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� à ¡®â¥ ¯®ª § ®, çâ® ¬®¦® ¨§¡¥¦ âì ¨§¢¥áâ®£® ®âà¨æ â¥«ì®£®

á¢®©áâ¢  á®¡áâ¢¥ëå ä®â®à¥§¨áâ®à®¢ á ¢ëâï£¨¢ îé¨¬¨ ª®â ªâ ¬¨ —
 áëé¥¨ï ãá¨«¥¨ï á à®áâ®¬ í«¥ªâà¨ç¥áª®£® ¯®«ï.� áëé¥¨¥ ãá¨«¥¨ï
®ç¥ì á¨«ì® ®£à ¨ç¨¢ ¥â ä®â®çã¢áâ¢¨â¥«ì®áâì ¯à¨¡®à . �â® ®£à ¨-
ç¥¨¥ á¨¬ ¥âáï ¯à¨ § ¬¥¥ ¢ëâï£¨¢ îé¨å ª®â ªâ®¢ ¡«®ª¨àãîé¨¬¨,
® â¥å®«®£¨ç¥áª¨ íâ® ®ç¥ì á«®¦® á¤¥« âì ¨ ¯à ªâ¨ç¥áª¨ ¥ ¯®¤¤ -
¥âáï  ¤¥¦®¬ã ª®âà®«î. �®§¬®¦®áâì ¨§¡¥¦ âì  áëé¥¨ï, ¯à¨ç¥¬
¢ ãá«®¢¨ïå ®¤®¢à¥¬¥®£® á¨«ì®£® ¢®§à áâ ¨ï ¢à¥¬¥ ¦¨§¨ ä®â®®-
á¨â¥«¥©, ¯à¥¤áâ ¢«ï¥â § ç¨â¥«ìë© ¨â¥à¥á ¤«ï íªá¯¥à¨¬¥â â®à®¢ ¨

à §à ¡®âç¨ª®¢ ä®â®¯à¨¥¬¨ª®¢.

�®¡áâ¢¥ë¥, â.¥. à ¡®â îé¨¥   ®á®¢¥ ¬¥¦§®®£® ¯®£«®é¥-
¨ï ¨§«ãç¥¨ï, ä®â®à¥§¨áâ®àë ¨á¯®«ì§ãîâáï ª ª íää¥ªâ¨¢ë¥

ä®â®¯à¨¥¬¨ª¨ á ¢ãâà¥¨¬ ãá¨«¥¨¥¬, ¯à¨ç¥¬ ¢® ¬®£¨å á«ã-
ç ïå ¤®¬¨¨àãîé¨© ª  « à¥ª®¬¡¨ æ¨¨ ä®â®®á¨â¥«¥© ¢ ®¡ê¥¬¥

ä®â®à¥§¨áâ®à  ®¡ãá«®¢«¥ ¨å § å¢ â®¬   £«ã¡®ª¨¥ ¯à¨¬¥áë¥

ãà®¢¨ [1–8]. �«ï ãá¨«¥¨ï ¥®¡å®¤¨¬  â ª ï  ¯àï¦¥®áâì

í«¥ªâà¨ç¥áª®£® ¯®«ï E, çâ®¡ë ¢à¥¬ï ¦¨§¨ å®âï ¡ë ä®â®¤ëà®ª

τp («¨¡® ä®â®í«¥ªâà®®¢ τn) ¯à¥¢ëè «® ¨å á®®â¢¥âáâ¢ãîé¥¥ ¢à¥¬ï
¯à®«¥â  tp = W/ϑp («¨¡® tn = W/ϑn) à ááâ®ï¨ï ¬¥¦¤ã ª®â ªâ ¬¨
W , £¤¥ ¤à¥©ä®¢ë¥ áª®à®áâ¨ ¤ëà®ª ϑp = µpE ¨ í«¥ªâà®®¢ ϑn = µnE,
  µp ¨ µn = bµp — ¨å ¯®¤¢¨¦®áâ¨. �  ª®íää¨æ¨¥â ä®â®í«¥ªâà¨-
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ç¥áª®£® ãá¨«¥¨ï Iph/(qWg) [5], £¤¥ Iph ¨ g — ¯«®â®áâ¨ ä®â®â®ª 

¨ áª®à®áâ¨ ä®â®£¥¥à æ¨¨ ®á¨â¥«¥©,   q — § àï¤ í«¥ªâà®®¢,
áãé¥áâ¢¥® ¢«¨ï¥â ¨ ¨â¥á¨¢®áâì à¥ª®¬¡¨ æ¨¨ ä®â®®á¨â¥«¥©

  â®ª®¢ëå ª®â ªâ å (x = 0 ¨ x = W ). �¥« â¥«ì®, ª®¥ç®,
çâ®¡ë à¥ª®¬¡¨ æ¨¨   ¨å ¢®®¡é¥ ¥ ¯à®¨áå®¤¨«® (¡«®ª¨àãîé¨¥
ª®â ªâë [9,10]). �® á®§¤ ¨¥ â ª¨å ¨¤¥ «ìëå ª®â ªâ®¢— ¤ «¥ª®

¥ ¯à®áâ®¥ ¤¥«®, ª â®¬ã ¦¥ ¢ ª ¦¤®© ª®ªà¥â®© á¨âã æ¨¨, ª ª
¯à ¢¨«®, ¤®áâ®¢¥à® ¥¨§¢¥áâë ãá«®¢¨ï   ¨å.

�®«¥¥ à¥ «¥ ¤àã£®© ¯à¥¤¥«ìë© á«ãç ©: ª®æ¥âà æ¨ï ä®â®-
í«¥ªâà®®¢ ∆n(x) = n − ne ¨ ä®â®¤ëà®ª ∆p(x) = p − pe  

ª®â ªâ å à ¢ë ã«î (¢ëâï£¨¢ îé¨¥ ª®â ªâë [3,11,12]), £¤¥ n(x)
¨ p(x) — ª®æ¥âà æ¨¨ í«¥ªâà®®¢ ¨ ¤ëà®ª, ¢ ne ¨ pe — ¨å

à ¢®¢¥áë¥ § ç¥¨ï. �®à®è® ¨§¢¥áâ® ®âà¨æ â¥«ì®¥ á¢®©áâ¢®

á®¡áâ¢¥ëå ä®â®à¥§¨áâ®à®¢ á ¢ëâï£¨¢ îé¨¬¨ ª®â ªâ ¬¨:  áë-
é¥¨¥ ãá¨«¥¨ï [3,4,11,12]. �® á®áâ®¨â ¢ â®¬, çâ® ¯à¨ ã¢¥«¨ç¥¨¨
E § ç¥¨¥ G á ç «  à áâ¥â,   § â¥¬, ª®£¤  ®ª §ë¢ ¥âáï tn < τn ¨

tp < τp, ¯¥à¥áâ ¥â § ¢¨á¥âì ®â E ¥é¥ â®£¤ , ª®£¤  ¯®«¥¢®© à §®£à¥¢
®á¨â¥«¥© ¥áãé¥áâ¢¥¥.

� ¢®§¬®¦®áâ¨ ¯®¤ ¢«¥¨ï íâ®£® ®âà¨æ â¥«ì®£® íää¥ªâ  ¢

¯®à®£®¢ëå á®¡áâ¢¥ëå ä®â®à¥§¨áâ®à å á ¯à¨¬¥á®© à¥ª®¬¡¨ æ¨¥©

®á¨â¥«¥© §  áç¥â ã¢¥«¨ç¥¨ï ª®æ¥âà æ¨¨  â®¬®¢ à¥ª®¬¡¨ æ¨®-
®© ¯à¨¬¥á¨ N à ¥¥  ¬¨ á®®¡é «®áì ¢ âàã¤ å ¬¥¦¤ã à®¤®£®

á¨¬¯®§¨ã¬  (���) [13]. � ¤ ®© à ¡®â¥ ¯à¨¢®¤¨âáï ªà âª®¥

¬ â¥¬ â¨ç¥áª®¥ ®¡®á®¢ ¨¥ â ª®© ¢®§¬®¦®áâ¨.

�ãáâì à¥ª®¬¡¨ æ¨® ï ¯à¨¬¥áì ï¢«ï¥âáï  ªæ¥¯â®à®®© ¨  -
å®¤¨âáï ¢ ¥©âà «ì®¬ ¨ ¬¨ãá-®¤®§ àï¤®¬ á®áâ®ï¨ïå á ª®æ¥-
âà æ¨ï¬¨  â®¬®¢N0 ¨N− = N−N0. �¥©âà «ìë¥  â®¬ë § å¢ âë¢ -
îâ í«¥ªâà®ë á ¢¥à®ïâ®áâìî wn ¨ â¥à¬¨ç¥áª¨ £¥¥à¨àãîâ ¤ëàª¨,
  § àï¦¥ë¥ — ¤ëàª¨ á ¢¥à®ïâ®áâìî wp ¨ â¥à¬¨ç¥áª¨ £¥¥à¨-
àãîâ í«¥ªâà®ë, çâ® ®â¢¥ç ¥â ®¤®¬ã à¥ª®¬¡¨ æ¨®®¬ã ãà®¢-
î [14–16], ª®â®àë© ç áâ® ®ª §ë¢ ¥âáï ¤®¬¨¨àãîé¨¬ [5–8,17,18].
�ãáâì ¨¬¥îâáï â ª¦¥ ¬¥«ª¨¥, ¯®«®áâìî ¨®¨§®¢ ë¥ ¤®®àë

á ª®æ¥âà æ¨¥© ND. � à áá¬ âà¨¢ ¥¬ëå ãá«®¢¨å á¯à ¢¥¤«¨¢®

á®®â®è¥¨¥ [19–21]:

N = nt
1 + δ

2δ2
f(δ), (1)
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£¤¥

δ =
Ne
−

Ne
0

, f(δ) = B +Aδ − δ2, A = 2
ND

nt
, B = 4

pt

nt
, (2)

Ne
− ¨ Ne

0 — à ¢®¢¥áë¥ ª®æ¥âà æ¨¨ § àï¦¥ëå ¨ ¥©âà «ì-
ëå æ¥âà®¢ à¥ª®¬¡¨ æ¨¨, nt ¨ pt — à ¢®¢¥áë¥ ª®æ¥âà æ¨¨

í«¥ªâà®®¢ ¨ ¤ëà®ª ¯à¨ á®¢¯ ¤¥¨¨ í¥à£¨© ãà®¢ï �¥à¬¨ ¨

à¥ª®¬¡¨ æ¨®®£® ãà®¢ï.

� ª ¯®à®£®¢ë¥ ä®â®¯à¨¥¬¨ª¨ ä®â®à¥§¨áâ®àë à ¡®â îâ ¯à¨

®ç¥ì á« ¡ëå § á¢¥âª å. �®íâ®¬ã ¯à¨ ¢ëç¨á«¥¨¨ G ª®àà¥ªâ®

®¡ëç®¥ ¢ â¥®à¨¨ ¯®à®£®¢ëå ä®â®¯à¨¥¬¨ª®¢ [3,4,22,23] «¨¥©®¥
¯® g ¯à¨¡«¨¦¥¨¥. � à áá¬ âà¨¢ ¥¬ëå ãá«®¢¨ïå ¨§ ¢ëà ¦¥¨© ¤«ï
í«¥ªâà®®©

∆In = qµn

(
E∆n+ ne∆E

)
+ qDn

d∆n

dx
(3)

¨ ¤ëà®ç®©

∆Ip = Iph −∆In = qµp

(
E∆p+ pe∆E

)
− qDp

d∆p

dx
(4)

á®áâ ¢«ïîé¨å Iph á«¥¤ã¥â, çâ® ¯à¨ § ¤ ®¬  ¯àï¦¥¨¨   ä®â®-
à¥§¨áâ®à¥

Iph = q
(
ϑn〈∆n〉+ ϑp〈∆p〉

)
, (5)

£¤¥ ∆E(x) — ®âª«®¥¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï ®â ¥£® § ç¥¨ï E
¯à¨ ®âáãâáâ¢¨¨ § á¢¥âª¨, Dn ¨ Dp — ª®íää¨æ¨¥âë ¤¨ääã§¨¨

í«¥ªâà®®¢ ¨ ¤ëà®ª,  

〈∆n〉 =
1

W

W∫
0

∆n(x) dx, 〈∆p〉 =
1

W

W∫
0

∆p(x) dx. (6)

�§ «¨¥ à¨§®¢ ëå á®®â®è¥¨© ¤«ï áª®à®áâ¥© à¥ª®¬¡¨ æ¨¨-
£¥¥à æ¨¨ í«¥ªâà®®¢ Rn ¨ ¤ëà®ª Rp [16,21], ãá«®¢¨ï áâ æ¨® à®-
áâ¨ Rn = Rp, ãà ¢¥¨© ¥¯à¥àë¢®áâ¨ í«¥ªâà®®£® ¨ ¤ëà®ç®£®
â®ª®¢, «¨¥ à¨§®¢ ®£® ãà ¢¥¨ï �ã áá®  [21] ¨ ¢ëà ¦¥¨© (3),
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(4) ¬®¦® ¯®«ãç¨âì ãà ¢¥¨¥ (4-£® ¯®àï¤ª ) ¤«ï à á¯à¥¤¥«¥¨ï

∆n(x). � ª ¯à ¢¨«®, á¯à ¢¥¤«¨¢® á«¥¤ãîé¥¥ ¥à ¢¥áâ¢®

εwn

4πqµn
� min{1, δ}, (7)

£¤¥ ε — ¤¨í«¥ªâà¨ç¥áª ï ¯®áâ®ï ï, ª®â®à®¥, ¢ ç áâ®áâ¨ ¯à¨

n, p � N , ¬®¦® ¨â¥à¯à¥â¨à®¢ âì ª ª ãá«®¢¨¥ íªà ¨à®¢ ¨ï

®¡ê¥¬®£® § àï¤  ¯à¨¬¥áë¬¨ æ¥âà ¬¨ [5,7,8]. �¥à ¢¥áâ¢® (7)
¯®§¢®«ï¥â á¢¥áâ¨ íâ® ãà ¢¥¨¥ ª ¯à¨¢ëç®¬ã (¯® ä®à¬¥) ¢ â¥®à¨¨
ä®â®à¥§¨áâ®à®¢ ãà ¢¥¨î 2-£® ¯®àï¤ª 

D
d2∆n

dx2
+ µE

d∆n

dx
−

∆n

τn
+ g = 0, (8)

¢ ª®â®à®¬

1

τn
= wpnt

f(δ)

2δ2

δA+ (2 + δ)B + δ3

θf(δ) + (1 + δ)(θB + δ)
, θ =

wp

wn
, (9)

 ¬¡¨¯®«ïà ï ¯®¤¢¨¦®áâì ®á¨â¥«¥©

µ =
Bτn − δ2τp

(B + bδ2)τn
µn, (10)

1

τp
= wpnt

f(δ)

2δ

δA+ (2 + δ)B + δ3

B + (A+ θB)δ + (θB + δ)δ2
, (11)

¡¨¯®«ïàë© ª®íää¨æ¨¥â ¤¨ääã§¨¨ ®á¨â¥«¥©

D =
(Bτn + δ2τp)Dn + κε(4πq)−1wpτnτpE

2

(B + bδ2)τn
, (12)

κ=(1 + δ)f(δ)

[
δ

θf(δ)+(1 + δ)(θB + δ)
+

B

B + (A+ θB)δ+(θB + δ)δ2

]
,

(13)
  ¢ ¢ëà ¦¥¨ïå ¤«ï Rn ¨ Rp [21] ¯à¥¥¡à¥çì ç«¥ ¬¨ á ¯à®¨§¢®¤®©
®â ∆E ¯® x ¨ ¯®íâ®¬ã § ¯¨á âì, çâ® τn∆p(x) = τp∆n(x). �§ à¥è¥¨ï
ãà ¢¥¨ï (8) ¨ á®®â®è¥¨© (5), (6) á«¥¤ã¥â, çâ® ¢ à áá¬ âà¨¢ ¥¬ëå
ãá«®¢¨ïå

G =

(
τn

tn
+
τp

tp

)1− 4
L

W

√(
l

2L

)2

+ 1
sh
(
W

2L1

)
sh
(
W

2L2

)
sh
(
W

2L1
+ W

2L2

)
 , (14)
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�¨á. 1. � ¢¨á¨¬®áâì ¢à¥¬¥ ¦¨§¨ í«¥ªâà®®¢ τn〈—〉 ¨ ¤ëà®ª τp〈- - -〉,
á ( ) ¨  ¬¡¨¯®«ïà®© ¯®¤¢¨¦®áâ¨ ®á¨â¥«¥© µ, á¬2 · �−1 · á−1 (¡)
®â ª®æ¥âà æ¨¨ à¥ª®¬¡¨ æ¨®ëå æ¥âà®¢ N , á¬−3, ¯à¨ ª®¬ â®©

â¥¬¯¥à âãà¥. �«ï ®¯à¥¤¥«¥®áâ¨ ¢§ïâ ªà¥¬¨©. �à¨ïâ®: µn = 1500,
µp = 450, á®¡áâ¢¥ ï ª®æ¥âà æ¨ï ®á¨â¥«¥© ni = 1.45 · 1010 á¬−3,
wn = 10−8 á¬3 · á−1, θ = 102 [8,17,18,22]; ni/nt = 102; ND = 1015 á¬−3.
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�¨á. 2. � ¢¨á¨¬®áâì ª®íää¨æ¨¥â  ä®â®í«¥ªâà¨ç¥áª®£® ãá¨«¥¨ï G

®â  ¯àï¦¥®áâ¨ í«¥ªâà¨ç¥áª®£® ¯®«ï E, �/á¬, ¯à¨ ª®¬ â®© â¥¬-
¯¥à âãà¥. �«ï ®¯à¥¤¥«¥®áâ¨ ¢§ïâ ªà¥¬¨©. 1 — N = N1, 2 —
N = N2, 3 — N = Nn

min, 4 — N = Nmax
∼= ND (à¨á. 1,  ). �à¨ïâ®:

µn = 1500 á¬2 ·�−1 ·á−1, µp = 450 á¬2 ·�−1 ·á−1, á®¡áâ¢¥ ï ª®æ¥âà æ¨ï
®á¨â¥«¥© ni = 1.45 · 1010 á¬−3, wn = 10−8 á¬3 · á−1, θ = 102 [8,17,18,22];
ni/nt = 102; ND = 1015 á¬−3; W = 10−1 á¬.
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£¤¥ l = µτnE ¨ L =
√
Dτn — ¡¨¯®«ïàë¥ ¤à¥©ä®¢ ï ¨ ¤¨ääã§¨-

® ï ¤«¨ë ®á¨â¥«¥©,   ¨å ®¡à âë¥ ¡¨¯®«ïàë¥ ¤¨ääã§¨®®-
¤à¥©ä®¢ë¥ ¤«¨ë

1

L1,2
= ∓

l

2L2
+

√(
l

2L2

)2

+
1

L2
. (15)

�®®â®è¥¨ï (1), (2), (9)–(15) ®¯à¥¤¥«ïîâ ¢ ¯ à ¬¥âà¨ç¥áª®© ä®à¬¥
§ ¢¨á¨¬®áâì G(N). �à¥¬¥  ¦¨§¨ τn ¨ τp ¬®£ãâ ¡ëâì á¨«ì®

¥¬®®â®ë¬¨ äãªæ¨ï¬¨ N [20,21,23,24] (à¨á. 1,  ). �â® ¨¬¥¥â

¬¥áâ® ¯à¨ [20,21]:

ξ1 ≡
1
√
A
� 1, ξ2 ≡

√
B

A
� 1, ξ3 ≡

3

θB
� 1, ξ4 ≡

4B

A2
� 1. (16)

� «¨§ ¢ëà ¦¥¨© (1), (2), (9)–(11) ¯®ª §ë¢ ¥â, çâ® µ ®¡à é ¥âáï

¢ ã«ì ¯à¨ ¥ª®â®à®¬ § ç¥¨¨ N (à¨á. 1, ¡), ¥á«¨ ¢ë¯®«ïîâáï

¥à ¢¥áâ¢  (16). �ãé¥áâ¢¥®, çâ® ®® á®¢¯ ¤ ¥â á® § ç¥¨¥¬ N ,
¢ ã«¥¢®¬ ¯®àï¤ª¥ ¯® ¬ «ë¬ ¯ à ¬¥âà ¬ (16) à ¢ë¬ ND [20,21],
¯à¨ ª®â®à®¬ τn = τmax

n , τp = τmax
p (à¨á. 1,  ). �®íâ®¬ã, ª ª á«¥¤ã¥â

¨§ (14), ¬ ªá¨¬ «ìë© ª®íää¨æ¨¥â ãá¨«¥¨ï Gmax ¤®áâ¨£ ¥âáï ¥

¯à¨ ¬ «ëå N � ND, ª ª ª § «®áì ¡ë,   ¯à¨ N = ND, ¯à¨ç¥¬, ¢
®â«¨ç¨¥ ®â á«ãç ï N � ND, Gmax ∼ E (à¨á. 2) ¢¯«®âì ¤® ®á®¡®
¡®«ìè¨å ¯®«¥© E, ª®£¤  §  áç¥â § ¢¨á¨¬®áâ¨ D(E), ®¡ãá«®¢«¥®©
ä®â®¢®§¡ã¦¤¥¨¥¬ ®¡ê¥¬®£®, å®âï ¨ ¬ «®£®, § àï¤ , ¬®¦¥â  àã-
è¨âìáï ¥à ¢¥áâ¢® L < W . �® ¤«ï ¢ëïá¥¨ï à¥ «ì®áâ¨ â ª®©

á¨âã æ¨¨ âà¥¡ã¥âáï ®â¤¥«ìë©   «¨§.

�ë ¡« £®¤ àë �®áá¨©áª®¬ã ä®¤ã äã¤ ¬¥â «ìëå ¨áá«¥¤®-
¢ ¨© §  ¯®¤¤¥à¦ªã â¥¬ â¨ª¨ ¤ ®© à ¡®âë (£à â ò 96–02–17196).
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