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� §¢¨É  ³µ¤¥²Ó, µ¶¨¸Ò¢ ÕÐ Ö ³´µ£µ¸²µ°´ÊÕ ¶² ´ ·´ÊÕ £¥É¥·µ¸É·Ê±ÉÊ·Ê ¢¨¤ 
GaAs/AlxGa1−xAs ± ± ÔËË¥±É¨¢´ÊÕ ¸·¥¤Ê, ÎÓ¨ ¸·¥¤´¨¥ Ì · ±É¥·¨¸É¨±¨ µ¶·¥¤¥²ÖÕÉ¸Ö Ê¸·¥¤-
´¥´¨¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶ · ³¥É·µ¢ ¸²µ¥¢ ¶µ ¢µ²´µ¢µ° ËÊ´±Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö.

A model is developed which describes a multilayered planar heterostructure GaAs/AlxGa1−xAs
as an effective medium. The mean characteristics of the medium are deˇned by averaging the
subsequent parameters of the layers over the ground state wave function.

‚‚…„…�ˆ…

Œ ²µ³¥·´Ò¥ ¸¨¸É¥³Ò Å ±¢ §¨¤¢Ê³¥·´Ò¥ ±¢ ´Éµ¢Ò¥ Ö³Ò, ±¢ §¨µ¤´µ³¥·-
´Ò¥ ±¢ ´Éµ¢Ò¥ ¶·µ¢µ²µ±¨ ¨ ±¢ §¨´Ê²Ó³¥·´Ò¥ ±¢ ´Éµ¢Ò¥ ÉµÎ±¨ Å ¶·¨¢²¥± ÕÉ
¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ µ£·µ³´µ¥ ¢´¨³ ´¨¥ ¨¸¸²¥¤µ¢ É¥²¥° ¡² £µ¤ ·Ö ¶µ-
Ö¢¨¢Ï¥°¸Ö ¢µ§³µ¦´µ¸É¨ ¨Ì ¶· ±É¨Î¥¸±µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö. ‚³¥¸Éµ ¨§ÊÎ¥´¨Ö
µ¡Ñ¥³´ÒÌ µ¡· §Íµ¢ ¸É ²µ ¤µ³¨´¨·µ¢ ÉÓ ¨¸¸²¥¤µ¢ ´¨¥ ³´µ£µ¸²µ°´ÒÌ ¶µ²Ê-
¶·µ¢µ¤´¨±µ¢ÒÌ £¥É¥·µ¸É·Ê±ÉÊ·. ‚µ§³µ¦´µ¸ÉÓ Ê¶· ¢²ÖÉÓ ¶µ ¦¥² ´¨Õ Ô²¥±-
É·µ´´Ò³¨ ¸¢µ°¸É¢ ³¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¶·¨¡µ·µ¢ ¸É¨³Ê²¨·µ¢ ²a ± ± ËÊ´-
¤ ³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö, É ± ¨ · §¢¨É¨¥ É¥Ì´¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨°. �¥·¢Ò¥
³´µ£µ¸²µ°´Ò¥ µ¡· §ÍÒ ¶µÖ¢¨²¨¸Ó ¢ ´ Î ²¥ 70-Ì ££., ¨ ¢ [1] ³Ò ¶·¨¢µ¤¨³ ·Ö¤
· ¡µÉ ´  ÔÉÊ É¥³Ê. �¤´µ° ¨§ ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´ÒÌ £¥É¥·µ¸É·Ê±ÉÊ· Ö¢²Ö-
¥É¸Ö ±¢ ´Éµ¢ Ö Ö³ , £¤¥ ¸²µ° ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ³ É¥·¨ ²  · §³¥Ð¥´ ³¥¦¤Ê
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¸²µÖ³¨ ¤·Ê£µ£µ ³ É¥·¨ ² . …¸²¨ Éµ²Ð¨´  ¢´ÊÉ·¥´´¥£µ ¸²µÖ É ±µ£µ ®¸Ô´¤¢¨-
Î ¯ (É¨¶¨Î´Ò¥ §´ Î¥´¨Ö Å ¢ ¨´É¥·¢ ²¥ 10÷ 1000 �A) ³´µ£µ ³¥´ÓÏ¥ Éµ²Ð¨´Ò
¢´¥Ï´¨Ì ¸²µ¥¢, ¶µ¸²¥¤´¨¥ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶µ²Ê¶·µ¸É· ´¸É¢¥´´Ò¥
µ¡Ñ¥³´Ò¥ µ¡· §ÍÒ. � §´¨Í  ¢ ¢¥²¨Î¨´¥ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ³ É¥·¨ ²µ¢ Ö³Ò
¨ ¡ ·Ó¥·  ¶µ·µ¦¤ ¥É Ê¤¥·¦¨¢ ÕÐ¨° ¶µÉ¥´Í¨ ², § ¢¨¸ÖÐ¨° µÉ ±µµ·¤¨´ ÉÒ ¢
´ ¶· ¢²¥´¨¨ ·µ¸É  ¸²µ¥¢. ’¨¶¨Î´Ò¥ §´ Î¥´¨Ö ¢Ò¸µÉÒ Ô´¥·£¥É¨Î¥¸±¨Ì ¡ ·Ó¥-
·µ¢ ¸µ¸É ¢²ÖÕÉ ´¥¸±µ²Ó±µ ¸µÉ¥´ ³Ô‚. ” ´É ¸É¨Î¥¸±¨° ¶·µ£·¥¸¸ ¢ ¨§£µÉµ¢²¥-
´¨¨ £¥É¥·µ¸É·Ê±ÉÊ· ¶µ§¢µ²Ö¥É ¸¥°Î ¸ ¸µ§¤ ¢ ÉÓ ±¢ ´Éµ¢Ò¥ Ö³Ò ¨ ¶·µ¢µ²µ±¨
¸ ³ÒÌ · §´ÒÌ Ëµ·³ ¨ · §³¥·µ¢. �·¨³¥·Ò ¨§µ¡· ¦¥´¨° É ±¨Ì ³ ²µ³¥·´ÒÌ
¸É·Ê±ÉÊ· ³µ¦´µ ´ °É¨ ´  ¸ °É Ì [2].

–¥²Ó ´ ¸ÉµÖÐ¥° ¸É ÉÓ¨ Å ¨§²µ¦¥´¨¥ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¶·¨  ´ -
²¨§¥ § ¢¨¸¨³µ¸É¨ Ô´¥·£¨¨ Ô²¥³¥´É ·´µ£µ ¢µ§¡Ê¦¤¥´¨Ö µÉ Ï¨·¨´Ò ±¢ ´Éµ-
¢µ° Ö³Ò ¢ ¶² ´ ·´ÒÌ £¥É¥·µ¸É·Ê±ÉÊ· Ì. ŒÒ ¸µ¸·¥¤µÉµÎ¨³¸Ö ´  ¸¨¸É¥³ Ì ¸
Ô²¥±É·µ´-Ëµ´µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, £¤¥ ¶·µ¸É¥°Ï¥¥ ¢µ§¡Ê¦¤¥´¨¥ Å Ô²¥±-
É·µ´, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨° ¸ ±µ²¥¡ ´¨Ö³¨ ·¥Ï¥É±¨. …¸²¨ £¥É¥·µ¸É·Ê±ÉÊ·  ¸¤¥-
² ´  ¨§ ¶µ²Ö·¨§Ê¥³ÒÌ ³ É¥·¨ ²µ¢, Éµ Ô²¥±É·µ´-Ëµ´µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
¨§³¥´Ö¥É ¸¢µ°¸É¢  Ô²¥±É·µ´ . �²¥±É·µ´, µ±·Ê¦¥´´Ò° µ¡² ±µ³ ¢¨·ÉÊ ²Ó´ÒÌ
Ëµ´µ´µ¢, ¶·¥¢· Ð ¥É¸Ö ¢ ±¢ §¨Î ¸É¨ÍÊ Å ¶µ²Ö·µ´. �·¨ ÔÉµ³ ¨§³¥´Ö¥É¸Ö
¥£µ Ô´¥·£¨Ö ¨ ÔËË¥±É¨¢´ Ö §µ´´ Ö ³ ¸¸ . …¸É¥¸É¢¥´´µ, ÔÉ¨ ¨§³¥´¥´¨Ö § -
¢¨¸ÖÉ µÉ Ê¤¥·¦¨¢ ÕÐ¥£µ ¶µÉ¥´Í¨ ² . �·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¨§ÊÎ¥´¨¥ § ¢¨-
¸¨³µ¸É¨ Ì · ±É¥·¨¸É¨± ¶µ²Ö·µ´  µÉ ¶ · ³¥É·µ¢, §´ Î¥´¨Ö³¨ ±µÉµ·ÒÌ ³Ò
³µ¦¥³ Ê¶· ¢²ÖÉÓ (Ï¨·¨´  ±¢ ´Éµ¢µ° Ö³Ò, ¢Ò¸µÉ  ¶µÉ¥´Í¨ ²Ó´ÒÌ ¡ ·Ó¥·µ¢,
Ëµ·³  ¶µÉ¥´Í¨ ² ). —Éµ¡Ò ¶µ´ÖÉÓ ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¶µ¢¥¤¥´¨¥ Ô´¥·-
£¨¨ ¸¢Ö§¨ ± ± ËÊ´±Í¨¨ Ï¨·¨´Ò L ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò, ¶·¥¤¸É ¢¨³ ¸¥¡¥
²µ± ²¨§µ¢ ´´Ò° ¢ ´¥° ±Ê²µ´µ¢¸±¨° Í¥´É·. �·¨ ¡µ²ÓÏµ° Ï¨·¨´¥ ¶µÉ¥´-
Í¨ ²Ó´µ° Ö³Ò Ô´¥·£¨Ö ¸¢Ö§¨ ¸É·¥³¨É¸Ö ± µ¡ÒÎ´µ³Ê §´ Î¥´¨Õ 1 Ry. …¸²¨
¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¡¥¸±µ´¥Î´µ ¢Ò¸µ±, Éµ ¶·¨ ³ ²µ° Ï¨·¨´¥ Ö³Ò Ô´¥·-
£¨Ö ¸¢Ö§¨ ¸É·¥³¨É¸Ö ± ¸¢µ¥³Ê ¤¢Ê³¥·´µ³Ê ÉµÎ´µ³Ê ·¥Ï¥´¨Õ 4 Ry. …¸²¨
¦¥ ¢Ò¸µÉ  ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ±µ´¥Î´ , Éµ ¸ Ê³¥´ÓÏ¥´¨¥³ L ¶¥·¢µ´ -
Î ²Ó´Ò° ·µ¸É Ô´¥·£¨¨ ¸¢Ö§¨ ¶·¥±· É¨É¸Ö, É ± ± ± ¸É ´¥É ¶·µÖ¢²ÖÉÓ¸Ö ÉÊ´-
´¥²¨·µ¢ ´¨¥ Î ¸É¨ÍÒ ¶µ¤ ¡ ·Ó¥·µ³. ‚ ·¥§Ê²ÓÉ É¥ Î ¸É¨Í¥ ¸´µ¢  ¸É ´¥É ¤µ-
¸ÉÊ¶´Ò³ ¢¸¥ ¶·µ¸É· ´¸É¢µ ¨ Ô´¥·£¨Ö ¸¢Ö§¨ ¢¥·´¥É¸Ö ± ¸¢µ¥³Ê É·¥Ì³¥·´µ³Ê
§´ Î¥´¨Õ 1 Ry. ‡´ Î¨É, ËÊ´±Í¨Ö E(L) ¡Ê¤¥É ¨³¥ÉÓ ¶¨± ¶·¨ ´¥±µÉµ·µ³
±µ´¥Î´µ³ §´ Î¥´¨¨ Ï¨·¨´Ò Ö³Ò. �Éµ, ¡¥§Ê¸²µ¢´µ, É ±, ¥¸²¨ ³ É¥·¨ ²Ò
±¢ ´Éµ¢µ° Ö³Ò ¨ ¡ ·Ó¥·  ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ Ì · ±É¥·¨¸É¨±¨. ‚ ·¥ ²Ó´ÒÌ
¸É·Ê±ÉÊ· Ì µ´¨ µÉ²¨Î ÕÉ¸Ö, ¨ ¶·¨ ¡µ²ÓÏ¨Ì Ï¨·¨´ Ì Ö³Ò Ô´¥·£¨Ö ¸¢Ö§¨ ¸É·¥-
³¨É¸Ö ± §´ Î¥´¨Õ 1 Ryin,   ¶·¨ ³ ²ÒÌ Å ± §´ Î¥´¨Õ 1 Ryout, £¤¥ Ryin,
Ryout Å ¢¥²¨Î¨´  Ô´¥·£¨¨ �¨¤¡¥·£  ¤²Ö ³ É¥·¨ ²µ¢ Ö³Ò ¨ ¡ ·Ó¥·  ¸µµÉ¢¥É-
¸É¢¥´´µ. �µ¸±µ²Ó±Ê µ¡ÒÎ´µ Ryout > Ryin, ¢µ¶·µ¸ µ ¢Ò¦¨¢ ´¨¨ ¶¨±  Ô´¥·-
£¨¨ ¸¢Ö§¨ ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ´¥ ·¥Ï ¥É¸Ö. � Ï¨ ¨¸¸²¥¤µ¢ ´¨Ö Ô±¸¨Éµ-
´µ¢ ¢ ¶² ´ ·´µ° £¥É¥·µ¸É·Ê±ÉÊ·¥ [3] ¶µ± § ²¨, ÎÉµ ¶¨± Ô´¥·£¨¨ ¸¢Ö§¨ ¸ÊÐ¥-
¸É¢Ê¥É, ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [4, 5]. �¥§Ê²ÓÉ ÉÒ
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1. ”��Œ“‹ˆ��‚Š� Œ�„…‹ˆ

’µÎ´µ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¤µ²¦´µ ÊÎ¨ÉÒ¢ ÉÓ ´ ²¨Î¨¥ ±¢ ´Éµ¢ ´´ÒÌ Ëµ´µ´-
´ÒÌ ³µ¤ ¢ ± ¦¤µ³ ¸²µ¥, ¶µ¢¥·Ì´µ¸É´ÒÌ Ëµ´µ´´ÒÌ ³µ¤ ´  £· ´¨Í¥ ¸²µ¥¢
¨ ¶µ²Ê¶·µ¸É· ´¸É¢¥´´ÒÌ µ¡Ñ¥³´ÒÌ ³µ¤ §  ¶·¥¤¥² ³¨ ±¢ ´Éµ¢µ° Ö³Ò. ‘²¥-
¤Ê¥É ÊÎ¥¸ÉÓ É ±¦¥, ÎÉµ ± ¦¤Ò° ¸²µ° ¨³¥¥É ¸¢µ¨ §´ Î¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±¨Ì
¶µ¸ÉµÖ´´ÒÌ ¨ §µ´´ÒÌ ³ ¸¸ Ô²¥±É·µ´ , É ± ÎÉµ ¸ÊÐ¥¸É¢Ê¥É ¥Ð¥ ¨ ¶·µ¡²¥³ 
¸Ï¨¢ ´¨Ö ·¥Ï¥´¨°, ´ °¤¥´´ÒÌ ¤²Ö µÉ¤¥²Ó´ÒÌ ¸²µ¥¢.

�·¨ ¡µ²ÓÏµ³ Î¨¸²¥ ¸²µ¥¢ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¸É ´µ¢¨É¸Ö ´¥¢µ§-
³µ¦´Ò³ ¤ ¦¥ ¤²Ö ¸µ¢·¥³¥´´ÒÌ ±µ³¶ÓÕÉ¥·µ¢. �µÔÉµ³Ê ³Ò ¶·¥¤²µ¦¨²¨ ¶·¨-
¡²¨¦¥´´ÊÕ ³µ¤¥²Ó ÔËË¥±É¨¢´µ° ¸·¥¤Ò [6]. ŒÒ · ¸¸³ É·¨¢ ¥³ ±¢ ´Éµ¢ÊÕ
Ö³Ê ¢ ´ ¶· ¢²¥´¨¨ z ·µ¸É  ¸²µ¥¢ GaAs/AlxGa1−xAs. • · ±É¥·¨¸É¨±¨ ¸·¥¤Ò
§ ¢¨¸ÖÉ µÉ ³µ²Ö·´µ° ±µ´Í¥´É· Í¨¨ x  ²Õ³¨´¨Ö (Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¡¥·ÊÉ¸Ö ¨§ [7]),   ¶µ¸²¥¤´ÖÖ § ¢¨¸¨É µÉ ±µ´¸É·Ê±Í¨¨ ±¢ ´Éµ¢µ° Ö³Ò, É. ¥. µÉ ±µ-
µ·¤¨´ ÉÒ z. �Éµ ¶·¨¢µ¤¨É ± § ¢¨¸¨³µ¸É¨ µÉ z §µ´´µ° ³ ¸¸Ò m(z) Ô²¥±É·µ´ ,
Î ¸ÉµÉÒ ω(z) µ¶É¨Î¥¸±¨Ì Ëµ´µ´µ¢ ¨ ±µ´¸É ´ÉÒ α(z) Ô²¥±É·µ´-Ëµ´µ´´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö. “¤¥·¦¨¢ ÕÐ¨° ¶µÉ¥´Í¨ ² V (z), ¢µ§´¨± ÕÐ¨° ¨§-§  · §-
²¨Î¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì Ð¥²¥° ¶·¨ ±µ´É ±É¥ · §´ÒÌ ³ É¥·¨ ²µ¢, ÊÎ¨ÉÒ¢ ¥É¸Ö
´ ³¨ ÉµÎ´µ. Œµ¤¥²Ó ¶·¥¤¶µ² £ ¥É, ÎÉµ ÔÉµÉ ¶µÉ¥´Í¨ ² ¤¥°¸É¢Ê¥É ¢ µ¤´µ·µ¤-
´µ° ÔËË¥±É¨¢´µ° ¸·¥¤¥ ¸µ ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥É·µ¢. …¸É¥¸É¢¥´´µ, ¢
É ±µ° ¸·¥¤¥ ¨³¥¥É¸Ö ²¨ÏÓ µ¡Ñ¥³´ Ö Ëµ´µ´´ Ö ³µ¤ , É ± ÎÉµ ¶µ²´Ò° £ ³¨²Ó-
Éµ´¨ ´ ¢ ´ Ï¥° ³µ¤¥²¨ Å ÔÉµ £ ³¨²ÓÉµ´¨ ´ ¶µ²Ö·µ´  �¥± · Ä”·¥²¨Ì . …£µ
Ô²¥±É·µ´´ Ö Î ¸ÉÓ ¨³¥¥É ¢¨¤

Hel = Hel,‖ + Hel,⊥ =
p 2
‖

2m
+

p 2
z

2m
+ V (z). (1)

‚Ìµ¤ÖÐ Ö ¸Õ¤  ¸·¥¤´ÖÖ §µ´´ Ö ³ ¸¸  m Ô²¥±É·µ´  µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨Ö³¨

Hel,⊥ψ1 = E1ψ1,
1
m

=

∞∫
−∞

dz
|ψ1(z)|2
m(z)

, (2)

£¤¥ ψ1(z), E1 Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¨ Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¤¢¨¦¥-
´¨Ö Ô²¥±É·µ´  ¢¤µ²Ó µ¸¨ z. �µ¸±µ²Ó±Ê ψ1 ¨ E1 § ¢¨¸ÖÉ µÉ m, ³Ò ¨³¥¥³,
´  ¸ ³µ³ ¤¥²¥, ¸¨¸É¥³Ê ¤¢ÊÌ Ê· ¢´¥´¨° (2) ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¥° ³ ¸¸Ò
m Ô²¥±É·µ´ . �·¨´ÖÉÒ° ¸¶µ¸µ¡ Ê¸·¥¤´¥´¨Ö µ¡· É´µ° ³ ¸¸Ò ¶µ · §²¨Î´Ò³
¸²µÖ³ ³µ¦¥É ¡ÒÉÓ ³µÉ¨¢¨·µ¢ ´ ± ± Ê¸·¥¤´¥´¨¥ Éµ° Î ¸É¨ Ô´¥·£¨¨ Î ¸É¨ÍÒ
(p 2

‖ /2m), ±µÉµ· Ö ¸¢Ö§ ´  ¸µ ¸¢µ¡µ¤´Ò³ ¤¢¨¦¥´¨¥³ Ô²¥±É·µ´  ¢ ¶²µ¸±µ¸É¨
xy. �´ ²µ£¨Î´Ò³ µ¡· §µ³ ´ Ìµ¤ÖÉ¸Ö ¤·Ê£¨¥ Ì · ±É¥·¨¸É¨±¨ ÔËË¥±É¨¢´µ°
¸·¥¤Ò. ‡  ¤ ²Ó´¥°Ï¨³¨ ¤¥É ²Ö³¨ ³Ò µÉ¸Ò² ¥³ ± ¸É ÉÓ¥ [6].
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2. ��‘“†„…�ˆ… �…‡“‹œ’�’�‚

ŒÒ ¶·¨³¥´¨²¨ ´ ÏÊ ³µ¤¥²Ó ¤²Ö ¸¨¸É¥³ ¸ ´¨¦¥¸²¥¤ÊÕÐ¨³¨ Ê¤¥·¦¨¢ Õ-
Ð¨³¨ ¶µÉ¥´Í¨ ² ³¨.

1. �·Ö³µÊ£µ²Ó´Ò° ¶µÉ¥´Í¨ ² (¸²µ° GaAs ¢ µ¡±² ¤± Ì AlxGa1−xAs) ¸
µ¤¨´ ±µ¢Ò³¨ ³µ²Ö·´Ò³¨ ±µ´Í¥´É· Í¨Ö³¨ ¶µ µ¡¥ ¸Éµ·µ´Ò Ö³Ò):

V (z) =
{

0, |z| ≤ L/2
V0, |z| > L/2.

(3)

�ÉµÉ ¶µÉ¥´Í¨ ² ¨§ÊÎ ²¸Ö ¢ · ¡µÉ Ì [8,9],  ¢Éµ·Ò ±µÉµ·ÒÌ ¨¸¶µ²Ó§µ¢ ²¨ · §-
´ÊÕ ¶ · ³¥É·¨§ Í¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ · §´Ò¥ §´ Î¥´¨Ö ³µ²Ö·-
´µ° ±µ´Í¥´É· Í¨¨: £²Ê¡¨´  Ö³Ò V0 = 227,9 ³Ô‚ ¶·¨ x = 0,3 ¢ · ¡µÉ¥ [8] ¨
V0 = 199,6 ³Ô‚ ¶·¨ x = 0,25 ¢ [9]. �µÔÉµ³Ê ¶·Ö³µ¥ ¸µ¶µ¸É ¢²¥´¨¥ · ¸Î¥-
Éµ¢ ÔÉ¨Ì £·Ê¶¶ § É·Ê¤´¨É¥²Ó´µ, ´µ ¨Ì ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¥°
³µ¤¥²¨ (·¨¸. 1).

Š ± ¢¨¤´µ, ¸µ£² ¸¨¥ ¸ [8] ³µ¦´µ ¸Î¨É ÉÓ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³
(É¥³ ¡µ²¥¥ ÎÉµ ¶µ¤ ¢²¨Ö´¨¥³ ´ Ï¨Ì ·¥§Ê²ÓÉ Éµ¢ ¨ ±·¨É¨Î¥¸±¨Ì § ³¥Î ´¨°
 ¢Éµ·Ò [8] ¨¸¶· ¢¨²¨ µÏ¨¡±Ê ¨ ¶·µ¢¥²¨ ´µ¢Ò¥ · ¸Î¥ÉÒ, ±µÉµ·Ò¥ ¨ ¶·¥¤¸É -
¢²¥´Ò ´  ·¨¸. 1). � Ï  ³µ¤¥²Ó ´¥ ¢µ¸¶·µ¨§¢µ¤¨É ¸É·Ê±ÉÊ·Ê ¸ ¶¨±µ³ ¨ ¶·µ-
¢ ²µ³ ±·¨¢ÒÌ, ¢µ§´¨± ÕÐÊÕ ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ´¥¸±µ²Ó±¨Ì Ëµ´µ´´ÒÌ ³µ¤.
�µ · §´¨Í  ³¥¦¤Ê ¶¨±µ³ ¨ ¶·µ¢ ²µ³, ´ °¤¥´´ Ö ¢ [8], ¸µ¸É ¢²Ö¥É ∼ 0,1 ³Ô‚
(3 %), ÎÉµ ´ Ìµ¤¨É¸Ö ¢ ¶·¥¤¥² Ì ÉµÎ´µ¸É¨ ´ Ï¥° ³µ¤¥²¨. …¤¢  ²¨ ¸Éµ²Ó ³ -
² Ö · §´¨Í  ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. � §²¨Î¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ [9]
¡µ²¥¥ ¤· ³ É¨Î´µ (¢µ§³µ¦´µ, ¨§-§  µÏ¨¡µ± ¢ ¶·µ£· ³³¥ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢
ÔÉ¨Ì  ¢Éµ·µ¢).

2. �¸¨³³¥É·¨Î´Ò° ¶·Ö³µÊ£µ²Ó´Ò° ¶µÉ¥´Í¨ ² (¸²µ° GaAs ¢ µ¡±² ¤± Ì
AlxGa1−xAs ¸ · §´Ò³¨ ³µ²Ö·´Ò³¨ ±µ´Í¥´É· Í¨Ö³¨ ¶µ µ¡¥ ¸Éµ·µ´Ò Ö³Ò):

V (z) =




Vr, z ≥ L/2
0, |z| < L/2
Vl, z ≤ −L/2.

(4)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³Ò ¨¸¶µ²Ó§Ê¥³ §¤¥¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ³µ²Ö·´ÒÌ
±µ´Í¥´É· Í¨°  ²Õ³¨´¨Ö: xl = 0,42 (Vl = 346,6 ³Ô‚) ¢ ²¥¢µ³ ¡ ·Ó¥·¥ ¨
xr = 0,18 (Vr = 141,8 ³Ô‚) Å ¢ ¶· ¢µ³. �  ·¨¸. 2 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì
· ¸Î¥Éµ¢, ¶·¨Î¥³ ¢Ò¤¥²¥´Ò É ±¦¥ ¢±² ¤Ò ¤¨¸±·¥É´µ£µ (´¨¦´¨° ¨´¤¥±¸ ®dis¯)
¨ ´¥¶·¥·Ò¢´µ£µ (´¨¦´¨¥ ¨´¤¥±¸Ò ®con,V ¯ ¨ ®con,∞¯) ¸¶¥±É·µ¢. ƒ² ¢´µ¥
µÉ²¨Î¨¥ µÉ ¸²ÊÎ Ö ¸¨³³¥É·¨Î´µ£µ ¶µÉ¥´Í¨ ²  Å ¢Ò¸± ±¨¢ ´¨¥ Î ¸É¨ÍÒ ¨§
Ö³Ò ¶·¨ ´¥±µÉµ·µ³ ³ ²µ³ (¶µ·Ö¤±  16 �A ¢ ´ Ï¥³ ¶·¨³¥·¥) §´ Î¥´¨¨ Ï¨·¨´Ò
Ö³Ò. ‘´µ¢  ³Ò ´ Ìµ¤¨³ ¸ÊÐ¥¸É¢¥´´Ò¥ · §²¨Î¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡µÉÒ [9].
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�¨¸. 1. ‘· ¢´¥´¨¥ ´ Ï¨Ì · ¸Î¥Éµ¢ [6] (¸¶²µÏ´Ò¥ ²¨´¨¨) ¤²Ö ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µ-
Ê£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¸ ·¥§Ê²ÓÉ É ³¨ (ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) · ¡µÉ [8] (a, ¡) ¨ [9] (¢, £).
�µ± § ´Ò ¸¤¢¨£ Ô´¥·£¨¨ ¶µ²Ö·µ´  (a, ¢) ¨ µÉ´µÏ¥´¨¥ ¸¤¢¨£  ÔËË¥±É¨¢´µ° ³ ¸¸Ò ± ¥¥
¸¤¢¨£Ê ¢ GaAs (¡, £)

3. �µÉ¥´Í¨ ² �µ§¥´ ÄŒµ·¸  (³´µ£µ¸²µ°´ Ö ¸É·Ê±ÉÊ·  ¸ ´¥¶·¥·Ò¢´µ ³¥-
´ÖÕÐ¥°¸Ö ³µ²Ö·´µ° ±µ´Í¥´É· Í¨¥°  ²Õ³¨´¨Ö) ¨³¥¥É ¢¨¤

V (z) = V0 tanh2

(
z

LRM

)
. (5)

‚ µ¡µ¨Ì ¶·¥¤Ò¤ÊÐ¨Ì ¸²ÊÎ ÖÌ ¨¸¶µ²Ó§µ¢ ² ¸Ó É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° ¶µ ¸É¥-
¶¥´Ö³ ±µ´¸É ´ÉÒ ¸¢Ö§¨ α Ô²¥±É·µ´-Ëµ´µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. „²Ö ¶µÉ¥´-
Í¨ ²  �µ§¥´ ÄŒµ·¸  ¨§¢¥¸É´µ  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ ƒ·¨´ 
[11, 12], £¤¥ Ê¦¥ ¢Ò¶µ²´¥´µ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ¢¨·ÉÊ ²Ó´Ò³ ¸µ¸ÉµÖ´¨Ö³.
„ ´´Ò° ¶µÉ¥´Í¨ ² ¸²Ê¦¨É ¶·¨³¥·µ³ ³´µ£µ¸²µ°´µ° £¥É¥·µ¸É·Ê±ÉÊ·Ò,   ¸· ¢-
´¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ ¤²Ö ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µÊ£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  c Éµ°
¦¥ £²Ê¡¨´µ° ¨ ¸ É¥³ ¦¥ §´ Î¥´¨¥³ Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸²Ê¦¨É ¤²Ö
¤µ¶µ²´¨É¥²Ó´µ° ¶·µ¢¥·±¨ É¥Ì´¨Î¥¸±µ° Î ¸É¨ · ¸Î¥Éµ¢. �¨¸Ê´µ± 3 ¤¥³µ´¸É·¨-
·Ê¥É ¡²¥¸ÉÖÐ¥¥ ¸µ¢¶ ¤¥´¨¥.
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�¨¸. 2. ‘· ¢´¥´¨¥ ´ Ï¨Ì ·¥§Ê²ÓÉ Éµ¢ [10] (¸¶²µÏ´Ò¥ ²¨´¨¨) ¸ · ¸Î¥É ³¨ · ¡µÉÒ [9]
(ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) ¤²Ö ¸¤¢¨£  Ô´¥·£¨¨ ¶µ²Ö·µ´  ( ) ¨ µÉ´µÏ¥´¨Ö ¸¤¢¨£µ¢ ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò (¡). ˆ´¤¥±¸µ³ ®dis¯ µ¡µ§´ Î¥´  ±·¨¢ Ö ¢±² ¤  ¤¨¸±·¥É´µ£µ ¸¶¥±É· , ¨´¤¥±¸
®con,V¯ ¸µµÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ¶µ²Êµ£· ´¨Î¥´´µ£µ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  (¤²Ö Ô´¥·£¨°
Vr ≤ E ≤ Vl), ¨´¤¥±¸ ®con,∞¯ µ¡µ§´ Î ¥É ¢±² ¤ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¤²Ö Ô´¥·£¨°
E ≥ Vl

�¨¸. 3. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ¤²Ö ¶µÉ¥´Í¨ ²  �µ§¥´ ÄŒµ·¸  (¸¶²µÏ´Ò¥ ²¨´¨¨) ¨
Ô±¢¨¢ ²¥´É´µ£µ ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µÊ£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  (ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) ¸ É¥³
¦¥ §´ Î¥´¨¥³ Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ Éµ° ¦¥ £²Ê¡¨´Ò

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ´ Ï  ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ¶·µ¤µ²¦¨ÉÓ ®µÌµÉÊ
§  ¶¨± ³¨¯ ¢ ¤·Ê£¨Ì ±¢ §¨¤¢Ê³¥·´ÒÌ ¸¨¸É¥³ Ì: ¸¢Ö§ ´´ÒÌ ¶µ²Ö·µ´ Ì, ¡¨¶µ-
²Ö·µ´ Ì, D−-Í¥´É· Ì ¨ É. ¶. � §¢¨ÉÒ° ¶µ¤Ìµ¤ ¶·¨³¥´¨³ É ±¦¥ ± ¨§ÊÎ¥´¨Õ
¶µ¢¥¤¥´¨Ö ¶µ¤µ¡´ÒÌ ±¢ §¨Î ¸É¨Í ¢ ±¢ ´Éµ¢ÒÌ ¶·µ¢µ²µ± Ì ¨ ±¢ ´Éµ¢ÒÌ ÉµÎ-
± Ì. ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ¤¤¥·¦ ´µ £· ´É ³¨ ¶·µ£· ³³Ò ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê ¨
®Deutsche Forschungsgemeinschaft, Graduiertenkolleg 50¯.
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