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ÏL2ÂFÝCq�1��n�>f�éØO�,ïÄ
ØÓ.¡a. InAs/GaSb �¬��.¡(�!>fÚ
1áÂA5. duo�f.¡�E,5Ú$é¡5, ÏLé InAs/GaSb �¬�?1>foUþÚAå��z5(½
µþ.¡�(�ëê. O�
 InSb, GaAs..¡Ú�AÏ.¡ (�ö�O) �¬��U�(�Ú1áÂÌ, �	
�
¬�.¡��fu)µþ�K�. �
y¢U�(��O�(J, ^Û��ÝCqÚ Hartree-Fock �¼�²¡Å�
{?1
O�. éØÓ.¡a. InAs/GaSb �¬��U�(�O�(J?1
'�, uy.¡ Sb �f�zÆ�Úl
f5é InAs/GaSb �¬��.¡(�!U�(�Ú1ÆA5åX�'���^.

'�c: 1��n, InAs/GaSb �¬�, 2ÂFÝCq, U�(�

PACS: 73.21.−b, 73.21.Cd, 73.90.+f, 78.67.Pt

1 Ú ó

� X õ « n � f | ¤ � � l f � � N �
¬�, X GaAs/GaAlAs[1,2], GaP/AlP[3,4], InP/GaP[5]

Ú InAs/GaAs[6] �, 31>f+���A^, do«
½�õ«�f|¤���N�¬�#á�¤�ï
Ä�9:. �8k?��EÚÿÁEâ®²U
é
�
o���N�¬� (X InAs/GaSb �¬�) ?
1XÚ�¢�ïÄ [7,8]. Ïd, �©k7�^1��
nO�5)û²�O��5��Æ¯K, l�Ð
/n)o���N�¬��(�Ú>fA5. ¦+
1��nïÄ3)ûn���N�¬��Ãõ¯
Kþ®²��
wÍ?Ú [9], �´duo���N
�¬��é¡5�$, O�¥�Cþê8��,I
��O��m�õ, ÏdÙ3(½o���N�¬
��(�Ú>fA5þE,�3nØ]Ô.

� � ù 	 1 > f A ^ � c µ#á �, �
a InAs/GaSb �¬�XÚ�|¤� InAs �Ú GaSb

��m�3�üa.¡ InSb ½ GaAs éTXÚ�
ACÚU�(�c��, ~X, 3k
 InAs/GaSb

�¬�(��¥, A¿�\ InSb .¡5Ö�Aå
ÚJp1>fA5 [10]. Ïd, �©éØÓ.¡a
. (InSb ½ GaAs..¡, ½�ö�O) ��á±Ï
gá (free-standing)[001] InAs(4 ML)/GaSb (4 ML)

�¬� (ML L«©f½V�fü�) ?1
1�
�n�>f�éØO�, �	
.¡µþé.¡
(�!>fÚ1áÂA5�K�. �
¼�ù�E
,XÚ���²ï¬�~êÚ�f �, éXÚ�
ACÚoUþ?1
O�, éØÓ.¡a.�¬�
U�(�Ú1áÂÌ�O�(J?1
'�. O
�|^1��n3nØþ�Ñ
 InAs/GaSb �¬
��.¡(�!U�(�Ú1áÂA5. O�(
Jy².¡Òlf�f�zÆ�Úlf5é(½
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ù�E,XÚ�5��'�. Ï��¬���|
¤��� (±Ï�á), .¡é�¬��K�Ò�²
w, 3¢�¥.¡)����°ÝÒ��p, ¤±
8c�á±Ï�¬�3¢�þE,éJ¢y. é
u InAs/GaSb �¬�, á±ÏØ��±¼��p�
��U��ÝÚáÂXê, �U¼�#�ù	�A
Åã, Ïd�á±Ï InAs/GaSb �¬�E,´ïÄ
<
J¦�8I. ��y3�vk�á±Ï [001]

InAs(4 ML)/GaSb (4 ML) �¬��nØÚ¢��
�, Ïd�Ã{éO�(JÚÙ¦ïÄ(J?1'
�.

2 nØO��{

^1��n�Ý�¼nØ (DFT) �>f�é
Ø�f;��{O� InAs/GaSb �¬���fÚ
U�(�±91áÂÌ, ¦^ Materials Studio 4.3

^�� DMol3 �¬?1O� [11,12]. æ^2ÂFÝ
Cq (GGA) Ú BLYP/ª����'�¼ [13]. >
f���Å¼êdVê�4z (DNP) Ä|Ðm, �
o;��� (global orbital cutoff) ��5.0 Å ¦�Ú
\�k�Ä|Ø�v
�. ÏL3.¡�fµþL
§¥JloUþ��±(½¤æ^�;���
U
¼�v
p�°Ý. ^�>f�éØ (all elec-

tron relativistic) Ø?n (core treatment) £ã>f -

lf¢�p�^. gU| (SCF) S��ÂñN=Ý
��z�f 1.0×10−6 eV (P� 1.0×10−6 eV/atom).

gUO�¥, �¬�Ùp�«È©� k :��
3 Monkhorst-Pack 6 × 6 × 2 = 72 �:þ?1, ±
¼�$u 1.0 × 10−5 Ha/atom (1 Ha = 27.2 eV) �
oUþÂñ5. du�¬�Ùp�«3)�¶��
þ�ºÝ�'�²¡��þ�ºÝ��õ, 3�¬
�)�¶ (z) ��þæ^ 2 � k :��. 3ð ¶
(�zÜÔ��NNá��O�¥, Ï~3��Ù
p�«¥æ^ 256 � k :�� [14], ùp�¬�
Ùp�«����k�Að ¶Ná�Ùp�«
� 1/6, Ïd�±�&O�¥æ^� 72 � k :��
êþv
�. éu.¡µþ� [001] InAs/GaSb �¬
�, .¡NCµþ�f��ü�ºÝÚ�f �^
�ÝFÝ{ [15] S��Y?1�Uþ�¼��z5
?1`z, ¦��^u�fþ�åÚ�f £©O
�u 0.002 Ha/Å Ú 0.005 Å, l¼�µþ�.¡

(�. du�ANá��g^ - ;�©�'�²w,

Ïd3O�¥�Ä
g^ - ;��p�^ [16].

�.¡µþ� [001] InAs/GaSb �¬�(�^
�5�5ëYNnØ¦�¬�²ï¬�~ê��
{¼�. du InAs Ú GaSb Ná��¬�~êé
�C, AC�|¤�¬���î� (R�u)�¶)

ACé�, dÑt'�)�p� (²1u)�¶)

AC�±�ÑØO, Ïd3ï��.¡µþ [001]

InAs/GaSb �¬��, �|¤� InAs Ú GaSb �)
.¡� InSb Ú GaAs �p�ºÝ�±��ANá
��Ó. .¡µþ� [001] InAs/GaSb �¬�(�
´3�.¡µþ(��Ä:þ, é.¡?o�ü
�f� Ga-Sb-In-As ½ In-As-Ga-Sb (��ð ¶¬
�±Ï) �¬�~êÚ�f �?1`z, ¦�.
¡�fu)µþ, |¤�SÜ�f� ��±Ø
C. ��5¿�´, ùp.¡µþ��.¡�f¿
Ø´ÃS�, 3µþL§¥z��¬���¥�é
A (²£é¡5) �.¡�fu)�Ó� £, l
?u'�k|� �¦XÚUþ�$. 3yk�E
â^�e, DFT �{�Ã{éÃê��f|¤�Ã
SXÚ?1£ãÚO�.

3 (J�?Ø

3.1 OOO������{{{���������

� 
 ¢ y é o � � � N InAs/GaSb � ¬ �
�°(O�, �©^�q� DFT �>f�éØ
� GGA �{é� InAs/GaSb �¬�.¡�'�o
«zÜÔ��N InAs, GaSb, GaAs Ú InSb Ná�
?1
7��O�, ¿òO�(J�©z [17—20]

�¢��?1'�, ±��O��{�°(5. O
�U�(��c, ^Äu�ÝFÝ{�S��Y
?1Uþ�¼��z5`zNá�Ð©�.�¬
�~êÚ�f �, l¼�²ï�¬N(�. ¬
N(��Ð©ï�¤æ^�å©¬�~ê�©
z [17] ¥�¢��. gUO�¥, Ná�Ùp�«
È©d k :��3 Monkhorst-Pack 6×6×6 �:þ
?1, Ù¦ëê�½��¬�O��Ó. N�þ�
O�¥, |^ DFT � GGA (RPBE/ª) Ú�^ (Ul-

trasoft) �³ [21] ²¡Å�{, d Material Studio 4.3

^�� CASTEP �¬O��5~ê C11 Ú C12, Ï
Lá�:
�úª Bu = (C11 + 2C12)/3 ¦�N�
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þ Bu. ²ï(��¬�~ê!�5�þ!>fU
��YÚ(ÜU�O�(J±9©z���¢�
��uL 1 ¥, gë�©z�¬�~ê¢��´
3 T = 300 K ÿ��êâ.

dL 1 ��, �©O��Ñ�²ï¬�~ê
�¢����å3 2.4%�S, O��N�þ Bu �
�¢���~�C, `² GGA �{U
k�/�
�(�ÚåÆA5. �´O�� Γ :>fU��
Y Eg ²w��u¢�ÿþ�, �Y��� GaAs

Ú GaSb Ná�O��'¢��©O�
 1.258

Ú 0.603 eV, éu�Yé�� InAs Ú InSb, O�
�� Eg = 0. æ^ GGA �{O����>fU�
�Y��¬'¢����, ¿�O�(J�°(§
Ý��6u GGA O�¥æ^����'�¼/ª
±9¤O��á�NX. dL 1 ��, GGA O��
(ÜU�p, GaAs, InAs, GaSb Ú InSb �O��'
¢��©OpÑ 19%, 16%, 20%Ú 17%. ,	, �©
z [22, 23] ¥� InAs Ú GaSb Ná�A5�nØO
�(J�', �©O��N�þÚ “scissor” 0.5 eV

����Y°ÝO���¢���\�C.

L 1 � InAs/GaSb �¬�.¡�'�o«��NzÜÔNá��ð ¶¬�~ê a, N�þ Bu, Γ :>fU��
Y Eg, XÚ(ÜU Eb �nØO��Ú©z���¢�� ()ÒS), N�þnØ�d1��nO���5~ê¦�,

��ü1´©z���nØ�

ð ¶á� a/Å Bu/GPa Eg/eV Eb/eV·atom−1

GaAs 5.7495 (5.6533[17]) 79.6 (75.5[18]) 0.261 (1.519[17]) 3.98 (3.35[20])

InAs 6.1927 (6.0583[17]) 62.0 (61[19]) 0.00 (0.417[17]) 3.68 (3.17[20])

GaSb 6.2040 (6.0959[17]) 59.5 (59[19]) 0 .209(0.812[17]) 3.45 (2.88[20])

InSb 6.6336 (6.4794[17]) 48.9 (45.6[18]) 0.00(0.235[17]) 3.18 (2.72[20])

InAs — 58.2[22] 0.61[23] —

GaSb — 55.5[22] 0.73[23] —

3.2 ...¡¡¡(((���

[001] InAs/GaSb �¬�¥�3ü«�OÑy
�.¡(�, = InSb Ú GaAs..¡, Xã 1 ¤«.

3,
AÏ�¬�(��.¡?A¿�\ InSb

½ GaAs, ¦��¬�¥��3 InSb ½ GaAs .
.¡, 3ù	1>fA^¥, ���\ InSb �
5 Ö � ü « | ¤ � � m � A C ¿ ¼ � � Ð �
1>fA5. ù
AÏ�.¡(��¬���
� � � X Ú ¥ z Ü Ô � � N � � � m � � Ô
¶(��q [24], 3Uþþäk`³. Xã 1 ¤
«, z � � f Ñ   u n � � ð ¶ Ä � ( � �
¬� :þ, vku)?Ûµþ, ¢Sþ, ù
���{(��U��Ïé²ï(��å©(
�. �©éØÓ.¡a.��á±Ïgá [001]

InAs(4 ML)/GaSb(4 ML)(InSb Ú GaAs..¡�O
Ñy), InAs(4 ML)/InSb(1 ML)/GaSb(3 ML) (InSb.
.¡), GaSb(3 ML)/GaAs(1 ML)/InAs(4 ML) (GaAs

..¡) �¬��ACÚµþ.¡(�?1
O
�. 3�.¡µþ� InAs/GaSb �¬�¬N(�
�O�¥, ^�5AC�{, d InAs Ú GaSb N
á���5~êÚ�A�¬�ëê5O��¬

��î� (�²¡��) ¬�~ê [25], ¿�±�
|¤� (InAs Ú GaSb �) Ú.¡� (InSb ½ GaAs

�) �p� ()�¶��) ºÝ��ANá�ºÝ
���. 3dÄ:�þ, ^1��n�{�Uþ
�¼��zé.¡?o�ü�f� Ga-Sb-In-As

½ In-As-Ga-Sb (��ð ¶¬�±Ï) �¬�~
êÚ�f �?1`z, ¦�.¡�fu)µþ,

¿�±|¤�SÜ�f�¬�~êÚ�é �Ø
C, l¼�.¡µþ� InAs/GaSb �¬�(�.

duo��¬��é¡5'n��¬��$ [26],

ÏdI����O�þ5(½.¡�fu)µþ
�²ï(�ëê.

3 [001] InAs/GaSb �¬�¥, duAC, ð 
¶�á�(�C¤
aqð ¶�o�(�, �
ù�o�¬��¬�~ê� ax, ay Ú az (eI z

L«�¬�)�¶��, x Ú y L«�²¡��
þ). [001] InAs/GaSb �¬��:+� C2v (Xã 1

¤«), `²�¬�)�¶����²¡���¬�
~ê¬k¤ØÓ.

ã 2 �Ñ
¤O��n«�¬��ü� (��)

�fü�«¿ã, ¤w«�o�(�����¬�
���ü�, éA���¬�~ê©O� ax, ay (�
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²¡S) Ú Az ()�¶��, �� 4az). ��5¿�
´, 3�AÏ.¡ InAs/GaSb �¬�¥\\ 1 ML

AÏ.¡� (InSb ½ GaAs), �
Bu'�, ¦,�
|¤� (ùp� GaSb) ~� 1 ML, �¬�é¡5
d C2v (Pmm2) =C� D2d(P4m2) :+.

ã 1 [001] InAs/GaSb �¬��ü«.¡(� (a) InSb

..¡; (b) GaAs..¡

�
°(O�µþo�f.¡�²ï¬�~
êÚ�f �, 7LÓ�éoUþÚAå?1O�,

¦.¡U (±`zc�Uþ":�oUþ) ÚAå
��z. �©�����µþ.¡²ï(��, X
ÚoUþ��f £�Cz, =�^u�fþ�
å�u 0.002 Ha/Å, ¿�XÚAå�u 0.05 GPa.

� � f É å Ú X Ú A å UY~��, o U þ Ú
.¡(�ëêÄ�Ø2u)Cz. �.¡µþ
Ú . ¡ µ þ g á [001] InAs(4 ML)/GaSb(4 ML),

InAs(4 ML)/InSb (1 ML)/GaSb (3 ML) Ú GaSb

(3 ML)/GaAs(1 ML)/InAs (4 ML) �¬����º
�!.¡(�ëê!oUþÚ>fU��YO�
(J�uL 2. ��5¿�´, du¤ïÄ��¬�
NX��á±Ïgá.�¬�, |¤�S�.¡�
f (�k 2—3 ML) �.¡�féX;�, �¬�¬
�X.¡�f�Cz�)�NCz, Ïd3.¡�

fu)µþ±�, ù
�¬�¿Ø�ACu�.½
��±Ï��¬�@�3.¡?�)¬��� 
�, ´�X.¡�f�µþ�)¬�~ê�C
z. XL 2 ¤«, .¡µþ�¬����¬�~ê
�.¡¬�~ê3�²¡ (ax, ay) S��, .¡�
f�|¤�SÜ�fvk¬���.

ã 2 ¤ O � � g á [001] InAs/GaSb � ¬ � � �
� � f ü � « ¿ ã (a) InAs(4 ML)/GaSb (4 ML) �
¬ �; (b) InAs(4 ML)/InSb(1 ML)/GaSb(3 ML) � ¬ �;

(c) GaSb(3 ML)/GaAs(1 ML)/InAs(4 ML) �¬�

L 2 �O�(JL², 3.¡�fu)µþ�,

n«�¬����Ú.¡¬�~êþk¤O\, ù
´Ï�.¡�fµþ±��¬�NXS�ACu
)UC¦��¬��¬�~ê���Cz. �'�
ó, n«�¬����¬�~êu)Cz���
�C, éu.¡¬�~ê az (�²¡S ax ½ ay

����Ó) AÏ.¡�¬�'�AÏ.¡�¬�
Cz��, ¿� GaAs .¡' InSb .¡�Cz��
²w. InSb .¡?� Ga-Sb ü�f�må�.¡µ
þ�c²w~�,  In-Sb måKÑkO\. In-Sb

ü�f�må�� ('.¡ü�f�må²þ�
� 15%), �,µþ±�Czé�, �´du InSb .
¡þ Sb �fµþ��� Ga-Sb ü�f�måC
z%��²w, ´��.¡µþ�Ì�Ï�. ù�
(J`² Sb �f3�ï²ï.¡(��å�
�
�5��^, �±ý�, Sb zÆ�Úlf5, cÙ
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´ InSb .¡�/¤7ò¬é InAs/GaSb �¬��
ÔnA5�)�'��K�. d	, GaAs .¡?
� In-As ü�f�må�.¡µþ�c²w~�,

 Ga-As må�´Ñk~�; ¦+ Ga-As ü�f�
må�� ('.¡ü�f�må²þ�� 13%), ¿
� GaAs .¡þ As �fµþ�� In-As ü�f�
må²wCz, �´.¡µþ¿vkUC.¡ Sb

�f��é � (©ê�I), =¿vkUC Sb �

f�Ù¦.¡�f��éÛ�¤�G�, �´UC

���¬�ACG�. duO�(J®²L²

.¡ Sb �f���^, Ïd�±ýÿ, GaAs .
¡�/¤�,é�¬�(�ÚA5k�½K�, �
´ù«K�w,�u InSb .¡. ,	, lL 2 ¥�
oUþ3.¡µþ±��ü$§Ý (0.527 eV (InSb

.¡) > 0.450 eV (GaAs .¡)) ��±wÑù�:.

L 2 �.¡µþÚ.¡µþ�gá [001]InAs(4 ML)/GaSb(4 ML), InAs(4 ML)/InSb(1 ML)/GaSb(3 ML) Ú GaSb(3 ML)/GaAs

(1 ML)/ InAs(4 ML) �¬����º�!.¡o�¬�~ê9�f �!oUþ Et Ú>fU��Y Eg, �f ��£ã±�
A�¬�~ê�ü , æ^�é�I (©ê�I)

.¡AC/.¡µþ �AÏ.¡ InSb..¡ GaAs..¡

�� (ax, ay , Az)/Å (4.298,4.298,24.295)/(4.404,4.399,24.966) (4.325,4.325,24.541)/(4.439,4.439,25.258) (4.248,4.248,24.156)/(4.359,4.359,24.790)

.¡¬�~ê (ax, ay , az)/Å (4.298,4.298,5.879)/(4.404,4.399,6.205) — (4.248,4.248,5.948)/(4.359,4.359,6.160)

In(x, y, z) (0.5,0.5,0)/(0.5,0.5,0) — (0,0.5,0)/(0,0.5,0)

As(x, y, z) (0.5,0,0.2567)/ (0.5,0,0.2594) — (0,0, 0.2570)/(0,0,0.2601)

 Ga(x, y, z) (0,0,0.4803)/(0,0,0.4838) — (0.5,0, 0.4808)/(0.5,0,0.4829)

Sb(x, y, z) (0,0.5,0.7402)/(0,0.5,0.7417) — (0.5,0.5,0.7404)/(0.5,0.5,0.7403)

.¡¬�~ê (ax,ay ,az)/Å (4.298, 4.298, 6.274)/ (4.404, 4.399, 6.280) (4.325, 4.325, 6.234)/(4.439, 4.439, 6.354) —

Ga (x, y, z) (0.5,0.5,0)/(0.5,0.5,0) (0,0,0)/(0,0,0) —

Sb (x, y, z) (0.5,0,0.2435)/(0.5,0,0.2405) (0.5,0,0.2437)/(0.5,0,0.2405) —

In (x, y, z) (0,0,0.5189)/(0,0,0.5176) (0.5,0.5,0.5192)/(0.5,0.5,0.5167) —

As (x, y, z) (0,0.5,0.7594)/(0,0.5,0.7564) (0,0.5,0.7596)/(0,0.5,0.7554) —

E+t/eV −15749.874/ −15750.338 −15257.549/ −15258.076 −15771.228/ −15771.688

Eg /eV 0.5946/0.5705 0.5621/0.5183 0.6215/0.6105

3.3 UUU���(((���

3¤k��¬�>fU��YO�¥, �©¿
vkæ^�\°[ÚE,�nØ�{5�� GGA

U��Y�O�Ø�, ´æ^
�²�� “scis-

sor” �� [27]. b½�¬�U��Y� GGA O�
Ø���A|¤Ná��O�Ø��C, �âL 1

¥�'��NNá�U��Y� GGA O�Ø�,

ò “scissor”����� 0.5 eV.

� © O � 
 A C . ¡ Ú µ þ . ¡ � g
á [001] InAs(4 ML)/InSb (1 ML)/ GaSb(3 ML),

InAs(4 ML)/GaSb (4 ML) Ú GaSb(3 ML)/GaAs

(1 ML)/InAs(4 ML) �¬��>fU�(�, O�
(JXã 3 ¤«, ã¥�Ñ
>f���Uþ3�
¬�)�¶ ( az ½ Az) Ú�²¡ (ax ½ ay) ��
þ�Å¥ k �ÚÑ'X. n«�¬�3.¡µþc
�ÑLyÑ��U��Y, >fU��Y Eg �ä
NO���L 2. O�(JL², 3.¡�fu)
µþ±�, InSb .¡�¬�� Eg l 0.5621 eV ~

�� 0.5183 eV (Xã 3(a) ¤«), y¢
.¡µþ
éU�(���K�. ù´Ï� InSb .¡�¬
��.¡ Sb �f3µþL§¥ �Cz�� (�
L 2 ¥.¡(��O�(J) ¦� In-Sb �k�.
�, l���¬���Y°Ý²w~�. O�
(J�`², éu�¬�¬N(�, cÙ´é InSb

..¡� InAs/GaSb �¬�XÚ, ^�5AC�
{O�Ã{�Ñ²ï.¡�[�(�, ±d�Ä
:O��>fA5�kj°O. '�ã 3 ¥�ã
uy, InAs/GaSb �¬�¥� InSb .¡�õ, .¡
µþé>fU��Y�)��^�²w, =.¡
µþ� Eg Cz���^S� InSb ..¡�¬
�!InSb Ú GaAs ..¡�O�¬�Ú GaAs .
.¡�¬�. ,	, InSb ..¡�¬�U��Y
�²w��u GaAs..¡�¬�U��Y, InSb

Ú GaAs ..¡�O�¬��U��Y3cü
ö�m.

AÏ.¡ (InSb ½ GaAs .¡) �Ú\¦�¬
���Úd�3�²¡���ÚÑ©O~�ÚO
�, ¿���3�²¡���Ùp�«>. X :
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�U�©�wÍ~�, ��3�²¡���ÚÑ
�$�Ñy
4�:. Ï�ü«ØÓ.¡�Ú\Ñ
��
aq�Cz, ¤±�±íäù«wÍCz�
Ú\AÏ.¡±��¬�é¡5u)UCkX�
��éX. éu¤kØÓ.¡a.��¬�, .¡
µþ±�, d�ºü�d�3Ùp�«¥%?�©
�O�, �3)�¶���Ùp�«>. Z :?~
�, A�u){¿; Ó���.�1�Ú1�f�
3�¬�)�¶��þ�ÚÑ (©O�þÚ�e)

©O²w~�ÚO\, �3Ùp�«>. Z :?E
,{¿, �´�\�l
ºÜ��. 3.¡µþ�
c, InSb..¡�¬�d�º (Ùp�«¥%) �U
�©���²w, `²AC� InSb .¡U3�½

§ÝþJpd�º�U�©�. w,, .¡ Sb �f
A5 (In-Sb zÆ�Úlf5) é�¬��>d�(
��å�
���^. .¡a.Ú.¡µþé�
¬���Úd����>[!A�Ã��K�, `
²��>��Úd�Ì�5u�¬�|¤�S
Ü�f.

��`²�´, 1��nO��U�(�´é
õ^>fUþ�Å¥þÚÑ��, ���d�.
Ü�ÃõU� (Xã 3 ¤«, �e�kNõ$U?
U�, 3ã¥¿vkxÑ) Ù¢¿vký¢�Ôn
¿Â, Ïdã 3(a2) Ú (b2) �'ã 3(a1) Ú (b1) õ
Ñ�A�d�.ÜU��´�ã�õxÑ�A^
�, ¿Ã¢S¿Â.

ã 3 A C . ¡ Ú µ þ . ¡ g á [001] � ¬ � � > f U � ( �, ± Ù p � « ¥%? � d � º
� � U þ " : (a1), (a2) InAs(4 ML)/InSb(1 ML)/GaSb(3 ML); (b1), (b2) InAs(4 ML)/GaSb(4 ML); (c1), (c2)

GaSb(3 ML)/GaAs(1 ML)/InAs(4 ML); (a1)—(c1) AC.¡; (a2)—(c2) µþ.¡
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ã 4 HF-LDA � { O � � . ¡ µ þ g á [001]

InAs(4 ML)/InSb(1 ML)/GaSb(3 ML) �¬�>fU�(
�, ±Ùp�«¥%?�d�º��Uþ":

�
y¢>fU��Y�O�(J, �©^,
�@�³Ú>f��¼êÐm�{é.¡µþ�
gá [001] InAs(4 ML)/InSb(1 ML)/GaSb(3 ML) �
¬��>fU�(�?1
O�. |^Û��Ý
Cq (LDA) Ú�éØ�f Hartree-Fock (HF) �¼
� CA-PZ �Y [28], ¦^O�á�Æ^� Material

Studio 4.3 ¥� CASTEP �¬ [29] ?1O�, gU>
fÉ��Û� HF ��³Ú LDA �� - �'³�
^. d>fÚlf¢��p�^d�Åð (norm-

conserving) �³5£ã. >f��Å¼êd²¡
ÅÐm, ¿�²¡Å���Uþ�� 800 eV. �
¬�Ùp�«þ� k :��E,3 Monkhorst-

Pack 6 × 6 × 2 �:þ?1; SCF N=ÝE,�
� 1.0 × 10−6 eV/atom. ã 4 � HF-LDA �¼O�
�>fU�(�, �Ñ
>f���Uþ3�¬
�)�¶Ú�²¡��þ�Å¥ k �ÚÑ'X.

�ã 3(b) ?1'���, HF-LDA O�� Eg ��
�ué GGA O��?1�� 0.45 eV � “scissor”

��, `² HF-LDA �{�±·�/�� GGA $
��U��Y. TnØ�{�Ôn¹ÂÚ�[?
Ø�ë�©z [30, 31]. ã 4 �>fU�¥, d�
º�A^fU�Ç²wØÓ, òÙ©OL«�
�Ç HH1, HH2, HH3 (�pd�Ç��) Ú
��Ç LH1, ¿��é ��ã 3 �(J�Ó.

¦+ Satpati � [32] �¿§1áÂÌÿÁ¢�L
² InAs(10 ML)/InSb(1 ML)/GaSb(10 ML) �¬�d
�º�A�fU�^S� HH1, LH1 Ú HH2, �
´du�©ïÄ��¬�|¤�þÝ (3 ML) ²
w�u¦�ïÄ��¬�|¤�þÝ (10 ML), ¤
±�±ýO�X InAs Ú GaSb �þÝ�~�, LH1

Ú HH2, HH3 ��é �¬u)Cz (k��þ�
�� LH1 eü�¯) ¿�ªeü��é�$�U?
 �. Ïd, `² GGA Ú HF-LDA �{'�°(.

3.4 111áááÂÂÂÌÌÌ

^ 1 � � n � � { O � 
 A C . ¡ Ú
µ þ . ¡ g á [001] InAs(4 ML)/GaSb(4 ML),

InAs(4 ML)/InSb(1 ML)/GaSb(3 ML), GaSb (3 ML)/

GaAs (1 ML)/InAs (4 ML) �¬��1áÂÌ, ¿b
½\�1� ����o�¬�� x ½ y �� (3
R�u�²¡��\�), O�(JXã 5 ¤«. O
�¥E,æ^ 0.5 eV � “scissor”��5U? GGA

O��U��Y (1áÂÌ���Å�).

ÏLéã 5 ¥ØÓ�¬�1áÂÌ�*	�
'�uy, ¤k�¬��1áÂÌ3�Å ($1f
Uþ) �ýÑLyÑ²w�Í�áÂ�, ¿�3U
þ�uáÂ���°Åã��S¥yõ�fáÂ
¸, ©OéAu���¬�f�; InSb..¡�¬
��1áÂ��Å��� (1fªÇ½Uþ�$),

�AÏ.¡�¬�Ùg, GaAs ..¡�¬��1
áÂ��Å���; .¡�fµþ�, InSb .¡�
¬��1áÂÌ�u)²wù£ (¿�X�Y°Ý
~�), Ù¦ü��¬��1áÂÌÄ�þ�u
)Cz, ?�Úy¢
U�(��O�(J; .¡
�fµþ¿vkUCùn«.¡�¬�1áÂÌ
��/GA�, `²Ì���NA��ûu�¬�
�|¤�SÜ��f. ±þ�O�(J�.¡(�
ÚU�(��O�(J��, Ó�`²�¬�.¡
� Sb �fzÆ�9Ù.¡µþé1ÆA5k�
K�.

4 ( Ø

|^1��n�>f�éØ��{O�
�
á±Ïgá [001] InAs/GaSb �¬��.¡(�!
U�(�Ú1áÂA5, X�	
.¡a.Ú.
¡µþéù
A5�K�, ¿^�éØ HF-LDA

O � y ¢ 
 [001] InAs(4 ML)/InSb (1 ML)/GaSb

(3 ML) �¬�U�(��O�(J. �¬� InSb

.¡� In—Sb zÆ��Ù¦ III—V x�fzÆ�
k²w«O, ´.¡µþ�Ì�Ï�, Ù¦ III—

V zÆ�rÝ�C, 3.¡µþL§� In—Sb �Ó

117301-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 117301

�^�� Sb �f��� £. é.¡µþ�©Û
L², ^�5AC�{O��¬�¬N(�, cÙ
´é InSb..¡� InAs/GaSb �¬�, Ã{°O�
Ñ²ï.¡�[�(�, ±�J±�N±d�Ä:
�>fÚ1ÆA5. InSb..¡9.¡µþ�wÍ

UC>fU��Y!U��>A�Ú1áÂÌ�
��Å�. o�, .¡? Sb �f�5� (In—Sb z
Æ�Úlf5) é InAs/GaSb �¬��.¡(�!
U�(�Ú1áÂA5åX�'���^.

ã 5 ACÚµþü«.¡G��gá [001] �¬��1áÂÌ, \�1÷�¬�o�¬�� x/y �� �, =R��²¡
\�, pdö�°Ý� 0.05 eV (a1), (a2) InAs(4 ML)/GaSb(4 ML); (b1), (b2) InAs(4 ML)/InSb(1 ML)/GaSb(3 ML); (c1), (c2)

GaSb(3 ML)/GaAs(1 ML)/InAs(4 ML); (a1)—(c1) AC.¡; (a2)—(c2) µþ.¡
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First-principles study of interface relaxation effects
on interface structure, band structure and optical
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Abstract

The first-principles all electron relativistic calculations within the general gradient approximation are performed to investigate

the interface structure, the electronic and the optical absorption properties of quaternary InAs/GaSb superlattices with InSb or GaAs

type of interface. Because of the complexity and low symmetry of the quaternary interfaces, the equilibrium structural parameters

of relaxed interfaces are determined by the minimization of total electronic energy and strain in InAs/GaSb superlattices. The band

structures and the optical absorption spectra of InAs/GaSb superlattices with special InSb or GaAs and normal (two types are alternate)

interfaces are calculated, with the consideration of the superlattice interface atomic relaxation effects. The calculation of relativistic

Hartree-Fock functional and local density approximation with the plane wave method is also implemented to demonstrate the calculated

band structure results. The calculated band structures of InAs/GaSb superlattices with different types of interfaces are systematically

compared. We find that the chemical bonding and ionicity of interfacial Sb atoms are essentially important in determining the interface

structures, the band structures and the optical properties of InAs/GaSb superlattices.

Keywords: first-principles, InAs/GaSb superlattice, general gradient approximation, band structure
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