
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 117104

(InAs)1/(GaSb)1 ���¬¬¬������fffóóó���111������nnnïïïÄÄÄ*

�� †̧

( M�Tnó�Æ>í�>fó§Æ�, ó§>0�9ÙA^��Ü­:¢�¿,

ç9ô�>0�ó§­:¢�¿, M�T 150080 )

( 2011 c 9 � 7 FÂ�; 2011 c 11 � 1 FÂ�?Uv )

|^1��n²¡Å�³{, é (InAs)1/(GaSb)1 �¬��fó��f(�!åÆA5!>fU�(�!(f
(�Ú1ÆA5?1ïÄ, ¿(Ü�Ý�¼nØê��f;��³{Ú�²ï��¼ê{O�þfÑ$A5. �
���(�� (InAs)1/(GaSb)1 �¬��', (InAs)1/(GaSb)1 �¬��fó�U�(�k²wØÓ, 3,
�¹e
Ly�7áU�A5. én�^�e (InAs)1/(GaSb)1 �¬��fó�åÆrÝO�L², T(��«É�ACp
� ε = 0.19. ÏLé(f(����Ùp�«©Û, ïÄ
 (InAs)1/(GaSb)1 �¬��fó�(�­½5. éüà
�>>4� Al B��� InAs/GaSb �¬��fó�>fÑ$A5O�L², >��ó�ÚAC�UC
u)�
üNCz. 1áÂÌ�O�(JLyÑ3ù	ÅãäkÍ�áÂ>, ��Å���¬��fó�(�
Cz. ý
O InAs/GaSb �¬��fó�A^uù	1>fB�ì�, ÏLUC�¬��fó�(�5N!1>�AÅã.

'�c: 1��n, InAs/GaSb �¬�, �fó, þfÑ$

PACS: 71.15.Mb, 73.21.Cd, 73.21.Hb, 73.63.Nm

1 Ú ó

�8�B�Eâ�±�EÚ��dü�fó
�¤��[B�� [1]. d�G�f|¤��� (1D)

7áB�� [2] Úü9½õ9Ú^+ [3] ±ÙÕA�
(�Ú>fA5, X4��
¼�þ [4]!�î�¡
ÅÚCz�>��
É�AO'5 [5]. ,	, 3ò
�� (2D) Ún� (3D) á��ï¤�1ÅÅ�ºÝ
��½���B�(��, Ù1Æ5�¬u)wÍ
UC. ¦+7áB��!%B�+Úü�fó®²
��2�ïÄ, �´'u IV x��!III-V Ú II-VI

xzÜÔ�$�(�ïÄ�Câk�� [6,7]. ù

á�ÃØ´Ná�!(O) 2D �(��´k�î�
¡� 1D �(�Ñ31>f+�ké­��A^.

3¤)�� 1D XÚ¥�ä�L5�Ò´�fó(
�. ~X, 3�NL¡<óÜ¤äk"à���A
�k�7á�fó [8]!|^g|C)�Eâ3�
�NL¡)�p�Ý©Ù�Ã���fó [9]. �f

ó�A^�)B�ì��`�pé!©fºÝ8
¤>f!U?×£w�º&�ÚJp^5á�ê
â�;�Ý�.

Ï��fóá��A5��ºÝá�äk²
w«O, ¤±�
3�fºÝ��ÚN!á�A5
Ò7Ln)�fó�(�ÚåÆA5. ïÄ<
®
²^×¤��w�º9�'Eâ [10] Ú©fÄå
Æ (MD) �[ [11] é7á�fó?1
ïÄ. �â
éç¸/ (ZZ) �füó(��1��nO�, nØ
þuyNõ7á�fó���zÆ�Y���, �
� 60◦ (b�). 3���u 120◦ (ð�) �ç¸/(
�¥, �k,
7á�fó'�­½ [12]. �
¼�
���nØ�., �	���(f�(��~­�,

®²k�
¢�ÚnØïÄ��
 Al �fó�A
Û/G!U�(�!��d (Peierls) Ø­½5Ú
��5 [13].

3��N½7á�f|¤� 1D �fó¥,

d u > f Ï L � � A � � � m � � þ f > �
Ï�5�¤Ñ$L§ [14], >��Cü þf>
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� G0 = 2e2/h (e �Ä�>f>þ, h ´ÊK�ð
þ). 1D XÚ�,�âÑA:´g^ - >Ö�ÍÜ
�^U
�) Luttinger �N [15]. 1D XÚ3¢�þ
J±¢y´Ï�§��yf, éN´É�(f�^
¿���»�K
/¤õ�(� [16]. 3�
%B
�+ [17]!��N�� [18]!���fó [19] ¥uy

g^ - >Ö©ly�. >Ö�ÝÅ (CDW) �Ñy
¦¯KC��\E,, §U²wUC>f� [20]. ,
	, 3n� 1D XÚ¥, Å¼ê�±��>Ï´�U
\�n�¬NÚ���(�k²w«O.

Ïd, XJr�fó(�A^u1>fì�,

ò¬¼��õ�á�ì�4�ØÓ�#5U. Cc
5éõnØÚ¢���ÑJÑ�a InAs/(In)GaSb

�¬�´�~kcµ�ù	&ÿá�, A^u�Å
ù	 (LWIR) Ú$�Åù	 (VLWIR) �íI��
1f&ÿ [21−23], � Hg1−xCdxTe (MCT) Úþf²
ù	&ÿá��'äkér�¿�å. InAs/GaSb

�¬��fó�� InAs/GaSb �¬� 1D (���
�4�/ªék�ULyÑ�Ð�#A5. 
î
8��, �vkéuæ nm �» InAs/GaSb �¬�
�fó<óÜ¤½nØïÄ���. Ïd, �©Ï

L1��nO�, Ø
é (InAs)1/(GaSb)1 �¬��
fó��f(�!U�(�, �éÙåÆ!(f
Ú1ÆA5?1
XÚ�ïÄ, �ÑO�(J¿\
±©Û. æ^��fó(�´nØþ'�­½�n
«AÛ(�, ©O´���fó (LC)!ð�ç¸
/ (OZ) Úb�ç¸/ (AZ) (� [24]. ã 1 �Ñ

ùn«(� (InAs)1/(GaSb)1 �¬��fó (eIL
«ü�¥V�f InAs Ú GaSb �êþ) ��fü
�«¿ã. InAs/GaSb �¬��fó�zÆ�5�
��A InAs/GaSb �¬��'ké�«O, ¦Ùä
kÃõÕA�Ôn5�. Mozos � [25] |^�GN
>4�., ÏL¦)XÚ�Ñ�Ý
O�
 Si �
fó�>�, Okano � [2] ^aq��{é Si Ú Al

�fó?1
����©Û. �©|^�Ý�¼n
Ø (DFT) Ú�²ï��¼ê (NEGF) �{O�¿&
?
 (InAs)1/(GaSb)1 �¬��fó�þfÑ$A
5�ó�Ý!>4>: �Ú¶�AC�¼êC
z'X. åPu�fóþ�N\�f (X>4 Al) ò
¬UC InAs/GaSb �¬��fó��fü�(�
Ú>�A5, ¿�6uåP�f (In, As, Ga, Sb) Ú
�åP�f (X Al) �«a.

ã 1 n« (InAs)1/(GaSb)1 �¬��fó­½(���fü�«¿ã, lþ�e©O� LC, OZ Ú AZ (�

2 O��{�nØ£ã

|^Äu DFT �1��n�³²¡Å{ [26],

¦^;��á�O�^� Materials Studio 4.4 ¥
� Castep �¬ [27] ?1�f(�ÚåÆA5!
U�(�!1áÂÌ�O�. ���'�Ý�¼
æ^2ÂFÝCq (GGA) e� Wu-Cohen (WC)

�¼ [28]. Äu DFT �{�Û��ÝCq (LDA)

Ú GGA U
°(O���Ná��Ä�A5, �

´ØUO(��-u�A5, cÙ¬$�B�°Ý.

Kohn-Sham �§�����´é¢S>fUþ�
Cq. DFT ��õ>f-u�Ú-f�A�Û�5
�±^ GW �{�õN��5U? [29]. GW Cq
õNnØ�Oâf1��nO��±^5ïÄõ
>fXÚ¥�-f!1Æ5�Ú9>fÆ· [30].

3>f�p�^�r�õNXÚ¥, U�(�Ú
-f�A��±^1��nõN��¼êÚÄå
Æ²þ|nØ5O� [31]. �©^¹� DFT ��
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5�A�{O�-u�U? [32]. 3O�¥¿�¦
^E,�nØ�{, 
´^�²�� “scissor” ��
�{ [33] 5U? GGA �B�°ÝO��, ¿�@
��fóXÚ� GGA B�°ÝØ���Ú�A
�Ná��C. U�O�¥� “scissor” ����
� 0.5 eV (é InAs Ú GaSb Ná�� GGA O��
�¢��?1'�
¼�), O���Ä
g^ - ;
� (SO) ÍÜ�^. DFT �{´�«Ä��{, ��
5` DFT O�¬$����� (-u�) �Uþ 
�, ÏdØØéu��N�´7á, “scissor” �{´
é DFT O����U??1�N��.

3Ð©(�ï�ÚO�¥æ^�fóÄ�ü
� —– ��5L�NX�(�. �fó��f÷
X z �� (¶�) ±Ï5ü�. æ^�Åð�³ [34]

£ã>f - lf�p�^. >f���Å¼ê^²
¡Å?1Ðm, �²¡Å���ÄU�� 800 eV.

gU|S�N=Ý��z�f 10 × 10−6 eV (P
� 1.0× 10−6 eV/atom). 1D Ùp�«È©� k :�
�3 1× 1× 10 � Monkhorst-Pack �:þ?1 [35],

±¼��u 1.0 × 10−5 eV/atom �oUþÂñ5.

ÏLÄu�ÝFÝ{ [36] �oUþ��zé¬�~
êÚ�f �?1`z, ¦NX�AåÚ�^3�
fþ�å©O�u 0.05 GPa Ú 0.03 eV/Å, l
¼
�²ï(�. ÏLO��« lu²ï(��oU
þCz5?1åÆ­½5©Û. ^�Ý�¼�6n
Ø [37] Ú�5�A�{5O�(f5�. |^�³
é SO �^?1?n [38], �³�)�U?Ï SO �
S�>f��p�^
u)©�. Ø­½(f��
�þ�K, ªÇ�Jê.

�©|^Äu DFT �ê��f;�Ä|Ðm
Ú NEGF[39] �{, ¦^�CuÐå5�lÞO�Ñ
$^� Atomistix ToolKit (ATK), éþfÀÂ (bal-

listic) >�?1O�Ú©Û. >4 - ì� - >4�²
ï>�3S�¦)�²ïpd¼ê±��d±e
�§O�:

G(E) =
2e2

h
Tr(ΘlG

rΘrG
a), (1)

Ù¥ Gr Ú Ga ©OL«ò´Ú�c��¼ê, Θl

Ú Θr ©O�XÚ��>4Úm>4�ÍÜ¼ê.

^ DFT gU£ã�� - �'�^ÚXÚ�>4�
�f(�. ���� DFT �{ØÓ, �©(Ü DFT

Ú NEGF �{5£ã\\>4±��Ã�m�N
XA5. NEGF �{ÏLgäU5NyÃ�>4�

�^. Ñ��^«���²ï>f©Ùd��¼
ê5£ã. 3¦^ ATK O�NX�Ñ$A5�, æ
^ GGA-RPBE ���'�¼; >fÅ¼êdV zeta

4z (DZP) ê��f;�Ä|Ðm (TÄ|�²
¡ÅÄ|�Âñ5�C); Uþ £Ú����©
O�� 1.0 × 10−6 Ú 300 Ry (1 Ry = 13.6 eV); g
U|S�N=ÝÚ3Ùp�«È©� k :��
�^ Castep §Sé¥%Ñ�«�¬��fó�O
��Ó; ÏL£ã¤�©Ù�>f���Óâê
òü�>4�>f§ÝÑ�½� 300 K. �â Vir-

tual NanoLab �HéÙØ%Ú� ATK O���[
`² [40], ±þ�{9ëê��U
¼�'�°(
�O�(J. 3ÿÁO�¥, d Castep Ú ATK §
S (>fÅ¼Ðm�Ä|ØÓ, Ù¦�{�Ó, Ñæ
^�Åð�³Ú GGA-RPBE ���'�¼) O�
��� LC / (InAs)1/(GaSb)1 �¬��fó�²ï
¬�~ê©O� 10.813 Ú 10.920 Å, ��Ø� 1%.

Ïd, òd²¡Å�{ (Castep §S) AÛ`z��
²ï(���Jø� ATK ?1>fÑ$A5O�.

� © � L 5 / ï Ä 
 k � � Ý (InAs)1/

(GaSb)1 �¬��fó�>fÑ$A5. æ^�
>4� Al B��, î�¡é�¿�¶�� [001]

¬NÆ��. �Ã� Al B��>4�ü�¥k 9

� Al �f, �¹©Od 4 Ú 5 � Al �f|¤�ü
�f�. �Äü«�>AÛ(�, =>4��>à
©O� 4 ½ 5 � Al �f�ü�f�. c�«�¹
e, �fó"à���3>4ªà�� “� ”  
�þ; 
��«�¹e, �fó"à���3>4
ªà�� “º:”  �þ, Xã 2 ¤«. �âNX�
é¡5, ò�àÚmà>4�ü�½n� Al �f
¿\�TV>4NX�¥%«� (Ñ�«) ¥, l

�Ñ>4«Ú¥%«.¡�>.^�. �¬��f
ó"à�f�>4"à Al �f��m��>ål
d§���d�»(½. 3µþÚAC^�e, ©
Oé¥%«�¬��fó�>�?1O�.

3 (J�?Ø

3.1 ���fff(((���ÚÚÚåååÆÆÆAAA555

�©�Än«­½�±Ï5 1D �fü�(�
= LC, OZ Ú AZ /� (InAs)1/(GaSb)1 �¬��f
ó. ÏL©ÛXÚoUþ�¬�~êÚ�f�é
 ��Cz=oUþ��z�AÛ`z5¼�X
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Ú�²ï(�, ¿d²ï(��oUþ5�ä�«
�¬�XÚ�­½5. ã 3 w«
 LC, OZ Ú AZ

/ (InAs)1/(GaSb)1 �¬��fó²ï(� (AÛ`
z�) ����fü�«¿ã, ã¥IÑ
��¥

����!��ÚÛ=�. n«a.�¬��fó
ÑLyÑæ­½G�, oUþ3²ï(��Ñy4
��.

ã 2 ë�3 [001]Al B��>4�m� N �±Ï LC / (InAs)1/(GaSb)1 �¬��fó�ü«�>AÛ(�, �¬
��fó"à�f�ë�>4L¡� (R�) ål^ d e L« (a) � :�>; (b) º:�>

� � � �� � � � �� � � � 	
 �� � � 
 �� �
 � 	 � �
� � � � �� � � � � � � � �� � � 	 � � � � � � � � � 
� � � 
 �� � � � 	� � � � � � � � � 
	 � � � � � � � � � 
 �� � � � 	 � � � � �� � � � �	 � � � � 	 �� 	 � � � �� � � � � 	� �� � � 	� 
 � � � 	� � 
 � � �� �

� �� �� � � 	 �� � � �	 
 � � � � �� � � � � � � � � � � 	 � � � � � �	 
 � � � � �� � � 	 
� 
 � � � 	 � � � 	 
 	 � � � � 
 	
 � 
 �
 �
ã 3 (InAs)1/(GaSb)1 �¬��fóAÛ`z(���fü�«¿ã, IÑ
�� (7Ú)!�� (VùÚ) ÚÛ=
� (ÉÚ) (a) LC /; (b) OZ /; (c) AZ /

AÛ`z±�� LC / (InAs)1/(GaSb)1 �¬
��fó, ���«æ­��²ï(�, Ù�f¿

�î�3�^��þü� (`zå©(����
��ü�), ��zÆ��m�3�½��� (Ñ
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�u 180◦), ?�Úy¢
3gá (free-standing) �
fóXÚ¥, �O�f�î�C/¬���fó
l LC � OZ $�� AZ /(��=C. ül²ï(
��oUþO��5w, OZ /(��­½ (K�),

AZ /(��Ø­½ (�p��), XL 1 ¤«.

L 1 LC, OZ Ú AZ / (InAs)1/(GaSb)1 �¬��fó²
ï(��(�ëêÚoUþO��, ��ü1��'Ná
� InAs Ú GaSb Ná���AO��

l/Å α/(◦) d/Å ET/kcal·atom−1

LC 10.8290 — 2.899 20.096

OZ 7.5330 100.500 2.616 −3.744

AZ 4.2230 68.860 2.690 87.067

InAs 6.2546 109.471 2.708 6.599

GaSb 6.2280 109.471 2.697 4.777

3XÚ lAÛ`z��²ï(��, =3A
C^�e, XÚ�oUþ�ACUÚ²ï(�o
Uþ�Ú. �fó�åÆrÝE,�±^oUþ�
¬�~ê�Cz­�?1��. �X¬�~ê�O
\, AZ ò²{��Uþ,p�ÅÄ�=C�æ­
� OZ (�, 2=C�æ­�� LC (�¿�ªu
)ä�. 3u)ä��c�fó¤U«É��éu
æ­� LC (����AC�d d2ET/da2 = 0 �
¬�~ê a ¼�, éA�p�(f��Ý�", ´
¶�C/�­½«�Ø­½«>. [12]. O�(J
L², (InAs)1/(GaSb)1 �¬��fó���¶�A
C� 0.19. ��5¿�´, áÅ�6E¤�Ø­½

5éù
¶�AC�­½«��)­�K�, ù�
±ÏL(f�O�?1©Û [12], ò3(f(�Ü
©\±©Û.

L 1 ¥�Ñ
n«a. (InAs)1/(GaSb)1 �¬
��fó²ï(��(�ëêÚoUþO��,

¿� InAs Ú GaSb Ná��O��?1'�. l

� � ¬ � � � ¬ � ~ ê, α � º � � � Ý ² þ
�, d �²þ��, ET �oUþ, ü � kcal/atom

(1 cal = 4.186 J). �±uy, ¦+ 1D �fó¥�
p�^��fê�'Ná��éõ, ��$�o
Uþ`²�f�m�(ÜUE,�p. ,	, OZ

/ (InAs)1/(GaSb)1 �¬��fó�oUþ$�
' InAs Ú GaSb Ná��$, ù´Ï��¬��
fó¥�3�Ãõ Ga—As � (rÝ�é�p) 3
,
�¹e (OZ /(�) ¦XÚUþ²wü$.

�f�m�r��p�^´Ï����f�
m�)
V�, Ù¥� σ �d s Ú pz �f;�|
¤, 
 π �´dR�u�fó¶�� px Ú py �f
;�|¤. du>Ö3��f�mu)
�½�=
£, �fó�zÆ�¥yÑ�½�45. ã 4 �Ñ

n«a. (InAs)1/(GaSb)1 �¬��fó²ï(
��o>f�Ý3îB�fó¶�²¡þ���
­¡ã, £±
�f�m�¤�A�. ã 4 L² Ga

�fNC�>f�Ý²wpuÙ¦�f (�{ü�
zÜd�ä��), ù´>f�ÝO�¥>foUþ
��z�(J, ù��>f©Ù¦XÚ�>foU
þ�$.

ã 4 (InAs)1/(GaSb)1 �¬��fó²ï(��o>f�Ý���ã, ¤�	ÝK�¡îB�fó¶� (a) LC /;

(b) OZ /; (c) AZ /

V��3�,��(J�N3ù
4� 1D (
��åÆA5þ. LC �UØ­½
u)����
fî� £ (�5C/), �´3¶���þ�¬�

)�5AC, p� £��õ. Fröhlich[41] 3 20 ­
V 50 c�Ò��L 1D 7áB��éup�C/
´Ø­½�. ,
, ù´�«{z
��¹, éu

117104-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 117104

�õêB��, 7L�Ä�ÊH���C/Ån.

Batra[42] �Ñ, î�C/¬Úu,�«ØÓ��C,

3¤�U?NC¿vk�)m��Y, �¡�Ãm
��Y��d�C. 
éu¢Sþ?uü>4�m
�k��Ý�fó, >4�)�	ÜAC¦��f
ó­½3 LC AÛ/G. �\3�fóþ��5Ü
å (�) ½Øå (K) d�5ACUé¬�~ê��
� �ê Fz = −∂Es(a)/∂a O�. du
¼�þ
�½Â�¦ 1D �(�äk�½�î�¡È, �

;�½Âþ�· , ^�5�þ γ = d2Es/dε2|ε=0

(3²ï �NC, ²þz��f�ACUé¶�
AC����ê) 5£ãÚ©Û�fó��5f
Ý. LC / (InAs)1/(GaSb)1 �¬��fó� γ O�
�� 81 eV/atom. �
ü9%B�+��5fÝ
O��3 52—60 eV/atom ���S [43], '�©'
u InAs Ú GaSb NX�O��Ñ�. éu 1D XÚ,

é(�Ú­½5±9>Æ5��m�p'X�n
)´B�EâA^�'�.

3.2 >>>fffUUU���(((���

n«a.� (InAs)1/(GaSb)1 �¬��fó (²
ï(�) �>fU�(�O�(JXã 5 ¤«. 3
¤�U? EF NC, (InAs)1/(GaSb)1 �¬��fó

>fU�(�¥©O�¹ 4 � σ ¤��!σ∗ ��
�Ú�Ý{¿� π �¤��. LC / (InAs)1/(GaSb)1
�¬��fóLyÑ7á5U�(�, 3¤�U?
NCvkm��Y, k σ∗ ��BL¤�U?: σ∗

��BL¤�U?, äk��ÀÂ>�Ï�, �
��±�) 1G0 �²ï (" Ø) >� G(EF). σ∗

��$u¤�U?¬��V��Û�z¿¦N
X�(ÜUü$. XJkn�U� (σ∗ ��Ú π

��) ÑBL¤�U?¬¦�f�)�àÜ�^,

l
{��fó(�u)��dC/ [44]; 
n
«a. (InAs)1/(GaSb)1 �¬��fó�>fU�
(�¥Ñ�Ñyn�U�Ó�BL¤�U?�
�¹, ÏdN´u)��dC/. ã 6 �Ñ
 LC

/ (InAs)1/(GaSb)1 �¬��fó�d�º σ �
�Ú π ��>f�Ý��­¡ã. ù
>f�
Ý©Ù�é¡5Ny
U��;�¤©, ~X,

NXU��d�Ì�5gu�f p ;���z.

3 OZ Ú AZ / (InAs)1/(GaSb)1 �¬��fó�
U�(�¥, vkU�BL¤�U?, Ly���
NU�A�, �Y°ÝO��©O� 0.9502(1,0.75)

Ú 0.9407(0.33,0.83) eV (þI)ÒSê�L«���
$:Úd��p:3 1D Ùp�«¥� �, Ùp
�«¥% Γ :�>. Z :L«� 0 → 1), éAu
Cù	Åã.

ã 5 (InAs)1/(GaSb)1 �¬��fó�U�(�, Y²J�L«¤�U?, �fó¶�� z ¶��, Ùp�«¥%d
�º�Uþë�: (a) LC /; (b) OZ /; (c) AZ /

�©�ïÄ
Ä�;�3�>NC�é¡5.

3Ø�Ä SO ÍÜ��¹e, �>NC�U��
± σ aÚ π aA5; �Ä SO ÍÜ�^�, ��.

Úd�º�>f�;��/G�q, vk!:¡½
é¡²¡. Ïd, SO ÍÜ¦¤�U?NCU��)
·Ü, ¦§�u)��� (anticross). ­���:´,
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¤�U?NC�U�·Ü�)�U����3 LC

/ (InAs)1/(GaSb)1 �¬��fó¥�Øv±/¤
m��Y, 
3 OZ Ú AZ / (InAs)1/(GaSb)1 �¬
��fó¥%/¤
²w���N�Y. du3¢
S�fó¥, Ø
�Ýk��	, >�A5��6
u>4�«aÚ/G±9�>:��þ, Ïd, Ã
���fóU�(�O�(Jéuýÿý¢�f
ó�>�A5k�½��.

ã 6 LC / (InAs)1/(GaSb)1 �¬��fó�d�º σ �
�Ú π ��>f�Ý��­¡ã (a) σ ��; (b) π ��

3.3 (((fff(((���

3��Îé¡� 1D XÚ¥, Ø
n«�²£
é¡5k'�(Æ�ª±	, 3 Γ :�3�«N
\"ªÇ�(f�, =3B��¶NC�^=ØC
5k'�1o«(f�. 3�©�O�¥, ���
/GÚ¢�m�È©¿Ø�Ìù«^=é¡5, �
ù«�Aéu¤ïÄ��º�5`Ø��Ñ. 3 Γ

:?ù«�Ä��ªÇ�u 1 cm−1, 3�l Γ :
�«�, ^=�=C�Ú^�, /¤Ú^(��
B��.

ã 7 �Ñ
n«a.Ã�� (InAs)1/(GaSb)1
�¬��fó (²ï(�) �(f(� ((fUþ
½ªÇ�Å¥�ÚÑÌ) O�(J. du LC /(
�äk7á5U�(�, ¿�^ Castep §S��
5�A�{Ã{é7á5á�?1(fO�, Ïd
3é LC /(��(fO�¥æ^k� £ (finite

displacement) �{, ¿��Ñ
p�1Æ(f (LO)

Úî�1Æ(f (TO) �m�©� (O�§SõU
¤�). ã 7 �(JL², OZ /(���­½ (K
ªÇ�(f���), 
 AZ /(��Ø­½ (Kª
Ç�(f��õ), �L 1 ¥�oUþO�(J�
��. 3¤kù
�fó(�¥, Ñ�3�«áu
�ACB���Ø­½5, 3Ùp�«�Ü©«
�, A«î��´Ø­½�, �p�Ø­½5�k
3 q = 2kF NCÚ§Ý T → 0 ���²w. éuØ
­½� AZ /(�, AÛ`z��æ­�²ï(�
E,Øv±­½¤k(f, Xã 7 ¤«, Ù(f�
3 Z :���, �3Ùp�«¥m�,éØ­½.

d	, OZ /�­½(�(¢�3. LC /�fó¥
�Ø­½�ª3î�C/e¿vk�Ü��, �§
��ªÇ�ê��. éu OZ Ú AZ /(�, ¤�:
3Ùp�«¥%NC, �¬��õ�fü�¬u)
��dp�C/ [12]. du�¬��fó¬u)õ
��C, (�éE,, �©vkéÙ�­½�(�
?1ïÄ.

ã 7 (InAs)1/(GaSb)1 �¬��fó�(f(�, �fó¶����� z ¶ (a) LC /; (b) OZ /; (c) AZ /
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3 1D X Ú ¥, ¤ � ¡ ¬ Ú u X Ú 5 � �
� É ~ (Kohn anomalies, KA), ¦ q = 2kF N C
� ( f ª Ç 3 T → 0 � u ) ^ z. OZ Ú AZ

/ (InAs)1/(GaSb)1 �¬��fó¥, du�3�
õ�$ªÇp�(f�, 3�C 0 K §Ýe, 2kF

?�p�(fªÇò¬ £¿C�K�, ¦XÚ
�N´u)p�C/. �´, 3O�¥ü$ö�°
Ý� 2.5 meV (30 K) ¬¦p�ªÇ�±3��. é
u LC /(�, $ªÇ�î�Úp�(f�Ñé�,

ù«�A¿Ø²w.

3.4 >>>fffÑÑÑ$$$AAA555

� © Ä k � L 5 / O � 
 k � � Ý LC

/ (InAs)1/(GaSb)1 �¬��fó�Ñ$A5, >4
�î�¡k���Ã��� [001] ¬NÆ�� Al

B��, >4��¬��fó��>:æ^ “� ”

(Ü :�>(�, Xã 2 ¤«. b½>4�±N
á��¬�~êØC. >4�m�k���¬��
fó�²ï(��gáÃ��fó�²ï(��
Ó. �
�	ACé>���^, �O�
 lu
AÛ`z²ï(�
u)¶�ÜAC (10%) �¬
��fó�>�A5. 3O�ÜACe�>��,

b½f5� Al >4�ü>£Ä, ¦�fóNX¥
�f�m�zÆ� (�)�>:?�fó�f�>
4 Al �f�zÆ�) þ!.�.

ã 8 �Ñ
�A�>�O�(J, '�ã¥¢
­� (�AC) �J� (AC) uy, 3¶�ÜAC
e, ¤�U?NC� LC �¬��fó>�Ì��
AC�>�Ì�~�C [Xã 8(a)—(c) ¤«], �
´�l¤�U?�>�Ì%u)
é�Cz [X
ã 8(a) Ú (b) ¤«]. 10%ÜACe�>�Ì3$u
¤�U? 2—3.5 eV �Uþ«�Ñy²w�"�
mY, ��AC�>�Ìk²w«O, `²¶�A
C�� LC �¬��fó�U�(�3ù�Uþ
��Ñy�Y; ,��¡, 3pu¤�U?�Uþ
«�, ACe�>�Ì¦+/G�q, �>�ê�
²w~�. ù��(J`², ¶�AC�,¬¦�
f�mzÆ�rÝ�)Cz, ��d�.Ü�U�
u)©�, �é¤�U?NC�>�K���, Ø
¬UC�fó7á5>����A5, y²T�
fó(�äkûÐ�>�Å�­½5. k�� LC

/ (InAs)1/(GaSb)1 �¬��fó� G(EF) > 1, =
Ñy
õ�ÀÂ>�Ï�, �>�3¤O��Uþ
«mSØ�L 2G0. ,
, �â 3.2 !¥U�(��

ã 8 k�� LC / (InAs)1/(GaSb)1 �¬��fó�>�Ì9²ï>� G(EF) � N �Cz'X, >4� “� ” (
Ü :�>(�� [001] Al B��, R�J�L«¤�U? (a) N = 4 �>�Ì; (b) N = 5 �>�Ì; (c) G(EF)

� N �Cz'X
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O�(J, Ã�� LC / (InAs)1/(GaSb)1 �¬�
�fó�äk��>�, Xã 5 ¤«, `²�f
ó�Ý (�¬�±Ïê) �k�5¬¦BL¤�
U?�U�êþÑkO\. ,	, �fó�>4
��p�^¦�¬��fó�©áU?�)�
�Ð°, Xã 8(a) Ú (b) ¤«. ã 8(c) `²k�
� LC / (InAs)1/(GaSb)1 �¬��fó�²ï>
� G(EF) ��¬��fó�±Ïê (�fó�Ý)

¥yÅÄ5Cz, ,
±Ïê N �²ï>�Ñy
4��. ù«ÅÄ5Cz5
u>4¥�>fÑ�
���fó��pÓâ�Ú�$�Óâ��m�
�U. ��5¿�´, >�� N �ÅÄ5Cz3�
²ï�¬��fó¥E,�3, Xã 8(c) ¥�J­
�. >���fó�Ýu)ÅÄ5Cz�5Æ®²
3�
 IV x�fó�ïÄ¥�*	� [45], Okano

� [2] ��
 Al �fó�>���fó�.�
k
¤O\, ù
Ñy²�¹ III xÚ V x�f��f
ó(�äkÕA�>fA5. d	, >4á�!ä
N��f(�Ú�>:AÛ/GÑ¬é�fóN
X�>��)K�.

� © � O � 
 N � 4 Ú 5 � OZ Ú AZ

/ (InAs)1/(GaSb)1 �¬��fó�>�UþÌ�,

O�(JXã 9 ¤«. äN�fü�Ú¬�~ê
� 3.1 !¥�Ã���¬��fó(��Ó. >4
E,æ^ [001] Al B��, �) “� ” Ú “º:”

ü«(Ü :�>(�. ã 9 `², >�Ì3¤�
U?NCÑy
ÀÂ>�Ï� (G(EF) > 0), �Ñ
y��NU��YéA�"�mY, Ly�7á>
�A5. � 3.2 ¥�Ã���¬��fó (Ã�±Ï
ê) ���NU�O�(J�', ùp�(J`²
�¬��fó�Ý (±Ïê) �k�5¬��U�
BL¤�U?, �±þék�� LC �¬��fó
>�Ì�O�(J (k�±Ïê¦BL¤�U?�
U�êþO\) ���. '�ã 9 ¥¢� (� :�
>>4) �J� (º:�>>4) �±uy, “º:”

(Ü :�>²ï>� G(EF) > 1 (L²Ñy
õ
�ÀÂ>�Ï�), ²wpu�A� “� ” (Ü 
:�>²ï>� 0 < G(EF) < 1. éuü«>4�
>(�, OZ /(�Ñ' AZ /(�äkÑp�²
ï>�.

ã 9 ØÓ±Ïê�k�� OZ Ú AZ / (InAs)1/(GaSb)1 �¬��fó�>�Ì, �¬��fó±Ïê N = 4 Ú 5,

>4� [001] Al B��, R�J�L«¤�U? (a) OZ, N = 4; (b) AZ, N = 4; (c) OZ, N = 5; (d) AZ, N = 5
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�f���5�é���fóXÚ�A5k
­���«�^, ~X, zÜÔ�fó"à�f�
a.½�>:3>4��f :Ñ¬UCNX
��>A5, åPu�fóNX�	Ü�fÚ,
�¬UC�fóNX�(�Ú>f5�. ±þO
� (ã 8 Úã 9) ¤�	�k�� (InAs)1/(GaSb)1
�¬��fóÑ´± In Ú Sb �f���fóN
X�"à�f�>4�ë. �©��Ä
,�«
"à�fa.��>(�, =�>4�ë��f
ó (¥%«�) "à�f� Ga Ú As �f. O�¥
E,©Oæ^
 “� ” Ú “º:” (Ü :�>
(��. æ^�k�� (N = 4) �¬��fó¥
���f ��Ã���¬��fó`z(��
Ó. ã 10 w«
"à�f� Ga Ú As �f� 4 ±
Ï LC / (InAs)1/(GaSb)1 �¬��fó�>�Ì
O�(J.

ã 10 k�� LC / (InAs)1/(GaSb)1 �¬��fó�>�Ì,

æ^ [001] Al B��>4, N = 4, �fó"à�f� Ga Ú As

�f, R�J�L«¤�U? (a) “� ” (Ü :�>4�
>(�; (b) “º:” (Ü :�>4�>(�

'�ã 10(a) �ã 8(a) uy, Ga Ú As "à
�fNXäk�é�$�²ï>� (0.9354G0),

' In Ú Sb "à�fNX�²ï>� (1.3997G0)

$� 33%. ù´Ï� In Ú Sb �f' Ga Ú As �f
äk�Ð��>5. ÏL'�ã 10(a) Ú (b), ��
±*	��>:>4�AÛ/GéNX�>��
K�. � Al >4L¡��fê� 5 �, 4 �±Ï�
k���¬��fó"à�f�¥% Al �fë�
¤�, = “º:” (Ü :�>(�, Xã 10(b) ¤
«. “º:” >4�>NX�>�Ì3�õêUþ
«�SÑpu “� ” >4�>NX�>�Ì, c

Ù´ “º:” (��²ï>�� 1.1434G0, ²w�
u “� ” (��²ï>� 0.9354G0. ù��(J
�ã 9 �Ñ�(Jaq.

ã 11 C �f�\�k�� LC / (InAs)1/(GaSb)1 �¬
��fó¥mé>�Ì�K�, æ^ “� ” �>� [001]

Al B��>4, R�J��«¤�U?

� © � ï Ä 
 	 Ü � f C Ú O é LC

/ (InAs)1/(GaSb)1 �¬��fó��^. � C ½ O

�f�C LC /�¬��fó�, (�`z (�f
µþ) �/¤3�fó�,��fþ� C ½ O z
ÆáN, l
��T�f9ÙNC�fu) £.

ù«	Ü�f�zÆáNUC
�¬��fó�
é¡5, r¦�fóNXu)�C, =C�oUþ
�$� OZ /(�. �â�©�O�(J, 3 5 ±
Ï LC / (InAs)1/(GaSb)1 �¬��fó`z(�
�¥% �NCÚ\�� C ½ O �f¬¦²ï>
� G(EF) ©O~�� 0.46G0 ½ 0.53G0. duáN
3�¬��fó�¥% �, Ú\� C ½ O �f
éNX>��K�Ø�6u�>:�5�, =Ø�
6u�fó"à�fa.!>4(Ü :Ú>4
�>:AÛ/G. �¬��fó�	Ü C �f�z
ÆáN¬ÏL(�µþ¦ C �f�\��fó�
¥: Äk, C �f�»�¬��fóþ�zÆ�¿
��±�� III ½ V x�f/¤�r��Ü; ,�,

du C � III ½ V x�f/¤�V���u¤��
ü�, C �f�ö��fó¶��Ù¦�fü¤�
�. �
y²�\ C �f� LC / (InAs)1/(GaSb)1
�¬��fóäkUþþ`³, �©O�
 LC

/ [(InAs)1/(GaSb)1]3—C—[(InAs)1/(GaSb)1]3 �f
ó(�Ú 6 ±Ï LC / (InAs)1/(GaSb)1 �¬��
fó�oUþ¿?1'�. O�(JL², �\ C

�f��fó(�äk�$�oUþ, Uþ��
� 9.5 eV. 3O��\ C �fc��oUþ��,
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~�
���á C �f�>foUþ, �N>
f/¤zÆ�L§¥º��Uþ, ÏdoUþ�
� 9.5 eV ¢Sþ´ C �f�\±�
m Sb—In �
¿/¤ Sb—C—In zÆ�
���XÚUþü$.

�©�é±þü«(��>�Ì?1
O�, æ^
�Ó� [001] Al B��>4, �>:� “� ” (Ü
 :�>(�, �fó"à� In Ú Sb �f�>4
ë�. ã 11 w«
ùü«k��fó(��>�
ÌO�(J, C �f��\¦ LC / (InAs)1/(GaSb)1
�¬��fó�>�wÍ~�, Ø
3 0.3—0.8 eV

�mÑy�r���¸	, >�Ì3�Ü©Uþ«
mS²wü$, ²ï>�ü$
� 0.2G0.

3.5 111áááÂÂÂÌÌÌ

én«a. (InAs)1/(GaSb)1 �¬��fó (²
ï(�) �1áÂÌ?1
1��nO�, \�
1� ���3R�u�fó¶� (z ¶) �²¡
S (x ½ y), =\�1÷X�fó¶���\�, O
�(JXã 12 ¤«. LC / (InAs)1/(GaSb)1 �¬
��fóLyÑ²w�7á51áÂÌ, vk²
w
Í��1áÂ� [Xã 12(a)]. 3 OZ Ú AZ

/ (InAs)1/(GaSb)1 �¬��fó�1áÂÌ¥
k²w
Í��1áÂ� (cÙ´ OZ /(�),

LyÑ��N1ÌA�. ±þ�O�(J� 3.2

� > f U � ( � O � ( J � � �, ? � Ú y ¢

 (InAs)1/(GaSb)1 �¬��fó�X(��Cz
Ôn5�ªÝ��, �äk7áÚ��NA5.

InAs/GaSb �¬��U�(��|¤� (InAs

Ú GaSb �) �þÝ½V�f�ê�UC
u)²

wCz, �äkláÅ (0.7—2 µm) �$�Å (14—

30 µm) �ù	�AÅã, A^uØÓ�ù	XÚ
¥ [21,22]. ¤±�±íÿ, InAs/GaSb �¬��f
ó�U�(�Ú1>�AA5Ø
�ó(� (LC,

OZ ½ AZ) k', �¬�X��¥ InAs Ú GaSb V
�fêþ�UC
�)wÍCz. Ïd, ÏLN
! InAs/GaSb �¬��fó�(�, �±¼�õ«
¤I��U�(�Ú1ÆA5, ¦Ù3ò5�1>
fB�ì�¥�±(¹A^.

4 ( Ø

ÏL1��n�³²¡Å�{� DFT O�3
nØþïÄ
 LC, OZ Ú AZ / (InAs)1/(GaSb)1 �
¬��fó��f(�!åÆA5!>fU�(
�!(f(�Ú1Æ5�, ¿�|^ DFT ê��
f;�Ä|�{Ú NEGF �{5O�§��þf
Ñ$A5. O�
ù
 1D �fóXÚ�­½(
�, *	�§��Ná�²wØÓ�¤�A5û½

§�äk�«ÕA�Ôn5�. �âØÓ��
fóa., Ã�� (InAs)1/(GaSb)1 �¬��fó�
äk7áÚ��N>fU�(�. (f(��O
�(J`², OZ Ú AZ /(�¬u)��dC/,

AZ a.�­½. k�� (InAs)1/(GaSb)1 �¬��
fó�>��6u�¬��fó�±Ïê!¶�
AC!ë�>4��fó"à�fa.Ú Al B
��>4�(Ü :. 1áÂ1Ì�O�(JL
² (InAs)1/(GaSb)1 �¬��fó�A^uù	1
>fì�.

ã 12 (InAs)1/(GaSb)1 �¬��fó�1áÂÌ, pdö�°Ý� 0.1 eV (a) LC /; (b) OZ /; (c) AZ /
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Abstract

The atomic structure, the mechanical properties, the electronic band structure, and the phonon structure of (InAs)1/(GaSb)1
superlattice atomic chain are investigated by first-principles pseudopotential plane wave method, and the quantum transport properties

are also calculated by the density functional theory numerical atomic orbit pseudopotential method in combination with nonequilib-

rium Green’s function formalism. Compared with two-dimensional layer structural (InAs)1/(GaSb)1 superlattice, the (InAs)1/(GaSb)1
superlattice atomic chains have obviously different band structures, and represent metal energy band characteristics in certain condi-

tions. The calculated mechanical strength of (InAs)1/(GaSb)1 superlattice atomic chains indicates that such structures can sustain the

strain as high as ε = 0.19. The structural stability of (InAs)1/(GaSb)1 superlattice atomic chains is investigated by full Brillouin zone

analysis for phonon structure. The electron transport calculations for (InAs)1/(GaSb)1 superlattice atomic chain segments in between

Al electrodes show that the conductance exhibits nontrivial features as the chain length or strain is varied. The calculated optical

absorption spectra represent precipitous cutoff absorptions in infrared regime, and the cutoff wavelength varies with chain structure.

InAs/GaSb superlattice atomic chains are predicted to be applied to infrared optoelectronic nanodevices, modifying optoelectronic

response wavelength range by changing the structures of superlattice atomic chains.
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