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�à¥¤« £ ¥âáï ®¢ ï â¥®à¥â¨ç¥áª ï ¬®¤¥«ì ¤«ï ®¯¨á ¨ï ¯®¢¥¤¥¨ï ¢®¤®à®¤  ¯à¨ ¨¦¥ªæ¨¨

í«¥ªâà®®¢ ¨§ ª®â ªâ®¢ ¢ â®ª¨å ¯«¥ª å SiO2 ¢ á¨«ìëå ¯®«ïå. �®àïç¨¥ í«¥ªâà®ë ¢ë¡¨¢ îâ

á ®¡®à¢ ëå á¢ï§¥© SiO−, Si− ¢®¤®à®¤, á®§¤ ¢ ï «®¢ãèª¨ ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª. �ë¯®«¥ë
à áç¥âë ¯® ¯¥à¥à á¯à¥¤¥«¥¨î ¢®¤®à®¤  ¨  ª®¯«¥¨î § àï¤  ¢ SiO2. �§ ®¡à ¡®âª¨ íªá¯¥à¨-
¬¥â «ìëå ¤ ëå [3] ®¯à¥¤¥«¥ë á¥ç¥¨ï à¥ ªæ¨¨ ®¡à §®¢ ¨ï ¢®¤®à®¤  σH ' 6 · 10−20 á¬2 ¨

ç áâ®â  ä®â®£¥¥à æ¨¨ ¢®¤®à®¤  νph = 2 · 10−6 á−1. � ® ®¡êïá¥¨¥  ª®¯«¥¨î  ®¬ «ì®£®

¯®«®¦¨â¥«ì®£® § àï¤  ¢ ¯«¥ª¥ SiO2.

�®¤®à®¤ ¨£à ¥â ¢ ¦ãî à®«ì ¢ ¯à®æ¥áá å à®áâ  â¥à-
¬¨ç¥áª®£® ®ª¨á«  SiO2 ª ª ¯ áá¨¢¨àãîé ï ¯à¨¬¥áì

¢ ªà¥¬¨¥¢ëå ¬¥â ««–®ª¨á¥«–¯®«ã¯à®¢®¤¨ª (���)
áâàãªâãà å [1,2]. � áëé ï ®¡®à¢ ë¥ á¢ï§¨ ªà¥¬-
¨ï ¨«¨ ª¨á«®à®¤ , ¢®¤®à®¤ ãáâà ï¥â ¤¥ä¥ªâë¥

á®áâ®ï¨ï ¢ ®¡ê¥¬¥ ¨   £à ¨æ å à §¤¥«  Si/SiO2

¨ SiO2/Me. �à¥¤¯®« £ îâ, çâ® ¤¥ä¥ªâë¥ á®áâ®ï-
¨ï ¨£à îâ ª«îç¥¢ãî à®«ì ¢ ¤¥£à ¤ æ¨¨ ¯à¨¡®à®¢,
á¤¥« ëå   ®á®¢¥ ªà¥¬¨¥¢ëå ��� áâàãªâãà, ¯®-
íâ®¬ã ¢ ¦®¥ § ç¥¨¥ ¨¬¥¥â ¢®§¬®¦®áâì ¯à¥¤áª -
§ ¨ï í¢®«îæ¨¨ ¯à®ä¨«ï ¢®¤®à®¤  ¢ ¯®¤§ â¢®à®¬

¤¨í«¥ªâà¨ª¥. � [3] ¢ëáª §   ¨¤¥ï, çâ® à §®£à¥âë¥

¢ SiO2 í«¥ªâà®ë ¬®£ãâ ¢ë§ë¢ âì ¯¥à¥à á¯à¥¤¥«¥-
¨¥ ¢®¤®à®¤ , ¡« £®¤ àï ¥£® ¢ë¡¨¢ ¨î á® á¢ï§¥©

¨ ¬¨£à æ¨¨ ª £à ¨æ¥, á®§¤ ¢ ï ¤¥ä¥ªâë ¢ ®¡ê¥¬¥

¨   £à ¨æ¥ Si/SiO2. �¤¥áì ¦¥ ¢ë¯®«¥ë íªá¯¥-
à¨¬¥â «ìë¥ ¨áá«¥¤®¢ ¨ï à á¯à¥¤¥«¥¨ï ¢®¤®à®-
¤  ¢ ¯«¥ª¥ ¤«ï à §«¨çëå § ç¥¨© ¯à®è¥¤è¥£®

§ àï¤  Q. �¡à §®¢ ¨¥ ¤¥ä¥ªâ®¢ ¯à¨ ¨¦¥ªæ¨¨

£®àïç¨å ®á¨â¥«¥© ã¦¥ à áá¬ âà¨¢ «®áì ¢ [4–8],  
¢ [9] ¨áá«¥¤®¢ « áì ¬¨£à æ¨ï  â®¬®¢ ¢®¤®à®¤ . �à¨
íâ®¬ ®á®¢ ï à®«ì ®â¢®¤¨« áì ¨¦¥ªæ¨¨ ¤ëà®ª,
¯à¨¢®¤ïé¥© ª ®á« ¡«¥¨î á¢ï§¥© SiH   ¯®¢¥àå®áâ¨

ªà¥¬¨ï ¨ ¢ ¯à¨«¥£ îé¥¬ ª ¥© á«®¥ SiO2. � [10]
  «®£¨ç® [3] íªá¯¥à¨¬¥â «ì® ¨áá«¥¤®¢ «®áì à á-
¯à¥¤¥«¥¨¥ ¢®¤®à®¤  ¢ SiO2 ¨ ¡ë«¨ ¯®«ãç¥ë 2 ¬ ª-
á¨¬ã¬  ª®æ¥âà æ¨¨ ¢®¤®à®¤    ¯®¢¥àå®áâ¨ SiO2

¨ £à ¨æ¥ à §¤¥«  Si/SiO2. �¯à¥¤¥«¥ë ¯à¥¤¥«ìë¥

ª®æ¥âà æ¨¨ ¢®¤®à®¤  ¢ ¯«¥ª å SiO2, ¢ëà é¥ëå
à §ë¬¨ á¯®á®¡ ¬¨. � á®¦ «¥¨î, ¢ «¨â¥à âãà¥ ®â-
áãâáâ¢ãîâ ¤ ë¥ ¯® â¥®à¥â¨ç¥áª®¬ã ¨áá«¥¤®¢ ¨î

¯¥à¥à á¯à¥¤¥«¥¨ï ¢®¤®à®¤  ¢ Si/SiO2/Al-áâàãªâãà¥
¨ á®¯®áâ ¢«¥¨î á íªá¯¥à¨¬¥â «ìë¬¨ ¤ ë¬¨. �
¤ ®© à ¡®â¥ ¯à¥¤«®¦¥  ¢ëç¨á«¨â¥«ì ï ¬®¤¥«ì,
ãç¨âë¢ îé ï ¯¥à¥à á¯à¥¤¥«¥¨¥ ¢®¤®à®¤ , à¥ ªæ¨¨
á ¢®¤®à®¤®¬ ¢ â¢¥à¤®¬ â¥«¥, á®§¤ ¨¥ ®¢ëå «®¢ãè¥ç-
ëå æ¥âà®¢, § å¢ â ®á¨â¥«¥©   ¨å, à¥ª®¬¡¨ æ¨î
á¢®¡®¤ëå ®á¨â¥«¥© á § å¢ ç¥ë¬¨   «®¢ãèª¨,
¢«¨ï¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï   à §®£à¥¢ í«¥ªâà®-
®¢.

�¨§¨ç¥áª ï ¬®¤¥«ì

�ã¤¥¬ ¯à¥¤¯®« £ âì, çâ® ¢ ¯«¥ª¥ SiO2 ¨¬¥¥âáï ¥-
®¤®à®¤®¥ à á¯à¥¤¥«¥¨¥ ¢®¤®à®¤  á 2 ¬ ªá¨¬ã¬ ¬¨
¢ ®¡« áâ¨ Si/SiO2 ¨ SiO2/Al [3,10]. �®¤®à®¤  áëé ¥â
®¡®à¢ ë¥ á¢ï§¨ ¢¨¤  SiH ¨«¨ SiOH, ª®â®àë¥ ¬®£ãâ
¢®§¨ª âì ¯à¨ â¥à¬¨ç¥áª®¬ ®ª¨á«¥¨¨ ªà¥¬¨ï ¨«¨

¯à¨ ¥£® ¢®¤®à®¤®© ®¡à ¡®âª¥. �à¨ ¬¨£à æ¨¨ á¢®¡®¤-
®£® ¢®¤®à®¤  ¢ ¯«¥ª¥ ¢®§¬®¦ë à¥ ªæ¨¨ ¢¨¤ 

SiH + H
k1−→ Si− + H2 (1)

¨«¨

SiOH + H
k1−→ SiO− + H2,

£¤¥ Si− ¨«¨ SiO− ¯à¥¤áâ ¢«ïîâ á®¡®© ®¡®à¢ ë¥

á¢ï§¨, ª®â®àë¥ ï¢«ïîâáï ¥©âà «ìë¬¨ «®¢ãèª -
¬¨ ¤«ï ®á¨â¥«¥©. �®§¬®¦®áâì à¥ ªæ¨© ¢¨¤  (1)
¯à®¢¥àï« áì à áç¥â®¬ ¬¥â®¤®¬ ª¢ â®¢®© ¬®«¥ªã-
«ïà®© ¤¨ ¬¨ª¨, ¢ë¯®«¥ë¬ �.�.�®à®ª®¢ë¬, á
¨á¯®«ì§®¢ ¨¥¬ ¯®«ãí¬¯¨à¨ç¥áª®£® ¬¥â®¤  MINDO.
�à¨ ¯®¤å®¤¥ ¢®¤®à®¤  ª SiH-ª®¬¯«¥ªáã ¢®§¨ª ¥â

®¢ ï á¢ï§ì H2. �à¨ íâ®¬ ¢ë¤¥«ï¥âáï ª¨¥â¨ç¥áª ï

í¥à£¨ï, ¤®áâ â®ç ï, çâ®¡ë à §®à¢ âì á¢ï§ì SiH.
�®áâ âã à¥ ªæ¨¨ (1) ¬®¦® ®æ¥¨âì ¯® ä®à¬ã«¥

k1(x, T ) = 4πDH(T ) rH · ξ1(x), (2)

£¤¥ DH — ª®íää¨æ¨¥â ¤¨ääã§¨¨  â®¬ à®£® ¢®-
¤®à®¤ , rH — à ¤¨ãá ¢§ ¨¬®¤¥©áâ¢¨ï  â®¬ à®£®

¢®¤à®¤  á SiH- ¨«¨ SiOH-ª®¬¯«¥ªá ¬¨ (∼ 1.0−2.0 Å),
ξ(x) — ¯ à ¬¥âà, ¢ë¤¥«ïîé¨© à¥ ªæ¨¨ ¢ ®¡ê¥¬¥ ¨

  ¯®¢¥àå®áâ¨. �¥¥à æ¨ï á¢®¡®¤ëå  â®¬®¢ ¢®¤®à®-
¤  ®áãé¥áâ¢«ï¥âáï í«¥ªâà® ¬¨, ¨¦¥ªâ¨à®¢ ë¬¨
¢ SiO2 ¨«¨ á®§¤ ë¬¨ ¢ à¥§ã«ìâ â¥ ä®â®£¥¥à -
æ¨¨ ¨  ¡à ¢è¨¬¨ ¢ í«¥ªâà¨ç¥áª®¬ ¯®«¥ í¥à£¨î

ε > εcr = 1.5 í�, ¨«¨ ¢ëá®ª®í¥à£¥â¨çë¬¨ ä®â® -
¬¨. �¤¥áì εcr — ¯®à®£®¢ ï í¥à£¨ï, ¥®¡å®¤¨¬ ï ¤«ï
à §àë¢  á¢ï§¨ SiH ¨«¨ SiOH ¢ à¥ ªæ¨ïå ¢¨¤ 

SiH + e
k2

�
k3

Si + H + e (3)
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¨«¨

SiOH + e
k2

�
k3

SiO− + H + e

á ª®áâ â ¬¨ à¥ ªæ¨¨

k3(T, x) = 4πDH(T ) rH · ξ3(x) (4)

¨

k2(T, x) = σH(ε, x) ved, (5)

£¤¥ ved — ¤à¥©ä®¢ ï áª®à®áâì í«¥ªâà®®¢, σH(ε, x) —
á¥ç¥¨¥ à¥ ªæ¨¨ à á¯ ¤  á¢ï§¨ SiH, § ¢¨áïé¥¥ ®â

í¥à£¨¨ í«¥ªâà®  ¯®à®£®¢ë¬ ®¡à §®¬:

σH(ε, x) =

{
σ0

H ¯à¨ ε(x) > εcr,
0 ¯à¨ ε(x) < εcr.

(6)

�¤¥áì ãçâ¥  § ¢¨á¨¬®áâì áà¥¤¥© í¥à£¨¨ í«¥ªâà®-
®¢ á à ááâ®ï¨¥¬ x ®â ¬¥áâ  ¨¦¥ªæ¨¨ ¯® «¨¥©®¬ã
§ ª®ã

ε(x) ' a · x

¤® ¬®¬¥â  ¢ëå®¤     áëé¥¨¥ εsat ¢ ¤ ®¬ í«¥ª-
âà¨ç¥áª®¬ ¯®«¥ E. �¥à£¨ï  áëé¥¨ï εsat â ª¦¥

«¨¥©® à áâ¥â á ¯®«¥¬ E

εsat ' b ·E.

�¡  § ª®  á«¥¤ãîâ ¨§ à ç¥â®¢ [11,12], ª®áâ âë  ¯-
¯à®ªá¨¬ æ¨¨ ¯®¤£®ï«¨áì ¯®¤ íâ¨ à áç¥âë¥ ¤ ë¥.
�®¤ ®¡à â®© à¥ ªæ¨¥© ¢ (3) ¯®¨¬ ¥âáï ¢®§¬®¦®áâì
 áëé¥¨ï ®¡®à¢ ëå á¢ï§¥©  â®¬ ¬¨ ¢®¤®à®¤ ,
¯à¨ç¥¬ ¯à¥¤¯®« £ ¥âáï, çâ® íâ¨ à¥ ªæ¨¨ ¨¤ãâ ¯®-
à §®¬ã ¢ ®¡ê¥¬¥ ¨   ¯®¢¥àå®áâ¨ (¯ à ¬¥âà ξ3(x) —
¨¬¥¥â à §ë¥ § ç¥¨ï ¤«ï à¥ ªæ¨© ¢ ®¡ê¥¬¥ ¨  

¯®¢¥àå®áâ¨). �â¬¥â¨¬ §¤¥áì ¦¥, çâ® í¥à£¨ï á¢ï§¨

SiH-ª®¬¯«¥ªá  ®ª®«® 1.5 í�, ¢ â® ¢à¥¬ï ª ª ¤«ï SiOH-
ª®¬¯«¥ªá  — ¬®£® ¡®«ìè¥. �®íâ®¬ã ¢ ¤ «ì¥©è¥¬
¬ë ¡ã¤¥¬ £®¢®à¨âì â®«ìª® ® SiH-ª®¬¯«¥ªá å ¨ ¯à®-
æ¥áá å ¢ ¨å.
�¨áâ¥¬  ãà ¢¥¨¥ ¤«ï ®¯¨á ®© ¢ëè¥ ¬®¤¥«¨

¨¬¥¥â ¢¨¤

∂CH

∂t
=

∂

∂x

(
DH

∂CH

∂x

)
+ σH(ε, x)vednCSiH + νphCSiH

− k1(x)CSiHCH − k3(x)CHCSi− , (7)

∂CSiH

∂t
= −σH(ε, x)vednCSiH − νphCSiH

− k1(x)CSiHCH + k3(x)CHCSi− , (8)

∂CH2

∂t
=

∂

∂x

(
DH2

∂CH2

∂x

)
+ k1(x)CSiHCH, (9)

∂CSi−

∂t
= σ(ε, x)vednCSiH + νphCSiH

+ k1(x)CSiHCH − k3(x)CHCSi− . (10)

�¥¥à æ¨ï ¢®¤®à®¤  ¬®¦¥â ¯à®¨áå®¤¨âì â ª¦¥ ¡« £®-
¤ àï ®¡«ãç¥¨î ®¡à §æ  á¢¥â®¬, ª ª íâ® ¨¬¥«® ¬¥áâ®,
 ¯à¨¬¥à ¢ [3], νph — ç áâ®â  £¥¥à æ¨¨  â®¬®¢

¢®¤®à®¤  á¢¥â®¬. � «¥¥ à¥è ¥âáï § ¤ ç  ® ª¨¥â¨ª¥
 ª®¯«¥¨ï § àï¤  ¢ SiO2. �«ï ¥¥ à¥è¥¨ï ¥®¡å®-
¤¨¬® ¨¬¥âì ¨ä®à¬ æ¨î ® ¯à¨à®¤¥ æ¥âà®¢ § å¢ â 

í«¥ªâà®®¢ ¨ ¤ëà®ª («®¢ãè¥çëå æ¥âà®¢). � á®¦ -
«¥¨î,   á¥£®¤ïè¨© ¤¥ì ®âáãâáâ¢ãîâ ®¡é¥¯à¨ï-
âë¥ ä¨§¨ç¥áª¨¥ ¬®¤¥«¨ ¤«ï íâ¨å æ¥âà®¢ [1,2,13,14].
� ¨¬¨, ª ª ¯à ¢¨«®, á¢ï§ë¢ îâ ¤¥ä¥ªâë à¥è¥âª¨,
ª®â®àë¥ ¬®¦® ãá«®¢® à §¤¥«¨âì   ¯à¨áãâáâ¢ãî-
é¨¥ ¢ ¨áå®¤®¬ ¬ â¥à¨ «¥ ¯®á«¥ á¨â¥§  ¨ ¢®§¨ª-
è¨¥ ¢ à¥§ã«ìâ â¥ ¬®£®ªà âëå ®¡à ¡®â®ª ¯®«¥¬ ¨«¨

¤àã£¨¬¨ ¢¥è¨¬¨ ¢®§¤¥©áâ¢¨ï¬¨.
�ã¤¥¬ ¯à¥¤¯®« £ âì, çâ® ¯®ï¢«ïîé¨¥áï ¥©âà «ì-

ë¥ ®¡®à¢ ë¥ á¢ï§¨ ï¢«ïîâáï «®¢ãèª ¬¨ ª ª ¤«ï

í«¥ªâà®®¢

Si− + e
σnSi−→ Si−−, (11)

SiO− + e
σnSi−→ SiO−−,

â ª ¨ ¤«ï ¤ëà®ª [14]

Si− + p
σp

Si−→ Si+−, (12)

SiO− + p
σp

Si−→ SiO+
−.

�¢®¡®¤ë¥ ®á¨â¥«¨ ¬®£ãâ à¥ª®¬¡¨¨à®¢ âì á ã¦¥

§ å¢ ç¥ë¬¨   «®¢ãèª¨

Si+ + e
σrnSi−→ Si−, (13)

SiO+ + e
σrnSi−→ SiO−

Si− + p
σrnSi−→ Si−, (14)

SiO− + p
σrnSi−→ SiO−.

�à ¢¥¨ï  ª®¯«¥¨ï § àï¤  ¨ à¥« ªá æ¨¨ â®ª 

¡ã¤ãâ ¨¬¥âì ¢¨¤

jn = jninj + jnph, (15)

jp = g · jn + jpph, (16)

jninj = A ·E2 exp(−αφ3/2/E), (17)

∂CSi−

∂t
=σH(jn/e)CSiH − k3(x)CSi−CH + k1(x)CSiHCH

−σnSi(jn/e)CSi−+σrnSi (jn/e)C
++σrpSi (jp/e)C

−, (18)

∂C+

∂t
= σpSi(jp/e)CSi− − σ

rn
Si (jn/e)C

+, (19)

∂C−

∂t
= σnSi(jn/e)CSi− − σ

rp
Si (jp/e)C

−, (20)

£¤¥ â®ª í«¥ªâà®®¢ ®¯à¥¤¥«ï¥âáï ãá«®¢¨ï¬¨   ª®-
â ªâ å (¨¦¥ªæ¨®ë© â®ª ¢ëç¨á«ï¥âáï ¯® ä®à¬ã-
« ¬ ¤«ï âã¥«¨à®¢ ¨ï ç¥à¥§ âà¥ã£®«ìë© ¡ àì¥à,

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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φ — ¢ëá®â  ¡ àì¥à    £à ¨æ å à §¤¥«®¢ ¤«ï í«¥ª-
âà®®¢, á® áà¥¤¥© í¥à£¨¥©, ¯à¥¢ëè îé¥© ªà © §®ë
¯à®¢®¤¨¬®áâ¨, A,α — ª®áâ âë âã¥«¨à®¢ ¨ï)
¨ £¥¥à æ¨¥© í«¥ªâà®®¢ ä®â® ¬¨. �«ï ¤ëà®ç®£®

â®ª  jp (16) ¯à¨ïâ  ¬®¤¥«ì [15] ® £¥¥à æ¨¨ £®àïç¨¬¨
í«¥ªâà® ¬¨ ¤ëà®ª ¨§ ª®â ªâ . �®áª®«ìªã ¤«ï ¤ë-
à®ª ¨¬¥îâáï ¡®«ìè¨¥ ¢ëá®âë ¡ àì¥à®¢   £à ¨æ å

Si/SiO2 ¨«¨ SiO2/Me, ª®áâ â  ¢¥à®ïâ®áâ¨ £¥¥-
à æ¨¨ ¤ëà®ª ¡ë«ï ¢§ïâ  10−3 [16]. � ãà ¢¥¨ïå

(18)–(20) ¢¥«¨ç¨ë C+, C− — ª®æ¥âà æ¨¨ § å¢ -
ç¥ëå   ®¡®à¢ ë¥ á¢ï§¨ ¤ëà®ª ¨ í«¥ªâà®®¢

á®®â¢¥âáâ¢¥®, CSi− — ª®æ¥âà æ¨ï ®¡®à¢ ëå

á¢ï§¥© ¢ ¥©âà «ì®¬ á®áâ®ï¨¨. �®æ¥âà æ¨ï á¢®-
¡®¤ëå ®á¨â¥«¥© ¢ëç¨á«ï« áì ¨§ á®®â®è¥¨©

n = jn/(e · v
e
d),

p = jp/(e · v
p
d).

�à¨ § ¯¨á¨ ãà ¢¥¨© (15), (16) ¢¬¥áâ® ãà ¢¥¨©

¥¯à¥àë¢®áâ¨ ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª ¬ë ¯à¨ï-
«¨ ¢® ¢¨¬ ¨¥ á«¥¤ãîé¨¥ ä ªâë: 1) ª®æ¥âà æ¨ï
á¢®¡®¤ëå í«¥ªâà®®¢ ¨ ¤ëà®ª, ª ª ¯à ¢¨«®, ¡ë«¨  
¥áª®«ìª® ¯®àï¤ª®¢ ¨¦¥ (¤® è¥áâ¨), ç¥¬ ª®æ¥âà -
æ¨¨ í«¥ªâà®®¢ ¨«¨ ¤ëà®ª   «®¢ãèª å (n ∼ 105−108,
p ∼ 104−107 á¬−3, C−, C+, CSi ∼ 1015−1019 á¬−3) ¨
®¤®à®¤® à á¯à¥¤¥«¥ë¥ ¯® â®«é¨¥ ¤¨í«¥ªâà¨ª ,
§  ¨áª«îç¥¨¥¬ ã§ª¨å ∼ (50−100) Å ¯à¨í«¥ªâà®¤-
ëå á«®¥¢ [17–19]; 2) à á¯à¥¤¥«¥¨¥ í«¥ªâà¨ç¥áª®-
£® ¯®«ï â ª¦¥ ¡ë«® ¤®¢®«ì® ®¤®à®¤® ¯® ®¡à §-
æã (à¨á. 1) ¨  ç¨ «® ¨§¬¥ïâìáï, â®«ìª® ª®£¤ 

ç¥à¥§ ¥¤¨¨æã ¯«®é ¤¨ áâàãªâãàë ¯à®è¥« § àï¤

∼ 5.3 · 10−2�«/á¬2, ª®â®àë© íªà ¨àã¥â ¯à¨«®¦¥-
®¥  ¯àï¦¥¨¥; 3) ¯à¨áãâáâ¢ãîé¨¥ ¢ áâàãªâãà¥ ¯®-
«ï ¥ ¯à¥¢ëè «¨ § ç¥¨ï 107 �/á¬, ¯®íâ®¬ã ¬®¦®
¯à¥¥¡à¥çì ¯à®æ¥áá ¬¨ « ¢¨®£® à §¬®¦¥¨ï [1];
4) ¢¥«¨ç¨®© ä®â®â®ª  ¢ ãà ¢¥¨ïå (15), (16) ¬®¦®
¯à¥¥¡à¥çì, â ª ª ª ¢ íªá¯¥à¨¬¥â å [3] ¨á¯®«ì§®-
¢ «¨áì á¯¥æ¨ «ìë¥ ä¨«ìâàë ¤«ï ®¡à¥§ ¨ï á¯¥ª-
âà  ä®â®®¢, í¥à£¨ï ª®â®àëå ¯à¥¢ëè «  5.0 í�;
5) ¨§¬¥¥¨ï¬¨ â®ª  ¨§-§  ¯à®æ¥áá®¢ § å¢ â  ¬®¦®
â ª¦¥ ¯à¥¥¡à¥çì, ¡« £®¤ àï ¬ «®áâ¨ ª®æ¥âà æ¨©
á¢®¡®¤ëå ®á¨â¥«¥©. �â¬¥â¨¬ â ª¦¥, çâ® à®«ì ¨á-
¯®«ì§ã¥¬®© ¯®áâ®ï®© ¯®¤á¢¥âª¨ á¢®¤¨« áì â®«ìª®

ª ¢®§¡ã¦¤¥¨î í«¥ªâà®®© ¯®¤á¨áâ¥¬ë ¢ ª®â ªâ å

(Al ¨«¨ Si) ¨ ¤ «¥¥ ã¦¥ ¢®§¡ã¦¤¥ë¥ í«¥ªâà®ë

á® áà¥¤¥© í¥à£¨¥© ¢ëè¥ ªà ï §®ë ¯à®¢®¤¨¬®áâ¨

âã¥«¨à®¢ «¨ ¢ SiO2 [20]. �®áª®«ìªã ¢ à ¡®â¥ [3]
¥ ¯à¨¢®¤¨«®áì § ç¥¨¥ â®ª , ¥ ¡ë«® ¢®§¬®¦®áâ¨
®¯à¥¤¥«¨âì ¢¥«¨ç¨ã ã¬¥ìè¥¨ï ¢ëá®âë ¡ àì¥à  ¢

ä®à¬ã«¥ (17). �æ¥ª  ¢¥«¨ç¨ë â®ª  ¡ë«  á¤¥« -
  ¯® § ç¥¨ï¬ ¯à®â¥ªè¥£® ç¥à¥§ ¥¤¨¨æã ¯«®é -
¤¨ § àï¤  ' 1.0�«/á¬2 ª ¬®¬¥âã ¢à¥¬¥¨ ' 105 á.
�ª § ë¥ ¢ëè¥ ¯à¨ç¨ë ¯®§¢®«ïîâ ¨á¯®«ì§®¢ âì

ãà ¢¥¨ï (15), (16) ¢¬¥áâ® ãà ¢¥¨© ¥à §àë¢®áâ¨
á â®ç®áâìî ¥ åã¦¥ 0.1–1.0%. �®¤®¡®¥ ¯à¨¡«¨¦¥-
¨¥ ã¦¥ ¨á¯®«ì§®¢ «®áì ¢ «¨â¥à âãà¥ (á¬.,  ¯à¨-
¬¥à, [16,21,22]). � «®£¨ç® § ¯¨áë¢ ¥¬ ãà ¢¥¨ï

�¨á. 1. �à®ä¨«¨ à á¯à¥¤¥«¥¨ï í«¥ªâà¨ç¥áª®£® ¯®«ï ¢

¯«¥ª¥. Vg = −42 � ¤«ï à §ëå § ç¥¨© ¯à®â¥ªè¥£®

§ àï¤ : 1 — 5 · 10−2 �«/á¬2; 2 — 5 · 10−1 �«/á¬2.

ª¨¥â¨ª¨ § àï¤    «®¢ãè¥çë¥ æ¥âàë, ¢®§¨ªè¨¥
¯à¨ á¨â¥§¥ SiO2, ¨ ãà ¢¥¨¥ �ã áá® :

∂nt

∂t
= σn(jn/e)(Nt − nt)− σrn(jp/e)nt, (21)

∂pt

∂t
= σp(jp/e)(Pt − pt)− σrp(jn/e)pt − pt/τp, (22)

∂E(x)

∂x
= (e/ε)(pt − nt + C+ − C−), (23)

£¤¥ Nt, Pt, nt, pt — ª®æ¥âà æ¨¨ ¥©âà «ìëå «®¢ã-
è¥ª ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª, § å¢ ç¥ë¥   «®-
¢ãèª¨ í«¥ªâà®ë ¨ ¤ëàª¨, σn, σp, σrn, σrp — á¥ç¥¨ï

§ å¢ â  í«¥ªâà®®¢ ¨ ¤ëà®ª ¨ á¥ç¥¨ï à¥ª®¬¡¨ æ¨¨

§ å¢ ç¥ëå   «®¢ãèª¨ í«¥ªâà®®¢ ¨ ¤ëà®ª á®®â-
¢¥âáâ¢¥®. � ãà ¢¥¨¨ (23) ®¯ãé¥ë ¨§-§  ¬ «®áâ¨
ª®æ¥âà æ¨¨ á¢®¡®¤ëå í«¥ªâà®®¢ ¨ ¤ëà®ª.
�à ¥¢ë¥ ãá«®¢¨ï ¤«ï ¯à¨¢¥¤¥®© á¨áâ¥¬ë ãà ¢-

¥¨© ¨¬¥îâ ¢¨¤

∂CH

∂x
(x = 0, t) = 0,

∂CH

∂x
(x = L, t) = JH,

CH2
(x = 0, t) = 0,

∂CH2

∂x
(x = L, t) = 0,

ϕ(0) = 0, ϕ(L) = Vg.

�¤¥áì ¨á¯®«ì§®¢ ë ãá«®¢¨ï ¥¯à®â¥ª ¨ï ¨ ¯®«ã-
¯à®§à ç®áâ¨ ¤«ï ¢®¤®à®¤  ¨ ¢®§¬®¦®áâì ¯¥à¥¤ ç¨

 ¯àï¦¥¨ï   áâàãªâãàã. � ç¨á«¥ëå à áç¥â å

¡ë«¨ à áá¬®âà¥ë â ª¦¥ ¤àã£¨¥ ¢ à¨ âë ªà ¥¢ëå

ãá«®¢¨©.
� ç «ìë¥ ãá«®¢¨ï ¤«ï á¨áâ¥¬ë ãà ¢¥¨©

CSiH(x, t = 0) = C0
SiH, CSi−(x, t = 0) = C0

Si− ,

CH(x, t = 0) = C0
H, CH2

(x, t = 0) = C0
H2
,

C+(x, t = 0) = 0, C−(x, t = 0) = 0,

nt(x, t = 0) = 0, pt(x, t = 0) = 0.

1∗ �¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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�«ï  ¯¯à®ªá¨¬ æ¨¨  ç «ì®£® ¯à®ä¨«ï C0
SiH, C0

Si−
,

C0
H, C0

H2
— ª®æ¥âà æ¨© § å¢ ç¥®£® ¢®¤®à®¤ ,

  â ª¦¥ ¤«ï ª®æ¥âà æ¨© «®¢ãè¥çëå æ¥âà®¢,
¢®§¨ªè¨å ¯à¨ á¨â¥§¥, ¨á¯®«ì§®¢ «¨áì £ ãáá®¢áª¨¥
äãªæ¨¨. � ¬¨ ¡ã¤ãâ à áá¬®âà¥ë ®¡à §æë, £¤¥ ¢

á¨«ìëå í«¥ªâà¨ç¥áª¨å ¯®«ïå  ª ¯«¨¢ îâáï í«¥ª-
âà®ë   ¥©âà «ìëå «®¢ãèª å [3].

�¥â®¤ à áç¥â 

�«ï ç¨á«¥®£® à¥è¥¨ï á¨áâ¥¬ë ãà ¢¥¨©

(7)–(10), (15)–(22) ¨á¯®«ì§®¢ « áì ¥ï¢ ï áå¥¬ .
�à®¨§¢®¤ë¥ ¯® ¢à¥¬¥¨  ¯¯à®ªá¨¬¨à®¢ «¨áì á

1-¬ ¯®àï¤ª®¬ â®ç®áâ¨. � £ ¯® ¢à¥¬¥¨ ¢ë¡¨-
à «áï à áâãé¨¬ ¯® ¢à¥¬¥¨ á ¨ªà¥¬¥â®¬ à®-
áâ  δtn/δtn−1 = 1.1. �«ï  ¯¯à®ªá¨¬ æ¨¨ ¯à®áâà -
áâ¢¥ëå ¯à®¨§¢®¤ëå ¨á¯®«ì§®¢ « áì ª®á¥à¢ â¨¢-
 ï áå¥¬  2-£® ¯®àï¤ª  â®ç®áâ¨   ¥à ¢®¬¥à®©

á¥âª¥. �¥«¨¥© ï á¨áâ¥¬  à §®áâëå ãà ¢¥¨© à¥-
è « áì ¯®á«¥¤®¢ â¥«ìë¬¨ áª «ïàë¬¨ ¯à®£®ª ¬¨

á ¨á¯®«ì§®¢ ¨¥¬ à¥è¥¨ï á ¯à¥¤ë¤ãé¥© ¨â¥à æ¨¥©.
�®ç®áâì à áç¥â®¢ ¡ë«  ¥ åã¦¥ ç¥¬ 0.1%.

�¥§ã«ìâ âë à áç¥â®¢ ¨ ¤¨áªãáá¨ï

�¥á¬®âàï   å®à®è® ¨§¢¥áâë© ®¡ê¥ªâ ¨áá«¥¤®-
¢ ¨ï — ¢®¤®à®¤ ¢ ®ªá¨¤¥ ªà¥¬¨ï, ¤®  áâ®ïé¥£®
¢à¥¬¥¨ ¢ «¨â¥à âãà¥ ®¡áã¦¤ ¥âáï ¢®¯à®á — ¢ ª ª®¬

¢¨¤¥ ¤¨ääã¤¨àã¥â ¢®¤®à®¤, ª ª ¥©âà «ì ï ç áâ¨-
æ  ¨«¨ ¯®«®¦¨â¥«ì® § àï¦¥ ï. �«ï  â®¬®¢ — íâ®

¢ ¢¨¤¥ ¯à®â® ,   ¤«ï ¬®«¥ªã« — ¢ ¢¨¤¥ ¯®«®¦¨-
â¥«ì®£® ¨®  H+

2 . � ª¨¥ £à ¨çë¥ ãá«®¢¨ï ¬®£ãâ

à¥ «¨§®¢ë¢ âìáï ¤«ï  â®¬®¢ ¨«¨ ¬®«¥ªã«   £à ¨æ¥

SiO2/Al ¨ SiO2/Si: ®âà ¦ îé¨¥ £à ¨æë (∂C∂x = 0),
 ¤á®à¡¨àãîé¨¥ £à ¨æë (C = 0) ¨«¨ ¯à®§à çë¥ ¤«ï
¯à®¨ª®¢¥¨ï ç áâ¨æ ¨§ ®¤®£® ¬ â¥à¨ «  ¢ ¤àã-
£®© (ãá«®¢¨¥ à ¢¥áâ¢  ¯®â®ª®¢   £à ¨æ¥ à §¤¥« 
D1

∂C2

∂x
= D2

∂C2

∂x
? �«ï ®â¢¥â    ¯®áâ ¢«¥ë¥ ¢®¯à®-

áë ¡ë«¨ ¢ë¯®«¥ë à áç¥âë á à §«¨ç®£® â¨¯  ªà ¥-
¢ë¬¨ ãá«®¢¨ï¬¨,   ¢ ¢ëà ¦¥¨¨ ¤«ï ¯®â®ª  (24) ¡ë« 
ãçâ¥  ¤à¥©ä®¢ ï ª®¬¯®¥â  ¯®«®¦¨â¥«ìëå ¨®®¢

 â®¬ à®£® ¨«¨ ¬®«¥ªã«ïà®£® ¢®¤®à®¤ . �¥§ã«ìâ -
âë à áç¥â®¢ á®¯®áâ ¢«ï«¨áì á íªá¯¥à¨¬¥â «ìë¬¨

¤ ë¬¨ [3]. � «¨§ íâ¨å ¤ ëå á¢¨¤¥â¥«ìáâ¢ã¥â,
çâ® ¬®«¥ªã«ïàë© ¢®¤®à®¤ ¥ ¯à®¨ª ¥â ¢ ¯®¤«®¦ªã

ªà¥¬¨ï. �®íâ®¬ã   £à ¨æ¥ à §¤¥«  Si/SiO2 ¬®¦®

áâ ¢¨âì ãá«®¢¨¥ �¥©¬   ¤«ï ¯®¤¢¨¦®£® ¬®«¥ªã-
«ïà®£® ¢®¤®à®¤  ¨ ãá«®¢¨¥ à ¢¥áâ¢  ¯®â®ª®¢ ¤«ï

 â®¬ à®£® ¢®¤®à®¤ , â ª ª ª ¯®á«¥¤¨© ¯à®¨ª ¥â ¢
Si. �  £à ¨æ¥ à §¤¥«  Al/SiO2 ¡ë«¨ ¯à®¢¥à¥ë ®¡ 

â¨¯  ªà ¥¢ëå ãá«®¢¨© ∂C
∂x

= 0 ¨ C = 0. �§ à áç¥â®¢
á«¥¤ã¥â, çâ® ¤«ï ¬®«¥ªã«ïà®£® ¢®¤®à®¤  ãá«®¢¨ï

�¥©¬     ®¡¥¨å £à ¨æ å ¯à¨¢®¤ïâ ª ¢®§¬®¦®¬ã

¥£à ¨ç¥®¬ã à®áâã ª®æ¥âà æ¨¨ H2 ¢ SiO2. �â®â
à¥§ã«ìâ â «¥£ª® ã¢¨¤¥âì ¨§ ¢¨¤  ãà ¢¥¨ï (9), £¤¥

�¨á. 2. �à®ä¨«¨ à á¯à¥¤¥«¥¨ï á¢ï§ ®£® ¢®¤®à®¤  ¢

¯«¥ª¥ SiO2, Vg = −42 �, k1 = 10−3. 1 — à áç¥â á k3 6= 0 ¢
®¡ê¥¬¥ SiO2; 2 — à áç¥â á ãç¥â®¬ ¯®«®¦¨â¥«ì®£® § àï¤ 

 â®¬ à®£® ¢®¤®à®¤  q = 1; 3 — à áç¥â á k3 = 0 ¢ ®¡ê¥¬¥,
k3 6= 0 ¢¡«¨§¨ £à ¨æë SiO2/Si, q = 0.

¢ ¯à ¢®© ç áâ¨ ¥áâì â®«ìª® £¥¥à æ¨®®¥ á« £ ¥-
¬®¥ ∼ k1CSiHCH,     ®¡¥¨å £à ¨æ å — ãá«®¢¨¥

®âà ¦¥¨ï. � à¥§ã«ìâ â¥ ¤«ï å à ªâ¥àëå ¢à¥¬¥

t ∼ 106 á ¯à®â¥ª ¨ï ç¥à¥§ ¥¤¨¨æã ¯«®é ¤¨ § àï¤ 

Q ' 1�«/á¬2 ¨ ¯®¤®¡à ëå ¯ à ¬¥âà å σH, σph

¡ë«¨ ¯®«ãç¥ë ª®æ¥âà æ¨¨ H2 ∼ 1020 á¬−3, çâ®
¥  ¡«î¤ ¥âáï ¢ íªá¯¥à¨¬¥â¥. �âáî¤  á«¥¤ã¥â, çâ®
«¨¡® ¢ ®¡ê¥¬¥ áãé¥áâ¢ãîâ áâ®ª¨ ¤«ï ¬®«¥ªã«ïà®£®

¢®¤®à®¤ , «¨¡®   ®¤®© ¨§ £à ¨æ à¥ «¨§ã¥âáï ãá«®-
¢¨¥  ¤á®à¡æ¨¨ CH2 = 0 ¨«¨ ¢ëå®¤ H2  àã¦ã.�ë ¨á-
¯®«ì§®¢ «¨ ¢  è¨å à áç¥â å ãá«®¢¨¥ à ¢¥áâ¢  ã«î

¯®¤¢¨¦®£® ¬®«¥ªã«ïà®£® ¢®¤®à®¤ . �â® ¯à¨¢®¤¨â ª
®£à ¨ç¥¨î à®áâ  ª®æ¥âà æ¨¨ H2 ¢ ®¡ê¥¬¥. �â®â
â¨¯ ªà ¥¢®£® ãá«®¢¨ï ®â¢¥ç ¥â á«ãç î, ª®£¤  ç áâì
¬®«¥ªã«ïà®£® ¢®¤®à®¤  ¢ëå®¤¨â ¨§ ¯«¥ª¨  àã¦ã.
�â®¡ë á®£« á®¢ âì à áç¥âë á íªá¯¥à¨¬¥â®¬ [3], ¯ -
à ¬¥âà ξ1(x) ¢ ª®áâ â¥ à¥ ªæ¨¨ k1(2) ¯®« £ «áï

à ¢ë¬ ∼ 10−3. �®á«¥¤¥¥ á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬,
çâ® ¥ ª ¦¤ ï ¯®¯ëâª  ¯®¤¢¨¦®£® ¢®¤®à®¤  ¯à¨

¯®¤å®¤¥ ª ª®¬¯«¥ªá ¬ Si–H ¨«¨ SiO–H á®¯à®¢®¦¤ ¥â-
áï à¥ ªæ¨¥© ®¡à §®¢ ¨ï ¬®«¥ªã«ë H2, â.¥. à¥ ªæ¨ï
¨¤¥â á ¥ª®â®àë¬  ªâ¨¢ æ¨®ë¬ ¡ àì¥à®¬. � áç¥â
¯®«ãí¬¯¨à¨ç¥áª¨¬ ¬¥â®¤®¬ MINDO à¥ ªæ¨¨ ¢ á¨áâ¥-
¬¥ Si – H + H á¢¨¤¥â¥«ìáâ¢ã¥â ® ¥¥ ¡¥§ ªâ¨¢ æ¨®®¬

¯à®â¥ª ¨¨. �«¥¤®¢ â¥«ì®, ¢ á¨áâ¥¬¥, ¯®-¢¨¤¨¬®¬ã,
¯à¥®¡« ¤ îâ ª®¬¯«¥ªáë SiO–H, à¥ ªæ¨¨ á ª®â®àë¬¨
¨¤ãâ á ¯à¥®¤®«¥¨¥¬  ªâ¨¢ æ¨®®£® ¡ àì¥à .

�à¥¤¯®«®¦¨¬, çâ® ¯®¤¢¨¦ë© ¢®¤®à®¤  â®¬ àë©
¨ ¬®«¥ªã«ïàë© ¯¥à¥¬¥é ¥âáï ¯® ¤¨í«¥ªâà¨ªã ¢

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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¢¨¤¥ ¨®®¢. �®£¤  ¢ ãà ¢¥¨ïå ¤¨ääã§¨¨ (7), (9)
¤®¡ ¢«ï«®áì ¤à¥©ä®¢®¥ á« £ ¥¬®¥ ¢ ¯®â®ª®¢ë© ç«¥

¢¨¤ 

jH+ = −DH+

∂CH+

∂x
+E · q · µH+ ·CH+ , (24)

£¤¥ ¯®¤¢¨¦®áâì µH+ á¢ï§   á ª®íää¨æ¨¥â®¬ ¤¨ä-
äã§¨¨ DH+ á®®â®è¥¨¥¬ �©èâ¥© . �à®¬¥ â®£®,
§ àï¤ ç áâ¨æ (¬®«¥ªã« ¨  â®¬®¢) ãç¨âë¢ «áï ¢ ãà ¢-
¥¨¨ �ã áá®  (23)

∂E(x)

∂x
= (e/ε)

(
pt − nt + C+ − C− + CH+ + CH+

2

)
.

� ª á«¥¤ã¥â ¨§ à¨á. 2, ¯à¨ ®âà¨æ â¥«ì®¬ á¬¥é¥¨¨

  § â¢®à¥ V −g í«¥ªâà¨ç¥áª®¥ ¯®«¥ ∼ 4 · 106�/á¬ ¥

¯®§¢®«ï¥â ¤à¥©ä®¢ âì ¯à®â® ¬ ª £à ¨æ¥ à §¤¥« 

Si/SiO2 ¨ ª®æ¥âà æ¨ï ¢®¤®à®¤  ¢ íâ®¬ ¬¥áâ¥ ¥

à áâ¥â á® ¢à¥¬¥¥¬. �®íâ®¬ã ¬®¦® á¤¥« âì ¢ë¢®¤

® ¤¨ääã§¨¨  â®¬®¢ ¢®¤®à®¤  ¢ SiO2 ¢ ¥©âà «ì®©

ä®à¬¥. �¥áª®«ìª® á«®¦¥¥ á¨âã æ¨ï á ¬®«¥ªã«ïà-
ë¬ ¢®¤®à®¤®¬. �£® ¤¨ääã§¨ï ¢ ¢¨¤¥ ¨®  H+

2 ¥

 àãè ¥â ª ç¥áâ¢¥®© ª àâ¨ë ¯à®æ¥áá  ¨ ¤ ¥â ¢

®¡®¨å á«ãç ïå ¯à ¢¤®¯®¤®¡®¥ á®£« á¨¥ á íªá¯¥à¨-
¬¥â®¬ [3] (à¨á. 2). �ë ¢  è¨å ¤ «ì¥©è¨å à áç¥â å
¯à¥¤¯®« £ «¨ ¤¨ääã§¨î ¥©âà «ìëå ¬®«¥ªã« H2.
� ª ¯®ª § «¨ à áç¥âë, à¥ ªæ¨¨ ¢¨¤  (3) ¢ ®¡ê-

¥¬¥ ¨¤ãâ â®«ìª® ¢ ®¤ã áâ®à®ã (à¨á. 2) (¯ à ¬¥âà
ξ3(x) = 0), ¨ â®«ìª® ¢¡«¨§¨ £à ¨æë à §¤¥«  Si/SiO2

®¡®à¢ ë¥ á¢ï§¨ (¯®¢¥àå®áâë¥ á®áâ®ï¨ï)  áë-
é îâáï  â®¬ ¬¨ ¢®¤®à®¤ . �à¨ç¨  â ª®£® ¯®¢¥¤¥-
¨ï ¢ â®¬, çâ® ¯®á«¥ ¢ëàë¢ ¨ï á® á¢ï§¨  â®¬  ¢®¤®-
à®¤  ¢ íâ®¬ ¬¥áâ¥ ¯à®¨áå®¤¨â ¯¥à¥§ ¬ëª ¨¥ á¢ï§¥©

¨ £¥®¬¥âà¨ç¥áª ï à¥« ªá æ¨ï ¤¥ä¥ªâ  [2,14]. � ë¥
¤¥ä¥ªâë¥ ª®¬¯«¥ªáë ¥ ãç áâ¢ãîâ ¢  ª®¯«¥¨¨

§ àï¤ , ª ª íâ® á«¥¤ã¥â ¨§ ¤ ëå [3].
�®á«¥ ¯®¤£®ª¨ ¯ à ¬¥âà®¢ á¥ç¥¨ï à¥ ªæ¨¨ (3)

σH ¨ ç áâ®âë £¥¥à æ¨¨ á¢¥â®¬ νph ¢ëàë¢ ¨ï  â®-

�¨á. 3. � ¢¨á¨¬®áâì ã¬¥ìè¥¨ï ¯à®æ¥â®£® á®¤¥à¦ -
¨ï á¢ï§ ®£® ¢®¤®à®¤    £à ¨æ¥ SiO2/Al ®â ¢à¥¬¥¨:
1 , 1 ′ — E = 0, σph = 2 · 10−6; 2 , 2 ′ — E = +4 · 106 �/á¬,
σH = 6 ·10−20 á¬2, νph = 2 ·10−6 á−1, 3 — E = −4 ·106 �/á¬,
σH = 6·10−20 á¬2, νph = 6·10−6 á−1. 1–3 — à áç¥â; 1 ′−2 ′ —
íªá¯¥à¨¬¥â [3].

�¨á. 4. �à®ä¨«¨ à á¯à¥¤¥«¥¨ï  â®¬ à®£® ¢®¤®à®¤  ¤«ï
à §ëå ¬®¬¥â®¢ ¢à¥¬¥¨, á: 1 — 101, 2 – 102, 3 — 104,
4 — 105.

¬®¢ ¢®¤®à®¤  á Si–H- ¨«¨ SiO–H-á¢ï§¥© ä®â® ¬¨

¢ëá®ª¨å í¥à£¨© ¬ë ¯®«ãç¨«¨ σH ' 6 · 10−20 á¬2 ¨

νph ' 2 · 10−6 á−1. �¥§ã«ìâ âë áà ¢¥¨ï à áç¥â®¢ ¨

íªá¯¥à¨¬¥â  [3] ¯à¥¤áâ ¢«¥ë   à¨á. 3. �¤¥áì ¬ë

¨¬¥¥¬ § ¢¨á¨¬®áâì ª®æ¥âà æ¨¨ H ¢¡«¨§¨ £à ¨æë

Al/SiO2 ¢ ¯®«¥ ∼ 4 · 106�/á¬ ¨ ¡¥§ ¯®«ï (E = 0)
¯à¨ ®¡«ãç¥¨¨ ®¡à §æ  á¢¥â®¬ ¢ â¥ç¥¨¥ ∼ 105 á.
�¤¥áì ¦¥ ¯à¨¢¥¤¥  ªà¨¢ ï (3 ), £¤¥ ¡ë«  ¨§¬¥¥ 
¯®«ïà®áâì ¯à¨«®¦¥®£®  ¯àï¥¨ï. �¥ìè¥¥ ª®«¨-
ç¥áâ¢® ¢®¤®à®¤  ¡ë«® ã¤ «¥® ¨§ ®¡« áâ¨ SiO2/Al ¢
á¨«ã â®£®, çâ® í«¥ªâà®ë ¨¦¥ªâ¨àãîâáï ¨§ Al ¨ ¨¬
¥®¡å®¤¨¬® ¥ª®â®à®¥ à ááâ®ï¨¥ x, çâ®¡ë  ¡à âì

í¥à£¨î, ¤®áâ â®çãî ¤«ï ¢ëàë¢ ¨ï ¢®¤®à®¤  á®

á¢ï§¥©. �à¨ ¨¦¥ªæ¨¨ ¨§ Si ¢á¥ í«¥ªâà®ë ï¢«ïîâ-
áï ¢ëá®ª®í¥à£¥â¨çë¬¨ ¯à¨ ¤®áâ¨¦¥¨¨ ®¡« áâ¨ á

¢ëá®ª¨¬ á®¤¥à¦ ¨¥¬ ¢®¤®à®¤  (®ªà¥áâ®áâì £à ¨-
æë SiO2/Al). �  à¨á. 4–6 ¯à¥¤áâ ¢«¥  í¢®«îæ¨ï

¯à®ä¨«¥©  â®¬ à®£®, ¬®«¥ªã«ïà®£® ¨ á¢ï§ ®£®

¢®¤®à®¤  ¤«ï à §ëå ¬®¬¥â®¢ ¢à¥¬¥¨. � ª ¢¨¤®

¨§ à¨á. 4, á à®áâ®¬ ¢à¥¬¥¨ ª®æ¥âà æ¨ï  â®¬ à®£®
¢®¤®à®¤  á ç «  à áâ¥â, ¤®áâ¨£ ¥â  áëé¥¨ï, § â¥¬
á¨¦ ¥âáï ¨§-§  ãå®¤  ç¥à¥§ £à ¨æë, à áå®¤   

à¥ ªæ¨¨ á ®¡à §®¢ ¨¥¬ ¬®«¥ªã«ïà®£® ¢®¤®à®¤  ¨

á¨¦¥¨ï â¥¬¯®¢ £¥¥à æ¨¨ ¢®¤®à®¤ . �«ï ¬®«¥ªã-
«ïà®£® ¢®¤®à®¤     ç «ìëå ¬®¬¥â å ¢à¥¬¥¨

¢¡«¨§¨ £à æ¨æë SiO2/Al ä®à¬¨àã¥âáï ¬ ªá¨¬ã¬,
ª®â®àë© à áâ¥â á® ¢à¥¬¥¥¬, ¡« £®¤ àï à¥ ªæ¨¨ (1),
§ â¥¬ ¬®«¥ªã«ë H2 ¤¨ääã¤¨àãîâ ª £à ¨æ¥ á Si.
�§-§  ãá«®¢¨ï ®âà ¦¥¨ï   íâ®© £à ¨æ¥ ª®æ¥-
âà æ¨ï H2 à áâ¥â, ¯à¨ íâ®¬ ¬ ªá¨¬ã¬ á¬¥é ¥âáï ®â

£à ¨æë á Al ª £à ¨æ¥ á Si. �«ï ¢®¤®à®¤ ,  áë-
é îé¥£® ®¡®à¢ ë¥ á¢ï§¨ £à ¨æë SiO2/Al ¨ ¯®-
ï¢«¥¨¥ ¢â®à®£® ¬ ªá¨¬ã¬  ¢¡«¨§¨ £à ¨æë SiO2/Si.
� ¢¨á¨¬®áâì ª®æ¥âà æ¨¨ ¢®¤®à®¤    íâ®© £à ¨æ¥
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�¨á. 5. �à®ä¨«¨ à á¯à¥¤¥«¥¨ï ¬®«¥ªã«ïà®£® ¢®¤®à®¤ 
¤«ï à §ëå ¬®¬¥â®¢ ¢à¥¬¥¨, á: 1 — 101, 2 – 102, 3 — 104,
4 — 105.

�¨á. 6. �à®ä¨«¨ à á¯à¥¤¥«¥¨ï á¢ï§ ®£® ¢®¤®à®¤  ¤ï«
à §ëå ¬®¬¥â®¢ ¢à¥¬¥¨, á: 1 — 101, 2 — 102, 3 — 104,
4 — 105.

¢ § ¢¨á¨¬®áâ¨ ®â ¯à®â¥ªè¥£® § àï¤  ¯à¥¤áâ ¢«¥®

  à¨á. 7, §¤¥áì ¦¥ ¯à¨¢¥¤¥ë íªá¯¥à¨¬¥â «ìë¥

¤ ë¥ [3]. � ª ¢¨¤® ¨§ ¯à¨¢¥¤¥ëå ¤ ëå,
 ¡«î¤ ¥âáï å®à®è¥¥ á®£« á¨¥ á íªá¯¥à¨¬¥â®¬.
�«ï ¯à¨¡®àëå ¯à¨«®¦¥¨©  ¨¡®«¥¥ áãé¥áâ¢¥-

ë¬ ï¢«ï¥âáï ¯à¥¤áª § ¨¥ í¢®«îæ¨¨  ª®¯«¥¨ï

§ àï¤  ¢ SiO2. � [3] ®â¬¥ç ¥âáï, çâ® ¤«ï ¬ «ëå ¯®«¥©
¨ ¬ «ëå ¢¥«¨ç¨ ¯à®â¥ªè¥£® ç¥à¥§ ¥¤¨¨æã ¯«®é ¤¨

§ àï¤  0.1 �«/á¬2 ¢ SiO2  ª ¯«¨¢ ¥âáï ®âà¨æ â¥«ì-
ë© § àï¤   ¥©âà «ìë¥ «®¢ãèª¨. �«ï ¡®«ìè¨å

§ ç¥¨© ¯à®â¥ªè¥£® § àï¤  í«¥ªâà®®¢ ¢ SiO2 ¢

§ ¢¨á¨¬®áâ¨ ®â ¯®«ïà®áâ¨  ª ¯«¨¢ ¥âáï ®âà¨æ -
â¥«ìë© ¨«¨ ¯®«®¦¨â¥«ìë© § àï¤ ( ®¬ «ìë© ¯®-

«®¦¨â¥«ìë© § àï¤). �¡« áâì § å¢ ç¥®£® § àï¤ 

ï¢«ï¥âáï ¤®¢®«ì® ¯à®âï¦¥®© ∼ 100 Å, ¨ íâ®â § -
àï¤ ¥ ¨áç¥§ ¥â âã¥«¨à®¢ ¨¥¬ ç¥à¥§ £à ¨æë à §-
¤¥« . �¢â®à ¬¨ [3] ¤¥« ¥âáï ¢ë¢®¤, çâ® íâ® ¥ ¤ëàª¨
  «®¢ãèª å. �¯¥à¢ë¥  ª®¯«¥¨¥ ¯®«®¦¨â¥«ì®£®
§ àï¤  ¢ SiO2 ®â¬¥ç «®áì ¢ [23],   ¢ [22] ¡ë«  á¤¥«  
¯®¯ëâª  ¯à®¬®¤¥«¨à®¢ âì ¥£®  ª®¯«¥¨¥. �¨ ¯à¥¤-
¯®«®¦¨«¨, çâ® ¯à¨ ¢¥è¥¬ ¢®§¤¥©áâ¢¨¨ ¢®§¨ª îâ

¤¥ä¥ªâë, £¤¥ ª®¯¨âáï ¯®«®¦¨â¥«ìë© § àï¤. �â 

á¨âã æ¨ï ®¡®à¢ ë¥ á¢ï§¨ ¢ à¥§ã«ìâ â¥ £¥¥à æ¨¨

¢®¤®à®¤ . � ¦ë¬ ¬®¬¥â®¬ §¤¥áì ï¢«ï¥âáï á¯®á®¡

¯®ï¢«¥¨ï ¢ ¤¨í«¥ªâà¨ª¥ ¤ëà®ª, â ª ª ª ¢ëá®âë

¡ àì¥à®¢ SiO2/Al ¨ SiO2/Si ¢¥«¨ª¨, çâ®¡ë ¯®ï¢¨«¨áì

âã¥«¨à®¢ ¨¥¬ ¤ëàª¨. �¤ ª® ¢  è¥¬ á«ãç ¥ ¬ë

¨¬¥¥¬, ¢®-¯¥à¢ëå, ¢ëá®ª®í¥à£¥â¨çë¥ í«¥ªâà®ë (á
í¥à£¨¥© > 2 í� ¯«îá ¢ëá®â  ¡ àì¥à  3–4 í�), ¢®-
¢â®àëå, ¢¥è¥¥ ®¡«ãç¥¨¥ á¢¥â®¬, çâ® ¯à¨¢®¤¨â ª
¢®§¡ã¦¤¥¨î ¤ëà®ç®© ¯®¤á¨áâ¥¬ë ¨ ã¬¥ìè¥¨î

¢ëá®âë ¡ àì¥à  ¤«ï âã¥«¨à®¢ ¨ï ¤ëà®ª ¨§ ª®-

�¨á. 7. � ¢¨á¨¬®áâì ª®æ¥âà æ¨¨ á¢ï§ ®£® ¢®¤®à®¤ 

  £à ¨æ¥ à §¤¥«  SiO2/Si ®â ¯«®â®áâ¨ ¯à®è¥¤è¥£®

§ àï¤ : á¯«®è ï ªà¨¢ ï à áç¥â, ¯ãªâ¨à — íªá¯¥à¨-
¬¥â [3], Vg < 0, E = 4 · 106 �/á¬.

�¨á. 8. �«®â®áâì § å¢ ç¥®£® § àï¤    £à ¨æ¥ à §¤¥-
«  SiO2/Si ®â ¯«®â®áâ¨ ¯à®è¥¤è¥£® § àï¤ : 1 , 1 ′, 3 —
Vg < 0; 2 , 2 ′ — Vg > 0; 1–3 — à áç¥â; 1 ′, 2 ′ —
íªá¯¥à¨¬¥â [3].
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â ªâ®¢ — ¬¥å ¨§¬ �¨è¥ââ¨ ¤«ï ¨¦¥ªæ¨¨ ¤ëà®ª ¢

SiO2 [15]. �ë ¨á¯®«ì§®¢ «¨ íâ®â ¬¥å ¨§¬ á ¯ à ¬¥-
âà®¬ £¥¥à æ¨¨ ¤ëà®ª ¨§ Si g, à ¢ë¬ 10−3 [16,20],
  ¨§ Al — 3 · 10−4. �à¨ íâ®¬ ¬ë ¯à¥¤¯®« £ «¨,
çâ®   ®¡®à¢ ë¥ á¢ï§¨ ¬®¦¥â ª®¯¨âìáï ª ª ¯®«®-
¦¨â¥«ìë©, â ª ¨ ®âà¨æ â¥«ìë© § àï¤, ® á à §-
ë¬¨ § ç¥¨ï¬¨ á¥ç¥¨ï § å¢ â  ¨ à¥ª®¬¡¨ æ¨¨.
�ë ¨á¯®«ì§®¢ «¨ ¢ à áç¥â å á«¥¤ãîé¨¥ § ç¥¨ï:
σnSi = 10−19 á¬2, σrpSi = 10−15 á¬2, σpSi = 10−15 á¬2,
σrnSi = 10−18 á¬2, ¨ ¤«ï «®¢ãè¥ª ¢â®à®£® â¨¯ , ª ª
íâ® ®â¬¥ç «®áì ¢ [3], § ç¥¨ï: σn = 4 · 10−18 á¬2,
σrn = 5 · 10−15 á¬2, σp = 0, σrp = 0. �  à¨á. 8
¯à¥¤áâ ¢«¥® ¯®¢¥¤¥¨¥ § å¢ ç¥®£® § àï¤  ¢ § ¢¨-
á¨¬®áâ¨ ®â ¯à®â¥ªè¥£® § àï¤  ¤«ï ¤¢ãå ¯®«ïà®áâ¥©.
�à¨ ¯®«®¦¨â¥«ì®¬  ¯àï¦¥¨¨   § â¢®à¥ Vg > 0
¢ SiO2  ª ¯«¨¢ ¥âáï ®âà¨æ â¥«ìë© § àï¤,   ¯à¨

®âà¨æ â¥«ì®¬ — ¯®«®¦¨â¥«ìë©. �à¨ç¥¬, ¥á«¨ ¬ë
¥ ãç¨âë¢ ¥¬  ª®¯«¥¨¥ § àï¤    «®¢ãèª å Nt
(á«ãç © Vg > 0), â® § àï¤ Q  ª ¯«¨¢ ¥âáï ¢á¥£¤  ¯®-
«®¦¨â¥«ìë© (à¨á. 8, ªà¨¢ ï 3 ). �á«¨ ¬ë ¯à¨¨¬ ¥¬

¢® ¢¨¬ ¨¥  ª®¯«¥¨¥ í«¥ªâà®®¢   ¥©âà «ìëå

«®¢ãèª å Nt, â®£¤  ¤«ï ¬ «ëå § ç¥¨© ¯à®â¥ªè¥£®
§ àï¤  ¨¬¥¥¬ ®âà¨æ â¥«ìë¥ § ç¥¨ï  ª®¯«¥®£®

§ àï¤ ,   ¤«ï ¡®«ìè¨å § ç¥¨© — ¯®«®¦¨â¥«ìë¥

§ ç¥¨ï. �à¨ç¨  â ª®£® ¯®¢¥¤¥¨ï — ª®ªãà¥æ¨ï

¬¥¦¤ã § å¢ â®¬ ¤ëà®ª ¨ í«¥ªâà®®¢   «®¢ãèª¨ ¨ à¥-
ª®¬¡¨ æ¨¥© § å¢ ç¥ëå ®á¨â¥«¥© á® á¢®¡®¤ë¬¨.
� ¦ë¬ í«¥¬¥â®¬ ¢ íâ®© ¬®¤¥«¨ ï¢«ï¥âáï ¯ à ¬¥âà

£¥¥à æ¨¨ ¤ëà®ª g, ª®â®àë© ®¯à¥¤¥«ï¥â ¢¥«¨ç¨ã

¤ëà®ç®£® â®ª  ¢ ¤¨í«¥ªâà¨ª. � ª ¢¨¤® ¨§ à¨áª ,
¯®«ãç¨«®áì ¢¥áì¬  å®à®è¥¥ á®£« á¨¥ à¥§ã«ìâ â®¢ à á-
ç¥â  á íªá¯¥à¨¬¥â «ìë¬¨ ¤ ë¬¨ [3].

� § ª«îç¥¨¥  ¢â®à å®â¥« ¡ë ¢ëà §¨âì ¡« £®-
¤ à®áâì �.�. � «ì¬ ã, �.�. �à¨æ¥ª®, §  ¥®¤®-
ªà âë¥ ¯®«¥§ë¥ ®¡áã¦¤¥¨ï § ¤ ç¨ ¨ ¥¥ à¥§ã«ì-
â â®¢, �.�. �®à®ª®¢ã §  ¯à®¢¥¤¥ë¥ ª¢ â®¢ë¥

à áç¥âë à¥ ªæ¨¨ ¢§ ¨¬®¤¥©áâ¢¨ï ¢®¤®à®¤  á ¢®¤®-
à®¤ë¬¨ ª®¬¯«¥ªá ¬¨ ¨ �.�. � ¤¨ïª §  ¯®¬®éì

¯à¨ ®ä®à¬«¥¨¨ àãª®¯¨á¨. �â¤¥«ì®  ¢â®à å®â¥« ¡ë
¯®¡« £®¤ à¨âì à¥æ¥§¥â  §  ¢¨¬ â¥«ì®¥ çâ¥¨¥

àãª®¯¨á¨ ¨ ª®áâàãªâ¨¢ë¥ § ¬¥ç ¨ï, ¯®§¢®«¨¢è¨¥
áãé¥áâ¢¥® ã«ãçè¨âì â¥ªáâ áâ âì¨.

�¯¨á®ª «¨â¥à âãàë

[1] �.�. � à ¡ , �.�. �ã« ¢¨®¢, �.�. �®®à®¢. �«¥ª-
âà®¨ª  á«®¥¢ SiO2   ªà¥¬¨¨ (�., ���, 1988).

[2] �.�. �à¨æ¥ª®. �âà®¥¨¥ ¨ í«¥ªâà® ï áâàãªâãà 

 ¬®àäëå ¤¨í«¥ªâà¨ª®¢ ¢ ªà¥¬¨¥¢ëå ��� áâàãª-
âãà å (�®¢®á¨¡¨àáª, � ãª , 1993).

[3] D.A. Buchanan, D.J. DiMaria, A.D. Marwick, L. Dory.
J. Appl. Phys., 76, 3595 (1994).

[4] C. Bulucea. Sol. St. Electron, 18, 467 (1975).
[5] M. Fischetti, R. Gastaldi, F. Maggioni, A. Modelli. J.

Appl. Phys., 53, 3129 (1982).
[6] M. Fischetti, R. Gastaldi, F. Maggioni, A. Modelli. J.

Appl. Phys., 53, 3135 (1982).

[7] S.K. Lai. J. Appl. Phys., 54, 2540 (1983).
[8] C.T. Sah, Y.C. Cun, J.T. Tzou. J. Appl. Phys., 54, 2547

(1983).
[9] R. Gale, F.J. Feigle, C.W. Magge. J. Appl. Phys., 54,

6938 (1983).
[10] �.�. �®à¥«ª¨áª¨©, �.�. �¥¢¨ë©, �.�. �îæ. �®-

¢¥àå®áâì, 6, 79 (1994).
[11] M.V. Fischetti, D.J. DiMaria, S.D. Brorson, T.N. Theis,

J.R. Kirtley. Phys. Rev. B., 31, 8124 (1985).
[12] �.�. � ¤¨ïª, �.�. �¨¨æ , �.�. �à ¢ª®¢. �¨ªà®í«¥ª-

âà®¨ª , 15, 448 (1988).
[13] C.T. Sah, Sol. St. Electron., 33, 147 (1990).
[14] V.O. Sokolov, V.B. Sulimov. Phys. St. B., 135, 369

(1986).
[15] M.V. Fischetti. Phys. Rev. B., 31, 2099 (1985).
[16] G.V. Gadiyak, V.A. Gritsenko, K.A. Nasyrov,

Yu.A.Perchilo. Technical Digest 1993, Int. Conf.
on VLSI and CAD (Taejon, Korea, November 15–17,
1993) P. 159.

[17] J.N. Churchill, F.E. Holmstrom, T.W. Collins. Adv.
Electron. and Electron Phys., 58, 1 (1981).

[18] �.�. �ãàâ®¢, �.�. � § à®¢, �.�. �à ¢ª®¢. ���, 24,
969 (1990).

[19] �.�. � ¤¨ïª. �¢â®¬¥âà¨ï, 4, 31 (1995).
[20] K.F. Schuegraft, C. Hu. IEEE Trans. Electron. Dev., 41,

761 (1994).
[21] D.A. Buchanan, M.V. Fischetti, D.J. DiMaria. Phys.

Rev. B., 43, 1471 (1991).
[22] �.�. �¥¤¥à, �.�. �¥¬ãèª¨, �.�. �¥¬¨ª®¢. �«¥ª-

âà®. â¥å., 6, 53 (1988).
[23] H.S. Withan, P.M. Lenahan. Appl. Phys. Lett., 51, 1007

(1987).

�¥¤ ªâ®à �.�. � «¤ëè¥¢

Modelling hydrogen distribution under
injection of electrons in SiO2 films in high
electric fields
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630090 Novosibirsk, Russia

Abstract A macroscopic transport model for the redistribu-

tion of the hydrogen profile during electrical stress as well as a

transport model for electronhole transport and accumulation

of charge in SiO2 layer are proposed in this paper. Redis-

tribution of hydrogen caused by hot-electron injection and

internal photoemission for the Si–SiO2–Al-capacitor has been

studied by the numerical simulation method. The results are

compared to the experimental data.
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