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OBIIASA XAPAKTEPHCTHKA PABOThI

AxrvanbHocThk. K coBpeMeHHOH 3/1eKTpoHHOM anmapartype kak ofiiero, Tak
M COELMATILHOTO HAa3HAY€HHs, NpelbsBIAOTCA Bce Oosiee >xecTkHe TpeGoBaHUA
I0 NOBAIIUEHHIO OBICTPOAEHCTBHA ¥ HANEXKHOCTH MNPH CHHXKEHHH TabapHTHBIX
Pa3sMEpOB M PHEPronoTpebneHns. YIOBIETBOPEHUIO 3THX TpeOoBaHHH B 60nbluOH
Mepe ChnocoOCTBYEeT COBEpLIEHCTBOBaHHME SNIEMEHTHOM 6a3bl  CBepxOoubIuMX
unterpanbubix  cxeM (CBHMC). Vwmenbmenue pasmepoB snementoB CBHC
M NIPUMEHEHHE TEXHOJIOMMY KpeMHHHK-Ha-u3omaTope (KHH) nmo3poisier MHOrOKpaTHO
OoBbICUTH  OBICTpOmEHCTBME,  CHM3UTH  3HepronotpebieHwue, NOBBICHTh
paguanMOHHYI0 CTOHKOCTH M T.J. OnHako, npoaBmkeHue B 061acTh CyOMHKPOHHBIX
pasMepoB COMNPOBOXIACTCA CYLIECTBEHHBIM POCTOM CJIOMXKHOCTH IIPOEKTHPOBaHHA H
usroroBieHus CBHIC: TexHomoru4eckui Npolecc HacUMTHIBAET HECKONBKO COTEH
onepanuH; HCHOONB3YETCH  YHHKAIbHOE  TEXHONOIMYECKOE M M3MEPHTENbHOE
obopyloBaHMe, MaTEPUaIBl H OCHACTKA; MPEABABIAIOTC CBEPX)KECTKHE TpeboBaHHA
K 4HCTOTE M KJIMMATy NPOM3BOACTBEHHBIX MOMEUICHHH; CTAHOBHTCA 00S3aTENBHBIM
ydYeT MayiopasMepHBIX (Qusnyeckux 3PQexToB INpH INPOEKTUPOBAHHH CXEM,
aHANMTHYECKHH pacyeT KOTOPHIX Ha OCHOBE HH)XEHEPHHIX (OPMyN B HpHHUMIE
HeBo3MOXeH. IIpuMeHeHue CyOMMKPOHHBIX TEXHONOrHd Tpebyer o6s3aTesBHOrO
yd4eTa TpeXMepHhIX 5((eKToB [pH NPOEKTHPOBAaHHH KOHCTPYKUME 3JIEMEHTOB
CBHC, uto TaioKe CYIIECTBEHHO YCIOXKHSAEST UX pa3paboTKy.

BaxtHeHIIMM METOJOM MCCHEJOBaHHMs TP 3TOM CTaHOBHTCA IpuGOpHO-
TEXHOJNIOIHYECKOe MOJEeNIMPOBAHHE, KOTOPOE, B KOHEYHOM CYeTe, [O3BONISET CHU3HTh
CTOMMOCTB pa3pabOTKH 3a CYET YMEHBILUCHUS MAaTepHAIbHbIX 3aTpar Ha [POBENEHHE
IKCIIEpUMEHTANBHBIX HUCCIEeNOBaHUiH, a TalOKe TOBLICHTH IPOLEHT BBIXOAA I'OOHBIX
CBHC B cepuilHOM TIIDOH3BOACTBE. OTOT METON OCHOBaH Ha pELICHUH
byHIaMeHTaIBHBIX YpaBHEHHH (QU3HMKH, ONMCHIBAIOIMX IPOLIECCH, IIPOTEKAIOLIME B
MeTajlaX, OKHCIax M IOJyNpOBOAHHKAX, ¥ PEalnu30BaH B BHIE MHOTOMOLYJBHOM
texHonorudeckosi CAIIP (TCAD), xoTopas MO3BONSET MCCIEAOBaTh IOBELEHHE
snementoB CBMC u TexHonoruyeckde nponecchl HX H3roroieHns. Hanbosee
COBepIICHHON Ha CeroNHALIHME JeHb Apngerca cucrema TCAD Sentaurus ¢upMsl
Synopsys (CILIA), maznepa B ob6racTu paspaborku TexHonoruyeckux CAITP. Ognako
cymectpytouide CAITP B cBoeM 6a30BoM BapHaHTe He MOTYT GBITb HCIIOIB3OBaHHI
JUIA MOIENHUPOBAaHUS IPOLECCOB (POPMHPOBAHUA CTPYKTYP H HX 3NIEKTPHYESCKHX
XapaKTEepUCTHK, IIOCKONbKY [HOBYMEpPHOE MOIEJMpoBaHMe, BooOlie TroBops,
He T03BOJIIET ROCTHYL TpeOyeMoi TOYHOCTH NPUMEHHTENBHO K TpaH3HCTOpaM
¢ MPOU3BONBHONM KOHOMUIypalueHd 3aTBOpa, a INPH TPEXMEPHOM MOJIEIHMPOBAHUH
BO3HHKAaeT HENPHEMIIEMO HH3Kas TOYHOCTh pacyeToB. KpoMe TOro, MAIHTENBEHOCTD
pacueTa ONHON XapaKTEPHCTHKH MOXET JOCTHTIaTh HECKOJNBKHX Hele/b. AKTyallbHa
d peanmzauus cBasH Mexay nurorpadpumyeckumu CAITP u CAITP mpubopHo-
TEXHOJNOMMYECKOT0 MOJAENMPOBaHUA JUIL Yydera BIMSHHS JIMTOTPa(pUYECcKHX
3¢ ¢eKTOB Ha INMEKTPHIECKHE XapaKTEPUCTHKH CO34aBaEMBIX CTPYKTYP.

Cocrossnne npobaemsl, CyliecTByromue METOAWKH, METOABl H MOMAEIH
bu3uyeckux npolueccos, 3anoxenHble B cucTeme TCAD Sentaurus, He np3sossiorT
pean3oBaTh  TPEXMEPHOE  MOICIHPOBAHHE  CIOXHBIXI: . BTPYKTVP  HU3-3a
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HEYCTOWYMBOCTH  CXOAMMOCTH Mpolecca MONENHpOBaHMA M Tpebomanms
CYIIECTBEHHBIX CHCTEMHBIX PecypcoB (Zlaxke Ha MOLIHBIX BEIYHCIIUTENBHEIX CepBepax
¢ 06beMoM onepaTHBHOM naMsTH 16 ['6aiT) 1 BpeMEHHBIX 3aTpart.

Monenun ¢usmgeckux mpoueccos, sanoxenusle B cucteme TCAD Sentaurus,
ABASIOTCS pe3yJbTaTOM paboT MHOrmX 3apybexHsix Hccienosarenel. HambGomee
n3BecTHH paborel Anronnanuca [l., Jarrona P., Oyinaxema V., @eppu ., Oiixepca
JI., I'punpyga J.

B Poccuu ¢ pemrenvem nopoOHEIX 3aiad cBsi3aHbl pabore Kmpeesa B.IO.,
Koponesa M.A., 3e6pesa I'"M. HemocpeacTBeHHO C MOJIENHPOBAHHEM B CHCTEMAaX
TCAD cBszaHsl paGoThl KOJUIEKTHBOB, Bo3riaBngeMbix Kpynkusod T.IO,
Ierpocanuem K.O., a Taxkxe pabotst Bunorpanosa P.H., Jpo3nosa B.I'., Kopreesa
C.B., Cenoa A.B. u Maxcumona A.H.

Hesan paborb! 3awmodaercs B pa3paboTke MOTH(HIMPOBAHHBIX METONOB
npuGOPHO-TEXHOJIOrHYECKOTO MOIENHPOBaHNUS, HO3BOJSIOMIMX MOBBICHTh TOYHOCTH
MONEIHPOBaHUA M COKPaTHTh BpDEMEHHEIE 3aTparbl Ha IPOSKTHPOBaHHE
cyomukpoHHbIx semeHToB KHII KMOIT CBUC.

Pemiaemble 3agauu. g HOCTHIXKEHMS ITOCTaBJIEHHOH IENH MOJDKHH OBITH
PeLIEHBI CIERYIOLIHE 3a1a4H:

1. Ob6ecneunts conpsxenne CAIIP swmrorpadpudeckoro ©u npubopHO-
texHonoruueckoro MogpenupoaHus TCAD c¢ uensio ydyera 3¢dexra HCKaKeHUA
TOMNOJIOTHM B MpOLiECCE JIUTOrpadHy;

2. BHINOAHUTHL TpexMepHOe MoxenupoBanue Aupdysnonnoro npoduns KHU
MOIT-cTpykTyp ¢ CYOMHKPOHHBIME HOpMaMH;

3. VYmensumTs Bpemsa MojenupoBanusa TpexmepHsix KHU MOIl-ctpykxTyp
€ CYyOMHKPOHHBIMH HOPMaMH;

4. TIoBBICHTH TOYHOCTh MOJAENHPOBaHHS Ha OCHOBE NIEPEXOMA K TPEXMEPHOMY
MOJIETHPOBaHHIO, a TakKe KaTHOPOBKH H KOPPEKTHPOBKH CYIIECTBYIOIIMX Mojene
B CAJIP npu60pHO-TEXHONOTMYECKOTO MOAENHMPOBaHHMA.

Mertoasl nceaenopanus. Jiis pemieHuMs NOCTABIEHHBIX 3alad INPHMEHEHSBI
METOLBl MaTeMaTH4ecKOro MOJeNMpOBaHus, aHaIUTHYECKHE METOIB pacyera
napaMeTpoB MOJeNeH, METOR BETBEH U IPaHHIl ¥ METOJ JIMHEHHON anpoOKCHUMALINY.

HayuyHas HOBH3Ha PaGoOThI COCTOHT B CJIelyIOIIeM:

1. PaspabGoTaHa MeTOZUKA TPEXMEPHOIO MOJENMPOBAHUA C  YYETOM
avTorpaduyeckux 3¢GeKToB, OTIHYAIOMAACT IPUMEHEHUEM KPHBOIMHEHHON CETKH,
NOTy4yaeMoH Ha OCHOBE (POPMHUPOBAaHHS TOHKMX IOJOCOK KPEMHHMS BOJIb 'DaHHUIEI
ToIoMIoruYecKoli o6nactu 3arsopa popmupyemoro KHM MOIT-tpansuctopa.

2. PaspaboTanbl peKOMEHZAUMH TI0 YJIYHIUEHHIO CXOOMMOCTH M IOBBIIEHHIO
TOYHOCTH MpoLecca TPEXMEPHOro IPHOOPHO-TEXHONOIHYECKOTO MOIENHPOBAHUSA
anexrpuueckux xapakrepuctuk KHY MOII-TpaH3uCTOPOB 32 CUYET ydeTa CHHKEHUS
TIOAABIKHOCTH HOCHTENEH Ha rpaHule OKHCEeN-KPEMHHH, BBINIOJHAEMOrO Ha OCHOBE
IIpeNBapUTENHEHOTO JBYMEPHOIO MOAEHPOBaHHS.

3. IlpennoxeH MeTOH ONIpeAeNeHHs JKBUBAJICHTHOM WIMPWEBI KaHaIa A
KanuOpoBKH Mozenel noABIWKHOCTH HocHrelel B kaHane KHM MOII-TpaH3icTopos,
3aKMIOYAIOIIMICA B IOCTPOEHHH JMHEHHOH aNnpoOKCHMalUMHM pPacyeTHBIX H




SKCICPHMEHTAIBHEIX  3aBHCHMOCTEH TOKAa  HACHINEHMS  TpaH3MCTOpa  OT
FeOMETPHYECKOH [IMPHHE KaHana.

I[OCTOBCDHOCTB NMOJYYEHHbIX HARVUYHBIX pPE3IYALTATOB, BbiBOAOB H
PEKOMEHIAUHH __ AMCCePTANHOHHON _ paboTbl  MOATBEPXKAEHA  pe3ylbTaTaMH
3KCIIEPUMEHTAIBHEIX HccnenoBaHu#, npoeeneHHsix B HUMCH PAH. Pacxoxachue
MeXIy JNEKTPHYECKHMH XapaKTepPUCTHKaMH, MONYydCHHBIMH HA OCHOBaHMH
TPEXMEPHOTO MOAETHPOBAHHU, H SKCTIEPHMEHTATBHEIMM COCTaBHIIO He Gonee 10%.

Ha 3amuty BhIHOCHATCH:

1. Meroguka TpeXMepHOro MOZLENMpPOBaHHS mpouecca (HOpPMUPOBaHUA
cybmuxponssix snemenToB KHW KMOII CBHC B cucreme TCAD, ornnyarowiascs
OT CTaHJapTHOH COKpallleHHeM YMCla BepIiMH B TOMOJNOTHH 3aTBOpa NOCJe
JHTOrpadMyecKoro MOJENHPOBAaHM M IIOCTPOGHHEM KPUBOIMHEHHOH ceTkH
KOHEYHLIX 3JIEMEHTOB, OOecrevdBaroniedl CHIDKeHHWe KOJNHYecTBa Y3710B B psle
cmydaeB Ha 50%, 4YTO ITO3BOJIAET peaiM30BaTh NPHHLUHUIHAIBHYIO BO3MOXHOCTB
tpexmepHoro MogenupoaHus KHU MOIl-tpansucropoB ¢ yderoMm 3¢dextos
HCKaXEeHHS TOIIOJIOTHHM 3aTBOPA B Npolecce AMTorpaduy.

2. PexoMeHmaimMM MO YNYYIIEHHIO CXOAUMOCTH H IIOBBIIIEHMIO TOYHOCTH
mporecca TPEXMEPHOTO ApHOOPHO-TEXHOJIOTHYECKOro MOJEeNUpOBaHU
snexTpryeckux xapaxkrepucTuk KHIA MOII-TpaH3HCTOPOB, OCHOBAaHHBIE Ha YYeTe
CHIDKEHHS MOABWKHOCTH HOCHTENIEH Ha IpaHHLe OKHCEI-KpeMHUH, BHIIONHAEMOM C
IIOMOIUBIO TIPeBAPUTENBHOIO [BYMEPHOTO MOJENUDOBaHHWA, H Ha YNpaBieHHH
L1AaroM CXOJHMOCTH, MAKCHMAJIbHbIM KOJIHYECTBOM UTEPaLMH M T.II.

3. Merong ompeneneHds SKBHBAJICHTHOH UIMPWHBEI KaHalla TPaH3HCTOpA,
3aKIIOYAloOMIMiicd B IOCTPOGHHM JIMHEHHOH amIpOKCHMalMH 3aBHCHMOCTH TOKa
HACBHINIEHHs OT FeOMETPHUYeCKOH LITUPHHBI KaHana ¥ NpubaBiieHUH K reoMeTpu4ecKo
LIMpUHEe KaHana OTHOHmIeHMS CBOOOAHOrO WieHa NONy4YeHHOH JHHeHHOH
3aBHCHMOCTH K €€ YIJI0BOMY KO3 (HUIIMEHTY.

IlpaxTHyeckas 3HAYHMMOCTL H pe3yJbTaThl BHeapeHus. I[lpakTuueckas
3HAYHUMOCTH pabOTEI COCTOUT B TOM, YTO €€ Pe3YJIbTaThl IIO3BOJSIOT!

1. Cokpatuth  BpeMsa  NpPUOOPHO-TEXHONOrHYECKOTO  MOJEIHPOBaHUA
B cucreme TCAD Sentaurus cyoMuxpoxHsix saemMentoB KHU CBHC B psae cirydaeB
Ha JBa NOpAAKa (OT HECKONBKUX HeeNb JO HECKOJILKUX JacoB).

2. Iloseicutb Ha 10 - 50% Tounocts cxemorexHuyeckoro SPICE-
MopenrpoBanua KHIM MOIT CBUC 3a cuer yTOYHEHHS SKBHBAJICHTHON IIMPUHBI
KaHaJla II0 OTHOIUEHHIO K 3aJI0XKEHHOH IIpY TPOEKTUPOBAHHH.

3. Veemruurs Grictponeiictsue CBUC Ha 10% 3a cyeT MCNONB30BaHHA QUIYP
OInTHYecKoi koppekumu 3ddexta OMM3OCTH, CHPOSKTHPOBAHHBIX IPH COBMECTHOM
JIXTOTPapUIEecKOM U NPHOOPHO-TEXHONOTHYECKOM MOJIETHPOBaHHH.

4. PeanusoBath BO3MOXHOCTB MOJIENHPOBaHHA 3NEKTPUUECKHX
xapaxtepucTuk KHM MOII-cTpykTyp ¢ y4eroM nurorpaduyeckux 3Q¢exToB Ha
ocHoBe compsbkenus CAITP ymrorpadmieckoro ¥ NpHOOPHO-TEXHONOIHYECKOIO
MOZETMPOBAHHUA.

Meronuka H pe3yibTaThl MOIEIHPOBAaHUA, NOTydeHHble B paboTe, BHEADEHBI
BOpPOLECC  NPOSKTHPOBAHHA  3/eMeHTHOH  6a3pl  cyGmuxpomuex  CBUC
B HVICH PAH u B yueGunrii mporecc MI'TY umenn H.3. baymana.




AnpoGauns __paGorni. Pesynmstarei  paGoTsl  6bUTH  IIpeACTaBIEHHI
Ha MexnyHapomHeIx MOJIOAEXHBIX HayYHO-TEXHHUYECKHX KOHGbepeHUMAX
«HaykoeMkne TeXHONOrMH H MHTe/LleKTyanbHble cucteMbl» (Mocksa, 2007, 2008,
2009, 2010, 2011), xypuane «TexHOmOrHs M KOHCTPYMPOB3HHE B 3JI€KTPOHHOMH
anmaparype» (Onecca, 2007), c6opuuxe «MudpopMaTHKa ¥ CHCTEMEl YIpaBIEHHUS
B XXI Beke», xypHaire «Bectuux MITY wumeun baymana» (Mocksa, 2011).
[TpunsTa x nedatH cTaThs B XypHaue «Mukpoanekrponuka» Nel 3a 2012 rox (u3
nepedds u3faHui, pekoMeHI0BaHHBIX BAK PO).

Pabora otMedena 2 puriomamu 1 creneHd MexIyHapOIOHBIX MOJNOIEKHBIX
HAYYHO-TEXHUYECKHX KoHGepeHI it «Hayxoemkue TEXHOJOTHH
U MATe/IeKTyanbHele cHcTeMb», (Mocksa, 2007) u «HaykoeMKHe TeXHONOTHU
M HHTEIeKTYyadbHble cucTeMe, (Mocksa, 2009). 3a BemonHeHHy0 paboTy aBTOpY
TpUCYXaanack ctuneHaus [Ipasurenscrea PO.

Pesynwratel MccnenoBaHus Obumu mpepcrasiieHsl Ha IX, X u XI nayyso-
npakTHYeckux  cemuHapax  «[IpobGmempl  co3MaHMA  CIIELMaH3HPOBAHHBIX
paauaumoHHo-cTofikux CBHMIC Ha OCHOBE TIeTepOCTPYKTYP», IPOXOAMBILMX
B Hmwxunem Hosropoae B 2009, 2010 1 2011 r.

Hy6aukanuu. Ilo MarepHanaM B OCHOBHOMY COIEPXaHHIO paGoTBI MMeercs
9 myOnuKauMiA B HayYHO-TEXHWYECKHMX JKYpHanax H TpyAaX MeXAyHapOOHBIX
KoH(}epeHiHit, B TOM 4ucne 1 cTaThs B U3laHMH, pexoMeHtoBanHoM BAK PO.

JIuunpli BKJIaA couckaTess. 13 nepedns my6auKauumii, BHIIOJTHEHHbIX B
coaBTOpCTBe, MHYHO ['nyuiko A.A.:

— B pabore [1] npoananuzupoBanbl NpobaeMbl MOJETUPOBAHHS CYOMUKPOHHBIX
KMOII-crpykryp, Bxogsux B coctaB CBHIC, 1 mpoueccoB X GOpMHPOBaHHAS;

~ B pabore [7] npemnoxeHa METOIMKA KOMILIEKCHOIO JIBYMEPHOTO H
TpexmepHoro MogzenupoBaius KHUM MOII-TpaH3nucTOpoB, a Taloke NpemIoXeH
METOJ ONIPENEIEHNs SKBUBAJICHTHOH IMPHHBI KaHalla TPaH3HUCTOPa;

—~ B pabote [9] mpeanoxxeHa MoJeNb NOABHXKHOCTH B MOJTHKPUCTAIUIHIECKOM
KPEMHMH H NIPENJIOKEHA MORENH MOABHXHOCTH B MOJIMKPHCTAIUIHYECKOM KPEMHUH H
MeTo/Ka NPOBeIeHHA 9KCIEPHMEHTA IT0 YTOUHEHHIO €€ [1apaMeTPOB.

Crpykrypa H__o0bem paGorhl. JlucceprandonHast pa6ora COCTOMT
M3 BBEleHUs, YeThIpex IJaB, 3aKioueHus, 6ubmmorpaduyecxoro cmucka. Obmuit
obbeM amcceprauuu 128 crpanuu, cogepxur 67 pHCYHKOB, 4 TabGaHIBI, CIHCOK
HCIIONB30BaHHBIX HCTOYHUKOB U3 63 HaHMEHOBaHUH.

COJEPKAHUE AVCCEPTAIIMHA

Bo_BBeleHHHM 000CHOBaHa aXTyallbHOCTh MOIEIMPOBaHMA CYOMHUKPOHHBIX
KHH MOII-rpan3ucropoB, chopmynupoBaHa uelb H 3ajgadd  HCClIeJOBaHUA
1 H3JIOXKeHa CTPYKTYpPa JUCCePTalMOHHOH paboTEL.

IlepBasi _rnaBa JuccepTalUH IOCBAlleHa INpoblieMaM IIPOECKTHPOBAHHA
amemenTHOH 6a3si KHM KMOII CBUC ¢ cyOMUKpOHHBIMH NIPOEKTHBIMH HOpMaMu
H TeXHONOTHYecKuX  nponeccoB  msrotoenennst CBUC, anamusy cucreM
aBTOMATH3UPOBAHHOI'O HPOEKTHPOBAHUs, MTO3BONAIOIIHMX MOJEIHPOBATh KaK IpOLece
¢opMHpOBaHHA, TaK M OBJEeKTpHYeckue XapakrtepucTuku osnementoB CBUC.
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PaccMOTpeHB! OCOOEHHOCTH IPOEKTHPOBAHMA  TEXHONOIHYECKHX IIPOLIECCOB
¥ KoHCTpykuHH sneMeHToB CBMC, ompenened kpyr 3angad JMCCEepTaLHOHHOH
pabotsl.

TexHonorugecku# npouecc Hirotornenus cyOmukporHsix CBUC nmomxker
YIOBNETBOPATL HECKOJILKHM OCHOBHBIM TpeOoBaHMsM. Bo-mepBhIX, TepMUYeCKHe
npouecchl H3rotoBieHHs CBUC nomkHB MPOBOAMTHCS HPH JOCTATOYHO HH3KHX
Ttemmneparypax (mopsaka 900 — 950°C), 4To MO3BONAET CBECTH K MHHHUMYMY
audQy3Hio  JIETHPYIOIIMX INpuMeceli B  TIOPH3OHTAILHOM  H BEPTHKAILHOM
HampaBleHMAX. Bropoe Baxuoe TpeboBaHHE COCTOMT B OOECHEYCHHH MabIX
conpoTHBieHHH obnacre# snementoB CBUC, npoBoasuux XOpOXEK M KOHTAaKTOB.
[lapasuTHble CONPOTHBIEHHA M EMKOCTH MOIYT NPHUBOAUTH K CYLIECTBEHHOMY
cHmxeruro  Osicrpomesicreust CBUC. U, Hakonen, TpeThHM TpebopaHHeM,
HeobxomumbM 11 usrotosieHnss CBHC ¢ cyOMUKPOHHBIMM pa3MepaMu CTPYKTYD,
sBigercs yuer 3¢ dexTa onTuuecKoi GIH30CTH B MpOLIECCe TUTOrpaduH.

HauGonee snaunmeiM meTooM npoextuposands CBHIC craHoBuTca nmpubopHo-
TEXHOJIOTHYECKOE MOJENUPOBAHNE DJIEMEHTHOH ©0ashl H  TEXHOIOTHMYECKHX
npoueccoB. MoenupoBaHie OCHOBaHO Ha pelleHHM (QyHIAMEHTAIbHBbIX YypaBHEHHH
¢u3MKH METORNOM KOHEeYHBIX J/eMEeHTOB B creuuanmnsuposanneix CAITP,
nonyuuBiiux Haspanue TCAD, u sBmgercs onaHuM U3 Haubonee rubxux
HHCTPYMEHTOB, IO3BOJIAIOLIMM ONpEleNUTh TaKde OrpaHHYEHHsA Ha 3ajaBacMbie
TEXHOJIOTHYECKHE PEXHMBI, IIPH KOTOPHIX 3MEKTPHYECKHE HapaMeTphl 3JeMEHTOB
CBUC 6ynyr HaxoOHThECs B 3alaHHBIX npenenax [1]. OxcnepuMeHTAIbHBIC AaHHBIC
OpH 3TOM CONOCTABJIAIOTCA C pe3yJbTaTaMH MOJENHPOBAHHS M JaeTcid OLEHKa
ouHbXY IIPOrHo3a KOHKPETHOH XapakTepucTHky sneMenta CBUC.

CywmectByromias B npumeHsemod cucreme TCAD Sentaurus Metoauka
TPEXMEPHOIO  MOJEIHPOBAHUA COCTOMT B  Da3lielecHMH BCceX  olepauui
TEXHOJNOTHYECKOTO Ipouecca Ha Tornorpapuyeckue onepauud (OcaXeHHe,
TpaBieHHe U HaHeceHHe MacKd) M ONepaliuM JIErHPOBaHMA, BKIIOYAIOLINE HOHHOE
jerupoBanue ¥ Auddysuo npuMecH. IIpu 3TOM Ha TEPBOM 3Tale BBINOJHAETCA
reoMeTpPUYECKOe MOJEIUPOBAHUE TONMOrpagUYecKUX Olepalui, a 3aTeM B yxe
cOpMHUPOBAHHOMN CTPYKTYpe BHIIOIHAETCS MOAEIMPOBaHHE ONEPALIMii TErHPOBaHUSL.
Takas MeETOAMKA MOZEIMPOBaHUA YNpOLIAeT (POPMUPOBAHHE TPEXMEPHOH
CTPYKTYDBI, OJ{HAKO TIPH 3TOM HOTHOCTBIO HCKIIIOYAETCS BO3MOXHOCTh TPEXMEPHOIO
MOJENHPOBAaHUS OfIePaIlUX TEPMHYECKOTO OKHCIIEHHS.

3anavy npoextuposadust KH MOII-TpaH3ucTOpoB Ha OCHOBE CYHIECTBYIOIIEH
METOAHKH YCIHOXKHAIOT H OCOOEHHOCTH HX TreoMmeTpHd. Jleno B TOM, 4TO
BO H3bexanue 3¢ eKToB IWIABAIOMEro KapMaHa Heo6X0MMMO 00eCICYHUTh HaNeXHbIM
97EKTPHYECKHM KOHTAaKT K KapMady TpaHsucropa. Tomonormn KHHU MOII-
TPAH3HUCTOPOB C KOHTZKTOM K KapMaHy IIpeJCTaBlieHbl Ha pHcyHkax la — 1s. Tlo
CTEeNeHH BIMAHMA Hpolecca JHTOrpapuy Ha TOMONOTHIO 3aTBOPA CIIEAYET BHIIIEAHTD
Tpausucropsl ¢ npsmbiM (A-trna) B HenpameiM (H-tuma u O-Tema) 3aTBOPOM.
B TCAD He npefycMOTpeH y4eT NUTorpapuyeckux 3GQPeKToB MpH MOAEIUPOBAHHM
TEXHOJIOrH4eCKOro npouecca gopmuponanus sneMesTros CBHC.
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Pucynox 1. Tononorun KH MOII-TpaH3UCcTOPOB pa3iMIHAIX KOHCTPYKIHH: 1
— obsacTp 3aTBOpA, 2 — 06NIacTh HCTOKA, 3 — 06J1aCTh KOHTAKTHOIO OKHA,
4 — cunpHONErUpOBaHHAas obyacTs LI obecriedeHns KOHTaKTa K KapMaHy,
5 — obnacTe cTOKa, 6 — rpaHAIa 00JIacTH TPaH3UCTOPa

Kpome rtoro, 6e3 Heobxomumbeix uHCTpykumi cucrema TCAD MoxeT HasHayaTh
TaKue 3Ha4YEeHUs NapaMeTPOB CETKH KOHEYHBIX 3IEMEHTOB, MPH KOTOPBIX CTPYKTYpPa
MoXeT ObITh Ka4yecTBeHHO HckaxeHa. CnMmikoM OGonpmie «fI4eHKu» CeTkH
HE MO3BONIIOT BBIIBHTh, YTO IPOUCXOAMT BHYTPH «J9eHKH», a CIHIIKOM Mabie
«sA4elKu» MPUBOIAT K CYIIECTBEHHBIM BPEMEHHBIM 3aTpaTaM IIpH MOJETHPOBaHUH.
Bosuukaer 3agada TIOMCKA KOMIIpOMHCCAZ MeXIYy BpeMEHeM M TOYHOCTBHIO
MozeaupoBaHusa. Y HakoHel, BpeMsi MOZEMPOBaHHS MOXET JOCTHIaTh HECKOIBKUX
CYTOK H Jaxe HeJle/lb U3-3a Hey1auHO BEIOPaHHbBIX IapaMeTPOB YHCIIEHHBIX METOHOB,
a B page ciy4yaeB 6e3 BMeIIaTeNnbCTBa IOJNH30BaTelsl CACTEMA 3aBeplliaeT NpoLece
cuera ¢ omn6KOH, BEI3BaHHOH PaCXOAHMOCTBIO YHCIIEHHBIX METOMOB.

Bonbmras  wacte Moxpyner TCAD  opHeHTHpPOBaHE Ha  COCTaBlIeHHE
[I0JIb30BATEEM NIPOrPaMMBI MOJEITMPOBAHUS, OIMCHIBAEMOH Ha BHYTPEHHHX A3BIKAX
cucremsl. Kpome toro, B TCAD Bo3MoxHa pa3paboTka coOCTBEHHBIX MOAYyJell Ha
si3pike TCL, no3BOSOIMX B3aMMOJEHCTBOBATh CO CTaHJAPTHHIMH KOMITOHEHTAMH.
ITonb3oBarenio AOCTYIIHO ¥ N0GaBIEHUE HOBBIX MOJIEIIEH B CHCTEMY MOJEIMPOBaHHS
JNEeKTPUYECKHX  XapaKTepUCTHK Ha  OCHOBe  OOBEKTHO-OPHEHTHPOBaHHOTO
[IPOrpaMMHpOBaHHs Ha a3bike C++.

IToBsllneHMe TOYHOCTM MOJETMPOBaHMA CBS3aHO C pa3paboTkoit Meronma
MOCTPOEHHsI CeTKM M mnocienyomed KamuOpoBKOH HpHMEHAEMBIX MojeneH Ha
TEXHOJIOTHYECKOM -TIpollecce C MpoeKTHeiMH HopMamiM 0,35 MxM. Bepudukanuro
NpUMEHAEMBIX  MoJened  NpEe/UIOKeHO  MPOBOAMTE  HA  HE3aBHCHMOM
TEXHOJIOTHYECKOM Hpollecce C MUHMMAIbHBIME TIPOEKTHBIMU HopMaMu 0,25 MKM.

Ha ocHoBe pe3ynpTaToB IpPUOOPHO-TEXHOJIOTHYECKOTO  MOJCTMPOBAHMA
TPAaH3UCTOPOB ¢ TpPSIMBIM M HENpSAMbIM 3aTBOPOM CTaHOBUTCS BO3MOXHBIM
yTouHenue Haubolee BaXXHBIX NapaMeTpoB, MPUMEHSEMBIX IIPH CXEMOTEXHHYECKOM
MOJEe/IMPOBAHMH, TaKHX, HAIIPUMED, Kak SKBUBAIEHTHas NIMPUHA KaHaa.

Bo BTOpOI¥i ri1aBe npefnokeHa METOMKa TpexMepHoro Moaenuposadus KHU
MOII-TpaH3uCcTOPOB, BKIIOYAMOmas: OCOGEHHOCTH INpeoGpa3oBaHMS TOIONOTHH
3aTBOpA; NPaBUJIa OMHCAHUA TeOMETPUUIECKHX obuacTedt ¥ GpopMUpOBaHAS TIpodUILs
B KapMmaHe; OCOOEHHOCTH IeHepaLMHd CeTKH O KOPPEKTHOrO MOMENHPOBAHHUSA
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onepauud mudpQy3ur NMPHMECH H PEKOMEHIAUMM N0 YIYHIUEHHIO CXOJAHMOCTH H
NOBBIIEHHIO TOYHOCTH IIPOLECCA TPEXMEPHOIO NPHGOPHO-TEXHOIOMHYECKOIO
MOJCJIIUPOBAHUS  3JIEKTpU4eCKHX Xapaktepuctuk KHH  MOII-Ttpansucropos.
[poaHanu3MpoBaHEl HCIONBE3yeEMBlE MOJEIH TEXHOJOrHMYECKHX ONepauui o
¢usMdeckux mpoueccos, nporekaiomux B MOII-ctpykTypax. Matematuueckas
MOzeib TPaH3UCTOpa NpeACTaBlIeHa CHCTeMOH IubQepeHUHANbHbIX YpaBHEHHMH B
YacTHBIX MPOM3BOAHBIX, BKIIIOYalomeH (s Hauboiee IPOCTOrO cliy4as) ypaBHEHHE
IlyaccoHa u nBa ypaBHEHHS HENPEPBIBHOCTH:
divegrady =-q (p—n +Np+—Ny,)

~

i N Ry
iv I, =-q(G-R)+q—,
# ot

; pee op
- - )y ==
dvap q(G-R)+q o
A€ & - HMIJICKTpUYECKas IMPOHHIACMOCTh BEIUECTBA, I KOTOPOIO peluaeTes
yPaBHEHHE, g — 3apsill SNIEKTPOHA, P U 71 - KOHUEHTPALHK 3JIEKTPOHOB M AIPOK, Np.
N,. - KOHUEHTpaLMK HOHK3MPOBAHHbIX 4TOMOB JOHOPHOM M aKLENTOPHOM MpHMecei,

COOTBETCTBEHHO, J n R J p- BEKTOPE! INIOTHOCTH COOTBETCTBEHHO 3JIEKTPOHHOIO H

JBIPOYHOrO TOKOB, G — CKOpPOCTH TIeHepauMM HOCHTeNeH, R - CKOpOCTb
peKOMOHHALMH HOCHTENEeH, ! — BpeMs, i — SIEKTPOCTATUYECKHH [TOTEHUHA.
Pemenue cucremsr auddepenumanbapix ypasHenni#i B TCAD ocmoBaHO

Ha IPUMEHEHHH METOAA KOHEYHBIX 3eMEHTOB, CBA3aHHOIO C MMCKpETH3aLMen
pemiaeMblx U GEpeHNMANBHBIX ~ yYpaBHEHMH B YacTHBIX  IIPOU3BOIHBIX,
npuBefeHHBIX K BUAY VA+R=0, rme A — BeKTOp HEW3BECTHOIO NAPAMETpa,
R - Bremmee BosfeiHicTBue. B pesynsrare RHCKpeTH3alMM MONYydYaeTcs CHCTEMa
YpaBHEHUH:

Zk,/a,/ . eri =(),

j¢l
rae i M j — HOMepa COCeIHMX KOHEHHbIX JJIEMEHTOB, k; W () - mapaMerpsl,
onpejenseMble TeOMETPUYECKUMH PasMEpaMi KOHEYHBIX 3JIEMEHTOB, d;; — PasHOCTh
HEU3BECTHBIX [1apaMeTPOB B y3JiaX CETKH, ¥; — 3HaueHUs BHEUIHMX BO3JeWCTBHI
B y3max. TaxuM o00pa3soM, KONMYECTBO pellaeMbIX YPaBHEHUH 3aBHUCHT OT
KOJIIMYeCTBa Y3JIOB CETKH KOHEYHHIX D3IEeMEHTOB, KOTOpOEe, B CBOKIO Ouepefs,
OIpefieNAeTCA YUCIOM BEPUIMH B TOMOJOTHH 3aTBOpPa H CIIOCOOOM HOCTPOEHHA
CETKH.

[Mpn MoJeNUpOBaHHH CTPYKTYpHl TPAH3UCTOPOB C HENPSIMBIM 3aTBOPOM
Cy4eToM JHTOrpaUIecKHX HCKaKeHHH TOIMOJOrHH BO3HMKAeT HelmpHeMieMoe A
IpHGOPHO-TEXHONOIMYECKOI0 MOJENMPOBaHUS KOJIMYECTBO BEPLIHH TOIOJOIHH
3arBopa (nopsiaka 800 — 900). [ToaToMy BO3HHKaeT HEOOXOMHMOCTE MX COKPAIIEHHA.
B xauecTBe OrpaHHYEHHS Ha OCHOBE BBIYHUCIIHTENBHBIX SKCIIEPHMEHTOB OIpeJelIeHO,
YTO I ycmemHoro MmozenupoBaHus B cucteMe TCAD Heob6xomumo, 4ToGBI
MCXOfHAas TOIOJNOTHA 3aTBOpa HacyMThiBania He Oonee 70 BepwuH mpH
HCTIONB30BAHHM BBLIMUCIHMTENLHOTO cepBepa ¢ OOBEMOM ONepaTHBHOH NaMATH
16 I'6aiir. CokpammeHne KoOJH4YeCTBa BEPIUHH B TOMOJOTMH 3aTBOpa IIpeasiaraercs

7



peanu30BaTh HAa OCHOBE anroputMa Berseil M rpanmy. CuWraercs, 9TO BepLIMHA
MoXxeT GBITh yHaneHa W3 TOTOJIOTMH, €CJIH BBIIOJHEHBI CIACAYIOIIME YCJIOBHA IUIA
TpexX NOCJIeNOBaTelbHO COENUHEHHBIX BepINUH TONMONOTHUH A(X4y4), Blxpyp) u
Cxc,yc) (cM. pCyHOK 2):

¢(B, AC)< Error

AC <A/2

3necy Error — momyctuMas BenWYMHA OTKJIOHEHWS OT MCXOJHOH TOIIONOIWH,
onpenenseMass BbIYHCIHTEIbHBIMH BO3MOXKHOCTAMH CHCTEMBI H TEXHOJOTHYECKUM
pa3bpocoM JHHEHHBIX pa3sMepoB Iocie omepanud aurtorpaduu, p(B,AC) —
paccrosiHHe oT To4kH B 10 otpe3ka AC, A — npoexTHast HopMa (A=0,25 mxm). Bropoe
yCIOBME HaKJIaJpIBaeTCs JUIS COXPAHEHHs BEpLUWH, HAXONAIIMXCA Ha DACCTOSHHH,
CpaBHHMOM C IIPOEKTHOH HOpMOH (HanmpuMep, Ha paspese TOIOJOMMH MHOTOCBI3HOH
obnactu).

Pucynox 2. K noscHeHuio npuHIHNA YIaTeHH U30bITOYHBIX BEPILIAH

Ipennaraemast apxuTexTypa CHCTEMBI CONPSXKEHMS IHTOrpagudeckoro H
[pHOOPHO-TEXHONIOTHYECKOro MOJIEIMPOBaHHS (TCAD) fpejcTaBieHa
Ha pUCYHKe 3.

H3noxeHpl TNpejularacMele NPHHUUNB ONUCAHHA TPEXMEPHOH CTPYKTYpHI
¢ bopMHpoBaHUEM JIOTIONHHMTENBHBIX TOTONOrHYecKHX Macok (cnoeB) DELTA u
CHANNEL. O6e mMacke# ¢OpMHpYIOTCS Ha OCHOBE H3MEHEHMs pa3Mepa clos
nomukpemiuss POLY Ha 3amanHylo BenMUHHY K IOCIEIyIOUIMX ONepanui
0o0BbEeOMHEHHS H BBIYMTAHHS MHOXXECTB, NPHMEHAEMBIX K TONOJOIMYECKHM CIOSM.
Macka DELTA ucnons3yercs Mpu aBTOMAaTH3HPOBaHHOH TIeHEpaLHH ONHCaHUA
reomeTpuyeckux obnacreit, a Macka CHANNEL mosxxer 65ITh HCHONb30BaHa s
ompenenenus obnactw kaHana KHU MOII-tpaHsucropa NpH I€HEpamMM CETKH,
npeaHasHayeHHOM JUIS MOJENHPOBAHUS MEKTPHUECKHX XapaKTepHCTHK. I'eomeTpus
npeanaraeMblXx MacOK Ha npuMepe TpaHsucropa O-Tuna, npeAcTaBieHa
Ha PUCYHKe 4.
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rmrorpadun NAKCHMANBMAR onepauml u

M MHCNEHHBIX HETORO0D oumbra NMCHeNMBIX HeTONOS

Jhurorpads- Mozyms
qecKan CONpAL] eHE TCAD

> AD oy
Mcxoanan CATIP Tononorus wonasepit | Tananorua InekTpHUuLCKie
Tononorvs Macox nocne | B TOMQuIorime MACOK ANA XaPaK TEPUCTUKI

nutorpagum MOASNUPOBAHWA
8 TCAD

Pucysox 3. Ilpennaraemas apXUTEKTypa CHCTEMBI COMPSIKEHHS
JHTOrpadH4ecKoro ¥ NpUGOPHO-TEXHONOTHYECKOT0 MOAEIMPOBAHMSA

Pucynox 4. Tononoruu nononsutensHeix Macok DELTA u CHANNEL ans
TpaHzucropa O-tumna: 1 — Macka nosukpeMHus, 2 — macka DELTA, 3 — Macka
CHANNEL

HLleHTpanbHBIM  BONPOCOM  TIJIaBBl  CTaJll HPHHIMI TeHepallid  CEeTKH
IJIst TPEXMEPHOrO MOJENHpOBaHUA orepamui muddy3suH INpUMECH, NOCKONBKY
CYLLECTBYIOIHI CIIOCOD IMOCTPOEHUA CETKH ITyTeM BhlAeNeHHsA obnactelf CTPYKTYpHI
napajeneninenamMy obnanaer paroM HeROCTaTKOB. JIeno B ToM, 4To npu o6paboTke
KPHUBONMHEHHBIX obONacTell NapajUleNenMnefaMM HEMHHYEMO IoTydeHHe JHGO
H30BITOYHOTO 4YHCNa Y3JIOB CETKH, MO0 ero HemocTaToyHoro Komudecrsa. Kpome
TOrO, ONpeleNleHHe KOOPIHMHAT BEPIIHH IapajUleNieUNeoB  CONPIKEHO
C HEOOXOAUMOCTBIO O00paboTKH B  «PYYHOM» peXHME M, KaK CICACTBHE,
BO3MOXXHBIMH CYOBEKTHBHBIMH ONTHOKaMH.

IIpemnaraemslif Ccroco®6 IOCTPOEHHMA CETKHM BBITEKAET W3  CIELYIOLINX
npeanocsUtoK. I1oCKONBKY B TPaH3HCTOpax TOYKM C OJUHAKOBOH KOHUEHTpauHei
TIpHMECH HO/DKHBI JIEXaTh Ha JHHUIX, NApalieNbHbIX rpaHulie obnacTH 3aTBopa
TPaH3UCTOpa, MOXHO CYHTaTh, 4TO Haubonee momxomtmeit ais GopMHEpPOBaHHUS
CEeTKH ABJSETCA KPUBOJNHHEHHas CHCTEMa KOODAMHAT, B KOTOpOH ojHa M3 oceif
DapaJUleNbHa TpaHHUIE 3aTBOPaA.
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Pucysox 5. IToscHeHue reoMeTpH4ECKHX Npeobpa3oBaHu# CTPYKTYPHI,
HCTIONBb3YeMBIX NP (POPMHPOBAHHH KPHBOJIMHEHHOH CETKM KOHEUHBIX /IEMEHTOB:
1 — macka DELTA; 2 — ¢pparment ob6nactu MOIT-cTpykTypsl; 3 — ocaxAeHHbI#H

ci10ii; 4 — cpopMHpOBaHHAs CTPYKTypa

Tlpn renepanuu MakpodJIEMEHTOB TaKHe JHHHM MOXHO CO3JaTh HCKYCCTBEHHO,
dopMHpys B CTPYKType MOJENH TOHKHE «IIOJOCKH» IONYIPOBOJHUKOBOIO
MaTepHalla, TOJIIMHA KOTOPAIX paBHa TpeOyeMOMy LIary CeTKH. JTH IOJOCKH MOTyT
6biTb  MOJy4YeHB! IYTEM  HPEIBApDHUTENLHOTO  BHITPABIMBAaHHA»  KaHABKH,
pacrionoxxeHHOH BAONb Oymyiied rpaHMUBl 3aTBOpa, M MHOCIEAYIOLIEro LHKIA
3anoJHEHMs 3TOH KaHaBKH TeM ke MaTepuanoM. IIoBTOPSIOMMACA 371€MEHT LHKIIa
JOJKEH B 3TOM CJTy4ae IpeJCTaBlATh cOO0H «ocaxieHue» Ha BENHYHHY iara CeTKH
H ero nocieayollee «TpaslleHne». B 3ToM cnydae «nonocku» GOpMHPYIOTCs cpasy ¢
ABYX CTOPDOH OT I[IpeBapMTENbHO BHITpaBlieHHOH kaHaBkM mo Macke DELTA.
®opMupyeMEle  «IIONOCKM» B BEPTHKAaIBHOM  CEUEHHH HMeIOT  ¢dopMmy
npsAMoyrossHuka (pucyHok 5) [6].

Oco6eHHOCTBI0O MOIENHpPOBAHHA JJIEKTPUYECKHX XapaKTEPUCTHK ABIAETCA
YyBCTBHTENBHOCTh K BHIOOPY HayallbHOro NpPHOMIDKEHHS, BBIpaXKaloIlascs HHOTIA
B CYLIECTBEHHBIX BPEMEHHBIX 3aTpaTaX H HEYJa4HOM 3aBeDIiCHHH MOAEINPOBAHUA
M3-3a HeYCTOHYMBOCTH Mpoliecca cyeTa.

IpemnoxeHs MeTonBI ObeCIIEYeHHA YCTOHYNBOCTH JIpoliecca cueTa Ha OCHOBE
HCClIeoBaHUHA, npoBeaeHHbIXx B paborax [3] m [4]. CymHocTe NpeanoxeHHbIX
METOMOB 3aKmoyaercsi B pa3OHeHMHM BCero TIpolecca MOICIHPOBAHUA Ha
HOANPOLIECCHI, B KQXIOM M3 KOTOPBIX HPEXBSBIAIOTCA ONpEAE/IeHHble TpeOOBaHMUs
0O TOYHOCTH, IIOHMCKY HajaJibHOro mnprOIMXKEeHHs, ILIary CXOJAMMOCTH M
MaKCUMaJIbBHOMY KOJIH4ECTBY HTepaluii.

Hapymenne  cXoOMMOCTH  YHCIEGHHBIX  METONOB NPH  TPEXMEPHOM
MOIETHPOBAHHH BO3ZHWKAeT W H3-38 HEOOXODMMOCTH y4yeTa 3QQEKTOB CHIKEHHS
noABWXHOCTH. KoppekTHBIH yuer 3TMX 3(deKkToB BO3MOXKECH TOJNBKO HPH
yMeHbLUEHUH 1llara CeTKd Ha [paHHLE OKUCEJ-KpeMHHH OO BeNHYHHBI NOpsSIKa
0,0001 mxm. OpmnHako Takoe YMEHBIIEHHE B TPEXMEPHOH CTPYKType IPHBOIMT
K PHCKY HENIEHHA Ha BENWYUHY, 6IM3KYI0 K HYMO, H HEBO3MOXKHOCTH TPEXMEPHOIO
MOJICIHPOBAHUA  DJIEKTPUYECKHX XapaKTEpHCTHK CTaHAApTHBIMH  cOocobamy,
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ucnonslyeMeiMu B cucreMe TCAD Sentaurus.

Jins paspemeHHMs 3TOrO NPOTHBOPEYHA MPEANONKEH METOA KOMIJIEKCHOTO
IOBYMEPHOrO H TPEXMEPHOIO MOAENHPOBAHMA SNIEKTPHYECKHX Xxapakrepuctuk KHU
MOII-TpaH3¥cTOpPOB,  NO3BONMIOINMH  KOMOHHHpOBATH  JOCTOMHCTBE  Kak
TPEXMEPHOrO, TaK M JBYMEDHOIO MOIENHPOBAHUA: TPEXMEPHOE MOJEIHPOBaHHE
NO3BONIIET  BHINOJHHTh MOJNHBIH 8HATH3 CTPYKTYpH, a Gosnee  BBICOKHE
BBIMHCITHTENILHBIE BO3MOXHOCTH JABYMEPHOIO aHalW3a TO3BOJISIOT YTOYHMTH
Ppe3yJIbTaThl TPEXMEPHOT0 MoJenpoBanud [7].

B Tperbeii riaBe ocBelleHb! BONPOCH, CBS3aHHEIE ¢ pa3paboTKo# aNropuT™MOB
(OpMHUpPOBaHH MaKpOIIIEMEHTOB Ui MOJEIMPOBAHHA Npouecca (GOpMUPOBAHUS
KHH MOII-ctpykTyp. BhinonHeHa kanuOpoBka MoJelNei, 3aJl0)KeHHBIX B CHCTEMY
pHOOPHO-TEXHONOMHYECKOro MoJenuposanus. Pazpaborana Momenb MONBIKHOCTH
B TNOJTUKPHCTAIITHYECKOM KPEMHHH.

Pa3spaboraH aNropuT™, peanu3ylomuii npeobpa3zoBaHHe reOMETPHH CTPYKTYpPhI
TpPaH3MCTOpa [UIA TEHEpalMd KPHBOJMMHEHHONW CETKM KOHEYHBIX DJJIEMEHTOB.
Peammsanus anroputMa OpHEHTHpPOBaHa Ha MOJLrOTOBKY B cpene paspaborku TCAD
Sentaurus NONOTHHTENBHOrO IPOrpaMMHOro MoLyst Ha s3nike TCL, mo3sonstouiero
B3aMMOJIEHCTBOBaTh CO CTaHAapTHhIMM cpeactBaMd TCAD. OJrtor ajnroputm
TIpe/ICTaBJIEH Ha PUCYHKE 6.

Bemnonnena xanuGpoBka omepauMii TepMHYECKOro OKHCICHHA K HOHHOIO
JNErHpOBaHHs, OT TOYHOCTH  MOJEIMPOBAaHUA  KOTOPBIX 3aBHCHT  TOYHOCTH
IOCNEYIOMEr0 pacyeTa JJIeKTPHYECKMX XapaKTepHCTHK. YCTaHOBIEHO, YTO
TP MOJETTMPOBAaHUY NPOHECCa MOHHOIO JIETHPOBAHHS BaXKHO YUMTHIBaTh 3hQexT
KaHaIMPOBaHHS WOHOB MPUMECH B KPEMHHEBYIO MO/UJIOKKY. PacxoxaeHue Mexay
pe3yNbTaTOM MOJEIHPOBAHUS H H3IMEPEHHBIM METOJOM BTOPHYHOM HOHHOM Macc-
CIEKTPOCKOIHH Hpo(duIeM JIernpoBaHus COCTaBwiIo He Gonee 20%.

Ha  snextpuueckue  XapakTEpUCTHKH  CHOPMHMPOBAHHBIX  CTPYKTYP
CYLIECTBEHHOE BIHMJHHE OKasblBaeT MOABWXKHOCTH HOCHTENEH, B YACTHOCTH,
NOABHXHOCTh HOCHTeNel 3apAaa B MOMHKPUCTAUIMYECKOM KPEMHHH, HCIIONB3YeMOM
B KadecTBe Marepuaja 3aTBOpa, a Takke M8 CO3JaHHi PEe3HCTOpOB
C OTPHLATENLHBIM TEMIIEPATYPHBIM  K0dhduureHToM. PaccMOTpeHH BONpPOCH
NOABMXXHOCTH HOCHTENeH 3apsia B NONMKpHcTasngdeckoM kpemHuu [8]. Ilpu
pacyete TeMIEpaTypHOM 3aBHCHMOCTH IMOJBHDXHOCTM HOCHTelel Npeanonaraercs,
9T0 BCe KPUCTAUIMTHI MPEACTABIIOT co00i KyOMyeckue CTPYKTYpEI C OJMHAKOBOM
HOM pebpa L. KoHueHTpanus nerupyoieii npuMecH pasHa N.

3nauuTenbHBIH BKJIAL B TOK, NpPOTEKAIOIMH dYepe3 IpPaHMIy 3€pHA, Naer
TEpPMOINEKTPOHHas 3MHMCCHA. OQdexTuBHas NOABHXHOCTE M,y B 3ITOM Ciyyae

ornpejenseTcs Kak
Lq )
Heff N2 nmkT exp[ kT) ’
rae k ~ nocroanHas Bonsnmana, T — abcomotHas Temneparypa, K; m — a¢dexrnras
Macca 3apsDKEHHBIX YacTHll, KT, ¢ — DJIEMEHTapHbIH 3apsi/l NeKTpoHa, V) — BbicOTa
noreHuuantsHoro Gapbepa, L — mmHa pebpa xpucrammura. Ha ocnome atolt
3aBHCHMOCTH C¢OpMYJIHPOBaH MOIXOA K ITOMCKY HEH3BECTHEIX NMApaMeTpoB MOJETH
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s ee pobasnenns B cuctemy TCAD Sentaurus [S]. Monens nobasneHa B cucteMy
Ha OCHOBE OOBEKTHO-OPHEHTHPOBAHHOIO TMOAXOfAa Pa3pabOTKH MOJB30BATEIBCKHX
Mojeiel Ha A3bIKe IporpaMMupoBanus C++,

Hauaxo J
|
BBoa spacer_size,
size_dplus, size_dminus,
size_cplus, size_cminus,
grid_size

BemriHe! 3aJar0TCA Ha OCHOBE
aHanM3a JBEVMEPHOTO ﬂpOd)lUIﬂ

|

CHANNEL=resize(POLY, spacer_size)
DELTA=(resize(POLY ,size_dplus)-
-resize(POLY ,size_dminus))+
+(resize(CHANNEL ,size_cplus)-
-resize{CHANNEL ,size cminus))

[

Hanecenue BEpTVaLHOM
vackn DELTA. Tpasaenne
[DOJIYIIPOBOIHHKA H Ya1eHue
Macku
|

HOuxanoi=l aon <

/ L 3

«» - JIOT M4EeCKOe CIIOMKEeHNe
«-» - IOTH4ecKad pasHoCTh
resize(A,b) — onepaunm
M3MEHEHUS PasMepos cirog A

T
Ocaxzenne ciaon
HOAYIPOBOIHHKA

Toam uRoi grid_size

|
Tpasaenne caos
HOJYNPOBOIHHEKA
Toum BHoit grid_size

L
- y Coxpanenne
L B daiia
[ Konen

PucyHok 6. Anroput™ Iipeobpa3oBaHHs CTPYKTYPBI IS FeHEPaLuK
KPHBOJIMHEHHOH CETKH

Iposeneno uccnenopanre KHW MOII-TpaH3UCTOPOB C MPAMBIM 3aTBOPOM.
IIpemoxeH MeTOX OTpeReNeHNs S9KBUBATEHTHON WHPHHE! KaHata (4 KaubpoBKH
MOZENH ITONBHXKHOCTH HOCHTENeH 3apsia B KaHane) B TPaH3HCTOPE € TPAMBIM
3aTBOpOM [7] Ha OCHOBe JIMHEHHOH aINPOKCHMALMK 3aBMCHMOCTH TOKOB HACHILIEHUS
TPaH3HCTOpa OT reOMETPHYECKOHN MIHPUHBI KaHaa:
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lg=W-Jg+Nyg=Jg -(W+ f:)=Jd Wk »
rae W — SKBHBAJEHTHas MMPHHA KaHana B MKM, W — reoMeTpHuecKas IIMpHHA
KaHana B MKM, Iy — TOK HAacCHIIEHHA TpaH3uCTOpa B A, J; — NPHBEIEHHBIH TOK
HacbhilleHHs (YrnoBoi K03 (HIHEHT THHEHHON ANNPOKCHMALHK 3aBUCHMOCTH TOKOB
HaCRULEHHS TPaH3UCTOpa OT TrEeOMETPHYECKOH IUMpHMHBI KaHana) B A/MKM,
N ; — cBoGoaHSII 4ieH JMHelHOM 3aBHCHMOCTH B A [2; 7].

B _uerBeproif _riaaBe omuCaHbl OCOGEHHOCTH NPOTPAMMHON pealU3aluu
pa3paboTaHHBIX aJIrOPHTMOB, M HA OCHOBE H3JIOXKEHHONM METOJMKH BhIMTONHEHO
npHOOPHO-TEXHONOTHYECKOE MOIENIHPOBaHHE CTPYKTYP C HEMPAMBIM 3aTBOPOM.

VhponieHHas ~— CTPYKTypa  CHCTEMBI  MOICIHPOBAHHA  IIPeJCTABIEHA
Ha pHCYHKe 7.

TCL-monym N PegaxTop TOMONOrHK

obpaboTmias TonoNnorHK Prolyt
Sentaurus Structure Editor
(cTanpapTHLI MOy
penaxTHpoBanus cTpykTyp TCAD)

TCL-Mogyms reHepamH
KOMEHTHOTO (hafina v

SEFONHOHHY XEHEDIH |Mesh (MOQTyTb reHepaLHH CeTICH) I

v
CranpapTHbIe MPOrpaMMel
MopiermpoBanus B TCAD

OnexTpUYecK1e XapaKTepHCTHKH

3 NPOTPEMMB! JBYMEPHOTO
MOZEJHp OBEHMS

IIporpamma o6paboTin
Pe3yNbTaTOB MOAEINHp OBaHKs Ha
si3pike Inspect

Pucynox 7. Peanusanus alropuTMOB Ha OCHOBE B3aWMOJICHCTBHSA MOLYJIeH,
peannsoBanHbix Ha TCL H A3b1ke KOMIoHenTa Inspect, co cTaHAAPTHLIMU
cpeacrsamu TCAD

Peanuzanus onucaHHBIX paHee alropuTMOB BhInmojHeHa B cpene TCAD
C MUCIONB30BaHUEM IPOrpaMMHEBIX Moxyied, paspabotaHHeIx Ha saseike TCL,
B3aUMOJEHCTBYIOLIHX cO cTanaapTHEIMH cpeacTBamu TCAD Sentaurus.

AJITOPHUTM  IOCTPOEHHS TIeOMETPHYECKOH CTPYKTYpBl MaKpO3NEeMEHTOB
peannu3oBaH Ha OCHOBE B3auMoZelcTBHA MoxyJed Ha s3bike TCL, ocyLiecTBASIOmMUX
yOpaBleHHe reHepanyedl IONONHMTENBHBIX Tomojoruyeckux cnoes DELTA
u CHANNEL u ¢opmupoBaHHe KoMaHAHOrO ¢aiiia 3amonHeHHs KaHaBKH,
co crangaptHeiMu cpeacteamu TCAD. IlpemnoxenHsiii anroput™ s Haubonee
CIOXHOM KOHCTPYKUMH TpaH3ucropa O-THna mO3BOJMI TONY4YHTh CETKY
¢ xonudectBoM y3moB ~50 000, yro mout Ha 50% MeHbIEé NO CpaBHEHHIO
C pe3y/ibTaTOM INpPHMEHEHHA CYDIECTBYIOIIEro crnocoba reHepauMH CeTKH,
ro3BoJironiero  Moiay4uts oxono 100 000 BepiMH. ANTOPHTM  KOMILIEKCHOTO
JIBYMEPHOI'O ¥ TPEXMEPHOI'0 MOJECTUPOBAHUA pealn30BaH Ha A3bIKe MPOrPaMMHOro
komroHeHTa Inspect, Bcrpoennoro B TCAD.
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Pacuer TPaH3HCTOPOB HpPOBOJWICA s IBYX Cly4aeB:
¢ nmpejBapuTenbHOR Koppekimeii 3ddekra ontrueckod 6musoctu (OPC) u 6e3 ero
yyera [9]. Pe3ynbraThl MOAENHpOBAaHHMS COIOCTABIEHHW C JKCIIEPHMEHTAIBHBIMU
JaHHBIMH, MOJlydYEeHHBIMH Ha TecTOBOM Kpucramie B pamkax OKP, BBINOJHEHHBIX
B HUMCH PAH, no npoextuposanuro KHA KMOIT-TeXHONIOrHH ¢ MHHUMATBHBIMH
MpoeKTHhIMU HopMaMH 0,25 MKM.

Ha pucynke 8 nokasaHsl pacuerHble W 3JKClIEDMMEHTANbHbIE IOPOTOBbIE
XapaKTEPUCTHKH  TPaH3HCTOPOB, BBHINOJHEHHBIX ¢  Hcnonb3oBawueM OPC
(HonONHUTENBHBIX (PUIYpP KOPPEKLUMH TONOJIOTHM Mepel onepauueil uTorpadguu) K
6e3 OPC. Ilnanku norpeiuHocreii Ha pucydxke — 10%.

Id, MxA
‘m - SO - — ——
i 1 e 2 %
1400 , = =7
- Vv

1000 : / 7
| LA

r 7

200 -

Pucysox 8. CpaBHeHHe pe3yNnbTaTOB MOAEIMPOBAHUA N-KaHATBHBIX
TpaH3ucTopoB O-THNa € SKCHEPUMEHTAILHBIMY NaHHLIMA: 1 — pe3ysbTaT
MoAennposaHus TpaHsHcropa ¢ OPC, 2 — sxcriepuMeHTaIbHBIE JaHHbIE TPAH3HCTOPA
¢ OPC, 3 — pe3ynbTaT MOAENNPOBaHHS TpaH3ucTopa 6e3 OPC, 4 —
3KCepUMEHTaNbHbIE JaHHEIEe TpaH3ucTopa 6e3 OPC

Kax BuZHO U3 pHCYHKA 7, PACXOXKACHHE MEXIY Pe3yJbTaTaMu MOJENHPOBAHAS
M 3KCIEepHMEHTAIbHBIMH JJaHHBIMH cocTaBiser He GOonee 10%. Kpome Toro,
MOZEIMpOBaHKe [0Ka3ajl0, YTO TOKH HACBII[EHHA BHINE B Ciy4ae ydera 3ddexta
onTuyeckod OIH30CTH 3a cueT cOMMKEHHS OoOIacTM MCTOKE M CTOKa Ha BCEM
NPOTHKEHHWH KaHaa.

B pa3znesie «BbIBOAbI H 3aKJIIOYEHHE» NPECTaBICHB OCHOBHEIE PE3YJILTATHI
paboTsi.
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OCHOBHBIE PE3YJBTATHI PABOTBI

1.llpeanoxena H TPaKTH4ECKHM peaju3oBaHa METOAMKA TPEXMEPHOIo
MOJIENMPOBAHHUA  TEXHOJOTHYECKOro mpouecca ¢opmuposanus KHU MOIT-
TPaH3HCTOPOB H MX 3JEKTPHYECKHX XapaKTEPHCTHK, [O3BOJAIOLIaA C BLICOKOM
TOYHOCTBIO ~ PAaCCUMTHLIBATH  XApPaKTEPHUCTHKH  IPOEKTHPYEMBEIX  CTPYKTYD
cyomukpornerx Texnomormii KHWM KMOIT CBHMC. TouYHOCTE HNpenjoXeHHOH
MeToaukH moiTeBepkaeHa 10 — 20%-Mu pacxXOXIEHMSMH MEXAY pe3yisTaTaMH
MOJENHpPOBaHMA  mpouecca (GOPMHPOBAHHA  TPAHIUCTODHRIX  CIPYKTYp H
pe3yJbTaTaMH pealbHBIX H3MepeHMH mpocuiedl JerHpoBaHMs M TOMIIMH
MOA3ATBOPHOrO OKMcHa, a Takxe 10%-MH pacxOXIeHHSIMH MeXAY PacHeTHBIMH H
IKCIEPHMEHTANBHBIMA  3JICKTPHYECKHMH  XapaKTePUCTHKaMH  TPaH3HCTOPOB.
Mertonuka MopenupoBaHus ampobupoBana B HVUMCU PAH pna crpyxtyp ¢
npoexkTHeIMH HopMami 0,35 — 0,25 MrM.

2.TlpennoxeH  MeTOX  NOCTPOEHMS  CETKM  KOHEYHBIX  3/E€MEHTOB
IIPH TPEXMEPHOM MOJIEIMPOBaHMH, TO3BONHBUIMA COKpaTHTh 4YHCIQ €e Y3JIOB
Ha 50%, oTIMYAOIHMACA OT M3BECTHBIX BBEACHHEM Pa3OHEHMA Y3NIOB CETKH BIONb
TpaHHL] KPUBOJHHEHHEIX 0671aCTeil MOAETHPYEMBIX CTPYKTYP.

3. Briepsele peanu3oBaH yyeT ocoOeHHocTell mnpouecca autorpadguH Inpu
npoekTHposaiuu KoHCcTpykuu#it KHM MOII-TpaH3ucTOPOR € NpSIMBIM U HENPSAMBIM
3aTBOPOM, TEIUIOKEH METOJ ONpelesieHus WX SKBHBAJCHTHOH LIMDHHBI KaHaja.
PeannsoBano cosmectHoe ucnons3oBanue CAITP nurorpadudeckxoro u npuGopHo-
TEXHOJIOTHYECKOrO MOREINPOBAHHU.

4. IlpennoxxeH MaTeMaTHYECKHH anmnapaT H alropuTMEl 06paboTKH TOMONOTHH
K nupeoOpa3oBaHHS CTPYKTYPHI, IIO3BOJIIOIMHE pealyd30BaTh MOMACIHPOBaHHUE
IudPy3sHoHHOro mpoduwiIs TPaH3KMCTOPHOH CTPYKTYpRl C YY€TOM MCKaXKEeHH#
TONONOTMM B Tpouecce JIMTOrpaduu. AJITODMTMEBI pEald30BaHBl B BHJE
nporpaMMHeIx Moxysed Ha aseike TCL, mo3Boisiolie reHepHpOBaTh KOMAaHIHBIA
¢aiitn popMHUpOBaHUS TeOMETPHYECKOH CTPYKTYpBl MakpoaneMmeHToB. CoBMecTHoe
HCIIONB30BaHUe STUX MPOrpaMMHBIX MOIyNel co cranaapTHeIMK cpeacTBamu TCAD
MO3BOJIET peain30BaTb METOHA IMOCTPOCHMA KPHUBOJIMHEHHOH CETKH KOHEYHBIX
9JIEMEHTOB.

5. Pa3paGoTaHBl pPEKOMEHIAIMH MO YIYYIICHHIO CXOAUMOCTH WYHCIEHHBIX
METOIOB IPH TPEXMEPHOM MOJENHPOBAHHH JIEKTPHYECKHX XapPaKTEPHUCTHK
anementoB KMOIT KHU CBUC B cucreme TCAD, nossonsionue COKpaTHTh BpeMs
CuyeTa Ha /IBa TIOpAJAKA — OT HECKONBKHX HERe b JO HECKONbKUX vacos. [Ipemnoxen
aNropuTM BBHIYHCHEHMI, NO3BONAIOLMA YYHTHIBATE pPeE3yJbLTaThl ABYMEPHOIO
MOJCNUPOBAHUA IIPH TPEXMEPHOM MOIEIHPOBAHUH, DEaNnn3OBaHHBI B BHIE
[IPOrpaMMHOI0 MOJYJIA Ha A3blke KOMIIOHEHTA Inspect, MO3BOJsIOLUMIA CONIOCTABNAT
pe3yinsTatsl  ABYMEPHOTO M TPEXMEPHOrO MOMENHPOBAaHWA H  peanu3oBaTh
KOMIIIEKCHOE IByMEPHOE H TPEXMEPHOE MOJCIIMPOBaHHE.

6. BomonHena kanubposka Mogenedi, 3anoxeHHsix B cucreMy TCAD.
B cucremy TCAD poGasneHa MoJeh NOABHXHOCTH HOCHTENEH B MOJMKPHCTAILIAX
KpeMHHUs, IO3BONMMBINAY CHH3HTh B 10 pa3s morpeimHocTs pacyera COMPOTHBICHHS
HOMMKPEMHUEBOTr0 PE3UCTOPA IO CPaBHEHHIO C paHee HCIO0Jb3yeMOd MOJENBIO.
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