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AlxGa1−xAs–GaAs–AlAs á® á« ¡® «¥£¨à®¢ ­­®© ï¬®©. �çâ¥­® à áá¥ï­¨¥ í«¥ªâà®­®¢ ¢ á«®¥ GaAs ¢ X-
¤®«¨­ã, ­¥§¥àª «ì­®áâì ®âà ¦¥­¨ï í«¥ªâà®­®¢ ®â ¡ àì¥à  AlAs ¨ ª¢ ­â®¢ ­¨¥ í­¥à£¨¨ ¢ ¯à¥¤¡ àì¥à-
­®© ®¡« áâ¨. �®ª § ­  ¢®§¬®¦­®áâì à¥ «¨§ æ¨¨ S-®¡à §­®© ¢®«ìâ- ¬¯¥à­®© å à ªâ¥à¨áâ¨ª¨ ¢ á« ¡®
«¥£¨à®¢ ­­®© ¤¢ãå¡ àì¥à­®© £¥â¥à®áâàãªâãà¥ ¢ ®âáãâáâ¢¨¥ í«¥ªâà®­-í«¥ªâà®­­ëå áâ®«ª­®¢¥­¨© ¯à¨
®â­®á¨â¥«ì­® è¨à®ª®¬ ¡ àì¥à¥ AlAs.

� à ¡®â¥ [1] ¢ ¯à¨¡«¨¦¥­¨¨ ª¢ §¨¡ ««¨áâ¨ç¥-
áª®£® ¯à®«¥â  í«¥ªâà®­®¢ ¢ á« ¡® «¥£¨à®¢ ­­®¬

(n < 1015 á¬−3) á«®¥ GaAs ¯®ª § ­®, çâ® ¢®«ìâ-
 ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª  (���) ®¤­®¡ àì¥à­®© £¥-
â¥à®áâàãªâãàë (��) n-GaAs–i-Al0.25Ga0.75As ¬®¦¥â

¡ëâì ­¥®¤­®§­ ç­®©, ¨ áâàãªâãà  ¬®¦¥â ®¡« ¤ âì

®âà¨æ â¥«ì­®© ¤¨ää¥à¥­æ¨ «ì­®© ¯à®¢®¤¨¬®áâìî

(���) S-â¨¯  ¢ ®âáãâáâ¢¨¥ í«¥ªâà®­–í«¥ªâà®­­ëå
áâ®«ª­®¢¥­¨©. �à¨ à áç¥â å ¯®« £ «®áì, çâ® ¡ àì¥à
â®­ª¨© ¨ ¤«ï í«¥ªâà®­®¢ ¢á¥å ¤®«¨­ GaAs ¨¬¥¥â

¢ëá®ªãî âã­­¥«ì­ãî ¯à®§à ç­®áâì. �¥å ­¨§¬ ¢®§-
­¨ª­®¢¥­¨ï ��� S-â¨¯  ¢ â ª®© áâàãªâãà¥ ®¡ãá«®-
¢«¥­ ¨§¬¥­¥­¨¥¬ ¢à¥¬¥­¨ ¦¨§­¨ í«¥ªâà®­®¢ ­  ãà®¢-
­¥ à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ ¯à¨¡ àì¥à­®© ®¡« áâ¨

¯à¨ ¨§¬¥­¥­¨¨ ¯®«ï ¢ ­¥©. � ã¢¥«¨ç¥­¨¥¬ è¨à¨­ë

¡ àì¥à  (¡®«¥¥ 100 Å) íâ®â ¬¥å ­¨§¬ ¢®§­¨ª­®¢¥­¨ï

��� ¢ à áá¬ âà¨¢ ¥¬®© ¬®¤¥«¨ �� áâ ­®¢¨âáï ¬ «®-
íää¥ªâ¨¢­ë¬ [1]. � íªá¯¥à¨¬¥­â å [2] ­ ¡«î¤ « áì
��� S-â¨¯  ¢ ¤¢ãåá«®©­®© �� á è¨à®ª¨¬ (¯®àï¤ª 
1000 Å) ¡ àì¥à®¬ AlAs ¨ á« ¡® «¥£¨à®¢ ­­®© ï¬®©

(n-GaAs, n < 1015 á¬−3). �¢â®àë [2] ¢ëáª § «¨

¯à¥¤¯®«®¦¥­¨¥, çâ® ¯¥à¥å®¤ á¨áâ¥¬ë ¢ ­¥ãáâ®©ç¨¢®¥

á®áâ®ï­¨¥ á¢ï§ ­ á ¬¥¦¤®«¨­­ë¬ à áá¥ï­¨¥¬ — ¯¥à¥-
å®¤®¬ í«¥ªâà®­®¢ ¨§ Γ-¤®«¨­ë ¢ X-¤®«¨­ã GaAs, ¨§
ª®â®à®© ®­¨ á¢®¡®¤­® ¯à®­¨ª îâ ç¥à¥§ ¡ àì¥à AlAs.
��� á« ¡® «¥£¨à®¢ ­­®© ®¤­®- ¨ ¤¢ãå¡ àì¥à­®© �� á

è¨à®ª¨¬ AlAs-¡ àì¥à®¬ ¨ ¢®§¬®¦­®áâì ¢®§­¨ª­®¢¥-
­¨ï ��� S-â¨¯  ¢á«¥¤áâ¢¨¥ ¬¥¦¤®«¨­­ëå ¯¥à¥å®¤®¢
¨áá«¥¤®¢ «¨áì ¢ à ¡®â¥ [3] ¬¥â®¤®¬ �®­â¥-� à«®.

� «¥¥ ¯à¥¤« £ ¥âáï ¯à®áâ ï ª¢ §¨¡ ««¨áâ¨ç¥áª ï

¬®¤¥«ì ®¯¨á ­¨ï â®ª®¯¥à¥­®á  ¢ á« ¡® «¥£¨à®¢ ­-
­®© ¤¢ãå¡ àì¥à­®© �� AlxGa1−xAs–GaAs–AlAs (á¬.
¢áâ ¢ªã ­  à¨áã­ª¥), ¢ ª®â®à®© ¤®¬¨­¨àãîé¨¬ ï¢«ï-
¥âáï ¬¥¦¤®«¨­­®¥ à áá¥ï­¨¥ í«¥ªâà®­®¢, ¨ ¢ ®â«¨ç¨¥
®â [3] ãç¨âë¢ ¥âáï ª¢ ­â®¢ ­¨¥ í­¥à£¨¨ ¢ ¯à¨¡ àì¥à-
­®© ®¡« áâ¨. � ª ¯®ª § ­® ¢ à ¡®â¥ [4], ¤«¨­  á¢®¡®¤-
­®£® ¯à®¡¥£  í«¥ªâà®­®¢ ¢ GaAs, ¨­¦¥ªâ¨à®¢ ­­ëå
á í­¥à£¨¥© ®ª®«® 0.2÷0.25 í�, á®áâ ¢«ï¥â ¯®àï¤ª 

800÷1000 Å. �®íâ®¬ã ¢ à áá¬ âà¨¢ ¥¬®© áâàãªâãà¥

¯à¨ ¢ëá®â¥ ª â®¤­®£® ¡ àì¥à  ∆1 ¯®àï¤ª  0.2 í� ¨

è¨à¨­¥ ¯®â¥­æ¨ «ì­®© ï¬ë (á«®© GaAs) ¬¥­¥¥ 800 Å
(à¨áã­®ª, ¢áâ ¢ª ) ¤¢¨¦¥­¨¥ ¨­¦¥ªâ¨à®¢ ­­ëå ¨§

ª â®¤­®£® ¡ àì¥à  í«¥ªâà®­®¢ ¢ ¯®â¥­æ¨ «ì­®© ï¬¥

GaAs ¢ á« ¡ëå ¯®«ïå ¡ã¤¥â ª¢ §¨¡ ««¨áâ¨ç¥áª¨¬.
�ç¥¢¨¤­®, çâ® ­ «¨ç¨¥ è¨à®ª®£® ¨ ¢ëá®ª®£® ¢â®-

à®£® ¡ àì¥à  (á«®© AlAs) § âàã¤­ï¥â ¯à®å®¦¤¥­¨¥

¨­¦¥ªâ¨à®¢ ­­ëå í«¥ªâà®­®¢ ç¥à¥§ áâàãªâãàã.�¨èì
ç áâì Γ-í«¥ªâà®­®¢ âã­­¥«ì­ë¬ ®¡à §®¬ ¯à®­¨ª ¥â

ç¥à¥§ ¡ àì¥à AlAs; §¥àª «ì­® ®âà ¦¥­­ë¥ í«¥ªâà®­ë
¢ëå®¤ïâ ¨§ ¯®â¥­æ¨ «ì­®© ï¬ë, ¤¨ääã§¨®­­® à á-
á¥ï­­ë¥ áª ¯«¨¢ îâáï ¯¥à¥¤ ¡ àì¥à®¬ AlAs. � à®-
áâ®¬ ­ ¯àï¦¥­¨ï ­  áâàãªâãà¥ ç¨á«® ¯à¨¡ àì¥à­ëå

í«¥ªâà®­®¢ ã¢¥«¨ç¨¢ ¥âáï, ¯à®¨áå®¤¨â ª¢ ­â®¢ ­¨¥

í­¥à£¨¨ ¢ ã§ª®© ¯à¨¡ àì¥à­®© ®¡« áâ¨. � á¨«ì­ëå

¯®«ïå, ª®£¤  ¯ ¤¥­¨¥ ­ ¯àï¦¥­¨ï ­  á«®¥ GaAs ¯®-
àï¤ª  0.3 í� (ϕ3 ' ∆ΓX − ∆1), ¨­¦¥ªâ¨à®¢ ­­ë¥

Γ-í«¥ªâà®­ë à áá¥¨¢ îâáï ¢ X- ¨ L-¤®«¨­ë. �®-
áª®«ìªãX-¤®«¨­  AlAs «¥¦¨â ­¨¦¥ X-¤®«¨­ë GaAs,
X-í«¥ªâà®­ë ¨§ á«®ï GaAs ”¡¥á¯à¥¯ïâáâ¢¥­­®” ¯à®-
å®¤ïâ AlAs-¡ àì¥à. �®®â¢¥âáâ¢¥­­® à¥§ª® ¢®§à áâ ¥â
â®ª ç¥à¥§ áâàãªâãàã. �à¨ íâ®¬ ã¬¥­ìè ¥âáï ¯à¨â®ª

í«¥ªâà®­®¢ ¢ ¯à¨¡ àì¥à­ãî ®¡« áâì ¯à¨ á®åà ­¥­¨¨

âã­­¥«¨à®¢ ­¨ï á ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ ­¨ï

¨ âã­­¥«¨à®¢ ­¨ï ¯à®«¥â­ëå í«¥ªâà®­®¢, ¬¥­ï¥âáï
à á¯à¥¤¥«¥­¨¥ ­ ¯àï¦¥­¨ï ¯® áâàãªâãà¥. �¡à â­®¥
ã¬¥­ìè¥­¨¥ â®ª  ¯à®¨§®©¤¥â ¯à¨ ¬¥­ìè¨å ­ ¯àï¦¥-
­¨ïå ­  �� ¨ á¢ï§ ­® ¢ ®á­®¢­®¬ á ¨áç¥§­®¢¥­¨¥¬

¯®â®ª  í«¥ªâà®­®¢ ­ ¤ AlAs-¡ àì¥à®¬, ­ ª®¯«¥­¨¥¬
§ àï¤  ­  ãà®¢­¥ à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¨ á®®â¢¥â-
áâ¢ãîé¨¬ ®¡à â­ë¬ ¯¥à¥à á¯à¥¤¥«¥­¨¥¬ ­ ¯àï¦¥-
­¨©.

�á¥ íâ¨ ª ç¥áâ¢¥­­ë¥ ¬®¬¥­âë ãç¨âë¢ îâáï ¢

¯à¥¤« £ ¥¬®© ¬®¤¥«¨ ®¯¨á ­¨ï â®ª®¯¥à¥­®á  ¢ ¤¢ãå-
¡ àì¥à­®© ��. � ¯®á«¥¤­¥©, ®¤­ ª®, ¨á¯®«ì§ãîâ-
áï á«¥¤ãîé¨¥ ¯à¨¡«¨¦¥­¨ï: ¯à¨ à áç¥â¥ ¯¥à¥à á-
¯à¥¤¥«¥­¨ï ¯®â¥­æ¨ «  ¢ ï¬¥ ­¥ ãç¨âë¢ ¥âáï § -
àï¤ ”§ å¢ ç¥­­ëå” ï¬®© í«¥ªâà®­®¢, §  ¨áª«îç¥-
­¨¥¬ ®¡« áâ¨ à §¬¥à­®£® ª¢ ­â®¢ ­¨ï, çâ® ¢¯®«­¥

®¯à ¢¤ ­® ¢ á«ãç ¥ á« ¡® «¥£¨à®¢ ­­®© ¯®â¥­æ¨-
 «ì­®© ï¬ë (n0 ' 1015 á¬−3), ¨§ ¢á¥å ¬¥å ­¨§¬®¢
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�®«ìâ- ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª  ¤¢ãå¡ àì¥à­®© £¥â¥à®-
áâàãªâãàë (¯®â¥­æ¨ «ì­ë© à¥«ì¥ä — ­  ¢áâ ¢ª¥) ¤«ï

à §­ëå ¯® ¢ëá®â¥ ¯®â¥­æ¨ «ì­ëå ¡ àì¥à®¢ ∆1, í�:
1 — 0.2, 2 — 0.18, 3 — 0.15. � à ¬¥âàë áâàãªâãàë:
n+

0 = 1018 á¬−3, n0 = 1015 á¬−3, ∆2 = 0.86 í�. d1 = 200 Å,
d2 = 300 Å, d3 = 500 Å.

à áá¥ï­¨ï ãç¨âë¢ ¥âáï â®«ìª® ¬¥¦¤®«¨­­®¥ Γ−X-
à áá¥ï­¨¥, ª®â®à®¥ ãá«®¢­® ¯¥à¥­®á¨âáï ¢ ¯à¨¡ àì¥à-
­ãî ®¡« áâì, à áç¥â ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ -
­¨ï ¯à®¢®¤¨âáï ¢ ¯à¨¡«¨¦¥­¨¨ âà¥ã£®«ì­®© ï¬ë,
¢¥à®ïâ­®áâì § å¢ â  í«¥ªâà®­®¢ ­  ãà®¢¥­ì à §¬¥à-
­®£® ª¢ ­â®¢ ­¨ï ®¯à¥¤¥«ï¥âáï ¯ãâ¥¬ ¢¢¥¤¥­¨ï ª®-
íää¨æ¨¥­â  ­¥§¥àª «ì­®áâ¨ ¯àï¬®ã£®«ì­®£® AlAs-
¡ àì¥à . �â¬¥â¨¬, çâ® ¯à¥¤¯®«®¦¥­¨¥ ® «®ª «¨§ -
æ¨¨ Γ−X-à áá¥ï­¨ï ¢ ã§ª®© ¯à¨¡ àì¥à­®© ®¡« áâ¨

¯®§¢®«ï¥â áç¨â âì ¯à®«¥â í«¥ªâà®­ ¬¨ ®á­®¢­®© ç -
áâ¨ ï¬ë ¡ ««¨áâ¨ç¥áª¨¬. �ç¥¢¨¤­®, çâ® ¯¥à¥å®¤ë

¢ L-¤®«¨­ã ¢ à áç¥â å ¬®¦­® ­¥ ãç¨âë¢ âì ª ª ¢

á¨«ã ¬¥­ìè¥£® ª®íää¨æ¨¥­â  ¬¥¦¤®«¨­­®£® à áá¥-
ï­¨ï (ΞΓX ' 0.5 · 109 í� · á, ΞΓL ' 0.18 · 109 í� · á [5]),
â ª ¨ ¨§-§  ¬¥­ìè¥£® ¢ª« ¤  í«¥ªâà®­®¢ L-¤®«¨­ë
(¯® áà ¢­¥­¨î á X-í«¥ªâà®­ ¬¨) ¢ â®ª ç¥à¥§ ¡ àì¥à
AlAs (¤«ï ¯®á«¥¤­¨å ®­ ¯à®§à ç¥­).

Γ−X-à áá¥ï­¨¥ ¢¥¤¥â ª ¨§¬¥­¥­¨î ª®­æ¥­âà -
æ¨¨ ¯à®«¥â­ëå í«¥ªâà®­®¢, â ª ª ª X-í«¥ªâà®­ë
áãé¥áâ¢¥­­® ¡®«¥¥ ¬¥¤«¥­­ë¥ ¯® áà ¢­¥­¨î á

Γ-í«¥ªâà®­ ¬¨. �æ¥­¨¬ ¢ë§¢ ­­®¥ íâ¨¬ ¨§¬¥­¥­¨¥

¯®â¥­æ¨ «  ϕ(1), ¨áå®¤ï ¨§ «¨ ­¥à¨§®¢ ­­®£® ãà ¢­¥-
­¨ï �ã áá®­ :

ϕ′′(1) + a(x)ϕ(1) = e0nX(x)/εε0,

£¤¥

a(x) =
j

2εε0

√
m∗

2

e0

(∆1 + e0ϕ(x))1.5
,

ϕ(x) — ¯®â¥­æ¨ « ¢ ®âáãâáâ¢¨¥ Γ−X à áá¥ï­¨ï,
ε — ¤¨í«¥ªâà¨ç¥áª ï ¯à®­¨æ ¥¬®áâì à¥è¥âª¨ GaAs,
ε0 = 8.85 · 10−12�/¬, m∗ — íää¥ªâ¨¢­ ï ¬ áá  í«¥ª-

âà®­®¢ Γ-¤®«¨­ë, e0 — í«¥¬¥­â à­ë© § àï¤ í«¥ªâà®-
­ , nX — ª®­æ¥­âà æ¨ï X-í«¥ªâà®­®¢. � à ªâ¥à­ë¬
¬ áèâ ¡®¬ ¨§¬¥­¥­¨ï ϕ(1) ï¢«ï¥âáï ¢¥«¨ç¨­ 

λ−1 = a(x)−1/2. (1)

�à¨ ¬ áèâ ¡ å, ¬¥­ìè¨å íâ®© ¢¥«¨ç¨­ë, ®¯à ¢¤ ­ 
«®ª «¨§ æ¨ï Γ−X-à áá¥ï­¨ï ¢ ¯à¨¡ àì¥à­®© ®¡« -
áâ¨. � ª ¡ã¤¥â ¯®ª § ­® ¤ «¥¥, íâ® ãá«®¢¨¥ «¥£ª®

¢ë¯®«­¨¬® ¢ à¥ «ì­ëå áâàãªâãà å.
�à¨ á¤¥« ­­ëå ¯à¥¤¯®«®¦¥­¨ïå à á¯à¥¤¥«¥­¨¥ ¯®-

â¥­æ¨ «  ϕ(x) ¢ á«®¥ GaAs ¢­¥ ¯à¨¡ àì¥à­®© ®¡« áâ¨
¬®¦­® ­ ©â¨ ¨§ ãà ¢­¥­¨ï �ã áá®­ , ¢ ª®â®à®¬ ¯«®â-
­®áâì § àï¤  ®¯à¥¤¥«ï¥âáï ç¥à¥§ â®ª j∗ ¨ áª®à®áâì

í«¥ªâà®­®¢ ¢ ¯®â¥­æ¨ «ì­®© ï¬¥ ��:

d2ϕ

dx2
=

j∗

v(x)εε0
=

j∗

εε0

√
m∗

2[∆1 + e0ϕ(x)]
. (2)

�¤¥áì j∗ = j+ + j− — áã¬¬  ¯àï¬®£® ¨ ®¡à â­®£® â®-
ª®¢, ®¯à¥¤¥«ïîé ï ª®­æ¥­âà æ¨î í«¥ªâà®­®¢ ¢ â®çª¥

(n(x) = j∗/e0v(x)). �®«­ë© ¦¥ â®ª j ¯à¥¤áâ ¢«ï¥â
á®¡®© à §­®áâì ¯àï¬®£® ¨ ®¡à â­®£® â®ª®¢: j = j+−j−.
�à ¢­¥­¨¥ (2) ¯à¨ £à ­¨ç­ëå ãá«®¢¨ïå — ϕ(0) = 0,

∂ϕ(0)
∂x

= E(0) = E1 (E1 — ­ ¯àï¦¥­­®áâì ¯®«ï ¢

¯¥à¢®¬ ¡ àì¥à¥ ��) — ¨­â¥£à¨àã¥âáï ¨ ¯®§¢®«ï¥â

­ ©â¨ á¢ï§ì ¬¥¦¤ã ¯®«­ë¬ â®ª®¬ j ¨ ¯®«¥¬ E1. �â 
á¢ï§ì ­¥ï¢­ë¬ ®¡à §®¬ ®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨¥¬

[2(y+2)−z][z+4(y−1)]0.5−(z−6)z0.5 = 6

√
j

j0

x3

x0
. (3)

�¤¥áì x2
0 = ε0εkT/e

2
0n0, j0 = e0n0v∆, v∆ =

√
2∆1/m∗,

y =
√

1 + eϕ(x3)/∆1, z = (E2
1j0)/(E2

0j
∗), E0 =

∆1/(e0x0), x3 — £à ­¨æ  ®¡« áâ¨ à §¬¥à­®£® ª¢ ­-
â®¢ ­¨ï (x3

∼= d3), j+ — ¯àï¬®© â¥à¬®í¬¨áá¨®­­ë©

â®ª ç¥à¥§ ¯¥à¢ë© ¡ àì¥à:

j+ = e0n
+ exp

(
−

∆1 + e0E1d1

kT

)
. (4)

�®«­®¥ ­ ¯àï¦¥­¨¥ ­  �� à ¢­®

V = −E1d1 −E2d2 + V3 +W0/e0. (5)

�¤¥áì V3 = ϕ(x3), W0 — í­¥à£¨ï ãà®¢­ï à §¬¥à­®£®

ª¢ ­â®¢ ­¨ï, E2 — ­ ¯àï¦¥­­®áâì ¯®«ï ¢® ¢â®à®¬

¡ àì¥à¥. � ¯àï¦¥­­®áâì ¯®«ï E2 ®¯à¥¤¥«ï¥âáï ç¥à¥§

¯«®â­®áâì § àï¤  ¢ ¤¢ã¬¥à­®¬ á«®¥ ns ¨ ¯®«¥ á«¥¢ 
®â ¤¢ã¬¥à­®£® á«®ï E3:

E2 = E3 −
e0ns

εε0
, (6)

E3 =
∂ϕ(x3)

∂x
= −

√√√√√E2
1 + 4j

E2
0

j0

√1 +
e0ϕ(x3)

∆1
− 1

.
(7)
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�­¥à£¨ï ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ ­¨ï W0 ¢ëç¨-
á«ï¥âáï ¢ à ¬ª å ¯à¨¡«¨¦¥­¨ï âà¥ã£®«ì­®© ï¬ë [6]

W0 = λ1

(
~2

2m∗

)1/3(
e2

0ns

2εε0

)2/3

, (8)

£¤¥ λ1 = 2.34 — ¯¥à¢ë© ã§¥« äã­ªæ¨¨ �©à¨.
�«ï ­ å®¦¤¥­¨ï ¯®«­®£® â®ª  ç¥à¥§ áâàãªâãàã

ãà ¢­¥­¨¥ (3) ­¥®¡å®¤¨¬® ¤®¯®«­¨âì ãà ¢­¥­¨¥¬ ¯à¥-
àë¢­®áâ¨ â®ª  ¤«ï ¯à¨¡ àì¥à­®© ®¡« áâ¨, ª®â®à®¥
§ ¯¨è¥¬ ¢ ¢¨¤¥

j+(x3) = j2D + jtun + j−(x3). (9)

�¥¢ ï ç áâì ãà ¢­¥­¨ï (9) ¯à¥¤áâ ¢«ï¥â á®¡®© â®ª

Γ-í«¥ªâà®­®¢ ¢ ¯à¨¡ àì¥à­ãî ®¡« áâì (¢ ª®â®à®¬

ãçâ¥­ ¯¥à¥å®¤ í«¥ªâà®­®¢ ¢ X-¤®«¨­ã)1

j+(x3) = j+

[
1− exp

(
−
x3 − x∗

lint

)]
. (10)

� ¯à ¢®© ç áâ¨ ãà ¢­¥­¨ï (9): j2D — â®ª á ãà®¢­ï

à §¬¥à­®£® ª¢ ­â®¢ ­¨ï, ª®â®àë© ®¯à¥¤¥«ï¥âáï ª ª

¢ à ¡®â¥ [8]:

j2D = e0n3
W0

h
D(W0); (11)

D(W ) = exp

{
−

4
√

2m∗(∆2 −W )3/2

3he0|E2|

}
— ¢¥à®ïâ­®áâì ¯à®å®¦¤¥­¨ï í«¥ªâà®­ ¬¨ ¢â®à®£®

¡ àì¥à  ¢ëá®â®© ∆2; jtun — âã­­¥«ì­ë© â®ª:

jtun = j+(x3)D(∆1 + e0V3); (12)

j−(x3) — â®ª ®âà ¦¥­­ëå ®â ¡ àì¥à®¢ AlAs Γ-í«¥ªâ-
à®­®¢:

j−(x3) = α
[
j+(x3)− jtun

]
. (13)

�¤¥áì α < 1 — ª®íää¨æ¨¥­â ­¥§¥àª «ì­®áâ¨ ®âà ¦¥-
­¨ï. �®¢¬¥áâ­®¥ à¥è¥­¨¥ á¨áâ¥¬ë ãà ¢­¥­¨© (3)–(13)
¯®§¢®«ï¥â ­ ©â¨ ��� ¤¢ãå¡ àì¥à­®© £¥â¥à®áâàãªâã-
àë (��).
� ¬¨ ¡ë«  à áá¬®âà¥­  �� á âà¥ã£®«ì­ë¬ ª -

â®¤­ë¬ ¡ àì¥à®¬ ¢ëá®â®© ¯®àï¤ª  0.2 í� (∆1 '
0.15÷0.2 í�), è¨à¨­  ¢â®à®£® ¡ àì¥à  ¯àï¬®ã£®«ì­®©
ä®à¬ë ¯®àï¤ª  300 Å,   ª®­æ¥­âà æ¨ï í«¥ªâà®­®¢

¢ ¯®â¥­æ¨ «ì­®© ï¬¥ (á«®© GaAs è¨à¨­®© ¯®àï¤ª 

500 Å) ­¥ ¯à¥¢ëè ¥â 1015 á¬−3. �®áâ â®ç­® ¡®«ìè ï
¢ëá®â  ¯¥à¢®£® ¡ àì¥à  ®¡¥á¯¥ç¨¢ ¥â ¢«¥â îé¨¬ ¢

¯®â¥­æ¨ «ì­ãî ï¬ã í«¥ªâà®­ ¬ ¢ëá®ªãî ­ ç «ì­ãî

í­¥à£¨î (¯®àï¤ª  0.2 í�), ¡ëáâà® ã¢¥«¨ç¨¢ îéãîáï

1
�¥à®ïâ­®áâì Γ−X-à áá¥ï­¨ï á ãç¥â®¬ ¨§¬¥­¥­¨ï à ááâ®ï-

­¨ï, ­  ª®â®à®¬ ®­® ¬®¦¥â ¯à®¨§®©â¨, ¥áâ¥áâ¢¥­­® § ¯¨á âì ¢

¯à®áâ®¬ ¢¨¤¥ P ∼ exp[−(d3 − x∗)/lint], £¤¥ x∗ — ª®®à¤¨­ â ,
¯à¨ ª®â®à®© ¯®â¥­æ¨ « ϕ(x∗) = (∆ΓX − ∆1)/e0, ∆ΓX —
í­¥à£¨ï à §àë¢  ¬¥¦¤ã Γ- ¨ X-¤®«¨­ ¬¨, lint > 500 Å — ¤«¨­ 

á¢®¡®¤­®£® ¯à®¡¥£  ¯à¨ ¬¥¦¤®«¨­­ëå ¯¥à¥å®¤ å [7].

¯®¤ ¤¥©áâ¢¨¥¬ í«¥ªâà¨ç¥áª®£® ¯®«ï. �æ¥­¨¬ ¢à¥¬ï

¯à®«¥â  ï¬ë ­ ¤¡ àì¥à­ë¬¨ í«¥ªâà®­ ¬¨:

∆t ∼=

d3∫
0

vdx =

d3∫
0

√
m∗

2[∆1 + e0ϕ(x)]
dx < 5 · 10−12 á.

�¤¥áì d3 — à §¬¥àë ï¬ë. �â® ¢à¥¬ï áà ¢­¨¬® á®

¢à¥¬¥­¥¬ ¬¥¦¤®«¨­­ëå ¯¥à¥å®¤®¢, ¯à¥®¡« ¤ îé¨å
¯à¨ ¤ ­­ëå í­¥à£¨ïå, çâ® ¯®§¢®«ï¥â ¯®«ì§®¢ âìáï

¯à¨¡«¨¦¥­¨¥¬ ª¢ §¨¡ ««¨áâ¨ª¨. � à ªâ¥à­ë© ¬ á-
èâ ¡ ¨§¬¥­¥­¨ï ¯®¯à ¢ª¨ ª ¯®â¥­æ¨ «ã ϕ(1) ¯à¨ ¢ë-
¡à ­­ëå ¯ à ¬¥âà å ¯®àï¤ª  10−6 ¬ (ä®à¬ã«  (1)),
çâ® ¬­®£® ¡®«ìè¥ à §¬¥à®¢ ï¬ë ∼ 5 · 10−8 ¬. � ª¨¬
®¡à §®¬, «®ª «¨§ æ¨ï Γ−X-à áá¥ï­¨ï ¢ ¯à¨¡ àì¥à-
­®© ®¡« áâ¨ ï¢«ï¥âáï ®¯à ¢¤ ­­®©.
�  à¨áã­ª¥ ¯à¨¢¥¤¥­ë ¢®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨-

áâ¨ª¨ (���), à ááç¨â ­­ë¥ ¤«ï á«ãç ï α = 0.5,
lint = 500 Å ¤«ï ­¥áª®«ìª¨å §­ ç¥­¨© ¢ëá®âë ¯¥à-
¢®£® ¡ àì¥à  ∆1. � ª ¬®¦­® ¢¨¤¥âì, â®ª¨, â¥ªãé¨¥
ç¥à¥§ áâàãªâãàã, ¯à¥¢ëè îâ 2 · 104�/á¬2, â. ¥. ¯à¨
áª®à®áâïå ¯®àï¤ª  108 á¬/á ª®­æ¥­âà æ¨ï ¯à®«¥â-
­ëå í«¥ªâà®­®¢ ¡®«ìè¥ 2 · 1015 á¬−3 ¨ ¯à¥¢ëè îâ

à ¢­®¢¥á­ãî ª®­æ¥­âà æ¨î í«¥ªâà®­®¢ ¢ ï¬¥. �«¥-
¤®¢ â¥«ì­®, ¯à¥­¥¡à¥¦¥­¨¥ ¯®á«¥¤­¥© ¢ ãà ¢­¥­¨¨

�ã áá®­  â ª¦¥ ¯à ¢®¬®ç­®. ��� ¤¢ãå¡ àì¥à­®© ��

¨¬¥¥â S-®¡à §­ë© ¢¨¤, â. ¥. ®âà¨æ â¥«ì­ ï ¤¨ää¥à¥­-
æ¨ «ì­ ï ¯à®¢®¤¨¬®áâì (���) ¢ ­¥© ¢ ®â«¨ç¨¥ ®â

®¤­®¡ àì¥à­®© �� [1] ¬®¦¥â ¡ëâì ¨ ¯à¨ ®â­®á¨â¥«ì­®
è¨à®ª®¬ ¡ àì¥à¥ AlAs (d2 = 300 Å). �¤­ ª® ­ -
¯àï¦¥­¨¥ ¢ª«îç¥­¨ï â®ª , ¯à¨ ª®â®à®¬ ­ ç¨­ ¥âáï

¯¥à¥å®¤ á ¢ëá®ª®®¬­®© ¢¥â¢¨ ��� ­  ­¨§ª®®¬­ãî,
á« ¡® § ¢¨á¨â ®â ¢¥à®ïâ­®áâ¨ ¬¥¦¤®«¨­­ëå ¯¥à¥å®-
¤®¢. �®à¬ «ì­®¥ ã¢¥«¨ç¥­¨¥ ¢¥à®ïâ­®áâ¨ ¬¥¦¤®«¨­-
­®£® à áá¥ï­¨ï (ã¬¥­ìè¥­¨¥ lint ¢ 5 à §) ¯à ªâ¨ç¥áª¨
­¥ ¬¥­ï¥â ¢¥«¨ç¨­ã ­ ¯àï¦¥­¨ï ”¢ª«îç¥­¨ï” â®ª .
�ç¥¢¨¤­®, íâ® á¢ï§ ­® á ¨áª«îç¥­¨¥¬ ¢ ¤ ­­®© ¬®¤¥-
«¨ ¢á¥å ¬¥å ­¨§¬®¢ à áá¥ï­¨ï, ªà®¬¥ ¬¥¦¤®«¨­­®£®,
¨, á®®â¢¥âáâ¢¥­­®, á ”§ ¢ëè¥­¨¥¬” âã­­¥«ì­®£® â®ª 
Γ-í«¥ªâà®­®¢ ç¥à¥§ ¡ àì¥à AlAs ¢ á¨«ì­ëå ¯®«ïå.
�â¬¥â¨¬, çâ® á ã¢¥«¨ç¥­¨¥¬ ¢ëá®âë ¯¥à¢®£® ¡ àì¥à 

­ ¯àï¦¥­¨¥ ”¢ª«îç¥­¨ï” ¨ ¬ ªá¨¬ «ì­ë© â®ª ­  ¢ë-
á®ª®®¬­®© ¢¥â¢¨ ��� ã¬¥­ìè îâáï. �¥àå­ïï ¢¥â¢ì

��� ¤¢ãå¡ àì¥à­®© ��, ª ª ¨ ¯à¨ à áç¥â å ¬¥â®¤®¬
�®­â¥-� à«® [3], ®¯à¥¤¥«ï¥âáï ¢ ¡®«ìè¥© áâ¥¯¥­¨

­ ¤¡ àì¥à­ë¬¨ Γ-í«¥ªâà®­ ¬¨. � â® ¦¥ ¢à¥¬ï X-
í«¥ªâà®­ë ¨£à îâ ¢¥¤ãéãî à®«ì ¢ ä®à¬¨à®¢ ­¨¨

­¥ãáâ®©ç¨¢®© ¢¥â¢¨ ���. �ª« ¤ ãà®¢­ï ¤¢ã¬¥à­®£®
ª¢ ­â®¢ ­¨ï ¢ â®ª ®ª § «áï ­¥§­ ç¨â¥«ì­ë¬, å®âï
¥£® ãç¥â ¨§¬¥­ï¥â à á¯à¥¤¥«¥­¨¥ ¯®â¥­æ¨ « .
� § ª«îç¥­¨¥ ®â¬¥â¨¬, çâ® à áá¬®âà¥­­ ï ¢ëè¥

¯à®áâ ï ¬ â¥¬ â¨ç¥áª ï ¬®¤¥«ì ¤¢ãå¡ àì¥à­®© �� á®

á« ¡® «¥£¨à®¢ ­­ë¬ á«®¥¬ GaAs ¯®§¢®«ï¥â áà ¢­¨-
â¥«ì­® ¯à®áâ® ®æ¥­¨âì ¢«¨ï­¨¥ ®á­®¢­ëå ¯ à ¬¥âà®¢

�� ­  ¢®§­¨ª­®¢¥­¨¥ ¢ ­¥© ��� S-â¨¯ .

� ¡®â  ¢ë¯®«­¥­  ¯à¨ ä¨­ ­á®¢®© ¯®¤¤¥à¦ª¥

���� (¯à®¥ªâ N 1-030) ¨ ��� (¯à®¥ªâ N0L000).
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�¥¤ ªâ®à �.�. �®«ï­áª ï

A quasiballistic model of the carrier
transport and formation of S-shaped current
voltage characteristic in lightly doped bouble
barrir AlxGa1−x–GaAs–AlAs heterostructure

Abstract Quasiballistic model of the carrier transport in

double barrier AlxGa1−xAs–GaAs–AlAs heterostructure with

lightly doped well is considered. Electron scattering into X-

valley in GaAs layer, nonspecular electron reflection from the

AlAs layer and energy quantization in the pre–barrier region

are taken into account. It is shown the possibility of S-shaped

current voltage characteristic in lightly doped double barrier

heterostructure at the absence of electron–electron scattering

for comparatively wide barrier AlAs.
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