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[TocpeacTBOM KOMIBIOTEPHOTO MOJAEIHUPOBAHUSA IMOJYYEHbl BOJbTAMIIEPHBIE XapaKTEPUCTUKHU
HaHopa3MepHbIXx MOII-TpaH3UCTOPOB M TPOBEJEH WX AaHAIW3. BbIsBICHa HEaleKBaTHOCTh
KJIACCUUECKUX MOJIENIEH JI1 MOJEIMPOBAaHUS HAHOPAa3MEPHBIX CTPYKTYP, a TAK)KE HEPUTOJHOCTh
HCIIOJIb30BAHUSI METOJIOB MPSIMOTO KBAHTOBOTO OMHUCAHHS JUI1 HCCICIOBaHUMN, TPEOYHOIINX
MPOBEACHUS OOJIBIIOTO KOJIMYCCTBA KOMITBIOTEPHBIX SKCIICPUMEHTOR.

Knroueswvie cnosa: nHanopazmepusiii MOII-Tpan3ucTop, MoIeTUpOBaHNEe, KBAHTOBAs KOPPEKIIUA.

BBeaenune

Kaxnprii mepexox K HOBBIM TEXHOJOTHYECKHMM HOPMaM IPOCKTUPOBAHHS TIPHBOIUT K
MOSIBJICHUIO HOBBIX (puzmyeckux 3¢ ¢dextoB B MOII-Tpan3ucTopax, s y4era KOTOPBIX HEOOXOJMMO
co3laBaTh HOBbIe MozienH. [losiBIeHHE HOBBIX MOJETiel MMOpOKIAaeT HOBBIE MPOOIeMbl BepUHKAIINH,
JIOCTOBEPHOCTH, TOYHOCTH, CTaHAapTH3anuu. OJHOBPEMEHHO C MPOOIIEMOIT JOCTOBEPHOCTH MOJIEIEH
CyHIecTBYyeT IpobiieMa OBICTPOACHCTBHS CPEICTB MOJICIIMPOBAHUS, KOTOpas TPUBOJUT K
HEOOXOJMMOCTH HCIIONB30BaTh YIPOIICHHBIE MOJENH TPAH3HCTOPOB W TPUOIMKEHHBIE METOBI
MOJICJIMPOBAHUS JJIEKTPOHHBIX Ilenel. lcmomb3yemble B HacTosIIee BpEeMs MOJAEIA M METOJbI
BO3HUKJIM KaKk KOMIIPOMHCC MEXKIY HX TOYHOCTBIO, JIOCTOBEPHOCTBIO M BBIYHCIUTEIBHON
a¢ddexTrBHOCTRI0. CTaHIapTHBIE MPOrpaMMHBIE CPEJCTBa MPOSKTUPOBAHUS W MOJEIHPOBAHHS B
MHUKpPOSJIEKTPOHUKE OCHOBaHBI HAa MHOTO0OPa3HBIX MOJEISIX TPAaHCIOPTa HOCHTENEH 3apsijia B
npUOOPHBIX CTPYKTypax. Pu3ndeckue napameTpsl ITUX MOZAEIEH «IKCTPAarupoBaHb) MO Pe3yIbTaTaM
JKCIEPUMEHTOB C KOHKPETHBIMH MaTepHaliaMHi, TEXHOJOTMYECKUMH TpOLEccaMu, a TaKKe
NpUOOPHBIMU CTPYKTYypamu, COPMHPOBAHHBIMHU C OTPEIEICHHBIMH TEXHOJIOTHUYECKUMH HOPMAaMHU.
OueBUAHO, YTO MOJEIUPOBAHNE U IMPOESKTUPOBAHKE C MCIIOJIB30BAHUEM «BCTPOCHHBIX» B YKa3aHHbIE
Mozaenu Ko3()(UIMEHTOB B JPYTHX YCIOBHSAX, C JPYTMMH TEXHOJOTMYECKMMH HOPMaMH, MOTYT
MPUBECTH K HEaJIeKBAaTHBIM PE3yJbTaTaM MOJICITHUPOBAHHS U IPOSKTHPOBAHUSL.

Hoaxoabl kK MOAEJIMPOBAHUIO TPAHCIIOPTA HOCUTEIEH 3apsaa B IpuOopax ¢ CcyOMMKPOHHbIMH
NMPOEKTHLIMH HOPMaMH

du3nko-MaTeMaTHUYECKIE MOACIINU MOJYIIPOBOJHUKOBBIX HpI/I60pOB OIMMCHIBAFOTCSI CHCTEMOM
(byHIaMEHTAIbHBIX ypaBHEHUH, KOTOPHIE CBS3BIBAIOT DIIEKTPOCTATHYECKH MMOTEHIMAT W TJIOTHOCTh
HOCUTeNIe 3apsiia B Impenenax o0JacTH MOAEIMPOBAHMS. JTa CHUCTEMa YpPaBHEHHMH BBIBOAMTCS M3
3aK0HOB MakcBemia U COCTOUT U3 ypaBHeHUs llyaccoHa, ypaBHEHHI HEMTPEPHIBHOCTH, TPAHCIIOPTHBIX
ypaBHEHHMI W ypaBHEHHI sHepretruueckoro Oamanca [1, 2]. Vpasuenue IlyaccoHa, OmmchIBaroiiee
CBA3b MEXAY U3MEHEHHAMH 3JIEKTPOCTATHUECKOr0 NMOTEHIMANA U JIOKAIBHOM MIOTHOCTH HOCUTEINEH,
UMEET BU/I:

V2o =——(Ny—N, +p-n), (1)
;i
n=nexpl(e—,)/ o1, p=p expl(o, —9)/ o], 2
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r7ie (| — DIIEMEHTaPHBINA JIEKTPUUECKUM 3apsl, €si — AUDIIEKTPUUIECKas MPOHUIIAEMOCTh KpeMHus, Np,
Na — KOHIIEHTpauy JOHOPOB M aKIENTOPOB, p, N — KOHIEHTPAIIMN OBIPOK W 3JEKTPOHOB, pi, Ni —
coOCTBeHHas] KOHIIEHTPAIIMH TBIPOK H DIIEKTPOHOB, ( — JJEKTPOCTATUYECKUI MOTEHIHAN, On, QPp —
KBa3UIOTeHIMAIBl DepMu AICKTPOHOB | ABIPOK, (1 — TEIUIOBOM NOoTeHIHal, o1 = KT/Q.
YpaBHEHHS HEMPEPHIBHOCTH W TPAHCIIOPTAa HOCHUTENIEH 3apsiia OMHCHIBAIOT ABOJIOIUIO
TUIOTHOCTH HOCHUTENEH 3apsaaa B pe3ybTaTe MPOLECCOB TPAHCIIOPTA, TeHEPAINH U PEeKOMOMHAIINH.
YpaBHEHHS HENPEPHIBHOCTU UMEIOT BUJI:

%:-ldivjjmn-Rn,

0 2 — (©)
P __Zdivj, +G, -R,,

a q

riae t—Bpems, J,, J, — IIIOTHOCTH 3IEKTPOHHOTO U JBIPOYHOTO TOKOB, Gn, Gp — CKOPOCTH TeHeparii

3NEKTPOHOB U JBIPOK, Rn, Ry — ckopocTr pekoMOMHALINY SIEKTPOHOB U BIPOK.

ypaBHeHI/Iﬂ OJI TJIOTHOCTHU TOKa WM MOJCIIM TPAHCIIOPTa 3apA10B 00BIYHO BBIBOISTCA
MOCPEICTBOM AaNNpPOKCUMALUN M HEKOTOPHIX YHPOLICHWH OOIIEro TPaHCIIOPTHOTO YPaBHEHUS
BonpiMaHa, 4To IPUBOAUT K LEIOMY PSIAY PA3IMYHBIX MOJEJIEH TpaHCIIOpTa 3apsA0B, KaK, HallpuMmep,
I y3noHHO-Apeiri(oBas MoJIeNb, MOJIEb YPHEPTETHYECKOTO OallaHca, THAPOAMHAMIYECKAst MOJIEIb.

CrangapTHOH MOIENBIO TPAHCHOPTA HOCHUTENEeW 3apsga TpH MOACTHPOBAHHH TMPHOOPOB
MHUKPO3JIEKTPOHUKY sBiIseTCs 1 dy3noHHO-ApeiidoBas Moaens. ITa MOJIENb OTIAMYACTCS TEM, UTO B
€C paMKax HE Tpe6yCTC$1 BBOOUTL JOINOJHHUTCIIBHBIC HE3aBUCUMBIC IICPECMCHHLIC B BCJIMYUHBI
ANEKTPOCTATUUECKOTO MMOTEHIMaNa \y, KOHILEHTPAIMU DJIEKTPOHOB U AbIpok. JuddysnonHo-
IpeiidoBas MoAemb JaeT GU3MUECKH aJeKBaTHBIEC PE3yIbTaThl Uil BCEX MPHOOPOB, H3TOTOBICHHBIX 10
MHUKPOHHBIM U CYOMHUKPOHHBIM TE€XHOJIOTHUECKUM HOopMaM. COOTHOIIEHHS AJISl TFIOTHOCTEH TOKOB B
G dy3uoHHO-Iper(hOBOM MOJICITH UMEIOT BUI:

Jn = anvn - annV\l’ - Mnn(kTLV(ln nie ))’

— (4)
Jp =dD,Vp—apu,Vy —pu,n(kT, V(Inn,)),

rie Dy, Dy — koaddunmenTs! auddy3un 3IeKTPOHOB U ABIPOK, [n U [l — MIOJABUKHOCTHU DIIEKTPOHOB U
OBIpOK, TL — Temmeparypa KpUCTaJUIMYECKOW pemerkd, Nie — 3QQekTuBHas coOCTBEHHAS
KOHIICHTPAIIHS 3JIEKTPOHOB [2].

dusnyeckue IPpdeKTsl B HAHOPA3MePHBIX MPUOOpax

YmMmenbienne pasmepoB sneMeHToB MIMC NpHBOAWT K MOSIBICHHIO HOBBIX (PH3MUECKUX
3¢ ¢eKToB, B TOM YHUCIE M KBAaHTOBBIX, KOTOPBIC CIIEAYET YYHUTHIBATH NPH pa3padOTKe MoneneH.
OcHoBHble (usnyeckue 3hGeKThl, BOHUKatoNHe B HaHOpasmepHbix MOII-Tpan3ucropax [3-5]:

— MOJYJISIMSL JNTUHBI KaHaa;

— MepeKphITHE 00EAHEHHBIX 00JIaCTel HCTOKA U CTOKA;

— MPOKOJI MEKAY HCTOKOM U CTOKOM;

— 3 peKT KOPOTKOro KaHaIa,

— yMEHBIIIEHHE TIOJABMXXHOCTH BCJICJICTBHE YBEIMYCHUS BEPTUKAIBHOW KOMIIOHEHTHI
AIIEKTPUIECKOTO IOJIS;

— YMEHBIIICHHUE TIPOI0JIbHOM MOABMKHOCTH (HACKIIIEHUE Pei(OBOM CKOPOCTH HOCHTEICH);

MOJIIIOPOTOBasl IPOBOTUMOCTb;

— CHW)KEHHUE MMOTEHIIMAIBHOrO Oapbepa MoJl 3aTBOPOM, BBI3BAHHOE HAIIPSDKEHUEM Ha CTOKE;

— BIMSIHUE TOPSYMX HOCHUTENEH 3apsiaa,;

— 3] dexT obeHEeHUS B TOIUKPEMHUEBOM 3aTBOPE;

— 3¢ dexT KBaHTOBaHUS HHBEPCUOHHOTO CIIOS;

— TOK TYHHEJIMPOBaHHA Yepe3 3aTBOP;

— 3¢ (deKT y3Koro KaHama;

— 00paTHbIN 3P HEKT KOPOTKOTO KaHANIA;

— aHOMaJIbHBIH POCT MOJABMKHOCTH;

— MOCJIeI0BATENbHBIE COPOTUBICHUS UCTOKA U CTOKA;
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—93(h(heKT BIUSHUS MO/TOKKH, BHI3BAHHBIH €€ TOKOM;

— BIIMSIHHE COTIPOTHBIICHUSI TIOJIOKKH;

— TOK yTCUKH, HHIYIIUPOBAHHBIN 3aTBOPOM;

— 3 PeKT HEOTHOPOTHOTO JISTUPOBAHUS;

— TYHHEJIMPOBAHUE Yepe3 P-N-TepexoIbl;

— y4eT TePEeKPHITHS 3aTBOPOM 00JTaCTE UCTOKA U CTOKA;
— 3 dexT camopazorpena.

MeToauka uccjie0BaHNI

[Tockoneky (hms3mueckue 3¢ (HeKThl, XapakTepHbIe UIsI HAHOPa3MEPHBIX MPHUOOPOB, HE MOTYT
OBITH COOTBETCTBYIOIIMM OOpa30M YUTEHHI B Kiaccudeckon Mudy3noHHO-AperH(HOBOH MOACIH, I
MOJENUpPOBaHusl HaHopasMepHbIX MOII-TpaH3UCTOPOB UCMONB3YIOTCA albTepHATHBHBIC, OoJee
COBEpIICHHBIC U OTHOBPEMEHHO CJIOXKHBIE MaTeMaTH4ecKue Mojien [6, 7].

Cy1iecTBYIOT JjBa OCHOBHBIX IOAX0/a K MOJICJIMPOBAHNIO HAHOPA3MEPHBIX IIPUOOPOB:

— MCTOJIb30BaHUE MTOJTHOTO KBAHTOBOTO OMMCAHMS MIpoIiecca MepeHoca HOCUTENeH 3apsia;

— BBEJICHHE HEOOXOAMMOH MONPaBKY K 0a30Boi JU(HY3MOHHO-APEHBOBON MOICIH.

IlepBblif moaxon OOBIYHO OMHUPACTCS HAa KBAHTOBBIE MOJAEIM, B OCHOBE KOTOPBIX JIEXar
ypaBHenus Llpenunrepa u [lyaccona, HepaBHOBecHas ¢yHkuusi ['puHa wnn ¢yHkuust Burnepa. Otu
MoJenu B OOJNBIIMHCTBE Cly4aeB OOECNEeYMBAIOT TOJIy4YE€HHE TOYHOH M MONHON Qu3HYecKoi
MHQOpPMaLM O KBAaHTOBOMEXAHWYECKHUX SBICHMAX, HMEIOLIMX MECTO B CTpykType. OpmHako
OTCYTCTBHE HAJEKHOCTH HCIIOJIB3YEMbIX UHCICHHBIX METOJOB M BBICOKHE TpeOOBaHUSA K
BBIYUCIUTEIBHBIM PECypcaM 3aTPyTHSIOT UX UCIIOJIb30BAHNE.

B cBs31u ¢ 3TUM BBICOK MHTEpEC K MOJEIISIM, OCHOBAaHHBIM Ha BTOPOM IIOJIXOAE, CBA3aHHBIM C
KBaHTOBOW Koppekumed muddy3suonHo-aperdoBoit moxenu. llpenMyiecTBO BTOpOTO MOIXOIa
3aKIII0YaeTCcs B MCIIOIB30BAHUM XOPOIIO OPraHW30BAHHOI'O MAaTeMaTH4ecKOro ammapara ¥ METOIOB
YHCIICHHOTO pemeHus 6a30Boit quddy3nonHo-apeiidgoroit mogenu [7].

Taxum 00pa3oM, 3aKOHOMEPHO PACCMOTPEHHE U CPAaBHEHHE 3THX ITOAXOIOB, a TAKXKE aHAIIU3
pe3ybTaTOB MOJCIMPOBAHMSA, TOJNYYEHHBIX C HCIOJIB30BAaHHMEM CTAaHAAPTHOW TUQPQPY3UOHHO-
IpeidoBoil MOJIETH U MOJIeNiel, 0a3UpYIOIINXCsl Ha KBAHTOBOW MEXaHHUKE.

[lonHOe KBaHTOBOE OmNMCaHHE Ipollecca IMEepeHoca HOCHTENeH 3apsiia B HaHOPa3MEPHBIX
cTpykrypax peammsyercs B moayine QUANTUM mporpammuoro xomrekca SILVACO nocpenctsom
caMocoriacopaHHoro pemenuss ypaBHeHuidl Illpenunrepa u IlyaccoHa ¢ UCIOJIB30BaHUEM
HepaBHoBecHO# ¢ynkimu I'puna (NEGF, Non-Equilibrium Green Function). TlosiBuBmuiics
CPaBHHUTEJBHO HEJABHO M IOJYYMBIIMH LIMPOKOE pa3BUTHE (OpMaji3M HEPABHOBECHOW (YHKLINHU
I'priHa B HacTOsIIee BpeMsl pacCMaTpUBAETCS KaK OJIMH U3 OCHOBHBIX HHCTPYMEHTOB MOJICITUPOBAHUS
HaHOPa3MEPHBIX AMEKTPOHHBIX MPUOOPOB. J[aHHBIN MOIX0A K MOJACTHUPOBAHUIO YUUTHIBAET dPQEKTHI
TYHHEJMPOBaHHs, OaJIIMCTUYECKOTO TPAHCIIOPTa, pa3MepHOro kKBaHToBaHus [8].

[logxon, cBs3aHHBI C BBelEHHMEM HEOOXOAWMOW MOIpPaBKH K 0a30BoH IU(Qy3nOHHO-
npeiidoBoit Mojen, MOXKET OBITh peain30BaH B MPOrpaMMHOM Komiuiekce kommanuu SILVACO
HOCPEJCTBOM KOPPEKIUH, HCIONB3YIOIel KBaHTOBbIH moteHIman boma (BQP) wim mopensb
KBaHTOBBIX MOMEHTOB. CrexyeT 3aMeTHTh, 4YTO MOJENb KBAaHTOBOTO HoTeHuuana boma
XapaKTepU3yeTcsl JIydllield CXOIUMOCTBIO NIPU pealTu3alii YUCICHHBIX METOJI0B perieHus. [lpu sTom
BBOJIUTCS 3aBUCSIIUI OT TOJIOKEHHS B MPOCTPAHCTBE KBAHTOBBIM MOTEHIIMAI, KOTOPBIN J100aBisieTcs
K TIOTEHIMAILHOM SHEepriun HocuTenei 3apsaa [8-10].

Pe3y.]'ll)TaTbl H UX oﬁcymzlelme

Beuny nBymepnoro xapakrepa monenupyeMbix MOIT-cTpyKTyp 3aKOHOMEpHO MaciiTabUpoBaHUe
B COOTBETCTBHM C NPUHLMIIAMHA OOOOLIEHHOTO MOAXO/AA C MOMOILIBIO HE3aBUCHUMBIX Ko3(duuneHToB
¢$r3UYecKUX pa3MepoB TPAH3UCTOPA M MPHUKIAJbIBAEMBIX MOTEHIMAIOB, YTO MOBBIIIAECT BO3MOXKHOCTH
MPOSKTUPOBAHMS U TIO3BOJISIET Y/IEPKUBATH ABYMEPHBIE 3(D(DEKTHI 0] KOHTPOJIEM, BMECTE C TEM COXPaHsIs
HEW3MEHHOW OOLIYIO KapTHHY 3JEKTPHUYECKOro MO M PACIPEACIICHUS €ro SKBUIIOTEHIMANICH B Ipeenax
Macmrabupyemor mpubopHoi ctpykTypbl [11]. IMapamerper MOII-TpaH3UCTOpPOB, TOJTy4YECHHBIE B
COOTBETCTBHM C JIAHHOH METOJIOJIOTHEH, a TakKe C Y4eTOM OOBEKTUBHBIX (HU3UYECKUX U
TEXHOJIOTUUECKUX OrPaHMYCHHH, PEAbHBIX 3HAYEHWH JUIl TPOMBINUICHHO BBITYCKAEMBIX IMPUOOPOB,
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npencrasieHsl B Ta0. 1. Ha puc. 1 npeactasnena ctpykrypa MOII-Tpansucropa ¢ nmHoi kanamna 40 H,
a Taroke MPOoQUITH pacpeesieHus pruMecel BOJIN3H IIOBEPXHOCTU JaHHOM CTPYKTYPBIL.

Tabmuma 1. IlapameTps! nccaexyembrx MOII-Tpan3ucTopoB

JlnvHa kaHaya, HM 20 40 60 80 100
TonmuHa NoA3aTBOPHOIO OKUCIIA, HM 1 2 3 4 5
KOHIIEHTpaLUsI IPUMECH B HCTOKE, CTOKE, CM™> 6,6-10% 2,4:10% 1,3-10%° 8,3-10%° 6,0-10%°
KoHIIEHTpalus IPUMECH B KaHAJIE, CM™ 2,7-1018 9,9-10%7 5,1-10Y7 3,3-10 2,4-10%7
KoHIIeHTpalus PUMECH B KAPMAaHE, CM™ 1,5-1018 5,6-10%7 2,9-10Y7 1,9-10Y7 1,4-10Y7
['myOuna 3aeranus p-N-nepexosa HCTOKA, CTOKA, HM 22 44 67 89 111
I'nybuna 3ajeranus p-n-nepexona LDD-o6nacreii, HM 11 22 33 44 56
TounmuHa MOJIMKPEMHUEBOTO 3aTBOpA, HM 67 133 200 267 333
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a o

Puc. 1. Ctpyxkrypa (a) 1 npoduiu pacnpeneneuus (6) npumeceit MOII-tpansucropa ¢ anuHo# kanana 40 HM

Mopenuposanue monydeHHbBIX MOII-CTpyKTyp ¢ 1eTbl0 aHanM3a W CPaBHEHUS Pa3iNYHbIX
MOJXOI0B OCYILECTBIISUIOCH C HCIIOJIB30BAHUEM CIICAYIOIINX MOJEICH:

— MOJenu camocorjacoBaHHoro pemeHust ypaBHenuid Ilpenunrepa u Ilyaccona c
MCIIOJIb30BaHUEM HEepaBHOBeCHOH (GyHKIMK [ puHa;

— Kaccudeckor audPpy3noHHO-IpeiPoBoit MoIenu;

— nuddy3noHHO-ApeiiPOBON MOJENH ¢ KOPPEKLMEH KBaHTOBBIM NOTeHIMaIOM boma.

[Ipu >TOM HCHONB30BAIMCh MOJIENb TOJBIKHOCTH JlapBUIlla, YYWTHIBAIOIIAS CHIKEHHE
NOJBIDKHOCTH HOCHTENIEH 3apsiia B WHBEPCHOHHBIX CIIOSIX BCIICACTBHE BBICOKOM CTENEHH HX
paccesHUsT Ha IIOBEPXHOCTH BOJIM3M TpaHUIBl pa3fena MNOJYNPOBOAHUK-AUAIEKTPUK; MOJEThb
pexomoOuHaruu Lloknu-Pruna-Xoiia ¢ yueToM 3aBUCHMOCTY BPEMEHU KU3HU HEOCHOBHBIX HOCUTEIICH
OT KOHIIGHTpAIMK; MOJIeNTb TYHHeNnUpoBaHus KiaaceHna u3 30HbI B 30HY; cratictuka @epmu-/Iupaka c
YYETOM CHMKCHHUS! KOHLEHTPALMH HOCHUTENEH B O0JAcTAX C BBICOKOW KOHIEHTpauued NpHUMecH;
MO/IeJb, ONMCHIBaONIAst 3PPEKT CyKEHHUs IUPUHBI 3aNPEIIEHHON 30HBI TIPH BHICOKUX KOHIIEHTPAIHIX
npumecH [6]. Ha puc. 2 npencrasnenst BAX MOII-Tpan3uctopa ¢ ainuHoi kanana 40 HM.
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Puc. 2 Bonbramnephsie xapakrepuctuku MOII-TpaH3ucropa ¢ JuinHoit kaHana 40 Hm
IIPH UCTIONIb30BAHUH PA3IMIHBIX MOJETICH: @ — IepeIaTO9HbIe; 6 — BBIXO/IHBIC
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OueBugHO, 4TO moONydeHHbIe BAX omHOrO W TOro e mnpubopa B 3aBUCUMOCTH OT
WCTIONB3YEMbBIX MOJENe 3HAYMTENBHO OTJIMYAIOTCS, YTO CBHIETENHCTBYET O BBICOKOW CTENEHH
BIUSHUS KBAaHTOBBIX d(h(dexkToB Ha (yHKIMOHUpOBaHHE HaHOpa3MepHbix MOII-TpaH3ucTOpOB.
CylIecTBEHHOE OTIMYME PE3YJIbTaTOB MPUMEHCHUS MOJICIM CaMOCOTIACOBAaHHOTO — PEIICHHS
ypaBaenuii Ulpenunrepa um Ilyaccona c¢ wucmoip3oBaHMeM HepaBHOBecHOW ¢(yHkimu ['puHa OT
pe3yabTaTOB, MONYYCHHBIX C MOMOIIBIO JPYTHUX IIOJXOJ0B MOJEIHPOBAHHA, OOBICHIETCS YIETOM
TOJIBKO OAJUTMCTUYECKOTO TpaHCTIOpTa 0e3 paccestHUsl HOCUTEIIeH 3apsia.

Ha puc. 3 nmpencrasieHa 3aBUCUMOCTh OTHOCHUTEIILHOTO U3MEHEHUS TIOPOTOBOTO HAMPSIKCHHUS,

PacCcYUTaHHOTO C MCIONb30BaHUuEM IU(PHY3MOHHO-ApeiidoBOi Moaenn (VH'ZPD ), ¥ TIpU UCTIOJIb30BAaHUU

KOPpEKLUU KBAaHTOBBIM NOTeHIIMaIoM boma (VH%p ):

Q _ DD Q Q
AVI'IOp / Vnop ~ \Ynop _Vnop) / Vnop' (5)
30 -
25 |
=X ]
- ]
g ]
o J
= 20 A
<
2 J
2 i
> 1
- ,
15 4
20 40 60 80 100 120 140

JIMHHA KaHAIa, HM

Puc. 3. 3aBUCHMOCTb OTHOCUTEIIBHOIO H3MEHEHHMS MOPOTOBOI'0 HAIIPAKCHUA
IIpHU UCIOJBb30BAHNH PA3IINIHBIX MOJIEIICH OT JUJIMHBI KaHalia MOH'TpaHBI/ICTOpa

U3 rpaduka BHIHO, YTO CTENEHb MPOSBICHHS KBAHTOBHIX 3(PQEKTOB yBENMUUMBACTCA C
YMEHBIICHUEM UIMHBI KaHana. B Tabn. 2 mpencTaBleHbl AaHHBIE O BPEMEHH, 3aTpPayeHHOM Ha
MOJIEIIMPOBAHUE TP UCTIOJIb30BAHUU PA3IMIHBIX MOJIEIICH.

Tabnuua 2. Bpemsi, 3aTpayeHHOe Ha MOJIETHPOBAHHE

BpeMﬂ MOJCIUPOBAHUA

Hccnenyemas monenb

BAX Ic=f(V3n), mun

BAX Ic=f(Vcn), mun

Huddysnonno-apeiiponas Mmonens 51 4.8
Juddy3rnonno-apeiidoast MoeNb ¢ KOPPEKIIUEH KBAHTOBBIM 205 179
notexuanom boma ' '
Monenb caMocorIacOBaHHOTO penieHns ypaBHeHuH [Iyaccona

o p P y 550,2 490,3

u llpenunrepa ¢ ucronp3zoBanueM GyHKwH ['prHa

MOoXHO cienaTh BBIBOJI, YTO MOJIENH, Oa3upyIolIrecs Ha KBaHTOBOW MEXaHUKe, 0COOEHHO Te
M3 HHUX, KOTOpble pEaTu3yloT IMOAXO0J] TOJIHOTO KBAHTOBOTO  OMNHCAaHUS, OTJINYAIOTCA
TpeOOBaTENBPHOCTBIO K  BBIYMCIHMTENBHBIM pecypcaM, 4YTO JeJaeT WX HENPUIOJHBIMH IS
UCCIIeIOBaHUH, TPeOYIOINX MPOBEIECHHSI OOIBIIOr0 KOJIMYECTBA KOMIIBIOTEPHBIX 3KCIIEPUMEHTOB.

s mccnenoBanus 3¢GGEKTHBHOCTH Pa3TUYHBIX MOJEICH WCIOIb30BajlCs N-KaHATbHBIN
MOII-Tpan3ucrop, cTpykTypa (puc. 4) u pe3yabTaThl IKCIIEPUMEHTAIBHOTO H3MepeHus BAX koTopoit
noxyyensl Microsystems Technology Laboratory [12].

Mopenmupoanne MOII-Tpan3ucTopa ¢ 1eNbI0 aHAIW3a W CPABHEHUS PA3IUYHBIX ITOIXO0B
OCYILIECTBISUIOCH  C  WCHOJB30BaHMEM  Klaccudecko muddysnoHHo-ApeiidoBoli  Momenmu U
I Qy3noHHo-peiioBoll MOJeNu C KOppeKUueld KBaHTOBBIM mNoreHuuanom boma. Ha puc. 5
npencrtaBieHsl BAX, moiydeHHbIE ¢ MCHOIB30BAHMEM IEPEUYMCIEHHBIX BBINIE MOJENEH, a TaKxke
9KCIIEPUMEHTANbHbIE TaHHBIE.

Hcnonb3oBanue nud¢y3noHHO-ApEPoBOi MOAETH C KOppEeKUreil KBaHTOBBIM MOTEHIINAIOM
Boma obecnieunBaer moNydeHHWE PE3YJBTATOB MOJICIUPOBAHUS, XOPOLIO COTJIACYIOIIUXCS C
9KCIIEPUMEHTAIBHBIMH PE3yTbTaTaMH.
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Van B
Puc. 5. Boxeramnepnsie xapakrepuctiuku MOII-tpansucropa mpu Ucy = 1,01 B

3akiIouyeHue

[TokazaHo, 4TO MPUHIMIHAIHLHBIMHU MTPOOIIEMaMU MOJISITUPOBAHNS HAHOPA3MEPHBIX TPUOOPOB
SIBJIIIOTCS. BO3HUKAIONIUE B CTPYKTYPE IOJIYIPOBOJHUKOBBIX IPUOOPOB HOBBIC, B TOM 4YHCIIC
KBaHTOBBIC, d((EKTHI, BIUSIHUE KOTOPBIX BO3PACTAET C YMEHBIIEHHEM T€OMETPHUYECKHUX pPa3MepoB
npuOOpOB, a TaKXKe CIOXKHOCTh OJHOBPEMEHHOTO OOECIeYeHHsT KaK BBICOKOW TOYHOCTH H
JIOCTOBEPHOCTH PE3YJIBTATOB, TAK U IPUEMIIEMON CKOPOCTH MOJICIIMPOBAHMUSL.

[ony4yennsie BAX ofHOTO M TOrO e mpruOopa B 3aBUCUMOCTH OT HCIIONB3YyEMBIX MOJEen
3HAQUUTEIBHO OTJIMYAIOTCS, YTO CBHUIETEIBCTBYET O BBICOKOH CTENEHU MNPOSIBICHUS KBAaHTOBBIX
3¢p()eKTOB M HEaNEKBATHOCTH CTAHAAPTHBIX KJIACCHYECKHX MOJEIEH i1 HMCCICIOBaHMS
HAHOpa3MEPHBIX CTPYKTYp. KBaHTOBO-MexaHuuyeckue 3(PQEeKThl OKa3bIBAIOT 3HAYUTEIHLHOE BIUSHHUE
Ha TIOPOTOBOE HAMPSHKEHUE U TOK CTOKA, TAK KaK BCJIEACTBUE UX HAIWYUS U3MEHSIOTCS IUIOTHOCTH U
pacrmpeneicHUE HOCHUTENEH B KaHale, a TakKe MOBEPXHOCTHBIM moteHuuan. Kpome toro, Mozaenu,
Oasupyromuecs Ha KBAaHTOBOW MEXaHUKE, OCOOCHHO T€ M3 HUX, KOTOPBIC PEaTu3yIOT MOAXO0/ IOJTHOTO
KBAaHTOBOTO OIHCAHUS, OTINYIAIOTCS TPEOOBATEIHHOCTHIO K BEIUUCIUTEIHHBIM pecypcam, u4To JeaeT
WX HENPUTOMHBIMH ISl HCCJCNOBAaHHUM, TpPEOYIONMX NPOBEACHUS OOJBIIOTO KOJIHYECTBA
KOMITBIOTEPHBIX JIKCIEPUMEHTOB. [loka3aHa BO3MOXHOCTh IpuMeHeHHs I dy3uoHHO-AperHoBOM
MOJICIIA C KOPPEKINEH KBAaHTOBBIM MOTCHIIMAIOM boma st MoaenupoBanus HaHopasMmepHbix MOII-
TPaH3UCTOPOB TIOCJE €€ KAIMOPOBKA W HCIIONE30BAaHUS PE3YNIbTaTOB TAaKOTO MOJCIUPOBAaHUS B
Ka4yeCTBE TOYHBIX MPU OTCYTCTBUU DKCIEPUMEHTAIIBHBIX TaHHBIX.
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TECHNOLOGY AND DEVICE NANOSCALE MOSFETS SIMULATION

TRUNG TRAN TUAN, A.M. BOROVIK, I.Yu. LOVSHENKO,
V.R. STEMPITSKY, A.A. KULESHOV

Abstract
Current-voltage characteristics of MOSFET are obtained by computer simulation and their

analysis is performed. The inadequacy of the classical models for simulation of nanoscale structures is
revealed, as well as the unsuitability methods of direct quantum description for studies requiring a
large number of computer experiments is detected.
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