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OCHOBHbIE YCJIOBHbIEOEO3HAqEHI, I f

I - noctoqBHaR Ps-
' qapAcoEa;

C - emrocru 'roMo- UJII'I
reTeponepexoAa;

C, - euxocrr sasoPa . B
KOHTAKTC METANJI -
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C2 - eurocrr o6Jlacrl'l

npocTpaHCTBeHHoro
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BOJIHIiKA B KOHTAK-
Te MeTaJIJt - IOJIy-
npoBo.uHI'IK;

. Co - 6aPsePnaa eMKocrb
roMo- I{JIII reTep0-
nepexola, cBsSaIr-
HA' C MAKCBCJI.IIOB'
CNI,IMU TOKAMI-I CME.
ueHHt;

Co - aHQQVsHoHHat eM'
" 

xocrb. cBq3aHHafi c
cyqecrBoBalrl{eM He'
ocHoBHbIX HOCATe'

" 
nefi 3apsla;

6n , CI - ceqeul'It saxBara
gJIeKTpOHa 3OHbl

' npoBoAuMocTL IIo-
nynpoBoAHsKa g Me-
TaJIJIa noBepxHocT-

' HbIM ypoBHeM;
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c{ u ;tr- cerleHlrt saxBara
gJIeKTpOHa unu AbIp-

. KII nepBoro L BTO-
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d - rolu$tsa 3a3opa;
D : uttlplrna crofl.LlJorr'

Kt'l npu HepaB'
HoMepHoM pacnpe--

AeJeHHH npuMecen

. B nonynpoBo.llHH'
KC:

. Do,p - KoeQ$uureHr AHf

QYsull AJrfr 9nex'
TpoHoe Ir .[blpoK;

6s - IIIHPflHa sanPeuex'- 
noft 3OHbI nonynpo'
BOAHI{KA;
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pasphlBbl 3OHbI npo'
Bo.IllluocTtt h Ba'
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neHarpaHsIlax pa3'
AeJra B noflynpoBo.('
HllKsx L sa3ope npu
V + 0 u V : 0 ;

Ei-trso '
Mi :  e : - f r - '

M n,p - Ko3SQI'IItIleHr ra'

BI{HHOro yMHO)KeHIts
- 

elertpoHoB H nbl-
.  poK;

m*, mlr,o, m"^ - effiexrl'IBHaff Mac'
. CA 9,'ICKTPOHOB I{ AbI'

poK B nonynpoBo,ll-
HflKe' 3a3ope I4 Me-
TAJI.[C:

trri - KoHqeHTPaUnt 3JIeK'
TpoHoB Ha noBepx'
IlocTHbIx ypoBHsx;

nt - KOHrIeHTpaufis no-
sepxHocrHblx ypoB'
Hefi:

nI - KoH[elrTpauuq Io-

. HOpHbIx ypoBHen;
' flet- KOHUeHTpaUI{t 9JIeK'



rpoHoB. Ha AOi lOp-
HHX ypoBHqx ;

tlo, ttn, np - paBHOBeCHHe KoH'
ueBTpalIHH 9neKTpo'
HOB A O66eMe noJty-
npoBoAHflxa;

ni - KoHIIeHTPaUgt Ho-
cHTeJrefi B 3OHe npo-
BOAI-IMOCTI'I, eCJIII
ypoBeHb (DePMt' coB-
[aAaeT c gHepfeTl'l'
qecKlIM noJloxe-
HHeM peKOM6HHa-
r$4oHHoro ueHrpa;

'rx - KOHII€HTpa[LIfi 9JIeK'
rpoHoB B 'Tofi 06'

. JIaCTIT [OJIynpoBoA'
' HIrKa, C KOTOpOI4

npoucxoAl4T greK-

rponHnfi o6MeH no-
BepxHocTHbIx ypoB-
Hef i ;

An - usbHroqHaq KoH-

. ueHTpauutg,leKTpo'
.  HOB;

tlo, flm - rorltqecrgo cBo6oA-
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rn, c Koropoft npo-
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sufi o6ueu noBepx-
HOCTHbIX ypoBHeIr;
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pt{ - KoHqeHTpau[t AbI-
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nynpoBoAHuKa, c
KOTOpOfr IIpo]Icxo-
Ar.rr sneKTpoHHbIft
o6MeH noBepxHocr-
HbIX COCTOfiHI,III:

Ap - us6urouuaa KoH-
ueHrpauuff AblpoK;

" G\ - Koa$SxurreHr npo'

?n,p - KoeQQI{[neHr npo'

SpaqHocTlc Aflg sneK'
TpoHoB I'r AbIpoK;

t",e (E) - tPYuxuur Pacrpe'
AeneHuf @epuu;

g - KoHUeHTPaUIIfl Ho'
clTeJIeI{ 3apflAa,
BO3HHKAIouIIIX B CAH.
Hl.Iqy BpeMeHI.r noA
ICfiCTBUEM BHCIIIHI,IX

. QaKropoB;
C - axrnsHas cocraB-

flqloulafl o6ueft
npoBoAI'IMOCTH ro-
Mo' u reTeponepe'
xoAa;

. I -o6tqufi roK;
' 

1s - ToK, gB.nsrculsficr

napaMerpoM Bonbr-
aMnepHoft xapaKre'
pIICTLIKI{;

r - n.norHoctb ToKa; ';

i.tl, ip * n,llorHocrll gJIeK-

TpoHHOTO n ,(rlpo{.
HOTO TOKOB;

isn, ise, isn- fl,'IorHocrtl roKoB,

xapa Krep usyloqu x
o6MeH noBepxHocr.
HbIX COCTOffHHfi G

. gOHOft npoBoAltMoc-
TU. Ba!'IeHTHOll 30-

i Hofi nory[poBoAHn-
KA I-I MCTAJIJIOM;

ir, irn, ir1 - II,'IOTHOCTII TOKOB'

tBntloulfiecff napa-
METDAM14 BOJIbT.AM.
nep;ofi xaPaKrePI.rc-
"TLIKIT;

Al - aunllryAa nepe-
ltleHnoii cocTaB,'Ifi rc-

* u{eir[rorHocruToKa;

& - nocroqHr.Iaf 6o"'Ibu-
MaHa i

Knp Kot, Kod - KI{HerqqecKI-Ie KooQ-

QLIuHeHrLt, xaPaK-
' Tepl'l3ylolllue nepe-

xo,u Hocl4Ter'leil Ha
noBep xHocTHblll
ypoBeHb I.I3 3OHbI
npoBoAllMocrI'I, Ba-
neHTHofi SoHbI u Me'
TAJITA:

K1r, K i(t, K t* 
- KuHeTI4qecKI4e KosQ-

Qnuueirtsl, xaPaK-
' rePuaYrcuue o6Pat'

Hble nepexoAbl;

90, I - utlPl'IHa cJrot IIIor-
. rKIr Ant'paBHoMep-

HOro pacnpeaene'
HHfl nplrMecefi npn
V : 0  u  V * 0 ;

9n, 9p - IIIPI{Ha cnoq IIIor'
TKIi B n'r4 p-o6nac'
TflX p-n nepexoAa;

I - rnuua cBo6oAl;oro
npo6era gJleKrpoHa
no nMnynbcaM;

' ln,o - AUQtbY3I'loHHat AJII'I'
Ha I.Jlfl 9IeKTpOHOB
I,I AbIPOK;

lr", lo" - Ax$abysuouHaff .[JII'I'

Ha ,qnfl SneKTpoHoB
r.I AHpOK npu 6oflb-
uoM ypoBHe I'IHxeK-'ut{u;

/ - conporllaneHfie 066'
eMa noJIyapoBoAHIr-
xa;

Rn - renlonoe conPo-
TIrB,'leHI{e P-n ne'
pexola;

R - conporuBJleHub KoH-
TAXTA;

Srr,o- cxopocm noBepx- .

Hocrxofi PeKoM6i4-
Haullu 9JIeKTpOHOB
Ir AbIpoK;

T - reMneparypa;

Un, Up - IOABII)I(HOCTb 9JIeK'
TpoHoB u AbIpoK B

. noJlynpoBoAHnKe;
-onp 

- ApeftooBaf, cKo-

Pocrr nocuroleft;

vn,p - cpeAHsE TenJIOBafi .
cKopocTL gneKTpO-

HOB LI AblpoK B no'
nynpoBoAHI-IKe;-df ; -cpeyn 

f l  renJloBas

cxopocTb gneKTpo'

HOB B METAJI'E;

V -  xanPaxexxe,  nPH'
JIOXEHHOE K TOMO.
nnI rerepoIIepexo'
AY;

V t,r,s 
- naAelrue HanPEx(e'

HHfl B O6JIaCTU npo-
cTpaHcTBeHHOro 3a-
ptAa Ir 3a3ope;

Vs - KOHTaKTHaff PaS-
IIOCTb nOTeHUUanoB;

v\' - noreHuuan' cBqsaH-' 
.

HbIfi c flepe3apqAKoR
noBepxHocTl{blx co'
crotHufi npI,t npl-ulo-

' 
xeHul{ Haflpqxe'
HUfri

V,  -  naAenue HanPtxe-
HI,I' B KBAsI.{HCUT'
paJIbHofi 06,'Iacrl'I
noJIyIrpoBoAHliKa;

Vno - HanPnxeuue JIaBI'III- l

HOrO npo6os;
91, an,P * txllpuHa KBa3ilHeuT'

Pa.rrluofi o6J'IacTIt
. noJIyIIpOBOAHUKa;

Z - notuoe conporlB'le-
HI,iE IOMO. I,IJII{ TETE-
ponepexoAa;

Q, OL* - MHO>KI{Te,IIu B no-
Ka3aTe.ne SKCnOHeH'
TbI B BblpaIrcHUqX
BO.rrbT-aMnepHou xa-

PakrePrctnxu;
dn,p - KosQQLtWreHr y,[ap'

' 
Hofi goHl43aul{lr

SJIeKTpOHOB n AbI-
poK ;

T - KogtPQuUlIeHr I'IH-
xeKuI.{H:

80, 8, 81, E3r 8s - ,[I{3JI€KTPrqecKI'Ie
npoHI'i[aeMocTI'I Ba'
KyyMa' rorlynpo-
BO,IHI{KOB I'I 3a3opa;

p - ypoBeHb xI'IMUrIe-
cKoro noTeHuuaJIa;

Ps U Pso - noJIoX(eHUe ypoBHt

xHMllqecKolo noTeII-

[ua,'la Ha noBepx'
Hocrll pa3.[ena npl{
V * 0 * t V : 0 ;

ILn, Pp - KBa3HypoBHH (Dep-

MII AJIfl g,'IEKTPOHOB

n AblpoK;
Pn,F - YAetbHbIeconpornB'

ileHAfi n- n p-a6'
. nacrefi;

P (1c) - o6tennufi saPtA B
06lacru nPocrPan-

BeHHOTO sapflAa
nonynpoBoAHI.rKa;

ot,i, oor,! - n.Irornocrll aapt,4a

Ha noBepxHocTHbIx
cocroqhfisx rlPu
V + 0  u  V : 0 ;

g) on, op - yAetbHaq npoBoAlr'
Mocrb nonynpoBoA'
HIIKA;



Pl, 9rr

'tn, 'cp - BpeM�n xH3Hl'I He'
ocHoBHblx H0cnTe'

' neft 3aPflAa;

$s, 9n - TepMOABHaMIlqe-
cKge paooTbl Bblxo-

,4a nonynpoBoAHIrKa
H METAJINA;

$0, (Pa - BblCOTa-noTeHUfiaJlb-
Horo 6aPbepa 06-
,tacrn nPocrpahcr-
BeHHOTO 3apflAa no-
JIVNPOBOAHI'IKA'  (t i 'b: qo + P);

I (r) * noreuunarbuaq
'  gHeprut  9neKTpoHa;

QrO, QrO - BblCOTbl nOTeHUtl-
a,lbHblx oapbepoB
paSnlrqHHX nony-

npoBoAHIrKOB npI{
V * O u V : 0 ;

Agl - IrSMeHeHIre .Bbicorbl
noTeEuuaJIbHorO
6aPrePa BcJIeAcTBI're
NEfiCTBI,Ifl CI{JI I,I3O.
6Paxenur;

X{ Xz - BHeInHue Pa6orblBbt-
xoaa Ana KOHTaK-
rHpyloulux nony-
npoBoAHI'IKOB;

l(. - PaeHocrb SJIeKTPo-
' 

oTpl{qaTenbHocTeIl
gJIEMCHiOB;

(|) - KpyfoBafl qacToTa

nepeMeHHOlO curHa'
f l a , '

NPE,III4CJIOBI'E

Tp y.qn o n ep eoueHllrb sH aqeHlae no,lynp oBoAnI4 KoBbIx n q'q9! 98-, 1- ! 
a 38 HrIl L ret(-

HriKu ceroAH'u'ero A;;. Onr.r o6yc,'-oriuu npuutlunfia,'Ib'He- l.I3MeHeHHfl B pa'

,quoTexHltKe, cHrpanE ofpoMHylo p6"rr a pa3BlrTIM XOcUnqecroft TeXHLKL n co'
'3AaHUt4 coBeplxeHHllx 3BM.

ocHoetlbilNtl' HanpaBIeHI{ffMIl gKoHoMl-IqecKoro n co[Ha'bHoro pa3BI,TItfl cCCp }'4

l98l-1985 roAbl I.l tu'""upr"a.'rc lSbO roau npe.4ycMorpeHo noBlIclrr-b--rexHrqecKllil

VpoBeHb BbrrrncJrurerrbHol-'i.ii"nr, np[6opoB r.i cp'egc""' aBrorlara3aUHl't ua ocso9e

it5ffi;-";;;;;ililt MI'rKpoe,'IeKrpoiuxr, onroS'nerrpolr'Kl, 14 rla3epHoii rexHI4KI''

B a6co,rrcruoM 6onbu{4HcrBe cyuecrByrour.ux f,o.iynpoBoAHHKoBbIX np}r6opoB

"anor"rv,oia" KoHTaKTHble f BJrer.rHrr B no,'rynpoBo.^nuxax. flpu sTOM MO.VT HCno,'rb-
goBarl,cff nu6o oAlilt SxrueHltft KoHraKr, "unp"tGp l'o4 t 6'apreporvt lll[v1111' P-ft
i."p.]i"o "n" ;pft;;fi ;;;;;;;.p.ioa, nrjOo H'ecroiinr<o KoHraKroB, uanpr'nrep 6uno-

;rapuufi rpaHsi.rcrop, rl.rp u crop, M,[l ll-rp ar sucrop'
oAHaxo KaK AJrs oa",ont*iirnfr,x iipueopon, TaK u. Ans MHoroKoHraKrHbrx oc-

HoBOfi noHuMa Hrrr r4x pa6oru qB,,rfleTct ilccneAonasne Snar'rxu ssneHuf, B oT,{etbto

BgqToM KoHTaKTe Mera,'IJIa c i.lo,rynpOnoAHuKoM I'IJ'II{ no,rynpoBoAnl.lKa c ApyrI-IM noJly-

"o""ffIXJr"#;eM 
vqe6HoM noco6uu u paccMorpeHbr eu3uqecKre ocHoBbl pa6oin nolf-

' 
"p"";n;;;;";fi';p';6np"". Hcno,'rb3yrourx xoHraKrribre nBnerrHtr' flpr'r erov paccMar'

puBarorcq Bce ocrioBHble Queuuecrue npoua"aot, *upatrepusylouue pa6ory xouraxfa
'tr,Ieranr - nonynpoBo.uHIrK I'l no,lynpoBoAHuK - noJIynpoBoAHI'lK'- --_C 

"ou*" speuHn npupoAbr x6Hiarrnpyro*rrx reJr B cucreMe noJIynP_o^B:1:::;

noJIynpoBoAHtrK Mo)KHo;brAerlI'rrb tereporepexo.qbl' KorAa KolIraKr"pytt {:1I-ojIip;-
BOAHIKa pasnlrqHoro cocTaBa I'I CBOfiCTB' Il roMonepexoAbl' KOrAa KoHTaKTHDVIOT OA"

HaKoBHe no,lynpoBoAHrKn r,rr,lrrb c pasd,rl,rrHofi ;;;"";;ril;ii;;ii-npuuecefi. o'iesHaflo,

rereponepexo,o .""r""r"" 6onee o6utur'l noHtrlieM, qeM ioMon-epexoA' TaK KaK nocJIeA-

H-r.Ifi tBJtsercfi qacr'blM c"lyqaeM fereponepexoaa, xorla cBoiltTBa (oHraKTl'lpyrculx

nonynpoBoAHgnou oor"i*'oi;-( ;;il;;ilv"-invuu1g rereponepexoAa e HsBecrHrlx

nprI6Jlr.rxeHrrsx MoxeT 6trrs orHecrln H KoHTaKT laera,T,l -.noJlynpoBoi,Hl'lK KaK'KOII--

raKr cuJrLHo Bbrpox,neHHoro aorlynpoBoAHl'Ixa c "J"1t y-liniroii .sanpeulenuou
SoHbI .a noJIynpoBo,{HI'rKoM c npol'lsBonbHofi ul}rpuHoR 3anpelueHHot'l 3oHbl'

B r;r. I Hacrorlqero noco6ufi u"uota,py"tdt o6qaq Qrsuuecxaa MoAe"Ib rerepo-

nepexoAa, yqrrrblBaro^;; saaop (nporraqxyr6uuufi c,'toii) lr 
'noeepxhocruue 

coctoqHltl'

Ha ocHoBaHuLI KOTOpOfi r'rerKo no,lyqaloTct MoAe'lll KoHTaKTa MeTa,'IJt - no'ryupo'

BOAHITK v p-n nepexoAa.
B rt. 2 npo"oa"r." o6ulufi ani,ru3 npoxox,leHl{s Hocl'rrerleii t'9o{3,:^tl-?.::|.

TaKT. PaccMaip""utor"" ocHoBgble ypaBHeHIrfl, onxcblBaloillue pa6ory KoHraKTob'

Anaa"stpyrcrca xpurepnu rpl{MeHlndocrl'r AI.torHoI? u Al'tQ'by3l4onuoii reopuit'------gir'.'a 
paccM;rps;aerct Bo,'rbr-aMnepHafl xapalrepncrl{Ka *o-"11_1* Mera,'LI -

no,lynpoBoAHl,K C yqeroM o4gOrO I.{ AByX Tl'tnoB noiure'neri 3aptAa, a' raK)Ke npoMefly'

TOqHOTO CJIOfl MeXIy MeTa,l,lOM H n."lynpoBoAHl.iKOM B npeAno;oxe't4l{ A}I.AHOfi H AltQ'

Ay;;;;;fi ;;il?: A"unuutpy.tcn B,'II{tHue Ha sorir-a*nepHylo xapaKrepacrlrY

raKl4x QaKtopoB, KaK ryHHe,'IHpoBaHr" 1u.""ot-"io6paxeuua"flbru9!no paCclrlarpu-

BaeTcg yrlacrl,Ie lroBepxHocrHrtx coctoltlt'tft B nepeHoce roKa qepe3 Kor.IJaKT'
B r,r. 4 ueyuarcrct Bo,lbr-aMnepHble xapaKr6pucrlrxr.r p-n nep:l(941-:-?t9-p-uttll;

penne npono4i.rTcs c"yqeToM rvra;roro r.rrlt 6oJlbuloro VpoBHfi uHxeKqull Aitfl- p-"

.. nepexoAoB. *"po*or'"^V.i,6n'iii-".""e_rirpa,ttouo1 o6;racigo (6aeoft). Oco6o attaau9tr-

pyrorc, nporeccbr *";;;,r;;;-p;;;;6;tirtr"; B o6nacrn npbcrpaHcrBeHnoro eaplAa

I



r.r ryHHe,lupOBaH[t HocI'IreJIefi sapnla it'rexly paspeurbssuut'l SoHaMI{ noJlynpoBo'4Hn'

xa (rvuseltuble AHoAbI)'^"'ii';;:'5-pu1&uip-,iurrrc, 
Borrbr-aMnepHbre xapaKrepucr'KH r-ereponepexo.uo'.

SAect AaHu BbIpa)KeHufl no;rlr'ar'lnepnux xapaxrepuitllx Ans roxon 6eg juacrul npo'

Mexyroqubtx nonuno"or*ffi""eil ; ant ry193-i-vqacrraeu 
loralrsl'x co-croffHllfr'

'fr. 
6 nocsquena paccruotpenr'no gKBfiBaJIeHTHofi cxeult KoHTaKTa MeTaJIJI -

no,lynpoBoAHlr K, p-nu rereponapexoA", q1lcY-SlPHBaIorct 6aprepnan u Autp'by3l'IoH'

Hafi eMKocrlt t'r BrInfl Hfl e Ha'eKalinareurCyro cxelry norep xnocrnul^:9aTyfi '

B tn.7 uccJleAylorcs npo[eccbl' Koropble paenlrsarorca B KoHTaKTax npn 6olrunr

orpHqareJrbHbr* nunp"*.""t"i-i-frod-tr-iu. ahanus"pyrotcr .naauaustfi, -iyunenrnnil
ll ien.nosoit rr,texautirrrlr npq6os B O66eMe u Ha noBepxHOcTH-nonynpOBo1HI{Ka'

f,r. 8 nocsqqeHa paciMorpeulllo oMllqecKllx xouiarron' 34ecr npunolffTct u aHa'

JII.t3r.lpyloTctl Bblpaxe-Hl'�tfl A"'Ifl COnpoTI{BJIeHUff OMI'�IqeCKI'lX KOHTaKTOB'

b" xouue xdx,u,ofr rnaBbl npu;oArrcr ocHoBHbte SKcrrepr.IMeHra.tlbHble p$ynbraTblt

no3Bo,'rqoulge npoxJrnrocrpgpoBarb cnpaBeAnl4Bocrb paccMorpeuHblx Susuuecxux trlo'

Aeaefi roMo- H rereponepexoAoB.
B saxntoqeulm aHanl'r3l.lpylorct Ou3uqecKue npl{Hqllnbl' IlcnoJlb3yeMble npu npaK-

T'qecKoM np1rMeges11g rourai<ia Mera"E,l-noJrynpoBoAHnK, p-t? nepexoAa u rerepofie'

pexoAa, cpanHuaarcrcn AocTolIHcTBa H HeAocTaTKH Da3"lI4qHbIX KOHTaKTOB'

flDr.rHqToe nocTDoeHlre rtrtrfi [O3BO,Iner peruirl HecKo,'IbKo sa,4au. BO-nepnrtx,

pr..*,irp.ri c o6urefi nosuqurr sBile$4fl., xapaKrepHbre Arfl KoHraKra MerarJI - noJly'

irpono,4uux, p-n u rereponepexoAa. Bo-aroplrx, n-poBecru I'I3"Iot(eHIre Ma{epuana npu

paccMorpeul.Il BblnpflMn'Ioqix cnoficrn, HaquHaff oi 6onee npocroil clrcreMbl KoHTaKTa

MeraJr,l - no,lyupoBoAHuK, fAe cyqecrBeHHylo poJlb Hrpalor oAllH noJIynpoBoLHI'IK

;;;;;i,, lo iiio* c,r6xnol crlcreMbl' KaK rereporepexoA' rAe raKylo xe- porlb Moryr

r.rrpaTb ABa norynpoBo,{HlrKa u 3a3op. !'rpeTbui, orge'IIbHO OCTaHOBItrbct Ha ocHoBHbIx

naneuuax, cyulecineuuux A.lts xoniaxra Mera'tJI - noJlynpoBo4nlr\ p - tt- u rerepo'

nepexoAa, HaIlpuMep, paccMorpeTb cl.l,ltst l'rso6paxeHIIfl, TyHHeJII'IpOBaHI{e H T' n"
' 

Vqe6noe n6co6de n-anucaHo- Ha ocHoBa'r{ra KypcoB (KoHTaKTHbIe tBJIeHus B lro,'Iy'

npouol""nu"u t.t <(Duguxa noJIynpoBoAHLxonux npu6opoB), Koropble qura.rucb aBTo'

"[" il x".ucKoM. I]epHoBulrx6l\t, Ceeepo-Oceruscxou rocyrapcrBeHnblx yHHBepcIIre'

iax r.r f re,r.noncr<ou yiunepcurete (flHP)
orsbrsn n noxe;raxlri ro HacTorrilleMy rrSAaHr.trc npocr.rM HanpaBIqTb no aApecy:

2520ii: kues-54, yn. foroneBcKaa, 7, fononnoe n3AarenbcrBo Lr3AarenbcKoro

o6rerngeuug <Buua urxo,na>.
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f lana l .  3OHHblE MO.I IEJ|14 I 'ETEPO'H TOMOHEPEXOAOB

( l . l )

r . r .  OEPA3OBAHI, IE TETEPO- U TOMOnEPEXOAOB

- PaccuorpuM o6pasoBaHl{e rerepo- H roMonepexoAa B pe3y"Ibrare
c6rvxeHr4fl n KoHraKrHpoBaHHq H3oJIHpoBaHHbIX AByx norynpoBoA-
HI{KOB nJrlr MeraJL'Ia n no,ty[poBoAHHKa. Ana npocrorbl 6yAeM [peA-'
[IOJIararb, tITo noBepxHocrb KoHTaKTI4pyAqUx re,'I cBo60AHa or oKI'{C-
,rroB H aAcop6upoBaHHblx la3oB, a TaKxe Ha Heft Her noBepxHocrHblx
3!'IeKTpOH HbIX COCTOfl Hl{ft '

Kax uerecrno, nJlorHocrb noroKa gJIeKTpoHoB, Koropble Moryr
noKrrHyrb n3oJrr.rpoqaHHoe rBepAoe reJlo u BbIftrLl B BaKyyM..B p$yJlb-
rare repMos,'reKrpoHHofi emuccwu, onpeAeJlsercfl sopMyJlofi PHrIapA-
coHa

. 4nm* (krlz 
-*-^!.^

t: ----6- E ^' ,

rlle nf - oQQexruBHas Macca eJIeKrpoHoB B rBepAoM r€JI€i gs,n -

TepMoAHHaMr{qecKas pa6ora BbIxoAa. .II,nn nolynpoBoAHl'IKa u MeraJIJIa
repMoAr.rHaMl.Iqecxile pa6orbl BbIxoAa Qs v Q^ I'IJIJlloCrpHpyIoTcfl
p l rc .  l .  l .- 

Orueruu, qr@opMyJra'PuqapAcoHa B BHAe (l. l) clpaeeAJIHBa
npH ycJrpBr.rvt Qs,m> kT, rAe r; 0, xoropoe Aaer Bo3MolKHocrl-pac-
cMarpl4Barb BbIxoA 3,'IeKTpOHOB,. nOAqHHffIOUIHXCq CTarI'ICTHKe Marc-
Ber,'ta, a He crarr.rcrl4Ke oepMlt. 3ro saxHoe ycJloBne Heo6xoAI'IMo Bcer-

Aa yr{r.rrbrBarb npr{ ncno,'rb3oBaHLrI4 QopMyJIbI (1. l).
I4s (l.l) nu4Ho, rlro npu rocroqHHoft reMneparype nJlorHocrb

noroKa sJreKTpoHd! onpeAeJlsercs r,'laBHbIM o6pasoM BeJII'IqHHOft pa6o-
Tbr BbixoAa ps HJIr{ g* - qeM MeHbIXe pa6ora BbIXoAa, TeM 6OJIbIIle TOK
TepMo3JreKTpoHHOfi 3MIilccl{I4.

B cnyuae I{soJIHpoBaHHoro rBepAofo reJla gMHccI{s sJIeKTpoHoB co
BpeMeHeM yMeHblxaeTcff BcJIeAcTBLIe TO|O, qTO OHO 3apsxaeTctl rloJlo-
xHTeJIbHO I.r BO3HHKaeT gJIeKTpHqeCKOe no,lle, nperlgTcrByloulee SMHccl'lH.

Teneps paccMorpI.IM, qro npou3oliAer npI'{ c6JlI'lx{eHH}I nepBoHa-
qaJIbHO B3aHMHO I{3O,IUpOBaHHbIX AByX TBepAbIX Ted'I AO paCCTOfHHt' Ha
KOTOpOM gJreKrpoHbr I{3 OAHOTO TBepAOro reJla Moryr rlepexoAl4rb B

Apyroe.
B sroN{ cJlyqae corJlacHo BbIpa}KeHLtrc (1.1) 6o.naue 3r'leKrpoHoB

6y,uer nepexoAnrb LI3 BeulecrBa c MeHbIUefi pa6orofi BbIxoAa no HanpaB-
JreHHm, K BerrlecrBy c 6o.nbluerl pa6orofi BbIxoAa. floc,neAsee 6yAer sa-
pflxarbcfl orpnuareJlbHo, a nepBoe no,l0xHTeJ'IbHo. B pe3yJlbrare rle-
pexoA eJreKrpoHoB BeulecrBa c MeHblxefi pa6oroft BbIxoAa co BpeMeHeM

t t: :
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6 y a e r e a r p y A H q T b c f f ' 1 , ! c 6 o a b l x e f t _ o 6 . n e r q a r l c g . B c e o r o 6 y 4 e r
;'6;.*"A;i; Ao rex rop, RoKa noroxu sneKrponoB B pa3Hblx HanpaB'

JreHHsx He ypaBssK)rci. Tiroe cocrosHr.e sBJrflercs craIUoHapHbIM.

Craquosapsoe cocrosHlle noKa3ano Ha pl'tc' l'2' l4s sroro prcyHKa

BnAHO, tITO'3apsxeHsas o6nacrb Mo)Ker npo'crl'Iparbct B rJly6b rBepAoro

"."niu"orn, 
3apfl)KeHHoft o6Jracrr4 MOxHo oueHr.rrb, ecJrH npHHflrb.l

qro ocHoBHas qacrb pa3Hocrn pa6or'BbIxoAa naAaer B t-1-t:p-"^::151P;1

Cne4yer' orMerl{Tb' tlro npI'IBeAeHHbIfi pacqer qBrtercq oueHo'{HHL{
H no3BOJIgeT TBOpLITb_JIIllllb o nopflAKax BeJIHqHH npOHHKHOBeHI'�Ifl flO'
Jrs B rBepAoe reio. Hnxe oH 6yAer yroqHeH.

Ecnu A.nn Me?a,-'IJIoB TIpoHLIKHoBeHI'le noJIfl Ha paccroflHue nopflAKa
MexaToMHbIx paccTos HI4 ft irpa xl1rueiKll He H3MeHItr gHeplerl1qecKoft Kap'
Tr.rgbr Merarrna, uso6paxeHHofi Ha plle. Ll, ro AJIS tloJIynpoBoAHI{Ka
HaJrurrHHH aqr.rreJrbriolo cJtofl c H3MeHeHHoft KoH[eHTpauuefi HocHTeJIefI
3ApflAa npHBeAer K sHeprerJ.Ir{ecKoft KaprHHe, I'I3o6paxeHHoft na puc. 1.3'

; : ;;;i ;;.pa"*,'"enu*r. torld, ncflon b3ys JT:.::X^.i::": l::"jnoJrfl i rebPeMY laYcca, Hanpfl'
XeHHOcTb noJIfl B 3a3ope'Mo)K'

HO 3ANI.ICATb KAK

P -  Q i - , \ z  - e o ,
e d '

Mcniant
' u

'  /  2 .

Pnc. 1.2. PesyrbrarH- roHTaKTHpoBaHHc
iiuin"i iteiipasnofi pb6orofi Bbtxoaa'Puc. l. l . ynpoqeHHbto goH||ue i loAejtf i me--'-- ' 

r ir l i la (ri) u nouynponoaHnf,a (6)'

t -

rAe Qr I4 q2-pa6orbl BbIxoAa AByx reJI; 
-o--fioBepxHocrHag 

nJlorHocrb

H s6droqHiix . IIJI H HeAocra loulu x 3'lexrpogoB'

Peuas nocJleAHee tpaBHeHae orHoci{rer'IbHo o' MoxHo Haftrl't

n  -  S i  - - -9r
- 

ezd.

lllr.rpuna cJIofl, I'13 Koropofo HylKHo yAaJII{Tb HJII B Koropblfi Hy}KHo

BBecrlr g,leKrpoHbr, MO)Ker 6utru nupaxeHa KaK 2 = i 
' fA€ l2o -

KOH(eHrpaIlHg gfleKrpoHoB B rBepAoM rere' Tenepr

pa6orofi BblxoAar B gToM Puc' l'8. usrn6u 3oH y f,oBeprflocrlt rl"Il pa'rHna no'

Inyuae o6ycroBrldBaercfl ii-'bo"'or"iiii lt"ilJ^X"il;ir.";',1;#rfl",i'' 
ue;xAv 0a6o-

rr'laBHbIM o6paSoM \ilfl n' a, g - 9t ) 9s: 6' e- Qr ( Qr'

rH na norynpoBoAlrff Ka 3a-
psAoM uoHHsrrpoBaHHbrx AoHopoB r.I sapsAol\{ cBo6oAirux AbIpoK (pl{c.

i.g, o). B cnyuae, I43o6paxeHHoM Ha pwc.1.3,6,9 pesyJlbrare Aeftcr-
Br.r fl aJleKrpllqecKofo nbns n npnnoBepxHocTHofi o6nacTI'I. cKanJI IlBaIor-

cs efleKrpoHbr ncrrynpoBoAHHKa. I4x gapg,q KoMreHcl{pyer paBHbIfi no

Be,'rnqr.rHe noJIoxHreJIbHbIfi sapsA re,'Ia c MeHbmefi pa6oT9ii BbIXOAa
(pnc .  I  . 3 ,  6 \ ." 

B nepnoM cryqae y noBepxHocru o6pasyercfl cJlofi npocrpaHcr-

BeHHOfo 3jApflAa, O6e4ueHHHfi OCHOBHbIMI'�I uocllrensMH 3apsAa' Ero

corrporrzB,'leHlle npu npeHe6pexeHHu He_OCHOBHbIMH HocI'IreInMI4 SaPs:
Aa fonlure, qeu aira.noinrrHo;o c,lrofl B'o6reue noJrynpoBoAHl.rKa. TaKofi

c,rofi H a 3blBaercfl 3a [op HbIM, H,'I]t o6eAHeHHbIM, cJIoeNi..
Ecrru neocnoBr{brMr,r Hocr{TeJrflMH 3apsAa flpeHe6peqb HeJIb3.fl, TO

y caMorl noeepxnocrr4 Moxer o6pa3oBarbcfl r.rHBepcHblfi c,'Ioft C Ma'-

JrbrM COnpOTLIB,'ISHLIeM, rAe HeocrloBHbIX HOCI4TeJIefi 3apflAa 6o'nlue,
qeM ocHoBHbrx. npu gToM t{HBepcHbrr? H sanopHbrft cJIoH cyqecTByloT

oAHOBpeMeHHO H paciloJloxeHbl oAHH 3a ApyfI'�IM. BO nropotvt cflyqae y

noBepxHocTLI o6pasyercfl cJIOft , o6oraqeguuft ocHosHltil'Il{ HocI'ITeJIsMI{

3apsAa. Ero .cohporllBJleHl{e MeHb[Ie, qeM o66eMa noJIynpoBoAH[Ka'
OH Hagllsaercg aHTLI3anopHbIM, I'IJII{ oSotaqeHHbIM' cJIoeM.

3ra Kaprr-rHa o6ycfloB-
JICHA T]3MCHCHI,ICM. KOH.

qeHrpaulr4- HoCLITeJIeft 3a-
pflAa BCJTeACTBTIe ilpOHI.lK-
HOBeHII f l 3,' leXTp14qecKOIO
noJrs B no,lynpoBoAHLIK.
B c,ryuae, r.r3o6pa>I(eHHoM
Ha pHc'. 1.3, a, B pe3y,'Ib-
TATE ACfiCTBI,Ifl 3JICKTPI,I-
qecKoro noJlq LI3 npLrKOH-
TaKTHOfo CltOfl yXoAgT

3"'IeKTpOHbI I{ npI,ITflrI'lBa-
Iorcfl, AbrpKI{.

flo,roxurenlsuft Ba-

PqA e noJIynpoBoAHI.IKe,
paBHbrfi oTpI{[areJlbHoMy.
sapsAy reJla c 6onrueft

EI
I  + l
t  + l

LI

Kax'suAtto, fJIy6uHa npoHllKnoBeHlls noJlt B TBepAoe rero paBI{-

c'r or KoHUeHrpaUun--uocrircnerl 3apsAa no B HeM. Hanpuuep' npLI

THnHqilbrx 3HaqeHI'Isxq' I *, - I eb, d : l}i-7 cM H n0 - 101a ctu-3'

xapaxreplloii,q,ln no,ryn;onofnuxa,^f : 0'5 ' l0-2 crl' a nprl rex >xe

er - ez tr d,^Ho "p" ;;:"i6';; ';: ';xapaKrepHofi Ans Iuera'ryila' L :

: 0,5 ' l0-'" cl' 't '
tu*r* o6pa3oM, B cryqae noJIyIIpoBoAHHKa noJle IIpouHKaer AaJIeKo

nr.ny6l, a B cry'{ae Meiarra ogo cocpeAoroqeHq B npeAeJlax MoHo'

aToMHOro cJlof.. l 3



Xapaxrep Bo3HI'IKaI'olqero npu KoHTaKre ugTu6a 3oH onpeAe'Ifi-
erct roJrbKo pasHocrblo pa6or BbilxoAa MexAy KoHTaKTI'IpyrcqI4MH Be'
I[ecTBaMr4. flberouy raKoft x{e xapaKrep li3fn6a 3oH coxpaHHrcfl Il

AIrs, p-runa noJIynpoBoAHHKa (puc. 1.3, 6, e). oAnaxo nocKoJlbKy oc-
HOBHbIMIi HOCHTeJISMI4 SapflAa Ailfl p-Tvila flBJtslOTCq, ADIpKH' TO B C"Iy-
qae, KorAa Qr )> Q, 3ap;,q o6lacrl't npocrpaHcrBeHHoro sapflAa 6yaer

o6yc.non,rraniiics'c'soOoAHbIMLI AbIpKaMH I{ o6pasyercs aHrn3anopnblli
eroft. ilpH gr ( g, sapsA 6yget o6ycJIoBJIIIBarbcs I.IoHLI3IIpoBaHHbIMI'I
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PHc. 1.4. Sreprernuecrue A8arpaMMH re'reponepexoAoB'

axqenropaMli Ir cBo6oAHbIMH 9r'IeKrpoHaMu I'I o6pa3yercfl sanopgblfi cJIoft

unn nnubpcHblfi I{ 3aflopHblft cJIoI't.
Tenept paccMorpllM I'I3|I'I6bI 3oH AJIS AByx i(oHraKrlipylolqHx no-

nynpoBo,u,HxKoB npl{ ux C6JII'IXeHI'IH' yql'IrblBas' qro noJle npoHl4Kaer

s' o|a'tr.'ynpoBoilHuKa. AJrfl o[peAe,'reHHocTr,r 6yAeM floJlaraTb, tlro

txI{pI,tHil :tAllpeuletlttOfi gOttU nep;ofg nO,'IynpOBOAHHKa 6o-JIbllle' qeNI

aroporoE, > tl. TonAs ,lUls Qrs ) {p25 HM€€M KaprHHy, l'I3o6pa)KeHHyI'o

Ha iI,rc. l ' ,1, a,'6, a Ans rPr, ( qts-ltso6paxeHHyto Ha pnc' l '4, 8, e'

Kax auAuo, HanpaBJIeHHe H3rs6a 3oH B KoHTaKrI4pyIoIl lHx no'rynpo'

BOAHI,IKaX pa3JlLIqHO, a BeInqHlla lr3rl{6a 3OH 3aBHcI4T OT paCCTOflHIIg

I\le)KAy HIlMIl.

l {

Ipohen 1arpna

B ctyuae paccMorpeHHoro reTeponepexoAa BblnoflHsercg coorHo-

ueHI'Ie 
ero * gzo * Aq : gls - (P2s, (l'2)

rAe Qro H Qro - qacTI'I KOHTaKTHOft pa3HocTH noreHIII'IaJlOB' naAaloq[e
B noryupoBoAHr.rKax I u 2, a Aq - qacTb KoHraKrHoii pa3HOcrI'I no'
reHqLraJIoB B 3a3ope.

flpn.yrraenlruelruu 3asopa Aq crpeuurcq K 4yrlo H

' <Pro * qto : (Pls - (P2s'

\:IZ
4_r

0

-il\-{J\
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FI
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. e
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P t r c . l . 5 . e H e D r e T ' c e c ( n e A n a r p a M M b t A n q A H a s o H b r n p o B o A l t M o c T n ( 4 _ a ) H I
io r  "b to t ' ( r -e )  a  recHou re repof lepexoae '

,D..nn rereponepexoAa Ba)KHblM tB,tlflercfl cyurecrBoBaHue pa3pblBa

B 3OHaX npoBoAHMOCTr.r r.r BaJreHrHofi 3oHe. 3ru paepunbl ooycJIoBJII'IBa-

rorcrr pa3HbIMH 3HaqeHI'IflMI'�I BHeUIHqx pa6oT BbIXOAa xt u x' AJIS KOH-

TaKrHpylorr\Hx rroJry[poBoAHr.rKoB. B cauou AeJIe, KaK JIefKO BI'lAerb

r.r3 pHc. 1.4,6,6, pa3pblB B 3OHaX npoBoAtrMocrH

L t r -X r -X r t  Ag , (1.3)

TAe sHax nJIIoc npn Ao oruocltrcfi K pl{c, 1.4, a, i anax MHHyc K

pvc.  .1 .4,  6 .' 
B c.nyuae, KorAa sasop MexAy [oJIynpoBoAHHKaMI'I Hcqe3aer

(Puc '  l '4 '  6 '  e) '  
L t " -xr -xr .  (1 .4)

Paapue B BaJIeHrHbIx soHax paBen (pnc. L4, a, a)

LEo:  Er-Er-  LE, :  ( t r -Er)  *  Ut-  xs)  + AP,  (1 '5)

rAe 3HaX MHHyc npH aE OTHOCHTCfl K pl{c. 1.4, a, a 3HaK IIJIIoC K

pvc .  1 .4 ,6 .^  
15
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flpn orcytcrBlll{ 3a3opa AQ : 0 t't

L6o :  t t -Er*  Xr -  Xr . (1 .6)

B garucullocrl.I or coQTHoueHufl MOKAy Xt u X2 BoSMolKHbI pa3-

Jrr.rrrrrbre 3HaqeHlts LE* Tpu npLtHuI4nHaJIbHo pa3ruqHblx cryqas X1 >

) Xz, Xr : Xz r'r X1 ( Xs lna pa3pblBoB B 3oHe npojoAuMocrll recHoro

rereponepexoAa npH 9r. > Qz'"ioiasaHbl Ha puc. 1.5, a-e.
Boglloxsue paspbrBbr 

's 
saneutgslx sogax AJIfl TeCHoro rerepgne'

pexoAa, KofAa orcyrcrByer 3a3op II COOTBercrBeHHo

E, - Er> xr - xr, t, - tz : x, - xu t, - Er) x, - xu

fla AItflKOHTaKra Mera,lJI - nOJIynpoBoAHI'IK. flpu 9. :> Q, Lns n-runa

noJIynpoBoAHHKa 3ro roKasaHo Ha pvc. l.7t
Benu.INHa v,stil6a soH B noJIynpoBoAHI'IKe B gToM cryrlae paBHa

.  p o : e - - 9 . - A c p .

tr4srfi6 goH MaKcIrMaJIeH H paBeH .90 : Q^ - (Ps, KorAa MPxAy

MeTaJIJIoM H [O,'Iy[poBoAHI{KOM He ocTaeTcn 3a3opa 14 KoH-raKT reCgblft.

,II,ns ,usyx o,qsulxbeux noJIynpoBoAHI'IKoB Xz : Xt v tt : tr' flpu

sroM -p a 3 pbl BbI B pa 3 p eue H HbI x ." " ̂  
i s?;Tffi ;,'1,'x"#H.iT SiiT 

",1;

puc. 1.8 H xapaxtepHylo AJlfl P-n

Menan llytwofiodtur

PHc. 1,7. SHeprerlqecras AtrarpsMMa KoR' PHc' l '8' CxeMa p-n oepexoAa'

. raKTa Merann - nonyflpoBoaHtrK.

6aprepa aJIe 3JIeKrpoHoB n-noJlynpoBoAHuKa v \nfr AbIpoK p-noJlynpo-

soAHuka B o6uleM cfiyqae pa3rr.rrrHbr H paBHbr ToJrbKO Arq Kfiacc[qecKo-

TO p-.n nepexoAa. 3ro paenuur4e Bbrcor 6aprepa qB-fltlerch oAHI4M

H3 OCHOBHbIX AOCTOLIHCTB reTeponepexoAa I'l no3Bor'lfleT eylqecTBeHuo

LrSMeHflTb cooTHoIIIeHHfi MexAy 3r'IeKTpoHHbIM H Ablpol{Hbl}'t ToKaMH.
* O,(Hdxo, KaI( ylre orMeqaJlocb BbI[Ie' paccMorpeHHas 3Aecb KaprlrHa

c6pagosaHuq rerepo- lI foMollepexoAa flBflqercq I4AeaII'ISI4poBaHHoI{'

,Ilero s roM, sro o6uqsO Ha noBepxgocrr.r [oJIynpqBoAHI,IKoB cylllecTBy-

rcT noBepxHocTHbIe gJIeKTpOHHbIe cocTo'ilntl' Ha I{oTOpbIX MOXeT HaKan'.

Jrr.rBarbc; 3apflA. Kportae rofo, noBepxHgcrb noJlynpoBoAHuKa I'IJII'I Me:

Tailila, npufoToBfieggafl cTaHAapTHbrM o6pa3oM, o6blrlHo Ao KOHTaKTI'I-

poBaH[fl noKpblTa oKucHbIM cJloeM c,'IoxHofo cocTaBa IIJ|U cflOel\4

aacop6nposansux .ra3oB'
Ecnli -floBepxuocrnbrMr.l cocrottH14ttMH l\,toxHo [pege6peqb' To Bce

paCCMOTpeHHoe.BbtIUe <iCraerCs CnpaBeAr'IHBbIM. B gToM C,{yqae He,'Ib3g

TOJIbKO 11OJIyqHTb reCHOro KOI]TaK'I'a AByX Te,1, a CBOftCTBa 3a39pa Onpe-

,u,er rrr,orc g csofi crsal\,Iu o KHCHbIX H aACO'p6x poBa H HbIX cJIOeB'

c,nox<uee o6cTot4T Ae,'ro, ecr't14 . yqr4TblBaTb SJIeKTpOHHbIe IIOBepx-

HOCTHbIe cocTotlHlltl Ha noBepxHocTtlx I'l3o'lHpOBaHHbIX TBepAbIX TeJI.

B orou cJlyqae eI]Ie Ao KOHTaKTupOBaH14rr B rro,'IynpoBoAHl.lKax cyuecT-

Byer u3rl46 3OH, KaK noKa3aHo' HanpHMepr Ha pl' � lc... 13, rae AJIfl KOH-

KpeTHOCrr.i yqreHa soHa noBepxHocrHbrx cocroflHHfi. vponuu noBepx'

nbcrnorl soHtr, pacnoJlox{egHbre Hr{xe ypoBHr (DepuH, saptt)KeHbl or-

pirrlare,lbHo, a ypoBHI4, pacnoJlox{eHHble BbIIUe ypoBHfi " oepult '
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roria3aHbl Ha pHc. 1,5, e - e,
Llcno;rrsyn npeAcraB,'IeHHble Ha pl{c. 1.5 cnyuau, JIerKo cKoHcr'

pyupoBarb rl,o6ble BI{AbI rereponepexoAoB, KaK 3TO H3OOpaXeHO Ha
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Bo3MoxHoe tHepreruqecKoe c rpoeHl te  lec '
Hbrx fereponepexoAoB:

g - er, ) ez.i 6 l- Qro ( Qe..

puc. 1.6, na KoropoM 3a-'
r.uTpHXoBaIIHafl no,lOCa 3Ha'
qeHnii, coorBercrByroqafl
Kpalo Ba,'IeHTHOfi SOHbI LI 30-

HbI 11 poBoA]IMOCTI'I, nOKasbIBa'
er paenflrlHbre 3HarleHfifl atc
u L6...

Cl.eayer orMerl4Tb, lITo
3HepreTl4qecKat KapTI4Ha I'I3-
rH6oB .3OH OnpeAerflercg
TO,'rbKO pa3Hoqrblo pa6or BbI'
xoAa AByx no,'IyIIpoBoAHI'I'

KOB H OAHHaKoBa AJI' aHLISOTI'InHbIX rereponepexoAoB MeXAy rloJlyilpo'
BoAHHKaMr.r c pa3HbIM TLInOM npOBO,U,HMOCrn \p-n vilv n*il. t4 v3o'

TI4nHbIX reTeponepexoAoB MexAy [o,lynpoBoAHI{KaMI4 c oAHI,IM TI,III0M

npoBoAr.rMocrv (n-n unu p-p). oAHaxo rpPI oAI4HaKOBoM xapaKrepe
uirw6a soH AJIS aHI{3orI,I[HbIx I.{ Hgorl'tnHblx tereponepexoAoB o6pa3y-
rorcfl pasJIIrrIHbIe O6IacrI'I npocTpaHcTBeHHoro 3apflAa. Tat<, gnn p-n

nepexbAa npu {prs } Qz, B p' rr t?-ro,TyrlpoBoAHl4Kax o6pasylorcq 3a-

nobHble, a npfl Qrs ( Qzs agrl'I3arlopltble cJIoI'1. AniI HeOrflnHOtO n - n

neilexola o6-paeyetca npu rprs ) Qs" B flO,'IynpoBoAHuKe I aHrusa'
nopHrrfi crofr H B noJlynpoBoAHHKe 2 a:1.rusanopHblll 14 nP-ta Qr. { Qt
e nonynpoooAHHKe .l --Sanopublfi, a B noJlynpoBoAHuKe 2 - aHrt' l3a-
nopHbrft. B clyuae p-p nepexoAa' rpll tPr' ) pzs Arq noJlynpoBoA-

suxa I xapaKr;peH'sanbpHuii n3ru6 3oH H Ar'Is nor'lynpoBoAHllKa 2 -

aHTr{sanopHbrfi, a npu 9r, { Qz, - Hao6opor.
Kax nu4no, B p-n rerepoflepexoAax B o6onx noJIynpoBoAHlIKax

O6pa3yr,OTcfl ganOpHbIe 1{JIII aHTI{3anOpHbIe C,"IOI4, a B I,lSOTHnHbIx rere-

polepexoAax B oAHoM no,'IynpoBoAHl'IKe O6pa3yercf sanopnblil, a B

,[pyroM - aHTI'I3anOpHbUl c,'Iofi.
9acrHuu cryrlaeM paccMorpeHHoil 3Aecb KaprI{HbI tlBJlflorcg KoH-

raKr MeTaJIJI - [O,rynpoBoAHI'IK U K,[aCCHqeC:K4ilt p - t? nepexoA. B ca-

MOM Aed,re, fipW 8r -+ 0 u .[peHe6pexeHur] naAeHlreM Hal]pqx(eHtts B /'le.

BOM TBepAOM TeIe I ' lMeeM sHepfexuqecKylo KapTL{Hy, KOTOpas xapaKrep'

'f;trqrrq;rlrr

titoraa

a l ,  ba
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npoBoAHuKa (puc. 1.9, 6).^ 
Paccuorpulra renep-b, uro 6yAer, ecflr.r c6Ir.rxaTb TaKOfi noJlynpo-

BOAHHK, Ha noBepxHocTu KoTOpOTO ecTb. SJleKTpoHHbIe CoCTOflHI'�lfl' e

Mera,lroM IIJIL noJIynpoBoAHl'IKoM c Apyrofi pa6orofi^BbIXoAa. flycrb AJIS
onpeAe4eHHocrH tp3 ( tPr. L!ilvt tpnt, fAe HHAeKg 2 OrUOCnrcs K pac-

nefi rpJnrun. orpuuarea bHbrfi 3apnA Ha ypoBHqx o6yc,,IoBrtlBaer L.IsrLI6
3 o H B B e p x ' q T o c o o T B e T C T B y e T s a [ I o p H o M y c J I o I o A J I f l n . T H n a [ o J I y .
rrpoBoAHlrKa (pnc. I .9, a) tt aHrn3anopHoMy CJIOIo lJtfl p'rvrta noJly'

cMarpLrBaeMoMy rIpaBoMy noJlyI]poBoA-
Hr.rKy. TorAa., KaK BI{AHO I'I3 ypaBHeHHff
(l. l), 6onluee KoJIHqecrBo sreKrpouoB
6y.qer nepexoAttrb lts paccMarpl'IBaeMoro
noflynpoBo,{HHKa B COCeAHee BeIIIecrBo'

=- 
-- - -- Koropoe 6yAer eaprxarbcs orpnllareJlb'

F- uO. flepeure4uiuir sapfA orra,'IKHBaeT
gJreKrpoHbl LI npHTsrI4BaeT ablpKI{ B nO'

pnc. 1.9. rl3rn6 soH na cro6os,xofr . JIVIpOBOAHIKe 2,3ro AOnxgO 'npnBo'
noneDxroo"crr. o6t:3:il;lx;1,;:""0-- 

allri x yBenuqeHr4r.o .u9;|v6a 3oH B n-
TI{IIe s yMeHbIxeHI'lIo B p-TI'Ine. ypo-

BeHb OepMr.r 6yAer onycKaTbgq no OrHoueHI.Ilo K noBepxHocTHofl 30'

He, r{ro npr.rBeAer K yMeHbueHHn orpHllareJlbHoro sapslia Ha noBepx-

HocrHbrx cocrosglltx. Taxoe yMeHbuleHI'Ie caMo no ce6e npuBoAI'IT K
yMeHbneHIIIo tl3/fl,il6a 3OH AJlg n'Tlana u yBerI'�IqeHI'lIO AAf p-rlIna' r. e'

npr.rBOAr.rT K npoTHBOnOJIOxHoMy AelicTBLlrc IIO QpaBHeHHlo c xapaKrepoM
r.r3MeHeuus, BbrsbrBaeMbrM pa3HocTblo pa6oT BbrxoAa. 3To npI4BOAI.lr K

TOMy, trTO npu Halu.ittH nOnepXnOCTHbIX COCTOflHLIft IISMeHSHI{e I'I3fI'I6a

3OH rrpu KoHraKrIlpoBaHIlH 6yAer ueHlIilI'IM, qeM AJIs_paccMoTpeHHOrO
Bbrue cJlyqag, KofAa noBepxHocTHblx cOCToffHHft Her..[lns roHraxTa Me-

raJrJr - n-roJrynpoBoAHnK 3rO uJIJIIOCTpI{pyercs prc. 1.19,.q,6, a AJts
KOHraKra rronynpoBoAHHK - nOJIynpoBoAHHK - pl{c. 1.L0, o, e."'

KaX Br.rAHO Irg pr.ICyHKa, KOHTaKTHas pa3HOCTb SOTSH(HaJIOB [aAaeT

B 3a3ope MexAy MeTa,rJIoM n noJIynpoBoAHI'�lKOM, a 3ap9A nepepacnpe'

Ae.rrsercfl MeNAy KOHTaKTLIpyTUIUMIi BeIqecrBaMII II nOBepxHocrHbIMI'I
cocTosHrlffMl{ TaK, qro 3apqA B o6nacrl'l [pocrpaHcTBeHHo-ro 3apflAa

rrsMeHrrercs MaJIo (B rIaCrHoM.Cryqae, I'ISo6paxeHHoM Ha puc. 1. 10, npe.u,-
rroJraraeTcff, qTo oH nocrotHeH).

Ec.nu c6ltlxarb noJIynpoBoAHI'lK c MeTaJIJIoM I'IJIH ApyfI'IM [o'ry-

npoBoAH14KOM, AJlfl KOTOpbIX BbInoJIHflercs o6parHoe coorHoIUeH-I{e
qz. ) ers HJILI es, > q-, rO 6O.nHuee KOfiI4qeCTBO s,JIeKTpoHOB 6y'

Aer nepexoAl{rb B paccMdtpunadrrasrfi noJIynpoBoAHHK. H3rIi6 3oH npH

sroM Arq noJIynpoBoAHHKa AOJI>KeH yMeHbrrarbcfl. Ho ypoBeHb @epuu

npn raKoM npoqecce Aoflx(eH rlepeMeularbcfl orHocI'ITeJIbHO noBepxHo'

cinor? 3oHbI BBepx. 9to e cBon oqepeAb npuBoAI'Ir K yBeflHrIeHHIo

3apflAa Ha [oBepxHocTHbrx cocTotHlltx h yMeHbLueHI.IIo U3MeHeHvfl' r43'
I

t ,

[,H6a 30H.
llpu 4ocraroqHo 6oJlbuofi

Lr3rH6 He 6yAet uaueHflTbcfl
TBepAOTO reJla.

t8

nJToTHoCTLI nOBepxHocTHbIX COCTOSHI'Ift

rrpH u3MeHeHHU pa3Hocrl l  pa6or BblxoAa

Bce lpyrr4e Bo3MOXHbre sHeprerr{qecKl.Ie crpyKrypbl I{oHTaKroB Mox(-

HO paccMaipHBaTb, ItcloJlbsys oIIHcaHHylo BbIUe MeroAI'lKy. llpl'r 3roM

cflelyer yql,IrblBarb' tITo u3rH6bl 3oH AJIfl rereponepexoloB onpeAe-

JIgIOTCfl He TOJIbKO SHaqeHI,IeM pa6OT BrIXOAa' HO H nOBepXHoCTHbtMI'I

CocToflHltgMI,I. flogroMy KoJlvqecTpo Bo3MoxHbIX 3HepreTI'IqecKI-IX cTpyK-

rvp A,{fl fereponepexb,qos yBeJIIIqI{Baercs. HanpnMep, AJIS paccMor-

p-eirHoro Ha p'c. l.[0 npr.rrr.lepa B r,rsorr.rnHoM rereponepexoAe cyqecr-

ByroT ABa 3anopHblx cfioq.

T
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Psc. 1.10. Ilpliuepb! tneprerr|qecf,xl crpyrryp roHTlf,Ta Msra'rJt - nonynpoaoAgHK f, rer

repoflcpexorlt nprr ysbie norepxnocrxHx coctosttufi'

O4uaxo paccMorpeHHblfi 3Aecb nyrb rroflyqeHnfl rerepo- H foMo'

nepexoloB BpflMbIM KOHTaKTI'IpOBaHI'IeM TBepAbIx Ted'I npI'�IMeHqercfl
peiKo. O6H.IHo [pI,IMeHsIorcs Apyrue rexHororuqecKl'Ie MeroAbI Hx 11o-

ifi"""r. Oro xiaxocr'as onr{ra*cvtfl, oca)KAeHLIe Hs ra3oo6pa3Hblx

COelr.rnegnft, XUMI{IIeCKOe n gJIeKTpOXI,IMItqeCKOe OCa}KAeHHe' BnJIaBJIe-

une, AuQSyin", nounaR HMnJIaHrauus l'I r. A. llpn erona noJIynpoBoAHHK

r.rJII.I MeTaJIJI HaHoCfl rCfl Ha npeABapI{TeJIbHO noAf oroBJIeHHyn noBepx-

Hocrb Bdl6paHHofo Apyroro [oJIynpoBoAHvKa. AJtfl raKoft noAroroBKl

npI,rMeHflIOTCf MeXaHI,IqeCKafl O6pa6OrXa, XI,IMI'IqgCKOe, SJIeKTpOXI{MHqe-

CKOe I'1,1I'l fa3OBOe TpaBJIeHI4e.
c roqxn 3peHr4s paccMoTpeHHoro Bbr[Je rroAxoAa BCg MeTOAbI [OJ'Iy'

qeHKfl rcTepo- H roMonepexoAoB MolKHo pas6xrb Ha ABe npyn[bl B 3a'

BHCI1TMOCTH OT CTeneHn HSMeHeHLIq CBOftCTB nO,'IynpOBOAHHKa' Ha KOTO-

poM o6pa3yercfl reTepo- I'IJII'I roMonepexoA.- 
K n-epnofi rpynne Mo>rHo orHecrll MeroAbI, Koropble cyqecrBeHHo

He Hapyiiaror ci6ficrs noBepxHocrr.r noJrynpoBoAHI,IKa, Ha xoropblfi Ha-

HOCIiTC'I MeTaJIJI I,IJII,I Apyfoft noJIy[poBoAHI'�IK. ctoAa MOXer 6rttl, Hanplt'

Mep, oTHeCeHO TepMr4qecKoe HanbrJreHr.re npu He6oJlbluHx TeMneparypax

NOAJIO)KKI,I.
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Ko eropofi rpyirne Moryr 6urs oTneceHbr MeroAbr, Kor,4a nepBo-
Haqa"lbHafl noBepxHocrb noJIynpoBoAH14Ka cyqecrBeHHo H3MeHqercfi
LlIfii o6pas0BaHr're nepexoAa rrpoHcxoAr-rr B fr'ry6r-rHe norTynpoBoAHr.iKa,
HanplrMep npoicxoAHr o6pasonaHrae p - n nepexoAa npn 4no$ysrzH
I,t, ' tH . HOHHOfi UUnnaHta[uu.
' flpu npr'rMeHeHr{u MeroAoB, cyqecrBeHJ{o'He HsMeHfl}orqrrx ceoficts
nepBoHa qa,TbHofi noBep'xHocrr..1, $usllueixaa MoAeJrb nepexoAa AoJrxHa
OTPA)KATb 3TI,I CBOfiCTBA. B sTOM C.IYqAC OCTAETCg CNPABCAJIHBbIM BCC
cKa3aHHOe Bbrrle orHoctrreJrbHo o6pa3oBaHl-r9 rerqpo- I4 foMonepexoAa.' 

Ecnn x(e B pegyJrbrare rroJryrreHua nepexoAa cyqecrBenHo r.rgMeHq-
rorcs csoficrBa nepBoHar{aJbHofi noBepxHocru, xapruia oKa3brBaercfl
cJloxHee. Ho sce xe a B 3ToM Clyrrae AJlfl O6[tHocrra HyxHO yqriTbrBarb
3a30p' xoropufi Terrepb rrBrrercfl cKopee npoMex{yroqHbrM cJroeM Mexqy
nepBblM II B'TopbIM TBepAbIM TeJIoM' a TaKxe noBepxHocTHble cocToflHI{t,
Koropbre o6brr{Ho cyqecrByroT Ha rpasuue pa3A-era ,lro6brx AByx sa3.
r.cJlH Hl' l npoMexyrol{Horo cJror, HH noBepxHocrHbrx cocrorrHHri Her,
3ro qacrHbrr? c,ryvafi 6onee o6rqefi KaprHHhr, npoaHaJrr.r3HjloeaHnofi
BbIU]C.

flosrol,ly paccMorpeHHafl Bbrrxe KapruHa o6pasonauu, rerepo- k
roMonepexoAa _B pe3yJlbrare npocrofo KoHraKTupoBaHr.rs ssfigercs o6-
uefi MoAeyrbHofi Kaprr.rHofi, npuroAHofi AJs Bcex c,'ryqaeB. I43 Hee cre-
Ayer' qro xapaKrepHblM AJI-fl rerepo- [rJ[r roMonepexoAa sBJrsercfl o6pa-

, 3OBAHI,IE NOTEHUI{AJ'IbHbIX 6APbEPOB AJIfl SJICKTPOHOB H AbIPOK, IEPCXO.
Asilr,ltx H3 OAHOr? qacru Ko.HraKTa B Apyryrc. I4ueuso srz 6aptepu n
onpeAer'lrror ocHoBHbre csoricrea KoHraKroB. Kponae rofo, g prAe cJry-
rlaeB cyqecrBeHHyr,o poJrb r,rfpanr da30p r.rJrn repexoAHbrft cfloft 14 ro-
BepxHocTHbre sJteKTpoHHbre cocToff Hr.rr.

I.2. XOA IOTEHII,IAJIA B OEJIACTI,I IPOCTPAHCTBEHHOTO
3AP'AA IIOJIYNPOBOAHITKA

nns KoJrr{qecrBeHHoro paccMorpeHus xoAa floreHrluaJ,ra V (x) 
'a

o6Jracrr'r npocrpaxcrBeHHoro BapsAa r'rlo6oro H g nor'rynpoBoAnr.rKog Mox-
Ho BOCnO,'rbSoBarbcrr ypaBHeHraeM flyaccona, KoTopoe AJrs oAHoMepHO|O
CJtYrIafl IrMeeT BI.IA

dzV (x) p (r)
dxz oo€ ' (1 .7 )

rAe p (r) - nJrorHocrl o6reuHoro gapqAa, ao v e _. AlroJreKrpusecKr{e
npo!_ErlaeMocrH BaKyyMa H noJry[poBoAHHKa.

Vpauueuue llyaccoHa Mox(er 6drt ucuonbsoBaHo w Anr, HaxoxAe-
HHq XOAa gHepfI]H 3JIeKrpoHoB y KpaeB pa3peueHHbrx 3oH q, ecru yqecrb,
qrq q (x) : -eV (.r) 

'(6.naro4aps 
orptrlarerrbHoMy sapsAy erreKrpoHa

KptrBbre AJlfl gHeprilil r.r SJreKTpocTaTr.rqecKoro rroTeHuHaJra HMeroT npo-
T}.rBorroJroxHbrri xoA H nOflBJrflerCfl SHaK Mr.rHyc). TorAa

20

W=,iP. ( l .B )

21;

I4cno.nrsyr ypaBHe*I'Ie flyaqcoua, HafiAeM 3aBHclMocrb noreHIrI'I'

aJIbHofi aHefrull-q (x), coorBercrByloqefi AHy'3oHbI npoBol'LMocrl'I

;;;;;;' ;;.ntrioi soHbr noJry r poBoAHLIKa or paccrosHl'In.,1,r'I r ero-

ro Hyxnd 3Harb p (x). Bnaua.ne orpaHl'ttluMcq paBHoMepHbIM pacnpe-

i"".il., n p HMece*. b yaerro AJrs on peAe,'reHHocr,r paccMarp r-r B arb n-rvna

no.nynpoeo,iHllK, B o6racrl'r rpocrpaHcrBel{Horo sapqAa Koroporo Mo}K'

HO fipeHeopeqb AI{cKperHOCr;l'o sapnaa .noHI43l4poBaHHbIx 
flpl'IMecefi

(ronrire n irorr,t cJlyqae 3aBI'IcI'IMocrl q (x)
Hocr.rr MoHoroHHblft xapaxrep).

flnoruocrt sapfl1;a B fin6oftroqKe n-rv-

na noJlynpoBoJlHI,lXa
' 
P (x) : e (no- tre.t - n + P)'

rAe fta - f lu.t - KOHUeHTpauHs uofusu'
poBaHriblx AoHopo.B (na - KoH[eHrpauuf

AOHOpHbIX ypoBHeI4; txea - KOHIleHTpauHf
gJreKrpoHoB Ha HHx).

B o6teue noJIylpoBoAHHKa tlucro cBo-

6oAsux gJIeKTpoHoB paBHflercl cyMMe IIoHI'I-

qHpoBaHHbIX AOHOpOB vt ttr4gila AbIpOK B Ba-

JICHTHOI{ 3OHC: . '

Po *  @t-  n" ' t )  -  no -  0 '  '

flo.u.crasnss'HafiAeHHoe orcloAa SHaqeHHe
f la -  n , . i  B  (2 .1 ) ,  HMeeM

p (x )  :  e l ( p  -  Po )  -  @- ,?J l .

Ebnu orcqnrblBarb cp (x) or AHa 3oHbI

npoBoAI4MocrH B. rJIy6uHe noJIyrpoBoAHIt'
Ka, TO B TepMoAHHaMI{qecKH paBHOBeCHOM
cocToqHHll, KOrAa l{epe3 cI'IcTeMy He I{AeT
TOK.n Her BbIpoxAeHHtl I'1, cJIeAOBaTeJIbHO' .

AJrfl g"leKrpoHoB BbInOJIHfl eTCfl pacnpeAeJle-

HfiC MAKCiC,'ITA, KOHUCHTPAllHfl 3JICKTPOHOB AJIfl PAPHOMEPHOIO PACNPC'

Ae,reHr.lfl np-uMecefi R o6JIaCTU npocrpaHcrBeHHOrO 3apfl Aa

B aTux )$e npeAfloJlox(eHl'Iffx ltoH[eHrpaunfl AbIpoK B

a({)
p ( x ) : p o e k r  .

(1.9a)

Ba/relrrHofi 30He

Bce ero no3BoJlser 3anucarb cyMMapHblfi 3apflA B BI{Ae

a(') jJ9

P (x ) :  e IP I@-T -  l )  -  no . (e  k r  - -  l ) l '

f pa$r.ruecxra H3MeHeHI'le c paccros H I'IeM noJloxureJl bHoro'

uo'ro u cyMMapHoro 3apsAa rlpeAcraBJleHo Ha plle' l ' l l '

Puc.  l . l l ,  3aB[c t rMocrb  nrgrHoc-
rtr gaptAoB oT pac.crotltut.

n.(x) : nrs
a(r)-E-

(!.e6)

(1 .10 )

oTpI{IIaTeJIb-



O,{Haro ypaBneHrre (1.10) c p (.r), sa4anaeMbrM BErpaxeHHeM (1.10),
aHarr.rrr{qecxu s o6qeN{ cryr{ae He peuaercs. flooroMy B 6o,Tbilrr.rncrBe
cryrraeB AJrfl [oJrynpoBoA]rr.rKoBbrx npuoopoB HcnoJrbsyror npn6Jrr{xe-
HLIe, IIpH KOTOpOM O6,'IaCTr, npOCTpaHCTBeHHOTO SapqAa gB,'IfleTcfl CJTOeM
Il lorrxu, npH6JrHxeHHe, npu KoropoM ypaBHeHr.re (1.10) uveer aHa,'r[-
TI'IqecKoe petnffi?ounarBeHHoro 

sapsAa, HasbrBaeMas cJroeNr ulorr*r,'
peaJrnsyercs, KorAa B gTori o6raorr.r MoxHo npeHe6perrb gapsAoM cBo-
6oAuux gJreKrpoHoB r.r AbrpoK no cpaBHeHr.rro c gaps.qoM ltoHlrsrlpoBaH-
Hbrx npr.rMecefi. nns n-Tvna noJrynpoBoArlr.rKa 9To o3Haqaer, rrTo BedAe
a o6racrH npocrpaHcrBeHHof o sap fr.Aa

no) noe

.gl'l
no)) poe kr .

tlepete HepaBeHcrBo, crporo roBops, BbrnoJrulrrb npu p (x) + 0
HeJIb3q. flosrouy ycJIoBHo npr.ruuMaroT, rrTo cflor? Illomxil HaquHaercfl

f le  npu g :  0 ,  a [pr , r  g  @] :2,3 KT,  KofAa Ehr :0,1.3ro sHaqeHue
q (x) n orpaHr.rqr.rBa_e'r Mr.rHlrMaJrbnyr,o Bbrcory 6aptepa, npr.r Koropofl
peaJrH3yercs cJrori Illorrxu.

Bropoe HepaBeHcrBo 6yAer nunoJ'rnsrbcfl AJs suaqeHnri q (0) : (p0,
9o

orpaHHrIeHHbIx cBepxy. . ,Il,eficrnure.nluo, KorAa 
- 

no) preF t AJrr
3HaqeHr4ft, MeHblxr{x g (x), uerra g0, oHo BbrnoJrHsercg aBToMarl,rqecKr.r.

Hepaaeucrno (1.12) Moxno neperlrcarb B BrrAe

t;;: -rr#.

( l . l l )

( 1  . 1  2 )

- -PL
h r  v  P o aEcnu

:  /Vu€ K BI,TAY:

Otcnga Ao,'rxgo BblnoJrHffTbcg HepaBeHcrBo AJIfl noKagare,'Iefi 3Kc-
.{IOHCHT

' 3 * "
qo16c-2t ,  +  ;kT ln  - -?  .

*p

Tenepr oxoHqareJrbHo ycJroBne pea,'lr.rsaql.rH cnog [IIomxH Moxer 6brrb
3anr,rcaHo B BHAe

-  - *  \
2kT  <qo16e-4 ,  +  *  u ,  n# ,

, ' . p

22

(1 .  r  3)

rAe HrrxHr{fi npeAeJr o6yc;ron.nnnaercq npeHe6pexeHUeU 3apflAa cBo6o,u,-

Hbtx SJIeKTpOHOB, a aepxHufi npeAeJI - npeHe6pe)KeHl'leM 3apflAa CBO'

6oAulrx ,qlipox no cpaBHeHHro c saprrAoM r.roHH_strpoBaHHblx AoHopoB.

Kax sI.IAHo H3 nocJleAHero HepaBeHcrna, cnofi lllofrxr'r He Moxer 6blrb'

no,ryqeH AJlfl co6crBeHHoro noJIynpoBoAHI'IKa' B KOTOpOM I'�= ry'

Kporue roro, MaKcIIMaJIbHoe 3naqeHne Bblcorbl 6aprepa lllorrxu Ans'

HeBbrpoxAeHHOrO noJIynpoBo.4HI{Ka, KOfAa p > 0, "t- MO}Ker npeBbl-

P n c . l . l 2 . c J t o | t I l o T T E B t r p r | p a B H o M e p H o M p a c n p e l e n e H n f , n p H M e c t r .

marb lxIIprHbI sanpeu\eHHoft soHbl' r' e' Qo ( st: 
9-ig{:r 

oco.6o

orMerllrb, IITO paccMorpeHHble 3Aecb KpHTepzH AJlfl- cyqecrBoBaHl4q

cnos ll]orrxu roAsrcs ToJrbKo AJIfl TepMoALIHaMItqecKII paBHoBecHblx

vc.flosilft. Kor,4a K rerepo' Ilrfi roMonepexoAy He npHJIo)KeHo BHeIrHee

itano"*en"e. TaKI'IM b6pagoM, B cflyqae n-ruila noJIynpoBoAHHKa'

*"rii nn)) po, Anfl cJIo; lllorrru npl,t paBHoMepHoM pacnpeAeJlegl'Ih

np-fr*."fi p 1xi'- eno s A[rff. HaxoxAeHr.rfl q (r) Heo6xoAr.rMo pelUarb

ypaBHeHue
d2q -  ezno (1.14)
dxz Boo

npu f paHHqHbIX ycJIOBI'Ifl X:

9 ,8

,c :  0,  q(0) :  Qo, E(0) :  Eo;

x  :  & ,  p  (H)  :0 ,  E  (g )  :0 '
( l  .15) .

(1 .16 }

(1 .17 )

I4Hterpnpya,llBaxAbl ypaBHeHHe (l'.14), noryqaeM

q(x) :+(# t  Ax+ B)
I4cnonrsyn rpaHI'IrIHoe ycJIoBI{e E (g\: 0 n cp (ft) : 0, HaxoAum

A: -H, B :+. B pesy.rrtrare Mox(Ho 3arlncarb:

a(r) :# (K-x) ' ;

E(x)-+ #: - -#({ -x) .
l4grti6 soH, coorBercrBytoqufi cnon [IIortKH' saBHcIIMocrb p (x) u n (x)"

" ,r-*" q't x) u E (x) inn croq llorrxr npg paBHo\depgoM pacnpeAene-

2&



f inu np[Ntecerl rpeAcraBJreHbr Ha pr{g. I .12, Ha oroM pLICyHKe 3HaqeHHfl

go v Eu A,'Is npocrorbl coBMelqeHu. A soo6qe MexAy HIIMII cyqecrByer

npocTag aHaJIliTuqecKafl cBfl3b

.  Eo: _ y :_Jrgf j .  ) ,u,
'Koropylo JIetKo noJlytll'lrb' ec,'IH noJloxl'Irb B (l-. 16) H (.1 '17) x:0'

3u-aqenue uHpHHbl cflOs IIIgTTKuA, voxer 6url uaftAepo' ec,'li4 IIo-

rro)Kr.Irb n (1.16) x : 0:

s.:(j3g-*_)'/". ( l ; l B )

f I p H  e : 1 6 ,  c p n : 0 , 3  e B  u  n o :  l Q u  a t - 3  Q : 2 , 3  '  l 0 - l ' c t t ' t ,

' a  np r i r ex  xe  6 "uu "n " " "  t i  H  Qer  Ho  no :1018  c t l l - 3  Q :2 '3 '  l 0 - t '  c l ' I '

Taxurrr o6pasoN'1, rltruqnble 
'siaqeHus 

g' Jlexar B npeAe'qax 10-4"'

l0-0 crr,r. 3uaqesas Q 6onane AJIfl [o,'IynpoBoAHI4KoB' xapaxrepl4sy'

{olquxcq MeHblrlHM 3HarIeHUeM n0.

Bce phccuorpeHHoe Bbrue oTHoCr.lTCr K CIyqarc, KOrAa pacnpeAeJleHl.re npHMecIl

.B noJvnpoBo.[HHKe paBHoMepHoe. Ec,rn npI IMecb pacnpeAe, leHa HepaBHoMepHo'  To

Heo6xoaHuo yuurunarn cBfl3b p (x) c pacnpele,reHHeM npl4Mecl.l. tlanpHMep, A,'ls
.cIyqaq, KofAa npl.IMecb pacnpeAeJleHa no JIHHeHHOMy SaKOHy

n :  a x :  + ,  
( 1 . 1 9 )

,ru cnofi IIIorrKr.t ,Texr.rr B o6nicrlr r.r3Medegr4s r, Haxox,4enl.te g (x) cno.ullra" 
'n 

patan"1g

ypaBHeHrrt  f lyaccoHa.

. d r q : r r o *
dxz 8oE

npu rpaHI.IrrHbrX yCJIOBI.Ifl X:

x: 0, e (0) : qo, E (0) : E6;

x : D , q ( D ) : 0 , _ E ( D ) : 0 ,

rAe D - IxttpI'IHa c;los'Illottxu npln HepaBHoMepHoM pacnp-eA€r€Hl'lu npr'rvecefi'
c,re.qyerorMeTHTb, q?O rpaHr.rqHbre ycJroBr.rr npu t: D He asnslorcfi cTpoft{l\Iv,

d n \ -
raK KaK np" # + 0 v g oTJrr.rqHo or Hyrq. Taraq 3anl.icr IIo cyuecrBy o3HaqaeT,

uro rp (o) >> q.iol h E (0) >> E (D).
b'p'edy,rr"rid unrerpuporanur ypaBHeHr.tfl flyaccoua npu ;tuuefiHot'l pacnpeAe-

.Jrefi ult [pr.rMecefi no.tyuaeu:

q (x): : '= '(*- t?" '  D' \  '  '  
1r '20)

a o '  \  o  . 2 - - E - J '

E ( x ) : - # a ( D 2 - x z ) .

Kax srAuo r{3 9rr{x nsrpaxeuufi, cp (x) u E (x)ruaue saBlrcfiT or paccrotHut, r{eM

.ts c,'lyqae p aBHoMepHoIO p ac[peAeJleHl.tq np uMeceu'

!- ot. orco,(aflonoxns x: 0, ruoNso HafiTIr Qo : are 
' 

U

( 1 . 2  l )

24

D: [s*,'-]'/'"
(1.22)

A q =

I4gnocneAueroBblpaxeHl' IqBI' t , [Ho,-qrolut. lpl ' IHac' loqIIIomxuDnpra'rusefiuom
p.."i;;;#;11il;&t lr3MeHnerct c q0 KaK KopeHb xy6uuecrufi' a He xealparnufi'

,{,,u aepaonoMepnoro pacnpeAeJleHux npaueceii uluesseri:g cBfl3b q (x)' E (x)

u D u c,qpyruMl't naDaMerpaMx noJlynpoBoAHxK_a-' -
Be,ruqunu A (0) lr E (0) .l.rra HepaBnoM.epHoro.pacnpeAeJlenun npuvecefi uoryt

6nt;rerro nofiyrleHbr tra odnbse ypanienufi (5:5) n (5'6)'

I .3. COOTHOIIIEHI' IE MEXAY BbICOTAMII BAPbEPOB

B FETEPONEPEXOAE

I,lcno;r ssyn p$yJlbrarbl npeAblAyulero naparpa$a' rlox{Ho paccucjr-

peti- qnc,reunu6 coornou:eHl'Is MexAy BbIcoraMI'I 6aprepon B- rerepone-'

i"*"lr*. A,rrs o6rqHocrl{ 6yAeM yql'Irbln€rb 3a3op MexAy pa3flI.rqHbIMLG

[o,lynpoBoAHI.'IKaMI'�I u noB6pxHoirHue cocToflHl4tl Ha rpaHuuax noJly-

nDOBOAHI4K - 3a3op' KaK 3TO nOKa3aHO

u i  puc .  1 .13 .
Anq HaxoxAenus cBs3l4 Qro B 9zo B

rereporepexoAe yqreM yc,ttoBl'If H9npe

pbrBHocrl BeKropa eIeKrpl{qec*o"_11^

ayxunu Ha fpaHHqax pa3Ae,'la nepBofo

u Broporo [oJIynpoBoAHI'�lKOB C 3asopoM

r,r 3anHUeM cl{creMy ypaBHerluu:

fAg Ptlc. 1.18. enepreruqecras AHarpaM-

' 
Eg: + 

- Ma reroPoneoexoAa'

H npeAno,lafaeTCf' qTO BeJIUqI{HbI IIOTHOCTI4 fiOBepXHOCTHbIX 3apqAOE

or 11 62 lISBecTHbI.
3anucaHsas cllcreMa ypaBHeHI'Ift noSBoJltler HafiTI'I JpI{ JIeI'I3Becr-

""t-";;;;;;;'-" l,p, ..n" ninonrgogair aupaxeqn n AIrn E'u E' I43 npe-

AbrAyuero napafpaQa.
Asanutuqecxu eri cucreMa Moxer 6urr peureH" ryi-:-il:n' 

Kor'['a

s o60nx no.rrynpoeoannrax o6nacrr npocrp_aHcrBeHHoro 3aprrAa

qBTgETCfl CJIOCM IIIOTIXH.

floAcrasus B BbIpa)KeHIts (1'23) u (l '24)
\ r/. | 2qron, \'1,

Et:  - {  -9 ip i  } ' ' ;  Ez:  -  
\ i i i l  ,

\ e u e t  I '

MolKHo noryql.Irb H3 repBblx 4B{}.ypaBHeHI'Ift 
( l '23) n (l '24) cptn

H gso, a I,ICrIOJIb3yfl coorHolueHl'�Ie (l'zb)' aq:

q* :'z;i[ ("'* *F ^*)'t (r'26]
i  

-  -1 
"o' ,  A. -  \ t -

gzo: gffi\-Z- -+ - o')- t' (l '27'l

Eo8 lE t :SosaEs*o r i

so%Ea : EoazEz-l 6zi

Q : Q r o * t P r o * A Q ,

(1.23)
(1.24)
(1.25)

- b +YF=lac (1.2B)

O R



fAe

o: I i :+) ' f= l -  +  I  l :- -T 
\-f I L tn"rp, ' eocrn, J'

b : r +  # l # + * " ] ;
' :4*+#*-* '

Kax sIaAHo u3 noJIyqeHHbIx BbIpalKeHI'Ifi, BeJIIrtInI,IbI Qler 9zo Ia ArP

"uura"" oT'rxl,Ip].rHbr 3a3opa u ero Ar.rSJreKTpHrIecKofi nocrosuuoft, or

KoHUeHrpa[ufi uocure.nefi saprrla B o6oux IIoJIynpoBoAHI{Kax s l4x ALr'
S.nexrpuuecKllx rlpoHl.I[aeMocrefi, a raKxe or SaloJIHeHHfl noBepx-
HOCTHbIX COCTOflHI'II.I.

flpu orcyrcrBl'In [oBepxHocrHblx cocrosHul1 or : oz: 0 n .noJly'
4reHHbre BbrpaxeHr,Ifl ynpoqal,orcg :

q*:*(+)'ffi:Hi,$#'
Arp:  -A+VW+44rp ,

r.lle '(+)''�ffi*'
Kax noxaeHBaer aHaJIH3 srux Bblpax(enl{ft' orHoI[eHI'Ie 

# 
: 

+:T
,I{, CJleAOBaTe,'IbHO, Q10 6OIb[Ie, a Q20 MeHbIIIe AJIfl Cflyqaq' KofAa erh ]

> e2n2, T. e. .ocHoBHoe IIaAeHI4e [oTeHuI,IaJIa [poltcxoAl,IT B ooJIacTI, c

il."ir.f KoHrreHrparlueft HocxreJrefi 3apsAa. BeruquHa Ag. reu uenl-

rre, qeM roHbllre 3asop H Meiibue KoHlregTpaqns HocI'IreJIeft SapqAa B

o6oux noJIy[poBoAHI{Kax.
HanH,II,Ie nOBepXHocTHbIx ypoBnefi npuaO4Ilr K yMeHbIx€HI{Io tp16

ff geo H yBeJILIqeHLtp Aq npu nocrosHHblx OCTaJIbHbIX napaMerpax'
' i i  

c.nyuae KouraKra MeraJLt - roJIynpoBoAHIlK Pt)....} n, H Qro:0,
8 e-zo : go : g - Aq, rAe npu 6z : oL: 0, Aq onpeAe,lsercfl Bblpa'

xeHHeM (1 .31 )  nPn

A-e leoe red \z  n ,
" - e  

\  e o e r  /  o o s i '

.nln recnoro rerepolepexoAa flpfi d: 0, Aq : 0:

Wro:7ffi;;

Vzo: -;ffi;;'
3saqesse e : ero * Qro * Ag, Koropoe paccMarpl'IBarocb BbIIUeJ

ft,rOX(eT 6Url naftAeno TaKxe n3 pa3HocTH MexAy nOJIOIKeHHSMH ypoBgelr
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(1.2e)

(1 .30)

(1 .31 )

( l .32)

( l ;33)

gHeprr4r.r, coorBercrByloqnx AHy 3oH;I npoBoAHMOCrI'l
3OHbI AJltl pa3JlHqHbIX nO,'IynpOBOAHHKOB'

B cauolvt AeJIe, JIetKo noKa3arb (crra. puc. l.l3), uto

'  a  - t r - P z - F r  - L 6 . - A P ,

I'IJII4 BAJIEHTHOI,I

g - E r - F a - p r * A E r - A q ,

Urne noJroxr,rTeJrbgbre SnarleHtis Lt, w Lto yBeflI,IqllBal,or pasHocTb

MexAy ypoBHflMn, cooTBeTcTByIOqI{MI'l KpaflM pa3peueHHblx 3oH B pa3'

JII'IIHbIX NOJIYNPOBOAHNKAX.
_. l,r _ rrz

VqurHsaq, qro pl : Nre kr , a flr: N"e ftr , nonyuaeu

e:Er  -kr tn+y-Lt " -Ap:
flzPr

t  *  \ 8 / ,

:  kr tnryt(+l -  rc,- Ae,
n i r  \ m t  /

(1 .34)
LtJil4

(1 .35)

(1.36)

H3 KOTOpOrO Mo)KHo paCCqHTbIBaTb e, 3Ha.g KOHIIgHTpaIHI,I HOCl'ITeJIeii
9apflAa B p- v n-qacTttx [o,lynpoBonHllKa.

llOCrO.ntxy O6bITIHO 3Kc11epI.{MSHTaJIFJHO HCCJIeAyIOT 3aBHcI4MoCTb.
Bbrcor 6aprepa oT pa3Hocrll pa6or BbIxoAa MexAy pa3,'IvqHbIMI'r noJly'
n poBoAH tKaMH }InH MeTaJIJIoM LI noJI yrl poBoAHI'IKoM (xp n), npeAcraBJlser
TaK)Ke r.rHTepec gaBI.tcI.lMOCTb gro, eeo U Aq OT Be,'IUqlIHbI KOHTaKTHOfi pa3'

HOCTH rroTeHrIHaIOB V^. Tax KaK npg cyIqeCTBOBaHLIII nOBepXHoCTHbIX
cocrosuufi lr3rr46bl soil rvroryr 6uri eule Ao KoHraKrIapOBaHI{9 (cn. n.
l. l  S- l l), y- cBrBaHo c ero, gzo H Aq cne4yIoIIlHM coorHouIeHI'IeM: '

€ V * : 9 z o - q 3 *  q r o - q ?  +  A e :  q - q 9 - q l ,  .  ( 1 . 3 7 )
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t4JlLl

e : t , - k r tn+#-Acp  -L6o :
/  * \

:  kr tn!+t+l_ na,,_ Ae.
n i z  \ m z  /

te
3Aecr ucnoJlbgoBaHo coorHo[ellne n! : NoNr{ kf , a 3HaqKI'I ( l)>

u (2> orHocrrcfl. K p- v n-Trm1y noJIyrIpoBoAHI'IKa.
I4snupaxeHilfi (1.35) onAno, rlro Q 6yAer reM 6or'Ib[Ie' qeM 6oJIb[Ie

Be,'ruqHHbI flr v P|.II MeHb[Ie 3Har{eHHe ft.^ v lli2. B pesy'rrraTe I oKa3bl-
Baercfl 6onlue Ailn p - n rereponepexoAoB npl cHJIbHoM JIeTHpOBaHI'III
p- u n-o1nacrefi, a raKxe AJIS no,'IynpoBoAHI'IKOB, y KOTOpbIX lllnpe 3a-
npeqeHHafl soHa.' 

B clyuae recnoro foMo-p - n nepexoAa Aq : 0, Lto: At, : O
r4 BbrpaxeHr.re (1.35) nepexoAr.rr B raKoe:

q :kT tn fu f f ,



rAe qg u q?-nsrcoru 6apuepa-Ao KoHraKrI.IpoBaHHtl. I4s nocneAHefo go-

orHoureuurr c,yleAyer, qro *!# : l. 3ro no3BoJtfler Hcno,'Ib3oBarb

nonru*"o" "or*a 
-"otpu*a"fig 

AJIS HaXOXAeHlls l'�l3MeHeHl'Ifl Qro, 9zo
u A$ c Vn, Au@ePeHuHPYs ux no q.

AuQQipenriupyr uupaxeHlls (1.20) - (1.28)' Mo)KHo roflyql'Irb:

,,^. I do, -g 8o8a aaq \
_.et\-@:-;E- 

-z-e 
) .:

or + 1'j' lq

-dP29-:
dtp

(1 .38)

(r.3e)

(1 .40)

t -u v z  _ A- c l e  - " '

( l . 41 )

0.12)

(1 .43)

o?to 
"

aQ

fAe

W:2q, f f ;
dAro _ 2

.  
. d c Q  y b z - 4 e c

Ana.nug BblpaxeHnfr (1.41) - (1.43) noKa3blBaer, qro

+ 
6onuue npr.I MeHbIxHx roJluluHax 3a3opa H MeHbIrI'tx KoHuenrpa-

{\r4flx prLtnn ns. Oruouresue * t +-: *q , u.* 6olrue Bblcora' dcp I dq 9ro
6apsepa, reM 6oJIbIxe efo I{sMeHeHHe c Q.-Cyuecraoeanue 

noBepxnocrnblx cocrosHlrfi npnBoAxr K yMeHb'

nLesup Be,TrqHH 
W 

" 
#, 

"yBergrreHr.r}o BeJII{qilHbI 
#9- 

,

A.n.n - norvnDoBorrnrrK 
'?'o - 0. 

dy'o : o-*.1 :Ang xonrarra MeTaJIJI - noJIy[poBoAHlIl dq .ag dq

jolq- 66p - a',
ed

d A '  r (  ' d b  ,  o # - * # \
3ff:;\-:a,p --id-J'

A.,: eoe, / I  . i :r-+ I .  jgt),
dg ed \eselpr dq '  qoazh aP I '

dt : oi doi t oz do_z - l.
dg asalPr dq ' eoeznz dq

orcyrcrBrir4 noBepxHocrnblx cocroqn 6 
ft-O,

u ft  
--1. f lpu erou:

ff-:z|'#'

flpu
d ,b ,  : 0

aq

'  dAg
-  I  - -

(e
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/
,[,.nr rerepoflepexoAa npu d: 0 n or : oz - 0:

dqio -
dcp 

-
| | at?t

. , _r 
E2n;

( r .44)

(1 .45)  .
dq.on I_ :
aP 

,  ,  .82f ,2, _r 
e;pl

Hgueuegue gs', KaK y)Ke H orMer{arocb, 6olsme F [o,rynpoBoAHr,rKe
c vestureft KoHrleHTparlnefi uocHre.neir sa p fl Aa.

B gaxnrc.IeHue npoBeAeHHoro Bbr[re aHaJrr.r3a orMerHM, qro xorg
nO,lyqeHHble BbIUle aHaJII{THqecKHe BbIpa)KeHHf Afl t  BeJ'IHqHH (Pro, Qso,

Aa, 
+ 

, 
W 

orHocr.r,,rucbrK cryqab, rorAa o6nacru npocrpaHcrBeH-
Iioro ga?qAa e o6oHx KoHraKTupyorrlux nonynpoeogHuKa{ ffBJrsrorcrr
cJIogML [IIorrrH, raqecrseHHsre BbrBoAbI Lr3 STHX nupaxeuufi ocralorcg
cnpaBeA,rr,rBbrMr.r AJrff ,'rlo6hrx o6lacrefi npocrpancrBeuuofo sapfl,Aa. . .

Hanpuuep, 
- 

ecfllr B pe3yJrbrare KoHraKra B noJrynpoeo4nuxe ./
o6pasyerca aHrr.{sanopHulfi c.nofi, a so 2 - 3anopHbrfi, ro qro ( qro

de,n , ,  da""" =# < ff-, 
nocKoJrbKy KoH[eHrpauuq HocnreJrefi sapnla B aurr,r-

ga[opHoM c"roe gnaqnre"lbHo 6ortu]e, qeM B ganopHoM.
Har?Aesnue Bbrure coorHorueHur MexAi BbrcoraMr4 6apr,epa n re-

reponepexoAe nosBor'rsror raK)fie safnu cyMMapHyro ruHpHHy o6nacru
IIpocrpaHcrBeHHofo 3apflAa AJrr cflyqarr, KopAa o6Jracrn npocrpaH-
CTBeHHOTO 3apflAa BnOr'IyI]pOBO,[,HHKaX I U2 s,SnsJOrCq Cr'rogMH
lllorrxu.

Vqreu, qro

g , : { r * Q r * d ,  ( 1 . 4 6 )

rrye'g,r s K, - urHpHHa cJron [IlorrKra B noJrynpoBoAHr.rKax I u 2.

X,.ns eroro- AoMHoxHM BbrpaxeHne (1.26) Ha 
W, 

a Bbrpa)KeHue

(1.27) - Ha 
t?::\ 

Tor.qa H3 BbrpalKeH nn (l .26) uu6en,r. e"n,

g(,  :  - t - �  Io,  -F eoas4f
e p l ' \ - '  '  e d

a  ue  (1 .27 )

3" :  
1  

f  - fb r ' *+ ' l  -o^ )
" e n e J

f lo4cr 'annnn Q1u 3,,  e '(1.a6),  HMeeM

g : +-{", + #t Aql + 
'+-(4* 

n,p - o,) + a. (1.47)
. ept ed €fl2 \ ed ' . l

AHanHs nocJreAnero "oipu*""r, noKa3brBaer , uro {,6ytre" 6onuu:lru
A,'Ig 6onruux sHaqeinfi or H oz H MeHbullx pr H ft2. B qacrnou cr'Iyqae
TecHoro rereponepexoaa 6es noBepxHocrHbrx cocroqHfir?, KorAa d :0
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Ans rnaccuqecxoro p - n repexoAa nocJleAuee paBeHcrBo npnHl'IMaer
B}IA

H . O t :  O z  :  0 ,

s:Iffi''a'-x-ettl't''

s -l 2eoe (nr+ pi) q l 'tta-:y----Firpr-J .

Ilpu nr) pt
tD | 2e^eq l'/'q: L--$p' I

r,r o6Jracrb npocTpaHcrBeHHoro sapqAa pacnpocTpaHsercs
no,rynpoBoAHLIKa.

fipu pt)) n,

(? _ ( 2eoeg\'/'
* - \  e 2 n 2  l

(1.48)

(1.4e)

B p-o6Jlacrb

u o6Jracrb npocrpalrcrBeHHoro
[oJlynpoBoAHHKa.

floc.neAsHe ABa BblpaxeHnfl onllcblBaror
npocrpaHcTBeHHoro 3apsAa recHoro KoHraKTa
HUK l\ns p- v n-\oJlynpoBoAHI,IKOB.

Ec.ntt clt.ltlt
B C,'Iyqae cJlog
pe3yJIbTaraMIa,
xox,qeuurc cp*.

sapsAa pacnp.ocrpaHseTcq B /?-o6Jlacrb

raKxe rxupr.rHy o6.nacru
MeraJrJr - rroJrynpoBoA-

r .4 .  BJIHf lHI , IE CHJI  TI3OEPAXEHl l t  HA XOA nOTEHUIIAJIA
B TETEPONEPEXOAE

Crporo roBopfl, ecJIH sJIeKTpoH HaxoAI'ITct y..fpaHI'ILlbI pa3AeJIa

AByx cpeA, seo6xOAunlo yrlHrblBarb ero B3aLIMOAeIICTBI.Ie C COCeAHefi
cpeAofi. 3ro ssa[Mo4eficrnue o6H'IHo onucblBaercfl c noMolllblo cH"I
u-so6paxeHufl. B gToM c,'Iyqae MoxHo onpeAeJlurb e$$errnauyrc noren-

uuaflbHyro sHepfurc sJI,eKTpOHa. y KpaeB pa3pelxeHHblx 3oH KaK cyMMy
sHepfr.rv, onpeAeJlseMoil cH.naui.l uso6paxenusr I'r 3HeptHH, HailAeHHofi
u3 perxeHHs ypaBHeHHs flyaccona

t P : : 9 * 9 * .

L.r3o6palKeHllfl He LIsMeHsnr xoA p (x), xax, HanplrMep;
L[IorrKlr, AJIfl orIpeAeJIeHlIs q Mox<rto Bocnoflb3oBarbcfi
nOJIyqeHHbIMH Bbl[le; I'I HaXOXA€HI4Q {p2 CBO.(ilTcs K Ha-

Haxox.u,esne MeroAoM nocfleAoBareJlbnblx
Ar4T K CJIeAyTIqLIM sHaqeHI'IflM q*:

r.r306paxeHr.rfi npueo-

,  J: ,1 :2,, $ (u*ir,)" ,
9r : - 

7q lezs 
(r - Ets) A-aE+T 

-r

, e
Q2 : - -G--

. -"t2
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(1 .50)

@ )

t  xz t  lT@A_ x1 1 '
( e

l ;  / r  - ; 3 - ) )  s r zeez  I  E ' ,  ,
f o z l  \ '  - 4 3 2 t  

2 ,  n d *  x '  x - d

E,qecs qi, qi , qi, a raxxe t1, EsA E2 orgocsrcs K nepBoMy [o"'IynpoBQA'

Hr{Ky, flpoMexyTotlHbrr,ry cnoro H BropoMy noJIynpoBoAHLlKyi x:- pac'

crosHHe or rpaHI.rIIbI pa3AeJIa nepBoro noJIynpoBoAHI{Ka .c -npoMexy'
TOqHbIM CTOEM;

8 o - E i
Ezr: - 8rz : Tts;; i ogz :

Plc. 1.11. Sxepnerurecxan A[arpaMua nerepotrepexoAa c yqeroM crl raeo6paxeartn:

a  -  9 r  )  es ,e ,  >  e ! ;  6  -  e t  (e r ,  e2  (es .

l4cnolteyn BbrpaxeHr.rs (l .50) -- (I .52), Mo)KHo npoaHaJll l3lrpoBarb
qacrHble cJIyqaH Aile' q\2,s y rpaHlrq pa3AeJIa cpeA:

:  - *  - . .  8 t - 8 :
npr l.r I (( a <Pt - 17-. _  \ D 1  + e i ) x ,

/ . ,  8 o r - e inpv x (a 9z:6f f i ;

npu )c=d pi=rqffi=t.

Kar snAHo H3 grqx nripaxenuii, 3HaK *i,z,e a3*{eHfercq. B 3aBHcI{-

MocrH or coorHolreHl{fi AHoJIeKTpI{qecKI4x rlpoHl'IqaeMocrell coceAHI.Ix

cpe4. Ec;rr.r 3J'IeKTpOH HaXOAhTCs B CpeAe C MeHbULIM SHaqeHI'IeM AI'13'rleK-

rpuuecxofi nocrosgHofi, ro qi,z,a ( 0, a ecJII'I c 6orltttllM, ro rPr,z,; )

) 0. 9ro osHaqaer, qro qr B nepBoM c-ryrlae pyaet 6onruutrr, a Bo Bro-

poM MeHbuHM no cpaBHeHI'I lO C I, HaftAeHHOft U3 peueHl.In ypaBHeHLg

I-lYaccoua' 
, 

3r

* ; :  -  
; *

(1 .51 )

(1.52)

t,\Ia x 0



Bce .HgnoxeHnoe l{JlJllocrpl'Ipyercfl pl{c. l '14' Ha sroM pHcyHKe

"rn*.- yui"no, qrg rdcrorbgbsii'Hft sAecl N,rero4_ r.rso6paxeH[fi He

crrpaBeAJIrIB npv x -> 0 u *-- d- kls'ea eroro au6paHo npeAeJlbHoe

3HaqeHue .r0, AJtrff Koroporo elde -cnpaseAnl'IB npl'IMeHgeuufi MeroA'

Ans lre4tu:r.rx sHaqeHufi cu,lu uso6paxenuq clll{Ta1gTcfl nocTosHHbIMI4

il gi,z,a : coflSt.'i(i* 
u"a"o, cltrli 1'I3o6palKe'Hfl Mofyr cyu\ecrBeHHo I.{3MeHsrb

xoA noreHlrna.rllttoit.3Hepruu 3,'IeKrpoHa I'I AbIpKI'I y rpaHI{IlbI paSAeJIa

lu!*.pea. Kpor.,'e ro'o' Har'ql,e Cun ,rlso6paxeHlls Moxer npI'BO'U.rb

x fu eayrournrra,u,syNl e@exrau: Bo-nepBbIX' I'I3MeHsercfl Ixl{pI{Ha 3anpe-

urentroli soHbl y rpaHuirtr pa3Aeaa,AByx cpeA (cyxaerca e cp9{9 c MeHb-

rur4M 3Hatreqr4eM Al,t3JleKrprauecxofi nocrosusoft n pacullpflercs B cpeAe

c 6orburr.rM snaueHueira), Bo-Bropblx' Ha rpaHllue pa3Aera AByx cpeA

rvloryT BO3III.IKarb noTeHUIiaJIbHbIe qMbI Arq HOCUTe'neft SapsAa'

o T u e t u M , q T o H e c M o T p f l H a T o ' . q T o c n . n r t n s o 6 p a x ( e H u g c y q e c T .
BeHHo ll3Menqrcr *oa notanu"anlsofi sHeplllu, B rIpI'IHsrbIx npu6lnxe'

Hr.trrxoHH He usMeHaroT COOTHOII]eHSS MexAy noTeHllflafibuuttr'tn 6aprc-

paMu B pa3HbIX qacrflx fereponepexo,u,a' B cauov AeJIe'� ecJIH (Pl'2'g =

: coflst npfl ,r -+ 0 unu x'+ d, ro # 
:0 ng rpauuuax pasAeJla Sa3

(e uanofi oKpecrHocrll a6rllsl,t )c : 0 vr x : d)..u npH I{cnoJIb3-o^BaHI.IrI

ycroBuq nenpepuruocrr,r BeKropa gfi eKTpl4qecxofi unAyxtllll4' KyAa Bxo-

,rurr HaflpflxeHuocrb nong y rpaHI'I[bI pa3AeJIa' culu ueo6paxeHut He

ufparcr HHKaKoft PoJIH.

, . , . , ^ . nE , I , IMEHTAJ IbHb IE I t ccJ IEAosnHuq3oHHonMoAEJ t [ I
TETEPO- n TomonEPEXOAOB

3 rcn ep uueu ra JI blroMy I'I3y qeH I'IIo- 3" 1l:-1 - T:A:i I H:*.i:"T::vrrvrrvvlr"rv' ' 
ileAoBaH'ft' ogu o6uquo oc'

nepexoloi nocBgqeHo 6oJtttlltoe_qu-lll. "t-t^-.-,6r,znnrulrr 
erRlrcuMoc-

;;;;;;ffi 
- - 

u " utt " i" BorI br- aM n e p HbI x' Bon br-9y-19::1"^ti. t:"-i:lY:::
refi lt gasncuMocrll $oroorneta
or AJII.IHbI JOJIHbI naAalolqero
cBera.

B p$Y.rbrare noAPo6Hbix
TICCJ]EAOBAHI,Ifi KOHTAKTOB MC-

TaJrJr - [oJIynpoBoAHI'�IK ycra-

HOBJICHO, IITO BbICOTA IOTCHUI'I-

aJlbHoro 6aPrcPa B noJIYnPo-
BO.I,HIIKe 3aBI'IcHr oT yAeJlbHoro

conpoTltBJleHuq tI TI'IUa npoBo'

AT,IMOCTI'I noJIynpoBoAHI'IKa' oo'

pa6orru noBePxHocrI'I noJIYttPo'
BOAHI'lKa, MaTepI'�IaJIa MeTaJIJII{'
qeCKOIO 9,'IeI(TPOAa It MeTOAa

ero HaHeceHl{fl.

Pnc, t.t5, 3as;lcnmocrl aeJlrqllHbr (pD: 9o'+

.'+ p or xontaxrgofi bagnocrn norenq'fiaJtol:

!t - cKoJI B BblcoKoM EaKyyMe; O - xHMI|cecKB
f paBJIeHat noBepxHocTb'

4 4

B xaqectse npl'IMepa Ha pl{c' 1'15 npeacraBJleHa sKcnepuMeuraJlbHas

sas?lc;Moctl ae.riu'Inliibt 9a : Qo * p ot KoHraKrIIoft pasHocrl't noreH-
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[r{aroB v.* AAt HanbrJreHHbrx KoHraKroB pa3IUr{HbIx MelaJI.r19: c KpeM'

uueu n-rina. Kax BI.IAHo l'13 grofo pllcyHKa, AJIa HanbIJIeHHbIx KoHTaK'

roB Ha cKoJloryto roBepxHoqrb B BaKyyMe l0-B rr'ry pr' cr' q6 6on.r-

ure, qeM A.lts ttanunennux ?ra xurnrr'rqeixu rpaBJleHyo noBepxHocrb'

3agHc[Mocrb Qb oT vn \nn MeTa,'rJrOB, Ha[bIJIeHHbIx Ha cKoJIOTylo B BbI-

coKoM BaKyyMe [oBepxHocTb, cJla6ee, qeM Ar'lR H,I[bIJIeHHbIX fla xHMI'�I-

qecKH rpaBfleHyrc rloBepxHocTb.

Ana,rus ahnnux, npune4euHux Ha pncyHKe' noKa3blBaer' qro gKc-

lepr.rMeHTa,rtHHe suaq'eHl'ls 96 gnaqtarenltro cJla6ee saBHcrT oL yn'

qeM Ars cryqaq, KofAa 3a3opa u [oBepxHocrHblx cocroqHl'lft set' B ca-

MoM tefie, u-cnolrsya pesyJlbrarbl n. 1.3, Mox<uo RoKa3arb' qro

. dAq : dlq dgu : _!_l:e:_+ jgl 4*. (l.bs)- 6 - - 6 ;  
d c a  

-  
e o e r l  I  '  d q b J  d q

floAcrasngg 3To BbIPalKeHHe B

drgn

dq

I -#, noflyrraeM
' dqb  -

drp
- l (1.54)

' +#@* '#)
Kar en,qno LIs nocJleAHero Bblpax(eHl4fl' roJIbKo npu d'+ 0:# <.1'

Kporire roro, oIreHKI'I noKa3blBalor' tITo A.ns xohuesrpauuu npuueceft e

noJrynpoBoAur4Ke nz< 1016 cuJ uplt dxl0-7 cM, q"leH 
#<"'

A aro osHa.{aeT, qTO ec,'Ir.r AJIfl noJlynpoBOAHHKoB C.TaKI'IMII napaMeTpaMl{
dg, .u*aarBeHHo r*,rdsrue eAur{utbr, To gHaqr.rreJrbHylo poJlb AoJI>KHbl
dQ

Hrpal'b noBepxHocTHbIe cocrofHl'Ifl .' 
Ecnu annpoKCHMr.rpoBaTb gKCIIepLMeHTaJIbHble 3aBI'�ICHMOCTIa Qt

dan  
'  

- - - - .  
da

or V* npnrraok c 
# 

: coflSt, ro 3ro o3Haqaer' 
Ito;#'raKxe 

nocro'

gHHo. Peurar ypaBHeHl're (1.5a) oruocureJlb"o #' 
MoxHo tlorytlnrb

(,_#)**
,  (1 .55)

ed 
dyb
dq

U r : # *

r4e N; - nocrottHHas nJlorHocrb noBepxHocrHblx cocrorHllft'

Kax er,rAHo 1I3 rrocJteAHero Bbrpax(eHr.rrr, AJIg KOHTaKTa c MeHbuI{M

,uropo" 
-i&ono"u" 

nonepxnocrl) poJ'rb noBepxHocrHblx_ coctoRnufi,

cra6u.trusrapyoulux nucor! 6aprcpa-npn I'I3MeHeHHu V^, 6onr[Ie' IIeM

Aflfl xHMr4r{ecKH rpaBJreHo* noiepiHoci', qro cB'IAereabcTByeT o 6onr-

uefr n;IOTHoCTH noBepXHOcTHbIX COCTOnUNI1 B STOM CJtyqae. CnlOUrnUe

Kpr.rBbre, coBflaAa]outge c sxcnepHMeHTaJrbHbIMLI AaHHbIMU ua' p_nc. 1.15,

ni,crpoeuu c HcnoJIb3oBaHHeM reopernuecrofo coorHoluenua (l*55) lpn

npe,u.rro-Jto)KeHrrH,-rrro B KOHTaKTaX CyqecrByer 3a3op cd: q,A v d:
r 20 A u noaefxuocrHble cocrosHlrfl HMeIor ulorHocrb Nt:4 x
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x 1014 cM-2 eBil u Nl ,:4 ' 10'i cu-" 3B-l A"Ifl cKo"loroft t ' l  xuut,-
gecKll TpaBnesofi floBepxHocrlt coorBercrBeHHo.

Aga.rrOrnqglte p$yJIbTaTbI nOJIyqeHbI,II AJIn,KOHTaKTOB MeTa,'IJIoB

e ApyrI,IMI.I noJIy[poBoAHI,IKaMI,t' t|puIIeM AJ'Iq KoHTaKToB' I,I3roToBdfIeH.

HbIx B qI{cTbIx .yc,'IoBHgx' KorAa 3a3op Me}KAy MeTa,'IJIoM I.r no,'Iynpo.

BoAHr.rKoM MHHttMaJIeH, Ha6.nrcAanacb 3aBucllMocrb HaKJIoH u S : 
ffi

or Marepua,ra noJIynpoBoAHI'IKa. 3ro noKasaHo Ha pl{-c' l '16, rAe Aana

3aBI4CIIMOCTb S OT pa3HOCTH 3JIeKTpOOTpLIIIaTeJIbHOCTeft 3,'IeMeHToB KoH-

PHc. 1.16.  3aBtrctr focrb " :  
#* 

or  pas'

Iocrr gneKTpoorpxqareJbmcreft gneMeHloB

PHc.  l . l7 '  3agucnmoct r  Bb lcorb l  no '
reHunalbHoro 6aPrePa or uHPuHbr
ganpeuleunoii 30HH flotynpoBoAHHKa:

O - n - f , r n ;  1 - p - r f i n ,  A  - o o a
TXna npoBoa l {MocrR.

TaKTa. Kax sr.rAHo r.r3 pr.rcyHKa, sKCnepHMeHraJIbHO Ua6II,OAaercq I{eTKo

BHpaxeHHbIfi nepeXO4 OT I.IOHHbIX [oJIynpOBoAHI4KoB K KOBar'IeHTHbIM'

,II,ng nonnux no"tiynponoAHlrKoB s.z l,-qTo coorBercrByer ua'noft n'lor-.

HOCTH nOBepxHocTHbIX COCTOflHLIft, a A'IIrI KOBa"'leHTHbIX S ( I' IITO CO-

"""a"tt"V"'i Oo.tlluron nJlorHocrl'I roBepxHocrHux cocroquufi ' flpuueu

AJIS nO.;1inpOBSAHLIKOB C KoBaJIeHTHOft CSg dl19 MaKCI'IMaJI bHaq 11JISTHOCTb

noBepxHocrHblx cocronnxfi cocpeAoroqeHa npl4MepHo Ha paccroqul.Iu
t , -

]-8, or Bepxa BaJlenrnoft \ooHbl, o qeM cBuAereabcrByer 3'lBI'IcI'IMocrb

q6 or IxI{puHbI sarlpeqeHHoft 3oHbI 2t,Y" 
KoHraKroB soJloro - nor'Iy-

npoBoAHLIK, [peAcraB,'IeHHatl Ha pHc. l '  I / ''-' 
H;;til"a"""or* oKcnep4MeHraJIbHbIX AaHHbIx BI4AH'' qro g o6-

u1eM ilyqae AIrr KOHTaKTa MeTaJL'I - [OJIynpoBoAHt{K HeJIb3fl npeHe-

6pe,Il gaeOpOil{ u [OBepXHOcTHbIMII 3,'IeKTpOHHbIMII COcTOflHvrgMla'
' 

Xorq euepreruuecKal soHuas MoAeJIb rerepolepexoloB I'IccJIeAo-

BaJIacbHeMeHbu]e 'qeMgHepreTl{qecKagMoAeJIbKoHTaKTaMeTaIJI -
nonynpoBoAHI,IK'noflyrleHHbleAaHHbIe3AecbHegBIfl loTc'I3aBepueHHbl.
rr'ru.'O^cuognble pey"Ibrarbl' norytleHnble npn uccJIeAoBaHI-tH rerepo-

nepexoAoB, CBOAffTCfl K CneAyIOqeMy. EcnII nocroflHHble peluerKH KOH-

rairupyr,ouqux noJIynpoBoAHI"IKoB cotJiacoBaHbl HeAocraroqHo xopouo'

ro Ha ipatrnue pasaera Bo3HuKaIor HapyuIeHHbIe cBfl3u' KoTopHe sB-

Jl SIOTCfl np uqr.rHoII rrofl BJIeH LIR [OBepxHocTHbIX 3neKTpoHHbIX COCrossuft .
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Ilc.rcAcrsHe gTOrO Bo3Hllxaer ugru6 3oH. ECJIH paccor,'IgcoBaHI'Ie peue:
,t,oK aoCTHraeT HecKoJIbKI,IX gpOIIeHTOB' TO nJIOTHOCTb TaKI{X COCTOqH1Ift

rropng,(a 1014 cNr-2. Ec.nn nocrofHHbre-pelxeTKu oTJII,IqaIOrCq MeHee ueM

lla'I 96, ro n,ltoTHogrb nOBepXHOCTHbIx coCTOflHHfi COCTaBJIfleT 1013 CM-z

il MeHb[re, a IIX BJILISHI]e Ha cBoftcrBa

r'orelonepexo,la 6y4er 6o.nee cna6uu. * . 1-\--
B xaqecrse npllMepa rereponepe- dr _ .^n x 6e n,=J.1gt.

xoAoB, A,'Is KOTOpbIx I4rpaIoT poJlb no'
rlepxHocrHble cocrogHlrs, Mofyr 6rtrr t,/
B3flTbI I't3oTLInHbIe n-n I'eTepollepe'
xoau Si-Ge. Ha puc. l. l8 ArIe erl ' Ix €c
nepexoAoB npeACTaBJIeHa 9HepIerI'I- tr
qecKafl AHarpaMMa npu..pa3HbIX KOII-

ueHrpaqlrflx nocutenefr 3apsAa B 5l tr
rr Ge. Kax BI{,qHo I'I3 pI'IcyHKa' oAHo-
BpeMeHHo cyuecrByer o6eAuensuft
c,rori xax s Si, rax H B Ge, qro onPe- to'
Ae,Iflercfl TIaJII'MHeM noBepxHocTHbIX

cocrosnuit. 6i no = prl

r'roxtto ilpI-IBecrI'I cncreuy GaAs -

nf"Cu,-"Ar. Bce AeJrq - n Tou, .rro lf3;,ljh"?Tl;'::1ffifi!;"i1ifl'#3i
nocrogHuar peuIerKI'I AlAs, panuar c HecortacoBat"Stf*nlo-otHnbrMn pei

5,66 A, noqrn coBnaAaer'ctto_c1o_ttH;' -
ilofi oeruerxn GaAs, paEnoft 5,6544. B to xe BpeMt IxlIpI4Ha 3allpe-

rrte'noit gonu AlAs cobtaSlser 2,1 sB, qlO 6o.nuue' qeM uI{pI'IHa 3a[pe-

tiie"rro;t soHH GaAs, cocraB,rlfl lou*efi 1,4 l. eF' -,Il,uarpauua e'eprer'rle-

cKHx 3oH rereponepexoAoB Alrcat-rAs - GaAs npu paSHbIX ypoBHflx

,rrefupoBaHrrff noJIynpoBoAHI.IKOB, cOcTaBJIflnUlfix reTeponepe.xoA' no'

;;#l,uT;";il;:-i:1e:-nfr a'o'' norvqeHo: L8, - 0,4 eB; LEo = 0'
Eonlruoil KoJIHrIecrBo I'IccJIeAoBaHufi 6u'no nocBflu\eHo HsyrleHulo

B xa,recrse rereponepexoAa c xo' - 
n 

I
porxo cofrlacoBaH"otY:-.1.x":f:*" tv +0

/, -r? roMonepexoAoB. B pesy.nrrare SKcnepLIMeHTaJIbHo ycraHoBJIeHo'

rrlo Bbrcora rloreguuaJlbnoro 6apsepa sanutnr or KoHqeHrpaIluII npn-

nreceii s p- v. n-o6nacrflx roJIynpoBoAHHKa' KaK 3ro tlu4,y:-T I{3 npu'

rrcjlcrruoit Bblue reopuu 6es yuera noBepxHocrHblx cocrosHl'Il'I Ha rpa'

flrf n(' pa3Aeila p. u n-o6nacreft. OAnaxo orAeJIbHbIe p$yJlbrarbl He

\.'r.i|r'rcfl o6T,qcHflTb, ecJI4 He yqHTblBarb TaKI'Ie cocrogHl'�Iq'

o-- ni,* 
ott

- r-t6
6r- - -  - - - - - -

-. n-aaAs

f 
-t,

l . lg. 9fleprer[trocxac AHarpaMMa rereponepexo4a AlrGal-gAs -GaAr c cortacolal ' '

I tbrMn noclosHHbrMn Peuerxaufi:

d  -  uepexoA n-A l rGa l * 'As  * 'p -GaAs;  6  -  repexoA F 'A l tGa l - rAs  -  z -GaAs '

t6



vl
l 'nasa2. OEUIn AHAJIH3 MOAEJII{ fETEPO-'---

TOMONEPEXOAO' 
_NP}I 

NPUJIOXEHUI{ HANP'XEHI{' I

2.r. noBEAEHInE TETEPO- t,I ToMqnEPEXOAOB

. nPn nPui loxEHr{r {  HAnPf lXEHII f l

Pa6ora rerepo- l,t roMonepexoAos o6HqHo cBfl3ana c npI'IJIox{eHI'IeM

KHeMyBHenHerouunpa"e"""IIJIHBO3HIiI(HOBeHI{eMHanpsxeHHffBcJIe'&
crBHe BHeIuHI'IX BO3AeficrBHft

fereponepexoA, K Korop,oMy npI'tJIo)KeHo Hanpnx(eulie'" noKasaH

"" ;;;. i:i, l. iil"p"". 2'1,'6 nfe4cias"ren c'nyuafi' KorAa HanpqxeHHe

nprBoALIr * non"*"""o poitgtlt -lgleHIIHaJIbHbIx 
6aprcpon KaK B rpa-

BoM, raK I.I JIeBoM noJIynpbBoAHI'IKax' a-H-a .pvrc'2:l: !-:::t:T' 
*utAu

n p rr JrolKeHH ou . " u n p " ri"nl4e nosuuraer rucoly n oreH ul'I a JI-!H o ro 6 a p rep a

s o6oux noJIYnPoBoAHEKax'" " 
H; p;;. 

'2.1 
lns onpeAe'leHHocrl{ noKa3an aHI{3orHnHbI[ rerepo'

nepexoA, KorAa noJly;nb*41"11]..1-i "*tot pasHuft rl{n npoBoAlr-

Mocru (B AaHHoM .oyuu6 p-n nepexol)'� o'ullaxo KaprnHa He I'I3MeHur-

cfl, ecJII.t B3gTb llsornnHHfl rereponepexoA' ArYIg KOTOpOTo rl{n npo-

soAur,Idcr[ nonynpouol"llxos I u'2 oitt{aron (nanpnuep'- n - n wJtt4

p-p nePexoPt).
. LIgN{eHeHI'Ie paccroqHufi r"rexa'y- ypoBHflMI'I Oepuu B pa3't[r{HbIX qac'

rsx rerepon.p.*o4r--nptu npt"t"ori"T:nT'� naAelrueM Hanpsx<eHl4g B

o6renae noJlynpoBoAnui<os panno- eV ' O:no pacnpeAeJlflercq Mexqy

paSIHrlHbIMI{ qacTflMH KOHTaKTa TaK' qro

V : V t * V u * V r ,

rAe Yr, VruVr-qactn o6uero uanpaxeHnq B nepBoM noJIynpoBoAHI'I-

i€, ti."p. (npbuexl'roqHoM c"Ioe) n -eSnortr 
norlynpoBoAHllKe'

llpnnoxeHNe enbuuero Hanpfl)KeHlfl npHBoA[T K noffB"leHl'Ilo B

uenl{ TOKa, cBtl3aHHoro c nepeHocoM B rgreponepexoAe HocI'ITeJIeI'I

;;;;A;; fir ro* o6y.noB"IeH rIsrueuglleru vcnoeufl Arq npoxox(AeHlttr

Hocr{re,{etl 3apqAa 
".n"uu 

"unpaeo ra.cnpai" q-u{91?: 
-lanpl{Mep' 

A'II'

c,ryqar, np"4aru"na""oro ua f;lc' 2'l' 6' nocJle npI'IJIo)KeHHfl Hanpr'

xeHl{fl sJIeKrpoHbI np" npo*o*AeHlr.n I'I3 noJIy[poBoAHHKa Z B fiony'

il;fi;il /'np.oaonu"anr uesottrHft nQren[ua;rtnuft 6aprep' qeM rpu

oTCVrcTBI.In Hanpsll(eHl'�Ifi' a npl{ npoxoxAeHl'I1'I H3 fioJlynponoAHnxa /

;'i-;;ffi;t: 3;;;pt"oar" K roMy' qro B qeru Bo3HI{Kaer erleK'

rpounuE ror, Hanp;;.rlennufi or noJIynpoBoAHI'IKa 2 r no'nynpoBoAHl4Ky

1. LJrfl roro xe cryqas AbIpKI4 npn npI'IJIolKeHHoM Hanpflxenl'Iu Jlerqe

nepexoAqr o, nonyiti*fr"io*u 1 K-19tYnposo4ttr'tt<y- 2' u:I:,p* orcyr-

crBr.tLI HaIIp"*""t"] 9ro npueoAur x sosiuxnoBeHun AblpoqHoro roKa

or noJrynpoBoAHHK; / x fidnynpgBoAHlrKy 2'� xotopufi cyMMnpyercfl c

' gIeKTpoHHbIM TOK0M'
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nns cJlyqafl, I43o6pax(eHHolo Ha pr4c.'2.1' 6' cl'lryauua o6paruan'
S,rexrpouau npli [pl{JIoXeHHOM HanpflxeHl4lt Jlerqe nepeXOAI'ITb oT no'
nynpoio,tuHn; I K norynpoBoAuuxy'2, a ,{brpkaM rpyAHee. BdsHuralor
s.nerirpoHnuft u,4upoultble roKlt o6parHoro HanpaBreHnq.

Bce ero ycJroBHg noKa3aHO Ha pr.rcyHKe H3rueHeHr.IeIU AJIHHbI lTpeJIOI(l
coorBeTCTBytOUlI4X TOKaM SJIeKTpOHOB LI AbIpOK' H3 [O,'IynpoBo.llHllKa I

u 2, npu npLIJIoxeHHs HanPsxeHHR.

Puc, 2.1. Sxeprerurecxan AuarpaMMa rereponepexoAa npx pacnux]nptrtoxeH8btx

-  H a n p t x e n u s x i  a -  V :  o ;  6 *  7 ) 0 ;  c -  V 1 a '

Kpoue roro, BaxHbIM gBJlfierct ro' paccMarpnBanrcff nn fbxu
B aHHSoTunHoM I4JII4 I,I3oTHflHoM reTeponepexoAe' a TaKxe ,To' I,IAeT

JrH nepeHOC HOcHTeJlefi 3apsAa 6es ugN{eneHvfl LtJtu C H3MeHeHI'IeM BI'IAa

p a s p e t u e n u n x 3 o H ' r . e . n l y r J I H H o c H T e . I I H 3 a p g A a . B c e B p e M f l ' B S o H e
nponoaur*rocTr4rrflr4 saneHrlroft 3oHe I'�IJIH B npoqecce n_eP_"-1o49.OtoAHoro

nb.nynpoao4Hnr{a K ApyroMy npo}IcxoAllr 1lepexoA HocgreJleff 3apnAa 1{3

soHi,r riponoAl{Mocrl'I a nareuruyrc 3oHy u Hao6opor.
Ec.rin rereponepexoA sBJlgercg I'I3orunHblM (Hanpuuep' t1-tl 6JIA

p-p nepexoa). H MexsoHHblx nepexoAoB MexAy 3OHOft IIpoBoAI'IMoc-

rr.r r{ BaJlegruofi soHofi HeT, rO ABHXyqHecff HOcI4TeJII{ 3apflAa Be3Ae sB'

,rqlOTCf OCHOBHbIMH. ECnn >i<e reTeponepexoA aHHSOTLInHbII1, T. e. p *

.n vilw n-p, a Me)KSOHHbIX nepexoAoB Her'.. TO HOCIITeJII 3apfl.4a'

nepexoAt l,l3 oAHoto nonynpoBoATl'l4K? B^ Apyfou' craHoBflTcs HeocuoB-
gbrMrr HocHreJIsMI{ 3ap f Aa( uuxexUtl n ) . B c.nyuae p -n 

^releponepexoAa
sJreKTpoHbI, Koropble nepexoAfr H3 no,'IynpoBoAHHKa 2 n nolynpoeo4-

HuK 1,I{ A5IpKII, Koropble nepexoAflT Il3 noflynpoBoAHl'IKa z B noJlynpo-

BOAHT.TK /, lnflarcrcg HeocHoBHbIMI'�I HOCIITeJIflML SapSAa'

Ec.itll xe B [pouecce ilepexoAa H3 oAHoro noJlynpoBorHuKa B '4pyrolt
npogcxoAgT I{sMeHeH.I{e BI.IAa pa3peIIIeHHOft soHbl' rO HeOcHOBHbIe Ho'

CHTeJIH3apf lAa[ogBJI ' I IoTcf f .ToJIbKoBcJlyqae'KorAareTeponepexoA
usorr.{nHbrft. ,II,.nn annsorr.r[Horo p-tt rrlrtr /t-p reTeponepexoAa npu

E H A,'IOTHIIHbIX NCPEXOAAX HCOCHOBHbIC HOCHTCJII{ HC BO3H I{ KAIOT'

Bce ug.noxenHoe sbllue sBIseTCq BaXHbIM AJIff AaJlbHefturero pac-

cMorpeggs BbInpsMJIfl loulttX csofi ctB reTeponepexoAa.,[,efi ctaure.rllHo'
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ecJrn HocI{TeJIU 1ApflAa BO BCeX qacTqx reTeponepexoAa qB/rglorce oc-
HOBHbIMH, TO HeBO3MOXHO BBeAeHne US6bIrO.IHOfi KOHIIeHTpaUHH HOCHTe'
refi s xaroir-,ru6o ,{acru rereponepexoAa, TaK ra( Ha xaxAuii BBeAeH-
HHft ug oAuoro 3JleKrpoAa Hocltre,'Ib gapflAa npllxoAllrcfl Hocl{Te,tb
roro xe 3HaKa, BbTXOABU${fi Ir3 ApyfOrO gJIeKTpOAa. EcJlt.r xe HocHTeJrI'I
sapsAa npll flepexoAe Ir3 oAHOft rlacrs rereponepexoAa B Apyfylo cra'
HOBflTCg HCOCHOBHbIMI'I, TO I'IX sAPflA MOX(CT 6UTT XOUNCHCI,IPOBAH BBC'
AeHr.reM TaKOTO >Ke KO,'IUqeCTBa OCHOBHbIX HOCLITeJIefi Sapg,qa. B arom
cJryqae BoSHLIKaeT rpaA[eHT KOH'
ueHTpaulln BBeAeHHbIx Hocureneft
3apfl,u,a, raK KaK HX KOHIIeHTpaUUf
MaKcI.IMadrIbHa s6rnsu Mecra wx
eSeAeHI.Iq B' IIO"'IyflpOBOAHI'IK' T. e.
s6nusu co6crBeHHo o6;lacrH xolt-
rawfa, qro npIIBoAI4r K Hx AI{S-
Qysnlr or paccMarpnBaeMoro KoH'
TAKTA K OMI,IqCCKHM KOHTAKTAM..- \ - -_-v

\ e ,\__ :
___ il--

-, \
\_
a *  [

P'/.c, 2,2. 9ueprernuecxae Arrarpa'$aa p-n
nepexoAa.

PaccuorpeuHas BbIuIe KaqecrBenHas KaprllHa flpoxox(AeHnfl Hocll-
re,reft sapa,[4 qepe3 rereponepexoA JIerKo Moxer 6url pacnpocrpaHe'

Ha Ha KOHTaKT MeTa,llJI - noJIy[poBoAHI4K vt rOMO-p-n nepexoA.
Hanpuuep, npll orcyrcrBlll'I Hanpsx(eHl{fl' npI'IJIox(eHHoro K p-n

nepexoAy, noroKl,l 3,'IeKTpOHOB H AbIpOK V3 n-Tnn1_n_onynpoBo!.HuKa
n fi-run n'o6parnue noroia paBHbI Apyr Apyry (pvrc.-2.2, o). flpu npu-
JroxeHr.rn HanpflxeHlls gra cllryaqt,ts usMenflercq. KorAa HanpflxeHl4e
[p]rBoAr.IT K noHux{eHlllo Bblcorbl 6aprcpa Mexqy n- u p-o6nacrsMlt

nb,rynpoeo4nura (pnc. 2.2, 6), roK AbIpoK us n'o6nacru Y p-o6nacra u

9JTeKTpOHOB uZ p-6naCru s n-O6naCTb OCTaeTCq HeIr3MeHHbIM, 1OCKOJIb-
Ky oHI{ He npeoAo,'IeBal'or HuKaKoro noreHIII4aJIbHoro 6aprcpa' Tox

xe 3,leKrpoHoB H3 n'TwI]'A [oJIynpoBoAHuKa B p-rvn u AHpoK v13 p'rvna

no"rynpoBoAgliKa B,n-O64acrl yBeflnqnBaercff' TaK KaK 3TI'�IM HOCI'�ITe-

afl\{ 3apflAa renepb Hy)KIIO [peoAoJleBarl Ir'lenluufi-6apbep IIo cpaBHe-

Hr.{rc co cJryqaeM, KorAa HanpsxeHr.re paBHo HyJrro. B pesynlraTe rlepe3.

p-n repexoA noftAer roK.' 
Ecnu 6u HanprNeHl,te IIoBbIIUaJIo Bblcory noreHqlia,'Ibnoro 6aprcpa,

ro roKI.I sneKTpoHoB fi 4upox, coorBercrByloque nepexoAaM B HanpaB-

JreHI.rH orcyrcrBufl 6aprcpa, ..He H3MeHI'1,'IlIcb 611, a. B HalpaBd'IeHufi
norjunenus 6aprcpa yr,reriull"nncb 6bI. ?ro npuoeno 6bI K noffBJIeHlIp

TOKa, nporHedno,loxHoro no Ha[paBJreHuIo paccMorpeHnouy nuure.
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Pnc, 2,8. oueprernuecxan AdarpaMMa rl Tosra

flpu npLtJIoxeHHu nptMofo HanpflxeHllff' KaK c"leAyer-. H3 pac'

CMOTpeHHOTO BbIIIIS, H3MeHseTCx I'I KOHUeHTpaIIItfl HOCHTeJIeft 3apsAa

B n-' v p-Tl.rne. Tax, npn noHr.rxeHr,IH BbTCOTbI nOTeHUI4aJIbHOTO 6aprc'

pa p n-o6lacrl y p-i nepexoAa oKasbrBaercs lre6slroq'a' KoHqeHr-

bauus'AbIpoK Lp, a v p'o6aacru + s3$6116qHatl KoHqeHrpauu' 3rex-

ipOHOS An U coOrneTCTByIOq[e Ult Ug6rtrOqHble KOHIISHTpaIIHI'I srileK-

rilOnor s n-o1nacru ' AbrpOK s p-O6nacru, KoTopble KoMneHc'pylor

slpra BBeAeHHbIX HeocHoBHbIx Hocurereft [p u Ln'
- 
c roqxn 3peHr.{f o6ulnocru paccMorpeHl4s [poxo]KAeHI,If HocItTe-

.nefi sapnAa i rereponepe{oAg qerecoo6pasHo BbIAeJII,lrb HecKoJIbKo

[ocJIeAoBareJIbubIX o6.nacrefi. 3ro xsasuil-eftrpa.nbuue o6nacru I u 2

nor,rynpoBoAHtlKoB, o6nacru [pocrpaHcrBeHHoro sapsAa I u 2 nony'

npo"oinu*oe n o6nacrr 3a3opa (npouexyroqHofo cnor)'' 
npo*o*4a""a trocnre,left' eapr^a u-epes xsaauHefirpaJlbHyro o6-

JracT; He oTIr.rttaeTcq or o6uqHofi cHrya[I,IH B o6beMe nod'IylpoBoA-

HLIKa. B o6racrrx npocrpaHcrBeHHoro 3aptAa I4 3a3ope Bo3MoxHbI

pa3II-rqHbIe cflyrlau.- 
B npuuunne Bo3MOXHbr CJreAyroqHe nyrll npoxoxAeHl4q HOCH-

reJrefi 3apflAa qepe3 o6lacrl npocrpaHcrBeHHoro 3apsAa: rpoxolK-

AeHHe HOCHreJrs SapqAa B pa3pelxeHuoil eoHe LI TyHHSJILIpOBaHI'IS HoCHre'

Jrg SapsAa Uepee o6nacrb 3anpeqeHHofr 3oHbI, npoxox{AeHl.Ie HoCHreJIff

sapnia c IrgMeHeHI'IeM BI'IAa pa3p_euleHnoit goHrt.
'flpu 

npoxoxAeHlrn Hocurenefi 3apflAa uepee o6nacrb 3a3opa Bo3.

MOX(HOnpsMoeryHHeJ IHpOBaHI IeHOCI ' � l TeJ I f l 3ap f lAa I l npoxo )K leHHe
socurenefl sapsAa C,3aXBarOM Ha noBepxHocTHbre ypoBHH a noc,'ieAy-

rorrlgM aU6poiorrl B oAHy I,I3 pa3peueHHblx 3OH. Bce sru Bo3MOx(HocrL

npor4JIJItocrpL'IpoBaHbI na pHc. 2.3.- 
flpu [pI{JIoxeH[H Hanps]KeHI'Iq HocI'ITeJIb 3apsAa B fereponepe-

xoAe ABIIXeTCfl qepeS nocJIeAoBaTeJIbHO pacnoJloxeHHble KBa3I'lHeUT'

pa,t bHbre O6Ia cTLI nOJI yII p_o_BOAH H KoB, o6 n acru np Ocrp a H_crBeHFbI X 3 ap q'

ito" " o6nacrt sa3opa.'Vcnosuq ABprxeHHfl uocHreneft s xaxAofr I4g

srnx o6nacrefi pasnuuuu. ilostouy cKBosHoe ABHxeHHe q9p"9 t::t_!?-

nepexo4 npll [oc,'IeAoBaTeJIbHOM ABHXeHI{I4 _qepe3 pa3II'MHbIe OO,'IaC-

Tr.I OnpeAeJlsercfl npeHMylqecrBeHHo roft o6lacrbrc' r{epe3 KoropyK)
. /{Br.rxeHr.re uocurenefi' sapraa uau6o,lee 3arpyAHeHO. B grolu clyqae

MOX{HO roBopllrb o ror,t, I{ro roK qepe3 rerepo[epexoA KoHTpoflupyer-

cs rofi unu u:p'oit sHAeneuHoft o6.nacrlro.
c paccuarpHsaeMoil roqKr4 3peHufl npocrbrMr4 cr4creMaMl sBJI.tlIorGfl

KOHTaKT MeTaJLI - ilo/tynpoBOAHI{K vr IOMO:p-n nepeXO4, a 6O,lee CJIOX-

nofi cucreuoft rBrsercrr fereponepexoA. B Cauon AeIe, H3 o6uero

paccMoTpeHufl B cnyqae KoHTaKra MeTa!IJI - IIOnyrIpoBoAIIHK I4cKJIIOqa-

brcs o6.nacrb MeraJIJIa, a B p-n roMonepexoAe - o6nacrb 3a3opa'

,Ll,a,'rlHefirlllfi aHanus paccMorpeHHofi sAecl o6qefi KapruHbl 6yAer

npoBoAuTbcs HI{xe.
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2.2. NtrOXOXAEHI,IE HOCI{TEJTEN 3APflAA
qEPE3 KBA3INHEHTPAJIbHYTO OEJIACTb

t

B o6qerr,t cnyqae AJIfl onncaHllg ABH}I(eHHfl socure.lefi Saps,lu
B noJIyrlpoBoAHHKe Heo6xoAtttuo paccMarpl'IBarb coBMecrHo c SanscaH'
HbrM panee ypagHeHl{eM flyaccona eue qerblpe ypaBHeHl'rfl:

in: €untrE * eDngrad n; 
i

io : euoPE - eDrgrad P; J
( 2 . 1 )

(2.3'a)

(2.361

(2.4a)

(2.461

.  0 n  f l , - t t o  I  , ' - - ,  I
'  ' i - g - - r - + e ' o l v t n ; l  

. ^ ^ i

4:s- -n-+d iv i , ,  t  
(2 '2)

At o "Ep e F'  
,

rAe un, uoi Dn; Dp- noABIllKHocrI{ ta xoaQQuque}rbl IuAA-Y:II-I
n vt p - KoHueHrpaqLru;'tn Tp - BpeMeHa xIl3HH gJIeKTpOHOB It AbJpOK
coorBercrBepgo: g - KoHueHTpaIlI'1fl Hocl'ITeleft aapnAa' BosHI'IKaIourHx
B eAr.{Hr.ruy BpeMeHH nOA AeficrBLIeM BHelUHI'lx Qaxropoe..

flepnsre ana ypanneul,Is - ero au$QYsl{oHHo-ApeftSoBble ypaBne'

Ht4fl \Jrfl nJrorHocrr.r roKa 9,'I€KTpOHOB 'n U AblpOK io. oUU Orpaxalor

ABHx(eHI{e HocLITeJIeft 3apflAa noA Aeftcrs1aeM noJls HJII'I rpaAI'l€HTa KoH'

ueurpauufi B npeAeJlax oAHOft Ir3 paspeileHHblx 3oH.
Bropue ABa ypaBHer:,u'fl - oro ypaBHenl'ls Hepa3phJBHocru' Koro-

pbre orpaxalor LI3MeHeHI.{e I{oHUeHrpauu}I socnreneil .saptAa B pa3pe-
ueHHbrx 30Hax.

B oAsouepsou cJlyqae, KorAa I'lcroqul{xa BHeuHnx aoa6yx4enuft
Her Lt,g : 0, 3Ta cncreMa nepenlrcblBaercs B cJ'IeAyIoqeM BI4Ae:

' 
,1,

in :  ^ i lnnE *  eD" # ;" a x

ip: euppE -:Dr#;

0n  t x - f l o  r  I  d i o  .
7f : - r" 

-T -T' -tr{'

0p p-po  I  d ip- A t  : -  
\ p  

-  
e ' - d ; '

Cucreua ypannennfi B o6qeM cryqae He peuaerct. floerouy B Aarlb-
Hefiruev paCcMOTpLIM HaH6OJIee I.IHTepecHbIe qaCTHbIe cJIyqaH' KOtAa
gTa CHCreMa l{Meer peHeHHe.

flpex4e ncero 
-npoaHaJluslrpyeM 

npoxox(Aenl'Ie HocHTeJIefi eapsAa
qepe3. nsorl{nHkft rereponepexoA HJrr{ p-n nepexoA c LISMeHeHIIeM

B{Aa pa3peuessoft soHbr, KorAa HoCHTeJrn SapsAa ocTarorcfl.Be3Ae oc-
udBuuul.r.

B erou cflyqae He nposcxoAgT H3MeHeHnfl KoHqeHTpauHI'l uocurenefi

3aprrAa B paSpeIIJeH.Hblx soHax 3a cqeT npoxoAsqero roKa, c,'leAoBaTeJIbHO:

P -  Po:  n- t r0  :0  "  ! *  :  -d ;7 =O'
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PerueHHe cr4creMbl LI3 qerblpex ypaBHeHIrfi cBortr::fl y peIxeHHIo cllcrs

Mbr I.f3 AByx ypaBHeunit(2.3a),(2.36\.np"# : 
#: 0 uMeeNr o6H'I'

'Hyro 
b'naal TTJI9THSCTH 3,'IeKTpOHHOTO I'I AbIpOr{HOrO TOKa C npoBoAliMocTblo

in: €unl l  :  onEi io: €lt 'pP : opE,

9ro osHaqaer, qro s xsasuseftrpanruoft o6nacru Ka)KAoro noJlynpoBoA-
HHKa flaAaer onpeAeJleHHas qacrb o6qero Hanps)KeHur.

Vu: I r , (2.5)
) l

r.u,e r : ;+; I_�o6rqufi rox.

,Ileficrelar:eJlbHo, ecflLt AoMHoxl'trb .nrc6oe I't3 BblpaxeH ufr, rnn i, unu in
Vn

Ha nJlouraAb J H yrlecrb,..Iro E :f ,.rAe I -utupurta xnaauueilrpanr-

uoil o6lacTll, To ,'terKo nodtyqHTb Sanl'lcaHHoe Bblue BblpaxeHlie.
fIpH srou o6n.tHo V6 nBilnercq lua,'Ioft qacrblo npuJloxeunoro o6-

qero HanpgxeHgs LI, cJIeAoBaTeJIbHOr KBa3I{HeilTpaJIbHafl o6,'lacrl He
KonrpoJn{pyer o6qnil'roK qepes rereponepexoA.

EcnH s npouecce nepeHoca roKa B ferepo- IIlrlH roMorlepexoAe Hocll'
'TeJILI 

CTaHOBfTCs HeOCHOBHbIMH, rO P-Po U n-no FIe paBH.bI HyJIIO 14
cJreAyer paccMarpuBarb coBMecrHo cucreMy ypaoueurafi (2.3a) - (2.46).

A.nn onpeAeJIeHHocrII paccMolpnu peueHue SaAaqI'I, KorAa noJly-
IrpoBoAHr.rK flPJrfercfl SJIeKTpOHIIbIM C KoHUeHrpaur'refi 3JIeKTpOHOB n0'
a B KBaor.ruefirpa,'ltuyro o6ra€rb BBoAqrcfl AbIpIiu'

flycru sHa.Iane ypoBeHb HH-x(eKuHH Ma,t u Lp (1n0. Tor.4a e nu-
paxeHull (2.36) anr 7o uoxuo npeHe6perlb [epBbIM q,IIeHoM I{

dp
t p :  - eup - i x  .

floAcrag,rss ero BbIpalKeHHe B ypabHeHne

P-Po  _  J_ .  d ! . r -
a p e d x

n n
noryr{eHHoe ue (2.46) |pvr #-: 0, uveevr

A 2 n  n _ � n

D ^ " , Y ^ :  
Y  Y o

H AX' Tp

floc,'leAgee BblpaxeHne ,IIefKo rlepenncarb B BI,IAe

#:ry," D

rye lo: V N".
O6qee perueuue aupaxeuun (2.8)

p - p o :  A e  t o  
a  B e t o .

(2.6)

- 0 ,

(2.71

(2.8)

(2.e)
flocroquHue AsB Moxno HafiTIa, ecJILI 3aAarb rpaHI'IrIHbIe ycJIoBI'Ifl.
B c.nyuae iuHpoxofi xnasnHefirpa,llsofi o6nac7u, Kor4a p -,Po:

- L,p (9r) na rpanraqe o6nac'ru ripocrpancrbeHHoro sapr4a npu x :
* {n.'fr p - po - 0 npu 1: -, [oflyqaeM r.r3 BToporo rpanurluoro
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9n

ycJroBut B-0, a I{3 nepBoro A: Lp(Q'r)eS' B pesy'nlrare

9n-x

P -- Po: Lp ({n) "-T '

A _

@n
- - l

B clyuae yexofi KBa3l'IHefirpa.ilrsofi o6lactn, xorAa P - 'Po :

- * [ p ( d " f i p i  * 7 4 n : a p - p o -  L p  ( t o , , )  n p u  t c : t e n , . A J I s  H a -

. xoxAeHHs rrocroflHHbrx A u B c,leAyer,peuarb ABa ypaBHeHI'In:
' '  

9n gn

L,p(Qn): A;-T + Be 'P i

-:- !"-ry-
LP (w,): Ae 

to 
* Be 

tP

I4x coeN,{ecrHoe Peuenue Aaer!
@n gn

.1.

Lp (9n\ " 
to - Lp (an) e 

'P

(2. r0)

(2 .11 )

(2. r 3)

(2.14)'

(2. r 5)

(Dn- 9n' / < n  -

, t p
gn
l -  , . , )

B _
Lp (t") " 

'o 
- LP (9"\. n 

, (2.12'�j

zsh v!13

OxoH,Iatenrgoe BblpaxeHue A,'Ifl p-pg MoxHo Sanl'Icarb B BI4Ae:

LP(e, ) rh f t ! - ,  LP (an\"+-
P - Po: -- :  

, r-  nr--  
= -rn 

,"  
,  %

. Drr -L-- 
lp

Tenepr npeAnoJlox(uM' uro ypoBeHb I{HxeKIruI'I BeJIHK n Lp )) no

Bo BCeM paccMarpl'IBaeMoM npocrpaHcrBe' TorAa B ypaBHeHnnx (2'3)
-n"nit" 

n1i"ne6pe'il lloJleBbll\lu q.rreuaul't' Ecln -a'nextpoHHuft'roK 
sHaqH'

reJIbHo MeHoure Ablpollnoro' us ypaBHeuun (2'3a) npu in: 0 uueeu

k T l
t  - _

e n

flo.u,crasrss 3ro 3HaqeHr.le noilrr B ypaBHeHlae (2.36)' roflyqaeM

ip- -eDo* i fo - eDr#: -2en, ! f ,* '

dn
7T

nocKo"'IbKy npfl
" Vpaeuenne

r4HlKeKUI4It A,1g

6onrmux ypoBHffx I ' lH)I(eK(I{n p=n" io?=#'

Hepa3pblnHocrl A,rs AbIpoK npu 6onsurfx ypoBHfix
A n

+: o flP'ooperaer BI,a

- +: *,  9r ' ; ,  (2'16)
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fAe yqreHo, qTo

B 3rO ypaBHeHI4e
' p  -  u o

I,IMCCM

npv p) no. flocre noAcraHoBxu lo (2.15')

. r tti'
(2.r7)

(2 .18 )

drp...._-
aJc'

r4e /p, :{fDra*
fl'Ony.leHuoe ypaoueHlie Arq p flBiliercfl aHaJIoruIqHbIM ypaBHeHulo

(2.8), p6nreuue xoioporo npI.IBoALrJIocb Bblue. floeromy e cnyuae 6o.ill-
uoro ypoBHfl r.rHxeKnl{ll l\'loxHo BocnoJlb3oBaTbcf BCeMH peSyJIbTaraMH,

i, A 
')( 

ln I t1/

pnc. 2.4.3aBrlcnMocrb roHqeHrpKaqhuHfiyr?ir";); 
3?;::;xTr" 

arg unpoxofi (a) r, v3Kofi (d')

I - 6onbulon vDoBcHb HHIKeKqI{r: 2 s 2' - MaJblfi ypoBeHb HHxeKqIis (,[,ne 2 cKopocrb
per i6u6xnauxx  MeBbure ,  seM aJ I t  2 ' \  A  -  sKcrpaxr l l r t  Ho:x reJe i l

noryrreEHbrMH paHee npl{ 3aMeHe lo ua lp". oAtraxo Heo6xoAltuo nou-
HHTb, qro 6onruoft ypoBeHb HHxeKuI{E Bo BceM HHTepBaAe { pac^cluar-
ptnaenaoro rpocrpaHciBa Mollier 6url nonyueH roJtbxo qpld Ap (9") >
) 0 n xone.rHofi-rullpllHe KBagl,InefiTpanlnoiI o6,'lacrn. 3ro Moxtto sI,t-

Aerb lrg puc. 2.4, rAe noKasaHa SaBucuMocrb p-po or x.,-nocrpoeHHas
no $opuy;rarra (2.10) u (2.13) npn pasHbIX sHaqeHuflx p \9")'

Hcnonrsyr noJIyqeHHbIe 3HarIeHHs P-Po, MoxHo Hairru [0, ecilu wx
noAcraBl4rb e Qoprray,'m (2.6) u (2.15).

B'pesy.nlrare uMeeM Arq ruupoKofi rsasHHefirpa.nrHoft o6nacru:

9n-x

i^: 
eDe\P(g"\ 

" 6- '"  t p

,[,na ysxoft rnasuHefirpanlsoil o6nacru roryqaeM

i ^ :  - - -JPt- lM(g, ) "h * ,J*  _ �Lp(a, )ch x  jE"  l ,  (z . tg)-P 

lo sh 
an - 9n L-r 

\--rrl IP lP -l
' t p

rAe AJrs MaJIO|O ypOBHf I'IHX{eKUHI4 CAeAyer 6parl Io ue attpaxeHHf,
(2.8), a 4.rrr 6o,rrupfo /pe II3 BblpaxeHns (2.17) c yqeroM (2.19), ytrl'
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Pl}|c. 2.5,3asHcltMocru lpor u gaa uruporofi (c) n ygno* (O rracnHefirpaasnofi odlacrnl

. 

, _ *n"u,:l ypo"u"" **"5oy,"_.2rJ.,jr; 
lirttl 

ypoBeHb HH,.eKqlrH (v > 0):

Kax ruAlro r,r3 nocJreAHHx BbrpalKeHr{fi , 4UpO.lllltft ro{,Maxcntrlaneu
npv )c : {,n 14 y6blBaer c -pocro,M x. VvenlueHl'Ie .roKa npo-HcxoAl'Ir c

p'asnofi 
"croioc"lro 

Ans ruLtb-oKofi n yexoft xnasuuefirpanuofi o6racrl'I,
KaK 9To noKa3aHo Ha pilc. 

^2.5. 
IIpuueM Anfl ysxoft xnasunefirpa.nluof,

o6racrlt MoxHo HSMeHqrb ip B IUHpoKI'rx
' 

o6.nacrl.t MoxHo HSMeHqrb i, a ruupoxl'tx
tf 1. . npeAeJlax rlyreM lI3MeHeHHfl. Ap.(w,):

i a x

PHc. 2.6. 3attrcuMocrb t, tn n lp
oT DaccTotHHg : ,{ln ulnporofi

riasHHefi rDansnofi o6nacrtl.

flocxonixy o6qufi toi i: in* i, ron'
xeg 6utl nocToffHHbIM,'TO yMeHbIlIeHI'le ,p

npLIBOAL.IT K yBertl'IqeHHIO in''KaK 9TO nOKa'

saHo Arf oAHoro u3 paccMorpeHHblx cflyr{a-

eB Ha pr{c. 2.6.
3aincurnlocrb roKa B KBa3uHeftrpaJlbHoft

o6nacru or Hanpsxennq Moxer 6urb no'
Jryq€Ha npr{ Haxo;KAeHuH BeJHrluuat Lp ({.r\
lrs yc,nonufi cuHBaHHff peIueHHR B KBa3lI'
Hefitpa,rrnoti o6lacrH u o6ndcru npocrpaH'
crBeHuoro sapflAa, uro 6yaer cAeJIaHo no3:
>Ke - np u paccMoTpeH,I'IL KOHK-perHbIx BoJIbr'
aMnepflblx xapaKrepucTllK rerepo- n roMo-
nepexoAoB.

Kax sraAHo r43 IIpHBeAeHHOrO BbrrIJe- aHAill/.3A, ABH)I{eHHe HeocHoB-
nbrx Hoc'regreft sapf^a qepu' KBasfiuefirpa.nruyp o6racrb sarpyAHe'o
Hf locJ leAHf lg 'B I Ip I , tHuu[e 'MoXeTKoHTpoJI I {poBaTbToKHeocHoBHbIx
HOCr.rreJIeft qepe3 rereponepexo.q.

I,I'�s saxnrcqeHr{e ppccMorpr4M ycroBflq, npLI^K^Oropblx MoxHo npe'

ne6peql noJIeBbtMI.I'I 'teHaIraH' B BbIpalI{eHHflx (2.3)-.A.ns storo noA'

i"uir* s (2.36) peIxeHI'Ie (2.10). T6raa npu Ap (tl^)D pq
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9n-* - gn-z

- =T- e * epoLp (e"\ ; 
-r; 

.ip: euoL7 (fln) e , h
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Kax slrAuo I,r3 groro ypaBH6Hltrr, nepBbrM rrJreHoM Moxno npeHe6peur,
ecflH

urn << !:

HJru ucrroJrbgyfl coorHoueHlre SgrlrreftHa -

eloE (kT. (2.20)
flonyveHHoe HepaBeucrBo o3Haqaer, qro no,'reBbrM qJre-HoM. B ypaB-

HeHusx (2.36) rr,roxHo npeHe6peqb, ecJru Ha gr.l$syauonsoft AJrr.rHe Abrp-
ru npuo6peTaror eHeprun MeHbrxyp, qeM Hx cpeAHsq Te[JroBas gHeprr.rfl.
flpu ueeunoJrHeHura erorc HepaBeHcrBa nepBbrM rureHoM n 4uQQyen-
oHuo-apefiSoBoM ypaBneHnr.r AJrf, AbrpoK npeue6perarb HeJtb3rr.

AHa.noruqsue p$yJrbrarbr Moryr 6url no.nyueiru n AJrff 3JreKTpo-
HoB, BBoAHMbrx B p-run lo,'rynpoBoAur.rxa. ilpu gToM B coorBercrByro-
unx (FpMyJrax HaAo 3aMeHHrb BeflH'{HHbr r4 rrHAeKcbr co sHaqKoM <p> Ha
BCJIHqHHbI H I4H.ITCKCbI CO 3HAqKOM (N>.

2.3. NPOXOXAEHI,IE HOCHTEJIEH 3AP'IAA
B OEJIACT'X NPOCTPAHCTBEHHOTO sAP'I trA

B npu'Hunne, npil orcyrcrBur,r ryHHeJrHpoBaHHq cucreMa An+Qy-
anbuno-4pefi@darx ypaBHeulrfi (2.1) ao.nxHa 6blrb cnpane4nurofi u
Ans o6racru npocrpaHcrBeHHofo 3apflAa; qg,'rqpqeftcq qacrbro nory-
npoBoAunKa. O4Haxo, ecJru s o6nacru npocrpaHcrseHHord 3apeAa
cyqecrByer 6o.nrruoe noJre r,rJrn oHa flBrqercfl AocraroqHo roHKofr, To
9ro Moxer oxabamcg H He rax. B cauolr AeJre, cucrerrla ypanHeHuft
(2.1) il (2.3) ocraercs crpaBeA.nuaofi, ec.nu d o6;racrn nfbcrpaucr-
BeHHoro sapflAa MoxHo BBecrr,r noHflrue noABH)KHocrn. 3ro o3Halraer,
urc ,4peft$oaan cKopocrb o,p Ao.ilxna 6urr sHasnreJrbHo' MeHbue
cpe4ueft ren.loeofi cKopocrn 'ln,p, T. e.' AoJrxHo BbrnoJrHerbcs Hepa-
BCHCTBO 

-
u*p - Eu",p (1an,l.

.If,ouHox.an JIeByb r.I npaByro qacrrr gToro HepaBeHcrBa HA un,p v y.uv-

TbrBafl, qTo
'rtn'' 

, HMegM
ffin,p0n,p

(2.2t\

9ro osna'raer, qro ypaBHeHHq (2.1) n (2.3) nep'ecraror 6brrb cnpaBeA-
Jr,r.rBbrMrr [trpH nofirx, npH Koropbrx Ha AJrsHe'cao6o4Horo npo6eta ln,o
Hou.rre,lb BapsAa ua6upaer gHeprlrlo do;rruryrc, qeM, cpeAnrs renJloBarr
SHeprHr. Kportle Toro, ecru npH npoxoxAeHHH Hocnrenefi sapr4a vepes
o6;racrl npocrpaHcrBeHHoFo 3apqAa cyqecrBeHno ryHHeJrupoBaH[e,
Heo6xoAl.mo yqr,rrbrBarb, qro qacrb o6.nacru npocrpaHcrBeHHoro sapflAa
6yAet ucrnrcqarbcfl us o6flacrn, rAe 'paccMarpxBaercs ABUx(eHlre

llp e

D;-: 
-kr , ecnn

-  1 6
A - ^ : l - ."'P I Jt

hr \'/, 
'. 

er,i - l  , A t l n , p : ' : : ! - -
mn,p 

J 
,tln,p

e.
eEln,p< " kr.



uocure.nefi 3apsAa B pa3peueHHbrx 3oHax noJlynpoBoAiluxa (ctr,t. pllc. 2'3).

[n* *upu*"ipncrrri.u TyHHeJII{poBaHxs MoxHo Hcno"lb3oBarb KogQ-

Quqlreur npo3paqHocru, 
-paenug' 

a B.KE-npra6'nuxesu u (np u6'ttuNeuu u

Beuuerq - KPauePa - bpurrlosHa):

Xg

-15 {#wr,�'-uo,�
3n -- ?oe 

xt 
t (2.22)

rAe t1 I'l ,tr2-ToqKll' B Koropblx qacrl'Iua ceueprueft 6 exoAur I'I BbIxoAI{T

il oupo.p 
" 
o 6nacrn npocrp;HcrBeHHofo aani11'- -OiY:T.1Y'-:I:..:[B.-

Prrc. 2.7. Jlsnxenue Hocnrenefi sapt'
ga n o6nacrn npocrpaHcroeBnoro 3&-

ptAa nonynpoBoAHtrKa:

I ,  4  -  AxoAHar  reoPle ;  2 '  3  -

au66ys I ioHHat  reopH9.

npu6.nuxeuue clpaBeAJIHBO rOdlbKO ror-

Aa, KOrAa ' BblrolHtleTcq coorHolrleHl4e
s \ h

# <<1, rAe ?":;6, a P (x) -  r tu-
nV,'IbC qaCTI{IIbI." 

Arq inyuan,.KorAa o6lacrl npocr'
paHCTBeHHOTO sapgAa gBJIgeTCfl CJIOeM
illorrxu, q (x) 3aAaercfl BbIpalKeHIdeM
(1.16), a' xoe@uqueur npo3paqHocru
npr.rHnMaeT BIiA

/  -  r  \ )
x U \ V r - x e - x E a r c h v x ; ) 1 ,

. (2.23)

0,:eo*o {-l 
'F]'^'

rre )(E:+, a E otcvttrblBaercfl or ypoBHs. y(g)..
Kax sLIA;o I{3 nocJleAHero BblpaxeHuR, roe$$uuueHr npo3parlHocrn

o6;racru npocrprn"teeHHoro sap'"aa 6y4er 6o.rrlururt'l npu E: const

AJrs cIrJIbHo JIerI4poBaHHbIx noJIylpoBoAHI"IKoB u 6orblxnx Bblcor rlo-

TeHTII{aJIbHoro 6apsepa Qo. ,II,;rn cna6o .nerupoBanublx rIoJIy[poBoAHHKoB

ryHHeJrlrpoBanfieM vepes'b6nacrb npocrpaHcrBeHHofo sapflAa o6uqHo

MoxHo npeHe6peus.
B saiuc'rrabcrn or ycnoaufi ABr{)KeHr.tq Hocure.neft 3apflAa B pa3-

[reureuuux 3oHax o6Jlacrr.r npocrpaucrBeHnoro 3ap qAa no.llyfi pOBonHI4Ka

Ha xo)KAeHLIe BOJI bT-aMnep HbIX XapaKTep HC'�I'�HK AOJIXHO n pOBOAI'ITbC n pas'

JrliqHbrM cnoco6ou. Ec,nr gocureJlll 3apsAa npoxoAfr o6nacrl npocrpaH-

STBSHHOTO 3apqAa 6es cronrHoBeHilfi, TO AJIg HaXO111AeHUg BO,'lbT-aM'

oap"on *uputl"aprc"r*n seo6xoAraMo paccMaTplrB,arb no-roK uocwre;lefi
gaptAa I{3 KBaslinenrpa.nruoft o6.nacrr't u.nu s xrasuHeftrpalrHyrc o6-

nacrr nonynponoAuuia HaA 6aprcpou o6laclH rpocrpaHcrBeHnoro

rup"au. I..is'n-runa [o,'Iy[poBoAHlIKa 9ro lloxa3aHo Ha pllc' 2'7, t\e

TpaeKTOpLtU ABUX(eHU9 9JIeKTpOHOB I4 AbIpOK [OKa3aHbI ropl'l3oHTadlbHbI-

ffi;;;;il;i:, t i q (orverun, qro Ari .l se co6;tI'oAeH'ruacrura6'eHe
on3):
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Teopun BbrnpgMJreHr.trr, .Koropas He yr{HrblBaer croJIKHoseHLIft HO'

cHre;lefr sapflAa c peruerrofi roJrynpoBoAHnKa B o6,lacru npocrpaHcr'

BeHHOro sapsAa' Ha3blBaeTcs AI'IOAHOII.
Ecnn npu npoxox(AeHIIH HoclIre,'lg 3apflAa uepes o6'nacrb npocr-

paHcTBeHHofo 3ap gAa [o,'IynpoBoAHI'lKa oH I4CnbITbIBaeT MHOIOKpaTHbIe

cToJrKHoBeHr4s, ro A.[q Haxox(A6HHs BoJlbT-aMnepHofi xapaxrep1agr1{K1l

ueo6xoAr.ttuo AeTa,'rbHo aHa,l H3HpOBaTb ycJIOBHg flpoxoxAeHllg HOCI{Te-

,'rs gapsAa s sroft o6;lacru. Coorgercrayrcq[e sroMy cryqa]o rpaeKro-
pult g,teKTpOHOB TaKII(e nOKaSaHbI CXeMaTI'lqeCKI'l Ha puC.2.7 JIoMaHbI-

t u H . r ' r , H U q t H  2 u 3 .
Teopnx BbrnpflMJreHrrfl, o xoropofi paccMaTpHBaercs B3aLIMOAeH-

cTBr.{e sJreKTpoHOB r.r'AbrpoK c noJryn-poBoAHr,rKOM 'g O6nacru flpoc-IpaH-

crBeHHoro 3apflAa, Haslisaercq AnQ$ysraounofi. B Ar.r4Qysuonuofi reo-

Dvv nilfl o6,'ricrr.r npocrpaHcrBeHHoro 3apfAa e o6trleN{ c,ryqae peualor'
'cs 

au$QysuoHHo-AiefiSonsre ypanHeuun (2.1) unu B oAHoMepHoM crly'

uae. ypaeuenun (2.3).
Kor,qa o6lacrr rpocrPaHcrBeHHoro sapflAa noJlynpoBoAHlnu'u!!;

ercff c,toeM L[lotrKu, ycnoeun BbInoJIHeHI{f AlloAHofi unu auSQI3I'loHHOH

"aoor" Mofvr 6url onpeAeJIeHbI H3 HepaBeHcrB MexAy A"tnsoft cso6oA-

uoro npo6ei a ln,p v rurlpuHoft c.nog lllorrxu:
' 

t,,, ) K,; tn,, (1fl, .

rAe nepBoe HepaBeHCTBO O3Haqaer BbrnoJIHeHHe npeAno,'Ioxesufi ,4,2-

oAHoIl,^a nropo'e - lu$$ysuounbfi reopnfi'

floc,'reAgne HepaBeHcrBa Moryr 6url nepenucaHbl B I4HoM BHAe'

ecJrr{ yqecrb cersl Eo : #. 
TorAa

el^EoQ2cpo. (2.24)

(2.25)
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3ro HepaoeHcrBo o3Haqaer, !rro' AuoAHas reopltfl 6yAer nuno4-

Hqrbcfl, ecJrr4 HOcHreJIb 3apsAa Ha AJII'IHe cso6oAHoro 3apflAa npHo6pe-

raer SHeprlllo, SHaqr.rTe,rtuo 6o.nluryrc, rreM yABOeHHafl Bbl:ora noTeH-

qruno"oio 6aprepa o6iacru npocrpaHcrBeHHoro 3apflAa' [uQ$ysIloH-'
Has reopl:rfl 6y4ei nunoJrHflTbcfl npN o6parHblx coorHolileHllfix MelI{Ay

;;;o;;;fi, npro6p.ru.Moir Hocgreireru sapala Ha ArIIrHe cso6oAHoro

npo^6.ra, H sHcofofi rioreHulaa.nluoro 6aprcpa'
a 

Anr"u cso6oAHoro upo6era Hocnreneft 3ap_flAa Moxer 6ltrl eupa-

xena qepe3 noABu>xHocrb ,ln,p cJleAymlnv o6pason'I:

, 3nun,o*i,oin,o
t n , p :  - - - 6  -  - .

fIOACraeHs nOCTOsHHbre OenuuuHtr, MO)KHO saIIUcaTb Als T: 300 K

/  
*  \ r ' '

t ,  "  :  6,6 .  10-san.,  e: t \ '  ., ,p  ' . , .  
\  ro  I

Tenepr MoxHo nepenucarb HepaBeHcrBo (2.2\ cJleAyloxlI lM o6paeou:

Eo?3 . to,h(-;-)"'



KaK sr.rAHo Lrs nocleAgero HepaBeHCTBa, AJre pa3nLIqHbIX SHaqeHufi
un,'p, Koropaq o6bI.IHo tl3lgeHffercfl B rlpeAeaax (10'...104) crr'ls/(B ' c);

go'u mln,p nplt nocrosHnou Eo B npeAeaax (10:... 106) B/cv Moryr Bbl'
norH rrrbcrr npeAnoiloxeHl4fl JIi{6o AuoAsofi , nr.l6o Au<p$ysuoH Hofi reoput?.

flocxO.nriy HepaBgHcrBo (2.25) onpeAe,'rflercfl BerHqr.rHaMI.{ BbI-
cor 6apBepoB I,t KoHUeHrpaUr.reft Hoclrenefi 3apsAa, or roropofi saBHcHr
BeJIHTII.IHa HSnpsxeHHocTI,l noJlq, TO AaX{e AJI'I OAHOTO I{ TOIO >Ke nOJIy'

rrpoBo4HI,IKa npll pa3HbIX BblcoTax 6aprepa .I.IJIL KoH[eHrpaql'lflx MoXeT

sbrnonusrrcn .nu6b AL'IoAHaq, nu6o asSSY3IloHHat'reopuH. Boslloxno

iarxe BbTnOJIHeHLIe [peAnoJlox(euHfi paSu6x reopufi ..AJIt 3,{eKrpoHoB

rr .rr,brpoK H3-sa Hx pasHbfi roABlllxHocru H aQ$exrury9q.!'a-Tb:.-
Cneayer oco6o orverurr, qrb HepaBeucrBa (2.24\, (2.25) s?nv'

cagbr no oTHolllettuto K IIoJlro yrpaHLIIlbI nOJIynpoBOAnuxa. Ho eo6,'Iac-

TIr' IpOCTpaHCTBeHHOTO 3apflAa [O'le WeHbUaeTCg OT MaKCUMaJIbHOIO

BHaqeHUrr y rpaHltubl .4o HyJle no Mepe y,{a:/F{4.f, o.1 j1ofi fpaHl'lubl'

floarorray Hepaneuctna, sarucaHHble B BIzAe (2.24),.(2-25), crporo Mo-

ryr onpeAeJrr.rrb roJlbKo ycJIoBI'rs npuMeHLIMOCTH AlI@y3HOUsOfi,reopltu.- 
B i.nyqae BblnorlHennf ycJIoBLlR AtloAuofi reopllll y oAHofI L3 rp?-

sutr cnos llli,rrxu, r,{e E rraaxcraMaJlbHo' y Apyroft fpaHI'IqbI' rAe E -> 0,

9TI-I yC,'IOBlIg Bblnod'lHtlrbcfl He 6y,uyr.

Ann au$SyesoHHofi reopsll, KpoMe roro' cJleAyer-yql{rblBarr 6olee

xecrKr,re ycJIoBIIt, OnpeAeJlseMble HepaBelrcreor'a (2.?,1), ue xotoporo

cJreAyer, uro eHeprran,- npuo6peraeMafl Ha AJIHHe CBO6OAHOTO npO6era,

H€ AOr'lX(H? IIPeBblUaTb -;RI .
' 

B roM cJlyqae;-Kol'[a cnpaBeAaI'IBbI ypaBHeHI4s (2.3) A.ns o6lacru
ilpocrpaHcTBeHHoro sapflAa' HeO6XOAHMO paCCMOTpeTb UX,pelxeHHe.
tlycri B o6flacrl l rpocipaHcrBeHHoro. sapsAa intt io: coflSt..3ro os-
nauaer, qro s o6ractu npocrpallcrBeHHoro 3apflAa MoxHo npeHe6peu.l
u3MeHeHIaeM n u p sa cqar pexor'r6uHausu. Torna 4r$Qystlouuo-Apeft'

Qonoe ypaBHenne AJIn ereKrp6non (2.3a) uoxer-6url nepenucaHo B BI'{Ae

d n , n d q i n
dx 

-r -f l '  
E: 

-78; ' , (2.26)

rAe HqnoJrbsoBaHo coorHoueHne 9ft,nr:neirpa t)n: #Or.'^ 
yqreHo,

qto-  E  ($ :  * ry
IIpu perueuuu nocJleAHero ypaBseHvs AJrfl in : colst [cnonb3y_eM

MeroA Bapltau{u nocroflHublx. B srou cdlyqae peuleHne ypaBHeHllfl (2.26)
6yae* ucxarb. B BI.rAe

_ a(r)
n( r ) -C (x )e  h r . ,  ( 2 .27 )

. 9(r)
raK KaK JIerKo npoBepllrb, tlro n (r) : Ce--F, rAe C * [ocroflHHaff,
flBJrsercs perueHl.IeM oAHOpOAHOTO ypaBHeHI'IR

f f+ .##: r .
:

4B

f loAcrasus(2.27 ' )e(2.26 ' ) ,nof lyq l ' lMypaBHeHI ' IeAJIgHaxoxI 'eHI ' I t
.. a(r)

dC.(x) -t h e kr dx.

HnrerpHpyr olo BbIplx€HHe B npeAe*:*; 
fi]r' 

noltYvutvt

.  C ( x J * C ( x ) :  h \ e h r d x , Q.2B)

(2.29')

(2.30)

rA€ xr- roqKa, e xoropofi sa/ia:Fia Koll(eHrpauYfl p .v\I I (x); IIo'l-

;;;#" c [til'"utaus"be ug. BbIpaxeHI'Is (2'28)' v (2'27)' rlox(Ho no'

nyrr[rb n (tc) B cJleAyIouIeM B-I4Ae:

n (x) :[, t',, - ;#;i "--*] t lF'- 
L" 

\ '" I /  eDn i J

. Asanoruquf,uu o6pasoM Moxer 6url no.rtyueHo lI pelleHue AI'{SQy'

altouHo-,4peitQonoro ypaBHeHllfl AJI' Ablpoqrioro rbxa' B pesy'nrrare

p (x) :[r,o,, + h ! ; 
#*J.*,

t[,e #r - raKxe roqxa, e xoropofi 3aAaHbI KoHUeHrpaut4e p:(!) Il (p (t)'
-- 

fl6.nyuennble Bblpaxesus p'is n (x) u p (x) rrrqryl 61"1r: l:lonb3oBa'
Hbr AJrr HaxoxAeHnfl roKQB B O6racrH npocrpaHcrseHi{oro Tpllu 

B rpeA'

notfr*anr"x lH@ysuonnoft Teopllll' ecJIlI ucnoJlb3o-Barb rpaHIIqHbIe

ycJlobuq Ha rpaHHuax c aa3opoM n o6'nacrl}o flpocrpaHcrBel{Ilofo

3apffAa.^ 
Ec;II.r s o6aacrH npocrpaHcTBeHHoro 3apqAa cyqecrBe-IlHyto- ponb

urpalor Mex3oHHbIe nepexoAbl C yqacrneM'floKarbHblx ypoouefi' no-

iiu!i"""t" nu p"..=z.ar tb yxe He,rl-ss cql'ITarb' uro in t't fo He eanucRr ot

;;6ffi;r*'Btu"o* cryqae AJ,rfl HaxoxieHtrs roxos qep$ o6nacrr

npocrpaHcrBeHHoro sap;Aa HenpaBoMepHo npilN{eHffrb flgflyqenHbIe

ffi;"ffi;;;;;6st;io['"o-ap"hQosui vpaeHeH'fi \ils n (x) ri p (x)'
a seo6xoAtttuo peuar; norHylo c-I'IcreMy ypi'nneuHfi (2:11.^l 3ra 3aAatla'

KaK yxrc orMettaJlocb Bblue, s o6qelul cryqae He peuaercq'

3aAarla HaxoxAeHI'Iq roKoB c yqacrneM "toxd'nugux ypanneuuft

Moxer 6um peuena, ecJIIr npeHe6peu!. cKBogHbIMH ToKaMI'I B npeAe"Iax

paspelngHHblx 3oH noJlynponblHHIia. TorAa HaxoxAeHI'Ie BoJIbr-aMr'lep'

uofi xapaxreprcrraKl4 isoAnrca K paccMorpeul{9,1eqe1:T1. Hocl4rerleft
3apqAa c soHbl npoBoAHMOCrI{ Ha ypoBeHb, c ypoBHfl B BaJIeHTHy}o 3oHy

a o6paruHx nepexoAoB.
B gto* c.nyuae AJIfl oAHoro JIoKaJIbHor-o ypoqHfl c KoHueHTpaquen

,V, ;qti;.t;-il;; MexAy ypoBHeM a soHofi npbeo4r.r'aocrn uoxer.6urr

3anr,lcaHa TaK: '

'  i n t :  e l kn t (N  t -n t )  n -  k tnn t l ,

. a rrJlorHocrb roKa MexAy ypoBHeM I'I BaJleHTHoft soHofi rax:

iat : a lkt,n p - kot (N t - n)1,
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r'le knt, kn, kto, k4 - Kr4HQTHqecKue xoeQSnUuenrbl' xapaKTepu3y'
roqHe nepexoAbl ypoBeHb - soHa npoBoAlMocrlr u ypoBeHb - DaJIeHT'
Hafl 3OHa; nl - KoHIIeHTpaUIrfl sfleKTpoHOB Ha ypOBHe; n v p - KoH'

ueHTparlr4r gJIeKTpolroB ll asrpox B 3oHe, npoBoAldMocrH u sanenrHofi
soHe B o6racrsx, c KoropblMn uler e.rrexrponnuft o6MeH'

3a nonoxurer'IbHoe HanpaB,reHl4e roKa s4ecl nu6pano HanpaBJIeHI'Ie

ABr4xeur.{q 3JIeKrpoHoB or noJIylpoBoAHI'IKa 2 x nonynporo4ultxy ,1.
TaXas garrfiCb TOK6B int A itn OTpaXaeT CJIeAyIOUII4e O6CrOsrenrCrSa.

tr4HreHCHsgocrb nepexoAoB gJIeKrpoHoB soHbl n poBoAI.{MocrIl Ha ypoBeH b
nponopwroHa,tbHa KoJIHqecrBy cnoboAsltx Mecr Ha ypoBHe I4 KoHueq-
TpauHu 3,'reKTpoHoB, yqacrByloulllx B nepexoAax, a HHTeHCI'IBHOChb O6'
parHbrx nepexoAoB nponopllHoHa,'IbHa KoH[eHTpalluln SreKTpoHoB Ha
ypoBHrx. I4HreHcusuocrb or' l€KrpoHHbIx nepexoAoB c ypoBHff B Bar'IeHr-

HyIO.sOIIy [pOnOpUHoHa,IlbHa xouueHrpaql4H sfleKTpOHOB Ha ypoBH-e
xo.nuuecfey iso6o,4HHx Mecr B ea,reHrHofi 3oHe, a I'IHTeHcIlBHocrl o6'
parHbrx nepexoAoB - nponopulloHaJlbHa KoH[eHTpauuu cno6o4nux
Mecr Ha ypoBHe.

B garnrcqeHlle Mox{Ho orMervrb, qro ABI'IxeHfie HocHTeJIevr 3apflAa
uepes o6nacrl4 npocrpaHcrBeHHoro 3apsAa o6H'IHo H KourpoJll'rpyer
npoxoxAeHHe roKa qepe3 rereponepexoAbl.

2.4. NPOXOXJIEHI4E HOCI,ITEJIEN 3AP'IAA B 3A3OPE
( nPoMEXvrotI HoM CJIOE)

Kax yxe paccMaTpHBaflocb Bb[ue, Bo3Mox{Hbr ABa rrapa,lJ'IeJrbHbrx
MexaHlrsMa nepeHoca iocurenefi saprAa qepea sa3op (nporrrexyrouuufr

c,roft), a uMeHHo, 6es yuacrun 14 c yqacrueM flepecaAoqHrlx IIeHTpoB.
I-lpa paccMorpeHl'IlI TyHHeJII'Iponairnn qepe3 3asop 6es yqacrl'Ifl

nepecaAot{Hux ueHrpoB o6uqHo npeAfloJlaralor' tITo 3a3op MoxHo pac-

cuarpuria$ KaK ALI3JIeKTpI'IK, AJIfl KOTOpOTO cyqecrByeT sanpeqeH-
Har{ 3oga. B grolt cJlyqae, ecJII'I noTeHqI'IaJIbHas gHepruq MeHqe1cff

AOcTaTOqHO nJIaBHO' a npO3par{HOcTb 3a3Opa AOCTaTOqHO Mar'Ia (Ha-

IrpHIMep, 3JIeKrpoH npoxoAllT AaJIeKO nOA AHOM 3OHbI [pOBoAI'IMo_crH 3a3o-
p;), ruoxuo nonlgosarlcs cJIeAyIoxlHM BbIpaxeHI.IeM Koa$QllqueHra
npospauHocru Tpaneqel4AadrtbHoro 6aprepa, [o,'Iyr{eHHbIM n BKE-npu'
6,ruxesurl ttplr HHrerpI4poBa]II.rH (2.22):

o:30."p {- +(#)' ' ' l(u, - 81"/' - (ur-t)"/ ' l \, (2.31)

rae 6 orctluTblBaercfl or Bepull4Hbl noreHul'IaJlbHoro 6aplepa nony-

IrpoBoAHI.IKa 2 (puc.2.3). Kax BIIAHo I13 sroro BbIpalI{eHI'Is, xoeQQu[uenr
npoSpaqHocTll cLlJIbHo II3MeHfleTcg c H3MeHeHueM BbICOT [OTeHUI4aJIbHO-
ro 6aplepa LI ToJIUIHHrI sasoPa d.

Ecnr.l nepexoAbr nAyT c yqacrr4eM noBepxHocrHbrx ypoBHeI4 B Ka-
qecTBe nepecaAoqHblx ueHTpoB, B CTaUI'IOHapHOM cJlyqae Mo)I(HO 3aIII{-

carb creAylolqHe BbIpaxeHI,Iq AJtfl roKoB, XapaKrepl{Syloqux BCe Bo3'

MoxiHbre [epexoAbr Mexqy f-u yponueru u paspeueHHblMl{ SOHaMLI:
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il, : e lK2,,t (nt - fl) n?* - K?,mi; (2.32)

t2o : e IK?,t @1- m) - K?"m,p?l;

iL: elKl^mr- KL,\nt-- mt) nl,l;

i'o : e lKl,mrp'": Kot (nt - mt)l.

eoerEf :eoerE!ao! ;

eoeuE!:so%Ef;aoB;
eoerE, : eoesfi -F ori

eoe"Er: Eoetlz * C.2,

(2.33)

(2.34\

(2.35)

3Aecr nr - KoulreHTpauun i-ro nonepxHocrHofo cocroflHnfl; ffLi - rrou-

ueHrpaqrq 3JreKrpoHoB sa f-u ypo"n"; K7], K'":] - KI'IHerI'IqecKHe Ko'

a6suuuesru, xapaKrepH3yIoqHe nepexoA ua i-e cocroqHge; Xi;? ' KI;' -

il;;;;;;i,^tt; *6u64"irr"uru, xa p a xrep I'I 3ylouue o6 p arnue nep e xoAbl ;

nlt u p!,'' - KoHueHTpa[Hq SreKrpoHoB I'I AbIpoK s rex o6"Ilacrsx no'ry-
- -  r A

npoBoAHI,IKoB I vt z, e KoropblMll t{Aer srelirpouHnfi o6N4eH' 3a no"Io-

XrrTeJrbHOe HanpaB,'reH,e rOi<a Bbt6paHO HanpaBJIeHI'Ie ABI'l'neHI'l' '.'IeK-

rpoHoB or norynpoulln"nu 2 'x no'trynpoBoAHl'IKy 1:T?::: 3anucb

TOKOB qep€ noBepxHocrHble ypoBHI'{ cBflsaHa c reM' qro roKI{ C 3OHbI npo-

BoAIrMocrII noJlynpoBoAHHro-s-/ u 2 tta ypoBHI4 npo[opllnoHa"Ir'Hbl KoH'

uil;p;tlil cuo6o,in"t* Mecr I't KoHlreHrpaqnl4 3'teKrpoHoB 3oHbI npoBo'

AHMOCTLI, npI,IHI'IMaIoulnx yqacTne B g"IeKTpoHsolra o6uege', a o6parnue

ToKr{ IIponopqHoHaJlbHbl tioHueHrpauun s;ierrpoHoB Ha yponnnx' Toxn

c ypoBHq B BaJIeHrHbIe 3oHbI no.nynpoao[Hl'IKoB I u 2 tponoplrnoHaJlbHbl

KOHqeHTpauuI'I gJIeKTpOHOB Ha ypoBHe I'I KOJIHqecrny cao6o4Hblx Mecr

s uiae"iroli sose, a^ o6parH'6 
- 
roKI,I nponop[I{oHaJlbHbl Ko'fiqecrBy

cso6oAHrtx Mecr Ha noBepxHocrHblx ypoBHrx'---I4ffi;;;o"u"". 
sanrcaHultx B Hacrohulelr'l naparpaQe nupaxennft

rlo3Borqer npoaHaJIUsUpOBarb npoxoxAeHse HocnreJleft sapn4a uepes

rrr"p, -"""psrfi raxxe Molrer KoHrpoJlupoBarb roKH B rereponepe-

xoAe.

2.5. COOTHOTIIEHI,TE MEXAY HANPflXEHI4flMI'I B TETEPONEPEXOAE

Paccuorpuu, KaK 6yaet nepepacnpeAeJllrbcfl MexAy- noJlynpo-

BO.TI,HHKaMI4 14 3asOpOM npI'�lJIOXeHHOe r rereponepexoAy nanpnxeuHe v'

,II,ns HaxoxAeHr.rff- cooisorueguft MexAy naAeHHfMI4 HanpflxeH1lf

rpauuuHlrxt lacTgx|eTeponepexoAaHyxHoI, IcnoJIb3oBaTbycJIoBI l f l
Heirpeprrnuocrl4 BeKTopa e.ltexrplluecxofi I'IH/lyKttHI.{ AJIr cJlyqaeB' Kor-

,u,a K rereponepexoAy He npuJlox(eHo u npuiioxeuo HanpflxeHlle' 9rH

coorHg[Ienl,tq A,'It ciyqas, korAa Ha rpaHl4[ax pa3AeJIa nor{ynpoBoAHl4-

KOB C 3a3OpOM cyqeirBylor noBepxHocrHble ypoBHH' I'�IMeIOT BIIA:

(2.36)

(2.37)
(2.38)

(2.3e)

fAe.gHarIKLI <0> y HanpnxeHHocrll 3d'leKTpl4qecKolo IIoJIg E u nnorgocrn

noseptrHocrHur ea p n4oB o3Haqalor' lITo x rereponepexoAy Ha n p sxeHxe

;; "-;;;;;"o. eiil{;;* vpu""e""e (2'36) us-(2'37) u (2'3e) ue (2'37)'
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MOxHo nonyqr.rrb cHcreMy ypanneHnfi

e.oe' (E!- Er) : ro€s (83 . EJ * o?- or;
'Eoei(83-Er) :EoEr (83.. Er) * of;-oz;

- " v - v L + v s + v ,

(2.401
(2.41)
(2.42'l

,qnn rpex HeHSBecrHbrx vr, vr., vr,
.II,.nn peu:enns cncreuu yparneHufi (i.40) - (2.42) rraoxHo Bocno,'rb-

soBarbcs pesyJrbraraMn n. 1.2. flpu groM cJleAyer yquTbrBarb, rrro
Bbrcorbr noTeHrlHa,'IbHoro 6aplepa B noJry[poBoAHuKe I n 2 q1,2 il3ue-
Hsrct Ha senilqilHY eVUz I{ craHyr paBHbIMH gr,r - eVr,z, Ecnu roK,
npoxoABulr4f.i uepee o6nacru npocrpancrBeHHoro sapflAa, npu sroM He
6yAer usvena"rr n (x) I.I Hapylxarb yqJloBr.rq peaJrrsaqun.cJrofl IIIorfKlr,
ro Bce:paicuorpeuHoe Bbrue- npu V = 0 lns cnos Illorrxu ocraetci
cnpaBeAilHBbrM, Ho BMecro rpaHuqHoro ycJloBr.rfl q (0) : q0 Hyxno He-
Iro,'Ib3oBaTb ycJIoBI.re pr,z (0) : (pI,2 - eV n.so_Bcex nonyqennUx Qop-
My,'rax BMecro go no4dran,rflTb rp1,2 - eVr,z. Hanpuuep, uttpnHa cnot
lllorrxu B noJrynpoBoAHr.rxe I u 2 npu paBHoMepHoM pacnpeAe,'reHnr.{
npnMeceft 3anr.ruercrr raK:

g'' ' : l 2eu' @]'z-'v P\ l '/ ' '
L  ' . ] . , 2  l '

Tenepl ulrpHHa c.nos l l lorrxll 3aBucHT cir npunoxeHnoro HanpqxeHufl
Lr yMeH br.uaercs AJr r Han p qxeH r.tfi , noH uxarcqH x Bblcory noreHrlHa,rlbHo-
ro 6aprepa, npflMbrx u yBeJruqr.rBaercfl AJ'Ifl o6paruux HanpsxeHufi,
yBer r.rr{ HBar,outr4x Bbrcory norenur,taJrbHoro 6aprcpa.

Ecnu x o6nacru npocrpancrBeHHoro gapsAa flpriJroxeHo Haflpq-
xeHr.re, Ho npoxoAsrqur4 ToK He HapyuaeT pacnpeAeJreHr.rff noABr,rxHbrx .
saprAoB s rr,o6ofi rorrKe r, To ocraercs cnpaBeAJrHBbrM npoBeAeHHoe

'Bblue paccMorpeHue o6u{ero cryrlafl npu V I 0. Heir6xoanMo rortto s.
oKoHqaTeJlbHbrx Bblpa)Kennrx gaMeHurb BeJII4rIHHbt eo .Ha gt,z - eVr,z.

Ecnu roK Hapyuaer pdcnpeAeJreHr{e noABHxHbrx 3apsAoB, ro AJlfl
HaxoxAeHl4s q (x) neo6xoAr4Mo coBMecrnoe peureHr.re ypaBHeHHs flyac-

. coHa H au$$yeuoHuo-4per?Sonux ypallHeHr.rft. Taxaq saAar{a s o6qeM
cJlyqae He penaerct aHaIHTI4qecKIt.

I, lcno,rrsya BbrpaxeHr.rr (1.31) u (1 .32), MoxHo noKasarb, qro B
c,ryqae 4n$SyanouHoli reopulr nporettanrquft rox He Hapyuaer pacupe-
AeJreHae sapflAa greKrpoHoB.u AhrpoK s o6nacru flpocrpaHcrBeHnofo
3apflAa, ecJrn BbtnoJrHflroTcfl HepaBeHcTBa:

'  
InpcL) l>-* -T u#o* t

.  " " n i

. 
t^r 

_ Q(i)

lp (xJ l> it ) " 
u' dx.

3anucausas cilcreMa ypanHeHuft (2.40)*(2.42) Moxer 6urs pe-
[IeHa aHaJlltluqecxr.r Arq cnyrrafl, KorAa o6racrn npocrpaucrBeHHoro
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.SapsAa B o6oux rroJrynpoBoAHr{Kax fiBJIgIOrcff cJIoeM [Ilomxu. B .gtom

Eg- Ez: -(k)'" [(q,o)'i '- (q, - ev)'t\.

floc.ne noAcraHoBKI'l gTIIx gsaqeur'rfi n BeJII{tlI'IHbI 4 - E": -+'

" ypu"""""q (2.40) u (2.41), Mo.HLo xx peulurb orHocI'IreJIbHo % r

Vr,'xoropue qBrtlorcfl $ynxunefi Vs. 3arel{, HC[or'Ib3]ff coorHoueHl'Ie

Q.a2) u noJlyqeHHbIe peu'euHr,,"nerxo uaftru BerI4tII'IHy V"xat< Qyuxullto.'
npBJIOXeHHOTO HanpqxeHuf v.

B pesyamare nonYud'bn'r

v,: r*e--*lql6"+ ,#**or - ^;#jrl, (2.43)'
e d 12e,,erpr)'/ '

Vreue, l ',
atzffip1': [ - ,

V', e6et

V r : * - +e

c - V

rr,e . s

u1 : JSrPa; vt,: @irrri'\ a,

a:+(+)'(#^+ *fi) '
A- r ,  2eue, I  el t  * q/o'  , ,  + t*? [  ,1i .  .+ ul 

l ] ,b : l * - r f , \ r *p - r  *e ,e i j f  
- r - rd  

Le ,e t r ,  
I  e6e ,n ,  l l '

. - -9!-t-9s-e e ,\ert + ,,,r^ffii + \atd * -o<r,*";;1 
Y

Kax BI'rAHo H3 BblpaxeHuk (2'43)-(2-45), BerntII4HbI Vv V' n Vn

"p" ""ttofr""*-y rd""."r or roJluluHbr d 14 4us.nexrpnuecxoft npoH'-

uaerr.locru 3asopa ed, or KoHueqrpauflfi HocHre.nefi sapn4a B noJlynpoBoA-
Hul(ax prv ft2, or HX Al'IsJlexriuuecxux npoHl'ruaeMocrefi el Il r:!' or BbI'

Coi oufn.poiero u gio ra napiruerpon nonepxHocrHblxJpoeHeft'
flpu orcyrcrBl'Ill noBepxHocrHblx ypoBHefi Vi - V'z - 0 u oupa*

xeuts (2.43)- (2.44) YnPoqalorcs:
- <l io -f [ ,plt-- 

V'eoe' T'
Vt= 

| ,  L d(2;;;P;l  
;

v,: s€__ +[,r;l; _ ,mfr!,
:,++l**i * ,#*;1,

c  : 0 .
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Kax noxaguBaer aHadrrr{3 noflyqeHHux nupaxeuHft, naAeHr..re Ha-
flpsx(eHr.rs B 3agope 7, 6y4er 6oltrre 4;rr 6onlrunx pr, nz, d. fIa4eHHe ua-
npsxeHlrs 6yAer 6onrrue B noJrynpoBoAHr.rKe c MeHbrrrHMH KoHqeHrpa-
qr,rsMu npuueceft, BbrcoraMr.r 6aplepon u Ar.tgJreKrpr,rtrecKr..rMu npoHHIIae-
MOCTgMH.

flooepxnocrHbre ypoBHr.r Moryr KaK yMeHbutarb, raK I.r yBernrru-
Barb gHarleuvtfl Vy Vr, V, nplz nocroflHHblx gHarlennflx ocra,'Ibublx
-rrapaMerp_oB. 9ro onpe.4erqercs reM, qro noBepxHocrHbre ypoBHz Moryr
xax ogoo6oxAarbcs, raK r.r BanoJrHsrbcs npn npuJroxeHr.rn onpeAeJ'reH-
4oro 7, qro npr.rBoAr.rr K H3MeHeur.rro 3HaKa Vl n VL. B cauona 4e;1e,
sa[oJrHeHr.re noBepxHocrHbrx ypoBHefi onpe4enffercs ypoBHeu (Depuu
noJr.ynpoBoAHnKa, c KoropblM ll4er uau6odrlee aHTeucl,Innufi a.nexrpou-
ssrri o6uen. EcnH o6uen rrAer c 6nuxaftnrHu noJrynpoBoAHHKoM, rrpr.rJro-
)I{€Hue npflMoro HaflpflxeHr4fl npuBoAr.{r x ocno6ox4eHr.rrc ypoBHs, a
o6parHoro - K r-rx.Bano,'rneHr4to. 9ro u Moxer npr.rBoAurb * yne,ruue-
HILIO UilLt yMeHb[reHlfio BeJrLIq]lH ob 62 vr v\,2 s SaBucr.rMocTLI ,or cgoficrs
rroBepxHocruux yponHeft.

B ,racrHoru cJryl{ae, KofAa. B rereponepexoAe pr ) nr, urocoorBer-
"crByer KoHraKTy MeraJrJra c nodrynpoBoAHrlKoM, ero + 0, 7r : 0 u'Vi : 0, HMeeM:,

. V": -Vt+ -Y## * 
(2noeo:.zgz)'/"d -

_ I / | 
(2noeoerqr)'/" d J_ :lgrrrd, ]2 2enreoerd2 ,rr , .,,i-V 

L e,% r_leqit- l  V*,Dt1r.nu1
V z :  V  - V y

'{lpu d: 0 % :0, Vz: V u Bce HanpqxeHge rraAaer n o6nacru npo-
.cTpaHcrBeHHoro 3aprAa noJrynpoBoAHHKa.

b APYrou qacrHoM cJryqae, KorAa B rereponepexoAe 3a30pa Her H
'or : Os : O, d : 0, Vs : 0,V| : 0 H Vlz : 0,

r / -  v'r - 
;;;F;-''T  Erh

V o :  v  
.- r , E z f t z

, _.-;rp;

f , lpu pD n, Vr-+ 0, a Vz o V, u npn nz)) h Vr--> 0, a Vr:  y ,
Bce HanpsxeHae naAaer B noJrynpoBoAgrrKe c uenhrueri KoHqeHrparlnefi
npumecefi.

B garlroqegne orMerltM, qro xorfl [pHBeAeHHbIe,Bbrue BbIpa)KeHHq
4nn Vy V" u V, no,ryqeHbr AJrfl c,'ryqas, KorAa e o6oux qacrsi rerepo--
flepexoAa peaJrngyr,orcfl cJror.r IIIomru, KaqecrBeHHbre BbrBoAbr o [epe-
PACNPCACJICHI,IH HANP gXEHI4g MC)KAY PA3JII4qHbIMH NO,'IYilPOBOAHUKAMW
{.I sa3opoM B 3aBucr{Mocru or KourleHTpaultt,t npuveceft B no"'ryflpoBoA-
fiLIKax, ToJrrrlr.rHbr 3a3o_pa r.r Apyrlrx napaMerpoB Moryr 6url nepeueceHlr
u ua cnyvari, KorAa o6nacru JrpoctpaHcrseHHbro gapsAa'B fio,'ryrpoBoA-
rHI4Kax He gBJrslorcs crrosMla lllorrxu.

(2 .47)

(2.48)

f . rasa 3.  BbInPtMJIEHI ' IE B KOHTAKTE
METAJIJI - nofl  vn PoBOAH [l  K

3.1. BOJIbT.AMNEPHAfl XAPAKTEPI{CTI'IKA KOHTAKTA
c yqEToM OAHOTO TI{nA HOCI'ITEJIEn 3APflAA

Paccuorpuna BoJrbr-aMnepH yro xa pa KTep HCTH Ky KOHTa Kra l\'�lera'! JI -

noayupoBoAHI.IK c 3a3opoM B npeAnoJIo>KeHIIflX AuoAsoft u 4usQysu-

orruof t . reopuf tAng'cf ly l {ag 'xorAdToKnepeHocHTcf lToJIbKoocHoBHbIMH
"ocruran"*, 3apgAa 6es yuacrul noBepxHocrHblx ypoBHefr' Lns n-rllrla

noJrynpoBoAHnKa, ltso6pixenuoro Ha pl4c' 3'1, aro 6yayr 3'reKrpoHbl'

Kai yire paccMorpeHo Bbrrre, AJrs AtroAHoii reopHu HaxoxAeHI'Ie BoJIbr-

aMneiHoir xapaKTepr4crr.tKH cBoAr.rrcfl K BbIqHcJleHHIo pa3Hocr' n'IoTHoc'

Tr.r TOKOB H3 nOJIy[poBoAHHKa S In{er?rr i, u us MeraJIJIa B rloJlynpo-

BOAHuK ir, ua4 6aplepou o6,'Iacrli npocrpaHCrBeHHOfO 3apsAa

in :  i z -  i i , (3 .1)

(3.2)

rAe 3a noJIoxI{TeJrbHOe HanpaB,rreHr4e 9JIeKTpOHHOIO TOKa nU6paHo ua-

n pa B,,reH I.Ie, COOTBeTcTByrOUfee rOXy I'I3 nO,'I yn pOBOAHI'IKa B MeTaJIJI',U,Jiff'

HixoxAenus nJIorHocrI'I ToKoB i.n, Y. it BocnoJlb3yeMcfl BbIpalKeHI{eM

AJrff TepMoglexrpouHott oMI'IccHI'I (1.1)' ua ocHoBaHLH Koroporo MoxHo

noJryqr.rrb Aflfr paBHoMepHoro pacnpeAeJleHufl npl{Mecefi B noJlynpoBoA'

HI4KE
,pl,z ylz

ip :e[nATz" 
--n- 

:9,!*; 
-F 

.

B grou BbrpaxeHllfi, cnpaBeAJII.lBoM ro,'lbKo nPIl Q?'z >> hT, AonoJI'

H[reJrbHo BBeAeHo cpe4nee. sHaireHlre xoa$Quuneuta npo3paqHocrl{
gJIeKTpoHOB 3,, \nn yqeta TOIO, IITO He BCe HOCI'ITeJII 3apqAa IIpOXOAffT
qepe3sa3opMe)KAyMeTaJIJIoI {uno, ' IynpoBoAHltKoM'I {HcnoJlb3oBaHbt
COOTHOIXCHI.Ifl: 

. .

(pt,2 :q?,2- l.u o, : (ffi)' '";

^ | 2nm*kT \"/ '  - tr
f to :2 l :u " : )  e  f t r  '

- B B KE-npu6;InxeHnH Arq rpaneuol'lAa,'lbHoro 6aplepa, r]'so6paxen-
Horo Ha pHi. s.t, cpe4unfi roes$uqueHr npo3paqHocrH sJIeKrpoHoB-
3anl{cau sn. 2.4 ($oprvryua 2.31).

Kax suAHo I{s pllc. 3.1 ,6, npu npHJIoxeHIllI K KoHTaKry Hanps-
}KCHI.I':

e?:  qo  *  eVr*  l t ,  g r :  eo  *  eVr i

e a :  g o  - e V z *  l t ,  Q z :  Q o  - € V r , (3.3).



TAe yr i Vz- qacru o6lqero naAeHllf l HanpqxeHl{f, V : h* Vt
B sa3ope n o6nacru npocrpaucrBeHHoro SapsAa noJlynp_oBoAuuKa'
csssaHiHe c 7 c nououlllo Bblpax{euufi, nony{eHHblx B n. 2.5 npeauaY'
utefl r.traBbl:

l4cuonrsyn Bblpax(eHl{fl' \Itfr ubt,z v rQr,zt noJlyqaeM, qTo BottbT-aM'
nepHaq xapaKTepl{crHKa KoHraKTa MeTaJLr - nO,lynpoBoAHHK B npeA-
nod'roxeHllflx AIroAHoIi Teopflfi I'IMeer B]IA

ee eVr eV,

io: eATzf.^{-ET (u ot - e ot 
) :

- Qo eV, eV,

: ! !o ' "Zr ,e - -k r  @T - .  -1 .
4 "

Psc. 8.t. OneprernrecxanAnarpaMMa 
r"l;xffrr:T*Jt-notvnpoEoAHuK 

nptr nprroxeHur

a - roKH sepbs KoHraKr ar,ufriillill,: 
l?"J#h3;,f". 

As00veuoHHaq reopne);

[n$SysnoHnac reopur. B npelno.noxehusx 4nQQysuoHnoft reopull

J(rq HaxoxAeHLIr BoJIbr-aMnepHofi xapaKTepI'IcrI'IKIl.B oAHoMepHol\'l cJIy'
qae n yqere ro,'IbKO ocHoBHbIX uoCnrenefi 3apffAa Heo6xoAulto peuarb
a o6racrn npocrpaucrsenHciro 3apffAa. 4u$SysnoHHsi4pefiQoeoe'ypaB-
:HeHHe (2.3a). O6qee peueHlre 3rofo ypaBHeHltfl, [oJ'lyqeHHoe B npeAbl'

Iyqefi HIaBe, Tenepb Moxer 6ltrl nepenHcaHo B BHAe

,1r4:fuor*hT"# orf, , (3.5)

r4e lrnrerplrpoBaHl.{ernpoee,4euo oT .r Ao tc = K, coorBeTcrBylolqgfi
xoHuy o6nacrH rrpocrpaHcrBeHHoro Saps&a, a sHaK nJIIOC nepeA BTO'
pbrM tIJIeHoM CbssaH C eu6opol.l noJIoxI4reJIbHOrO HaIIpaBIeHHq roKa

SJIeKTpOHOB OT nOJIy[pOBOAHLIKa K MeTa,'IJIy.
lpauuuuue yc,toBl,Iff, ueo6xoAtltuue AJIn peueHus_3aAaqu' Mox{Ho

sanr4carb'Ans croq Illorrru npn paBHoMepHoM pacnpeAeneHl'Iu npuMe-
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(3.4)

a(r)--tr

cefi cle,{yroqr.rM o6pasoM:

npfl t : 0 ,  q ( 0 ) : e o - e V z
9o4Vt

n !0) 
: noe- 

-- hT-

n p u  x : K ,  q ( { ) : 0
n (Q') : no.

(3.6)

Eqru ganucr sHaqeHLIfi q (0), q (Q) n n (K) o'aesulHa, r.o fpallnqHoe
ycnonie Ailfl n (0) rpe6yer cneu,uaJlbuoro notcHeHnfl.

A,ns uaxoxAeHgs n (0) 6yaeu paccMarpuBarb pasHocrb nJlo'rHocrllj
roKoB in : ia -- lr B nJlocKocrl.t pa3AeJIa noJlynpoBoAHvKa n 313opa.
Tox l, rin,teer to xe gHa.IeHLte, qro n B cryqae AuoAHofi reopuu. Tox l*:
B cJryqae gu$Qyeuonuofi reoputt Mox{er 6utl ganucaH qepes KoHqeH-
rpauHlo n (0) xax nJlorHocrb rol{4, npoxoAqqero qepe3 rpaHI4IIy nofly-
[poBoAHr.lK :- 3a3op:

4in
- F r

eon?n

Vls nocJreAuero paBeucrBa JIerKo noJlyqllrb n (0) e sanucaHHoM BbI-

IlIe BHne.' 
Cne4yer orMerurb, qro, crporo roBopfl, BbIpaxeHI,Ie (3.7) oruocurc*

K cuMMerpr.rqHoMy pacnpeAe,'leHl4lo gJIeKrpoHoB rlo cKopocrflM. flpn Ha'
ilLr,tfiLt roKa cHMMerpun uapyruaercff. Ecnu rox intaail no cpaBHeHl'{lo c
renJroBbrM roKoM (3.7), ro raxoe HapyIueHI'Ie Moxer- 6ltrl yuieuo. .B
groM cryqae rpaHHrrHoeycJIoBHe Ailfl n (0) npnnHruaer BIzA (3.6), ec.nn

3aMer{r,rrb @' Ha BefiLtq}.rHy t" (t - 
* *"), Koropafl npil 9, << |

coBnaAaer c 0n, a npil 9n: I paBHa l/!.
I4cnollsyn r'pau"utue ycJIoBLrs'npu x L Q, saxoquu,lro-C (g\ :'

: ho. [antue HcnonlsyeM rpaIII4tIHoe ycJIoBHe AJIS x : 0- TonAa

' eunn (0) ?,
tz: ----T- .

B pesy.nltare

. eo, (0) ?, e-a,6o?n ̂ -'n 7 
---- 

+- 
- ---- E

(3,7).

Qs*eV r
-TF-. (3.8),

t

. (3.e)
eo4v r  ,  [  ,  7  *< *= l  1 -nrT + ^h : 

L"o 
+ ,ffj e--iz-axJe-

Peuras 9To ypaBHeHI,Ie oTHocHTeJIbHo roKa, MoxHo noJlyqnrb:
' 

9o eV"

,no"-E 1.7 . (3. r0!
- 9o4Va

h T

- eVt

- e  k r
--21,

tD"J "
0

4.=.-_€
€gn?1

l n :

D /



n  Q \ x )

xapaxreplrcrt4xl'{ c,TeAyeS Buqllcilurb Hurerpal 
)eTax' 

Ho Aaxe
. 0

.u,Jrs cJros fllortru, KorAa Q @) -(flo - x)' u I'IHrerpar I'IMeer AoBoJIbHo
frp"aiot BLIA, roqHoe snaqeHue I'Inrerpa"Ia Moxer 6urr nonyueHo roJIbKo
'q HcJIeHHbIM cnocoooM.

floarony npoBeAeM npu6nuxenHoe BbIII?ICJIeHI{e srofo IIHrefpaJIa'

no3BoJt f lFo [ lee I IoJ IyqHTbaHaI l ' lT l ' l qecKoepe[ IeHueSaAaqI I 'ucnoJ lbSyg
,r.*orop"t. o6ulue ieoftcrsa noAblnrefpaJlbHofi $yuxqnn' Aat qero npeA-

craBL{M UHTerpa,'I B BIIAe

nns HaxoxAeHL{tl oKoHqaTeJIbHOrO BbIpa)KeHI'Ig no'nrr'aunepnoft
g

(3 .1  1 )
g
n  @ \ x l  r  .  \ - l

\ e-r7- l*l aq.
J  \ a x  I
0

floeronrxy Qyur<uHr "H a"uu"re,,rbHo c'Jrb'ee H3MeHgercfl c 'r3-

lBHeHr.no # - E (x) (cnr. npeAblAylllyn rrlaBy)'

_ _ - ^ _ _ -  d p
To B LlHTefpa,'re (3.11) voxHo BblHecrlt fr 

us'noL 3HaKa HHTerpa'IIa B

TOqKe, rAe

(#)"'o"n'
q  c o ( x ) r .  \ - l  t .  \ - t  I  t

f .# f j,q)-' d<p =(+)-'^ \ efr d.<p :
J "  \ d x l  

- ' r  
\ d x l x : o  " l  . .

o Qo-ev z

:k r (#) : : , ( t  -e+)ry-  #"

a(r)
e T MaKcI{MaJIbHo. 3ro coorBercrByer BbIHeceHI'IP

s6flr.rsr.I x :0. B pesy.nrrare Mox{Ho no,'Iyqnrb

,  
' ( 3 . 1 2 )Qo-eVt

h T

Qo-€Vz I t dm \

rAe yqreHo, t{ro B cflyqae cJlor lllorlxu e---i.- ) l; -; 
(#),:r:

: f,n-HanpfxeHHocrb gJleKTpl4qecKoro noJln npu x:0'

f io^crasi"q (3.12) e (3.10), nOflyqaeM oKoHr{areJlb'oe BbIpa}KeHI{e

"onit-?*n"p"ot' tupuntep lrcrl4Ku B npeAnoJloxeHl'Isx arasQysuonnofi

TeoPI{H 
o. ev z eV,

. - dt,?nno ^-# 1 uou, 
\t"---. 

#), (3.13)in: ___ 4-e l-;p;;"u, ), 
- ,.

.  
\  _ 4 _ _ T " 0

rAe I{cnoJIb3oBaIIo raK}Ke coorHo[Ieuue gsurefiHa Dn: u^ +'

AHauns BoJtbr'aMnepnblx xapaKTeprtcrl'lK' BupaxeHne BoJIbr-aM'

{IEDHbIX XAPAKTCPHCTI'IK KAK N.JIfl AI'IOAHOfi TCOPUI'T' TAK I'I A''tfl ALI$-

dv'euoHHofi'Moxer 6uts ganncago s o6ueN{ eu,],e:

1v+ - ev'

i :  i . ( e  
o t  - e  o t  

) ,  ( 3 . 1 4 )
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rAe A,'rfl ,quoAHoft Teopllrr 
eo

. eannogn ̂ - i;-.ls :  . -T-  e ,

a.nr 4uQQysnosHoft reopun

i": J!frZz e

I4cnonreyq BbrpaxeHnq
(3. l4) - (3. I 6), uoxno AerarrbHo
npoaHaJrLtSHpoBaTb BoJrbT-aM-
nepHya xapaKrepHcrr,rKy.

Tax, npu d-+0, KorAa Y->
+ 0 , 9 n - +  I  u  V r + V ,

eV

i  :  i ,  (e " '  -  t ) ,  (3.17)

rAe AJIfl AuoAuoft reopnu
- Q o

i": ea't'ns lT, (3.18)
4 -

4nn 4u$$ysuosHofi reopHrr

[s: €tlnltroEot-# (3.1e),

(npu eanucu aHaqeHl,Ifl i, itns antp$yenouHoft reopnl{ yqreHo, qro
cpeAHrq rellJloBas cKopocrb 3Haqr.IrerbHo 60rblue 4pefiQonofi w
arV 4Eour1.

Kax suluo H3 Bblpa>KeHun (3.17), npH roJIrqLIHe 3a3opa d: A
B cJryqae AnoAuofi reopur.r npruoft roK npII ApcraroqHo 6o.nrnrux Ha-

npfx(eHl.Isx I]ponopurloHaJlen eTU, a o6parunfi - nocToflHeu. B c.nyuae
4uQ$yenounofirreopuu npl4 rex xe ycJIoBI4ax npruoft roK nponop-

uHoHaJIeH Eoefr, a o6parHrtfi Eo. 'l locxo.lto*y An" npqMofo HarIpaB-
JreHLrfl c pocroM Hailps>xenlln Eo yueHl[Iaercff, To 3To npuoe,u,er x 6o-
,ree c,la6ouy pocry npflMoro roKa 4.rra 4u$Syauouuoft reopuu ro cpaBHe-
Hr.rro c Ar.roAnofi. flpu o6parnblx Harrprrx(enuqx Eo pacrer c yBeJII{qeHHeM
HanprrxeHllq. 3ro npLIBoAHr K roMy, I{ro Arfl AuQQyeuoHnoft reopnn
o6paruuft roK He l{enblrblBaer HacbIIIIeHHs npu pocre o6parHoro Halpfl-
xeHrrfl. Bq.nrr-aunepHble xapaKrepl.rcruxl,I Ans AHoAHoft u 4nQQyeuou-
uofi reopr.rfi npu d: 0 noxasaubl Ha pvtc. 3.2. Ha sroM pLIcyHKe yqre-
Ho raKxe ro, rrro gaRrAlro4uofi reopan i. 6o;roure, qeM Afiff AtaQQysnou-
uofi, rax xax

an=.  unEs' 

E9

9o'
hT Eoiln- .

. t aw n J n  |  8 , ,_v- - - ruo"n

( 3 . 1 5 )

(3. l  6)

Pnc. 9.2. Bonrr-aunepxsre xapaKTepucrtrKu KoH-
TAf,Ta MeTaJlJl - nonynpoBoAHHK Anq oAHoro THna
rrocnrenefi sapnta (1, 3 - AnoAnas r€oputi

2 ,  4 -  auooysnoHuac reop[s ) .



Ecnu d.+ O,ro V, ornuuHo or i{yJlt, a 7n or y'To npI'tBoAHr K roMy'

-lro nparrrqn'rox pacrer c HanpgxeHneM MeA,IeHHefi I'I nponopql{oHaIeH
evz 

'

af yntAnoAsoft reopHI'I u 4nS$yeuoHuoft npn Aocra'roqno Ma'lbtx Ko-

eQQHuueurax npo3paqHocrll' Koila 
a+ 

11Eoun' ltts ALQSySI'IoH-
eVz

uofi rcopu, ,prr + D Eoun npnrraoft roK nponopu,oHar'Ie' EoeF .

O6paruuft rox npu d,+ 0 He HcnblrblBaer HacblUeHI'Iff I{ rpoflop'
' 

cv,
.UuoHa,les ef A.ns 4r1o4nofi reoputl u' lr.rQQyononnoft reopl46 np6

"+ 
< Eou,. nnn4u<p,Qysnoquoft rcopur't np^ SS; eo''1^ o6paruufi

'roK rponopul4oHarleH E"#,

Kioue^ Toro, c HgMeHeHLIeM T6JIIIII{HbI 3a3opa HsMeHsIoTcq BeJIH- .
'quuu i. AJIfl At{oAgoft H 1u$'SyafioHHoft reopul{' '[l'ng AnoAsoil reopul'l

il;;;il ;; : 3^ I'I Bce BpeMn yMeHbuaercs c pocroM d' x'tts AIISQ):-

"ro""oft t,bpull iaBncur',toqrl ir'or On cJloxHee' Tax' npI.t MaJIblx d'

.$otAa ry << Erttn, BeilvteuHa is :n1 sasucur or d' flpu AocraroqHo

6o.nrurnx ToJIIIII'IHaX d' :rorFa + {1 Eoun, senuqria i" - 3n vr B

..TOqHocrLI COBnaAaer c is, noflyI{eHHbIM B. npeAnoJIoXeHHgX AUOAsOfi

TeopulI._--.3'o 
noKasaHo Ha pI,Ic' 3.2, rAe raxxe yqTeHo' qTo 'J Anq AI,IoAHoI{

reopuu.6o.nbrle, qeM-A,lfl AITSSy3I'{oHuofi reopllH ".t^,+ 
ffi 

pa3' KaK

31! c.i'reAyer n3 cpaBgeHHt BbIpa)KeHI.{a'(3'a) u (3'13)'

Ha6n"roaaemo6 I'ISMeHeHHe 3aBI'lcl'IMocrl{ roKa or npI'lJIoxeHHoro

,Hanps)KeI.IIq npl H3MeH"n614 16'rrI\HHbI 323opa c $usuuecxoft rouxn epe-

uun'o6ycnosrnsaercs TeM' ttro rtpruoft roK KOHTpoJII{pyercff H3MeHe-

iHHeM Bblcorbl noreHqHaJlbHolo 6aprcpa A'''It S"IeXTp^OHOB' [AyUIr4X U3

iiloJIynpoBoAHIIKa B MeraJIJt' B c'ttyuae' xorfta d: O'� 3ta BbICOTa 'H3-

MeHgeTCfl-Ha BeJII{qI'IHy npI4"IOX{eHHoIo Halpf}KeHnn V' I lpU d+ 0

.ee ll3MeHelrue on peAe,'rsercq roI rIiO qacTblo_ np I4!'IOXeHHOTO Han p fl x(e-

HVfl, a I.IMeHHo ttunP"Neut'eM I/r.''----b6prr"orfi 
ror< i<ax.s c.rryuae.4uoA*ofi, rax u lnQSysuouuoit reo-

.pHI{ KoHrpo,'IHpyercfl HSMeHeHleY-:blcorbl rloreHqHaJIbHoro' 6aprepa

"[,Jrg gfleKTpoHoB' HAylqsx I{3 MeraJIJIa B noJIynpoBoAHHK' Korla d : 0' '

oao,;"* er'oro 6aprcpa He I.{3Me-Hqercfl ra o-6paruufi ToK' Adt' AlloAsofi

;;;;;; ucnHrusaer tracnuenrue. a"'rr arl$SYsroHuoft reopll-Il oH npo'

noplo"onunau Eo us-sa rofo' qro AJIS [poxoxAenliq roKa raKxe

cyulecrBenHbl ycnonllfl s o6racru npocrpaHcrBeHHoro 3ap AAa noJlynpo-

;ilil;. npi a+ 0 e'cota noieuundmuoro 6aprepa A"In sneKr-
poHoB, I'IAyulnx I'I3 MeTaJIJIa r nonynp-oooAHHK' I'�I3MeHq9TCfl Ha Be"lfltll{-

Hv- onDe.lerqeMylo HanpflxeHHer"r 7r' floaronay o6parnuft roK KaK

l,h^.qHo.qnofi;, "ai u AuSqys,no*Hoft reop,nr He r.rCnblrblBaer HacLIUleHlIfl-

60

Ha6nrcAaeuue usueueuur i, AJrr Ar.{oAnori'reopru onpeAe,'rflrorcfl
TeNI, qTO BO BCeM I4HTepBaJIe LI3MeHeHHff 3asopa TOK KOHTpOT'ILIpyeTcn
flpoxoxAeHr.reM qepe3 groT 

.3a3op
. I4euepeHue f, AnR 4r.r@ysuouHofi reopnr.r c Qnsuuecxofi ro,{ru-
3peHIIs onpeAeJlgercq reM, rITo npn r"{arbrx ro,'IlrluHax d rox roHrpo"nn-
pyercs npoxox<AeHueM HocfireJrefi eapn4a uepes o6nacrb npocrpaHcr-
BeHHoro sapfr,Aa noJrynpoBoArtKa, a nprE 6o.nru:nx d npdxo>rleHueM r{e-
pes o6nacru 3a3opa.

B sax,uoqeHue otuetull, .ITo @pMaJIbHoe coBnaAeHne nupaxeuuft
BoJIbr-aMnepHbrx xapaKreprdcrr.rK, rrodryqeHHbrx n npH6.nuxeur{fl x AHoA-
noft u 4uQS/er.ronnoft reoprfi B qacruoM cryqae AocraroqHo 6pnuurHx
d, He osuavaer, qro auQQisuonHafl reopnfl flBJrflercfl 6onee o6urefi.
I,Icxo4uue npeAno,'roxeHr.rf, aaK,'raAblBaeMbre npu peIxeHHH 3aAaqu B
flpeAnoJroxeHuqx AnoAuoft H guQQysuossofi reopnrl, xax yxe yKa-
3bIBaJIOCb, COBep[IeHHO pagIHr{HbI. 

. r 
!

'  S.2.BOJTbT.AMNEPHbIE XAPAKTEPHCTIIKI{  KOHTAKTA
c yr tEToM AByx TI{noB HocHTEJ|Ef ,  3AptAA
.  (MAJrHn  yPOBEHb HHXEKUUIT ) .

Ilycrs B ne_peHoce roxa uepes KoHraKr MeraJrJr -- n-no,rynpoBoAHuK
npHHHManr.yqacrr.re aJreKrpoHbr H AbrpKtr (qu. pHi. 3.1). Toraa o6rqraft
TOK paB€H CyMMe SJIeKTpOHHOTO n AbrpOrIHOfO TOKOB, T. e.

i :  i r *  i o .

Ec,ru yponeHb HHxeKur{H AbrpoK B n-norynpoBoAHr,rKe MaJt w Lp K
K no, ro ycJroBr.rfl 4"qr npoxoxAenr,rfl 3JreKrpoHoB qepe3 r{oHraKr He
HgMeHrrrorcs H AJrff roKa in npu paBHoMepHoM pacfipeAeJreHur{ npuuecelt
MOX{HO BOCnOJIb3OBaTbCS Bbrpa>KeHr.rfl Mr{, [oIyrreHHbrMr.r B npeAbrAyqeM'
naparpaQe Ad'Ifl Ar.oAneft H ar$Qyeuosuoft reopnrl. /

A,rq HaxoxAeHr.rfl . AbrporrHdro rora ueo6xolil.rrr.ro curnBarb pe[reHlrr,

{Ioryqenubre B npeAnoJrox(eHr,rn 4uo4Hoft rnu 4uStpysnoHsorl reopr.rH Arrn
o6;lacru npocrpaHcrBeHHoro gapsAa, c peueHHeM AJ'rq KBa3uHefirpa,rl-
uoft o6nacru.
- ,4,upxll, KoTopbre nporuJrr{ uepes o6,racfb npocrpaHcrBeHHofo 3apflAa

H norraJlu s o6sel4. n-Tnna [oJIynpoBoAHHKa, tBJrrrtorcs HeocHoBHbrMr.I
Hocr.rreJrsMu sapsn.a. I4x AeuxeHHe oflHcbrBaercr 4u$Qyslrolruo-4peri-
Qonuna ypaBHeHrreM H ypaBHeHHeM Hepa3pbrBHocrr4, pe[IeHr4e Kgropbrx
AJrg crautlonapHoro cJ'ryqafl H oAHoMepHofi. zagauu npn Ma,'Ibrx ypoBHnx
HHxeKUHH noryr{eHo s n. 2 rn. 2.

B roqxe x : 4 4rrpouHuft ToK Moxer 6urr. nonyueH r{3 ypaBneHr{fl
(2. l8):

; _ eDp\pp
. o p _ _ I ;  . .

(3.20)

Kor.qa s o6racrr npocrpaucrBeHHoro saps4a Mox<no npeHe6peqr,
reHepaqneft u pexou6unaquefi AbrpoK, ToK AbrpoK nocrorrreH go sceil
o6.nacrn npocrpaHcrBeHHoio sapr,Aa (ip (0) : io (E)) r.r MoxHo cur{Barb
pe[reH r{fl , no,r yueH uud s rro6ofi nJrocKocrn o6nacm npocrpaHcrBeunoro

6 l



3alfl\a B npeAno,loxeHllsx AHoAHofi I'ulH Al4ssy.ellosHoft reopuft' o

ffiffi;;;'"ifr-:- U, noryqeHHbltrr Arlfl xoasnuefirpallsoft o6nacru'
' 

Auo4nas reopl{e. B cnyuae AI'IoAHofi reoptlh AJII HaxoxAeIII'Ifl

aon?r-aunep'oft xapaKrepucillKl' AblpoilHoro roKa cJleAyer BbIqItcJII'Irb

pasHocrb,q*pouuux roros ue noJIynpoBoAHIrKa B MeTaJIJI i'UI1.e MeraJIJIa

B noJIyrIpoBoAHI'IK 14, npoxoAEllux qepe3 o6racTb npocrpaHcrBeHHofo

sa'sra 
io.- ia- is'

3Aecl ga ilo,roxl'ITeJlbHoe HanpaBnedne roKa AbIpoK ou6pano HanpaB-

JIeHile'cooTBeTcTByuqeeToKyn3MeTaJIJIaBnoJIy[poBoAHHK'^I(oTopoe
coorBercrByer panee nu6pauHotly no'loxurerbuoMy roKy gJIeKTpoHoB

I43 rIO,'IynpoBoAHI'tKa B MeTa"Ll.

find inonrocrl.I roKa fo nocnonleyeMcfl BbIpaxeHI'IeM TepMogJIeKr-

pouttoft oMHccHI'I' Koropoe AJIfi AbIpoK npl4 Ai > kf saflLcblBaercs B

BHAC

.  - *  - - : -  - : +
it: elpAT"{ ET - e0, oto " u' 

,

r]le

E l  :  Q r  f  e -  v  : V t * v r * E -  t r ;  a r : ( f f i \ ' ' " ;
\  " " 'p  /

po - paBHOBecHaq KoHIIeHTpaquff AbIpoK B n-noJIynpoBoAHI'IKe'

To* ,r'Moxer 6ltrl nupaxen cnelYnuum o6pasou:

t i r :  
e iPP-(A r .o:  J ! t -@$A!") -  9.0.

I

B supaxeuilqx (3.21) u (3.21) BBeAeHo cpeAHee sHaqeHl{e KoeOSI{'

u"e"ra ilpo3paqHocTH AbIpoK 3p1 luHTbIBzIOIqefO Harl4tlfle 3a3opa Mex'

Ay Mera"rJIOM I'�I nOJIyIpoBoAHI'�IKOM'

TenePl
f e(Vr+Vi 1

i,:le#-1.-i;: (3.23)

floncrasnqs B 3ro BbrpaxeHHe Apn, uafiAeHHOe I13 eUrpaxenlrr (3.20)

r4 paBHoe Lp* = ffi, 
nontuaeM oKoHqareJlbHoe BblpaxeHue Ar'lfl Abt-

-poqHoro TOKa'

eltppo?Dp p
ADr 4- ap?olo 

-

Cynruapnsrft roK rlep$ KoHraKr B'cflyqae AIIoAHoH

6utt gauucaH TaK:
_ eV, e(V*V'\

.  b r , -  h T  l l
i :  ( i 'p *  i 'ne ' " '  

)  te -  r l '
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t p -

(3.?l)

(3.22\)

(3.24)

Teopnft Mo)Ker

(3.25)

rAe

i . ,: 
frPPoZPDP '

4Do ! uo?rl,

- Q o
eu-n"?" 

- 'kr
t5a -- --f e

I4cnonrsyn BbIpaxenVfl AJII gJIeKTpoHHofo I'I AblporlHoro roKa'

MoxHo Hakrtr xoeQQlrqueur IlHxeKlrllv y: -+-=-. B pesynlrare

A.trf AtroAHOn ""Op"" 
tn t to

|  -  -  eo-€V, r  r l - l

n:L '  + +Ate-rU +Y+#) l  .  (328)

.(nrpr[ysnonnar reopuc. B c;ry uae,qr'rSQyeu on Hofi reop t.ru A,'I fi Ha xo)KAeHH fl AbIp oq'
soio'ioxd i o6nacru npoctpancraeHHoro 3apflAa n_e_o6xoAllmo B oAHoMepHoM cryqao
peurarr,uuQeyafi ou no-,qiefi $bBoe yp aBHeH H e (2. 36). Ka r noKa3aHo n np e,4u,qyu1efi rlra-
se, ero peIxeHI.Ie rrloxer 6rtrl npeAcraB,'IeHo B BIIAe

l -  4  -q t r t  I  q ( - { l

p ( i ) : l p @ + - * -  f  e - - - h r -  o * l  r .
L 

"""*  le
lpauuunr,te ycJIoBI{t AJIfl cJloa lllolrxn I'iMeIor BI{A:

n p n  x : 0
A (0) : 9o- eVzi

4i"_ - = - '
eoo? o

(3 .26)

(3.27\

(3.2e)

(3.30)

(3 .3  I )

(3.33)

p (0) : poe hr

npn x: 9,  9 (9\ :0

p (9) : po* LPu: Po * +: .' eDp

Qo eV, : eV,

,po"T (u7-  "  T)

34ecr aropoe rpaHxqHoe ycJIoBI'Ie (3,30) nonyueHo npH paccMorpeHul, pa3Hocrl'l

AblportHblx ToKoB I.l3 MeTa.IIJIa B nOJIynpoBoAHHK It A3 nonynpoBo.4Hl{Ka B MeTaJI./I aHa-

.rroruqHo ToMy, KaK ero 6uno c.(e,'IaHo AJI' sneKTpoHHoro ToKa B [peAbIAyIqeM napa-

rpaQe.
I4cno,lseya.sanucaHHbIe rpaHI'IqHbIe ycJIoBIrff , rto,'IyqaeM'. tITo

ao!:v, 4ip I iprp , ip f ^- #,..1 #tp o e  t '  - - - = : - : l n ' i : i f +  
r ; ; \ e  

"  d x l u  K t  ( 3 . 3 2 1
eao? ,  L  "  6  I '

Peuas nocneAuee ypaBHeHlre orHocure,rbHo ip, uueeu

:-*rF"w'lTr*,'*o]
t p :
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7 *4+ .  )  .^.1,  "  \n , , ,
,[,nq HaxoxAerr,.rr rnrr"erPana J 

" kr dx npu 
f 

(x) : q (0) 
\' 

- 
A) 

M:)I{Ho

. 0

nepeftru K nepeMeHHbrM ,":S#(t-+Y'
TorAa 0

\ e-a'fu.
r / qo-ev"
v --7f-

g a(') .---Tf-

\ J T a * : - e V  * = n
0

reopnu:

' r r *=6- B rIocJIeAHeM I{IIrerpaJIo
Ilpu ,uoctarouno 6ollutt'tx 3HaqeHntx V 

-:fr

uoxno nePefittl B nPeAg'Ie K oo'

. B pesY,rlrare
g  a( ' )  r - - ; r - - � ,0  ^  g r f - l ih i f

| "--T-dx: -e1/ r= *t =r, \ e-a"ag:+ V Affi 
: t"

J  
"  /  qx -ev ,  ' t

0

, [ -  k r
C,reAyer orMerltrb' qro BcerAa It: V 1fu <9 Klp' nocKonbKy B nporllB

HoM crT yqae cd'IeAyer ytlurHBarb re-Hepaqun ry* !:I9"6""aqup 
seocuolisnx nocute;Iefi

gaD fl lla s o6racru npocrpaucrBeHnoro sap qAa nonynpoBoAHltKa'
' 

floActas,rns 3Haqenlle eroro uxterpaha n aupix<euut (3:l-3]-:-11I"i'nafiru oxou-

qarerb'oe Bbrpaxe'ue AJrr Abrpoq'orb roxa o 
-npe^noioxdiusx 

,qlrQrpyguouuofi

c(VftV'')

,  e1;oqpDple 
hr - l l

tp:--;4-

4D; - -T7-  *ap"p( Ip* t r )

Cyruuapnufi roK B cnyqae p,lr(pQyeuouHofi reopt'tt't:

- + !\y-'I'-L
.  i : ( i s , f i r n e  

n r ' ; [ e  R t  - l ] ;

r A e  
^ j , a -  - ] * ,  ' E o u n  

\ .  .
'  isn-  

eanz 'nno "  u '  
[ '=  - - l ;

4  |  0 n 3 n ,  D . .  I
\ 

-:4 -T LO*n 
I

. , epry4rDz------ -, .-(3.86)i r o : f f i "
4Do;-tr- *oo"pTp+t?\ ,

I'Icnoltey a nonyqen HHe Bblp a)KeHu q' tvtoxtt o nafi ru xoeQ$u I1u eut u lt]I(exq[ ll A'llt

gu$$ysuonuoft Teop'Iu B BHAe 
eo-eys ^^ 1 ̂ ^, r., , . -l

AHamrs Bonbr-aMnepHblx xapaKTept{crfi.K n noe$tfnqneHra rlHxeK-

unt. flpr orcyrcrBnll sasopa, xorAa d ->- 0' V1 -* d'-@" '+ l' 3' "> |

i"ir:'f, nrri luoanon n as@yguoHHoft reoprl4 BoJlbr-aMnepHaf xa'
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(3.34)

(3.35)

(3.37)

paKTepl.lcTLIKa sanllcblBaeTcs TaK: 
ev

t'- (i,n -F i,o) t"F - rl. (3.38)

Koeffiuuneur HHxeKITI{tl
t

? :  I l
\

rAe Aflq MoAnofi reoplrI4i

i 'P: '  
etsoPoDP' '

4D;+i i te '
Airs Ar.rQiQysuonuofi reopr.rn:

.s,

- e o
. eu^n^ '-f,;
l . ^=  - -#  e  " ,  :

4

*+r"

6pPoDp

(3.3e)

(3.40)9.o-eV
/ ^  ^  k T  r  i ,  r raupe -7 'p yp * le)

. 9 0--f f i
lsn - 9llnEotloE

Kax eI,IAHo t NIfl AnoAuofi reopHI,I cyMMapHblfr njlruofi rol( rpn
eV

Aocraroqn.o 6onrurux HalpsxeHFlsx nponopqiloHaJleH eF, a o6par-
uufi - nodrosHeH. KoerpQnuneHr nH)KeK[I{rI.He 3aBIacHr or HanpsMeHI'Iff.

. nns au$Qy3liouHoft reopult npnuofi toK MolKer 6urr nponop[uo'
eV

HaJrbHbrM EoeE , a o6patnufi Uo, 
,?,"n 

irnD iro, 
f":fl 

*. irr)) irn,

' ro npiuofi rox nponopqlronailel F npu 4Dre- 
-ET- 

<aeQe+l)
_ eo_€v

ir.nu nocrorHen npu 4Doe u' 
..>> ap(lo+t"). O6parnsrfi roK nocroffHeH

eo-ev - *

npn ip(le+1")) ADre 
kr H pdcrer nponoputloHaJlbHo e- 

R/

rrpl4 BbInoJIHeHnu o6parHono HepaBeHcrBa.
KosQ$rqfieHr nnx{eKrlr,ru. npr.rMepHo nocrosHeH npg BbInoJIHeIIHIt

uePaBeHcTBa 
eo_ev

. 
ADe; 

---fr- 
46o1to + t,);

OH HecKOJIbKo paCTeT .B npflMOM HanpaBJIeI{[vr Wg-g{ I{SMeHeHHf Be-

flLIquHbI Eo. flP.u BbInoJIHeHHH 
-xepaBeHcrBa* 9 # _

. xoeQQuuHeHr HHxeK^;-i;'"-* r3'J'"t?"li;] ru.n"u.Hnn npnMoro
HanpflxeHHt.

An" oqeH*n MaKc[MaJIbHoro sHaqeHns KogQSI'IuueHTa I'IH>xeKqH[t

. npu d: 0 B cnyqae AnoAHoft n ,luQQysuoHHofi reopHI'I oIIeHI'IM BeJIII-

i , ' n

"r"y jL. flocro.nlxy era BeJIutIHHa nponopquoHa.Ilb'a * u- n 
,

I t p

3 l  -687 0b



B HAI{AJIC HAfi ,{CM CC MI,IHUMA JIb HOC 3 H AqCHI,IC

l _ t, ug-2v

e  k T e  k T

e

3Aecr Ang HaxoxAeHI,Ifl Mr.rHrrMaJrbHoro gHaqeHLIq ucxoMofi
rruHbr BMecro cpo n64craBJleHo MaKcvMaJrbHoe gHaqeHue go : ro
np4- KoropoM erqe BbrroJrHsrorcR npu6nuxeHas cJros lllorrxtzl

AJrq ,quo,{Hpft reopan

r e
Po

+,(#)"'"

BCJIH.
- 2w,

Qo-eV-E- 
*ir(to+ /")1.

/uppgeuonmn

Ptrc. 3.8. baruclr"ocrr rof,a tr Ko-gOOHqHeHTa HaxeKqtrn npn d: 0 or Harrpcxenflr l lnt
AUoAHofi ' H AuOOysHoHHofi reopnn:

Qo-eVt

t -"--T- >-"rf f- !- :  rr-e < n e ( f ; t s \

Kar sr.rAHo H3 nocfleAHr.rx HepaBeHcrB, T Moxer .npu6.nnxarbcq K
eALIHIIue roJIbKo Anq crytl€fl, KorAa m; > m". tTptz mi : m.p Ans 11u-
oAsoft reopuu ? < 0,5. flnr au$$yguouHofi reopru npu lo] lu xo-
a$QnqrieHr r{HxeKuu.rz 6y,Uer 6orsu:e, qeM AJrfl 4l.ro4uoft,' rax KaK
!"!-c , t
;

Bonrr-.aunepHan xapaKTepracrr.rKa H xo4 rosQQuquenTa . rruxeK-
quu fipy d: 0 A.ns AlzoAnoil n 4uQSysnolrHoil reopun noKasaHa
ua pnc .3 .3 .
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t n =_ 4Dp +Adp n; .
i  ' -  A n  .  t' sp  - "P  m-

.qnr luQ$ysuoHuoft reopun

ffi,n',"

neopun)

. (

B rou cryqae, Kofra d + O, a Vr* V u Vvt'V, BoJlb'r-aMnepna*
xapaKTepucTHKa r.r KogsQnIlueHT r4HXeKUilu Kar< AJI' ALIOAHO{I, raw u

a.rri arr$QysHounoft reolnu HMeIor 6o.nee cnoxnuir BrrA' 
ev,

A.ns AnoAHofi reoput't npsMofi roK rIponopIlHoHaJIeH eT, a o6'
e V ,  

'  
e V ,  - e V t

paruufi e-d npn l,rre-fr2 ior. flptl irre--TF' (l^ npar'loft roK
' e V

nponopquoHaJleH eTT-, a o6parHHg rlocroflHeH. Koe$Qnuuenr HH)treK-'

urrl4 pacrer nponopquoHaJlbHo e H, KOrAa y(l' a 3areM crpeMltrcfl

Hso6paxeHHoe Ha sroM PIlcYHKe
yBeInqeHLIe cTeneHlt pocTa ToI(a c
npr.rJIoxeHHbIM HanpfxeHI{eM cBs'
saHO C nepexoAoM oT gneKTpoHHoro

roKa K .qupo,$rorr,ry. c sr'rsuuecroft
TOqKr.r 3perlHtt 9TO O6ycJIOBJII'�IBa'
drca relr, tITo Bblcora 6aprePa lnn
9JIeKTpOHHOTO TOKa Hs noJlynpo-
BOAHHKa B MeTaJIJI 

'HSMeHgeTcg'

KaK ev 2, a Aflfl ,U,blpotlHoro roKa I'I3
MeTaJIJIa B noJIynpoBoAHI'�IK' KaK
e (Vt * Vr). floeroruy IbIPotIHbIft
TOK He3aBLICLIMO OT TOJIUII'IHbI oapbe-

Puc. 8.4. 3aD[ctlMocrb roKa H so9oouqueHTa
"Hieiqun or Hanpsxenue..q'nn AtroaHoft Teoi

g u a n P A d + O '

ou tnslr{eHrieTcg. KaK e;F.' 
Ann ausrpyeuonuofi Teopltn np-flMofi roK B 3aBHcI4MocrH or coorHo-

r"ofr'" fr.iipo""oft n 4uliounofi coctasnslo[r6x Moxer 6url npo-
' 

eV " 
' 

eV, e(u r*v z)

nopulrouaflbHblM e-ET, EoeT , e kr I'IJtI'l 6bITb nocrotJIHbIM'

O6pa.tnuft roK Moxer 6url nponopuuoHaJlbHblM Eo' ;'-E- uJtrl

€ l v  1 - v  2 )

e tr, KoeqQrunenr r1HxeKurla AJIn 4r'r$$ysraonuofi reopl'IH

Moxer J{SMeHsTbcfl or 0 AO I e ganI4CI"UvIocTH oT napaMerpoB rloJlynpo-

BOAHHKa, KOHraKra I{ npl'�lJloxeHHoro uanpnxengl' 3a1Tllocrb T
or Hanpflx(e"r" *o*a" uilem y6urarc.U'fi irnr,l sqgpacral'olqnfi- -xapa-Il-
;;p:'-rip;"y )i, tno nprrvrorir HanpaBJIeHI'Is r pacrer-trp" 

{;fv'

? pacrer, ""r^:Eo;y"W> l, n y6unaer' ecrl' tf#"F <<

< 1 .'- 
Bono.-atnepHble xapanrepl'Icrnnt rntfl AuS$ysuounofi reopnu npu

d + 0 noxaeanu Ha pui. 3.5;-a saBucnMocrb Ko3sor{UreHra rHxeKIILIIi,

or Hanpq>xefirrs, - Ha Prac. 3.6.
Eo.iee cJloxHoe u3MeHeHHe Ablpotlnoto ToKa'.ro cpaBHeHl'rlo c gnQK'

"po"nr*, o6ycnonnunaercl reM' qro Aupoquufi rolf I{ollloJlllpyer-
cfi He roJIbKo npoxolKAeHl'leM HocI'ITeJIeit zaptaa qep€ sasop u o6'

",racrb [pocTpaHcTBeHHOrO 3apflAa' HO TaKxe [poxoxAeH]IeM Heoc-

3* o 1



HOBHbTX HOCHreflefi sapfrIla qepe3 KBa3LIHefiTpaJIbHyIO O6flacrb o66eMa
ilorynpoBoai{HKa.

Ans AuoAHoft reopr.rn rrpu 4Do Kar?olp, Koropoe BblnoJlHff.ercs
AJIfl AOCTaTOqHO MaJIblX TOJIIIII'IH 3a3opa

i * - 3 * ,

lnlt

inc. $.5. Borbr-aMnepuble xapa("epficruxu toxa HeocHoBr Pnc. 3.0. SaBHcguocrb f,ogor
nilx nocxreaefi saprAa Int aH$oy3t{oHHofi leopnl|l Or|qnonra uHxerq{n or Har

- a - nptMue qoxn: 6 - o6parnble roKf,; trpf,rertH! IntIHOOysHoHHofi

eor€VL
*- r t * 4Dp> t)p,gFp ('p + l5) X

t  -  4Dpe u iqo | tp+ ls r i  
' , to - i v ,

eoreV"  xe  hT 
,  v r .>v2 i

2 -  4Dre  ,  o f  , ( tp+  ts l .  .2  _  4Dp <Vpgp(p  +  ts , )  X

. go:_eV z

a npoXOxAeHI'Ie ToKa KOHTpOJII{pyeTcfl KBasI{' x"- kr ':

neftrpanlnoft o6lactrn [oJIynpoBoAHHKa (B s- 4Doriogo(e+ ts) x
groM cflyrlae isp coBnaAaer c aHaJIofHrIHbIM 

'*o_ri"' -

BbrpaxeHHeM, roflyrreHHbrM B cneAyrcIqeft IJIa' ffi
Be AJrrI p-n fiepexoAa). xt vz]vt'

flpn o6parHoM nepaBencrle 4D e) o3rl,
BbrnoJrHseMoM npn AocraroqHo 6o,nturux roJIulI'IHax 3a3opa:

lsp -

Ir TOK KoHTpOn"pyata" npoxoxAeHneM HocnreJle ft gap nla uepes o6.nacrl
npocTpaHcTBeHHoro 3apflAa LI 3a3op.

!,nr auQQyguonnofi reopnu roK KoHrponupyercfl npoxoxAeHl'IeM
HoCr,rreJrefi sapnAa qepe3 IGa3uuefttpanluyo o6fi acrl noJly n poBoAHI.r Ka
npr.r BbTnoJIHeHLIH HepaaBeHCTBa

4De<;ege(e+t")e--T7-. B erou ihyuae He ol{eHb 6onrurax ron'
'qI.rrI,r{H 

3a3OpA

i,o: 4!P4=
\tp -f tg)

H TaKXe npaKTLIqecKu coBnaAaeT c tso Ana p-n nepexoAa.
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flpu nunoJlHeHHIl o6paruoro HepaBeHcrBa
" Qo-oVt

4DoDir,no(o+ l") e kr 
,

KOTOpOe cnpaBeAJII'lBO npI'I AOCTaTOqHO TOICTbIX 3a30pax, rox .qnn 4uQQy-
guonnofi re;pg[ KoHrpoJlgpyerca sasopoy H o6Jl acTblo npocrpaHcrBeH-
HOro 3apsAa. npu 9TOM

-i ^ a ggavt

i , r : !Y{T-.

Kax gsAtro, nocJleAHee SHaqeHHe ir, 6ollure, qeM coorBercrByloqee
gHarreHr.re ir, \nn AuoAgoft Teopun H SaBI'IcHT or Bblcorbl noreHlrua"IbHoto

6aprepa H npHJroxeHHoro HanpsxeHHg. 3ro o6ycIoB,'IHBaeTCfi reM,
rrro nepexoA AbIpoK ann anQ$yal'ronnofi reopull, rAer s6nngn BepxyIxKI'I

JroreHrlr.raJrbHor6 6aplepa npH ,r - 0, a Ailfi AHoAUoft reopl'lH y Bepxa

saneHrHofi goHbl tIPl,l x - K'.

3.3. PACTIET BOJIbT.AMNEPHOft XAPAKTEPI'ICTHKH C YqETOM

, TYHHEiI , IPOBAHI,T '  I IEPE3 OsJIACTb NPOCTPAHCTBEHHOTO 3APf lAA

B npg4uayqux naparpaQax pacqer BoJlbr-aMflepuol? xapaKrepu-

cTr.tKH IIpOBOAHJICq B npeAnoJloxeHnfx, IITO HOCI4TeJIH 3apsAa npo'

xoAsr HaA 6apbepou o6;Iacta npocTpaHcrBeHHOtO 9apfln.la floJlynpo-

BoAHr.r Ka. 9ro iUpine4ng Bo AJr s txlrpoKl4x o6nactefr r pocrpaHcrBepHoro

sapflEa. Ec.rru xe o6racrb nPo'
crpaHcrBeHHoro sapsAa Aocra'
TOqHO y3Ka, TO BO3MO)I(HO TyH-
HeJrHpoBaHHe HOCLITenefi sapqAa
TaKXe qepe3 Hee.

PaccnaorpeHue nPoxo)KAe'
Hr.rfl .9JIeKTpOHOB LI AbIpOK qe-

pes o6nacrb npocrpaHcrBeHHo:
ro' 3apflAa noJIynpoBoAHI'lKa nO-
raeunaet (cu. Pr-rc. 3.1), uro
TyHHeJIHpOBaHLTe MOXeT CKaSbI-
BaTbcg Ha npoxoxAeHl'Ill ocHoB-
Hbrx Hocurelefi 3apqAa H He
cKa3brBaercg Ha npoxoxAeHH?I
HeocHoBnbtx Hoclrelefi sapsAa l1-c' -9-'-l: Motrerb

(ryuHensnue roKL oJIeKTpbHoB 
JrupoBaH's- qepes

ilpfl pa3Hblx eHepll'tffx noKa- _
sauu crpelKaMH Ha, puc. 3.7). floerorr.ry pacqeJ BoJlbr-aMnepHblx xa'.

paKrepr.rcTl.rK C yqeToM ryHHenHpoBaHl'lf cBOAI\TCfi K Haxo>KAeHuK)

ionotlutnepnofi iapaxTepucruKlt roJIbKo ocuoBHbtrx HoclrreJlcft 3apfl'

Aa - SIeKTpOHOB' '
flprn pa'cuerax 6yAeM orpaHnql4Barbcs AI'loAHofi Teopneft, tax xaK

AJls roHKHx o6.nacreft flpocrpascrBegHoro 33pflAa gTa reopHt peaJII{3y-

eTcR nyque

KOHTaITa C yceToM TyHHe-
o6nacrb npocrpaHcrBerlHoro

sapeEa.
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flnn 4uo.4noft 
'reopur,r 

pacqer nonrr-aunepnofi xapaKrepr.rcrrzKrt
cBoAHTCq K HaXO)KAeHr.{0 pa3HOCTx repMOsJreKTpoHHbrX TOKOB H3 noJry-
npoBoLHHKa B MeTaJrJr r.r r.r3 MeTaJIJIA B flOJIyTTpOBOAHHK

L : l z - l t

tDopuyla PuuapAcona, onrcbrBaroulafl TepMogneKTposHyro gMnccuto, npr.r groM
AoJrxHa 6um nepenucaHa a 6oflee o6ue[r s]rAe

(3.41)

r4e $6 orcuuruBaercr or AHa soubr npoBoAxMocru. B cnpare4nusocrn taxofi sattl.tcr.r'aerxo y6e4nrbcs, ecJII{ Bbruecru xosab,abl-rIiueHr npospaqHocrn P (f) us-noa ggaKa rrH-
refpaJra n npor-IHrerpupoBaTb

€ t E o

[ .- T dE: kre-7f .
fo

Heo6xo4uuoct 6o,ree o6qefi sanucu rroroKa s suae (3.41) o6ycaoaneua reM, qro
reneps ? (S) nnnnerca curruoft rpynxuuefi gneprufi $ u ne raoxer 6urr suu€cena ag-
noA 3HaKa r.rHTefpana.

.II,rr paccuarpr.rBaeMoro 6aprepa npfi paBHoMepHoM pacnpeAeJreuuu npnueceft
s BKE-upn6nuxeullu MoxHo BocnoJrbeoBarbcr BbrpaxeHseM'

(3.42\

arz -.+ ? -*-
i : - : F u  " ' J e  * ' ? ( E ) d E ,

6o

s (0 :2, .*n 
{- 

F (n m- xrarch#)},

t/ie ?n - roe(p,tpuuueur flpoepaqHocrlt 3asopa;

I  zmi ,@r-evr1 l ' / "  E-ur-evo:f-.-ne- I 's' 'E:frfrf;'
€ E

Toqsoe BbrqucJreHrre rnrerpara I u- Te ([) dS npoaecr[ HeJrbss. floerony
EO

npoBeAeM npu6luxeHnoe Bbrrmcr'reHr.re HHTerpana. .(na eroro npoaualusupyeu'
noAbrnrerpaJlbuyrc Qyuxuuto BbrpaxeHr.rr (3.41). flepenurxeM ee B cJreAyroqeM BuAe:

t
3 (E) e kr - e-F(E),

I
F (6) : 

# 
- tn ?o.l \ l(u,r- t,)u/' - (ur- E*'1"/ ' l  *

- t _ . -  I  \+ F l V t - * t - x o a r c h : + 1 .
\  '  o ' -  v \ J

3agucnuocrt F ($) or $ npl.r locrarouno 6oarurux BeflHrrr.rHax ir unn onpe$e.rrqerct
ftaBHblM o6paeonlhepnnM u qerBeprbrM rlr'reHaMr,t Bblpa)KeHr4r (3.44). h{uani3upyr oTy
sdBric[Mocrb, MoxHonoKa3arb, qro F ($) urraeer MaKcrrMyM (cu. przc, 3,7), Be.nauuua
sHeprllr E1p,.npu rotopoft na6,nrc4aetca gror MaKc[MyM, Moxer 6trtr no,ryueua za

dF(HyCJIoBufl 
6: 

U Ir onpe.{enterct BbIpaxeHIleM

(3.43)

(3.44',

70

dF(u  l  r  ,  I
- : G  - - ? f C h - : U .

a6  R t  Qo-evz  v  * t (3.45) f un (v ) :90

. Peuraq 9To ypaBHeHHe oruocure"'Ibno t, nafi.(eu 3Hepfurc, nplr xoropofi
uMeer MaKcltMyM: 

En: is * ev * 1go - ev z\ $.
3recr

.  . t*T:"n-,1#(r + orl,
fIe

3  -  
r  

d h ? ^
at : - 

| 
xrar 1(ui - Ed't" - (u2 + ev i - Edn | - kr 

i !!]- 
| |
lE*

Eoo --.e( y:l; )"".' 
\ "'^i' )

" 
Beruqusa 

{ 
onpeae;Iaer orHocr4TeJlbHoe noJloxeHue Mat{cI'IMyMa

3Aecr

*'I

6 -  e o - e V
Lr 3aBfiClrT TOJIbKq OT napaMeTpoB [onyRpoBoAHItKa l,l 3a3opa.

Kax nOxagHsaeT aHaJII,IS BbIpaI(eHut (3.46), nonoxeHlre MaKCIIMyMa SaMeTHO OT-

JrUqaeTCq OT nOJIoxeHlIfl BepIxlIHbI 6aprepa o6naCru npgcTpaHCTBeHHOrO Sapt,4a nOJIy'
hT

npoBo.(HuKa (n eron,r cryqae n cyuecrBeHHo ryHHerlttporauue) npu_7;ll --Z)-
MeHbme HecKoJtbKI,IX eAI'IHIIq. i '

Be,nnqusa Eqs, Koropar [rpaeT uraBHyK) ponbB pa_ccMaTpl{BaeMoM cJlyqae, onpe-

AerqeTcs To.rrbKO napaMeTpaMu noJIynpOBoAHItXa. OHa 6O;lsue,4.lts 19JIygpOBOAHI4KOB
! Oo.tr4uen xonUenrpaUueft npnrueceh n6 u uenluefi e$Qextneuofi rrraccofi ryHH,e4IIpy'
1gurni no.rrre,nefi sipa,u,a. Kax norag;Isaror pacuer{, Beruq1aHa E6s panHa hT l"ns

xorrasarnofi reMneparypbl npg ++-: 2 ' l01b cu-3' 3to snaqeHl're u Mo)Ker cJIy-' 
Ezmn

xHTb A,ls orleHKl'l cyulecTBeHHOCTlr TyHHeJILpOBaHut" , , 
^ ̂  +

vqurHsas HaJrHtrr{e gKcrpeMyMa BbIpaxeHLIs (3.*4), MOI(HO pa3-

Jroxrrrb Qyuxurnio F (t) s psa

F (t) : F (t^) + F' (t^) (E*-t)' + "'

. orpaHuuuBaqcb *eaAparuuHblM TIJIeHOM, JIeTKO npoBecTl{ I'IHTefpH'

ponairue BbIpaxeHI'Is (3.41)..Bpesy ; r lTaTenoJ Iy t lHMBoJ IbT .aMnepHy}oxapaKTep I4cTHKysJ IeK .

rpolrno.ro ToKa c yuerorra TyHHeJrnpasaHltq qep$ o6flacTb npocTpaHcr-

s-eHuoro 3apsAa noJIynpoBoAHI'IKa B CreAyloqeM BHAe:

* t ' -# \  4+  -+
*  i : f r r g u r  

t  '  
( a k l  - e  " ' ) .

a6  - -$ -

i, : eATzg,(V)e- 
-Fr; - :!f O,1V1e o" 

;

"n +(i * ar) cth'/n Eoo 0 * a)

F (t)

(3.46)

(3.47)

(3.48)

t' J)'
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" (ri={d' )'" r#-(#i' lfu r + o,)l /' x
x th'A fSssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssstt'+ o,1]e*p \-*rl(ir-E^)"/" - (u, + ev,-8,,\'t'l\i
O (E) - $yttxu4n ouu6ox;

#*n[#r '+*r l
(3.4e)

ffi hr  - -  
t -  u r  0 *a i l

B cnyuae recHoro KoHTaKTa d:0, a, =$ 14 Bblpa>KeHue r,ns T*
ynpoqrjj,aeTcff, 

" F
T* : "!ho cth iiy. {3.50)

!,.rr pea.uuHoro KoHTaKTa c sa3opoM BeJIuquHa ?n* oxasusaercr MeHb'
Lrefi, qeM Aflq cryqag d. : 0 LI3-3a BeJIHqHHbI at.

Koraa olcyrcrnyer ryHHeJlt poBaHHe qepes o6Jlacrb npocrpaH.'
crBeHHoro 3apffAa, Eoo + 0, f* + T u BblpaxeHl4e (3.48) nepexoAur
B BbrpaxeHr.re. BoJlbT-aMnepnofi xapaKrepHcrllKlr (3.4), [ofiyqeHHoe pa-
Hee (cJreAyer oTMeTI,lTb, qTO npu gToM npeAeJIbHoM nepexoA€ BeJIrqHHa
isr He coBndAaelc r, (3.15) H3-3a HenpLIMeHHMocrH s erofi rorlKe KBaA'
parnr{Hofo pa3.noxenur).

B rou cJlyqae, xorAa Eoo > ftf, TyHHeJILIpoBaHI'Ie craHoBl'Ircs cyrl(e-
crBeHHbrM. flpu brorra .7* ctaHosHTcs 6oJIb[]uM, qeM ?. IlocneAsee npu'
BoAHr K 6onee rueA.itennoMy pocry npflMoro.roKa n 6o;Iee 6ucrpouy
pocry o6parHoro roKa c npHJIolKeHHbIM HanpsxeHHeM, uenl 6es yuera
iyuu-enupcluanus. AeficrBI,IreJIbHo nplr groM nparr,toft rox 6es yrlera 3a'

Bucr.rMocrlr 3r(V) pacret,i - @, ao6parublfi rok

,_:+(+-+) ;#.
Korg,a.Euo )) kTi s*paxeui.rs (3.a9) u (3.50) nepexoAnr B Bblpaxe'

HHC
t

T* : "!no

Bo.rrt-aunepnafl xapaKrepl{cruKa KouraKra ttpu gToM

T*

cf BbrpaxeHLIeM

r.[e

._ -ia-

i :  i i l e 'oo  ( l  -e  " '  
) ,

(3 .51)

onHcblBaeT-

(3.52)

' : -'99-
i'1 : $?ne 

too'

B erou cfiyqae obparHufr ToK craHoBl'trcfl 6oJIbIxe npsMoro fi lI3'
MeHfi ercfl SHaK Bbrnp ff MJIeHLIs.
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PaccuorpeHHbrfi 3Aecb nepexoA or npeHedpexHMo MaJroro ryHHe-
JrHpoBaHHff K OrreHb cr.rJrbHoMy coorBeTcTByer nepexoAy or roKoB Ha.q,
eepuruHofi noreHuuaJlbHoro 6a p bep a o6nlacrtr npocrpancrBeHHoro 3a p fl -
'la 

(rox i, Ha puc. 3.7) t< roKaM y 3oHbr npoBoAr4Mocru (ror i; Ha
puc. 3.7).

Hcnorusyn Sopuynrr (3.48) u (3.14), MoxHo Hafiru.orHorIeHLIe ro-
KoB c yqerow I u i 6es yuera ryHHeJrr.rpoBaHr,rfl qepea o6lacrr npocrpaH-
crBeHHoro SapsAa noJrynpoBoAHr.rKa:

. i

ln l{- :  1n 
'{-  

a%;pt ' ,r  -  *)." ' t  i .  '  k T  y  T * l '
(3.53)

Hs nocne4Hero BbrpaxeHus BHAHo,
trTo ToK c yqeToM TyHHe,'rltpoBaHltfl qe-
pee o6nacm npocrpaHcrBeHHoro sapsr(a
noJrynpoBoAHaKa npeBbr[raer rox 6es
yqera ryHHeJrHRpBaHHff B HeN,r B reu6onr-
[Iee KoJrl{qecrBo pa3, qeu 6ofltrrle geru-
qHHa Bbrcorbr noreHrluaJrbHofo 6aptepa
o6ractn npocrpaHcrBeHHoro 3apsAa no-
nynpoBoAHLrKa rrpu saAaHHoM Hanpqxe-
HIII{, qeM Hr,r)Ke reMrreparypa T ,u 6ont-
rue Beruqlrua ?*. B npeAerbHoM cJrylrae,
rorAa ?* ) ?, uaxcuMaJrbHoe orHoue-
HHE

, -  i t  Qn - � eVz  ,  , -  
i r l f

f l t _ _ _ : T  _ j . _ l n , :  .

Ha pnc. 3.8 npeAcraBr,reHbr pacqerHbre saBr{cnMocrn ln 3 or

*#npn pa3Hblx sHaqeH'flx Ero y,nn sHaqeH'fi at : 0 ^ o, J o,g
(A;rn npocrorbr noJraraJrocb, r{To isr H€ 3zBHCHr oT Hanpsx(eHffn). Kax
Br.rAHO n3 STOrO pUCyHKa, ryHHeJrr4poBdHne. ttpu 6O{rruux 3Har{eHlrsx
E""

-i= cyure.rBeHHo. H3MeHfler. BoJrbr-aMnepHyro xaparrepr.rcrnKy KoH-

TAKTA.

. Kportle-Tofo, BJtrrflHve ryHHeJlnpoBauui yueHrulaei saBnclrMocrb
Bonbr- aMnep nofi xap a xrep Hcl'H Krr KouraKra or reM nep arypu. . fleft crara-

A6

TeJIbHO, i, npu yqeTe-TyHHedrHpoBaHr{fl rrponoprlHoHadllbHo e- &f *-, a T* >
> 7 .

. s.4. BiIl,rf lHIrE CtrJl n.3OBPAXEHHt HA BOI|bT-AMnEpHyrO
. XAPAKTEPIICTI,IKY KOHTAKTA

.Kax yx(e paccMarpuBaJrocb q n. 1.4., yqer clul l lso6paxeulrs npu-
BoAr.rr K roMy, qro xoA noren[ufnruofi snepruu s6nusu rpaHr4q pa3AeJra
cpeA ri3Merisercs. llpuuerr,t xapaKrep groro t{3MeHeHIit 3aBucllr or co-
oTHO[reHHfl Ar.rSneKrpHrrecKr.rx npoHr-r[aeMocTefi] paccMaTp].IBaeMbrx cpeA

rT

Pnc, 3.8. 3arncnmocru y *

a" - eV"
T  

n p v  a t -  0 ( - )  u  4 r : - 0 , 5
.  ( * - - ) .
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n npu e1 ) 8z q* (r) > 0, a npl{ q ( ea q* (x) < 0' }io noxagauo

Afiq KoHraKra MeraJr' - rroJryrpoBoAHr.rK i si.oio* Ha pLIc. 3._9. Kax

BLIAHo, ctt.nu nso6paxeHl.Is iloHl4xalor Bblcory noreHu,HaJlbHoro oapbepa

ea;bpd .s1nusu nnirannu, Mofyr noHr{xarb IIJIH noBbl{uarb ee s6nugw

noJIVrIpoBOAHr4Ka, a TaKXe Moryr floHnxa?b t.lJlu nbsHlXarb Bblcory

noreniua"rr tHoro 6a p lep a o6fl acril [pocrpaHcrBeHHoro 3ap flAa rloJlynpo'
BOnHlrKa B SaBLIC[[lOctr.r or cooTHO[IeHI.Ig MeXAy BeII'IqHHaMI] er u e2'

Han6o;lee cyqecTBeHHOe BJrr.rrrHHe CL.Id'IbI H3O6pa)KeHHfl oKasbIBaIoT

HaBOf lbTaMi lepHbIexapaKrep l lc r l ' � lK l ' � tBCJIyqaeTOHKI ' IXSasOpOBl ' � l ' I 'OH-
rux o6lacrefi npocrpaucrBeHHoto sapflAa'
flocneAneg oggaqaer, qro Hau6onbluee Brnff-
HHe cuJIbt Heo6paxeuul AoflxHbI oxasblBarbHa
od.nlr-aunepHble xapaKTepI'IcrI'I-KH' noJlyqeH'

HbIe B npeAnonoxesnsx arloanofi reopuu' Pac-
qer eorir- aN{ nep noti xa p aKrep I'r crI'I KI'I c yqeroM

cun nso6palKeHI.IS B npeAno,'Iox{eHl'Iqx ALtoA-
Hofi reopl4l4 Moxer 6url nponeAeH raKIlM >xe

oSpasou, KaK 3ro paccMorpeHo n. 3'1, 3'2'

B peeyltrare MoxHo no"'lYrII4Tb:

""  ;  Qo LQr I  eV" "Vr ' \  ,'  ( I r \vn ^ 
-1 ' : -

,n : --T- u"ne t-rr("Tr - F )t(3'54)
I  e!t*v,)

i^ : 1tr42=- 1s-rr - ll. (3.bb)" 4Dp + ap?plp

Kax noxagHBaer cpaBHeHI'le 3rI'IX Bblpaxe'

. ttui.r c noflyqeHHbIMI'I panee 6es yuera cItJI LIso'

6p axeu u r, n nep BoM BbIp&KeH Ii II Ao no JIHHTeJI b-

Pnc. 8.9. BnusnHe crln [3or
6paxennn Ha xoA noreHqu&nb-

Hofi gHeprusl

I - Ez { Esi 2 - 9"5 e'..

' '  Aqi

Ho norBJrflercr q,,reH e'-E , a BTopoe no Soprue coBnaAaer c noryqeuHblM
Ae,

pa'ee. floseneHr.re qJreHa e---FT floHflrHo. OHo csssa'o c II3MeHeHtleM

Bbrcorbl noreHlll'taJlbuoro 6aprcpa' HaA Koropofi npoxoAnr HocI{re'[]I

3apflAa Ha BeJII{qI'tHy n9, (itii' p".. a'01' Kpon're roro' clr�tbl lt-s-o6paxe-

Hr.rs r43MeHn'Ior BeruqlrHy'xoeQ$uuueHToB npo3patlHocrl'I 3a3opa KaK

AJIfl g,'reKTponoe @n, tai u Aln Aupox 7o' 2, ----^-----
Pacqer'npospauiocrl{ 3a3opa c yqeroM cIu nso6pa-x<eH-I'Ifl Mo}Ker

6url nponeAeg ro,rtxo npu6,'ruNenHo,. ecJII{ 3aMeHLITb pea,'IbHbII'�I IIOTeH-

q;arrlirrfi 6aptep ua npruoyro,rsnul2 roft xe nJIouraAI4' I{cno'tlb3yn

BbrpaxeHHe

(3.56)r D :
Y

d

, \ .p (x) dx," d

rAe g (x) ornocnrcfl K 3a3oPY'

Kax norasHBaer aHaJII{s rIpI'I 8s ( er, 
-9 

c yr{eroM CI'IJI I'I3o6paxeHHfl

n,l""ita, tlelu 6eg yqera cI4r'I uso6paxeuufl' tlro npI'IBoAI'IT K yBe"IuqeHllto

3, u 9o 3a cqer cun Heo6Paxenur'
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BeeAeHue BeJrr4qI,IHbI Aq, nprzno4r4T K yMeHbIIleHL{rc ar'reKTpoHHoro
TOKa rlepe3 KOHTaKT npr.r 13 < a2 H yBeJll{lteHnro sToro ToKa rrpl1l 13 > e2.

BenH'rHHa Arps uoxer 6url uaftAena a*ailvrrrqecKu npn ea> e2, ecJrr.r
IrcnoJIb3oBaTb BbrpaxeHue

<p* (,t) : - (et = e) e2 
-Y \ '"/ 4eres (ea + E) x ,

Koropoe JIefKo Moxer 6urr no.nyueno r{s Sopuy.rlu (2.33) npu npene6pe-
xeHHH BJII4nHHeM rperrcft cpeAbr (s4ecr r orcrrurrbrBaercfl or fpaHnrthr
pa3AeJIa rro!'IynpoBoAHHK - 3a3op prJrn noJrynpoBoAnxr( - vera.nn).
,[,,ra eroro cflyqarr npra paBHoMepHoM pacnpeAeneHnu rlplrMecefi troxso
SarrHcaTb cyMMapHoe Q:, KOfAa O6naCft npocrpaHcrBeHHoro SapsAa
sB,'Iflercfl c.noeM L[orrxa, B Br.rAe:

<or (x) : !^'no (Q - ulu - e2 (e, - er)
zozeo 

*t -T 
7[reo(%+E;V' .  (3.57)

(3.5e)

(3.62)

I t

Tar<as, ganHcb cnpaBeAJrr.rBa npH ycJ'toBr.ru, qro cHJrbI uso6paxeuun
He llsMeHffror p (r) s o6racrlE npocrpaHcrBeHHoro 3apflAa.

flpe4nonoxr.rM, rrro sxcrpeMyM q> (x) Ha6,rrc4aercff rrps x K Q,.
Torla nocJleAHee BbrpaNeHr.re Moxer 6url nepenucaHo B BHAe:

_  € r n o  _  e z ( e r - e r )  . _ n
szso 4erer(erfer\ x^2

Peuesne nocJreAHeroypaBHeHHfl OTHOCITTeJIbHO .f?, AaeT

f  e.  -  €.  l t l t
L,-- :  |  _r__3-+ |'-m 

l@s * ez) lnol .  (3.60)

OqeHnu BHaqeHHe x*. HanpuMep, npn go - eVe: 0;5 98, n0 =
- 5 .  ^ l0r8cl .r-3,  ea I  oo vE2 :  l2eo, Q, :  1,2. l0:6crnr,  x^ :  6 \ .
X l0-8 cM, sro ,4erlcrallre.nuro lran6 no cpaBHeHr.tn c Q,..I[,nr rr,reururux
KOHI{eHTparIUfi ero HepaBeHcrBo 6yAer ellle 60nee ycununarricrr, TaK KaK

)C*- (no)t/,, Q - (n)-'/,.

Teneps MoxHo uafirn cpz(x-), ecJru noAcraBaTb .r,?, coorBercrByrc-
ulee-\IaKCHMYMY Q:, B BblpaxeHl.re (3.58).

flpu erour
q z Q c ; ) :  e ( o ) f r - * * /  : ' - ' : '  E r o \ ' / ' f .  ( 3 . 6 1 ). . , 1  e o € 2  \  e 2 + e 2  

- " 1  I
SHa'reHHe Ag; : A (0) - g> (x^), orKyAa

Ae,: #(f f i :ono) ' '

o r ( . r ) : o f o t i t - j A \  +  .  e ' ( . ? " - . e ' )
Y L \ - w t  Y \ - / \ ^  g  

) '  4 e r e o ( e r * e J x  '

r.u,e

IIpoauQ$epeHqnpyeM
Hufi pesynbrar K HyJrro:

(3.58)

q (0 ) :  eo -eVz .
BbrpaxeHue (3.58) u npilpaBHseM noJryqeH-



9ro eupaxenl'Ie MoxHo noAcraBl{rb B BbIpaxeHH: Jll54] I 
psccrlH=

Tarb Bo!'lbr-aMnepHylo xapaKrepl4cruxy. Ana'nI'13 (3'62) noKa3blBaer'
IITQ BCJIIIqIIHA Aq, PAC-TCT ,["TA NO.TTYNPOBOAHI'IKOB C 6OTbX]I4MLI KOHIICHT'

-paqLIflMIr ll yaenlluneaerc.s c -PocroM HepaBeHCrBa Mexqy eB v E2'

MaxcnuantHoe s'aqeHr.re Ae, 6y^er AJrs recHoro KoHraKra MeTaJIJI - ''o-

JIynpoBoAHHK, KOrAa Ea : 8^ =. oo.' 
iantur"u Ap - (qo - eVr)'/' u Anfl oiiparHoro HanpexeHl'ts' Kor-

yileV2) go usrrteHsercs c HarpqxeHI'IeM' KaK AQI - Vd'' Oqeura se-

i""riri'"i'lq, a.nq nei *e nuput.tpoB' qro u x^, paer 6Q1 : 0,1 eB'
IIpn o6b-afiroM HepaBeHcrBe MexAy 8s rr-821 KorAa es 1E14- dHAJrLr-

tnqecxufi iacqet Apl npoeecru HeJIb3fl. A.ns odesoK B..3rol\I cryqae

"o"r*o 6pirl q: (x)"a rh6paHHofi roqxe xs, Mfl xoropofi Hatll4Haercfl

cyqecrBeHHoe TyHHeJII'IpondH.ue u€pee- o6;racrb npocrpaHcrBeHHoro 3a'

psAa. flpfi sroM AJls )co K% JIerKo noJlyqlrb

Asr:-q(o) $+##?P,", (3.63)

Kar noxaguBaer aHaJII'!3 IOCJIeAHeTO BbIpaxeHI'Ig' Ber'lnqHua Aq'

orpr4qare,'Ibua npu 6olr,ruHx BeJII{qIIHax .r0' npoxoAl'lr'ltpt: ly-1:^ltg
yrfeHbIXeHHLt t0, a 3aTeM CTaHOBI'ITCS nOJIOXI'ITeJIbHOfr. tDI43I4tleCKItIi

CMbrC,r HMeTOT TOJI6K9 1OJIOXITeJIbUUq'Aqs, TaK KaK nplr OTpI'lUaTeJIb- .
Hbrx Aq, rdr uAer HaA 6apbepou o6.nacru npocrpaHcr:9ll-"-t"" 3apsAa

Ir c'tJlbr ilso6paxenlrs He BJlHsloT Ha npoxoxAeHge HocllTed'Ieu 3aptAa

*Tt.illTftblBaer, 
qro Aqrn /o : l0-7 N;fr^;= lz;3, 1 -", T -

sropoft qreu Bbrpaxenlaa (4.11) .Uaer'enaueHne 0,03 38. 3ro 3IIarleHI{e'

;;-;;;ilily, A;;;-; x "rLxcr*anbHo Bo3MoxHoIi BeJII'{quHe A91' u ra-

xurra oopasoru [oBbIlxeHIIe BbICOTbI noreHql'IaJIbHOTO 6apbepa 3a cqer

cH,r Heo6paxeHHtl HeBeJII4KO.

3.5. BOJlbr-AMnEPHAfl XAPAKTEPttCTI'�IKA AJlt .TOKOB
qEPE3 NOBEPXHOCTHbTE COCTO'HI ' I '

B o6rqerrt c,ryqae roKH qepe3 KoHraKr Mor.yr HAru Kai( 6es yuacuaR'

TaK LI c yqacr!'teM rloBepxHocrHux yponueft, KaK 9To noKagano Ha

p n c . 3 . 1 0 ,' 
PacC.ruraeM Bo,'tbT-aMnepHyto xapaKTepHcrI'IKy KoHTaKTa c yrIeToM

roKoB uepes nonepxsocrHue ypoBHH. !,nn npocrotot ql{t]l gfpaHlrrlu-
Barbcfl oAHLIM AI'IcKperHbIM noBepxHocrHblM ypoBH*: p19l?l?xeHHblM Ha

rpaHHUe pasAeJIa noJlynpoBoAttt'tx - 3a3op' u pacclvlorpllM oOIueH ypoB-

n'efi ro,rli<o c soHofi npoBoAI.{MocrH noJIynpoBoAHHKa' r' e' 'orpaH'll,Mcfl

TOKaMH, flepeHoc]IN'�tblMl'�I OCHOBHbIUII Hocuren rM H' 3ap fl Aa'
B arou 6nyuae pacqer o6Uefi BoJtbr-aMflep'oli- xapal{repl'Icr}lKl{ KoH-

raKra KaK AJrfl Ar{oAt{Oft, rax n Af$Qy3uoHHofi.reopu}l cBoAIlrCs K Ha-

xoxAeHlIIO CyMMbI

/ o

io: io, * iti,' (3 .64)

I I

rAe ib, - ToK Haa 6aprepoM o6JIacrH npocrpancrBeHHoro eapsAa 6es
yrlera ypoBnefi; .i'" - roK qepes noBepxHocrHble ypoBHH.

. Ec.ur Aflq AyoAHor? reopHu nplr noAcraHoBKe B ypaBrieHue_ (3.6a)
Moxuo BocnoJrb3oBaTbcfl panee uar?AeHHbrM perxeHuer\,r 4nr no.(6apuep-
Horo roxa i?,, ro AJre 4"6$y""onHofi reoplru HyxHo yqecrb, rrro roK rle-
pee noBepxHocrHbre ypoBnr,r'6yaer BJrHflrb Ha rpaHr.Iqnbre ycJIoBLIt, a
erb npune,qer r-ueo6xoAr.{Mocrn. yqera [oBepxHocrHbrx ypoeHgft Ha
bolee paHuefi cra4fiLr pacrleroB.

Paccuarpunaq pagnocrb roxa r.r3 MeraJI-
Jra B noJrynpoBoAHHK r{ r.r3 [oJrynpoBoAHH-
Ka B MeraJrJ'r s o6naerH s6rueu rpaHlrrlbr
pasAe,'Ia noJrynpoBoAHHK - 3a.3op TaK, KaK
ero 6uno cAeJIaHo B Ir; 3. l, uoxuo no.ny-
lllrrb, qro A"na ,An$$ysuosuoft reopun c
yuet'ou roKoB qepeq noBepxHocrHbre ypoBHI{ _

- 9o*eVt

n(o): np-ffi -', '*r*i. ' . (s.6b)

floAcraeue n (0) n BbrpaxeHue (3.9), rrrox-
Ho .noKa3arl 4.nr .qxS$y3rroHHoft reopr4r.r

.b Au.Eo^i,: ifl, + *ff;"*;i"", 
(3.66)

P[c. 8.10. MotreJrb [oHraKTa c
yqeToM ToxoB qepeS noB€pxHocT-

Hufi ypoBe-Hb.

tle ior, -paHee HafiAenuufiroK qep.es KoHraKr 6es yuer4 noBepxHoir-
Hbrx cocroqnufi (cru. @prnry.ny (3.13)).

Taxuu o6paeou, i<ax n c.nyvae AI{oAHoI?, TaK }I B cryrlae anSQystlott-
HOfi reopulr, Pacqer BoJrbT-aMnepHbrx xapaKrepLIcTHK KoHTaKrll C yqe-
TOM TOKOB qepeS nOBepXHOCTHbre ypOBHIt CBoAITTC'I K AOnOJIHLITeJIbHOMy'
pacrrery ToKQB qepe3 3rr.{ ypoBHH.

Pab,qer roKoB qepe3 noBepxHocrHbre cocrocH[s. llpex4e Bcero pac-
cMorpr.IM, Kax co6crseHHo nosBJrrercfl ToK cepeS noBepxHocrHble ypoB-
uu. flonepxsocrsufi ypoBeHb BcerAa o6ueuubaercs oJJeKrpoHaMu cTto-
nynpoBoAHHKoM H MeraflJIoM nyreM nepexoAoB ypoBeHb-3oHa, ypo'
BeHb - MeraJrJr r{ o6parHbrx nepexoAoB.

llp:.r orcyrcrBuH npHJro>r(eHHoro K KoHTaKry Hanptxeufig xaxAufi
ils nepexo1os c6anancr.rpoBaH, raK KaK B cI-IJIy nplrHlrldna AeraJlbnoro
paBHoBecH s nporunonoao)KHbre r.repexoAb{ paBHbI'Ap yr AP YrY : KorAa xe
x xofiraxry npuKJra4brBaercr BHeIlHee HanpffxeHue, 3Tor 6anasc ua-
pyruaercn r. qeBe3 ypoBHu r.rAer roK.

Moxuo cqnTarb, qro roK r.r3 soHbr rrpoBoALIMocrH Ha ypoBeHb npo-
nop[]roHaJreH qucry cgo6oAuux Mecr Ha ypoBHe flt-ffir Ii qucfiy
gJreKTpOHOB, KOTOpbre MOryT ilOnacrb Ha ypOBeHb nk, a o6parHblft roK
nponopqnoHaJreH qr,rcJry sJrexrponoB Ha ypoBne mr. Tox Hs ypoBHq B
MeTaJrJr nporrQpru{oHafleH qr.rcfiy 3,'IeKTpoHoB IIa ypoBHe mt v rlvcily

cBo6oAHbrx Mecr B rrrerdnre .na, a o6parnufi ror * qucry cso6oAustx
Mecr Ha ypoBHe ftt-ffir H rrHcry sJreKTpoHoB B MeTaJIJIe n-. B erOv Cny-
lrae Mox(Ho Sanr{ca"b A,'rr roKoB SoHa npoBoALIMOCTI{ - ypOBeHb Vt.



iT' : elK^t (nt - mr) n^ : I(samln t)1,

34ecr n, - KoHqeHrpaqus rloBep-xnocrHoro ypoBHs; tni - xoulreHrpa-

ur.tfl sdleKTpOHOB Ha Heu; Ka u Knt.- KltHerl4tlecxue xoe$$uqneHrbi'

xapaKrepl{3ytoulle ilepexoA Ha ypoBeHb I'I3 3OHtsI npoBoAI'{MOCTI4 14 Me-

"un.rrr; i1,,- u Km - o6patHue nepexoAbli flx- KoHueHrpaullr 3"IIeK-

TDOHOB S-o6Jtacru noflynpoBodHl{Ka, C XOrOpOft ocyulecrBJlflercfl sJIeK-

;;ffit oot."; n^ u- no- KoHueHrpaunfl 3aeKrpoHoB t{ ceo6oAHHx

r'""r " MeTaJIJIe H O6.naCrRX, C KOTOpbIMI'I OcyqeCTFJIflIOTCg g"leKTpOHHbIe

nepexoAbl.
B craquosaplloM cryqag iT' : iT' : ii' H MoxHo uafiru

(Krinx* K^in^) ni (3.6e)r y : m '
Ecnu nolcraBl'Irb 3ro 3HaqeHHe-ml u QopuyJly (3'67) HJII{ (3'68)'

JIefKo nOJIyr{I'Irb CIeAyI'Oulee BbIpaXeHI'Ie AJIfl TOKOB rlepe3 noBepxHocr'

Hbre ypoBHH:
(K1^Knlnano - K*1K6n6) n1

. 8  \ - 1 a m  - t a L  " .  u

t 1  : f f i (3.70): f f i '

ypoBeHb - MeTa,'IJI:
"  

{ ;s  :  € lK, i  (n i -  m) n*-  KnmiTi

K% @, - *?) nf; : Konml;
K'*, (e, - *l) no* : 6l^mln2,

(3.67)

(3.68)

-  (3 .71)

' 
flapanaerp Knr Mo)Ker 6lrrr, uaiiAeu, ecJrr{ paccMorperb rroroK s,'reK-

TpoHoB, naAalox{Lrx Ha noBepxHocTHbre ypoBHr4 H 3axBaTblBaeMbrx r4Mrr,
B BI4AC

Kn, : ai,, (3.73)
ryeinvin - cpeAHHe rerrJroBas cKopocrb r.r ceqeHue 3axBara gJreKrpo-
HoB soHbr npoBoAr.rMocru Ha noBepxuocrurrit ypoBeHb.

flapamerp /(na Moxer 6urr pacclrorpen aHaJrorrrqHbru o6paaou.
TorAa

-m-m
I \ m i :  A n C n , (3.74)

rye Vtr - cKopocrb aJreKrpouoB Merar'r,Ta, nonaAaroqux Ha ypoBeHb;
c!] * cpentee cer{eHr4e 3axBara g,rreKrpoHoB MeraJr,"ra noBepxHocrHbrM
ypoBHeM, Koropoe 3aBHc.r4T or Ha,rrprr{Hs }r cso}icre 3a3opa.

KogqeHrpaqlrfl gJIeKTpoHoB. B MeraJr"'re, cnoco6gntx nepexoAr.rrb. Ha
[oBepxHocTHbre ypoBHr.r:

(3.75)

Kouqeglpgqilq ceo6oAHbrx Mecr B MeraJIr'Ie, KyAa HAyr a,'IeKTpoHHbre
nepexoAbr r.r3 ypoBHs:

n * : ! " N G ) f G ) d t ; .
E

B nocfieAsee BbIpaxeHI'Ie BxoAflT ceM-b BeJIIltIHu, rpe6yrculnx Quslt'

uaa*ft pacutu$poriui Km, !(a1, Knt, Kh, f lo,.f l*, ft* '
" 

I4cno.nr3yfl paBeucrBo Hynlo roKoB i'lr' n i2' np,l 
9Ty;1TlIK 

npll'

JroxeHHoro HanpqxeHHq' MO)KHO- noJIyqI'ITb' cJl€Ayloque coorHolueHHfl

^r\,rexAy Ko9$QnIiI'IeHraMv Knt r Kn, a raKxe Ka a I\m:

rAe 3HarrKr.t <0> ognaqarcT, qTo AaHHble BeJII.tqHHbl oTHOCgTCf, K CAyqaK)

V  : 0 '
3rn coorHoureHl,Iq no3BoJlgroT yMeHbIUI4Tb qI'cJIo napaMeTpoB 3aAa.

.II'I Ao tflTVi KnIt K^t, rll* noou no, ecJIH HcnOJIb3oBaTb ..OTHOIIeHH'I:

(3.72)

n " : S N ( 6 ) t l  - t G ) t d E ,
6

rAe N O:NPLE'/, - n,,rorHocrb
e_F _r

f (6) : (l + eE) Qynxuun rax sanonHeHus.
l{urerpupoeaHrre 3anr4caHHbrx eupax<eHuti ApJIxno npoeoAllrbct

IIo BceM 3HeprLIflM, COOTBeTCTBy]Orqr4M BOSMOXHbTM nepeXOAaM.
Ec.nr.r srexrpoHHbre nepexoAbl ras yponHeti B MeTaJIJI u o6parHuene-

pexoAbr H[yr 6ps r]sMeneHr4 rr _-3HeprHH, To .B coorBercrByrolr\ue r4Hrerpa-
,'rbr MoxHo BBeprn npeAeJrbr ti*-kT u E6+ kT, rae Ei - noJloxe-
Huq ypoBHfl, orcrrriraHHbre or AHa soHbr npoBoAHMocrH Mera,[,'ra. Tenepr
Moxno saMeHr.rrb HHTerpnpoBanue no 6 yMHoxeHr,reM noAbrr{rerpaJrb-
Hoft Qyur<qnu, Blnrofr B roqKe 6t), u? 2kT. B pe3yJlbrare rroJlyvl,IM:

,- 4n Qm)1"/' ( An aA 0nm:___w_J;"+ 
;F,

cocrosHr.rft

(3.76)

B META''ITE;

(3 .77 \

(3.78).

' q i
*f,
,d:.i

$'x
]'l
t,, '  

i

K?n: KontM.no*:,

I(, : Xo^,MrL,

fAe

^ ,= \w -  t ) :  "  o '

u VqecTb, qro Ka u Kot cyqecTBeHHo Ye saBllcflT 9r npIIJIoxeHHoro -

"rio"*."""' ii/, : i,-,, ko,, : Knt, Klt : K^t, Kl*: Kr*'

78

3aecr e =gW#+(8,^)'/o;
npoBoAr4MocrH MeraJIJra.

0- 
--qt-

l { M i e  h r

6im oTCqVTbrBaeTCfl OT AHa 3OHbI

-- 4n (2m-^1"/" ( t'/"d.giit:: -----F-

5 r + . u t
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ihlnnsMflie u' (+" ut - t l

\ r r ;  t

llo.u,cragrqs
Iyqr.rTb KaK AJI'

( l  * Mie

ab

,If,nr au@ysl.IoHHoft reopnr BetI'IqHHa n (0):noe--87. npn 7 : 0.

Ho e ornuqne or AtioAHofi reopuH oHa Moxer KaK yBeflI4tlnBarbcff' TaK

n weHblxarbcfl- npu ynaeHlu-ennu BblcoTbl noTeHuLIaJIbHOrO 6apbepa
npu vf}.3to csqgaHo c reM, uro rp_drlnuHas KoHqeHrpaqns Moxer on-
p-e4englCa KaK gleKrpoHHbIM O6nrenou O6flacru nOJIynpoBOAH14Ka
s6rr.rgn x : 0 c o6bell-oM noJIynpoBoAHI'IKa' TaK Il c MeTaJIJIoM H,'Il{
noBepxHocrHbIMLI ypoainnnH. B rieprortl cJIfIae KouueHrpaqus /? (0),

KaK II AJIS AITOAHOfi reOpUl1, pacTer c weHbIxeHI'�IeM B5ICOTbI tlOTeH-

ur.raJrbHoro 6aprepa o6.nacru npocrpancrBeHHoro 3apflAa. Bo oropou

80

oHayMeHb i l I aeTc f l ' nocxoJ lb l ( ynpHTexxeycJ IoB I . I f l xpacTeTBb IcoTa
noreHrlr{aJlbHOro 6aprcpa A,'Ifl gJIeKrpoHoB, I.{Ayl{I4X B no,'Iy[poBoAHI'IK

U3 MCTAJIJIA.

3anucaHsue Bbrue BbrpaxeHnfl l[rfl. nK.H n (0) ilo3BOJIsIOr nocrpo-

I , ITbBoJ IbT -aMnepHb lexapaKTepHCTI iKHcy I {eToM ' IoKoBqepe3 'noBepX-
uocrunfi'yponeirt KaK q npeAnoJlox{eHl,sx Al,oAuofi, raK I'I AHSQy3HoH'
nofi reopilii. OAsaxo ini o6ufero aHaJII,l3a roJIyqeHHbIe RbIpaxeHI.'In

CJII.IIUKOM CJIOX(HbI. fIOarOUy npOBeAeM aHaJII.I3 no,'Iyr{eHHbIX BbIpaXe-

Hr,Ift Afls psA? qacrHblx cJlyqaeB
Ana.rrrig roKoB qepeg noBepxHocrHbre cocroqnns. A;ts Al.IoAuoft reo-

pHr{ .flocJle noAcraHoBKV txp B Bblpax(eHlie (3.79) nueena

Qo eV

i t " : (3 .81)

r.ll,e
-  * 9 0

K : W e  k r .
" n " n  Y

Kax su,quo H3 BblpaxeHun (3.79), roK'qep€ noBepxHocrHble cocrofl'
HIIfl nponopquoHa.nen ux KoHIIeHTpauiI,I nr LI SaBVCAT OT HX AHepferl]'
qecKoro noJloxeHHs lvlr, ceueHnft saxeara oJIeKTpOHOB SOHbI npoBo- .

AI,IMoCTLI cnt Merailila c-f;, sttcotu noreH[HaJlhHoro 6aprcpa q0' xoHueH'
rpalluu socure.neft 3apflAa B noJlynpoBoAHnKe /?0, npnJloxennoro Ha'
nptxeHl4t V, a tarxe KoHqenrpauul,I g!'IeKTpogos s o6,Tacru no,ry[po-
BoAHHKa, c xoropoft r.rAer o,'IeKTpoHHbIIi o6ues.

,(.nn guo.quofi reopnu 
eo_evt evt

k: noeT * ngu7 ,
rITo coorBercrByer KoHLreHTpaIluiaJIeKTpoHoB B roqKe x : Q,. cnoco6'
Hbrx rpeoAoJreBarb rroreHUl.I;Jlbnufi 6ap iep p6nactu. npocrp aHcrBeHHoro

BapflAa. ?ra xonEesrpalluf, panla nf;: nos-# nfrE V : 0 n yoefill'
qrrBaercff npll yMeHbIueHItH noreH(I4aJlbHoro 6aprcpa.

!,nn,quQ,Qyenonnofi reopfi I'I, KofAa eJIeKrpoHHbIe n^epexoAbl npol4c'
xoArr B o6tacrn g6.IIHelr x : 0, Befiuq[Hy nk: ry,\tJ) MoxHo no,'Iy-
qurb; ecJII{ roAcraBllrb B BblpaxeHl'te (3.65) cyrr'ruapuufi 1ox in : tI *

*i 'nu HcnoJlb3oBarb paccql'ITaHHoe paHee 3HaqeHHe iX (crl1. (3'13)).

B pesynrtare IrMeeM

eo--iV | _eV, -eVt

n (o): *#d+ - lit^O," 
E | 4Eoune kr

(+Eiu"{q"?") \"  
" -%). (3.80)

,no" T /

saftAennue napaMerpbl B BbIpaxeHI'Ie (3'70), nerxo
AlroAnoii, raK LI AJIfl ,quS$ysr'rouHoii reopnu, uro h

,ffi
.!,.#l

ffi
$..tr
ffis
ffi
-�l

' " i t l

$,
$ l
i\'

,:;r
:,'.i']
l # , ,
.-rl r

s l
{ $ l' r {  ir"si'
.{i
,br,
;f
$
14i'q

'it

.s
. n - (3.7e)

, [ ' * o ( ;  . r ' ) ]

flycru rJraBHyro poJrb Hrpaer sJreKrpoHHufi o6ltes ypoeneft c MeraJI'
.nou. 3ro o3Haqaer, r.ITo HHTeHcHBHocrb gJIeKrpolIHbIx [epexoAoB MexAy
gOBSpXHOCTHbIM ypOBHeM I{ MeTaJIJIOM 3HaqI'ITellUO 6OnUrUe' r{eM MeXAy

vDoBHeM H noJIynpoBoAHI'lKoM. TorAa, yqllrblBag' tsro ctr ) cr, MoxHo

irbnyuurt K-.0. BupaxeHue (3.81) npu eroM nepexoAllr B cJleAyloqee:
eV

B paceuarplrBaeMoM clyqae roK rrepe3 noBepxHocTHble cocroqH[fl

nponbpur.ronare! ceqeHnrc 3axBara SJIeKrpoHa 3olrbl [poBoAlIMocrH no-

BepXHocTHbrrrr ypOaneilr cnV He saBHcr.tT oT ceqeHr,Ift 3axBaTa 3,'IeKrpoHoB

ueran.na. flocneAgee JIelKo noHqTb, ecJIH yqecTb, IITO npH [ocJIeAoBa-

TeJIbHoM npoxox(Aenuu sJIeKTpoHoB. I't3 nb.nynpoaogHl'Ixa B,MeraJIr'I H

nao6opor c yqacraeM nepecaAol{Horo ypoBHq.npu npenMyqecrBeHHoM

o6ueHe c n.terannou, JIHMHTI4pyrOUeil gBJlflercg cTaAI{fl nepeHoca 3"IeK-

TpoHa Ha-3rane nolynpoBoAHr4K - noBepxHocrtistfi yponeul. o6lten

yponnefi c MeTaJIJIoM a paccruarpgBaeMoM clyqae onpeAelqer 3ano"l[He-

, , . S -
a n -

' eV'

I Q M pT, BEIxoALIT-Ha HacbIIqeHI'le.

EcJnt sblnorHlercs HepaBencrBo I )

. (3.82)

Koropoe
ypoBeHb

HHe noBepxHocTHOfO ypoBHt.
B sagncnl\4ocrl'I or 3Heprerl'IqecKoro noJIolKeHI{fl ypoBHfl'

onpeAer'Ifler BeJIEqI.IHy Mr, usveutercs BeJIUTIHHa ToKa qepe3

I' .)
- 1

.1
I

ii
:l
j
ei.

fl

t t

lr xapaKTep saBI{cHMocrIt roKa or Hanpff}KeHHfl.

. "tlp" npellMylqecrBeHHolk o6uese ypoBIIr c MeraJIfloM Be'lnquHa
'::J-

ToKa BHaqafle, KorAa | ) MpT, pacrer c pocroM Mr, abareu' KorAa

eV,

Mie kr , npxuofi roK.qepe3
eV

nponopuHoHa,IleH shr ,, a o6parnuft ucnblrbl-
cJlyqae, KorAa ypoBHH llacnoJloxeHbl 3HaqI4-

rroBepxlocruuft ypoeeHt
BACT HACbIUICHHC. B STOM

8 l



TeJIbHo HlrlKe ypoBllr @epl.rrl, 3a3op He rponB,'rflercrr r.r Bo,'Ibr-aMnep,-
Hafl xapaKreplrcrr.rKa.no o6qelry Br{Ay coBnaAaer c no"nlr-arr,tnepHofi
xapaKrepucrnxoii AJrr roKoB 6ee yyacrur noBepxrrocrsnx cocrogurEfi
n p u  d : 0  ( c m .  n .  3 . 1 ) .

EcnH sHnoJrHflercfl HepaBeHcrBo | (Mp#, npr*oii ror uepes

noBepxHocrxble ypoBHr.r nporopur4oH un"n "#,a o6parrbrfi nponopqfio-
eV,

HaJIeH e- hr . B arou c,tyuae BoJrbT-aMnepuafl xapaKTepr.rcruKa no BIrAy
{ni

. Puc. 8.11. Bonbr-aMnepHble xapaKTeprcr[Klr AJra roKoB c yqacr[eM noBepx-
. HocrHblx ypoaxefi npn [peuMyqecrBeHHoM o6uese ypoauefi c MeraJntoMs

-  a  -  npsMoi l  ! :oK; .6  -  ooparHHf i  roK.

coBnaAaer c BoJrbr-aMnepnofi xapaKrepr.rcruxoft AJrfl roKoB 6es yuacrun
IroBepxHocrHbrx ypoBHefi c yuerou sa3opa (cu. n. 3.1).

Bosil,toxHlrrl xapaKrep nprn,roli u o6parHofi gerseri sonrr-amnepuofi
xapaKrepucrr.rKr.r npu nper.rMyrqecrBeHHoM o6Mene c MeraJrJroM noKa3aH
u a  p u c .  3 . 1 1 .

flycrr rJraBHyro poJrb r4rpaer gJreKrponur'rfi o6uen rroBepxHocrnofo
ypoBHs c iloJrynpoBoAHHKoM. 3ro oguaqaer, qro HHTeHcr.rBHocrb aJreKr-
TpoHHbrx nepexoAoB Mexqy noBep xHocrHbrM ypoBHeM r.r rroJry[poBoAHr.r-
KoM gHaqr4Tenruo 6olule, qeM MexAy ypoBHeM r.r MeraJrJroM. Tor4a,
ytII4TbIBag, r{TO cn} cT, MoxHo noJIo>KI.lTb .K --- oo. Bltpaxeuue
(3.81) npn oroM nepexoAr.rr B ci'reAyrouee:

e v

lni

,, eotr;f niM;Q @T - 11
l n : W , (3.83)

B paccuarp'BaeMoM ..J|,*JfJ L!.ol: i#3pxHocrHbre cocronHr.rn
npolop quoBulJreH ceqeHnr.o saxBara rroBepxHocTHbrM ypoBHeM 3JIeKrpo-
HoB MeraJIJIa H I{e 3aBI,rcHT or ceqeHufi gaxBara g!'IeKTpoHoB goHbr npo-
BoALIMocrLr. flogneAgee onpeAearercs .TeM, r{To npu nocJreAoBareJlbHoM
npoxoxAeHl.II.r SJIeKTpQHOB L{3 nOJIyTTpOBOAH}IKa B MeTa,'rJr u HaO6OpOT
c 'yqacrr.reM nepecaAoqHofo ypoBHs npil' npeuMyrqecrBennoM o6lreue
c noJIynpoBoAHr.rKoM JnrMnrup yrcu1er? sd.nsercs craAr.rs nepeHoca g,'IeK-
rpoHa Ha erane MeraJrJr - rloBepxHocrHufi ypoBeHb. o6lreu yponuefi
c noJrynpoBoAHHKoM onpeAeJrger saloJrHeHr4e rroBepxHocrHoro ypoBHe.
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-u,, , 
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B gas[c[I\,(ocrl't or Be,ltuquHbl M r, saavcaulefi or sueprbrnuecxoro

noni*."t" io?"":"' ro$ r{epe3 no}epxsocrnnfi ypoBeub Mo}Ker Beasaile

npu I ) Mre u' n I ) Mre-'fr pacrl'I ' a 3areM- npn I ( M'eT
ev"

u 1 (, "-T YMeHbilarbcs.
A)-" pasHrx BeJII'IqI'IH M, ua6ntogaercn HsMeHeHHe xapaKrepa 9a'

BIICLIMOCTII TOKa OT HanpqxeHlfl'

Tax, npu

eVo

tv" M,".T1.,
evt

l )  M s e b r  u
Y J  I

e.kr , a o6paruufi .rponoplruoHaJleH e
e v  2__ET

npsMofi ToK Ilponopul{oHa,teH
eV

I

,
n

tni
_ [u

3. I 2. BoJtbr.aMnepnble xapaf, rep nct nf, n'41 1 t-o"*9^".. : isacrneM noB-epxH-otrHor o

ypoBnt rlpu npeunryqectn.tli6M'aaerrpoiiou o6ueue c noJtynpoBoAn[aoM:

.t - nPsMOfi rox; 6 * o6parHblfi roK'

Bonsr-aunepHaq xapaKTepl'IcrlKa npu' gToM coBnaAaer no BI{Ay'

" *lnpu**prlcrllxon xodraxra 6ea yuera ToKoB rlepea noBepxHocrHble

;fi;ffi;"6;";";'6 (;;.;] ]i, no-c u"uHl\IHoft sarueHori v1 ua v'-
r{ ApyrI4M sHaqeHHeM'd, (oco6o cJleAyer-o6parurb BHlIMaHuei{-a ro' llro

u.n'""ru"a i, \nt roKo; rrepe3 noBepxHocrHbre ypoBHr.I npn npeuMylqe-

CTBeEHOM .o6rrlese c noJryflp.B.At'liotrl ne gas;inr or se,'I_,oq'nHsr go)'

flpra o6parnor* "upu".".,uu* | KMrefr w | <<'M';-FT npnuoft

roK nponoplll4oHarleH nb, u o6parHufi- npol-op'llol1nt:. f ;
, npn eroM 

'sonlt-ar'{nepHag xapaKrepl4crl'lKa no BI'IAy -coBnaAaer
c sofl'br-aNlnepnoft xapaxref uclfiLoft 6es yuera roKoB qepes noB,ep- x-Hocr-

nor" ypoun" ipw d * 0 (cr'r. n. 3.1), uo crpyrl'IM sHaqeHI'IeM utnlY1;ll:;-----B"dsNaoxrdft 
xapaxrip npnruofi u o6parnoft BerBH BoJIbr-aMrepHoI'I

xapaKrep ncTHKK IIp n npbr'rrrlyurecrBellHoM O6UeHe c no"IyIIpoBo'u'HHKOM

noxasaH- Ya puc. 3.12.
f lycr l4. l raar,rQQyauonuof iTeopHI.tBeJII{qI4Han(0)rre3aBI, ICHToTi;

r.r nocJIeAHLIt un"no't*^"' u"ipu*"it'u (3'80) MolKHb' npene6peul' 9ro

o3Har{aeT, r{TO TOK uepee nO"epXHOCTHbIe ypOnnU AOCTaTOIIHO Madl"qTo6bl

BJrr{flrb Ha BerI'ItIHHy n (0).
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Kpolre roro, 6y4eu nperno,lararb,qro BblnoJrHsrorcfi ABa HepaBeH-

crea 4Eoun)in?n u 4EounVio4oe--F. TorAa, .xax BHAHo r.rg
qi - ev"

BbrpaxeHur (3.80), n (0) : no{- r.r coBnaAaer c nh B npeft
noJroxeHHiix Al.roAlrofi Teopuu. floerouy coBnaAaeT r.r.BbrpaxeHr.re a,rq ji
B npernoJlolKeHr4rx 4aQQyeHonnoft reopull c BbrpaxeHfier,r l.ns ii s
npeAnoJroxeHr.{sx A}IoAHori reopulr.
. B cssslt -c grliM 4nx paccuarplrBaeMoro cJryqas 4raQQyeraonHofi reo-
pHH'i4O'{HO, BOCnOJIb3OBaTECff npoBeAeHHbrM BbruJe a.HaJrr.r3oM ToKa
rlepe3 noBepxHocruufi ypoBeHb; noryr{eHHbrM B npeAnoJroxeHHrx AlroA-
Hofi reopul.r

flpu nunonHeHr.ru o6parHux HepaBeHcrB 4Eoun(a"@o tt 4Erun(
ev eo*"V, -- --i;-'4,a,3oe Rr Bbrpaxenue (3.B0) aaer n (0) : rtos hr . floAbrannsg

no,'ryqerrHoe snaqeHr.re n (0) a (3.79), r{MeeM:

eo eV, eV 1

,s _ eltrcnniMinoe o' (, kr e frr - l) n
- - v .

r  ( l  au ie+ l t l + (  ( " -#  +a ; t l
B paccuarpr.tBaeMoM cflyr{ae roK qepes noBepxHocrHbre, ypoBHr.r He

lrner.
CpaeHenue AByx nocJrelur4x paccMorpeHubrx cJryqaeB noKa3brBaer,

qro- roK qepe3 noBepxHocrHble ypoBnr.t B npeAnoJroxeHHrx 4utp$ysuou-
uofi reopuu rryBcrBr.rrereH K roMy, r{To onpeAerser aJreKrposnufi o6-
veu o6,racrfl npocrpaHcTBeHHoro 3apnAa B oKpecTHocTH )c :0 no.ny-
npoBoAHnx r.rJtH MeTaJrJr

Tenepr nycrb Ar'rl 4u$$yeuouuofi reopuu MoxHo npene6peur n.lua-
HueNf Ha n (0) roxa 6ee yuacruz noBepxHocrHux ypoeueft n in: i;.

go - eVt

TorAa rze (3.65) qHAHo, uro rz (0) : troe kr 
; KaK noKasaHo Bbr[re,

raKoe BHaseune n (0) He no3BoJrsei no.nyvnrt rox rrepe3 noBepxHocrnbre
yponnn.(cv. (3.84)).

Pagrlaque B noneAeHr.{ri roKoB qepes [oBepxHocrnbre ypoBHr.r A!'rfl
AuoAHoii x ,4r.rQ$ysuounofi reopnu onpeAeJrsercs reM, qro Ars AuoAsofi
TeopHIr npu npriJro)KeHHH Harrpffxenrifl BcefAa MoxHo <pas6anaucupo-
Barb) paBeHcrua (3.67) unn (3.68); a .qns ArQQy3noHHofi rebpuu nsue-
y^eqll c HarrpexeHneM pasJruqHbtx BeJrlrqrrH, BxoAsulux o (3.67) ralu
(3.68), rraoiyr KoMnencapoBarb Apyr Apyra n raxoft (pas6aJrano HeBo3-
MO}KeH.

B sarnrcqeHrie npoBeAeM cpaBHeulre roKoe 6eg yqacrrifi r,r c yqacrueM
noBepxuocrnux yponHefi Ar'rrr rex c.nyuaen, xorAa oHrl- cyqecrBeuHbr.

. E + . *  L
,U,ln eroro paccMorplrM crrryarrr.rro, KorAa V -+ 0 h e kr, e hr, E k'
MOXHO pa3JIOXLITb B pflA LI OrpaHfirll,{Tbcs nepBbIM LrJIH BTOpbrM rrdleHoM
pa3JroxeHHff.
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TorAa Bblp;xeHlre (3.81) nepexoAl'Ir B creAyloqee:
- g

*:#ffi
Bupaxenue (3.23) e roM x(e npn6nnxenllll uMeer BrA

.  _ Q o .

,b einnn?ne hr e rl' i " " : : T - k T t ' .

Cpaonfeaa BbIpa>KeHHs (3'85) u (3.86)' BLTAI'IM, qro roxl'l

nepxiocrnste ypo-BHI4 6yayr npeo6d'IaAarb npl4

.  9-  = ,  , ,  
n t9 'nn ' ( ' . . ,' ' 4 > m '

. flpu o6parHoM HepaBeHcree npeo6,rlaAaer roK 6ee yqacrllfl IIoBepx-

HOCTHbIX ypoBHeH.

AJrq oIleHoK MoxHo B3trb flr: lfrLz cM' t 7n : 10-15 cru-1

fofr--npll-r(: 0 u Mt) I rox ' iepee yponHll 6yAer npeo6na.u,arl

nprr 33333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333n < 4 . l0{. llpr'r o6parHoM HepaBeHcrBe ro*oM qep$ ypoBHI'r

"b*"o' npeue6pevl.

3.6. NA PAMETP bI BOJI bT-AM N EP HON XAPAKTEP I'I CTI'IKI4
H l,lx AHAflt'I3

. B o6urerrn BI'IAe Bo,qbr-aMnepHas xapaKTepl'IcrHKa KoHraKTa c yqe-

roM BCer paccMoTpeHHbrx Bbrue 3s$eKTOB OnI{CbIBaeTCfl Bblpax{eHueM

, 
(3.85)

(3.86)

Irep$ ro-

' 
(3.87)

cV. eVr

.  i :  d r  ( e  o '  - e  u ' ) , (3.88i

rAe BeJrHqIlHa ir, tsrqloulaflcs o6o6qenuuM napaMerpoM BoJIbr-aMIrep-

Hofi xapaKTepI4crI'IKH, Afls pa3rnl{Hblx q.acrHblx cryrlaeB uoxer 6url,

3anncaHa B sBHoM sl'Iae (clt. n. 3.1-3.5) u uoxer sBrffrbcq cla6oil

r{JrH CLIJIbHOfi Qyuxuneft npunoxeHHoro Hallpflx(eHl'Is'

Tax, A.nn arloaHoii u au$SysroHHoft reoprlt AJts roKoB ocgoBHblx

Hocurenefi 3apgAa 6es ytlacrnx no6epxuocrHblx cocrotHllLl' a raKxe

AJlfl TOKOB qepe3 noBepxHocrHble ypoBHH.' pacnoroxeHHble AocraroqHo

BbrcoKo Han ypoBHeu <Depuu, napaMerp f ' KaK 6y,uer noApooHee npo-

aHa,'rngHpOBaHO AaJlblxe, Cla6O 3aBHCHT OT npIIJIOXeHHOTO Harlpflxe-

Hras.. A.nq cJryqag, KOrAa CyqecrBeHHO ryHHeJIUpOBaHLle ocHoBrlblx

socnrelefi safn^a qepe3 o6racrb npocrpaHcrBeHHoro 3apflAa noJly-

npoBoAHI{Ka, a raKxe g,.nr rbroa qepeS noBepxHocTHble ypoBHI4' pac-

no,,IoxeHHbre HI.IXe ypoBtrrn (DepnlH, i, MOXeT CHJIbHO SaBIiCeTb OT

Harrpflx(eHufl.
jlanee 6y^eu yrrnTbrBaTb, rrro .rtflff _npaKr'rlecx.ro I{cnOJIb3oBaHI'ts

KoHraKroB MeTaJlJl-no,Ilynpooo4ur'rx c 6a! rcporra IIIomxu upeseuuaft HO

Bax(HbIM rrBrsercq cTeneHb pocrd toxa c npLIJIOXeHHbIM. npqMbIM Ha-

npsx(eHlleM, Koropafl a'loxiet,e noJlyJlorapu$tvluuecrou uacurra6e
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' xapaKTepH3oBaTbct ge,'rl,tqlrHoii

'  d : ! # : #
B raxoft ganl{cr4 orpaxeHbr o6osHaqeuufl, npHMeHseMbre B pa3JruqHbrx
"JllreparypHbrx rrcrorrHnxax (eenuuu HA tu : nf;-,,np^*euqe[,raq o6ns-
no n sapy6exHoft nureparype, Moxer 6urt nenro Hafi4ena npr.r HsBecr-
rIoM napaMerpe a). flocro;rrxy s o6qeila cfiyqae 4nr o6paruoro HanpaB-
Jrenr.rfl raKx(e sa6npAaercfl cyr.qecrBeuHufi pocr roKa c nprJroxeHHbrM
xanpsxeHr,reM, MoxHo aHaJrofuqHbrM o6pasou BBecrH ae.nuuuuy a-*,
xap a Krep H3 yloIr1yrc o6parH yrc BerBb Bo,'rbr- aunep Hort xapa Krep HcrHKr.r
i(oHraKTa.

B pesynrrare, vcnoJ'rb3yrr Bbrpax(eHr4e (3.88), AJlfl npsMofo HarpaB-
. e V

JreHr.rs npu e "' ) I rr,{oxHo 3anHcarb

: + ' + + j # ,
eV

f.nr o6paruoro npu "-;r'4 I
- *  e  d V i  d l n i l

d . - : _

hT dv dv

Taxnu o6pasou, HaxexAeHue Beflr4rrrzu d w d.*,.n nepByr,o oqepeAb,,
cBoAr{rcr K HaxoxAe'Hrc npor.r3BoAHbr" # "#, I4s Bbrpaxe-

arufi (3.90a) n (3.906) cne4yer, qro npn + 
: - 

o';;: 
MelKAy

flapaMelpoM d, n.dt cyqecrByer cJreAyroqas cBfl3b:

a}:  f t -a^ (3.91)
" I4cnonrcyq. Bbrpaxenr.re (2.41), MoxHo noxasarb, rrro

d E S _ _ e n  d E ,  r  I  d o ,
T :  % T  

f  ; ; % - '  d d l - '

{'Ae AJrs KoHTaKra MeraJrJr - noJry[poBoAHr.rK V : Vt * Vr.
VqflrHsaq coorHoueHus:

F  * -  y \ -n  dE ,  - -  eEz  dv ,  I  dv2E B : - T i  f f : - 7 6 ; 7 6 y  -  - f r :  e , T ;
.  o r : o t n t i  l : # + # ,  

*

JIeIKO nOJlytlHTb:

dv, L de
-n- -

dv \  €oer +)(++'*)- ' ,
dV; I e"d ed
T : 

l, r"? + rrrr

(3.90a)

(3.906)

(3.e2)

(3.e3).
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#-)('*#)'' '
xe .qrS$YeHonuofi nPu

I lapanrerpuc- l rd.*npnnpeHe6pexeHuH3aBl ' lc l {Mocrsro i rorHanps-
*e"n". B r6u cJrylrae, ror44 l, He 3aBr,lcr,rT Or nprrJto)KeHHoro K KOH'

TaKTy HanpflxeHl'I fl, a]FLailu3 napaMerpoB d' w q'x cBoAI'ITcff K aHaJIH3y'
) t t  s l l  -"r!,r, 

H ]]-, rax KaK nPI4 9ToM:
dv i l ,

oL- ,9 ,0 :  -F f?( ' -# '#)( ' (3.e4}

(3.96a)

(3.e66)

(3.e7),

 u,E'r) o*9,s-d

(3.e8)
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++*)-"
cr*-ai l  :#(# * # #)( '  +++)^' (3e5)

B .rairno\la cJr'yqae, *orlu #' 
: o'

o  e  l t * ,  e ' . a \ - t '
o - c t , 6 : - g 7 - \ ' -  u ,  g )  '

,  ^+ e erd l ,  ,  er4\- l
ct;: ccb : -hT 

nZ \' 
-r 

eZ )

Kax nuluo lrs Qopuy.nu (3.96a), AJIfl KonraKra Mera'rIJI - roJlynpo'

0
BOAHHK C 3a3OpoM crs BCerAa MeHbue + 

14 3aBI'�lCI4T Or napaMerpoB

noJIynpoBoAHI{Ka' 3a3opa H npI'IJIoxeHHoro Hanpfl>KeHI'It' A11'ttus ast-

paxieuuft (3.96;) n (3.966) noKa3blBaer, qro napaMerp crb jMeHbttraercfl

c pocroM d, otHouteu "" 
+ 

ll KoH[eHrpa[uI'I Hocnre'neft sapn4a B ro-

rryrpoBoAHnKe no. Kpon're roro' rnapaYtlp 13.9"^T3:..^ti,i 
6o"Ibx]ux

snaqeHLIft q0 I'I yMeHbuaercfl c pocroM npn'toto.uanpflxeHllfl' BerH'In-

na o3* "u**a ai""""" ot nepequcfleH'Hblx tsbIlIIe napaMerpoB' Ho Be-
/ n *  e

Aer ce6s c ux I'I3MeHeHI'IeM nporllBono'loxHblM o6pasou 
1ao 

: 
tr 

-

- "3).- l  
e  nm:

'Biusuue 
Ha napaMerpbl ct 14 a* Be'ntl'{uHo' # 

Mo>Ker oblTb rtpo-

aHaJII,r3HpoBaHoIIpI4l lcIIoJIb3oBaHHI.rpe3y/IbTaToBflpeAblAyqercnapa.
;p;il. i"", t,cno,rtsyfl pe3yabrarbl npeA'Ayqerc naparpa$a' uo>x*

HO rIOKa3aTb, IITO npl{ nperlrtlyurecTBeHHoM O6Uege rloBepxHocrHblx

ypoauen c noJlynpoB6.4nr'rr<ou, oupaxeuue (3'69) nepexoAl4r B cJIeAy-

nu\ee:
nt

mi:  -K ] - '
1 -L------::-

floACrasagg noflyrleHHble eHIx6. 3HaqeHI'Ifl I(i6 Knt I'�I '�?K' MOX(HO IIO-

Ka3arb, qro ArIfl r'IoBepxHocrHofo ypoBHs npn np9ryxa"^t:":nsou o6-

MeHe c noJlynpoBoAslli<oru B npeAnoJloxeHl'Iqx AI'IoAHoil reoprn' a reSK-

lf, --+ 0, 4u,Esz)it,?u u
t o l

n4:----'l-7.
|  |  r t ^  b T
I t lYtiv



(3.ee)
llpH nper.ruyqecrBeHnorra o6ueue noBepxHocrHbrx ypoBHeft c uer&n'

JroM Ha ocHoBaHlrn pegyJrbraroB npeAblAylqero naparpaQa I{Meervr, qro
abrpaxeuue (3.69) coo4urcs K raKoMy:

f t 4 : (3. r0o)

iloc;le noAcraHoBKI.I B gro Bblpax(eHHe Kr^, K,nt, ng w nm noJryqaeM
Jlrrr Ar4cKperHoro ypoBHs

n i
' vI - -;i'- ',  r Y  I

t ,  w ^ - F|  - r  t f t ,E

Auanorugsuft pesy,fmar rarur(e MoxHo nonyuHru AJrfl npenMyqe-
crBeHnoro o6uena floBepxHocrnoro ypoBnrr c noJry[poBoAHr.rKoM B rrpeA-
rroJIolKeHLIu 4uQQysnonnofi reopun, ecnw itn : inuiu it, -+ 0, a4uoE02 (

_ e V

Kar?nu 4unEi (angnefrr. B.Aanruefiueu A,rs rpocrorbr oror cJly-
'qafi BbrAeJrsrbcff orAeJrbuo He 6y1er

,(nr nosepxHocruoft noJlygano,'rnegHoft goHbr c nocrosgnofi n,rot-
rrocrbro ronqeHrpa(ult N, npu nper.rMyqecTBeHHoM o6uese c MeTa'I"IoM
MO}I(HO nOflytIHTb

.I(rr nonepxnocruofi noJry3aflorruennofi 3oHbr B groM
floK,3,rb' 9ro 

-'- mt: N, (pro * evr)'

ffit : N t' (ttt'o -: eVr)'

I,lcno.tmyn nonyqeHHbre 3HaqeHus /l?s, MOIKHo
npeuMylqecrBenHoto o6ueHa rroBepxnocrHbrx
AO,[HI'KOM:

AJrff Ar.rcKperHoro ypoBHt

nt-----T^n"
! r^-K;E

cr'ryqae MoxHo

(3 .  r01)

(3 .102)
noKa3aTb, qTo B cJlyrlae
cocrognllft c roJlynpo-

_- _eV" | _c!t\_,,

#: # + Mp=-Frn, (l + Mp 
-m;"; 

(3.103)
,4rn no.nysano,rgeuuofi 3onbr noBepxnocnrnx coctosttttft c nocrosn-

slroft nrornocrb.ro . KoHrleHTpauuu N 1
.  dmt ^^,0 |  ,  ,  Eed , €2d ^ro\-t

d: e'vi( l  * #,-+ #Ni) (3.104)
B cnyuae npelrMlrqecrBeHnoro o6uesa noBepxHqcfitrtx cocroqHllfi

C MeTaJL'IOM:
AJrs AHcr{perHoro ypoBHff 

ev, ev,
dmt -::. * M,;F' 0 * tvtretr)=' ; (3.los)

T 
:  -  -F '  -m- t r r iE

,qrF noJly3ano,rfi enHoI? soHbl noBep xHocIHbIx'cocroguHfi c noctoqHHoil
nr'toTHocTblo KoH[eHTp arIHr.I

# : -eNl #(, + # + ffi u?)-', (3.106)
88

floAcraensg coorBercrByroqile 3HarreHr,rr ff u ,rpuxeHlre t\Jtfl o,s>
Mox{Ho nbnyvurr B cJryqae npenMyqecrBeHHoro o6uena roBepxHocr.
Hbrx ypoBHefi c no.nynpoBoAHuKoM:

AJrfi AHcKperHoro ypoBHff

- oo: +1, +:* + # .# m,"-#(, * M,u-"#)-'f- ' .
(E. r07)

AJrrr no,'rysanonueHgoft gouu

r  qo :  + ( t+#+#r l ) - ' . (3 .108 )

B. cnyuae nper,rMyqecrBeHHono o6ueHa c Me'r'arJroM BbrpaxeHntr
HMCTOT BI,IA:

..q4f AricKperHoro ypoBHs
r  . ,  ' J + l

.  ds:  # l t  + ## M,ef t r  \ l  -p
- eV,

+m, " .m1- ' ] [ ' *  $+#  f i - x
eVr I eY! \ _, l-l

x MpT \r + u,"F /-' j ; (3.10e>
Aflq nory3ano.ngegnofi soHbr noBepxHocrHbrx cocroqnr.rft

-.  e ( ,^, ^\ /  ezd , drn n, \- 'ao: # (t + ffNY,J(t + #;- + ,,, ,  ru,/ (3.110)
AHanue noayrrenHbrx nupaxeHurl noKagbrBaer, trro AJIrr nper.rMyqe-

crBeHHofo o6ruesa c noJIynpoBoAHHKoM HarHrII,Ie .noBepxHocrHblx co-
croqHufi BcerAa npr.rBoAlrr K yMeHblxeHurc BeJruqr.rHbr q0, a A,rq flper.rMy*
rqecrBennoro o6uesa c MeraJIJloM -.K yBeJlr4qeHl.rrc ao. B nepeoM cJry-
qae npH ycrpeMJreHr.rH nrwJrll Nf x 6ecxoHeqHocrr.r cro -> 0, a Bo BropoM,

e ^
d.o -+ 

VT. 9TO yKa3bIBaeT nyTb nOBbI[IeHI'Iff BeJII'ltlHIIbI ctg AO SHaqeHHsJ

o
-E B Cnyqae peaJrbHoro KoHraKTa c 3asopoM MexAy MeTa.uroM H no.

JIynpoBOAHI.{KoM. l' 
cn.aybt raKxe orMerr.rrb, qro Aflrr Ar,rcKpernoro ypooHr B cryqae.

npelrMyrqecrBeuHoro o6uesa c noJIynpoBoAHr.IKoM , MaKcI,IMaJIbHoe BJIrlfl-
HHe noBepxHocrHbrx ''cocrqsspft Ha Beflr,rqrrHy a 6y,qer Ha6nnAarlcs

E1-1 t " s -eV ,
npH exp -- 

eT-: l, .I{To cOOTBeTcTByeT cOBnaAeHII}o ypoBHs

@eprr,ru c no.nox(eHnel\d' AlrcKperHono ypoBHfl 
[np" 

""o" tulen Bbrpa-

x(eHr4n (3.107), gaaucsrquft or tt1, paBeH 
ffi) 

flpn, 6o,nnuux lr,l
MeHbrul{x HanpffxeHHqx Brrylfl.Hve A[cKperHoro -ypoBHs Ha BoJILT-

89



aMnepHylo xapaKTcprlcruxy oc,la6enaer i l, B npuHIIIrne' Mo]Ker onn"to-

Cq CKOJTb yrOAlIO IuadIbIM. 3rO uOXer npUBOAI'{Tb K HeNIOHOTOHHOMy I'13-

MeneHl{rc napaMerpoB d. 14 d'* c HanpflxeHueM'
paccmorpenue rapaMeTpoB [r nn a* c yuerou SaBI{CttMocTI'r i" or Ha'

,npsxeH[fl.//l,ill yuera 3aBI'Icl'IMocru l, or Harlpflx(eHltg Aorlo"lHHTeJIbHo
d ln i "

npoaHa,'Il{3r.{pyeM BeflHt{ury a 
d+:- 

v Anfl, pa3JI}rqHbIX qacrnblx cry'^

qaeB.
'B 

cnyuae, KorAa roKI'I qepes noBepxnocrHble ypoBHH He ufpalor

poJII{, a raKxe Mox(Ho npeue6peur ryinelHpoBaHl4eM uepes o6'ractr

npocrpaucrneHHofo sapflLa noJIynpoBoAHHKa AJIS OAHOTO Tlrna HOCU-
"re,reri 3apflAa

d  '  d  r , ^ a *  ,  e  d  ^ ^

Tln i ' :  fr  tnvrn + n7-6V n9i,

rAe AJrfl AuoAuofi reopul{ Oi, : 3n, a ans AraQSy3I'IoHHoft

Jlerxo noragars, tITo Ar'Ifl AuoAuofi n 4r'rQQyeuonxofi reopull npE BbIIIOJIHeHI'I!'

4Elun
fiepaBeHcrBa ?" K -'-=--

. v n

Snei*(+)"'+#--o,#.

c6* -

3o"" 4j-: I -ao/+)-t; d* ( d us-ga BltaflHlfl 'cu'n uso6paxeuua' Be'
d V  

" \ 8 1  
/

JrHqnHa # 
or, ruoxer 6nrr npeAcraB'leHa B BIIAe

#or,:-"#*; '#,
no" ff 

: 
#, 

a anfl Atp; ncnoaseonaHo BbrpaxeHne (3'63)'

Bae rro noa"onr., J"rpa3ilrb cyMMapHoe 3HaqeHile Be'lHqltH d' Lt d'* AJIff paccMar-

puBaeMoro cJlyqafl B cneAyloqeM o6uev sl'rAe:

a.:oof '-* +-;reP4-l-r*'
o. : #-', l, - ", * - "@yz-,)-',

{'re ao 3a,laerca Qopruy,rar'rr'r (3'107) - (3'tt9)

, BeJTHqHH u o, 
* 

o6rtqso He flpeBblll]aer.suauenua 0,2

rrDI' To,lulrrHax 30...60 A. vqer cu.n neo6paxeuuR TaKX(e He npriBoAr.rf K 3aMerHbIM IIO'

nilasxaM K nocrpo.eHHblM BeJIHqfi HaM'^'r- 
np; loiiu"buno 6o.nuurr'rx 3HaqeHtrlrx (r1o - evz\

Aqi /, I
? 190 -77r) " "
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( 3 . 1 l  l )

(3.1 l2)

(3. l 13)

(3 .1 l4 )

(3. l l5)

B c;Iyuae, Korla Molt(Ho npeHe6peur roKaMr.r qepes floBepxnocrHbre ypoBr{r.r}

a npu6ruxeuua 4n@ysuonHoft rdojrzu npr.r BbrnonHeH[r HepaBeHc rBa ?n.''. 
nuB'o

o ,--l i dv, 
)2 - o^

- F t n r o : -  
W , A - .  

( 3 . l t 6 ) '

Toraa
q.:''olr_&_"#r%r]

.[,nx paonouepHoro pacnpeAeJreHr.rr npuuecefi

q:eolt-"#rw-r#ry]

ouesxu AonoJrHr.treJrb'or 
kr

npu*9ge,i{arorqFn'qHH""ff'ff ,:-[Tdu;,iX'}.iliJ,:il::t,"ilf ;:ffi 
'.*;T

- eVz) > 2 xT, Koropbre corJracyrorcfi c Kplrrepr.rflMr.r nonyqenlrr clon lllorrxu_,

flpooe4eHnuft noaio6Hu fi ananwg oupaxeHux (8. I I l) noKa3brBaer,.
qro yqer 3aB-rlcnMocrn or uhnprlKenus noe$Suunenra npospaqHocrn
?r^u n}nx Eo, rce, nOlpaBKH B BeII-trrHHy ct, noropbre n"- npa"Ortutt
20o/o, noeraMy B nepBotra npn6.nuxenHr.r tr,toxso cqllTarb, rITo Arr pac*
cMaTpHBaeMbrx cJlyqaeB d. - d,o.

^ OAHaxo BaBr.rcnMocrr roeQQuuHeHTa npospaqHoctu 9n r{rr.r tto.tts1
Ei 9J HanpflxeHufl cyqecrBeHHo Moxer H3MeHflrb ne.nuuuuy a*.

Ha[pHMep, B CJryqae TecHofo KoHraKTa MeraJrJra c noJrynpoBoAHr.r-"
KoM,  Ko fAa  d :0 ,

d'- #lt - "rq*#l=#r.
Ho s groM x(e cryqae d* + 0, d gaAaercs BbrpalKeHHeM

q - * : - L '  ' ,  
A Q i  

= =
hT 4 (rpo - eV) '

(3.1 r7)

(3.1 l8).

(3.r le)

(3. r 20),

(3 .  1  21 )

(3.t22'�1

(3.123)

q l

KOTOpOe, KaK npoaHaJIr4SHpOBaHO BbIrrIe, MoxeT AocTr.rqb AocTaToqHo
6onlu:ofi BeJIHqr.rHbI nx - (l 9 e_ w,. gf.

IJ rorvr cnyqae, KorAa Mox(Ho npene6peqb roKaMlr qepee rroBepxHocr-
HbIe ypoBHrr r4 cyrqecrBeHHyro por'rb urparor TyHHeJrbHbre roKll qepe3.
ooJlacrb rrpocrpaHcrBeFruoro 3aprAa no.nyflpoBoAur.rKa, npr4 npene6pe_
xeHHlr 3aBr.tcr4Mocrbro or HaIIprr)KeHHa roe@uqr{eHTa npo3paqrrocr}ri
0, (v)

T* \ dvz--T)-fr- '
IIO3BOJIflCT SANNCATb: 

T
cx = d6-76- i

on -# - " r+ .

d l n i .  e  I
, 

=ff: T?c- (l
3ro



".flocxontxy, 
KaK noKa3zHO Bblue, BeJIIIqIIHa ?* traoxet cyqecrBeH-

flo IIpeBbIIxarb BeJII'Iq[Hy T, ro yr{er ryHHeJIupoBaHI'Ifl Mo}Ker. I]puBo-

AIITb K CylqeCTBeHHbIM I{3n4eHeHI'IflM Be.IluqUH d' Ll d'4 '

hu"p"*.p, ,on" KoHraKra 6es aaaopa npu Eoo ) kT a : 
f; '

o*: #, 
'{ro cyEecraeHHo br,ruqaercs or BeJII.{qI{H o =#,'a* :> 0'

Koropbre coorBercrBylor recuoMy KoHraKry 6T 
{qell-:y:HeJlxpoBaHlln'

(o.aa tJIaBHyIo poJlb llfpalol roKH qepes noKatoY" noBepx'

socruuft ypoBeHb, AJltl HaxolKAeHHs 
'BeJII'IqHHbI 

fr 
ln it B cJlyqae

,u,r,roAsoft reopuu cileAyer noflb3oBarbcq BblpaxeHner'l (3'81)' B peey;ll-

Tare npH..npeAnoJIoxeHHI'I' qro cn, cT u Q- nocronHHbl' -no.llyquM

d ' a t t l  
: L \ - t

f i - tn i " - :  ##(t  1,1 ' t ,e" '  /

e '' d' 
9lr ev' t ' Qo I ev' \:l-l

- -Ft " + " i"F Lr + '<. - \.8'+ 'vr,/l (3'124)
.B 

c,ryuae nper4MyqecrBeHHoro o6rrlena c noJIynpoBoAHI'lKoM /( '+ oo u

r  I  e V r \ ,

d  tn i  -  ,  l l ,  - au . , \ ( ,  y  nn€ f rJ - ' --ff tn trt: -FF 
L\' 

-1V-l r'

Snecu ff : *r(#)-t, rA€ ao saAaercn

gn,=;l(r -#)(, * t,.#)-'],
B cayuae npel{MylqecrBennofo o6veHa c MeTaJIJIoMK - + 0  H

(3 .125)

Bbrpax(eHI,IeM (3. 107).

(3 ,126)

oo" ffi Moxer 6urr nolyueHo I43 BblpaxeHnfl (3'92)'

3ro noseorqet Hafirfi Bblpaxelue Lils d' B cJlyrrae' KorAa rJIaBHyIo

-oo,{b Hrpanr roKl'l qepe3 noBepxsdcrur"e ypoBHH' ,[l'ln npeuuyrl\ecrBeH'

ioro oo'laena noBepxHocrHblx yponneft c noJIynpoBoAHlIKoM

t 'v' \-t
q,:  o,olr  -  t t  *  MFU' )  -

t  evr  \  , l  |  'v t  \ - r

-  ( t  + M,e--nr 1- '  l+ #\t  + l t ,e o'  )  
'  
,  (3.127)

rA€ ao onpeAerqercs coorlrorrgnnerrl (3'104:

,&rg nlieuruyulecrBeHHoro o6uesa lloBepxuocrHblx ypaBHesltft c ue-

TAJIJIOM

|  (  . . # \ - ' - l  .  
I  e v ' \ '

d. :d.ol l  -u I  Mie" '  )  t+ 7i- [ r  *  M&T) "  (3 '128)
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HJIH

f.u,e cto onpeAerqercq coorHoureHr,reM (3. 109). BenuquHa d* JrerKo
onpeAerqercfl tr3 coorHorueHran (3.95).

B paccMarpuBaervroM cJryqae BeJrr{rrnHbr cr Mofyr cyrqecrBe.HHuu o6-
eV.

pa3oM orJrurrarbcs or BeJrHqHHbr cr,'. Hanprnrep, npi.r Mrer- 4'l ug
(3.127) sltano, trro o : 

#, B ro BpeMs KaK a0 Moxer 6nrr 3uaqurenl-
cuo ueHtrue 6a.

flpoue4eHnufi eHue aHaJrHs BeJIHTIHH a.u q* or.Hoca,rlcfl K roKaM oc-
HOBHbTX HocHr€r'reft 3apjrAa. !,na roxoe HeoiHosHbrx trocnre.neft saps,La,
paccMorpeHHbrx B it. 3.2, anann3 BerurrnH d, sq,* Moxer 6urn rpone4eu
aHaJrof uqHbru o6pasou. Hanpuuep,,u,Jrr HeocuoBHbrx Hocr4Telefi' sap a4aB rpeAno"Iox(eHl'tsx **T: 

: : 

" 

J,."1; 

nonvrrr'rrb

* -  
k T  I  w  - v '

\
O csnefi napaMerpoB'd n a* c napaMerpaun-a, n ?*. npa reoperuue_

cKor\r aHaJrH3e BoJrbr-aMnepHbrx xapaKrepHcrtx yAo6uo nonuaonarucg
annpoKcHMaqner?, o6uqso xoporrro onHcbrBaroulefi excnepnMeHraJrbHbre
xapaKrepr.rcTHKH:

i - iredv - lie-E"v - t; (+ edy -.d-u ) ,
\ r "  /

.i : i,(e"v l) - r; 1e-d-y -.1)

(3TIr BbIpa)KeHI'Iff npaKTHqecKL{ HAeHTHqHbI It JIITIIIb HecKoJrbKo or,tuqarcr-
ct To,IbKo npLI MaJIbIX roxax).

- flapar'rerpuE u a.* n goprrrynax (3.l2ga) u (3.12g6) s o6rqelr cryqae
l,I_ofyr orJlr.Irlarbcfl or SHalIeHHfi q, w a*, npoaHaJlr.r3lrpoBaHHblx BbIrXe.
Kax -nerxo noxagart:

, ,  da
d , : v  

d V - + d i

a * : v $ + a * .

[49 srux eupaxennfi BnAHo, qro cr :G, u a* : F roJrbKe B ToM
n  t n  d  d l n o . *cJlyqae, u" ffi , ffi ( I uln a u a,* nocrosHHbr;

_Clpolue BEilp.aTeTI.n Anl4g t- Moryr 6urr ndryveHbr r.ra cpaBHe-
Hvs Bbrpa>KeHnfi (3.88) u (3.129a).

.[,nn c,rryuaa, i<or4a i, n ii uocroflHHbr: .

a : # " $ ,
a-:#.+,

(3.  I  29a)

(3. I 296)

(3 .130)

(3 .  1  31 )

(3.132)

(3.133)

93



rge V, u
napaMerpbl

2. '
;n,

v1
q,

noJlyqeHbl B rJI.

n a* pavnst a u

u (3.133) BI'IAHo, qro
'V- 

d'Vt VtL r f r : i
Hg (3.132)

CCJII,I
dV,
dv

( V z - V  u V t - Y 1 .t 'B 
rorra c.ufuae, ecnu Vru Vrue'aen",orcr yAo6nbIMH aHaJIIITHqecKHMH

Syuxunnrrrr.r Hanpt)KeHI'Is, AIIfi HaxoxAen[q'nupaxeuufi a u a* uepeo

I{gBeCTHbIe 3Har{eH}Ifl d, Ll d.* MOX(HO BOCnOJIb3OBaTbCt OqeBUAHbIMI{ CO'

OTHOIIEH14gMH:
v
t a.(v\ dv
t

d: Y--v- 
:

\ q.* U\ dV
J

3ro noseoflqer HafirI'I H [poaHaJII"I3IipoBarb rotlHble unu npu6nuxeu'

HbIe BbIPaX(eHHfl A,'Iff q' V O"* ''*tC*it;; 
ild; orMerl'Irb' tlro paccMorpe'Hble sHarIeHHfl d' vI d'* '

a rarxe d ud* orsocsrcff K craruqecxofi BoJlbr-aMnepuoft xapaxrepnc'

rHxe. 3ro osnauher, qTo noBepxHocTHble cocrosHllfl IoJIHOCTbIO ycne-

Bal,or (cJIeALtrb) 3a npunoxeutlblM Hanpqxesuena' Ec'nu 9To IIe raK'

io sHa,{eHHs d,, d.* r4a, iF 6y.uyt ll3Mensrbcfl c 'Iacroroft.

, 
3.?. EKCNEPI{MEHTAJIbHbIE I'ICCJIE,II.OBAHH'T

BOJIbT.AM N EP HbIX XAPAKTEP I'ICTI'IK

flolpo6une HccJreAoBaHr.rfl BbrnpflMJiqbulnx ceoftcrs KoHraKra Me'

railil - noJIynpoBoAHIlK noKa3aJln' rITO OHII SaBHCflT OT TeX Xe Qarropoe'
or Koropblx saBI'IceJII{ napaMerpbl gHeprerl'Iqecxot? AuarpaMMbl KoHTaK-

Ta, a HMeHHO: yAeJIbHOTO CO[pOTI{BJIeHnfl v TI'�IIIa npoBoAI'�lMOCTll IIOJIy-

npoBoAHI{Ka, o6pa6orrn noBepxuocrlt [oJIynpoBoAHHKa' MarepI{aJIa

irabra,ry"ruqecKoro gJIeKTpoAa I{ MeroAa ero HaHeceH?Is'

H alt6o,lee nod'IHo ltccJteAoBa'tucb KoHTaKTbI MeraJlJI - nolynpoBoA-

HHK. B Koropblx peaJIH3oBaJIcs c.noii IIIorrx4 (rax uasunaeMble AI4oAbI

c 6apue'polr illorrxu). Alg gtlx, B qacrHocrl'I' noKa3aHro' tITo Ha napa-

Merpbl Bo,'tbr-aMrlepnoft xapaxrepl'Icrl4Kl'I d', d'*, i", i, cyqecrBeHHblM

oop!-o* BJIIrter 66pa6orr<a nonepxuocru noJIynpoBoAHI{Ka nepeA Ha-

HeceHI.IeM MeraJlra. clro un,lrccrp[pyercfl puc" 3'13, rAe npeAcraBJIeHbI

TIIN}ITIHbICBOJIbT.AMNCPHbIEXAPAKTCPITCTI' IKI ' IKOHTAKTOB'NO'IYqCHHbIX

AJIfl OCHOBHbIX goCUre.nefr Sapflla Ha UOBepxHOCTflX KpeMHHf' AJIq Ko-

ropbrx npI,tHLIMaJI14cl (/) unu He npI4HI'IMalucl (l/) ctteullaJlbHble Mepbl

no yAaJIeHUIO c"IOg OKHCJIa'

94

(3. I 34)

(3.135)

KaK gIzAHo, AJls noBepxHocrr4 c'MHHr4Ma,'rbHbrM cr'IoeM oKr4cJra rrpff-
Mafl BerBb BoJrbr-aMnepuofi xapaxreplrcrr.rKa KoHTaKTa e nony.norapH$-

MuqecKoM ruacura6e fluuefina, a" HaKJroH 6nilsox K a : 
#. n"" tto-

BepxHocrlr co cJIoeM oKHc,'Ia rrpflMafl BerBb Bo,'rbr-aunepHori xapaKTeplrc-
crr.IKH B rloayJlofapuQuuuecxo:r,l uacurra6e- He flB,rrrercrr npxlrofi, a ee

HrKJroH npH nro6ux Hanpsx(enuqx a ( 
fr. OlparHsrii ror ,4,rt kou-

TaKToB cq .1  #  cunssee  zg -- R T

MeHseTcs c [pr.rJloxeHHbrM Ha-
[pflxeHrreM, qeM AJIg KOHTaK-
. e

T O B C C T - - f f .

Taroe noBeAeHHe nprtrort n
o6parnofi BerBn Bo,rrbr-aMnep-
soIl xapaKTepricrr4 KH Mo)Ker
6urg o6tgcHeHo HaJrLrqHeM .u,n-
9,'reKTpr.rqecKofo Sa3opa B KoH-
raKrax, fAecr, < -i. (.*. n.3.6).'  - R l

.U,eft crnurenbHo, np gilrbrMr.r onbl-
talru 6lr.tto ycraHoBJreHo, qro
npn oKlrcJrenr.ul cKoJrorofi e ga-
KyyMe noBepxHocTH KpeMHHfl
Ha6nrcAaercs nepexoA or xa-

paKrepr{crnKu coc - fu x xa-

paKrep'crrrKaM c a<ff.
Bollrrananepiue xapaKre-

e
PITCTI4KI4 c d. - 

77 AocTaTOHHO

Ptrc. 3,14. 3aBtrc[MocrH napauerpor c n d*
oT nanpsxeH||s Ars f,oHTaKTOB H[Ketb_n-

trpeMHHfi.

Pnc .  3 .13 .  Bo l r r -aunepnsre  xapaKTepHcr t rK l . l
xoHTaKra Meran, - n-Kpe[Huirl

(ptu)t/t,6rt+
2,0 /,t

tnt Itttxl
/000

/.0
h 0

-/f
a

- /
4 ( 8

[ \

, ,  - 9 K c n e p n M e H T a r b H H e  A a a t H e i  ?  -  D a c q e r c
y q e r o M  c H ,  H 3 o 6 p a x e H H q  t r  n o B e p x H o c T H H x  c o -
c r o a u u f i i  3  -  p a c r e r  c  y c e r o M  r o a s r o  c u l  a s o 6 -

,  p a x e H H f f .

xopotuo onHcbrBarorcs reoperr.rqecKlrMr.r Sopvynan,tu npu d :0, yuurlrea-
rcu1llMrl cl.r.nu Nso6paxeHnrr, ryn}reJrbHbui e$Sexr r.r Apyfne eB4eHnr
(crr,torpu Kpr.rBbre 1-3 ua p.uc. 3. 13, a). OAHaro AerarbHoe cpaBHeHr4e reo-
pI{H H gKcnepr.rMeHTa noKa3brBaer, rrro Bce }Ke lrMerorcfl Qaxrr,r, Koropbte
ue uoryr 6urr o6tqcHeHlr 6es yvera.AragdrreKrpHqecKofo 3a3opa u nonepx-

-f -t -/ q2 q4 (8

HocrHbrx cocrosHllft. K uuu oruo-
crrrcs AeraJrlHlui xo4 napan,rerpoB
q. Ll d.* c Ii3MeHeHI4eM Hanpn)KeHfi l,
rrpeAcraB,'reHutril Ha puc.3. 14. I(ax
BHAHo r43 orofo pl.rcyH*a, 3aoucr{-
Mocrb napaMerpa a or V HN{eer
c.noxuuft Br4A, qro.He lrox<er 6rrrl
o6tqcHeHo 6es yuera AHsJreKrpr{-
rlecKoro 3asopa I4 noBepxHocTr{brx
cocrossllri (crr,r. nanpuMep, Bbrpa-
)r(eurrs (3.107) n.nu (3.109)). Ees

alEt a,8a

,j:-,eI "4
bh.
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yrreTa grnx sarropon He MOx(eT 6url crporo o6tscneHa L 3aBI{CIIMOCTb

a* or uanptlxeHuq'

Cpanneune reopuu Ir sKcnepnMeHra AJII cryqas' KorAa 6 < #'

noKaSbIBaeT,.Iroua6.l t l .oAaeMblegKcflepI,IMeHTaJIbHoSaBI.Ic}IMocTI{.HG
;;il;A;;'oOtscnenr,r 6es y-uera sasopa u lloBepx'ocrHblx eocrosnufi
(rurouxosas KpI'IBat ga puc.'3.13, 6 nocrpoena no $opuyre' yqurblBalo'
iruii .utop c it :5 A).Oco6es-tro 6o.n-uluc pasrllqlln t19q11J excre'
O"*""tu Ha6nonarorcfl .U,JIg O6parnOft BeTBI'I BOJIbT'aN{nepHOn XapaK'

ffi;;;;-;. oo tio" xe cBnAereJlbcrByer Aetalrunft xoA gbsrcuMocr*

oi a* or HanpfixeHl'Is.
Ha,rnque sasopa H rloBepxHocrHblx coctoqHl'Ifi KaK AJIfl KoHTaKroB

c do = f7, rax t4 .u,,rq KoHraKroB c " < ft noArBepxAalor rI Apyrre

na6,npAaeuue 3aKoHoMeP Hocrl4'

ff,m'z.as't

6./0t3

5:/0tJ

4,/0tJ

J,MIJ

2./0 /3

/0tr

PBc. 3.15.'gHeprerHcecKoe pacnpeAereB{e noBeplHocTlbrx coctonnufi 8rn f,oHaa(ToB Bonbd'

I p"n:- *p"*nnfi npr d':80"'40 6 fO 
I 

n'xpemunfi; I - p'rpeunufi)'

BenHrruHr,r i, u dl 3aBr.tcrrT Or roJrxlrrHbr Ar*g,,reKTp6lecKoro 3a36pa.

llpuueu, AaxeAJttt AnoAoB c nalraruerporq' = # t, paccquraHHoe no

r{3BecTHbIM 3HaqeHHsM qo I'I Apynux napaMeTpo-B' 'He coBnaAaer c Il3Me' '

peHHbrM 3HaqeHHeM, ec.rirl ne yq[THBarb roe$Suuneura npQspal{Hocrl'I

3n saeopa H APYrux QartoPoo'
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Taxuv o6pasou, npoBeAeHHblrt gb,rue aHailus pe3yJrbraToB gKcne-
pl{MeHTar'lbHoro HccJIeAoBaHHq BoJIbr-aMrlepHbIx xapaKTepr.rcrtrK AHo.
4on c 6aprcpolr [IIorrxH nora3brBaer, qro na6.noAaerr,rue shxoHonaepuo.
crLI noATBepxAalor ocHoBHbIe BbrBoAbr onucannori 'reopfiu npu yr{ere
sa3opa H.noBepxHocrHbrx cocrosslrr? Aalre AJrfl Ar.roAoB cq, - +

Ana.nusup ys gaBr.rcl{Mocru eMKocrr.r, r.r3MepeHHofi s cB rl-anarrasoHe,
OT NPI'JIOXCHHOIO HANPfl XEHI,Ifl YAA.TOCb HCIIOCPCACTBCHHO ONPEACJII,ITb
cneKTp rroBepxHocrHbrx- cocrosHl-rrl s KoHTaKTe KpeMHHg C pa3nUUnuuu
r\I€rA.r-LIIsMr{. Ha puc. 3. l5 npHneAeHa rr.rnHqHafl. Alrfl, noBepxHocrw litiy
KpeMlrlrff 3aBr.rcrrMocrb nJrorHQcrr.r noBep xHocrnux tocrosHrafi or gHep-
rnu. Xax BHAHo r.r3 pr.rcyHKa, g.rrn nsyvaeMbrx npr4x(HMHbrx KoHTaKToB
nonlQpau..-xpeuHufi 

.pea,'rr{syercr cnyuaft . HenpepunHoro crreKrpa
g HHxHeri r.r nepxllefi qacru sanpe-
qeHHoil soHtr noJry[peBoAHHKa, Ha
roropuri HaJroxeu cneKTp AHcK-
perHbrx yponueii I tt II (reopernue-
cKr{e Kpr.rBbre A,'rq ypoBHefi uso6paxe-
Hbr nyHKrHpolr,r). Ha roM xe pucyHKe
AJrfl CpaBHeHr{s npeAcTaB,lreHbr AaHHbre
Ans cso6oAuoft nonepxnocrr{ (uaxcu-
tvrylrru 1-4) H pesyJrbrarbr, nor'ryqeH-
Hbre AJrs crpyKryp MeraJr.a - oKr,r-
ceJr - roJryrpoBo,u,unx. Kax BHAHo,
AaHHbIe ,(r'lf KOHTaKTa MeTaJIJI - nO-
JryrrpoBoAHr.{r< 6ontue coorBercrByror
pegy,'rbrarau Ha cgo6o4nori nooepx-
HOCTn, XOTfl H HeCKOJIbKO OTflUqarcTCg
or HHx. 3ro ruoxer 6Hrt csssano'c
BJIHflHHCM MCTAflJIA HA SHCDTCTI,IqC.
cxufi cnexrp noBepxHocrsui cocrofl-
nn'k.

-B no,qrBeplxAesue aroro cBr,rAe-
TeJrbcrByer HgMeHeHrie ua6.nr,o4aeuoro
cneKTpa c nsMeHeHneM ToJrulr{Hbr AH-
sreKTpuqecKoro 3a3opa.

3uanne eHeprernqecKoro. cnekr-
pa noBepxHocrHbrx cocrossuft nog-
Bo,'Ia,ro npoBecru 6onee AeraJIlrHoe
cpaBHeHHe TeopeTHqecKHx r.r gKcne-
pHMeHraJrbHbrx BonbT-aMnepHbrx xapaKrepIlcrr.rK Alr.fl KoHraKroB c

, eq- <-T, l.{nr aroro HcnoJrb3oBanact saft,4eHHafl r,r3 CBg-lsuepeuufi

saBucr.rMocrt V, u V, or nanpnxeHr.rq V. n nn paiuera BoJrbr-aMnepHbrx
xapaKrepr{cr[x 6eg yiera roKoB ,iepea nonepxHocrHbre cocroflHlrfl rrpr]-
Mellsracb tpopvyna (3.4), a c yqeroM ?oKoB qepe3 [oBepxHocrHbre co-
crorHrfl - tpoprrry.na (3.83). Pesyntraru pacqera saBr.rclrMocru ln i or
y nyreM napaJrJleJrbHoro [epeHoca BAoJrb. ocn ln i uaunyuuruv o6paspu

4 r -687

Puc.  $ .16T AKcnepuMeHranbHbre  H reope-
T1{q€cKfl e BonbT-aMilepHHe xapa(TepHcTlt-

KH f,oHTaf,ToB BorbOpaM-KpeMHHfi:
, - 6eg yqera roKoB cepe3 noBepxHocr.
Hbre ypoonu; 2 - AJtA ToKoB cepe3 no"

B e p x H o c T H H e  y p o B H H :
I  - l  I  I  -  p a c c e r H U e  r o K H  c e p e 3  n o B e p x -

HOCTHble ypoBHtr.
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COr"raCOBbrB ailVCb c oKCnepLIMeHTadrIbHbIMH TOqKaMI'I (nO cyqeCreY' PaC'

€rIeT npoBoAt4J'rcrr c toqsocrlro Ao BeJII{qLIHlt f' xoropafl onpeAeJlg'

ilacb vg coB[aAeHr.rfl TeopeTuqecKfix'I.{ SKCnepIiMeHTaJIbHbIX pe3yilb'

raroa).
Tl.rnraqnrrepesynlratucpaBHeHl.{rreopl'IHI'IgKcnepI'IMeHTaAJISKoH'

raKroB nonlsf aru - p-xpeurluft [peAcraBJIeHbI Ha puc' 3' lo' KaK BllAHo

r.rg sroro pficyHKa, pacuei Arq roKoB 6es yuacrur floBep-xHocrHl,rx ypaB-

HesHfi ne aa6t cosnaAeuus c sKcnepI'IMeHToM npu 'lro6ux nocroflHHblx

;r. Puauat xe a;rg roKoB c yrlacrl'IeM noBepxHocrHblx cocroflHlln xopouo

coBnaAaer c SKCnepI'IMeHroM KaK AJIn npsMoro' TaK I'�I 1na o6paruoro

HanpflxeHHq.--- 
iu*"t o6pasou, I'I3 I'ISJIoxeHHofo cJleAyer' -r{To A'ux rc6tRcHeuun

BO,'IbT-aMnepHbIX XapaKTepr4cTLrK KOHTaKTa s o6qeN{ cflyr{ae c"IeAyeT

yuurunahl earop u nonep-xnocTHbre cocToflHIIfl, qepe3 KoTOpb.Ie MolKeT

npoxoAl4Tb roK.

frara 4, BOJI bT-AM n E P H bl E XA PAKT EPI'I CT I'l KI'I
p-n IEPEXOAA

4.1. OEUIEE PACCMOTPEHI'IE HEBbIPOXAEHHOT9 p-o flEPEXOAA

Ha puc. 4.1 npe4ctaBile*.p-n nepexoA, y Koroporo u p- n n'o6-

JracTlr sBJrfltoTgs HeBbIpoxAeHHblMH noJIynpoBOJnHHKaMI'I u npeue6pe-

xlrMo MaJra Konqeurpaunn rny6oxtrx ypoeueft. B raxou nepexoAe npu
npflMbrx g He orreHb 6oltrltux o6paruuX Ha1tpgx(eHI,IsX HeT HH TyHHeJIb-

Hbrx nepexoAos Hocurenell' Hn MOKAy3oHHbIx nepexoAoB aapflAa MexAy
sonofi ipono4ulrlocru H BaJIeHrHoti soHofi c yuairueu rly6orux ypon'

ueft u ABl{xyunecfl qepes p-n flepexoA eJIeKrpoHbI HaxoAflrcf, B soHe

npODoAlIMocrI.r, a ABl{xyuluect AbIpKLI s saleHrHoft 3oHe 14 v n' u p-o6'

ilacTv p-n nepexoAa.
Kax noxasaHo B rJI.. 2, npu SToM AJII p-n nepexoAa' K KoropoMy

npu,Ilox{eHo Hanpgx(eHl,Ie, npoucxoAl,IT I{3MeHeHHe KoHueHTpaIlHH He-

oi"o"""r* nocUr-e.neft saptrc B /\ kr p-o6nacru. B cssgn c 3rgM_npt,t
paccMoTpeHrill TOK9B qepe3 p-n nepexoA s xsagnHefirpaJlbgblx o6nac'

rfl x no Jr ynp oBoAHH Ka s-eo6xoAllr,ao aHaJrn3ri p oBarr 4Htp$ysraon Ho-,4p eft -

Qonue npoubccu ABLX{eHLIfl HeocHoBHbIx HocllreJlefi SapflAa'^ 
flpra f accruorpenulr npoxox(AeHlrs roKa.r{ep$ co6crseHHo p-n ne-

.peXOA, KaK v A,IItl KOHTaKTa MeTaJlJl - nOJIynpOBOAHI'IK' BaXHO TO' HC'

rrbrTbrBaloT IIJIU He HCIIbITbIBaIot ttocur€nu SapsAa CToJIKHoBeHllfl IIpH

npoxol{AeHuu o6nacru npocrpl]{crBef{llolo 3apflAa.- Ec.nn nocnre.nu

SaprAa H'e HCnHrHSaroT cToJTKHOBeHLIfi, TO C[p_aBeAJII.IBbI npeAnoJloxe'

sui AnoAsofi reopulr r{ HocHTe,rrH ABt{>KyTcs 6es ugN,reHeHI,Is gHeprHI,I

s o6racru npocrpaHcrBeHHgro 3apflAa. Ec.nu xe HocI4Te,'II4 3apfAa I{c-

rrbrTbrBaroT MHOroKpaTHbIe CTOJIKHOBeHI4fl, TO CIIpaBeAJII{BbI IIpeAnOJIO-

xeur.rg 4raS$yenonHofi reopHtt I'l HocI'IreJII't sapsAa I43MeHflIor cBolo

3neprur,o, npoxoAs uepes-o6,racrl npocrpaHcrBeHHoro'.gapsla. 9ro

noKaSaHO CTperKaMu [t JIoMaHbIMu nuaugt"tu na pu-c. 4.1.
flpu noc.lleaoBarerbHoM npoxoxAeHllll Hocl{reJleft sapnAa B npeAe-

,Tax KaxAofi us paspeueHHbrx 3OH rOK qepe3p-n nepexoAMo)KeTKoHT-
po,tlzpOnartcq iax- xnasuneilrpaJrbHbrMH o6lacrsuu, ral( u o6.nacruo

npocrpaHcTBeHHOrO 3apflAa.
B gagrrCnN,rOCTI{ OT BeJII{qLIHbI IIpOxOAflulerO TOKa MOx<HO paSJII4qaTb

c,'ryqau Madrrbrx H 6o.nturux ypbnnel? HHxeKITHI'I. flpa uanux ypoBHex

I , IHXCKUHI{KOHqCHTPAIII{f l I{H>KEKTIIPOBAHI{bIXHCOCHOBHbIXHOCI'ITC'TCU
3aDf.Ita BCerAa 3HaqI4TeJIbHO MeHbue KoH[eHTpa(IIH OCHOBHbIX HOCI{-

t.jr.n suprau. finn n-o6tacrr p-n repexoAa 3To o3Haqaer' qro $ p K'
(1 nn, a'5nn p-s6nacrl4,'uro Ln 4po.- B aroiu cJlytlae' xorAa xorq 6H
oAHo r13 3aIIHcaHHbIx BbIIue HepaBegcrB Hapynaercfl, na6nrcAarcrcg
6o,rluue ypoBHI.'I HHx(eKllI'IH.
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.Il,.n n H a xoxAeHr.rq BoJrbr- aMnep no! xdp axrepucrlrKn p-z nepexoAa
ueo6xoAinro HairTu cyMMy nnorsocrefi roKoB gJreKTpoHoB r.r AbrpoK B Jrro-
6ou ceqesuv p-n nepexoAa

i -  i o *  i i  ( 4 . 1 )
B rou cJIWae, KorAa rultpnna p-n nepexoAa' AocraroqHo MaJra rto
cpaBHeHr.{}o c au$Syeuotrnori Anusofi A.ts aJreKTpoHoB H AbrpoK (Q, K
Klp-u 9," << /n), perorra6usaquefi snerrponon rr AbrpoK. s o6racrn
[pocrpaHcrBeHHoro 3aprrAa Mo)KHo npeuedpeur. TorAa roKH s,'reKrpo-

- i p  0 ' E o
0

PHc. 4.!. Moicrb p*r nepexoAs:.
.  a - V : 0 t , 6 * Y > 0 .

HoB r4 AbrpoK He LIBMeHtnrcs B npeAeJrax d6.uacru npocrpaHcrBerrflofo
saprAa:

i,(- {o) : io(Qo);

- . i, (- Q,,01 : ir(&,|. 
(4'2)

9to noseorser npr{ pacqere BoJrbr-aMrepuofi xapaxrepfl crr.IKr.r paccMor-
perb cyMMy n.nornocrefi ToKoB gJreKrpoHoB I,I AbIpoK, orHeceHHbrx K
paSHbIM UIOCKOCT'TM, I,I SanIiCaTb

i :  i , ( -Hr \  + io(g, ) . (4.3)
Ilpn.arorl Banltcn sJreKrpoHHbrI? ror 6eperca Ha rpaHaqe KBa3u-

ueftrpalrHott p-o6nacm c o6.nacrblo npocrpaHcrBenHoro sapsAa, a
,qupo.lnuft, Ha rpanlaqe xnasuuefirpa,'llttofr n-e6nacru c o6nacrsp
npocrpaHcrBeHHoro sapsAa. Taroe pasneceHr{e n.nbcxocreft A.ifl ro-
Ka gJreKrpoHoB H, AbrpoK noSBorrreT yrrpocrHrb 3aAaqy HaxoxAeHIIrI
EoJlbr-aMlepuoft xapaxreprrcruKr,r rI cBecrLI ee K peueHurc ypanneunft,
orHocflrquxcs K KBagr{Hefirpanuuuu o6nactru, a He K o6nacrn npo-
CTpaHCTBQHHO|O SapflAa' KaK 3TO A€JIa,'IOC.b A,Ifl KOHTaKTa MeTaJIJI - no-
JrynpoBoAuur<. B groN{ cryrrae .MoxHo cpagy noJlyqurr o6qee pelxenue
KaK Ar'rfl AuoAnofi, rax vr 4raS$yauoHHofi teopnu.

Tax, 1nr p-n nepexoAa c rxupoxofi .6aeofi, ucno,'Ibsyff BbIpa)KeHHe
uurc (2.18), no.rryuaeM, qro A,'rr_ MaJIB,Ix ypooryefi rrHxeKqLIH- nocJle
nOACTaHOBKV! )l: Q,^ .U X - -go

_ , {DnLn \- 
9e\ 

* 
DoLp (E"\\, . i: 

\ ,,: 
' ift). (4.4)
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- . v-,
ieHil

D,ns 
"p-n 

nepexoAa c ysxoil 6asofi Ha ocHoBaHHH BblpaxeHl'lfl
(2.19) tIMeeM AJIS M&JIbIx ypoeHeft HHxeKullH nocJle noAcraHoBKI'{
) c : Q n  a  J c : - g ' e

,II,nl 6onur,tsl
MOX(HO noryqHTb,
f ipn  ,c :g ,n ,  rg

I == ip (*o) :

ypoeueft HHxeKIrHIt,
qTO ECJIH BCCb TOK

(4.5)

BbrpaxeHse (2.19),
nepexoA 4srpounuft

(4.6)

+

r.rcnoJIb3yff
qepes p-n

lo"

Kax ougHo Hs Bblpaxenufi (4.4) - (a.6)r.9{oHqare,lbHoq peueHrre

saAaqn.cBoAurct K HaxoxAeHl'tb BeJII{IIHH Lp (4) u Lp (a"), 4n (; .{o)
u iLp (ao), vnv BeflHTIHH p (8") : Lp (K") * pn u n (- g'p) :

:  Ln ( - { )  *  np.
Dyaeu He-Karb BeflI,IqI'IHbI p (Q,r) u n (- g'r) pa3AeJIbHo Arff. cryr{aeB''

.KOrAa A.ng o6lacrH npocrpaHcTBeHHoro 3apsAa cnpaBeA,'IHBa AHOAHaff

.*nri'Aru46y3lroHrras rlopuir.,q,.nn aroro paccMo'rpgM mxn bo6crBeHHo

uepes-o6.nacrb npocTpaHcrBeHnofo sapsAa.- 
LIo AlroAHofi reopull 45tpouHuft roK rlep-es p-n nepexoA ^lo)KHo

3anr.rgarb KaK pa3Hocrb ToKa ua4 6aplepou o6nacTu flpocrpaHcrBeHHoIo

BapsAa us p-66nacru s n-o6nacrb H roKa. us n-o6nacru n p-o6nacrl

u noflyqllTb aHaJIOTHqHO TOMy, KaK v L[ltt KoIITaKTa MeTa,'LI - tIOJIy[pO-

BoAHnK s n.  3.1,  uto
- Qo-eV,

ie(g',) : t'nnoo ;-ET- - .  (4.7)

Ec.nu lupouHufr rox trcpr p-n flepexoA KoHTpoailpyercfl npoxox(-

AeHrreM 4upbx qepe3'reasuneiirpaJlbHylo n-o6nacrr p-n nepexoAa'-ro 
i^ ({,-l sHa,InrelrlHo MeHbIIe, r{eM KaxAblil llg qneHoB npanoii uacru

pa"5nbti'a (4.7\. B sroM cryrlae MoxHo noJloxt'trb ie (g):0 u, peuaR
(4.7), uonyrrHrb cfleAyroutee 3Haq"H:;" 

ev

p (U',) : (r9. 
--fr- 

: Po"T , , (4'B)

rAe I,ICnOJIBOBaHO OqeBHAHOe aoornota""e Po: pr"-#'*

zelto g,'1"n '"7;n" - tp <a;t)oo

l 0 l



EcnH xe npoxoxAeHr-re AbrpoK qepe.-e p-n flepexoA Konrpo"'Iup yercq
KaK KBa3HHer?rpa.nlHofi o6racrbro, rax n o6nacrbro [pocrpaHcrBeHHofo
3apsAa, To AJIr Haxox<4eHufi p (9") ueo64o4lruo peur.rrb ypaBHeHr.re
(4.7), a KoropoM coxpaHeH ror io (9,"), B peeyJrbrare HMeeM

. c V

p(g,): pnei -*#

.[,nr uaxox4enun p (Q,r) B npeAnoJroxeHr.rffx 4urprpysuounofi reopun
nocrionmyer{cs nouflTrrsMl,r KBa3r.rypoaugrl <Depun Ails oneKrpoHoB
r.r AbrpoK vn w Fp, c noMolqblo KoTopblx MoxHo BBecTr.r. cyMMapHyro KoH-

ueHTpaqHrc S,reKTpoHoB r.r Abrpor( B
3OHe npoBoAI'TMOCTH r{ SaIeHrHOft
3OHe npn orcyrcrBrrH repMoAHua-
Mrir{ecKoro paBHoBecHr cJleAyroqr4M
o6pasou:

tLn e(Q-qn)
r ,  

- = ;

n : N r e  k r : l L r Q  h r  i
(4.e)

. _ d p  . 0  { r .  ,  , ' t

Puc. 4.2. Vporeus fl xBasnypoBHu OepMn r
) p-n,nepexoAe.

Et: - -:t-noKa3aHbr wapuc. 4.2.' e

(a.8a)

Llorcrasnnr. n u
noJryqnTb:

p B Arr+QyquonHo-4peft$oeue ypaBHeHrrs, JrefKo

,  d $  -  
.  e ( t P - Q d t . .  

d o . \ lin: - eunni + ?,1,,#"-m" (# - +)]- - Uilnn $ t
(4 .10)

' r e(QP-+) |
. dtbip : - eupp .ft - r,ln,+- "+;(+"-#)] :- euop +.

( 4 . 1 1 )

tr4e srux rstpaxeHuti sI,IAud, rITo greK?ponsuft n 4rIpouHuft roKtr npo-
nopq[oHa,'rbubr rpaAr.reuraM KBa3uyponnefi @epun. A,rff orreKrpoHoB r4
AbrpoK.

Paccnorpuu puc. 4.2, rAe noKasaHbr ypoBeHb @epvn H KBa3rrypoB-
uH @eprr.lr.r A,'rq greKTponoo u 4Lrpox. B n-o6nacru u p-o6nacrr.r flpr{ Ma-
Jlbrx ypoBHflx HH)KeKrrHlr KBagHypoBHu @epuu li.rrs ocHoeHlrx llocHre.ter?
3apflAa aJreKrpoHoB r.r AbrpoK coBraAaror c ypoBHeM @epnan. Keasuypon-
Hu lDepun AJrfl HeocHoBubrx Hocr4reJrefi eapa4a - gJreKrpoHoB B Abrpoq-
Holi o6.nacru r.r AbrpoK B aaeKrpoHHor? r-. ornuqanrcs or ypoBHs @epun
n6nnsil p-n repexoAa r.I coBnaAaror c ypoBHena @epmu AocraroqHo
Aa,'IeKO Or hero.
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Ec.nrE ucnonb3oBarb coorHolleHile (4.1l) ,nnn AblpotlHoro roKa, ro
Mo)r(Ho naftrn ornotueHl,Ie roKoB io (-Q) K roKy i, ({") B BIIAe

tr! ,{l :-.!L=, trl,t ' .ip (s"l p (9") dqp I-7T 
ls,

Tenepr yqreM, qro npu npr.rHflTbrx BbIIile npeAnoJloxeHl'Isx B npeAe-
nax o6nacru npocrpaHcrBeHHoro sapflAa Her MexAy3oHHbIx gJIeKrpoH-

HbIx L AbIpoqHbIX nepexoAoB ":tff i : 1., TorAa (4,12) Mox(Ho re'

penucarb B BI{Ae
dqp IoI l=n, : !_g_")_. (4.18)
dqp I pp-2, 

le, .. dm_
flocronoxy npu Marrbrx ypoBHrrx r4HxeKuuu p(8,,) Kpo,ro*l_n"U

.-  da" I
<if 

lg,n, 
crrcAovaTeJrbHo, qp npaKTurrecKr.r r.r3MeHfleTcs ToJrbKo BHe

o6nacru'p--n nepexoAa. Kax sr.rArro Lrs pt{c. 4.2,npu sroM ep (8")-
- Q p ( o o ) : 7 ,

Tenepr, HcnoJrbsyfl Bbrpa>KeHr.re (4.9), sannrlreu

p(9") _ e
Pn ,  (4 .14)

eV

p (E,l - Po"fr.
9ro rupaxeul,Ie coBnaAaer c Bblpaxenueu (4.8), noJIyqeHHbIM paHee

B npeAnoJloxeHngx AttoAssfi reopl.tu Ars cryrlafl' KorAa ,u,upouHrtfi rox
Konrporrupyercfl KBasl{uefirpalnroft n-o6nacrtto. flocneAHee He yAH-
Br.rreJrbHo, nocKoJlbKy paBeHcrBo (4. 13), no cyulecrBy' raK)Ke osnallaer'
rrro AbrpoqHnft ror anr 4nQQysuossoft reopHI,I KoHrpoJll'Ipyercf KBa3H-
ueft rpaarnofi n-o6nacralo, a. He o64acruo npocrpaucrBeHuorG 3ap fl Aa.

Ilonyuenurre BblpaxeHur Alrfl p (9") B npeAnoJloxeHuqx AuoAsoft
r.r aa$$ysuonHofi reopuli cBl3blBalor rlJlorHocrb I{HxeKTI'lpoBaHHbIx
AbrpoK Ha rpaHn[e p*n nepexo4a c n'o6nacrblo c npI'IJIoxeHHbIM Ho*
nps)KeHHeM I{ nJlorHocrblo HeocHoBHbIx Hoclirenefi s n-o6nacru.

B c.nytae, KorAa mK qepes p-n repexoA KoHrponupyercr KBaSII'
Heftrpa;lruoft n-o6nacrblo, BeJIHqI,Iua p({'n) SaBI{cI.tr roJIbKo or paBIIo-
secH6ft KoHqeHrpaqLIH HeocHoBHbIx Hocurenefi eapn,qa s n'o1ilactv s
npuJrox(eHHoro Hanpqx(ennn (cu; (a.8) n (4.15)). Oco6o orMerI'IM, tlro

B Be{JrHrrHHy p (u") He BxoAsr B flBHOM BI'IAe napaMerpu o6nacu npo'
crpaHcrBeHHoro sapflAa p-n nepexoAa. AHaaoru.IHHtrl o6paeou Mo)KHo
Ha;fttu rpaHnqHble ycnoBllfi AJII KoH[eHTpauuLr sJIeKTpoHoB.n (- K'o).
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EcnH xe npoxoxAeHr-re AbrpoK qepe.-e p-n flepexoA Konrpo"'Iup yercq
KaK KBa3HHer?rpa.nlHofi o6racrbro, rax n o6nacrbro [pocrpaHcrBeHHofo
3apsAa, To AJIr Haxox<4eHufi p (9") ueo64o4lruo peur.rrb ypaBHeHr.re
(4.7), a KoropoM coxpaHeH ror io (9,"), B peeyJrbrare HMeeM

. c V

p(g,): pnei -*#

.[,nr uaxox4enun p (Q,r) B npeAnoJroxeHr.rffx 4urprpysuounofi reopun
nocrionmyer{cs nouflTrrsMl,r KBa3r.rypoaugrl <Depun Ails oneKrpoHoB
r.r AbrpoK vn w Fp, c noMolqblo KoTopblx MoxHo BBecTr.r. cyMMapHyro KoH-

ueHTpaqHrc S,reKTpoHoB r.r Abrpor( B
3OHe npoBoAI'TMOCTH r{ SaIeHrHOft
3OHe npn orcyrcrBrrH repMoAHua-
Mrir{ecKoro paBHoBecHr cJleAyroqr4M
o6pasou:

tLn e(Q-qn)
r ,  

- = ;

n : N r e  k r : l L r Q  h r  i
(4.e)

. _ d p  . 0  { r .  ,  , ' t

Puc. 4.2. Vporeus fl xBasnypoBHu OepMn r
) p-n,nepexoAe.

Et: - -:t-noKa3aHbr wapuc. 4.2.' e

(a.8a)

Llorcrasnnr. n u
noJryqnTb:

p B Arr+QyquonHo-4peft$oeue ypaBHeHrrs, JrefKo

,  d $  -  
.  e ( t P - Q d t . .  

d o . \ lin: - eunni + ?,1,,#"-m" (# - +)]- - Uilnn $ t
(4 .10)

' r e(QP-+) |
. dtbip : - eupp .ft - r,ln,+- "+;(+"-#)] :- euop +.

( 4 . 1 1 )

tr4e srux rstpaxeHuti sI,IAud, rITo greK?ponsuft n 4rIpouHuft roKtr npo-
nopq[oHa,'rbubr rpaAr.reuraM KBa3uyponnefi @epun. A,rff orreKrpoHoB r4
AbrpoK.

Paccnorpuu puc. 4.2, rAe noKasaHbr ypoBeHb @epvn H KBa3rrypoB-
uH @eprr.lr.r A,'rq greKTponoo u 4Lrpox. B n-o6nacru u p-o6nacrr.r flpr{ Ma-
Jlbrx ypoBHflx HH)KeKrrHlr KBagHypoBHu @epuu li.rrs ocHoeHlrx llocHre.ter?
3apflAa aJreKrpoHoB r.r AbrpoK coBraAaror c ypoBHeM @epnan. Keasuypon-
Hu lDepun AJrfl HeocHoBubrx Hocr4reJrefi eapa4a - gJreKrpoHoB B Abrpoq-
Holi o6.nacru r.r AbrpoK B aaeKrpoHHor? r-. ornuqanrcs or ypoBHs @epun
n6nnsil p-n repexoAa r.I coBnaAaror c ypoBHena @epmu AocraroqHo
Aa,'IeKO Or hero.
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Ec.nrE ucnonb3oBarb coorHolleHile (4.1l) ,nnn AblpotlHoro roKa, ro
Mo)r(Ho naftrn ornotueHl,Ie roKoB io (-Q) K roKy i, ({") B BIIAe

tr! ,{l :-.!L=, trl,t ' .ip (s"l p (9") dqp I-7T 
ls,

Tenepr yqreM, qro npu npr.rHflTbrx BbIIile npeAnoJloxeHl'Isx B npeAe-
nax o6nacru npocrpaHcrBeHHoro sapflAa Her MexAy3oHHbIx gJIeKrpoH-

HbIx L AbIpoqHbIX nepexoAoB ":tff i : 1., TorAa (4,12) Mox(Ho re'

penucarb B BI{Ae
dqp IoI l=n, : !_g_")_. (4.18)
dqp I pp-2, 

le, .. dm_
flocronoxy npu Marrbrx ypoBHrrx r4HxeKuuu p(8,,) Kpo,ro*l_n"U

.-  da" I
<if 

lg,n, 
crrcAovaTeJrbHo, qp npaKTurrecKr.r r.r3MeHfleTcs ToJrbKo BHe

o6nacru'p--n nepexoAa. Kax sr.rArro Lrs pt{c. 4.2,npu sroM ep (8")-
- Q p ( o o ) : 7 ,

Tenepr, HcnoJrbsyfl Bbrpa>KeHr.re (4.9), sannrlreu

p(9") _ e
Pn ,  (4 .14)

eV

p (E,l - Po"fr.
9ro rupaxeul,Ie coBnaAaer c Bblpaxenueu (4.8), noJIyqeHHbIM paHee

B npeAnoJloxeHngx AttoAssfi reopl.tu Ars cryrlafl' KorAa ,u,upouHrtfi rox
Konrporrupyercfl KBasl{uefirpalnroft n-o6nacrtto. flocneAHee He yAH-
Br.rreJrbHo, nocKoJlbKy paBeHcrBo (4. 13), no cyulecrBy' raK)Ke osnallaer'
rrro AbrpoqHnft ror anr 4nQQysuossoft reopHI,I KoHrpoJll'Ipyercf KBa3H-
ueft rpaarnofi n-o6nacralo, a. He o64acruo npocrpaucrBeHuorG 3ap fl Aa.

Ilonyuenurre BblpaxeHur Alrfl p (9") B npeAnoJloxeHuqx AuoAsoft
r.r aa$$ysuonHofi reopuli cBl3blBalor rlJlorHocrb I{HxeKTI'lpoBaHHbIx
AbrpoK Ha rpaHn[e p*n nepexo4a c n'o6nacrblo c npI'IJIoxeHHbIM Ho*
nps)KeHHeM I{ nJlorHocrblo HeocHoBHbIx Hoclirenefi s n-o6nacru.

B c.nytae, KorAa mK qepes p-n repexoA KoHrponupyercr KBaSII'
Heftrpa;lruoft n-o6nacrblo, BeJIHqI,Iua p({'n) SaBI{cI.tr roJIbKo or paBIIo-
secH6ft KoHqeHrpaqLIH HeocHoBHbIx Hocurenefi eapn,qa s n'o1ilactv s
npuJrox(eHHoro Hanpqx(ennn (cu; (a.8) n (4.15)). Oco6o orMerI'IM, tlro

B Be{JrHrrHHy p (u") He BxoAsr B flBHOM BI'IAe napaMerpu o6nacu npo'
crpaHcrBeHHoro sapflAa p-n nepexoAa. AHaaoru.IHHtrl o6paeou Mo)KHo
Ha;fttu rpaHnqHble ycnoBllfi AJII KoH[eHTpauuLr sJIeKTpoHoB.n (- K'o).
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qpa],P . tap lgn, - :p @rl

(4.12)

(4.15)



B pesy.rrrrare B npeAfloJloxeHlafl x. AI'toAIroft .Teopny' KorAa gJIeKrpoH-

nuft iox' KoHrpoJll'Ipyercfl KBa3l'Iueitrpan*lofi p'o6nacrlro,
eV

n( -Qo) :  noeT  '

Ec,lu. anexrpouunii TOK KOHTpOJrHpyeTcs rax o6,racrblo npocTpaH-
crBepgofo sapflila, iax 11 xsaegnerlrp.anluOft O$nacrlto B npeAnoJlo)Ke'
Hr.rsx ALIoAHoft reopul.t, I{MeeM

Bnaqa,re noflyqllM H npoaHa,'lnsltpyeM BoJlbr'aMnepHylo xapaKre-
pr.rcruKy A,tf cJlyqafl, KOrAa g,upoulufi I4 gJleKrpognuft toxn Kogrpo-

itrpVrOrcq xeaggueftrpaJlbHblMl.{ o6nacrsvu. flpn groM rpaHgqHble

sniuelt"" p (g.r) rr pi-Q,r)oauwaxoBbl KaK A,'Is AI'IoAHofi, rax u an$-

$1'auoHuoti reopHI{.'" 
f lolcrannar rupaxeunn (4.8) unu (4.15), a raxx{e (4'16) vUIr4

$.17) a Bbrpax(eHr.re (4.4), voNHo noflyql4rb [oJIHyro n,torHocrb roKa
qepes pjn nepexoA c ulr'rpoxofi dasofr B BI.IAei

(4.16)

(4.16a)
eV-Ef 

4in(_ gp\
n (- %p) : tLpQ

B np e4nonox(eHl.Iex 4u$SyeuoHltoft reop ull rpaHuqnaff KoHqeHrp ar\u ff "
eV

n(-g, , ) :  no$ , (4 .17) r,qe i, : irp * I'ni

i . -  i ,  (eF- l ) ,

'. epnDp
rsp :  _T_ i

. enoDn
t r o :  l 1 o _  ,

(4.20)

(4,21)

(4.22)

qro coBnaAaer c KoHqeHrpaqHeft, gaAasaeN'Iofi BblpaxeHl{ena (a.16).

Orruernu, rITo, KaK 6y4er noxa3aHo HHxe' noJlyqeHHbte rpaHI'IrIHbIe
ycJIoBIrfl gnn p (Q,r) fi n (-'-{')unparcr onpeAeJlsloulylo poJIb'AJIn ro'

"ryqeHfiff SaBI{CI4MOCrI{. rOKa or HanpsxeHl{fl B .p-r? nepexoAe.
B csqsu c 3Tl{M xoreJlocb 6u eqe pag noArlepKHyrb' r{To.3ail4caHuble

sHrxe o6qenpuHsrble rpaHuqHble ycrloBlls B BI'IAe (4'8)' (4.15)' (4.16)

u $.17) rroJlyqeHbl npu onpeAeJIeHHbIx npu6lnxeuusx' a I'IMeHHo:
npeAno,'rafaercs orcyrcrBne MexAy3oHHbIx nepexoAoB s o6racrl,t

npocrpaHcrBeHHofo 3apfl4a p-n nepexoAa;
npeA4oJlafaeTqff, qro ToK rlep-e3 p-n nepexoA KoHTpOJII{pyeTcff KBa'

suueft rp a.n susttr,tl.t o6"lacrruu ;
rrpeire6peraercn uapyuieHrreM Synrqnn pacnpeAeJrenuq Hocilreneft

3apflAa npoxoAflIlll4M TOKOM.' 
Fiartadnsue rpauuqnble ycJIoBI{ff AJIfl p (flr),vr n (-90)npuroAHbl

KaK B Cflyqae rutanUX ypOnneft I,IHXeKULIH, rar U 6O;luUUX' eCJIlt BbI1OJI-

Hf l roTcf lnpeA.noJIox(eHnf f 'npI , IHf lTbIe[pu[xnoIyqeHI,1u ' � �
Anq HixoxAeul{n HeI{3BecrHbIX Berliqrii Lp (a") u An (-oo) tvtox-

HO BOCNOJIb3OBATbCfl COOTHOIUCHU'IMI'I:

tr(,tsn) : eSpLF (a) : esolp (a) - p,1; (4' l8)

i , ! -*r) :  eSnLn(-ar) -  ds,, In(-uo) - t tpl ,  (4 '19)

rAe sp u s,, - cKopocrH noBepxHocTnoft pexou6r.{Ha[r.{r4.AbrpoK I,I gJIeK-

rporl<io Ha oMHqecKHx KoHraKTax K n- n p-o6.nacrnM..p-n nepexoAa-.
Oiu coornoureggs Bbrpal1aror ror $axr, uro Abrpounufi n_ ulexrpounufi
ToKn qepee OMLITIeCKI,Ie KOHTaKTbI npOnOpqEOqaJIbHbI t{S6HrOtIHOfi KOH-

ueHrpaul{H HeOCnOBHbIX HOCI'ITeJIefi 3apfiAa y 3rHx KoHTaKroB.

4.2. BOJIbT-AMnEPHATI XAPAKTEPI'lcT14KA p-z IIEPEXO,IA
- C IUHPOKOR 6A3ON NPI,I MAJIbIX YPOBH'X UHXEKUIIId

paccu6rpuu BOJrbr-aMrrepHyrel xapaKTepr.rcTHKy HeBbrpolKAeHHO|O

r-r1 rr€p€XoAa c Irupoxoir 6ae6ft, KorAa pa3Mepbr p- 14 n-o6.nacreft cy'

f1ecrseHgo npeBhlllalor AJIHHy 4n$Syeuouttoro cMe1qeggfl HeocHoBHbIX

nocnreneft 3apflAa v lo KQ)n, a la Kap.
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flonyueirnoe Bblpail(eHl{e Bo,'Ibr-Allnepnofi xapaKrepucrlrrr p-n
nepexoAa n0 BHeIuHeMy BI,IAy coBnaAaer c BbIpaxeHI{eM BOJIbT-aMnepHoI'�I
XapaKreplrcTHKLI KOHTaKTa MeTaJIJI - noJIynpOBoAHHK npH OrcyTcrBI'IH
sa3opa AJIR roKoB ocHoBHbIx uocute;Iefi sapsAa 6ee. yuacrns floBepx-
socrHux yporneft B nepeHoce roKa, BoJrbr-aunepHofi xapaKrepHcTHKH
c yrracrr.reM noBepxHocrHbl1 ypoBgeft a nepeHoce roKq npg npe1lMylqe-
crienHor o6uene'yposuefi c Itleta,rnou (ou-. n. 3.1, 3'5), a raKxe c
BOJTbT-aMnep nofi Xapaxrep ucru xOft KoHTaKra MeTaJIJI - noJIynpoBoAH HK
AJrfl HeoCHoBHbIX Hgcl,Ire.ltefi sapnAa, noJIyqeHHOfi s npeAnOr'IOXeHI{fx
AnoAsofi-rcopuu npu .nto6ux sa3opax (cru. n. 3.2),
' flpxuofi iox dIs p-n nepexoAa, KaK v \Jrfl paccMorpeHHblx BbIrue

"nyuue", pacrer c HanpsxeHLIeM nponopltnonaJlbHo iT,.a o6paruufi
AOCTHTaeT HaCbIUleHHg.

Oasaxo nJlorHocrb roKa Hacbluresu5 is \ilfl p-n nepexoAa Moxer
cyqecTBeIIHO oT,'IflqaTbcs oT cooT;lercrbyrculnx nJIOTHocrefi roros Ans
KOHTaKTa MeTaJIJI:- 1OJIygpOBOAHI'IK KaK nO Be,'IUtII4He' TaK LI no SnaH-
.recxoft npupoAe.

' Hanplilnrep, ann KoHTaKra MeTaJIJI - no,'Iy[poBoAHlIK 6es sasopa e

Cr'ryqae AnoAuotl reopHH npu nepeHoge ToKa.ocHoBHbIMH HocI'IreJIflMI'I 8a-
_ Q o

pqAa Bergquwa- ir: !t" e jr, r lro paBHo Ko,'IgqecrBy Hocnrenell

lap'.Iia, IaAaIOUIHX B eAHHHIIy BpeMeHI'I Ha rpaHl'luy pg3AeJIa MeTaJIJI -

noJrynpoBoAHLrK.
fiaa p-n nepexoAa nJlorHocrb tora i, onpeAe,lflercs queJlol\{ AbI-

pox, feHepl,tpoaauHux tl.rIn pexou6uHHpyloqux s n-o6nacru Ha A,'IHHe
io n eneirpbnon, reHepLIpoBaHHbIx HJIH perou6nHnpyloulxx u p'o6-

.nacrr{ Ha Anr,IHe /,, a eALIHHIIy BpeMeHH.
t  lob



BenuqnHu 
'is11 

Lr isp, saAaBaeMble eupai<euunvt't (4'21) u (4'22)'

Moryr 6url nepenllcanbl B BI'IAe:

f r r : f f : ry :+ ,
i,p:9{": 

'qN{" etPen
t p  I ;  

: - ' r p -

orKyAa oqeBI.IAHa npaBI'IJIbHocrb cAenandoro BbIIue yrBepxlefiI4f,'

fipnruofi roK p-n nepexoAa np1 O1OM cBssaH c LIHxeKqI{eI'I HeocHoB-

urtx iocurenefi sapn4a, Koropafl cylqecrBe'Ho SaBI..HT or npI{JIoxeH-

Horo HanpsxeHLIff ll onpe4elaercn pexou6uuauueft BBeAeH*Izx

trocurenefi 
-s 

o61acrsx ln u l, KOTOpafl Or HanpsxeHllfl He 3aBI'�ICI'�lr. uo'

paruufi ToK onpeAeJlflercfl TeMnoM reHepa[uu uocure'nefi eapn4a n o6'

]tacr"x In u lo Lr noc.nelynquu Hx BbIBeAeHI'IeM qepee p-n nepexoA'

KOTOpbIe He 3aBHCflT OT IpI.IJIOXeHHOTO HanpgxeHl'Ifl'
B csssH co cKasaHHbuu u ua6nrcAaercs cToJIb pa3ILIqHOe noBeAeHHe

ilpflMoro u o6paruoro roKoB c npluIoxeHHYM Hanpffxt"lT'__' 
Benuqusa 

- 
1, A.[q p-n nepexoAa npu npI,IHflrbIX npeAnofloxeHllsx

o ror\,r, qro roK r<onrponupyercq npoxoxAeHHeM qepeS KBa3lruefirpanr-

Hue o6nacrn noJIynpoBoAHHKa' BeerAa MeHbule, rIeM Arq paccMorpeu'

HOrO BbIrXe uyqag KoHTaKTa MeTaJIJI -. IIOJIYnPOBO,IHI'�IK' tAe TOK KOH'

rpoJlllpyercr npoxolxAeHueM Hocltreneft eapr4a qepes o6lacrl npo-

crpaHcrBeHHoro sapflAa.'MareltarUqecXu-drO 
CBOAIITCS K BbInO.;lHeHU1g HepaBeHCTBa AJIS TOKa

3,'teKTpoHoB

* ' ,<+;#'
eo

Ecnu yuecrb' qro no:nrJT.; E npl'Igtrb fln:(0, nocJle'u'Hee

HepaBeHcrBo npHHI-{Maer cJIeAyIOulHI'I BHA:

Dn // in
/ \ \ a - '

t

Hanptaiuep, Ans. cna6o,lerl4poB.aHHoro repMaHl'Ifl npl4 D, = 100 crllz x

X c-l lr an=2. l0? cu . c-' nocreAHee HepaBeHCTBo BblnoJl'gercfl

BnJrorb ro Ln)2 . lO--4 cnr, a o6utunta r"uuun"fl ln: l0-t" '10-2 cru

I , ISaI IucaHHoeBbIUeHepaBeHcTBoBbIf lo f lH ' IeTc ' IoqeHbxopol i lo .

Ans c,la6o ,rerup-oBaHHofo KpeMHIls npl4 Dr: 40 cuz ' c-l u

Tex xe 3HaqeHI{flX On [OC,'IeAHee HepaBeHCTBO BbIIIOJIHfieTCg JIyI{IIJe

H cnpaBeA,'II4Bo Brt,'torb Ao l, ) 8 ' l0-5 cu. Xorn Ar'fl KpeMHHq

o6uqso ln uenbme, qeM A,'Ir repMaH'q' I'l .cocraBJlfler l0=1"'10-3 ctu,
.3TOrO AOCTaTOqHO A,'Ifl Xopol]]ero Bblnofi HeHI'Iq paccMaTpIIBaeMOfo Hepa'

BCHCTBA,

BaxHulr AJrfr p-n flepexoAa sBJrrreTcfl OTHOIUeHI'Ie 3JIeKTpOH[OrO

roKa K AblpoqHoMy, a raKxe xoe$$uuuenr I4HX(eKqI'In' I4cnonlsyn eu-

pax{eHufl $.21) u (4.22), r,Io)I{HO nor,Iyqllrb cJleAyloqee orHoueH}leG3JleK-

1 0 6

TpoHHOfO rOKa K AbIpOqHOMy:

in _ 
Dnnp lp 

- unn, I.p 
-

1; 
--f -dpp" * 

"rp, 1; 
-

rIC HCNOJIb3OBAHbI COOTHOIUCHI,Ig

onlp

w.

# 
: #, flnpn :'potr, : tL!.

Kax sLIAHo, 3To orHolxeHl.re onpeAeJtnercs r,'IaBHbIM o6pa3oM orHoIxeHI'I-
eM npoBoAnuocretl n- u p-o6nacteft no,rynpoBoAHl{Ka:

KoetffiuuueHr HHxeKqtz,:a p'-n nepexoAa HylKHo orAeJlbHo onpeAe-
JrflTb AJIfl n-o6nacru u p-o6nacru, TaK KaK Arq HLIx orJluqalorcfl-HeocHoB'
Hbre Hocnreilrr sapflAa; p.ns n-o6nacrH 9ro AbIpKI,t, a AJrfl p-o6nacru -

3JreKrpoHbr.
Ans p-o6nacru

(4.23)

Ans n-o1nacru

(4.24\

Kax enAHo Hg noryqeHHblx Bbrpaxeunft, n p-n nepexoAe 6o.nsrue
Tox roro 3HaKa, AJrr Koroporo 6onrrue npoBoAuMocrb coorBercrBylo-
qefi o6lacru. Tax, ecJI[ npoBoAuMocrb p-ofnacru 6olrure, qeu n-o6-
Jracrr.r, ro tox 6yaer AbrpoqHblM, a ecJII{ n-o6nactu 6o.nrue, ueM p-o6-
JIacrIt, To ror( B ocHoBHoM 6y4er aaeKTpoHHbIM.

CoorsercrBenHo 6yaer ll3MeHqrbcq xosQsuqnenr HHxeKITHH. B nep-
BOM CJryqae on 6y4er crpeMHTbcfl K eAHHL.Iqe ana n-o6nacrl{ H K IIyJI}o
I^nn p-o6nacrl4, a Bo BTopoM K HyJIIo Ans n-o6nacrn u K eAHHHITe AJtg
p-o6nacru.

Ecnn rox qepes p-n nepexoA KoHrpoJll4pyercfl KpoMe xsasnuefi-
TpaJlbHbrx o6nacreft TaKxe o6racmto npocrpancrBeHuoro gapsAa, AJq
Haxox{AeHus BoJrbr-aMnepuofi xapaKTepr.rcrr.rKr.I seo6xo,u,uno HcttoJIb-
goBarb Bbrpa)KeHr.rfl (4.8a) .n (4. l6a). floAcraenss srLI BbIpax(ennn n (4.4),.
Mo>KHo pelxHrb [oflyrleHHoe BbIpaxeHLIe orHOcItTeJIbYo io (K.) w
i " (-{ r) il iloryqurb oxoHqarer'IbHyro BoJlbr-aMnepHylo xapaKrep Hclr-
Ky p-n nepexoAa c u:apoxofi 6asofr B BlrAe (4.20), rae

i. I
v ^ - _ - - 1 - -r P -  i n i i p  |  |  o p l n  t

r - - -
6 rlp

i p l
Tn: -l;l!f, : --- 

o- oJ; .
, _r 

sph

i r : i r p * i ' " i

ep,D.
c s Q  

,  l ,  ,  4 D p \  '
. p l r - t - : - . - l

\ aptp /

. enoDn
t '": -17, 

,--[D,1.r u l r - l - - l
' \  0 n l n J

$,25j

(4.26)
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Kar sLIAIto I'I3 nocJle,u,Hltx Bblpaxennfi, npu +<1 ' 934t
vD.D -nln

oHrr nepexoAffr B noJIyqeHHbIe paHee BbIpalI(eHHfl'(4'21) u (!'-2J) wn

c;r yu a r, Ko fAa ro K H Ko Hrp on Hp yrylg .:t 
:, 

".0;B1n:"".tN{ L oon acrnM H'

fJpu o6patnblx HepaBeHcruax 3!) 1 n 
ffi>> 

t, BblpaxeHufl

(4.25) u (4.26). nepexoAer "_.r.otolnut 
. (po

i rr_ror{,:ry;: ,

isn: *{o : ry"-#
' 

B erou cJlyqae' korAa tox qepe3 P-n nelexoA KoHrpoJll'tpyercq
O6nacruo npO|rpaHCrBeHHorO 3apffAa, .HLI troJIHocTbIO CbBnaAaIoT C co-

orBercrByloqurtln rup axeH H fl MI4 AJIS^ If oH]rlKra Mera JIJI -troJl yn p oBoA-
uur 6eg sasopa, nonyueuuuun B n. 3,1, 3.2.

B eaxr'Io,{-eHne cJleAyer o6parum BH4MaHI'Ie Ha ro, rITo Arq raKllx

ur.lpoKo pacnpocrpaseuistx noJIynpoBoAHI'IKoB' KaK repuaHuft H KpeM-
""d, rox'u" p6s p-n nepexoA o6irqiro KoHrpo,'Iup yercq KBa3flHe.firpanl-
Hru,ltt o6.lacrgult,

4.3. BOJIbT.AMNEPHA' XAPAKTEPI,ICTI4KA P_Z TIEPEXOAA

. c y3KOn 6A30fl

Paccquraeu BoJIbr-at\{nepHylo xapaKTepI{eruKy HeBbIpox(AeHHoro
p-n fiepexoAa npu MaJ'IbIx ypoBllgx urxeKqul'l AJIS cJlyqafl' KOrAa

it ur*.poi p- ^ n' o6 nacr eii cp a nn llrrmr c 4uQQysr'rorr noft AruHo-lcMeuleH H s

HeocHoBHbIx socHre.neft sapnaa' Ans sroro -MoxHo BocflorbsoBatbcs
Bbrpaxe'HeM (4.b), .Vir-i,i."Eio.fr-no noAcraBllrb- BeJILIqLIHbI, Lp (Q^),

L,n\-K,r'1, Lp'(-*r) i L,p 1a^1. Be.rnqusu Lp (H") u Ln (-!{) Y"}}?
Hafiril, llcnonmya noJIyqeHHb.Ie'paHee rpaHHrIHbIe ycroBlls \ItA p \z'nt
u n ( 4o). Anq HaxoxiAeHllfl BerI'tI{HHbI Lp (a") noAcraBHM B Bblpaxe-

uue (2.19) x: @n.B pe3y,tbrare I'IMeeM Arq AblpoqHofo roKa

ie(irn) : : -#-u,lup (U,) - Lp (a^l cn'"in"f' g.271
Io sh:--;-:: L

Tenept, npfipaBnllBafl BhIpaxeHI'It' $.27) u (4.18), Mgxno noflyql{rb

ypaBHeHI'Ie orIIocHreJIbHo Lp (w"), peIueHI'Ie Koropofo Aaer

-  
- L P ( a ) : -  

L P ( 9 * )w
Asa.norfiqnuu o6paeou Mo>xno noJlyqurb

L,n(-u)=ffi
"n --1,- - -D; ,n ---;

(4.28)

108

(1.29)

r09

floActasrss renepb 3Haqeur.rfl Lp (Q") u L,n(-*,o), Arq Koropbrx
LlcnoJlbsoBaubr BbrpaxeHux (4.8) u (4.17), a raK)r{e sHa,reH}rs Lp (w")
u L,n (-wr), no.nyueuubre Bbrlxe (c:r,r. (a.28) u (4.29)), B BbrpaxeH.r{e
(4.5), rrroxuo Hafiru BoJlbr-aMnepHyr,o xapaKrepHcrHKy p-n nepexol.a
c ysKor:r 6aeofi, no eu4y coBnaAaroqyrc c (4.20), rAe i, :. lsp * irni

.' eDnn,
t'": -1i-

(4.30)

(4.31)

Taxuu o6pasou, o6qnft sr.rA aonrr.-aunepuofi xapaKrepracrnKu
Ailn p-n nepexoAa c ysxofi n ruupoxori 6asofr coBnaAaer. OAuaxo
caMH BeJrHlrKHbr TOKOB Anff TaKr.IX [epeXOAOB MOryT CyUleCTBeHHp OT-
Jluqarbcs. 9ro onpe4eJrffercs reM, qrG AJrn p-n nepexoAa Berur{r.rHa
i_, saeucur,4onoJIHI.ITeJIbHo or raKux napaMerpoB, KdK Sp, Sn,. rLo, tDi,
K,o u Q,n.

OrnorueHue roKoB Ailfr p-n nepexoAoB c ysrofi u ruupoxoit 6asoft.
Mo)KHo Haftrn, ecJrlr r{cnoJrb3oBarb Bbrpaxenr.rn (4.21), @.22) u (4.401,
(4.31). ,II,.nn npocroru Aaarsefiuefo aHaJrH3a npn.aroM MoxHo orpaHH-
qrrlch cJryqaeM, rorAa i.p.) irr.

TorAa irp - iri

|  |  -Dp  r "  @n-9n
r -r -6-l- Llr --------;-

o p t p  t p

, (4.32)
DP , , .  @na-zn-St; 1- "'-l;-

r4e i, oruocr.rrcff K p-n nepexoly c ysKofi, a ir* c nurpoxofi 6aaorl.

llpr,r usrraeueHrlrr BeJruqrrnr 3 nocJleAHee orHolreHr.re npr{Hr.rMaer
. "p,p

BI,IA:
is -111%;Ea Ail1 :+) l; (a.33a)

. i r -  lp  ^ - { -  
Sp lp  "

+-: I Ans 3? : t, (4.836)
'sw oP'P

-!- : glll @n- 9n 
nn, ?, lz t

l , -  tp  <t '  (4 '33n)

3aancilMoero l!- 
an'- g'n ' tJrlrlHbrx gHaqeHHflx (

rs* OT --6- npn paSIntIHbIX SHaqeHHgX CKOpOCTII

perou6uuaqr4r,r noKa3aHa Ha prrc. 4.3. Vg BbrpaxeHafi (4.32) r puc. 4.3-rnAHo, qTo npn So - 0 ,qnpovHutfi ToK yMeubluaeTcs, a npu Sp - 6

yBed,*rq'Baercfl c pocroM 
*" 

| 
"n 

. llpn 
^ D^

tp - ')P * -t; roK P-n nepexoAa

is_ :
l ! -



Pnc. 4.8. 3aBHcaMocrb orHoll leHr|s
,-e sn - 9n

-* Or -- nptl PagHbIx 3Hai
lse  tp

qenxgx cxopbcrn Perom6unaqur na
HeBbInpgMJleIOUleM KOHTaKTC.

I,ls nnpaxenua (4.32) BltAHo^' tlro

sepxHocrubft pexou6uHaunu or 0 Ao

De@)n-gn l  .  ^----;2- t rn
"p

v;:Gz;q-T;- ---];-

npH I{SMeHeHLII{ CKOpOCTI{ nO'

oo BeJIUqLIHA TOKa Tracuueuug

' ' : [ '*++

c yaxofi 6agofi He 3aBuclrr o, Y
14 paBeH roKy p-n nepexoAa c lxupo'
xofi 6asoft.

np Y!#( 1, ror,ta Ha6.nroAa-

CTC' MAKCI,IMAJIbHOC OTJIHqIIC U +,

MoxHo rurep6o.nuuecxufi ranreHc i::'
r r .  l u n - Z n  -  @ n - 9 n

Jroxr.frb s psl l.IJ--T-:---l;-.

P^
iluq.fiHa lra: A;Lg^, 

r. e. oHa 6oltrue 4r'l$SysnouHofi A;tusst AbIpoK

s 6age so ctontKo pa's, eo cKoJIbKo 4uQSysr'ronHafl AJII'IHa 6onlue rol-
rrlr,rgbr 6agu. 3rO BbI3BaHo TeM, qTo BcJIeAcrBI.Ie uanOfi cKopOcTI'I peKoM-
lunauwu Ha KoHraKre Bospacraet xoHueuipaul'Ifl AbIpoK s 6ade.

C yoe.nuvenueM ToJIITII.IHH 6asH BJII'IfiHI4e cKopocru perolvl6uHauuu
Ha KoHTaKre Ha roK HacbluleHnr 6ucrpo ynaeHluraercr. V>xe npu
@n - Hn:.21p grvr BJIIitflHI{eM Mo>KHo npene6pevl.
. AuarorrvHbe paccuorpeHlle Moxer 6lrrr upoee4eHo H Arq gJIeKTpoH'

HO|O TOKa.
Hcnonleyfl noryqeHHble BbIIIIe BblpaxeHufl AJIfr irn v iro, JIerKo

noKasarb, qro Arr p-n flepexoAa c yBKofi 6aeoft HsMeHsercs raKxe
roa$Qnuueur HH)KeKIrI{LI HeocHoBHbIX HocI'IreJIeft sapa4a xax s n-, rarc
u' s p-o6nacru.',I l ,er?crgufentHo:

(,*#*ry)
(*n+*nn

(€tr"ry)

TorAa

,i" :
ls* '

. (4.34)

HacbIIrIeHLItl p-n

MO}KHO nepenl4-

(4.35)

(4.36)

l
# a

.[
il, i l

,[
.I

ril

ilr

I

I

il

r I
,5
Jil

ffi
ffiq
$

,fli,
{#

, ,p,

ffi

$
,;i
:l

i

I,Jrfl p*n nepexoAa c ysxofi 6agofi lvloxer H3MeHsrbcs " (#q)'

P?3'
Bnpaxeuue Alr nJIorHocrI'I .ublpoqHoro roKa

nepexoAa c ysxoft 6agofi Ars cnyllar ry rrt
carb raKXe B BLIAe 

eD'opn
tr :  __l rJ  ,

rAe Ber[qLIHy

]-"

X (4.37)('*#^ry)
Gh.*ry)

T o =
[ '

, 6 p l n--c1;

D p  ,  @ n - Z n  <

h 
- ---;- "'

( ' *dh  ,n 'o ; * ' )

'*+h*ry)l"b : lp f'X
Dp wn-gn ' ,  

c-to -- 
h- 

- "o

o,roxno paccMarpr{Barb KaK etpQexrr.lenyn aHtbQf enoHHylo AJII{Hy AJtfl
AbrpoK.-'np" 

Sp : * eQQemurnan- 4llQ$ysnolrias' r.rr,fiHa l*: tltn -'Ln'

3ro dsga.iaer, qro 
-rca 

pexou6t{HaIluq - nt'oucxoAltr Ha HeBbInpqMJIflIo-
rrleM a,rexrpoAe Ha paccrbannu @o- #ror p-n nepexoAa' flpu So :

: + BeJrnqr{Ha 14 - lp, r. e. eQQexrlIBHas Au$syeraonu afl ArtilHa

.our,'iiu"t c 4u$$yslloHsofi A.nnso ft Ns AbIpoK s o6lel'Ie n'ol6naqw
noJrynpoBoAgllxa. B groM clyqae peroru6nnaqvfi Ha sJleKrpoAe Eponc'
xo,qr.rr'c raxorl cKopocrbro, KOrOpaq I{MeJIa 6bI UeCrO B p-n nepexoAe
c ro.ncroft 6asofi 

-B 
npocTpaHcrBe, pacnoJloxeHHoM 3a nJtocKocrblo'

or"ro"qefr or p-rl nef exoia Ha paccfosH rtLr u)n 
: 

g"' flpr So. : 0 ne-

l l 0

Kax nuAuo, xoeQSuuueur I,IHxeKuI{I'I Mox(er [3MeHflTbcff npll I'I3-
MEHCHI,III HC TOJIbKO BCflHTIHH ON' 6O' IN' IO' A TAIK>XC IIPN I'I3MCHCHHH

BeJrr{qLrH (Dn, @p lulu S' S' B p-n flepexoAe I{Aer 6onrurzfi ToK Tofo
gHaKa, AJtfl Koroporo 6ontrue BeJIHtIHHa cKopocrn noBepxHocrHofi pe-
xou6ssauuu S u ltenlure s,eill,1''q.HlF^a Lu..

C $usnuecxofi roqrn spenun Iz3MeHeHHe BeJInqv H irp u irn -AIIfl p-n
nepexo,qa'c ysr<oft 6asof; c usMeHeHneM tsp, (Dn, Sp H Sn, cBflSaHo

c reM, trro t43MeHqlorcl BeJIIlqI.IHrr rpa4nei'lroB KoHlreHrpauuft # " #,
KoropbrM nponopl.lHoHaJIbHbI roKH.

.  (4.38)

l l l



4.4. BOJIbT-AMnEPHAfl XAPAKTEPI,ICTHKA p-2. IIEPEXO,IA
npr.r boJlbrrrflx yPoBHtx I,IHXEKIIUU

' 
PaccuoTpr,rM BoJrbr-arr,rnelHyr,o xapaKTepucruly p_.nnepexoAa rrpx

6ohrurax ypoBHflx r.rHxeKqur.r. flpu srou Hyxrlo, KaK yxe paccMarpr{-
BaJIocb Bbrure,, peuarb' noJrHbre 4uQ$ysuonuo-ApefrQoBbre ypaBHeHr.rfl
AJIfl 3JIeKTpOHOB il AbrpOK COBMeCTHO C ypaBHeHxrrMn Hepa3pbIBHOCTu.
Tat<as saAar{a s o6qeM Br.rAe He pelxaercs. floerorr,ry orpaHxqHMcfl pac-
cMorpenneM qacrgoro cryrras p-n nepexoAa c roHKoft n-o6nacrtto,
KorAa &r-- 9,"'< l, npu S, *> oo. Eyaerra raKxe npeAnoJlararb, tlro
roe@uqneHl g11;19(llu[ Tn + I, T. e. Becb rox g tz-o6nacru sBJlflercfl
AbrpoqHbrM. llpr.r ernx npeAnoJrolKeHusx AJrfl HaxoxAeHuq BoJIbr-aM-
nepuofi xapaKrepr.rcrraKr.r MoxHo BocrroJrbsoBarbcs BbrpaxeHuena (4.6).

- rVn

B pesy.nnrare npn p (Ur) : pneE., p (wn) : pn

norAa cth t" I 
n" 

7, ,,.. 
lo" 

, , HMeeM
Lpg Q,n -- Yn

. 2eDrP' ::r+
.  

L :  
a n - e r t

,V,

B arorr,r BbrpaxeHlrrr yqreHo, qro eF ) l, rax xar 6onturne ypoBHr.r
'LrHlKeKrIHH peafiusyrorcq Toflbtro A;ts 6onrunx npsMbrx Hanprxeuuft
Ha p-n nepexoae 7r,.

fla4enue Hanpff]Kerrzq co6crseHHo Ha p-n nepexoAe
V n : V  - V u , (4.40)

tye v6: naAeHr,re Hanpg)KeHr.rfl Ha KBaslrueftrpamnofi o6.nacrH. Hc-
noJrb3yS BbrpalreHl.re (2.14), MoxHo uarirn

Ll  lpu:  @n -  Q6

(4.3e)

(4 .41)

(4.42)

(4.43)

v o : f  e a * : $ Y r ^ n : # h m
gn 91

' 
cvo

Ec,nu yuecft, qro n (9r) : p (Ar) - pnET, a n(ao) : nn, ro oKoHqa-
TCJIbI]O

v o : 4 h * * v n .nn

floAcraenqq 9ro Bblpaxenue e (4.40), rraoxHo noryrluTb

r t  V  I  h T  r ^  p o  V  l '  k T  r ^ P z nv " : _ T _ _ r _ _ e  t n ; : _ T _ _ T  ,  , n  
n ? .

Tenepr, noAcraBJlffs 9ro BbIpaxeHLIe B Bblpax{eHl'te AJII roxa (4.39),
HMeeM OKOHqaTeJIbIIOe BbIpaxeHLIe AJIfi BOJIbT-aMnepHOLl XapaKTepHC-
.I'}IKI,I:

eV
. zeLrpnl. tfrt :  * ;=7 ;e  '

l12

(4 .44 |

l l 8

,II,;ra 6o,ltutoro ypoBHff H11)IlsKrlHH ror p-n nepexD.u,a c rosxofi

5aeofi nponopruroHaJteH BeJIIIquHaM n, u 2Do 
"X 

Ll3MeHgercs c npu'

JroxeHHbIM Hanpfl)KeHHeM npo[op[6oHa,'IbHo aff, i. a. 6onee cna6o,
qeM Aflr Ma,IILilx yponueift HHxeKtlHI{.

Kar er.{AHO r.t-s- npuneAeHHoro Bbrrxe pacqeta, 6oIee MeAJIeIIHOeT Ir3'

MeHeHI.Ie roKa c npunoxeHHblM Hanptx(euueM np,n 6onlruux - ypoBHsx

r4HxeKqI,Iu o6ycnan.nunaercfl reM' qro npu 6onlruux ypoBHflx IlHxeK'

I I I { I , IHap_ni lepexoAenaAaeTToJIbKoqacTbnpHIoxeHHoroHsI Ipf }K€:
uuq. Ocranrnas qaqrl HanpqxeHl4n npnnoxeHa .K. -xnasuHefllpa'l l-
noft o6lacru noJlynpoBoAuuxa (cu. nslpaxeuue (4.43))'

flpu eUie 6o;tluttlx ypOBHflx 1IH>KeKIILIH y111e HeJIb3F_ clIIiTaTb' tITo

i" @.;) : 0. B caMoM jgne npu p - ,n ycrpeMl.Irb..i. x 6ecxoHeqHocr'

"b; T : I Helbsg. Plcnomeyn E{Q4ysr,rouno-ApefiQgBble ypaBHeHHs

,q.irq AbrpotlHoio It g4eKTpoHHoro roKoB' MoxHo noKasarb' tITo npn Ao-

cTaTorIHo 6ontrurx ToKax I,I Har.rpfl>KeHHOCTtX nOJIg, KOfAa .tp + euppE

*r in--+ eunpE, xoeQQuquenr I'IHxeKIrHvr

'  T t  
t ; " t - '

'B grol,r c,'ryqae pe[IeHLIe sa!.arq.u npu 6onlruux ypoBHtx I'IH?KeKUI4Ii

ycJIoxHseTcfl.- 
Ero MOXHO Hai4TIt, npeAnoao)KhB, IITO naAeHI{eM HanpflxeHl4fl

a p-n nepexoAe Mo>KHo upeHe6peul no cpaaHeHulo c [aAeHI'IeM Ha-

flpq)I(eHHs s xsasuHeftrpalruofi o6nactH.- -'' 
toia., ucnorlbsys 4r'lEqysNouHo-4pefi$osble BFrpaxe Hus' Anq n-o6-

JIacrLI 6a3u, naoxuo 3anHcarb
. i

e lupp * un \P t ndl

flo,u,crasulr sro sHaqeHI,Ie E'e BbIpaxeHI'Ie gnn V6, no.nyuurr'r uptl

P )  n "
' t

@n

( d x
J p
0

(4.45)

. (4.46)
@n

lr
V o - - -  \  E d x : -" l

0
^ . ,  l ;  ,  u n  \Y w p l t - r . � : : - l

!,nn HaxoxAeHllfl cBssl{ MexAy dx u dp HcnoJlbsy€M ypaBHeHI4e.He-

pa3pblBHocrv AItfi AblporlHofo .ToKa
l d i p P

7 ' d ; : -  a * '

KyAa noAcraBHM

B pesy"rlrare

ip:  eupPE - ip

, *+@+"1
u, dP

- nn ---

i u p - d x p
v Tp++-;+; ;a 

- - - r@'

L ' u p l



orKyAa MoxHo wafir.u npLt p ) nn .

innr* 
iln

, " .  
' u p  

d pu ( : _ _ ^ 7 u " : _ y . i r , .
C  l -  +  I  I

\ 4 P  I

I4nrerpupyn nocJleAnee BbrpaxeHue or r = 0 Ao x : @n, r{MeeM
' in,r^^ un

( 9 r : '  
- * t t p  

I  I  J  I
;T_-;F L-r'o- 

-Foo-al (4'48)
.  

- - \ , o

floAcrannss dx u w;paxeuue (4.46), rocJre rrHrerpupoBaHxs noryqaeM

(4.471

v t : (4.4e)

Ecnu p (0) > p (an), r.rs Bbrpaxenufi (4.49) ra (a.a8) rerKo noryrrurb
oKoHqareJrbHoe BbrpaxeHHe BoJrbr-aMnepHori xapaKTepr.tcrr.tKH n-o6:
Jlacrrl AJrs AocraroqHo 6onrunx yponnefi l{Hxerqr{u B Br.rAe

(4.50)

i, J!!- nns*

srru^( u" +t\' \ u p  
l
lr#-"fo-l

i:s'Yffvi.
Kax nu4uo r.r3 nocaeAuefo Bbrpaxetufl,, npu npl.rHflrbrx npeA[oJro-

xeHuflx nJIoTHocTb ToKa nponoprlHoHaJlbHa KBaApaTy HarrpflxeHHf,
naAanqeMy s n-o6nacru, n o6parHo nponopqr{oHaJrbHa xy6y ee roa-
ilI14Hbr.' 

3aaucul{ocrb ToKa or Ha[pfl)r(eHnq B paccMorpenHoM cryqae oc-
na6nsercs no cpaBHeHI.Io co cryrlaeM, KorAa r{rpaer poJlb naAeHue Ha-
npsxeHHfl Ha p-n nepexoAe.

4,5. BOJIbT-AMNEPHA' XAPAKTEPI'CTI,IKA P-Z IIEPEXO,II.A
C YqETOM TEHEPAUI,IU _ PEKOMbI,IHAIIT,IU B OBJIACTI,I

NPOCTPAHCTBEH HOTO 3AP'AA

B npe4n4yrqr,rx naparpa$ax euno4 BoJrbr-aMnepHbrx xapaKrepnc-
TI.IK npoBoArlJlcr B npeAnod'roxeuragx, qro s o6nactu npocfpaucrBeHHoro
sapflAa Her renepauur4 vlrvr pexou6uuaqulr Hocr..rreJrefi sapr4a. flpu
STOM Ctrr4TaJIOCb, IITO AOCTaTOqHSTM yCJIOBLTeM AJrg Bbrnor'IHeHrzg STLrx
npeAnoJrox(enuii ssflqrorcq HepaBeHcrBa. 9,"<1, u Q,o ( /r. B ua-
croflureM naparpa$e 6yAer noxa3aHo, qro BbrnoJlHeHr,re sanncaHHbrx
ycnonuft eIrle He ogHatlaer ro-ro, qro Mo)KHo npeHe6perrb reHepaqn eft unu
pexou6nuaquefi s o6racrr.r npocrpaHcrBeHHoro saprAa, ecJrr.r reMrr re-
Hepaq[nIa nnu pexou6vnalllz-v saBr.rcr.rr or rroJrs, u 6yayr paccqr.rraHbr ro-
xa pexou6nuarlr.ra n reuepaquu s o6nacru npocrpaHcreeuuoro 3apflAa.

t t 4

Pr|c. 4.4. fenepaquonno-perox6nsaqnounbte npoqeccB B p-rt
nepexoAe:

a *  v :  o np :  n\  6 -  v  <ot  nF K n! ;  "  -  v  > o,  np >
I

> n'i.

Han6o.nee pacnpocrpaHeHHblM MexaHI{3MoM
reHep aqnu - pexovt6uHalluu fl BJIff ercfl MexaHIl3M
c yrracrHeM JIoKaJIbHbIX qeHTpOB, KaK 9TO noKa3a-
Ho Ha puc.  4.4.

Aas erorb MexaHusMa BepotrHocrb nepexo4or / npo'
noptlfioHaJlbHa qucny 9JIeKTp_OHOB B 3OHe npOBOII{MOCTII n
u ur.rcny cao6oAuHx-yposuefi c KoHueHrpaulrefi N1, T. e'
Nr (1 - f), rle I - Qyttxuul, xapaKrepllsyloulafl crenesb
gandaHelius yponHefi. Beponrnocir repexoAoB 2 nportop-'
[r.roHaJlbHa ,rnc,ry aneripoHoB Ha ypoBHtx, r. e. lflf.

.B pesy.nrrate I.IgMeHeHLIe gJIeKTpoHoB B 3oHe- np_oBo,[uMo'
cTr.r B eAI.rHI4IIy BpeMeHa onpeAeJteTcq pa3HocTblo nepexo'
\oa I u 2 u n.stpaxaetct KaK

dn- i ,  :y,Np(r -D-!"Ntt ,  (4,51)

rAe ?n r, go - rosQ@uqueHTbl rlponopqlroHaJlbHocrli'

B ycroauax repMoAtrHaMHqecKoro paBHoBecHE

3ro nogsonget ue (4'51) rloryqllrb

n :  no  u  f  :  f o "

pn:^l^rn#.

flo.u,crasasg cloAa B Kaqecrse fo- Qyururo pacnpeAeJIeHLIn Qepun

" l,r: - 
V!_

n *o"u."ro.or.rrc 3rreKrpoHoB B soHe ;:;;"" npil orcyrcrBn" ,"oo*oin""
' &

b T

.no :  N ce  ,

$n :  fnn i ,  .

E t

n i :  N r e  T

#: r ,  ̂

uoxno Haftru, uto

rAe

coBnaAaeT c KOH[eHTpa(sefi slerrpoHoB B no,lyupoBoAHgKe, B KmopoM ypooeus !Dep'
MH npoxpAHT qepe3 noJlo:xeHlte JIoKaJIbuoro pexou6unauuoHHoro ueuTpa.

hna.ioruqntrrtr o6pasou MoxHo paccMoTpeTb us[,rdHeHUe qucna AbIpoK s saneurHofr
Sone. Tax, qUcfiO AbrpotlHbtx nepexOAOB^4 nponqpquoHa.r;bgo tluc.;1y AHpqK p H q1rc1y

cno6o.4nnx or.[r,IpoK ypoeuefi, i. e. Ntf , a'rnc.no o6parHblx nepexoAoB 3 nponopuuo-
HaJrbHo uuc.ny .qlrpox Ha ypoBHnx Nl (l - D.

B peeyanrate

(4.52)

(4.53)

1 1 5

dp
dt

: .'tpN tpf - ppNr (1 - D.



tr4cnolreya ycJroBr{r paBnoBecur, KorAa P : Pot. l: ls, [MeeM P, :

(4.57)

(4.58)

tts o6racrw
r p u  V * 0

do
-  : 0 ,

dT
:.lph, r4e 

ttlt,

1 :, pt: No;-fr' (4.b4)
ecrb {oHIreHTpaq}rt AbIpoK B noJlynpogoAnr.rie npu coBnaAeHr-Irr ypoBHfl (Depr,rr.r c ypoa-
Helu pexou6nuaunoHHoro rIeHTpa.,

B ctauuouapuux ycnoBuflx llgMenenne Konuerrlpa{,Hn aJreKTpoHoB B j}oue npoBo.
trLlMocrr.r paBHo r.r3MeHeH'ro KoHrre'rpau'n AbrpoK s raaeHtriofi goHe, T. ",4.: !!

|  
- - - '  - -  - -  

d t '  d t '
l lpupaBHnBafl (4.51) u (4,53), nafiAerrl

lnn t Tpptt : f f i '  ( ' t '55)
flo.4crauaa (4.55) r BbrpaxeHr.re (4.51) utru (4.bb), ruoxno noflyrrr.rrb Aflfl crar{uo.

HapHoro clyqaq

d.n dp 'lnlpN t @n - nfitl
:At :1;l : 

r" (, +,J + 1,;GTA1-: 
(4'56)

3areu nolyvexHoe Bbrpax(eHr{e MoxHo pas,qenurr uaynyoN1,

B pesy;rlrare npH pexoru6zHaufiH HocfireJrefi eapaga B noJryrpoBoA-
HHKe c yqacrr.reM JtoKaJrbHhrx -ypoeHeft reMn r.r3MeHeuus xoHUeHrparlr.rH
AbIpoK a sareHtHofi 3oue co BpeMeHeM onpeAeJrffercfl cJreAyroqnM Bbr-
paxeHr.reM:

'  d p  P n - n ?'  d t - r f f i '
rA€ Pr' q-KoHlleHrpauus uocureneft sapsAa o na.IgHrnofi soHe H soHe
npoBoAr{Mocrefi, rorAa ypoBeHb (Depruu- coBrraAaer c gHeprerr,rqecKr.rM
IloJIoxeHueM pexon6uuaqnoHHoro ueHrpa; rro-1},-, Tp': 

ahBpeMeHa XI-I3HH sJreKTpoIIOB H AbrpoK B cHJrbHO JrerEpoBaHHbrx noJrynpo-
BoAII]lKax u yuHrunaeTcs, qTO fttpr : flzt.

Hs gjlpa*enlr- (4.52.)' *a"oi, i"o ".rn r"n"p a!i[{w - pexor,n6iua-
qHH gaBracrlr or Befluquq xouueufpaqr.ru oJreKTpoHor. n fi AbrpoK p B pas-
perueHHbrx 30Hax. rtroc.leAnue B cBoro ouepear 3aBr.rcrr or HanpaxeH-
Hocru sreKTpHrrecKoro nona. Tax, np.H So.ntmux orplruareJrbHbrx Ha-
npfl;xeHurx cso6oAuHe eJreKrponbr u ;iupxu 6ucrpo yAanrrcrcr ue o6-
Jlacrr.r npocrpaHcrBeHHoro 3apn4a (crr,l. puc. 4.4, V ( 0) u MoxHd cqn_
Tarb' qro p -> 0 kt n --+ 0. llpu erou Ha6nro4aercfl MaKcunaarlgur:r reun
reuepaquu, .xotopurl nocrosneu r.r paBeH

,1?-dp

ripz no.,rox'rerrbrrbrx "iror ",:{rii;#:";.,ocareneft
npocTpaHCTBeHHOrO sapflAa r.IAeT MeHee r.rHTeHcr.rBHo, r{eM
(cu. pr-rc. 4.4 V> 0)-H ua6nrcaaercx peixor,r6unatrus.

d p -  n p_a___w.
l l 6

(4.5e)

O6urHit roK reHepaquu - peKoM6fiHallilu, xotopltft, *ax scHo I'I3

cKaSaHHoro Bblue, ue npqnoAr.rT K I'IHXeKIII{I.{ HeocHogsrtx uocnreleft
;;t;A;; xoas:lueftrpanisue o6nacrw, Mox'o noJlyql'Irb' ecnu saircw
HHTerpaJIbI

d.]],  (4.00)

Ky,4,a noAcraBHrb BblpaxeHwe (4.57) AItfr p'u n-o1nacrefi' oAHaxo gror

rir?*pu.i s o6IqeN,I ""au uu 6dpercr. 
<er 6nrrC--Aoctatoquofi creneHblo roqHocru peneHl'Ie 3aAallu Mox

npoBeAeHo Adlfl. Clyqaeg 6ontugx oTpHuaTe,'IbHbIX H noJIOxI'lTeJIbHbIx

"inp"t*un"fi, xor.zia npeo6.na4aer nu6o reHepa[Hfl' nu6o pexola6usa-

qLIq- Hoct{Te.neft sapn4a. flpu o6parHux HanpsxeHH{x, ec'III4 HcrIoJIb3o-

Barb.BbrpaxeHue (+.58) ra no,qcrasurb ero P-(4.60)' HMeeM B cryqae He-

cuMMerpHrrnoro p-n nepexoAa npu {,;7) {o

(4.6i)

i+.oz}

':"U"(+)'-:T(#)^

ip:€-ffi#rfr, To*:r-#n* ,
rze 9,= K,n.' 

Kax BHAHO H3 gTOrO BbrpaxeHr.rq, reHepauuosHstfi tot< teu 6o,llure',
qeni1 6b,llUre rigtnqnUU n, i 4, H MeHbIUe BeflHrIl'IHbI T1s. 'tp1, 

Pt A flr.

Han6onlruufi nrna4 B reHepaqHosunfi roK npI'I ino n 
.!po Aal'or ypoB-

Hr.r, pacnoJIoxeHHbIe s6rI'igu cepeALHbI SanpeqeHHofi 3ouu, KorAa'

Pt :  f l t :  f t r  B SToM cryqae

' ir : -'nig-
rrs* Tro

u reHepaulionsufi rox nponoprlHoHaJleH KOH[eHrpa[LIH HOCI'lreJIefi Sa'

p"au "' co6crsenHorta nonynpoBoAHliKe fli, rllvprtHg o6nacru [pocrpau'

c"eeltrno.o 3apsAa H u o6paruo nponoprHoHaJleH cyMMe BpeMeH )KI'13trI4'

Tno * Fpo, ----r"" 
Kax"suaHo H3 Bblpaxenufi (4.61) u (4.62), relep1]lllollsufi rox ng-

Menxerct c npunoxeinblM HanpflxeHueM' [ocKoJIbKy c HanpsxeHuqM

ugu'qrsercs uiupntra -6JIacrI'I nilocrpaltctBeHHoro 3apsAa Q" B cny'tae-

paBHoMepHof o pacn peAeJIeHHfl 
-nputraecefi 

s n-o6ilactu

i" - (eo =- eV\'/'.

O6uqHO 5ra gaSuCru\^ogTb CJryxuT AJIfl AOKa3aTefibCTBa TO1O, qTo rege-.

Dauuossuft roK B p-n nepexoAe Hrpaer onpeA€ntlou,ylo poJlb"
' 

.II,ns quc.nennofi oueHKH' veu xonrp-6Jinpyercfl npoxoxAeHl{e roKa
qeDe3 p-n nepexoA - reHepauuefr socure.neft sapnda qepe3 JIoKaJIbHbIe

v6;; e o6n'acrlr npocrpaircrBeHHoro 3apsAa L'I'I AHQSygrefi s Ksa-

iuHeftrpanlHofi o6nairu, HaftAervI orgolueHge f. x roxy i', no'nyueHuolty
s  n .  4 . i .

rtT



- Ecnu BocnoJrb3oBarr,cr BbrpaxeHr.rrrMn $.21) vt (4.62), MoxHo ro-
Jyqr.rrb

(4.63)

(4.05)

(4.66)

(4.67)

it entg lD nn I I l" \2: -
ir tnsi rpo eDpPn n. lp \ lo,- I 

'

rpe lp,:1/D;G;+i'il.
.. \un BHAHo r.r3 Bbrpa>KeHr.rfl (4.63), geficrnure.nuHo, HepaBeHcrao/, (

<< rp eu1e He o3Haqaer, qro reHepaquonHbrM ToKoM MolKHo npeue6peul,
'rax xax BeJrr{q}.rHbr otuourennfi $ n fo rrnoryr 6lIrl sgaqareurbHo
'6onlrue eAr.r H r.rubr.,I[o.nr reHep uo"Ji"u.o'{3*u n*nop qno'arrb Ha ypoB-
HIrO JreruDoBaHr4s noJrynpoBoAHHKa u ooparuo npcinopuuouanlHa co6-
"creeHHori KoHrreHrpa[zu. floerouy raxoft rox 6yAer nrparr 6onee cy-
ITICCTBCHHYIO POJIb AJIfl CI,IJIbHO JICTKPOBAHHbIX IIIUPOKOSOHHbIX NOJIY.

npoBoAHr.rKoa. Hanpunrep, np4 fln: I0rB cu-', Q N 2 . l0-5 c1,r,
l r :  l0-r  ctvt  w lr :  lo" gnn Ge f l t :2.  I0l3 cl , r-3 r .r  4 :  0,1,

a Anq Si n1: lQro cM-' r{ + - 2 , 102. 
r^

flpr nparuux uanprxed"f* pu.u., pexou6unaq[oHHoro roxa 6o.nee
cnoxeu, TaK KaK Heo6xoAnnlb sHatl seruqw:Hbr n u p o nrc6ou ceqeHLIlI
,o6.nacru [pocrpaHcrBeHHoro sapsAa. {nn ynpouleHnff pacqeroB rpeA-
.noJroxr{M, 'rro p-n nepexoA crpofo cuMMerpr{qeH. TorAa B ueHTpe
rnep€Xo,(a P: n: nt l.prl oTc_yTcTB-HH HanpslKeHHg, V :0, a npn
.noJroxuTeJrbHoM HanprlxeHun y > 0

' e V

9 b T

P :  n :  f l t E ' " '  , (4.64)
ifloAcrasus sro sHaqeHHe p H n a Soprrayly (4.59) ars ypoBHq, Jre)Karqero
s ueHTpe 3anpeqeHHofi aouu, rire- ni : br: n1, rrMErl:M

dp nt Y--  +  e . h T
d t  r o 1 * x n o "

Llcnonrsya ro, qro BbrpaxeHr.re (4.59) anr xr;{.tpo aueer pesxafi
{\laKCI,rMyM flpv n : p B HHTepBaJIe I.rsMeHeHLrq g oT Qmr* _ kT oo
9."* * &I, nae4eu coorsercroyroqtft HHTepBa/r HsMeHeHus

Tenepu MoxHo npu6nuxenHo Bbrqr.rcJrurb Hurerpan (4.60), ec,ru noA-
'craBurb B Hero (4.59) npn n = p.r,r saMeHrrrb r.rurerpprpoBaHr.re yMHo-
>KeHLIeM wa L,x, coorBercrByroqeMy Bbrpa)Keur,no (4.06). B peey.ntrare

. i,*:ffi#."#.
Kax suAno r{3 aroro BbrpaxeHnr, AJrs reHepaq[oHHoro roKa, KaK

vr Artfl. pexov6nHaqnoHHoro, roK HMeeT 6ontuylo BeflHrrHHy npu 6ont-
. l  t8

lilux.&, t?r I,I MeHbIrIr4x Tpo * tno. Pexolt6IlHa[uoHunufi ToK cylqecrBeH-

Ho pacrer c Hanpfl)KeHHeM H flponopql{oHun"t dfr.
llonyueunoe 3HaqeHr4e pexou6nnaur4oHHofo roKa MoxHo cpaBHItTb

co 3Haqenr.Ieru arQQysuoHnoro roxa. flpr'r ffi 77 t ux ornoueul'Ie

fo"* 2n19 lp kT ^- *{, -
iE  ano+ apo Dppn \90-ev)

/  r  \ 2  e V

_ o n n  s ( , r \ " . m _ _ !
: z - -

u  t ; \ 1 ; ) ' -  \ e ; - g '

KaX OU4HO, 9TO OTHOIIeHIIe MeHbIxe' qeM aHaJIOrI4qHOe OTHo[IeHIae'

.4nn o6parHbrx Hanpqxenuft xax 3a cqer MHoxI'IreJIff 
#A, 

raK H

_ e V

fJraBHbrM o6pasoru 3a crlel MHoxI'IreJIfl " 'o: . I pocrooa npsMofo

HanprxeHllff orHoueH* + y6unaer u npu AocraroqHo 6o'rlurux

HanprxeHr.rqx BcerAa 6yaei" npeo6na4arl 4nQ$yeuonHufi ror. Tax,

uanpluep, AJlfl napaMeTpoB, IIpH KOTOpbIX npoBoAI4JIIICb BbI[Ie oIIeHKI'�Ii

orHo[reHun feHepauuoHHofo roKa x 4u$QysuoHHoMy' peKoM,oHHatluoH-

niioo -no* uoxuo OVa"t np.re6peul'r4'Aifl KpeMHIrr, ecnw V>r.0,1 B.

4.6. [36blTOqHbIE TOKI'I B TOHKUX p-r' IEPEXOAAX

B ,u,ocraroqHo ToHKOM p-n nepexoAe IIpH HallVrtrwr| JIOKaJIbHbIX

yponneil e o6nacrn HpocrpaHcrBeHHoro sapsAa Mory] 
l_g-oloAl{rb 

Ir3'

6irro,{Hne roxn, xoropue onpeAens}orcff n poqeccaMl'I ryHHeJIHpoB arlzfl ,

cBr3aHHbIMH C STHMH ypoBHgMH.
Bogmoxnue nyrH rIpoxoxAeH].rfl ug6HroqHoro ToKa c yqacTI,IeM ypOB-

Heft no'xasaHbr Ha pnc. 4.5. K.ax sr.rAHo I{3 sroro p[cyHKa, npl AOCTarOrI'
go yerofi rurrpnHe o6nacru ilpocrpaHcrBeHHofo 3apflAa 9JIeKrpoH_. soHbl

npoBoAlIMocrI'I Moxer cHaqaJla [poryHHeJII'IpoBarb Ha JIoKaJIbHuit yq9-

BeHb, a sareM, pa3MeHflB'gHeprurc' rolacrb r aaneHrHyo soHy (nyrr '4)'
gruvt xe nyrervr Moryr npoHcxoAl'Irl l't o6patHlte [epexoAbl sJIeKrpoHoB

us sareHrHoft soHri o ebHy npoBoArrMogTra. llpn 3roM sJIeKrpoH cHa-

uana npuo6peTaeT sHeprr4lo, a 3areM npollcxoAl{r TyHHeJII{pOBaHHe.

Apyrofi Bo3MoxHocrbto A,'Ifl nonaAaHl'Iq sJIeKTpoHa H3 3oHbI rlpo-

BoAHMocT I4BBaJ IeHTHy}o3oHygBJ IgeTc f l f l epexoAgJ IeKTpoHa I . I 33oHb I
npoBoAr{MOcrv Ha ypoBeHb c nocJIeAyIOqI'{M TyHHeJII'IpOBaHHeM Ilepe3

o6nacrt npoctpancreenHoro 3apqAa B BaJIeHrHyIo 3oHy (nyrs B)' 06'

PATHbICNCPEXOAbIB9TOMCTYIIACI{AYTCHAI{ATANYTCMTYHHEJII,IPABAHVTfl ' '
a sareM c nPuo6PereHHeM 3HePrHI4.

14, UaxoieU, Bo3MoXreH nepexoA gJIeKTpoHa LI3 sOHbI npOB6AI'IM6CTH'

B BdJIeHTHyIo 3oHy u o6patuo no nyrl'I C, xor4a gJIeKTpoH pacceuBaer-

unu npr,ro6peTaeT cBoro sHepflrrc B npoMexyTKax MexAy nocJIeAoBaTeJIb*

HbrMrr-TyHHeJIbHbIMII [epexoAaMH rlepe3 floKaJIbHbIe/ ypoBHn'

(4.68)'

1 l $



.PaccnrorpeuHafl 3Aecb xapiura orJrr{qaercfi or'npoanana3}.rpoBan-
nori u n pe4u{yueu n ap arp a$e B c,rygae renep aquonuo-pexou6nH aqr.roH -
.Hbrx roKoB TeM, qro B rrpoqecce MexsoHHbrx nepexoAoB cyrqecradnnlr
He TOJIbKO BepTHKaJrbHbre nepexoAbl c H3MeHeHheM SHgprHH, HO I.r TyH-
HeJIbHbre lepexoAbr ttpu nocrornHofi euepruu. llpu erolr, KaK 9To
orMeqdJrocb r.r B npe,qbrAyrqeM naparpa$e, He npoxcxoAlrr HH)KeKUriH
HeocHoBHbrx socl.lreneri sapqAa Lr B p tr n o6nacru rroJrynpoBoAHr.rKa.

O6u1ee Bbrpa)KeHue Arq ryHHerbHoro roKa c goHbr npoBoAHMocrH' .[ra JroKaJrbHbre ypoBHH no nyrr,r A uoxer 6urt no;lyueHo !r3 cJreAyroq[x

:"". 
o.:' nvrr nepgxoAa.nocrrenefi ",ffi^ioil;i#:" lr-fl repexoAe c yqacrreu JroKarrb-

coo6paxeuuft. florox oJreKrpoHoB diai; rlHHeJrr{pyrcqux us n o,6nacru
p-n r-repexoAa Ha JroKaJrbHbre ypoBHtr B HurepBaJre euepraft or 6 ao
E+ dE, nponopqiloHareH rrncfly erreKrpql{oB. -s ix o6hacru:N, (E) t, (6),
qncJry He3aHffrbrx JroKaJrbubrx ypoeHefi Nt (6) (l - l, H BepoqrHocrr.r
TyHHeJrnpoBauus 3n (6). 3ro rro3BoJrrer saflucarb

di^t( t ) :  coat(q N"G) f  " (E) NtG)I t  -hg) ldE, ' (4.69)

n.qe C - xoaQQquu-enr nponopur4oHails'Hocrn , Nn (6) n N1 $) - nrror-
Hocrn cocronnuh; f, w h - SynxquH 3arofiHeHr.rq

AHarorH,rHbrm o6pasol,r Moxno paccMorperb o6pargufi roK H3 Jro-
fiaJlbubrx ypouneft B 3ony [poBoAr{Mocru r.r saflEcarb

dtt^ (E) : cstn (E) N "(t) tl - f " G)l N,.(g) t, G) dE. g.7o)
IIpu raxorl aanr{cu yqreHo, qro rox c yporuert B souy [poBoAnMocrrr
n-porl^oprluoua-Jrgr{ KoJrr{rrecray cno6o4Hbrx Mecr B goHe npoBoAr.rMocrrt
y-" .(p.) Il ^ f " (E)1, KornqecrBy sanqrbrx rroKarrbHbrx ypoeueri
Nt G) f"(E) w neponrncicrn o6painoro rynHerrupoBawtrt g1n(tj.

Pesy;rlrnpyloullrft roK B t4HrepBaJre snepruft or 6 ,qo t + dE no
nyrn A paBeH pa3Hocrr SanHcaHHHx noroioe:

d i :d in t -d i t n . (4.7t)
I-lonnuft .nyune.nluuft ToK goua \npoBoAnMocrr.r - JroKaJrbHbre ypoB-

nu _ (nyrn,4) rrtoxno-[oJryqr.rrb, HHrerpupyr nocJreAHee Bbrpa)KeHr.re,
KyAa roAcraBJrenbr (4.69) n (a.70), no aceu oHeprasM;,4na xoiopnx Bo3-

120

te

MOXHbT gJLeKTpOHHbre nepexoAbr

r : c J @ G) tf , (t) - t, (t)t N,(t) N, $) d6.
6

flpr -eanncu nocJleAHefo BbIpalKeHI.Ifl yrITqHo, rrro On*t : gr*r.
BnpaxeHne $.72) nosBoJlner npoaHaJII43IIpoBarb o6utuii xapaKrep

3aBIIICUMOCTW rofta OT npI{rOXgHHOro HanpqxeHHfl, KorAa TyHHeJIbHbIe
TOKH - 3OHa npOBOAr{MOCTI'I - JIOKadtIbHbIe ypOBHLI krpalor KoHTpoJIH'
pylol]Iyrc poJrb AJIg rrocJIeAoBaTeJIbHbIX nepexoAoB 9JIeKrpoHoB MexAy
gonofi npoBoAuMocrr,I tI BaJIeHtHofi goHofi no nyrlr /. KcrarN, ec.nn 6u
rxMnrflpy]ou1efi 6una cra1wn fiepexoAa gJIeKTpoHoB Ha 3rane JIoKaJIb'
HbIe ypoBHH - BaJIe.HTHafl 3ona, 3aAaqa' HaxoxAeHLIg roxos 6ttna
6u aua.norullHa, paccMorpenuofi B rpeAblAyllena naparpaQe.

AHarns BbrpaxeHr.rff (4.72) noxa3blBaer, rlro nptz orcyrcrBtlu Hanps-
x e H u q  f " ( 6 ) : h $ ) u  i : 0 .

flpH npalaux Hanpff)Kenunx fn (E) > tt 6) u npnuoft roK BHar{aJIe
pacTeT c npxJIo)t(eHHbIM HanpqxeHueM, qTo onpeAeJlgercfl pocroM Be-
nH.rLI6666666666666666666666666666666666666666666666666666666666666666666666666666666666666I O (t). 3areu nponcxoAHr p$Koe yMeHbIxeHIre roKa Hyrq, no-
cKoJIbKy rrpll AoCTaTO.IHO 6OJTIUIIX nprMbIX HanpflxeHl'Iqx, KofAa JIo-
KATbHbIC YPOBHII CMEXIAI.OTCff HI-IXC YPOBHS, COOTBCTCTBYIOqCTO AHY
3OHbr npoBoALrMocTH n-Tvtna noJIynpoBoAHL{Ka, B IrHrepBaJIe 9Hepfnn
l rHrerpupoBauun N1(6)  + 0.

IIf,n-o6parublx HanpsxeHusx ft G) > f" (t) H ryuHerlbuufi rorc
fl3MeHfler HanpaBJIeHHe. Xapaxrep H3MeHeHI{fl roKa c npHJIo)KeHHbIM
HanprxeHr.reM nplr sToM onpeAeJlfleTcs Ir3MeHeHUeM npOH3BeAeHHs Be-
nuqirs 3 (6) u 

-h 
(t), rAe Beflutlnwa fi (E) yMeuburaercq c pocroM

Hanprx{eHufr, a ft (6) pacrer. Ann onpe,qeJleHl{s rorlHofo xapal(repa
Hsr,rcHefiHs f , (E) c HanpflxeHHent neo6xoAllMo ytlI.ITbIBart o6uen JIoKaab-
Hbrx ypoBHeii c eaneHrHofi soHoft, KaK gro, HanpI,IMep, cAeJIaHo B [pe-

AbrAyrqeM naparpaQe, rlro cyuecrBeHHo ycflo)KHqer saAarly.
AHanoruqsurvr o6pasou Moxer 6url paccruorpeH ryuuenluuft ror

BaJreHTHatr soHa - JIoKa,tIbHbIe ypoBHH tto rlyrtt B. B pesynbrare Mox-
HO nOKa3aTb, qTo

i : cj r tgl fft - f p) N, (t) N t (6) dE,
E

rAe C - roes$uuuenr nponoplruoHarlbHocrl4; I (t)_-- BepolrHocrb
TyHHeJrXpOBaHr.Iff gJIeKTpOHa Ha yqacrKe safeHtHas 

"'bosa - JIoKaJIb-
ulrn yiobenai to- Qynxuux 3arIoJIHeHLIfl cbcroqHlrft naleHrubft sonn;
N,(8) - n.norriocru cocrosHnfi B BaJIeHTHoft gose. Zuferpnpoeanne
BbrpaxeHHt npoBoAllTcff no BceM gHeptHffM, rAe Bo3MOXHbI TyHHeJIbHbIe
nepexoAbl.

AHanHe grofo BbIpa>I(eHI.Is [pHBoAHr K pes]4JlbraraM, aHaJIorHqHbIM
noflyqeHHbrM Bbrrxe rpu anaJlfi3e Bblpax(ennfl (4.72).

Tax, nprruoft rox uoxer c H3MeHeHI{eM Hanpfl)KeHuff l{Merb MZIKCIa'
MyM, a o6paruuft seAer ce6s cJIo)I(HbIM o6pasom B 3aBHcI'IMocrL or. no-
BeAeHr.rfl BenuqHH f, (t) u O (E).

, t2l

(4.72}�

(4.73)'



Bo.nil-aunepHafl xapaKTepr.rcTriKa 1nr nprrvroro HanpaBJrenr,rs ToKa
'KaK Afiq nyru A, raK'r4 AJrfl nyru B, KofAa f") ft v f o) fy, rr,roxer
'6url uafiAeHa r.r B anaJrr.rrr.rqecxoil.r sure.

flpo4enaelr gro Arrr ryHHeJrbHoro roKa tto nyrr4 A. nns rpocrorbr
saMeHIlM pealrHnri [oreHur4arbnrrft 6aprep rpeyfoJrbHblvr 6aprepou,
.KaK aro noKa3aHo nyHKrHpoM Ha pr{c. 4.5. Toraa n BKE-npu6nuxe-
HHH, r-rcrroJrnzyr. (2.22), MoxHo rroJryqr,rrb

o: @oexp (- :3#:-), (4.74)

uom).
Ec.nu no,qcrapuru

saeMoro BbIpaxeHHeM

x,{e

1ae E-nocrorrHuoe rroJre, paBHoe--cpeAneMy .noJno o o6,'lacru npo-
crpaHcrBeHHoro sapxla E : Qo=nev (E--no.rroar,rHa MaKcr.rMaJrbHofo

B BbrpaxeHne $.7$ sHa,rEHHe E, ro 4nR 9,s41a-
(1.49), Mox(Ho noJryqr{rb, qro

0 :9oe-o^(Qo-ev1' /a,  $.75\

4 (2n*1'/" Ei/" leeo@r+ p) Il"on - -t' --w-L--rF-n 
J 

, . (4.76)

I4cno.nraya noJryqeHHoe sHatreHue I (6) u $yHxqrzro Oeprrau 4nn
f,,, flerxo Br{Aerb, qro ocuoBHofi nepexo4 socurenefi gaprAa ocyqecrB-
Jrsercfl Ha ypoBur.r, pacnofiox(eHHbre B oKpecrHocrn sHepruft s6nusu
"u,Ha 3oHbr npoBoAr,rMocrn t^ (crr,r. pr.rc. 4.5). 3ro cBsgaHo c reM, .{ro @
flpr4 npuHqrux npu6nuxeHr.rsx He 3aBncr{r orE, a f" (6) pegxo y6unaer.
floerouy MoxHo neperrcarb BbrpaxeHr.re (4.72) p,nn npsMoro HanpaB-
JreHnfl roka, xor4a t^)) ft, B BHAe

i - s o (t) N ̂(6) t.$^) N t $)6 (E + E^1 dE, (4.77)
E

rae 6(t * t^)-rcnnra-QyHxuNn.
Tenepl nocJle r.rnrerp[poBaHHs Moxuonoflyql,ITb, qTo

-o*(Qo-aV1r/r
i - nnNt0 (E*) - nnNte (4.78)

f l p t r  g o  - e V  - t t 7 0 ;  i : 0  n p r , r  e o - e V  - & 1 0 ,
flpn 3anLIcH nocJleAHef,o Bbrpaxenurr yqreHo, 'no N (E^).f (t;) -

n fln u N, (E^l: N, .qlr paBHoMepHofo pacnpeAefieHHf npurr,recefi.
' Kax BHAHo r.r3 Bbrpax(eHun (4.78), npxuoft roK BnaqaJre pacrer c rrpr-
JroxenHbrM HartpflxeHneM n nporopurroHaJreH 0 (E). 3ro ugnaeseuue
npo[cxoAllr 6onee ue4.neHno, qeM 4na 4uQrpyar{oHHbrx roKoB (crrr. n. 3. l).
IIpu ganruefturevr yBernrren[H Hanpflxenns, KorAa ryHHeJrr.rpoBaHue
Ha ypoBHu cTaHoBI,ITCg HeBO3MOII(HbIlvr, npAnAOft TOK yMeHbIUaeTCg AO
HyJrfl.

Oco6o orMer[M, .rro ns6uroqnufi rox Cyru,ecroeuuo pacrer c yBeJrr{-
qeHr,reM KoHrreHTparrn[ ocHoBHbrx Hocureleft 3apsAa B noJlyrrpoBoAHHKe.
3ro caqgano uraBHbrM o6pasou c yMeHbrxeHr{eM oK r.r pocroM BeJrr{rrr.rHbr
@ c ynennueHlreM no. floerouy oco6esno cyrqecrBeHHyro poJlb us6uroq-
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HbIe rOKI'f Moryr I'If paTh !'ilfl' p---tl nepexoAa' paccMOTpeHHoro B cJIeAyIo-
rrleM naparpaQe, xor4d. n- u p-o6nacru craHoBsrcs BbIpoxAeHHbIMH.

AHa.[orFrHHna cnoco6ou MoxHo paccMorperr u rg6uro.IHHft ror no
nyrr B. B erorrn cflyr{ae raK}Ke roK npo[opquoHaJleH N1u 3 lI 3aB]ICI'IT
oT HanpgxeHlrfl Lr KoHueHTpaIIHH OCHOBHbIX HOCHTe,'Ieft aapn4a, XaX
3TO paCCMOrpeHO sbIIXe.

PaccvrorpeHlre roKa AJIfl rlepexoAoB no nyrvl C sHar{HTefibno cJlox{'
see. OAnaxo r.r 3Aecb MoxHo npeAnoJIoxLITb, qro roK nponopIIHoHaJIeH,
ly'/ n cyrr,rnlapHoMy roe$slrqueHry npo3paqHocrl,I fi : 3r . 9z . 9s ...
. ' .,9n, rAe 3r, 0r, ... - xoe$QnupreHTbr npo3paqnocrl.r_rIpH ryHHeJIb-
Hbrx nepexoAax MexAy AByMq coceAHLIMIt ypoBHsMH. 9ro npuno4ur
K, TAKI,IM }KC KAIICCTBCHHbIM Pe3YJIbTATAM, KOTOPbIC PACCMOTP.CHbI BbIIIIC.

4.7. BOJIbT-AM n EP HAfl XAPAKTEP I'l CT I'IKA p-n Il EPEXO,(A
MEXAY BbIPOXAEHHbIMH NOJIYNPOBOIHHKAMI,I

Ao cux nop paccMarpl4BaJlncb p-n nepexoAbl Afiq He oIIeHb 6ons-
urrrx KoHueHrpaquft AoHopoB I{ aKuenropoB, KorAa n- u p-o6nacru 6unn'
He Bhrpox(AeHHbrMH nouynpoeo4HnKaMLI H ypoBerlb @epun pacrloJraf aJI-
cs B 3arrpeqeuuoft gose. Ec.nn yBefiHrruBarb KoHI{eHrpaIrHIo KaK B p-,
TaK r.1 B n-o6nacrw noJlyrpoBoAHHKa, MoxHoAocrutlb BbIpoxAeHHff, KorAa
ypoBeHb @epuu 6y4er pacnoJlararbcfl B
pa3perleHHbrx 3oHax rroJlynpoBoAHI,IKa.
Cxenra p-n nepexoAa AJrfl BbrpoxAeH-
Hbrx noJrynpoBoAHHKoB Heo6paxeua Ha
puc. 4.6. Kar suAuo, AJIff ororo p-n ne-
pexoAa xapaKTepHo Ha,lHqrde sanoJIHeH-
HOrO 9JIeKTpOHaMH LIHTepBaJIa B SOHe
npoBoAriMocTr.r r{ sanoJrHeHHof o AbIpKaMH
HHTepBaJIa B BaJIeHTHoft sone.

Kporr,re Toro, nocKo,'IbKy IxHpLIHa
o6nacru sapfl,Aa 3aBHct4T or KoHueHT-
parrHH rpr.rrr.recefi B noJIy[poBoAHLIKe, ro Aflr BblpoxAeHHoro noJly-
npoBoAHr.rKa oHa cTaHoBI.ITCs SHaIII{TeJIbHO MeI{bUIe, qeM AJIfl HeBbI-
pox4eHHoro. Tax, HanpLIMep, ecJII{ flpaHsrb sa,ycJIoBHfl BbIpoxAeHHfl
n: N, rr p: {o, To npn KoMnarnofi reuneparype 4;la aupo>{<,4eu-

!{-oro noJryrrpoBoAHlrKa npu- i": 7n* : mo n u p>)3*. 1019 cu-3.
I,lcnonrgoeaB BbrpaKeHl{e (1.18) AJIff orofo cryqaq, uoxrio rloKa3-arb,

\ro g, < l0-6 cnr. A AIIfl. raKtx y3Kt4x o6lacrefi rpocrpaHcrBeHl'Iofo
Bap sAa Bo3MoxHo ryHHeJILIpoBaHHe Hocltre.nefi s apx,qa H3 3anoJIHeHHbIX
sJreKTpoHaMn o6racreft n-Twta LrJttr p'rl4na [oJIynpoBoAHI,IKa B cBo'
6oAuue Mecra p-THna uJr4 n-Tuna noJIynpoBoAHHKa.

B ro xe BpeMrr A,'Ifl BbIpolKAeHHoro p-n nepexoAa pesKo yMeHb'
uar,orcrr roKll HaA 6apleporvl o6.nacru npocrpaHcrBeflHoro sapqAa BcJIeA-
crBr.re roro, rrro Bblcora 6aplepa aerlrxa (qo ) 6.) n cooreercrBeHHo

'"""f,EXfJXTt"tHl1",l);"!l;?']#tT;",-annbpuaxxapaKrep,crrrKa
p-n nepexoAa c BbIpo)KAeHHbMLI noJIyrIpoBoAHHKaMH no xpaftueft uepe

Pnc. 4.6. Cxe[a p-n nepexoAa MexAy
BbrpoxAeHHbIMr.l nonynpoBoAHnxaMH.
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{rpn He oqeHs 6ofluul}rx npsMblx Hanpsx(eHl.'Iffx onpeleJlnercs rynnerb'
ndu uexasu3MoM npoxo)KAeHun Hocureneft 3apflAa, a He paccMorpeH'
trbrM Bbrrre 4H$SyeuoHubIM MexaHI{sMoM, cBsgaqqblM c npoxoxAeHl'IeM
socurenefi sapflAa Ha.q 6apldpou o6.nacrn npocrpaHcrBeHnoro 3apflAa.
' O6qee Bbrpa)KeHlie AJII ryHHeJIbHoro roKa rlepesrp-n nepexoA Mo-

xer 6nrl no"ryrreHo rr3 cJleAyroqnx coq$paxenufi. lloroK gJIeKrpoHoB
dir,, rynuemrpyorrtux us n.o6nactu p:n nepexoAa n p-o6nagrl ra o6-
JraAaroqrx eHeprr{eu B tmrepBaJle or t Ao 8 + dS, nponopunoHaJleH
qr.rcfly e,lexrpouoe n-o1naetu, qucry Hesalltrblx cocroqHafi s p-o6nacrw
u BepoflrHocru ryHHeJIHpoBaHufi. 3ro noggorffer 3a[HcaTb 6

di,-o $) : cnn-of o (t) N,€) tr - f o G)l N p (t) dt,

rAe C - xoeQQuuueHr nponopqroHaJlbnocrni 0ry,p - BepofrHocrb ryH'
HeJrupoBalrr{r; f ,,n- $ynxunn @epun; N (6)",p - nJlorHocrb co'
crossuft B p: u n-o6nacrs,x"

Asanonuquuu o6paaou Mo)KI{o paccMorperb noroK gJIeKTpoHoB, TyH-
HeJrupyroulnx t4s p- s z:o6nacrb noJIynpoBoAHI{Ka I'I noJIylIlITb, qro

die-n(t j  :  c@p-nf p(E) N o(t)  1t  - '  f  "G)l  N "(6) dt.

Pesy.n-lrupyr,or{r.rfi roK B LIHrepBaJIe sHeprrfi or E lo.E * dt paseu
pa3HoCTn 3anLICaHHblX nOTOKOB

d. i : d i n *p -d ip *n .

I-lo.nuufi rfnne'nrnnft roK rlep$ p-n nepexoA MoxHo noJlyql{rb HH-
Terpl{pys nOC,'IeAHee BbIpaxeHI'Ie'nO BC€M 3Hepr}I9M' Ar'Ifl KOTopbIx Bo3-
MOX{HhJ 9,'IellTpoHHbIe [epeXOAbI:

i : e c j  " f ;  G \ - f  o ( 6 ) l N "  G I N o G ) d E .
I
I '

(4.7e)

f lpu aanucu flocJleAnefo BbIpaxeHLIt yqreHo, vro 9n*, : ?p*n: f .- 
3anucannoe Bblpaxenl{e no3Borq.er naftrn o6unfi BI4A Bonbr-aMnep-

uofi xapa{repl{cruKll p-n nepexoAa MexAy BbIpo)I(AeHHbIMu noJlynpo-
BoAHHKaMI.r, ne npu6erag K AeraJlbHbly pacqeraM

!,;rr erot'o paccMorpr-tM AocraroqHo HI'I3KI'Ie reMneparypbl, KofAa

$yHxur.to <Depul.r MolxHo annpoKcHMlzpoearl cryneH-varoft $yHxuHeft I't

i " : f r :  I  n p u  E l 1 n ,  1 t o - - ,  a  f ^ : l r :  ^ Q  n p l  t l V n , .  I t p . ." .  
I , in  HanpixeHur V :0  BcerAa f , -  f  , :0  u rox i :0 .  I - lpn

n-p u.noxeu u4i Han p_qxeH I.I fl yBeJ ilqlrBaloltlero Bblcory 6aplep a ypoBHI'I
3nepruu B 3onax Cl{elrlatorcq raK, qro ypoBeFb Oepl'lra s n-o6nacru uo'
Hr.rx(aerct rlo orHotrIeHurc K ypoBHrc Oeput't p-o6nacru u nporuB 3a-
TTOJIHeHHbIX MeCT BaJIeHTHOfi SOHH OKa3bIBaIOTCg CgO6OAITHS MeCTa SOHbI

[rpoBoAHMOCrU. 3rO IIpI.IBOAI.IT fiJo ]-fn H -nOrnneHHI'O SJIeKTpoHHOfO

roxa or p-o1nacrurn-o6nacru: Tarofl ToK pAcTeTc yBe,rHrIeHI'leM npH'
loxiesnoro Ha[psx(eHLIs. Hs-sa pocra pa3Hoctu f,r- fo.

flpu upu"roxeHul,I HaflpffxeHnfl, yMeublxarcillero Bblcory rloreH-
ur.raJlbHoro 6aplepa, ypoBeHb Oeprran B n-rnne roJlynpoBoArllira'no4'
HuMaercfl no orHoueHllrc ypoBHff <Depuu B p-TI'Ilte noJIynpoBoAHI'{Ka.
I(praa Hanpfl)KeHus MaJIbr, 9To rIpI.IBoAHr x torui, rlro nporuB 3aloJIHeH'
uux yponrieir n-:runa oxagblsaetcg HeKoropoe KoJIHqecrBo ceo6oAHHx

1 0 A
l 1 a  (  .

Mecr B p-Tr,rne n f ,r) to. tlpu gToM noffBJrrrercs 3,'IeKrpoHurtfi rox,
HanpaBJreHHuft or n- rc p-o6nacrrr [o,rty[poBoAHl4Ka. Srot Tox 6yaer
pacrr4 c Rpr{,roxeHHbrM Ha[pqxeHneM Ao lex rop, noKa ypoeeus <Dep-
Mv B n-rune He Aocrllfner qepxa eaneHrHofi soHsI. fJpu riantsefirlrent
yBerllqeHnra HarrprrxeHr.rs HaqHercf yMeHbrueH[e roKA H3-3a rofo, \ITO
AJrfl qacTH 3JreKrpoHoB soHbr npoBoAHMocTH y)Ke Her Mecr, KyAa Mox{Ho
TyHHeJIHpoBarb, T. e. yMeHbmarorcq BefiHr{uuut In u N o (t).

Kor,qa npad'roxeHHoe HaripaxeHue npI.IBeAer K ToMy, vro Bepx Ba-
nenqrofi 3ciHbr oKaxercs HHx(e AHa sonbl npoBoA:LlMocttt, tyHnellnmtt

PVMM
Pnc. f. i. aHeprerusecras AnarpauMa h ooaur-aunepHac xaparTepncrnxa ryH-

HenbHo npospaqHoro p-tt nepexoAa npu pasnssHblx {anpsxeH[sx.

rox soo6rqe npeKpaqaercff, rrocKonvwy No (E) : 0; llpu 4anrHefiurenr
yBeIr4qeHr,rH HanprrxeHHfl HaqHyT npogBJrfTbcs HaAoapbepHble [epexo-
Abr Hocr.rre!'Ieft eapa4a.n roK ,cHoBa 6yaer pacru. Bce sro noKa3aHo
Ha pr{c. 4.7; Ha KoTopoM npeAcraBJleHbr ToKu Afif pa3IHtrHblx cJlyqaeB,
paccMorpeHHHx s6tue. Kax eLIAHo H3 3Tofo plrcyHKa, BoJlbr-aMnepuar
xapaKrepracrrrKa p-n nepexoAa Me)KAy BbIpoxAeHHbIMH [oJlynpoBoA-
unxa.ui xapaKreprr3yercfl peeKl.nl pociou roKa AJIfl o6parHoro Haflpfl-
>t<euuq v gKcrpeMyMoM ToKa Arq npflMoro Hanpqx{eHus. CooteercrBeH-
uo auQQepeHrrvaJrbHoe cofiporHBJreHHe paccMorpeHHoro p-n nepexoAa
noJIoxHTeJrbHo AJIr o6paruoro HarrprxeHnf 14 HaqanbHofo yqacrxa
npEMofo HanpqxeHllq u orpuqareJlbHo rlplt Aocraror{Ho 6ortuax [ps-
MbIx Harr p rxeHnsx. 3ra oco6essocrb BoJlbr-ann ep uofi x ap a KTep I.{cflIKI.r
p-n nepexoAa MexAy BbrpoxAeHHbIMH noJIynpoBoAHI.rKaMLI qBrflercfl

.octroloft npHMeHeHHfi AIts, raK Ha3brBaeMbrx ryHHeJlbHbrx AI-IoAoB.

Ann naxoxAeHnn adarurn.recKoro Bbrpa)KeHus Bor'rbr-aMnepHofi xapaKTepucrr.rKn
ueo6xoAr.rrrlo uMerb Bbrpaxealle Anfl 9, f n,'p tr Nnp. To,ruoe BbrpaxeHr.re mn 7 (E)
Heu3Becruo. O,qnaxg npu r{HTerp[poBpnnr.r MoxHo Bocno.rrb3oBarbcr reM o6crosre,rr-
crBoM, rrro Ara ue6o;rrurux uurepaa;ion eueprufi sHaqenlte ? ($) npu6nwl,rre4bHo no-
crorHHo I{ ero Mo)r(uo Bbrrrecrlt l{3-rroA slraKa r{HTerpana.

. Caua xe BeJrH-quHa' ? uoxe. 6urr nafiAeua Arr cflyqar, Kor,u4 noreHrruarsHsrft
6apsep Anr ryHHerrnpyrou{rrx Hocnrell.eiyeapaaa uoxer 6urr annporcuMr.rpoBau Tpe-
yronbnbrM 6aprepom. TorAa a BK6-npu6anxeund:
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?:?o.-e(-: I#), (4.80)

(4;81)

^  a " - e Vr,rl€ r: ---Z- - Ha[pq)KeHHocrb nocrorHHoro roJr, (eto cooroercrByer an.
npoKc'Marr'rr'- paccr*'rorpeRu<ifi a npe4sl.qyqeM naparpaQe). rloc.re noAcraHoBKr.r.E Ber[lrqriHa ? ttoxer 6urr nepenucaia n ailge

g 
- ?0.-o*!Qo-ev)'/z ,

HanprxeH14r .

-. C.noxnee noJrox{eHr.re c rennutuauu dn n
ly'r. Onu HeusBecrHbr AJrff BbrpoxAeuuux noay-
npoBoAHHKoB. 3ro csssaxo c 4ByM, npuullHi.
tur.r. Bo-nepnsrx, B Bbrpo)KAenuui no.nynpoaol.
Hr.rKax npr.rMecHbre ypoBHri o6pasyrcr npulrec-
HyIO 3OHy, Bo-BTOpbrx, B cuJIbHo .nenapoe-aHunx
nonynpoBoAHr.txax o6pasynrcs rax ua-stnaelrHe
xBocrbr n.rrornocrn cocroqHufi. Oro npuao4ur r
ugMeueHr.rrc xoAa [JrorHocrr.r coctoxHui.l, TaK KaK
aro noKa3aHo Ha puc. 4.8.

; Sporrne ioro, noAcraHoBKa noJrHbrx oHaqe-
\!n f"t /p B uHrerparr (4.79) aaer He6epyune-
C' B AHATilTI,ITICCKOM BUIE THTCTPANbI.

..b cuny HgJroxeHHoro roqnrifi auarr_rrr.rqe-
cKHr{ BaA BoJtbr-aM[epHofi xapaxrepacrnxu no.
TYIIIITb HEJIbSg.

llpu6nuxeunoe aHa.rrr{TuqecKoe' BbrDax{eHHe
Bonbr-aMflepHofi xapaxrepucruxs nro>ier 6utr
RoJryqeflo, ecru annpoKcr.rMr.rpoBarh Nn u No
Bbrp sxeH Hfl MH, CnpaBeAJrr4BbrMr,r A,lt ff HegHpoxi
AeHHoro lo:rrynpoBoAHr4xa (nynnrupu as nisu*
Ha puc. 4.8, a):

N, - {G-:r"' T,Xt 
r.u* (4.s2)

Psc.4 .8 .  I fnorHocTb cocrogHrr i l  s
c.Eaoo nerupoBaHHoM (d), npoMexy_
rocHo ,e rHpoBaHHoM (6)  l {  cx rbHo
nerHpoBaHHoM - (a )  nonynpoBoAHrrKe
t - -  - -  napaoo l l rsecKag annpoKc l t -

MaqHr) .

p, - [$, 
- E)'/' rrttt t < Ea' 14 R?\.  (  0  t 1 n  6 ) t o  

\ r l v u l

14 npeAnoJlox(llTb, rtTo Bblpo)nAeHI_Ie He oqeHb Be.
JrHKoraK, uro ;-r4 ( 2 xT u 1to ( 2 rT.

u " -  n
, -nT- (3AeCb Aflr n olnacrn yqurbrBaercfl cABr.rr ypoBHfl (Depnau ua Eerr4tlaHy
eV no cpasHeHHro c ypoBHeM <Depvn p-o6,racrz).

ltpu oroM (pyHKuur.r eepMil npHo6peraror BHA:

Kax sn,ruo r{3 nocJreA'ero Bbrpa)Ke'r.s, BeJIuqrHa 7 cyuecreenuo gaB'cr.rr orroHqeHTpaulru npuuecefi s p'n n'o'nacrrx flodlrynpoBoA'rKa, a raKxe npr.rJroxeH'Of.

t26

, '  _  !  E - } r " *eV)i " -  - T - - q E - ; (4.84)
t27

.  I  V p - E
l r 7  z r  + n r  .

floAcrasnsa BbIpaxeHLIe (4,82) - (4.85) r uHrerpa,'I (4'79), no.ryutrrrl

Eo
C " V

i : cr . \ ;b (E - E" * evy'/" 16o - g7'rz 49.'

Erl'v
flocne4uee or,tpaxeHue Moxno IIpoIlHTerpI'rpoBarb'

B pesy.arrare npoBeAeHnux npH6nnxeHHbIX pacrleJoB A,'Is cJlyllas'
KorAa Bbrpo)KAeHHe He oqeHb BeJILIKo, a N^ (E) u No (6).MoxHo arnpo-
KCT.IMLIpOBaTb BbIpaxeHLIsMlil, cIIpaBeAJIHBbl-

MH \Itfl, HeBbIpoxAeHHof o noJlynpoBoAHxKa,

Adls TyHHeJIbHbIx roKoB no,'IyqaeM cJIeAyn-

rrlee BbrpaxeHHe BoJIbr-aunepHoft xapaKTe-
pr.rcTLIKI{:

i : CtV (pn * po - eV)'. (4.87) '

AnQ$epeuuupyfl BblpaxeHne no Harlpff -
xeHlrrc (4.87), MoxHo noJlyqurb

(4.85),

(4.86)

a t

;T 
: Cr(W, * Fp - eV\ (p" + p,o- 3eV).

(4.88)

Kax sHAHo H3 nocJleAHero BblpaxeHlrff,
gnSQepeuuuaJlbHafl npoBoAuMocrb c poc-
TOM HanpqxeHHfl I{3MeHseT 3HaK.

H an p rxeHue, coorBercrByloqeeMAKCI'.

Ptrc. 4.9. Cyuuapnaq Bonbr-aM-
rrepHag xapaKTepucTtrKa \ns p-rt
nedexoAa MexAy BblpbxAeHHbtrrtr
nonynpoBoAHtrKa ln  (a  -  TyHHeJb-
Hbrfi ,[]rotr, 6' - oopaulennufi

AI,OA'I
,  -TyHenbHHf i  ToK;  2  -  H36H-
rocsbr f i  tox ;  3  -An06yeqossu i t

TOK.

MyMy roKa, Moxer 6rtrl nonyueHo npn

V ^ ^ * : # O r * t r p ) . (4.89)

Kax sr.rAHo, 9To HanpqxeHl.Ie pacrer c pocroM Vo il Fp, r. e. c pocroM
JIerHpoBaHHfl n- n p-o6.nacrn.

Ha naAarouteM yqacrKe BoJlbr-aMnepnofi xapaxrepncruxd AHSSe-
peHqrraJlbHoe conporHBJIeH I,Ie uNteer MI.IHI{MyM. H an p nxeuue, coorBer-
cTByloqee MHHI,IMyMy OrpI{qaTeJIbHOfO COnpOrLIBfleHI{q paBHO

Vmin :S<v r^ *vp ) :2V^u" (4.e0)

rr raKxe pacrer npLI JIeflpoB"aHLIH p- u n-o6nacrl-r noJlynpoBoAHHKa.'

. l4cnonlsyff noryqeHHble BbI[Ie p€yJlbrarbl Hacrogq,ero fi rIpeAbIAy-
qero napafpaQoB, MoxHo safiru noJIIIyrc BoJlbr'aMnepHylo xapaKrepl{-
cTHKy p-n nepexoAa MexAy BbIpoxAeHHbIMII noJIynpoBoAI{HKaMu
(pnc.  4.9) .

Kax sr.rArro r-r3 pr{cyHKa, s o6ureu cryqae npnuoft ToK nocae npo'
xoxAeHr4ff MaKcr{MyMa He ycrpeMJlflercq K HyJIro. 9to csqsaHo c Ha-
JIHqHeM Ng6Hro,rHoro roKa qepes roKaJIbHbIe ypoBHLI e sanpeuleHHoft
3oHe, paccMorpeHHoro B npeAblAyuleM naparpa$e. llpn groM Moxer
ua6;rrcAarrcq eule oAHH MaKcHMyM roKa. 3areu roK HaqI.IHaer pacrlr
c fipfi.rrox(eHr:brM Hanps)r(eHI,IeM. ?rot pocr onpeAeJlsercq o6ttqHuvl

d i  - ^ .-avr - w'



ua46aptepnbrM MexaH?l3MoM npoxoxAel{Hs socure.nefi SapsAa, paccMor-
peHHbrM paHee. O6paruuft roK pacrer corJlacHo paccMor_peHHoMy Bblue
-TyHHe.rrbHor\4y uexannsny. cne4yer oco6oe BHHMaHI'Ie O6parHrl ll€l ro,
IITO HA PA3JIIIIIHbIX YqACTKAX BOJIbT:aMTIEPNOfi XAPAXTEPI'CTHKI4 NPO-

flBJrrrorcrr cyuectoeuuo paalutuue MexaHLIsMbI npoxoxAeHns roKa.
H, ecnu Ha yqacrKax I u 2 rox uAer ga cqer Mex3oHHbIx nepexoAoB'
ro Ha yqacrxe 3 sa crrer nepexoAoB B npeAelax oAuoft H toft xe paspe-
uegHoft soHH.

Oco6unr eJryqaeM' paccMorpenuoft sAect KaprI.tHbI sBrqercq cry-
qaii, xorAa BbrpoxAeHl{e B oAHoM I{s noJIynpoBoAHHKoB cna6oe. TorAa,
rrHK TOKa B npqMOM HanpaBJIeHHH yMeHbuaeTcf l.l MoxeT cTaHoBI'ITbCfl

HecyqecrBeHHblM. llpu erorvr xar 6u MeHsercs npnMoe z o6patuoe Ha-
npaBJleHr.re Han pq)KeHLI fl. AItfl p -n-nepexoAa H coorBercrnyroqufi ,quo4
Ha3brBaercfl o6p aqeunuu.'B o.nlr-aun epHafl x ap aKTep Hcuzxa o6p auleu-
Horo A[roAa raK)Ke qpeAcraBJleua Ha pnc. 4.9.

4.8. eKCnEP I,rME HTAJIbHbl E tICCJI EAO BA HVfl p -n nEP EXOAOB

SxcnepuueHraJlbHble HccJIeAoBaHLIff Bblltpfl Mrqloqux caoftcrn p - n
ilepexoAoB npoBoAH,'I[cl Ha 6o,rlrroM KoJIuqecTBe IIotynpoBoAHI4KoBbIx
Marepr.raroB KaK AJIrr cna6o .nerupoBaHHblx, TaK H BbIpoxAeHHbIx p- lI
n-o6;lacreft. I4ccreAoeanilcb p-n nepexoAbl, I.l3foroBJIeHHbIe caMbIMH
pagJII{qHbIMLr cnoco6aMlr, B qacrnocrll , p-fl nepexoAbl, noflyqeHHble ny'
renr,4raQQyslrr4 AoHopoB B p-IIoJIynpoBoAHKK UJIII aK[enropoB B /?-noJly'
npoBoAHHK, CnJIaBJIeHHeM nOJIynpOBOAHI{Ka C MeTaflJIOM, COAepxaqIIM
npHMecH Aouopnoro I{JIII aK(enropHoro rl'Ina', nyreM 4ouuofr I'IMttJIaH'
rar\ilw npnueceft, cosAarotr1ux p-n nepexoA H T. A.

Hau6onrnee rdnuqecrBo sKcnepI,IMeHTaJIbHbIx HccJIeAoBaHl.tft nocsfi'
IrleHo repMaHI{eBbIM H KpeMHI.IeBHM p-n nepexoAaM' nocKoJlbKy B Ha'
crosrq,ee BpeMs oHH HaxoAflT caMoe IIIHpOKOe npaKTl4qqgKoe npI4MeHeHI-Ie.
I4ccneAosaHna reprvranlieBblx LI KpeMHueBbIx p-n nepexoAoB n poBoAI'I'
nucb KaK npr Ma./Ibrx, rax u 6onuurnx ypoBHffx HHxeKqI{fi.

Vcroenel,I MaJIofo ypoBHfi HH)KeKIrIi[ tBJlflercs Arn AbIpoIIHbIx ro'
KOB BbInO,rHeHr{e HepaBeHCTBa'

P (Q") Kn".
flocne noAcraHoBKr.r B oro HepaBeucrBo p (g,r), uafiAeunoro I{3 ypaBne'
uun (4.4), oHo Moxer 6um uepenncaHo B BnAe

iplp .// h-]fi- 
\\ rrn.

- cuD

Ana.noruqsoe nepaireHcrBo Anfl cryqaq, KofAa roK qepm p-n
gB,'ItleTCg 3,'IeKTp.OHHbIM' I'IMeeT' BHA

t l
:-rv!- ,// n -

eDt : :  ro '

flpu nunonneHllr{ o6parnux HepaBeucrB ypoBeHb I{HxeKIrllI4 6yaet'
6oilluruu.

,II,nx pesrux repMaul{eBbrx p-n n'epexoAoB ltpl'I Ma/IF,IX ypoBHflx
UHxSKT1UU gKCnepIIMeHraJIbHbIe AaHHbIe o6H,IHo Xopo1go olt lIcblBaloTcg
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(4.e1)

IIepexoA

(4.e2)

npocroft reopHeft, yqllrblBaloilleft npoxoxAeHue sJIeKrpoHoB H ,4blpoK
na4 6apreporvr o6.nactn npocrpaHcrBeHHoro sapqAa. 9ro noxasano Ha
pue. 4.10, rAe noKa3aHa rHnI.ItIHaq BoJlbr-aMnepHaff -xapaKrepltcruKa
IepMaHr.reBoto p-n nepexola AJI'I ToKoB, yAOBJIerBOpf, IOUIHX ycJloBllflM
MaJIbrx ypoenefi HHxeKqI{n. Kax'eItAHo I{3 eroro plrcynKa, npflMat
BerBb BoJlbr-aunepnoft xapaKTepHcrlrKlr {opomo onlrcblBaercq gKcno-

'ireHunanlubrM gaKoHoM n npnuofi ToK nponoplluoHaJleH e7, xar gto

Prc, {.10. Bonbr-aMnepHan xap&xrep[c.
'rHxa repMaHHeBDro p-n nepexoAa
(cnJtouHbre rffHl{fi paccqnraHbl reopei

rHqecxu lro OopMyne (4.20))!

I - npauofr ToK; 2, - o6Patnnfi ror'

Pnc. 4.1t. gxcnepauenralbnrre gaBlrcHMocrlr
,s s -9n

:i"* rePuann"lux rr-n nepexoAoB "r.:-6-

AJrs pas'blx ,rro"r^nff

H cJreAyer r.rs $opMyJIbI (4.20). O6patrsrfi roK Bnfiorb Ao n_po6oq rcnbl'
rbrBaer HacbIIqeHHe, uro raKxe coorBercrayer (pprvryne (4.22).

BerriqHHa i, usueuqercs c HgMeHeHI'IeM ypoBHr fierHpoBaHnq p'
u n-o6nacrefi nponopuuoHaJlbHo pn altrr, np v saBlrcl'{r or AIISQyBI'IoH-
Hofi AnnHu, KaK 9To I{ npeAcKa3blBgercq reopner{.

p,nn p-n qepexoAoB c ysxofi 6asoll npoqBrqercfl saBncuMocrb
BeJIHqLIHbI i, ot urupuHH 6asbl H cKopocrn noBepxnocrHofi pexon'I6n-
Haur{u. 9ro nnaocrpupyercs pr.lc. 4.1l, ua KoropPM llpeAcraBneHa 3a-
BnCEMOcTb BeJILIqHHbI d. Or unpnnu 6agu flpn pa3gblx 3.HaqeHI4flX Be-

JrHrrHHbr 
tR', 

. Ku* BHAH6 r{s ororo pHcyHKa, Arq 
)#p 

> I BeJIlI-
' D p ' r J p

a t
uHua i, pacrer, a Ailfl =6f < I y6unaer c yMeHbrIeHI'IeM IIITpLIHbI

6agn, xar 9ro LI cJleAyer fis paccNtorpeuuofi Bblue reopxlt, A.lti ToKoB
6ee yuera renepaql,Iu - perorrl6uHauun u Apyrux aQQextor.

Ans KpeMHLIeBbIx p:n nepexoAoB MgKAy HeBbIpoxAeHHbIMH noJly-
npoBoAHHI(aMH BOJIbT-aMUepHas xapaKrepl'{cT[Ka AAn MaJIbIX ypOBHeI4

uH>KeKunu, KaK npaBnJlo, He onl'IcblBaerct Bblpax(eHueu (a'20).
Ha puc. 4.12 

-noKasaHa 
rllnllqHax npauar BerBb eo"lm-aunepuoft

xapaxtepnmuKu, a Ha puc. 4.13 - o6parHaa BerBb BoJlbr-aunepuoft
xapal{TepHcTlrKH KpeMHI{eBOrO p-n [epexoAa [pI4 MaJIbIX ypOBHflx I'�IH'
xexqnn. Kar uoxtto BI'IAerb, 4.na npnuofi BerBn xapaKTepHo HaJII{qHe
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ABVx yqacrKoo. flpr.l MaJtbIx HailpnxeHl'Irx npauofi ToK nponopunoHa'

l"L "i'''u',a ,,p; 6onsurux cra'oB'rcf, nponopIrHoHaJIbHbIM eevtkr ,

O6paruufi rox sb BceM uHrepBaJle BnJIorb Ao Haqana npo6on nponop-
-  

l @ n - e v \ t t "
rrr{oHaleH (-fff./ 

- 
- Ee. Tar<ofi Br.rA Borrbr-annepnoft xapaKre-

pHcrr.rKI,I fuoxer 6Htu o6tqclleH TeM, qro

,qnn o6parHux u ue6olbtxl{x npflMbIX I{a-
npaxeHnft 4JIs KpeMHHeBHx p-n nepexoAoB
cynlecrBeHHylo poJlb I'lrpalor reHepa[I{oH'
uo-pexou6aHaulloHHbIe roxu. Bo.nlr-aMnep'
Haq xapaKTep I,ICTLIKa np I'1 3roM onl'IcblBaer'
cq BbrpaxeHurrr,ru (4.61) u $.67\.l lpn 6o.nr-
urlx npflMbIx Hanpflx(eHHsx HalIHHaeT I{ATI'I

ToK HaA 6aplepou o6.nacru npocrpaHcrBeHHoro 3apsAa' Koropbll{ onficbl-

BaeTcfl BbrpaxteHlleM (4.20)'. V6eAHre,'rlnbIM AoKaSareJIbcrBOM raKoro

O6rqCHeHI.Is O6palHrlX U Ue6O.nlurux npsMbIX TOKOB tlBJIgIoTCg OnbIrbI' B

Koropblx cflelrua,'IbHo BB9ALIJILICb rly6orlte npI'IMecI{ s o6racrl p-n nepe-

xo4a. flpu 3ToM noKa3aHo, qTo o6parHue.roKH CyIqecTBeHEo yBe,'Iuqu-

BaIOTCg C pOCTOM KOHUeHTpa[Hu BBOAI4MOI4 [pI.{MecI4'
Ha6nrOAaeu6e AKcnep LIMeHTaJI bHo OTJI uqge KpeMHHeBbIX I{ rep MaHI'le-

Bbrx- p-n nepexoAoB onpeAeJlflercs 6o.nlueti urupuuoft.. eanpeueHuoft
soHu xpert,lHllfl IIo CpaBHeHI'Iro c urup'uHoft 3anpelqeHHoft soHH repMa-

Hus. 3ro npLrBoAI.Ir K roMy, qro co6crseHHag KonlreHrpaqllfl nr B KpeM-

HHII MCHbII]C, I{CM B TEPMAHI-I}I.

Orsotuesue
r . * *. 1tt- 6gst - 6gc"

(ai)ce _l 
(^r*)o" 

| "----m-

noAcraBHTb cooTBercTByIOqHe sHaqeHHfl, TO MOIKHO

9:=: 1,7 . 103. B pe3yrlbrare ua46aprcpHuq
(n i )s i

?nc, 4,12. [IpsMae BerBb BoJtbr.
aunepnofi xapaKTeptlcrtKu xPeM.

HtreBOrO p-r, oepexoAa.

Ecnn cI,oAa

[o,'lyql,lTb,. qTo
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Prrc. 4.t3. O6panran getrt rolst-amnepnofi
xaparrepilcTlrKn rpeMHueBoro p-n nepexo.

tra'

0 4/ q2 qr q4'4[t(8

roKH AJrr KpeMHLIq yMeHbualorcfl no cpaBHeHI'Ip c roKaMI'I AJIfl fepMa-
sus. 3ro HaMeHeHI{e Moxer 6url paccunTaHo A.ltx 4upo4Hofo roKa
I,I3 COOTHOIICH1Tfl

ic" (Dp)c" (/p)sr I n,o. \t / n,si \- l ; : lD ; f , ' ' tEE" - \  
^  i  \ , " *  / '

rorofoe JIerKo noryqaerct Ha ocHoBaHI'II'I Bblpax(euua (4.20)' floAcras-
Jrrrf B gOCJIeAHIOIO tDOpt'Iytty cOorBeTcTByIOque SHaqeHl'tfl, [OJIytIaeM'
qro npu

(Dp)cu (/p)si (nn)si ^. r
l4)" 

'-0,h-" '@f; : '

OruoueuHe renepaquoHHo'pexou6nHalruoHHblx roKoB AJIfl repMa-
Hlrfi. rr KpeMHI,Ifl OnpeAeJlfleTcfl BbIpaxeHHeM

. (i"-p)c" - 9c" 
lcoo * 

r'o)sr 
. 

f,tc"

(i"_p)si 9s1 Jrpe 
-F rndce n/si

nn 1o" 
(rro*cnolsi 

: I ero ou., Ii"-olo" :1,7 . l0a.- -r" 
lst (trs -l- tr9)6s (,"-p)si

Taxnv o6pasou, AJIr KPeMHHeBbIx
Ar.roAoB poJIb feHepz[I4oHHO-p€KOMOHHa-

: 3  .  1 0 6 .

^ ' u  q /  q z  q a  q 4 4 8
Pt|c. 4.15. Botbr.aMflepfian xapaKTepxcrnra
repMaHtreBoto p-t nepexola MexAy Bblpox-
AeHHHMH noJtynpOBotrHUKaMU npH pasHblx
ypoBHcx J rer t rPoBaHt rn  I  -  P :  l ' 5  '  l0 r '

cm- i ;  2  -  p  :  2$ .  lg ro  "16-3 '  3  -  P  -
: 8 , 8  .  1 g r i " r - 3 .  4 - p : s , l  N l o r e  s M - 3 ,

lc"
- ,si

q2 q4 q648
Pnc. 4.14. f iprMaq oerEb Bonbr-aM-
nepnofi xapaxrepr,rcrhnn nepMaHue-
Boro AUoAa npn 6oarurux ypornf,x

nnxexrtn[.

Irl,roHHbrx roKoB pegKo Bo3pacraer, qro n ga6ruoAaercs SKcnepI'IMeH-
ra.n ruo. AHa.noruqnoe Bo3p acraH Lre reHep aquoHuo-peKou6uuaqno_Hsux
roKoB na6rrcAaercn v Ailn Apyrllx '[oJIynpoBoAHI]KoB c lxllpoKoll ruu-
puuoft sanpelqeHHoil sotllt, Hanpl{Mep GaAs, GaP u 1p.
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FIpn 6orlurr4x ypoBH,sx rrH>t<eKttrlt,t reopur npeAcKasbrBaer pocr npfl-

Moro roKa fipoltopqxoHarrsnrl eT,'a sareM 3aMeA,,reHHe pocra.ToKa
c np [,'Iox{eHHbrM HanpsxeHrreM. . 3ro u ua_6ffoAaercrr gKcnepnMeHTaJrb-
Ho, THnH,rHai excnepnMeHTarbHaq BoJrbr-aMnepHarr xapaKrepHcrr,rKa,
noArBeplKAaroilI,aff cKagaHHoe, noKa3aHa 

'ua 
pnc. 4.14.

Oco6oe BHnMaHHe 6u;lo.-yAerduo r.rccJreAoBaHv\o p-n nepexoAa
MexAy BbrpoxAeHHbrMH nonynpoBoAHHKaMLr. Tnnnqsue BoJibr-aMnep-

Hbre xap aKTep r.rcTH KH repMaHr,re-
Bbrx p--n nepexoAoB MexAy
BbrpoxAelrHbruil n- u p -o6nacr n-
Mr.r noKasaHbr Ha puc.4. 15. Kax
BHAHO n3 [pr]BeAeHHOTO prrcyH-
Ka,  TOK npH'pOCTe .npf lMoro
Hanps>KeHHs BHaqafle pacTeT,
3aTeM naAaeT r.r cHoBa pacTeT,
KaK 3TO r{ nPeACKaSaHO TeOpH-
efi, paccuorpeHuoft B npeAbrAy-

AIp
l0r

q2 w q4 q6 48 . Il lHxnaparpaQax.nanpffxeHl'Ie,
Pilc. 4.f 0. lls6uroqHuf, roa IlIp repuaaneBnt IIpI'I KOTOpOU ga6nnAa€TCf MBK:

./o-r nepexoloB MexAy rbrpoxlcHHbrMn trorynp_o- cHMyM, cMeIIIaeTcg B cTopoHy
BoAHrxaMr c np'Mecbxt uerx (1) u s''rerl (2r. 

6o.rri[rlrx HanpqxeHHrl npu yne-
JILIrIeHHr.r crerreHr.r JrerupoBanr.rn p-odnacru noJrynpoBoAnr.rKa, qro raKxe
npeAcKaaaHo reop uerl (crr,r. @prr,ry.ny (a: 89)).

SxcnepuuenraJlbHoe gHarreHne Mr.rHuMaJrbHtro rcxa He paBHo HyJIlo,
qTo MolKHo o6rscullrs [pr.rBrerreHneM Hs6uroqHbrx roKoB. 3ru toru
AoJrx(Hbr aaBr.rcerb or KoHqeHT?aquu rny6oKr.rx ypoBHeri a o6nacru npo-
grpaHcrBeHHoro gapr{AA, }d, AeftcrBureJlbHo, cneuuaJrbHoe BBeAeHr.re
rly6oxux.ypoanefi s o6nacm npocrpaHcrBeHnoro sapflAa noKa3aJro cyqe-
crBeHnoe r.r3MeHeHLIe roKoB B MUH[rMyMe, KaK 9Tg noKagaHo ua puc. 4.16.
- Taxuu o6pasou, paspa6orauHas K HacrosuleMy BpeMeHr.r reopnfl
p-fl nepexoAoB MexAy HeBbrpox{AeHHbrMH r.r BbrpoxAeHHbrMv p- v, n-
oOnasrguu xopouo o6tgcnger nce na6lrc4aeMbre gKcnepr.rMenTa,'rbno
3aKOHOMepHOCTLT.

M . IIIHX naparpaSax. HanpRxeuue,.

3."d
,f 7

\
2 s /

. l ' .nasa 5.. BblnpgmnlrcUilE CBOHCTBA
TETEPONEPEXOAOB

. 5.I. BOJIbT-AMNEPHbIE XAPAKTEPIICTHKI'I

Paccuorpuu BoJlbr-aMnepHble xapaKrepllcrgKl'I H3orHnHbIx rerepo'
nepexoAoB Ha npuMepe n-t? rereponepexb4a. BHa'Iane ue 6yAerrr yulll

TbrBarb roKa qepe3 [IoBepxHocrHble ypoBHH' TyHHeJIItpOBaHI'Ie qepe3

o6lac6 npocrpaHc'reeHHoro sapfira H cHJIbI uso6paxenuq, 3ro Aacr
FO3MOX{HOCrb paccMoTpeTb ToJIbKO TOKI{ OCHOBHbIX. HOCHTe[tefi Sapn&a
B npeAeJlax oAHOTO BI{Aa paspeuleHHblx 3oH HaA COOTBeTCTByIOUIIIIVII'�I
rroreHur.raJlbuuttln 6ap rep aMI{.

flpuue-la raKxe_AJIt o[peAeJleHHocrll sAecb I{ AaJIee' Yro B noJlynpo-
soAu;re 2 {puc. 5.1) aceraa ocyqecrBJlflercs sanopHuft HsrH6 soH.
TorAa sce sosMoxHtte ronQurypauul'I noreHlruaJlbuux 6aprcpoB B pac-

cMaTpr.rBaeMoM reTeponepexoAe orpaHI4tIHBaIOrcg cryrlatMu' npeAcraB-
fleunulrfi ua puc. 5.1.

Ha puc. 5.1 , a,6 noxagasu 6aprepfi, o6pasonaHrue-3a cqer KoH-
ranrsofr pasnocrl.t noregqtaanoBr flp1,t SroM' KaK.. yxe o6cyx4aJloct' B
rl. l, ecum B noJIynpoBoAHI{Ke 2 sa4al sanopuufi ugru6 3oH' ro B no-

nynpoBoAuuxe / peanu3yercfl aHrl{3aropHuft. Taxue rereponepexoAbl
g,u,anrsefiureu 6yayr LIMeHoBarbcs rerepoJlepexoAaMl't BuLa auTll3ar
noDHufi - 3anopHbtft caoli.'Ha 

pHc. 5,'8, e [oKa3aHLt 6apropu, Koropble o6paeoaauu 3a'cqeT
orpuuaie;rrgoro 3apflAa noBepxHocrHblx cocroguutl' B erol\a 9{Y'Iae
peaJru3yerct oAHoBpeMeHHo 3aropHblft clofi s ioryrpoBoAHnKax 2 u I.
Taxue rereponepexoAbl B Aantsefturerra 6y4yr HasblBarbcs reTepgflepe'
xoAaMn BI.IAa 3anopHufi - sanopHufi cnoti.

MoAens rereponepexbaoe pllc, 5.1 , a, 6 orJll'Iqalorcfl or r'roAfuiefi
puc. 5.1,6, e er\e.H TeM, qro B [epBoM c,'Iyqae flocJle npoxo]KAeHl4fl
rrep$eg- floTeH[ua,'tbnufi 6aprcp_ rtonynpoBo.trHllKa. 2' ttocutena 3apfAa
npeoAo,'IeBaer AonoJlHurelinrtfi 6aprep,_ cus^saHHhfi c Ba3pbIBoM B 30-

Hax flpoBoAunrocrefi noJ'IynpoBoAH[KoB I u 2, a Bo BropoM He npeoAo-

JreBaer raKoro 6aprcpa. EcnH s rereponepexoAe HocI{TeJIb sapqAa npu

AriuNenrn or noJlyrpo_BoAnl'tKa 2 x nmynpoBoAHllKy 1 npeoAo.neoaer

Ao[oJrHureJlrHrrft noienquantnufi 6apsep, oH 6yAet s AanlHeliueM
HagbtBaTbcfl reTepofiepexoAoM c noJIox(HTeJI6HbIM cKaqKolu (pnC. 5.1,a, e).

Ecns B fereporepexoAe Hocnrer'Ib sapsAa npI'I ABHxeHI'IK or noJly'
npono,uuHka2rno.ny5rponoaiitaxyluenpeo4oJleBaer,4ono,'IHI'ITeJIbHoro
6iplepa, ou 6 y4er H a3brBarbcfl rerepo nepe xoAoM c orp Hrlaren bHbIM cKarl-

xor t r  1pr . rc .  5.1,6,  e) .
O6parurtr oco6oe BHHMaHHe Ha ro, qro Ha pnc. 5.1 uso6paxenu

rereponepexoA.bl npu orcyrcrBull npI'IJIox(eHHQro. Hanpsxeuur. llpr

a
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np r{Jrox(enul{ sHeulHdro Hanp s)KeHH s gHCOisl nOTeHUI'Ia JI bHlr x 6ap uep or

B uo,'IynpoBoAHLIKax I u 2 6yAyj H3Menflrbcs' u BrereponepexoAe

MOXer HsMeHflrbcfl BriA cKaqKa. Ilosrouy noHflTHs <Orpuqare.nluufi>r

lrJrr{ (no,Ioxnrentsnft> CKaqOK OTHOCffTCff TOJIbKO K OnpeAeJIeHHOMy

r.rHTepBa,ry npu,roxeHHblx Hanpsxeuuft. 06 groM Heo6xoAllMo BcefAa

rroMHHTb npH paccMoTpeHl{I,r KOHKperHbIx BOJIbT-aMnepHbIx xapaKre-
pr.rcrr{K rereponepexoAa B " npeAnofi o)KeIII'Ifl x AlloAsoft unu 4uS$ysroH'
uoil reopuii

ItrarpaMMbl t{3oTnnHHx u aH[goTunHblx rereponepexoloLP x c . 5 . l .

-d x.0a
OHeprerI|qecKue

.(no,qnan reopltfl. 3aAaqa Haxox<Aenl'ls BoJlbr-aMnepHofi xaparre-
pIIcrlIKL{ B rlpeAnofloxeHllflx AuoAuoil Teopgt4, xAx HseecrHo' cBoAl'lrcfl
K Ha XOXAeHIIIS TOKOB rep Mos,Te KTpOnHOtl 3MIt CCU t,1 H aA nOTeHUII a JI bHbIM I'I
6aprepauu [oJIynpoBoAHl,tKoB I n 2, a SareM I'I Haxo111AeHI1n pa3Hocrl'I
grux'ioxoe: i : ii - i, (s,qecu I'I AaJIee 3a IIoJIox(I'lreJIbHo-e Hanpflx(egue
ioKa no aHaJIoTLIH c KoHraKToM MeTaJIJI-no,IIynpoBoAHHK 6yAet npnnaro

HanpaBJIeHLle roKa sJIeKTpoHOB CnpaBa HaJIeBO' T' e. qepe3 SanOpHuft
crofr no.nynpoBoAHllKa 2, xoroputft noHl.Ix(aercfl npI{ao>KeHHbIM Hanp fl -

xeHr.reM, I( floJlynpoBo4nr,rxy /).
B ceggu c rI3JIoxeHHbIM MoAe"lb IlsorlanHofo fereponepexoAa' pac-

L'MarpliBaeMafl B npeAnoJIo)KeHI'Iflx AnoAsoft reoplln' B nl'ITeparype Ha'

sbrBaercff oMHccKoHHoft tuoAeluto.' 
I4cnollgyf ry )Ke MeroAHKY, qro w npv pacrlere oolur'aunepnofi

xapaKrepl{crI,IKI,I KOHTaKTa MeTaJIJI-nOJIyIIpOBoAHI.IK AJIfl cJlyllafl' KOtAa
ypdeeur Oepuu He nepeceKaer pa3peueHnblx 3oH H Her BbIpoxAeHIls'
JrerKo noKagarb, rITo ,[an rerepbnepexoAa BI'IAa aHTl'I3auopttuft - 38'
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nopunfi c.noft npn noJIoxI'ITeJIbHoM cKaqKe

* t r  c V  4
i :  ATz . f . oe  -  

t uu  -  l )  -  3#  7 .n1e  h r  -  11 .

,[ln rereponepexoAa BI'IAa aHrl{3anopuslfi - 3anopublfi cnofi s BVp:a
sanopnnft -j ganbpnuft cnoft npH orpr.ruare,rbgoM cKaqKe JIefKo waftru

rPz*Pz eV z e(V r*V "l

i _ AT2O,e 
-"F 

(e-Tr- _ , 
--T- 

) :

e. ev" '!:!!J

- : tor?u" { 
-E- 

6-nr _; 
---n-\

,(,rn rereponepexoAa BI'IAa Sanopnufi - sanopuuft otoft
JIOXHTCJIbHOM CKATIKE PACqCT NPI.TBOAI'IT K BOJIbT-AMNCPHOIT

pHcrlrKe BLIAa
- 9r*Fr .v.+vs _ *_

i: ATzfne kr (e kr - e ur' ) -

- 1pr V"*Vs eV,

. + a4n!?n '; iT- 1s--T -.- 
-E7-;.

4 -

B supaxenunx (5.1) - (5'3) I{ Aarlee earofl rraee yr, Vs u Vr-
qacrll HanpsxeHut, naAauqge Ha noJlynposoAHl'Ixe-.1, npolue)KyroqHoM

cJroe u noJrynpoBoAunKe 2, paccmorpenuge s rn. 2. flonoxllre;llnltfi
gHaK gTl.Ix Hanpqxegnft cOorserCrByeT noHnxeHltro o6qeft grtcorlt no'

TeHqgaJrbHoro'6apsepa 3anopHoro cJror [oJr-y[poBoAHuKa 2 H nOeHU]e-

Hrlro HJrlr noHu111eHflro noreHqgaJlbuoro 6aprepa AJIfl noJlynpoBoAHllKa
I s gasncuMocrr{ oT HanpaBJreHr.rs nepBoHaqa.rrbHoro ngrn6a goH.

,{nSrfyenoHnan .rcopnn. B npe.unoJloxeHl'lsx 4uQ$ysnouuoft reopuh

neo6xoAlnao pe[Iarb 4u@ysuouuo-apeftQoeoe ypaBHeHI{e B noJlynpo-

BoAHLIKax I ; 2", a gareil 
-cru'sarl 

nonyueuuxtd Bblpaxe-Hl{fl. B csqsu

c grr{M B Jrr,rreparype npu paccMorpeHur.r AH$sy3uossofi reo^pn}l LI3Q-

rlrnHoro rereponepexoAa o6uqso roBopflr o auQQys1tossoft MoAe'ln

nereponepexoAa. Hcno.nb3yfl noJIyqeHHbIe.paHee p$yabrarbl npu pac-

cMorpeHr{H KoHTaKra MeTaJIJT - n6,'rynpo_BoAHr.rK H npege6peran reHepa-
qraefr n pexou6nuaUueft nocnrenefi e o6lacru npOcTpaHcTBeHHoro 3a-

pgAa, noryr{HM
'  

f  - g t -d  I  I  *q '+Tv t
n r ( -  A : l n r ( - Q r - d )  - + .  [  "  * t  d x l e -  k l  ,  ( 5 . 4 )

L " " ' J * l
r.{e aepxunfi sHaK B noKa3areJle noCneAtreft gKCnOHeHTbl ornocl'Ircfl K aH-

rh3arropHoMy, a Hux<Hllfi 5 eanopnony usru6y son:

'?a (o) : ln,W"r + &T' fr*J "

(5 .1 )

(5.2)

npl,I IIo-
xapaKre-

(5.8

.  (5.5)

Paccuarpurafl pa3Hocrb noroKoB nocurenefi saps4a qepes npo_-
MelKyroqHbrh cnoL rereponepexoAa BI'IAa aHrn3allopHufi - sanopuuft

135



'

u sanopuuft - 38[OpHbIft C.iroft c oTpllqaTe,'lbHblM CKaiIKOTU, XOr;ia ypo-
oenr @epruH He nepeceKaer pa3peuenHblx 3oH' MoxHo Sanl'Icarb

i : + (arnr(o\ - ltnr(- d) e- # "- #7.

AsalOrHqgu1,1 o6pasOu AJIq reTepgflepexoAoB B1aAa aHTll3anOpnuli -

SanOpunfi n sanOpnUft - 3aIIOpHbIft c.ttofi ttp]I IIoJIox]lreJIbHOM cKaqKe

i: fr-(orru, (o) { # "# 1.arnr(*d')).

l4cno.nlayfl 3ant caHnyto cucT€MY ypaenennfi, nerro saftnl o6qee
Bbrpaxegrle BoJlbr-aMflepHoft xapaxrepucmKn. ,[lln sroro Moxgo noA-
crasuro nr(O) n nt(-d) H3 BblpaxeHufi (5.4) u (5.5) B BbIpaxeHI'Is
(5.6) ra (5.7\ u peuurb nonyuennue ypaBHeHI'Is ornocrreJlbHo roKa'

B pesy;rntare AJII rereponepexoAoB c orpulrarenbublM cKaqKoM

(5.6)

(5.7)

- Qz-eVr
KT

-l- -:-:r---.1!'  4u.kT4ut

ttc {PqTeVl 
" eV,- -TF- 

er 
-k7- 

e- 
-FF-aEc

,: *. 
o,,* ", _ _,,n,.___lji 

*; i' 
u , , (d.8)

t-#+e- T 
5-e-E7-ar+

' LEc*eV" tPlTeVt 
-Zt-tl

f;t-i---u7- "=T J .
jrr-o

-d

I
7F dic

a Ang feTepouepexoAoB c [oJIoXI{TeJIbHHM CKaqKOM

aE" - q2-ev, evs * Ar;lfVr

, e76)onr"- T e'--TT- eaF -ornr"- T 
-

I ot,, 
- a8a evt v.;I/"- X' #o ( t - f f i "  T " u ' " ' - r r -  \ r u '  a r +

. \ ' 0

(5.e)

. QrTeVt

- eror?n oE 
"-fi-

' 1u1kT

-t:
^r)

t, - aEo
h T e h T , '

(p
hT

o

hocxo.nrxy npn oTcyTcTBHH fianpffxeHr.tff ToK qepe3 reTepo[epexoA paBeH

Hyap, ro us nupal ieuuf i  (5.8)  ra (5 '9)  Moxxononyqurb

- - 9 r  -  +
a*nze kr : ornru'

o"n,"-# ; # :ornrr*+
' 3|ro.nossoarEr nepenHcaru qul,rurenn nupaxenrafi (5.8) n^ ([.9) nepes napaMer.

pbr oAHoro uq [onynpoBo.qHl-tKoB, Ha[pLIMep nony[poBoAHHKa z, 15 p$]nbTaTe non['
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(5. l0a)

(5. r06)

qaeM BMecro nnpaxenun (5.8)

Qr t9c
, eurnr?n ^- 

-TT 
: w Xn - - - 4 -  E  !

e V "  _ e V ,  _ e V "
, h T K T K T

e  - 0  e
X (5.  I  l )

(5;12)

c7z-eVz g^ A
. ezu"?^ 

---fr- '" '-;;-
t - i # f e  "  

J " " ' d x *0

a
hT fuc

n BMecro nupaxeHun (5.9)

-d

dx

, ezar?o ^-r 
VutkT-'

LEc*eVg ?r$eV, -9r-,1- ---FT- 
e= 

----FT- 
[ "

:d

- 9r n'Ec'

i_ 
euzfl??n 

"- af .7 X
4

. eV" eV, cVt-T NT -7.
. ,  ( e  e  - e  l ,

| - e,'arz! ; 
-fr- 

e-TT "- T | "T a, +4urkT J 
'

,  eTnr?n ^t 
*t I ;"  -

-r -{;Lhr '

q
hT

9i

\'.1
-d

OrOnqatelrnue BblpaxeHLIs Bo,rIbT-aMnepHofi xapaxrepucr4K_H-.Mol)rl ^6urr 
ganucaHsr

nocne Haxo xAeHHt I ' tHrerpanos s sHar{ehCrene aupaxenuft (5'  I  l )  u (5.12)'

A;rs npoirornr upe4rio;roxnu, tlro-nocJIeAHHM[ q.tleHaMu sHaMegarent nupaxenufi
(5.11) u (5.12) r',IoXHo npeue6peus. 3To oguaqaer, qTo Bblno.nHflercg coorHollleHue

Taxoe npe4no.l1o>l<eH1ie, xai suAHo H3 BbIp3>xeHHfl. (5.4), sxauraneH?Ho npe.qno,'IogeHllto
O ToM, qTo pacnpeAeJleHse KOItUeHTpa[un n o6"radru npocTpaHcTBeHHoro 3a?q.U,a nofly'

npoBoAnr.rKa .l onucusaercf 3aKoHoM Eorrquaua u n, (-91' d) : n (-d)' "a W .
I4tnoJrrsonaHLte 3aKoHa Eo"rruuaua gy'a n1 (-91- d) nosro,lner yltpocrr'IrtoKQHqa'
Tenbnoe Bbrpa)(eHue Bonbr-aMnepuofi xapartepucruxu 6eg yurep6a A,rs o6ulnocru
noJlyqeHHblx pe3ynbTaToB. ,[,efiiraure.lrttto, c oAI{HaKoBblM npaBoM tltoxtto 6uno 6UI
npe,i,no;Ioxlttr,.iro uoxno npene6peul npeAnocJleAHIrMu tuleuaMlt rnpaxeunfi (5.11)
u^ (5.12) (ero osuauano 6H snnorileHue 

-eaxoHa 
6o.nr(uaua B noflynpoBoAly-xc 2).' 

flpu'npunnrblx npeAnono)KeHutx HaxoxAeHue l.{HTerpaJta AnR c,ros lllottxlt
B noJIynpoBoAHI.rKe aHa.norl{qHo npoBeAeHHoluy Bblue AJIfl KOHTaKTa MeTaJIJI - tlo'

q^ o Qc-eVt a- n ' T -  
h T

t  e ' -  a x - -  - - - - - - - €  k T

J eEY

Jry[poBoAHHK H
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floAcraans q STor r.IHTerp an B san 14 caHHbre Bbrp axeHl{ fl - BOJIbT-aMnep-

Hofi xapaxrepr4crr.tKl4, noJtyqaeM BMecro BbrpaxeHns (5.11) a.nn reTepo-

lepexoAoB C OTpHUaTeJIbHbIM CKaqKOM
Qr t'Ec

i :%P e-T e--87-
(ug"* +)

' eV, cV, eV ,' 
. 

-bT- --TA- - -F-.
x (e " '  -e ot e o'  

) ,  (5.13)

Bbrpaxeunfl (5. t2) a;rs FereponepexoAoB c noJIoxI'IreJIbHbIM

t :  * '#e-77-e

'E!u,

E9,,+ t(" "
Lfo, evi

- - T -  
e k r

eVt eV" ?Vr '
-  -  - T

x ( e u t  e k r  - e  o ' ) . (5 .14)

(5.16)

E|:u,
X

A BMCCTO

CKA!IKOM
9r

X
nto

' Anarng BupaxeHllfi somr-aMnepnofi xapaKTeplrcrfiKlr. Kax sHAHo

ri3 3anHcaIIHbIx Bblue eupaXennfi , BOJIbT-aMIIepHbIe XapaKTepI'I_CTHKI'I
uMeroT pae.nuuHuli BLIA B SaBLICLIM6CTH OT BbIcOT nOTeH[UaJIbIlblX 6apbe-
pon ncinynpoBoAHHKoB I vt 2, a raKxe or npuHsrblx flpu llx BbIBoAe

. npe,unoloxeHnfi.- ' 
B roM cJlyqae, I(orAa npoMexyroquuft- c.nofi crpeMl'lrcn K HyJIlo'

d -> 0, Ve -> 0 u 9o-> l, a nupaxeur're (5.1), nonyueHHoe B npeAno'

.noxenngi,quo4Hofi feopur'r AJIa rereponepexoAa BuAa aHrnsanopHufi -

eanOpnUfi CnOfi c IIOJIOIKIITeJIbHbIM CKaqKOM, MOxeT [blTb 3anHCaHO

B BI,I.U.e 
ev

i :  l ,  (eF -  l ) . (5.15)

flpn erorrr BbIpaKeHIIs (5.2) - (5.4), (1.13) n (5.1a) KaK B rpeAnoJlo'
xi:nr,rgx AttoAHofi, raK I'I AI4$QysIIoHHofi r€opl{ll npI'lHIrMaIor BI'IA

eVt _ eVt

i: ir(eT - e- 
:k-7-).

B o6utux Bblpaxenllf lx (5.15) u (5.16)' i, lrueer pa3Hoe'sHaqenue

A,'Iq paSnr.rqHbr.x qacTHblx cJlyqqeB.
Kar sI-IAHo, BbtpaxeHlle (5.15) no Qopue'connaAaer c Bblpax(eHueM

BOJrbr-aM nep uoft xap a xrep n crr.r Kr.r KoHraKTa MeraJlJr - noJrynpoBoAH LIK

6ee sasopa vilh p-n nep^exoaa' BupaxeHue (5' 16) aaxe npu orcyrcr-

BI,Ifi npoMelKyToqHofo c,'lotl coBnaAaeT no BLIAy C BbIpaxeHHeM BoJlbT-

auqepnoft xapaKTeplrcTVKu LllA KOHTaKTa c npoMe>r{yToqHbrM cJIOeM, lAe'
poJlb IIaAeHUfl Hanptl)Ke]Il4tl B STOM"CIOe flfpaer naAeHI4e Hanpflx{eHllfl
B noJrynpoBoAHltre /.

B i.rrluae, onucblBaeMoM Bblpaxeurze.y (5.15), npRuofi roK pacrer

c npuJrqxegHbrM Hanpsx(eHl,reM KaK' e 
*' 

; a o6parnufi ucIIbITblBaeT
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HacbrilleHrle. B cnyuae, onrrcbrBaeMoM Bbrpaxeur.terra (5.16), npu nocrosH-
Hona i, npnuofi ToK pacrer nae,u,r.egHefi c npur'ro)KeHHbrM Harrpfl)r{eHueM,

,  ? v  z

TaK KaK oH npolopuiloHaJleH e hr 
, a o6patnrui He uclrbrrblBaer Hacbl-

* evi

qeHr4t I4 pacrer nponopllnouar'rbHo e u' "'
B o6qervr cJlyqae, KorAa npoMexyrouurrii c,roit coxpaHsercli rla-

,qeur.re Harrprr)KeHl{s B HeM npung4nt' K u3MeHeHuro BoJlbr-aMnepHbtx
xapaKTeprdprnr rerqporiepexo4a. Tax, npu HaJluqLIH npoMexyroqnoro
c.rIog ocna6firrercrr c HanpglKeHHeM pocr rrpflMofo roKa H ycuruBaercn
pocr o6parnoro A,'rff cJryqaeB, onr.rcbrBaer,rbrx BbrpaxeHr.Iauu (5.2), (5.13)r"
H ycr{.rruBaercfl pocr npsMoro roKa H ocla6,nsercr o6parHoro AJIfl cJIy-
qaeB, orncbrBaeMbrx Bbrpax(eHxrrrau (5.3) u (5.1a). B cJlyqae AIzoAsoft

eV eV"

Moxer 6urr nponopuilouaJlbHbrM {7T , "-a{

o6paruuii nocrosHeH l{JIIr nponoprluoHa,'I€H

. B cnyuae 4x$$ysraonHofi reopull npnuoft rox

Teopuu npruofi roK
e (Vz * V"l

uJll4 e 
" 

, a
e (Vr + Vs) eVt_'_--=;,--_---- | ; -

, e
eV,

Mo)Ker 6urr nponopql{oHa,'rbHblM e " 
,

hr  
,  ao6parHur lnpo-

_ e ( V t + V s )  _  e V ,  .
nopr{t4oHa,'IbHblM e 

hr 
I,TJII{ e 

hr

C $usuuecxor? roqxH speHufl xapaKreplacrl,rKa BI.IAa (5.15) o6yc,lon.
JII'IBACTCfl TEM, IITO A,'Ig AHOAHOft TCOPITI,I NP}I NOJIOX(I{TEJIbHOM CKAqKC
npruofi ror KoHTpodrlHpyercr o6quu I.{3MeHeHI4eM floreHIrl,taJIbHbIX
6aplepos nolrynpoBoAHuKoB I u 2, a o6parHull  roK HAer B HanpaB,' Ie-
HHH or rroaynpoBoAuuxa I K no!'rynpoBoAHlrKy 2 u ge 3aBIIcLIT or It3-
MeHeHHfl nOTeHqLIaJIbUr,IX 6ap rcpOA.

Xaparrepucrr{Ka Br.rAa (5.16) o6ycJloB,'IuBaercq reM, rlro Bo Bcex
ocraJrbubrx cr'ryqaqx A,'rs AIroAHofi u au$Systtonsoft Teopun npxuoft rox
KOHTpO,'rHp yeTcs H3MeHeHHeM C Hanp gXeHI{eM BbIcoTbI noreHql4aJlbHoro
5aprcpa 2 no.rrynponoAHuKa, a o6parHuft LI3MeHeHI,IeM [oreHlrHaJlbHoro
6aprcpa no,rynpoBoAsuxa,l.

PasHag BeJII{qlrHa ir .Ann BoJlbr-aMnepxofi xapaxrepllcrnKH BLrAa
(5.16) s cryqae AuoAnoti reopHII o6ycnon.nnnaercfl reM, qro roK BbI-
pax(aercs qepe3 napaMerpbr pasHblx noJIyrIpoBoAHLIKoB. [,rr auQSy-
staoHnor? reopHK pas,'rlrqne Be,rurrnH i, n tpopr'ryne (5.16) ,uns pa3,'tI{I{HbIx
c,'IyqaeB onpeAeJIflercq eu{e }I pa3,YII4qHblM 3HaKOM nOTeHul4a,llbHOrO
cKaqKa. \ {

HsxaelrenLIe Br.IAa BoJIbr-aunepuoft xapaKTep14crLIKH c LI3li,(egeHfieM
runpr.{Hbr npoMexyroqHofo cnos, d c QusHuecxoft roqxu speHus o6ycnon-
r'nrraercfl TeM, r{To H3MeHfl}orcs Bbrcorbr 6apnepon A,rtfl Hocl.ITe,reft sapr4a
npf rax Asr.rxerir4rl or noJrynpoBoAHnKa 2 x no.rynpoBoAHuKy I w o6par-
no. Tenepr A,'rrr ABuxyuruxcr uocnre"refi gaps4a Hy)KHo yqnrblBarb
TaK)Ke HSMeHeHr4e BbrCO'�Ibr TOTeHII,I4&r'rbnOrO 6aprcpa [poMe)KyTol{Hofo
c.ros. 3ro Moxer oc.na6nsrr n,IIu ycI,IJIHBarb BaBllcnMocrb npst\tblx H

'o6partrux roKoB or Hanpfl)xeHaq.
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flp u u sueueHr.r r.t To.nrAr4Hbr npoMex(yToqHoro cJIo q ilSMeHteTcf, Ta K)I(e

sern.Iuga i". flpnueu npLI AoCTaTOqso 6onuruux rO,'IqHHaX TOK AJIfi

reTeponepexoA?, KaK H AnqxoHTaKTa MeTa,IIJI - noJIynpoBoAH-I{K B [peA'

nonjr,.aiu"x'1u@yeuounofi .reopnu Hg saBllcur or ycJIoBI'Ifi upoxox'

AeHr.rs socure.neft sapsAa s o6racru npocrpaHcrBeHHoro 3apflAa H KoHr-

rpoJrHpyercfi r{3MeHeHr{eM Bbrcor noreHlluaJlbuux 6aprcpoB noJlynpo'

BoAHI-rKoB 1' u 2.

5.2. BOJIbT-AMNEPHbIE XAPAKTEPI{CTI'KH
. AHII3OTI{nHHX TETEPOnEPEXOAOB

Paccuorpuu BoJlbr-aMnepHbre xapaKrepLtCTLIKI4 aHUSOTHnHbIX rere-
ponepexoAoB Ha rpl'IMepe dn:ueortlnHoro p-n rereponepexo4a' Bua-
qa,le'raxxe npene6peraeM ToKaMn qepeS noBepxHocTHbre ypoBHH, TyH-

HeJrHpoBaHLIeM qepe3 o6.nacrs npocrpaHcrBeHHoro SapsAa I{ cI'lJIaMIt

uso6iraNeuun.
Iipr.r nprannrblx npeAnoroxeH'tlx Hoc[TerI'I-3apsAa' Koropble npo-

rxflLI qep$ rereponep-exoA or IIo,'IyilpoBoAHHKa 2 x no;rynponog,Hl'txy /,

Cra"O"gtCg .HeOcHOS;rHItaU. 3rO nO'Sdoflger TaK X(e' KaK I'I A.ltg o6HrIHOrO

IoMo-p_nnepexoAa 'cboAHTb 'pe lueHHesaAaqf lAnq 'aHHSoTHI IHo|o
p-r? rereponepexoAa K perxeHHro saAaqu. B reasuuefi tpa.nlsofi o6fiacru,

-a co6crs6uuo:rereporieilexo1 6y1er onptr.UeJltrb rpaHI'rqHbIe .ycJIoBHff.
ItrpunUunua.lrtHo SogNao>i<Hue xousuf ypaUull Bblcor 6ap rcpon' KoTOpbIe
u6xso paccMarprlBarb AJIfl arulgotnnuux p-n rereponepexoAol llg
npeAuofloxeul{H, qro B noJIynpoPoAHHKe 2 pealnsyercs 3anopublLl

tiofr, iosnaAarcr c paccMorpeHHblMu paHee Ars cryqafl I'l3orgnHblx re-

reponepexoloe (cu.^ puc. 5'l). IIpu 
-erou, 

xax 14 paHblxc, u'c"tyudnx

B:I:';: O";li"Oii ro" orpeAer'rslorcn rrIaBHbIM o6pasou xonraxrHoft
pa3Hocrblo noreHLlIIaJIoB' a B cflyrlae 5'1' 8' d - noBepxHocrHbIMI'I
3JIeKTpOHHbIMII COCTOSHVTflMII'tArio nu*o*^e', fl rp aHr.rqHbrx ycJIoBH ft r_ npe4nonox(eHl'flx AnoAuofi
TeOp1411 MO]KHO BocIIOJ,Ib3OBaTbCs TeM, qrO O6qraft TOK MOX(HO lrafirn Xax

;;&;;T;66rp*p;". roKoB rvrexAy norlynpoBoAHrKarvl'- -! " ?: !!"
.' gToM MoxHo socnofilgosarbcfl pesyJlbTaraMn n' 5' I ' ecJIlI yqecrb'

qro nepexoA LI3 rIo,'IynpoBoAHHKa' n xoropuft BBeAeHbI HeocHoBHbIe Ho'

Cr.IreJrrr saprAa onpe,igrsercs ne parubeecuofi KoHqeHrparlvefr nr,

r- ov*tupnbn' xqntld;ipauuefi uocurenefi sapsAa nt (-&l * d)' Toraa
nupaxeiur (5.1) _ (5.3) r,roxHo nepenr4carb B Br.rAe, yqLIrbIB-aIoqeM

' HsMeueHLIe KoHueHTpaqnI'I. B pesyJlbrare
l e V

-  i -sqt( ;F--W) ts . tz l
Arfl rereponepexoAa BnAa aHTl'r3anopHuft '; 3anopHblft cnofi c troJlo'

XHTEJIbHbIM CKATIKOM'

.[nr rereponepexoAa c orpn[arerbHbllvl cKarlxoM

i: eatZnnt u- 4* 
l"# 

- n,(-{-,-dt u-ry], ts.ral
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rAe sHaK < *> nepe4 g1 oruocurcfl K rereponepexoAy Br.rAa sanopsuft -
eanopnufi c.nor}, a 3H8K (-)) K rereponepexoAy Br.rAa aHrusanopHsrfi -
sanopnufi cnofi.

;i.n" .ereponepexoAa BlrAa 3arrop.suri - sanopHufi cnofi c noJroxn-
reJr'bHbrM. cKaqKoM Bbrpalr(eHr{e (5.3) nepenncbrBaercs B BH,re

i : ry;- i i - [ "+b -qFf i -d) ;+1. (b.re)
flpu ycnoeuil, rrro cyuuapuur? ToK sHaqfiTeJrbHo MeHbrrre, qeM xaxAufi'us qreHoB, crosrqux o npanofi qacrr.r ypaBsenufi (5.lJ) - (5.19), l.rrs
Bcex cflyqa€s, neo6paxeHHbrx Ha puc. 5.1, uoxuo nbnyuurl

eV

nr(-  Qr- d) :  nreT (5.20) -

(5 .21 )

(5.22)

B npeAflo4ex{eHr,rrx 4ra$SysuoHnofi reopur.r rpannr{Hbre ycJIoBHfl
JIerKo uafiTra, ecr'rr{ npeHe6pe,ru reuepauuefi H pexou6uHaqnefi socu-
reneli sapxAa B KaxAoM Hs noJrynpoBoAHr-rKoB. TorAa Mox<lro BocnoJlb-
BoBarbcr. Bbrp_axeHlrsuu (5-4) - (5.7), sanr4caHHbrr\{r4 B npeAbrAyqeM
naparpaSe. Hauefi saAa.reri ren-epu flBJlflercg HaxoxAeune BeflI4r.IHHbI
nt (-{, - d) 

-uepes 
npurroxeHHoe K rereporepexoAy HanprrxeHl{e.

VuursrnaR, rrro npu orgyrcrBun r{artpflxeHuq cyMMapubrfi rox paBeH
HyJrro, MoxHo ne (5.6) Haiirn

ns ([.8)

aBc
aonl(O) : arnl(- d.) { ar ,

aEc
arnl(o) e 

-zr 
: vfll(- d),

rAe AonoJIHI{Te.iIbHbIe gHaqxu <0> o3Haqalor V : 0.
Ecnu npe4noJloxlirb, qro B Bbrpaxenllsx (5.6) u (5.7) xaxAutti

Hg qJreHoB upanoft qacrn 3HaqurerbHo 6o.ntue, rIeM cyMMapuuft rox l,
ro KaK AdIq Cryqas, onilcbrBaeMoro ypaBHeunerra (5.6), raK L AJIT CJIy-
qas, o[I{cbrBaeMoro ypaBHeHLIeM (5.7), ruoxuo safiru nocJle noAcraHoBKI'I
(5.21) u (5.22\ n (5.6) u (5.7) coornorreHne

(5.23)

fiocne noAcraHoBxu B 9ro BbIpaxeHLIe nr (-A u nn (0\ ns Bblpax(e-
unfi (5.4) n (5.5), B Koropblx npeue6peranrcfl qJIeHbI nponopu4oHarb-
Hut! rorattt, Mox<Ho nonyqurb B npeAnoJloxeul,Isx 4uSQysuouHoti reo-
Pl4Ll 

ev

n t ( -Ls -d l :  n reT  . . (5.241

" ? e q  ^ { , ;  n i ( - d )
J@-e" ' : - ; (o ) - - '

Kar nug,uo, npH npllHflrux npu6.ttux(eHutx (5.24) coonaAaei c Bblpa:
xeHr.reM (5.20), -nofi yrIeHHbrM B npeAnoJloxenufl x AlloAsofi reopull.

. ' l 4 l



fpauuuHue ycrIoBLIr (5.20) u (5.24) wn p-n rerep-onepexoAa B

cBoro oqepeAb coBnaAalor c fpaHHqHHMI'I ycJIoBHsMI'l AJIff o6uunoro p-n

[epexoAa. floarotuy coBnaAyT _r.{ oKoHqarerbHbre BbrpaxeHl.It BOJIbT-

allnepnoft xaparrepucruKl't' Hanpuuep, Ails p-n rereponepexoAa
c nupoxoil 6aeoii A,'ts gJleKrpoHHoro roKa

^-  I - r .  ev. in: ff 
(e-z-- l). (b.2b)

3Aecl sHaqKH <l> npu pa3Hbrx napaMerpax, KaK v! paHee, orHocflrcg

K. nepBoMy noJIynpoBoAHI{Ky.
Aua.nug [ocJleAHero BblpaxeHnfl He orJlnqaercq or aHa[IvBa aua-

JroruqHoro BbrpaxeHr.tg A.lli O6rt.rHoto p-n nepexoAa n npoBeAeH BbI-

,o". Cne^yer ipu sroM roJrbKo oco6o orMer'rb, rrro Bbrpa)KeHne (5.25)

HC SABHCI,IT OT TOJIITII.IHbI NPOMCX(YTOTIHOIO CJIOg.

flo.nyuenuue Bbrue pe3yJlbTaTbr MoxHo o6bflcHHrb, ecJII{ yqecrb,
t IToAf lgaHI. I3oTI , InHqroleTeponepexoAapaccMaTpuBaeTcgToKBKBa3I , I -
Hefirpanuofi o6lacru, a o6nacru npocrpaHcrBeuHoro saptAa onpe'

Aergr,or roJIbKO rpaHHqHble ycJloBl{t 3a]]iAtqn.
B npuunrux npu6.nnxeuunx, KofAa AJIfl AI'loAHofr reopun o6urnfr

rox xonrpo.nr.rpyet-ca xnasurleftrpa;Ilsofi o6nactbto, a Ailn 4utffiysu'
oUgofi e o6nacru npOcTpaHcTBeHHOro 3apflIa BbI1OJIHHI,OTSq coOTHo'

IUeHr.rfl $O,ttUtuaHa, rpaHLtrIHbIe yCnOBI,Is AJIS reTepgnepex6Aa COBIIaAaIOT

c rpauuuusiMr4 ycroBnqMra AJrs p - n nepexoAa. B pesynlrate coB-

[aAarOT LI KOHeqHbIe TegyJIbraTbI AJIS TOKOB qepg3 aHI43Ortlnnrtfi reTe-

ponepexoA I,I roMo'p - n nepexoA.- 
PaccuorpenHafl BbIuIe MoAeJIb aHLIsoTItnHorO teTepoflepexoAa' Kor'

Aa roK onpeAeJlflerca 4r'rQSysr'refi HeocHosHblx Hocl'Irenefi eapa4a e

xnasunefitpa.nsgofr o6lacru noaynpoBoAHrtna, B nnTeparype Ha3bIBa'

ercn 4r.r@ygnonsoft MoAeJIblo.
" - 

E;#'a npe4nonoxeHuflx AtloAttoft reopun B BblpaxeHrqx (5'17) -

(5.19) ue.nrsfl cqlrTaTb ToK MaJrbtM, ro UeO6XO,U,I{MO pelUarb Ilo.IIHbI€ BbIr

faxenr.rn' orHocI'IreJIbHo nr(-{a-.d). 3areu h(-!{ - d) ryto>rno
noAcrasurt n nupaxeune Br,rAa @.al u nocJle peueHl.It nolyqeHHoto

ypaBHeHHq oTHOcI{reJIbllo i no.nyuaeM AIIS aHH3oTI{nHoro rereponepe'

xoAa 
ev

L o ( u f t r  - l )
r : - ,  ( 5 - 2 6 )

r + +'  tsd

i r :H l
cosnaAaei c sJreKTpOHHbrMirOKOM HaCbruleHL.Is AJrfl p - n foMonepexoAa'

a isd coBraAaer c 66par*brM roKoM rereponepexoAa, B KOropoM Her I'IH'

Tre

xeKql{u;

142

.gt  -

Ars rereponepexoAa BuAa aurusanopuufi - 3anopHblfi cnoft c floJloxli-
TEJIbHbIM CKAqKOM;

LEc+er
. ea,n,vn - ---i- -

i " a :  Z f f e  k r  e

AJrs rerepo nepexoAoB c orp L'IuareJIbHbIM cKaqKOM;
Qr eVt

i",: -U{"-; 17- e 
-E7-

4 -

AJrfl rerepolepexoAa BLIAa 3anopsuft - sanopuuft c"nofi c noJIoxI{TeJIb-
HbIM CKAqKOM,

Kar sIrAIro LI3 BL,IpaxenNa (5,26), npu ifi Kl'a, oHo fiepexoAllr
B [OryrleHHoe paHee, fAe roK xourpo.nnpyercfl KBa3HHeftrpanlHoft o6-
Jracrbro. llpv i*) i'a

eV

i :  i sa  (e  " '  -  l ) . (5.27)

B atou cflyqae roK KouTpoJlt4pyercfl o6.nacrsuu [pocrpaHcrBeHHo-
ro sapsAa noJlynpoBoAHlixoe .l u 2, a raK)I(e [poMexyroqHblM cJIoeM.

Kax eHAHo, 3Aecb KaqecrBeHHo ua6nrcAaercfl TaKoe >Ke HsMeHeHHe
Br{Aa Bo,'Ibr'aunepHoft xapaKTepI,IcrLIKlI, KaK v LJlfl p - n roMonepe-
xoAa B n. 4.2. OAnaxo, ecJILI AJIa repMaHI'IeBbIx I'I KpeMHI'leBbIx roMo-
p-n nepexoAoB o6uqno peaJln3yercn cnyuafi, KorAa rpK KoHTpoJIH-
pyercr xaasuneft rp aJI bHbIMLI o6n acrsun noJly npoBoAH I'I Ka, -T.o AJIfl aH u-

Boru flHbrx rerepoflepexoAoB Ka K IIs-3a MaJIbIx sH a'IeHnfi 4uQ$ysuoHultx
AJTHH, TaK LIB-sa B[rLtflrrvLfl npoMexyrorlnoro cJIofl ToK o6uqno xonrpo-
Jrnpyercfl o6.nacrsun npocrpaHcrBeHHofo 3apflAa I'{ npoMexyroqHblM
C,'IOeM.

MoAe;rr aHll3orunHofo rereponepexoAa, AJIff xoropofi rox KoH-
rpoJrupyercg o6nacrsnau [pocrpaHcrBeHHoro 3apsAa I{ 3a3opoM' Ha-

3brBaeTcq SMr.rccHoHHOft ' tUOAe;llto.
Ec,ru s BblpaxeHufl x- (5.a) r.rnu (5.5) qJIeHaMI'I, nponopqllouaJlbHblMH

ToKy, npeHe6peuu HeJI b3 ti,. AJIn 4r,rrpQysr.rounofi reop nn MoxHo tlor yrlurb

Bo,'rbT-aMnepHylo xapaKTepI{crHKy, oTJIHrlanqylocfl or paccMoTpeH-
uoil sHue.

Taxuu x<e MeroAoM Mox(Ho noryqllTb I'I npoaHaJlll3l'IpoBarb BoJIbr-
aMnepHyro xap a Krepl{crn Ky AJI fl AbIpoqHbIX TOKOB" B aHLI3orIt nHoM rere-
ponepexoAe. OAuaxo eu1e pas HanoMHHM, qro B cI{JIy 6onuuoro pasilvtrvr
iucoi 6aprepoe AJIa AbIpoK I.I oJIeKrpoHoB B rereporepexoAe o6uquo
cyqecTByer ToJIbKO OALIH H3 TOKOB.

5.3. BJII,If l  HI,IE'TYHHEJIITPOBAHI,If l qEPE3 OEJIACTb
NPOCTPAHCTBEHHOTO 3AP'A,d I,I CI,IJI I,I3OEPAXEHI4fl

HA BOJIbT-AMNEPHbIE XAPAKTEPI,ICTI,IKI,I TETEPONEPEXOAOB

Euu o6;lacrt npocrpaHcrBeHHofo 3apsAa xotq 6H oAHoro H3 rIoJIy-
npoBoAHHKoB AocraroqHb ys xaa, Bo3MOxCIo TyHHeJILIp oBau Ile uocnre;left
qepe3 3ry o6lacrt. Als orpeAeJIeEHocrI'I 6yleu paccMarpl'IBarb
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'  Pnc. 6,2. TynnearHsle roKn B rereponepexoge 6eo lttMegenus BHra paBpedeHflbrx 3oH.

TyHHeJrnpoBarl[e B nonynpoBoAu wxe 2, Korla npn TyHHeJrbHoM nepexo-
Ae HoctlTe,'rb gapgAa oKagbrBaerct B pagperrreHuoft soge noJry[poBoAHnKa,
npoucxoAnr.u3MeHeHHe cyMMapnoro roKA qepee rcreponepexog. Tyune-
JIHpoBaHHe .repee o6hacrb npocrpaucrBeHnoro sapsAa Moxer cKa3br-
Barbcs KaK npn npflMbrx, tax u o6parHux uanpaxeHnflx, npu npoxolx-

AeHHr.{ nocl.rre.nefi sapaAa B' npeAeJrax
oAttofi 3onbr HaA [oJroxuTeJrbHr^ru sy6-
uoM, KaK gro noKasaHo Ha pwc.5.2,
a raKxe roJrbKo npu o6paruux Ha-
npsxeHr.rsx rIpH TyHHeJrHpoBaHr.ru
MexAy paSJILIrIHbIMl.t 3OHaMh, KaK 3TO,
HanpnMep, noKa3aHo ua puc. 5.3.' 

MoAens coorBercrB.vrgulero rere-
poflepexoAa B nureparype o6uqno na-
sblBaercs rynnelrnofi MoAeJrbro.

IIpu pacuere BoJrbr-aMrepnoft xa-
paKrepHcrHKr.r npn ryHHeirbHoM npo-
xoxAegr{r{ nocnrsrefi sapflAa HaA no-
JIOXHTgrrbHbtrr,r gy6qou MoxHo Boc-
noJlbgoBaTbcr pBynbraTaMr.r, noJly-
qellnbrMlr panee AJrs Ar.roAHoft reopur.r,
Kotopaf, 6onee cnpaneAnHBa AJlfl ToH-
xrx o6;tacrefi npocrpancrBeHHoro sa-
Pqla.

Eorn rynuenupoBaHr{e HAer npr{
gHeprnnx Bbrrrre, qeM AHo SoHbr npo-
BoAr.rMocru nonynpoBoAHnKa l, ro

pacqer no.nlr-dunepuofi xapaxrepncruKr{ Moxer 6nrr npone,qeg raK xe,
KaK H4ns KollraKra MeraJrJr-noJrynpoBoAHHK s n. 3.3.
.- p. pesynrrare A.rrs rereporepexoAa, 'ucrroJrb3-yfi Bbrpaxenne
(3.48), nonyqr.rM

Pnc; 6.8. Tyx[erbauo Eof,lr r rGTeponcr
peroAo Bpf, o6p&Tf,ur ulrrprr€Brrrx c

I|gf,eHCdllcf rl|!a p&ppottGH||Hx aos.

cVt l, ?. \ eVt

t :  i , teF [ ' -  T)  (uE - .
rAe BeJurrHHa ?* sa4aercn (3.49).

lu

) , (5.28)

3anwcausoe Bbrrrle BbrpalxeHr{e orrkqaercff or (3.48) ronrxo reM, trro
B gKCnOrIeHTe, OfincbrBapqefr o6.parHy]o BerBb BoJrbr-aMnepnofr xapax-
Tepr{crnxlr, BMecro HanpflxeHr.Ix V, crour HanpqxeHue VL + Vs.

Cpaennnar ero Bbrpaxeune c BbrpaxeHr4eM (5.2), nonyueHubrM AJIn
.rereponepexoAoB c orplruareJlbHblM cKaqKoM, MoxHo BI,IAerb, rITo ryH-
HeJIHpoBaHHe rrpHBoAHT x 6o.ree MeAJreHHoMy pocry npsMofo'roKa I{
6o.nee 6ucrpovry pocry o6paruoro c Harpfl)KeHr.reM.

,If,.na rereponepexoAa, KaK v AIrs KoHreKTa Mera,'rJr-noJrynpoBoAHuK
npu yBeJnqeHHr.r TylrHeJrr.rpoBaHrrs MoxeT nponcxoAurb HsMeHeHI4e
gHaKa BblnprrMJreHl{fl , KotAa o6parnuft ToK npr,I, oAHrIaKoBbrx Hanprxe-
H1rrx craHogurcs 6onlne-npfl Moro.

flpu 4ocraroquo 6onuuux Eoo > kf u T* :+, Bbrpaxenlle

Bo.nrr'-alrnepnofi xapaxrepr{cruKrr Moxer 6url nepenncaHo B Br.IAe
-eVt 

eV

i :  i , teE.  ( t  -e -7) .

- Ten6pr npeAnonoxrlM, qTo rJraBHyro ponb r.rpaer ryuHeJrnpoBaHrle upI,t gueprur.r,
cooroercrByrouefi gsy sonbr npoBoAr.ruocrra (puc, 5.2, a) uan Eepulrue noren[H6,trbno-
ro 6aprepa (puc. 5.2, 6) noaynpoao4nuxa I.

. }to ogHa,raet, qTo npg etofi suepruu xoe@urf.ueur npo3paqHocTn

.- LEg:eV,

? n )  e  k r

TaK KaK ToJIbKo npMbrflonueur4r.I .nocJleanero.HepaBeHcrBa ryuuenbHbrft tor gnaqr-
reJrbno 6o;Iuub na46aprepxoro.

TorAa s [peAnonox{egrsx,(uoAttofi reopull Art crytraq, ueo6paxeuaoro ua
puc. 5.2, e; Nrfl n-n rereponepexoAa -

(5.2e)

(5,30)

(5 .31 )

(5.32)
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r1e ql " V2 - noHuxeltHHe sHaqeHlts Bbrcorbl norenul{aJlbHoro 6aptepa rIoJIyIIpoBoA-
snxa 2 n qacru naAaroqero Ha seM Halpsxenufl. I,linonreyn pnc.. 5.2, aerro
noKa3aTb:

Qz: Pi - l ' r ;

gz -eVz:  p l  -  11r -  eV,

B pesynsrare Bbrpaxeur.re BoJrbr-aMtrepnofi xapaxrep4cruxu (5,30) nepenncbrBaercq
A BI'IC ' 

prltr, ev '

i - r y s , J T ( r T - r ) .
B npelnoroxeHxrJ( AlroAuoft reopnn 4ra cnyuaa, aso6paxenHoro na puc. 5.2, 6,

IIiJlfi n-n reTeponepexoAa ,

qZ tV;

i: Hl-gr^e- 
-E- 

(eJf -e-
4 "



I4cnoluayn no,'IyqeHHbIe

nepenHcaTb B Blue

Bbr[re BHpaxeHHr Arq p, " qr- eV2, rr,roxno (5.32)

_ Itr-Itz eV

? n e  k T  
@ k r  - " ) .

KosgQHuueHr npo3paqHocrlr B Bbtpax(eHusx (5.31) u (5.33) orpaxaer ryHHerIIrpo-
naune ue'pes o6.nacrr 3a3opa H npocrpaHcrBennoro gaprAa no,'rynponoluura 2,

Ec,ru npeue6peqb H3MeHeHueM c HanprxeHr-reM [po3paqHocrli 3agopa, To, ucno.Ilb-
gyq re xe npu6,rnxeHur, qro u npu rtoflyrleHlrn BhlpaxeHlrs (4.74), uoxrio'nokasatl,
qTo

. 4:  Vo"-at6tc!evs3/e1p"-ev"7- ' /2,
' 4  |  8m*e^e .  \ ' / ,

rAe ofr: -;;- I ----:- I.- 6en \ ,, I- 
Kax BuAHo, yqer rynuenrrpoBau[c Mox(er cyurecrBeHno agMenfiTb 3aBlrcl.tMocTb

ToKa or npuJroxeHuoro HanprxeHlrr. Hanpuruep, aupaxeune (5.30) cyurecraeuHo
orJruqaercr or aHa,rorurrHoro Bbrpaxegus (5.2), a BbIpaxeHLIe (5.31) or cootBercrBylo-
urefo eMy BbrpaxeHur (5.3). TyHHe,rupoBaune npLIBoAnr K IlgMeHeHLtIo KaK BeJII.trtHHbI
ToKa, TaK u gaBuclrMocru nprMoro u o6paruoro roKa or Hanpt)I(eHIrs.

flpu pac,rere'o6paruofi BerB"'Bonor-arunepHofi xapaKTeplrcrnKn c
YIICTOM TYH-I.IEJIHPOBAHI,Ifl MO}KHO BOCIIOJI b3OBATbCg TCMH XE [PI{HIII{[A-

Mu, qro u npu pacqere roKa B ryHHeJrbnbtx p-:n nepexoAax. flpu etou
B npeAnoJloxeHuH, tITo TyHHeI[poBaHLIe JILIMI{rLIpyeT npoqecc nepeHo-
ca sapflAa, roK nponopquouaJreH xoeQQuuuenraM npo3paqHocru npoMe-
xyroqHoro croq u o6racru [pocrpaHcrBenHoro sapflAa, T. e.

i - AOn.

Ec;rn npe4rroJroxnrb, qro ryHneJrr{poBaHne IaAer s6rIisLI Bepxa
saneHrHofi 3oHbr, To, I{cnoJlbgyfl re xe upIE6JILIxeHHg, |qlro Ll Mfl p-
n nepexoAa npn nofiyqeHr{r,r Bbrpaxenun (4.74), a raKxe npeHe6peran
rl3MeHeHr{eM c Hanpfl)KeHHeM roeQ$uunenia ripospaunocrl,I sa3opa,
MOX(HO IIOJIyI{LITb

i - ea a(tr* L$s1ev t)" 1 t1pt-eV t)-'/ t, (5.34)

(5.33). eurn,
r ---i:

. . t

8 (t:cz-\'n
- \ n z l

${e op : ----- 
3e;--

Kax suAHo r.rs BbrpaxeHrar (5,34), BaBIacI{Mocrb ryHHeJIbHofo roKa
oT HanpflxeHnfl sAecb urr,leer 6onee groxguft BI{A, rIeM AJIfl roMo-p-
n rrepexoAa. 3ro csseaHo c BJIr.rflHueM naAeHlrs Harrpflxenl4g Ha gago-
pe u noJlynpoBoAnrKe .1. Torsxo npu V1 - Vs : 0 v, V, : V sHpaxe-
une (5.34) Aaer ry >xe saBr.rcrrMocrb roKa or Hanpflxeul,Is, qro Il AJIfl ro-
Mo-p-n nepexoAa.

Kar u AJrfl KoHTaKra MeraJrJr - [eJIynpoBoAHLIK, AJIfl rereponepe-
xoAa cyqecrBenHbrMr.r Mofyr 6url cnnu uso6paxenns,. ?ru cI{JIbI Mory.r
noBbruarb I,IJIH rronr{xarb Bbrcorbl norenqnaJrbuux 6aprepoB B gaBLI-
cr4Mocrr4 or coorHolueHnfl AI4g,'IeKTpHqecKllx npoHr,r[aeMocrett nonynpo-
BoAHrrKoB r.r flpoMe)KyroqHoro c.nos. Crnu uso6paxenufl Moryr yBeJIL.I-
tlllrBarb Il yMeHbruaTb ToK qepe3 feTepoflepexoA, qro Heo6xo4ulr,Io yvu-
rbrBaTb npH cTporoM aHaJrH3e 3Kcnepr.rMeHraJIbHblx pe3yJIbTaToB.

t46

r.I. SONTT-AMNEPHbIE XAPAKTEPITCT14KI-I TETEPONEPEXO,IOB
.llJtf l ToKoB qEPE3 nOBEPXHOCTHbIE yPOBHI'I

NPU ,II.BI,IXEH[III HOCI4TEJIEII B NPEAEJIAX
oAHOTO TI,InA PA3PEIIIEHHbIX 3OH

Hn>xe 6ylyr paccMorpeubl roKrl qepee roBepxHocrnble ypoBHH B
I,I3OTI,IIHbIX II aHI4SOTETIHbIX reTeponepexoAax, KofAa HoCI'ITeJIIT 3apflAa

ABl{xyrcfl B paspe[IeHHbIX BoHax oAnoro sltAa- (ao_Hax npoBoAHMocrI'I
lrJrr4 BaJreHTHbrx soHax noJIy[poBoAHMocrL'I I u 2). Ollgu'IeCrue MoAeJIH
paccqrrrbrBaeMbrx rerepolepexoAoB norasauH Ha pl4c' 5.4, rAe Ha
puc. 5.4, a npeAcraBJIeH
rereponepexoA c nporl,lBo-
noJroxHbrM, a Ha pI{C.
5.4, 6-c o,u.IHaKoBbIM
usrr6ol4 son. I4cno.nrsyn
iloJtyrJeHHble paHee pe'
syJrbrarbl (cr"r. rn.2), uox-
HO 3ANI,ICATb AJIfl TOKOB

noJrynpoBoAnux / - ypo-
BeHb npn paHee ert6pau-
HOM HanpaBJleHLIu npflMo-
ro roKa or noJly[poBoA-
uuxa 2 r norynpoBoAuu'
xy / e eu4e

(5.37)

(5.36) rrnoxuo
[oBepxHocT-

wTw + Klnf;t 1(tz)"f,t1'

Pnc.- 5.4, ToKu qepe3 lloBepxHoc'rHute yposnn 6ee nsue-
. ueHug BuAa pagpeltleHflblx soH.

illtt : elKl? nt- K(l) (n,- m) nf;tl, (5.35)

AJIfl roxoB noJlyttpoBoAsux 2 - ypoBeub B BHAe

itq : e Wgl (q - mt) rL" - t4ij*,1. (5.36)
3Aecr, KaK vt paHbIUe' l(r1 u Kin,- KHHeTI'IqecKI'Ie KS3QQI'IUHeHrbI,

xapaKTepr.r3yron(lre gJreKTpoHHbrfi o6n,tes MelK.4y pa3pelxeuHblMI.I 30-

nai,rn n nbrelxHocrHultr ypoeneMl /?a-KoH[eHrpauuu enerrponon e o6-

Jracrflx, c KoropblMlt ra46f enexrposnslfr.b6rraefi ypoBns II Koropble pa3-

Jruqalorcs AJII AIroAHofi n luQQy:ltoHso-fi reop[Ll.

B cra[uouapHoM cflyqae il]t' : ilj']. flogtoMy' npnpaBuao (5'35)

u (5.36), rlerKo saftru

t r l l : f f i .
Ec;ln noAcraBl,Irb aro 3uaqeHue n Qopuyny (5.35) n.ttu

nofiyqllrb cJleAyloqee o6qee BbIpaxeHI'Ie Arn ToKa rlepe3

Hbre ypoBHlI B CJIyqae fereponepexoAa:
' " r tKlll Klll "La - x(l] x!? nt\

(5.38)

Taxnu o6paaou, EaxoxAeHr{e oKoHqaTenlnoft aO.nlr-altnepnoft
*apaKTepLIcrgKI,I ctsoAl{tcn r Qnsu'Iecxofi pacunQpoore napaMerpoB

xlil, xtl), Kf), K57, nt' v, nfi.
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Hcno.nrsyn paBeHcrBa (5.35) u (5.36) npn HanprxeHun, paBHoM
HyJrro, MoxHo nonyrrHTb:

Kl)Pmlo) - Ktlrq @,i-mt)nto);
Kl?P @,- *?) n|rD : Kfootmlr),

rAe gHaqKu <0> ogHa,Ialor, qro .qaHHat BeJILITIHHa orHocllTcg K cJlyqap,
KOrAa HanpflxeHH.e, npHJIOXeHHOe K re?eponepexoAy, paBHo HyJrro.

flaparr,rerpu 'K!)) 
u KL1) "o aHaJrornn c paccMorpeHnbrM paHee cJry-.

qaeM Arrr ToKoB gepe3 ypoBHr{ B KoHTaKTe MeTaJrJr -, [OJrynpoBoAHHK
MoxHo Banucarb KaK npor4gBeAeHl.re renJroBbrx cropocreft Ha ceqeHue

(5.3e)

(5.40)

(5.49)

SaxBaTa:

Kl]) : a'c\; K(,'l : arclz.

€cnu npeArorroxurb,.rrro K!]t), K!?, KII) u Kl|'� He 3aBucsr or Har-
.pflxeHr.rfl, r{cnoJrbsyfl eoorHoueHur (5.40), MoxHo nonyqnTb BoJrbr-
aMnepHylo xapaKTepr4crrrKy B Br,rAe

en 1M lorc\a rclrntlo) n;zol (# - 
#)

u(| (Mfit0t + "tnl + aoclr1u,nf,20) I nf;1 ,  (5 .41)

Ettt
r1e Mr: e-T7_ .

Tenepl ueo6xo4auo KoHKperr.r3upoBarb BaBucr.rMocra n|tl u nfl or
Hanptxenus. 3ro Moxer 6url cAe-nano orlie,rtso AJrR n3orurrHoro u
aHH3orranHorb rereponepexoAa.

Hdornnnnfi rereponepexoA.,II,.ns Ar.roAuofi reopur.r, KorAa gJreKrpou-
Huft o6Mes HAer qepes o6nacrt npocrpaucrBeHnoro sapsAa norynpoBoA-
HKKoB, AJrs r.r3orr4rrHofo n-n rereponepexoAa_ BnAa aHrusanopHufr
- eanopuui c.nori

ta: nto\ : nr' (5.42)

Aas AuoAnofi reopuu B cryqae rereponepexoAa BHAa sanopnnfi:
sanopur,rfi cJrofi, a raKxe.qna 4r.r$Sysuosuoft reopun, KorAa MoxHo npe;
ue6peur HapyrueHr.reM Synxqr.l.r pacnpeAeJrenus Hocr.rrener? sapn4a npo-
XOAflUIHM TOKOM,

t -

-  g r t e V t

fl,tt : nre'---Ti- l
r4e oepxnufr gHaK ornocr.rrcs K saflopHoMy, a uuxsr,rfi K aHTu3arropnoMy
Cr'IOn.

B npe4no.noxenr4r.t AHoAHofi reopnn, a raKxe 4u$sysuouuoft npu
npene6pexeHr.ru HapyrxgHr,reM Qyurqnn .pacnpeAeJleHr.rs Hocr{rereft ea-
pflAa [poxoAflulHM ToKoM
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/9t
n \ - t - A 6, r R  -  t . 2 v (5.44)

Hcnonrsyn BblpaxeHHfl (5.42) - (5'44)' MoxHo 3anl'Icarb BoJIbr;

aMrreDHVlO XapaKrepIlcTHKy H3OrHnHofo reTeponepexoAa.. BIlAa aHTH3a--

iltffiii-.ui,op""in cnofi a npeAnoroxe'rf.x AltoAuofi reopull ra*:

eniMl lorclr) {up'2) nrnze # n# -l)-
i - , " "  ,  

_  
( 5 . 4 5 )

( oicl\ n, (M * D ! ttrcirnre T (', + "T'l

l4cnonreya BblpaxeHnfl (5.43), (5'44), flerKo roflyqllrb' 
^"^oj:1-

aMnepHylo xapaKrepl{crt Ky Ir3or'HnHoro rereponepexoAa BI'IAa 3anop-

,lirn-:-"aunopirufi cnofi s npeano;ro;4eHllflx AtloAtroft rbopnn, a raKxe

B npeAnoJIglKeHIIsx anQ$ysuoHuoft reop4ll

' c Qr teg g:- - 4+'
eniMl @1f) lar{rl nP2e' hr (" ut - t "' ) ------.-''.-

L :  ' .

' '  +  #  ( M t * e  i l  + g t r $ )  n r e  T  ( t ' . t , ' + t T l l(aLq)nf

rAe, KaK LI paHbIIIe, nepxHufi SHaK B noKa3aTeJIflX 3KCnoHeHT OTHOCI'ITCfi 
'

r aanopnoniy, a HI'IxHi{4 - x aHrl'I3anopHoruy.llsru6yeon'
Kax noxaesrBair a:f;ailvl3 BbrpaxeHllu (5.a5) u (5.46), BeJIuqlIHbI ro-

KoB rrep$ noBepxHocrHbre ypoBHH nponopuHoHu{lTl "1I -I_oHUeHrpa-
Wv ni ra sanucsi OT r4x noroi(eai1ln M6 a raxxe ceqeHllf 3aXBaTa 9JIeK-

rpoHoB soHbl npoBoAHMocrH noJIynpoBoAHI{KoB I vt 2 c\ u c!'' Kpornre

tbro, roxu gepe3 noBepxHocrnble ypoBHH onpeAeJlflrorcfl KoH[eHrpar

u""*" "oame.tlen SapsAa t14 H tr2t nurcoraull noreHq[a.[bHux 6apl'epon

d, u g, a o6oux nonynpoeolHl'IKax.3aeucuMocrorilo^u or Hayrprx(enllq

onpeAeaflercs rotu6unauuefi gxcnoHeHr BI{Aa eT u { d 'flo'rlnufr

aHaJIlr3 [oflyqeHHblx nupaxenufi AocraroqHo cJ]oxeH' Ilostouy npo-

BeAeM aHaJIIlt3 noflyrleHHblx nUpaxeufifi Anfl qacrHblx cJlyqaeB' KOrAa'

uraBHylo puoo ".piet enexrpounufi o6trleH-c noJlynposo4unrou 'I

r,t uonynPono4nurou 2.
Ecnd rnasHyro poJrb Hrpaer oJIeKrpoI{HbIfi o6ruen c nonynpoeo4uu-

*o*, ,o crD cr_J{ MO)|(Ho npeue6peut BrOpbrM rrJreHoM sHaMeHareJlfl

aupaxennfl(5.45) (5.46). Bpesy'rrrrare:
Qr eVt

enlMprl2nrJ'T P-TT -D
L :

' eV,
'e - -77-)

(5.47),

(5.48}

(M*  r \
@e ev'9 r  ev"

enlMyt2cirn2{ 
-a 

P 
tr

- -
'  ( M t ] - e  " )

Kax sHAHo I'I3 nocneAHflx BblpaxeYufi, npu npel{MyqecrseHHolvl o6-

MeHe noBepxHocrHbrx ypoaHefi c [oJIynpoBoAHHKoM 1 toxt't nponopquo-

HaJrbHbrceqeHHflM3aXBaTa-9JIeKTPOHOBSOHbIIIpOBOAI'IMOCTHnoJlynpo-
BoAHr.IKa 2,?to, KaK Il AJIfl KoHTaKTa MeTaJIJI - noJIyflpoBoAHHK; onpe-
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Aer'rrreTcs TeM, qTo npfi [ocJreAoBaTe,'IbHoM npoxoxAeHul{ 3JreKTpoHoB
qepe3 ypoBHr.t KoHTpoJIIIpyrcqI.rM fB,'rfleTcff 3Tarr MeHee HHTeHcr.rBHoro
o6uena. flo storl xe npl,rr{r.rne roKr.r raKxe [ponopunoHaJrbHbr, KoHrleH-
rpallu[z uocureneii sapflAa B rroJrynpoBoAHr.rKe 2 fi gaeucsr or Bbrcorbl
noreHUaa,'Ibuoro 6apnepa AJrfl Heto. B sasucr-rN4ocrn or rro,'roxeHHfl ypoB-
'Hq TOK npu npoqHx oAr.rHaKoBbrx napaMeTpax MolKeT yBeIr4r{r.rBaTbcH c
pocroM ge"tlrqzuu Mr, asa"rett BbIxoAHTb Ha HacbtilleHue.

AHarr.rs aupaxenuii $.A7) w (5.48) nor<a3brBaer, uro npnroft rox

'{gpeg.. 
.rcreponepexoA Mo}Ker 6srrl nponbpuuouaJrbubrM eE vilvr

e(Vz+Vrl  .  _ eV,
,elr, a o6parnufi flponopul4oHadrrbHblM e . 

-ar 
r.IflH He gaBucerb or

lIa npfi)KeHI.rfl.
Ec,ri l rraeHyrc po,'Ib urpaer g,'rexTpoHHbui o6naen ypoBHq c noJI)'npo-

aoAHr.rKoM 2 u b|) cl, ro MoxHo npeHe6peur nepBbrM qJreHoM 3HaMe-
flare,'rq nupaxenzft (5.45) - (5.a6) u nepenucarb r{x B Br{Ae:

ev"

eniMiuptlr\ (.7 - t)
(5.4e)l : ' eV"

( M i l e  * '  
\

r -At- eVz - eVt

eniMiupilnp' hr 
G lr - e u' 

)
L - evz

(Mt  +.  bf  )

(5.50)

Kax noxaguBaer aHaJrI,Ig nocJIeAHI4x AByx Bblpaxenntl, npn npel4My-
!.qecrBeHnoM o6rueHe noBepxnocrHbrx ypoBHeft c no;IynposoAHllxoNt 2
TOKI.I qepes noBepxHocrHbre ypoBHr.r npoflopq[oHaJlbHbl HX KOHIIeHTpa-
'J.Jju, 14 onpeAeJr fl rorcs nap aMeTp aMrr, xap aKTepI,IsylolqnMII [OJIynpOBoA-
uvtx L

B sasHcr.IrvrocrH or Be,'Iuqr.tHbl M1, onpe4engeuoft SHepreTI{qecKI'IM
nod'Io)KeHpIeM noBepxHocTHbrx ypoBHefi, roK qepe3 ypoBHrl MoxeT pacTLI,
,a SaTeM BbrxoAI,ITb I{a HaCbIrrleHHe.

AHa,rEs nupaxennfi (5.49), (5.50) noxaesrnaer, uro npnnaoft rox
eV"

qep$ee rereponbpexoA Moxer 6url nponopuuoHaJleH eT unwle gasw'

c€rb or HanpslKenua, o6paruufi rox nponopulroHa.nen i-E'.,s-kr
fifir.r HgMeHqercq 6oree cJroxHo.

Taxurrt o6paeou, npoBeAeHuoe paccMorpeHl,Ie roKoB qepes noBepx-
[IocrHbre ypoBHH npn ABr,rxeHr.rur HocnreJreft eaptga B npeAeJlax oAHofo
rl{na pa3pellleHHbrx 3oH noKasbrBaeT, qTo B 3aB[cIIMocTH OT peaJlll3a-
'IrHH KoHKperllbrx ycJroBttft sonlr'aMrrepnas xapaKrepllcrllKa rerepo-
nepexoAa r{gMeHflercs caMbrM cyulecrBeHHurr,r o6pasom.

AnngorunHsfi reteponepexoA. B c;ryuae an[sorl{rlnoro p-n re;
Tepolepexo va s p -o6nacrn 3JIeKTpoHbr craHoBffTcs HeocHoBHbtMLI Hoct4-
TeJIxMLI saptAa. flpn srorrr nJrorHocrb roKa Ha rpaHl{qe xsasuHefi'rpa,rr-
ttoft o6racrvr w o6nacrn npocrpaHcrBeHHofo sapflAa noJIylpoBoAHHKa

I D U

? ,&ln rereponepexoAa c mnpoxofr 6asofi, KaK II AIrfr p-n rfepexoAa'

3aAaercfl. BbIpaxeHHeM
' -  

+Lnr( -e , -d) ' :  f fwr( -Q,  d \ -n , | .  (5 .51)

B c.ny.lae AraoAsofi Teopr4rl AJrfl aHLI3OTHIIHOTo reTepofiepexoAa

BvAa auirneanopurtfr - eanopuufi cnoft

\ ( -  { r -  d )  -  n t t .

Aflq AIaoAHofi reopnu fereponepexoAa BqAa sa-nopuuft - eanopuufi

c;roft, a "axxe anQ$yenonnoft reopnu npu npeue6pexeHl{Ll HapyueHI'IB

$ynruur,r pacnpeAeJIeHHfl Hocureneft 3apflAa npoxoAsqlrM roKoM

nr(- {t- d) : nL"n W

r4e nepxnufi 3HaK B [OKa3aTeJre cTeneHLI OTHOCI4TCfl K aHTH3a[OpHOMy',

a suxlt t t f i  -  K 3anoPHoMY cnoo.

Tenepl pacqer sorbr-alt4nepnoft xaparlep.L'I:rrlKn y95et -!urr 
cae-

AeH K coBMecrHoMy peueHl'Ilo ypaeueHnfi (5'al) u (5'51) c yqeroM cy-

ulecrByroqefi cessl4 MexAy 4 (-Q - A vt nL.--X;'ri 
*ocrorbr 6yaeu'- paccrr,rarpnearb ABa qacrHblr cryrlafl . llyctu

ToK qepe3 rerepon"pexo^ ronrpo.tinpyercn ABI{'(eHI.IeM socure,nefi ga-

o"o, "'xnastueftrpa;rlnofr o6nacru n6.nynporoanwxa 1' TorAa B Bblpa-

il*r, (b.41) rraoxiro rroJrox{r4rb roK i : 0. C Qnauuecxoir ro'Ixl4 3peHI.Ifl
gTO O3HaqaeT, qTo TOK gBJIfleTCs ltanOft pa3HOCTblO 4nyX 6OnlUI{X Be-

'flErrHH. B peay.illrare JIefKo uafiru

-r2r evz

nlr) - n*') 4: 7100)s kr 
, .

nf,",

rAe B rereponepexoAax BuAa 3a[opnuir - eanopttltfr cloit A,[q nuoAsoti

Teopur{ ntuiot 
- 
nr(-{, - d), aB rereponepexoAax BvAa arrfisanopHttlt

- ianopurtft c'rrofi AJII AHoAHoft reoput't, a 
laKxe*A#t 

AnqQy3IloHHot4

TeopHLI [npt{ tlpllHgrux npu6.nuxeHl{flx 
'ntl.' : nLe* T ''Bce 

eio no'gsOrser ganUcart AJrfl AtIOAHofi teopuu lI rereponepexo,u,a
BnAa 3anopHbfft cflofi

(5.52),

(5.53a)
eV

h(- kr- d) : nr{T .

.[ns rereponepexoAa BIaAa aHrl'IsanopHufi - sanopuufi cnoft e

flpeAno,ro>xeHllsx Alzo,u,soft reopl,tla, a raxke-B [peAnoJloxeuunx 4nQ-

$yeuounofi reopuu rpu rpl'IHsrblx BbIIIle npu6nuxeulxx

n ' ( -  { t

florcrasnss safiAenHrte
nue (5.56), noflyqaeM A,'Ifl

e(vz+v)
L T

- d) : nte (D'o'Jo)

Bbrpa)Kenlrfl n, (-Hr,- d) o BbIPaxe-

AnoAsofr Teopull u rereponepexoAa BI'IAa
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eanopnuft - saropHbrft-cnofi
eV"

i  :  i .  (eT- [) .

,[lnq Ar.roAHofi reopuu " .;;;oti*oou u"ou anruaanopnuft
uwfi cnorl, a raKxe arr .qH$$ysHonnoft reopuu

c(Vz+V )

i :  i r ( e  
k r  -  l ) .

P oupaxeHunx (5.54a) n (5.5a6)

(5.5aa)

- sanop-

(5.546)

t/r':

Kar ufi4no r.r3 Bbrpalxenufi (5.54), npalaofi roK anrrsorunHoro rere-
eV z  e (V t *V  z )

polepexoAa nponopqlroua;res eF v.nue- T, a o6parnufi Hcnbr-
. rblBaer HacbrflreHr{e. Be.nuquHa roKa HacbrrrleuuR i, onpeAerqercg [apa-

MerpaM4. xeasnHefirpanbnof/ o6.nacru roJrynpoBoAsvrxa 1.
flycm rox.xourfoJrr4pyercfl npoxoxAenr.reM Hocr.rreJreft sapa4a ve-

pes noBepxHocrHbre ypoBur.l. TorAa MolKHo npupaBHsrb nyno nupax6-
nue (5.51). 3ro raxxe o3Har{aer ro, qro roK rBJraercs rrlanoft pa3nocrbto
4nyx 6ontrrrux BeJtr.tqHH.

TorAa ,'IefKo nafirn

nt(--Qr- A : f lv

cJIeAoBareJr buo,.ypoBeH b rrHxgKqr{u oqeH b Mar. }ro nossonser BocnoJr b-
* 

soBarbcs Mfl ni Bbrpa)Keur.rrrrau (5.a2) n (5.a3).
B pey;rlrare MoxHo roryqr.rrb BoJrbr-aMflepuyro xapaKrepucrr{Ky,

coBnaAaprqylo no BHAy c BoJr.br-aMnepuoft xaparrepncrnrofi Ans Hso-
THnHOTO reTepoflepexoAa H BocnoJrbSoBarbcfl [poBeAeHHbrM Bbrrrre
aHaflH3oM. flpu erou cJreAyer crreu[aJrbHo orMerlrrb, rrro nl .AJrfl aHH3o-
TI{IIHO|O reTepOnepexoAa - 3ro paBHoBecHat KOHqeHTpaqils H€oCHoB.

. HbIx nocrre;teft, Koropaff 3Haqr.rreJrbHo MeHb-rre paBnoBecHofi ros(en-
Tpall[ltfi ocH:Bubrx nocnrqleft sapflAa nr B usorvnHoM rereponepexoAe.

5.5. BOJIbT-AMNEPHAfl , XAPAKTEPIICTI,IKA TETEPONEPEXOAOB
"4Jl t '  TOKOB qEPE3 nOBEPXHOCTHbTE ypOBHr{  nPLI  ABr. rXEHl{ i , l

HOCITTEJIEN C U3MEHEHI,IEM BflAA PA3PEUTEHHbIX 3OH

' flycrr Hocr.rreJlu 3apflAa npu npoxoxAeulrl qep$ noBepxHocr]Ible
ypoBHH H3Menflror BHA pa3peuennoft 3onbr H nepexoAflT H3 3oHbr npo-
BoAr,rMocrn B BareHTHyro gouy u uao6opor. B asognnuou n-n ferepo-
nepexoAe npr,r raKoM nepexoAe HocHTeJrb 3apflAa cTaHoBHrcfl HeocHoB-
rblM Hocr,ITeJIeM L npoficxoAl{T ;tHxeKqI{s, B aHItSorlInHoM' p-n
rereponepexQAe HocxreJrb SapsAa ocTaerc8 ocHoBHbrM LI LIHXeKTIKLI
{TET.

B cnyvae aHn3orr.rnHoro rereponepexoAa paccMarpliBaeMafl B Hac-
rondteu flaparpa+e MoAeJrb o6H.rnd B_ Jrureparype lra3blBaercs oMHc-
cr,loHHo- peKorr,r6l{s aqnouuoft .
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Kax A,'Ifl aHu3orlinHoro, TaK v rl3orlrrrHoro rereponepexuAa, wc-
norb3yq Qrsuuecxylo MoAeJrb, uso6paxeunyro Ha piac. 5.5, rAe npeA-
craBJIeHbI rereponepexoAbl c pa3HbIM tI o,4r{HaKoeHrvI Hgru6oM goH, Mox(Ho
sarrncarb Afls foKoB r.r3 noJrynpoBoAH[Ka / ua yponeub

iu: eIKtt) m,pL') - K!],, @,- mi)|,
a AJrfl roKoB r.rs [oJrynpoBoAHHKa 2 ua ypoeens

izt - e tKL,) @, - rn,) n? - KI3,)mi1,

P[c. 5.5. Tof,H .sepcc ypo-EHrr f lpn l lsMeaeHuB BuAa pasperueHHbtx goir.

tKLlt + Kf,2)nft1n1

rae 4l) n K|l - KnHerlrrrecKr{e xoaQsraqneurbr, xapaKrepn3yroqre
eJreKrponHbrfi o6ueu.ypoBuq G BaJrerrrHoft soHofr uo.nynpono4nnxa /;
Pn - KoHrl€rlrparlus 4bipoK g o6racru IroJrynpoBoAanxa 1, c roropofr
r.IAer sJreKTponnufi o6rueu, r.rMeroqafl p agJrHqH oe 3H arreH He l,r q .quoailoft
u auQ$ystosHofi reopnu.

.[,lr ctaqlroHapHofo cJlyqafl, K.ofAa iu : izr, JIeTKO Hafiru

(5.55)

(5.56)

(5.57)

(5.58)

Kl,])+ K',],,p'i, * Kf,2,rnft + Kl:"|
floAcrasrss ere sHaqeHnE trLiB Qopnnynu (5.55) u.nn (5.56), MoxHo

noJlyqHrb

f f i t :

Taxnu o6pas'orvr, .[ns paccMarpuBaeMoro cflyqas BoJrbr-aMnepHas
xap a KTep HcrH Ka rerepo_nep exoAa Moxer 6urt sa fi AeHa nocJre onpeAeJre-
uun xoe@runenroB KlLt, K!,!tt, Kl]), KI? u Beruqr.rn pt) .u nL', .

I,Icno.nlaya 'paBeHcrBo (5.55) npu V - 0, Mox(Ho naftru

xlJ�otm?pou: K51o) (nt: m'). (5.5e)
Kpome rofo, no aHaJrorr.In c KoHTaKToM MeraJrJr-noJIynpoBoAHHK ga-
NHlUCM

K\! : arctt, (5.60)
rA€ ur - cpeAHqfl renJroBafl cKopocrb AbrpoK. B norynpono,u,nure 1;
ci - ceqeHne 3axBara AbrpoK r.rs nonyrpoBoAHuKa .l noxaltnuM ypoBHeM.

e n 1 1rc1!t Kf,lt n hpt'' - xlltt al!"ty
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EcnH npeHe6peqbsaBl'Ic'Mocrbl'o Kl,tt, K!! u K!,1t, x5? or Hanpn>Ke-

1t4s u HcnoJlb3eBarb AJIfl orpeAeJIeHI'Ifl Klf,' u Kl? psyJlbrar rpeAblAy'

il.ero naparpa$a, nocne noAcraHoBKI'I floflyqeHnblx KI'IHernqecKI'IX Ko'

S6"ure"ro^" d (S.SS) MoxHo 3anrcarb cJleAyloqee o6qee BbIpaxeHI'Ie

tso,'rbr- aMrlepuoft xap axrepl{crl'I KL :

, : _,i:1.,',o,"t:11,1:!' 
-,f.otlj,-'ot,t,u^r,. 

ts.orl
urc, (p\n') * M, I pf,L't\| urcr(nf ) + nY"',

Be,rHquna n[') s erol'I BbIpaMeHilI{ coB[aAaer c noryqeHHofi n npe'

AbrAyqeM naparpaQe. Beluqzua pi 6yaer paccMorpeHa orAeJIbHo llJls

aHH3OTI,I IIHOrO u I'I3OrnIIHOrc reTepoflepexo.4oB'
AnusornnHufr neteponepexoA. B aHI{3orI'InHoM llepexoAe nptl nepe-

xo,u,ax c lr3MeHeHr,rernl elrla pa3peueHllblx 3OH HOCI{TeJIft 3apffAa e o6oHx

flo/IvIIpoBoAHI'IKax gB,'ItnTCfl OCHOBHbIMII'"""iil;;A;;fitr.op"" 
rI cJlyqafl' neo6paxeuuofo Ha pnc' 5'5' a:'

_ rQr-eVt

Pf;t: Pre 
hr

n;rs rofi xe reop[u n cJlyqat' uso6paNenuoro Ha pnc' 5'5,6:

Pt) : pr. (5.63)

B npe,unonoxeHlrqx 4nQQysr.ronnofi reopull npI,I AOCTaTOTIHO MaJIbIX

ToKax, KorAa He nupyuiaerCn SynxUuf pacnpeAeJreHr.rfi ttocnrenefr
gapflAa, 

* g#
pL- , :pF ,  (5 '64)

rAe BepxHlrfi suax B noKa3areJle creneHl orltocnTcf, K 3anopHoMy,

a nuxHuft - K aHrl'I3anopHoMy cJIoIo.
I,lcno.nmyn BbrpaxeHr.rf (5.62) - (5.64), MoxHo noJlyql'Irb AJIfl AI'I'

oanofi reopriu n iereponepexoAa BIIAa sanopustfi - 3anopHblfr c;tofi'

a raK)Ke airq luQQyenonnoft reopltn npu npl'Iusrblx npeAnoJloxeHl'{sx
O MAJIOCTI,I TOKA

- Qz - Qr e(V"iU,tl

l : -
+ -lL:E- 

'�: 
-'�--t- ' (5'65)

vrctpf 
-iT 

@-d * Mi * rrrrn{ 
-tr- 

pT 4 t't

,[I,rq Al,toAnoft reoPutl t'l
nopuufi cnoft nueevl

rereponepexoAa BHAa aHTlI3a[opHHfi - sa-

Qr eV,

(5.62)

(5;66)' ,nrrrrr,rrrnn"U O, ({ -rl);

. a{1pr (l +Mfl) aorcrnro-T ("7 + t)

Kar noKaSbrBaeT a:f;ailvs noflyqeHHblx eUpaxeuufr, BeJII'IqHHbI TOKOB

i lep$noBepxHocTHbleypoBHI43aBIIcgToTnapaMeTp-oBoooHxnoJlynpo.
"oA""*ou,' napar'rerpoi nOBepXHOCTIIbIx COcTOfl ttttfi n IpLIJIO*eHHOTO

t5.t

HanpflxeHns. Vlx no4po6nnit ararrus Moxer 6urt npoeeAeH npr.r nper-
MyrqecrBeHHoira o6lreue noBepxHocrHoro ypoBus c nor'rynpoBoAHtrKom
I unu noJrynpoBoAHHKoM 2, xaw ero 6u.to npoBeAeHo B npeAbrAyrqeM
napanpa$e.

. llp" gToM ocrarorcfl cnpaBeAJrriBbrMx ocuoBHbre BbrBoAbr o roM, qro
ToK nponopqr{ouaJreH KoHrreHrparlupr noBepxHocrHbrx ypoaueft u olpe-
Ae./rflercfl napaMerpaMr,r rofo rroJry[p,oBoAHnxa, o6iueH C KoropbrM KoH-

' TpoJrr.{pyer rox. llpnuoft ror Ans paccMarpuBaeMoro cfiyqar uox<er 6nrru
eVn eVt e(V2!V11

br rl.Itrt nocroflHeH. O6parnuft
e v ,

, e kr vJtw 6rtrs nocroqHHblM.
I4sorunHufi nepexoA. B nsorrdnHoM rereporepexoAe npn nepexoAax

C I{3MCHCHI,ICM BI-TAA PASPCUCUNUX 3OH HOCHTCJII.T gAPflLA B OAHOM H3
noJrynpoBoAHr.rKoB craHoBflTce HeocHoBHbrMLI. llycrr aio nonynposo4-
nux .I. Tbr,qa nJrorHocrb roKa Ha fpaHr-rqe rcnasuHeftrpalrH-oft o6nacrni
u o6lacru fipocrpancrBeHHoro gapqaa noJrynpoBoAuuxa'1 AJrs rerepo-
nepexoAa c urrpoxofi 6asoft

i :  '? t  Apr( -  { r -A:  '? t  tpr ( -  Qr-d) -pr l .  (b .62)

An" o"oolloo "*p", ; *";*" ilr"oon.o.*oAa, no*asasnoft Ha
puc.  5 .5,  6 :

h ( - Q r - A :  P I ' (5.68).

A.trs AlloAqofi reopua I,I Mo,aeJIIt, flpeAcraB,'Ieunoft ua puc. 5.5, 6,
a raKxe 4;lr 4uQ$ygHousoft reoprn npu npene6pelKeHlln Hapyueuutr
Qyuxqnu pacnpeAeJleu[q npoxoAqIqLIM roKoM

. f 2  v v t

rponoprrnoHaJrbHbrM eT, eff, e
eV"

ToK Moxer I,I3MeHflTbcfl KaK e- kr

(5.6e)

Tenep s AJrfl H axo)KAeHH fl BoJr br- alrnep noft x ap a KTep HcrI,I KI,t H3orr,I lr-
Hofo nerepofiepexoAa neo6xoAnrr,ro, KaK n B flpeAblAytqeu naparpa$e,,
peulrrb coBMecrHo ypaBHenrrq (5.6.1) u (5,67). [nn npocrorbl cHoBa,
paccMoTpHM ABa qacTHbrx cr'ryqatr.

flycrl roK KoHTpoJrr{pyercn ABHxeHrreM nocure;reft gapfrAa B KBa-
euueftrp antnofi o6;lacra rroJr y rrpoBoAr*tt<a 1 . TorAa MoxHo rlpup aBHsrb
Hy,'rro BbrpaxeHne (5.61).

B pesy;rrrare

, QrT,eVt

h ( - Z t - d ) :  o : . " = :

-(20\ ev,

Pt*= P!|o' '+*: Pflo)u . 
r,

ni-,"

rAe AJrfl Ar.roAr{ofi reop}ru Lr cryqaq, uso6paxennoro Ha puc. 5.5, 6
pLto) : prt a /.Jtr AuoAttofi Teopul rr cJryqas, ueo6paxeHHoro Ha

pzc. 5.5, a, a raKil<eanx 4uQrpysuoHuoli reoprir.r pf 0) : pr"* T .

(5.70),
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flocne noAcrauoBKI't
nocrleAHux s (5.67)

AJrfl Ar.IoAIIoft teopnu u
cnofi;

pl a eupaxenus (5.68), (5.69) tl

eVz- 1;-

l : i . ( e  
K '  - l )

rerepoflepexoAa BEAa eanoPnufi

i - j , ( e -  l )

noAcraHoBKLI

- (5 .71.  
a)

- eanopuuft

(5 .71.  6)

AJrs Ar4oAltoft reopult u rereponepexoAa BIrAa aHTusaflopHuft - 3anop'
,unft c.noft, a raK)Ke .aJrs lfiQ$yslloHHoE reopqlt' rAe

; - eDfir
& s _  1 1

Kax sIIAHo l'I3 no,lyr{eHHblx Bblpaxenufi, npRuofi roi nocroflH€H

rrn paceMarpuBaeMoro cJlyqar'  a o6parnufi  npo[opuuoHaJIeH e 
'ar

'  
e (V  " *V , l

r'ru e 
--nT-. 

flpu srou r.r3Mensercg'sHaK BbIflpttMJIeHLIfl no cpaBHe-

fruro co c,ryqaeM, paccMor.peHHblM B npeAbIAyIqeM naparpaQe' -
flycrr 

"renepl: 
ror xonrponupyer* npbxox4enueM Hocl.Irerlefi sa'

oq.u,a qepe3 nonepxuocrdbre ypoBHr,l. TorAa MoxHo noJIox(HTb'paBHbIM

;t;; ;;lt;*.n"i (5'67) u n6.ivunrs, I{ro pl !-9, 
- d\ : Pv

3to nogsonfler BocnoJlb3oBarbcfl \na pf, Bblpaxegl'Iquu (5'62) -

.(5. 64) . B pes y,'rtrare 3 aAaqa H aXOxAeHu s BoJIbr- aMnepnoir xap artep uc-

rvKH LnA u3oTunHoro reTeponepexoAa u ee aH�ailvsa cBoAl'lrcfl K pac'

cuorpenuo{ paubue 3aAal{e AJIfl aHI'I3orI'{nnoro rereponepexoAa'

5 ' 6 . rEHEPAI I l , t oHHo-PEKo Iv IEHHAqI {oHHb IEHTyHHEJ |bHo .
PEKOMBIIHAIIITOHHbIE TOKH B TETE"ONEPEXOAE

B aH[sothnHblx'rereponepexoAax Moryr sa6lpaailcr raKue ]Ke

feHepauuoHHo-peKoM6r4Haq[OHHbre roKH, XaK LI AJlq OobItIHbIX roMo-

p_i nepexoAob. BosHr.rxHoeeHr{e. raKltx ToKoB HJIJItocTpHpyeTcq

puc.  5 .6.' 
feueparirlonHo-peKou6unauuot*tbleroKlt Moryr p"'{1191-ulbcfl KaK

.ayeroeonnoM'TaKHuI} IpoKo3oHHoMno, ' IynpoBol .HHKe' .JaTeMHocl , tTeJIH
3ap fl Aa, onpeAeJl stotqfi e' cxBo3Holi tor, AoJIxHbI - np-oft ru 

- 
lponaexytou-

.urift cnofr l,t o$a3arbcfl B pa3peueHHblx 3oHax J,pyroro nofl]r'poBo!'HI{Ka'

Ec.nn npn atol.t cxeosilofi rox KoHrpor'Inpyercfl coocrBeHHo reHepa-

qr,ronno-perou6usa[uoHHblMu npo[eccaMl{, To AJIS HaxoxAeHI'Is reHe-'

oaUnonrio-perou6unaUuoHHbtx roKoB B rereponepexoAax MoxHo BoC-

no.nlsosaricR rofi x(e MeroAgKofi, ,{ro Ll B Il. 4.b npu paccMorpeHgg

o6uqsoro p-n flepexo4a' flpu eroM' Haflpfituep, o6paruble roxl{ tvtoiyt

.6urr eanl{caHbl c fioMoqlro Qopuynu (4'62), rAe Bce BerfiquHbl AoJIx{-

HbI ornoclrrbcfl K noJlynpoeoAHHxy / H 2'

B peay;rrrare uoixlio norlyql'Irb ArIs rloKarlb"t* {q91S-* 
pacro-

-;roxe"sui e6rr.rau cepeAr.lHbr sanpeulegHofi so6u noJIynpoBoAHHKoB
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P.11"I!"rocrr.r or napaMerpoB norrynpoBoAutl KoB I tr 2, onpegerqroluyropoJlb Moxer Hrparb nepnufi n.nu eropoft qJreH nonJreAHero BbrpaxeHus.

(5.72\

Plrc. 6.8. fenepa4nouno-pexon6uuaqnonHhre roxu B rereponepexo,{ax.

llpu sronr o6parnufi rox nroxer 6url nponopqnoHaJrbHbrM (q, * eVr),/iviln (e, - eVrl'|".
Kporue roro, B

TAK HA3bIBAEMbIE
Coornercrnytoulaq

Pnc. 5.7. Tyrnearno-pexou6xnaunonase
I

TOKII A

rereporepexoAax cyulecrBeHHyr,o por,rb Moryt urparb
rynrreJrbHo-pexou6uuaqHoHHbre roxa (pirc. b.Zl.
MOAeJrb reTeponepexola Ha3LlBaeTCq TyHHeJrbHo-

perou6Hnarluonuoft. 
_KaK BHAHo H3 pnc. b.7, n cryqae rynHe.rrbHo_pe_

xont6nnaquoHr{brx roloB OAr,rH H3 S.nexrponnux nepexoAoB Ha rroBepx-""T1y.:^Ip_o^":1 
?-clTecrB.rrr€rcn c noMourbn ryHHeJr bHoro sg6ex?a.'acqer BoJrbr-aMnepHbrx xapaKTepr.rcrn K AJr fi ryHneJrluo- peiornl6n_HaqnoHHbrx roKoB Moxer 6urr nponeAeH aHaJrornino rouy, iux npo_BoAnncr A.rts ng6urogHbrx roKoB vepes rouo_p_n n€pexoA. -

Ecau paccMorperb'pa3Hocrb nbroxa s.n6xrpouo^n roiu npo"o4"noo"-rr - noBepxHocruli ynoaeHr u noaepxuodruufi ypo"6"o - 30Ha

reteponepexo!ax.
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npoBoAr.IMocru (crvr. puc.5.7, a), vtoxno florytlnrb
f . - . ^ :

r : c [ 3,G) tf" (t) - i,(6lN^(E) N t(t) dE,
b

rAe ln $) vr L q - $ynxulru pacrpeAerle"Tl ,31te*TPoHoB B 3one
npoBoAHMocru u Ya noBepxHocrHblx ypoBHflx; 1Vn (6) u N 1 (6) - nror'

Hbcr" "ocro suufi Ans 3ogbr [poBoAr.IMocrI.I H noBepXHocTIIbIx ypounefi;

I (8) - xoa$QHut{enr npo3paqHocrn AJIfl ryHHerII'IpyPUlrIx eJIeK'
TpoHoB. l4rnerpupqnaHHe npoBoAI'ITcfl no BceM sHeprHRII'I 6, npu Koropblx
ocyqecrBrqrorcfl 3JIeKrpOHHbIe nepexoAbl.' 

Ecnu TyHHe,'IbHbIe flepexoAbl npo1cxoAsr 6eg HgN'IeHeHI4f sHepfHI'I

E;, To noc.r€Anee BbIpaxeHI'Ie Mo)Ker 6uru nepenucano B B[Ae

i - S 3^G) tf ,(t) - f ,(t)t N, (E) N, (E) 6 (6 + tt) dt. (5.74)
I. o

rAe 6 (t + Et\ - 4ellra'QyHKur'Ir'
floc.re uuterpHponaHl{s 3{oro BbIpa}IteH I'Ifl Arq roKarbHoro ypoBH r t

pacloJlo)KeHHoro B TotIKe E;, fiM€€M

i - niA n(6,) (q, - eV, * t t - 6,r)nt " If o $ r) - f r (E r\1, (5.75)

rAe yqreHo, uro Nn (Er) - (Q, -- eV2 * t1 --tr7)'1.
Iienuquna roeQQr.ruueura upo3paqnocrn ? (6;) naoxer 6url no'

JrvqeHa aHafiorlrrHo roMy, KaK eio 6lrno npoAeJlaHo e n. 5.3. B pesynr'
rare, npeue6peran 3aBI4cI'IMocrbIo noJIox{eHI'Ifl ypoBHfl or IIaAeHHfl
Hanpfl)KeHllfl B Sa3ope, [oJIyq[M

Oyuxqnn pacnpeAeJleul'Ifl sJIeKTpoHoB B rloaynpoBoAHlKe - 3ro

$yuxuua pacnpeAeJreHna @epvru. flpn orcyrcrBr.rr,r gbrpoxAeHl4fl- ee Mox-
Ho 3anllcarb raK: 

Ei-IL'-ev' ev"
--'-----'T;--

f n ( 8 , ) : ; - u '  . : M i e u r '  
( 5 ' 7 7 \

@ynrqun pacnpeAeJIeIII'Iff AJII ypoauefi f i(ti) -.ff r,,roxer 6url

[oJlyqeHa npfi paccMoTpeHl,Iu 3JIeKTpoHHbIx [epexoAoB noBepxHocTHblx
ypoiuefi c nonynpoeoAsuroru I u 2.llycrl roK KoHrpoJll'Ipyercfl ryH-
se.nrnuMu nepexoAaMu sona npoBoAI'IMocrl'I - floBepxnocrnuft ypo-

* B€Hb. TorAa 3anoJIHeHI{e ypoBgs orlpeAeJlfleTCq O6I\aeHO},I c saleHfiIoft
soHofi no.nynpono4unxa /.

B erou cryrlae Ha ocHoBaH utt' (5.57\

(5.73)

(5.76)

f ' : - - - -1 - '
' , Kili, r_RT

-  t58

(5.78)

1 5 9

iu, aHH3orHnHoro rereponepexoAa, r4cnoJrb3yfl (5.0g), Moxrro
NOJIVqHTb

flo4cranaaR r (5.78) Bbrpa)r{eur.rrr (5.62) n"nu (5.64), HMeeM Arq aHH3orun-
Horo rereponepexoAa

r  I  r r - l
it: 

-, 
,--t---;l- 

- rllg
t  1 ' t v t i

(5.7e)

(5.80)

(5 .81 )

(5.83)

I + M i T
.(nn auuaornnuofo rereponepexo4d noc,re noAcraHoBxu n (b.28) eu-
paxenr.rfl (5.70) Hnreeu

l, : ---I: =, tVl-'Jf ., L eV,

| + Mi; 
-Fr=

Tenepr MoxHo 3arrricarb BbrpaxeHr.re BoJrbr:aMnepuoft xapaxTepllcrH-
KrI AJrfl pa3JrHqHhrx r{acTHblx cfiyrraeB.

Ecnw f l saAaercs oupaxeuilerr,r (b.79), ro
evz

i  -  n i?oMt t ( "  ut  -  l ) .  
ev,  

(b.g2)

. Ec,ru fs 3a,{aercr Bbrpa}KeHr.rena (5.80), npu Mpffi ) I no.nyvaeu
eV, eV,

i - nt*nMlt (.F - e- VTl.
Ecnw f1.3aAa_ercs Bbrpax{eHr.reu (5.81),/io j:0 n ryuuelbHo-pe-

xorr,r6nsaqnouuuft rox oTcVTcrBVeT.
Kax elrAuo ze nonyueinux 

-nrrpaxenuft, 
npauoft rox qepee ferepo-

'  cv"
nepexoA lroxer-.6urt nporoprluoHaJrbnbrM OoEkT, a o6paruufi -

_ evt

3o wnu ?ne kr .
I4g.noxennoe_cnpaqeAJrr.rBo, noKa BbrnorHrrercq HepaBencreo trz -

-=6t l gz- eVz. flpr.r o6parnoM HepaBeHcrBe ryHHeJrluo-perona6nua-
uI'IoHHbIe roKH paBHbI HyJIIo'. nocKoJlbKy AJIS noBepxHocrlrofo ypoBHfl
Her pa3peueHr{brx cocrosHufi B [OJrynpoBoAHHKe 2, Xypa Bo3MoxHbr
ryHHe"rr bHbre nepexo,4br 6es IlsNaeHeH r.rs sH ep rH r.r.

AnaroruqHstnr o6pdsorr,r MoxHo npoaHaJrr{3rrpoBarb II TyHHeJIbHo-
pexou6una4uouHuft roK AJrr MoAeJrrir, noxasaHnofi Ha pr.rc. S.T, 6.

5.7. IAPAMETPbI a ]t=o* BOJIbT-AMIEPHOE
XAPAKTEP I , ICTITK'  TETEPONEPEXOAA

, Ins rereponepexoAa, KaK v AJts KoHraKra Mera.uJr-noJrynpoBoAHur(,
6o,rruyro poJrb nrpaer creneHb pocra roKa c [pr.rJroxeHHot" Hanp"*e-
HHCM.

fila npn*oro n o6parnoro HanpaB.neunft ToKa, .KaK H AJrfl KoHTaKra
MeraJrJr- [oJry npoBoAH H K:

": 
o.t!oi* 

i cr*: .or\;;r,



Kax noxagaJl [poBeAeHHHft sHlxe aHaJrHg, Arf pa3du{qHblx qacrHblx
cfiyqaeB rpqMarr BerFb BoJrbr-aunepuoft xapaKrepr{crrxa iereponepe-
xoAa Moxer 6urt npe4craBJrena B BHAe

i i ofr(VeV",v"'1" f l p  -  . s v  , (5.84)
a o6parHar B Br.rAe.

io6P - i'g-fr(VrVa'V)'

34ecl i, sBJrflercfl . 60.ree c.ta60ft QyHxur,reft HanpflxeHHfl,.qeM gKCnO-
HeHqHaJIbHaq SyHrur.rs BHAa etlgrv"v) ^ g-tz(vtvavzl .

vqurLilnas BbrpaxeHnff (5. Ba) lr (5. 85),' rr,roNHo sanrrcarb napaMerpbr
a Lr q,* B cJreAylorqeM o6uleM suAe:

-. df, dV- -- 4h 4V, , dh dV, , dtni,q. : d-l -w- +fr -fr- + rt ff + ffi . (5.86)
. d,*: -!!2- oYt - dlz dvs t df, dVe -s- dlni,

dvi oi-* i/;-fr- +ffiff + tr '  (5'87)
Taxr.nr o6pasom, 3aAarra HaxoxAeHrfl d, td. d*, n nepnyrc orl€p€,[b, cBo.

ALIrcs K HaxoxAeHr.rrc npo,3BoAHbr^ #, # " #.
Pacqer n aHarfi3 

dv' dv" ilv^BerrqHH -#-., -g- " 
6 

.

, [ l .naHaxoxAeHuflnpor.r3BoAHbr* #, +" # MoxHo Boc-
noJrb3oBarbcq cucrervroft ypanneunft (2.42), rAe AJrs o6ulnocru yureH
gapflA, csssaHgHfi c noBepxHocrHbrMr.{ cocrosgtrrMn Ha rpaHr.ruax pa3-
AeJra no,rynpoBoAnr.rK .l - npouexyrounuft cnofi u nponaoxyrounufi
cnoil - ronynpoBoAuux 2.

.[,n$$ep eH un p y rr ts bl p a xeHr] ff (2. 42_)_ no H-? lr p rrl<eHnro V, uoxuo nony qurb cr.rcreMy

rpex ypaBHeHHfi orsocurelrs "#,#, ,ff. no"nu perue'ur ,rofi .r.r.*o, ypru-
[egufi uueerr:

e "  dE"  dV,  doo - . .  dE" -  ,  ( ,  ,  e ,  dE"  dVr \  ao1
dV!. : e, 

-N; 
7E; 

--ff t "o"s dV; 
-r 

\' 
-r 

% 
-N; -AE; 

I Vf
dv dE; [. e. dEs dvs r os dE" g;-\

eoer 
& \'+ r; 

-arr, 
dE, , ei dv" dE, I

dv"
A V

(5.88)

(5.8e)

dv"tr:

'++-:#*+##
et dF1 dE" dV, eg dE" dV, dor-'0"J;frfr,E;- ", frd-fr---(## * +##+)#-

"*#( ' * *##+*  ##)
flo4craparu B grr.r Bdpaxe'ur Berurru'br npor.rgBoAHr 

dEi dE" dE"trx-fr;,fr " fr
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I dV, do, _ | dvi ' lgj

B rou cnyuae, xor4a o6nacru npocrpaHcrBeHHoro saprAa rB,/rfierct c,roeu IUor-
TNn, KaK y>xe paccMarpuBaJrocb n n. 8,6, 

or?rr: - '  ^
4Vz fl' 

AHaJIoruqHo MOxHo noJlyql{Tb

.{nfi c.ros Illortxu B ronynpoBo,(slrxe .1, u.o 49t = t
avt 

= 
4. 

un, npoMexyrorlHoro cJrorr,

B KoropoM'Moxuo npene6peqr o6telrsnm rup"ao".$g-: l-.

. -Igi-1 BzlgrylrpoBoAurxe .t peaaus rur", ̂ rr^"u!!.i^ o "loiu,ro BbrpaxeHr{e ArrEz1 Moxer obrrb rroJryqeHo rryreM rrHTerpHpoBaHr.rs ypaBHeHr.rr flyaccoui (1.7), e xo-

ropoe neo6xo4r.rMo noAcraBr.rrc p (x) B B'Ae p (x) : enre$ (cu. (1.10). B pesyatrare
rrocrre. uHrerpupoBarnfl ypaBneur4r llyaccoua or q(x) : 0 .q,b p (x): ,pi_ eVt
noJIvqa€M

E i : - ( 2 k r  ^ u # - \ % ' .
\ "oei I

Iloc.rre 4uS$epeuur.rpoBaHnr E, no V,

' (5.91)

(5.e2)#:+(:Y#!]"':#':+'

dE, dE"
fi 

" -ft u ypaBHenr.rq (5.88) - (5.90) r noryrrurb:

tye 9i- ur.rpHHa C,ros []orrxu c nucorofi 6aptepa,

6apsepa aHr'sarop'oro cnos; 7 -l 
4 (v=ev'' l  

1't '
L p " T J

cneAnero BbrpaxeHlrr, AnR aurr.r3arropHoro clos f ) 1.

Tenepl MolKHo no,qcraBr.rrb norvrreHHbre

panuori no Bera.r{aHe Bblcore
Qr-ov r

e--- hT- . Kax guAHO ae no_

d F .
Bblpa)KeHlrff g'ns --:i]- ,- a v

;  (5.93)
dy, : * # -w- +:* +(' +* #) -#
T-- :  *dq,'-( '++ ff +-#)

| + e"9? =t et7t
' ezd ' 

lei

(5.e4)

i tot, er e:t - or7, 3+ _( ", n,f + .,eg\ do,
d V "  l - A - *  l d v-d- : 

-l- Eszr l'  9 i  \ - '  e z d  '  
t " r d l

rAe AJrfl cnoq ll lorr \v f : l ; y,nn.anrwsanopHofo cnox f U ,. 
tU'nU'

flo.ny.reHHsre Bbrpa)Kenvfl Lnfl #, # " ff *oryr 6nrr
npoaHaJrri3HpoBaHbr Arrr pa3.n[qHbrx qacrHbrx cJryqaeB.

dV"
dv

l+ 
92 do, _ 

gt dor
' EoEz dV leoei dV

(5.e0)

6 r -687 l 6 l ,



flycrr
TorAa;

noBepxHocrHbrx cocroqHsfi ser " #

es?!

te$

( ' **  f f+#)
dv"
dV

dv"-ffi-:

dVt- d :
(  e r -  *  e ' \
\ e '  ' t e t l

# : o t
g2

l - L  e ,  9 ,  *  " t g t \
ez  d .  '  

fe rd  I

es 9z
e z d

doo:-ff - 0 .

.dv,
dV (5.e6)

(5:97)

ts.gsl
l +  8 s

' 8 � 2
, eaZr \-_T{l

Kax noxagHBaer auafirg srnx nupaxeHufi, c yBerfirreHueM ToJIT.IIH-

Hbr rpoMexyroqHoro cnos d # " + yMeHbrrrarorc^, u +
pacrer.'flpil yueubrIeHHI.I KoHlleHrpauvu nr pacrer +, +
u.y6uaaer #-, flpn yrr,renrurenr.rr.r KoHqeHrparlr{H r?2 pacrer #,

dv" dv"
# " yMeHbrraerc, #. .II,ns xopouo paeriuroro aHrneanopHo-

ro crron, xoraa l) I # *0, a nnpaxenus Arrfl + " #
coBrraAaloT c aHaIorHqHbIMr.I BbIpaxeHLIflMLI AJIfl KOHTaKTa M€TaJIJI - IIO-
JIy[poBoAHHK, noJIyqeHHhrMH B n. 3.6.

fiycm unpuna lrpoMexyroquoro cJroe crpeMr.rrcr K.HyJrro u d:0.
TorAa BbrpaxeHr{fl (6.96)-(5.98) npuuur'aaror BHA:

9z
d

9t

tet (5.ee)

(5.100)

(5.101)

dv*
BeI[ql'IHa' -;f- DaC-a v

aHTll3anopHoro cJrofl,

82 fer

'- 'B srou cryqae BeJrr.rqr.rHa #- y6ueaer, a
Ter flpu yBeflnrleHnn nl r'r yMeHbIueHHI{ nz. &ilfr

x o r a a  l )  |  + : 0 ,  a  # = r .
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Ecnu ff

d.V "rrpor43BoAHbrx -fr,

ncnu $ )0, ro

cr. f lprr 
'+ 

r0+

He paBHbr HyJrro, To AJrff no,qpo6uoro ananrvsa" #
#, # " # neo6xo4nruo uaftru saBncr{Mocru mr(V) u mr(V).

.Anx eroro LrcnoJrb3yeM peyJrbrarbr [peAbrAyrrlero naparpaQa, r4e
HaftAeHu BeJIr{rrr.rHbI f t Ans pa3tl.rqHbrx rracrHbrx cfiyqaeB npr.r yrrere
o6ueua yponneft c BaJreHrHofi soHofi nonynpoBoAnuxa I (ana.noruvuufi
a[anv3 noKa3brBaer, qTo TaKr.re xe Bbrpa)Ke[Hfr Ails [6 noJl]varorcfl nprl
yuere o6rraeua ypoBHq c goHofi npoBoAr.rMocrH noJrynpoBoAnr.lKoB I u 2).

dm' 
'  -  dt tYqreM, qro 

ffi: ntiV-.

HcnorusyR BbrpaxeHue (5.79), r.rMeeM O " #: *V :0.

Ecnu l, ea4aercn BbrpaxeHr.reM (5.80), ro MoxHo noryrtr.rrb, rrro

# ao, cneAonarerrbno, # ag w +->0.
Ecnu f ,3aAaercs BbrpaxeHr.{eu (5.81), +, #} 0, c.neAoBareJrb-

n o , + ) o  H  # = r .
Tarum o6pasol,r, B 3aBr4cuMocr?r or MexaHr.r3Ma nper{MyrqecrBeHHoro

o6mena c noflynpoBoAnr..rKoM I ntu 2 u vexauu3Ma npoxoxrAeHr.rq roKa
do, do,

ff u # Moryr 6url noJroxureJrbnbrMu r4iln orpr.ruareJrbHbrMu.

Tenepr npoaHa,ru3r.rpyeM, KaK # " S "n ^or Ha BeJrnr{HHbr

dv" dv"- u
dv :' dv

Ecnu .f f>o, ro f f

dV+ dV.
a7- Pacrer, a --Ai-

- dV"
vMeHblltaeTcf,. ? -;-

d V

dv"H -ff yMeHbrxaror-

-dv"
u -W- PacrYr.

dv"a -fu- YMeHbuaercfl.

# "$ "r^roBnrcs MeHb-

dv"u -atr- pacTyr,

flpu o6parnoM nepaBeH "*" $ <0,

we, a +- 6o.nrure.
llaparuerpu d, tr d* 6ee yuera aasnclltuocrn i" or HanpsxeH[s.

flpooe4err,r aHaJIr.r3 napaMerpoB o y o* Afiq pasrnqHbrx qacrHbrx cJryqaeB.
BosrvroxHHfi on4 Qynr<unfi h H fr, nolyuenHufi r{s anailnsa rrpHBeAeH-
unx suue pe3yJrbraroB, npeAcraB,reu B'ra6.n,5. l. B sroft xe ra6;lnqe
AaHbI HoMepa HcnoJIb3oBaHHbIX $oprr,ry.tt. flpn srou yrlHTbrBaJrocb, trro
B 3aBlIcHMocrH or napaMerpoB [oJrynpoBoAHrrKoB I u 2, npoMexyrorl-
HOIO CJIOS n npr.rJrolr(eHHono HanpflxeHr,rfl AJrs KoHKpeTHoro BbrpaxeHr.rs
BoJrbr-aMnepuoft xapaxrepucruKn Bo3MoxHbr yqacrKr,I c pagJIHqHbrMH
t, (Vu V", Vr) il f, (Vy V s, V2);
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T a 6;r u I1 a 5. l. Ilaparrrerpn fr t f, lrc pa3nnqnHx qacrHbtx cnyqaeB

Kar noxaeuBaer aHaJlr.rg ra6.ir. 5. l, nan6onee qacro BcrperlarcTcfl

cf,yr.ati, ror4a f, : 
# Vrt le : 0. C Qr.rsr.rvecr<ofi roqru speHr4rr oro

o3Haqaer, qro qaule Bcero npsMofi rox KoHrpoJrr{pyercs r.r3MeneHueM
Bbrcorbr loreHrlr.raJrbuoro 6aprepa noJrynposoAH[xa 2, a o6paruuft
ToK He gaBl{cr.rr or H3MeHeHr.rfl floreHql{aflbHblx 6aprepoa Hr{ B no,ry-
rrpoBoAfir.rKe I, nu s floJlynpoBoAnuxe 2.

PaccuorpeHue ra6n. 5. I noxaguBaer raKxe, qro npr.rMepHo .4JIfl
noJroBHHbr npoaHaJIr.r3r.rpoBaHHbrx cJlyqaeB BoJIbT-aMnepHbre xapaKrepHc-
rHXr{ onncbrBarorce oAsoli u rofi xe Qopuynofi, rAe BbrloJrHnercrr coor-

HorrreHue t, * fr: ff V. IIpu erou q. * q.* : 
#;

Hcno,rrsyn ,ilaHHbre ra6a. 5. I u paHee floJlylreHnbre sHaqeHns IIpo-
dv, dv " dv"

xrlBoAHbrx #, # u ff, MoxHo noJlyqr{rb d H q.* ,(nfl pa3JIHqHbIx
qacTHblx cnyqaeB.

E c . r N  f ,  :  E - V  u  f z : 0 ,  r o  " :  + ;  a * : 0 .
34ecl napaMerpbr q. v q,* He 3aBllcflr or napaMerpoB rereponepexoAa.

3HaqeHus  q .  v  d *  aJ r r  cJ ryqa f l  f  r :  +V ,  f r :  #  
(V , . *V ) :

I ere" ,r9rl _ ezgz do, _l ,, Erl - ,&, I do, I
d Fr+ 

- 
"rd 

-W- - 
\ e" E, 

-T --Fa 
l- aV J

vs l

d , :
e

RI

(5.46), (5.54), (5.65)

(5.45), (4.46), (5.54),
(5.66), (5.71)

t 6 1

t s r , f r / -  
1 l +  

t " 9 , ,  
+  l r t l  )

zt \  azd lep I
(5 .102)

I65

e- -
hT

ct.* :

Eo'i -s- eoeif *( ,, 7zt -r:&-\ d9-l + ", 9,, dLi
d  |  9 i  ' \ e z  9 t  '  t . " d  l d V  '  e t  d  c l v  

.

91 ezd ' 
te@ I

AHa,[ns BL,IpaxeHI{fl An}ro gAecb cBoALITcfl K npoBeAeHHoMy Bbl[re

alailHsy BbrpaxeHuff lnt 3lz-,Ilapanerp o* : 
# 

-ct Moxer 6urs

npoaHaJIH3HpoBaH Ha ocHoBaHHV a*ailvsa napaMerpa a. Oluetnu, uto
l - l

d - T t r d , - - 7 .

ouenuu BeJrHrrHHbr q. v d.* npu ryoi : 
+ 

:0. flpnr,aeu: l, :

-  f i z :  l 0 - 5  c u ;  d  :  2 .  l 0 - 7  c M ;  E 1  : . 8 r  :  e z  :  l O i  I  :  l .

TorAa oc : 0,49 elkT;a* :0,51 e/kT.Ecnu,ff u # orr rHbl or

HyJIg, s, Lr a* Moryr yMeHblxarbcfl, vrtrtw yBernql,IBarbct no cpaBHennlo
c npHBeAeHHbIM[ 3HaqeHHflMH.

Ecnn f, : + (V, *Vr); 7, : $ Vrz
eoezf (, - %8, \ -(, *l'E!-) do! * es?, do,

.  e  9 t  \ ' r  e r d l  \ ' r  e r d l d v ' e r d  d V
o : T -  ,

91 \' '  Ezd ' 
tetd , 

,b.l 'g)

es 9z doz r 'o€s * /, * ,, Z-z-\ df;f
-  e  e , a  d  d V  '  d  ' \ ' '  e z  d  I  d V

Q , " : - T  ,

g t  \ ' '  e z d ' t e & l

B arou cryqae "--tr- r I €fo aHaJIHs CBOAHTCfl K npOBeAeHHOMy

Bbrure aHaJrr4sy +. 
f lapauerp o: #-a* 

qe tpe6yer orAeJIb-

Hofo a.HaJlr.rsa. OqeHxa BeJIHTII,IH o. u d,* npu Tex x<e napaMerpax, rITo

I.I B EpeAbIAyIqeM cJlyqae Aaer a - 0,51 
# 

" a*:0,49 
+

Be.nuqasrt # 
" 

jfu 
ru**" Moryr H3MeHI,rb 3rH 3HaqeHHfl a u q*.

.[laa c.rryuan ft* fr-= ;i (V, {Vr):

,0 , , ( '4#)+#-##-
eq :  - F ;  (5.10a)

eoert l, , Fsgz , srfr \
s \ ' - .-4A- - 161
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Kar noxasnBaer auarne Bupaxenun (5.104), c pocroM rur4prHbr
[poMexyrorrHoro cJros q, : q* yMeHbluaercn. flpu yMeHbueHr4tr KoH-
ueuTpaqur.r nLv nzBeJrnrlrlna c' pacrer. B saBncuMocrn oi gHaKa 

# "
do.

#." 
- c[x Moxer yBertlqllBarbcq n yMeHbrxarbcs. Kax a paHee,

napaMerpbr q, v q,* nponopqpron"ro"", 
f.

C;reAyer oco6o noAqepKHyrb; rrro AJrrr nocJreAHefo cryqarr q, H.a*
ornocfl rcfl K p asubrM BoJrbr:aMnepublM x ap aKTepr.rcrr.rKaM. Afi alor uqsue
oueHKr,r noKasbrBar,oT, qro npu npr.rHgrbrx Bbrrxe napaMeTpax a = cr* :
:  0 ,98 e lkT.

" € V , e € e VEc.uu l, : af i f z: -t-V -:ff- , ro;

l-qn- *f 9rl - Fo 9z do, -( u, nrt - erEr\ do,
t  d  e 2  g t  e z  d  d V  \ e ,  g r  '  e r d  J d V

Eoerf (, , ssgz , esgr \
e; \'-r 

-VT'r 
}E[ ]

a n :  S  
- a .

L1.*

(5.105)

, Ananfie sastEclt'Mocru cr or rrapaMerpoB [oJryn-poBoAHr{KoB I n 2
H npoMexyrorrHoro cJror, cBssannurt c genuqnuofi 

ff, 6t n rpoBe,AeH
Bbr[re. K erorr.ry renepb HaAo Ao6aeHTb aHaJrr,Is gaBllcuMocru T* o.t erwx
4apanrerpon. Taxofi aualrvrs 6u.n npone4€H B fJr; 3 npn paccMorpenr.rpt
pa6oru KoHTaKTa MeraJrJr - [oJrynpoBoAHHK. B qacrHocrz,. 6nro no-
Ka3ano, qto npu Eoo ) kT senwrawna T* u ryuneJrupoBaHlre cyqecrBeH-
uul,r o6paeou yMexbrlaror BeJs,rrruHy c[ H yBernrruBaror eerrEul.ruy a*.

- Orn,IerrJu, rITo npnHqnnr.raJrbHblM orJlaqueM nocJleAHero cryqafl,
rofAa cyqecrBeHHo ryHHeJrr.rpoBaHHe, oT Bcex npeAbrAyrrlnx cJryqaeB sB-
Jrsercfl MaJraff 3aBr.rcuMocrb napaMerpa aor reMneparypbr. fIpH eroM-a*
or reMneparypbr Moxer 3aBr.rcerb cHJrbHo r.r 6nrl ttponoputroHa,rrrHol ].

Blnsnne :laBr{ql{Mocrs t" or nanpnxeH[c Ha d. fi a*. flonpanxu 'B

BeflLrqr.rHaM a H a* sa cqer qJreHa !#-Moryr 6um HaftAeHbr, KaK

v \iln KonraKra MeTaJIJI - noJrynpoBoAHr4K.e rn. 3.
Hanpurr.rep, A,'Iq cflyqaq, KorAa i, t On (cu. (5.31) - (5.34), (5.76),

(5.82), (5.83)), a BeJIHrrLrHa\@,, sa4aercq Bbrpaxeur.relr (5.76),
. 4ltt i, _ €6r dV,

dV 2 (qn* eVr)"/" dV

Oqesxa [ocJleAHero BblpaxeHus noKa3brBaer, qro flpn 9n: l}-s

n (gr - evz) : B 
i#!:- - ll,5 $ Z-t. Oro cyuecrneHHaq no-

[paBKa K BeJrr.rqI.IHaM q v cr*. AnanornrrHbre nonpaBKr.r.uoryr 6uru
uaftAesu H AJrs Apyrnx BblpaxeHuit 3o, ucnonb3oBaHHbrx n uacronuleft
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rJIaBe. OrlrerHM, qro yqer ryHHeJrr.rpoBaHAs, n BeJrnqr.rnbr 3o npuno,4nr
x 6o.nee cna6oft 3aBHcHMocrH napaMerpoB c[ H a*. or reMueparypu. 8.o6-
llleM BHAe Te[epb MO)I{HO sanr{CaTb:

'  d : A * 4 2  q ; k - n  t  D: ^ - 1 - - T - ;  Q L ' : v - . - -

5.8. . 9 KCN EP HME HTAfi b HbI E I,I CCJI EAO BA H I,I' BOJ.I bT-A M NEP H bIX
XAPAKTEP I,ICTItK TETEPONEPEXOAOB

B uacroarqee BpeMfl gKcnepr.rMeHTaJrbHo HccJreAoBaHo 6o.nrruoe xo-
JIHqeCTBO paSIr.rrIHbIX r.r3OTHnHbrX H aHI43OTI,InHbIX IeTepOnepeXOAOB,
npnqeM ocHoBHoe BHr.rMaHHe yAeJrffJrocb rereponepexoAaM Ge-Si,
Ge-GaAs, GaAs-AlAs u psAy Apyrnx.

Afls qHqcHeHHs BosMoxHbrx MexaHH3MoB npoxoxAeulrr roKa B
rerepon epexo,qax o61uuo rrccJreAoBaJrrrcb BoJrbr-aMnepHbre x ap aKrep Hc-
TUKW V I,IX 3aBLICLIMOCTb OT TeM[epaTypbl.

Oxasa.locr, rITo npffMble BeTBIi ieteponepexoAoB MoxHo on'caTb
C IIOMOUIbI,O OAHOTO HJILI HeCKOJIbKHX yTIaCTKOB, nO,U,qUHfIOIqUXCfr 3a-
KOHy,

. e V

i : i r e a v  : i r F , (5 .106)

a o6parnue BerBr.r onucbrBaJrncb c noMorrlbro .nn6o ana.noruqHofo Bbrpa-
xeHl{rr c.sat\,IeHofi a Ha a*, 4H6o noAqHngJlr.tcb cTeneHHoMy 3aKoHy

i :  BV^, (5.107)
KaK gro s o6rqeM n cJreAyeT r.r3 paccMorpeHHbrx Bbrure-TeopernqecKr.rx
grroaxeHufi.*'"K;;*p";;yn 

HHrepnperau'ro e*-enepr{MeHraJrbHbrx Borrbr-aMnep-
Hbrx xapaKrepr,rcrr{K paccMorp HM Ha npnMepe Ge-Si rereporepexo,(oB.
3ro cegsaHo c reM, qro, Bo-nepBblx, TaKHe.rereponepexoAbl orHocgrcff
K oAHHM sg sau6onee dsyueuuux, Bo-BTopbrx, B TaKHx fereponepexo-
Aax cyrqecrBeHHbr noBepxHocTHbre cocToqH�fifl ,1 MoAeJrb ToKonepeHoca
AoJr)KHa 6urr 6onee o6urefi.

Ann3ornngue rereponepexoAbt. THn v.IHgre n pqMble BeTBLI Bodrbr-aM-
nepHbrx xapaKTepncnrK cnJraBr{ofo fereponepexoAa p-Ge-z-Si, cHflrbre
npn pa3rr.rqHblx reMneparypax, JroKa3aHr-r Ha prac. 5.8. Kar BHAHo r.r3
9roro p[cyHKa, npffMbre BerBr.r BoJrbT-aMnepHbrx xapaKTepr4cTr.rK uMeroT
Tpu yqacrKa npH HlrsKr.rx reMneparypax, a npu BbrcoKnx oAHH, r(Oropbre
onlrcbrBar,orcfl BbrpaxeHueu (5. 106) c pa3HbrMr. i, H a.

flo useuup HeKoTopbrx uccJreAoRarenefi, yvacrxrl npt,t MaJrbrx
ToKax cBffgaHbl c noBepxnocrHofr yreuroft, noMHeHHro HHrIX, grli yqacr-
KI,I cBq3aHbI c Izg6gIro.IHbrMH TyHHeJIbHbIMI,I ToKaMH, nocKoJlbKy 3TH
ytracrKn onucbrBar.orcff Bbrpa)Keirueu (5. 106) c cc cra6o 3aBucrrqraM or
TeMneparypu: O4uaxo, nocKoJrbKy raKue roxu ua6lro4anrcrr w s o6-
pa3rrax c uanorl KonqeHrparrueft (('lOrb crvr-B), ro AJrfl cyrirecrnonauur
TyHHeJrbHbrx roKoB c,TeAyer npeAnoJrararb HaJruqr,re_o6nacrefi p-n ne-
pexoAa, rAe JroKaJrbHoe JIerHpoBaHHe 3HaquTerbHo 6oltrue cpeAnero.
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3ro cepresHoe, Ho rroKa Ma,rro o6ocuoeauHoe AonoJIHr,ITeJIbHoe rrp€Ano:
JIO)KEH HC,

Bropue [r rperbr.t yqacrKu npqMbrx sersefi BoJrbr-aMrrepHbrx xapaK-
repHcrr.rK Mof yr 6tnt on ncausr $opuynofi (b.l 06), rA€ cr : (O + #\ , .
I,lccne4onaHrre KuHeTr.{Kn ycraHoBJreHr.rfl ToKoB nonurunr,turo rnr*a^-
tlHrr s o6racrr.r roKoB, coorBercrByrou,[x BropoMy r.r rperbeMy yqacr-
KaM, npaKTr{r{ecKH orcyrcrByer. Bce gro ro3Bo.[rrer rrpr4BJreqb lna o6.u-
fl cHeHr.rq yKa3aHHbrx yqacTKoB BoJrbT-
aunepuofi xapaKrep r4crrrKr.t ryHHeJrb-
Ho-pexom6unarruoHHbre roxz. Orno.
c[TeJIbHO MeCTa rrx IIpoTeKaHus u ux

--JroxaJrbHocru pea,luayeTCrr r{3Jrox<eH-
Itoe Bbtiue.

iA/cnz
y't-

/0'

0 q/ '0,4 
46 q6 q8

t h - n t t t t t t l'- -q/ -4f-/ -5 -/0 -50(s
PHc.  5 .8 .  I fpnuue BerEU BoJrbr -aMnepHbrx
xapaxTepflcTur cnnaBHblx reTeponepexoAoB'

p-Gc - t-Si npn pa3sbrx reMaeparypax.

Prlc. 6.9, O6parnble BerBIt BoJtbr-aunepnbrr
xapanT9p[cTtrr cnIaBHbrx reTeponepexo4oD

p-Ge-n-Si npn pasHbrx reMneparypax.

I4cnonlsyn sKcneprrMeHruro"ora p$yJlbrarbl H Teoperuqecxrae Qop-
MyJIbr, MoxHo oueHHTb HeKoropbre napaMerpbr ryHHeJlbuo-perou6uua-
uuoHuoft MoAeJIr.r. B qacruocru, ec,'Iu nr : l01s cMt, ceueHue gaxBara
ypoeHefi  (10-ts . . .16:r+) cMz.

TunH.{HHe o6paruue BerBn cn,'raBHbrx rerepolepexoAoB p-Ge-
n-Si noNaeaHbr Ha pnc. 5.9. KaK enAHo r,r3 groro pucynKa, o6parHue
BOJIbT-aMn'epHbIe xapaKTepHCTI'IKt4 yAOB,'IeTBopI'IT€,'IbHo oII]IcbIBaI0TCfl
$opuy,roft (5. 107), fAe /n r.rMeer pa3Hoe 3HaqeHne A,IIfl pa3JluqHbrx

YIIACTI(OB." 
f lpol 3HaqeHr.rrrx m =rl, o6parHaa BerBb BoJlbr-amnepuofi xapaK-

Tepr.IcrlrKH Mo>Ker 6lrrr o6tqcHeHa reHepaquoHHo-peKon6usaqnoHssnrN
flpoueccaMn e o6nacrll. lpocrpaHcrBenHoro sapflAa. l\pu 6on;nux m
c.neAyer npr4BJreKarb Apyfue MexaHlr3Mbl npoxoxqeHl4fl roKoB. Hanpr.r-
Mep, m ) 3 uoxer 6urr nonyueHo, ecJlr{ lpeAr]o,rlox{HTb, qro cyqe-
cTBeHHyro ponb llf paeT TyHHe/IHpoBaHr.re gJIeKTpoHoB H3 sa,'IeHrHofi soHbl
ruHpoKo3oHHofo MaTepr{ara n-p ferepo[epexoAa ts 3oHy frpoBoAxMocrH
y3Ko3oHHofo, KaK 9ro paccMorpeHo B n.5.3 (crporo roBopn, nplr aroM
AoJIIKHa ua6lloAarlcfl gKcnonet{uvailbtatr gaBucnMocrb roxa or Hanpfl -
xeHun).

168

HsorrnHHe rereponepexoAbr. HaH6onee no4po6uue .uccJreAoBaHHq

*3_ol 
r.inlbrx rereponepexoAoB rrpoBoAriJrrzcb Afi q crpyxryp n_Ge_n-Si.

Ilor'ryrleHHbre Bodlrbr-aMnepHbre xapaKTepHcrnxu moxnb' 6uno pasAe_
Jlr.rrb Ha Tpn rpynnbr:

Pl,|c. 5.10. 'Borbr-aMnepHbre 
xapaKTep}|crHf,tr rrsorunHoro rereponepexola Ge_Sl,

c xopoulzM.. BbITIpflMJIeHI'le]lI 
.H nptl!'lblM ToKoM, coorBercrByrolrlHM

eHepferr.rqecxofi uoAenlr l.b.1.. (puc. 5.10, a); c xopolxrM BbrnpqM-
JreHHeM, Ho nporuBoro.noxHoft no.napHocrH'(puc. 5.t0, O); c a'soft-
HbIM HACbIIIICHI]CM B NPflMOM A O6PATHOU HAIIPABJICHH'IX (PHC.
5 . 1 0 ,  a ) .

flefnne rBa runa BoJrbr-aMnepHbrx xa- 6e 1.. Ji
paKrepucrnK Moryr 64rru o6txcneuH usl{e- n/8^..-t l\ p/46y-s
HeHHeM naAeHHg HanpsxeHHfl B noflVnDo- tv'  Ln - 

|  ------
BoAHHKax 1 u 2 xax 6es npue,reuenr",  iu^ :__
LI c npHBfieqeHLIeM noBepxHocrHbrx ypoBHei4
B Kaqec"Be nepecaAoqHbrx rleHrpoB AJrs HO-
curenefi sapflAa, yqacrByroqux B rrepeHoce 

-\

roKa, rrep$ rereponepexo,[. a 
- -_'-

nanpHMep, r.r3MeHflfl CTe[eHb JIerHpo_
BaHI4r [oJryrrpoBoAHr,tKoB I u 2, qoxuo no- 6e Si
ryrrurb V, KY.rnnn Vr) V". B nepaora 45./0/fcuV ,f./0/%u-t
cJlyqae npxrra_oft roK XoHrporupyercq Ha- - \--___
npff>KeHHeM V r, a o6parurrft Hsra6isercfl Ma-
JIo, Bo BTopoM npruoli ToK r{3MeHsercs Ma-
lo, a o6parurrft xourpo.nupvercfl HanDrrxe-
Hueu I/, (cu. ra6n. 5.1). 3io no4reepxAeuo
3r{c[epHMeHTaJIbHO H HJrr ' ]rocTpHpyeTCfl
p a c . 5 . l l ,  a , 6 ,  r A e  n o K a 3 a H b r  p a B n o B e c -
HbIe AI iafpaMMbI SHepfeTI. . IqeCKUX 3OH ptrc.S. i l .  paBHoBecHsreAaarpaur
lr3ornrlHbrx n-r? rereponepexoAoB Ge-Si "" "":?;.rl#ilT["i,".f 

i. iff""""-
nplr pa3Hbrx ypoBHfx JrerlrpoBaHHfl, COor_
BercrByrorrlne BoJrbr-aMrrepHbrM xapaKrepucrr.rKaM pr{c. b.t0, a,6.

Bonlr-ananepHaa xapaKrepHCTr.rKa u3orHnHoro rereporiepexola
c ABorzHbrM Hacbrrr{eHuenn (puc. 5. 10, a) HHKaK He Moxer 6urf o6rscHesa
npiocruna rIepepacIIpeAeJreHr.reM HanpqxeHufl MexAy IIoJrynpoBoAHr{KaMrr.
KaK y)r(e aHaJrH3HpOBaJrOCb n n. 5.4, A.rrs ee o6sscHeHuq Heo6xoAunao
oofl 3areJrb Ho -np H.BJreKarb yq acrr.re noBepxHocrHbrx ypoBHefr n nepeHoce
toxa (cu. (5.46)).
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flocxonrxy B npeAbrAytulrx AByx cryqaqx uccJIeAOBaHHbIe rerepo.
nepexoAbl nofiyrlafiI"Icb no toft 'xe rexnoJlornt,t' r' e' I{Meor ror xe'
nopr4ox KoHqeHTpaquLI noBepxuocrHblx yponuefi, To Her ocuonaHufi
HC YIIHTbIBATb I,IX YqACTHff B IICPEHOCE TOKA.

Taxun o6pasou, Bce MHoroo6pasNe.nonbr-aMnepHblx XapaKrepl{c_.
rr.tK r.tsorr.rrlHoro rereponepexoaa Ge-Si Br.r,u,a 3anopuuft - eauopnuft
cnOfi uOxer 6Hrl O6tqcHeHo roJIbKO c npLIBJIeqeHI'IeM yqaCTllff noBepx'
Hocrnblx ypooueft B Ilepenoce roKa.

AganorNqsue. p$yJrbTaTbr npu uccJreAoBaHI{rI BOJIbT-aMnepHbIx xa'
paKTepHcT}rK noJlyqeHbl H Ha Apytnx aHHsoTHIIHbIx I,I H3oTI,InHbIX.IeTe.

ionep-exo^ax. XapaxrepHbrM AJrf erlrx pgyJlbraroB, KaK u Aas pac'

i:rvtorfenuoro npnMepa iereqonepdxo,qa Ge-Si' flBJlsercs ro' -qro. AJIfi
o6rsiuesss c.rioxnoro xaphr<repa BoJrbr-ErMnepuofi xapaxrepucr'K'
npr.tBJreKaroT O6H.rHO HeCKOJTbKO MeXaHH3MOB npoxoxAeHllt roKa.

14, "ea*orps Ha ro, qro yxe HaKoffIeH o6udpnuft gKcnepl'IMeHranlsufi

MaTepr.raJr, yIOBJIeTBopI.ITe,'IbHOe o6tsCUeHUe BOJIbT'aMnepHbIX xapaK'
repUitux yAaJIOcb nplleecrv To.lIbKO .4lls oTAeJIbHbIx cilyqaeB' IlpurfeM
floflyqeHHbre rapaMerpbr- MoAeJrr.t tracro Jrexar la npeAdJlaun Queuuecxn
pasyun"rx. Bce'ero cessaHo co cJreAyprquu. Bo.-nepBblx, reopus rere-

ion-epexoaoB cos,u,aHa AJI' ynpoqeHHblx MoAeJIefi. B peamHoM rerepo-
irepeioae nepexo4uofi c.rIofi Moxer l{Merb cnoxHylo' crpyKrypy' noBepx-

rrot""ue ypbnnu Moryr 6urr pacnpeAeJleHbl cJIoxHbIM o6pasou no

npocrpauci-ny flpoMeNyrorrHoro cJros u no sHepr-Hrv. bo-BTopbrx, K Ha-

cionuierroy-spervrenu ne iiaspa6oras nonHufi KoMnJIeKc MeroAI'IK, Koro-
pnfi 6u no-asonsfl H$aBr.rctr.Mbru o6pasovl HaXOAHTb Bce napaMerpbl'
onpeAenqrcql{e BoJlbT.aMnepHylo xapaKTepIrcTI,IKy reTeponepexoAa. B

De3VJIbTaTe B HacroflIllee BpeMs Heso3MOXHa He3aBI'ICHMaff npoBepKa

irpr.l:Hrrraaer'roil l,nn o6tsCxennq 3XC[epI'IMeHTaJIbIIbIX.AaHHbIX MOAeJIH

rereponepexoAa.

Fnasa 6. nPOEOn HHE' t BJI EHI,Iq
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_ 6.1.  BI4AbI  nPOEOq

flpr'r 6omruux o6paruux HafipqxeH,qx B roMo- H rereponepexo4dx
gKcnepr.rMeHraJrbHo ua6ruo4aerca peexuri pocr roKa c npunoxeuHuu
HanpgxeHl{eM, cBfl3aHHHfi C noqereHr.reM Ao[oJIHilTeJIlHux ttocrreleft
3aps'Aa, npr'rHnMarollll{x yqacrrre B nepeHoce roxa (puc. 6. l). paccnror-
pHM BO3MOX{HbIe (pu3HqecKne npnquHbr; Koropbre Bbr3brBaror rrofl BJreHne
raKux Ao6aeoqHHx HOCUreneft sapsAa. fJprz aronr orpaHHrr[Mcff pac-
cMo'rpeHHeM npoqeccoB s o6nacrH npocrpaHcrBeHHofo sapflAa N ue-6y-
AeM paccMarpHBarb npoqeccbl B npoMexyrot{Hblx c'to9x, npoueccbr, cBg-
3aHHbre,c JroKaJrbHbIMr-r ypoBH'.Mr4 Lr r. n. 3ro rro3BoJrHr paccMorperb
npo6oftuue gBJreHH,fl B KoHTaKTe.MeraJIJI - noJrynpoBoAHHK, p-n ne.
pexoAe H rereporepexoAe Ha o6qerrl rprzMepe p*n nepexoAe.

I' HACTOflIUCE BPCMS PASJIHqATOT TPH OCHOBHbIC PAsHOBHAHOCTI.I NPO-
60 t p -n nepexoAg : ranr.rHHufi , ryHubnrnufi (sraueioncr<rafi ), ren.ronoli.

9yTb fBJIeHHg JIaBLIHHoTo npo6or gaKJlloqaeTcs g roM, qTo Hocl.rreJrr.r
3apff,(a B cI'rJrbHoM no.ne o6nacrH npocrpaHcrBeHHoro sapeAa npHo6pe-
Tarcr eu'epr-l'tlo, AocraroqHylo AJIfl I'IoHHsaIrHa aroMoB [oJlynpoBoAHrrKa,
T. e. AJrr o6pasoaauus HoBbrx Hocnrenerl sapflAa. 3rn Hoclare JrH sapfl,Aa
B CBOIO OqCPCAb IIPHIOA'T K BO3HI,IKHOBCHHIO HOBbIX SJICKTPOHOB I.I AbI.
PoI I r. 1. (pnc. 6.2). Ko.nuvecrBo HocHre.nefi sapn4a, yuucrnynulr4x
B ng)eHoce roKa, pe3Ko Bospacraer r.r Hacrynaer npo6ofi.

llplr ryHHeJrbHOM npo6-oe pocr Hocnreneri eapa]ia, [pHHr.rMaroqax
yqacr[e B nepeHoce roKa, npoHcxoAr.IT BCJTeACTBHe nparabro ryHHeJrr{-poBaHr{fl 9JreKTpOHOB, }.r3 BaJIeHTnoli goHsr B 30Hy npbroAuuocru, xax
noKa3aHo Ha pHc. 6.3",Taxofi npoqecc nponcxo4rai 6ei HsMeueHHs eHep-
rTH I,I, CJICAOBATCJIbHO, CTOJIKHOBC,HI,Ifi HOCUTCJICfi SAPUA C ATOMAMU
perx€rKH nonynpoBoAHHKa.

^aK flCHO H3 H3.rrOX{eHHOfO BbrIUe, aasHnHHfi npo60fi 6yaer npofic-
xoAr'rrb B AocraroqHo rxHpoKr.rx o6aacrqx npocrpaHcrBeHHoro sipnaa 

'
(cna6o JrernpoBanHbre noJrynpono4uHxn), xoiaa iao"rlroaarotcs MHof o-
ip:lll1..l9rrKrroBeHr.rn uocureneft sap*Aa c peurerxoii n o6nacrn npo_

\crpaHcTBeHHOrO 3apsla, T. e. npH cnpaB-eAJTHBOCTH npe4no.noxeulafi,
x ap a Krep Hbrx AJrs,q HsQys n_oHHofi reop uu. TyHuenrnuli n po60ft s a6.nrc-
Aaercs AJrs y3Kr.rx o6nacreli npocrpaHcrBeHHoro sapsAa (cu.[rHo-nerH-- poBaHr{bre [oJrynpoBoAHr.rxu), B KoTopbrx ger cro.nrHoneunlt c perrterrori
H ocyuecrBJrsrorcff KparepHr.r AHoAsofi reopr.rn. o6a paccubrpeHuue
BUAg npo6ofl rBJrsrorca gfieKTpHrrec(LrMtr Lr gaB[csr or BeJrEqHHbr norq
e o6racr' npocrpa scrseHHoro 3apgAa.- Ha6nroAaelrre np, JraBr.rHHoM
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14 rygHe,'rbHom npo6oax BoJlbr-aMnepHble xapaKTepucrl'lKl'r noxa3aHbl
ua puc.  6 .1.

B gas[cuNlocrr4 or Mecra JIoKaJIu3aIIHH MaKcHMaJIbHux nonefi osn
Moryr ocyqecrBJlsrbcfl B o6leue ililw Ha noBepxHocrr4 p-n flepexoAa;
Csggano 9To c reM, rITo SaptA Ha [oBepxHocrublx ypoBHsx B Mecre
BbrxoAa p-r? nepexoAa Ha noBepxHocrb Moxer u3MeHsrb urupnHy o6'

kp

reprrcrHKy HeCyqecrBeHHO H Ha6.nrcAaerca npocto 60Jree nJraBHbrfi pocr
y\?, :^?-6pyHbrM nanpflxeHr.reM .no cpaBHenuro c He.rroKarrbHbrM npo_
ooeM (cy. prc. 6.1, xpueue I, 2).

ucoobrM BHAOM JIOKaJTbHO|O greKTpkqecxoro npo60fl flBfiffercq c[o-
pa4uvecxrfi npo60rl, xor4a o6pasyrorcn kMrryJrbcbr roKa .ri BO3HHKaTOT
MuKporIra3Mhr.

JracrH n pocTp aHcTBeHHof o 3apsAa LI, cJIeAoB a-
TeJrbHo, qerr4rllrHy Hanpfl xeHHocTIz SJIeKTp n-
qeckoro nons. 3ro BI.IAHo H3 pl{c. 6.4. Ecnn
3HaK noBepxHocrHoro sapsAa coB[aAaer co

'sHaKoM r4oHI4sHpoBaHHbIX flpllMecefi r 6onee
BbrcoKooMnofi o6;lacru [oJIynpoBoAHHKa, ro
HanpflxeHuocrb noJls y noBepxHocru 6yAet
Bbrlre, r{eM B o6telre. Bepomnocrl upo6or
Ha rroBepxHocrl.{ rrpH erou 6onlure, qeM n o6t-
ene p-n nepexoAa. Ecnu xe sapsA Ha [oBepx'

""T1"8:Hi,,, -l?i,trH['HT HocrHblx' ypoBHqx nporllB-onorlo)K-eH 3aptAy
npsxeHuex: 

- 
HOHH3I,IpOBaHHbIX npUrrteCeft g CIa6O JIefI,IpO-

fir*fff";Tt"J";#5;'T'# saHHoft o6lactn, ro Hanps)KeHHocrb..norls y'
' 6on noBepxHocrr.r yMeHb[raercs .r-r npo6oft 9yler

Bo3H l,rKarb e o6teMe noJlyn poBoAtt uxa. (D Hsu'
r{ecKr.r oTo onpeAe,rrercf TeM, rITo gapsA 6o.nee cu.rtlHo ner[poBausoft
o'6racrr.r KoM[eHcllpyercfl He rorbKo 3apflAoM caa6o .neruponaHHoft
o6ilacru, Ho 14 noBepxHocrHblM 3aprAoM.

B peanrHux p-n nepexoAax o6uquo cyrubcrnyer HeKoropoe KoJII{'
qecrBo 4e$erroa: HapyueHHs KpI-IcTaJIJII{qecxoft peruerK}I, H€o.{Hopo,(r
Hocrb B pacnpeAe,'Ienllfi lpl.IMecefi u t. n. Bce 3ro npIrBoAHr K ToMy,

- Ptrc. 6.4; K slunsNru noDepxHocril Ha gJreRrpnirecKufi npo6ofi:
d  -  noBepxHocrb  ocJaor rer  npooof i ;  6  _  noBepxHocTb ycHJruBaeT npo6of l .

. flocneAHuft, rennoooft au4 npo6on cbqgau c reM, qro npI,t rpoxox_
AeHLru roKa qepe3 p-n nepexoA MolKer npoucxoAr.rrb ero Harpes-. Oror
HarpeB rrpIIBoAHT K yBeJrr.rqeHHro qHcJIa .Hocurenefi gapflAa u, c.rre40ea-
reJIbHo' K pocry roxa..Taxoii nu4 npo60r cyqecrneHnulr o6pasona sa-
BHCr]IIOr rerrJroorBoAa r.r3 o6nacra p-n nepexoAa. ou rr.roxer sa6.i[o-
Aarbcs r.rJrH He sa6.nrcAarlcs q rex *rc p-n nepexoAax B 3aBVCnMOCTr.r
or ycnonuft renJroorBoAa. rlpr.r 3roM BHAe npo66a. Ha6.nolaercrr BoJrbr-
aM[epHaq xapaKTepr{crr4Ka rwna noxagaHuorl Ha pr.rc. 6.1, 6.

6.2 .  J IAB} IHHbIH NPOEON

B rrseAeN.r' ocHoBHoe yp aBHefrue yaapuori 'uoH r.r3arrr{ r4, o., peAeJrfl rorqee
ycJloBr4e raBr.rHHoro npo6on. Eya"r cuurarl, ,rro e o6rai"ro p_n ne-
pexoAa ys p-o6nacrn BxoAHr 4srpouuuli roK i,, (-Ho).Ec,ru no.[e s
oodllacrl'I p-t? nepexoAa HMeer AocraToqHylo Be'IILrgHHy, ro 4upovHuri
TOK C paccroflHr.reM yBerfiqn Baercfl. u npv^BbrxoAe ws o6nacru flpocrpaH-
crBeHHofo sapqAa HMeer BeflHrrHHy io (er) _- Mriro (_gr), rfie ni, _
xoeQQt, rtueur JraBHHHoro yMHoxeHafl 4npox. AHaioiri,iu o"iox s,rreKrpo-
HoB trrn 6yaer yBerlrrrlrBarbcr npu npoio>x4eHvr4 p-n [epexoAa cnpa-
lq la,rgpo r{ qepe3 rpaHv rly p-n ilepexoAa BbrxoAur ror< i. (K.^\':
Mnisn(9,) (crvr. puc. 6.2). CytrnaapHuft rox i : ip(9") + t^1_t2,o1{tra_
ur-roH ap HoM COCTofl H HH fl B,Tfl eTC g n ocTor HHbIM.

flpupaqeHHe AbrpoqHofo noroKa B roqKe r BHyrpt4 o6nacrn npo
crpaHcrBeHHOrO 3apflAa p-lz nep€xoAa paBHO rrllcfiy sJTeKTpOHHO-Abr-
porrHbrx flap, reHepupyeMbrx B ceKyHAy Ha paccrosll.uu dx: 

-

: + a o d x { $ a n d x , (6 .  1 )
rAe ap n o!-- xoe$QnqueHrrr ygapHofi HoHr{sauulr 1.na qupox r.r sJreK_
TpoHoB. lIOCae4Hee BbrpaxeHne nocJre Ao6deneHas rz tsrr""raHr"

n,t,

- l p 0 { n x

PHc.  6 ,2 .  CxeMa raBuHHdrd  nPo6on. P H c .  6 . 3 .  S J t e K T p o H H b l e  n e p e x o A b l  n p t r  T y H r
HenbHoM trpoooe.

,IrO s O6naCTU TaKI,tX 4e$exrOn Bo3HLIKaIoT HeOAHOpoAHOcTI'l glteKTpuqe'

CKO1O IIOJII , B veCraX.MaKCI,IMa,'IbHO1O IOJItl V HaqHHaeT pa3SHBaTbCn

s,rreKTpl4qecKUft npo6Ott, xorOputi B SToM clyrlae sBfltleTcq JIoKaJIbHbIM.

Taxofi .loxamslrfi npo6oii raK)Ke Moxer 6srrl o6teuHbrM LI [OBepx-

HocTHbrM. ECnu Aoxa.rl lnltri npo6Ofi paseueaercs s O6naCrH oqeHh Ma-

nOrO CeqeHuf , TO .BC,'IeACrgue 6OnnUOfO nOCrrleAOBaTeJIbHgfO COnpOTI'IB-

JreHlrs A,ns o6.naciu npo6ot ero BJrr.rflHt4e Ha BoJrbr'aMilepHyro xapaK-
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tp
e

andx ttoxer 6urt nepenllcano B BI4,(e

a t nP :  - ( q o - a o )  i n : 9 1 o [ '
d X  

\ - - Y  r t '  P

VpanneHue (6.2) uueer sur.  U'  *  gA: Q, fAe A: ip 'Peuresue ero

t f ,  ̂ J , ' o * ' ' , , 1 1  f 3 o *
u: LSs"Qe-L' 

dx' + cll {n'

B pesy,rorare npr4 rpaHLIqHbIx ycaoBuflx:

x :  -Ue ,  i p :  i r p ( -Ko l ,  i o - i ' p  1 - t l , ) ;

x : Qo, ip : i - irn (Hn), io : i6s (9,)
HMECM

-  i o ( x ) :

t F  l f  f  |  * ;  . , , 1  , . 1- .*p l  l_@o-an) dx ' I  i ,  l -c t , ,exp l -_t  
(ao-an)dx" 

l+t ' i '
L-zp t ,  -90 L -9p ,  

,U.r l
B c.nyuae, ecJILI JIaBnHHuft npouecc onpeAeJlsercq AblpKauu, Hs (6.3),
r{cnoJlb3y9 TOXAeCTBO

s r l x l l - s t 1
j  one *p l -  j ' ( o , o -an )dx ' l o * : . * p l -  l .  ( " r - q ;d l -

*ep L -ep J 
'L -bo I

MOX(HO norytlltTb

,  " t  l -  i  . l -
, - + 

: l_ a, sxP | 
- I @o- on) dx' ldx. 

(6.4)
-ge L -90 J

' 
HanpnxeHfie nasufnoro npo6or -Vno uoryno ofipeAeJll-rrb KaK Ha'

npqxepr.re, [pl.t KoropoM BeJII{tlI{Ha M; crperrlarcg I! 6ecxoneqsocru.
flpu erou BbIpaKeHHe (6'4) nepenucblBaercfl B BI'IAe

(6.5)

. Ec.irr.r rasunltHft npoqecc onpeAerffercs He AbIpKaMlI' a sJIeKTpoHa'

Mr.r, To aHaflorHqHble paccyxAeHlrt npuBoAffT K yctIoBHIo . ,

r f 2 m - l r - '
vnp:+l*{-  ^ t t  l ' * l  (  " '  )^* '  n-6.  (6.9)-  &  r _ / ( - l  A  I  \  e  I  

" n

Taxuna o6pasou, n po6uauoe Hart pqxeHr.re p$Koro Hecr{MMerp r,rqnof o

p-n nepexoAa rraAaeJ i pgcrou KoHrleHrpaunr.r KaK nnffi. Ha
pHc. 6.5 npuBeAeHbr paccqnraHnbre no (6.9) eanucr{Mocrr.r npo6unuoro
HanpsxeH[fl AJIff pffAa noJrylpoBoAHr.rKoB. Moxuo [oKa3arb, qro or{H
4na Ge u Si Aoeortno xopouo noAqr,rHflrorcfl 3aKoHy

Ynv : 4Oo'4,
rAe p - yAeJIbHoe conporraBJreHr,re noJrynpoBoAHr,rKa.

B c.nyuae JraBHHHoro npo6on Vno ruoxer gaBlrcerb raKxe or reMrre-
paiypu. 3ro onpe4eJrsercff reM, qro c H3MeHeHrreM TeMneparypbr.r.rsMe-
Hsercfl Anvua ceo6oAuoro npo6era r.r 9Heprufl, Koropyrc Moxer Ha-
6parl HocnreJrb 3apffAa MexAy croJrKHoBeHu'flMtr. llocxontxy npu pac-
eeflHuLr sa xone6asusx perxerKvr ArrfiHa cno6o4uoro npo6era c pocroM
reMflepatipbr yMeHb[raercs, ro gHeprHrr, npno6perailMar HocrjreJreM
3apflAa Ha AJTHHe cao6oAHoro npo6era, raKxe yMenburaefcr. 9ro npn-'BoAur K ToMy, rrro c pocroM TeMneparypbr nprd JTaBHHHoM npo6oe ua-

r npflxeHue npo6oa yBeflHrrr.rBaercs..
Bo.ulr-aunepnas xapaKrepucrnKa npu naBnHuou npo6oe Moxer

6um no.ry'reHa, ecJrn HcnoJrb3oBarr sunkpnuecxyro gaBucnMocrb

M -

rAe AJIa Ge.n Si 6 - 3, . . .  l

flonyveHgbre Bbrpaxeunn a o6lrleM BrrAe erqe cJloxHbr A.llq aHafinril-
qecKofo pacqera, nocKoJrbKy dn ! dp qBfiqrorcr QyuxunrnrH Hanpr-
xeHHocrH sreKTpHrrecKofo rroJrff. 6 o6qeu BI{Ae oHH.peuar,orcs roJrbKo
c nououttrc 3BM.

finn anatnruqecKoro pacrrera MoxHo r,rcfloJrbsoBarr c.nelyroulilt
npu6nnxeuufl Anrfl, cBqgn d,p vt d,n, a raKxe gaBncllMocrv q.D or Hanpg-
)KEHHOCTH NOJIg:

q,p: Kd,nl dp: AE^, (6.7)

rae K w m- nocroflHHbre BeJrHqHHbr.
TorAa BbrpaxeHue (6.5) npuHHrr,raer

BI,I{ :

K I n / (  ^ u (  7 m 1_r] :_4 J E,,dx. (6.8)
*gp

floAcran.nsn e (6.8) E (x) pnn cnoq IIIor-
TKH npn paBHoMepHoM pacnpeAe.rreHr.[r
npuueceft AJIfl HecnMMerpurrHoro p-n

nepexoAa,.KorAa nn K pp w 4 : &n, B
NOJIVqAEM

(6 .10)

(6.1 l  )

(6.2)

Pnc, 0,5. 3aB[cuMocrb HatrprxeHr{t
,[aEHHHoro npo6on ot KonqenTpaq[[
I|pr|�Mecefi r Arr HecfiMMerpuqHoro

. pesxoro p-n nepexoaa.

er.rAe E (x) : - { @- x)
Eao

s r l x l
- l +  J  oo . *p l -  $  (ao -o .n )dx ' l dx ,

-gp L -9p I

9 n f t n l

*L,"^."0 [ J ,"" - ",) *'f dx: r...

i.

d;,
,{it,ii
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f ioAcraensq (6.1 l )  e

i :  ip(U^) + i^(-g,p) -  Mpipo (-g.o) 4 Mnino ( i lo),

no,'IyqaeM

flpu npeHe6pexe{w saBvcl4MocTbro noABhxHocrH oT KOHUeHrpa.

III'IH H + < 7'o oupaxeHue (6' 15) uoxHo nepenucarb B BrIAe

l / nv :  aPn*  bPp ,  (6 ' 16 )

[rAe o, v eo- yAe,'IbHbIe conporuBJlelzfl n- w p'o6nacrek; aub - no-

c"orili"ore.' BenH,{r.{Ha vno yueusuaercfl npTMg _nponop(I4oHaJIbHo
yAeJrbHoMy conporr.rBJreHulo H TyHHeJrbHbrfi npo6oft 6onee'cyqecrBeHeH

.qJr g cItJIb HO JIef I'Ip OB a HHbIx n oJIy[ poBoAH HKOB.

3asllcllN{ocrl 7no or reMneparypbl npu ryHHeJIbHoM npo6oe onpe-

Ae,n getgg, f JIaBHbIM O6p aSOU, 3 aB Ltc HMOCTbIO OT TeMIIep aTy pbl BeJI HTIHHbI
rr]rzpuHbr 3anpeqeHHoirsoHtl 6n nnn Ge, Si, GaAs uruptzua sarlpeqeH-

rOft SOn"t y*eHrruaercn c pOirOn,1 r6MlepaTypbl, a 3To O3HaqaeT' qTO

HanpqMeHr4e TyHHeJrbHoro npo6ot B 3Tr.rx IIOJIynpoBoAHLIKaX, B OT-

JrHrrHe oT JraBtrHHoro npo6or, c TeMnepaTypoit ymenr,uaercfl. oAuaxo

9TI,I UgMeHeHHfl.HeBe,IttKr4 U AIIfl TyHHeJIbHOfO npO6On o6UqHO npeAno-

Jlararor, qro HarlpflxeHNe npo6otl Ha 3aBHcHT or reMneparypbl'

.  l ct: -:--T-V-F'
r - l - i - r - - l

.  \  Y n o  /

rAe i" : irn f i'o - rox HacbILIreHI'lf p-n nepexola.
flpn ynenuqeHtrr4 o6paruoro roKa cJreAyeT .TaKxe yql.ITbIBaTb na-

AeHLre HanpflxeHl.Is Ha o6tenanoM conporl{BJlenuu p' h n-o6nacreft'

5ro nptr"o,inr K cfJIalKnBaHHIo BoJlbr-aMnepnofi xapaxrepucrHru a o6'

nacru'npo6os no cpaBHeHHrc c reM, KofAa rraAeHIIeM ee n o6oeue noJly-

npo.BoAHr.rKa MoxHo npeue6peuo.

6.3.  TYHHEJIbHbI f l  NPOBON

A,rq HaxoxAeHlrq BoJlbr-aMrlepnofi xapaxrepllcrnKH^ n p I'r ryHHeJIb'

UOn npO6Oe MO;11HO BOCIIOJIb3OBaTbCS p$yJIbTaTaMI'1, noJIyqeHHbIMI'I B

n. 4.7 4na ty""enbHblx AIIo,Aoa. flpn eio*, noacraBilflfl' (a'80) n (4'79),

4nn o6paruoro roKa JIefKo noJlytll'lrb

i  -  {2m" ezEV (-, : -J,rr,rg- .*11

6.4.  TEnJIOBOU nPoBon

B uA sontr-arunepUoft xap aKrep I{c r L|KLI Itprt reFJIoBoM npO6oe Mo}KeT

6url onpe,[eJreH r.r3 ycnoaufi'ren.n-onoro 6ananca B p-ry ne,pexo4e. llpt't

cTaur{oHapHoM pexLIMe xonuqecrso TenJIOTbI, eHAeIqeMofr B.p-n ile'

pexo.u,e, AonlKHo paBHflTbcfl KoJIHqecTBy TenJIOTbI' OTBOAI'IMOI{ OT HefO.

BuAengeMafl Ha p-n nepexoAe B BI{Ae renJlorbl MoulHocrb

Ouo.o:VI,

d oreoAlar,{afr or p-n nepexoAa MoulHocrb
^  T - T o
i-ors : -=6- '

r \ r

rAe ? fi To - reMneparyp a p-n nepexoAa u oxpyxanqeft cpe4ut coor-
BeTcTBeHHO, Rr - TenJIOBOe CO[pOrI'{BJIeHVe p-n flepexoAa'

flpupanHvBafl PBHA: for', I'lMeeM

vt :J ; ! . (6.1e)

TepecyrcqeM Hac reMneparypHoM r.rHTepBaJIe KOHUeHTpaUfi fi . ocHoBHbIX

(6. r 2)

(6 .13)+1,16 6"!'-EEF-

Kax sr.rAHo H3 nOCJreAHeft QOpnrynu, rynHelruufi rox. I ctl.nluo 3aBI'ICLIT

or Be,rllqtlHtt norq E.
Moxso BBecTI't KpI,ITr.IqecKoe eHd,IeHUe HanpflxeHHocTu no.nR. E*0,

KOrAa nJToTHOCTb TyHHeJrbnoro roKa craHoBL,ITCfl llpeo6naAarouleil Ha'4

nril"oaroo o6;qnbro HaA6aplepnono roKa I-I HatlgHaercn npo6oft.

flocronrxy MaKcrMaJrbgoe no;ie B p-n repexoAe peaJlllsyercfl B roqKe

x = 0, TO MO)KHO UCnOJIb3OBaTb 9TO SHaqeHI4e B KaqecTBe BblpaxeHHfl
gnn E*r.

,tl.rrn cnyuaa, KorAa u ts fl- il p-noJl-ynpoBoAHI{Kax o6'nacrl npocrpaH'

crBeHxofo 6apa,qa-nnflqercs croeM lllotrru, rp]r paBHoMepHoM pacn pe'

AeJIeHI4H rlpl'lMecefi :

. enn?n _ _ ePp?n .r - - : - - : --hP 
€€o a8O

(6 .14)

3Aecl ucno,rb3oBago paBencrBo BeJII4IIHHbI E Ha rpauNqe pa3Aer'Ia

u p-o6nacrefi.'floAcraennl 
B 9ro BbIpax(eHI'Ie *,o nnu Ho, nert<o tloflytlurb

r l  _  E ? r r u o  /  t  * I ) - r -  e o . .
vnp  

2e2  \  pp  ,  nn  J  
'  e

(6 .15)

)
(6. r7)

( 6 . 1 8 )

B stor{ BbIpaxeHHI'I HaAo yrlecrb' qro o6paruuft tox / gsrsercr Synx-
uveft reuneParYPbI.. 

B Carr,rOrr,r Aen6, xaX nOKa3bIBaeT aHailHg pegyJIbTaTOB rJI. 4, BeJII4qI{-

Ua i, Anr p--:n ilepexoAa c 111uporofi u ysxoft 6asofi Moxer v3MeHrrbcg

or reMneparypbl I43-3a H3MeHeHI4s c reMneparypofi BeJITqHH Do, -lo:
. Dn, In, a'raxNe BeJrHqI'IH pn V ftp. ECnn npeue6peul 6onee cna6ofr

3aBncr.rMocrbr.o or uanpnxeil.rn nepnux qgrblpex BeJIITqLIH, ro d, 6yAer

orrpeAeJlsrbc' roJIbKo BeJIH.IHHaMH ,r: + 
v flp : 

f '  
Ko'o' " '"-

Kax sr.rAHo Hg nocJleAHero Bblpaxeuatl '  .npu ryHHeJIbHoM npoooe

, Exp: const npo6unuoe Hanpqxenlle o6parno [ponopul{oHar'IbHo

nep"'dn c?eneHll xbH[eutpauru npl'{Meceft s n' u p-o6,nactnx'

l i 6

lrocurenefr 3apsAa He [3MeHqerct' ro i,.- n! - s
_ a g

F. 3ro no3BoJlfler
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rge /o fls,'rrrercrr c.ua6ofi Qyuxgueft HanpsxeHufl.
B roivl cJryqae, xor4a o6parHufi rox p-n nepexoAa orrpeAeJrffeTcrr

reHepauueft uocurelefi sapflF,a s o6flacrH rrpocrpaHcrBeHHoro sapflAa
aHanoruqufufi, a1anue noKa3blBaeT, .ITo /, - nt, CJhEAOBaTe,'IbHO:

sanncarb o6parHufi roK qepe3 p-n nepexoA c ru[porofi u ygKofi
6asoft s aIzl,e

- E c
/ : - Ioe  hr  , (6.20a)

__&_
r  I : l o e  2 h r  t (6.206)

{6 .21)

r4e /o TaKxe cna6o sasucuT or reMneparypbr.
flo4crannqs Beflutrr.rny I, uafi4eHHyro r.r3 Bbrpaxenuff (6.20a) unu

(6.206), o (6.19),lerKo nafiru Bbrpa)KeHr..re o6paruorl BerBH BoJrbr-aM-
nepuofi -xapaKrepr.rcrnKr{ npr.r rerJroBou npo6oe:

t t  ,  -To

^ x , n 4
,  _  

i i ;

trye m: I Ars ,qH$QyeHoHHbrx roKoB p-n nepexoAa n m : 2 1.nn
reHepa-qlroHHbrx roKoB.

flo;ry,luruoe Bbrp axeHr.re saAaer BoJrbr-aMnepHyro xapaKTepHcrrlKy
Br.rAa pr.rc. 6.1 ,6,3ro cssganot TeM, uro o6paruuft rox ynennrtnBaercff
c yBer'rurreHueM reMneparypu. Taruu o6paeou, pocr roKa BeAer K pocry
snAeflsei\aoft MorrlHocrr.r lr, cJreAoBareJrbno, TeMneparyphr, a pocr TeM-
neparypbr - x pocry rora. lIpN'erou Ans MaJrbrx HarpeBoB rox / :
: /const * A/, r.qe A/ < /"onrt r.r pocr 7 onpe4e.nrerca yBeflHrre-
.HHeM. qncfiilJeJrfl Bbrpaxenrr (_6.21). A.trs AocrarorrHo 6oltruqx Harpe-
sos A/ ) /.on.t H BeJrHqxHa 7 yueutua€Torr, TaK KaK rJraBHyro poJrb
HarrHuaer lrrparb pocr 3uaMeHareJrs BbrpaxeHns (6.21).

Hcno.nueyx BbrpaxeHr{e (6.21), MoxHo no-rryrrnrb I^,7^ fi V^, coor-
B-ercrByroqne rorrKe neperu6a HO BoJrbr-8rr,rnepuofi xapaKrepr.rcrr4Ke.
flpr.r etorr,r AJII [pocrorbr _yqreM, qro reMneparypa p-n nepexo1a T
He cr.rJrbHo orJlr{qaercq or 7o u T - ToKTo. TorAa Bbrpax{eur{e
(6.20) nroNer 6uru nepenucaHo B BHAe

_ Ec Ee - Ee -6e-.1r-ro,,
I :  Ioe 

mkr 
emkro 

mkro -  I *e^hT6 .  , (a.zzl
- E s

IAe f* - /og mhT6 ,
Za nnpaxeylrs (6.22) MoxHo sairrn Beauqr.rry (T-To). flogcrao-

'JIss ory Beflr.rrruHy B Bbrpaxenl{e (6. 19), Mo>KHo uoflyrrurb cBrgb Hanpff-
xeHnfl I/ c roxou / s sfl,u,e

^ Tmkrf,tn i nri
t l, :  _7@__

t78

(6.23)

fiutpQepeuuupys nocJleAHee BblpaxeHl'le uo roK] I{ npHpaBHI'IBas
npoLrSBoAHyIO IIyJIIO,'MO)IIHO noJIyqHTb' IITO

l - l n - f - : O '

OrcrcAa roK, coorBercreyoqufi roqKe' *oryu$:g,

- --$g-1'
I ^ :  l *g  -  log  mhTs

_^ dv
Kar nu4no us (6.24), reMneparypa' coorBercrByloqafi rorlKe' KorAa -Af:

: 0 :

3garrenr.Ie V*: Vnp
a (6.23):

r , n : ro ( t  *  W) ,  
(6 .25 )

Moxer 6urr uo,'IyqeHo nocfle no4crauooxu 1-

Vnp
mkrl (6.26)

(6.24)

9 - .0 1- --_-=- -l- t

RTEgl ,e 
mR t o

- Kar noxasbrBaer a1ailvs Bblpaxerfl{s (6.28); AJIfl renJloBoro Mexa-
HLrgMa npO6On Hanpfl)Kegue npo6ox SaBvct4T or tenflosbro conporllB-
I.tleHlrs Rr, B€rHtIuHbr m, xapaKTepl{3yroqeft. n'lexaHl{3M npoxoxAeHl{fl
o6parsoro ToKa, 111fip11gursanileulefuofr soHlt t* araxxe renlnepaTypbl
o^jlyxaroufeft cpe^il To. HanpaxeH'e renJronoro npo6os 6onture A,rq
MaJrbrx gHaqeuufi Rr, T. e. npH xopolueM renJloorBoAe Or p-n uepexo-

.qa. Kporrle rofo, Hanps>KeHI,Ie renJloBoro npo6or 6yaet $gn$rrJuu 4'nx
nonynponoiHr.rKoB c 6onruefi urupHnoft sanpeqennofi gosu n uesluefi,
tertlnef arypofi oxpyxarcrqetl cpeAu. 3ro onpeAeJltercs MeHbIIIIIMI'I 3Ha-
qeHHflMH HaqaJIbHbIx'TOKOB qepe3 p-n fiepexoA npI{ MaJIbIX sHaqeHHflX

Hanpflx(eg1lff, KorAa HarpeB elqe He cyqecrBeqen. Srnu )Ke onpeAeJlset

crr gaBlr.cuMoctt Vnp'or uex2nugMa npoxoxAeHllg roKa.

6.5. MIIKPONJIA3MA (

Kar yxe orMeqarocb' JloKadrlH3alrilq roKa B orAeJIbHbIx yuacrxbx

MOXeT npHBoAHTb K BO3HIIKHOBeHI'Irc MHKpOnJIa3M, B pesyd'IlTaTe qelo

npg O6paTHbrX HanpqxeHl.Iflx BOsHI4KaIor HMny,'Ibcbl ToKa. AMIJIHTyAa

faKr.rx nMnyJrbcoB pagreT c yBe;Hriegueu o6paruOro Hanpsxeguq. 3ro

conpoBoxAaeTcf lyBeJIHqeHHeMAJII , ITeJIbHoCTHI,MnyJIbcoBHyMeHbue.
IrlreM. r.rx cKBaxHocTLI BnJIOTb AO AOCTI.{)I(eHUS HenpepblBHoro pexHMa

o'Tffi 
o6t""".t)" Bo3HI'tKHoBeHHs MHKponrIasM nan6o;iee u'poKo

I4CnOJIbSyeTCq MOAeIb, ocHoBaHHaq Ha aHaJIOfI'�M'C gBJIeHHfll\lH B raSO-

BoM paspsAe. B c;Iyuae p-n nepexoAa 3ra MoAeJIb cBoAI'Irct K BBeAe-

Hr,rro JIoKaJIbHbIx yqacrKoB c p- I -n crpyxrypoii.. PacnpeAe,'IeHne noJIfl

n aroft 
-crpyxryp-e 

LIMeer BHA,. npeAcrasneHuHfi Ha pI'Ic' 6.6' Kor,qa
Mr.tKpOnJIagMa IIe BKJIIoqeHa, KoJIHqecTBo [oABHx(HbIX HOCI'{TeJIeft sapn,4a
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B KaHaJre Mr.rKponJla3Mbr Mafio r.r roK qepe3 . Hee npaKTr4rrecKr.r paBeH
IIynlo Aaxe rpr.r HanpflxeHur.r, flpeBbrrxaloureM HanpsxeHue npo6or.
flofle s i-c.noe npu erolr npu6lusurenbHo [ocroflHuo. Kax ro.ntro
xaxofi-.ru6o HocnTerb 3apflAa B KaHaJre MlrKponJrasMbr €anycrr,rr> fla-
BtrHy, MuKporrJrasMa BKrloqaercq. flpn groM B cpeAHeft qacrn i-o6nacru
BbICOKafl I,'IOTHOCTb S.rIeKTpOHoB I.I AbIpOK B3aLIMHO- KOIuneHCHpyeTCf
n no,'re MaJro. O6pasoraune MaKcr.rMyMa gJreKrpnqecKoro noJre Ha
Kpaflx i -o6,racru nprlBoArlr K pocry B grux o6nacrsx xoeQQnqueura
y,uapuofi r4oHr.r3aquu @n,p, Koropufi ue Moxer 6url cxouneHcr.rpoBan

WeHblxefiueM Be,'tutluHbt dn,p B II€HTpe, TaK KaKa-n,p - E^, rrc m )) l,
Taxlru o6pasou, npocrpaHcrsenuHrl gapflA, cssgannHft c rrporeKaHrreM
ToKa B p- i n- crpyKrype, npuBoAlrr K yBeJruqeHltrc rroJrHoro yMHo)KeHtzrr
foI r,r. Vnemtqegue noJrnoro yMHo)KeHns npr.rBeAer K AonoJIHl.treJIbHoMy

pocry roKa, r,rcxaxeHulo noJrs r.t r. .q. HapacraHrle
0 ToKa 6yaer npo.4odl>Karbcfl Ao rex nop, noKa noJre Ha' Kpagx SanopHoro cd'lofl He AocTr.{faeT Taxl{x 3Haqe-

l:uit, KorAa 3aBficuMocrb d.n,p or HanpflxeHHocrlr
no.ns E se oc.na6urcr. IIpu gToM AonoJrHr4TeJrbrloe
yBeJrr.rqeHne roKa He 6yAer npranoAxrb K pocry yMHo-
>reHrlq gocHre.nefi. K cra6n.nnsarr[r4 roKa BeAyrraK-
x{e raKr{e a$Sexru, KaK pa3ofpeB p-n- nepexoAa,
au{$yeua socure;refi saprrAa n3 nJrasMbr u {pyrr4e.

OcHosuHI\4 MexanHgMoM, rrpuBoAsulr.rM K BbIK-
JrroqeHr.no Mr4KponJra3Mbr, cqrrTaeTcfl BbrJreT Bcex Ho-
curenefi ug o6nacru MuKponJragMr,l 6es eAr.rHoro aKTa
I{or{l,rga(r,rl{. Ha npouecc BbrKJIrcqeHHfl Moxer raK-
xe BJrlrflTb araQQysna socursrefi tr3 KaHaJra MlrK-

lenrp -ulgglllg" E pouta3Mbr B paAr.{aJrbHoM HanpaBJrenuH. B pmyJrb-p'r'u crpvKrvpax' iare errxnrcqeHur cHoBa 6y,rier ycraHaBJruBarbct
nprrMepHo nocTorHuoe none (puc.6.6) u r. a.

llpu yne.nHueHur4 ToKa pacrer aun.lury4a uMrryJrbcoB. 3ro npuno-
Ar.IT K pOCTy AJrr{Te,lbHOCTr.t lrMnyJrbcoB BcJIeAcTBT{e Toro, qTo yMeHb-
Ixaerca BepoflrHoc'r'b AocraroqHo 6onturHx Snyxryauufi ToKa B KaHaJre
Mr.IKpoKJrH3Mbr, rrpeKpaualoillr{x rbx. [;rn 6o.druux uanpxxeHuft 4o-
crlrraercfl cra6unavas, o6.nacrr, KorAa pagprrA B MHKponJIagMe ocyut-
ecrBrrrercq HenpepbrBHo. B cra6u.rulsoli o6,racrn Mr.rKponJragua o6.na-
AaeT noJroxr.{Ted'rbHbrM conpoTuBJleHr4eM.

B o6ueru cryrrae AJrfl Bosnr.rKHoBeHufl MlrKponJra3M rpe6yrcircr crpyK-
TypHbre HecoBeprxencrBa n 4eQerru, rrpuBoAflrrlue .nu6o r JroKaJrbHo-
My yBeJrr4qeHHJo aJreKrpuqecKoro nonR, nu6o K JroKaJrbHoMy yBefiHqeur.ro
xoa$QuquenroB 14oHr43aqur{.

B Ka.recree raKux HecoceprxeHcrB B KpeMHHH Moryr cJlyxl4Tb, Ha-
npnMep,.BKJrroqenr.rfl SiOr, xap6r4Aa KpeMHr.rfl, rt4cilonar\Ltw r4 T. A.
Eo,rruylo poJrb B o6pasonaHur,r MlrKpoura3M Moryr raK>Ke r4rparb no-
Bep xHocrHbre cocrotrHnfl . BosHraxHoBeur.re MI..rKpo[Jra3M colrpoBoxAaer-
cg cBeqeHr4eM oTAer'IbHbrx ToqeK p - n- [epexoAa, KoTopoe cBfi3aHo c
sncoxofi reMfleparypofi enexrpouoB r.r AbrpoK.
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Pnc.  6 .6 .  K  roannxno;

6.0. gKCnEPHitlEHTAJlbHblE IICCJIEAOBAHUq nPOEOtl

flpu axcnep I,IMeHTa,,IbHbrx r.lcc,'IeAoBaHl{fl X 3IeKTp llrlecroro npo6on

oaoOdu nnnuanue o6paula,nocr Ha.. ABa o6ctosrenlctsa. Bo'nepBblx'

ocyqecTB,,rflncg xopotxufi rennosoft xourarr uccJleAyeMblx p-rl vJrr4

pereponepexoAoB c aHemHefi cpe1ofi, qro6u se 6ltlo Harpena' Bo-

BTOpbIX, npLIHHMaJInCb Mepbl no ycrpaHeHI4IO rIOBepxHocrHoro H JIOKaJIb-

norb npo6oea. ,q,nn sroro o6HqHo [pl4MeHflilucb coorBercrByloulHe

"2fo
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Pnc. 6.7. O6parsac rernr nollt 'aunepuofi Prlc' 6'8' 3anucxtuocrl HanpexeHus inpo6op

xaparTeptrcr[l|xll| trpH pas4uqHHx reMn€pary' p-n flepetoA'a or f,oHqeHTpaqxtr ocHoBHbrx

pax(po-2,5,o,l""iarll"'-"-'" fu;"a:"$ ; f?ii fiilf.r,",X'y"f""'r1ll,"#
cKUe xpHBbIe.

noBepxHocruue o6pa6orKll lr,tu oxpaHnble KoJIbua' I raKxe oAHopoA

Hue o6pasqu c ua.nltu KoJlllqecrBom 4e$exroo
l4cc;le4ona..n".o "u""."MocTH o6paruoft BeTBI.I Bo,tbr.aunepuo'ft xa-

paKrepl.rcrl{KV p-n nepexoAoB or reMneparypbl: qro: 
: 

qacrHocrH'

no3BoJlser onpeAefl[rb BIIA 3,'IeKTplrqecKoro npo6on npu pa3rurlHblx

KoHueHTpaIrHfl x npl.IMecefi o nonynpoBoAnl'IKe'
- Tunuqrrue o6parnue BoJIbT-aMIIepHbIe xapaKTepI.ICTI,IKI,I KpeMH?Ie-

yotro n+-p napu"oAu npu ne6onr,ullx KoHIIeJITpaqHsx 'nerupyloueft

nl"r..,n ino fo6nucrn noxasaHbl Ha puc' 6'7' Kar ntl'4tto, H3 3roro

pncyHKa, npu olpeAeJIeHHbIX Hanpsx(eHl'�lflx Hasl{Haercn. pesxnii pocr:

ToKa c npu,qox(eHHblM Hanpt{x{eHIIeM' r' e' ua6lnAa-ercfl'npo6oft' Be-

n"ur"o V.o yuan"uuBaercq c pocroM reMneparypnr' 3ro coo'TBercrBye'r

.truu"n"ottJi npo6oro, KaK Iz blegyer I.I3 reoperlrqecKux pacqeroB A'lfl

KoHqeHrpaqvrr  pp:2,5 '  1015 cM-" '  .  -e-  -^
3aeHb'Naocrr,'gxcnepriMeHTa,'tbHo HaftAeg'oft Be,lI{rII'IHbI Ha[p fl ,,e-

uun npo6on p-n ilepexoAa or KoHlreHrpauuu noKasaHa la-pnc' 6'8'

Kax sNAHo, uanpnxeune npo6ol yMellbtuaercfl c pocroM xoH[eHTpa*

rl4h ocHoBIIbIx uocure.nefi' sapx1i B Meuee 'nernponaHnofi o6nacrn''

lB l

. \

\
\

-\



flynxrupuue KprJBbre, nocrpoeHHbre AJrfl J,raBr{Hnoro npo6on no Qoplry-JraM r. 6.2, xopouro coBrraAaror c aKcrrepHNteHTaJIbHbIMH gHaqeHI.IqMH.
flp.u 66,rtn ux kouuesrpaqnsx, 'rerlr 101? crud Ans Ge ' 3 . igrz "r-e

-{ns Si, npo6oli oKasbrBaercfl ryHHeJrbHnv. fipu groM rer\{neparypurrfi
xon 3aBucnMocru Vnp 3HzvHT€ntHo oc.na6eeaer, a Z"o ynre^Hbuaercq
c pocroft,I rer\rnepaTypbr. 

'  - ' 'P Jd'v'^

AHa,'IorllqHue pegyJrbrarbr UoflyqeHbr AJlrr KoHTaKToB MeraJrJl _ ro-
.nynpoBoAHr.rK il fereponepexo.4oB.

B rorr cd'ryqae, KorAa reilr'roorBoA or p_n nepexofta HJIH rerepone-
peJo,{a 6u,q HeAocraroqHbrM, ua6nnlanca renno-nofi npooot, 

-xapaKTe-

p:Tl:Tl .i^"I!g:i" :oorBercrBoBarra BrrAy pac. 6.1, d.-.BenuqnHa npo-.ooilHol'o Hanpflxel{tlfl gaBHcer'Ia or renJroBoro conporueneHHfl H Ter\{ne-parypbl oKpyx(arcqeri cpe4lr, KaK sro npelcxaeanb reopueri ren,loBoro
npo6on.

oco6oe B*lrMa'lre uccneAosarerefi 6uno y.u,eJreHo H3yqeHr4lo B,,rr.rff-
fir4fl HeoAHOpO4UOCreli Ha npo60r?. B qacrsocru, accJreAoBaJrucb rvraK-ponJrasMbr. Konr6Hnupys ueroAbr auQQyerH 14 crr,raBJreHHR, yAaJrocr
{O3AABATb I,ICKYCCTBCHHbIC MOACJIbHbIC MHKPONTA3MbI C PASMCPAMIT NO-
pflAKa 5 ' 10-6 cu. B_onrr-aMrepHas xapaKrepr.rcrr.rKa raKr.rx Mr.rKpo-
ill_Tr 6una cryneHqaroft u noA.ru'qnacb saKoH.MepHocrflM, BbrreKaro-
xrlr'rM Ir3 pa3tsr'rrbrx Bhrrxe Anfl Mr4KpOnJIasM npe4cranneHufi. Sxcnepn-MeHraJrbno raKxe o6uapyxeno, urb uurpon.naiuu qacro sa6npAarorcs
.y BbrxoAa p-n nepexoAa Ha [oBepxHocTb, qTo cooTBeTCTByeT TeopeTH_qecKuM npeAcraBJreHnff r\r o BJrHsHr.ru nonep xuocrHbrx coctossnfi Ha BO3-
1IHKIIOBEHHE IUKKPOIJIA3M. fIP',r 9TOM HA I(PCMHI,IU NO'BJICHHC MHI(PO.
nJIa3M y noBepXHOCTH COnpOBoXAaJroCb lrsrryveHueu Br,rAHMoro cBeTa.

IaKHM Oopa3oM, gKCnepHMeHTaJrbHbte p$yJrbTaTbr noATBepxAaIoT
ocuoBr{bre MoAeJru npo6oa, paccMorpeHHbre Bbrure.

r.nasa 7. 9KBI{BAJIEHTHbIE CXEMbI f ETEPO-
n roMonEPExoAoB

7.1; OEltlHE IOJIOXEHITt

llycrr Ha ferepo- I.IJIti roMonepexoA KpoMe nocrosHHoro HaIIpflx{enlltr
V noAaercq nepeyeuuuft ckrHaJI uanoft aMrL'IlITyAbI AV c.qacroroft or.

TorAa cyMMapHoe Hanpfl)KeHLIe.

V -V *  AYei" . (7.1),

3ro npune4er K ToMy, tITo rlepeg cl-IcreMy nofiAer roK, Koropblii npu go-

CraToqHo MaJIbIx BefluqLIHaX AV uoxer 6url npe4cTaBJIeH B aIIaJIorulI-
HOM Br.rAe

i : i * L i e i ' t (7.2>
SAecr Al sxnnqaer aMnJIlIryAy roxoB, cBt3aHHbIx c nepeuocoM cso6oA-
Hblx Hocl{re.nefi eapr,qa $in,p, L MaKcBeJIJloBcKHe roKI4 cMeuleuut [i*,.
r. e. B o61en cryl{ae

L,i : Lin * Lip + Li*, (7.3)

r4e Ai,,, Liry Li* HyxHo orHocltrb r oAHofi u rofi' xe nJIocKocrII ceqe-

Hr.rs reTepo- I.{JII;I roMonepexoAa'
B pesy.ntrare MolI(Ho Bblpagl,Irb noJIHyIo npoBoAHMocrb roMo- llJllt

reTeponepexoAa raK:

(7.4)

Tarul,t o6pasou, 3aAaqa uixoxAeHuf noJlHoro conporllBJleHl{r.fe-
repo- rr roMolepexoAoB cBoAHTcfl K HaxoxAeHl'rn eennuzu A/rr, Li,

u A,i^.
.Esru Ha paccMarpunaeuoft qacrore r,l cnpaBeA,'IHBbI craruqecKne

BoJrbr-aMnepHble xapaKrepLIcTHKH, nOJIygeHIIbIe. paHee' To oHH MOryT
6urs ucnonbsoBaHbt AJIfl HaxoxAeHufl Lin u L'io.

Tat<as cuTyalrlrfi ua6.nroAadrcfr. AJlfl KoHTaKTa MeTaJIJI - noJlynpo-
BOArrlrK, reTeponepexo(a v p-n nepexoAa MexAy BbIpOxAeHHbIMI'I nO'

J.rynpoBoAHI{KaMu, ecJIH Her I{pKSK11I1H HeocHoBHbIx Rocrre;letl gapfr'4a

u B nepeHoce roKa He yqacTByloT JIOKaJIbHbIe ypoBHI'I BflJIOTb AO OqeHb'
BbICOKI4X qacroT.

Qacrotrt, Hux(e Koropbtx cnpaBeAJIuBbI crargqecKne BoJIbT-aMnep HbIe
xapaxrep HcrLI KlI, onpeA6nsrorci HHep UHoHHocrbIo ocHoBHu x Hocurenefr
sapffAa s o6tetue nonynpoBoAnuKoB, a raKxe BpeMeHaMH Irx npoxox-

AeHnr qepe3 o6aacrn npocrpancrBeHHoro aapflAa.
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IllHepul-roHnocrb ocnoBHbrx Hocr4TeJreri sapr4a s o6be[,re noJryfipo-
EoAHnKa onpeAeJrsercg rrocrorHuofi npelreHH .&laKcee,,tna

€, ,8
u a  -  -  -  ," ' o

,tAe o-yAe,,rbHafl npoBoArMocrb rro,rryrrpoBoAHHKa. l lpu e :10 rz o;

- l0'. ' .10-' orrcir, ' , 'Koropbre xapaKTepHr'r a.rn noJrynpoBonuuKoB , Harr-
6o.rqe mupoKo rrpHMeHfleMbrx_ Ad'Is rro,qyflpoBoArruKoBbrx npu6opon,
T-  :  1o-1a. . .10- l l  c .

llo nopr4ry BeJrr4qr'br Bpelrfl nporrera uepee o6"nacrb rrpocrpdH.
'CTBeHHOTO 3apqAa 

t)
rnp :  -7

/{nq ntt:[nprHu o6,nactn rpocrpaHcrBeHHoro sapsAa g, : l}-a... l0-6 crr,r
.rr u : l0? cn,t/c BpeMfl npo,'rera H3MeHsercfl I,I cocraBJrfler l0-11...10-13 c.

Taxuu o6pasou, no r<paftuer? Mepe, Ao qacrorbr 1010 lu-I, coorBer-
.CTNYrcqCfi MI{JIJI}IMCTPOBOMY AHAIA3OHY A/IHH BOJIH,. AdYI' KOHTAKTA
MeTar'Lrr ..- rrodrynpoBoAHHK, p-l? flepexoAa 14 feTeponepexoAa nplI or_
cyrcrBur{ }rHlxeKrlau rz rroKaJlbHbrx ypooueii, qepeg Koropbre LrAer roK,
n"lfl Haxo)KAeHnf Ain uoxHo HcIIoJIb3oBarb crarltqecKlae Bodrrbr-aMnep-
,Hbre xapaKTepncrr4Kr.r.

EcrH s xouraxre NteraJrJt - noJrynpoBoAHHK, p-n nepexoAe nJIH
a reTeponepexoAe ToKH HAyr C yrlacrr.reM nepecaAoqHbrx ueHrpon, Ha-
npI'IMep uepes noaepxHocrHble ypoBHIt, To crarl,IqecKHe BoJrbr-al'urnepsHe
xapaKTepHcTr4 KH, novlyrreHHbIe Bbrue, cnpaBeAJII-tBbI TOJIbKO AJrfl He
oqeHb BbrcoK}rx qacror. 3ro onpe4e;l f ercg r{ Hep rlsor{Hocrbro nepe3a noa-
,HeHr{s repecaAoqHbrx ueHrpoB. Bpeueua, Koropbre xapariepzsynr
Bror npoqecc, o6uvHo cocraB,'rrrror l0-8...10{ c.

Ecnu B roMo- raJrrr rereponqpexoAe npolrcxoA'T BBeAeHne HeocHoB-
sbrx Hocr.rrerefi sapqAa, ro craiuvecKr,re BoJrbr-aMnepgbre xapaKrepnc-
rnxn, uarz4eHHble B flpeAhrAylllttx fJIaBax, craHoBgrcs HecflpaBeA,rrHBbrMIt
'Ha qacToTax' KorAa cKa3blBaeTct I4HepI{I4oHHocTb .I{eocHoBHbIX HocI4Te-
.,reft eaplga, oflpeAeJrfleMar BpeMeHaMft r,rx pexou6uuauuu. Bpenreua
pexov6nua^ql{r.r HeocHoBHbIX r{Oclrre.nefi aapr4a o6uqHo cocraBJrfror
lo-2. . .10-8 c.

B 4nyx., nocJreAHrax cJl) {arx, KorAa Hyx(Ho paccllorpert Ain a Aio
o tnllporot? o6;lacru qacror, yxe HeJlb3rr l{cnoJrb3oBarb crarr4r{ecKr.re
aoJrbr-aMlepHbre xapaKTepHcTr.tKl4, a geo6xoAl]tr{o aHaJn-sHpoBarb LIc-
xoAHbre BbrpaxeHr4fl AJrfl TOKOB.

flpu naxoxAeur.r[ L,i, u Lio 6yaertn npeAnoJrararb, rrro Be,,rHqHHa
IlpI'IJIo)KeHHoro HanpgxeHLIfi ,(ocTaToqHo MaJIa, TaK qTo Bce BeJIItqlIHbr,
flBr'rflrourHecn Qyuxqueft nplrJroxeHHoro HanpflxeHltt, Mo)KHo pa3Jlo-
xl.ITb B pffA IIO MaJrOMy napaMeTpy r,r qrpaHr.rqr.rTbcs nepBbrM rureHoM
pa3Jr_oxeHHfl

Hanpnuepr. AJrfl.. KoHraKTa MeraJrJr - no,'ry[poBoAur.rK npr{ yqere
.OCHOBHbIX UOCUTC.NCfi 3APgAA TAKI,IMI,I BC,'IUqIIHAMH gB!'IflIOTCfl HAflDq-
)KeHHff Vr, Vr, Kr.rHeTHqecKue_r<oe{rQHqr{eHTbt Kt* v K^t, xoHUerrr'pa-
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IILIs 9/'rer{TpoHoB Ha noBepxHocTHbrx ypoBHsx. tTr1, rpaHtrqHafl Hanps)KeH-
HocTb rlod'Itt Eru rpauuuHag KoHrleHTparlr{fl g,rreKTpoHoB np. Bce gTH Be-
fluql.rHbl Mo)KHO 3anHCaTb B cJleAyrox{erlr BHAe:

i r :v t*  A/re i ' r .  t r :vr*  LVrei^ t ;  h t  :  mt  *  Lmreiat ;

i  - p
z - Lz * L9rei,t; Kmr : K^t * A,l(^isiat; (7.5,

R,^ : Km * L,l(1*siat; iu: nu * Lnpe,i(Jjt.

ftna p -n nepexoAa \{exqy HeBbrpo>KAeHHbrMrz noJrylpoBoAHvKaMV "
KpoMe toro, Heo6xoAI.{Mo yl{IrrblBarb [IgMerreHl,re c nepeMeHHbIM Hanpfl-
x(eHuel'r KoHrregTpa[r4il HeocHoBHbIx HocnTereft sapsAa:

p . : p#Lpe l . , ! , t ;  n :n *Lne i r , .  ( 7 .6 )

!,nn rereponepexoAa aHaJloraqHbrru o6pasona MoxHo npeAcraBlrrb,

BeJIr4rrHHbr 7r, 7r, tr, irr, Er, Er, k1,,, R?,, kt,, k',,, k!r, R?", kr,
a-,
K-1r, nb f l2, Pv Pz U I. ;P.' 

I'Icno.nrsys BbrpaxeHufl crarr4qecKr,rx BoJrbr-aMnepHbrx xapaKrepuc-
TLIK uJr:a r.rcxoAHbre BbrpaxeHnq AJrfl roKa c yqeroM n6rpaxeHufi oug,a
(7.5), (7.6), Mo)KHo Hafiru BeJrnquHbr L,i,, u Lio. llpu arou B KaqecrBe
n,noCxocru cer{eHfifl, qepes Koropyn o[peAeJrflercr roK, yAo6Ho sH6-
paTb nJrocKocrb, cooTBercTByroqyro rpaHHue pa3AeJra noJr ynpoBoAHHKa
2 c'sasopou r.rJrr.r nor'rynpono4uuxorrr .1.

Be,rplquua Ai., cBReaHHaq c MaKCBe"TJIoBCKHMII ToKaMH cNlettleHl,rs'
npu nu6pauHoli nnocxocrn ceqenns Ha rpaHrrqe noJlynpoBoAuuxa 2 *ro-
xer 6urr saiiAena B Br.rAe

A F
Li^e i t t :  t ^ .o  

" "2  
'-- m- -u-z 

at
Tot< Li^ npu aroM Moxer 6nrs safiAen e o6qeN{ BHAe AJIfl KoHraKra,

MeraJIJr - noJrynpoBoAr{r.rK, AIrfl p-n v Anfl, rereponepexoAa. floAcra-
sul,a E, H3 cucreMbr Q.5) n Q.!:

Li^: iaeoqLEr. (7.8)

Be,ruquna 4E, s cJryqae caos ll]orrxr{ Moxer 6urr nonyueHa H3 Bbrpa-
xeflr.rr (1.17) uepes ee.nxuuuy A7,

dEz -  
LV .  -  _ � . � . " -  = ! z  a ' � r  LV"

612: _dVz

lloAcrasrrrs 3ro Bbrpa)Keul{e B (7.8), r.ttrreer,r

L i^ :  io t  J* .LVz:  laCrLV2,
fAe

c,:t:luff!W]''-
BEJIHI{I,IHA, COOTBCTCTBYIOqAS CMKOCTII NJIOCKOTO KOHACHCATOPA C PAC.
crorHl..reM MexAy nJlacrr.rHar\,1u, paBHbrM {,. Qusu,J,ecKan [pupoAa srofi
eMKOCTLT OnpeAeJlqercg TeM, rrr0 npfl npH,'ro)KeHHu x o6nacrl npocTpall-
crBeHHoro 3apsAa rrepeMeHHoro Hanpq)KeHHB npolrcxoAHT Ll3Meltelit le
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(7.e)

(7 .10)
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,Prrc. 7.1. lI3MeHenHe saptAa
s o6aacru nPocrpancrBeHHolo
gapiAa. c trPunoxeHublM Ha'

. I lpqxeHneM:

V -  0 :  cnno l lHat  J l r r t l l { t ;
V + dV - uYHKrtrPHas Jlrr-

Iil|g.

€e ur{pr4Hbr LI, cJleAoBarerbHo' ea-pr,4a-arofi o6racrl'l (puc' 7'1)' lloerouy
1anafl eMKocrb Moxer 6um nonyueua H raK:

c , * # - W : Y ' : (7.12\

Hs npuseAeHHbrx Bbrure paccyxAeHllil sNAHO, [ITO, Xortl noJlyqeHHaff

€MKOCTb" H COBIIaAaeT c eluKocTblo I]JIoCKOTO KOHAeHcaTopa' oHa rlo

cBOeMy npOltCXOXAeHI4Io OT"lI4qaeTCq OT Hee'
TaK KaK B HaIIleM c,'tytfae npoucxoAlrr I'I3MeHe-

" Hr.Ie mllpnnu o6nacru npocrpaucrBeHnoro 3a-
psAa, exeHsaneHfiIoft paccroflHI'Ito MexAy

. NJIACTI'IIIAMI,I NOJIYNPOBOAHHKA.
Euxocrt. cBq3anHan c u3MeHeHI'IeM IIlfip14'

su o6;lacru lpocrpaHcrBeHHoro SapsAa' Ha-

3blBaercn 6aprcpuofi' 6apuepHan eMKocrb He

SaBECI,IT OT qaCTOTbI npI,'Io)KeHHOTO nepeMeH-
HOrO CIlfHaJIa BnJIOTb AO OqeHb BbICOKI'�IX qac-

TOT, KOrAa CKaSbIBaeTCg lIHepqlroHHOCTb' CBfl:

3AHHA'I C ABI{)KCHI.IEM OCHOBHbIX I{OCHTCJICH

sapflAa s o6telae IIor'IynpoBoAHHxa ilnu g o6-

JIaCTI.I npOcrpaHcTBeHHOro 3apflAa. u yBeilil'

ueHLIeM flprMofo Hanpqxennr 6aplepHan eu-

Kocrb pacrer, a o6parHoro - yMeHbnaercfi

f,rpodopq[onaJrbHo (qo *: eV2)-'/o, tITo onpeAeflqercff I4sMeHeHHeM c Ha-

xrp s)KeHHeM urupnuu 
"o6nacir.r 

npocrpanchne'uoro 3ap ffAa K. netanw'
giulrq Al- l.nn pa'aruttHblx qacrHblx cJlyqaeB cBo,4ltrcs K Haxo)KAeIIno

renuuuHrl AVr.
Aalurefrruele paccMorp'eHue Berrqrn Lin, Lie \ Li^ 6yAer npoee-'

.treHo HI,I)Ke Ars pa3ruqHblx KolLKperHbIx cryrlaeB' OcHoBHoe BHHMaHI{e

Sylu".yaun"mci reu cflyrlaflM, KorAa Berfiqunq Al,', {lo onpeaentlbrcs

XaqeCisegHo pa3flnrlgblMll QusuuecruMn tB;eHilqnaU. I4cXOAs H3 STOfo'

.[,Jrrr KoHKraKra MeTaJIJI - noJIynpoBoAHIrK- 6yayr paccMorpenn roKll

6inou"ot" socursreft sapsAa, 
- 

x6r.qa non6pxnoCtgblx ypoBHeft Hel'

r roBepxHocTHbIeypoBHHecTb. I ' IBdtut l lorHar lepepacnpeAereHl ' reHanps-
xeHrrrr Mex{Ay 3a3opoM I,I no,'IyIIpQBoAHLIKOI\.I, noBepxHocTl{ble ypoBI{I'�I

onpeAeJlflIor rox. A;ts p-n nepexo4a 6yayr paccMorpeHbl rol(I'I Heoc-

no'u*i" nocureneft sapqAa, a raKxe rB,{e*r.rrr-B o6nacru npo6on. !,.nn

rereporiepexo4a 6y.qer npoBeAeH o6ufufi aHaJIH3 Bcex BosMox{HbIX cay-
tlaeB Ha ocHoBe npoBeAeHHoIo paHbue paccMoTpeHI'Is KOHTaKTa, lueraJIJI*

no,'ry[poBoAHHK LI p-n nepexoAa'

7.2. eknrsnnEHrnnq ciEIYln ilondnxrA METAJIJI -

IIOJIvnpOBolHtlx Anq oAHoro TI'�InA HOCt'�trEJlEH 3AP'�lAA
EE3 YIIETA NOBEPXHOCTHbIX YPOBHEA

Paccuorpnu gKBr.rBaJreHTHyrO CxeMy KOHraKra IueTar'IJI - no'{ynpo-

aoAHr{K.AJIn CJIrran, KorAa TOK nepeHocl'�ITcff TOJIbKO OCHOBHbIMI'I HOCI4-

TeJIflMI{ gapflL1 H MO;6HO npene6peul TyHHeJIhpoBaHI{eM' cHJIal\{lI II3O'

6paxeHHq-r,r r. n. TorAa Bo.Ebr-aMrrepHafl xapaKrepLICTHKa KaK Adlq AI'I-
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o4Hofi, raK vt r,nfl Au$syenonuofi reopun npa npeHe6pexeHl.{u toxaun
rrepe3 [oBepxHocrHbre'ypoBHrl Mox(er 6um npe4craBJreHa B cJIeAyI,o-
ueM o6qeM BnAe:

(7 .13)
eV" -_ eV,

i :  i " ( eT  - .  - 1 .

. 3ra xapaxrepucrl,IKa Molxer 6utr ucnorb3oBaHa A,'Ifl HaxoxAeHH*
BeJII{q}IHbI Ai,, na qacrorax, gHaqtiTeflbHo MeHburnx qacror, npl4 Koro-
pbrx Bo3Hr.rKaer cABlrr $as uex4y roKoM H Halpn)KeHuer\r sa cqer nHep-
ur{oHnocrr.r ocHoBHbrx uocure.nefi sapflAa.'

flpr.l aiorr,r MoxHo cqrrulo,.To BbrpaxeHr.re (7.13) cnpaBeAJInBo rr

Aflrr cyMMbr Berr.rquH i, Vr, Vr, ir. TorAa npu npeHe6pexeHulr gaBucu-
MocrbFo l, (V) rar 6onee cna6ofi r-rj _cpaBHeHrrlo c EKcnoHeHuHaJrb-
HbrMu trJreHaMr.r nocJ're noAcraHoBKn i, V2 u V, we (7.5) s (7.13) uueem

t + Lioeiat: i, (a# 
(vt+avseTot) 

-; # (vr+avreior)).

PacKflaAusarr B pqA'no MarbrM BeJrr4rrr.rHaM $ wru S w,

3KCnoHeHTbI r{ orpaHHqllBatcb rrepBblM qletrou paSnoxeHllfl, noJtyqaeNt
4n- . eVt

' Lin:: i,ftt7 LVr*"TAV;'
flogcran,rxR noryqeHHbre 3Harreurrfl Lio, a raKlKe Li^ F BbrpilKeHr4e
(7.4); rrroxno sanHcarb

r -,.  ,  (^# or, -, '# n,,- \  At/
+ : r ' - f f \ -  ^ v , v  # ) * / o c r T T L ' g ' 1 4 >

LV" LV.
A.ng uaxoxAeHl,Is # " # B eflyqaeKoHTaKraMeraJlJr-no-

JrynpoBoAHIiK BocnoJrb3yeMcfl Bbrpaxeur,reu (2.6) npn o!: 0. flocne

noAcraHoBKH B aro Bbrpax(eHne V2 u V, s pa3Jrox(ennfl no MaJrbrM Be-
Jrnqr.rHar\r LV, u AV, lnueeu: \

# :# ( t *# ) - ' : ( r - 4 ) ;
+ : ( ' *# ) - ' :Eo '

n 
, safiA€HHbrM B n. 3.6, cneAyuqnM coorHoueHneM:rAe cto CBfl3aHO C Ctg '

of,qo :  - f f i .

Tenepr-uo>suo gaiucars oKoHqareJrbHoe BbrpaxeHr.re AJIn * u uno*

r  ,  [ (  4 +  - +  ^ . ' \ '  i - r l
+ : i , - # [ \ e u ' + e  *  

# ) \ r + # )  
' J +

'(7.t71,
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(7.16) '

+ l "%( r *# ) l ' : f+ r ' c ,



rle R u C gAecl I'I AaJIee s erofi rJIaBe oruocffTcff K [aoqaAI'I I cu2'

Kax eIlAHo I{3 noc,'IeAnero BblpaxeHns' npoBoAnMocm co6creeuHo

KOHTAKTA MCTA,'UI _ NO,'IYNPOBOAHI{K MO}KCT 6UTI NPC4CTABJICHA B BI'IAE

napal,lenruo BKrrorreHHUi conpotgB,teHuff I{ SMKOCTI{ KOHTaKTa, He

aaBficfirrlfix oT qacrorbr. o6uras oKeraeaneHrHaq cxeMa MO)KeT 6Url npeA-

craB,,reHa B BI,IAe, uso6paxeunoM Ha pl4c. 7.2, rlle Arq o6qHocrl{ raK}I{e

yrrreHo rlocJleAoBaTe.ninoe conporl'IBJleuue o6teua noJIynpoBoAHVKa f'

r
Psc.!7.8. 3ail icxtrocrB npoBolHilocrl l KoHTaK'
TA MeTArl - [otyllpoBoAHnK OT HanpfxeHtrt '

,  -  K o H T a K T  n p u  d : 0 ,  A H o A H a r  r e o p h g ;
,DKoHraKr  npu d :0 '  as60ya lonuaa reopss ;- 

8-xoHraKt rps d+ 0.

I
flpoaHanueupyeM Bblpaxenus Arti u C Ans pasJlnqHblx qacrHblx

cryrraeB. flpu yuentueHul{ roJIIquHbI ga3opa Ao Hyfiq Vr+ 0-!z -+ V

unonyuenHbleBblpaxe: f j1 . . f lA l r f inpoBoAI ' IMOCTI{ I ' IeMKocTI ' InepexoAf l r
s crleA'Ioque: 

l .. , ft: (7.rg)
T- : i '-Te '

ts\s€zrt o
w;ry

B arou c,lyqae npoBoAHMOCrb KOrrTaKTa HSMeHfleTcfl Aflq AHOAHoI'I reo'

pnH rlponoprlHoHaJlbHo { , " finq .qusQyst'lounofi nponopurloHaJlbHo

{qo - eVfl, 
--5n 

. Euxocrt KoHraKra sBJlflercs 6aprepHofi It pacrer

"u,Jrfl nptMoro HanpaBJIeHur u y6unaer g,ln o6parHoro nponopuuollaJlb-

no (qo - eV1'/". Bce aro noKa3aHo Ha puc' 7 '3 u 7 '4',

Eclu d 1 0, ro rorAa Anq asanuda3aBHcHMocr" + n C gr uanpn-

xeHIIt cJleAyer t'lcnor'lb3oBarb noJIHoe BblpaxeHne (7'17)' IIpn eloy
,rrpoBoAl,tMocrb B npfiMoM HarlpaBJleunn nin ,npeue6pexenun 

cna6oft
eV,

3aBr.rcr,rMocrato 9or V nponopunoHaJlblla Qkr ,8 r o6parHon't npo-
eVt

nopufioHa,lbHa " 
ut . An" cJIrIas--c-.saoopoM npoBoAl{Mocrb AJIff

npnmoro cMeqeHl{ff MeHbIIIe' 
:il 

npo"?#HMocrb recHoro KoHraKra'- TaK

KaK MeHbrue BerHrrHHa l, g eT < e-[r .' An" o6paruoro cMeqeHI'It
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Q -
1't,
l

,ot, : Ig L
(7.1e)

?uc. ?.?. Sxrnaanenrnls cxeMa rerepo- ll

[poBo,4I,IMOCTb TeCHO|O KOHTaKTa MOX<eT npeBbrruaTb IpOBOAHMOCTb

KoHTaKTa c ga3opoM n3-3a gKcrroHeuulra,rrbHoro qreHa e- 
kr- 

$uc. 7.3).
Cne4yer oco6o orMernTb, qro aKTHBHarr cocraBflflrouafl

Mocrll KonraKra B BI.IAe (7.17) u (7. 18) uoxer 6nrt noryrierra
4u$Qepeuuu poBa rr n eM craru,{ecrofi
nonrr-av nep Hori xapa Krep r,rcrr.rKr.r
no Hanpflx{eHrrro. 3ro u He yAHBrr-
TeJIbHO, TaK KaK B paCCMaTpLrBae-
MOM 14HTepBaJIe qaCTOT CTaTI{qeCKat
xapaKTepr{cTHKa He n3MeHgeTcfl c
qacroroli .

B c.nyuae KoHraKra c sa3opoM
MOX(HO noKaSarb, qro CyMMapHaq
CMKOCTb KOHTAKTA MCTAJIJI _ TIOJIV.

npono4nnr Moxer 6urr npeo6pi-
soBana cJleAyrorquM o6pasou:

c: czl,  * #)- ' . :  c,(r.+ +)- '  :  +#, (7.20\
rae C, : "o;t - eMKocrb sa3opa, a C2: :y -6aprcpHan erra-

rocrr o6nacrr-.r npocrparrcrBeHnofo sapsAa.
Br*paxeune (7.20) uoxer 6urr nepenr4caHo H B Ap)roM Br.rAe:

t _ l r 1
C C r ' C ,

fi3 KOTOpOTO qCHO, qTO CyMMapHar eMr(OCTb eCTb pe3yJlbTaT nOCJTeAOBa-
reJrbnoro BKrroqeHr.rs eMKocrH sasopa u 6aprcpHoil er'txocrn. 3aeucr.r-
r\rocrb cyrauapnoli eMKocrr4 C or Hanpnx<eHlls AJrr Konraxra c sa3opoM
6yaet 6onee cra6oft, ueu 3aBuczMocrs 6aprcpnofi eMKocrr,r or Hanpfl)r{e-
Hrrfl r,Jtn recHoro KoHTaKTa Kax B cl{,.ry roro, qro {, gaBHcHT or Vr, a
He or l/, TaK I,t B cLrJIy roro, uro C, He gaBrrcl.rr or Hanpnxenun. flptr
6onlurux odparuux HanpqxeHusx, KorAa Cr) Cr, C =Cr, a npu
6onrurxx nprrMbrx, xorga C, ) Cr, C =. Cr. Kpolre rofo, nocKo/'rbKy
paccMarpr-IBaercs nocJleAoBareJrbHoe BKJrroqeHue eMKocru saeopa u o6-
JracTn rrpocTpaHcTBeHHofo 3apflAa, cyMruapHas eMKocTb KoHTaKTa c 3a-
3OpOM npu npoqlrx oAHHaKoBhrx flapar,{eTpax MeHbrre, qeM eMKpcrb
KoHraKra 6ea sasopa (puc. 7.4).

Vuer rynHenr.rpoBaHnr uepee o6nacrb rpocrpancrBeHnoro 3aprAa
It criJr nso6paxeunq npuBeAer K g3MeneHulo BeJIHqI{Hbr aKTI4BHoro co-
tlpOTI'{Br'IeHUs KOHTaKTa, HO He u3MeHHT efO eMKOCTH,

7 .S.  BJ I I , I 'H} IE  NOBEPXHOCTHbIX YPOBHEN
HA gKBHBAJIEHTHYTO CXETTIY KOHTAKTA

I-lycra D KoHTaKTeHeraJrJr - noflyrrpoBoAHHK, roK B xoropoM nepe-
HOCHTCS @!{OBHLTMH HOCHTeJTflMH 3apqAa, CyqeCTByrOT nOBepXHOCTHbre
ypoBr{r{. flpeAno,'roxuM, qro tru ypoBnu He yqacrByr,or B nepenoce roKa.

rrpoBoAH-
rrpocTbrM

t 7  q l \
v r - | ,

I/

Puc .  7 .4 .  3as f fcnuocr r  eMf ,ocr t r  KOHTaKTa
MeTaIn-noJrynpoBo.[HnK ol HanpqxeHuf, :

t - KoHTaKT 6e3 ia3opai 2 - KoHTaKT c
3A30DOM.
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Tor4a pacqer BeJIIrqlIItbI Ai; ra nocneAylouee HaxoxAeHne f *o*tt

npoBoAr,rlbcfl c HcaoJIb3oBaHI{eM crarnqecrofi BoJlbr-aMnepnofi xapaK-

;5p";;ffi;;iu-j7.ial, KaK ero npoAe;IaHo B r-peAblAylqeru naparpaQe'

Ho renepu cJleAyer 3anoBo HaftrH-sennuuHlt AV, u LV' Koropble no'u'-

.i^^un-"riu" s {i.t+), c yqeroM B'rvtflH^s. Ha 9rI'I Be,lutII'IHbI noBepxHocr'

Hbrx vDoBHeft. Bogtueu 4nr onpeaeJIeHHOCTlt oAI'tH JIOKaJITUUfi yposeHl'

puin6Jto*."uufi sa rpaHlrue q?:Aena 3a3op - norlynpoBoAHl'rK'

floAcrasusuoupaxeu'le(2.41),xoropodcnpaBel.JII{Bol,{N|flcyMMbI

noctoqHHofi I4 flepeMeHHofi cocrasrglouux' V, n V,' JIerKo [oJIygI4Tb!

Av, : -+ LE, * ft o*,t (7.22)
AVz- LV - '24 t1r--:!- 67,''

e1 " elFt

t r4cno.nrsyn(7.9),nupaxel l l { f l (7.22)naoxgdnepen}IcaTbBBI,IAel

Elt.y:(l -;o) LV + s Ln,;

LV,:i, (rv - # o^,)' (7.23)

Taxuu o6pasou, 3aAaqa HaxoxAeHl4r )' 
"tol '"fi K Haxo)KAeHuP Be-

. Jrr{qlrHbr Lmr. Enn HaxoxAeHug HeH3BecrHoro SHaqeHI'If Am' sanuu:eu

ypaBueHl'te 6ananca uocnrelefi 3apflAa Ha ypoBHe

+ 
:  Knt(nt - f f i t )  nn-Ktnf t \ *  Knt(nt -mt)  -Kr^t t t t '  0 '241

rAe yqreHbt o6ueuu c goHofi npoBOAItMocrL Il MeraJIJtgU. flpeanoJloxHM'

qro gro nrtpaxenue cnpaBeAJII'IBo x Lilfr BeJIIIqI'IH tfti' Vn V1 u r' 4'

floAcragflgs B 3To BbIpaxQHr4Q trtlt n'p' Ktn14 Kn, Mox{Ho norytlPlTb

Kn1 (ni - m1) Lnp- LK * @f *F M r",l"t (7.25).L m , :
- - ev"

,II,nr HaxoxAeHI'Is Anp no,4crae vM-B trp : nIeT cnpaBeAJIItBoe Arfi

lr.loluofi reopnu BblpaxeHne npu V2I'I npoBe4eM pagJlox(eHl{e no MaJIblM

BeJII{qIrHaM: 

a_ _,g^# eAyz . . (7,26,tLtLa:'tlhQ --ffi- '

Ana.[oru.Iuo Mo)KIIo ttafttt't LKrnt Y LKm, ecJII{ BocnoJlbSoBarbcfl

aupaxennnuu (3.72) n (3'74):

LK,,,t- #- LVt:-+ffi wr; '(7.27',
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LKm:ffi or,:# ffip;- w,. (7.28\

floAcrasnss 3HaqeHxrr L,n*, LKo,. u LKt^ z (7.25), t4M{y

r '  arttV arbrLV jroat\,Vr\trl i: lr+U- 
-;;iq _;, 

+E ,
rAe'

o | .rd \-l I Ki^K^;n) ezd r/ t.^ I
d L :  - - # l l  +,  & )  l r f f i # - K n ( n ; - m ) n " l ;

(7 '30)

b1: Kmt * Km * K,fl* * Kn + {+^- -:; * K,t 1n, - m11 n*l x

x + -2--h++L\- '  (7.31)
€o€i kT \- 

' e'9 |

Kax suAHo Hs Bbrpalxeuux (7.29), An, npe4craBJl5ercs B BHAe cyM-
MH AeftcrsHre.rruoft u uuurr{ofi cocraBJrflrourr.rx. C Susuuecxoit rotIKI,l
BpeHIrff 3To onpeAeJlrlercff TeM, uro BeJlnq[na Lmt Moxer uuerl Qaso-
sHft cAnr.{r no orHollreHr.Iro K npr,rao)KeHHoMy Hanpfl)KeHl4rc. C usMeHe-
HLIeM qacro"rtl 'Lm, H3Menflercrl o'r MaKclrMa.nlnofi BeJII{.II{HbI

Lm,= li w' o t

npH (D :0, KorAa noBepxHocrHbre cocTosHHff- noJIHocTbIo cJIeAffT 3a
npI'IJIOX(eHHbIM HanpqX(eHHeM' AO.n,IUUHua,rrgOfi

L,m,:  o -

(7.2e)

ylKe He ycneBaroT r{3-

b, noxasunaer, qro Be-
I

npn o -* oor KOfAa nOBepXHOCTHbIe COCTOflHH9
MeHflrbcff npH r.r3MeHeHr,rfi lranpflx(eHHq.

AHanus noryrlegHblx enpaxeHuft Ailfl ar v

JIHTII{Ha bt ACer4a IOJIOXHTe,IIbHa H HMeeT cMbICJl 
T-, 

r,lle r, - BpeMfl

nep$anoJrHeHlrfl noBepxuocrlroro ypoBHfl, a eernqlrHa at naoxer 6rtrr
KaK noflolt(urenrnofi, TaK v orpnqareJlbHoft. HanpuMep, npu npeI,IMy-
ulecrBeHHoM o6n.rese nonepxnocrHoro ypoBHq c Merar,roM d1 ( 0, a
nplt npenMyulecrBeHHoM o6rr,rilse c rroJrynpoBoAHHKoM.4l > 0. B nepBoM
cflyqae npu norolrr.rrefibHbrx LV Lrh ( 0 u ypoBeHb oceo6oxAaercs,
a Bo BropoM A'm1 ) 0 u yponenb 3anoJlHffercfl.

. f loAcrasnna LE, n.Lmt B .BbrpaxeHue (7.22) u (7.23), Moxuo no-
TYI{HTb:

fLvt: l( l : to) + !, l t ,u - ! ' i , ,u1ov, (7.82)
L'  ro ' *  b i  o ' *  b i  J

^vz:(u- #htffi)u,, (7.33)

eda.d.^
f,[g 4" : ------:---:L .' 8o8i
' Kax BHA.Ho Hs 3rr.rx nupaxeHNfi, BeJrnrruHbr LV, u A7, rar<xe vo-

ryr HMeTb c4nur Qas tro orHoueHr{ro K npr{nox(eHHoMy HanpsxeHr.rK)

l 9 l
t
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LI ll3Merrrlorcq c qacrorofi,. Bnus:aue noBepxHocrHbrx yponneft [pHBo-
Alrr K yBe!'r[rreHrrro BeJl].rrrrrHbr LV,4 yMeHbueHrrro BeJrurrr,rHbr LV, npw
lPgllruyrqecrBeHHoM l.rx o6vene c rroJrynpoBoAHnKoM H yMeHbrxeHr4ro
AI/, u ynenuqentrr,o LV, npu npenMyrqecrseHuolr nx g6ueue c MeraJrJroM.
3ro snusHue MaKcHMaJrbHo npu (D :0, a gareM ocra6esaer c pqcToM
r{acrorbl, a KofAa o -+ oo, Ao6asxu x A/1 u LVr, onpeAeJlge\{bre uo-
BepxHocTHbrMH ypoBHflMri, crpeMflTcs K Hy.rrlo.

flolctaerrrrr Bbrpaxenr4s'(7.32) u (7.33) s (7 J\ u (7.10), r.rMeeM

l 1
t: -i + lorc'

I  e  ( t ' -  
e v '

f , : ; ,# t ( " -  #d"o ' *
rAe

f  .  -  n . h .  l - * l  o 2 a .+ L(t 
- ",) + -,,-i:rlf fi 

I- ffic": _ (7.34)
eV"  ,V t

c : i,+ -++ ,, (.8 - "- -) + c,("0 - !,?t,, \ . 1z.asy' R t  
, ' r * b i  " \ '  o 2 + b i  J

Kax .ru4Ho, r{ B paccMarpr.rBaeMoM cd'ryqae gKBr.rBaJreHTHyro cxeMy
KOHTaKTa TaKXe MOXHO npeACTaBfiTb B B4Ae napaJIJIeJrbHO BKJIroqeHHbrX
axruenofi H peaKrrzBHoft cocrannhnulr4x, KaK 9To noKasanoua puc.7.2,
OAuaro sAecb B o6qerw cJryqae KaK aKTr.rBHafl, TaK Ii peaKruBHas co-
cTaBJrgroque 3aBr.rcflT oT qacToTbl.

Orlreruu raKx(e, trro B Bed'ruqllHy aKTHBHoft cocrasrgroqefi sxoAlr
q,rren, nponopuloHa,'rbrrbrit Cr, a B Bhrpax(eHl.re Ant peaKTusuoft cocraB-
lnntr1efi - qJreH,- flponopurroHanlsuli npoxoAsrqeMy naa 6apuepou o6-
JIacrH npocrparrcrBeHuofo 3apsAa roxy drr. 3ro csssano c KoMnJreKcHbrM
xapaKrepoM BerurruH A,V, u L,Vr.

Axruouyro cocraB,'rflIorqylo rrpoBoArilrrocru e o6qeM BuAe renepb
He.rrb3s rroryrrurb npocrbrM an$$epeuuupoBaHrieM crarHqecxoft BoJr6T-
aunepuoft xapaKrepncruKlr,.HecMorpff Ha ro, qro oHa ocraercs c[paBeA-
rueoft Bo BceM uHTepBaJre paccMarpr.rBaeMbrx uacrorr nocKoJlbKy reflepb
Be,'IlqHHbr V, u V, 3aBr.rcrrr ot 4actotlr.

, r lerxo noKagarb,  t ITo npt l  d . :0,  KofAa.  dz:0,  7r  :  0 ,  Vz:  V,
o-o : l, BbIpaxeHI.Ig Ang axruegoli u peaxrueHoli cocraBJlflIorqnx cBo-
Asrcrr K panee rroJryqeurrbrM Bbrpa)KeHuqlr (7. l8) u (7.19) AJrr KoHraK-
ra 6eg 3a3opa. flpu erorr.l ypoBHH He rrposBJrsroTcfl B exsusaneHrnort
cxeMe. Ousru{bcxag np[qnna raKoro rrB,'IeHI4rr gaKJlloqaercfl B ToM, qro
ypOBHI4 BJII{'IOT Ha nOJIHOe. COnpOTI'lBJleHLle TOJIbKO llepe3 USMeI{eHLIe
coorno[reHlrr MexrAy L,Vru AVr. Ecnn xe d:0, ro ncen4a AV1 : 0,
a  LVr :  LV .
. B rou cJtyqae, t<ot4a d;4 0, nonepxHocrHbre ypoeHrr ft3]reHrrror KaK
aKTI{BH.yro, TaK x peaKTuBHyro cocraBJrsroutyto npoBoA}rMocTlr co6creeH-
HO KOHTAK?A.

r g 2 ' t

flpa ueueHeunn qacrorbl or cD : 0 Ao al : oo aKTHBHaq cocraB-
JISI,OUIAS KOHTAKTA I.I3MCHfl CTC'I OT BE,TIUqI'IH},I

r: -: ,  l l ;  -- o, \ ,#, i- -1, r r ", l^-+f\0 : r. ;f- l\"0 
-'-6, 

J" 
-' r L' 

- o'o + -4 
le 

"' 
I

AO Bedrt{quHbl

t t  e v z  - : L - ,
G  :  i , j . | 1 , . n ,  "  u '  +  ( l  -  ; J  e  u '  

I -  
o " r , .

Moxso noKagarb, u"o u*t"u"ag cocraB,'islou.afl npoBoAlJMocrn npI'I
or : 0 coBnaraer c axrusHoll cocraBrqlou,efi, nonyuenuoii npu 1n$-
SepeuUuposaH14I{ craTgrlecroft BoJIbr-aMnep nofi Xapaxrep llcrll KI4 c yqe-
ioltl eantcllNlocrn LVl u A7, or Lmr. AwrwaHafl cocraBfiqlouat npn
0) -> oo He Molr{er 6ttrr, no.uyuena B pe3yJlbrare raKoro 4uQ$epeH[nPo-
BaHLrfr..3rC cesgaHo c TeM, qTO nprl (D -> oo B aKTI{BHytO COCTaBJISTUyFo
BHocr{T BKJIa.u, row Li^ ns-sa ,qrofiHoro cABHra $as, no"'tyuaeMofo B pe-

SyJIbTaTe nepeMHoxeHHq MHLIMbIX cOcTaBJItrouI{x B TOKe CMe[leHlIt
Li^. [lpw oroM BKJIaA noBepxHocrHblx ypoBHeii n nporo,u.HMocrb He Hc-
qe3aer Ha BbrcoKllx qacrorax.

Moxrio noKa3arb, qro B SaBI'lcI'IMocrI{ or npel{Myl[ecrBeHHoro Nle-
xagy3rua o6uena ypoenefi c no,ryr1poBoAHplKoM I'1,'lIr MeTaJIJIoM npoBoAlz-
Mocrb, cBffgaHllag c ua46aprepnblMl'I ToKaMH, c tlacrorofi uoxer y6u-
Barb r.rJrr.r pacrH. Tar, npu npeI,IMyIqecrBeHHoMo6r,tese yponuett c MeraJI-
floril al ( 0 rn gra npoBoAuMocrb c qacroroft AJIfl npflMoro cMelueHsr
yMeHbuaercr, a rilfl o6paruoro pacrer. Ecnu xe rJIaBHyn poJlb I'Ifpaer
o6lreH c [o,tynpoBoAHI,IKoM at] 0 H npoBoAgMocrb Ha BbIcoKI'tx qacro-

Tax fiprr [psMbIX Hanpflx{eHuRx 6ofirue, a ilpv o6parHux MeHbIre, rIeM

HA BL.ICOKTIX qACTOTAX.

Peaxr[nsHag cocraBJlslouaq, cBq3aHH as c uaI.6apbepHbIMH ToKaMI't'
y6unaer c qacroroli. Ha Hltsxux qaqTorax sHax eroll cocrasflqmu\efi sa-
Br{CHT oT MexaHg3va o6uena H HanpaBJIeHHtl npIIJlOx(eHHOrO HaIIps-
>KeHr.rs. Tax, npu o6uene c rIoJIynpoBo,ILHHKoM (ar 7 0) sra cocrall-
rqrou,as rroJIo>KHTeJIbHa H Hecer euxocrHofi xapal{Tep Aflff npqMoro
cMeilIeHrlfl H orpl{uareilbP^a v Hocltr I4HAyKTI4BHbIR XapaKTep AJI' Or-
prrrrare,rrbHbrx cveqeHnfi. Ec;ttl )Ke rJIaBHyIo poJlb llrpaet o6ueg c ue-
TaJlJrorlr (a, { 0), rO peaxTI,IBHag CgcTaBrlflrglqafl, CBg3aHHas C ypOBIIfl-

MI'I, OTPHIIATEJIbHA ATq IIPSMOIO HANPAB,'ICHIIfl I,I NOJIOXHTCJIbHA AJIfl

o6paruoro.

7.4. EKBI,IBAJTEHTHAq CXEMA KOHTAKTA AJIfl TOKOB
qEPE3 NOBEPXHOCTTIbIE YPOBHI, I

Paccuorpnu reflepb 3KBI'IBaJIeHTHylo cxeMy KoHraKTa AJI cryl{afl'
KorAa fJraBHyto poJlb urparcir roKI4 tlep$ [oBepXHocTHbIe ypoBHH, Ko-
ropbre o6Men[sarcrc g aJle Krpogalrltt C gosopi npo BoAIIMocrI{ noJI yIIpoBoA-

H:aKA 1MeTaJIJIOM. B arOu C;yqae AJIfl HaXOlKAeHLls Alo ne"nlsR I{cnOiIb-
soBarb CrarHqecKylo BoJIbr-aMnepHylo xapaKrepHcrl{Ky, noJIyqeHHylo
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B pe3y,'Ibrare roAcraHoBKI{ B (3.67) u (3.68) crarurlecKnX 3Flaqe-
uuft. mr.

OAHai<o A,'IJ{ pacliera Ain IttoxHo llcttoJlb3oBarb ca['III ltcxoAHble BbI-
paxenrq eula (3.67) ra (3.68), Koropble crpaBer,'ll'IBbl npll1rc6ltx qac-

Torax, KofAa He rlpoflB,'Igerct I4Hepq[oHHocrb ocHoBHbIx HocHreneit
3aptt1a. Vqfirstsag ro, qro eu6paHnaa IIaMI,I n,IlocKocrb, qepe3 Korc-
pyro npoxoAr4r roK Ai' pacno,ro)KeFla Ha rpaHlue pa3Ae,la no"ly[po-
BoAr{HK - 3a3op, Ar'Il Haxox(AeHua Ai, Hyx(Ho ucllo,Trb3oBarb Bblp_axe-
Hl{e AJIfi roxa ll3 3oHbI rIpoBoAI4MocrI'I Ha noBepxHocrnrti'i yponenl. B pe-
3y"rbrare

Lin:  e[Ku(ni -  mt)  Ln*-  KniLrnt -  Ki^Am),  (7.36)

rAe crauuoHapHoe 3natteHl{e mi za[aercet Bblpax<eHlzev (3.69).
Tenepl rvrO>t<HO BoCnOJIb3OBartCs uafiAeHHbIMu s n. 7.3 3IIaqeHIIfll\llI

L,n,rv, Lmi u rro,'Iyql4Tb BbIpaxeHI,Ie 1.ns Z, cocroglqee II3 cyMN{bI aKTplB-
uoli H peaxrHenot? cocraBJlflI,oulux:

I  I  , . ^
+ : - ; -+ i oc :G* i coc ,

fAe
I  ea; |  ,(- o_ \ 1_ ul(!+_ j-\ l  :  (7.37)? : 

;;+4 L' ' \" '-  ", )+ 
ar 

\- ' i_ 
- 

" )] '

3Aecl

^  |  l -  , - \  n - h -  ^ - - l,:1, (ao- -t);r4 + c,"ol.

^. e = K6K^in1 szd .am: - -T- qo 
T;TK; 

' 
erz ;

b^: K* * Ki^ * +#;(+- #\# lra;
Kax sn4uo, Lr B groM cJlyqae gKBI,tBad'IeHTHatI cxeMa KoHTaKTa Mo-

xer 6urs npeAcraBJleHa e o6H.IHoM BI{Ae (cu. pnc. 7.2), rne aKrI'IBHal
Lr peaKTI.rBHbre cocraBd'Inrolqlte B o6qelr cJlyqae 3aBl,tcgr or qacrorr,I re-
peMeHHoro cHrHaJIa.- 

Paccuarpl4Bas (7.37\, MoxHo noKa3arb, qro G n C ocer4a norox{x-
TeJrbubr. B cauou AeJIe, npn 

-npeLIMyqecrBeHHoM 
o6uene c MeTaJIJIoM

?  - t ;  4 : t  a - - ' g $ . - ( ; o - l ) ;
al '  .Dr (or*bi

n p r r a L ( 0 n a o - l ) 0  G > 0 .
flpu npenrnlyqecrBenHou o6ueue c noJIyrIpoBoAHI4KoM

o,^  :0 ,  ? !  :o ;
a1 o l

G - ?':"tu o'
a'*  b i

n p n  a r ; 0  c > 0 .
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(7.38)

(7.3e)

(7.40)

Benuqnga C raxxe BcefAa norto)KHTeJIbHa, npn [peI'IMyIqecrBeHHoM
o6uene c MeTaJIJIoM

c : e(Io - \-:4+r y c,o,o7o,
co' f  o i

flpn npel{MylqecrBeHHoM o6Me}Ie c no,'IynpoBoAHI'IKoM

C : ?lot u an 4 Cra,o> 0.
r"l'i- bi

C ueMeHeHIaeM qacrorbl npoBoAl'IMocrb Ii eMKocrb I'I3MeHflnrcg MexAy

IByMfl xpaftunuu 3HaqeHI,IsMIt. llaxcnlta.nbHoe I'I3MeI{eHI{e c tlacrotofi

npoBoAuMocrll onpeAerflercf orHoIreHHeM

bn an
f : l-1.-t 

: 0t ai -
G l,,r:* -oo 

- o^
a1

PaCCuarpuraq nOCIeAHee Bblpax(eHge, MOX(HO BLIAeTb, IITO I,IsMeHeHHf

CO[pOTr.rBJIe H14fl. C qaCrOrOfi MOIyT 6Uru gHaqHTeJIbHbIMIl. AUalorUqHOe

orHo[eHr{e AJIq eMKocrI,I paBHo npu npeuMylqecrBeHgom o6uege no-

BepxHocrHblx ypooneil c MeraJIJloM

a l

+]*t<r + #'- l<tr:-

npu npelIMyuIecrBeHIIoM o6lreue c rIoJIyrIpoBo.Il.HI{KoM

Cl . - , '  / 1  ,  e i ?
Zl;;\ I -r -;T'

I'Is nocreAHllx AByx rupaxennft BI'IAHo' qro H3MeHeHI'Ie eMKocrI4

c qacroror? A.[q rotrr[x sasoion 6y4gr 6o.ngue Ar' cryr{aq o6ueHa c no-

JrynpoBoAHr{KOM rro cpaBHeHr.rb co cflyqaeM o6uena c MeTaJIJIOM.

' 7.5. 9KBITBAJIEHTHAfl cxEMA p-zIIEPEXOAA

Paccvorpnu SKBr4BaJreHTHyto cxeNry p-n nepexoAa AJIfl MaJIIIX ypoPr

neii nnxex[r.ru npn npene6pexennl.r reuepauuefi n pexou6uHauueii

e o6naCru npoCTpaHCrBeHHOro 3apflAa. !,na npoCrOTbI OrpaHuqltNtcfl

cryr{aeM urupoxoii 6asu." 
!,nn p-it repexoAa yx(e HeJIb3fl ttatiru Lin uttu Liu us roroBoro

BbrpaxeHl4tt crattueCxoft BOJIbT-aMnepnOfi xapaKTepI4CTI'IKI'I, a HeO6-

xoAr4MO penarb 3aAaqy c caMofo HaqaJIa Arg cJyqaq cyMMbI nocroflH'

HbIx ri [epeMeHHblx COCTaB,lflIOIqux KOHUeHTpaUufi S,TeKTpOHOB H AbI-

pox. B cJryqae, KorAa B XSaguHefirpa.nr,uoft oS.nacru TOK tlBIqeTCq

luQ$ysnonHblM, AJIn Haxo>KAeHHn Lio neo6xoAuMo pelxarb ypaBHenl'lfl

io : - dDoff; (7.4t)

a ! = : -  P = P o- d t  - -  
\ p  e  . o x  ' a p

1957*



flo.qcrae,rrifl B BbIpa)KeHI,re Q.a\V "7, H rpynnupys
Illue E He 3aBncqxlue oT BpeMeHH, MolKHo noiryqHTb
ypaBHeHns:

i o :  -  rDr# ;  L ip :  -eDo+

OKoutIarenlHo

Lp (Q,) : pne kr eL,V
R I

9n-x

qteHbr, 3aBr.Icf,-
cJreAyrorqHx ABa

(7.45)

(7.46)

(7 .47\

(7.49\

(7.50)

(7.43\

Ilepaoe r43 3rux ypannenufi coBnaAaer c r{cnoJrb3oBaBur.rMcq paHee
npn pacr{ere Boirbr-aMnepuoli xapaxrepficrlrKr.t H [o3BoJrfler HaxoAnrb
noctoqunlrff roK rrepe3 p-n nepexoA, a Bropoe Aaer cBff3b MexAy
aM[Jrr{TyAHbrr\{r.r 3HaqeHr.rnuu L,i, u Lp. floAcras,'rqs B .BbrpaxeHr.re

Q.a\ p H rpynnr4pyfl rrJreHbr, 3aBlrcsulue l-r He saBrlcrrune or BpeMeHu,
MOX{HO TaKX(e nOJ'IyqI'ITb ABa BbIpa)KeHI.Ifl:

d'! _ p-Po . a'4__ Lp r lo4p
# :T i  f f i :  -D , , ,  - t  -d ; -  Q .44 )

Ilepaoe Hs grHX etrpaxenufi yxe ncnoJrbsoBa,lrocb. Oso orsocsrcq
K crauuoHapHbrM 3HaqeHr4rM KoHueHTparlHH p. Bropoe Bbrpax(eHue or-
Hoclrrcrr K aM[JIHTyAHbIM 3uaqeHunu Lp. Ero nerxo nepenucarbBBr,rAe,
aHaJIOf[qHOM nepBOMy Bbrpax.(eHHrc'. ,

ec,ru o6ogHa.Inrr

PeureHue 3roro ypaBneHr,rfl no cboprnle coBnaAaer c perxeHr.reM ypaB-
HeHHfl Anq CTarIHOrIapHOfO Cr'ryqas H Mox(eT 6utr ganucaHo B Br.rle

x x- f  - 7 -

L , p - - A e  ' + B e o

Hs rpanHvuoro ycJroBr.rr Ap : 0 npu x: oo .B : 0. I4e rpaHr.rqnoro
ycJIoBHs Lp: Lp({*) npw x: Hn Mo)KHo wafnu

J - n- -;'

A :  A p ( { , 1 c t ,  . (7.48)

!,nr uaxox,rerrlrs Lp (3") N{o}KHo Boclo,rlb3oBarbctr rpaHr.rqHbrM yc,'ro-
r V

Br,reM p (({,,): p,eT, nprrroAHbrM raKx{e rn^-p rit. B pesy,,rbrare
noc,re no,4craHoBKu B 3To ycJroBne p H 7 n pas4eneHr4s qJreHoB, 3SBlrcs:
ulHx H He 3aBHCSIIIUX OT BpeMeHr.r, MOXFTO noryq[Tb

dzttp Lp-7a-: 
u;t '

t* - lp' e -  - a + p r T h '

r96

eV

L p :  p , $ " 7 a t )
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flo,4crannaa ero BblpaxeHne B $opnry.ny (7-43\, I{MeeM

ev n"l*

Lip: lzrt . $"7 " '�o
' p

Ec.nu, KaK H AJIfl nocroflHHoro roKa' HaxoAurl Aio (K,n), ro

Lip(g.,): -!2{u . +.-* .
" p

Asalornqguu o6pasolt Mo>xno floryrlllTb BerI'II{HHy

ai"(- 8,): 4ffu ' $-"#,o n

r,Ile
t'r: ----!l- '

\r  - f  l (r" | i l '

Tenepr Hyxuo Haftra Bert'IrIHHy Li,nAJrfr-p-n nepexoAa. ,[llr sroro
noAcraBHM B Bbrpaxerrr4e (7. l0) BerHquHy AI/r, uafiAeHHylo c noMolllblo

$opr'ry.nu (2.48). B pesynrrare

^i-:+ n#- LV:

# " : $ t v '

(7 .51)

(7.52J

(7.53)

rAe

o6ulaq [IHpHHa
lloAcrasnss

nepexoAa

g -�_�l 2eoe, GPo 
;.:v.) 

(Pp * nn\ 
)'r" -

L e"Ppnn I
o6.nacru npocrparlcrBeHnoro 3apflAa p-n nepexoAa'
Lio, Lio, Li^ z BblpaxeHne (7.4), no;tyvaeu l.ns p-n

)- :  tur"* l '#o u+ irrn)", + ry 11 4 iaro)'/']* ,r :5"
(7.54)

Kax nOxastrBaeT aHaJIH3 srorg BbIpaxeHL{fl, tlo"IHaq npOBOAI{MOCTb p-n

nepexo!.a cocrouT I{3 aKTuBHofi u peaNrvtnnofi cocraBrqloueil'-AeiicrearertHo, 
6clu Hcno,rlb3oBa$ $oprvIy,'ty Myanpa, ro

yt4 1''r, : IW + i T#cffi, 
(7.55)

V r +tllT<arfVl + i. i 'r"
Tor4a

- ) - t : - - % . -" 
Y 2 f/ l f icotr)'tf-6

f -

-)-: c + larc,



r.Ile

^ Vr+l /14, lcr r# ,  ^( r : U n o  r U n 0
V 2

l / t+Tffi, (7.56)
In

C : G p o
{VV t+r f  t+@rt

+

* G"o
t rnY t+tr f  +1or}

+ 3y : cx * ca. e.5Tl

Ap

3.necr 
ev

?  e D p p n  e  ^ p r .
rJpl: --T--kT '

eV
^ eDnnp t 

"7,wno: 
k 

. -Ef

ue C.-ng$dysuoHHas eMKocrb, cBsSaHHafl c HrlxeKulzeft HeocHosHstx

uocnltnefi sipnaa; Cu - 6aprepHafl eMKocrb, cBs3a'Has c MaKcBeJI-
,'roBcKuMlr roKaMu cMeureHHtt (axeunaneurHylo cxeMy cM. Ha puc.7.2)-

Kax exrHo H3 Bblpa)Kenur (7'56), npoBoAllMocrb p-n nepexoAa

3aBrzcr4T OT qagTorbl. flplr orr' oTn ( I npoe_O4uuocTb IIOcToffHHa, a

flpr{ a^cp, o)rn ) I ona npo[opu]IoHaJlbHa / co. AnQQy3I{oHHaq eM-

Kocrb raKxe 3aBIIcI,tr or qacrorbl. flpn olt' orr ( I ona nocrosHHafl'

a [trp[tl o6parnou HepaBeHcrBe ona o6paruo nponopuuouantua l/ a.

llpupo)fa raKoro lr3MeHeHr,Ifl llpoBoAaMocru u gra$Qyelrouuofi elt-

KOCTI.I C qaCrOrOii 3aK,'IOqaeTCfl B TOM, IITO OHI,I CBfl3aHbI C ABIIXSHUeM

HeocHoBgbrx HocHre,reii sapflAa e xeag[Heilrpallnoii o6nacrtl. Sror

npoqecc flBr'IqeTcq UHepqlIoHHbIM II npI.IBoAHT K lIacToTHoI'�I 3aBI'tcI'�IMOCrH
Il poBoALIMocrI{ Il .4liQq]y3I{oHHoIl eMKocrI'I.'  

f lpoeoauruocrt p-n nepexoAa nplr c.l,-+ 0, pasHas G = Gpo *

I G,,n, Mo;{.(er 6ltrl nonyueHa raKx{e 4zSQepenUupoBaHl'leM crarl'Iqe-

cxofi eOntr-annepuOii XapaKTepl{cruxu. 3ro OnpeAeJIteTCfl TeM' qro

IIpH AOCTaTOqHO HI,I3KHX qacToTax LIHxeKTIIpOBaHHbIe HeocHoBHbIe Ho-

cr.rTeJrH 3apqAa ycneBaloT (cJIeALIrb> 3a nluIoxeHHbIM HaIIpflxeHI'IeM.

[u$SysuoHHat el'tKocrb ilp]I (D : U, KorAa I'lH>KeKTLlpoBaHHbIe
HocI,lTeJIH (cJIeAgr) ga npI{JIo}xeHHbIM Hanptl)KeHI'IeM, Mo)Ker 6rtm Hafi-

)AHar C^: #, 
r.[e Qp,n - HaKonJleHnlti l  e

reasuHefirpa,rluoil O6nacra 3apfl!\ HeOCHOBH6IX noCurelefi. HanpUUep"

A,'rq 3apflAa AbIpoK

e,: ,\ ,,,"t*-""* dx : - 'trr,"# '
gn

I4cnontsyx 3To 3HaqeHI4e Qp, Mo>xHo rlo,rlyqlzrb

^ dQo eDpP, e
t - -  :  T :  - 1 -  - _ l F

A  A V  l p  K t

T n

\ ,

198

KoroparpaBua4rzQ$ysnonnofi eurocrw npv coto ( l, csgaaHHofr c
AbrpKaMu.

C ueNaeHeHHeM HarIpfl)KeHIzq trpoBoAl{Mocrb u 4utpQysuoHHafl eN{Kocrb
3KCIOHeHUHaJIbHO paCTyT C HanpqlKeHLIeM Arq IIpflMofo Ha[paBJIeHHs
r.r yMeHbrrlarcTcfl rr'Ifl o6parnoro. Baptepuax eMKocrb Ll3MeHqercfl c Ha'
npgxeHrleM xar< (rpo - ev1't" LI He 3aBHCVT OT qacroTbl.

B csqstl c gTrlM B 3aBI,IcLIMocrLI or HanpqxeHnfl H qacrorbl AJIg eM'
Kocrr4 p-n nepexoAa Moryr peaJlll3oBarbcfl pa3Hble cJIyqaH. B .Iacr-
HOCTr.r, CyMMapHaS eMKOCTb Ha HLI3KIIX lIaCTOraX npH rlpsMblx cMelIIe-
Hkrfl.x, KaK rrpaBrrJro, fiBfirrercq 4I,I$$ysuonHoft, a npu o6parnblx BcerAa
npeo6ra.u,aer 6aprepnarl eMKocrb. llpn 6o.nlul{x qacrorax 6aptepnaa
eMKocrb BCefAa 6onlure, ueu 4H$$y3I4oHHaq.

AHa,roruqnoe BbrpaxeHne AJIn gKBI,IBaJIeHTsofi cxelru lroxer 6r,trr
noJryqeHo Lr A:'l'x p-n repexoAa c y3Kofi 6aeofi. B groN{ cryrlae 6yayr
orJll4qarbcfl BeJIr4rIrzHbI Gpo u Gno, a raK)Ke H3MeHeHa 3aBl{cuMocrb
axrnsrroil H peaKruBHofi cocrasnqrcqefi or qacrorbl nepeMeHHoro cl{r-
HaJra nplr coxpaneHrzn ee o6u{ero xapaKTepa.

Ec.[H e p;n nepexoAe Me]KAy BbIpo]KAeHHbIMH rIoJIy[poBoAHLIKaL{H
Her HH)KeKrrrau uocureneft sapqaa, ro BeJII4qIiHa Lin Moxer 6sl'rl
safiAeHa c rzcnoJrb3oBaHr.reM Bo,rbr-aMnepuoft xapaxrepHcrHKLr, rrpoarra-
,rrr{3lrpoBaHHofi s r. 4.7.l lpu sroM AJlfl HaxoxAeHr.ra Ai, uoxuo [cno,'rb-
3oBarb, Harpr.rMep, BbrpaxeHue (4.87). B pesynrrare ,IIerKo noJlyqllrb
3HalreHHe aKTHBHOTO COnpOTHBJIeHHTT raKO|O p-n nepexoAa, COBnaAaro-
u1ee co 3HaqeHr.reM, rro,rlyqeHHbrM npu au$QepeHuI{poBaHHu BoJIbr-aM-
nepHofi xapaKrepucruxu (cu. BblpaxeHue (4.88)). Be.nuqusa L,i, Ann
p-n nepexoAa MexAy BbrpoxAeHHbrMpr [oJIyrpoBo,qHLIKaMa Aer]crer4-
TeJrbHa r.r He AaeT BKilaAa B peaKTHBHyro cocTaBJlsloqyrc conpoTLrBreHI4q.
floerolry eMKocrb ryHHeJIbHoro p-n [epexoAa flBflqercq uncro 6aprep-
uofi tt coBraAaer c noflyrleHgofi suue (crrt. nrrpaxenwe (7.57)).

7.6. SKBHBAJIEHTHAfl CXEMA FETEPONEPEXO,IA

lereponepexoA rBJrflercs 6o;lee c,nox<nofi cHcrenrofi, qeM KoHTaKT
MeTaJIJI - noJry[poBoAHr.rK u p -n ferepouepexoA. B rereporepexoAe
MOryT HfpaTb poJrb 3a3op, noBepxHocTHbre cocTosHr.rq, yqacTByrouue
B nepeHoce roKa 6es r{gMeueur4fl 14 c H3MeHeH[eM BrrAa pa3peneHHbrx
3oH, a raKxe raHxeKur4rr trocute;refi gapfl.\a B rroJIynpoBoAHLtKH I u 2-
floerouy HaxoxAeHrle B aHaJllrrr.rqecKoM BHAe BblpaxeHnii AJIq aKBHBa-
resrnofi cxeMbr rerepofiepexoAa 3HaqHTeJIbHo ycJloxHsercq. OAnaKo
B pe3yJlbTaTe MOIKHO tIOJIyqHTb HOBL,Ie aHaJIHTr,riIeCKHe BbIpa)KeHHfl, HO
He HoBbre Sr.rguqecrue pe3v.rrbrarbr.

B camona Ae,re, ecJrH npoBoAr.rrb B cryqae r{3ornnHofo rerepolrepe-
xo,qa pacqer r,tf l  ua46aprepHbrx roKoB upu npeue6pe)KeH14r.r rroBepx-
HocrHbrMH ypoBHrMr.r Mo)KHo AJrfl HaxoxAeHnfl Ai, eocnonb3otsarbcrr
BbIpaxeHHeM craTuqecKr.rx BorTbT-aMIIepHbrx xapaKTepHcTrJK, a nntl
qaxo)KAeHlra L,i* - BbrpaxeHueM (7. l0).

f locxonlry fiprr aroM BoJlbr-aMnepHar xapaKTepr.rcrr4l{a n o6ruer,r
cryqae Mo)Ker 6um ganucaHa B BHAe in: i (Vr, V", Vr), ro n o(rr4elr

\  ree
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Tarltu o6pasou, uaxox4enue Ai, cBoAHTcr K HaxoxAenr.rro Be,'rl,t-
vHn A//r, LV"u L,Vr. llpu orcyrcrBr.rn rroBepxHocrubrx cocrofluufi srn
BevTHqHHbI rBJIflrorcg AeiicteHrerlHblMu.

HaxoxAesze Ai- cno4r{Tcfl K noAcraHoBKe 4eftcrnurenrnofi nenH-
uuHu A7, B Bbrpax{eHue (7. l0). B pesynorare rroJryqaercfl MHr{Moe sHa-
ueuue Ai-.

Bce ero no3BoJrrer noryirnTb gKBHBaJreHTHyro cxeMy fereponepexo-
4a, uso6paxeHHyro Ha pnc. 7.2, r4e .Q u C-conporr.rBJreHr.re H eMKocrb
co6cteeHHo cereponepexo/.a, a /. cyMMa nocJreAoBareJrbHbrx conportrB-
leHuli o6lelros [o,ryrrDoBoAHHKoB I w 2. flpu erona R u C saBucflT or
napaMerpoB 3asopa, o6racra npocrpaHcrBeHrroro saps.Ia u napaMerpoB
o6t'ema noJryrrpoBo,[[ruKoB I w 2.

B qacrnocrui eMKocrb a3orltrrHoro fereponepexoAa Br.rAa aHTr.r3a-

nopurtfi - 3arlopHbrfi c"rrori, "orou ff K # " # < #
coBnaAaeT c eMKocTbFo KoHTaKTa MeTaJrJr - rroJrynpoBoAHHK, a AIrfr
rereponepexo4a Bv4.a sanopuuft - 3anopHbrfi cnori Moxno, r{crroJrb3yfi
p$yJlbrarbr n. 5.7, noJryqr4rb

C - c3

['**"+] '
fAe .

Cl: _:Ei_ i Cs : lip , Cr': J&_.
: Z t  "  A  z U

3ra eurocrb Mo>Ker 6url npe4craBJreHa raK:
l l , l , l-C :7, -r 

c, - -e;

uTo o6ycnoBJlnoaercfl nocJreAoBareJrbr-rbrM BKJrroqeFruet'vr o6nacrefi npo-
crpaHcrBeHHofo 3apfiAa noJrynpotsoAHr.rKoB I u 2 n o6nacrn 3a3opa.
Oco6eusocr[ noBeAeHr.rfl cyrr,rruapnorl eMKocrr.r rereponepexoAa C c npll-
JroxeHHbrM Harrpsx(enr,reM onpeAeJrflrorcs reM, qro C, u C, ee4yr ce6x
fio-pasHoMy c npHJIo)xeHHbrM HarrpflxenraeM. Tax, A"rq HsorrzrrHofo re-
repo[epexoAa Blrg.a sanopuuft - 3arropHbrii c.rroti npu npr{,roxenr.rn
npflMoro HanpqxeHr.rfl eMKocrb CrynenvruwBaercq, a eMKocrb C, ynaeHt-
Irraercfl. 3ro uoxer npr.rBoAr.rrb K ToMy, rITo cyMMapnas eMKocrb c Hs-
MeHeHLIeM HanpEXeHLlg MOXeT I,lMeTb MaKCI MyM.

Ecflrz s fereponepexoAe ecrb noBepxHocrHbre ypoBnra, Koropbre He
yqacTByroT B nepe.Hoce ToKa, a ToJrbKo l,r3MeHflroT cooTHorxeHHe MexAy
Vr, V t vt V r, ro AJIrr HaxolKAeunr Ain B cfiyqae r.r3orunHoro rereponepe-
xoAa MoxHo BocnoJrb3oBaTbcs TeMr.r )Ke BoJrbT-aMnepHbrMr,I xapaKTepHc-
TrlKaMH, rrro Lr Bbrrxe. Vqer rroBepxHocrnbrx ypoBHefi npu erom npnBo-
,4r.rr r{ ApyfilM snalreunrru A7r, LV"u AVr, xoropue renepb rrBrrr}orcrr
KoMTIJIeKCHIIMI4 BefiLrrILIHamu. Bce gro nptlBoAr,tr K H3rlreHeHl,uo BeJII4TII.IH
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R w C, prx 3aBncr.rMocrri or qacrorbr, KaK aro paccMorpeuo BbiIUe A,'rq
KOHTaKTa MeTar'IJI - nO,YIynpOBOAHHK.

B rou cJryqae, KofAa B aHu3orr.rnHoM rereponepexoAe rrpoucxoAr.rr
r4HxeKrIHs HeocHoBHbrx Hocureneri 3apflAa, Haxox{AeHr{e ero sKBliBa-
nenrsori cxeMbr cJleAyer npor.r3BoAnrb raKHM xe o6pasou, KaK r.r AJrrr
p-n ilepexo4a. llpu groM cJreAyer yqnrbrBarb, rrro AJrff rereponepexoAa
B cLtJIy pa3rurrlfl Bbrcor noreHrluanbuux 6aptepoB AJrrr gJreKTpoFroB rr
AbrpoK Hyxno yvuTbrBarb roJrbKo oAHy cocraBJlsroqyn roxa - ,rir5o
,u,brporrHyro, nu6o srexrpoHnyro.

B pesynlrare noryqeHHarr sKBlrBan-eHrgas cxeMa rzMeer Br,rA, npeA-
crasreHHHfi Ha pHc. 7.2, wre >xe ocnoBHbrecooftcrna, qro H aKBHBa,reHr-
Har cxeMa p-l? lepexoAa.

ConporuoneHue fereponepexoAa r.r ero eMKocrb npr4 eroM gaBr{cfiT
or qacrorbr. 3ra saeucprMocrb onpeAeJrrercs BpeMeHeM xrr3Hl.r Heoc-
HoBHbrx socHre,reft 3apflAa B rrod'IynpoBo.[Hr.rKax I unu 2.

Euxocm B aroM cJryqae npeAcraBJrfler co6oft cyMMy 6aprepHofi
rz 4nQQysuosuoft euNocreri, xoropue no-pa3HoMy BaBlicflT or qacrorbr
14 rrpr4JIolKeHHOfO HarrprxeHr4fl .

Koraa roK B rereponepexoAe HAer c yqacrr.reM noBepxHocrrrbrx ypoB-
Herlr, n KaqecrBe nepecaAor{Hblx ueHTpoB, To .I,JIfl Haxo)KAeHI,Ig BeJIHTIHH
Li, u Aio yxe FreJrb3r LrcnoJrbgoBarb oKoHr{arerbHble crarldrrecKlre
BOJIbTaMnepHbIe XapaKTepLrcTHKLr, a HyXHO HCrrOAb3OBaTb ITCXOAHbTe
BbrpaxeHr{s nuaa (5.29), (5.30) unn (5.51), (5.52), Koropbre cnpaBeArrr-r-
Bbr AJrg nrc6nx qacror, orpanuqeHHbtx [HepuuoHHocrb]o ocnoBHbrx Ho-
curereft sapq,u,a.

B pesy.nrrare raKxe MoxHo rroJryqurb sKBpiBa,rieHTHylo cxeMy Blr-
Aa pl{c. 7-2.9teveurbr gKBlrBaJreHrHoft cxeMbr R v C lrpH groM saBHCqr
or rracTorbr, qro orrpeAeJlsercq LrHepI{HoHHocTbn 3anoJrHeHufl. noBepx-
HOCTHbIX COCtOAHUii, eCJIr.r He TTpOHCXOAHT r4HXeKrIr.tH HeOCHOBHbTX HO-
curglefi gapflra, u onpeAe.rrrercfl HHeprlr.roHHocrbr,o ganorHeHnq rto-
BepxHocrHbrx yposHefi 14 BpeMeHeM xrl3nr,r HeocHoBHbrx socxreneii ga-
ps.4,a, ecJIH TaKafl HHx{eKIlns eCTb.

7.7. SKBI,IBAJIEHTHAfl CXEMA p-n I|EPEXO,I[A
HA YqACTKE JIABI,IHHOTO NPC}EOfl

SxsssaneHrHyro cxeMy p-n ilepexoAa Ha yqacrr(e JraBuHHoro npo-
6oa 6yAerra paccMarpr{Barb npr4 cJreAyroqux npe1noJroxeHurx:

l) vacrora gJleKTpr4qecKoro cHrHa.JIa MHoro MeHbure qacrorbr coyAa-
peuxfi Hocrlrener? gapflAa c peruerrofi, TaK.rrro MolKHo He yquTbrBarb
peaJrbHyro TpaeKropHlo HocErerq 3apq.{a, a paccMaTprjBaTb Hx ycpeA-
FreHHOe IBI,rXeHrre B CI'rJrbHQM SIeKTpilqecKoM noJre;

2) yrrauoxeuue KBa3r.rcraqHoHapHo, T. e. BeporrHocrb r.tonr43aquu
sBJlfleTcrr oAuo3HaqHofi SyHxuueft Hanps>KeunocrH rroJlrr LI He saBr4cHT
flBHO OT KOOpAHHaTbT H BpeMeHr.r;

3) HanpxxeHHocrb rroJrfl r43MeHflerc.rr AocrarorlHo nJraBHo, qro6lr
NoeQQuq[eHTbr lroHr{gauur.r HocnTeJreft sapn4a MoxHo cqararb oAHo-
3HarrHbrMr.r QyuxU\auu BeJruqlrHbr HanpqxeHHocru noJrs.
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I x
Psc, 7,5. MoAenb p - r nepexoAa Ha

yqacTKe naBuHHoro ywoxeHsc.

t_

P[c. 7.6. exnssaresrnaq cxeua-p -n
nepexoAa Ha yqacTKe JaBnHHoro yMHo-

XEHBq. .

flonHoe
IIO)KCHI,Ig

Eyaer cql4Tarb, qro AJIfl p-n nepe-
xoAa B pexr.rMe JIaBHHHOTO yMHOXeHLIfl
MO}XHO BbI,U.CJII{Tb TOHKHI.I SKBI4BAJICHT-

Hufi c;Iofi yMHox{eHlifl, B KoropoM co-
cpeAoroqeHo Bce yMHoxeHHe, I{ ABe oo-
.nacru 4periQa Hocure.irefi sapa4a, xax
9ro noKa3ano Ha plic. 7.5, a. B exensa-
JIeHTHOM CJIOe yMHOlKeHI,Ifl CyMMapHatr
n,loTHOCrb gapfl,Aa IOABLI)KHbIX HOCI{re-
nefi paena HyJIIo. I4g sroro croa B o6nac-
rr.r 4peir$a BbrxoAl,rr noluuii roK yMHo-
x{eHnfi, roropuft B p-nor'Iy[poBoAHl{Ke
qeJrr{KoM nepeHocurcq AbIpKaMH, 2 B
n-rroJlynpoBoAHItKe oJIeKrpoHaMu. IIItI-
pHHa 3KBUBaJIeHTHOTO CJIOfl yMHOXeHI'IS,

B KOTOpOM HcruHHOe pacnpeAeJIeI{ue
sJIeKrpoHoB r.r AbrpoK Moxer 6um gaue-
HeHO npsMoyroJlbHbrM, KaK 3TO rIOKa3a-
Ho Ha puc. 7.5, 6, us $uzuuecxux coo6-
paxeuuri paBHa eQQexrueHoft Anuue
npo6era MexAy HoHHgHpyIouI,tMH crortlK-
H o B e H H q M r r 6 : 6 r * 6 r .

conpoTIIBr'IeHVe p-n nepexoAa B pexlrMe IaBITHHOTO yM-

(7.58)

rae A7" u LVnr, a raKxe Ain, Airp u L.i., - qacru aM[JrHTyA Ha-
IIpg>KeHHs 14 nJIOTHOCTLI TOKa IIpOBOALTMOCTI.I H CMeII{eHus Ha CJIOe
yMHO}KeHHq r{ IIpor'reTHbrx yqacTKax.

flpu artno,rHeHr{n npuHrrrbrx npeAnoJroxeuufi peueuue nocrasfleHHofi . ga4atrv
s o6ueM cflyqae cBo.qurcff K perxeHuro B pa3Jrnqnbrx o6,lacrsx p-n nepexoAa cJre,(yrc-
tqefi cucreusl ypasneHufi :

(7.5e)

(7.60)

(7 .61 )

(7.62)

7 -  L V ,  ,  A v n o" - ^t+^'; rl;l l lul-,

ai^-ax +(aoi"{a'r i r ) ;

*a*  (a .n in1_ao io) ;

d E  1 |  i o l x , t )  i n ( x ,  1 )  \- t P 1 ' l  - - -
a x  € o € \  u p  u n  I

i ( t ) : i n ( x ,  l ) +  t r ( x ,  t \ + u " "  j ! + : ,

rre
in: €rtUn, ip :  ePup.

Vparueuua (7.59), (7.60) ffBJrrrorcr ypaBHeHLrsMn Hepa3pblBnocrl{ c yqeroM yAap-
sofi sosusauuu nocurerefi saprAa, ypaBHenlie (7.61) - ypaBHeHlre llyaccoHa,
a ypaBHeHne (7.62) onucrrnaer cyMMapHbrfi ror uepee p-n nepexoa.

flocxo,rrxy r o6u1err.r cnyqae r<oeQSr.rqreurrr j4apnofi uonllgaqlrlt ,qnfi gneKrpo-
HOB I.1 AbrpOK d.n V dp 3aBr.rcflT OT Be,I[qI{HbI HalprrxeHHOCTU IJIeKTpfirrecKoro noJIfl l :,

cucreMa ypanHenufi (7.59) - (7,62) v qacrnblx npou3BoAHbtx se,'Iuneiiua t,t fle Moxer
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o p l
A t e

d n l
at

6nru pemeua aHarl-irr]qecKr.r ,ua)Ke n,lq MaJ'rbrx ailrn,'ruryA nepeMeHHoro cErga,ra. flo-
sTOMy A,lq aHaJrr,rrltqecKoro perueHr.rs sanaqrr Hy)KHbr 4a,rluefiilrue ynpoqeHr{f.

.fi,ono,rnurentno 6y4eu npeAnofl ararb, qro

0n:  Op: uAp :  cOnst ;  dn :  dp :  dn,p.

3ro osuauaer, qro cKopocrtr gneKTpoHoB n AbrpoK, a raKxe roe@rqneuru yAapuofi
uogr.I3a[I,ru paBHbr.

Tenepr crroxliM ypaBHeHr4q (7.59) u (7.60) ra npoaHrerpxpyeM o6e qacrn floJryqeH-
Horo Bbrpa)r(eHris B npe/qeJrax cJror yMHo)r(eHua, B peey,rrrare no.rryquM

r  a  
u F , , ,  o r

%  
- '  

I  
[ i " ( x , t ) + i p ( x ,  t \ ] d x l  ( t p - i z )  

J  
:

-dp --op

ot

: 2 
) 

on.o @, t) l in @, t) I i" (x, t)l dx.
_A-n

EcnH noaararb, qro cyMMapHar nJrorHocrb roKa B c;Ioe yMHor(eHua r rax,4nfi MoMeHT
BpeMeHri oAr.rHaKoBa, paBld�a in () : i" (x, t) * i, (x, t) u He 3aBr.lcr.rr or KoopAr.rHarbr,
T0 noc,'IeAHee paBeHcTBO saIIUrUeTC' B BIlAe

.. 6n 6n
d r n  f  . -  |ra 

n7 
: 21" 

J 
on,od, - (ip - i") 

| ,
-% -6p

(7.63)

(7.64)

(7.65)

(7.67)
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I.[e T6 : --;:- .
"Ap

3a npe,4e.naura cJroq yMHoxeHHr B ceqeHr4H I : -6, ToK AbrpoK coc?olr qeJrHKoM
ua ToKa ir' reuepuponaHHoro BHe cr'roq ylrHo]KeHufi, TaK uro

(ip - in) l-0, : (2ip - it)luo : 2i", - in.

Tox s;rexrpouoB B ceqeHr.rr{ x: _'6p cocrour us o6parxoro roKa HacHuleyufl. i"n.
floerorray

(ip - i) 
l_oo 

: Q" - 2i")l_ar: ('" - 2i ) l_to.
Zcnonbgosae ganucaHHble rpaHI,IqHbIe ycnoBng, notyrrr,rM

u4 
ln )ot '

2 in  
J  

a , , odx - ( i p - i n )  
|  

: r r "  
I  

on ,od r -2 in+2 i s ,
-6n -6n -d,r

r,4e i, : ir,rt iro.
floAcrasus (7.65) n (7.64), npuxoar.{M K ypaBHeHuro

d i n  2 l  l "- 
7- 

: t" 
* I  J. on,od*-

L_op

' l*#
Vnpocrau ypaBHeHue (7.66), no.acraBltB BMecro cru,p cpeAHlolo
tytreHHyto nyTeM HHTerpnpoBaH[q dn,p to BceMy cJroro yMFroxcHrrf,.

Torna nr,rpaxeHve (7.66) npu npeHe6pex(eHnu Ma,'rbrM q!'reHoM

B Bure 
-t; c;

t\ trt; : -::t r;6 - rr.

\

(7.66)

Ee"Eurrnuy E, no-

q i

-  I I€D€IIHI] I€TCfI
x6



B npe4no,roxeHl.Itx MaJIoctl.I curHaJla:

a :ao* aEei'r : a-o *'$ rc"i^t'

ao : (a,o+iF orrui'') : r a6 S rcet't'
\ "  o E  I

f a : i n o * A i r e l ' t '

E: Eo * aEei'r,

flo.(cr:asnqq 3anacagHble Bbtue Bblpaxenug^ s (7.67\ u npene6perag qAeHaMlI BbrC-

IUelO nOpfAKa Ma,loCTI'l' MO)KHO nOlytlltTb

zE i-^nr^a
AJ- :  oE " "  - -  

'" 
lota6

Tox cil,reuenrq B cnoe yMnoxeHufl

Ai"": loeoeAEr.

Vqurunag, qro ,r.tlrr cnofi yMnortrenul npu npHHfiTbIx npeiqnoJloxeul-IRx AEn :

Av"
: -T*, MO)i{HO 3aIII{CaTb HMIIeAaHC CJIOT yMHOXeHHt

n  [  . ? l - '
z ^ :  j oo ,u  L t - , " J

rAe

npeAcTaB,'IeHa B BuAe

t r : {

S-

- 
trP 

-nP"tc

(7.68)

, (2.6e)

(7.70',

(7.7r)�

(7.72)
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Sror c,rofi Iuoxet 6urs npe,(craBJleg, KaK napanne'rssas LC-uenoura. ,(,eficrnn'
t 

S+ *i: . rcnoJrbsoBaHseu (7.68) u (7.69) uoxer6ursTerb t lo ,  BeJ I I |qHHa -T :  -O,  
n  LV t

i : , , r + : . ,
fAe uH,[,yKTr.rBHocTb a eMKocTb llenoqKr cooTBeTcTBeHHo paBHbI:

t: ---19-.
oj oq,
"onoVE

n EoE
g

Taxr.rru o6pasorr.l, ronxufi c;tofi ytvtHoxeultt Be.[eT ce6s xax napaJlnenbHaff peso-
lrascuafl uenoqKa c co6crseHlrofi pesouaHcnoti sacrorofi,lpanuofi <or. flpu uactotax
0 ( or conpoTlrB,'IeHr.Ie caorl yMHoxeHHff HQct'lr eMKocTHoIz, a fipg o ) @r - uItAyK-
rueuHft xapaKTep.

Paccruorpru oKBfiBa,'IeHrHyIo cxeMy nporerHblx yqacrKoB. B npe4no,roxenllu o
HacbrqeHun apeilrponoft cKopocrn Hocure,'refi 3apflAa nepeMeHHaff cocraB.lqpulat nfior-
Hocrr4 Toxa npoBoAnMocrtt o6paeyer He3aryxarculyrc BoaHy, B roropofi l{Menrcs roJlb-
xo $asoelre rlstr{crienlts n Koropas pacnpocrpaHqercs c eroft apeiiQonofi cKopocrblo.
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Taxru o6pasou, 4ar n-o6nacru
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- -; - KOMnJIeKCHOe qlrc.rto, paBnoe orlrottleHl,rto nrlorHocrn ToKa .[aBr,rHLI
AI

K N,TOTHOCTH NOJIHOTO TOKA.
Hanouuuu, gro nptr [pgHqrbrx npeAnono)Kenugx s ap6oM ceqegalt nporernoro

npocrpaHcrBa nJrorHocrb noJ'rHoFo roKa paBHa cyMMe nJIOTHOCTIT iOXa npoio.4uLlocrt
H n,'IoTHOCTU TOKa CMeITIeHUfi H He 3aBHCHT OT KOOpAT.IHaTbI:

Li : Adnp -l- LicM+ t @).

fl;rorHocrs roKa cMeureHr.rr Mo)r(er 6urr onpe4ureua AJrfi npousnolsuofi TosKH .r
nponeTHoro c,Iofl TaK:

AicM : iroeoeAE (.r).

?ro noeeorqer noJryquTr' BbrpaxeHr-re AJrfl neper\{enuofi cocrasrsroqefi aaexrpu-qecKoro norr B np ocrpaHcrBe 4periQa n-o6nacru xak @ynxuuu otx B BHAe
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___ Ilt".prpoBaHHe ypaBneu-nff (7.74) nonmue.qpeftrpa gr- 6rgaer Bbrpa)KeHr{e
A.tlfl nepeMeHHori cocraB.rrtloulefi uanpaxeHufi Ha nponerHoM yqacrKe n-o6aac"ts

Lv{g:o-e 
; :

(gn- 6n) Li

/(De0€

n":['-#f

(7.74)

B rpocrpaxcrBe 4pefiQa n-o6"'racru.

HMrreAaxca nponEruoro yvacrxa n-o6-
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a (s. - 6-l
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JiACTII B BUIE
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@YE;-- 

eMxocrb rlporleruoro yuu\-oOru.tn.

t enepb Bocnolb3yeMcs BbrpaxeuurrMr.t (7.68) r \rc!l_ u uafigerrl r7, 1
:;j3ir . Jlerxo rol<aiarb, r{ro

" " J  | . , c M
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B pesy'rrrare noJIHoe conporl'IB"lleHue npoJleruoro cnogn'o1lacrn nepenuluerct

B BUAE

,;,: -+[(' -+fr ( r 
- cosof;o 1*

q t t ' -  , 7  J  \  e t u  ) '
,  i f - , - u / t - - + f ' . " i , t f ; ' - ] .  e . 7 8 \* * * L - ^ ' \ ^  ' i )  o i ,  J

3xa } r sa IeHrHa f l c xeMa [poJ leTHorocJ Io 'Mo )KeT6u r l l pe ,4c raB l l eHa r ,B I t I ena -
paJtJrer,IbHo BKJrrcqe'Hbrx axrrisHofi u peaxrUrnOfi COCTaBI'IO'IHX, 3aBl{cfl[l'x OT qac-

ToTr, l 'npf lqeMaKTI4BHoeconporuslenuecTaHoBI, ITcf loTpHuaTe. ' IbHblM,IJ ' I f iBcexqacToT'
nexa[llx BblIIIe Or' KpoMe ToqeK' rAe oHO paBso Hyr'IIo'' 

Alla,noruq"oroi'O6paSOr UOXno naii* ilO,'IHoe cOnpOTI'TBJIeHI'le nporTeT'or. CJIOS

p - o 6 t a c r u  
( t  ^ r _ r r t _ c o s O , i p \ _ l

z ie : -+ l ( ' -A \  {, c f , L \ ' - " i )  \  q ,  I '

+&[-'"('-#I'#t]' (7.7e)

rAe

cir: ^,ff-5;; 
oio: -' (eP=6e)

ion"u" gKBHBa,yIeHrHatt cxeMa p-n ilepexoAa Ha yqacrKe JIaBHII-

HO|O npo6ofl MoxeT 6trrl npeAcTaBJIeHa B BHAe cyMMbI I'IMneAaHCOB

c.no" y*"o*eHt'tl, o6lacrefi apefi$a' a raKxe-colrporliB'lerLrfl KBa3v'

"attpino"orx o6lacrefr u noKasaHa Ha pl{c' 7'6' BenuquHa rlo"lFloro

conpoTHBJIeHI-tfl
'r r - 'l l-'r -l- ) I-l-[(r - -ea" f' *z: -#* 

Lt 
- "'l * o ,4,,t % L\ 'ai J

/  l _ c o s o , - - \  ,  |  /  ,  "  r - l  " i . c  l )
x  {  

^ - ' ; " " o 0  
l + - , 1 - l - l  + i r - - 9 " )  # l l  * r .  ( 7 . 8 0 )" \  

o l o  ) '  c i o l  ' \  a : J  o ' a e  J t

Kar noxasHBaer aHa'/IH3 noflyrleHHblx p$yJlbraroB' r"IaBHbIML oco-

6egsocrsuu [o,'IHoro conporllBr'Iettn p-n nepexoAa..Ha yqacrKe JIa-

""""tao npo6oa t{Brfl}orcr 3aB}Icl4Mocrl peaxrnnnoft u axrltsuofi

cocrasnsrcqefi or,Iacrorbl I{ cyqecrBoBanue orpl{lrareJlbHof o AHHalvlII-
qecKofo aKTr.rBHoro conpoTr.rBJresus. lloc,leAHee ucnoJlb3yeTcfl B "IIaBI'IH-

Ho-[poJIerHbIx AI'IoAax 1.nr renepa:uvlr vr ycluleHl'lfl rone6auufi'

PacqerHHe 3aBI'IcI'IMocrH noJlltofo conporl'IBJIeHvs' p-n [epexoAa

or qacrorbl LI roKa I{MeIor pflA xapaKrepHblx qepr' B nepBylo oqepeAb

K HI,IM oTHocfiTcfl pe3Koe 'I3MeHeHI,Ie no,rlHo|o cotipoTl,IB,qe[ug s'nugu

xapaKTeplrcrl,lqecKHx sHatleHl'{fi qacrorbl a, v 3aBvcllMocrb (t)r o-r nJIorHo-

cTk nocToflHHOrO roKa f,, NOr4a peaKrHBHOe X u axrusuoe 1( col]poruB-

fleHaq p-l? lepexoAa I'I3MeHr]or 3HaK. Ha qacrorax' HI'lN(e HeKoropofo

3Hal IeHI{g( t ) / 'aKT'4BHoeconpoTI , IBJIeHHep-nf iepexoAalo l ' Io)KI IT€,r IbHo
npH BCex ToKax. flpllveu 3aBr4cI4MOCTb 3TOIO COnpoTI4Bd'IeHUs oT TOKa

r{MeeTBI4Ape3oHaHcH[,lxKpl'� lBbIX'KOTOpbrecMeIqaIoTCflnpl' �{yBeJ]uqeHI'IU
qa,crorsr B CrOpOHy 6onturrrx roKoB. Ha 6onluux qacToTax conpoTl' lt-
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,leHI,Ie p-n nepexoAa cTaHoBI,rTcR oTpIzqaTe,IIF,HbIM c ollel{b MaJIbIX To-

xon. flpu yBefiurreHr{r4 ToKa MoAyJrb SToro corIpoTHBJIeHHfl pe3KO Bo3-

paCTaeT, saTeM yMeHb[IaeTCfl H yXOAHT s o6;aCtl IIOJIOSI'ITe,rIbHbIX
gna.renr.rtl. PeaKrnSHoe COnpOTI,IBJIeI{He npl4 ToKaX MeHbuIt4X o[peAe-

JIeHHOfO 3HaqeHI,Ifl trBJIgeTCg eMKOCTHbIM, a IIpII 6OnlUrUX - IIH.U,yKTIIB-

gUrra. B 3aBI,ICI4MOCTH OT BeJIIrtIl4HbI TOKa 3TOT IIepeXOA Ha6.nrcAaerCg

lpll pa3HbIX 3HatIeHHflX qaCTOTfrI.
' 

B^saKnro.reHne cJIeAyeT nOAqepKHyTb, r{TO C,rO>xnsttl XapaKTep 3a-

sucul4oCrefi napaurerpon paCCMOTpeHuofi s4ecl SKBHBa,IIeHTnot'i cxeuu
p-n nepexoAa Ha yqacTKe JraBr.rHHoro npo6oa onpeAeJlflercq, IOMI4MO

[p6rrr4x'rparropOe, KOHeqHbIM BpeMeHeM ABHx(eHIIfl HoCureleii uepea

o6,lacrl npocrpaucrBeHHoro 3apflAa. 3runr paccnrorpeuHrtfi 3Aecb crly-

Uari npuuUulua,'rbHo or"'I[qaeTca OT Bcex pai{ee paccMorpcHHbIX.

7.8. SKCNEPHMEHTAJIbIIbIE I,ICCJIEAOBAHI'If l [OMO.

I,I TETEPONEPEXO,IOB NPIT MAJIOM TTEPEMEHHOM HANPfiX(E}II ' I14

Anq uccneAoBaHHfl 3KBHBa"leHTHOfi cxer'lu roMo- 14 rerepolepexoA0B

IrplrMeHffroTcfl MeToAbI, ocHoBaHHbIe Ha .cpaBHeHI4H I'I3MepfleMofo II0JI-

Hgfo conpoTl4B,,reHr,rfl c I,I3BeCTHbttr.t, ltu6o- Ha l{3MepeHnu altit.luryA AV

u L,i u cAeHra Sas nrexAy HvtMli. llpn eronr ueo6xoAuuo, vto6lt BbIIIO,'I-

HflJIocb ycJIoBIze MaJIofo cI{fHaJIa LV < +-
13 peayntrare npoBeAeHHbrx rrcc!,reAosaHrrft ycTaHoBJIeHO, qTO 3K-

BHBaJIeHTHafl CXeMa KOHTaKTa MeTaJIJI - [O"IynpOBOAHuK, p-n IIe-

pexoAa r.r reTeponepexoAa e o6qeN{ c,'ryqae Mo>KeT 6url npeAcTaBr'IeHa

e nlaAe, uso6paxeuHoM Ha Puc. 7 -2'
flo4po6n#e Hccd'reAoBaHr4rr napaMerpoa R u C sKnusaneurgoft cxeMbl

KOHTAKTA IOKA3AJII4, TITO OHI{ gABLTCflT OT YACJIbHOIO COIIPOTHBJICHHfl H

THrra npoBoAI.IMOcTH [OJIy[pOBoAHuxa, o6pa6orxu noBepxHOcTI'I noJly-

I l p o B o A H H K a ' M a T e p H a J I a M e T a J I J I a I { M e T o A a e f o H a H e c e H I , I f ' T . e .
3aBr.rcqT oT TeX xe saxropoB, irTo H napaMeTpbl BoJlbr-aMnepHofi xapaK-

TepucTHKH.,[,; ia ycrauoB,'reHr]fl Qusuvecxoft MoAe'lI?i KoHTaKroB npo-

BO1LIJTOCb I{CC,IIeASBaHI,Ie 3aBI4CI,IMOCTU R U C Or [pU,'IOXSHHO;O Hailpu-

X<CIITq H IIACTOTbI.- 
Hu p'uc.7.7 npI,IBeAeHbI rl ' lnur{Hble 3atsficuMocru IlapaMerpoe R u C

KoHTaKTa MeTaJI,{ - IIoJIy[poBoAHI,IK c pa3,iII{I{HoI{ ToJIIII4HOH npoMe-

XyTOr{HOrO C,rror, OgpeAenegnOil LIS BeJIHiIHHr,t C, npn 6O,'tlUlllX np,lMbIX

HaxpsxeHlrflX, oT n-aqpaxenus. Kax Bp1AHO I43 pL{cyHKa' cofiporllB,' le-

nr""{"oAu c d. : 25 A s 6ALTHaKOBOM r{HTepBaJIe Hanpqx{eH'fi c'ra6cc

3aBHCr4T OT Harrpfl)KeHgq B npflMot{ HanpaBJIeHLtI4 I 'I C_lr'r lblee"n o6par-

HoM, qeM p,na gioga c dS 10A' En'trocrb AI'IoAa c d: l0 A ltcttr 'ute

eMKocrr.r AHoAa c d ( 10 A n rpr{ Aocraroqso 6ollru11x l{anptl}KeFl6tl)i

npaKTHr{eCKU He 3aBI,ICt{T OT HanptX{egug. Ont'rCaHHbIe 3KCnepil i ' ' ieHTaJIb-

HO SaKOHOMepHOCTI{ KaqecTBeHHo cooTBeTcTByIOT TeOpeTI'lqecKI'lM' pac-

pMorpeHHbIM B npeAblAylr1nx naparpaQax.' 
fipou"4eHHrrre r4ccJIeAoBaH[q 3aB.LIcHMocrz R u C ot tlacroriil npll

QUXCllponauHOM 3HaueHIlH nOcTofl HHorO Hanpf )KeHHs noKa3.blEalor' t lTo
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AJIfl KoHraKroe c d q l0 A B Auana3oHe qacror 103...10? fu fr ra C
npaKTuqecKlr He 3aBilcflT or rlacroru. !,na KoHTaKToB c d 7;- 25 A, xar
nfanrano, R u C 3aBLIcqr or rlacrorbl. flpNueprr raKnx sasncl'llaocrefi
noKa3aHbr Ha pl4c. 7.8. Kar BLIAHo, c rIoBbIueHlIeM qacrorbl xaK conpo-
TLIBJIeHHe ^(, rax rI eMKocrb LLrcg.a C ynaeulruamcq. AHa,'I[3 3TIlx 3a-
sI,Icruocreft IIoKa3bIBaer, IITo B oroM qacr]{oM cJlyqae oHI{ KaqecrBeHuo
COTJIACYIOTCfl C MOACJIbFO KOHTAKTA C YITCTOM 3A3OPA H TIOBCPXHOCTHbIX

cocroqir rft n pil n per.iloJloxeH H!.t o6 yuactulz rtoBepx HocrltH x cocroq Hll it

PAc.7,7. 3asncnMocrr R H C or HanpexeHHr P[c, 7.8. 3anncsxoctr, R u C or qacrorEt

AJfl \ xonrarra Pd6-n-Sl(p : 0,4 oM.cy): |repeMesHono cr|rHata l lnt roHTa[Ta Au-Sl

xx>l - d -< to A; ooo - tt : 25 A. (p:oir?:ot,;;T)b6o:/:: i 'r5Y -

B nepeHoce roKa r{ npe,q,noJloxeunr.r, qro fJraBuyr,o poJlb Hrpaer, o6rvren
arr.rx cocrorsprft c noiryrrpoBoAHrrKoM.

Taxuu o6pasonn, noryrleHHble npH ItccJIeAoBaHI'In SJIeMeHToB SKBII-
saneHrHoft cxeMbr gKcflepaMeHra.urnue pegyJrbrarbl noATBepx<Aarcr o6:
rqyro MoAeJrb, B Koropoft yunruaarorcfl saaop H noBepxHocrHble cocroq-
uns. OAuaxo AJrs KoHTaKTa MeraJrJr - noJrynpoBoAHHK B Hacrorlqee
BpeMq erqe He noryrreHo noJlHoro Koflt4qecTBeHHoro corracHfl MexAy
paspa6oraunbrMu Teoperr,rqecKr.IMu MoAerqMLr Lr gKcnepLIMeHToM.

flo4po6no LrccJIeAoBaJIacb raKxe gKBIIBaJIeHTHafI cxeMa p-n ile-
pexoAoB. 3aeuctlr\aocrr axr]tsHori t,t peaKruBHofi cocrasnq]oqux repMa-
Hr,reBbrx p-n nepexoAoB, AJII Koropbrx MoxHo npeHe6pevr reHepaql{ou-
Ho-pexou6nHaqHoHHbIMI{ ToKaMLI or qacrorbl H Han psxeHl.Ir,' HaxogllTcff
B xoporxeM corJracnlr c reopueft. 3ro n.nnrccrpupyercs pac. 7.9, r4e
npeAcTaBJreHbr gKcneplIMeHTaJIbHbIe ToqKLr fi TeopeTHrlecKl.re KpI.IBbIe
[poBoAr4Mocrn, a raK]Ke pwc,7,10, rAe [ocrpoeHbl 3aBI.IcLIMocrIr C or
R npu pa3Hbrx 1. flocnelHue 3aBHcHMocrK AoJIxHbr yKJlaAbrBarbcs Ha
np-?MyIO, nOCKO,'IbKy

t ,  nP
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c: ca* co: ,"+ (#)'u + r,),:,2s-
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npH nrc6ux qacrorax (cu. (7.56) u (7.57)), qro u Ha6nroAaerc.s eKcnepn-
MCHTAJIbHO.

lls HaxnoHa npsMbrx Moxer 6url uaftAeHo BpeMfl )r{r4sHn, onpeAe-
Jrgblllee qacrorHyro BaBucr.rMocrb R u C, a us orceqKu - Be,'rr{qr.rHa
6aprepHoft eMKocrlr. CpanHeHue guaqeuuil BpeMeH14 >I{H3HH, fioryr{eu-
Hbrx r.r3 qacrorHbrx gaBr4cuMocrefi R H C, a raxxe H3 Apyrux ueuepeuHr?,
o6uapyxunaer HenJroxoe coBnaAeHHe.

CnQ
600

400

200

Plc. 7.9. 3aBHcsMocrb npoBoAnMocrn rep-
M&HseE@o p -,, nepexoAa oT qacToThl:

, - aRTnBHar cocTaarqbllar; 2- peaKTuBHat
cocraBrtlor{ar (cnnoujHbre KpHBbre - Teopur).

PIrc. 7.10. 3asncHuocft C orR lrc p-n ne.
pexoAa nptr pa3HHx ToKax noloxnTenbHoro

cMelrleHn t.

Taxau o6pasou, paspa6orauHaq reopnq 4ile, p-n nepexoAa xopo-
tuo onHcblBaeT gKcrrepHMeHTaJlbHbre pe3yJlbTaTbr, ecJrH MoxHo npeHe-
6peul reHepallHoHuo-perorr,r6uHaurloHHbIMH ToKaMH.

SKnKaaneHrHbIe cxeMbl p a3rrrrrHbrx rereponepexoAoB rxlrpoKo HCCJIe-
AoBaJIHcb c qefibro ycraHoBJreHzs, vtx $usavecxofi MoAeJrH. flpn erou
ycTaIIoB,'IeHo, tITo s o6lqeN{ cfiyqae R n C 3aBHcgToT HanpflxeH17gHqac-
toru. Muoro pa6or 6Hno nocgqqeHo HccJreAoBaHHro BoJrbr-eMKocrHbrx
xapaKTepncrr{K, no3BoJrsroulnx c 6o;ree npocrbrx nosurlufi nHTep[pern-
poBarb Qasuuecxyro MoAeJrb Hccd'reAyeMoro ferepo[epexoAa.

3ro lroxHo HJlJlrocrpr{poBarb Ha npuMepe pesKnx r.r3orr.rnnbrx rere-
ponepexoAoo repuaunfi - rpelrnuft.

Tuna.rHas saBncuMocrb eMKocrr,r n-n terepo[epexoAa Ge-Si or
HanpqxeHllfl fipu pa3Hbrx rracrorax npeAcraBJreHa Ha puc. 7.1 l. Kax
BI{AHo I43 groro pncyuKa, eMKocrb npH Suxcr,rpoeaHHor? qacrore y6unaer
c pocroM noJIoxHTeJIbHbrx fi orpnrrareJibHbrx Hanpq>xeHufi. C pocror'.r
qacToTbl npn nocToffHHbrx SHaqeHHrrx HanprrxeHHaf eMKocTb yMertb-
Ilraercfl. Ha6npAaeuaf, 3aBrzcr.rMocrb eMKocrH or Hanpq)KeHur Mo)Ker
6url o6tgcHena, ecJru npeAnoJroN(LITb, qro B HccJreAoBaHFrbrx rerepo-
nepexoAax cyqecrByror ABa, BKJrroqeHHbrx HaBcrpeqy Apyf Apyfy,
6aprepa Lllorrxu, KaK gro rroKasaHo Ha pac. 5.1, e, e. 3anucuuocrr
eMKocrr.r or qacrorbr MoxHo o6tscnutr B.rrHflHLreM rroBeDxnocrHbrx co-
croggr.lfi. 3ro sce KaqecrBeHno corJracyercfl c AaHHbTMH o paccorJraco-
nhnrn nocroflHHbrx perxeroK Ge u Si, npuBoArrrunx K cyx{ecrBoBaHu}o
Ha rpaHlrqe pa3AeJra noJrynpoBoAHHKoB 6o.rlruofi KoHr{eHrpaqr.rn no-



BepxHocrHbIX cocroflHrlfi. OAuaxo Korrll{qecrBellHoro onucaHlls 3Kclte-
pr{MeHTaJIbHbIx p$y,rlbraroB Aocrl,IfHyro ue 6u,'to.

14 soo6qe, HecMorptt ua 6o,lturoe Ko,'InqecrBo 3KcnepI'IMeHTaJIbHbIX
I,ICCdIIeAOBaHI,TT? rerepOnepex6AoB, JIIIIgb B O,IeHl Ite6OnbiIIOM KOJII{IIeCTBe
cd'ryqaeB yAaJlocb Aarb noJIyKoJII4qecrBeHnoe o6tqcHeHue ua6.nrcAaeuur'r
3aBr4cuMocrrrM c roqKl{ 3peHl4fl paccMorpeHHblx Bblille Qusuuecrux uo-

Ae,refi.
x,,rq conocraBJleHllt Ma/'IocI4rHaJIlHOfi reopnv p-n nepexoAa B pe-

xuMe,raBrruHoro upo6ofl t4ccJleAoBaJlocb no,rHoe conporl'IBJIeH:u.le p-n
nepexoAoB B rxxpoKoM AHana3oHe cBepxBblcoKl'lx qacror. flonyueHuue

/,{ i/tt.o

l ' nasa  8 .  OMIqECKI{E KOHTAKTbI

8.I. CBOHCTBA I,I MO.IEJIb OMI,IqECKI{X KOHTAKTOB

OMuqecxuft KoHTaKT MeTaJIJI - noJIynpoBoAHI'IK cJlyxl'rr Arq [oABe-

AeHHt 9IeKTpHIIeCKOTO TOKa I4JILI HanpflX{eHnq K IIOJIy[pOBOAHI4KaM I'�{

noJrynpoBoAHI{KoBbIM npr.r6opavr. OcHOsHoe rpe6onaHue K oMI{lIecKHM
KOHTAKTAM 3AKfiTOqACTC'I B TOM, IITO OHH HC AOJIXHbI BHOCI{Tb SAMCTHOTO

AOnOJIHIITSJIbHOTO cOnpOTHBJIeHHfl B pa6OUeU HHTepBa,'Ie uanpnxeHufi
.H TOKOB. fIOCneAUee O3HaqaeT, qTO CO1pOTI,IB.IISIIHe OM[qecKI{X KoHTaK-
ToB ,II9JI)KH6 6uru AoctarollHo MaJI6IM, a ero BoJlbr-aMnepHas xapaKTe-
,pgcrr.rKa AoJIxHa 6urt nuseftHoft, t. e. .AJIS raKlrx KoHTaKToB A6JI)KeH
BbrrroJlHgrbcq gaxou OI\aa.

Kponae rofo, K oMHqecKI.IM KoHTaKTaM unorAa [peAtrBrqlorcfl H

Apyrue rpe6ooaunn. HanpumeP, xaK npaB1lro, oMHr{ecKI'Ie KoHraKrbI

AoJrxHbr 6rrru seuHx<eKTL{pyrcqI4MH, llMerb xopomyrc TerIJIonpoBoA-
HOcTb, T. e. K HHM npeAbnBJIffI,OTCr pa3II.IrIHbIe KOHKpeTHbIe rpe6Onaulll.

Coe,q,art aAeanrtruft ouuqecxnfi KoFITaKT, IIoJIHocrbIo orseqarcufiii
paaJrrzqnbrM rpe6onaHu aM, rrpaKTHqecKI'I HeBo3Mo)KHo. lloarouy peaJlb-
Hbre oMpIqecKLIe KoHTaKTbI npeAcraBJtqlor co6ofi 6onruee I'IJII{ MeHblree
npu6nnxeune K LIAeaJIbHoMy.

Ec,ru ofpaHHqHTbcs paccMorpeHLIeM ocHoBHbIX SJIeKTpHqecKHX
csoftcrs oMllqecKoro KoHTaKTa, [pexAe ecero Heo6xoAI'IMo paccMorperh
ycJIoBI4s s o6nacrz [pocrpaHcrBeHnoro 3aps,Aa, nplz Koropblx 3ra oo-
JIaCTb r4Meer Mad'IOe u 6nusnoe x .nHHefiHotr,ty conporl'IBJleHl{e' flpu erona
MolKHo BbIAeJII{Tb rpLI cflyqas, KorAa ceoftcrsa KoHTaKTa MeTaJIJI - ilo-
nynpoBoAHl{r npu6;Inxalorcr x ceoftcrsaM oMllqecKofo KoHraKra. D,nn
n-Tu\a rroJlynpoBoAHHKa rrptl yqere roKa ocHoBHbIX socurelefr 3apeAa'
KofAa r{HxeKIrLIfl HecyqecrBeHna, oHH noKa3aHbl Ha pI'rc. 8. l. B c,lyuae,
uso6paxeHuoM Ha prac. B. l, a, B KoHTaKTe usru6 soH aHrIzsanopHltfi.

!,nn cnyuafl pvc. 8.1,6 ngrn6 goH sanopnrtft, Ho IxHpIiHa o6;lacrn
rrpocrpaHcrBeHHoro sapfl, 'a oqeHb ltala. Ha pnc. B.l, e _npeAcraB,rlcll
eauopiufi c;tolZ c AocrarorlHo uanofi estcotoii 6aptepa. OcHosusIe Ho.-
cr.rredtlr.r 3apflAa B paccMorpeHHblx cflyqaflx nu6o uayr B pa3peilleHllofi
sone, ra6o ryHHeJII4pyror qepes o6.nacrl npocrpaHcrBeHHofo 3aptlAa'
KaK rroKa3aHo crpe./IKaMI4.

flpu paccvtorpeHl-ru npoxo)KAeHI,Ir HocLIreJIeii eapt4a qepe3 npoNle-
>xyrovHr,rfi c,'toil naexly MeTaJIJIoM I{ TIOJIynpOBOAHLIKOM, KaK H e rn. 3,
MoxHo paccMarpHBarb roKLI c yqacrlleM n 6ee yvacrun noBepxHocrHblx
yponHeft.

I4cnonlsyr p$yJlbrarbl, [o/'IyqeHHble B npeAbIAyIIIt4x fJIaBax, Mo]K'
Ho uairrn co[porr.rBJleHue oMllqecKofo KoHTaKTa I]pI4 Hanpr]KeHunx
Vt * V, (1 Vu, r4e 71, V, w Vu - naAeHHe Hanpflxenl'Iq B npoNlerxy-

-2501-l-ffi
,/fool | '.! |--/0 -8 -6 -4 -2 0 2 48

Psc.  7 . t1 ,  3agnc f imoctu  eMxocr t r  Hsor rn-
Aora n-ft rerepotrepexoaa Ce-Si or nptr-
noxeHHoro  HanpcxeHt rs  Ha pa3JHqHbIX

qact oTax

Pac. 7.12, CpaBHeHtre gKcnepH-
MeHTaJrbHbrx (- ) gaBncnMocreft

R( l )  c  DacqerHb lMh ( - - - ) .

2t I

R.0u
Voo

0

gKcnepI4MeHTa/'lbHble p$yJIbTaTbI nOATB€pAI'IJII'I KaqeCTBeHHbIe BbIBoAbI
paccMorpenHofi reoplttz. Tar, Ha qacrorax BbIIIJe HeKoroporo 3HaueHLIfl

aKTr{BHOe COn pOTLIB,rleHVe p -n lepexoAa cTaHoB LIJIocb orp HqaTeJIbHbIM.

!,nx raxux qacror lprl yBed'IIrqeHI,tH ToKa MoAyJIb aKTLIBHofo coflporuB-

,leHEq BO3paCTaeT, a 3aTeM yMeHbruaeTcq, rpoxo,u,LlT rlep$ Hyrb H yxo-

,tttrr B o6nacrr IIoJIo)KLITe,rbHbIx sHaqenuft. Bce ero noKa3ago Ha
puc. 7.12. Ha aroM >re pI4cyHKe AaI{bI pacqerHble KpHBbIe. Kax sI.IAHo,

Ha6,'rrcAaercg xopouee He ro,'IbKo KaqecrBeHgoe, Ho LI KorlqecrBeHgoe

coBnaAeHr.re gKcnepHMeHTa,rIbHbIX LI TeopernqecKllx p$yJlbraroB (Hexo-

ropbre pa3,r[rrr4r Moryr o6tscuqrlcfl HeoAHopo4Hsiu npo6oeu).
Alta,'IofIIqHbIe pe3y,lbrarbl, noKa3blBalolilne cnpaBeAJIuEocrb ofil{-

causori Bbrrrre Ma,rocurHanrsofi reoptz].I pa6oru p-n nepexoAa Ha yqacr-

Ke r'IaBHHHoro upo6on, 6unu no.lyueHbl TaKlKe rtpu I'r3yrIeHHI'I peaKTI'lB-

uoir cocras,'Iarouleli nolHoro con porl{BJleur4fl p - n lepexoAa.



Prc' 8'r' "oo 
x;"J.X11ia """'"tff;l"tny*ffil".ig:"" oap'na noJrv-

roqnoM c.uoe o6nacr[ npocrpaucrBenHoro sapfrAa u o6reue nonynpo-BoAHr.rKa. llpu srou MoxHo orpaHHril4Tbca ripra6nuxeHr,rarrru ANoAHo*TeopHH' raK KaK nprr sroM (cru. rn. 3) roxlz 60.nsrue, a co[por'B.rreHr{e
Menbrrre, qeM B cflyqae BbrnoJrHeHufl [peAnoJroxennli au$$ysxoHuoftTeopHH, uro H rpe6yercfl AJrfi oruu.recxfii KoHraKToB.

8.2. OMHTIECKHE KOHTAKTbI AJI, TOKOB
6E3 YqACTI4fl NOBEPXHOCTHbTX YPOBHER

AHrnsanopnnfi srofi. ,[,nn aurusanopHoro cJro, B cfiyqae ,quo4noftTeopI'lH, I]o aHaJloru[ c p€ynbrara[rr n. 3. I, MoxHo sanEcarb Bo.]rbr-aM[epHyro xapaKTepHcTwKy Ailn ToKa 3JreKTpoHOB B Br.rAe

i: mo-o!,?n 
(l _ "-a!ri*&L),

r'u'e yqre'o' tITo roK gneKrpo'oB Hs nonynpoBoAH'Ka B MeranJr HAer
6es. n_peo4oneH'rr rore'qnanrnoro 6aplepa, a Ailn o6paruoro ro*a ra-*ofi-6gTp cyqecrByer r'r HsMeHsercn c npNnoxeHHbrM Harprx(eHr,reM.

ATq HAXO}KACHI,Ifl 
. CONPOTHBJICHAg OMI,IqCCKOTO KOHTAKTA NPCANOJIO.

e (V- *  V-\
xHM' qro .-.-tr: ( l. 'Toraa, pacKJlaAbrBar gKcrroHeuTy B
BrrpaxeHar.r (8. l) o pqA a orpaHr.rrrnBascb rrepBbrM q,,reuoM, HMeeM

, _ 
,noor?n e ,rtL: -T- 

ar U t * Vr). (8.2)

ConporunneHlre oMnqecKoro KoHTaKTa

n :  " lY ' ,  r . " , .R  :  * k .

(8 .1)

(8.3)

Kax elrAHo u3 nocJreAHero Bbrpaxenns, BeJrurnrHa R y6Hsaer c poc-
TOM KOHrreHrparlHr{ uocrreneft 3apsAa no a xoassuqraeHra nposparrHocrn
9r. OqeHxr, [oKa3brBaro{, u1o {pI KoMHarHorz reMrreparyp e lm 3, : I
u fl9: lQ15 cu-e R : 5 . l0-5 Ou . crvr-2, a AIrr n^6 J'1gre'cna-s' R:: 5 ' 10-8 ou . cna-2. 3ra gHaqen[q colpor'B.rle*Hg oMr.rr{ecKoro
KoHraKTa yAoBnerBopsrcr 6onnmr.rHcrBo pead,rbHhrx cryqaeB.

2t2

Tyunennponanne uepes o6lacrr npocrpancrBeHHoro sapn4a. [Ipn
yqeTe curbHoro TyHHeilvpoBaHljfl AJrfl Haxox(AeHllt conpoTHBfleHl{q
oMHrrecKoro KoHTaKTa MoxHo Bocno,llb3oBarbcg BbIpaxeHI'IeM (3.52).

PacxnaAHsarr 3KcrroHeHry ororo BblpaxeH'fl B pffA rpH :-w:flL 4 t,

MOXHO nOIyqI.ITb

(8.4)

t1e ?n y\rr.rrbrBaer raKxe ryHHerI.IpoBaHHe qepe3 o6.nacru npocrpaH-
cTBeHHOfo 3apflAa.

OrcrcAa MolKHo norytluTb corIporI4BJIeHI'te oMl'IqecKoro KoHTaKTa

R: a{ "-E?
eznoun?,,

(8.5)

(8.6)

(8.7)

ConpornoneHl{e oMnqecKoro KoHTaKra B cnyqae TyHHeJII'{poBaHI'{fl
raKxe saBHcHT or KoH[eHrp a\HH no u r<oaQ$uuneHra npo3p auuoctu 3n.
Kpoue roro, conporuBJleHlle gaBLIcI4T or Bblcorbl rIoreHuLIaJIbHoro 6apl-
epa go u napaMerpa Eoo. Kar'noxasHBaer cpaBHeHHe gToro conporl4B-
.IIeHHfl c conporr,rBJleHLIeM r,iln aHTV3a[opHoro cJIofl, oHo llueer 6onlulyto
BeJIHIIHHy, qeM COnpOTHBJIeHHe AJIfl aHTLI3anOpHOfO CJIOS, tlocKoJlbKy

Qo

AJIf l  paccMorpeHHoro cJlyqafl  3n1l ,  a eEoo ;> l .
Cna6nfi sanopHufi nsru6 eon. B cryqae AuoAHoii reopnu AJIfl roKa

3JIeKTpOHOB npH STOM MOxHo BoCnOJIb3OBaTbCfl BblpaXeHHelvl BoJIL'T-aM-

nepnofi xapaKrepr.rcrHKr.r BHAa (3.a). fIpN # <t u $]- ( I ouo
nepenHcbrBaeTcf B BHAe

t :  Y4{- ;n-  S{v,*v,) ,
orKyAa

R - f f i ; "
IloryvenHoe conpornBJleHlie, lxaK v B fipeAblAyxlux cryqaqx, saBvI-

cHT or BeJrHqr4H no u 3o I.I yMeHbuaercfi c Hx pocroM. Kpoue roro, KaK
I' B CTYIIAC CHJIbHOIO TYHHCJIHPOBAHLIfl,, CONPOTI,IBJICHHC OMI,IqCCKOIO

KoHTaKTa yMeHbrraercq c yMeHbrueHHeM BefiI{rIHHbI Bblcorbl 6aprepa.
Oqesxu noKasbrBalor, qro AJIfl KoMHarHofi renaneparypbl npw 3n: 1
eo :2 ,3  kT  w  no :  1015  cM-3 ,  R  -  5  .  lO -a  Ou .  cM-2 ,  a  npu  rex
xe napaMerpax v flo: 1018 clvl-3, R : 5 . l0-7 Olt '  cnt-:. 3ro
BCe eu|e AoCTaToqHo Mar'Ible 3HaqeHI'Iff COnpOTHBJIeHI{fl AJIfl MHorIaX
peaJrbHbrx cfiyqaeB. Kpone roro, npH pacr{ere colrporI.IBJIeHI,Ifl 3anopHoro
cJroff cJreAyeT yql.{TbrBaTb, lrTo AJIfl TecHoro KoHTaKTa BbICoTa noTel{-
ur{aJrbHofo 6aprepa AonoJIHHrerbHo yMeHbruaercn sa cqer cI4JI uzo6pa-
)KeHI{r. KaK gro noKa3ano s rr. 3.

9o-ET

2t3:,



8.3. OM14qECKtrE KOHTAKTbT AJt' TOKOBIIEPE3 NOBEPXHOCTHbIE YPOBHII

np n s-% #-v.L<, " Ji,t ff",):::,lli I f.X, n oc rre.. H er o
ireHr4ff B pr{A [oIyqaeM

ilr:  ,  
einn'MiniFn" (r n;fir:f16.FMit ff{v' rv,).

Orcrc4a colporrrBd'reHue oMuqecKofo KoHTaKTa

Anrneanopnufi c,noft.
rray,ry (3.79), npu #:

h

.s
e n -

R :

!,na awruza[opHofo c,rIofl, ucnoJlbgvrr
l, uoxHo rtoryrll1Tb

Qop-

(8.8)

ypaB-

(B.e)

(8 .10)

\aK BI'IAHO, coiIporHBJIeHHe oMHqecKoro KoHTaKTa Afiq aHTr.r3arrop-
tJoro cJror B 3TOM cryirae 3aBHClrT He TO,lbKo oT KoHrleHTparlulr HocHTe-
nei't sapap,a n nonynpo_n_o{H]rKe no, Ho r.r or napaMerpoe Mr, I(, cort ni,'on peAe,rrfl roull{x cnoricrBa noBepxHocrHbrx cocrosnufi. coiporue,neuueyMeHbuaeTcr c yMeHbrrreHHeM ,(, T. e. c [epexoAoM x npeulryurecrBeH_
uomy o6ueHy yponueil c-MeraJrJroM, c pocroM BeJrr4r{r,H i, "vl. 3asucu-
UOCTI R OT BCJII.ITIHHbI M, PASUAN Ad'Ifl 'CTYqACB, KOTAA YPOBHI, NPCHMY-'IIrecrBeHHO O6MeHAsantcfl 

-c fio,rynpoeo4uuxou r.rJrH L{eraJr,rrom. Tax,npr [perzMyxlecrBeuHoM o6uese c [oJrynpoBoAHHKoM, xor4a.( _-' oo;BeJlr.rqr{Ha R sHaqafle y6ueaer, a sareM yBer,rrr.rBaercfl rrp' pocre Mr.B erou cryqae trMeercfl 3KcrpeMadlbuoe sua.Ienne Mr: l, coorBer_'crByroqee MHHnMa,'rbHoMy conporuBd'reHr.ro. flpu npeiruyqecrBeHHoM
o6vleHe yponueli c r,reraJr,,roM, xor4a ,( _* 0, se,urqnni R nuaui,rre yorr-"u":,:,^l-g::oy M,, u 3areM nepecraer 3aBacers or M,,.

L'�ueHKrr BeJrr,r{HHbr R AJrq xouHargofi re,tanepaiypbr npn o6uesec  Mera , ' L roM Inn  l o :  l 0 r5  c \4 -3  M , ) )  l ,  n , :  l g i a  " r ' z  "  . ,  :  16_ ,ucu-24arcr R : 5 . l0-rOrra . cu-b.'f lprz rex xe napaMerpax, rro,"z0 :: l0r8 cM-2, R : b . 10-6 Olr . cu-2.' B erolr c,ryqae R Aocraro,rnoMaJIo 3l{aqeHplq rorbKo Ar'Ifl cHJIbHo JIef[poBa'H],rx rroJlynpoBorHr,IKoB.
Cna6ufi sanopuufi ,ner'n6 soH. B eronr' cflyqae np, c[paBeAJ'4BocrH

,4uo4Hoii Teop Hr.r AJrfl BOJrbr- ananep Holi x ap aKrep HcilrKH MOXHO Boclo.rlb_
soBarbcq BbrpaxeHr{evr (3.82). llpa A#U 

< | 3ro rro3Bo.rrser
IIoayqHTb:

Qo

ffi +(v,*v,);
B  -  t t  +  M t l l  + l 1  ( t  * M ) l u ,  ^ #, \ - - - - ] ] _

ei',Vnnrv4jo 
-'

( 8 . 1 1 )

(B .  12)
'214

t -

Cpaeuenne nocJleAHero BbIpax{eHI'Ir c BblpaxeHueu (B' 10) norasu-

BaeT, qTo oHI{ pa3flI'tqaloTcfl TO''IbKO Ha BeJII]ql'{Hy MHOXI'lTeng' eT'

floarouy o 3aBHcI,IMocru (8. l2) or n6, M i, cn, K, fl't Mo>t<Ho yrBepxAarb
v 0

To xe, qro I{ Bblixe. OAHaxo Ll3-3a MHox(HTe'Iq e kr conporuBJleHue

oMrrr{ecKofo KoHTaKra AJIfl 3anOpHbIX CJIOeB [pI4 [poqux paBHbIX ycJIO-

eznx 6yAer 6o,'Iltunlt, rIeM Afll aHTl43a[opHoro c'{ofl'

8 . 4 . f l o J l y q E H I , I E | 4 | , I c c J I E A o B A H I n E o M I { q E c K I , I x K o I . I T A K T o B

Conporue"neHlle oMuqecKoro KoHTaKTa

R :  
n k ! = ,

enoanlJ

rae B < I u pasnuvno AJrs pa3Jrr.rrrHbrx r{acTHbrx CJIyqaeB, paccMoTpeH

Hbrx B npeAblAyxll4x naparpa$ax. llptlueu B : I pea"lli3yercr roJIbKo

,u,.ns xosiaxra-6ee ga3opa np, aHTI43anopHoM cr'Ioe' AJIfl Bcex ocraJIF''

Hhrx cJlyqaee B { l.
Eo,llruoeKo,'Il4qecrBooKcne- f;!!(L r u J l b L x u g  n v J l n a L u r  D v  1 n

pr.rMeHraJIbHux Pa6or 6lt,'lo noc- o A{-p-|i
c Al-n-8i

BtIqeHo co3AaHl'�lrc oMHtIecKI'IX

KOHTaKToB Ha pa3InqHbIX IIOJiy-

rrpoBoAHl. lKax, xapaKTep143yIO-

II1UXCq MLIHI'IMaJIblIbIM 3HaqeH H-

eu R. Taxne Pa6orst B nePBYIo
oqepeAb 6suu oPHeHrI'IPoBaHbI
Ha npoBepKy reoperl 'IqecKoH
saBlrcllMocru R ot KoHueHTPa-

u ' r {  npuvecef i  no (^-*)

E o.mru u scrBo 3Kcn ep IiMeHT aJI b -

Hbrx Iacc,reAosaHI'Iii noATBeP-
>xAaror sry SaBlrcllMocrb. Ha

In(utru 3n-n'Ga As)

Uo liu /0/4 /016 /7'tE y'020na;po,cn-t

(8 .13)

o ln-p-GaAs

Ptrc. 8.2. 3agncumocrt conporuBJeHut ^ti?."::-
"oi" i""ra*t" or KoHqeHTpaqtrn tlocffTenetr 3a-

pqaa'

ptlc. 8.2 s KaqecrBe nPIrMePa
nDI'IBe'[eHbI 3aBHcI'IMOcrIa R or no /.Jltl oMul{ecKt'lx KoHTaKToB Al-Si

;"i;"S;.:t;;;;", n rr\IHrjin Ha eroM pucvHKe rocrpoeHa no Sop-

rvlf t+if""pi E: l0-2. l loc"reAsee o3Haqaer' qro B lrccneAoBaH-

Hbrx oMHqecKprx KoHTaxrax nu6o cyuecrBeHeH npoMex{yroqHuft cnofi

"r, uunop":stft usru6 3oH' ec!'II{ ToKI{ li.{yr 6es yuacrufl noBepxHocr-

;;; tt"*;.fi, nv6o roKI'I I'IAyr qepe3 roBepxHocrHble ypoBHl'-

!.,r a n p oeep K I'I nocaeAnef o yrBep *A"n " " " p "l?l-'i 
i:"^ 

r^oAp o6 Hst e

UCC"ICAOBAH V'I BTI]L1ilHTI'- HA COilPOTHBJICHI'IC KOHTAKTOB O6PAOOTTU NO'

BeOXHOCTI'I nOJIynpOBOAnUxa, lretOAa HaHeCeHI'Ifl MeTa'rlJIa' BllldtuXlttl

t" ion.prtypHoft-o6pa6orKu co3AaHHbIx KoHraKroB I ' I  r '  r l '  - \-
Oxasa.nocl, qro Aeiicreurerlbuo o6pa6orxa roBepxHocr" l9l{i-ry-

BOAH H Kots B rp aB i'lreJls x' n p IIBOAtIIuLIX K yMeHblxelilIrc ro"IullT,bi 
":,*s

H b I X I I J I e H O K ' A a e T l t e g r u r n e c o t I p o T I , I B J I e H I , l f l o M I ] q e c K I t X K o H l . a K f U l J \

Hanpuuep, Anr n";;;;;; Ai-n-si rocJle rpaBrleHHn e cP-B n\
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'oKHCa'I€HI4e e HNo', corporr'rBJreHr,re cocraBrner 1,6 . r0*4 onr . cr,r*2,a rrocJre yAaJreHr.rff oKr.rcHoro c,rorr B HF _ B,4 . l0_b Ou cu_2.
BaA ueran.na ll cloco6 ero HaFrecerrufl TaKxe cKa3brBarorcff Ha

COTIPOTI,TBTCHI,TA OMI,IqCCKUX KOHTAKTOB. TAN, OMI{qCCI(I{C KOHTAKTbI
Ti-n-Si HN{eJrv cyurecrBeHHo MeHbruee conpornBJreH?re, qeM KoH-

raKrbr Al-n-Si.
flpu noeurueHubrx reMnepary-

pax [oAJroxKH rlpH HanbrJreHHH
MeraJrJIa r.rHofAa o6paeymcn coe-
AnHeHr.rq MeTaJrJt _ [oJrynpoBoA-
HHK, xapaKTepr.r3yroquecs MaJrbr-
MH conporHBJreHr.tffMH. Hanpzuep,
KoHraKrbr Pt-Si , a xoropux ob_
PA3YIOTCfl CH.IITTUHAbI N,/IATI,IHbI'Puc' 8'3' t"B1?1T?fi"J1;?lreilneparvpo' Ptnsi2, HMelor BLIcoKoe corporuB-

/  - -  A l  -  n - s i  ( B e p x r a r  { o r b . i r r .  z  -  N i _  
J I e H H e .

n-si (Htrxaee rpuaaal. f lponoAunucb TaKx<e gKcnepH-

M o c r rr con p or rr BrreH u s oM rr q ec K r.r x ̂ " f"T;ij'J :T ;:ffff # ffiJJp:f"T: :'oroBJre'Hbrx KoHraKroB. B, xaqecrse rpr.rMepa Hi plrc. a.ailsodpaxena3aBr,cr.rMcrb R or rcuneparypbr nporpeBa KoHTaKTa AJrs KoHraKToBAl-n-Si n Ni*n-Si. Vs-pui,ljnxa,ira"o,rrro Afifl KoHraKroB Al_n_SicyqecrByer onruua.ttsar o6pa6oma KoHTaKroB, a rilfl Ni*n_Si co_nporr'BJreH'e yMe'brrraercfl c pocroM TeMfleparypur o6pa6orxa. Bce;npI4BeAeHHbIe AaHHbre cBuAeTeJrbcTByr,oT O CJToxHOCTn u6Aenu oMHqec-KO'O KOHraKra' B xoropofi s o6qeM cnyqae ,qJrq o6rscHeHr.rg eKcrre-
PI,IMCHTAJIbHbIX PC3VJIbTATOB H, B qACTHOCTH, TO'O QArrA, qTO BCCTAAa < l, cne4yei yvurnna* ;6r;y;;;u,,: .roa ;;;;;;;"crHbre
sJreKTpOHHbre cocTosH14 g.

3AKJIIOqEHI,IE

Cyqecrsyer 6onluoe Kod'rrzqecrBo oAHoKoHTaKTHbtx n MHofoKorr.
TaKTHbrx npn6opoe Ha ocHoBe KoHTaKTa MeraJrJr - floJry[poBoAHHK,.
roMo- r{ rerepoflepexoAa. onn npeo6pasyror cBeroBbre cHrHaJrbr B gJreK-
Tpl4qecKl'Ie' 9JIeKTpHqecKI{e - B cBeToBbIe' Te[toBylo gHeprHlo B gJIeK-
TpuqecKylo u uao6opor, AaBJIeHHe B gfieKTpr.rtrecrnft cHfHaJr, sneprur,o
noroKa qacrnrr B g,TeKTpar{ecxi.rft cnrHail H T. a. KouxperHbre rnrrbr rrpu,
6opon uoryr cogAaBarbcff npeuMytuecrBenHo Ha ocHoBe KoHraxroB Me-
Ta,'rJr - flo/']ynpoBoAnur (o6uuno Ar.roAbr c 6aplepou lllomxu) 14 Lra,
ociroBe fo[,to- HJrr,r reTeponepexoAoB.

Hanpuruep, npn6opu Ar'rq cBepxBblcoKr.rx qacror o6uqso co3Aarorcff
Ha ocHoBe KoHTaKTa MeraJIJr - noJryflpoBoAHHK, 6nnonapuue rpaH3r4c-
ropbr - Ha ocHoBe p-n fiepexon.€, a noJrynpoBoAHHKOBbre Jra3epbr Ha,
ocHoBe roMo- H rerepo- p-n nepexoAoB.

B pa6ore noJrynpoBoAHlrKoBbrx npu6opoe Ha ocHoBe KoHraKTa Me-
Tailil - rIoJIynpoBoAHIiK' roMo- L rereponepexoAa Hcnodllb3ylorcs cJIe-
Aylorque KoHTaKTHbre ceotlcrea: cyqecrBoBaHl{e noreHunaJrbHbrx 6apa- /
epoB AJre no,{BuxHbrx nocHrenefi sap s,Aa; sapqAHbre cgor:crea o6nacreft .,
npocrpaHcrBeHHoro sapflLa (usveueuue sapfl,Aa r{oHH3upoBaHHbrx npn.
ueceli u noABaxHbrx'Hocure.nefi e o6nacrH npocrpaHcrBeHHoro sapsga
c HanpqxeHnerr.r); cyrlecrBoBaHue greKrpuqecKoro norq o6nacrefi npo-
cTpaHcTBeHHOrO SapqAa; Csoficrea npoMe>KyTorrHof o cJros I,I noBepxHqcT-
Hbrx cocroflur{fi e KoHTaKTe.

Xors sHAeneHHe [epeqr4cJreHHbrx ocHoBHbrx csoficrs ronraxronJre-
flflercq B onpe,(eJreHHofi lrepe ycJroBHbrM, nocKoJrbKy cyqecrnonalHne
noreHunad'rbuoro 6aprepa (cna. rn. l) npHBoAr{T H K HaJruquro o6ndcrn
npocrpaucrBeHHofo sapffAa r4 gJreKTpuirecKoro noJrfl B erofi o6lacra,
oHo nogBoJrser BbrsBr.rrb ocHoBHbre oco6eHnocru flsnerufr,, npoucxohs-
lqr.rx B npu6opax. Hanpunaep (cn. rl. 2-5), HMeHHo r.{3MeHeHHe nucolu
noreHur.raJrb Hu x 6aprepoB noA Aefi cre Helr rr p H Jrox{eH Horo H an p a>xeH{n,
npHBoAr4T K IlporeKaHr.{ro roKa ocHoBHbrx H HeocHoBHbrx Hocr.rred'reft sar
pqAa rrep$ KoHTaKr MeraJrJr - noJiy[poBoAHHK, foMo- r] rerepouepexo4l
H3MeHeHrae 3apflAa s o6nacru npocrpaHcrBeHnoro sapflAa c npr.rJroxeH- ,.

lbrM Harryfl)KeHr.reM nplrBoAr.rr K tloqBfleHHro 6aplepnoft eMKocTr{, 
'\

(cu. r,a. 7). \.

flpnueuen[e roro rrr'rn r.rHcfo BHAa KoHTaKToB 4flq pe[reHzr pa3-
JIrrr{Hblx npaKTHgecKHX 3aAar{ Onpelle,lf leTc'| KoHr{peTHbTMH TOCTOHH-
cTBaMH KOHTaKTa MeTaJIJT - n0,TyltpoBoAHrrl(, p-n roMonepexoAa 14 re_
reponepexoAa.
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flpearrayuecrBa KoHTaKTa Merar'IJI - noJlynpoBoAHHK raxoerI: 6o,'Il-
uoe 6ucrpoAeiicrsHe, oilpeAeJlreN{oe orcyrcrBl{eM HH}KeKqI'{u HeocHoB-
Hbrx Hocr,ITeneti aapn4a; npulltlurlnarbHaq rrpocrora rexHo,rlorI'IH; c[o-
co6noct BbrnoJIHflTb pa3JlttqHble $yHxutlt l; Bo3MoxHocrb co3AaHHr
npu6opoe Ha pa3,'ILIr{HbIx no,'IylpoBoAHLIKax. f loarouy ocuoguaq o6-
r'racrb lrplrMeHeHut KoHraKTa MeTaJIJI - no,rynpoBoAHuK - npeo6pa-
3OBaTeJII{, yCI{,'II,rTe,lA U feHepaTopbl cBepxBbICoKux r{acToT, I{MIIyJIbCHaf
TexHrrKa, npu6opn Ha pa3,'IItqHbIX no,' lylpoBoAHuKax'

flpra6opu Ha ocHoBe p-n roNlorepexoAoB B HacroflIllee BpeMfl flB-
Jrrrorcrr uan6o,ree pacrrpocrpaHeHHbIMLI nplt6opauu noJlynpoBoAHHKo-
eofi :,rerrpoul{Kn. 3ro cessatro co c.rIeAyIoxrHMII I{x AocroI'lHcrBaMI{:
ceoficrBolr r.rH;'r{eKuHH Heoat{oBIIL-IX uocrtre,tleii 3apflAa; yHliBepca,'Ib-
lrocrr,ro npu6opon; orpa6orauuocTblo rexHoJlorHIz I,l3foToBJIeH'Ifl rtpLl'
6opon AJIfl rarux noJIynpoBoAHuKoB, KaK KpeMHIrfi u repuaHnii.

OAuaNo 6ucrpo4eficrBI.{e raKL{x npu6opoa MeHb[Iee, veu y npu6opoe
Ha ocHotse KoHTaKTa Mera,l,'I - no,'iy[poBoAHI4K, I'l OnpeAedIIfeTCq OHO
BDeMeHeM )Krr3Ht{ I,LTH [eDeHoca HeocHoBHbIX Hoc[Tellefi aapqAa. f]o-
lrovy npu6opbr Ha ocHoBe p-n nepexo.4a nIHpoKo npulteunrurcn e
o6,'iacru He oqellb BblcoKr.tx qacror.

L4s paccMorpeHHblx B Hacrolqeu noco6ua npu6opoe oqeBHAHbIM
npeHnryulecreo,\r o6naAaror npu6oprr Ha ocHoBe fereponepexoAos. oHlt

$axruvecru o6reAunsnr AocroItHCTBa KoHTaKTa Merar'IJI - rloJlynpo-
BoAHr.rK u p-n roMo[epexoAa. OAuaxo ern npu6opbl elqe He HaUJIH
ruLrpoKoro frpHMeHeHI,tf l f,IIaBHbIM o6pasott t ls-ga rexHoJloraqecKHX
rpyAHocreft co3Aat{tlf l  npll6opoe c HanepeA saAaHHbIMI'I napaMerpaMI.I.

KOHTPOJIbHbIE BONPOCbI

K rnase I
Ifro taXoe reTepo- u roMonepexo4? flouerty roMonepexoA lI KoHraKr MeTaJIJI - no-

nynpoBo.4Hr4K MoryT paccMaTpr.rBaTbcrr rax qacrHurft. c,ryuair fereponepexola? Kaxnltu

""od.rsnta, o6na.iaror SanopHsrfi n.nu o6eAneuirrrfi c,'rofi, autlteanopHstfi l,la o6ora-

uensufi? B xarou c,ryu-ae_o6pasyroTcfi 3anopHble g aHTu3anopHble crloll nilt{ n- v

p-Tuna noJlynpono4uurai Qeu' onile4e.n_netcs'eelrltquHa pa3pblBoB s galeHrHoli soge

r-r 3OHe 1pOBO.U.IMOCTI.I rerepOnepeXoAa? Kax OTruqaIOTcn o6nacru flpocTpaHcTBeHHOrO

3apflAa 4,ra anusorunnor6 lr ugornnHoro reTeponepexo,U,oe? Kax ergnpr noBepx-

sOCrsue cOcToflHHfi na O6paSOrauue reTeponepexolai qTO TaKoe c,Iol1 LI-IOTTKI'I il Xa'

KOBbI yC,,IOBIIq erg cyu,ecTBgBauus? Or qero 3aBUC1IT trlrlpHHa C,roq LIIO-1rxu? tlem onpe'

Ae,,rqeT6q cOoTHoneHI.ie Me)KAy BbICOTaun 6aprepon B ;eleponepexo,(e? -tl^em onpeAefiq-

etcq o6illaq urrpuHa o6nacru npocrpaHcrBeHHoro 3ap fiAa rereponepexoAa t KaK BJltlfilor

cunu teo6paxesug' na xoa noTeHulra,'ra B reTeponepexo/Ie-npn pa3Hblx cooTHoIxeHI4qX
gualexrplluecxofi noctosnnofi ,qayx noJlynpoBoAgt.lxos? Kal(ue ocHoBHbIe pe3yJlbTaTbI

SCneDfiMeHTa,TbHOfO ltccJleAoBaHLIq MO.4e,'IU KOHTaKTa MeTa'llI - nOXynpoBo,['H]IK'

rouo- u rereponepexola?

K rraee 2

Karue ocHosHste o6lacru Mo)KHo BbrAeJrr.rTb B reTeponepexoAe npu.paccMoTpeHvl1

.UBrrXeHIig uoCurenefi Sapa4a? 9eNl Or,'rrr.{aerc!,npoxOXAeHue HocUTe,'IeLi 3aprAa qepe3

zgotnnnttii H aHI{3OTLInHbIfi rereponepexO1? Kax npgxoAfiT ocHOBHbIe 14 HeOcHOBHble

HOcLITeJILI reaSUuefirpaAuryrO O6naCrr,? Onpe,4e.nU:rr BO3MoXHbIe Mexalll43Mbl npOXO)K-

aann" "oart"nefi eadgaa u6pes o6;racru npocrpaHcrB_eHHoro sapqAa? Kaxue Kpl.'Ireplru

Auo4nori n .AntpQyedonuort ieopuu BbrflpqMreHuq? 9enr onpe^e'ltlorcr coorl{oueHutr

Mex{Ay Hanp gxeHI.I fl MLI B p asJIUqHbIX qaCTfl X f eTeponep exoAa i

K rrase 3

TeopI4I. I  BbInpf lMJIeHUH KOHlaArd NrErddJr -  rrwi lJrrHvDvArrrtr l ;  "-  Y."" , ." , ' " . ' - : : '__::_ '_i :"_ |
xeHr.rr BoJrbT-aunepHotl xapaKTepUcTLrKH B npeInoJIo)KeHHf x,4I.io.1HoR H IHQQy3l''loHHou /
reopilH Ant oAHofo rtlna Hocureflerl sapr,na? KorAa u noqcMy oH14 coBnailatoll .1^'L-9-f,: /
flEqaioTcq BoJrr,T-aMnepHbIe xapaKTepHcTIlKH .IJIfl CJIyqaeB,. KorAa ecTb npoMe)KyToqll-hllt l

cnoi u xor.4a ero ner? Kaxue oco6enHocrrr BoJlbr-alvtnepuoil xapaKrepllcrHKt'{ x KogQQ1r-

u4eHTa rrHxeKrlr-rn B npeAnor'ro,)Ke_Hr4rx ArzoAHofi u aH$QysHoutloll reopHI'l npu yqere

neOCHOBHbIx HOCuTeJIeu Saprla? KaX nguenget BorlbT-aMnepHyIo XapaKTepncTlIKy TyH- \
HeJII4poBaHI.Ie uepes o6lacrt npocrpaHcrBeHHoro 3apqAa ocHoBublx Iz Heocitoll,H-xl"--tl- 

\
re,reir sapsAa? floueuy yqeTTyHHe,lnpoBaHHfl 6oree naxes aJIs AI.IoAHOII Teopulr, qeM 

\

A.rrq A"fi$ys"ognofi? Kai sr1rsror cn,l6 nso6paxenut Ha Bo,'IbT-aMlepHyIo xapaKTepI{c- '

THKV KogTar{Ta c npOMexyTOqI'IbIM c'iIOeM n 6ee HerO? KaxCrsa npHpOIa TOKoB qepe3

no"6p*"oat*"te yponun? Kar nosurtlars, qro uraBi{^ylo po!'Ib l{rpaer o6uen nonepxnocr-

nux ypoenefi c no"rynporo4nllKoM Il"Iu naeral'toru? KorAa cosnaAalor I'I pa3.lluqalorcq

. BO.nbT-aMnepHbIe XapaKTepHcTIIKI.l Ar'ltl TOKOB qep-e3_fiOeepxnOCtHltfr ypoBel]b B npe,{-

noloxesusi ,quo,qnbfi u-4u$t$ysraouHofi reopr'rr'r? KorAa roru qepe-3-noBepxHocrHble

, VD9BHH 6VAV1 6o,rsgre, qelr roxlr 6ee yqacTllfi nonepxHoctrYx yponHefi? IIen onpele,rx-
-ir'ra" nrparr"rpbr c[ H ct+ go.nur-alrnepnofi xapaxrepucrltxu? Kaxar csqgs Me]I(ry napa-

MerpaMl l  Bo' '1br-aMnepHoi l  xapaxrepu c ' r lKr4 d '  \o 'o"  
n a*? Kaxue ocHoBHble 3aKoHo-

.MepHocrri npI{ }rccJreAoBaHr{I{ Bo.rrbr-aMnepHofr xapaKTepI.ICrI-IKI'I KoHTaKTa MeraJlr'l -

fl oay II p oB o.[H IZ K IIOJIyqeHbl gKCn ep I'lMeHTaJIbHbIM [yTeM /

K rlase 4

Qem or,ruqaercr fl o,qxoA nplr paccMoTpeHur.r Bo.IlbT-aMnepHoii xap a Krepl'lcTllKli

KoHTaKTa Mera,lJI - no.lynponoAHliK Il p-n nepexoAa? Karue -npeAfioro](eHuq Ao-

nyueHblnpupaccMoTpeHHI- 'KoHueHTpauf i I IHeocHoBHbtxHocHTeJIeH3apf lAaHarpaHuue
06,racTu npocTpaHcTBeHHOrO 3apf lAa i l  Kea3HHef i rpa.nuHot i  o6nacru s at . ]oAHoft

, -arOOyrr io""6f i  reopur? I (axr . re rpaHr. luuore yc,roni ln a xnasuneft rpa, lsuoi i  o6.nacrn

nflr KOHqeHTpatIHIt HeocHoBHblx HOCI.ITeJIeU CnpaBeAJIIiBbl,ItplI.111XpOKOfi u ySxoil xnaau-

Heftroa,rruoii o6.nacru? Kaxoft o6ur,ufi BUA HMeIor Bo,tbr-aMnepHble xapaKTeplicrl{KIl
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p-n nepexoAoe c ruupoxofi r.r ysxofi 6asofi nplr MaJrbrx ypoBusx l.lsxeruna? Kax xoeS-
SlrqueHr r4H>Kerur.ru gaBucr.rr or napaMTepoB n- vt p-o6nacteii, cxopocrn nonepxuocrnofi
pexon6unauur Ha HeBbirrprMJIsloullrx xosraxrax?Karre oco6eugocrlt HMeer Bo.rlbr-aM-
nepHafl xapaKTepr{crr.rra u roaQ$nqueHr r4nx(eKrrr{u npu 6o.nnuux ypoBHrrx usxeruuu?
I(ar< npoxo4ur roK B ycfloBr.rrrx feHepaqufi -pexou6uHarlulr B p-n nepexo.4e? llouerr.ry
npu nprMbrx Harrpf lxeHurx cyuecrBeHHa pexou6nuaqna, a npu o6parHux - re-
Hepa4ua? Kaxoe coornoureHr4e MexAy roKoM feHepa[lnr u perou6nHaqfiH Lr roKoM Ha.q
6aprepou o6nacru npocrpancrBeHuoro sapn4a? Kar< a p-n nepexoAe u4yr us6urou-
uue roxs?Kar uAyr roKn B p-n flepexoAe MexAy Bbrpox.4eHHbrMH rroJrynpoBoAHlrKa-
nu?Kaxofi Br.r.q fiMeer BoJrbr-aMnepHarr xapaKrepr.rcrnKa Arn ryuHeJrbnoro 4no,1a? I(ax
no.(TBepxAalorcfi BbIBo.{bI Teopuu BbrnpqMre:nv,fl p*n nepexoAa gKcnepuueura,ruuo?

K r,nane 5
Kar r.r,4yr HocureJrrr 3aprAa B n3orr.inHbrx rereponepexoAax? Kax r4Ayr Hocure.ru

3apflra B aHr.r3orr.rnHbrx nepexo,qax? B xaxux npe,qfloJloxeHnqx Botbr-aMnepHue xa-
paKTepucTriKr.r r.r3oTnnHbrx H aHu3oTunHblx reTeponepexoAoB coBnaAaloT c BoJIbT-aM-
nepHbrMr.r xapaKrepHcrrlKaMu xoHTaKTa MeTa,'rJr - nonyllpoBoAHl.rK r p-n nepexo-
Aa? Kax BJruflror rynHeJrr,rpoBagr.ie qepe3 o6lacrr npocrpagcrBenHoro 3apraa H c[.]rbr
uso6paxeHua Ha BoJrbr-aMnepHbre xapaKrepr-{crl4Kr.r rerepoflepexoAoB? Kaxne oco-
6euHocru BoJ'Ibr-aMnepHbrx xapaKTepscruK rereponepexoAa Arq roKoB qepe3 noBepx-
HocrHbre yporHu? 9ro o3naqaer npelrMyu],ecrBennufi o6uen noBepxHocrHbrx yponnefi
c oAsnM unr.r ApyrHM nor'rynpoBoAHr.rxotu? Kax cKa3blBaercrr Ha paccMoape.Hal,r BoJIbr-
aMnepHbIX XapaKTeplrCTuK COXpaHeHIre HJ'III Il3MeHeHHe BtlAa pa3peIXeHHOIi 3OHbI Anq
rlsorunuoro u aHusorunuoro nonynpoBolnuxa? Karue oco6euHocrfi paccMorpeHuff re-
HepauuoHHo-peKou6rnaqltosnrrx u ua6uroqHbrx roKoB B rereponepexoAe no cpaBHeHHro
c p-n nepexoAotvr? Kaxue rpy,q,xocrn Bo3HUKaIor npll cpaBHeHuLI Teopr.ru H 3Kcnepn'
rreHTa B cryqae reTeponepexoAai

I( rnase 6
B .ren 3axnrcqaercq cyrb npo6oa? Karue vexags3Mbl Motyr npHBoAHTb K Bo3HI'IK-

.HoBeHliro npo6on? Kaxaq sasucfiuoct npo6otiHoro Halpr)KeHLrs or napaMerpoB [oJIy-
apoBoaHr4Ka ,[,rrr JaBllHHoro npo6on? Qeu onpelearetcx npo6ofiuoe Hanptlreuue .rrs
TyuHe,,rbnoro npo6or? KaKoet,r oco6eHHoct[ TenroBoro npo6oa? I(arar Quanuecxal
npHpora uuxpon,raeu? Kax excnepnMeHTaJIbHo Moxno pa3,nuqHTb MexaHu3Mbt
lpo6or?

K rflase 7

Kaxue QusuuecKrre npuqr{Hbr Moryr Bbr3brBarb cABI.Ir $as uexAy arr,tn,ruryAofi ro-
Ka u aMnnr4TyAofi nepeuenuoro Hanptx{eHl.rg? 9ro raxoe 6aprepHaa eMKocrb LI KaI(oBa
ee $neuuecxaa npnpoaa? Kax llsMeHgercq conporfiB,'IeHle H eMKocrb xoHTaKTa Me-
Talrlt - norynpoBoAHuK Anfl oAHofo runa HocHTeJleft sapnla or HanpRxeHI.tR aJtfl
pa3ubrx ro,'rrrnH npoMexyroqHoro cros? Kar srusrcr noeepxHocrHble ypoBHIa Ha sKBll-
Ba,'resrnyro cxeMy KoHTaKTa MeTaJIJI - no,'IynpoBo.quux? floueuy a KaK conporllB,leHlte
H eMKocrb KoHTaKTa nprl yqere noBepxHocrublx coctoqHr4fi 3aBlrcsr or qacroru? floqe-
My conporr{Bnenne u eMKocrb p-lr nepexo.qa 3aBl-tctr or qacrorbl? IIro raxoe au$Qy-
3r.{onHarr eMKocrb n KaKafl ee $uauuecxaa npv poaa? I(ax pasruuamca 6aprepnaa u
,qutp,Qysnouuan eurocru? Karue oco6euHocrlt uMeer sKBI4BaJIeHTHat cxeMa rerepo-
nepexo,qa? t{eu otluqaetcff gKBuBaJIeHTHaq cxeMa p-n nepexora Ha yqacrKe.IIaBuH-
noro npo6oa? Kaxue ocnosuble pe3ynbra?bl 3KcnepaMenTaJlbHblx l.rcc,'IeAosaHflfi gxsu-

na.neurnofi cxeMbr roMo- u rereponepexogon?

K r,lane 8
Kaxue ocuosHue rpe6onaunq npeAtflBnrlorcfl K oMIrqecKLIM KoHTaKTaM? flpu xa-

KHx yc.rroBnsx s o6racrfi npocrpaHcrBeHHoro 3apnAa Mo)Ker ocyulecrB.lnrbcs oMlrqe-
.cxnft xogtaxt? Kaxgasficur conporltB,'reHlle oMl.IqecKoro KoHTaKTa or KoHueHTpaur[
ocHoBubrx nocute.lefi sapnga? Kax gasncrr conporl.rBreHl.Ie oMl{qecKoro KoHTaKTa or
KoHueHrpaql,tu noBepxHocrnblx cocroqHlrfi? Kax nponepenbl gKcnepI'rMeHTaJIbHo ocHoB-
H bre reoperr.rqecKlre np eAcraBnenu g o6 oMI.IqecKI.I x t<osta rtax?
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