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�¡®¡é¥ë à¥§ã«ìâ âë ¨áá«¥¤®¢ ¨ï ¯àï¬®£® â®ª  ¢ âà¥å â¨¯ å ¡ àì¥àëå áâàãªâãà: £®¬®-
p−n-áâàãªâãà å p−n-GaP/n-Si, p−n-GaAs–n-GaP/n-Si, p−n-GaAs–n-GaAs/n-Si; £¥â¥à®áâàãªâã-
à å n-GaP/p-Si, p-GaP/n-Si, n-GaAsP/p-Si, n-GaAs/p-Si ¨ ¯®¢¥àå®áâ®-¡ àì¥àëå áâàãªâãà å

Au–n-GaP/n-Si. �¯¨â ªá¨ «ìë¥ á«®¨ GaP ¨ GaAs   Si-¯®¤«®¦ª å á®§¤ ¢ «¨áì ¬¥â®¤®¬ £ -
§®ä §®© í¯¨â ªá¨¨ ¢ å«®à¨¤®© á¨áâ¥¬¥. �¥¬¯¥à âãàë¥ ¨§¬¥à¥¨ï ¯®ª § «¨, çâ® ¯àï¬®© â®ª

¨¬¥¥â âã¥«ìãî ¯à¨à®¤ã, å®âï è¨à¨  ®¡« áâ¨ ®¡ê¥¬®£® § àï¤  § ç¨â¥«ì® ¡®«ìè¥ ¤«¨ë

âã¥«¨à®¢ ¨ï. �à¥¤«®¦¥  ¬®¤¥«ì ¥®¤®à®¤®£® âã¥«¨à®¢ ¨ï ¢¤®«ì ¤¨á«®ª æ¨©, ¯¥à¥á¥ª -
îé¨å ®¡« áâì ®¡ê¥¬®£® § àï¤ . �ç¥â âã¥«¨à®¢ ¨ï â ª®£® â¨¯  ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¢¢¥¤¥¨ï
ä¥®¬¥®«®£¨ç¥áª®£® ª®íää¨æ¨¥â  ”à §à¥¦¥¨ï” ¡ àì¥à . �®¤¥«ì ¯®§¢®«ï¥â ¯® ¢®«ìâ- ¬¯¥à®©
å à ªâ¥à¨áâ¨ª¥ ¢ëç¨á«¨âì ¯«®â®áâì ¤¨á«®ª æ¨© ¢ ¯à¨¡®àëå áâàãªâãà å.

1. �¢¥¤¥¨¥

�¤® ¨§  ªâã «ìëå  ¯à ¢«¥¨© ¯®«ã¯à®¢®¤¨-
ª®¢®© í«¥ªâà®¨ª¨ — à §à ¡®âª  ¢®á¯à®¨§¢®¤¨¬®©

â¥å®«®£¨¨ í¯¨â ªá¨ «ì®£® ¢ëà é¨¢ ¨ï á«®¥¢ GaP
¨ GaAs   Si-¯®¤«®¦ª å á æ¥«ìî á®§¤ ¨ï à §-
«¨çëå ¬¨ªà®- ¨ ®¯â®í«¥ªâà®ëå ¯à¨¡®à®¢   ¨å

®á®¢¥ [1–5]. � ª¨¥ £¥â¥à®áâàãªâãàë ¯®§¢®«ïîâ á®-
¢¬¥áâ¨âì ã¨ª «ìë¥ í«¥ªâà¨ç¥áª¨¥, ä®â®í«¥ªâà¨-
ç¥áª¨¥ ¨ «î¬¨¥áæ¥âë¥ á¢®©áâ¢  GaAs ¨ GaP
á ¯à¥¨¬ãé¥áâ¢ ¬¨ ¢ëá®ª®ª ç¥áâ¢¥ëå ªà¥¬¨¥¢ëå

¯« áâ¨ ¢ ¬®®«¨â®© áâàãªâãà¥.

� à ¡®â å [5–10] á®®¡é «®áì ® á®§¤ ¨¨ £®¬®§®ëå
p−n-áâàãªâãà ¨§ GaP ¨ GaAs   Si-¯®¤«®¦ª å ¨  ¨-
§®â¨¯ëå £¥â¥à®áâàãªâãà GaP/Si, GaAs/Si ¬¥â®¤®¬
£ §®ä §®© í¯¨â ªá¨¨ ¢ å«®à¨¤®© á¨áâ¥¬¥,   â ª-
¦¥ ¯®¢¥àå®áâ®-¡ àì¥àëåm−s-áâàãªâãà   ®á®¢¥
í¯¨â ªá¨ «ìëå á«®¥¢ n-GaP   Si-¯®¤«®¦ª å. �á¥
á«®¨ AIIIBV ¡ë«¨ ¥¢ëà®¦¤¥ë¬¨, â.¥. ®á¨â¥«¨ â®-
ª  ¯®¤ç¨ï«¨áì áâ â¨áâ¨ª¥ �®«ìæ¬  . �à¨¢¥¤¥ë¥
¢ íâ¨å à ¡®â å à¥§ã«ìâ âë ¨áá«¥¤®¢ ¨ï ¯®ª §ë¢ îâ,
çâ® â®ª®¯à®å®¦¤¥¨¥ ¢® ¢á¥å íâ¨å áâàãªâãà å ¨¬¥-
¥â ®¡éãî § ª®®¬¥à®áâì: ¯à®ï¢«ï¥âáï âã¥«ìë©
å à ªâ¥à â®ª  ¤ ¦¥ ¯à¨ ª®¬ âëå â¥¬¯¥à âãà å,
¥á¬®âàï   ¡®«ìèãî è¨à¨ã ®¡« áâ¨ ®¡ê¥¬®£®

§ àï¤  ¯® áà ¢¥¨î á ¤«¨®© âã¥«¨à®¢ ¨ï.

�¥«ì ¤ ®© à ¡®âë — ®¡®¡é¨âì à¥§ã«ìâ âë ¨á-
á«¥¤®¢ ¨ï â®ª®¯à®å®¦¤¥¨ï ¢ âà¥å â¨¯ å ¡ àì¥àëå

áâàãªâãà   ®á®¢¥ GaP ¨ GaAs   Si-¯®¤«®¦ª å:
¢ í¯¨â ªá¨ «ìëå p−n-áâàãªâãà å, ¢  ¨§®â¨¯ëå

£¥â¥à®áâàãªâãà å ¨ ¢ ¯®¢¥àå®áâ®-¡ àì¥àëå áâàãª-
âãà å.�¡®¡é¥¨¥ ®á®¢ ®   ¬®¤¥«ì®¬ ¯à¥¤áâ ¢«¥-
¨¨ ®¡ ®¡«¥£ç¥®¬ ¤¨á«®ª æ¨ï¬¨ âã¥«¨à®¢ ¨¨,
¯à¨ ª®â®à®¬ ¢¥à®ïâ®áâì âã¥«ì®£® ¯¥à¥å®¤  ¨

å à ªâ¥à ï ¤«¨  âã¥«¨à®¢ ¨ï § ¬¥â® ã¢¥«¨-
ç¨¢ îâáï ¢ à¥§ã«ìâ â¥ «®ª «ì®£® à §à¥¦¥¨ï ¡ àì¥-

à    ¯ãâ¨ ¯à®å®¦¤¥¨ï ¤¨á«®ª æ¨¨, ¯¥à¥á¥ª îé¥©
®¡« áâì ®¡ê¥¬®£® § àï¤ .
� ç «  ¯à¨¢®¤¨âáï ®â¤¥«ì® ¤«ï ª ¦¤®£® â¨¯ 

áâàãªâãà ªà âª¨© ®¡§®à à¥§ã«ìâ â®¢ ¨áá«¥¤®¢ ¨ï

âã¥«ì®-¨§¡ëâ®ç®£® ¯àï¬®£® â®ª  (à §¤. 3). � â¥¬
®¡áã¦¤ ¥âáï áå®¤áâ¢® ¨ ®â«¨ç¨¥ ¬¥å ¨§¬  ¯à®å®-
¦¤¥¨ï â®ª  ¬¥¦¤ã âà¥¬ï â¨¯ ¬¨ áâàãªâãà (à §¤. 4).
� «¥¥ (à §¤. 5) ®¡áã¦¤ ¥âáï ¤¨á«®ª æ¨®ë© ¬¥å -
¨§¬ âã¥«ì®-¨§¡ëâ®ç®£® â®ª®¯à®å®¦¤¥¨ï ç¥à¥§
è¨à®ª¨© (¯® áà ¢¥¨î á å à ªâ¥à®© ¤«¨®© âã¥-
«¨à®¢ ¨ï) ¡ àì¥à.

2. �¡ê¥ªâë ¨áá«¥¤®¢ ¨ï

�¨§®â¨¯ë¥ £¥â¥à®áâàãªâãàë n-GaP/p-Si,
p-GaP/n-Si, n-GaAs0.25P0.75/p-Si ¨ n-GaAs/p-Si
¨¬¥«¨ â®«é¨ë í¯¨â ªá¨ «ìëå á«®¥¢ 3–4 ¬ª¬.
�¯¨â ªá¨ «ìë¥ p−n-áâàãªâãàë ¨§ GaP  

Si-¯®¤«®¦ª å ¨¬¥«¨ â®«é¨ë á«®¥¢ n- ¨ p-â¨¯  3–4
¨ 2–3 ¬ª¬ á®®â¢¥âáâ¢¥®. �®æ¥âà æ¨ï ®á®¢ëå

à ¢®¢¥áëå ®á¨â¥«¥© ¢ á«®ïå n-GaP, n-GaAsP ¨

n-GaAs á®áâ ¢«ï«  n0 ' 1017 á¬−3,   ¢ á«®ïå p-GaP —
p0 ' 5 ·1016 á¬−3. �¯¨â ªá¨ «ìë¥ p−n-áâàãªâãàë ¨§
GaAs   Si-¯®¤«®¦ª å ¡ë«¨ ¢ ¤¢ãå à §®¢¨¤®áâïå:
1-ï — á ¡ãä¥àë¬ í¯¨â ªá¨ «ìë¬ á«®¥¬ ¨§ GaP,
¢ëà é¥ë¬ ¬¥â®¤®¬ £ §®ä §®© í¯¨â ªá¨¨ ¢

å«®à¤¨®© á¨áâ¥¬¥, £¤¥ â®«é¨  ¡ãä¥à®£® á«®ï

¯®àï¤ª  6 ¬ª¬; 2-ï — á ¡ãä¥àë¬ á«®¥¬ ¨§ GaAs,
¯®«ãç¥ë¬ ¬®«¥ªã«ïà®-¯ãçª®¢®© í¯¨â ªá¨¥©,
á â®«é¨®© ¯®àï¤ª  1.7 ¬ª¬. �ãªæ¨® «ìë¥

á«®¨ n- ¨ p-GaAs á®§¤ ¢ «¨áì ¬¥â®¤®¬ £ §®ä §®©

í¯¨â ªá¨¨ ¢ å«®à¨¤®© á¨áâ¥¬¥ ¨ ¨¬¥«¨ â®«é¨ë

5 ¨ 3 ¬ª¬ á®®â¢¥âáâ¢¥®. �®æ¥âà æ¨ï ®á®¢ëå

à ¢®¢¥áëå ®á¨â¥«¥© ¢ á«®ïå n-GaAs á®áâ ¢«ï« 

n0 ' 5 · 1016 á¬−3 ¨ ¢ á«®ïå p-GaAs — p0 ' 1017 á¬−3.
�®¢¥àå®áâ®-¡ àì¥àë¥ áâàãªâãàë Au–n-GaP/n-Si
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� ¡«¨æ  1. �á®¢ë¥ ¯ à ¬¥âàë ¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥

�¡à §æë �¨¯ áâàãªâãàë I0, �/á¬2 ε, ¬í� β

�®¬®-p−n-áâàãªâãàë

1 p−n-GaP/n-Si 10−9 70 2.7
2 p−n-GaAs/n-GaP/n-Si 10−8 45 1.7
3 p−n-GaAs/n-GaAs/n-Si 6 · 10−8 70 2.6

�¨§®â¨¯ë¥ £¥â¥à®-p−n-áâàãªâãàë

4 n-GaP/p-Si 2 · 10−6 65 2.5
5 p-GaP/n-Si 10−6 60 2.2
6 n-GaAsP/p-Si 3 · 10−6 85 3.6
7 n-GaAs/p-Si 10−5 − −

�®¢¥àå®áâ®-¡ àì¥àë¥ m−s-áâàãªâãàë

1c Au–n-GaP/n-Si 2 · 10−7 55 2.1
2c Au–n-GaP/n-Si 10−7 70 2.4

� ¡«¨æ  2. � à ¬¥âàë, å à ªâ¥à¨§ãîé¨¥ â¥¬¯¥à âãàãî § ¢¨á¨¬®áâì ¯àï¬®© ¢¥â¢¨ ¢®«ìâ- ¬¯¥à®© å à ªâ¥à¨áâ¨ª¨

�¡à §æë �¨¯ áâàãªâãàë ε0, ¬í� β∞ a, K−1, I00, �/á¬2

�®¬®-p−n-áâàãªâãàë

1 p−n-GaP/n-Si 60 2 6.1 · 10−2 10−15

2 p−n-GaAs/n-GaP/n-Si 31 2 5.4 · 10−2 3 · 10−13

3 p−n-GaAs/n-GaAs/n-Si 73 2 3.0 · 10−2 (1−10) · 10−10

�¨§®â¨¯ë¥ £¥â¥à®-p−n-áâàãªâãàë

4 n-GaP/p-Si 65 2 2.5 · 10−2 (3− 10) · 10−10

5 p-GaP/n-Si 33 2 2.5 · 10−2 (1− 10) · 10−9

6 n-GaAsP/p-Si 80 2 2.3 · 10−2 (3− 10) · 10−9

7 n-GaAs/p-Si – 2 – –

�®¢¥àå®áâ®-¡ àì¥àë¥ m−s-áâàãªâãàë

1c Au–n-GaP/n-Si 55 1 2.1 · 10−2 10−9

2c Au–n-GaP/n-Si 70 1 2.2 · 10−2 (3− 8) · 10−10

�à¨¬¥ç ¨¥. �«ï ¢¥«¨ç¨ë β∞ ¤ ë ¯à¨¡«¨¦¥ë¥ § ç¥¨ï.

¡ë«¨ ¯®«ãç¥ë â¥à¬¨ç¥áª¨¬ à á¯ë«¥¨¥¬ §®«®â 

â®«é¨®© 100÷150 Å   ¯®¢¥àå®áâì í¯¨â ªá¨ «ì®£®

á«®ï n-GaP.

3. �á®¢ë¥ à¥§ã«ìâ âë

�«ï ¨áá«¥¤®¢ ëå áâàãªâãà § ¢¨á¨¬®áâ¨ â®ª  ®â

 ¯àï¦¥¨ï (¯àï¬ë¥ ¢¥â¢¨) ¬®¦® ¯à¥¤áâ ¢¨âì ª ª
íªá¯®¥æ¨ «ìë¥ ¢ á¢®¥© ®á®¢¥, á ¥¡®«ìè¨¬¨ ¤®-
¯®«¥¨ï¬¨ ¢ ¢¨¤¥ ”£®à¡®¢” (à¨á. 1,a,b), ¯®íâ®¬ã

¯à¨   «¨§¥ íªá¯¥à¨¬¥â «ìëå à¥§ã«ìâ â®¢ ¢® ¢á¥å

3-å â¨¯ å áâàãªâãà ¢®«ìâ- ¬¯¥à ï å à ªâ¥à¨áâ¨ª 

 ¯¯à®ªá¨¬¨à®¢ « áì ¢ëà ¦¥¨¥¬

I = I0 exp eU/ε, (1)

¯à¨ç¥¬ § ¢¨á¨¬®áâì ¯®«ãç¥®£® â ª¨¬ á¯®á®¡®¬

¯à¥¤íªá¯®¥æ¨ «ì®£® ¬®¦¨â¥«ï I0 ®â â¥¬¯¥à âã-

àë ®¯¨áë¢ ¥âáï íªá¯®¥â®© (à¨á. 2)

I0 = I00 expaT

¤«ï ¢á¥å 3-å â¨¯®¢ áâàãªâãà.
3.1. �«ï  ¨§®â¨¯ëå £¥â¥à®¯¥à¥å®¤®¢ (®¡à §-

æë 4-7 ¢ â ¡«. 1 ¨ 2) å à ªâ¥à¥ ¬¥å ¨§¬ ¯à®â¥ª ¨ï
âã¥«ì®-¨§¡ëâ®ç®£® â®ª  [6]. � à ¬¥âàë § ¢¨-
á¨¬®áâ¨ (1) ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ á®áâ ¢«ïîâ:
å à ªâ¥à¨áâ¨ç¥áª ï í¥à£¨ï ε = 60÷85 ¬í�, ¯à¥¤íªá-
¯®¥æ¨ «ìë© ¬®¦¨â¥«ì I0 = 10−6 ÷ 10−5�/á¬2.
�¥«¨ç¨  ε ¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë, «¨¡® á« ¡®
à áâ¥â á â¥¬¯¥à âãà®© (à¨á. 3,b). �ªáâà ¯®«¨à®-
¢ ®¥ ª T = 0 § ç¥¨¥ ε «¥¦¨â ¢ ¤¨ ¯ §®¥

ε0 = (33−80) ¬í� (â ¡«. 2). �à¥¤íªá¯®¥æ¨ «ìë©

¬®¦¨â¥«ì I0 á« ¡® (¥ â¥à¬® ªâ¨¢ æ¨®®) à áâ¥â á
â¥¬¯¥à âãà®© (à¨á. 2), â¥¬¯¥à âãàë© ª®íää¨æ¨¥â
a = ∆ ln I0/∆T ' (2.3−2.5) · 10−2 K−1; § ç¥¨¥ I00 —
¢ ¤¨ ¯ §®¥ I00 ' (10−8−10−9)�/á¬2 (â ¡«. 2).
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�¨á. 1. �àï¬ë¥ ¢¥â¢¨ ¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª ¤«ï
3-å â¨¯®¢ ¡ àì¥àëå áâàãªâãà ¯à¨ 300 K: a — £®¬®-p−n- ¨
£¥â¥à®-p−n- ¨ £¥â¥à®-p−n-áâàãªâãàë, b — ¯®¢¥àå®áâ®-
¡ àì¥àë¥ m−s-áâàãªâãàë. �¨äàë ã ªà¨¢ëå á®®â¢¥â-
áâ¢ãîâ ®¡®§ ç¥¨ï¬ ¨áá«¥¤®¢ ëå ®¡à §æ®¢ ¢ â ¡«. 1, 2.

3.2. �ã¥«ì®-¨§¡ëâ®çë© ¬¥å ¨§¬ ¯à®å®¦¤¥-
¨ï â®ª  å à ªâ¥à¥ â ª¦¥ ¤«ï £®¬®§®ëå p−n-
áâàãªâãà ¨§ GaP ¨ GaAs   Si [7–9]. �à¨ ª®¬-
 â®© â¥¬¯¥à âãà¥ § ç¥¨¥ ε = 45 ÷ 70 ¬í�,
I0 = 5 · 10−8 ÷ 10−9�/á¬2, â.¥. ¬¥ìè¥, ç¥¬ ã £¥â¥-
à®¯¥à¥å®¤®¢ (®¡à §æë 1–3 ¢ â ¡«. 1 ¨ 2).

� à ªâ¥à¨áâ¨ç¥áª ï í¥à£¨ï á« ¡® à áâ¥â á â¥¬¯¥-
à âãà®© (à¨á. 3,a). �ªáâà ¯®«¨à®¢ ®¥ ª ã«¥¢®©

 ¡á®«îâ®© â¥¬¯¥à âãà¥ § ç¥¨¥ ε «¥¦¨â ¢ ¤¨ ¯ -
§®¥ ε0 = (30−70) ¬í� (â ¡«. 2), â.¥. ¯à¨¬¥à® ª ª ¨ ã
£¥â¥à®¯¥à¥å®¤®¢. �à¥¤íªá¯®¥æ¨ «ìë© ¬®¦¨â¥«ì
I0 á« ¡® à áâ¥â á â¥¬¯¥à âãà®© (à¨á. 2). � ç¥¨¥ I00

à ¢® I00 = 10−9÷ 3 · 10−13�/á¬2 ¤«ï p−n-¯¥à¥å®¤  ¢
GaAs ¨ I00 = 10−15�/á¬2 ¤«ï p−n-¯¥à¥å®¤  (â ¡«. 2)
¢ GaP.

3.3. �«ï ¯®¢¥àå®áâ®-¡ àì¥àëå áâàãªâãà Au–n-
GaP/n-Si (®¡à §æë 1c, 2c ¢ â ¡«. 1 ¨ 2) ¯à¨ ª®¬-
 â®© â¥¬¯¥à âãà¥ § ç¥¨¥ ε = 55−70 ¬í� ¨

I0 ' 10−7�/á¬2, â.¥. áà¥¤¥¥ ¬¥¦¤ã £¥â¥à®- ¨ £®¬®-
¯¥à¥å®¤ ¬¨. �à¨ ¯®¨¦¥¨¨ â¥¬¯¥à âãàë I0 ã¬¥ì-
è ¥âáï (à¨á. 2). �ªáâà ¯®«ïæ¨ï I0 ª T = 0 ¤ ¥â § -
ç¥¨¥ I00 ' 10−9�/á¬2, â¥¬¯¥à âãàë© ª®íää¨æ¨¥â
a = 2.2 · 10−2 K−1 (â ¡«. 2). � ç¥¨¥ ε ¯à ªâ¨ç¥áª¨
¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë (à¨á. 3,á).

4. �®¯®áâ ¢«¥¨¥ ¯ à ¬¥âà®¢

�§ à¨á. 2 ¨ â ¡«. 1 ¢¨¤®, çâ® ¤«ï £®¬®-
p−n-¯¥à¥å®¤®¢  ¨¬¥ìè¥¥ § ç¥¨¥ I0 ã ä®áä¨¤-
£ ««¨¥¢ëå áâàãªâãà,    ¨¡®«ìè¥¥ — ã  àá¥¨¤-
£ ««¨¥¢ëå á ¡ãä¥àë¬ á«®¥¬ ¨§ GaAs. �â® á®®â-
¢¥âáâ¢ã¥â ¯à¥¤áâ ¢«¥¨î ® â®¬, çâ® á ã¢¥«¨ç¥¨¥¬

è¨à¨ë § ¯à¥é¥®© §®ë ¢¥à®ïâ®áâì âã¥«¨à®-
¢ ¨ï ã¬¥ìè ¥âáï, â ª ª ª ã¢¥«¨ç¨¢ ¥âáï ¢ëá®â 

¯à¥®¤®«¥¢ ¥¬®£® ¯®â¥æ¨ «ì®£® ¡ àì¥à . �«ï £¥â¥-
à®áâàãªâãà ¢¥«¨ç¨  I0 ¬¥ï¥âáï ¬ «® ¯® áà ¢¥¨î
á ¥¥ ¨§¬¥¥¨ï¬¨ ¢ £®¬®áâàãªâãà å (à¨á. 2, â ¡«. 1).
�â® á®®â¢¥âáâ¢ã¥â ¯à¥¤áâ ¢«¥¨î ® â®¬, çâ® ¤«ï £¥â¥-
à®áâàãªâãà ®á®¢ãî à®«ì ¢ ¯à®æ¥áá å â®ª®¯¥à¥®á 

¨£à ¥â ªà¥¬¨©.�® íâ®©¦¥ ¯à¨ç¨¥ I0 ã £¥â¥à®áâàãª-
âãà ¡®«ìè¥, ç¥¬ ã £®¬®áâàãªâãà, çâ® á®®â¢¥âáâ¢ãîâ
¢ëè¥ã¯®¬ïãâ®¬ã ¯à¥¤áâ ¢«¥¨î ® ¢«¨ï¨¨ è¨à¨ë

§ ¯à¥é¥®© §®ë   ¢¥à®ïâ®áâì âã¥«¨à®¢ ¨ï.
� ª¨¬ ®¡à §®¬, âã¥«ì®-¨§¡ëâ®ç®© â®ª —  ¨-
¬¥ìè¨© ã ä®áä¨¤-£ ««¨¥¢ëå £®¬®-p−n-áâàãªâãà. �
¥ª®â®àëå ¨áá«¥¤®¢ ëå â¨¯®¢ áâàãªâãà á ¯®¢ëè¥-
¨¥¬ â¥¬¯¥à âãàë ã¢¥«¨ç¨¢ ¥âáï ε (à¨á. 3), ã ¢á¥å

áâàãªâãà ã¬¥ìè ¥âáï β = ε/kT (à¨á. 4,a-c). �àã¡ ï
íªáâà ¯®«ïæ¨¨ ª ¡¥áª®¥ç® ¡®«ìè®© â¥¬¯¥à âãà¥

¤ ¥â β∞ (â ¡«. 2). � £®¬®- ¨ £¥â¥à®-p−n-áâàãªâãà
β∞ ' 2,   ã ¯®¢¥àå®áâ®-¡ àì¥àëå áâàãªâãà

β∞ ' 1. � ¢á¥å âà¥å â¨¯®¢ áâàãªâãà á ¯®¢ëè¥¨¥¬

â¥¬¯¥à âãàë ã¢¥«¨ç¨¢ ¥âáï I0, íªáâà ¯®«ïæ¨¨ § ¢¨-
á¨¬®áâ¨ I0(1/T ) ª ¡¥áª®¥ç® ¡®«ìè®© â¥¬¯¥à âãà¥

�¨á. 2. � ¢¨á¨¬®áâì ¯à¥¤íªá¯®¥æ¨ «ì®£® ¬®¦¨â¥«ï

I0 ®â â¥¬¯¥à âãàë ¤«ï 3-å â¨¯®¢ áâàãªâãà. �¨äàë ã

ªà¨¢ëå á®®â¢¥âáâ¢ãîâ ®¡®§ ç¥¨ï¬ ®¡à §æ®¢ ¢ â ¡«. 1, 2.
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�¨á. 3. �¥¬¯¥à âãà ï § ¢¨á¨¬®áâì å à ªâ¥à¨áâ¨ç¥áª®©
í¥à£¨¨ ε ¤«ï 3-å â¨¯®¢ áâàãªâãà. �¨äàë ã ªà¨¢ëå

á®®â¢¥âáâ¢ãîâ ®¡®§ ç¥¨ï¬ ®¡à §æ®¢ ¢ â ¡«. 1, 2.

¤ ¥â § ç¥¨¥, ª®â®à®¥ ¯® ¯®àï¤ªã ¢¥«¨ç¨ë ®¤¨ -
ª®¢® ¤«ï ¢á¥å áâàãªâãà: 10−4 ÷ 10−5�/á¬2 (à¨á. 4).
�«ï £®¬®- ¨ £¥â¥à®áâàãªâãà, ç¥¬ ¬¥ìè¥ I0, â¥¬

¡®«ìè¥ â¥¬¯¥à âãàë© ª®íää¨æ¨¥â a = ∆ ln I0/∆T
(à¨á. 2).

5. �¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢

5.1. � ª¨¬ ®¡à §®¬, ¢® ¢á¥å ¨áá«¥¤®¢ ëå áâàãª-
âãà å ¯àï¬®© â®ª ¨¬¥¥â ®¤¨ ª®¢ãî äãªæ¨® «ì-
ãî § ¢¨á¨¬®áâì ®â  ¯àï¦¥¨ï ¨ â¥¬¯¥à âãàë, ª®-
â®à ï ãª §ë¢ ¥â   âã¥«ìë© å à ªâ¥à, ¥á¬®âàï
  â® çâ® í¯¨â ªá¨ «ìë¥ á«®¨ (¥©âà «ìë¥ â®«é¨)
¡ àì¥àëå áâàãªâãà ¡ë«¨ ¥¢ëà®¦¤¥ë¬¨ ¨ ¨¬¥«¨

ª®æ¥âà æ¨î ¯®àï¤ª  (1016−1017) á¬−3.
�ã¥«ìë¥ ¯à¨§ ª¨ ¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨-

áâ¨ª (���)  ¨¡®«¥¥ ç¥âª® ¯à®ï¢«ïîâáï ¯à¨ ¨§ª¨å
â¥¬¯¥à âãà å, ® ç¥¬ á¢¨¤¥â¥«ìáâ¢ãîâ â¥¬¯¥à âãà ï
¥§ ¢¨á¨¬®áâì ε (à¨á. 3) ¨ á« ¡ ï (¥ â¥à¬® ªâ¨¢ æ¨-
® ï) â¥¬¯¥à âãà ï § ¢¨á¨¬®áâì I0 (à¨á. 2, 4). � -
¡«î¤ ¥¬®¥ à §«¨ç¨¥ ¢¥«¨ç¨ I0 ã 3-å â¨¯®¢ áâàãªâãà
á®£« áã¥âáï á à §®© ¢ëá®â®© ¯à¥®¤®«¥¢ ¥¬ëå ¯®â¥-
æ¨ «ìëå ¡ àì¥à®¢. � ¨¬¥ìè ï ¢ëá®â  ¯®â¥æ¨ «ì-
®£® ¡ àì¥à  ã £¥â¥à®¯¥à¥å®¤®¢ (§ ¤ ¥âáï è¨à¨®©

§ ¯à¥é¥®© §®ë ªà¥¬¨ï ESi
g ),  ¨¡®«ìè ï — ã

£®¬®§®ëå p−n-¯¥à¥å®¤®¢   ®á®¢¥ GaP (§ ¤ ¥âáï
EGaP
g ).

�¨á. 4. � ¢¨á¨¬®áâì ¯ à ¬¥âà®¢ I0 ¨ β ®â ®¡à â®© â¥¬¯¥-
à âãàë ¤«ï 3-å â¨¯®¢ ¡ àì¥àëå áâàãªâãà: a — £®¬®-p−n,
b — £¥â¥à®-p−n, c — m−s. �¨äàë ã ªà¨¢ëå á®®â-
¢¥âáâ¢ãîâ ®¡®§ ç¥¨ï¬ ®¡à §æ®¢ ¢ â ¡«. 1, 2. �à¨¢ë¥,
®â¬¥ç¥ë¥ ®¬¥à ¬¨ ¡¥§ èâà¨å®¢, ¯®ª §ë¢ îâ â¥¬¯¥à -
âãàãî § ¢¨á¨¬®áâì I0,   á® èâà¨å ¬¨ — β. �âà¨å®¢ë¬¨

¯àï¬ë¬¨ ãª §  ãà®¢¥ì ¢¥«¨ç¨ë β∞.
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5.2. � à ªâ¥à¨áâ¨ç¥áª ï í¥à£¨ï ε. �§ ¥¢ëà®-
¦¤¥®áâ¨ á«®¥¢, á®áâ ¢«ïîé¨å áâàãªâãàë, á«¥¤ã¥â,
çâ® ®¡« áâì ®¡ê¥¬®£® § àï¤  W ¢® ¢á¥å 3-å â¨¯ å
áâàãªâãà ¡ë«  § ç¨â¥«ì® è¨à¥, ç¥¬ å à ªâ¥à ï

¤«¨  âã¥«¨à®¢ ¨ï (¨®£¤   §ë¢ ¥¬ ï âã¥«ì-
®© ¤«¨®© ¢®«ë ¤¥ �à®©«ï) λ, â.¥. ¢á¥ áâàãªâãàë
¡ë«¨ è¨à®ª®¡ àì¥àë¬¨ ¯® ®â®è¥¨î ª âã¥«ì-
®¬ã íää¥ªâã. �¥©áâ¢¨â¥«ì®, ¢¥«¨ç¨ã W ¬®¦®

®æ¥¨âì ¯® ä®à¬ã«¥

W '

[
2κ0

e

( κ
N

)
eff

(
Us − U

)]1/2

, (2)

£¤¥ κ0 — ¤¨í«¥ªâà¨ç¥áª ï ¯®áâ®ï ï, κ — ¤¨-
í«¥ªâà¨ç¥áª ï ¯à®¨æ ¥¬®áâì â®«é¨ ¯®«ã¯à®¢®¤¨-
ª , e — § àï¤ í«¥ªâà® ,

( κ
N

)
eff

=



κ/nn, (3 )

κ
(

1

nn
+

1

pp

)
, (3¡)

κnκp
(nnκn + ppκp)

(nn + pp)
2

nnpp
, (3¢)

£¤¥ nn, pp ¨ κn, κp — ª®æ¥âà æ¨ï ®á®¢ëå ®á¨â¥-
«¥© ¨ ®â®á¨â¥«ì ï ¤¨í«¥ªâà¨ç¥áª ï ¯à®¨æ ¥¬®áâì

á®®â¢¥âáâ¢¥® ¢ â®«é å n- ¨ p-â¨¯®¢ ¡ àì¥à®©

áâàãªâãàë, eUs — ¢ëá®â  ¯®â¥æ¨ «ì®£® ¡ àì¥à 

(à¨á. 5). �®à¬ã« (3 ) — ¤«ï ¡ àì¥à®¢ �®ââª¨,
(3¡) — ¤«ï £®¬®-p−n-¯¥à¥å®¤®¢, (3¢) — ¤«ï £¥â¥à®-
p−n-¯¥à¥å®¤®¢.

eUs '


ϕb − µn '

2
3E

GaP
g − µn, (4 )

EGaP
g − µn − µp, EGaAs

g − µn − µp, (4¡)

ESi
g − µ

Si
p − µ

GaP,GaAs
n , (4¢)

£¤¥ å¨¬¨ç¥áª¨¥ ¯®â¥æ¨ «ë µn ' kT lnNc/nn,
µp ' kT lnNv/pp. �®à¬ã«ë (4 ) — ¤«ï ¡ àì¥à®¢

�®ââª¨, (4¡) — ¤«ï £®¬®-p−n-¯¥à¥å®¤®¢, (4¢) ¤«ï

£¥â¥à®-p−n-áâàãªâãà. �æ¥ª  â®«é¨ë ®¡« áâ¨ ®¡ê-
¥¬®£® § àï¤  ¤ ¥â W ' (0.2−0.5) ¬ª¬. � àï¤ã á

íâ¨¬ ®æ¥ª  ¤«¨ë âã¥«¨à®¢ ¨ï

λ = ~/
√

2m∗e(Us − U), (5)

£¤¥ m∗ — íää¥ªâ¨¢ ï ¬ áá  í«¥ªâà® , ¤ ¥â

λ = 1 ¬. �®®â®è¥¨¥ W � λ ®§ ç ¥â, çâ® ¯à¥¤-
¯®« £ ¥¬®¥ âã¥«¨à®¢ ¨¥ ¨¬¥¥â ã¢¥«¨ç¥ãî ¢¥à®-
ïâ®áâì âã¥«ì®£® ¯¥à¥å®¤ . �®£« á® [11–14], íâ®
¬®¦¥â ¡ëâì ¢ë§¢ ® ¯à®áâà áâ¢¥® ¯à®âï¦¥®©

á¨áâ¥¬®© ãà®¢¥© ¢ § ¯à¥é¥®© §®¥, ª®â®à ï ®¡¥á-
¯¥ç¨¢ ¥â ¥ ®¤®ªà â®¥,   â ª  §ë¢ ¥¬®¥ ¬®£®áâã-
¯¥ç â®¥ âã¥«¨à®¢ ¨¥ (à¨á. 5), ª®â®à®¥, ¯®  è¥-
¬ã ¯à¥¤¯®«®¦¥¨î, ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥® ®¤¨¬
íää¥ªâ¨¢ë¬ ®¤®ªà âë¬ ¨ ®¡«¥£ç¥ë¬ (¯®íâ®¬ã
ã¤«¨¥ë¬) âã¥«ìë¬ ¯¥à¥å®¤®¬, ¯ãâ¥¬ ¢¢¥¤¥¨ï
¬ áèâ ¡®£® ª®íää¨æ¨¥â  r (ª®íää¨æ¨¥â  ”à §-
à¥¦¥®áâ¨” ¡ àì¥à ), ã¢¥«¨ç¨¢ îé¥£® λ. �¥®¡å®-

�¨á. 5. �¥à£¥â¨ç¥áª¨¥ ¤¨ £à ¬¬ë ¡ àì¥à®¢ ¤«ï 3-å
â¨¯®¢ áâàãªâãà: a — m−s, b — £®¬®-p−n, c — £¥â¥à®-p−n.

¤¨¬ ï ¯à®áâà áâ¢¥® ¯à®âï¦¥ ï á¨áâ¥¬  í¥à-
£¥â¨ç¥áª¨å ãà®¢¥© ¢ § ¯à¥é¥®© §®¥ ®¡¥á¯¥ç¨¢ -
¥âáï ¤¨á«®ª æ¨ï¬¨, ¯¥à¥á¥ª îé¨¬¨ ®¡« áâì ®¡ê¥¬-
®£® § àï¤  ¡ àì¥à®© áâàãªâãàë. � ¨áá«¥¤®¢ ëå

áâàãªãâà å â ª¨¥ ¤¨á«®ª æ¨¨ ¬®£ãâ § à®¦¤ âìáï  

£¥â¥à®£à ¨æ¥ ¨ ¤®å®¤¨âì ¤® á«®ï ®¡ê¥¬®£® § àï¤ .
�¢¥¤¥¨¥ ä¥®¬¥®«®£¨ç¥áª®£® ¬ áèâ ¡®£® ª®-

íää¨æ¨¥â  à §à¥¦¥®áâ¨, ã¢¥«¨ç¨¢ îé¥£® ¤«¨ã
âã¥«¨à®¢ ¨ï, ã¢¥«¨ç¨¢ ¥â ¨ ¢¥à®ïâ®áâì âã¥-
«¨à®¢ ¨ï, çâ® íªá¯¥à¨¬¥â «ì® ¯à®ï¢«ï¥âáï ¢ ã¢¥-
«¨ç¥¨¨ å à ªâ¥à¨áâ¨ç¥áª®© í¥à£¨¨ ε ¯® áà ¢¥¨î
á ¥£® â¥®à¥â¨ç¥áª¨¬ § ç¥¨¥¬ εt. �¥©áâ¢¨â¥«ì®,
â®ª I ¯à®¯®àæ¨® «¥ ¢¥à®ïâ®áâ¨ âã¥«¨à®¢ ¨ï P
áª¢®§ì ¡ àì¥à [15],   ¢¥à®ïâ®áâì ®¯à¥¤¥«ï¥âáï ®â®-
è¥¨¥¬ è¨à¨ë ¡ àì¥à  ª âã¥«ì®© ¤«¨¥ ¢®«ë

¤¥ �à®©«ï P ' exp(−W/λ), çâ® ¯®á«¥ ¯®¤áâ ®¢ª¨ (2)
¨ (5) ¤ ¥â

I ∼ exp
[
−e(Us − U)/εt

]
, (6)

£¤¥ â¥®à¥â¨ç¥áª®¥ § ç¥¨¥

εt =
~e
2

[
1

κ0m∗

(
N

κ

)
eff

]1/2

¨ ¥ ¯à¥¢ëè ¥â εt ' 10 ¬í�, çâ® ¬¥ìè¥ íªá¯¥à¨¬¥-
â «ìëå § ç¥¨© (â ¡«. 1). � ª¨¬ ®¡à §®¬, ä¥®¬¥-
®«®£¨ç¥áª¨© ª®íää¨æ¨¥â à §à¥¦¥®áâ¨ ¡ àì¥à 

r = ε/εt = 5÷ 10.
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5.3. �¥¬¯¥à âãà ï § ¢¨á¨¬®áâì ε(T ). �â¬¥â¨¬,
çâ® ¢ ¥ª®â®àëå ®¡à §æ å ¨§¡ëâ®çë© â®ª ï¢«ï¥âáï

¥ ç¨áâ® âã¥«ìë¬,   â¥à¬®âã¥«ìë¬. �¥à¬¨-
ç¥áª¨© å à ªâ¥à ¯à®ï¢«ï¥âáï, ¢ ç áâ®áâ¨, ç¥à¥§

¡®«¥¥ á¨«ìãî (áâà¥¬ïéãîáï ª íªá¯®¥æ¨ «ì®©)
§ ¢¨á¨¬®áâì I0 ®â 1/T (à¨á. 4,a–c) ¯à¨ ¢ëá®ª¨å â¥¬-
¯¥à âãà å.�àã£¨¬ â¥à¬¨ç¥áª¨¬ ¯à¨§ ª®¬, ãá¨«¨¢ -
îé¨¬áï ¯à¨ ¯®¢ëè¥¨¨ â¥¬¯¥à âãàë, ï¢«ï¥âáï â¥¬-
¯¥à âãà ï § ¢¨á¨¬®áâì ε (à¨á. 3). �âã § ¢¨á¨¬®áâì
¯à¨¡«¨¦¥® ¬®¦® ¯à¥¤áâ ¢¨âì, ª ª ¨ ¢ [16], ¢ ¢¨¤¥

ε(T ) = ε0cth (ε0/β∞kT ). (7)

� ¯à¥¤¥«ì®¬ á«ãç ¥ ¢ëá®ª¨å â¥¬¯¥à âãà (T →∞)
ä®à¬ã«  (7) ¯¥à¥å®¤¨â ¢ «¨¥©ãî § ¢¨á¨¬®áâì

ε(T ) = β∞kT (á®®â¢¥âáâ¢¥® å à ªâ¥à¨áâ¨ç¥áª¨©

ª®íää¨æ¨¥â áâ ®¢¨âáï â¥¬¯¥à âãà® ¥§ ¢¨á¨-
¬ë¬, â ª ª ª β = β∞) ¨ á®®â¢¥âáâ¢ã¥â â¥à¬®-
í¬¨áá¨®®¬ã â®ªã �¥â¥ ¢ ¯®¢¥àå®áâ®-¡ àì¥àëëå
áâàãâãà å (β∞ = 1) (íªáâà ¯®«ïæ¨ï   à¨á. 4,c) ¨

â¥à¬®¨¦¥ªæ¨®®¬ã â®ªã �®ª«¨-�®©–�   ¢ p−n-
¯¥à¥å®¤ å (β∞ = 2) (íªáà ¯®«ïæ¨ï   à¨á. 4,a, b).
� ¯à¥¤¥«ì®¬ á«ãç ¥ ¨§ª¨å â¥¬¯¥à âãà (T → 0)
ä®à¬ã«  (7) ¤ ¥â â¥¬¯¥à âãàãî ¥§ ¢¨á¨¬®áâì å -
à ªâ¥à¨áâ¨ç¥áª®© í¥à£¨¨: ε(0) = ε0. �ãªæ¨®-
 «ì ï â¥¬¯¥à âãà ï § ¢¨á¨á¬®áâì, ¢¨¤  (7) ¡ë« 
â¥®à¥â¨ç¥áª¨ ¢ë¢¥¤¥  ¤«ï ¬®¤¥«¨ â¥à¬®í«¥ªâà®®£®

â®ª®¯à®å®¦¤¥¨ï ¢ ã§ª¨å ¡ àì¥à å �®ââª¨ [11]
¨ ¢ ¥¨¤¥ «ìëå (á ¯®¢¥àå®áâàë¬¨ á®áâ®ï¨ï¬¨

  £¥â¥à®£à ¨æ¥ à §¤¥« )  ¨§®â¨¯ëå £¥â¥à®¯¥à¥-
å®¤ å [12]. � ¤¨ á®£« á¨ï á íªá¯¥à¨¬¥â «ìë¬¨

à¥§ã«ìâ â ¬ ä®à¬ã«  ¨§ à ¡®â [11–12] ®¡®¡é¥  ¢

à ¡®â¥ [16] ¯ãâ¥¬ ¢¢¥¤¥¥¨ï ¯ à ¬¥âà  β∞, çâ®  è«®
¯®¤â¢¥à¦¤¥¨¥ ¢ íâ®© à ¡®â¥.

5.4. �¥¬¯¥à âãàë© ª®íää¨æ¨¥â a. �¥«¨ç¨ã

â¥¬¯¥à âãà®£® ª®íää¨æ¨¥â  a ¬®¦® à ááç¨â âì

¨áå®¤ï ¨§ (6)

I0 ∼ exp
[
−eUs(T )/ε(T )

]
. (8)

�á«¨ ¢ ¨áá«¥¤ã¥¬®¬ ¤¨ ¯ §®¥ â¥¬¯¥à âãà

ε(T ) = ε0 ¨ ¯à ªâ¨ç¥áª¨ ¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë,
â® a ¯®«®áâìî ®¯à¥¤¥«ï¥âáï â¥¬¯¥à âãà®©

§ ¢¨á¨¬®áâìî Us(T ).
�¨¥© ï â¥¬¯¥à âãà ï § ¢¨á¨¬®áâì Us(T ) ¢ë¢®-

¤¨âáï ¨§ (4), á ãç¥â®¬ â®£®, çâ® Eg(T ) = Eg(0) − αT
(  ¨áá«¥¤ã¥¬®¬ ãç áâª¥):

a =


1

ε0

(
2

3
α+ k ln

Nc

nn

)
,

1

ε0

(
α+ k ln

Nc

nn
+ k lnNvpp

)
,

£¤¥ ¢¥àå¥¥ ¢ëà ¦¥¨¥ á¯à ¢¥¤«¨¢® ¤«ï ¡ àì¥-
à®¢ �®ââª¨, ¯à ¢®¥ — ¤«ï £®¬®- ¨ £¥â¥à®-p−n-
áâàãªâãà, eUs(0) = Eg(0) (¤«ï p−n-áâàãªâãà);
eUs(0) = (2/3)Eg(0) — ¤«ï ¡ àì¥à®¢ �®ââ-
ª¨. �®« £ ï ¯à¨ ®æ¥ª å, çâ® α ' 0.4 ¬í�/K

(â¥¬¯¥à âãàë© ª®íää¨æ¨¥â è¨à¨ë § ¯à¥é¥-
®© §®ë), Nc ' Nv ' 1018 á¬−3, ¯®«ãç¨¬

a ' (0.5− 2.0) · 10−2 K−1.
�¥áª®«ìª® ¡®«¥¥ ¢ëá®ª¨¥ íªá¯¥à¨¬¥â «ìë¥ § -

ç¥¨ï a (â ¡«. 2) ®¡ãá«®¢«¥ë â¥à¬®âã¥«ìë¬,  
¥ ç¨áâ® âã¥«ìë¬ å à ªâ¥à®¬ â®ª    íªáâà ¯®-
«¨àã¥¬®¬ ãç áâª¥, ¨§-§  ç¥£® ¢¥«¨ç¨  ε ¥ ï¢«ï¥âáï
ª®áâ â®©, ª ª ¯à¥¤¯®« £ «®áì ¯à¨ à áç¥â¥,   à -
áâ¥â á T , ã¢¥«¨ç¨¢ ï a.

5.5. �¨§ª®â¥¬¯¥à âãà®© ¯à¥¤íªá¯®¥æ¨ «ìë©

¬®¦¨â¥«ì I00. �á«¨ ¯à¨¤¥à¦¨¢ âìáï ¯à¥¤¯®«®¦¥-
¨ï ® ¤¨á«®ª æ¨®®© ¯à¨à®¤¥ âã¥«ì®-¨§¡ëâ®ç-
®£® â®ª , â® ¥£® ¢¥«¨ç¨ã ¬®¦® ®æ¥¨âì ¯® ä®à¬ã«¥

I = eρνP, (10)

£¤¥ ρ — ¯«®â®áâì ¤¨á«®ª æ¨©, ν ' 1013 á−1.
�¥©áâ¢¨â¥«ì®, ç¨á«® ¯®¯ëâ®ª âã¥«¨à®¢ ¨ï ¢

¥¤¨¨æã ¢à¥¬¥¨ á®áâ ¢«ï¥â ν = 1013 á−1, ç¨á«®

ãá¯¥èëå ¯®¯ëâ®ª — νP , â®ª ç¥à¥§ ®¤ã ¤¨á«®ª -
æ¨®ãî âàã¡ªã — eνP , ¯«®â®áâì â®ª  ç¥à¥§ ¢áî

áâàãªâãàã — ρeνP . �§ (6) ¨ (10) á«¥¤ã¥â

I = eρν exp
[
−eUs(T )/ε(T )

]
exp
[
eU/ε(T )

]
(11)

¨, á«¥¤®¢ â¥«ì®,

I00 = eρν exp
[
−
eUs(0)

ε(0)

]
. (12)

� ¤ ®© à ¡®â¥ ¯à®¢¥àª  ¢§ ¨¬®á¢ï§¨ I00 ¨ ε(0),
á®£« á® (12), § âàã¤¥  ¨§-§  â®£®, çâ® ¥ à §à -
¡®â   ¤¥ª¢ âë© á¯®á®¡  ¯¯à®ªá¨¬ æ¨¨ ”£®à¡ â®©”
I − U -å à ªâ¥à¨áâ¨ª¨ ®¤®© íªá¯®¥â®©, ¨ ¯®íâ®¬ã
áãé¥áâ¢ã¥â ¥®¯à¥¤¥«¥®áâì ¢ § ç¥¨¨ ε.
�ªá¯¥à¨¬¥â «ìë¥ § ç¥¨ï ε ®¯à¥¤¥«ïîâáï  

®£à ¨ç¥®¬ ãç áâª¥  ¯àï¦¥¨© ¨ ¯®íâ®¬ã ¬®£ãâ

®ª § âìáï § ¢ëè¥ë¬¨ ¯® áà ¢¥¨î á® áà¥¤¨¬

§ ç¥¨¥¬. � ¨¬¥ìè¨¥ ®âª«®¥¨ï ¤®«¦ë ¡ëâì

ã ¡®«¥¥ è¨à®ª®§®ëå ¯®«ã¯à®¢®¤¨ª®¢, â ª ª ª

ã ¨å ¡®«ìè¥ ¤¨ ¯ §® ¨§¬¥àï¥¬ëå  ¯àï¦¥¨¥©

¢ íªá¯®¥æ¨ «ì®© ç áâ¨ ���, ¨ ¯®íâ®¬ã ¡®«ìè¥

¢®§¬®¦®áâ¥© ¢¢¥áâ¨ ¯®¯à ¢ªã   £®à¡ë. �¥á¬®âàï
  ãª § ë¥ âàã¤®áâ¨ ¢ â®ç®¬ ®¯à¥¤¥«¥¨¨ ε,
á®®â¢¥âáâ¢¨¥ (12) á®¡«î¤ ¥âáï,  ¯à¨¬¥à, ¤«ï £®¬®-
p−n-áâàãªâãà, ¯®¢¥àå®áâ®-¡ àì¥àëå áâàãªâãà ¨

¤«ï ¥ª®â®àëå ®¡à §æ®¢ £¥â¥à®-p−n-áâàãªâãà, ¥á«¨
¯«®â®áâì ¤¨á«®ª æ¨© ¯à¨ïâì ρ ' 107 á¬−3.

� ª«îç¥¨¥

�ªá¯¥à¨¬¥â «ìë¥ ¤ ë¥, ®¡®¡é¥ë¥ ¢  áâ®-
ïé¥© à ¡®â¥ [5–10], ª ª ¨ ¬®£®ç¨á«¥ë¥ à ¥¥

®¡®¡é¥ë¥ ¤ ë¥ [17,18], ¯®ª §ë¢ îâ, çâ® ¯àï¬®©
â®ª ¢ ¡ àì¥àëå áâàãªâãà å (£®¬®-, £¥â¥à®-p−n- ¨
m−s-) ¬®¦¥â ¨¬¥âì âã¥«ì®¥ ¯à®¨áå®¦¤¥¨¥ ¤ ¦¥
¢ è¨à®ª®¡ àì¥àëå (W > λ) áâàãªâãà å. � ª®©
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158 �.�. �¢áâà®¯®¢, �.�. �¨«ï¥¢,�. �¦ã¬ ¥¢ , �. � § à®¢

âã¥«ì®-¨§¡ëâ®çë© â®ª ®¡ãá«®¢«¥ ¤¨á«®ª æ¨ï-
¬¨ (¯à®âï¦¥ë¬¨ ¤¥ä¥ªâ ¬¨), ª®â®àë¥ à á¯®«®¦¥-
ë ¢ ®¡« áâ¨ ®¡ê¥¬®£® § àï¤ , á®§¤ îâ ¯à®áâà -
áâ¢¥® ¯à®âï¦¥ãî á¨áâ¥¬ã ãà®¢¥© ¢ § ¯à¥é¥-
®© §®¥ ¨ â¥¬ á ¬ë¬ ®¡«¥£ç îâ âã¥«¨à®¢ ¨¥¢

áª¢®§ì ¡ àì¥à, á®§¤ ë© ®¡« áâìî ®¡ê¥¬®£® § àï-
¤ .

�  áâ®ïé¥© à ¡®â¥ ¯®ª § ®, çâ® â ª®¥ ®¡«¥£-
ç¥®¥ âã¥«¨à®¢ ¨¥ ¬®¦® ãç¥áâì ä¥®¬¥®«®-
£¨ç¥áª¨, ¢¢¥¤ï á¢®¡®¤ë© ¬ áèâ ¡ë© ª®íää¨æ¨¥â
à §à¥¦¥®áâ¨ ¡ àì¥à  r, ª®â®àë© ã¢¥«¨ç¨¢ ¥â ¢

r à § ¤«¨ã âã¥«¨à®¢ ¨ï   ¯ãâ¨ ¯à®å®¦¤¥¨ï

¤¨á«®ª æ¨®®© âàã¡ª¨ ¯® áà ¢¥¨î á âã¥«ì®©

¤«¨®© ¢®«ë ¤¥ �à®©«ï ¢¥ âàã¡ª¨.

� ª¨¬ ®¡à §®¬, ¢áî ¯àï¬ãî ¢¥â¢ì ��� ¨ ¥¥ â¥¬¯¥-
à âãàãî § ¢¨á¨¬®áâì ®ª §ë¢ ¥âáï ¢®§¬®¦ë¬ ®¯¨-
á âì, ¨á¯®«ì§ãï ¢á¥£® â®«ìª® ®¤¨ ä¥®¬¥®«®£¨ç¥-
áª¨© ¯ à ¬¥âà à §à¥¦¥®áâ¨. �  áâ®ïé¥© à ¡®â¥

r = 5÷ 10,   ¯à¥¤¯®« £ ¥¬ë¥ ¤¨á«®ª æ¨¨ à®¦¤ îâáï
  £¥â¥à®£à ¨æ¥ á«®©–¯®¤«®¦ª  (AIIIBV/Si) ¨ ¤®å®-
¤ïâ ¤® ®¡« áâ¨ ¯à®áâà áâ¢¥®£® § àï¤ .

�¢â®àë áç¨â îâ á¢®¨¬ ¯à¨ïâë¬ ¤®«£®¬ ¢ëà -
§¨âì ¡ «£®¤ à®áâì �.�. �¥¤®à®¢ã, �.�. �¥à£¥¥¢ã ¨
�.�. �®¯ç¨© §  ¯®¬®éì ¢ ¨§£®â®¢«¥¨¨ ®¡à §æ®¢,  
â ª¦¥ �.�. �âà¥«ìçãªã §  ¯®«¥§ë¥ ®¡áã¦¤¥¨ï.
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