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�¥®à¥â¨ç¥áª¨ ¨áá«¥¤®¢  ¡¥á¯®à®£®¢ë© ¬¥å ¨§¬ ®¦¥-à¥ª®¬¡¨ æ¨¨ ¥à ¢®¢¥áëå ®á¨â¥«¥©

¢ ª¢ â®¢ëå ï¬ å á  ¯àï¦¥ë¬¨ á«®ï¬¨. �®ª § ®, çâ®   «¨§ § ¢¨á¨¬®áâ¨ áª®à®áâ¨ ®¦¥-
à¥ª®¬¡¨ æ¨¨ ®â ¢¥«¨ç¨ë  ¯àï¦¥¨ï, ¢ëá®â £¥â¥à®¡ àì¥à®¢ ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª, ¢®§¬®¦¥
â®«ìª® ¯à¨ ¬¨ªà®áª®¯¨ç¥áª®¬ à áç¥â¥ ¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï ¬¥¦¤ã  ç «ìë¬¨ ¨ ª®¥çë¬¨

á®áâ®ï¨ï¬¨ ç áâ¨æ. � ª¢ â®¢ëå ï¬ å á  ¯àï¦¥ë¬¨ á«®ï¬¨  «¨ç¨¥ ¤¥ä®à¬ æ¨¨ ª ç¥áâ¢¥®

¨ ª®«¨ç¥áâ¢¥® ¢«¨ï¥â   ¨â¥£à « ¯¥à¥ªàëâ¨ï í«¥ªâà®-¤ëàª . �ë¯®«¥   «¨§ § ¢¨á¨¬®áâ¨

áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨ ®â ¯ à ¬¥âà®¢ ª¢ â®¢®© ï¬ë, ¢¥«¨ç¨ë  ¯àï¦¥¨ï ¨ â¥¬¯¥à âãàë

¤«ï £¥â¥à®áâàãªâãà   ®á®¢¥ InGaAsP/InP ¨ InGaAlAs/InP.

1. �¢¥¤¥¨¥

�®«ã¯à®¢®¤¨ª®¢ë¥ £¥â¥à®áâàãªâãàë (��) — ®¤¨-
®çë¥ £¥â¥à®¯¥à¥å®¤ë, ª¢ â®¢ë¥ ï¬ë, ª¢ â®¢ë¥
â®çª¨ — ï¢«ïîâáï ®á®¢ë¬¨ ®¡ê¥ªâ ¬¨ ¨áá«¥¤®¢ -
¨© ¢ ®¡« áâ¨ ä¨§¨ª¨ ¯®«ã¯à®¢®¤¨ª®¢. �  ®á®¢¥

¯®«ã¯à®¢®¤¨ª®¢ëå £¥â¥à®áâàãªâãà á®§¤ ® ¡®«ìè®¥

ª®«¨ç¥áâ¢® à §«¨çëå ®¯â®í«¥ªâà®ëå ¯à¨¡®à®¢,
¢ ç áâ®áâ¨, £¥â¥à®« §¥àë   ®á®¢¥ ¤¢®©ëå £¥-
â¥à®áâàãªâãà ¨ ª¢ â®¢ëå ï¬ [1,2]. � ¨¬¥ìè¨¥

¯®à®£®¢ë¥ â®ª¨ ¨¬¥îâ ¯®«ã¯à®¢®¤¨ª®¢ë¥ « §¥àë

  ª¢ â®¢ëå ï¬ å (��) [2]. � ¡®«ìè¨áâ¢¥ á¢®¥¬

�� á �� ï¢«ïîâáï áâàãªâãà ¬¨ á  ¯àï¦¥ë¬¨

á«®ï¬¨. � ª ¨§¢¥áâ® [3,4],  «¨ç¨¥ ã¯àã£®£®  ¯àï-
¦¥¨ï ¢ �� áãé¥áâ¢¥® ¢«¨ï¥â   í«¥¬¥â àë¥

¯à®æ¥ááë à¥ª®¬¡¨ æ¨¨ ®á¨â¥«¥©. � ¤«¨®¢®«®-
¢ëå « §¥à å (λ > 1.3¬ª¬)  àï¤ã á ¯à®æ¥áá ¬¨

¨§«ãç â¥«ì®© à¥ª®¬¡¨ æ¨¨ áãé¥áâ¢¥ë ¯à®æ¥ááë

¡¥§ë§«ãç â¥«ì®© ®¦¥-à¥ª®¬¡¨ æ¨¨ (��). �¥§ë§«ã-
ç â¥«ìë¥ ¯à®æ¥ááë à¥ª®¬¡¨ æ¨¨ ã¬¥ìè îâ ¢ã-
âà¥¨© ª¢ â®¢ë© ¢ëå®¤ ¨ ã¢¥«¨ç¨¢ îâ ¯®à®£®¢ë©

â®ª « §¥à®¢ ¯à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å.�à¨ á®§¤ ¨¨
¤«¨®¢®«®¢ëå « §¥à®¢ á ã«ãçè¥ë¬¨ å à ªâ¥à¨-
áâ¨ª ¬¨ ¢ ¦® ¤®¡¨âìáï ®á« ¡«¥¨ï ¯à®æ¥áá®¢ ®¦¥-
à¥ª®¬¡¨ æ¨¨. �¤¨ ¨§ á¯®á®¡®¢ ¯®¤ ¢«¥¨ï ®¦¥-
à¥ª®¬¡¨ æ¨¨ ¢ ¤«¨®¢®«®¢ëå « §¥à å — á®§¤ ¨¥

áâàãªâãà á  ¯àï¦¥ë¬¨ á«®ï¬¨ [3,4].
� à ¡®â¥ [5] ¢¯¥à¢ë¥ ¡ë«® â¥®à¥â¨ç¥áª¨ ¯®ª § -

®, çâ® ¢ ¯®«ã¯à®¢®¤¨ª®¢ëå £¥â¥à®áâàãªâãà å ¯à®-
æ¥áá ®¦¥-à¥ª®¬¡¨ æ¨¨ ï¢«ï¥âáï ¡¥á¯®à®£®¢ë¬,  

áª®à®áâì �� — áâ¥¯¥®© äãªæ¨¥© â¥¬¯¥à âãàë.
�ãé¥áâ¢®¢ ¨¥ ¡¥á¯®à®£®¢®£® ª  «  �� ¡ë«® ¤®-
ª § ® íªá¯¥à¨¬¥â «ì® à §«¨çë¬¨ £àã¯¯ ¬¨ ¤«ï

£¥â¥à®áâàãªâãà ª ª I â¨¯  [6], â ª ¨ II â¨¯  [7,8].
�á®¢ë¬¨ ®á®¡¥®áâï¬¨ ¡¥á¯®à®£®¢®£® ª  «  ��

ï¢«ïîâáï 1) ¨¬¯ã«ìá, ¥®¡å®¤¨¬ë© ¤«ï ¯¥à¥å®¤  ¢

¢ëá®ª®¢®§¡ã¦¤¥®¥ á®áâ®ï¨¥, ®¦¥-í«¥ªâà® ¯®«ã-
ç ¥â ¯à¨ ¢§ ¨¬®¤¥©áâ¢¨¨ á £¥â¥à®£à ¨æ¥©,   ¥ á

¤àã£¨¬¨ ç áâ¨æ ¬¨; 2) â ª ª ª § ª® á®åà ¥¨ï

ª®¬¯®¥âë ¨¬¯ã«ìá , ¯¥à¯¥¤¨ªã«ïà®© ¯«®áª®áâ¨
£¥â¥à®áâàãªâãàë, ®âáãâáâ¢ã¥â, ®¦¥-¯à®æ¥áá ï¢«ï¥âáï
¡¥á¯®à®£®¢ë¬,   ¥£® áª®à®áâì — ¥íªá¯®¥æ¨ «ì®©

(áâ¥¯¥®©) äãªæ¨¥© â¥¬¯¥à âãàë; 3) ¢®§¡ã¦¤¥-
ë© ®¦¥-í«¥ªâà® ¢ë¡à áë¢ ¥âáï ¢  ¯à ¢«¥¨¨,
¯¥à¯¥¤¨ªã«ïà®¬ ¯«®áª®áâ¨ £¥â¥à®áâàãªâãàë. �«¥-
¤ã¥â ®â¬¥â¨âì, çâ® ¤® á¨å ¯®à ¢ «¨â¥à âãà¥ áª®à®áâì
�� ¢ �� à ááç¨âë¢ « áì   «®£¨ç® á«ãç î ®¡ê¥¬-
®£® ¯®«ã¯à®¢®¤¨ª , ¯à¨ íâ®¬ ®¦¥-¯à®æ¥á áç¨â «áï
¯®à®£®¢ë¬,   áª®à®áâì �� ¢ �� á®¤¥à¦ «  íªá¯®¥-
æ¨ «ìãî § ¢¨á¨¬®áâì ®â â¥¬¯¥à âãàë [1,2,9].
�  è¨å ¯à¥¤ë¤ãé¨å à ¡®â å ¨áá«¥¤®¢ «áï ¡¥á-

¯®à®£®¢ë© ®¦¥-¯à®æ¥áá ¢ ¥ ¯àï¦¥ëå ª¢ â®¢ëå
ï¬ å I ¨ II â¨¯®¢ [10–12]. �ë«® ¯®ª § ®, çâ®

áª®à®áâì �� áãé¥áâ¢¥® § ¢¨á¨â ®â ¯ à ¬¥âà®¢ ��

(¢ëá®â £¥â¥à®¡ àì¥à®¢ ¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª, è¨-
à¨ë ��). �ç¥¢¨¤®, çâ® ¢ á«ãç ¥  ¯àï¦¥ëå

£¥â¥à®áâàãªâãà áª®à®áâì ¡¥á¯®à®£®¢®£® ¯à®æ¥áá  ��

áãé¥áâ¢¥® § ¢¨á¨â ®â ¢¥«¨ç¨ë  ¯àï¦¥¨ï.
�¥«ì  áâ®ïé¥© à ¡®âë á®áâ®¨â ¢ ¨áá«¥¤®¢ ¨¨

¢«¨ï¨ï ã¯àã£®£®  ¯àï¦¥¨ï   áª®à®áâì �� ¢ �� á

 ¯àï¦¥ë¬¨ á«®ï¬¨. �ã¤¥â ¯®ª § ®, çâ® áª®à®áâì
�� á¨«ì® § ¢¨á¨â ®â ¯ à ¬¥âà®¢ �� ¨ ®â ¢¥«¨ç¨ë

 ¯àï¦¥¨ï.

2. �ª®à®áâì ®¦¥-à¥ª®¬¡¨ æ¨¨

� £¥â¥à®áâàãªâãà å á �� ¢ ¦ë ¤¢  ª  «  ��:
CHCC ¨ CHHS [10]. �  áâ®ïé¥© à ¡®â¥ ¬ë ®£à ¨-
ç¨¬áï à áá¬®âà¥¨¥¬ CHCC ®¦¥-¯à®æ¥áá  (à¨á. 1).
�®£« á® áâ ¤ àâë¬ ¯à ¢¨« ¬ â¥®à¨¨ ®¦¥-

¯à®æ¥áá®¢, áª®à®áâì �� à ááç¨âë¢ ¥âáï ¢ à ¬-
ª å 1-£® ¯®àï¤ª  â¥®à¨¨ ¢®§¬ãé¥¨© ¯® í«¥ªâà®-
í«¥ªâà®®¬ã ¢§ ¨¬®¤¥©áâ¢¨î [5,12,13]:

G =
2π

~
1

S

∑
1,2,3,4

|M |2δ(E1 +E2 −E3 −E4)

× fc(E1)fc(E2)fh(E3)[1− fc(E4)]. (1)

�¤¥áì f(Ei) — äãªæ¨ï à á¯à¥¤¥«¥¨ï �¥à¬¨–
�¨à ª  i-© ç áâ¨æë (i = 1, 2, 3, 4); E1 ¨ E2 —  -
ç «ìë¥,   E3 ¨ E4 — ª®¥çë¥ í¥à£¨¨ í«¥ªâà®®¢;
S — ¯«®é ¤ì £¥â¥à®ª®âà ªâ ; M — ¬ âà¨çë©
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�¨á. 1. �å¥¬ â¨ç¥áª®¥ ¨§®¡à ¦¥¨¥ §®®© ¤¨ £à ¬¬ë

£¥â¥à®áâàãªâãàë á ®¤¨®ç®© ª¢ â®¢®© ï¬®©. �¨á«  1 ¨
2 ®¡®§ ç îâ  ç «ìë¥ á®áâ®ï¨ï ç áâ¨æ, 3 ¨ 4 ®¡®§ -
ç îâ ª®¥çë¥ á®áâ®ï¨ï. �âà¥«ª ¬¨ ãª § ë ¯¥à¥å®¤ë

ç áâ¨æ ¨§  ç «ìëå 1 ¨ 2 ¢ ª®¥çë¥ 3 ¨ 4 á®áâ®ï¨ï

ç áâ¨æ ¯à¨ ¯à®æ¥áá¥ ®¦¥-à¥ª®¬¡¨ æ¨¨.

í«¥¬¥â í«¥ªâà®-í«¥ªâà®®£® ¢§ ¨¬®¤¥©áâ¢¨ï, ¢ë-
ç¨á«¥ë© á ãç¥â®¬  â¨á¨¬¬¥âà¨§ æ¨¨ ¢®«®¢ëå

äãªæ¨© í«¥ªâà®®¢ ¢  ç «ì®¬ ¨ ª®¥ç®¬ á®-
áâ®ï¨ïå. �®á«¥ áâ â¨áâ¨ç¥áª®£® ãáà¥¤¥¨ï ¯®  -
ç «ìë¬ á¯¨®¢ë¬ á®áâ®ï¨ï¬ í«¥ªâà®®¢ ª¢ ¤à â

¬ âà¨ç®£® í«¥¬¥â  ¨¬¥¥â ¢¨¤

〈|M |2〉 = |MI |
2 + |MII |

2 −MIM
∗
II , (2)

MI =

∫
ψ∗1(r)ψ3(r)

e2

κ0|r− r′|
ψ∗2(r′)ψ4(r′)d3rd3r′, (3)

£¤¥ κ0 — áâ â¨ç¥áª ï ¤¨í«¥ªâà¨ç¥áª ï ¯à®¢®¤¨¬®áâì

áà¥¤ë; MII ¯®«ãç ¥âáï ¨§ MI § ¬¥®© 1 � 2. �«ï

à áç¥â  ¬ âà¨ç®£® í«¥¬¥â  ®¦¥-¯¥à¥å®¤  ¥®¡å®-
¤¨¬®  ©â¨ ¢®«®¢ë¥ äãªæ¨¨ ®á¨â¥«¥©, ãç áâ¢ãî-
é¨å ¢ ¯à®æ¥áá¥ à¥ª®¬¡¨ æ¨¨. � ¥¥ ¡ë«® ¯®ª § ®,
çâ® ¢®«®¢ë¥ äãªæ¨¨ ®á¨â¥«¥© (ª ª ¤ëà®ª, â ª
¨ í«¥ªâà®®¢) ¤®«¦ë ¢ëç¨á«ïâìáï ¢ ¬®£®§®®¬

¯à¨¡«¨¦¥¨¨ [5,12,13]. �à¨ íâ®¬ ®ç¥ì ¢ ¦¥ ¢ë¡®à

íää¥ªâ¨¢®£® £ ¬¨«ìâ®¨   ¬®£®§®®© ¬®¤¥«¨.
�â®â £ ¬¨«ìâ®¨  ¤®«¦¥ ®¯¨áë¢ âì ®á®¢ë¥ ®á®-
¡¥®áâ¨ á¯¥ªâà  ¨ ¢®«®¢ëå äãªæ¨© ®á¨â¥«¥© ¢

�� (¯®¤¬¥è¨¢ ¨¥ «¥£ª¨å ¨ âï¦¥«ëå ¤ëà®ª, ¥¯ -
à ¡®«¨ç®áâì á¯¥ªâà ). �  áâ®ïé¥© à ¡®â¥ ¬ë ¨á-
¯®«ì§®¢ «¨ ¬®¤¥«ì �¥© , â ª ª ª íâ  ¬®¤¥«ì å®à®è®
®¯¨áë¢ ¥â §®ãî áâàãªâãàã ã§ª®§®ëå ¯®«ã¯à®-
¢®¤¨ª®¢. � à ¬ª å â ª®© ¬®¤¥«¨ ¡ §¨áë¥ ¢®«®¢ë¥

äãªæ¨¨ ¤  §®ë ¯à®¢®¤¨¬®áâ¨ ¨ ¢¥àè¨ë ¢ «¥â-
®© §®ë ¢ë¡¨à îâáï ¢ ¢¨¤¥ |s〉- ¨ |p〉-äãªæ¨© (®áìX
 ¯à ¢«¥  ¯¥à¯¥¤¨ªã«ïà® ¯«®áª®áâ¨ ��). �®«®-
¢ ï äãªæ¨ï í«¥ªâà®®¢ ¨ ¤ëà®ª ¥áâì áã¯¥à¯®§¨æ¨ï

¡ §¨áëå á®áâ®ï¨©

ψ = u(r)|s〉 + v(r)|p〉, (4)

£¤¥ u(r) ¨ v(r) ≡ (vx,v‖) — ¯« ¢ë¥ ®£¨¡ îé¨¥ ¡«®-
å®¢áª¨å äãªæ¨©. �¨áâ¥¬  ãà ¢¥¨© ¤«ï ®£¨¡ îé¨å

¨¬¥¥â ¢¨¤[
E −

Eg

2
− Vc(x)− dc

]
u− γk̂v = 0,[

E +
Eg

2
+ Vv(x) − dx +

~2k̂2

2mhh

]
vx − γk̂xu = 0,

[
E +

Eg

2
+ Vv(x) − d‖ +

~2k̂2

2mhh

]
v‖ − γk̂‖u = 0.

(5)

�¤¥áì k̂ = −i∇; γ — ª¥©®¢áª¨© í«¥¬¥â; Eg —
è¨à¨  § ¯à¥é¥®© §®ë ã§ª®§®®£® ¯®«ã¯à®¢®¤-
¨ª  (¡¥§ ãç¥â   ¯àï¦¥¨ï); mhh — íää¥ªâ¨¢-
 ï ¬ áá  âï¦¥«ëå ¤ëà®ª ®¡ê¥¬®£® ¬ â¥à¨ « ;
Vc(x) ¨ Vv(x) — ¢ëá®âë £¥â¥à®¡ àì¥à®¢ ¤«ï í«¥ª-
âà®®¢ ¨ ¤ëà®ª á®®â¢¥âáâ¢¥® ¢ ®âáãâáâ¢¨¨  -
¯àï¦¥¨ï. �¥«¨ç¨ë dc, dx, d‖ ¢ëà ¦ îâáï ç¥à¥§

ª®áâ âë ¤¥ä®à¬ æ¨®®£® ¯®â¥æ¨ «  ac, av, b:
dc = ac(ex + 2e‖); dx = 2e‖(ax − b) + ex(av + 2b);
a‖ = (av−b)(ex+e‖)+(av+2b)e‖. � à áá¬ âà¨¢ ¥¬®¬

 ¬¨ á«ãç ¥ ¥ ¯àï¦¥®£® ¡ àì¥à  ¤«ï ª®¬¯®¥â

â¥§®à   ¯ïà¦¥¨ï ¨¬¥¥¬: e‖ = (aB − aW )/aW ,
ex = −2C12e‖/C11; £¤¥ aB ¨ aW — ¯®áâ®ïë¥

à¥è¥âª¨ ¬ â¥à¨ «®¢ ¡ àì¥à  ¨ ª¢ â®¢®© ï¬ë á®-
®â¢¥âáâ¢¥®; C11 ¨ C12 — ã¯àã£¨¥ ª®áâ âë. �¨-
áâ¥¬  ãà ¢¥¨© (5) ¥ á®¤¥à¦¨â á« £ ¥¬ëå, ®¯¨-
áë¢ îé¨å á¯¨-®à¡¨â «ì®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ ¨ ¥£®

¨§¬¥¥¨¥ ¯à¨  «¨ç¨¨  ¯àï¦¥¨ï. �«¨ï¨¥ á¯¨-
®à¡¨â «ì®£® ¢§ ¨¬®¤¥©áâ¢¨ï   ¯à®æ¥áá �� ãç¨âë-
¢ ¥âáï «¨èì ç¥à¥§ ª¥©®¢áª¨© ¬ âà¨çë© í«¥¬¥â γ:

γ2 =
~2Eg(Eg + ∆so)

2mc(Eg + 2∆so/3)
,

£¤¥ ∆so — ¢¥«¨ç¨  á¯¨-®à¨¡¨â «ì®£® à áé¥¯«¥-
¨ï. �  £¥â¥à®£à ¨æ¥ ¢®«®¢ë¥ äãªæ¨¨, ®¯à¥¤¥-
«ï¥¬ë¥ ¨§ á¨áâ¥¬ë (5), ã¤®¢«¥â¢®àïîâ ®¯à¥¤¥«¥-
ë¬ £à ¨çë¬¨ ãá«®¢¨ï¬ [12]. �â¬¥â¨¬, çâ® ¯à¨

¢ëç¨á«¥¨¨ ¢®«®¢ëå äãªæ¨© ¨ á¯¥ªâà  ¤ëà®ª ¥-
®¡å®¤¨¬® ãç¨âë¢ âì ¢§ ¨¬ãî âà áä®à¬ æ¨î «¥£-
ª¨å ¨ âï¦¥«ëå ¤ëà®ª. � ª ã¦¥ ¡ë«® ®â¬¥ç¥® ¢ë-
è¥, ¯à¥¥¡à¥¦¥¨¥ á¬¥è¨¢ ¨¥¬ á®áâ®ï¨© «¥£ª¨å ¨

âï¦¥«ëå ¤ëà®ª ¤ ¥â ª ç¥áâ¢¥® ¨ ª®«¨ç¥áâ¢¥®

¥¢¥àë© à¥§ã«ìâ â ¤«ï ¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï ¨,
á«¥¤®¢ â¥«ì®, ¤«ï áª®à®áâ¨ ��.

3. � âà¨çë© í«¥¬¥â ®¦¥-¯¥à¥å®¤ 

�á®¢®© § ¤ ç¥© ¯à¨ à áç¥â¥ áª®à®áâ¨ �� ï¢«ï-
¥âáï ¢ëç¨á«¥¨¥ ¬ âà¨ç®£® í«¥¬¥â  ®¦¥-¯¥à¥å®¤ .
� §« £ ï ¯®â¥æ¨ « ªã«®®¢áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢

¨â¥£à « �ãàì¥ ¯®«ãç¨¬

MI =
4πe2

κ0

∫
d3q

(2π)3

1

q2
I13(q)I24(−q), (6)

Iij(q) =

∫
d3rψ∗i (r)ψj(r)eiqr. (7)
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�¤¥áì Iij — ¨â¥£à « ¯¥à¥ªàëâ¨ï ¬¥¦¤ã á®áâ®ï¨ï¬¨

ç áâ¨æ i ¨ j. �á¯®«ì§ãï ï¢ë¥ ¢ëà ¦¥¨ï ¤«ï

¢®«®¢ëå äãªæ¨© í«¥ªâà®®¢ ¨ ¤ëà®ª, ®¯à¥¤¥«ï¥-
¬ë¥ ¨§ á¨áâ¥¬ë (5), ¬®¦® ¯®«ãç¨âì   «¨â¨ç¥áª¨¥
¢ëà ¦¥¨ï ¤«ï ¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï ¨ ¬ âà¨ç®£®

í«¥¬¥â . �à¨ íâ®¬ ã¤®¡® ¨á¯®«ì§®¢ âì á«¥¤ãîéãî

áå¥¬ã ¢ëç¨á«¥¨©. � ç «¥ ¢ëç¨á«ï¥âáï ¨â¥£à «

¯¥à¥ªàëâ¨ï ¬¥¦¤ã á®áâ®ï¨ï¬¨ ”1” ¨ ”3” I13(q) (á¬.
à¨á. 1). � â¥¬ ¨â¥£à¨àã¥¬ ¯® qx ¢ MI , ¨á¯®«ì§ãï
â¥®à¥¬ã ® ¢ëç¥â å. �à¨ íâ®¬ ®ª §ë¢ ¥âáï, çâ® ¢ ª®¬-
¯«¥ªá®© ¯«®áª®áâ¨ qx áãé¥áâ¢ã¥â ¤¢  ¢¨¤  ¯®«îá®¢:
1) ¯®«îá, ®â¢¥ç îé¨© ¬ «ë¬ ¯¥à¥¤ ë¬ ¨¬¯ã«ìá ¬

q
(1)
x = |q1 −q4| (£¤¥ qi — ¯à®¤®«ìë© ¨¬¯ã«ìá ç áâ¨-
æë i); 2) ¯®«îá, ®â¢¥ç îé¨© ¡®«ìè¨¬ ¯¥à¥¤ ë¬

¨¬¯ã«ìá ¬ q
(2)
x ∼ Q, £¤¥ Q ∼ (mcEg/~2)1/2. �

à¥§ã«ìâ â¥ ¬ âà¨çë© í«¥¬¥â à á¯ ¤ ¥âáïë   ¤¢¥

ç áâ¨:
M = M (1) +M (2),

£¤¥M (1) ¨M (2) — ¢ª« ¤ë ¢ ¬ âà¨çë© í«¥¬¥â, á®®â-

¢¥âáâ¢ãîé¨¥ ¬ «ë¬ q
(1)
x ¨ ¡®«ìè¨¬ q

(2)
x ¯¥à¥¤ ë¬

¨¬¯ã«ìá ¬.
� ª ã¦¥ ¡ë«® ¯®ª § ® à ¥¥ [5,12], ¨â¥£à «ë

¯¥à¥ªàëâ¨ï, ¢å®¤ïé¨¥ ¢ ¬ âà¨çë© í«¥¬¥â ��, ¥-
®¡å®¤¨¬® ¢ëç¨á«ïâì ¢ à ¬ª å ¬®£®§®®© ¬®¤¥«¨

�¥©  á ãç¥â®¬ ¥¯ à ¡®«¨ç®áâ¨ á¯¥ªâà  ®á¨â¥-
«¥©. �«ï ¨â¥£à «  ¯¥à¥ªàëâ¨ï I14 ¬¥¦¤ã á®áâ®ï-
¨ï¬¨ «®ª «¨§®¢ ®£® ”1” ¨ ¢ëá®ª®¢®§¡ã¦¤¥®£®

”4” í«¥ªâà®®¢ íâ® ¢ ¦® ¯® á«¥¤ãîé¨¬ ¯à¨ç¨ ¬.
�®-¯¥à¢ëå, ¢®«®¢ ï äãªæ¨ï ¢ëá®ª®¢®§¡ã¦¤¥®£®
í«¥ªâà®  ¢ §®¥ ¯à®¢®¤¨¬®áâ¨ á®¤¥à¦¨â áãé¥áâ¢¥-
ãî ¯à¨¬¥áì |p〉-á®áâ®ï¨© ¢ «¥â®© §®ë (â. ¥.
u3 ∼ vx3). �®-¢â®àëå, ãª § ë© ¨â¥£à « ¯¥à¥ªàë-
â¨ï á®áâ®¨â ¨§ ¢ª« ¤®¢ ®â âà¥å ®¡« áâ¥© ¨â¥£à¨à®-
¢ ¨ï ¯® X: ¤¢¥ ®¡« áâ¨ ¯®¤¡ àì¥à®£® ¤¢¨¦¥¨ï

í«¥ªâà®  ”1” (x < −a ¨ x > 0 — á¬. à¨á. 1) ¨ ®¡« áâì
ª¢ â®¢®© ï¬ë (−a < x < 0). �à¨ áã¬¬¨à®¢ ¨¨

¢ª« ¤ë ®â ®¡« áâ¥© ¯®¤¡ àì¥à®£® ¤¢¨¦¥¨ï ¨ ¢ª« ¤

®â ®¡« áâ¨ ª¢ â®¢®© ï¬ë ª®¬¯¥á¨àãîâ ¤àã£ ¤àã£ ,
çâ® ¯à¨¢®¤¨â ª ¤®¯®«¨â¥«ì®© ¬ «®áâ¨ ¢ ¬ âà¨ç®¬

í«¥¬¥â¥ ¯®àï¤ª  Ṽc/Eg, £¤¥ Ṽc — íää¥ªâ¨¢ ï (á
ãç¥â®¬  ¯àï¦¥¨ï) ¢ëá®â  ¡ àì¥à  ¤«ï í«¥ªâà®®¢.
�â¬¥â¨¬, çâ® ¢ £¥â¥à®áâàãªâãà å II â¨¯    «®£¨ç ï
ª®¬¯¥á æ¨ï ¯à¨¢®¤¨â ª ¯®¤ ¢«¥¨î ¯à®æ¥áá  ��

¯à¨ ®¯à¥¤¥«¥ëå ¯ à ¬¥âà å £¥â¥à®áâàãªâãàë [11].
�à¨ ¢ëç¨á«¥¨¨ ¨â¥£à «  ¯¥à¥ªàëâ¨ï í«¥ªâà®-

¤ëàª  I24 ¥®¡å®¤¨¬® ãç¨âë¢ âì ¢§ ¨¬ãî âà á-
ä®à¬ æ¨î «¥£ª¨å ¨ âï¦¥«ëå ¤ëà®ª ¨ áãé¥áâ¢¥-
® ¥¯ à ¡®«¨ç¥áªãî § ¢¨á¨¬®áâì á¯¥ªâà  ¤ëà®ª ®â

¯à®¤®«ì®£® ¨¬¯ã«ìá  q4. � ª®© ãç¥â ¢®§¬®¦¥ ¢

à ¬ª å ¬®£®§®®¢®© ¬®¤¥«¨ �¥© . � à ¬ª å â -
ª®© ¬®¤¥«¨ ¢®«®¢ë¥ äãªæ¨¨ ¤ëà®ª ¯à¥¤áâ ¢«ïîâ

á®¡®© áã¯¥à¯®§¨æ¨î á®áâ®ï¨© «¥£ª¨å ¨ âï¦¥«ëå

¤ëà®ª. �« £®¤ àï ¢§ ¨¬®¤¥©áâ¢¨î á £¥â¥à®£à ¨æ¥©

¨¬¥¥â ¬¥áâ® á¨«ì®¥ á¬¥è¨¢ ¨¥ íâ¨å á®áâ®ï¨©, áã-
é¥áâ¢¥® § ¢¨áïé¥¥ ®â ¯à®¤®«ì®£® ¨¬¯ã«ìá  ¤ëà®ª

q4. �  à¨á. 2, a ¯à¥¤áâ ¢«¥  § ¢¨á¨¬®áâì  ¬¯«¨âã¤

�¨á. 2. a — § ¢¨á¨¬®áâì  ¬¯«¨âã¤ á®áâ®ï¨© «¥£ª¨å

L ¨ âï¦¥«ëå H ¤ëà®ª ®â ¯à®¤®«ì®£® ¨¬¯ã«ìá  q ¢

 ¯àï¦¥®© ª¢ â®¢®© ï¬¥ InGaAsP, a = 60 Å, ξ = 1.5%.
b — § ¢¨á¨¬®áâì ¨â¥£à «  ¯¥à¥ªàëâ¨ï í«¥ªâà®-¤ëàª 
I24 (qx = 0) ®â ¯à®¤®«ì®£® ¨¬¯ã«ìá  ¤ëàª¨ q ≡ q4
¯à¨ q2 ≡ 0, à ááç¨â  ï ¯® â®ç®© ä®à¬ã«¥ (7) —
á¯«®è ï ªà¨¢ ï, ¯ãªâ¨à — «¨¥© ï  ¯¯à®ªá¨¬ æ¨ï

I24 = γ|q2−q1|/|E2−E4|, ¨á¯®«ì§®¢  ï ¢ à ¡®â¥ ¤àã£¨å
 ¢â®à®¢ [9]. � à ¬¥âàë áâàãªâãàë ¢§ïâë ¨§ [14].

á®áâ®ï¨© «¥£ª¨å L ¨ âï¦¥«ëå H ¤ëà®ª ¢ ®¡« áâ¨

�� (−a < x < 0) ¢ § ¢¨á¨¬®áâ¨ ®â ¯à®¤®«ì®£®

¨¬¯ã«ìá  q4. �«¨ï¨¥ ¢§ ¨¬®© âà áä®à¬ æ¨¨ «¥£-
ª¨å ¨ âï¦¥«ëå ¤ëà®ª    ¬¯«¨âã¤ë H ¨ L ¯à¨¢®-
¤¨â ª ¥¬®®â®®© § ¢¨á¨¬®áâ¨ ¨â¥£à «  ¯¥à¥ªàë-
â¨ï í«¥ªâà®-¤ëàª  I24 ®â ¨¬¯ã«ìá  ¤ëàª¨ q4 (á¬.
à¨á. 2, b). �à¨ q ∼ π/a ®á®¢®© ¢ª« ¤ ¢ ¨â¥£à «

¯¥à¥ªàëâ¨ï í«¥ªâà®-¤ëàª  ¢®áïâ á®áâ®ï¨ï «¥£ª¨å
¤ëà®ª (á¬. à¨á. 2). �«¥¤ã¥â ®á®¡® ¯®¤ç¥àªãâì,
çâ® § ¢¨á¨¬®áâì ¨â¥£à «  ¯¥à¥ªàëâ¨ï I24 ®â ¯¥à¥-
¤ ®£® ¨¬¯ã«ìá  |q2 − q4| áãé¥áâ¢¥® ¥«¨¥© .
�«ï ¥ ¯àï¦¥ëå �� «¨¥© ï § ¢¨á¨¬®áâì I24 ®â

¯¥à¥¤ ®£® ¨¬¯ã«ìá  ¨¬¥¥â ¬¥áâ® «¨èì ¯à¨ ¬ «ëå

¯¥à¥¤ ëå ¨¬¯ã«ìá å q < π/a, £¤¥ a — è¨à¨ 

ª¢ â®¢®© ï¬ë; ¢ ®¡« áâ¨ q > π/a ¨â¥£à « ¯¥à¥ªàë-
â¨ï I24 ¥áâì á« ¡® ã¡ë¢ îé ï äãªæ¨ï ¯¥à¥¤ ®£®

¨¬¯ã«ìá  (à¨á. 3, a). �  à¨á. 3, b ¯à¥¤áâ ¢«¥  â 

¦¥ § ¢¨á¨¬®áâì ¤«ï  ¯àï¦¥®© ª¢ â®¢®© ï¬ë.
�à®¤¥« ë©   «¨§ ¯®ª §ë¢ ¥â, çâ®  ¯àï¦¥¨¥
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�¨á. 3. � ¢¨á¨¬®áâì ¨â¥£à «  ¯¥à¥ªàëâ¨ï í«¥ªâà®-
¤ëàª  I24 (qx = 0) ®â ¯¥à¥¤ ®£® ¨¬¯ã«ìá  |q2 − q4|
¤«ï ¥ ¯àï¦¥®© (a) ¨  ¯àï¦¥®© (b) ª¢ â®¢®© ï¬ë
  ®á®¢¥ InGaAsP; Eeff

g = 0.83 í�, a = 60 Å, §®ë¥
¯ à ¬¥âàë áâàãªâãàë ¢§ïâë ¨§ [14].

ª ª ª ç¥áâ¢¥®, â ª ¨ ª®«¨ç¥áâ¢¥® ¢«¨ï¥â  

§ ¢¨á¨¬®áâì ¨â¥£à «  ¯¥à¥ªàëâ¨ï í«¥ªâà®-¤ëàª 
®â ¯¥à¥¤ ®£® ¨¬¯ã«ìá .

� à ¡®â¥ ¤àã£¨å  ¢â®à®¢ [9] ¯à¨ ¢ëç¨á«¥¨¨ áª®-
à®áâ¨ �� ¨á¯®«ì§®¢ «®áì ä¥®¬¥®«®£¨ç¥áª®¥ ¢ëà -
¦¥¨¥ ¤«ï à áç¥â  ¨â¥£à «  ¯¥à¥ªàëâ¨ï í«¥ªâà®-
¤ëàª  |I24|2 = α|q2 − q4|2/Eg, â. ¥. áç¨â «®áì, çâ®
I24 «¨¥©® § ¢¨á¨â ®â ¯¥à¥¤ ®£® ¨¬¯ã«ìá  (§¤¥áì
α — ¥ª®â®àë© ¯®¤£®®çë© ¯ à ¬¥âà). �à¨ íâ®¬,
§ ç¥¨¥ ¯®¤£®®ç®£® ¯ à ¬¥âà  α ¥ § ¢¨á¥«® ®â

¯ à ¬¥âà®¢ �� ¨ ¢¥«¨ç¨ë  ¯àï¦¥¨ï. �  áâ®ï-
é¥© à ¡®â¥ ¯®ª § ®, çâ® â ª®© ä¥®¬¥®«®£¨ç¥áª¨©
¯®¤å®¤ ¥¯à¨¥¬«¨¬ ¢ ®¡é¥¬ á«ãç ¥ ¨ ¥ ¯®§¢®«ï¥â

  «¨§¨à®¢ âì § ¢¨á¨¬®áâì áª®à®áâ¨ �� ®â ¯ à -
¬¥âà®¢ ��, ¢¥«¨ç¨ë  ¯àï¦¥¨ï ¨ â¥¬¯¥à âãàë.
� ª¨¬ ®¡à §®¬, ¤«ï à áç¥â  ¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï
ç áâ¨æ, ãç áâ¢ãîé¨å ¢ ¯à®æ¥áá¥ ��, ¥®¡å®¤¨¬® ¨á-
¯®«ì§®¢ âì ¢®«®¢ë¥ äãªæ¨¨, à ááç¨â ë¥ ¢ à ¬-
ª å ¬®£®§®®© ¬®¤¥«¨ �¥© .

�«ï à áç¥â  áª®à®áâ¨ �� ¬ âà¨çë© í«¥¬¥â, ¢ë-
ç¨á«¥ë©   «¨â¨ç¥áª¨ á®£« á® ®¯¨á ®© ¢ëè¥

áå¥¬¥, á«¥¤ã¥â ¯®¤áâ ¢¨âì ¢ (1). �á¯®«ì§ãï ¤ «¥¥

áâ ¤ àâãî áå¥¬ã ¢ëç¨á«¥¨© ¨ ¯¥à¥å®¤ë ª ¯®«ïà-
ë¬ ª®®à¤¨ â ¬ (qi, ϕi), ¢ ¯«®áª®áâ¨ ¯à®¤®«ì®£®

¨¬¯ã«ìá  q, ¤«ï áª®à®áâ¨ �� ¨¬¥¥¬

G =
1

4π5~
∑

n1,n2,n4

∞∫
0

∞∫
0

∞∫
0

q1dq1q2dq2q4dq4

×

2π∫
0

2π∫
0

dϕ1dϕ2|M(q1, q2, q4, ϕ1, ϕ2)|2

× fc(q1)fc(q2)fh(q4)

∣∣∣∣∂E3

∂k3

∣∣∣∣−1

. (8)

�«ï ¤ «ì¥©è¥£® à ááç¥â  áª®à®áâ¨ �� 5-¬¥àë©
¨â¥£à « (8) ¢ëç¨á«ï¥âáï ç¨á«¥®. � «¨§ ¢ëà ¦¥-
¤¨ï (8) ¯®§¢®«ï¥â á¤¥« âì ¢ë¢®¤, çâ® áª®à®áâì ��
¨¬¥¥â ¥íªá¯®¥æ¨ «ìãî § ¢¨á¨¬®áâì ®â â¥¬¯¥à -
âãàë, â. ¥. ¯à®æ¥áá �� ï¢«ï¥âáï ¡¥á¯®à®£®¢ë¬ [5,10].

4. �¡áã¦¤¥¨¥ ¨ à¥§ã«ìâ âë

�«ï ¤¥¬®áâà æ¨¨ § ¢¨á¨¬®áâ¨ áª®à®áâ¨ �� ®â ¯ -
à ¬¥âà®¢ �� ¬ë à áá¬®âà¨¬ ¤¢¥ £¥â¥à®áâàãªâãàë  

®á®¢¥ In1−xGaxAsyP1−y ¨ In1−x−zGaxAlzAs. �®áâ ¢

ç¥â¢¥àëå à áâ¢®à®¢ ¡ã¤¥¬ ®¯à¥¤¥«ïâì ¨§ ãá«®¢¨ï

Eeff
g = const ¯à¨ ¤ ëå § ç¥¨ïå  ¯àï¦¥¨ï ξ ¨

è¨à¨ë ª¢ â®¢®© ï¬ë (§¤¥áì Eeff
g — íää¥ªâ¨¢ ï

è¨à¨  § ¯à¥é¥®© §®ë). �à¨ íâ®¬ § ç¥¨ï  -
¯àï¦¥¨ï ξ, ®â¢¥ç îé¨¥ à¥ «ìë¬ áâàãªâãà ¬, ¬®-
£ãâ ¨§¬¥ïâìáï «¨èì ¢ ®¯à¥¤¥«¥ëå ¯à¥¤¥« å, ª®â®-
àë¥ § ¢¨áïâ ®â Eeff

g ¨ a. � ª®© ¢ë¡®à áâàãªâãà á¢ï§ 
á â¥¬, çâ® íâ¨ áâàãªâãàë ¨¬¥îâ è¨à®ª®¥ ¯à ªâ¨ç¥-
áª®¥ ¯à¨¬¥¥¨¥ ¤«ï á®§¤ ¨ï ¤«¨®¢®«®¢ëå « §¥-
à®¢ ¢ ¤¨ ¯ §®¥ 1.3–1.5¬ª¬. �à¨ á®§¤ ¨¨ « §¥à®¢,
¨§«ãç îé¨å ¢ ¤ ®¬ ¤¨ ¯ §®¥ ¤«¨ ¢®«, ¢ ¦®
¢ë¡¨à âì â ª¨¥ ¯ à ¬¥âàë áâàãªâãàë (á®åà ïï § -
ç¥¨¥ Eeff

g ¯®áâ®ïë¬), çâ®¡ë â®ª ®¦¥-à¥ª®¬¡¨ æ¨¨
¡ë« ¬¨¨¬ «ìë¬,   ª¢ â®¢ë© ¢ëå®¤— ¬ ªá¨¬ «ì-
ë¬. �á®¢®© ¯à¥¤¬¥â ¤ ®© à ¡®âë — ¯à®¢¥áâ¨

ª ç¥áâ¢¥ë© ¨ ª®«¨ç¥áâ¢¥ë©   «¨§ § ¢¨á¨¬®áâ¨

áª®à®áâ¨ �� ®â ¯ à ¬¥âà®¢ áâàãªâãàë.
� ¬¨ ¯à®¤¥«  â¥®à¥â¨ç¥áª¨©   «¨§ § ¢¨á¨¬®áâ¨

áª®à®áâ¨ �� ®â è¨à¨ë �� a, ¢ëá®â £¥â¥à®¡ àì¥à®¢
¤«ï í«¥ªâà®®¢ Vc ¨ ¤ëà®ª Vv, ¢¥«¨ç¨ë  ¯àï¦¥-
¨ï ξ ¨ â¥¬¯¥à âãàë T . � ª®©   «¨§ ¯®ª § «,
çâ® áª®à®áâì �� áãé¥áâ¢¥® § ¢¨á¨â ®â ãª § ëå

¯ à ¬¥âà®¢ ��.
�  à¨á. 4 ¯à¥¤áâ ¢«¥  § ¢¨á¨¬®áâì áª®à®áâ¨ ��

®â è¨à¨ë �� ¤«ï ¤¢ãå ãª § ëå ¢ëè¥ áâàãªâãà.
� à®áâ®¬ è¨à¨ë �� áª®à®áâì �� á¨«ì® ¯ ¤ ¥â.
� ¯à¨¬¥à, ¯à¨ ¨§¬¥¥¨¨ è¨à¨ë �� ®â 40 ¤®

120 Å, áª®à®áâì G ¯ ¤ ¥â ¡®«¥¥ ç¥¬   2 ¯®àï¤ª .
� ¢¨á¨¬®áâì áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨ ®â a ¤«ï
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�¨á. 4. � ¢¨á¨¬®áâì «®£ à¨ä¬  áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨-
 æ¨¨ log10(G) ®â è¨à¨ë ª¢ â®¢®© ï¬ë a ¤«ï ¤¢ãå

§ ç¥¨© ã¯àã£®£®  ¯àï¦¥¨ï ξ ¤«ï ª¢ â®¢®© ï¬ë  

®á®¢¥ InGaAsP (a) ¨ InGaAlAs (b). �«ï ®¡®¨å áâàãªâãà
Eeff
g = 0.8 í�, n = p = 2 · 1012 á¬−2, §®ë¥ ¯ à ¬¥âàë

áâàãªâãà à ááç¨â ë á®£« á® [14].

¤¢ãå ãª § ëå áâàãªâãà ª ç¥áâ¢¥® à §«¨ç . �
áâàãªâãà¥ In1−x−zGaxAlzAs ¢ëá®â  £¥â¥à®¡ àì¥à®¢

¤«ï í«¥ªâà®®¢ Vc ¡®«ìè¥, ç¥¬ ¢ëá®â  £¥â¥à®¡ àì¥à 

¤«ï ¤ëà®ª Vv, ¨å ®â®è¥¨¥ à ¢® Vc/Vv = 7/3.
�®íâ®¬ã ª¢ â®¢ ï ï¬  ¤«ï í«¥ªâà®®¢ £«ã¡®ª ï ¨

ç¨á«® í«¥ªâà®ëå ãà®¢¥©, ãç áâ¢ãîé¨å ¢ ¯à®æ¥áá¥
��, ¥ ¨§¬¥ï¥âáï ¯à¨ ¨§¬¥¥¨¨ è¨à¨ë �� a.
� ª¨¬ ®¡à §®¬, § ¢¨á¨¬®áâì G(a) ¤«ï ¤ ®© áâàãª-
âãàë ï¢«ï¥âáï ¬®®â®® ã¡ë¢ îé¥© äãªæ¨¥© a;
¯à¨ç¥¬ á à®áâ®¬ ¢¥«¨ç¨ë  ¯àï¦¥¨ï ξ § ¢¨á¨¬®áâì
G ®â a ï¢«ï¥âáï ¡®«¥¥ à¥§ª®© (à¨á. 3). � ï á¨-
âã æ¨ï ¨¬¥¥â ¬¥áâ® ¤«ï ª¢ â®¢®© ï¬ë   ®á®¢¥

In1−xGaxAsyP1−y. �«ï íâ®© áâàãªâãàë £«ã¡¨  ª¢ -
â®¢®© ï¬ë ¤«ï í«¥ªâà®®¢ ¬¥ìè¥, ç¥¬ ¤«ï ¤ëà®ª;
á®®â®è¥¨¥ ¬¥¦¤ã ¨¬¨ ¥áâì Vc/Vv = 4/6. �à¨ íâ®¬
á à®áâ®¬ a ¢®§à áâ ¥â ç¨á«® í«¥ªâà®ëå ãà®¢¥©,
ãç áâ¢ãîé¨å ¢ ¯à®æ¥áá¥ ��. �®ï¢«¥¨¥ ®¢®£® ãà®¢-
ï ¤«ï í«¥ªâà®®¢ ¤ ¥â ®éãâ¨¬ë© ¢ª« ¤ ¢ áª®à®áâì

��. �«¥¤®¢ â¥«ì®,   ªà¨¢®© § ¢¨á¨¬®áâ¨ G ®â a
¯à¨ ¯®ï¢«¥¨¨ ®¢®£® ãà®¢ï  ¡«î¤ îâáï ¥¡®«ì-
è¨¥ ¢®§à áâ ¨ï áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨; ¤ «¥¥
á à®áâ®¬ a áª®à®áâì ®¦¥-à¥ª®¬¡¨ æ¨¨ ¯®-¯à¥¦¥¬ã

�¨á. 5. � ¢¨á¨¬®áâì áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨ G ®â

¢ëá®âë £¥â¥à®¡ àì¥à  ¤«ï í«¥ªâà®®¢ Vc ¤«ï ¤¢ãå § -
ç¥¨© ã¯àã£®£®  ¯àï¦¥¨ï ξ ¤«ï ª¢ â®¢®© ï¬ë  

®á®¢¥ InGaAsP (a) ¨ InGaAlAs (b). �«ï ®¡®¨å áâàãªâãà
Eeff
g = 0.8 í�, n = p = 2 · 1012 á¬−2, §®ë¥ ¯ à ¬¥âàë

áâàãªâãà à ááç¨â ë á®£« á® [14].

ã¡ë¢ ¥â. �à¨ ¨§ª¨å â¥¬¯¥à âãà å § ¢¨á¨¬®áâì G(a)
¥áâì ã¡ë¢ îé ï äãªæ¨ï á ¥¡®«ìè¨¬¨ ®áæ¨««ïæ¨-
ï¬¨ ¯à¨ â¥å § ç¥¨ïå a, ¯à¨ ª®â®àëå ¯®ï¢«ïîâáï

®¢ë¥ ãà®¢¨. � à®áâ®¬ ¢¥«¨ç¨ë  ¯àï¦¥¨ï § ¢¨-
á¨¬®áâìG(a) ï¢«ï¥âáï ¡®«¥¥ á« ¡®©, â ª ª ª ¯à¨ íâ®¬
ã¬¥ìè ¥âáï íää¥ªâ¨¢ ï ¢ëá®â  £¥â¥à®¡ àì¥à  ¤«ï

í«¥ªâà®®¢.�¤ ª® ¯à¨ ã¬¥ìè¥¨¨ Vc áª®à®áâì ®¦¥-
à¥ª®¬¡¨ æ¨¨ ¯ ¤ ¥â.

� ª ¯®ª § ® à ¥¥ [5], ¡¥á¯®à®£®¢ë© ¬¥å ¨§¬ ��

¢ �� ®¡ãá«®¢«¥ ¢§ ¨¬®¤¥©áâ¢¨¥¬ ®á¨â¥«¥© § àï¤ 

á £¥â¥à®£à ¨æ¥©. �«ï ¥ ¯àï¦¥ëå �� áª®à®áâì

�� à áâ¥â á à®áâ®¬ ¢ëá®âë £¥â¥à®¡ àì¥à®¢ ¤«ï í«¥ª-
âà®®¢. �  à¨á. 5 ¯à¥¤áâ ¢«¥  § ¢¨á¨¬®áâì áª®à®áâ¨
�� ®â ¢ëá®âë £¥â¥à®¡ àì¥à  ¤«ï  ¯àï¦¥®© ��.
�à¨  «¨ç¨¨ ¤¥ä®à¬ æ¨¨ § ¢¨á¨¬®áâì áª®à®áâ¨ ��

®â ¢ëá®âë £¥â¥à®¡ àì¥à  ï¢«ï¥âáï ¡®«¥¥ á« ¡®©, ç¥¬
¢ ®âáãâáâ¢¨¨ ¤¥ä®à¬ æ¨¨.

�  à¨á. 6 ¯à¥¤áâ ¢«¥  § ¢¨á¨¬®áâì áª®à®áâ¨ �� ®â
¢¥«¨ç¨ë  ¯àï¦¥¨ï ξ; ¯à¨ íâ®¬ ®¡« áâì ¨§¬¥¥¨ï
¢®§¬®¦ëå § ç¥¨© ξ § ¢¨á¨â ®â ¯ à ¬¥âà®¢ ��.
�«ï § ç¥¨© ξ, ®â¢¥ç îé¨å à¥ «ìë¬ áâàãªâãà ¬,
áª®à®áâì �� ã¡ë¢ ¥â á à®áâ®¬ ξ. �à¨ ã¬¥ìè¥¨¨
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è¨à¨ë �� § ¢¨á¨¬®áâì áª®à®áâ¨ �� ®â ¢¥«¨ç¨ë

 ¯àï¦¥¨ï áâ ®¢¨âáï ¡®«¥¥ à¥§ª®©. � ¢¨á¨¬®áâì
áª®à®áâ¨ �� ®â ¢¥«¨ç¨ë  ¯àï¦¥¨ï ®¯à¥¤¥«ï¥âáï

§ ¢¨á¨¬®áâìî ®â ξ ¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï I13 ¨ I24

(á¬. (6)–(7)). � à®áâ®¬ ξ íää¥ªâ¨¢®¥ § ç¥¨¥

¢ëá®âë £¥â¥à®¡ àì¥à  ¤«ï í«¥ªâà®®¢ ã¬¥ìè ¥âáï,
çâ® ¯à¨¢®¤¨â ª ã¬¥ìè¥¨î ¨â¥£à «  ¯¥à¥ªàëâ¨ï

í«¥ªâà®–¢ëá®ª®¢®§¡ã¦¤¥ë© í«¥ªâà® I13. �-
â¥£à « ¯¥à¥ªàëâ¨ï í«¥ªâà®-¤ëàª  I24 áãé¥áâ¢¥®

¬¥ï¥âáï ¢ § ¢¨á¨¬®áâ¨ ®â ¤¥ä®à¬ æ¨¨: ¯à¨ ¬ «ëå

¯¥à¥¤ ëå ¨¬¯ã«ìá å q < π/a I24 ã¬¥ìè ¥âáï á

à®áâ®¬ ξ,   ¯à¨ q > π/a ¨â¥£à « ¯¥à¥ªàëâ¨ï ¨¬¥¥â
¬ ªá¨¬ã¬ (à¨á. 3). � à¥§ã«ìâ â¥ áª®à®áâì �� ã¡ë¢ ¥â
á à®áâ®¬ ¢¥«¨ç¨ë  ¯àï¦¥¨ï ξ.
� ª ã¦¥ ¡ë«® ®â¬¥ç¥® ¢ëè¥, ¢ ®¤®à®¤ëå ¯®«ã-

¯à®¢®¤¨ª å, ¢á«¥¤áâ¢¨¥ â®£® çâ® ®¦¥-¯à®æ¥áá, ï¢«ï-
¥âáï ¯®à®£®¢ë¬, ª®íää¨æ¨¥â ��

CA = G/(~2p)

§ ¢¨á¨â ®â â¥¬¯¥à âãàë ¯® íªá¯®¥æ¨ «ì®¬ã § -
ª®ã: CA ∝ exp(−Eth/T ), £¤¥ Eth — ¯®à®£®¢ ï

í¥à£¨ï (Eth ∝ Eg), n ¨ p — ª®æ¥âà æ¨¨ í«¥ªâà®-
®¢ ¨ ¤ëà®ª á®®â¢¥âáâ¢¥®. � ��, ª ª ã¦¥ ¡ë«®

�¨á. 6. � ¢¨á¨¬®áâì áª®à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨ G ®â ¢¥-
«¨ç¨ë ã¯àã£®£®  ¯àï¦¥¨ï ¤«ï ¤¢ãå § ç¥¨© è¨à¨ë

ª¢ â®¢®© ï¬ë a ¤«ï £¥â¥à®áâàãªâãàë   ®á®¢¥ InGaAsP
(a) ¨ InGaAlAs (b). �«ï ®¡®¨å áâàãªâãà Eeff

g = 0.8 í�,
n = p = 2 · 1012 á¬−2, §®ë¥ ¯ à ¬¥âàë áâàãªâãà

à ááç¨â ë á®£« á® [14].

�¨á. 7. � ¢¨á¨¬®áâì ª®íää¨æ¨¥â  ®¦¥-à¥ª®¬¡¨ æ¨¨ Ca
â¥¬¯¥à âãàë T ¤«ï ¤¢ãå § ç¥¨© ã¯àã£®£®  ¯àï¦¥¨ï

ξ ¤«ï ¤¢ãå £¥â¥à®áâàãªâãà: InGaAsP (a) ¨ InGaAlAs (b).
�«ï ®¡®¨å áâàãªâãà Eeff

g = 0.8 í�, n = p = 2 · 1012 á¬−2,
§®ë¥ ¯ à ¬¥âàë áâàãªâãà à ááç¨â ë á®£« á® [14].
�ãªâ¨àë¥ ªà¨¢ë¥ á®®â¢¥âáâ¢ãîâ § ¢¨á¨¬®áâ¨ CA(T )
¯à¨ Eg = const. �¯«®èë¥ ªà¨¢ë¥ — â  ¦¥ § ¢¨á¨¬®áâì

¯à¨ Eg = Eg(T = 300 K)−α(T − 300 K), α = 4 · 10−4 í�/�.

®â¬¥ç¥® ¢ëè¥, ®¦¥-¯à®æ¥áá ï¢«ï¥âáï ¡¥á¯®à®£¢ë¬,
  ª®íää¨æ¨¥â �� á« ¡® § ¢¨á¨â ®â â¥¬¯¥à âãàë.
�®çë©   «¨§ ¯®ª § «, çâ® ¢ è¨à®ª®¬ ¤¨ ¯ §®¥

è¨à¨ �� ª®íää¨æ¨¥â �� ¯à ªâ¨ç¥á¨ ¥ § ¢¨á¨â ®â

â¥¬¯¥à âãàë. � íâ®¬ á«ãç ¥ § ¢¨á¨¬®áâì CA ®â â¥¬-
¯¥à âãàë ®¯à¥¤¥«ï¥âáï § ¢¨á¨¬®áâìî è¨à¨ë § ¯à¥-
é¥®© §®ë ®â â¥¬¯¥à âãàë. �  à¨á. 7 ¯à¥¤áâ ¢«¥ 
§ ¢¨á¨¬®áâì ª®íää¨æ¨¥â  �� ®â â¥¬¯¥à âãàë ¤«ï

á«ãç ï, ª®£¤  Eg ¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë, ¨ ¤«ï

á«ãç ï, ª®£¤  Eg ¥áâì äãªæ¨ï â¥¬¯¥à âãàë.

5. � ª«îç¥¨¥

�  áâ®ïé¥© à ¡®â¥ ¨§ ¯¥à¢ëå ¯à¨æ¨¯®¢ ¢ë¯®«¥

â¥®à¥â¨ç¥áª¨© à áç¥â áª®à®áâ¨ ���� ®¦¥-¯à®æ¥áá 
¢ ª¢ â®¢ëå ï¬ å á  ¯àï¦¥ë¬¨ á«®ï¬¨. �à®-
¤¥« ë© â¥®à¥â¨ç¥áª¨©   «¨§ ¯®ª § «, çâ® áª®-
à®áâì ®¦¥-à¥ª®¬¡¨ æ¨¨ ¢  ¯àï¦¥®© ª¢ â®¢®©

ï¬¥ áãé¥áâ¢¥® § ¢¨á¨â ®â ¢ëá®â £¥â¥à®¡ àì¥à®¢
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¤«ï í«¥ªâà®®¢ ¨ ¤ëà®ª, è¨à¨ë ª¢ â®¢®© ï¬ë ¨

¢¥«¨ç¨ë  ¯àï¦¥¨ï. �®ª § ®, çâ® ¤«ï ª ç¥áâ¢¥-
®£® ¨ ª®«¨ç¥áâ¢¥®£®   «¨§  § ¢¨á¨¬®áâ¨ áª®-
à®áâ¨ ®¦¥-à¥ª®¬¡¨ æ¨¨ ®â ãª § ëå ¯ à ¬¥âà®¢

ª¢ â®¢®© ï¬ë ¥®¡å®¤¨¬ ¬¨ªà®áª®¯¨ç¥áª¨© à áç¥â

¨â¥£à «®¢ ¯¥à¥ªàëâ¨ï, ®á®¢ ë©   ¬®£®§®®©
¬®¤¥«¨ �¥© . � ª®© ¯®¤å®¤ ¢ ¦¥ ¯à¨ ¨áá«¥¤®-
¢ ¨¨ ¯®à®£®¢ëå å à ªâ¥à¨áâ¨ª ¯®«ã¯à®¢®¤¨ª®¢ëå

« §¥à®¢   ª¢ â®¢ëå ï¬ å. �à¨ ®¯â¨¬¨§ æ¨¨ ¯ à -
¬¥âà®¢ â ª¨å « §¥àëå áâàãªâãà ¥®¡å®¤¨¬® § âì

§ ¢¨á¨¬®áâì ®â ¯ à ¬¥âà®¢ ª¢ â®¢®© ï¬ë ¯®à®£®¢®©

¯«®â®áâ¨ â®ª , ª®â®à ï ®¯à¥¤¥«ï¥âáï ¯à®æ¥áá ¬¨

®¦¥-à¥ª®¬¡¨ æ¨¨ ¨ ¨§«ãç â¥«ì®© à¥ª®¬¡¨ æ¨¨.

� áâ®ïé ï à ¡®â  ç áâ¨ç® ¯®¤¤¥à¦   �®áá¨©-
áª¨¬ �®¤®¬ äã¤ ¬¥â «ìëå ¨áá«¥¤®¢ ¨© (£à â
96-02-17952) ¨ £®áã¤ àáâ¢¥®© ¯à®£à ¬¬®© ”�¨§¨ª 
â¢¥à¤®â¥«ìëå  ®áâàãªâãà. � ¡®â  �.�.�¤à¥¥¢ 
¯®¤¤¥à¦   áâ¨¯¥¤¨¥© INTAS Grant 93-2492-ext ¨

¯à®¢®¤¨âáï ¢ à ¬ª å ¯à®£à ¬¬ë ¨áá«¥¤®¢ ¨© �¥-
¦¤ã à®¤®£® æ¥âà  äã¤ ¬¥â «ì®© ä¨§¨ª¨ ¢

�®áª¢¥.
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Auger recombination in strained quantum
wells

A.D. Andreev, G.G. Zegrya

A.F. Ioffe Physicotechnical Institute,
Russian Academy of Sciences,
194021 St. Petersburg, Russia

Abstract In this paper, a thressholdless mechanism of Auger
recombination of excess carriers in strained layer quantum
wells is studied theoretically. It is shown that the analysis
of the Auger recombination rate dependence on strain and
heterobarrier heights for electron and holes is possible only in
the framework of microscopic calculation of overlap integrals
between the initial and final states of particles. In strained
layer quantum wells the strain affects both qualitatively and
quantitatively the electron-hole overlap integral. In the paper,
an analysis of the Auger recombination rate dependence
on quantum well parameters, strain and temperature is
carried out for heterostrutures based on InGaAsP/InP and
InGaAlAs/InP.
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