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• 

C nosmneHHeM pa60Tbl nenna
111

, rAe ASeTCH M9TOAHK8 nony'leHHH KOMU9HCHpO~HHOA 
06naCTR AR$~3H9A H ApeA$oM nHTRH S p -Kp9MHHH, WRpOK09 npRM9H9HBe S HAepHOil 

/2 3/ 
CU9KTpOCKOUHH HamnH A9TeKTOpbl P - i - n CTpyKTypbl ' , 3a nocneAHB8 rOAbl nony'lellbl 

repM8HBeSble AeTeKTOpbi p - i- n CTpyKTypbi/
4
-8/ C 6om.woil TOniilBHOA KOMUeHCRpOB8H

HOil o6naCTR, 

Bonpoc o sonbT -aMnepaoA xapaKTepRCTHKe aTol CTpyKTYPbi ae o6cy>K~ancR s n&Tepa-

Type. EcTb pa60Tbl, rAe paccMaTpusaiOTCH TaK aaablsaeMhle p-i - n ABOAbl c i -o6nac-

/9-18/ 
TbJO B3 sbiCOKOOMaoro MaTepuana c TonwB!fOA AO aecKonbKBX AeCHTKos MBKpOH , TeopeTB-

'IeCKRe p8C'IeTbl 0 nony'leHHble AnH 9TRX tlROtlOB, RCUOnb30S8nRCb S pa60Te/
1Q/ AnH RCCne

AOB8HRH TOKOB B p-i-n KpeMHReSblX AeTeKTOpax C TQnlllRHOA i -o6naCTR W-75-320MKM, 

Mbr nocTasanu nepeA co6o10 aaAa'fY, BCnOnb3YH BbiBOAbl TeopBR AnH o6bl'IHoro p- n 

/20-23/ 
nepeXOA8 , Sb!SeCTR ypasHeHR9 TOK8 p - i - D CTpyKTypbl R yCT8HOSRTb ero CBH3b 

C WRpRHOil KOMU9RCRpOS8HHOll i -o6naCTR, 

1, ....!P~..,...._:i_-_..::D:....,:C:.Tp:!:.Y::..;;:K:,:T~yp..::..;bi;.;....,;;B;...,.;T;.;e;.:p;;M;;;;;;R;.;'I;;e;;C;;K;:.O;:.M;;:...!P;;8;;;B:-H~O;:;S,;;e,;;C_R_R_ 
S T9MHOTe, 6e3 SH9WRRX HanpHJKeHRli) 

PaCCMOTpRM o6paaen p - i - D CTpyKTYPbi C TaKOA TOnl!lRHOA OTAenbHbiX o6na-

CTeil, npR KOTOpOil MOJKHO npeae6pe'lb BnRHHReM aneKTpOAOS H8 TOKR, TeKylllR9 S Hanpasne

HRR, nepneHARKyngpHOM nnOCKRM nepeXOA8M, nonaraeM, 'ITO KOMneHCRpOB8HH8H i -o6naCTb 

npeACT86nH9T M8TepR8ll C06CTBeHHOi! npOSOARMOCTR/
1

Q•
321

, 

Ha puc. UOK838H8 aaepreTR'IeCKaH ARarpaMMa p 

'leCKOM pasaosecuu, rAe 

paSHOSecHI{H KOHUeHTp8URSI. AblpOK R aneKTpOHOS S 

p8SHOS9CH8H KOHUeHTp8URH aneKTpOHOS R AblpOK B 

- D CTpyKTypbl S TepMR-

p -o6nacTB; 

n -o6nacTu; 

E.,.,p, E.,., 1 HE T,; nOTonoK aaneHTHOA 30Hhi B p -, i - H n -o6nacTsrx. 

3 



B COCTOSIHBR TepMR'l9CitOrO p8BHOB9CRSI B P - I - a CTpylt-rype MOlKHO p8CCM8TpRB8Tb 

soceMb OT!lellbHbiX TOKOBx): 'leTblpe eneKTpOHHbiX ( - 11 , 11 , -1 5 B I 1 ) B 'leTblpe 

JlblpO'lHbiX ( I S 
0 

-1
4 

, I 
7 

R -1
1 

) 
0 

o603H8'19HHbiX H8 pBCyJI][e • .nng STBX TOitOB cnp8B9ll-

nRBbl yp8BHeBBH 

-I
1 

+I 1•0; -1
5

+1 1 •0; 

(1) 
I-l•O; I-J•O; 

s 48 1 .• 

:t I -0 
1•1· 1 

ToKR 1
1

• 
1 
+ 

1 
MOJKHO Bbip83BTb qepea JtOHileJITP81lRB TOitOBbiX HOCRTeneA, ax nx¢lcllyaxoa-

Hble llnBHbl R TOnDlRHY I -o6n8CTR W • Tolt -1 1 
o6p83yeTCII H90CHOBHbiMB sneltTpOH8MB 

a p -o6n8CTR n• , ycneamHMB nocTarayTb p-I nepeXOll8 no peKoM6HH8UBit • .nng HBX 

nepeXOll HBnSieTCII CTOKOM. EcnB p8CCM8TpBB89TCSI llBBlK9HB9 sneKTpOHOB T011bKO 
p - i 

a H8np8aneaua x , TO B TOit9 -1 1 
6y!lyT Y'l8CTBOB8Tb B OCHOBHOM Ta H90CHOBHbl9 

sneltTpOHbl D p H3 p -o6n8CTB
0 

ltOTOpbla H8XOllSITCSI H8 p8CCTOSIHHB OT p-i nepaXO!l80 

ue 6o11bmeM ax n•cllcllya&OHHOII nn&Hbl Ln • 

.nn11 Bbl'IHCneHHH TOKOB yno6ao aaeneaae s¢lclleKTHBHbiX TOKOBbiX reaepaTopoa. B 
( -3 -1 

KOHKp9THOM cnyqae BBO!lHM CHCT9MY scllclleKTHBHbiX reaepaTOpOB sneKTpOHOB gn(x) M Celt ), 

KOTOpbie pacnpeneneHbi no x cnenyiOmHM o6p8aoM: 

gn (x)• gnoexp (x/ Ln) nn11 -oo~ X~ 0 

ilpB x=-oo;O gn(-oo)-0; g 
0 

(0)•_!2 
· n r ' n. 

rne r n - apeMH JKB3HB sneKTpOHOB a p -o6nacTH. ToK -1 1 MOJKHO nony'lHTb KaK HHTe-

rpan scllclleKTBBHbiX reaepaTopoa no acell Tonmaae p -o6naeTH, yMHOJK9HHblll aa aapSill 

sneKTpOH8 q 

••O 
-1~=-q[ r. 

••O L 
&n(x)dx]=-q[ f, gn 0 exp(x/Ln)dx]=-qnP-,-l' 

x•-bO n x•-oo 

(2) 

l1cxon11 aa (I) , aaxonaM 

\11\•\1 ~-qn ~ 
; P r 

n 
(3) 

B I .. o6naCTH npH n106oll TeMnep8Type reuepapyiOTCH llbiPKH H sneKTPOHbi, n&cll¢lyH!lH

pyiOmae ·K p-I a I-n nepexo!l8M c Koscllcll&naeuTOM 6anon51PHOII nacllcllY3HH nnH co6cTaea-

&oro M&Tepaan8 

X) ilOll TOKOM DOHHM89TCSI nnOTBOCTb TOK8 ( 8 M-
2

). 3a nOJlO:>KBT911bHOEi Banp8BJl9-

HH9 TOK8 npaHBM89TCH H8np8aneaae oT n - 1t p -o6n8cTB ao auemaell uenu. 

4 

• 

D -2~ 
1 Da+ D • 

p 

rne 

D • kT 
D -q-ji.D • D • kT • -q-p.• 

JtO&cpcjiR•KeHTbl llKcllW3RB 8Jl8JtTpOHOB B llblpOit; p. 8 H l'p - BX nO!lBBlKHOCTB; 

BASI 6011bllM8H4 K T -86Con!OTH811 TeMnep8Typa. SBO!lll 8H&norR'lHYIO CRCTeMy 

reaepaTopoa TOK8 a I -o6nacTb 

g
1 

(x >•~to exp (-x/L 1 ) nnSI Of x" W , 

(rne L 
1 

• '1/D 
1 

r 
1 

.,. 6xnonHPB&SI nxcllcllYaaoHH&B nnxH8 sneJtTpOHOB (nblpo!t) a 

B r l - BX scll«jleKTKBHbl8 Bp8M9H8 :>KB3HR) 0 onpell&Jlii9M llblpO'lllblll TOK: 

rne 
Bl 

&,a-~ 

z•W 

-1
4
•-q[ f g

10 
exp(-x/L 1 )dx] • 

••0 

L, [ •-qn
1
,- 1-exp(-W/L1 )], 

l 

~ Ha (1), paaeaCTB8 n
1 

= p 
1 

B Taro, 'ITO L 1 OllRH&JtOBO K&K nna sneKTpOHO 

llblpOK, DOJly'lRM 

L 
\I 

4
\• \1

1 
1·\1 5\·\1 1 

I· qn 1 _,! [ 1- exp ( -W/L 1 )] 
I 

.nna TOKOB I, B -1, 8H&norH'lHO TOMy, Jt8K 11n11 TOKOB -J 1 R 1 1 , nony• 

"" L 
\1,1-II,\•qpn-f'. 

p 

rne L• - n•cllcllY3ROHH8ll nnaH8 ueocHOBHbiX llbipoK a n -o6nacTH, 8 r • - a 

lKB3HB. 

2. P - I - n CTpyK:rypbi npa o6p8THbiX CMemeRU 

npa o6p&THOM CMemeHBB ( -V ) 88 p-i -D 
cTpyKType (pac. 2) a y 

B&CKB p8CCM&TpBB89Mb19 TOKB (o603H8'19Hbl 3B93!10'1KOII) MOlKHO Bb!p83BTb ' 

1
1

•
1 
+e cnenyiOmHM o6p830M 

-I* •-a I 
I I I 

-I* --a I • 
I 8 8 

5 



p8BHOB9CHH B P - I - D CTpyKType MOJKHO p8CCM8TpBB8Tb 

'I&Tbipe sneKTpoHHhiX ( - 11 , 1
1 

, -I 
5 

a I 
1 

) a 'leT&Ipe 

I 
1 

H -I I ) 1 Ofi03H8'19HHbiX H8 pacyHKe • .nns STBX TOKOB Cnp8B9.11-

-I
1

+I 2•0; -I 5 +I 1 •0; 

I,-1,-0; I
7
-I

1
•0; 

8 

l: I .o 
1•1 i 

( 1) 

Bblp83BTb qepea KOHII9HTp8IlBB TOKOBbiX HOCBTeneA, BX .IIH¢cjJy3HOH-

I -o6n8CTH W • ToK -1 1 o6p83YeTCH H90CBOBHbiMB sneKTpOH8MI 

119p9X0.118 .110 peKOMfiHB811BIIo .nnH H.BX 

CTOKOM. Ecna paccM8TPBB89TCH .IIBBJKeaae sneKTpoaoe TOnhKO 

-I 1 fiy.llyT Y'I8CTBOB8Tb B OCHOBHOM Te H90CHOBHbl9 

KOTOpble H8XO.IIKTCH H8 paCCTOHH.BB OT p-I nepeXO.Q81 

.QnHHbl Ln • 

y.11o6ao BBe.Qeaae scjJcjJeKTRBHbiX TOKOBbiX reaepaTopos. B 

( -3 -1 
CHCTeMy acjJcjJeKTHBBbiX reaepaTOpOB aneKTpOHOB gn(x) M C9K ), 

x cne.IIYIOlllRM o6p8aoM: 

noexp(x/Ln) .11ns -oo~ X~ 0 

; 0 

rae 

r 

g (-oo)- 0 • g (0)•--'2 
.n ' n 0 T ' 

•· 
aneKTpoaoe B p -o6nacTa. ToK -1

1 
MOJKHO nony'IRTb K8K BHTe

no eceA Tonmaae p -o6naeTa, yMHOJKeaabiA H8 38PH.II 

z•O L 
g. (X) d X l = - q [ r' g n 0 exp ( x/ L D) d X l = - q n p T (2} 

z•-oo D 

II,I·II l•qn ~ 
I P r 

n (3} 

npa n106oA TeMnep8Type reaepapyiOTCH .llblpKR R aneKTpOH&I, .QRcl>¢yB.IIB

-n nepexo.QaM c Koacl>ci>RnaeaTOM 6anonspaoA .IIBcPcPY3BR .Qns co6cTBea-

ID0HRM89TCH nnOTHOCTb TOK8 ( 8 M-
2 }. 38 nonOJKBT9nhHOO B811p8Bne

H8npaeneaae OT n - K p -o6n8CTR so saemaeA uena. 

4 

• 

o-2~ 
I D + D • 

• p 
(4} 

r.11e 

D • kT 
D -q-p.n B D • kT 

' -q- P., (5} 

K08cl>ci>BilB9BTbl .11Bcl>¢y3RR aneKTpOROB R llblpOK 0 I' a R p. p - RX IIO.IIBRJKROCTR 0 k - IIOCTOHR-

R8H Bom.nMaaa • T -86coniOTB8H TeMnep8Typa. Bso11s 8R8nora'IHYIO cacTeMy scl>cl>exTRBRhiX 

reaepaTopoB TOK8 B I -o6nacTb 

cJd•c10 exp(-x/L 1 ) AnK 0( z i= w, 

(r.lle L1 •VD
1 

r
1 

.,. 6anonspR8K Aacl>cjJyaRoaa8s AnRB8 snexTpoaos (Ahlpox} B I -o6n8CTR 

R r I - BX acjJcjJeKTBBRble Bp9M9H8 lKB3RB), onpeAenHeM llblpO'IRbiA TOK! 

rAe giO • rDI 
I 

z•W 

-1 4•-q[ f g10 exp(-z/L 1 )dz] • 
z•O 

•-qa
1 

~~ (1-exp(-W/L1 )) , 
I 

Ha ( 1), p8B9HCTB8 n 
1 

• p 
1 

R TQro, 'ITO L 1 OllBRaxoso K8K .11ns sneKTpoaos, T8K B Ans 

.llhlp0K 1 IIDny'IRM 

L II 4 1• fi 1 1•1 I 5 1•1 I1 I• qn 1 ~ [ 1- exp ( -W/L 1)] (7) 

.nns TOKOB I, R -11 

I 

8HanorR'IRO TOMy, K8K AnH TOKOB -1
1 

R I I 1 nony'I89TCSI 

L II,I•I I 1 1• qpn T, 
p 

., 

r.11e L, - ABcPcPY3BOHH8H AnHH8 aeocHOBBhiX AbipOK B n -o6nacTa, 8 r, - ax speMeH8 

JKR3RB. 

2, p - I - n CTPYK!yPbl npa o6p8THbiX CM9lll9RHKX 

(8) 

npa 06p8THOM CM9lll8BBB ( - V ) H8 p-i - D CTpyxType (pac, 2} B ycnOBBHX p8BRo-

B9CRH p8CCM8TpBB88Mbl9 TOKB ( 0603R8'19Hhl 3B931lO'IKOA) MOJKHO Bhlp83BTb 'lepea TOKB 

I 
1 
•I +e cneAyiOmRM ol5p830M 

• I -1* •-a I 
I I I 

-I* •-a I • 
I 8 8 (9} 

5 



TaK KaK MelKAY p - R n -o6nacTHMH cymecTsyeT none E •-¥- , TO nocTynaromee 

aneKTpOHbl CO CTOpOHbl p -oonaCTH B i -o!SnacTb H AblpKH CO CTOpOHbl n -o!SnaCTB B 

i -o!SnaCTb !SyAyT npellcpOB8Tb. npa 9THX ycnOBH9X npellcpOBhle AnHHbl p8CCM8TpHB8eMblX 

HOCBTenel! TOK8 L anp. = r af' a E » W B L P.llp:"'' P f'p E » W 1 T.e. B i -oonaCTH B nap-

BOM nps6n&JKeHBII MOlKHO npeae6pe'lb ax peKOM6saaneell. Torna npiiHBMaeM, 'ITO nng scex 

TOKOB K09cpcpHilB8HTbl a,.,+a •1. ToKB 

* I Ln -1 •- --qn -
l 1 p 1' n ' 

-1* ~-I =-qp _..!:-.F 
a a n r 

(10) 

p 

se saBBCBT OT o6paTsoro CMemeHBH. Hao6opOT, TOitB I* 
3 

I* e 
6ynyT 9KCnOHeHilB8nbHO 

yMeHbW8TbCH C HanpglKeH&eM: 

T.e. 

I~ =1
3 

exp(-qV/kT)• 

=qn ~ [1-exp(-W/L 1 )][exp(-qV/kT)].; 
I I 

I~ ·1
8
exp(-qV/kT)• 

•qni ,L1 [1-exp(-W/L 1 )][ exp(-qV/kT)], 
I 

I* • I* s s 

(11) 

(12) 

MexaHB3M OCT8nbHbiX TOitOB p8CCM8TPHB88TCH cneny!O!IlBM o6pa30M. reaepspOB8HHble 

B I -o!SnaCTH HOCBTen& TOI8 TOnbltO ABcpcpyHABpyiOT K nepeXOA8M P - i s I - n c xoa<P-

cpHoBeBTOM !SsnongpHOII ARcpcpy3BH 0 1 1 
T8K K8K B COOCTB8HHOM M8Tepsane AnH OAHOBpe-

M&HHO B03DK810WBX H8 OAHOM B TOM JKe MeCTe aneltTpOHOB II AblpOK npB He CnBWitOM CBnb-

/22 24/ 
HbiX DOnHX npellcp H8B03MOlKeH 

1 
• 

nonaraeM, 'ITO anexTpOHbl B AblpltB COBMeCTHO ABcpcpyHABPYIOT K P-i 

xonaM, rne nps aanH'IRB CRnbHOro nona pasnenHIOTCII. Ha rpaaene p-i 

yxona AhlpOK a p -o6nacTb (Tolt I~ ) KOKil8HTp81lRH aneKTpqHOB B 

nepexona aospacTaeT. Hs aTsx snexTpOHOB <t>opMspyeTCg anexTpOHHhlll Tox 

H i-n nepe-

acnenCTB&e 

-o6nacTR oxono 

I* 
2 

B sanpas-

neBBB p -o6naCTB, aKcnoaesuanbBO yMeHbmaromsl!cg c sanpHlKeRseM, B aneKTpOKHblll TOK 

! 8

4 
, KOTOphlA TOJKe aosusxaeT &3 •ocao6olKA&HHb1X" anexTpoaos. Haxon9Cb B none, 9TH 

anexTpORhl
1 

KpOMe nacpcpysss, !SynyT coaepwaTb H npell<t> K n -o6nacTa. Auanora'IHO nonolKe-

HBQ AblpOK OKODO i - D nepeXOA8o .Lln!l OTA8nbKbiX KOMnOHeHT 9TRX TOKOB 1 KOT0pbl8 pas-

B8TBDIIIOTC9
1 

K8lt DOK838HO H8 pBCyHite 2, MOlKHO H8nBC8Tb: 

6 

~ 

"<l 

L 
I I* 1•11* I·• II 1•11 l•qn _J[1-exp(-W/L 1 )], 

4 s 4 s I ,I 

II* 1·11* I+ liD t. 
4 2 4 

II~ I-II; I +II: I • 

Tax xax 
II* 1•11 I exp(-qV/kT)•qn .k, exp(-qV/kT), 

t a , 
D 

L . 
II*I•II lexp(-qV/kT)•qp ,-Eexp(-qV/kT), 

1 1 D p 

TO B3 (14), BMe!l B BRAY (13) R (15), DOny'IS&M: 

D L L 
II

4
1•11*

4
1-II*

1
1• qn -,-![ 1- exp (- W/L )) -qn ...:3exp (-.!!.. 

I I I P 'a ItT 

II'l·II* I-II* l•qn ~[ 1-exp( -W/L )]-qp .!2.exp(--t\-
l e ' 1 r1 1 a '• It 

npa STBX ycnoBBHX 'lep93 P - I - D CTpyJtTypy DpOTe'leT pe3ynb1 

1 
DOCTOSUIHblil BO BC&X Ce'I9BBIIX. Yf3 ycnOBB!l H&DpepbiBHOCTB R ltORe'IB' 

sn&ltTpOBOB B llblpolt Bb1T8lt88T1 'ITO Tolt 'lepe3 P - i - D CTpyltTypy 

I· I* •I* • conat, 
PI ID 

rne I* - cyMMapshiA TOK 'lepe3 p - I nepexon, a I* - cyMMapm 
pi Ia 

i- D nepeXoA. YfM&II B BBilY &anpaeneHB9 aneltTpOBBbiX B AbiPO'IHbiX ltOMDO 

M8p.Bb1X TOKOB B npBBIITb!J npB6naJKeHBHX1 MolKHO B811BC8Tb : 

npa 38M&meHBB 

T.a. 

I* •-1* +I* +I* +I* -1* -I* -I' 
PI 1 t 2 S 4 I S 

I* ·-1
11 

-I* -I* +I* +I* +I* -I* 
111 4 ~ I I f S I 

I' 
I • I" 

4 
B3 (16) B (17) nony'l88TCII: 

I* ·-1* +I* +I* +I* -1* -I* -I* ·.·I* 
pi 1 I I S 4 I 5 7

1 

1~ 11 •-I~ +I* .. -1*
1 

-1*
1 
+I~ +I; +1*1 -1*1 , 

I* • I* •I• canat 
pi ID 

7 



p- H n -o6nacT>lMH cywecTayeT none E • t 0 TO IIOCTynBIOWHe 

p -oonaCTH B i -o15naCTb R .llbiJ)KH CO CTOpOHbl n -o15naCTH B 

ycnoaagx .npell<jloBbie .nnHHbi paccMaTpaaaeMbiX 

R L P.Op:"'' P P.p E » W , T,e, B I -oottaCTH B nep-

npeae6pe'lb ax peKOMoaaanaeA, Tor.na npHHRMaeM, 'ITO .nnB acex 

a l•!+e •1 • ToKR 

* Ln -I •-I •-qn -
l 1 p r n 

-I* ~-I =-qp _!:.F 
8 8 n T 

(10) 

p 

CMeweaag. Hao6opoT, TOKH I* 
3 

I* e OY.IlYT 9KCnOH9HilB8nbHO 

I~ =I
3 

exp(-qV/kT)• 

=qn ~[1-exp(-W/L 1 )][exp(-qV/kT)J.; 1 , 
1 

I~ •I
8
exp(-qV/kT)• 

•qni ,L1 [1-exp(-W/L 1 )][exp(-qV/kT)J. 
1 

I* • I* 
s e 

{ 11) 

{I2) 

TOKOB paCCM8TJ)HB89TCR cne.nyiOWHM OOJ)890M, f&H9pJ!pOB8HHbl8 

TOnbKO .llJ!tPtPYH.IlHpylOT K nepeXO.IlBM p - i a i - n c Koa<J>-

D 1 , TBK KBK B cooCTBeHHOM MaTepaane .nnB o.naoape-

R TOM lK9 M9CTe aneKTpOHOB R .llb!pOK npa He CnRWKOM CHnb-

,llb!J)KR COBM9CTHO .llR#YH.IlRPYIOT K P - I 

canbaoro nong paa.nenRIOTCR, Ha rpaaane p - i 

) KOHileHTJ)SUBSl aneKTpqHOB B 

l!la 9THX aneKTJ)OHOB ~OpMRpyeTCSl aneKTpOHHbili TOK 

H i-n nepe-

acne.nCTBRe 

-o6nacTR OKono 

I* 
2 

a aanpaa-

9KCnOH9HIUI8nbHO yMeHbWBIOWHliCR C UanpSllK9HB9M0 B aneKTJ)OHHblli TOK 

aoaaaKaeT aa 'ocaooOlK.IleHHh!X' aneKTpoaoe. Haxo.nRCb B none, STB 

hv:..... <(~""- coaepwaTb u .npell~ K n -o6nacTa. Aaanora'iao nonoJKe

DnB OT.IlenbHbiX KoMnoaeHT aTax TOKOB, KOTOphle paa-

o Ha pRCyHKe 2, MOlKHO HBnRCSTb! 

6 

"* 
.. ,..... 

I I* 1•11* I• II 1•11 l•qn ; 1[1-exp(-W/L1 )] , 
4 s 4 a 1 

1 

{IS) 

II* I-II* I+IIDI. 
4 2 4 

{14) 

II~ I·II~ I + II: I • 

TaK KaK 

II* 1•11 lexp(-qV/kT)•qn .hexp(-qV/kT), 
I 2 p r 

D 

L . 
II* 1·11 I exp ( - q V /k T) • qp -, • exp (- q V /k T ) , 

7 f D 

(15) 

p 

TO R3 (14), RM&SI B BB.IlY (18) R {15), IIOny'l88111! 

D L L v 
I 14 1•11*4 1-11*

1
1• qn 

1 
-,;[ 1- exp (- W/L 

1
)) -qn P 

18

8 exp <--pf), {I C) 

II"I·II* I-II* l•qn ...!:1.[1-exp( -W/L )]-qp 12exp(-qkVT). 
I a T I r 1 1 n rp 

(17) 

npa STBX ycnOBRSIX 'lepea P - I - D CTpyKTypy npOTe'leT peaynbTBpy!OWRli TOK 

, IIOCTOSIHRblli BO BC&X C&'leHRSIX. Jia ycnOBRSI BenpephiBHOCTR H KOR9'1HOCTH IIOTOKOB 

an&KTJ)OBOB B .llblpOK BbiT&KS&'I', '1'1'0 TOK 'l&pe3 p - I - n CTpyxTypy 

I• I* •I* • const, 
pi Ill 

{18) 

r.ne I* - CyMIIIBpRblli TOK 'lepe3 p - I nepeXO.Il, a I* - CYM1118pRhlli TOK '1epe3 
pi ill 

1- D nepeXO.Il, JiN&SI B BR.IlY R8!Ip8Bn&HRSI Stt&XTpORRbiX R .llblpO'IRhiX KOMIIOH&RT .!lnB CYM-

M8pRb1X TOKOB B !IpRRSITbiX 1IpBI5nBJK8HRRX, NO>KRO HSIIRCBTJt.! 

npB 38M8W9HRR 

,. .•. 

.. 

I* •-I* +I* +I* +I* -I* -1* -1• 
PI I I 2 I 4 I S 

I* •-Ia -1* -I* +I* +I* +I* -1* 
ID 4 1 a e ' s a 

I" 
I • I" 

4 
R3 {16) R {17) nony'i88TCSC 

I* •-I* +I* +I* +I* -1* -I* -I* ·>I* 
pi l I I I 4 I 5 T' 

I* •-I* +I* -1* -I* +I* +I* +I* -I* 
Ia 4 t- I ·1 I 7 I I ' 

I* • I* • I • Cllllat 
pi Ia 

7 

(19) 

(20) 

(21) 



EcnB nOCTBBBM B (20) ace 3H8'18RH!I 11n11 TOKOB H3 (10-17), pe3ynbTHPYJOli!Hil TOK 6y11eT: 

L L L1 V l•qln -A+p -~+2n --[1-exp(-Vf/L )]l[exp(-JI..Y..)-11. (22) 
P r n r I r I kT 

D p I 

Ypaaaeaae (22) npellcTa&n!leT ypasaeRHe BOnbT-aMnepaoil xapaKTepaCTHKH p -

cTpyKTYPbl npH o6paTHOM CM8!ll8BHH (-V) , fipH W•O 113 (22) cne11yeT: 

I• q ( n Ln + p .!!E.)[ exp (- i.'L}- 1] 
prn nrP kT • 

- n 

(23) 

8TO XOpO!llO R3BeCTH08 ypaBB8HII8 BOnbT-BMnepHOi! xap8JtT8p11CTKKH 06bi'IHOrO p-I nepe-

x)/20,21/ I XOI18 Bb!BeAeHO llJoKnB , fipH V» kT q B3 ypaBH8RHII (22) AnSI o6paTROrO To-

KB I 
0 

nonyqaeTCH! 

l•-1 •-qln ~+p !:.E+2n ~!..[1-exp(-W/L )]l (24) 
et p r n r 1 r l 

D p I 

}!3 ypaBHeHH!I (22) 
1 

OI1H8K0
1 

Henb3H nony'IBTb np!IMYIO B8TBb BOnbT&MnepBOil xapaKTepBCTJI

KH p - i - n CTPYKTypbl TOnbKO 38M8HOil (- V) Ha (+ V) 1 K8K 3TO llenae'I'CSl 11n11 

06bi'IHOrO ( TOKKOro) p- D nepeXOil8, fipB npanOlK8HBB CM8W8HBSl B npHMOM aanpaane

HHH K&CTynaeT 3H8'1BT8nbH811 BHlK8KDRSl TOKOBblX ROCHTeneJi CO CTOpOHbl sneJtTpOilOB, 8 3TOM 

cnyqae MeK!IJOTCH ycnoaH!I B i -o6nacTH, npa KOTOpwx Bb!Bellello ypasaeRHe (22). Hccne

AOBBHHe p - i - n KpeMHBe&oil cTpyKTYPhl npa npHMbiX cMemeHBBX npoBelleHo B pa-

60T8X ' , fiOK838HO, 'ITO CHa'lana npH yaenB'I8HHH npHMOrO HanplllKeRHII V TOit /31 32/ 

paCTeT no 3BKOBY 0Ma! 
v 

l=qnl (~L .. +ILP)W, (25) 

a 3BT8M nnH ReJtOTOpl>!X 3Ha'leHJiil npHMOrO CMeWeHBH (60nblll11X 11n11 o6pa3Jl0B C 6onee !llll-

poKOI KOMDeHCHpOB&HHOil -o6naCTbJO W ) 

I· v!. (26) 

OTKYilB cnenyeT, 'ITO H8~HH810T 11ei!CTBOB8Tb 38K0Bb! nnH npocTp8HCT&eBHO orpaRB'IeHHb!X 

TOKOB B H30nHTOpaX, 

3, AH&nB3 ypaBHeKBH o6paTROrO TOK8 p -
- n CTPYKTYPb! a ero 

sKcnepaMeHTBnbR&H npoaepKa 

a) 061oewawl! o6paTHbill TO!< 

Ecna llHq;4Jy3HOHHYIO anRHY TOKOBbiX ROCHTenell L Bblp8311Tb qepe3 HX KOSq.j>HUJieHT 

llB<!><!>y3BB 0 R &peMH JKH3HII r(L•\/D;-) , ypaBH8HI!e (24) npHHBMBeT BRA: 

x) B npano~eaaa &To ypaanea•e swaollRTCH npa acnonbaoaaaaa npennaraeMoro 

M8TOA8 3<jJ<lJeKTBBHbfX reaepaTOpO!I, 

8 

• 

I ,.qln V O,.+P V Dp+2n y~L[1-exp(--~'-)]}. 
o p r a r 1 r yD r 

a p I l I 

TeMnepa-rypBAJI 3aBJICIIMOCTb sToro TOKa, KOTopaa IIMee'l' oco6essoe 3Ha'!em 

speMll l(pelljla JIOBOB IIK'I'Jill1 Onpe)lelllle'I'Cll 38BJICIIMOCTbiO BpeMeBII lKJI3BH r 1 r n 

11 Jtos<i>4J•ueH'I'OB Jlllcjlc1Jy31111 D" , D P 11 D 1 OT 'l'eMnepaTYphl, a T&JtlKe KOHileH'I': 

BOCII'!'elleA 

Dp•N
0

exp(-q<f> 0 P /kT), 

P .. •N.,exp(-q<f>.,.. /kT), 

n -P -viNIN exp(-q<f> /2kT). 
1 I a • 1 

3Jl8Cio1 l[&lt o603.118'18BO B8 piiC, 1, 

¢ =.l(E - E ) , 
op q ap F 

of> • .!_ (E -E 
"" q F "")' 

"' •"' •"' • .!..(E -E )•.!..(E -E ) ¥'1 ¥' al 'I' Yl q al F q F Yl 
1 

a N 
0 

H N., - scjlljleJtTIIBBhl8 DnOTBOC'I'II SlleJtTpOBBhiX COC'I'ORHIIli B 3088 npOBO)lJIN 

aalleH'I'BOI aoae, JtOTOphle Jlllll KpeMBIIll 11 repwaaiiH npa '!'ewnepaTYP• T°K liME 

/22/ 
3B8'18HIIll : 

N
0 

(S 
1

) 

N., (S') 

(5,4 • 101: • T
312 

• 2,8 • 10
25 

( +oo) S/2 

1,95 • 1015 • Ta/2 • 1,02 • 10
25 

( -k )S/2 

N (G ) • 2,00 •1015 • TS/2 • 1 04 •1025 ( ...J:_ )S/2 .. • • soo 

N (G ) • 1,7 •1015 • TS/2 • 6 10 •1024 ( ...J:_) S/2 .. • • soo 

06p8'l'Bhll 'I'Oit 1
0 

COCTOII'I'. 113 'l'pex KOMDOBeH'I': 

I •qn .J D,. " Pv-,~ ' .. 
1p = qp v- np 

" r ' p 

9 

-------- ~·---
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-s .. 
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3 Ha'I9RH!I )lll!l TOKOB 113 ( 10 -17), pe3yllbTRpy!OWRll TOK 6yJleT: 

~+P -~+2n ~!.[1-exp(-VI/L )]l[exp(-E)-11 
r n r 1 r I kT 

n p I 

(22) 

B0nbT-8MrrepHOII X8p8KT9pHCTBKK p - - n 

B3 (22) cne)lyeT: 

(28) 

BOllb,.-BMrrepHOII X8p8ltT9p11CTHKR 06bi'IHOrO p-I nepe

K3 ypaBHeHBH (22) Jlll!l o6paTROrO TQ-

•-qln ~+p .!:J?+2n _!.!..£1-exp(-W/L ))! pr nr tr 1 
n p I 

(24) 

Henb3!1 nony'IBTb rrp!IMYIO BeTBb BOnbT8MrrepHOII XapaKTepBCTB-

•ronbKO 38M9HOII (- V) H8 (+ V) , K8K 9TO Jl9ll88TCSI Jlnll 

nepeXOJlB. npa rrpBll0lK9RHH CMemeHHH B rrpHMOlll HanpaBJie-

!1 BHJK91tUH!I TOKOBbiX HOCBTenell CO C1'0p0Hbl 9ll91tTpO.llOB. 8 &TOM 

B i -06ll8CTH, rrpH KOTOpb!X BbiB9.ll8llO yp8BR9RH8 (22). 11ccne

Kp9MRB9BOH cTpyKTypbl np11 rrp!IMbiX cMemeaaax npose)leHo B pa-

'ITO cRa'lana npa ysenH'I9BHH np!IMOro aanpslKeRHH V TOJt 

v 
l=qnl (l'n+I'P)W' 

(25) 

I3Ra'leRall np!IMoro cMemeHB!I (6onbmax nn!l o6pa3IIOB c 6onee ma-

s 
I• V, 

w ) 

(26) 

neiiCTBOB8Tb 38K0Hbl )lll!l rrpOC1'p8HC1'89RHO orp&HR'IQHRbiX 

TOK8 a era 

aKcnepaMeHT8nhR8!1 nposepKa 

TOll 

UllHRy TOKOBbiX ROCHTenell L Bhtp838Tb qepe3 HX KOa<jl<jlBIIB9HT 

r(L-yDr) ... __ _ 1 ypaBReHBe (24) rrpBIIBM89T BH)l : 

BbiBOJlHTC!I rrpH HCUOllb30B8HBB npeanaraeMOrO 

8 

• 
.~'"...,.;"•" 

I "qln v O,.+P v Dp+2n y~!.[l-exp(--•-)]1. 
o • '• • '• , r1 ..;n

1 
,

1 

(27) 

TeMnapaTypllaJI aaBB:CBMOCTb s'roro 'rOJta, ltOTopaK BMee'r oco6eaaoe aaa'leRHe eo 

Bp9lllR Jtpellljla BOHOB IIBTBH, Onpa)l911H9TCH 38BBCBMOCTbJO Bp9lll9RH lKil3RH r , r , r 
n p l 

B xoscjll!lauB&HTOB )lBcjJcjJyaBB D • , D P B D 1 OT 'reMnepaTYpb!, a 'r&JtlKe KOHII&HTP81111H 

HOCIIT8118A 

Dp•N 0 exp(-q<f> 0 p /kT), 

p D - N .. exp ( - q .p ... I k T) • 

n -P -v"" exp(-q<f> /2kT). 1 1 0 T 1 

3)l&CIIt, Ult o6031Ul"'8BO H& pBC. 1, 

¢ • .!.(E -E ) , 
Op Q Op J" 

"' • .!_ ( E -E 
"'... q I" ... ) • 

</> •</> •¢ • .!..(E -E )•l_(E -E ), 
l ct Yl, Q at F' q F Y1 

a N B N - scjl«<leJtTBBRbl8 llnOTROCTH 8.1l81t'rpOBIIb!X COCTOSIRBII B 30R8 llpOBO.llBMOCTB B B 
0 .. 

Ba.ll&HTIIOII 3011&, JtOTopwe nna ltp&MIIBH a repMaaast np11 T&MnepaTYp& T°K KM&JOT 

/22/ 
388"1811BH : 

Na (S I) • (5,4 • 1015 • TS/2 • 2,8 "1025 ( -7'-oo> !/2 -s 
Ill 

N,.(s,) • 1,95 •1015 •T::S/2 • 1 02•1026 (....I_ )8/2 -3 
• 800 Ill 

N (G ) • 2,00 • 1015 • TS/2 • 1 04 •1025 ( ~ )8/2 -8 
0 • • 800 Ill 

N (G ) • 1,7•1015 •T812. 6 10•1024 ( ~) 8/2 -3 
.. • • 800 Ill 

06pa'rllbiA TOit I O COC'rOBT B3 TP8X KOlllllOB&HT: 

l.•qn ..; n. p -,- • 

- ft 

'•=qp V Dp n r • 
p 

9 



D ----
11 =2qn 1 v-ll1-e.p(-W/VD 1 r 1 ))., 

1 

(28) 

T.e. 

10 ·I .. +IP+I 1 • (29) 

UpaBeAeM npal5n&3BTen&HbiA p&C'I8T K&lKAOil COCT8BnS110llleil o!SpaTHOro TOK8 Anll OAHo-

ro pean&aoro KpeMHaeaoro AeTeKTopa p - i - n TBD8, 

UpaMep. 

lleTeKTop nparOToanea B3 p -xpeMBBII c yAen&HbiM conpOTaaneaaeM p = 5 oM M 

( 
19 -8 -3p 2 -1 

OTKYA8 KOHileBTpallBSI 8Kil8DTOpOB Na •Pp" 2,5 •10 M ) ; D _ •3,1 •10 M CeK 

-4 1 32-6 
2•10 cex; n •n p •n N-10 M 

1 p p p Cl .. 
-- 2 -

1 •qn _,.£!!..,q~-'~=2 5·10-e aM-
2 

" pY r N v r ' 
I> a ll 

-3 22 -3 
Pn " 5·10 OM M ( n n = N d •10 M ) ; Ecna n -o6nacT& &MeeT yAen&aoe conpOTaaneaae 

-3 2 -1 -5 
D P =1,2 • 10 M ceK a r P • 5" 10 cex, 

nfD -e -2 
IP-qNV~=7,8·10 au 

B I -o15naCTB npa D z 
1 

d p 

-3 2 -1 16 -3 
1,7·10 MCeK ;n 1 •J0: M; 

rl "5•10-3 /25/ cex B 

• -8 
W" 3 • 10 M 

D1 [ ----. I -s -2 
1

1 
=2qn

1
v'r 1-eliP(-W/..jD 1 r 1 ) •1,2·10 aM 

I 

H3 npaaeAeaaoro npaMepa BBAHO, 'ITO B pean&HOM cnyqae TOK 11 

nopBAKOB 15on&we ocTan&HbiX KOMnoaeaT IP a 1
11 

• Upeae!SperaSI 

HeHBSI (29} DOny"'&eM 

I •I 
0 1 

Tax K&K q n I .B D
1 

, BXOASIWB8 B 11 0 DOCTOSIHRb10 TO 

I = 1, 32 • 10 -4_! - [ 1 - e:.p ( - 24, 2 ..!1.)] 
I yrl V't 

H3 STOll <jlopMynhi BBAHO, K8K reaepallROHHhlil TOK II 38BBCHT OT 

(31) c;npaaeAnBB& AnSI acex 3R&'Ie&all wapaHhi i -o!SnacTa W 1 • 

I 
p 

WI 

aa aecKon&xo 

a 1
11 

, a3 ypaa-

a r 
1 

(30) 

(31) 

• 4>opMyna 

Ha pac. 3 npeACTaaneabl TeopeTB'Iecxae KpBBble AnSI reaepanaoaaoro TOKe 1
1 

K8K 

<jlyHKilBB WI DO <jl opuyne (31) ):(nil DSITH 3H8'18RHII t 1 X}. 113 STRX rpa<jlBKOB BBAH00 

/25/ 
x) 3aaqe&BSI AnSI , 1 B3SITbl TOlK8 83 

10 

• 

1() 

'ITO DpB M&nbiX 3H&'IeRRSIX t
1 

H&CTYD&eT H8Cbllll8HBe B TOKe npB M8HhWRl 

3xcnepRM8HT&n&R8SI npoaepxa STOll 38BBCRMOCTR BeC&M8 CnOlKH80 T8K K8K 

A8T8KT0pb1 C TOnCTOII KOMDeRCHpOB&HHOil o6n&CT&ID R R83R8'1BTen&HbiMR DOE 

TOK.8MB. 

/19 34/ B pa60Tax ' AnSI o6paTaoro Toxa A&eTCSI <jlopMyna: 

1
1 

• const W 
1 

, 

cnpaaeAnBBOCT& xOTopoll sxcnepRMe&Tan&ao npoaepeaa AO W 1 • 0,25 MM, 

MOlKRO nony'IHT& R3 ypaB&eHBSI (:.!8) AnSI reaepanaoaaoro Toxa 11 , ecna pa 

HeRTbl B PBA R B3SITio nepBble AB8 'lneJta, T,e, 

--- w wa 
eJp(-WJ..jD r )•1--:..L+ _L_ 

I 1 y'"""fi7 D r 
1 1 1 1 

1 = 2 qn 1 w 
1 

.. const W 
1 1 r 

1 

15) 06p&THblll TOKP-1-n CTpyxTypbl c y'leTOM Bn 

DOBepXHOCTB 

no CBX nop Mbl npeae6perana o6paTHbiM TOKOM, CBSI38HHbiM c noaepx 

o6bi'IHOrO p - D nepeXOA8 llOBbiW8HHble 3R8'18HBII o6paTHOrO TOK8 B Cp8BH 

/26-28/ 
HbiMB Ot5'hiiCHSilOTCSI RanR'IHeM DOBepXHOCTROil KOMDOHeHTbl TOK8 • Tic 

&Be ofSp&THbiX TOKOB 38 C'I8T llOBepXHOCTHOil cnaraeMOil AonlKHO H86niDA8Tb 

/28/ 
CTPYKType. Kax a B , rAe aaanaaapyeTCSI o6paTHbiil TOK Toaxoro p - n 

p&THbiii TOK p - I - D CTPYXTYPhl MOlKHO paccMaTpaaaT& K&K cyMMY ABYX 

1
0
-IT+I", 

T ... 

rAe I - o6'beMH&II, a I - noaepxaocTH&SI KOMrroaeHTa. 

Ha pac. 4 cxeMBTH'IBCKB rrpeACT&BneH p - i - D AeTeKTOp. nona~ 

TOpe S MOlKHO paCCM8TpHB8Tb lt8K CyMMY ABYX 11110lll8Aeil: s• , rAe ~ 

AenSIIDlllBe o6paTHbiil TOK, He 38BHCSIT OT IIOBepXHOCTB, B S 6 
, rAe OHH B 

AerrHIDTCII rroaepxaocT&ID. Ha noaepxaocTu rrapaMeTpbi, orrpeAenllromae o6pa• 

HblX ycrrOBBSIX 3H8'1HTen&HO OTIIH'I8IDTCSI OT COOTB8TCTBYIDWHX napaMeTpOB I 

):IIIII pearr&HOro o6p&THOro TOK8 OIS03H8'1BM 06'beMHyiD KOMIIOHeHTY qepea I' 

CTHYID qepe:;. I • , rrorrabiil TOK 6yAeT: 

v s Dv Dv Dv v . 
I = I + I = q S • I n •..;......!!. + p • ·I ..::...I!+ 2 n • y -!.[ 1 - exp (-W J L 1 ) 

0 p , v n r v 1 ,v 
n p 1 

11 

~------------------------------------



D --I1 =2qn 1 y__,!-[1-exp(-W/yD 1r 1)), 
I 

(28) 

I 0 -In+IP+I1 • (29) 

pacqeT Ka*AOA COCTasnmomeA o6paTHOrO TOKa AnH OAHo-

p-i-n Tsna. 

p -KpeMHHH C yAenbHbiM ConpOTBBneHB8M p • 5 OM M 
19 -8 -3P 2 -1 

aKnenTopoB Na•Pp•2,5·10 M ); D •8,1-10 M ceK 

82 -6 
•nP pP •np N0-10 M ; 

-- 2 -
I •qn yE..!t,.q~y~=2, 5·10-e 8M-

2 
11 P r N r 

"' a 11 

yAenbsoe conpOTaanesse p • 5·10-8 oM M ( n ~ N •1o
22

M -S ) . 
n n d ' 

s r 
11 

- 5" 10-5 ce·JI:, 

n~D -a -2 
IP-qNy7-m7,8·10 aM 

d p 
-8 2 -1 16 -8 

1,7 • 10 M CeJI: j 0 1 • 10: M j 
r 1 • 5·10-8 /25/ ceK B 

o, ~ 3 -2 
2qn 1v'-r[1-exp(-W/yD 1 r 1 )] .. 1,2·10- aM 

I 

npHMepa BHAHO, qTO B peanbHOM Cnyqae TOK I
1 

KOMIIOHeHT Ip H I
11 

• llpese6peraSI 

I .. I 
0 I 

0
1 

, BXOA!ImHe B I
1 

, nocTOlUIHbl, TO 

I = 1, 32 • 10-4-1 - [ 1 - exp ( - 24, 2 ..!.L)} 
I y r

1 
yr

1 

resepanaoHHbiii TOK I, 38BHCHT OT 

3HaqeHHA WHpBHbl i -o6naCTB WI , 

I 
p 

w, 

H8 H8CKOnbKO 

a I
11

, &3 ypaa-

B r 
I 

(SO) 

(81) 

• <l>opMyna 

TeopeT&qeCKHe KpHBble AnSI resep&llBOHHOro TOJI:8 

(81) AnSI ll!ITB 3Haqessli r
1 

xJ. H3 STBX rpa~BKOB 
1

1 
KaK 

BBAHO, 

/25/ 
r 1 B3SITbl TO*e &3 

10 

-

qTO DpH M&nb!X 3B&q8BBIIX r 
I 

B8CTYUaeT B8Cb!W8HB8 B TOJI:e npB M8BbWBX 3HaqeHBSIX WI • 

3J~:cnepBMeHT&nbsaSI npoaepJI:a aToll 38BHCBMOCTB aeCbMa cno*sa, TaK K8JI: TPYABO nonyqHTb . 
A8T8JI:T0pb1 C TOnCTOii KOMil9BCBpOBaBBOii o6n8CTb~ B B83B&qsTenbBbiMB llOBepXBOCTHbiMB 

TOK8MB. 

/19 84/ B pa60T8X ' AnH o6paTBOrO TOJI:8 Aa9TCSI ~OpMyna: 

I
1 

• oonst W 
1 

, (82) 

cnpaBeAnBBOCTb JI:OTOpoll 8JI:CnepBM8RT8nbBO npoaepesa AO W 1 = 0,25 MM, 3Ty ~OpMyny 

MO*BO nonyq&Tb B3 yp8BH8HBH (:.!8) AnSI resepallBOHROro TOJ1:8 I l , ecna p83BepsyTb 3JI:Cno

ReBTbl B PAA B B351Tb nepable ABA qnesa, T.e. 

6) 06paTBblll 

exp (- W N-n-7 
1 1 I 

>-1- i+ ---.!L_ 
yD

1
r

1 
D1 r 1 

2qn 1 w .. oonst W 
1 I,~-,-.- 1 

TOJI:p-1-n CTpyKTypbl 

noaepxsocTs 

c yqeTOM BnBSIHHH 

£lo CBX llOp Mbl npese6peran& o6p&TRblM TOKOM, CBH38HHblM C llOBepXBOCTb~. £lnSI 

o6biqsoro p - n nepexoAa nOBbtweRRble 3&aqeRBH o6paTsoro TOKa B cpaasesss c pacqeT
/26 -28/ 

Rb!MH o6LHCR51~TCSI san&qBeM noaepXHOCTBOA KOMIIOB8RTbl TOK8 , lloA06soe yaen&qe-

RBe o6paTRblX TOJI:OB 38 cqeT llOBepXROCTBOA cnaraeMOII AOn*RO sa6n~AaTbCSI H H8 p-I-n 

/28/ 
cTpyKType. KaJI: s B , rAe asan&3HpyeTCH o6paTHbill TOK TOHKoro p - n nepexoAa, o6-

paTHbill TOK p - I - n CTPYKTYPbi MO*RO paccMaTpsaaTb KaK cyMMY ABYX TOKoa: 

I
0
-I.\I", 

"' 
(88) 

rAe I Y - o6'beMsas, a I • llOBepXROCTH8SI KOMIIOReHTa, 

Ha psc. 4 cxeMaT&qeCKR npeAcTaanes p - - n AeTeKTop. nonsy~ nnowaAb AeTeK-

TOp a S MO*HO paccMaTpsaaTb JI:BK cyMMY ABYX nnomaueil: s• , rAe napaMeTpbi, onpe-

Aenmowse o6paTHblil TOK, He 38BHCSIT OT llOBepXHOCTH, H S s , rAe ORB B OCHOBHOM onpe-

Aens~Tcs noaepxsocTb~. Ha noaepxsocTs napaMeTpbt, onpeAens~wse o6paTRbiil Tox, B peanb

KbiX ycnoassrx 3HaqsTenbHO OTnsqa~TCSI OT COOTBeTCTBy~wsx napaMeTpOB B o6'beMe. Ecns 

unsr peanbsoro o6paTsoro TOKB o6o3saqsM o6'beMHY~ KOMnosesTy qepe3 I• 

CTHYIO qepe3 !" , llORHblli TOK 6yAeT: 

o• o• o• 
I 
0 

= I • + I • .. q S • I n • v'.....!! + p • · 1 ..:..1? + 2 n • y -'- [ 1 - exp ( - W 1 I L; ) ll + 
P r v n r v l ,v 

n p 1 

11 

, nosepxso-
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+qS lnpv'-+Pnv'--P+2n 1 y'- .1-ezp(-W

1
/L

1
)]l. 

r• r • r • 
.. p 1 

llpa W >> L OTHOW8HRe 
1 1 DOBepXBOCTBOil KOMUOB8HTbl K 06'J>&MBOil: 

D • D" D • 
n ·v-"+ p" v ----2+ 2n" y-1 

P r• 11 r • 1 r • 
I" S 0 

n P 1 

~=g; 
ov OT ov 

n v y--E. + p v y----2 + 2n v V __!._ 
P r• a. r'" 1 T" 

n P I 

llepBhiil MHO>KHT81Ih B (35) 

r« 1, sv 

HO B pean&Bh!X ycnoBRSIX BTOpoil MHOlKHT81Ih 

o" o" 
n; v'-7 + P:v~+ 

r r 
n P 

2n"_,ol• 
1v,• 

I 

"' nv T D v T D: 
n v_J.+p y----2+2n v-

p f" n r"" 1 r• 
D p I 

»1 

{84) 

(35) 

(36) 

(37) 

R npa onpeneneBBblX ycnoBRRX (oco6eHHO npa HanaqHH RHBepcaoHBblX cnoea) HepaaeHCTBo 

(37) MolKeT Oh!Tb CRIIhBee, qeM HepaseHCTBO (36), KoHneHTpanall 

onpeA&nRIOTCR DOB&pXHOCTHblM UOT8H!lRanoM ¢ • • 

n• 
p 

n• 
I 

R p• 
n 

Paasana a AB~3ROHHblX Koa~HDH&HTax a o6heMe R sa noaepXHOCTH, a TaKJKe 11 a 

OTA81IhHhlX o6naCTRX p - i - D CTpyKTyphl Mana If He 6yAeT BHOCRTb 3HaqaTen&HhlX yaenH

qeHRil B o6paTHblil TOK, 

YpaaHeHae (34) AaeT aoceMHannaT& napaMeTpoa, onpenenRIOmax o6paTHhiii ToK, OTKy

Aa BRASH cnolKHhiil xapaKTep aToro TOKa. KonaqecTaeHHas aKcnepHMeHTan&Has npoaepKa 

ypaBH8HRR (34) 38TPYABRT8nbHa. J.13 (34), OAHaKQ, MOlKHO nonyqRTb oqeHb none3Hble KS'Ie-

CTBeHHhle O!leHltJI, a RMeHHO: K8KH8 R3 OTA81IhHblX napaMeTpOB B 00h8Me B Ha UOB8pXHOCTR 

yaenaqaaaiOT a xaue yMeH&WaiOT I 
0 

C nellhiO yMeHbmeHIIR 06paTHblX TOKOB, 

, B UpRHRTb Mepbl K R3M8HeHRIO 9TBX UapaMeTpOB 

l{To KacaeTcs apeMeHR lKB3HR aneKTpOHOB a AbipOK a o6heMe a Ha noaepxaocTa, To 

ORR MOry.T OTnaqaTbCR Ha HeCKOIIhKO DOpHAKOB, BHOCR OOnbWHe R3MeH8HBS! B 06paTHble TO

KR, Tax, aaaqaTellhBble yMeH&meaas aljlcjleKTHBHoro apeMeaa lKB3HH Ha noaepxaocTH nocne 
/25 :.!9/ 

Tpaaneaas ' a nponecce xpaaeaas Bhi3hiB8IOT yaenaqeaae o6paTaoro Toxa. 

a) Cpaaaeaae C 9KCUepRM8HTOM 

.nnH K8'18CTB8HHOil 9KCnepHM8HTan&HOil npoaepKB R3MeHeHRR oopaTHoro TOKa I 0 c yse

naqeHB8M TonWBHbl i -OOn&CTH W 1 Mbl UpOaena AnBTen&Hhlli Apeltcjl ( OABH MeCR!l) iJ:~ ··15 

12 

• 

Kp8MHB8BblX A8T8KTOpax, llpeKpamaR Apeilcjl HeCKOIIhKO pa3, H3Mepsna WI 

W MeTOAOM CBeTOBOro 30Hna/
331 

R nocne TlllaTellhHOrO TpaaneHBSI B CJ 

B AeBOHR3BpOBaHHOll BOA8 CHHMana BOnbT-aMnepHhle xapaKT8pliCTHKR Oop 

HBSI He3Ha'IRT81IhHblX OopaTHhlX TOKOB RBOrAa Ohina H800XOABMa WnaljJOBJt, 

R AByX- Rna TpeXKpaTBOe Tpaaneaae, llocne 9TRX onepau Rll Toqao R3MI 

A8T8KTOpOB, H800XOAHMaR nns BblqRcneHHSI nnOTHOCTR 06paTHblX TOitOB, 

Ha pac. 5 npeACTaaneHa cepas aKcnepaMeaTallhlibiX aon&T-aMnepaJ 

OAaoro o6paana. HoMepa KpRBhiX coOTaeTCTBYIOT nocneAOBaTen&HOCTR np 

-~ Kpaaas 2, CHHTaH nocne BToporo npeKpameaas npeltcjla npa W 
1 

• 3•10 

JtaJt RHOrAa Ha6niOAaeTCSI aHOM8n&BO 6on&molt poeT o6paTHoro TOKa C Ha: 

TOK YA8Banoc& yMeHbWHTb mna<!>OBKOlt TOPUOB H nepeTpaanaaaHR9M, 06b!' 

ay nocne nepaoro Tpaaneaas nonyqancH o6paTHbill TOK, JtOTOpblil np11 noc 

nepeTpaanaaaaasx 6ollhme He yMeHbmancs, AaanoraqHbie aon&T-aMneplUI 

nonyqanac& Ha acex accneAOBaHBbiX o6paanax. 

Ha PHC. B npeACTaaneHbl TPH 9KCnepHMeHT8DbBhl8 KpHBhle ADSI oopa 

KaK cPYHKURB W 1 AnSI Tpex o6pa3UOB DpH 06paTHOM CMemeHHH 20 B C HO 

apeMeHaMR lKH3HR r 1 • CpaBHHB!m STB KpHBble c TeopeTaqecKR Bblqac~ 

HRR (31) Ha pac. 3, MOlKHo yoeAaT&cs a ax nonsolt asanoraqHoCTH. TaJtJ 

H8KH8 o6paTaoro TOKa I o KaqecTBeKKO 9KCUepBMeKT8nbKO DOATBepAB 

4. p - 1 - n AeTeKTOp npB oonyqeBHH 

llpH oony'leKHH CB8TOM ana npOHHKaiOmeii P8AH8UHell nonynpOBOAKHKI 

p - i - n TRna reKepapyiOTCH K8p8BHOB8CKbl8 HOCHTena TOKa 

hnm G r .. .. .. 
hn 1 .hp 1•G

1
r

1
, 

hp•GPrP; 

rAe G , G a G - reaepanaoKKbie <I>YKKilHH a n - , i - a p-o 
" 1 p 

Topa • .QnH paaaoro poAa o6nyqeaall reaepanaoKKbie ljlyHKilHH OYAYT paana• 

K8pKblil TOK, TeKyWHil qepe3 p - i - D AeTeKTop, ysenaqasaeTCH 3a c 

KO reaepapOBaHHbiX KepaBKOB8CHhiX HOCHTeneil. 3apHA, KOTOpbiM UOCTynae~ 

naTens, npeACTaBnHeT HHTerpan TOKa no apeMeaa. B ljlopMapoaaaaa aaps~ 

C TOnCTOli i -oonaCTbiO W1 se 6ynyT yqacTaosaT& ace reaepapoaaHHh 

aocaTena TOKa • .nns TOKa, TeKymero qepea p - i D.ll9T9KTOp 1 TOI"'.QB 

13 
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1
)]1. 

r• r • r • 
D p I 

omeHRe noaepxaocTaoll: I<OMnoaeHTbl x o6'beMaoll:: 

D" D" D • 
n "v-"+ p" y ~+ 2n" v-1 

P r• n r • 1 r • 
p I I" s. 

~=? 
o• o• o• 

n•y___!!.+ p ·v_J!+ 2n• y ~ 
P T"' n r"' 1 f" 

D p I 

em, a (35) 

~·« 1, 
s• 

CnOBRHX BTOpoll: MHO~RT81Ib 

. . 
s 0n a , Dp 

np v-;;- + pn v--.+ 
r r 
n p 

2n"-' o,· 
lv

r" 
I 

v nv v D v T D; 
n v_p.+p y-l!+ 2n v-

p f" n r"' 1 r"' 
D p I 

»1 

(34} 

(35) 

(36} 

(37) 

bJX ycnOBHaX (oco6eHHO npR HanHqHH HHBepCHOHHbJX cnoea) HepaaeHCTBO 

cunbaee, qeM HepaseacTao (36), KoaneaTpanau 

BepXHOCTHbiM flOTeHURanoM rf. • 

n• 
p 

n• 
I 

H p. 
n 

,H#yaROHHbiX xos<t><PanueaTax a o6'beMe a Ha noaepxaocTa, a TaK~e u a 

aX p - i - D CTpyJ<Typbl Mana H He OylleT BHOCHTb 3HaqHTenbHb!X yaenu-

TO I<, 

34) ll&eT aoceMHallnaTb napaMeTpoa, onpellenmomux o6paTHbiii TOK, OTKy

xapaxTep 9Toro TOKa, KonuqecTaeHHaH sKcnepaMeHTanbHaH npoaepxa 

TPYilHHTe1Ibaa, 11a (34), OllHBKQ, MO~Ho nonyqHTb oqeab noneaHbie Ka'le

a HMeHHO: KBKHe H3 0Tile1IbHbiX napaMeTpOB B OO'beMe H Ha JlOBepXHOCTH 

e yMeHbillBIOT I 
0 

06paTHbiX TOJ<OB, 

, H npHHHTb Mepbl K H3MeHeHHIO 9THX napaMeTpOB 

apeMeaa ~H3HH sneKTpoaos a llbipox a o6'beMe H Ha nosepxaocTu, TO 

bCH Ha H8CK01IbKO flOPHilKOB, BHOCa 001IbWHe H3MeHeHHH B OOpaTHbie TO

Hbie yMeHbmeaaa sljlljleKTHBHoro speMeaa ~H3HH Ha noaepxaocTH nocne 

nponecce xpaaeaua Bbi3biBBIOT ysenaqeaae o6paTaoro ToKa, 

c sxcnepRMeHTOM 

HHOH 9KCnepRM8HTBnbHOll: npoaepKR H3MeHeHHH OOpBTHOrO TOKa 1
0 

C yae

i -o6nacTa W1 Mbl npoaena llnHTenbHbiil llpellljl (OilHH Mecau) Ha 15 

12 

--

xpeMHHeBbJX lleTexTopax. Opexpamaa llpellq, HeCK01IhKo paa, R3Mepana mapaay 1 -o6nacTH 
/33/ 

W MeTOilOM caeToaoro 30Hila H nocne T!llaTem,aoro Tpasneaua a CP-4 H npoMbJBKH 

B lleHoBHaapo!l.aaaoll: BOlle CHHMana sonbT-&Mnepawe xapaxTepKCTHXH o6paanos, Jlna nonyqe

HHH He3HaqHT81IbBbiX OOpaTBbiX TOKOB RBOrlla ObinB BeOOXOilRM8 Il1nHijJOBKa TOpna lleTeKTOpa 

H llByx- ana TpexKpaTaoe TpasneaRe, nocne 9TBX onepauall Toqao B3Mepanacb nnomallb 

lleTeKTOpOB, H800XOilHM8H llfla BbJUCneBBH nnOTHOCTB OOpBTHb!X TOKOB, 

Ha pac, 5 npellCTaaneaa cepa11 sxcnepaMeaTa1IbBI>IX som.T-aMnepHb!X xapaxTepKCTilK 

OllHoro o6paana. HoMepa KPHBbiX COOTBeTCTBYIOT nocnellOBaTenbHOCTB npeKpameHBH llpellljla, 

-3 Kpasaa 2, CHHTaK nocne BToporo npeKpameaaa llpellljla npa W 
1 

• 3•10 M, noxaab!BaeT, 

Kax KHOrlla aa6niOilaeTCH aaoMam,ao 6onbmoii poeT o6paTaoro TOKa c aanp~eBBeM, 3ToT 

TOK yllaaanocb YMeBbillHTb mna¢osxoii Topnos H nepeTpasnasaaaeM, 06bi'IBo, OllHaKo, cpa

ay nocne nepaoro TpasneBBK nonyqancK o6paTHbill TOK, KOTOpbill npa nocnellOBaTenbHbiX 

nepeTpaanasaaaax 6om,me He yMeHbmanca, AaanorB'IHbie aonbT-aMnepawe xapaxTepHCTKI<H 

nonyqanacb aa scex accnelloBaHHbiX o6paanax, 

Ha pac. 6 npellCTaaneHbi TPH sxcnepaMeHTanbHb!e KpHBbie llnH o6paTaoro TOKa I 
0 

KBK lfJyHKUHH W1 llfiH Tpex 00p83UOB npa OOpBTHOM CMe!lleHHH 20 B C HeH3BeCTHb!MH 

apeMeH&MB ~H3HH r 1 • CpaBHHB~ STH KPHBb!e c TeopeTaqecxa B&I'IHcneHH&IMH aa ypasae

HHH (31) Ha pac. 3, MO~Bo y6ellHTbCH B ax nonaoll: aaanora'!BOCTH, TaxBM o6paaoM, ypas-

HeHHe OOpBTHOrO TOK8 lo Ka'leCTB8HHO 9KCUepHM8HT81IbHO flOilTBepllBnOCb, 

4. p - 1 - n lleTeKTOp npH o6nyqeHBH 

p -

Opa o6ny'!eHHH caeToM ana npoaaKaroweii pallaanaeii nonynpoBOilHHKoaoro lleTexTopa 

i - n THUB reaepapyiOTCH BepaBBOBeCBbie HOCHTenH TOKB 

tin~ Gnr n ,, 

tin 1 -tip 1-G 1 r 1 , 
(38) 

tip-GPrP; 

rile G , G H G 
n I p reaepaUHOHHbi8 ¢YBKUHH B 

n - ' i- H p-o6nacTHX lleTeK-

Topa, .Una paaaoro polla o6nyqeaall reaepanaoaH&Ie ljlyHKUHH 6yllyT paana'!HbiMH. CTauao-

aapa&Ill ToK, TeKymaii qepea p - i - n lleTexTop, ysena'!HaaeTCH aa cqeT llOnonaaTenb-

BO reaepapOBBHHbiX HepaBHOB8CHblX HOCHTeneii, 3apHJl, KOTOpbiH flOCTynaeT HB BXOil yCHnH

flHTena, npellCTaanaeT HHTerpan Toxa no speMeaa. B ljlopMaposaaaa aapHila a lleTeKTopax 

C TOnCTOll: I -oonaCTbiO W
1 He 0YilYT Y'IBCTBOBBTb ace reaepHpOBBHHbie 8 9TOH o6naCTH 

aocaTena ToKa. .Una TOKa, Teltymero qepea p - i 
n.lleTeKTOp 1 TOf'.Qa MO)f{HO H8llHC8Tb: 
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D D 
I • q( (nP +An >v'7+ (p., +Ap >v'"'f' + 

11Me!l B BRAY (38), rrOny'!aeM: 

.. p 

D ----
+ 2 (a1 +An 1 )y__.!_ [ 1- ezp (- W/y'D 1 r 1 ) Jl, 

rl 

D D D --
I=ql ap v'-,J'+P

8 
VT +2a 

1 
v-/ [ 1-ezp(-W/yD

1 
r

1 
) ]} + 

a P I 

+ q I G., L .. + G p L p + 2G I L I [ 1- ezp (- ezp (- w I...; Dl, I) ] I 

(39) 

(40) 

nepaoe cnara&MOe B 60nbWRX CK06K8X rrpeACTaBn!leT o6paTH&li TOK H3 ypaBH9HH!I (27), 

T8K 'ITO: 

I=i 0 +q(G L +G L +2G L [1-exp{-W/yr;----
1

, )]}. 
n n p p s 1 l (41) 

3TOT TOR 6yAeT Y'I8CTBOB8Tb B ~OpMHpOB8HHH 38p!l,ll8 0 rrocTyrra~wero H8 BXOA ycanHT9n!lx), 

0TC~A8 cneAyeT, 'ITO rrpB onpeAeneHHOM BpeMeHI!I lKH3HH r
1 

eCTb OAR8 OUTHM8nbR8R Wl!lpH-

HB An!! i -o6naCTH W , rrpa KOTOpOJi nonyqaeTCSI M8KCI!IM8nbHbtli TOR R M8KCHM8nbH8SI 

s¢<jleKTRBHOCTb A9TeKTOpa, .UanbHeliwee yaenl!l'leHHe TOnWRHbl 

CMbiCna. 

5,~K.~.e:.~ 

I. npu BB9A9HI!IH s~~eKTHBHbiX reaepaTOpOB TOK8 B p -

i -o6nacTH W 
I 

He I!IMeeT 

- n CTpyKTypy R npH 

y'leTe OC06eHHOCTeli n - , I - H p -o6nacTeli BbtBeaeHO ypaBHeHHe o6paTHOrO TOK8 STOH 

CTpyKTypbt, 

2, YKaaaaa AOMHHHpy~maR ponb reaepauaoaaoro TOKa B -o6naCTH p - i - n CTpyK-

Typbt, npeaCT&BneHa 8H8nRTR'IeCK8SI H rpa<jla'leCK8SI 38BHCHMOCTb ero OT TOnWHHbl -o6-

naCTH WI H speMeHH lKH3HR HOCHTeneii TOK8 B STOii o6naCTH T 
I 

, HMSIOIUero B8)KHOe 

3H8'1eHH9 B <jlopMHpOB8HI!IH 06paTIIOro TOK8, 

x) 
3AeCb He p8CCM8Tpi!IB8eTCR BnRRHHe BXO.!IHOro COITpOTHBneHRSI If QMKOCTH yCHnRTenR, 

8 T8K)K9 H BpeMeHHbte S<jl<jleKTbl H8p8CT8HHR R GIT8.!18 HMITynbCOB, 

14 -

Ji 

3, PaccMOTpeao BnHRBBe nosepxBOCTB a npeAcTaanea o6paT&biA TOK 'I 

cTpyKTypy npa y'leTe noaepxaocT&oli cnaraeMoA, 

4, npoBe.!leB AnRTenbBblli ApeA~ nRTBSI An!! rrony'I&BBSI TMCTbiX p- j- n 

A9T91t:TOpOB, 

3KCrrepBM9HT8nbBO rrony'leBHoe B8Cbllll9BRe B 06p8TBOM TOKe STRX A9T8 

nR'I9HKeM WI ITOATBeplKA88T BepBOCTb Teopaa, 

5, PaccMOTpea B03BHK8IOwaA TOK B p - i - n AeTeKTopex npa o6ny'leE 

Ka~meA pa.!lH&IlReA, YKaaaao, 'ITO An!! nony'leHa!l M&KCRMallbBoli s¢¢eKTHBHoc 

A9TeKTOp8 .!IOCT8TO'IB8 B9KOTOp8SI OUTRM8nbB8SI WHpHB8 ero i -o6naCTH w 
0 

poll yJKe aacrynaeT aacbtllle&ae B TOKe, .Uanb&eliwee yaena'!eHae TOJllllKHbi 

JtoTopoe CBSI3aao c l50nbWHMH SKCnepBM&BT8nbHhiMB TPYABOCT!IMB, 15ecCMb1Cnl 

AaTop BblpaJKaeT cep.!le'IHY~ 15naro.!lapaocTb B.M. ronoaaay 38 aJITei)E 

oi5CylKA9HBEl H rron&3Hb19 COB9Tbl K JI,A, nepMS!KOBOA 38 ITOMOIIlb B 3KCU9pB~I 

...!!...R.. ~ ~ ...!.~..!..!.... 

~fL. .l:P.~~~~p~~!Pii!":!'2P!!?:!'!.It!'.-!.2~ ... ..E...::....!!...!! 
ITpK BB9A9HHH B<jl<jleKTKBRbiX TOKOBbiX reH&p8TOpOB ---------·· 

Ha puc. 7a) npeAcTaanea p - n nepexo.11 15ea auewaax aanpRJKeHali a 1 

npH ol5p8THOM CMeweHRH (-V), Ecnu BB&CTH CKCTeMy s<jl<jleKTHBBbiX TOKOBI 

no x , 

rAe 

3neKTpOHHbtli TOK 

g" (x )• g
80 

ezp (x/ L
8

) An>! 

gP(.,)•gpO ezp(-x/LP) AnSI 

Pn Dp 
gn 0 •--;:- R gP 0 • r npa 

p 

-oo~ X'f 0, 

0~ X~ +oo t 

x•O . 

x=o L 
-II• -q [ f g n 0 ezp ( x/ Ln) dx] • - qn P r", 

z=-oo n 

Ln 
I I 2 I= II II = qn P 7,;" 
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D D 
I • ql (np+~n >v-"+(pn+~p)'lf....:.R+ 

t D rp 

D -----
+2(n1 +~n ,>'lfr;[l-ezp(-W/yD 1 r 1 ) 11. (39) 

, nonyqaeM: 

D D D ---
q{ Dp '11..,.-P-+PnVT +2nl v-,1 [ 1-ezp(-W/vD, ,I)] I+ 

D p 

q I Gn L n+ G P L P + 2G 1 L 1 [ 1- ezp (- ezp (-WI y D1 r 1 )] I 

(40) 

B OOnbWHX CKOOK8X npeACT8BJIBeT 00p8THWR TOK B3 ypaBHGHHB (27), 

I=i 0 +q{G L +G L +2G L
1
[1-exp(-W/yD

1
r

1
)]}. 

n n p p S (41) 

acTeoeaTb B ljlopMapoeaaaa aapsma, nocTynaJOmero sa BXOA ycanaTenax), 

To npa onpeneneHHOM epeMeHH lKH3BH r
1 eCTb OAH8 OITTHM8nbH8H lllHpH-

H W , npa KOTOpOJi nonyqaeTClJ M8KCHM8nbHblli TOK H M8KCHM8JlbH8H 

exTopa • .llanhaeliwee yeenaqeaae TOJIII.lHHbr i -oonacTa w 
I 

He HM99T 

5.~K.~~-~~ 

HH acpljleKTHBHb!X reuepaTOpOB TOKa B p - - n CTpyKTypy H npa 

n - , i - H p -OOJIBCTeil BbTBeAeHO ypaBI!eHHe OOpaTHOT"O TOKB !!TOil 

MHHHpyJOmaH ponb reuepanaoaaoro TOKa B -OOJIBCTH p - i - n CTpyK-

8 8H8JIHTH'IeCK8lJ H rpaljlu'leCKBH 38BHCHMOCTb 9f"O OT TOJIII.lHHhl -oO-
SHH iKH3HH HOCHTeneil TOKB B 3TOli OOJIBCTH 

B8HHH 00p8TI!OT"O TOKB. 

r 
I 

, HMeromero B8)KHOe 

8CCMaTpHBaeTCH BJIHBHHe BXOAHOT"O COITpOTHBJieHHH H eMKOCTH yCHJIBTeJI>J, 

ble aqrljleKTbl HapaCTBHHH H GITBAB HMITYJibCOB, 

14 
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. I 

3, PaccMOTpeao BnBllBBe noeepxaocTB a npencTaenea o5paTawli TOK qepea 

CTpyKTypy npa y'leTe ITOBepXBOCTBOli CJI8f"d9MOli, 

4, fTpOBGAGB AJIHT9nbBblli Apeliljl JIBTBB ilJIB nony'leBHB TOJICTbiX p-i-n KpGMHBGBbiX 

AGTGKTOpOB, 

3KCITepBMGHT8JibBO ITOJiy'IGHBOQ B8CWII.lGBBe B· 00p8TBOM TOKe STBX AGTGKTOpOB C yBe-

JIB'IGBBeM WI ITOATBep:IKnaeT BepBOCTb T&OpHH, 

5. PaccMOTpea B03BBK8101l.lHli TOK B p -I - n AeTeKTOp&X npa oony'leHBB BX npoaa

K8101l.leli paAaanaea, Yxaaaao, 'ITO AJI>J nony'!eBBa M&KCBMaJibaoli aljlljleKTHBHOCTH KalKnoro 

AGTGKTOpa AOCT8TO'IB8 HGKOTOpag OITTBM8JibB8B ll.lBpHH8 ero i -OOJIBCTB W OITT' ITpB KOTC>-

poli ylKe H8CTYIT89T B8Cblll.l9HBe B TOKe, .llaJibBeliwee yeena'leHBe TOJliiiBHbl I -o6JI8CTB 'II 
0 

KOTOpoe CBB38HO C 60JibWBMB SKCnepBMGHT8JibBhlMB TPYABOCT>JMH, oeCCMb!CJIGBBO, 

ABTOp BblpalKaeT CepA&'IBYIO 6narOA8pHOCTb B,M, fonoeaay 38 BHTepec X pa60Te
0 

o6cylKA9HBe B ITOJ193BWe COB&Tbl B n,A, fTepMllKOBOli 38 ITOMOII.lb B axcnepBM&HTaX, 

..!!_!:._ ~ ~~~ ~..!..... 

~~L..zP.l!!~~~paoll !f-!P~!.t:!'!P!!-?:!'!."!'.._!2~. J!...::~pexoAa .. 
'!JlB BBGAGHBH atjlljleXTBBHblX TOKOBWX reaep&TOpOB 

H~ pac. 7a) npeACTaenea p - n nepexon 6ea eaewaax aanpSOKeaali a sa pee, 76 

npa o6paTHOM CM91l.l9HBH (-V), Ecna BB9CTB CBCTeMy sljlljleKTBBHb!X TOKOBbiX reaepaTOpOB 

no x, 

rAe 

3nexTpOHHb!H TOK 

gn (x )• gnO ezp (x/ Ln) A Jill 

g (x) • g ezp ( -x/ L ) 
P pO P A JIB 

Pn Dp 
gno·r; B gpO •-;-; npa 

-oo~ X~ 0, 

~~ x~+oo, 

x•O . 

z•o L 
-II • - q [ J g no exp ( x/ L n )d X ] • - qn Pr_Jl, 

z-=-oo n 

Ln I I 2 I =I I 11 = qn p-;:-
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( 1) 

(2) 

(3) 



B z•+~ L 
-1.·-q[ f gP 0 exp(-x/LP)dx]--qpnT, (4) 

z•O p 

LP 
II 1=11 i=qP,r 

3 • p 
(5) 

npB pa30MKByTOA QenB 

~ 11-0. 
1•1 

(6) 

npB o~p8TROM CM&meRBB ( - V) Ba nepeXOAe oi$03Ba'I9BBhl9 B8 pBCYBKe 76 TOU 6yAyT: 

• L, -1 ·-1 •-qn -
I I p r, 

L 
-1~ --1.-- qp, ..,-R. 

p 

I~ ·12exp(-qV /kT) I 

1*
3 

·1
3
exp(-qV/kT) 

.nnH peaynbTHpyiOmero ToKa 'lepea p - n nepexoA nony'IBM: 

• L L 
I• I I* •q(n -!+p ..::.l.'}(exp(-qV/kT)-1] 

1•1 1 p r n 11 r p 
.· 

(7) 

(8) 

nony'I9HR09 ypaBR&RBe (8) Dp9ACT8BIIHeT Co6oll ypaBRBBBe BOnbT·-8MD9pHOll XapaKTepBCTBKB 

TORKoro p -- o Depexotta. 
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nenB 

·-- L -I 4 =-q[ J gP 0 exp(-x/LP)dx]=-qpn7, 
z•O P 

LP 
I I 3 I= I I .I= qp Dr; 

t I
1 

• 0 , 
I• I 

(4) 

(5) 

(6) 

( - V) Ba nepeXOJle o600B8'18BBble 118 pBCYIIKe 76 TOU fSyJlyT: 

-I* ·-I •-qn ~ 
I I p rD 

L 
-I~ --I.-- qpD T. 

p 

I~ •I
2
exp(-qV/kT}, 

I*
3 

• I 
3 

exp (- qV /k T) 

TOKa qepea p - n nepeXOJl nony'IBM: 

L L 
•q(nPT+Pn7)[exp(-qV/kT)-1] ,· 

n p 

(7) 

(8) 
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