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Pa60Ta npnHHTa K aamnTe MoCKOBCKHM OpJleHa TpyJlOBOro 

KpaCHOI'O 3HaMeHlt ltHCTHTyTOM CTann n cnnaBOB. 

C JlHCCepTauneil MOlKHO 03H8KOMl!TbCSI B 6n6nnoTeKe Moc

KOBCKoro llHCTHTyTa CTann H cnnaBOB, 

AJlpec Hl!CTHTyTa: MoCKBa, M-49, nennHCKHil npocneKT, 6. 
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C llOSIBneHneM 
/1/ 

pa60Thl nenna , rile JlaeTcsr MeToJlnKa nonyqe1msr KOMnea-

cnpoaaaaoil o6nacTn Jln¢qiyaneil n Jlpeil¢oM nnTnH B p -KpeMHHH, 6on&woe pac-

npocTpa11e11ne B HJlepnoil cneKTpocKonnn nony'lnnn L1eTeKTOpb1 p - I - n CTpyKTy
/2 3/ 

pbI ' • 3a nocneJlnne roJlbI nony'leHbI THKJKe repManneabre JleTeKTOPbI p - I - n 
/4-8/ -

CTpyKTYPbl c ~on&woil Tonwnaon KOMnencnpOBHHHOil o6naCTII n xopOWIIM paa-

pewe11neM. 

napannenbHO C Texaonorn'leCKHMll ycoaepweHCTBOB8HIISIMll Be)leTCll ll HHTeH

CHBHOe nccne)lOB8HHe ¢nan'leCKHX CBOilCTB ll xapaKTepnCTHK BCeX THUOB )leTeKTO

poB, 

Pe¢epnpyeMall JlHCCepT8Ullll nocanwena nay'!el!HIO HeKOTOpb!X OCHOBl!b!X nony-

npOBOJlHIIKOBblX xapaKTepHCTHK p - i -n KpeMHHeBb!X \II 'IHCTH'll!O repMaHneBb!X) 

Jln¢¢yanoHHO-Jlpeil¢oBb!X )leTeKTOpOB H)lepHb!X nany,i:e1111il ll COCTOIIT 113 'leTblpex rnaa. 

B nepBOil rnaae nccne)lOBaH MeXaHH3M TOKOB B p - I - n 
/9/ 

Bb!X )leTeKTOpax H)lepHblX nanyqegail • 

nonynpOBOJlHIIKO-

B nepaoM naparpa¢e paccMoTpeaa p - i -n CTpyKTypa B TepMll'leCKOM 

paBHOBeCIIH (a TeMHOTe •· 6ea BHeWHIIX Hanpsrn<e1111il). C llOMOIUb!O BBelleHl!blX B_ 3TOil 

CTpyKType CIICTeM a¢¢eKTHBHblX re11epaTopoB aneKTpOHOB 11 )lblpOK Bb!BOLIHTCSI 

ypaB11e11ne TPKOB, COJlepl!{aIUee KOHue11Tpaun11 HOCHTeneil aapSl)la B OT)lenbllb!X o6na-

CTHX, nx BpeMeHa JKll3HH II Tonmn11y W i -o6naCTII. ITpnHlITbl BO BIIHM8Hlle oco-

6e11HOCTH KOMUe11cnpoaaHHOil i -o6naCTH )leTeKTOpa, KOTOpall Be3)le paCCMaTpllB8eT

C~{KaK o6naCTb c co6CTBeHHOil npOBO)lHMOCTblO. 

Bo BTOpOM naparpa¢e paccMaTpllB8IOTCll p - - n CTpyKTypbl npn o6paT 

Hb!X CMemeHHlIX, AaannanpyIOTCll ace TOim, H npn HeKOTOpb!X npn6m1.)l{el!HSIX Bb!BO-

JlllTCll o6mee ypaa11eH11e )lnll 06paT11oro TOKa 10 , 
0-
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rue q - aapSIA 3neKTpoaa, W - wnpnaa I -o6nacTn, I. n 11 

( 1) 

r - COOTB9TCTB9HHO 
n 

All<plpy3llOHHaSI nnaaa ll BpeMSI )!{H3Hll 3neKTpOHOB B p -o6naCTH ueTeKTOpa, LP II 

COOTB9TCTB9HHO ,((HlplpY3llOHIIaSI unaaa II BpeMSI )KH3HH .((b!pOK B ero n -o6naCTll, 

L1-6nnonsipHaS1 All«p«py3HOHHaSI nnnHa, rl -BpeMSI )!{H3Hll HOCHTeneii aapSIAa B I -

o6naCTll, a II - reHepaUHOHHaSI cnaraeMaSI o6paTHoro TOKa. 

r 
p 

B :P9TbeM naparpaqie aaanaaapyeTCll o6paTHblli TOK ll OTMe'!aeTCll AOMHHHpyro-

masi ponb .ero reHepannoHHOfi cnaraeMoii a ee CBll3b c wnpaaoii W i -o6nacTn. 

CuenaHa rronbITKa OO'bSICHHTb BnllSIHHe IIOBepXHOCTII Ha o6paTHblll TOK p - I - n 

CTpyKTYPbI. TiposeueHa Ka'leCTBeHHBSI 3KCI1ep11MeHTBnbHSSI rrpoaepKa ll3M9H9HIISI 06-

paTHOro TOKa lo c ysenn'leHHeM TOnIIllIHbl WI i -o6naCTH, no cymeCTBYIOllJIIM AO 
/10 11/ 

c11x nop TeopaSIM ' 
1 

reHepauaoHHaSI cnaraeMaSI o6paTHoro TOKa 

.< 
ll=ronst w~, (2) 

OTKyAa BII)lHO, 'ITO I I SIBnSieTCSI nnHeiiaofi qiyHKUHeii W 1 • Ha qiopMynbI ( 1) cnenyeT, 

'ITO 3TO 11p116n113HTenbHO BbIIIOnHSI9TCSI n1IWb Anll ueTeKTOpOB c TOHKOll i -o6naCTb!O. 

C pOCTOM WI' , ouHaKo, uonlKHO nacTyIIIITb HaCbllll9HIIe, 'ITO BIIAHO 113 

rrpeACTaaneHHbIX Ha p11c. 1 3KCI1ep1IMeHTanbHblX KpHBblX o6paTHOro TOKa I I Anll 

Tpex o6pa3ll0B IlplI o6paTHOM CMemeHIIII 20 B C H91I3B9CTHbIMH BpeMeHaMII )!{H3HII 

Hoc11Teneii aapSIAa. 

B 'leTBepTOM II rrocnenHeM rraparpaqie 3TOii rnaBbl paCCMOTpeH A9T9KT0p npn 

o6ny'!eHIIII CBeTOM IInlI IIpOHIIKaIDmefi pau1Iall1Ieii. llnSI B03HHKaIDmero CTBUHOHapnoro 

ToKa I rrpn 3TIIX ycnOBHSIX BblBOAIITCSI qiopMyna: 

1=1
0

+q!G L +G L +2G L [1-exp(-W/L
1

)]l, 
n n p p 1 t 

(3) 

rue IO - o6paT!lblll TOK 113 ypaaneHIISl ( 1 ), a G n , GI II Gp - renepallHOHllbie qiyHK

lllill COOTB9TCTBeHHO B r. - I 1-; II p -o6naCTSIX )l9T9KTOpa. 
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Bo BTopoii rnase npnsousrrcsi peaynbTaTbI nccneuosannsi p - • i - n 

Hll9Bb!X ll repMaHlleBb!X ueTeKTOpOB C noMOlllb!O CBeToBoro 30HUa. 

KpeM-

B nepBOM naparpaqie uaeTCSI TeOpllSI unsi lpOT0-3,U,c., B03HllKaromeii B p - i -n 
/12/ 

nonynposouanKOBbIX nepexonax npn 30HAOBOM ocsemeann • TioKaaaao, 'ITO Korna 

BbmOnHeHO HepaBeHCTBO d « W !::: L 1 , rne d - mnpnaa cseTosoro aoHAa B qiopMe 

nonOCKll, ll 30HA aaXOAllTCSI B i-o6naCTll, qJOT0-3,A,C. vi 6yAeT nponopnao-

HanbHa KOHUeHTpaunn ~Ill I , T.e. . 
V1 ., ~m 1 "' ~ n O [ exp ( -I W - x Ip I / L1 ) + exp ( - I x1P I / 1. 1 ) l , (4) 

rne ~no =~po- KOHll9HTpauasi reaepnposaHHbIX CBeTOM sneKTpOHOB (AblpOK), KOrAa 

30HU HaXOUllTCSI Ha f - p nn11 Ha n -i nepexoue, a X IP - paCCTOSIHHe (no wn11-

qiy ueTeKTopa), Ha KOTOpOM HaXOUllTCSI CBeTOBOii 30HU OT p -06nacT11, 

• /13 14/ 
Bo BTOPOM naparpaqie OIIHCbIBaeTCSI rrpeuno)!{eHHbIII B pa6oTe '. MeTou, rue 

IICIIOnbayeTCSI 3SBIICH!-fOCTb lpOT0-3,U.C, (an11 qJOTOTOKa) OT rronoll{e!JHSI CBeToaoro 

30HAa Ha Topue nonynpOBOAHHKOBOro p - i - Q AeTeKTOpa unsi 11ccneAOBaHHSI 

ero CTpyKTypbI, H3y'leHHSI rrponeccoB CTapeHHSI II neiiCTBIISI Ha AeTeKTOp SIJlepHblX 

nanyqennii n npyr1Ix areHTOB, 

Ha pac. 2 noKaaana IlpllHURIIRanbHaSI cxeMa 3KCIIepnMeHTanbHOll ycTaHOBKII' 

C IIOMOlllb!O KOTopoii CHIIManacb KpllBbie lpOT0-3.)l.C,, B0311HKaIOmeii B ll9IIII p - i - Q 

rronyrrpoBOAHllKOBOro )leTeKTOpa 11p11 nepe)lBll)!{9lllllI yaKoro CB9TOBOro 30HUa MIIKPO-

BHHTOM 110 Topuy neTeKTOpa B Hanpasnena1I BC rreprreH)lHKynSipHO rrnocKOCTSIM 

rrepeXO)lOB, 

Ha pnc.3 rrpaBe)leHa TIInll'!HaSI KpllBaSI unSI lpOT0-3,)l,C. ' B03HHKaIDmeii B P-1-n 

KpeMH119BOM )l9T9KTOpe B 3aBIICIIMOCTll OT rron0)!{9fllISI CB9TOBOro 30H)la, 

B TpeTbeM rraparpaqie paccMoTpeno np1IMeneHne MeTona cseToBoro aonna nnSI 

IICCne)lOBBHllSI CTPYKTYPbl 

TOM - accneuosaH11e p -

p - f - n repMaHneBbIX )leTeKTOpOB , a B 'l9TBep-/ 

- n KpeMHll9BbIX rrepeXO)lOB C IIOMOlllb!O 6erymero 
x} 

CBeTOBOro 30HAa, 1103BOnSIIDlll9rO nony'!HTb ocunnnorpaMMY, OTpalKaromyID p - i - n 

. . /15/ 
CTpyKTYPY, ll3 KOTOpOH MO)!{HO orrpenenaTb TonmaHy 1 -o6naCTll (cM. pac.4). 

CaMaSI,Ba)!{HBSI oco6eHHOCTb paapa6oTaHHOro MeTO)la - 3TO ero npaKTH'leCKaH 
.1. 

x) HenpepbIBHOe, ObICTpoe nepeMememie aoHna ( co CKopoCTbIO HeCKOnbKO 

MICeK) ll HerrpepblBHOe CHSITHe lpOT0-3,A,C. B OTnII'llie OT rrpepb!BllCTbIX rrepeMe

menaii 30HUa II ll3M9H9HIISI lpOT0-3,A.c. npll OT)lenbHbIX lpllKCllpOBaHHbIX nono)!{eHIISIX 

30H)la (a3MepeHHSI "'no TO'!KaM' ). 
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6eab1Hepu110HHOCTb, OTKpbiB8IOIU8S! 1303MO)l{H0CTb llpl!MeHeHl!SI MeTo.aa B M8CCOB0M upo11a

BO/lCTBe UeTeKTOpOil. 

B nsiTOM naparpa,jie ll8HO npl!MeHeJ!He CBeTOBOI'O 30Hll8 unsi nccnenoaaHHSI llll,ji

/16/ 
,jiya1111 nl!Tl!SI B KpeMHIII! • 

B nocnen1111x nayx naparpa,jiax on11ca11b1 sKcnep11MeHTbI no 11ayqe111110 p -1 - n 

CTpyKTypbl C nOMO!UbIO CBeTOBOI'O 30Hll8 C npepbIBl!CTblM CBeTOM II npli:Mel!e1111e Me

Tona CBeTOBOI'O 30Hlla unsi nccnenoaaHl!SI nei!CTBIISI npoTOIIOB BblCOKOi! s11epr1111 (OKO-

. /17/ 
no 650 Msa) 118 p -1 - n KpeMHl!eBble neTeKTOpbl 

rnaaa TpeTbSI nocB Sl!Uel!a ll3Mepe111110 s,ji,jieKTIIBIIOI'O BpeMellll :)1{1!31111 IIOCHTenei! 

aap11na a p -1 - n KpeMHl!eBblX neTeKTOpax C 11cnonb30Ba1111eM CBeTOB0I'O 3011/la. 

Bo BTOpOM naparpa,jie C noMO!Ub!O ,jioTosneKTpll'IeCKOI'O MeTona onpenenel!bl 

lll!lp,jiya1101111bie nn11Hbl ,jioTOIIHJKeKTllp0138HllblX sneKTpOHOB II llblpOK B I -KpeMHllll, 

/18/ 
nony'Iel!HOM KOMllel!Cllp0138lll!eM p -KpeMHllSI n11Tl!eM • HaillleHHbie 3Ha'IeHl!SI 

unsi s,ji,jieKTIIBHbIX apeMeH *H3HII HOCl!Tenei! aap11na np11 ncnonbaoaa111111 6anom1p11oii 

1l1!,ji,jiya11o·H110i! llOCTOSIHHOi! unsi KpeMl!l!SI C co6CTBe1111oi! npOB0llllMOCTb!O DI =17 CM
2
lceK 

COCTaBnS1n11 OKOno 1 MCeK, a Ha HeKOTOpb!X o6paauax - HeCKOnbKO MCeK. 

B nocnen1111x nayx naparpa¢ax sToil rnaBbI onpeneneHbl s,ji,jieKTl!Bllbie apeMeHa 

. /19/ 
,!{1!3HII sneKTpOIIOB B p -o6nacTI! 11 llOK838HO, K8K, He YHll'ITO,K8SI neTeKTOp, 

C llOMOIUb!O KOM61!HllpOB8HHOi! MeTOlll!Kll1:'llCITOnb3YIOIUei! CBOHCTB8 p -i-n nepe-

xonoa 11 11rnh1 KonneKTopa, MO,KHO onpenen11Tb apeMe11a *1131111 11enocpellCTBeHHO B 

I -06nacT11. 

fnaaa 'IeTaepTaH nocBHme11a 11ccneuoaa111110 noaepxHOCTII p - i -n KpeMHl!eBblX 

neTeKTOp0B. 

Ha SKCnep11MeHTanbllb!X peaynhT8TOB, np11aeneHHb!X B STOH rnaae, Bl!llHO, 'ITO 

MeTOll CBeTOBOI'0 30Hll8 C ycnexoM M0:)1{110 11cnonb30B8Tb unsi 11ccneuoBBHIISI 06paao

Ba1111S1 nneHOK Hall I -o6naCTb!O II onpeuenl!Tb Tllll !IX llpOBOlll!MOCT!I no MeCTOHa-

/ 12/ 
X0,KJleHl!IO M8KCl!MyMa ,jioTo-s.u.c. • 

Ha p11c. 5 llOK838Hbl Kpl!Bble 38Bl!Cl!M0CTII ,jiOT0-3./l.C. OT non0:)1{9HIIII CBeTo-

B0I'O 30Hll8 Ha nonepXHOCTll TOnCTblX KpeMHl!eBblX neTeKTOpOB npn Hanl!'Illll D - II p -

nne110K. 

B STOH rnaae paCCMaTpl!B8IOTCII HOBbie B03MQ,l{HOCTII, KOT0pbie OTKpbmaeT 

MeTOll 6erymero caeTOBOI'O 30Hll8 um1 nccnenoaaHl!SI KIIH9TIIKII o6pa30B8HIIH nneHOK 

Ha noaepXHOCTI! p - i - n KpeMH!leaoro neTeKTopa, an11mom11x Ha o6paTl!blll TOK, 

npo6oi! Ha noaepXIIOCTII, IIIYMbl II npyrne pa6o'I11e xapaKTepl!CTIIKII neTeKT0poB. 

6 
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I I 
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On11ca110 np11Me11e1me Me_TOllOB KOHTaKT11py10mero MeTannn'IeCKOI'O ao11na ll B116-

pau11011Horo ao11na unsi accnenoaa1111si pacnpeneneH11S1 n0Te11u11ana 11a noaepx11ocTn 

,, ,, i /20/ "' 
TonCTbIX p - -n KpeMHlleBbIX neTeKTOpOB • ,;,Tl! MeTOllbl OTKpbinll npyry10· 

B03MO:)l{HOCTb 0611apy,KeH!ISI ll nccnenoaaHllSI nneHOK Ha noaepxHOCTH neTeKTOP0B. 

CTano 11aaecT110, 'ITO 11a Heil, B aaBl!Cl!MOCTH OT ee o6pa60TKII, B03Hl!KaIOT
0 

noKanbHbie 06nacT11, rue cocpen0To'Ie110 no'ITH ace none. no acei! aeposiTH0CTH, B 

STHX o6naCTSIX 11acTynaeT 'I8CTH'Illblll_ 11n11 nonHblll noaepXIIOCTl!bli! npo6oi! C nocne

llYIOIUIIM yaen11qe11neM 06paT11oro TOKa ll myMOB ll0 aenl!'IHH ,He llOITYCTl!MblX nm1 

l!OpM8nbl!Oll pa60Tbl lleTeKT0poB. 

ITp11Mel!eH11e MeTOlla KOIIT8KTHOH pa3HOCTll llOTe11u11anoa unsi nccnenoBallllSI ll3-

Me1!9HllS! pa6oTbl BblXOlla sneKTpOIIOB Ha noaepXIIOCTII p - i - n KpeMl!lleBblX ll9T9K-

/21 / 
ropoa nocne TpaaneH11si np11 xpa11e111111 11a Boauyxe noKaaano, 'ITO nocne Tpaane-

1111si B CP-4 11a "peanb11oi!" noaepx11ocT11 KpeMHHSI np11 xpa11e111111 11a aoauyxe s11epre

T11'IeCK11e 30llbl aar116aIOTClI Bllll3 ( T.e. Ha noaepXII0CTII co apeMelleM o6paayeTCSI 

nne11Ka 6onee n -T11na). OTMeqe11a B03MO,K1!8lI CBll3b Me,KllY 06paaoaa1111eM cnosi 

6onee n -Tlllla a i -o6naCTII TOnCTbIX p - i - n KpeMHHeBblX ueTeKTopoB ll yae-

n11qeH11eM nx o6paTHhIX TOKOB co apeMeHeM nocne Tpaane1111si. 

OcHOBllbl9 peaynbTaTbl pa60Tbl 

1. TeopeTn'IeCKH paccMOTpe110 11 nony'leHo ypaaHe1111e 06paT11oro ToKa B p - i- n 

nonynpOB0/ll!IIKOBblX neTeKTOpax. 

2. P aapa60Ta11 onT11'IeCK11il MeTOll unsi nccnenoaaH!llI Tonm1111b1 cnoea p - i -n 

KpeMHlleBblX ll repMa1111eBblX ueTeKTOpoB. 

3; Paapa6oTaH MeT0ll cneTonoro ao11ua unH nccneuona11nH n11,ji,jiya11n npnMecei! 

x) 
B nonynpononH11Kax • 

4. Paapa6oTaH MeTon 6erymero caeToaoro ao11ua nnH 11ccnenona1111si p -1- n 

nc:mr,!J.POBOllllllKOBblX neTeKTOpOB. 

:•s. fiaMepeHbl s,ji,jieKTllBHbie BpeMeHa :)l{ll311ll HOC!ITenei! TOK8 B I -o6nacTll 

p-i - D KpeMH!leBblX neTeKTOpOB. 

B 

6. i?aapa6oTaH MeTOll ll ll3Mepellbl s,ji,jieKTllBHbie npeMeHa :)1{1!3HI! sneKTpOHOB 

p -o6naCTI! i>-;-i-n KpeMHlleBb!X neTeKTOp0B. 

x) Korna nocne nn,ji,jiyann noaHnKaeT p-n 

7 
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7. C noMOmh!O pSIAa MeTOAOB (MeTon CBeTOBoro 30Hna, 6erymero CBeTOBOro 

aoHna, au6pauuoHHoro aoHna H MeTannuqecKoro 30Hna-uronKu) uccnenonaHo o6paao-

aa1me nneHOK C n - H p -npOBOAHMOCTb!O Ha noaepXHOCTll p - i - n KpeMIHeBb!X 

neTeKTOpOB. 

8. Ha OCHOBe H3Mepemrn KOHTSKTHOii pa3HOCTH noTeHuuanoB (KPn) Ha •peanb

Hoii· noaepXHOCTH KpeMHH!I C n -. i - H p -Tana npOBOAHMOCT!IMll ycTaHoaneHo, 

qTo nocne TpaaneHn!I B TpanuTene CP-4 H xpaHeHH!I Ha aoanyxe Ha noaepxHOCTH 

o6paayeTC!I cnoii ·. • 6onee n -Tuna•. 
_ /9 12-21/ 

OcHOBIIOII MaTepnan nnccepTSllllll ony6nnKOBaH a pa6oTaX ' , K0TOpb!e 

6hmn Bhmon11e11b1 B na6opaTopnu 11nepHbIX npo6neM OIUIH, r. lly6Ha, a nepuon c 

1963 no 1966 ron. 
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PHc. 2. CxeMa ycTSHOBKlt nnst H3y•rnHltst CTpyKTyphl nonynpoaonHHKOBhlX neTeKTOpOB 
MeTonoM cneToaoro aonna. a) 1 - neTeKTop, 2 - ranbaarroMeTp, 3 - nep)({a

Tenb neTeKTOpa, 4-M1tKpOMeTp1t'leCK1til BHHT, 5 - ltCTO'IHltK CBeTa, 6 - OllTlt
qecKast CHCTe1'rn, 7 - caeToaoil aonn; 6) BHn wnmpa oopaaua; 1 - caeTonoil 

aonn. 
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OcunnnorpaMMa q>OTO-S./l.C., nonyqeHHaSI Ha p -1 -n KpeMHHeB0M lleTeKTOpe, 
npn ucnoni.aoBaHHH 6erymero cBeT0Boro 30HAa. 3Hast cKopocTb ABHlKeHHSI 
CBeToBoro 30HAa, no KonnqecTBY MeT0K B I -o6naCTH (1 MeTKa"'lOMKCeK) 

M0lKH0 onpenenHTb mnpuey sTofi o6nacTH. 

13 



..... ... 

<Pomo-aac. 
npou35. eduHu1..w 

80 
n------

70 

60 

40 

JO 

20 

(0 

0 
0 , 

2 

{, p 

3 4. 5 6 7 8 9 
X,MM 

Puc. 5. <lloTo-a.a.c. p -l - n KpeMnneaoro aeTeKTopa B aa1111CBMOCTB OT nonoJKeHHSt 
caeToaoro aonaa; Kp11aa>1 I CHHTa Ha wnmpoaanHoi! noaepxnocTn, a ·KpHBall 2 -

na Tpaanennoi!. 

..J 

·~,_,.._. "' 

I ,,.. 


