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�¥®à¥â¨ç¥áª¨ ¨ íªá¯¥à¨¬¥­â «ì­® ¨áá«¥¤®¢ ­ë ¯à®æ¥ááë ã¯àã£®£® âã­­¥«¨à®¢ ­¨ï ¢ ��� áâàãª-
âãà å á ¡ àì¥à®¬ �®ââª¨ ­  ®á­®¢¥ p+-InAs. �à¨ £¥«¨¥¢ëå â¥¬¯¥à âãà å ¯®«ãç¥­ë ¢®«ìâ- ¬¯¥à­ë¥
å à ªâ¥à¨áâ¨ª¨ á ãç áâª®¬ ®âà¨æ â¥«ì­®£® ¤¨ää¥à¥­æ¨ «ì­®£® á®¯à®â¨¢«¥­¨ï. �  ®á­®¢¥ ª¢ §¨-
ª« áá¨ç¥áª®£® ¯à¨¡«¨¦¥­¨ï ¯®«ãç¥­ë  ­ «¨â¨ç¥áª¨¥ ¢ëà ¦¥­¨ï ¤«ï ª®íää¨æ¨¥­â  âã­­¥«ì­®£®

¯à®å®¦¤¥­¨ï á ª®­¢¥àá¨¥© ­®á¨â¥«¥©. �®ª § ­®, çâ® ¯ ¤ îé¨© ãç áâ®ª ��� á¢ï§ ­ á ãç áâ¨¥¬ ¢

¯à®æ¥áá¥ âã­­¥«¨à®¢ ­¨ï ¢ëè¥«¥¦ é¥£® ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ n-ª ­ «¥. �®«ãç¥­­ë¥
à áç¥â­ë¥ ¢®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ å®à®è® á®£« áãîâáï á à¥§ã«ìâ â ¬¨ íªá¯¥à¨¬¥­â .

�âàãªâãàë ¬¥â ««–¯®«ã¯à®¢®¤­¨ª ¨ ¬¥â ««–â®­-
ª¨© á«®© ¤¨í«¥ªâà¨ª –¯®«ã¯à®¢®¤­¨ª á ¡ àì¥à®¬

�®ââª¨ è¨à®ª® ¯à¨¬¥­ïîâáï ¤«ï ¨áá«¥¤®¢ ­¨ï âã­-
­¥«ì­ëå ï¢«¥­¨©. �å ¯à¨¢«¥ª â¥«ì­®áâì ®¡ãá«®¢«¥-
­  ®â­®á¨â¥«ì­®© «¥£ª®áâìî ¢ àì¨à®¢ ­¨ï ¯ à ¬¥-
âà®¢ ¡ àì¥à . �à¥¤¨ ¢á¥å â ª¨å áâàãªâãà ¯® á¢®¨¬

í«¥ªâà®ä¨§¨ç¥áª¨¬ á¢®©áâ¢ ¬ § ¬¥â­® ¢ë¤¥«ïîâáï

áâàãªâãàë ­  ®á­®¢¥ InAs. �â¨ ®â«¨ç¨ï ¯à¨­ïâ®

á¢ï§ë¢ âì á â¥¬, çâ® ãà®¢¥­ì �¥à¬¨ ­  ¯®¢¥àå­®áâ¨
InAs à á¯®« £ ¥âáï ¢¡«¨§¨ ªà ï §®­ë ¯à®¢®¤¨¬®áâ¨

­¥§ ¢¨á¨¬® ®â á¢®¥£® ¯®«®¦¥­¨ï ¢ ®¡ê¥¬¥ ªà¨áâ «-
«  [1–4]. �® íâ®© ¯à¨ç¨­¥ ¢¡«¨§¨ ¯®¢¥àå­®áâ¨ InAs
¢®§­¨ª ¥â ª ­ « n-â¨¯  ¯à®¢®¤¨¬®áâ¨, ï¢«ïîé¨©áï
 ªªã¬ã«¨àãîé¨¬ ¤«ï ¬ â¥à¨ «  n-â¨¯  ¨ ¨­¢¥àá­ë¬
¤«ï ¬ â¥à¨ «  p-â¨¯ . � â ª®© áâàãªâãà¥ ­®á¨â¥-
«¨ § àï¤  ¢ë­ã¦¤¥­ë âã­­¥«¨à®¢ âì ç¥à¥§ ¡ àì¥à

á«®¦­®© ä®à¬ë (à¨á. 1) ¨, ¢ ¯®á«¥¤­¥¬ á«ãç ¥, ¨å
ª®­¢¥àá¨ï ¬®¦¥â ®áãé¥áâ¢«ïâìáï ã¦¥ ­¥ ­  £à ­¨æ¥

¯®«ã¯à®¢®¤­¨ª ,   ¢ á«®¥ ¨áâ®é¥­¨ï. �¥§ã«ìâ â®¬
â ª®£® ãá«®¦­¥­¨ï ¯à®æ¥áá  âã­­¥«¨à®¢ ­¨ï ®ª §ë-
¢ ¥âáï ãá«®¦­¥­¨¥ ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª

(���). � à ¡®â¥ [1] ¡ë« ¢¯¥à¢ë¥ ®¡­ àã¦¥­ ãç áâ®ª
®âà¨æ â¥«ì­®£® ¤¨ää¥à¥­æ¨ «ì­®£® á®¯à®â¨¢«¥­¨ï

(���) ­  ��� ¡ àì¥à  �®ââª¨ ­  ®á­®¢¥ §®«®â®-
¢ëà®¦¤¥­­ë©  àá¥­¨¤ ¨­¤¨ï p-â¨¯ , ¯à¨  §®â­®©

â¥¬¯¥à âãà¥. �®§¤­¥¥  ­ «®£¨ç­ ï ��� ¡ë«  ¯®«ã-
ç¥­  ¢ à ¡®â¥ [2].
�® á¨å ¯®à ­ «¨ç¨¥ ¯ ¤ îé¥£® ãç áâª  ��� ­¥ ¯®-

«ãç¨«® ã¤®¢«¥â¢®à¨â¥«ì­®£® ®¡êïá­¥­¨ï. �¢â®àë [2]
¯à¥¤«®¦¨«¨ ¢ ª ç¥áâ¢¥ ¯à¨ç¨­ë ��� ª®­ªãà¥­æ¨î

§ ¢¨á¨¬®áâ¥© âã­­¥«ì­®© ¯à®­¨æ ¥¬®áâ¨ â®­ª®£® ¤¨-
í«¥ªâà¨ç¥áª®£® ¡ àì¥à  ¨ § ¯à¥é¥­­®© §®­ë ¯®«ã-
¯à®¢®¤­¨ª  ®â ¢­¥è­¥£® ­ ¯àï¦¥­¨ï (ª ª ¢¨¤­® ¨§

à¨á. 1, ¯¥à¢ ï ¨§ íâ¨å ¯à®­¨æ ¥¬®áâ¥© á à®áâ®¬

­ ¯àï¦¥­¨ï ã¬¥­ìè ¥âáï,   ¢â®à ï ã¢¥«¨ç¨¢ ¥âáï).
�¤­ ª® ª®«¨ç¥áâ¢¥­­ë¥ à áç¥âë ¯®ª §ë¢ îâ, çâ® íä-
ä¥ªâ  íâ®© ª®­ªãà¥­æ¨¨ ­¥ ¢á¥£¤  ¤®áâ â®ç­® ¤«ï ¯®-
ï¢«¥­¨ï ���. �  ¢¥«¨ç¨­ã ��� ¬®£ãâ â ª¦¥ ¢«¨ïâì
â¥à¬®áâ¨¬ã«¨àãîé¨¥ âã­­¥«ì­ë¥ â®ª¨ á ãç áâ¨¥¬

§®­ë ¯à®¢®¤¨¬®áâ¨, «¨¡® ­¥ã¯àã£¨¥ âã­­¥«ì­ë¥ â®ª¨
á ãç áâ¨¥¬ ä®­®­®¢.

� ­ áâ®ïé¥© à ¡®â¥ ¯à¥¤áâ ¢«¥­® ª®¬¯«¥ªá­®¥ íªá-
¯¥à¨¬¥­â «ì­®¥ ¨ â¥®à¥â¨ç¥áª®¥ ¨áá«¥¤®¢ ­¨¥ âã­-
­¥«ì­®£® ��� ¡ àì¥à  �®ââª¨ á® á¢¥àåâ®­ª¨¬ ¤¨-
í«¥ªâà¨ç¥áª¨¬ ¯®¤á«®¥¬ ¬¥¦¤ã ¬¥â ««®¬ (Au) ¨ ¢ë-
à®¦¤¥­­ë¬ p-InAs. �á¯®«ì§®¢ ­ë áâàãªâãàë á ª®­-
âà®«¨àã¥¬®© â®«é¨­®© ¯®¤á«®ï. �â®¡ë ¨áª«îç¨âì

¢«¨ï­¨¥ â¥à¬®áâ¨¬ã«¨à®¢ ­­ëå íää¥ªâ®¢, ��� á­¨-
¬ «¨áì ¯à¨ £¥«¨¥¢®© â¥¬¯¥à âãà¥. �®ª § ­®, çâ® ¯ -
¤ îé¨© ãç áâ®ª ��� á¢ï§ ­ á® á¯¥æ¨ä¨ç¥áª¨¬ ª¢ ­-
â®¢ë¬ íää¥ªâ®¬: ­  ã¯àã£®¥ âã­­¥«¨à®¢ ­¨¥ í«¥ª-
âà®­®¢ ¨§ ¬¥â ««  ¢ ¢ «¥­â­ãî §®­ã ¯®«ã¯à®¢®¤­¨ª 

®ª §ë¢ ¥â áãé¥áâ¢¥­­®¥ ¢«¨ï­¨¥ ¢ëè¥«¥¦ é¨© ãà®-
¢¥­ì à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ ¨­¢¥àá¨®­­®¬ ª ­ «¥.
� à ¬ª å ª¢ §¨ª« áá¨ç¥áª®£® ¯à¨¡«¨¦¥­¨ï ­ ©¤¥­ë

 ­ «¨â¨ç¥áª¨¥ ¢ëà ¦¥­¨ï ¤«ï ª®íää¨æ¨¥­â  ¯à®-
å®¦¤¥­¨ï, ­  ®á­®¢¥ ª®â®àëå ¯®«ãç¥­ë à áç¥â­ë¥

ªà¨¢ë¥ ��� ¤«ï ª®­ªà¥â­ëå §­ ç¥­¨© ¯ à ¬¥âà®¢

á¨áâ¥¬ë. �­¨ å®à®è® á®£« áãîâáï á íªá¯¥à¨¬¥­â «ì-
­ë¬¨ à¥§ã«ìâ â ¬¨.

�¨á. 1. �®­­ ï ¤¨ £à ¬¬  ��� áâàãªâãàë ¯à¨ ¯à¨-
«®¦¥­­®¬ ¢­¥è­¥¬ ­ ¯àï¦¥­¨¨ U . d ¨ Ud — â®«é¨­ 

á«®ï ¤¨í«¥ªâà¨ª  ¨ ¢ëá®â  í­¥à£¥â¨ç¥áª®£® ¡ àì¥à  ¢

­¥¬; Ys — ¨§£¨¡ §®­.
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1. �ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë

� ª ç¥áâ¢¥ ¯®¤«®¦¥ª ¡ë«¨ ¨á¯®«ì§®¢ ­ë ¯®«¨à®-
¢ ­­ë¥ ¯« áâ¨­ë p-InAs á ª®­æ¥­âà æ¨¥©  ªæ¥¯â®à®¢
(1−5) · 107 á¬−3 ¨ ®à¨¥­â æ¨¥© 〈111〉. �§£®â ¢«¨¢ «¨
âà¨ £àã¯¯ë ®¡à §æ®¢. �«ï ®¡à §æ®¢ ¯¥à¢®© £àã¯¯ë

¯®¤«®¦ª¨ âà ¢¨«¨ ¢ ¬®«®ç­®© ª¨á«®â¥ (C3H6O3,
80% ¨ H2O, 20%), § â¥¬ ®â¬ë¢ «¨ ¢ ¤¥¨®­¨§®¢ ­-
­®© ¢®¤¥. �®á«¥ å¨¬¨ç¥áª®© ¯®¤£®â®¢ª¨ ¯®¤«®¦¥ª

­  ¯®¢¥àå­®áâì ªà¨áâ ««®¢ ç¥à¥§ ¬ áªã, ¢ ¢ ªãã¬¥

10−6 �®à, ­ ¯ë«ï«¨ §®«®âë¥ ª®­â ªâ­ë¥ ¯«®é ¤ª¨

¤¨ ¬¥âà®¬ 100¬ª¬. �«ï ®¡à §æ®¢ ¢â®à®© £àã¯¯ë

¯®¤«®¦ª¨ âà ¢¨«¨ ¢ KOH, § â¥¬ ®ª¨á«ï«¨ ¢ ¯®â®ª¥

áãå®£® ª¨á«®à®¤  ¯à¨ â¥¬¯¥à âãà¥ 200◦C ¢ â¥ç¥-
­¨¥ 2ç ¨ ­ ¯ë«ï«¨ §®«®âë¥ ª®­â ªâ­ë¥ ¯«®é ¤ª¨

â®«é¨­®© 0.2¬ª¬. �  ­¥¯« ­ à­ãî áâ®à®­ã ¯®¤«®-
¦¥ª, ¤«ï ®¡à §®¢ ­¨ï ®¬¨ç¥áª®£® ª®­â ªâ , ­ ¯ë«ï-
«¨ á¯«®è­®¥ ¨­¤¨¥¢®¥ ¯®ªàëâ¨¥ â®«é¨­®© 0.5¬ª¬.
�® ¤ ­­ë¬ í««¨¯á®¬¥âà¨¨ ¨ âã­­¥«ì­®© á¯¥ªâà®áª®-
¯¨¨ [5,6] ­  ¯®¢¥àå­®áâ¨ ¯®¤«®¦¥ª ®¡à §æ®¢ ¯¥à¢®© ¨
¢â®à®© £àã¯¯ ¯à¨áãâáâ¢®¢ «  ¤¨í«¥ªâà¨ç¥áª ï ¯«¥­-
ª  â®«é¨­®© ¯®àï¤ª  20–30 Å, á®áâ®ïé ï ¨§ á¬¥á¨

®ª¨á«®¢ ¨­¤¨ï ¨ ¬ëèìïª  (¤«ï ®¡à §æ®¢ ¢â®à®©

£àã¯¯ë) ¨ á®áâ®ïé ï ¨§ á¬¥á¨ ®ª¨á«®¢ ¨­¤¨ï ¨

¬ëèìïª , ¨ ®áâ âª®¢ ¬®«¥ªã« ¬®«®ç­®© ª¨á«®âë ¢

á¢¥àåâ®­ª®© ¤¨í«¥ªâà¨ç¥áª®© ¯«¥­ª¥. �¡à §æë ¯¥à-
¢®© ¨ ¢â®à®© £àã¯¯ ¯à¥¤áâ ¢«ï«¨ á®¡®© ­¥¨¤¥ «ì­ë¥

¡ àì¥àë �®ââª¨ á ¯®¤á«®¥¬ ¨«¨ áâàãªâãàë ¬¥â ««-
¤¨í«¥ªâà¨ª–¯®«ã¯à®¢®¤­¨ª á® á¢¥àåâ®­ª¨¬ ¤¨í«¥ª-
âà¨ç¥áª¨¬ á«®¥¬.

�®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ ¨§¬¥àï«¨áì ¯à¨

â¥¬¯¥à âãà¥ 4.2 K ¨ áª®à®áâ¨ à §¢¥àâª¨ ¯¨«®®¡à §-
­®£® ­ ¯àï¦¥­¨ï 4¬�/á. �à¨ íâ®¬ ®âáãâáâ¢®¢ «¨

�¨á. 2. ��� ¢ ¬®¤¥«¨ á ¯®áâ®ï­­ë¬ ¢áâà®¥­­ë¬ § àï¤®¬.
�¯«®è­ ï ªà¨¢ ï — â¥®à¨ï. d = 11.2 Å, Ys = 0.49 í�,
εd = 10 (¤¨í«¥ªâà¨ç¥áª ï ¯®áâ®ï­­ ï).

£¨áâ¥à¥§¨á­ë¥ ï¢«¥­¨ï ¯à¨ ¯àï¬®© ¨ ®¡à â­®© § ¯¨á¨

���. �§¬¥à¥­­ ï ¢®«ìâ- ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª 

¤«ï ®¡à §æ  ¢â®à®© £àã¯¯ë ¯®ª § ­  ­  à¨á. 2. �®à®-
è® ¢¨¤­  ®¡« áâì ®âà¨æ â¥«ì­®£® ¤¨ää¥à¥­æ¨ «ì­®-
£® á®¯à®â¨¢«¥­¨ï. �®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨

®¡à §æ  ¯¥à¢®© £àã¯¯ë â ª¦¥ ¨¬¥«¨ å®à®è® ¢ëà -
¦¥­­ãî ®¡« áâì ®âà¨æ â¥«ì­®£® ¤¨ää¥à¥­æ¨ «ì­®£®

á®¯à®â¨¢«¥­¨ï, ­® ­¥áª®«ìª® ®â«¨ç «¨áì ¯® ¢¥«¨-
ç¨­¥ â®ª®¢. �¡à §æë âà¥âì¥© £àã¯¯ë ¨§£®â®¢«¥­ë

¢ á¢¥àå¢ëá®ª®¬ ¢ ªãã¬¥ ­  ãáâ ­®¢ª¥ ”Riber250”.
�® ¯®áâ ­®¢ª¨ ¢ ª ¬¥àã ®¡à §æë ®¡à ¡ âë¢ «¨áì ¢

á¬¥á¨ á®«ï­®© ª¨á«®âë ¨ ¨§®¯à®¯¨«®¢®£® á¯¨àâ . �
á¢¥àå¢ëá®ª®¬ ¢ ªãã¬¥ ¯®¢¥àå­®áâì ¯« áâ¨­ë  àá¥-
­¨¤  ¨­¤¨ï ®ç¨é « áì ¯à®£à¥¢®¬ 200◦C ¤®  â®¬ à-
­®© ç¨áâ®âë [7]. �  ®ç¨é¥­­ãî ®â ®ª¨á«®¢ ¯®-
¢¥àå­®áâì InAs á ¯®¬®éìî í«¥ªâà®­­®£® «ãç  ç¥à¥§

¬ áªã ­ ¯ë«ï«¨áì ¯« â¨­®¢ë¥ ª®­â ªâë ¤¨ ¬¥âà®¬

100¬ª¬. �® ¤ ­­ë¬ âã­­¥«ì­®© á¯¥ªâà®áª®¯¨¨ [8]
­  ¯®¢¥àå­®áâ¨ ¯®¤«®¦¥ª ®âáãâáâ¢®¢ «  á¢¥àåâ®­ª ï

¤¨í«¥ªâà¨ç¥áª ï ¯«¥­ª  ¨ ¯®«ã¯à®¢®¤­¨ª®¢ ï áâàãª-
âãà  ¡ë«  ¡«¨§ª  ª ¨¤¥ «ì­®¬ã ¡ àì¥àã �®ââª¨. � 
¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª å ¯®«ã¯à®¢®¤­¨ª®-
¢ëå áâàãªâãà âà¥âì¥© £àã¯¯ë ®âáãâáâ¢®¢ «  ®¡« áâì

®âà¨æ â¥«ì­®£® ¤¨ää¥à¥­æ¨ «ì­®£® á®¯à®â¨¢«¥­¨ï,
  ¢®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ ¡ë«¨ ¡«¨§ª¨ ª à á-
ç¥â­ë¬ (¯à¨ à áç¥â¥ ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª
â®«é¨­  ¤¨í«¥ªâà¨ç¥áª®£® á«®ï ¯à¨­¨¬ « áì à ¢­®©

­ã«î).

2. �¥®à¥â¨ç¥áª®¥ à áá¬®âà¥­¨¥

1. �®¤¥«ì. �®­¥ç­ ï æ¥«ì ­ è¥£® à áá¬®âà¥­¨ï —
¯®«ãç¥­¨¥ § ¢¨á¨¬®áâ¨ ã¯àã£®£® âã­­¥«ì­®£® â®ª 

®â ­ ¯àï¦¥­¨ï ­  ��� áâàãªâãà¥ ¨ áà ¢­¥­¨¥ íâ®©

§ ¢¨á¨¬®áâ¨ á íªá¯¥à¨¬¥­â «ì­ë¬¨ ���. �à¨ íâ®¬
®á­®¢­ãî âàã¤­®áâì ¯à¥¤áâ ¢«ï¥â ­ å®¦¤¥­¨¥ ª®íä-
ä¨æ¨¥­â  ¯à®å®¦¤¥­¨ï ­®á¨â¥«¥© § àï¤  ¨§ ¬¥â «« 

¢ ¢ «¥­â­ãî §®­ã ¯®«ã¯à®¢®¤­¨ª .

�áá«¥¤ã¥¬ ï á¨âã æ¨ï ¯à¥¤áâ ¢«ï¥â ¨ ®¡é¥â¥®à¥-
â¨ç¥áª¨© ¨­â¥à¥á, ª ª ¯à¨¬¥à âã­­¥«¨à®¢ ­¨ï ­®-
á¨â¥«¥© ç¥à¥§ ¬­®£®á«®©­ãî áâàãªâãàã, ¢ ®¤­®¬ ¨§

á«®¥¢ ª®â®à®© ¯à®¨áå®¤¨â ¨å ª®­¢¥àá¨ï. �¥©áâ¢¨-
â¥«ì­®, à¥§ã«ìâ âë ª« áá¨ç¥áª¨å à ¡®â [9] á®áâ®ï«¨ ¢
­ å®¦¤¥­¨¨ ª®íää¨æ¨¥­â  ¬¥¦§®­­®£® âã­­¥«¨à®¢ -
­¨ï, ¢ë§ë¢ ¥¬®£® í«¥ªâà¨ç¥áª¨¬ ¯®«¥¬ ¢ ®¡ê¥¬­®¬

®¡à §æ¥. �¤­ ª® ®¤­®© íâ®© ¢¥«¨ç¨­ë ®ª §ë¢ ¥âáï

ï¢­® ­¥¤®áâ â®ç­® ¤«ï ®¯¨á ­¨ï ¯à®æ¥áá®¢ ª®£¥à¥­â-
­®£® âà ­á¯®àâ  ¢ á«®¨áâ®© á¨áâ¥¬¥. � ¤àã£®© áâ®à®-
­ë, á®¢à¥¬¥­­ë¥ à ¡®âë, ¯®á¢ïé¥­­ë¥ âã­­¥«¨à®¢ -
­¨î ç¥à¥§ á«®¨áâë¥ áâàãªâãàë (á¬., ­ ¯à¨¬¥à, [10]),
®£à ­¨ç¨¢ îâáï á¨âã æ¨ï¬¨, ª®£¤  ª®­¢¥àá¨ï ­®á¨-
â¥«¥© ¯à®¨áå®¤¨â ­  £à ­¨æ¥ á«®¥¢ ¨ ãç¨âë¢ ¥âáï

á ¯®¬®éìî ä¥­®¬¥­®«®£¨ç¥áª¨å £à ­¨ç­ëå ãá«®¢¨©.
�à¥¤« £ ¥¬ë© ¤ «¥¥ ¯®¤å®¤ § ¯®«­ï¥â ¯à®¡¥« ¬¥¦¤ã

íâ¨¬¨ ¯à¥¤¥«ì­ë¬¨ á«ãç ï¬¨. �­ ¡ §¨àã¥âáï ­  ª¢ -
§¨ª« áá¨ç¥áª®¬ ¢ à¨ ­â¥ ¬¥â®¤  ¬ âà¨æë ¯¥à¥­®á 
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¨ ¬®¦¥â á«ã¦¨âì ®á­®¢®© ¤«ï à áá¬®âà¥­¨ï ¡®«¥¥

á«®¦­ëå âã­­¥«ì­ëå áâàãªâãà á ”ª®­¢¥àá¨®­­ë¬¨”
á«®ï¬¨.
�®­­ ï ¤¨ £à ¬¬  ¨áá«¥¤ã¥¬®© áâàãªâãàë ¯à¥¤-

áâ ¢«¥­  ­  à¨á. 1. �à¨ ¨á¯®«ì§ã¥¬®¬ ãà®¢­¥ «¥-
£¨à®¢ ­¨ï ∼ 2 · 1017 á¬−3 â®«é¨­  á«®ï ®¡¥¤­¥­¨ï

á®áâ ¢«ï¥â ∼ 6.2 · 10−6 á¬. � áç¥âë ¯®ª §ë¢ îâ, çâ®
ãà®¢¥­ì à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ ¨­¢¥àá¨®­­®¬ ª -
­ «¥ n-§®­ë «¥¦¨â ­  ä®­¥ § ¯à¥é¥­­®© §®­ë ®¡ê¥¬ 
InAs ¨ à á¯®« £ ¥âáï ¢ ­¥© ¡«¨§ª® ª ªà î ¢ «¥­â­®©

§®­ë. �¬¥­­® â ª®¥ ¥£® ¯®«®¦¥­¨¥, ª ª ¡ã¤¥â ¢¨¤­® ¢
¤ «ì­¥©è¥¬, ¢ë§ë¢ ¥â ®á®¡¥­­®áâ¨ ¢ ª®íää¨æ¨¥­â¥
¯à®å®¦¤¥­¨ï ¨, á®®â¢¥âáâ¢¥­­®, ¢ ���.
�â­®á¨â¥«ì­ ï ¯« ¢­®áâì ¯®â¥­æ¨ «  á«®ï ®¡¥¤­¥-

­¨ï ¨ ¡®«ìè ï â®«é¨­  ¬¥¦§®­­®£® ¡ àì¥à  ¯®§¢®-
«ï¥â ¯à¨ ®¯¨á ­¨¨ ¤¢¨¦¥­¨ï ­®áâ¥«¥© ¢ ¯®«ã¯à®-
¢®¤­¨ª¥ ®£à ­¨ç¨âìáï à ¬ª ¬¨ ¬®¤¥«¨ �¨à ª , â. ¥.
¯à¥­¥¡à¥çì íªá¯®­¥­æ¨ «ì­® ¬ «ë¬ ¢ª« ¤®¬ âï¦¥-
«®© ¤ëàª¨ ¢ ¬¥¦§®­­®¥ âã­­¥«¨à®¢ ­¨¥ [11]. �¥-
âëà¥åª®¬¯®­¥­â­ ï ¢®«­®¢ ï äã­ªæ¨ï ­®á¨â¥«ï Ψ
®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨¥¬

ĤΨ = EΨ (1)

á ¬ âà¨ç­ë¬ £ ¬¨«ìâ®­¨ ­®¬

H =

(
ε0 + V (z) vσ̂p̂

vσ̂p̂ − ε0 + V (z)

)
(2)

£¤¥ p̂ — ®¯¥à â®à ¨¬¯ã«ìá , σi — ¬ âà¨æ  � ã«¨,
v — ¬¥¦§®­­ë© í«¥¬¥­â áª®à®áâ¨, ε0 — ¯®«ãè¨à¨­ 

§ ¯à¥é¥­­®© §®­ë.
� ¤àã£®© áâ®à®­ë, ¯« ¢­®áâì ¯®â¥­æ¨ «  V (z) ¤ ¥â

¢®§¬®¦­®áâì ¯à¨¬¥­¨âì ¢ (1) ª¢ §¨ª« áá¨ç¥áª®¥ ¯à¨-
¡«¨¦¥­¨¥. �¢ §¨ª« áá¨ç¥áª¨¥ ¢®«­®¢ë¥ äã­ªæ¨¨,
¯®«ãç¥­­ë¥ ¢ �à¨«®¦¥­¨¨, ¢ á¢®¨å áãé¥áâ¢¥­­ëå

ç¥àâ å ­ ¯®¬¨­ îâ ª¢ §¨ª« áá¨ç¥áª®¥ à¥è¥­¨¥ ãà ¢-
­¥­¨ï �à¥¤¨­£¥à  [12]. � ç áâ­®áâ¨, ¢¨¤ ¯®ª § â¥«ï
íªá¯®­¥­âë ®ª §ë¢ ¥âáï

∫
pz(z)dz, £¤¥ pz ­ å®¤¨âáï

¨§ § ª®­  ¤¨á¯¥àá¨¨ ¢ á®®â¢¥âáâ¢ãîé¥© §®­¥ ¯®«ã-
¯à®¢®¤­¨ª .

2. �®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï. �«ï ¯®áâà®¥­¨ï

ª®íää¨æ¨¥­â  ¯à®å®¦¤¥­¨ï ­  ®á­®¢¥ ­ ©¤¥­­ëå ¢

�à¨«®¦¥­¨¨ ª¢ §¨ª« áá¨ç¥áª¨å ¢®«­®¢ëå äã­ªæ¨©

¬ë ¡ã¤¥¬ ¤¥©áâ¢®¢ âì ¯®  ­ «®£¨¨ á ¨§¢¥áâ­ë¬ ¬¥-
â®¤®¬ ¬ âà¨æ ¯¥à¥­®á  [9]. � ª ¦¤®© ¨§ ª« áá¨ç¥áª¨

¤®áâã¯­ëå ®¡« áâ¥© (¢ £«ã¡¨­¥ ¬¥â ««  ¨ ¯®«ã¯à®-
¢®¤­¨ª ,   â ª¦¥ ¢ ¯à¨¯®¢¥àå­®áâ­®© ¨­¢¥àá¨®­­®©
®¡« áâ¨ ¯®á«¥¤­¥£®) ¢®«­®¢ ï äã­ªæ¨ï ¯à¥¤áâ ¢«ï¥â
á®¡®© áã¬¬ã ¤¢ãå ®áæ¨««¨àãîé¨å ç«¥­®¢, á®®â¢¥â-
áâ¢ãîé¨å ¯à®â¨¢®¯®«®¦­ë¬ ­ ¯à ¢«¥­¨ï¬ ¯®â®ª .
� ª« áá¨ç¥áª¨ § ¯à¥é¥­­ëå ®¡« áâïå (¢ á«®¥ ¤¨í«¥ª-
âà¨ª  ¨ ¢ § ¯à¥é¥­­®© §®­¥ ¯®«ã¯à®¢®¤­¨ª ) ¢®«­®-
¢ë¥ äã­ªæ¨¨ áãâì ¢®§à áâ îé¨¥ ¨ á¯ ¤ îé¨¥ íªá-
¯®­¥­âë. �ë ­ ©¤¥¬ ¬ âà¨æë (2 × 2), á¢ï§ë¢ îé¨¥
¯ àë ª®íää¨æ¨¥­â®¢ ¯à¨ íâ¨å äã­¤ ¬¥­â «ì­ëå à¥-
è¥­¨ïå ¯® à §­ë¥ áâ®à®­ë ®â ª« áá¨ç¥áª®© â®çª¨ ¯®-
¢®à®â  ¬¥¦¤ã ª ¦¤ë¬¨ á®á¥¤­¨¬¨ ¨§ ¯¥à¥ç¨á«¥­­ëå

®¡« áâ¥©. �á«®¢¨¬áï, çâ® ¢ ¢¥ªâ®à¥ ª®íää¨æ¨¥­â®¢
¢¥àå­¨© í«¥¬¥­â ¡ã¤¥â á®®â¢¥âáâ¢®¢ âì  ¬¯«¨âã¤¥

¯à¨ ¢®«­¥, ®â¢¥ç îé¥© ¯®â®ªã á«¥¢  ­ ¯à ¢®, ¨«¨
ª®íää¨æ¨¥­âã ¯à¨ ¢®§à áâ îé¥© íªá¯®­¥­â¥.
� áá¬®âà¨¬ ¤«ï ®¯à¥¤¥«¥­­®áâ¨ á­ ç «  â®çªã

¯®¢®à®â  ­  £à ­¨æ¥ § ¯à¥é¥­­®© ¨ ¢ «¥­â­®© §®­

¯®«ã¯à®¢®¤­¨ª  zb. �®£« á­®�à¨«®¦¥­¨î, ¤¢ãåª®¬-
¯®­¥­â­ë¥ ¢®«­®¢ë¥ äã­ªæ¨¨ á¯à ¢  ¨ á«¥¢  ®â íâ®©

â®çª¨ § ¯¨áë¢ îâáï ¢ ¢¨¤¥

Ψ̃c(zb, z) =
A√
|pz|

Φ̃c+e
i
~

∫ z
zb

|pz |dz

+
B√
|pz|

Φ̃c−e
− i
~

∫ z
zb

|pz|dz
z > zb,

Ψ̃b(zb, z) =
C√
|pz|

Φ̃b+e
1
~

∫ z
zb
|pz|dz

+
D√
|pz|

Φ̃b−e
− 1
~

∫
z

zb
|pz|dz

z < zb. (3)

�¢ï§ì ¬¥¦¤ã ¢¥ªâ®à ¬¨ (C,D) ¨ (A,B) ¯®«ãç ¥âáï
¯à¨ ¯®¬®é¨ ®¡å®¤  ¢®ªàã£ â®çª¨ ¯®¢®à®â  (pz = 0)
¢ ª®¬¯«¥ªá­®© ¯«®áª®áâ¨ z. �®¦­® ¯®ª § âì, çâ®
¢ à ¬ª å ¨á¯®«ì§ã¥¬®© ¬®¤¥«¨ ¨ ¯à¨ ­ è¥¬ ¢ë¡®à¥

äã­ªæ¨© Φ̃ ¬ âà¨æ  á¢ï§¨ ¯®«ãç ¥âáï â ª®© ¦¥, ª ª
¢ á«ãç ¥ ãà ¢­¥­¨ï �à¥¤¨­£¥à  [13]:(
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=

(
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)
. (4)

� áá¬ âà¨¢ ï  ­ «®£¨ç­ë¬ ®¡à §®¬ â®çªã ¯®¢®-
à®â  ­  £à ­¨æ¥ §®­ë ¯à®¢®¤¨¬®áâ¨ ¨ § ¯à¥é¥­­®©

§®­ë za, ¬ë ­ å®¤¨¬ ¬ âà¨æã á¢ï§¨ ¬¥¦¤ã ¢¥ªâ®à ¬¨
ª®íää¨æ¨¥­â®¢ ¢ äã­ªæ¨ïå Φ̃a(za, z) ¨ Φ̃b(za, z):(

1
2ie

πi
4 e

πi
4

− 1
2ie
−πi4 e−

πi
4

)
. (5)

� ¬¥â¨¬, çâ® ¯à¨ ¢ë¢®¤¥ (4) ¨ (5) ¢®«­®¢ ï äã­ª-
æ¨ï ¢ ®¤­®© ¨ â®© ¦¥ ®¡« áâ¨ § ¯à¥é¥­­®© §®­ë ¡ë« 

§ ¯¨á ­  ¢ à §­ëå ¢¨¤ å. �¢ï§ì ¬¥¦¤ã Φ̃a(za, z) ¨
Φ̃b(za, z), ®ç¥¢¨¤­®, ¤ ¥âáï âà¨¢¨ «ì­®© ¤¨ £®­ «ì-
­®© ¬ âà¨æ¥©e− 1

~

∫
zb

za
|pz |dz

0

0 e
1
~

∫
zb

za
|pz|dz

0

 . (6)

�­ «®£¨ç­ë¥ ¬ âà¨æë, á ®ç¥¢¨¤­®© § ¬¥­®© ¯à¥¤¥-
«®¢ ¨­â¥£à¨à®¢ ­¨ï, ¯®«ãç îâáï ¤«ï ®¡« áâ¨ ¢­ãâà¨
¤¨í«¥ªâà¨ç¥áª®£® ¡ àì¥à  ¨, á § ¬¥­®© |pz| ­  i|pz|,
¤«ï ª« áá¨ç¥áª¨ ¤®áâã¯­®© ®¡« áâ¨ ¢ ¨­¢¥àá¨®­­®¬

ª ­ «¥.
� ¬ ®áâ «®áì ¯®«ãç¨âì ¬ âà¨æë á¢ï§¨ ¤«ï £à ­¨æ

à §¤¥« . �®®¡é¥ £®¢®àï, ­  £à ­¨æ¥ ¤¨í«¥ªâà¨ª–¯®-
«ã¯à®¢®¤­¨ª á«¥¤ã¥â ãáâ ­®¢¨âì £à ­¨ç­ë¥ ãá«®¢¨ï,
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á¢ï§ë¢ îé¨¥ ®¤­®ª®¬¯®­¥­â­ãî ¢®«­®¢ãî äã­ªæ¨î

¢ ¤¨í«¥ªâà¨ª¥ ¨ ¤¢ãåª®¬¯®­¥­â­ãî ¢ ¯®«ã¯à®¢®¤­¨-
ª¥. �¤­ ª®, ¯®áª®«ìªã ¢ ãá«®¢¨ïå § ¤ ç¨ í«¥ªâà®­

¯à¨ z = 0 ¨¬¥¥â í­¥à£¨î, ¡«¨§ªãî ª ªà î §®­ë

¯à®¢®¤¨¬®áâ¨, |Ψ2| � |Ψ1| ¨ ¯à¥¤íªá¯®­¥­æ¨ «ì­ë©
¬­®¦¨â¥«ì ∼ 1/

√
p. � ª¨¬ ®¡à §®¬, ¬ë ¯à¨å®¤¨¬

ª â¥¬ ¦¥ ãá«®¢¨ï¬ áè¨¢ª¨ ®¤­®ª®¬¯®­¥­â­ëå ¢®«-
­®¢ëå äã­ªæ¨© ­  à¥§ª®© £à ­¨æ¥, çâ® ¨ ­  £à ­¨-
æ¥ ¬¥â ««–¤¨í«¥ªâà¨ª: à ¢¥­áâ¢® ª¢ §¨ª« áá¨ç¥áª¨å
¢®«­®¢ëå äã­ªæ¨© á¯à ¢  ¨ á«¥¢  ®â £à ­¨æë ¨

à ¢¥­áâ¢® ¨å ¯¥à¢ëå ¯à®¨§¢®¤­ëå, ­®à¬¨à®¢ ­­ëå
­  á®®â¢¥âáâ¢ãîé¨¥ ¬ ááë. �¥á«®¦­ë¥ ¢ëç¨á«¥­¨ï
¤ îâ ¨áª®¬ë¥ ¬ âà¨æë á¢ï§¨ ¤«ï £à ­¨æ ¬¥â ««–
¤¨í«¥ªâà¨ª ¨ ¤¨í«¥ªâà¨ª–¯®«ã¯à®¢®¤­¨ª ¢ ¢¨¤¥(

α α∗

α∗ α

)
;

(
β β∗

β∗ β

)
;

α =
1

2

(√
pm

pd
− i

mm

md

√
pd

pm

)
,

β =
1

2

(√
pd

ps
+ i

md

mm

√
ps

pd

)
, (7)

£¤¥ pm, pd, ps — ¢®«­®¢ë¥ ¢¥ªâ®àë ¢ ¬¥â ««¥, ¤¨í«¥ª-
âà¨ª¥ ¨ ¯®«ã¯à®¢®¤­¨ª¥, mm, md, ms — á®®â¢¥âáâ¢ã-
îé¨¥ íää¥ªâ¨¢­ë¥ ¬ ááë.

�¥§ã«ìâ¨àãîé ï ¬ áá  ¯¥à¥­®á (
a11 a12

a21 a22

)
, (8)

á¢ï§ë¢ îé ï ª®íää¨æ¨¥­âë ¯à¨ ¯«®áª¨å í«¥ªâà®­-
­ëå ¢®«­ å ¢ ¬¥â ««¥ ¨ ¢ «¥­â­®© §®­¥ ¯®«ã¯à®¢®¤-
­¨ª , ¯®«ãç ¥âáï ª ª ¯à®¨§¢¥¤¥­¨¥ ãª § ­­ëå ¢ëè¥
¬ âà¨æ, ¯¥à¥¬­®¦ ¥¬ëå á«¥¢  ­ ¯à ¢® ¢ ¯®á«¥¤®¢ -
â¥«ì­®áâ¨, á®®â¢¥âáâ¢ãîé¥© à¨á. 1.

� ©¤¥¬ â¥¯¥àì ª®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï ­®á¨â¥-
«ï § àï¤  ¨§ ¬¥â ««  ¢ ¢ «¥­â­ãî §®­ã ¯®«ã¯à®-
¢®¤­¨ª . �à¨ â ª®© ¯®áâ ­®¢ª¥ § ¤ ç¨ ¢¥ªâ®à (A, B)
¢ ¢ «¥­â­®© §®­¥ ¤®«¦¥­ ¡ëâì ¯®«®¦¥­ (1, 0) —
¯à¨áãâáâ¢ã¥â â®«ìª® ¯à®è¥¤è ï ¢®«­ . �¬­®¦¨¢

íâ®â ¢¥ªâ®à ­  à¥§ã«ìâ¨àãîéãî ¬ âà¨æã ¯¥à¥­®á ,
¯®«ãç¨¬ §­ ç¥­¨ï ª®íää¨æ¨¥­â®¢ ¯à¨ ¯ ¤ îé¥© ¨

®âà ¦¥­­®© ¢®«­¥ ¢ ¬¥â ««¥. �®íää¨æ¨¥­â ¯à®å®-
¦¤¥­¨ï ç¥à¥§ áâàãªâãàã ®¯à¥¤¥«ï¥âáï ª ª ®â­®è¥­¨¥

¯®â®ª®¢ ¯à®è¥¤è¥© ¨ ¯ ¤ îé¥© ¢®«­ë. � á«ãç ¥,
ª®£¤  í­¥à£¨ï í«¥ªâà®­ , ¯à®è¥¤è¥£® ¢ ¢ «¥­â­ãî

§®­ã, ®ª §ë¢ ¥âáï ¡«¨§ª®© ª ¯®â®«ªã ¯®á«¥¤­¥©, íâ®â
ª®íää¨æ¨¥­â à ¢¥­

D =
mm

ms

1

|a11|2
. (9)

�á¯®«ì§ãï ¯®«ãç¥­­ë¥ ¢ëè¥ ¬ âà¨æë, ¬®¦­® ­ ©â¨
ï¢­ë¥  ­ «¨â¨ç¥áª¨¥ ¢ëà ¦¥­¨ï ¤«ï ª®íää¨æ¨¥­â 

¯à®å®¦¤¥­¨ï. � ç áâ­®áâ¨, ¥á«¨ í­¥à£¨ï í«¥ªâà®­ 

«¥¦¨â ¢ëè¥ ¤­  ¯à¨¯®¢¥àå­®áâ­®£® ¨­¢¥àá¨®­­®£®

ª ­ « ,

D−1 = 2|αβ|2
(

chI(a, b)chI(−d, 0)

+ shI(a, b) sin I(0, a) cosϕα

+ shI(a, b)
(
chI(−d, 0) sin I(0, α) cosϕβ

+ shI(−d, 0) cos I(0, a) sinϕβ
)

+ chI(a, b) cosϕα cosϕβ − sinϕα sinϕβ

)
,

£¤¥

I(zl, zr) =
1

~

∫ zr

zl

pz(z)dz, (10)

zl ¨ zr § ¤ îâ ¯à¥¤¥«ë ¨­â¥£à¨à®¢ ­¨ï ¨ ®¡®§­ ç¥­ë

­  à¨áã­ª¥, α, β ®¯à¥¤¥«¥­ë ¢ (7).
3. �®à¬ã«  ¤«ï âã­­¥«ì­®£® â®ª . �«ï à áç¥-

â  ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª ¢®á¯®«ì§ã¥¬áï ¨§-
¢¥áâ­®© ä®à¬ã«®© ¤«ï § ¢¨á¨¬®áâ¨ ¯«®â­®áâ¨ ã¯àã-
£®£® âã­­¥«ì­®£® â®ª  ®â à §­®áâ¨ ¯®â¥­æ¨ «®¢ ­ 

£à ­¨æ å âã­­¥«ì­®© áâàãªâãàë [9]:

j(U) =
2|e|

h3

∫
D(E, p‖)

[
f(E+U)−f(E)

]
dEd2p‖, (11)

£¤¥ f(E), f(E + U) — ä¥à¬¨¥¢áª¨¥ äã­ªæ¨¨ à á-
¯à¥¤¥«¥­¨ï (ª®â®àë¥ ¯à¨ £¥«¨¥¢ëå â¥¬¯¥à âãà å ¨

§­ ç¥­¨ïå U ,  ªâã «ì­ëå ¢ íªá¯¥à¨¬¥­â¥, ¬®£ãâ ¡ëâì
§ ¬¥­¥­ë áâã¯¥­ç âë¬¨ äã­ªæ¨ï¬¨); p‖ — ¯à®¤®«ì-
­ ï á®áâ ¢«ïîé ï ¨¬¯ã«ìá  í«¥ªâà®­ : D(E, p‖) —
ª®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï í«¥ªâà®­  ç¥à¥§ ���

áâàãªâãàã.
� ª ª ª á¯¥ªâà ­®á¨â¥«¥© § àï¤  ¢ ¬¥â ««¥ ®¯¨-

áë¢ ¥âáï ¯ à ¡®«¨ç¥áª¨¬ § ª®­®¬ ¤¨á¯¥àá¨¨, ã¤®¡­®
¯¥à¥©â¨ ¢ (11) ®â ¨­â¥£à¨à®¢ ­¨ï ¯® ¯®«­®© í­¥à£¨¨
¨ ¯à®¤®«ì­®¬ã ¨¬¯ã«ìáã ª ¨­â¥£à¨à®¢ ­¨î ¯® ¤¢ã¬

á« £ ¥¬ë¬ ¯®«­®© í­¥à£¨¨ ¢ ¬¥â ««¥, á¢ï§ ­­ë¬ á

¯®¯¥à¥ç­ë¬ ¨ ¯à®¤®«ì­ë¬ ¤¢¨¦¥­¨¥¬. �®á«¥ ­¥-
á«®¦­ëå ¯à¥®¡à §®¢ ­¨© ¯®«ãç ¥¬

j(U) =
2π|e|m

h3

∫
D(E⊥, E‖)

[
f(E+U)−f(E)

]
dE⊥dE‖,

(12)
£¤¥ E⊥, E‖ — ¯®¯¥à¥ç­ ï ¨ ¯à®¤®«ì­ ï í­¥à£¨¨ ¢

¬¥â ««¥ (E = E⊥ + E‖). �à¥¤¥«ë ¨­â¥£à¨à®¢ ­¨ï

®¯à¥¤¥«ïîâáï ãà®¢­ï¬¨ �¥à¬¨ ¢ ¬¥â ««¥ ¨ ¢ ¯®«ã-
¯à®¢®¤­¨ª¥ ¨ £à ­¨æ¥© § ¯à¥é¥­­®© §®­ë ¢ ¯®«ã-
¯à®¢®¤­¨ª¥. � ¤ «ì­¥©è¨å à áç¥â å áãé¥áâ¢¥­­ãî

à®«ì ¨£à ¥â § ¢¨á¨¬®áâì ª®íää¨æ¨¥­â  ¯à®å®¦¤¥­¨ï

®â ª®¬¯®­¥­âë ¢®«­®¢®£® ¢¥ªâ®à  ¢¤®«ì £à ­¨æë

à §¤¥« , â. ¥. ®â E‖.

3. �¥§ã«ìâ âë ç¨á«¥­­ëå à áç¥â®¢

¨ ®¡áã¦¤¥­¨¥

1. �®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï. �  à¨á. 3 ¯®ª § ­ë
§ ¢¨á¨¬®áâ¨ ª®íää¨æ¨¥­â  ¯à®å®¦¤¥­¨ï ®â í­¥à-
£¨¨, ¯®«ãç¥­­ë¥ ¢ ¯à¥¤ë¤ãé¥¬ à §¤¥«¥. � à ¬¥âàë

�¨§¨ª  ¨ â¥å­¨ª  ¯®«ã¯à®¢®¤­¨ª®¢, 1997, â®¬ 31, ò 3
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�¨á. 3. �®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï D(E) ¯à¨ à §«¨ç­ëå
¨§£¨¡ å §®­: Ys = 0.49 (1 ), 0.46 (2 ), 0.43 (3 ) í�. � à ¬¥-
âàë ¤¨í«¥ªâà¨ª  á®®â¢¥âáâ¢ãîâ à¨á. 2.

áâàãªâãà, á®®â¢¥âáâ¢ãîé¨¥ à¥ «ì­ë¬ íªá¯¥à¨¬¥­-
â «ì­ë¬ á¨âã æ¨ï¬, ãª § ­ë ¢ ¯®¤¯¨áïå ª à¨áã­ªã.
� §«¨ç­ë¥ ªà¨¢ë¥ á®®â¢¥âáâ¢ãîâ à §­ë¬ ¢¥«¨ç¨-
­ ¬ ¯à¨¯®¢¥àå­®áâ­®£® ¨§£¨¡  §®­ ¢ ¯®«ã¯à®¢®¤­¨ª¥,
®áâ «ì­ë¥ ¯ à ¬¥âàë ä¨ªá¨à®¢ ­ë.

� ¯®¬®éìî ªà¨¢®© 1 ¯®ª § ­  á¨âã æ¨ï, ª®£¤ 

ãà®¢¥­ì à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ ¨­¢¥àá­®¬ ª ­ «¥

®ª §ë¢ ¥âáï ­  ä®­¥ ®¡ê¥¬­®© ¢ «¥­â­®© §®­ë ¯®«ã-
¯à®¢®¤­¨ª .�¨ª ª®íää¨æ¨¥­â  ¯à®å®¦¤¥­¨ï ª ª à §
®â¢¥ç ¥â à¥§®­ ­á­®¬ã âã­­¥«¨à®¢ ­¨î ç¥à¥§ íâ®â

ª¢ §¨áâ æ¨®­ à­ë© ãà®¢¥­ì. �à¨ ¬¥­ìè¥© ¢¥«¨ç¨­¥
¨§£¨¡  §®­ (ªà¨¢ ï 2 ) ¯à¨¯®¢¥àå­®áâ­ë© ãà®¢¥­ì ­ -
å®¤¨âáï ­  ä®­¥ § ¯à¥é¥­­®© §®­ë ¯®«ã¯à®¢®¤­¨ª .
�¥¬ ­¥ ¬¥­¥¥ ª®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï áãé¥áâ¢¥­-
­® ¢®§à áâ ¥â ¢¡«¨§¨ ¯®â®«ª  ¢ «¥­â­®© §®­ë. �â®
¯à®¨áå®¤¨â ¡« £®¤ àï â®¬ã, çâ® ¯®¤ ¢«¥­¨¥ âã­­¥-
«¨à®¢ ­¨ï ¢¡«¨§¨ ¯®à®£  ¯à®å®¦¤¥­¨ï ­ áâã¯ ¥â ¢

®¡« áâ¨ í­¥à£¨©, áãé¥áâ¢¥­­® ¡®«¥¥ ã§ª®©, ç¥¬ è¨à¨-
­  å¢®áâ  à¥§®­ ­á­®£® ¯¨ª . �à¨ ¤ «ì­¥©è¥¬ ã¬¥­ì-
è¥­¨¨ ¨§£¨¡  §®­ ãà®¢¥­ì ¢ëâ «ª¨¢ ¥âáï ¢ £«ã¡ì

§ ¯à¥é¥­­®© §®­ë, çâ® ¯à¨¢®¤¨â ª ¨áç¥§­®¢¥­¨î ¥£®

¢«¨ï­¨ï ­  ª®íää¨æ¨¥­â ¯à®å®¦¤¥­¨ï (ªà¨¢ ï 3 ).

�æ¥­ª¨ ¯®ª §ë¢ îâ, çâ® ¢ ­ è¨å íªá¯¥à¨¬¥­â å

¯ à ¬¥âàë ®¡à §æ®¢ á®®â¢¥âáâ¢ãîâ á¨âã æ¨¨ ªà¨-
¢®© 2. �®íâ®¬ã ®á®¡¥­­®áâ¨ à ááç¨âë¢ ¥¬ëå ¤ -
«¥¥ ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª á¢ï§ ­ë ¨¬¥­­® á

âã­­¥«¨à®¢ ­¨¥¬ ­®á¨â¥«¥© ç¥à¥§ å¢®áâ à¥§®­ ­á­®£®

ãà®¢­ï.

2. �®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨. �à¨ ç¨á«¥­-
­®¬ à áç¥â¥ ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª ­  ®á­®-
¢ ­¨¨ (12) áãé¥áâ¢¥­­ë¬¨ ®ª §ë¢ îâáï á«¥¤ãîé¨¥

¤¢  ®¡áâ®ïâ¥«ìáâ¢ .

�®-¯¥à¢ëå, ãç¥â § ¢¨á¨¬®áâ¨ ª®íää¨æ¨¥­â  ¯à®å®-
¦¤¥­¨ï ®â ¯à®¤®«ì­®£® ¢®«­®¢®£® ¢¥ªâ®à  (ª®â®àë©,
­ àï¤ã á í­¥à£¨¥©, á®åà ­ï¥âáï ¢ ¯à®æ¥áá¥ ã¯àã£®£®
âã­­¥«¨à®¢ ­¨ï). �®£« á­® ä®à¬ã«¥ (�. 7), ­ «¨ç¨¥
ã í«¥ªâà®­  ¯à®¤®«ì­®£® ¨¬¯ã«ìá  ¯à¨¢®¤¨â ª íä-
ä¥ªâ¨¢­®¬ã ã¢¥«¨ç¥­¨î è¨à¨­ë § ¯à¥é¥­­®© §®­ë.
�â® ¢ë§ë¢ ¥â á¨«ì­ãî § ¢¨á¨¬®áâì ª®íää¨æ¨¥­â 

¯à®å®¦¤¥­¨ï ®â ¯à®¤®«ì­®£® ¢®«­®¢®£® ¢¥ªâ®à  ­®-
á¨â¥«ï.
�®-¢â®àëå, ¯à¨ ãà®¢­¥ «¥£¨à®¢ ­¨ï ¯®«ã¯à®¢®¤­¨-

ª  ∼ 1017−1018 á¬−3 ¯à¨¬¥á­ë© ãà®¢¥­ì à §¬ë¢ ¥âáï

¢ ¯à¨¬¥á­ãî §®­ã ¨ á«¨¢ ¥âáï á ¢ «¥­â­®© §®­®© [14].
�ë ¯®«ãª ç¥áâ¢¥­­® ãç«¨ íâ®â íää¥ªâ ¯ãâ¥¬ íää¥ª-
â¨¢­®£® á¤¢¨£  ¯®â®«ª  ¢ «¥­â­®© §®­ë ­  è¨à¨­ã

¯à¨¬¥á­®© §®­ë, â. ¥. ­  ∼ 50 ¬í�.
�®¤ ¯®â¥­æ¨ «  á«®ï ¨áâ®é¥­¨ï ¢ ¯®«ã¯à®¢®¤­¨ª¥

áç¨â ¥âáï ª¢ ¤à â¨ç­ë¬, â. ¥. á®§¤ ¢ ¥¬ë¬ â®«ìª®

§ àï¦¥­­ë¬¨  ªæ¥¯â®à ¬¨. �«¥ªâà®­ë ¢ ¨­¢¥àá¨®­-
­®¬ ª ­ «¥ ®âáãâáâ¢ãîâ, â ª ª ª ãà®¢¥­ì à §¬¥à­®£®
ª¢ ­â®¢ ­¨ï ­ å®¤¨âáï ¢ëè¥ ãà®¢­ï �¥à¬¨ ¨ ¯à¨

­¨§ª¨å â¥¬¯¥à âãà å ï¢«ï¥âáï ­¥§ ¯®«­¥­­ë¬. � -
¤¥­¨¥ ¯®â¥­æ¨ «  ­  ¤¨í«¥ªâà¨ª¥ ¨ ¯®«ã¯à®¢®¤­¨-
ª¥ ®¯à¥¤¥«ï¥âáï ¨§ ãà ¢­¥­¨ï �ã áá®­  ¨ ãá«®¢¨ï

à ¢¥­áâ¢  ­ã«î ®¡é¥£® § àï¤  ��� áâàãªâãàë á

ãç¥â®¬ § àï¤  ¯®¢¥àå­®áâ­ëå á®áâ®ï­¨©.
�¥§ã«ìâ âë ç¨á«¥­­ëå à áç¥â®¢ ¨ ¨å áà ¢­¥­¨¥

á íªá¯¥à¨¬¥­â «ì­ë¬¨ ¤ ­­ë¬¨ ¤«ï ¤¢ãå à §«¨ç-
­ëå á«ãç ¥¢ ¯à¨¢¥¤¥­ë ­  à¨á. 2, 4. �¨à®ª¨© ¯¨ª

­  ¢®«ìâ- ¬¯¥à­ëå å à ªâ¥à¨áâ¨ª å á¢ï§ ­ á ®¡áã-
¦¤ ¢è¨¬áï à ­¥¥ ®ª®«®à¥§®­ ­á­ë¬ â¥­­¥«¨à®¢ ­¨-
¥¬ á«¥¤ãîé¨¬ ®¡à §®¬.�  ­ ç «ì­®¬ ãç áâª¥ ­ ¯àï-
¦¥­¨© âã­­¥«ì­ë© â®ª ¢®§à áâ ¥â ¯® ¤¢ã¬ ¯à¨ç¨­ ¬.
�¥à¢ ï — âà¨¢¨ «ì­ ï: á à®áâ®¬ à §­¨æë ãà®¢­¥©

�¥à¬¨ ¬¥â ««  ¨ ¯®«ã¯à®¢®¤­¨ª  ã¢¥«¨ç¨¢ ¥âáï ç¨-

�¨á. 4. ��� ¢ ¬®¤¥«¨ á § ªà¥¯«¥­¨¥¬ §®­. �¯«®è­ ï
ªà¨¢ ï — â¥®à¨ï. d = 11.6 Å, Ys = 0.51 í�.
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á«® ¤®áâã¯­ëå ª®­¥ç­ëå á®áâ®ï­¨© ¤«ï âã­­¥«¨àã-
îé¨å ­®á¨â¥«¥©. �â®à ï — á¯¥æ¨ä¨ç¥áª ï: ã¢¥«¨ç¥-
­¨¥ ­ ¯àï¦¥­¨ï ­  áâàãªâãà¥ ¯à¨¢®¤¨â ª á£« ¦¨¢ -
­¨î ¯à¨¯®¢¥àå­®áâ­®£® ¨§£¨¡  §®­, â. ¥. ã¬¥­ìè¥­¨î
­ ¯àï¦¥­­®áâ¨ í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ¨­¢¥àá¨®­­®¬

ª ­ «¥. � à¥§ã«ìâ â¥ ãà®¢¥­ì �¥à¬¨ ¢ ¬¥â ««¥ ¯à¨-
¡«¨¦ ¥âáï ª ãà®¢­î à §¬¥à­®£® ª¢ ­â®¢ ­¨ï, çâ®
¯à¨¢®¤¨â ª § ¬¥â­®¬ã ã¢¥«¨ç¥­¨î âã­­¥«¨à®¢ ­¨ï

ç¥à¥§ ®ª®«®à¥§®­ ­á­ë© å¢®áâ.

�¬¥­ìè¥­¨¥ â®ª  ­ áâã¯ ¥â, ª®£¤  ãà®¢¥­ì �¥à¬¨
¬¥â ««  ¤®áâ¨£ ¥â ¯®â®«ª  ¢ «¥­â­®© §®­ë ¯®«ã¯à®-
¢®¤­¨ª , ¯®á«¥ ç¥£® ç¨á«® í«¥ªâà®­®¢, ãç áâ¢ãîé¨å
¢ âã­­¥«¨à®¢ ­¨¨, ­¥ ã¢¥«¨ç¨¢ ¥âáï. �à¨ íâ®¬ ãà®-
¢¥­ì à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¯à®¤®«¦ ¥â ¢ëâ «ª¨-
¢ âìáï ¢ £«ã¡ì § ¯à¥é¥­­®© §®­ë ¨ ã¤ «ï¥âáï ®â í­¥à-
£¥â¨ç¥áª®£® § §®à , ¢ ª®â®à®¬ ¯à®¨áå®¤¨â âã­­¥«¨à®-
¢ ­¨¥. �¥§ã«ìâ¨àãîé¥¥ ã¬¥­ìè¥­¨¥ âã­­¥«¨à®¢ ­¨ï
ç¥à¥§ ®ª®«®à¥§®­ ­á­ë© å¢®áâ ¨ ¯à¨¢®¤¨â ª ¯ ¤¥­¨î

���.

�à¨ ¤ «ì­¥©è¥¬ à®áâ¥ ­ ¯àï¦¥­¨ï â®ª ­ ç¨­ -
¥â ã¢¥«¨ç¨¢ âìáï â®«ìª® ¯®á«¥ â®£®, ª ª ¤­® §®­ë

¯à®¢®¤¨¬®áâ¨ ­  £à ­¨æ¥ ¤¨í«¥ªâà¨ª–¯®«ã¯à®¢®¤­¨ª
®ª ¦¥âáï ¢ëè¥ ¯®â®«ª  ¢ «¥­â­®© §®­ë ¢ ®¡ê¥¬¥

¯®«ã¯à®¢®¤­¨ª . �à¨ç¨­®© íâ®£® ã¢¥«¨ç¥­¨ï â®ª 

á«ã¦¨â ®ç¥¢¨¤­®¥ ã¬¥­ìè¥­¨¥ ¯à®§à ç­®áâ¨ âã­-
­¥«ì­®£® ¡ àì¥à , á¢ï§ ­­®£® á § ¯à¥é¥­­®© §®­®©

¯®«ã¯à®¢®¤­¨ª .

�®¤£®­®ç­ë¥ ¯ à ¬¥âàë ¤¨í«¥ªâà¨ç¥áª®£® á«®ï,
¯à¨ ª®â®àëå ã¤ «®áì ¯®«ãç¨âì å®à®è¥¥ á®£« á¨¥

íªá¯¥à¨¬¥­â «ì­ëå ¨ â¥®à¥â¨ç¥áª¨å ªà¨¢ëå, ¯à¨¢¥-
¤¥­ë ¢ ¯®¤¯¨áïå ª à¨áã­ª ¬. � ¬¥â¨¬, çâ® ªà¨¢ë¥
­  à¨á. 2 ¨ 4 ã¤ «®áì ¯®¤®¡à âì ¯à¨ áãé¥áâ¢¥­­®

à §«¨ç­ëå ¯à¥¤¯®«®¦¥­¨ïå ® å à ªâ¥à¥ § ¯®«­¥­¨ï

¯®¢¥àå­®áâ­ëå á®áâ®ï­¨© ­  £à ­¨æ¥ ¯®«ã¯à®¢®¤­¨ª–
¤¨í«¥ªâà¨ª. �¨á. 2 á®®â¢¥âáâ¢ã¥â ¯à¥¤¯®«®¦¥­¨î,
çâ® ¢á¥ ¯®¢¥àå­®áâ­ë¥ á®áâ®ï­¨ï ï¢«ïîâáï ¯ãáâë¬¨,
çâ® íª¢¨¢ «¥­â­® ¯®áâ®ï­­®¬ã ¢áâà®¥­­®¬ã § àï¤ã

­  £à ­¨æ¥. �¨á. 4 ®â¢¥ç ¥â ¯à¥¤¯®«®¦¥­¨î ® ¡®«ì-
è®© ¢¥«¨ç¨­¥ ¯«®â­®áâ¨ ¯®¢¥àå­®áâ­ëå á®áâ®ï­¨©,
¯à¨ íâ®¬ ¨å § ¯®«­¥­¨¥ ®¯à¥¤¥«ï¥âáï ãà®¢­¥¬ �¥à¬¨

¢ ¬¥â ««¥. �â® ¯à¨¢®¤¨â ª â®¬ã, çâ® ¢á¥ ­ ¯àï¦¥­¨¥,
¯à¨ª« ¤ë¢ ¥¬®¥ ª áâàãªâãà¥, ¯®«­®áâìî ¯ ¤ ¥â ¢

®¡« áâ¨ ¯à®áâà ­áâ¢¥­­®£® § àï¤  (���).

� ª ¢¨¤­®, à¥§ã«ìâ âë ç¨á«¥­­ëå à áç¥â®¢ ¯® ¯®-
«ãç¥­­ë¬ ä®à¬ã« ¬ ¤ îâ å®à®è¥¥ á®£« á¨¥ á íªá-
¯¥à¨¬¥­â «ì­ë¬¨ ¤ ­­ë¬¨. �¬¥îâáï, ®¤­ ª®, ­¥ª®-
â®àë¥ à §«¨ç¨ï ¬¥¦¤ã â¥®à¨¥© ¨ íªá¯¥à¨¬¥­â®¬:
­¥¡®«ìè®© á¤¢¨£ (∼ 10 ¬í�) ¢ ¯®«®¦¥­¨¨ ¬ ªá¨¬ã-
¬  â®ª  ¨ ­¥áª®«ìª® ¡®«¥¥ ¡ëáâàë© à®áâ íªá¯¥à¨-
¬¥­â «ì­ëå ªà¨¢ëå ¯® áà ¢­¥­¨î á â¥®à¥â¨ç¥áª¨-
¬¨ ¯à¨ ã¢¥«¨ç¥­¨¨ ­ ¯àï¦¥­¨ï. �â® à áå®¦¤¥­¨ï

¬®£ãâ ¡ëâì á¢ï§ ­ë á ­¥ª®â®àë¬¨ ã¯à®é¥­¨ï¬¨ ¨

¯à¥¤¯®«®¦¥­¨ï¬¨, á¤¥« ­­ë¬¨ ¢ ­ è¥© ¬®¤¥«¨. �®-
¯¥à¢ëå, ­¥®¯à ¢¤ ­­® ¨á¯®«ì§®¢ ­¨¥ ª¢ §¨ª« áá¨ç¥-
áª®£® ¯à¨¡«¨¦¥­¨ï ¢ ã§ª®© ®¡« áâ¨ í­¥à£¨©, ¡«¨§ª¨å
ª ¯®â®«ªã ¢ «¥­â­®© §®­ë (∼ 5−10 ¬í�). �®-¢â®àëå,

¯à®ä¨«ì ¯®â¥­æ¨ «  ¢ ���, ¢ë¡à ­­ë© ª¢ ¤à â¨ç-
­ë¬, á®®â¢¥âáâ¢ã¥â ¯®â¥­æ¨ «ã, á®§¤ ¢ ¥¬®¬ã ®¤­®-
à®¤­ë¬ à á¯à¥¤¥«¥­¨¥¬ § àï¦¥­­ëå  ªæ¥¯â®à®¢. �
à¥ «ì­®© ¦¥ á¨âã æ¨¨ ¬ë ¤®«¦­ë ãç¨âë¢ âì ¯à¨¯®-
¢¥àå­®áâ­ãî ­¥®¤­®à®¤­®áâì «¥£¨à®¢ ­¨ï ¨ ¢«¨ï­¨¥

¢ëà®¦¤¥­­®£® ¤ëà®ç­®£® £ §  ­  ä®à¬ã ¯®â¥­æ¨ « 

¢¡«¨§¨ ªà ï ���. �â¨ ­¥â®ç­®áâ¨, ®¤­ ª®, ­¥ ¢«¨ïîâ
­  ª ç¥áâ¢¥­­ãî ª àâ¨­ã íää¥ªâ  ¨ ¬®£ãâ ¡ëâì

ãçâ¥­ë ¢ ¡®«¥¥ ¤¥â «ì­®© ¬®¤¥«¨.

� à ¡®â¥ ¯à¨¢¥¤¥­® â¥®à¥â¨ç¥áª®¥ ¨ íªá¯¥à¨¬¥­-
â «ì­®¥ ¨áá«¥¤®¢ ­¨¥ íää¥ªâ®¢ ®âà¨æ â¥«ì­®£® ¤¨ä-
ä¥à¥­æ¨ «ì­®£® á®¯à®â¨¢«¥­¨ï ¤«ï ��� áâàãªâãà

­  ®á­®¢¥ p+-InAs. �®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨
¯®«ãç¥­ë ¯à¨ £¥«¨¥¢ëå â¥¬¯¥à âãà å ­  ®¡à §æ å

á à §«¨ç­®© â®«é¨­®© ¤¨í«¥ªâà¨ç¥áª®£® ¯®¤á«®ï.
�¥®à¥â¨ç¥áª¨¥ § ¢¨á¨¬®áâ¨ ¢¥«¨ç¨­ë âã­­¥«ì­®£®

â®ª  ®â ¯ à ¬¥âà®¢ áâàãªâãàë à ááç¨â ­ë ­  ®á­®¢¥

ª¢ §¨ª« áá¨ç¥áª®£®  ­ «®£  ¬¥â®¤  ¬ âà¨æ ¯¥à¥­®á .
� «¨ç¨¥ ¯ ¤ îé¥£® ãç áâª  ��� ®¡êïá­ï¥âáï ®á®-
¡¥­­®áâï¬¨ âã­­¥«¨à®¢ ­¨ï ç¥à¥§ ®ª®«®à¥§®­ ­á­ë©

å¢®áâ ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ ­¨ï, «¥¦ é¥£® ¢­¥
 ªâã «ì­®© ®¡« áâ¨ í­¥à£¨©. �¥®à¥â¨ç¥áª¨¥ ªà¨¢ë¥
å®à®è® á®£« áãîâáï á íªá¯¥à¨¬¥­â «ì­ë¬¨.

�¢â®àë ¡« £®¤ à­ë �.�.� áª¨­ã ¨ �.�.�­â¨­ã § 
¯®«¥§­ë¥ ®¡áã¦¤¥­¨ï. � ¡®â  ¢ë¯®«­¥­  ¯à¨ ç áâ¨ç-
­®© ¯®¤¤¥à¦ª¥ �®áá¨©áª®£® �®­¤  äã­¤ ¬¥­â «ì­ëå

¨áá«¥¤®¢ ­¨© (£à ­â ò 96-02-19028) ¨ ¯à®£à ¬¬ë

”�­¨¢¥àá¨â¥âë �®áá¨¨” (£à ­â ò 95-0-7.2-151).

�à¨«®¦¥­¨¥

� ©¤¥¬ ª¢ §¨ª« áá¨ç¥áª¨¥ ¢®«­®¢ë¥ äã­ªæ¨¨ ¤«ï

ãà ¢­¥­¨ï (1) á £ ¬¨«ìâ®­¨ ­®¬ (2) ®á­®¢­®£® â¥ª-
áâ . � ­ è¥© § ¤ ç¥ ¯®â¥­æ¨ « § ¢¨á¨â â®«ìª® ®â

z, çâ® ¯®§¢®«ï¥â ã¬¥­ìè¨âì ç¨á«® ª®¬¯®­¥­â á¯¨-
­®à­®© ¢®«­®¢®© äã­ªæ¨¨ Ψ. �¥©áâ¢ãï  ­ «®£¨ç-
­® [15], ¬ë ¨é¥¬ à¥è¥­¨¥ ãà ¢­¥­¨ï �¨à ª  ¢ ¢¨¤¥

Ψ(z) exp( i~)pr, £¤¥ p — á®áâ ¢«ïîé ï ¨¬¯ã«ìá  ¢

¯«®áª®áâ¨ (x, y). �­¨â à­®¥ ¯à¥®¡à §®¢ ­¨¥

U =
1
√

2

(
Î + i σ̂p

p
0

0 Î − i σ̂p
p

)
(�.1)

¯à¥¢à é ¥â £ ¬¨«ìâ®­¨ ­ (2) ®á­®¢­®£® â¥ªáâ  ¢

Ĥ =

(
ε0 + V (z) v(σ̂z p̂z + ivp)

v(σ̂z p̂z − ivp) ε0 + V (z)

)
, (�.2)

ª®â®àë©, ®ç¥¢¨¤­®, ª®¬¬ãâ¨àã¥â á ®¯¥à â®à®¬ ¯à®-
¥ªæ¨¨ á¯¨­  ­  ®áì z σ̂z . �«¥¤®¢ â¥«ì­®, ¢ ª ç¥áâ¢¥
á®¡áâ¢¥­­ëå ¢®«­®¢ëå äã­ªæ¨© (�.2) ¬®¦­® ¢§ïâì

á®¡áâ¢¥­­ë¥ äã­ªæ¨¨ ®¯¥à â®à  σ̂z . �­¨ ¯à¥¤áâ ¢«ï-
îâ á®¡®© á¯¨­®àë Ψ= (Ψ1, 0,Ψ2, 0) ¤«ï á®¡áâ¢¥­­®£®
§­ ç¥­¨ï σz = +1 ¨ Ψ= (0,Ψ1, 0,Ψ2) ¤«ï σz = −1.
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� ª¨¬ ®¡à §®¬, § ¤ ç  á¢®¤¨âáï ª ­ å®¦¤¥­¨î ¤¢ãå-
ª®¬¯®­¥­â­®© ¢®«­®¢®© äã­ªæ¨¨ Ψ̃ = (Ψ1,Ψ2). �¥-
à¥å®¤ï ª áã¬¬¥ ¨ à §­®áâ¨ ª®¬¯®­¥­â f1 = Ψ1 + Ψ2 ¨

f2 = Ψ1 −Ψ2, ¯®«ãç ¥¬ á¨áâ¥¬ã ãà ¢­¥­¨©{
(V (z)−E + σzvp̂z)f1 + (ε0 − ivp)f2 = 0,

(ε0 + ivp)f1 + (V (z)−E − σzvp̂z)f2 = 0.
(�.3)

�«ï ¯®áâà®¥­¨ï ª¢ §¨ª« áá¨ç¥áª¨å ¢®«­®¢ëå

äã­ªæ¨© ¯¥à¥©¤¥¬ ®â (�.3) ª à §¤¥«ì­ë¬

¤¨ää¥à¥­æ¨ «ì­ë¬ ãà ¢­¨ï¬ 2-£® ¯®àï¤ª  ­ 

äã­ªæ¨¨ f1, f2. �ëà ¦ ï ®¤­ã äã­ªæ¨î ç¥à¥§

¤àã£ãî, ¯®«ãç¨¬

v2~2 d
2fk

dz2
+

(
(−1)k−1σzv~

dV

dz
+(E−V )2−(ε′0)2

)
fk=0,

(�.4)
£¤¥ (ε′0)2 = ε20 +(vp)2. �à¨¬¥­ïï ª (�.4) ®¡ëç­®¥ ���
¯à¨¡«¨¦¥­¨¥

fk = Ck exp

(
i

v~

(
Sk0 +

v~
i
Sk1 + . . .

))
, (�.5)

¯®«ãç ¥¬ ãà ¢­¥­¨ï ­  Sk0 ¨ Sk1:

−

(
dSk0

dz

)2

+ (E − V (z))2 − (ε′0)2 = 0,

d2Sk0

dz2
+ 2

dSk0

dz

dSk1

dz
+ (−1)k−1σz

dV

dz
= 0. (�.6)

�®¤áâ ¢«ïï ¯®«ãç¥­­ë¥ ¨§ ­¨å à¥è¥­¨ï (�.5) ¢

¨áå®¤­ãî á¨áâ¥¬ã (�.3), ¬ë ¯®«ãç ¥¬ á®®â­®è¥­¨¥

¬¥¦¤ã ª®­áâ ­â ¬¨ Ck.
�¥§ã«ìâ¨àãîé¨¥ ª¢ §¨ª« áá¨ç¥áª¨¥ ¢®«­®¢ë¥

äã­ªæ¨¨ Ψ̃ ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ á«¥¤ãîé¥¬ ¢¨¤¥:

a) Ψ̃aδ =
C√
|pz|

Φ(|pz|)e
i
~ δ
∫
|pz|dz

′

,

b) Ψ̃bδ =
C√
|pz|

Φ(−i|pz|)e
1
~ δ
∫
|pz |dz

′

,

c) Ψ̃cδ =
C√
|pz|

Φ(−|pz|)e
− i
~δ
∫
|pz|dz

′

,

Φ(|pz|) =
α−(σzδ)/2

2
√
ε0(E − V + |pz|)

×

(
E − V + v|pz|+ (ε0 + iσzδvp)

σzδ(E − V + v|pz| − (ε0 + iσzδvp))

)
, (�.7)

£¤¥ p2
z =

(
(E − V )2 − (ε′0)2

)
/v, α = ε′0/(ε0 − ivp).

�­ ç¥­¨ï δ = ±1 ®¯à¥¤¥«ïîâ ¤¢  «¨­¥©­® ­¥§ ¢¨-
á¨¬ëå à¥è¥­¨ï, ®â¢¥ç îé¨å ¢®«­ ¬ à á¯à®áâà ­ï-
îé¨¬áï ¢ ¯à®â¨¢®¯®«®¦­ëå ­ ¯à ¢«¥­¨ïå. a), b), c)
áãâì à¥è¥­¨ï ¢ §®­¥ ¯à®¢®¤¨¬®áâ¨, § ¯à¥é¥­­®© ¨

¢ «¥­â­®© §®­ å á®®â¢¥âáâ¢¥­­®. �®áâ®ï­­ë¥ ¬­®-
¦¨â¥«¨ ¢ë¡à ­ë â ª¨¬ ®¡à §®¬, çâ®¡ë ¢®«­®¢ë¥

äã­ªæ¨¨ Ψ̃nδ ¯¥à¥å®¤¨«¨ ®¤­  ¢ ¤àã£ãî (á â®ç­®áâìî
¤® ä §®¢®£® ¬­®¦¨â¥«ï) ¢ à¥§ã«ìâ â¥ ®¡å®¤  ¢®ªàã£
â®çª¨ ¯®¢®à®â  ¢ ª®¬¯«¥ªá­®© ¯«®áª®áâ¨ z.
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Nature of negative differential resistance of
a nonideal InAs-based Schottky Barrier

A.V. Kalameitsev, D.A. Romanov, A.P. Kovchavtsev,
G.L. Kuryshev, K.O. Postnikov, I.M. Subbotin

Institute of Semiconductor Physics,
Syberian Branch of Russian Academy of Sciences,
630090 Novosibirsk, Russia

Abstract The processes of the elastic tunneling in InAs-
based MOS-structures with Schottky barrier have been in-
vestigated experimentally and theoretically. Current-voltage
curves obtained under helium temperatures demonstrate the
region of the negative differential resistance. The semiclassical
transfer matrix approach has been developed which allowed
to find analytical expression for the transmission coefficient
taking the carrier conversion into account. It has been shown
that the decreasing region of I-V curve connects with quasi-
resonance tunneling via two-dimensional electron states lying
above the Fermi level. Theoretically calculated I-V curves are
in good agreement with experimental ones.
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