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�áá«¥¤®¢ ­ë á¯¥ªâàë ®âà ¦¥­¨ï ¢ ®¡« áâ¨ ¨­äà ªà á­®£® ¨§«ãç¥­¨ï ¤«ï ªà¨áâ ««®¢ CuInSe2

¢ ¯®«ïà¨§ æ¨¨ E ‖ c ¨ E ⊥ c. � ááç¨â ­ë ª®­âãàë á¯¥ªâà®¢ ®âà ¦¥­¨ï, ®¯à¥¤¥«¥­ë ¯ à ¬¥âàë

ä®­®­®¢ ¨ ¤¨í«¥ªâà¨ç¥áª¨¥ ª®­áâ ­âë. � ááç¨â ­ë íää¥ªâ¨¢­ë¥ § àï¤ë ¨®­®¢ Cu, In ¨ Se ¢ íâ¨å
¬ â¥à¨ « å. �áá«¥¤®¢ ­ë ¤¢ãåä®­®­­ë¥ á¯¥ªâàë ¯®£«®é¥­¨ï ªà¨áâ ««®¢ CuInSe2 ¨ ¨¤¥­â¨ä¨æ¨-
à®¢ ­ë ®¡­ àã¦¥­­ë¥ ¯®«®áë ¯®£«®é¥­¨ï.

�®¥¤¨­¥­¨¥ CuInSe2 ¯¥àá¯¥ªâ¨¢­® ¤«ï ¨á¯®«ì§®¢ -
­¨ï ¢ á®«­¥ç­®© í­¥à£¥â¨ª¥. �®«¥¡ â¥«ì­ë¥ á¢®©áâ¢ 
ªà¨áâ ««®¢ CuInSe2 ¨áá«¥¤®¢ ­ë ¢ àï¤¥ à ¡®â [1-9].
�¤­ ª® à¥§ã«ìâ âë ¨áá«¥¤®¢ ­¨ï á¯¥ªâà®¢ ®âà ¦¥-
­¨ï ¢ ®¡« áâ¨ ¨­äà ªà á­®£® (��) ¨§«ãç¥­¨ï ¨

à ¬ ­®¢áª®£® à áá¥ï­¨ï ­¥ á®£« áãîâáï ¬¥¦¤ã á®¡®©.
��� á¯¥ªâà å ®âà ¦¥­¨ï ¨ ¢ à ¬ ­®¢áª®¬ à áá¥ï­¨¨

®¡­ àã¦¥­ë ­¥ ¢á¥ ª®«¥¡ â¥«ì­ë¥ ¬®¤ë. � à ¡®â¥ [7]
¯à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë �� á¯¥ªâà®¢ ®âà ¦¥­¨ï

¤«ï ¯®«ïà¨§ æ¨© E ‖ c ¨ E ⊥ c, ¢ ª®â®àëå ®¡-
­ àã¦¥­ë 3 E-¬®¤ë (E ⊥ c) ¢á¥áâ® 6 ®¦¨¤ ¥¬ëå.
� ¨áá«¥¤®¢ ­¨ïå à ¬ ­®¢áª®£® à áá¥ï­¨ï ¯à¨ 300 ¨

100 K [9] ­ £«ï¤­® ®¡­ àã¦¥­  â®«ìª® A-¬®¤ , å®âï
 ¢â®àë ãâ¢¥à¦¤ îâ, çâ® ®¡­ àã¦¥­ë ¢á¥ ª®«¥¡ â¥«ì-
­ë¥ ¬®¤ë.

� ¤ ­­®© à ¡®â¥ ¨áá«¥¤®¢ ­ë �� á¯¥ªâàë ®âà ¦¥-
­¨ï ¤«ï ªà¨áâ ««®¢ CuInSe2 ¢ ¯®«ïà¨§ æ¨¨ E ‖ c
¨ E ⊥ c, ¢ ª®â®àëå ¯®«ãç¥­ë ¢á¥ ®¦¨¤ ¥¬ë¥ ª®«¥-
¡ â¥«ì­ë¥ ¬®¤ë ¨ ­®¢ ï ¨­ä®à¬ æ¨ï ® ¯ à ¬¥âà å

ä®­®­®¢.

1. �¥â®¤¨ª  íªá¯¥à¨¬¥­â 

�®­®ªà¨áâ ««ë CuInSe2 ¢ëà é¥­ë ¬¥â®¤®¬

�à¨¤¦¬¥­  ¢ ¢¨¤¥ á«¨âª®¢ ¤¨ ¬¥âà®¬ 3 á¬ ¨

¤«¨­®© 6 ÷ 7 á¬. �«ï ¨áá«¥¤®¢ ­¨© ¨á¯®«ì§®¢ «¨áì

¯« áâ¨­ë à §¬¥à ¬¨ 1.5×2.5 á¬2, ¢ëà¥§ ­­ë¥ ¨§

á«¨âª®¢. �¯¥ªâàë ®âà ¦¥­¨ï ¨§¬¥à¥­ë ­ 

¢ ªãã¬­®¬ á¯¥ªâà®¬¥âà¥ ����-82, ª®â®àë©

ã¯à ¢«ï¥âáï ���. �¯¥ªâà «ì­ ï è¨à¨­  é¥«¨

à ¢­  0.2 á¬−1 ¢ ¤¨ ¯ §®­¥ 50 ÷ 250 á¬−1 ¨ 1 á¬−1 ¢

¤¨ ¯ §®­¥ 200÷ 4000 á¬−1.
�®­âãàë á¯¥ªâà®¢ ®âà ¦¥­¨ï à ááç¨â ­ë ¯® ¬­®-

£®®áæ¨«ïâ®à­®© ¬®¤¥«¨ ¤¨á¯¥àá¨®­­ëå á®®â­®è¥­¨©:
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£¤¥ ε∞, ε0 — ¢ëá®ª®ç áâ®â­ë¥ ¨ ­¨§ª®ç áâ®â­ë¥

¤¨í«¥ªâà¨ç¥áª¨¥ ¯®áâ®ï­­ë¥; ωLOj, ωTOj — ¯à®¤®«ì-
­ë¥ ¨ ¯®¯¥à¥ç­ë¥ ç áâ®âë ä®­®­®¢ ; γj — ä ªâ®à

§ âãå ­¨ï; fj — á¨«  j-£® ®áæ¨«ïâ®à ; R — ª®íää¨-
æ¨¥­â ®âà ¦¥­¨ï ¢ ®¡« áâ¨ 3000÷ 4000 á¬−1.

2. �ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë

� á¯¥ªâà å ®âà ¦¥­¨ï ªà¨áâ ««®¢ CuInSe2 ¢ ¯®-
«ïà¨§ æ¨¨ E ⊥ c ®¡­ àã¦¥­® 6 ª®«¥¡ â¥«ì­ëå ¬®¤

á¨¬¬¥âà¨¨ E (à¨á. 1, a; §¤¥áì ν = 1/λ, λ — ¤«¨­ 

á¢¥â®¢®© ¢®«­ë), â. ¥. áâ®«ìª® ¬®¤, áª®«ìª® ®¦¨¤ ¥âáï
¨§ â¥®à¥â¨ª®-£àã¯¯®¢®£®  ­ «¨§ 

Γopt = 1A1 + 2A2 + 3B1 + 3B2 + 6E.

�®¤ ¤¥©áâ¢¨¥¬ ¬ ªà®áª®¯¨ç¥áª®£® í«¥ªâà¨ç¥áª®£®

¯®«ï, ®¡ãá«®¢«¥­­®£® ¯à®¤®«ì­ë¬¨ ®¯â¨ç¥áª¨¬¨ ª®-
«¥¡ ­¨ï¬¨, ¯à®¨áå®¤¨â à áé¥¯«¥­¨¥ ª ¦¤®£® ¨§ ¯®-
«ïà­ëå ª®«¥¡ ­¨© á¨¬¬¥âà¨¨ B2 ¨ E ­  ¯à®¤®«ì­ë¥

(LO) ¨ ¯®¯¥à¥ç­ë¥ (TO) ¬®¤ë. �®«ãç¥­­ë¥ §­ ç¥-
­¨ï ¯ à ¬¥âà®¢ LO-, TO-ä®­®­®¢ ¨ ¤¨í«¥ªâà¨ç¥áª¨¥
¯®áâ®ï­­ë¥ ¯à¨¢¥¤¥­ë ¢ â ¡«. 1. �  à¨á. 1 â®çª ¬¨

ãª § ­ë íªá¯¥à¨¬¥­â «ì­ë¥ §­ ç¥­¨ï ª®íää¨æ¨¥­â 

®âà ¦¥­¨ï,   á¯«®è­ ï ªà¨¢ ï á®®â¢¥âáâ¢ã¥â à á-
ç¥â­ë¬ §­ ç¥­¨ï¬ ª®íää¨æ¨¥­â  ®âà ¦¥­¨ï. � ¨-
¡®«ìè¥© á¨«®© ®áæ¨««ïâ®à  ®¡« ¤ îâ ¬®¤ë E1 ¨ E5.
� ªâ®àë § âãå ­¨ï ¨§¬¥­ïîâáï ¢ ¯à¥¤¥« å 4÷ 10.
�¯¥ªâàë ®âà ¦¥­¨ï, ¯à¥¤áâ ¢«¥­­ë¥ ­  à¨á. 1, a,
ã¤®¢«¥â¢®à¨â¥«ì­® á®£« áãîâáï á ¤ ­­ë¬¨ [7]. �ë

¯à¥¤¯®« £ ¥¬, çâ® ¯¨ª ®âà ¦¥­¨ï E1, ®¡­ àã¦¥­-
­ë© ­ ¬¨, ¨ ¯¨ª¨ E1(E2), ¢ëï¢«¥­­ë¥ ¢ à ¡®â¥ [7],
®¡ãá«®¢«¥­ë ®¤­®© ª®«¥¡ â¥«ì­®© ¬®¤®©. � ªá¨¬ã¬
®âà ¦¥­¨ïE2 (174/162) á®®â¢¥âáâ¢ã¥â ¢ à ¡®â¥ [7]
¯¨ªã ®âà ¦¥­¨ï E3. � ¤«¨­­®¢®«­®¢®© ®¡« áâ¨

(40÷ 120 á¬−1) ®¡­ àã¦¥­ë ­¥¢ëï¢«¥­­ë¥ à ­¥¥ ª®-
«¥¡ â¥«ì­ë¥ ¬®¤ë E4 − E6 (à¨á. 1, a; â ¡«. 1). � á-
ç¥âë á¯¥ªâà®¢ ®âà ¦¥­¨ï ¯®ª §ë¢ îâ, çâ® ª®­âãàë
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�¨á. 1. �¯¥ªâàë ®âà ¦¥­¨ï ªà¨áâ ««®¢ CuInSe2 ¢ ¯®«ï-
à¨§ æ¨¨ E ⊥ c (a) E ‖ c (b); á¯«®è­ ï «¨­¨ï — à áç¥â,
â®çª¨ — íªá¯¥à¨¬¥­â, èâà¨å®¢ ï «¨­¨ï — á¬. ¢ â¥ªáâ¥.

¯à ªâ¨ç¥áª¨ ¢á¥å ®áæ¨««ïâ®à®¢ ã¤®¢«¥â¢®à¨â¥«ì­®

®¯¨áë¢ îâáï ¤¨á¯¥àá¨®­­ë¬¨ á®®â­®è¥­¨ï¬¨.
� ¯®«ïà¨§ æ¨¨ E ‖ c ®¡­ àã¦¥­ë 3 ®¦¨¤ ¥¬ë¥

ª®«¥¡ â¥«ì­ë¥ ¬®¤ë á¨¬¬¥âà¨¨ B2 (à¨á. 1, b, â ¡«. 1).
� íâ®© ¯®«ïà¨§ æ¨¨ ­ ¨¡®«¥¥ ¨­â¥­á¨¢­®© ï¢«ï¥âáï

¢ëá®ª®ç áâ®â­ ï ¬®¤  B2. �¡­ àã¦¥­­ë¥ ¬®¤ë á®-
£« áãîâáï á ¤ ­­ë¬¨ à ¡®â [6,7]. � ¬¥ç¥­®, çâ® ­ 
®¡à §æ å ¨§ à §«¨ç­ëå â¥å­®«®£¨ç¥áª¨å ¯ àâ¨© ª®-
«¥¡ â¥«ì­ ï ¬®¤  B2 ®¡­ àã¦¨¢ ¥âáï ¯à¨ à §«¨ç­ëå

ç áâ®â å, ª ª ¯®ª § ­® èâà¨å®¢®© «¨­¨¥© ­  à¨á. 1, b.
�®-¢¨¤¨¬®¬ã, ­¥ª®â®àë¥ ®¡à §æë ¨¬¥îâ ­ àãè¥­¨¥

áâ¥å¨®¬¥âà¨¨ (¢ ª ­á¨î á¥«¥­ ), ª®â®à®¥ ¢«¨ï¥â ­ 
íâã ª®«¥¡ â¥«ì­ãî ¬®¤ã. � à ¬¥âàë ª®«¥¡ â¥«ì­ëå

¬®¤ ªà¨áâ ««®¢ CuInSe2 á®¯®áâ ¢«¥­ë á ¯ à ¬¥âà ¬¨

CuGaSe2 ¨ CuInS2 (â ¡«. 2). � ª ¢¨¤­®, ®â­®è¥­¨ï
ç áâ®â ¤«ï CuGaSe2 ¨ CuInSe2 ¬¥­ïîâáï ­¥§­ ç¨-
â¥«ì­®. �à¨ íâ®¬ ¤«ï ¢á¥å ª®«¥¡ â¥«ì­ëå ¬®¤ á¨¬¬¥-

âà¨¨ E ¨ B2, §  ¨áª«îç¥­¨¥¬ B
(2)
2 ¨ E2, ®â­®è¥­¨ï

ç áâ®â ¨§¬¥­ïîâáï ¢ ¯à¥¤¥« å 1.18 ÷ 1.28. �«ï E2

¨ B
(2)
2 ®â­®è¥­¨¥ ç áâ®â á®áâ ¢«ï¥â 1.09÷ 1.12. �â¨

¤ ­­ë¥ ®¡ãá«®¢«¥­ë â¥¬, çâ® ¢ ªà¨áâ «« å CuInSe2

ª®«¥¡ â¥«ì­ë¥ ¬®¤ë B
(2)
2 ¨ E2 ®¡­ àã¦¨¢ îâáï ¯à¨

¡®«¥¥ ¢ëá®ª¨å ç áâ®â å, ç¥¬ ®­¨ ¤®«¦­ë ¡ë«¨ ¡ë

¡ëâì á®£« á­® à¨á. 1, a ¨ 1, b. �â­®è¥­¨ï ç áâ®â

ª®«¥¡ â¥«ì­ëå ¬®¤ CuInSe2 ¨ CuInS2 ¨§¬¥­ïîâáï ¢

¡®́«ìè¥© áâ¥¯¥­¨. �â® ª ¦¥âáï § ª®­®¬¥à­ë¬, â ª
ª ª ¯à¨ § ¬¥­¥  â®¬®¢ Ga ­  In ¯à¨¢¥¤¥­­ ï ¬ áá 

ª®¬¯«¥ªá®¢ Ga–Se2 ¨ In–Se2 ¨§¬¥­¨âáï á« ¡¥¥, ç¥¬
¯à¨ § ¬¥­¥  ­¨®­®¢ S ­  Se. �â­®è¥­¨¥ ¬ áá ¨®­®¢

In–Se (M1) ª ¬ áá¥ ¨®­®¢ Ga–Se (M2) à ¢­® 1.30. �â-
­®è¥­¨¥ ç áâ®â CuGaSe2 ¨ CuInSe2, ¨§¬¥­ïîé¥¥áï
¢ ¨­â¥à¢ «¥ 1.09 ÷ 1.28, ¢¯®«­¥ ã¤®¢«¥â¢®à¨â¥«ì­®

á®£« áã¥âáï á ª¢ ¤à â­ë¬ ª®à­¥¬ ®â­®è¥­¨ï ¬ áá

¨®­®¢ (M1/M2)1/2 = 1.14 (á¬. â ¡«. 2). �â­®è¥­¨ï ¦¥
ç áâ®â ¤«ï CuInS2 ¨ CuInSe2 ®â«¨ç îâáï §­ ç¨â¥«ì-
­¥¥, ç¥¬ ®â­®è¥­¨¥ (M1/M3)1/2 ¤«ï ¬ áá ¨®­®¢ In–
Se (M1) ª ¬ áá¥ ¨®­®¢ In–S (M3) (â ¡«. 2). � ªà¨áâ «-
« å CuInS2 ¨§¬¥­ïîâáï ¨ ¬¥¦ â®¬­ë¥ à ááâ®ï­¨ï,
â ª ª ª ¨®­ë á¥àë ¨¬¥îâ ¬¥­ìè¨¥ à ¤¨ãáë, ç¥¬ ¨®­ë
á¥«¥­ .

�  à¨á. 2 ¯à®¢¥¤¥­® á®¯®áâ ¢«¥­¨¥ ç áâ®â ª®«¥-
¡ â¥«ì­ëå ¬®¤ E ªà¨áâ ««®¢ CuInSe2, CuGaSe2 ¨

CuAlSe2 (¤ ­­ë¥ ¤«ï CuAlSe2 ¨ CuGaSe2 ¢§ïâë ¨§

à ¡®âë [11]) ¢ § ¢¨á¨¬®áâ¨ ®â ¯à¨¢¥¤¥­­®© ¬ ááë µ

¨®­®¢ In (Ga, Al)–Se. �«ï ªà¨áâ ««®¢ CuAlSe2 ¢ë-
á®ª®ç áâ®â­ë¥ ª®«¥¡ â¥«ì­ë¥ ¬®¤ë Ei á i = 1, 2, 3
§ ¢¨áïâ ®â µ ¢ ¡®«ìè¥© áâ¥¯¥­¨, ç¥¬ ­¨§ª®ç áâ®â­ë¥

ª®«¥¡ â¥«ì­ë¥ ¬®¤ë á i = 4, 5, 6. �®¯®áâ ¢«ïï

ç áâ®âë ¬®¤ ¤«ï ªà¨áâ ««®¢ CuInSe2 ¨ CuGaSe2,
¬®¦­® § ¬¥â¨âì â ª¦¥ á¬¥é¥­¨¥ ¢á¥å ç áâ®â ª«¥¡ -
­¨© CuGaSe2 ¢ ®¡« áâì ¡®«¥¥ ¢ëá®ª¨å í­¥à£¨©. �â®
®¡ãá«®¢«¥­® â¥¬, çâ® ¯à®¨áå®¤¨â § ¬¥­  âï¦¥«ëå

¨®­®¢ ¨­¤¨ï ­  «¥£ª¨© ¨®­ £ ««¨ï. � ªà¨áâ «« å

CuAlSe2 ¢¬¥áâ®  â®¬  £ ««¨ï ­ å®¤¨âáï ¡®«¥¥ «¥£ª¨©

 â®¬  «î¬¨­¨ï. �¢¥«¨ç¥­¨¥ ç áâ®âë ª®«¥¡ â¥«ì­ëå

¬®¤ i = 1, 2, 3 ¯à¨ ¯¥à¥å®¤¥ ®â CuGaSe2 ª CuAlSe2

(â. ¥. § ¬¥­  âï¦¥«®£® ¨®­  Ga ­  «¥£ª¨© ¨®­ Al)
¯®¤â¢¥à¦¤ ¥â, çâ® íâ¨ ¬®¤ë ®â­®áïâáï ª ¢­ãâà¥­­¨¬

ª®«¥¡ â¥«ì­ë¬ ¬®¤ ¬.

�¨á. 2. � ¢¨á¨¬®áâì ç áâ®â ª®«¥¡ â¥«ì­ëå ¬®¤ Ei (i = 1,
2 . . . 6) ®â ¯à¨¢¥¤¥­­®© ¬ ááë ¨®­®¢ In–Se, Ga–Se ¨ Al–Se
¢ ªà¨áâ «« å CuInSe2, CuGaSe2 ¨ CuAlSe2. �¨äàë ã

ªà¨¢ëå á®®â¢¥âáâ¢ãîâ ­®¬¥àã i ¬®¤ë Ei.
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� ¡«¨æ  1. � à ¬¥âàë ¬®¤ B2 ¨ E ¢ ªà¨áâ «« å CuInSe2

�®¤ë

� ­­ë¥ ¨§ à ¡®â
�¥§ã«ìâ âë ­ è¥© à ¡®âë

[6,7]∗ [9]

ç áâ®â  ¬®¤ë ν, á¬−1 ¯à¨ â¥¬¯¥à âãà¥ T , K
νLO, á¬−1 νTO, á¬−1 γ 4πf1

300 100 300 100

B
(1)
2 232 214 233÷ 215 233–217 228.6 208.6 6.0 1.40

B
(2)
2 193 181 198 200–177 169 163 20 2.33

B
(3)
2 65 64 71–70 72–70 78.8 70.5 6.5 2.36

E1 229 213 230–217 233–217 227.5 204 8.0 2.10
212 207

E2 183 179 − 230–227 174 162 10 1.54
E3 211 216–211 128.5 122 8.0 1.07
E4 − 188–288 116 108 9.0 1.24
E5 77–77 78–78 77.5 71.0 6.0 2.54
E6 60–58 60–61 57.0 55.5 4.0 1.28

�à¨¬¥ç ­¨¥. ∗� ­­ë¥ ¯®«ãç¥­ë ¢ ¨­äà ªà á­®© ®¡« áâ¨ á¯¥ªâà .

3. �¢ãåä®­®­­®¥ ¯®£«®é¥­¨¥

¢ ªà¨áâ «« å CuInSe2

�¢ãåä®­®­­ë¥ á¯¥ªâàë ¯®£«®é¥­¨ï ¤«ï ªà¨áâ «-
«®¢ CuInSe2 ¯à® ­ «¨§¨à®¢ ­ë ¢ à ¡®â¥ [7]. �®

¯®áª®«ìªã ¢ ®¤­®ä®­®­­®© ¨ ¢ ¤¢ãåä®­®­­®© ®¡« -
áâïå ¬ë ¯®«ãç¨«¨ ­®¢ë¥ ¤ ­­ë¥ ® á¯¥ªâà å ª®«¥¡ -

â¥«ì­ëå ¬®¤, §¤¥áì ¢­®¢ì ®¡áã¦¤ ¥¬ ¤¢ãåä®­®­­®¥

¯®£«®é¥­¨¥ ­  ®á­®¢¥ ­ è¨å à¥§ã«ìâ â®¢. �¯¥ªâàë
¯®£«®é¥­¨ï (¯à®¯ãáª ­¨ï) ¢ ®¡« áâ¨ 250 ÷ 500 á¬−1

¨§¬¥à¥­ë ­  ®¡à §æ å â®«é¨­®© 20÷ 30¬ª¬ (à¨á. 3).

� ¯®«ïà¨§ æ¨ïå E ‖ c ¨ E ⊥ c ®¡­ àã¦¥­® ¯® 18 ¯®«®á
¯®£«®é¥­¨ï. � è¨ á¯¥ªâàë ¢ ®á­®¢­®¬ á®£« áãîâáï

á® á¯¥ªâà ¬¨ ¯®£«®é¥­¨ï à ¡®âë [7]. � « ï â®«é¨­ 
ªà¨áâ ««®¢ ¯®§¢®«¨«  ­ ¬ ¯à®¢¥áâ¨ ¨§¬¥à¥­¨ï ¯®çâ¨

¢¯«®â­ãî ª ®¤­®ä®­®­­®© ®¡« áâ¨ (∼ 250 á¬−1) ¨

¯®«ãç¨âì ¡®«ìè¥¥ ç¨á«® ¯®«®á ¯®£«®é¥­¨ï, ç¥¬ ¯à¥¤-
áâ ¢«¥­® ¢ à ¡®â¥ [7].

�¨á. 3. �¯¥ªâàë ¤¢ãåä®­®­­®£® ¯®£«®é¥­¨ï ªà¨áâ «« 

CuInSe2.

� á®®â¢¥âáâ¢¨¨ á ¯à ¢¨« ¬¨ ®â¡®à  ¢ ªà¨áâ «« å

CuInSe2 ¢ ¯®«ïà¨§ æ¨¨ E ⊥ c  ªâ¨¢­ë ª®¬¡¨­ æ¨¨

ä®­®­®¢ A1 ⊗ E, A2 ⊗ E, B1 ⊗ E ¨ B2 ⊗ E,   ¢

¯®«ïà¨§ æ¨¨ E ‖ c — A1 ⊗ B2, A2 ⊗ B1 ¨ E ⊗ E.
� â ¡«. 3 ¨ 4 ¯à¥¤áâ ¢«¥­ë ç áâ®âë ®¡­ àã¦¥­­ëå

­ ¬¨ «¨­¨© ¯®£«®é¥­¨ï, à¥§ã«ìâ âë à ¡®âë [7],  

â ª¦¥ à áç¥â­ë¥ ¢¥«¨ç¨­ë ç áâ®â ª®¬¡¨­ æ¨¨ ¤¢ãå

ä®­®­®¢, ®â¢¥âáâ¢¥­­ëå §  íâ¨ ¯®«®áë ¯®£«®é¥­¨ï.
�à ªâ¨ç¥áª¨ ¢á¥ ¢ëï¢«¥­­ë¥ ¤¢ãåä®­®­­ë¥ ¯®«®áë

®¯¨áë¢ îâáï ª®¬¡¨­ æ¨¥© LO ¨«¨ TO ª®«¥¡ â¥«ì-
­ëå ¬®¤ á®®â¢¥âáâ¢ãîé¥© á¨¬¬¥âà¨¨, à §à¥è¥­­ëå
¯à ¢¨« ¬¨ ®â¡®à . � §­¨æ  ¬¥¦¤ã íªá¯¥à¨¬¥­â «ì­®
¢ëï¢«¥­­ë¬¨ ¨ à áç¥â­ë¬¨ ¯®«®á ¬¨ ­¥ ¯à¥¢ëè -
¥â ­¥áª®«ìª® ®¡à â­ëå á ­â¨¬¥âà®¢. � ¯®«ïà¨§ æ¨¨

E ‖ c ¢á¥ ®¡­ àã¦¥­­ë¥ ¯®«®áë ®¯¨áë¢ îâáï ª®¬-
¡¨­ æ¨¥© ¬®¤ E ⊗ E, §  ¨áª«îç¥­¨¥¬ ¯®«®á 12 ¨

17. �®«®á  17 (¢ëï¢«¥­  ¨ ¢ à ¡®â¥ [7]) ®¯¨áë¢ ¥âáï

ª®¬¡¨­ æ¨¥© A
(2)
2 ⊗B

(1)
1 .

4. �ää¥ªâ¨¢­ë¥ ¨®­­ë¥ § àï¤ë

¨ ¨å  ­¨§®âà®¯¨ï

� à ¬¥âàë íää¥ªâ¨¢­ëå ¨®­­ëå § àï¤®¢ ªà¨áâ «-
«®¢ CuInSe2, CuGaSe2 ¨ CuAlSe2 ®¯à¥¤¥«¥­ë ¨§ á«¥-
¤ãîé¨å á®®â­®è¥­¨©:

4πc2
N∑
j=1

(
ω2
LOj − ω

2
TOj

)

=
4πe2N

V

∣∣∣∣ (Zae∗)nama
+

(Zbe
∗)nb

mb
+

(Zce
∗)nc

mc

∣∣∣∣ ,
naZae+ nbZbe− ncZce = 0,

£¤¥ V — ®¡ê¥¬ í«¥¬¥­â à­®© ïç¥©ª¨; N — ç¨á«®

 â®¬®¢ ¢ í«¥¬¥­â à­®© ïç¥©ª¨; na, nb ¨ nc — áâ¥å¨®-
¬¥âà¨ç¥áª¨¥ ª®íää¨æ¨¥­âë; ma, mb ¨ mc —  â®¬­ë¥

¬ ááë í«¥¬¥­â®¢ ªà¨áâ «« .
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� ¡«¨æ  2. � áâ®âë  ªâ¨¢­ëå ª®«¥¡ â¥«ì­ëå ¬®¤ ¢ ¨­äà ªà á­®© ®¡« áâ¨ á¯¥ªâà  ¨ ¨å ®â­®è¥­¨ï ¢ ªà¨áâ «« å

CuGaSe2, CuInSe2 ¨ CuInSe2

CuGaSe2 [11]
CuInSe2

CuInS2 [6,7] �â­®è¥­¨ï ç áâ®â ¬®¤
­ è¨ ¤ ­­ë¥

�®«ïà¨§ æ¨ï νLO, νTO, νLO, νTO, νLO, νTO, νCuGaSe2/νCuInSe2 νCuInS2/νCuInSe2

¬®¤ á¬−1 á¬−1 á¬−1 á¬−1 á¬−1 á¬−1 LO TO LO TO

E1 277 255 227.5 204 338 324 1.22 1.25 1.49 1.59
E2 186 180 174 162 312 294 1.09 1.11 1.83 1.82
E3 149 145 128.5 122 258 244 1.19 1.18 2.06 1.98
E4 135 129.8 116 108 1.19 1.18
E5 90.9 82.2 77.5 71 1.20 1.17
E6 68 64.5 57 55.5 1.19 1.16

B
(1)
2 273 257 228.6 208.6 352 328 1.19 1.28 1.54 1.64

B
(2)
2 188 177.9 169 163 265 238 1.12 1.1 1.58 1.47

B
(3)
2 89.6 83.0 78.8 70.5 1.18 1.21

M1 = mIn +mSe = 193.78, M2 = mGa +mSe = 148.66, M3 = mIn +mS = 146.88

� ¡«¨æ  3. � áâ®âë ¨ ª®¬¡¨­ æ¨¨ ¬®¤ ¢ ¤¢ãåä®­®­­®¬ á¯¥ªâà¥ ¯®£«®é¥­¨ï (¯à®¯ãáª ­¨ï) ¤«ï ªà¨áâ ««®¢ CuInSe2 ¢

¯®«ïà¨§ æ¨¨ E ⊥ c; A1 ⊗ E, A2 ⊗E, B1 ⊗ E, B2 ⊗ E

�¥§ã«ìâ âë ­ è¥© à ¡®âë

�®¬¥à � ­­ë¥ [7] íªá¯¥à¨¬¥­â
�®¬¡¨­ æ¨ï ¬®¤

à áç¥â

áâàãªâãàë ν, á¬−1 ν, á¬−1 ν, á¬−1

1 224 B
(2)
1 (165∗) +ELO6 (57), 222

B
(2)LO
2 (169) + ETO6 (55.5) 224.5

2 250 ELO2 (174) +B
(3)LO
2 (78.8), 252.8

A1 (178) + ETO5 (71) 249

3 263 B
(1)TO
2 (208.5) + ETO6 (55.5) 264.1

4 271 B
(2)TO
2 (163) + ETO4 (108) 271

5 291 ETO3 (112) +B
(2)LO
2 (169), 291

B
(1)TO
2 (208.5) + ETO6 (55.5) 264.1

6 300 305 A1 (178∗) + ELO3 (128.5) 306.5

7 316 ETO4 (108) +B
(1)TO
2 (208.6) 316.6

8 332 326 B
(2)TO
2 (163) + ETO2 (162), 325

ETO2 (162) +B
(2)
1 (165) 327

9 347 344 B
(2)LO
2 (169) + ELO2 (174) 343

10 368 ETO1 (204) +B
(2)TO
2 (163) 367

11 385 382 A1 (178∗) + ETO1 (204) 382

12 390 B
(1)LO
2 (228.6) +ETO2 (162) 390

13 397 ELO1 (227.5) +B
(2)LO
2 (169) 396.5

14 405 405 ELO1 (227.5) +A1 (178) 405.5

15 423 ELO1 (227.5) +A
(1)
2 (196) 423.5

16 428 432 ETO1 (204) +B
(1)LO
2 (228.6) 432.6

17 457 B
(1)LO
2 (228.6) +ELO1 (227.5) 456.1

18 465 467 B
(1)
1 (239) +ELO1 (227.5) 466.5

�à¨¬¥ç ­¨¥. �¤¥áì ­¨¦­¨© ¨­¤¥ªá i ¢ ®¡®§­ ç¥­¨ïå ¬®¤ ELO,TOi á®®â¢¥âáâ¢ã¥â ¢¥àå­¥¬ã ¨­¤¥ªáã ¯à¨ ®¡®§­ ç¥­¨ïå Ei ¢ â¥ªáâ¥

áâ âì¨.
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� ¡«¨æ  4. � áâ®âë ¨ ª®¬¡¨­ æ¨¨ ¬®¤ ¢ ¤¢ãåä®­®­­®¬ á¯¥ªâà¥ ¯®£«®é¥­¨ï (¯à®¯ãáª ­¨ï) ¤«ï ªà¨áâ ««®¢ CuInSe2 ¢

¯®«ïà¨§ æ¨¨ E ‖ c; A1 ⊗B2, A2 ⊗B1, E ⊗E

�¥§ã«ìâ âë ­ è¥© à ¡®âë

�®¬¥à
� ­­ë¥ [7]

íªá¯¥à¨¬¥­â
�®¬¡¨­ æ¨ï ¬®¤

à áç¥â

áâàãªâãàë ν, á¬−1 ν, á¬−1

1 263 ETO1 (204) +ELO6 (57) 261
2 278 ETO2 (162) +ELO4 (116) 278
3 285 ELO1 (227.5) + ELO6 (57) 284.5
4 291 ELO3 (128.5) + ETO2 (162) 290.5
5 305 ELO1 (227.5) + ELO5 (77.5) 305
6 316 320 ETO1 (204) +ELO4 (116) 320

7 334 ELO1 (227.5) + ETO4 (108) 335.5
8 340 343 ELO1 (227.5) + ELO4 (116) 244.5
9 349 355 ELO1 (227.5) + ELO3 (128.5) 356

10 367 ETO1 (204) +E
(2)TO
2 (162) 366

11 378 ETO1 (204) +ELO2 (174) 378

12 386 A2 (178) +B
(1)TO
2 (208.6) 386.6

13 395 392 ETO2 (162) +ELO1 (227.5) 389.5
14 401 ELO2 (174) + ELO1 (227.5) 401.5

15 411 411 ETO1 (204) +ETO1 (204) 408
16 427 426 ELO1 (227.5) + ETO1 (204) 431.5

17 438 435 B
(1)
1 (239∗) +A

(2)
2 (196∗) 435

18 443 450 2ELO1 455

�à¨¬¥ç ­¨¥. �¤¥áì ­¨¦­¨© ¨­¤¥ªá i ¢ ®¡®§­ ç¥­¨ïå ¬®¤ ELO,TOi á®®â¢¥âáâ¢ã¥â ¢¥àå­¥¬ã ¨­¤¥ªáã ¯à¨ ®¡®§­ ç¥­¨ïå Ei ¢ â¥ªáâ¥

áâ âì¨.

� ¡«¨æ  5. � à ¬¥âàë íää¥ªâ¨¢­®£® ¨®­­®£® § àï¤  ¢ ªà¨áâ «« å CuGaSe2, CuInSe2 ¨ CuAlSe2

�à¨áâ ««ë
�®«ïà¨§ æ¨ï

ε0 ε∞

e∗s
Zeffe

= x, e∗s/eZeff =
Z/Zeff ∆Z = Z

E‖c
eff − ZE⊥c

eff e∗B/Zeff

¨ ¬®¤ë à áç¥â ¯® (1) =
3
√
ε∞

ε∞ + 2

CuGaSe2 E ‖ c Cu ∼ 0.63
B2 7.3 4.2 0.44 0.99 Ga ∼ 0.25 Cu ∼ 0.25 2.05

Se ∼ −0.44
E ⊥ c Cu ∼ 0.38
E 12.83 5.13 0.36 0.95 Ga ∼ 0.34 Se ∼ 0.08 2.25

Se ∼ −0.36

CuInSe2 E ‖ c Cu ∼ 0.21 Cu ∼ 0.04
B2 12.09 6.0 0.31 0.92 In ∼ 0.33 2.45

Se ∼ −0.31 In ∼ −0.04
E ⊥ c Cu ∼ 0.17
E 16.63 6.86 0.27 0.91 In ∼ 0.37 Se ∼ 0.04 2.69

Se ∼ −0.27

CuAlSe2 E ‖ c Cu ∼ 0.40 Cu ∼ 0.20
B2 6.67 5.2 0.35 0.95 Al ∼ 0.30 2.28

Se ∼ −0.35 Al ∼ −0.12
E ⊥ c Cu ∼ 0.20
E 8.28 6.0 0.31 0.92 Al ∼ 0.42 Se ∼ 0.04 2.59

Se ∼ −0.31
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�«ï ®¯à¥¤¥«¥­¨ï íää¥ªâ¨¢­ëå § àï¤®¢ ¨®­®¢

âà¥åª®¬¯®­¥­â­®£® ¬ â¥à¨ «  ¨á¯®«ì§®¢ ­® ãá«®¢¨¥

x =
e∗s
Zeff

, ε∞ − 1 =
2

x2 + x
, (1)

¯à¥¤«®¦¥­­®¥ ¢ [12–14]. �â® ãá«®¢¨¥ ¯à ªâ¨ç¥áª¨

¢ë¯®«­ï¥âáï ¢® ¢á¥å ¨áá«¥¤®¢ ­­ëå ¬ â¥à¨ « å. �®-
«ãç¥­­ë¥ ­ ¬¨ íää¥ªâ¨¢­ë¥ ¨®­­ë¥ § àï¤ë ¤«ï

CuInSe2 ­¥áª®«ìª® ®â«¨ç îâáï ®â à¥§ã«ìâ â®¢ [9], â ª
ª ª ®â«¨ç îâáï ¨ ç áâ®âëLO- ¨ TO-ä®­®­®¢, ­  ¡ §¥
ª®â®àëå ¯à®¢¥¤¥­ë à áç¥âë íää¥ªâ¨¢­ëå § àï¤®¢.
� à ¬¥âàë ¤¨í«¥ªâà¨ç¥áª¨å ¯®áâ®ï­­ëå (ε∞, ε0) ¨
íää¥ªâ¨¢­ë¥ ¨®­­ë¥ § àï¤ë ªà¨áâ ««®¢ CuInSe2,
CuGaSe2 ¨ CuAlSe2 áãé¥áâ¢¥­­® ®â«¨ç îâáï ¤«ï

¯®«ïà¨§ æ¨© E ‖ c ¨ E ⊥ c (á¬. â ¡«. 5).

�«ï ®¯¨á ­¨ï à¥§ã«ìâ â®¢, ¯®«ãç¥­­ëå ¤«ï à §-
­ëå ªà¨áâ ««®¢, ¢¢¥¤¥­ ¯ à ¬¥âà  ­¨§®âà®¯¨¨ íä-

ä¥ªâ¨¢­ëå ¨®­­ëå § àï¤®¢ ∆Z = Z
E‖c
eff − ZE⊥c

eff , £¤¥

Z
E‖c
eff ¨ ZE⊥c

eff — íää¥ªâ¨¢­ë¥ ¨®­­ë¥ § àï¤ë á®®â-
¢¥âáâ¢ãîé¥£®  â®¬  (¨®­ ) ¢ ¯®«ïà¨§ æ¨¨ á¢¥â®¢®©

¢®«­ë E ‖ c ¨ E ⊥ c á®®â¢¥âáâ¢¥­­®. � à ¬¥âà
∆Z ¬®¦¥â ¨¬¥âì ¯®«®¦¨â¥«ì­ë¥ ¨«¨ ®âà¨æ â¥«ì­ë¥

§­ ç¥­¨ï, å à ªâ¥à¨§ãï í«¥ªâà®­­®¥ ®¡« ª® ¨®­­®£®
®áâ®¢  ¨ ¥£® ®âª«®­¥­¨¥ ®â áä¥à¨ç¥áª®© ä®à¬ë [15].
�à¨ ¯®«®¦¨â¥«ì­®¬ §­ ç¥­¨¨ ∆Z ®¡« ª® ¢ëâï­ãâ®

¢¤®«ì ®á¨ c,   ¯à¨ ®âà¨æ â¥«ì­®¬ ∆Z í«¥ªâà®­­®¥

®¡« ª® á¤ ¢«¥­® ¯® ®á¨ c. � ª ¢¨¤­®, ä®à¬ë í«¥ª-
âà®­­®£® ®¡« ª  ¤«ï ¢á¥å ¨®­®¢ ¢ à áá¬ âà¨¢ ¥¬ëå

âà¥å á®¥¤¨­¥­¨ïå à §«¨ç­ë.

� ª¨¬ ®¡à §®¬, § ¬¥­  ®¤­®£® ¨§ ª â¨®­®¢ ¨­¤¨ï

­  £ ««¨© ¨«¨  «î¬¨­¨© ¯à¨¢®¤¨â ­¥ â®«ìª® ª ¨§-
¬¥­¥­¨î ç áâ®â ª®«¥¡ â¥«ì­ëå ¬®¤, ­® ¨ ª ¯¥à¥à á-
¯à¥¤¥«¥­¨î í«¥ªâà®­­®£® ®¡« ª  ¯® ­ ¯à ¢«¥­¨ï¬

£« ¢­ëå ®á¥© ªà¨áâ «« .
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Lattice vibrations in CuInSe2 crystals
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Abstract Infrared reflectivity spectra of CuInSe2 crystals

have been investigated for the polarizations E ‖ c and

E ⊥ c. Reflectivity spectra contours were calculated and

phonon parameters and dielectric constants were determined.

Effective ionic charges of Cu, In and S ions in these materials

were determined. Two-phonon absorption spectra in CuInSe2

have been investigated and absorption bands have been

identified in concordance with selection rules.
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