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

�á®¡¥®áâ¨ âã¥«¨à®¢ ¨ï í«¥ªâà®®¢ ªà¥¬¨ï ç¥à¥§ ®ª¨áë© á«®©

¢ á¨«ì®¬ ¯®«¥

c© �.�. �¥¤¨àª®, �.�. � ¤à¨

�®áª®¢áª¨© £®áã¤ àáâ¢¥ë© â¥å®«®£¨ç¥áª¨© ã¨¢¥àá¨â¥â,
101472 �®áª¢ , �®áá¨ï

(�®áâã¯¨«  ¢ �¥¤ ªæ¨î 12 ¨î«ï 1996 £.)

� ¯®á«¥¤¥¥ ¢à¥¬ï  ªâ¨¢® ¨áá«¥¤ãîâáï ¬¨ªà®-
¢ ªãã¬ë¥ ãáâà®©áâ¢  á ¯®«¥¢ë¬ í¬¨ââ¥à®¬ [1–4] ¢
ª ç¥áâ¢¥ í«¥¬¥â®© ¡ §ë ®¢®£® ª« áá  ¨â¥£à «ì-

ëå í«¥ªâà®ëå ¨ í«¥ªâà®®-®¯â¨ç¥áª¨å ¯à¨¡®à®¢.
�¤¨¬ ¨§ ¯¥àá¯¥ªâ¨¢ëå ¬ â¥à¨ «®¢ ¤«ï á®§¤ ¨ï

¬¨ªà®ª â®¤ëå áâàãªâãà ï¢«ï¥âáï ªà¥¬¨©, ¯®§¢®-
«ïîé¨© ¢®á¯®«ì§®¢ âìáï à §¢¨â®© £àã¯¯®¢®© â¥å®-
«®£¨¥© [5,6].

� ¦¥©è¥© å à ªâ¥à¨áâ¨ª®© ¬¨ªà®ª â®¤  á«ã¦¨â

¥£® í¬¨áá¨® ï á¯®á®¡®áâì, ª®â®à ï ®¯à¥¤¥«ï¥âáï

âã¥«¨à®¢ ¨¥¬ í«¥ªâà®®¢ ¢ á¨«ì®¬ ¯à¨¯®¢¥àå-
®áâ®¬ ¯®«¥. �à¨ ¨áá«¥¤®¢ ¨¨  ¢â®í«¥ªâà®®©

í¬¨áá¨¨ ¨§ ªà¥¬¨ï ¥®¡å®¤¨¬® ãç¨âë¢ âì  «¨ç¨¥

  ¥£® ¯®¢¥àå®áâ¨ â®ª®£® á«®ï ¥áâ¥áâ¢¥®£® ®ª¨-

á« . �à®¬¥ â®£®, ¢ àï¤¥ á«ãç ¥¢ â®ª ï ®ª¨á ï

¯«¥ª    ¯®¢¥àå®áâ¨ ªà¥¬¨¥¢®£®  ¢â®ª â®¤  á®-
§¤ ¥âáï â¥å®«®£¨ç¥áª¨ ¤«ï ¯®¢ëè¥¨ï ¥£® áâ ¡¨«ì-
®áâ¨ ¨ ¤®«£®¢¥ç®áâ¨ [7]. �«¥ªâà¨ç¥áª®¥ ¯®«¥ ã

í¬¨â¨àãîé¥© ¯®¢¥àå®áâ¨ ¯à¥¢ëè ¥â 107V/cm. �

íâ¨å ãá«®¢¨ïå § ¬¥âãî à®«ì ¬®¦¥â ¨£à âì âã-
¥«¨à®¢ ¨¥ ¯® á®áâ®ï¨ï¬, í¥à£¨ï ª®â®àëå ¢ áã-

é¥áâ¢¥®© ®¡« áâ¨ ¯à®áâà áâ¢  «¥¦¨â £«ã¡®ª® ¢

§ ¯à¥é¥®© §®¥ ®ª¨á«  [8]. �¤¥ª¢ â®¥ ®¯¨á ¨¥

â ª¨å á®áâ®ï¨© ¤®áâ¨£ ¥âáï ¢ à ¬ª å ç¥âëà¥å§®®©

¬®¤¥«¨ [9]. �à¨ íâ®¬, ®¤ ª®, ¢®§¨ª îâ ¯à®¡«¥¬ë
áè¨¢ª¨ ®£¨¡ îé¨å ¡«®å®¢áª¨å äãªæ¨©   £à ¨-
æ å ªà¥¬¨©–®ª¨á¥« ¨ ®ª¨á¥«–¢ ªãã¬. � ª¦¥ âà¥¡ã¥â
  «¨§  à®«ì í«¥ªâà®®¢ à §«¨çëå ¤®«¨ ªà¥¬¨ï

¯à¨ âã¥«¨à®¢ ¨¨ ç¥à¥§ § ¤ ãî ªà¨áâ ««¨ç¥-
áªãî ¯®¢¥àå®áâì.

� áç¥â âã¥«¨à®¢ ¨ï ç¥à¥§ á«®¦ë© ¯®â¥æ¨-

 «ìë© ¡ àì¥à, ¢®§¨ª îé¨© ¢ á¨áâ¥¬¥ ªà¥¬¨©–
®ª¨á¥«–¢ ªãã¬, ¤«ï è¨à®ª®£® ¤¨ ¯ §®  í¥à£¨¥©

¢®§¬®¦¥, à §ã¬¥¥âáï, â®«ìª® ç¨á«¥®. �  áâ®ï-
é¥© à ¡®â¥ ¨áá«¥¤ãîâáï ¯¥à¥ç¨á«¥ë¥ ¯à®¡«¥¬ë ¨

áâà®¨âáï ¯à¨¡«¨¦¥ ï ¬®¤¥«ì, ãç¨âë¢ îé ï ®á®-
¡¥®áâ¨ âã¥«¨à®¢ ¨ï í«¥ªâà®®¢ ¯à®¢®¤¨¬®áâ¨

ªà¥¬¨ï ç¥à¥§ â®ª¨© ®ª¨áë© á«®© ¢ á¨«ì®¬ ¯®«¥.
�  ®á®¢¥ à §¢¨â®© ¬®¤¥«¨ ¡ë« à §à ¡®â   «£®à¨â¬

ç¨á«¥®£® à áç¥â  âã¥«ì®© ¯à®§à ç®áâ¨ ¨ à á-
áç¨âë¢ « áì í¥à£¥â¨ç¥áª ï § ¢¨á¨¬®áâì âã¥«ì®©

¯à®§à ç®áâ¨ ¢ è¨à®ª®¬ ¤¨ ¯ §®¥ í¥à£¨© ¤«ï âïã-
é¨å ¯®«¥© ∼ 107−108 V/cm.

1. �à¨¡«¨¦¥®¥ ãà ¢¥¨¥

¤«ï ®£¨¡ îé¥© ¡«®å®¢áª®© äãªæ¨¨

§®ë ¯à®¢®¤¨¬®áâ¨ ®ª¨á« 

�ã¤¥¬ à áá¬ âà¨¢ âì âã¥«¨à®¢ ¨¥ á £à ¨ (001)
ªà¥¬¨ï. �â  ªà¨áâ ««¨ç¥áª ï ®à¨¥â æ¨ï ¯«®áª®áâ¨
í¬¨ââ¥à  ®¡ëç® ¨á¯®«ì§ã¥âáï ¢ à¥ «ìëå áâàãªâã-
à å. �á«¨ áç¨â âì á¨áâ¥¬ã ªà¥¬¨©–®ª¨á¥« âà á-
«ïæ¨®® ¨¢ à¨ â®© ¢ ¯«®áª®áâ¨ à §¤¥« , â® ¢

¯à®æ¥áá¥ âã¥«¨à®¢ ¨ï á®åà ï¥âáï á â®ç®áâìî ¤®

¢¥ªâ®à  ®¡à â®© à¥è¥âª¨ á®áâ ¢«ïîé ï ¢®«®¢®£®

¢¥ªâ®à  í«¥ªâà®  ¢ ¯«®áª®áâ¨ à §¤¥« .
� ª ¨§¢¥áâ®, í¥à£¥â¨ç¥áª¨¥ ¤®«¨ë §®ë ¯à®-

¢®¤¨¬®áâ¨ ªà¥¬¨ï à á¯®«®¦¥ë ¢¤®«ì ªà¨áâ ««®-
£à ä¨ç¥áª¨å ®á¥© [100], [010], [001]. �ª¨áãî ¯«¥-
ªã ¬®¦® áç¨â âì ¯àï¬®§®ë¬ ¯®«ã¯à®¢®¤¨ª®¬ á

í¥à£¨¥© í«¥ªâà®®£® áà®¤áâ¢  ψox = 0.9 eV [10,11],
§ ¯à¥é¥®© §®®© Egox = 9 eV ¨ íää¥ªâ¨¢®© ¬ á-
á®©   ¤¥ §®ë ¯à®¢®¤¨¬®áâ¨mox = (0.4−1.0)m0, £¤¥
m0 — ¬ áá  á¢®¡®¤®£® í«¥ªâà®  [10–12]. �®íâ®¬ã

âã¥«¨à®¢ ¨¥ ¡¥§ à áá¥ï¨ï ¨¬¯ã«ìá  ¢®§¬®¦®

«¨èì ¨§ ¤¢ãå íª¢¨¢ «¥âëå ¤®«¨, à á¯®«®¦¥ëå
  ®á¨ [001]. � ¤ «ì¥©è¥¬ ¡ã¤ãâ à áá¬ âà¨¢ âìáï

â®«ìª® í«¥ªâà®ë íâ¨å ¤®«¨. � ª ¡ã¤¥â ¯®ª § ®

¤ «¥¥, ¢ª« ¤ ®áâ «ìëå ¤®«¨ ¢ âã¥«¨à®¢ ¨¥ (á
à áá¥ï¨¥¬ ¨¬¯ã«ìá ) ¬ «. �®«ì ¯®á«¥¤¨å á¢®¤¨âáï
¯®íâ®¬ã ª ¯¥à¥®áã í«¥ªâà®®¢ ª ¯®¢¥àå®áâ¨ ¨ ¨å

¯¥à¥à á¯à¥¤¥«¥¨î.
�áå®¤ï ¨§ ¨§®âà®¯®© ç¥âëà¥å§®®© ¬®¤¥«¨ [9],

¯®«®¦¨¬ ¬ ááã âï¦¥«ëå ¤ëà®ª mhh = ∞ ¨ ¯à¥¥-
¡à¥¦¥¬ á¯¨-®à¡¨â «ìë¬ à áé¥¯«¥¨¥¬. �«ï ®£¨-
¡ îé¨å ¡«®å®¢áª¨å äãªæ¨© §®ë ¯à¢®¤¨¬®áâ¨

ψc(r) = exp(ikρ)ϕc(z) (1)

¨ âà¥å ¢ «¥âëå ¯®¤§® X, Y ¨ Z â¨¯  á¨¬¬¥âà¨¨

ψv(r) =

ϕx(z)
ϕy(z)
ϕz(z)

 eik‖ρ (2)

¨¬¥¥¬ á¨áâ¥¬ã ãà ¢¥¨© [9]

[E − V (z)]ϕc + i~Sdivϕv(r) = 0,

[E +Eg − V (z)]ϕv + i~Sgradϕc = 0. (3)
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�¤¥áì k‖ — ª®¬¯®¥â  ¢®«®¢®£® ¢¥ªâ®à  í«¥ªâà® ,
¯ à ««¥«ì ï ¯«®áª®áâ¨ ®ª¨á®£® á«®ï, r = (ρ, z),
£¤¥ ρ — à ¤¨ãá-¢¥ªâ®à ¢ ¯«®áª®áâ¨ á«®ï, z — ª®-
®à¤¨ â  ¢ ¯¥à¯¥¤¨ªã«ïà®¬  ¯à ¢«¥¨¨, í¥à-
£¨ï E ®âáç¨âë¢ ¥âáï ®â ¤  §®ë ¯à®¢®¤¨¬®áâ¨,
S =

√
Egox/2mox, mox — íää¥ªâ¨¢ ï ¬ áá  í«¥ª-

âà®    ¤¥ §®ë ¯à®¢®¤¨¬®áâ¨ ®ª¨á« , V (z) —
¯®â¥æ¨ «ì ï í¥à£¨ï.
�¢®¤ï

ϕ‖(z) =

[
ϕx(z)
ϕy(z)

]
¨ ¢ëà ¦ ï ϕz(z) ¨ ϕ‖(z) ç¥à¥§ ϕc(z), ¯®«ãç¨¬ ¨§ (3)
¯®á«¥ ¥á«®¦ëå ¯à¥®¡à §®¢ ¨©

~2

2mox

[
E +Egox − V (z)

] d
dz

×

[
dϕc(z)

dz

(
E +Egox − V (z)

)−1
]

+E−1
gox

×

[(
E − V (z)

)(
E +Egox − V (z)

)
−
~2k2
‖

2mox
Egox

]
ϕc(z) = 0. (4)

� â¥å á«ãç ïå, ª®£¤  ¬®¦® áç¨â âì, çâ® ¢ áãé¥áâ¢¥-
ëå ®¡« áâïå∣∣∣∣∣ ddz [ln(E +Egox − V )

] ∣∣∣∣dϕcdz
∣∣∣∣� ∣∣∣∣d2ϕc

dz2

∣∣∣∣ (5)

ãà ¢¥¨¥ (4) ã¯à®é ¥âáï, ¯®«ãç ¥¬

~2

2mox

d2ϕc

dz2
E−1
gox

×

[
(E − V )(E +Egox − V )−Egox

~2k2
‖

2mox

]
ϕc = 0. (6)

�á«¨ ®âáç¨âë¢ âì í¥à£¨î ®â á¥à¥¤¨ë § ¯à¥é¥®©

§®ë

E′ = E +Egox/2, (7)

ãà ¢¥¨¥ (6) ¯¥à¥¯¨è¥âáï ¢ ¢¨¤¥

~2

2mox

d2ϕc

dz2

×

(
E′−V (z)

)2
−(E2

gox/4)−(Egox~2k2
‖/2mox)

Egox
ϕc=0.

(8)
�«ï E = Egox/2 ¨ V (z) = −eFgoxz, £¤¥ Fox —

í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¢ ®ª¨á«¥, ãá«®¢¨¥ (5) ¬®¦®

§ ¬¥¨âì ¥à ¢¥áâ¢®¬

eFox

eFoxz + (Egox/2)
|k(z)| � k2(z), (9)

£¤¥ ¬ë ¯®«®¦¨«¨

k(z) =
√
Foxz +Egox/2− (~2S2k2/~S),

áç¨â ï ¤«ï ®æ¥ª¨ ϕc(z) ≈ exp
(
∓
∫
k(z)dz

)
.

�æ¥¨¢ ï (9) ¯à¨ k‖ = 0, ¯®«ãç¨¬ ¥à ¢¥áâ¢®(
eFoxz + (Egox/2)

)
�
√
eF~S,

ª®â®à®¥ ¢ë¯®«ï¥âáï, ¥á«¨

Fox � Fc = E2
gox/4~S. (10)

�«ï Egox ≈ 9 eV, mox
∼= m0 ªà¨â¨ç¥áª®¥ ¯®«¥

Fc ∼= 7 · 108 V/cm. �®«¥ ¢ ®ª¨á«¥ ¢ à¥ «ìëå  ¢â®-
ª â®¤ å § ç¨â¥«ì® ¬¥ìè¥ Fc, ¯®íâ®¬ã ãà ¢¥¨ï
(6), (8) å®à®è® ®¯¨áë¢ îâ ¯à®æ¥ááë âã¥«¨à®¢ ¨ï

ç¥à¥§ ®ª¨á¥«. �â¨ ãà ¢¥¨ï á®¤¥à¦ â «¨èì ®¤ã

¢®«®¢ãî äãªæ¨î ϕc(z), çâ® § ç¨â¥«ì® ã¯à®é ¥â
à áç¥âë.
�à®¡«¥¬ë áè¨¢ª¨ ®£¨¡ îé¨å ¡«®å®¢áª¨å äãªæ¨©

à áá¬ âà¨¢ «¨áì ¢ àï¤¥ à ¡®â [13–16]. � ¨¡®«¥¥

à á¯à®áâà ¥ë© ¯à¨¥¬ á®áâ®¨â ¢ ¤®¡ ¢«¥¨¨ δ-
®¡à §®£® ¯®â¥æ¨ « , «®ª «¨§®¢ ®£®   £à ¨-
æ¥ à §¤¥« . �«ï à áá¬ âà¨¢ ¥¬®© á¨áâ¥¬ë ¬ë ¡ã-
¤¥¬, á«¥¤ãï [13], ¨á¯®«ì§®¢ âì ®¤®à®¤ë¥ £à ¨çë¥
ãá«®¢¨ï   ¯®¢¥àå®áâ¨ à §¤¥«  z = zb ª ª ¤«ï

£à ¨æë ªà¥¬¨©–®ª¨á¥«, â ª ¨ ¤«ï £à ¨æë ®ª¨á¥«–
¢ ªãã¬. � ¯à¨ïâ®© £¥®¬¥âà¨¨ ®¨ ¨¬¥îâ ¢¨¤

ϕc(z)
∣∣
zb−0

= ϕc(z)
∣∣
zb+0

,

1

mz

dϕc(z)

dz

∣∣∣
zb−0

=
1

mz

dϕc(z)

dz

∣∣∣
zb+0

, (11)

£¤¥ mz — § ç¥¨¥ íää¥ªâ¨¢®© ¬ ááë í«¥ªâà® 

¯®  ¯à ¢«¥¨î z, á®®â¢¥âáâ¢¥® á«¥¢  ®â £à ¨æë
z = zb − 0 ¨ á¯à ¢  ®â £à ¨æë z = zb + 0.

2. � áç¥â âã¥«ì®© ¯à®§à ç®áâ¨

�®íää¨æ¨¥â âã¥«¨à®¢ ¨ï í«¥ªâà®®¢ ªà¥¬-
¨ï à ááç¨âë¢ ¥âáï ç¨á«¥®   ®á®¢¥ ãà ¢¥¨ï

(8), ¤®¯®«¥®£® ãà ¢¥¨ï¬¨ ¤«ï ®£¨¡ îé¥© ¡«®-
å®¢áª®© äãªæ¨¨ §®ë ¯à®¢®¤¨¬®áâ¨ ªà¥¬¨ï ¨ ãà ¢-
¥¨ï �à¥¤¨£¥à  ¢ ¢ ªãã¬¥ á £à ¨çë¬¨ ãá«®¢¨-
ï¬¨ (11). �®â¥æ¨ « V (z) ¢ ¢ ªãã¬¥ § ¤ ¢ «áï ¢

¯à®áâ¥©è¥¬ á«ãç ¥ ¢ ¢¨¤¥ V (z) = −eFz, £¤¥ F —
âïãé¥¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ ã í¬¨â¨àãîé¥© ¯®¢¥àå-
®áâ¨, ¢ ®ª¨á«¥ — ¢ ¢¨¤¥ −eFoxz. �à®£à ¬¬  à áç¥â 
¯à¥¤ãá¬ âà¨¢ ¥â â ª¦¥ ¨á¯®«ì§®¢ ¨¥ ¯®â¥æ¨ « ,
ãç¨âë¢ îé¥£® ¨§¢¥áâë¬ ®¡à §®¬ á¨«ë í«¥ªâà¨ç¥-
áª®£® ¨§®¡à ¦¥¨ï [17]. �«¨ï¨¥ í«¥ªâà¨ç¥áª®£® ¯®-
«ï, ¯à®¨ª îé¥£® ¢ ¯®«ã¯à®¢®¤¨ª,   âã¥«ìãî
¯à®§à ç®áâì ¥ ãç¨âë¢ ¥âáï.
�«ï à áç¥â  ª®íää¨æ¨¥â  âã¥«¨à®¢ ¨ï ¨§-

¢¥áâë© ¬¥â®¤ [18] ¬®¤¨ä¨æ¨à®¢ «áï ¤«ï ¯à¨¬¥¥¨ï
ª ¨áá«¥¤ã¥¬®© § ¤ ç¥. �á®¡¥®áâì ãà ¢¥¨ï (8) ¯®
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�¨á. 1. �¥à£¥â¨ç¥áª ï § ¢¨á¨¬®áâì ª®íää¨æ¨¥â  âã¥«¨à®¢ ¨ï ç¥à¥§ ®ª¨áë© á«®© â®«é¨®© 1 mm. F (107 V/cm):
a — 2, b — 4. 1 — ¬®£®§® ï ¬®¤¥«ì, 2 — ®¤®§® ï ¬®¤¥«ì.

�¨á. 2. �¥à£¥â¨ç¥áª ï § ¢¨á¨¬®áâì ª®íää¨æ¨¥â  âã-
¥«¨à®¢ ¨ï ç¥à¥§ ®ª¨áë© á«®© â®«é¨®© 1.5 nm ¢ ¯®«¥

F = 2·107 V/cm. 1 — ¬®£®§® ï ¬®¤¥«ì, 2 — ®¤®§® ï

¬®¤¥«ì.

áà ¢¥¨î á ®¡ëçë¬ ãà ¢¥¨¥¬�à¥¤¨£¥à  á®áâ®-
¨â ¢ â®¬, çâ® ª¨¥â¨ç¥áª ï í¥à£¨ï ¤¢¨¦¥¨ï í«¥ª-
âà®  ¢ z- ¯à ¢«¥¨¨ ¥ ï¢«ï¥âáï ¯à®áâ®©  ¤¤¨â¨¢-
®© äãªæ¨¥© ¯®«®© ¨ ¯®â¥æ¨ «ì®© í¥à£¨¨. �â®
âà¥¡ã¥â ¨§¬¥¥¨ï ¢ëç¨á«¨â¥«ì®© ¯à®æ¥¤ãàë. �®-
¤¥«ì ¨  «£®à¨â¬ «¥£«¨ ¢ ®á®¢ã ¯à¨ª« ¤®£® ¯ ª¥â 

¯à®£à ¬¬ ”� àì¥à” ¤«ï à áç¥â  âã¥«ì®© ¯à®§à ç-
®áâ¨   IBM PC, à §à ¡®â ®£® �.�.� §ì¬¨ë¬ á

ãç áâ¨¥¬ ®¤®£® ¨§  ¢â®à®¢ (�.�.).

�  à¨á. 1,a,b ¨ 2 ¯®ª § ë à ááç¨â ë¥ ç¨á«¥®

í¥à£¥â¨ç¥áª¨¥ § ¢¨á¨¬®áâ¨ ª®íää¨æ¨¥â  âã¥«¨-
à®¢ ¨ï D(ε) ¯à¨ à §«¨çëå § ç¥¨ïå âïãé¥£®

¯®«ï F ¤«ï â®«é¨ ®ª¨á«  d = 10 ¨ 15 Å ¤«ï k‖ = 0
¨ í¥à£¨¨ ε, ®âáç¨â ®© ®â ¤  §®ë ¯à®¢®¤¨¬®áâ¨

ªà¥¬¨ï. �«ï áà ¢¥¨ï ¯à¨¢¥¤¥ë â ª¦¥ § ¢¨á¨¬®-
áâ¨ D(ε), à ááç¨â ë¥ ¯à¨ â¥å ¦¥ § ç¥¨ïå F ¨

d ¢ ®¤®§®®© ¬®¤¥«¨ ¤«ï í«¥ªâà®ëå á®áâ®ï¨©

¢ ®ª¨á«¥, ®¯¨áë¢ ¥¬ëå ãà ¢¥¨¥¬ �à¥¤¨£¥à  ¤«ï

®£¨¡ îé¥© ¡«®å®¢áª¨å ¢®«®¢ëå äãªæ¨© §®ë ¯à®-
¢®¤¨¬®áâ¨ ®ª¨á«  ϕc(z) á â®© ¦¥ íää¥ªâ¨¢®© ¬ áá®©
mox ¨ â¥¬¨ ¦¥ ãá«®¢¨ï¬¨ áè¨¢ª¨ (11).

� ª ¢¨¤® ¨§ íâ¨å à¨áãª®¢, § ç¥¨ï ª®íää¨-
æ¨¥â  âã¥«¨à®¢ ¨ï, ¢ëç¨á«¥ë¥ ¢ à §«¨çëå

¬®¤¥«ïå, áãé¥áâ¢¥® ®â«¨ç îâáï: ¯à¨ ¥ á«¨èª®¬

¡®«ìè¨å í¥à£¨ïå à §¨æ  ¤®áâ¨£ ¥â ¥áª®«ìª¨å ¯®-
àï¤ª®¢. �ª § ë¥ à §«¨ç¨ï á¢ï§ ë á ¬®£®§®®©

¯à¨à®¤®© á®áâ®ï¨© âã¥«¨àãîé¥£® í«¥ªâà®  ¢

§ ¯à¥é¥®© §®¥ ®ª¨á« . �à®¨áå®¤¨â íää¥ªâ¨¢®¥
”ãâï¦¥«¥¨¥” í«¥ªâà® , ª®â®à®¥ â¥¬ ¡®«ìè¥, ç¥¬
£«ã¡¦¥ á®áâ®ï¨¥ à á¯®«®¦¥® ¢ § ¯à¥é¥®© §®-
¥. �à¨ ¬ «ëå í¥à£¨ïå á®áâ®ï¨¥ âã¥«¨àãîé¥£®
í«¥ªâà®  ¢ § ç¨â¥«ì®© ç áâ¨ ®ª¨á«  «¥¦¨â £«ã-
¡®ª® ¢ § ¯à¥é¥®© §®¥, ¯®íâ®¬ã ¨¬¥® ¯à¨ íâ¨å

í¥à£¨ïå ¬®£®§® ï ¬®¤¥«ì (8) ¯à¨¢®¤¨â ª § -
ç¨â¥«ì®¬ã ã¬¥ìè¥¨î ª®íää¨æ¨¥â  âã¥«ì®©

¯à®§à ç®áâ¨ ¯® áà ¢¥¨î á ®¤®§®®© ¬®¤¥«ìî.
�à¨ ¡®«ìè¨å í¥à£¨ïå íâ® à §«¨ç¨¥, ¥áâ¥áâ¢¥®,
ã¬¥ìè ¥âáï, â ª ª ª ã¬¥ìè ¥âáï ¤®«ï ®¡« áâ¥©,
£¤¥ á®áâ®ï¨¥ âã¥«¨àãîé¥£® í«¥ªâà®  «¥¦¨â £«ã-
¡®ª® ¢ § ¯à¥é¥®© §®¥ ®ª¨á«  (à¨á. 3). �¡à â¨¬

â ª¦¥ ¢¨¬ ¨¥   â®, çâ® ¯à¨ ¡®«ìè¨å âïãé¨å

¯®«ïå ¢ á¯¥ªâà¥ ª®íää¨æ¨¥â  âã¥«ì®© ¯à®§à ç-

�¨á. 3. �¥à£¥â¨ç¥áª ï áå¥¬  âã¥«¨à®¢ ¨ï í«¥ªâà®-
®¢ ªà¥¬¨ï ç¥à¥§ ®ª¨áë© á«®©.
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®áâ¨ ¢®§¨ª îâ ®¡« áâ¨ ¥¬®®â®®áâ¨, ª®â®àë¥,
¢¨¤¨¬®, á¢ï§ ë á® á«®¦®© ä®à¬®© ¡ àì¥à  ¨  «¨-
ç¨¥¬ ®¡« áâ¥© ª ª  ¤¡ àì¥à®£®, â ª ¨ ¯®¤¡ àì¥à®-
£® ¯à®å®¦¤¥¨ï ¢ ¥ª®â®àëå ¤¨ ¯ §® å í¥à£¨¨.

3. �æ¥ª  ¢¥à®ïâ®áâ¨ âã¥«¨à®¢ ¨ï

á à áá¥ï¨¥¬ ¨¬¯ã«ìá 

�  áâ®ïé¥¬ à §¤¥«¥ ®æ¥¨¢ ¥âáï âã¥«¨à®¢ ¨¥

¨§ í¥à£¥â¨ç¥áª¨å ¤®«¨, à á¯®«®¦¥ëå   ªà¨-
áâ ««®£à ä¨ç¥áª¨å ®áïå, ¯ à ««¥«ìëå í¬¨â¨àãî-
é¥© ¯®¢¥àå®áâ¨. �® ¢®§¬®¦®, ª ª ãª §ë¢ «®áì,
«¨èì ¯à¨ à áá¥ï¨¨ ¨¬¯ã«ìá  á ¨§¬¥¥¨¥¬ ª®¬¯®-
¥âë ¢®«®¢®£® ¢¥ªâ®à  ¢ ¯«®áª®áâ¨ ¯®¢¥àå®áâ¨  

¢¥«¨ç¨ã ¯®àï¤ª  ¢¥ªâ®à  ®¡à â®© à¥è¥âª¨.

�çâ¥¬,  ¯à¨¬¥à, ¯¥à¥å®¤ë á ¨á¯ãáª ¨¥¬ ä®-
®  ¨§ à áá¬ âà¨¢ ¥¬ëå ¤®«¨ ¢ á®áâ®ï¨ï ¯®¤

æ¥âà «ì®© ¢ëè¥à á¯®«®¦¥®© ¤®«¨®© ªà¥¬¨ï

á á¨¬¬¥âà¨¥© Γ2, á®¢¯ ¤ îé¥© á á¨¬¬¥âà¨¥© §®ë

¯à®¢®¤¨¬®áâ¨ ®ª¨á« .

�ã¥«ìë© â®ª ®¯à¥¤¥«ï¥âáï ¨§¢¥áâë¬ ¢ëà ¦¥-
¨¥¬

I1 =
2πe

~
∑
k

∣∣〈f |He−f |i〉
∣∣2δ(Ei − Ef − ~ω0), (12)

£¤¥ He−f — £ ¬¨«ìâ®¨  í«¥ªâà®-ä®®®£® ¢§ ¨-
¬®¤¥©áâ¢¨ï ç¥à¥§ ¤¥ä®à¬ æ¨®ë© ¯®â¥æ¨ «, 〈f | ¨
|i〉— á®®â¢¥âáâ¢¥® ª®¥ç®¥ ¨  ç «ì®¥ á®áâ®ï¨ï

í«¥ªâà®-ä®®®© á¨áâ¥¬ë,   Ef ¨ Ei — í¥à£¨¨

í«¥ªâà®  ¢ íâ¨å á®áâ®ï¨ïå, ®âáç¨â ë¥ ®â ¤ 

§®ë ¯à®¢®¤¨¬®áâ¨ ªà¥¬¨ï, ω0 — ç áâ®â  ä®® .
�ã¬¬¨à®¢ ¨¥ ¢¥¤¥âáï ¯® ¢á¥¬ ª®¥çë¬ á®áâ®ï¨ï¬

í«¥ªâà®  k.

�£¨¡ îéãî ¡«®å®¢áª®© äãªæ¨¨ í«¥ªâà®  ¢  -
ç «ì®¬ á®áâ®ï¨¨ |i〉 ¢ ªà¥¬¨¨ ¢ë¡¥à¥¬ ¢ ¢¨¤¥

ψi(ρ, z) = 1√
Ω

sin kzeik‖ρ, £¤¥ Ω — ®à¬¨à®¢®çë©

®¡ê¥¬,   ¢ ¯«®áª®áâ¨ à §¤¥«  ªà¥¬¨©–®ª¨á¥« ¯à¨-
ïâ® z = 0.

�«ï ã¯à®é¥¨ï ®æ¥ª¨ ¯à¨ ®¯à¥¤¥«¥¨¨ ª®¥ç®-
£® á®áâ®ï¨ï í«¥ªâà®  ¯à¥¥¡à¥¦¥¬ í«¥ªâà¨ç¥áª¨¬

¯®«¥¬ ¢ ¢ ªãã¬¥ ¨ ¨á¯®«ì§ã¥¬ ª¢ §¨ª« áá¨ç¥áª®¥

¯à¨¡«¨¦¥¨¥ ¢ ®¡« áâ¨ ®ª¨á« , áç¨â ï, çâ® ¢® ¢á¥¬
®ª¨á«¥ Ef < Ecox, £¤¥ Ecox — ¤® §®ë ¯à®¢®¤¨¬®-
áâ¨ ®ª¨á« . �®£¤  ¤«ï ¢®«®¢®© äãªæ¨¨ ª®¥ç®£®
á®áâ®ï¨ï í«¥ªâà®  ¬®¦® ¯®«®¦¨âì

ψf (ρ, z) =
1
√

Ω
eik‖ρ

×



C1e
k′z, z 6 0,

C2 exp
( z∫

0

kox(z′)dz′
)

+ C′2 exp
(
−

z∫
0

kox(z′)dz′
)
,

0 < z < d,

sin(kvz + δ), z > d. (13)

�¤¥áì

k′ =
√

2m′(E0 −Ef ) + k
′2
‖ /~,

kox(z) =
√

2mox[∆Ec + V (z)−Ef ]/~,

kv =
√

2m0[Ef − V (d)]/~,
(14)

E0 — í¥à£¥â¨ç¥áª¨© § §®à ¬¥¦¤ã ¬¨¨¬ã¬ ¬¨

®á®¢ëå ¤®«¨ ¨ ã¯®¬ïãâ®© ¢ëè¥ æ¥âà «ì®©

¤®«¨ë, ª®â®àãî ¬ë ¢ æ¥«ïå ã¯à®é¥¨ï áç¨â ¥¬

¨§®âà®¯®©, m′ — íää¥ªâ¨¢ ï ¬ áá  í«¥ªâà®  ¢

íâ®© ¤®«¨¥, ∆Ec — ¢ëá®â  ¡ àì¥à    £à ¨æ¥

ªà¥¬¨©–®ª¨á¥«.
�á¯®«ì§ãï ãá«®¢¨¥ áè¨¢ª¨ (11), ¯®«ãç¨¬ ¯à¨ z < 0

ψf (ρ, z) =
A
√

Ω
eik
′ρ+k′z, (15)

£¤¥ ¯®áâ®ï ï A à ¢ 

A = 2
[
1 + α2

]−1/2
[1 + β]−1

d∫
0

k(z)dz,

α = m0kv/moxkox(0), β = moxkv/m
′kox(0). (16)

�à¨¡«¨¦¥®¥ ¢ëç¨á«¥¨¥ ¬ âà¨ç®£® í«¥¬¥â 

〈f |He−f |i〉 ¯à¨¢®¤¨â ª á«¥¤ãîé¥© ®æ¥ª¥ âã¥«ì®£®
â®ª  (12):

I1 =
e

τ

∆Ec√
(E0 −Ei + ~ω0)Ei

√
mox

m
3/2
d

Tox. (17)

�¤¥áì ¬ë ¢¢¥«¨ áâ ¤ àâ®¥ ¢à¥¬ï í«¥ªâà®-ä®®-
ëå áâ®«ª®¢¥¨© τ [19] á ¤¥ä®à¬ æ¨®ë¬ ¯®â¥æ¨-
 «®¬ D0,

τ−1 =
D2

0m
3/2
√
Ei√

2π~3ρω0

, (18)

£¤¥ md — íää¥ªâ¨¢ ï ¬ áá  ¯«®â®áâ¨ á®áâ®ï¨© ¢

§®¥ ¯à®¢®¤¨¬®áâ¨ ªà¥¬¨ï, ρ — ¯«®â®áâì ªà¨áâ «-
«¨ç¥áª®£® ªà¥¬¨ï, ¨ ª¢ §¨ª« áá¨ç¥áª¨© ª®íää¨æ¨-
¥â ¯à®§à ç®áâ¨ ®ª¨á®£® ¡ àì¥à 

Tox = (1 + β)−2(1 + α2)−1

× exp
[
(−2)d

d∫
0

dz k2(z)
]
k = 0. (19)

�«ï ¨â¥à¥áãîé¨å  á í¥à£¨© ®æ¥ª  (17) ¤ ¥â

J1 ≈ e
τ Tox. �«ï âã¥«ì®£® â®ª  ¨§ ¤®«¨ë,

«¥¦ é¥©   ®á¨ [001], ¯® ¯®àï¤ªã ¢¥«¨ç¨ë ¬®¦®

§ ¯¨á âì

J0 ≈
1

~
eEiTox + J1. (20)

�â®è¥¨¥ J1/J0 á®áâ ¢«ï¥â ¤«ï Ei > kT

J1

J0
≈

~
τEi

≈ 10−4, (21)
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¥á«¨ ¯à¨ïâì â¨¯¨ç®¥ § ç¥¨¥ τ ≈ 10−11 s ¨

T = 300 K. �æ¥ª  (21) ¯®§¢®«ï¥â ¯à¥¥¡à¥çì ¥¯àï-
¬ë¬¨ âã¥«ìë¬¨ ¯¥à¥å®¤ ¬¨ ¨§ ç¥âëà¥å ¤®«¨ ¯®

®áï¬ [100] ¨ [010], çâ® ¡ë«® á¤¥« ® ¢ à §¤¥«¥ 2.
� ª¨¬ ®¡à §®¬, ¯à®¢¥¤¥ë¥ à áç¥âë ¯®ª §ë¢ îâ,

çâ® ¯®«¥¢ ï í¬¨áá¨ï á £à ¨ [001] ªà¥¬¨ï ç¥à¥§ ®ª¨á-
ë© á«®© ®áãé¥áâ¢«ï¥âáï ¨§ ¤¢ãå ¤®«¨, à á¯®«®¦¥-
ëå ¢¤®«ì  ¯à ¢«¥¨ï [001]. �¥«¨ç¨  ¨ á¯¥ªâà ª®-
íää¨æ¨¥â  âã¥«ì®© ¯à®§à ç®áâ¨ áãé¥áâ¢¥ë¬

®¡à §®¬ ®¯à¥¤¥«ïîâáï á«®¦®© áâàãªâãà®© á®áâ®ï-
¨© ¢ § ¯à¥é¥®© §®¥ ®ª¨á«  ¨ ¤®«¦ë ¢ëç¨á«ïâì-
áï ¨áå®¤ï ¨§ ç¥âëà¥å§®®£® ¯à¨¡«¨¦¥¨ï. � áç¥â ¯®
áâ ¤ àâ®© ¬®¤¥«¨ íää¥ªâ¨¢®© ¬ ááë ¤ ¥â á¨«ì®

§ ¢ëè¥ë¥ § ç¥¨ï âã¥«ì®© ¯à®§à ç®áâ¨, â ª
ª ª ¥ ãç¨âë¢ ¥â íää¥ªâ¨¢®£® ”ãâï¦¥«¥¨ï” í«¥ª-
âà®  ¯à¨ âã¥«¨à®¢ ¨¨ ¯® á®áâ®ï¨ï¬ £«ã¡®ª® ¢

§ ¯à¥é¥®© §®¥.

�¢â®àë ¡« £®¤ àïâ �.�.� §ì¬¨  §  ¢ë¯®«¥¨¥
ç¨á«¥ëå à áç¥â®¢.

� ¡®â  ¢ë¯®«¥  ¯à¨ ç áâ¨ç®© ¯®¤¤¥à¦ª¥ �®á-
á¨©áª®£® ä®¤  äã¤ ¬¥â «ìëå ¨áá«¥¤®¢ ¨©

(£à â 95-01-00384).
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