“rOCYRAPCTBEHHAR NOAAEPKA MHTEMPALIMWM BbICWENO OBPA30OBAHNA

GEAEPANBHARA LUENEBAR NPOIPAMMA
N OYHAAMEHTANBHOW HAYKW"

HOBbIE PA3ENLI ®V3NKKA NONYNPOBOAHKMKOB

A. 5. llnk, JI. I'. bakyesa,
C. ®. Mycuxun, C. A. Poikos

OU3NKA
HN3KOPA3ZSMEPHbBIX
CUCTEM

IMon odweii penakuuneil
B. K. Uneuna u A, A. Uluka

Pexomendosano Munucmepcmeom obpasoganus Poccuiickoti Dedepayuu
8 kauecmee yeGH0z0 nocobus 0nf cmydeHmos uiciuiex
yueBHbwx 3a8edentutl, 00y4aIOUIXCS N0 HANPABACHUW
«Texnuveckas puauxa»

Canxt-Tletep6ypr
«Hayxa»
2001



VIK 621.38 H3danue ocywecmsneno npu QuHancoso noddepxke

Dedepansioli yenesoit npoepamms: «l'ocyoapcmsennas
BBK 22.379 noOdepKKA UHMEeZPAYUU GHCUIE20 0OPAIOBAHUA U (DYH-
a1 76 OaMEHMARLHOE HAYKU»

IMux A. 4., bakyesa Jl.T,, Mycuxun C. @, Puikos C. A. Dm3uKka nuiKo-
pasmepnbix cucreM / ITon pea. A. 51, llluka. — CII6.: Hayxa, 2001. 160 c. 69 un.
(Cepus yueGHEIX mocobuii «HoBble pasnens! GuU3HKH NOMYNPOBOIHHKOB»).

ISBN 5-02-024966-1

B nocoGHH paccMOTpeHbl OCHOBHBIE (hH3HYECKHE CBONCTBA CHCTEM C MOHIXEHHOM
Pa3sMepHOCTBIO: TMOJIYIIPOBOAHUKOBLIX CTPYKTYP C JBYMEDHBIM BJICKTPOHHEIM asoM,
KBAHTOBBIX HATEH U KBAHTOBLIX TOYeK. H310XeHEI NPHHLMI pasMepPHOro KBAHTOBAHHA
H YcnoBud HaGNIONEHHA KBAHTOBO-PasMEpHBIX SB/ICHHM, PaCCMOTPEHBI 0COGEHHOCTH
(YHKIIHH [UIOTHOCTH COCTOSHHMI H CTaTHCTHKH HOCHTeJEl 3apsafia B HH3KOPasMEPHbIX
CHCTEMaX, ONITHYECKHE CBOMICTBA KBAHTOBEIX AM, KHHeTHYeCKHe 3heKThl, B TOM YuC-
1le B MarHUTHLIX TO/9X, QH3HYECKHE ABIeHHA, HaOM0gaeMble TONbKO B TAKHX CHCTE-
Max. OnucaHs OCHOBHbIE TEXHOIOTUYECKHE METORBI TOMY4eHHA KBAHTOBO-Pa3MEPHBIX
CTPYKTYP M J1aHEl NIPUMEPH NIPAKTHYECKOrO MCIONB30BAHHMA TAKHX CTPYKTYP B HaHO-
3MeKTPOHHUKE.

Yaebnoe nocoGue MpeqHasHaueHO WA CTYASHTOB CTaplIHX KypPCOB, H3y4amIMx
(husuKy NONYNpoOBOAHUKOB H MPHOOPE! HAHOSNMEKTPOHHKH; OHO TAKXKE MOXET GBITh pe-
KOMEHJ0BaHO acUpauTaM H HaydHbIM paGOTHUKAM, 3aHUMAIMMMCS (PyHRaMECHTAIb-
HBIME ¥ NPHKIAIHBIMHE HCCICAOBAHHAMHE B 00/1aCTH (hH3UKH H TEXHHKH HH3KOpa3IMep-
HBIX CTPYKTYP.

PeueH3eHTHI

a-p ¢us.-Mat. Hayk B. A. MOLIITHHKOB,
A-p bus.-mar. nayk T. A. [IOJITHCKAA

© entp «HMurerpauus», 2001
© A. A. Unk, JI. T. Baxyesa,
ISBN 5-02-024966-1 C. ©. Mycuxun, C. A. Prikos, 2001



BBEJEHHE

Iocneguue Tpy AecATWIETHS Pa3BUTHS (PU3HKH TBEPIOro Tena XapaK-
TEPH3YIOTCS TEM, YTO OCHOBHBIMH 00BEKTaMH UCCIIENOBaHHS BCe B 60Ib-
mieil crerieHu CTaHOBATCA HE MaCCHBHBIE KPHCTAUILI, @ TOHKHE IUIEHKHY,
MHOTOCJIOHHBIE TOHKOIUIEHOYMHHIE CHCTEMBI, IPOBOIIIINE HATH B KPHC-
TJUIMTH MATOTO pasMepa. B Taxmx cucTeMax CymeCTBEHHO MeHAercs
GONBIINHCTBO 2JIEKTPOHHBIX CBOHCTB — BO3HHMKAET GOMBIIOE HCIIO HO-
BBIX, TAK Ha3kIBaEMEIX pa3MepHBIX a¢dexros. Haubonee KapAnHansHOI
NepeCTPONKOM CBOKCTB OTJINYAIOTC KBAHTOBBIE PA3MEPHBIE CTPYKTYPHI,
B KOTOPEIX CBOOOJHEIE HOCHTEIH 3apsaa JIOKAIH30BAaHb! B OMHOM, ABYX
WM BO BCEX TPEX KOOPIMHATHBIX HAlIpaBIIeHNIX B 00JIaCTH ¢ pa3MepaMu
nopsxka ae6poitneBcK ol UTHHE BONHBE Hocureneit. [Ipu aToM Berynaor
B CHJIy 3aKOHBI KBAHTOBOH MEXaHHKH M ITPOUCXOAUT H3MEHeHHe Hanbo-
Jiee (PyHIAMEHTAIBHOH XapakTepPUCTHKH JIEKTPOHHON CHCTEMBI — €€
sHepreTudeckoro crnekrpa. ClekTp CTaHOBHTCA AUCKPETHBIM Uis IBU-
XKeHust BROJIb KOOPAMHATEL, 110 KOTOpOH orpanMyeHo apuxesnue. Ecnmn
IBiKeHHe OrpaHWYeHO BAOJE OOHOTO KIM JBYX HalpaBlICHHMH, TO MO
BIMsSHHEM BHEIIHHX NONei U B3auMmozneicTsuii ¢ paccensaresaMu (Po-
HOHBI, IPUMECH) MOFyT MEHATLCS YXe€ HE TPH, 4 JIULIE ABE WIH TONBKO OfI-
Ha W3 KOMITOHEHT UMITY/IbCa JIEKTPOHOB U ABIPOK, B PE3YJILTATE 9eT0 HO-
curenu BegyT cebs Kak ABYMEpPHBIH WiM OgHOMEpHBIH ra3. KsanToBble
CTPYKTYPHI, B KOTOPBIX ABIXeHHE HOCHTENEH OTPaHYEHO BO BCeX TPeX
HaIpaB/IeHHIX, HATOMMHAIOT HCKYCCTBEHHBIE aTOMBl. 37ech SHepreTH-
YeCKHUH CIIEKTp ABIACTCA YHUCTO JMCKPETHHIM.

KBaHTOBO-pa3sMepHbie CTPYKTYPH! 001afaloT Henol COBOKYITHOCTBIO
YHUKAIBEHBIX CBOKCTB, BECbMa JANEKHX OT TOrO, YT0 MOXHO HaONIonaTes
B cucreMe OOHIYHHIX, TPEXMepHBIX IEKTPOHOB H Anlpok. HamGonee
SIPKUM [POABJIEHHEM 9TOrO ABJsieTCs KBAaHTOBHI addexr Xomwia B ABY-
MepHBIX cHCTeMax, OTKpHITHI B 1980 r. 1 Bcero nars ner cirycra npu-
Hecmmii cBoeMy nepsoorkpeiatemo HobGenesckyo npemmio. Taxne
CTPYKTYPH MOTYT CIYXHTh OCHOBOH I CO3AAaHMS HOBBIX THIIOB IIOIY-
MIPOBOJHUKOBKIX IPUOOPOB, B MEPBYI0 OYepels I OTO- H HaHORJIEK-
TPOHMKH.



To 06CTOATENBCTBO, YTO KBAaHTOBO-Pa3MEPHBIE CTPYKTYPEl HAXOMIAT-
cs B HEHTpe BHUMAHM MMEHHO Ceiyac, BHI3BAHO WHTEHCUBHBIM Pa3By-
THEM B MOCISIHAE IOsl TEXHOIOIMH H3rOTOBISHUS MO IyNPOBOAHHKO-
BBIX CTPYKTYP — MOJIEKYJIIPHO-IY9€BOR IMUTAKCHH, ra30ga3Hoi anu-
TAaKCHM, Haronurorpaduy, OTKPHITHEM SBACHHA CaMOOpPraHU3aIluy
HAHOCTPYKTYP. DTO JaeT BOIMOXHOCTh CO3aHMA TaKOro poxa CTPYK-
TYp MoGOro nNpoduwiIs ¢ TOYHOCTHIO IO OIHOI'O aTOMHOIO €JIOA.

K HacrosmeMy BpeMeHH (pM3HKa HM3KOPa3sMEPHBIX TEKTPOHHBIX
CHCTEM, C OXHOM CTOPOHB!, IIPOJOKAeT WHTEHCHBHO DA3BUBATBCA H
HAXORUTHECA Ha CAMOM IEpPEROBOM pybexe cCOBpeMEHHOMH (PU3HKH TBED-
JOro Teia, a C JIPYroii CTOPOHBHI, 3Ta AUCUHUIUIMHA BO MHOTHX CBOHX
pasnenax yxe cOpPMHpOBaa HEKOTOPYIO CIOXHBIUIYIOCH CHCTEMY
NpeACTaBIeH i, YTO 03BOJAET C YBEPEHHOCTHIO BBOAHTL MX B BY30B-
cKkuit Kypc 6e3 omaceHus, 4To 3aBTpa OHM OYXYT OIPOBEPTHYTHI CTpe-
MHTETHHEM pa3BUTHEM HayKH.

Heo6xonuMocTs B JaHHOM nOcoOuH MPOIMKTOBaHA TEM, 4TO Ha ce-
TONHSANIEWIA 1eHb BeCh OFPOMHEI MAacCHB JHMTEpaTYpH IO KBaHTO-
BO-pa3MEpPHBIM CHCTEMaM NPEACTaBseT co00il pa3po3HEHHHIH Habop
cTareif B pasnu4HEIX XKypHatax. CylIeCTBYeT JMINb HECKOIBKO OTHENb-
HEIX 0630pOB IO HEKOTOPHIM 4aCTHBIM IpofieMaM, KOTOPHIe HEe OXBa-
TBIBAIOT BCE TO, YTO CJIENOBAI0 Ol OTPa3WTh B Kypcax JeKuHii, a, Kpo-
Me TOTO, 3a4acTyl0 3TH CBEAEHMS OIyOaMKOBaHH B IHTEparype, Heldo-
CTYIHOH MacCOBOMY pOCCHiicKOMy 4MTaTenw. MoHorpaduu u TeM
Gonee yqeGHUKM IO YKa3aHHOH TeMe Ha PYCCKOM A3bIKEe OTCYTCTBYIOT.
Kparkoe momynsipHOe BBefneHUE B (PU3MKY HH3KODa3MEPHBIX CHCTEM
JaHO B CTAaThAX SHIHUKiIONEeAuH «COBpeMEHHOE eCTeCTBO3HaHHUE».!

I'nasst 1, 3, 4 u 6 Hanucass! A. S1. IHukom, rmasa 2 — C. @, Mycu-
xunapiM 1 J1. T, bakyesoii, miassl 5 1 7 — A. 5. IllukoM u C. A. Priko-
BIM, M1aBa 8 — A. 1. lIuxom, C. ®@. MycuxutsmMm i C. A. PrIkoBrIM.

! femuxoscxuii B. 4. KsauroBo-pasMepHnsie agexTnl / CoBpeMEHHOE eCTECTBO-
3ganne: DHumKroneaud, B 10-tu 1. T. 5. ®u3nka xonaeHcupoBanHeix cped. M.: Hsn.
nom Marucrp-nipecc, 2000. C. 140—146; Illux A. 4. leymepHbie 3/IeKTPOHHLIE CUCTE-
Mbl // Tam xe. C. 147—153; Ilux A. 4. KeantoBsle Huth / Tam xe. C. 154—159.



I'mapa 1

PASMEPHOE KBAHTOBAHHE
H KBAHTOBO-PAZMEPHBIE CTPYKTYPhI

Becr koMiulexc saBneHHiH, OOBIMHO NOHHMAaeMEIH 1104 CJIOBAMH
«3JIEKTPOHHBIE CBOMCTBA HU3KOPA3MEPHBIX IEKTPOHHBIX CHCTEM» H
OITMCHIBAEMBIH B BAITHON KHHTe, MHOTOYYUCIICHHBIE HOBBIE THITHI DJIEKT-
POHHEIX I1pOOPOB, HCIIONB3YIOIIUX 3TH CBOMCTBA (CM. I1aBy 8), — Bce
3TO HUMeEeT B OCHOBe OUMH (byHjlaMeHTAIbHHIN (H3Wdeckmii (akT: u3-
MEHEHHE DHEPreTUYecKOro CIIeKTpa JIEKTPOHOB H ABIPOK B CTPYKTY-
Pax ¢ oueHs MaNLIMH pa3MepaMi. B naHHOI m1aBe MBI pacCMOTPHM ¢H-
3HKY 3TOrO SBJICHUS, HAa3bIBaEMOr0 OOBIYHO Pa3MEPHBIM KBAHTOBAHHEM,
yclIoBUsl ero HaOJiofeHUs W KiacCH(HKAUHI0 pa3MEepHO-KBaHTOBAaH-

HBIX CTPYKTYP.

1.1. IIpuHnun pa3MepHOro KBaHTOBAHMSA

MBI IpOJEMOHCTPUpPYEM OCHOBHYIO MAEI0 Pa3MEPHOTO KBaHTOBaHUS
Ha IpUMepe NIEKTPOHOB, HAXOAAIIMXCA B OY€Hb TOHKOI MeTaUiHde-
CKOil WIH [ONyNPOBOIHUKOBOH IUleHKe TonumHoil a [1]. To obcrog-
TENbCTBO, YTO B OOBIYHBIX YCIIOBUAX HOCHTENH COCPENOTOYEHH! B IUIEH-
Ke U He BRIXOJIST M3 Hee B OKPYXAIOUIYI0 Cpefy, O3Ha4aeT, YTO MaTepu-
an IwieHKy (METasLl WM MOJIYIIPOBORHMK) NpeacTasier coboil noreH-
MUAIBHYIO IMY U 2JIeKTPOHOB [1yOHHOH, paBHoil pabore Brxoga @, u
mpuHoii a. CortacHo 3aKOHaM KBaHTOBOM MeXaHHMKH, HEPIHs JIEKT-
POHOB B TaKOii M€ KBaHTYETCS, T. €. MOXET I[PHHUMATH JIUIIL HEKOTO-
pble JUCKpeTHEIE 3HadyeHus £, , rie n uMeeT Lel0YuCIeHHbIe 3HAYCHUA
1, 2, 3,... (BecbMa 4acTO B JIUTEPATYpe HyMEpaLMIO 7 HAYHHAIOT HE C
EIUHMLBL, a ¢ HY/I1). DTH JUCKpeTHHIe 3HAYeHMs Ha3blBalOT YPOBHAMH
pa3MepHOro KBaHTOBAHMS.

Tunuunse 3HauyeHus paboTH BbIXOAa B OONBILIHCTBE TBEPUBIX TEJ
HMEIOT BenuynHy @ = 4—35 3B, Ha HECKOIbLKO NOPA/IKOB IIPEBLIIA-
Y0 XapaKTepHYl0 TEIUIOBYIO 9Hepruio Hocutened kT, paBHyl0 IpH
KoMmHaTtHOi TeMneparype 0.026 sB. IlostoMy B Hammem npuMepe I0-
TEHIHMATBHYIO IMy MOXHO CUHTaTh GecKoHeyHo nrybokoi (puc. 1.1, a).
Ecnu rutenxa 3anuMaeT o6sacts 0 < Z < @, TO B 3TOM Cl1y4ae BOJHOBEIE



(yHKUHM ¥ PHEPreTHYECKHe YPOBHHM KBAaHTOBBIX COCTOSHHI JaioTcH
IpOCTHIMA (pOpMyTTamMH:

. mn
y, (2) = y2/asin s (1.1)
n2h%n?
E, =——, 1.2
2ma? (12)
rme m — o9¢deKTHBHas Macca 3eKTpoHa. [IpyruM HeoOXomuMsIM

YCJIOBUEM, ITO3BOMAIOIMM CIHTATh MY GECKOHEYHO IIyGoKoil, ssiser-
cs MatocTh 3HaYCHMH E,, naBaemsix ¢opmynoit (1.2), no cpaBHeHMIO
¢ ee nelcTBUTENbHOM IybHHOI . D10 ycnorHe, KOTOPOE I HIKHHX
ypoBHeil MOXHO 3anucars B Buie a > nh/(2m®)Y2 npu m = 0.1my, co-
OTBETCTBYET TO/IILIMHAM IUIeHKH Goree 1 HM, YTO COOTBETCTBYET HECKO/b-
KUM MeXaTOMHBIM PaccCTOSHUAM. BO BceX pealbHBEIX CTPYKTypax 3TO
ycloBHe cobiiofaercs.

Mu npuBenn ¢opmyiry (1.2) g npuMepa ToHko# IwieHkd. Huxe B
IaHHOMH TIaBe GYTyT pacCMOTPEHBI U JPYrde THIH KBaHTOBO-pa3sMep-
HBIX CTPYKTYP, Ille JBHXEHHE HOCHTEJNEH TakXe OrPpaHHYEHO HEKOTO-
poit Manoil 06nacTbi0 ¢ XapakTepHBIMU pasMepaMu g. IIpu »>TOM TOY-
Has ¢opmyna (1.2) yxe HeIpUMeHnMa, HO CaM BbIBOJ, O HAIMYNH KBaH-
TOBaHH, pa3yMeeTcd, OCTAeTCA B CIUIe, MOCKOJIBKY BEITEKAeT U3 0Omux
NPHHIMNOB KBaHTOBOH MexaHuKH. CoXpaHHeT CHIy H INOPANKOBas
OLEHKA JUI 9HEPrHil KBAHTOBHX YpOBHEM

E,~— (13)
ma

SIBJIAIOWIAACS CIISACTBHEM Ieii3eHOeproBCKOro COOTHOIIEHHS Heonpee-
JleHHOCTeH W BEIoqarowias (1.2) B KauyecTBe 4acTHOTO CHydas.
BriBox 0 KBaHTOBaHWH 2HEPIMH JIEKTPOHHOTO JBHXEHHSA M NpHBe-
aeHHbIe (opmynst Wi E, OTHOCATCS JIMINE K IBHKEHHIO IToNepek NOTeH-
uuanbHoi siMet (o ocu z). Ha nBikeHue B rutockocTH xy (MapajwieabsHo
TPaHHLaM IUIeHKH ) MOTEHIHAN IMH! He BIUaeT. B 3Toil IockocTu Hocu-
TeJIM JBHXKYTCH KaK CBOGOIHEIE H XapaKTepH3YIOTCs, KaK H B MaCCUBHOM
obpas3ie, HenpePLBHBIM KBaAPATHYHEIM 10 HMITYJILCY S9HEPIeTHIECKUM
cniekTpoM ¢ a¢exTHBHON Maccoil m. [Tonnas xe sHeprud HocuTenel B
KBaHTOBO-pa3MepHO#l IUICHKE HOCHT CMEHIaHHHIH NUCKpEeTHO-Henpe-
PHIBHLIA CIIEKTP, peacTaBisst coOO0H CyMMy IUCKDETHEIX YPOBHEH, CB4-
3aHHBIX C [ABHXEHWEM B HallpaBJICHHHM KBAHTOBAaHMSA, M HENPEPHIBHOI
KOMIIOHEHTEL, ONUCHBAOeR ABHXEHUE B IWIOCKOCTH CHOA:

pE +p?
+_______
2m

E=E

n

, (14)

rmep, u Py — KOMITOHEHTH! UMITYJIECA B TUIOCKOCTH CJIOA.
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Prc. 1.1. DHepreTHuecKHi CTIEKTp KBAHTOBO-PasMEPHO IWieHKH (p =,[p% + P2 —
HMITY/ILC HOCHTEJICH 3apsAa B IDIOCKOCTH IUICHKM).

3aMeTHM, 9TO 3a cYeT HellpepHBHOH KOMIIOHEHTHI 3HEPIeTHIECKOro
cuektpa p?/2m =(p? + p? )/2m SneKTPOHEI, NpHAANIEXAIIME OIHO-
My H ToMy Xe ypoBHio E,, MoryT uMeTs n06yi0 aHepruio or E, no Gec-
koHeyHocTH (puc. 1.1, 6). Takyw COBOKYNHOCTh COCTOSHHU VI JaH-
HOro (PUKCHPOBAHHONO n OOBIYHO HAa3hIBAIOT MOA30HOMH pa3sMepHOro
KBaHTOBaHU.

ITycts Bce WIM MOYTH BCE BMEKTPOHBI B CHCTEME HMEIOT DHEPIHH,
MeHblMe E,, 1 IoToMy npuHamiexar HHXHell NMON30He pa3MEpHOro
KBaHTOBaHUs (HeOGXOMMMBIe YCHIOBHS 2TOro GYmyT obcyXnaThes B IIa-
Be 3). Torna HUKaKoi# ynpyruii mpouecc (HanpuMep, paccesHue Ha IpH-
MeCsaX WIN aKycTHYecKHX (pOHOHAX), paBHO KaK M paccesHHe 71eKTpo-
HOB JpYT Ha JApyTe, He MOXeT W3MEeHHTh KBaHTOBOE YHCIIO N, HepeBend
9JIEKTPOH Ha BBIIIEJIEXAalIHil YPOBEHb, NOCKOIBKY 910 NoTpeboBato OH
JOTIOSTHHTENBHBIX 3aTPaT PHEpPIHd. DTO O3HAYaeT, YTO IEKTPOHH NPH
yIpPYrOM pacCessHUH MOTYT U3MEHATh TOJILKO CBOH MMITYJILC B IVIOCKOCTH
Xy, T. €. BelyT cebs KaK 4ucTo aBymepHsie Yactuusl. IloaroMy KBaHTO-
BO-pa3MEPHEIE CTPYKTYPH, B KOTOPHIX 3alIOJIHEH JIMIIb OJMH KBAHTOBHII
YPOBEHb, 4acTO HA3bIBAIOT ABYMEPHEIMH 3/IEKTPOHHBIMH CTPYKTYPaMH.

CylecTByOT 1 Jpyrae BO3MOXHEIE KBAHTOBLIE CTPYKTYPEI, TIe JABH-
XCHHE HOCHTENIeH OrpaHUYECHO HE B OHOM, a B JByX HAIpaBIeHHUIX,
KaK B MHKPOCKOMHYECKOH [POBOJIOKE MM HHTH (3TH CTPYKTYpHI 06-
cyxpalorcs B pasgene 1.4). B aroM cityuae HOCHTENH MOTyT cBOGOIHO
IBUTAThCH JIMIIP B OJHOM HAIPAaBICHHM, BIONb HHUTH (Ha30BeM €ro
ochio x). B nonepeunoM ceuennu (IUIOCKOCTD yZ) ®HEPIrHUd KBAHTyeTCS
Y IpHHUMAaeT JUCKpeTHole 3HadeHus E, , (Kak mo6Goe jiByMepHOe JBH-
XeHHEe, OHO OIKCHIBaeTCA AByMs KBAaHTOBHIMH 4MciIaMH, m u n). Ilomn-
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HBEI{ CHIEKTD IPM 9TOM TOXE ABJIETCH AMCKPETHO-HENPEPHIBHBIM, HO
JIMIIG C OJHOH HEeNpephIBHOM CTeneHbio cBOOOAH:

pZ
E=E, +E (1.5)
2m

o anatoruy ¢ IWIEHOYHBIMH CTPYKTYPaMu, HMEIOINMMH CIIEKTP BHA
(1.4.), naHHBIC CHCTEMBI HA3BLIBAIOTCH OJXHOMEPHBIMH IEKTPOHHBLIMH
CTPYKTYpaMH WIH KBaHTOBHIMH HHTAMH. CIIEKTD KBaHTOBEHIX HHTEM
TaKXe NpejacTapiideT co60i COBOKYNMHOCTh NMOJ30H pa3MEepHOro KBaH-
TOBaHHsA, HO yXe He JBYMEpHBIX, a OQHOMEPHBIX,

Hakonen, cymecTByIOT TEXHOJIOMW4eCKHE BO3MOXHOCTH, 06CyXiae-
Mble B paszene 1.5, a TakXe B I1aBe 2, cO30aTh KBaHTOBBIE CTPYKTYPBI,
HaNOMMHAIOLINEe HCKYCCTBCHHBIE aTOMBI, INe OBMXXKEHME HOCHTeNei
OIPaHHYEHO BO BCEX TpeX HampasleHUAX [2]. 3peck 9HEepreTHYECKHMil
CHEKTp yX€ He COAEPXHUT HeNpEePLIBHOM KOMIIOHEHTEI, T. €. He COCTOUT
M3 NOA30H, a ABJLIeTCd YMCTO JUCKpeTHHIM. Kak U B aroMe, OH OLHCHI-
BAEcTCA TPEMs HUCKPETHRIMH KBAaHTOBRIMH YMCIaMH (He cuMTas CIHHA)
u MoxeT ObITh 3anucad B Bune E = E,,, npyudyeM, Kak 1 B aTOMe, DHep-
reTHYeCKHe YPOBHH MOTYT OBITH BHIPOXIEHB M 3aBHCETH JIMIIb OT Of-
HOI'o WM ABYX 4Hces. Ilogo6GHBEIE CHCTEMBI HOCAT HAa3BaHHE HYJIb-Mep-
HBIX SJIEKTPOHHBIX CTPYKTYpP WIM KBaHTOBHIX TOYEK.

M3 Bcero cka3aHHOTO BbIIIE CHEMYET, YTO B TBEPAOTENBHBIX CTPYKTY-
pax, rae xoTa OBl BOOJL ONHOIO HAIIpaB/IeHHS ABUXEHHE HOCHTENIel
OIPaHUYCHO O4YeHb MO O6JIaCTHIO, CPABHUMOW 10 pa3MepaM C je-
6poil1eBCKOM HAMHOM BOTHEI HOCUTENel M XapakTepu3yeMoH oOBdHO
JeCATKAMH HAHOMETPOB, SHEPIETHYECKHH CIIEKTpP HOCHTENCH 3aMeTHO
MEHAETCd U CTaHOBHTCA YaCTHYHO WIH IIONHOCTHIO AUCKpPeTHHIM. Ilo-
J06HOe H3MeHeHHe CIIeKTPa 3a CYeT Pa3MEPHOr0 KBaHTOBAHUS MPHBO-
IOHT K CylIeCTBEHHOMY M3MEHEHHIO BCeX IeKTPOHHBIX CBOMCTB CHCTe-
MBI 110 CPaBHEHMIO C MaCcCHBHBIM 00pa3LioM TOro Xe MarepHania.

1.2. Ycnosua HaOnioneHns
KBaHTOBBIX pPa3zMepHBIX 3(peKToB

OueBUAHO, YTO, WIS TOro 4TOOBl OMHMCAHHOE BHIIIE KBAaHTOBAHHE
9HEpPreTUYeCcKOoro CreKTpa MOIVIO NMPOSBIHTHECA B KaKux-mubo Habmo-
paeMbIX a¢exrax, pacCTOSHHE MEXAY SHEPreTHYeCKMMH YPOBHAMH
E, .- E, nonxHo GbITh OCTaTOYHO BeJMHKO. B mepByio ouepens oHO
[OJIXHO 3HAYHTEIbHO NMPEeBOCXOAUTH TEIUIOBYI0 SHEPIUi0 HOCHTENeH:

E,, - E, >k, (16)

[OCKOJIBKY B MPOTHBHOM CIIyJae IPaKTHYeCKM ONMHAKOBas 3acesieH-
HOCTE COCENHHX YPOBHEH M 4acThle HepeXxons HocuTeNel MeXIy HUMH
nenanT KBaHToBbe 3¢ ¢EKTh HeHa6Io aeMbIMH.
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Ecnn 2ieKTpPOHHBIH ra3 BBIPOXJEH M XapaKTepHU3yeTcs IHepruei
®epmu , TO XKeIATENBHO TAKXKE BHUIIONHEHHE YCIIOBHA

E,.,.-E, 2 1.7

(ycnoBue (1.6) npH 3TOM BRINIONHAETCA ABTOMAaTHYECKH, HOCKOJILKY IS
BEIpOXAeHnoro rasza k7T < (). Ilpy HeBLIIONHEHWH YKa3aHHOrO YCJIO-
BHS 3aNOJIHEHO MHOTO KBAHTOBBIX YPOBHEH M KBAHTOBbie pa3MepHLIE
a¢exTsl, 6yXydd B NpUHUAIE HAOTIODaeMBIMH, HMEIOT BECbMa MAJTYIO
OTHOCHTEJIbHYIO BEJTHYHHY.

CymectsyeT emie oqHo HeobxoauMoe TpeboBaHue g HaOMOgeHUS
KBaHTOBHIX pa3MepHEIX 3¢dexToB. B peansHbIx CTPYKTYpax HOCHTENH
BCETNA UCHHITHIBAIOT paccesHUe Ha IIpHMecdX, ¢ononax u np. Muren-
CHBHOCTB paccessHust 0ObMHO XapakTepu3yercs BpeMEHeM penaKCaldh
uMmynsca T, Oonee mogpo6HO 06CYXHaeMbIM B ITIaBE 5 M CBS3aHHBIM
HpsAMO# TIPONOPLHOHAIBHOCTHIO C APYroil BaXHOH XapaKTePHUCTUKOM
HOCMTENEl — HX MOABHXHOCTHIO I = et/m. Bemuuna 1 npeacTasser
co00ii cpefnee BpeMs XHU3HH B COCTOSIHUH € JaHHBIMU (PHKCHPOBAHHEI-
MM KBaHTOBBIMH YHCIIaMH (HAIPUMED, 1, p,, p, IS IByMEPHOTO M1eKT-
poHHOro rasa). B cuny coorHoumenuii HEONpe#eNeHHOCTH KOHEYHOe
3Ha4YeHHe T BJIEYET 3a coOOH HEeOonpeseneHHOCTh B DHEPrHH JaHHOrO
cocrosnus AE ~h/x. O4eBunHo, 94T0 rOBOPHTE O HAIMYMH B CHCTEME
OTHENbHBIX JUCKPETHHIX YPOBHEH MOXHO JIHMIUB B CIydae, KorAa pac-
CTOSHME MEeXIy HHMH IIpeBLIIIAcT HeounpeneneHHocts AE, T. e. IpH
BBIIOJTHEHHH YCJIOBUS

E, . —En>>~rf=£. (1.8)
T my

MoxHo NoKa3aTh, YTO BbinoONHeHHe ycioBus (1.8) skBHBaneHTHO
TpeGoBaHuI0 TOro, YTo6kI AiHa cBoGoaHoro npodera Hocureneit [ 3Ha-
YUTENbHO MPEeBOCXOMIa pa3Mep 06J1acTH a, B KOTOPOM JIBUIraeTCa HO-
curens. D10 focTaroyHo oueBmaHO. CoINlaCHO KBaHTOBOII MeXaHHKE,
KBAaHTOBAHHE BO3HHMKAET IIPH NEPHONUYECKOM NBUXEHHH 4YaCTHIIBL.
DT0 BPOUCXOJHUT JIHiLb B CIy4ae JOCTaTOUHO 1aboro paccesHus, Kor-
Ja JacTHIA MeXHAy OByMsd aKkTaMH paccedHus (T. €. Npoiiud ImyTh JIH-
Holt /) ycneBaeT COBEpLIMTH HECKOJIBKO NEepUONOB xonebanmii, Wiy,
HHBIMM CJIOBAMH, HECKOJNBKO pa3 Iepeceyb IUIEHKY (HHTh, TOYKY) OT
IPaHHLBL JO TPaHUIEL.

TlockombeKy paccrosHue MeXAy YPOBHSAMH pa3MEepHOI0 KBaHTOBaHHA
nponopuuoranbio 1/a? (cm. (1.3)), 10 u3 (1.6)—(1.8) cnemyer, uTo ms
HaQUmo/ieHHUs KBaHTOBBIX Pa3MepHBIX 3(eKTOB HeoOXOOMMBbI MalTbie pa3-
MEpPHI CTPYKTYP, AOCTATOYHO HH3KHME TEMIIEPaTyphl M BBHICOKVE IOJBIK-
HOCTH HOCHTeJIEH, a TaKXe He CJIMIIKOM BBICOKAd MX KOHLEHTPAIMI.

IlpuBeneM HEKOTOpHle KOHKpETHEIE oneHku. Yrobel Habmogarh KBaH-
TOBBIE pa3sMepHble 3¢dexTsl B NOMYNpoBOAHMKAX ¢ m = 0.1my (my —

9



Macca cBoGOMHOrO AEKTPOHA) NPH TeMIlepaTypax BIUIOThH KO KOMHaT-
Hoil, Heo6xomumo uMeTh g < 10 eM. Tlpy 3TOM NOXBHXHOCTH HOCHTE-
JNell ZO/KHA 3aMeTHO IpeBocxomuTh Benrumdy 1000 cM2/(B-c). Ecou
H3TOTOBHTH CTOJb MAJIble CTPYKTYPH! HE IPEICTABIAETCA BO3MOXHEIM
(mpo6sieMBl TEXHOJIOTUY KBaHTOBBEIX PAa3sMEPHHEIX CTPYKTYp obcyxna-
10TCA B IT1aBe 2), To HaGmojienne KBaHTOBIX 3 (eKTOB BO3MOXHO JIMIIb
IIpA TIOHHXEHHBIX TeMIleparypax H tpeGyer GoJiee BHICOKHX IMOABHX-
HOCTEH HocHTened.

3aMeTHM TaKxe, 4To B COOTBETCTBUH ¢ TpeGoBanueM (1.7) Merawin-
YeCKHE CTPYKTYPbi MAIO MOAXOMAT 1)1 HalIofeHus KBaHTOBHIX pa3-
MepHBIX 3¢deKToB, MOCKONEKY { B THIHYHEIX METaUIaX COCTABIAET
HECKOJIBKO 3/IeKTPOHBOJIBT, YTO 3aBefOMO Ooiplile JII0OBIX PacCTOSHHIA
Mexnay YpoBHAMH. IlOMynmpoBOAHHKOBEIE WIH MOMYMeTALINYEeCKHe!
CTPYKTYPHI 3€Ch SBHO NpeINOYTHTEIbLHEE.

Eme opHuM BaXHBIM yc/iOBUEM, HeoOXOOMMBIM Ut HaOIIONEHHS
KBaHTOBaH¥s, ABJIIETCA BHICOKOE Ka4eCTBO MOBEpXHOCTEH, OrpaHHyYH-
BAIOIMX JBIKEHHE HOCHTeNeH B KBaHTOBBHIX AMaX, HHTAX M TOYKaX.
JIns TOHKHX IUIEHOK pedb MAEeT O BHENIHeH rpaHuIe IVIEHKH B O TPaHu-
e IUIeHKa—TIoM10XKKa, Ut rerepocTpykTyp, o6cyXnaeMsIx B mocie-
NYIOIIUX pasfenax, pojib TAKMX [OBEPXHOCTEH UIPaloOT reTeponepexo-
Abl MEXIy DasIMIHBIMH NOJTYIPOBOOHHKAMH. XapakTep OTpaKeHHd
HOCHTENEH OT yKa3aHHHIX rpaHul JOMXeH ObiTh GJIM30K K 3epKalbHO-
MY, T. €. ZOJLXEH POUCXORATE C COXpaHeHHEeM KOMIIOHEHTH HMITYNBCa,
napauteNbHOl rpannle. Ecnu aTo He Tak, TO NpH KaXIOM OTpaXeHHH
OT IPaHMIIBI YacTHIA «3a0BIBaeT» O CBOEM COCTOSHUHM JO OTPaKeHud,
T. €. Ha FpaHuue NPOUCXORUT 3¢ (peXTHBHOE paccedHue. JIerko NoHATE,
4TO NPH 3TOM JUTHHA Mpobera CTaHOBHTCA PaBHON 4 M Hapylaercs
YIIOMsHYTO€E BhIlIE ycnosue [ > a.

Ina peanusauuM 3epKaIbHOrO OTPAXEHHS Ha rpaHMmax HeoOxomu-
MO, 4T0Obl pa3Mephl IePOXOBATOCTEH, HEM3GEXKHO CYIIECTBYIONMX Ha
mo6oii MoBepXHOCTH, ObUIH MeHbIIe NeGpOiIeBCKO# JUTHHEL BOJIHBI HO-
cureneil. Kpome Toro, rpaHuub! He JOMXKHEL CONEPXaTh BLICOKOH IUIOT-
HOCTH 3apSKEHHBIX LIEHTPOB, NPHBOIIIIMX K NONOJHHUTEIBHOMY pacce-
STHUIO.

1.3. CTpyKkTypbl ¢ JByMepHBIM 3JIEKTPOHHbIM Ia30M

HauGonee oueBHIHBIM NMpUMEPOM CIPYKTYP C ABYMEPHBIM 3JIEKT-
POHHBIM Ta30M SB/ISIOTCH TOHKHE IUIEHKH, UCTONb30BAHHBIE B TIPEIibl-
AylieM pasuelie I WUNOCTPAalHdM MAeH pPa3MEepHOro KBaHTOBAHMA.

! [TosymeraiaMH Ma3biBalOT BEHIeCTBa, OOnanarolHe TeMIiepaTypHO-He3aBHCH-
MOIT (KaK METa/LsI), HO A0CTaTouHOo HU3Ko# (1017—1020 eM~3) xoHnenTpanueil HocH-
Tenell. Hanbonee pacipocTpaHEHNBIME NOIYMETA/LTaMH ABMIOTCA BIEMEHTH V Ipyn-
net Bi, Sb, As.
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MBI yxe yIIoOMUHATH, YTO NOJYIPOBOAHHKOBHE WIH IOJIyMeTa/UIHYe-
CKMe IUIeHKM SIBJSIIOTCA IUIA 9TOH menu Gonee MpelovTHTENBHBIMM,
HeXenM Mertauiddeckue. M peiictBuTensHo, wieHku Bi ucropmaecku
ObUTH IIEPBBIM MarepHaTOM, [H€ 9KCIEePHMEHTAIBHO HAGMIONaTHCh
KBaHTOBEIE pa3MepHble 3¢pdexThl B nposoguMocTy {3] (06 arom Gyner
pacckas3aHo B mase 5). Takue mienku, aMeromue HEO6XOMUMYIO TON-
[MHY, ROCTATOYHO BBHICOKYIO ITOABMXKHOCTh M XOpOIIEE KayecTBO IIO-
BEPXHOCTM, JOCTATOYHO JIETKO IOMY4al0TCd METONOM BaKyyMHOTO HC-
IIapeHus.

OnHako TOHKME IJIEHKH He ABISIOTCS JIyJiluM 0OBeKTOM Juis Hablo-
JAeHus KBaHTOBHEIX 3hdexToB. YIIOMAHYTHIE IWWIEHKH Bi ¢ uX 3epkaibHO
OTPaXaloUHUMU IIOBEPXHOCTIMU — CKOpEE HCKIII0UEHUE, 00YCIOBIIEH-
HOe oYeHb 60bmoit fe6poilIeBCKOM AMHON BOJIHE B JAHHOM MaTepua-
Jie, YeM NpaBmio. B npyrux Marepuainax, B TOM YUcCiie B IOJYIPOBOXHH-
KaX, NONyYuTh TOHKHE IUIEHKH HeoOXOMUMOro KadecTBa BechMa
cnoxHo. TIpHunHa B TOM, YTO HA IOBEPXHOCTH IMOIYIPOBOAHHUKOBOI
IVIEHKY CYLIECTBYET BbICOKas IUIOTHOCTh IIOBEPXHOCTHBIX COCTOSHMIA,
HrpaIoUX PoJib LEeHTPOB paccesdns. [loaToOMy TOHKHE IUTEHKH, INHPOKO
HCIIONB30BaBIIMeECS A9 H3y9eHUA KBAHTOBBIX pPa3MepHBIX 3¢hdekToB B
KoHme 60-X IT., YCTyImWId BefyIIyl0 pOJIb BHA4ale KPeMHHEBBIM
MJII-cTpyKTypaM, a BIOCIENCTBHH KBaHTOBbIM I€TEPOCTPYKTYPaM.

Crpykrypel tHna MJII (Metaui—puenekTpUK—IIOMyIIPOBOXHHUK )
GLUTH U3BECTHBI 33J0JIT0 X0 OTKPHITHS KBAHTOBBIX pa3MepHHIX 9 deKToB
M HCIIONB30BAIMCEH (M IIPOJOJIXKAIOT HCIIONIb30BAThCA) B KAYECTBE IOJIe-
BBIX TPaH3UCTOPOB KaK B AUCKPETHOM, TaK U B MHTEIPATbHOM HCIIONHE-
Huu. Ha puc. 1.2 uzo6paxena 30HHag guarpaMMa Takoi cTpykTypei. Ha
METAUIMYECKHI 3aTBOPHEIH 971K TPOI, OTAENCHHEIH C/I0eM TUJIEKTPHKA
TOJIUHOI d, IofaeTcs HanpsaxeHue V,, co3faoree B I0TYIPOBOXHAKE
IPHUIIOBEPXHOCTHBIHA H3ru6 30H. [ gocTatoyHo GonbimuMX V, 3TOT U3THO
MOXET cTarh NOPSAKa MIMPHHBI 3aNpemeHHo 30181 IIpH 3TOM B nONMy-
IPOBOAHMKE BOJIN3HM PaHMILEI C JUIJIEKTPUKOM 06pa3yeTcs TOHKHIA MH-
BEpCUOHHBIN CJIOM, collepXaluil HOCHTENU IPOTHBOIIONIOXKHOIO 3HaK4,
HeXenu B 06beMe MOIyNpOBOAHUKA (B HAIIEM CIIydae C/Oi n-Tulla B
p-TIonynpoBogHMKe). PaccMarpuBas Me TA/UTMIECKHIA 3aTBOP ¥ MHBEPCH-
OHHBII CJI0i KaK JBe 06KJIaIKM IUIOCKOTO KOHIEHCATOPA, JIETKO 3aKJIIo-
YHTh, YTO JBYMEPHAS IVIOTHOCTH IEKTPOHOB B C/10€ Ng (INIOTHOCTD CO-
CTOSHU 9MEKTPOHOB Ha eJMHULYY IUIOIIaH ABYMEPHOTO JIeKTPOHHOTO
raza) OyneT NpoNOpUHOHATIBEHA HANPIXKEHUWIO Ha 3aTBOPE:

ng = —4—(V, - V), (1.9)
4med

Iae K; — AMIEKTpUYECKasd MPOHUIaeMOCTb AUIEKTpHKa; V) — Mo-
pOTOBOE HanpsKeHHe, COOTBETCTBYIOINEE OTKPBITHIO HHBEPCHOHHOIO
KaHal4, T. €. MOSBIIEHHIO B HEM DJIEKTPOHOB.
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Puc. 1.2. Duepretuueckas nwarpamma MIATI-CTpyKTypsI.

OcHOBHBIM MaTepHanioM w1 usrorosnenns MITI-crpykTyp ssiser-
cd KpeMHHHi, B NIEPBYI0 odepens Onarogaps Toil JIETKOCTH, ¢ KOTOpo#
IIyTEeM OKHCJICHUS CO3aeTCd OQHOPOAHDIM CII0i BHCOKOKA9€CTBEHHOIO
ausnekTpuka Si0,, uMeomuil TpebyeMyio TONLIMHY.

IMokazannat Ha puc. 1.2 MOll-cTpykTypa npencrasisger co6oii ro-
TOBBI 00BEKT 1A HaOMOACHHI KBaHTOBRIX pa3MepHEIX adibexrTos [4].
UnBepcuoHHBI cioif mpepcrasiger coboil MOTEHIHANBHYIO IMY U1
3NIEKTPOHOB, TA€ OFHOU CTEHKOH ABNSeTCA IPaHUNA C TUAJIEKTPHKOM, a
POJIb BTOPOil CTEHKM MIrpaer 3/1eKTPOCTATUMECKHIA oTeHunan eQ(z) =
= eFz, NpUXAMAIOIKI SIEKTPOHN! K rpanuue. 3geck F =~ 4meng /x —
BJIEKTPHYECKOE TI0JIE B MHBEPCHOHHOM CJioe, KOTOpoe, coriacHo (1.9),
MPOTIOPIUOHATIEHO HANPSXEHKIO HA 34TBOpe, @ K — AUIJIEKTpHYecKad
TIPOHHLAEMOCTD NOJYIPOBOIHHKA.

JIerko OneHUTh XapaKTEPHYIO TOJIIUHY HHBEPCHOHHOIO KaHANa Az,
HIPAIoLIYI0 pONb WIMPHHBI KBaHTOBOM sMbl. Eciu onpenenars Az xak
IIMPHHY KJTACCUYECKH pa3peIleHHONH O6NacTH 1A 9MIEKTPOHOB C 9HEP-
rueit E,, 10 Az = E,/eF. C pgpyroit cropoust, cornacuo (1.3), E,~
~ h%/m(Az)?, uro maer Az~F'3 u E ~F%3,

Baxneiimeii ocobennocteio MJII-cTpykTyp, omMyamomed ux or
APYTUX KBaHTOBO-Pa3MEPHBIX CHCTEM, ABJISETCS BO3MOXHOCTD YIIpaBe-
HH4 KOHIeHTpanueii 371eKTPOHOB hg. OHa MOXKET H3MEHATHCA B IUPOKUX
Ipesieiax IpU U3MeHEHUH HaTIpsoXeH s Ha 3atBope V, (cM. (1.9)). Max-
CHMANIBHOE 3HAYCHHE Ng ONPENEIIETCS MAKCHMATLHBIM 3HAYEHUEM Ha-
npsKeHHs, KOTOpOe MOXHO NIPWIOXHTD K 3aTBOpY 6€3 pHcka Ipo6os
JMIEKTPHKA. I KPEMHHEBLIX CTPYKTYpP OHO MMeeT nopsok 10 P em2,

3ameTuM, 4TO H3MEHEHUE HANPIXEHNS Ha 3aTBOpe MEHSET OMHOBpE-
MEHHO KOHIIEHTPAIHIO ABYMEPHBIX HOCHTENEH Nng X PACCTOAHHE MEXIY
YPOBHSMH pa3MepHOTo KBaHTOBaHHA. DTum MIII-cTpyxTypa OTndya-
TCsl, CKaXeM, OT TOHKO# TUIEHKHM, TI€ KOHUEHTPALMS ¥ 3HEPIUS YPOB-
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Hell OTIPENENSIOTCS COOTBETCTBEHHO YPOBHEM JIETMPOBAaHMS M TOJIIM-
HOI{ TUIEHKH # MOTYT MEHSTBCS HE3aBHCHMO.

Cyumiectsyer eme oaHo BaxHoe paznudue Mexny MATl-crpykrypamu
M TOHKHMH IUIeHKaMu. Tlocnentne npencrarnsioT coboil NoTeHIHATb-
Hyl0 My And oOOMX THIIOB HOCHTeNei, U KBaHTOBaHue sHepruu (1.2)
HMEET MECTO KaK /sl JJIEKTPOHOB, TaK U W1d Asipok. B MIII-cTpykTy-
pe, KaK M B J060i HHOI cUCTeMe, IIe OrpaHM4YMBAIOUIMKA [TOTEHITHAT
(xots GBI Cc OfHOH CTOPOHBI) HMEET NEKTPOCTATHUYECKYI0 HPHPOLY,
KBaHTYETCs 9HEPIuUsd JIMIIb OJHOTO THNA Hocurenei. g xpyroro Tuma
Hocurenei (Ha puc. 1.2 — ABIPOK) MOTEHNHATbHAA IMa OTCYTCTBYET U
CIEKTP OCTaeTcd HelpephIBHBIM.

B nacroqmee BpeMs, ofHaKo, 11 M3ydenusd 3¢hdeKToB pazMepHOro
KBaHTOBaHUsl ucnons3yorcd He MIII-, a reTtepocTpykTypsl — KOH-
TaKTH MeXIy MOJIyIPOBOAHHKAMH C Pa3IMYHON LMIMPHHOM 3alpelieH-
Hoif 30Hb1. Ha TakoM KOHTaKTE Kpast 9HEpPreTHYECKUX 30H MCIIBITHIBAIOT
CKa4yKH, OTpaHMYHBAIOIKE IBHXCHHE HOCHTENEH U WIpapIuye polb
CTEHOK KBaHTOBOH sMul. Ha puc. 1.3 nokasana THIIMYHAS 30HHAY AHA-
rpaMMa rerepolepexona MeXIy MONyIIPOBOAHHKAMH - ¥ p-TUTIA (aHH-
30THIIHOIO 1epexoaa). Bunno, 4yro ona cxomHa C pguarpaMMmoi
MIII-ctpykTyphl. Tak xe Kak H TaM, B Y3KO30HHOM IIOJYIIPOBOXHUKE
BONHM3M TpaHMUBl pa3iena MoXer 06pa3oBHIBATHCH HHBEPCHOHHBIH
CTIOH, HrparoImui posib MOTEHIHATLHOM IMBI IS JIEKTPOHOB, B KOTO-
pO¥i CYLIECTBYIOT YPOBHU Pa3MEPHOIO KBaHTOBAaHH.

BaxneimuM AOCTOMHCTBOM rerepollepexofa SBIIeTCS BBICOKOE
KauecTBO rereporpanunsl. IIpu BriGope B KayecTBE KOMIIOHEHT reTe-
pOIIapHI BEIIECTBA C XOPOILIMM COIVI4CHEM IOCTOSHHBIX pemeTky (Go-
Jee NOAPOOHO O COOTBETCTBYIOIUMX TEXHOJOTMYECKHX mnpobiemax
paccKasbpIBaeTcs B IVIaBe 2) yAaeTCs YMEHBIIHTD IUVIOTHOCT IIOBEPXHO-
CTHBIX COCTOSHUIf Ha reTeporpaHdue A0 3HayeHui nopsaka 108 cm2,
YTO Ha HECKOJIPKO NOPSHKOB MEHbIue, YeM B nydmnx MITI-cTpykry-
pax. Takad Manas IUIOTHOCTh COCTOSHWII B COBOKYITHOCTH C aTOM-
HO-INIaIKoif Mopdoorveit rpaHunbl IPUBOAMT K BO3MOXHOCTH IIOJNY-
YEHHUs] PEKOPOHO BBICOKMX IIOABMXKHOCTEH |l B IPUIIOBEPXHOCTHOM
kaHate. B rerepocrpykrypax GaAs—AlGaAs GpUIH NOJy4YeHBI 3HAYE-
HUsl IOABUXHOCTM 3NEKTPOHOB, npeBocxonsmue 107 cm2/(B - ¢), B 10O
BpeMs Kak mia ryqmux Si-MIII-ctpykryp p = 5-10% cM2/(B - ¢). B
pe3Y/IbTaTe CTONKHOBUTEIBHOE YIIMPEHHE YPOBHEH B I€TEPOCTPYKTY-
pax KpaiiHe Malo, YTO [O3BOJAeT HAOIIONaTh pasIH4YHBIE TOHKHE 3¢-
(exTh.

KoHnenTpauns HocuTeNeii B KaHalle reTepoCTPYKTYPH Ng OTpeers-
ercs pa3peiBaMU 30H Ha reTePOrPaHuNe ¥ YPOBHAMH JIETMPOBAHHI KOM-
noHeHT rereponapsl. I cucreMsl GaAs—AlGaAs oHa, Kak IIpaBwio, He
npesocxoaut 1012 cm2. B cTpyKType, H306paxenHoit Ha puc. 1.3, 9Ta Be-
JVYHHE dBisercd PUKCHPOBanHON. Ecy co CTOPOHBI IHPOK030HHOTO
MAaTepHana Ha MOBEPXHOCTh CTPYKTYpPH! HaHECTH JOIIOJIHUTENILHBIN 3a-
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Puc. 1.3. 3oHHa% auarpaMMa OfMHOYHOTO reTepOIlePeEXOna.

TBOPHEIN 3JIEKTPON, TO, U3MEH: HANPIKEHHE Ha HEM, MOXHO MEHSTh Mg B
HEKOTOPBIX TIPENIEIIaX, XOTs ¥ He CTomb adhdexTuBHO, kak B MITI-cTpykTy-
pax.

B rerepoctpykType puc. 1.3 noteHnuaIbHad IMa, OTBETCTBEHHAS 34
pa3MepHOe KBaHTOBaHUE, 00pa3oBana pa3peiBoM 20H AE, ¢ OfiHOIi CTO-
POHBI ¥ YIEKTPOCTATHYECKHM IIOJIEM TIEpeXona ¢ ApYyroi. JTo aHaIor
HHBEpCHOHHOTO cnosd MII-CTpykTypHl, B KOTOPOM KBAaHTYETCS ABHXE-
HHe JIMIIb OAHOTO THIA HocHrened. CymiecTBYIOT TaKXe reTepoCTpyK-
TYPHBIE AHAIOTH TOHKOH IUVIEHKH C pa3MepHBIM KBAHTOBaHHEM KakK
9JIEKTPOHOB, TaK U JBIPOK. DTO ABOHHBIC TOHKOC/IOHHBIE CTPYKTYPBI,
WIH KBAaHTOBBIE MBI, NIPEACTABIAIOMME O4eHb TOHKUN CJIOM Y3KO30H-
HOI'O NOMYINPOBOAHUKA MeXIY JABYMS IIHMPOKO30OHHLIMH (puc. 1.4).

EcnH ToniHHa y3Kk030HHOTO CJ104 @ 3HaYHTETBHO MEHbIIIE JUTHHbI 9Kpa-
HHPOBAaHMA, TO M3THObI 30H 33 CYET 0GBEMHOT0 3aps/ia B NIONYIIPOBOTHHK AX
HE3HAYMTEIIbHBI M 30HHA4 UarpaMMa CTPYKTYPhI HMeeT BUJI, H300paxeH-
HBIIA Ha puc. 1.4, ¢. BUIHO, 4TO B 30HE NPOBOAMMOCTH 00pa3yercs NpaKTH-
YecKH NPAMOYroNibHad KBaHTOBad IMa INMPUHOI a ¥ tmybunoit AE_. AHa-
noruwdHad AMa riryouHoit AE, cymectByer B BaIGHTHO 30He,

a

Puc. 1.4. 3onnas nuarpaMma JBOAHON TeTEPOCTPYKTYphI NIPU PAIIMYHOMN
TOJIIKHE Y3KO30HHOIO CJIOA.
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Puc. 1.5. 3oHHag nuarpaMMa nesbTa-crod.

YKaxeM B 3aKNIOYEHHE €lie Ha OAMH TUIl KBAaHTOBO-Pa3MEPHBIX
CTPYKTYP — TaK Ha3pBaeMble JIeNibTa-ClioH [5]. DTo HONyIpoBOXHUKH
C IpefieIbHO HEORHOPOAHBIM NpothHiIeM JIETHPOBaHHUS, [AE IPUMECHBIE
HOHBI HE paclpeRe/ieHH OXHOPORHO MO 06beMy, a COCPeNOTOYECHHI B
O4eHb TOHKOM CJIO€ B OJIMH WIN HECKOJIBLKO IIeproRoB peierku. Hocu-
TemH, o6pa3oBaBiIKecs pH HOHU3ALMH IpUMecei, yIepXHuBaloTCI HX
3aps10M BOJIHM3H IUIOCKOCTU CJIOS. DJIEKTpHYECKOe IoJe C/oS MOHOB
9KPaHHpPYeTCs 3apsAgoM BJIEKTPOHOB, U PE3YIBTHPYIOLIAA TOTEHIIH ATb-
Hasg 9Ma MMEeT BHJ, CXeMaTH4YeCKH NOoKa3aHHbIA Ha puc. 1.5, Ortnuuu-
TEJLHON 4YepTOH JENbTa-CI0eB SBIIETCS BO3MOXHOCTb IONyYeHHS B
HMX OY€Hb BHICOKOM KOHLEHTPALMH pa3MepHO-KBaHTOBaHHBIX HOCHTE-
neit (g0 3Havenuit mopamka 104 cm~2), 3aMeTHO GoNbIEN, YeM B ApY-
IMX ONMCAHHBIX CTPYKTYpax. OfHAaKO MOABMXHOCTH HOCHTENeH B HUX
CPaBHMTENILHO HEBENIHKA 33 CUET PaccessHHd Ha GONBIIOM KOJIMYECTBE
IPHMECHBIX MOHOB, JIEXAIIUX HEINOCPEACTBEHHO B IVIOCKOCTY CJIOAL.

1.4. CTpyKTyphl C OJHOMEPHLIM IEKTPOHHBIM ra30M
(KBAHTOBBIC HHUTH)

TonmyyeHue KBaHTOBBIX CTPYKTYP C 9 (PEKTHBHON pa3sMEPHOCTBIO MEHb-
e AByX (KBaHTOBBIX HUTEH ¥ TOYEK) AB/geTcs 6oNee CIOXHOIM 3anaveii,
YeM TEXHONIOTUS ABYMEPHBIX CHCTEM, OITHCAHHBIX B IPEABITYIIEM pa3ie-
sie. Hau6ornee pacnpocTpatie HHBIM CIlocOO0M ee pellIeHUS SIBIIIeTCs CYO-
MHKpDOHHas yurorpadus. IIpu TOM HCXOOHBIM OGBEKTOM SIBISETCS
CTPYKTYpPa C AByMEPHBIM [a30M, 4ale BCETo OMUHOYHAd reTepoCTpyKTY-
pa, noka3aHHad Ha puc. 1.3. Ona noxsepraercsa nurorpaduyeckoit npo-
neaype, B XORE KOTOPOil ABIKEHUE AICKTPOHOB OIPaHUYHBACTCA €le B
OIHOM H3 Hanpas/leHuii. [[7i9 3TOro MoryT ObITE HCITONIL30BAHKI BA Pa3-
JIMYHBIX TIOHXoxa [6].

Hawu6onee oueBMAHBINA M3 HUX — 3TO HENOCPEACTBEHHOE «BBHIpe3a-
HUE» y3KOil MONIOCKH C MOMOLIBI0 TuTorpaddecKoi TeXHUKH (puc. 1.6,
a). Ilpu aTOM 1114 NIOTyYeHNs 37IEKTPOHHBIX HUTEH INHPHHOMN B IECATKH
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Puc. 1.6. I'erepocTpykTypbl C KBAHTOBBIMEM HHUTAMH, MOIYYECHHBIE C TIOMOLIBIO
CyOMHKPOHHOH NUTOrpauu 32 CYET BHITPABIIUBAHUT Y3KOH NOJIOCKH M3 CaMOH
cTpyKTYyphl (@) W wenu B 3arsope IlorTku (6).

1 — AlGaAs; 2 — GaAs; 3 — 5neKTpOHHSBI 1a3; 4 — MeTaUIMYECKU 3aTBOP.

HaHOMETPOB, I7Ie KBAHTOBAHHE SHEPIUU 9JIeKTPOHOB OyZieT 3aMeTHRIM, He
006s13aTeNIBHO Ae1aTh IOJIOCKH CTOJIb MATOH NIMPHHBL, YTO IPECTABISET
co60il HeJierkyio TEXHOJIOTHYECKYIO 331a4y. JIeno B ToM, 4To Ha G0KOBBIX
TPaHsIX BHITPaBIEHHOM II0JIOCKH, KaK H Ha CBOG0HOM IIOBEPXHOCTH I10-
JYNPOBOAHMKA, 06pa3yioTCd MOBEPXHOCTHBIE COCTOSHUS, CO3AIOLIUE,
KaK IIpaBuno, cloil o6egHeHUs. DTOT CJI0i BH3BIBAET JONOIHUMTEILHOE
CyXCHUE IIPOBOJLAILETO KaHANA, B Pe3yNIbTATE YeT0 KBaHTOBbIE 9th(DEKTH!
MOXHO HaGNIAATb M B IT0JI0CKaX OoNbIeii Iy pUHBI — [TOPSAKA AecITOol
JOJIA MHKDOHA.

MoxHo moctynurs H uHade. IIoBepXHOCTH NONYNPOBOXHHUKOBOH
CTPYKTYpPHI C AByMEPHBIM Ia3oM IIOKPHIBAIOT META/UIOM, CO3MAIOLIHM C
MOJTYNPOBOAHAKOM KOHTAaKT IIIOTTKM ¥ HMEIMM Y3KYI0 LIenb
(puc. 1.6, 6). Ecnu rereporpanuna HaxoQMTCsa AOCTATOYHO OJHM3KO OT
[IOBEPXHOCTH, TO JByMEpHbIE 3JIEKTPOHHI GYIYT OTCYTCTBOBATH BCIOHY,
KpoMe y3Koii 00acTy oA mensio. Takoit THI OqHOMEPHOM CTPYKTYPHI
obnanaer MOIOJHUTENBHBIM [IPEHMMYLIECTBOM: MEHAS HANpIXeHUE Ha
METAUIMYECKOM 3aTBOPE, Mbl MOXEM yIipasiairh 3¢eK THBHO mMpH-
HOI KBAaHTOBOH HUTH ¥ KOHICHTpalUMell HoCHTeNnel B Hell.

CylecTByIOT M JpYyTHe MeTOHBl CO3JaHus KBaHTOBBIX HuTei. Cro-
co6, manoxennpiit B pabore [7], HCTIONB30BAIICA [UIA CO3JAHHMS Ja3epoB
Ha CTPYKTYpax C KBaHTOBBIMH HUTIMM. Ha Mo/mioxke mupoKo30HHOTO
nosnynposogHHka (manpuMep, AlGaAs) Gbuia chaenana y3Kas KaHABKa
(WM cepus TMAapaUVIeNbHBIX Y3KHMX KaHaBOK) TPEYroJbHOTO CEYEHHS
(puc. 1.7). Ilpu smuTaKkCHAIFHOM BHIPAIMBAHWU HA TAaKOH IOMIOXKE
KBAHTOBOM SMBI, T. €. TOHKOTO CJIOF Y3KO30HHOIO IONYIIPOBOTHHKA
(GaAs), a 3aTeM CHOBA IIMPOKO3OHHOIO MarepHaid, TOJIMHA Clo4
GaAs Ha IWIOCKO#H YacTd No10XKH (a,) OymeT MEHbINE, YeM B KaHABKE
(a). Hoatomy, B cornacuu ¢ (1.3), pa3sMepHO-KBaHTOBaHHbIC JHEPIeTH-
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AlGaAs

AlGaAs

Puc. 1.7. TerepocTpyxTypa Ha NOIJIOXKe C Y3KOH KaHasxoi.

YECKHE YPOBHH BHYTPH KaHaBKH PacloiOXeHbl HHXE, YeM B OCTAIb-
Hoii uactu crnosd GaAs. D10 o3Havaer, YTO HOCHTENH 3apiaa (KaK a/ieK-
TPOHBI, TaK U ABIPKH) IpH HEBBICOKOW MX KOHLEHTpauuH GymyT crpe-
MMTBCS JIOKQJIN30BAaThCA HA KBAHTOBBIX YPOBHAX B IpEETaX KaHABKY,
o6pa3ysd BIONb Hee KBAHTOBYIO HMTE.

1.5. CTpykTyph! ¢ HYJb-MEPHBIM VIEKTPOHHBIM ra3oM
(KBAHTOBLIC TOYMKH)

TpuHOMIIBI CO3MAHMS KBAHTOBBIX HUTEH, OMIMCAHHBIE B NPEABLTyIIEM
pasgene, MoryT ObITh TaKXe NpUMEHEHb! M JUIA CO3NAaHUA KBaHTOBBIX
toyek. A sroro daktuyecku Tpedyercd mHIIb HIMEHHUTH KAPTHHKY,
BBITPABJIMBAEMYIO Ha JBYMEpPHOIl CTPYKType C MOMOIUBIO CyOMHKpOH-
Hoit murorpadun, B cnyyae xBaHTOBEIX HMTEH OHA NpPEACTABIANA CO-
6oif cHCTEeMy Y3KHX MONOCOK. B cirygae KBaHTOBBIX TOYEK peys uuer 06
OTACNBHBIX KPYXKaxX (HIH HHBIX H30JIMPOBaHHBIX IUIOCKHX (PUrypax)
cyOMHKpOHHOIO pa3Mepa, KOTopsie 00 OCTABIAIOTCS HETPOHYTHIMH,
€C/llM MCHOJIB3yeTcs METOA NpAMOro BHITPaBIHBaHHA, KaK Ha pHC.
1.6, a, tu60o, Ha060POT, BHITPABIIMBAIOTCS B META/UIHYECKOM IMOKPHITHH
I cTpykryp ¢ xoutakToM IorTkm, nokasaHHex Ha puc. 1.6, 6.

Crenyer 3aMeTHTDb, YTO METOIB CyOMMKpPOHHOH nuTorpadun gocra-
TOYHO NOPOTrH U HMEIOT ECTECTBEHHBIE OrPaHHYEHHUA IO pa3MepaM, He
MO3BOJIsAA NOTy4aTh CTPYKTYpPBI C Npe/ie/IbHO MANBIM GOKOBBIM OTpaHu-
4EeHHEM, TAKHM Xe KaK B HalpasjieHuu pocta, I103ToMy B TexHONIOrHH
KBAaHTOBBIX HUTEHl U OCOGEHHO KBaHTOBBIX TOYEK YCWIEHHO BemeTcs
[IOMCK ILTEPHATHBHEIX METOROB MNONYy4EHUS TaKHX CTPYKTYP. Ocoben-
HO TNIPUBJIEKATENbHOM BRIVISIUT BO3MOXHOCTD HCIONMB30BaHHS 3 dek-
TOB CaMOOPraHM3allMy, I1e HaHOCTPYKTYPH ONpeneNieHHbIX pa3MepoB
¢hopMHpYIOTCS caMH, IIOR BJHSHHEM BHYTPEHHHX CHWI, AECHCTBYIOLMX B
nponecce pocra. M3BecTHs! IBa OCHOBHHIX croco6a ¢opMHpOBaHUA
KBaHTOBBIX TOYEK MOZOGHHIM 00pazoMm.

Iepsriit cnoco6 cocTouT B BhIpalMBaHUM IOJYTIPOBOXHUMKOBLIX HA-
HOKDHCTAIUIOB C XapaKTEpHBIMH Pa3MepaMU B eAMHUIIH H JeCATKH HaHO-
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Puc. 1.8. Cucrema caMOYIOpAXOYEHHBIX KBRHTOBBIX To4YeK INAs Ha HOBEPXHO-
ctu GaAs.

MeTpoB. CylecTByeT Pl TEXHOJOIMYECKUX MPUEMOB, MO3BOISIOMIMX
aToro po6utscs [8]. Hanpumep, npH BripaiquBaHAy MOTYIIPOBOIHUKOB
13 MIEPECHIEHHOIO PACTBOPA B CTEKJIAHHON MaTpuie nponecc hopMu-
poBaHug 3apogsiueit 6yaer onpenenarbed 1M dyuel HOTYIPOBOTHM-
KOBBIX aTOMOB X LIEHTpaM pocTa. BHayasie 3apofbILLu pacTyT MOHOTOHHO
CO BpEMEHEM, HO 3aTeM, KOITa IEPECHIICHNE I1aaeT, HAYHHAETCS Iepe-
pacIpefiesIieHHe aTOMOB MEXy Da3IMYHBIMU 3aPOAEILIAMH, TIPHBOJSLIEE
K BBIPABHUBAHHIO MX Pa3MepoB H (GOPMHPOBAHMIO JOCTATOYHO Y3KOM
dbynkunn ux pacnpeneneHus {9]. B pe3ynbraTe MOXHO OTYYHTh 60JTB-
II0E KOJMYECTBO IMOYTH OJHHAKOBBHIX HAHOKPHCTAJUIOB C Pa3MEpPaMH,
TpeOyeMbiMH 111 HaOJTI0EHII KBAHTOBBIX pa3MepHEIX 3(hexTOB, «BMO-
POXEHHBIX» B CTEKJBIHHYIO MaTpuiy. Bo3MOXHO MOMyd4aTh HAHOKpPM-
CTaJUTbl M B UHBIX IPO3PavHbIX TBEPABIX ¥ XKUAKHX cpefax. Hanbonee ya-
CTO MOFOGHBIM METOIOM HOJIYHAI0T HAHOKPHUCTAIUIBI [OTYNIPOBOXHHUKO-
BeIx coequHennii II—VI (CdS, CdSe u np.).

CyTs Broporo cnoco6a 3akmouaercs B popMUPOBAHHH CJI0S KBaHTO-
BBIX TOYEK IIPU NETEPOIMUTAKCUH TONYTIPOBOAHUKOB C GonpluuM pac-
COIIacOBaHHEM mapaMeTpoB pemerku. HanGonee pacmpocTpaHeHHOMR
cucreMoit 3nech gapgercs napa GaAs-InAs, i xoTOpoil TapaMeTpsl
peweTky oTauyaTed Ha 7 %. C TOYKHU 3peHHs 3MHUTAKCHH 3TO OYEHb
6opIoe paccortacoBaHue, U [PH BHIPAMMBAHMU AOCTATOYHO TOJICTO-
ro cios InAs Ha nmomwioxke GaAs Mbl ToMy4su Gbl CWIBHO JedeKT-
HYI0 reTeporpanuny ¢ OONbINOil IUIOTHOCTBIO AMCIOKANHIl HECOOTBET-
ctBus. OfHAKO ecly TONIIMHA ClI0d COCTaBldeT JHINb HECKOJIBKO IIe-
PHOIOB pEIeTKH, DHepretudecku Gosee BHIrOOHO HethOPMHUDPOBATEH
CIIoi1, cAienaB NepUoJ] €ro pelIeTkH TAKUM Xe, KaK y MOMIOXKKH, HEXe-
71 o6pa30BHIBaTh MUCNOKAMHM HECOOTBETCTBHA. CBOMCTBA CTPYKTYP C
TaKHMH HalpsXeHHBIMH CII0SIMM eme GyayT oGCyxnarscsd B 3TOM KHH-
re. Ceiiuac xe JuIl Hac BaXHO Apyroe obcrosrenscteo. Ha HayanbHOM
CTaIu¥ pPocTa MogOGHOIM CTPYKTYpHI, KOIIa KOMHYEeCTBO aToMoB InAs
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e HEOCTATOYHO JUIA MOJIHOTO IIOKPBITHS IOMLIOXKH, OHM 006pa3ylor
Ha MIOUTOXKKE OTHeIbHbIE OCTPOBKH. COBMECTHOE BIMIHHE YIIPYIUX Ha-
OpsKEHMIE HA TeTeporpaHuie W CU TOBEPXHOCTHOIO HATSXKEHMA Ha
BHEIIHHX NOBEPXHOCTIX OCTPOBKOB IIPMBOAUT K TOMY, 9TO BCE OCTPOB-
KH MMEIOT OAMHAKOBHIE pa3Mephl, OOBYHO B HECKOJIBKO HAHOMETPOB, U
0o6pa3yloT NepHOAHYECKYI0 PEIIETKY Ha NMOBEPXHOCTH NomToxkH. Ilo-
CKONBbKY INMPHHA 3alpemieHHoi 30HbI B InAs 3HaYMTENbHO MEHbIE,
4eM B GaAs, TO 3TH OCTPOBKHM IIPEACTABISAIOT COOOI TpeXMepHbIe I0-
TEHUHATIBHBIE MBI JUTSI HOCUTENIEH, WIH, MHBIMH CIIOBAMH, KBAHTOBBIE
toukd. Ha puc. 1.8 mokazano m3o6paxenne caMOynopsgo4eHHOI
CTPYKTYPHI C KBaHTOBLIMH TO4KamHu InAs Ha noBepxHoctd GaAs, mony-
YEHHOE C IIOMOIIBI0 ATOMAPHO-CIIOBOIO MHKPOCKOIA.

1.6. CTpyKTypsI C BepTHKAJIbHBIM IEpPeHOCOM

¢u3MKa pa3sMEPHOro KBAHTOBAHUS M 3HEPreTHYECKHii CIEKTp COOT-
BETCTBYIOIUMX HaHOCTPYKTYp oOcyxaamucek B pasgmerne 1.1 ma nmpuMmepe
OAMHOYHBIX IUIEHOK, HMTel U ToueK. PeanpHble 3KCIIEpUMEHTATBHbIC
06pa3us! (B 0COOEHHOCTU KBAHTOBbIE TOYKH) B OOJNBIIMHCTBE CIIy4aeB
cozepXar GONbIIOE KOIHYECTBO OJUHAKOBBIX WIM IOYTH ONMHAKOBBIX
KBaHTOBEIX 06bexToB. Kak mpasuio, ato He MeHseT PU3HIECKO Kap-
THHBI, IIOCKOJBKY BKIaOpl OT BCEX OOBEKTOB IPOCTO CYMMHPYIOTCS.
Curyauusi, OIHaKO, pe3K0 MeHAETCs, €CIIH OTAENbHbIE CI0H, HHTH WIH
TOYKU HAXOHATCA CTONb ONM3KO JApPYr K ApYry, YTO HOCMTEIM 3apsia
MOTIYT TYHHEJIHPOBAaTh MEXTy HUMHU,

PaccMoTpuM cucTeéMy MapaUieibHBIX KBAHTOBBIX M, NOKa3aHHYIO
Ha pHc. 1.9, ¢ o4eHb TOHKUMH (TIOpAAKA EAMHHI HAHOMETPOB) IIUPO-
KO30HHBIMH Pa3fesIomMMH coamu. I1pH aToM SIMBI yXe He SBJIII0TCS
HEe3aBUCHMBIMH M MOTYT OOMEHMBATHCA 3JIEKTPOHAMM 34 CUET TYHHEIH-
pOBaHUS Yepe3 IHPOKO30HHEIH crioii. ITonoGHbIe CTPYKTYPBI IPHHSATO
Ha3bpIBaTh CTPYKTYPaMH C BEpTHKATBHBIM IlepeHocoM. Puc. 1.9 orseua-
€T CHCTeMe KBAHTOBBIX M, HO, IOABEPIHYB STy CHCTeMY luTorpaduye-
cKkoit mponenype (cM. pasaen 1.4), MpI MOXeM UMETh CHCTEMY KBaHTO-
BBIX HUTEH WK TOYEK, MEXITY KOTOPBIMU BO3MOXEH BEPTHKATLHBY Ile-

| UL L
g
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7

7 Puc. 1.9. 3onnas quarpaMMa CBEpXpPEIIETKH.
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pesoc. IlonoGHBIe CTPYKTYPBI C/IyXaT OCHOBOH And psjga npubGopos
HAHOJIEKTPOHHMKM, 0OCYXIaeMBIX B IViaBe 8, TaKUX, Hampumep, Kak
PE30HaHCHO-TYHHENBHBIA AHOA WK ONHORNEKTPOHHBIA TPaH3UCTOP.

Ecnm 4uciio MapauienbHBIX CI0EB B CTPYKTYPaX € BEePTHKATBHBIM
NEpPEHOCOM BEMKO (KaK MHHHMMYM, HECKOJIBKO HECATKOB), MEL HMEEM
HCKYCCTBEHHYIO NEPHOAMYECKYIO CTPYKTYPY, WiM cBepxpeiuetky [10,
11]. HauGonee BaXHBIM CBOMCTBOM CBEPXPELICTOK, OIpPECIAIONIMM
BCE MX YHHKaIbHBIE (pU3MYECKHE CBOMCTBA, o6CyXnaeMsie B IiaBe 5,
SBNISETCS BUAOM3MEHEHHE MX 9HEPreTHYECKOIO CHEKTPA 10 CPABHEHUIO
CO CIIEKTPOM ONMHOYHOH KBaHTOBOH sMbl (1.4).

W3 puc. 1.9 BuOHO, 4TO Ha 3/IEKTPOHBI M JBIDKM B CBEDXpEILEeTKe
JIEUCTBYeT QONMONHUTENBHBIA PIMOYTOJIbHBIN NMoTeHmuan V(z), ceqa3an-
HBIH C pa3pbiBaMH 30H Ha TETEPOrpaHUIIAX. DTOT MOTEHIHAI SBIIAETCS
[epHOIMYECKHM, KaK M IOTEHOHAI KPUCTAUIHYECKOW PEINETKM, H K
HEMY TPMMEHHMBI BCE€ OCHOBHEIC BLIBOJBL O CBOMCTBAX YpaBHEHHUS
lpeannrepa ¢ NEpHOANYECKAM TOTEHUMAIOM, U3jaraeMbie B JII000M
Kypce $u3uKH TBepRoro rejid. HanoMHuM BaXHeHIIHe U3 HUX.

JlBuXeHMe HOCHTENEH BAOME OCH Z (OCh CBepXpeIleTKM) MOXeT GHITh
OMHKCAHO C IOMOILBIO KBA3HUMITY/ILCA P, IPHYEM DHEPIHA SBJIICTCS M-
puomudeckoit PyHKOuei p, ¢ nepronoM 2nh/(a + b). Dueprermyeckuit
CIIEKTP HOCHT 30HHBIA XapaxKTep W IpeAcTaBlieT co6oii yepenoBaHue
paspemieHHbX E,(p,) ¥ 3aUpEIEHHbIX 30H. DTH 30HHI €CTh Pe3y/IbTaT
IpoGieHHd HCXORHOI 30Hbl IPOBOAUMOCTH (VIS DNIEKTPOHOB) U BAIEHT-
HOIi 30HBI (71 ABIPOK ), TOTOMY HX IIPHHATO Ha3bIBATh MUHU30HAMH.

HauGossilmil HHTEpeC NpeaCcTaBItT MAHH30Hb!, 00pa3oBaHHbIE M3
HIDKHHMX YPOBHEH KBaHTOBOM SMbl, Ii¢ CKOHHEHTPHPOBAHA OCHOBHAL
Macca nocureneil, x wupuna onpenensiercd BEpOATHOCTHIO TYHHEIH-
POBaHH4 U3 MBI B MYy ¥ IIOTOMY HeBe/MKa. Takue MUHU3OHBI XOPOIHO
ONMCHIBAIOTCA B NPUOAMXKEHHU CHIBHOI CBS3M, KOTOPOE IPUBOAMT K
3aKOHY RMCIICPCHH

E,(p,)=E, +A,coslp,(a+b)/H]. (1.10)

Mexny sHEPreTHYEeCKHMH CIIEKTPaMH CBEPXPELIETKH U OOBIMHOM
KPHCTLTHYECKOI pellIeTKH CYyIlecTByloT GonbIine pasiudns.

Bo-nepBoix, 30HHBIM cIeKTpoM (1.10) Xapakrepusyercs JIMIUb ABU-
KeHHe BIOJIb OCH CBEPXPELIETKH Z. B IUIOCKOCTH CII0EB HOCUTEIY JABH-
XKyTcs KaK cBOOOIHBIE M TIONHBIN CIEKTP CBEPXPEIUSTKM Pe3K0 aHH30-
TPOIlEH, TaK X€ KAK B PAaCCMOTPEHHBIX BbIlIE ABYMEPHBIX CHCTEMAx
(1.4):

2 + 2
E=E, +A, coslp,(a+b)/H] +p"2—py. (L.11)
m

Bo-Broprix, Gnarogaps ToMy, 4TO IEPHMON CBEPXPEMIETKH HAMHOIO
Gonbime, yeM MapaMeTp peleTkM KPHCTa/Uld, XapakTepHblid MaciuTab
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SHEPIUil ¥ MMITyNILCOB B CIIEKTpE E,(p,) OKa3bIBaeTCA 3HAYUTENILHO MEHD-
mvM. XapakTepHbIC MIMPUHBI MHHH30H 2A, H3MEPAKOTCA OECATHIMH
WIA COTBIMKM HOJ/SIMH 3JIEKTPOHBOJNBTA, 4YTO CPABHMMO C TEIUIOBOH
sHEpIHell anekrpoHa. IlosToMy ABIXKEHHE 110 MHHU3OHE HEJb3S OIH-
caTh NOCTOSHHOH 3t(hpexTHBHON Maccoll. JJUHAMHKA B HalpaBJIeHNH
0CH CBEepXpeIleTKH HOCUT CJIOXHBIH XapakTep, YTO CIYXHT IPHYHHOH
pana HeoObMHBIX 3¢hheKTOB, paccMaTpUBaeMBIX B IVIaBe 5.

IIpu yBenudeHnu TOMMUUHBL GapbepHBIX CNIOEB b UX TYHHeENbHAs
NpO3pavyHOCTh YMEHBUIAETCS M MHUHH30HBI CYXaloTCd, NIPEeBpaIasich B
IOUCKPETHBIE YPOBHH E, OTHENbHBIX CJIOEB. B IpOTHBOMONIOXHOM CiTy-
yae b — 0 cyxaiTcs Bce 3alpeleHHple MUHU30HB U MBI IIPHXOIUM K
CJIy4alo OQHOPOXHOIO nonynposofHuka. [TosToMy thopMansHO cBepx-
PELIETKH MOXHO pacCMaTpHBaTh KaK IIPOMEXYTOYHBIH CIIydail MeXTy
IOBY- U TPEXMEPHBIMH 9NeKTPOHHBIMA CHCTEMaMH.

CymiecTBYIOT TaKXe HENEPHOOMYECKUE KBAHTOBHIE CBEPXPEIIETKH, B
KOTODHIX IapaMeTpsl 4YepedylolMxcs ciaoes (TonmuHa Gapbepa WM
INMPUHA IMbI) MEHAIOTCA IO ONPENENeHHOMY 3aKOHY 60 COBEpPIIEH-
HO Ciy4aiiHbiM 0oOpa3oM. DHepreTHdecKull CieKTp TaKUX CBepxpere-
TOK CYMIECTBEHHO OTJIMYACTCH OT CIEKTpa NepHOTUYECKHX CBEpXpe-
HIETOK, TaK, HAallpuMep, B CBEPXPELIETKAX CO CIy4aiHbM YepeaoBaHH-
eM IIOJIHOCTBIO OTCYTCTBYIOT MHHH30HBL. Cpeld HEIEPHOANYECKHX
CBEPXPELIETOK BBIIE/IOTCA KBa3HNEPHOHMYECKHE CBEPXPEINETKH, Y
KOTOPEIX pelleTka o6pasyeTcsa IMyTeM YepeNOBaHMs IBYX CTPYKTYPHBIX
aNIeMEeHTOB A u B, xaxpblif U3 KOTOpPBIX COCTOMT U3 Gapbepa H MBI
CTpyKTypHBIE JIEMEHTH OTIHYAIOTCS Nu60 MUPHHOH SMBl, THOO M-
puHo# (wnu BeicoToi) Gaprepa. B ceepxpemerke Pubonayau [12] no-
CJIEJIOBATENbHOE YBEJIMUCHHE KOIMYECTBA CIOEB B PEHIETKE MPOHCXO-
T no 3akoHy PuGoHaydn H pEIIETKH 10 MEpe pocTa KOJHYecTBa
cnoeB 06pa3yloT HepapXM4ecKyl CTPYKTYPY S,, B KOTOPOH KaXnbiil
nocnenyiomuil wied paga o6pas3yercs Kak nocieloBaTelIbBHOe COeuHe-
HUe IByX npembaynmx: S, = S,_, + S, _;. Tak, Hanpumep, S; = BA,
S, = ABA, S; =BAABA,...,, S.oc = ABAABABAABA... CymecTByior 1
IpyrHe 3aKOHBI 00pa3oBaHWi HENEPHONHMYECKHX CBepxpemeTok. Hx
0coOeHHOCTBIO ABJISETCH (PPAKTAIBHAS CTPYKTYPa SHEPreTH4ecKOro
CIEKTpa U caMONofoOHe CIIEKTPa IVIOTHOCTH COCTOSHIH. DTO Bhpaxa-
ercs B TOM, YTO B peureTkax C JOCTaTOYHO GONBIIAM KOMHYECTBOM
CJIOEB CTPYKTYypa CleKTpa IUIOTHOCTH COCTOSHHM B LIEJIOM OKa3bIBaeTCs
TaKoi Xe, KaKk 1 B HeGobIIoM HHTEpBae 9HeprHil. I1pn sTOM B CnekT-
P€ IWIOTHOCTH COCTOSHHIl NPOSBIAETCA YepeNoBaHHEe IHUPOKHUX U y3-
KHx cryneHeil. ITo cBouM cBolicTBaM KBa3unepHOAUYECKHE CBEpXpe-
HIETKH 3aHUMAIOT [TPOMEXYTOYHOE NOJIOXKEHHE MEXTY NEPHONHYECKH-
MU B COBEPUIEHHO HEYNOPANOYCHHBIMH CBEPXPEINETKAMH.



I'nasa 2

TEXHOJIOI'ASA KBAHTOBO-PASMEPHBIX CTPYKTYP

2.1. ITpoGieMbl TEXHOJOTHH KBAaHTOBO-PA3MEPHBIX CTPYKTYp

IIporpecc B 3KCHEpHUMEHTATHHOM H3YYCHUH (PU3HYECKUX CBOMCTB
KBaHTOBO-Pa3MEPHBIX CTPYKTYpP TECHO CBA3aH C Pa3BUTHEM TEXHOJIO-
IA¥ HX MONYYEHHS H B 3HAYMTEINHLHON MEpPEe HM H Ompeaelsercs.

H3roToBiteHHEe KBaHTOBO-Pa3MEPHBIX CTPYKTYP B OOJBIIHHCTBE CIIy-
qaeB TpeOyeT CO3MaHMA MOy POBOJHHUKOBBIX FETEPONEPEXONOB C He-
o6xoauMbME cBoiicTBaMu. [Ins 3TOrO NMpexne Bcero Heo6XoauMo Mo-
Ho6pars HOAXOIALIYIO HAPY MOTYIPOBOIHUKOBEIX MaTepHatoB. BriGop
3THX MaTepHAIOB 3aBHCUT OT THIIA CTPYKTYDHI, KOTOPYIO HE0OX0oIuMO
nony4uTs. 14 Co3MaHua CTPYKTYD C OBYMEPHBIM JIEKTPOHHBIM Ia3oM
Ha OCHOBE TETEPOIEPEXONOB OCHOBHBIM YCIOBHEM fBIETCH TpeGoBa-
HHE PaBEHCTBA NOCTOSHHBIX pEIIETKH Y 060HX HomynposonHukos. Ha-
PYIUEHHE BTOTO YCIIOBUS MOXET IIPHBECTH K 0Opa3oBaHUIO BBHICOKOM
IUIOTHOCTH [UCJIOKAIMii HECOOTBETCTBIA BOJIN3M IeTEpOrpaHUIbl, YTO
PE3KO yXYAIAET CBOHCTBA NEPEXONOB U JENaeT HEBO3MOXHBIM Hab/mo-
JicHue 3(peKTOB pa3MEPHOr0 KBAHTOBAHHA. !

Tereponepexon GaAs-Al,Ga;_,As naubosnee 4acTO HCNONb3YIOT
IS M3TOTOBJICHHS KBAHTOBO-Pa3MEPHBIX CTPYKTYP. DTH MaTepHANIbI
006;1a71al0T XOpOIIMM COINIACHEM PELIETOK IpH Mo60M cocTaBe TBEpIO-
IO pacTBOpa H IOTOMY IO3BOJIIIOT CO3[ABaTh TETEPONEPEXONHL C Pas-
JIMYHBIMH pa3pbiBaMH 30H Ha rpanuue. Cpemu nolylpoBOIHHKOB KJ1ac-
ca AIBY ecTp eme HECKONBKO WIEATBHBIX reTepoNap, HanpUMep
InP-In, 53Gag 47AS, HO OHM 00NANAOT COIVIACHEM PEIIETOK JIMIIb HpH
OJIHOM (PMKCHPOBAaHHOM COCTaBe Y IIOTOMY HE M103BOJIFIOT BAPbUPOBATDH
AE_u AE,. lpyrue xj1acchl OJIYIPOBONHUKOB PeXe UCHOIb3YIOTCS I
H3TOTOBJICHHS KBAaHTOBBIX N€TEPOCTPYKTYP.

OnHo 13 r71aBHBIX TpeGOBaHMIl K TEXHOMIOTHH H3TOTOB/ICHUS KBAaHTO-
BBIX TETEPOCTPYKTYP CBA3aHO C HEOOXONHMMOCTBIO MOJYYEHHSA OYCHDB

1 Ceepxpewrerku ¢ AOCTATOYHO TOHKHM CJI0EM MOXHO abIpalliBarh H NpH HaMMIuH
PaccoriacoBaHMs peumlerok. B TOHKHX C/OSX AMCIOKAlUMH HECOOTBETCTBHA He 00-
Pa3syloTcd, a pa3iiIng B NOCTOSHHBIX PELIETKH BHI3BIBAIOT YHpPYryio AedopMauuio cno-
€B, H3MEHSIOLLYI0 IHEPTETHYECKHH CIIEKTP CHCTEMBI.
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Puc. 2.1. TlorenuyanbHeni npodwis Kpasd 30HbB IPOBOTUMOCTH JUIA PE3KOrO
(a) u mwiaBHOrO (6) reTeponepexomos.

PE3KUX IETEPONEPEXONOB C IEPEXOMHBIM CI0EM MPOMEXYTOYHOIO CO-
CTaBa, MMEIOIIAM TOJLHHY BCETO B HECKOJIBKO MOCTOSHHBIX PEIIETKH.
Kax umHO 13 puc. 2.1, s mwiaBHOro nepexofa ob6pasyercs MOTEHILH-
abHag gMa GosblIOH INMPHHBI, YTO YMEHBIIAET PACCTOSHUE MEXIY
ypoBHAMH E, U 3aTpyqHsieT HaGMIONCHHE KBAaHTOBBIX Pa3MEpHBIX 3-
¢exToB.

JpyruM BaxHbiM TpeGOBaHHEM K TEXHOJIOTHH SRIAETCA BO3MOX-
HOCTb HOMy4eHUs CIOXHBIX mpodmneil cocTaBa U neruposanns. Ilpu
H3TOTOBJIIEHUH CBEPXPELIETOK HEOOXOMMMO CTPOrO NEPHOMMYECKH Me-
HATH COCTAB PACTYLIEro CJIOs, NPUYEM NEPHOX HU3MEHEHHSI MOXET CO-
CTaBJIATh JIMIIb HECKOJIBKO AECATKOB aHICTpeM. IIpH BHIpanmidBaHHH
O-cinoeB (cM. masy 1) U CTPYKTYp C MOAYJIMPOBaHHBIM JIETHPOBAHHEM
(cM. maBy 5) HeoOXOOMMO CO CTOJMb X€ BHICOKOH TOYHOCTBIO MEHSTH
KOHIIEHTPAIMIO JErHpYIOIUX IIpHMeceii.

Haneko He BcAKad SNHTAKCHATPHAS TEXHOJOIMA YAOBJIETBOPAET
IpuBENEHHBIM TpeGoBanusaM. II10x0 NpUroOgHEIMH, B YaCTHOCTH, OKa-
3bIBalOTCA Hanbonee pacipoCTPaHEeHHbIE METOIHKH ra30TpaHCIOPTHOM
H XUIKOCTHOH snuTakcud. Ilomyuenne cnoxsoro npowis cocraBa H
JIETHPOBaHAA HaTAIKUBACTCA HA PAR TEXHHYECKUX TPYAHOCTEH, a CpaB-
HHTENBHO BEICOKaA TEMIIEPATypa pocTa Bei3kBaeT AutddysuonHoe pas-
MbIBaHHE TeTEpOrpaHMIIbI, HE IO3BONASA NOJMYdaTh OYEHb PE3KHME Ipa-
HHULIBL.

B Hacrosuee BpeMs Hanbosiee YacTO TS U3rOTOBJIEHUA KayeCTBeH-
HBIX IETEPOCTPYKTYP HNPHMEHSIOT METON MOJIEKY/IAPHO-JIyIeBOi BIH-
takchau [13]. JpyruM BO3MOXHBIM croco60M H3rOTOBJIEHHMS I'e€TOpO-
CTPYKTYP 4BIISETCA ra30Bas SNUTAKCHI U3 METAUIOOPraHUYEeCKHX COe-
nuHeHui [11]. Ona He TpebyeT CTONb CIIOXHOTO U Aopororo o6opyno-
BaHus, oOnafaeT MEHBIINMHI BO3MOXHOCTIMHU KOHTPOJNA U YIPABICHUA,
HO TeM He MEHee MO3BOMAET PACTUTH reTepolepexonsl Tpebyemoit pes-
KOCTH H CTPYKTYPHI ZOCTATOYHO CJIOXHOTO Hpo¢wis, BKIOYas CBEPX-
PEIIETKH, KBAHTOBHIE HUTH U TOYKH.

HonmyyeHnue oaHoO- ¥ HyJIb-MEPHBIX CTPYKTYP BO3MOXHO ITyTEM Bhijic-
JIeHHd BX ¢ noMounsio Mrorpaguu. OgHako 3To Tpebyer NpUMeHeHH
ocobeix MeTooB nuTOrpaduu — HaHomuTorpaduu, NOCKONBKY CTOJMb
Majble CTPYKTYPHl TPYRHO IIPUIOTOBHTb IPH IOMOIIM CTaHTAPTHHIX
METOIOB.
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3HauuTeNbHble Yonexu ObUlM JOCTHTHYTH B M3TOTOBJIEHMH KBaHTO-
BBIX TOYEK U KBAaHTOBBIX HHTEH C HCIIONB30BAHUEM 9(pheKTOB CAMOOp-
raHu3anuyd YHOOPSHOYEHHBIX HAHOCTPYKTYP Ha IOIYyIPOBOJHHUKOBBIX
MOLIOXKaX. DTOT METON NpENbABieT cneugmyeckue TpeGoBaHud K
MarepuaiaM rereponapsl, KoTopeie 6ynyT o6cyxaarses B pasmene 2.5.

2.2, MeTtoJ MOJEKYJAPHO-JIY4EBOil 3MUTAKCHH

Monexynapuo-nmyuyesas snuraxcus (MJID) [11, 13] npencrasnser
co60ii yCOBEpLIEHCTBOBAHHYI0 Pa3HOBIIHOCTh METONHKH TEPMHUYECKO-
ro HanbUIEHUS B YCJIOBHAX CBEPXBBICOKOrO BakyyMa. JaBnexue octa-
TOYHBIX Ta30B B BaKYYMHOI Kamepe rnoagepxusaerca auxe 1 - 1078 a
(~10710 MM pr. cT.).

ToToku aromoB WM MONEKYN 00pa3ylOTCS 3a CYET HCIAPEHMS XKHA-
KHAX WM CyG/IMMaliH TBEPABIX MaTepUATIOB, KOTOPbIE PacloNaraoTcs
B MCTOYHUKEe — 3¢py3uoHHON syeiike. DysuonHas gyefika npen-
crapisder co6Gol WWIMHApHYECKHit MO0 KOHMYECKHH THreNb NUAMET-
poM 1—2 cM u wmHoi 5—10 cm. Ha Brixome syeiika umeeT Kpyrioe
orBepcTHe — muadparmy quameTpoM 5—8 mMM. [l U3roTOBIEHUA THT-
JI1 MCTIOMNb3YIOT MUPONUTHYECKH rpaduT BHICOKOH YUCTOTHI IGO0 HH-
tpug Gopa BN.

Toroku aromoB (W MONEKYN) HEOOXONMMBIX 311€MEHTOB HafpaB-
NAI0TCH HA NMOLTOXKY H 0CaXAlTCA TaM ¢ 0Opa3oBaHHEM BEIECTBA
TpeGyeMoro cocraBa. CxeMaTHyecKoe H300paXeHHE OCHOBHBIX Y3JIOB
ycranosku MJID npuBeneno Ha puc. 2.2. KonnyectBo a¢dy3HOHHBIX
A4€eK 3aBUCHT OT COCTaBa IUICHKM H HATHYHS JIETUPYIOIHX pHMecei.
Jna BhIpalIUBaHUA dNIEMEHTAPHBIX NONTynpoBoaHHKOB (Si, Ge) Tpeby-

|

7

Puc. 2.2. CxeMaruyeckoe u3obpaxeHue OCHOBHBIX YIOB ycTaHOBKH MIID.
1 — nomnoxka; 2 — pacTywad nneHka; 3 — 3acnouky; 4 — s¢bysHoHHbIe TYEHKH.
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€TCs OfIUH HCTOYHHK OCHOBHOT'O MaTepHalla U HCTOUHHKH JIETHpYoLuei
IOpUMECH n- U p-Tuna. B ciyyae CIIOXHBIX IOJNYIIPOBONHHUKOB (IBOU-
HBIX, TPOHHBIX COENUHEHMIT) TpeOyeTcs OTHeNbHBIN UCTOUHMK JUIS UC-
MapeHHs KaX[IOro KOMIIOHEHTAa IUIeHKH (Hampumep, mnst Al,Ga,  As
TpebytoTcs oTnenbHbIe UCTOYHUKH Al, Ga, As).? Temneparypa addy-
3MOHHOU TIEHKY OllpeResisieT BEMHIUHY IIOTOKA YaCTH1], OCTYA X
Ha MOMIOXKY, ¥ TLIATEILHO KOHTPOJHPYETCH. YIPaBlIeHHe COCTABOM
OCHOBHOIO MaTepHala H JIETHPYIOUIMX NpUMeCeH OCYIIECTBIISETCS C
IIOMOIIBIO 3aCJIOHOK, IIEPEKPHIBAIONIMX TOT WIX MHOH noToK. Ecnu B
XOJIl€ BHIpAlMBaHUs CTPYKTYphl TpeOyeTcs pe3KO MEHATh KOHIEHTpa-
U0 OOHOH M TOIi Xe IPHUMECH, TO UCIOJB3YIOT HECKONBKO MCTOYHH-
KOB 3TOH NpHUMecH TIpH pa3HOH TeMmeparype agihy3HOHHON d4eiKi.
OnHopomHOCTh cocTaBa IJICHKH IO IUIOWIAAM M €€ KpHCTauinyecKas
CTPYKTypa OIpENeNaoTcd OMHOPOTHOCTBIO MOJIEKY/IIpHBIX Myykos. B
HEKOTOPHIX CIIy4asx Jyisi IOBBIIICHHA OXHOPONHOCTH IIOMIOKKA C pa-
CTYIIEii IUIEHKOM ITOCTOSHHO BPAIIAETCA.

Hanpuue BHICOKOrO BaKyyMa B KAMEpe pOCTa IONYNPOBOIHUKOBOI
IwieHKY npd MJID no3BosgeT uCnonb30BaTh Pa3IUYHEIE METOIBI KOHT-
POt st OIpefeNienud apaMeTPoB pacTyllel IeHKd. B pasnudHbix
coyeTaHuAX B ycraHoBkax MJID icrions30BaTiCh METORBE OTPaXaTe Ib-
HOH Iudppakiiuy MEJUIEHHBIX BJIEKTPOHOB, 3JIEKTPOHHAS 0Xe-CIIeKTPO-
CKONMSA, Macc-CHEKTPOCKONHA BTOPDHYHBIX HOHOB, DPEHTIEHOBCKAas
BNIEKTPOHHAS CIEKTPOCKOMNHSA, YIUIMIICOMETPUA M APYTHE ONTHYECKHE
METOLEL.

Hudpakuus MeJIEHHBIX 9IEKTPOHOB SBIAETCA YyBCTBUTE/ILHBIM Me-
TOIOM HCC/IENOBAHAA NMOBEPXHOCTHOH CTPYKTYDBI, MUKPOCTPYKTYpPHL 1
crenenu rmagkoctd. OHa UCIOMB3YETC TAKXE JUIS KOHTPOJIS 3a H3Me-
HEHHEM CTPYKTYPH BEPXHHX aTOMHBIX CJIOEB U JUIsl HaOJIIONEHHS TOMO-
rpaduu nmoBepxHOCcTH (OCOOGEHHO Ha PaHHUX CTagMAX pocra). Merox
3NIEKTPOHHOI 0Xe-CIEKTPOCKOIMH UCIONB3YETCA UL U3YYCHHUS XUMU-
YeCKOro COCTaBa MOBEPXHOCTH MNOMIOXKH, ONPENeICHH XUMUYECKOIO
cocTaBa pacTyuero ciros, Habmonenus 3a o6orameHueM NOBEPXHOCTH
npuMecsiMH (TIpH YCIOBUM KOHLEHTpauuu npuMecu 6onee 1% ot yuc-
Jla MOBEPXHOCTHBIX aTOMOB), HO METOX HENOCTATOYHO YYBCTBUTENCH
U1 M3ydYeHus TUIMYHBIX YPOBHEH JIETHPOBaHHA B IONYIPOBOIHHKO-
BhIX NpHOOpax NOpAAKa OJHOM MIUIMOHHOH. Macc-CrnekTpocKkomnus
BTOPHYHEIX HOHOB CIIyXMT MOUIHBIM METOIOM ONpENEICHUd XuMuye-
CKOTO COCTaBa BHELTHUX aTOMHBIX cjioeB TBepporo tena. O oGnamaer
GoJnee BBHICOKOH YyBCTBHUTENIBHOCTBIO, Y€M OXe-CIEKTpOCKOmus. -
JIAIICOMETPUS NO03BOJIIET KOHTPOSIMPOBATh TOJIIMHY IUICHOK, OTJIHY-
HBIX 11O COCTaBYy OT IOUTOXKH. JIpyTHe onTudeckne MeToAb! obecneyu-
BAIOT KOHTPOJIb 332 HHTCHCHBHOCTBIO MOJIEKY/IIPHBIX ITy9KOB.

2 Marepuans AVBY! MOXHO HOMYYMTD IyTeM HCHApEHHS MOyIPOBORHHKA IBOM-
HOTO COCTaBa M3 ofHOH 3¢y HOHHON AYEHKH.
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B nenom ycranoska MJID sgBiseTcs CIIOXHBIM YCTPOHCTBOM CO MHO-
XECTBOM KOHTPOMUPYeMbIx I1apameTpoB. IlosToMy COBpeMEHHEIE yCTa-
HoBky MJID ynpaensioTcs 06bMHO MOIIHBIMU KOMIIBIOTEPAMHY.

BriGop NMONIOXKKH UL HAHECEHHs IUIEHKM OIpENe/IeTCS THIIOM
KBaHTOBO-Pa3MEPHOH CTPYKTYpPH, KOTOPYI0 HEOOXONUMO IONYYHTb.
DnuTakcHATBHOE HapallMBaHHe IUICHKH VI TONy4eHHS TeTepOCTPYK-
TYPH C IBYMEPHBIM 2JIEKTPOHHBIM [a30M WU CBEpXpeuIeTKH Tpebyer
COIIaCOBaHHA MOCTOAHHBIX PEIIETKH VIS IIpeNoTBpalieHns oGpa3opa-
Hug pucnokanyit Hecoorsercrausd. Co3naHue Xe Hynb-MEPHBIX CTPYK-
TYp 3a cyer aeKTOB caMoopranmsanuy (cM. pasgen 2.5), HaoGopor,
IIPEAnonaracT HATMYHE PacCOINIaCOBAaHMS PEIIETOK IS MOSBICHUS Me-
XaHHYECKUX HanpsaxeHuil. BripamuBanyue BbICOKOKAaYECTBEHHBIX BIIH-
TaKCHANBHEIX clloes MeTonoM MIID tpefyer TINATENBHOCTH B MOLIO-
TOBKE IIOMJIOXKEK, MOCKONbKY B MeTtone MIJID, kak mnpaswio, He uc-
I10JIb3YETCS OYUCTKA [IOBEPXHOCTU B CaMOH KaMepe pocCTa, 3a UCKIInYe-
HHeM YIATICHHUI OKMCHBIX CJIOEB.

OnUTaKCHATBHBI POCT CJIOEB IMONYNPOBOOHUKOBBIX COENUHEHHI
BKJIIOYAET PAl MOCIIEN0BATENbHBIX COOBITHI, BaXHEHIIMMH U3 KOTOPBIX
ABIAIOTCA:

1) apcopOuus COCTABAAOIMX BEIIECTBO aTOMOB M MOJIEKYIT;

2) murpanus 1 qucconuManud aacopOGUpOBaHHBIX YaCTHIL,

3) npucTpauBaHUe COCTaBJAIOLIMX aTOMOB K IOJUIOXKKE, MPHUBONA-
niee K 3apombleo0pa3oBaHUui0 B POCTY CIIOS.

Pacrymas ToHKkas IUIeHKa UMEET KpHCTALIOTPagHIecKyio CTPYKTY-
Py, OIpeneIieMyl0 NOII0XKOM.

O6pa3oBaHye IUIEHKH CBS3aHO C (1a30BBHIM NEPEXONOM U3 CHIIBHO He-
paBHOBecHOM naposoil ¢a3sl B TBEpYI0 a3y ToHkoi wienku. Iapiy-
ATFHOE JaBJIE€HUE B IyYKaX KOMIIOHEHT B HECKOJIBKO Pa3 NPeBOCXOTUT
PABHOBECHOE C NMOMNIOXKOH HaBjieHHE napa. DTo o3Hayaer, 4To Npo-
1lecC OCaXIeHHS B LieJIoM aBisdercd HepaBHOBeCHEM. [TosToMy Hapsmy
C TEpPMOAWHAMHYECKHMH IIapaMeTpaMH B IIPOIIECCE POCTA BAXHYO
POJIb UTPAIOT TaKHE KMHETHYECKHE apaMeTphl, Kak ClocOOHOCTh aTo-
MOB JBHUIaThCA 110 NMOBEPXHOCTH (MOBepXHOCTHAs nudhdysus), cpeanee
BpeMd NpeGHIBaHMI UX Ha MOBEPXHOCTH U NOTOK aTOMOB ¥ MOJIEKYS Ha
PACTYIIyIO MOBEPXHOCTH TBEPOOIO TeJIa.

CKopocTh NMOCTYIUICHHS BelecTBa Ha NOMIOXKY Ofpenendercs no-
TOKOM (MHT€HCHBHOCTBIO ITy4Ka) aTOMOB Wiu Monexkyi. IIpu MJID no-
JYTIPOBOXHHKOBBIX COCIUHEHMI THITMYHBIE 3HAYEHUA TIOTOKOB COCTaB-
ot 10¥%—10' arom/(cM? - ¢). ATOMBI, NONAKAIOWHE HA NOLTOXKY,
ajicopbupytorcs Ha nosepxHocTH. Ha nepsoM srane 10 npeacrasisier
co0oli ancopOuuo 3a cYeT CNabbIX BaH-1ep-BaalbCOBRIX H (HIIH) BIEKT-
pocTaTHYecKux CHiI — ran ¢uscopbuuu. Ha Bropom sTane MOIEKyIsl
BELECTBA MEPEXOMAT B XeMOCOPOHPOBaHHOE COCTOMHHE, IIPH KOTOPOM
IPOUCXOMHT NMEKTPOHHBIH NEPEHOC, T. €. XHMHYECKAs] peakiusd MEXTy
aTOMaMH [OBEPXHOCTH M aTOMaMu BHOBb INOCTYIMBIIETO BEINECTBA.
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Puc. 2.3. Monens mexauusMa pocta GaAs U3 MOJEKYISPHBIX
myuxos Ga n As, (a) 4 nyuxoB Ga u As, (6).

DHeprus CBA3M NpU XUMHYECKOH ancopbuuu Gonbie, 4eM npu ¢usn-
YECKOH.

TIpexne 4eM BCTPOMTBCA B PEHIETKY, aTOM COBEPINACT B CpegHEM
10% nperxkoB no nosepxHocTH. Takoe 4uCIO NMPBIKKOB Ja€T MAaccy
BO3MOXHOCTEH Ui BHIOOpa NOJIOXEHHd C HauMeHpuIeH CBOOONHOM
sHeprueil. [Ind noJynpoBOIHHKOBBIX COSIMHEHMI NpoLeccH pocTa B
3HAYUTENBHON Mepe OIpelelTI0TCI XMMHel OBEPXHOCTHBIX peaKluil.
PaccMoTpuM ux Ha npuMepe HauboJee HCCIICIOBAaHHOIO MaTepHaTa —
apcenupua rawust GaAs.

Hnst BeipammBannd wieHok GaAs ¢ nomompio MJID ucnons3yrores
nse Metonuku. OHY paznuyaoTCad BUJOM MONEKY/ MBIIIbIKA, KOTOPHIE
IIOCTYNAIOT B IIOTOKE Ha [IOBEPXHOCTh pocTta. B oqHOi 13 Hux IIOTOK CO-
CTOUT U3 TETPAMEPHEIX MOJIEKY MBIIIbIKa (AS,), a B Ipyroil — u3 au-
MEpHBbIX MOMNeKyn (As,). [Torok Ga Bcerma cocTOUT U3 OTACIIBHBIX aTO-
MOB. MOJeKy/IpHBIi Iy4oK As, CO3IacTCA NP 3arpyske 3¢dy3uoHHOI
SYEHKHU YUCTHIM MBILIBSKOM, a JUTA CO3aHMS ITydKa AS, B SYEHKY loMe-
matotr GaAs nmu6o npegBapUTENbHO NPONYCKAIT OTOK AS, Yepe3 BRICO-
KOTEMIIEPATYyPHYIO 30HY, IIE NPOUCXOUT Pa3NOXEHUE TETPAMEPHBIX
MOJIEKYNT AS, U IIpeBPAICHHE €r0 B AUMEPHBIE MOJIEKYIEL AS,.
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YyacTue MONexyll AS, B IPOIECCE POCTA BEITISIUT CIETYIOUIHM 06-
pazoM (puc. 2.3, a): B XxeMOCOpOHPOBAHHOM COCTOSIHHM IPOHCXOIHUT
NapHoe B3auMOIEHCTBHE MOJeKyn As,, ancopOHpOBaHHBIX Ha COCEH-
Hux y1ax Ga. H3 mo6bix 18yx Monekyn As, 4eTsipe aToMa As BCTpau-
BaloTcs B pemretky GaAs, a Apyrse 4eTeipe JAeCOpOHPYIOTCS B BHIE
Monexynbt Asy. CKopocThb iecopOumE B 3TOM CITyJae ABNIAETCS MOKa3a-
TeseM CKOpocTH pocTa 1wieHkH GaAs. Ecian moBepXHOCTHasd KOHIIEHT-
pauus As, Majla IO CpaBHEHHIO C YHCIOM cBOOOOHHIX y3nmoB Ga, TO
CKOPOCTb NPOLECCa ONpPeNeIIeTC BEPOITHOCTHIO CTONKHOBEHUS MEX-
Iy MONEKYIaMu As, H TIPHBOIUT K KBaipaTHYHOMH 3aBECUMOCTH CKOpPO-
CTH fecopOIuy OT MOJMHOIO MOTOKA AS,, IaAIOMEro Ha NOBEPXHOCTD.
C pocToM IOBEpXHOCTHOH KOHLEHTpaUUU AS, pPacTeT BepOATHOCTD
TOrO, YTO NpHIIEqUIAs U3 MaJaloIIEro NoToKa MoJeKyna Haiger O6mu-
Xaiimne y3isl 3aHATsIMA. [Ipu 9TOM CKOpOCTB KECOpPOLUMH CTAHOBHTCSA
IpONOPLMOHATHHON YHCIAY MNONBOIMMBIX MOJEKYN. B stoM ciywae
YacTh ONMHOYHBIX MECT OCTAETCS HE 3aHATON MBILIBIKOM U B PACTYILEi
CTPYKTYpE MOSABIAIOTCA BAKaHCHH AS, KOTOPHIEC BBHI3BIBAIOT ITOSBICHHE
DIyOOKHX YPOBHENH B 3alpEIICHHON 30He.

Bsaumoneiicteie aroMoB Ga 1 MOJIEKYT As,, TOCTYHIAKINUX B IIOTO-
K€ Ha NOBEPXHOCTD, NpeAcTariser co00il NPOCTYIO peaKuuio JUCCONMa-
THBHOH XeMOCOpOLHHM Ha NOBEPXHOCTHBIX aroMax Ga (puc. 2.3, 6).
Huccounanus ancop6HpOBaHHBIX MOJIEKY As, BO3MOXHA JIHIIb TOTYA,
KOIa B XOJIe MUTPALUH 110 NOBEPXHOCTH OHH HATATKHBAIOTCA Ha napy
cBoGomHbIX y3noB Ga. B orcyrcrBue Ha NOBEPXHOCTH CBOOGOXHBIX
ancop6UpoBaHHBIX aToMOB Ga MOJIEKYNH As, NPOBOAAT Ha MOBEPXHO-
CTH BIIOJIHE OIpENelIEHHOE BPEMs, a 3aTeM HCNapAoTCs (1ecopOupyroT-
) ¢ NOBepXHOCTH. B ycrnoBHsaX Takoil KHHETHKH CTEXHOMETPHYECKHI
GaAs MOXeT pacTH JIMIIb B CJTydae, KOTIa OTOK MOJNEKYN As, IOCTaB-
JeT Ha MOBEPXHOCTh Gonbine aToMOB As, YyeM norok atoMos Ga, npu
3TOM JII0G0i u36HITOK As, Gyner aecopGupoBaThCs.

OnucaHHEIE MOJENM POCTa CHPABEAIMBEL MPH TeMIEpaType pocrta
umxe 600 K. IIpu Gonee BHICOKMX TeMIeparypaXx pocTa INpPOHCXOIUT
HekoTopas mucconnanud GaAs, MONEKYIIH As, YXOIAT € IIOBEPXHOCTH
H [POMCXOIUT OBoraleHue MOBePXHOCTH ancopOMpPOBAHHBIMH aTOMa-
mu Ga. O6pasyercs Tak HaspiBaeMad Ga-craOWIN3HPOBaHHAs CTPYKTY-
pa. B npenenbHOM CiTydae Ha IOBEPXHOCTH MOMIOXKH MOXeT 06pa3o-
BarbCca Cioit yucroro Ga. Yxopaumii ¢ MOBEPXHOCTH MBILBIK MOXET
BOCHOJIHATHCS HPH IMCCOLMAIIMHY MaalomMX nydkos As, wid As,. Ec-
JI4 CKOPOCTH NOJBONA MBIIBIKA NPEBOCXOIUT CKOPOCTD €0 YX0Ia, TO
HOBEPXHOCTh 0GOralaeTcs aTOMaMH MBIIbsKa H BO3HHKaeT As-cTabu-
nu3UpoBaHHas CTPYKTypa. TakuM 06pasoM, OTHOLIEHHE NOTOKOB MBIIIIb-
fKa M raumd, Koropoe TpeGyercs Wi MOANEPXaHUS ONpENE/iCHHOM
IOBEPXHOCTHOM CTPYKTYPbI, 3aBUCHT OT TEMIIEPATYPhl NOVIOXKH H a6-
COJIIOTHOH BeJHYKHBI NOTOKOB. CKOpPOCTE pOCTa KPHCTALIHYECKHX
wieHok GaAs npu MJID nonHOCTHIO OlpeneNdeTcss HHTEHCHBHOCTBIO
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Iy4yKa rajulnd, Najalolero Ha IOBEPXHOCTh, B TO BpeMs Kak IIpoIecc
(pOpMUPOBAHUA U3 NYYKOB JIEMEHTOB IUVICHKH COEAMHEHMS OIpeness-
ercs aacopOuueil MBIIbLIKA.

Jaxnas MojieNs pocTa cipaBel/iuBa Takxe g AlAs, InP, Gomsioro
YuC/Ia APYTUX MOMYMpOBORHUKOBHIX coenuuenuit AUBY u ¢ nesnaym-
TENBHBIMU HM3MEHEHMSIMH JUis TpOiiHbIX coemunenuit ATBIE CV.
Ilnenxku Al,Ga,_,As c BHICOKOH CTENEHbI0 KPHUCTATUTMYECKOIO COBEP-
HIEHCTBA MOTYT OBITH BBHIpAlLleHbl IPOCTO IIYTEM ONHOBPEMEHHOIO Ha-
npaeleHus Ha NOMIOXKY IydkoB Ga, Al u u3bpITOYHOrO KONUYECTBA
As,. TosepxuocTHeiit coctas Tepaoro pacrtsopa AMBIM CV onpene-
JISeTCS OTHOHIEHHWEM IIOTOKOB Juilb 3reMeHToB 111 rpynmsl, ecnu poct
HJET IpH TEMIEpaType HUXE IpaHulbl TEPMUYECKON YCTOHYMBOCTH
Menee croiikoro coenunenus AI'BY (8 ciyuae Al Ga,_, As Tepmuye-
cku MeHee crabunbHbM sBiercs GaAs no cpassenuto ¢ AlAs). Ipu
GoJiee BBICOKMX TEMIIEpATypax BO3MOXHEBI TaKXe Cerperaius aroMoB
III rpynne! u oforameHye IOBEPXHOCTH OfHHUM U3 HHUX.

Beenenue npumeceit mpu MJID o6bMHO OCYyHIECTBIAETCA C IO-
MOIIBIO JOTIOMHHUTENbHBIX 3 y3HOHHBIX S4YeeK, COAepXKalux HeoOxo-
IMMEIH erupyomuil sineMedT. MHOrne MpUMECH, MCIONb3yeMbIE TIPH
IOpYTHX GopMax SMUTAKCHH, OKA3BIBAIOTCS HenogxomsuMu it MIID.
B mpouecce MJID ycnenrHo Ucnonb3yOTCs JHIOb TE JETUPYOLINE Ma-
TEPUAIB], aTOMbI KOTOPHIX OBICTpPEE CBA3BIBAIOTCA C MOBEPXHOCTHIO,
YeM HUCHapgioTca ¢ Hee (T. €. MaTepUaloB, y KOTODBIX OTHOLIEHHE
N./Niome 67113K0 60 paBHO equHuLe, e N,, — 4YHCII0 aTOMOB, aj-
COpOHPOBAHHBIX ITOBEPXHOCTHIO, a Ny, — MOJNHOE YHCIIO NOLIETaI0-
IMX YacTun). Pe3yrsTupyonme sIeKTpHIeCKHE U ONTHYECKHE CBOH-
CTBa IUIEHOK 3aBHCAT OT COOTHOIIEHMS MOTOKOB OCHOBHBIX 3JIEMECHTOB
H IIOTOKA NIPUMECH, TEMIIEPATYPHI IIOUIOXKKH, a TAKXe XapakTepa pe-
ATFHOTO BCTPAHBAaHUS IIPHMECH B PEHIETKY M CTENCHH HMX DIIEKTPHYE-
ckoit akTuHocTH. HauGonee BaxupiMu 1pobnemamu mis GOMBIINHCT-
Ba NpHUMECeil SBIAIOTCA HAaKOIUIEHHE HX Ha MOBEPXHOCTH, HecopOuus,
o0pa3oBaHue Ha IOBEPXHOCTU COENMHEHHUI, 0Opa3oBaHHe KOMIUIEKCOB
H aBTOKOMIIEHCAIHA.

Hau6onee u3ydeHsl K HacTOsIIeMY BpeMeHHU npuMecH B GaAs. Ak-
LENTOPHBIMY CBOCTBaMu, Haubonee npuemneMbiMu B GaAs, obGnana-
10T Gepruii u Maruuil. I'epmanuii o6anaeT aMoTepHBIMH CBOICTBA-
MH, U €r0 NPaKTHYEeCKOE NPUMEHEHHEe OrpaHHYMBAETCS HEOOXOMUMO-
CTBIO TIIATEIbHOTO BRIGOpa H NOAEepXaHUA TEMIIEPATYPBI MOUTOXKH U
COOTHOLIEHUS [IOTOKOB MBINIBSKA U rawiud. HauGonee ynavyHolt neru-
pyomeli nmpuMechio sBisercd Oepwummii. OH 1MO3BONAET INOMYYaTh
p-GaAs ¢ xonnenrpauueii 1o 2 - 10%0 cm3. IIpu seenenuu Be ne Bo3-
HUKaeT Cerperanyy Wi aHOMAaIbHOM 00beMHOI Mg dy3nu NpUMecH.
KonnenTpanys akTUBHHIX aKLENTOPOB OKAa3BIBAETCA MPSIMO IPOINOp-

3 Dro oTHOLIEHHE Ha3biBaeTCAd KO3 PUUKMEHTOM NPHIKIAHUS.
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LIMOHATHHOH TeMieparype 3¢dy3HOHHOH F9€iiKH, T. €. TaBJICHUIO Napa
Be. Kaxnpiit atom Be co3faeT akTUBHBIN aknenTop ¢ ypoBHEM, JIeXa-
oM Ha 30 msB BhIlIe Kpas BATICHTHOH 30HBL

HonopubiMu cBoficTBaMH B GaAs o6nanaioT KpeMHuil, 0710BO, cepa U
cened. IepmaHwmii, kak aMdoTepHad NpHMECh, NPH OINPENETICHHBIX
YCJIOBHSX TOXE MO3BOIAET MONYYHUTh N-THI NPOBOTUMOCTH. YA0GHOI
IIPUMECHI0 SBIISETCA 010B0. KOHNEHTpals aKTHBHBIX JOHOPOB MPIAMO
NPONOPIHOHATHHA IOTOKY SIt B MOJIEKY/IIPHOM ITy4Ke U MOXET OHITH
nosexena 10 5-10' cm™3. Onmako ero CymecTBEHHBIM HEIOCTATKOM
sBIseTCA cKarwBanue npu MJID y pacrymeit nosepxuoctu GaAs. ITo
3TOI mpuyuHe HauOoJee HPENNOYTUTENLHOM HMPHUMECHI0 IOHOPHOIO
THNa gBnsgercs KpeMuuil. OH obecneynBaeT KOHUEHTPALUIO JHIPOK B
GaAs no 1.3 - 10'9 cm3,

B 3axmmoyenue orMeTuM OCHOBHBIE XapaKTEPHCTHKH Meroga MJIID:

1) Manas cKOpOCTb pocTa, nopsiaka 1 MKM/4;

2) OTHOCHTEJBHO HH3Kad TeMIlepaTypa pocTa (TeMileparypa Nof-
JIOXKH);

3) BO3MOXHOCTh PE3KOro NpPEpHBAaHUA ¥ BO3OOHOBJICHHS pOCTa 3a
CYET WUCHOJILb30BaHUS MeXaHHYECKHX 3aCIOHOK BONH3M 3¢ y3HOHHBIX
f9eeK JUIL BCeX KOMIIOHEHTOB;

4) BO3MOXHOCTE BBeJIeHHs PA3IHYHBIX 1apoo6pasHbiX KOMIIOHEHTOB
I U3MEHEHUd COCTaBa CJI0d U YIIPaB/ICHUA KOHIIEHTpaIMeil npumeceii
MyTeM BBENEHHS ROMOIHHUTE/IBHBIX HCTOYHHKOB, CO3faiomux Tpebye-
MBble ITy4KH MOJIEKYJNl WIH aTOMOB;

5) Hanuyue aroMHO-IIGNKOH NOBEPXHOCTH PacTyIIEro KpHCTamla
IIpH 3NUTAKCHATHHOM POCTE;

6) BO3MOXHOCTb aHAMTH3a U KOHTPOJSI B XOHE pOCTa.

2.3. TI'azodasHan MHTAKCHA N3 METALUIOOPraHMYECKHX
COeTMHEHMH

«Meramnooprandka» — LIHPOKMH KJ1aCC BEIIECTB, CONEPXalIux
METAUI-YIJIEpOIHble (OPraHOMETAUIMYECKUE COCIHHEHUS) WIH Me-
TALI-KUCTIOPOA-YITIEPOOHEIE CBA3U (ATKOKCH/BI) H KOOPAMHALIMOHHbIE
COENUHEHNUA METAUIOB ¢ OpraHMYecKMMu MoneKynamu. IIpu xomHar-
HOH TeMmmeparype OHM B OOJIBIIMHCTBE SBIAIOTCS XHUAKOCTSIMH, XOTS
HEKOTOpHIE U3 HUX JIaXxe NPH BHICOKOH TEMIIepaType OCTAIOTCS TBEPIbI-
MH. DTH BemiecTBa oOBIYHO HMEIOT BHICOKOE JAaBIeHHE NMAapOB M JIEIKO
MoryT GBITh JOCTAB/ICHB! B 30HY PEAaKILIHM ITyTEM NPOIyCKaHH raza-Ho-
cHTend, HanpHuMep BOAOPOAA WIH FeNHd, 4Yepe3 XHUOKOCTb HIHM Hajl
TBEPABIM TEJIOM, KOTOPbiE HIpaloT poib HeToYHMKa [11, 13].

Kpucramuzanug B npoiecce SIMTaKCHE META/UIOOPTaHUYECKHX CO-
emuneduit (MOC) ocyinecTsiseTcs NpH MpomycKaHHy OXHOPOXHOM ra-
30BOi CMECH PeareHToB C ra3aMu-HOCHTE/LIMU HaJl HarpeToi MoAIox-
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KOl B peaKkTope C XOJOOHBIMU cTeHkamu. Mcrnonbsyemble mis pocra
[IOJIy[IPOBOIHUMKOBBIX IUTCHOK THAPHIb IIPH KOMHATHOM TeMIeparype
SBJIAIOTCA ra3aMU M OOBIYHO IIPUMEHSIOTCSA B KauecTse HeGONBIINX 10-
6aBok K H,. 3Tu Merauioopranu4ecKue W THAPHIHBIE KOMIIOHEHTHI
CMEILIUBAKOTCA B ra30Boi hase u nuponusyored B noroke H,. B pesyns-
Tare peakluy IUPONIN3a, KOrIa ra3oo6pasHble COeMHEHHS pa3jiaraior-
Csl Ha KOMIIOHEHTBI Ha TopAYeii MOBEPXHOCTH C 06pa30BaHUEM TBEPIO-
ro ocaixa, obpasyercd cTaGHIbHOE TBEpIOE NONYHPOBOIHUKOBOE COE-
muHenune. Temmneparypa nuponusa cocraBmier 600—800 °C. Harpes
MOWIOXKKH U PacTyLIeH IUTCHKN OObIMHO CO3JAaeTCs MOIIHBIM pajiiova-
CTOTHBIM FeHepaTopoM ¢ dacToToll nopsaaka 450 xI'u. IMuponus npouc-
XOIUT B OTKPHITOM PEAaKTOpE IPH aTMOCGEPHOM WIH HOHXEHHOM
(~70 MM pr. cr.) nasnenun. CHIKEHHE NABJICHUS Ia30BOH CMeCH IIpH
BBIPAIIMBAHHUN COEMHEHUH IO3BONAECT 3(PEKTUBHO YHPABIATh Kax
IPaIMEHTOM U3MEHEHHUs! COCTaBa IIPUMECEH, TaK U IPaJUeHTOM H3MeHe-
HHS COCTaBa OCHOBHBIX KOMIIOHEHT. IIoHMXeHHOE naBieHUe ra3oBOi
CMECH TaKXe OIPAHUYMBAET IIPOTEKaHUE IIaPR3UTHBIX PEaKIUil B ra3o-
Boil cmecu. IIpy NOHMXEHHOM IABICHHH IIPOLECC BHIPAIIUBAHHSI Be-
IeTcs IPH 3HaYUTeIbHO GOJIBIIMX CKOPOCTSX Fa30BOro IIOTOKA. YBeIu-
YeHUE CKOPOCTH Ta30BOrO IIOTOKA B IIPMHLMINE IO3BOJAET IOTYIUTh
6onee opHoponHele crnou. IIpu MOHMXEHHOM JaBICHUH UMEETCS BO3-
MOXHOCTb YBEJTHYMBATh CKOPDOCTb IBMXEHH Ta30B 6e3 yBelIHYeHUS 110~
TOKa MAaCChl XOJIOHOTO ra3a. YBeJIMYeHIe CKOPOCTH HOTOKA B YCIIOBH-
X aTMOC(EpHOro NaBJICHHS NPHBENO OBl K OXJIAXICHHIO MOTOXKH.
CyIecTByIOT PEakTOpPHl, B KOTOPBIX IIOTOK Ia30BOH CMECH HampasieH
IIEPIEHUKYIIPHO OBEPXHOCTH MOMIOXKH (Yallle 9TO peakTOpHl BEp-
THKIBHOTO TUIIA), ¥ PEAKTOPHI, B KOTOPHIX IIOTOK Ta30BOi CMECH IBY-
XeTCsA BIOMB IOBEPXHOCTH NGO 1o HeGONBIINM YITIOM K Hell (06bId-
HO ®TO peaKTOpPhl TOPH3OHTAILHOIO THIIA).

B6mu3n OT mOBEPXHOCTH poOCTa pacrionaraeTcs InepexogHas oG-
JacTh, B KOTOPOU IIapaMeTPHl ra30BOM CMECH IUIABHO U3MEHAIOTCHA OT
3HaYEHMH, XapaKTEPHBIX JUI 06/1aCTH KOHBEKIMY, 0 HEKOTOPBIX 3Ha-
YeHUH, XapaKTEePHBIX U IIPUIIOBEPXHOCTHOTO CJI0sA. DTa mepexonHas
o0JiacTh Ha3BIBAETCS MIOrPaHUYHBIM cioeM. Ilpu nanpasneHun noroka
BIOJIb IIOBEPXHOCTH TOJILMHA €r0 paBHa IIPUMEPHO 4 MM, a IIpU Ha-
IpaBJIcHUU NEPIEHANKYIpHO nomioxke 20 mm. B npepenax morpa-
HUYHOTO CJIOF TEMIIEpaTypa ra3oBOH CMECH M €€ COCTaB 3aBUCHT OT
paccTOSHMSA IO IMOBEPXHOCTH pocTa. B o6nacTi KOHBeKIuM TeMIepa-
Typa ra3a MeHbIlIe TEMIIEPATYPhl pOCTa M COCTaB ra3oBoil ¢a3bl He Me-
HaeTcsd. Bo MHOTHX cllyJasx 9JIEKTPHYECKHE U KpUCTA/UIOrpaduaeckue
CBOIICTBA IIONYYAIONIUXCS CIIOEB 3aBUCAT OT XapaKTEPUCTUK IIOIPaHUY-
Horo cjog. IIpuMep peaxTopa BepTHKANBHOTO TUIIA [T TOTYYEHUS Ma-
tepuanos AMBY npusenen Ha puc. 2.4.

MHorocoiinsie, MHOTOKOMIIOHEHTHBIE SIIHTAK CHATIBHBIE CTPYKTYPbI
MOTYT GBITH IIOCNIENOBATE/IPHO BHIPAIIECHH B €UHOM POCTOBOM LHKJIE.
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Puc. 2.4. CxeMatnyeckoe u3obpaxeHue BEpTHKATLHOIO peakropa rasodasnoi
snurakcu MOC, Henons3yeMoro s pocTa JIETMpOBaHHAIX SIATAKCHALHBIX
cnoeB Al Ga, _, As.

1 — xBapuesbiil peakTop; 2 — BBHICOKOYACTOTHBII Harpes; 3 — Nop/oxka; 4 — fepxa-
TeNb; 5 — TepMOCTAGHIH3HPOBAHHbIE S4EHKH; 6 — NATYHKH NOTOKA; 7 — IHEBMAaTHYE-
cKue K1anaHel.

K peakTopy MOXHO IOJKJIIOYHTh HECKOIBKO META/UIOOPTAHUYECKHX H
MAPUIHBIX HCTOYHHKOR.

XUMuUsl TEXHOJIOTHYECKOTO MPOLECCa ONPEIENIeT CKOPOCTb POCTa,
Ka4eCTBO U YHCTOTY KPHCTAUIa, €r0 IIEKTPHYECKHE U ONTHYECKHE
CBOMCTBA, BO3MOXHOCTh YNpaBIEeHMs cOcTaBoM. I[1d MHOIMX NOJy-
nposouukoB Tuna AIBY pesynsrupyiomas peakius 3anucHBaeTcs B
BHJIE

Al(CH,); + BVH, —7—0*:32? ALBY 4+ 3CH,. 2.1

B wacrHocTH, Takoro THIa peakiMs HCIONL3YeTCs Uil IONy4eHHS
GaAs u AlAs. C noMonip0 aHATOTHYHBIX PEaKIHii MOXHO BHIPACTHTh
TOHKHE IUVIEHKH OPYTHX OUHAPHBIX, TPOHHBIX H METBEPHBIX COCOMHE-
nuii. Hanpumep, ang pocra Al,Ga;_,As 06bMHO HCIIONB3YETCS CIENY-
IOIMi nporecc:

(1 - x) [Ga(CH3)3} + x [ANCH;)3] + AsH; —7—;{C—)Al,0a1_xAs +3CH4.(2.2)

B sTOM Ciyyae cocTaB 3NHTAKCHAIBHOH IMEHKH HEMOCPEICTBEHHO
omnpenendercd OTHOLIEHHEM NApPUHATbHBIX JABTEHUH TPUMETHWITAUIMS
U TPUMETWIAMIOMHMHUS B ra3osoil dase.
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JlernpoBaHHe paCTYILETO 3MUTAKCHAILHOIO CJIOSA OCYILECTBIIAETCS
IIyTeM BBEACHUSA B IA30BBIA IIOTOK COOTBETCTBYIOILETO peareHra. s
nerupopanus coenuHenuit AUBY npumecamu p-tuna 06HMHO HCIIOMB-
3yI0T OpPraHOMCTA/UIMYECKUE PEAreHTH: IUITWILMHK U OHCIHKIIO-
[EeHTaIUCHWIMArHui, a Jid JIETHPOBARHUS IIPUMECSAMU N-THIIA UCIIOMNb-
syior rugpuabl HySe u SiH,. OpraHomeraiiueckue peareHTH JIETKO
pa3’iaraloTcs IpH TeMIIEpaType pocTa, IOSTOMY IOCTYILICHUE IpHMe-
cell B pacTylIuii cloit orpaHuYuBaeTCs Auxpysueil yepe3 norpaHud-
HBIA Cnoil M TIOBEepXHOCTHOH KuHeTHKOH. HeGonbmas monsd npumecu
IIOCTYNa€eT B PACTYHIMIi ciloi, a 66nbmas dacTs nudpyHAUPYET B ra3o-
By ¢azy. Ilpu 9TOM YpOBEHD JIETHPOBaHHS HE 3a8BUCUT OT CKOPOCTH
POCT2 CJ104, HO 3KCIIOHEHIINANBHO YMEHbINACTCSA IIPH YBETTHYCHUH TEM-
[epaTyphl M PAacTeT IIPU YBEIMYCHUH NMAPLUUAILHOTO AABJICHUA apCUHA
AsH;. DdhekTuBHOCTS IETHPOBAHUS KPEMHUEM OIPAHUYMBAETCSH TEP-
MOXHMMHEH MCTIONB3YEMBIX rHApATOB. CKOPOCTh Pa3IoOXEHHUS X Ha NO-
BEPXHOCTH Mai1a, U Gosblast Joid IpUMecH, o6pa3yeMoii Ha TOBepX-
HOCTH, BXOIUT B pacTyIIHMil c/oil. B 2ToM ciiydae ypoBeHb JIerHpOBaHUs
0o6paTHO MPONIOPILMOHATIEH CKOPOCTH POCTa H 9KCIIOHEHIMANBHO BO3-
pacTaer IIpM YBEJIMYCHUHN TEMIICPATYPH. YDOBEHb JIETHPOBAHUS KPEM-
HHEM HE 3aBUCHT OT NapuuajipHOro Aasiennd AsH;.

CkopocTh pocTa onpegessiercs CKopocThio nudgy3nn yepes morpa-
HUYHBIHA CJIOH KOMITOHEHT, CONEPXAIUX 3NEMEHTH TPEThEH IPYIIIbL
s sneMeHTOB IMTOH I'PYNIIEL HMeeT MeCTo GaaHc MeXTy rasoBOH ¥
tBeproi ¢asamu. IIpu remneparypax soime 800 K cropocts pocra ot
TEMIIEpaTyPHl HE 3aBHCUT, KaK HE 3aBUCHUT CKOPOCTb POCTa U OT JaBJIe-
HHS apCHHA, KOTOPOE, 1A TOTO YTOOBI ITOMYYHTh ITIAJKHE CIIOH BHICO-
KOTO Ka4ecTBa, JOKHO II0 MEHBIIEH Mepe Ha MOPSNOK IIPEBOCXOAUTD
IaBJICHUE KOMIIOHEHTEHL, COIEpXalIeH 3/IeMEeHT Tperbel rpynmsl. YBe-
JIMYEHUE CKOPOCTH Ta30BOTO IIOTOKA YCKODPAET POCT SIIUTAKCHATILHOTO
crnos. Ypenu4yeHHe NapUUANbHOIO NABJIEHHS PeareHTOB B Ta30BOM IIO-
TOKE TaKXe BO BCEX CIyJadX yBEJIMYUBAET CKOPDOCTh POCTa.

Poct MHOTOCITOMHBIX CTPYKTYP OCYILECTBIAETCA ITYyTEM HU3MEHEHHT
razopoii atMmocgepsl B peaxtope. CxopocTs, C KOTOPO#H OCYIIECTBILIET-
csl TaKO€ M3MEHEHME, 3aBUCHUT OT BE/THYUHLI IIOTOKA U TEOMETPUH peak-
topa. [IpH GONBIINX CKOPOCTAX B HOTOKE MOXHO NPOM3BONMTH 3aMCHY
rasza JoCTaToYHo ObICTPO U IIONyYaTh IIPH 3TOM pe3Kue reTeporepexo-
Il Bpemd, HeoGXonuMoe U1 3aMEHBI, ONPEACNACTCS BENIMYMHOHN NO-
ToKa. [103TOMy pE3KOCTh IPAHMII OKa3BIBACTCsA CBA3AHHOI co CKoOpo-
CTBI0 POCTa W, HANpUMep TipH pocTe coemuuenuit ATBY, sasucur or
KOHLIEHTPAllMU B Ta30BOM IIOTOKE 4Epe3 PeakTop peareHTa, cofepxa-
IIEr0 BNIEMEHT TpeThel IPyNmbl. DKCIEPUMEHTAIBHEIE JAHHEIE IO
ceepxpemerke GaAs~Al Ga;_, As HO3BOJAIOT COENaTh BbIBOK, YTO IIPH
HCNONB30BAaHUN 2BTOMATU3UPOBAHHBIX CHUCTEM POCTa YHAETCS CO3/a-
BaTh CBEPXPEIIETKH C TONIIMHOM c10eB A0 1.5 HM (B OTHEABHBIX CITy4a-
ax no 0.7 HM), ¢ BEICOKMM CTPYKTYPHBIM coBepiieHCTBOM. MsMeHeHune
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COCTaBa IIPOMCXOOUT IIPAKTUYECKM HA TOMIMHE OLHOIO MOHOCI]OL.
Il GBICTpOro M3MEHEHMS COCTaBa ra3oBoi ¢a3bl Y IOBEPXHOCTH pocTa
Tpe6yeTcs ONTUMM3AIMSA KOHCTPYKIMH PEaKTopa I YCTPaHEeHUs pa3-
MBITHSI KOHIIEHTPaUHOHHOTO (PpPOHTA B ra30BOM IIOTOKE M3-33 paziiny-
HHX 1 y3UOHHBIX TIPOLIECCOB.

MJI® u rasodasnas snurtakcust w3 MOC geiptiotcs xopommMu Me-
TORAMM BHIpAIIMBaHMS CBepXxpewetok B cucteMe GaAs—Al Ga;_ As.
Texnonorwaeckuil npouecc razocgasnon smurakcuu u3s MOC moxer
OnITH BOCIIDOM3BEICH B GosbLIOM 00bEME, U B PE3Y/IBTaTe MOXHO TIONY-
YUTh SIUTAKCHATbHBIE CTPYKTYpPHl Gonbmoii mwiomagu. Ilpu aToM Mo-
ryr OBITH HOCTHTHYTHl BHICOKHE CKOPOCTH POCTa, YHOBJIETBODSIOIIME
TpeGOBAHHAM IIPOMBIIUICHHOCTH IIPH MaCCOBOM NPOM3BOACTBE NMpUGO-
pos. MJID, ckopee Bcero, OyaeT JOMUHHPOBATh B YyHIAMEHTAIBHBIX
HCCIIENOBRHMAX KBAHTOBO-Pa3MEPHBIX CTPYKTYP, a razoca3Has 9IHUTaK-
cus 13 MOC — B MaccoBOM NpOM3BOICTBE M MCCIIENOBAHNY IPHGOPOB.

2.4. Metonp1 nanonurorpadpuu

HauGonee 04€BHOHBIM, XOT4 M HE CaMbIM IPOCTHIM IIO MCIIONHE-
HMIO, METOOM IIOJIy4CHUs OJXHO- WU HyNb-MEPHBIX CTPYKTYp SIB/IA€TCS
cyomukpoHHad nutorpadus [14]. OHa no3BosseT Bbipe3aTh 06nacTH,
OrpaHUYECHHBIE TIO OXHOMY WM JBYM HAIIPABJICHHUAM, HCIIONb3Ys B Ka-
49eCTBE HCXOMHOTO 00BEKTA CTPYKTYPHI C ABYMEPHBIM SJIEKTPOHHBIM Ta-
30M. JlarieKo He BCE METOMBI JIMTOrpadHy, HCIOJIb3yeMBIE B IIPOU3BO-
CTBE MUKDOYIEKTPOHHOHN aNnapaTyphl, TOAITCS I TOMYICHUS MabIX
IO CBOMM pa3MepaM o0bekToB. XO0Td, KaK yKas3aHo B pasnene 1.4, 06-
NacTh OBUXECHUS MOXHO OIPRHMYHTH ¥ 32 CUET IIOBEPXHOCTHBIX 06na-
creil 06eAHEHNS, HO TEM He MEHEE CTapaloTcs pa3paboTaTs Takue IpH-
€MBI M3TOTOBJICHIS, KOTOpble obecrieunBaty Obl NONTYyICHHE HEMOCPEN-
CTBEHHO MAIBIX obnacTeil ¢ OrpaHy4eHHeM IO OJHOMY MJIM IBYM Ha-
MIPABJICHHSM.

CoBpeMeHHbIE HHTEIPATbHBIE CXEMBI MPOU3BOIAT IIpK ITOMOIIH ¢o-
tonurorpadun. DTH Xe€ IPUEMBI HCNOJb3YIOTCH IS W3rOTOBICHHUS
KBaHTOBHIX HUTEH U Touek. Poronurorpagus — 3T0 IIPOLIECC, B XOAE
KOTOpOro Iy40K BHOMMOTO WIH YiIbTPadHONETOBOTO CBETA NAfacT Ye-
pe3 MacKy HyXHOH (pOpMBI Ha TOHKOE IOKPHITHE U3 CBETOUYBCTBUTEb-
HOTO MaTrepuana — (POTOpe3ucTa, IOKPHIBAIOIICE IOMYIPOBOIHUKO-
BYIO CTPYKTYpY. PoTOpE3uCT — CJIOXHAI MOMMMEPHA CBETOYYBCTBHU-
TenbHAas KoMmosuims. QoTopesHcT, y KOTOPOIO pPacTBOPMMOCTD
OCBEIEHHOTO YJacTKa yMEHBLIACTCS, Ha3hIBAaCTCS HETaTHBHBIM, a ¢o-
TOPE3HCT, PACTBOPHMOCTh KOTOPOro nocie o6ydeH s BO3pacTaer, —
no3uruBHbIM. Ilocne o6paboTku OCBEIIEHHOTO (hOTOPE3UCTA B COCTa-
BE, YOAISIONIEM PaCTBOPHMBIE Y9acTKu, obpasyercs penbedHOe U306-
paxeHde, KOTOpOE NOMXHO OBITh YCTOHYMBHIM K BO3ICHCTBUIO TEXHO-
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JIOrA4eCKUX (PaKTOpOB, B YaCTHOCTH KHCJOT, C IOMOINBI) KOTOPHIX
CTPaBIMBAETCS MOy POBONHMKOBAS CTPYKTYypa.

H3obpaxeHue Ha NOBEPXHOCTh (OTOpPE3UCTAa NEPEHOCAT C IIo-
MOMIBIO ONTHYECKOH NpoeKuMH MackKM. MOXHO HMCIONB30BaTh TaKXe
TOHKMI JIy4d CBETa, HOJIOXKCHUEM KOTOPOIO YNPABISET KOMIIBIOTEP, H
BBIYEPYNBATh PHCYHOK Ha IOBEPXHOCTH (POTOPE3MCTAa HIM HCHONb30-
BaTh HMHTEP(EPEHUHIO [IBYX JIa3epHHIX JIydei, B pe3ynbTaTe KOTOpOit
HOSABJIAETCS MEPHOAMYECKas MOTYIMpOBaHHas KapTuHa. HanMeHbmue
pasMephl OTIENbHBIX AeTaleill, KOTOphIE TPEeOYIOTCH AJ1 M3TOTOBICHUS
KBAaHTOBbIX CTPYKTYp, OIPaHHUEHB IIPENE/IbHON pa3pemraroniell cro-
cOGHOCTBIO OIITUYECKMX YCTPOHCTB, KOTOPast B CBOI0 OUepeNb OIpene-
naerca AugpakiUoHHBIM KputepueM Panes. B coorBercTBuM ¢ HuMm
MUHUMTbHAs IIVUPUHA JIMHUY, IIOTy4aeMoii B u3o6pakeHun, Iponop-
LHOHATIbHA JUTUHE BOJHBI PKCIIOHUPYIOIIEro ceera. s BUIMMOro CBe-
Ta (¢ uHOA BonHH ~0.4 MKM) MUHUMAJIbHAS LIMPHHA JTMHUM COCTaB-
et ~0.25 MKM, YTO ABHO HEAOCTAaTOYHO I U3rOTOBIEHUA KBAHTO-
BBIX CTPYKTYP.

Yr0o6H AOCTUTHYTH MEHBIIMX Pa3MEPOB OTAENbHEIX JeTanecid, JIUTOo-
rpadus ¢ BUAMMBIM CBETOM 3aMEHIETCS Ha IMTOrpaduio ¢ UCIIOJb30Ba-
HUEM YIbTPaHOIETOBOTO OCBelleHus (uinHa BoNHBL 250—350 um).
HocTouncTBOM ynbTpaduoneToBoi aurorpaduu sABIdeTcs Gombluas
CKOpPOCTb, TaK KaK BPEMS OCBCIICHHUS MEHbIIE, YeM I BHIMMOTIO
CBETa.

JanpHeiiice yMEHbIIEHHE pa3MEpPOB OTACIBHBIX AETAICH BOZMOXHO
IIPM MICIIONIb30BAHMH PEHTIEHOBCKOH ymrorpaduu. g skcmoHuposa-
HUS HCTIONB3yT HU3KORHEpreTHdeckoe Maaydenue 1—10 xsB. Dro
cootsercTByeT gmHaM BonH 0.4—5 uM. IlpoGneMmolt ucmonb3oBaHUs
PEHTIEHOBCKOIO U3TYyYCHU ARIAETCA TO, YTO Vi1 HETO He CYILECTBYeT
JIMH3 U XOPOLIMX 3epKall, I03TOMY HCTOYHUK PEHTTEHOBCKOIO M3ITyue-
HHS JIOIXeH ObITh YAICH JOCTaTOYHO AATEKO MIA YMEHBINCHHUA PacXo-
AuMocTH Jydeii. Y3-3a Gonbiuoit SHEpruy KBaHTOB PeHTTEHOBCKOIO H3-
JIydeHHs HEOOXOMNUMO HCONB30BaTh 6OsIee TONCThiE MACKH TONIIUHON
1—10 mxM. CymectByloT TakXe npoGlieMsl ¢ nepeniydecHUeM Mare-
pH&IOB CaMOM MacKH, ®MHCCHUEH OXE-3IEKTPOHOB M3 PE3NCTa, 4UTO
NPHUBOAUT K CHHXCHWIW KoHTpacta m3oOpaxeHnd. Bricokad sHeprus
KBaHTOB PEHTI€HOBCKOTO W3/IydCHUS YBEJIMYMBAECT BO3MOXHOCTE IIO-
BPEXACHUA MOMWIOKKH. JIOCTOMHCTBAMM METOfA SIBIAIOTCS Maloe
BpeMs 9KCIOHHpOBaHUA (OK0J0 1 MMH) M BO3MOXHOCTb IOJNy4eHUs
u3obpaxeHus Ha Gosbmoit wiomagu. CHU3UTh BpEMA IKCIIOHUPOBA-
HUS 32 cyeT GoNbHIel MOIIHOCTH M3JTy4eHMS MO HECKOJIbKMX CEKYHJ
MOXHO IIyTeM NPUMEHEHHS CHHXPOTPOHHOIO U3mydeHus. C IOMOIILIO
PEHTTEeHOBCKOM muTOorpaduu yraercs HOIyIuTh MUHUMAIBHEIA pasMep
neraneii 1o 30 HM.

IoBbICHTD pa3perneHHe MOXHO C UCIIONIb30BAHHEM 3JICKTPOHHO-ITY-
4yeBoi nurorpaduy. DJIEKTPOHBl UMEIOT MANYIO AJIMHY BOJIHEL M MOTYT
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OBITh CPOKYCHPOBAHBI OYEHb TOYHO IIPH ITIOMOIIHM 3/IEKTPHYECKOTO 110~
JIsl, YNPaRIIEMOTO KOMIBIOTEPOM. MOXHO UCTONB30BaTh TRKKE MACKHU.
Ipo6nemoii B UCNONB30OBAHUN JIEKTPOHHOTO JIyda SIBASETCS BO3MOX-
HOCTb IIOBPEXJEHHs IIOBEPXHOCTH M3-3a CTOJIKHOBEHHI BBHICOKORHEP-
TMYHBIX JICKTPOHOB € MomIoxkoi. Takue moBpexmeHUs BHOCAT je-
(exTs! B NOJYNIPOBOAHKUKOBYIO CTPYKTYPY. [UId yMeHbIIeHUs NOBpeX-
JEHAS MOXHO CHM3MTh TOK B JIy4€, HO 3TO 3aTPyAHAET (POKYCHPOBKY
Jyqa. DIEeKTPOHHAA JTUTOrpadus MO3BOJIAET NOMyYHTh Pa3Mep OTAENb-
HBIX feTaned 3—25 HM.

Eme 6onbweii paspemarommeii ciocoGHOCTBIO (M3-3a2 GoNbIleH Mac-
CHI YaCTHUIIB! JUTMHA BOJHBI I¢ Bpoiliid MeHbLIe) of1anaeT HOHHO-TTyYe-
Bas Jurorpacus. ITockonbky ynenbrble IOTEPH HMOHOB B IECSTKU pa3
Honble, YeM y AMEKTPOHOB, TO PE3UCTHI B 9TOM CiIydae oGnagaiot 6o-
Jiee BBICOKOH 4yBCTBHTENBHOCTBIO. C IIOMOIIBI0 HOHHO-TTYYEBOM JINTO-
rpaui MOXHO NONYIUTh H306paxenue 1 6€3 MCHONB30BaHUA PE3UCTA,
33 CYET CO3JaHHd YYacTKOB C paIMauMOHHbIMM JedekTamu. B takux
MECTaX BO3PacTacT CKOPOCTh TPABICHHS U OKHCnenus. HoHHOo-TydeBas
nuTorpadus Mo3BOJAET MOMYYHTh Npouie pennedra, GIH3KHIA K 1ps-
MOYTOJILHOMY.

Pucynok u3 goropesucTa nepenaercs Ha MaTepHal MOMYIIPOBOIHU-
KOBOH CTPYKTYpHI IIPH BHITPABIMBAHHUHU B HEH MECT, He 3aIUIIEHHBIX
doropesucrom. IIpH BIaXHOM XHMHYECKOM TpaBIEHUH BO3ZHUKAKOT
npoGieMbl, KOTOpbIe NPUBONAT K HAPYWICHUIO PUCYHKA WM npodund
penbeda CTPyKTypel. Tak, M3-32 CIJI IIOBEPXHOCTHOTO HATAXCHUA U
MaJIBIX Pa3MEpOB IIEMEHTOB PUCYHKA BO3HUKAIOT «MOCTHKM» M3 XKHI-
KOCTH M TPaBHTENb HE NONAfacT Ha NOBEPXHOCTH IOTYNPOBONHHKOBOM
CTPYKTYpHI, B pe3y/ibTare 4ero TpaBlIcHUE He mpoucxonurt. B anuzo-
TPOIIHOM TPaBUTENE CKOPOCTh TPABJICHHMA 32BHCUT OT KpHCTaJUIOrpa-
¢praeckoro HanpasneHus. B pesynpraTte MOXET IPOUCXOAUTE IOATPAB-
suBaHye nox GoTope3UCTOM WM NIPOGHIL TPABRIICHAS CTAHOBUTCS OT-
JIMYHbIM OT IPSAMOYTOIIBHOTO.

DTH HEJOCTaTKU OTCYTCTBYIOT NPH «CyXOM» TpaBieHWH. Tak, HOH-
HOE TPaBJICHUE pa3pylllaeT HOBEPXHOCTH B pe3ynbrate 6oMOapaIupoBKU
BHICOKORHEPTHYHBIMH HOHAMH C 3HEpruel B HECKOJNBKO KHIORJIEKT-
POHBOJBT. MOILHEIE ITyYKH HOHOB C MaibiM JHaMeTPOM IATHA2 MOXHO
[epeMeIaTh 10 MOBEPXHOCTH € IIOMOIIBI0 OTKJIOHSIONIMX BJIEKTPOIOB.
B sTOM Ciy4ae momyyaoT HAHOCTPYKTYPH M 6€3 HCHOMB30BaHUs Pe3u-
cra. K 1ocTouHCTBaM 2TOro METONA MOXHO OTHECTH BHICOKYIO pa3spe-
IIAIONIYK0 CIIOCODHOCTh U OTCYTCTBUE NONTPaBAuBaHHA. ONHAKO IpH
HOHHOM TpPaBJIEeHHH MPOUCXONMT HapYLIEHHE MOBEPXHOCTHOIO CIIOA M
BO3MOXHO ITOABIEHHUE NOBEPXHOCTHBIX SHEPIETUYECKUX COCTOAHMHM.
Jpyroii pasHOBHIHOCTBIO «CYXOro» TPABICHUS SBJISETCS UOHHO-TUIa3-
MeHHOe TpaBjieHHe. OHO IIPOMCXOIUT B IUIa3Me pPeaKTUBHOrO rasa. B
9TOM CJTy4ae HOHbI HMEIOT HEBBICOKYIO 3HEPIHIO U PacIlbUICHUE HE IIPOo-
ucxogut. Tpasnenue npencrasipier co60il XMMHYECKYI0 peakiluio, B
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pe3yJibTare KoTopoi 06pa3yioTcs JeTy4ue COCIUHEHUS U OTKaYHBAIOT-
cs U3 KaMephl. B MOHHYI0 TINa3My MOXHO OOaBUTh XUMHYECKH aKTHB-
HBIH ra3 U TeM CaMbiM MEHATh CKODOCTh TPaRICHMS 33 CUET XUMHUYE-
CKOTO B3aUMOJEHCTBHUS Ira3a C IOBEPXHOCTHIO CTPyKTyphl. MoHHO-1I1a3-
MEHHOE TPaBJICHUE II03BOJIIET OPraHU30BaTh AHU30TPOIIHOE TPaBIICHHUE
KPUCTAJUIMYECKOI CTPYKTYDBI.

Hapsgy ¢ HenmoCcpeACTBEHHBIM BHIIEIEHHEM HUTEH M TOYEK U3 o0na-
CTH JBYMEPHOTO IEKTPOHHOTO Tra3a KCIIOb30BAJICH TaKXe POCT Ha
npobHIIMPOBaHHBIX NOLIOXKax. B »TOM ciyyae Meromamu nurorpa-
(MK Ha [IOTYIPOBOJHUKOBOMH ITOWIOXKKE CO3NABAIM CEPUH IIapaUIeITb-
HBIX WIH TEepeceKaroIIuXCss KaHaBOK ¢ MHHUMAJIBHBIMHM Pa3Mepami,
KOTOpHIE N03BOJISIA TONYYUTD IUTOrpadus, a 3aTeM Ha 3Ty OWIOXKY
HaHOCIWIH IOJYNPOBONHUKOBYIO IUICHKY. B pesynbrare ormedanocs
BIIHSIHUE [IPOGIIHPOBAHHBIX [TOIIOXEK HA CTPYKTYPY IIOJIyIPOBOJHH-
KOBOIl IWICHKH. PocT MNeHKU nepBOHAYaATIbHO IIPOUCXOMUT B yIVIaxX Ka-
HABOK, BHITPABICHHBIX B MOLIOXKE. TakuM IMyTeM MOXHO B IpUHLHAIE
[IOJYYUTh KBAHTOBBIC HUTU M TOYKH.

OnHaxo MeTobl I Torpachuyl ¥ CENEKTUBHOTO TPaBNeHHs 00/1a0anT
psOoM HegocTaTkoB. Tak, Murorpaduueckoe BEIENCHAE PUCYHKa C TT0-
CJIENYIOIIVIM TPABJICHHUEM BCETAA COIPOBOXJAETCS HEONHOPOXHOCTHIO
thOpMBI HRHOCTPYKTYP U MEXAHUYECKUMM TOBPEXKICHHSIMH ITIOBEPXHO-
ctu. HeonHoponnocts ¢)opMbl IPMBOIUT K 06pa3oBaHUI0 aHcaMOiieit
HEONHOPOJAHBIX HUTel B ToueK. KpoMe Toro, rpaHuna pasgena nocie
TpaBJIeHUs MPOMBIIET 3AMETHYIO AC(EKTHOCTE.

2.5. Camoopranu3anus KBAHTOBBIX TOYMEK W HHUTeH

Boree nepcneKTMBHEIMU IO CPaBHEHUIO C TPAIUIMOHHBIMH METOa-~
MU C NpPHUMEHEHHEM JMTOIPaUu OKa3awIMCh METOAB! NMPIMOIO IONTy-
YeHHs C UCIIONIb30BaHHeM 3¢ EKTOB CIIOHTAHHOTO OOpa30BaHHsA HAHO-
CTPYKTYp. DU 3¢peKTH OTHOCATCSA K IUIHPOKOMY Kiaccy (pyHnaMeH-

TAIBHEIX SBJIECHUR CaMOOpIraHu3allun B KOHICHCHPOBAHHBIX CpEaax
[15—17].

2.5.1. PexyuMbI PocTa IreTepOIMUTAKCHAILHBIX CTPYKTYP

MeTton noMy4eHUS KBAHTOBBIX ONHO- M Hylbh-MEPHBIX CTPYKTYP
OIMpaeTcs Ha pacCMOTpeHHEIE paee MeTofisl MIID 1 razodasznoii smm-
takcun 13 MOC. Pa3nmuyaroT Tpu pexuMa pocTa reTepoalINTaKCHalb-
HBIX CTPYKTYyp, CXEMaTHYECKH H300paXeHHBIX Ha puc. 2.5:

1) ®dpanka—saH nep Mepse (Frank-——van der Merve, FM) — pea-
JIU3YeTCs TIOCNIOMHBIN (IByMEpHBIIT) pocT Matepuana B Ha mogoxxke u3
Marepuana A, Marepuanbl A 1 B commacoBaHbI 110 TOCTOSHHOM perner-
KH;
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Puc. 2.5. Cxemaruueckoe u3obpaxeHue TpexX peXHUMOB POCTa [JI TeTepoau-
TaKcuanbHbix cucreM: ®panka—san nep Mepse (FM), ®onvepa—Bebepa
(VW) u Crpanckoro—Kpacranosa (SK).

2) ®onmepa—DBebepa (Volmer—Weber, VW) — umeer Mecto oct-
POBKOBBIil (TpexMepHBIi) pocT Matepuata B Ha nommoxke A;

3) Crpanckoro—Kpacranosa (Stranski—Krastanow, SK) — Ha
IIEPBBIX 9Tallax poCTa pealu3yeTcs MOCIOWHbIH pocT Marepuaita B Ha
HMOWIOXKe A ¢ 06pa30BaHHEM CMAYMBAIOLIETO CJIOd, A 3aTeM IIPOHCXO-
IWT IIEPEXON K POCTY TPEXMEPHBIX OCTPOBKOB W3 Matepuana B Ha no-
KpPHITOH MOUIOXKE; MaTepuansl A U B paccormacoBalbl 1o nocTosH-
HOM pEINETKH.

B rereposnuTaKCHANBHBIX CHUCTEMaX, COIVIACOBAHHBIX IIO NMOCTOSH-
HOH pEIIeTKH, PEXHM POCTa ONpene/iieTcs TONBKO COOTHOLIEHHEM
9Hepruil cBoCONHBIX NOBEpXHOCTeH MarepuanoB A — y;,, B — vy, 1
9HEPrHU IPAHUIBI pa3nena ¥;,. Korna nosepxnocrHast ceoboqHas sHep-
TMd NOIVIOXKM 7Y; NPEBOCXONUT CyMMy HOBEPXHOCTHOH cBOGOIHOM
9HEPruU ®NUTAKCHAIBHOIO CJIOF Y, W SHEPIMH I'PAHHIbI PA3ENa ¥is,
T. €. Y5 + Y12 < V1, TOTAA Ocax/aeMblii Matepual B cMaduBaer nosepx-
HOCTH NOMIOXKH A M BO3HMKaeT pexum PpaHka—paH nep Mepse.
H3MeHeHne BETHYMHBI Yy + Y(o OTHOCHTENBHO ¥, IPUBOIMT K IIEPEXONY
ot pexuma dpanka—BaH nep Mepse x pexumy Ponmepa—Bebepa.
B aToM cnyuae matepuan B He cMaumMBaeT MaTepHal IOLIOKKH A,

B rereposnurakCHaNbHOM CHCTEME NIPU HANWYKM PacCOIIaCOBAHUS
II0 IIOCTOSIHHOM peleTKH MEXAY ocaxiaeMbiM MarepuatoM B u mon-
JIOXKOH A Ha NEepBBHIX 3TalNax POCT MOXET NPOHCXOOUTH IIOCIOHHO.
Ognako Gosee TOJICTHII CII0M OCaXIEHHOTO Marepuala uMeer u GOMb-
Iyl YOpyrylo ®Hepruro. Torma BO3HMKAET TEHACHIMS YMEHBIIUTDH
YNIPYIYIO 9HEpruio IyTeM 06pa3oBaHUsI M30JIMPOBAHHBIX OCTPOBKOB. B
9TUX OCTPOBKAaX IIPOMCXOIHUT PelakCalyis YIPYTHX HanpsiKEeHUA U Co-
OTBETCTBYIOIEC yMEHbIIEHHE yNpyroil sHeprud. Tak BO3HMKaeT pe-
xumM pocta CrpaHckoro—Kpacranosa. B koneuHoM urore Ha ITOATOX-
Ke 00pa3yioTcs OCTPOBKH, IIPOMEXYTKY MEXTY KOTOPBIMH 3aIIO/THEHHI
TOHKHM CM24MBAIOIIMM CIIOEM.
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Puc. 2.6. PasHosecHas ¢asosag quarpamMma retepOMTaKCHATBHON CUCTEMEI C
paccoriacosaHueM pelleToK B OCHX.

Q — KOJIMYECTBO OCAXKNEHHOrO MaTepHaia, £9 — PaCCOr1acOBaHUE pEUIETOK.

Tepmonunamudeckuii anami3 [18] mokasan, yro Ha ¢a3oBoil aua-
rpamme (puc. 2.6), rae mo oxHOMH U3 ocelt OTIOXEHO PacCcOoIiacoBaHNE
PELIETOK OCaXIaeMOro MaTepuaita U INOIOXKM €, = Aa/a, a 1o apy-
roiif — KOJIMYECTBO OCaxXIeHHOro Marepuana ¢ (KONMYeCTBO MOHOCIIO-
€B), MOXHO BBIZETINTH 00N1aCTH 3THX NapaMeTpOB, KOTOPhIC HAIOMHHA-
I0T, @ B HEKOTOPHIX OONIACTAX NAapaMeTpPOB HMOTHOCTHIO AHAJTOTHYHBI C
[IPUBENEHHBIMHU BBIIIE PEXHMAMH POCTA.

B HacTostiiee BpeMs U3BECTHBI CIIENYIOLIAE TAIBI HAHOCTPYKTYD, BHI-
palluBaeMbIX C UCIIONb30BaHHEM 3(¢EeKTOB CaMOOPraHU3alMu:

1) cTpyKTYpHI Ha MUKPOCKOIIMYECKH YIIOPSANOYEHHBIX (haceTHPOBaH-
HBIX TTIOBEPXHOCTSX;

2) ynopAOOYeHHBIE MAacCHBBl TPEXMEPHBIX KOTEDEHTHO HaNpsiXeH-
HBIX OCTPOBKOB B T€TEPOINMHUTAKCHATILHBIX PACCOIIACOBAHHBIX CHCTE-
Max;

3) mepuonUYecKHe CTPYKTYPhl IUIOCKUX AOMEHOB (HApHUMeEp, OCT-
POBKOB MOHOCINIOHHOI1 BEICOTHI);

4) CTPYKTYPH C IEpUONUYECKOH MORYnslMel COCTaBa B SIHTAKCH-
ANBHBIX IVIEHKAX TBEPIBIX PACTBOPOB IOMYIIPOBONHUKOR.

HocTonHCTBOM CHIOCOGOB MOMYYEHHS 9THX HAHOCTPYKTYP SIBISETCA
TO, YTO CTPYKTYPH NOABIIAIOTCS KaK OBl caMu co6oi, 6e3 npuMeHeHus
CIICIUAILHBIX IPHEMOB TEXHOIOIMH MUKPOSJIEKTPOHHKH Y, B YaCTHO-
cry, 6Ge3 mpuMeHeHMs TuTorpaduu.
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2.5.2. Poct HaHOCTPYKTYP Ha (aceTHPOBAHHBIX INOBEPXHOCTAX

(daceTHpOBaHUE MOBEPXHOCTH KPHCTAUIA IpeicTaBisieT coboil o6-
pa3oBaHNe MUKPOCKOITMYECKH YNOPSNOYEHHBIX «XOJMOB U KaHaBOK»
Ha MOBEPXHOCTH, KOTOPBIE MMEIOT ONpPENETICHHBIH MepHon MOBTOpe-
Hus. Ha mosepxnocTn ofpasyercs CUCTeMa HaKJIOHHBIX K HMCXOIHOH
HOBEPXHOCTH KPHCTAUIMYECKHX rpaneil. [lepeceyeHue cocennux rpa-
deil JaeT B pe3ynbTaTe WIM OCTPOE KPUCTA/UIMYECKOe peGpo, Wid y3-
KYIO 3aKpYyIJICHHYIO 0671aCTh IIOBEPXHOCTH, IIPOMWIbL TAKOH CTPYKTYpPHI
HanoMuHaer 3yObg muwisl (puc. 2.7). IIprunHoii cionraunoro graceru-
POBaHUs ABJACTCS 3aBUCUMOCTh CBOOOIHOH PHEPTHH HOBEPXHOCTH OT
OPDHMEHTALMM STOH IIOBEPXHOCTH OTHOCHUTEIBHO KpucTawiorpaduye-
ckux ocell. Ecnu miockas HOBEPXHOCTh MMeeT GONbIIYIO YAENBHYIO T0-
BEPXHOCTHYI0 ®HEDIHIO, TO OHA CIIOHTaHHO TpaHC(oOpMUpYyeTCS B
CTPYKTYPY «XOJIMOB U KaHABOK», DTO YMEHBIIAET MOMHYI0 CBOCOIHYIO
9HEPIUI0 [MOBEPXHOCTH, HECMOTPS Ha YBENUYEHHE €€ IOJIHOH IUIoIma-
4. Pesynbrupylomas xolMHCTas CTPYKTypa ONpeienseTcss MUHUMY-
MOM IIOBEPXHOCTHOH CBOGOIHOH SHEPIHU.

ATOMH Ha MOBEPXHOCTH HAXOAATCA B MHOM OKPYXEHHH, YEM aTOMBI
B 00peMeE, 2 paBHOBECHOE PACCTOIHUE MEXTY IOBEPXHOCTHHIMU aTOMa-
MM OTJIMYAETCA OT PAaBHOBECHOTO PpaCCTOSIHUS MEXIYy aToOMaMu B 00b-
eme. IlosTOMy MOBEpXHOCTh KPUCTAUIA MOXHO pacCMaTpUBaTh Kax
YIPYTOHAHPAXEHHBII C/I0H, B KOTOPOM IIPUCYTCTBYIOT IIOBEPXHOCTHBIE
HanpsxeHud.* B pesynerate ynpyras ®HEprus KpUCTA/U1a MMeeT Kak
o6peMHy0 [19], Tak 1 mosepxHocTHYI0 [20] cocTaBnaomuye 1 B ycio-
BUSIX MEXAHUYECKOTO PABHOBECHS MEXTy 00BEMOM U ITOBEPXHOCTHIO
BO3HHMKAET OT/IMYHAS OT HyJS JeopManid OBEPXHOCTH U IIPUIIOBEPX-
HOCTHO#H o6nactu kpucrawia. O6pa3oBaHHE XOJIMUCTOH CTPYKTYPHI
NOBEPXHOCTH IPHUBOIMT K KaNWUISPHBIM SBICHUAM, aHATOTMYHBIM
JIaIUIacoBY I@BJICHUIO IO MCKDUBJICHHON ITOBEDPXHOCTBIO XHIKOCTH.
IonHyio cBOGOIHYIO HEPIHIO IEPHOAMYIECKH (haCETHPOBAHHOM ITOBEPX-
HOCTH B pacyeTe Ha eIMHMIY IUIOIIANM EPBOHAYATIBHO IUIOCKOH MO-
BEPXHOCTH MOXHO 3allCATh B BHIE

E=E__ + Epe6 + AEynp, (2.3)

rie E,, — moBepXHOCTHAd CBOOOIHAS YHEPIUI HAKJIOHHBIX rpaHeii (o1
nepuona MOBTOPEHMA «XOJIMOB W KaHABOK» D He 3aBUCUT); E, =
=C;D"! — KOpOTKOAEHCTByIOIas COCTAB/IAOMmas 9HEprHu pebep;
AEymp =-C,D'In(D/a) — ynpyrad Heprus peNiaxcauud, KoTopas
nossisiercs Gjarofaps o6pa3oBaHUI0 peGep U CKauKy TeH3opa co6CT-

BEHHBIX IIOBEPXHOCTHBIX HANpSXCHWH HAa KPHCTa/UIMYECKOM pebpe

4 TIo aHaNOrMH ¢ XMIKOCTAMH COBCTBEHHOE NOBEPXHOCTHOE HANPSIKEHHE KPHCTAT-
J1a Ha3BIBAKOT TAKXe MOBEPXHOCTHBIM HATAXKCHHEM, XOTH IO QHIHYECKOMY CMBICTY HX
CrefyeT pasHYarh.
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Puc. 2.7. Tlepropuieckn aceTHPOBaHHAs IIOBEPXHOCTb.

(a — NOCTOSHHAA peEIIEeTKM). YIpyras SHEprus peakcanuu HMMeeT
OTpHMLIATENIFHEI 3HAK M, YMEHBINAd ITONHYI0 CBOOONHYI0 SHEPIHUIO
IIOBEPXHOCTH, CIocoOCTBYeT 0oOpa3oBaHMIO IepHOIMYEcKOH (haceTu-
pOBaHHOH CTPYKTYpPH Ha IIOBEPXHOCTH C HEKOTOPHIM ONTHMAaJIbHBIM
nepuonoM D

®aceTHpOBaHHKIC CTPYKTYPHI HAOIIONATMCH Ha IOBEPXHOCTAX € 6OMb-
My uHaekcamd Mwutepa B GaAs{(311) u (775)}, Si(211), Ha Hu3-
KouHekcHuX nopepxHocTax TaC(110), Ir(110). BaxurM vacTHRIM
cryqaeM (haceTHPOBaHUI IOBEPXHOCTH ABIsIeTcd (haceTUpPOBaHUE BH-
HHMHATBHBIX HOBepXHOCTEH. BULMHATBHAS NOBEPXHOCTh — 3TO IIOBEPX-
HOCTb, PaCIOJIOXCHHas NOJA HEeOOMBIIMM YITIOM K KPHCTAUIMYECKOM
NOBEPXHOCTH C MATKIMH HHAekcamMu Mmutepa. O6BYHO Takas MoBEepX-
HOCTPh 4BJI1€TCA aTOMHO-IMaAKOH. B paBHOBECHBIX yCNOBHAX (Hampu-
Mep, IOCHEe [UIMTENIBHOTO OTXKWIZ) BHUMHAIGHAY HOBEPXHOCTH KpH-
CTa/UIa COCTOUT U3 IUIOCKMX Teppac, 0Opa30OBaHHBIX MOBEPXHOCTAMH C
MaIbIMH HHIEKcaMH Miuiepa M pasfie/IeHHBIX SKBUAUCTAHTHHIMH MO-
HOAQTOMHBIMHM WIHM MOHOMOJIEKYNSpHHIMH cTyneHsaMu. H3-3a addexra
«CKJIaIbIBaHMA» CTyneHed (step-bunching), KOTOPHIl yCHWIMBAETCA IO
Mepe YBEIHYEHM YIJla pa3sOpHEHTAINH, COCEIHHE TEpPACH] pa3IeisIioT-
CSl paBHBLIMH CTYNICHSMH BBICOTOH B HECKOJIBKO MOHOATOMHBIX CJIOEB
(puc. 2.8). Takue cTyneHu u Teppacsl HaOMIOAATUCH Ha BUHUHAIBHBIX
TOBEPXHOCTAX, PacCOmIacOBaHHBIX Ha HebGonswmol yron B Si(111),
GaAs{(001) u (100)}, Pt(100). BeicoTa cTynenei Ha BULMHAIBHOH NO-
BepxuaoctH GaAs(100) cocrasnser or 7 po 15 Monocioes. OO6praHO
CTYIEHH HMEIT ONTHMAIBHBIH IEPHOI PacHpOCTPaHEHHs IO OTHOMY
U3 HallpaBJleHUH BIOJIb IOBEPXHOCTH, & 11O APYTOMY HallpaBJIEHHIO CTY-

2
F

xF F
h F

Puc. 2.8. ®acernpoBanne Ha BULIMHAILHON MOBEPXHOCTH.
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Puc. 2.9. Bo3MOXHbIE TeTEpORIINTAKCHATILHBIE CTPYKTYPH! Ha (haceTHPOBaHHOM
TIOBEPXHOCTH.

1— MaTCpHAT ITOIVTOXKH; 2 — OCaXAEHHBIA Marepuant.

TIeHH OTCYTCTBYIOT. DTO cO3IaeT JIMHENYaTyI0 CTPYKTYPY OBEPXHOCTH.
OnHaxo NpH HEKOTOPHIX HANPABICHUAX Pa3OPUCHTAlMM, B YACTHOCTH
npu pasopueHTauuu nosepxuoctd GaAs(001) B nanpasnenun [010],
CTYNICHM pacHpOCTPaHIOTCS IO AByM HamnpasieHusM: [110] u [110].
Ilepeceuenue cryneneil ¢oOpMHpyeT Ha IOBEpXHOCTH CETh Teppac,
OTPaHHYEHHKIX CO BCEX YETHIPEX CTOPOH.

Ilepuonmyeckn paceTHpOBaHHbIE IOBEPXHOCTH J2I0T BO3MOXHOCTh
A7 IPSMOTO NOMyYeHHs YIOPAAOYEHHBIX MACCHBOB KBAHTOBLIX NPOBO-
JIOK, KOTIa POCT OCaXJaeMOro MaTepHaia IIPOMCXOOUT B «KaHABKaxX»,
U KBaHTOBEIX TOYEK, €CIIH POCT IIPOUCXOOHUT Ha OTPaHHYEHHERIX BO BCEX
HanpaslieHHIX Teppacax. PaccMOTpHM (hOpMHUPOBaHUE MacCHBa KBaH-
TOBBIX IPOBOJNOK (HUTEH) Ha IpUMEPE T€TEPOINUTAKCHAIFHOIO POCTa
cucremsl Tuna GaAs—AlAs, y KOTOPOH NOCTOSHHBIE PELIETOK JBYX Ma-
TEPUAIOB MOYTH COBNAJAIOT M 00a MaTepHaTa HEYCTOUYHBEI OTHOCHTEIE-
HO ¢aceTupoBaHus. IlonHad sHeprus cHUCTEMEI paBHa

E = Eyoy + Epes +AEy, + Epyrepgeic - 2.4)

3nmech NIOMHMO TPEX COCTABIAIOIIMX, KOTOPHIEC NAI0T BKJIAN B SHEPIHIO
thaceTHpoBaHHON MOBEPXHOCTH OJHOIO MATEPHAId, BXOOUT 3HEPrUi
TPaHHUBI pa3aesa AByX MATEPHAIOB K comeye- KaK MOKa3piBaeT anaN3
BO3MOXHBIX PEXHUMOB pOCTa, THII PacTylUeH CTPYKTYpHI ONpeleseTcs
TEM, CMauHBAaET JIM OCAXHaeMblil MaTepHall (GaceTHPOBAHHYIO HOUIOX-
Ky WIH HeT. Bo3MoXHble BApHAHTHI CTPYKTYP NpHBEIEHE Ha puc. 2.9.
Ecnu ocaxgaempiit MaTepHall cMayHBaeT (PacETHPOBAHHYIO TNOUIOXK-
KY, Torga obpa3yercd OOHOPOOHOE MOKphITHE (puC. 2.9, a). IlpuMe-
poM seigercs AlAs, ocaxXpmaeMbii Ha BHHMHATBHYIO IIOBEPXHOCTB
GaAs(001). Ecnu ocaxgaeMblii MaTepHall HE CMa4MBaeT NOLJIOXKKY, TO
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H30JIMPOBAHHBIE KIIACTEPHl OCAXZaeMOro MaTtepHana oOpa3yloTcs B
«KaHaBKaX» IepHOIHYecKd (PaceTHpOBaHHOH NOBEpXHOCTH (pHC. 2.9,
0, ¢). Taxad cuTyauus peaiusyercs npu ocaxacHud GaAs Ha BULHHATb-
Hylo noBepxHocTh AlAs{(001) u (311)} u AlAs na GaAs(311). Dkcne-
PHMEHTH TOKa3aIM BO3MOXHOCTh NPAMOro MOJIYYEHHS H3OJIMPOBAH-
HBIX KiactepoB GaAs Ha AlAs c mocnemyoIiM 3apanu{HBaHUEM HMX
cioeM AlAs u 06pa3soBaHHEM KBAHTOBHIX HHTEH.

Ilpu OGonmplnoii TOMMMHE NOKPHITHSI <«XOJIMBI» Ha NOBEPXHOCTH
ocaxaaeMoro MarepHara obpa3yloTca Hajl «KaHaBKaMH» NOIOKKH. B
pe3y/IbTaTe BO3HMKAET HENPEPHIBHBINA CJIOH C MOIYISUHUEH TONIIUHBL
(puc. 2.9, 2). Ha 3T0i1 OCHOBE BO3MOXHO CO3dHHE KBAHTOBOH SIMEL C
MOIYJIMPOBAHHOM IMHPUHOM.

Il Teppac, OrpaHHYEHHBIX CO BCEX CTOPOH Ha (raceTHPOBaHHOM
NOBEPXHOCTH, BO3MOXHO NIOTy4eHHe KBAaHTOBHIX TOYEK, NOCKONBKY all-
cOpOHpPOBaHHBEIE HA TEppace aTOMBI BCTPAMBAIOTCA NPEUMYIHECTBEHHO
B YIJIBl TEppac, NPHUMBIKAOIIKE K BHILETeXauMM TeppacaM. Tak, Ha-
NpUMep, NOTYYeHsl KBAHTOBBIE TOUYKH InAS Ha BULIMHANRHOH NOIIOX-
ke GaAs(001), pasopueHTHpOBaHHO# B Hanpasnenud [010].

2.5.3. TpexmMepHbie MACCHBBI KOT€PEeHTHO-HANIPAKECHHBIX
OCTPOBKOB

TpexMepHble MaCCHBHI KOT€PEHTHO-HANPSAXEHHKIX OCTPOBKOB 00pa-
3yI0TCS [IPH BRIPAIHBAHHY FeTEPOINHTARCHAIIBHBIX CTPYKTYP B peXuMme
pocra Ctpanckoro—KpacranoBa npu He odeHs 60nbiroM o6beMe ocT-
poBka (~10® aromMoB). PocT CTpYKTYpHl Ha IOBEPXHOCTH NOIIOXKH Ha-
yyHaeTca ¢ 00pa3oBaHHi TOHKOIO OJHOPOAHOro, KOIEpeHTHOrO C HOA-
JIOXKO# CJI0S, KOTOPHIH HAa3hBAIOT CMAYHBAIOUIHM CJIOEM, T. €. B 3TOM
clly4ae CTPYKTYpa CJ104 onpefesisercs NOIIOKKOH H, IOCKONBKY IOCTO-
SHHPIE PELETOK MaTEPUATIOB IUICHKH U NOTOXKH Pa3iMyaioTcs, IUIeH-
K2 HaXOIUTCH B HANPAXEHHOM COCTOSHHHU. JIHCIOKaIHMH HECOOTBETCT-
BHS IIpH 3TOM He 00pazyloTcs, YTO U OTMEYECHO TEPMHHOM «KOT€pEHT-
Hblii». CMauuBaiomUi CJoii, KOTOpHIA 0OpasyeTcd B peXuMe pOCTa
Crpanckoro—Kpacranosa, uMeeT MUKPOCKONHYECKYIO TOJILHHY, H €70
HNOBEPXHOCTH OTVIMYAETCA OT IOBEPXHOCTH 0OBEMHOIO KpHCTa/LIa, CO-
CTOSILIErO M3 OCaXIaeMoro BeuiecTBa. Ecu KOMUYeCcTBO 0CaXIeHHOTO
MaTepHalla, COOTBETCTBYIONEE (J MOHOCIIOAM, IPEBHILIACT KPHTHYECKYIO
TOJIIHHY CMaYMBaIONero caos O , To H3OKTOYHOE KOMMIECTBO OCaXa-
eMoro Matepuana (J — () MOHocIoeB G OpMHpYeET OcTPOBKH. B MecTax
obpa3zosaHust 3D-0CTPORBKOB CMAYHMBAIOUIMIA CTIOM MCYE34€T U YacTh Ma-
Tepuana, KOTOpHI pacnonaraicd 6bl B CIUIOLIHOM CJIO€, IIEPEXOAUT B
06beM ocTpoBKa., POPMHPOBaHHE TPEXMEPHBIX OCTPOBKOB IIPHBOJUT K
YMEHBIUEHHIO YIIPYrOil SHEPIWH M SHEpreTHYeCKH Oosee BBIIOTHO, YeM
06pa3oBaHie OQHOPONHOI, CPaBHUTEILHO TOJICTON IUIEHKH WM OCTPOB-
Ka ¢ auciokamsmi. TIocKonbKy QUCIOKAlMH HECOOTBETCTBHSA OTCYTCT-
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Puc. 2.10. Penakcauus ynpyrux HanpsXeHWH B fpoliecCe pocTa B peXHUMe
Crpanckoro—Kpacranosa. JInHun 0603HaYai0T IVI0CKOCTH PENIETKH.

OI1 — opnopoguad rwieHka; O — nucnokanuonHsli ocTpoBoK; KO — korepeHTHEIH
OCTPOBOK.

BYIOT, TO KaX/1a4 aTOMHas IIOCKOCTH IIOIVIOXKH UMEET CBOE IIPOOIIXKe-
HHe B 06beMe OCTPOBKA — 3TO TaKXe OTMEYCHO TEPMHUHOM «KOIT€PEHT-
HEIH», HO H3-32 PA3JINYHs IIOCTOSHHBIX PEIIETKH MaTepHaTIOB NOUTOXKH
M OCTPOBKa BO3HHKAIOT MEXaHHYECKHE HANPAXEHHA U OCTPOBOK CTaHO-
BUTCS HANpPAXEHHHIM. DKCIEPUMEHTHI NIOKA3IH, YTO KOrepeHTHO-Ha-
NS KEHHbIE OCTPOBKU UMEIOT IIPUMEPHO OMHAKOBbIC Pa3MEPHI C 0YEHb
MaieM pa3bpocoM no pasmepaM. B cucreme InAs Ha momioxkax u3
GaAs(001) onTuMmanbHbli pa3Mep ocTposka cocrabiser ~140 A. Ma-
JIBIiA pa36poc o pa3MepaM OCTPOBKa Habtoasica TaKXe B APYTHX FeTepo-
SIOUTAaKCHATRHHIX cucTeMax: InAs-InP(001), AllnAs-GaAlAs(001),
GeSi-Si(001), CdSe-ZnSe(001), InAs-InAlAs(001), InAs-InGaAs (001),
InAs-Si(001).

Bo3MmoxHocTh 06pa3oBaHHs KOIepeHTHOro ocTpoBKa (KO) miu oct-
POBKa C JUCIOKAUMIMH Ha rpaHune ¢ nognoxkoii (JIO) onpenenserca
OTHOLIEHHEM 32HEepruil GOKOBBIX INOBEPXHOCTEH TIpaHeH OCTPOBKA
AE . (3Ta BelMUYHHA BCera NONOKMTENRHA) H SHEPIHEH IPAHMILI Pa3-
mena npH 0OpasoBaHMM JMCIOKanMi Hecoorsercreus E i ... . Ha
¢azosoii auarpamme ¢ ocamu A = EN . - [AE . 1 Q — KonuuecT-
BO MOHOCJIOEB OCaXASHHOIO MaTepHaia u3o0paxeHs ob6mactu obpaso-
BaHMA CTPYKTYP pAa3HOro THIIA, NpEACTaBNEHHBIX Ha pHc. 2.10
(puc. 2.11). Kak BunHo H3 puCyHKa, eclH AE|, BEIHKa WIH SHEPrUus
rpaHMuBl pa3gena ¢ oOpa3oBaHHEM AMCIIOKALHUH OTHOCHTENBRHO Maia,
Torga A oxasmslBaerca MeHbIe Ay U 06pazoBaHHe KOTepEHTHO-HAMpA-
XKEHHOTO OCTPOBKA HEBLIFOIHO. B 3TOM ciydae Npu yBenW4eHHH KOMNH-
YeCTBa OCAXJISHHOTO MarepHaia IPOUCXOIUT HEPEXOX OT ORHOPORHOM
Hanpsxennoi wieHKH (OIT) K ocTpoBKy ¢ AMCIOKAMAMH Ha TPaHHUIE
H KOIepEeHTHO-HANPSAXEHHBIE OCTPOBKM He ofpasyrorcs. Ecmu AE, .,
Maia Wik SHeprud FpaHHLBl pasjena ¢ oOpa3oBaHHeM AHCIOKALMI OT-
HOCHTEJILHO BEJIHKa, Torna A 6onsme Ay H NpH yBenu4eHHH KOIHIECT-
Ba OCAXACHHOIO MAarepHaja IPOUCXOMHMT IIEPEXof OT OXHOPOIHOI
IVICHKH K IUICHKE C KOrepeHTHBIMH OCTpOBKaMH. JlansHeiee ocaxae-
HHE MaTepHala MOXET MPUBECTH K 00pa3oBaHUIO AHCIOKALUH.

Bcs cucrema ¢ ocTpOBKaMH Ha IIOBEPXHOCTH, T. €. paclpele/icHue
OCaXJICHHOro Ha NOIIOXKY MaTrepHana  MeXIy CMauMBAIOIIHM CIIOEM
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Puc. 2.11. ®azoBag quarpaMma, noKa3slBalouas BO3MOXHBIE TUbI CTPYKTYP.
O — KONMYeCTBO OCAXIEHHOIO MaTepuala, A —— OTHOLICHHEe 9HeprHif
TpaHdIbl pa3fena ¢ JUCNOKAlMAMH M JOMOJHHTE/bHOM NOBEPXHOCTHOM

SHEPIHH.

Q. m ocTpoBkamy, (hopMa OCTPOBKA, ero 06beM, pacnpele/IcHHE OCTPOB-
KOB 10 IOBEPXHOCTH IOIOXKH, ONMPEIEIIETCS M3 YCIOBHI MUHUMYMa
cBOGOIHOM DHEPIUH CHCTEMBI C YUYETOM peslakCallH YIpYIoi SHepruu
npu 06pa3oBaHUH TPEXMEPHBIX OCTPOBKOB. Pasymeercd, caMa cucTeMa,
B TOM yiucie ¢opMa OCTPOBKOB, HX Pacrpe/ieIeHHe U T. ., 33aBHCUT OT
[OJIHOTO KOJIMYECTBA 0CaXAeHHOro Marepuana. Omiudue 3Hepruu cuc-
TeMBI C TPEXMEPHBIMH OCTPOBKAMHM OT SHEPTHH CHCTEMBI CO CIDIOLIHOM
ONHOPOMHOM IUICHKON Ha IOBEPXHOCTH HNOMIOKKH (IIpH TOM Xe KOJH-
YeCTBE OCAXICHHOIO Marephasa) COCTABIAET BEMYHHY

Epry W0 Ay E
v

AE =W(Q,) -W(Q)+(Q~Q.)a | -Aej +

s, | (25)

3necs W((Q) — nonHasg SHEPIHs CUCTEMBL, COCTOAIIEH U3 ORHOPOTHOTO
IUIOCKOrO €105 U HOWIOXKH, M3 KOTOPOH HCK/IIOYEHA ynpyrad sHeprus
nedopMaliMi 3TOTO C/I04; d — HNOCTOAHHAA PEIIETKH OCaXA2EMOT0 Ma-
Tepuana; £, = Aa/a — paccorIacoBaHHE PELIETOK ABYX MaTepHANIOB;
A — ynpyrue MoIynH (JU1s IPOCTOTHI PACCMaTPHBAETCA KPUCTAIUI C Ky-
Guaeckoll cummerpueit); V — 06beM OXHOTO OCTPOBKA; A, — TUI0-
Ias OCHOBAHHA OJHOTO OCTPOBKA; E ., — SHEPIHA OIHOrO OTAEIH-
HOTO OCTPOBKA; E 0o — SHEPIUs B3aUMONEHCTBHA OJHOTO OCTPOBKA
CO BCEMM OCTAIbLHBIMH OCTPOBKAMM (3aBHCHT OT B3aUMHOIO PacIoio-
XKEeHHUs OCTPOBKOB, T. €. OT THIIA CBEPXPEIICTKH, COCTaBICHHON H3 OCT-
poBkoB). @akTidecku W((J) — 3T0 NOBEpXHOCTHAS SHEPIHA CHCTEMBI
MONIOXKA—IUTOCKU cioi. [Ind CpaBHATENHRHO TONCTOH IUICHKY, KOT-
oa Q> 1, W(Q) = vy, + Y12, @ 11 TOHKOHU IUIEHKH, Korna Q — 0,
W(0) = v,. 3mech y — cBobonHas SHEpPrus NOBEPXHOCTH B pacyere Ha
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eIUHHLY TUIOLATH, HHASKC 1 OTHOCHTCH K TIOMJIOXKE, 8 2 — K CJI0I0;
Y3 — SHEPrus rpaHMlibl Pa3aena NoMIOXKKH U CHOA.

DHepruio ONHOTO OCTPOBKa, KOTOpasd BXOAMT B ypaBHenue (2.5),
MOXHO IIPECTaBUTL B BHJAE CYMMEI TPEX BKJIAIOB!

Epp =Epy + Epoy +Es. (2.6)

DHeprus yupyroii xedopMarvu OCTPOBKA Eynp HMEET JBa UCTOYHH-
Ka: C OHOH CTOPOHHI, 3TO PaCCOMTaCOBAHHE MO MOCTOAHHON pPEeINEeTKH
MEXIy OCaXaeMbIM MATEPHAIOM H NOIJIOXKKOM, 4 C IPYrod — CKadoK
TEH30pa IIOBEPXHOCTHBIX HATSKEHHMI Ha pebpax OCTpOBKa, KOTOpHIA
IIPMBOIMT K YIIPYroil pelakcanuH, aHATTOTMYHOM YIpYroH penakcanud
npu obpazoBaHuH (paceTHPOBAHHON HOBEPXHOCTH. B3aMMoneicrTBHe
STHX IBYX HCTOYHHKOB TOXE 4€T BKJIaJL B YIIPYTYI0 SHEPIHIO OCTPOBKa.

TosepxHocTHad @Heprua ocTpoBka E . 3aBucuT oT nedopmanud
MOBEPXHOCTH. Y4eT aToil nepopMaiuy Ha3kBaeTCA NEPEHOPMUPOBKOH
nosepxHocTHo# sHepriu. IlepenopmupoBka cBoGOTHOH IOBEPXHOCT-
HOH 3HEPTHHU YYUTHIBACT H3MEHEHHE CBOOOIHONH NOBEPXHOCTHOH SHeEp-
rmu u3-3a aeopMauuu nosepxHocTH. IlepeHOpMHpOBK2 BHEPIUM
MOXET NPHBECTH K YMCHBUICHHIO MOAHOH MOBEPXHOCTHOH 3HEPIVH,
HECMOTp4 Ha YBETHYEHUE MONHOM IUIONAIH NOBEPXHOCTH NIpH 06paso-
BaHMH TpexMmepHbIX (3D) ocTpoBKOB.

IMocnennuit wieH (2.6) — KOPOTKOAeHCTBYIOWas 3Heprus pebep
OCTpPOBKa. Y4YeT BceX BKJIAJOB B SHEPIHIO OCTPOBKA NPHBOIUT K CIICAY-
I0IIEMY BHIPaXEHUIO I SHEPIHH CHUCTeMbl IpH 0Opa3oBaHHUH ORXHOIO
OCTpOBKa:

(V)= AEY, + AERHP + AEPS + F

1/3
szTlen % + £V | @7

oc-rp

~fiAe3V +(AT)V23 —

3nech NepBHIA WIEH B XBAamparHHIX CKOOKax —— 3Heprus o6beMHOId
YIpPYyro penakcaliu AE‘ mp H OH BCETIla OTPHIATENEH; BTOPO WIeH —
H3MEHEeHne HepeHOPMHpOBaHHOH HOBEPXHOCTHOH SHEPIUH CHCTEMBI
3-32 OGPA3OBAHHS ONHOIO OCTPOBKa AEPeHoP; TPEeTHH WIeH — BKJIaA
pebep OCTPOBKA B HEPIUIO YNPYIOH pelakcaluu AE P6  y on Beerma
OTpHULIATE/ICH; YeTBEPThI WIeH — KOpOTKOILCPICTBleIIIaﬂ SHEprus pe-
6ep Epe6’ e N — XapakTepHas SHEprus Ha eIUHHLY JUTHHH pebpa;
T — XapakKTepHad BENUYMHA TE€H30pa COOCTBCHHBIX IOBEPXHOCTHRIX
YIIPYIMX HanpsKeHWH; A — XapaKTepHas BeMMYHHA TEH30pa MOIYNEH
ynpyrocra; Al onpegensercsa ¢opMoi oCTPOBKa M 3aBUCHT OT YAEJb-
HOH NOBEpXHOCTHOH 9HEpruu GOKOBBIX rpaHel OCTPOBKA, YIJIOB HX Ha-
KJIOHZ, SHEPriM IPaHULbl pasfena MeXIy OCTPOBKOM M HOIJIOKKOM, a
TaKXe BKJTI0YaeT B ce04 dHEPrHIo B3aHMOACHCTBHS JBYX YIPYIHX HO-
Jiel (N0 HanpAXEeHMH M3-32 pacCOVIaCOBaHMS PELICTOK H IOJIA Ha-
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Puc. 2.12. TeoMerpus nupamuas! InAs na nosepxHoct GaAs(001).

NPSXEHHH H3-3a CKaYKa TCH30pa COOCTBEHHBIX YIIPYIMX HAIPSXeHUH
MOBEPXHOCTH), 00eCIIEUNBAIOIIYI0 JIMHEIHYIO 110 BEIMYMHE paccoria-
COBaHUS & IICPCHOPMHPOBKY [TOBEPXHOCTHOH 3HEPIMHM M KBAaIpaTHY-
HYIO 1O & IepEHOPMHUPOBKY; A" MOXeT uMeTh mo6oit 3HaK; Kosddu-
LHUEHTH f|, f5, f3 ONpenensdioTcs TONKO PopMoit 06pa3na U HE 3aBUCAT
OT ero pasmepa.

PaBHOBecHOE COCTOIHHE B CHCTEME OCTPOBKOB JHOCTHIAETCA 33 CYET
o6MeHa BEnmeCTBOM MEXIY OCTPOBKaMH IIyT€M MHIPalMU [0 NOBEPX-
HOCTH CMauMBaloIEro cjios. [ paspexeHHOH CHCTEMB OCTPOBKOB,
KOra pacCTOSHUE MEXIY OCTPOBKAMH BEIHMKO MO CPABHEHHUIO C paszMe-
POM OCTPOBKa, BpeMs MHTPAL[MH aTOMOB IIO IIOBEPXHOCTH OIHOTO OCT-
pOBKa MEHBIIE, YEM BpeMa MHIpPalud MexXny ocTpoBKaMu. IlosTomy
paBHOBecHast OpMa OJHOrO OCTPOBKA YCTAHAB/IMBaeTcsa OwlcTpee, YeM
paBHOBECHAad CTPYKTYpa BCETO MacCHBa OCTPOBKOB. [nd o60ro o6b-
€Ma OCTpOBKa CYIIEeCTByeT paBHOBeCHad popMa M OHa OnpeleNieTcs H3
YCIOBHS MMHUMYMa 3HepruH (2.7) st ocTpoBKOB pasnoi dopmsl. [lpu
TeMrmepaTypax, OICKMX OT TEeMIEpaTyphl IVIaBJICHHS, PaBHOBECHadA
tdopMa CONEpXHT TOJIRKO IPAaHHM C MAIOH IIOBEPXHOCTHOH 3HEPIHEH.
Kak npaBmio, 3To rpaHy ¢ HU3KMMH MHAEKcaMu Mitiepa. B cucreMe
InAs—GaAs(001) paBHOBecHas opMa OCTpPOBKA — nmpamma C KBaj-
PaTHBIM OCHOBaHMeM (puc. 2.12).

B cucreMe pazpexeHHBIX OCTPOBKOB YIIPYIMM B3aUMOJICHCTBHEM MEX-
Iy OCTPOBKaMH MOXHO NpeHeOpedb M HCKITIOYHTh HOCHCIHHH WIEH B
KBaJIpaTHBIX CKOOKax (2.5). B 3TOM cirydae paBHOBECHEIE pa3Mephl OCTPO-
BKA TIPH YCJIOBHM COXpaHEeHWs ero opMbl MOXKHO TaKXKe HAiTH U3 YCIo-
Bt MunuMyMa sHepruu (2.7). I cmyqas cucremnt InAs—GaAs (001),
KOITIa OCTPOBOK MpeICTaBRNsAeT cob0ii MHUpaMiy C KBaIPaTHBHIM OCHOBa-
HUueM L x L, MOXHO HUCIIONIB30BATH I MUHUMH32LHM SHEPIHH YpaBHe-
Hue (2.7). Dra sHEprusd 3aBUCHUT OT Pa3Mepa OCTPOBKaA, YITIOB HAaKJIOHA
GOKOBBIX TpaHeil, paccoriacOBaHMS IIOCTOAHHEIX PEINETKH, SHEPIUH
pebep, ynpyrux Momyieil u BenwduHnl Al'. Yno6HO BBecTH XapakTep-
HYIO [UTMHY L 1 XapaKTepHyl0 3Hepruio E,;, KOTOpLIE 3aBUCAT OT YIpYy-
[MX MONYNEH, MOBEPXHOCTHHIX YIPYTHX HANpPAXEHHH ¥ OT yNIOB Ha-
KJIOHa rpaHedl, a L, 3aBHCHT elle M OT SHepruH pebep, IpHYEM
Eqoc L.
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Torna Bknag B 9HEPTrHI0 OCTPOBKA YWICHOB, 3aBHCALINX OT L, 3alH-
meTcsa B Buae E'(L):

E'(L)=E, —Z(T)ln L +e—“7 -Z- , (2.8)

Jyi (& ynpaBnmommﬁ napaMeTp & paBEH OTHOLUCHHIO M3MCHCHHSA B IIO-

BEPXHOCTHOH SHEPIUU H3-32 00pa3oBaHUA OCTPOBKA fﬁgg;“’?“ U 3Hep-

THH BKJIaJa peGep B YIPYTYIO SHEPIHIO pelakcauuu |AEST :
PEHOPM
a=——1‘9"—es—0CL0(AF). 29
| AESS

Jng pasiMYHEIX 3HAYECHMH YIIPaBIIAIONIErO NapaMerpa O SHEPTHs OCT-
pOBKa B pacyeTe Ha OMH aTOM OCTpOBKa M300paxeHa Ha puc. 2.13.
Ecnn a < 1, To cymecTByeT ONTHMAILHBLA pasMep ocTpoBka L., co-
oTBETCTBYIOMMI aGconmoTHOMy MUHUMYMY 3Hepruu E'(L,.) < 0. Ilo-
CKOJIEKY OOBbEeUHEHHE BCEX OCTPOBKOB B OUH GONBLIONH OCTPOBOK CO-
oreercTBYeT L — oo , Korga E'(L) — 0, To BHOHO, 9TO B 9TOM CIIydae
MaCCHB OCTPOBKOB ONTHMAIFHOTO pasMepa L, ABngeTcsa CTaOmILHBIM
M KOATIECLIEHIIMH OCTPOBKOB He nporcxomuT. Ecmu 1 < a < 2¢712 =1.2,
TO TOrAa CYIECTBYET TONBKO JOKANBHHA MUHUMYM 3HEPIUH, COOTBET-
CTBYIOLIMH MeTacTaGHIPHOMY MaccHBy ocTpoBKoB npd E'(L) > 0. Kor-
Ja o >1.2, JoKansHEIA MHHUMYM 3Heprud E’(L) ucuesaer. I Bcex
cilydaeB o > 1 cyIIecTByeT TepMOOMHAMMYECKAS TEHOCHIMS K Koarnec-
HeHuuH. B 9ToM ciydae MEHUMYM 3HEPIVH COOTBETCTBYET ONHOMY IH-
FaHTCKOMY KJIacTEpY, B KOTOPBIH COGHpaETCs 0CaXNEHHBIA MaTepUal.
Ecmu A" < 0 (nmpu 3ToM 1 o < 0), To o6pasoBaHie TpEXMEPHBIX OCT-
POBKOB H3-32 pelaKCallui NPUBOAUT HE TOABKO K YMEHBIICHHIO YHPY-
roii sHeprud KedopMauuy, HO U K YMEHBIICHUIO IEPECHOPMUPOBAHHON

L

Puc. 2.13. SHeprus 3D-KorepeHTHO-HANPIXEHHBIX OCTPOBKOB B pacyeTe HA
OJIMH aTOM OCTPOBK2 B 3aBHCHMOCTH OT pasMepa OCTPOBKA [IpH PavIMYHBLIX
3HaYeHMIX YNpPaB/IAIOILero napaMerpa Q.
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NOBEPXHOCTHOU 3Hepruu. M3MeHeHHe N0BEpXHOCTHOM SHEPIHH OCTPO-
BKa A’ MOXeT OBITh OTPHLATENBHBIM JaXe B TOM ClTy4ae, KOraa Ioc-
Kasg TOBEPXHOCTh OCaXZacMOro MaTepuHana cama IO cebe yCTOHYUBA
OTHOCHTENBHO CIIOHTaHHOTO (paceTHpOBaHMS, KaK HalpUMep IOBEpX-
HocTk InAs(001). IIpu BO3HUKHOBEHHH OCTPOBKa NOABJIEHHE HAKJIOH-
HBIX TpaHeil ¢ mwiomanso 6onpInel, 4eM IUIOomaas OCHOBaHHI OCTPO-
BKa, CONPOBOXAAECTCA UCYE3HOBEHHEM HE YYacTKOB IUIOCKOH IOBEpX-
HOCTH OCAXIacMOro MaTepHala, a y4acTKOB CMa4MBAIOIIETO CIHo4.
TloBepxHOCTHAA XK€ 3HEPrud €ro MOXeT OHITh CWIFHO IIEPEHOPMHpPOBa-
Ha KaK 3a CUET XMMHYECKHX CBs3€H C HOUIOXKKOH, TaK H 3a CUeT Je-
(pOpMaHOHHOM 3aBHCHMOCTH IIOBEPXHOCTHOW 3HEpruu. TommmuuHa
cMaupuBatomero cios InAs B cucreme InAs—GaAs(001) umeer Muxpo-
CKOIUYECKYIO TONUIHHY B 1—2 MOHOCIO4, ¥ €€ NOBEPXHOCTHAS SHEPIUS
He paBHa NoBepXHOCcTHOH sHeprud InAs(001) B o6beMHOM MaTepuare.

Tli1s TOTHOTO MaccuBa OCTPOBKOB, KO PACCTOSHHE MEXTY OCTPO-
BKaMH CPaBHHMO C pasMepOM OIHOrO OCTpPOBKa, CTAaHOBUTCHA CyIle-
CTBEHHBIM HX YIPYroe B3aHMOAEHCTBHE, KOTOpoe OOYyCHOBJIEHO NpO-
HHKHOBEHHEM B IIOUIOXKKY HEOJHOPOIHOrO MOJA HalpsaXeHuH, co3la-
BAacMOro OcTpoBKamu. [71aBHBEIM B3amMopeHcTBHeM Ha OONBIOMX pac-
CTOSIHHAX B NIEPBRIX NOPAAKaX NPHOIHXEHUS ABIIETCA TUNONb-THIIONE-
HOE B3aMMOJIEHCTBHE

E uon = F(O)V2/R? (2.10)

rie R — paccrosnue MeXny AByMs OCTPOBKaMH; F(() — 3aBHCAIIMIA
OT a3uMyTAIBHOIO yIia ¢ B IUIOCKOCTH NOMNIOKKH MHOXHTENIb, ONpe-
IesgeMblil yIpyroil aHM30TpoONHel NOIOXKH. PesyrTupyiomee B3au-
MOJeHCTBHE MEXTy OCTPOBKaMHU Ha IOBEPXHOCTH ABIAETCS OTTATIKHBA-
HHEM NpH TI060M HATPaBJIeHHH MEXIY OCTPOBKAMH,> 4TO 06eCIIeunBa-
€T YCTOMYHMBOCTH MacCHBa OCTPOBKOB. BHJ peIlHETKH, B KOTOpPOH
YIIOPS0YEHbl OCTPOBKH MAcCHBa, 3aBUCHT OT [0 IIOBEPXHOCTH, 3a-
HATOH ocTpoBKamu. PacyeT ynpyrol »Heprus Il HECKOJIBKHX JiaTe-
PATHHBIX THIIOB CBEPXPELIETOK IIPHBOMHUT K BHIBOLY, YTO HauGonee Bbi-
ronuoii Ha mosepxHoctd (001) ynpyroaHu3oTpomHOro KyOH4YECKOro
kpuctavia® senderca nBymepnas KBajgpaTHad cBepxpelleTka (KOIAa
IO TOKPHITUS OBEPXHOCTH paBHa wiM npessiaer 0.33). Bekropsl

5 B cucteMax ¢ CHIBHOH YIIPYTOH aHH30TPONHEN AMIIONE-IUIIONBHOE B3aUMOLEH-
CTBHE MEHSET 3HAK B 3aBHCUMOCTH OT OPHCHTALIMH OTPE3Ka NpAMOi, CoeMHAIOLIEro
ABa OCTPOBK3, OTHOCHTENbHO KpucCTalorpaduyeckux ocell momioxku. Korma Ha-
mpasieHue oTpe3ka OnuM3ko K HanpasieHHAM Hawierdaiiero cxarus [100] wiu
[010], orrankuBanue cMeHseTcs npuTaxenneM. IloaToMy paspexXeHHbIH MACCHB OCT-
POBKOB BBICTPAaMBAETCA B cnabo CBA3aHHbIE LieMu, NMapaUIe/bHbE HANPABICHHAM
[100] wiu [010]. ITpu 3TOM ydeT Gonee BHICOKMX IOPAAKOB NMpHONMXEHUS NPUBOMUT
K Pe3yIbTUPYIOLIEMY OTTATKUBAHHIO.

6 BonbwuncTeo Matepuanos AIIBY, AIBVL Si u Ge o6nagaioT CumnbHOM aHM30-
Tponueil ynpyroctu.
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NPUMHUTHBHBIX TPAHCILILMHA PELICTKH HallpaBJICHBI [IO OCAM Hawierdaii-
uiero cxarus [100] u [010]. DHepreTHyeckas BHIOMHOCTh KBAIpaTHOM
pELIETKH onpenenderca MMEHHO YIPYTod aHH30TPOIMEH NOLIOXKH, a
He (opMOi OTAEIBHOrO OCTPOBKA. [If yIpyrou3oTpomHoi cpenst 60-
Jiee TIPeANOYTHTENBHOM SBNAETCA TeKCaroHalbHasd CBEPXPEIIeTKa.

TaxuM o6pa3oM, BOZMOXHO CYIIIECTBOBaHHE PaBHOBECHOIO MacCHBA
OCTPOBKOB, HMEIOIUX ONTHMAIGHHIA paiMep U YIOPSIOYEHHBIX B
KBaIpPaTHYI0 pelleTKy.

Haubonee u3y4yeHHOH B 9KCIEPUMEHTAISHOM OTHOIIEHHH SBILIETCA
cdcTeMa TpexMepHHIX OcTpoBKOB InAs-GaAs(001). KorepenrHo-Ha-
npsixeHHeie ocTpoBkM InAs Ha nomnoxke GaAs NOMyYeHE METOJAMH
MIID u razodasznoi snurakcuu u3 MOC. HcenenoBanue Mopdonoruu
CHCTeMEHI, noydeHHOH MerogoM MIID, nokaszano cnepyiomee. Korma
cpenHss TONIIMHA ocaxaeHHOro InAs nocruraer 1.6—1.7 moHocos
(MC), To npoucxoaur o6pa3oBaHue TPEXMEPHHIX OCTPOBKOB InAs. Dra
TOJIHMHA SB/IETCd KPUTHUYCCKOH Wi Hadyaia oOpa3zoBaHUd Tpexmep-
Hex ocTpoBkoB. Ocaxuenne 2 MC InAs mpusogur x oGpa3oBaHHI0
OCTPOBKOB MQJIOTO pa3Mepa, B OCHOBHOM He MpPOSBIAIONMX YeTKOH
KpHCTaUIOrpaduyecKoil orpaHKH M obnamatoiux GOJIBIIHM pa3bpo-
COM IIO pa3MepaM. YBeJnueHHe TONIMHEI ocaxaenHoro InAs no 4 MC
OPHUBOIAT K 0Opa30BaHUIO IUIOTHOTO MacCHBa OCTPOBKOB, MMEIOIIHX
KBaJJpaTHOE OCHOBaHHE CO CTOPOHAMH, OPHEHTHPOBAHHBIMH IO OCIM
[100] u [010]. Cpenuue pasMepsl TOYEK COCTABIAOT ~140 A u asns-
I0TCS paBHOBECHBIMH pa3MepaMu OCTPOBKa. BricoTa ocTpoBKa cocTas-
nser ~60 A. HcciegoBanus METOXOM IIPOCBEYHBAIOINECH 3IEKTPOHHOM
CIIEKTPOCKOIIMH BBICOKOIO pa3peleHus MoKa3aio, 9T0 oCTpoBKH InAs
nMeroT GopMy nupaMuirl ¢ HakJIOHHHIMH rpaniMu (010) u ocTpriMu
pebpamu Mexnay rpanaMu. CTaTHCTHYECKOE HCCENOBaHUE B3aHUMHOIO
pAacroNoXeHus OCTPOBKOB IIOKa3aI0 MPEMMYUIECTBEHHOE HAIpaBie-
HHe Mexay OnuxaidimuMu cocefaMH Brons ocei [100] u [010].

AHUTOTMYHKIM 00pa3oM pacTyT ocrpoBkH B cucTeme Sij_ Ge,—Si(100)
[21]. B sTOM Cityyae TOMIIMHAa CMaYMBAIOIIEro cJ10g cocrasmsier 4—5 MC
repManys. 3areM, NP YBEIHYCHUH KOINHYECTBA OCAXICHHOIO T€PMaHHus,
00pa3syioTcd orpaHeHHrie nHpaMUaKH (hut-ocTpoBKH), KOTOpPBIE IIPH AaNTb-
HelllleM pocTe IpeBpallaloTcs B KynonoobpasHee ocTpoBku (dome-ocT-
poBKHU). Dome-OCTpOBKH AOCTUIAIOT TIPESAEIBFHOIO pasMepa NpH ocaxjie-
Huu repManug B koirdectse 11 MC. Jlong xpeMH#s B OCTPOBKaX JOXO-
1t 10 50 % B pe3ynprare nugdy3uH Si U3 TOIIOXKH B IPOLIECCE POCTA.
Cpemusit npenennHas Bricota cocrasieT 20 M. IloBepxHOCTHA% oT-
HOCTb OCTPOBKOB Tiopsiaka 3 - 107 em2,

IIpouecc o6pa3oranust OCTPOBKOB InAs B 3HaUHTENFHOW MEPE 3aBH-
CHT OT JaBNIEHHS MBIIORAK A B KaMepe pocTa. M3MEHAI qaBieHHe MBI~
sKa OT cTangapTHoro as MIID snavenus (pY ~ 21075 Topp) B cTo-
POHy yMeHbIIeHHs 10 3Hadenuit (1/6) pQ,, MOXHO HONYYHTE BMECTO
TPEXMEPHBIX OCTPOBKOB MIIOCKHE OCTpOBKH InAs ¢ pasmepamu ~1000 A
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Ipu pocre nasinenus 10 3pQ; KOHIUEHTpaKs TOYEK YMEHBIIAETC U 110-
ABJIAETCS BBICOKAS KOHUeHTpanus Gomsmumx (~500—1000 A) KJjracTe-
poB InAs, cogepxamux nucnoxauuu. Bee uaMererns Mophoioruy c-
CTEMEI B 3aBUCUMOCTH OT JaBJICHMS MbIUbAKA OOBACHAIOTCSA HA OCHOBE
IIOBEPXHOCTHBIX 3Hepruil. M3Menenue nasieHus As, BbI3BIBAET H3Me-
HEeHME MOBEPXHOCTHOH DHEPrHH CMAYMBAIOMIETO CJIOS U TNPUBOOHT K
pexXHMy pocTa, KOIla HMeeTCs TEHACHIMA K KoaJleCleHI Y. DTo 1ipo-
HUCXOOUT UPH [OBBIIEHUH J1aBleHus MbIubika. [Ipu HU3KOM aBneHun
MbllubiKa In o6pasyer Ha noBepxHOcTH GaAs cerperalMoOHHBIN CIOH,
KOTOPbI MOXHO paccMaTpHBaTh KaK KBa3HXHIKYIO a3y, MOBEPXHO-
CTHAd 3HEPTHi KOTOPOH MOXET CWIBHO OT/INYAThCA OT MOBEPXHOCTHOH
3HepIHuM KpucTtauimdeckoro InAs.Takoe u3MeHeHHe NOBEPXHOCTHON
9HEPIMM MEHAET KPUTHYECKYIO TOJIIMHY HAIPSKEHHOrO Cos, IPH KO-
TOPOH MPOUCXOEAT 0Opa3oBaHHE TPEXMEPHBIX OCTPOBKOB. DKCIEpH-
MEHTaJIBHO YCTaHOBJeHo, 4To InAs pacrer Ha GaAs(001) B ycnoBusx
u36bITKa In ncesnoMopduo no Tomuuan 7 MC, 4ro u BEI3bIBaeT o6pa-
30BaHKE IUI0CKUX OCTPOBKOB TOMMMHON Heckonbko MC.

nsg neneit npakTH4ECKOrO MCITONB30BAaHUA B JIA3epHBIX CTPYKTypax
H3TOTABNUBAIOT MHOTOCIOHHBIE MACCHBBl KBAHTOBBIX To4eK. st 3TOTO
CIOH TPEXMEPHBIX KOTEPEeHTHO-HAMPAXKEHHBIX OCTPOBKOB, COCTOSIIUX
U3 Marepuana 2 Ha OOMNIOXKE M3 MaTepuana 1, 3apalllMBarOT CBEPXY
crmoeM Matepuana 1. 3apameHHEe OCTPOBKY MPEACTAaBISIOT Co60H Ko-
repPeHTHBIE YNpYTHe BKIOYEHUA, KOTOPHIE CO3AI0T HANbHOAEHCTBYIO-
[IMe MOJA YIPYIMX HampsKeHWid BO Bcell 3apalieHHoN rerepograsHoi
cucreMe. IIpy noBTOpHOM ocaxieHuu Marepuala 2 Ha 3apaleHHYIO
reTepOCTPYKTYPY BO3HHMKAET HPHUHITMIIMANIBHO HOBHIH pEeXHM pocTa:
pOCT B 110N1€ yNPYIUX HaNpsaXeHUH, CO3MAHHBIX 3apalllcHHBIMHM TOYKa-
mu nepsoro cinos. Iockonmsky mucdysueit B 06beMe MOXHO IpeHe-
Opeyb 110 CPABHEHUI) C MOBEPXHOCTHOM, TaK KaK Ko3(dunueHTsr 065-
emHoll guc¢y3nd aTroMOB OCHOBHHIX KOMIIOHEHTOB B MaTepHanax
AUYBY npyu xapakTepHEIX TeMrepaTypax pPoCTa Ha HECKONBKO MOpsi-
KOB MeHblIe K03¢h(UUUEHTOB moBepXHoCcTHOH muddysuu, To 3apa-
IIEHHBIE OCTPOBKU CO3[AI0T CTaTHYeCKOe MoJie YNPYIUX HanpsAXeHHil.
Vupyras pedopmanus BO3pacTaeT ¢ pocToM o6beMa OCTPOBKA M pac-
COITIaCOBAHMA MOCTOSHHBIX PELIETOK MEXy MaTepualaMy OCTPOBKA U
Mmarpunsl. Kakol xapakrep uMeer gedopManyd — PacTaXeHHE WIK
CXarue, 3aBUCHT OT TOIO, KaKOH IapameTp pewieTky Oonmplue: y Mare-
pHana OCTpOBKa WM MaTpuupl. Ecin Marepuan ocrpoBka uMeer 60b-
mUf [apaMeTp pelieTKd, 49eM Yy MaTpHubl (Kak B ClIydae CHUCTeM
InAs—GaAs u Ge-Si), To gechopMariusd NOBEPXHOCTHOTO CI0A MATPRIBI
UMeeT XapakTep pacTsxeHud. B 3TOM 1onie ynpyrux HampsxXeHdui u
NPOUCXOOUT IIOBEPXHOCTHAd MUIPaNMs agcOpOUPOBAHHBIX AaTOMOB.
MonynupoBadHoe mnone pedopManuil Ha MOBEPXHOCTH NPHBOIUT K
MORYIAIMM XUMHYECKOIO IOTEHIMala MOBEPXHOCTHBIX aicopOHpo-
BaHHBEIX aTOMOB, YTO B CBOK) Ouepe/h NIPUBOIUT K UX MUIPAIMU B BUIE
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Puc. 2.14. BepTukanbHO cBS3aHHBIC KBAaHTOBbIE TOYKH InAs B Matpuie GaAs.

H3obpaxeHue nomyyeHo METONOM NPOCBEYHBAOIIEH BJIEKTPOHHOH MHKPOCKO-

MUK BBICOKOTO pa3pellleHHs B MONIEpeYHoM CeYeHHH Bonb Hanpaninenus [010]
MaccHUBa TYHHENbHO-CBA3AHHBIX B Z-HaupasneHud ([100]) KxBaHTOBLIX TOYeK.

a — BUJ B CEYEHMH, 6 — BUJ CBEPXY Ha IUIOCKOCTb NOLTOXKH.

muddysuu u gpeiida. ror apeiid sApnieTca IBUXYIICH CHIONH KHHETH-
YeCKOH CaMOOpPraHHU3allud B TAKOM CJIOXHOM PEXHME pocTa.

Hns octpoBka InAs B Matpunie GaAs NooXeHue Ha MOBEPXHOCTH
HEMOCPEACTBEHHO HaJi OCTPOBKOM COOTBETCTBYET MAKCHUMAIBHOMY pPac-
TskeHuto. ITockonbky aroMs! In uMetor Gonplumii paguyc, 4eM aTOMBI
Ga, To In npurarusaercs Kk 061macTy MOBEPXHOCTH C MAKCUMAIBHOM f1€-
dopManueii pacTaXeHus, T. €. K IOMTOXKEHUIM Ha IOBEPXHOCTH MaTpH-
bl IIPSIMO HAJ 3aPAIIEHHBIM OCTPOBKOM. DKCIEPUMEHTATBHBIE NAHHBIE
U TeOpeTHYeCKHe MOJETH HOKA3BIBAIOT, YTO JIaTepanbHoe YNopsagoye-
Hue (BIONb MOBEPXHOCTH) B IOCIEAYIOIIMX CMOAX IPOABIAETCS HAaXe
nydine, 94eM YNOpA04eHHE NIEPBOTO CIOK.
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MHorocnoiissie MacCHBbl TPEXMEPHBIX KOTepEeHTHO-HANPAXEHHBIX
OCTPOBKOB 0Gpa3ylOT HOBBIH KJIACC CITIOHTAHHO YIOPSANOYEHHBIX HAHO-
CTPYKTYP, B KOTOPHIX yNOPSRO4EHNE IPOUCXORUT KaK B HANIPABICHUAX
TUIOCKOCTH IIOWIOXKH, TaK U B BEPTUK&TEHOM HAaIlpapICHUM.

T npuMeHeHHs B ONTO3EKTPOHMKE U yIPABIEHUS SIEKTPOHHBIMH
CBOHCTBAaMH MaCCHBOB KBaHTOBBIX TOYEK H3rOTABIIUBAIOT MACCUBHI BEP-
THKQJIHHO CBA3aHHBIX KBaHTOBBIX TO4EK. C 3TOM 1ieNblo 3aparuBaio-
muit croit GaAs 0CaXJalT TakuM 00pasoM, 4ToOsl mupamuza InAs
6bUna 3aKphbiTa TONBKO YAaCTUYHO, W 3aTeM cHoBa ocaxpaior InAs, Tax
IIPOU3BOAAT HECKONBKO NUKIIOB ocaxaeHusd InAs—GaAs. Torga Touykn
InAs, BEIpacTalomue Hajg TOYKaMH HUXHETO CIT0s, 0Ka3bIBAI0TCA 3IeKT-
POHHO-CB3aHHBIMM C TOYKaMu HHUXHero cmos. Ha puc. 2.14 uzobpa-
KeHbl BEPTUKANBHO CBA3aHHBIE KBAHTOBBE TOUKU InAs B MaTpuie
GaAs. PazMepst OCTPOBKOB B BHINENEXKAMUX CIOAX BO3PACTAIOT U [10-
cruraior ~170 A, B TO BPEMS KaK B [IEPBOM CIIOE pa3sMep OCTPOBKA CO-
crarmser ~110 A.

2.5.4. IloBepXHOCTHBIE CTPYKTYPBI ILUIOCKHX YIPYIHX XOMEHOB

CymecTBYIOT pas/IdHbIE THIIBI IDTOCKHX 00pa30BaHHil Ha TTOBEPXHO-
CTM KPHCTA/UIa WIHM Ha MOBEPXHOCTH IIONIOXKKH B rerepoda3Hoii
CTPYKTYPE, ¥ KOTOPHIX pa3sMeps! BOJbL IUIOCKOCTH IIOBEPXHOCTH 3Ha-
YHUTENBHO IPEBOCXONAT HX BBICOTY. TakKue CTpyKTyphl BO3HUKAIOT, Ha-
npHMep, KOra Ha MOBEPXHOCTH MOTYT COCYILECTBOBATh pa3IMYHbIC
tha3sr NOBEPXHOCTHOH PEKOHCTPYKIMH WIH HA IOBEPXHOCTH IIOLIOX-
KU B reTepOSNUTAKCHATBHBIX CUCTeMaX IpH 00Pa3oBaHUM OCTPOBKOB
MOHOCJIOMHOI BBHICOTHL B Cllydae CyGMOHOCIIOHHOIO OKPHITHA, O KOTO-
pHIX yXe YIOMHHAIOCh B HpeJbLIyIleM pa3fesie B Caydae CHUCTEMBI
InAs—-GaAs(001).

ITockoNEKy aTOMBI Ha MOBEPXHOCTH KPHCTALIA HAXOLATCA B HHBIX
YCTOBUAX, 4eM B 00beMe, TO B HEKOTOPBIX KPUCTAIUIAX PACIIONOXEHUE
aTOMOB Ha MOBEPXHOCTH OTIIHYAETCS OT OOBEMHOr0, YTO 06ecnevnBaeT
MUHUMHU3aIUI0 CBoOojHON 3Heprud. OTnuymMe CTPYKTYPHl aTOMOB Ha
MOBEPXHOCTH OT OOBEMHOrO0 HX PACIIONOXEHHA HA3HBAIOT PEKOHCT-
PyKiMeil TOBEPXHOCTH U CTPYKTYPY aTOMOB Ha HOBEPXHOCTH 00603Ha-
YaloT KaK m X n. PEKOHCTpYKUMS m X 1 03Ha4aeT, YTO JBA OCHOBHBIX
BEKTOpa Ha IOBEPXHOCTH B m U 1 Pa3 COOTBETCTBEHHO Oonbiue, Yem
aHAIOTHYHbIEe BEKTOPH B 00BbeMe. DIeMEeHTapHas S9eiKa IOBEPXHOCT-
HOrO CIIOS B m X n pa3 Oojbliue M0 CPaBHEHUIO C 3KBHBATIEHTHOH 3/Ie-
MEHTapHOH s4efikoil crog, pacnonoxenHoro B o6seme. Ha mosepxHo-
cru Si(001), HanpuMmep, MOTYT COCYIIECTBOBAaTh (a3bl IIOBEPXHOCTHOM
pexoHCTpyKIHK 2 X 1 1 1 X 2, npUYeM OHM pa3ferieHbl CTyIIeHIMU MO-
HOQTOMHOU BBHICOTBI.

Kax B cimydae pa3sHbIX (a3 peKOHCTPYKIIMH HA TOBEPXHOCTH, TaK U B
C/ly4ae MOHOATOMHBIX OCTPOBKOB 3TH 00pa30BaHus MPEACTaBIAIOT CO-
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6oit roMensl, KOTOphie 00pasyIoT crabWILHbIE EPUONUYECKHE CTPYK-
TYPHI Ha TIOBEpXHOCTH. JIOMEHE! M OKpyXalomue uX obmacTy paznnya-
I0TCA MeXy co00ii 10 MEXaHUYEeCKUM CBOMCTBAM H, B 4aCTHOCTH, 00-
JARAl0T Pa3sHbIMH 3HAYEHMIMH TEH30pa COOCTBEHHBIX MOBEPXHOCTHBIX
HaNpsDKEHHHA Tog. Ha nomenbix rpanunax Bo3HUKaOT addekTUBHbIE
CHWJIBI, IPWJIOXEHHBIE K KPUCTAILTY. DTH CHIIBI CO3JAIOT TOJIE YIIPYTHX
nedopmanmii 1 AAOT BKJIAX B PeJIaKCalMIO ypyroi sHepruu. [TonHas
SHEPIHUd CHCTEMBI IUIOCKHX [JOMEHOB B pacdere Ha eJUHHIY IUIOMIAnH
paBHa:

E=FE+ Epy + AEy, . 2.11)

IToBepxHocTHad sHeprud E, ., He 3aBUCHUT OT NEPUOAa CTPYKTYpH D,
SHEprHs AOMEHHBIX Ipanun pasxa E,,, = CynD~1, rae 1 — koporko-
JCHCTBYIOmAsd 9HEPIUA JOMEHHBIX IPAHUL, H YIpYras SHEpPrusd peiak-
canuu uMeer Bu AE,, = ~C,(At)* Y-'D~'In (D/a), rne Y — Mopyss
I0nra, C; u C) — reomerpuyeckue Gakropsl. bnaropapsa norapugmu-
4eCKOM 3aBUCHMOCTH 3HEpPrHH YIpPYroil penakcalMd OT mepHoua
CTPYKTYPHI NOJIHAs SHEPIrusi BCErda MMEET MHUHUMYM IIPH OnpeneseH-
HOM ONTHMAIBHOM ITEPHOIE:

D, =aexp . (2.12)

B ciyaae cocyliecTBOBaHUS Ha MOBEPXHOCTH (ha3 MOBEPXHOCTHOH pe-
KOHCTPYKIHH 00pa3yloTcs [JUIMHHbIE TTOJTOCKH C MEPUOLOM ClIeI0BAHUAL
10 OXHOMY U3 HanpaeseHuii Ha noeepxHoctu D . (puc. 2.15). Takag
CTPYKTYpa MOXeT OBITb MCIOJB30BaHA U U3TOTOBIIEHUS CBEpXpeLle-
TOK KBAHTOBLIX HUTCH B CTydae OCaXAeHHA Marepuana ¢ MeHbIIeH K-
PHHOM 3aNPEIEHHOI 30HBI, YeM Y OVTOXKH C IUTOCKHMH XOMEHaMH.
BaXHBIM THIIOM IUTAHAPHKIX CTPYKTYP HOBEPXHOCTHBIX JIOMEHOB fB-
JISI0TCA MacCHBbI NEPHOAHYIECKH PACIIOIOXEHHBIX OCTPOBKOB, 00pa3o-
BaHHBIC B FeTEPOINUTAKCHATHLHBIX CUCTEMaX IpU CYyOMOHOCTOHHOM HO-
KkpbiTuu. Ilepuoaudeckue cTpyKTypHI y3KUX UIMHHBIX OTOCOK Habnio-
panuce B cucrteMe O-Cu(110). JInd nonynpoBOSHUKOBOH HaHO-
9NIEKTPOHUKHU Goree BaXHOH cucTeMOii pu cyOMOHOCTIOHHOM MOKPHI-
THH ABngeTcd cucreMa InAs—-GaAs(001). B aToMm ciiydae Ha IoBepXHO-

D

Puc. 2.15. Ilepuomnueckast CTPYKTYpa IUIOCKHX JOMEHOB.
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cTi 06pa3yroTCs MOHOC/IOMHbBIE OCTPOBKM InAS B BuJte Y3KOM, [UTHHHON
MOMOCH, BRITAHYTHE B Hanpasienuu [110]. ITupuna octpoBka cocras-
jsieT 4 HM. DTa CHCTEMa OCTPOBKOR SBNSETCH TEPMOTUHAMUYECKH PaB-
HOBECHOH M yCTOWYHBOH.

IToBepxHOCTHBIE CTPYKTYPH! IUTAHAPHBIX JIOMEHOB MOSBIAIOTC CaMil
co0oii, Korma nokpeiTHe gocruraer wiy npesocxogur 1 MC. Tak, B cu-
creMe InAs—GaAs(001) cutomHoe MOHOCHOIHOE NOKpbITHe InAs He-
YCTOIYHEBO ¥ PACTiafiaeTCd Ha Y4acTK¥ MOBEPXHOCTH, IOKPHITHIE OCTPO-
BKaMH BICOTOH 1 miu 2 MC, u 061acTd YHCTOH MOBEPXHOCTH [OA-
noxku GaAs. Pemped NOBEpXHOCTH IIOBTOPAETCS B HaNpaBleHUU
[100] u xopoumio pa3iuyuM W1 MOBEPXHOCTHOTO NOKPHITHA 1—
1.5 MC po Toro, KaK NpOHCXORUT NMEPEXOX K POCTY TPEXMEPHEIX OCT-
POBKOB, KOTOPBIH HaYMHAETCA NpH cpepHeM Mokpeitud ~1.7 MC.

CuMMeTpus paBHOBECHBIX CTPYKTYDP B BHIE OCTPOBKOB MOHOCTOHHOMH
BBICOTHI ONpENENIeTcs KaK CUMMETpHEN TeH30pa cOOCTBEHHBIX HOBEPX-
HOCTHBIX HANPSXEHHH Tqg, TAK U CHMMETpUEH OOBEMHBIX YIPYTHX MO-
myneit nomioxky. [1aBHEE OCH TEH30POB COGCTBEHHBIX ITOBEPXHOCTHRBIX
HanpsxeHmii GaAs u InAs — [110] u [110], oGbeMHs1e ynpyrue cBoii-
CTBa MaTepHAaNoB ONPEREITIOTCH HAPABICHIIMHU Ocell Hawier4amnero
cxarua [100] u [010]. ITo Mepe pocra KonuuecTBa ocaxaeHHoro InAs
HPOUCXOMAT M3MEeHEHUe OpPHeHTalMd XOMEeHOB OT HanpasieHus [110],
XapaKTepHOro Wi CyOMOHOCIIOIHOrO MOKpPBITHS, K OpHEHTALUH 110 Ha-
npasineduaM [100] u [010] mpu nokperrun 1.0—1.5 MC. Drot nepexop
SBNSETCA CIIEJCTBUEM BO3pPAaCTaHUS BKJaa paccornacoBAHMA MO TOCTO-
SHHOH pelUeTKH B IOJe YNPYTHX HANpsKEHUH MO CPaBHEHMIO C BKIa-
oM, 06yCTIOBIEHHBIM CKAYKOM T, HA TPaHULE ABYX Ga3s. ITo Bo3pacTa-
HHe CBA3aHO ¢ yBesdeHueM obbeMa ocaxieHHoro InAs.

Jiia onTO3eKTPOHHBIX NpHMeHEHMH HeoOXOMIMbl MHOTOCHOHHBIE
MAaCCHBBI OCTPOBKOB MOHOCHOMHOI BHICOTEL. MIX MOMy4aloT Tak Xe, Kak
H B CJIyyac TPEXMEPHBIX OCTPOBKOB, IYTEM 3apalllHBAHHA OCTPOBKOB
InAs cnoem GaAs. MoxHno GuU10 GBI OXHAATE TAKOTO X€ PaClIONIOXEHHA
OCTPOBKOB, KaK H B TpeXMepHOM ciyyae. OHaKO 3KCHEPHMEHTHI 0K a-
3a/4, YTO OCTPOBKH CJIEXYIOIIEr0 CJI0S PacTyT He KOPPEJHPOBaHHO Hal
OCTPOBKAMM HHXHETO CNIOA, 3 CMEINECHB! OTHOCHTENILHO HX, ¥ JaXe BO3-
MOXHA aHTHKOPPeflMA B PactioNoXeHUH OCTPOBKOB. Takas ocobeH-
HOCTb pocTa OOBACHAETCA TeM, YTO MOJHasd SHEprHd MOBEPXHOCTHOIO
MaccuBa OCTPOBKOB B MMOJIE ympyroii medopMallid 3apallieHHBIX OCT-
POBKOB paBHa:

E=E, +Epy +AEIS +ESS (2.13)

e E ,, — cCyMMa OBEpXHOCTHOI SHEPIMH IIOBEPXHOCTH OCTPOBKA B

HETIOKPHITOH YaCTH MarepHana Marpaupi; Eg,,, — HEprus IPaHHI

ocTpoBka; AESH — SHEpPIus yNpyroil penakcauuy MOBEPXHOCTH OCT-

POBKOB H3-3a CKa4Ka TeH30pa COOCTBEHHBIX YNPYIUX HAaNPAXCHUWH Ha
. o6 i

IpaHHIaX OCTpOBKa; Ej.,— ynpyras SHeprus B3aUMOACHCTBHA MEXIy
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Puc. 2.16. V3ofpaxeHHe MHOrOCIOMHOrO MacCHBa IBYMEPHBIX OCTPOBKOB
CdSe, norpyxeHHsIXx B MaTpuLy ZnSe.

a — TIOCIIENOBATENbHBIE CIIOH PasjieieHbl CJIOEM MATEPHATa MaTPHLIGI TONMIMHO#M 15 A

(aaGmonaerca BEPTHKAIbHAS KOPPENSLMS OCTPOBKOB), 6 — NOCIENOBATENbHBIE CIIOH

pasfelieHsl COeM MaTepHana MaTtpHUbE TolmnuHOR 30 A (HaGmonaeTcs COCTOSHME aH-
THKODPEJIAIINT)

NOBEPXHOCTHBIMH W 3apAllEHHBIMH OCTpPOBKaMu. IlepBble Tpu WieHa
ypaBHeHus (2.13) onpefendioT NEPUONMYECKYI CTPYKTYpPy MaccuBa
OCTpPOBKOB, KOTOpas COOTBETCTBYET MUHUMAIbHOMY 3Ha4YEHHIO CYMMBI
9TUX WieHoB. Eciu 6bl B3anMOIeHCTBUEM HOBEPXHOCTHBIX U 3apaleH-
HBIX OCTPOBKOB MOXHO GBUIO Ipene6Gpeys, TO MOBEPXHOCTHBIH MacCHB
OCTPOBKOB KaK lienioe Obu1 ObI CMeleH pON3BONBHBIM 06pa3oM OTHO-
CHTENBHO OCTPOBKOB HuxHero cros. Ilone nedopMaumii 3apameHHbIX
OCTPOBKOB HMEET TY X€ CaMyl0 IIepHOSHYHOCTh, YTO U MACCUB IIOBEPX-
HOCTHBIX OCTPOBKOB, ITO3TOMY 4eTBepThlii wieHd (2.13) He MeHAeT Ile-
PHOIMYHOCTb IIOBEPXHOCTHOH CTPYKTYPHI M KaK pa3 ONpeAesIIeT ee No-
JIOXEeHHe N0 OTHOWIEHHIO K MAacCHBY 3apallieHHBIX OCTPOBKOB. Pacuer
TIOKa3bIBaeT, YTO 3HEPrus B3auMoneiicTeus E ;,’,?p yGBIBaeT NO Mepe yBe-
JIMYEHUS TONIIHHBI 33palMBaIOIIEro CJIoS MaTepuata Marpuust. Kpo-
M€ TOro, ynpyrue aedopMauu, BEI3BaHHBIE 3apallleHHbIMH OCTPOBKa-
MH, TaKXe yOBIBAIOT IO MEpE YBEIHYEHHS TONIIMHBL 32pallliBaloIIero
CI04 M IIPH 3TOM ocLwUTHpyIoT. Kak crnencreue B3auMonencTeue Mex-
Iy MOCIe0BaTe/IbHBIMHA CIIOSMH OCTPOBKOB MMEET BHX OCLILIHPYIO-
ILETO CIaja [0 Mepe YBETHYEeHUS PACCTOSHUA MEXAY ClosMH. B pesynb-
TaTe B 3aBMCUMOCTH OT TOMIIMHBEI 3apalUBaOINEro CJ0s8 MAaTPHUIbI
MOXHO MOJNYYHTb M KOPPEIHPOBAaHHOE COCTOSHHE, KOIIa OCTPOBKH
CJ/IEyIOMEro COs pacnoNaraloTcs HeNOCPEACTBEHHO Hall OCTPOBKaMH
HHXHETO CIOs, U COCTOAHHE AHTHKOPPEIAlMH (OCTPOBKH BEPXHEro
C/I04 pacmosaraloTcs B IPOMEXYTKaXx MeXAy OCTPOBKaMH HHXHEIO
cosi), ¥ mpoMmeXyrodnoe cocrossue. Ha puc. 2.16 uzobpaxeHo ceye-
Hue crpyktypsl CdSe-ZnSe, B KOTOpOii B 33aBUCHMOCTH OT TOJIIMHBI
pa3znessioero cj1o4 Habmogaercs COCTOsHUE KoppensauuH (puc. 2.16, a)
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U aHTHKOppessinuH (puc. 2.16, 6). AHaIOrMYHBIE CTPYKTYPHI NOTYyYe-
Hel B cucteMe InAs— GaAlAs. Takoro pona cyGMOHOCTOHHEBIE CBEpXpe-
LIETKH UMEIOT XOPOILIME NEPCIEKTHRH U1 NPUMEHEHHT B ONTOB/EKT-
pPOHHKE.

2.5.5. CTpyKTyphl ¢ NmepHOAHYecKOd MOy AfAljMel cocTaBa
B 3MMTAKCHANBMLIX IUTEHKAaX TBEPABIX PACTBOPOB
MOMYIIPOBOXHHAKOB

Eme ofHa BO3MOXHOCTD IIOJTy4€HHA HaHOCTPYKTYP — 3TO HUCIOJb-
30BaHHE HEYCTOWYMBOCTH TBEPABIX PacTBOPOB OTHOCHUTENBLHO CHKHO-
pansHOro pacnaga [22]. HeycroituuBocTs TBEpAOro pacresopa A,_.B.C
03HAYaeT, YTO TBEPALIN PaCTBOP C HEKOTOPEIM HEOFHOPOIHBIM IPOdH-
neM coctaga ¢(r) = ¢(T) + Sc(r) UMeeT MEHBIIYIO CBOGOIHYIO SHepIuio,
yeM _ CBOOOMHAY 3HEpPrHd  ONHOPOXHOIO  TBEPHOIO  PacTBOpa
F= I[H(E) —TS,_,(c)ldV ¢ cocraBoM c(r) = ¢(r), rae S, — IHTPO-
mus cmenmBanus, T — rteMneparypa. HeycroitanBocts ogHOpOIHOrO
TBEPAOrO PacTBopa BO3HHKAET, KOTJa U3MEHEHUE DHTANBIIHY NPH 00-
pasosanuy Teepaoro pacrsopa A;_B.C AHs, 3 GuHapHbIX KOMIIO-
HentoB AC u BC nonoxurensHo, T.e. AHy g, =H(A;_B.C) -
- (1 = ¢)H(AC) — cH(BC) > 0.7 Torna npu T = 0 aByxdasuas cMech
qucteix Matepuanos AC u BC umeer MeHbiuyio cBoGOIHYI SHEPIHIO,
4eM OTHOpORHLIA TBepxsblil pacTeop A,_ B.C, n oH oka3sbiBaercs He-
ycToi4uBbIM. I1py KOHEUHBIX 3HAYEHUIX TeMNepaTypsl 7 BKJIam SHTPO-
UM B CBOGOJHYIO 3HEPIHIO CIOCOOCTBYET IepeMEIIMBAaHUIO KOMIIO-
HEHTOB U CTa0WIN3UPYeT OXHOPONHBIN TBEPHABIH PacTBOP.

AGCONIOTHBI MUHUMYM SHEPTHM MMEET COBEPHICHHBIH KPUCTAILT C
abcoMOTHON NEepHOTNYHOCTBIO, a TREP/bIE PACTBOPEI — CHCTEMEI He-
yHnopsaodeHHbIe. ATOMBL B TBEPIOM PacTBOPE 32HUMAIOT KPHCTAIUTHYE-
CKHe y3J1bl, HO aTOMbl Pa3HOTO THIIa PACIIONIOXEHbI Xa0THYHO. [TosToMy
CYWIECTBYIOT CKOIUICHHS aTOMOB ONHOTO THIIA, KOTOpHIE COOTBETCTBY-
10T JIOKQJIBPHOMY U3MEHEHMI0 KOHUEHTpaiMH ¢ = ¢ +dc¢(r). B coorser-
crBUM c npaBwioM Berapia nmocTosHHas pelleTKH 3aBUCHUT OT JIOKaNb-
HOFO COCTaBa TBepAOro pacreopa: a(c)=a(c) +(8a/ ac), =z 0 (1),
T. €. 06;1aCTH TBEPAOTrO PacTBOpa C PaIMYHEIM COCTABOM HMEIOT pas3-
NTUYHBIE 3HAYEHU IOCTOSHHOM pemeTkH. Ha rpannne obnacreii ¢ pas-
HBIM COCTABOM BO3ZHMKAcT ympyras pedopmanus, ¢ KOTOpPOH CBs3aHa
ynpyras sHeprust Eyn,. Ilpu o6pasosanun ¢ykryauuu cocrasa Sc(r)
U3MeHeHue CBOOONHOM 3HEPIUN PABHO:

SF = [{[H(E +8c(r)) — TS, (€ +5c(r))] -
~[HE) ~ TS (©)1}aV +Ep. (2.14)

7 Inst BCeX TPOMHBIX TBEPALIX PACTBOPOB NoNynposoaHuxkos AINBY AHye, > 0
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Puc. 2.17. PaBHoBecHbIii Tpoduiib cOCTaBa TBEPAOTO PacTBOPa B SMUTAKCHATb-
HOH rwieHKe (2) pacryuieil Ha momnoxxe (1).

Iockonsxy Eyy, = 0 B OQHOPOXHOM TBEPAOM PACTBOpE U Ey? > 0 BHe-
OXHOPOOHOM TBEPAOM DAacTBOpeE, TO YIIPyras SHEprus CTabHIM3UpyeT
OXHOPONHBIA TBEPABIH pacTBOp. PacueTr nmokasslBaer, 4YTo OOBEMHEBIE
TpOUiHbIe TBEpbIE pacTBOPH! noynpoonuukos AIBY ycroliuuss ot-
HOCHTEJIBHO CIIMHOAANBHOFO paclana NpH BCeX TeMIeparypax.

B anuTakCHaNBHBIX IUIGHKAaX TBEPHBIX PACTBOPOB, COIMTACOBAHHBIX
0 MOCTOSIHHOM PeleTKH ¢ MOMIOXKKOM, cuTyanud MeHsderca. B6nusu
cBOOO/IHOI MOBEPXHOCTH NPOUCXOMHUT PeNaKcalysd HaNpsDKeHWH, 4To
yMmeHbiaer 3¢gekr ynpyroid crabWid3alMy OJHOPOTHOIO TBEPHOTO
pactBopa. Ha mosepxHocti (z = 0) Bo3HHKaeT BOHA IIyKTyalMu CO-
CTaBa, KOTOpas 3aTyXaeT 9SKCHOHCHIMANbHO B DIyOMHY IUICHKH:
dc(r)~exp(~lkzl) exp (ikjr;) . BoHOBOM BEKTOP B IIOCKOCTH NOBEPX-
HocTH Kybuyeckoro kpucrama (001) k; = (k,, k,) Hanpasnen Bomb
ocu Hamnerdaiero cxkarust [100] wiu [010], nockonbKy HMMEHHO B
9TUX HANpaBJIeHUIX W3-3a aHU30Tpomuu Moxyns FOHra uMeer MuHU-
MaTbHBIE 3Ha4YeHHs (M MaKCHUMaleH KO3(hGhHIUEHT pacTIKEHHT), a
BEKTOD I)) T€XUT B IUIOCKOCTH MOBEPXHOCTH. Penakcauus ynpyrux Ha-
upsxeHUi BOMM3M CBOOOAHOH NOBEPXHOCTH YMEHBIIAET YIPYTYIO
3HEPIHI0 HA MHOXHUTeNb ~1/3 10 CpaBHEHUIO C YIpPYrodl 3HEpruei B
o6seMHOM oOpasiie. B pe3ynbraTe MHOTHE TBEpIbIE PAaCTBOPH OKa3bl-
BAIOTCS HEYCTOHYMBHIMH OTHOCHUTEIBHO CIMHOJATILHOIO pachajia yxe

A_BC D

xl xz
Puc. 2.18. Crpykrypa ¢ Mogynsuueit coctaBa TBEPHOrO pacTBopa.
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npu 450—500 °C. Bo3HukaeT paBHOBECHas CTPYKTypa C MOIy/iuuei
COCTaEa, 115 KOTOpOH COCTaR MOXYIMPOBAH BAOMH Hanpasinenus [100]
wiy [010], a amroiuTyna Mopyssiul MaKcUManbHa Ha CBOOOITHON HO-
BEPXHOCTH U 3aryxaeT B ITy0Os Iuenkd (puc. 2.17), mepuon MOTy/sinuu
D cpaBHUM C TOJIUHUHOMN IMUTAKCHATBHON 1UieHKH h: D = h. Takuum 06-
pa3oM, peNaKcalus ynpyrux HanmpsXeHuid BOMH3M CBOGOIHOH MOBEPX-
HOCTH CrocoOCTByeT CHOHTaHHOMY 0Opa30BaHMIO HAHOCTYKTYp, 4
ynpyras aHM3OTPONMA MarepHala ONpENeISeT OPHEHTAlUI0 HaHO-
CTPYKTYD.

IMockoneKy MORYIISAIMSA COCTAaBa ITPONCXOIHUT TONBKO ITO OJHOMY Ha-
OPAaBIEHUI0 HAa MOBEPXHOCTH, TO HA MOBEPXHOCTH oOpa3yloTcs WIMH-
HblE HUTH C NOCTOSHHBIM cocraBoM (puc. 2.18). CocraB Marepuaina
olpenendeT LIMPUHY €ro 3anpelieHHOH 30HBI, W, CNEeNOBAaTeIbHO, B
OPUINOBEPXHOCTHOM CJIO€ BOZHHKAET MOJYIALUS LIMPHHBI 3apeIleH-
HOI 30HB 10 Hanpasneduio [100] wm [010]. B obnactu, rae cocras
Marepuana UMeeT MEHBIIYIO IIMPHHY 3aNpeIueHHON 30HBI, Ha IIOBEPX-
HOCTH ®NUUTAKCUANBHON IUIeHKH 06pa3yloTcsd KBaHTOBHIE HUTH.

2.6. Hanorexnonoruu

Onucanxble B NPeRbITYIIMX Pa3fesiax METORBI HONYYSHUS HAHO-
CTPYKTYP B TOH WIH HHOH Mepe HCIIONB3YIOT SJIEMEHTH! XOPOIIO Pa3BH-
TOH TPamUIMOHHOH TEXHONOTHU. B TO Xe Bpems pasBUTHE TEXHMKH
[PHBEJIO K MOABIEHUI0 000PYIOBaHMA, KOTOPOE MO3BONIET HENOCPEN-
CTBEHHO M3rOTOBUTH HAHOCTPYKTYPHI [23]. DTH BO3MOXHOCTH MOSBH-
JIMCh Tocne M300peTeHUs CKaHUPYIOIIEro TYHHEJIBHOr0 MHKPOCKONA
(CTM) u aTtoMHo-cwioBoro Mukpockona (ACM) [24, 25].

C nowmoursio urnel CTM BO3MOXHO nmepeMeniarbh OTAETbHBIE aTOMBI
U pacronarath UX B HYXHOU MocnefoBaTenbHocTH, Ecmu aroM, xoTo-
phlii HeoGXOTUMO NEPEMECTUTh, COEIUHEH C MOBEPXHOCThIO 0obpa3na
KOB&JIEHTHOH CBA3bI0, TO 3JIEKTPHUYECKOIO IIOJIA, CO3[1aBaeMOr0 MIIOH
CTM, MoxeT OKa3aThCs JOCTAaTOYHO 14 Pa3phiBa 3TOH CBA3U. B pesynb-
TaTe TAKOrO aKTa AaTOMHOM 3MUCCUH aToM OyIeT NPHLEIUIeH K KOHYUKY
upsl. 3arem urny CTM nepeMemiaioT B Apyrylo TOYKY MOBEPXHOCTH,
MEHSIOT 3HAK HANPSXKEHHS CMEINEHH MEXIYy HMMIOH M MOBEPXHOCTHIO
o6pa3ia ¥ MoMeINaoT aToM 0OpaTHO Ha NOBEPXHOCTD. Tak, HanpuMep,
rpymmnoi uccnepoparenieit u3 IBM Ha noBepXHOCTH KpHCTA/UIa HUKENIS
ObUTa M3rOTORIEHA M3 OTHENBHBIX aTOMOB KCEHOHA Hammuch «IBM».
Onnaxo nobad cosgaHHas TaKuM 00pa3oM HaHOCTPYKTYpa MOXET Jier-
KO pa3pylIaThCs U3-3a MUTPAIM aTOMOB 110 1oBepxHocTH. MMenHo no
9TOH MpUYMHE YIOMSHYTas BhIEe Hammuch «IBM» 6buta u3roToBieHa
TONBKO [IPU FeNueBol TeMueparype. TeM He MeHee pabOTHL B 9TOM Ha-
NIPaBJIeHUH HAHOTEXHOJIOTHM IIPOXOIKaloTcs: B pabore [26] coobma-
JIOCH O TIEpEeMEIIEHUH U 3aKPEIUIEHNH HA MOMIOKKE MONIEKYT IIPH KOM-
HaTHOU TeMIeparype.
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Hpyroii cnoco6 ucnone3oBanust CTM B HaHOTEXHONOTMH COCTOUT B
TOM, YTO MEXIY 30HIOM H TIOIJIOXKOH MPHKI/BIBAIOT JOCTATOYHO GOMb-
LIOe HANPSKCHHE, MO AeHCTBUEM KOTOPOTo MaTepHal ¢ KOHYUKA 30H-
Ia HauMHaeT HAMBUIIThCA Ha NOWIOXKY. [Ipn nepeMeIneHuy 30H1a aTo-
MBI TIOIafaT Ha MIOBEPXHOCTs U 00pa3yloT HUTH HAHOMETPOBOTO MAC-
mrra6a. ITpemnoxeH Takxe ciocob pasnoXeHus METAUIOOPraHHYECKUX
COEMHEHNI NP NPOXoXaeHun Toka mexny urioii CTM u nmognox-
KOMH. B pesynbrate MeTajul ocaxHaeTcs Ha HOIIOKKY, U TakuM obpa-
30M NP JBHXEHHUHM MBI TOXe OOpasyloT TOHKYI0 METAUTNYECKYIO
HUTH CYOMHUKPOHHOTO pazMepa. B pesynprate cTaHOBUTCSA BO3MOXHBIM
U3rOTABIMBATh U3 HAHONPOBOJOK PHUCYHKH CIIOXHOH ¢hopMsI, co3fa-
BaTh 3JIEMEHTH HAHOCTPYKTYP. 11 OZHOBPEMEHHOIO H3IOTOBJIEHUS
GONBIIOrO KOMMYECTBA HAHOCTPYKTYP Ha OMHOM Moy i0XKe pa3pabarsl-
BAKOT HAHOMAHUITYJIATOPHI, coflepxaiuue 6onmpoe Yucao MUKpo-CTM.
YrpasneHue HaHOMAHUILYIATOPaMy IPOU3BOIUTCS C MOMOUIBIO KOMITBIO-
TEepa, OHU CIOCOGHBI OXHOBPEMEHHO C M3TOTOBJIEHMEM NpHGOpa BECTH
HabmoneHye 3a NOBEPXHOCTHIO, HA KOTOPOU Ipou3BoauTca cOopKa Ha-
HOCTPYKTYP.

Ipumenenne 30812 ACM 103BOJIsIeT UCHONB30BaTh HEIPOBOAAIIME
IIOMNTOXKM, OH MOXET MepeMelarb aToMbl YUCTO MEXaHW4eCKH. DTo
1103BOJIAET pa3paboTaTh HOBBUA TUI HaHonutorpaduu — C MpUMeHe-
aueM ACM [27, 28). Takum cnoco6om 6sut n3rorosnted MOII-Tpausu-
ctop ¢ obmuM pasmepoM 100 HM u ¢ pabodeii o6macTeio 60 HM.

Hzrorosienne HaHOCTPYKTYp H HaHonpuaO6opoB ¢ noMompbio CTM u
ACM MOXHO Ha3BaTh MeXaHUYECKUM CHHTE30M (MEXaHOCHHTE3OM).
D paboTHl HAXONATCA B CaMOMl HAYaJIBHOH CTANUH Pa3BHUTUL, U MO-
TpebyeTcs ele MHOTO YCWIHH Wi JOBEJeHNI METOOB MEXaHOCHHTE3a
IO YPOBHS HPOMBIIIEHHOTO NPOU3BOJCTRA.

Jpyroe HampaBiieHue Pa3BHTUA B U3rOTOBIEHUH KOMIOHEHTOB JUIA
BJIEKTPOHUKH HAHOMETPOBOro Macmraba — 3TO XUMUYECKHIl CHHTE3
(xumMudeckad caMocbopka) [29], B KOTOPOM HUCHONB3YIOTCH CYIIEpMOIIe-
KY/pHbie CTPYKTyphl. XuMHYeckas caMocBopka — 3TO CIOHTaHHas
OpHeHTAalud Psla MONEKYN B SHEPreTUYECKHU BBITOIHYIO CYITEPMOIIEKY-
JISpHYI0 CTPYKTypy. Ha 3T0li 0CHOBE BO3MOXHO H3TOTORJICHHUE 3JIEMEH-
TOB MOJIEKY/IIPHOH 9IEKTPOHUKH, B KOTOPHIX, HATIPUMED, BHITONHEHHNE
oliepalyil NePeKIIIoYEHNs NPOU3BORUTCS 32 CUET NlepeMeleHus aToMa.
Brutd BHIMOJNHEHB! YCMELIHbIE OIBITH 110 UCMONb30BaHHI0 OHONOrHYe-
CKHMX MOJIEKYN JUI M3rOTOBJIEHHS HAaHOpa3MepHBIX 00bekToB. B Hux
HCMONB30BANH MAJIble OpPraHNMYecKHe MOJIEKYNH € (PyHKLHOHAIBHOMN
Tpynnoi Ha OHOM KOHIE, C IOMOUIBI0 KOTOPOH OHY NMPHKPEIUIAIOTCA
K MOWIOXKE B OfUH psij (Tak Ha3sIBaeMEIE CaMOCOOpaHHBIE MOHOCHOH
(SAM — Self-Assembled Monolayers)). OHu Moryr GbITh HCTIONIB30-
BaHbl BMecTO (OTOpE3uCTa I 3aLMTHl MOBEPXHOCTH OT TPABAMIUX
pactBopoB. B SAM ynaercsd nomy4uTh OTBEPCTHS HAHOMETPOBOIO Mac-
mtaba 1 U3rOTOBUTH PUCYHOK, KOTOPBI HEBO3MOXHO CO3/aTh IPH I10-
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Mo o6b14HO# urorpaduu. M3BecTHb 3KCIIEPUMEHTHI TIO U3TOTOBJIE-
HUIO YIIOPANO4EHHBIX HaHOKi1acTepoB CdS ¢ ucnonb3oBaHUEM HeENTH-
JIOB. DKCHEpUMEHTH B HalpaBJICHUM XMMHYECKOTO CUHTE3a TakXe
HaXo[sITCA B CaMOil HavanbHoi craguu passutud. HTepec K 3TOMY BU-
Jly HaHOTeXHOJIOIMH OOYCNOBJIEH TeM, YTO XHMHYeckad camocOopka
JaeT BO3MOXHOCTb NapajUIebHOi cOOpPKH Ype3BbidaiiHo 60nbIoro Ko-
JIAYECTBA COBEPIIEHHO OJMHAKOBBIX 3JIEMEHTOB. [U11 Hee TakxKe Xxapak-
TEpeH MpoIecc McIpapnenus omMOOK: B mpouecce cOOPKU cucteMa
caMa UMeeT TEHACHUHUI0 OCBOOOXAaTh PAaCTYLLYI0 CTPYKTYpPY OT Ka-
KUX-1u60 MOJICKYN «OMUOOYHOrO THIIA» WIH B «OUIHOOYHOM IIOJIOXKE-
HHUMW».



IFnasa 3

CBOBOJHBIE 1 CBA3AHHBIE HOCUTEIN
B HAHOCTPYKTYPAX

B rnase 1 Mpl 06CcynuIu BaXHEHINY0 XapaKTEpUCTUKY HOCUTENEH B
KBaHTOBO-Pa3MEpPHBIX CTPYKTYPaX —— UX SHEPreTHYECKMH CHeKTp.
3HaHMe CIIeKTpa N03BOMMET paccyuTaTh BCE PABHOBECHHIE BJIEKTPOH-
HBI€ CBOICTBA CHCTEMH!, 4TO U OyJeT c/lenaHo B JaHHOU riaBe. MBI Io-
JYYUM BHIpaXeHHs Ul IUIOTHOCTU COCTOSHMIA B CUCTEMAX pa3mU4HOM
Pa3sMEepHOCTH M M3y4YMM paclIpefelieHHE PaBHOBECHBIX 3JIEKTPOHOB H
OBIPOK BHYTPH KBaHTOBO-pa3MEpHBIX NMOA30H M MeXjay HuMu. B mo-
CJIEIHEM pas3fene riasbl OyleT Takxe pacCMOTPEH BONPOC O BUIOU3MeE-
HEHNM yKa3aHHBIX CIIEKTPOB NOJ BIMSHUEM KYJIOHOBCKOIO B3aMMOJCH-
CTBHS 3NIEKTPOHOB C MPUMECHBIMM IIEHTPaMH M I pKaMU, TIpUBOLSLIC-
r0 K BO3HUKHOBEHUIO CBA33HHBIX IPUMECHBIX COCTOSHUI M 3KCUTOHOB.

3.1. IInoTHOCTP COCTOAHMIT B 3JIEKTPOHHBIX CHCTEMAX
TIOHHKEHHON pa3MepHOCTH

BaxHoii xapakTepucTuKoil j11060ii 3IeKTPOHHOI CUCTEMBI HapAy C
ee DHEPreTHYECKUM CIIEKTPOM ABIFeTCH IUIOTHOCTh COCTOdHui g(E).
HanomuuM, 4ro B MaccuBHOM oOpaslie ¢ napabonu4ecKuM 3aKOHOM
oucnepcud g(F) BO3pacTaeT ¢ yBeIMYCHMEM SHEPIUM OT Kpasd pas-
peiieHHO# 30HbL KaK v E (puc. 3.1, a). Ml HayneM paHlibBli pasgen ¢
HaxoxIeHHus g(E) Ui ABYMEPHON 3JICKTPOHHOH CUCTEMBI C SHEPreTH-
yeckuM cnekrpoM (1.4) [1]. g 31Or0 mpeaBapuTENbHO BBHIYUCIUM
BCHOMOraTenbRylo pyHkuuo G(E) — monHoe Yyncio COCTOAHUN B MH-
Teppane aHepruii ot 0 go E.

OueBUiHO, YTO MUHUMAIPHAS IHEPINs, KOTOPYI0 MOIYT HMETh 3JIeK-
Tpoust, pasta E; u notomy G(E) = 0 npu E < E;. PaccmoTpum obnactsb
sHepruil £ < E < F,. Takne aHeprvud MOIYT UIMETb TOJIBKO JIEKTPOHBI
NEPBOrO  YpOBHA, uell momueii  mMmymc  p ={(p? +p})* <
< [2m(E — E{)]"2. D11 311€eKTPOHBI 3aHUMAIOT B YeThIPEXMEPHOM (ha3o-
BOM HPOCTPaHCTBE (X, Y, Py, p,) ©00beM, paBHbiil LLgwp? =
=2nL,Lm(E - E}), tne L, u L, — pazmeps! 06pa3ua B INIOCKOCTH ABY-
MEpHOT0 3JEKTPOHHOrO ra3a. CoraCHO NPUHUMIIAM CTaTUCTHYECKOi
(PM3MKY, Ha KaX[0e COCTOSHUE IBYMEPHOro CBOGONHOrO [IBUXEHHS B
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o(E) a g(E)A 0

E E, E, E; E
" \BN\ N
E,, E@E® E E,, E9QE® FO E
i]
g(E) 205

Puc. 3.1. 3aBucHMOCTS IUIOTHOCTH 3JIEKTPOHHBIX COCTOHHIL OT HEPIUM B Mac-

CHBHBIX HOJYNPOBOIHMKAX (d), KBAHTOBBIX AMax (6), KBAHTOBbIX HHUTAX (6),

KBAaHTOBBIX TOYKax (2) ¥ cBepxpeweTkax (0) (E9, E®), E) — sHepreTHyecKue

YPOBHH pa3MepHOro KBAHTOBAHHA B KBAHTOBBIX HUTHX M TOYKaX, JieXallue
BblIIE YPOBHEH OCHOBHOIO cocTosuud E,| u E ).

YKa3aHHOM (ha30BOM HPOCTPAHCTBE HPUXOIUTCS IIEMEHTAPHBIA 06beM
(2nh)?. MlosToMy NONMHOE YHCIIO COCTOSHUIA ¢ 3Hepruei, Menbiei E, ¢
Y4€TOM JIBYKPATHOTO CIIMHOBOIO BBIPOXIEHHUS NaeTcd popMyoit

mL,L,
G(E) =—n—h—2——(E—E,). (3.1)

HuTtepecyomas Hac BenmuyuHa g(E), onpenenswoniad 44CiI0 COCTOAHUA
B COIMHMYHOM UHTEpBaTe BOMM3M 3aMaHHON BHEpPIUH, onperensdercs
npou3BoaHoil ot G no sHepruu. KpoMe rtoro, g(E) onpenensior Kak
YHCJIO COCTOSHUI He B 00pa3ue B LIESIOM, a B pacueTe Ha eIUHUIY IU10-
WM ByMEPHOrO JIEKTPOHHOro rasa. ITosroMy OKOHYATENBHO

1 dG _m
L,L, dE ~ mh?

g(E) = (E, <E<E,). (3.2)

Ilpu sneprusix, 6onbmux E,, BO3MOXHO CYLIECTBOBaHUE 3IEKTPO-
HOB HE TOJILKO B HEPBOH, HO M B EBlLENEXamMx nomsonax. Kaxnas
nox3ona OyneT maBaTh OHONHUTENBHEIA BKan B g(E), Takoi Xe, Kak
(3.2). HoaromMy mIOTHOCTL COCTOAHUU OyneT MCIBITHIBATL CKAYKH,
pasHble m/mh%, Kax/plii pa3, KOrjia sHeprus s71eKTPOHOB CPaBHUBAETCA
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¢ OHOM ouepefHoil momg3oHbl E,. Dro nospoaser o606muts (3.2) Ha
cny4ail IpOM3BONBHOI 3HEPIUM E:

m
g(E) = W;Q(E ~E,), (3.3)

rie ©(x) — emuuuyHad pyHknus Xepucaiia, paBHad EIUHMUE TIPH
x>0 u nymo npu x < 0. Ha puc. 3.1, 6 npuseneH rpadux 3Toii CTyneH-
yaroi yHkuuu,

AHATOTHYHO MOXHO HAHTH IUIOTHOCTh COCTOSHUH JUIs KBaHTOBBIX
HHTEH C 3HepreTu4yeckuM crextpoM (1.5) [6]. B unrepBane suepruii
MeXXy HM3IMM Ej; ¥ CIeIyl0INM IO 3HEPIMH KBAaHTOBBIM YPOBHEM
SHEPIUsiM, MEHBIINM, YeM HEKOTOpoe 3agaHHoe E, oreevaer o6macthb
uMnynbeoB —{2m (E — E;)]1'? < p, < [2m (E — E;;)]2. CootsetcTBy10-
1wt 06veM (ha3oBOro NpOCTPaHCTBa (X, p,) pasen 2L, [2m(E — E; )],
a BIeMeHTapHbIA 06beM Ha OIHO cocTosHMe cocTasisier 2k, C yuerom
CIIMHOBOTO BBHIPOXJICHHS 3TO JaeT

G(E) = - . (34)

Brruncnss npousBogHyo M CyMMUpYs BKJIaIbl BCEX HO30H, NMOIy4aeM
OKOHYAaTeNbHO IUIOTHOCTh COCTOSHHIl B pacyere Ha eIMHMLY UIHHBI
HMTH:

MZ®(E—EM)
nh o JE-E,, )

Dra dyHkuuA, n3obpaxenHad Ha puc. 3.1, ¢, MMeer ocobeHHocTu (06-
paiiaeTca B 66CKOHEYHOCTh) HPH SHEPrUsiX, COOTBETCTBYIOIMX KBaH-
TOBBIM YPOBHSM B HUTH.

Hakoneun, B ciiyga¢ KBaHTOBBIX TOYEK, IJ¢ PHEPreTHYECKHH CHEKTP
HOCHUT YMCTO JMCKpeTHHiA XapakTep, G(E) yBenu4MBaeTCA Ha IMHULLY
Kax/plid pa3, xorga E cpaBHHBaeTCd C KaKUM-THOO KBaHTOBBIM YPOB-
Hem.! IIpu sTOM g(E) ONMCHIBAETCSA C HOMOILbIO TaK HA3bIBAEMOM JeITb-
Ta-¢pynkuuu Jlnpaka 6(x), Koropas pasta Hymonpu x # 0, anpu x = 0
obpamaercd B GeCKOHEYHOCTh Tak, YTo MHTerpat }&(x)dx =1 1npu
n:060M HHTEpBATIC MHTETPUPOBAaHN, cofepxaimeM TouKy x = 0. ILmot-
HOCTb COCTOAHUH

8(E) = (3.3

g(E) = X 8(E - Ep,,) (3.6)

lLm,n

! Ecnu, xak 5To yacto GeiBaeT B TOYKAX, UMEIOUIMX CHMMETPIYHYI0 GOPMY, YPOB-
HM 2Hepruu SBJISIOTCH BBIDOXIACHHLIMU, TO BEJIMYMHA CKauyKa G paBHA KPaTHOCTH BHI-
POX/IeHUs XAHHOTO YPOBHA.
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pexncrabisier co60il COBOKYNMHOCTh GECKOHEYHO Y3KHMX M BHICOKHMX IIH-
KOB, CX€MaTHYHO NOKa3aHHBIX Ha puc. 3.1, 2.

Puc. 3.1 npencraenser upeaTn3upoBaHHyo KapTuHy. Ha camom pe-
Jie HanM4Ue PACCESHHI HOCHUTENeH NPUBONUT K YIIMPEHHIO 3HEPreTH-
YecKHX ypoBHe#l (cMm. pazmen 1.2). B pesynsrare CTyIeHBKH Ha
puc. 3.1, 6 npuoSperyT KOHeuHy10 IIUPUHY cKa4yka ~f/t, a Geckoned-
HBIC [IMKH Ha PUC. 3.1, 6, 2 CTAHYT KOHEYHBIMH IO BBICOTE U LIMPUHE C
BBICOTOM, TEM MEHbIIEH, 4eM HUXe MOIBHXHOCTh HOCHTEICH.

Crenyer orMeTuTh, YTO IUIOTHOCTh COCTOSHHU B ¢opmynax (3.3),
(3.5) m (3.6) uMeer pasnMuHYI0 pasMEpHOCTb. XOpOLIO HM3BECTHO,
YTO B MACCUBHBIX TPEXMEPHEIX MONYHPOBOJHHKAX XapaKTePUCTUKOM,
onpexesiomeil ¢usnyeckue cBoOiicTBa BeIlleCTBA BHE 3aBUCHMOCTH
or o6beMa obpasna V, apiiiercd He IONHOE YHCIO JEKTPOHOB B 00-
pasue N, a ux o6vemHas koHneHrpauus N/V. CooTBETCTBEHHO ILIOT-
HOCTb COCTOSHUI g TaKxe onpenenseT OGbeMHYI0 KOHIEHTPALUIo M
uUMeeT pazMepHOCTb (apr - cM3)! wmm (Ix - M3)-! B 3aBuCUMOCTH OT
BRIODAaHHOM CHCTEMH emuHuI. J[ByMepHBIC CTPYKTYpHI SBIAIOTCA OX-
HOPOJHBIMH [0 IUIOIIAU, HO He mo o6wveMy. IloaroMy nonHoe ymcio
2JIeKTpoHOB N nponopuuoHanbHO He o6neMy, a wiolaagu obpasna S
¥ BCe GuU3MYEcKUe CBOMCTBA ONPENENAIOTC] KOHIEHTpAaIMel Ha enu-
HULy Iuomanu ng = N/S. B pesynerate pealbHbIi CMEICT HMEET
IUVIOTHOCTh COCTOSHUI B pacyeTe Ha eguHuNy Iwiomamu (3.3) ¢ pas-
MepHOCTBIO (3Pr - cM2)~! wm (Jx - M2)~!. AHAIOTMMHO IUIOTHOCTD CO-
CTOAHMI B KBAaHTOBBHIX HHMTAX (3.5) BEUMCIIZETCA B pacuere Ha elu-
HMIy IJIMHBL ¥ UMeer pasMepHocTb (3pr - cM)~! mwmu (Ix - M)~!, Ha-
KOHell, B KBAaHTOBBIX TOYKAX BCe ONpenenseTcd abCcOMOTHBIM YHCIOM
3NEKTPOHOB B TOYKE M IUIOTHOCTH cocTodHuil (3.6) uMmeer pasmep-
HOCTb NIPOCTO 0OpaTHOI 3HEpruu.

MOXHO BBHMHCIUTH K IUIOTHOCTh COCTOAHHH [11 CBEXPEIIETOK CO
cnexrpoM [10]. He npusong 3nech HerocpeacTBEHHOTO BHIBOXR, HAIUM
JMIIb KOHEYHHI pe3ynbraT. B o6nacrax sHepruil, COOTBETCTBYIOIMX
3alnpelleHHbIM MUHU30HaM, g(E) = const (E), KaK B YUCTO AByMEPHOM
cmy4dae (3.3), a BHyTpH pa3pelleHHbIX MUHI30H IUIOTHOCTh COCTOSHUI
IUIaBHO MeHAeTcs, HMes GECKOHEYHYIo NPOM3BOIHYI0 Ha Kparw MHHH-
30HBL:

7

n

g<E>=-m_(n_1/2+1mn_E.:€a], E,—A,<E<E,+ Ay
T 14 A
3.7
m
§E)=—5m By +A, <E<E, =Ay,.

Kax u B uncro aBymepHoM ciydae (3.3), 3mech IWIOTHOCTh COCTOSHHAH
JaeTcd B pacdere Ha eqununy mwiomany. I'paduk 3asucumoctu (3.7)
npexncrasieH Ha puc. 3.1, 0.
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3.2. CraTucTHEA HOCHTENEH B HU3KOPa3MePHBIX CTPYKTypax

Kax u3BeCTHO, CBOHCTBA PaBHOBECHBIX 3EKTPOHOB B NOIYNPOBOL-
HUKaX onpenendiorcs epMueBckoil yHKNMel paclpenencHus 1 1o-
TOMY 3aBHCAT OT TeMnepaTyphl T H NONOXEHHs YPOBHS XHMHYECKOro
norermuana {. OgHaKo B PealbHbIX IKCIIEPUMEHTAX W3BECTHOW BENH-
9YHHOI, KaK IPaBwiIo, aBigercd He §, a KonueHTpauud nocurenei. Ilo-
9TOMY OHHOM M3 NEpPBbIX 3ajad ABIAETCH HAXOXJCHHE CBA3H MEXIY
YPOBHEM XUMMYECKOTO NMOTEHIMATA U KOHICHTpauueH. Mbl HadHeM c
HAXOXJCHHUI TaKOH CBA3U B IBYMCPHOM 3JIEKTPOHHOM rase, Iojaras,
9TO BCe HOCHTENH HAXOHNATCA B HUXHe#l monsone E;.

Konnenrpauusa Hocureineil ng HaXOqUTCs NyTeM CYMMHPOBAHHA MO
BCEeM cocToauusM mop3oHsl. CornacHo (3.2), B uHTepBane dHepruu dE
Takux coctosaHuit mdE/(rh?), a BepoATHOCTD 3aIIONHEHHS KaXI0r0 U3
HHX aercs (yHKIHei pacnpenenenns Pepmu {exp [(E - £)/kT] + 1}-L.
ITosTomy
ne =M ‘:o[ dE
57 nn? 5 expl(E - Q)/kTT +1

e aByMepHas 3(geKTHBHAS IVIOTHOCTD cocTosHuil N, = mkT/(nh?).
MoxHo npeoGpaszosars (3.8), 3anmucas £ KaK (pyHKIMIO KOHIEHTPALMU
B ABHOM BUZE:

= N, In{l +exp[( - E;)/kT1}, (3.8)

4

{ =E +kTln [1 + exp(—l%s—) : 3.9)

Hcnonbsys dopmynsl (3.8) u (3.9), nHerpyHO NOJNYYHTh KpUTEpUil
BBIPOXIEHHS IBYMEPHOTO 3JIEKTPOHHOIO ra3’a U BHIPAXKEHHS JUIs KOH-
HEHTPALMH B HPENENBHBIX CIIYIadX HEBBIPOXICHHBIX H MONHOCTBIO BbI-
POXACHHBIX 3TeKTpoHOB. HEeBHIPOXIEHHbIH CiTy4ail peaiu3yeTcs, ey

mkT
L— 3.10
ng Tthz ( )
Ilpu srom (3.8) mpunumaer 6onee mpocroii BUA:
C-E
=N . 3.11
ns =N, CXP( T (3.11)

@opmyna (3.11) HanoMHHaeT COOTBETCTRYIONIEE BhIpaXeHHE VI TPEX-
MEPHOTO 3JIEKTPOHHOIO ra3a, OTIMYasdCh JIMIIb CABHIOM Hadana oTcde-
Ta aHepruM Ha E; u uHbIM BbIpaxeHHeM 1A N,, Gonee cnabo 3aBucs-
mmM ot Temmieparypsl (~T Bmecto ~T2),

IIpenen OMHOrO BHIPOXACHUS PeAIN3yeTcs MpH BLITOIHECHHH YCIIO-
gud, obparxoro (3.10). B atom npepene

h2
C=E +208 (3.12)
m
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T. €. YPOBEHb XHMHYECKOTO NoTeHnnaa (3Heprus MepMH) IMHEHHO CBA-
3aH C KOHIEHTpaIKeil B OTIMYKE OT TPEXMEPHOro Cirydad, rie § ~ n?3,

3aMeTuM, 9TO B KBAHTOBO-Pa3MepHBIX CHCTEMAX 34 CUET MEHBIIeH
IUTOTHOCTH COCTOSHMIl YC/IOBHE TIOJIHOTO BHIPOXHEHHI He TpebGyer K-
CTPEMANBHO BBHICOKMX KOHIIEHTPAIHWii WIM HU3KHX TEMIIEpaTyp u HO-
CTATOYHO YACTO peanu3yeTcs B 3KcrnepumeHTax. Hanpumep B n-GaAs
npu ng= 102 cm~2 pripoxzenye GyaeT UMeTh MECTO YXe IIPH KOMHAT-
HOH TeMIiepaTtype.

ITpu sriBome dopMyn (3.8)—(3.12) Mbl npenrionaramy, YTo HOCUTE-
JTH 3aNOJHAIOT JIMIDb OfHY NOA30HY. ECiIH 371eKTPOHHBIH ra3 He BHIPOX-
IeH, TO IJI 3TOTO JOCTATOYHO BhImojHeHud yciaosud (1.5). B ciydae
BBHIPOXJICHUSA He0GXOOUMO TOTIONHUTEIILHO, 9T00BI ypoBeHb DepMmu Jie-
xan Huxe E,. ComracHo (3.12), 310 03HaYaeT, 4To

m
ns < —(Ey ~ Ey) (3.13)

Jns TOHKHX IUICHOK ¢ 3HepreTHYecKuM crmektpoM (1.2) ato ycmosue
MPUHHUMAET IIPOCTOR BUL:

nga? < %’f (3.14)

B KBaHTOBHIX HUTAX IIpH ONHOMH 3aNOJHEHHOH MON30HE JIMHCHHAS
KOHUenTpauus n = N/L, maercs dopmynoit tuma (3.8), cogepxameii
[IOX UHTETPAIOM JONOTHUTEIBHEI MBOXHUTEND 1 VE 3a cuer ommHo-
MepHoii IWIoTHOCTH cocroguuit (3.5). Takoif uHTerpan B OTIHYUE OT
(3.8) ne BpuHMCHgercd aHWIMTHYECKM NPU IPOM3BOJIBHOM BLIPOXJE-
HHM, H TIpocTbie (POPMyJibl MOTYT ObITh HAIMCAHBI JIMLID JUIA [Ipeleb-
HBEIX ciyqaeB. B HEBHIDOXIEHHOM OZHOMEDHOM 3IEKTPOHHOM ra3e
tdopmyna (3.11) coxpanser cBoii Bux, ecu nox E; noHMMary HU3MIMH
yposenb B HUTH E;;, a non N, — omHOMepHYI0 5(h(heKTHBHYIO IUIOT-
HOCTH cocTosHuit [2mkT/(nh?)]12. B BHIpOXIEHHOM CITydae

252,2
¢ =E, + 70 (3.15)
8m

3.3. IIpumecHble COCTOSHNS H 3KCHTOHBI B HH3KOpa3MepHBIX
CTPYRTYpax

B mase 3 MBI paccMOTpeNH pa3iIMYHBIE METORBI CO3TAHHA HU3KOpa3-
MEPHBLIX CTPYKTYp, NpPHBONAIHE K TpaHC(OPMAallMH HEIPEPHIBHOIO
KBaJIpaTHYHOTO CNEeKTpa cBOOOMHBLIX HOCHTENEH B CHCTEMY JHCKpPET-
HBIX YPOBHell win nog3oH. OXHAKO MOTEHIUANbHAA AMa, OrPaHIIHBasd
IBUXeHUe Hocurenel y3koil 0671acThio IPOCTPaHCTBa, H3MEHSET CBOM-
CTBa HE TONbKO CBOOOTHBIX, HO U CBA3AHHBIX 3EKTPOHOB. MbI KpaTko
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obcynum BIMsSHUE PasMEPHONO KBAHTOBAaHHA Ha MEJKHi BOZOPOHOIIO-
HOOHBIA [IPUMECHEI LEHTP.

IIycrs NpuTATHBAOIIMI LEHTp pacliosiaraeTcs BHYTPU KBAaHTOBOH
AMEI B TOUKe ¢ Koopausaroit 0 < zy < a . DHepruu yposHeit E;, cosga-
BAEMBIX 3THM LICHTPOM, Oonpexnensiorca u3 ypasHenus IIpenunrepa

h? e?

_-.—_AW_
2m KJx2+y2 +(z-174)?

vy =Ey. (3.16)

Ecnu efUHCTBEHHBIM YCJIOBHEM, HalaracMbiM Ha BOJIHOBYIO (yHK-
IO, ABIACTCA OIPAaHWYCHHOCTD, TO OTBeTOM OyneT oOpr4Has BOROPO-
noriopoGHas cepus yposHeil E; = —€o/i2, tne i = 1, 2,..., a g =
= me*/(2x%h?) — sdexTuBHEL punGepr. OMHAKO NPH HATHYUH CTe-
HOK MBI I'PAHHYHBIE YCIOBHS U3MEHAIOTCS U I 6ECKOHEYHBIX CTEHOK
[IPHHMMAIOT BUJ

y(0) =y(a) =0. (3.17

IonyguTs TouHOe pemeHue (3.16) 019 TAKUMX rPAHAYHBIX YCIOBUH B
obmem pusie He yraercs. OMHAKO 3TO MOXHO CHEaTh B IIpexaene, Korna
athekTuBHbIH OOPOBCKMI paguyc ay 3HAYMTESILHO IIPEBOCXOMUT LIH-
PHMHY HOTCHIHANBHOHA AMB! (TONUIMHY IUICHKH):

2
ag = 5h—2>>a. (3.18)
me

ITpu 3TOM B 3HAMeHATENE KYJIOHOBCKOTO wieHa B (3.16) MOXHO ony-
CTUTH WIEH (Z — Zg)2, TIOCKOJBKY ISl 3JIEKTPOHA Ha CBSI3aHHOM COCTOS-
HWH TUIIMYHEIE 3HAYEHUd X U y 110 abCOMOTHOM BeJIMIHHE HMEIOT HOPS-
IOK ag, B TO BpeMs KaK BCIONY BHYTPH IUICHKH |z —zp|< a. B pesys-
TaTe nepeMeHHbIe Z ¥ p = (x% + y%)!/2 p ypasnenuu 1lIpexuHrepa pasge-
JNAI0TCA, YTO HO3BONAET HcKaTh pemenue (3.16) B Buge v = o(p)y(2).
Insa ¢ (z) nomygaerca o6pr9HOE ypaBHeHue 11 YaCTHLHL B aMe ¢ cober-
BeHHBIMH 3HaueHHSMH (1.2), B To BpeMd KaK B IDIOCKOCTH Xy BOJTHOBas
yHKUMA @ JOMXHA onpedenstbcs u3 ypaBHenus Illpemmurepa g
«BYMEPHOTO aTOM2 BOAOPOMa» ¢ NOTeHLManoM —e2/kp. Pewenue aro-
IO ypaBHEHHMS MOXHO Haiitd, Hanpumep, B [30]. CobcrBeHHbIe 3HaYe-
HHA SHEPIHH VI Hero paBHH —&¢/(i — 1/2)?, T. e. ommyaoTcs OT
CIIy4ad TPeXMEpHOiH BOZOPONONOonoOHOMN 3aiady JKINL 3aMEHOH KBaH-
TOBOrO ymucna i Ha i — 1/2. B pesynbrare sHepreTHyecKuil CieKTp MpH-
MECHBIX COCTOAHUN B TOHKOH IUICHKE MMEET BUJ

2522
g =R fo (3.19)
2ma’  (1-1/2)2

VYcnosue (3.18) skBuBaIeHTHO TPeOOBaHMIO, YTOOBI [TOTYIHBIIHEC
SHEPIHH CBA3M €o/(i — 1/2)? GbUIM 3HAYATENHHO MEHBIIE IHEPIUM Pas3-
MEPHOro KBaHTOBaHHA. DTO 03HAYAET, YTO NOJ KaX/bM KBAHTOBO-Pa3-
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Puc. 3.2. CxemarHdecKas 3aBHCHMOCTb DHEPTHH CBA3M IIPHMECHOrO LEHTPA OT
IIMPHHbI KBAHTOBOM MBI,

¥

MEPHBIM YPOBHEM ¢ (PMKCUPOBAHHBIM 7 CYILECTBYET CBOS pHUaOepros-
ckad cepui. IIpu sToM npUMecHble YPOBHH, CBA3aHHBIE CO BCEMU IOJ-
30HamM, Kpome ocHopHoil E,, Haxomarcad Ha (hoHe cocrogHuUi
CIUTOMNOTO CNEKTPA HUXEIEXKAMMX IION30H U MOTYT CAMOIIPOM3BONb-
HO paclajiaTbcs 3a cder IMepexoyioB B 3TH cOcTosHus. Iloaromy yka-
3aHHBIE YPOBHH MMEIOT KOHETHOE BPEMs XM3HH H, CJICHOBATENBHO, KO-
HEYHYIO IIMPHHY KaXe B OTCYTCTBHE CTOJKHOBEHMUI.

H3 (3.19) nerxo BUAETH, YTO OCHOBHOE CBA3aHHOE COCTOSHUE IIPH-
MECHOTO IIEHTpA B JBYMEPHOM CJIydae UMEET SHEpruio CBA3M, B 4 pasza
66nmpmIyio, 4em B TpexMepHoM. Pu3nyeckad KapTHHA BO3pacTaHHA
9HEpIuU CBA3M NOCTATOYHO MOHATHA. OrpaHHYeHHE CTCHKAMH MBI
IIPHBOJMT K TOMY, 9TO 3JIEKTPOH HE MOXET YHTH [aIeKO OT IIPUMECH U
B CpelHEM HAXOOMTCS OT Hee Ha MCHBIIEM DacCTOSHHMH, YEM B OTHO-
pomHOM Honynposoguuke. I0sTOMy cpemHss SHepruf NPHTAXKCHHS,
ONpenensIomas SHEPrui0 CBA3U, YBEIMIUTCA.

I'panuynsie ycnoBua (3.17) coorBeTcTBYIOT Mopemu OGeCKOHEYHO
pIyOOKOH moTeHuHansHOi aMbl. [lpyu KoHeuHOlt ryOuHe MBI 3aBUCH-
MocTh E; OT IIMpUHBI SMBI @ MOXET HOCHTB GoJee CIIOXHBIA, HEMOHO-
TOHHBIH XapakTep. JTo CBA3aHO C TEM, YTO C YMEHbIUICHUEM d YPOBEHb
pa3sMepHOro KBaHTOBaHMA (IIPU AOCTATOYHO MANbIX d B IME CYIIECTBY-
€T UMb OMUH YPOBEHb) craHOBUTCA Bee Oonee MenkuM. Ilpu sToM xa-
pakTepHad IJIMHA, HA KOTOPOH CIamaloT XBOCTHI BOJIHOBOMH (hyHKIMH B
MUPOKO3OHHOM Matepuane, BO3pacTaeT U B KOHEYHOM cueTe HaYHHAET
npesocxoaurh Goposckuil paguyc ag. HaguHag ¢ aToro MomeHTa pas-
MEPHOE KBAaHTOBAHHE IepecTaeT OKa3hiBaTh BIIMAHKE HA CBA3aHHBIC KY-
JIOHOBCKHE COCTOSHHA M UX 3HEPIHd CBA3H BHOBb CTAHOBHTCH PaBHOMN
€9, KaK 3TO II0Ka3aHO Ha puC. 3.2. 3aMETHM, UTO B reTePOCTPYKTYpax
adpexTHBHBIE MacCHl B MaTepHaNiax sMbl (m) U Gapbepa (mg) 3a4acTyio
pazmaynsl. IIpu sToM npenenbabie 3HAYEHNI HEPIUM CBA3H IS 4 — 00
# a —>» 0 Gynyr paznmuunsl. [lepsasd M3 HAX ONpependeTcs BeJIMIHHOM £
B Y3KO30HHOM, a BTOpas — B IIXPOKO30HHOM MarepHane.

Eme Gonee pa3uTeNbHO yBENHYEHHE DHEPrUH CBA3M B KBAHTOBEIX
aurax [31]. CymecTBeHHOE OTIIMYHE OT TOJNBKO YTO PacCMOTPEHHOIO
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CJly4as KBAHTOBBIX M 3aKIII0YAEeTCS B HEBO3MOXHOCTH PacCMOTPEHHUS
IpeNesbHOro Cilydas Hy/l1€eBOH TONIUMHBL HUTH. B ruieHkax npu a — 0
SHEprHs CBA3M MMeEET KOHEYHOe 3HaucHHE 4€j, a IpU CTPEeMIICHHH K
HYJIIO PafiHyCa HHTH SHEPIHs CBA3M CTPEMHTCA K OeCKOHEYHOCTH. DTO
03HaYaeT, 4YTO B JOCTATOYHO TOHKMX HUTAX IPUMECHOE COCTOSHUE MO-
XKeT OHTh B IPUHLMIE CKOJb YTOXHO ITyOOKHM,

Ho cux nop npu pacCMOTPeHUM KyJIOHOBCKOI 3aaum KaK B [UIEHKE,
TaK U B HITH MBI OIATTH AUBIEKTPHIECKYIO IPOHHIIAEMOCTD K OIH-
HaKoOBO# BO BceM IpoctpaHcrBe. OOHAKO B GONBIIMHCTBE peajibHBIX
CTPYKTYp 3TO JaleKo He Tak. Hambornee xapakTepHH B 3TOM OTHOIIC-
HHM TOHKHME IUICHKH, NpelcTaBsaomue coO0oi CTpYKTyphl Haxe He C
HBYMs, & ¢ TpeMs (HOWI0XKKa—ILTeHKa—BO3[yX), HOPOil CIIBHO pas-
JMYAIOIHMMUCS TPOHUIIAEMOCTAMH. PasHuIa B IPOHMI@EMOCTAX TpU-
BOJHT K TOMY, YTO IIOTEHIIMAJI 3apAXXEHHOTO IIEHTPa B CTPYKType, BXO-
nanmit B ypapHeHne lllpenunrepa, yxe He HOCHT KylOHOBCKHI Xapak-
Tep, kak B (3.16), a cylecTBeHHO HCKaXaeTcd 3a CUeT CHI
n300paxeHnd. DTO He MOXeT He CKa3aThCa Ha BHEPIHH CBA3M IpUMeEC-
HOro HeHTtpa. KojuuecTBeHHBIE pacyeTHl 31ech JOCTATOYHO CITOXHEI
(cM., Hanipumep, [32] g ToHKuX weHOK M [31] w1k HuTelt), HO HeKO-
TOPBIE KayecTBEHHBIE BLIBOIBI MOTYT GBITH JIETKO NOMy4eHsl. Ecnu k B
obyactu JoKaIK3anuy Hocureneil (B IuieHKe Wik HUTH) GOosibille, 4YeM B
OKpyXalolled cpeie, TO 3JIEKTPUYECKOEe MOJe «BHITAIKHBACTCA» M3
yKa3aHHo# o6nacti. B pe3ynsrare B3auMOneiicTBE HOCUTEIS C HOJIEM
ocnabrgerca U 3HEPTHs CBA3M YMEHBIACTCS MO CPAaBHEHHUIO C JUINICKT-
PHYECKH OJHOPOAHBIMU CUCTEMAaMH.

ITonmyyenHbI€ BbIIIE pE3YALTATHL WIS MENKUX IIPUMECHEIX COCTOSHUMI
MOryT ObITh HEOCPENCTBEHHO NMPUIOXHUMBI IJI pacyeTa 3KCUTOHOB B
KBAHTOBO-pa3MEpHHIX cucTeMax. [TokaxeM 3TO Juid ciry4yad AByMepHOR
cucreMbl. BonmHOBad (pYHKIHA B 3TOM Cly4ae 3aBUCHT OT KOOPHHMHAT
KaK 3/eKTpOHa I,, TaK M JBIPKH I, u ypaBHeHue lllpemunrepa Gonee
CIIOXHO, ueM (3.16):

h? n?
2m

- y=Ey. (320
ky(x, =x,)2 + (3, —y)? +(z, ~23)?

3agava 3aMeTHO ynpomaercd, ecnu ycnosue (3.18) Bomonusgercs mid
o6oux Tunos Hocureneil. [Ipy 3TOM 10 AaHATTIOTHM C IPHUMECHBIM CITy4a-
eM B KYJIOHOBCKOM wieHe (3.20) MOXHO TIpeHeOpedh CaraeMbIM (z, — Z;)%.
Teneps yno6HO nepeifTH K HOBBIM NIEPEMEHHBIM B IUIOCKOCTH Xy:

R =[(m¢x¢ +mhxh)/(m¢ +mh)’ (meye +mhyh)/(me +mh)]’
p=(x, = X4y, = ¥a)
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OIMKCHIBAIOIIMM COOTBETCTBEHHO JBHXCHHE LEHTPA TSAXECTH CHCTEMBI
M OTHOCHTEJILHOE ABMXEHHE JIEKTPOHA U JBIPKHU. B 3THX nepeMeHHEIX
BOJIHOBas (PYHKIMA CHCTEeMBl NPUHHUMAET BHX

w(r,, 1) =% .(z.) X s (z4) exp (kR)o(p) (3.21)

u ypasHenue Lllpemunrepa (3.20) cBomuTCcS K YPaBHEHHIO IS BOJHO-
BOil ()YHKIMM OTHOCHTEIHLHOTO ABUXeHHA ¢(p):
hz 2

€
A o-Eo=E o, 3.22
25 200 =5 @ = Eax® (3.22)

e p = m,m,/(m, + my) — MpHBEIeHHAd Macca IEKTPOHA U ABIPKH.

Vpasuenue (3.22) omnudaercsa ot ypasaenus Ilpenunrepa mna npu-
MECHBIX COCTOSHMH B ABYMEPHBIX CHCTEMaX JIMILb 3aMEHOHN m Ha MpH-
BEACHHYIO Maccy W. [103TOMy OTBET 111 SHEPIHH CBI3H SKCUTOHOB MO-
XeT OBITH 3aIMCaH 10 aHAIOrHH ¢ (3.19):

E - m,m,e*
o 2kIAi(m, +my )i -1/2)2

(3.23)

DHeprus CBA3M SKCUTOHOB, TaK Xe KaK M IPHMeCeii, B JByMEPHOM CIIy-
Yae OKa3bIBae€TCA CYLIECTBEHHO YBEIMYCHHOM (MU OCHOBHOTO COCTOS-
Hust — B 4 pasa). 3a cueT 3TOro 3KCHTOHHBIE 3texTH B KBaHTO-
BO-Pa3MEPHBIX CUCTEMAaX OKa3hIBAIOTCA 3HAUYUTENIbHO CWIbHEE BRIpaxe-
HBI, Y€M B MaCCUBHOM 0Gpa3ite, ¥ MOTyT HabMonaTsCs MpH JOCTaTOYHO
BBLICOKMX TeMIlIepaTypax, BKJII0Yasd KOMHATHEIE.

PaccMoTpeHHe SKCHTOHHBIX 3()(EeKTOB B KBAHTOBBIX HUTAX Goyee
CJIOXHO, 4eM B KBaHTOBBIX sMaXx. [Tokaszano, ognako [31], uto ¢ mocra-
TOYHO XOPOIIEH TOYHOCTHIO BBIBOJ O TOM, UTO SHEPrUA CBA3H 9KCHTOHA
OTIMYAETCH OT COOTBETCTBYIOLIEH PHEPIUM I MENKOTO [IPHMECHOTO
HEHTpa JIMLIb 3aMEHOH m Ha |, COXpaHsieT CHIY.

B naubonee pacnpOCTPaHEHHEIX MOIYNPOBOMHUKAX, K KOTOPEIM, B
4acTHOCTH, npuHamwiexat Si, Ge u coenunenud 11—V, Banentnas 30-
Ha HOCHUT CIIOXHEIA XapaKTep M CONEPXUT BETBHU TSAXKEIBIX M JIETKHX
AeipoK. I1oaToMy CylecTByeT 1Ba THIIa 3KCUTOHOB, COTEePXAllMX COOT-
BETCTBEHHO JIETKYI0 M TAXEIYI0 OBIpKY ¥ O6Najalomux B CHIy 3TOTO
Pa3NUYHBIME DHEPTHAMU CBA3H.



I'masa 4

ONTHYECKHE CBOMCTBA KBAHTOBBIX M

4.1. MexX30HHOE HOIIONIEHUE

PaccMOTprM 1ONYNpOBOAHKK C NPSMBIMH Pa3pelleHHBIMU IIepexo-
naMu. B OOBIMHOM TpexMepHOM ciydae KO3((UIMEHT MeX30HHOrO
OIITUYECKOr0 MOMIOMEHHS TAKOro MOMYNPOBOAHUKA OMHCHIBAETCS U3-
BecTHOH topmymnoii [33]:

wE Rk

a@)~| PP [dk[dKS (Eg *om  om hco} [RHGIRHCESNECRY

rae P, — MeX30HHBIH MaTPUYHEIH ANEMEHT UMITYNbCa; K, — mmmpuna
3ampeleHHON 30HBI, MHOEKCH € U h OTHOCATCA COOTBETCTBEHHO K
ANEeKTPOHaM U gplpkaM; V) — orubaroimue BOMHOBEE (PYHKIIHH B IPU-
6muxennu 3¢deKkTHBHOH Macchl, IpefcTabadomme coboil IUIoCKHe
BonHsl exp(ikr); 8(x) — menpra-¢yHknus Jupaka.

Msr orpaHU4HMCS PacCMOTpPEHHUEM CHCTEM THIIA TOHKOH IUICHKH
WIK KBAaHTOBOH AMEI, B KOTOPHIX 3(heKTsl Pa3MEpPHOro KBaHTOBAHHA
CYLUECTBYIOT KaK JUIS 3JI€KTPOHOB, TaK H 11 ABpoK. [Ipu 3TOM KOMITO-
HEHTa BOIIHOBOTO BEKTOPa k, yXe HE SBJJeTCS XOPOIIUM KBaHTOBBEIM
gyucnoM 1 W (r) mepecraer OBITh YHCTO IUIOCKON BONHOM:

Wi (r) = expli(k,x + k,y)ly7(2), “4.2)

rae y ¢ — BONMHOBad (yHKIMS KBAHTOBO-Pa3MEPHOrO ypoBHA (CM., Ha-
npumep, (1.1)) 1 y* — ananoruunas ¢ysxumd s ApIpoK. B pesyis-
TaTe UHTErPUPOBaHHUE IO k, U k, B (4.1) 1OMXHO GBITH 3aMEHEHO Ha
CYMMHEPOBaHHe 110 HOMEPY KBAHTOBOrO ypoBHA. MHrerpanet no dx u dy
NaI0T 3aKOHBI COXPAaHEHHS COOTBETCTBYIOIIMX KOMITOHEHT BOJHOBOTO
BEKTOpa: JI::xp[i (k,— k. )ldx = 2nd (k, — k,/) ¥ OKOHYATENLHO

(@)= 0o, [[Wh(D] vi(2)dz [8 (B +Ef + EL +& - ho)de, (4.3)

2
TH€ o, — KOHCTaHTa, IpornopuuoHamsHas |P,,| . Cnemyer mog-
4epPKHYTb, YTO, HECMOTPS Ha P€3KO aHH3OTPOMHEIA XapaKkTep ABYMep-
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HBIX CHCTeM, KOa(PHIMEHT MEX30HHOIO IOITIOIUEHUS B HUX M30TpO-
IIeH, T. €. He 3aBHCHT OT MOJLIPHU3AIMH IIANAIOMIETO CBETA.

®opMyna (4.3) COpepXUT HHTErpal J.[\y’,;,(z)]*w;(z) dz, onpenens-
IOUiA NpaBwiIa OT6Opa IpH MEeX30HHBIX nepexonax. it GeckoHey-
HO DIyOOKHX KBaHTOBEIX SM BONHOBHIe (yHKimH (1.1) He comepxar
3¢ GeKTHBHON MACCHI HOCHTENICH B I1OTOMY OOMHAKOBHI 71 31EeKTpPO-
HOB UM JAbIpOK. II03TOMy B CUy OpPTOrOHAIBHOCTH BOJHOBBIX (DYHK-
MK PA3IMYHBIX COCTOSHMM JAHHBIA MHTEIpal OTIMYEH OT Hyjd JIMUIb
npd n = m. JI1 M KOHEYHOH NIyOMHE! IMPpaBWiIa otbopa mo-npex-
HEMY MOTYT CYyHIeCTBOBaTb, XOT4 M He CTONb Xectkue. Eciam moreH-
nuan SMbl CUMMETpWYeH (HanpuMmep, M NPIMOYTONBHOM sSMBI), TO
(yHKIMH ¥ XapaKTepu3yIOTCHd ONpedelIeHHOH YETHOCTRIO Mo z, Oymy-
Yy YeTHBIMHM 1IPH HEYCTHEIX X M HEYETHBIMH — MpH 4eTHeIX. IIpm
3TOM HHTErpal 3aBedoMo OOpaiaeTcd B HyIb, €CIH M H N HUMEKIT
pa3nuyHyl0 4eTHOCTs. HenmpeMeHHOro paBeHCTBA # = m 3[eCh He
Tpebyerca. B acHMMETpPHYHBIX $SiMax IIepexomsl BO3MOXHEL JUId JIO-
6nix m 1 n. BMecre c TeM YHCIEHHBIE PAacyeThl ITOKa3BIBAIOT, YTO
HpU n # m HHTEIpas] 1I0YTH BCErJa 3HAYMUTENBHO MEHBILNE €IHHUIIBL
ITosToMy B OONBIIMHCTBE CNy4aeB MOXHO IPHOIW3UTENEHO CYUTATE,
YTO NPaBWiIO OTOOpa WIA MEX30HHBIX IIEPEXONOB 7 = m CIpaBelIH-
BO 114 JIIOOBIX SM.

O6cyauM B CHEKTpa IOMTOLICHNA B YCIOBHSX NaHHOIO NpaBHiia
orbopa. Ilpexne Bcero OTMeTHM, YTO MHHHMANbHAd 3HEpPrus Mo-
momaeMoro ¢oToHa pasHa E, + Ef +E[', T. e. 3Heprus Kpas [MOmIo-
meHnd 6onplie, YeM B ONHOPONHOM IONYIPOBOHMKE, M PACTET C
YMEHBLICHHEM nmpm{u KBaHTOBOM AMpl. B wuHTEpBane 3HEpIHiH
dorona E, +Ef +E < ho < E, + E5 + Ef KoahGuIuenT morio-
LIeHUs nocrosmeﬂ a mpu h(o =E; + E2 +E} craukoM yBemu-
yysaercd. B nenoMm a(w) mMeer CTyHeH‘{aTbIPI BUI CO CKaykKamu fIpH
ho = E,+E, +E!. Dro ects orpaxenue u3BeCTHOrO yIBepXHEHHS
TEOpUY IONYNPOBOAHHKOB O TOM, 4TO IIpY MPAMBIX PpaspelleH-
HBIX OITHYECKHX IIepeXOfaX CIEKTP IIOMIOLICHUS BOCIHPOH3BOIUT
(YHKIHIO IUIOTHOCTH coctosHui. Ecnu mpasmwio otGopa n = m He
BBIUTOJHAETCH, TO BO3HHKAET JIOIONHHTENLHOE npobleHue o(®)
Ha 6ollee MeENKHE CTYNEHBKM, OTBevawlnue Hm = Eg+ E: +E,’,‘, C
nm.

CuenaHHsIi BHIBOA O BUJE CIIEKTPa MOINIOMIEHHMS TOIY4eH B WA~
3APOBAHHOMN MOZIENH HEB3aHMOIEHCTBYIOIIMX HOCHTENIEH. DKCHTOHHEIE
ateKThl MOTYT 3aMETHO MCKa3uTh o(®). Bo-nepsrix, BONu3u Kaxnoi
CTYNIEHBKH MOSBIAETCSA CEPHs SKCHTOHHEIX IHKOB. BO-BTOPHIX, KyNO-
HOBCKMIt TTOTEHIIHAT 37eKTPOHHO-IBPOYHOIO B3aHMOJEHCTBHSI HE TOMb-
KO €O03[aeT AHCKPETHEIC CBA3aHHBIC COCTOSHMA, HO H HCKaxXaeT IUIOT-
HOCTh COCTOSHHH B HEMPEPHIBHOM CIIEKTpE Ha PacCTOSHUU ~gj OT
Kkpas. Ilosromy c(w) ormHM4aercd OT NpAMOYrOJIBHBIX CTyIIeHEK KaK
cleBa, TaK K CIPaBa OT HHX.
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Crporoe Teoperudeckoe paccMorpenue [30] naer ciemyrouryio dop-
MyJTy Wi CHeKTpa ITOIMOLIeHUs BONH3M Kpasd C Y4eTOM 9KCHTOHHBIX
athdexTOoB:

(4.4)

e 4 1Yo SR@/A)
a(w)—aoz (A+(l-_1/2)2j+®(A) ch(n/w/X) ’

—3d
= -1/2)°
e A = (hw — E,— Ef — E}') /eq, a ©(x) — enunyranas dyHKiys, onm-
caHHas B pasgene 3.1. IlepBrrit wieH B (4.4) ONUCHIBAaET CHCTEMY IKCH-
TOHHBIX IIUKOB, a8 BTOPOH — HCKaXeHHe Kpad HEeNpepsIBHOIO MOInome-
Hud. dakTop exp(n/jz ) /ch(n/«/z ) cTpeMHMTCS K IByM Ipp A — O B K
eIUHHIE TTpH A — 00, DTO 03HAYAeT, YTO Ha Kpalo MOMIOMIEHHS O ABY-
KpaTHO BO3PacTaeT 10 CPABHEHHUIO C MIEAIBPHOM CTyeHbKOH (pHc. 4.1).

a(w) A p

S

)

Puc. 4.1. CriexTp MeX30HHOIO HOMNIOEHHS ABYMEPHOM CHCTEMEBI ¢ YI€TOM 3K-
cutoHHbIX 5extos (A = (hw — E, —Ey - E})/e).

B pasgene 3.4 yxe ynoMHHATIOCs O HAIMYHH JBYX THIIOB 5KCHTOHOB
(c erxoii u TAXENOH IHIPKOIi) BO BCeX BaXHEHIIHX TOTYNPOBONHHIKAX,
HCIIONIB3YEMBIX JUI H3rOTOBJICHAS KBAHTOBBIX CTPYKTYP. DTO IPHBEAET K
HOMONHATENFHOMY [BYKPAaTHOMY PacCIIEIVIEHHI0 SKCHTOHHEIX ITMKOB,
MIOKa3aHHBIX Ha puc. 4.1, H aHATIOTMYHEIX THKOB BOIN3K KpaeB BhiLIele-
XaIlux 30H.

4.2. MexypoBHeBbie NEPEXOAbI

Cger ¢ yacTOTaMH, MEHBITUMHY Kpad MEX30HHOTO HOIIOWEHHUS, pac-
CMOTPEHHOTrO B IIpeAblIyIeM naparpage, MOXeT BhI3bIBATE JIHIIb Mepe-
XO[Ibl BHYTPH 3HEpreTHYeCKUX 30H. Takoe BHYTPH30HHOE MONIONICHHE
B OTJIMYHE OT MEX30HHOIO CyMIECTBEHHO Pa3fIMYHO JULI CBETAa PAa3HOMH
nonspusanuu. Ecnu ceer nagaer mo HOPMaIu K AIByMEPHOMY CIIOIO, TO
AMEKTPUYECKOE IIONle CBETOBOI BOINHEI JIEXHT B IUIOCKOCTH CNIO4, IAe
BNIEKTPOHEI BeOyT cebs Kak cBobonmele. [103TOMy CBeT ¢ TakOM MmOs-
pH3aleil HCIBITEIBAET JIMIIE OORYHOE MOIIOMEHAE Ha CBOGOAHEIX HO-
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CHTEJIX, CYILECTBYIOIIEE JIMIIb B MEPY MX PacCesHHd, HMeolee He-
GOJBLIYI0 BEIMYHHY H MOHOTOHHYIO 3aBHCHMOCTB OT YaCTOTHI CBETA.

3HayuTensHo 6ollee HHTEPECHO MTOBEAEHHE CBETA, [OIAPH3OBAHHOIO
HepIeHUKYIAPHO INTOCKOCTH cJT0s. TaKoil CBeT MOXET BbI3BIBATE Pe30-
HAHCHOE [IOIVIOIEHHE MeX/Iy YPOBHAMH pa3MepHOro KBaHtosanus. Ha-
JW4He WIA OTCYTCTBHE MONTOIIeHKHd (NpaBuia 0TGOpa) M €ro OTHOCH-
TeNbHad MHTEHCHBHOCTH ONPEAENIIOTCS MEeXYPOBHEBBIM MAaTPHUYHBIM
SIIEMEHTOM HMITYIIbCa

Py = =it () 22 il (Z) (4.5)

T cUMMeTpUYHBIX KBAHTOBBIX SIM IIpaBUIa 0TOOpa MPOTHBOIIONOX-
HEIL TEM, YTO HMEIOT MECTO I MEX30HHEIX IIEPEXONO0B (CM. IPEIBLIYLIHH
pasfien): MEXypOBHEBEIE epeX Ofibl BOIMOXKHEI JIUIIL MEXKY COCTOSHUA-
MH IIPOTHBOINONOXHON YETHOCTH, HHBIME CTIOBAMH, 3TEKTPOHEL C [IEPBO-
IO YpOBHSI MOTYT HEPEXOAUTE THIIb Ha BTOPOIi, 4eTBEPTHIM U IIp., HO He Ha
TpeTril uau naTeid. Ecom Xe siMa He o0JagaeT CBOICTBOM YETHOCTH, KaK
Hanpumep B MIITI-cTpykType wiH OfHHOYHOM reTeponepexofe, To Oll-
THYECKHE IepeXoabl MOTYT IPOMCXOMUTE MEXAY JIOOHIMH YPOBHIMH.

W3 cka3aHHOTO cllefiyeT, YTO CIECKTP BHYTPH3OHHOIO IMOIVIOIIEHHA
Z-TIOJIAPU30BAHHOTO CBETA NPEACTABIIAET COOO0M Pl y3KHX PE30HaHCHBIX
nonoc. Ecnu B XBaHTOBOH sMe nMeeTcs N ypoBHel M 3alIONHEH TONBKO
HUXHHH M3 HUX, TO Takux monoc Oymer N— 1 B HECUMMETPUYHOH H
[N/2] B cuMMeTpUYHOI iMe (BEIPaXCHHE [...] 03HAYaeT [ENYI0 YaCTh YHC-
na). B MIII-cTpykTypax HabGI0Aal0T TaKOe NOITONIeHHe B yOeXaatoTcsa
B €70 pe30HAHCHOM XapaKTepe Y4llie BCEro He IyTeM H3MEHEHHI YaCTOTH
CBETa M, 2 TyTeM N3MEHCHHUS HANpsSKEHIT Ha 3aTBOPE MPH HPHKCHPOBAH-
HOi#t ® {34]. IIpu 3TOM MeHAIOTCS SHEPreTHYECKHE 3a30Phl MEXIY YPOB-
HAMH, OfpeeseMble BENIMINHOI 3JIEK TPRYECKOrO [TOJIA 3aTBOPA, B B Ka-
KOI-TO MOMEHT IJIS NaHHOK ® peanusyeTcs YCJIOBHE Pe30HAHCA.

CaenanHblil BBILLIE BBIBOJ O TOM, YTO OIIMCAHHOE PE30HAHCHOE MOTTIO-
LIeHHEe BO3MOXHO TONBKO I CBET4, ITOJSIPU30BAHHOIO 110 HOPMAJH K
KBaHTOBBIM CIIOSM, CIIPABEVIHB 711 H30TPOITHOTO 3aKOHa AUCIIEPCHE HO-
cureneil (Hanipumep, B n-GaAs) WK Xe JUrsi ONpeAesICHHON CHMMeTpUY -
HOH OpHeHTanuy cloes (HarpuMmep, B MIII-cTpykTypax Ha mOBepXHO-
cru (100) xpemuus). Ilpy HANUYHH aHA3OTPOIHE MEXYPOBHEBBIE ITepe-
XOOB MOIYT BEI3BIBATHCH K CBETOM C IOJPH3ALMEH, MapaUlelbHOM
CIIOSM. DTO OTHOCHTCS, B YaCTHOCTH, K JHIPKaM B BAJIEHTHO 30He Hanb60-
Jiee MOMyNSIPHEIX monynporoduukos Si, Ge, GaAs, InP u np. [34].

4.3. OnTHyeckas HOHH3ANMUA KBAHTOBBIX AM

O6patuMcs K paCCMOTPEHHIO BHYTPH3OHHBIX ONTHYECKHX CBOMCTB
KBaHTOBBIX IM KOHEYHOH ITyOHHEI, I7le HapsAXy C AUCKPETHHIMH YPOBHSI-
Mu E, cyliecTByeT KOHTUHYYM A€/IOKIH30BaHHBIX COCTOSHHMIA C 3HEPIrH-
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i 1l o

Prc. 4.2. DHeprerayeckuil npo¢Is KBAHTOBOH SIMBL

SMHU BbIle Kpad aMel. [IpH aTOM CBeT, MONspH30BaHHKIN epHeHIUKY/LIP-
HO CIIOSIM ¥ BhI3BIBasonmil 1pH fiw = E, — E,, mepexopst MeXay KBaHTO-
BO-pa3MEPHBIMH YPOBHSIMH, MOXET IIpH GOJIbIIMX YACTOTaX, Ao > AE —
— E, (AE — m1y6GHHa SMBI), BBI3BIBATD MI€PEXOH C OCHOBHOTO YPOBHS B
KOHTHHYYM, T. €. IPOU3BOAUTH (POTOHOHM3ALMIO KBAHTOBEIX SIM.

JLj1s BBIMHCTEHMS MATPHYHOTO SJIEMEHTA, OIIPEAeIBIOLIETo BEPOITHOCTh
TAKHX NEePeXOHoB, HaM MoTpeSyercs 3HaHKE BOIHOBHX (yHKUMIl KOHTH-
HyyMa .. JI1 IpAMOYTONBHOM MBI, H300paXeHHOi Ha puc. 4.2, pacyer
/. BECEMa IIPOCT U HMeeTcs B JIIOOOM 3aiadHiKe 110 KBAHTOBOH MeXaHu-
Ke. BomHOBas (hyHKIMA 2/IEKTPOHA C 3HEprueil € MoXer ObITh 3aImHcana B
BHJIIE

vy, = exp(ikx) + A exp(—ikx) B obnacru I,
vy, = Bexp(iKx) + C exp(—iKx) B obnact I1, 4.6)
v, = Dexp(ikx) B obmacru 1,

rae k* = 2me/h?, K? = 2m(AE + )/, Kosbdunmentst A, B, C, D

OTIPEACSIAIOTCS M3 YCIOBHH CIIMBKH Ha rpaHunax sMel. HampuMep, mis

Koatppummenta B, ompenensdomero amIwIMTYXy BOTHOBOH (yHKIUH
HENOCPEACTBEHHO HaJ MO, uMeeM [35]:
B 2(K/k +1)

(K/k+1)? —(K/k-1)? exp(2iKa)

4n

Bugno, 4To A1 MeUIeHHBIX 3%eKTpoHoB ¢ € K AE B ~ k, T. €. O4eHb
Mand. AHANTOrHYHON MaTOCTEIO 06nanaT koaddunuerts Cu D. Takue
3IIEKTPOHHI Ma/I0 MPOHHUKAIOT B HEMOCPENCTBEHHYI0 OKPECTHOCTh KBaH-
TOBO# SIMEL, @ IIOYTH [TONHOCTHIO OTPaxaloTcd OT Hee. MickiioyeHue co-
CTAaBJIMIOT TAK Ha3bIBaeMble PE30HAHCHBIE SIMBI, JUIS KOTOPHIX

2mAE

=1,2,3,... 48
s 4.8)

Ing stux sMm B = C = 1/2, D = 1, 1. e. aneKTPOHb CBOGONHO IPOXORAT
HaJl IMOid, He oTpaxaics. CoorHomenue (4.8) ecTp yCIIOBHE TOTO, YTO
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a(o) 1\

0

Prc. 4.3. CxeMaTuyeckuil BU CIIEKTPOB (POTOMOHHU3AIMA Hepe3oHAHCHO (1)

U pe30HaHCHOMH (2) KBAHTOBBIX AM. LIImpuxoeuie kpugbie — TPOCTast MOJIEIIb;

CIIOWIHBE — C YYETOM aenonsapHzatmonHsx dtgextoB (cM. pasnen (4.4)).
®, = (AE — E))/h — noporoBas 4acTora ¢OTOHOHH3ALHH.

KBaHTOBad sMa fpefcTasiseT coboii kak 6s1 pesonarop ®abpu—Ilepo
IUIsL 3eKTPOHHBIX BONMH A¢ bpoind.

U3 ckaszaHHOTrO CilieyeT, YTO CIIeKTPhl ONTHISCKOH HOHM3ALNH Pe30-
HAHCHBIX H HEPE30HAHCHMIX KBAHTOBBIX SIM JOJDKHBI CYIIECTBEHHO pas-
yoadaTecsl. JIeHCTBHTeNIbHO, NpH 4YaCTOTaX CBeTa, OMM3KMX K IIOpOry
wonusaiui Awg = AE — E|, 31eKTpOHBI BEIOPACHBAIOTCS B COCTOSHMA C
MaJIBIMH 3HeprusaMy € = Ao — AE + E|. B 0KpecTHOCTH Hepe30HaHCHOMH
aMbl (B obnactu IT1) BonHOBad (PYHKUMSA TaKHMX BIEKTPOHOB HMEET Ma-
JIYI0 aMmIUTUTYHy, B TO BpeMs Kak BOJHOBas (hyHKUHS [IEPBOIO YPOBHA
y1(z) NTOKaTH30BaHA MMEHHO B 3TOM o6nactH. [1osToMy mobble MaTpuy-
Hble 9NIEMEHTH MeXIy Y, ¥ Y OyayT Manel i Koa(HImeHT HOIIoNme-
Hu4 BO/IH3K nopora oGpamaercs B Hyib. Crporue pacyerst [36] mokaser-
BatoT, YT0 a(®) ~ (Aw ~ AE + E;)'2. Jlns pe3oHaHCHBIX M, HAPOTHB,
MaTpUYHEIN 3TIEMEHT B IIPHIIOPOrOBOii 06NacTH He Man H K03 pUIHMeHT
[IOMIOMICHUA HE TONHKO HE 3aHYJAETCHd, HO HEOTPAHWYEHHO BO3pacTaeT
B6mm3u nopora: a(®) ~ (Ao — AE + E;)"'2. [Ipu Gonpmmx yactorax
CBeTa (0 IEKTPOHH! BHIOPACHIBAIOTCS B BBHICOKOJIEXAIIME COCTOSHMA,
[pakTHIeCKH HE BO3MYILEHHbIE [TOTEHIIMATOM aMbl. CBOHCTBA 3JIEKTPO-
HOB B 3THX COCTOSHUAX OJH3KHU K CBOACTBAaM CBOOOMHBIX BIIEKTPOHOB U
KO3(hUIMEHT OIMIOIEHNd CTPEMHTCS K HYmO. XapaKTepHbBIi BuR
CIIEKTPOB ONTHYECKOH HOHHM3AIMH KBAHTOBBIX M ITOKa3aH Ha puC. 4.3.

4.4. DipipeKTs! AENONIAPHIATUH
Bemoner npenpimymux pasgenos 4.2 1 4.3 0 Xapakrepe COEKTPOB
BHYTPH30HHOTO TOIIOIIEHUS B KBaHTOBO-Pa3MEPHBIX CHCTEMax IOJIy-
geHn! Oe3 yyera Tak HasnBaeMbIX 3(dexroB menonspusamuu. Cyrp
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aTHX 3Q(EeKTOR 3aKII0YaeTCH B TOM, YTO JUIA CBEeTa, MONAPH30BaHHO-
r0 N0 HOPMATH X CJIOSM, BBICOKOYacCTOTHOE 3JIEKTPHYECKOE IIONe
OOJIXHO YHOBIETBOPATH YCIOBHIO HENPEepPHIBHOCTH 3NEKTPHYECKOMH
pHayKnmn. [lostomy mone, peanbHO AeiicTByiollee Ha BJIEKTPOHEL,
OTIIMYAETCA OT MOs4 NANawIneidl CBEeTOBOM BOJIHBI HA MHOXMTEND,
PaBHBIH MAIEKTPUYECKOH IMPOHHUIIAEMOCTH KBAHTOBO-Pa3MEpHOil CH-
creMnl K. BOIM3M 4acTOT, OTBEYAIOMMX CWIBHOMY (HAIpUMeEp, MEX-
YPOBHEBOMY) MOIVIOIIEHMIO, K PE3KO 3aBHCHT OT YaCTOTHI CBETa. DTO
0OCTOSTENILCTBO MOXET IIPUBECTH € 3aMETHOMY HCKaXEHHIO CIIEKT-
POB HOIIOIIEHUT O.(®).

JI1s1 KONMYEeCTBEHHOro OfMCaHuA 3(eKTOB NerNONApH3aLHR HEOO-
XOIMMO IIpeXIe BCEr0 MMETh IpaBHIIbHOE BEIpaXeHme jid GyHKIHMH
K,,(®), OMUCHIBAIOIIEH YaCTOTHYIO AUCIIEPCHIO QUATEKTPHYECKOH MMpo-
HHI@eMOCTH CHCTEMBI I HOPMAJbHO IMONSPU30BAaHHOIO CBETa. DTO
BHIpaxeHHe OyaeT pa3nuyHoO LI YaCTOT, OTBEYAIOUIUX MEXYPOBHEBEIM
nepexonaM (CM. pasfien 4.2), H 9acTOT, IPeBOCXOAALIMX OPOr OITHYe-
CKOM HMOHM3allMM KBaHTOBHIX sM (cM. pasnen 4.3). O6cyauM BHavane
MEPBBI CTyJai, OrpaHAYHBAiCh IS HASAHOCTH IPOCTOH MOIENBIO
IIEPHONUIECKOM CHCTEMBI, COIEPXAIlEel AMbl ILUPUHOHU @ ¢ KOHIIEHTpa-
Heil AByMEPHHIX HOcHTelel ng u 6aprepsl HPHHOH b, He colepXa-
mue Hocureneit [1].

Jl1st cBeTa ¢ Z-HONApU3alHeil U 4acToToi, GIIH3KOil K 4acToTe MeX-
YPOBHEBOIO pe30HaHca Wi, = (E, — E;)/h, KBaHTOBad sIMa MOXET pac-
CMaTpHBAaThCH KaK JBYXypOBHEBasd 3/ICKTPOHHAA CHACTEMa. JIMaleKTpH-
YyecKasd [IPOHMIAEMOCT: TAKOH CHCTEMHI, cOepXaliad Kak pelerod-
HYIO, TaK H 3JIEKTPOHHYI0 KOMIIOHEHTY, MOXeET OBITh 3allACaHa B CIIeRy-
oweM Bue [4]:

2
4nnge

4.9)

I 0 -0? -2io/t’
rie Kq — AU9NIEKTpUIecKas IPOHHIAEMOCTb PEIETKH M 3allOTHEHHEIX
9JIEKTPOHHEIX 000/I0YeK, 2 T — Bpems penakcauum Hocureneir. O6-
nacTs Gapbepa He COfepXHUT CBOOONHBIX HOCHTENEH M UMEeT IIPOHHIA-
E€MOCTh Ky = Ky,

Iomyunm BelpaXenue It 3¢hEKTHBHOM MPOHUIIAEMOCTH TAKOM
couctoi cucreMsl, Ilycts F| u F, — HanpsaXeHHOCTH 3JEKTPHIECKO-
IO IOJI CBETOBOM BONIHBL B MaTepranax sMsl U 6apsepa. g z-nonsapu-
30BAaHHOTO CBETa OHY CBA32HBI YCJIOBHEM HEINPEPEIBHOCTH 3/IEKTpHYE-
CKOil MHEYKIMH: K,F; = kF,. IlosToMy atdexTuBHAL AUBIEKTpUYE-
CKasd MPOHHIAEMOCTH, CBA3BIBAIOLIAY CPEAHHME 3HAYCHUS HHAYKUIHH M
110JI4, paBHA:

_aD+bD,  Dy(a+b) _KK,(a+b)
" aF+bF, aD,[x,+bD,[x, ax,+bx,

(4.10)
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Ioncraenss B (4.10) yka3auHble BhIlLIE 3HAYEHHT K| B K, MOMyJaeM:

0l ~-o? -2io/t

K, (©) =K, 4.11)

0} +0? -0 -2ie/t’

rae 02 = 4nnge’b/[m(a +b)].

BupHO, 9TO MHMMAd YaCTh K,,, OMIMCHIBAIOMAA KOa(PPHIEEHT TOTTIO0-
IUEHHs, EMEeT PEe30HaHCHI MuK npu o = (0f +02)2. Bro o3nava-
€T, 9To 3a cyeT 3(p(PeKTOB JENOIPH3AMHU YACTOTa PE30HAHCHOIO MeX-
YPOBHEBOTO MOINIOMIEHHS CABHUTaeTCs Ha BEJIMUUHY, OfpelensieMylo ag-
(heKTUBHOH IU1a3MEHHOH YaCTOTOH M,

CxonueM 06pa3oM MOXeT ObITh paCCMOTPEHO BIHSHHE JETONIpH3a-
MHOHHEBIX 3¢)peKTOB H Ha CHEKTP ONTHIECKOH HOHH3ALNK KBAHTOBBIX
sM [37, 38]. B oTnu4He OT MeXypOBHEBEIX IIEPEXOMOB, IIe 3TH addex-
THI CABHTAIOT JIHHUIO [TOIVIOIIEHHS, 3I€Ch MOOXEHNE NOpora HOHMU3a-
UMH OCTaeTcsd HEeH3MEHHBIM, XOTd ¢opMa CHEeKTpa M H3MEHIeTcd.
OcHOBHOI1 pe3ynbTar, KaK U 11 MEXYPOBHEBBIX IepPeXOiOB, CBOLXUTCS
K pe3KOMY NOIaB/ICHHIO MOIIOMEHNS TaM, IJie B OTCYTCTBHE JeNOAIPH-
3aluM OHO GBUTO OB OYeHb BenuKo. [Ipu 3TOM W1 Hepe3OHAHCHEBIX SIM
CIeKTp MOINIOUIEHHS CYLIECTBEHHO He M3MEHHTCH, a i1 Pe30HaHC-
HBEIX PacXOAUMOCTh Ko3(pdunueHTa MONIOIIEHHT Ha IOpOre HOHH3a-
UM CMEHHTCA OOpaleHHeM B Hylb. B pe3ynbraTe KBaHTOBBIE SIMEI C
napaMerpamu, 61TH3KMMH K pe30HaHCHBIM, 6YIYT HMETh CIIEKTP MOITIO-
IIeHUs ¢ pe3KUM MaKCHMYMOM BONIH3H MOpOra HOHM3aunu# (CIUIOIHAL
Kpusag I na puc. 4.3).



I'nasa 5

KHHETHYECKHE 3®PEKTEHI B JBYMEPHBIX
CHCTEMAX

O6cynuM HEKOTOpBIE 4epTHl MPOBOIUMOCTH M JPYIHX KUHETHYE-
CKHX SBJIEHHH B CIIO€ JABYMEPHOIO 3JIEKTPOHHOrO rasa. IIockoneky B
TUIOCKOCTH CJIOS HOCHTENH BelyT ce0s Kak CBOOONHEIE, HX MTOBENEHHE B
3TOH IUVIOCKOCTH MOXHO OfIHCATh B paMKaX KJIaCCUYECKOTO KUHETHde-
CKOTO YpaBHEHHS aHAJIOTMYHO TOMY, KaK 3TO [elaeTcd sl O6BIYHOro
TPEXMEPHOTO JIEKTPOHHOrO rasa.! OT/IMYHE OT TPEXMEpHOIO Ciydas
MOXET BO3HMKHYTB, BO-IIEPBHIX, 32 CYET HHOM IUVIOTHOCTH COCTOSHUH B
HOBYMEPHOM cucTeMe (cM. passen 3.1) u, BO-BTOpHX, Grarofaps Halu-
YHIO B J[BYMEPHBIX CTPYKTYpaX HEKOTOPHIX CrenHPHIECKUX MEXaHU3-
MOB pacCesHHd, OTCYTCTBYIOIIHMX B TPEXMEPHOM 3JIeKTPOHHOM rase.
PaccMoTtpuM mocnenoBarensHO 062 3THX BOIPOCa.

5.1. Bpemsa penakcalliH W HOXBHIKHOCTH

Yro6sl IOHATH, KAK COOTHOCATCA MeXay cOO0i MOABHXHOCTH HOCH-
Telneil B JByMEPHOM H TPEXMEPHOM BIIEKTPOHHOM ra3e, COIOCTABHM
Mexay coboi mpoLeccs! paccesHus 1nd 000HX cnyyaer. B cBobomHOM
TPEXMEpHOM ra3e BOTHOBBIE (PYHKIHMH 3JIEKTPOHOB IIPEACTABIAIOT CO-
6011 Iiockue BonHEL B IByMEPHEBIX CHCTEMAX paccesHue CBA3aHO C H3-
MEHEHHEM HMIIYJIECA B IUIOCKOCTH CJIOH, Tde BOJMHOBLIE (DYHKUHMH —
TakXe IUIOCKME BONMHEL. [10aTOMy I719 ogHOro M TOro Xe IOTEHIHaNa
paccesHud V(r) MaTpu4HEIA a/ieMeHT paccesHusd M(q) (qQ — nepenas-
HBIA HMITYJIEC) B [BY- H TPEXMEPHOM Clydadx OyoeT OnHHAKOB.

BpeMma penakcanum T, onpelernsiouniee MOIBHXHOCTE HOCHTEJIEH,
cBs3aHO ¢ M(q) m3BecTHOM hopmyrnoit [39]:

L _2ny 2| P2 _(P-9)’ | P-q
—= M ) - . 5.1
T kY M@ 2m 2m p? o)

Pazniaue MeXTy ABY- B TPEXMEPHEIM CIIy4asiMH COCTOHT B TOM, 4TO
CyMMupoBaHue (T. €. HHTerpupoBanue) B (5.1) BeneTcs B epBOM CiIy-

1 Pckmouenye mpecTapiseT CiIydail CHIBHBIX MarHUTHBIX ToNeii, TpeGyioumii cre-
uu¢HIeCcKH KBAaHTOBOTO PAaCCMOTPEHHS, KOTOpoe GyaeT mpoBeieHo B CeRyIoleH Niase.

80



4de 10 IBYMEPHOMY, a BO BTOPOM IIO TPEXMEpPHOMY MPOCTPAHCTBY
BO3MOXHBEIX IEPEJaHHBIX HMMIyIsCOB (. B mepBoM ciydae

Z-) ZE%;;ququG, a BO BTOPOM Z—) JThZJ-qqu _‘-sin 0d0,rne
q q

6 — yroa Mexmy BeKTopaMH q U P, a V i1 § — cOOTBETCTBEHHO 00BEM
U miomans obpasia.

s BaXHEHIMX MeXaHU3MOB paccesHus M(Qq), KaKk Mpasuio, SBid-
ercs cTeneHHoll (yHKumell nepenanHoro mMiynabca: |M|2 = AgS [1].
Ipu srom BeMuciaeHusd no gopmyne (5.1) paoT AT AByMEpHOIO CIy-
vag 15! ~ mSApS/h3, a ans TpexmepHoro 131 ~ mVApS*1/h* (Mbl He
[HCATN TOYHBIE YHCICHHBIE MHOXHTENH, BO3HUKAIOIME [IPK BEYHCITE-
HMH COOTBETCTBYIOIMX HHTerpaioB). Ilockonbky 06beM ITIEHKH paBeH
[POU3BEJEHHUIO €e IUIOmAany Ha TOMMAY g, To V/S = a, u u3 cpasHe-
HUSA 9TUX POPMYI NMOIyqaeM:

1,/v3 =Y pa/h, (5:2)

TAe Y — YUCICHHBIH MHOXHUTEIb NOpAKa SOUHUIIEL.

Bxopgmuii B dopMyny (5.2) UMITYIEC HOCHTENS p MMEET HMOPSHOK
TETUIOBOTO UMITYJbCA [mKkT IJIS HEBLIPOXICHHOTO CIydas U HMITyIbca
Depmu A, /27tn D14 BHIPOXAEHHOTO. I103TOMYy YCITOBHS 3allOHEHUS
omuoit mon3ous (1.6) u (3.13) skeuBaneHTHH TpeGoBaHMIO, YTOOLI
npasad yacthk (5.2) Opu1a MeHbIIE equHMIEL. TaxuMm o6pazoM, npu oa-
HOM M TOM XK€ MEXaHH3Me pacCesHHs BpeMs pelakCal B JByMEpHOM
rase MEHBIIE, YeM B MAaCCHBHOM MONYNPOBOJHUKE, H YMEHBIIAETCA C
YMEHBIIEHUEM TOJIIHAHEL ABYMEPHOTO CJIOSL.

JpyruM OTHHYHEM T, OT Tj ABIETCA €I0 HHAd 3aBUCHMOCTH OT
SHEPIUM DJIEKTPOHA (T. €. UMNynbca p). barogaps 9ToMy B HEBBIPOX-
IEHHOM Cily4ae, Korga p~./T, BpeMs penakcaluy 14 JByMEpHOTo ra-
3a IpUOBpETAET JOIOHUTENbHBIA MEOXHTEND T2, H3MeHsommil TeM-
IepaTypHYIO 3aBHCHMOCTh IOABMXHOCTH [. B yacTHOCTH, nipH pacces-
HUHM H4 aKyCTHYECKMX (DOHOHAX BMECTO 3aBHUCHMOCTH [ ~ T2
XapakTepHO# JUI1 MACCHBHBIX IIOJNYNPOBOAHUKOB, B IBYMEPHOM CJIydae
umeeM U ~ T 1, a Ipu paccessHMM HA HOHAX pHMeECH BMecTo p ~ T 32
uMeeM L ~ T2, B BEIPOXIEHHOM CiIy4ae COOTHOIIEHHE (5.2) MPHUBOIUT
K MHOi, HEXEIN B TPEXMEPHOM C/Iydae, 3aBHCHMOCTH Ll OT HMIIY/IbCa
®epMmy, T. €. OT KOHUESHTPAIMY HOCHTENEH.

5.2. MexaHH3MbI paccessHUA

B mpensioymeM pasgerne Mbl o6y HEKOTOpsIe o6lpe cBoiicTBa
MOOBMXXHOCTH ABYMEPHBIX CHCTEM W CONOCTABWIIM 3HAYCHHS HBYMep-
HOM M TpPeXMEpHOH MOABMXHOCTEH IPH OXHOM M TOM Xe€ pacCeuBalo-

6A A Iluk nap 81



meM noreHuuage. OQHAKO B ABYMEPHBIX CHCTEMAaX CaMM MEXaHU3ME
paccesHHs MOTYT OT/JMYaThCsd OT MEXAHU3MOB JUIL MAcCHUBHBIX oOpas-
uoB. MBI PacCMOTpHM 4YeTHIpE MEeXaHW3Ma pPACcCedHHUs, HIPAIOLHUX
OCHOBHYIO POJIb B IBYMEPHBIX CHCTEMaXx: paccesHHe Ha MOHH30BAHHBIX
npuMecsax, OHOHHOE paccesHHe, CIUIABHOE pacCesHHe U paccesHHe
Ha CTeHKax KBaHTOBOI AMsl. Ilocnennee n3 HUX crieuupUYHO TOJIBKO
IJIS ABYMEPHBIX CHCTEM, a TPH APYIHX XapaKTepHBI M JUII MAacCHBHBIX
o0pasuos, HO B JByMEPHOM C.JIy4ae HMEIOT CBOIO CHEUU(UKY U IIOTOMY
TaKXe HyXZalTCA B OTAEIBHOM PaCCMOTPEHHH.

Paccesrrie Ha moHH30BaHHBIX mpuMecax. OCHOBHOE OTIMYHE OT
TPEXMEPHOIO CJIydas 34eCh COCTOMT B TOM, YTO PACCCUBAIOIIME LICHTPHI
3a4aCTyI0 pacloNaraloTcs He B IUIOCKOCTH ABYMEPHOTO Iasa, a Ha HEKO-
TOpOM paccTossHnu oT Hee. B MIIII-cTpyKTypax — 3TO MOHEI TaK HAa3Hl-
BAEMOTO BCTPOEHHOIO 3aps/d, HEM3MEHHO CYIIECTBYIOLIETO B OKCHIE
[2], a B rerepocTpyKTypax ¢ MOXYIHPOBAHHEIM JIETHPOBAHMEM (CM. pa3-
men 5.3) — HOHHI JIETHPYIOIIEH NPUMECH, HAMEPEHHO YAAJIEHHBIE OT
IIEKTPOHHOIO ra3a. J1oaToMy HMORBMXHOCTE 31ech OymeT OonpenesnsTbes
HE TONIBKO KOHIEHTpALMEH IpUMECH, HO M IIPOCTPAHCTBEHHEIM PacIIo-
JIOXKEHUEM HOHOB.

PaccMoTpiM MaTpHYHBIA 3/IEMEHT paccesHUS C M3MEHEHHEM HM-
IyJbkCa g B NEPBOM IOA30HE IBYMEPHOH CHCTEMBI, BHI3BAHHOIO KyIIO-
HOBCKUM LIEHTpPOM, pacnoyioxeHHsM B Touke (0, 0, z;):

e? expli(g.x/h + g,y /)]
M(q)=_—.”J‘ 742 y2/1/2

kS [x* +y° +(z-7)°]

_ 2me? | Io(gp/h)pdp
xS [pz +(Z—Z,~)2]U2

2mhe?
= [exp(-lz-z|a/Myi (2 dz, (53)
KgS
rae Iy(x) — ynxiua Beccens Hynesoro nopsiaka. B xone BrMUCIeHUIR
MBI HCIIOJIB30BATH criegyiomme opmyns [40]:

2 ©
. 1,(bx)
exp(iacos@)dp =2nl,(a), |———=——==xdx=>b"1exp(-lcld).
5" ° (')[Vx2 +c?

y?(z)dxdydz =

vi(z)dz =

Brpaxenue (5.3) MoxeT GbITh yripoweno. O4eBUIHO, YTO H3MeEHE-
HHE UMIIY/IsCA MPU YIPYIOM pacCessHHH g HE MOXET NPEBOCXOIUTD YA-
BOEHHBII MMITYJIEC B€KTpoHa 2p.2 Kak yke 0TMeYatoch BHILIE, B yCIIO-
BUSIX 3aIlOJIHEHMS OAHOM mom3oHel pa/f < 1. TlosToMy B HHTepBaie
3HadeHMd 0 < z < a, B KOTOpOM VY (Z) UMeeT 3aMETHYIO BEIHYHHY,

2 C ¢hopManbHOi TOYKH 3PEHMS 5TO CIEAYET M3 32KOHA COXPaHeHHMd SHEPIHH, CTO-
suero B (5.1) B aprymenre §-yHKUMH.
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exp(—|z—z;|q/h) Mensercs cnaGo u mMoxer GHITh BEHIHECEHA M3-TIOJ
uHTerpana B (5.3). B pesynbTare nomydaem:

h 2
M(g) = ———exp(-z|q/h). (54)
xgS

Honcraemas (5.4) B (5.1) n unrerpupys no yoiy 0, morydaem

_1_ dnme” ———N, J.exp(—4|z

T (5.5)

dx
|P‘x/h) _\/ﬁy

rae N; — NoBepXHOCTHasd KOHIEHTpauus pacceusaresnei. Ilogasnenune
9TOrO MHOXMTENL UMeeT CIeHyIoNIylo Npu4ynHy. MaTpuuneii sieMeHT
M(q) onmncriBaer paccesHve Ha ONMHOYHOHN mpumecH. Ilpn srrucie-
HUM 1-! BEpOATHOCTb TAKOrO paccesHus HeOOXOAMMO YMHOXHTh Ha
[IOIHOE YUCIIO pacceHBaTellell, KOTopoe B KoMOuHauu ¢ ¢akTopom
S-1, conepxammumcs B (5.4), naer N;.

Crosmuii B (5.5) MHTETpa NpH MAIBIX Z; PaBeH 7t/2, a npH GonbImuX
z; crpemurcs K (4{z;|p)"!. B nenom dopmyna (5.5) orpaxaer ocHOB-
HEIE 3aKOHOMEPHOCTH NPUMECHOTO PACCESHUA B AByMEPHHIX CHCTEMAaX:
BpeMd periakcauud (T. €. MOABHXHOCTb) PacTeT € pPOCTOM KHHETHYE-
CKOii JHEPIrHM JBYMEPHBIX 3JIEKTPOHOB p2/2m M C yBeNU4YEeHUEM pac-
CTOSIHHSA MeXIY ABYMEpHBIM I'a30M U pacceHBaIOIIMMH LIEHTPaMH.

Paccesnne na oHonax. Ilpu paccMorpeHun paccesHus IByMep-
HEIX 3JIeKTPOHOB Ha (POHOHAX vallie BCEro MOJAraioT, YT0 (POHOHHBIN
CIIEKTP CHCTEMBI OCTAETCA TAKHUM Xe, KaK U B MACCUBHOM IIOJIYyIIPOBOA-
HHMKe. DTO MO3BONMAET NPUMEHSTH BHIPAXEHWA, [IONy4YeHHBIE B pa3aene
5.1. Tlpu pacceanns Ha akycruyeckux oHoHax s = 0 ¥, KpoMme TorO, H
COIEPXHT AONONHUTENbHbI MEOXMTeND T ~!, oTpaxaomuii TeMnepa-
TYPHYIO 3aBUCHMOCTh 4Mcia (oHOHOB B oGpasue [39]. B pesynsrare
WIS IByMEpHOTO ra3’a He3aBHCHMO OT ero BhipoXaeHud p ~ T! u He
3aBUCHT OT ng.>

CmiaBHoe paccestine. OToT cBocoOpasHblil MEXaHM3M UMEET MECTO
TOJIBKO B [IOJIyNIPOBOJHUKOBBIX TBEPABIX pacTBopax. Eciu B34T MUKpO-
CKOMUYECKMi TOKATbHEI 00beM B TAKOM BEILIECTBE, TO 3a CYET CTATH-
CTUYECKOTO XapakKTepa Paclpeac/ieHus aTOMOB BEIeCTB, 00pa3yoImux
TBEpABL pacTBOp, OTHOIICHNE KOHIEHTPAIHii €ro KOMIIOHEHT, T. €. JI0-
KTbHBIN COCTAB PaCTBOPA B 3TOM MHKPOOOBEME, MOXET OT/IINYATECS OT
cpennero no obpasuy. IlockobKy MpHHA 3aNpeLICHHOI 30HbI E, onpe-
ZensieTcs COCTaBOM TBEPAOTO PACTBOPA, TO B 06pasile BOSHUKAIOT GUIyK-
Tyauu E, ¥, ClleoBaTeNbHO, CITy4aifHbIi NOTEHIHaN, MOXYIHPYIODIHii

3 Mocnenuee yraepxiuenne Hecnpaseumso st MITI-crpyxryp. B nux xonnent-
pauus ng onpenendeT He TONBKO UMIyIbe PepMmu, HO M 3ththek THBHYIO LINPHHY SMBI 4,
ExOnsIyIo B (5.2). 3a cder aT0T0 NosBIsercs cilabas 3aBuCHMOCTh L ~ngl/3,
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9HEepreTU4ecKue 30HbL. DTOT IOTEHUMAN U BH3HIBAECT AOMOIHUTENLHOE
paccesHNe HOCHTENEH.

B orianune OT KYIOHOBCKOTO HOTEHIMATIA 3apAXEHHBIX IIPUMECEH
ONMCAHHBIH BBIIE CIUIABHOH IIOTEHUHAT ABJIIETCS KOPOTKOLEHCTBYIO-
mmM. OH CyIlecTByeT TOJIBKO B HENOCPENCTBEHHOH ONM30CTH OT y3ia
PEIIETKY, Ifie BMECTO aTOMa OTHOIO BEIIECTBAa CTOMT aTOM APYroro.
DopManbHO 3TO O3HAYAET, YTO PACCEUBAIOIINHA NoTeHHan V(r) MOXeT
ObITh 3amicaH B BUge CyMMH &-(pyHKuMil. HHTEHCHBHOCTD pacCesHus C
H3MECHEHHEM HMITYJIbCcAa Ha BEAWYHHY ( IMPONOPHHOHAIbHA COOTBETCT-
Bylomeit pypee-KomnoneHTe V(r). TodeyHslil §-moTeHnMan Xxapakre-
PeH TeM, 4YTo ero KoMIoneHTs Vy = const(q) [41]. [losToMy crmaBHOe
paccesHue ¢ JTI00BIM paBHoneposm{o T. ¢.|M| = const(q) wm s = 0.
AmnarnoriyHoe ycjioBHE UMENO MECTO JUIL paccesHHs Ha aKyCTHYECKHX
¢oHOHAX (CM. BHIIE), H IIOTOMY, KaK M TaM, MOABUXHOCTh HE 3aBHCHT
OT ng B IVIEHKAaX ¥ KBAHTOBHIX AIMax M MafaeT IPONOPHUOHATEHO ng /3
B MHBepCcHOHHBIX KaHanax MJII- u rerepoctpykryp [42].

CrmaBHoe paccesnue Haubollee 3aMETHO B TeTepOCTPYKTYpax, Ife
Y3KO30HHHI MaTepHan, B KOTOPOM COCPEIOTOYEHEl HOCHTEIH, SBJIIET-
cst TBepAbIM pactBopoM. OnHako HexoTopsie 3ekTsl MOTYT coxpa-
HATECS ¥ B CJTydae, KOINa Y3KO30HHE [OJYIPOBOIHUK — YHUCTOE BE-
IIECTBO, OKPYXEHHOE IIMPOKO30HHEIM TBEPIBIM PACTBOPOM (KaK B CH-
creMme GaAs—AlGaAs). Ecin nmyOrHAa KBaHTOBOI MBI HE CJIHIIIKOM Be-
JIMKA, TO BOJTHOBHIE (PYHKIIMHU n HMEIOT «XBOCTHI» B HIMPOKO30HHOM
Marepuane, KOTOphle M OOYCIOBIMBAIOT CYIIECTBOBAHHE CIUIABHOTO
pacceqHud B 9TOM cirydae [43].

Paccesnye Ha cTeHKax KBaHTOBOH aMbL JIaHHbIT MeXaHA3M pacced-
Hus 06yC/IOBIICH HEHIeATbHOCTHIO NOTEHIMATIHHBIX CTEHOK, OTPaHUYH-
BAIOIIMX JBHXEHHE HOCHUTENEH B KBAHTOBOI iMe. PoJIb TakMX CTEHOK B
TOHKHX IUICHKaX HrpaloT BHEIHHE [I0OBEPXHOCTH IUIEHKHW, B
MII-cTpyrTypax — rpaHMIa IOTYyNPOBOOHMK—IHIICKTPUK, 4 B Ie-
TEPOCTPYKTYpax — IPaHUIA y3KO30HHOIO M IIMPOKO3OHHOIO IOJy-
npoBogHUKOB. Ecny ykazaHHBIE IpaHULE! HE SBIAIOTCS HICAbHBIME
IUTOCKOCTSMM, a COAEPXAT IIEePOXOBATOCTH, TO OTPAXEHHE HOCHTENeH
OT HHX He gBJgeTcq aGCOMIOTHO 3epKabHBIM M IIPUBOJUT K YACTHIHOMH
[oTepe HaNparIeHHOTO UMITYJIbca HOCUTENEH, T. €. BBI3BIBACT perakca-
[HI0 UMITYJIBCA.

MarpuyHEIi 3IEMEHT paccMATPHBAEMOIO paccedHHS MOXer ObITh
nonyqed Ge3 tpyna. [lycts noTennuansHeli Gapbep Ha pacceuBaromeit
rpaHMIE UMeeT BHICOTY V), a caMa rpaHMIla, KOTopas B HACAILHOM CIIy-
Yae npeAcTapisuia 65l IWIOCKOCTh z = 0, IpH HANMYMH MEPOXOBATOCTEH
omuchiBaercda Gopmynol z = A(x, y). Hcrionesys noHATHE eUHAYIHOR
dynxuun O(x), BBegenHoe B pasgene 3.1, MoxeM 3anucars NOTEHOHAI
rpanuusl B Buge Vo®[-z+ A (%, ¥)]. Ero omiure oT noteHnuMana uue-
anpHOM rpaHmmbl AV = Vo O[-z + A (x, y)] - Vp ©(-z) npu Manmsx A



npubmusurensHo paBHo Vo A(x, ¥) 8(z), roe 8(z) — 6-¢ynknusa Jupa-
Ka. B pesynsTare HICKOMBI MATPUYHBIN 3JIEMEHT UMEET BUJ

1
M(g) =< [ [ [expli(qux + 4,1Vs A1) @lw1 (2} drdyde =
=4, Yo lv: O, (5.6)

e A, — dypbe-KomronenTa A(x, y).

Ecmu 6apsep Ha rereporpanune ouens Beuk (Vy—> o), To BoJHOBas
(yHKIHS HA rpaHMIie CTPEMHUTCS K HYJIIO U (5.6) CONepXHUT HeonpeaeieH-
HocTb THIIA 0 - 00. YTOOHI €€ pacKphITE, yUTeM, UTO B IoAOapbepHOIi oba-
cTH z > 0 BoytHOBag PyHKIMA W, MMEET SKCIIOHSHIINATbHBINA BUJL: W,(Z) =
= y,(0)exp[—(2mVy/ A?)'?z]. Toaromy y1(0) = —y,(0) 2mV,/A?)'2,
YTO NO3BOJIIET mepemnucars (5.6) B Bune

h? ,
M(g)= z—mlwl(O)l2 A, - (.7

BupHo, YTO MHTEHCHBHOCTh pAacCeAHMS Ha IpaHHIle ofpeAenseTcs
KaK aMIUIMTY/IOi MIEpOXOBATOCTEH C AaHHBIM IIEPHOIOM, TaK ¥ IPOHU3-
BOJHOMH BoJHOBOH (yHKiuy Ha rpanuile. [locnenuwit paxrop onpene-
ngeTcd MUPHHOM KBaHTOBOH AMbI a. Ilockoneky BoNHOBasA (yHKIMA
cocpefoToyeHa B o0IacTd ¢ pasMepaMi ~q ¥ HOPMHpOBAaHA Ha eJIHHU-
1y, TO aMIUTHTY/a | AMeeT nopstok a-V2, Tlpu stom |yi| ~ a3, 1. e.
HHTCHCHBHOCTb PAacCesHUs Ha IpaHHIE Pe3KO BO3PACTaeT C YMEHbINe-
HHEM NIMPHHBI KBAHTOBOH sIMBI, a B crydae MJITI-cTpykTypst — ¢ yBe-
IMYeHUEM HaNpsaXcHH Ha 3aTBOpeE.

PaccMOTpeHHBIH MeXaHH3M paccesHus oOBMHO He CYIIECTBEH B Ie-
TEPOCTPYKTYpax, IJi¢ IIpH BHIIOIHEHHUH YCJIOBHH, COPMYNTHPOBAHHBIX
B pasfiesie 2.5, KauecTBO IPaHUL, KaK [PaBIIO, BeCbMa BHICOKO. BMec-
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Puc. 5.1. 3aBECHMOCTb NIOABHXHOCTH HOCHTeNEH OT HX KOHLICHTPAIHH N

(T. €. OoT HanpaxeHns Ha 3arBope V, (cM. (1.9)) Wid HECKONLKAX PazTHIHBIX
MIII-ctpyxTyp [4]).
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TE ¢ TeM paccesHue Ha rpanune B MIII-cTpykTypax mocrarouno uH-
TEHCHBHO M UIpdeT HapsAly C paccesHHEM Ha 3apAXCHHBIX IEHTPax B
OKCHIE OIPEAETAIONIYI0 POIIb B IOJBUXHOCTH HOCHTENEH [\ B HHBEPCH-
OHHBIX XaHa/aX. CoBMeCTHOE JeHCTBHE DTHX ABYX MEXaHHU3MOB IIPUBO-
RMT K cBOeoGpa3’HOl 32BUCHMOCTH | OT HANpSXCHMA Ha 3aTBOpe V,
(T. €. OT KOHIICHTpAllMK HocHTeNeH B KaHaine ng). Ilpu paccesHud Ha
3aPsKCHHbIX LEHTPaX HOABIKHOCTH PACTET € POCTOM V, TaK KaK IpH
aToM pacteT 3Hepriua Pepmu, a cleHOBATENBHO U HUMITYIIBC P, YTO, CO-
racHo (3.5), yMeHblllaeT paccesHue. [Ipn paccesHHM Ha IIEPOXOBATO-
CTHX, KaK TOJIBKO YTO OTMEYaIOCh, IOABUXHOCTD C POCTOM V, AOIXKHA
najxats. B pesynbrare 3aBucuMocTs [ (V,) npeacrasiser co6ok KpUBYo
¢ MakcumMyMoM (pHc. 5.1), rme o6acTs HAYATBHOTO POCTA | OTBEYaeT
paccesHHUI0 Ha 3apsAax B OKcHAe, a oOmacTh Mocieqyolero cnaga —
PaccesHUI0 HA rpaHHIe NOMYIPOBOIHUK—IUINEKTPUK.

5.3. MoaynnpoBaHHOe JierHpoBaHHe

IIpoBencHARH B MPEABUIYIIEM pa3liene aHAMU3 MEXaHU3MOB pacces-
HUS TI03BOJISET NMOHATH, YTO HEOOXOAUMO CAENaTh Juid NMOMydeHI MaK-
CHMAaJIBHO BRICOKOH IIONBHXHOCTH B JBYMEDHOM 3JIEKTPOHHOM ra3e.
Ilpexne Bcero cnemyeT UMeTh BHICOKOE Ka4eCTBO CTEHOK IOTEHIMANIb-
HOIi AMBI, YTOOBI HCKIIIOYHTH PACCMOTPEHHOE B pazfesie 5.2 MOBEPXHO-
ctHoe paccesnue. Kak yxe rosopwiock B pasmene 2.3, u3 Bcex pac-
CMOTPEHHHIX THIIOB KBAHTOBO-Pa3MEPHEIX CHCTEM 3TO YCIIOBHE JIydIle
BCErO NOCTUraercd B reTepocTpykTypax. Ilpu sToM i noaasnenus
CIUIABHOTO PAcCEesHU MPEANOYTHTEIbHEI CTPYKTYPHI, B KOTOPBIX Y3KO-
30HHAd KOMIIOHEHTA MpEACTaBsieT coboll 4HcToe COeNUHEHHE, a HE
TBEPABLA PacTBOp (K TAKMM CTPYKTYpPaM, B YacTHOCTH, OTHOCHTCH H
GaAs-AlL,Ga;_,As). TlyreM noHmXeHus TeMIepaTyphl MOJABIACTCS
(hoHOHHOE paccesHHe, U OCTAETCA PEIIUTH 3a/1a9y CBEACHMS K MUHHMY-
MY paccesHHsI Ha 3apIXCHHBIX NIPUMECAX.

Cpasy oTMETUM, YTO 71 BBIPOXICHHOIO 3JIEKTPOHHOTO Fa3a TPHBH-
aNBHEIA, Ha MEPBBIA B3NN, BBIBOL O HEOOXOAMMOCTH CHHXEHHS VI
9TOMH 1e/N KOHIICHTPALNY JIETUPYIOIIX IIpuMeceii N, oKasblBaeTcs He-
BepeH. JleficTBuTtesnbHO, NoHUXeHNE N, IPUBOJMT, B CHITy HEHTPaIbHO-
ctu o6pasna, K NOHUXEHNI0 KOHUEHTPAIMH 3JICKTPOHOB. 3TO B CBOIO
odyepens yMeHblIaeT uMnynsc Pepmu u, cormacHo (5.5), npuBoguT K
TIOHMXCHUIO MTOABMXKXHOCTH, B TOYHOCTH KOMIICHCHDYIOMIEMY €€ POCT 32
CYeT yMEHbIIEHH KOHLUEHTPAIMH PACCEMBAMMX LEeHTPoB.* Ocraercs

4 TlonuepkneM, YTO peub WIET O KOHIEHTPAIHH HAMEPEHHO BBOXHMBIX JIETHPYIO-
mux npuMeceii. CymectTsylomme 8 o6pasue oHOBbIE NPUMECH YACTHYHO HOCAT KOM-
TieHCHpylommMi Xapaktep. KoHnenTpauuio TakHxX ImpAMeceid ciiefiyer BCIYECKH TIOHH-
Xarb, TaK KaK IpH 3TOM CHMXaerTcs YHCIIO pacceMBaTelNell M OfHOBPEMEHHO PacTyT
KOHLEHTPALHH HOCHTENeH, UMImynsc PepMH, a CIIeROBaTeNBHO, H ITOABUXHOCTS.
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Puc. 5.2. 3o8Has quarpamMMma reTepoCTPYKTYPHL ¢ MOIY/THPOBAHHLIM JIETHPOBA-

HUEM. B 1MpOKO30HHOM MarepHalle NOKAa3aHbl 3alONHEHHBIE U HOHM30BAH-

HblE TIpUMECHBbIE COCTOSHHS. 3alITpHxoBaHa obnacth, coepXamiad JByMep-
HBIH SJIEXTPOHHbIH TIa3.

OIMH IYyTh JI9 POCTA NOABHXHOCTH — YBEJIMYMBATH DACCTOAHME Z,
MEXIy HOCHTENAMH U IIPUMECAMMU.

Hng pemenus »toil 3anaun OpUIa NperoXeHa KOHIEIIIMSA MOXYIIH-
POBaHHOTO JiernpoBaHua rerepoctpykTyp [13]. CxeMa opunouHoi re-
TEPOCTPYKTYpbl C MOAYIHPOBaHHBIM JICTHPOBAaHMEM IIOKa3aHa Ha
puc. 5.2. OcHoBHag Hies 3aKJIIOYAETCA B TOM, YTO B IeTepoliepexole
JeTHpyeTca MUPOKO30HHKIA IIOMYNIPOBOXHUK, 4 Y3KO30HHBIH OCTaBIIA-
eTCs HeJlerHpoBaHHBIM. YTOOB! ypaBHSATH YPOBHH XHMHYECKOIO IIOTEH-
ana B 000MX HONYNIPOBOAHUKAX, HEKOTOPOE KOJIMYECTBO HOCHTENeH
IIEPEXORUT B Y3KO30HHHI MONYNPOBOAHUK, 00pasys BOIN3M rpaHHIbI
CIOi BJIEKTPOHHOTO (ILIPOYHOTO — IIPH p-JIETUPOBAHUM) ra3a. B pesyms-
TaTe MOHU30BAHHEIE IPUMECH U cBOOOIHEIE HOCUTENHN OKAa3BIBAIOTCA IO
pasHeie CTOpPOHH reteporpanuisl. [logo6Hoe mpocTpaHCTBEHHOE pas-
HeleHue W NPUBOANT K YBEJIHYEHHIO TIONBHXHOCTH.

Eme Gonsmiero so3pactaHus IOABHXHOCTH MOXHO JOCTHYb, BBOIA B
CTPYKTYpPY TaK Ha3BIBACMBIil CIIeiicep, T. €. OCTaBILIA HEJIETHPOBAHHBIM
TOHKMII C/TOH IIMPOKO30HHOIO MaTepuana TONIUHON d, HemocpencT-
BEHHO NPUMBIKAIOIIUIL K reTeporpanuue (puc. 5.2). DTHM JOCTUTAIOTCS
ewe Gonplee pazneneHHe HOCHTENEH 1 pacceMBaloMX HEHTPOB U Jab-
Helimee yBenndenue noasHKHocTy. IlyreM ysenuyenus d a0 3HaYCHHN
nopsuika 800 A B crpykrypax GaAs—AlGaAs 6bU10 MOMydeHO peKOpH-
HOe 3Ha4yenue IMOABMXHOCTH JJIEKTPOHOB, NIPH HU3KOH TeMIepatype
npesocxopamee 107 cm2/(B - ¢).

OmHako yBEIHM4YMBATH IIOABMXHOCTh HOCHTEINIEH ITyTEM YBeJHICHHUS
TONIMHE Clieficepa MOXHO JIMIIb KO OINpeAesicHHoro npeaena. Hemo B
TOM, YTO POCT d MPHBOJUT K YMEHbIICHHIO KOHLCHTPAIMH JBYMEPHBIX
HOCHTENIEH, YTO B CBOIO OYEPemb yMEHbIIAET MX sHepruio Depmu. A
IIOCKOJIbKY, COMIAacHO (3.5), YMEHBIICHHE SHEPTHH HOCHTENIEH NIOHHXa-
€T UX MOJBHXHOCTH, AaHHBIH 3(pheKT IPUBOAUT K HATHIUIO MAKCHMY-
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Ma Ha 3aBHCUMOCTAX H(d) U Jenaer HeuenecooOpa3HEIM HalsHeRInee
YBEIIMYEeHHE TOMMHEL CIIeiicepa.

C noMorpi0 MOAYITMPOBAHHOIO JIETHPOBAHNS MOXHO IOBHIIATE 110~
IBUXHOCTH JBYMEPHBIX HOCHTENEHl HE TOJNBKO B OXUHOYHBIX IeTepo-
CTPYKTypax, HO M B KBaHTOBbIX AMax. OHAKO IIPX STOM MONY4alOTCH
3HaYEeHHS ITOABUXHOCTH, CYIIECTBEHHO MEHBIINE YKa3aHHEIX BHINIE pe-
KopasbeIX BenuynH, IIpmynHa xpoeTcd B 0COGEHHOCTAX SNMUTAaKCHANb-
Horo pocra B cucteMe GaAs—AlGaAs. MHOToYHCIEHHEIE ONBITHI TIOKA-
3bIBAIOT, YTO Ka4ecTBO retepocTpykTypnl GaAs—-AlGaAs, nmomydeHHOR
IYTEM pOCTa TBEPHOTO pacTBOpa HA apCeHUIe TalIud (paMas rerepo-
CTPYKTYpa), 3HAYUTEIbHO BhILIE, YeM MpH 0OpaTHON mocIe0BaTensHo-
CTH pocTa (MHBepcHas [€TEepPOCTPYKTypa). PeKopsaHble 3HaueHMA IO-
IBUXHOCTH MOTYT OBITH HOJYYEHHl JIMING HA IPAMEIX T€TEPOCTPYKTY-
pax. IlockonsKy B KBaHTOBOH Me OfHA U3 reTepOrpaHUI HeM3OeXHO
HHBEPCHOHHAA, paccesHUe Ha Hell CHUXAET NOXBUXHOCTD 110 CPaBHE-
HMIO CO CIIyJaeM OIXMHOYHOU NpPAMOIl IeTepOCTPYKTYpHI.

5.4. MexypoBHeBoe paccesHue

_ Jlo cux mop Npy ONMCAHMH KMHETHYECKUX SIBICHMHA MBI CUMTAIH, 9TO
HOCHTeJIHM 3aIloNIHAIOT JIMIIb IIePBYIO IOA30HY pasMEpHOro KBAHTOBAHHS,
T. €. MOTYT pacCMarpHBaThCA KaK YHCTO JBYMEPHbIA ra3. BMecre ¢ TeM B
ycnoBusx, Korna tpebosanue (3.13) mapymaercd W 2HEpIHMS HOCHTeNeh
TPEBOCXOUT PHEPIUIO BTOPOro ypoBHA E,, NOMBISeTCA psjl HHTEPECHBIX
3¢deKTOB, CBI3aHHBIX C MEXYPOBHEBHIM (MEXIION3OHHBIM) paccesHUeM.

PaccMoTpuM HOCHTeNb, Haxoidmmiics B IIEPBOH KBaHTOBO-DPa3-
MEpHOH IOA30HE M HMEIIMIA B Hel KHHETHYECKYID SHEPIHIO
(p? +p?)/2m> (E, - E;). Torna NOMHMO IIPOLIECCOB YIPYIOTO pacce-
SHUA, ONNCAHHGIX B pa3enax 5.1 n 5.2 U cBA3aHHBIX C IOBOPOTOM BeK-
TOpAa UMIYIECA B IVIOCKOCTH Xy, OH MOXET TaKXe HUCIBITATh pacces-
HUe, CBA3aHHOE C NEepexoaoM BO BTOpyio HoxsoHy. ITomuepkueM, yTo
3TOT IIpOLIECcC, XOTA U CBA3aH C U3MEHEHNEM HOMEPA KBaHTOBOIO YPOB-
Hi, SIBJIIETCS TEM HEe MEHEE YIIPYTUM, T. €. HIAET C COXpAaHEHHEM IOHO
DHEPIAUM HOCHUTENA U IIOTOMY MOXET BBI3EIBAThCS OOBIYHBIMH YIIPYTHMH
paccenBaTeNs MK, TaKMMH KaK NPUMECH WIM AKyCTHYECKUE POHOHHL.

B clTy cXa3aHHOTIO BElllle BEPOSTHOCTE PAcCesHus L1 HOCHTENEH B
epBoii NOA30HE B YCIIOBHAX MOJHOTO BRIPOXIEHHUSI MOXET ObITh 3alli-
CaHa B BHAE

Wi = Wi+ W0 - Ey), (5-8)

rae Wi, 1 W, — BEepOSTHOCTH BHYTPH- M MEXIIOA30HHOIO PacCeAHu.
ITockonbKy BpeMs peakcauiy, a CJICOBaTENIbHO, U IOABUXHOCTb 00-
PAaTHO HPONOPIMOHANBHEL Wy, TO NpH yBEIUYEHUN KOHUECHTPAMH HO-
CHTENICH UX MOABMXKHOCTh NafaeT CKAYKoM IIPH IIEpEeCEYCHUN YPOBHEM
Mepmu aHA BTOpOi (M Mool mocnemymomweii) IoA30HH. DTOT Xe ad-
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Puc. 5.3. OcuutaLsy MarHeTOCOITPOTHRIICHHA (), TONBIXHOCTH (6), NOCTOSH-
Hoit Xoua (¢) 1 YASIILHOIO CONPOTHBIICHHA (2) B TOHKHX IvieHKax Bi [3].

dekT pomxeH HaGIMIOAATHCS, €CIIM MEHATh He KOHUEHTPAIMIO (T. €. ypo-
BeH» PepMi), a NOJTOXKECHHE YPOBHEH PasMEPHOTO KBAHTOBaHH:A, Ha-
[pUMep NpU U3MEHEHHH LIUPHHEI KBAaHTOBOW SMBI.

OnucasHsi TONBKO 4TO 3PQeKT IPUBOIUT K TOMY, YTO MPOBOIH-
MOCTb U ApYIHe KHHETHYeCcKHe Koadh(uipeHTH IpH (PUKCHPOBAHHOM
KOHIIEHTPAIMK HOCHTEJICH B TOHKOM IUICHKE SBISIOTCHA OCLILIMPYIO-
UMK QYHKUMAMHE ee ToMwMHbL. Eciu aHeprid ypoBHel OnuCHBaeTCs
dopmynoii (1.2), To CKaYKH IPOBOIUMOCTH JOKHEI HMETh MECTO KaX-
aeii pas, korma = n2h2N?/2ma®. Otciona cpasy Clegyer, UTo
OCIIJUISIAH IIEPHOIMYHBI [0 TOJIIHHE IUICHKH C IEPUOAOM

Aa=—T1_ (5.9)

N 2mg
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INopoOHele ocuWLIALMH SBITIOTCA OQHMM M3 Haubollee HAITIAOHBIX
BHEIIHUX IPOSBICHA# pa3MEpHOrO KBAHTOBAHHA, KOTOpOe BIIepBhHIE
HaOmiopanocs emwe B 1965 r. (puc. 5.3).

3anucas 3aKOH COXpaHEHUs UMITYJIbCA IPH paccesHud: p?/2m + E|=
=(p")¥2m +E,, e p u p' — UMIyJEC B ILIOCKOCTH Xy 0 M IHOCIe
paccesHHs, BURNM, YTO MEXYPOBHEBOE paccesHue Tpebyer GONbIIOro
M3MEHEHUs UMITyJibca Hocutens: p? — (p')? = 2m(E, — E;). Ilockoneky
BEpOATHOCTH paccesHusd, KaK IIPABUIO, AJaeT C POCTOM MepegaHHOro
IpU pacCesHMM UMIyNsca Ap,> TO HUHTEHCHBHOCTH MEXYPOBHEBOTO
paccesHud oOBMHO MeHbILE, YeM BHYTpHypoBHeBoro. IlosTomy omm-
caHHbIe 3()(peKTH CKayKa MOABNXHOCTH U OCHWULIIMI IPOBOAUMOCTH
3aBUCAT OT JOMHUHHPYIOIETO MEXaHW3Ma PACCESHMA M Ui IUIABHBIX
pacceuBaOIMX MOTEHIMAIOB MOIYT OLITH HE3aMETHHL.

5.5. BautHCTHYeCKHH TpPaHCHOPT

B nByMepHOM 3IEKTPOHHOM ra3e BEICOKOKAYECTBEHHEIX TETepo-
CTPYKTYP C MORYTUPOBAHHBIM JIETHPOBAHUEM IUTMHA CBOOOIHOIO IPO-
Gera 9JIeKTPOHOB [ MOXET JOCTUTATH HECKOJIBKMX JECATKOB MUKPOH H
MOXET OKa3aThCs CPaBHUMOMN M JaXe IIPEBEICUTH pa3Mepsl aKTHBHBIX
obJracTeill coBpeMeHHBIX [IOTYIPOBOAHNKOBELX IpUGopoB. B aToM city-
yae WIEKTPOH MOXET MpOJIETEeTh Yepe3 KaHAI IIOIEBOTO TPaH3ucTopa
6e3 CTONKHOBEHHUI, KaK CHAPAX, BHIIYIIEHHEI N3 Mymku. Takag ana-
JIOTH IIPUBENIA K TOMY, YTO NOo06HHE 6eCCTOIKHOBUTENBHBIE CTPYKTY-
PHI 4acTO Ha3BIBAKT OauTHCTHYECKUMH. Crporo rosops, ¢ TOYKH 3pe-
HU MEXaHUKH TaKoe [ABIXCHHUE JIEKTPOHOB He ABieTcs baumcTiye-
CKHM, IOCKOJBKY OHO IIPOMCXOQMT IOf JMACHCTBHEM IIOCTOSHHOM
yckopsaomel ciwibl. OgHAKO 3TOT TEPMHH CTal OOIEeNpU3HAHHBIM.

BasumcTideckoe aBHXEeHHE JICKTPOHOB IposABiercd B ddexTe
«BCIUIECKa@» CKOPOCTH 3J€KTPOHOB, KOTOPHIIi OKa3bBaeT OOJIBIIOE BIIK-
sgHMe Ha paboTy npubopoB ¢ MAIEIMK pasMepaMH aKTHBHBIX obyacTeii.
3roT 3hdexT CBA3aH C KOHEYHOCTHIO BPEMEHH YCTAHOBIICHHS CTAlHO-
HapHOIl SHEPruy SIEKTPOHOB, ABUIAIOIIMXCA B IIOCTOSHHOM 3/EKTPH-
YeCKOM IOJie, U MOXET IPOSBIATECA KaK YBEJIMYCHHE CKOPOCTH [0
3HaYeHU, 3HAYUTEILHO NPEBHHIAIOIMX PABHOBECHEE, XapaKTEepHHIE
s ipubopos ¢ mocTaroyHo GoNbIIMME pa3MepaMH aKTUBHBIX 00/a-
creil. Ha puc. 5.4 npexpcrasneHa 3aBUCHMOCTh MTHOBEHHOTO 3HaYEeHHA
CKOPOCTH BJIEKTPOHOB Vo OT paccTosHuA L B ciydae NOCTOSHHOTO
amexTpudeckoro nonga F. Ha MalbIx paccTOAHMAX 37CKTPOHH JBUXYT-
cs GaUTHCTHYECKHM U MX CKOPOCTH MPONopHHoHaIbHa BpeMeHH. Ha He-
KOTOPOM PacCTOSHMM OT WHXEKTHPYIOF IeI0 3IeKTpoIa CKOPOCTh CTa-

5 HanpuMep, A1 KYIOHOBCKOTO paccesHus AutepeHIMATbHOE CedeHHE PacCesHUS
do ~ (Ap)~4.
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Puc. 5.4. 3aBHCHMOCTb CKOPOCTH 3JIEKTPOHOB OT PACCTOSIHHS A0 HHXEKTUDY-
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Puc. 5.5. Duepretudueckas quarpaMMa reTepoCTpyKTYpPH € IBYMEPHBIM 3JIEKT-

POHHBIM Ta30M IIPH OTPHLATENIBHOM MOTEHHMANTE 3aTBOpa (@) U H3MeHEHHE

UMITYJIbca GaUTMCTHYECKH ABUXYILErocs 31eKTPOHA [IPH [lepecevueHuH IPaHu-

LB pasjesia AByX oGaacTteil ABYMEPHOTO 3JIEKTPOHHOIO rasa ¢ pasiuYHOM KOH-
LEHTpaNueil 371eKTpoHOB (6).

HOBHTCS MakKCHMAaIbHOH, a 3aTeM yMeHblllaeTCs M3-3a paccesHus. Ilpn
MaIBIX pa3Mepax akTUBHOHM obnacTd npubopa 3ToT 3¢eKT 3HAYUTEND-
HO YBEJIHYMBAET CPENHIOK CKOPOCTh IPOJIETA DIIEKTPOHOB 4YEPE3 3Ty
0071aCTs, YTO MOXET MPHUBECTH K YIYYIICHHIO TAKOH BaXHOH XapakTe-
pUCTHKHM Ipubopa, Kak ero ObicTpofeiicTBHE.

DddekT «BCIUIECKa» CKOPOCTH NPOABISAETCS B OCHOBHOM B IIpHOO-
pax Ha OCHOBE apCeHMAA TA/UTH — H3-32 MEHbIel 3¢eKTHBHOMN Mac-
CBI 3JIEKTPOHOB M COOTBETCTBEHHO GOMBINEH MX MOTBUXHOCTH. DTOT
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a¢bexT MOXET HIpaTh BaAXHYIO POib U B pubopax Ha OCHOBE KpPeM-
HM, HO TaM OH BHIPaXcH MeHee IpKo — H3-32 6onbimeil a¢pdexTHBHOM
MacChl 3IEKTPOHOB.

ITomumo 3dexra «Bemmecka» CKOPOCTH CaUIMCTHYECKOE IBHXE-
HHE FIEKTPOHOB B IBYMEPHOM 3JIEKTPOHHOM rasze uMmeeT 0coOeHHO-
CTH, KOTOphIE MOXHO HCHOJIB30BaTh 11 CO3OAHHA NPHHLMIHAILHO
HOBbIX TNPHOOPOB HAHOXIEKTPOHMKH. B 4acTHOCTH, mpencTasiser
HHTepec SBJIeHHE Npe/oMIeHHs HanmpaBleHHs JBIXeHHd mydka Oa-
JIMCTHYECKHMX 3JIEKTPOHOB Ha IpaHUIE pasgena AByX obiacteil JBy-
MEPHOIO 3EKTPOHHOIO ra3a ¢ pazIMIHOH KOHLEHTpalHeil 31eKTpo-
HOB.

PaccMOTpHUM TeTepoCTPYKTYPY € HBYMEDHBIM 3J1eKTPOHHBIM Ta3oM,
94CTh KOTOPOH HAXONWMTCH IO MeTaUIMYECKMM 3aTBOPOM (pHC.
3.5, a). Tlpu nojase Ha 3aTBOP OTPUUATEIHHOIO HANPIXEHHS CMeIle-
HUS KOHIECHTpAalUi 3IEKTPOHOB IIOJ HUM 7, CTAHOBUTCS MeHBIIe
KOHIEHTpalMH 71; B CBOOOJHONH 06IacTH 3JIEKTPOHHOrO rasa. Ypo-
BeHs DepMu B 00eux 061acTIX ABYMEPHOIO MEKTPOHHOIO rasa Joi-
XeH OCTATbCS ONHHM H TeM Xe, 03TOMY Ha rpaHuue pasgena obina-
cTeil mpoucxomur u3rub aHa 30HH IpoBomMMocTH. Ha anexTpoHs,
nepecexaiollHe 3Ty rpaHuiy, Oyner meilCTBOBaTh CHJIa, HanmpapiIeHHAS
0 HOPMAIM K 3TOif rpanume. [ Takux 3JIEKTPOHOB KOMIIOHEHTa
HMITyJIbCa, TaparvlefibHag IpaHMile, cOXpaHsiercs: p,sin 0; = p, sin 0,
(puc. 5.5, 6). B nepeHoce 3NIEKTPHYECKOIO TOKA YYACTBYIOT 3JIEKT-
POHBI C HMITY/IbCOM, JIEXallUM B WHTEpBIE Hopsaka kT BOMM3H M-
mynmeca Pepmu. CBa3b MMOYNIECa pp C KOHUEHTpaIMEil 3JIEKTPOHOB
Ha efWHHUY IUIOIATH ABYMEPHOTO 371eKTPOHHOrO rasa MOXeT ObITh
noJiydeHa u3 BelpaxeHud (3.12):

pg =2m(( - Ey) = h(nng)"2. (5.10)

TakaM o00pa3oM, IS IEKTPOHOB, OALTMCTHYECKH INepeceKalolMx
rpaHuily pasfena AByX o0acTeil AByMEPHOIO 3JIeKTPOHHOTO rasa, BhI-
MOJIHAETCS COOTHOIIEHUE

. 1/2
% | M . (5.11)
sin0, n,

Dro BEIpaXeHHe BIiepBrie ObU10 nomydeHo B pabore {44] u aBngercs
HEKUM aHAJIOFOM 3aKOHa ONTHYECKOro NpeoMiIeHHs Uil GautucTHIe-
CKHX IEKTPOHOB, liepeCceKaloIHUX rpaHuily pasziena obnacreit aByMep-
HOT'0 3JIeKTPOHHOIO ra3a ¢ pavlIdiHO# KOHIIEH "palyeii HocuTenel 3a-
pana. Drot 3hdeKT No3BONAET CO3AABATh 3JIEKTPOHHBIE NPH3MHI U
JIMH3BI, 2 HA UX OCHOBE KOHCTPYHPOBATh HOBblE MPHOOPHI, peyb 0 KOTO-
PHIX IOHAET B Iase 8.
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5.6. BepruxkanpHblil IEPEHOC B CHCTeME KBARHTOBBIX AM

Ho cux mop, paccMarpuBad KWHeTHIeCKHe SBJIECHHA B JBYMEPHBIX
9NEKTPOHHBIX CHCTEMAaX, Mbl OTPAaHHYMBATIACH PACCMOTPEHMEM NIPOIIEC-
COB IIEPEHOCA B IVIOCKOCTH ABYMEPHOIO cjios. ONHAKO B CIIy4ae KBAHTO-
BBIX $IM WJIH CBEPXPEIIETOK BO3MOXHO, IpUiiarad 3JeKTPHIECKOe Iolle
T10 HOPMAJTH K CJI0I0, BBI3BIBATh TOK TAKXKE H B 3TOM HAaNIpaB/IeHHUH 34 C3ET
3TIeKTPOHHBIX NEPEXOI0B U3 MBI B My WIH B IIMPOKO30HHbIE Oapbep-
HBlEe CIIOH. DT 3(h(peKThl, Ha3bIBAEMbIE YACTO BEPTHKAIBHBIM IIEPEHO-
COM, U SBJIAIOTCS IIPEAMETOM H3y4eHHS JAaHHOIO pa3jela.

IloneBas HOHH3aIHE ORMHOYMHOH AMbL. PacCMOTPHM BONBT-aMIIep-
Hyl0 XapakTtepuctuky (BAX) CTpYKTYpH C KBAaHTOBBHIMH SIMaMH (CM.
puc. 1.9), pa3geneHHbIMH JOCTATOYHO MIMPOKUMH OapbepaMy, TAKAMH,
YTO TYHHEIUPOBAHHEM M3 SIMBI B IMY MOXHO npeHebpedb. B aTom ciry-
4ae TOK IOIIepeK CJIOEB j MOXET IIPOTeKaTh TOJBKO 3a cyer BhiOpoca
HOCHTeJIel U3 SMbl B IIMPOKO30HHBIA GapwhepHHI cioif U Oyner npo-
HIOpIHOHANEH BEpOATHOCTH Takoro BbiOpoca W. IlosToMy xapakTep
BAX Oyner onpeaensrbcs 3aBUCHMOCTBI0O W OT IIPUMIIOXEHHOIO 3JIEKT-
pHYeCKoro mnond F.

Ha puc. 5.6, a noka3ana KBaHTOBasd AMa B 3JIEKTPHYECKOM IIOJIE.
Bunso, 9o 1t BEIGpOCca U3 MBI HOCHTENH JOJIKHBI OpeofoneTh Mo-
TeHIUanbHpid 6apbep E,,,, paBHbiii paccTosmio oT ypoas Pepmu jjo
IPABOTO Kpasd SAMHI, ¥ OTOMY J ~ exp (—E, /kT). Ilpexue gem obcyx-
HaTh, K KakoMy Buty BAX npusener 3ror (pakT, CONOCTaBUM PaccMar-
PUBAEMYIO CHTYalHIO C 3MHCCHEH H3 MacCUBHOro obpasna.

B MaccuBHOM 00pasie, Kak BUTHO U3 puc. 5.6, 6, BenmuuHa E, ., He
3aBucHT OT nonsi. Bux BAX npu aTom onpependercs ¢akropamu, He
YYTEHHBIMH B HallleH [IPOCTEHINEH MOIEIM: 3TO TYHHEIbHOE IIPOXOX-
JieHHe Yepe3 BEPXHIO 4acTh HoTeHmuansHoro Oaprepa (3¢pdekt Day-
nepa—HopareiiMa) u noHuxende 6appepa 3a cYeT cui u3o0paxeHns

a 6
~ E{k
o T~~~ \
LLI“T b
716 5y
E,
7/ Z 14
-al2 al2 i

Puc. 5.6. KBanToBas sMa (@) ¥ MaccuBHBIH obpasen (6) B CHIBHOM 3JIEKTPHYE-
CKOM 11071€. 3aIITPUXOBaHbl 06NACTH, CONEPXANIHE BHIPOXICHHDIC IEKTPOHBL.
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Puc. 5.7. 3onHaq griarpaMMa pe30HaHCHO-TYHHEJIBHOH CTPYKTYpHI. 3allITPHXO-
BaHb! 00J1aCTH, CoflepXallHe BHIPOXICHHBIE IEKTPOHBL.

(a¢pdext lorTku) [45]. B cnyyae KBaHTOBOH MBI AUBJIEKTPHYECKUE
MPOHUIIAEMOCTH PA3IMYHBIX CJl0eB OOBMHO GJIM3KU U ponb cun H306-
paxeHus He cymecTBeHHa. UTo KacaeTcs TyHHENbHBIX 3(p(peKTOB, TO
OHM MOTYT HMIpaTh polls, HO IPH HU3KMX TeMmeparypax. Ecimu xe tem-
neparypa QOCTaTo4HO Bbicoka, To BAX ompependeTcd 3aBHCHMOCTBIO
E, i (F), oTcyrcTByIoniel B MacCHBHOM 00pasiie, HO CYmeCTBYIOLIEH B
KBaHTOBOH SIME.

Ilpu He ouens Gonbloit BenuuuHe F ec BIHAHHE HAa DHEPIHIO YPOB-
Heil B sMe MoxeT ObITh HaiiIeHO B paMKaX TEOPHH BO3MYLIEHHH C BO3-
MyIaomuM noreHnuaiom eFz.% Ionpaska nepsoro nopsaxa K sHep-
THH paBHA J"Pf(z) eFz'¥,(2) dz [46]. Tlockoneky BOMHOBas (hyHKIMS
HHXHero ypoBHa W, — deTHad $yHROUA Z, TO 3Ta HOIpaBKa paBHA HY-
10, T. €. B JINHEHHOM IO NOJI0 NPHOIMXKEHUN YPOBEeHb HE CMELaeTcs.
B TO Xxe BpeMs mpasblif Kpail MBI ABHXKeTCd BHH3 C [IOJIeM IO 3aKOHY
AE — eFa/2. IlosToMy BAX B yka3aHHOM NPUOGNHXEHHH UMEET BUI

eFa
j ~ — . 5.12
J exP(sz) (5.12)

Ilpun yBenw4eHHM NOJA HIU NP IIOHHXEHWH TeMIIepaTyphbl CTaHO-
BATCS CYUIECTBEHHBIMH TYHHeNbHble 3(h¢eKTsl BOIM3M BepXHEH 4acTu
6apbepa, 4TO MPUBOAUT K MOCTEIIEHHOMY CHUXEHHIO DHEPrHH aKTHBa-
nuu B opmyse (5.12).

Pe3zonancroe TynHenupoBanue. Pe30HaHCHO-TYHF ~NIbHBIMH CTPYK-
TypaMH Ha3blBalOT COBOKYITHOCTb IIOTYIIPOBOAHHMKOBBIX CIIOEB, pasfie-
NleHHBIX TyHHeNbHbIMH OapbepaMu, rae xoTs Obl OOMH W3 CJIoeB Ipef-
cTasigeT coboil KBaHTOBYIO SIMY C CHCTEMOMH PHEPreTHYeCKUX YPOBHEH
(1.3). Ha puc. 5.7 noxasana 30HHas AuarpamMma npocTefieil pe3oHaHC-

6 Kpureprem npUMEHCHHS TCOPHH BOIMYICHHI SRISCTCS MATOCTE GE3pazMePHOTO
napamerpa eFma3/h2,
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Puc. 5.8. BAX pe3oHaHCHO-TYHHeJIBHOW CTPYKTYPHI W1 IpocTeiiineil Moaenn
(wmpuxoéas kpueas) U ¢ y4eToM YIIUPEHUS YPOBHeH (CniowiHas kpueas).

HO-TYHHEJILHOH CTPYKTYPHI C OOHOH KBaHTOBOH SMOM, JBYMS TYHHEb-
HbIMH GapbepaMu M JByMs BHEIIHHMH CHJIBHO JIETHDOBaHHBIMM Mac-
CHBHBIMH 00J1acTSIMH.

Ecnu 661 Ha MecTe KBaHTOBOM SMbl HAXOIIUICS MACCHBHBIH ITOIYIIPO-
BOJIHMK, TO C pOCTOM HallpsKeHHs TYHHeJIbHblE TOKHU Yepe3 06a Gapbe-
pa Bospactanu 661 1 BAX Hocwia Gbl MOHOTOHHBI XapakTep. Jluc-
KpPETHOCTb 3HEPTeTHYECKOro CIIEKTPA B SME IPHBOIUT K TOMY, 9TO TYH-
HelMPOBaHHWE 4Yepe3 JeBblii O6apsep BO3MOXHO JIMINB TOIAA, Koraa
ypoBeHb E; cOBIajfaeT MO HEPTHH C KAKUM-ITHOO0 M3 3al0IHEHHBIX CO-
CTOSHMIA crieBa oT Gapbepa, T. €. KOrja IajieHue HanpsXeHHs Ha 3TOM
6apvepe V ynoBneTBopseT yCIOBUIO

- <eV<E. (5.13)

BHe sTOro nHTepBaa TOK AOIXeH paBHATHCA Hyio. ObpamieHne Toxa
B Hy/Ib O3HAYaET, YTO IPH HAIpsKeHUdX, OMM3KMX K [paBOi rpaHuIe
uHTepBana (5.13), Tox yObBaeT ¢ pocToM Hanmpsxerus, T. €. BAX ume-
eT MAJaloIUil YJaCTOK — YJacTOK C OTpHiaTeslbHbIM HuchepeHm-
aIBHBIM cONpoTHRIeHHeM. Halmugre Takoro y4acrka SBiAeTCs HpUYH-
HOH 6GOJNBIIOrO HHTEpeca K Pe30HAHCHO-TyHHEIBHEIM CTPYKTYpPaM.

INoxyuynm ¢opmysty, onuchBamiyro KoHKpeTHbli Bug BAX. Ilycrs
L — myHAa MacCHUBHOTO IONYIPOBOXHMKE, IPUMBIKAIOMIErO K JICBOMY
TyHHelbHOMY Oapbepy. Toraa 3/meKTpoH C KOMIIOHEHTOH HUMIIY/bCa p,
npoiizeT 3Ty obnacth 3a BpeMms Lm/p, U BHeceT BKJIag B TOK 4Yepe3
CTPYKTYpY, pasHblil ep,T(p,)/Lm, rae T(p,) — BePOATHOCTb TyHHEIb-
HOro mnpoxoxpaenus Gaprepa g gaHHOro anexrtpoHa. g Haxoxme-
HHS HOTHOrO ToKa ] Heo6XoauMO IPOCYMMHPOBATh TaKHMe BKJIA[HI IO
BCEM aneKTpOHaM'

m(21th)3 J‘J-J‘pz (Pz)f Pz p" d3 (5_14)

rae S — wiomans o6pasna; py; — KOMIOHEHTa UMITY/IbCa, Iapauiesb-

Had rpanune; f (E) — ¢yHxrnua pacnpeneienns PepMu ¢ XMMHIECKHM
noreHatoM C. CuuTas HOCHTEIU IIOJTHOCTBIO BRIPOXIAEHHBIMH H IIPO-
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BOJs MHTETPUPOBAHHUeE IO py 0T 0 10 4/2m{ — p? , nonyyaeM yist WIOT-
HOCTH TOKA j = I/S cnenymoinee BripaXeHHe:

|
i=5T5s PGP amT(p)dp,. (5.15)

0

Bunno, yro BAX onpenensercs BunoM dynkuuu T(p, ), T. €. TyHHEb-
HOH mpo3payHocThio Gapsepa. Boobime ropopd, I ee HAXOXAEHHUI Clle-
IyeT pellaTh cOOTBETCTByLIEe ypapHenue [llpeanHrepa, HO pe3ybTaT
pellleHHs HETPYIHO IIpeacKasaTs 3apaHee. [10CKONBKY IpH TYHHEIMPO-
BAHUH COXPAHSIOTCS SHEPTHA JIeKTPOHA H €ro MMILYIIbC, Napauie/IbHEbIIA
rPaHHLe, TO OHO MOXET MPOMCXOMUTD JIMIIb IPU BHEPIUIX, COOTBETCT-
BYIOLLMX SHEPIHU YpOBHS B sMe. B mpoTuBHOM citydae B siMe He OyneT
COCTOSIHMS1, Ha KOTOpOE 3/1€KTPOH Mor Obl nepeiitu. CaenanHoe yTBepx-
IeHUe 03HAYaeT, YTo

T(p) ~ 8 (p}[2m+eV —E,). (5.16)

IIpu stoM BAX B paccmaTpuBacMOil MieaTH3MpPOBAHHOH MOIEIH
HMMEET TPEYTONbHbIH BHI:

j~(V-E+{)0OV-E+()O(E -¢€V), 617

TMOKAa3aHHAIH INTPUXOBO KPHBOiH Ha pHc. 5.8.

B neHcTBUTENBHOCTH 3HEPIETHYECKOE COCTOSHHe E; B KBaHTOBOH
siMe HMeeT KOHedHOe BpeMsd XH3HH T KaK 3a CYeT paccesHHd, TaK U 3a
CYET TYHHEJILHOTO yXo[a u3 sAMbl. DTo IPHUBEHET K KOHEYHOH 1uMpuHe
ypoBHs ~A/t u k 3ameHe &-pyskuuu B (5.16) Ha mMK C KOHeY-
HBIMU BBICOTOH U IIMPUHOU. KpoMe Toro, B peaJIbHBIX 3KCIIEPUMEHTAX
TeMIlepaTypa OTIIHYHA OT HYId U HeOOXOAUMO YYHUTHIBATH TEIUIOBOE
pa3MeiTHe pacnipeneneHud ®epmu. Bee 310 pHUBEET K TOMY, YTO OCO-
G6enHocty Ha BAX pasMeiBatoTcd M OHa mpuHEMaeT Gollee TUTaBHBIR
xapakTep (cruiomHas xpusad Ha puc. 5.8). OgHako ecnu TeMneparypa
H pa3MbITHE YPOBHEil He CIIMIIKOM BelmHuKH, TC BAX coxpanseT napnaro-
M yYacTOK € ZOCTaTOYHO GOMbIIOH aMIUIMTYyHoi. [1ocKonbKy Xapak-
TepHBIE BpEMeHa TYHHEJIMPOBaHHA OCTATOYHO MAJTBI, 3TOT Y4aCTOK CO-
XpaHsieTcd U Ha NepeMeHHOM TOKE BIUIOTh 4O BeChbMa GONBIIMX 9acTOT
curHana. 9To JenaeT pe30OHAHCHO-TYHHENIbHbIE CTPYKTYPhI IEepCIeK-
THBHBIMM JU11 ycuwieHus U renepaumu CBY-cursanos mo cyOmumiu-
MeTpOBOTO JHAINa30Ha.

BoabT-amnepHas XxapakTepUCTHKA cBepXxpemeroK. B maHHoM pas-
mene Oymyt obcyxmarscss BAX CBepXpemeTKM € 9HEpreTU4ECKHM
cnextpoM (1.10) mng ciaydas, KOria BHElIHee 3JleKTpH4Yeckoe none F
[PHJIOXKEHO BOJIb HAaNpaBlieHHs NepUONXMYHOCTH (B Hamux o603Hade-
HUSAX — OCb 7). OgHaKo, MpeXe YeM 3TO AenaTs, Heobxomumo obcy-
JWUTH BOLIPOC O TOM, B KaKoOil cremeHH caM 3akoH gucnepcuu (1.10)
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Puc. 5.9. DHepreruuecKuil CIEKTp CBEPXPEUIETKH B JIEKTPHYECKOM MOME.
3amTpuxoBaHbl pa3peieHHbIe MUHH-30HEL

a — eFd € Ay; 6 — eFd > 2Ay.

OCTAETCs CTpaBelUIMBBIM B CHJIBHOM 3JIEKTPMYECKOM moje. Bormpoc
3TOT BO3HUKAET B CBA3H C TEM, YTO NpH Hammuuu morennuana O, = Fz,
CBS3aHHOTO C 3THM ITOJIEM, CYMMapHBIi NOTeHIMal, JeHCTBYIOIIMI Ha
HOCHTENIH, CKJIAIBIBAETCAd M3 IOTEHNHANa NEPUONMIECKOH CHCTEMEL
KBAaHTOBBIX M U noteHnuaia O H yxe He IBIAETCA MEPHOTUIECKUM,

OTBeT 3aBUCHT OT COOTHOIIEHHA MeXHIy LIMPUHOH MUHU-30HBI 2Ay,
MPOBOIUMOCTD [0 KOTOPOH MBI H3ydaeM, W Pa3HOCTBIO BHEPIHi IBYX
cocemHuXx nepuonoB eFd. PaccMoTpum 06a BO3MOXHBIX ClTydad.

1) eFd < Ay. B 3TOM ciiydae pa3HOCTh 3HEPrHd ypoBHeEH B cocel-
HUX gMax CJIMINKOM Mana, YTOObl BOCIPENATCTBOBATH PE30HAHCHOMY
TYHHETTMPOBAHHIO U3 SIMBI B MY, IPUBOAAIIEMY K 00pa30BaHHIO MHHH-
30H. MHHH-30HbI COXPaHAIOTCS, HO ITOJ BIusHUEM HoTeHnuana P, cra-
HOBATCA HaKJIOHHBIMU (pHC. 5.9, a). U3 Toro Xxe pucyHKa BHIHO, 49TO
3NIEKTPOHbI, BHEPIH# KOTOPHIX IIPH JBYXKEHHH COXPAaHAETCHA, MOTYT
HABUTATBCS TOJNBKO B KOHEYHOH 06NAcCTH TIPOCTPAHCTBA C pa3MepoM
S = 2Ay/eF. Tlogobuoe aBXxeHUEe HeN30EXHO SBIAETCH OCIHUIUPYIO-
111198

Du3nyecKad NPHPOId STUX OCHKIULILIMI 3aKII09aeTCsS B CIICQYIOMEM.
DnexTpon, Habupad PHEPIHIO B IeKTPHYESCKOM HoJe, MMOJHUMAETCS B
BEPXHIOK YacTh MHMHH-30HHI, rje 3¢p¢pexTHBHAd Macca m, 1 3aKOHA
mucneperu (1.10), o onpenenenuio pasaas (92E/dp2)~ [39], crano-
BUTCH OTPHLATE/HHON. MEHAeT 3Hak yCKOPEHHE WIEKTPOH4, CKOPOCTb
€ro yMeHbIIaeTCs, MPOUCXOIHT BO3BPAT B HIDKHIOK IMOJIOBUHY MUHHU-30HEI
C NOJNOXUTEIBHOH 3¢hpeKTHBHON Maccoi, ¥ BCe NOBTOPIETCS CHOBA.

Herpyano ompenmermuts dactoTy ocrwuinuii. Kak w3sectHo, mis
cBOGOIHBIX /1EKTPOHOB MPOM3BOAHAS UMIYNbCA dp/dt paBHa NeHCTBY-
foniei Ha HUX cwie. B Teopuu TBepaoro Teia MOKa3bIBAETCHA, YTO 3TO
yTBEpXJEHME COXPAHIET CWIy H JUIA IPOU3BOJIBHOIO 3aKOHA JHCIiep-
CHH 371IeKTPOHOB C TOYHOCTBIO IO 3aMECHBI HMITYJIbCA HA KBAa3HHMITYJIBC
[39]. Orcrona ciexgyeT, YTO B IIOCTOSHHOM Iojle F, apaUIe/IbHOM OCH
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2, p, TUHEMHO pacTeT co BpeMeHeM: p,(t) = p,(0) + eFt. Iloacrasnas aro
BBIpDAXeHHE B 3aK0H aucnepcuu (1.10), momydaem, 4To KMHeTHYeCKas
SHEPIUS, 4 CIIEHOBATENbHO, H CKOPOCTh YIEKTPOHA OCLIUIHPYIOT C YI-
JIOBOH 49acTOTOM

eFd

Q=—o, 5.18
5 (.18)

HasblBaeMo# 4actoroi Banse—IlITapka.

MBI yCTaHOBWIIH, 9TO B JIEKTPHYECKOM II0JIe ABHXEHHE 3IEKTPOHA
IO MMHH-30HE SB/IAETCS OCIMUIMPYIOLIUM M IIOTOMY CpPEfHMil TOK pa-
BEH HYJIIO0 1 MOSBJIAETCS JIMIIb OpH ydeTe MPoneccos paccesuus. CHTY-
anus 3/ech aHATOTHYHA JBUXEHHIO B CHJIBHOM MarHUTHOM I10J1e, KOTO-
poe Oymer paccMoTpeHo B pasmene 6.2, u mo aHanoruu ¢ Gopmynoi
(6.6) MBI MOXeM HanmucaTh BbIpaXeHue IS MPOBOIUMOCTH BIOJIb OCH
CBEpXpPELIETKH;

Co
S, Tt @) 5.19)
e oy — IPOBOAMMOCTD B Clabbix nomax (mpu Qt— 0). ITockonsky
IWIOTHOCTh TOKA j = ©,, F, T0 u3 (5.19) Buano, 4ro npu Q1 > 1 BAX
uMeeT NaTaomui ygacTok Buaa j ~ 1/F.

Crporo roBops, Hallld BEIBOJBI OTHOCATCS HE TOJILKO K CBEpXpelleT-
KaM, HO H K JT06bIM KPHCTA/UIaM, MOCKOJIbKY MBI OMMPAKCh JIAIIb Ha
KOHEYHOCTh INMPHHE! SHEPIETHYECKOM 30HH U MEPHOINYHOCTD 3aKOHA
macnepcud E(p,) — ofllMe cBOHCTBA KPUCTAUIHYECKHMX TBEPABIX TEIL.
OmHako B OOBMYHBIX KpuCTaUIaXx HaOniofaTh ocuwvidnuu Ba-
Hee—IllTapKa n cea3aHHyI0 ¢ HUMH NMagaoinyi BAX npaktudecku
HeBo3MoxHo. Heob6xoaumoe s aroro yenosne Q1 >> 1 TpebyeT cTonb
CHIBHBIX JIEKTPHYECKHX MOJIEH, YTO MX NMPHWIOXEHHE K 06pasiy Bbi-
3Bano Ol mpo6oit WK HHbIE HeoOpaTHMEbIE H3MEHEHHA. B cBepxpermer-
Kax, TlepHoJ KOTOphIX Ha 1—2 nopsaxa Gonslie mepHa .a 0GbIMHOro
KpPUCTA/L1A, YKa3aHHOe yCiIoBHe TpeOyeT 3HAYATE/IbHO MEHBIIHX IOJIei
u Moxer OwnTh 6e3 Tpylla peanu3oBaHo,

HanomHunM, 4TO HalllM BBHIBOAB NOTyYeHHl B paMKax (PH3MYECKOH
KAapTHHBI, KPUTEPHEM IIPHMMEHHMOCTH KOTOPOH SBIAETCA YCIIOBHE
hQ) <K Ap. Hockonbky, ¢ Opyroil CTOPOHbI, MAaJAKIMMUN yJaCTOK Ha
BAX peanusyerca npu Qt > 1, Hal BHIBOABI O HAIWYHM TAKOrO yd4a-
cTKa OyIyT HEIPOTHBOPEYMBEL, eCii Ay T >> H, T. e, IIHPUHA MHHH-30HbI
NPEBBINIAET CTOJKHOBHTENbLHOE YIHMPEHHE. DTO TOCTaTOYHO €CTECT-
BEHHOE YCJIOBHE, OCKOJIBKY TOJNILKO B 3TOM CIIy4ae MOXHO BooGmie ro-
BOPHTbH O MHHH-30HHOM 3HepreTHIecKkoM criektpe (1.10).

2) eFd >2Ay . B 3TOM Ciydae sHEpreTy4ecKad pacCTPOiKa COCETHHX
AM CTOJIb BEJIMKA, YTO MHHH-30HHBIA CIIEKTD Pa3pyIleH U CHCTEMY Clle-
IOyeT paccMaTpuBaTh KaK MOC/IENOBATE/IHHOCTh OTACIBHBIX KBAHTOBBIX

98



kit E~2—E~1 Ej,—il eFd

f

Puc. 5.10. O6uwmii Bug BAX ceepxperuerku.

sIM, CABHHYTHIX No 3Hepruu Ha eFd (puc. 5.9, 6). Kak u B oTnenbHOM
PEe30HAHCHO-TYHHEIIBHOM CTPYKTYpe, PACCMOTDEHHOM BHIIIIE, TPOTEKa-
HHe TOKa 3[eCh BO3MOXHO JIHIIE IIPH COBIAleHHH SHEPrHil YpOBHEl B
COCEHUX AMaX, T. €. IIPU

E,-E =eFd (5.20)

(3HaK ~ yKa3blBaeT Ha TO, YTO 3TH IHEPIUM CaMHU 3aBUCHT OT BJIEKTPHU-
YeCKOro moJjisi ¥ HOTOMY OTVIMYAl0TCS OT 3HEPIHil B OTCYTCTBHE ITOJIS).
Ecnu B sime Gonee ByX ypOBHEH, TO BO3MOXHb! TAKXKE PE3OHAHCHI IIpH
E, - E1 = eFd u 1. 1. Ilpu yKa3aHHBIX 3Ha4eHusx nosng Ha BAX 6ynyr
pe3KHe BCIUIECKH TOKA.

Takum o6pazom, momHas BAX umeer Buj, u3oOpaxeHHblii Ha
puc. 5.10. Ha Heif umeroTCS IUTaBHBI MakcuMyM ipu F = #i/edt u mocne-
JOBATEIbHOCTD PE3KMX Pe30HAHCHBIX IMMKOB. Ha IpaBoM CKIoHe Kaxpo-
rO ITHK4, ECTECTBEHHO, TAKXKE UMeeTCs nataonimi yyacTok BAX.

Hanuyue nagaromux yyactkoB Ha BAX ssnsercsa BaxHeHIInM CBOR-
CTBOM CBEPXPEIIETOK, [I03BONMIOLIMM HCIIONb30BATh UX I YCHIIEHHA
WM TeHepalyy 3J1eKTPOMarHuTHBIX KosleGanuii. [Ipupona takoii rede-
patuy ocobeHHO HarIAaHA I MAJaloMHUX yYacTKOB Ha CKJIOHAX pe3o-
HAHCHBIX IMUKOB. Eciu anekTpudeckoe noje ciaerka Oonbliie pe3oHaHc-
HOTO, TO NEPBbIA YPOBEHb KAXAOH IMbl HAXOMUTCS Bbllle N-r0 ypoBHS
cocefHell Ha BelMyuHy OF =eFd — Ey + E,. Curyanus HalnOMHHAZET
HHBEPCHYIO 3aCelleHHOCTh YPOBHeH B JlazepaX M JOIMYCKAeT BO3MOX-
HOCTB TYHHEJIBHOTO IEPEX0d MeXAY YIIOMAHYTHIMH BBIIIIE YPOBHIMH C
OTHOBPEMEHHBIM UCITYyCKaHNeM H30bITOYHOH 3HEPrUd B BUIe POHOHA C
sHeprueit OF, 3aBHCANIEH OT 31eKTPHYECKOTO IIOJIA.

Jng cBepXpemHieTox, KaK M jUid Pe30HAHCHO-TYHHEJIBHBIX CTPYKTYP,
MOXHO PACCUYMTHIBATh HA YCHJIEHHE M I€HEePaluio KoleOaHUH BIUIOTH
oo cyOMuwuIHMeTpoBoro nuamnasona. MMenHo B 3Toil obnactu siexar
XapakTepHble COOCTBEHHBIE 4YaCTOTH CHCTeMBl (4acrota BaHbe—
IlTrapka u 06paTHOE BpeMs TYHHEIIMPOBAHHUS ), ONIPEIeIIOIIIe Ipeesib-
HYI0 94acTOTY BHELIHEro CUrHana, ;g Koropoit BAX coxpander nama-
IOIMHA BUI.



I'nasa 6

CHJILHBIE MATHHTHBIE IIOJIA 1 KBAHTOBBII
DOOEKT XOIA

XopoIo U3BECTHO, YTO B CIydae CWIbHBIX MarHUTHBIX nojied H,
YEOBIETBOPSIOIIMX YCIIOBHIO ©, = eH/me > 171 u ho, > kT (0, —
LIMKJIOTPOHHAS 9aCTOTa, T — BPEMS peNaKcanuu), KJIaCCHYeCKOe OIU-
CaHHe SBJICHUI IlepeHoca HellpUMeHUMO U TpebyeTcs KBaHTOBO-MeXa-
HUYECKMH moaxofl (Takue MAarHUTHbIE TOJA Ha3bIBAIOTCA KBAHTYIOIM-
M) [33]. Do oTHOCHTCA X K CIy4aro ABYMEpHOro 3JIeKTPOHHOTO rasa.
Bonee Toro, xak MBI YBHIOMM HHXE, CBOHCTBA [IBYMEPHBIX CHCTEM B
KBaHTYIOIMX HOJIX eme Oojiee PasHTENbHO, HEXEMM B TPEXMEPHOM
Ciydae, OTJIMYAIOTCH OT NPeJCKa3aHUul KIaCCHIECKOM TeOpHH.

6.1. DHepreTHdecKHi CNEKTP H IUIOTHOCTh COCTOSHMIA
ABYMEpPHbLIX CHCTeM B MArHHTHOM IOJe

Tlpu paccMoTpeHHM CBOWCTB JBYMEPHBIX CHCTEM B KBAaHTYIOIIHX
MarHUTHBIX NOJIMX IepBOe, YTO HeOOXOMHMO CHienaTh, — 3TO Ompefe-
JIUTh BHEPreTHYeCKHH CHEKTP CHCTEMBbI IYyTEM pEIIeHHd YpaBHEHHS
Illpenunrepa. Pemenye 3T0if 3agayd JOCTATOYHO XOpPOIIO U3BECTHO,
MoxXeT OBITh HajileHO BO MHOTHX y4eOHHKaX, H IIOTOMY MBI IIpHBEJEM
3[[eCh JIHIIb OKOHYATEJIBHBIE pe3y/lbTaThl, HeOOXOMUMEIE I HAIIEro
IIOCTIEQYIOIIErO U3I0XEHHS.

Ilpexne Bcero 3aMeTHM, 9TO B 3aBUCUMOCTH OT OPHEHTAI[MK MarHUT-
HOT'O 071 OTHOCHTENBHO IUIOCKOCTH ABYMEPHOTO CJIOS MOTYT PeaiH30-
BaThCA BA CJIy4as, OTBETs! 11 KOTOPBIX Ka4eCTBEHHO pasnuyubi. Ecin
H nexuT B IJIOCKOCTH CJIOS, TO OCHOBHBIM Pe3ylbTaToM OyZmeT yBemu-
YeHHe 3HepIvii KBaHTOBO-Pa3MePHBIX ypoBHeH E, 3a cYeT JONONTHUTEb-
HOFO OrpaHHMYeHHd [BIXKCHHA HOCUTENEH MAarHWTHBIM INojleM. 3To
ynpomaer HabmofeHde psiga 3¢peKToB, TaK KaK NO3BOJISIET JIETKO Me-
HATh B 9KCIIEPUMEHTE YHEPIHH YPOBHEH, 9YTO BO BCEX CTPYKTYpax, 3a
ucxmoyendeM MJITI-TpaH3uCTOpPOB, B OTCYTCTBHE MArHUTHOIO IIOJA
SABISETCA BEChbMA HeNnmpocTOH 3ajadeil. IIponcXoauT TaKXe HEKOTOpoe
yBenmuueHde 3¢eKTUBHOM MacChl, OIMMCHBAOIWEN cBOOOIHOEe HBIXe-
HHE B IUIOCKOCTH cJIod. B 1e/ioM MOXHO CKa3aTh, YTO NApaLIEIbHOE
MAarHdTHOE II0Jle COXpAaHAeT KaYeCTBEHHbIH XapakTep SHEPreTHYECKOro
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cnekrpa (1.4) u orHocTd cocrosHui (3.3), XoTd X MEHAET KOJIHYECT-
BeHHO ero mapamerpsl E, u m. IlpunmunuansHo HOBHIX 3¢ddekToB
3[€Ch He OXHJAeTcsa, H Mbl He OyfieM nanee oGcyXaaTe cilydait napai-
JIENILHOTO TIOJIA.

Curyanusd, Korja MarHMTHOE MOJIE OPUEHTHPOBAHO IO HOPMATTH K
€010 (BIOJIb OCH Z), 3HAYUTEILHO GoNee HHTepecHa. XOpoImo H3BECT-
HO, YTO KJIaCCHYECKHe TPAeKTOPHH YaCTHIL B ITIOCKOCTH, TIEPIICHAHKY-
JIIDHOH MATHHTHOMY MONI0, NPEACTaBIAIoT cobolf OKpyXHocTH. B
KBaHTOBOH MEXaHMKE TaKOe NEPUONMYECKOe BpallieHHe OTBedaeT cH-
cTeMe ®KBHIUCTAHTHBIX JUCKPETHHIX yposHeil JIannay:

E=he (N +1/2), N=0,1,2,... (6.1)

B MaccHBHBIX TpexMepHHIX NOMYNPOBOJHHKAX WIM METaU1ax K
criexTpy (6.1) nobGasngercs eme HenpepolBHLIN KBAAPATHYHLIH CIIEKTP
P2 /2m, cBssanHBli C ABMXEHHEM BAOJb MO, [OSTOMY CyMMapHas
IUIOTHOCTb COCTOSTHHIH OTIMYHA OT Hy/q npH 1060if SHEprHH, peBoc-
xopameit fiw. /2. OnHako B [ByMEPHHIX CHCTEMaX JBHXEHUE IO OCH Z
KBaHTOBAHO, TAK YTO MONHEIA CIEKTp npeacTasngeT coboii cymmy (6.1)
U 9HEepruil KBaHTOBO-Pa3MEPHBIX YPOBHEH H, TAaKHMM 00pa3oM, Bjsgercs
YHCTO AUCKPETHHIM. YIHBUTEIBHBIM SBJIETCA TO, YTO YHCTO JUCKpET-
HBI CIEKTp OOBIYHO XapakTepeH LI MHKPOCKONHYECKHX OGBEKTOB
(aroMbl, KBaHTOBBIE TOYKH H JIp.). 30ECH X& MBI HMEEM NeNI0 C MaKpo-
CKOMUYECKOH CHCTEMOM.

B nanbHeiimeM Mbl OrpaHHYHMCS PacCMOTPEHHEM ABYMEPHOH CH-
CTEMBL C OJHUM 3AMONHEHHHIM KBAHTOBO-Pa3MEPHLIM ypoBHeM (Heol-
XOMuMBIE KPUTEPHH 3TOrO npuBeaeHsl B pasgene 3.2). Ecim suepruio
aToro yposus E; BuiOpars 3a Hauano orcuera, To opmyna (6.1) Synmer
ONMMCHIBATh MOHLIM PHEPreTHYECKUH CIEeKTp CHCTEMBI, 3@ HE TOJILKO
€r0 YacTh, CBA3aHHYIO C NBUXKEHHEM B IUIOCKOCTH XY.

DuepreTuyeckuii cnekTp (6.1) dBNgercd CHABHO BBIPOXICHHBIM,
T. €. K&XA0My ypoBHIo JlaHiay coOTBETCTByeT He ORHO, @ MHOTO JJICKT-
POHHBIX cocTOosHWMA. PHU3NYEecCKH MPHPOAa BHIPOXACHHI NOCTATOYHO
MOHATHA: B IVIOCKOCTH Xy CUCTEMA OJHOPOJHA, YTO O3HAYAET, YTO CO-
CTO4HMS, OTJIHYalolIyecd APYr OT Apyra JIHIIs IOJOXEHHEM LEeHTpa
BJIEKTPOHHOH OpOHTHI, OKHEL HMETh OHY M Ty Xe dHepruio. Ilpo-
CTBIE pacyeThl MOKa3bBaloT (CM., Hanpumep, {1, 46]), uTo xparHoCTDH
BBIPOXAEHHS (YUCIIO PauINYHBIX COCTOSHMI C OMHHAKOBOI 9HEprueii)
B pacyeTe Ha €NMHHILY IUIOMATH IByMEPHOil CTPYKTYPH pasHa

= (6.2)

Popmyna (6.2) uMeeT BecbMa HaAITHHOE, XOTA U HE CTPOroe HCTOJIKO-
BaHWe. XapakTepHbI pasMep BJIEKTPOHHON OPOHTH OCLIDIATOPA
Jlanpay paBeH Tak Ha3bBaeMOH MarHMTHON mmuHe A = fic/eH. Ilpu
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3TOM KPaTHOCTh BHIpOXAeHus (6.2) Kak pa3 pasHa (mA2) 71, . e. yncny
3JIEKTPOHHBIX OpPOUT, KOTOPOE MOXHO Pa3MeCTHTh 0e3 CyIIeCTBEHHOTO
B3aUMHOTO MepeceyeHus Ha eIHHULE [UI0MIaH.

JucKpeTHoMy 31eKTpOHHOMY crekrTpy (6.1) cooTBeTcTByeT ILIOT-
HOCTB COCTOSHUI B BHAE COBOKYHIHOCTH PE3KHX ITHKOB, B WiCalbHOM
ciy4ae aensTa-hyHKIHM:

8(E) =Y 3[E - hay, (N +1/2)). (63)
N

B peansHBIX CTPYKTYpax 3a C4eT pacCesHHs HOCHTENed ¥ HEOXHOPOH-
HOro NMOTEeHIHAJIA 3apaXeHHbIX NpaMeceil nenpra-pyuxuun GymyT pas-
MBIBaThCS B MHKH C KOHEYHOH IMIMPHHOK H BricoToi. Bonee moxpobuo
aToT Bompoc Oymer o6cyxnaTscs B pasnene 6.4.

Jo cux mop Mel HE yYMTHIBAIM CIIMH 21eKrpoHa. Hanuuue cnuna
IPHUBOAUT K TOMY, YTO KaxXAblii yposeHs JlaHnay Ey nsyxpaTHo pac-
IEIUIIETCs Ha COCTOsHMA ¢ aHeprusmu Ey + Bg H, tne f = eh/2myc —
margeton Bopa, a g, — cnHHOBOe T'MPOMAarHUTHOE OTHOWIEHHE (ad-
thekTUBHBIA g-hakTOp MId JIEKTPOHOB). DTa BEIMYHHA, TAK X€ KaK U,
CKaxeM, ageKTHBHAd Macca HOCHTeNel m, onpenesndercd neTalIMH
30HHOH CTPYKTYPH M MOXET MEHAThCS OT BEHIECTBA K BEILECTBY BO
MHoro pa3. Mcnions3ys u3BecTHsle 3Ha4eHud m U g, 011 Haubonee pac-
TPOCTPAaHEHHEBIX I1OJyIPOBOIHUKOB, MOXHO ITOKa3aTh, YTO BEJIMYMHA
CIMHOBOTO pacmemenud 2B g, H, Kak npaBuiio, 3aMETHO MeHBIIIE pPac-
CTOSHMS MEeXIy ypoBHdMu Jlanpay.

B panpHeiiineM Mpl 6yIeM YIUTHIBATH COIHHOBOE pacliielUIEHHE ypOB-
Heil JlaHaay M, roBops o IUIOTHOCTH COCTOSHUIA, 6pars 1A KaXxaoro u3
MONYYHBIINXCS IOXYPOBHEH BeM4uHY, B 2 pa3a MEHBIIYIO, 4eM (6.2).

CymecrsyeT NpocTOil W HameXHH crnoco6 3KCMepUMEHTATLHOIO
pasgenenus ¢¢eKros OpOHTAILHOrO W CIOMHOBOrO KBaHTOBAHMA,
OCHOBaHHBI{l Ha MCNONB30BAHHM TaK Ha3plBAEMOr0 HAKIOHHOIO Mar-
HuTHOro noind. Ecnu H oTkI0oHEHO OT HOpMATH K JByMEDHOMY CJIOIO
Ha yron 0, To kBanroBaHue Jlannay (opburansHsle a¢deKTH) onpene-
JIAeTcd IMING HOPMAaTBHOM KoMmoHeHnToi mont H cos 0, a cnunosoe
pacuielvieHye He 3aBHCHT OT OpHMEHTAaIlHH I0Ji1 H MPOIOPIHOHATILHO
ero mojaHoi BenuunHe H.

6.2. KunernyecKHe sipjileHMd B CHJIbHBIX MATHUTHBLIX NOJIAX

UncTo MUCKPETHBI CHEKTP JBYMEPHOH 2JIGKTPOHHOH CHCTEMBI B
TEPIEHIUKY/IPHOM MAarHUTHOM MoOJie PHBOUT K CYIECTBEHHOH MO-
IuHKAMY ee raibBaHOMAarHUTHBIX CBOMCTB IO CPaBHEHHIO C TPEX-
MepHbIM cityyaeM. OTCyTCTBHE TpeTheil cTenenn cBo6onsl (cBoboaHo-
0 ABUXEHHUS BIOJb [IOJI1) IPHBOAUT K TOMY, YTO BEPOSTHOCTL YNPYTo-
IO paccesHHd HOCHTENIeH HCIBITHIBaeT THraHTCKHE OCHWULALHH C
MAarHHUTHBIM IIOJIEM.
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HeiicTurensHo, mpeacrasuM cebe, YTO HAPSXEHHOCTh MATHUTHOIO
nonst H 8 Tounoctd pasHa Hy = 2nheng [eN (N = 1, 2,...). Torna npu
HH3KHX TEMIIEpaTypax Bce ng BJICKTPOHOB, HaXOMHUBIUHECS B AByMEp-
HOM 9/IGKTPOHHOM ra3e Ha eIHHHUITY ero IUTOINanH, MOJHOCTHIO 3aIol-
ma10T N noxyposHeii Jlannay — Kakue-mui60 cBoGoqHbIEe MECTa HA HUX
orcyrcTBy1oT. IlosToMy B cumy mpuununa Ilaynu snekTpoHHBIX nepe-
XO0oB BHYTPHM yposHeil Her. Ilpn ynpyrom paccesHuy HEBO3MOXHEI
TaKXe Nepexonbl Ha cBOGONHBIE COCTOSHHUS BhIINENEXAIIUX YPOBHEH,
TaK KaK 3T0 TpeGyeT NoNMOoJHHTE/IbHOH sHepruu. [losToMy mponecch
paccesHus, npeacTasomue co60il nepexoasl U3 OAHOrO COCTOSHHS B
Ipyroe moj JAcHCTBHEM DacCEeMBAOINEro MOTEHUMAA, B yKa3aHHBIX
YCJTOBHAX HEBO3MOXHEL.

Yro6pl NMOHATh, K KAKNAM CJEICTBUSM MOXET NPHBECTH BIHAHHE
MarHMTHBLIX NONER Ha Ipouecchl paccessHUs, pacCMOTPHM KpaTKo Kiiac-
CHYECKY0 KapTHHY IPOBOJMMOCTH B CHJIBHOM MariuTHoM noie. Ilycrs
MaraMTHOe nole H HampasieHo no ocH z, a TAHyIliee ISKTPHYECKOE
none F — no ocu x. IlycTh cCKOpOCTE HaNpaBIeHHOro JBUXEHHS 3JIEKT-
poOHa onucriBaeTcd BeKTopoM V. Toraa cuia, reficTByloiast Ha Hero co
cropoHsl moine#, pagHa e (F + [v x H]/c). Paccesnne Hocureneil MOX-
HO (heHOMEHONIOTHYECKH PacCMaTpuBaTh Kak a¢p¢eKTUBHYIO CHITY Tpe-
HUS, IPONOPIIHOHAIBPHYI0 CKOPOCTH M HANPaBJICHHYI0 HaBCTpedy €:
F,, = — mv/t (tne © — Bpems penakcaunu) [39]. B nocrosdHubIX mo-
n4X ppeiidoBast CKOpOCTh 3/IeKTPOHA [IOCTOSHHA, CJIE0BAaTENbHO, CYM-
Ma JCHCTBYIOIIMX Ha HEro CHJ paBHA HYMIO:

mv e
—- =¢eF +—[vxH]. 6.4)
T c
PacnucriBas ypaBHeHue (6.4) 10 KOMIIOHEHTAM U OMpeersii H3 Hero
KOMIIOHEHTHI CKOPOCTH Vy M Vy, ONTY4aeM:

eFr

=l +oif) ©

Vs

vy, =-V,0,.T

Ecnu ng — KOHIEHTpALMA JABYMEPHLIX 3JICKTPOHOB, TO BEIMYMHA
engv TipefcTasnder coboil NHHElHY0 (B pacueTe Ha eUHHLY JUTHHEI)
IDIOTHOCTh TOKa j. IlockonbKy cBa3p MeXnay Bekropamu F u j maercs
TeH30POM IIPOBOAUMOCTH O , TO U3 (6.5) cpasy MMeeM BHIpaXeHUs 11
RMATOHAJIBHOM (MUCCHIATUBHOW) O, U HeUaroHanbHoOM (XO/LTOBCKOM)
Oy KOMIOHEHT NPOBOXMMOCTH:

e’ngt
st 6.6
T m(l+eit?) 6.6)
eznswc‘cz (6_7)

(o] = V.
2 m(l +0212)
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G1s Ovy a

i

Puc. 6.1. Tlonessle 3aBUCUMOCTH G, ¥ G,, B CHIIBHbIX MATHHTHBIX TOJISX JUTS
HIEATLHOTO IBYMEPHOIO ra3a (@) U B peallbHbIX IKCIIEPHMENTAX (6) (o, = ¢2/2nh).

Bunno, 4To B CHIBHBIX MarHUTHBIX MOJIAX, YXOBJIETBOPAIOMINX YCIIO-
BHIO ®,T > 1, IuCCHNaTHBHAS POBOUMOCTD IPONIOPLIHOHANIBHA BEPO-
STHOCTH PaccesHHs T ~l, a XOJUIOBCKas IPOBOAUMOCTh He 3aBHCHT OT
paccedaHusd. (PU3NYECKH 3TO CBA3aHO C XapakTepOM JBHXEHUs 3IEKT-
POHOB B CKPEIIeHHAIX (B3aMMHO HepleHAHKYIApHEIX) romsx F u H, ne-
TaJIbHO OMMCAHHBIM, HAaTIpuMep, B [47]. OHo mpencrapisger cobol Bpa-
[eHHe [0 KPYFOBHIM OpOMTaM ¢ 4acTOTOH . MPH OJHOBPEMEHHOM
Apeiipe neHTpa OpOUTHL CO CKOPOCTBIO Vi = ¢ [F x H]/H-. Tlpu 310M
CpefHee CMelIeHHE 3JIeKTpOHa BAONL F OTCYTCTBYeT W NOABNSETCH
JMUIb NIPY HATTMYHH paccesHus, cOHBAIOIIEro HeHTphl OpouT.

OGcynum Teneph 3aBHCUMOCTH G, H Oy, OT MarHHTHOro nois. Kak
yXe OTMEYaI0oCh, MPX KPUTHYECKUX 3HaYeHUAX nond Hy = 2rnhicng/eN
paccesHie OTCYTCTBYeET, T. €. ¢popManbsHO T —» o0, M3 (6.6) cnenyer,
9TO B 9THX TOYKAX O, HOJXHA o0pamarscs B Hymb, YTo xacaercd o,y,
TO, coracHo (6.7), oHa B koopauHarax 1/H noymkHa H3MeHITHCS JIMHEH-
HO, KaK 3TO NMOKa3aHO Ha pHC. 6.1, a.

Ina o6cyxnenus 3¢¢eKToB B CHIBHBIX MarHUTHBIX HOMAX OYEHb
ynoGHO nosb308aThCs Ge3pa3MeEpHBIM MapaMeTpoM

2nngh
v o 2mshe

o (6.8)

Ha3blBaeMbIM (pakTOpOM 3amonHeHusd. DrTo — 4HCIo yposHeil Jlannay
(c yuyeTroM HX CNHHOBOrO pAcHIEIVIEHHd), MONHOCTHIO 3AMOJHEHHBIX
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snextponamu npu T = 0. Kpurnueckue nons Hy COOTBETCTBYIOT LiE/IO-
YHCJIEHHBIM 3HAYEHHAM (akTOpa 3alONHEHUS,

BecrMa MHTEpECHBIM OKa3hIBAaETCd OTBET Ha BOMPOC, YeMy paBHA
XOJUTOBCKas MPOBOAUMOCTS B TOUKaX v=N(N =1, 2, 3,...), rme ucyesa-
€T AUCCHIIATHBHAA NPOBOIUMOCTD, T. €. pu H = Hy. Ilogcrasnad Bei-
paxenue mg Hy B (6.7), rue cnenyeT Takxe MOJOXHTh T — 00, HOMY-
yaeMm:

eN
=—, 6.9
Ty 2nh (6.9)

K aroMy BaXHOMY BBIPAXCHHUIO, HE CONEPXAllleMy HHYEero, KpoMe
MHDPOBBIX KOHCTAHT, Mbl BEPHEMCH B CJIETYIOIEM pasnere.

6.3. Ienounciaennslii KBanToBbld 3¢ hexr Xomwra

B 1980 r. 6sU10 BrIEpBbHIE 3KCIEPHMEHTAIEHO 0GHAPYXKEHO, UTO IMO-
JIEBBIC 3aBHCHMOCTH KOMIIOHEHT NPOBOAMMOCTH IBYMEDHOIO 3JIEKT-
POHHOTIO ra3a KapAHHAILHO OTJMYAIOTCH OT NPEACKa3aHui MPOCTOoi Teo-
pHH, MOKa3aHHEIX Ha puc. 6.1, a [4, 48]. Oxasanock, YTO JUCCUIIATUB-
Hag IPOBOJUMOCTD O, ACHCTBUTENLHO 00palaeTcs B Hylb, HO HE B OT-
IOelbHBIX TOYKAaX, a B IE/BIX HHTEPBAIAX MArHUTHBIX INoOJci, mpuIeM
ROCTaTOYHO IWHPOKMX (cM. puc. 6.1, 6). Eme Gonee nopa3utensHbIM
ObL10 MOBENICHUE Oy, KOTOPAd B TEX Xe HHTEPBANAX MoJeil coxpaHsiia
IIOCTOSIHHOE 3HadeHHe, paBHoe (0.9). MHmMH cnoBaMu, XOJUIOBCKas
IIPOBOAMMOCTD ABYMCPHOH CHCTEMBbl DaBHANACh BeJlMYMHE, HE 3aBUCH-
el HA OT MapaMeTpoB 06pasiia, HH OT MarHUTHOIO NIOJIH, HH OT TeM-
NEPaTypsl, @ ONPEeREnseMoil TONMHKO 3HAYEHUIMH (YHAAMEHTAILHBIX
¢du3MYECKUX KOHCTAHT ¢ U A. 3a OTKpbITHE 9TOro addexra, Ha3BaHHO-
ro keaHToBeIM 3¢dexrom Xosia (ranee Mbl OyeM HCIONB30BaTh CO-
kpamenne K9X), K. don Ksurunury 8 1985 r. 6su1a npucyxaena Ho-
OeneBcKad MPEMUA.

3ameruM, 4TO HabMIONaTh MCYE3HOBEHHE G, H IUIATO Ha G,, MOX-
HO HE TOJBKO IPH H3MEHEHUH MArHATHOIO IOJIA, HO ¥ NpH M3MeHe-
HUM KOHUCHTPALHH HOCHTeNlel IMyTeM H3MEHEHHS CMEIleHHd Ha 3at-
Bope MIII-ctpykTypsr.! O6 stom rosoput H ¢opmyna (6.8), uz ko-
TOpOH ClleyeT, YTO YMeHbIeHHEe KOHUEHTDAlWH H3MeHseT (axkTop
3alOIHEHMA V TakuM xe obpa3oM, Kak W yBeluuYeHHEe MarHATHOIO
OJMA.

Duznueckas Mofens KDX Gyner onmucaHa B CNEOYOINEM pasiede,
3[ech X€ MBI CHENAcM eIe HECKONbKO 3aMeYaHHii OTHOCHTENBHO Ha-
OmioieHus B npuMeHeHud 3Toro adpexra. Ilpexne Bcero HeoGXoMUMO

| Umenno Tak Grut Bnepsbie obnapyxen KBX B omsitax K. ¢on Kuruuera,
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HMETH B BHJTY, YTO o6paleHne mpoBOAUMOCTH Oy, B HYJIb HE O3HAYaeT
[peBPAILCHYS BEIIeCTBA B HACATbHBIN JHaIEKTPHK, TOCKOJIBKY HeaHa-
FOHaJIbHA1 KOMIIOHEHT2 O,y IPY 3TOM OTIMYHA OT Hy/d. B ycnosmax
peabHBIX SKCIIEPUMEHTOB OOBIMHO uepe3 o0pasel MPOITyCKaIOT 3aaH-
HBIH TOK M H3MEPAIOTCA HANPAXECHNI Ha KOHTAKTax, T. €. H3MepAeMOii
BEJIMYHHOI ABIAETCA HE yAE/IbHad MPOBOXUMOCTh O, a2 06paTHas BeJH-
YMHa — YAEJIbHOE CONpOTHBIEHHE P. Bruucnsia no ussectHeM dop-
MyJIaM KOMIIOHEHTB! O0OpaTHOro TeH30pa, Mony4aeM, 4To B 0GnacTax
XOJUIOBCKHX IUIATO

cxx =0 p - ny - 27'Ch
’ .
P ol +06y 2N

Prr = (6.10)

ok +02

Takum 06paszoM, fuaroHanbHas KOMIIOHEHTa CONMPOTURIEHUS 06pama-
€TCA B Hy/Ib ONHOBPEMEHHO C AHATOHATHLHON KOMIIOHEHTOIH MPOBOJH-
MOCTH, 2 HeIHarOHaJIbHasd KOMIIOHEHTA COMPOTHUBICHHA (KaK H NPOBO-
OMMOCTH) NMPHHMMAET KBaHTOBAHHBIC 3HAYCHHS, PABHBIE KOMOHHAIMH
MHPOBBIX KOHCTAHT.

Hccneposanus moxkassBaiot, 4ro dopmyns (6.9), (6.10) aemsiorcs
TOYHLIMH U HE COAEPXAT IONPABOK, T. €. C TOi TOYHOCTHIO, C KOTOPOIi
B SKCTIEPHMEHTS MOXHO H3MEDUTH CONPOTHBIIEHNUE Py, 3T2 BE/IMYHMHA
pasusiercs 27h/e2N. DTo o3Hauaer, 4TO MyTeMm BLICOKOTOYHBIX H3Me-
PEHUH XOJUIOBCKOTo COMPOTHUBICHHS MOXHO ONPENCNIHTh BEIHYHHY
ey /h. Yacro rosoputcs [48], yro KDX mpeacrasiser coboit MeTox
NPEUM3HOHHOTO  H3MEpPEHMA  MOCTOAHHOH TOHKOH  CTPYKTYpH
e? [hc.DTo cB3aHO C TeM, UTO 3HAYEHHE CKOPOCTH CBETA ¢ XOPOLIO H3-
BECTHO M3 APYTHX METPOJIOTHYECKUX H3MEPEHHIl C TOYHOCTHIO, 3HAYH-~
TEJBHO GONbINei, YeM TOYHOCTH H3MEPEHHil ¢ u fi kak B KDX, Tak u ¢
MOMOIIBIO IPYTHX METONOB.

omumo usmepeHuit MUpoBrX koHcTanT, KOX momyuwn u apyroe
NpHMeHeHHe B MeTponorud. Bemuauna 2mh/e?, ompenendeMas u3
KBDX, uMeer pasMEpPHOCTb CONPOTHBIEHHS M MHUCICHHOE 3HAYCHHE
~25813 Om. IlosroMy cTpyKTypy C XOpOIIO BHIPaXEHHBIMH ILIATO
K®X MOXHO HCIIONL30BaTh B KaYeCTBE STAIOHA CONPOTHBICHHUA.

6.4. DpdexTsI NoKaMM3auKH H UX poab B KX

Paccmorpum sonpoc o dusmieckoil npupomre KOX, nonaras mis
OMPENENCHHOCTH, YTO peyb HAeT 06 H3MEpEeHHAX 3aBHCHMOCTEH Oy, H
Oy OT KOHUEHTPALUMH IJIEKTPOHOB IPH (PUKCHPOBAHHOM MATHHTHOM
none.

OrcyrcrBue Gy, M MOCTOSHCTBO G,, B HEKOTOPOM HHTEPBAIEC KOH-
UEHTPaUHii Arng roBOPAT O TOM, YTO BO BCEM 3TOM MHTEPBAIE YPOBEHD
XHMHYECKOro NoTeHIHaNIa ocTaeTcs 3aUKCHPOBAHHBIM B IPOMEXYTKE
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Puc 6.2. Jlokanmu3auus COCTOSHMI B SHEPTETUYECKOM 30HE C POCTOM HO-
TeHOHATa HEeONHOPOAHOCTe#l 3amTpHxoBaHa OGNACTb JIOKAIM30BAHHBIX CO-
CTOSIHHIA,

MexXnay yposusamu Jlannay. DTO BOSMOXHO JIMIIL B TOM CiIy4ae, €Clii B
JNaHHOM NPOMEXYTKE €CTh KaKHEe-TO COCTOSHHUS, CIIOCOOHBIE MPUHATD
Ang 3neKTPOHOB M HE U3MEHUTH NIPH 3TOM TOK Yepes obpasen. Hupimu
cloBamH, B o0pa3ue [JONXeH CYIUecTBOBAaTh pe3epByap JIOKATH30BaH-
HbIX cocTosgHuil. CoBpeMeHHble (PU3HYECKHE NIpEeCTABICHHS CBA3biBa-
10T HATHYHE TAKHX COCTOSHHI C Hen36EXHO CyIEecTBYIOIUM B 00pa3-
€ CNy4alHBIM MOTEHUUATIOM, BHI3BAHHBIM, B aCTHOCTH, IyKTyauusi-
MH B PACIOIOXEHHH NPUMECHHIX HOHOB [49].

OCHOBHBIE MOHATHS O JIOKAIU3AUMM B CIydaifHOM moTeHunake Obl-
mi ctopmynuprBansl AHnepcoHoM H MotTroM okono 40 ner ToMy
Hazaz. IlpencrasuMm cefe paspelieHHYI0 30HY ®HEPreTHYECKHX COCTO-
sHu#l (puc. 6.2, a). B uneansHoM KpucTawie moboe cOCTOSHUE B 30-
He SBJIeTcd JeJIOKAJIM30BaHHBIM, T. €. HaXONMIIMecsd B HEM 3JIEKTPO-
HBEl MOTYT cBOOOOHO IBHraThcd IO BceMy KpHcrawry. Ilpu Hanmyma
CIy4aiiHOro MmOTeHIuana HeogHopomgHocreil V(r) cocrosHus BOIH3M
Kpas 30HBI CTAHOBATCS JIOKAJIU30BaHHLIMH. DJIEKTPOHBI 3THX COCTOg-
HUIi JIBUTaloTCS JIMIIL B OrPaHHYEHHOH O0NacTH KpUCTaUIa, HE UMed
BO3MOXHOCTH YHTH Ha OOJIBIIOE paccTOSHWe, H NOTOMY HE MOTYT
JaTh BKJIa®a B TOK 4yepe3 oOpazen. BOmu3u yeHTpa 30HsI pacmosnara-
erca obnacTe AENOKATH3OBAHHBIX COCTOSHMIA, YpoBHU 3Heprud E,,
pasieAoNUHe IOKATH30BAHHbIE H NEJOKATH30BAHHEIE COCTOSHUA, Ha-
3pIBAIOTCS OPOTaMH NOABUXHOCTH (puc. 6.2, 6). HakoHenu, npu Gonb-
IO# aMIUIMTYAE HEOQHOPONHOCTeHl BEPXHHMH M HUXHHI MOPOTH MO-
IDBUXHOCTH CIIMBAIOTCS W BCE COCTOSHHS CTAHOBATCH JIOKATH30BaH-
HeiMH (puc. 6.2, ¢). IlogoGHbIi nepexon B HENPOBOAALIEE COCTOSHUE
NPy yBeJTHYEeHUH AMILTHTYIBl HEOMHOPOMHOCTEH HOCHUT Ha3BaHHE Iie-
pexona AHaepcoHa.
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Puc. 6.3. I[INOTHOCTE COCTOSHHI JBYMEPHON CHCTEMBI B ITEPIICHIHKY/IAPHOM
MAarHHTHOM IIOJIE.

a — WICANBHBIH CyYaii; 6 — NPU HATHYKMH IOTEHUMATA HEOAHOPOAHOCTEH. 3aIITPHXO-
BaHa 06/1aCTb JIOKATH30BAHHBIX COCTOSHHIL.

H3noxeHHsle npeacTapIeHns MOXHO NEPEHECTH Ha ClyJall HUTHIUSL
MarHUTHOIO HONSA W IpuMeHUTh 119 oOwicHeHus KDX. Hpeansnas
IBYMEpHas CHCTeMa B MepreHIUKY/IPHOM MArHUTHOM IOJIE XapakTe-
pH3yeTCs IHMCTO NUCKPETHBIM 9HepreTHdyeckuM crektpoM (6.1), koto-
pOMy OTBEYaeT IUIOTHOCTh COCTOSHHHM B BHAE COBOKYIIHOCTH JiefTb-
Ta-¢byakuuil (6.3). Haumuue ciayqaitHoro noreHnuana V(r) NpHBORUT K
TOMY, YTO Pa3HBIE TOYKH IIPOCTPAHCTBA CTAaHOBITCA HEPABHOMPABHEIMH
M 3HEprHa 3JeKTPOHA B MATHUTHOM II0JIe HaYWHAET 3aBUCETH OT MONO-
XKeHUS LEeHTpa dIEKTPOHHOH OpOUTH. DTO NpHBENEeT K YUIMPEHUIO NTH-
KOB IUIOTHOCTH COCTOSHMH M TNOSABAEHUIO NOPOTOB NOABMAKHOCTH
(puc. 6.3).

H3noxeHHHIX NpefcTaBNeHHi JOCTaTOYHO Uil KaYECTBEHHOrO 00%b-
dcuenus KDX, [lelicTBuTensHO, B MHTEpBaTe KOHIEHTpAaUWi, Korma
ypoBeHb DepMu JIEXUT B 06J1aCTH JIOKATH30BAHHBIX COCTOSHUH MeXay
nukamu g(E) (yposuamu Jlanpay), IucCiio 3alOTHEHHBIX JEIOKATH30-
BAHHBIX COCTOSHUII He MeHdeTcd, a IOTOMY He MeHseTcsd U O, 0o B
IPOBOAMMOCTS AAIOT BKJIAN JIMIUG JIEJOKATH30BanHbIe 31eKTpoHsl. Ha
32BUCHMOCTH O,,(ng) Habonaerca mwiaro.

IlpuBeneHHEIEC 2NeMEHTapHEE PAcCYXIEHHS OOBACHAIOT caM (akT
HAIMYMS XOJUIOBCKHX IUIaTO, HO HE 3HAYEHUs Oy, Ha IU1aro. [leicTBu-
TEeJIBHO, €CIH JeTOKATH30BAaHA JIUIIL YacTh 3JIeKTPOHOB, CKAXeM, Pas-
Hag yng (y < 1), To BO BceX popMynax Ut IIPOBOZUMOCTH CIIENyeT, Ha
HEPBHI B3N, 3AMEHATE Mg HA YN, YTO IPHBENET K JOMONHUTEIILHOMY
MHOXHUTENO ¥ B popmyne (6.9). OTBeT 3aK/04aeTcs B TOM, 9TO MOTEH-
a1 HeONHOPONHOCTEH, HOKATIM3Ys Y4aCTh HOCHTEJIeH, OMHOBPEMEHHO
MEHSeT U CBOHCTBa MeNOKAIM30BaHHBIX 2JIeKTpoHOB. UX ckopocTs
XOJUIOBCKOro fipeiiha BO3pacTaeT, 9TO KOMIEHCHpYeT YMEHbIIeHHe HX
KOHUIEHTPAIHH U MPUBOAUT K COXPAHEHUIO (PyHIaAMEHTATEHON POPMY-
et (6.9).
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Puc. 6.4. H3mepenne acdexta Xomwa B reomerpum aucka Kopbuno.

CnenanHoe yTBEpXACHHE HOCHT OOMMil XapakTep W HE 3aBHCHUT OT
BHIa IOTEHNHATa HEOJHOPONHOCTEH W reoMeTpuH cucremul. UYrtoOnt
IOKa3aTh dTO, MbI NpuBeaeM Gonee obuuii BeiBOI popMyis (6.9), He
HCTIONIBb3YIOMIUIA pe3y/bTaThl KBaHTOBO-MEXaHHYECKHX pacyeToB, ymo-
MSHYTHIX B pasfieiie 6.1 B cnpaBeyMBBIX UMb W19 CBOGOAHBIX 3JIEKT-
POHOB.

PaccMmotpum obpaser ¢ AByMEPHBIM 3/IEKTPOHHBIM Ia30M, HMEIOMMiL
KOJIBIIEBYIO F€OMETPHIO, NOKa3aHHY Ha puc. 6.4 (muck Kopbumo) u
coiepXaluii HEKOTOPHI NoTeHunan HeoqHopoaHocrei, IlycTs 3amon-
HeH ofuH yposeHb Jlangay. Mer 6yneM moss30BaThes KBa3sHKIacCHYe-
CKHM TIpUONMXEHHUEM U OMHUCHIBATH BJICKTPOHHBI ABYMEPHBIM HMITYIIb-
coM P. JIBuXeHHe 1O KOibIly — NEPHOAMYECKOE H MOTOMY NOJIKHO
YHOBJIETBOPATh YCJIOBHAM KBaHTOBaHuA Bopa—3ommepdensaa {46],
KOTODHIE B MarHHTHOM IIOJIE HMEIOT BHJ

g;(p_EA)dr “2nAM (M =1,2,3,..), (61D
c

rae A — BEKTOp-NOTEHI[Hal MarHUTHOIO MOJA.

H3MeHNM MBICJICHHO MarHMTHOE II0JIE B OTBEPCTHH KOJIbLA, HE Me-
Hs4 ero B o6nactH r > R, rue Haxondrcs a1eKTpoHs!. [Ipu aToM dusu-
yecKH HabmogaeMbie CBOMCTBA 3JIEKTPOHOB HE MOIYT MEHATHCH, IO-
CKOJIKY OHH OTpefeNaloTCs BeIMYHHON MarHUTHOTO NoJd, NEHCTBYIO-
mero Ha anexTponsl. OmHako OyRyT MeHAThCS A M ¢asa BOJHOBOI
(yHKLHH, B KOTOPYIO OH BXOAUT. EC/IH NMOMHOE H3MEHEHHE MATHUTHO-
ro oToOKa yepes oTsepcTue Gyner paBHo 27nich/e, To da3sl BCceX BOIHO-
BBIX (PYHKIMH H3MEHATCA Ha 2R W BCA 9IEKTPOHHAA KapTHHA BEPHETCH
B HcxonHoe cocTosuue. Ha nepeeiil B3ma]1, HHuero He n3mMeHw10cs. Ho
Ha CaMOM [(eJie TPH H3MEHEHHH A MEHA1ach ICKTPOHHAS TPACKTOPHL.
Veenuuenue A yMeHbIIATO 000CLICHHBI MMIYNbLC P — eA/c, H NIPH
STOM IS BHIIOJHEHUS YCIIOBHsS KBaHTOBaHHA (6.11) monmxen 6su1 Bo3-
pacTtaTh paauyc TpaeKTopuu. Tot GaKrT, YTO B pe3ylbTare OMMCAHHOK
npouenypsl KapTHHA HE H3MEHMIACh, O3HAaYaeT, 9TO CHCTEMA YPOBHeEH
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npuobperna UCXOHBIH BHJI, HO KaXIBIH NMEeKTPOH IEPEMECTIIICS HaA CO-
CEJIHIOI0 KBAaHTOBAHHYI TpacKTopuio Gonbiiero pamuyca, aJEKTPOH C
IOCJ/IeTHEN TPAeKTOPUH YIIeJI BO BHEIIHHI KOHTAKT NPH 7 = R,, a OuH
BJEKTPOH C BHYTPEHHErO KOHTAaKTa Boulen B Konmsno. Bee 3o B nenom
BRIVIAMT KaK MepeMelleHHe OJHOIO IEKTPOHA C KOHTAKTa r = R B
KOHTaKT 1 = R;.

PaccMmorpum GanaHc SHEPrEHd NPU ONMACAHHOM Bblle nefcTBuM. Ilo-
CKOJIBKY Pa3HOCTb MOTEHIHATIOB MEXY YKa3aHHLIMH KOHTAKTAMH paB-
Ha XOJUIOBCKOMY HampaXeHuio Vy, npu stoM cosepmiaercsa pabora
eVy. Bamanem na npobnemy ¢ apyroii croponst. [pu usmenennn mar-
HUTHOrO MOJII B OTBEPCTHHU BCIOMY, B TOM YMCJIE U B IUTOCKOCTH, COMlEp-
Xauiell 3JIEKTPOHEI, BO3HUKATO HHIYKIHOHHOE AJIEKTPHYECKOE MOJeE.
CornacHo 3aKOHaM IEKTPUYECKOH HHAYKIMHM, IPH H3MEHEHUH Ha AQ
MarHUTHOTO MOTOKA Yepe3 KOHTYP C TOKOM / SHEpPIusd CHCTEMBI MeHd-
erca Ha AE = IAQ/c. B nawewm ciyyae Ap = 2nch/e u AE = 2nhl/e.
ITockonsky ypoBeHb DepMH JIEXAT B 06JIaCTH JIOKATH30BAHHEIX COCTO-
SHUA B G, = 0, TO AHCCHNATHBHBIX TOKOBBIX NMOTEPh MHIYKIIHOHHOE
none He BuisbiBaet. ITosToMy K3 Gamanca sHepruu ciiegyerT, 4rto AE =
= eVy, T. €.

I e?

G, =—". 6.12

VH g4 2nh ( )

AHanoruyHsle paccyXAeHHUs IS cHcTeMsl ¢ N 3aIOJIHEHHBIMH YPOB-

Hamu Jlanpay fgams Obl JOMOJHUTENbHBIT MHOXUTENE N B dopMyne

(6.12). BrickazaHHbi€ apryMEHTBI MOTYT CIYXHTh JOKa3aTelbCTBOM
yHHBepCcansHOro xapakrepa opmynst K9X (6.9).

6.5. Jpo6mmiii KDX

Yepes HECKOJIBKO JIET NOCIE 9KCIEPUMEHTATFHOIO OTKPBITHSA H TEO-
perudyecKoro ofbIcHeHUs OnucaHHOro Beime nenodncnaeHHoro KOX
NpH UCCe0BaHdM 0GpasloB ¢ OYEHb BBICOKOH MOABHXHOCTHIO JBY-
MepHbIX Hocureseit (> 106 cM?/(B - ¢)) npu CBEpXHH3KUX TeMIepary-
pax (< 1 K) 6sU10 06HApYKEHO HOBOE HEOXMIAHHOE BJICHHE, Ha3BaH-
Hoe 1poGHbM KDX. D10 HOMONHATENLHEIE IU1ATO HA MONEBBIX 3aBUCH-
MOCTSX G,, (WM p,), ONHCHIBaeMble opMynoit (6.9), rae BMmecTo
nenoro gucia N crout apo6s Bujta k/n, npuyeM n — HEYETHOE YHUCIIO,
a k — mo6oe nenoe. C GopMaIbHON TOYKH 3pEHHS TAK MOT 61 BBIIIIA-
neTh oberansiii KDX, ecu Ol 3apaj 3JIEKTPOHOB HMeN APOOHYIO BEH-
qpnHy. [IpH 3HAYEHHAX NOJEH, OTBEYAIIIHX IUIATO Oy, AUCCHIIATHBHAS
IIPOBOAUMOCTS O,y €CIIH H He obpaliaercs B Hyllb, TO BO BCAKOM CIIy4ae
dMeeT pe3kuil MEHUMYM. K HacTosmeMy BpeMeHH nogoGHbIH 1poGHbIii
K®X nabmogancsa g 3HaMeHareneid n BIUIOTH no 13, Tak 4ro nmpu
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Pyys hle?

Pxx

25 30

Puc. 6.5. dpo6usiii K9X B nBymMepHOM 37IEKTPOHHOM ra3de IpH HU3KOH TeMIte-
paType U CHIbHBIX MArHHTHBIX NOMAX (Macirab KpHBO# p,(B) B CHIBHBIX
HONAX yBenudeH B 2.5 pasa) [50].

thakTopax 3amonHeHua v < 1 MONeBBIE 3aBUCHMOCTH TaIbBAHOMATHUT-
HBIX K03 PHIHEHTOB MOTYT OBITH HACHIIIEHB 0COOEHHOCTAMM, KaK 3T0
II0Ka3aHo Ha puc. 6.5.

HecmoTpa Ha BHelIHee CXOACTBO C nenoducnenHsiM KDX, yrazan-
HBliA 1po6HbI agdekT uMeeT coBceM HHYI0 npupony. OH He MOXeT
6bITH OOBACHEH B paMKax IPOCTOrO OJHO3AEKTPOHHOIO MOAXOHA, UC-
IONb30BAHHOTO B NPEABUIYINEM pasjene, a TpeOyeT ydera BIIeKT-
POH-31EKTPOHHBIX B3aMMOIEHCTBUA. DTH B3aMMOIEHCTBIA B CWIHLHOM
MarHUTHOM IOJie IIPUBOIAT K TOMY, YTO 3[E€KTPOHHBII Ia3 IipeBpaila-
eTca B 0co0ylo CWIBHO KOppeNUpOBaHHYI0 XuakocTh [48]. B Takoit
KHJIKOCTH MOXHO BBUIEIUTH CBA3aHHEIE COCTOAHHA, cogepxauye 3, 5,
7 ¥ T. . 3NEKTPOHOB (HEYETHOCTh TUX YHCENl CBI3aHA C HIPUHIMIIOM
IMTaynu, xoTopslil HopMansHO MOXET OHITH IpEACTaBIEH Kak TpeboBa-
HHUe HEeYeTHOCTH 9NEKTPOHHOH BONHOBOH (YHKIUHM O OTHOINEHHIO K
IIepecTaHOBKe NIOObIX JBYX 3J€KTPOHOB). MOXHO IOKa3aTk, YTO BO3-
OyXIeHHd B TAKUX COCTOSHMAX GymyT uMeTh 3dheKTUBHBIN 3apaf co-
orsercTBeHHO 1/3, 1/5 u 1. 1.2 QopManbHO nogobHbE BO3OYXaeHUS

2 H10 He TAK YIUBUTENBHO, KAK MOXET I10Ka3aThCH Ha TIepBiii Barnan. Ecnu B muo-
rOYaCTUYHOH CHCTEME, BKIIIOYAIOIIEH CBOGOHbIE SJIEKTPOHB! ¥ MOHBI PEIIETKH, BO3-
OyxXneHus (IEKTPOHB! MPOBOJHUMOCTH ¥ XBIPKH B BAICHTHOM 30HE) UMEIOT 3(hdexTHs-
HYIO Maccy, OTJIMYHYIO OT Maccel cCBOGOJHOIO 3IEKTPOHA, TO 110YEMY B APYTOil MHOro-
YaCTUYHOM CUCTeMe 3apafi BO30yXAEHUI He MOXET OTIMYATLCA OT 3apajia MJIEKTPOHOB?
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9aCcTO PaCCMATPUBAIOT KAK TaK Ha3bIBAEMbIE KOMIIO3HTHbIE (e pPMUOHSI,
npejcrasisomue coboil 06k4HEI (hepMHOH (3NIeKTPOH), CBI3aHHBI ¢
94ETHBIM YHCIIOM KBAaHTOB MarHWTHOro noToka. B ormimumne oT ucxop-
HBIX CHJIbHO B3aHMOJIEHCTBYIONIHX 3/IEKTPOHOB KOMNO3MTHEIE hepMuo-
HBI yX€ MOTYT CYUTATECS HE B3aHMOJEICTBYIOLIMMH APYT C RPYroM 4ac-
tHaMH. [IpuMeHsa apryMenThb IpepIIyero pasaeia He K OObrIHOMY
SMEKTPOHHOMY Ta3y, a K rasy TakuxX Bo30yXKJIeHH, IMOIY4HM TEOPETH-
YECKYI0 MOJieNb, OMUCHIBAIOLIYIO JApo0HsIt KDX,



I'masa 7

CBOMCTBA KBAHTOBBIX HUTEIl H TOYEK

7.1. Bannuctadeckas MPOBOAMMOCTh HUTeH

XapaxkrTep IIpOBOIUMOCTH KBAHTOBHIX HHUTEH CYILIECTBEHHO 3aBUCHMT
oT ux Jiuabl Ecnu uimHa HUTH L CylmiecTBEHHO HMPEBOCXONUT JUTHHY
ceobopHoro npobera Hocutenelt /, To ygenpHas NPOBOXAMOCTH HHTH
B pacyere Ha eHHHILY JUIMHBI JaeTCd OOGBMHBIM KJIACCHMMECKHM BHIpa-
XeHueM ¢ = nel/mv, rue v — TEIUIOBasA CKOPOCTh HOcHUTeNEl. Pa3-
NUYHE C MAcCHBHBIM 0OpasnoM Oyler nulmb B TOM, YTO paccedHue
HOCcHUTeNelf B HUTU U B MacCHBHOM oOpa3sne Moxer GBITh BeCbMa pa3-
HBIM, B CBSI3H ¢ 4eM giuHa npobera / B HUTH JaeTCA COBCEM HHBIMH
BHIDAXEHHAMH U TpeOyeT CoeLHaIbHOrO aHaIN3a [JIf CBOEr0 HaXoX-
AeHnd.

3HayuTensHO OONee HHTEpecHa U HeoObyHa cHTyallus L < [ [6].
IIpu 3TOM 371EKTpOH, BLUIETEB M3 ONHOIO KOHTAKTA, AOJETaeT AO Ipy-
roro KOHTaKTa 6€3 CTONKHOBEHHi, KaK CHapsif, BHIIyUIEHHbIH u3
nywky. Takad aHanorus OpuBena K TOMY, YTO pPacCMAaTpPUBAEMbIE
GecCTONKHOBUTENBHBE CTPYKTYPH 4YacTO Ha3bIBAlOT GamucTHye-
CKHMH.

ITycrs nMeeTcsa GamucTHdecKas ONHOMEPHAA CTPYKTypa, CHabXeH-
Has METaJUINYECKUMH KOHTAKTaMH, MEXITY KOTOPbIMU Mbl IIPHITOXMWITH
HanpsxeHue V. KOHTakTHI MOXHO pacCMaTpUBaTh KaK 3/IEKTPOHHbBIE
pe3epByaphl, XapaKTepH3yeMble XUMMYECKUMU MOTeHIManamMu C; u £y,
npudeM C; — §p = eV. g npocToTH GyReM CYUTATh TEMIEpATypy HO-
CTaTOYHO HH3KOH, TaK YTO NEKTPOHHI B pe3epByapax MOMHOCTHIO BbI-
poxnensl. B o6nactu sHepruit E < §, COCTOSHH B JIEBOM U MPaBOM
KOHTaKTax IONHOCTHIO 3alONHEHS], TAK YTO 3IEKTPOHBI M3 3TUX COCTO-
SHUI HE MOTYT CO3/1aBaTh TOK B LienM. TaKOif TOK CBA3aH HCKIIIOYHTENb-
HO C 9NEKTPOHAMH U3 SHEPIeTHYeCKOro uHTepBana {, < E < {;, rue B
JIeBOM KOHTaKT€ €CTh DJIEKTPOHHI, BBUICTAIOIME B HUTh, 4 COCTOTHHA
TpaBoro KOHTAKTa IyCTHI U CIIOCOOHEI ®TH 3MEKTPOHBI MpUHATH. BEI-
YHC/IHM BEIMYUHY BO3HUKAIONETO TOKA.

Ecnn 9MEKTPOH MMEET HUMITYNBC p, W, CHENOBATENbHO, CKOPOCTH
P./m, TO €ro BKIa], B TOK paseH ep,/mL. Jind nomydeHus MomHoro Toka J
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HaM HeOOXOMUMO CIOXHUTH TaKUE BKJIAJBI OT BCEX BIEKTPOHOB C BHEP-
rusMu (, < E < {; BO Bcex mop3oHax:
€ p2
=—z Px» C.»Z <Emn+~<c.»1‘ (71)
mL ok 2m
Ecnu pasdocts C, ~ §; Mana, TO HHTEpECYIOIIUE HAC AIEKTPOHEI CY-
MIECTBYIOT TONHKO B NOA30HAX C E,,, < {5, MpUYeM UMITYJIBCHI UX JIEXAaT
B UHTepBaIe WIMHOM Ap = eVm/p, B6nu3u [2m((, — E,,,)]/2. U3 cka-
3aHHOTO B IVIaBe 3 CHeAYeT, YTO B HHTEPBaNe Ap C YIETOM CIMHOBOTO
BBIDOXJIEHUA ecTh 2ApL/(27) pasnuIHbIX 3NEKTPOHHBIX COCTOSHUH, U
OKOHYarTenbHO u3 (7.1) nmeem I = e? VN/n, tme N — 4ucno ypoBHei
(non30H), NEXamUX HAXE YPOBHA XMMHYECKOTO NOTEHIMANA, T. €. CO-
JEPXAlUX IEKTPOHHL.
Hrax, Haly BHIKJIAOKH NPHBEIH K TOMY, YTO MPOBOXUMOCTD Hamnu-

CTHYECKOH KBaHTOBOH HHUTH 2

(4
=—N. 72
o= (7.2)

ITonyyennas ¢opMyna HOCUT OOIIUIT XapaKTep U HE 3aBUCUT HH OT Xa-
PaKTEPUCTHK HUTH (32 UCKIIOYEHUEM YHUCTIA 3aMOMHEHHBIX YPOBHEIH),
HU OT ycloBuil w3MepeHuit. Kak u dopmyna s K9X (6.9), oHa He co-
JIEpXUT HUYETO, KpOME MHPOBHIX KOHCTAHT.

Heobxonumo o6paTtuTh BHHMaHUE €llie HAa OfMH BaXHHIH BOOPOC.
Hannyue KOHEYHOH NPOBOIMMOCTH Y CUCTEMBI 03HAYaET, YTO NP MIPU-
JIOXEHHM K HEli HanpsaXeHud V B CUCTEME IIPOTEKAET TOK U IIPOUCXO-
JIMT BUIENEHUE SHEPTHH, paBHOe ¢ V2/L B elMHMIYy BpeMeHH. DTO aHa-
nor aggexra [xoyns—IleHna B 0O0s4HOM npoBogHuKe. PU3MKa IXKOY-
JIEBBIX NOTEPH XOPOLIO U3BECTHA; 3NIEKTPOHbI, Pa3rOHAIONIMECT B BEK-
TPUYECKOM II0JI€, OTHAIOT YHEPIUI0 KPUCTAUIMYECKON PEIIETKE 33 CUET
cronkHoBeHu. Ho B 6a/UTHCTHYECK O HUTU 3AEKTPOHBI HE UCTIBITHIBA-
10T cToNnKHOBeHMit! OTKyRa Xe Oepyrca Teriosbie norepu? OHU npo-
HUCXONAT HE B CAMOI HUTH, 2 B KOHTAaKTaX, IpM4eM B 00OMX KOHTaKTax
nopoBHy. M3BECTHO, 4TO B CHCTEME BBHIPOXAEHHBIX JNEKTPOHOB BECH
TOKOIEPEHOC OCYIIECTBIIETCA 3NeKTpoHamMu Ha yposHe Pepmu. HHbI-
MH CJIOBAMM, BCE B3NEKTPOHBI, IIOCTyHamolmue B JEBHI KOHTakT U3
BHEIIHEH LEmH, UMEIOT SHepruio £;. YXOndT Xe U3 KOHTaKTa B HUTH
BNEKTPOHHI U3 UHTepBaia 3Hepruii C, < E < {;, T. €. co cpenuei suep-
rueii (G + £;)/2. TakuM 06pa3oM, eCli MBI CIMTAEM, YTO pacnpenene-
HHE BJIEKTPOHOB B IEBOM KOHTAKTE PABHOBECHO B HE MEHSIETCH CO Bpe-
MEHEM, TO KaX[blil 3MEKTPOH, MPUXONAINMIl U3 BHEIIHEN nenu, Non-
XEH 32 CYET paccesHud B KOHTAKTE OTHATh KPUCTALINYECKON pEINETKE
9HEpruio, B cpegHeM pasuyw (§; — §;)/2. AHanOorm4Has CUTyanud 4 B
IIPaBOM KOHTaKTe. B HEro M3 HWTH NOCTYHAIOT BJIEKTPOHH C IHEPIHUs-
mu ot &, o ;. [Ipuxons B paBHOBECHE, OHU ROJIXKHBI «OCTBITH» X0 3Ha-
yeHHd (, U TEM CaMbIM OTHATh JHEPrHIO, TAKXKE B CPENHEM PABHYIO

(€ - G2)/2.
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Puc 7.1. OkcnepuMeHTaNbHAS 33aBUCHMOCTE IIPOBOJAMMOCTH KBAHTOBOH HUTH
(To4eYHOro KOHTAKTA) OT HAPSKEHNUS Ha 3aTBOPE, ONPEAC/AIOUIEro KOHICHT-
pamo Hocureneit [51].

HHTrepecHo mpocneauTs, KaK 3aBUCHT NPOBOAMMOCTE OA/UTUCTHIECKOM
HMTH OT KOHLEHTPAallM{ IEKTPOHOB B Hell. B CTpyKTypax ¢ 3aTBOpOM
IHJoTTKH, OMICaHHBIX B pasziene 1.4, KOHIIEHTPALHIO MOXHO MEHSTD C ITO-
MOIIBI0 HalpsLKEeHHS, IPHKIaIpIBacMoro K 3arsopy. Ilo Mepe ymeHsme-
HEA OTPHILIATEILHOIO MOTEHIMATIA HA 3aTBOpPE [IMPHHA KBAHTOBOH HUTH H
KOHLIEHTpauusi HocuTesniell B Helf BozpacTaloT. [IpH 3TOM BO3pacTeT YHCIO
3aMO/THEHHBIX KBaHTOBO-Pa3MEPHBIX NION30H, KaK 34 CYET POCTa KOHUEHT-
paim, T. €. ypoBHa PepMH, TaK U 3a CYET YMEHBIIEHH 3HEPIETHIECKOTO
paccTosHHA MeXIy KBaHTOBLIMM ypoBHsiMu. Ecim TeMrieparypa HHM3Ka H
3NEKTPOHHI B CTPYKTYPE IONHOCTBIO BRIPOXKIEHHI, TO KAXIBIA pa3, Koraa
o4epemHoii yposeHs E,,, nepecekaer yposeHb DepMu, uucio N B ¢opMy-
ne (7.2) MeHdercd Ha eNUHMIy ¥ NPOBOIUMOCTh HUTH BO3pacTaeT Ha
€2 /nh. B enoM 3aBHCHMOCTh G OT HANPSXEHUs HA 3aTBOPE GYNET MMETh
BHJ CTyneH4arol (pyHKIMH, IOKa3aHHOH Ha puc. 7.1.

Ecnu HUTH He ABISETCS NOCTaTOYHO KOPOTKOH U BBICOKOKAYECTBEH-
HOH, TO 3NEKTPOH Ha IyTH OT KOHTAaKTa JI0 KOHTAKTa MOXET MCIBITATh
paccesHue Ha IIpUMECH WM HHOM Jieekre HUTH. Takoe paccedHue gs-
JISETCA yIPYIUM, T. €. IPOUCXOAUT 63 n3MeHeHnd 3neprud. Ecnu anekr-
POH OCTaeTca Ha TOM Xe€ KBaHTOBOM YPOBHE E, ., TO YIIpYroe paccesHue
MOXHO OCYLIECTBUTH JIUIb OMHUM 00pa3oM: CMEHHB HUMITYILC P, HA —p,,
T. €. IOBEpHYB cTporo Haszan.! ECTECTBEHHO, YTO TOK NPU 3TOM yMEHb-
maeTcs. Eciu 1714 3NeKTpoHa U3 MOI30HEI mn BEPOATHOCTh TaKOro OTpa-
XeHus pasHa R,,,, To BMecTO opMynsl (7.2) Mbl GylieM UMETB:

eZ
G—E%(I—Rmn). (1.3)

1 B niBy- 1 TpexmepHOM crydastx BOIMOXHOCTH JUIS YIPYTOTO PACCESHUS 3HATHTEND-
Ho Gonblue BEKTOP MMIIY/IbCA, HE MEHSACH M0 BEIMYHHE, MOXET IOBEPHYTHCS Ha JIK0-
60ii yron Mo OTHOLUEHHIO K CBOEMY HAYaJIbHOMY HAIPaBICHHIO.

115



3a cueT 3aBUCHMOCTH K03(pdHIHEHTOB OTpaxeHus R,, OT SHEPIHH
9NIEKTPOHOB, 3 TAKXKE 33 CYET TEIUIOBOIO Pa3sMBITUA (PYHKIMH pacripe-
JENEHHA HOCHMTENeH CTYNeHbKH, naaeMsie ¢opmynoil (7.3), moryr
OLITH HECKONBKO Pa3MBITHl, OJIHAKO B PEAILHBIX BHICOKOKAYECTBEHHAIX
CTPYKTYPax OHH MOIYT HaGMIONaTbCS O4€Hb OTYETIIMBO.

DKcrepAMeHTANBHBIE HCCIEA0BAHMSA ONIUCAHHOTO KBAHTOBAHHUA TIPO-
BOIHMOCTH B KOPOTKHX (6a/UIMCTHYECKMX) HMTAX 4YacTO IPOBOAATCA
Ha CTpyKTypax, mpefcTasigiomux coboil, CTpOro ropops, He HUTH KaK
TaKOBYI0, & TaK Ha3bIBAEMBIH TOYEYHBINA KOHTAKT, T, €. Y3KYIO [IEPEMBIY-
KY, COEIUHAIOLIYI0 coOOii JIBa y9aCTKa ABYMEPHOIO 3JIEKTPOHHOTO rasa
JocTaTo4HO 60mbimoi rwiomany. GopMaibHO 3TO KaK Okl HUTH, HMEIO-
mas WIMHY, CPABHUMYIO C €€ MIHPUHO, MpUYeM TOCNeqHIT UMeeT J0-
CTaTOYHO MATYIO BeMH4YMHy. KBaHTOBaHHE IIPOBOXMMOCTH AOJIXHO Ha-
6mromaTbcd M B TaKUX CTPYKTYpax (3TO HEYyAHBUTENBHO, TOCKOJBKY
okoHuaTensHad ¢opmyna (7.2) He COEEPXKUT HMKAKUX KOHKPETHBIX
1apaMeTPOB, ONMUCHIBAIOMIUX pa3Meps! U GopMy HuTH). B wacTHOCTH,
9KCIIEPHMEHTANBHEIE 3aBUCHMOCTH, 10Ka3aHHke Ha puc. 7.1, momyue-
Hbl HMEHHO Ha TaKOM KBaHTOBOM MHKDOKOHTAKTe.

7.2. Cea3ps KDX ¢ KBaHTOBaHHEM NPOBOAHUMOCTH B HHTAX

®opMyna (7.2), npeackasplBaoas KBaHTOBAHHE TPOBOAUMOCTU B
OaUIHCTHYECKNX KBAHTOBBIX HHUTSX, COBEPIIEHHO HEOXKHIAHHO HMeEET
TAKOH Xe Buf, KaK U dopmyna (6.9) u3 teopun KDX. OxkasbiBaercs,
TaKoe COBNaJieHHe He ciyuaiiHo. HecMOTps Ha TO 4TO B OTCYTCTBHE
MArHHTHOIO IOJI1 OJHOMEPHbBIE CUCTEMBI, KAKHMH SBISIOTCS KBAHTO-
Bbl€ HUTH, NPHHIUNUAILHO OTINYAIOTCS OT JABYMEPHBIX 3E€KTPOHHBIX
CHCTeM, IOCTIEIHNE B CWIBHOM MarHUTHOM IOJIE PHOOPETAIOT YepPTHI,
CBOJCTBEHHBIE KBAHTOBBIM HHTAM.

YTo6H NOHATH, B YEM 3[ECh JENO, HAO PACCMOTPETh OOIUe YEPTH
JIWHAMHKH JBYMEDHBIX 3eKTPOHOB B MarHUTHOM none H, mepnenau-
KYJSpHOM HX WwiockocTd. Kak otmevanocs B pasgene 6.1, 3/EKTPOHSI B
H nBuxyTcs 10 KpyroesiM opOHTaM C 4aCTOTOH ®,, YTO C TOYKH 3pe-
HMs KBaHTOBOI MEXaHUKH OTBEYaeT IHEPIETUYECKOMY CIEKTPY B BHIE
9KBHAUCTAHTHRIX ypoBHeii Jlannay. D10, ONHAKO, OTHOCHTCH JIMIOb K
9JIEKTPOHaM B LIeHTpa1bHO# yacTu obpasua, Bgamu ot ero rpanun. Co-
BCEM HHade BefyT ce0d 3NeKTPOHH, HaX ofdIIiecs BOGIU3U rpaHHibl 06-
pa3ua. Kax Bunuo u3 puc. 7.2, 3a cyeT MHOTOKpaTHbIX OTPaXeHU# OT
TPaHUNBl OHU MONYYalOT BO3MOXHOCTh NOCTYNATENBbHOrO IBUXEHHA
BIOJIb Kpasd. DTO IBUXEHHE MOXET OBITh OXapaKTepH30BaHO HEKOTO-
PBIM CPETHAM 3HAYEHUEM HMITYNBCA p,, HAPAIIEABHOIO IPAHHLE, H CO-
OTBETCTBYIOLIEH KUHEeTHYecK Ol sueprueil E. TakuM obpazom, nuuamu-
Ka IpUTPAHUYHBIX ABYMEPHBIX 3/IEKTPOHOB B CWIPHOM MAarHUTHOM IO-
7€ HAllOMHHAeT HX OMHAMHKY B KBAHTOBBIX HHTAX, INE SMEKTPOHBI
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Puc. 7.2. TpaeKTOpHH ABYMEPHBIX 3JIEKTPOHOB B IEPIEHAMKYIIIPHOM MAarHAT-
HOM mnoNie B Drybune obpazua (a) U BOIU3M rpaHuusl (6).

MOTYT JBUraThCd B OHOM HAlIPABJICHUH H PE3KO OIPaHWYEHHI B CBOEM
JIBUXEHHH B ABYX IDYIUX.

H ente ogHO BaxHOE 3aMe4anue. B KBaHTOBOM HHTH 6€3 MarHUTHOTO
II0N1K TOK, TApATUTENLHBIA OCH HUTH, CO3AAETCS 3MEKTPUYECKHM TIOTIEM,
HMEIOLIHM TO X€ CaMOe HanpagsieHue. B MarHUTHOM none cuwia, IeicT-
BYIOIIIad Ha 3NEKTPOH CO CTOPOHHI a5ieKTprdyeckoro nons (cwia Jlopen-
11a), NEPICHAVKY/IIPHA KaK 3NEKTPUYECKOMY, TAK U MArHUTHOMY IO-
mo. ITosTomy ¢opMyna tina (7.2) B MarHUTHOM noJie GYAET CBA3BIBATH
MeXn1y co60i X-KOMIIOHEHTY 31eKTPHUYECKOro IOy C y-KOMIOHEHTOH
TOKa, ¥ Ha060poT. MTaK, MpI MOXEM OKOHYATENbHO YIBEPXAATh, YTO B
IOBYMEDHOM 3JIEKTPOHHOM TI'a3e B CHWIBHOM MarHUTHOM II0Ni€ HENUATOHAb-
Had XOJUIOBCKasd KOMIIOHEHTa MpPOBOXMMOCTH JaeTcd BBHIPAXEHHEM
(7.2), uro cocrasnseT OCHOBHOE cogepxaHue KDX u MoxeTr paccMar-
PHBATHCA KaK €10 IbTEPHATUBHEI Ka4eCTBEHHBII BHIBOJ], HCTIONB3YIO-
LM UHYI0 (PU3HYECKYI0 MOJIEND, HEXENH B I71ase 6,

BaxueiM ornmaneM KOX 0T IpoBOAMMOCTU KBAaHTOBOH HHTH SIBJIS-
eTCs TOT (PaKT, YTO BROTb AAHHOL IPaHMIBI 3NIEKTPOHBI MOTYT JABHUIATh-
Csl JIVILIIb B OOHY CTOPOHY. [{BHXEHUE B APYIYI0 CTOPOHY OCYIIECTBIIAET-
s BIIOJIb IPOTUBONOIOXKHOM rpaHunsl obpasna. [Ipu 3ToM CTaHOBUTCA
HEBO3MOXHEBIM YIIPYIO€ OTPaXEHUE IEKTPOHOB, T. €. CMEHA 3HAKA UM-
IyJIbCa 3a CYET YNPYroro pacCcesHus Ha npuMecsax win nedekrax. Ta-
KOif nponecc TpeboBa Obl NepecKoKa 3NEKTPOHA HA MaKpOCKOIMMYe-
CKOE pacCTOSHUE OT ORHOW IpaHulb! IO APYToi, 4TO HEBO3MOXHO MpPH
paccesuun. IlosToMy B OT/IMYHE OT HUTEH, Ile paccedHHe HOCHTeNeH
Ha3aJ CIOCOOHO NPUBECTU K 3HAYUTENBHBIM OTKJIOHEHHSAM IIPOBOIM-
MOCTM OT yHHBepcansbHOro 3nadeHus (7.2) (cM. dopmyny (7.3)), B
yenoruax KDX NaHHBIA pe3ynpTaT ABIIETCA TOYHBIM.

7.3. Ky;ioHoBckas Oiokaza

IToMumo GONBINOH COBOKYITHOCTH PAaCCMOTPEHHBIX B MpPENbIIYIIMX
[1aBaX MHTEPECHHIX (PU3MUECKUX CBOMCTB, KOTOPHIMH OONaNaloT Oau-
HOYHBIE KBAHTOBBIE SIMBI, HUTH ¥ TOYKM, CYLIECTBYET €Il[e OOHA [PyIna
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Puc. 7.3. CxeMaruueckoe uzobpaxeHue CTPYKTYphI JUI1 HaGMIOAeHAS ABICHHAS
KyJIOHOBCKO# GyioKampl (@) ¥ ee BOJBT-aMIepHad XapakTepucTuka (6).

ABJEHMI, CBA3aHHBIX C MPOXOXIEHUEM TOKA YEPE3 CTPYKTYPHI, OTHE-
JIEHHBIE OT MACCHUBHBIX BHEINHHUX 3JEKTPOIOB TYHHENLHO-IPO3PaYHHI-
Mu Gaprepamu. Ha puc. 7.3, a npencrasineno cxemarmyeckoe u3obpa-
XKECHUE TAKOH CTPYKTYPHI C KBAHTOBOM TOYKOM B KQYECTBE LIEHTPATILHO-
ro snexrpoga. B rmase 5 mbl ob6cyxnanin 3¢deKTH pe30HaHCHOro
TYHHEJIUPOBaHMA Yepe3 KBaHTOBYIO aMy. B nanHoM pasgene Mmi pac-
CMOTpHM €IllE OJHO, NMPUHIIUNHMAIFHO HOBOE ABIEHUE, BOZHUKAIOLIEE
OpY TYHHEJIUPOBAHUH HOCHTENEH YEpe3 KBaHTOBYIO TOYKY.

D10 ABNEHUE, HA3LIBAEMOE KYJIOHOBCKOMH ONIOKanoif, onupaercd Ha
TOT aKT, YTO 3apsif HE MOXET JpOOUTHCA HECKOHEYHO H NEPEHOCUTCS
4yepe3 Hapbep AUCKPETHHIMH MOPLHAMU, KPATHBIMH 3apsiKy 3JIEKTPOHA
[52, 53]. Ecnu pa3mep, a ciieqoBaTeNbHO, H €eMKOCTh KBAHTOBOH TOUKH
C=C,+ C,(C,u C, — eMKOCTH JIEBOTO H [IPABOr0 TYHHEJBHBIX II€-
PEXONOB) JOCTATOYHO MAIHI, TO MEPEHOC OJHOIO 3MIEKTPOHA B TOYKY
FIH U3 HEee MEHSET 3IEKTPOCTATHIECKYIO SHEPIUIO HA BenuduHy e2/2C.
YxazaHHbIIT 3HepreTHUecKuii 6aprep NONXKeH OHTH NPEONOIEH B XOIe
TOKOIIEpEHOCa. DTO 03HAYAET, YTO NpPU MATBIX HANpAXeHHUAX, PUIO-
XEHHBIX K TYHHENBHOI CTPYKTYPE, TOK OY[IET OTCYTCTBOBATh U BO3HMK-
HET JIUIIG TOFAA, KON NPWIOKEHHOE HanpsaXeHue V mpeB3oder mo
abcomorHo# BeymuuHe ¢/2C (puc 7.3, 6). UHsIMU ClTOBaMM, BOJIBT-aM-
IiepHasd XapaKTepUCTHKA TYHHENHbHOTO KOHTAaKTa IpH Maislx V Oymer
CYIIECTBEHHO HeNUHEMHA.

Tt HaGnroneHus 3¢deKTOB KyIOHOBCKOU 610Kans! TpeGyoTcd 1o-
CTaTOYHO MAJIbIe Pa3MEpPhl KBAHTOBBIX TOUEK M HM3KHE TEMIIEPATYPBI.
HelCTBUTENBHO, YIOMSHYTBINA 2NEKTPOCTATHYECKHII MOTEHLMAIBHBIN
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Gapnep OymeT CymeCTBEHHO U3MEHATh CBOMCTBA CTPYKTYDhI, €C/IH €r0
BEJIMYMHA 3aMETHO NPEBOCXOIMUT TEIUIOBYIO SHEPIUI0 HOCHTENEH:

 SiT
. . 74
°C (7.4)

Hanpumep, it CTpyKTyphl, I'ie KBRHTOBasd TOYKA HMEET XapaKTepHBIH
nuaMetp 0.1 MKM M OTzeneHa OT KOHTaKTa JUIIEKTPUYECKHM CIOEM
tonmuuoi 20 aM, emxocth C = 5-10717 @, [pu atom ycnosue (7.4)
cootsercTByeT Tpebosanmo T’ K 30 K. g HabmoneHns addexra Ky-
NOHOBCKOMU Onokans! npu 6onee BRICOKMX TeMIEparypax HeoOXonuMo
yMEHbIIATh pa3MEpPH! KBAHTOBOH TOYKH, a 3HAYHT, U €€ IEKTPUIECKYIO
€MKOCTb.

Crengyer nomuepkHyTh, 4TO, XOTH 3¢hGeKTH KynOHOBCKO# 6noKalst
Ut CBOEH pealu3alldd TakKXe TpeOylOT MaIBIX pa3MEpPOB TOYKH 4,
ycnosue (7.4), HanaraeMoe Ha @, CyIeCTBEHHO UHOE, HEXENH YCIOBUA
I HaOMIONEHK KBAaHTOBBIX pa3MepHBIX 3hdeKTOB, CHOPMYITHPOBaH-
Hele B rMase 1. IToaroMy adpeKTrI KyTOHOBCKOIT ONOKaNB! U Pa3MEPHO-
ro KBAaHTOBaHHUA ABJIAIOTCA He3aBUCUMBIMHU, B yacTHOCTH, KyOHOBCKAs
610Kana HabronaeTcs B TAKUX, HAlIpUMEP, CTPYKTYpax, KaK OCTPOBKO-
BHIE IUIEHKH METAWIA, [TI€ B CHIY ROCTATOYHO Oonbmoil 3¢deKTUBHOMI
MacChI 3EKTPOHOB M BHICOKOM 3Heprud DepMu pasMEpHOE KBaHTOBa-
HHE NpaKTHYeCKH He HabmogaeMo.

Ha ocHoBe 9BNeHHA KYJIOHOBCKOMH 6110Kanbl MOXET OBITh H3rOTOBJICH
DPUHIUOHATIBHO HOBBI NPUOOp — ONHORIEKTPOHHBIHA TPaH3UCTOD,
pedb O KOTOpOM MOMIET B CIEyIONIei IMage.



I'nasa 8

HPUMEHEHHE KBAHTOBO-PASMEPHBIX CTPYKTYP
B IIPHBOPAX MHUKPO- H HAHOJJIEKTPOHUKHA

Cremucuyeckue NeKTPOHHBIE CBOHCTBA HH3KOPa3MEpPHBIX CHUCTEM
OTKPBIBAIOT INHPOKYIO [IEPCIIEKTHBY 1A CO3JaHHA Ha MX OCHOBE HOBBIX
THIIOB IONYNPOBONHMKOBLIX npubopoB. HekoToprie BO3MOXHOCTH
IPaKTUYECKOTro IIPUMeHEHNs CTPYKTYp, BAX KOTOPbIX COREPXUT Y4acT-
KM orpunarensHoro gucddgepeHIHanbHOr0 CONpPOTUBIIEHH, yXe 00-
CYXJamuCh B Imase 5. 3xeck OyayT pacCMOTPEHSI APyTHe acIeKTH MpH-
60pHOrO NMprMeHEeHUsd KBaHTOBO-Pa3MEPHBIX CTPYKTYP.

8.1. Jlazepni ¢ KBAaHTOBBIMH IMaMH U TOYKaMHU

CaMpiM pacmpoCTpaHEHHBIM TUIIOM IONYIPOBOJHHKOBOIO Ja3epa
ABN4€ETCA Nlasep Ha JBOUHON reTepOCTPYKTYpE, IIe aKTuBHad 061acTs
npencrasiger cofoil TOHKMIT C10# Y3KO30HHOTO MOMYHPOBOAHUKA MEX-
Oy IBYMsI IIMPOKO30HHBIMU [54]. JIBOHHEIE reTEpOCTPYKTYPHI MPELIO-
xeHsl B 1963 r. XK. H. AndépossiM. B 2000 r. «3a pa3ssuTue moIynpo-
BOOHHUKOBBIX T€TEPOCTPYKTYP, HCNONb3yeMBIX B BbICOKOCKOPOCTHOH
9NIeKTpoHHKE u onTosnekTponuke», XK. H. Andépos u I. Kpémep
(CHIA) narpaxnensl HoGenesckoii nmpemueit no dwusmke. Ipu nocra-
TOYHO MO TONMKUHE aKTHBHOI 06/1aCTH @ OHA HAYMHACT BeCTH celd
KaK KBaHTOBad siMa M KBaHTOBaHHE 9HEPreTHMYeCKOro CHEeKTpa B Held
CYIECTBEHHO MEHS€ET CBOMCTBa Nazepos [13].

OcHoBHOE BIMSHHME Ha CBOWCTBA JIa3€POB OKa3hIBAaeT HM3MeHEHHE
IUIOTHOCTH COCTOSHHH, NPOUCXOMdlee MOX BIUSHHEM Ppa3MEPHOrO
KBaHTOBaHUA (cM. pasmen 3.1). Ecnu B MaCCHBHOM MONYNIPOBOJHUKE B
HEMOCPEACTBEHHON ONIM30CTH OT Kpas 30HBI 9Ta BEIMYMHA Mana (CM.
puc. 3.1), To B KBaHTOBO-pa3sMepHOIl CHCTEME OHa He YObiBaeT BONTH3H
Kpas, ocTaBasdch paBHoit m/nh? Bnarogaps stoMy ¢akTy ycaoBus co-
38aHHA MHBEPCHOM HACENEHHOCTH B IBYMEPHHIX CHCTEMax OKa3bIBaloT-
cd Gonee GIArONPUATHRIMM, Y€M B TPEXMEPHBIX. DTO NPUBENO K KOHK-
PETHBIM IPaKTHYECKHUM pesynbraTaM. Co3JlaHHEe N1a3epoB C KBaHTOBO-
pa3MepHOl aKTHBHOIH 0O0JIACThIO MO3BOMWIO MONYYHTH HENPEPHIBHYIO
FeHEpaIMI0 NP KOMHATHOH TeMilepatype U B JanbHelIneM CHH3UTH
IOPOTOBBIH TOK HHXCKIMOHHOIO Na3epa 0 PEKOPAHO HHM3KHMX 3Hade-
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HMH, COCTAaBRIAIONIMX K HACTOSALIEMY MOMEHTY BEJMYMHY NOpAIKa
50 A/cm?. Pa3sBUTHIO NOMYPOBOJHMKOBBIX MHXEKIMOHHBIX J1a3€pOB
nocesueH 0630p X. H. Andeposa «Hcropus n Gyayuiee nonynposon-
HUKOBBIX rerepoctpyktyp» (®PTIL. 1998. T. 32, Ne 1. C. 3—18).

Brnarogaps vHO# HEPreTUYECcKON 3aBUCHMMOCTH IUIOTHOCTH COCTO-
SHAH MEHSeTCS HE TOJBKO BEJIMYHMHA IIOPOTrOBOrO TOKa, HO M €ro
TeMIeparypsas 3asucuMocts. OHa craHoBHTCA Oonee cnabol, B crty
4ero HENpPEphIBHYI0 TEHEPAHMIO YAAeTCSd NONYYUTh HE TONBKO IpH
KOMHATHOHW TeMIIepaType, HO W IIPU TeMIepaTypax Ha MHOTO AECST-
KOB TPafyCOB BBIIIIE.

Hpyroii BaxHo#i 0COOEHHOCTEHIO JIa3¢POB HA KBAHTOBHIX MaX SIBIIA-
€TCS BO3MOXHOCTh MX YaCTOTHOM NlepecTpoiiki. MuHMManbHag 3HEp-
U WITYYaeMbIX CBETOBBIX KBaHTOB paBHa Ao = E, +Ef +E{'. Ona
MeHsleTCs IIpH W3MEHEHMH g, T. €. IIyTeM H3MeHeHHS HIMPUHBI KBaH-
TOBOH MBI MOXHO OCYILECTBIIITh IIEPECTPOMKY YaCTOTHI [eHEPAIUH,
clBHrad ee B KOPOTKOBOJTHOBYI0 CTOPOHY IO CPaBHEHHIO C Jia3epamMmu
¢ mMUpoKo# (KIaccHYeCcKol) aKTHBHOHN 067acThio.

B KBaHTOBBIX TOYKAaX YHEPreTMYECKHi CIEKTp MeHsercs eine 6o-
jlee pagUKanbHO, 4€M B KBAHTOBBHIX fAMaxX. ILTOTHOCTH COCTOSHHME
nMeeT 5-00pa3HBIi BU, U B PE3YNBTaTe OTCYTCTBYIOT COCTOSIHMS, KO-
TOpBIE HE IPUHHUMAIOT YYaCTHUS B YCHICHHH ONTHYECKOrO M3JYdeHMd,
HO COfepXaT MeKTPoHb. DTO yMEHBHIAET MOTEPH PHEPIHH M KakK
cleficTBHe YMEHbHIAeT NOPOroBhiii TOK. Jlasepsl MoryT cogepxars og-
HY WA (W1 yBEeNWYIEHHS OITHYECKOrO YCHJIEHUS) HECKOJIBKO IUIOC-
KOCTeH, 3aloNHeHHBIX KBaHTOBHIMH ToukKamu. Mcmonp3yiorcs Takxe
BEPTHUKAILHO CBA3aHHbIE TOYKHM (cM. pasgen 2.5) [55]. ComacHo Teo-
PETHYECKMM OLIEHKaM, JUOAHLIE J1a3ePhl C aKTUBHOH CPefoi U3 KBaH-
TOBBIX TOYEK NOMXHBI 007aNaTh 3HAYMTENBHO JIYYHIMMH CBOMCTBAMH
IO CPABHEHMIO C JIa3epaMH Ha KBAHTOBBIX SMaxX, a MMEHHO: CYIIeCT-
BeHHO OOmpImM Ko3(h$hHINEHTOM YCHICHUs, MEHbHIEH IIOpOroBoOi
IUTOTHOCTBIO TOKA, IOTHOH HEBOCIIPMMMYHBOCTHIO K TEMIIEpAaType pe-
HIETKH, JyYOIUMM JUHAMMYECKHMHM XapaKTepHCTHKaMM W OOIBIINMH
BO3MOXHOCTSMM I KOHTPOJA 3a 9Heprueil KBaHra marydedus [16].
ITokazaHo, 4TO B JIa3epax Ha OCHOBE BEPTHKAIPHO CBA3aHHBIX KBaH-
TOBBIX TOYEK MOPOTOBHI TOK NPU KOMHATHOH TeMIleparype MOXeT
65ITH CHHXeEH 0 15 A/cm? [56].

8.2. OnTH4ecKue MOIYBATOPDI

CTpyKTypbi C KBAHTOBLIMH IMaMH MOTYT HCIIOJIB30BAThCA HE TOJNBKO
I7I TeHEpaLMH, HO H V1 MOXY/IIMHU CBETOBOTO H3Ty4eHHS U3 obracta
MEX30HHOIO ONTHYECKOIO NomomeHud. Pu3ndyeckod OCHOBOH 3h-
tekTa MOXYINMH SABIAIOTCA JBa CIEAYIOIIUX 9KCIEPUMEHTATBHBIX
thakra:
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Puc. 8.1. DnepreTHuecKuii CIEKTP KBAHTOBOM SMBI B OTCYTCTBHE (d) U IIPH Ha-
JM4HY (6) MPHIOXKEHHOTO IEKTPHIECKOro IO,

a) B CTPYKTypax C XBaHTOBHIMH IMaM#l CyIIECTBYIOT pe3KHe JTHHUH
9KCUTOHHOTO NOMNIONIEHHUS, HMEIOIIHe 3HaYUTEeNHO GOMBIIYI0 HHTEeH-
CHBHOCTB, Y€M B ONHOPOIHBIX IIOJYIIPOBOIHUKAX, M HabJI0gacMeie He
TOJNIBKO TIpH HU3KHX, HO M IIPH KOMHATHBIX TeMIlepaTypax;

6) cnekTpaTbHOE ITOJIOXKEHHE JIMHHUIA 3aMETHO CIBUTAETCS IPH MPH-
JIOXCHHMH CWJIBHOTO 3MEKTPUYECKOro MONd NepneHIMKYIIpHO CIOIM
TETEPOCTPYKTYPHI.

IlepBoe OOCTOATENECTBO yXe OTMEYaIOCH B pasnenie 3.4, a Bropoe
HyXjaercd B JOMOTHUTEIEHOM KOMMEHTApHH.

B omHOpORHBIX NOJYNPOBONHMKAX WICKTPHYECKOE MOJE pa3spymIacT
®KCHTOHBI, PACTACKHBas 3EKTPOH U JIBIPKY B pasHble CTOpoHel. Hamuue
Xe KBaHTOBOH sAMbI o3BOMeT Oe3 Bpelia VI 3KCHTOHA IIPHIOXHTD B I10-
MEePeYHOM HaNpaBieHHH JOCTATOYHO CWIBHOE IOJIE, TTOCKOJIBKY CTEHKH
SMBI He JA0T JIEKTPOHY U JbIPKEe BOSMOXHOCTH pa30dTHCE. JToaTOMYy 3K-
CHTOHHAS JIMHMA TIOITIOIEHNS B NIOJIE HE MCYE3aeT, HO TI0JIOXEHHE ee JI0-
CTATOYHO CWIHHO CHBUraeTcd. Jto 00yCIoRIeHO HBYMS (HaKTOpaMH.
Bo-neperix, none uckaxaer (popMy camoil KBaHTOBOH SIMBI, TIpeBpamas
€€ M3 NPSAMOYTOJIBHOMN B TpaneleBUIHyio (puc. 8.1). Ilpu stoM MeHsioT-
€Al SHEPTMHM KBAHTOBLIX ypOBHe# Kak B 30He IPOBOTUMOCTH Ef, Tak U B
BAJICHTHOH 30HE E ,’}, , a CJICIIOB&TCJILHO 1 a¢exTuBHA IMUPUHA 3amIpe-
IIEHHOH 30HBI E =E, + E1 + E1 Bo-BTOpBIX, 3HEPTHS CBI3H YKCHUTO-
Ha E,, XOT4 1 He o6pamae’rcs1 B HYJIb, KaK TOMBKO YTO OBIIO OTMEYEHO, HO
TEM He MeHee 3aBUCHT OT IPHIOXKEeHHOro nojid. B pesynbrare CieKTpab-
HOE TIOJIOXEHHE 3KCHTOHHOM JTHHHH A, = E} % _ E, oxaspBaeTCsa CHIb-
HO 3aBUCAIMM OT HaNpsXeHHOCTH :mcmpuqecxoro nonx Fl

ITocKOMBKY 3KCUTOHHAS JIMHUA B CIICKTPE MOITIOMICHHS SBIIIETCS BECh-
Ma pe3Ko#t, To Koa(PUIMeHT NOMIOUIEHN o U9 CBEeTa ¢ 4aCTOTOH

! Mockonpky B ABYMEpPHEIX CHCTeMaX, KaK MpaBiio, Egy < Ef, To 3aBUCHMOCTb
ha(F) onpepenserca B OCHOBHOM IepBbIM (haKTOPOM (CIBUrOM 2HEPIMH KBAHTOBO-Pas3-
MEDHBIX YPOBHEIi).
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BOIH3M 9TOH JTMHUM OYEHb CHIBHO MEHSETCS IIPH M3MeHEHNH 10JI0Xe-
HYS JIUHUH. DTO Jenaer BecbMa 3(PeKTHBHOM MOTYJIHIO CBETA C MO~
MOILBIO MPHIOXKEHHOro aleKTpH4ecKoro nond. Oxupmaercd, YTO IO-
noGHble MOIYNIATOPHE HAHAYT IPUMEHEHNE B CHCTEMaX ONTHYEeCKOH 1e-
penauu uHGOpMaUHU.

8.3. POTOIYBCTBHTCILHBIC Nipi-CTPYKTYPbI

Kpatkoe mpescTaBieHue O OENBTa-IErHPOBaHUM OBUTO JaHO B pasfie-
ne 1.3. Hapsy ¢ OT/IesIbHBIMH 8-CIOSMH B Pslie CITydaeB H3TOTaRIUBAIOT-
cs W WCCIIEHYIOTCH CTPYKTYPHI, COIEpXauiie MHOIO IOJOOHBIX CHOEB.
IMpakTryecKuii UHTEpeC NIPENCTaBIAIOT CTPYKTYPHI, colepXaiye He Of-
HOTHIIHBIE CJIOH, 4 TAaK HA3BIBAEMBIC nipi-CBEpXpElIeTKH. D10 Nepuoii-
yecKas MOCAENOBATENLHOCTS YEPeNyIOMXCS O-CI0EB ni- M p-TUNA Ipo-
BomuMocTH. EC/TH KOHIEHTpalMs IpHMeCcEi B n- U p-CJIOSX OIMHAKOBA,
TO CHCTEMa B PaBHOBECHHM MOXeET BOOOIIE He cOlepXaTh CBOOOIHBIX HO-
cureneil. BO3MOXHOCTH IPaKTHYECKOTO NPUMEHEHHUS TaKHX CBEpXpe-
IIETOYHBIX CTPYKTYP B Ka4eCTBE (POTOTYBCTBHTENIHHBIX IEMEHTOB 06-
YCJOBJIEHBI IBYMS HX OCHOBHBIMH OTJIMMMAMM OT OMHOPORHBIX HONYNPO-
BOJHHMKOB: JUIHHHOBOJIHOBBIM CHBUIOM Kpas (POTOYYBCTBHTEIBHOCTH M
oveHs GOJBIIMM BpeMeHEM Xu3HH oToBO30YXICHHRX HOcHTeNnei. O6a
3TH 0OCTOSATENECTBA IPOWLTIOCTPHPOBaHb Ha pHC. 8.2,

Kak BHAHO M3 pUCYHKA, MUHUMAIBHOE SHEPTETHYECKOEe PACCTOSIHAE
MEXIYy HH3IIAM COCTOSHHEM 30HBI IIPOBOIUMOCTHU B nipi-CTPYKTYpe H
BLICIIIUM COCTOSHHMEM B BAJICHTHOH 30HE E:fb 3HAYUTENLHO MEHBINE
[IHMPHHEI 3anpenieHHON 30HbI NIOTYIPOBOIHKKA. DTO JeaeT BO3MOX-
HBIM OIITHYECKHME MEPEeXoabl MEXAY TAKHMH COCTOSHHAMH, T. €. MEX-
30HHOE MOIOMEHHe TIPH 3HEPrUAX KBaHTa hv MeHblIe IIHPHHEL 3a-
npeweHHoi 30HbI E,. [Tormomenue OyHeT CyIecTBOBaTh B Mepy Iepe-
KPHITHS BOJNHOBLIX (PyHKIMH 3JIEKTPOHOB M [BIPOK. AMILIATYAA
BOJHOBOM (DYHKUMM 3/IEKTPOHA B MECTE HAXOXNEHHS IbIpOK Oyner
IPONOPHAOHATHHA BEPOSTHOCTH TYHHEIMPOBaHUs W nox TpeyronbHblii
Gaprep BbicoTolt E, — E;‘*’ Ha paccrosaue (E, - E:‘b ) /eF , Iie F — Ha-
OPSXEHHOCTh BHYTPEHHETO 3JIEKTPHYECKOIO IO B CBEPXpEINETKE.
Ing cBepXpeeTKy ¢ paBHHIMH KOHIEHTPAUMSIMHU JOHOPOB M aKIEITo-
poB B coceqHux cnoax N, F = 4neN;/e, rie € — auanexTpudecKas mpo-
HUII2eMOCTH TIOJTYTIPOBOJHHKA.

YnoMsiHyTas BepOATHOCTh TYHHEJHPOBAHHS pABHA:

4,/2m(Eg - E3)32

W= exp 3chF

2 Ecnu nuioTHOCTH ZOHOPOB ¥ AKIEITTOPOB B N- ¥ P-CNOAX HE PABHHL, B ponu N, BH-
p i
CTynaeT MeHblas U3 STHX BEJIMYHH.
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Puc. 8.2. Dueprernyeckas auarpamMma nipi-CBepXpelleTKH IIPH OCBEIIEHHH.

ITosTOoMy B CHJIBHO JeTMPOBAHHBIX Ripi-CBepXpeMwIeTKax ¢ OonbIIMM
BHYTPEHHUM II0JIEM BO3MOXHO NODIONIEHHE (POTOHOB ¢ 9HEprHe, cy-
IECTBEHHO Menblueil E,. D0, 10 cyTH Hena, sddexr Ppanna—Ken-
JIBIIIA BO BHYTPeHHEM 3/IEKTPHYECKOM I0Jie CBEPXPEIIETKH.
Bonsinoe 3Ha4yeHHe BpeMEHH XHU3HH CBA3aHO C NPOCTPAHCTBCHHBIM
pasfieNiecHueM HepaBHOBECHBIX HocuTelneil. HepaBHOBECHBIE SNEKTPOHBI
pacnonaralorcst BOJIM3M MUHUMYMOB 30Hb! IIPOBOAMMOCTH, 4 JBIPKH —
BOJIM3M MakCHMYMOB BaleHTHOI 30HbL. Kak MOXHO BUAETH U3 pHC. 8.2,
g Toro 4to6pl 0Ka3aThCd B ONHOM TOYKE IPOCTPAHCTBA W PEKOM-
GMHHPOBATh, UM HaJ0 MPEORONETH NOTEHUMATbHbIA Gaprep E, — E:ﬁ’,
TIOSTOMY BpeMsl XU3HH
E, -E ;(b

T =Tg exp T

) CRY

IIe Tp — BpPeMs XU3UH OQHOPOZHOro nomynposBopHuka. ITomoGnoe
BO3pACTAHHE BPEMEHH XHM3HH SBNAeTC OOIMM CBOHCTBOM HEOTHOPOA-
HBIX MONYmpOBOSHHUKOB [57].

Bonepinoe BpeMs XH3HH B 3HAYUTENbHOH CTENeHH KOMIICHCHPYET
TYHHENBHYIO MATOCTh K02 (PHINEHTa TOIIOLIEHNS, B PE3YIbTaTe YEro
nipi-cBepXpPEIUETKH KMEIOT 3aMeTHYI0 (DOTOYYBCTBHTE/ILHOCTD B 3HAYM-
TEeNBHOHN CIIEKTPAIbHOH 06/1aCTH 32 KpaeM COGCTBEHHOIO NMOMMIOIEHHS
M [TOTOMY MOTYT MCTIOIb30BaTHCS B KayecTBe (DOTONPHEMHUKOB B 0611a-
CTH OONBIIHX JUIMH BOJIH, HEXEIN OJHOPOXHEIE NMOMynpoogHuxH. He-
OOCTaTKOM TaKMX NPHEMHUKOB OydeT 3HAYNTEIbHAd HHEPOHOHHOCTS,
onpesensemas GompinuM BpeMeHeM Xu3HH (8.1).

8.4. @oToNpUEeMHNKH HA KBAHTOBBIX AMaX

Ilponecchl OonMTHYECKON MOHM3alMH KBAHTOBHIX SM, OITMCAHHHC B
pasaene 4.3, MOryT HMCIIONB30BaThCA VIS CO3JaHMI HOBBIX THIIOB IpH-
€MHUKOB HH(pakpacHoro uityyeHus. IIpUHUMII NPHEMHHKA BEChbMA
TIpocT: BHIOPOC HOCHTENEH B 30HY MPOBOAMMOCTH ITHPOKO30HHOIO 110-
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Puc. 8.3. ITponecc 3axBaTa HEPaBHOBECHOIO 3IEKTPOHA B KBAHTOBYIO MY C HC-
ITYCKaHHEM OIITHYeCKoro (pOHOHA.

JYyIpPOBOAHMKA (MOTEHUHaNbHOTO Oaphepa) YBENIWYHMBAeT NPOBOIH-
MOCTh B HAIIPaBICHHMH, NCPIECHANKY/ISPHOM CIIOSM T€TEPOCTPYKTYPHI.
Ilo croeMy ne#icTBMIO TAKOH TIPMEMHHK HAIMOMMHAET IIPHMECHBIH
thoTope3ncTop, e B posi HEHTPOB BHICTYNAIOT KBAHTOBbIE AMEL. I1o3-
TOMY B Ka4ecTBe BpPeMeHH XH3HHM HEPABHOBECHBIX HOCHTENEH — BaX-
HeHllell XapaKTepUCTHEH (POTOYYBCTBHTENLHOIO MaTepuana — BHICTY-
aeT XapaKTePHOe BPEMA 3aXBara B KBAHTOBYIO siMy T,. ITo cpaBHeHuio
¢ OObMHBIM BPEMEHEM XH3HH, CBA3aHHBIM C 3aXBaTOM Ha pexoMOuHa-
UMOHHbIE HEHTPH, T, 00/1ajlaeT ABYMA BaXHBHIMU OTJIMYHSIMH.
Bo-nepsbIX, T, 3HAYATENBHO (Ha HECKONBKO MOPSAKOB) MEHbIUE Bpe-
MEHH 3aXBaTa Ha LEHTPHL IIpyuMHA B TOM, YTO KT 3aXBaTa CB43aH C
HeoOXOAMMOCTBIO Nepefiady pellleTKe OT HOCHTENs JOCTaTOYHO GOoMb-
HIOH 3HEPTHH, PABHOI BHEPIrHMM CBSA3HM LEHTPa WIH Xe Belnyuune AE
npy 3axBare B KBaHTOByI0 sMmy. HaubGonee athdexTHBHEII MeXaHH3M
nepesayy SHEPrHH — 3TO MCIYCKaHHE ONTHYeCKUX (POTOHOB C IHEP-
rueit Aoy OmHako Heprus CBA3M LEHTPOB OTHIONb He COBIANaeT C
hwy, 1 OTOMY TAKOI NPOLECC HEBO3MOXEH. DJIEKTPOH JOMXKEH OTAA-
BaTh SHEPrUI0 B XONE 3HAYHTENLHO Oofice MENIEHHOro KacKaaHoro
mporecca HCnycKaHHsd MHOTUX aKyCTHYecKHX ¢oHOHOB [58]. B cmyuae
KBaHTOBOH SMB HAIHYHE HENPEPHBHOIO CIEKTPA ABHXEHHS B IVIOCKO-
cTd saMH (1.4) cymecTBeHHO Mensier cuTyauHio. CTaHOBHTCS BO3MOX-
HBIM IIEPEXO] Ha CBA3aHHOE COCTOSHME B SIME IIPU MCITyCKaHHH ONTH-
4yecKoro OHOHA ¢ OIHOBPeMeHHOI nepenayeid ocTaBUIeica H30LITOY-
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HOI1 3HepIuHU B IBUXCHME B INOCKOCTH MBI (puc. 8.3). Ecnu ucxomHblii
9JIEKTPOH MMEN 9HEPruio, ONM3Kyl0 K Kpalo 30HH B ITHPOKO30H-
HOM Martepuane, To u3 puc. 8.3 BHIHO, 94TO HCIycKaeMbli (OHOH 10T~
XeH UMEeTh ROCTATOYHO OONBIION UMITYIEC:

g = [ 2m (AE - E; - o) 112 !8.2)

B IUDIOCKOCTH KBaHTOBOH sMbl. 3HaunTensHO GONpiuas BeJIHINHA B3aH-
MOjIefiCTBHS 3JIEKTPOHOB € ONTHYECKHMH (POHOHAMH, HEXeNH C aKyc-
THYECKHMH, OTIpefieNieT MaJIOCTh T, 110 CPABHEHHUIO C BpeMeHeM 3aXBa-
Ta U3 HeHTpa.

Bo-BTOpBIX, T, HEMOHOTOHHBIM, OCHIJUTHPYIOIIUM 00OPa3soM 3aBHCUT
OT IIapaMETPOB AMbI. DTO CBI3aHO C ONMCAHHBIMH B paznene 4.3 cBoii-
CTBaMH BOJIHOBOM (DYHKIIMH IEKTPOHOB B JEJIOKATH3OBAHHBIX COCTOH-
HUSAX HaJ KBAaHTOBOH AMOH Yg. Ecnu siMa He aBigercs pe3oHAHCHOM,
TO, cornacHo ¢opmyne (4.7), aMIUMTYAa 3TON BOJNHOBOW (PYHKLHH B
HeTOoCPeICTBEHHOW OKPECTHOCTH SIMEBI TIPH MAJIOH YHEPIUH 3JIEKTPOHA
BecbMa Mand. MarpuyHbIi 9/IeMEHT 3/IEKTPOH-(OHOHHOIO B3aUMOoieii-
CTBMA MEXIY Vi M Y, TaK Xe€ KaK W paccMarpuBaBIIMiACI B pasjie-
ne 4.3 aneKTpoH-POTOHELIN MaTpHYHBIA anemMeHT, OyAeT BecbMa Majl.
Co6cTBenHo, T, OyneT OTHOCHTENLHO BeMKO. [l pe30BaHCHBIX KBaH-
TOBBIX 5IM (4.8) BEPOATHOCTb 3aXBaTa BO3PACTAET, T. €. T, NAJIAET.

POTONPOBOAUMOCTh PACCMATPUBAEMOM CTPYKTYPHI, TaK Xe KaK M
065r9HOrO (POTOPE3NCTOPA, ONPEfENIeTCs NPON3BEIEHHEM TpeX (ak-
TOPOB: CKOPOCTH ONTHYECKOH IeHepallid, KOTopas B CBOIO odepenb
IPONOPUUOHANEHA KO3(pGHIHEHTY NODIOUIEHHS O, BpEMEHH XH3HU B
JEMOKATM30BAHHOM COCTOSHHH T, U 3(GeKTHBHON NONBUXHOCTH B
HEM Mo, KOTOpas, OYEBHUIHO, JOJXHA OBITH NPONOPUMOHATBHA KBaH-
TOBO-MEXAHHIECKOMY KO3(P(PUIHMEHTY NPOXOXICHUS WIEKTPOHA Haj
KBaHTOBOH aMO#. IlepBHiii 1 TpeTnit aKTOpsI MAKCUMATIBHBI VI Pe30-
HAHCHBIX KBAaHTOBBIX 5IM, & Ty, HANPOTHB, MUHUMATIBHO 111 HUX. Onua-
KO aHaJIN3 [TOKa3bIBAET, YTO COBOKYITHOE IeHCTBHE BCeX (PAaKTOPOB OKa-
3BIBA€TCA TAKOBHIM, YTO (POTONPHEMHHUKH Ha KBAaHTOBHIX AMax OYHyT
HUMeTh JydIlpe MapaMeTphl B CIydae PE3OHAHCHHIX SIM.

Ina camoil pacnpocTpaneHHo# rerepocuctembl GaAs—AlGa;_, ¢
x = 0.2—0.25 ycnosBmue pe3oHaHCa BHIIOAHAETCH U1 IM C TONLIHHOM,
kpatHoit 40—45 A. Ecmu a = 40—45 A, To auanason thorouyBcTBUTED-
HOCTH CTPYKTYPHI JIEXHT B 00JIacTH IJIMH BOJH IOpsAKa 8 MKM, COOT-
BETCTBYIOIEH OXHOMY M3 OKOH atMOC(hepHOH Mpo3pavyHOCTH U MIOTOMY
O4YeHb BAXHOM U4 NPaKTHYECKNX MPHMeHeHmit. [IpneMHIKH Ha OCHO-
BEe KBAHTOBBIX SIM MOTYT COCTaBHTh KOHKYPEHLHIO (DOTOYYBCTBHUTEND-
HBIM CTPYKTYpaM Ha OCHOBe TBepasix pactsopos CdHgTe — BaxHeii-
[eMy THIy IPHEMHHKOB JUIi NAaHHOIO CIEKTPAIGHOIO JHamna3oHa.
OCHOBHBIM IOCTOHHCTBOM CTPYKTYp Ha KBAHTOBBIX IMaX sBISeTCS OOIB-
miass ctaGWIBHOCT, M MeHbIIMI pa3bpoc mapaMerpoB, 4TO OCOOEHHO
BAKHO VI MaTpUYHLIX (POTOYYBCTBUTEIBHBIX CTPYKTYP.

q9
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Puc. 8.4. CiocoGel BBOAa HITy4eHU B (POTONPHEMHHUK ¢ KBAHTOBBIMU IMaMH.

a — 4epe3 CKOLIeHHE Topell TIOITOXKH; 6 — ¢ TIOMOIIbIO AU(PaKIHOHHOM pelleTKH.
1 — nowoxxka; 2 — ¢OTOUYBCTBHTENBHAA CTPYKTYPa C KBaHTOBbIMH IMaMH; 3 — mud-
PaKIIMOHHAs pellleTKa.

ITyrem cpaBHMTENBHO HEOOMBIIHX N3MEHEHHI! COCTaBa IHPOKO30H-
HBIX CJIOEB M TOJILIMHBI SMBI MOXKHO MEHSTH ITOIOXEHHE MAaKCUMyMa U
INMpHHY Tonockl ¢oTodyBCTBHTENBHOCTH. ITocnenHee o6CTOATENBCTBO
CBS3aHO C TeM, YTO IO MEPE HAPYLICHHS TOYHOIO YCJIOBHS PE30HAHCA
(4.8) cmexTp ¢oTOMOHM3ANMM KBAaHTOBOH SMBI CTaHOBHTCH OGomee
IUTABHEIM H HMeEeT MEeHee pe3Kuii MakcuMyM (cM. puc 4.3).

B cBa3M ¢ TeM uTo onTHYecKad MOHM3AIMA KBAHTOBBIX M MOXET
BBI3BIBATHCA JIMLIb CBETOM, MONIPH3OBAHHBIM II0 HOPMAIHM K KBaHTO-
BBIM CNOSM, OIMCAHHEE (POTONPHEMHMKY JODKHEI COREepXaTh CelMaTh-
Hble npucnocobiieHus, MONIPU3YIOMKe NagalonMil ceeT TpedyeMbIM
o6pasoM. Ecth aBa OCHOBHBIX cnocoba caenare 310, CBeT MOXeT Ha-
NpaB/ATEC B (POTOYYBCTBUTENBHYIO CTPYKTYPY IIOJ YIJIOM 4epes CKo-
IEHHBIN TOpen MOMIOXKH (pHc. 8.4, a). B apyroM BapuaHTe CBET Npo-
XOIUT Yepe3 NOQIOXKKY IO HOPMATH, a JOIXHYK0 IOJSpU3alMIo IPHOG-
peraer nocie JUgpakUM¥ Ha PEIIETKE, CIEIHAIBLHO HAHECEHHOMW Ha
BEPXHIOI HOBEPXHOCTH CTPYKTYpHI (puc. 8.4, 6).

Bo3Moxno anbTepHaTHBHOE pelieHHe MpobNeMb! ONIPH3auH, Mo-
3BoJsIoIee H30eXaTh OMUCAHHBIX BBINIE KOHCTPYKIIMOHHBIX YCIHOXHE-
Huil. Peys upeT o BRIPAIIMBaHNK KBAHTOBBIX CTPYKTYP M3 IOJTYTIPOBOJI-
HHKOB C aHM3OTPOIHBIM 3HEPreTHYECKMM cnektpoM. [Ipu Hanmymn
aHM30TPONNM SNIEKTPHYECKOE Toe HOPMAILHO IAjaloIeH CBETOBOM
BOJIHBI, JIeXalllee B IUTOCKOCTH CJIOEB, IIPHAACT 3IEKTPOHAM HMIIYJIbLC
107l HEKOTOPBIM YIVIOM K 3TO# 1utockocTH. C mo3umuil KBaHTOBOH Me-
XaHHKH 3TO 03Ha4aeT BO3MOXHOCTH IIEPEXONOB MEXIY Pa3NHYHEIMH
KBaHTOBO-Pa3MePHBIMH YPOBHSMH WIH MeXIy YPOBHEM M KOHTHHYY-
MOM COCTOSHMI Haj KBaHTOBOH sMo#, yTo M Tpebyercd MLt paGoTHL
npHeMHMKa. Ha mpakTuke 171 pealTn3aliiM 3TOH MIEH Yallle BCero Hc-
MONB3YIOT TeTEpOCTPYKTYPH Ha OCHOBE TOM XKe, Haubonee OCBOCHHOM
TEXHONOTHYeCcKH, cucreMbl GaAs—Al,Ga;_ As, HO HMeOIMe HE n-, &
p-THI JernpoBanud. [IpH 3TOM CTOXHBIA XapakTep 3HEPreTHIECKOro
CHeKTpa BIEHTHOH 30HH ObGecnedynBaeT (pOTOIYBCTBUTENBHOCTh MPH
HOPMa&JIFHOM TIaIcCHHH CBETA.
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8.5. JlapuHHbIE (OTOXHONBI

JlaBuHHBIE (DOTONMONB NPEACTABITIOT CO60H (POTOUYBCTBHTENIbHBIE
npuOOpH C BHYTPEHHMM YCHIEHHEM, TO3BONAOUIHE IIONYIHATH BHICO-
KYI0 4yBCTBUTENBHOCTb. OCHOBHBIM WX HENOCTATKOM SBISETCH TO, UTO
C JIaBUHHBIM YMHOXEHHMEM CBS3aH JOIIOTHATENIBHBIH 1IyM, OTPaHIHBA-
OLMA BO3MOXHOCTh JCTEKTUPOBAHHS CNa0BIX CATHAIOB. YXE JaBHO
YCTGHOBJICHO, YTO I IOJIyYeHHS! HH3KOro YpOBHS IyMa Inipu Ooib-
IIOM BHYTPEHHEM YCWIEHHH HEo0XOMMO, 4ToOb KO3(pHIHEeHTH
yIapHO! HOHM3ANMK 3JEKTPOHOB . U JBIPOK 3 Pe3KO pazIMYaINCh
Mexay coboil.

K coxanenuio, B GonsmmucTse coegunenuii AUBY o /B = 1, yro
IIPHBOJMT K BO3pACTaHUIO IIyMa Npu yMHOXeHuu. [losromy Gompmioe
MIPaKTHYECKOoe 3HAYEHUE UMEIOT METOMbI, TIO3BONSIONINE B YKa3aHHBIX
Matepuatax yeeamduTs o /B. OpHuM u3 cipocoGoB CAENATh 3TO SABISA-
€TCs CO3NaHUE CTPYKTYP TUIA CBEPXPEILETOK, HCIOMb3YIOIIUX SBIICHUE
yIapHOH HOHHW3ALMK Ha Pa3phiBe 3HepreTuueckux 30H [11]. PaceMot-
PUM 30HHYI0 JMArpaMMy CBEPXPEILETOYHOW CTPYKTYPHI B CHIBHOM
3JIEKTPUIECKOM TojIe 0OpaTHO-CMelIeHHOro p-i-n-juona (puc. 8.5).

ITycTs MBI IMEEM TOpAYMIi DNMEKTPOH, YCKOPSIOWIKIcS B GaphepHOM
CJ1I0€ NIMPOKO30HHOIO IIONyNpOBOAHKKA. Brierad B y3KO30HHBIN CIIOH,
OH PE3KO YBEJIHYMBAET PHEPIMIO HA BEIMYMHY pa3phiBa 30HBI IIPOBO-
numoct AE,. BTO 3KBHBAEHTHO TOMY, YTO OH «BUAMT» 3HEPIHIO
HOHU3aLMM YMEHBIIEHHOU Ha AE, 110 CPaBHEHHUIO C [NOPOTOBOY 3HEP-
TMell B MacCHBHOM Y3KO30HHOM nonynposonuuke. Ilockoneky koag-
¢hUIMEeHT yIapHOH HOHMU3ALMK O C YMEHBIIEHHEM IIOPOrOBOH PHEPINH
3KCIIOHEHIMATLHO pacreT [33], cienyeT oxXumarh pe3KOro yBeIH4eHHs
athexTHBHOrO 3HaUCHUA .. B cnexyouieM GaprepHOM Cll0€ IOpPOro-
Basl BHEPrusl yBelMumBaercs Ha AE., yMeHbIIad TeM CaMbiM O B 9TOM

Puc. 8.5. Cxema naBMHHOrO (hOTOTHOHA C CHCTEMON KBAaHTOBBIX SIM.
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cnoe. Ho nockonexy oy <K o (uugekcsl 1 u 2 0THOCATCA COOTBETCT-
BEHHO K IIMPOKO30HHOMY M Y3KO30HHOMY MarepHaiaM), TO 3KCIIOHEH-
LM aNbHEIH POCT Ol MIPHBOJUT K TOMY, YTO U CpeNHEE 3HAYCHHE O

ob+o,
a+b

@ =

8.3)

3HAYMTEITLHO YBEIIMIMBACTCA.

Ecian (kaK 3TO, B 9YaCTHOCTH, UMeeT mecTo B cucteMe GaAs—-AlGa-
AsS) pa3peiBEI B BaNCHTHOH 30He AFE, 3HAYMTENbHO MEHbIIE Pa3phl-
BOB B 30HE POBOTUMOCTH, TO MONOOHBI 3¢pdeKT And ABIPOYHOIO KO-
a¢ppunrenta § GymeT 3HAYHTENBHO MeHblIe. OKOHYATENbHBIM pe3yiib-
TaToM OyneT CWIHHOE YBENHMYEHHE OTHOIIEHHH o./B, 4TO M ABIANOCH
Hallel LENbIo.

8.6. TpaH3UCTOPLI C BLICOKOI NOABHIKHOCTBIO HOCHTENEMH

OmHyM M3 CaMblX PaclpOCTPaHEHHLIX BHIOB IOJYyNMPOBOXHHKOBBIX
NpHOOPOB ABMAIOTCA NOJeBble TpaH3HCTOpH. K HX 4mucimy nmpunamie-
XHT, B YaCTHOCTH, H paccMoTpeHHas B pasgene 1.3 MIOII-crpykrypa.
Ecnu x HHBEPCHOHHOMY CJIOI0 CO3AaTh JBa KOHTAKTa, Ha3bIBaeMBbIE HC-
TOKOM H CTOKOM H PacliOIOXEHHHE Ha pacCTOSHUHM [ IPYT OT ApyTa, TO
OpY HANPSXXKEHUW MEXAY HUMH, paBHOM V, B KaHane OymeT Teub TOK:

I = epngVb/l, 8.4)

rae b — mmpHHA KaHasa, a L — NOABHXHOCTh HocuTeneil B HeM. M-
MEHS C [IOMOILbIO 3aTBOPA KOHUEHTPAMIO B KaHANE Ng, MBI MOXEM
OCYIECTBIIATh YIPABIECHAEC TOKOM HCTOK—CTOK aHAJIOTHYHO TOMY, KaK
B OOLMMHOM (OMIIONSIPHOM) TPaH3HCTOpE HampsxeHUe 6a3bl ypaBnaer
TOKOM KOJUIeKTop—aMuATTep. [focKONMBKY BenuyuHa ng OMHCHIBAETCA
dopmynoii (1.9), To BaXHEHILIad XapaKTEPHCTHKA TPaH3UCTOPA — KPy-
TH3Ha G — B HAlIEM CTydae ONPERENACTCH BRIPAXCHHEM
_dl g pbv ®5)
dv,  4ndl '

BuaHo, 4yto KpyTH3Ha NOJEBOIO TPAaH3MCTOpPa IPONOPLHOHANEHA
NIOXBUXHOCTH HOocHTeNei. [TosToMy cpasy Bo3HHKaeT XeNaHue MCIIoNb-
30BaTh B MOJIEBHIX TPAH3HCTOPaX CTPYKTYPHI C MOTYTHPOBAHHBIM JIETH-
poBaHHEM, ONHCaHHbIe B pa3uene 1.3 u obnajarolme MraHTCKOH INo-
HBHXHOCTBI0 HOcHTeneid. [inma 3roro Tpebyercd pemmTs 33mady o0
YIIpaBACHUH KOHLICHTPALMEH IByMEPHEIX HOCHTENEH B 3THX CTPYKTYpax.
Ona pemaercs myTeM co3TaHusd KOHTaKTa LIIOTTKM Ha IMMPOKO30HHOM
JIETMPOBAaHHOM CJioe. ECiM TONIIMHA 3TOro Clnog JOCTaTOYHO Mana, TO
obnacty o6eaHenud BO/m3H reteponepexona u KoHTrakTa IlloTTrH nmepe-
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KPBIBAIOTCSA M BCE JOHOPHI IIHPOKO30HHOPO COS OKa3hIBAIOTCS MOHU30-
BaHHEIMH. B pe3yiibTaTte OH UrpaeT poib IUAIEKTPHKA, FeTepOCTPYKTYpa
cTaHoBHTCA aHanoroM MIII-CTPYKTYphl M KOHUEHTpauus JByMEPHBIX
QMICKTPOHOB JIMHEHHO 3aBUCHT OT HANPSIKEHHWS HA 3aTBOpe (KOHTAaKTE
lorTkm]).

Cosnannbie TAKEM 006pa3oM NOJIEBbIe TPAH3UCTOPHI YacTo 0003HaYa-
10T aHmMiickuit a66pesnarypoit HEMT (High Electron Mobility Tran-
Sistor — TPaH3UCTOP C BBICOKOI MOABIXHOCTHIO 3eKTpoHoB) [13]. Ha
CaMOM JieJie TIOJHOCTBHIO HCIIONB30BAaTh IPEHMYLIECTBA BLICOKOH IO-
IOBUXHOCTH ABYMEPHOTO ras’a W IONYYHTh TPAH3UCTOPHI C KPYTH3HOM,
BO MHOTO pa3 Gonbieil, yeM y 00srausix MIII-Tpan3nucTopos, ne yaa-
ercs. IIpyinHa B TOM, 4TO B pealbHBIX NPHUOOPaX LA MOTYyYEHHS BbI-
COKOro GnICTpoaeHCTBHS M BBHICOKOH IUTOTHOCTH MHTerpaumu B BUC
paccTOsHHE MeXAYy MCTOKOM H CTOKOM [ JenaeTci BechbMa MAJIBIM
(~1 MxM). Ilpu 2TOM HAPAKEHHOCTH MO B KaHAJIe HACTOJIBKO BEIH-
Ka, 4To ApeiihoBas CKOPOCTH NEKTPOHOB YK€ He NPONOPHHAOHAIBHA
nomo (¢ KoathdUIHEeHTOM, PaBHBM NIOIBUXHOCTH), a BLIXOIUT Ha Ha-
ceiienye. B pesynprare KpyrusHa G He onuchiBaercs dopmynoit (8.5),
a cnabee 3aBUCHUT OT NOJBMXHOCTH HOCHTEJIEH.

TeM He MeHee MCHONBE30BAaHUE CTPYKTYP C MOXYTHPOBAHHBIM JIETH-
POBaHHEM IPUBOIMT K HEKOTOPOMY NOBHIIEHUIO KPYTH3HBI IIOJNIEBHIX
TpausucTopos. Ilpn Temmeparype 77 K oHa MOXeT OLITH fOBeeHA 10
3HayeHu#t nopsaka 500 MCum/MM.

JlBa Apyrux BaXHBIX IIapaMeTpa — XapakTepHOE BpeMs IepeKIIio-
YEeHHUs M 9HEPreTHYEeCKHE 3aTpaThl Ha OJHO NePEKIIOYEHHe TPAH3UCTO-
pa — TaKXxe MOryT OBITh YMEHBIIEHBI 10 CPABHEHUIO CO CTAHIAPTHHIMH
IIOJIEBLIMM TPaH3KCTOPaMu Ha ogHopoxHoM GaAs. B Hacrosiliee BpeMd
psd $UpM yXe BeleT KOHKPETHbIE pa3paboTKH OHICTPONEHCTBYIOMMX
KOMITBIOTEPOB, UCIOMB3YIOINX B KAYECTBE IEMEHTHOMN 0a3bl IojieBhbie
TPaH3UCTOPH C MOXYIHPOBAHHBIM JIETHPOBAHUEM.

8.7. TpaH3uCTOpPbI Ha TOPAYHX 3JIEKTPOHAX

K Hacrosmemy BpeMeny pa3paboTaHsi 1Ba THIIA TPAH3UCTOPOB, LI
paboTH KOTOPHIX CYIIECTBEHHOE 3HAYEHHUE NMEET TOT (PaKT, YTO WIEKT-
POHBI, IPOJIeTAIONHE Yepe3 KaHall WIn 6a3y, SBISIOTCS TOPIYUMH, T. €.
HUMEIOT KMHETHYECKYI0 HEPrHIO 3HAYHTEIILHO BhIlle PABHOBECHOM.

B nepeoM Tune TPaH3MCTOPOB HA OCHOBE I'OPAYNX IIEKTPOHOB (haK-
THYECKH HCIONB3yeTcsAd CTPYKTYpa NOIEBOr0 TPaH3HUCTOPA C BHICOKOH
nogsuXHOCTBIO HOcHTeNel 3apsaga (HEMT-tpansucropa). B TakoM
TPAH3HCTOpPE TOK TEYET B KaHaIe, 0OpPa30BaHHOM IBYMEDHBIM 3JEKT-
poHHBIM razoM. Ilpn yBemuyeHUH 271eKTPHUECKOTO MO B KaHAIE TeM-
TepaTypa »7eKTpPOHOB BO3pacTaeT M MOXET 0Ka3aTbcd HACTONLKO BhI-
COKOH, 4TO 3JIEKTPOHH MOTYT C IIOMONIBI0 TEPMO3JIEKTPOHHON 3MMC-
CHHY IIEpeHTH B CION IMHPOKO30HHOIO TBEPHOr0 pacTeopa, Ife MX
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Puc. 8.6. HiumiocTpaipist nepeHoca aNeKTPOHOB Yepe3 KaHall IPOTeKaHus ToKa
€ IAByMCPHBIM ®JIEKTPOHHBIM Ia3oM.

a — B c1abom AICKTPHICCKOM NOJNIE AICKTPOHBI JIOKATH3OBAHLL B OHHOMCPHOi/'I MOTCH-
LIMANBHOR aMme; 6 — B CWIIBHOM QNICKTPHYCCKOM I10]I€ 3HAYUTEIbHAR 9acTh 3JICKTPOHOB
npu06peTaeT OT I10J11 PHEPIuio, 1OCTATOYHYIO U1 BbIXON1a U3 MOTECHIIHANBHOR IMEI.

CKOpOCTb CTaHOBUTCA Manoi. Dror addekt wunoctpupyer puc. 8.6,
Ha KOTOpPOM IIpe[CTaBlIeHbl YHEPreTH4ecKHe [HarpaMMBl KaHala
HEMT-tpan3ucropa B c1aboM M CWIBHOM 3/1eKTpHYecKoM mone. Ta-
KOH MEXaHH3M IPOTEKaHMs TOKA MOXET ITPUBECTH K 0Opa30BaHUIO OT-
pHLaTensHON TudgepeHunansHOM MPOBOAMMOCTH KaHara. Pabora no-
JIEBOTO TPaH3HCTOpa C OTpHuAaTenbHBIM compotusienueM — IITOC
(Negative Resistance Field-Effect Transistor — NERFET) [59] —
OCHOBaHa Ha aToM mpuHuune. CTpyKTypa TaKoro TpaH3uCTopa Ipe-
craBnena Ha puc. 8.7. Bospacranue TeMIeparypsl 3JIEKTPOHOB C pO-
CTOM HAlpsXEHHs CTOK—MCTOK IPHBOJUT K YBENMYCHHIO TOKa Iy,
[IPOTEKAOLIEro OT KaHala (aMuTTepa) yepe3 6apsep K KOUIEKTOpY, H,
CNeIoBaTeNbHO, K YMEHBIIEHHIO TOKA CTOK—UCTOK, T. €. K OTpHLaTeb-
HoMy aucdepeHunansHOMY COMPOTUBICHHUIO KaHana. OCHOBHOE mpeu-
MYHIECTBO TaKoTo nmpubopa — BO3MOXHOCTH peanusanuu Gonee GHICT-
POIEHCTBYIOIMX PEXHUMOB pPabOTHI, ITOCKOJBKY YIPaBICHHE TOKOM
SMHUTTEp—KOJUIEKTOP B 3TOM CJIy4ae CBA3aHO C pa3OrpeBOM 3JIEKTPO-
HOB. M3MeHeHue TeMmeparypsl 37€KTPOHOB OTpaHUYEeHO HauGONbIIUM
U3 IBYX XapaKTepHBIX BpeMEH — BpeMEHEM peflaKCcaluy SHepruu (Imo-
panka 1 nmc B GaAs) u BpeMEHEM H3MEHEHHs 3JICKTPUYECKOro MOns,
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Puc. 8.7. CxeMmaruveckoe usoGpaxeHue cTpykTypst [ITOC-tpansucropa.

IMocnenHee onpexenderca BpeMeHEM NPOJETa 3/IEKTPOHOB yYepe3 00-
JIaCTh CWIBHOTO IOJIA BOJIM3M CTOKA U MOXeT ObITh B HECKOJNBKO pa3
KOpoY€e BPEMEHH HX IIpoJieTa Yepe3 BeCh KaHal, KOTOpoe OTpaHH4YKBa-
eT coOCTBEeHHOe OBICTpONEHCTBHE OOBIMHBIX ITONEBBIX TPAH3HCTOPOB.
TlomMumo BeICOKOTO GBICTPOAEHCTBHA TPAH3UCTOPOB Ha FrOPAYHX DJIEKT-
POHAaX TaKOrO THUIIA NPHBIEKAeT BO3MOXHOCTb TIOCTPOCHMA HAa HX
OCHOBE HOBBIX TMPHOOPOB — C pacHHpeHHBIMH (YHKIMOHAIBHBIMU
BO3MOXHOCTAMH. HanpHMep, B 4eThipexa/IeKTPORHOH CTpyKTYype, KO-
TOpas MOXeT ObITh nonyyena gobasnenueM K [TTOC Bcero s elme
OIHOTO 3/I€KTPOJa, INOZOGHOTO CTOKY WK MCTOKY, MOXET OBITh peaIn-
30BaHa JIoTHYecKas (QyHKIMA, [VI4 BHINOJHEHHAS KOTOPOi Ha OOBMHBIX
ariemMeHTax TpebyeTcs HCnob30BaTh HECKOMLKO TPaH3UCTOPOB.

Tpans3ucTopsl HA TOpPAYMX /IEKTPOHAX BTOPOTO THUIIA aHATOTUYHEI
OUNONAPHBIM TPAH3HCTOPAM, T. €. TOK B HUX IPOTEKAeT HE BIOJb TOH-
KOro cyog (KaHana), KaK B [OJIEBBIX TPAH3HCTOPAX, a IIonepeK TOHKOro
cnos — vepes 6asy. OnHaxo B oTHIHE OT GHIIONAPHBIX TPaH3UCTOPOB
OHM ABJIAIOTCS YHHIIONAPHBIMH.

Ina npakruku Tpebytorca Bce Gonee OpicTpoAeiicTBYIOMME NPHGO-
Pbl, 2 OTHOCHTEBHO TSXeJad Macca [bIPOK FBISETCA OrpaHMYUBAIO-
muM GakTopoM AS GHIONSPHBIX TpaH3ucTopos. KpoMe TOro, aiekT-
pHYeCKHe HanpsxeHus, Heo6GXoouMble IUIN NEPEKSTIOYeHH] TaKUX NIPH-
6opoB, HOBONBHO Gonpliue — OHM CPaBHHMMbBI C IIWPHHOH 3ampe-
IIeHHOI 30Hbl MOJYIPOBOJHHUKA. Y YHHUNONAPHBIX TPaH3UCTOPOB HET
TaKHX Npo6iieM — IEePeHoC TOKa B HUX OCYIIECTBIIETCS TOMBKO 3JIeK-
TPOHAMH, 3/IEKTPOALI pasfieNieHHl MOTEHuHATbHbMH GapbepaM, CO-
3MaHHBIMH M3rMGOM AHA 30HBI NpoBogUMOCTH. IlepBrie yHHUIONApHEIE
TPaH3UCTOPHl — TPAH3UCTOPHL C METAIMYECKON 6a30it — H3BECTHBI C
60-x IT. B TaKOM TpaH3MCTOpE TOHKad MeTAUTHYecKas 6a3a OTAeeHa
OT MONYNPOBOJHHKOBBIX 3MHTTEpa H KOJUlekTopa Gaprepavu IoTTewm
(puc. 8.8, a). IloBpimenne GHICTPOACHCTBHA TPAHIUCTOPA ONPEIENAeT-
€1 BO3MOXHOCTBIO 3HAYUTEIPHOIO YMEHBINCHHS TOJMMMHE 6assl IPU
COXpaHEeHHH JOCTATOYHO HH3KOro MONEpeYyHOro COMPOTHBICHHUS 3TOTO
crnos. K coxaneHuio, 3Ty BO3MOXHOCTb HE YAANOCh PEaIN30BaTh. Bhl-
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Puc. 8.8. Dueprernveckue anarpaMmbl TpaH3UCTOpa ¢ METALUIMYECKOH Oa-
30i (@) X TPaH3UCTOPA Ha rOPAYMX IEKTPOHAX C pe3OHAHCHBIM TYHHEIHpOBa-
HHeM (6).

1 — ropsuue 31eKTPOHB; 2 — TepMATH3aLHA SNEKTPOHOB.

pamuBaHKe BBHICOKOKAYECTBEHHBIX TOHKHX CJIOEB METala Ha MOMY-
NPOBOJHHKOBOI MOAIOXKEe U TeM Gonee ciod NMOMYNpPOBOAHMKA Ha
MeTa/Ule 0Ka3anoch MpPaKTUYECKH HEBBITOMHUMON 3amaveil. B meran-
JMYECKOM CJI0€ HE yIaeTcs JOOHTHCA YMEHBIIEHHs pacCEsHUs SMUTTH-
POBaHHBEIX 3JIEKTPOHOB, YTOOH 0OecneduTs AOCTaTOYHYIO 3thdexTus-
HOCTh UX NepeHoca 4yepes 6a3y B Kowiektop. KpoMe Toro, J8a BKII0O-
YEHHBIX HaBCTpedy ApYyr Apyry 6apbepa IlloTTku ToXe CHMXAIOT 3Ty
3tpheKTHBHOCTD — H3-3a KBAHTOBOrO OTPaXEHMS NEKTPOHOB Gapbe-
poM KoiutekTop—O6a3a. DT TPyIHOCTH He NPUBEIH K IIHPOKOMY NpH-
MEHEHHIO TPAH3HCTOPOB C METAUIMYECKOH 6a30i, XOTA OHH U BBIIYC-
KaJIHCh CEpUIHO, B TOM YHCJIE U B Hallleil CTpaHe.

B teyenre 80-x rr. GbUIM BHIOIHEHB! MHOTOYHCIIEHHBIE HCCTIENOBA-
HMs, HallpaBJICHHBIE Ha CO3JJaHUe NOJOGHBIX TPaH3HCTOPOB HA OCHOBE
TOJIBKO NOJTYTIPOBOIHUKOB — 6Ge3 MeTawiuyeckoi 6a3bl. OfHaKO BBICO-
Koe OLICTPOJIEHCTBHE C JOCTAaTOYHO GOJNBIIMM YCHIIEHHEM TaK U He Obl-
70 mocTUrHYTO. Bhicokoe nmerupoBaHue 6a3pl, HeoOXomuMoe g ee
HHU3KOTO IIOIIEPEYHOro COMpOTHBIICHMS, TPUBORMIIO K CHWIBHOMY pacce-
SHHI0 HHXEKTHPOBAHHBIX M3 IMHTTepa 31eKTpoHOB. [TosToMy, 4TOGH!
ZOCTHUIHYTH JOCTATOYHO BHICOKOH 3(h(eKTHBHOCTH NEPEHOCA TOKA Ye-
pe3 6a3y, HeO6XOMMMO CHUXATD JIETHPOBaRUE Ga3bl, HO 3TO IPUBOIUT K
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CHUXeHHI0 GricTposielicTBHA npubopa, NOCKOILKY BBICOKOE IONeEped-
Hoe conpoTuBieHue 6a3bl yBenndnBaeT ee RC-xapaKTepuCTHKY.

H3roTosneHne KOHKYPEHTOCIIOCOOHOTO B IEPCIIEKTHBE TPaH3UCTOPa
OKa3aJI0Ch BO3MOXHBIM TOJIBKO IIOC/IE pelIeHus MpobieM, CBA3aHHBIX C
BEIGOPOM ITOTYNIPOBOJHUKOBOTO MaTepuala s cnog 6a3bl, yIyqIeHHU-
eM TEXHOJOIMH HaHECCHMs CJIOEB, ONTHMHU3ALMEH 3HEpreTH4ecKoi
CTPYKTYPhl TPaH3MCTOpa, Yy4€TOM H MCHOJbL30BAHHEM KBAHTOBO-pas-
mepHbIX 3thdexTos. [Toncks ONTHMATBHOIO MOCTPOCHHS YHHUITONAPHO-
ro npubopa npuBeNId K CO3RaHMIO TPAH3HCTOPA Ha TOPAYUX INEKTPO-
Hax ¢ pe30HAHCHBIM TyHHeaupopaHueM (Resonant Tunneling Hot Elect-
ron Transistor — RHET) [52]. Ha puc. 8.8, 6 npexncrasnena aHepreru-
4ecKas CTPYKTypa TaKoro TpaH3HCTOpa.

B kagectBe MarepHana 6a3bl B HEM HCIIOIb3YeTCA TBEPABIH pacTBOp
n-InGaAs. B yucToM apceHuje ra/lIis ropsiaue aJIeKTPOHEI, KaK IMoKa-
34l UCCIIEN0OBaHMs, TEPAIOT CBOIO 3HEPIHIO Ha BenmyuHy ~60 M3B Ha
paccrogunu 200 HM. SICHO, YTO BBIFOIHO YBENMUUBATE SHEPIUIO DJIEKT-
POHOB, 4T0GHl GONBIIAY MX YaCTh JOCTUrana Kowiekropa. OnHako B
GaAs He UMeeT CMBICIIa HHXEKTHPOBATh EKTPOHEL C dHEpTHEii, 6omb-
pieit yeM 0.3 3B, Tak Kak MEX30HHOE PACCETHHE B JOJIHHEI C TAXEIBI-
MM 3JIeKTPOHaMH CHU3HT 3¢ dexTHBHOCTh mpubopa. i1 InGaAs 3kcT-
PEMyMBI C HU3KOi IOJBMXHOCTBIO HAXOAATCA 3HAYUTEIDHO BhHIMIE MO
sHeprud. B aTOT MaTepuan MoryT GLITh HHXEKTHPOBAHBI BJIEKTPOHEI C
sHeprueit > 0.4 3B. B aroM ciygae MOryT GbITh CKOMIIEHCHPOBAHBI I10-
TepH 3 EeKTHBHOCTH 3a CYET TepMalM3auly EKTPOHOB — Odnbinas
4acTh ®JEKTPOHOB OyleT mocTHraTh Kojuiekropa. B srom npubope B
KauecTBe Oaprepa aMuTTEp—O0a3a HCIIONB3yeTca ABOMHas GapbepHas
ctpyktypa AlGaAs—-GaAs win AlGaAs—InGaAs. DneKTpoHbl HHXKEK-
THPYIOTCH 4Yepe3 TaKylo CTPYKTYpy B 6a3y C MOMOIIbIO pE30HAHCHOIO
TYHHEJIHPOBAHUSI — C OTHOCHUTENBHO Y3KHM paclipele/ieHHEM 110 3HEp-
THHU, YTO CYILECTBEHHO CHMXAET NOTEpH, CBA3aHHbIE C TepManu3aLuei
aneKkTpoHoB. RHET-Tpan3ucTophl paGoTaoT 1oKa TOJBKO JIMINE IIPH
TeMneparype Xuakoro asora. Onpako pabGoOTH], HampaB/icHHBIE Ha
yJIy4IeHHe XapaKTepUCTHK TaKuX NPUOOpOB, Ha MoBhINIeHNe uX pabo-
YHUX TEMIIepaTyp, MpOAOIXKAWTCA. DTO CBA3aHO C TeM OOCTOATENLCT-
BOM, YTO B TPAH3UCTOPaX TAKOTO THUIA €CTh IPHHIUNHAIIBHAI BO3MOX-
HOCTb JOCTHXEHHS TeparepLoBOro aAuanasoHa pabounx vacror. 'opa-
yue PIEKTPOHH NBHTalOTCA 4epes 6a3y OAUIMCTHYECKHM, T. €. HX
CKOpOCTh JTOCTHTaeT ITOYTH Npee/bHbIX BeJIMYMH. BpeMs mposieTa de-
pe3 6a3y MOXET COCTABIIATh BCETO JIMIIL HECKOJIBKO JIECATKOB heMTo-
cexyHn. BricTpopeiictsue Tpansucropa ~1 TI't Bo3aMOXHO, 1axe Npu
y4€Te OrpaHHYMBAIOIIErO JEHCTBU BpeMEHH MIPOJIeTa JIEKTPOHA Yepes
Kowtektop. Kpome Toro, 6amucTuyeckoe HBUXEHHE 3JIEKTPOHOB H
OTCYTCTBHE pEKOMOMHALMH JIEKTPOHOB C ABIPKAMH 3HAYUTEILHO CHHU-
KaIOT IIyMOBBIE XapaKTepHCTHKH — B 3TOM TaKXxe 6OJbIIoe mperuMy-
[IECTBO TaKMX TPAH3HCTOPOB HA TOPSAYHX 3JIEKTPOHAX.
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8.8. Pe3oHaHCHO-TYHHEIbHBIH TPAH3HCTOP HA KBAHTOBOH TOYKeE

JlByx6apnepHast pe30HAHCHO-TYHHENbHAs! CTPYKTypa, pacCMOTpEH-
Hag B miase 5, mpejacrasnger coOoH IHOIOHYIO, JIBYXB3JEKTPOIHYIO
CTpYKTYpy. Ee BonbT-aMrepHas XapakKTEpHCTHKA (CM. puc. 5.8), umero-
masd y4acTOK OTpPHUUATENbHOTO AHdpepeHINaTbHOTO CONPOTHBICHHA,
OIpefieNseTCs TONBKO TEXHOJIOTHEN H3rOTOBIIEHMS CTPYKTYpH. Takoii
PE30HAHCHO-TYHHENBHLIN O MOXET OBITh HCIIONH30BaH KaK OT/ETb-
HBIA NpU6Op MpH IOCTPOSHUH IEKTPOHHBIX CXeM, TaK U B KayecTBe
aneMenTa Gonee CIOXHBIX TPAH3UCTOPHBIX CTPYKTYp. B TpaH3ucrope
HA ropAYHX 3JIeKTPOHAaX, KOTOPBI MBI PaCCMOTPENH B IpeIbIAyIIEM
maparpade, OH HCITONB3yeTcs B KayecTe Gapbepa aMurrep— 6asa. On-
HAaKO BO3MOXHO IIPHMEHCHHE PE30HAHCHOIO TYHHENUPOBAHHUA H B TPEX-
3JIEKTPOAHOMN CTPYKType. Takol pe3oHaHCHO-TYHHENbHEIA TPAaH3UCTOP
MOXHO CO3aTh, €C/IH HCIIONb30BaTh PE30HAHCHOE TYHHE/INPOBAaHUE HE
4epes IU1aHapHYI0 ABYX6aphepHYIO CTPYKTYPY, a Yepe3 KBaHTOBYIO TOY-
Ky [60].

KsanTOBas ToYKa MMeeT NUCKPETHBIA aHepreTHdeckuil criektp. Ha
€€ OCHOBE MOXHO M3rOTOBHTb PE30HAaHCHO-TYHHENBHBI IHOM, €CIIH
CBA3aTh €€ Yepe3 TYHHEIbHO-IIPO3padHble Hapbepsl C AByMs 31EKTPORa-
mu. BoneT-aMnepHas XapakTepHCTHKA TaKOH CTPYKTYpH GyfdeT uMeTh
y4acTOK OTpHUaTenbHoro aucddepeHnuanbsHoro conporusienust. On-
HaKO B OTVIMYHE OT IAHAPHOH CTPYKTYPHI B 3TOM CITydae OKa3BIBaeTCH
BO3MOXHBIM OCYIHECTBUTh YIPAaBICHHE MPOBOIUMOCTBIO CTPYKTYDBL
Tt 3TOro HEOGXOMMMO MMETH CNOCOO M3MEHEHMs pa3MEepoB KBaHTO-
Boli Touxu. B TakoM ciryyae GyneT MEHSTECH MONOXEHUE SHepreTHye-
CKHX YpOBHEH B KBAaHTOBOM TOYKE — IIOSABISETCA MPHHLMITHANBHASL
BO3MOXHOCTh «BKJII0YaTh» H «BBIKTIOYATE» MEXAHM3M pPE30HAHCHOTO
TyHHenuposanud. Ha puc. 8.9 mpencrasineHo cxeMartudeckoe u3obpa-
XeHHe PEe30HaHCHO-TYHHENBHOTO TPaH3HCTOpa Ha OCHOBE KBAaHTOBOM
TOYKH, B KOTOPOM pealu3yeTcs 3T0 ycjaosue. LleHTpansHbIl BEpXHUH
BJIEKTPOI TPAH3UCTOPA KPYIJIOH hopMBI COEINHSIETCS C HUXHHUM 3JIeK-
TPOIOM dYepe3 IUIaHapHYIO JByxOaphepHYI0 pPe30HAHCHO-TYHHEJIBHYIO
CTPYKTYPY C ABYMEpPHBIM 3JIEKTPOHHBIM ra3oM B ueHrtpe. KsanroBas
TOYKa B 3TOH CTPYKType 00pasyeTcs C IIOMOIIBI0 TPETHEro 3JIEKTPO-
Ja — 3aTBOPa, KOJBLIOM OKPYXaKXIIero UeHTPATLHEIHA BEPXHUH 3IIEKT-
pox. Ilpu mojaye Ha Hero OTPHUATENBHOIO ITOTEHIHATA IEKTPOHEL
u3 001acTH JIByMEPHOIO ra3a IIOX 3aTBOPOM BHITECHSIOTCS K LEHTPY
CTPYKTYpPH. TakMM crioco60oM IOX UEHTPAIBHBIM 3IEKTPOIOM MOXET
66T chOpMHpOBaHa KBaHTOBas TOYKA, IOIEpPEYHEIE pasMephl KOTO-
POH, a CJIEIOBATEILHO, H IIOJIOXEHUE BHEPreTHYECKUX YPOBHEN B Hell
ONPEAENsI0TCS BETMYMHON OTPUIIATENLHOIO HaNpsXEHHWS Ha 3aTBOpE.
Cnsur ypoBHEH NPUBOMT K M3MEHEHHMIO YCJIOBHil pe30HAHCHOrO TYH-
Henuposanus. [TonoxeHne y4acTKOB OoTpUuaTeNbHOro JuddepeHIHaNb-
HOT'O COIPOTHBJIEHMs B BOJIBT-aMIIEPHOH XapaKTEpUCTHKE MEXIY LEHT-
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Puc. 8.9. CxeMariuecKoe u3obpaXeHne CTPYKTYPHI pe30HAHCHO-TYHHEIBHOTO
TPAH3HCTOPA Ha OCHOBE KBAHTOBOIH TOUKM.

PATBHBIM H HIKHEM 3EKTPONAMH 3aBHCHT OT HaNpsAXeHMs HA 3aTBO-
pe — Takoil mpubop uMmeer Gonee mHpoKue GYHKLHOHAIBHBIE BO3-
MOXHOCTH, YeM IPOCTO Pe30HAHCHO-TYHHENLHBIH JHOL.

Ha paGore pe30HaHCHO-TYHHENIBHOTO TPaH3UCTOpPa, K COXAIEHHUIO,
OTpUUATENBHO CKa3BIBAETCA HANMYHE HEKOHTPOIHPYEMBIX IpHMecel U
nedeKToB B 06GIaCTH KBaHTOBOM TOYKHM M TYHHENbHBIX Gapbepos. Pa3-
IMYHOE IMONOXEHHUe IPUMECHBIX 4aTOMOB B 00/IacCTH KBaHTOBOI TOYKM
U181 pa3sHBIX TPAH3UCTOPOB NMPHBOTMT M3-3a MCKaXEHHI JIOKaIBHOIO
MOTEHIMANa K 3HAYHMTENBHOMY pa3bpoCy XapakTepUCTHK TPaH3MCTO-
poB. Kpome Toro, uepes 3/IEKTPOHHBIE aTOMHBIE YDOBHHM IIPUMECH TOXE
MOXET MPOUCXOUTh PE30HAHCHOE TYHHEHPOBAaHUE -—— BOJIBT-aMIIEp-
Haid XapaKTEPHCTHKA TPaH3HWCTOpa GYNET UMETh B 3TOM Ciyyae MWK,
HOJIOXEHHe KOTOPHIX HE 3aBHCHT OT HalpaXeHus Ha 3atBope. OnHako
PE30HAHCHO-TYHHEJIBHBIE TPAaH3WCTOPHl MOTPEOAMIOT OYEHb MAIYIO
MOIIHOCTEL Ha OJIHO MEepeKyIIoueHHe — B 3TOM HX IperMYLIeCTBO.

8.9. IIpuGopsl Ha OCHOBE GALTHCTHYECKOTO TPAHCIIOPTA

SddexT mpenoOMIEHHS HaNpaBlIeHHs ABMXEHHA OaLTUCTHYECKH
IBHXYLIMXCA IEKTPOHOB Ha TPaHUUE pasfena AByX obnacreil AByMep-
HOI'O 3/IEKTPOHHOTIO ra3a C palINyHOH KOHIEHTpalMEeH HOCHUTEIEH 3a-
PAAa, ONUCAHHLII B [J1aBe 5, MOXHO MCIOB30BATD A1k CO3NAHMS NPHH-
LMOKATFHO HOBOTO TuMa npH6opoB. C MOMOIMBI0 META/UTMYECKHX 3a-
TBOPOB CHELUATBHOMN (POPMBI MOXHO CO3]aBaTh TaKHE NOTEHLIUATbHbIE
npodWIK B IVIOCKOCTH ABYMEPHOTO 3J1E€KTPOHHOTO ras3a, Koropeie 6y-
IYT UTPATh PONb «JIHMH3» WIH «IIpU3M» I GAUTHCTHYECKHX 3JIEKTPO-
HOB. OTKpbIBaeTCA BO3MOXHOCTh KOHCTDYMPOBAHHA 3/IEKTPOHHBIX
npu6opoB, NOXOGHBIX ONTHYECKHM YCTPOMCTBaM.

Ha puc. 8.10 cxeMaTH4yecKd NPEACTABIICH PUMEP TaKOH KOHCTPYK-
LM — KOMMYTATOp IIy4Ka 3JIEeKTPOHOB, HHXEKTHPYEMBIX B ero pabo-
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Puc. 8.10. Cxemartnueckoe u300paxeHNe KOMMyTaTopa myuka Oammucride-
CKHUX 3NIEKTPOHOB,

gyylo 06JacTh SMUTTEPOM, MeXIy Tpemsa Kowiekropamu (I—3) [60].
Pasmepsr akTuBHOH o6nacti mpubopa MeHbIIE NIMHBI CBOGOIHOTO
npoGera »neKTPOHOB B JIByMEpHOM 3JIEKTPOHHOM rase, pPaclojIOXeH-
HOM B IUTOCKOCTH PHCYHKA, IIOSTOMY OHH IIPONIETAIOT PACCTOSHUE MEX-
Iy 3MUTTEPOM H KOJUIEKTOpaMu 6€3 CTOJIKHOBEHHH — GayuIMCTHYECKH.
KomMyTarms ocymecTB/ISeTCs C IIOMOLIBIO 3aTBOPa TPEYronbHOU dop-
MBI, TIOMEIEHHOTO MEXIY 3MUTTEpOM M KowwieKTopamu. [Ipu nopaue
HA 3aTBOp IMOJIOKMTEIbHOTO HANpsXeHHs KOHUEHTpAHsd 31eKTPOHOB
nox HuM m3-3a 3ddekra Hlortku 6yner Gonbine, yeM B CBOGOXHOM
JEKTPOHOM rase, — 3Ta obnacte OyleT HIpaTh poNb «ONTHYECKOM»
[PU3MBI I My4Ka HHXEKTHPOBAHHBIX 3JIEKTPOHOB.

Ina paGoTel Takoro MpHGopa HeOOGXOIUMO UMETD ITy10K HHXEKTHPO-
BaHHBIX YIEKTPOHOB, ABUTAIOLIMXCS APAUIEIbHO. DTy 3a1ady BEIIOIHI-
eT SMHUTTEp — KBAaHTOBBIA TOYEYHBIM KOHTAKT CHEUHATIBHON (hOpMBI
(puc. 8.11). Ha oba 3aTBOpa KOHTaKTa HOJAaeTCs OTPULATEIBHEIN IIO-
TeHLMal, moJ HUMM o6pa3yercs obnacts oGemHEHMA. Y3K0€ IpOCTpaH-
CTBO MeXAy 3aTBOpaMy 00pa3yeT KBAHTOBEIA TOUYEYHbL KOHTAKT, HMEI0-
it dopMy pynopa. Takoil KOHTaKT crocoGeH KOTMMHpOBATh (CBO-
OMTh B NADAUIENBHBIN ITOTOK) INy4YOK 3/IEKTPOHOB. DTO SMBJICHHE
M3BECTHO B MHKPOBOJIHOBOH TEXHHKE, ITie TUIABHO CYXAIOMMIACA pyrop
MOXeT ObITh HCITONB30BaH /11 KO/UTHMAIHH MHKPOBOIHOBOTO JTy4a. Kak
BHIHO M3 puc. 8.11, aneKTpoH, nomajaomuil B pyrnop 1mojx A0CTaTOYHO
GoNMbIIMM YITIOM K €r0 OCH, ITOKHAAET ero ¢ TpaeKropuel, Giu3koi K
ocH pynopa. KouiuMaIps oCylIecTBIsSETCS 3a CYET MHOTOKPAaTHbIX OT-
paxeHHli OT CTeHOK pynopa. Ko/UleKTophl paccMarpHBaeMoro HaMH
npubopa ToXe MPEeACTaBIAOT COOOH KBAHTOBHIE TOYEYHBIE KOHTAKTHI
TaKol xe GOpMBl — CBOETO poOjd IPHEMHBIE PYNOPHBIE «aHTCHHEBD».
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Puc. 8.11. KommuManus 1mydga sIeKTPOHOB C NOMOIRBIO KBAHTOBOIO TOYEYHO-
IO KOHTAKTA CHELMaNbHOH (GOPMEI.

ITpu HyneBOM HaNPSXEHHH Ha 3aTBOPE 3JIEKTPOHHON NPH3MBI HE CY-
IIECTBYET U ITy4OK 2JIEKTPOHOB, He OTKJIOHSAC, IIONafaeT B [IEPBBI KOJI-
nexrop. Kax Tonpko k 3aTBOpy GyHeT NPHIOXeH IOMOXUTEILHEYA 110~
TeHUH A, MPOSBUTCA 3(eKT NpeIOMICHHsS HallpaBiIeHMS IBUXCHHA
9JICKTPOHOB IIpH NI€PeCEYEHUH UMH 06J1aCTH IBYMEPHOIO JIEKTPOHHOIO
rasa c 6onsmei KOHuUeHTpauuei HocuTeneii nog 3arsopom. I1pu HekoTo-
POM HAIpAXEHHH Ha 3aTBOpe TOK GyIeT MaKCUMaIIbHBIM BO BTOPOM KOJI-
JIEKTOpE, a ellle NpH GoMblIeM — B TPEThEM KoJlleKTope. TakuM obpa-
30M, [TOfIaBast COOTBETCTBYIOIIEE HANPSXEHHUE Ha 3aTBOP, MBI MOXEM Ha-
IpaBIATh IYYOK 3/IEKTPOHOB B m000i M3 Tpex KowiekropoB. Takoit
npubop 3aMeHseT cob0oil HECKOJIBKO OOBIMHEIX TPaH3HUCTOPOB, KOTOpPHIE
NpHIIOCH GBI HCIIONB30BATh IS MTOCTPOECHHS ITOJO6GHOTO KOMMYTaTOpa.
Bonee Toro, mocKoEKY 3/IEKTPOHE NIepecekaloT pabodyio 06/1acTh KOM-
MyTaTopa 6e3 CTOJIKHOBEHHUI, MOXHO C ITOMOIIBIO OHOrO 3aTEOpa KOM-
MYTHPOBaTh OJHOBPEMEHHO JBa Wi Gosee JIEKTPOHHBIX IMyuka. s
9TOro Heo6GXORUMO TOJIBKO NOGABUTE COOTBETCTBYIOLIEE YHUCIIO IMUTTE-
POB U KOIUIEKTOpPOB. DIIEKTPOHHEIE ITy4YKH He OyIyT B3aMMOIEHCTBOBATh
apyr ¢ apyrom. Takoii mpubop ABIAETCS APKUM IPUMEPOM TIOCTPOSHUS
Ha OCHOBE KBaHTOBO-Pa3MEPHHEIX CTPYKTYP HOBBIX NpUGOPOB C paciiu-
PEHHBIMH (PYHKIHOHAIILHBIMH BO3MOXHOCTSMH.

8.10. OnHO3IeKTPOHHBIH TPaH3HUCTOP

Ha ocHoBe aBIeHus Ky/IOHOBCKOM 610Kalbl, peYb O KOTOPOM 1Uia B
pasgene 7.3, BOIMOXHO CO3[JaHUE IIE/IOT0 KJjlacca HOBBIX NpHGOpoB —
OIHO3JIEKTPOHHBIX TPAH3UCTOPOB M YCTPOHCTB Ha UX ocHose [60—65].
Ha puc. 8.12, a mpeacrasineH oauH M3 BapHaHTOB OJHORIEKTPOHHOIO
TPaH3UCTOpa B CTPYKTYPE C ABYMEpPHBIM 3JIEKTPOHHBIM rasoM. Ilpu or-
pHLIATEIBHOM HaNpsXeHuH Ha 3atBopax G, G, ¥ G4 B6/M3U HUX 06pa-
3yetcs obnacTh, obGeHeHHAsT HOCUTENSIMH 3apsa, B pe3y/bTaTe B IEHTPE
CTPYKTYPHI CO3/1a€TCs NPOBOAAIIMI OCTPOBOK O4YEHb MANHIX PasMepoB
(KBaHTOBasg TOYKA), C IOMOILBIO TYHHENBHOTO 3(htheKTa CBI3aHHBIH C pe-
3epByapaMy UCTOKA M cToKa. CBsi3p KBaHTOBOH TOYKH C OCHOBHBIM 3a-
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Puc. 8.12. OmHONEKTPOHHBI TPAH3HCTOP B CTPYKTYPE C ABYMEPHBIM 3JICKT-
POHHBIM rasoM (a) ¥ ero cxemarmdeckoe m3obpaxeHue (6).

TBOPOM TPaH3UCTOPHON CTPYKTYpHI G3 ABIAETCA YMCTO €MKOCTHOH —
PaccTOsHHE MEXTy HAMH JOCTAaTOYHO BEJIHKO, YTOOH HCKIIOYUTD BEPO-
ATHOCTb TYHHeJbHBIX mepexonos. Ha puc. 8.12, 6 cxemaruyecku u3o6-
paxeHa CTPYKTypa OJHOIEKTPOHHOIO TPAaH3UCTOpa. 3aTBOp HCHOMb3Y-
10T VI W3MEHEHHS ®IEKTPOXUMHYECKOTO ITOTEHIMANa 3JEKTPOHOB B
UEHTPaIBHOM 3JIEKTPOJE C ITIOMOINBI0 HaBeNEHHOro KBasmsapsaga AQ =
= C,V,. B ominune oT 3apapa, CBA3aHHOIO C TYHHEIUPOBAHHUEM DJIEKT-
POHOB OT HCTOKA K CTOKY 4€pe3 KBaHTOBYIO TOYKY, STOT 3apsal MOXET
H3MEHATHCH HElPephIBHO, TaK KaK 3TO MONAPU3ALMOHHEIHA 3apsl.

C noMompio KOHLEIMH KBa3u3apsaaa MBL MOXEM OIpeNeUTh YCIOo-
BHA TIEpEeKJIIOYEHUS ONHOIEKTPOHHOIO TPAH3UCTOpa. DHEPrUs LEHT-
PIBHOTO IEKTPOAa MO-NIPEXHEMY ONpejeieTcs BhlpaxeHueM E =
= ¢2/2C, riie q — ero NONHbIHA 3apsan, a C — 9JIeKTpHYEeCcKas eMKOCTh
ocrposka: C = C + C, + C,. Eciu Ha HeHTpallbHOM 3MEKTpOe Haxo-
autcsa N IOMONMHHUTENBHBIX 3NEKTPOHOB, TO €ro 3apsn paseH g = —Ne +
+ AQ = —Ne + C,V,, TaK 4TO NoJIHas 3HEPrUs 3a0aeTC BhpaXeHHEM

2
E = M (8.6)
2C

Ecnu MeXay UCTOKOM M CTOKOM IIPHIIOXeHo HebGonsIIoe HanpsXeHue
CMewleHus, TaK YTo GyleT HMETh MECTO PEXHM KYJIOHOBCKOH GIIOKAEL,
TO TOK 4Yepe3 CTPYKTYpY Te4b HE MOXET, TaK KaK 9HepIHs LUEHTPAIBHOTO
BIEKTPOAA YBEIWYMBAETCS C KaXIbIM JIOMONHHUTEIBHBIM 3JIEKTPOHOM:
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E(N + 1) > E(N). OnHako, nojicrpauBas HallpsKeHHE Ha 3aTBOPE, MBI
MOXeM NoGUThCa BhIMOMHEHus ycnosust E(N + 1, V, + AV,) = E(N, V,). B
9TOM CIIy4ae IEKTPOH MOXET TYHHEIHPOBATh Yepe3 CTPYKTYPY H TOK
yepes TpaH3uCTOp OGyder Teds. JIpyrHMH CIOBaMm, M3 3TOrO YCJIOBHUS
BHJIHO, YTO IEKTPOHBI MOTYT TYHHEJIHPOBATh B LEHTPAIbHBIA 3JIEKT-
POI BCAKMi pa3, KOIIa HallpsXeHHe Ha 3aTBOpe M3MEHSeTCs Ha Beju-
yuy AV, =¢/C,, T. €. IPOBOIUMOCTh OTHOYIEKTPOHHOIO TPAH3UCTOPA
OyzeT OCULUINPOBATh C YBEIMYECHHEM HaNpAXEHHs Ha 3aTBOpE C IepH-
onoM AV, (puc. 8.13).

B 0onHO%71€KTPOHHOM TPaH3HCTOPE C OIHUM LIEHTPAIBHBIM 3JIEKTPO-
JIOM MOXET OKa3aThCs CYIIECTBEHHBIM SBJEHHE, KOTOPOE CIIocOGHO Ha-
PYLIATh HOPMAIBHYIO PaboTy TpaH3KCTOPa. DTO SABJICHUE HA3HIBAIOT CO-
TYHHENMpPOBaHUEM (co-tunneling) WM MaKpOCKOMAYECKUM KBAHTOBBIM
TYHHEJIMPOBaHUEM. JIeJI0 B TOM, 4TO ITOMUMO ITOCIIEA0BaTENbHOIO TYH-
HEJIMPOBaHHS 3JICKTPOHA CHAYalla U3 HCTOKA B KBaHTOBYIO TOYKY, a 3a-
TEM M3 Hee B CTOK CYyLIECTBYET Manas, HO KOHeYHad BEpOATHOCTh Hero-
CPEICTBEHHOIO NIEpEeHOCa 3apAa U3 UCTOKA B CTOK. DTOT ImepeHoc Mo-
XeT OCYIIECTB/IATECA AByMs MexaHu3MaMu. B mepBoM u3 HuX 351eKTpoH
MOXeT nepecedb 06/1aCTh UEHTPAIBHONO JIEKTPoia C IOMOIIBIO TYHHEIb-
Horo addexTa yepe3 BUPTYaIbHOE COCTOSHUE WX MOCPEACTBOM pe30-
HAHCHOro TyHHenupoBaHus. [Ipu BTOpoM MexaHM3Me OIMH 3JIEKTPOH
TYHHEJIUpYeT B LIEHTPANBHbIA /IEKTPOI M3 UCTOKA, a BTOPOH TYT Xe
NOKHUJaeT 3Ty obJsacTh, mepexofd Ha CTOK. IIpH 3TOM B IEHTpanbHOM
aneKTpofie obpasyercs BJIeKTPOHHO-IbIpoYHas napa. CoTyHHenupoBa-
HHE, XOT4 H sBigeTcs 9(¢eKToOM CHeAyIOLIero mopsKa MallOCTH B
CPaBHEHNHU C eMHHYHBIM aKTOM TYHHEJIMPOBAHWS, IPUBOIUT K KOHEY-
HOU MIPOBONUMOCTH TPAH3HCTOPA aXe B YCIOBHAX KY/IOHOBCKOH 6110-

0.4F

o, Xk

0.2

0 045 ~0.40 ~0.35
V,B

Puc. 8.13. IIpoBomMMOCTb OXHOBNEKTPOHHOIO TPAH3HCTOPA, [IpeACTaBICHHOro
Ha pucC. 8.12, a. Kaxaplil NHK OpoBOIMMOCTH COOTBETCTBYET YIANCHHUIO (C po-
CTOM OTPHILIATENFHOIO CMEINEHH) OYEPEHOTO SNEKTPOHA U3 KBAHTOBOM TOYKH,
npudeM npy cMemeHnm —0.4 B 4pcrno snekTpoHos B Touke nopsauka 100 [53].
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Kanol. U1 nomaBneHus COTYHHEIMPOBAHMS HMCIHONB3YIOT CTPYKTYPHI C
oBymMd U Goree LEHTPATBHBIME 3JIEKTPOAAMH, OTHEJEHHBIMH JAPYT OT
OpYra TYHHENbHO-NIIpo3payHbiMH OapbepamMu (MTJ — Multi-Tunnel
Junctions). B takux MTJ-TpaH3HCTOpax BEpOATHOCT MTHOBEHHOTO
IEpeHOca 3apsia U3 HCTOKA B CTOK NPAKTHYECKH paBHA HYJIIO.

B Hacrodimee BpeMs OTHORIEKTPOHHBIE TPAH3HCTOPH paboTaIOT TOMb-
KO NpH HHU3KHX TeMIIEpaTypax, XOTd B pAAE CTPYKTYP ONHORJIEKTPOH-
Hble 9ddeKTH HaOMONATHCH H NIPH KOMHATHOM Temmneparype. s co-
3manus npubopoB, HafieXHO paboTaIMX IIPH KOMHATHOH TEMIIEpaTy-
pe, HeoOXOomuMO pelaTh npobieMbl, CBI3aHHBIE C YMEHBIICHHEM pa3-
MepOB KBAaHTOBBIX TOYEK M YMECHBIUICHUEM €MKOCTH 3arBopa. Paborh,
HanpaBJICHHBIC Ha ONTHUMH3ALNIO CTPYKTYPBHl ONHOINEKTPOHHBIX TpaH-
3HCTOPOB, HHTEHCHBHO IIPOBOIATCS BO MHOIHX J1aGOparopusax Mupa.
Takne TpaH3UCTOPH! OTKPHIBAIOT IIHPOKHE NEPCIEKTHBB OXHOIJIEKT-
poHHOH HHQPOBOI JIOrHKY, B KOTOpOii OUT HH(OpMaIMH MOXET OHITH
IPEACTaBJICH TONLKO JHIIb OXHHM 3NeKTpoHOM. Kpome Toro, omno-
BNEKTPOHHBIE TPAaH3HUCTOPH HMEIOT OYeHb BBICOKOE OBICTpOnEHcCT-
BHE — I10 OLIEHKaM, IO HECKOJILKHX COTEH Teparepl IpH Ype3BbI4aifHO
Manoi morpebigeMoii MoHOCTH. ONHOIEKTPOHUKA ABIAETCA OXHOH
M3 CaMBbIX NEePCHEKTHBHBIX H OBICTPO pa3BHBaOIXCA obJacTell HaHoO-
BNEKTPOHUKH.

8.11. YcrpoiictBa Ha OCHOBE OXHO3JIEKTPOHHBIX TPAH3HCTOPOB

Crangapr ciibl TOKA (UIEKTPOHHBIA «Hacoc»). B kauecTse cran-
NApTOB eIMHMIBI CONMPOTHBIEHHA (OM) W EIUHMIB HANPAXKEHUA
(BONBT) MOTYT CIyXMTh COOTBETCTBEHHO KBaHTOBBIN 3thdekT Xomna |
adexT Ixo3edcona. CTaHaapT EXHHULEBI CHIIH 31EKTPHYECKOro TOKa
(ammiep) 6BUT OCHOBAH HA 3KCNIIEPUMEHTaX, HAIOLIMX 3HAYHTENIBHO MEHB-
Iyl TOYHOCTh. C NOMOMIBI0 ONHOIIEKTPOHHBIX 3¢deKTOB ymaeTcd
OIIpENENUTh CAMHUIYY CIIBl TOKA CO 3HAYHTENHHO OOJNBLICH TO4YHO-
CTBIO.

CTpyKTypa M3 KBAaHTOBOH TOYKH, TYHHENBHBIMH IIEpEXOHaMH CBS-
3aHHasd C HCTOKOM M CTOKOM, MOXET CIyXMTb CTAHAAPTOM CHIIBI TOKA
[66, 67]. Il1aHapHYI0 KBaHTOBYIO TOYKY BBIAEIAIOT U3 0OIacTH IByMEp-
HOTO YIeKTPOHHOTO rasa ¢ MOMOUIBIO CHCTEMBI 3aTBOPOB (puc. 8.14),
3aTBOp 3 aHATOTWYEH 3aTBOPY ONHOMIEKTPOHHOTO TPAH3UCTOpa U CITy-
XKHT V11 H3MEHEHUS 3IeKTPOCTaTHYECKOH 3HEpruy KBAHTOBOH TOYKH.
3arBopsl 2 1 4 COBMECTHO ¢ 3aTBOPOM | ONpenesqioT BEICOTY, a 3HAYMT,
H TIPO3pAa4yHOCTb TYHHENbHBIX 0aprepoB, Yepe3 KOTOphie IPOHCXOMHUT
[IEPEHOC BIIEKTPOHOB. IIpHHIMIMATPHOE OTIIMYKE TaKQH CTPYKTYpPHI OT
0OBLMHOTO ONHO3NEKTPOHHOTO TPAH3HUCTOPA COCTOUT B TOM, YTO C IO-
MOIIBIO HANIPAXXEHUA Ha 3aTBOpax 2 H 4 BLICOTY JIEBOTO H NPaBOTO TYH-
HEJIBHBIX 6apbepOB MOXHO H3MEHATh HE3aBUCUMO. MeXITy HCTOKOM H
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Puc. 8.14. PacnonoxeHue IOoBEPXHOCTHHIX 3aTBopoB (/—4) Ha CTpyKType
C IBYMEDHBIM 3JIeKTPOHHBIM ra30oM [yl CO3aHMS CTaHZapTa CHIBI TOKA.

CTOKOM CTPYKTYphl MPHKIANBIBAIOT HeOOMNbIIOE HaNpAXeHHe cMemie-
HUs V. — Takoe, yT06bl B KBAHTOBYIO TOYKY MOXHO GBUIO MOMECTHUTh
TOJNBKO ONUH aNeKTpoH: eV, 2 E(N + 1) — E(N) (puc. 8.15, a). Ha 3a-
TBOpH 2 ¥ 4 TOHAIOT B IPOTHBOGa3E NepeEMEHHOE HATIPTXEHHUE C Yac-
toToii f. TakuMm o6pazoM, KOIfia OBBIMAECTCA OAMH Gapbep, APYIoil B
STOT MOMEHT NoHuXaercd. IIpoxoxieHue EKTPOHA OT JICBOTO 3NIEKT-
pola K IpaBoMy 4epe3 KBaHTOBYIO TOYKY B TEYEHHE IepHONA H3Me-
HECHUS HaNpIXeHUA Ha 3aTBOpPaX 2 W 4 NPONEMOHCTPHPOBAHO Ha
puc. 8.15, a—-. Yepes nOHMXeHHDIA NeBblil Oapbep 37EKTPOH MIPOHH-
KaeT B KBaHTOBYIO TOYKY, HO BBIHTH W3 Hee B IIPABbIH IEKTPOX He MO-
XeT 13-3a HU3KOH BEPOSTHOCTH TYHHE/TMPOBAHuUA depe3 BRICOKMH TIpa-
Buill Gaprep (puc. 8.15, 6). Tonpko nUmb OpH CIETYIOMEM MTOJyTIe-
pHOe NEPEMEHHOI0 HAIPSIXKCHHS Ha 3aTBOpaX BEKTPOH NOKHAAET
KBAHTOBYIO TOYKY H NIEPEXOIUT B NpaBhiii anekTpos (puc. 8.15, 2). Ta-
KHM 00pa3oM, 33 OHH NepHOJ H3MEHEHUS HANPIXEHUA Ha 3aTBOpax 2
H 4 4epe3 KBAaHTOBYKW TOYKY HOPOXONMT TOJNBKO ONMH 3neKTpoH. Ilo

a

Puc. 8.15. CxeMa mpoxXoXaeHHs OJHOIO 2JIEKTpOHA 4Yepe3 KBAHTOBYIO TOUKY
NpPM [EPHOAMMECKOH MOTY/ISIMK BbICOTH TYHHEJBHBIX GapbepoB.
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Puc. 8.16. fueiika naMaTH Ha OCHOBe OJHORIEKTPOHHBIX TPAH3IUCTOPOB.

9TOH TIPHYHHE TAKYI0 CTPYKTYPY Ha3BIBAIOT OXHORIEKTPOHHBIM «HACO-
com». Tok, nporexawoinuii uepes TouKy, 6yner paser / = ef. Bemuunna
3aps/a 9JIeKTPOHA H3BECTHA C OYEHD BHICOKOH CTENEHBI0 TOYHOCTH, H3-
MEpEeHHE YacTOTHI CBOAMTCA K M3MEPEHHIO HHTEPBAIOB BPEMEHH, UTO
MOXHO CAEJIaTbh TOXE NOCTATOYHO TOYHO. B pesynbrare okassiBacTca
BO3MOXHBIM H3MEPHTHL CHITy TOKA C TOYHOCTHIO, 3HAYHUTENHHO MPEBOC-
XOIAIWEH TOYHOCTh APYTUX CTAHOAPTOB TOKA.

Aveiixa maMATH HA OCHOBE OJHONIEKTPOHHBIX TPAH3NCTOPOB.
OIHORNEKTPOHHEINH TPAH3HCTOP MOXET HAXOAUTHCA B BYX COCTOSHH-
4Xx — Mu60 B COCTOSTHHM Ky1OHOBCKOH GIOKans!, THOO B IPOBOAIIIEM
COCTOSHHMH. DTOT GaKT MO3BOIIET CO3NABATh HA €0 OCHOBE YCTPOMCT-
Ba, KOTOPbIE MOTYT CITyXHTb S4eHKOH KOMNbIOTepHOH mamaTH. OdeHb
MaJIBi€ pa3MEphl ONHOAIEKTPOHHBIX TPAH3UCTOPOB MPH BHICOKOM GBICT-
PONCHCTBHH W HM3KOH MOTpe61ieMOi MOIMHOCTH HAENAIT TAKOe HMX
IIpUMCHEHHE OYEHb MEPCNCKTHBHEIM. B KauecTBe IpuMepa paccMoT-
PHM OJIHY M3 BO3MOXHBIX KOHCTPYKLHi d4eiiKy NIaMATH Ha OCHOBE OfI-
HOWNEKTPOHHBIX a¢cekToB (pHc. 8.16) [68]. B xayecTBe akTHBHBIX
BIICMEHTOB B Heil MCIONb3YKTCA TPH ONHONIEKTPOHHBIX TPaH3HCTOpa
HAa OCHOBE MHOXECTBCHHBIX TYHHEINbHBIX IepexogoB (MTI), o Koro-
PHIX MBI yXe€ YIOMHHTH Bine. OCHOBHBIMU AEHCTBYIOLIMMH dJIEMEH-
TaMM f4eiku sBinorca Tpansucropst MTI1 u MTI3. Tpansmcrop
MTJ2 urpaet BcIioMOTaTeNbHYIO PONb H NIPH pafoTe SYeHKH HaXOIUT-
c4d B BBIKJIIOYEHHOM COCTOSHHM (B pEXHME KyJIOHOBCKOH OnoKambl).
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Puc. 8.17. Tucrepesuc B 3aBUCHMOCTY TOKa BJIEKTPOMETPA TipH PAIMYHbIX Ha-
NpaBieHHsAX U3MEHEHUs HalpsXeHUs Ha 3aTBOpe S4eilky IMaMsITH.

Tpanzuctop MTI3 umeer gBa 3arBopa. C MOMOWBIO HanpsKeHus V3
Ha €ro IpaBoM 3aTBOpe pabodylo TOYKY TPaH3HCTOpA YCTAHABIHBAIOT
Ha IIOpPOre ero OTKPHIBAHHS, MO3TOMY OYeHb MaJIble H3MEHEHHS [IOTEH-
IMa1a BTOPOI0 3aTBOPA, COCAMHEHHOTO C y3/I0M 3allOMHHaHMs M, mpu-
BOJIAT K YBEIHYEHHIO WIH YMEHBIIEHHIO TOKa [, yepes MTJ3. Takxum
06pa3oM, STOT TPAH3KCTOP BHIMONHSIET (PYyHKUMH INEKTPOMETpPa — C
€ro [OMOIIBI0 MOXHO PETHCTPHPOBATh Majlbic M3MEHEHHs 3apAfa B
Touke M.

Ha puc. 8.17 npencrasiena 3aBHCHMOCTb TOKA 3JIeKTpoMeTpa I, ot
HAIpSXKCHUA HA OCHOBHOM 3aTBOpe f4eiku V,. ['uctepesnc stoil 3aBH-
CHMOCTH (HanpaBlcHUS H3MEHEHHs V, yKa3aHbl CTPEIIKAMM) CBS3aH C
Ppa3nHYHBIM cOCTOSHHEM TpansucTropa MTJ]1 Ha pasHBIX y9acTKax ero
neriu. Ha yyactke AB oH 3aKpHIT, HAXOIUTCH B PEXHMME KyIOHOBCKOMH
6noxkansl. CKOpOCTh HaKOIUIEHHS 3apsma B Touke M Gombmmas, oHa
olpeneseTcd NapaMeTpaMi e€MKOCTHOTO JenuTend, o6pa3oBaHHOroO
eMKocTeio C, B eMKoCTaMu Tpanzucropos MTJI1 u MTI2. Omnaxo npu
IIOTEHIMAIE B y3le M, COOTBETCTBYIOWIEM TOYKEe B KpHBOM, TpaH3HC-
top MTJ1 oTKphIBacTCS — BBIXOOHUT M3 PeXHUMa KyJIOHOBCKOH 6l10Ka-
abl. B pesynsTaTe CKOpOCTh HAaKOIUIEHUS 3apsaa B y3je 3aMemisercd —
3apap CTeKaeT Yyepe3 OTKPHITHII TpaH3ucTop. [Ipn cMeHe HanpasneHus
n3MeHenus V, B Touke C KkpuBoii Tpamsucrop MTJ1 3akprBaercd u
CKOpPOCTb H3MEHEHHA 3apsAa CHOBA OyIeT ONpenenaThcs TONBKO eMKO-
CTHBIM paerurenieM. B touxe D xpupoii Tpansucrop MTJ1 crosa ot-
KpBIBa€TCH — IIPH APYI'OM NOMIPHOCTH CHATHSA KYJIOHOBCKOH GIOKAIEL.
H3menenne notennuaia B Touke M cHOBa 3aMemngercd. Takum obpa-
3oM, npu V, = 0 g4yefixa uMeeT 1Ba YCTOHYHBHIX COCTOSHHA, KOTOPHIE
MOTyT OBITH HCIIONB30BAHBL A1 3anHCH OuTa nHbOpMaImu.
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8.12. KsauToBo-TOYeYHbIE KIETOYHBIC ABTOMATDI
H OecripoBOAHAS IEKTPOHHAA JIOTHKA

TlotpebrocTr B pa3pabOTKe JIOIMYECKHX YCTPOMCTB ISl HAHO-
KOMITBLIOTEPOB € 04eHb BHICOKOM IWIOTHOCTBIO JIOTHYECKUX DTIEMEHTOB H
C MAaKCHMATBHO BO3MOXHO HH3KHM IOTpeGieHMeM SHEpruH Ha OHO
NIEPEKITIOYCHHE MPUBENH K NPEIOKEHHIM HCIONB30BaTh B JIOTHYeE-
CKMX ®JIEMeHTaX NpOBOAJILHE OCTPOBKH OYEHb MAIOTO pasMepa —
KBaHTOBbIE TOYKH [69, 70]. B Takux mpuGopax s peanHsanuH BH-
vpCeHnH oruyeckux 6ynesbix dynkumii [71, 72] ncnons3yior maccu-
BBl CBA3AHHBIX B3aUMOJCHCTBYIOLIMX KBAaHTOBHIX TOYEK. DTH HOBHIE
Opu6GOPHl HA3BIBAIOT KBAHTOBO-TOYCYHBIMH KJICTOYHBIMH ABTOMAaTaMH
(QCA — Quantum Cellular Automata).

OcroBy npuGopa CocTABIAET AYECHKa, COCTOSIAA H3 YETHIPEX HIH
[9TH KBaHTOBHIX Touek. Ha puc. 8.18 mpencrasnena g4yeiika U3 ISTH
KBAaHTOBBIX TOYEK: YeTHIPE TOYKH PACTIONOKEHH B YITIaX KBajpara, a
OJlHa — B €10 HeHTpe. B s4eHKy IPH MOMOILK BHEWIHETO HANPAXEHHsA
Yepe3 JOMONHUTENbHBIM dJIEKTPO BBOATCS IBA H3OBITOYHBIX 3JIEKTPO-
Ha, U g4eliKa mpruobpeTaeT JEKTPHYECKH 3apsii. KBaHTOBbIE TOUYKH B
g4eiike pacIoNaranTcs TaKuM o0pasoM, YTO BO3MOXHO TYHHETHpPOBa-
HHME TOJBKO 4epe3 LEeHTPAIbHYI TOuKy. H3-3a aneKTpocTarHyecKoro
OTTATKMBAHUA MEXTy H30HITOYHBIMH 3NIEKTPOHAMH BCK CHCTeMa Oyner
HMeTb MUHHMAIBHYIO ®HEPIHIO TOJIBKO B TOM CIIy4ae, eClM JEKTPOHbI
PAacronoXarcd KaK MOXHO JATBIIE APYT OT APYTa, T. €. B YINaX KBajpa-
T4, COENMHEHHBIX quaroHaiblo. [IOCKONBKY TAKHX BO3MOXHEIX IONO-
XEeHHUH BCEro ABa, TO CHCTEMA HMEET BCETO JBA YCTOWYMBBIX COCTOSHHS
(nBe mMONIpHU3AlMK), H, CIECAOBATENIBHO, ONHO U3 3THX COCTOSHHH MOX-
HO CUMTATH JIOTHYECKOM equHMIeH («1»), a BTOpOe — NOTHYECKUM HY-
nem («0»). TIpu nepexone CHCTEMbI H3 OXHOrO YCTOHYHBOIO COCTOSHUS
B IPYroe MEHSIOTCS ONAPH3aIHsl CHCTEMBI H PaCIIPENeNICHHE 31eKTPH-
YeCKHX NoJIei BOKpyr s4eiku. C NOMOIIBI0 HOMOIHHUTENbHBEIX 3JIEKT-
PONOB, CBS3aHHBIX C AYEHKOH €MKOCTHOH CBA3bI0, MOXHO HAaBS3aTh
A9eiike Heo6XonuMoe COCTOSHME U NIEPEBECTH €€ B COCTOSHHE « 1» HiIn
«0». Ecnu psjioM ¢ nepBoit T4eHKOl pacIonoXuTh BTOPYO (B KOTOPOi
TaKXe HAXOQUTCS NBA AOIOIHHTEIBHBIX 3JICKTPOHA), TO 3JIEKTPOCTATH-
4eCKOe I10JIe NEePBOil suefKH 3aCTaBUT 31EKTPOHBI PaCIIONarareCs Tax,
YTO6H 00eCceYuTs MUHAMYM BJIEKTPOCTATHYECKOH JHEPIHH BCEH CH-
crembl (puc. 8.18). CocraBiias KOMOMHAUNM W3 PaclONIOXEHHBIX pas-
HBIM 06pa3oM sueeK, MOXHO pealH30BaTh pa3HOOOPa3HbIE IOTHYECKHE
(YHKIIHHK M BHUIOJIHHT, HEOOXONHMMEIC JIOTHYECKUE ITPeoOpa3oBanus H
Beruaucnenus. Ha puc. 8.19 mpenctasnen npamep KOMOMHAIIMH STIEEK,
NpH KOTOPO# COCTOSHME HA BEIXONE ONPENETAETCS OONBUIMHCTBOM CO-
CTOsHMH Ha BXome (ormdeckas Qynkims «Majority»). IIpenmoxensl
pa3HooGpasHble KOMOHHALMH SYEEK [ PEATH3AMH JIOTHIECKHX Ore-
paumit. Ha ocHOBe Takux ®7IEMEHTOB BO3MOXHO CO3aHHE HAHOKOMITBIO-
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Puc. 8.18. Pazmmdnsle KoH(UTypanMy f9eeK KBAHTOBO-TOYeIHbIX aBTOMATOB.

Tepa. BaXHO OTMETHTB, YTO B3aMMHOE PACHONOXEHHE s4yeek obecre-
YMBAET MEpefadyy JIOTMYECKOro CHrHata 6e3 NepeMelleHus 3apsaoB
BIOJIb LIENOYKH — B 6eCTOKOBOM peXHMe, TONBKO 3a CYET IepeNayn
B/IO7Ib LENOYKH COCTOSHUS TOJIIPH3ALHH.

{IpenMytnecTBa MOrM4ecKux YCTPOUCTB Ha OCHOBe KBAHTOBO-TOYEY-
HBIX KJIETOYHBIX aBTOMATOB COCTOAT B TOM, YTO [0 CPABHEHHMIO C aHa-
JIOrMYHBIMH YCTPOMCTBAMH HA OCHOBE NOJIEBBIX TPaH3HUCTOPOB Tpely-
€TCAd 3HAYUTEIPHO MEHbUIIMH 0o0beM aKTHBHOM o6nactH. Hanpmmep,
IIOJIHBIA CyMMATOp Ha OCHOBE KJICTOYHEIX aBTOMATOB C Pa3MEpOM TOY-
K 20 HM MOXHO PACIIOIOXHTH Ha IUIOIAIH OKomo 1 MKM2, B TO BpeMs
KaK TaKylo Xe IUIOmajb 3aHAMAaeT BCEro JIUIIb OOHMH MOJIEBOH TpaH3H-
crop. i MOCTpOEHHA TaKOrO Xe CyMMAaTopa Ha OCHOBE IOJIEBBIX
TPaH3UCTOPOB Tpelyerca npumepHo 40 tpawsucropoB. Ecnu eme
y4ecTs 0OIacTH KOMMYTAllHH TPaH3UCTOPOB Mexnay coboil, a OHH, KaK
H3BECTHO, 3aHMMAIOT O0BEM, CpPaBHHMBI WIM JaXe NPEBOCXOMSAIIHIA
00beM, 3aHATHIH aKTHBHBIMHE ITPHOOpaMH, TO MPEUMYIIECTBA HCTIONB30-
BaHM KJIETOYHBIX aBTOMATOB CTAHOBATCH OYEBHIHBIMH.

NpunmunuansHags BOSMOXHOCTh (PYHKIIMOHMPOBaHUSA JIOTHYECKHX
31eMEHTOB Ha OCHOBE KJIETOYHHIX aBTOMATOB ObUTA IIPOXEMOHCTPHPO-
BaHa npu T = 75 MK Ha npuMepe S4eiKH, H3rOTOBIEHHOH MPH IIOMO-
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Puc. 8.19. KombuHaiuu g4ecK KBaHTOBO-TOYEYHOrO aBTOMAaTa, IPH KOTOPHIX
COCTOSIHME Ha BBIXO/E OmpenelisdeTcs GOJIBIIHHCTBOM COCTOSHHI HA BXOZE.
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M CTAaHAAPTHOMN 3JIeKTPOHHO-ITYYEBOH NHTOrpadMu U3 ATIOMHHHEBBIX
OCTPOBKOB Ha II0BEPXHOCTH OKHCIIEHHON KpeMHHEBOH miacTHHbl [73].
ITnomans npuGopa cocrasnana Benuyuny ~50 X 50 M2,

BoraucnuTensHb# nporece B npudopax Ha OCHOBE KJIETOYHAIX aBTO-
MAaTOB OCYIIECTBIIIETCS TpH NepeXoe BCei COBOKYIHOCTH SYeeK B CO-
CTOSIHME ¢ MUHUMAaITLHOH SHEPIHEH — B OCHOBHOe cocTosHue. [lockonb-
Ky CIIOXHBIC BBIYHCIIMTEIBHBIE YCTPOHCTBA JOMXKHB! CONepXars GONb-
IIOE YHCIIO S4eeK, TO COCTOAHUE C MHHUMANIbHOM dHEeprueil MOXHO I10-
JY4HTh Pa3HbIMHA CrIOco6amMu. DTO MOKET IIPHBOIUTE K OLIMOGKaM B BbI-
yHCIeHuAX. KpoMe TOro, Takue CHCTEMEBI 9yBCTBHTEIBHBI K BHEITHUM
BO3JIEHCTBUAM H ITOITOMY TPEOYIOT CTPOroro KOHTPOJIA BHEIIHHX YCII0-
puil. [Ipn moBBIMIEHMH TeMIeparypsl BBIMHCINTEINBHBIA MpOnEcc Mo-
XeT ObiTh paspymieH. s sueex, y KOTOPHIX pa3Mep OXHOH KBaHTOBOIA
TOYKH ~20 HM, H3MEHEHHE SHEPrUH MpH Nepe3apsAaKe TOYKH COCTaB-
nser Benuuudy ~1 M3B (npumepro 1/20 kT npu KoOMHaTHO#M TeMnepa-
Type). Tak Xe Kak M B9 OTHOIIEKTPOHHOrO TpaH3UCTOpa, pabodyio
TEMIIEPATypy HYXHO IOBHILIIATH 33 CUET YMEHBIICHUS pa3MEpOB AYCHKH
(4 COOTBETCTBEHHO KaXI0H KBaHTOBOH TouKm). CymecTByeT ele oxHa
npo6neMa, KOTopas NOMXKHA ObiTh pellleHa IS YCTEIHOH paboThl
YCTPOMCTB Ha OCHOBE KJIETOYHBIX aBTOMATOB. OHA COCTOMT B TOM, 4TO
IIOCKOJIBKY IEKTPOCTATHYECKOE IONE SYSHKHM BIMIET HA COCENHHE
A4eliKY KaK B HalpaBJIeHUH BbIXOJa YCTPOMCTBA, TAK H B HANpaBJICHAN
BXOJ4, TO H3-3a CIIyYalHBIX BO3AEHCTBHI BO3MOXHO PAaCIpOCTpaHEHHE
CHTHAIA He TONBKO OT BXOAA K BBIXOAY, HO H Hao6opoT. 1t ycTpane-
HUS 3TOr0 HEOCTaTKa MPEIOKEHH YCTPOHCTBA HA OCHOBE KBaHTOBBIX
TOYEK, Y KOTOpBIX HanpaBjeHHe IepeNayd CHUTHAIa OIpexeseTcs
BHEUIHKM 3JIeKTpuyecKuM moneM [74). {IpakTuyeckoe M3roToBIEHHE
YCTPOHCTB HAa OCHOBE KJIETOYHBIX aBTOMATOB HaXOAMTCA B CaMoOi Ha-
qaTbHOM CTaqUMM H TpeOyeT paspelieHus Lenoro psaa mpobneM, B
OCHOBHOM TEXHOJIOTHYECKHUX.



NPHJIOXEHHE

BOIIPOCBHI U 3AJIAYHN

1. IonyunTs OLEHKY NpenebHON TOMIMHB IUIEHKH, IIPH KOTOPOi
BO3MOXHO HabnoneHne KBAHTOBO-Pa3MEPHBIX ABICHUI, €CIIH TIOABHX-
HOCTB /eKTpoHOB B IwieHke 104 cM2/(B - ¢).

2. KakoBa npenenpuad TONHNHAHA INICHKH, IIPH KOTOPOH BO3MOXHO
HalIoeHne KBaHTOBO-pa3MEepHBIX SBJICHUI ITPH KOMHATHOM TeMIepa-
Type, ecnu d¢dexTHBHAT Macca HocuTeneit m = 0.1m,?

3. DnexTpoH ¢ Maccoi m HaXOOUTCA B NPSIMOYTONIBHON MOTEHIUATD-
HO# siMe IMPUHOH a ¢ 6ECKOHEYHO BHICOKMMM CTeHKaMH. ITokasars, 9To
coOCTBEHHDBIE 3HAYEHUS DHEPIUM YaCTHIIb U e HOPMUPOBAHHEIE 0(2)6c;r-

him*N

peHHbie QyHximu B obnactn 0<z< a umewor BUg Ey = T

N.
Yy (2) = xfgsin I N=1,23,.
a a

4. Ind npsMOYyronbHOH KBAHTOBOM SIMBI LIUPHHOM a W TIyOuHOH U
[IOJTyYUTh YPABHEHHE UL OTIpEAClICHHs] 3HAUeHHI SHEPIUH CBA3aHHBIX
coctosaui. OnpenesuTs YHCIO CBA3aHHBIX COCTOSHHH B ame. Hailtu
YCJIOBHE, IIPH KOTOPDOM PaccTOAHHE MO IIKaIe IHEPIHil OT BEpIIHHEI
6apbepa 1O HIKHETO YPOBHS B IME PaBHO 3aHaHHOH BenuuuHe Ej,

5. Pemnts npemsimylyio 3ajady B Cifydae pasHbIX 3(h(eKTHBHBIX
Macc 3NEeKTPOHOB B Oapbepe U aMe — Mg U M,

2ma

1 d
Ykasarue: BOCTONB3OBATHCS IPAHHYHBIM YCJIOBHEM —— Cad o=
mg dz =
1 dy,
- =0’
my dz 130

6. Haiitu BonHOBbie (PYHKIIHH M YPOBHH SHEPrHM B TPEYTOJIbHOH
KBaHTOBOI aMe, KOTOpad cneBa B Touke z = 0 orpadmdeHa 6ecCKOHEYHO
BBICOKOH CTEHKOH M CIpaBa IOTEHIHAIOM V = az.

2

Vkasanue: BBeCTH KOHCTAHTH [ = —2——— uA =12
mo.

h2 H CACNATh

3aMeHy nepeMeHHOH z = I(§ +A).
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7. Haiitn ypaBHeHnue a1 OnpeneneHus sHEPIHH CBA3aHHBIX COCTOS-
HHH B sIME, OTPaHUYEHHOM CIpaBa B ToYKe z = 0 6ECKOHEYHO BHICOKOM
CTEHKOH, a CIpaBa MOTeHIMAIOM V(Z) = —V,e %%,

a
-z
Vkasanue: cienars cHadata 3aMeHy NIEPEMEHHOM t =¢ 2 , a 3aTeM
8mV,
&= t.
h%a?

8. IloBepXHOCTh TOHKOH MOHOKPHCTA/IMYECKOH IUICHKH KpeMHUSL
umeet opueHranuio (100). PaccuuraiiTe IUIOTHOCTD 9NEKTPOHHBIX CO-
CTOSHHH B TaKOM JBYMEPHOM 3JIEKTPOHHOM rase. Uto H3MEHHTCS IpH
opueHTanuH nopepxHocTH (111)?

9. IonyuuTs npaBuia oT6Opa WIT MEXK3OHHBIX ONTHYECKHX [IEPEXO-
JOB B IPIMOYTOBHBEIX KBAHTOBBIX SMaXx.

Yrasanue: cm. Hlux A. A. TIucema B XT®. 1979. Vol. 5. P. 869,

10. IlomyuuTd BRIpaXcHHE I SKPAHMPOBAHHOIO IOTEHIHMANA TO-
9Y€YHOIO 3apsia B ABYMEPHOM 3/IEKTPOHHOM rase.

Yrkazanue: pemiuts ypastenue Jlanmaca B IUIHHAPHYECKOH CHCTEME
KOOpAMHAT. 3apaR B 001acTH JByMEPHOIO ®JICKTPOHHOTO ra3a HCIIONb-
30BaTh B KaYeCTBE MPAHUYHOTO YCIOBHA.

11. Haiitu BeIpaXeHue Jid peflakcallui 3apsfga B o6nacTH IByMep-
HOrO 3JEKTPOHHOIO rasa.

Ykasanue: UCTIONb30BaTh Oyphe-npeobpa3oBaHHe MOTEHIHATA H KOH-
LeHTpauyy. PaccMoTpeTs 3aTeM YacTHBIH ciygaif Mpodiid HaYansHoro
BOSMYIICHUS| KOHIEHTPAlMH B BHJe JOpeHiuana: n(x,0) = ——- -
x*+a

12. Pemuts ypaHenue Illpemunrepa g 3€KTPOHOB B ABYyMEPHOM
BJIEKTPOHHOM rrase, HaXofdImeMcd B Iockocty Z = 0 B0 BHEIHEM Mar-
sutaoM none H = (0, 0, H,) u snektpuueckom none F = (F,, 0, 0).

13. Haiitn cBA3b MEXIY KOHUEHTpalHEH 3JEKTPOHOB H YpOBHEM
DepMu JUid BRIPOXIECHHOIO OXHOMEPHOrO 3JIEKTPOHHOTIO rasa,

Yxkasarue: ucrions3oBarh KBaAPaTHYHBIA 3aKOH KUCTIEPCHU SHEPIHH
31EKTPOHHOIO rasa.
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