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�áá«¥¤®¢ ë í«¥ªâà®ä¨§¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨ áâàãªâãà á ¡«®ª¨à®¢ ®© ¯àë¦ª®¢®© ¯à®¢®-
¤¨¬®áâìî ¯® ¯à¨¬¥á®© §®¥   ªà¥¬¨¨ «¥£¨à®¢ ®¬ £ ««¨¥¬ (NGa ≈ 5 · 1017 á¬−3). �«®ª¨àã-
îé¨¥ á«®¨ ¢ áâàãªâãà å ¯®«ãç¥ë ¯ áá¨¢ æ¨¥© «¥£¨àãîé¥© ¯à¨¬¥á¨ £ ««¨ï £¨¤à®£¥¨§ æ¨¥© ¢

¢®¤®à®¤®© ¯« §¬¥ ¯®¨¦¥®£® ¤ ¢«¥¨ï (¢ëá®ª®ç áâ®âë© à §àï¤) ¯à¨ â¥¬¯¥à âãà¥ ¯®¤«®¦ª¨ ¢
¤¨ ¯ §®¥ T = 20÷ 220◦ C. �¡ àã¦¥® ã¬¥ìè¥¨¥ ¯à¨ £¨¤à®£¥¨§ æ¨¨ í¥à£¨¨  ªâ¨¢ æ¨¨ ¯àë¦-
ª®¢®© ¯à®¢®¤¨¬®áâ¨ á ¯àë¦ª ¬¨ ¬¥¦¤ã ¡«¨¦ ©è¨¬¨ á®á¥¤¨¬¨  â®¬ ¬¨ £ ««¨ï á Ea = 8.7¬í�
(¢ ¥£¨¤à¨à®£¥¨§¨à®¢ ëå áâàãªâãà å) ¤® Ea = 1.3¬í� (¯®á«¥ £¨¤à®£¥¨§ æ¨¨ ¯à¨ T = 220◦ C).
�§ãç¥ë ¢®«ìâ- ¬¯¥àë¥ å à ªâ¥à¨áâ¨ª¨ ¨ â¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨ â¥¬®¢®£® â®ª  áâàãªâãà
¨ ¨å ¨§¬¥¥¨ï ¯®á«¥ ¨§®åà®ëå (t = 20¬¨) ®â¦¨£®¢ ¢ ¤¨ ¯ §®¥ 220 ÷ 400◦ C. �à®¢¥¤¥
à áç¥â ¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª ¯à¨ ¨§ª¨å â¥¬¯¥à âãà å. �®ª § ®, çâ® à áç¥âë¥ ¤ ë¥
á®¢¯ ¤ îâ á íªá¯¥à¨¬¥â «ìë¬¨.

�¢¥¤¥¨¥

�à¨ ¨§ª¨å â¥¬¯¥à âãà å ¢ ç áâ¨ç® ª®¬¯¥á¨à®-
¢ ®¬ ªà¥¬¨¨, «¥£¨à®¢ ®¬ ¯à¨¬¥áï¬¨ á ¬¥«ª¨¬¨
ãà®¢ï¬¨ á ª®æ¥âà æ¨¥© Ns ∼ 1017 ÷ 1018 á¬−3,
 ¡«î¤ ¥âáï ¯àë¦ª®¢ ï ¯à®¢®¤¨¬®áâì á ¯àë¦ª ¬¨

¬¥¦¤ã ¡«¨¦ ©è¨¬¨ á®á¥¤ï¬¨ ¨«¨ á ¯¥à¥¬¥®© ¤«¨-
®© ¯àë¦ª  [1–4]. � «¨ç¨¥ ¯àë¦ª®¢®© ¯à®¢®¤¨¬®-
áâ¨ ¯à¨¢®¤¨â ª ¢®§¨ª®¢¥¨î ¡®«ìè¨å â¥¬®¢ëå

â®ª®¢ ä®â®á®¯à®â¨¢«¥¨©, ¨§£®â®¢«¥ëå   ¯à¨¬¥á-
®¬ ¯®«ã¯à®¢®¤¨ª¥, ¨ â¥¬ á ¬ë¬ ª ¯®¨¦¥¨î

¨å ®¡ àã¦¨â¥«ì®© á¯®á®¡®áâ¨ [5–7]. � æ¥«ìî

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

ä®â®¤¥â¥ªâ®à å   á¨«ì® «¥£¨à®¢ ®¬ ¬ â¥à¨ -
«¥ ¯à¥¤«®¦¥ë ¢ à¨ âë áâàãªâãà á ¡«®ª¨àãîé¨å

á«®ï¬¨ — BIB-áâàãªâãàë (Blocked impurity band
structures [5–11]).
�  è¥© à ¡®â¥ [12] ¯à¥¤«®¦¥  à¥ «¨§ æ¨ï

¨ à áá¬®âà¥ë í«¥ªâà®ä¨§¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨

BIB-áâàãªâãà á ¡«®ª¨àãîé¨¬¨ á«®ï¬¨, ¯®«ãç¥ë¬¨
¯à¨ ¯®¬®é¨ £¨¤à®£¥¨§ æ¨¨ ¢ ª¨¯ïé¥© ¤¨áâ¨««¨-
à®¢ ®© ¢®¤¥, ¯à¨ ª®â®àëå, ª ª ¨§¢¥áâ® [13–17],
¯à®¨áå®¤¨â ¯ áá¨¢ æ¨ï ¬¥«ª¨å ¤®®àëå ¨  ªæ¥¯â®à-
ëå á®áâ®ï¨© ¨ ®¡à §®¢ ¨¥ í«¥ªâà¨ç¥áª¨ ¥©âà «ì-
ëå ª®¬¯«¥ªá®¢ (A−H+)0 ¨ (�+H−)0. �¥«ì ¤ ®©

à ¡®âë — ¨áá«¥¤®¢ ¨¥ ¢®§¬®¦®áâ¨ ä®à¬¨à®¢ ¨ï

áâàãªâãà á ¡«®ª¨à®¢ ®© ¯àë¦ª®¢®© ¯à®¢®¤¨¬®-
áâìî   ¯®¢¥àå®áâ¨ «¥£¨à®¢ ®£® £ ««¨¥¬ ªà¥¬¨ï

á ¯®¬®éìî £¨¤à®£¥¨§ æ¨¨ ¢ ¯« §¬¥ ¢®¤®à®¤ , ¨áá«¥-
¤®¢ ¨¥ ¨ ®¯¨á ¨¥ í«¥ªâà®ä¨§¨ç¥áª¨å å à ªâ¥à¨áâ-
ª¨ íâ¨å áâàãªâãà.

1. �¥â®¤¨ª  íªá¯¥à¨¬¥â 

� à ¡®â¥ ¨á¯®«ì§®¢ «¨áì ¯« áâ¨ë ªà¥¬¨ï

p-â¨¯  â®«é¨®© d = 380¬ª¬, ¢ëà é¥ë¥

¬¥â®¤®¬ §®®© ¯« ¢ª¨, «¥£¨à®¢ ë¥ £ ««¨¥¬

(NGa = (2−5) · 1017 á¬−3). �¬¨ç¥áª¨¥ ª®â ªâë

  ¥¯«  àãî áâ®à®ã áâàãªâãà á®§¤ ¢ «¨áì

á ¯®¬®éìî ¨¬¯« â æ¨¨ ¨®®¢ B+ á í¥à£¨¥©

E = 100ªí� ¤®§®© Φ = 1.9 · 1015 á¬−2 á ¯®á«¥¤ãîé¨¬

â¥à¬¨ç¥áª¨¬ ®â¦¨£®¬ ¯à¨ T = 1000◦C ¢ â¥ç¥¨¥

t = 0.3ç ¨ ¬¥â ««¨§ æ¨¥© Cr+Au ¯à¨ â¥¬¯¥à âãà¥

200◦C. �«  à ï áâ®à®  ¯« áâ¨ ¯®¤¢¥à£ « áì

£¨¤à®£¥¨§ æ¨¨ ¢ ¯« §¬¥ ¢®¤®à®¤  ¯®¨¦¥®£®

¤ ¢«¥¨ï (0.1−0.3¬¬àâ. áâ.), ¯®«ãç ¥¬®©

¢ëá®ª®ç áâ®âë¬ à §àï¤®¬ ¯à¨ â¥¬¯¥à âãà å

¯®¤«®¦ª¨ T = 20 ÷ 220 ◦C. �à¥¬ï íªá¯®§¨æ¨¨ ¢

¯« §¬¥ ¢ àì¨à®¢ «®áì ¢ ¯à¥¤¥« å t = 0.2 ÷ 1 ç.
�¬¨ç¥áª¨¥ ª®â ªâë á® áâ®à®ë ¡«®ª¨àãîé¥£®

á«®ï á®§¤ ¢ «¨áì á ¯®¬®éìî ¨¬¯« â æ¨¨ ¨®®¢

B+ á E = 10ªí� ¤®§®© Φ = 6.3 · 1015 á¬−2 ¡¥§

¯®á«¥¤ãîé¥£® ®â¦¨£ . �®á«¥ ¨¬¯« â æ¨¨ â ª¦¥

¯à®¢®¤¨« áì ¬¥â ««¨§ æ¨ï Cr+Au ¯à¨ T = 200◦C.
�®æ¥âà æ¨®ë¥ ¯à®ä¨«¨ ¯à¨¬¥á¨ £ ««¨ï ¢

í«¥ªâà¨ç¥áª¨  ªâ¨¢®¬ á®áâ®ï¨¨ ®¯à¥¤¥«ï«¨áì ¯®

¨§¬¥à¥¨ï¬ ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥   ç áâ®â å

f = 0.14 ÷ 1��æ ¢®«ìâ-ä à ¤ëå å à ªâ¥à¨áâ¨ª

¤¨®¤®¢�®ââª¨ Al–p-Si, ¨§£®â®¢«¥ëå   ¯« áâ¨ å,
ª®â®àë¥ ¥ ¯®¤¢¥à£ «¨áì á® áâ®à®ë ¡«®ª¨àãîé¥£®

á«®ï ¨¬¯« â æ¨¨ ¨® ¬¨ ¡®à  ¨ ¬¥â ««¨§ æ¨¨.
�®âà®«ì §  ª®æ¥âà æ¨¥© æ¥âà®¢ á £«ã¡®ª¨¬¨

ãà®¢ï¬¨ ¢ ¡«®ª¨àãîé¥¬ á«®¥ ®áãé¥áâ¢«ï«áï

¬¥â®¤®¬ ¥áâ æ¨® à®© ¥¬ª®áâ®© á¯¥ªâà®áª®¯¨¨

£«ã¡®ª¨å ãà®¢¥© (�����) ¢ à¥¦¨¬¥ ¯®áâ®ï®£®

 ¯àï¦¥¨ï ¯® ¬¥â®¤¨ª¥, ®¯¨á ®© ¢ [17]. �® ¨

¯®á«¥ £¨¤à®£¥¨§ æ¨¨ ¨§¬¥àï«¨áì ¢®«ìâ- ¬¯¥àë¥
å à ªâ¥à¨áâ¨ª¨ (���) ¨ â¥¬¯¥à âãàë¥ § ¢¨á¨¬®áâ¨
á®¯à®â¨¢«¥¨ï áâàãªâãà ¢ â¥¬¯¥à âãà®¬ ¨â¥à¢ «¥

4.2 ÷ 50 K. �¥à¬¨ç¥áª ï áâ ¡¨«ì®áâì áâàãªâãà

¨áá«¥¤®¢ « áì á ¯®¬®éìî ¨§®åà®®£® (t = 20¬¨)
®â¦¨£  ¢  â¬®áä¥à¥ áãå®£®  §®â  ¢ ¤¨ ¯ §®¥

â¥¬¯¥à âãà T = 200÷ 400◦C.
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2. � áá¨¢ æ¨ï ¯à¨¬¥á¨ £ ««¨ï

á ¯®¬®éìî £¨¤à®£¥¨§ æ¨¨ áâàãªâãà

¢ ¯« §¬¥ ¢®¤®à®¤ 

�  à¨á. 1 ¯à¥¤áâ ¢«¥ë ¯à®ä¨«¨ ª®æ¥âà æ¨¨

¨®¨§®¢ ®© ¯à¨¬¥á¨ ¢ Si : Ga á ¨áå®¤®© ª®æ¥-
âà æ¨¥© £ ««¨ï NGa = 5 · 1017 á¬−3 ¯®á«¥ £¨¤à®£¥-
¨§ æ¨¨ ¢ ¯« §¬¥ ¢®¤®à®¤ . � ª ¢¨¤® ¨§ à¨á. 1,
¯®á«¥ ®¡à ¡®âª¨ ¯à¨ T = 20◦C §  ¢à¥¬ï t = 20¬¨
®¡à §ã¥âáï á«®© £«ã¡¨®© h ≈ 0.5¬ª¬ á ®áâ â®ç-
®© ª®æ¥âà æ¨¥© ¨®¨§®¢ ®© ¯à¨¬¥á¨ ¯®àï¤ª 

7 · 1016 á¬−3 (á¬. ¢áâ ¢ªã   à¨á. 1). �¡à ¡®âª  ¯à¨

T = 220◦C ¢ â¥ç¥¨¥ â ª®£® ¦¥ ¢à¥¬¥¨ ¯à¨¢®-
¤¨â ª ¢®§¨ª®¢¥¨î ¢ëá®ª®®¬®£® á«®ï â®«é¨®©

h ≈ 1.7¬ª¬ á ®áâ â®ç®© ª®æ¥âà æ¨¥© ¨®¨§®-
¢ ëå  â®¬®¢ £ ««¨ï ¯®àï¤ª  1015 á¬−3. � ª¨¬

®¡à §®¬, ¨á¯®«ì§®¢ ¨¥ £¨¤à®£¥¨§ æ¨¨ ¢ ¢®¤®à®¤-
®© ¯« §¬¥ ¯®§¢®«ï¥â è¨à®ª® ¢ àì¨à®¢ âì â®«é¨ã

¯ áá¨¢¨à®¢ ëå á«®¥¢ ¨ ª®æ¥âà æ¨î ®áâ â®çëå

¯à¨¬¥á¥©. �â¨ ¯ à ¬¥âàë ®¯à¥¤¥«ïîâáï ª ª â¥¬-
¯¥à âãà®© § ¢¨á¨¬®áâìî ª®íää¨æ¨¥â  ¤¨ääã§¨¨

¢®¤®à®¤  (¢ â¥¬¯¥à âãà®¬ ¨â¥à¢ «¥ 130 ÷ 275◦C)
D [á¬2/á] = 9 · 10−7 exp(−0.45/kT ) (á¬. à ¡®âã [18]),
â ª ¨ ¢§ ¨¬®¤¥©áâ¢¨¥¬  â®¬®¢ ¢®¤®à®¤  á £ ««¨¥¬,
  â ª¦¥ à á¯ ¤®¬ ª®¬¯«¥ªá®¢ (Ga−H+)0. �æ¥ª 

£«ã¡¨ë ¯à®¨ª®¢¥¨ï ¢®¤®à®¤  ¯à¨ T = 220◦C
¤ ¥â L = (Dt)1/2 = 1.78¬ª¬, çâ® å®à®è® á®£« áã¥â-
áï á íªá¯¥à¨¬¥â «ì® ®¯à¥¤¥«¥®© ¢¥«¨ç¨®© (á¬.
à¨á. 1).
�«ï ¨§ãç¥¨ï ¯à®æ¥áá®¢ ¤¥ä¥ªâ®®¡à §®¢ ¨ï ¯à¨

£¨¤à®£¥¨§ æ¨¨ ¢ ¯« §¬¥  ¬¨ ¯à®¢¥¤¥ë ¨§¬¥à¥-
¨ï ¬¥â®¤®¬ ����� ª®æ¥âà æ¨¨ ¤¥ä¥ªâ®¢ ¢ £¨-
¤à®£¥¨§¨à®¢ ëå á«®ïå. �§¬¥à¥¨ï ¯®ª § «¨, çâ®
ª®æ¥âà æ¨ï £«ã¡®ª¨å æ¥âà®¢ ¢ ¯à¨¯®¢¥àå®áâëå

á«®ïå   £«ã¡¨ å ¯®àï¤ª  0.1¬ª¬ ¥ ¯à¥¢®áå®¤¨â

5 · 1013 á¬−3 ¨ ®  à¥§ª® á¯ ¤ ¥â ¢ £«ã¡ì ªà¨áâ «« ,

�¨á. 1. �à®ä¨«ì ª®æ¥âà æ¨¨ ¨®¨§®¢ ®© ¯à¨¬¥á¨ ¢

p-Si : Ga á ¨áå®¤®© ª®æ¥âà æ¨¥© NGa = 5 · 1017 á¬−3 ¯®-
á«¥ £¨¤à®£¥¨§ æ¨¨ ¢ ¯« §¬¥ ¢®¤®à®¤ . �à¥¬ï ®¡à ¡®âª¨
t = 20¬¨ ¯à¨ â¥¬¯¥à âãà¥ T = 220◦ C. �  ¢áâ ¢ª¥ — â®

¦¥ ¯à¨ T = 20◦ C.

�¨á. 2. �¥¬¯¥à âãà ï § ¢¨á¨¬®áâì â®ª  I ç¥à¥§ áâàãª-
âãàã ¯«®é ¤ìî 4× 5¬¬2   p-Si : Ga á NGa = 5 ·1017 á¬−3.
�¥«¨ç¨   ¯àï¦¥¨ï á¬¥é¥¨ï 2�. 1 — ¤® £¨¤à®£¥¨-
§ æ¨¨; 2, 3 — ¯®á«¥ £¨¤à®£¥¨§ æ¨¨ ¢ ¯« §¬¥ ¢®¤®à®¤ 

¢ â¥ç¥¨¥ t = 20¬¨, ¯à¨ â¥¬¯¥à âãà¥ T, ◦ C: 2 — 20,
3 — 220. �¨äàë ã ªà¨¢ëå ãª §ë¢ îâ ¢¥«¨ç¨ã í¥à£¨¨

 ªâ¨¢ æ¨¨ Ea ¢ ¬í�.

    £«ã¡¨¥ 1¬ª¬ áâ ®¢¨âáï ¨¦¥ ¯à¥¤¥«  çã¢-

áâ¢¨â¥«ì®áâ¨ ¬¥â®¤  (∼ 1012 á¬−3). �àã£®¥ ¯®¤â¢¥à-

¦¤¥¨¥ ®âáãâáâ¢¨ï ¯®á«¥ £¨¤à®£¥¨§ æ¨¨ § ç¨â¥«ì-

®© ª®æ¥âà æ¨¨ ¤¥ä¥ªâ®¢ á £«ã¡®ª¨¬¨ ãà®¢ï¬¨

í¥à£¨¨ á«¥¤ã¥â ¨§   «¨§  ¢¥«¨ç¨ë â®ª  ç¥à¥§

áâàãªâãàã, ®¯à¥¤¥«ï¥¬®© ¯à®¢®¤¨¬®áâìî ¡«®ª¨àãî-

é¥£® á«®ï [12] ¢ â¥¬¯¥à âãà®¬ ¨â¥à¢ «¥ 4−25 K.

�  à¨á. 2 ¯à¥¤áâ ¢«¥ë â¥¬¯¥à âãàë¥ § ¢¨á¨¬®-

áâ¨ â®ª  I ç¥à¥§ áâàãªâãàã, ¨§£®â®¢«¥ãî   ¨áå®¤-

®¬ ªà¥¬¨¨ á NGa = 5 ·1017 á¬−3, ¨ ç¥à¥§ áâàãªâãàë,

¨§£®â®¢«¥ë¥   â®¬ ¦¥ ªà¨áâ ««¥ ¯®á«¥ £¨¤à®£¥¨-

§ æ¨¨ ¢ ¯« §¬¥ ¯à¨ T = 20 ¨ 220◦C. �à¨ íâ®¬, á®£« á-

® à¨á. 1, ä®à¬¨àãîâáï ¡«®ª¨àãîé¨¥ á«®¨ â®«é¨®©

0.5 ¨ 1.7¬ª¬ á®®â¢¥âáâ¢¥®.�® áãé¥áâ¢ãîé¨¬ ¯à¥¤-

áâ ¢«¥¨ï¬ [2–4], â¥¬¯¥à âãà ï § ¢¨á¨¬®áâì â®ª  ¢

®¡« áâ¨ â¥¬¯¥à âãà ¨¦¥ â¥¬¯¥à âãàë ¢ë¬®à ¦¨¢ -

¨ï ãà®¢ï £ ««¨ï ¢ ªà¥¬¨¨ (EGa = Ev + 0.065 í�)

®¯à¥¤¥«ï¥âáï í¥à£¨¥©  ªâ¨¢ æ¨¨ ¯àë¦ª®¢®© ¯à®¢®-

¤¨¬®áâ¨, ®¡ãá«®¢«¥®© ¯àë¦ª ¬¨ ¬¥¦¤ã ¡«¨¦ ©-

è¨¬¨ á®á¥¤ï¬¨. �¥à£¨ï  ªâ¨¢ æ¨¨, ¯®«ãç¥ ï ¨§

 ª«®  ªà¨¢ëå   à¨á. 2, á®áâ ¢«ï¥â ¤«ï ¥£¨¤à®-

£¥¨§¨à®¢ ëå áâàãªâãà Ea = 8.7¬í�,   ¤«ï £¨¤à®-

£¥¨§¨à®¢ ëå ¢ ¯« §¬¥ ¯à¨ T = 20 ¨ 220◦C ® 

ã¬¥ìè ¥âáï ¤® Ea = 2.4 ¨ 1.3¬í� á®®â¢¥âáâ¢¥®.

� ë¥ ¢¥«¨ç¨ë å®à®è® á®£« áãîâáï á à áç¥âë¬¨

§ ç¥¨ï¬¨ í¥à£¨¨  ªâ¨¢ æ¨¨ ¯àë¦ª®¢®© ¯à®¢®¤¨-

¬®áâ¨ [2], ®æ¥¥®© ¢ ¯à¥¤¯®«®¦¥¨¨, çâ® áâ¥¯¥ì
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ª®¬¯¥á æ¨¨ ¬ «  (K � 1):

Ea = 0.61EA(1− 0.29K1/4) ≈
e2

4πε0ε
N
−1/3
A , (1)

£¤¥ EA = e2/4πε0εrA — í¥à£¨ï ¢§ ¨¬®¤¥©áâ¢¨ï

¬¥¦¤ã  ªæ¥¯â®àë¬¨ á®áâ®ï¨ï¬¨   áà¥¤¥¬ à á-
áâ®ï¨¨ rA = (4πNA/3)−1/3, ε0ε — ¤¨í«¥ªâà¨ç¥áª ï

¯à®¨æ ¥¬®áâì, NA — ª®æ¥âà æ¨ï  ªæ¥¯â®à®¢. �§

ä®à¬ã«ë (1) ¬®¦® ¯®«ãç¨âì ¤«ï ¨áå®¤ëå áâàãªâãà
á NA = 5 · 1017 á¬−3 § ç¥¨¥ Ea = 9.8¬í�,   ¤«ï

£¨¤à®£¥¨§¨à®¢ ëå á«®¥¢ á ®áâ â®ç®© ª®æ¥âà -
æ¨¥©  ªæ¥¯â®à®¢ NA = 1015 á¬−3 — Ea = 1.2¬í�.

� ª¨¬ ®¡à §®¬, ¨§ à¨á. 2 ¢¨¤®, çâ® ¯à¨ £¨¤à®£¥¨-
§ æ¨¨ á«®ï áâàãªâãàë í¥à£¨ï  ªâ¨¢ æ¨¨ ¯àë¦ª®¢®©

¯à®¢®¤¨¬®áâ¨ ¢ ¥¬ ã¬¥ìè ¥âáï á ã¬¥ìè¥¨¥¬ NA
¢ á®®â¢¥âáâ¢¨¨ á ä®à¬ã«®© (1).

3. �®«ìâ- ¬¯¥àë¥ å à ªâ¥à¨áâ¨ª¨
BIB-áâàãªâãà. �¨§¨ç¥áª ï ¬®¤¥«ì

¨ ¥¥ áà ¢¥¨¥ á íªá¯¥à¨¬¥â®¬

�®«ìâ- ¬¯¥àë¥ å à ªâ¥à¨áâ¨ª¨ BIB-áâàãªâãà

¯à¨¢¥¤¥ë   à¨á. 3. � ª ¢¨¤® ¨§ à¨áãª ,
å à ªâ¥à¨áâ¨ª¨ áãé¥áâ¢¥® ¥«¨¥©ë ¢ ¤¨ ¯ §®¥

13 ÷ 20 K,   ¯«®â®áâì â®ª  ¯à¨ á¬¥é¥¨ïå ¯®àï¤ª 
1� á®áâ ¢«ï¥â ®ª®«® 1011�/á¬2 (Tmeas = 15 K).

�à¨ ¯®¢ëè¥¨¨ â¥¬¯¥à âãàë â¥¬®¢ë¥ â®ª¨

à áâãâ ¨ ¯à¨ T > 30 K ��� âà áä®à¬¨àã¥âáï

¢ «¨¥©ãî § ¢¨á¨¬®áâì. �â® ¯à®¨áå®¤¨â ¯à¨

â¥¬¯¥à âãà å, ª®£¤  ¯à¥®¡« ¤ îé¨¬ ¬¥å ¨§¬®¬

¯¥à¥®á  áâ ®¢¨âáï ¯à®¢®¤¨¬®áâì ¯® ¢ «¥â®©

§®¥.

�¨á. 3. �®«ìâ- ¬¯¥àë¥ å à ªâ¥à¨áâ¨ª¨ áâàãªâãà á

¡«®ª¨àãîé¨¬ á«®¥¬, ¯®«ãç¥ë¬ £¨¤à®£¥¨§ æ¨¥© ¢ ¢®-
¤®à®¤®© ¯« §¬¥ ¯à¨ T = 220◦ C ¨ t = 20¬¨ (1–3 ), ¨
¨áå®¤®© áâàãªâãàë (¤® £¨¤à®£¥¨§ æ¨¨) (3 ′). �¥¬¯¥à -
âãà  ¨§¬¥¥¨ï Tmeas,K: 1 — 13.6, 2 — 15, 3, 3′ — 20.

�á®¢ë¥ ¯®«®¦¥¨ï ¬®¤¥«¨. �¨áâ¥¬ 
ãà ¢¥¨©.

�«ï ®¯¨á ¨ï ¯à®æ¥áá®¢ ¯¥à¥®á  § àï¤  ¢

BIB-áâàãªâãà å,   â ª¦¥ ®¯¨á ¨ï â¥¬®¢®© ���

¯à¥¤« £ ¥âáï á«¥¤ãîé ï ¬®¤¥«ì ¯à®â¥ª ¨ï â¥¬®-
¢®£® â®ª  ç¥à¥§ BIB-áâàãªâãàã. �«ï ®¯à¥¤¥«¥®áâ¨
à áá¬ âà¨¢ îâáï áâàãªâãàë, ¨§£®â®¢«¥ë¥   ®á®-
¢¥ ªà¥¬¨ï p-â¨¯  (Si : Ga), á®áâ®ïé¨¥ ¨§ á¨«ì® «¥-
£¨à®¢ ®£® ä®â® ªâ¨¢®£® á«®ï (A-á«®ï), á ãà®¢¥¬
«¥£¨à®¢ ¨ï NA1 ' 1017 ÷ 1018 á¬−3, ¨ á« ¡® «¥£¨-
à®¢ ®£® ¡«®ª¨àãîé¥£® á«®ï (B-á«®ï), á ãà®¢¥¬

«¥£¨à®¢ ¨ï NA2 ' 1014÷ 1016 á¬−3. � ª ¯®ª §ë¢ ¥â
  «¨§, ¢ ®¡« áâ¨ ¨§ª¨å â¥¬¯¥à âãà (T ≤ 50 K) ¢
â ª¨å áâàãªâãà å ¢®§¬®¦¥ ¯¥à¥®á § àï¤  ¯® ¤¢ã¬

§® ¬ ¢ «¥â®© (��) ¨ ¯à¨¬¥á®© (��). �®§¬®¦ë
á«¥¤ãîé¨¥ ®á®¢ë¥, á®¯ãâáâ¢ãîé¨¥ ¯¥à¥®áã § àï-
¤  ä¨§¨ç¥áª¨¥ ¯à®æ¥ááë.

1. �¡à §®¢ ¨¥ ®¡« áâ¥© ¯à®áâà áâ¢¥®£® § àï¤ 
(���) ¢á«¥¤áâ¢¨¥  ª®¯«¥¨ï § àï¤  ¢ á«®¥   á®áâ®-
ï¨ïå ��.

2. �¥®¬¨ç®áâ¨ ¯àë¦ª®¢®© ¯à®¢®¤¨¬®áâ¨ (��)
¤«ï ¡®«ìè¨å í«¥ªâà¨ç¥áª¨å ¯®«¥©.

3. �®§¨ª®¢¥¨¥ « ¢¨ë ¢ �� ¨ á®®â¢¥âáâ¢ãîé ï

¤®¯®«¨â¥«ì ï £¥¥à æ¨ï ¤ëà®ª ¢ �� ¨ í«¥ªâà®®¢

¢ �� (¡®«ìè¨¥ í«¥ªâà¨ç¥áª¨¥ ¯®«ï).
4. �¥ª®¬¡¨ æ¨ï í«¥ªâà®®¢ ¨§ �� ¨ ¤ëà®ª ¨§ ��.
5. �¥à¬®¯®«¥¢ ï £¥¥à æ¨ï í«¥ªâà®®-¤ëà®çëå

¯ à (¯® ¬¥å ¨§¬ã �ã« -�à¥ª¥«ï).
6. �ã¥«ì®-¯®«¥¢ ï £¥¥à æ¨ï í«¥ªâà®®-¤ë-

à®çëå ¯ à.
7. �¥à¬®¯®«¥¢ ï ¨¦¥ªæ¨ï ¤ëà®ª ¢ �� ¨§ ª®â ªâ 

ª B-á«®î (¨§-§  ¯®¨¦¥¨ï ¡ àì¥à  ¯® ¬¥å ¨§¬ã

�®ââª¨).
8. �ã¥«ì®-¯®«¥¢ ï ¨¦¥ªæ¨ï ¤ëà®ª ¢ �� ¨§

ª®â ªâ  ª B-á«®î.
9. � §¬¥àë¥ ¨ ¥ª®â®àë¥ ¤àã£¨¥ íää¥ªâë, á¢ï-

§ ë¥ á ¯à¨æ¨¯¨ «ì®© ¥®¤®à®¤®áâìî ¯à®¢®-
¤¨¬®áâ¨ ¯® �� (¯à®¢®¤¨¬®áâì ®áãé¥áâ¢«ï¥âáï ¯®

æ¥¯®çª ¬ á¥âª¨ ”¡¥áª®¥ç®£®” ª« áâ¥à ).
� «¥¥ à áá¬ âà¨¢ ¥âáï ®¤®¬¥à ï ¬®¤¥«ì. �à¥¤-

¯®« £ ¥âáï ®¤®à®¤®áâì á«®¥¢ â¨¯  A ¨ B, ¨ íä-
ä¥ªâë â¨¯  ®â¬¥ç¥ëå ¢ ¯. 9 ¥ ãç¨âë¢ îâáï.
�à¥¤¯®« £ îâáï í«¥ªâà¨ç¥áª¨¥ ¯®«ï E ≤ 104�/á¬,
¤«ï ª®â®àëå, ª ª ¯®ª §ë¢ îâ ®æ¥ª¨, ¯à®ï¢«¥¨¥
íää¥ªâ®¢, ãª § ëå ¢ ¯. ¯. 3, 6, 8, ¥áãé¥áâ¢¥-
®. �ää¥ªâ®¬,  §¢ ë¬ ¢ ¯. 2, §¤¥áì ¬ë â ª¦¥

¯à¥¥¡à¥£ ¥¬, å®âï íâ® ¬®¦® ®¡®á®¢ âì â®«ìª® ¤«ï
A-á«®ï,   ¤«ï B-á«®ï ¢ ¥ª®â®àëå á«ãç ïå ® ¬®¦¥â
áãé¥áâ¢¥® ¢«¨ïâì   ���. � à ¬ª å áä®à¬ã-
«¨à®¢ ëå ¯à¥¤¯®«®¦¥¨© ¨ ¯à¨¡«¨¦¥¨© ¬®¦®

 ¯¨á âì á«¥¤ãîé¨¥ ãà ¢¥¨ï.
�à¨ ¯¥à¥®á¥ í«¥ªâà®®¢ ¯® �� ¨ ¤ëà®ª ¯® ��

¯«®â®áâ¨ í«¥ªâà®®£® (Jn) ¨ ¤ëà®ç®£® (Jp) ¯®â®-
ª®¢ à ¢ë

Jn = −Dn
∂n

∂x
− µnnE, (2)
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Jp = −Dp
∂p

∂x
+ µppE, (3)

£¤¥ E —  ¯àï¦¥®áâì í«¥ªâà¨ç¥áª®£® ¯®«ï; D —
ª®íää¨æ¨¥â ¤¨ääã§¨¨; µ — ¯®¤¢¨¦®áâì; n, p —
ª®æ¥âà æ¨ï í«¥ªâà®®¢ ¢ �� ¨ ¤ëà®ª ¢ �� (¨-
¤¥ªá ¬¨ n, p ¯à¨ ¯ à ¬¥âà å D, µ, ®¡®§ ç¥ë íâ¨

¢¥«¨ç¨ë ¤«ï á®®â¢¥âáâ¢ãîé¨å ç áâ¨æ). �à ¢¥¨ï
¥¯à¥àë¢®áâ¨ ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª (à áá¬ âà¨-
¢ ¥âáï áâ æ¨® àë© á«ãç ©) ¨¬¥îâ ¢¨¤

∂n

∂t
= −

∂Jn

∂x
+ gTE − r = 0, (4)

∂p

∂t
= −

∂Jp

∂x
+ gTE − r = 0, (5)

£¤¥ gTE — ª®íää¨æ¨¥â â¥à¬®¯®«¥¢®© £¥¥à æ¨¨

í«¥ªâà®®-¤ëà®çëå ¯ à, r — ª®íää¨æ¨¥â à¥ª®¬-
¡¨ æ¨¨ í«¥ªâà®®-¤ëà®çëå ¯ à. �à ¢¥¨¥ �ã á-
á® :

∂E

∂x
=

e

ε0ε
(ND + p− n), (6)

£¤¥ ND — ª®æ¥âà æ¨ï ª®¬¯¥á¨àãîé¥© ¤®®à®©

¯à¨¬¥á¨ (¯®«®¦¨â¥«ì® § àï¦¥®©). �à ¢¥¨ï ¤«ï
¢ëç¨á«¥¨ï  ¯àï¦¥¨ï   áâàãªâãà¥ ¨ â®ª  ç¥à¥§

¥¥:

U =

∫
Edx, (7)

I = eSg(Jp − Jn), (8)

£¤¥ Sg — ¯«®é ¤ì ª®â ªâëå í«¥ªâà®¤®¢ áâàãªâãàë.
�á¯®«ì§ãîâáï á«¥¤ãîé¨¥ £à ¨çë¥ ãá«®¢¨ï.
1. �  £à ¨æ¥ A-á«®ï á ª®â ªâë¬ á«®¥¬:

n|I1 = n1, (9)

p|I1 = p1, (10)

£¤¥ n1, p1 — â¥à¬®¤¨ ¬¨ç¥áª¨ à ¢®¢¥áë¥ § ç¥-
¨ï ª®æ¥âà æ¨© í«¥ªâà®®¢ ¢ ¯à¨¬¥á®© §®¥ (��)
¨ ¤ëà®ª ¢ ¢ «¥â®© §®¥ (��) ¤«ï à ¢®¢¥á®£® A-
á«®ï.

2. �  £à ¨æ¥ A- ¨ B-á«®¥¢.

[E]|I12 = 0, (11)

[J ]p|I12 = [Jn]|I12 = 0. (12)

�¤¥áì ª¢ ¤à âë¬¨ áª®¡ª ¬¨ ®¡®§ ç¥ áª ç®ª  

£à ¨æ¥ á®®â¢¥âáâ¢ãîé¥© ¢¥«¨ç¨ë ¢ áª®¡ª å.
3. �  £à ¨æ¥ B-á«®ï á ª®â ªâë¬ á«®¥¬:

n|I2 = NA2, (13)

p|I2 = 0 (14)

— ¤«ï ¯®«®¦¨â¥«ì®£®  ¯àï¦¥¨ï á¬¥é¥¨ï  

B-á«®¥,
Jp|I2 = JTE (15)

— ¤«ï ®âà¨æ â¥«ì®£®  ¯àï¦¥¨ï á¬¥é¥¨ï  

B-á«®¥. �¤¥áì ãá«®¢¨¥ (13) á®®â¢¥âáâ¢ã¥â ¯®«®¬ã § -
¯®«¥¨î ¯à¨¯®¢¥àå®áâëå  ªæ¥¯â®àëå á®áâ®ï¨©

�¨á. 4. �à ¢¥¨¥ íªá¯¥à¨¬¥â «ìëå ¨ à áç¥âëå

¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª ¤«ï ¯®«®¦¨â¥«ìëå ( 
¢áâ ¢ª¥) ¨ ®âà¨æ â¥«ìëå  ¯àï¦¥¨© á¬¥é¥¨ï   ¡«®-
ª¨àãîé¥¬ á«®¥ ¯à¨ â¥¬¯¥à âãà¥ Tmeas = 20 K, ¢ëè¥
ªà¨â¨ç¥áª®© Tcr. �®çª¨ — íªá¯¥à¨¬¥â, «¨¨¨ — à áç¥â.

í«¥ªâà® ¬¨ ¨§ ª®â ªâ®£® á«®ï; (14) — ¯®«®¬ã

§ å¢ âã ª®â ªâ®¬ ¯®¤®è¥¤è¨å ¤ëà®ª ¯à¨ ®âà¨æ -
â¥«ì®¬ á¬¥é¥¨¨   B-á«®¥; (15) — â¥à¬®¯®«¥¢®©

¨¦¥ªæ¨¨ ¤ëà®ª ¨§ ª®â ªâ  ª B-á«®î á ¯«®â®áâìî

¯®â®ª  JTE (¬¥å ¨§¬ �®ââª¨) ¯à¨ ¯®«®¦¨â¥«ì®¬
 ¯àï¦¥¨¨ á¬¥é¥¨ï   B-á«®¥.

� «¨§ ¯à®â¥ª ¨ï â¥¬®¢®£® â®ª  ¯® BIB-
áâàãªâãà¥ ¯®§¢®«ï¥â ¢ë¤¥«¨âì ¤¢  áãé¥áâ¢¥® à §-
«¨ç îé¨åáï ¬¥å ¨§¬  ¯à®â¥ª ¨ï. �à¨ íâ®¬, ª ª
¢¨¤® ¨§ à¨á. 2, ¯à¨ ¥ª®â®à®© ªà¨â¨ç¥áª®© â¥¬¯¥à -
âãà¥ Tcr (¤«ï ªà¨¢ëå 1, 2 ¨ 3   à¨á. 2 Tcr = 20.0,
15.9 ¨ 14.3 K á®®â¢¥âáâ¢¥®) ¨§¬¥ï¥âáï ¬¥å ¨§¬

¯à®â¥ª ¨ï â®ª  ç¥à¥§ áâàãªâãàã. �à¨ â¥¬¯¥à âãà¥

áâàãªâãàë ¡®«ìè¥ Tcr ¬®¦® ¯®« £ âì, çâ® ¯à®â¥-
ª ¨¥ â®ª  ®áãé¥áâ¢«ï¥âáï ¯® �� A-á«®ï ¨ ¯® ��

B-á«®ï. �à¨ â¥¬¯¥à âãà å áâàãªâãàë ¬¥ìè¥ Tcr

¯à®â¥ª ¨¥ ®áãé¥áâ¢«ï¥âáï ¯® �� A- ¨ B-á«®¥¢,
â. ¥. â¥¬¯¥à âãà  Tcr ï¢«ï¥âáï â¥¬¯¥à âãà®© ¯¥à¥å®¤ 

®â §®®© ¯à®¢®¤¨¬®áâ¨ ª ¯àë¦ª®¢®© ¤«ï B-á«®ï.
�¡« áâì ®â®á¨â¥«ì® ¢ëá®ª¨å â¥¬¯¥à âãà, ª®£¤  ¯®
A-á«®î ¡ã¤¥â ¯à¥®¡« ¤ âì ¯à®â¥ª ¨¥ â®ª  ¯® ��,
§¤¥áì ¥ à áá¬ âà¨¢ ¥âáï, ¯®áª®«ìªã ¢ íâ®¬ á«ãç ¥

¡«®ª¨à®¢ ¨ï ¯à¨¬¥á®© ¯à®¢®¤¨¬®áâ¨ ¥ ¯à®¨áå®-
¤¨â. � ãç¥â®¬ ¢ëè¥¨§«®¦¥®£® ¯à®¢¥¤¥ à áç¥â

��� BIB-áâàãªâãà ¤«ï ®¡®¨å á«ãç ¥¢.

T > Tcr. �à¨ ¯®«®¦¨â¥«ìëå  ¯àï¦¥¨ïå  

B-á«®¥ ��� ¡ã¤¥â ®¯à¥¤¥«ïâìáï  ¤¡ àì¥à®© ¨-
¦¥ªæ¨¥© ¤ëà®ª (á ¯®¨¦¥¨¥¬ ¡ àì¥à  ¯® ¬¥å ¨§¬ã
�®ââª¨ [1]) ¨§ ª®â ªâ  ª B-á«®î ¢ ®¡« áâì ��

B-á«®ï, ¨å ¤à¥©ä®¬ ç¥à¥§ B-á«®© ¨ à¥ª®¬¡¨ æ¨¥©

á í«¥ªâà® ¬¨,  å®¤ïé¨¬¨áï    ªæ¥¯â®àëå á®-
áâ®ï¨ïå A-á«®ï. �«¥ªâà®ë ¯à®â¥ª îâ ¢ ®¡« áâì

à¥ª®¬¡¨ æ¨¨ ¯® �� A-á«®ï ¨§ ª®â ªâ  ª A-á«®î.
�¥è ï á¨áâ¥¬ã ãà ¢¥¨© (4)–(15) ¤«ï íâ®£® á«ãç ï,
¬®¦® ¤«ï ¯®«®¦¨â¥«ìëå  ¯àï¦¥¨© á¬¥é¥¨©

  B-á«®¥ ¯®«ãç¨âì   «¨â¨ç¥áª®¥ ¢ëà ¦¥¨¥ ¤«ï
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�¨á. 5. �à ¢¥¨¥ íªá¯¥à¨¬¥â «ìëå ¨ à áç¥âëå

¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª ¤«ï ¯®«®¦¨â¥«ìëå ( 
¢áâ ¢ª¥) ¨ ®âà¨æ â¥«ìëå  ¯àï¦¥¨© á¬¥é¥¨ï   ¡«®-
ª¨àãîé¥¬ á«®¥ ¯à¨ â¥¬¯¥à âãà¥ Tmeas = 13.6 K, ¨¦¥
ªà¨â¨ç¥áª®© Tcr. �®çª¨ — íªá¯¥à¨¬¥â, «¨¨¨ — à áç¥â.

á®®â¢¥âáâ¢ãîé¥© ��� ¢ ¢¨¤¥

I(U) = I0 exp(U/U0)1/2, (16)

£¤¥

I0 =
4πSgempk

2T 2

h3
exp(−eϕ0/kT ),

U0 =
2πε0εd2k

2T 2

e3
,

mp — ¬ áá  ¤ëàª¨; ϕ0 — ¨§¬¥¥¨¥ ¯®â¥æ¨ «   

£à ¨æ¥ í«¥ªâà®¤  á B-á«®¥¬. � ª ¢¨¤® ¨§ à¨á. 4, £¤¥
¯®ª §     ¢áâ ¢ª¥ § ¢¨á¨¬®áâì ln I = f(U1/2),  -
¡«î¤ ¥âáï å®à®è¥¥ á®¢¯ ¤¥¨¥ íªá¯¥à¨¬¥â «ìëå ¨

à ááç¨â ëå ¯® ä®à¬ã«¥ (16) § ç¥¨© ���.
�à¨ ®âà¨æ â¥«ìëå  ¯àï¦¥¨ïå   B-á«®¥ ���

¡ã¤¥â ®¯à¥¤¥«ïâìáï â¥à¬¨ç¥áª®© £¥¥à æ¨¥© ¤ëà®ª

á  ªæ¥¯â®à®© ¯à¨¬¥á¨ ¢ ��� A-á«®¥ á ¯®¨¦¥-
¨¥¬ ¡ àì¥à  ¯® ¬¥å ¨§¬ã �ã« –�à¥ª¥«ï [1] ¨

¤à¥©ä®¬ ¤ëà®ª ¯® ¢ «¥â®© §®¥ ç¥à¥§ B-á«®©  

®âà¨æ â¥«ìë© í«¥ªâà®¤. �«¥ªâà®ë    ªæ¥¯â®àëå
á®áâ®ï¨ïå ¢ ��� A-á«®ï áâ¥ª îâ   ¯®«®¦¨â¥«ì-
ë© í«¥ªâà®¤ ¯®áà¥¤áâ¢®¬ ¯àë¦ª®¢®£® âà á¯®àâ .
�¥è ï á¨áâ¥¬ã ãà ¢¥¨© (4)–(15), ¤«ï íâ®£® á«ãç ï
¬®¦® ¯®«ãç¨âì ¢ëà ¦¥¨¥ ¤«ï á®®â¢¥âáâ¢ãîé¥©

��� ¢ ¢¨¤¥

I(U) = AU1/4 exp(βU1/4/ϕA), (17)

£¤¥

A =

(
2

e

)1/4
(ε0ε)

5/4
√
πSgγpNA1NvϕT

2N
3/4
D1

exp

(
−
ϕA

ϕT

)
,

β =
(2ND1)1/4

√
π

(
e

ε0ε

)3/4

,

ϕT = kT/e — â¥à¬¨ç¥áª¨© ¯®â¥æ¨ «, γp —
ª®íää¨æ¨¥â à¥ª®¬¡¨ æ¨¨ ¤ëà®ª ¨ í«¥ªâà®®¢,
ϕA — ¯®â¥æ¨ « ¨®¨§ æ¨¨  ªæ¥¯â®à®© ¯à¨¬¥á¨,
ND1 — ª®æ¥âà æ¨ï ¤®®à®© ¯à¨¬¥á¨ ¢ A-á«®¥,
Nv = avT

3/2 — íää¥ªâ¨¢ ï ¯«®â®áâì á®áâ®ï¨© ¢

¢ «¥â®© §®¥. � ª ¢¨¤® ¨§ à¨á. 4, £¤¥ ¯à¥¤áâ -
¢«¥ë íªá¯¥à¨¬¥â «ìë¥ ¨ à áç¥âë¥ (¯® ä®à¬ã«¥
(17)) ���, ¢ ª®®à¤¨ â å ln(I/U1/4) = f(U1/4) ¤«ï
®âà¨æ â¥«ìëå  ¯àï¦¥¨© á¬¥é¥¨©   ¡«®ª¨àãî-
é¥¬ á«®¥  ¡«î¤ ¥âáï å®à®è¥¥ á®£« á¨¥ ¬¥¦¤ã ¨¬¨.
T < Tcr. �à¨ ¯®«®¦¨â¥«ìëå  ¯àï¦¥¨ïå  

B-á«®¥ ��� ¡ã¤¥â ®¯à¥¤¥«ïâìáï ¯àë¦ª®¢ë¬ âà á-
¯®àâ®¬ í«¥ªâà®®¢ ç¥à¥§ A-á«®©, ¨¦¥ªæ¨¥© í«¥ª-
âà®®¢ ¢ �� B-á«®ï, £¤¥ ¯® ®¡¥ áâ®à®ë £à ¨æë

à §¤¥«  á«®¥¢ á®§¤ ¥âáï ��� ¢á«¥¤áâ¢¨¥ ¨§¡ëâ®ç®£®

í«¥ªâà®®£® § àï¤ , ¨ ¤ «¥¥ áâ¥ª ¨¥¬ í«¥ªâà®®¢

¯®áà¥¤áâ¢®¬ ¯àë¦ª®¢®© ¯à®¢®¤¨¬®áâ¨   ¯®«®¦¨-
â¥«ìë© í«¥ªâà®¤. �¥è ï á¨áâ¥¬ã ãà ¢¥¨© (4)–(15),
¬®¦® ¯®«ãç¨âì ¤«ï á®®â¢¥âáâ¢ãîé¥© ���   «¨â¨-
ç¥áª®¥ ¢ëà ¦¥¨¥. � íâ®¬ á«ãç ¥ ã¤®¡¥¥, ª ª ¢¨¤®
¡ã¤¥â ¤ «¥¥, ¯à¥¤áâ ¢«¥¨¥ ��� ¢ ¢¨¤¥ § ¢¨á¨¬®áâ¨

U(T ):

U+(I) = K+
√
I, (18)

£¤¥

K+ = (2d2)3/2/3
√
ε0εµ2Sg,

µ2 — ¯®¤¢¨¦®áâì í«¥ªâà®®¢ ¯® �� B-á«®ï. ���
¢¨¤  (18) á¯àï¬«ï¥âáï ¢ ª®®à¤¨ â å U = f(U1/2),
çâ® ¯®ª § ® ¢ áà ¢¥¨¨ á íªá¯¥à¨¬¥â «ìë¬¨

¤ ë¬¨   ¢áâ ¢ª¥ ª à¨á. 5.
�à¨ ®âà¨æ â¥«ìëå  ¯àï¦¥¨ïå   B-á«®¥ ���

¡ã¤¥â ®¯à¥¤¥«ïâìáï ¨¦¥ªæ¨¥© í«¥ªâà®®¢ ¨§ í«¥ª-
âà®¤  ª B-á«®î ¨ § àï¤®¬  ªæ¥¯â®àëå á®áâ®ï-
¨© B-á«®ï, çâ® ¢ë§ë¢ ¥â ¯®ï¢«¥¨¥ ®¡« áâ¨ ¨§-
¡ëâ®ç®£® í«¥ªâà®®£® § àï¤ . � «¥¥ ¯®áà¥¤áâ¢®¬
¯àë¦ª®¢®© ¯à®¢®¤¨¬®áâ¨ í«¥ªâà®ë ¯¥à¥â¥ª îâ ¢

�¨á. 6. �§¬¥¥¨¥ ¢®«ìâ- ¬¯¥àëå å à ªâ¥à¨áâ¨ª

áâàãªâãà, £¨¤à®£¥¨§¨à®¢ ëå ¢ ¯« §¬¥ ¢®¤®à®¤  ¯à¨

T = 20◦ C, t = 20¬¨ ¯à¨ ¨§®åà®®¬ (20¬¨) ®â¦¨£¥:
1 — ¯®á«¥ £¨¤à®£¥¨§ æ¨¨, 2, 3 — ¯®á«¥ £¨¤à®£¥¨§ æ¨¨

¨ ®â¦¨£  ¯à¨ â¥¬¯¥à âãà¥ T, ◦C: 2 — 300, 3 — 400.
�¥¬¯¥à âãà  ¨§¬¥à¥¨ï Tmeas = 15 K.
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�� A-á«®ï, £¤¥ ®¡à §ã¥âáï ¢â®à ï ®¡« áâì ¯à®áâà -
áâ¢¥®£® § àï¤  (íªáª«î§¨ï) ¢á«¥¤áâ¢¨¥ ¯à¥®¡« -
¤ ¨ï ¯à®¢®¤¨¬®áâ¨ A-á«®ï  ¤ B-á«®¥¬, ¨ § â¥¬

í«¥ªâà®ë ¯® �� A-á«®ï ãå®¤ïâ   ¯®«®¦¨â¥«ìë©
í«¥ªâà®¤. �®®â¢¥âáâ¢ãîéãî ��� ¤«ï íâ®£® á«ãç ï,
¯®«ãç¥ãî à¥è¥¨¥¬ á¨áâ¥¬ë ãà ¢¥¨© (4)–(15),
¬®¦® ¯à¥¤áâ ¢«¨âì ¢ ¢¨¤¥

U−(I) = K−I +K+
√
I, (19)

£¤¥

K− = d2/eµ2ND1Sg. (19)

�«ï   «¨§  ã¤®¡® ¯¥à¥©â¨ ª à §®áâ®¬ã  ¯àï¦¥-
¨î ¯®«®¦¨â¥«ì®© ¨ ®âà¨æ â¥«ì®© ¢¥â¢¥© ���:

∆U(I) = U−(I)− U+(I) = K−I. (20)

� ¢¨á¨¬®áâì (20) á¯àï¬«ï¥âáï ¢ «¨¥©ëå ª®®à¤¨ -
â å ¨ á®®â¢¥âáâ¢ãîé¥¥ áà ¢¥¨¥ à áç¥â  á íªá¯¥à¨-
¬¥â «ìë¬¨ ¤ ë¬¨ ¯à¨¢¥¤¥®   à¨á. 5.

4. �â ¡¨«ì®áâì £¨¤à®£¥¨§¨à®¢ ëå

áâàãªâãà ª â¥à¬¨ç¥áª¨¬ ¢®§¤¥©áâ¢¨ï¬

�áá«¥¤®¢ ¨ï áâ ¡¨«ì®áâ¨ £¨¤à®£¥¨§¨à®¢ ëå

áâàãªâãà ª â¥à¬¨ç¥áª¨¬ ¢®§¤¥©áâ¢¨ï¬ ¯®ª § «¨, çâ®
ã¦¥ ¯à¨ ¯à®£à¥¢ å ¯à¨ 300◦C ¨áç¥§ ¥â ¢¨¤ ���,
å à ªâ¥àë© ¤«ï BIB-áâàãªâãàë, ¨ § ¢¨á¨¬®áâì â®ª 
®â  ¯àï¦¥¨ï áâ ®¢¨âáï ª¢ §¨«¨¥©®©. �¤ ª®
á«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢¥«¨ç¨  â®ª  ç¥à¥§ áâàãªâãàã
¤ ¦¥ ¯®á«¥ ®â¦¨£®¢ ¯à¨ 400◦C (à¨á. 6, ªà¨¢ ï 3 )
¢á¥ ¥é¥ ¬¥ìè¥ ¯à¨¡«¨§¨â¥«ì®   ¯®àï¤®ª, ç¥¬

¢¥«¨ç¨  â®ª , å à ªâ¥à ï ¤«ï ¥£¨¤à®£¥¨§¨à®¢ -
ëå áâàãªâãà. �®-¢¨¤¨¬®¬ã, íâ® á¢ï§ ® á â¥¬, çâ®
¯à¨ ¯à®£à¥¢ å ¢ëè¥ 220◦C ®á¢®¡®¦¤ îé¨¥áï  â®¬ë

¢®¤®à®¤  ¤¨ääã¤¨àãîâ   ¡®«ìè¨¥ £«ã¡¨ë ¨ ¯ á-
á¨¢¨àãîâ £«ã¡®ª¨¥ ¤®®àë, çâ® ã¬¥ìè ¥â áâ¥¯¥ì

ª®¬¯¥á æ¨¨ ¢ áâàãªâãà å ¨ ¯àë¦ª®¢ãî ¯à®¢®¤¨-
¬®áâì [3]. � ª®¥ ¯à¥¤¯®«®¦¥¨¥ ¯®¤â¢¥à¦¤ ¥âáï â¥¬,
çâ® í¥à£¨ï ¤¨áá®æ¨ æ¨¨ ¯ áá¨¢¨à®¢ ëå ¢®¤®à®-
¤®¬ £«ã¡®ª¨å ¤®®à®¢ ¡®«ìè¥ 2 í� ¨ ®¨ áâ ¡¨«ìë

¢¯«®âì ¤® â¥¬¯¥à âãà 500◦C ¨ ¢ëè¥ [13–16]. �«¥-
¤®¢ â¥«ì®, áâ¥¯¥ì ª®¬¯¥á æ¨¨ ¬ â¥à¨ « p-â¨¯ 
¯à¨ ®â¦¨£ å ¢ëè¥ 220◦C ¤®«¦  ã¬¥ìè âìáï,  
íâ® ¤®«¦® ¯à¨¢®¤¨âì ª ã¬¥ìè¥¨î ¢¥«¨ç¨ë â®ª 

¯àë¦ª®¢®© ¯à®¢®¤¨¬®áâ¨, çâ® ¨  ¡«î¤ ¥âáï ¢ íªá-
¯¥à¨¬¥â¥.

� ª«îç¥¨¥

� ¯®¬®éìî £¨¤à®£¥¨§ æ¨¨ á¨«ì® «¥£¨à®¢ ®£®

ªà¥¬¨ï p-â¨¯  ¢ ¢®¤®à®¤®© ¯« §¬¥ ã¤ ¥âáï á®§¤ -
¢ âì áâàãªâãàë á ¡«®ª¨à®¢ ®© ¯àë¦ª®¢®© ¯à®-
¢®¤¨¬®áâìî ¯® ¯à¨¬¥á®© §®¥ (BIB-áâàãªâãàë) á

¯«®â®áâï¬¨ â¥¬®¢ëå â®ª®¢ ¯®àï¤ª  10−11�/á¬2

¯à¨ T = 15 K. �«¥ªâà®ä¨§¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨
¯®«ãç¥ëå £¨¤à®£¥¨§ æ¨¥© ¢ ¯« §¬¥ BIB-áâàãªâãà
å®à®è® á®£« áãîâáï á à áç¥âë¬¨.

� § ª«îç¥¨¥  ¢â®àë áç¨â îâ á¢®¨¬ ¤®«£®¬ ¢ëà -
§¨âì ¡« £®¤ à®áâì �.�. �ãâëà¨ã, �.�. �¬¨à®¢®©
¨ �.�. �«¥¬¨ã §  ¯« §¬¥ãî ®¡à ¡®âªã áâàãªâãà

¨ á®¤¥©áâ¢¨¥ ¢ ¨§£®â®¢«¥¨¨ â¥áâ®¢ëå áâàãªâãà,  
â ª¦¥ �.�. � à¯®¢ã §  ¯®¬®éìî ¯à¨ ¯à®¢¥¤¥¨¨

¥ª®â®àëå ¨§¬¥à¥¨©.
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Abstract The electrophysical characteristics of bloced impu-

rity band structures (BIB-structures) on the base of gallium

doped silicon (NGa ≈ 5 · 1017 á¬−3) have been investigated.

Blocking layers were formed by passivation of gallium dopant

by means of treatments in hydrogen plasma of RF-discharge

at substrate temperatures T = 20 ÷ 220◦ C. It is found,

that after hydrogenation the activation energy of the hopping

conductivity with hopping between nearest gallium neighbors

decreases and becomes equal Ea = 1.3 meV after hydrogena-

tion at T = 220◦ C (before hydrogenation Ea = 8.7 meV).

Current–voltage characteristics and temperature dependence

of dark current of structutres and their change after isochronal

(t = 20 min) annealing at temperatures T = 220÷ 400◦ C are

determined. Analytical solutions of current-voltage charac-

teristics of structures at low temperatures and comparison

with those found experimentally have been carried out. It is

shown that calculated data check with experimental ones.
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