
56 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2003. ò4ª®â®àëå ¯à®¨áå®¤¨â ¯¥à¥¬ £¨ç¨¢ ¨¥ ®¡à §æ®¢¢¤®«ì ®á¨ «¥£ª®£®  ¬ £¨ç¨¢ ¨ï, â. ¥. ¯®«®¦¥¨¥¯¨ª®¢ �� ®âà ¦ ¥â ¬ £¨â®¬ï£ª®áâì ¨§ãç ¥¬ëå®¡à §æ®¢. �â¨ à¥§ã«ìâ âë á¢¨¤¥â¥«ìáâ¢ãîâ ® â®¬,çâ® ¢ ¤ ®¬ á«ãç ¥ ®á®¢®© ä¨§¨ç¥áª®© ¯à¨ç¨-®© ¯®ï¢«¥¨ï �� ï¢«ïîâáï ¯à®æ¥ááë ¢à é¥¨ï ¬ £¨ç¥®áâ¨. � ªá¨¬ «ì®¥ § ç¥¨¥ �� ¤«ï®¡à §æ®¢ ò1 ¨ 2 à ¢® 25 ¨ 120% á®®â¢¥âáâ¢¥®.�¢¥«¨ç¥¨¥ �� ¢® ¢â®à®© «¥â¥ ¬®¦® ®¡êïá¨âì§ ç¨â¥«ìë¬ ã«ãçè¥¨¥¬ ®¤®à®¤®áâ¨ ¥¥ «®ª «ì-ëå ¬ £¨âëå á¢®©áâ¢. �â®â íªá¯¥à¨¬¥â «ìë©ä ªâ å®à®è® á®£« áã¥âáï á ¤ ë¬¨ à ¡®âë [12],£¤¥ ¯®ª § ®, çâ® á ãá¨«¥¨¥¬ ¤¨á¯¥àá¨¨ ¬ £¨â®© ¨§®âà®¯¨¨ ¢  ¬®àäëå ¬ â¥à¨ « å § ç¥¨¥ ¬ £-¨â®¨¬¯¥¤ á  ¤®«¦® ã¬¥ìè âìáï.� ª«îç¥¨¥� à ¡®â¥ ¯®«ãç¥ íªá¯¥à¨¬¥â «ìë© ¬ â¥à¨ «,¯®¤â¢¥à¦¤ îé¨© â®â ä ªâ, çâ® áª ¨àãîé ï �¥àà¬¨ªà®áª®¯¨ï ¯®§¢®«ï¥â ¯®«ãç âì ¤¥â «ìãî ¨ä®à-¬ æ¨î ® ¬¨ªà®¬ £¨â®© áâàãªâãà¥ ¨ ¯à®æ¥áá å¯¥à¥¬ £¨ç¨¢ ¨ï  ¬®àäëå ¬ â¥à¨ «®¢. �ë¯®«-¥ë¥ ¨áá«¥¤®¢ ¨ï ¯®ª § «¨, çâ® áãé¥áâ¢¥®¥ã«ãçè¥¨¥ ¬ £¨â®¬ï£ª¨å å à ªâ¥à¨áâ¨ª ¨ § ç¨-â¥«ì®¥ ¯®¢ëè¥¨¥ ¬ £¨â®¨¬¯¥¤ á  ¢  ¬®àäëå«¥â å ¬®¦¥â ¡ëâì ¤®áâ¨£ãâ® à æ¨® «ìë¬ ¢ë-¡®à®¬ ¯à¥ªãàá®à  à á¯« ¢ , ¯à®è¥¤è¥£® ¢ á¢®î®ç¥à¥¤ì á¯¥æ¨ «ìãî â¥à¬¨ç¥áªãî ®¡à ¡®âªã.� ¡®â  ¢ë¯®«¥  ¯à¨ ä¨ á®¢®© ¯®¤¤¥à¦ª¥���� (£à âë 01-03-32986 ¨ 02-02-16627), �áá«¥-¤®¢ â¥«ìáª®£® æ¥âà  ¯à¨ª« ¤ëå ¬ £¨âëå ¬ â¥-
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�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2003. ò4 57ª «¨§ æ¨¨, ªã«®®¢áª¨å íää¥ªâ®¢ ¨ ¯àë¦ª®¢®£® ¯¥-à¥®á  ¢¤®«ì ®á¨ à®áâ  á¨áâ¥¬ë (¢¥àâ¨ª «ì®£® ¯¥-à¥®á ). �®«ìè ï ç áâì ¨áá«¥¤®¢ ¨© ¢¥àâ¨ª «ì®©¯à®¢®¤¨¬®áâ¨ ¯à®¢®¤¨« áì   ���� GaAs/GaAlAs,«¥£¨à®¢ ëå ªà¥¬¨¥¬, ª ª ®¯â¨ç¥áª¨¬¨ ¬¥â®¤ -¬¨, â ª ¨ ¯ãâ¥¬ ¯àï¬ëå ¨§¬¥à¥¨© ¯à®¢®¤¨¬®áâ¨.�à¨ íâ®¬ ®ª § «®áì, çâ® ®¡êïá¥¨¥ ¨§ª®â¥¬¯¥-à âãàëå ®á®¡¥®áâ¥©  ¡«î¤ ¥¬ëå íää¥ªâ®¢ ¢à ¬ª å áâ ¤ àâ®© ¬®¤¥«ì®© â¥®à¨¨ ¯àë¦ª®¢ëåï¢«¥¨© ¯¥à¥®á  áâ «ª¨¢ ¥âáï á ®¯à¥¤¥«¥ë¬¨âàã¤®áâï¬¨ [2], ¨ ¢®§¨ª ¥â ¥®¡å®¤¨¬®áâì ¯®áâà®-¥¨ï â¥®à¨¨, ãç¨âë¢ îé¥© ®á®¡¥®áâ¨ í«¥ªâà®-ëå á®áâ®ï¨© ¨ í«¥ªâà®ëå ¯¥à¥å®¤®¢ ¢ à áá¬ â-à¨¢ ¥¬ëå á¨áâ¥¬ å. �¤¨ ¨§ ¢ ¦ëå ¯ à ¬¥âà®¢â¥®à¨¨ ¯àë¦ª®¢®£® ¯¥à¥®á  | ¯à¥¤íªá¯®¥æ¨ «ì-ë© ¬®¦¨â¥«ì ¢ ¢ëà ¦¥¨¨ ¤«ï â¥¬¯®¢ ¯àë¦ª®¢,ª®â®àë©, ª ª ¯à ¢¨«®, ¯à¨¨¬ ¥âáï à ¢ë¬ <ç áâ®â¥¯®¯ëâ®ª ¯¥à¥áª®ª > ¨«¨ å à ªâ¥à®© ç áâ®â¥ ª®«¥-¡ â¥«ìëå ¬®¤. �á®¢ ï æ¥«ì  áâ®ïé¥© à ¡®âëá®áâ®¨â ¢ à áç¥â¥ ¯à¥¤íªá¯®¥æ¨ «ì®£® ¬®¦¨â¥-«ï ¨ ¥£® â¥¬¯¥à âãà®© § ¢¨á¨¬®áâ¨ ¤«ï ���� áãç¥â®¬ à¥ «ìëå ®á®¡¥®áâ¥© í«¥ªâà®-ä®®®£®¢§ ¨¬®¤¥©áâ¢¨ï ¢ â ª¨å áâàãªâãà å.�®áâ ®¢ª  § ¤ ç¨� ���� ¯à¨  «¨ç¨¨ ¢¥àâ¨ª «ì®£® (¢  ¯à ¢-«¥¨¨ ®á¨ à®áâ  áâàãªâãàë Oz ) ¡¥á¯®àï¤ª  í«¥ª-âà®ë¥ á®áâ®ï¨ï «®ª «¨§®¢ ë ¢  ¯à ¢«¥¨¨®á¨ áâàãªâãàë ¨ ®â¢¥ç îâ á¢®¡®¤®¬ã ¤¢¨¦¥¨îí«¥ªâà®®¢ ¢¤®«ì £à ¨æ à §¤¥« . �®«®¢ë¥ äãª-æ¨¨ 	�k(r) ¨ í¥à£¨¨ "�k íâ¨å á®áâ®ï¨© ¬®¦®§ ¯¨á âì ¢ ¢¨¤¥	�k(r) = 1pS��(z) expfik�g; "�k = "� + ~2k2=2m;(1)£¤¥ S | ¯«®é ¤ì ®¡à §æ ; r = f� ; zg ; � | ¤¢ã-¬¥àë© à ¤¨ãá-¢¥ªâ®à ¢ ¯«®áª®áâ¨ £à ¨æë à §¤¥« ;z | ª®®à¤¨ â  ¢¤®«ì ®á¨ à®áâ  ��; k | ¤¢ã¬¥à-ë© ª¢ §¨¢®«®¢®© ¢¥ªâ®à, ��(z) ¨ "� | ¢®«®¢ ïäãªæ¨ï ¨ í¥à£¨ï á®áâ®ï¨ï � á®®â¢¥âáâ¢¥® ¤«ï®¤®¬¥à®© § ¤ ç¨ á ¯®â¥æ¨ «®¬ V (z) =PVi(z) ,®¯¨áë¢ îé¨¬ ¬®¤ã«ïæ¨î ªà ï §®ë ¯à®¢®¤¨¬®áâ¨¢ ��; Vi(z) | ¯®â¥æ¨ « ¨§®«¨à®¢ ®© i-© ï¬ë ��(¬ë ¯®« £ ¥¬ Vi(z) = 0 ¢ ®¡« áâ¨ ¡ àì¥à®¢); m |íää¥ªâ¨¢ ï ¬ áá . �à¨  «¨ç¨¨ ¡¥á¯®àï¤ª  á®áâ®-ï¨ï ��(z) «®ª «¨§®¢ ë, ¨ ¯¥à¥®á ¢¤®«ì ®á¨ Oz¬®¦¥â ¡ëâì ¯àë¦ª®¢ë¬, â. ¥. ®áãé¥áâ¢«ïâìáï ¯ãâ¥¬âã¥«¨à®¢ ¨ï ¬¥¦¤ã à §«¨çë¬¨ á®áâ®ï¨ï¬¨f�;kg . �®£¤  ¢¥àâ¨ª «ìë© ¡¥á¯®àï¤®ª ¤®áâ â®ç®¢¥«¨ª, í«¥ªâà®ë¥ á®áâ®ï¨ï «®ª «¨§®¢ ë ¢¡«¨§¨®â¤¥«ìëå ª¢ â®¢ëå ï¬ ��,   ãà®¢¨ "� ¡«¨§ª¨ª ãà®¢ï¬ à §¬¥à®£® ª¢ â®¢ ¨ï, ¯®«ãç¥ë¬ ¤«ï¨§®«¨à®¢ ëå ª¢ â®¢ëå ï¬. � ¤ «ì¥©è¥¬ ¬ë à á-á¬®âà¨¬ ¨¬¥® íâ®â á«ãç ©, ¯à¨ç¥¬ ¡ã¤¥¬ áç¨â âìª¢ â®¢ë¥ ï¬ë ã§ª¨¬¨, â ª çâ® ¬®¦® ®£à ¨ç¨âì-áï ®¡áã¦¤¥¨¥¬ «¨èì ¨§è¥© ¯®¤§®ë à §¬¥à®£®ª¢ â®¢ ¨ï ¢ ª ¦¤®© ¨§ ï¬ [2].

�¥à¥®á ¢¤®«ì ®á¨ áâàãªâãàë ®¯à¥¤¥«ï¥âáï ª¢ -â®¢ë¬ ª¨¥â¨ç¥áª¨¬ ãà ¢¥¨¥¬, á®¤¥à¦ é¨¬ ¨-â¥£à «ìë¥ â¥¬¯ë ¯¥à¥å®¤®¢ ¬¥¦¤ã ï¬ ¬¨ � ¨ �0 ,¯®«ãç ¥¬ë¥ ¯ãâ¥¬ áã¬¬¨à®¢ ¨ï â¥¬¯®¢ ¯¥à¥å®¤®¢¬¥¦¤ã á®áâ®ï¨ï¬¨ f�;kg ¨ f�0;k0g ¯® ¢á¥¬ á®-áâ®ï¨ï¬ á ª¢ §¨¢®«®¢ë¬¨ ¢¥ªâ®à ¬¨ k ¨ k0 [3].�®áª®«ìªã â¥¬¯ë ¯¥à¥å®¤®¢ ¬¥¦¤ã á®áâ®ï¨ï¬¨,á®®â¢¥âáâ¢ãîé¨¬¨ ®¤®¬ã ¨ â®¬ã ¦¥ ¨¤¥ªáã � ,§ ç¨â¥«ì® ¯à¥¢ëè îâ â¥¬¯ë ¯¥à¥å®¤®¢ ¬¥¦¤ãá®áâ®ï¨ï¬¨ à §ëå ï¬, ¢ ®â¤¥«ìëå ï¬ å ãáâ  -¢«¨¢ ¥âáï ª¢ §¨à ¢®¢¥á¨¥,   ¨â¥£à «ìë© â¥¬¯ ¯¥-à¥å®¤®¢ ¬¥¦¤ã ª¢ â®¢ë¬¨ ï¬ ¬¨ � ¨ �0 ¯à¨¨¬ ¥â¢¨¤ [3]���0ph = S2(2�)4 Z dkZ dk0W (k;k0)nF ("�k)�� [1� nF ("�0k0)]; (2)£¤¥ W (k;k0) | ¢¥à®ïâ®áâì ¯¥à¥å®¤®¢ á ãç áâ¨¥¬ä®®®¢ ¬¥¦¤ã á®áâ®ï¨ï¬¨ f�;kg ¨ f�0;k0g ,  nF ("�k) |äãªæ¨ï �¥à¬¨. �¥à®ïâ®áâì ¯¥à¥å®¤®¢ á¯®£«®é¥¨¥¬  ªãáâ¨ç¥áª¨å ä®®®¢ ¨¬¥¥â áâ ¤ àâ-ë© ¢¨¤W (k;k0) = E2ac4�2� Z dq 1!q q2exp� "�0k0�"�kkT �� 1 �� � ("�0k0 � "�k � ~!q) ��h	�0k0(r) ��eiqr��	�k(r)i��2 ;(3)£¤¥ Eac | ª®áâ â  ¯®â¥æ¨ «  ¤¥ä®à¬ æ¨¨, � |¯«®â®áâì ªà¨áâ «« , !q = s q | ç áâ®â   ªãáâ¨ç¥á-ª¨å ä®®®¢ á ª¢ §¨¢®«®¢ë¬ ¢¥ªâ®à®¬ q , s | áª®-à®áâì §¢ãª ;   «®£¨ç® § ¯¨áë¢ ¥âáï ¨ ¢¥à®ïâ®áâì¯¥à¥å®¤®¢ á ¨á¯ãáª ¨¥¬ ä®®®¢.�¥à®ïâ®áâì (3) á®¤¥à¦¨â ª¢ ¤à â ¬®¤ã«ï ¬ â-à¨ç®£® í«¥¬¥â ��h	�0k0(r) ��eiqr��	�k(r)i��2 == ��h��0(z) ��eiqzz����(z)i��2 � �k0�k;qk ; (4)£¤¥ qk |¯à®¤®«ì ï (¢¤®«ì ¯«®áª®áâ¨ á«®¥¢) á®áâ ¢-«ïîé ï ª¢ §¨¢®«®¢®£® ¢¥ªâ®à  ä®® . �â æ¨® à-ãî «®ª «¨§®¢ ãî äãªæ¨î ��(z) ¬®¦® ¯à¥¤-áâ ¢¨âì ¢ ¢¨¤¥ «¨¥©®© ª®¬¡¨ æ¨¨ ®¤®ï¬ëå(< â®¬ëå>) ¢®«®¢ëå äãªæ¨© �i(z) , á®®â¢¥âáâ¢ã-îé¨å á®áâ®ï¨ï¬ í«¥ªâà®  ¢ ¨§®«¨à®¢ ëå ª¢ -â®¢ëå ï¬ å (i | ®¬¥à ª¢ â®¢®© ï¬ë), ¯à¨ç¥¬ ¢á«ãç ¥ á¨«ì®£® ¡¥á¯®àï¤ª  (á« ¡®© £¨¡à¨¤¨§ æ¨¨)ª ¦¤ ï ¨§ äãªæ¨© ��(z) ¡«¨§ª  ª á®®â¢¥âáâ¢ãîé¥©äãªæ¨¨ �i(z) . �¨§¨ç¥áª¨ ®¡®á®¢ ë© ¢ë¡®à ¡ -§¨áëå äãªæ¨© (£¨¡à¨¤¨§®¢ ë¥ ¨«¨ ®¤®ï¬ë¥)§ ¢¨á¨â ®â á®®â®è¥¨ï ¬¥¦¤ã ¢à¥¬¥¥¬ £¨¡à¨-¤¨§ æ¨¨ (¢à¥¬¥¥¬ ª®£¥à¥â®£® à á¯à®áâà ¥¨ïí«¥ªâà®  ¬¥¦¤ã ï¬ ¬¨) �h ¨ ¢à¥¬¥¥¬ á¡®ï ä §ë�� . �á«¨ �h � �� , â® ¯à¨ ¢ëç¨á«¥¨¨ ¢¥à®ïâ®áâ¥©¯¥à¥å®¤®¢ ¬¥¦¤ã ï¬ ¬¨ ¢ ª ç¥áâ¢¥ ¡ §¨áëå äãª-æ¨© á«¥¤ã¥â ¢ë¡¨à âì £¨¡à¨¤¨§®¢ ë¥ ¢®«®¢ë¥äãªæ¨¨.�à¥¬ï á¡®ï ä §ë ¢  è¥© á¨áâ¥¬¥ ®¯à¥¤¥«ï¥âáï¢ãâà¨ï¬ë¬ à áá¥ï¨¥¬ á ãç áâ¨¥¬ ä®®®¢. � á-



58 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2003. ò4ç¥â íâ®£® ¢à¥¬¥¨ ¤«ï £¥â¥à®áâàãªâãà GaAs/GaAlAs¤ ¥â ¢¥«¨ç¨ã ¯®àï¤ª  10�10 á [4]. � ¤àã£®© áâ®-à®ë, ¢à¥¬ï £¨¡à¨¤¨§ æ¨¨ ¥áâì ¢¥«¨ç¨  ¯®àï¤ª ¯¥à¨®¤  ®áæ¨««ïæ¨© í«¥ªâà®®© ¯«®â®áâ¨ ¬¥¦¤ãá®á¥¤¨¬¨ ª¢ â®¢ë¬¨ ï¬ ¬¨, ª®â®àë© ¬®¦® ®æ¥-¨âì, à¥è ï § ¤ çã ® ª®£¥à¥âëå ¯¥à¥å®¤ å í«¥ª-âà®  ¬¥¦¤ã ª¢ â®¢ë¬¨ ï¬ ¬¨ ¯à¨ ãá«®¢¨¨, çâ® ¢ ç «ìë© ¬®¬¥â ¢à¥¬¥¨ í«¥ªâà® «®ª «¨§®¢  ¢¯¥à¢®© ª¢ â®¢®© ï¬¥, â. ¥.  å®¤¨âáï ¢ á®áâ®ï¨¨,®¯¨áë¢ ¥¬®¬ ¢®«®¢®© äãªæ¨¥© �1 [5, 6]. �à¨ãá«®¢¨¨, çâ® à §®áâì í¥à£¨© ãà®¢¥© ¬®£® ¡®«ì-è¥ ¨â¥£à «®¢ ¯¥à¥®á  j"2 � "1j � jh�1 jV1j�2ij ;jh�2 jV2j�1ij , ¯®«ãç ¥¬ �h � ~2j"2�"1j . �«ï à áá¬ âà¨-¢ ¥¬ëå ���� å à ªâ¥àë¥ à ááâ®ï¨ï ¬¥¦¤ã ãà®¢-ï¬¨ à §¬¥à®£® ª¢ â®¢ ¨ï ¯à¥¢ëè îâ 10 ¬í� [2]¨ ®æ¥ª  ¢à¥¬¥¨ £¨¡à¨¤¨§ æ¨¨ ¤ ¥â �h 6 10�13 á.� ª¨¬ ®¡à §®¬, ¢à¥¬ï £¨¡à¨¤¨§ æ¨¨ § ç¨â¥«ì®¬¥ìè¥ ¢à¥¬¥¨ á¡®ï ä §ë, ¨ ¯à¨ à áç¥â¥ ¢¥à®ïâ®á-â¥© ¯àë¦ª®¢ ¬¥¦¤ã ï¬ ¬¨ ¬ë ¡ã¤¥¬ ¨á¯®«ì§®¢ âì£¨¡à¨¤¨§®¢ ë¥ ¢®«®¢ë¥ äãªæ¨¨ ��(z) .� áç¥â â¥¬¯®¢ ¯¥à¥å®¤®¢�¥à¥©¤¥¬ ª ¥¯®áà¥¤áâ¢¥®¬ã à áç¥âã ¨â¥£-à «ìëå â¥¬¯®¢ ¯¥à¥å®¤®¢. �ëà ¦¥¨ï (2), (3) ¬®¦-® § ¯¨á âì ¢ ¢¨¤¥�(12)ph = SE2ac(2�)3 1�s2~ 1Z0 k dk 1Z0 k0 dk0 2�Z0 d����"2k0 � "1k~s �2 nF ("1k)[1� nF ("2k0)]exp� "2k0�"1kkT �� 1 �� ��h�2(z) ��eiqz(�)z���1(z)i��2qz(�) ; (5)
£¤¥ � | ã£®« ¬¥¦¤ã ¢¥ªâ®à ¬¨ k ¨ k0 ,  qz(�) =r� "2k0�"1k~s �2 � k02 � k2 � k0k cos � .� à áá¬ âà¨¢ ¥¬®¬ á«ãç ¥ à ááâ®ï¨¥ ¬¥¦¤ããà®¢ï¬¨ j"2 � "1j ¤®áâ â®ç® ¢¥«¨ª®, â ª çâ®� "2k0�"1k~s �2 � k02 � k2 � k0k ª ª ¤«ï £®à¨§®â «ì-ëå, â ª ¨ ¤«ï áãé¥áâ¢¥® ¥ã¯àã£¨å ¯¥à¥å®¤®¢.�®®â¢¥âáâ¢¥® äãªæ¨ï qz(�) ¯®çâ¨ ¥ § ¢¨á¨â ®â� (¯®«®¦¨¬ qz(�)� qz(�=2)) , ¨ ¨â¥£à « ¯® � «¥£ª®¢ëç¨á«¨âì [7]. � à¥§ã«ìâ â¥ ¯®«ãç ¥¬�(12)ph = SE2aq(2�)3 2��s2~ Z k1 dk1 Z k2 dk2 �"2k0 � "1k~s �2��nF ("1k) [1� nF ("2k0)]exp� "2k0�"1kkT �� 1 ��h�2(z) ��eiqz(�=2)z���1(z)i��2qz(�=2) :(6)� ª ¯®ª § ® ¢ �à¨«®¦¥¨¨, ¢ á«ãç ¥ ª®£¤ ãà®¢¨ à §¬¥à®£® ª¢ â®¢ ¨ï «¥¦ â ¢ëè¥ ãà®¢ï�¥à¬¨ � (â ª çâ® nF ("1k) � exp f�("1k � �)=kTg),¢ëà ¦¥¨¥ ¤«ï ¨â¥£à «ì®£® â¥¬¯  ¯¥à¥®á  ¬®¦®

¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥�(12)ph � c(T )p e�(�+�) u�Zf0 du u eueu�1 ��h�2(z) ��eiqzz���1(z)i��2;(7)£¤¥ � = "1�FkT , � = "2�"1kT , u� = T0=T , T0 = 2�~s=a , = kT2ms2 = v2therms2 , qz � kTu= (~s) , f0 � p�= ,c (T ) = E2ac4 � m�~2 �2 ~2S�p2mkT �kT~s �4 ¨ a = (a1 + a2)=2 ,a1 ¨ a2 | è¨à¨ë à áá¬ âà¨¢ ¥¬ëå ï¬ (¤«ï ®¯à¥-¤¥«¥®áâ¨ áç¨â ¥¬, çâ® a1 > a2) .� áá¬®âà¨¬ ¤¢¥ à §ë¥ ®¡« áâ¨ â¥¬¯¥à âãà, ¢ª®â®àëå ¬®¦®  ¯¯à®ªá¨¬¨à®¢ âì ¢ëà ¦¥¨¥ (7).1. �«ãç © ¨§ª¨å â¥¬¯¥à âãà T � T0 (íâ® á®-®â¢¥âáâ¢ã¥â ãá«®¢¨î �T � a , £¤¥ �T � 2�~s=kT ) .� íâ®¬ á«ãç ¥ ®¡« áâì u 2 [f0; u�] , ¤ îé ï ®á®¢®©¢ª« ¤ ¢ ¨â¥£à «, á®®â¢¥âáâ¢ã¥â § ç¥¨ï¬ u > 1 ¨¢ëà ¦¥¨¥, áâ®ïé¥¥ ¯®¤ ¨â¥£à «®¬, ¬®¦® ¯à¨¡«¨-¦¥® § ¯¨á âì ¢ ¢¨¤¥ u eueu�1 � u . �®£¤ �(12)ph � c(T )p e�(�+�) I2� ~s�kTa�2 ; (8)£¤¥ I2 = x2Zx1 xM(x) dx;M(x) = jh�2(z) jexp (i�xz=a)j�1(z)ij2 ;x1 � a�p2m("2�"1)~ , x2 � a~s� ("2 � "1) | ¢ëà ¦¥¨ï,®¯à¥¤¥«ï¥¬ë¥ â®«ìª® ¯ à ¬¥âà ¬¨ áâàãªâãàë ¨ ¥§ ¢¨áïé¨¥ ®â â¥¬¯¥à âãàë. �®¤áâ ¢«ïï ¢ (8) â¥¬-¯¥à âãàë¥ § ¢¨á¨¬®áâ¨ ¢¥«¨ç¨ � , � ,  ¨ C (T ) ,¯®«ãç ¥¬ �(12)ph � T exp �� "2��kT � .2. �«ãç © ¢ëá®ª¨å â¥¬¯¥à âãà T > T0 (�T < a) .�à¨ íâ®¬ u < 1 , â. ¥. u eueu�1 � 1 ¨�(12)ph � c(T )p e�(�+�) I1� ~s�kTa� ; (9)£¤¥ ¨â¥£à « I1 = x2Rx1 dxM(x) ¥ § ¢¨á¨â ®â â¥¬-¯¥à âãàë. �®®â¢¥âáâ¢¥® ¢ íâ®¬ á«ãç ¥ �(12)ph �T 2 exp �� "2��kT � . �®« £ ï a = 7 ¬ ¨ s = 3:7 �� 105 á¬/á, ¯®«ãç ¥¬, çâ® ¤«ï à áá¬ âà¨¢ ¥¬ëåáâàãªâãà GaAs/GaAlAs å à ªâ¥à ï â¥¬¯¥à âãà  T0¯à¨¬¥à® à ¢  20 K.�¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢�®¦¨â¥«ì ¯¥à¥¤  ªâ¨¢ æ¨®®© íªá¯®¥â®© ¢¢ëà ¦¥¨¨ ¤«ï â¥¬¯®¢ ¯¥à¥å®¤®¢ § ¢¨á¨â ®â ¯¥à¥-ªàëâ¨ï ¢®«®¢ëå äãªæ¨© à áá¬ âà¨¢ ¥¬ëå ï¬, â. ¥.íªá¯®¥æ¨ «ì® § ¢¨á¨â ®â ¤«¨ë âã¥«¨à®¢ ¨ï.� áâ ¤ àâ®© â¥®à¨¨ ¯àë¦ª®¢®£® ¯¥à¥®á  á ãç á-â¨¥¬ ä®®®¢ ¯à¥¤íªá¯®¥æ¨ «ìë© ¬®¦¨â¥«ì,ä¨£ãà¨àãîé¨© ¯¥à¥¤ íªá¯®¥æ¨ «ì®© äãªæ¨¥©,



�¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2003. ò4 59á®¤¥à¦ é¥© ª ª ¤«¨ã âã¥«¨à®¢ ¨ï, â ª ¨ í¥à-£¨¨ á®áâ®ï¨©, ®¡ëç® ¥ ¢ëç¨á«ïîâ,   ¯®« £ îâ¯®áâ®ïë¬ ¨ à ¢ë¬ <ç áâ®â¥ ¯®¯ëâ®ª ¯¥à¥áª®-ª > [8]. �¤ ª® ¯à®¢¥¤¥ë© à áç¥â ¯®ª §ë¢ ¥â, çâ®ç áâ®â  ¯®¯ëâ®ª ¯¥à¥áª®ª  § ¢¨á¨â ®â â¥¬¯¥à âãàë(¥¥ â¥¬¯¥à âãà ï § ¢¨á¨¬®áâì á®¢¯ ¤ ¥â á á®®â¢¥â-áâ¢ãîé¥© § ¢¨á¨¬®áâìî ¬®¦¨â¥«ï ¯¥à¥¤  ªâ¨¢ -æ¨®®© íªá¯®¥â®©), ¯à¨ç¥¬ íâ  § ¢¨á¨¬®áâì à §-«¨ç  ¢ à §ëå â¥¬¯¥à âãàëå ®¡« áâïå. �¡áã¤¨¬ä¨§¨ç¥áª¨¥ ¯à¨ç¨ë ¨§¬¥¥¨ï íâ®© â¥¬¯¥à âãà®©§ ¢¨á¨¬®áâ¨.�â¬¥â¨¬, çâ® § ª®ë á®åà ¥¨ï í¥à£¨¨ ¨ ª¢ -§¨¨¬¯ã«ìá ~!q = "2 + ~2k022m � "1 � ~2k22m ;qk = k0 � k (10)(á¬. (3), (4))  ª« ¤ë¢ îâ ®£à ¨ç¥¨ï   ¢®«®¢ë¥¢¥ªâ®àë ä®®®¢, ãç áâ¢ãîé¨å ¢ ¬¥¦êï¬ëå ¯¥à¥-å®¤ å. �«ï ¯¥à¥å®¤®¢   ¤® ¢¥àå¥© ï¬ë ¬®¦®¯®«®¦¨âì k0 � 0 , ¨ ¨§ § ª®®¢ á®åà ¥¨ï (10)¯®«ãç ¥¬ ~ sqq2z + q2k = "2 � "1 � ~2q2k2m : (11)�à ¢¥¨¥ (11) ¥áâì ãà ¢¥¨¥ í««¨¯á®¨¤  ¢q-¯à®áâà áâ¢¥. � ªâ¨ç¥áª¨ í¥à£¨¨ ª®¥çëå á®-áâ®ï¨© «¥¦ â ¢ á«®¥ è¨à¨®© ¯®àï¤ª  kT , â ª çâ®k02 �mkT=~2 , ¨ ¢ ¢¥àâ¨ª «ìëå ¯¥à¥å®¤ å ãç áâ¢ã-îâ ª¢ §¨¤¢ã¬¥àë¥ ä®®ë, ¤«ï ª®â®àëå § ç¥¨ïq «¥¦ â ¢ ¥ª®â®à®¬ á«®¥ ¢¡«¨§¨ íâ®£® í««¨¯á®¨¤ .�ää¥ªâ¨¢ ï ¯«®â®áâì á®áâ®ï¨© â ª¨å ä®®®¢Dph � ! � kT .�â¥£à «ìë© â¥¬¯ ¯¥à¥å®¤  (5) áå¥¬ â¨ç¥áª¨¬®¦® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥�(12)ph � Z d! �Nph(!)nF ("2 � ~!)DphM(!=s);£¤¥ ¨â¥£à « ¡¥à¥âáï ¯® ¢á¥¬ ¢®§¬®¦ë¬ í¥à£¨ï¬ä®®®¢, ¤®¯ãáª ¥¬ë¬ § ª® ¬¨ á®åà ¥¨ï (10),nF ("2 � ~!) | äãªæ¨ï § ¯®«¥¨ï  ç «ì®£® á®-áâ®ï¨ï, Nph (!) | äãªæ¨ï à á¯à¥¤¥«¥¨ï ä®®-®¢. � ª ¯®ª § ® ¢ �à¨«®¦¥¨¨, ®á®¢®© ¢ª« ¤ ¢¢¥àâ¨ª «ìë© ¯¥à¥®á ®á¨â¥«¥© ¤ îâ  ªãáâ¨ç¥áª¨¥ä®®ë á í¥à£¨ï¬¨ ~! < kT0 ; ¯®á«¥¤¥¥ ¥à -¢¥áâ¢® ®§ ç ¥â, çâ® áãé¥áâ¢¥ãî à®«ì ¨£à îâ«¨èì  ªãáâ¨ç¥áª¨¥ ä®®ë á ¤«¨®© ¢®«ë, ¯à¥-¢ëè îé¥© å à ªâ¥àë© à §¬¥à ª¢ â®¢ëå ï¬. �à¨â¥¬¯¥à âãà å ¢ëè¥ T0 , ª®£¤  ~!kT < 1 (ª« áá¨ç¥á-ª ï áâ â¨áâ¨ª  ä®®®¢), ¨¬¥¥¬ Nph (!)� kT=(~!) .�®áª®«ìªã nF ("2 � ~!) � exp �� "2��kT � , ¢ íâ®¬ á«ã-ç ¥ ¯®«ãç ¥¬ �(12)ph � T 2 exp �� "2��kT � R d! � M(!) ,£¤¥ ¨â¥£à « ¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë. � á«ãç ¥¨§ª¨å â¥¬¯¥à âãà T � T0 , ª®£¤  ¢ ®á®¢®© ®¡-« áâ¨ ¨â¥£à¨à®¢ ¨ï ~!kT > 1 , äãªæ¨ï à á¯à¥¤¥«¥-¨ï ä®®®¢ ¯à¨¨¬ ¥â ¢¨¤ Nph (!) � exp �� ~!kT � ,

¨, ¯®áª®«ìªã nF ("2 � ~!) = exp �� "2��kT � exp � ~!kT � , å®¤¨¬ nF ("2 � ~!)Nph (!) � exp �� "2��kT � . � íâ®¬á«ãç ¥ �(12)ph � kT exp �� "2��kT � R d! � !M(!) .� ¡®â  ¢ë¯®«¥  ¯à¨ ¯®¤¤¥à¦ª¥ ¯à®£à ¬¬ë<�â¥£à æ¨ï> (¯à®¥ªâ �02908/1040) ¨ ����(£à â 03-02-17378).�à¨«®¦¥¨¥�¢®¤ï ¯¥à¥¬¥ë¥ u = "2k0�"1kkT ¨ v = "2k0��+"1k��2kT ,¬ë ¬®¦¥¬ ¯¥à¥¯¨á âì ¢ëà ¦¥¨¥ (6) ¢ ¢¨¤¥�(12)ph =c(T ) 1Z�+�=2dv2(v��)Zf(v) dueu2 e�v u2eu�1 � ��h�2(z)��eiqzz���1(z)i��2pu2�2v+2�+� ;(12)£¤¥ qz = p2mkT (u2� 2v+2�+ �)=~ ,   f(v) == max�2(� + � � v); p(2v� 2�� �)=� . �¨¨¬ «ì-®¥ § ç¥¨¥ äãªæ¨¨ f(v) à ¢® f0 = ��1 ++p1+ 4��=(2) . �®áª®«ìªã � = ("2 � "1) = �2ms2��� 1 , ¨¬¥¥¬ f0 �p�= .�ª« ¤ ¢ ¨â¥£à « ¯® v ¤ ¥â ®¡« áâì § ç¥¨©v 2 (�+�=2; �+�=2+1) . � íâ®¬ á«ãç ¥ u2� v��+�=2¤«ï «î¡ëå § ç¥¨© u , ¨ ¤«ï ®æ¥ª¨ ¬®¦® ¯®«®¦¨âìpu2 � 2v+2�+ � � pu ¨ qz � kTu= (~s) . �â® ¤ ¥â¢®§¬®¦®áâì ¢ëç¨á«¨âì ¨â¥£à « ¯® v ¢ ¢ëà ¦¥¨¨ (12).� à¥§ã«ìâ â¥ ¯®«ãç ¥¬�(12)ph � c(T )p e�� " e�� �Zf0 du u eueu�1 ��h�2(z) ��eiqzz���1(z)i��2++ 1Z� du ueu�1 ��h�2(z) ��eiqzz���1(z)i��2#: (13)�¥ ª¢ â®¢ëå ï¬ ¨ ¢ ®¡« áâ¨ ¡ àì¥à  ¬¥¦¤ã ª¢ â®-¢ë¬¨ ï¬ ¬¨ ¢®«®¢ë¥ äãªæ¨¨ ¡ëáâà® § âãå îâ. �à®-¬¥ â®£®, ®¤  ¨§ £¨¡à¨¤¨§®¢ ëå ¢®«®¢ëå äãªæ¨©ï¢«ï¥âáï  â¨á¨¬¬¥âà¨ç®© ¨ ¢ ®¡« áâ¨ ¡ àì¥à  ®¡à -é ¥âáï ¢ ã«ì. �â® ¯à¨¢®¤¨â ª â®¬ã, çâ® ¢ ®¡« áâ¨¡ àì¥à  ¬ âà¨çë© í«¥¬¥â ¬ «, ¨ ¢ª« ¤®¬ íâ®© ®¡« áâ¨¯à¨ ¢ëç¨á«¥¨¨ ª¢ ¤à â  ¬®¤ã«ï ¬ âà¨ç®£® í«¥¬¥â M(qz) = ��h�2(z) ��eiqzz���1(z)i��2 ¬®¦® ¯à¥¥¡à¥çì. � à¥-§ã«ìâ â¥ ¯®«ãç ¥¬M(qz) = �����1B21 a12 �e iqza12 sin( qza12 )qza12 �� ei2�12 e i(qz+2{1)a12 sin( (qz+2{1)a12 )(qz+2{1)a12 �� e�i2�12 e i(qz�2{1)a12 sin( (qz�2{1)a12 )(qz�2{1)a12 #++ eiqz(a1+b) �2B22 a22 �e iqza22 sin( qza22 )qza22 �



60 �¥áâ¨ª �®áª®¢áª®£® ã¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®®¬¨ï. 2003. ò4� ei2�22 e i(qz+2{2)a22 sin( (qz+2{2)a22 )(qz+2{2)a22 �� e�i2�22 e i(qz�2{2)a22 sin( (qz�2{2)a22 )(qz�2{2)a22 #�����2 ; (14)
£¤¥ {j ; �j ; Bj | ª®íää¨æ¨¥âë, ®¯à¥¤¥«ïîé¨¥§ ç¥¨¥ ¢®«®¢®© äãªæ¨¨ ¢ j -© ª¢ â®¢®© ï¬¥�j(z) =Bj sin({jz+�j) , aj | è¨à¨  j -© ª¢ â®¢®© ï¬ë,b | è¨à¨  ¡ àì¥à , �j | ¯ à ¬¥âàë, ®¯à¥¤¥«ïîé¨¥£¨¡à¨¤¨§ æ¨î ¢®«®¢ëå äãªæ¨© �1(z) = �1(z)+�2�2(z)¨ �2(z) = �2(z) + �1�1(z) [9]. � ¢¨á¨¬®áâì ª¢ ¤à â ¬®¤ã«ï ¬ âà¨ç®£® í«¥¬¥â  M(qz) ®â qz ¨§®¡à ¦¥   à¨áãª¥. � ª ¢¨¤® ¨§ à¨áãª  ¨ ¨§ ä®à¬ã«ë (14),¢¥«¨ç¨  M(qz) áãé¥áâ¢¥® ®â«¨ç  ®â ã«ï ¢ ®¡« áâ¨qz 6 q�z , £¤¥ q�z � 2�=a ¨ a = (a1 + a2)=2 . �®®â¢¥âáâ¢¥-® ®á®¢®© ¢ª« ¤ ¢ (13) ¤ ¥â ®¡« áâì u 2 [f0; u�] ,£¤¥ u� = ~skT q�z � ~s2�kTa . �®®â¢¥âáâ¢¥® ¢ëà ¦¥¨¥ (13)
������� ¢¨á¨¬®áâì ª¢ ¤à â  ¬®¤ã«ï ¬ âà¨ç®£® í«¥¬¥â  ®â qz¯à¨ m = 0:07m0 (m0 | ¬ áá  á¢®¡®¤®£® í«¥ªâà® ),a1 = 7 ¬, a2 = 5:9 ¬ ¨ b= 4 ¬

¯à¨¨¬ ¥â ¢¨¤�(12)ph � c(T )p e�(�+�) u�Zf0 du u eueu�1 ��h�2(z) ��eiqzz���1(z)i��2:(15)�â¬¥â¨¬, çâ® u = ~!=kT , ¨ ®¡« áâì ¨â¥£à¨à®¢ ¨ïá®®â¢¥âáâ¢ã¥â ®¡« áâ¨ í¥à£¨©  ªãáâ¨ç¥áª¨å ä®®®¢p2ms2 ("2 � "1)< ~! < kT0 .�¨â¥à âãà 1. Chomette A., Deveaud B., Regreny A., Bastard G. // Phys.Rev. Lett. 1986. 57, No. 12. P. 1464.2. Richter G., Stolz W., Thomas P. et. al. // Superlattices andMicrostructures. 1997. 22, No. 4. P. 475.3. Zvyagin I.P., Ormont M.A., Borisov K.E. // Nanotechnology.2000. 11. P. 375.4. Ferreira R., Bastard G. // Phys. Rev. 1989. B40, No. 2.P. 1074.5. �®«ª®¢ �.�., �ã©ª® �.�. // �§¢. ¢ã§®¢, �¨§¨ª . 1989. 9.�. 87.6. Juang C. // Phys. Rev. 1991. B44, No. 19. P. 10706.7. Wang Lin-Wang, Zunger A., M�ader K.A. // Phys. Rev. 1996.B53, No. 4. P. 2010.8. �®ââ �., �í¢¨á �. �«¥ªâà®ë¥ ¯à®æ¥ááë ¢ ¥ªà¨áâ ««¨-ç¥áª¨å ¢¥é¥áâ¢ å. �., 1982.9. Ridley B.K. // J. Phys. C: Solid St. Phys. 1982. 15. P. 5899.�®áâã¯¨«  ¢ p¥¤ ªæ¨î14.02.03������������� 530.12:517.958��������� �������������� �������� � �������������������.�. �à¨£®àì¥¢, �.�. �¥¨á®¢ (ª ä¥¤à  ª¢ â®¢®© â¥®à¨¨ ¨ ä¨§¨ª¨ ¢ëá®ª¨å í¥à£¨©)�¥è¥  § ¤ ç  ® ¤¢¨¦¥¨¨ ç áâ¨æ ¢ ¯à®áâà áâ¢¥ � ©¤ìï, ®¯¨áë¢ îé¥¬ £à ¢¨â æ¨®®¥¯®«¥ §¢¥§¤, ¨§«ãç îé¨å áä¥à¨ç¥áª¨-á¨¬¬¥âà¨ç® ¡¥§¬ áá®¢ë¥ ç áâ¨æë. � ©¤¥ë § ª®ë¥à ¤¨ «ì®£® ¤¢¨¦¥¨ï ¬ áá¨¢ëå ¨ ¡¥§¬ áá®¢ëå ç áâ¨æ ¢ â ª®¬ ¯®«¥. � ¤ ç  à¥è¥  ¢¯ à ¬¥âà¨ç¥áª®¬ ¢¨¤¥.�¤¨¬ ¨§  ¨¡®«¥¥ à á¯à®áâà ¥ëå á¯®á®¡®¢  «¨§  â®çëå à¥è¥¨© ãà ¢¥¨© �©èâ¥©  ¨¢ëï¢«¥¨ï á¢®©áâ¢¥ëå ¨¬ £à ¢¨â æ¨®ëå íää¥ª-â®¢ ï¢«ï¥âáï, ª ª ¨§¢¥áâ®, ¨§ãç¥¨¥ £¥®¤¥§¨ç¥á-ª®£® ¤¢¨¦¥¨ï, â. ¥. á¢®¡®¤®£® ¤¢¨¦¥¨ï ç áâ¨æ¢ ¯à®áâà áâ¢¥-¢à¥¬¥¨, § ¤ ¢ ¥¬®¬ íâ¨¬ â®çë¬à¥è¥¨¥¬. �®íâ®¬ã ¯®á«¥ ®âªàëâ¨ï ª ¦¤®£® ®¢®£®â®ç®£® à¥è¥¨ï ãà ¢¥¨© ��� ®¡ëç® ¯à¥¤¯à¨-¨¬ «¨áì ¤®áâ â®ç® í¥à£¨çë¥ ãá¨«¨ï ¯® ¨â¥£-
à¨à®¢ ¨î ¥«¨¥©ëå ãà ¢¥¨©, ®¯¨áë¢ îé¨å£¥®¤¥§¨ç¥áª®¥ ¤¢¨¦¥¨¥.� à¥§ã«ìâ â¥ ¯à®¬¥¦ãâ®ª ¢à¥¬¥¨ ¬¥¦¤ã ®â-ªàëâ¨¥¬ â®ç®£® à¥è¥¨ï ãà ¢¥¨© �©èâ¥© ¨ § ¢¥àè¥¨¥¬   «¨§  £¥®¤¥§¨ç¥áª®£® ¤¢¨¦¥¨ï¡ë«, ª ª ¯à ¢¨«®, ¤®áâ â®ç® ª®à®âª¨¬. �â® ¬®¦®§ ¬¥â¨âì, ¥á«¨ ¯à®  «¨§¨à®¢ âì ®á®¢ë¥ â®çë¥à¥è¥¨ï. � ª,  ¯à¨¬¥à, à¥è¥¨¥ �¢ àæè¨«ì¤ ,®¯¨áë¢ îé¥¥ ¬¥âà¨ªã, á®§¤ ¢ ¥¬ãî áâ â¨ç¥áª¨¬


