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� áá¬ âà¨¢ ¥âáï ¢«¨ï­¨¥ ­ áëé¥­¨ï ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥© ­  ¢®«ìâ-ä à ¤­ë¥ å à ª-
â¥à¨áâ¨ª¨ § â¢®à­ëå ¥¬ª®áâ¥© Cgs, Cgd ��� âà ­§¨áâ®à . �à®¢¥¤¥­®  ­ «¨â¨ç¥áª®¥ ¨áá«¥¤®¢ ­¨¥
¢®«ìâ-ä à ¤­ëå å à ªâ¥à¨áâ¨ª ¤«ï âà¥å à §«¨ç­ëå  ¯¯à®ªá¨¬ æ¨© § ¢¨á¨¬®áâ¨ ¤à¥©ä®¢®© áª®à®-
áâ¨ ­®á¨â¥«¥© ®â ¯®«ï ν(E). �®ª § ­®, çâ® ¢®«ìâ- ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª  ¬®¦¥â ¡ëâì ¢ëç¨á«¥­ 
á ã¤®¢«¥â¢®à¨â¥«ì­®© â®ç­®áâìî á ¯®¬®éìî ­ ¨¡®«¥¥ ¯à®áâ®© ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨.
� ¯à®â¨¢, ¢®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ ¤®«¦­ë ¢ëç¨á«ïâìáï ­  ®á­®¢¥ ¡®«¥¥ à¥ «¨áâ¨ç­ëå

 ­ «¨â¨ç¥áª¨å § ¢¨á¨¬®áâ¥© ν(E), ¯®áª®«ìªã £àã¡ ï ªãá®ç­®-«¨­¥©­ ï  ¯¯à®ªá¨¬ æ¨ï ¢ íâ®¬

á«ãç ¥ ¯à¨¢®¤¨â ª á¥àì¥§­ë¬ ¯®£à¥è­®áâï¬. �à ¢­¥­¨¥ íªá¯¥à¨¬¥­â «ì­ëå ¢®«ìâ-ä à ¤­ëå å -
à ªâ¥à¨áâ¨ª á â¥®à¥â¨ç¥áª¨¬¨ ¬®¦¥â ¯®á«ã¦¨âì ªà¨â¥à¨¥¬ ®æ¥­ª¨ à¥ «ì­®£® § ª®­  ­ áëé¥­¨ï

¤à¥©ä®¢®© áª®à®áâ¨.

1. �¢¥¤¥­¨¥

�­ «¨â¨ç¥áª®¥ ¬®¤¥«¨à®¢ ­¨¥ ¥¬ª®áâ­ëå å à ªâ¥-
à¨áâ¨ª ¬¥â ««–®ª¨á¥«–¯®«ã¯à®¢®¤­¨ª (���) âà ­-
§¨áâ®à®¢ ¨£à ¥â ¢ ¦­ãî à®«ì ¢ à áç¥â¥ ¨ á®§¤ ­¨¨

ª ª «®£¨ç¥áª¨å, â ª ¨  ­ «®£®¢ëå áå¥¬. �­ «¨§ íª¢¨-
¢ «¥­â­®© áå¥¬ë ��� âà ­§¨áâ®à  ¢ ¬ «®á¨£­ «ì-
­®¬ ¯à¨¡«¨¦¥­¨¨ [1,2] ¯®ª §ë¢ ¥â, çâ® áã¬¬ à­ ï

¥¬ª®áâì Cgs + Cgd, £¤¥ Cgs — ¥¬ª®áâì § â¢®à–¨áâ®ª,
Cgd — § â¢®à–áâ®ª, ®¯à¥¤¥«ï¥â ¥£® ¢ ¦­¥©è¨© ¯ -
à ¬¥âà — ç áâ®âã ®âá¥çª¨. �¯¥à¢ë¥ ¬®¤¥«ì ¥¬ª®-
áâ¨ ¢ à ¬ª å ª¢ §¨áâ â¨ç¥áª®£® ¯à¨¡«¨¦¥­¨ï ¡ë« 

¯à¥¤«®¦¥­  �¥©¥à®¬ [1] ¢ 1971 £. � à ¡®â¥ � à¤ 

¨ � ââ®­  [3] íâ  ¬®¤¥«ì ¡ë«  ãá®¢¥àè¥­áâ¢®¢ ­ 

¡« £®¤ àï ãç¥âã § àï¤  ®¡¥¤­¥­­®£® á«®ï ¨­¢¥àá¨-
®­­®£® ª ­ «  âà ­§¨áâ®à . �à®¬¥ â®£®, ­ ¢¥¤¥­­ë©
¢ ª ­ «¥ § àï¤ ãç¨âë¢ «áï à §¤¥«ì­® ¤«ï ¨áâ®ª 

¨ áâ®ª  âà ­§¨áâ®à . �å¥¬  à áç¥â  [3] ¯®§¢®«¨« 
¤®áâ¨çì «ãçè¥© áå®¤¨¬®áâ¨ ¨ â®ç­®áâ¨ ¯à¨ ç¨á«¥­-
­®¬ ¬®¤¥«¨à®¢ ­¨¨ ¢®«ìâ-ä à ¤­ëå å à ªâ¥à¨áâ¨ª

ª®à®âª®ª ­ «ì­ëå âà ­§¨áâ®à®¢.
� ¨¡®«¥¥ ¯®«­ë© ¨ ¯®á«¥¤®¢ â¥«ì­ë© ¯®¤å®¤ ª

¢ëç¨á«¥­¨î ¥¬ª®áâ¨ ¡ë« à §à ¡®â ­ �ãà®¬ [4] ­ 
®á­®¢¥ ã­¨ä¨æ¨à®¢ ­­®© ¬®¤¥«¨ ã¯à ¢«¥­¨ï § àï-
¤®¬ [5]. �à¥¤«®¦¥­­ ï ¬®¤¥«ì ¯®§¢®«¨«  ¢ëç¨á«ïâì
¢®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ âà ­§¨áâ®à  ¢® ¢á¥å
à¥¦¨¬ å ¥£® à ¡®âë, ®â ¤®¯®à®£®¢®£® ¤® à¥¦¨¬ 

­ áëé¥­¨ï. � â® ¦¥ ¢à¥¬ï íää¥ªâ ­ áëé¥­¨ï ¤à¥©-
ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥© ¢ í«¥ªâà¨ç¥áª®¬ ¯®«¥ ­¥

¡ë« ¯®á«¥¤®¢ â¥«ì­® ãçâ¥­, ­  çâ® ãª §ë¢ «®áì ¢

á ¬®© à ¡®â¥ [4].
�ää¥ªâ ­ áëé¥­¨ï ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥©

­ ¨¡®«¥¥ ¢ ¦¥­ ¢ ª®à®âª®ª ­ «ì­ëå ¯®«¥¢ëå âà ­§¨-
áâ®à å, £¤¥ ¯à®¤®«ì­®¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¢ ª ­ «¥
E ¬®¦¥â ­ ¬­®£® ¯à¥¢ëè âì å à ªâ¥à­®¥ ¯®«¥ ­ -
áëé¥­¨ï ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥© Esat. � á-
¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ « , í«¥ªâà¨ç¥áª®£® ¯®«ï ¨ ¯®-
¢¥àå­®áâ­®© ª®­æ¥­âà æ¨¨ ­®á¨â¥«¥© ¢ ª ­ «¥ âà ­-
§¨áâ®à  ¯®«­®áâìî ®¯à¥¤¥«ï¥âáï § ¢¨á¨¬®áâìî ν(E).

� ¨¡®«¥¥ ¯à®áâ ï ¨ ç áâ® ¨á¯®«ì§ã¥¬ ï ªãá®ç­®-
«¨­¥©­ ï  ¯¯à®ªá¨¬ æ¨ï ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨-
â¥«¥© ν(E) ª ç¥áâ¢¥­­® å®à®è® ®¯¨áë¢ ¥â ¢®«ìâ-
 ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ (���) âà ­§¨áâ®à . �®«¥¥
â®ç­ë¥  ­ «¨â¨ç¥áª¨¥ § ¢¨á¨¬®áâ¨ ¯à¨¢®¤ïâ «¨èì ª

¨å ª®«¨ç¥áâ¢¥­­®¬ã ãâ®ç­¥­¨î.
� ª ¡ã¤¥â ¯®ª § ­® ¢ ¤ ­­®© áâ âì¥, ¢®«ìâ-

ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ âà ­§¨áâ®à  ¢ ®â«¨ç¨¨ ®â

��� ¡®«¥¥ çã¢áâ¢¨â¥«ì­ë ª ¢¨¤ã äã­ªæ¨¨ ν(E).
� à ¬ª å ¯à®áâ®© ¬®¤¥«¨ �¥©¥à  ¡ã¤ãâ ¯®«ãç¥­ë

¢ëà ¦¥­¨ï ¤«ï ¢®«ìâ-ä à ¤­ëå § ¢¨á¨¬®áâ¥© âà ­-
§¨áâ®à , à ¡®â îé¥£® ¢ âà¨®¤­®¬ à¥¦¨¬¥. �ã¤ãâ

à áá¬®âà¥­ë âà¨ à §«¨ç­ë¥  ¯¯à®ªá¨¬ æ¨¨ ν(E),
¢ª«îç ï ªãá®ç­®-«¨­¥©­ãî. �á¯®«ì§®¢ ­¨¥ ­ ¨¡®«¥¥
¯à®áâ®© ¬®¤¥«¨ �¥©¥à  á¢ï§ ­® á â¥¬, çâ® ®­  ¯®-
§¢®«ï¥â ¯®«ãç¨âì ­ £«ï¤­ãî ä¨§¨ç¥áªãî ª àâ¨­ã ¨

¯à®áâë¥  ­ «¨â¨ç¥áª¨¥ ¢ëà ¦¥­¨ï ¤«ï § â¢®à­ëå

¥¬ª®áâ¥© Cgs, Cgd. �ç¥â § àï¤  ®¡¥¤­¥­­®£® á«®ï

¨­¢¥àá¨®­­®£® ª ­ « , ª ª ¨ ¢ á«ãç ¥ ���, ¬®¦¥â
¯à¨¢¥áâ¨ «¨èì ª ­¥¡®«ìè®¬ã ãâ®ç­¥­¨î ¯®«ãç¥­­ëå

¢®«ìâ-ä à ¤­ëå å à ªâ¥à¨áâ¨ª.

2. �¬ª®áâì ¯®«¥¢®£® âà ­§¨áâ®à 

¢ à ¬ª å ¬®¤¥«¨ ­ áëé¥­¨ï

¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥©

� áá¬®âà¨¬ ¯®«¥¢®© âà ­§¨áâ®à á ­ ¢¥¤¥­­ë¬ ¢

x ­ ¯à ¢«¥­¨¨ ª ­ «®¬, ¤«¨­®© l (à¨á. 1, ¢áâ ¢ª ).
�à ­§¨áâ®à à ¡®â ¥â ¢ âà¨®¤­®¬ à¥¦¨¬¥ (¯®¤«®¦ª 
§ §¥¬«¥­ ). �®«é¨­  d ¨§®«ïæ¨®­­®£® ¯®¤§ â¢®à­®£®
á«®ï ¬­®£® ¬¥­ìè¥ å à ªâ¥à­®£® ¬ áèâ ¡  ¨§¬¥­¥-
­¨ï ¯®â¥­æ¨ «  l. �à¨ íâ®¬ ãá«®¢¨¨ ¯à¨¬¥­¨¬® ¯à¨-
¡«¨¦¥­¨¥ ¯« ¢­®£® ª ­ «  �®ª«¨, ª®£¤  ¯®¯¥à¥ç­ ï
á®áâ ¢«ïîé ï í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ª ­ «¥ ­ ¬­®-
£® ¡®«ìè¥ ¯à®¤®«ì­®© á®áâ ¢«ïîé¥©. �®¢¥àå­®áâ­ ï
ª®­æ¥­âà æ¨ï ns ­ ¢¥¤¥­­ëå ¢ ª ­ «¥ ­®á¨â¥«¥© ¤«ï
­ ¤¯®à®£®¢®£® à¥¦¨¬  à ¡®âë âà ­§¨áâ®à  ¬®¦¥â
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�¨á. 1. �®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ ¥¬ª®áâ¥© Cgs
(¢¥àå­¨¥ ªà¨¢ë¥) ¨ Cgd (­¨¦­¨¥ ªà¨¢ë¥) ¯à¨ §­ ç¥­¨¨

¯ à ¬¥âà  χ = 1 ¤«ï: a — ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ -
æ¨¨ (usat

sd = 0.38), b — ¢ëà ¦¥­¨ï (8) (usat
sd = 0.62), c —

¢ëà ¦¥­¨ï (14) (usat
sd = 0.51).

¡ëâì § ¯¨á ­  ¢ ¢¨¤¥

ns =
CU

e
, (1)

£¤¥ e — í«¥¬¥­â à­ë© § àï¤, U = Ugs(x) − Ut,
Ugc(x) — «®ª «ì­®¥ ­ ¯àï¦¥­¨¥ ¬¥¦¤ã § â¢®à®¬ ¨

ª ­ «®¬, Ut — ¯®à®£®¢®¥ ­ ¯àï¦¥­¨¥, C — ¥¬ª®áâì

¨§®«¨àãîé¥£® á«®ï ¯®¤ § â¢®à®¬ ¥¤¨­¨ç­®© ¯«®é -
¤¨. �®ª ¢ ¯à®¢®¤ïé¥¬ ª ­ «¥ á ãç¥â®¬ (1) ¨¬¥¥â ¢¨¤

J = wC · µ(E)U ·E, (2)

£¤¥ w — è¨à¨­  ¯à¨¡®à , µ(E) = ν(E)/E — § ¢¨á¨-
¬®áâì ¯®¤¢¨¦­®áâ¨ ­®á¨â¥«¥© ®â ¯®«ï. �®¤áâ ¢«ïï
¢ (2) á®®â­®è¥­¨¥, á¢ï§ë¢ îé¥¥ ¯®â¥­æ¨ « ¨ ¯®«¥

E = −dU/dx, ¨ ãç¨âë¢ ï £à ­¨ç­®¥ ãá«®¢¨¥ ­ 

¨áâ®ª¥ U(0) = Us, «¥£ª® ­ ¯¨á âì ãà ¢­¥­¨¥ ¤«ï

à á¯à¥¤¥«¥­¨ï ¯®â¥­æ¨ «  U(x) ¢¤®«ì ª ­ « . � -
à ªâ¥à íâ®£® à á¯à¥¤¥«¥­¨ï ¯®«­®áâìî ®¯à¥¤¥«ï¥âáï

¢¨¤®¬  ¯¯à®ªá¨¬ æ¨¨ ¯®¤¢¨¦­®áâ¨ ­®á¨â¥«¥© µ(E).
� ¢¨á¨¬®áâì â®ª  ¢ ª ­ «¥ ®â ¢¥«¨ç¨­ë ¯ ¤¥­¨ï ­ -
¯àï¦¥­¨ï ¨áâ®ª–áâ®ª Usd = Us−Ud (£¤¥ Ud = U(l) —
­ ¯àï¦¥­¨¥ ­  áâ®ª¥) ®¯à¥¤¥«ï¥â ¢®«ìâ- ¬¯¥à­ãî
å à ªâ¥à¨áâ¨ªã âà ­§¨áâ®à . �â  § ¢¨á¨¬®áâì ¬®¦¥â
¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ®¡é¥¬ ¢¨¤¥ ª ª äã­ªæ¨ï ª®­-
â ªâ­ëå ­ ¯àï¦¥­¨© J = J(Us, Ud).
�«¥¤ãï ¬®¤¥«¨ �¥©¥à , ¯®«­ë© ­ ¢¥¤¥­­ë© § àï¤

Q ¨­¢¥àá¨®­­®£® á«®ï ¬®¦¥â ¡ëâì ­ ©¤¥­ ¯ãâ¥¬ ¨­-
â¥£à¨à®¢ ­¨ï ¯®¢¥àå­®áâ­®© ª®­æ¥­âà æ¨¨ ns íâ®£®
§ àï¤  ¢¤®«ì ª ­ «  ¢ ¢¨¤¥

Q = −wC

Ud∫
Us

U

E
dU, (3)

£¤¥ ¯à®¤®«ì­®¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ E = E(U, J)
ï¢«ï¥âáï äã­ªæ¨¥© â®ª  ¨ «®ª «ì­®£® ­ ¯àï¦¥­¨ï

¢ á®®â¢¥âáâ¢¨¨ á ¢ëà ¦¥­¨¥¬ (2). �á¯®«ì§ãï (3),
«¥£ª® ­ ©â¨ ®¡é¨¥ ¢ëà ¦¥­¨ï ¤«ï ¤¢ãå ­¥§ ¢¨á¨¬ëå

¤¨ää¥à¥­æ¨ «ì­ëå § â¢®à­ëå ¥¬ª®áâ¥© Cgs, Cgd,
¯à¨¢¥¤¥­­ë¥ ª ¯®«­®© ¥¬ª®áâ¨ ¨§®«¨àãîé¥£® á«®ï

¯®¤ § â¢®à®¬ C0 = wCl.

Cgs =
∂Q

∂Us

∣∣∣∣(Ud = const) =
1

l

[
Us

Es
−

Ud∫
Us

∂

∂Us

(U
E

)
dU

]
,

(4)

Cgd =
∂Q

∂Ud

∣∣∣∣(Us = const) =
1

l

[
Ud

Ed
−

Ud∫
Us

∂

∂Ud

(U
E

)
dU

]
,

(5)
£¤¥ Es, Ed — ¢¥«¨ç¨­ë í«¥ªâà¨ç¥áª®£® ¯®«ï ­ 

¨áâ®ª¥ (áâ®ª¥) á®®â¢¥âáâ¢¥­­®. �ëç¨á«¥­¨¥ ¥¬ª®áâ¥©
Cgs, Cgd ¯® ¢ëà ¦¥­¨ï¬ (4), (5) ¯à¥¤¯®« £ ¥â, çâ®
¨§¢¥áâ­ë ¯à®áâà ­áâ¢¥­­®¥ à á¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ -
«  ¢¤®«ì ª ­ «  ¨ ��� âà ­§¨áâ®à . �®¤áâ ¢«ïï ¢
(4), (5) § ¢¨á¨¬®áâì «®ª «ì­®£® í«¥ªâà¨ç¥áª®£® ¯®«ï
E = E(U, J), á«¥¤ãîéãî ¨§ ¢ëà ¦¥­¨ï (2) ¨ ���

¢ ¢¨¤¥ J = J(Us, Ud), ­¥âàã¤­® ¯®«ãç¨âì ¢®«ìâ-
ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ âà ­§¨áâ®à . �â¨ § ¢¨á¨-
¬®áâ¨ ®¡ëç­® áâà®ïâáï ª ª äã­ªæ¨¨ ­ ¯àï¦¥­¨ï ­ 

¨áâ®ª¥ Us ¯à¨ ä¨ªá¨à®¢ ­­®¬ ¯ ¤¥­¨¨ ­ ¯àï¦¥­¨ï

¨áâ®ª–áâ®ª Usd. � ¤ ­­®© à ¡®â¥ ¡ã¤¥â ¨á¯®«ì§®¢ ­®

¨­®¥ ¯à¥¤áâ ¢«¥­¨¥ ¢®«ìâ-ä à ¤­ëå å à ªâ¥à¨áâ¨ª,
¢ëç¨á«ï¥¬ëå ¯à¨ ¯®áâ®ï­­®¬ ­ ¯àï¦¥­¨¨ ­  ¨áâ®ª¥

Us ¨ ¨§¬¥­ïîé¥¬áï Usd. �ëç¨á«¥­¨ï ¡ã¤ãâ ¯à®¢¥¤¥-
­ë ¤«ï ¤¢ãå à §«¨ç­ëå  ­ «¨â¨ç¥áª¨å § ¢¨á¨¬®áâ¥©

¯®¤¢¨¦­®áâ¨ µ(E).
� à ¡®â¥ �¥©¥à  [1] ¡ë«¨ ¯®«ãç¥­ë ¢®«ìâ-ä -

à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ ¤«ï ¬®¤¥«¨ ¯« ¢­®£® ª ­ -
«  �®ª«¨ á ¯®áâ®ï­­®© ¯®¤¢¨¦­®áâìî ­®á¨â¥«¥©

µ(E) = µ0. �­¨ ¨¬¥îâ ¢¨¤

Cgs =
2

3

[
1−

(1− usd)2

(2− usd)2

]
,

Cgd =
2

3

[
1−

1

(2− usd)2

]
,

(6)

£¤¥ usd = Usd/Us. �ãá®ç­®-«¨­¥©­ ï  ¯¯à®ªá¨¬ -
æ¨ï [2] ¯®¤¢¨¦­®áâ¨ ­®á¨â¥«¥© ¯à¨¢®¤¨â ª ®£à ­¨-
ç¥­¨î íâ¨å ¢®«ìâ-ä à ¤­ëå § ¢¨á¨¬®áâ¥© ¢¥«¨ç¨­®©
¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï ¨áâ®ª–áâ®ª usat

sd ¯à¨ ­ áëé¥-
­¨¨ ���.

usat
sd = 1−

[
1−

(
√
χ4 + 4 · χ2 − χ2)

2

] 1
2

, (7)

£¤¥ χ = 2lEsat/Us — ¯ à ¬¥âà ­ áëé¥­¨ï. �  à¨á. 1
(ªà¨¢ë¥ a) ¯à¥¤áâ ¢«¥­ë ¢®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨-
áâ¨ª¨ ¯à¨ ä¨ªá¨à®¢ ­­®¬ §­ ç¥­¨¨ ¯ à ¬¥âà  χ = 1.
� ¢¨á¨¬®áâ¨ ­ ¯àï¦¥­¨ï usat

sd ¨ § â¢®à­ëå ¥¬ª®áâ¥©

Csat
gs , Csat

gd ¢ à¥¦¨¬¥ ­ áëé¥­¨ï âà ­§¨áâ®à  ®â ¯ à -
¬¥âà  χ ¨§®¡à ¦¥­ë ­  à¨á. 2, 3 (ªà¨¢ë¥ a) á®®â¢¥â-
áâ¢¥­­®.
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�¨á. 2. � ¢¨á¨¬®áâì ¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï ¨áâ®ª–áâ®ª
usat
sd ¢ à¥¦¨¬¥ ­ áëé¥­¨ï ��� ®â ¯ à ¬¥âà  χ ¤«ï:a —
ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨, ¢ — ¢ëà ¦¥­¨ï (8),
c — ¢ëà ¦¥­¨ï (14).

1. � áá¬®âà¨¬ ¡®«¥¥ à¥ «¨áâ¨ç­ãî  ¯¯à®ªá¨¬ æ¨î

¯®¤¢¨¦­®áâ¨ µ(E) ¢¨¤ 

µ(E) =
µ0(

1 + E
Esat

) . (8)

�¢¥¤¥¬ ¡¥§à §¬¥à­ë¥ ¢¥«¨ç¨­ë «®ª «ì­®£® ­ ¯àï¦¥-
­¨ï u = U/Us, ¤«¨­ë η = x/l ¨ â®ª  i = J/J0, £¤¥
J0 = CU2

sw/2l. �à ¢­¥­¨¥ (2) ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥

du

dη
= −

i

2

1

u− usat
, (9)

£¤¥ usat = i/χ — ­ ¯àï¦¥­¨¥ ­ áëé¥­¨ï ¯à¨ § ¤ ­-
­®¬ â®ª¥ i. �¥è¥­¨¥ íâ®£® ãà ¢­¥­¨ï á £à ­¨ç­ë¬

ãá«®¢¨¥¬ ­  ¨áâ®ª¥ u(0) = 1 ®¯à¥¤¥«ï¥â à á¯à¥¤¥«¥-
­¨¥ ¯®â¥­æ¨ «  ¢¤®«ì ª ­ « :

u(η) = usat +
[
(1− usat)

2 − i · η
] 1

2 . (10)

� áëé¥­¨¥ ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥© ¯à®¨áå®-
¤¨â ­  áâ®ª¥, £¤¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¨¬¥¥â ­ ¨-
¡®«ìè¥¥ §­ ç¥­¨¥, ®¡à é ïáì ¢ ¡¥áª®­¥ç­®áâì ¯à¨

ãá«®¢¨¨ ®¡à é¥­¨ï ¯®¤ª®à¥­­®£® ¢ëà ¦¥­¨ï ¢ (10)
¢ ­ã«ì. �â® ãá«®¢¨¥ ®¯à¥¤¥«ï¥â â®ª isat ¨ ¯ ¤¥­¨¥ ­ -
¯àï¦¥­¨ï usat

sd (à¨á. 2, ªà¨¢ ï ¢) ¢ à¥¦¨¬¥ ­ áëé¥­¨ï
ª ª äã­ªæ¨¨ ¯ à ¬¥âà  χ ¢ ¢¨¤¥

isat =
χ2 + 2 · χ−

√
χ4 + 4 · χ3

2

usat
sd =

√
isat .

(11)

�®¤ç¥àª­¥¬, çâ® ¢ ¬®¤¥«¨ [2] á ªãá®ç­®-«¨­¥©­®©
 ¯¯à®ªá¨¬ æ¨¥© ¯®¤¢¨¦­®áâ¨ í«¥ªâà¨ç¥áª®¥ ¯®«¥

¢¤®«ì ª ­ «  ä ªâ¨ç¥áª¨ ­¥ ¬®¦¥â ¯à¥¢ëè âì ¢¥«¨-
ç¨­ë Esat. � ¯à®â¨¢, ¢ á«ãç ¥  ¯¯à®ªá¨¬ æ¨¨, § ¤ -
¢ ¥¬®© ¢ëà ¦¥­¨¥¬ (8), í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¯à¥¢ë-
è ¥â íâ® §­ ç¥­¨¥. �â® ¯à¨¢®¤¨â ª ¨­®¬ã ¢¨¤ã ¢®«ìâ-
ä à ¤­ëå å à ªâ¥à¨áâ¨ª. �á¯®«ì§ãï (1), ¯®«ãç ¥¬

�¨á. 3. � ¢¨á¨¬®áâ¨ ¥¬ª®áâ¥© Csat
gs ¨ Csat

gd (­¨¦­ïï ªà¨-
¢ ï) ¢ à¥¦¨¬¥ ­ áëé¥­¨ï ��� ®â ¯ à ¬¥âà  χ ¤«ï:
a — ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨ µ(E), b — ¢ëà -
¦¥­¨ï (8), c — ¢ëà ¦¥­¨ï (14).

¤«ï ��� á«¥¤ãîé¥¥ ¢ëà ¦¥­¨¥:

i =
1− (1− usd)2

1 + 2usd
χ

. (12)

�ëç¨á«¥­¨¥ ¥¬ª®áâ¥© Cgs, Cgd ¯® ¢ëè¥®¯¨á ­­®©

¯à®æ¥¤ãà¥ ¨ ¨á¯®«ì§®¢ ­¨¥ ¢ëà ¦¥­¨© (9), (12) ¯à¨-
¢®¤¨â ª á«¥¤ãîé¥¬ã à¥§ã«ìâ âã:

Cgs=
2

3

[
1−

(1− usd)2

(2− usd)2
+

1 + 2(1− usd)3 − 3(1− usd)2

χ(2− usd)2

]
,

Cgd=
2

3

[
1−

1

(2− usd)2
+

1− 3usd − (1− usd)3

χ(2− usd)2

]
. (13)

�â¨ § ¢¨á¨¬®áâ¨ ®â«¨ç îâáï ®â ¢ëà ¦¥­¨ï (6)
¤«ï ¬®¤¥«¨ á ¯®áâ®ï­­®© ¯®¤¢¨¦­®áâìî ­ «¨ç¨¥¬

¤®¯®«­¨â¥«ì­ëå ç«¥­®¢, á¢ï§ ­­ëå á ­ áëé¥­¨¥¬

¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥©. �  à¨á. 1 (ªà¨¢ë¥ b)
¯à¥¤áâ ¢«¥­ë ¢®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨áâ¨ª¨ ¯à¨

ä¨ªá¨à®¢ ­­®¬ §­ ç¥­¨¨ ¯ à ¬¥âà  ­ áëé¥­¨ï χ.
�­¨ áãé¥áâ¢¥­­® ®â«¨ç îâáï ®â á«ãç ï ªãá®ç­®-
«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨ ¯®¤¢¨¦­®áâ¨. � ¨¡®«ìè¨¥
®â«¨ç¨ï ­ ¡«î¤ îâáï ¢ ®¡« áâïå ­ áëé¥­¨ï, ª®â®-
àë¥ à §«¨ç­ë ¤«ï íâ¨å ¤¢ãå á«ãç ¥¢. �  à¨á. 3
(ªà¨¢ë¥ b) ¨§®¡à ¦¥­ë § ¢¨á¨¬®áâ¨ § â¢®à­ëå ¥¬-
ª®áâ¥© Csat

gs , Csat
gd ¢ à¥¦¨¬¥ ­ áëé¥­¨ï ®â ¯ à ¬¥âà 

­ áëé¥­¨ï χ. �â«¨ç¨¥ ¯® áà ¢­¥­¨î á® á«ãç ¥¬

ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨ á®áâ®¨â ¢ â®¬, çâ®
¥¬ª®áâì § â¢®à–áâ®ª â®¦¤¥áâ¢¥­­® à ¢­  ­ã«î,  

¥¬ª®áâì § â¢®à–¨áâ®ª ¢ á«ãç ¥ ª®à®âª®ª ­ «ì­®£®

âà ­§¨áâ®à  (χ� 1) ¨¬¥¥â ¨­®¥ ¯à¥¤¥«ì­®¥ §­ ç¥­¨¥:
Csat
gs = 1. �à®¢¥¤¥¬ ª ç¥áâ¢¥­­®¥ à áá¬®âà¥­¨¥ ¯®«ã-

ç¥­­ëå ¢®«ìâ-ä à ¤­ëå å à ªâ¥à¨áâ¨ª, ®á­®¢ ­­®¥
­  ¯à®áâ®© £¥®¬¥âà¨ç¥áª®© ¨­â¥à¯à¥â æ¨¨ (à¨á. 4).
�à¨ ¬ «ëå §­ ç¥­¨ïå â®ª  i� 1 ¯®â¥­æ¨ « ¢¤®«ì

ª ­ «  á¯ ¤ ¥â ¯® «¨­¥©­®¬ã § ª®­ã (à¨á. 4, ªà¨-
¢ ï a). �¬ª®áâì § â¢®à–¨áâ®ª Cgs ¬®¦¥â ¡ëâì ­ ©-
¤¥­  ª ª ®â­®è¥­¨¥ ¯à¨à é¥­¨ï ¯®«­®£® § àï¤  Q,

�¨§¨ª  ¨ â¥å­¨ª  ¯®«ã¯à®¢®¤­¨ª®¢, 1997, â®¬ 31, ò 3



�¢ §¨áâ â¨ç¥áª ï ¥¬ª®áâì ��� ¯®«¥¢®£® âà ­§¨áâ®à  ¯à¨ ­ áëé¥­¨¨ ¤à¥©ä®¢®© áª®à®áâ¨ ­®á¨â¥«¥© 299

�¨á. 4. � á¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ «  (1, 2 ) ¨ ¥£® ¯¥à¥à á¯à¥-
¤¥«¥­¨¥ (1 ′, 2 ′) ¯®¤ ¤¥©áâ¢¨¥¬ ä«ãªâã æ¨¨ ­ ¯àï¦¥­¨ï

δ ­  ¨áâ®ª¥ ¨ ä¨ªá¨à®¢ ­­®¬ ­ ¯àï¦¥­¨¨ ­  áâ®ª¥ ¯à¨

χ = 1 ¤«ï  ¯¯à®ªá¨¬ æ¨¨ µ(E) (¢ëà ¦¥­¨¥ (8)) ¯à¨:
1, 1 ′ — i = 0.01, 2, 2 ′ — ¢ à¥¦¨¬¥ ­ áëé¥­¨ï.

­ ¢¥¤¥­­®£® ¢ ª ­ «¥, ¯à¨ ä¨ªá¨à®¢ ­­®¬ áâ®ª®¢®¬

¨ ¨§¬¥­¥­¨¨ ­  ¬ «ãî ¢¥«¨ç¨­ã δ ¨áâ®ª®¢®£® ­ ¯àï-
¦¥­¨©. �à®áâ®¥ £¥®¬¥âà¨ç¥áª®¥ ¯®áâà®¥­¨¥ ¯à¨¢®¤¨â
ª ®ç¥¢¨¤­®¬ã à¥§ã«ìâ âã: Cgs = 1/2. �­ «®£¨ç­®

¬®¦­® ¯®ª § âì, çâ® Cgd = 1/2.

� ª®à®âª®ª ­ «ì­ëå (χ � 1) âà ­§¨áâ®à å ¢ à¥-
¦¨¬¥ ­ áëé¥­¨ï à á¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ «  ¯à ªâ¨-
ç¥áª¨ ®¤­®à®¤­® (à¨á. 4, ªà¨¢ ï b). �®íâ®¬ã Csat

gs = 1.
� â® ¦¥ ¢à¥¬ï ¨§-§  ­ áëé¥­¨ï ¤à¥©ä®¢®© áª®à®áâ¨
å à ªâ¥à íâ®£® à á¯à¥¤¥«¥­¨ï à¥§ª® ¬¥­ï¥âáï ¢¡«¨§¨

áâ®ª , £¤¥ Ed = du/dη|1 =∞. �â® ¯à¨¢®¤¨â ª ®ç¥-
¢¨¤­®¬ã à¥§ã«ìâ âã: Csat

gd ≡ 0. �¥©áâ¢¨â¥«ì­®, ¬ «®¥
¨§¬¥­¥­¨¥ ­ ¯àï¦¥­¨ï ­  áâ®ª¥ ¯à¨ ä¨ªá¨à®¢ ­­®¬

¨áâ®ª®¢®¬ ­ ¯àï¦¥­¨¨ ¯à ªâ¨ç¥áª¨ ­¥ ¨§¬¥­ï¥â à á-
¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ «  ¢¤®«ì ª ­ «  u(η).

�¨á. 5. � ¢¨á¨¬®áâì ¯à¥¤¥«ì­®£® ¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï

ulim
sd ®â ¯ à ¬¥âà  α ¯à¨ β = 0.25 ¤«ï  ¯¯à®ªá¨¬ æ¨¨

µ(E)(¢ëà ¦¥­¨¥ (8)) ¯à¨: a — χ = 0.1, b — χ = 1, c —
χ = 10. usat

sd : a — 0.27, b — 0.62, c — 0.92.

2. � áá¬®âà¨¬  ¯¯à®ªá¨¬ æ¨î ¯®¤¢¨¦­®áâ¨ µ(E)
¢¨¤ 

µ(E) =
µ0(

1 + E2

E2
sat

) 1
2

. (14)

� íâ®¬ á«ãç ¥ ãà ¢­¥­¨¥ (2) ¬®¦¥â ¡ëâì § ¯¨á ­®
¢ ¢¨¤¥

du

dη
= −

i

2

1√
u2 − u2

sat

. (15)

�¥è¥­¨¥ íâ®£® ãà ¢­¥­¨ï á®¢¬¥áâ­® á £à ­¨ç­ë¬

ãá«®¢¨¥¬ ­  ¨áâ®ª¥ ®¯à¥¤¥«ï¥â à á¯à¥¤¥«¥­¨¥ ¯®â¥­-
æ¨ «  ¢¤®«ì ª ­ « :

F

(
u

usat

)
− F

(
1

usat

)
= −

χ · η

usat
, (16)

£¤¥ F (y) = y
√
y2 − 1 − ln (y +

√
y2 − 1). �®«ìâ-

 ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª  ­ å®¤¨âáï ¨§ à¥è¥­¨ï

ãà ¢­¥­¨ï (16) ¯à¨ ¯®¤áâ ­®¢ª¥ η = 1. �®£¤  ¯®â¥­-
æ¨ « ­  áâ®ª¥ ¤®áâ¨£ ¥â §­ ç¥­¨ï usat, âà ­§¨áâ®à
¯¥à¥å®¤¨â ¢ à¥¦¨¬ ­ áëé¥­¨ï. �¥«¨ç¨­  â®ª  ­ áë-
é¥­¨ï isat ¯à¨ íâ®¬ ¬®¦¥â ¡ëâì ­ ©¤¥­  ¨§ ãà ¢­¥­¨ï

F

(
χ

isat

)
=

χ2

isat
. (17)

� ¢¨á¨¬®áâì ¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï ­  ¯à¨¡®à¥ ®â ¯ -
à ¬¥âà  χ ¢ à¥¦¨¬¥ ­ áëé¥­¨ï (à¨á. 2, ªà¨¢ ï á)
¬®¦¥â ¡ëâì ­ ©¤¥­  ¢ ¢¨¤¥

usat
sd = 1−

isat

χ
. (18)

�¨¤­®, çâ® ®­  ­¥§­ ç¨â¥«ì­® ®â«¨ç ¥âáï ®â á«ã-
ç ï ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨ ¯®¤¢¨¦­®áâ¨.
� ¯®¬®éìî (4), (5) ¢®«ìâ-ä à ¤­ë¥ å à ªâ¥à¨áâ¨-

ª¨ ¬®£ãâ ¡ëâì ¯®«ãç¥­ë «¨èì ç¨á«¥­­® ¨ ¨§®¡à -
¦¥­ë ­  à¨á. 1 (ªà¨¢ë¥ c) ¯à¨ §­ ç¥­¨¨ ¯ à ¬¥âà 

�¨á. 6. � ¢¨á¨¬®áâì ¯à¥¤¥«ì­®£® ¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï

ulim
sd ®â ¯ à ¬¥âà  α ¯à¨ β = 0 ¤«ï  ¯¯à®ªá¨¬ æ¨¨ µ(E)

(¢ëà ¦¥­¨¥ (14)) ¯à¨: a — χ = 0.1, b — χ = 1, c — χ = 10.
usat
sd :a — 0.24, b — 0.51, c — 0.79.
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χ = 1. � ¢¨á¨¬®áâì ¥¬ª®áâ¨ § â¢®à–¨áâ®ª Csat
gs (â®£¤ 

ª ª Csat
gd ≡ 0) ¢ à¥¦¨¬¥ ­ áëé¥­¨ï ®â ¯ à ¬¥âà  χ

¯à¨¢¥¤¥­  ­  à¨á. 3 (ªà¨¢ ï c). �¨¤ íâ®© § ¢¨á¨¬®áâ¨
áãé¥áâ¢¥­­® ®â«¨ç ¥âáï «¨èì ®â á«ãç ï ªãá®ç­®-
«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨.

3. � áá¬®âà¨¬ ªà¨â¥à¨© ¯à¨¬¥­¨¬®áâ¨ ¬®¤¥«¨

¯« ¢­®£® ª ­ «  �®ª«¨ á ªãá®ç­®-«¨­¥©­®©  ¯¯à®ª-
á¨¬ æ¨¥© ¯®¤¢¨¦­®áâ¨. �á«®¢¨¥ ¬ «®áâ¨ ¯à®¤®«ì­®-
£® ¯®«ï ¯® áà ¢­¥­¨î á ¯®¯¥à¥ç­ë¬ Ey § ¯¨áë¢ ¥âáï
¢ ¢¨¤¥

E = −
Us

l

du

dη
,

Ey =
Us

d · εi

[
u+

Ut

Us

]
, E � Ey, (19)

£¤¥ εi — ¤¨í«¥ªâ¨ç¥áª ï ¯à®­¨æ ¥¬®áâì ¯®¤§ â¢®à­®-
£® á«®ï. �á«®¢¨¥ (19) ®¯à¥¤¥«ï¥â ¯à¥¤¥«ì­®¥ §­ ç¥­¨¥
¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï ulim

sd ¢¤®«ì ª ­ « , ¢¯«®âì ¤®

ª®â®à®£® á¯à ¢¥¤«¨¢® ¯à¨¡«¨¦¥­¨¥ �®ª«¨:

ulim
sd = 1−

√
β2 + α(1 + α) − β

1 + α
, (20)

£¤¥ β = Ut/2Us, α = εid/2l — ¡¥§à §¬¥à­ë¥ ¯ à ¬¥-
âàë. �­ ç¥­¨ï ¯ à ¬¥âà  α� 1 á®®â¢¥âáâ¢ãîâ âà ­-
§¨áâ®àã á ¡¥áª®­¥ç­® â®­ª¨¬ ¨§®«¨àãîé¨¬ á«®¥¬,
¢ ª®â®à®¬ ¯à¨¡«¨¦¥­¨¥ �®ª«¨ ¯à¨¬¥­¨¬® ¢¯«®âì

¤® à¥¦¨¬  ­ áëé¥­¨ï. �¥£ª® ­ ¯¨á âì ãá«®¢¨¥, ª®-
£¤  ­ áëé¥­¨¥ ��� ¢ ¬®¤¥«¨ á ªãá®ç­®-«¨­¥©­®©
 ¯¯à®ªá¨¬ æ¨¥© ¯®¤¢¨¦­®áâ¨ ¯à®¨áå®¤¨â à ­ìè¥,
ç¥¬ ­ áâã¯ ¥â ¯à¥¤¥« ¯à¨¬¥­¨¬®áâ¨ ¬®¤¥«¨ �®ª«¨,
â. ¥. usat

sd < U lim
sd :

χ < χcr =
1− (1− ulim

sd )2

1− ulim
sd

, (21)

£¤¥ χcr — ªà¨â¨ç¥áª®¥ §­ ç¥­¨¥ ¯ à ¬¥âà  ­ áëé¥-
­¨ï, ã¤®¢«¥â¢®àïîé¥¥ à ¢¥­áâ¢ã usat

sd = U lim
sd .

�à¨­¨¬ ï ¢® ¢­¨¬ ­¨¥ å à ªâ¥à­ë¥ ¯ à ¬¥âàë

âà ­§¨áâ®à  l = 1¬ª¬, d = 350Å, ε = 4, ¢¥«¨ç¨­ã
¯®«ï ­ áëé¥­¨ï Esat = 1.25 · 106�/¬ ¨ ­ ¯àï¦¥-
­¨© Us = 1�, Ut = 0.5�, ¬®¦­® ¯®«ãç¨âì á«¥¤ãîé¨¥
®æ¥­ª¨: β = 0.25, χ = 2.5, χcr = 8.7, α = 0.07. �¨¤-
­®, çâ® ­ áëé¥­¨¥ ¤à¥©ä®¢®© áª®à®áâ¨ çà¥§¢ëç ©-
­® ¢ ¦­® ¤«ï á®¢à¥¬¥­­ëå âà ­§¨áâ®à®¢ ¨ ¢ë¯®«-
­ï¥âáï ãá«®¢¨¥ (21). �à¨¡«¨¦¥­¨¥ �®ª«¨ ¯à¨¥-
¬«¥¬® ¯à ªâ¨ç¥áª¨ ¢¯«®âì ¤® à¥¦¨¬  ­ áëé¥­¨ï,
â. ¥. usat

sd ≈ u
lim
sd .

�à®¢¥¤¥¬  ­ «®£¨ç­ë¥ ¢ëç¨á«¥­¨ï ¤«ï  ¯¯à®ªá¨-
¬ æ¨¨ ¯®¤¢¨¦­®áâ¨, ®¯à¥¤¥«ï¥¬®© ¢ëà ¦¥­¨¥¬ (8).
�á¯®«ì§ãï ¢ëà ¦¥­¨ï (9), (19), ¯à¨ § ¤ ­­®¬ §­ -
ç¥­¨¨ ¯ à ¬¥âà®¢ α, β, χ ¬®¦­® ­ ©â¨ ¯à¥¤¥«ì­®¥

§­ ç¥­¨¥ ¯ ¤¥­¨ï ­ ¯àï¦¥­¨ï ulim
sd . �  à¨á. 5 ¨§®-

¡à ¦¥­  § ¢¨á¨¬®áâì íâ®£® ­ ¯àï¦¥­¨ï ®â ¯ à ¬¥âà 

α ¯à¨ âà¥å ä¨ªá¨à®¢ ­­ëå §­ ç¥­¨ïå ¯ à ¬¥âà  χ.
�â¬¥â¨¬, çâ® ¯à¨¡«¨¦¥­¨¥ �®ª«¨ ¢ íâ®¬ á«ãç ¥

¢á¥£¤  áâ ­®¢¨âáï ­¥¯à¨¬¥­¨¬ë¬ à ­ìè¥, ç¥¬ ­ -
áâã¯ ¥â ­ áëé¥­¨¥ ���, â. ¥. ulim

sd < usat
sd . �¥á¬®âàï

­  íâ®, ¢ à¥ «ì­®¬ âà ­§¨áâ®à¥ (α � 1) ®­® ¯à¨-
¥¬«¥¬® ¯à ªâ¨ç¥áª¨ ¢¯«®âì ¤® à¥¦¨¬  ­ áëé¥­¨ï,
â. ¥. usat

sd ≈ u
lim
sd .

�«ï  ¯¯à®ªá¨¬ æ¨¨ ¯®¤¢¨¦­®áâ¨, ®¯à¥¤¥«ï¥¬®©

¢ëà ¦¥­¨¥¬ (14), à¥§ã«ìâ âë ¯à¥¤áâ ¢«¥­ë ­  à¨á. 6.
�«ï ¯à®áâ®âë §­ ç¥­¨¥ ¯®à®£®¢®£® ­ ¯àï¦¥­¨ï ¡ë«®

¢§ïâ® à ¢­ë¬ ­ã«î (β = 0). � íâ®¬ á«ãç ¥ â ª¦¥

¯à¨¡«¨¦¥­¨¥ �®ª«¨ ¯à¥¬«¥¬® ¯à ªâ¨ç¥áª¨ ¢¯«®âì

¤® à¥¦¨¬  ­ áëé¥­¨ï, â. ¥. usat
sd ≈ u

lim
sd .

3. � ª«îç¥­¨¥

�à®¢¥¤¥­­ë©  ­ «¨§ ¯®ª § «, çâ® ¢®«ìâ- ¬¯¥à­ ï
å à ªâ¥à¨áâ¨ª  ��� âà ­§¨áâ®à  ¬®¦¥â ¡ëâì ¢ëç¨-
á«¥­  ¯à¨ ¨á¯®«ì§®¢ ­¨¨ ªãá®ç­®-«¨­¥©­®©  ¯¯à®ª-
á¨¬ æ¨¨ ¯®¤¢¨¦­®áâ¨, ¢ â® ¢à¥¬ï ª ª  ­ «¨â¨ç¥-
áª¨¥ § ¢¨á¨¬®áâ¨ ¯à¨¢®¤ïâ «¨èì ª ­¥¡®«ìè®¬ã ª®«¨-
ç¥áâ¢¥­­®¬ã ãâ®ç­¥­¨î. � ¯à®â¨¢, ¢®«ìâ-ä à ¤­ë¥
å à ªâ¥à¨áâ¨ª¨ à §«¨ç­ë ¢ íâ¨å á«ãç ïå. �á®¡¥­-
­® á¨«ì­® íâ® ¯à®ï¢«ï¥âáï ¢ ®¡« áâ¨ ­ áëé¥­¨ï

(à¨á. 3) ¤«ï ª®à®âª®ª ­ «ì­ëå âà ­§¨áâ®à®¢. � íâ®¬

á«ãç ¥ Csat
gs = 1/2, Csat

gd = 1/2 ¤«ï ªãá®ç­®-«¨­¥©­®©

 ¯¯à®ªá¨¬ æ¨¨, ¢ â® ¢à¥¬ï ª ª Csat
gs = 1, Csat

gd = 0
¤«ï ¤¢ãå ¤àã£¨å  ¯¯à®ªá¨¬ æ¨© ¯®¤¢¨¦­®áâ¨. �ë«®
¯®ª § ­®, çâ® íâ® á¢ï§ ­® á ª ç¥áâ¢¥­­ë¬¨ à §«¨-
ç¨ï¬¨ ¢ à á¯à¥¤¥«¥­¨¨ ¯®â¥­æ¨ «  ¢¤®«ì ª ­ « .
�à¥¤áâ ¢«¥­­ë©  ­ «¨§ ¯®ª § «, çâ® ¨á¯®«ì§®¢ ­¨¥
£àã¡®© ªãá®ç­®-«¨­¥©­®©  ¯¯à®ªá¨¬ æ¨¨ ¯à¨¥¬«¥-
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¨§®«¨àãîé¨¬ á«®¥¬ íâ® ¯à¨¡«¨¦¥­¨¥ á¯à ¢¥¤«¨¢®

¯à ªâ¨ç¥áª¨ ¢¯«®âì ¤® à¥¦¨¬  ­ áëé¥­¨ï ¤«ï ¢á¥å

¯à¨¢¥¤¥­­ëå  ¯¯à®ªá¨¬ æ¨© ¯®¤¢¨¦­®áâ¨.
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