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ª¢ â®¢ëå ï¬ ¨ ¡ àì¥à®¢. �à¥¤«®¦¥  íää¥ªâ¨¢ ï ¬¥â®¤¨ª  à áç¥â  í¥à£¨© á¢ï§¨ ¨ ®£¨¡ îé¨å
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¡ àì¥à ¬¨. �ë¯®«¥ë à áç¥âë ¯à¨¬¥¨â¥«ì® ª áâàãªâãà ¬ AlxGa1−xAs–GaAs á ¤¢ã¬ï ¨ ¡®«ìè¨¬
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1. �®§¬®¦®áâì á®§¤ ¨ï ¨áªãááâ¢¥ëå ¨§ª®-
à §¬¥àëå áâàãªâãà ¢ ¢¨¤¥ ª¢ §¨¤¢ã¬¥àëå á¨áâ¥¬

ª¢ â®¢ëå ï¬ (��), ª¢ §¨®¤®¬¥àëå ª¢ â®¢ëå ¨-
â¥© ¨ ª¢ §¨ã«ì¬¥àëå ª¢ â®¢ëå â®ç¥ª ¯à¨¢®¤¨â

ª çà¥§¢ëç ©® à §®®¡à §ë¬ ¨ áà ¢¨â¥«ì® «¥£ª®

à¥ «¨§ã¥¬ë¬ á¯¥ªâà ¬ í«¥¬¥â àëå ¢®§¡ã¦¤¥¨©

ª ª â ª¨å ¨§®«¨à®¢ ëå á¨áâ¥¬, â ª ¨ ¨å à §«¨ç-
ëå ª®¬¡¨ æ¨©, ¨â¥£à¨à®¢ ëå ¢ ¯à¨¡®àë¥  -
®áâàãªâãàë [1]. �®¯®«¨â¥«ìë¥ ¢®§¬®¦®áâ¨ ¢ á®-
§¤ ¨¨ £¥â¥à®áâàãªâãà (��) á § ¤ ë¬¨ á¢®©áâ¢ ¬¨
®âªàë¢ ¥â â¥å®«®£¨ï á¥«¥ªâ¨¢®£® «¥£¨à®¢ ¨ï [2].
� à ªâ¥à ¢®§¨ª îé¨å ¯à¨ íâ®¬ ¯à¨¬¥áëå á®áâ®ï-
¨© ¢® ¬®£®¬ ®¯à¥¤¥«ï¥âáï ¯à¨áãé¨¬¨ ¤ ®© ��

®á®¡¥®áâï¬¨ à §¬¥à®-ª¢ â®¢ ëå í«¥ªâà®ëå
á®áâ®ï¨©.

�¡é¨© ª ç¥áâ¢¥ë©   «¨§ ¬¥«ª¨å (ªã«®®¢áª¨å)
¯à¨¬¥áëå á®áâ®ï¨© ¢ ¤¢ã¬¥à®© (2D) á¨áâ¥¬¥ ¢ë-
¯®«¥ ¢ à ¡®â¥ [3], ¢ ª®â®à®© ¯®«ãç¥  ®æ¥ª 

í¥à£¨¨ á¢ï§¨ á ãç¥â®¬ ¬®¤¨ä¨ª æ¨¨ ªã«®®¢áª®£®

¢§ ¨¬®¤¥©áâ¢¨ï, ¨¬¥îé¥© ¬¥áâ® ¢ 2D á¨áâ¥¬¥. � [3]
â ª¦¥ ®æ¥¥ë í¥à£¨¨ ¨ ¢à¥¬¥  ¦¨§¨ ª¢ §¨áâ -
æ¨® àëå ¯à¨¬¥áëå á®áâ®ï¨©, ®âé¥¯«ïîé¨å ®â

2D ¯®¤§® à §¬¥à®£® ª¢ â®¢ ¨ï (ªà®¬¥ ¨¦¥©).
�¥à¢®¥ â¥®à¥â¨ç¥áª®¥ ¨áá«¥¤®¢ ¨¥ ¢®¤®à®¤®¯®¤®¡®-
£® ¤®®à®£® ¯à¨¬¥á®£® á®áâ®ï¨ï ¢ ®¤¨®ç®© ��

á ¡¥áª®¥ç® ¢ëá®ª¨¬¨ ¡ àì¥à ¬¨ [4] ¢¯®á«¥¤áâ¢¨¨
¯®¤¢¥à£«®áì ãâ®ç¥¨¥¬, á¢ï§ ë¬ á ãç¥â®¬ ª®¥ç-
®áâ¨ ¢ëá®âë ¡ àì¥à®¢, à §«¨ç¨ï íää¥ªâ¨¢ëå ¬ áá
¨ ¤¨í«¥ªâà¨ç¥áª¨å ¯à®¨æ ¥¬®áâ¥© ¢ ¬ â¥à¨ « å ��

¨ ¡ àì¥àëå á«®¥¢ [5–9]. � ®â¤¥«ìëå á«ãç ïå

¨áá«¥¤®¢ «¨áì ¨ ¡®«¥¥ á«®¦ë¥ áâàãªâãàë, á®áâ®ï-
é¨¥,  ¯à¨¬¥à, ¨§ ¤¢ãå ®¤¨ ª®¢ëå ��, à §¤¥«¥ëå
âã¥«ì®-¯à®§à çë¬ ¡ àì¥à®¬ [10].

�á®¡ë© ¨â¥à¥á, ®¤ ª®, ¯à¥¤áâ ¢«ïîâ ¨¬¥®

 á¨¬¬¥âà¨çë¥ á¨áâ¥¬ë ��. � â ª¨å áâàãªâãà å

¢®§¬®¦  íää¥ªâ¨¢ ï ¯¥à¥¤¨á«®ª æ¨ï í«¥ªâà®-
ëå ®£¨¡ îé¨åäãªæ¨© ¢ ¯®¤§® å à §¬¥à®£® ª¢ -
â®¢ ¨ï ¯®¤ ¤¥©áâ¢¨¥¬ ¢¥è¨å ¯®«¥© [11], çâ® ¯®-
§¢®«ï¥â ¨á¯®«ì§®¢ âì íâ¨ áâàãªâãàë ª ª ¬®£®äãª-
æ¨® «ìë¥ í«¥¬¥âë ¨â¥£à «ìëå áå¥¬  ®í«¥ª-

âà®¨ª¨ [12]. �¥à¥¤¨á«®ª æ¨ï ®£¨¡ îé¨å ¢«¨ï¥â

  ¯à¨¬¥áë¥ á®áâ®ï¨ï [13] ¨, ª ª á«¥¤áâ¢¨¥,  
¯®«®¦¥¨¥ ª¢ §¨ãà®¢¥© �¥à¬¨ ¨ § ¯®«¥¨¥ í«¥ª-
âà®ëå ¯®¤§® [13]. � [13] à áá¬®âà¥ë £«ã¡®ª¨¥

¯à¨¬¥áë¥ á®áâ®ï¨ï, ä®à¬¨àã¥¬ë¥ ¯à¥¤¥«ì® á¨«ì-
® «®ª «¨§®¢ ë¬ ¯®â¥æ¨ «®¬. � áâ®ïé ï à ¡®â 
¯®á¢ïé¥  ¬¥«ª¨¬ ¤®®àë¬ á®áâ®ï¨ï¬ ¢  á¨¬¬¥-
âà¨çëå �� á ��.

2. � ª ¯à ¢¨«®, ¯à¨ à¥è¥¨¨ § ¤ ç¨ ® ¯à¨¬¥áëå
á®áâ®ï¨ïå ¢ �� á �� ¨á¯®«ì§ã¥âáï ¢ à¨ æ¨®ë©

¬¥â®¤ ¢ à ¬ª å ¯à¨¡«¨¦¥¨ï íää¥ªâ¨¢®© ¬ ááë.
�â®â ¯à®áâ®© ¨ ã¤®¡ë© ¯®¤å®¤ ª ¨§ãç¥¨î ¬¥«ª¨å

(  ¨®£¤  ¨ ¤®¢®«ì® £«ã¡®ª¨å) ¯à¨¬¥áëå á®áâ®ï¨©
¢ ®¡ê¥¬¥ ¯®«ã¯à®¢®¤¨ª , £¤¥ á¨¬¬¥âà¨ï ¯à®áâà -
áâ¢¥®£® à á¯à¥¤¥«¥¨ï í«¥ªâà®®© ¯«®â®áâ¨ ¤®-
áâ â®ç® ®ç¥¢¨¤ , ¨¬¥¥â áãé¥áâ¢¥ë¥ ®£à ¨ç¥¨ï
¢ ¯à¨¬¥¥¨¨ ª à áç¥â ¬ ¯à¨¬¥áëå á®áâ®ï¨© ¢

��. �¥©áâ¢¨â¥«ì®, ¢ ¥á¨¬¬¥âà¨ç®© �� á ¤¢ã¬ï ¨

¡®«ìè¨¬ ç¨á«®¬ �� í«¥ªâà®ë¥ ¢®«®¢ë¥ äãªæ¨¨

¬®£ãâ ¨¬¥âì ¢¥áì¬  íª§®â¨ç¥áª¨© ¢¨¤, ¯®íâ®¬ã ¢ë¡®à
¯à®¡ëå äãªæ¨© ¢ á«ãç ¥ â ª¨å �� ¥¨§¡¥¦® á¢ï-
§  á ã¢¥«¨ç¥¨¥¬ ç¨á«  ¢ à¨ æ¨®ëå ¯ à ¬¥âà®¢ ¨

ãá«®¦¥¨¥¬ ¢ëç¨á«¨â¥«ì®© ¯à®æ¥¤ãàë.

�¤¥áì, ¨¬¥ï ¢ ¢¨¤ã ¯à¨«®¦¥¨ï ª �� á ¤®áâ â®ç®

ã§ª¨¬¨ �� ¨ ¡ àì¥à ¬¨, ¬ë ¢®á¯®«ì§ã¥¬áï ¬¥â®¤¨-
ª®©, ¯à¨¬¥¥®© à ¥¥ [14,15] ¤«ï ®¯¨á ¨ï íªá¨â®-
ëå á®áâ®ï¨© ¢ ¯®¤®¡ëå áâàãªâãà å. �â  ¬¥â®¤¨ª 
á¢®¤¨âáï ª à §«®¦¥¨î ¯à¨¬¥áëå ®£¨¡ îé¨å äãª-
æ¨© ¯® 2D ¡ §¨áã � ì¥ í«¥ªâà®ëå ®£¨¡ îé¨å

¢ ¤ ®© ��. � ª®© ¯®¤å®¤ ¯®§¢®«ï¥â íää¥ªâ¨¢®

à §¤¥«¨âì ¤¢¨¦¥¨¥ í«¥ªâà®    ¯®¯¥à¥ç®¥ ¨ ¯à®-
¤®«ì®¥ (¢¤®«ì ®á¨ ��), çâ® § ç¨â¥«ì® ®¡«¥£ç ¥â
¢ë¡®à ¯à®¡ëå ®£¨¡ îé¨å äãªæ¨© ¢ ¢ à¨ æ¨®®©

¯à®æ¥¤ãà¥. �à¨ íâ®¬ ¢ à áç¥â ¯à¨¨¬ îâáï ®á®¢ë¥
¤¥â «¨ áâà®¥¨ï ��: à §«¨ç¨ï íää¥ªâ¨¢ëå ¬ áá ¨
¤¨í«¥ªâà¨ç¥áª¨å ¯à®¨æ ¥¬®áâ¥© ¬ â¥à¨ «®¢ �� ¨

¡ àì¥à®¢,   â ª¦¥ íää¥ªâë ¥¯ à ¡®«¨ç®áâ¨ §®ë

¯à®¢®¤¨¬®áâ¨. � ª ®¡ëç® [16], �� ¯à¥¤áâ ¢«ï¥âáï

¯àï¬®ã£®«ì®© ¯®â¥æ¨ «ì®© ï¬®©, ¯à¨ç¥¬ ¢ ª ç¥-
áâ¢¥ íää¥ªâ¨¢ëå ¬ áá ¨ ¤¨í«¥ªâà¨ç¥áª¨å ¯à®¨æ -
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¥¬®áâ¥© ¢ ®¡« áâïå �� ¨ ¡ àì¥àëå á«®¥¢ ¯à¨¨-
¬ îâáï ¨å § ç¥¨ï ¢ á®®â¢¥âáâ¢ãîé¨å ¬ áá¨¢ëå

¯®«ã¯à®¢®¤¨ª å. �â® ¯à¨¡«¨¦¥¨¥ á¢ï§ ® á  -
«¨ç¨¥¬ ¤¢ãå ¥áâ¥áâ¢¥ëå ¨ á¨«ì® à §«¨ç îé¨åáï

å à ªâ¥àëå ¬ áèâ ¡®¢ ¤«¨ë: áç¨â ¥âáï [16,17], çâ®
íää¥ªâ¨¢ ï â®«é¨  £¥â¥à®£à ¨æë ¨¬¥¥â ¯®àï¤®ª

¢¥«¨ç¨ë ¬¥¦ â®¬®£® à ááâ®ï¨ï, çâ®   ¥áª®«ìª®
¯®àï¤ª®¢ ¬¥ìè¥ å à ªâ¥à®£® ¬ áèâ ¡  ¨§¬¥¥¨ï

¢¥è¨å ¯®«¥©, ¯à¨«®¦¥ëå ª ��. � ª¨¬ ®¡à §®¬,
¬¥â®¤ íää¥ªâ¨¢®© ¬ ááë ï¢«ï¥âáï ¢¯®«¥ ¯à¨¥¬«¥-
¬ë¬ ¢ ª ¦¤®¬ í«¥¬¥â¥ ��. �è¨¢ ¨¥ à¥è¥¨©

¢ ®¡« áâïå, à §¤¥«¥ëå áª çª®¬ ¯®â¥æ¨ « , ®áã-
é¥áâ¢«ï¥âáï ¯à¨ ¯®¬®é¨ á®®â¢¥âáâ¢ãîé¨å £à ¨ç-
ëå ãá«®¢¨©. � ¨¡®«¥¥ ã¯®âà¥¡¨â¥«ìë¬¨ ï¢«ïîâ-
áï [16,17] ãá«®¢¨ï, ®¡¥á¯¥ç¨¢ îé¨¥ ¥¯à¥àë¢®áâì  
£¥â¥à®£à ¨æ å ®£¨¡ îé¨å äãªæ¨© ¨ ¯«®â®áâ¨ ¯®-
â®ª  ¢¥à®ïâ®áâ¨, ¢ëç¨á«¥®£®   íâ¨å ®£¨¡ îé¨å.
�á¥ íâ¨ ®¡ëç® ¨á¯®«ì§ã¥¬ë¥ ¯à¨¡«¨¦¥¨ï, à -

§ã¬¥¥âáï, ¥ ¯®§¢®«ïîâ à ááç¨âë¢ âì   ¯®«ãç¥¨¥
ª®«¨ç¥áâ¢¥®© ¨ä®à¬ æ¨¨ ®¡ í¥à£¥â¨ç¥áª®¬ á¯¥ª-
âà¥ á¨áâ¥¬ ��, ®¤ ª® ª ç¥áâ¢¥ë© ¨å   «¨§ ¢

à ¬ª å ¬¥â®¤  ®£¨¡ îé¨å äãªæ¨© ¢ ¯à¨¡«¨¦¥¨¨

íää¥ªâ¨¢®© ¬ ááë ¯®çâ¨ ¢á¥£¤  ¯à¨¢®¤¨â ª ¢¯®«¥

ã¤®¢«¥â¢®à¨â¥«ìë¬ à¥§ã«ìâ â ¬ [16,17]. � ç áâ®-
áâ¨, áç¨â ¥âáï, çâ® ¬¥â®¤ ¤®áâ â®ç® íää¥ªâ¨¢¥,
¥á«¨ å à ªâ¥àë¥ à §¬¥àë �� ¨ ¡ àì¥à®¢ ¯à¥¢ëè -
îâ ¢¥«¨ç¨ã ¯®àï¤ª  ¤¥áïâª   £áâà¥¬ [17].

3. �«ï ª« áá¨ä¨ª æ¨¨ í«¥ªâà®ëå á®áâ®ï¨© ¢

¯«  àëå �� á �� ¬®¦® ¢®á¯®«ì§®¢ âìáï  ¡®à®¬

ª¢ â®¢ëå ç¨á¥« {n, k}, £¤¥ n — ®¬¥à 2D ¯®¤§®ë

à §¬¥à®£® ª¢ â®¢ ¨ï §®ë ¯à®¢®¤¨¬®áâ¨, k —
ª¢ §¨¨¬¯ã«ìá ¯®¯¥à¥ç®£® ¤¢¨¦¥¨ï. �£¨¡ îé¨¥ ®¤-
®í«¥ªâà®ëå ¢®«®¢ëå äãªæ¨© ¬®£ãâ ¡ëâì ¯à¥¤-
áâ ¢«¥ë ¢ ¢¨¤¥ [17]

|n, k〉 =
1
√
S
fnk(z) exp(ikρ). (1)

£¤¥ S — ®à¬¨à®¢®ç ï ¯«®é ¤ì ��, ρ — ¯®¯¥à¥ç ï

á®áâ ¢«ïîé ï à ¤¨ãá -¢¥ªâ®à  r, ®áì z  ¯à ¢«¥ 

¢¤®«ì ®á¨ ��, 1D ®£¨¡ îé¨¥ äãªæ¨¨ fnk(z) ¥áâì

à¥è¥¨ï (¯à¨ § ¤ ®¬ k) ®¤®¢à¥¬¥® ãà ¢¥¨ï
�à¥¤¨£¥à  á ¯®â¥æ¨ «®¬ ¢ ¢¨¤¥ ¯àï¬®ã£®«ìëå

�� [17]. �ãªæ¨¨ (1), ®¯¨áë¢ îé¨¥ ®¤®ç áâ¨ç-
ë¥ í«¥¬¥â àë¥ ¢®§¡ã¦¤¥¨ï ¢ í«¥ªâà®®© ¯®¤-
á¨áâ¥¬¥ ��, ¬®¦® à áá¬ âà¨¢ âì ª ª á®¢®ªã¯®áâì
á®¡áâ¢¥ëå äãªæ¨© ¥ª®â®à®£® íää¥ªâ¨¢®£® ®¯¥-
à â®à  � ¬¨«ìâ®  H0, ®¯à¥¤¥«ïîé¥£® â ª¦¥ í«¥ª-
âà®ë© í¥à£¥â¨ç¥áª¨© á¯¥ªâà En(k) ¤ ®© �� [18]:

H0|nk〉 = En(k)|nk〉. (2)

� «¨ç¨¥ ¢ �� ¤®®à®© ¯à¨¬¥á¨ ¤®¡ ¢«ï¥â ª H0

¯à¨¬¥áë© ¯®â¥æ¨ « U(r), ¯®íâ®¬ã í«¥ªâà® ï

®£¨¡ îé ï äãªæ¨ï | 〉 ¥áâì à¥è¥¨¥ ãà ¢¥¨ï

H| 〉 = E| 〉, (3)

£¤¥ H = H0 + U . � ª ç¥áâ¢¥ ã¤®¡®£® ¡ §¨á  ¤«ï

à §«®¦¥¨ï ¨áª®¬®© äãªæ¨¨ | 〉 ¬®¦® ¨á¯®«ì§®¢ âì

¤¢ã¬¥àë© ¡ §¨á � ì¥, í«¥¬¥âë ª®â®à®£® ¢ëà -
¦ îâáï ç¥à¥§ äãªæ¨¨ (1) ª ª

|nβ〉 =
1
√
N

∑
k

exp(−ikβ)|nk〉. (4)

�¤¥áì ¤¨áªà¥âë© ¢¥ªâ®àë© ¨¤¥ªá β ®¯à¥¤¥«ï¥â

¯®«®¦¥¨¥ ¤ ®© í«¥¬¥â à®© ïç¥©ª¨, N — ç¨á«®

í«¥¬¥â àëå ïç¥¥ª ¢ ¯«®áª®áâ¨ ��.
� §« £ ï ®£¨¡ îéãî | 〉 ¯® ¡ §¨áã (4),

| 〉 =
∑
β

|nβ〉〈nβ|〉, (5)

«¥£ª® ¯®«ãç¨âì á¨áâ¥¬ã ãà ¢¥¨© ¤«ï ª®íää¨æ¨¥-
â®¢ à §«®¦¥¨ï 〈nβ|〉. �¥âàã¤® ã¡¥¤¨âìáï ¢ â®¬, çâ®∑

n′β′

〈nβ|H0|n
′β′〉〈n′β′|〉 ⇒ En(−i∇)〈nβ|〉, (6)

£¤¥ ∇ — ®¯¥à â®à £à ¤¨¥â  ¯® 2D ¯¥à¥¬¥®© β,
ª®â®à ï â¥¯¥àì à áá¬ âà¨¢ ¥âáï ª ª ¥¯à¥àë¢ ï ¢¥-
«¨ç¨ . �«ï ®¯à¥¤¥«¥¨ï í¥à£¨¨ ªã«®®¢áª®£® ¢§ -
¨¬®¤¥©áâ¢¨ï í«¥ªâà®  á ¯à¨¬¥áë¬ æ¥âà®¬ ¢¢¥¤¥¬

í«¥ªâà®áâ â¨ç¥áªãî äãªæ¨î �à¨  G(r, r′), ¨¬¥î-
éãî á¬ëá« ¯®â¥æ¨ «  ¢ â®çª¥ r ¥¤¨¨ç®£® ¯®«®-
¦¨â¥«ì®£® § àï¤ , à á¯®«®¦¥®£® ¢ â®çª¥ r′. �ç¨-
âë¢ ï, çâ® íää¥ªâ¨¢ë© à ¤¨ãá «®ª «¨§ æ¨¨ ¬¥«ª¨å
¤®®à®¢ ¢ ¯®«ã¯à®¢®¤¨ª å áãé¥áâ¢¥® ¯à¥¢ëè ¥â

¯®áâ®ïãî à¥è¥âª¨ a, ¨, á«¥¤®¢ â¥«ì®, ®¯à¥¤¥«ï-
îé¨© ¢ª« ¤ ¢ ä®à¬¨à®¢ ¨¥ ®£¨¡ îé¨å | 〉 ¢®á¨â
¢¥áì¬  ¬ « ï ®¡« áâì ª¢ §¨¨¬¯ã«ìá®¢ ¢ ®ªà¥áâ®áâ¨

æ¥âà  ¤¢ã¬¥à®© §®ë �à¨««îí , ka � 1, ¬®¦-
® [17] ¯à¥¥¡à¥çì § ¢¨á¨¬®áâìî ®¤®¬¥àëå ®£¨¡ -
îé¨å ¢ (1) ®â k, ®¡®§ ç ï ¨å ¯à®áâ® fn(z). �¥£ª®

¢¨¤¥âì, çâ® ¡ §¨á (4) ¯à¨ íâ®¬ ¢ëà®¦¤ ¥âáï ¢ â®ç¥ç-
ë© (¢ ¯«®áª®áâ¨ ��) ¡ §¨á, ¯à®¬®¤ã«¨à®¢ ë© ¯®-
á«®©® ®£¨¡ îé¨¬¨ äãªæ¨ï¬¨ fn(z). �ã«®®¢áª¨¥

¬ âà¨çë¥ í«¥¬¥âë ¬¥¦¤ã äãªæ¨ï¬¨ ¡ §¨á  (4)
â¥¯¥àì ¬®¦® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

〈nβ|U |n′β′〉 = −δββ′Wnn′(β, z0), (7)

£¤¥

Wnn′(β, z0) =

∫
dzf∗n(z)G(β, z, z0)fn(z). (8)

�¤¥áì z0 — ¯®«®¦¨¨¥ ¯à¨¬¥á¨ ¢ ��, â ª¦¥ ãçâ¥®,
çâ® G(r, r′) = G(ρ− ρ′; z, z′).
�ª®ç â¥«ì® á¨áâ¥¬  ãà ¢¥¨© ¤«ï ª®íää¨æ¨¥-

â®¢ à §«®¦¥¨ï ¢ (5) ¯à¨¨¬ ¥â ¢¨¤

[En(−i∇)−E]〈nβ|〉 = e2
∑

Wnn′(β, z0)〈n′β|〉. (9)

�¥è¥¨¥ á¨áâ¥¬ë ãà ¢¥¨© (9) ¯®§¢®«ï¥â ¢ ¯à¨æ¨¯¥
®¯à¥¤¥«¨âì ®£¨¡ îé¨¥ äãªæ¨¨ ¨ í¥à£¥â¨ç¥áª¨©

á¯¥ªâà �� á ¤®®à®© ¯à¨¬¥áìî á ãç¥â®¬ á¬¥è¨¢ ¨ï

á®áâ®ï¨©, ®âé¥¯«ïîé¨åá ®â ¢á¥å 2D ¯®¤§® à §¬¥à-
®£® ª¢ â®¢ ¨ï. �à¨ íâ®¬ ®¤®¬¥àë¥ ®£¨¡ îé¨¥

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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fn(z) ¨ ®¤®í«¥ªâà®ë© á¯¥ªâà En(k) ¥áãâ ¨ä®à-
¬ æ¨î ® ¯à®ä¨«¥ 1D ¯®â¥æ¨ «  ¤ ®© ��,   â ª¦¥
®¡ ®á®¡¥®áâïå §®®© áâàãªâãàë ¯®«ã¯à®¢®¤¨ª®¢,
®¡à §ãîé¨å ��, ¨«¨, ¡®«¥¥ ª®ªà¥â®, ®¡ ¨å íää¥ª-
â¨¢ëå ¬ áá å ¨ ®¡ ®âª«®¥¨¨ § ª®  ¤¨á¯¥àá¨¨ ®â

¯ à ¡®«¨ç®áâ¨ ¯à¨ ¬ «ëå k. �«¥ªâà®áâ â¨ç¥áª ï

äãªæ¨ï �à¨  ãç¨âë¢ ¥â à §«¨ç¨ï ¤¨í«¥ªâà¨ç¥-
áª¨å ¯à®¨æ ¥¬®áâ¥© ¢ ¬ â¥à¨ « å �� ¨ ¡ àì¥àëå

á«®¥¢.

4. �¥âàã¤® ã¡¥¤¨âìáï ¢ â®¬, çâ® ¤¨ £® «ìë¥

í«¥¬¥âë ¬ âà¨æë (8) § ç¨â¥«ì® ¡®«ìè¥ ¥¤¨ £®-
 «ìëå ¯à¨ ®¤¨å ¨ â¥å ¦¥ β ¨ z0: Wnn � Wnn′ ,
n 6= n′. �â® ¥à ¢¥áâ¢®, ¥¯®áà¥¤áâ¢¥® á«¥¤ãîé¥¥
¨§ ãá«®¢¨ï ®àâ®£® «ì®áâ¨ ®¤®¬¥àëå ®£¨¡ îé¨å

äãªæ¨©, ¥é¥ ¡®«¥¥ ãá¨«¨¢ ¥âáï ¢ á«ãç ¥ áãé¥áâ¢¥-
®  á¨¬¬¥âà¨çëå ��, ¢ ª®â®àëå ®£¨¡ îé¨¥, á®®â-
¢¥âáâ¢ãîé¨¥ à §ë¬ ¯®¤§® ¬ à §¬¥à®£® ª¢ â®-
¢ ¨ï, ª ª ¯à ¢¨«®, «®ª «¨§®¢ ë (¢ ®á®¢®¬) ¢

à §«¨çëå ��. �®íâ®¬ã, ¢ ã«¥¢®¬ ¯à¨¡«¨¦¥¨¨,
¬®¦® ¯à¥¥¡à¥çì ¥¤¨ £® «ìë¬¨ í«¥¬¥â ¬¨ ¢

(9) ¨ à¥è âì ¥§ ¢¨á¨¬ë¥ ¤àã£ ®â ¤àã£  ãà ¢¥¨ï

¤«ï ª ¦¤®£® n. �à¨ íâ®¬ ®â ª ¦¤®© ¯®¤§®ë ®âé¥-
¯«ï¥âáï á¥à¨ï ãà®¢¥© í¥à£¨¨, á®®â¢¥âáâ¢ãîé¨å (¢
¯à¨ïâ®¬ ¯à¨¡«¨¦¥¨¨) «®ª «¨§®¢ ë¬ ¢¤®«ì ®á¨

�� á®áâ®ï¨ï¬ [3]. � «ì¥©è¨© ãç¥â ¥¤¨ £® «ì-
ëå ç«¥®¢ ¢ (9) ¯à¨¢®¤¨â ª ª ª ¥ª®â®à®¬ã ãâ®ç-
¥¨î § ç¥¨© í¥à£¨¨ â ª¨å ãà®¢¥© (¯à¨ áïâ¨¨

¢ëà¦¤¥¨ï ¥ª®â®àëå ¨§ ¨å), â ª ¨ ª ¯à¥¢à é¥¨î
¢á¥å ãà®¢¥©, ªà®¬¥ ®âé¥¯¨¢è¨åáï ®â ¨¦¥© ¯®¤§®-
ë, ¢ ª¢ §¨áâ æ¨® àë¥ [3].

�à ¢¥¨¥, ®¯à¥¤¥«ïîé¥¥ ¢ ã«¥¢®¬ ¯à¨¡«¨¦¥¨¨

¢ª« ¤ 〈nβ|0〉 n-¯®¤§®ë ¢ ®£¨¡ îéãî äãªæ¨î á®-
áâ®ï¨ï, á¢ï§ ®£® á ¤®®à®© ¯à¨¬¥áìî, § ¯¨è¥¬ ¢
¢¨¤¥[

E(0)
n −

~2

2mn
∇2 + Vne

2Wnn(β, z0)−E

]
〈nβ|0〉 = 0.

(10)

�¤¥áìE
(0)
n ¨mn — í¥à£¨ï (¯à¨ k = 0) ¨ íää¥ªâ¨¢ ï

¬ áá  í«¥ªâà®  ¢ n-¯®¤§®¥. �ç¨âë¢ îé¨© (¯à¨
¬ «ëå k) ¥¯ à ¡®«¨ç®áâì n-¯®¤§®ë ®¯¥à â®à Vn
¢ k-¯à¥¤áâ ¢«¥¨¨ ¬®¦® § ¯¨á âì ª ª [14,15]

Vn =
~2

2m0
b2nk

4, 11

£¤¥ m0 — ¬ áá  á¢®¡®¤®£® í«¥ªâà® , â¨¯¨çë¥

§ ç¥¨ï ä¥®¬¥®«®£¨ç¥áª®£® ¯ à ¬¥âà  bn § ª«î-
ç¥ë ¬¥¦¤ã 10−7 ¨ 10−6 á¬. �«¨ï¨¥ ®¯¥à â®à  (11)
¥áâ¥áâ¢¥® ãç¨âë¢ âì ª ª ¢®§¬ãé¥¨¥, ¯®áª®«ìªã
¯à¨ ¢®§à áâ ¨¨ k ¢ª« ¤ ®£¨¡ îé¨å äãªæ¨© «®ª -
«¨§®¢ ëå á®áâ®ï¨© ¢ í¥à£¨î á¢ï§¨ áâ ®¢¨âáï

¬ «®áãé¥áâ¢¥ë¬,  ç¨ ï á k ≈ a−1
l , £¤¥ a1 —

å à ªâ¥àë© à ¤¨ãá «®ª «¨§ æ¨¨ í«¥ªâà®    ¯à¨-
¬¥á®¬ æ¥âà¥. � ª®© ¯®¤å®¤ ¯®§¢®«ï¥â ¨§¡¥¦ âì

¯®¢ëè¥¨ï ¯®àï¤ª  ¤¨ää¥à¥æ¨ «ì®£® ãà ¢¥¨ï

(10) ¨, á®®â¢¥âáâ¢¥®, ¥®¡å®¤¨¬®áâ¨ ä®à¬ã«¨à®-

¢ ¨ï ¤®¯®«¨â¥«ìëå ãá«®¢¨© ¤«ï ®£¨¡ îé¨å  

£¥â¥à®£à ¨æ å.
�¥è¥¨¥ ãà ¢¥¨ï (10)  ©¤¥¬ ¢ à¨ æ¨®ë¬ ¬¥-

â®¤®¬. �à®¡ãî ®£¨¡ îéãî äãªæ¨î ®á®¢®£® á®-
áâ®ï¨ï ¥áâ¥áâ¢¥® ¢ë¡à âì ¢ ¢¨¤¥ 2D ¢®¤®à®¤®¯®-
¤®¡®© ®à¡¨â «¨

〈nβ|0〉 =

√
2κ2

π
exp(−κβ) (12)

á ¥¤¨áâ¢¥ë¬ ¢ à¨ æ¨®ë¬ ¯ à ¬¥âà®¬ κ. �¥à-
£¨ï ®á®¢®£® á®áâ®ï¨ï ®¯à¥¤¥«ï¥âáï ¬¨¨¬ã¬®¬

äãªæ¨® « , ¢¨¤ ª®â®à®£® «¥£ª® ãáâ ®¢¨âì ¥¯®-
áà¥¤áâ¢¥® ¨§ ãà ¢¥¨ï (10). � ª, ¢ª« ¤ ¢â®à®£®

á« £ ¥¬®£® ¢ (10), ®ç¥¢¨¤®, à ¢¥ ~2κ2/2mn. �ª« ¤
âà¥âì¥£® á« £ ¥¬®£® ¢ ä®à¬¥ (11) â ª¦¥ «¥£ª® ®¯à¥-
¤¥«¨âì [14]:

Vn(κ) =
~2b2nκ

4

m0

{
ln

[
1 +

( π
κa

)2
]
−

3

2

}
. (13)

�®£ à¨ä¬¨ç¥áª®¥ á« £ ¥¬®¥ ¢ (13), ª ª ®¡ëç®, ¯®-
«ãç ¥âáï ¢á«¥¤áâ¢¨¥ ®¡à¥§ ¨ï á®®â¢¥âáâ¢ãîé¥© ¯®-
¤ëâ¥£à «ì®© äãªæ¨¨   £à ¨æ¥ 2D §®ë �à¨«-
«îí . �à®áâ®© á¯®á®¡ ¯®áâà®¥¨ï í«¥ªâà®áâ â¨ç¥-
áª®© äãªæ¨¨ �à¨  [19], ¨á¯®«ì§®¢ ë© ¢ [14,15]
¯à¨ à áá¬®âà¥¨¨ íªá¨â®®¢ ¢  á¨¬¬¥âà¨çëå á¨-
áâ¥¬ å ��, ¬®¦¥â ¡ëâì ¯à¨¬¥¥ ¨ ¯à¨ ¢ëç¨á«¥-
¨¨ ¢ª« ¤  Wnn ¢ äãªæ¨® « í¥à£¨¨. �¤¥áì ¬ë,
â ª ¦¥, ª ª ¨ ¢ [19], ®£à ¨ç¨¬áï ãç¥â®¬ á« £ ¥-
¬ëå ¥ ¢ëè¥ 1-£® ¯®àï¤ª  ¯® ¬ «®¬ã ¯ à ¬¥âàã

ν = (ε1 − ε2)/(ε1 + ε2), £¤¥ ε1 ¨ ε2 — ¤¨í«¥ªâà¨-
ç¥áª¨¥ ¯à®¨æ ¥¬®áâ¨ ¬ â¥à¨ «®¢ �� ¨ ¡ àì¥àëå

á«®¥¢. �¤®í«¥ªâà®ë¥ ®£¨¡ îé¨¥ äãªæ¨¨ fn(z) ¨
íää¥ªâ¨¢ë¥ ¬ ááë mn ¢ 2D ¯®¤§® å ®¯à¥¤¥«ïîâáï

ç¨á«¥ë¬¨ ¬¥â®¤ ¬¨ [19]. �à®æ¥¤ãà  ¢ëç¨á«¥¨ï

ªã«®®¢áª®£® ¢ª« ¤  ¢ äãªæ¨® «, ¯®¤«¥¦ é¨© ¢ -
àì¨à®¢ ¨î, áãé¥áâ¢¥® ã¯à®é ¥âáï, ¥á«¨ ¢¢¥áâ¨

ã¨¢¥àá «ìãî äãªæ¨î [3,14]

F (ς) = ς
{π

2
[H1(ς)− Y1(ς)]− 1

}
, (14)

£¤¥ Y1(ς) ¨ H1(ς) — äãªæ¨¨ �¥áá¥«ï ¨ �âàã¢¥

á®®â¢¥âáâ¢¥®,    à£ã¬¥â ς ï¢«ï¥âáï ®¯à¥¤¥«¥®©
«¨¥©®© ª®¬¡¨ æ¨¥© ¯¥à¥¬¥®© ¨â¥£à¨à®¢ ¨ï z
¨ z-ª®®à¤¨ â £¥â¥à®£à ¨æ [14,19]. �â¬¥â¨¬, çâ® ç¥-
à¥§ äãªæ¨î (14) ¢ëà ¦ ¥âáï ¢ª« ¤ «î¡®£® ¯®àï¤ª 
¯® ν ¢ äãªæ¨® « í¥à£¨¨.

5. �¨¨¬¨§¨àãï (ç¨á«¥ë¬¨ ¬¥â®¤ ¬¨) ®¯à¥¤¥-
«¥ë© â ª¨¬ ®¡à §®¬ äãªæ¨® «, ¬®¦® ¯®«ãç¨âì
§ ¢¨á¨¬®áâì í¥à£¨¨ á¢ï§¨ ¬¥«ª®£® ¤®®à  ®â ¥£®

¯®«®¦¥¨ï z0 ¢ ��. �  ¯à¨¢®¤¨¬ëå ¤ «¥¥ à¨áã-
ª å ¯à¥¤áâ ¢«¥ë à¥§ã«ìâ âë à áç¥â  í¥à£¨¨ á¢ï§¨

¬¥«ª®© ¤®®à®© ¯à¨¬¥á¨ ¢ �� AlxGa1−xAs–GaAs
á ¤¢ã¬ï ��, à §¤¥«¥ë¬¨ âã¥«ì®-¯à®§à çë¬
¡ àì¥à®¬; ¢¥è¨¥ ¡ àì¥àë¥ á«®¨ ¯à¥¤¯®« £ îâáï

¯®«ã¡¥áª®¥çë¬¨. �  à¨á. 1 ¯®ª §   § ¢¨á¨¬®áâì

í¥à£¨¨ á¢ï§¨ (¢ ¬í�) ¬¥«ª®£® ¤®®à®£® á®áâ®ï¨ï,

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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�¨á. 1. � ¢¨á¨¬®áâì í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï ¬¥«ª®£®
¤®®à  ®â ¥£® ¯®«®¦¥¨ï ¢ �� AlxGa1−xAs–GaAs 4–2–5.
� ç¥¨ï ª®æ¥âà æ¨¨ Al ¢ ¡ àì¥à å (x) ãª § ë ã

á®®â¢¥âáâ¢ãîé¨å ªà¨¢ëå.

®âé¥¯«ïîé¥£®áï ®â ¨¦¥© (n = 1) 2D ¯®¤§®ë §®ë

¯à®¢®¤¨¬®áâ¨ �� 4–2–5 (è¨à¨  «¥¢®© �� à ¢ 

4a, ¢ãâà¥¥£® ¡ àì¥à  — 2a, ¯à ¢®© �� —5a), ®â
¯®«®¦¥¨ï z0 ¯à¨¬¥á¨ ¢ ��. �¤¥áì ¨   ¯®á«¥¤ãîé¨å
à¨áãª å §¥à£¨ï ®âáç¨âë¢ ¥âáï ®â ªà ï á®®â¢¥-
áâ¢ãîé¥© ¯®¤§®ë, ®¤® ¤¥«¥¨¥   £®à¨§®â «ì®©
®á¨ á®®â¢¥âáâ¢ã¥â ¯®áâ®ï®© à¥è¥âª¨ a = 5.65 Å,
§ ç¥¨¥ ¯ à ¬¥âà  bn ¯à¨ïâ® à ¢ë¬ 25 Å. �¨äà 
ã ªà¨¢ëå   à¨á. 1 ®¡®§ ç¥  ª®æ¥âà æ¨ï Al ¢
¡ àì¥àëå á«®ïå (x = 0.1, 0.2, 0.3, 0.4). � ¢¨á¨¬®áâì

í¥à£¨¨ á¢ï§¨ ®â z0 ¯à¥¤áâ ¢«ï¥â á®¡®© ¤®áâ â®ç®

á«®¦ãî ¥¬®®â®ãî äãªæ¨î á ¤®¢®«ì® £«ã¡®-
ª¨¬ ¬¨¨¬ã¬®¬, ¯à¨å®¤ïé¨¬áï   ¢ãâà¥¨© ¡ -
àì¥à. �â® á¢ï§ ® ª ª á â¥¬, çâ® ¤¨í«¥ªâà¨ç¥áª ï

¯à®¨æ ¥¬®áâì ¢ ¡ àì¥à å ¬¥ìè¥, ç¥¬ ¢ ��, â ª ¨ á
¢¥áì¬  § ¬¥â®© ¢¥«¨ç¨®© ®¤®í«¥ªâà®®© ®£¨¡ î-
é¥© ¯à¨ n = 1 ¢ ®¡« áâ¨ ¯à¥¤¥«ì®£® ã§ª®£® (2a) ¢ã-
âà¥¥£® ¡ àì¥à . �¨¨¬ã¬ë ¢¡«¨§¨ ¢¥è¨å £¥â¥-
à®£à ¨æ ®¡ãá«®¢«¥ë £« ¢ë¬ ®¡à §®¬ ª®®à¤¨ â-
®© § ¢¨á¨¬®áâìî ¤¨í«¥ªâà¨ç¥áª®© ¯à®¨æ ¥¬®áâ¨.
� ¢¨á¨¬®áâì í¥à£¨¨ á¢ï§¨ ®â x ®¯à¥¤¥«ï¥âáï ¤¢ã¬ï
íää¥ªâ ¬¨ — ã£«ã¡«¥¨¥¬ �� á à®áâ®¬ x, á®¯à®-
¢®¦¤ îé¨¬áï ã¢¥«¨ç¥¨¥¬ áâ¥¯¥¨ «®ª «¨§ æ¨¨ 1D
®£¨¡ îé¥©, ¨ ¢®§à áâ ¨¥¬ ¯ à ¬¥âà  ν.
�ë¢®¤ ® â®¬, çâ® í¥à£¨ï á¢ï§¨ í«¥ªâà®   

¯à¨¬¥á®¬ æ¥âà¥, à á¯®«®¦¥®¬ ¢ ¡ àì¥à¥, ¬®¦¥â
¯à¥¢ëè âì í¥à£¨î á¢ï§¨ í«¥ªâà®  ¤«ï ¯à¨¬¥á®£®

æ¥âà  ¢ãâà¨ ��, ¥ ¯à¥¤áâ ¢«ï¥âáï ¥®¦¨¤ ë¬
¨¬¥® ¯®â®¬ã, çâ® ¢  á¨¬¬¥âà¨çëå á¨áâ¥¬ å ��

®£¨¡ îé¨¥ äãªæ¨¨ ¢ ®¡« áâ¨ ¢ãâà¥¨å (¤®áâ â®ç-
® â®ª¨å) ¡ àì¥à®¢ ¬®£ãâ ¨¬¥âì ¢¥«¨ç¨ã, áà ¢¨-
¬ãî á ¨å ¢¥«¨ç¨®© ¢ ®¡« áâ¨ ��. �®íâ®¬ã ãç¥â

à §«¨ç¨ï ¤¨í«¥ªâà¨ç¥áª¨å á¢®©áâ¢ ¬ â¥à¨ «®¢ �� ¨

¡ àì¥à®¢ ¬®¦¥â ¯à¨¢®¤¨âì ª § ¬¥â®¬ã ¨§¬¥¥¨î

í¥à£¨¨ á¢ï§¨, ¢ ®á®¡¥®áâ¨, ¥á«¨ ãç¥áâì, çâ® ¢ ��
AlxGa1−xAs–GaAs ¯à¨ x ≈ 0.4 íâ® à §«¨ç¨¥ ¤®áâ¨£ ¥â

¢¥«¨ç¨ë ®ª®«® 10% ¨ ¯à¥¥¡à¥¦¨¬® ¬ «ë¬, ¢®®¡é¥
£®¢®àï, áç¨â âìáï ¥ ¬®¦¥â. � á¢ï§¨ á íâ¨¬ ®â¬¥â¨¬,
çâ® ¢ ¯¥à¨®¤¨ç¥áª®© á¢¥àåà¥è¥âª¥ [20], ª ª ¨ ¢ á¨¬-
¬¥âà¨ç®© á¨áâ¥¬¥ �� (à¨á. 2), ®£¨¡ îé ï äãªæ¨ï
¨¦¥© ¯®¤§®ë ¨¬¥¥â § ¬¥âë© ¬¨¨¬ã¬ ¢ ®¡« áâ¨

¡ àì¥à , ¯®íâ®¬ã ãç¥â à §«¨ç¨ï ¤¨í«¥ªâà¨ç¥áª¨å

¯à®¨æ ¥¬®áâ¥© ¥ ¬®¦¥â ¯à¨¢¥áâ¨ ª ª ç¥áâ¢¥®¬ã

¨§¬¥¥¨î å à ªâ¥à  § ¢¨á¨¬®áâ¨ í¥à£¨¨ á¢ï§¨ ®â

¯®«®¦¥¨ï ¯à¨¬¥á¨ ¢ á¢¥àåà¥è¥âª¥ ¨«¨ á¨áâ¥¬¥ ��.

�  à¨á. 3 ¯à¥¤áâ ¢«¥ë ¤ ë¥ ¤«ï �� 5–4–3 ¯à¨
x = 0.3. �à¨¢ë¥, ®¡®§ ç¥ë¥ C1 ¨ C2, á®®â¢¥â-
áâ¢ãîâ í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï, ®âé¥¯«ïîâáï
®â ¯®¤§® á n = 1 ¨ n=2. �¨¤¨¬ ï  á¨¬¬¥âà¨ï

®¡¥¨å ¯®ª § ëå   íâ®¬ à¨áãª¥ § ¢¨á¨¬®áâ¥© ®ç¥-
¢¨¤ë¬ ®¡à §®¬ á¢ï§   á  á¨¬¬¥âà¨¥© ®£¨¡ îé¨å

f1(z) ¨ z2(z): ¯¥à¢ ï ¨§ ¨å á®áà¥¤®â®ç¥  ¢ ®á®¢®¬
¢ «¥¢®© (¡®«¥¥ è¨à®ª®©) ��, â®£¤  ª ª ®á®¢®©

íªáâà¥¬ã¬ ¢â®à®© ¯à¨å®¤¨âáï   ®¡« áâì ¡®«¥¥ ã§ª®©

��. �� á ¥é¥ ¡®«¥¥ á¨«ì®© «®ª «¨§ æ¨¥© 1D
®£¨¡ îé¨å, 8–4–4, ¤¥¬®áâà¨àã¥â, á®®â¢¥âáâ¢¥®, ¨
¡®«¥¥ á¨«ìãî § ¢¨á¨¬®áâì í¥à£¨¨ á¢ï§¨ ¤®®à®£®

á®áâ®ï¨ï ®â z0 (à¨á. 4).

6. � ©¤¥®¥ ¢ ã«¥¢®¬, ®á®¢ ®¬   ãà ¢¥¨¨

(10), ¯à¨¡«¨¦¥¨¨ § ç¥¨¥ í¥à£¨¨ á¢ï§¨ ¬®¦¥â

¡ëâì ãâ®ç¥®, ¥á«¨ ãç¥áâì ¯® â¥®à¨¨ ¢®§¬ãé¥¨©

¥¤¨ £® «ìë¥ í«¥¬¥âë ¢ ¯à ¢®© ç áâ¨ (9). � «¥¥,
¤«ï ¯à®áâ®âë ¬ë ®£à ¨ç¨¬áï ãç¥â®¬ ¤¢ãå ¨¦¨å

2D ¯®¤§® á n = 1 ¨ n = 2. � íâ®¬ á«ãç ¥ (9) ¬®¦®
§ ¯¨á âì ª ª

(E −H1)ψ1 = H12ψ2, (E −H2)ψ2 = H21ψ1. (15)

�¤¥áì Hn = En(−i∇) − e2Wnn, Hnn′ = −e2Wnn′

¯à¨ n 6= n′, ψn ≡ 〈nβ| 〉. �¢®¤ï ®¯¥à â®àë �à¨ 

Gn(E) = (E − Hn)−1, ¬®¦® ¯à¥®¡à §®¢ âì á¨áâ¥¬ã

�¨á. 2. � ¢¨á¨¬®áâì í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï ¬¥«-
ª®£® ¤®®à  ®â ¥£® ¯®«®¦¥¨ï ¢ �� Al0.3Ga0.7As–GaAs
10–10–10. �âà¨å®¢®© «¨¨¥© ¯à¥¤áâ ¢«¥ë à¥§ã«ìâ âë

à áç¥â  ¡¥§ ãç¥â  à §«¨ç¨ï ¤¨í«¥ªâà¨ç¥áª¨å ¯à®¨æ ¥-
¬®áâ¥© ¢ ¬ â¥à¨ « å �� ¨ ¡ àì¥à®¢.

4 �¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 3
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�¨á. 3. � ¢¨á¨¬®áâì í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï ¬¥«-
ª®£® ¤®®à  ®â ¥£® ¯®«®¦¥¨ï ¢ �� Al0.3Ga0.7As–GaAs
5–4–3. �à¨¢ë¥ C1 ¨ C2 á®®â¢¥âáâ¢ãîâ á®áâ®ï¨ï¬,
®âé¥¯«ïîé¨¬áï ®â ¯¥à¢®© ¨ ¢â®à®© ¯®¤§® à §¬¥à®£®

ª¢ â®¢ ¨ï; í¥à£¨ï ¢ ª ¦¤®¬ á«ãç ¥ ®âáç¨âë¢ ¥âáï ®â
ªà ï á®®â¢¥âáâ¢ãîé¥© ¯®¤§®ë.

ãà ¢¥¨© (15) ª íª¢¨¢ «¥â®¬ã ãà ¢¥¨î

(H1 +H12G2(E)H21)ψ1 = Eψ1, (16)

ª®â®à®¥ ä®à¬ «ì® ¢ë£«ï¤¨â ª ª ãà ¢¥¨¥ �à¥-
¤¨£¥à , ® á®¤¥à¦¨â § ¢¨áïé¨© ®â í¥à£¨¨ ¤®-
¯®«¨â¥«ìë© ¢ª« ¤ ¢ ¯®â¥æ¨ «, H12G2(E)H21.
�à¥¤áâ ¢¨¬ í¥à£¨î ®á®¢®£® á®áâ®ï¨ï ¢ ¢¨¤¥

E = E
(0)
10 + E

(1)
10 , £¤¥ E

(0)
10 — à¥è¥¨¥ ãà ¢¥¨ï

(10) ¯à¨ n = 1,   ¯¥à¢ ï ¯®¯à ¢ª  ª í¥à£¨¨, E
(1)
10 ,

®¯à¥¤¥«ï¥âáï ¯® â¥®à¨¨ ¢®§¬ãé¥¨©:

E
(1)
10 = 〈ψ(0)

1 |H12G2(E
(0)
10 )H21|ψ

(0)
1 〉. (17)

�¤¥áì ψ
(0)
n ≡ 〈nβ|〉,  à£ã¬¥â E ¢ ®¯¥à â®à¥ �à¨ 

§ ¬¥¥ á¢®¨¬ ã«¥¢ë¬ ¯à¨¡«¨¦¥¨¥¬ E
(0)
10 , ã£«®¢ë¥

áª®¡ª¨ ¢ (17) ®§ ç îâ ¨â¥£à¨à®¢ ¨¥ ¯® β. �¥âàã¤-

® ã¡¥¤¨âìáï ¢ â®¬, çâ® E
(1)
10 < 0, â. ¥. ãç¥â ¢â®à®© ¯®¤-

§®ë ¯à¨¢®¤¨â ª ¥ª®â®à®¬ã ã£«ã¡«¥¨î ®âé¥¯«ïî-
é¥£®áï ®â ¯¥à¢®© ¯®¤§®ë ãà®¢ï í¥à£¨¨ ®á®¢®£®

á®áâ®ï¨ï ¤®®à®© ¯à¨¬¥á¨. �¥©áâ¢¨â¥«ì®, § ª
¢ëà ¦¥¨ï (17) á®¢¯ ¤ ¥â á® § ª®¬ í¥à£¥â¨ç¥áª®£®
§ ¬¥ â¥«ï äãªæ¨¨ �à¨ . � «®£¨çë¥ à ááã-
¦¤¥¨ï ¯®ª §ë¢ îâ, çâ® ®âé¥¯«ïîé¨©áï ®â ¢â®à®©

¯®¤§®ë ãà®¢¥ì ®á®¢®£® á®áâ®ï¨ï,  ¯à®â¨¢, ¯®¤
¢«¨ï¨¥¬ á®áâ®ï¨© ¯¥à¢®© ¯®¤§®ë áâ ®¢¨âáï ¡®-
«¥¥ ¬¥«ª¨¬, â. ¥. ¨¬¥¥â â¥¤¥æ¨î ¯à¨¡«¨¦ âìáï ª

ªà î ¯®¤§®ë á n = 2. � á«ãç ¥ �� á ¤®áâ â®ç®

ã§ª¨¬¨ �� ¨ ¡ àì¥à ¬¨ «¥£ª® á¤¥« âì ¯®àï¤ª®¢ãî

®æ¥ªã ¢¥«¨ç¨ë á¬¥é¥¨ï ãà®¢¥© ¢ à¥§ã«ìâ â¥

¬¥¦¯®¤§®®£® ¢§ ¨¬®¤¥©áâ¢¨ï. � ª ã¦¥ ®â¬¥ç -
«®áì, ¢¥«¨ç¨  ¬ âà¨ç®£® í«¥¬¥â  ®¯¥à â®à  H12

¢® ¢áïª®¬ á«ãç ¥ ¬¥ìè¥ å à ªâ¥à®© ªã«®®¢áª®©

í¥à£¨¨ Ry(n) = mne
4/2ε2~2, £¤¥ ε — ¥ª®â®à ï

�¨á. 4. � ¢¨á¨¬®áâì í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï ¬¥«-
ª®£® ¤®®à  ®â ¥£® ¯®«®¦¥¨ï ¢ �� Al0.3Ga0.7As–GaAs
8–4–4. �à¨¢ë¥ C1 ¨ C2 á®®â¢¥âáâ¢ãîâ á®áâ®ï¨ï¬,
®âé¥¯«ïîé¨¬áï ®â ¯¥à¢®© ¨ ¢â®à®© ¯®¤§® à §¬¥à®£®

ª¢ â®¢ ¨ï; í¥à£¨ï ¢ ª ¦¤®¬ á«ãç ¥ ®âáç¨âë¢ ¥âáï ®â

ªà ï á®®â¢¥âáâ¢ãîé¥© ¯®¤§®ë.

áà¥¤ïï ¤¨í«¥ªâà¨ç¥áª ï ¯à®¨æ ¥¬®áâì áâàãªâãàë.
�¥«¨ç¨  ¦¥ í¥à£¥â¨ç¥áª®£® § ¬¥ â¥«ï äãªæ¨¨

�à¨  ¢ (17) ¬®¦¥â ¡ëâì ®æ¥¥  ª ª∆21 = E
(0)
2 −E

(0)
1

¯à¨ ãá«®¢¨¨, çâ® ∆21 � Ry(n). �â® ãá«®¢¨¥, ®ç¥¢¨¤®
¢ë¯®«ï¥âáï ¢ á«ãç ¥ �� ¨ ¡ àì¥à®¢  ®¬¥âà®¢ëå

à §¬¥à®¢. �®íâ®¬ã ∣∣∣E(1)
10

∣∣∣
Ry(1)

<
Ry(1)

∆21
; (18)

  «®£¨ç®¥ ¥à ¢¥áâ¢® ¨¬¥¥â ¬¥áâ® ¨ ¤«ï ¢¥«¨-

ç¨ë E
(1)
20 . � íâ®¬ á¬ëá«¥ ¬®¦® £®¢®à¨âì, çâ® ¢

 ®áâàãªâãà å ªã«®®¢áª¨¥ á¥à¨¨ ãà®¢¥© ¤®®à®©

¯à¨¬¥á¨ ”¯®¤¢¥è¥ë” ª ª ¦¤®© ¨§ ¯®¤§® à §¬¥à®£®
ª¢ â®¢ ¨ï [3].

7. �ç¥¢¨¤®, çâ® ãç¥â ª®¥ç®£® ç¨á«  ¯®¤§® à §-
¬¥à®£® ª¢ â®¢ ¨ï ¥ ¬®¦¥â áãé¥áâ¢¥® ¯®¢«¨ïâì

  ¥à ¢¥áâ¢® (18). �¥®¡å®¤¨¬®, ®¤ ª®, ®æ¥¨âì
¢ª« ¤ ¢ í¥à£¨î á¢ï§¨ ª¢ §¨ª®â¨ãã¬  á®áâ®ï¨©

§®ë ¯à®¢®¤¨¬®áâ¨. �«ï íâ®£® ¬®¦® ¢®á¯®«ì§®¢ âì-
áï á¨áâ¥¬®© ãà ¢¥¨© (9), ª®â®à ï ¢® 2-¬ ¯®àï¤ª¥

¯® ¥¤¨ £® «ìë¬ ¬ âà¨çë¬ í«¥¬¥â ¬ ®¯¥à â®à 

ªã«®®¢áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¯à¨¢®¤¨â ª ãà ¢¥¨î

¤«ï ®¯à¥¤¥«¥¨ï í¥à£¨¨ ®á®¢®£® á®áâ®ï¨ï ¤®®à-
®© ¯à¨¬¥á¨:

(E −E10) =
∑
n6=1

∑
ν

|〈10|Wln|nν〉|2

E −Enν
. (19)

�¤¥áì |nν〉 — ®£¨¡ îé ï äãªæ¨ï ¤®®à®£® á®áâ®-
ï¨ï, á®®â¢¥âáâ¢ãîé ï n-¯®¤§®¥ à §¬¥à®£® ª¢ -
â®¢ ¨ï, ν —  ¡®à ¯®¯¥à¥çëå ª¢ â®¢ëå ç¨á¥«,
¯¥à¥å®¤ïé¨© ¢ á¯«®è®¬ á¯¥ªâà¥ ¢ ¯®¯¥à¥çë© ª¢ -
§¨¨¬¯ã«ìá (â ª ¦¥, ª ª n ¯¥à¥å®¤¨â ¢ íâ®¬ á«ãç ¥
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¢ ¯à®¤®«ìë© ª¢ §¨¨¬¯ã«ìá). �â¬¥â¨¬, çâ® ¤¢ãå¯®¤-
§®®¬ ¯à¨¡«¨¦¥¨¨ (15) ¢ëà ¦¥¨¥ (19) áâ ®¢¨âáï
â®çë¬.
�£à ¨ç¨¬áï á«ãç ¥¬ ¤®áâ â®ç® ã§ª¨å á¨áâ¥¬ ��,

ª®£¤  ¨å å à ªâ¥àë© à §¬¥à d < a1, £¤¥ a1 íää¥ª-
â¨¢ë© 2D ¡®à®¢áª¨© à ¤¨ãá ¤®®à®£® á®áâ®ï¨ï,
®âé¥¯¨¢è¥£®áï ®â ¯¥à¢®© ¯®¤§®ë. �à®¬¥ â®£®, ¡ã¤¥¬
áç¨â âì, çâ® �� ¤®áâ â®ç® £«ã¡®ª¨, â ª çâ® ¨å

£«ã¡¨  ∆Ec � ~2/2mcd
2; §¤¥áì mc — íää¥ªâ¨¢ ï

¬ áá  §®ë ¯à®¢®¤¨¬®áâ¨. �à¨ íâ¨å ãá«®¢¨ïå £àã¡ ï
®æ¥ª  á¢¥àåã ¢ª« ¤  ª¢ §¨ª®â¨ãã¬  ¢ (19) ¤ ¥â

(E −E10)cont ∼ −Ry(1)

(
d

a1

)2

ln

[
1 +

a

d

Ec

∆Ec

]
. (20)

�¤¥áì ®¡®§ ç¥® Ec ≈ π~2/mca
2 — å à ªâ¥à ï

í¥à£¨ï ¯®àï¤ª  è¨à¨ë §®ë ¯à®¢®¤¨¬®áâ¨, a —
¯®áâ®ï ï à¥è¥âª¨. �®£ à¨ä¬¨ç¥áª ï § ¢¨á¨¬®áâ¨
í¥à£¨¨ á¢ï§¨ ®â è¨à¨ë ¯®«®áë ª¢ §¨ª®â¨ãã¬ 

á®áâ®ï¨© ¯®§¢®«ï¥â ¥ ¯à¨¨¬ âì ¢® ¢¨¬ ¨¥ ¢ª« ¤

íâ¨å á®áâ®ï¨© ¯® ªà ©¥© ¬¥à¥ ¢ á«ãç ¥ ®â®á¨â¥«ì-
® ã§ª¨å á¨áâ¥¬ ��, ª®£¤  d < z1.

8. �à¨ ®¤®à®¤®¬ «¥£¨à®¢ ¨¨ �� á ¤®®à®©

¯à¨¬¥áìî á¢ï§  ®¯à¥¤¥«¥ë©  ¡®à ªã«®®¢áª¨å

á¥à¨© ãà®¢¥©, ª®â®àë¥ ®¡ãá«®¢«¥ë ¯à¨¬¥áï¬¨, à á-
¯®« £ îé¨¬¨áï ¢ ª ¦¤®¬ ¬®®á«®¥ ��. �â® ®¡áâ®-
ïâ¥«ìáâ¢® ¬®¦¥â ¡ëâì ¯à¨ç¨®© ãè¨à¥¨ï ¨ ®á« -
¡«¥¨ï ¯à¨¬¥áëå ¯®«®á ¢ ®¯â¨ç¥áª¨å á¯¥ªâà å ��,
  â ª¦¥ ®£à ¨ç¨¢ âì ¯® áà ¢¥¨î á £«ã¡®ª¨¬¨

¯à¨¬¥áï¬¨ ¢®§¬®¦®áâì ã¯à ¢«¥¨ï ¯®«®¦¥¨ï¬¨

ª¢ §¨ãà®¢¥© �¥à¬¨ ¯à¨ ¯®¬®é¨ ¢¥è¥£® í«¥ªâà¨-
ç¥áª®£® ¯®«ï [13].
� § ª«îç¥¨¥ ®â¬¥â¨¬, çâ® ¤ ¦¥ ¢ �� á ¯à¥¤¥«ì®

ã§ª¨¬¨ �� ¨ ¡ àì¥à ¬¨ (è¨à¨®© 2÷3a) í¥à£¨ï á¢ï-
§¨ ¬¥«ª®£® ¤®®à , ª ª ¯à ¢¨«®, áãé¥áâ¢¥® ¬¥ìè¥
á¢®¥£® 2D ¯à¥¤¥«ì®£® § ç¥¨ï; ¥¥ ¢¥«¨ç¨  ®¯à¥¤¥-
«ï¥âáï ¢ ®á®¢®¬ £¥®¬¥âà¨¥© �� (ç¥à¥§ ®¤®í«¥ª-
âà®ë© á¯¥ªâà En(k) ¨ ®¤®¬¥àë¥ ®£¨¡ îé¨¥ fn)
¨ à §«¨ç¨¥¬ ¤¨í«¥ªâà¨ç¥áª¨å á¢®©áâ¢ ª®¬¯®¥â®¢

�� ¨§-§  ¬®¤¨ä¨ª æ¨¨ ªã«®®¢áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï
¨ ä®à¬¨à®¢ ¨ï ¯®«ï § àï¤®¢–¨§®¡à ¦¥¨©.

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

”�¨§¨ª  â¢¥à¤®â¥«ìëå  ®áâàãªâãà”. �¤¨ ¨§  ¢-
â®à®¢ (�.�¥«ï¢áª¨©) ¡« £®¤ à¥ ISSEP §  ¯®¤¤¥à¦ªã

íâ®© à ¡®âë (£à â N 824-p).
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The binding energy of shallow donors in
asymmetrical quantum well systems
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117924 Moscow, Russia
∗Voronezh State Pedagogical University,
394043 Voronezh, Russia

Abstract The binding energy of shallow donor impurity

depends on the impurity position in an asymmetrical system

of coupled quantum wells. This dependence is, mainly, due to

the one-electron envelope function shape and the difference

between the dielectric constants of quantum well and barrier

materials. An explicit technique is suggested to obtain the

binding energy and the envelope functions of shallow donor

states in type-I heterostructures with sufficiently narrow wells

and barriers. We present the results of the calculations related

to AlxGa1−xAs–GaAs structures without any restrictions on

well and barrier sizes.
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