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Bse.nem1e 

B [1) 6un ciny6nHKOBaH 0030p, ITOCBHmeHHUll pa3pa6oTKe, Hccne.noBaHHIO H 

npHMeHeHHHM CKBH.llOB 113 MaCCHBHOll ITORHKpHCTanntttieCKOll CBepxnpOBO.llHmeft 

KepaMHKH. B .naHHOll pa6oTe ITO)l'lepKHBanocb, 'ITO KOHE!'IHOll uenblO pa3BHTHH 

BUCOKQTeMnepaTypHUX CKBHJlOB no aHanorHH C TpaJlHUHOIIHUMH HHOOHeBUMH 

CKBH)laMH HBRHeTCH C03)laHHe pa60Ta10m11x npH TeMnepaType JKH)lKOro a30Ta 

TOHKonneHO'IHoro .naT'IHKa c ci!JopM11poBaHHOtt csepxy nnaHapHott csepxnposoJlHmett 

KaTyWKOH, CBH_3UBaJOmett CKBH.ll C BHeWHHM MHpOM. O.nHaKO ITO)l'lepKHBanocb, 'ITO B 

CBH3H C HCKRIO'IHTenbHO Manatt .llRHHOll KorepeHTHOCTH HOBUX MaTep11anoB, HX 

~ROHCTOCTblO (CMRbHOll aHH30TponHett CBepxnpoBO.llHmnx CBOHCTB) C03)laHHe 

BUCOKOKa'leCTBeHHUX TOHKOITReHO'IHUX CKBM.llOB - OT.nane11HaH nepcneKTHBa. · K 

C'laCTblO, npaKTMKa ITOKa3ana HeCOCTOHTeRbHOCTb .naHHOro YTBepx,neHMH. 

TipMHUMITManbHUe TPY.llHOCTH, CTOHBWHe Ha nyTH C03)laHMH TOHKonneHO'IHUX CKBM,llOB#, 

B 3Ha'IMTenbHOll CTeneHM npeo.noneHU: 

- pa3pa6oTaHU 3i!Jl!JeKTMBHUe TeXHOROrHH BUpam11BaHHH 6e3)lei!JeKTHUX 

3ITMTaKCMaRbHUX TOHKMX nneHOK; 

cqiopMHpOBanocb ITOHMMaHHe npHHUHITOB, KOTOpue MoryT 6UTb 

3anoJKeHU B OCHOBY C03)laHHH HCKYCCTBeHHUX ,llX03ei!JCOHOBCKHX nepeXOJlOB; 

- pa3pa6oTaHU TeXHOROrHH nony'leHHH .llOCTaTO'IHO BUCOKOKa'leCTBeHHUX 

BocnpOH3B0.llHMUX )l)IC03ei!JCOHOBCKHX CTpyKTYP C Henocpe.ncTBeHHOll npoBO.llHMOCTblO; 

-pa3pa6oTaHa TeXHOROrHH BUpam11naHHH 3ITHTaKCHanbHUX MHorocnottHUX 

CTPYKTYP rnna csepxnpoBO)lHMK- H30RHTOp- CBepxnpono.nHMK (SIS), .'ITO 

IT03BORHRO cqiopMHpOBaTb KaTyWKH CBH3M H TpancqiopMaTopu ITOTOKa, He C03,llaJOmHe 

H36UTO'IHOro MarHHTHoro wyMa. 

B HaCTOHmee npeMH npocneJKHBaeTCSI TeH)leHUHH paccMaTpHBaTb 

BUCOKOTeMnepaTypuue (BTCTI) CKBM)lU KaK ITORHUe auanorH HM3KOTeMnepaTypHUX 

(HTCTI) CKBM.llOB, TORbKO pa60Ta10m11e B JKH)lKOM a3oTe. TipH 3TOM KOHUeITUHH 

ITOCTpoeHHH CMCTeM Ha ocuone BTCTI • CKBH)lOB ITORHOCTblO nepeHOCHTCH C HTCii 

CKBH)lOBCKHX CMCTeM, T.e. BTCTI •CK~H)lU cornaconunaJOTCH co CTaH,llapTHOll_ 

3_neKTpo11Hott annapaTypott, pa3pa6oTaHHoft .nnH ycnonnn ren11enoro KpnorenHoro 

o6ecne'leHMH. Ha caMoM JKe .nene pa60Tocnoco6HocTh np11 TeMnepaType JKM.llKoro 

a30Ta H nuwe npll)laeT CKBH)laM HOBUll Ka'leCTBeHHUll CTaTyc. 3TO HOBOe Ka'leCTBO 

HCXO)lHT M3 Toro; 'ITO HX pa6o'laH TeMnepaTypa nepeKpunaeTCH C )lllana30HOM 

pa60'IHX TeMnepaTyp nonynpono.nHMKOBUX 3ReMe~TOB. 

TaK, He.nanHMe 3KCnepHMeHTU ITOKa3anH, 'ITO ITOMHMO MarHHTHUX H3MepeHHll 

BTCTI·CKBH.llU IT03BORHT cymecTBeHHO (Ha 1-2 nopH.nKa) ITO.llHHTb TaKJKe, yponenb 

'IYBCTBHTenbHOCTH B o6naCTM 3ReKTpM'leCKHX H3MepeHMll, KOTOpUtt B HaCTOHmee 
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BpeMll o6ecneqttBaeTCll no11ynpOBOJlHHKOBhlMH 3JieMeHTaMH [2]. 3TO llOBhlWeHtte 

ypoBHll MO:ir;eT 6h!Tb ocynteCTBJieHO 3a cqeT C03)laHttll TaKHX 6a30BhlX ycTpOHCTB 

H3MepttTeJibHOH _TeXHHKH, HCUOJlb3YkllllHXCll npaKTHqecKH BO Bcex H3MepttTeJib,HhlX 

nptt6opax tt · onpe)leJillJOIUHX ttx MeTpo11orttqecKtte xapaKTepttcTttKH, KaK 

CBepxManowyMlllUHe onepalI,HOHHhle ycttJIHTeJIH! BhlCOKoqacTOTHhle ycttJIHTeJitt; 

BucoKoqyBCTBttTeJibHhle,KoMnapaTopu, npeo6pa30BaTe11tt pllJla ~H3ttqecKttX Be11ttqtt11 

B 3JieKTpttqecKtte Ii T. n. EcTeCTBeHHO, qTo CKOJlbKO-Htt6y)lb 3aMeTHOe BJIHlllme Ha 

H3MepttTeJibHYJO TeXHHKY (He rOBOpll_ y:ir;e O C03)laHHH TeXHHKH CJie)lyJ01Uero 

,IlOKOJleHHll) B_TCII- CKBH)lhl CMoryT OKa3aTb TOJlbKO B TOM c11yqae, eCJIH Bee 

Ha3BaHHhle Ii HeHa3BaHHhle 6a30Bhle ycTpOHCTBa 6yJlyT HCTIOJIHellhl B BH)le 

HHTerpaJibHhlX MHKpocxeM ue11eBoro Ha3HaqeHttll. TaKHM o6pa30M, 

)lttana30HOB pa6oqttx TeMnepaTyp IIOBhlX CBepxnpoBOJllllUHX 

nepeKpuaaHtte 

MaTepttaJIOB Ii 

no11ynpOBO)lHHKOB )le11aeT npaBOMOqllhlM sonpoc 0 CTaHosneHHH H 

pa3BHTHH HOBOH BaMHeflwefl o6JiaCTH 11ayKH Ii Tex1mKH - rn6pHP,HblH 

lll,ICOKOTeMnepaTypHhlH CBepxnpoBOJlHHK - no11ynpoBO)lHHK (IIII) MHKp03JleKTpOHHKH. 

B KOHeqHoM cqeTe MHKp03JieKTpOHHKa a30THoro ypoBH.H OXJiallU(eHHll JlQRJl(Ha 

6a3ttpoaaTbCll Ha TeXHOJIOrHH, TI03B0Jl.Hkl!UeH ~OpMHpoBaTb BTCII-H IIIT•3JieMeHThl Ha 

O)lHOM KpttcTaJIJie. TaKOH TIO)lXOJl onpaB)laH C TOqKH 3peHHll MHKpOMHHHaTklptt3aUHH, 

IlOMexoycTofiqHBOCTH Ii CHHMeHHll ce6ecTOHMOCTH, oco6e11110 nptt 3Ha'-IHTeJibllhlX 

o61>eMax npOH3B0)lCTBa. 0)lHaKo Ha TIYTH C03)lal!Hll O)lHOKpHCTaJlbl!hlX rn6pttJlllhlX 

ycTpOHCTB CTOHT P.HJl eme HepeweHHhlX npo611eM, CB.H3aHHhlX C TeM, '-!TO no 

cpaBHeHttK> C nonynpOBO)lHHKaMH OKCH)lllhle caepxnpoBO)lllHKH HMelOT 3Ha'-IHT~JlbHO 

60JJbWYkl Ii CJIOMHYIO aTOMHYIO ll'-lef!Ky. KaK CJJe)lCTBHe 3TOro, Tex11011ortttt 

BhlpalUHBaHHll 3TIHTaKcttaJJbHhlX nneHOK BTCfl- Ii rrrr- MaTepttaJIOB Ii ~OpMttpoBaHHll H3 

HHX CJIOJ[Hh!X CTPYKTYP CHJlbHO OTJittqaklTCll. B qacTHOCTH, HeOOXO)lHMO 

no~epiimBaTb 3HaqttTeJJbHO 6onee BucoKyK>, qeM B cnyqae c nn, TeMnepaTypy 

llO)lJIOMKH B npouecce OCallU(eHHll BTCII~nJieHKH'C ueJJbkl o6ecne'-!eHHH ee BhlCOKoro 

Ka'-!eCTBa. KpoMe 3Toro HMeeT MeCTO 60JJbWall pa3HHUa B TeMnepaTypHhlX 

K03{fX!lHUHeHTax pacrnttpeHHH (TKC). CKaMeM, Hatt6onee WHpOKO HCllOJlb3YJOIUHeCH B 

MHKp03JJeKTpOHHKe llOJlJIOMKH H3 MOHOKpHCTaJIJIH'-leCKOro KpeMHHll HMeKJT ~- ~-TKC~3.8x10 / C, B TO BpeMll KaK MH YBaCuO TKC~16x10 / C. OTCK>)la 

KpHTH'-lecKall TOJIIUHHa nneHKH YBaCuO Ha Si, '-ITOOhl H36eJKaTb pa3phlBOB, MOMeT 

6h!Tb He 6011ee SOHM [3]. -JlJIH cpaBHeHHH JIOH)lOHOBCKaH rny6tt11a apOHHKHOBeHHll, 

KOTopy10 TOJlll(HHa nJJeHKH )lOJIMHa npeBOCXO)lHTb B no)laBJJ.HKJIUeM 60JlbWHHCTBe 

npaKTHqecKHX npttJJOMeHHH, AL~200HM [4]. 

He ,MCKJIIO'-leHo, qTo peweHtte npo6JI~M cor11acoaaHHll BTCII-H nn-TeXHOJIOrHH 

noTpe6yeT npO)lOJIXHTeJibHOro BpeMeHH. Y'-IHTh!BaH 3TO, MOXeT 6h!Tb,HMeeT CM~CJI 
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Ile CTaBHTb cpa3y 3a)la'-!y MaKCHMYM, a npttcTynttTb nepaoHaqaJJbHO K pa3pa6oTKe 

JlBYXKpHCTaJlbHhlX MHKpocxeM: Ha O)l!IOM KpHCTaJJJie ~OpMttpoBaTb 

CBepxnpOBO)lllHKOBhle naccHBHhle Ii . aKTHBHhle 3JleMeHThl, a Ha JlpyroM 

COOTBeTCTBeHHO nonynpOBO)lllHKOBhle. BBe)leHHe TaKoro npoMexyTO'-IHOrO 3Tana B 

OOIUYK> nporpaMMY pa3BHTHH BTCII- MHKpO~JieKTpOHHKH TI03BOJIHJIO 6u yxe cerO)lHll 

TIO)lKJIKl'-IHTb K pa6ornM MOIUHhle nonynpoBOJUIHKOBhle ~HpMhl tt TeM caMh!M 

311aqttTeJ1bllO ycKopHTb TIOllBJiemie npaKTHqecKHX BTCII-CKBH)l-CHCTeM, B KOTOphlX B 

11aCTOll1Uee l}peM.H omymaeTCll OCTpall TIOTpe6110CTb , . oco6e11110 B TeXHHKe 

~H3tt'-!ecKoro 3KcnepttMeHTa tt MeTponortttt. 

UeJib )lalll!Oro o63opa - nocrapaTbCll 06061J.1HTb OCHOBHble Hapa60TKH ·a 

o6JJaCTH BTCII- H HTCII- CKBH)lOB, KOTopue MOMHO 6uno 6u B3llTb 3a OCHOBY 

pa3BHTH.H IIOBOro 11anpaBJ1eHH.H MHKp03JleKTp□HHKH. ITOCTaBJiellllYK> 3a)la'-ly MOXHO 

6yiteT C'-IHTaTb Bh!IlOJIIIellllOH, a C)leJJaH!lhlH TPYJl He HanpaCHhlM, ecJJH )laHHall 

pa6oTa XOTb B KaKOH-TO Mepe IlOMOMeT cneuttaJJHCTaM eme 6onee HCIIO YBH)leTb 

o6my10 nepcneKTHBY HJIH C3KOIIOMHTb HX BpeMll, 6yJleT cnocoocTBOBaTb nporpeccy 

B IIOBOM HIITepecneflmeM 11anpaBJ1ellHH HayKH H TelCHHKH - MHKp03JleKTpOHHKe 

a30THOr□ ypoBHll OXJlallU(eHHll. 

2. BTCII CJia6ue CBll3H 

2.1. 3~~eKT Jl:ir;o3e~COHa: OCHOBHhle COOTHOWeHHll. 

Pe3HCTHBHall MO)leJlb 

KaK IlOKa3aJIH MHOrO'-!HCJJemme 3KcnepttMeHThl B HH3KOTeMnepaTyp11oii ~H3HKe, 

JlHIIaMHKa npaKTH'-!eCKH BCeX THilOB. CJia6ux CBH3ett Ilptt onpe)leJJellllhlX 

COOTIIOIUellttllX re□MeTptt'-leCKHX pa3MepOB H P,nHHbl ( HnH P,nHH) Korepe!ITIIOCTH 

COCTaBJJllKl!UHX HX MaTepttaJJOB Il□Jl'-IHII.HIOTC.H ypaa11e11tt.HM, KOTOphle Jl:ir;o3e~c01( 

npe)lJIOMHJI JlJIH onttcanm1 npouecca Ty1111emipoBaHHH MellU(y JlBYMH 

cnepxnpOBO)lHUlHMH 3JleKTpoJtaMH, pa3)leJieHHhlMH TOHKHM H30JJHPYK>UlHM 6apbepoM: 

{ 

I= Icsin~ + [u
0

(V,T) + u
1

(V,T)cos~]V, 

h d~ 

V = 2e x dt • 

(2. 1) 

rite V -Hanpllxe,me Ha nepexoite, I - TOK '-!epe3 nepexoit, I c 

KpHTH'-leCKOe 3Ha'-1e1me TOKa I, ~ - pa3HOCTb ~3 BOJIIIOBOH ~YHKUHH no o6e 

CTOpOllhl 6apbepa, uo' ul - 11opMaJibllhle npoBO)lHMOCTH, .HBJIHIOIUHeCH ~YIIKUHllMll V 

HT, T - TeMnepaTypa·nepex□)la. 

o61>e)lllllllll CHCTeMy (2. 1) B Q)lIIO ypam1e1me H npe)lilOJJaraH, '-!TO u 1/u 
O 
➔ 0, 

1/u. =R , nonyqaeM nupa:ir;e1me 
o o h. 

d~ 
I = Icsin~ + 2e x R ~ , 

0 

3 

(2.2) 



KOTOpoe JierJIO B ociloay ,llJill C03,1lamrn pe311CTl1BHOH M0,1leJI11 .lllK03e<JlcouoBCKO,O 

nepexo.11a [5, 6): 

2 
h 1 d~ h d ~ 

I = Icsin~ + z;;x RN ~ + 2e? + Ifl', (2.3) 

r-.11e RN - napaJIJieJibHoe coe.111111e1111e R
0 

11 conpoTl1BJieH11ll BHewuer-o wyuTa 

- (B (2. 3) RN «Ro -cJiy'laf! Cl1Jlbll0 wyHTl1pOBaH110r-o TYHHeJibllOl'O nepexo.11a). 

cxeMaTl1'1eCKl1 pe311CTl1Bllall MO,lleJib npe.11cTaBJieHa Ha p11c. 1. In - T~IlJIOBOH 

·WYMOBOR TOK, 11CTO'IHl1KOM KOTopor-o llBJilleTCll R. C aBTOKOpeJIJillU110HHOH 
2kbTo(at) N --

<!>YHKUHefl <In (t+at)In (t)> = R • r-.11eo(at). - .11eJibTa-<!Jy11KUl1ll. 
N 

1s = le sin 'f 
a 

a 

b 
b RN In 

P11c.1. Pe3RCTl1BHall MO,lleJib ,llJK03e<JlCOHOBCKOl'O nep~xo.11a. 

XOTll pe311CTRBHall MO,lleJib np11r-o.1111a ,llJill onRcaHlill scex Tl1Il0B CJia6ux 

CBll3ef!, BKJll'.l'lall 11 S-N-S CTPYKTypu, ecTeCTBeHHO, '!TO noae.11eH11e peaJibHUX 

nepexo.110B/MOJKeT CliJibllO OTJll1'1aTbCll OT IlOBe,1leHl1ll, npe.11n11cusaeM010 ypasHeHl1eM 

(2. 3); JJill TaKl1X nepeX0.1108 pa3pa60TaHU 6oJiee CJIOJKHUe MO)leJil1 [7]. 0,/lHaKO 

npaKTRKa IlOKa3usaeT: ,llJill Toro 'ITOOU Cl1CTeMU C .1llK03e<JlCOHOBCKRMl1 nepexo.11aM11 

11MeJil1 BUCOKRe IlOKa3aTeJil1 Ka'!eCTBa, B 60JibWl1IICTBe CJiy'laeB HYJKHO ,1l0011BaTbCll 

RX COOTBeTCTBl1ll pe3RCTRBHOH M0,1leJil1 (2.3). 

UeJie11anpaBJieHHOe , cosepweHCTBOBa1me TeXHOJI0,1111 np11rOTOBJieHl1ll 

.lllK03e<IJCOHOBCKl1X nepeXO,llOB HeB03MOJKHO 6e3 3HaHl1ll 11X Ml1KpOCKOil11KR. K 

COJKaJieH111'.l, noJIOJKeH11e 3,/leCb noKa TaKOBO, '!TO KOJll1'1eCTBO 11Mel'.lWl1XCll BOnpocoB 

no RHTepnpeTaU1111 ,llaHHUX 3KCnep11MeHTOB 3Ha'11-1TeJibHO -npeauwaeT KOJll1'1eCTBO 

OTBeTOB Ha HUX, ,Ila caMl1 OTBeTU '!aCTO He0,1lH03Ha'IHU. JJill aHaJil13a 

MliKpOCTPYKTypu onpe,lleJillklTCll CJie,llyklWHe ua1160Jiee Ba.JKHUe napaMeTpU CJia6ux 

CBll3efi. 

xapaKTepHoe HanpHJKeH11e 

conpoTRBJie1111e, R3MepllklWeecll 

TeMnepaTypy Tc. 

V (Tl 
C 

npu 

4 

Ic(T)RN, 

T, ueMHOl'O 

r.11e RN 

npeBuwaDmef! 

HOpMaJibHOe 

Kp11Tli'JeCKYl'.l 

l r 
,.,. 

JJill TYHHeJibHUX CTpyKTYP, eCJil1 TOJIW11Ha 1130Jil1PYl'.lWer-o CJ!Oll d MHOl'O 

MeHbWe ,1lJil1HU CBOOO,llHOl'O npo6er-a B ceepxnpOB0.1lllW11X 3JieKTpo.11ax 11 

60JibWe MeJKaTOMHUX pacCTOllHl1H (CJia6all npo3pa'IHOCTb 6apbepa !!! ) [8] 
n a(T) a(T) 

Vc(T) =~7th 2kbT • (2.4) 

MHOl'O 

r-.11e a(T) - 3Hepr-eT11'1eCKal1 meJib ceepxnpOB0,1lllW11X 3JieKTP0.1lOB B6Jil1311 

6apbepa, e - 3apll.1l 3JieKTpo11a; 

,llJill S-N-S cTpyKTYP np11 d ~ 31;n 11 T ~ 0.3Tc' [8,9]: 

V (T) "' 2l1(T) ex (-d /<= ) 
c e p n "'n ' 

(2.5) 

dn- TOJIWHHa npocJIOHKl1 113 r-.11e HOpMaJibHO['O MeTaJIJia, I; -n 
er-o 

IIOpMaJibHall ,llJIHHa Kor-epeHTHOCTl1. 
2!1(T) 

Tip11 

6apbepoM 

11anpHJKeH1111 ua nepexo)le V>-e- JlJill cTpyKTYP 

xapaKTepua BAX (BOJibT-aMnepHall xapaKTep11CTl1Ka): 

C 1130Jil1PYklWHM 

r-.11e 

V 

IN(V) = R' 
N 

a )lJlll S-N-S nepeXO)lOB 
V 

I (V) = - + I 
N RN ex 

MT) n
2 

lex=~ <4 -1) - R36UTO'IHUH TOK [10]. 
N 

(2.6) 

(2.7) 

Ha KBa311'1aCTl1'1HOH BeTBl1 BAX nepeXO)lOB Te_CTl1PYKlTCll TaKJKe: 

-TOKOBUe meJieBue CTyneHbKl1 lllan11po, KOTOpue )lOJIJKIIU 11a6JIIO)laTbCll B 

TO'!Kax Vn= nhf/2e, r-.11e f - '!aCTOTa auewuer-o o6ny'leHHll; 

-cy6-meneaue CTpyKTypu KaK pe3yJibTaT pe3011aHCIIUX caMOB036ylK.1leHl1H B 

nepexo)lax c MaJIUM 3aTyxa1111eM, '!TO xapaKTepuo .llJill s-I-S T11na cJia6ux CBll3efl 

[11]. 

np11 T=77K He MeHbWRR HHTepec npe)lCTaBm!eT 113Mepe1111e BAX C BUCOKl1M 

pa3peweH11eM no TOKY 11 uanpllJKe111110 B OKpecTHOCTl1 IC. KaK noKa3aHO B [12,13], 

B BTCTI ,llJK03e<JlCOHOBCKl1X nepexo)laX C peJlyUHpOBaHHOH 3Hepr-eTH'leCKOH meJibkl B 

caepxnpoBO.llllWHX 3JieKTpOJlaX B6Jil1311 pa3)leJilll'.lWero 6apbepa ua6n10.11aDTCll 

1136UTO'IHUe KBa31-lilOCTOllHHDe uanpllJKeu11e V 11 WYM V ' BU3Bauuue B03MOJKHO ps . ex 
TepMDaKTHBl-lpOBaHHUM npocKaJib3UBaHl-leM <Jla3U. TaK KaK, cor-JiaCHO [14]. )la.JKe 

,llJlll uel-lCKa.JKeHHOH, 6e3 .1le<Jll-lU11Ta Kl-lCJIOpO)la peweTKl-l caepxnpOBO)lHl-lKa B 

nepeXO)lHOfi o6JiaCTl1 S-I 3Ha'!eHl-le 311epr-eT1-l'leCKOH meJll-l ai(T) B6Jil-l31-l Tc MOJKeT 

6UTb MeUbWe 3HepreTH'leCKOH meJil-1B OTAaneHH~X HeB03MYllleHH~X cnoRxl1(T) l-l3-3a 

3KCTpeMaJibll0 MaJIOH ,1lJil-lHU Kor-epeHTHOCTR: 

ai(T)~a(T)(l-T/Tc)
112

1;co)/a, (2.8) 
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r.lle 1;(0) - .llJIHHa KOrepeHTHOCTH np11 T=O, a - nOCTOSIHHaSI peweTKH, TO C 

yxy.l{WeHHeM np03pa'IHOCTH nepeXO.llHOH OOJiaCTH H3-3a HCKaJKeHHSI 

HapyweHHSI CTeXHOMeTpHH H .llP- OJICH.llaeTCll yBeJIH'leHHe V H V 
ps ex 

peweTKH, 

K 3TOMY 

CJie.llyeT .llo6aBHTb, '!TO H36blTO'IHblH wyM vex B CJiy'lae npeBblWeHHll Ha.ll ypoBHeM 

6eJioro wyMa OT RN npOSIBJISleT ce6SI B CKBH,/laX, yxy.l{Wall HX pa3peweHHe no 

:rneprHH. IT03TOMY 'icOHTpOJib V SIBJilleTCll O'leHb JKeJiaTeJihHblM. H11Tepec110 6UJIO 
ex l 

6u YBll3aTb V H V C TTJIOTHOCTblO KpHTH'lecKoro TOKa '!epe3 nepeXO.ll Jw H 
ps ex wl c 

CTeneHbIO 0.llHOPO.llHOCTH pacnpe.lleJieHHll J B nepeXO.lle . 
c l 

06 0.llHOPO.llHOCTH pacnpe.lleJieHHll Jw MOJICHO CY.llHTb no 3aBHCHMOCTH 
C 

KpHTH'lecKoro TOKa OT BHeWHero MarHHTHO,O nOJISI Ic(H). ITpH xapaKTep11ux 

pa3Mepax CJia6ofl CBSl3H s<?. (?. - ,/lllC03e(JlcoHOBCKall rny6tt11a npoHHKHOBeHHll) 
J l J 

paBHOMepHOMY pacnpe.lleJieHHIO Jw COOTBeTCTByeT I (H) B BH.lle (Jlpay11ro(JlepoBCKOH 

. .llH(JlpaKUHOHHOH KapTHHbl: 

I (H) = I 
C CO 

C C 

sin(H/H) 
0 

H/H 
(2.9) 

,Jle H
0
=¢

0
w(d+2?.L),¢

0
~2,07 

ToJimtt11a 6apbepa. 

-& 
10 B6 - KBaHT TTOTOKa, w - w11p11Ha nepexo.lla, d -

BallCHblM (JlaKTOpOM npH ,aHaJIH3e MHKpocTpyKTypu nepexo)la SIBJISleTCSI 

TeMnepaTypHall 3aBHCHMOCTb. KpHTH'!eCKoro TOKa B6JIH311 T . Cor JiaCHO TeOpHH 
C 

AM6eraoKapa-6apaTOBa .llJlll nepeXO.lla S-I-S THna CJie.llyeT OJICH,/laTh 

I (T)«(l-T/T ), ecJIH BUTTOJIHSIIOTCSI ycJIOBHll, nocTaBJiemme nepe.ll (2.4). B TO 
C C 2 

BpeMSI KaK .llJlll nepeXO.lla SNS THna Ic(T)«(l-T/Tc) [7). 0.llHaKO HYJICHO 

3aMeTHTb, '!TO c y'leTOM (2. 8) ypaBHeHHe AM6eraoKapa-6apaTOBa 3armweTCSI 

CJie.llyIOmttM o6pa30M [12): 
2 m\ (0) 2 

Ic(T)~ 4eR kbT (l-T/Tc) • 
0 C 

(2.10) 

To eCTh B .llllC03ecpconoBCKHX nepeXO.llaX THna SIS C 3JieKTpO.llaMH H3 BTCIT 
' 2 

MaTepttaJIOB He HCKJIIO'lel!a B03MOJICHOCTb Ha6JIIO.llaTb Ic(T)«(l-T/Tc) . 

ITOCJie.llHHH napaMeTp, 0 KOTOpOM XOTeJIOCh 6u ynoMHHYTb,.- COOTIIOWeHHe 

MellC.l{y CBepXTOKOM H pa3HOCTblO !Jla3 napaMeTpa nopll.llKa - Is(¢), TaK KaK 3TOT 

napaMeTp. llBJilleTCSI O'leHb TOHKHM HHCTpyMeHTOM npH onpe.lleJieHHH Ka'leCTBa 

,/lllC03e(JlCOHOBCKHX nepeXO.llOB. <l>YHKUHSI I (¢) Henocpe.llCTBeHHO BXO.llHT 8 s . 
pe3HCTHBHYIO MO.lleJib (B (3) Is(¢)=sin¢) H TT03TOMY no BH.llY CTaUHOHapHblX H 

HecTaUHOHapHblX BOJibT-aMnepHblX xapaKTepHCTHK KOCBeHHO MOJICHO CY./lHTb o6 ee 

OTKJIO!IeHHH OT CHHYCOH,/laJibHOro 3aKOHa. 0.llHaKO HanOMHHM, '!TO B HTCIT 

pa3pa6oTaH MeTO.ll onpe.lleJieHHSI I (¢) B SIBHOM BH.lle [15). B .llaHHOM CJiy'lae 
s 

~epexo.ll BKJIIO'laeTCll 8 COCTaB pa.llHO'laCTOTHoro CKBH.l{a, pa6oTaIOmero B 

6e3,HCTepe3HCHOM pellCHMe. .l{OCTOHHCTBOM TaKoro MeTO.lla llBJilleTCll B03MOJICIIOCTh 

6 

t 

t 

:"I' 

f 

H3MepeHHll Is(¢) C xopowefl TO'IHOCTblO .llJISI caMoro HHTepecnoro Ha npaKTHKe 

cJiy'lall - nepeXO.llOB C IC MeHee HeCKOJlbKHX .lleCSITKOB MHKpoaMnep nptt" 

TeMnepaType JKH,/lKOro a30Ta, KOr.lla BAX aBTOHOMHblX nepeXO.llOB CHJibHO pa3MblTU 

TenJIOBblMH wyMaMH [16). 

AJibTep11anrnofl ,/lllC03ecpcoHOBCKllM nepexo.llaM SIBJISIIOTCSI CJia6ue CBS13H C 

IIOBe.lleHHeM, TTO.llOOl!blM .,/lllC03ecpcoHOBCKOMY 3a C'leT KorepeHTHOro .llBHJICeHHll BHXpefl 

8 HanpaBJieHHH, nepneH)lllKYJillpHOM TpaHcnopTHOMY TOKY (flux-flow cJia6ue 

C8513H) (7). 3TO xapaKTepHO )lJill nepeXO.llOB C WllpHHOH w>?. , r.lle 
1/2 J 

?. J = [h/(2µoeJ c C2\ +d))) - )llK03ecpcoHOBCKall rny6m1a npoHHKHOBeHHSI. B HHX 

TaKJKe MoryT ua6JIJO)laTbCll TOKOBble cTyneHH npH BHewHeM CBI! o6Jiy'leHHH, O)lHaKO 

BAX TaKHX nepeXO)lOB SIBIIO OTJIHlfaeTCll OT BAX, )lanaeMOH pe3HCTllBHOH MO)leJibJ0-

(17). 

2.2. THnU BTCIT CJia6LIX CBSl3eH 

ECJIH BeCTH pel!b O npo6JieMax, KOTOpble neo6XO)lllMO pemaTb npH C03)lal!HH 

r116pHJlHOH 8blCOKOTeMnepaTyp111,1fl cnepxnpOBO)lllHK- noJiynpoBO)lllHK TeXIIOJIO,HH, TO 

neInpaJibl!Oe MeCTO no CJIOJKIIOCTH peaJIH3aUHH 6e3 COMHelmH npH!ta)lJieJKHT 

npo6JieMe ipopMHponamrn nJie110411oro JlllC03e(JlcoHOBCKoro nepexoJla. np114eM 

nu6pamtall MeTOJlHKa )lOJIJKl!a 11e npOCTO o6ecnelfHBaTb 8 npHHUlllle B03MOJKIIOCTb 

C03)laHHll Jlll{03e(JlcoHOBCKOro nepexo)la C HYllCllblMll 3JieKTpH4eCKHMH napaMeTpaMH, 

110 H )lOJIJl{lla B )lOllOJIHelme K 3TOMY yJlOBJieTBOpllTb BCeM OObllfHblM Tpe6oBallHSIM, 

npe.n;LllBJIHeMUM K 3JieMeHTaM MHKp03JieKTpOIIHKH, a HMeHHO: 

- KOI!TpOJIHpyeMOCTh. HMeeTCll B BHJlY, '-!TO, 3a)laBall onpe)leJiellllble 

TeXHOJIO,HlfeCKHe pell{HMbl, MOJKHO 6blJIO 61,1 C yaepeHHOCTbJO npe)lcKa3blBaTh 

OCIIOB!lble 3JieKTpH4eCKHe napaMeTpbl nepexoJia; 

- nocnpOH3B0JlHMOCTb O<.:HOBHblX napaMeTpOB OT o6pa3ua K o6pa3uy; 

- HX )lOJl,OBpeMeimall CTa6HJibllOCTb; 

- BblCOKall Ha.llellCHOCTb npH TepMOUHKJIHpOBaHHSIX. 

KpoMe 3TO,O JKeJiaTeJiblIO B KOHelf!IOM ClfeTe C03)laTb TyIrneJ1bllYJO 

.llJIC03e(Jlco11oacKyJO CTPYKTYPY; pa6ornJOmyIO np11 TeMnepaType JKHJlKOro a3orn. no 

aHaJiorHH C HH3KOTeMnepaTyp11ofl CBepxnpoBO)lllHKOBOH 3JieKTp0111lKOH HMelll!O 

TymreJiblll,le nepe~O)lbl npe)lllOlfTHTeJibllee HCHOJib30BaTb B a11aJiorOBblX H oco6emro 

UH!!JpOBblX ycTpOHCTBax, TTOCKOJibKY np11 nepeKJIIOlfelmll B IIOpMaJibllOe COCTOHHlle Ha 

1111x na)laeT 11anpm1CeIme l!N, 6JIH3Koe K meJieaoMy 3Ha•1e1111IO, KOTopoe one1111BaeTcS1 

B 31 MB. TaKoe 1!,.V Il03BOJIHJIO 61,1 JierKO corJiaCOBblBaTb BTcn- 3JieMellTbl C 

noJiynpOBO)lllHKOBblMH. npe)lnpml.HTble llOilblTKH (HanpHMep, [18)) aBTOMaTl!lfeCKH 

nepenecTH 110.llXO)lbl 1111o611eBOH TeXHOJIOJ'HH 110 (JlopMHponaHHIO H30JIHpyJOtuer·o 
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6apbepa Ha BUCOKOTeMnepaTypHue CBepxnpOBOJlHHKH OKa3aJJHCb 6e3ycnew1mMH. no 

BCeH B11JlHMOCTH npH C03)laHHH TYHHeJJbHOH CTPYKTypu npe)lCTOHT BeCTH 6opb6y 3a 

Kall'.Jll,IH aTOMHUH CJJOH, T.e. 6apbep JlOJJJl(eH 6UTb BUpameH 3nHTaKcHaJJbHO, qTOOht 

corJJacoBaHHe ero aTOMHOH peweTKH 11 aTOMHOH peweTKH BTCTI-3JJeKTp0Jl0B 6UJJO 

6JJH3KHM K HJleaJJbHOMY. ·B npOTHBHOM cJJyqae, KaK yJl(e OTMe'¾aJroCb, HCKaieHHH 

peweTKH B np116apbepHUX CJIOHX npHBe)leT K no)laBJJeHHIO napaMeTpa nopHJlKa, 

yMeHbWeHHIO V c 11 K CHHJl(eHHIO JlJIHHl,I KorepeHTHOCTH. nocJJe)lHee oco6em10 

HeJl(eJJaTeJJbHO, T.K. )laJl(e npH HeB03MymeHHOH JlJIHHe KorepeHTHOCTH B nJJOCKOCTH 

a-b i; =(1+2}HM [4] npHJleTCH pewaTb npo6JJeMy CHHJl(eHHH np03pa'¾HOCTH s . 
Jll13JJeKTPH'¾eCKOro 6apbepa, He rOBOpH yJl(e O npo6neMe MHKp03aKopOTOK. 

Ha nyTH C03)laHH51 TYHHeJJbHOH CTpyKTypu JlOCTHrHYT 3Ha'¾HTeJJbJll,IH 

nporpecc: B npHHUHnHaJJbHOM . nnaHe peweHu Bonpocu 3nHTaKCHa)lbHOro 

BUpamHBaHHH He TOJJbKO TOHKHX nJJeHOK 113 BTCTI -MaTep11aJJOB [4, 19], HO 11 

nOHBHJJHCb nepBue 3nHTaKCHaJJbHUe s- I -s MHOrOCJJOHHUe CTPYKTypu, npaB)la, C 

TOJICTUM 1130JJHPYIOmHM CJJOeM'[3,20,21]. TeM He MeHee JlJIH Toro, 'l{TOOU noHBHJJCH 

npaKTH'¾eCKHH TYHHeJJbHUH 

Tpe6oBaHHHM, noTpe6yeTC51 

nepeXOJl, YJlOBJJeTBOpH10m11il BCeM 

eme KaKOe-TO BpeMH .. C Jlpyroil 

nepe'¾HCJJeHlll,IM 

CTOpOHU, KaK 

noKa3UBaeT OITUT pa6oTU C MaCCHBHOil ITOJIHKpHCTaJJJJH'l{eCKOH KepaMHKOH, CKBHJll,I c· 

BUCOKHM pa3pewe1111eM no 311epr1111 MoryT 6uTb nocTpoeHu 11 Ha nepexo)lax c 

HenocpeJlCTBeHHOH npoBOJlHMOCTblO. 6oJJee Toro, eCJJH HCnOJJb30BaTb CTaBWHe 

CTaH)lapTHUMH MeTOJll,I C'¾HTUBaHHH HHq>OpMaUHH co CKBHJlOB, TO Bee paBHO 

neo6XOJlHMO ocymecTBJJHTb wy11T11poBaH11e TYHHeJJbllUX nepeXOJlOB [22], 'l{TOOl,I 

ycTpaHHTb r11cTepe311c BOJJbT-aMnep111,1x xapaKTepHCTHK, '{TO, B CBOIO oqepeJlb, 

Bee paBHO npHBOJlHT K CHHJl(eHHIO Ve. 8 CB51311 C 3THM HCCJJe)lOBaHHH BeJlyTCH 11 B 

paMKax Jlpyrnx CTpyKTyp. 3TO npe)l(Jle Bcero 6JJHJl(attw11e a11aJJorn S-I-S CTPYKTYP 

- S-N-S 11 S-SE-S CTpyKTyp1,1 (SE-nonynpOBOJlHHK}. B KOTOpUX Tpe6oBaHHll K 

6aJJbepy CHf!Jl(aJOTCH, T. K. era TOJJmmia JlQJIJl(Ha COOTHOCHTbCH c era Jl(e 

HOpMaJJbllOH JlJIHHOil KorepeHTHOCTH t;n [7], )laJJee CTPYKTypu c HCKYCCTBeHIIOH 

MeJl(3epeHHOH rpaHHUeH, a TaKJl(e pa3Horo po)la MHKpOMOCTHKH. 8 TeXHOJJOrHH 

noJJy'¾eHHll BTCTI -nepeXOJlOB C nenocpeJlCTBeHHOH npoBOJlHMOCTblO JlOCTHr~yTu 

3Ha'¾HTeJJbHUe ycnex11 11 n03TOMY HeKoTopue 113 3THX nepeXOJlOB MU paCCMOTpHM B 

3TOH rJJaBe. 

TIOCKOJJbKY ony6JJHKOBaHO 11 nocTOHIIIIO noHBJJHeTCH orpoMHOe KOJIH'l{eCTBO 

pa6oT' nOCBHmeHHUX BTcn CJJa6uM CBSl3SIM' Ha pile. 2 COCTaBJJeua HX 

KJJaCCHq>HKaUHH. 803MQJl(HO, 3Ta KJJacc11q>11KaUHH Hec0Bepwe11Ha, HO OHa no3BOJJHT 

HaM op11eHTHpOBaTbCH B noTOKe pa60T. 

8 
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.... 

,, 
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OJlHOCJIOHHUe 
cTpyKTypu 

BTCn CJIABl,IE CBi3H 

nepeXOJlU Ha MeJl(-
3epeHHOH rpaHHUe 

MHKJJOMOCTHKH 

QJ I 
:,;: QJ QJ 
:,: :is ::r~ 
CJ :,:: c.. (I) 
QJ ..Cl 0 bO 
:,- <; E-- "O 
:,;: «l I Cll 
<; :,;: 01 
<; CJ E-- ll, 

f: :,: «l (I) 
«l :,- .... 

CJ E-- :,:: Ill 
:,;: :,;: QJ-
c.. i:: i:: 
:,: er, >, QJ 
:,;: :,;: E-- :is 

IO IO CJ <%l 

(I) 
bO 

"O 
(I)~ 
-111 

r::: 
QJ 0 
:is .... 
<%l .... 
QJ 0 

·a§ 
0...., 
E--

PHC.2. KJJacc11q>11KaUHH BTCn CJJa6ux CB513eH. 

MHOrOCJJOHHUe 

crpyKTypu 

QJ 
:is 
:,:: 
..Cl QJ 
<; :,:: :is:,;: 
«l :,- :,:: :,-
:,: :,;: c..:,;: 
:,;: <%l «l <%l 

5.~ :,:: "'( 
«l:,:: 

QJ er, <; er, 
<%l CJ i:: CJ 

2. 2.1. CJJa6Lie CBH311 Ha 8JlHHOH MeDepeHHOH rpamme 

B OCHOBe )laHHoro THITa CB5138H pa6oTaeT CJJe)lyJOmHH 3KCnepHMeHTaJJbHO 

ycTaHOBJJeHHUH q>aKT. 8 TeKcTyp11poBaHHOH nJJeHKe C OCblO c, HJleaJJbHO 

BUCTpOeHHOH rrepneH)lHKYJJHpHO nJJOCKOCTH nOJlJIOJl(Kil, Ha6JJIO)laeTC51 CHHJl(eHHe 

o6oeMHOH nJJOTHOCTH KJJHTH'¾eCKOro TOKa, ecJJH HMeeT MeCTO pa3op11enTaUHH ocel1-

B 6a3aJJbHOH nJJOCKOCTH [23]. Kor)la yroJJ pa30pHeHTaUHH 8 (pHC.3} CTaHOBHTCH 

6oJJbWe HeKoToporo KpHTH'¾ecKoro 3Ha'¾eHHH, TO rpaH11ua, pa3JleJJHJOmaH 

pa30pHeHTHpOBaHHUe yqacTKH nJJeHKH, Ha'¾HHaeT pa6oTaTb KaK cJJa6aH CB513b. 

Bnocnell,CTBIIIIII a [24] 
0

6blflO HaiiineHO, '{TO CJJa6ocBH3aHHOe noBeJleHHe MoryT 

noKa3UBaTb TaKXe rpaHHUU Me)l(Jly MOHOKpHCTaJJJJH'l{eCKHMH nJJeHKaMH, pa3op11e11TH

poBaHHl,IMH 11 B Jlpyrm~ nJJOCKOCTHX, HanpHMep, no OCH c, KaK noKa3aHO Ha p11c. 
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YBa2Cu307x 

PHC. 3. cxeMaTH'IeCKOe H300pal!CeHHe 6HKpHCTaJJJJa. IlOJJOBHHKH 
6HKpHCTaJJJJa pa30pHeHTHpOBaHbl Ha yroJJ 8 B 6a3aJlbHOH nJJOCKOCTH 
H Ha yroJJ <p no OCH c [ 171. 

3 (yroJJ <p). . KoJJH'!eCTBeHHble pe3yJ1bTaTbl no HCCJJeAOBalmX> 3aBHCHMOCTH 

I;JJOTHOCTH KpHTH'!eCKOro TOKa Jc OT pa3JJH'!HblX yrnoB pa30pHeHTaUHH BnepBble 

6blJJH npeACTaBJJeHbl B [23, 24], a 3aTeM HeOAHOKpaTHO YTO'IHRJJHCb, HanpHMep, 

[25]. fpa<JlHK Jc(e), nocTpoeHHblH no naHHblM [23], npencTaBneH Ha puc.4. Ha 

0 
0 --, 

"- 0.1 
o. --, 

0.01 
0 10 20 30 40 

Misorientotion angle (deg) 

PHC. 4. 3aBHCHMOCTb nJJOTHOCTH KpHTHl!eCKOro TOKa qepe3 rpa1rnuy 
6HKpHCTaJJna,pa3opHeHTHpOBaHHOro B 6a3aJJbHOH nJJOCKOCTH,OT yrna 
pa30pHeHTaUHH. 

rpa$HKe OT'!eTRHBO npocMaTpHBaXJTCR 3 OOJJaCTH: 

1. ManoyrnosaR rpaHHUa, 8<5°. C$OpMHpoBaHHblH Ha TaKOH rpaHHUe MOCTHK 

AeMOHCTpHpyeT CHJlbHYX> CBR3b Meuy 3epHaMH, KaK MOMHO CYAHTb H3 3aBHCHMOCTH 

ero ITJJOTHOCTH KpHTH'!eCKOro TOKa Jgb OT BHernHero noJJH, KOTopaH noJJHOCTbX> 
C 

coananaeT C noJJeBOH 3aBHCl1MOCTbX> nJJOTHOCTett KpttTH'leCKHX TOKOB caMHX 

coceAHHX 3epeu, $OPMHpynm11x rpaHHUY Jg(H); 
C 

IO 

... 

:, 

... 

·r-

2. (5<8<20°) - nepexonHaR OOJJaCTb OT CHJlbHOH CBR3H K CJJa6ocBR3aHHOMY 

noaene1mv. 

3. 8>20° 

pa3opue1nauuu, 

HaH60JJee HHTepecHaR AJlR Hae o6JJaCTb 6oJJb1JlHX yrJJOB 

Karna CllillKeHHe Jgb AOCTHraeT caoero Hac1,11ueHHR, H MOCTHK 
C 

MaJJblX pa3MepoB Hal!HHaeT noKa3blBaTb AM03e$COHOBCKHe CBOHCTBa. 

B nacToRmee BpeMH HeJJb3R CKa3aTb, '!TO yMe OAll03Hal!HO nOHRT MeXaHH3M, 

o6ecnel!HBaX>UlHH cna6ocBR3all!{Oe noaeneHHe. )locTaTO'IHO y6eAHTeJlbHOH BblrJJRAHT 

era reoMeTpuqecKaH HHTepnpeTaUHH. cornacuo [24, 26], H3 na6nvneuuw c 

HCnOJlb30BaH11eM 3JleKTp011HOro MHKpOCKona 11 OJl(e-cneKTpOCKOnHH BblCOKoro 

pa3perneHHR cnenyeT, '!TO B MeM3epennott rpa1mue HMeX>TCH necaepxnpoBOARWHe 

AHCJlOKaUHH, ueHTpbl KOTOpblX HaXOAHTCR B TO'!Kax HaH60JJblliero paccornacoBaHHR 

aTOMHblX perneTOK H3-3a KOHel!Horo 8. C yaeJJH'!eHHeM yrna pa30pHeHTaUHH 

IlJlOTHOCTb AHCJJOKaUHH yseJJH'IHBaeTcR, H, KaK noKa3aHO B [24], HMeHHO npH 
o • gb 

8=20 , '!TO COOTBeTCTByeT Ml1H11MaJ1bllOMY J , IIOpMaJlbHble "KOp1,1" A11CJ10KaU11H 
. C 

IlOJJHOCTbX> nepeKpblBaXJTCR. TaKHM o6pa30M' np11 8>20 ° 3epennaR rpanuua MOJKeT 

paccMaTp11BaTbCH KaK OOJJaCTb C IlOJJIIOCTbX> HCKaJKeHHOH HeynopRAO'leHHOH 

peweTKOH. 

KaKOBa MHKpOCKOnH'lecKaR npupona Mell(3epeHHOH rpa1mu1,1? liJJH 3TO 

HeOAHOpOAllblH SNS -KOHTaKT. HJJH HeOAHOpOAHaR SIS TynHeJJbllaH CTpyKTypa C 

OTCYTCTBHeM meJJH B IlJlOTHOCTH KBa3Hl!aCTH'!HblX COCTOHHHH, HJ111 napaJ1J1eJ1bllbll1. 

MaCCHB 6aJJJJHCTH'!eCK11X TO'!e'lllblX KOHTaKTOB' HJ111 6oJJee CJlOJKHble CMewamrne 

CTpyKTyp1,1, KaK, HanpHMep, SNINS H · T.A. B HaCTOHmee epeMR 3TOT eonpoc 

OTKpblT. C AHCKyccHHMH no lie My MOJKHO Il03HaKOMl1TbCR npaKTl1l!eCKl1 BO ecex 

pa6oTax, noCBHWeHHblX BTCH CJJa6blM CBH3HM, uanpHMep, B [9,11, 

12, 14,24,26,27,29 H np.]. .llJJH uac eaJKIIO OAHO, '!TO, cornacuo MHOrO'll1CJleHllblM 

3KcnepuMe11TaM, e 60J1bweyrnoa1,1x MeJK3epe11HblX rpamniax yron pa3opueuTau11H e, 

IlJJOTHOCTb KPHTHl!eCKoro TOKa Jgb, HOpMaJlbl!Oe conpOTl1BJ1e1111e R H nnomaAb 
C N 

rpaHHUbl A CBH3allbl OA!I03Hal!IIOH $YIIKU110!IaJlbHOH 3aBHCHMOCTbX> (scaling 

behavior). ECJJH pN=RNA, TO 

J p oc [_: )~ (2. 11) 
C N PN 

rne K = 0,75 B [27] H K = 0.85 B [28], 

V = I R oc(I )O. 6 
[27]. (2. 12) 

C C N C 

113 (2. 11) H (2. 12) MOJKHO BblBeCTl1 3aKJ1XJ'!e1me o B03MODIOCTK-

~OpMHpoeaHHR Jll[03e~COHOBCKHX nepexonoB Ha OCHOBe MeI3epeHHOH rpaHHUbl 

KOHTPOJJHpyeMhlM o6pa30M. 

II 



B HaCToRmee BpeMR pa3JIHqavT TpH THna eJia6ux eBR3eH, $OPMHpyvmHxeg Ha 

MeI3epeHHUX rpaHHuax. Bee 3TH ena6ue eBR3H - OJlHOCJIOHHUe eTpyKTypu, HMeDT 

6JIH3KHe 3JieKTpttqeeKHe napaMeTpU H OTJIHqaDTeR Jlpyr OT Jlpyra TOJ!bKO no 

MeTOJlaM $QpMHpOBaHHR llOJlJIOJICKH, Ha KOTOpOH 3llHTaKeHaJibHO BUpamHsaeTCR 

nJieHKa. KpaTKO paeeMOTpHM see TPH THna ena6ux eBR3eH, OTMeTHM HX 

.JlOeTOHHCTBa H He)locTaTKH, a TaKJKe npHBe)leM HX oeHOBHUe xapaKTepHeTHKH. 

BHKpHCTaRJIHqeeKHe CJia6ue eBR3H 

lieKyeeTBeHJ{aR rpaHHUa B )laHHOM THne ena6ux eBR3eH o6pa3yeTeR npH 

3nttTaKettaJibflOM BUpamHBaHHH TOHKOH nJieHKH Ha 6HKpHeTaJIJIHqeeKOH llOJlJIOJKKe. 

JlBe llOJIOBHHKH KOTopott HMeDT pa30pHeHTHpOBa11ue KpHeTaJIJIHqeeKHe peweTKH 

(pHe. 3). IlpHrOTOBJieHHe KaqeeTBel!HUX 6HKpHeTaJIJIHqeeKHX llOJlJIOJICeK RBJIReTeR 

eaMo no ee6e enox11ott 3a)laqeft. HaH6onee wHpoKo paenpoeTpa11eHu JlBa erroeo6a 

[24,25): 

ropgqee npeeeoBaHHe npH TeMnepaType Trrp 3HaqHTeJihHO HHJKe 

TeMrrepaTypu ITJiaBJiemm npenBapHTeJibHO TmaTeJihHO WJIH$OBaHHIIX JlBYX 

MOHOKpHeTaRJIOB. lJIR SrTi03 Trrp~1450°; 

- eHHTe3 e)lHHOro o6pa3Ua H3 JlBYX 3aTpasoq11ux MOHOKpHeTaJIJIOB npH 

T >T (JlRR SrTi03 T ~1650°C). B )laHHOM enyqae 6HKpHeTaRJI $OpMHpyeTeR s np s 
MHrpaUHeH nepBOHaqaJibHUX rpaHHU 3aTpaBoq11ux KpHeTaJIJIOB Ha paeeTORHHe B 

neeKOJ!bKO eoTeH MHKpon. 

Ilpoueee, peam-13yeMUH nepBUM enoeo6oM, Tpe6yeT MellbWHX BpeMeHHUX 

3aTpaT H rrpome B peaJIH3aUHH. 0JlHaKO B 11eM eeTb onaenoeTb ne$opMaUHH 

KpHeTaRJIHqeeKOH eTpyKTypu rrpH npeeeosaHHH. 

.liBJIReTeR oqeBHJlllUM, qTQ 6HKpHeTaJIJIHqeeKHe ena6ue eBR3H 

MaJionepeneKTHBHU JlJIR HHTerpaJibHOH TeXHOJIOrHH. OHH MoryT 6UTb HellOJlb30BaHU 

na npaKTHKe TOJibKO JlJIR peaJIH3aUHH 11eeJioJ1Cnux ueneft, eonepxamHx ne6onhwoe 

qHeJIO Jl)IC03e$COHOBeKHX nepeXOJlOB, nanpHMep, e)lHHHqHUX eKBHJlOB. 3TO eBR3ano 

e TeM, qTo JIOKaRbHOe paenoJIOJKeHHe esepxnpOBOJlHHKOBUX 3JieMeHTOB 3apaHee 

3anaeTeR JIHHHeH rpaHHUII B ITOJlJIO;,f[Ke. KpoMe Toro , npHrOTOBJieHHe 

BlleOKOKaqeeTBeHHOH 6HKpHeTaRJIHqeeKOH llOJlJIQ;,f[KH - eJIOJICHIIH H noporott rrpoueee. 

iannue nenocraTKH npeononeHu B ena6ux eBR3RX, $OPMHpyeMux na 

6H3llHTaKeHaJibHIIX ITJieHKax. 

BH3llHTaKeHaRbHLle CJia6ue eBR3H 

ToJiqKOM JlJIR pa3BHTHR )laHHOro THna ena6ux eBR3eH noeJiyJKHJIO na6JID)leHHe 

eymeeTBOBaHHR JlBYX opHeHTaUHH B 6a3aJibHOH ITJIOeKOeTH (8=45°) 3ITHTaKeHaJibHUX 

12 
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J 

J 

TOHKHX ITJieHOK YBaCuO e e-opHeHTHpOBaHHOH OebD, Karna OHH o~aDTeR rrpH 

pa3HUX TeMrrepaTypax Ha ITOJlJIOJICKH e KpHeTaJIJIHqeeKOH peweTKOH, HenoeTaTOqHQ 

xopowo eornaeynmefteg e peweTKOH YBaCuO. IlpHMepoM TaKOH ITOJlJIOJICKH MOJKeT 6UTb 

UHPKOHHH, eTa6HJIH3HpOBaHHUH HTTpHeM [30) HJIH earr$Hp [31]. 

Hneg $OpMHpOBaHHR 6H3nttTaKeHaJibHOH MeJK3epeHHOH rpaHHUU eOCTOHT B TOM, 

qTooU, rrpenBapHTeJibHO BUpaeTHB Ha ITOJlJIOJKKe 3aTpaBoqnue H 6y$epnue eJIOH H3 

orrpeneJieHHUX MaTepHaJIOB H HeITOJ!b3Y_R CTaH)lapTHYD $OTOJIHTOrpa$HD, ITOJIYqttTb 

nJieHKY, pa30pHeHTHpoBaHHYD B 6a3aJibHOH ITJIOCKOeTH e JIOKaJibHIIM pacnonoxeHHeM 

rpaHHUU pa3opHeHTaUHH B JIOOUX 3apanee 3a)laHHUX MeeTax llOJlJIOXKH. 

CxeMaTHqeeKoe H3o6paxeHHe eTpyKTypu 6H3ITHTaKeHaRbHOH ena6ott eBR3H 

npeneTanneno na ptte.5 [31). IlepnonaqaJibHO Ha r-nnoeKoeTb ean$Hposott 

llOJlJIOXKH OeaJKJlaJIH 3-30 HM 3llHTaKeHaJibHOro MgO. noene 3Toro HaHoeHJiaeb 

MaeKa o6uqHUM $OTOpe3H~TOM TaKHM o6pa30M, qTo6U nocJie HOHHOrO H.Jlll 

- XHMHqeeKoro TpaBJieHHR MgO 6uJI ynaJieH e noJIOBHHII llOJlJIOXKH. CBepxy 

napamHBaJIH 10-100 HM 3llHTaKeHaJibHOro 6y$epHoro eJIOR SrTi03 KaK Ha 

nonepxnoeTH ean$Hpa, TaK H Ha 3aTpanoqHoM eJioe MgO. IlpH nanJieHHH KHeJiopona 

100-200 MTopp H TeMnepaType llOJlJIOXKH 710-760°C nJieHKa SrTi03 pacTeT 8 JlBYX 

opHeHTaUHRX OT)leJieHHUX rpaHHUeH e 8=45° BJlOJib JIHHHH rrepexona OT MgO K 

earr$Hpy. 3nHTaKeHaJibHO nupamHnaeMUH BeJie)l 3a SrTi03 eJIOH YBaCuO rrpH 

eTannapTHUX yeJIOBHRX ITOBTOpReT 3TY C$OpMHponanwyveg Me;,ir3epennyv rpaHHUy. B 

Konue npouenypu JIHTOrpa$HqeeKH $OPMHpyeTeR eJia6ag eBR3b HY;,f{HUX pa3Mepon. 

HceJie)loBaHHR B [30-32) ITOKa3aJIH, qTo MOXHO JlOOHTbeR OTeyTeTBHR B ITJienKe 

nueoKoyrJIOBIIX 3epennux rpannu 3a HeKJIDqenHeM HeKyeeTBeHHO nupamennott. 3TOT 

BIIBOJl 6uJI C)leJiaH H3 H3MepeHHH ITJIOTHOeTH KpHTHqeeKoro TOKa B o6eHX 

ITOJIOBHHKaX 6H3nttTaKeHaJibHOH 

(l-3)10
6

A/eM2 rrpH T=77K. 

ITJieHKH, KOTOpaR, KCTaTH, eoeTaBJIRJia 

Pne.s. cxeMaTnqeeKoe H3o6pa;,ireHHe 
crpyKTypu 6H3llHTaKeHaJibHOH eJia6ott 
eBR3H [31). 
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TaK KaK npuroToaneHHe 6H3nHTaKcHaJibHhlX cna6ux cB»3eH onupaeTc» TOJibKO 

Ha CTa!UlapTHYIO ¢0TOJIHTorpa¢HIO H OHH MoryT 6b1Tb pacnoJiollCeHbl B JIOOOM MeCTe 

no,nJIOJICKH, TO 3TOT no.nxo.n B03MOJICHO 6y.neT npHHRT B 6y.nymeM 3a 6a30BblH B 

HHTerpaJibHOH CBepxnpoao.nHHKOBOH 3JI8KTpOHHKe. 

ucnonHeHHeM noTpe6yeTc» eme nopa60TaTb. 

o.nHaKo .nn» 3Toro HaJI ero 

3TO CBR3aHO C TeM, 'ITO 

6H3nHTaKCHaJibHble nepexo.nu HM8IOT caMoe HH3KOe 3Ha'leHHe Vc=(0.1-l)MB npH 

T=4,2K cpe,nu nepexo.noa Ha MellC3epeHHOH rpaHHUe H3-3a 6onbworo yrna 

pa30pHeHTaUHH 8=45° H, KaK cne.ncTBHe 3Toro, HH3KOH nJIOTHOCTH KpHTH'l8CKOro 

TOKa Jgb=(lo2-103 )A/CM
2 

npH T=77K. He HCKJIIO'l8HO, 'ITO B 6y.nymeM y.nacTCR 
C 

yBeJIH'lHTb Ve. B HaCTORIJlee BpeMR ae.neTCR HHTeCHBHa» pa6oTa no 

COBepweHCTBOBaHHIO .nam1oro THna CTpyKTYP [33]. 

CTyneHYaT0-T0PL.\0Bble nepeX0Abl 

(step-edge junctions) 

KaK yllCe paHee OTMe'laJIOCb, K cna6ocBR3aHHOMY noae.neHHIO npttBO.nHT 

pa30pHeHTaUHR He TOJibKO B 6a3aJibHOH nJIOCKOCTH, HO H B,nOJib JIOOblX .npyrHX 

nJIOCKOCTeH. ITpe.nnocuJIKOH .nn» C03,naHHR step-edge nepexo.noB CTaJI OTMe'leHHhlH 

MHO,HMH HCCJie,noBaTeJIRMH (HanpHMep, (34]) ¢aKT CHHllC8HHR nJIOTHOCTH 

KpHTH'leCKoro TOKa Ha CTyneHYaTblX IlOJIJIOllCKax MgO. CyTb noJIXOJia xopowo BHJIHa 

Ha pHC.6 [35]. CHaYana HOHHblM HJIH XHMH'l8CKHM TpaBJieHHeM Ha 

MOHOKpHCTaJIJIHYeCKOH no,nJIOJKKe . ¢0pMHpyeTCR CTyneHbKa C 3a,naHHhlM yrJIOM 

HaKJIOHa H BblCOTOH. 3aTeM CBepxy BblpalllHBaeTCR 3nHTaKCHaJibHO nJieHKa 

BblCOKOTeMnepaTypHoro CBepxnpoao.nHHKa. HaJIH'lHe CTyneHbKH Ha no,nJIOllCKe 

npHBO,nHT K o6pa30BaHHIO .nayx 3epeHHhlX rpaimu y BepWHHhl H no.n110J1CbR 

CTyneHbKH. 3TH rpaHHUhl H onpeneJIRIOT CBOHCTBa MHKpOMOCTHKa, npoxo.n»mero 

nepneHJIHKYJIRpHo CTyneHbKe. 
11001 

L100,1 
I001J. 90"-GB 

llOOI_J 

jO)IC:-l)OL 
(1001 (1001 11001 

YBoCuO 

PHC.6. CxeMaTHYeCKOe H3o6paxeHHe CTpyKTypu 
c-ryne11YaToro Top4oaoro nepexo)la ·cstep edge 
junction) (36]. · 

14 

B step-edge nepexo.nax MOllCeT 6uTb .nocTHrHyTo 6onhwee 3HatJeHHe V no 
b c 

cpaBHeHHIO C 6H3nHTaKCHaJibHblMH 3a C'leT Toro, 'ITO Jg Tenepb M0;,(110 JierKO 
C 

H3M8IIRTb Ha 3 nopH.nKa. 3TO ocymecTBJIHeTCH TpeMH napaMeTpaMH: 

- H3MelleHHeM yrna HaKJIOHa cTyneHH; 

- BblCOTOH CTyneHH; 

- COOTHOWeHHeM TOJilllHHhl nJieHKH K BhlCOTe cTyneHH. 

3KcnepHMeHTaJibHO 6uJio .nocTHrHyTo B step-edge nepexonax caMoe BhlCOKoe 

3Ha'leHHe nJIOTIIOCTH KpHTHYeCKOro TOKa (Jgb .. 105A/cm
2

[36]) H caMoe BblCOKoe 
C 

311aqe11He Vc((5-8)MB npH T=77K ,nJIH TlCaBaCuO (371) cpe.nu acex THilOB CJia6ux 

CBH38H Ha Me;sic3epe11HblX rpanuuax. ITpaa.na, CHJibHaH 3aBHCHMOCTb Jgb OT Tpex 
C 

nepe'lHCJieHHhlX ¢aKTOpOB I B03MOlKHO, 3aTpy.nHHT ,nOCTH;,teHHe xopoweH 

KOHTpOJIHpyeMOCTH H aocnp0113BO,nHMOCTH. 

ITOCKOJibKY JIYYWHe xapa~TepHCTHKH 11a cero.nHH nonyqe111,1 Ha CKBH,naX,_ 

BKJIIO'lalOIJlHX B ce6H step-edge nepexo.nu, B03MOJICHO, He6e3blHTepecHO 6y.neT 

H03HaKOMHTbCH C TeXHOJIO,HYeCKHMH npHeMaMH npH HX H3,0TOBJI8HHH. 3TH npHeMbl 

no.npo6HO H3JIOlK8Hbl B (37-39]. B 3THX pa6oTax noKa3aHO, 'ITO B Ka'leCTBe 

onTHMaJibHblX 

CTyneHbKH, 

MOlKIIO npHHHTb CJI8JlYIOIIIHe COOTHOW8HHH napaMeTpOB: 

¢opMHpyeMOH HOHHhlM TpaBJieHHeM, h"'O, 3-0. 4 MKM, yron 

CTyneHbKH K no,nJIOlKKe l!::60°, TOJIIUHlla nneHKH npH6JIH3HTeJibHO h/2. 

BblCOTa 

HaKJIOHa 

TaKHM o6pa30M, Mhl pacCMOTpeJIH see H3B8CTHble Ha cero.nm1 no.nxo.nH npH 

¢opMHpOBaHHH nepexo.noB Ha HCKYCCTBeHHO Bblpame1mux MellC3epeHHhlX rpaHHUaX. !ix 

OCHOBHhle ,!lOCTOHHCTBa H ne.nocTaTKH .nnH 11arm1JIHOCTH CBe.neHhl B Ta6m14Y 1, a 

Ta6JIHUa 1. 

Tun cJia6ow )lOCTOHIICTBa He.nocTaTKH 
CBH3H 

EHKpHCTaJIJIH'l8CKHe BOCHpOH3BO,nHMOCTb cna6a» 
Ha,nelKHOCTb HHTerpaUHH 
KOHTpOJIHpyeMfiliTb 
60JibUIHe V ,Jg 

C C 

6H3HHTaKCHaJibHble BOCHpOH3BO,nHMOCTb 
KOHTpOJIHpyeMOCTb 

MaJible V ,Jgb 
C C 

BblCOKaH cna6aH 
HHTerpaUHH 11a.neJ1CHOCTb 

CTyneH'laTO- na,nellCHOCTb b cna6ue 
Topueaue 6onbmHe vc,J~ BocnpOH3B0)lHMOCTh 

KOIITpOJIHpyeMOCTb 
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OCHOBHUe napaMeTpU - B Ta6nlfl.lY 2. 

Ta6nHL1a 2 

----- ---
THn c.u6oA l R • ■B IcR■••B Tc.I: J;~wc•2 llMpHHa CJJa- TORIIIIKa TOJllllllla llaTepKU JllrrepaT)'pa 

CBJilH C ■ 6oA CH3M, 6apa.epa.. IJJleHXH, -·· npH 4.21: npH TTr. ... "" "" ----- ---
oop~ 1-2 0.1-0.2 90 104-105 0,25-2 - 300 SrTIO

3 1131 
npir 771: 

- o.04 90 103 
~ - 200 Y-Zr02 (251 

npir C,21: 

o.c - 88 102-103 co - 250 J.1203 (321 
6ionxTU:CIIUloHwe npir 771: 

D, 15-0,35 ..,,,01 "'85 coo 20-50 - 250 
SrTlo

3 (331 
npir 771: ~103 

Y-Zr0
3 

TlCallaCuD 
103-10' 

srr103 
■tep-edp - 2-5 100 5 - 200 

':--"103 
(371 

Junctlou npir 771: 

o.5-0.2 0,02 90 103-104 
5 - 200 

SrTlO
3 (351 

YBaQD DJJII 771: l.aA103 

YlllD/II-YBCil/YBCI) 
0,66 <0,1 85 6,5xt03 10-15 2-10 150-300 La.Al03 (401 edge Junctlorui 

DpH 4,21:: 

YBCO/SrTlO: Nb/YBCX) 
1-3 - 80 .,2 50-200 25 200 HgO 1411 ed&• junctions npH 4,21'.. 

YBO'.l/PrBCD/YBCO 8 - 80 10
3 . IS 6-30 200 Y-Zr02 (421 

edge Junctions npH 71X 

YBO'.l/PrBCD/YBCO o. 1-2.s - 85 10
4 10-20 30-150 200 SrTl03 

(431 
OIUBH'IH OpH 4,ll --
YBal/Ag/YBO) 0, 07-0,22 - 87 - 5 300 250 LaAI03 

(HJ 
st~p edge 

YBal/YBCO+O-4/YBaJ 6 - 84 - 40 - 200 Srt10
3 

(451 
edge jlmctlons 

B ,llononHeIDle K 3TlfM Ta6nHUaM C,llenaeM eme HeCKORbKO 3aMeqaHHH: 

a) MeJK3epeHHUe rpaHHUU lfMeDT HOpManbHOe conpOTlfBneHHe, He lf3MeHHDmeecH 

B WHpOKOM lfHTepBane TeMnepaTyp; ·, 

6 l CTyneH'-taTO-TOPI.\OBbli1 nepeXO.ll c lfCKYCCTBeHHO .llo6aaneHHOH eMKOCTbD 

noKa3an n1cTepe3HcHyv BAX, no BH.llY Hanomrnavmyv BAX TYHH_enbHoro nepexo,lla c 

16 

R ~sooo OM. meneno,llOOHaH CTpyKTypa Ha6nv,llaeTCH npH V=35MB (T<<T) If lfMeeT 
0 . C 

TeMnepaTypnyv 3aBHCHMOCTb 1 Xopowo cornacyvmyvcH c TeopHeA 6K!Il [46]. 

3TH !paKTl,I. HBRHDTCH cepbe3HUMlf apryMeHTaMH B TIORb3Y Toro, qTQ 

MeJK3epeHHUe rpaHHUU BCe-TaKH o6pa3yDT H30nHpyvmlfli 6apbep, . H, B03MOJKHO, 

ecnlf CHlf3HTb pacceHBaDmHH tpaKTOp B npHrpa1mq11oli o6naCTH (yBenlfqlfTb I.Ii (T)), 

TO Y.llaCTCH nonyqHTb eme 6onbwee 311aqe11He Ve; 

B) BAX Bcex THTTOB cna61,1x CBH3eli Ha-MeJK3epe11111,1x rpaHlfUaX HaXO.lllfTCH B 

oqe11b xopoweM cornacHH c pe3HCTlfBHOH MO.llenhv (1.3) [36]; 

rl If, HaK011eu, B nocne.llHHX pa6oTax, HanpHMep, B [24,37,471 noneaaH 

3aBHClfMOCTb KplfTlfqecKoro TOKa I (HJ c BUCOKOH TQqHQCTbD COBna,llaeT C (1.9), 
C . 

ecnlf yqecTb 3CflqleKT ~oKyclfpOBKlf MarHlfTHOro llOTOKa nplf pacqeTe Ho (48]. 3TO 

rOBOpHT O B03MOJKHOCTlf ,llOCTHJKeHHH xopoweli O,llHOpO,llHOCTH H 6e3,lle~eKTHOCTlf 

rpaHHUU. 

2. 2. 2. Mnorocnolin1,1e cna61,1e CBH31f 

2.2.2.1.reTep03lllfTaKClfanhHl,le CTpyKTyp1,1 

~aJKe ecnH He npHHlfMaTb BO BHHMaHHe BUCOKYD TeMnepaTypy IlO,llROJKKlf nplf 

OCalK,lleHHH nneHKH. TeM He Me nee. KaK 3TO Blf,llHO lf3 Ta6nHUU 1, noKa He 

y,llaeTCH nonHOCThD COBMeCTHTh .llOCTHJKeHHe nyqwHX 3ReKTpHqecKHX napaMeTpOB B 

cna6ux CBH3HX Ha MeJK3epeHHUX rpaHHUaX C Tpe6oBaHHHMH HHTerpanbHOH 

TexnonorHH. B qacTHOCTH, B cepbe3HYD npo6neMy, no-BH.lllfMOMY, BUnheTCH 

pa3pa6oTKa npouecca naccHBaUHH noaepxHOCTH nepexo.lla 6e3· H3MeHeHHH ero 

3ReKTplfqecKlfX napaMeTpOB. IT03TOMY B HaCTOH!Qee BpeMH Be,llyTCH pa3pa60TKH If 

lfCCRe,llOBaIDIH anbTepHaTlfBHUX CTPYKTYP, cpe,lllf KOTOpux oco6oe MeCTO 3aHHMaDT 

MHorocnoHHUe CTpyKTypu C 3llHTaKClfanbHO BUpameHHUM lfCKYCCTBeHHUM 6apbepoM. 

llx BaJKHOCTh CBH3aHa He TORbKO C TeM. qTQ OHM, B03MOJKHO , 6y .llYT RlfWeHU 

OTMeqeHHUX Bl,lllie He,llOCTaTKOB, HO, rnaBHOe, ,llO Tex nop,noKa Be.llyTCH pa60Tl,I 

Ha,ll HCKYCCTBeHHO BUpamHaaeMOM 6apbepoM, Hae He OCTaBHT Ha.lleJK.l\a Ha C03,llaIDle 

B nepcneKTHBe KnaccHqecKoro TYHHenhHoro nepexo.lla, pa6oTavmero npH 

TeMnepaType JKlf.llKoro a3oTa. 

Oco6eHHO HHTepeCHUM C 3TOH TOqKlf 3peHHH HBnHeTCH lfCilORb30BaHHe B 

KaqecTBe MaTepHana .llRH 6apbepa ,llOirnpoBaHHUX MeTannaMH .llH3ReKTPHKOB. B [41] 

npe,llnOJKeHO 
0

HCllORh30BaTb SrTi03:Nb. rrpeHMymecTBO SrTi03:Nb COCTOHT B TOM, 

qTo, ao-nepeux, era 

YBaCuO, BO-BTOpux, 

,llOnHpOBaIDIH ·IDlo6HeM, 

KOHUeHTpaUHD Nb B 

KpHcTannlfqecKaH peweTKa xopowo cornacyeTcH c peweTKOH 

era npoBO.lllfMOCTh nonHOCThD onpe,llenHeTCH CTeneHbD 

KOTOpW qacTHqHo 3aMemaeT Ti. ITOCTeneHHO yMeHhwaH 

SrTi03: Nb H oTpa6aTUBaH TeXHOnorHD BllpamHBaHHH 
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• 
reTepo3ITl1TaKC11aJJbHblX CTPYKTYP, MOJKHO ITOCTerreHHO .llB11raTbCH K C03.llaHl110 

113on11py10mero TYHHeJJbHoro 6apbepa. 

CTpyKTypu T11rra S-SE-S TaKJKe rrpe)lcTaBJJHkJT CaMOCTOHTeJJbHblH 11HTepee KaK 

~03e(JJCOHOBCKl1e rrepeXO.llbl C 6e3rnCTepe311eHUMl1 BAX. KaK ITOKa3aHo B [49]' 

rronyrrpOBO.llH11KOBble 6apbepu C HeBUCOKOH ITJJOTHOCTbkl coeTOH111111 (ena6011 

rrpOBO.ll11MOeTblO) IT03B0JJHklT .llOeTl1t.Ib OTHOe11TeJJbHO BbleOKl1X 3Hat.IeHl111 Ve )laJKe np11 

MaJJOH .llJll1He KorepeHTHOeT11 B BbleOKOTeMrrepaTypHUX eeepxnpoBO.llHm11x 

rhn n: l 3JJeKTPO.llaX. Ilp11 rrpoBO.lll1MOCTl1 rronyrrpoBO.llH11Ka ~SE➔o. vc➔ Z -e-· 

S-SE-S rrepexo.llbl BblITOJJHHklTCH B OeHOBHOM B B~e .llByx Komp11rypau1111: 

- TOPI..\OBblH rrepeXO.ll (edge junction) e c-op11e11T11poea1111uM11 ITJJeHO'-!HblMH 

BTCII- 3JJeKTpO.llaMH (ptte. 7); 

BepTl1KaJJbHbll1 e3H.llB11t.I, B ITJJeHKax 3JJeKTPO.ll0B KOToporo Oeb a 

rreprre~11KyJJ5ipHa. ITJJOe1<oeT11 ITO.llJJOJKKH (ptte. 8). 

YBoCuO 
a I 

YBaCuO 

SE 

YBaCuO 

Substrate 

P11e. 7. Top40BblH rrepeXO.ll, Ptte.8. BepTHKaJJbHblH e3H.llBHt.I. 

C TO'-IKl1 3peHl1H YM8HbW8Hl1H BepOHTHOeT11 M11Kpo3aKopOTOK 11 yMeHbWeHl1H 

eo6eTB8HIIOH eMKOeTl1 TOPI..\OBble nepeXO.llbl npe.llITOt.ITl1TeJJbHeH. 

IlOMHMO SrTi03: Nb B Kat.IeeTBe eJJOH -SE- npOXO.lll1T anpo6a41-110 , PrBaCuO 

[42, 43], a ,TaKJKe Bblpam11aaeMUH nptt ITOHl1JK8HHOH TeMnepaType ITO.llJIOJKKl1 

(520-540°C) HeeaepxrrpOBO.llHml1H YBaCuO [40]. 

Ha eerO.llHH nyqw11e pe3yJJbTaTu epe.lll1 MHoroeJJOHHblX eTpyKTYP .llOeTl1rHyTu B 

Top40BblX rrepexo.llax e N-YBaCuO [40]. Hx eTau11011apHue BAX xopowo eornaeyJOTeH 

e pe311eTl1BHOH MO.lleJJblO (2. 3), HOpMaJJbHOe eorrpOTl1BJJe1111e o6paTHO 

rrporroprt110HaJJbHO 

Jw1
ocexp(d /l; ), 

c n n 
3Kerrep11M8HTaJJbHO 

rrnoma.ll11 6apbepa, a ITJJOTHOeTb Kp11T11t.IeeKoro TOKa 

r.lle, eornae110 [40], t; "'20X. n 
·orrpe.lleJJe11uoe 3Hat.Ie1me l;n 

Bee 3TO 11 

rrpe.llrronaraeT 

oeo6emm 

xopowyJO 

0.llHOpO.llHOeTb rrepexo.lla 11 OTeyTeTBl1e B -HeM M11Kp03aKOpOTOK. EeJJl1 yqeeTb, '-!TO 

Ml1H11MaJJbHaH Tonm1111a Kat.IeCTBemmro SE-6apbepa .llOeT11r11yTa 2HM,. MOJKHO 

l8 

rrpe.lleKa3aTb xoporntte rreperreKTHBbl .llJIH reTep03ITl1TaKe11aJJbHblX eTpyKTYP· 

OeHOBHble rrapaMeTpbl JJY'-IWHX S-SE-S rrepeXO.llOB rrp11Be.lleHbl B Ta6n111te 2. 

2.2.2.2.MHOrOCJJOHHLle eTpyKTYPLI c H83ITl1TaKCHaJJbHl,ll,I 6apbepoM 

K eTpyKTypaM )lalllmro Tl1rra OTHOeHTeH rrepeXO.llbl, B KOTopux B Kat.IeeTBe 

6apbepa BbleTyrraeT eo6ernemmH OKeH.llHblH eJJOH, (JlopM11pykllUHHeH nptt o6pa60TKe 

0.llHOro 113 BTCil- 3JJ8KTp0.ll0B ITJJa3MOl1 B aTMOe(Jlepe CF 
4

, a TaKJKe rrepeXO.llbl e 

6apbepoM 113 HOpMaJJbHOro MeTaJJJJa, pa60Ta10m11e Ha 3iJXPeKTe 6JJl130eTl1. 

B [18, 45] ITOKa3a!IO, '-!TO rrepeXO.llbl Ha eo6erneHHOM OKe~HOM 6apbepe 

erroeo61m B rrp11111t11ne ITOKa3aTb BbleOKHe 3JJ8KTp11t.IeeK11e rrapaMe'rpu (Ta6JJ. 2). 

0.llHaKo aorrpoeu, eBH3aHime e np11p0.ll0l1 3TOro 6apbepa, KOHTpOJJHpyeMoeTblO 11 

Bocrrp0113B0.lll1MOeTbkl OT o6pa3ua K o6pa3UY, B 11aeT0Hmee BpeMH OTKpblTbl. 

S-N-S eTpyKTypu HBJ)HkJTeH TpaJtl1Ul10111lblMl1 )lJJH Hl13KOTeMnepaTypH011 

eeepxnp0B0.lll1MOeT11. Hx npttpo.lla 6una xopou,o 113yqe11a [7] •. Il03TOMy noene 

OTKpblTl1H BTCil H8M8.llJl811HO np11eTyn11JJ11 K 113Yt.I8Hl1kl 3IJXP8KTa 6JJl130eTl1 Ha rpaH11ue 

S-N [SO]. B eBH311 e BbleOKOH peaKU110HHOH enoeo6uoeTblO OKel1.llHblX 

eeepxrrpoBO)lHl1KOB B Kat.IeeTBe N eJJOH npo6yJOTeH TOJJbKO Ag, Au 11JJl1 enJJaB 

Ag-Au. B rroeJJe)lHl1X pa6oTax ITO 11eeJJe)lOBa111110 3iJXPeKTa 6JJl130eTl1 [51,52] 

ITOKa3aHO, '-!TO B03MOJl(H0 )lOeT11JKeH11e xopowen 0.llHOp0JlHOeTl1 S-N nepexo)la. B 

[44, 53, 54] eoo6utaeTeH O e03)la111111 S-N-S ena61,1x eBH38l1, .ll8MOHeTp11py10m11x 

~03e(JleOHOBeK11e eBoHeTBa 11 eornaeyJOllll1XeH e pe3HeTHBIIOl1 MO)l8Jlbkl (2. 3). K 

eoJKaJJeHl1IO, 3Tl1 ena6ue eBH311 ITOKa3aJJl1 V c ey11teeTBem10 Hl1JKe Toro 3Hat.IeHl1H, 

KOTOpoe MOJKHO 6blJJO 6u OJKl1)laTb OT 3(Jl(JleKTa 6JJl130eTl1. B03MOJKH0,3TO eBH3allO e 

TeM, '-!TO rrepexonuaH o6naeTh S-N eoneplK11T ueHTpbl e11JJbHOro KBa311t.IaeTl1'-IHOro 

paeeeHHl1H, eH11JKa10mHe iii (Tl. Ha 3TO yKa3blBaeT TOT (JlaKT, '-!TO HOpMaJJbHOe 

eorrpOTl1BJJeHHe S-N-S rrepeXO)lOB Ha 2-3 rropH)lKa ·a1,1we eonpOTl1BJJ81111H eJJOH 

MeTaJJJJa. 

EOJJee ITO.llpOOHO 11 e KOJJHt.IeeTB8HHLIM11 BblKJJa.llKaM11 e BOnpocaMl1 

rrp03paquoeTl1 S-N rpaH11U MOJKHO IT03HaKOMl1TheH B [SS]. 

B Ta6n11ue 2 )lal!bl oeHOBHLle rrapaMeTpbl JJY'-IWl1X YBaCuO/YBaCuO+CF4/YBaCuO 11 

YBaCuO/Ag/YBaCuO rrepeXO)lOB. 

TaKl1M o6pa30M, MU paeeMOTpeJJ11 Bee 113BeeTH.ble Ha eeron1rn oeHOBHLle 

IlO.llXO.llLI np11 (JlOpM11poaau1111 BTCil eJJa6ux eBH38l1, Kall(Jlbll1 113 . KOTopux 

IIOTeHU11aJJbHO MOJICeT 6UTb np11HHT 3a 6a30Bbll1 B eaepxnpoBO.llHl1KOBOll 

M11Kp03JJ8KTp01111Ke. 3aaepwaH .llaHHYIO rJJaBy, MOJKIIO e)leJJaTh BblBO}l: .llaJJbHeAm11e 

11CCJJe.llOBaHl1H B o6JiaCTl1 TeXHOJ1or1111· BTCil CJJa6ux CBH3eH yJKe on11pa10TCH Ha 

C03.lla1rny10 0'18Hb COJll1.llHYIO 6a3y, KOTopaH IT03BOJIHeT C yaepeHHOCTblO 
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