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ç¥à¥§ ¯®¨¦¥ë© ¯®â¥æ¨ «ìë© ¡ àì¥à.

�¢¥¤¥¨¥

� áâàãªâãà å ¬¥â ««–¯®«ã¯à®¢®¤¨ª–¬¥â ««
(���) áª®à®áâ¨ ®¡¬¥  ®á¨â¥«ï¬¨ ç¥à¥§ £à ¨æã

¯®«ã¯à®¢®¤¨ª  ¯®àï¤ª  â¥¯«®¢ëå ¨  ¬®£®

¯à¥¢®áå®¤ïâ ¤à¥©ä®¢ë¥ áª®à®áâ¨ ®á¨â¥«¥© ¯à¨

 ¯àï¦¥®áâïå ¯®àï¤ª  103 �/á¬. �®íâ®¬ã

®á¨â¥«¨ ¥  ª ¯«¨¢ îâáï ¢ ¯à¨í«¥ªâà®¤ëå

á«®ïå, ¨ ¢ ç¨áâëå ªà¨áâ «« å ¯à¨ ã¬¥à¥ëå

¨â¥á¨¢®áâïå ®á¢¥é¥¨ï í«¥ªâà¨ç¥áª®¥ ¯®«¥

¥ ¨á¯ëâë¢ ¥â áª çª®¢ ¢¡«¨§¨ £à ¨æ à §¤¥« .
� à ªâ¥àë¥ ®á®¡¥®áâ¨ ä®â®íää¥ªâ  ¢ á¨«ì®

á¬¥é¥ëå ¢ëá®ª®®¬ëå ��� áâàãªâãà å ¯à¨

à §«¨çëå ãá«®¢¨ïå íªá¯¥à¨¬¥â  (¨â¥á¨¢®áâì
®á¢¥é¥¨ï, ¯à¨«®¦¥®¥  ¯àï¦¥¨¥) ¨

à §«¨çëå ®¡ê¥¬ëå ¯ à ¬¥âà å ¯®«ã¯à®¢®¤¨ª 

(ª®æ¥âà æ¨ï £«ã¡®ª®© ¯à¨¬¥á¨ ¨ í¥à£¨ï

¯à¨¬¥á®£® ãà®¢ï) ¨áá«¥¤®¢ «¨áì ¢ à ¡®â å [1–
5]. �ç¥â ¤¨í«¥ªâà¨ç¥áª®£® á«®ï ¬¥¦¤ã

¯®«ã¯à®¢®¤¨ª®¬ ¨ ¬¥â ««®¬ ¤¥« ¥â áãé¥áâ¢¥ë¬¨

àï¤ ¯®¢¥àå®áâëå ¯ à ¬¥âà®¢ — ¢ëá®âã ¡ àì¥à 

¬¥¦¤ã ¯®«ã¯à®¢®¤¨ª®¬ ¨ ¬¥â ««®¬ ϕBn ¨

âã¥«ìãî ¯à®§à ç®áâì ¤¨í«¥ªâà¨ç¥áª®© ¯«¥ª¨

Tn,p. �«¨ï¨¥ ϕBn   à á¯à¥¤¥«¥¨¥ ¯®«ï ¢ ª â®¤®©
ç áâ¨ ®á¢¥é ¥¬®© áâàãªâãàë ¯à¨ ¬ ªá¨¬ «ìëå

áª®à®áâïå ®¡¬¥  ®á¨â¥«ï¬¨ ¡ë«® ¨§ãç¥® ¢

à ¡®â¥ [6]. � [7] ¤«ï ¢ëá®ª®®¬ëå áâàãªâãà,
á®¤¥à¦ é¨å £«ã¡®ªãî ¯à¨¬¥áì, ¡ë«® ¯®ª § ®,
çâ® ¨§¬¥¥¨ï ϕBn ¨ Tn,p ç¥à¥§ ¨§¬¥¥¨¥

áâ¥¯¥¨ § ¯®«¥¨ï £«ã¡®ª®© ¯à¨¬¥á¨ ¬®£ãâ

áãé¥áâ¢¥® ¢«¨ïâì   â¥¬®¢®¥ à á¯à¥¤¥«¥¨¥ ¯®«ï

¢ â®«é¥ (íää¥ªâ à áª®¬¯¥á æ¨¨ ¯à¨ ãâ®«é¥¨¨

¤¨í«¥ªâà¨ç¥áª®© ¯«¥ª¨).
�¡ àã¦¥¨¥ ¢«¨ï¨ï âã¥«ì®© ¯à®§à ç®áâ¨

  â¥¬®¢ë¥ à á¯à¥¤¥«¥¨ï ¯®«ï ¢ ®¡ê¥¬¥ ¤¥« -
¥â ¥®¡å®¤¨¬ë¬ ®¡®¡é¥¨¥ ¨áá«¥¤®¢ ¨©   á«ã-
ç © ®á¢¥é¥¨ï. �®â®íää¥ªâ ¢ áâàãªâãà å ¬¥â ««–

¤¨í«¥ªâà¨ª–¯®«ã¯à®¢®¤¨ª–¬¥â «« (�����) á âã-

¥«ì®-¯à®§à çë¬ ¤¨í«¥ªâà¨ª®¬ à ¥¥ ¨áá«¥¤®¢ «-

áï ¢ [8] ¨ ¢ àï¤¥ ¤àã£¨å à ¡®â [9]. �¤ ª® íâ¨

¨áá«¥¤®¢ ¨ï ®â®á¨«¨áì ª áâ ¤ àâ® «¥£¨à®¢ ë¬

¨§ª®®¬ë¬ ¯®«ã¯à®¢®¤¨ª ¬ ¯à¨ ¬ «ëå á¬¥é¥¨ïå

¯®àï¤ª  1–2 �. � á¯à¥¤¥«¥¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï

¢ â ª¨å áâàãªâãà å ¢ ®á®¢®¬ ®¯à¥¤¥«¥® «¥£¨à®¢ -

¨¥¬ ¨ á« ¡® ¬¥ï¥âáï á ®á¢¥é¥¨¥¬.

�¥«ì  áâ®ïé¥© à ¡®âë — ¨áá«¥¤®¢ âì ¢«¨ï¨¥

âã¥«ì®© ¯à®§à ç®áâ¨ ¤¨í«¥ªâà¨ç¥áª®£® á«®ï ¬¥-

¦¤ã ¯®«ã¯à®¢®¤¨ª®¬ ¨ ¬¥â ««®¬   à á¯à¥¤¥-

«¥¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ¢ëá®ª®®¬®© á¨«ì®

á¬¥é¥®© ����� áâàãªâãà¥ ¨ § ¢¨á¨¬®áâì â®ª-

¨â¥á¨¢®áâì. �«ï ¢ë¤¥«¥¨ï íää¥ªâ®¢ ¯à®§à ç®-

áâ¨ ¬ë à áá¬ âà¨¢ ¥¬ ¯®«ã¯à®¢®¤¨ª, ¥ á®¤¥à¦ -

é¨© £«ã¡®ª¨å ¯à¨¬¥á¥©, â ª çâ® ®¡ê¥¬ ï à¥ª®¬¡¨-

 æ¨ï ¨ ¯¥à¥§ àï¤ª  «®¢ãè¥ª ¥ ¢ª«îç¥ë ¢ ¬®¤¥«ì.

� ª¨¬ ®¡à §®¬,  áâ®ïé¥¥ ¨áá«¥¤®¢ ¨¥ ï¢«ï¥âáï

®¡®¡é¥¨¥¬ [1]   á«ãç © ¯à®¨§¢®«ì®© ¯à®§à ç®áâ¨

£à ¨æ.

1. �®áâ ®¢ª  § ¤ ç¨

� áá¬ âà¨¢ ¥âáï ����� áâàãªâãà , ª ª®â®à®©

¯à¨«®¦¥®  ¯àï¦¥¨¥ V ,  ¬®£® ¡®«ìè¥¥ ¢á¥å ¡ -

àì¥à®¢. �  ¯®«ã¯à®§à çë©  ®¤ ¯ ¤ ¥â á®¡áâ¢¥ë©

¬®®åà®¬ â¨ç¥áª¨© á¢¥â (hν & Eg). � áá¬®âà¥¨¥

¯¥à¥®á  ®á¨â¥«¥© ¢ ¯®«ã¯à®¢®¤¨ª¥ ¡ §¨àã¥âáï  

á¨áâ¥¬¥ ãà ¢¥¨© ¥¯à¥àë¢®áâ¨ ¢ ¤¨ääã§¨®®-

¤à¥©ä®¢®¬ ¯à¨¡«¨¦¥¨¨ ¨ ãà ¢¥¨¨ �ã áá®  [1].

�¨í«¥ªâà¨ç¥áª¨¥ á«®¨ å à ªâ¥à¨§ãîâáï ª®íää¨æ¨-

¥â ¬¨ ¯à®§à ç®áâ¨ Tn, Tp (¢¥à®ïâ®áâï¬¨ âã¥-

«¨à®¢ ¨ï ®á¨â¥«¥©), â ª çâ® £à ¨çë¥ ãá«®¢¨ï

  ¯®¢¥àå®áâ¨ à §¤¥«  ¯®«ã¯à®¢®¤¨ª–¤¨í«¥ªâà¨ª
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x = 0 ¨ x = d ¨¬¥îâ ¢¨¤ (á¬.,  ¯à¨¬¥à, [1,9,10])
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(2)

�¤¥áì V Tn = TnVn, V Tp = TpVp, Vn = A∗nT
2/eNc,

Vp = A∗pT
2/eNv, A∗n, A∗p — íää¥ªâ¨¢ë¥ ª®áâ âë

�¨ç à¤á® , V 0
i , V di — ¯ ¤¥¨¥  ¯àï¦¥¨ï   ¯«¥-

ª å ã ª®â ªâ®¢ x = 0 ¨ x = d. �¥ª®¬¡¨ æ¨®ë©

¯®â®ª   £à ¨æ å § ¯¨áë¢ ¥âáï ¤«ï ¬®¤¥«¨ ®¤¨®ç-
®£® ¯®¢¥àå®áâ®£® ãà®¢ï.
�ªá¯®¥æ¨ «ìë¥ ¬®¦¨â¥«¨ ¢ ãá«®¢¨ïå (1) ãç¨-

âë¢ îâ ¨§¬¥¥¨ï ¡ àì¥à®¢ á® áâ®à®ë ¬¥â ««  ¨§-
§  ¯ ¤¥¨ï  ¯àï¦¥¨ï V 0

i , V di   ¤¨í«¥ªâà¨ç¥áª¨å

á«®ïå. � ¤ ®© à ¡®â¥ ¬ë ¡ã¤¥¬ ¯®« £ âì ¨å â®«-
é¨ë ¤®áâ â®ç® â®ª¨¬¨, â ª çâ® eVi/kT � 1.
�«ï ¯®«¥© ¯®àï¤ª  103 ÷ 104 �/á¬ ¯®¯à ¢ª  ª à ¢-
®¢¥áë¬ ª®æ¥âà æ¨ï¬ ¥ ¯à¥¢®áå®¤¨â 10%, ¥á«¨
â®«é¨  á«®ï ®£à ¨ç¥  § ç¥¨ï¬¨ (25 ÷ 250) Å.
� ª¨¬ ®¡à §®¬, ¯®â®ª¨   £à ¨æ å (1) ¯à ªâ¨ç¥áª¨
á®¢¯ ¤ îâ á ¢ëà ¦¥¨ï¬¨, à áá¬®âà¥ë¬¨ ¢ [1] (¤®-
¯®«¨â¥«ì® ãçâ¥  ¯®¢¥àå®áâ ï à¥ª®¬¡¨ æ¨ï),
®¤ ª® áª®à®áâ¨ í¬¨áá¨¨ V Tn , V Tp ¬®£ãâ ¬¥ïâìáï

¢ è¨à®ª¨å ¯à¥¤¥« å, ¯®áª®«ìªã ¯à®¯®àæ¨® «ìë

¯à®§à ç®áâï¬ ¤¨í«¥ªâà¨ç¥áª¨å á«®¥¢.
�®íää¨æ¨¥âë âã¥«ì®© ¯à®§à ç®áâ¨ Tn, Tp

íªá¯®¥æ¨ «ì® § ¢¨áïâ ®â äãªæ¨¨, á®¤¥à¦ é¥©
â®«é¨ã á«®ï δ, âã¥«¨àãîéãî ¬ ááã mn,p, ¢ëá®âã
¡ àì¥à  ¤«ï âã¥«¨à®¢ ¨ï Φn,p,   â ª¦¥ ¢¥«¨ç¨-
ã ¯ ¤¥¨ï  ¯àï¦¥¨ï   á«®¥ Vi (á¬.,  ¯à¨¬¥à,
[9,11,12]). �§-§  ®âáãâáâ¢¨ï  ¤¥¦®© ¨ä®à¬ æ¨¨

®¡ íâ¨å ¢¥«¨ç¨ å § ¢¨á¨¬®áâì Tn, Tp ®â å à ªâ¥-
à¨áâ¨ª ¯«¥ª¨ ¥ ¤¥â «¨§¨àã¥âáï, ¨ ª®íää¨æ¨¥â

¯à®§à ç®áâ¨ ¨á¯®«ì§ã¥âáï ª ª ¢å®¤®© ¯ à ¬¥âà, ¥
§ ¢¨áïé¨© ®â Vi.

2. �¥¬®¢®© â®ª

2.1. � áá¬ âà¨¢ « áì ¢ëá®ª®®¬ ï áâàãªâãà  è¨-
à¨®© d = 0.3 á¬ á íää¥ªâ¨¢®© ¯«®â®áâìî  ªæ¥-
¯â®à®¢ ¢ ¥¤¨¨æ¥ ®¡ê¥¬  Na = 108 á¬−3. �¥«¨ç¨ 

¡ àì¥à  ¬¥¦¤ã ¯®«ã¯à®¢®¤¨ª®¬ ¨ ¬¥â ««®¬ ¡à « áì

à ¢®© ϕBn = 1 �. �â® á®®â¢¥âáâ¢ã¥â á«ãç î, ª®£¤ 
à ¢®¢¥á ï ª®æ¥âà æ¨ï ¤ëà®ª peq   £à ¨æ å

¯®«ã¯à®¢®¤¨ª   ¬®£® ¡®«ìè¥ Na, ni ¨ n
eq. �à¨-

«®¦¥®¥ ª áâàãªâãà¥  ¯àï¦¥¨¥ ¨§¬¥ï«®áì ®â 1
¤® 6000 �. � ç¥¨ï ®áâ «ìëå ¯ à ¬¥âà®¢ â ª¨¥

¦¥, ª ª ¨ ¢ à ¡®â¥ [1]. �®íää¨æ¨¥âë ¯à®§à ç®áâ¨

¨§¬¥ï«¨áì ¢ ¯à¥¤¥« å Tn = Tp = 1÷ 10−5.

�¨á. 1. �«¨ï¨¥ âã¥«ì®© ¯à®§à ç®áâ¨ £à ¨æ  

â¥¬®¢ë¥ ¯à®ä¨«¨ í«¥ªâà¨ç¥áª®£® ¯®«ï, Ẽ = E/Ee,
Ee = V/d. T : 1 — 1, 2 — 10−1, 3 — 10−2, 4 — 10−3,
5 — 10−5.

�  à¨á. 1 ¯à¥¤áâ ¢«¥ë à á¯à¥¤¥«¥¨ï í«¥ªâà¨-
ç¥áª®£® ¯®«ï Ẽ(X) (Ẽ = E/Ee, Ee = V/d, X = x/d)
¯à¨ à §«¨çëå ª®íää¨æ¨¥â å ¯à®§à ç®áâ¨. � -
¢¨á¨¬®áâì Ẽ(X) ¯®çâ¨ «¨¥©  ¨ ¯à¨ ã¬¥ìè¥¨¨

¯à®§à ç®áâ¨ áâà¥¬¨âáï ª à á¯à¥¤¥«¥¨î, ¡«¨§ª®¬ã
ª ®¤®à®¤®¬ã (Ẽ(X) ≈ 1), á ¬ «ë¬ ®âà¨æ â¥«ìë¬

 ª«®®¬. �à¨ íâ®¬ ª®æ¥âà æ¨ï ¤ëà®ª ¢ â®«é¥

ã¬¥ìè ¥âáï,   à á¯à¥¤¥«¥¨¥ ¨å áâ ®¢¨âáï â ª¦¥

¡®«¥¥ ®¤®à®¤ë¬ (à¨á. 2). �¡«¨§¨ ª â®¤  ¯à®¨á-
å®¤¨â  ª®¯«¥¨¥ ¤ëà®ª ¢ ã§ª®¬ ¯®£à ¨ç®¬ á«®¥

â®«é¨®© δ− ' 10−4d,   ª®æ¥âà æ¨ï pd à áâ¥â,
áâà¥¬ïáì ª § ç¥¨î 2peq0 . �®¢¥¤¥¨¥ í«¥ªâà®®¢

á â®ç®áâìî ¤® ¯®«ïà®áâ¨   «®£¨ç® ¯®¢¥¤¥¨î

¤ëà®ª. �å ª®æ¥âà æ¨ï ¢ â®«é¥  ¬®£® ¬¥ìè¥

¤ëà®ç®© ¨ ¯ ¤ ¥â ¢ â®«é¥ á ã¬¥ìè¥¨¥¬ ¯à®-
§à ç®áâ¨. � á¯à¥¤¥«¥¨¥ n(X) ¨á¯ëâë¢ ¥â áª ç®ª ¢
¤¨ääã§¨®®¬ á«®¥ ¢¡«¨§¨  ®¤ , áâà¥¬ïáì á ã¬¥ì-
è¥¨¥¬ ¯à®§à ç®áâ¨ ª § ç¥¨î 2neq0 .
� à ªâ¥à¨áâ¨ª  â®ª– ¯àï¦¥¨¥ ¯à¨ à §«¨çëå

§ ç¥¨ïå ¯à®§à ç®áâ¨ ¯à¥¤áâ ¢«¥    à¨á. 3. �

¨â¥à¢ «¥ ¯à®§à ç®áâ¥© 1 ÷ 10−2 â®ª ã¬¥ìè ¥â-
áï ®â®á¨â¥«ì® á« ¡®,   ¯à¨ ¤ «ì¥©è¥¬ ã¬¥ìè¥-
¨¨ ¯à®§à ç®áâ¨ § ¢¨á¨¬®áâì j(T ) áâ ®¢¨âáï ¡®«¥¥
á¨«ì®© ¢ ®¡« áâ¨ ¡®«ìè¨å  ¯àï¦¥¨©, ¯®àï¤ª 

¥áª®«ìª¨å á®â¥ ¢®«ìâ. �à¨ ¡®«ìè¨å  ¯àï¦¥¨ïå

â®ª áâà¥¬¨âáï ª  á¨¬¯â®â¨ç¥áª®¬ã § ç¥¨î, § -
¢¨áïé¥¬ã ®â ¯à®§à ç®áâ¨, ¯à¨ íâ®¬ ¤«ï ¬¥ìè¨å

§ ç¥¨© ¯à®§à ç®áâ¨  á¨¬¯â®â  ¤®áâ¨£ ¥âáï ¯à¨

¬¥ìè¨å  ¯àï¦¥¨ïå.
2.2. �¥®à¥â¨ç¥áª¨©   «¨§ à á¯à¥¤¥«¥¨© ¤ëà®ª

P (X) ¨ í«¥ªâà¨ç¥áª®£® ¯®«ï Ẽ(X) ¤«ï â¥¬®¢®£®

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 1



�ªªã¬ã«ïæ¨ï ®á¨â¥«¥© ¨ á¨«ìë¥ ¯à¨í«¥ªâà®¤ë¥ ¯®«ï ¢ ®á¢¥é ¥¬ëå ¢ëá®ª®®¬ëå ����� áâàãªâãà å 25

�¨á. 2. �«¨ï¨¥ âã¥«ì®© ¯à®§à ç®áâ¨ £à ¨æ  

â¥¬®¢ë¥ ¯à®ä¨«¨ ¤ëà®ª, P = p/Na. T : 1 — 1, 2 — 10−1,
3 — 10−2, 4 — 10−3.

�¨á. 3. � à ªâ¥à¨áâ¨ª  â®ª– ¯àï¦¥¨¥ ¯à¨ ®âáãâáâ¢¨¨
®á¢¥é¥¨ï ¤«ï à §«¨çëå § ç¥¨© âã¥«ì®© ¯à®§à ç-
®áâ¨. T : 1 — 1, 2 — 10−2, 3 — 10−3.

á«ãç ï ¯à®¢¥¤¥ ¢ à ¡®â¥ [7] (á¬. ä®à¬ã«ë (2), (4),
(5) ¨ (15)), £¤¥ ¯®ª § ®, çâ® ¢ëà ¦¥¨¥ ¤«ï £à ¨ç-
ëå § ç¥¨© ª®æ¥âà æ¨© ®á¨â¥«¥©, ¢ë¢¥¤¥ë¥
¢ [1], ®áâ îâáï á¯à ¢¥¤«¨¢ë¬¨ ¨ ¯à¨ ¯à®¨§¢®«ì®©

¯à®§à ç®áâ¨. �®«ãç¥ë¥ ¯à¨ ãá«®¢¨¨ peq � Na
§ ¢¨á¨¬®áâ¨ E(x), P (x) ¨ j(T ) (à¨á. 1–3) ®¡êïáïîâáï
ã¬¥ìè¥¨¥¬ ¯®â®ª®¢ ¤ëà®ª ¨§ ¬¥â ««  ¨ ®¡ê¥¬®£®

§ àï¤  ¢ â®«é¥. �¬¥ìè¥¨¥ ¯à®§à ç®áâ¨ ¤¨í«¥ª-
âà¨ç¥áª®£® á«®ï ¯à¨¢®¤¨â ª  ªªã¬ã«ïæ¨¨ ®á¨â¥«¥©

ã í«¥ªâà®¤®¢, ¯à®â¨¢®¯®«®¦®© ¯®«ïà®áâ¨. �â®â

íää¥ªâ ï¢«ï¥âáï ®á®¢ë¬ ¨ ¢ á«ãç ¥ ä®â®£¥¥à -
æ¨¨. �¤ ª®, ¨§-§  â®£® çâ® ¯«®â®áâì ä®â®®á¨â¥«¥©
ã ª®â ªâ®¢ ¬®¦¥â áãé¥áâ¢¥® ¯à¥¢§®©â¨ ¨å â¥¬-
®¢ë¥ § ç¥¨ï, íâ® ¬®¦¥â ¯à¨¢¥áâ¨ ª ¯®ï¢«¥¨î

¢ ã§ª¨å ¯à¨í«¥ªâà®¤ëå á«®ïå ¢ëá®ª¨å ¯«®â®áâ¥©

®¡ê¥¬®£® § àï¤ , á¯®á®¡ëå ¯®¢«¨ïâì   á ¬¨ í«¥ª-
âà¨ç¥áª¨¥ ¯®«ï. �®«¨ç¥áâ¢¥ë¥  á¯¥ªâë ï¢«¥¨ï

¨áá«¥¤ãîâáï ¢ à §¤. 3.

3. �®â®íää¥ªâ, à¥§ã«ìâ âë ç¨á«¥ëå

à áç¥â®¢

�¨á«¥ë¥ à áç¥âë ¯à®¢®¤¨«¨áì ¤«ï ¨â¥á¨¢®-
áâ¨ ®á¢¥é¥¨ï Ii = 1015 á¬−2 · á−1 ¨ ¯à¨«®¦¥®£®

 ¯àï¦¥¨ï V = 600 �. �®íää¨æ¨¥â ¯®£«®é¥¨ï

á¢¥â  α = 104 á¬−1. � ç¥¨ï ¡ àì¥à®¢   £à ¨æ¥ ¯®-
«ã¯à®¢®¤¨ª  ¡à «¨áì ϕBn = 0.71 ¨ 1 �. � £à ¨çëå
ãá«®¢¨ïå ãç¨âë¢ « áì ¯®¢¥àå®áâ ï à¥ª®¬¡¨ æ¨ï.
�ç¨â «®áì, çâ® ®¤¨®çë© ¯®¢¥àå®áâë© ãà®¢¥ì

 å®¤¨âáï ¢ á¥à¥¤¨¥ § ¯à¥â®© §®ë ¨ sn = sp =
106 á¬/á.�§-§  ¥®¯à¥¤¥«¥®áâ¨ ª®«¨ç¥áâ¢¥ëå å -
à ªâ¥à¨áâ¨ª (¢ëá®âë ¡ àì¥à®¢, § ç¥¨ï íää¥ªâ¨¢-
ëå ¬ áá âã¥«¨àãîé¨å ®á¨â¥«¥©) áç¨â «®áì, çâ®
Tn = Tp = T . �¥«¨ç¨  ¯à®§à ç®áâ¨ ¢ àì¨à®¢ « áì
¢ ¨â¥à¢ «¥ T = 1÷ 10−8.

�§ãç¨¬ á ç «  à á¯à¥¤¥«¥¨ï N(X) (N = n/Na,
X = x/d) ¢¡«¨§¨  ®¤ . �§ à¨á. 4 ¢¨¤®, çâ® ã¬¥ì-
è¥¨¥ ¯à®§à ç®áâ¨ ¤® § ç¥¨ï ¥áª®«ìª¨å á®âëå

¯à¨¢®¤¨â ª ¨§¬¥¥¨î § ª  ¯à®¨§¢®¤®© dN/dX ¢

¯à¨í«¥ªâà®¤®¬ á«®¥ ¨ ®¡à §®¢ ¨î á«®ï á ¯®¢ë-
è¥®© í«¥ªâà®®© ª®æ¥âà æ¨¥© ¯à¨ ¤ «ì¥©è¥¬

ã¬¥ìè¥¨¨ ¯à®§à ç®áâ¨. �®æ¥âà æ¨ï N0 ã¢¥-
«¨ç¨¢ ¥âáï ®¡à â® ¯à®¯®àæ¨® «ì® ¯à®§à ç®áâ¨,
  â®«é¨  á«®ï ®âà¨æ â¥«ì®£® ®¡ê¥¬®£® § àï¤ 

á« ¡® («®£ à¨ä¬¨ç¥áª¨) à áâ¥â. �¨¤ à á¯à¥¤¥«¥¨ï

N(X) á¢¨¤¥â¥«ìáâ¢ã¥â ®¡ íªá¯®¥æ¨ «ì®© § ¢¨á¨-
¬®áâ¨ ®â ª®®à¤¨ âë. �à¨ ¥ª®â®à®¬ ã¤ «¥¨¨ ®â

 ®¤  ¨¬¥¥âáï ®¡« áâì, £¤¥ N(X) ¯à ªâ¨ç¥áª¨ ¥

§ ¢¨á¨â ®â ¯à®§à ç®áâ¨ T . � £«ã¡¨¥ ¯®«ã¯à®¢®¤¨-

�¨á. 4. � á¯à¥¤¥«¥¨¥ í«¥ªâà®®© ª®æ¥âà æ¨¨

N = n/Na ¢¡«¨§¨  ®¤  ¯à¨ à §«¨ç®© âã¥«ì®© ¯à®-
§à ç®áâ¨ ¤¨í«¥ªâà¨ç¥áª®£® á«®ï. T : 1 — 1, 2 — 10−1,
3 — 10−2, 4 — 10−3, 5 — 10−4, 6 — 10−5, 7 — 10−6,
8 — 10−7. �  ¢áâ ¢ª¥ — à á¯à¥¤¥«¥¨¥ ª®æ¥âà æ¨¨

í«¥ªâà®®¢ (á¯«®è ï «¨¨ï) ¨ ¤ëà®ª (èâà¨å®¢ ï «¨¨ï)
¢¡«¨§¨  ®¤  (T = 10−6).
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ª  (X > 0.002) § ¢¨á¨¬®áâ¨ N(X,T ) à áé¥¯«ïîâáï,
¯à¨ç¥¬ á ã¬¥ìè¥¨¥¬ T (ª ª ¨ ¢ â¥¬®¢®¬ á«ãç ¥)
ª®æ¥âà æ¨ï N(X) ã¬¥ìè ¥âáï.

�ëà®ç ï ª®æ¥âà æ¨ï P (X) = p(x)/Na ¢¡«¨§¨

 ®¤  ¢ á«®¥ â®«é¨®© ¯à¨¬¥à® α−1 à áâ¥â ¨ ¬®£®

¬¥ìè¥ N(X) (à¨á. 4, ¢áâ ¢ª ). �â® á¢ï§ ® á ¯à¨-
«®¦¥ë¬ á¬¥é¥¨¥¬ ¨ ¤¥©áâ¢¨¥¬ ¯®¢¥àå®áâ®© à¥-
ª®¬¡¨ æ¨¨, ¯à¨ íâ®¬ à á¯à¥¤¥«¥¨¥ P ¢¡«¨§¨  ®¤ 

¨ ¢¥«¨ç¨  P0 á« ¡® § ¢¨áïâ ®â ¯à®§à ç®áâ¨ £à ¨æ.
�§¬¥¥¨¥ ª®æ¥âà æ¨¨ ¤ëà®ª ¯à®¨áå®¤¨â ¢ ¡®«¥¥

ã§ª®¬ á«®¥, çâ® á¢ï§ ® á ¬¥ìè¨¬ ª®íää¨æ¨¥â®¬

¤¨ääã§¨¨. �§-§  ¡ëáâà®£® ã¬¥ìè¥¨ï ª®æ¥âà -
æ¨¨ í«¥ªâà®®¢ ã¦¥ ¯à¨ X & 5α−1 ¢ë¯®«ï¥âáï

¥à ¢¥áâ¢® P � N . �à¨ X ' 10α−1 ¤ëà®ç ï

ª®æ¥âà æ¨ï ¤®áâ¨£ ¥â ¬ ªá¨¬ã¬  ¨ ¤ «¥¥ ¢ â®«é¥

¯®«ã¯à®¢®¤¨ª  ã¡ë¢ ¥â ¯® § ª®ã pE = const. � â¥¬
®  ¯à®å®¤¨â ç¥à¥§ ¬¨¨¬ «ì®¥ § ç¥¨¥ ¢ â®çª¥,
®âáâ®ïé¥© ®â ª â®¤  ¯à¨¬¥à®   2ldE = 2kT/eEd,
¨ ¯à¨ ¬ «®© âã¥«ì®© ¯à®§à ç®áâ¨ ¯«¥ª¨ à¥§ª®

à áâ¥â ¢ ¤¨ääã§¨®®¬ á«®¥ ¢¡«¨§¨ ª â®¤  (à¨á. 5).
�®«é¨  ¯®á«¥¤¥£®, â ª ¦¥ ª ª ¨ ¯à¨ ®¤®£® á«®ï,
¯®àï¤ª  ¥áª®«ìª¨å ¥¤¨¨æ lE ¨ «®£ à¨ä¬¨ç¥áª¨

à áâ¥â á ã¬¥ìè¥¨¥¬ ¯à®§à ç®áâ¨. � ¬¥â¨¬, çâ®
¨¤¥ï ®¡ ®¯à¥¤¥«ïîé¥© à®«¨  ª®¯«¥¨ï ®á¨â¥«¥© ¢

¯à¨í«¥ªâà®¤ëå á«®ïå ª ª ¬¥å ¨§¬  ¯®¤¤¥à¦ ¨ï

¯®áâ®ïáâ¢  ä®â®â®ª  ¯à¨ ¯®¨¦¥®© ¯à®§à ç®áâ¨

¤¨í«¥ªâà¨ç¥áª®£® á«®ï ¢ëáª §ë¢ « áì ¢ à ¡®â¥ [13].

� áá¬®âà¨¬ ¯®¢¥¤¥¨¥ ¯®«ï Ẽ(X). �ªªã¬ã«ïæ¨ï

®á¨â¥«¥© ã í«¥ªâà®¤®¢ ¯à®â¨¢®¯®«®¦®© ¯®«ïà®-
áâ¨ ¯à¨¢®¤¨â ¯à¨ ¤®áâ â®ç® ¬ «ëå § ç¥¨ïå ¯à®-
§à ç®áâ¨ T . 10−6 ª § ¬¥âë¬ ¨§¬¥¥¨ï¬ ¯®«ï ¢

á«®ïå ®¡ê¥¬®£® § àï¤ . � ç¥¨ï ¯®«¥©   £à ¨æ å
à §¤¥«  Ẽ0 ¨ Ẽd à áâãâ (à¨á. 6), ¨ ¯à¨ T . 10−7 (¤«ï

�¨á. 5. � á¯à¥¤¥«¥¨¥ ¤ëà®ç®© ª®æ¥âà æ¨¨ P = p/Na
¢ ¯à¨í«¥ªâà®¤®¬ á«®¥ ¢¡«¨§¨ ª â®¤  ¯à¨ à §«¨ç®© âã-
¥«ì®© ¯à®§à ç®áâ¨ ¤¨í«¥ªâà¨ç¥áª®£® á«®ï. T : 1 — 1,
2 — 10−2, 3 — 10−3, 4 — 10−4, 5 — 10−5, 6 — 10−6, 7 —
10−7.

�¨á. 6. � á¯à¥¤¥«¥¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ¯à¨í«¥ª-
âà®¤®¬ á«®¥ ¢¡«¨§¨  ®¤  ¨ ¢¡«¨§¨ ª â®¤  (  ¢áâ ¢ª¥)
¯à¨ à §«¨çëå § ç¥¨ïå ¯à®§à ç®áâ¨. T : 1 — 10−5,
2 — 10−6, 3 — 10−7.

Ii = 1015 á¬−2 ·á−1) ¨å ¨§¬¥¥¨ï áâ ®¢ïâáï ¯®àï¤ª 
á ¬¨å § ç¥¨© Ẽ0 ¨ Ẽd. �¥ ¯à¨í«¥ªâà®¤ëå á«®¥¢
¢ â®«é¥ ¯à®ä¨«ì ¯®«ï ¡«¨§®ª ª ¨§ãç¥®¬ã ¢ [1]
à á¯à¥¤¥«¥¨î ¤«ï ��� áâàãªâãàë ¨ á« ¡® § ¢¨á¨â

®â âã¥«ì®© ¯à®§à ç®áâ¨ £à ¨æ.
� áá¬®âà¨¬ § ¢¨á¨¬®áâì ¯«®â®áâ¨ â®ª  ç¥à¥§

áâàãªâãàã ®â ¯à®§à ç®áâ¨. �à ¢¥¨¥ à¥§ã«ìâ â®¢
¯à¨ ϕBn = 0.71 ¨ 1 � ¯®ª § «® à §«¨çë© â¨¯

äãªæ¨¨ j(T ). �à¨ ϕBn = 0.71 �, ª®£¤  â¥¬®¢®©

â®ª ¬®£® ¬¥ìè¥ ä®â®â®ª , ¯«®â®áâì â®ª  á ã¬¥ì-
è¥¨¥¬ ¯à®§à ç®áâ¨ á« ¡® ¢®§à áâ ¥â, áâà¥¬ïáì ª

§ ç¥¨î eIi. �à¨ íâ®¬ ¨§-§  ¡®«ìè®£® à §«¨ç¨ï

ª®æ¥âà æ¨© ®á¨â¥«¥© ¢¡«¨§¨ í«¥ªâà®¤®¢ ¯®¢¥àå-
®áâ ï à¥ª®¬¡¨ æ¨ï ¥íää¥ªâ¨¢ , ¨ ¢¥«¨ç¨  qs
¬®£® ¬¥ìè¥ í¬¨áá¨®®£® ¯®â®ª  ®á¨â¥«¥© ç¥à¥§

£à ¨æã. �®«¥¥ á«®¦®© ï¢«ï¥âáï § ¢¨á¨¬®áâì j(T )
¯à¨ ϕBn = 1 �. � íâ®¬ á«ãç ¥ (¯à¨ Tn,p ' 1)
â¥¬®¢®© â®ª, ¯à®¯®àæ¨® «ìë© ¢¥«¨ç¨¥ peq0 , áã-
é¥áâ¢¥ (¯à¨ Ii = 1015 á¬−2 · á−1). �à¨ ¡®«ìè¨å

§ ç¥¨ïå ¯à®§à ç®áâ¨ T & 10−2 ¤ëà®ç ï ª®æ¥-
âà æ¨ï ¤ ¦¥ ¯à¥¢®áå®¤¨â í«¥ªâà®ãî. � íâ®¬ á«ã-
ç ¥ ã¬¥ìè¥¨¥ ¯à®§à ç®áâ¨ ¯à¨¢®¤¨â ª § ç¨â¥«ì-
®¬ã ã¬¥ìè¥¨î â®ª  (ª ª ¨ ¢ â¥¬®¢®¬ á«ãç ¥).
�à¨ íâ®¬ ¨§-§  á®¯®áâ ¢¨¬®áâ¨ ª®æ¥âà æ¨© N ¨

P à¥ª®¬¡¨ æ¨®ë© ¯®â®ª qs(0) (¢ § ¢¨á¨¬®áâ¨ ®â

¢¥«¨ç¨ë ¯à®§à ç®áâ¨) á®áâ ¢«ï¥â 50–99% § ç¥¨ï

Ii. �à¨ ¤ «ì¥©è¥¬ á¨¦¥¨¨ ¯à®§à ç®áâ¨ ¢ª« ¤

â¥¬®¢®£® â®ª  áâ ®¢¨âáï ¥áãé¥áâ¢¥ë¬, ¨ ¯à¨

T . 10−4 ¯®¢¥¤¥¨¥ § ¢¨á¨¬®áâ¨ j(T ) â ª®¥ ¦¥, ª ª
¢ á«ãç ¥ ϕBn = 0.71 �, â. ¥. ¬¥¤«¥®¥ áâà¥¬«¥¨¥ ª
§ ç¥¨î eIi.
� ª¨¬ ®¡à §®¬, ã¬¥ìè¥¨¥ ¯à®§à ç®áâ¨ £à ¨æ

¢ëá®ª®®¬®© á¨«ì® á¬¥é¥®© ����� áâàãªâã-
àë ¯à¨¢®¤¨â ª ä®à¬¨à®¢ ¨î ¯à¨í«¥ªâà®¤ëå á«®-
¥¢ ®¡ê¥¬®£® § àï¤   áâ®«ìª® ¢ëá®ª®© ¯«®â®áâ¨,
çâ® ¨§¬¥¥¨¥ ¯®«¥© ¢¡«¨§¨ í«¥ªâà®¤®¢ áâ ®¢¨âáï
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áà ¢¨¬ë¬ á Ee ¨ ¤ ¦¥ ¯à¥¢ëè ¥â § ç¥¨ï áà¥¤-
¥£® ¯®«ï. �á¢¥é ¥¬ë¥ ����� áâàãªâãàë á ¯à®-
§à ç®áâìî ¨¦¥ ¥ª®â®à®© ªà¨â¨ç¥áª®© ¢¥«¨ç¨ë

(T . 10−8 ÷ 10−9 ¯à¨ Ii = 1015 á¬−2 · á−1) — íâ®

áâàãªãâàë á á¨«ìë¬¨ í«¥ªâà¨ç¥áª¨¬¨ ¯®«ï¬¨ ¢¡«¨-
§¨ £à ¨æ. �¥â «¨ ¨ ª®«¨ç¥áâ¢¥ë¥ á®®â®è¥¨ï

¯à®ïáïîâáï ¢ á«¥¤ãîé¥¬ à §¤¥«¥, £¤¥ ¤ ® à á-
á¬®âà¥¨¥ á«ãç ¥¢ ¡®«ìè¨å ¨ ¬ «ëå ¯à®§à ç®áâ¥©

£à ¨æ.

4. � «¨â¨ç¥áª®¥ à áá¬®âà¥¨¥

ä®â®íää¥ªâ 

4.1. �à¨ ®âáãâáâ¢¨¨ ®¡ê¥¬®© ¨ ¯®¢¥àå®áâ®©

à¥ª®¬¡¨ æ¨¨   «¨â¨ç¥áª®¥ à áá¬®âà¥¨¥ ä®â®íä-
ä¥ªâ  ¢ ����� áâàãªâãà¥ ¥ ®â«¨ç ¥âáï ®â ¯à®-
¤¥« ®£® ¢ [1] ¤«ï ��� áâàãªâãàë, ¥á«¨ § ç¥-
¨ï âã¥«ì®© ¯à®§à ç®áâ¨ Tn, Tp â ª®¢ë, çâ®

£à ¨çë¥ § ç¥¨ï í«¥ªâà¨ç¥áª®£® ¯®«ï ¯à ªâ¨ç¥-
áª¨ ¥ ¨§¬¥ïîâáï (Tn,p & 10−6 ¯à¨ ¨â¥á¨¢®áâ¨

Ii = 1015 á¬−2 · á−1). � íâ®¬ á«ãç ¥ ¯à¨ ¢ë¯®«-
¥¨¨ ãá«®¢¨© eV/kT � 1, E0 > 0, lE/d � 1,
((lE/d)dE/dx)0,d � 1 ¬®¦® ¯®«ì§®¢ âìáï ä®à¬ã« -
¬¨, ¢ë¢¥¤¥ë¬¨ ¢ [1], á § ¬¥®© Vn, Vp   V Tn ,
V Tp . �à¨  «¨ç¨¨¨ ¯®¢¥àå®áâ®© à¥ª®¬¡¨ æ¨¨ ¢ë-
à ¦¥¨ï ¤«ï ª®æ¥âà æ¨© ¨ â®ª  â ª¦¥ ¬®£ãâ ¡ëâì

 ©¤¥ë ¨§ à¥è¥¨ï á¨áâ¥¬ë ãà ¢¥¨©, á«¥¤ãîé¥©
¨§ £à ¨çëå ãá«®¢¨© (1) ¨ á®®â®è¥¨©, ¯®«ãç¥-
ëå ¨â¥£à¨à®¢ ¨¥¬ ãà ¢¥¨© ¥¯à¥àë¢®áâ¨ ¤«ï

í«¥ªâà®®¢ ¨ ¤ëà®ª ¬¥â®¤®¬ ¯¥à¥¢ «    «®£¨ç® [1].
�¥è¥¨¥ ¤®áâ â®ç® £à®¬®§¤ª®, ®¤ ª® ¢ ç áâ®¬

á«ãç ¥, ª®£¤  n0 � p0 pd � nd ¨, á«¥¤®¢ â¥«ì®,
qs(0) = spp0, qs(d) = snnd, ®® ã¯à®é ¥âáï ¨ ¨¬¥¥â

¢¨¤

n0 =
Ii

V Tn

(
1−

sp

V pΣ

αl0E
1 + αl0E

)
+

(
1 +

vndr
V nΣ

)
neq0 −

sp

V pΣ
peq0 ,

(3)
V pΣ = sp + vpdr + V Tp , V nΣ = sn + vndr + V Tn , (4)

vpdr ≡ µpE0, vndr ≡ µnEd, l0E = kT/eE0, (5)

nd =
V Tn
V nΣ

neq0 , (6)

p0 =
Ii

V pΣ

αl0E
1 + αl0E

+
V Tp

V pΣ
peq0 , (7)

pd=
Ii

V Tp

(
1−

sp + V Tp

V pΣ

αl0E
1 + αl0E

)
+

(
1 +

vpdr
V pΣ

)
peq0 −

sn

V nΣ
neq0 .

(8)
�®«ë© â®ª ç¥à¥§ áâàãªâãàã

j = eIi

(
1−

sp + V Tp

V pΣ

αl0E
1 + αl0E

)
+ j0, (9)

j0 = evpdrp
eq
0

V Tp

V pΣ
+ evndrn

eq
0

V Tn
V nΣ

. (10)

�®à¬ã«ë (3)–(10) ®¯¨áë¢ îâ:
—  ªªã¬ã«ïæ¨î ®á¨â¥«¥© ã í«¥ªâà®¤®¢ ¯à®â¨¢®-

¯®«®¦®£® § ª  ¯à¨ ã¬¥ìè¥¨¨ ¯à®§à ç®áâ¨ —
n0 ∼ 1/V Tn , pd ∼ 1/V Tp ;

— ¥§ ¢¨á¨¬®áâì ®â ¯à®§à ç®áâ¨ ª®æ¥âà æ¨¨

¤ëà®ª ã  ®¤  p0 ¯à¨ ¬ «ëå ¯à®§à ç®áâïå;
— à §®®¡à §ãî, ¢ ®¡é¥¬ á«ãç ¥ ¥¬®®â®ãî

§ ¢¨á¨¬®áâì â®ª  ®â ¯à®§à ç®áâ¨, ª®â®à ï ®¯à¥¤¥-
«ï¥âáï á®®â®è¥¨¥¬ ä®â®â®ª  ¨ â®ª  à ¢®¢¥áëå

í«¥ªâà®®¢ ¨ ¤ëà®ª j0, ®¯à¥¤¥«ï¥¬®£® ç¥à¥§ peq0 ,
neq0 ¢¥«¨ç¨®© ϕBn; ¯à¨ íâ®¬, ¥á«¨ áª®à®áâ¨ ®¡¬¥ 
 ¬®£® ¬¥ìè¥ ¤à¥©ä®¢ëå áª®à®áâ¥© ¨ j0 � Ii, â®ª
¢¥áì¬  á« ¡® § ¢¨á¨â ®â ¯à®§à ç®áâ¨.
�®á«¥¤¨© à¥§ã«ìâ â á¢ï§  á â¥¬, çâ® ¯à¨ ¬ «ëå

¯à®§à ç®áâïå ¤¨ääã§¨®ë© ¯®â®ª ä®â®£¥¥à¨à®-
¢ ëå ¤ëà®ª ª  ®¤ã áâà¥¬¨âáï ª ã«î, ¨ ¢ áâàãª-
âãà¥ ¯à¨ ®âáãâáâ¢¨¨ ®¡ê¥¬®© à¥ª®¬¡¨ æ¨¨ ¯à®-
¨áå®¤¨â ¯®«®¥ à §¤¥«¥¨¥ § àï¤®¢, â. ¥. ª¢ â®¢ë©
¢ëå®¤ ¡«¨§®ª ª 1. �®áâ®ïë© ¯®â®ª ¤ëà®ª ç¥à¥§

£à ¨æã ¯®«ã¯à®¢®¤¨ª–¤¨í«¥ªâà¨ª ¯à¨ ã¬¥ìè¥¨¨
¯à®§à ç®áâ¨ ¯®¤¤¥à¦¨¢ ¥âáï §  áç¥â ã¢¥«¨ç¥¨ï

£à ¤¨¥â  ¤ëà®ç®© ª®æ¥âà æ¨¨ ¢¡«¨§¨ ª â®¤  ¨§-
§   ª®¯«¥¨ï ¤ëà®ª ¢ á«®¥ â®«é¨®© ¥áª®«ìª®

¥¤¨¨æ lE (à¨á. 5).
�«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢ ä®à¬ã« å (3)–(10) ¥«ì§ï

ãáâà¥¬«ïâì § ç¥¨ï ¯à®§à ç®áâ¥© ª ã«î, â ª ª ª
¢ íâ®¬ á«ãç ¥ (ª ª ¡ë«® ¯®ª § ® ¢ à §¤. 3) ¢¡«¨-
§¨ í«¥ªâà®¤®¢ ¨§-§   ªªã¬ã«ïæ¨¨ ®á¨â¥«¥© ¨¬¥îâ

¬¥áâ® à¥§ª¨¥ ¨§¬¥¥¨ï ¯®«ï ¢ á«®ïå â®«é¨®© ¥-
áª®«ìª® lE . �®á«¥¤¥¥  àãè ¥â ãá«®¢¨ï £« ¤ª®£®

¨§¬¥¥¨ï ¯®«ï ¢¡«¨§¨ £à ¨æ, ¯à¨ ª®â®àëå ¡ë«¨

¢ë¢¥¤¥ë íâ¨ á®®â®è¥¨ï.
�«¥¤ã¥â â ª¦¥ ®â¬¥â¨âì, çâ® ¯®¢¥àå®áâ ï à¥ª®¬-

¡¨ æ¨ï ¥ ®£à ¨ç¨¢ ¥â à®áâ ª®æ¥âà æ¨© n0 ¨ pd
¯à¨ ã¬¥ìè¥¨¨ ¯à®§à ç®áâ¨ £à ¨æ. �â® ®¡êïáï-
¥âáï § ç¨â¥«ìë¬ ®â«¨ç¨¥¬ í«¥ªâà®®© ¨ ¤ëà®ç-
®© ª®æ¥âà æ¨© ¢¡«¨§¨ í«¥ªâà®¤®¢ ¯à¨ ¡®«ìè¨å

á¬¥é¥¨ïå — n0 � p0, pd � nd. � ¬¥â¨¬, çâ® ä®à¬ã-
«ë (3)–(10) ¯à¨ sn, sp ¥ à ¢ëå ã«î ¨¬¥îâ ®£à ¨-
ç¥ãî ¯à¨¬¥¨¬®áâì, ¯®áª®«ìªã ®¨ ¢ë¢¥¤¥ë ¤«ï

ç áâ®£® ¢¨¤  qs, á«¥¤ãîé¥£® ¨§ ¢ëè¥¯à¨¢¥¤¥ëå

¥à ¢¥áâ¢.
4.2. � ¤¨¬   «¨â¨ç¥áª®¥ ®¯¨á ¨¥ ä¨§¨ç¥áª®©

ª àâ¨ë ¢ á«ãç ¥ ¤®áâ â®ç® ¬ «ëå ¯à®§à ç®áâ¥©,
ª®£¤  ∆E/Ee � 1. � §®¡ì¥¬ ¯®«ã¯à®¢®¤¨ª   ç¥-
âëà¥ å à ªâ¥àëå ®¡« áâ¨. �¡«¨§¨  ®¤  à á¯®«®¦¥-
  ®¡« áâì á¨«ì®£® ¯®«ï, £¤¥ ¢ë¯®«ï¥âáï ãá«®¢¨¥

n� p. � «¥¥ à á¯®« £ ¥âáï ®¡« áâì, ¢ ª®â®à®© ¯®«¥
¯®àï¤ª  Ee, ®¤ ª® ¥é¥ áãé¥áâ¢¥  £¥¥à æ¨ï ®á¨-
â¥«¥©. � £«ã¡¨¥ à á¯®« £ ¥âáï ¤à¥©ä®¢ ï ®¡« áâì,
£¤¥ p � n ¨ pE = const. �¡«¨§¨ ª â®¤  á®¢ 

à á¯®«®¦¥  ®¡« áâì á¨«ì®£® ¯®«ï, £¤¥ p� n.
4.2.1. � ®¡« áâ¨ 1 ¯«®â®áâì ®¡ê¥¬®£® § àï¤  ¢

ãà ¢¥¨¨ �ã áá®  § ¢¨á¨â â®«ìª® ®â í«¥ªâà®®©

ª®æ¥âà æ¨¨. � á¯à¥¤¥«¥¨¥ ¯®á«¥¤¥© ª¢ §¨à ¢®-
¢¥á® n = n0e

ψ (ψ = eϕ/kT ), çâ® á«¥¤ã¥â ¨§ ãá«®¢¨ï
qn(x) = −Dndn/dx − µnEn = 0, ¯®áª®«ìªã ¯à¨
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á¨«ìëå ¯®«ïå ¨ ¡®«ìè¨å £à ¤¨¥â å ª®æ¥âà æ¨©

¤à¥©ä®¢ ï ¨ ¤¨ääã§¨® ï á®áâ ¢«ïîé ï  ¬®£®

¡®«ìè¥ ¯®«®£® ¯®â®ª . � íâ®¬ ¯à¨¡«¨¦¥¨¨, ¨á¯®«ì-
§®¢ ¢è¨¬áï ¥é¥�®ââ®¬ ¨ �¥à¨ [14] ¤«ï ®¯à¥¤¥«¥¨ï
¯®«ï ¢¡«¨§¨ ª®â ªâ  ¬¥â ««–¨§®«ïâ®à, ãà ¢¥¨¥
¤«ï ¯®â¥æ¨ «  ¨¬¥¥â ¢¨¤

d2ψ/dξ2 = eψ, (11)

£¤¥ ξ = x/LnD — à ááâ®ï¨¥ ®â ¯®¢¥àå®áâ¨, ®à¬¨-
à®¢ ®¥   ¤¥¡ ¥¢áª¨© à ¤¨ãá, ®¯à¥¤¥«¥ë© ç¥à¥§
¯®¢¥àå®áâãî í«¥ªâà®ãî ª®æ¥âà æ¨î n0. �

á«ãç ¥, ª®£¤  ¯®«¥ ¢ £«ã¡¨¥  ¬®£® ¬¥ìè¥, ç¥¬
ã ¯®¢¥àå®áâ¨ (â. ¥. ¥á«¨ ¯à¨ ξ � 1 ¢ë¯®«ï¥âáï

dψ/dξ � 1, ψ < 0 ¨ |ψ| � 1), à¥è¥¨ï ¤«ï

¯®â¥æ¨ « , ¯®«ï ¨ ª®æ¥âà æ¨© ¨¬¥îâ ¢¨¤

ψ(ξ) = −2 ln

(
1 +

ξ
√

2

)
, (12)

E(x) =
kT

eLnD

√
2

1 + x√
2LnD

=
E0

1 + x√
2LnD

, (13)

n(x) =
n0(

1 + x√
2LnD

)2 . (14)

�§ (13) ¨ (14) á«¥¤ã¥â ¢¥áì¬  ¨â¥à¥á®¥ à ¢¥áâ¢®

εE2(x)

8π
= kTn(x), (15)

á®£« á® ª®â®à®¬ã ¢ ®¡« áâ¨ 1 ¤ ¢«¥¨¥ í«¥ªâà¨ç¥-
áª®£® ¯®«ï ¨ í«¥ªâà®®£® £ §  ãà ¢®¢¥è¨¢ îâ ¤àã£

¤àã£ .
�¥è¥¨ï (12)–(14) ¯®«®áâìî ®¯à¥¤¥«¥ë, ¥á«¨ ¨§-

¢¥áâ® § ç¥¨¥ n0. � å®à®è¨¬ ¯à¨¡«¨¦¥¨¥¬ ¢¥-
«¨ç¨  n0 ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥  ¨§ á®®â®è¥¨©

qn(d) − qn(0) = Ii ¨ qn(0) = −V Tn (n0 − n
eq
0 ) − spp0.

�á«¨ qn(d) − V Tn n
eq
0 + spp0 � Ii, â® n0 = Ii/V

T
n .

� ¬¥â¨¬ â ª¦¥, çâ® ¢¢¥¤¥ ï à ¥¥ å à ªâ¥à ï

¯®«¥¢ ï ¤«¨  l0E = kT/eE0 ¢ à áá¬ âà¨¢ ¥¬®¬ §¤¥áì

á«ãç ¥ à ¢  LnD/
√

2. �æ¥¨¬ è¨à¨ã δ+ ®¡« áâ¨ 1,
®¯à¥¤¥«¨¢ ¥¥ ãá«®¢¨¥¬ E(δ+) = Ee. �§ ¢ëà ¦¥¨ï

(13) ¯®«ãç ¥¬

δ+ = 2kT/(eEe)−
√

2LnD ≈ 2kT/(eEe). (16)

4.2.2. � ®¡« áâ¨ á¨«ì®£® ¯®«ï ¢¡«¨§¨ ª â®¤ 

(d− δ− 6 x 6 d, δ− ' δ+), £¤¥ p� n, á¯à ¢¥¤«¨¢ë â¥

¦¥ á®®¡à ¦¥¨ï, çâ® ¨ ¢ ®¡« áâ¨ 1, á â®© à §¨æ¥©,
çâ® ®à¬¨à®¢ª  à ááâ®ï¨ï d−x ¯à®¨§¢®¤¨âáï   ¤¥-
¡ ¥¢áªãî ¤«¨ã LpD = [εkT/(4πe2pd)]

1/2, á®¤¥à¦ éãî
ª®æ¥âà æ¨î pd. �¥è¥¨¥ ¢ íâ®© ®¡« áâ¨ ¨¬¥¥â

¢¨¤,   «®£¨çë© (12)–(14) á § ¬¥®© ψ   ψd − ψ,
ª®®à¤¨ âë x   d − x, ª®æ¥âà æ¨¨ p   n ¨ ¨-
¤¥ªá  0   d. � íâ®© ®¡« áâ¨ ¢ë¯®«ï¥âáï à ¢¥áâ¢®

¤ ¢«¥¨© ¤ëà®ç®£® £ §  ¨ ¯®«ï,   «®£¨ç®¥ (15).
�¥«¨ç¨  pd, ¢å®¤ïé ï ¢ L

p
D, ®¯à¥¤¥«¥  à ¢¥áâ¢®¬

pd = Ii/V
T
p , ¥á«¨ |qp(0) + V Tp p

eq
d − snnd| � Ii.

4.2.3. � ¤à¥©ä®¢®© ®¡« áâ¨ (xn 6 x 6 xp,
xn ' 3α−1, xp ' d − δ−) ¢ë¯®«ïîâáï ãá«®¢¨ï

p� n, qp = µppE = const, â ª çâ®

dE

dx
=

4πe

ε
p(x) =

4πeqp
εµpE

. (17)

�â¥£à¨àãï (17), ¯®«ãç¨¬ ¤«ï ¢¥«¨ç¨ë Ẽ =
E(x)/Ee ¢ëà ¦¥¨¥

Ẽ(X) =
(
Ẽ(Xp) + a(X −Xp)

)1/2

, a = 2qp/I∗,

Xp = xp/d, I∗ =
εµpV

2

4πed3
. (18)

�â¥£à¨àãï (18) ¯® ¯à®¬¥¦ãâªã (Xn, Xp), ¯®«ãç¨¬
¤«ï ¯ ¤¥¨ï  ¯àï¦¥¨ï Vsd ¢ ¤à¥©ä®¢®© ®¡« áâ¨

¯®«ã¯à®¢®¤¨ª 

Vsd

V
=

2Ẽ3(Xp)

3a

{
1−

[
1−

a

Ẽ2(Xp)
(Xp −Xn)

]3/2}
.

(19)
�à¨ a� 1 (çâ® ®§ ç ¥â Ii � I∗/2) íâ® ¤ ¥â

Ẽ(Xp) =
Vsd

V (Xp −Xn)

[
1 +

a

4
(Xp −Xn)3 V

2

V 2
sd

]
. (20)

� «®£¨ç®¥ ¢ëà ¦¥¨¥ ¯®«ãç ¥âáï ¤«ï Ẽ(Xn), ®¤-
 ª® ¢â®à®¥ á« £ ¥¬®¥ ¢ ª¢ ¤à âëå áª®¡ª å ¡¥à¥âáï

á® § ª®¬ ¬¨ãá. � ¬¥â¨¬, çâ® ¨§ (18) ¨ (19) á«¥¤ã¥â,
çâ® ¯à¨ Xn ' 0, Xp ' 1, Vsd ' V ¯®«¥ Ẽ(Xn) ã¬¥ì-

è ¥âáï ¤® 0,   Ẽ(Xp) ' 3/2, ª®£¤  qp = 9/8I∗. �â®

®§ ç ¥â, çâ® ¢ãâà¨ ¤à¥©ä®¢®© ®¡« áâ¨ § ¢¨á¨¬®áâì
¯®«ï ®â ¨â¥á¨¢®áâ¨ ª ç¥áâ¢¥® â ª ï ¦¥, ª ª ¨
¤«ï ��� áâàãªâãàë á ¢ëá®ª®© áª®à®áâìî ®¡¬¥ 

®á¨â¥«ï¬¨.
�®«ãç¥ë¥ ¢ 4.2.1–4.2.3 ä®à¬ã«ë ¯®«®áâìî

®¯à¥¤¥«ïîâ à á¯à¥¤¥«¥¨¥ ¯®«ï ¨ ¯®â¥æ¨ «  ¢

áâàãªâãà¥, çâ® ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì à á¯à¥¤¥«¥¨¥
ª®æ¥âà æ¨© ®á¨â¥«¥© ¨ â®ª.

4.2.4. �â¥£à¨àãï ¢ëà ¦¥¨¥ ¤«ï qp ¨ ¤¥©áâ¢ãï

  «®£¨ç® [1], ¯®«ãç¨¬ ¯à¨ p0 exp(ψd) � p0 á®®â®-
è¥¨¥

p0 =
1

Dp

d∫
0

qp(x)eψ(x)dx =
1

Dp

V Tp p
eq
0 I1 + Ii(I1 − I2)

1 +
V Tp + sp
Dp

I1

,

(21)
£¤¥

I1 =

d∫
0

exp
(
ψ(x)

)
dx, I2 =

d∫
0

exp
(
ψ(x)−αx

)
dx. (22)

�à¨ ¢ë¢®¤¥ ¢â®à®£® ¢ëà ¦¥¨ï ¢ ¯à ¢®© ç áâ¨ (21)
¨á¯®«ì§®¢ «áï ¨â¥£à « ãà ¢¥¨ï ¥¯à¥àë¢®áâ¨

¤«ï ¤ëà®ª qp(x) = qp(0) + Ii(1 − e−αx) ¨ £à ¨ç®¥

ãá«®¢¨¥ qp(0) = −V Tp (p0 − p
eq
0 )− spp0.
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� §¡¨¢ ï ®¡« áâì ¨â¥£à¨à®¢ ¨ï   ®¡« áâì á¨«ì-
®£® ¯®«ï ¢¡«¨§¨  ®¤  0 6 x 6 δ+ ¨ ®áâ «ìãî

ç áâì áâàãªâãàë δ+ 6 x 6 d ¨ ¨á¯®«ì§ãï ¬¥â®¤

¯¥à¥¢ « , ¯®«ãç¨¬ á â®ç®áâìî ¤® ç«¥®¢ ¯®àï¤ª 

(n(δ+)/n0)1/2

p0 =
Iiαl

0
E(−ψ+ − 2αδ+) + V Tp p

eq
0

sp + V Tp + vpdr/2
. (23)

�§ (23) ¢¨¤®, çâ® ¯®¢¥àå®áâ ï ª®æ¥âà æ¨ï ä®-
â®£¥¥à¨à®¢ ëå ¤ëà®ª ¥áâì ¯à®¨§¢¥¤¥¨¥ âà¥å á®-
¬®¦¥â¥«¥©. �¥à¢ë© — ¯«®â®áâì ¯®â®ª  ä®â®®¢,
¤¥«¥ ï   áª®à®áâì ãå®¤  ¤ëà®ª á ¯®¢¥àå®áâ¨.
�â®à®© ãç¨âë¢ ¥â ã¬¥ìè¥¨¥ ª®æ¥âà æ¨¨ ¨§-§ 
â®£®, çâ® ¥ ¢á¥ ¯à®£¥¥à¨à®¢ ë¥   ¤«¨¥ α−1

¤ëàª¨ ¯à¥®¤®«¥¢ îâ í¥à£¥â¨ç¥áª¨© ¡ àì¥à á å à ª-
â¥àë¬ ¯®«¥¬ E0. �®á«¥¤¨© ¬®¦¨â¥«ì ãç¨âë¢ ¥â
¥®¤®à®¤®áâì í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ®¡« áâ¨ è¨-
à¨®© δ+, ª®â®à ï ¤ ¥â ®á®¢®© ¢ª« ¤ ¢ ¤ëà®çë©
¯®â®ª ª  ®¤ã.
�¤¥« ¥¬ ç¨á«¥ë¥ ®æ¥ª¨ å à ªâ¥àëå ¢¥«¨ç¨.

� áá¬®âà¨¬ á«¥¤ãîé¨¥ ¨áå®¤ë¥ ¯ à ¬¥âàë: Ii =
1015 á¬−2 · á−1, Tn = Tp = 10−9, V Tp = 6 · 10−3 á¬/á,

V Tn = 8.5 ·10−3 á¬/á, sp = sn = 107 á¬/á, ϕBn = 0.71 �,
peq0 = 2.5 · 105 á¬−3, Ee = 2 · 103 �/á¬, α = 104 á¬−1.
�®£¤  n0 = 1.2 · 1017 á¬−3, LnD = 1.2 · 10−6 á¬,

δ+ = 2.4 · 10−5 á¬, n(δ+)/n0 = 1/252, E0/Ee = 15.9,
E0 = 3.2 · 104 �/á¬, p0 = 3.8 · 106 á¬−3, −ψ+ = 5.52,
αl0E = 0.008. �à¨ ¯à¨ïâëå § ç¥¨ïå ϕBn ®â-
®á¨â¥«ìë© ¢ª« ¤ á« £ ¥¬®£®, á®¤¥à¦ é¥£® peq0 ¢

¢ëà ¦¥¨¨ (23), ¯®àï¤ª  10−9.
�â ª, ¢ à áá¬ âà¨¢ ¥¬ëå ãá«®¢¨ïå (Tn,p ' 10−9,

Ii = 1015 á¬−2 · á−1) ¢¡«¨§¨  ®¤  ¢ á«®¥ â®«é¨-
®© ' 100 Å á®§¤ ¥âáï í«¥ªâà® ï ª®æ¥âà æ¨ï

' 1017 á¬−3. �â® ¯à¨¢®¤¨â ª § ç¥¨ï¬ ¯®«ï,   ¯®-
àï¤®ª ¯à¥¢ëè îé¨¬ ¢¥è¥¥, ® ¥¤®áâ â®çë¬ ¤«ï
á®§¤ ¨ï § ¬¥âëå ¯ ¤¥¨©  ¯àï¦¥¨ï   ¯«¥ª¥.
�¨§¨ç¥áª ï ª àâ¨  ¢ ¯à¨í«¥ªâà®¤ëå á«®ïå  ¯®-
¬¨ ¥â ï¢«¥¨ï ¢ ®¡« áâ¨ á¨«ìëå ¯®«¥© áâ ¤ àâ-
® «¥£¨à®¢ ëå ¯®«ã¯à®¢®¤¨ª®¢ (n−s- ¨«¨ p−n-
áâàãªâãà), ®¤ ª® ¢ à áá¬®âà¥®¬ á«ãç ¥ ¯à®¨áå®-
¤¨â ®¡®£ é¥¨¥,   ¥ ®¡¥¤¥¨¥ ®á¨â¥«ï¬¨ íâ¨å á«®-
¥¢. � «ì¥©è¥¥ ã¬¥ìè¥¨¥ ¯à®§à ç®áâ¨ ¢ë¢®¤¨â

  «¨§ §  à ¬ª¨ ¯à¨ïâ®© ¬®¤¥«¨ ¢ á¨«ã ¯®ï¢«¥¨ï

¡®«ìè¨å ¯«®â®áâ¥© ®á¨â¥«¥© ã í«¥ªâà®¤®¢ ¨ å à ª-
â¥àëå ¤«¨, áà ¢¨¬ëå á ¤«¨®© á¢®¡®¤®£® ¯à®¡¥£ 
®á¨â¥«¥©. � íâ®© ®¡« áâ¨ ¯ à ¬¥âà®¢ £ § ®á¨â¥«¥©

áâ ®¢¨âáï ¤¢ã¬¥à®© á¨áâ¥¬®©.
4.2.5. �«ï  å®¦¤¥¨ï ¯«®â®áâ¨ â®ª  ¨á¯®«ì§ã¥¬

¢ëà ¦¥¨¥ j/e = qp(0) − qn(0) = Ii + qp(0) − qn(d),
£¤¥ ¯®â®ª qp(0) = −V Tp (p0 − p

eq
0 )− spp0 ®¯à¥¤¥«ï¥âáï

ª®æ¥âà æ¨¥© p0 (ä®à¬ã«  (23)),   í«¥ªâà®ë©

¯®â®ª qn(d) = −V Tn (nd − n
eq
d ) + snnd § ¢¨á¨â ®â ª®-

æ¥âà æ¨¨ nd, ª®â®à ï ¢ëç¨á«ï¥âáï   «®£¨ç® p0.
�ª®ç â¥«ì®  å®¤¨¬

j/e = Ii

[
1−

αl0E(sp + V Tp )(−ψ+ − 2αδ+)

sp + V Tp + vpdr/2

]
+j0/e, (24)

j0/e =
V Tp v

p
drp

eq
0

2(sp + V Tp + vpdr/2)
+

V Tn v
n
drn

eq
0

2(sn + V Tn + vndr/2)
. (25)

�ëà ¦¥¨¥ (24) á®¤¥à¦¨â ¤¢  à §«¨çëå á« £ ¥-
¬ëå — ä®â®â®ª ¨ â®ª â¥¯«®¢®© £¥¥à æ¨¨ j0. �®-
â®â®ª ¯à¨¬¥à® ¯à®¯®àæ¨® «¥ Ii ¨ á ã¬¥ìè¥¨¥¬
¯à®§à ç®áâ¨ á« ¡® à áâ¥â, áâà¥¬ïáì ª eIi. �â®

®§ ç ¥â, çâ® ¢®§¨ª îé¥¥ ã  ®¤  ¯®«¥ ¯®«®áâìî

¯à¥¯ïâáâ¢ã¥â ¤¨ääã§¨¨ ¤ëà®ª ª  ®¤ã. �¨¤® â ª¦¥,
çâ® ¯®¢¥àå®áâ ï à¥ª®¬¡¨ æ¨ï ¬ «® ¢«¨ï¥â   ä®-
â®â®ª, çâ® á¢ï§ ® á â¥¬, çâ® n0 � p0. � ¢¨á¨¬®áâì ®â
¢¥è¥£®  ¯àï¦¥¨ï ä®â®â®ª  ãç¨âë¢ ¥âáï ç¥à¥§

¢¥«¨ç¨ã ψ+ (−ψ+ = 2 ln(E0d/V )). � ã¬¥ìè¥¨¥¬

 ¯àï¦¥¨ï â®ª ã¬¥ìè ¥âáï, ®¤ ª® ¨á¯®«ì§®¢ âì

ä®à¬ã«ã (24) ¤«ï ¬ «ëå V ¥ á«¥¤ã¥â, â ª ª ª

 àãè îâáï ãá«®¢¨ï, ¯à¨ ª®â®àëå ®  ¢ë¢¥¤¥ .
�®ª â¥¯«®¢®© £¥¥à æ¨¨ j0 ¢ ®â«¨ç¨¥ ®â ä®â®â®ª 

¯à¨¬¥à® ¯à®¯®àæ¨® «¥ ¯à®§à ç®áâ¨ ¨ ¥£® ¢ª« ¤

¢ ¯®«ë© â®ª ®¯à¥¤¥«ï¥âáï ¢ ®á®¢®¬ ¢¥«¨ç¨®©

¡ àì¥à  ϕBn. � à áá¬®âà¥®¬ ¢ëè¥ ç¨á«¥®¬

¯à¨¬¥à¥ (ϕBn = 0.71 �) â®ª j0 ¡ë« ¥áãé¥áâ¢¥.
�â¬¥â¨¬, çâ® ¯®¢¥àå®áâ ï à¥ª®¬¡¨ æ¨ï ¬®¦¥â

áãé¥áâ¢¥® á¨§¨âì ¢¥«¨ç¨ã j0 ¨ çâ® ¯®á«¥¤¨©

§ ¢¨á¨â ®â Ii ç¥à¥§ ¤à¥©ä®¢ë¥ áª®à®áâ¨ ®á¨â¥«¥©.

5. �¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢

�«¥¤ã¥â ãª § âì   ®¤® áãé¥áâ¢¥®¥ ®â«¨ç¨¥

§ ¢¨á¨¬®áâ¨ â®ª–¨â¥á¨¢®áâì ¯à¨ ¬ «ëå ¨§¬¥¥-
¨ïå ¯®«ï (9) ®â   «®£¨ç®© § ¢¨á¨¬®áâ¨ (24) ¢

á«ãç ¥ á¨«ìëå ¨§¬¥¥¨© ¯®«ï ¢¡«¨§¨ í«¥ªâà®¤®¢.
� ¯¥à¢®¬ á«ãç ¥ ¯à¨ ¨â¥á¨¢®áâïå, ¯à¥¢®áå®¤ïé¨å
å à ªâ¥à®¥ § ç¥¨¥ I∗, íªà ¨à®¢ª  § ç¨â¥«ì®©
ç áâ¨ ¢¥è¥£® ¯®«ï ä®â®£¥¥à¨à®¢ ë¬¨ ¤ëàª ¬¨

ã¬¥ìè ¥â ¯®«¥ ã  ®¤  E0, çâ® ¤ ¥â áã¡«¨¥©ãî

§ ¢¨á¨¬®áâì j(Ii) [1]. �® ¢â®à®¬ ¢¡«¨§¨  ®¤  ¯à¥-
¢ «¨àãîâ  ªªã¬ã«ïæ¨®ë¥ íää¥ªâë, E0 > Ee, ¨
§ ¢¨á¨¬®áâì j(Ii) ¯®çâ¨ «¨¥© . � ª®¢  ¡ã¤¥â § ¢¨-
á¨¬®áâì j(Ii) ¤«ï áâàãªâãà á à §«¨ç®© âã¥«ì®©

¯à®§à ç®áâìî £à ¨æë à §¤¥« ? �®¦® ¯à¥¤¯®«®-
¦¨âì, çâ® ¢¨¤ äãªæ¨¨ j(Ii) ®¯à¥¤¥«ï¥âáï ª®ªã-
à¥æ¨e© ¬¥¦¤ã ã¯®¬ïãâë¬¨ ¤¢ã¬ï ¯à®æ¥áá ¬¨, â. ¥.
§ ¢¨á¨â ®â á®®â®è¥¨ï ¬¥¦¤ã ¨â¥á¨¢®áâìî I∗ [1],
®¯à¥¤¥«ïîé¥© ¨¦îî £à ¨æã § ç¨¬®áâ¨ íää¥ª-
â®¢ íªà ¨à®¢ ¨ï, ¨ ¨â¥á¨¢®áâìî IE , ®¯à¥¤¥-
«ïîé¥© ®¡« áâì áãé¥áâ¢¥®áâ¨  ªªã¬ã«ïæ¨®ëå

íää¥ªâ®¢. � á«ãç ¥ IE & I∗ á à®áâ®¬ ¨â¥á¨¢®áâ¨

®á¢¥é¥¨ï á ç «  ¯®ï¢«ï¥âáï áã¡«¨¥©ë© ãç áâ®ª

§ ¢¨á¨¬®áâ¨ j(Ii),   § â¥¬ ¢ ®¡« áâ¨ á¨«ìëå ¨§¬¥-
¥¨© ¯®«ï ¢¡«¨§¨ £à ¨æ ¯®«ã¯à®¢®¤¨ª  äãªæ¨ï

j(Ii) á®¢  áâ ®¢¨âáï «¨¥©®©. � ¯à®â¨¢®¯®«®¦®¬
á«ãç ¥ IE < I∗ à¥¦¨¬  áëé¥¨ï ¥ à¥ «¨§ã¥âáï,
¨ § ¢¨á¨¬®áâì j(Ii) ®áâ ¥âáï «¨¥©®©, «¨èì ã¢¥-
«¨ç¨¢ ï  ª«®. �àã¡ãî ®æ¥ªã ¨â¥á¨¢®áâ¨ IE
¬®¦® ¯®«ãç¨âì ¨â¥£à¨à®¢ ¨¥¬ ãà ¢¥¨ï �ã á-
á®  ¢ ¯à¥¤¥« å ®¡« áâ¨ è¨à¨®© δ+. �®« £ ï, çâ®
¨§¬¥¥¨¥ ¯®«ï ¢ íâ®¬ á«®¥ á®áâ ¢«ï¥â ξ-¤®«î ®â
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Ee, ª®æ¥âà æ¨ï n0 = Ii/V
T
n � n(δ+), â®«é¨-

  δ+ = 2leE, ¯®«ãç ¥¬ á ¨á¯®«ì§®¢ ¨¥¬ ä®à¬ã«ë

âà ¯¥æ¨© ¢ëà ¦¥¨¥ 4πen0l
e
E/ε = ξEe, ¨§ ª®â®à®£®

á«¥¤ã¥â

IE = ξ
εE2

eVn

4πkT
Tn. (26)

�à¨ Ee = 2 · 103 �/á¬, ξ = 0.1, Vn = 8.5 · 106 á¬/á ¨
Tn = 10−6 ¯®«ãç ¥¬ IE = 1015 á¬−2 · á−1, çâ® å®à®è®
á®£« áã¥âáï á à¥§ã«ìâ â®¬ ç¨á«¥®£® à áç¥â . �

ãç¥â®¬ ¢ëà ¦¥¨© (18) ¨ (26) ¤«ï I∗ ¨ IE ãá«®¢¨¥

IE & I∗ ¯¥à¥å®¤¨â ¢

Tn &
ε

4πξ

Dp

dVp
, (27)

çâ® ®§ ç ¥â, çâ® áâàãªâãàë á ¡®«ìè¨¬¨ âã¥«ì-
ë¬¨ ¯à®§à ç®áâï¬¨ £à ¨æ ¨¬¥îâ áã¡«¨¥©ë©

ãç áâ®ª ¢ § ¢¨á¨¬®áâ¨ j(Ii).
�®ï¢«¥¨¥ ¢¡«¨§¨ í«¥ªâà®¤®¢ ®¡« áâ¥© ¯®¢ëè¥-

®© ¯«®â®áâ¨ ®¡ê¥¬®£® § àï¤  ï¢«ï¥âáï å à ªâ¥à-
®© ®á®¡¥®áâìî á¨«ì® á¬¥é¥ëå ®á¢¥é ¥¬ëå ¢ë-
á®ª®®¬ëå ����� áâàãªâãà. �®§¨ª ¥â ¥áâ¥áâ¢¥-
ë© ¢®¯à®á — ª ª¨¥ ¯à®æ¥ááë § ¬¥¤«ïâ à®áâ ª®-
æ¥âà æ¨© ¨ ¯®«ï ¢¡«¨§¨ £à ¨æ ¯®«ã¯à®¢®¤¨ª . �®
 è¥¬ã ¬¥¨î, â ª¨¬ ¯à®æ¥áá®¬ ï¢«ï¥âáï ¨¦¥ª-
æ¨ï ®á¨â¥«¥© ¨§ ¬¥â ««  ¢ à¥§ã«ìâ â¥ § ç¨â¥«ì®£®

¯ ¤¥¨ï  ¯àï¦¥¨ï   ¯«¥ª¥, á¨¦ îé¥£® ¯®â¥-
æ¨ «ìë© ¡ àì¥à, ¯à¥®¤®«¥¢ ¥¬ë© âã¥«¨àãîé¥©

ç áâ¨æ¥©, ¯à¨ ¯®¯ ¤ ¨¨ ¢ á®®â¢¥âáâ¢ãîéãî §®ã ¯®-
«ã¯à®¢®¤¨ª . � ç áâ®áâ¨, ¢ ¤¨í«¥ªâà¨ª¥ â®«é¨®©
di = 30 Å ¯à¨ ¯®«¥ Ei = (εs/εi)E0 ' 3 · 105 �/á¬
§ ç¥¨¥ Vi = 0.1 �. � ë© íää¥ªâ ¯à¨¢®¤¨â

ª ã¢¥«¨ç¥¨î § ç¥¨© p0 ¨ nd, ¤®¯®«¨â¥«ì®¬ã

¨¦¥ªæ¨®®¬ã â®ªã ¨ ãá¨«¥¨î à¥ª®¬¡¨ æ¨¨ ®á¨-
â¥«¥© (ç¥à¥§ ãà®¢¥ì   ¯®¢¥àå®áâ¨), çâ® § ¬¥¤«¨â
à®áâ § ç¥¨© n0, pd ¨ E0, Ed. �¥«¨ç¨  ¤ëà®ç®£®

â®ª  ¬®¦¥â ¡ëâì ¢ëç¨á«¥  ¨§ (25) ¯à¨ § ¬¥¥ peq0
  peq0 exp(eV 0

i /kT ). �«ï ®æ¥ª¨ ®¡« áâ¨ ¯ à ¬¥-
âà®¢, ¢ ª®â®à®© ¨¦¥ªæ¨ï ¤ëà®ª á  ®¤  áâ ®¢¨âáï
áãé¥áâ¢¥®©, ¯à¨à ¢ï¥¬ â®ª j0 ª § ç¥¨î ξeIi
(ξ & 0.1). �à¥¥¡à¥£ ï í«¥ªâà®®© ª®¬¯®¥â®©

â®ª  j0, ¯à¨å®¤¨¬ ª ãà ¢¥¨î ¤«ï ¡¥§à §¬¥à®£®

 ¯àï¦¥¨ï ψ = eV 0
i /kT

eψ = γβψ2, γ =
ε2
i

8πεs

V Tn
V Tp

kT

e2d2
i p
eq
0

, β = ξ
(
1 + 2sp/v

p
dr

)
,

(28)
�«ï γβ � 1 ¯à¨¡«¨¦¥®¥ à¥è¥¨¥ (28) ¨¬¥¥â ¢¨¤

ψ ' ln(γβ)
(
1 + 2 ln ln(γβ)/(ln(γβ)− 2)

)
. (29)

�«ï ϕBn = 1 �, di = 30 Å, εs = 10.9, εi = 3,
V Tn /V

T
p = 1.4, T = 300 K, ξ = 0.1, β = 0.2 ¯®«ãç¨¬

γ = 4.7 ·106, ψ = 17.2, V 0
i = 0.44 �, Ei = 1.5 ·106 �/á¬,

E0 = 4 · 105 �/á¬.
�§ (28) á«¥¤ã¥â, çâ® à¥¦¨¬ ¨¦¥ªæ¨¨  áâã¯ ¥â

¯à¨ ¬¥ìè¨å § ç¥¨ïå V 0
i ¤«ï ¡®«ìè¨å § ç¥¨©

ϕBn ¨ ¬¥ìè¨å â¥¬¯¥à âãà.
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Carrier Accumulation and Strong Electric
Fields Near the Electrodes in the Illuminated
High-resistivity MISIM Structures

B.I. Reznikov, G.V. Tsarenkov

A.F.Ioffe Physical-technical Institute,
Russian Academy of Sciences,
194021 St.Petersburg, Russian

Abstract Effect of the dielectric layer tunnel transparency
Tn,p on electric field dictribution and the current-intensity
dependence in a strongly biased pure high-resistivity metal–
insulator–semiconductor–insulator–metal structure (MISIM)
has been examined.

It has been shown that with decreasing Tn,p carriers
accumulate near the opposite sign electrodes and their density
rises sharply in layers of the order of lE = kT/eEe (Ee = V/d)
in thickness. A region of parameters has been determined
where accumulation effects are so high that electric field near
the electrodes significantly rises and exceeds noticeably the
mean field.

The current–transparency dependence is determined by

Schottky barrier. At moderate fields, if photocurrent is much

higher then the dark one, the current density rises slightly

with decreasing Tn,p and tends to the maximum value eIi.

At strong fields current rises sharply due to carrier injection

through the lowered potential barrier.
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