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�®ª §   ¢®§¬®¦®áâì ª®¢¥ªâ¨¢®£® ¤¢¨¦¥¨ï á¢®¡®¤ëå ®á¨â¥«¥© § àï¤  ¢ â®ª®¬ á«®¥ ¯®«ã-
¯à®¢®¤¨ª  ¯à¨  «®¦¥¨¨ ¯®¯¥à¥ç®£® í«¥ªâà¨ç¥áª®£® ¯®«ï. �áá«¥¤®¢ ë ãá«®¢¨ï ¢®§¨ª®¢¥¨ï

â ª®© í«¥ªâà®¤¨ ¬¨ç¥áª®© ª®¢¥ªæ¨¨ ¨ ªà¨â¥à¨¨ ãáâ®©ç¨¢®áâ¨ ª®¢¥ªâ¨¢ëå ïç¥¥ª.

�®à®è® ¨§¢¥áâ® ï¢«¥¨¥ â¥à¬®ª®¢¥ªæ¨¨ ¢ ¦¨¤-
ª®áâïå ¨ £ § å. �® ¡ë«® ®âªàëâ® �¥ à®¬ (1900 £.)
¨ â¥®à¥â¨ç¥áª¨ ¨áá«¥¤®¢ ® �í«¥¥¬ (1916 £.). �¨áâ¥-
¬ â¨ç¥áª®¥ ¨ ¯®¤à®¡®¥ ¨§«®¦¥¨¥ à §«¨çëå  á¯¥ª-
â®¢, á¢ï§ ëå á â¥à¬®ª®¢¥ªæ¨¥© ¢ ¦¨¤ª®áâïå, á®-
¤¥à¦¨âáï ¢ [1,2]. �§¢¥áâ¥ â ª¦¥ í«¥ªâà¨ç¥áª¨©   -
«®£ â¥à¬®ª®¢¥ªæ¨¨ — í«¥ªâà®£¨¤à®¤¨ ¬¨ç¥áª ï

ª®¢¥ªæ¨ï ¢ ¦¨¤ª¨å ªà¨áâ «« å [3]. � íâ®¬ á«ã-
ç ¥ ¦¨¤ª¨© ªà¨áâ «« (¥¬ â¨ª) ¯®¬¥é ¥âáï ¬¥¦¤ã

¯à®§à çë¬¨ í«¥ªâà®¤ ¬¨, ª®â®àë¥  å®¤ïâáï ¯®¤

 ¯àï¦¥¨¥¬. �®¢¥ªâ¨¢ ï ¥ãáâ®©ç¨¢®áâì áà¥¤ë

¢ë§ë¢ ¥â ¢®§¬ãé¥¨ï áª®à®áâ¨ ç áâ¨æ ¦¨¤ª®áâ¨, § -
æ¥¯«¥ë¥ á ¨å ¯®«ïà¨§ æ¨¥©. � ª¨¬ ®¡à §®¬, §¤¥áì
à®«ì £à ¤¨¥â  â¥¬¯¥à âãàë ¨£à ¥â £à ¤¨¥â í«¥ª-
âà¨ç¥áª®£® ¯®â¥æ¨ « .

� ¤ ®© à ¡®â¥ ¨áá«¥¤ãîâáï ®á®¡¥®áâ¨ í«¥ª-
âà®¤¨ ¬¨ç¥áª®£®   «®£  íâ¨å ï¢«¥¨© ¤«ï á¢®¡®¤-
ëå ®á¨â¥«¥© § àï¤  ¢ ¯®«ã¯à®¢®¤¨ª å,   ¢®§-
¬®¦®áâì áãé¥áâ¢®¢ ¨ï ª®â®à®£® ¢¯¥à¢ë¥ ®¡à é¥®

¢¨¬ ¨¥  ¢â®à®¬ [4]. � ª¨¥-«¨¡® ¤àã£¨¥ à ¡®âë,
¯®á¢ïé¥ë¥ ¨áá«¥¤®¢ ¨î ª®¢¥ªâ¨¢ëå ¤¢¨¦¥¨©

¡¥ à®¢áª®£® â¨¯  í«¥ªâà®®£® £ §  ¢ ¯®«ã¯à®¢®¤¨-
ª å,  ¢â®àã ¥¨§¢¥áâë. �®-¢¨¤¨¬®¬ã, íâ® á¢ï§ ® á®
á¯¥æ¨ä¨ª®© ï¢«¥¨ï, âà¥¡ãîé¥©, ¢®-¯¥à¢ëå, ®¡¥á¯¥-
ç¨âì ¢ ¯®«ã¯à®¢®¤¨ª¥ ®âáãâáâ¢¨¥ áâ®«ª®¢¥¨© ®-
á¨â¥«¥© á à áá¥¨¢ îé¨¬¨ æ¥âà ¬¨ (â ª  §ë¢ ¥¬ë©
¡ ««¨áâ¨ç¥áª¨© à¥¦¨¬ [5]) ¨, ¢®-¢â®àëå, à¥ «¨§®¢ âì
¢ ¥¬ ¢®§¬®¦®áâì ¯®ï¢«¥¨ï ¥®¤®à®¤®áâ¥© ¨å

ª®æ¥âà æ¨¨ ¢ í«¥ªâà¨ç¥áª®¬ ¯®«¥ ¨ ¢®§¨ª®¢¥¨¥

í«¥ªâà¨ç¥áª®£®   «®£  ¯®¤ê¥¬®© á¨«ë.

� ª ¯®ª § ® ¢ [6], ®á®¢ë¬¨ ¬¥å ¨§¬ ¬¨ à áá¥-
ï¨ï § àï¤  ï¢«ïîâáï á«¥¤ãîé¨¥: à áá¥ï¨¥   ¨®-
¨§®¢ ëå ¯à¨¬¥áïå, á¯®â ®¥ ¨á¯ãáª ¨¥ ®¯â¨-
ç¥áª¨å ä®®®¢ ¨ ¬¥¦¤®«¨®¥ à áá¥ï¨¥. �à¨ íâ®¬
¤¢¨¦¥¨¥ ®á¨â¥«¥© ï¢«ï¥âáï ¡ ««¨áâ¨ç¥áª¨¬ ¢ è¨-
à®ª®¬ ¨â¥à¢ «¥ ãáª®àïîé¨å  ¯àï¦¥¨©, ¥á«¨ â®«-
é¨  ®¡à §æ  L . Lb, £¤¥

Lb = τs (2~ω0/m
∗)1/2. (1)

�¤¥áì τs ' 10−12−10−13 — ¢à¥¬ï á¯®â ®£® ¨á-
¯ãáª ¨ï ä®®®¢, ω0 — ¨å ¯à¥¤¥«ì ï ç áâ®â ,
m∗ — íää¥ªâ¨¢ ï ¬ áá  ®á¨â¥«¥©. �à¨ L > Lb
¡ ««¨áâ¨ç¥áª¨© à¥¦¨¬ á®åà ï¥âáï ¤«ï  ¯àï¦¥¨©

U & Ub, £¤¥
Ub = L2m∗/(2eτ2

s ). (2)

� íâ®¬ á«ãç ¥ ®á¨â¥«¨ § àï¤  ¥ ãá¯¥¢ îâ ¨á¯ã-
áâ¨âì ä®® §  ¢à¥¬ï ¯à®¡¥£  ¯® ®¡à §æã. �¨§ã ¤¨ -
¯ §® à ¡®ç¨å  ¯àï¦¥¨© ®£à ¨ç¥ â¥¬¯¥à âãà®©

®¡à §æ  (U > kT/e), â ª ª ª ãá«®¢¨¥¬ áãé¥áâ¢®¢ ¨ï
¯à®áâà áâ¢¥ëå áâàãªâãà ¢ ¯®«ã¯à®¢®¤¨ª¥ ï¢«ï-
¥âáï ¯à¥¢ëè¥¨¥ áà¥¤¥©  ¯à ¢«¥®© áª®à®áâìî

®á¨â¥«¥© § àï¤  ¨å â¥¯«®¢®© áª®à®áâ¨.

� áá¬®âà¨¬ â¥¯¥àì á«¥¤ãîéãî § ¤ çã.�ãáâì ¯®«ã-
¯à®¢®¤¨ª®¢ë© ®¡à §¥æ  å®¤¨âáï ¢ ¯®áâ®ï®¬ ®¤-
®à®¤®¬ í«¥ªâà¨ç¥áª®¬ ¯®«¥ ¯«®áª®£® ª®¤¥á â®à 

¨ ¨§®«¨à®¢  ®â ¥£® ®¡ª« ¤®ª â®ª¨¬¨ á«®ï¬¨ ¨¤¥-
 «ì®£® ¤¨í«¥ªâà¨ª  (à¨á. 1). �â®á¨â¥«ì® á¢®©áâ¢
¨ à §¬¥à®¢ ®¡à §æ  ¢¢¥¤¥¬ ¯à¥¤¯®«®¦¥¨ï.

1) �®«ã¯à®¢®¤¨ª ¬®®¯®«ïàë© (¤«ï ®¯à¥¤¥«¥-
®áâ¨ n-â¨¯ ).

2) �«¥ªâà®ë ¯à®¢®¤¨¬®áâ¨ ¢®§¡ã¦¤ îâáï â¥à¬¨-
ç¥áª¨ ¨ ¢¥¤ãâ á¥¡ï ª ª á¢®¡®¤ë¥ í«¥ªâà®ë á ¯®áâ®-
ï®© ¨§®âà®¯®© íää¥ªâ¨¢®© ¬ áá®© m∗, ®¡à §ãï
¨¤¥ «ìë© ®¤® â®¬ë© í«¥ªâà®ë© £ §.

3) �«¥ªâà®ë© £ § ¥¢ëà®¦¤¥ ¨ ¯®¤ç¨ï¥âáï

áâ â¨áâ¨ª¥ � ªá¢¥«« –�®«ìæ¬  . �à¨ íâ®¬ í«¥ª-
âà®ë à á¯®« £ îâáï ¢¡«¨§¨ ¤  §®ë ¯à®¢®¤¨¬®áâ¨

¨ ¨¬¥îâ ¡«¨§ª¨¥ § ç¥¨ï í¥à£¨¨ ¨ áª®à®áâ¨. � á-
¯à¥¤¥«¥¨¥ í«¥ªâà®®¢ ¯® áª®à®áâï¬ ¥ ãç¨âë¢ ¥âáï,
çâ® ¯®§¢®«ï¥â ¢®á¯®«ì§®¢ âìáï £¨¤à®¤¨ ¬¨ç¥áª¨¬

¯à¨¡«¨¦¥¨¥¬.

4) �¥¦¨¬ ¤¢¨¦¥¨ï í«¥ªâà®®¢ ¢ ¯®«ã¯à®¢®¤¨ª¥

ï¢«ï¥âáï ¡ ««¨áâ¨ç¥áª¨¬, â. ¥. U > kT/e ¯à¨ L . Lb
¨«¨ U & Ub ¯à¨ L > Lb, £¤¥ Lb ¨ Ub ®¯à¥¤¥«ïîâáï
¢ëà ¦¥¨ï¬¨ (1), (2).

�¨á. 1. �®ä¨£ãà æ¨ï à áá¬ âà¨¢ ¥¬®© § ¤ ç¨.
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5) �®«é¨  ®¡à §æ  ¯à¥¢ëè ¥â ¤¥¡ ¥¢áª¨© à ¤¨ãá
íªà ¨à®¢ ¨ï

L & rD =

√
ε0εkT

e2n
, (3)

â ª çâ® ¢ ¯®«ã¯à®¢®¤¨ª¥ á®åà ï¥âáï ª¢ §¨¥©-
âà «ì®áâì ¯®«®£® § àï¤ , í«¥ªâà®ë¥ á£ãáâª¨ ¥
®¡à §ãîâáï, ¨ á¦¨¬ ¥¬®áâìî í«¥ªâà®®£® £ §  ¬®¦-
® ¯à¥¥¡à¥çì. �â® ª á ¥âáï ¥®¤®à®¤®áâ¥© ª®-
æ¥âà æ¨¨ ®á¨â¥«¥© § àï¤ , ¢ë§¢ ëå ¥®¤®à®¤-
®áâï¬¨ í«¥ªâà¨ç¥áª®£® ¯®«ï, ¢ ¬ áèâ ¡ å, ¬¥ì-
è¨å rD, â® ¨¬¨, à §ã¬¥¥âáï, ¯à¥¥¡à¥çì ¥«ì§ï, â ª
ª ª ¨¬¥® ®¨ ¯à¨¢®¤ïâ ª ¢®§¨ª®¢¥¨î ª®¢¥ª-
æ¨¨.

1. �à ¢¥¨ï í«¥ªâà®¤¨ ¬¨ç¥áª®©

ª®¢¥ªæ¨¨

�áå®¤ ï á¨áâ¥¬  ãà ¢¥¨©, ®¯¨áë¢ îé¨å ¯®¢¥-
¤¥¨¥ í«¥ªâà®®£® £ §  ¢ à ¬ª å ¯à¨¢¥¤¥®© ¬®¤¥-
«¨, ¢ª«îç ¥â ãà ¢¥¨ï ¤¢¨¦¥¨ï

n

[
∂v

dt
+ (v∇)v

]
=
∇p

m∗
+ nD∆v + n

eE

m∗
, (4)

â®ª 

j− = −env + eD∇n (5)

(£¤¥ e — ¯®«®¦¨â¥«ìë© § àï¤, ç¨á«¥® à ¢ë©

§ àï¤ã í«¥ªâà® ), ¥¯à¥àë¢®áâ¨

∇j = e
∂n

∂t
, (6)

¥á¦¨¬ ¥¬®áâ¨

∇v = 0, (7)

á®áâ®ï¨ï áà¥¤ë

n = n0(1 + βϕ′), β =
1

n

∂n

∂ϕ
(8)

(£¤¥ ϕ′ = ϕ−ϕ̄) — ®âª«®¥¨¥ ¯®â¥æ¨ «  ®â áà¥¤¥£®

«®ª «ì®£® § ç¥¨ï, ¢§ïâ®£® §   ç «® ®âáç¥â ).
�¨ääã§¨®®¥ á« £ ¥¬®¥ nD∆v ¢ ãà ¢¥¨¨ (4)

ãç¨âë¢ ¥â ¢ï§ª®áâì í«¥ªâà®®£® £ § , â ª ª ª ¨§

ª¨¥â¨ç¥áª¨å á®®¡à ¦¥¨© ª®íää¨æ¨¥â ¢ï§ª®áâ¨

η = Dρ, £¤¥ ρ = nm∗ — ¯«®â®áâì í«¥ªâà®®£® £ § 

á ãç¥â®¬ ¢«¨ï¨ï ªà¨áâ ««¨ç¥áª®© à¥è¥âª¨.
�à¥¤áâ ¢¨¢ ¤ ¢«¥¨¥ ¢ ¢¨¤¥ p = p̃0 + p′, £¤¥

p̃0 — à ¢®¢¥á®¥ § ç¥¨¥ ¤ ¢«¥¨ï ¯à¨ n = n0,
¤«ï á®áâ®ï¨ï à ¢®¢¥á¨ï (v = 0, n = n0) ¨§ (4)
¯®«ãç ¥¬ ∇p̃0 = n0eE. �®£¤ , ¯®¤áâ ¢«ïï (8) ¢ (4)
¨ ¯à¥¥¡à¥£ ï ¢ «¥¢®© ç áâ¨ ¯®«ãç¥®£® ãà ¢¥¨ï

ç«¥ ¬¨, á®¤¥à¦ é¨¬¨ βϕ′, ¨ á®åà ïï ¨å ¢ ¯à ¢®©
ç áâ¨, ¯¥à¥¯¨è¥¬ íâ® ãà ¢¥¨¥ ¢ ¢¨¤¥

∂v

∂t
+ (v∇)v = −

∇p′

n0m∗
+D∆v +

eE

m∗
βϕ′ey. (9)

� §ã¬¥¥âáï, ãª §  ï ¯à®æ¥¤ãà  ®¯à ¢¤  , ª®£¤ 
¢¥àâ¨ª «ì®¥ ãáª®à¥¨¥ dvy/dt ¬ «® ¯® áà ¢¥¨î á

eE/m∗, çâ® ®¡ëç® ¨¬¥¥â ¬¥áâ®. �®¤áâ ¢«ïï (6)–(8)
¢ (5), ¯®«ãç ¥¬

∂ϕ′

∂t
+ v∇ϕ′ = D∆ϕ′. (10)

�¨áâ¥¬  ãà ¢¥¨© (8)–(10) á®¤¥à¦¨â ¥®¤®à®¤-
®áâ¨ ª®æ¥âà æ¨¨ ®á¨â¥«¥© § àï¤  «¨èì ¢ ãà ¢-
¥¨¨ ¤¢¨¦¥¨ï, £¤¥ ®¨ ãç¨âë¢ îâáï ¢ ç«¥¥ á

”¯®¤ê¥¬®©” á¨«®© (eE/m∗)βϕ′ey. � ¬ â¥¬ â¨ç¥áª®©

â®çª¨ §à¥¨ï íâ  á¨áâ¥¬    «®£¨ç  ãà ¢¥¨ï¬

â¥à¬®ª®¢¥ªæ¨¨ �¥ à –�í«¥ï ¢ ¯à¨¡«¨¦¥¨¨ �ãá-
á¨¥áª  [1,2], ¯®íâ®¬ã ¯®å®¦¨¬ ¡ã¤¥â ¨ ¥¥ à¥è¥¨¥.
�¨¥ à¨§ã¥¬ § ¤ çã ¤«ï ¬ «ëå ¢®§¬ãé¥¨© à ¢-

®¢¥áëå ¯ à ¬¥âà®¢

p′ = p0 + p1, p1 � p0, ϕ
′ = ϕ0 +ϕ1, ϕ1 � ϕ1, v = v1

¨, ¯¥à¥å®¤ï ª ¡¥§à §¬¥àë¬ ¢¥«¨ç¨ ¬

v∗ = v1L/D, t∗ = tD/L2, ∇∗ = L∇, ∆∗ = L2∆,

p∗ = p1L
2/(n0m

∗D2), ϕ∗ = ϕ1U0,

¯¥à¥¯¨è¥¬ (8)–(10 ¢ ¡¥§à §¬¥à®© ä®à¬¥ (®¯ãáâ¨¢
§¢¥§¤®çª¨)

∂v

∂t
= −∇p+ ∆v + Brϕey, (11)

∂ϕ

∂t
− (vey) = ∆ϕ, (12)

∇v = 0, (13)

£¤¥ ç¨á«®¢®© ¯ à ¬¥âà

Br =
e

m∗

(
U0L

D

)2

β (14)

¨£à ¥â âã ¦¥ à®«ì, çâ® ¨ ç¨á«® �í«¥ï Ra ¯à¨ á¢®¡®¤-
®© â¥à¬®ª®¢¥ªæ¨¨ ¢ ¦¨¤ª®áâ¨.
�§ï¢ rot rot ®â (11) ¨ á¯à®¥ªâ¨à®¢ ¢ ¯®«ãç¥®¥

ãà ¢¥¨¥   ®áì y, ¯®«ãç¨¬ á¨áâ¥¬ã ¨§ ¤¢ãå ãà ¢-
¥¨© ¤«ï ¢®§¬ãé¥¨© ¢¥àâ¨ª «ì®© ¡¥§à §¬¥à®©

áª®à®áâ¨ vy ¨ ¡¥§à §¬¥à®£® ¯®â¥æ¨«  ϕ

∂

∂t
∆vy = ∆∆vy + Br ∆2ϕ, (15)

∂ϕ

∂t
= ∆ϕ+ vy. (16)

∆2 =
∂2

∂x2
+

∂2

∂z2
.

�¥è ï (15), (16) á®¢¬¥áâ® á £à ¨çë¬¨ ãá«®¢¨ï-
¬¨ (í«¥ªâà¨ç¥áª¨ á¢®¡®¤ë¥ £à ¨æë)

y = 0, 1 : ϕ = 0, vy = 0, ∂2vy/∂y
2 = 0
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�¨á. 2. � ¢¨á¨¬®áâì ¤¥ªà¥¬¥â  § âãå ¨ï ®â ªà¨â¥-
à¨ï Br.

¨ ¯à¥¤áâ ¢«ïï à¥è¥¨¥ ¢ ¢¨¤¥ ®à¬ «ìëå ¢®«

¢®§¬ãé¥¨©

vy(x, y, z, t) = v(y) exp
[
−λt+ i(k1x+ k3z)

]
,

ϕ(x, y, z, t) = ϕ(y) exp
[
−λt+ i(k1x+ k3z)

]
,

¬®¦®  ©â¨ á®¡áâ¢¥ë¥ § ç¥¨ï ¤¥ªà¥¬¥â®¢ § -
âãå ¨ï

λn =
(
n2π2 + k2

)
± k

√
Br

n2π2 + k2
. (17)

� ¢¨á¨¬®áâì λn ®â Br ¯à¥¤áâ ¢«¥    à¨á. 2, ¨§

ª®â®à®£® ¢¨¤®, çâ®, ¥á«¨ Br ¯à¥¢ëè ¥â ªà¨â¨ç¥áª®¥
§ ç¥¨¥

Brc =
(
n2π2 + k2

)3/
k2, (18)

¤¥ªâ¥¬¥â áâ ®¢¨âáï ®âà¨æ â¥«ìë¬, çâ® ®§ ç ¥â

 à áâ ¨¥ ®¤®© ¨§ ¤¢ãå ¢¥â¢¥© ¢®§¬ãé¥¨ï ¨ ¢®§-
¨ª®¢¥¨¥ ª®¢¥ªâ¨¢®£® ¯à®æ¥áá . �ëà ¦¥¨¥ (18)
á®¢¥àè¥®   «®£¨ç® ªà¨â¥à¨î �í«¥ï ¤«ï ª®¢¥ª-
æ¨¨ �¥ à –�í«¥ï [1,2], å®âï ¥¥ á¯¥ªâà ¤¥ªà¥¬¥â®¢

®â«¨ç ¥âáï ®â (17). � ç áâ®áâ¨, ¯à¨ í«¥ªâà®¤¨-
 ¬¨ç¥áª®© ª®¢¥ªæ¨¨ á¢®¡®¤ëå ®á¨â¥«¥© § àï¤ 

¢ ¯®«ã¯à®¢®¤¨ª å ®âáãâáâ¢ãîâ ¬¨¬ë¥ § ç¥¨ï

¤¥ªà¥¬¥â®¢, ®â¢¥ç îé¨¥ ª®«¥¡ â¥«ìë¬ ¥ãáâ®©ç¨-
¢®áâï¬. �â® á¢ï§ ® á â¥¬, çâ® ¢ ®â«¨ç¨¥ ®â ç¨á« 

�í«¥ï ªà¨â¥à¨© Br ¯à¨¨¬ ¥â â®«ìª® ¯®«®¦¨â¥«ì-
ë¥ § ç¥¨ï. � ª ¨ ¢ á«ãç ¥ ª®¢¥ªæ¨¨ �¥ à –
�í«¥ï, ¬¨¨¬ã¬ Brc ¤®áâ¨£ ¥âáï ¯à¨ ¢®«®¢®¬ ç¨-
á«¥ kmin = nπ/

√
2

Brcmin =
27

4
n4π4. (19)

�«ï ®á®¢®© ¬®¤ë (n = 1) ¨§ (19) ¯®«ãç ¥¬

kmin = 2.21, Brcmin = 657.5 .

2. �¨á«¥ë¥ ®æ¥ª¨ ¨ ¢®§¬®¦®áâ¨

íªá¯¥à¨¬¥â 

�à¥®¡à §ã¥¬ ¢ëà ¦¥¨¥ (14) ¤«ï Br, ¨¬¥ï ¢ ¢¨¤ã,
çâ®

β =
1

n

∂n

∂ϕ
≈

∆n/n

U0
.

� áâ æ¨® à®¬ à¥¦¨¬¥ ãáâ®©ç¨¢®© ª®¢¥ªæ¨¨ áã¬-
¬ àë© â®ª ç¥à¥§ ¯®¯¥à¥ç®¥ í«¥ªâà¨ç¥áª®¬ã ¯®-
«î á¥ç¥¨¥ ®¡à §æ  à ¢¥ ã«î ¨, á®£« á® (5),
enµU0/L = eD∆n/L, ®âªã¤  á ¨á¯®«ì§®¢ ¨¥¬

á®®â®è¥¨ï �©èâ¥©  D = µkT/e ¯®«ãç ¥¬

∆n/n = µU0D = eUo/(kT ) ¨

Br =
e4U2

0L
2

m∗µ2k3T 3
. (20)

�®¤áâ ¢«ïï ¢ (20) Br = Brcmin = 657.5, ¯®«ãç ¥¬

U0L =
µ

e2

(
kT
)3/2√

657.5m∗. (21)

�«ï T = 300 K ªà¨â¥à¨© (21) ¯à¨¨¬ ¥â ¢¨¤

U0L = 2.55 · 10−7µ
√
m∗r (V ·m), (22)

£¤¥m∗r — ®â®á¨â¥«ì ï íää¥ªâ¨¢ ï ¬ áá  í«¥ªâà®-
 , ¢ëà ¦¥ ï ¢ ¤®«ïå ¬ ááë á¢®¡®¤®£® í«¥ªâà® .
�®áª®«ìªã ¡ ««¨áâ¨ç¥áª¨© à¥¦¨¬ ¤¢¨¦¥¨ï á¢®-

¡®¤ëå ®á¨â¥«¥© § àï¤  ¢ ¯®«ã¯à®¢®¤¨ª å ¢ë-
¯®«ï¥âáï ¯à¨ áã¡¬¨ªà®ëå â®«é¨ å ®¡à §æ  [6],
â®, ª ª á«¥¤ã¥â ¨§ (1), ¤«ï  ¡«î¤¥¨ï í«¥ª-
âà®¤¨ ¬¨ç¥áª®© ª®¢¥ªæ¨¨ æ¥«¥á®®¡à §® ¢ë¡¨-
à âì ¯®«ã¯à®¢®¤¨ª¨ á ¬ «®© íää¥ªâ¨¢®© ¬ áá®©

®á¨â¥«¥© ¨ ¡®«ìè®© ¯à¥¤¥«ì®© ç áâ®â®© ä®®-
®¢. � ¯à¨¬¥à, ¤«ï InSb (m∗r = 0.014, ~ω0 = 0.23 eV,
ε = 16.8, µn = 7.8 m2/(V · s)) Lb ≈ 0.12µ. �«ï ¢ë-
¯®«¥¨ï ãá«®¢¨ï (3) ¯à¨ T ≈ 300 K ¯®«®¦¨¬

rD ≈ 0.05µ, çâ® ¤®áâ¨£ ¥âáï ¯à¨ ª®æ¥âà æ¨¨ í«¥ª-
âà®®¢ n & 1022 m−3. �®£¤  ¤«ï â®«é¨ ®¡à §æ 

0.05 . L . 0.12µ ãá«®¢¨ï ¡ ««¨áâ¨ç®áâ¨ ¢ë¯®«-
ïîâáï ¯à¨ «î¡ëå ãáª®àïîé¨å  ¯àï¦¥¨ïå. �¤-
 ª® ¤«ï  ¡«î¤¥¨ï ª®¢¥ªæ¨¨   ®á®¢®© ¬®¤¥

¯à¨ L ≈ 0.1µ, á®£« á® (22), âà¥¡ã¥âáï  ¯àï¦¥¨¥

Uo ≈ 2.2 V. �à¨ íâ®¬  ¯àï¦¥®áâì í«¥ªâà¨ç¥áª®£®

¯®«ï ¢ ®¡à §æ¥ ¡«¨§ª  ª ¯à®¡®©®¬ã § ç¥¨î. �à¨
â®«é¨ å L > Lb,  ¯à¨¬¥à L ≈ 1.0µ, ¤«ï ®¡¥á¯¥ç¥-
¨ï à¥¦¨¬  ¡ ««¨áâ¨ç®áâ¨, á®£« á® (2), âà¥¡ãîâáï
 ¯àï¦¥¨ï, ¯à¥¢ëè îé¨¥ Ub ≈ 16 V, ¢ â® ¢à¥¬ï

ª ª ¨§ (22) ¯®«ãç ¥âáï § ç¥¨¥ U0 ≈ 0.22 V. �«¥¤®-
¢ â¥«ì®, ãá«®¢¨ï íªá¯¥à¨¬¥â «ì®£®  ¡«î¤¥¨ï

í«¥ªâà®¤¨ ¬¨ç¥áª®© ª®¢¥ªæ¨¨ á¢®¡®¤ëå ®á¨â¥-
«¥© § àï¤  ¢ à¥ «ìëå ¯®«ã¯à®¢®¤¨ª å å®âï ¨ á

âàã¤®¬, ® ¢¯®«¥ à¥ «¨§ã¥¬ë.
� §¬¥àë ª®¢¥ªâ¨¢ëå ïç¥¥ª á®¯®áâ ¢¨¬ë á â®«-

é¨®© ®¡à §æ . � ª, ¢ á«ãç ¥ ïç¥¥ª ª¢ ¤à â®© ä®à-
¬ë ¨å ¯à®áâà áâ¢¥ë© ¯¥à¨®¤ à ¢¥ 4L [1], çâ® ¯à¨
L = 0.1µ á®¨§¬¥à¨¬® á ¤«¨®© ¢®«ë ä¨®«¥â®¢®£®

á¢¥â  ¢ ¢ ªãã¬¥. �â® ¯®§¢®«ï¥â ¯à¥¤«®¦¨âì ¤¨äà ª-
æ¨®ë© ¬¥â®¤ ¢¨§ã «¨§ æ¨¨ ª®¢¥ªâ¨¢®© áâàãªâã-
àë ¢ ¯®«ã¯à®¢®¤¨ª¥ á ¨á¯®«ì§®¢ ¨¥¬ ¯à®§à çëå

í«¥ªâà®¤®¢ ¢ ¢¨¤¥ ¯«¥®ª SnO2   áâ¥ª«ï®© ¯®¤-
«®¦ª¥. �à¨ íâ®¬ ¤¨äà ªæ¨î ¬®¦®  ¡«î¤ âì ª ª

¢ ®âà ¦¥®¬, â ª ¨ ¢ ¯à®å®¤ïé¥¬ á¢¥â¥, â ª ª ª ¯à¨
â ª¨å â®«é¨ å ¯«¥ª¨ InSb ¤®áâ â®ç® ¯à®§à çë

¤«ï á¢¥â  á ¤«¨®© ¢®«ë λ ≈ 0.4µ. �®¯®«¨â¥«ì ï
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�«¥ªâà®¤¨ ¬¨ç¥áª ï ª®¢¥ªæ¨ï á¢®¡®¤ëå ®á¨â¥«¥© § àï¤  ¢ ¯®«ã¯à®¢®¤¨ª å 283

£¥¥à æ¨ï ä®â®®á¨â¥«¥©   ¨áá«¥¤ã¥¬®¬ íää¥ªâ¥

¥ áª ¦¥âáï, â ª ª ª ¯à¨¢¥¤¥â «¨èì ª ã¬¥ìè¥¨î

¢¥«¨ç¨ë rD, â. ¥. ®¡«¥£ç¨â ¢ë¯®«¥¨¥ ãá«®¢¨ï (3).
�®¦®  ¤¥ïâìáï, çâ® ï¢«¥¨¥ í«¥ªâà®¤¨ ¬¨ç¥-

áª®© ª®¢¥ªæ¨¨ á¢®¡®¤ëå ®á¨â¥«¥© § àï¤  ¢ ¯®-
«ã¯à®¢®¤¨ª å  ©¤¥â ¯à¨¬¥¥¨¥ ¤«ï ¨áá«¥¤®¢ ¨ï

®á®¡¥®áâ¥© í«¥ªâà®¯à®¢®¤®áâ¨ â¢¥à¤ëå â¥« ¨ ¡ã-
¤¥â ¨á¯®«ì§®¢ ® ¤«ï á®§¤ ¨ï ®¢ëå â¨¯®¢ í«¥ª-
âà®ëå ¯à¨¡®à®¢.

�¯¨á®ª «¨â¥à âãàë

[1] �.�. �¥àèã¨,�.�. �ãå®¢¨æª¨©.�®¢¥ªâ¨¢ ï ãáâ®©-
ç¨¢®áâì ¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨. �. (1972). 392 á.

[2] �.�. �¥àèã¨, �.�. �ãå®¢¨æª¨©, �.�. �¥¯®¬ïé¨©.
�áâ®©ç¨¢®áâì ª®¢¥ªâ¨¢ëå â¥ç¥¨©. �. (1989). 320 á.

[3] A. Joets, R. Ribotta. Lecture Notes in Physics / Ed.
J.E. Westreid and S. Zalesky. B. (1984). P. 294.

[4] �.�. �à ¦¥. �«¥ªâà®¤¨ ¬¨ç¥áª ï ª®¢¥ªæ¨ï á¢®-
¡®¤ëå ®á¨â¥«¥© § àï¤  ¢ ¯®«ã¯à®¢®¤¨ª å. �¥§.
¤®ª«. 27-©  ãç.-â¥å. ª®ä. �«��. �«ìï®¢áª (1993).
�. 3–5.

[5] M. Shur, L. Eastman. IEEE Trans. Electron Devices 26,
11, (1979).

[6] �.�. �à¬®« ¥¢, �.�. � ¨. �«¥ªâà® ï á¨¥à£¥â¨-
ª . �. (1989). 248 á.

�¨§¨ª  â¢¥à¤®£® â¥« , 1997, â®¬ 39, ò 2


