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O)KE [NEPEXOJ JJIEKTPOHOB B KOHIIEHCOHHOE COCTOAHHE HA
JIUCJIOKALIMAX B IMOJIYIIPOBOAHHUKAX

PaccMotpen Oxe-nepexod cBoGOAHONO INMEKTPOHA Ha 3aPANCHHYIO Kpacsyio
ZMCIOKALHMIO B 3IEKTPOHHOM NOMYNPOBOAHKKE, CONPOBOXKAAEMbIH MonApH3alMcH
pemieTkH U GOPMHPOBAHHEM OJXHOMEPHOTO ABTONOKAIH3OBAHHOIO COCTOXHAA
(xornencoHa). [lomyyeHa 3aBHCUMOCTb BEPOATHOCTH 3aXBaTa OT CTENEHM 3anol-
HEHUA OUCIOKALMHA 3ICKTPOHAMM, l‘]l)’GHHbl 3ajlcraHKug JUCNOKALMOHHOTO YPOBHSA
H SHEPTHH NONAPHIALMK PELIETKU.

Beeaenme. Oxe-nepexoasl HEpaBHOBECHBIX HOCHTesed 3apsja CylecT-
BEHHO YBEJWUYHBAIOT TEMN HX PEKOMOMHAUMH B CUJIbHO JIETHPOBAHHBIX MOAYNpPO-
BOAHHMKaX Onarofaps GObIIONH BEPOATHOCTH 3JEKTPOH-3NEKTPOHHBIX CTOJKHO-
BeHuit (cM. [1]). B KkpuCcTaiax cO 3HAUHTENBHBIM 3EKTPOH-GOHOHHBIM B32HMO-
neiicTeemM Oxke-3axBaT /1EKTPOHA FTyOOKHM YPOBHEM MOXET COMNPOBOXIATBHCA
HCITYCKaHHEM WM NorolieHreM Gonbuioro yucna goHonos. Teopus Takux nepe-
X0[0B [2] aHanorMyHa TEOPUH MHOrOGOHOHHOrO YIIHPEHHA JIIOMHHECUCHTHBIX
JIHHHH KpPHCTAJJIOB.

B noaynpoBoaHHMKaX, comepalinx Gonbluoe KONMYECTBO AMCIOKAUWH,
Habniomaercs 6espi3ydaTenbHas peKkOMOHHALIMA HOCHTENIEH Ha KPaeBbiX INUCIOKa-
umsx [3]. OGopBanHbie CBA3H BOKpYT A1pa KpaeBod AUCIOKaLUK CO3/JAlOT B 3arpe-
LIEHHOH 30HE MOMYIPOBOHKKA MTyGOKYIO Y3KYIO OJHOMEPHYIO 30HY, CnocobeT-
_BYIOUIY10 3 $eXTUBHOIH PeKOMOHHALIMH HEPABHOBECHBIX HOCHTENEH.

Lensio aaHHoit paboTsl ABIAETCA MccnenosaHue Oxe-nepexona MEKTPoOHa
HA KpaeBylO MHCIOKALMIO, COMPOBOXKIAEMOro JIOKaIbHON MepecTpoHKoH pe-
IIETKH BOKPYr 3aXBa4€HHOro JJIEKTPOHA H (OPMHMPOBAHHEM KOHICHCOHHOrO
cocroanus [4].

Onuncanne nepexoaa. [Ipn Oxe-nepexoje Ha OTPHLATENLHO 3aPKEHHYIO
JIMCJIOKALIMIO 3/1EKTPOH 30HbI IPOBOIMMOCTH, NMPOTYHHETHPOBABIUHI CKBO3b JJICK-
TpocTaTHueckuit Gapbep OMCNOKALMHM, 3aXBATHIBAETCA B OJHOMEPHYIO NHC/OKa-
UHOHHYIO 30HY C nepenayeil SHEPruy CBOGOAHOMY 30HHOMY 3IEKTPOHY. YUeT xe
3/MeKTPOH-POHOHHOrO B3aUMOJCHCTBHA BLIAB/IAET Mepeavy YacTH SHEPruH 3axBa-
YEHHOFO 3/IEKTPOHA pelueTke. B3anMoaeNCTBHE MEKTPOHA C aKyCTHYECKHM (OHO-
HOM ofecrnieynBaeTca AeOPMALIMOHHBIM NOTeHUManom V.
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TMorexuman micnokainu U(p) Ha paccToAHnsx GOMbILIX, YeM NOCTOAH-
Has PEWIETKH 4, CO3Ja€TCA 3apAiOM 3/EKTPOHOB, HACBHILIAIOIIMX 0GOpBaHHBIE
CBA3M IMCIIOKALIMH, U B Clydae c1aboro 3anoNHeHus AUCIOKAUMH HMeeT BHA [S]

U(p)z2alen2pD, a<p<ppy, (1)
YoP

‘rpe @ <<1 - napamerp 3anonHewus, p, — AeGaesckuil panMyc SKpaHHPOBAHHA
M Iny, =0,577 — nocroaxHas Dinepa.

B agnaGatuueckoM npHOIHXKEHHH BOHOBAaA (QYHKUMA SNEKTPOH-OHOH-
HO¥t CHCTeMbI TIPECTABIIAETCA NIPOM3BENCHHEM J/ieKTPOHHON ¥, (r,0) 1 doHoH-
Holt ¢,,(Q) uacteit: ¥ =y, (r,0)4,,(Q). 3nech unnekch k u p ykaswisaior
COOTBETCTBEHHO Ha 3/IEKTPOHHbIE H PELIETOYHbIC COCTOAHHA, @ () €CTb CHCTeMa
HOPMaJIbHbIX KOOPAHHAT PEWETKH (J, C BOJHOBLIMH BekTOpamMH ¢. B HauanbHOM

COCTOSIHHM (i) 3axXBaThiBacMbifi Ha MHC/OKALMIO NIEKTPOH 30HLI MPOBOAHMOCTH
(c uHgekcoM 1) B none AHC/IOKALIMH, OMTHCHIBAETCS KBA3HK/IACCHYECKOH BOTHOBON
¢yHKuHeH, HOPMHPOBAHHOH Ha UWIMHAD paadycoM R u puHoi L. [6]:

. k 1/2 e"""e" _( ) .
47 =(4”RLZJ (I (p)| )1/2 exp| - |k(p )Pp ’ a<p<p,,(k), (2)
wmt ||

k(p)=137|V -U(P) - 2 |

rae V=h2k2/2y, 4 — 30dexruBHas Macca 3neKTpoHa, k, M k — BONHOBHIE
yWca 31EKTPOHA NO JIMHHUM JWCIOKALMH H NMEPNEHIUKYNSPHO K Hel COOTBETCT-
BEHHO, M — MarHHTHOE KBAHTOBOE 4HCIO, P, (k) - KBa3WKjaccuyeckasd TOYKA

noBopoTa, onpeaenseMas u3 ycosus k(p,)=0.

an BBIYHCJICHHH BCPOATHOCTH 3axBara GyJICM paccMaTpuBaTh TOJIBKO
MIEKTPOHLI C m =0 B HAYaILHOM COCTOSHHH, T. K. OTJIMYHOC OT HYyJd Mar-
HUTHOE€ KBAHTOBOE 4HCJIO, YyBEIHYHBaA uempo6e)|<ﬂylo JHEPTruI0 INEKTPpOHA

(W’m? / 24p” ), yMEHBILAET BEPOATHOCTb TYHHEIHPOBAHHA. 3aXBaUEHHbIH B OCHOB-

HOE BHCITOKAUMOHHOE COCTOSSHHE Eg 3NEKTPOH JIOKATM3YETCA B MOMEPEUHOM JQHC-

172
NOKAUWH HAMPABNEHHH HA paccTofuun S~ --=(1h2 12p ;’)) . Tpu 31TOM B KOHEU-
HOM COCTOSHHM Tailoke m=0, T.K. BEPOSTHOCTL TNEpPENavH BpAILATEILHOTO
MOMeHTa cBOGOIHBIM SMEKTPOHaM Maiia BBHAY HepaBeHctBa fa <l [7].
BiauMoneicTBHE ABYMEPHO-/IOKATH30BAHHONO Ha AMCIIOKALHH 3/IEKTPOHA

C aKyCTHYECKHMH (JOHOHAMH MOJAPHIYET PEIUECTKY B MOMNEPEHHOM HAMPABICHUH,
BbI3bIBAst CIABW)KKY HOPMabHbIX xoopmmar ¢oHoHOB

éq: Mo 2 Al klemds .l 3)
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(M - macca anemeHTapHOW s4YeiikM KpucTalna, @, — 4acToTa aKyCTHYECKOro

$hoHOHA) W NPHBOAMT K OZHOMEPHON aBTONOKAIM3ALIMM JIEKTPOHA BIOJb AMCHO-
kauuu. TIpy ITOM BONMHOBaA YHKUMS KOHAEHCOHa — KOHedHoe cocToanue (f)
3aXBaThIBAEMOro 31eKTpoHa [8] — umeeT BHA:

.w1i=-\7ﬂ—;Ko(ﬂp) -;—ch"(ﬂ)- L@

3nech MoaupuuUposanHas dyHkuus Beccens Hynesoro nopanka K, (/p)
OMHCHIBAET ABYMEPHYIO JIOKA/IM3aLMIO, ¥ — PaIHyC OAHOMEPHOH aBTONIOKaIH3a-

LMH. DHeprua /IEKTPOHa B aBTONOKANM30BaHHOM cocTosHun Ej =-Ej —4/2,
rae

=%§;ij§: I )

ABNAETCA IHEpPrued MONAPH3ALMH PELICTKH.

CBo6ozHBIi 31EKTPOH 30HBI NpOBOAUMOCTH (0603HaYaeMbIA 31€Ch HHICK-
COM 2) B LITMHAPHYECKOH CHCTEME KOOPAMHAT OMMCHIBAETCA B HAYAJILHOM H KO-
HEYHOM COCTOSHMSAX NapUHaIbHBIMK BOJIHAMH C KBAHTOBbIMH YucnamMu  k, m, k,:

) é(f) 12 xk"”z m "
v, = J,(kp)e™ ‘™ ?, 6
2 2RL ( P) (6)

>
<

rae J,, (x) - dynxums Beccens nopsaka m.
BeposTrocTs 3axBata, Ose-TIEPEXOA OMHUCHIBAETCA ABYXHACTHYHBIMH BOJI-
HoBbiMH yHkumamu ¥/ u ¥/¥/] [1]. B npubmmkennn ®panka-Konnoua,

npeanojararoueM HE3aBUCUMOCTb MATPHYHOIro 3NEMEHTA OT d)OHOHHbIX KOOpAH-
HaT, BCpOATHOCTb NEpEXona B KOHAECHCOHHOEC COCTOTHHE €CTh

=27” JP(E(wiwh Hlviwia) G(E, -/ )dsiasyds . ()
rae

G(Ek =5 1) Z ! A pl]¢“ pl l o 2) Z l ¢k2p2'¢jzpz>l i‘p—E{;p)_"

3nece K, ,= E,‘I +E, +E,+E,, e E, =Y ha,(n, +1/2) - sneprus
¢oHoHHO# cucTembl, 1, — GOHOHHBIC YHC/IA 3AMONHEHHA. B (7) Benercsa ycpen-

HEeHHe MO HayaibHbiIM H CYMMHPOBaHHE MO KOHEYHBIM COCTOSHHAM CbOHOHHOﬁ
CHUCTCMbI. 3Heprmo 30HHBIX 3MIEKTPOHOB 6y}1€M OMHUCLIBATH MO napa6onuqecKOMy

3akoHy E, = h’ (k2 +k? )/2/1. PacripesieneHHe 3NEKTPOHOB B HAYa/ILHOM COCTOA-
HUM OTTHCEIBaeTCA 60NbLMAHOBCKOM QYHKIHEH:

n_n TN
P(E,()=—N—2exp{—z‘u7(kl +k. +k +k2,)},
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1 2
rae N, =Z(2,uxT / ﬂ’flz) ~ TUIOTHOCTH 3/IEKTPOHHBIX COCTOAHUH B 30HE MPOBO-

AuMocTH. MIHTerpupoBaHHe BEAETCA MO BCEM HAYaNbHBIM M KOHEYHBIM COCTOS-
HUAM ABYXINEKTPOHHON cuctemsl, dS = (R/x)dx(L,/27)dx, .

®ynkuns G(E) ssaserca ceeptkoit asyx daktopo MpaHka—KouaoHa,

ONMCHIBAEMBIX MEPEKPBITHEM PELLETOYHBIX COCTOSHMUI, CBA3AHHbIX C EKTPOHAMH
1 u 2. Cxutas 37€KTPOH 2 B 30HE NPOBOJUMOCTH HE CBA3AHHBIM C PELIETKOH, 3TY
GYHKUHMIO MOXEM CBECTH K MHTErpaty NEPEKPHITHA PEUIETOUHBIX COCTOAHHH,
CBA3aHHBIX TOJNBKO C MEPBLIM 3NieKTpoHOM. B npenene Gonbiuoi sHepruu nons-
pu3alLMH pelieTKH (4 >> hw,) HHTErpajl NEPEKPLITHA CBOXMTCA K rayccoBOW

$ynxuun pacnipenenenus [9]: ,
. ~1/2 . .
G(E; - El )=(270") / exp[—(z,g ~Ef —4)2 /202] (8)
¢ oHeprve#l nonspusauny (5) 4 aMcnepcuei |
1 —
ot =E§th3Q: (an +]).

TaknuM 00pa3om, yyeT NoAApU3aLMH PEIICTKH CBOJHTCA K 3aMEHE JeibTa-
yHKUMM B BBIPOKEHHMH 1A BEPOATHOCTH ¢yHkuuer ['aycca. Ilapamerpbt
dyukumu (8) 4 M O BLIYMC/IAIOTCA C HCMOML30BAHHEM BHIPAXKEHHUA AIA JHep-
MM NOJAPM3ALIMM pellleTkM (5), onpelenseMoil BOAHOBOH (QyHKLHEH KOHIEH-
cona (4) [8, 10]:

2xT, xT > hw,
. hz}’z 2 2 P
A==, 0= Y 1 n. 9
3u hop| 1+ X, th>xT>(8ps2Eg)/ e
3 \hoy

Jing BLIYMCNIEHHA MATPHYHOIO /IEMEHTA NEpexoia B KOHAEHCOHHOE COoc-
TOSHHE YUTEM, YTO XapaKTepHOE DPACCTOAHHE KyNOHOBCKOrO B3aHMOJCHCTBHS

MEKTPOHOB (P, — p;) ~ B! mHOro 6onblue pacCTOAHMA 3aXBATHIBAEMOrO 3MEKT-

poHa OT AMCAOKAUMH p, ~ a, . [IpH paccMoTpeHuH nepexoa 6e3 nepeaadu spaiila-
TeBHOrO MOMEHTA MEXJY JJEKTPOHAMU B PA3IOKEHHH ONEPaTOpa B3aMMOACHCT-
BHS 110 CTENEHAM P, — O MOXHO COXPaHWTb JIKLIb MOHOMONbHBIH WieH, COOTBET-

CTBYIOWMH NPUOMHKEHHIO O, — 0 = P, °

e P

=~ 3
2 2 2 2
gJ(Pz“P\) +(2,-2) E\jpz +{z,~z)
rie & — JMINEKTPUYECKads MOCTOAHHad. B 3TOM city4ae, MCob3ys BONHOBbIE
bynkuun (2), (4) 4 (6), noryuaeM BbIpaXKeHHE A1 MaTPHYHOTO JIEMEHTa!

H, =

| I ya
e’nl? - ”(kl: +k;. "kzz)x

6‘(1€3L‘:yaﬂ2 )ifz 2y

oo (V{a‘/’:{z!Hch";tW;z>=
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A:*x

(k kzkf) exps —2 I ]k’ (p)|dp

o) (ks ) + (| [k (8 k|

D70 BeIpaKEHHE YUHTHIBAET TOJIBKO MPOLIECC 3aXBaTa ¢ Nepelaueii IHEpruu
30HHOMY 3N€KTPOHY ¢ 2, =0, T.K. BEPOATHOCTb HAXOXKAECHHMS NEKTPOHA, OMHChI-
BaeMOTO BOJIHOBOM (pyHkuueH (6), Ha XapaKTEPHOM PacCTOAHWHM B3aMMONEHCTBUA
B~' ot mucnoxaumu mana npu m=0 [7]. BeposTHOCTb 3axBaTa 3amMCHIBAETCS

(10)

TOoraa B BUaC

e'n’ n’ 2, 12, a2 a2
4\/—\/—}15 T fe p{ m(k. + k2 4k} +k2,) x

. Fh"l
o expi-2 | [k (p)dp
w (ki + ks, k) ko] { I k(o }
2r [ki (a)] [+ +k,f3]

(Bp =~ a~12 (k2 + K2 + k2 + 2 ~k{* ~{?) /20)

207

xch™

(1)

xexpq{ — dk!dk! dk,dk, dk]dk],.

INokasareny 3kcnoHeHunanvHod ¢yukuuu B (11), onucuiBatomed TyHHe-
mlposaHne c yueroMm (1), (2) paBen

l"'(P)' 2,:0(4,4;,(1) 7[—2—,lnp°£k:)}exp[ Mk )

4uaxT

rae y(a, x) — HenonHas ramma-GyHkums. HHTerpupoBanue no k| npoussoautcs

MeTozioMm nepesaia. [lepeBanbHas SHEPrUs, COOTBETCTBYIOLLAA 3HEPTrHH Haubonee
3¢deKkTHBHO 3aXBaThIBAEMBIX YACTHLI, OMPEAEIACTCA CTENEHLIO 3aMOJIHEHHS MC-
JIOKALWH U TETUIOBOH 3Hepryeli 3axBaTbIBAEMOro JIEKTPOHA:

V:Zalenl:Zﬁ(szT/ahz)w], I (12)
Yo

a TyHHe/IbHBIH MMyTb 3/1EKTPOHA — BbIPAXKEHHEM

po(7)= zf 2 exp[ 2;7.]-

0

3HaueHHe Ke MHTErpasna Mo KOMMNOHEHTe BOJHOBOrO BEKTOpPa BTOPOTO 3/TEKTPOHA
k; onmpenensercs TennoBo# snepruedt T . Unterpuposanua no k, u k. sbinosn-

HAIOTCS C YYETOM YCJIOBHS (hz},z //ucT)~A/KT >>1:
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S exp{ —2a l+ln[—2p’)~ |
_ re'n® (uxT)" ; 700 (7) ,
¢ = 62 il . N o
N L4~/§heaﬂ No | po(7) o |
o n——| (13)

a

7

y k{ ]zch-z(”szz)exp _(ED—A—hl(k{uszzz)/Zﬂ) dk{dk{z._

I 2y 20°
T M ,

[ayccoBa ¢yHKUMS B MOABIHTErPabHOM BbIPAXKEHHH (13) onuceiBaeT pac-
npenesieHHe JHEPrHid «rOpAYEro» EKTPOHa. BeposTHOCTbL 3aXBaTa 3/1€EKTPOHA B
KOHIICHCOHHOE COCTOAHHE paBHa:

. : exp —2al:1+|n{ 27”7 H ‘
21 nH 1 rop0(7) [H 20 }_(14)

TuTap () (Ep- 4 (m po(V)]“ (Eo-4)

a

B 5TOM BbIpaXEHHM MBI COXPaHWIH TOMPaBKy NOpsaka 20° / (ED —A)2 ,

JEMOHCTPHPYIOLLYIO YBEJIMYEHHE BEPOATHOCTH 3aXBaTa M3-32 MHOTO(OHOHHOIO
ywmpenus Oxe-niepexoaa Npy yBENWYEHHH TEMNEPaTYpPbl K ONpEenIeMyto dop-
My20# (9). OcHOBHBIM e (aKTOPOM, MPHBOAALINM K yBEJIUMEHHIO BEPOATHOCTH,

o 2
SBNISETCA CHBHI KOHJCHCOHHOTO YPOBHS, ONpEJE/feMbliH WICHOM (Ep-4) »

3HameHatede (14). o
Paauyc 3axsaTa 3MEKTPOHa HA JMCIOKALMIO ONPENENACTCA OTHOLICHHEM
TMONHON BEPOATHOCTH 3aXBaTa K MOTOKY 3aXBATHIBAEMbIX YacCTHIL -

b

r=
L.nv;

FZe V; — CKOPOCTb TEMUIOBOTO ABMXEHHUS dNekTpoHa. CyMMHpOBAHHE BEPOSTHOCTH
3axsata W, MO BCeM KOHACHCOHHBIM COCTOSHHAM CBOMTCA K YMHOXEHHIO Ha
uncno (nopanka yL,)stux cocrosuuit [10]:

| exps 2a 1+ln(———————2pD~ ]
e'i’n b4 \YoPo (V) 20°
r= 2, 2 ’ 7’ N\ 1+ 7 |(13)
L CEVH Ep (Ep-4) , [2#KT02 2 (V)] (ED -4)
n a -

Tlony4eHHOe BHIPKEHHE JEMOHCTPUPYET XapakTepHyIo Ui Osxe-npouecca
IABUCHMOCTb OT KOHIICHTPALWH NIEKTPOHOB 71, & TAKXKE POCT PaAHyca 3axBaTa u3-
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3a MHOTO(OHOHHOTO YLLIHPEHHS H CABH)KKH KOHAEHCOHHOro ypoHsi. Kpome Toro,
HalyMe 3KCMOHEHLHANBLHOrO (aKkTopa, ONpeeNAIOLEro TyHHETHPOBaHHE JJIEKT-
POHa yepe3 IMEKTPOCTATHUECKUHA Gapbep AMCTOKALMH, MO3BOJAET YYECTb BAUAHHE
3apAA0OBOrO COCTOAHHA AUCIOKALMU H TEMNEpaTYPHYIO 3aBHCHMOCTD fpoLiecca.
3axatouenne. BeipakeHue (15), neMoHcTpUpyiollee yBelHYEHHE BEPOAT-
HocTH Obke-3aXBaTa H3-3a CIBWXKKH YPOBHS JIOBYLIKH, HAXOAMTCH B COTJIacCHH C
pe3ynbTaramMu paHHux paboT [2, 11], nocBsuUIEeHHBIX W3YYEHHIO 3aXBaTa 3/1EKTPO-
HOB B TPEXMEPHO-O0KATH30BaHHbIe COCTOAHUA. CyLECTBEHHO, YTO B OTJIHYHME OT
[2, 11] nony4eHHbIH HamMu pe3yabTaT He AOMycKaeT nepexofa K ciydar Oxe-
3axpata Ge3 yuactus ¢OHOHOB [7], xorga 3axsa4yeHHBIH 3NE€KTPOH OCTaeTcA
cBOOOIHBIM BAONE AWCNOKAUMHU. Tak Kak Mongpu3auus PeweTKH CONPOBOXAAETCS
$OpMHpOBaHHEM KOHAEHCOHHOTO COCTOSHHSA, paccCMOTPeHHbIN 3pech Odke-npo-
LIECC MOXKET JAOMHHHPOBATb HaZl YMCTO INNEKTPOHHLIM NPOLECCOM MPH HATHYHH
JOCTaTOYHO CWIBHOTO 3NEKTPOH-(POHOHHOTO B3aWMOAEHCTBHA, T.€. KOTAa BHIMION-

HSAETCA HEPABEHCTBO A >> hw), .
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U U. UnrUUsLL3UL

YhUUANMEhILELNMNT ELBUSLNLVLELDR Od G- U.IJSHI‘UE
‘l-hUL(th.ShU.’be‘h 4Nl aaleusud uivituinuusny
J4hduuhv

- o Udthnthnid A

QYhunwpyyuwd bt LthnpnGught yhuwhwnnpmhymd wqun bbupnGh
Odt-wGgmip thgpunpjwd tqpwjhG nhupnlpughwh ypw, npp hwiqbkglmd k
pjnpbnquihG gwGgh plbnwgdwlp L dhwywh hGpGuwintnuiGugywo yhéwyh
(YnlintiGunGh) wnwowgiwbp: Unwgyuwd b quupdwl hwjwGwlwinpjwul
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gutujwonpymbp nhunuughwih kiipnpnGGipny 1gdw6 wumhGwéhg, nhu-
jnjughwjh tGupgbwhly dwywpnuyh hunpmpjniGhg L gwGgh pllinwgiwd
tGtipghwyhg:

A.S. MUSAELYAN

AUGER-TRANSITION OF ELECTRONS TO THE CONDENSON STATE
ON THE DISLOCATIONS IN SEMICONDUCTORS

Summary

Auger transition of a free electron to an edge dislocation is considered in the
n-type semiconductor, accompanied by lattice polarization and formation of self-
localized state along the dislocation (so-called «condenson»). The capture proba-
bility is obtained, as a function of dislocation fill-factor by electrons, energy level
depth, and lattice polarization energy.
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