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�á­®¢­ë¥ ®á®¡¥­­®áâ¨ ï¢«¥­¨ï ¯à®â¥ª ­¨ï â®ª  ¢ ¢¨¤¥ ¬¨ªà®¯« §¬¥­­ëå ¨¬¯ã«ìá®¢ ¯®¤â¢¥à¦¤¥-
­ë ç¨á«¥­­ë¬ ¬®¤¥«¨à®¢ ­¨¥¬ ¯à¥¤«®¦¥­­®© ¬ â¥¬ â¨ç¥áª®© ¬®¤¥«¨. �®ª § ­®, çâ® ¬¨ªà®¯« §¬ 
¬®¦¥â á¯®­â ­­® ¢®§­¨ª âì ¯à¨ ­ «¨ç¨¨ ¢ ®¡« áâ¨ ¯à®áâà ­áâ¢¥­­®£® § àï¤  p−n-áâàãªâãàë
«®ª «ì­®© ­¥®¤­®à®¤­®áâ¨,   ¢®§à áâ ­¨¥ â¥¬¯¥à âãàë áâàãªâãàë ¢ à¥§ã«ìâ â¥ ¤¦®ã«¥¢  à §®-
£à¥¢  — ¯à¨¢®¤¨âì ª ¯®¤ ¢«¥­¨î ¬¨ªà®¯« §¬ë. �¨á«¥­­® ¨§ãç¥­ë ª¨­¥â¨ª  ¬¨ªà®¯« §¬¥­­ëå

¨¬¯ã«ìá®¢, ¨å ä®à¬  ¨ ¤«¨â¥«ì­®áâì ¢ § ¢¨á¨¬®áâ¨ ®â ¯à¨«®¦¥­­®£® ­ ¯àï¦¥­¨ï ¨ ¯ à ¬¥âà®¢

¯®«ã¯à®¢®¤­¨ª®¢®© áâàãªâãàë.

�¢¥¤¥­¨¥

�§ íªá¯¥à¨¬¥­â  ¨§¢¥áâ­®, çâ® ¯à¨ « ¢¨­­®¬ ¯à®-
¡®¥ ®¡à â­® á¬¥é¥­­ëå p−n-¯¥à¥å®¤®¢ ­ ¡«î¤ ¥âáï
®¡à §®¢ ­¨¥ «®ª «¨§®¢ ­­ëå ®¡« áâ¥© ¢ëá®ª®© ¯«®â-
­®áâ¨ â®ª , ª®â®àë¥ ¯®«ãç¨«¨ ­ §¢ ­¨¥ ¬¨ªà®¯« §¬.
�à¨­ïâ® áç¨â âì, çâ® ¬¨ªà®¯« §¬ë ®¡à §ãîâáï ¡« -
£®¤ àï ¬ «ë¬ ­¥®¤­®à®¤­®áâï¬ ¢ ®¡« áâ¨ ¯à®áâà ­-
áâ¢¥­­®£® § àï¤  (���) p−n-¯¥à¥å®¤ , ª®â®àë¥ á®-
§¤ îâ á¨«ì­®¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¢ «®ª «ì­ëå ®¡« -
áâïå p−n-¯¥à¥å®¤ . �¤­ ª® ­  ®á­®¢¥ íâ®£® ¬¥å ­¨§-
¬  ­¥«ì§ï ®¡êïá­¨âì ¬­®£¨¥ á¢®©áâ¢  ¬¨ªà®¯« §¬ ¨

¯à¥¦¤¥ ¢á¥£® £¨áâ¥à¥§¨á, ¯à®ï¢«ïîé¨©áï ¯à¨ ¢®§­¨ª-
­®¢¥­¨¨ ¨ ¨áç¥§­®¢¥­¨¨ ¬¨ªà®¯« §¬. �¡à §®¢ ­¨¥

¬¨ªà®¯« §¬ ¯à®¨áå®¤¨â ¯à¨ ®ç¥­ì ¬ «ëå â®ª å ­ 

­ ç «ì­®¬ ãç áâª¥ « ¢¨­­®£® ¯à®¡®ï, ª®£¤  áà¥¤­¥¥
§­ ç¥­¨¥ ª®íää¨æ¨¥­â  « ¢¨­­®£® ã¬­®¦¥­¨ï M ­¥

¯à¥¢ëè ¥â 102−103, ¢ â® ¢à¥¬ï ª ª §­ ç¥­¨¥ ª®-
íää¨æ¨¥­â  « ¢¨­­®£® ã¬­®¦¥­¨ï ¢ ¬¨ªà®¯« §¬ å

á®áâ ¢«ï¥â 107−109 [1,2]. �â¨ á¢®©áâ¢  â¥®à¥â¨ç¥-
áª¨ ã¤ «®áì ®¡êïá­¨âì ¢ à ¡®â¥ [3], £¤¥ ¯®ª § ­®,
çâ® ®¡à §®¢ ­¨¥ ¬¨ªà®¯« §¬ á¢ï§ ­® á ¢®§à áâ îé¥©

§ ¢¨á¨¬®áâìî áª®à®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨ ®â ª®­-
æ¥­âà æ¨¨ ­¥à ¢­®¢¥á­ëå ­®á¨â¥«¥© ¨ à áâ¥ª ­¨¥¬

â®ª  ¯® ª¢ §¨­¥©âà «ì­ë¬ n- ¨ p-®¡« áâï¬ áâàãª-
âãàë. � [3] ¡ë«® ¯®ª § ­®, çâ® ¬¨ªà®¯« §¬ã ¬®¦­®

¢®§¡ã¤¨âì ¨ ¢ ¨¤¥ «ì­® ®¤­®à®¤­ëå (¯® ¯«®é ¤¨

p−n-¯¥à¥å®¤ ) p−i−n-áâàãªâãà å,   ¨¬¥îé¨¥áï ­¥®¤-
­®à®¤­®áâ¨ áâàãªâãàë ï¢«ïîâáï «¨èì § à®¤ëè ¬¨

á¯®­â ­­®£® ®¡à §®¢ ­¨ï ¬¨ªà®¯« §¬, á¢®©áâ¢  ¨ ¯ -
à ¬¥âàë ª®â®àëå á« ¡® § ¢¨áïâ ®â ¯ à ¬¥âà®¢ á ¬¨å

­¥®¤­®à®¤­®áâ¥©. �ëè¥¤è ï ¢¯®á«¥¤áâ¢¨¨ áâ âìï [4],
¢ ª®â®à®© ®¯¨á ­ë à¥§ã«ìâ âë íªá¯¥à¨¬¥­â «ì­®£®

¨áá«¥¤®¢ ­¨ï p−i−n-áâàãªâãà ­  ®á­®¢¥ Si, ¯®¤â¢¥à-
¤¨«  ¯®«ãç¥­­ë¥ ¢ [3] â¥®à¥â¨ç¥áª¨¥ à¥§ã«ìâ âë.�¥¬
­¥ ¬¥­¥¥ à ¡®â  [3] ­¥ ¤ ¢ «  ®¡êïá­¥­¨ï ï¢«¥­¨ï¬

á¯®­â ­­®£® ¢ª«îç¥­¨ï–¢ëª«îç¥­¨ï ¬¨ªà®¯« §¬.
� ¤ ­­®© à ¡®â¥ à áá¬ âà¨¢ ¥âáï â¥®à¥â¨ç¥áª ï

¬®¤¥«ì, ª®â®à ï ¤ ¥â ¢®§¬®¦­®áâì ®¡êïá­¨âì ï¢«¥-
­¨¥ ­¥áâ ¡¨«ì­®áâ¨ ¬¨ªà®¯« §¬. � ¨¬¥­­®, ­  ®á­®-
¢ ­¨¨ ª ç¥áâ¢¥­­®£® ¨ ç¨á«¥­­®£® ¨áá«¥¤®¢ ­¨ï

¯à¥¤«®¦¥­­®© ¬ â¥¬ â¨ç¥áª®© ¬®¤¥«¨ ¯®ª § ­®, çâ®
á ¬®à §®£à¥¢ p−n-áâàãªâãàë ¬®¦¥â ¯à¨¢®¤¨âì ª

á¯®­â ­­®¬ã ¢ª«îç¥­¨î–¢ëª«îç¥­¨î ¬¨ªà®¯« §¬.

1. � â¥¬ â¨ç¥áª ï ¨ ä¨§¨ç¥áª ï

¬®¤¥«¨ á¯®­â ­­®£®

¢ª«îç¥­¨ï–¢ëª«îç¥­¨ï ¬¨ªà®¯« §¬

�®£« á­® [3], ®¡à §®¢ ­¨¥ ¬¨ªà®¯« §¬ ®¯¨áë¢ ¥âáï
á¨áâ¥¬®© ¤¢ãå ãà ¢­¥­¨©: ãà ¢­¥­¨ï ¡ « ­á  ¤«ï

áà¥¤­¥© ¯® â®«é¨­¥ ��� ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢

∂n

∂t
= D∆⊥n+ nνi(n, Vi)−

n

τn
+GT (1)

¨ ãà ¢­¥­¨ï ­¥¯à¥àë¢­®áâ¨ ¯®«­®£® â®ª  ¢ ª¢ §¨­¥©-
âà «ì­ëå n- ¨«¨ p-®¡« áâïå áâàãªâãàë

C
∂Vi

∂t
= σW̃∆⊥Vi − j + (V − Vi)ρ

−1, (2)

£¤¥ νi — áà¥¤­ïï ¯® â®«é¨­¥ ��� áª®à®áâì ¨®­¨§ æ¨¨

­®á¨â¥«¥© § àï¤ , Vi — ¯ ¤¥­¨¥ ­ ¯àï¦¥­¨ï ­  ���

p−n-¯¥à¥å®¤ , j = envn — ¯«®â­®áâì « ¢¨­­®£® â®ª ,
D ¨ vn — ª®íää¨æ¨¥­â ¤¨ääã§¨¨ ¨ ¤à¥©ä®¢ ï áª®-
à®áâì í«¥ªâà®­®¢ ¢ ���, τn = w/vn — ¢à¥¬ï ¯à®«¥â 

­®á¨â¥«¥© ç¥à¥§ ���, w — â®«é¨­  ���, C — ã¤¥«ì-
­ ï ¥¬ª®áâì p−n-áâàãªâãàë, ∆⊥ ≡ ∂2/∂x2 + ∂2/∂y2,
®áì z ¢ë¡à ­  ¯® ­®à¬ «¨ ª ¯«®áª®áâ¨ p−n-¯¥à¥å®¤ ,
W̃ — íää¥ªâ¨¢­ ï â®«é¨­  à áâ¥ª ­¨ï â®ª  ¢ ª¢ -
§¨­¥©âà «ì­ëå p- ¨«¨ n-®¡« áâïå, σ — ¯à®¢®¤¨¬®áâì

ª¢ §¨­¥©âà «ì­®© ®¡« áâ¨, ρ = W̃/σ, V — ¯®«­®¥

¯ ¤¥­¨¥ ­ ¯àï¦¥­¨ï ­  p−n-áâàãªâãà¥, GT -áª®à®áâì
â¥¯«®¢®© ¨ âã­­¥«ì­®© £¥­¥à æ¨¨ ¢ ���.1

�à®¢¥¤¥­­®¥ ­  ®á­®¢¥ ¬®¤¥«¨ (1), (2) ¨áá«¥¤®¢ ­¨¥
á¢®©áâ¢ ¬¨ªà®¯« §¬ ­¥ ãç¨âë¢ «® ¢®§¬®¦­ë© ¤¦®ã-
«¥¢ à §®£à¥¢ áâàãªâãàë, ¢ â® ¢à¥¬ï ª ª ®ç¥­ì ¢ëá®-
ª ï ¯«®â­®áâì â®ª  ¢ ª ­ «¥ ¬¨ªà®¯« §¬ ¯à¨¢®¤¨â ª

áãé¥áâ¢¥­­®¬ã à §®£à¥¢ã p−n-áâàãªâãàë ¢ ®¡« áâ¨

«®ª «¨§ æ¨¨ ¬¨ªà®¯« §¬ë. �à¨ ¤®áâ â®ç­® ¡®«ìè¨å
¯«®â­®áâïå â®ª  j ¤¦®ã«¥¢ à §®£à¥¢ à¥è¥âª¨

∆T = T − Ti = jV RT (3)

¬®¦¥â á®áâ ¢«ïâì ¯®àï¤ª  ∆T = 20÷100 K [1,2].
�¤¥áì Ti — â¥¬¯¥à âãà  â¥¯«®®â¢®¤ , RT — ã¤¥«ì-
­®¥ â¥¯«®¢®¥ á®¯à®â¨¢«¥­¨¥ áâàãªâãàë. �§¬¥­¥­¨ï

1
�®¤à®¡­ë© ¢ë¢®¤ ãà ¢­¥­¨© (1) ¨ (2) ¯à¨¢¥¤¥­ ¢ à ¡®â¥ [5].
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¯ à ¬¥âà®¢ « ¢¨­­®£® ¯à®¡®ï á à®áâ®¬ â¥¬¯¥à âãàë

¯®«ã¯à®¢®¤­¨ª  ¯à¨¢®¤ïâ ª â¥¬¯¥à âãà­®© § ¢¨á¨¬®-
áâ¨ ¯ à ¬¥âà®¢ ¬¨ªà®¯« §¬, ¯®áª®«ìªã ã¬¥­ìè ¥âáï
ª®íää¨æ¨¥­â ã¤ à­®© ¨®­¨§ æ¨¨ í«¥ªâà®­®¢ ¨ ¤ëà®ª

¢ ª ­ «¥ ¬¨ªà®¯« §¬ë [1,2].
�®íâ®¬ã áª®à®áâì ¨®­¨§ æ¨¨ νi ¢ ãà ¢­¥­¨¨ (1)

ï¢«ï¥âáï ¢ ¤¥©áâ¢¨â¥«ì­®áâ¨ äã­ªæ¨¥© ­¥ â®«ìª® n
¨ Vi, ­® ¨ â¥¬¯¥à âãàë à¥è¥âª¨ T . �®íâ®¬ã á¨áâ¥¬ã
(1), (2) ­¥®¡å®¤¨¬® ¤®¯®«­¨âì ãà ¢­¥­¨¥¬, ®¯¨áë¢ -
îé¨¬ à á¯à¥¤¥«¥­¨¥ â¥¬¯¥à âãàë ¢¤®«ì ¯«®áª®áâ¨

p−n-¯¥à¥å®¤ , ¨ ãç¥áâì ¢ ãà ¢­¥­¨¨ (1) ã¡ë¢ îéãî
§ ¢¨á¨¬®áâì áª®à®áâ¨ ã¤ à­®© ¨®­¨§ æ¨¨ νi ®â â¥¬¯¥-
à âãàë. � á¯à¥¤¥«¥­¨¥ â¥¬¯¥à âãàë ¢¤®«ì ¯«®áª®áâ¨

p−n-¯¥à¥å®¤  ¬®¦­® ®¯¨á âì á ¯®¬®éìî ã¯à®é¥­­®-
£® ãáà¥¤­¥­­®£® ¯® â®«é¨­¥ ��� ãà ¢­¥­¨ï â¥¯«®-
¯à®¢®¤­®áâ¨

τT
∂T

∂t
= λ2∆⊥T − (T − Ti) + C̃Vin, (4)

£¤¥ τT , λ — ¢à¥¬ï ¨ ¤«¨­  â¥¯«®¢®© à¥« ªá æ¨¨,
C̃ = evnRT , RT — ã¤¥«ì­®¥ â¥¯«®¢®¥ á®¯à®â¨¢«¥­¨¥

®¡à §æ , Ti — â¥¬¯¥à âãà  íää¥ªâ¨¢­®£® â¥à¬®áâ â 

(¯®¤«®¦ª¨). �«ï ¯à®áâ®âë ­¥ ãç¨âë¢ « áì § ¢¨á¨-
¬®áâì â¥¯«®¯à®¢®¤­®áâ¨ ®â â¥¬¯¥à âãàë, ¨ ¢ ª ç¥áâ¢¥
¨áâ®ç­¨ª  ¯à¨­ïâ® á®®â­®è¥­¨¥ (3), ®¯¨áë¢ îé¥¥

®¤­®à®¤­ë© à §®£à¥¢ à¥è¥âª¨.
�®áª®«ìªã å à ªâ¥à­ ï ¤«¨­  ¨ ¢à¥¬ï à á¯à®áâà -

­¥­¨ï â¥¬¯¥à âãàë ¬­®£® ¡®«ìè¥ å à ªâ¥à­®© ¤«¨­ë

¨ ¢à¥¬¥­¨ à á¯à®áâà ­¥­¨ï ª®­æ¥­âà æ¨¨ ­®á¨â¥«¥©

¢ ��� [6], ¯à¨¬¥à­ë© áæ¥­ à¨© ¢«¨ï­¨¨ ã¢¥«¨ç¥-
­¨ï â¥¬¯¥à âãàë ­  å à ªâ¥à ¯®¢¥¤¥­¨ï ¬¨ªà®¯« §¬

¬®¦­® ¯®«ãç¨âì ã¦¥ ­  ®á­®¢¥ ª ç¥áâ¢¥­­®£®  ­ -
«¨§  á¨áâ¥¬ë. � ¨¬¥­­®, à áá¬ âà¨¢ ï â¥¬¯¥à âãàã
¢ ª ç¥áâ¢¥ ¯ à ¬¥âà  á¨áâ¥¬ë (1), (2), (4), ¬®¦­®
¯à® ­ «¨§¨à®¢ âì í¢®«îæ¨î ­ã«ì-¨§®ª«¨­ á¨áâ¥¬ë

ãà ¢­¥­¨© (1), (2) ¤«ï á«ãç ï à ¢­®¬¥à­®£® ­ £à¥¢ 
p−n-áâàãªâãàë [6].
� à ªâ¥à­ë© ¢¨¤ â ª¨å ­ã«ì-¨§®ª«¨­ ¤«ï ¬®¤¥«¥©,

®¯¨áë¢ îé¨å ¯à®â¥ª ­¨¥ â®ª  ¢ ®¡à â­® á¬¥é¥­­ëå

p−n-¯¥à¥å®¤ , ¯à¥¤áâ ¢«¥­ ­  à¨á. 1. �®£« á­® [6],
¢ â ª¨å á¨áâ¥¬ å ¯à¨ ¯ à ¬¥âà å, á®®â¢¥âáâ¢ãî-
é¨å ¯¥à¥á¥ç¥­¨î ­ã«ì-¨§®ª«¨­ ­  ¯ ¤ îé¥¬ ãç áâª¥
(ªà¨¢ë¥ 1,2 ), à¥ «¨§ãîâáï ãá«®¢¨ï ¤«ï ®¡à §®¢ ­¨ï
ã§ª¨å ¯¨çª®¢ëå áâàãªâãà, ª®â®àë¬¨ ï¢«ïîâáï ¬¨-
ªà®¯« §¬ë. �¢¥«¨ç¥­¨¥ ¦¥ â¥¬¯¥à âãàë, ª ª ®â¬¥-
ç¥­® ¢ëè¥, ¡ã¤¥â ã¢¥«¨ç¨¢ âì ­ ¯àï¦¥­¨¥ ¯à®¡®ï,
â. ¥. â®çªã ¯¥à¥á¥ç¥­¨ï ­ã«ì-¨§®ª«¨­ ¯¥à¥¬¥é âì ¢á¥
¤ «ìè¥ ¨ ¤ «ìè¥ ¢ ãáâ®©ç¨¢ãî ®¡« áâì. �â  á¨âã-
 æ¨ï ¯à¥¤áâ ¢«¥­  ­  à¨á. 1 (ªà¨¢ ï 1 ′), ª®â®à ï

®â®¡à ¦ ¥â å à ªâ¥à í¢®«îæ¨¨ ªà¨¢®© «®ª «ì­®©

á¢ï§¨ ¯à¨ à ¢­®¬¥à­®¬ à §®£à¥¢¥ áâàãªâãàë. � íâ®©

§®­¥ ¯ à ¬¥âà®¢ (¬¥¦¤ã ¯®«®¦¥­¨ï¬¨ 1 ¨ 1 ′) ­¥-
®¤­®à®¤­®¥ á®áâ®ï­¨¥ ¢ ¢¨¤¥ ¬¨ªà®¯« §¬ë ¬®¦¥â

áãé¥áâ¢®¢ âì ­ àï¤ã á ãáâ®©ç¨¢ë¬ ®¤­®à®¤­ë¬ á®-
áâ®ï­¨¥¬, ®â¢¥ç îé¨¬ ®¤­®à®¤­®¬ã à á¯à¥¤¥«¥­¨î

« ¢¨­­®£® â®ª  [6]. �à¨ ¤ «ì­¥©è¥¬ ã¢¥«¨ç¥­¨¨

â¥¬¯¥à âãàë â®çª¨ ¯¥à¥á¥ç¥­¨ï ªà¨¢ëå «®ª «ì­®©

�¨á. 1. � à ªâ¥à­ë© ¢¨¤ ­ã«ì-¨§®ª«¨­ á¨áâ¥¬ë (1),
(2). 1, 1 ′ — ªà¨¢ë¥ «®ª «ì­®© á¢ï§¨ (­ã«ì-¨§®ª«¨­ë
ãà ¢­¥­¨ï (1)) ¤«ï à §«¨ç­ëå §­ ç¥­¨© â¥¬¯¥à âãàë ¯à¨

à ¢­®¬¥à­®¬ à §®£à¥¢¥ p−n-áâàãªâãàë (1 — T = Ti,
1 ′ — T = 1.1Ti); 2, 2 ′, 2 ′′ — «¨­¨¨ ãà®¢­ï á®áâ®ï­¨©

(­ã«ì-¨§®ª«¨­ë ãà ¢­¥­¨ï (2)) ¯à¨ à §«¨ç­ëå ­ ¯àï¦¥-
­¨ïå ­  p−n-áâàãªâãà¥. (�¥§ã«ìâ âë ç¨á«¥­­®£® ¬®¤¥«¨-
à®¢ ­¨ï ãà ¢­¥­¨© (5), (6) ¯à¨ ¯ à ¬¥âà å, ãª § ­­ëå ¢
â¥ªáâ¥).

á¢ï§¨ ¨ «¨­¨© ãà®¢­ï á®áâ®ï­¨ï ¬®£ãâ ®ª § âìáï ¢

®¡« áâ¨, ¢ ª®â®à®© ­¥ áãé¥áâ¢ã¥â ãáâ®©ç¨¢ëå ­¥®¤-
­®à®¤­ëå à¥è¥­¨©, ¨ â¥¬ á ¬ë¬ ¤®«¦¥­ ¯à®¨§®©â¨

áª çª®®¡à §­ë© ¯¥à¥å®¤ á¨áâ¥¬ë ¢ ®¤­®à®¤­®¥ á®-
áâ®ï­¨¥ (¢ëª«îç¥­¨¥ ¬¨ªà®¯« §¬ë, ª®â®à®¥ ¡ã¤¥â

á®¯à®¢®¦¤ âìáï áª çª®¬ â®ª  ­  ¢®«ìâ- ¬¯¥à­®© å -
à ªâ¥à¨áâ¨ª¥ (���) p−n-áâàãªâãàë).

� ª¨¬ ®¡à §®¬, ­ «¨ç¨¥ «®ª «ì­ëå ­¥®¤­®à®¤­®-
áâ¥©, ª®â®àë¥ á¯®á®¡áâ¢ãîâ «®ª «ì­®¬ã ã¬¥­ìè¥­¨î
­ ¯àï¦¥­¨ï ¯à®¡®ï, ¯à¨¢®¤¨â ¯à¨ ­¥ª®â®à®¬ ­ ¯àï-
¦¥­¨¨ V = Vcr ª ¢ª«îç¥­¨î ¬¨ªà®¯« §¬. � â®

¢à¥¬ï ª ª á ¬®à §®£à¥¢ áâàãªâãàë, ª®â®àë© ¢ ¯¥à-
¢ãî ®ç¥à¥¤ì ®ª §ë¢ ¥â ¢«¨ï­¨¥ ­  ¤«¨­ã á¢®¡®¤­®£®

¯à®¡¥£  ­®á¨â¥«¥© § àï¤ , ¯à¨¢®¤¨â ª ¯®¤ ¢«¥­¨î

­¥ãáâ®©ç¨¢®áâ¥© ¨ ¢ëª«îç¥­¨î ¬¨ªà®¯« §¬ë.

�®â ä ªâ, çâ® á ¬®à®§®£à¥¢ ¯®â¥­æ¨ «ì­® á¯®á®-
¡¥­ ¯à¥¯ïâáâ¢®¢ âì à §¢¨â¨î ­¥ãáâ®©ç¨¢®áâ¨, ¯®¤-
â¢¥à¦¤ îâ â ª¦¥ ª ç¥áâ¢¥­­ë¥ ®æ¥­ª¨ ¨ ¨§¢¥áâ­ë¥

íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ ¯® ¯¥à¥ª«îç¥­¨î ¬¨ªà®-
¯« §¬, ¢ ª®â®àëå ®â¬¥ç¥­® ¯®¢ëè¥­¨¥ ­ ¯àï¦¥­¨ï

¯à®¡®ï §  áç¥â á ¬®à §®£à¥¢  [1,2]. �®¤â¢¥à¦¤¥­¨¥¬
íâ®© £¨¯®â¥§ë ¬®¦¥â ¡ëâì â ª¦¥ â®â íªá¯¥à¨¬¥­-
â «ì­ë© ä ªâ, çâ® ¢ £¥à¬ ­¨¥¢ëå áâàãªâãà å ¯à¨

ª®¬­ â­®© â¥¬¯¥à âãà¥ ¬¨ªà®¯« §¬ë, ª ª ¯à ¢¨«®,
­¥ ­ ¡«î¤ îâáï, ­® ¯®ï¢«ïîâáï ¯à¨ ®å« ¦¤¥­¨¨ ¤®
â¥¬¯¥à âãàë ¦¨¤ª®£®  §®â ,   ¢ p−i−n-áâàãªâãà å,
£¤¥ ªà¨â¨ç¥áª ï ¯«®â­®áâì â®ª , ¯à¨ ª®â®à®© ¢®§­¨-
ª ¥â ®âà¨æ â¥«ì­®¥ ¤¨ää¥à¥­æ¨ «ì­®¥ á®¯à®â¨¢«¥-
­¨¥ (���), ­¥¢¥«¨ª , ¯à¨ ¨­â¥­á¨¢­®¬ ®å« ¦¤¥­¨¨

áâ ­®¢¨âáï ¢®§¬®¦­ë¬ áãé¥áâ¢®¢ ­¨¥ áâ æ¨®­ à­ëå

â®ª®¢ëå ­¨â¥©.
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2. �¨á«¥­­®¥ ¬®¤¥«¨à®¢ ­¨¥ ï¢«¥­¨ï

­¥áâ ¡¨«ì­®áâ¨ ¬¨ªà®¯« §¬

�«ï ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ï á¨áâ¥¬ã (1), (2), (4)
¢ ®¤­®¬¥à­®¬ á«ãç ¥ ã¤®¡­® § ¯¨á âì ¢ ¢¨¤¥

τn
∂j

∂t
= l2

∂2j

∂x2
+ νi(Vi, T )νi(j)jk1 − j + k2jt, (5)

τV
∂Vi

∂t
= L2 ∂

2Vi

∂x2
−Bj − Vi + V, (6)

τT
∂T

∂t
= λ2 ∂

2T

∂x2
− (T − 1) + CpVij, (7)

£¤¥ â¥¬¯¥à âãà  T ¨§¬¥àï¥âáï ¢ ¥¤¨­¨æ å Ti,   ¯«®â-
­®áâì â®ª  j ¨ ­ ¯àï¦¥­¨¥ Vi ¨§¬¥àïîâáï á®®â¢¥â-
áâ¢¥­­® ¢ ¥¤¨­¨æ å j0 ¨ V0, ¯à¨ ª®â®àëå ¢ë¯®«­¥­®
ãá«®¢¨¥2

ζ =
∂ ln νi
∂ ln j

=
jt

j − ji
, (8)

ª®â®à®¥ ®¯à¥¤¥«ï¥â â®çªã ¬ ªá¨¬ã¬  Λ-®¡à §­®©
ªà¨¢®© «®ª «ì­®© á¢ï§¨ (¯¥à¥å®¤ ®â ¯®«®¦¨â¥«ì-
­®£® ¤¨ää¥à¥­æ¨ «ì­®£® á®¯à®â¨¢«¥­¨ï ª ®âà¨æ -
â¥«ì­®¬ã ¤«ï ��� p−n-áâàãªâãàë). �®íää¨æ¨¥­âë
¡¥§à §¬¥à­ëå ãà ¢­¥­¨© ®¯à¥¤¥«ïîâáï á«¥¤ãîé¨¬¨

¢ëà ¦¥­¨ï¬¨: τn = w/v0, τV = ρ/C, l =
√
Dτn,

L = W̃ , B = j0V
−1

0 ρ,   äã­ªæ¨¨ k1 ¨ k2 ¬®¤¥«¨àã-
îâ «®ª «ì­ë¥ ­¥®¤­®à®¤­®áâ¨. � ­¥®¤­®à®¤­®áâï¬¨

¬®¦¥â ¡ëâì á¢ï§ ­® ¤®¢®«ì­® ¡®«ìè®¥ ç¨á«® ¬¥-
å ­¨§¬®¢, á¯®á®¡áâ¢ãîé¨å ã¬¥­ìè¥­¨î ­ ¯àï¦¥­¨ï

¯à®¡®ï. �à ªâ¨ç¥áª¨ ¦¥ ¢á¥ ®­¨ ¯à¨¢®¤ïâ ª â®¬ã,
çâ® ¢ «®ª «ì­®© ®¡« áâ¨ ¨§¬¥­ï¥âáï å à ªâ¥à ���

¯® áà ¢­¥­¨î á ®¤­®à®¤­®© ç áâìî p−n-¯¥à¥å®¤ .3

�®íâ®¬ã ¤«ï ç¨á«¥­­ëå íªá¯¥à¨¬¥­â®¢ ¢ë¡¨à «¨áì

äã­ªæ¨¨, á« ¡® ¨§¬¥­ïîé¨¥ § ¢¨á¨¬®áâì â®ª  ®â

­ ¯àï¦¥­¨ï ¤«ï ��� áâàãªâãàë.
� ª ç¥áâ¢¥ νi ¨á¯®«ì§®¢ «®áì ¬®¤¥«ì­®¥ ¢ëà ¦¥-

­¨¥

νi(Vi, T, j) = ν(j) exp
[
V0

(
1−

{
exp
[
−β(1− T )

]
/V 2

i

})]
,

(9)

νi = a+ b exp

(
1−

c

j

)
, (10)

¢ ª®â®à®¬ § ¢¨á¨¬®áâì νi ®â Vi ¨ T ¨¬¥¥â áâ ­¤ àâ-
­ë© ¢¨¤,   á« ¡® ¢®§à áâ îé ï § ¢¨á¨¬®áâì νi(j)
ï¢«ï¥âáï å à ªâ¥à­®© ¤«ï è¨à®ª®£® ª« áá  p−n-
¯¥à¥å®¤®¢ [1,2,5,8].

�¨áâ¥¬  ãà ¢­¥­¨© (5), (6), (7) á ãç¥â®¬ (9), (10) à¥-
è « áì ç¨á«¥­­® ¯à¨ ª®íää¨æ¨¥­â å: τn = 2 ·10−11 á,
τV = 3 · 10−11 á, τT = 2.5 · 10−5 á, l2 = 2 · 10−11 á¬2,

2
�à¨ ¯¥à¥å®¤¥ ®â ª®­æ¥­âà æ¨¨ ­®á¨â¥«¥© â®ª  n ª ¯«®â­®-

áâ¨ â®ª  j áª®à®áâì ­®á¨â¥«¥© â®ª  vn ¯à¥¤¯®« £ ¥âáï ­ áë-
é¥­­®©: vn = v0.

3
� à ªâ¥à ¨§¬¥­¥­¨ï ��� ¤«ï ®¡à â­® á¬¥é¥­­ëå p−n-

¯¥à¥å®¤®¢ ¢ § ¢¨á¨¬®áâ¨ ®â ãà®¢­ï «¥£¨à®¢ ­¨ï ¨ â®«é¨­ë

��� ¯à¥¤áâ ¢«¥­, ­ ¯à¨¬¥à, ¢ [7].

L2 = 4 · 10−5 á¬2, λ2 = 2.5 · 10−5 á¬2, Cp = 1/20,
jt = 10−4, B = 3 · 10−4, a = 1, b = 1, c = 10, β = 0.12,

k1 = 1− 0.1 exp[−x2/(0.01L)2],

k2 = 10− exp[−x2/(0.01L)2].

�«ï à áç¥â  ¡ë«¨ ¨á¯®«ì§®¢ ­ë á«¥¤ãîé¨¥ ¯ à -
¬¥âàë, å à ªâ¥à­ë¥ ¤«ï ¯®«ã¯à®¢®¤­¨ª®¢®© áâàãª-
âãàë ­  ®á­®¢¥ Si: D = 1 á¬2/c, v0 = 106 á¬/á,
ω = 2 · 10−5 á¬, W̃ = 4.5 · 10−3 á¬, C = 2 · 10−8�/á¬2,
ρ = 1.5 · 10−3�¬ · á¬2, j0 = 10�/á¬2, V0 = 50�,
Rt = 0.03 K · á¬2/�â, α = 4 · 10−4 K−1, Ti = 300 K.
� à¥§ã«ìâ â¥ ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ï á¨áâ¥¬ë

(5), (6), (7) ¡ë«® ¯®«ãç¥­® ¯®¤â¢¥à¦¤¥­¨¥ à¥§ã«ìâ -
â®¢ ¯à®¢¥¤¥­­®£® ¢ëè¥ ª ç¥áâ¢¥­­®£®  ­ «¨§ . �à¨
¤®áâ¨¦¥­¨¨ ¢­¥è­¨¬ ­ ¯àï¦¥­¨¥¬ §­ ç¥­¨ï (¢ ¥¤¨-
­¨æ å V0) V = Vcr = 1.005 (à¨á. 1) ¢ ®¡« áâ¨

«®ª «¨§ æ¨¨ ­¥®¤­®à®¤­®áâ¨ ¯®àï¤ª  ∆x á¯®­â ­­®

§  ¢à¥¬ï ¯®àï¤ª  τV ¢®§­¨ª ¥â á¨«ì­® ­¥®¤­®à®¤­®¥

ã¥¤¨­¥­­®¥ á®áâ®ï­¨¥ ¯à®â¥ª ­¨ï â®ª  (à¨á. 2, ªà¨-
¢ ï 1 ). �®ª «ì­ë© à §®£à¥¢ à¥è¥âª¨ ¢ ®¡« áâ¨ «®-
ª «¨§ æ¨¨ ¬¨ªà®¯« §¬ë ¯à¨¢®¤¨â §  ¢à¥¬ï ¯®àï¤ª 

τT ª ­¥ª®â®à®¬ã ¥¥ ã¬¥­ìè¥­¨î ¯®  ¬¯«¨âã¤¥,   § 
¢à¥¬ï ¯®àï¤ª  τV — ª ¥¥ ¢ëª«îç¥­¨î ¨ ¯¥à¥å®¤ã

¢ á®áâ®ï­¨¥ ®¤­®à®¤­®£® ¯à®â¥ª ­¨ï â®ª  (à¨á. 2,
ªà¨¢ ï 2 ). �«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢ à¥§ã«ìâ â¥

â¥¬¯¥à âãà­®© § ¢¨á¨¬®áâ¨ ¢ «®ª «ì­®© ®¡« áâ¨ ¢®§-
¬®¦­® ¤ ¦¥ § ¯¨à ­¨¥ â®ª , ¢ë§¢ ­­®¥ «®ª «ì­ë¬
ã¬¥­ìè¥­¨¥¬ ­ ¯àï¦¥­¨ï ¢ ®¡« áâ¨ áãé¥áâ¢®¢ ­¨ï

¬¨ªà®¯« §¬ë, â. ¥. â¥¯«®¢®© â®ª ¢ â ª®© ®¡« áâ¨

áâ ­®¢¨âáï ¬¥­ìè¨¬, ç¥¬ ¢ ®áâ «ì­®© ç áâ¨ p−n-
¯¥à¥å®¤ . � à¥§ã«ìâ â¥ â®£®, çâ® ¢ áâàãªâãà¥ ­¥

¯à®â¥ª ¥â â®ª ¯®¢ëè¥­­®© ¯«®â­®áâ¨, à¥è¥âª  ®å« -
¦¤ ¥âáï ¨ á¨áâ¥¬  ¢®§¢à é ¥âáï ¢ á®áâ®ï­¨¥, ª®£¤ 
á­®¢  áâ ­®¢¨âáï ¢®§¬®¦­ë¬ á¯®­â ­­®¥ ®¡à §®¢ -
­¨¥ ¬¨ªà®¯« §¬ë. �¡à §®¢ ­¨¥ ­®¢®© ¬¨ªà®¯« §¬ë

¢ ®¡« áâ¨ ­¥®¤­®à®¤­®áâ¨ ¢¥¤¥â ª ­®¢®¬ã à §®£à¥¢ã

áâàãªâãàë ¨ ¯®á«¥¤ãîé¥¬ã (ç¥à¥§ ¢à¥¬ï ¯®àï¤ª  τT )
¥¥ ¨áç¥§­®¢¥­¨î, â. ¥. ç¥à¥§ p−n-¯¥à¥å®¤ ¯à®â¥ª ¥â

�¨á. 2. � á¯à¥¤¥«¥­¨¥ ¯«®â­®áâ¨ â®ª  j(x) ¢ p−n-
áâàãªâãà¥ ¯à¨ ¢ª«îç¥­­®¬ (ªà¨¢ ï 1 ) ¨ ¢ëª«îç¥­­®¬

(ªà¨¢ ï 2 ) á®áâ®ï­¨¨ ¬¨ªà®¯« §¬ë.
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�¨á. 3. �¨­ ¬¨ª  ¯à®â¥ª ­¨ï â®ª  ¢ ¢¨¤¥ ¬¨ªà®¯« §¬¥­­ëå ¨¬¯ã«ìá®¢; a — ¯à®áâà ­áâ¢¥­­®¥ à á¯à¥¤¥«¥­¨¥ ¯«®â­®áâ¨

â®ª , b — ¤¨­ ¬¨ª  ¨§¬¥­¥­¨ï ¯«®â­®áâ¨ â®ª  ¢ æ¥­âà¥ ¬¨ªà®¯« §¬ë.

â®ª ¢ ¢¨¤¥ ¬¨ªà®¯« §¬¥­­ëå ¨¬¯ã«ìá®¢ â¨¯  â¥«¥-
£à ä­®£® á¨£­ «  (à¨á. 3,a). �  à¨á. 3,b ¯à¥¤áâ ¢«¥­ 
¤¨­ ¬¨ª  ª®«¥¡ ­¨© ¬ ªá¨¬ «ì­®© ¯«®â­®áâ¨ â®ª .
� ª ï ª àâ¨­  ­ ¡«î¤ ¥âáï ¨ ¯à¨ íªá¯¥à¨¬¥­â «ì-
­®¬ ¨áá«¥¤®¢ ­¨¨ ¬¨ªà®¯« §¬ [1]. �¥àâ¨ª «ì­ë¥

ãç áâª¨ á®®â¢¥âáâ¢ãîâ ¢ª«îç¥­¨î–¢ëª«îç¥­¨î ¬¨-
ªà®¯« §¬, £®à¨§®­â «ì­ë¥ — ®áâë¢ ­¨î, ­ ª«®­-
­ë¥ — à §®£à¥¢ã à¥è¥âª¨ ¨ ã¬¥­ìè¥­¨î â®ª  ç¥-
à¥§ ¬¨ªà®¯« §¬ã. �®®¡é¥ £®¢®àï, â ª¨¥ ¨¬¯ã«ìáë

¬®£ãâ ¨¬¥âì ¢¥áì¬  à §­®®¡à §­ãî ä®à¬ã (®â ¯àï-
¬®ã£®«ì­®© ¤® âà¥ã£®«ì­®©) ¨ á«ãç ©­ë© å à ªâ¥à

(¤«¨â¥«ì­®áâì ¨¬¯ã«ìá®¢ ¨ ¯ ã§ ¬¥¦¤ã ­¨¬¨ ¯®¤-
ç¨­ï¥âáï íªá¯®­¥­æ¨ «ì­®¬ã à á¯à¥¤¥«¥­¨î). �®à¬ 
¨¬¯ã«ìá®¢ § ¢¨á¨â ¢ ¯¥à¢ãî ®ç¥à¥¤ì ®â ¢¨¤ ���

¤«ï ¯à®«¥â­®© ®¡« áâ¨, ª®â®à ï ¢á«¥¤áâ¢¨¥ à §®£à¥¢ 
¬®¦¥â ¯à¨®¡à¥â âì ¤ ¦¥ ®¤­®§­ ç­ë© å à ªâ¥à,  
â ª¦¥ ®â ¢¥«¨ç¨­ë á®¯à®â¨¢«¥­¨ï ­ £àã§ª¨. � ¯®-
¬®éìî ®¯â¨¬¨§ æ¨¨ íâ¨å ¤¢ãå å à ªâ¥à¨áâ¨ª ¬®¦­®

¤®¡¨âìáï ¨§¬¥­¥­¨ï ä®à¬ë ¨¬¯ã«ìá  ®â âà¥ã£®«ì-
­®© ¤® ¯àï¬®ã£®«ì­®©. �«ãç ©­ë© å à ªâ¥à ¨¬¯ã«ì-
á®¢ ®¡êïá­ïîâ á«ãç ©­ë¬¨ ä«ãªâã æ¨ï¬¨ äã­ªæ¨¨

¨®­¨§ æ¨¨, ª®â®à ï ¨¬¥¥â áâ â¨áâ¨ç¥áªãî ¯à¨à®¤ã.
�® â ª ª ª ¢­¥¤à¥­­ë¥ ­¥®¤­®à®¤­®áâ¨ ¨ ¤¥ä¥ªâë

â®¦¥ ¨¬¥îâ á«ãç ©­ãî ¯à¨à®¤ã, á«ãç ©­ë© ”â¥«¥-
£à ä­ë©” á¨£­ « ¬®¦­® ¯®«ãç¨âì ¨ ¢ à ¬ª å ¬®-
¤¥«¨ ¢ª«îç¥­¨ï–¢ëª«îç¥­¨ï ­  ­¥®¤­®à®¤­®áâïå ­ 
®á­®¢ ­¨¨ à §®£à¥¢ . � ª ª ª ®¡« áâì ­¥áâ ¡¨«ì­®-
áâ¨ â®ª  ç¥à¥§ ¬¨ªà®¯« §¬ã á®áâ ¢«ï¥â 0.1÷2�,4 ¢

ãª § ­­®¬ ¤¨ ¯ §®­¥ ¬®¦¥â áãé¥áâ¢®¢ âì ­¥áª®«ì-
ª® ­¥®¤­®à®¤­®áâ¥© ­  à ááâ®ï­¨ïå à á¯à®áâà ­¥­¨ï

â¥¬¯¥à âãàë, ¢§ ¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ª®â®àë¬¨ ¯®

¢ª«îç¥­¨î–¢ëª«îç¥­¨î ¬®¦¥â ¯à¨¢¥áâ¨ ª á«ãç ©-
­®¬ã â¥«¥£à ä­®¬ã á¨£­ «ã. �¡ íâ®¬ á¢¨¤¥â¥«ìáâ¢ã-

4
�â®â ä ªâ â®¦¥ å®à®è® á®£« áã¥âáï á ¯à¥¤«®¦¥­­®© ¬®-

¤¥«ìî. �à¨ ã¢¥«¨ç¥­¨¨ ­ ¯àï¦¥­¨ï ­  áâàãªâãà¥ V â®çª 

¯¥à¥á¥ç¥­¨ï ­ã«ì-¨§®ª«¨­ ¡ã¤¥â ¢á¥ ¤ «ìè¥ ¯¥à¥¬¥é âìáï ¢

­¥ãáâ®©ç¨¢ãî ®¡« áâì (à¨á. 1, ªà¨¢ ï 2 ′′) ¨ ¯à¨ ­¥ª®â®à®¬

§­ ç¥­¨¨ V = VT á ¬®à §®£à¥¢ áâàãªâãàë ¡ã¤¥â ã¦¥ ­¥ ¢

á®áâ®ï­¨¨ ¯®¤ ¢«ïâì ­¥ãáâ®©ç¨¢®áâì.

îâ ¨ íªá¯¥à¨¬¥­â «ì­ë¥ ­ ¡«î¤¥­¨ï, ª®â®àë¥ ®â¬¥-
ç îâ, çâ® ¢§ ¨¬®¤¥©áâ¢¨¥ ¬¨ªà®¯« §¬ ­ ¡«î¤ «®áì

­  ®ç¥­ì ¡®«ìè¨å à ááâ®ï­¨ïå ¬¥¦¤ã ­¨¬¨ [1].

�®«¥¥ â®£®, ¢ ç¨á«¥­­ëå ¨áá«¥¤®¢ ­¨ïå ¡ë«® ®â¬¥-
ç¥­®, çâ® ¤®áâ â®ç­® ¡®«ìè®© £à ¤¨¥­â â¥¬¯¥à âãàë
¢ á®áâ®ï­¨¨ á­¥áâ¨ ¬¨ªà®¯« §¬ã á ­¥®¤­®à®¤­®áâ¨,
­  ª®â®à®© ®­  ®¡à §®¢ « áì. �®íâ®¬ã ¤ ¦¥ ¢ á«ãç ¥
®¤­®© ¬¨ªà®¯« §¬ë, ¢®§­¨ªîé¥© ­  ­¥®¤­®à®¤­®áâ¨,
¬®¦¥â ®áãé¥áâ¢«ïâìáï ­¥¯¥à¨®¤¨ç­ë© à §®£à¥¢ ¨

®áâë¢ ­¨¥ à¥è¥âª¨ ¢ ®ªà¥áâ­®áâ¨ «®ª «ì­®© ®¡« áâ¨,
çâ® ¢ á¢®î ®ç¥à¥¤ì ¬®¦¥â ¯à¨¢®¤¨âì ª ­¥¯¥à¨®¤¨ç¥-
áª¨¬ ¬¨ªà®¯« §¬¥­­ë¬ ¨¬¯ã«ìá ¬.

�¢â®à ¢ëà ¦ ¥â ¡« £®¤ à­®áâì �.�.� ä¨©çãªã § 
¯®«¥§­ë¥ ®¡áã¦¤¥­¨ï ¯à¨ ¯®¤£®â®¢ª¥ à ¡®âë.
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A numerical simulation of microplasma
impulses
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Abstract The main characteristics of the current flow in

the form of microplasma impulses were confirmed by a

numerical solution based on proposed model. It is shown

that a microplasma can appear spontaneously when a local

inhomogenity is present in a space charge layer of p−n-

structure, and an increase in the lattice temperature as a

result of the Joule leads to dissappearance of microplasma.

Numerical studies are reported of the kinetics of microplasma

impulses, of their shape and length as functions of voltage

drop across a structure and parameters of p−n-structure.
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