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OBll.J:A..H XAPAKTEPHCTHKA PABOTbl 

O6'beKT IICCJie,D;0BaHIIH II aKTyaJibH0CTb TeMhl. 

9KcrrepIIMeHTaJ1bHOe 0TKpbITne MHOroo6pa3IIR pa3J1II'IHbIX CTPYKTYP Ha 

octtoBe aToMa yrnepo.n.a B sp2 rn6pII,lJ.H3au:rrn rrop0,ll.IIJJ0 orpOMHbii1: nccne.n.o

BaTeJ1bCKni1: nttTepec K 3TIIM o6'beKTaM KaK C T0'IKII 3peHIIR cpytt,ll.aMeHTaJ1bHOi1: 

q:>II3IIKII, TaK II C TO'IKII 3peHIIR B03M0)KHbIX rrpaKTII'leCKIIX rrpIIJJO)KeHIIll. B 

1995 ro.n.y TPII ttay'ltthre rpyrrrrhr ("l.Jeptto3aTOHCKoro [1], .n.e XIIpa [2] n PIIH-

3nepa [3]) 06ttapy)KIIJ1II, 'ITO yrnepo.n.nhre ttattoTpy6Kn (YHT) o6na.n.aroT xo

poIIIIIMII aBT03MIICCIIOHHbIMII CBOHCTBaMII: 3MIICCIIR xapaKTepII3yeTCR MaJJbIMII 

rroporOBbIMII ttarrpa:)KeHIIRMII, 60J1bIUIIMII TOKaMII II xopoIIIei1: BpeMeHHOH CTa-

6HJ1bHOCTbJO. HattOTpy6KII rrpe,ll.CTaBJJRJOT co6oi1: CIIJ1bHO BbITRHYTbie U:IIJ1lIH

,ll.pbI, CBepHyThie II3 O,ll.HOrO.J1IICTa rpaq:>IITa - rpacpeua, nx 3aMe'laTeJ1bHbie 3MII

CIIOHHbie CBOHCTBa 06ycJ10BJ1eHhI 60J1bllIIIM acrreKTHbIM 0THOIUeHIIeM ( OTHOIIIe

IIIIe ,ll.J1IIHbI K pa.n.IIycy), xop0IIIIIMII MexaHII'leCKIIMII CBOHCTBaMII, ,ll.OCTaT0'IH0 

60J1hIUOii: 3JJeKTporrpoBO,ll.HOCThIO, a TaK)Ke TeM, 'ITO 'ITO YHT o6pa30Batthr II3 

aTOMOB, COe,ll.IIHeUHbIX He MeTaJJJ1II'leCKIIMII, a KOBaJJeHTHbIMII CBR3RM. Ilocne.n.

ttee o6CTOa:TeJibCTBO cyru:ecTBeHH0 yBeJJH'IIIBaeT 3HeprIIJO aKTHBaIIIIII aT0MOB 

IIOBepXH0CTHOH MIIrpau:IIII II rrpIIBO,ll.HT K IIOBbIIUeHIIIO CTa6IIJ1bHOCTII rrporrecca 

3MIICCIIII. 

BcKope ua ocHoBe YHT 6bm pa3pa6omtt aBT03MIICCIIOHHbrii: ,ll.IIcrrnew [4], a· 

3aTeM IICTO'IHIIK CBeTa [5]. B HaCToa:ru:ee Bpel\rn MHOrIIe Hay'lnhre KOJ1J1eKTIIBbI 

rrpoeKTIIpyroT pa3J1II'IHbie rrpII60pbI, OCH0BaHHbie Ha aBT03J1eKTpOHHOH 3MIIC

CIIII c yrnep0,ll.HbIX uanoTpy6oK, HarrpIIMep, TaKIIe KaK a:pKne JJaMIIhi, peHT

ren0BCKIIe Tpy6KII, IICT0'IHIIKII 3J1eKTp0H0B ,ll.J1R 3J1eKTpOHHbIX MIIKpOCK0II0B C 

BbICOKIIM pa3peIIIeUIIeM. MO)KHO OTMeTIITb, 'ITO a:pKIIe JJaMIIbI II penTreHOB

CKIIe Tpy6KII Ha ocuoBe YHT 3T0 y)Ke ycrreIIIHhrii: KOMMep'IeCKIIii: rrpo.n.yKT [6]. 
BMeCTe C TeM, IICCJJe,ll.OBaHIIR IIOKa3bIBaJOT, 'ITO ue TOJ1bKO yrnepO,lJ.Hhie HaH0-

Tpy6KII RBJJRJOTCR xopoIIIIIMII IICT0'IHIIKaMII aBT03JJeKTpottttoii: 3MIICCIIII. Yr

nepO,ll.Hhre uanOKOHYCbI [7], yrnepO,ll.Hbie naH0CIIIIpaJJII [8], yrnepo,ll.Hb!e Hano

xopHbl [9], rpaq:>IITOIIO,ll.06Hhie IIJJeHKII [10] II yrnep0,ll.Hbie naHOJ1IICTbl [11-14] 

TaK)Ke MO)KHO C'IIITaTh xopOIUIIMH KaH,ll.II,ll.aTaMU ua 3TY pOJJb. 

Bcne.n. 3a lIHTeHCIIBHbIM 3KCIIepIIMeHTaJ1bHbIM II3y'leHneM 3MIICCIIII C 

yrnepo,ll.HhIX cTpyKTYP rrpnMepuo C :lUUU-r 0 IPAff m'lhaJIO~o aKTHBH0e Teope
J'be,rumeHHhlH HCTHTYT 

.,.:~epm1x uccne,n;0Bamu1 
RvtBnMOTEf{A 



TwrecKoe IICCJie,n:0Bam1e ,n:auuoro rrpou.ecca, npe)K_n:e BCero, c u,eJibIO uaii:TII 

cnoco6bI n0BbIIIIemrn 3cpcpeKTllBHOCTll 3MIICCIIII. MuorIIe pa60TbI no M0)i:eJIII

poBaumo aBT03JICKTpouuoii: 3MIICCIIII C KqHKpeTHbIX CTPYKTYP npe,n:cTaBJIRIOT 

co6oii: paCT.fCTbI II3 nepBbIX npmru.11n0B. EcJIII 3MIITTepbI C0CT0RT 113 ue60Jib

III0ro T.flICJia aT0M0B, TO TaKoe BbIT.flICJICHIIC ua C0BpCMCHHbIX K0MnbIOTepax 

CTaH0BIITCR B03MQ)KHbIM 116, 17]. JJ:auHblll no,n:xo,n: 6e3yCJIOBHO noJie3eu, 

Kor,n:a peT.fb II)i:CT 06 on11caHIIII K0HKpCTHbIX CTPYKTyp. O,n:uaKO uapR,n:y C 

UHM aKTIIBH0 pa3BIIBaIOTCR ,n:pyrIIe no,n:xo,n:hr, 0CH0BaHHbIC ua MO)i:II<pIIKau,1111 

TyuueJibuoii: Mo,n:eJIII cI>ayJiepa-Hop,n:reii:Ma. AKTYaJihHOCTb np0Be,n:eu11R Teo

peTIIT.fCCKIIX IICCJIC)i:0BaHIIll l!Meuuo B 3T0M HanpaBJieHIIII o6ycJIOBJICHa TCM, 

'ITO C IIX Il0M0IIl,blO M0)KHQ 0TBCTIITb ua B0npoc, KaKIIM o6pa30M Te lIJill 

IIHbie cpII3l!T.feCKllC xapaKTCpIICTIIKII 3MllTTepa BJIHRIOT Ha ero 3MIICCIIOHHbIC 

CB0llCTBa. M3BCCTHaR CBR3b <pII3IIT.fCCKllX xapaKTCpIICTIIK C 3MllCCl!OHHbIMll, 

C o,n:uoii: CT0p0HbI, YKa3bIBaeT nynr yBeJIIIT.fCHIIR 3cpcpeKTIIBHOCTII 3MIICCIIII 

3JICKTp0H0B, a C ,n:pyroii: - n03B0JIReT llCCJie,n:oBaTb cpII3IIT.fCCKIIe xapaKTCpII

CTIIKll ua 0CH0Be 3MIICCII0HHbIX. TaK KaK K0JIIIT.fCCTB0 yrJiep0)i:HbIX CTPYKTyp, 

npeTeH,n:yIOIIl,IIX ua p0Jib 3cpcpCKTIIBHbIX 3MIITTepoB, BCJIIIK0, IICCJie,n:oBaHIIRM 

B ,n:auuoii: o6JiaCTII n0CBRIIl,CH0 6oJibIIIOe K0JIIIT.fCCTB0 uayT.fHbIX ny6JIIIKaU,IIii:. 

B T.faCTH0CTII, cneU,II<pIIKa 3MIICCIIII, o6ycJIOBJICl!HaR reoMeTpIIT.feCKOll cpopMoii: 

pa3JIIIT.fHbIX 3Ml!TTepoB, 6bIJia YT.fTeua B pa6oTax 118-21]. BJIHRHIIC 30HH0ii: 

CTPYKTYPbI ua TOK 3MIICCllll II ::iuepreTHT.fCCK0e pacnpe,n:eJICHIIC 3JieKTp0H0B 

,n:JIR YHT II3yT.feuo B 122-26]. TaKIIM o6pa3oM, M0)KH0 3aKJIIOT.fIITh, 'ITO 

IICCJie,n:oBaHIIe aBT03JICKTpouuoii: 3MIICCIIII C yrJiepo,n:HbIX CTPYKTYP RBJIRCTCR 

Ba)KHQH npIIKJia,n:uoii: ll IIHTepecuoii: cpII3IIT.feCKOii: npo6JieMOll. 

ll;eJib pa60Tbl. 

1. Pa3pa6oTaTh cnoco6 yT.feTa 3ouuoii: CTPYKTyphr npn pacT.feTe aBT03JICK

Tpouuoii: 3MIICCIIll. 

2. MccJie,n:oBaTb BJIIIRHIIe 30uuoii: CTPYKTYPhI npn aBT0::JJieKTpouuoii: 3Mnc

CIIII c yrJiepo,n:nhrx uauoTpy6oK, rpacp11Ta II yrJiepo,n:uhrx JIHCT0B. 

3. PacCT.fIITaTb reoMCTpII'ICCKIIe 3cpcpeKTbI npII 3MIICCIIII C yrJiepO,!J;HbIX JIII

CT0B l! Tpy60K. 
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HayqHa.H HOBil3Ha II npaKTlfqecKaH n;eHHOCTb. 

B npe,n:cTaBJieuuoii: )i:IICCCpTaU,IIII pa3pa6oTaH MCT0)i: yT.feTa 30HH0H CTpyK

TYPbI npn aBT03JieKTpouuoii 3MIICCIIII, KOTOpblll M0)KCT 6bITb Ha3BaH .Memoao.M 

'He3a6UCU.M'btX 1ca1taJW6. Ha 0CH0Be ,n:auuoro MCT0,n:a uaii:,n:eHbI 3aK0HbI 3MIICCIIII 

)i:JIR 0)i:H0CTCH0T.fHbIX yrnep0)i:HbIX uauoTpy6oK. IloJiyT.fCHHbie pe3yJihTaTbI M0-

ryT 6bITb Il0Jie3HbI npn 3KCnepIIMCHTaJibH0M onpe,n:eJiemm XllpaJibH0CTII K0H

KpeTHOll uauoTpy6Kll. 

Pa3pa6oTaHHblll MeT0)i: 6bIJI IICn0Jib30BaH )i:JIR paCT.fCTa 3aK0Ha aBT03JICK

TpOHH0ii: 3MIICCIIII C npocToro reKcaroHaJibH0ro rpacpIITa )i:JIR ,n:Byx CJiyqaeB: 

Kor,n:a rpacpIITOBbie CJI0II opIIeHTIIp0BaHbI napaJIJieJibHO BCKT0py uanp5I)KeH

H0CTl! 3JieKTPIIT.feCK0ro n0JI5I l! Kor,n:a 0HII opneHTIIp0BaHbI nepneu,n:IIKYJIRpH0 

eMy. O6uapy)KeHbI CJICAfIO_Ill,IIe 3cpcpeKTbr: aUH30Tp0nl!5I nJI0TH0CTl! 3MHCCII0H

uoro TOKa, CBR3auua5I C oco6euuocTRMII 30HH0H CTPYKTYPhI, H BJIII.HHIIe Mexa

HIIT.feCKOll ,n:ecpopMau,1m ua aBT03MIICCII0HHblll TOK. ,n:auHbie pe3yJibTaTbI M0ryT 

6bITb HCn0Jib30BaHbI npII 3KCnepIIMCHTaJibH0M II3MepeHIIII napaMCTp0B 30HHOH 

CTPYKTYPhI rpacpuTa. 

B paMKax MeTo,n:a He3aBIICIIMbIX KaHaJI0B paCCT.fIITaH0 ::iuepreTHT.fCCK0e pac

npe,n:eJieHue npII 3Ml!CCHII 3JieKTp0H0B C yrJiep0)i:HbIX JilfCT0B, C0CT0RIIl,IIX lf3 

ueCK0JibKl!X rpacpHTOBbIX CJI0eB, a TaK)Ke uaii:,n:eHbl 3aK0HbI 3MIICCIIII )i:JIR M0H0-

CJI0R rpacpeua II ,!J;BYCJI0R rpacpeua. IloJIO)KeUIIe II K0JIHT.feCTB0 o6uapy)KeUHbIX 

B ::iuepreTHT.feCK0M pacnpe,n:eJieHIIII cy6-nIIKOB uanpRMYIO CBR3aH0 T.flICJI0M rpa

(plfTOBbIX CJI0eB B Jil!CTe. HaJIIIT.fl!C 3TIIX cy6-nIIKOB RBJI.HeTCR npRMbIM np0RBJie

HIIeM KBaHT0BO-pa3Mepuoro 3cpcpeKTa. IloJiyT.feHHbie pe3yJibTaTbI n0Ka3bIBaIOT, 

'ITO II3MepeuIIe pacnpe,n:eJieHIIR 3Ml!THp0BaHHbIX 3JieKTp0H0B no ::iueprHRM M0-

)KeT 6bITb HCn0Jib30Bauo KaK MCT0)i: onpe,n:eJieHIIR T.fIICJia rpacpIITOBbIX CJI0eB 

B JIHCTe, a TaK)Ke KaK MeTO)i: onpe,n:eJICHIIR 3HeprIIII B3aIIM0,n:eii:CTBIIR Me)K,n:y 

coce,n:uIIMII CJI05!Ml! uapRAf C TaKIIMII no,n:xo,n:aMII KaK PaMaHOBCKOe pacceRHIIR 

II <pOT03Ml!CClfOHHbie 3KcnepIIMeHTbl. 

Eru.e 0)i:HIIM pe3yJibTaT0M )i:IICCCpTaU,IIH .HBJIRCTC.H paCT.feT reoMeTpII'IC

CKHX 3cpcpeKTOB npII 3MIICCIIII C np0TR)KCHH0r0 ropII30HTaJibH0ro BbICTyna, 

IIMeIOru.ero noJiy3JIJIIInTHT.fCCKIIll npocpHJib, H C BbIT5IHYT0ro BepTIIKaJibH0r0 

n0JIY3JIJIIIncou,n:a npn uauoMeTp0BbIX pa,n:Hycax KpHBII3HbI y BepIIIIIHbI. 

O6uapy)Keuo, 'ITO )i:JI.H np0TR)KeHH0ro BbICTyna reoMeTpHT.feCKHe 3cpcpeKTbl 
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Bb!pa)KeHbl ropa3,n:O MeHhUie. Ilony'IeHHbie B pe3yJihTaTe COOTHOIIIemrn 

CB£3bIBaIOT reoMeTpH'!eCKHe rraparvteTpbl 3MIITTepa C HeJimleHHOCTbIO KpHBb!X 

B KOOp,Ll;IIHaTax <I>aynepa-Hop,n:reuMa II MOP'YT 6b!Tb IICIIOJ!b30BaHbl ,l];JI£ ou,eHKH 

pa,n:nyca KpHBH3Hbl II cpaKTOpa ycnneHH£ IIOJI£. 

Arrpo6au.1rn: pa6oThI. 

Pe3yJihTaTbl ,n:nccepTaU,HH ,l];OKJia,l];b!BaJIHCb II o6cy)K,l];aJIIICb Ha Hay'!Hb!X ce

MHHapax Jia6opaTopnn TeopeTH>JecKou <pII3HKII HM. H.H. Boronm6oBa Ofrh

e,n:I1neHHoro HHCTHTyTa £,n:epHb!X HCCJie,n:oBamiu, 6hIJIII rrpe,n:cTaBJieHbl B Ka'!e

CTBe rrocTepHoro ,n:oKna,n:a Ha ceccI1I1 IIKK 0115111, a TaK)Ke ,n:0Kna,n:hrnanI1Ch 

na CJie,n:JIOlll,HX KOH<pepeHU,H£X: 

1. XXIV International Winterschool on Electronic Properties of Novel 

Materials, March 6-13, 2010, Kirchberg in Tirol, Austria. 

2. International Bogolyubov Conference Problems Of Theoretical And 

Mathematical Physics, August 21-27, 2009, Moscow-Dubna, Russia. 

3. XIII Hay>JHOH KOHcpepettu,IIH OMYC-2009, 16-21 cpeBpan£ 2009 ro,n:a. 

4. IV ttay'!HOH KOH<pepettu,nn KOHcpepeHU,H£ "HaHoaneKTpOHHKa, ttaHocpo

TOHHKa II HeJII1HettHa£ <pH3HKa"' 7-9 ceHT£6p£ 2009 ro,n:a, CapaTOB. 

5. "Dubna-Nano2008", July 11-17, 2008, Dubna, Russia. 

6. XII HayqHou KOHcpepeHU,IIII MOJIO,Ll;hIX yqeHhIX n crreu,IlaJIHCTOB 0115111, 

4-8 cpeBpan£ 2008 ro,n:a. 

7. XXII International Winterschool on Electronic Properties of Novel 

Materials, March 1-8, 2008, Kirchberg in Tirol, Austria. 

Ily6Jn1Kan.1n1. Ilo MaTepI1anaM ,n:I1ccepTau,1rn orry6nnKoBaHo 6 pa6oT. 

06'beM II CTPYKTypa ,ll;llCCepTau.1111. ,Il;nccepTaU,H£ COCTOIIT H3 BBe,n:e

HII£, Tpex rnaB II 3aKJIIO'!eHH£. O6lll,IIH 061>eM ,n:nccepTaU,IIH 87 CTpaHH Ma

UIHHOIIHCHOro TeKCTa, BKJIIO'la£ 26 pncyHKOB n CIIHCOK JIHTepaTypbl H3 93 Ha

IIMeHOBaHHH. 
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CO,l];EP)KAHME PABOTbl 

Bo BBe,LJ;eHllll o6cy)K,n:aeTC£ aKTYaJibHOCTb rrpOBO,Ll;HMbIX IICCJie,n:oBaHHH. 

,Il;aHo KpaTKOe co,n:ep)KaHI1e ,n:nccepTau,nu. 

B rrepBoii rJiaBe rrpHBO,l];IITC£ pac'leT 3aKOHa 3MHCCHH ,l];JI£ O,Ll;HOCTeHHbIX 

yrnepO,Ll;HbIX HaHOTpy6oK C yqeTOM 3_0HHOH CTPYKTYPbI. ,Il;JI£ pacqeTa HCIIOJib-

30BaHbl rrpI16Jin)KeHIJe <I>aynepa-Hop,n:reuMa ,n:n£ K03cpcpnu,neHTa rrpo3pa'IHOCTH 

6apbepa 

D(c:) = exp {- _;,[¢312v(y) - 3/2¢112ct(y)]} = bexp(dc:), (1) 

a TaK)Ke npn6JIH)KeHne ttyneBou TeMnepaTyph!. ( = 81r(2m0) 112 /3eh, 

y = (eF/41rc:0 ) 112 /¢>, F - Hanp£)KeHHOCTh 3JieKTpnqecKoro non£, 

¢ pa6oTa BbJXO,n:a, co ,l];H3JieKTpuqecKa£ npOHIIU,aeMOCTb BaKyyMa, a 

b = exp (-(¢312v(y)/ F) n d = 3(¢112t(y)/2F - o603tta'leHn£, BBe,n:eHHbie 

,l];JI£ KpaTKOCTII. <l>yHKU,HII v(y) II t(y) OIIHCb!BaIOT OTKJIOHeHH£ TIOTeHU,HaJib

HOro 6apbepa, KOTOpblll npeo,n:oneBaeT 3JieKTpOH, OT TpeyrOJibHOH cpOpMb!. B 

pe3yJibTaTe TIJIOTHOCTb TOKa Bblpa)Ketta B cpopMe cyMMbl no BCeM BeTB£M B 

3HepreTH'!eCKOM cneKTpe, onpe,n:eJI£IOlll,HM KaHaJibl 3MHCCHH: 

jout = Ljq, 
q 

( 
3 (¢1/2t(y) c:q) ( c:q) 

Jq = Jo exp - 2 F ; = jo exp -d ; , 

. _ i_e_ F (-.f_ 3; 2 ) _ ~ 
Jo - 3 hlxly (¢112t(y) exp F</> v(y) - hlxlyd. 

(2) 

(3) 

(4) 

Ka)K,l];blll CJie,n:JIOlll,HH qJieH 3TOH cyMMbl 3KCTIOHeHU,IlaJibHO no,n:aBJI£eTC£ 3Ha

qettneM 3anpelll,eHHOH 30Hbl ,l];JI£ ,n:aHHOH BeTKH, II03TOMY B cnyqae TOHKHX Ha

HOTpy6oK aKTYaJibHO paccMOTpeune J!Hlllb nepBb!X cnaraeMb!X. Pa3JIH'!Hblll xa

paKTep 3aBIICIIMOCTH rrepBoro cnaraeMoro OT ,n:uaMeTpa y nonynpoBO,Ll;HIIKOBbIX 

n MeTaJIJIH'leCKHX Tpy6oK npHBO,Ll;IIT K npHHU,HIIIlaJibHOH pa3HHU,e B IIOBe,n:eHHH 

IIJIOTHOCTH TOKa rrpn yMeHbUieHIIII ,n:naMeTpa Tpy6KIJ. TOT )Ke MeTO,l]; o6o6lll,eH 

Ha cnyqaj:i 3MHCCIIII co CTOIIKH ueB3aIJMO,n:ettCTBYIOlll,IIX CJIOeB rpa<pIITa. ,Il;anee 
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paCCMOTpeH CJiyt.Jaii B3allMOAeiiCTBYIOIIJ;IIX CJIOeB. IlpIIHHTO, "ITO IIJIOCKOCTII rpa

(pIITa paCIIOJIO)KeHbI HerrocpeACTBeHHO OAIIB HarrpOTIIB Apyroro, TO eCTb rpacpIIT 

IIMeeT rrpocTyIO reKcaroHaJihHYIO yrraKOBKY ,(yrraKOBKY TIIrra AAA). 

AHaJIII3 cpopMbI IIOBepxHOCTII <l>epMll IIOKa3bIBaeT, "ITO KaHaJibI 3MIICCIIII -

TpaeKTOpllII BbIJieTaIOI.U;IIX 3JieKTpOHOB B p-rrpocTpaHCTBe, MO)KHO pa3AeJIIITh 

Ha IIHTb pa3JIII"IHbIX TIIIIOB B 3aBIICIIMOCTII OT TOro, rrepeceKaIOT OHII IIOBepx

HOCTb <l>epMII IIJIII HeT, II. B KaKoii o6JiaCTII 3TO rrpOIICXOAIIT. Ilepecet.JeHIIe MO

)KeT rrpOIICXOAIITb m160 B o6JiaCTII AbipO"IHOro, JIII6o B o6JiaCTII 3JieKTpOHHOrO 

KapMaHOB. HaiiAeH BKJiaA KaHaJIOB Ka)KAOro TIIIIa B IIJIOTHOCTb 3MIICCIIOHHO

ro TOKa. Pe3yJihTIIpy10r.u;aH IIJIOTHOCTb TOKa orrpeAeJiena rryTeM cyMMIIpOBaHIIH 

BKJiaAOB KaHaJIOB Bcex TIIIIOB II IIMeeT CJieAyIOru;IIii BIIA: 

·11 _ 2eb[8do:i/7r + Io(2do:1) - Lo(2do:1)] 

ltot - h2d2 · CVF 
(5) 

3AeCb 0:1 xapaKTepII3yeT 3HeprIIIO B3aIIMOAeiicTBIIH rpacpIITOBbIX CJIOeB, VF -

CKOpOCTb <l>epMII 3JieKTpOHOB B OAHOM CJIOe rpacpIITa, Lo ( X) - MOAII{pIIIJ;IIpO

BannaH cpyHKIJ;IIH CTpyBe, II Io (x) - MOAII{pIIIJ;IIpOBattnaH cpyHKIJ;IIH BecceJIH. 

,II:aJiee rrpOII3BOAIITCH anaJIOrIIt.JHOe BbI"IIICJieHIIe AJIH CJiyt.JaH, KOrAa 3JieKTpII

t.JeCKOe IIOJie HarrpaBJieHO rreprreHAIIKYJIHpHO CJIOHM. Terrepb IIOBepXHOCTb <l>ep

MII IIOBepnyTa Ha AeBHHOCTO rpaAfCOB OTHOCIITeJihHO HarrpaBJie!IUH 3MIICCIIII. 

qIICJIO pa3JIII"IHbIX TIIIIOB KaHaJIOB AJIH AaHHOii KOH<:pIIrypaIJ;IIII paBHO ABYM

KaK II paHhille, IIpOII3BOAIITCH BbI"IIICJieHIIe BKJiaAa Ka)KAOro KaHaJia II cyM

MIIpOBaHIIe BCex BKJI~OB. Pe3yJibTaT - 3aKOH 3MIICCIIII AJIH AaHHOro CJiyt.JaH, 

BhirJIHAIIT CJieAfIOIIJ;IIM o6pa30M: 

• J_ _ 47reb 2 
ltot - (dh) 3v} [(20:1d) + 1 - exp(-2o:1d)] . (6) 

IlpttBeAeH aHaJIII3 rroJiyt.JeHHbIX 3aKOHOB 3MIICCIIII. B o6oIIx CJiyt.JaHx OTJIII

"IIIH OT 3aKOHa <l>ayJiepa-HopAreiiMa 3aKJIIOt.JaIOTCH TOJibKO B npeA3KCIIOHeHIJ;II

aJibHOM cpaKTOpe, B TO BpeMH KaK 3KCIIOHeHTa IIOJIHOCTblO COOTBeTCTByeT II3-

BeCTHOii cpopMyJie. IlOKa3ano, "ITO 3aBIICIIMOCTb upeA3CIIOHeHTbI OT HarrpH)KeH

HOCTII 3JieKTPIIt.JeCKOrO IIOJIH B o60IIX CJiyt.JaHX npaKTIIt.JeCKII OAIIHaKOBa. KpII

TIIt.JeCKOe yBeJIIIt.JeHIIe IIOJIH rrpIIBOAIIT K TOMY, "ITO IIJIOTHOCTb TOKa 3MIICCIIII 
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rrpII HarrpaBJieHIIII BeKTOpa narrpH)KeHHOCTII IIOJIH napaJIJieJihHO CJIOHM CTpe

MIITCH K IIJIOTHOCTII TOKa HeB3aIIMOAeiiCTBYIOIIJ;IIX CJIOeB, TO eCTb CllJihHOe 3JieK

TpIIt.JeCKOe IIOJie IIOAaBJIHeT 3cpcpeKT B3aIIMOAeiiCTBIIH Me)KAf CJIOHMU. O6napy

)KeHO, "ITO KOrAa BhIJieTaIOru;IIe npn 3MIICCIIU 3JieKTp0HbI ABII)KYTCH BAOJib CJIOeB 

rpacpIITa, IIJIOTHOCTb TOKa .3aMeTHO Bblllie, t.JeM KOrAa BhIJieTaIOru;IIe 3JieKTpO

HbI nepeceKaIOT CJIOII. B pa6oTe paCCM?TpeHa 3aBIICIIMOCTb IIJIOTHOCTU TOKa 

OT CTeneHn C)KaTIIH. B Ae¢opMnpoBaHHOM rpacpIITe BeJIU"IUHa 3HepruII B3au

MOAeiiCTBUH Me)KAf CJIOHMU Me1rneTCH. ,II:aHHblll napaMeTp BXOAIIT B 3aKOHbI 

3MIICCUII, II03TOMY MO)KHO AOCTaTOt.JHO IIpOCTO HaiiTH CBH3b IIJIOTHOCTII TOKa 

c OTHOCIITeJihHOii Ae¢opMaii;Heii AJIH o6onx paCCMOTpeHHbIX CJiyt.JaeB. IlOKa3a

HO, "ITO IIJIOTHOCTb TOKa AJIH CJiyt.JaH 3MUCCHII nonepeK CJIOeB ropa3AO 6oJiee 

t.JYBCTBHTeJihHa K C)KaTHIO KpHCTaJIJia rpacpnTa. 

Bo BTOpo:ii: rJiaBe Ha OCH0Be onucaHHOro B nepBoii rJiaBe MeT0Aa IIp0II3-

B0AUTCH yt.JeT BJIIIHHIIH 30HH0ii CTPYKTYPhI JIIICT0B, COCTOHIIJ;HX II3 neCK0JibKHX 

rpacpnTOBbIX CJIOeB, Ha aBT03JieKTpOHHYIO 3MUCCUIO. 3onHaH CTPYKTypa Hano

JIHCT0B BbI"IIICJIHeTCH IIpH II0MOIIJ;H 3HepreTIIt.JeCK0ro cneKTpa rpacpnTa CTpyK

TYPhI BepnaJia B MOAemi CJIOH)KeBCKoro-Beiica-MaKKJII03 (CBM), B K0TopoM 

yt.JTeno pa3MepHoe KBaHT0BaHIIe B nanpaBJienm1 nonepeK CJI0eB. B Kat.JeCTBe 

rrepBoro npH6JIH)KeHHH yt.JTenbr JIHillh ABa Hau6oJihllIIIX napaMeTpa CBM - ,o 

II 'Yl. HaiiAeHHOe npu 3T0M pacrrpeAeJieHue 3MIITHpOBaHHbIX 3JieKTPOHOB TIO 

3ueprIIHM IiMeeT cJieAfIOIIJ;IIii BHA: 

2 
n=N 

P(c) = _f!_ J(c)D(c) L 0(tn)JieVn, 
Vp . n=l . 

(7) 

rAe En= lcl +,r, g = 4e/(h
2Nc), N - "IHCJIO CJIOeB B JIIICTe, J(c) - cpyHKIJ;IIH 

pacnpeAeJieHHH <l>epMH-,II:HpaKa, 0(t) - cpyHKIJ;IIH X3BUCaiiAa, 

n ( 7rn ) 11 = 11 x 2 cos N + 
1 

, n = l ... N. (8) 

Pe3yJihTaT pact.JeTa ITO npIIBeAeHHbIM cpopMyJiaM AJIH ABYCJI0H rrpeACTaBJieH Ha 

pIIcyuKe 1. B o6r.u;eM CJiyt.Jae IIOJiyt.JeHHbie KpIIBhle rrpeACTaBJIHIOT co6oii ABa 

60JibllIIIX IIHKa, o6ycJIOBJieHHbie 30HOii IIpOBOAIIMOCTII II BaJieHTHOii 30HOii, a 

TaK)Ke cy6-IIIIKII, CBH3aHHbie C HaJIHt.JIIeM B cneKTpe yrJiepOAHhIX JIIICT0B BeT-
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Pttc. 1: Pacrrpe,ll.eJieuIIe 3JieKTpouoB rro 3ueprm1M c rpacpeuoBoro ,ll.BYCJIOB rrpII 

pa3JIII'IHhIX TeMrrepaTypax. F = 4 V /nm. 

Bell, OTCTOBIIJ,IIX OT YPOBHB <I>epMII. ,naJiee 6hIJI rrpOII3Be,l].eH pacqeT pacrrpe

,l].eJieHIIB ,ll.JIB CJiyqaa, KOr,l].a Bee rrapaMeTpbI BKJIIO'IeHhI. B pe3yJibTaTe o6ua

py)KeHO ue60JihI.IIOe CMeIIJ,eHIIe JIOKaJibHOro MIIHIIMyMa B6JIII3II ypOBHB <I>epMII 

,ll.JIB CTPYKTYP c 'IIICJIOM cJioeB 6oJibI.IIe ,ll.Byx. IloKa3auo, 'ITO rroJiy'IIIBI.IIIIe

ca pe3yJibTaTbI MoryT 6bITb IIOHBTbI II BOCIIpOII3Be,l).eHbI C IIOMOIIJ,blO HeCJIO)K

HbIX reoMeTpII'IeCKIIX coo6pa)!<eHIIll, xoporno IIJIJIIOCTpIIpyIOIIJ,IIX cyTh MeTO,l].a 

He3aBIICIIMbIX KaHaJIOB. l1ccJie,ll.OBaHbI TeMrrepaTypHbie 3cpcpeKTbI. fl pe3yJibTa

Te o6uapy)KeHo, 'ITO rrpII BbICOKOll TeMrrepaType rrpaBaB qaCTb pacrrpe,ll.eJieHIIB 

(3MIICCIIB II3 3OHbl rrpOBO,ll.IIMOCTII) IIMeeT cy6-IIIIKOBYIO CTPYKTYPY, CIIMMeTpII'I-
,. 

uyIO JieBOll 'IaCTII, a TaK)Ke TO, 'ITO KpIIBbie 3MIICCIIII B KOOp,l].IIHaTax <I>ayJiepa-

Hop,l).rett:Ma rrpaKTII'IeCKII II,l].eHTII'IHbI ,ll.JIB JIIICTOB C pa3HhIM KOJIII'IeCTBOM CJIO

eB. 9TII KpIIBhie ueJIIIHett:HbI B o6JiaCTII CJia6hIX IIOJiett, npII'IeM HeJIIIHett:HOCTb 

ycIIJIIIBaeTCB C pOCTOM TeMrrepaTypbI. 

B TpeTbeii. rJiaBe IICCJie,l].yeTCB BJIIIBHIIe reoMeTpII'IeCKOll cpopMbI ua 

3MIICCIIIO B CJiyqae oceCIIMMeTpII'IHOro BbICTyna - IlOJIY3JIJIIIIlCOII,ll.a (IIrOJIKII) 

II npOTB)KeHHOro BbICTyna C IIOJIY3JIJIIIIlTII'IeCKIIM npOQ)IIJieM (6opTIIKa). Pac

C'IIITaHO BJIIIBHIIe 3JieKTpII'IeCKOro IlOJIB Ha II3MeHeHIIB IlJIOIIJ,a,ll.II IlOBepxHOCTII, 

C KOTOpoii rrpOIICXO,ll.IIT 3MIICCIIB 3JieKTpOHOB II Ha HaKJIOH KpIIBbIX B KOOp,ll.IIHa

Tax <I>ayJiepa-Hop,l).rett:Ma. Pacnpe,ll.eJiettIIe 3JieKTpocTaTII'IeCKoro noTemwa.na 

II CIIJia 3epKaJibHOro OTpa)KeHIIB ,ll.JIB IIrOJIKII II3BeCTHhI, B TO BpeMB KaK ,l].JIB 
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6opTIIKa npIIBe,l].euhr Heo6xO,ll.IIMhre BhI'IIICJieHIIB. Pacnpe,l).eJieHIIe n6Tettu,ua.na 

,ll.JIB 6opTIIKa uatt:,l].eHO nyTeM perneHIIB ypaBHeHIIB JlanJiaca C IlOMOIIJ,blO II3-

BeCTHOro MeTO,l].a npeo6pa30BaHIIll B KOMTIJieKCHOH IlJIOCKOCTII. CIIJia 3epKaJib

Horo II306pa)KeHIIB ,ll.JIB 6opTIIKa Hatt:,l).eHa KaK CIIJia B3aIIMO,l).ett:CTBIIB 3apa,l).a II 

MeTaJIJIII'IeCKOrO IJ,IIJIIIH,ll.pa, pa,ll.IIYC KOTOporo paBeH pa,ll.uycy KpIIBII3HbI y Bep

llIIIHbI 6opTIIKa. ,.[(JIB onpe,l).eJieIIIIB CIIJibI B3aIIMO,ll.ett:CTBIIB Me)K,l].y 3apa,l].OM II 

ll,IIJIIIH,ll.pOM pernaeTCB ypaBHeHIIe IIyaccoHa B ll,IIJIIIH,ll.pIIqecKIIX KOOp,ll.IIHaTax 

C ueo6xO,l).IIMbIMII rpaHH'IHbIMII YCJIOBIIBMII. TaK KaK B pe3yJihTaTe IlOJiyqaeT

CB ,ll.OBOJibHO CJIO)KHaa cpyHKIJ,IIB, rrpOII3BO,ll.IITCB 'IIICJieHHaa annpOKCIIMaIJ,IIB C 

IlOMOIIJ,bIO npOCTOll MO,ll.eJibHOll cpopMyJihI. 

,nJia Toro 'IT06bI xapaKTepII3OBaTb II3MeHeHIIe BeJIII'IIIHhI o6JiaCTII C KOTO

pott: npOIICXO,ll.IIT 3MIICCIIB npII II3MeHeHIIeM Harrpa)KeHHOCTII IlOJIB BBe,l).eH HO

Bhlll napaMeTp - 3cpcpeKTIIBHaB IlJIOIIJ,a,ll.b 3MIICCIIII. IlpIIBO,ll.IITCB pacqeT ,ll.aIIHO

ro napaMeTpa ,ll.JIB Tpex pa3JIII'IHhIX pa,ll.IIYCOB KpIIBII3HbI (0.5 nm, 1 nm II 3 nm) 

B 3aBIICIIMOCTII OT uanpa)KeHHOCTII IlOJIB. AHaJIII3 HaKJIOHa KpHBbIX 3MIICCIIH B 

KOOp,l].IIHaTaX <I>ayJiepa-Hop,l].rett:Ma IlOKa3hIBaeT, 'ITO KaK B CJiyqae IIrOJIKII, TaK 

II B CJiy<tae 6opTIIKa 3TOT HaKJIOH MaJIO 3aBIICIIT OT pa,ll.IIyca KpIIBII3HbI. IIo

CJie,l).Hee o6CTOBTeJihCTBO IlO3BOJIBeT HanIICaTb o6IIJ,IIe COOTHOI.IIeHIIB, CBB3hIBa

IOIIJ,IIe HaKJIOH B KOOp,ll.IIHaTax <I>ayJiepa-Hop,l].rett:Ma, Hanpa)KeHHOCTh, pa6oTy 

BbIXO,l].a, reoMeTpII'IeCKIIll cpaKTOp ycnJieHIIB Ha BepI.IIIIHe II pa,ll.IIYC KpIIBII3Hbl 

3MIITTepa: 

( · 4 </> 1) 
swl ~ SFN(l + 4x/5) = SFN 1 + 5 p/3 F , (9) 

sas ~ SFN exp(kx) = SFN exp ( k; ~), (10) 

r,l].e k ~ I_.69, x = ¢/(p/3F), SFN = -(¢312 //3, p- pa,l].nyc KpIIBII3HbI BepI.IIIIHhI, 

/3 - K03cpq:rnu,IIeHT ycnJieHIIB noJia ua BeprnuHe. 

B 38KJIJOqemu1 KpaTKO ccpopMyJIIIpOBaHbI IlOJiyqeHHhie B ,ll.IICCepTaIJ,IIII 

pe3yJibTaTbI. 
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Ha 3aIIJ;HTY Bbl,IJ;BHraIOTCS CJie.n;y10rn;ue pe3yJibTaTbl: 

1. Pa3pa6oTaH MeTO,LI, yqeTa 30HHOii: CTPYKTJphr npII aBT03JieKTpOHHOii: 

3MIICCIIII. Ha ero OCHOBe Haii:,l],eHa CB5!3b Me)K,Ll,y 30HHOH CTPYKTypoii: II 

3aKOHOM 3MIICCIIII O,Ll,HOCTeHO'!HbIX yrJiepO,Ll,HbIX HaHOTpy6oK, a TaK)Ke 

OIIIICaHa 3aBIICIIMOCTb Me)K,Ll,y IIJIOTHOCTbIO TOKa II ,l],IIaMeTpOM HaHOTpy-

6oK. 

2. IloJiy'!eHhI 3aKOHbI 3MIICCIIII ,l],JIR KpIICTaJIJia reKcarOHaJibHOro rpaq:>IITa 

IIpII pa3JIII'!HbIX HanpaBJieHIIRX 3JieKTp1I'IeCKoro IIOJIR: B,l],OJib II IIOIIe

peK CJIOeB rpaq:>IITa. IfccJie,l],OBaHO BJIIIRHIIe ,L1,eq:>OpMaU,1III KplICTaJIJia Ha 

3MIICCIIOHHbIH TOK. 

3. lfayqeHo BJIIIRHIIe 30HHOii: CTPYKTYPhI Ha 3MIICCIIIO c yrJiepO,Ll,HhIX JIII

CTOB, COCTORIIJ,IIX II3 HeCKOJibKIIX rpaq:>IITOBbIX CJIOeB. Ilpe,L1,CKa3aHO Ha

JIII'IIIe IIIIKOB II cy6-IIIIKOB B pacnpe,Ll,eJieHIIII 3JieKTpOHOB IIO 3HeprIIRM. 

Mx IIOJIO)KeHIIe II KOJIII'!eCTBO onpe,l],eJIReTCR 'IIICJIOM CJIOeB B yrJiepO,Ll,HOM 

JIIICTe, 'ITO RBJIReTCR IIpORBJieHIIeM KBaHTOBO-pa3MepHoro 3q:>q:>eKTa. 

4. MccJie,l],OBaHO BJIIIRHIIe reoMeTpmI 3MIITTepa C HaHOMeTpOBbIM pa,Ll,IIJCOM 

KpIIBII3HbI Ha 3MIICCIIIO C npOTR)KeHHblX BepTIIKaJibHbIX II BbITRHJTbIX ro

pII30HTaJibHhIX CTpJKTyp, IIMeIOIIJ,IIX 3JIJIIIIITII'!eCKIIH IIpOq:>IIJib. B Ka)K

,Ll,OM CJiyqae OIIIICaHa CB5!3b HaKJIOHa KpIIBbIX 3MIICCIIII B KOOp,Ll,IIHaTax 

<I>ayJiepa-Hop,L1,reii:Ma c reoMeTplI'IeCKIIMII napaMeTpaMII, II onpe,l],eJieHa 

3aBIICIIMOCTb IIJIOIIJ,a,l],II 3MIICCIIII OT HaIIpR)KeHHOCTII BHenrnero IIOJIR. 
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