ordering printed circuit boards from the Chinese
manufacturer JLCPCB are also considered.

Keywords: CAD, EasyEDA, PCB design, educational stands, PIC microcontroller programming, Microchip
microcontrollers.

175



MexgyHapoHas Hay4dHO-npakTuyeckas KoHepeHLms
«KoMnbloTepHOe NPOEKTUPOBaAHME B ASNIEKTPOHMUKE Y
YOK 681.2:004.42

MONEBBLIE TPAH3NCTOPbI HA OCHOBE MHHOBALIMOHHBLIX MATEPUATIOB
C YMEPOOHLIMA HAMONHUTENAMU

Canuxos P.B., OctanbuoBa A.[l., Paxpucnamosa [1.Y.

YdUMCKUI YHUBEPCUTET Hayku 1 TexHororun, Yda, Poccuickas Peagepaums, salikhovrb@yandex.ru

AHHOTaums: CoBpeMeHHble McCneoBaHnst B 00nacTu KOMMO3MUMOHHBLIX MaTtepuanoB Ha 6ase NpupoaHbIX
NoNMMepPOB OTKPbIBAKOT HOBbIE TOPU3OHTLI AN CO34aHMs OMOCOBMECTUMBIX 3NEKTPOHUK. CyKUMHAT XMTO3aHa,
Gnarogaps CBOMM YHWKanbHbIM CBOWCTBaM, CTaHOBUTCA BCe 0Gonee pacnpocTpaHéHHbiM B paspaboTke
CEHCOpPHbIX YCTPOWCTB, CMNOCOOHbLIX 3P(PEeKTUBHO B3aMMOAENCTBOBATb C YeNoBeYEeCcKUM opraHusmom. B
YaCTHOCTU, KOMMO3UTHbIE CEHCOPbI HA OCHOBE XMTO3aHa NPOAEMOHCTPMPOBanNu BblgatroLmecs pesynbTaThl B
obHapyxeHun crneumdpu4eckux 3dHaAHTUOMEPOB, YTO MpeacTaBnsieT 3Ha4YUTENbHbIN  UHTEpec Ans
thapmMaLeBTUYECKON ANarHOCTUKK. BaxHbIM acnekTom paboTbl C TOHKONNEHOYHBIMU CTPYKTYpaMU siBRsieTCs
BblbOp HanonHutenen. Okcup rpadeHa u yrnepofHble HAHOTPYOKM He TONbKO YMy4llalT MexaHudeckune
XapakTePUCTUKN, HO U CMNOCOOCTBYHT MOBbLILUEHUIO 3MEKTPONPOBOAHOCTN KOMMO3UTOB. JddhekTnBHas
WHTErpaumus TakMx HanosIHUTENen B MaTpuLy Ha OCHOBE CyKuMHamMmaa XMTo3aHa OTKPbIBaeT BO3MOXHOCTb
co3faHus b6onee YyBCTBUTENbHbBIX U CTabUNbHBLIX ceHcopoB. MeTon, aTOMHO-CUIIOBO MUKPOCKOMUKU Cbirparl
KIntoYeBYyH poJsib B UCCINEgOBaHMM MOBEPXHOCTM 3TUX TOHKUX MIIEHOK, MO3BOSIASA AeTanbHO NpoaHann3anpoBaTh
MX MUKPOCTPYKTYPY W B3aMMOOENCTBUS Mexdy KOMMOHeHTamu. [lonyyeHHble [OaHHble He TOSbKO
noATBEPAMIN NEPCNEKTUBHOCTb UCMONb30BaHNSA MOAMPULMPOBaAHHbLIX BUOMNONMMEPOB, HO U CTann OCHOBOW
ansa pa3paboTkM NoneBbiIX TPAH3UCTOPOB, YTO MOXET MPMBECTUM K 3HAYMTENbHbIM NpopbiBaM B 06nactu
MEeLMLMHCKON SNEKTPOHWNKMA U OUArHOCTUKM.

KntoyeBble crioBa: TOHKME NNeHkKn, CykunHamumng XxmtosaHa, nonesown TPaH3UCTOpP, NOABUMXHOCTb HocuTenen
3apsga.

I. BBEOEHWVE

C kaxgbIM rogoM Hay4dHble MCCredoBaHMsa B obnacTu matepuanoBefeHns N 3NEKTPOHMKN CTaHOBATCS Bce
Gonee akTyanbHbIMW, YTO BeAET K pa3apaboTke HOBbIX TEXHOMOMMIA N YNy4dLLEHNO cywecTByowWwmx. OgHom 13
NepcnekTUBHbIX OBMnacTen SIBNSETCA MONMMEpPHasi 3NEeKTPOHMKA, OCHOBaHHAasi Ha WCMOMb30BAaHWM HOBbIX
NONMMMEPHBIX COEAUHEHUA B BUAE TOHKMX MIEHOK HAaHOPa3MEpPHOW TOMLWMHbL. OTU MaTtepuansl obnagatoT
BbICOKOM 3HEProahEKTUBHOCTBIO M MOTYT ObITh NCMOMb30BaHbl B Pa3fMyHbIX NPUMNOXEHUSIX, BKIOYasA rmbkue
3NEeKTPOHHbIe YyCTpPoNCcTBa N ceHcopsbl [1-3].

OpHako MHOrMe opraHu4eckne CcoedvHEHWsi, MPUMEHsieMble B MONIMMEPHOW 3NEeKTPOHMKe, He Bcerga
obecneynBaloT HeOOXOAMMYKO 3MNEKTPONPOBOAHOCTb, YTO CO34aeT NOTPEOHOCTb B KOMMO3UTHBLIX U
HaHOKOMMO3WTHbIX CTPYKTypax. B nocnegHve rogpl HabnogaeTcs akTUBHBLIN POCT UHTEpeca K rmbpuaHbiv
mMaTepuanam, KotTopble 06beaNHAIOT NPerMyLLIEeCTBa NOSIMMEPOB W YrNepoaHbIX HAHOMAaTePUarnoB, Taknx Kak
yrnepogHble HaHOTPyOKku n okcug rpadpeHa [4]. BT KOMNO3WTbI yMyylalT XapaKTepUCTUKU YCTPOMCTB,
CHWXas npuv 3TOM 3aTpaTtbl Ha MPOM3BOACTBO MO CPaBHEHWUIO C TPaAULUMOHHBLIMU HeOopraHMyYecKnmmn
mMaTepuanamu.

HaTpwueBas conb cykunHamumaa xuto3aHa (CXT3) npeacraBnsieT cobomn HOBLIN MHOroobeLLaoLwun MaTepuman,
obnapgaroLlmii XopoLllen 3nekTPonpoBOAHOCTbIO, OMOCOBMECTUMOCTLIO M HETOKCMYHOCTbIO. OHa HaxoguT
NpUMeHeHMe B TaKNx 00NacTsX, Kak NULLIEBAs MPOMbILLNEHHOCTb, KOCMETNKa U BMOTEXHOMOrMs, U CTaHOBUTCS
Bce Oornee nonynspHoM B HayyHbIX uccrnegoBaHusax [5-8]. CXT3 wucnonb3yetca Ang cosgaHus
TOHKOMIEHOYHbIX HAHOKOMMO3UTHLIX MeMOpaH M 3hEKTUBHBIX CEHCOPHbIX NIaTgOpPM, YTO OTKpbIBaeT
HOBbIE FOPU3OHTbI A1 MPaKTUYECKOro MPUMEHEHUS B 3ITEKTPOHMKE.

Llenb gaHHoW cTtaTby — MCCNegoBaHME KOMMO3UTHBIX M HAHOKOMMO3UTHbLIX TOHKOMMEHOYHbIX CTPYKTYP Ha
ocHoBe CXT3 c pasnuyHbiMU YrepoacoAepKalluMM HamnonmHUTENSMA, TakMMU Kak OKCuZ rpadpeHa u
yrnepoAHble HaHOTPYOkM. Takke B paboTe BygeT paccmaTpuBaTbCsl CO34aHME TOHKOMIIEHOYHbLIX MOMEeBbIX
TPaH3UCTOPOB Ha OCHOBE 3TUX CTPYKTYP U aHanmn3 UX OCHOBHbIX XapakTepUCTUK, YTO MOXET CMOCOGCTBOBATL
AanbHenweMy pa3BUTUIO TEXHOMOMMIA B 06M1acTy NONUMEPHOW 3NEKTPOHUKM.

II. SKCMEPUMEHTAJIbHAA YACTb

O6pasLbl NoneBbIX TPaH3UCTOPOB ObINKU co3aHbl Ha CTekNAHHOW noanoxke ¢ ITO-crnoem, KOTOPbLIA CAYXUT
3atBopoM (puc.1). llepen HaHeceHueM [OMANEKTPUYECKUX MNEHOK Noanoxka Obina oToxokeHa npu
TemnepaTtype 350 °C. B kayecTBe guanekTpuka ncnonb3doBanuck nneHku AlOx tonwmHon 300 HM, KoTopble
dopmmpoBanucb MeToaoM LeHTpudyrmposaHus pacteopa npu 2000 o6/muH B TeveHne 30 cekyHA, a 3aTem
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oTKuranucb B nevn B TeveHne 1 yaca npu 350 °C. Ha guanektpuyeckom crnoe Obiny yCTaHOBMEHbI OBa
antoMnHMEBBLIX anekTpoaa (CTOK U McTok) TonwmHon 500 HM. MonynpoBOOHUKOBLIN MaTepuan OAHOro 13
yeTblpex TUMOB HAHOCUICA LieHTpudyrmpoBaHnem B obractb MeXay S5ekTpogamMu, Npu 3TOM pacCTosiHMe
Mexgy Humm coctasnsano 50 MKM, a gnuHa — 2 MM. Bbinn Mcnonb3oBaHbl pasfnyHble YriepogHble
HanonHutenu ¢ CXT3, Takue kak: okcug rpadpena (GO), CB, CP n ogHOCTEHHbIE YyrnepoaHble HaHOTPYOKu

(SWCNT).
Cmox I Hemox

[Ox

A
HTO-3ameop

PuricyHok 1. CTpykTypa 3KCreprMMEHTanbHOro NofeBoro TpaHaucTopa

. PE3YNbTATbI 1 OBCY>XOEHNE

MccnenoBaHns nokasanu, 4To KOMMO3UTHblE CeHCOopbl Ha ocHoBe CXT3 1 yrnepoAHbixX YacTul, obnagaroT
BbICOKON 3hEKTUBHOMN MNIOLLaAbl0 NMOBEPXHOCTU M CKOPOCTbKD MEPEHOCa 3MEeKTPOHOB, YTO AenaeT ux
MHoroobeLLarowmmm anst paspaboTky NoneBbIX TpaH3UCTopoB B OyayuieM. Takke Oblina npoaHanuanpoBaHa
Mopcponornsi MOBEPXHOCTU MNEHOK, U300paxeHust (aToMHO-cunoBon Mukpockonumn) ACM, nonyyeHHble C
nomouysto Nanoeducator |l, npeactaBneHsl Ha puc. 2.
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PucyHok 2. ACM-u3obpaxenne a) CXT3, b) CXT3-CP, ¢) CXT3-CB, d) CXT3-GO, e€) CXT3-SWCNT.
Pasmepsbl ckana: 20 Ha 20 MKm
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CpefHekBagpaTnyHasa LLEPOXOBATOCTb MOBEPXHOCTU MMEHOK Obina paccyntaHa C MOMOLLb0 NPOorpamMmbl
Gwyddion Ha nnowaan 20 Ha 20 MKkM 1 NpeacTaBneHa B Tabnuue 1 n Ha anarpamme (puc. 3). lNony4eHHble
3HaYEeHWs LIEPOXOBATOCTN COOTBETCTBYIOT 3HAYEHUAM 3P QEKTUBHONM NMOLLaAMN MOBEPXHOCTHU.

Tabnuua 1. 3HadyeHus WwepoxoBaTocTh 0bpasLoB

20x20 mkm CpegHekBagpaTuieckas wepoxoBatocTb (RMS), HM
O6pasel, CXT3 44
O6pasel, CXT3-CP 63
O6pasel, CXT3-CB 75
O6pasel, CXT3-GO 52
O6pasel, CXT3-SWCNT 106
120
100
il
E
E &0
w
a0
20
U e
CXT2 CHTE - CP CXT2 - (B CxT2 50 CXTE SWCNT

PucyHok 3. 3HavyeHus LwepoxoBaTocTn obpasLoB
IV. BAKITIOYEHWE

Co3gaHHble KOMMO3UTHblIE W HAHOKOMMO3WTHbIE CeHCOopbl 06nadalT BbICOKOW CKOPOCTbIO NepeHoca
3MEKTPOHOB M 3HAYUTESNTbHON 3GEKTUBHON MAoOLLaAb0 NOBEPXHOCTU, YTO OTKPbIBAET BO3MOXHOCTU AS1S UX
NpUMeHeHus B pa3paboTke BbICOKOI(EKTUBHLIX CEHCOPHBIX NiaTopM. Ha ocHoBe nccneaoBaHHbIX NMITEHOK
ObINMM M3roTOBMEHbI MOMEBbIE TPAH3WUCTOPbI, U MPOBEAEHbl M3MEPEHMS UX BbIXOAHbIX W MepenaTOyHbIX
XapaKTepUCTUK.
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FIELD-EFFECT TRANSISTORS BASED ON INNOVATIVE MATERIALS WITH CARBON FILLERS
R.B. Salikhov, A.D. Ostaltsova, D.U. Fakhrislamova

Ufa University of Science and Technology, Ufa, Russian Federation, salikhovrb@yandex.ru

Abstract: Modern research in the field of composite materials based on natural polymers opens up new
horizons for the creation of biocompatible electronics. Chitosan succinate, due to its unique properties, is
becoming increasingly common in the development of sensor devices capable of effectively interacting with
the human body. In particular, chitosan-based composite sensors have demonstrated outstanding results in
detecting specific enantiomers, which is of significant interest for pharmaceutical diagnostics. An important
aspect of working with thin-film structures is the choice of fillers. Graphene oxide and carbon nanotubes not
only improve mechanical properties, but also contribute to an increase in the electrical conductivity of
composites. Effective integration of such fillers into a chitosan succinamide matrix opens up the possibility of
creating more sensitive and stable sensors. Atomic force microscopy played a key role in studying the surface
of these thin films, allowing a detailed analysis of their microstructure and interactions between components.
The data obtained not only confirmed the potential of using modified biopolymers, but also became the basis
for the development of field-effect transistors, which could lead to significant breakthroughs in the field of
medical electronics and diagnostics.

Keywords: thin films, chitosan succinamide, field-effect transistor, charge carrier mobility.
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WHTEMPALMA OUOSEPEHLMATBHBIX YPABHEHWIN M HEMPOHHBIX C}ETEI?I ans
MPOrHO3NPOBAHNA BPEMEHHbIX PAOOB N CUCTEM C OBEPATHOW CBA3bLIO

MameTtcanwues P.P.

MH)XeHepHO-TEXHONOrMYECKN yHMBEPCUTET TypkMeHncTaHa nmeHn Orys xaHa, Awxabag, TypKkMeHUCTaH,
mamedresul1501 @gmail.com

AHHOTaums: B nocrnegHue rogbl HEMPOHHbIE CETU M METOAbl MAaLLMHHOTO 0Oy4eHMs CTaHOBSTCSl BCE Gonee
BOCTpPeOOBaHHLIMW ANSA NPOrHO3MPOBaHMUS CMOXHbBIX AMHAMUYECKNX CUCTEM N BPEMEHHbIX psigoB. OgHon mns
KNo4eBbIX NpobrieM npu aHanmnse Takmx CUCTEM ABNAETCS He0b6Xo0AMMOCTb MoAEeNNpoBaHNSA 06paTHOM CBA3N
n yyéta duanyeckorm npupoabl npouecca, 4YTO MOXeT OblTb [OCTUrHYTO C  UCMNOfMb30BaHUEM
andpdepeHumnansHblX  ypaBHeHMW. B gaHHOM  goknage  npeacTaBneHa  KOHUEenuus  uHTerpauumu
andpdepeHumnanbHblX YpaBHEHUIA C HENPOHHBIMU CETAMU AN YNydLWeEeHUs MPOrHO3UPOBAHUSA BPEMEHHbIX
pSOOB U OMHAMUYECKMX CUCTEM C obpaTtHom cBa3blo. Mbl paccmatpuBaem rmbpuaHble noaxonpl, raoe
HEMPOHHbIE CEeTM MnomorarT obyyaTb CrOXHble MoAenu, a guddepeHumanbHble ypaBHEHUS 3adaroT
ur3n4eckn-o60CHOBaHHY CTPYKTYpy Mogenu. OnucaHbl NpUMepbl MPUITOXKEHUR, a Takke NpPOoBeaéH
CpaBHUTENbHbIV aHanNM3 NpeafioXkeHHON MeTog4oNIorMn ¢ TPagULNOHHBIMU METo4aMu.

KnioueBble crioBa: HeWpoHHble ceTu, AuddepeHuManbHble YpaBHEHUsl, BPEeMeHHble psabl, MopuaHbie
MoAenu, NPorHo3vMpoBaHue, MHTerpauusi Mogesei, CMcTeMbl C 0GpaTHO CBA3bIO.

1. BBEOEHUE

C pasButMem TEXHOMOrM U [OaHHbIX B pearibHOM BpPEMEHU BO3POC UHTEPEC K MOAENUPOBaHUID W
NPOrHO3MPOBAHMIO CIIOXHbLIX CUCTEM, B KOTOPbIX MPUCYTCTBYET OOpaTHasA CBA3b U HENMUHEWHbIE 3aBUCMMOCTH.
TpaguuuoHHble MeToAbl, ucnonb3ywlme auddepeHunansHble ypaBHeHUsi, obecneynBalT TOYHbIE
¢pun3nyeckm-o60cHOBaHHbIE MOAENN, OOHAKO OHU MMEIKOT OrpaHUYEHNS B YCNOBUSIX BbICOKOM pa3MepHOCTU U
CNOXHOCTN cuctembl. C Opyrom CTOPOHbI, HEMPOHHbIE CeTu obnagatoT BbICOKOW aganTUBHOCTLIO W
CNoCcOBHOCTLI0 MOOENNPOBATb HEMNWHENHbIE 3aBMCMMOCTM, HO 3a4acTylo NveHbl U3NYECKOro CMbICTa U
WUHTEPNPETUPYEMOCTMU.

WHTerpaumns andpdepeHumanbHbiX ypaBHEHWIA U HEMPOHHBLIX CeTell NpeaoCTaBNseT MOLUHbIE UHCTPYMEHTHI
ANs co3naHnsa rmébpuaHbIX Moaernen, cnocobHbIX codeTaTb PU3nNYecKme 3HaHNs C TMGKOCTbIO HEMPOCETEBbIX
meTofoB. B gaHHOM nccnenoBaHumM npeanaraeTcss METOAOSONSA, KOTopasi MO3BOJISEeT:

e YuuTblBaTb CTPYKTYPY CUCTEMbI Yepes anddepeHumarbHbie ypaBHEHNS.
e [lpyMeHATb HEWpOHHble CeTW [Afsi MPOrHO3UPOBAHUS TeX 4YacTel CUCTEMbI, KOTOPbIe CIOXHO
noadarTcs TpaguLMOHHOMY MOAENMPOBaHMIO.

Ocoboe BHMMaHKe B pa60Te yoendaeTca nporH03nMpoBaHUO BpeMeHHbIX paaoB U MogenmpoBaHUKO CUCTEM C
O6paTHOVI CBA3blO, TAKNX KaK AMHaMUKa ﬂOﬂyJ'IFILI,I/IIZ, 9KOHOMUYECKMNEe CUCTEMbI U (*)VI3I/I‘-I€CKI/Ie npouecchol.

2. METOOONOIrn4A
2.1 OcHoBbl TMbpuaHoro nogxoaa

OcHoBHas nges ruépraHoro Noaxo4a CoCToUT B TOM, YTOObI MCMOMb30BaTh AnddepeHUmanbHble ypaBHEHMUS
ONst MOAENMPOBaHUS U3BECTHbIX h3NYECKUX NMPOLLECCOB, a HEMPOHHbIE CETU — AN 06y4YeHUst HEM3BECTHbIX
UNn TPYAHO MoAENMPYeMbIX YacTel cuctembl. Takasi KOMBMHaLUS NO3BONSET co3aaTh MoAerb, KoTopas:

1. YuuTbiBaeT u3BecTHble PU3NYECKNE 3aKOHBI.
2. TloBbllWAaeT TOYHOCTb NpeAckas3aHns 3a CHET rTMOKOCTU HENMPOHHbIX CETEMN.

dopmyna rmbpugHon mogenu:
MycTb x(t) — COCTOSAHME CUCTEMBI B MOMEHT BPEMEHW t, TOrAa rmbpugHasa Moaens MoOXeT ObiTb NpeAcTaBneHa
cneayowmm obpasom:
dx
—=f(xt0)+g(xt ¢)
dt
roe f(x,t,0) — duanyeckn-obocHoBaHHas YacTb, 3agaHHas AuddepeHLManbHbIMU  YpaBHEHUAMU U

napamMmeTpu3oBaHHas napameTpamu 6; g(x, t, ¢p) — HEMPOCETEBOW KOMNOHEHT, 0GyYaeMblii Ha OCHOBE [JaHHbIX
¥ NapaMeTpu3oBaHHbIi NapamMeTpamu ¢.
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2.2. CTpykTypa rubpuaHon mogenm
[nsa noctpoeHus moaeny HeobxoauMbI CriefyoLLmMe KOMNOHEHTbI:

o [ndbdepeHumansHOe ypaBHEHNE: ONUCHIBAET M3BECTHYIO YaCcTb AMHAMUYECKON CUCTEMBI.

e HenpoHHas ceTb: MOAENUPYET HEN3BECTHbIE NN TPYAHO NOAAAOLLMECH ONUCAHUIO NMPOLIECCHI.

e OObpaTHas cBsA3b: CBA3bIBAET BbLIXOAbl HEMPOHHOM ceTn M HU3MYEecKon Moaenn, YTO NO3BONSET
YUMTbIBaTb UCTOPUYECKUE JAHHBIE U TEKYLLME YCIOBUS CUCTEMBI.

OunddepeHumnansHoe ypaBHeHne HelipoHHasa ceTb
M3BeCTHble NapamMeTpbl — MopgennpoBaHue Hen3BeCTHbIX
dusnyeckas mogernb napameTpoB — [1porHo3mpoBaHue

PucyHok 1. Cxema rmbpmngHon mogenu
2.3. MNMpumep ncnonb3oBaHMsa rMbpuaHoON Mogenm

PaccmoTpum npumep cuctembl ¢ 0OpaTHOM CBA3bH, TAKOW Kak 3KOHOMUYECKas MOAENb, B KOTOPON U3MEHEHUS]
Ha pbliHKe (LeHoBble KonebaHusi) 3aBUCAT OT MHoxecTBa ¢akTopoB. [MycTb cocTosiHne cuctembl x(t)
ONMCbIBAET LiEHY aKTNBa B MOMEHT BPEMEHMU t, U €€ N3MEHEHME MOXHO BbIpa3nTb Kak:

dx_
dt

roe ax(t) — fx%(t) oNUCLIBAET OCHOBHbIE AUHAMUYECKME MPOLIECCHI PblHKA (Hanpumep, POCT 1 HackILLeHne);
g(x,t, $) — KOPPEKTUPOBOYHAsA (PYHKLMS, 3afaBaeMas HEMPOHHOW CeTbio, KOTOpasi yYUTbIBAeT HECTabunbHbIe
PbIHOYHbIE YCINOBUSI.

ax(t) — Bx*(t) + g(x,t, )

Tabnuvua 1. OnucaHne napameTpoB MOAEN

MapameTp OnucaHue 3HaueHwne (npumep)
a KoadhdpuumeHT pocTta 0.03
B KoadhpmumneHT HacbiweHuns 0.0001
() MapameTpbl HenpoceTu Onpepensatotca obyyeHnem

2.4. Moaxopn, kK 06y4eHN0 HEMPOHHOW CEeTH

e COop paHHbIX: HeobxoaMMO cobpaTb AaHHbIE BPEMEHHOrO psiga Anist 00y4yeHuss MoAenu, BKIodasi
hakTophbl, KOTOpLIE BAMSIOT HA AUHAMMKY CUCTEMBI.

e OOyueHue: HeMpOHHas ceTb 00y4aeTCst Ha YacTu AaHHbIX, NPU 3TOM NapamMeTpbl ¢ NoACTpanBaKTCs
Takum o0pasoM, YToObl MMHMMM3MPOBATL OLUMOKY MeXAy npeackasaHnem Moaeny n akTudeckumm
[AHHbIMMW.

e WHTerpauwus: nocne oby4yeHns HEMPOHHasA ceTb MHTErpupyeTcs ¢ anddepeHumnansHbIM YpaBHEHNEM,
obecrneynBas COBMECTHOE NPOrHO3MpoBaHMe.

2.5. AnropuT™m NporHo3npoBaHnd

Anroputm paboTbl rMGpuaHON Moaenu:

1. Ha kaxgowm Lare BpemeHu t
e BbuncnsieTcsa npegckasanne usmdeckon mogenu f(x, t, 0)
e BbluncnaeTcs KOppPeEKTMPOBOYHAA COCTaBNALLASA C UCMOMb30BaHUEM HENPOHHOW ceTn g(x,t, )
2. OGHoBrnsieTCs cocToAHMe cuctembl x(t + 1) Ha OCHOBE NOTY4YEHHOrO 3HaYeHMs.
3. PeweHne anddepeHunansLHOro ypaBHeHNs:
e BbluncnseTcs 3HayeHUs nepeMeHHbIX, UCMonb3ya auddepeHLmansHoe ypaBHEHNE Ha
OCHOBaHWN TEKYLLUX BXOAHbIX AaHHbIX.
e [lonyyeHHble 3HAYEHUS CryXaT NePBUYHBbIM NMPOrHO30M MM HaYarnbHbIM YCIIOBUEM OS5
nocreayoLwmx BbIYUCNEHNA HEMPOHHOW CeTH.
4. O6paboTka HEMPOHHOW CETbIO:
e [lepenaétca pesynbrathl AnddepeHUnanbHOro ypaBHEHNS Ha BXO4 HEMPOHHON CeTu.
e HenpoHHas ceTb 06pabaTbiBaeT BXOOHbIE JAHHbIE, y4UTEIBAs HENWHENHbIE 3aBUCUMOCTH, U
BblAaeT NPOrHO3 UM KOPPEKTUPYIOLLME 3HAYEHUS.
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5. WHTerpauusa n obpaTHasi cBA3b:
e  HyxHO 06beauHNTL pesynbTaThl 6roka guddepeHLmanbHOro ypaBHEHUSA U HEMPOHHOW ceTu ans
nony4eHns KOMMNNEKCHOro NporHo3a.
e lcnonb3yetca MexaHu3m obpaTHOW CBA3WN: pe3ynbTaTbl HEMPOHHOW CETU MOXHO MUCMOMb30BaTh
Anst OGHOBEHNs1 NnapaMeTpoB auddepeHLnansHOro ypaBHEHUS.
e Ecnu mogenb obHOBMsIETCA B peanbHOM BPEMEHW, CKOPPEKTUPOBAaHHbIE NapamMeTpbl U
npenckasaHus nepegarTcs B CUCTEMY Kak HayarnbHble YCIOBUsS AN CriegyloLulero wara.
6. OueHka ownbKM 1 aganTayms:
e CpaBHuBaeTCcd NPOrHo3 ¢ hakTMYeCKUMnN JaHHbIMU U pacCUMTbIBAETCs OLINBKa.
e Ecnu ownbka npesbilaeT JOMNYCTUMbIN MOPOT, HYKHO OOYYUTE HEMPOHHYIO CETb Ha HOBbIX
OaHHbIX UMK CKOppeKTUpoBaTb NapameTpbl AnddepeHUnansHOro ypaBHeHUS.
e B cnyyae oHnaniH-00y4eHns mogenbs aganTMpyeTcs Ha KakgoM HOBOM BPEMEHHOM Luare Ans
YNy4LIEHUs TOYHOCTH.
7. TonyyeHne mHanNLHOro NpPorHo3a:
e Ha ocHoBe cKOppeKTUPOBaHHbLIX AaHHbIX TMOpuaHas MoAernb BblAaeT prMHanbHbIA NPOrHO3.
e CoxpaHsieTcs NporHo3bl Ansi NOCNeayoLWero aHannaa u Ucrnosnb3oBaHns B AanbHENLNX
BPEMEHHbIX Luarax.
8. [lloBTOpeHue WwaroB gng cregyowero BpeEMeHHOro wara:
e [loBTOpsitOTCA Waru ¢ peweHns anddepeHumnansHOro ypaBHeHus ons cnegyollero Habopa
OaHHbIX BPEMEHHOTO psaa, YToObl MPOJOIMKNTL MPOLECC NPOrHO3MPOBaHMS.
[nsi BpeMeHHbIX PSIAOB, TAakUX Kak NPOrHO3MpPOBaHME NOroAHbIX YCIOBMI UIN (PMHAHCOBbLIX PbIHKOB, OAHHbIN
anroputM MoxeT obecneuntb Gonee To4yHOe MogenupoBaHve OGrnarogapsi coveTaHul MaTemaTUYeCKMX
Mozeneun 1 AaHHbIX.

ATOT noaxoA 0coGeHHO MorneseH, Korda CyLECTBYIOLWMX AaHHbIX HEeJOCTaTO4YHO ANA CaMOCTOSATENbHOro
06Yy4YEHNA HEMPOHHOW CETU, HO NPMW 3TOM Y MOAENN eCTb (hU3nYEcKne orpaHNYeHmnsl, KOTopble MOXHO onucaTb
AndbdepeHLmanbHbIMU ypaBHEHNSIMMU.

NMOCTAHOBKA 3A0AYN, PEANTM3ALINA U PE3YJILTAT.

MpuBeoémM npumMep mMaTemMaTU4eckoro pacdéra ans rmbpuagHon Mogenu, rge MCMonb3yeTcs codyeTaHune
NOTMCTUYECKOrO YpaBHEHWSI pocTa NOMynsiuMn M HEMPOHHOW ceTu. JTOT npumep OydeT UNMCTPUPOBaTh
YUCNEHHOEe MHTerpupoBaHne anddepeHUnansHOro ypaBHEHUS C KOPPEKTUPOBOYHON (OYHKUMERN, KOTopas
MOAENUPYETCSA NPOCTOM HEMPOHHOW CEThIO.

[ns BblYMCIIEHMI BO3bMEM NapameTpbl U CMOAEeNUpyeM NpPoCcTon crny4yam, JOOaBNB KOHKPETHbIE YNCIIEHHbIE
3HaYeHWs OJ19 KaXKaoro wara.

3apgagmm nornctuyeckoe ypaBHeHNe pocTa nonynauun ¢ BHELWWHUM BO34ENCTBUEM, KOTOpO€ onuncbiBaeTcA
ypaBHEeHNEM:

dx

E=rx(1—%)+9(x't'¢)

roe:

e 1 =0,1-K0o3pULMNEHT pocTa,

e K =1000 — émMKoCTb cpefbil,

o g(x,t, @) — byHKUMNS, MOgenUpyemasi HEMPOHHOWM CETbIO, 3aBUCSLLASA OT BPEMEHN t
[ns npocToThl NpumMepa NpeanonoXxum, 4to g(x,t,¢p) — 3T0 CMHycomnaanbHOe BHELUHEEe BMWUsHNE, KOTOpoe
annpoKCUMUPYETCS CETbIO:

g(x,t) = 0,05 -sin(0,5 - t).

YucneHHoe pelleHue:

Wcnonb3yeM meTon Ovinepa Ans YMCMEHHOTO MHTErpupoBaHus, YToObl ONpeaenuTb U3MeHEHME NonynsaLmMmn
x(t) 3a 3afaHHbIN NHTEPBAN BPEMEHN.

1. 3apgaHuve napameTpoB MOAENU N HaYarnbHbIX YCIOBUIA
¢ HavanbHas ymcneHHocTb nonynauum: x(0) = 50;
e BpemenHow war: At =0,1;
e Yucno waros: 100 (Ha nHTepBane ot t = 0 go t = 10.
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2. Pacyét usmeHeHnst YNCNEHHOCTM NONYNALUN Ha KaXKA0M BPEMEHHOM Luare
Kaxxgoe nameHeHue x BblUUCNAETCA No hopmyne:

x(t + At) = x(t) + At (r ~x(t) - <1 — %) + g(x, t))

Peanunsauunsa pacyéta Ha Python:

import numpy as np
import matplotlib.pyplot as plt
# MNapameTpbl Mogenu
r=0.1 # KoadhdpmumeHT pocta
K =1000 # EMKoCTb cpeapbl
X0 =50 # HauyanbHas YMcneHHOCTb Nonynsauum
t max =10 # MakcumarnbHoe Bpems
dt=0.1 # Lar BpemeHun
steps = int(t_max / dt) # KonuuyecTtso waros
# ®yHKUMA BHeLLHero BnusaHus g(x, t)
def external_influence(t):
return 0.05 * np.sin(0.5 * t)
# MaccuBbl ANs XpaHeHUs BpeMEeHU N YUCIEHHOCTH NOMynsALmm
t values = np.linspace(0, t_max, steps)
X_values = np.zeros(steps)
x_values[0] = x0
# YuncneHHoe MHTerpMpoBaHmMe MeTogom dunepa
foriin range(l, steps):
t =t values]i-1]
X = x_values][i-1]
dxdt =r*x* (1 - x/ K) + external_influence(t) # Bbiuncnexve dx/dt
x_values[i] = x + dt * dxdt # O6HoBNeHMe x Ha cneayLem Lware
# Buadyanusaums pesynbTaToB
plt.plot(t_values, x_values, label="Tlonynauwns (rubpngHas moaens)")
plt.xlabel('Bpems")
plt.ylabel("4ncrneHHocTb nonynsummn’)
plt.title('NMporHo3 nonynsayumm ¢ ucnonb3oBaHMeM rmépuaHon moaenu')
plt.legend()
plt.grid()
plt.show()

Pe3yanaTb| pacyeTa npeacrtaBrieHa Ha PUCYHKe 2.

—— [MMonynaums (rubpvaoHan Moaens)
120 4

110 4

100 +

90

80

HYWCNEHHOCTbL NOMYNALWK

70 4

60

30 1

Bpema

PucyHok 2. MNporHo3 nonynsaumm ¢ ncnons3oBaHuemM rubpuaHon moaenm
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3. SAKIMIOYEHNE

B naHHOM npumepe NpoAeMOHCTPUPOBAHO, KaK MHTerpaums auddepeHumanbsHbIX YpaBHEHWUIA C HEMPOHHBIMU
CeTAMM MOXET YNyYWWUTb MPOrHO3MPOBaHWE BPEMEHHbLIX PSAOB. DTOT rMOpMAaHbIA NOAXon Mofie3eH afis
MOAENMPOBaHNS CIOXHbIX MPOLECCOB, KOTOPble HEJOCTATOMHO ONMWCLIBAKOTCA CTaHAAPTHBIMU MeToAamu, U
MOXET NMPUMEHATbCS K pasHoOGpasHbIM 3a4avam, BKIoYasi 9KOHOMUKY, GMOMOrMio U OU3UKY.
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INTEGRATION OF DIFFERENTIAL EQUATIONS AND NEURAL NETWORKS FOR TIME SERIES
FORECASTING AND FEEDBACK SYSTEMS

R. Mametsaliyev

Oguz Han Engineering and Technology University of Turkmenistan, Ashgabat, Turkmenistan,
mamedresul1501@gmail.com

Abstract: In recent years, neural networks and machine learning methods have become increasingly popular
for forecasting complex dynamic systems and time series. One of the key problems in the analysis of such
systems is the need to model feedback and take into account the physical nature of the process, which can
be achieved using differential equations. This report presents the concept of integrating differential equations
with neural networks to improve forecasting of time series and dynamic systems with feedback. We consider
hybrid approaches, where neural networks help to train complex models, and differential equations define a
physically based structure of the model. Examples of applications are described, and a comparative analysis
of the proposed methodology with traditional methods is carried out.

Keywords: neural networks, differential equations, time series, hybrid models, forecasting, model integration,
feedback systems.
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AHHOTaums: B gaHHoM paboTe paccmaTpuBaeTcs He Kraccmyeckas KpaeBas 3agada, u3BecTHas B iutepaType
Kak 3agayva bwuuagse-Camapckoro. NonyyeHHoe pelleHne MOXeT OblTb MOMEe3HbIM MPU KOMMbIOTEPHOM
NPOEKTUPOBaHMM B JMEKTPOHMKE U MpoLecce KOMMbIOTEPHOW TexHornoruv B uenom. [lpeanoxeHHas
npoLieaypa NoCTPOEHNS peLLeHUs No CNEeKTPansHOMY PasfioXeHUI0 MOXET ObITb NPUMEHEHa B KOMMbIOTEPHOWN
MaTemaTuke Ons co3fdaHusa naketa nporpamm. [locTtpoeHa aoBykpaTHas 6asucHocTb Pucca cobcTBEHHBIX U
NPUCoeauHEHHbIX OYHKLMIA peLleHHON KpaeBon 3aayun, YyCTaHOBMNEHa ABYKpaTHasa pasnoXnmocTb anpuopu
3a0aHHbIX (PYHKUMA, 4YTO SABNSETCA BaXHbIM pe3ynbTatoM And YCTOMYMBOCTM KonebaTenbHbIX W
Andpy3noHHbIX NPOLLECCOB.

KnioueBble cnosa: ModenupoBaHue, He knaccudeckas 3agaya, 6asunc Pucca, koMnbloTepHas MatemaTtuka.
BBEOEHWME

KoMrnbioTepHOE NPOEKTUPOBaHWE B SMEKTPOHUKE W MpoLecce KOMMbIOTEPHOM TEXHOMOMMU B LENoM,
OCHOBbIBaeTCs Ha cosgaHve yaobHOM maTemMaTuyeckon mofenu, Nno3Bonsiowue NPUMEHUTb anropuTMbl
YMCMEHHbIX METOAOB U NOrM4eckux onepauun. B npoektnpyemom obbekte B co3gaHum Tpuadbl «MOAenb-
anropuytM-riporpamMmma» [1] BaxHOe MeCTO 3aHMMaeT MaTeMaTU4ecKoe MOAENMpPOoBaHNe U3ydaeMblX
TeXHUYeCKnx npoueccoB. B HacTosiwee Bpems, HapaBHe C MaTeMaTU4eckum modenuposaHuem, BypHO
pasBMBaEeTCH N WUCKYCCTBO KOMMBLIOTEPHOrO MOAENUPOBaHWSA, Takke KOMMbOTEpHas MaTemaTtuka. B atom
HanpaBfeHUN Hayku 3HaYUTENbHO NPOABMHYTA TEOpUs anroputMOB W COCTaBMEHUS KOMMbIOTEPHbIX
nporpaMm Ans  BbIYMCMEHUS 3HAYeHUA  (PyHKUMWA, nNPUBNMXKEHHOro pelueHns anrebpavdeckux u
OBbIKHOBEHHbIX AuddepeHumanbHbIX ypaBHeHMn. HecMoTpst Ha 9TO, NO CPaBHEHMIO C MPOrpamMmHbIM
obecneyeHnem peLleHni MaTemaTuyeckmx 3adady O0OblKHOBEHHbIX AndddpepeHumanbHbiX  YPaBHEHWN,
KOMMNblOTEPHaAa MaTematvka C nporpaMmmamy BbIYUCIIEHWIA peLLeHUid ONTUMarbHOro MOAENUPOBAaHUSA
CMNOXHbIX CUCTEM, COCTOSIHUS KOTOPbIX OMNUCLIBAIOTCS JIMHENHBIMU Y HEMTMHENHBLIMW YPaBHEHUSAMU B YaCTHbIX
NPOU3BOAHbLIX, Pas3BUTa 3HAYUTENbHO MeHbLUe. OTa B NEPBOM OYepean CBA3AHO C TPYAHO paspeLlnMbiMu
npobnemMamu  HeCaMOCOMPSKEHHbIX  KpaeBblXx 3agay  MaTemaTuyeckon  cusmkn.  OnTumanbHoe
MOZenMpoBaHue TennoBbIX W KonebaTemnbHbIX MPOLEeCCOB, OMNUCbIBAEMbIMA  HECaMOCOMNpPSXKEHHbIMU
KpaeBblMW YCMOBUSIMW, METOOOM CMEKTPanbHOro pasfoXeHus MNpYMBOAWUT K paspeluvMMocTy npobnembl
BasncHoCcTM cuctem KopHeBbIX PyHKumi. MiccnegoBaHnio cuctem KOpHEBbIX (DYHKLMA HECAMOCONPSXKEHHbIX
3ajay nocBsiLeHbl MHOroYMCreHHble paboTbl aBTopoB. OTMETUM MWLWb HEKOTOPbIE U3 HUX [2,3], KoTopble
ABUNUCHL OTNPaBHON TOYKOW ANSA AanbHenLWero passutua yHgamMeHTanbLHoM TeoPUN HECaMOCOMNPSHKEHHbIX
onepartopoB [4]. B HacTosilwen paboTe npeanaraeTcsi CXxema MOCTPOEHUs cuctembl 6as3nMCHbBIX YHKUURA
HecamoCOnpshKeHHOW KpaeBon 3agauyn Tuna buuapse-Camapckoro, koTopas MCNonb3yeTcs B peLleHuu
COOTBETCTBYIOLLEN 3adauv ONTMMAanbHOro YNpaBrneHUss U MoXeT ObiTb MPYMEHEHO B KOMMbHOTEPHOWN
MaTeMaTuke ONnd cos3faHus nakeTa nporpaMm BblYUCNEHU 3HAYEeHWA (PyHKUMA NO MeToay pasfeneHus
nepemeHHbIX. [pu aTOM cTpouTcs ABykpaTHasa 6asmcHocTb Pucca, 4To SBNSEeTCA BaXHbIM pe3ynbTaTtoM Ans
YCTONYMBOCTM KonebaTenbHbIX MPOoLECCOB.

NOCTAHOBKA U PELLEHNE 3AJAYN

PaccmoTpMM He Knaccuyeckylo KpaeByl 3ajadvy, M3BECTHYl0 B nuTepaType kak 3agjada buuapgse-
Camapckoro [4]. TpebyeTcs HaTK pelleHne CreayloLlen 3agayn:

Uy — Uy =0, t €(0,T), x € (0,1), Q)
u(le) = fo(x) € Wzl(o'l), ut(o'x) = fl(x) € L2 (0'1)1 (2)
u(t,0) =0, u,(t,0)=u,(t,1),t€(0,T7). (3)

3ameTnm, yTo ycnoeue (3) COOTBETCTBYET rPAHUYHbLIM YCIOBUSAM KONebaHuIM KomnbLa UM CTEPXKeHb NpaBast
CTOpPOHa, koTopon cBoboaHO konebnetcs ¢ yrnoM 3akpenneHHOro neBoro koHua. lNpegctaBumB uckomoe
pelleHne aToit 3agaun B Buge u(t,x) = e*tu(x), i — MHMUMas eauHMLA, NMPUOEM K HECAMOCOMPSKEHHOM
CrneKTparnbHOM 3agade:

LiDu=u"+2u=u"+i?0{D?>u=0, u(0)=0,u'(0)=u'(1), (4)
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roe il —cobcTBeHHOe 3HaveHue (c.3.) PaspewmB 3agady (4), Hangem cnegylowme c.3. U COOTBETCTBYOLLNE
UM COBCTBEHHbIE 3NIeMEHTHI (C.3.):

g =0; id=2kmi, k=12,.., u,(x)=x uk(x)=2A"1sin Lx, k=12,..
Cuctema c.3 {x, A;'sinA,x} He oBpasyeT nonHoi cuctemsl B L,(0,1). [JononHUM 3Ty cucTemy OO MOSIHOM B
L,(0,1) cncteMbl gobGaBneHMeM K HEW COOTBETCTBYHOLLUMX MPUCOEOMHEHHbIX 3fieMeHToB (N.3.) Tak Kak
KpaTHOCTb C.3. id,, k =1,2,.. KpaeBoi 3adauu (4) paBHa ABYM, TO ONMHA LENOYKM MN.3. K C.3. uk =
Axlsind,x paBHa egMHULE, a C.9. u, = X, COOTBETCTBYIOLAsA C.3. id, = 0, N.9. He umeeT. 1.3. nepBoro nopsigka

onpefensieTcs U3 creayoLwero ypaBHeHus:

a2 ul auf(0) _ auk)

+ 22uk — 2iuk =0, uk(0) =0, " " (5)
PeweHuve 3agauu (5) umeeT Bug;: uf (x) = At (— sin Apx — xcos Akx)
(k,0) . (k1) 9 B —01- b — .
Coctasum BekTop {yr}, y§ = {yh Vn } m,=2; h=01k=12,..;
yO =yl y®D = i, uk +uf_, w3 c.n.a. onepaTopa L(i1) 13 (4).
ConpsikeHHasi KpaeBasi 3agada, CooTBeTCTBYtoLas onepatopy L*(—il), umeeT Bug
@0 gk = M =0, 9K(0) = 9*(1). (6)
[nsa n.a. onepatopa L* umeem ypaBHeHme
azok dao
L L 20K + 22,i9% = 0, 1(1)_0 9%(0) = 9¥(1). @)

Paspelumns kpaeBble 3agaum (6) u (7), Hangem, yto 9,(x) = 1, k =

9k (x) = =2 cos Apx, 9K (x) = —2i [(1 —x)sinAx — cos Akx] ,

22
Torga Haxogum: kK =1,2,...;h = 0,1,

~k __ k. k k sk _ (; gk -1qk . k
I = {Aeuk; ideun +ug_q}, Zi = {i 940, — 2105, —0{ 4},
Onpenenvm anemMeHTbI

Vo = {u,, iu.} = {x,ix} € £,(0,1),Z; = {1,i} € £,(0,1) = L,(0,1) &L,(0,1).
Toroa

M) e,00 = 688,k 1=012,..;h=0,..,m,—Lv=0,..,m—-Lm =1m,=2k=12,..
Cuctema {§f},k = 0,1,2...;h = 0,1 nonHa B £,(0,1).

[JokasaTenbCTBO 3TOr0 YTBEPXKAEHUS AN AeACTBUTENbHOW BekTop-cpyHkumn f = {f,, f;} € £,(0,1) BbiTEKAET
13 crnegyrowlero coobpaxeHust. Myctb

ffﬁ,’fdx =0, k=012..; h=0,1.

Torga nerko nonyyum |, £ () xdx = / ! £ sinAxdx = /) ' £ xcosAxdx = 0,n = 0,1, 4To Tpe6OBANOCH AOKA3ATH.

BekTtop- (*)yHKLI,I/II'O f={f., fi} € £,(0,1) MOXHO pa3noXuTb B psifi N0 NONHoW cucteme {sind;x, xcosA,x}, k =
0,1,2.... Cucrema {55}, k =0,1,2..; h =0, ...,m; — 1 0Bpasyert 6a3snc Pucca B £,(0,1).

M3 nprBeOeHHOro Bbille pacCyXOeHUs BbliTeKaeT, YTO cuctema (OYHKUUIN, COCTaBrEHHAs M3 MPOU3BOAHLIX
uenoyek M.B. Kengbiwa, T.€. cuctema

0,0 (k1 k,0 k,1
yé D=y yd = {yéo 0 0} K= {y, (k, 0),yh Ny ( ) = =uk, y,E )—llkuh +uf_,, h=01; k=12..,
He obpasyeT nosnHon cuctembl B £,(0,1).

CucTema zf npuHumaeT Bug zf = { 0 ol 1)}, KO — 200K, =9k, , (%D = _gk
Haxogum:

K = {Aku’,g, mku’,g +uf_,}, Zk={ivk, —/’lklﬁkh, —9%,.}  k=12.;h=01.
Onpeaenum anemeHTl ;. = {u,, iu.} = {x,ix} € £,(0,1),Z; = {1,i} € £,(0,1).

Torga (zh,yV)Lz(O = Shv,k 1=012,..;h=0,...m; —L;v=0,..my—1,m,=1,m, =2,k=1.2,..
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Bonee 100, (1 4y )0 = (Y )0y =0, k=12..;h=0,1.

— k,0
A 0w £, 0.0 @ D, 1) 0y = 0, k =125k = 0,1.
k, k,
™,y ™) Loy =0, k=12,
roe u = 1, nmbo i; h,v,n,m = 0,1, npy 3TOM BbINOMHAETCSA XOTA Obl OAHO U3 HEPABEHCTB: N # MU h # v.

Cuctema {sind;x, xcosA,x}, k = 0,1,2 ..nonHa (oaxe obpasyeTt 6a3nc Pucca B L,(0,1)) B L,(0,1),.Cuctema
{7X},k=012..;h=0,..,m; — 1 obpasyet 6asnc Pucca B £,(0,1).

MpousBonbHble 3adaHHble GYHKUMKM fo(x) € W}(0,1) n fi(x) € L,(0,1) MOXHO npeacTaBuTb B BUAe
©e3ycnoBHo CXO,D,HLLI,VIXCFI B Hopme L, (0,1) psgoB no cucteme npomaBoaHbIx Lenodek (yd = {x,ix}) {yh} k=
01,2..,h=0,. — 1, cocTaBneHHon 13 c.n.a. onepatopa L (i ) n3 (4). bByaem cuntatsb, 4to f,(x), n = 0,1
,El,eI7ICTBI/ITeJ'IbeIe. |/]CI'IOJ'Ib3y$| dopmyny ABYKPaATHOro pasnoXeHUs dNEMEHTOB f;, f; , NPUBEAEHHYIO B [2-4]
nony4mm:

fox) = Relapx + Z > akufl, ®)
1 h=0
fi06) = Re[ayix + Z Z af (et + )] ©
k=1h=0

= f[fo(x) — ifi(x)]dx, aj = (fo'ilkﬁf—h)Lz(O,l) - (fl,ﬁf—h)Lz(o‘l)-
0

~k __ - gk -1qk k

ap = (fo, 191—p — A9 h)Lz(O 1)~ (f1'191 h)L 1)
[ns pelweHuns HavyanbHO-kpaeBon 3agaun (1)-(3) MoxHo ncnonb3oBaTtb 6asnc Pucca {y } COCTaBIEHHbIN U3
c.n.a. 3a4aum (4.4), n CONPsHKEHHYI0 C Hen cuctemy {Z5}.

CoctaBum cnepyowmn pag [4]:
u(t,x) = ag(1 + it)x + X5y Thoo ar €™ [ufi(x) + tuf_1 (0] (10)

Torpa pelueHue ypasHeHust (1) ¢ kpaeBbiMn ycrnosusimu (3) onpegensetca no tom xe cdopmyne (10), B
KOTOPOW KO3 MUUMEHTBI ak 3ameHeHbl ¢ @, k = 1,2,..., T.e. TNpu 3TOM cripaBeanBo PaBeHCTBO

u(0,x) = fo(x) = a,x + z zh_od’,‘{ uk (x). (11)
k=1 -

Torga vt € (0,T] cnpaBeanuebl oueHkun (F = {F,, F;} anpmoplz 3aflaHHas BEKTOP-PYHKUUSA):

[ee)

It DR < € - Y 10k < GlIFI, ) <0 F = (B Fy)
k=0 h
lue (6N, ) < Cr Sfno nl akl? < GIIFIE, ) < o, (12)
[ee)

a6y < G Y > 0k < GIIFIE,,, < o0

k=0 h
HeTpyaHo npoBeputb, 4To dyHKUMa u(t,x) 3 (10) cdopmanbHO yAOBNeTBOPSiET ypaBHeHMo (1), a Takke
HaYanbHbIM 1 KpaeBbIM ycriosuam (2) 1 (3). OTMeTum, yTo psaabl (8), (9) cxoasaTces 6eaycrnosHo. Tak Kak {yf}, =
0,1,2,..;h=0,..,m; —1 obpasyet 6asnc Pucca B £,(0,1), T0O

> lakp <o

k=1 h
CneposartenbHo, psag (10) vt € (0, T] 6e3ycnoBHO cxoguTtcsa B HopMe L,(0,1). MonyyeHa oueHka pelleHni B
NpocTpaHCcTBe pelleHuin. dyHkumm u(t,x) ,u.(t,x) n u,(t,x), onpegensemole cornacHo paseHcTtBy (10),
ABMSOTCA HENPEPbLIBHLIMU (PyHKUMAMU OT t € [0, T] B Hopme L,(0,1). HayanbHble ycnoBus BbINOMHSAOTCS B
cnepylowem cMmbicne:

lti_r)r(}llRe u(t,x) — fo(x)||W21(0_1) = 0; lti_r)r(}llRe u (6, %) = f1()1,0,1) = 0.
dyHKkums Reu(t,x) = v(t,x) aensetca o6o6uweHHbIM peleHneM 3agaum (1) — (3), us knacca W3 (Q) =

{f&0):ft,x) e W1 (Q), Q = (0,1)x(0,1), f(¢t,0) = £,(t,0) — f(t, 1) = 0} noutn V¢t € (0, T) n ypasHeHwio (1)
YAOBNETBOPAET B CMbICTIE MHTErpanbHOro TOX4ecTsa:
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t2 1

1
fﬁt(t,x)w(t, x)|Z dx = f f[ﬁtwt — Y, w,]dxdt,
0 t; 0
Vo € WHQ) = {f(t,x): f € WA(Q), f'(t,1)=f(t,1)— f(t,0)=0} unoutnVe,t, € [0,T].
M3 oueHok (12) BbiTekaeT, uTo 3agadva (1)-(3) nocrtaBneHa KOpPPEKTHO, T.e. CylecTByeT eOUHCTBEHHOEe
pelieHve 3agaum (1)-(3) B npocTpaHcTee W (Q). OTo pelueHne B MeTpuke npocTpaHcTea W, (Q) ycTonumso
OTHOCUTENbLHO HavarbHoW BekTop-byHKuMn £ ={f, , fi} € W}(0,1) @ L,(0,1).

3apava (1)-(3) noctaBneHa KOPPEKTHO, T.e. CYLIECTBYeT eAMHCTBEHHoe pelleHne 3agadn (1)-(3) B
npoctpaHcTee W3 (Q). 3To pelieHne B MeTpuke npoctpaHcTea W3 (Q) yCTOMYNBO OTHOCUTENBHO HaYanbHow

BekTop-pyHKumMn f ={f, , fi} € W}(0,1) @ L,(0,1).
Ons npnbnwmxkeHHoro aHayeHns yHKUMM u(t, x) MOXHO BpaTb YHKLMIO

N
uy(t,x) = Z Z af et uf (x) + tuf_; ()] + a, (1 + i O)x,
k=1 h
nony4deHHyto 13 paga (10) N — yceyeHunem.

OTMmeTuMm, 4To B paseHcTBax (8), (9), (11) ana dyHkuu £, (x), f,(x) koadduumeHTsl Npn uk (x) otnnuaroTcs
APYr OT Apyra Ha MHOXUTenu A,. ATO 03Ha4aeT, YTo Ana peweHus 3agaqm (1) - (3) no 6aasucy Pucca {75}
HY)XHO PasnoXxutb yHKUMIO f, (x) € L,(0,1) (a He 3amaHHyio f,(x) € W;(0,1)). OTMETUM, YTO dYyHKUMA £, (X)
Mo POCTY KOS(MMULIMEHTOB PasfoXeHMs HaNnoMUHAET NPOU3BOOHYIO f,(x). 3ameTuM, 4To ANS NPUMEHEHNs
6asnca {y5} B kpaesow 3agade (1) — (3) NnepBoe HayarnbHOE YCrOBUE HYKHO 3aaaTb no dopmyne (11), 4to
MOXeT ObITb MCNOMb30BaHO B aHANMTUYECKOM KOHCTPYMPOBAHUM TEXHONOrMYECKMX NPOLECCOB.
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nakeTa nporpamMm 411 YUCIIEHHOIO peLleHmns 3agay konebaTtenbHbIX U Anddy3nOHHbBIX NPOLIECCOB.
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SOLUTION OF A NON-CLASSICAL PROBLEM FOR COMPUTER MODELING
S.G. Nazarov?, M.R. Rakhimov?

State Energy Institute of Turkmenistan, Mary, Turkmenistan,
lenergetikatdei@gmail.com, 2rahymowmuhammet72@gmail.com

Abstract: This paper discusses a non-classical boundary value problem, known in the literature as the
Bichadze-Samarsky problem. The obtained solution can be useful in computer-aided design in electronics and
in the process of computer technology in general. The proposed procedure for constructing a solution based
on spectral decomposition can be applied in computational mathematics for creating software packages. A
twofold basis of Riesz eigenfunctions and adjoint functions for the solved boundary value problem is
constructed, and the double decomposability of a priori given functions is established, which is an important
result for the stability of oscillatory and diffusion processes.

Keywords: modeling, non-classical problem, Riesz basis, computational mathematics.
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BEPV®UVKALIMA METOOWMKM OMNPEAENEHNA MAPAMETPOB KOMIMAKTHOW MOZENN
GaAs IrETEPOMNEPEXOAHbBIX BUMNOJIAPHbLIX TPAH3NCTOPOB

Hoeukos IM1.3.1, KpaTtoBuy IN.C.2, Kopcak K.B.1, NosweHko N.HO.1

1Benopycckuin rocy4apCTBEHHbIN YHUBEPCUTET MHADOPMATUKM U PaaNOSNEKTPOHUKM, MUHCK,
Pecnybnuka benapychk, p.novikov@bsuir.by

20A0 «MuHckun HUN pagnomatepuanoe», MuHck, Pecnybnuka Benapycb

AHHOTauus: PaspaboTtaHa meToauka onpeaeneHus napameTpos (akcTpakuumn) mogenu Mextram level 504 ons
reteponepexofHbix 6unonspHbix TpaHauctopoB ([BT) Ha ocHoBe GaAs. OKCTparmpoBaHHble MapameTpbl
obecneunnun BbICOKYHD TOYHOCTb MOAENUPOBaHMS BOMbT-aMMEPHbIX XapaKTepUCTUK, YTO NOATBepXaaeT
apbdekTnBHOCTL MeToauKM. MopenvpoBaHve BbINOMHEHO 6e3 MCNoNb30BaHWUS chelumanbHbIX TECTOBbIX

CTPYKTYP.

KnioueBble crosa: npubopHoe MoAenupoBaHWe, KOMMaKTHble Modenun, paspaboTka Moaenen, aKCTpakuus
napameTpoB, reTepornepexoaHble G1NonsipHble TpaH3uCTopbl, GaAs.

I. BBEOEHNE

Beibop nogxogdiuien mogenyM — HeOTbeMIIEMbIV 3Tan pa3paboTKM MONynpOBOOHUKOBBLIX YCTPOWCTB. M3-3a
BbICOKOW CTOMMOCTM NPOM3BOACTBA TECTOBLIX CTPYKTYP Y HU3KOW 3(pHEKTUBHOCTU OTNAAKN TEXHONOIMYECKNX
NPOLECCOB M KOHCTPYKLIMOHHBIX OCODEHHOCTEN Ha MX OCHOBE, AN 3TOro LenecoobpasHee ucnosnb3oBaTb
KOMMbIOTEPHOE MopenupoBaHue. Kak cneacteve, Mmogenu OOMKHbI YOOBNETBOPATE pAdy TpeboBaHun, 4To
obycrnoBmnno nosiBNEeHMe MHOXeCTBa pasnU4YHbIX MOAeNnen nonynpoBOOHUKOBLIX MNpuBOPOB U KX
MoauduKaLnin Ansg NpUMMEHEHUs B KOHKPETHbIX OCOBEHHbIX Crydasix, Hanpumep, Ans onpeaeneHHoro knacca
yctponcte [1]. MogenupoBaHue npubopHbix cTpykTyp BT Ha ocHoBe GaAs BO3MOXHO OCYLLECTBAATb C
nomowbto mogenn MEXTRAM level 504, koTopasa npegHasHaveHa Anst Apyroro knacca npnbopos, ogHako
Nno3BoNsieT y4NTbIBaTb OCHOBHbIE 3bdekThl, NpoTekatowmne B cTpyktypax BT. K Tomy xe, ocoboe BHUMaHune
B MEXTRAM level 504 yneneHo pabote ¢ NpoM3BOAHBLIMW MEPBOroO M BbICLUErO MOPsiAKa, YTO NPUBOAUT K
MOBBLILLEHMIO TOYHOCTU MpPW OMpedefnieHMn BbIXOAHOW NPOBOOUMOCTW, 4acTOT cpe3a WM HU3KOYACTOTHbIX
WCKaXXEHU TPETbEro nopsgka, a Takke YMyYLWEHU0 CXOAMMOCTU. OTu hakTopbl KpaHe BaXHbl MNpu
MOoOenupoBaHuM yCTponcTB, paboTatowmx B CBY-grnanasoHe, noatomy Ans nccriefoBaHnsi BeibpaHa MMEHHO
aTa mogernb. OHa BkntoyaeT B cebsi 71 napamMeTp, 4N onpegeneHms KoTopbix HE06X0AUMO BbINOMHUTL CEPULD
pacyeToB. [INa MCnonb3oBaHUS MOAENN B CXEMOTEXHMYECKMX pacyeTax (KOMMakTHOM Mogenu) Heobxoaumo
onpeaenuTb YMCNEHHbIE 3HAYEHUS KAXKAOro U3 NapaMeTpoB ANsi KOHKPETHOM CTPYKTypbl. [1na onpeneneHus
napameTpoOB UCMOSb3YOTCS BOSIbT-aMMNepPHbIE XapaKTepPUCTUKM.

II. METOOMKA OMNMPEQENEHNA NMAPAMETPOB MOOENU MEXTRAM LEVEL 504

PeanusoBaHa ctpaterusa (metoguka onpeaeneHunsi), B COOTBETCTBMM C KOTOPOWN NOCPECTBOM UCMONb30BaHMS
mogynsa Utmost4 nporpammHoro komnnekca Silvaco npoBedeHa 3KCTpakums napameTpoB mozenu Mextram
level 504 [2-4]. Tockonbky npsiMon pexum paboTbl TpaH3uctopa 6onee BaxeH, YeM OOpaTHbIA, 3TU
napameTpbl MOAENV M3BMEKAKOTCA B MOCNEOHIO oyvepedb. Takum obpasom, npu HeEOOXOOMMOCTU MOXHO
NoXepTBOBaTb TOYHOCTBLIO MOATOHKM AaHHbIX Ans 06paTHOro BKIOYEHUSs, YTOObl A0OMTBCA Haunyylwen
CXOAMMOCTM OaHHbIX AN NPSAMOro BKITIOYEHUSI TpPAH3MCTOpPA.

[ns onpepeneHns napameTpoB MOAENM TpebytoTcs NpsiMble 1 06paTHbIe BOMbT-aMNepPHbIE XapaKTEPUCTUKM,
a Takke 3aBMCMMOCTM EMKOCTM KaXOoro nepexoda OT MPUIIOKEHHOrO HanpsbkeHusi. BxogHble AaHHble
nony4yeHbl nocpeacTtBOM KOMMbHOTEPHONo MoAeNMMpPOBaHUA 3SKCMyaTauMOHHbIX XapaKTepUCTUk TUMNOBOMN
npmnbopHon cTpykTypbl FBT B Mogyne Victory Procces nporpammHoro komnnekca Silvaco.

MpennoxeHHas MeToAvKa onpeaeneHnsl napaMmeTpPoB KOMMaKTHON MOAENM COCTOUT U3 cemu aTarnoB. Llenbio
KaXkOoro aTana sIBNsieTcs oNTMMMU3aLmnsi TONbKO TeX NapamMeTpoB MOAENU, KOTOpble OkasbiBaloT Hanbosbluee
BIUSIHVE HA XapaKTEPUCTUKY.

Mogenb Mextram ob6beguHsieT ypaBHEHWSI EMKOCTH, KOTOpble N HEOOXOAMMO OnpeaenvTb Ha NepBoM aTane
(4TobbI M3bEexaTb HeoBXOOUMOCTM NepeHacTpamMBaTb MapamMeTpbl MOAENM MOCTOSIHHOrO ToKa Mo3xe), U
3apsiga. Takum obpasom, Ha NepBOM aTane onpeaensiTcs napametpbl mogenu: CJE, PE, VDE, CJC, PC,
VDC, CJS, PS, VDS u XP, koTopble OnuchbIBaloT 3aBUCUMOCTb EMKOCTU BCEX TPEX TPAH3UCTOPHbIX NEPeXoaoB
OT HanpsbkeHusi. MakcumanbHOe OTKNOHEeHWe pe3ynbTaToB MOOENUPOBaHMS C YY4ETOM OnpeferieHHbIX
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napameTpoB MOAENM OT AaHHbIX NPMBOPHOro MoaenMpoBaHus (aanee — OTKIoHeHne) He npesbiwaeT 0,02 %
(cpeaHee 3Ha4veHune 0,01 %).

Btopon atan BknoyaeT onpegeneHve napameTpoB (Mo o6paTHOM 3aBUCUMOCTM 'yMMeEns): TOK HaCbIWEeHNs
Konnektop-amutTep IS, Tok HacbiweHuss 6a3bl npu obpaTHoOM BktoveHuMM IBR, koadduumeHT ycuneHus
naeanbHoro obpatHoro Toka 6a3sbl BRI, conpoTuBneHne HemMoaynnpoBaHHOTO anutakcuaneHoro cnod RCV,
nepemMeHHasl COCTaBMfsiowWas conpoTveneHMs 6asbl Mpu  HyneBoMm cMeweHun RBV, noctosiHHbIE
COCTaBnsAoLLME CONpoTMBIEeHNs konnektopa u 6a3sl RCC n RBC. MakcumanbHoe OTKIOHEeHMe Noy4YeHo Ans
napameTtpoB RCV, RBV, RCC n RBC (3,24 %), muHumanbsHoe — IBR, BRI (0,29 %).

Ha Tpetbem aTane onpegensietca obpartHoe HanpsbhkeHne Jpnmn VER. MakcumanbHoe OTKnoHeHue
coctasnseT 50 %.

quBepTaﬂ CeKkuna uncnonb3yeTtcda And yTO4YHEeHUA BCeX napamMmeTpoB, MU3BIEeYEeHHbIX B npeablaywmnx AByX
cekumax. Obwas cpegHee OTKNOHeHWe He npesbiwaeT 5,09 %.

Tak kak npsimon pexunm paboTtbl Hanbonee BaxeH, napameTpbl Mogenu Mextram 504, okasbiBatoLLMe Ha HEro
Hanbonbllee BNUAHWE, U3BMNEKAKOTCA B NOCMNedHow ovepenb. Ha natom atane onpenensaiTcs no npsiMomn
xapakTepuctuke 'ymmens napametpbl IS, koaddUUMEHT MaeanbHOro ycuneHus npsimoro Toka BF, Tok
HacblILLIEHUsT HeuaeanbHOro npsiMoro Toka 6asbl IBF, dakTtop HemgeanbHoOCTM npsiMoro Toka 6asbl MLF,
conpoTtueneHue amuttepa RE 1 TOk KONNEKTOp-aMUTTEP NPU BEICOKOM YPOBHE MHXeKLmK IK.

Ha wecTom aTane onpegensieTcs NpssiMoe HanpsbkeHue Jpnu (MakcumarnbHoe oTknoHeHue 1,29 %).

MocnegHuit aTan ucnonb3yeTcs ONS YTOMHEHUs BCEX MapaMeTpoB, XapaKTepu3yoLMX MPSMOA Pexum
paboThbl TpPaH3UCTOpa M ONpedenieHHbIX Ha NpeablayLWwmux aTanax.

B pesynbTate peanusaumm MeTOAMKM onpefeneHus napameTpoB komnakTHom mogenu Mextram level 504
nonydyeH Habop napametpoB (pucyHok 1) BT, KoTOpbIn MOXeET OblTb MCMOMbL30BaH B NporpamMmmax
CXEeMOTEXHNYECKOro MOLENNPOBAHMSA 1 TOMOMOMMYECKOro NPOEKTUPOBaHUS.

OTKpsITe v || npn_mextra.m..llb CoxpaHuTs = x
.MODEL npn_mextram NPN (
+LEVEL = 504 TNOM =27 MULT =1
+DTA =0 EXMOD =0 EXPHI =1
+EXAVL =8 SELFT =8 1s = 1.86504e-16
+IK = 0.80209803 VER = 6.31152 VEF = 35.4469
+BF = 41.0029 IBF = 2.7588le-14 MLF = 1.95517
+XIBI =8 BRI = 0.743275 IBR = 3.5357e-11
+VLR = 0.520947 XEXT = 0.863 WAVL = 1l.1le-06
+VAVL =3 SFH = 0.3 RE = 5.57584
+RBC = 210.046 RBV = 5.61781 RCC = 0.288359
+RCV =0.1 SCRCV = 1250 IHC = 0.004
+AXT =0.3 CIE = 3.58966e-14 VDE = 0.687559
+PE = 0.313848 XCIE =8 cic = 5.24888e-14
+VDC = 0.554761 PC = 0.349357 XP = 0.0033198
+MC = 0.5 Xcic =1 MTAU =1
+TAUE = 2e-12 TAUB = 4.2e-12 TEPI = 4.le-11
+TAUR = 5.2e-10 XREC =0 AQBO = 0.3
+AE =0 AB =1 AEPI = 2.5
+AEX = 0.62 AC =2 DVGBF = 0.85
+DVGBR = 0.845 VGB =1.17 VGC =1.18
+VGJ = 1.15 DVGTE = 08.85 AF =2
+KF = 2e-11 KFN = 2e-11 1ss = 4.8e-17
+IKS = 0.80025 cais = 7.082829e-13 VDS = 0.578622
+P5 = 0.8509052 VGS =1.2 AS = 1.58
+RTH = 300 CTH = 3e-09 )

PucyHok 1. Habop 3HaveHuit napameTpoB mogenu Mextram level 504

CpaBHEHME WCXOOHbIX XapakTEPUCTUK W XapaKTePUCTMK, TMOSMYYEeHHbIX W3 KOMMaKTHOM Mopenu ans
CXEMOTEXHUYECKOro MoAenvMpoBaHus, NpMBedeHO Ha pucyHke 2. 3a CYeT CHUKEHUs TOYHOCTM B obnactu
0o6paTHbIX TOKOB, yAanocb AOCTUYb OTHOCUTENbLHOW NorpelwHocT He 6onee 10% OTHOCUTENBHO UCXOAHbIX
[aHHbIX 6e3 NCMoMb30BaHNA creumnanbHbIX TECTOBLIX CTPYKTYP ONs 9KCTPaKUUU U BepuduKaLmnm.

. 3AKITIOHEHNE

MpeonoxeHa metoauka (cTpaTerusi) onpeaeneHns napameTpoB (IKCTpakUumM) ANg peanusauum B MOAensix
GaAs BT Ha ocHoBe Mextram level 504. MNpeanoxeHHasa cTpaTernss COCTOMT M3 7 LWIAroB, Ha KaXXaoM u3
KOTOPbIX YWUCIIEHHBIMW MeTo4aMU OnpefendlTcs Havboree BaHble napamMeTpbl, BAWUSIOWIME Ha
3MNEKTPUYECKME XapaKTEPUCTUKN. Pe3ynbTaTom BbINOSIHEHMS OMMCAHHOW CTpaTernm aKCTpakuum ctan Habop
napameTpoB  Mogenu. BomnbT-amnepHble  xapakTepucTuKM,  MOSIyYEHHbIE C  WCMOSb30BaHMEM
9KCTparMpoBaHHbIX 3HAYEHWI NapaMeTpPoOB MOLENN, COOTBETCTBYIOT pe3yfnibTaTam HaTypPHOro aKCNepuMEHTa,
yto cBuaeTenbcTByeT 00 3EEKTUBHOCTM WCCregyemMon MeToaMKM — aKCcTpakuun.  MakcumanbHas
OTHOCUTESbHAs NMOrPeLIHOCTb CXEMOTEXHUYECKOTO MOAENMPOBAHNS C UCMOSb30BAHMEM 3KCTPaArnpoBaHHOMO
Habopa napameTpoB B CpPaBHEHMU C IKCMEPUMEHTaNbHbIMW AaHHbIMK cocTaBuna He 6onee 10% 6es
MCNONb30BaHUA cneumanbHbIX TECTOBbIX CTPYKTYP.
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PucyHok 2. CpaBHeHuMe pe3ynbTaToB NPUBGOPHOro U CXeMOTEXHUYECKOro MOAEeNMpoBaHUA
ans npnbéopHom cTpykTypbl BT
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VERIFICATION OF A METHODOLOGY FOR DETERMINING THE PARAMETERS
OF A COMPACT MODEL FOR GaAs HETEROJUNCTION BIPOLAR TRANSISTORS

P.E. Novikov?, P.S. Kratovich?, K.V. Korsak?, |.Yu. Lovshenko?

1Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
p.novikov@bsuir.by

20JSC «Minsk Research Institute of Radio Materials», Minsk, Republic of Belarus

Abstract: A parameter extraction methodology for Mextram level 504 models of GaAs heterojunction bipolar
transistors has been designed. The extracted parameters yielded high-accuracy simulation of current-voltage
characteristics, which shows the methodology's effectiveness. Simulations were performed without the use of
special test structures.

Keywords: device modelling, compact models, model implementation, parameter extraction, heterojunction
bipolar transistor, GaAs.
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OBYMEPHBIE MATHUTHbBIE MATEPUATbI MX2 U MXY (TAE M — MEPEXOQHbLI METANJT;
X, Y — XANNbKOIEH, X # Y): MCCNEOOBAHVE B PAMKAX DFT

MBo3goBckunm O.4.

Benopycckuin rocyaapcTBeHHbIN YHUBEPCUTET UHADOPMATUKM N PagnNo3SIEKTPOHUKN,
MwuHck, Pecnybnuka Benapycb, gvozdovsky@bsuir.by

AHHOTaums: B paHHom paboTe npenctaBneHa MeToguka MOMCKA HOBBIX ABYMEPHBIX MaTepuaros,
BKMovatLas ¢ cebs kputepun TepMOANHAMUYECKON U ANHAMWYECKON YCTOMYMBOCTEWN, MEXaHUYeCKoW u
Tepmuyeckon ctabunsHocten. Cpean 360 2D-cTpykTyp Ha ocHoBe xanbkoreHa 58 u3 180 coeamHeHun c
CYMMETPUYHbLIM pacnonoxeHnem xanekoreHa (MXz2) u 50 u3 180 coeguHeHWn C aCMMMETPUYHBIM
pacnonoxeHnem xanokoreHa (MXY) aBns0TCSA cTabunbHbIMU MaTepuanaMmu. AHanu3 MarHUTHbIX CBOWCTB
2D-CTpyKTYyp nokasar, 4to 69 coeiMHeHUn — HemarHuTHble 2D-maTepuansl, 39 coeAMHEeHUN — MarHUTHble 2D-
mMaTepuansl (29 — deppomarHeTvku n 10 — aHTudbeppomarHeTumku). na 2D beppomMarHeTMKOB pacCuUTaHbI
3HEPrMM MarHUTHOWM aHW3O0TPOMUK, YTO MO3BOMMUT YrNyOUTb MOHMMaHME UX MarHUTHbIX XapakTepucTuk. Ha
OCHOBE MOJTyYeHHbIX pe3yrnbTaToB co3daHa 6a3a OgaHHbIX, coaepXallas pekoMeHayeMble K AanbHenwemy
nccrneaoBaHUio MaTepuansl.

KnouyeBble cnosa: ﬂ,ByMeprIVI mMaTtepuan, guxarnbKoreHug, OCHOBHOE€ MarHuTtHoe COCTOAHWME, 3HEeprusa
MarHuTHOM aHN3oTponun.

I. BBEOEHWE

[nsi coBpeMeHHbIX YCTPOWCTB MarHUTHOM NamMsTh HEOOXOAMMbI HOBble OABYMEPHbIE MaTepuarnbl, KOTopble
OynyT TepmMoanHaMMYECKN CTAaOUMBbHBIMU M COXPaHSATbL MarHUTHBIN NOPSAOK NPU KOMHATHOW TemnepaTtype.
Mouck Takux MaTepuanoB, Kak MpaBWiO, HAYMHAETCS C KOMMbIOTEPHOrO MoAenupoBaHusl. PesynbTathbl
KOMMNbIOTEPHOTO MOAENMPOBAaHWUsSI MO3BONAT pa3paboTaTb pekoMeHAauun Ansi 3KCMEPUMEHTOB MO CUHTE3y
HOBbIX MaTepuanoB, a Takke [OMNONHAT 6a3bl AaHHbIX CO CBOWCTBAMW MEPCMNEKTUBHbIX MaTepuarnos, 4To
NO3BOSAT B AalbHENLLEM UCMOSb30BaTh TEXHONOMMU MALLMHHOIO 0BYyYeHMs.

3a nocnegHvie ABa AecATUNETUA uccrnenoBaTeny AOCTUMMM 3HAYNTENBHOIO Nporpecca B U3y4eHun CTPYKTYpPbI
M CBOWCTB HU3KOpa3MepHbIX MaTepuanos, BKM4Yas AByMepHble matepuansl [1]. CywecTByeT HeCKONbKo
pacrnpoCTpaHeHHbIX METOAOB MPOrHO3MPOBaHWSA W co3faHus  HoBbIX  2D-martepuanos, BKMovas
akcnepuMeHTaneHble [2], ab initio [3] n mawnHHoe obyyeHwne [4]. icnonb3oBaHme MalMHHOIO obyvyeHus u
GonblKNX OaHHbIX B MaTepuanoBeeHUM MPUBENO K Co3daHuio 0a3 OaHHbIX, cogepXalimx pasfuyHble
XapakTepuctukm matepuanos [5,6]. Basbl gaHHbIX NO3BONWAM NPOBECTM MacluTabHble uccnegosaHusa 2D-
mMaTepuanos, Takue Kak NMoucK nepcnekTuBHbIX 2D-marHuTHbIX matepuanos. B [7] us 4264 paccmoTpeHHbIX
2D-maTtepuanos 85 deppomMarHUTHbeIX U 61 aHTudeppomarHuTHeln 2D-maTepuan Obinn OTMeYeHbl Kak
noTeHuManbHO cuHTesnpyemble. O4eBuAHO, YTO 3TU Ba3bl AaHHbIX elle NpeacTouT LOMONHUTL HOBbIMM
OBHapyXeHHbIMU CTPYKTYpaMu.

Oco6bin MHTEepec cpeau nepcnekTuBHbIX 2D-maTepuanoB BbI3blBAlOT ranoreHnabl U XanbKoreHuAabl
nepexoaHbIX MeTarnoB Ans NpUMEHEHUs B 3NEKTPOHKKe. B paboTe nccnenytoTcs arekTpoHHbIE U MarHUTHbIE
cBoncTBa ctabunbHbix 2D-cTpykTyp € cbopmynamm MXz u MXY (rge M — nepexogHbii metanm; X, Y —
xanbkoreH, X #Y).

II. METOOMKA PACHETA

ANroputM Mnoucka HOBbIX OBYMEPHbIX MaTepuanoB MpeacTaBneH Ha pucyHke 1. [na noucka HOBbIX
OBYMEPHBbIX Marepuanos ucronb3oBarcs NPOrpaMmHsbIii naket VASPKIT B KayecTBe
BbICOKOMPOM3BOAUTENBHOrO UMHTepdenca pAna npeaBaputenbHon o6paboTkM BXOAHbIX annos W
noctobpaboTkn pacyeTHbIX AaHHbIX, MOMYYEHHbIX C Nomolbio koga VASP. [Ina 3agaHHOro CTPYKTYPHOro
danna POSCAR npu nomowym nporpammHoro naketa VASPKIT npoBoautca npoBepka BXOAHbIX (hannos
(POTCAR, KPOINTS 1 INCAR). 3aTeM BbINOMHAIOTCHA CTPYKTYpHas penakcauus Ha yposHe PBE-D3 ¢ yyeTom
CMMHOBOW nongdpusauum Ans onpefeneHnus OCHOBHOMO 3MEKTPOHHOIO M MarHUTHOrO COCTOSIHUA KaXOoro
OBYMepHOro matepuana. [Ans oCHOBHOro COCTOSHMS 2D-CTPYKTYpbl paccHMTbIBAOTCS: TENoTa o6pa3oBaHmus
ONns  onpefeneHuss TepMOAUHaMWYECKOW YCTOMYMBOCTW; [OUCTMEPCUMOHHbIE (POHOHHbLIE CMEKTPbl  And
onpegeneHnss OUHaMUYEecKOM YCTOMYMBOCTU; KOHCTAHTbl JKECTKOCTU Afsi onpedeneHust MexaHU4ecKow
CTabUNBHOCTW; CEepUst YUCMEHHBIX SKCMIEPUMEHTOB HAa OCHOBAHWM  MOMEKYNAPHON AMHAMWKW  ONS
onpeaeneHnst TepMmnyeckor ctabnneHoOCTy.
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Tlorentmanbhbiii 2D matepuain |
CTpyKTypHas pefakcarus Ha ypoBHe
PBE-D3 ¢ yueTom crimHOBOi
TOJAPU3ALMH JIS OTIPe/IENICHHs
OCHOBHOTO 3JIEKTPOHHOIO COCTOSIHUS

2D matepuan JMHAMHYECKH
HEYCTOHYUB

Cepus pacyeToB Ha OCHOBAHHH
MOJIEKYJISAPHOM JIMHAMMKH JUTs
onpeIeNeHns TEPMHIECKOH
CTabMIBHOCTH

Pacuer TennoTst 06pa'KOBaHl/lﬂ piuies
OIpeCIICHUs TCpMO}lVlHaMM'{CCKOﬁ
YCTOHYHBOCTH

AE;<0,055B

Pacuer KOHCTAHT XKECTKOCTH sl
OIpE/ICTICHIS MEXaHUUCCKOI
CTaOUIBHOCTH

2D marepuan
TEPMOJAHHAMHYECKH
HEYCTOHYUB

2D marepuai TepMHIECKH
HecTabuIIeH

2D matepuan TepMOIHHAMHYECKH,

MEXaHUYECKH, TMHAMHYECKH U
TEPMUYECKH YCTOHUUB

Het | 2D marepuan MexaHHYeCKH I
Pacder 2/eKTPOHHBIX 1 ONITHYECKAX
HecTabuIeH =
cBoiicts 2D MaTepuana st pa3paboTki

Aa PEKOMEHIaIHii 10 ero MPUMEHEHHUIO B
Pacuer aucnepcuoHHbIX GOHOHHBIX SNEKTPOHHKE
CNEKTPOB Il ONPE/IENeH s
JIMHAMHYECKOH yCTOHYHBOCTH

PI/ICYHOK 1. AJ'IFOpI/lTM NONCKa HOBbIX ABYMEPHbIX MaTepunanos

Ecnn noTeHumanbHbI KaHanaat TepPMOANHAMNYECKN, MEXaHNYECKN, TEPMUNYECKN N ANHAMUNYECKN ABNAETCA
YCTOW-MBOIZ 2D-CprKTyp0IZ, TO NpPoOBOOUTCA Cepuda OONONMHUTENbHbLIX pacyeToB ANA AeTallbHOro ndydYeHusa
€ro MarHMUTHbIX N 3NNEKTPOHHbIX CBOWCTB Ans pa3pa60T|<|/| peKOMeH,EI,aLI,MIZ no ero npuMeHeHo B ANEeKTPOHUKe,
CMNHTPOHKKE, CEHCOPUKE N ONTO3JNTEKTPOHUKE.

Ill. PESYTATATbI N X OBCYXXOEHWE

B xope npoBefeHUs HayyHbIX UCCREeOOBaHW BbINOMHEHA cepusa ab initio pacyeToB Ansi yCTaHOBMEHUA
CTabWNbHOCTU M MarHUTHbLIX CBOWCTB MONMMOPMHbLIX Moaudukaumi (1H- n 1T-¢asbl) 2D-maTepmuanoB ¢
dopmynamm MXz n MXY (rge M — nepexognbein metann; X, Y — xanbkoreH, X # Y), paHee HEM3BECTHbIX U
noTeHLManbHO CUHTE3UpyeMbIX MOHocroeB. Ha3saHue cTpykTypbl «1T» xapakrepusyeT nNpuHaanexHocTb
2D-CTpYKTYpbl K TpuroHanbHow ToudeuHow rpynne D3d, a HasBaHue cTpykTypbl «1H» xapaktepusyet
npuHaanexHocTb 2D-CTPYKTYpbI K rekcaroHarnbHom TouedHor rpynne D3h. Liudpa «1» ykasblBaeT KONM4ecTso
cnoes, obpasylolmnx anemMeHTapHyl s4Yenky. B wnccrnegyembix CTpykTypax nepexoaHbin Metann (M)
pacnonoxeH B LEHTpe crnos, a xanbkoreH (X n'Y) — cBepxy 1 CHM3Y MOHOCION nepexoaHoro metanna. Ecnu
OOVH 13 ABYX aTOMOB XanbKOreHa 3aMeHWUTb Ha aTOM APYroro xanbKoreHa, Nofy4alTcsl Tak HasbiBaeMble
AHyc-cTpykTYypbl. ACUMMETPUYHOCTb OTHOCUTENBbHO 0a3nCHOM MOCKOCTU ABYMEPHOrO CMos MPUBOAMWT K
HOBbIM cBoWcTBam. Bugbl cBepxy m cboky 1H- n 1T-cba3 nonmmopdoB MXY nokasaHbl Ha pUCYHKe 2.
Kpuctannuyeckasa cTpykTypa aHanornyHa pucyHky 2 anst nonumopdgos MXz ¢ ycnosumem, 4to X =Y.

1H-¢haza

@ ®)

(00-1) (00-1)

PucyHok 2. Buabl ceepxy (a, 6) n cboky (B, r) 1H- n 1T-dbas ctpyktyp MXY
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Kputepuii Bbibopa TepMOANHAMNYECKN YCTONYMBBIX MOHOCMOMHBIX AUXanbKOreHMA0B NepexoHbIX MeTannos
(OMNMM) yctaHoBrEH ¢ y4eTOM NOrpeLlHoCcT! MeToA0B pacyeTa. YucneHHoe 3HayeHne TennoTbl obpa3oBaHus
AEf 0OMKHO ObITb MeHbLe 0,22 aB.

YcTtaHoBneHo, 4to 59 ns 180 2D-cTpykTyp MX2 TepMogmMHamMmmnyeckn HectabunbHbIMU coeguHeHnaMun. Jnwb
64 ctpykTyp 1T-MX2 n 57 ctpyktyp 1H-MX2 yncneHHoe 3HavyeHne AE:meHbLue 0,22 3B. YcTaHoBMNEHO, 4TO 52
n3 180 2D-ctpykTyp MXY TepMoaMHaMmMyeckn HecTaburbHbIMU coeguHeHuamn. Jinwb 69 ctpykTyp 1T-MXY
n 59 ctpyktyp 1H-MXY yucneHHoe 3HadeHne AErmeHbLe 0,22 aB.

Ha cnegywouwem atane oueHeHa MexaHuyeckass cTabunbHOCTb ANS TEPMOAMHAMUYECKU YCTOMYMBbIX 2D-
CTPYKTYp, KOTOPasi onucbiBaeT YyCTOMYMBOCTb MaTepuana Kk gedopMaumsam UM UCKaXeHWaM Npu Hanm4mu
HanpsbkeHusi. [ns STOro paccUMTbIBalOTCA KOHCTaHTbl ynpyron xectkoctu Cii u Ciz. YCTaHOBNEHO, 4TO
cornacHo kputepuam BbopHa-XyaHra gns rekcaroHanbHblx 2D-cTpykTyp (Ci1 > 0 1 Cu1 > |Ci2]) 89 ns 121
nccnenoBaHHbIX 2D-cTpykTyp MX2 1 96 u3 128 nccneposaHHbix 2D-cTpykTyp MXY SBNSIOTCS MeXaHUYeckn
CTabWnNbHBIMW COEAUHEHUAMM.

OuHamunueckyto  yctonumBocTb  2D-CTPYKTYp  oOueHuMBanu nyteM pacdeta (POHOHHbIX  CMEKTPOB
TEPMOANHAMUYECKN N MEXAHUYECKM CTabUITbHBIX COeAUHEHNIA. YCTaHoBMNEHO, 4To 33 u3 50 1T-MX2, 31 n3 39
1H-MXz2, 27 n3 50 1T-MXY 1 28 13 46 1H-MXY sBRat0TCS AMHaAMUYECKN YCTOMYMBBIMU 2D-CTpyKTypamm, Tak
Kak Ha OOHOHHbLIX ANCNEPCUOHHBIX KPUBBIX 3TUX CTPYKTYP OTCYTCTBYIOT MHMMbIE MOAbI. Takow BbIBOA cAenaH
Ha OCHOBE [eTallbHOro aHanmaa nonyd4eHHbIX OHOHHbLIX CMEKTPOB UCCIe40BaHHbIX MaTepuanos.

Mpun nomolum ab initio monekynapHo-guHammyeckoro (AIMD) MmoaenupoBaHus nccnegosanack Tepmmuyeckas
CTabunbHOCTb NpU KOHeYHbIX TeMnepaTypax 300 K n nepuoge Bpemenu 4 nc. Ans mogenuposaHms AIMD
ucnonb3oBarncst kaHoHudeckun aHcamb6nb (NVT) co cxemonm Tepmoctata Hosa-l'yBepa. Ha ocHose
pesynbtatoB AIMD mogenupoBaHus 6bino yctaHoOBMEHo, YTo 4 AHyc-cTpykTypbl (1T-YSSe, 1H-FeSSe, 1H-
CoSSe u 1H-FeSeTe) n 1T-ZnSe2 M3MEHSOT CBOWM WU3HAYarnbHble CTPYKTYPbl U HE WUMEKT CTPOrown
YyNopsiAOHEHHOCTH (ABMAOTCH TePMUYECKN HecTabunbHbiMu). CoeamHennsa 1T-YSz, 1T-RuSz, 1H-ScSz, 1H-
YS2, 1H-YS2 N3MeHs10T CBOKO M3HaYamnbHYK CTPYKTYPY, OAHAKo, B oTnnummn oT 1T-ZnSez, 9T coeanHeHus
nepexogdT B aHepreTm4eckn bonee BbIrOAHOE COCTOSAHME 0Opa3ys HOBYO NONMMOpdHY Moandurkaumo 2D-
matepuana ¢ copmynon MXz. CoegmHernme 1H-MnSeTe nsmeHseT CBOI nsHavanbHyo CTpykTypy (1H-dasa)
N NepexoguT B aHepreTuyeckn donee BuirogHoe coctosiHue 1T-MnSeTe 2D-matepuana. OcTtaslumecs 58 ns
64 MX2 2D-cTpykTypbl 1 50 13 55 MXY 2D-CTPyKTypbl SBASIIOTCA TEPMUYECKN CTabUNbHBIMW MaTepranamm
npu Temnepatype 300 K, nockonbky Onsi HUX He HabnwgawTcsa KonebaHus 3HepruM n CoxpaHsaeTcs
n3HavanbHas CTPyKTypa npu 3agaHHoOW TemnepaType.

B Tabnuue 1 npeacrasneHbl pe3ynbTaTbl pacyeTa OCHOBHOrO MarHUTHONO COCToAHMSA Ansa 2D-CTpyKTypbl Ha
ocHose [INM, roe NM — HemarHutHas cuctema; FM — marHutHas cuctema, umetowas eppomMarHUTHbIN
nopsigok; AFM — marHUTHasi cuctema, MMerowas aHTUeppoOMarHUTHbIA Nopsaok. YcTaHoBneHo, 4to 38
coeavHeHun ¢ dopmynon MXz a9BnaOTCA HemMarHUTHbIMK 2D-maTepuanamu, 20 coeaUHEHUN — MarHUTHbIE
2D-matepuans! (14 — dpeppomarHeTukn n 6 — aHTupeppomMmarHeTukn). YcraHoBsneHo, 4to 31 coegmHeHune ¢
dopmynon MXY aBnaTcs HeMarHuTHbIMU 2D-matepuanamu, 19 coeguHeHnn — MmarHuTHble 2D-maTtepuarnbl
(15 — peppomarHeTkn u 4 — aHTMdEPPOMArHeTHKN).

Tabnumua 1. OCHOBHblE MarHUTHbIE COCTOSIHUST 2D-CTPYKTYp Ha ocHoBe [IM

Ti \ Cr Mn Fe Co Ni Y Zr Nb | Mo | Pd | Lu Hf | Ta | W Pt
1T-MS, NM | FM - FM AFM - NM — NM | NM — NM [ NM | NM | NM - NM
1T-MSSe NM - FM — — - NM — NM | NM — NM — NM | FM — NM
1T-MSe, NM - - FM — NM — — NM | NM — NM — NM | FM — NM
1T-MSTe NM - - — — - FM — — NM — NM — NM | FM — NM
1T-MSeTe NM - FM AFM — - FM — NM | NM — NM — NM | FM — NM
1T-MTe, NM - - — FM - FM — NM | NM — NM — NM | FM — NM
1H-MS; NM | FM NM AFM | AFM - NM — — — NM — — - FM | NM -
1H-MSSe NM | FM | AFM FM — - FM | FM — — NM — — - FM | NM -
1H-MSe; NM - NM FM | AFM - FM - NM - NM — — NM | FM | NM -
1H-MSTe NM - | AFM - - - - - NM - NM — — NM — NM -
1H-MSeTe | NM - | AFM - - - FM - NM | FM | NM — — NM | FM | NM -
1H-MTe, NM - | AFM FM | AFM - - - NM - NM — - NM | FM | NM -
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PaccuutaHa aHeprusi MarHuTHon aHusoTponun ang 14 (¢ CMMMETPUYHbLIM pacnornoXXeHueM xanbkoreHa) n 15
(c acuMMeETpUYHBLIM pacrnonoXeHnem xanbkoreHa) cTabunbHbIX ABYMEpPHbIX heppoMarHeTUKOB Ha OCHOBE
OTIMM. TlonyyeHHble YMCreHHble 3HaYeHns Emae MoryT 6biTb MCNONb30BaHbl ANns 6onee geTanbHOro aHanmsa
MarHuUTHbIX CBONCTB 2D-CTpyKTyp Ha ocHoBe [AIMM.

Ha ocHoBaHMM MoOMy4YeHHbIX pe3ynbTaToB co3gaHa 6asa paHHbix (https://github.com/hvtee/Database-of-
properties-of-2D-materials-with-MX2-and-MX1X2-structure/tree/main) pekoMeHOOBaHHbIX K AanbHenwemy
nccrnegoBaHuio MaTepunarnos, cogepxallas NogpobHble pacyeTHble NapameTpbl U CBONCTBA BUHapHbIx MeXo
n TporHbiX MeXY 2D-coeanHeHuin.

IV. BAKIMIOYEHNE

PaspabotaHa mMeToguka noucka cTabunbHbIX OBYMEPHbIX MaTepuarnoB, BKro4dawlwas ¢ cebsa kputepum
TEPMOANHAMNYECKON U OAUHAMUYECKOM YCTOMYMBOCTEN, MEXAHWYECKON U TepMUYecKon cTabunbHOCTEN.
YctaHoBneHo, 4to 58 13 180 MX2 2D-ctpyktyp u 50 n3 180 MXY 2D-CTpyKTyp sBNSOTCA CTabUNbHbLIMM
mMaTepuanammn npu TemnepaTtype 300 K. AHanu3 MarHuMTHbIX CBOWCTB 2D-CTpykTyp nokasan, 4to 38
coeanHeHun MXz ABNAKOTCA HEMarHUTHLIMU MaTepuanamu, B To Bpems kak y 20 coeguHeHuin HabnogalTcs
deppomarHnTHbIe U aHTUdeppoMarHMTHble ceoncTea. [ns 2D deppoMarHeTMKOB ObINM pacCcuMTaHbl SHEPTUN
MarHUTHOW aHW30TPOMMU, YTO MO3BONMUT YrNybuTb MOHUMAaHWE UX MarHWTHbIX XapakTepucTuk. Ha ocHose
MoMyyYeHHbIX pe3ynbTaToB co3daHa 0asa [aHHbIX, codepXallas pekoMeHAyemble K JanbHenwemy
nccrnegoBaHuio MaTepumarbl, YTO MOXKET CITY>KUTb BaXKHbIM PECYPCOM Afsl y4eHbIX B obnactn 2D-maTtepuranos.
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TWO-DIMENSIONAL MAGNETIC MATERIALS MX2 AND MXY (WHERE M — TRANSITION METAL,;
X, Y —-CHALCOGENE, X # Y): DFT STUDY

D.C. Hvazdouski

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
gvozdovsky@bsuir.by

Abstract: This work presents a methodology for the search of new two-dimensional materials, which includes
criteria for thermodynamic and dynamic stability, as well as mechanical and thermal stability. Among 360 2D
structures based on chalcogens, only 58 out of 180 compounds with symmetric chalcogen arrangements (MX2)
and 50 out of 180 compounds with asymmetric chalcogen arrangements (MXY) are stable materials. The
analysis of the magnetic properties of the 2D structures revealed that 69 compounds are hon-magnetic 2D
materials, while 39 compounds are magnetic 2D materials (29 ferromagnets and 10 antiferromagnets). For the
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2D ferromagnets, the magnetic anisotropy energies were calculated, which will enhance the understanding of
their magnetic characteristics. Based on the obtained results, a database has been created containing
materials recommended for further investigation.

Keywords: two-dimensional material, dichalcogenide, ground magnetic state, magnetic anisotropy energy.
Y[OK 621.384.3

PA3PABOTKA METOOVKN MOLENVPOBAHUS TEMNOBOW MOCTOAHHOW BPEMEHW
ANA HEOXTNAXKOAEMBbIX TEIMNOBbLIX AETEKTOPOB BOJIOMETPUYECKOTIO TUMA

Kopcak K.B., Hoeukos I1.3., JloBweHko U.10.

Benopycckuin rocynapCTBeHHbIN YHUBEPCUTET UHADOPMATUKN U PALNOINEKTPOHMKN,
MuHck, Pecnybnuvka Benapych, k.korsak@bsuir.by

AHHOTaLMA: B AaHHOW paboTe npeacTaBneHa MeToauka MOoOenvMpoBaHUst TEMMOBOW NOCTOSIHHOW BPEMEHU
ONa  HeoxnaxadaeMblX TEMnoBbIX AEeTeKTopoB ©GonomeTpuyeckoro Ttuna (MukpobonomeTpos). [Ons
nccneaoBaHUs UCNONb3yeTcs CTPYKTypa MukpobonomeTpa, CO34aHHOro C MCMONb30BaHWEM TEXHOMNornm
MUKPO3MEKTPOMEXaHNYECKNX cucTeM. [lpyvBedeHbl OCHOBHblIE TeOpeTMYeckMe CBedeHUst O puanvecknx
npoueccax U xapakTepucTuKax, nexallnx B OCHOBE yCTponcTBa MymkpobonomeTpa. PaccMoTpeHbl OCHOBHEIE
anekTpodu3NYecKMe napameTpbl, BAMSIOWME Ha MOCTOSIHHYIO BpeMeHu. [NpefcTtaBneHo MoAenvpoBaHue
nepexogHoro TEPMMYECKOrO mpouecca TWUMOBOW CTPYKTypbl  MukpoboromeTpa. OnucaH  uauko-
MaTeMaTU4eckun annapat pacyé€Ta MNOCTOsSIHHOW BpeMeHWu. [Ons onpegeneHusi YMCNEHHOTO 3Ha4eHus
NMOCTOSIHHOM BPEMEHW WUCMONb30BariCd MeTo4 HauMeHbLUMX KBaApaTOB B KOMMIIEKCE C METOAOM NMHENHON
perpeccun C Uenblo HaxoXaeHus KoadhpuUMEHTOB annpoKCMMaLMOHHON KpuBoW. Ana addheKTUBHOro
NPUMEHEHNS Ha3BaHHbIX METOA0B NPOM3BOAUNOCH HOPMUPOBAHUE BXOOHbBIX AAHHbIX.

KntoueBble crnoBa: HeoxnaXxxgaemblin TEMMOBON AeTEeKTOp BONoOMeTpMyecKkoro Tmna, nHpakpacHbli AaTyuk,
KOMMNbIOTEPHOE MOAENUPOBaHME, NOCTOSTHHAsA BpEMEHU, MUKPOBONoMeTp.

I. BBEOEHWVE

Tennosble AeTeKTOpbl HaXOAAT BCe Horee LWMPoKoe NPUMEHEHNe B pasnmnyHblX 0BnacTsx, BKYas cMcTeMbl
GesonacHocT 1 BMAeOHabNAeHWs, noxapoTyweHne n ouomeanumHy. Ocobbil uHTEpec npeacTaBnsdeT
pa3paboTka BblCOKO3I(hMEKTNBHBIX HeOoXNaxgaemblX TennoBbiXx AeTeKTopoB 6OonomeTpuyeckoro Ttuna
(MukpobonomeTp). 3TV yCTPONCTBA NCMONb3YIOT PE3NCTUBHbBIN NEMEHT C HU3KON TEMMOEMKOCTbLIO Y BbICOKUM
TemMnepaTypHbiM  KO3(PULUMEHTOM CconpoTuBrneHus. [lornowaeMoe TennoBoe W3nyyYeHue Bbi3biBAeT
3HauMTeNbHOE W3MEHEHWe COMPOTMBMEHUS, YTO PEerucTpupyeTcs Kak W3MEHEHWe HanpskKeHus npu
NPOXOXAEHNN Yepe3 AEeTEKTOp KOHTPONMpyemoro Toka. B oTnmume oT nmonynpoBOAHUKOBbLIX AETEKTOPOB, B
MUKpobonomeTpax M3aMeHeHne CONpOTUBMEHUSA MPOUCXOANT UCKMIOYNTENBHO 3a cYeT Harpesa, 6e3 npsiMoro
hOTOHHO-3MEKTPOHHOIO B3anmogencTemns. B pabote ncnonb3dyetcs cTpykrypa MMkpobonomeTpa, CoO3gaHHOro
C MCMONb30BaHWEM TEXHOMOMMMN MUKPOINEKTPOMEXAHMYECKMX CUCTEM. OTa CTpykTypa obnajaet psaom
NPEeUMYLLECTB: HU3KUM 3SHepronotpebneHnemM, OTHOCUTENBHO HEBBLICOKOW CTOMMOCTBIO M BO3MOXHOCTbLHO
paboTbl Npy KOMHaTHOW TemnepaTtype [1-3].

KnioueBoii xapaKTepUCTUKOM MMKpoGOoioMeTpa ABNSAETCS NOCTOSIHHAA BpeMeHMU (T), onpeaensioLas CKopocTb
peakuun Ha U3MeHeHWe TennoBoro notoka [4]. MocTosiHHaA BpeMeHU xapakTepuayeT CKOPOCTb, C KOTOPOWM
Temnepatypa GonomeTpa pearMpyeT Ha W3MEHeHMEe MOLLHOCTM Majatolero uanydyeHus. bBonee Huskas
NOCTOSIHHasi BpeMeHU 03HayaeT bornee ObICTPYIO peakuuio 1 Gonee BbICOKYIO YacTOTy KaapoB.

Il. ®UBNKO-MATEMATUYECKNIA ANMAPAT OMNPEAENEHNA MOCTOAHHOW BPEMEHM

OcHOBHOM (DU3MYECKMI MNPOLIECC, OnpedensloWwmni NOCTOSAHHYI0 BpPEeMEHW, — 3TO TennoobmeH mexay
YYBCTBUTENBbHbIM 3f1IEMEHTOM MUKpOOOnomeTpa n okpyxatowen cpegon. OH BKkMoYyaeT B cebsi:

1. Tennoemkoctb (C): KommyectBO TenmoTbl, HeobOxogMmoe AnNs W3MEHEeHWs TemnepaTypbl
YYBCTBUTENbBHOrO anemMeHTa Ha 1 rpagyc. 3aBucuT OT matepuana, pasmepa U reoMeTpun afnemMeHTa.

2. TennonpoBogHocTb (G): CkopocTb nepefaum Tenna Mexay YyBCTBUTENbHbIM 3M1EMEHTOM WU
OKpYy>KatoLlen cpefon. 3aBMCUT OT MaTepuarna noasnoXKn, KOHCTPYKLMM TENITOOTBOAA U YCIIOBUIA OKPY>KatoLLEN
cpegasl.

I'IpOCTe|7||.ua;| Moenb onucbiBaeT NOCTOAHHYIO BpEMEHU KaK OTHOLLUEHME TENITOEMKOCTU K TenonpoBOOHOCTU:
T = C/G. 3ta ™mogenb npegnonaraeTt 3KCMOHEeHUManbHbIA cnag TeMnepartypbl nocne npekpaweHna
BO34ENCTBUS n3ny4vyeHuns.
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Ncnonb3ysa MeTodbl KOMMbIOTEPHOrO MOJENUPOBaHUs, Hauboree MpoCTbiM PEeLleHNeM HaxoXaeHus
NOCTOSIHHON BpPEeMEHU SBNSAETCA MOCTpoeHMe rpaduka OCTbiBaHMSA MUKPOGONOMeTpa OT BpemMeHW, Mo
CpPaBHEHUIO C HemnocpeacTBEHHbIM pacyétom C M G ucxoas U3 KOHCTPYKTUBHBIX U 3NEeKTPOdM3NYECKMX
napameTpOB AaTYMKOB.

Ona  KOMNbIOTEPHOrO MOAENUPOBAHUS UCMOJIb3YeTCs MPOrpamMMHbIA  KOMMMEeKe komnaHuyn Coventor.
Wcnonb3oBaHve Cpeacts aBTOMATU3MPOBAHHOIO MPOEKTMPOBaHWUS 00EecneynT MOBLILEHNE TOYHOCTU
pe3yrnbTaToB NPOEKTMPOBaHWS, a Takke CYLLECTBEHHOE COKpaLleHne BpeMEHHbIX (B pa3bl) U MaTepuarnbHbIX
(Ha nopspoK) 3aTpaT Npu pas3paboTke HOBbIX YCTPOMCTB.

Mcnonb3ya TMNOBYIO CTPYKTYpPY MUKpobonomeTpa (pncyHok 1), npoBeaeHO KOMMbIOTEPHOE MOAENNpOBaHue
nepexogHoro mnpouecca, CBA3aHHOrO C TeMnepaTypon W Mpomcxogdawero npuv coobLeHun TenroBou
MOLLHOCTU MuKpobonomeTpy [5, 6].

PucyHok 1. Tunoas cTpykTypa MukpobonomeTtpa

o107 npouecc Moxet ObITb onuncaH cneaywwmm ypaBHeHMeEM, onucbiBalolWeM yBernmm4eHme temnepartypbl B
3aBMCUMOCTU OT MOLLUHOCTWN NnagaroLlero n3nyvyeHunsa:

d(AT)
dt
roe AT = T(t)-TO, Q — MOLLHOCTb NajatoLLero n3nyyYyeHuns.

C

+ GAT = Q, 1)

Pelas ypaBHeHue ¢ rpaHuyHbIMuK yenosuamu Q = 0 npu t = 0 (npouecc oxnaxaeHns mukpobonomeTpa nocne
HarpeBaHUs [0 onpefdeneHHoOW TemnepaTypbl W YCTAHOBMNEHWUS COCTOSHUS TepMOLMHaMUYECKOro
paBHOBECUS), MOXHO NOMy4YnTb CNeayoLLyo Moaenb NepexoaHoro npolecca:

AT(t) = %e_%t. (2)

Takvum o6pa3om, MMest MPYBEAEHHYIO 3aBUCMMOCTb, MPEACTABMSETCH BO3MOXHBIM pacyeT T U3 NOJy4EHHOro
B Coventor nepexogHoro TEPMUYECKOTO aHanusa nyTem WCCredoBaHusl TEMMNEePaTypPHOWM XapaKTepUCTUKM
AeTekTopa Kak (yHKUMM BPEMEHM NMPU OXJAKAEHWM NOCHe HarpeBaHUs OO0 MakCUMarbHOW pacCyMTaHHOW
TemMnepaTypbl NP1 NOCTOSAHHOM MafaroLweM UHpakpacHoM nanydeHumn. s obecneyeHns yHUBepcanbHOCTU
MeToda, LenecoobpasHo HOPMUPOBATL MOMYYeHHbIE 3HAYEHUS] OTHOCUTENbHO MAaKCUMMarbHOro, YTo Takke
NOBLICUT TOYHOCTb NOCNEAYIOLLIMX PacyeToB, Tak Kak YACHEHHbIE MeToabl Ans onpeaeneHns KoadULNEHTOB
3KCMOHEHLManbHOM MOAEeNy YyBCTBUTENbHbI K BXOAHBIM OaHHbIM.

t T(@)-T
t=—" 0 (3)
TMAX - TO
roe T(t) — TemnepaTypa AatyvMka B MOMEHT BPEMEHW MpU OCTbiBaHUK; To — KOHEYHas Temnepartypa npu
ocTbiBaHuM (06b14HO 300 K); Tmax — HayanbHasi TemnepaTypa Npu OCTbIBAHUN.
Bug nepexogHoro TepMmyeckoro aHannsa npeactaBiieH Ha pyUcyHke 2.

3Hasi, YTO KauyeCTBEHHO rpadvK NpeacTaBnseT coboi 3KCMOHEHUMArNbHYH 3aBUCUMOCTb, BO3MOXHO HalTy
3KCMOHEHLManbHY0 KpUBYHO BUAaA:
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y=axexp(bh Xx), (4)

roe y — 3aBuCMMasi NepemMeHHasi (3Ha4yeHwusi, KOTopble Mbl MbiITaeMCs MNPeAckasaTtb); X — He3aBucMMas
nepeMeHHas (3HauYeHus1, KOTopble Mbl UCMONb3yeM AN NpeackasaHus); a — Ko3MULNEHT, onpeaensitoLLmni
HayanbHoOe 3HadeHue; b — KoadppUMEHT, onpeaensoLLMiA CKOPOCTb pocTa (UIM YObIBAHWS) SKCMOHEHTbI.

1 -
0.9 1

0 0.001 0.002 0.003 0.004 0.005
Bpewms, ¢

PricyHok 2. 3aBMCUMOCTb TeMNepaTypbl OT BPEMEHU NP OCTbIBaHMU MUKpOGoioMeTpa

TepMI/I'-IeCKaﬂ NOCTOAHHAA BpeEMEHU onpeaenaeTcd Kak
_ (5)
T=—
|al

Hanbonee npocTbiM MeTOA40M onpeaeneHunst KoahpULMEHTOB KPUBOWN U3 AaHHBLIX MEPEXOAHOI0 TEPMUYECKOrO
aHanusa siBNsieTCcs UCMNorMb30BaHWE METOA4A NMMHENHON perpeccun, npeobpasys aKCNOHEeHUManbHyo Mogerb
B NMNHENHYIO C MOMOLLbIO NorapnmMmnpoBaHns:

In(y) =1In(a) + b X x. (6)
Tenepb 370 NHENHas 3aBUCUMOCTb Mexay In(y) u X, rae In(a) — cBoboaHbIV YneH, b — yrnoson koadduLmneHT.

Mcnonb3ys meTod HauMMeHbLUMX KBagpaToB ANA HaXOXOEHUs 3Ha4YeHUW a U b, cornacHo KoTopoMmy
MUHUMU3MPYETC CyMMa KBaApaToB OTKMOHEHMA Mexay (pakTUYECKMMMU 3HAYeHUsMU Y U 3HaYEeHUSIMU,
npeackasaHHbIMU  3KCTIOHEHUMaNnbHOW MOAesblo. OTOT mpouecc Bko4YaeT B cebsi pelleHne CuUcTeMbl
JIMHENHbIX YPaBHEHWA, MOSYYEHHbIX U3 YCOBUS MMHUMMW3aLUM CYMMbl KBaApaToOB OTKITOHEHWH [7].

Takum 06pa30M, Aana 3aBUCUMOCTU Ha PUCYHKe 2, nony4yeHa sKcnoHeHunarnbHasa 3aBUCUMOCTb
y = 1,02786_1081'2067x. (7)

Takum o6pasom, nocTtosiHHasa Bpemenn T = 0,925 mc. NonyyeHHble koadhduumneHTol a u b obecneunBatoT
koadbpuLmeHT koppensauum R2 = 0.99999365 0THOCUTENbHO UCXOAHbLIX AaHHbIX.

1. BAKINIOYEHUE

B pesynbTare pa60TbI onuncaH MmeToa MmoaennpoBaHuA TENI0BOW NOCTOAHHOWN BpeMeHN Ana HeoxXnaxgaembiX
MMKpO6OJ‘IOMeTpOB, p83pa6OTaHHbIX C ncnonb3oBaHNEM TEXHOJIOTMN MUKPOIJIEKTPOMEXaHNYECKNX CUCTEM, a
TaKkkKe M3roXXeHbl OCHOBHbIE d)M3I/I‘-IeCKI/Ie npuHUnNbI pa6OTbI MI/IKpOﬁOJ'IOMeTpa N pacCMOTpEHbI KIo4eBble
SJ'IeKTpOCbI/BI/I‘-IeCKI/Ie napameTpbl, onpegendlowne ero NOCToOAHHYHO BpeMeHN. MO,EI,eJ'IMpOBaHMe nposeaeHo
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Ons  TUNOBOW CTPYKTYpbl MuKpobonomeTpa, C nNogpoBHbIM  ONMCaAHWEM  UCMOMb3yeMoro  (pusmko-
MaTemaTu4eckoro annapara. YucneHHoe 3HauyeHMe NOCTOSIHHOW BPEMEHW NONYyYeHO METOA0M HavMEHbLLNX
KBagpaToB, MPUMEHEHHBIM K NIMHENHOW PErpeccum nocre HOPMMPOBAHMS BXOAHbIX AAHHbLIX AN NOBbILWEHNS
TOYHOCTW annpokcumaumm, u coctasuna 0,925 mc, npu 3TOM KO3(PUUMEHT Koppenauun ans
koadbdpuumeHTor a = 1,0278 n b = -1081,2067, coctaBun R? = 0.99999365.

BNAFOJAPHOCTb

WNccnepgoBanust BeINONHAKTCA Npu hMHAHCOBOW MmoadepXke M B pamkax obecrneveHus pelueHust 3agad
rocygapCTBEHHOW MpoOrpaMMbl  Hay4HbIX UccrnedoBaHWn  «POTOHMKA, OMTO- U MUKPOINIEKTPOHMKa»
(3apaHve 3.3.3).
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DEVELOPMENT OF A THERMAL TIME CONSTANT MODELING TECHNIQUE
FOR UNCOOLED THERMAL DETECTORS OF BOLOMETRIC TYPE

K.V. Korsak, P.E. Novikov, I.Yu. Lovshenko

Belarusian State University of Informatics and Radioelectronics, Minsk, Republic of Belarus,
k.korsak@bsuir.by

Abstract: This work presents a methodology for modeling the time constant of uncooled bolometric thermal
detectors (microbolometers). The research utilizes a microbolometer structure fabricated using
microelectromechanical systems technology. The fundamental theoretical information on the physical
processes and characteristics underlying the microbolometer device is provided. The main electrophysical
parameters affecting the time constant are considered. Modeling of the transient thermal process of a typical
microbolometer structure is presented. The physico-mathematical apparatus for calculating the time constant
is described. The least squares method in conjunction with linear regression was used to determine the
numerical value of the time constant, aiming to find the coefficients of the approximating curve. Input data
normalization was performed for the efficient application of these methods.

Keywords: uncooled thermal detector of bolometric type, infrared sensor, computer simulation, time constant,
microbolometer.
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