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æ^Äu1�5�n��5M\²¡Å�{, O�
�¬� ZnO � In �1Æ5�. O�(JL², �\ In �
�� Fermi U??\��, 0>¼ê!áÂXê!ò�Ç!��ÇÑ3 Fermi ¡NC�)#��[¸. �X�,�
ê�Oõ, �[¸u)ù£, ��,ü� In ��[¸¸���, Ó�áÂXê�áÂ>��,�ê�Oõ
Åì~
�. � In �, ZnO �¬��', ZnO �¬�3��1��SäkpßLÇ�A:.
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1 Ú ó

ZnO ´�«���Y�°B���Ná�, ä
k8�n ¶(�, ¿§eB�°Ý� 3.37 eV, -
f(ÜU� 60 meV[1]. §äk`É�1>5U, 3
b	&ÿì!u1�4+!-1ì!L¡(Åì
�!��U>³�+���2�A^ [2]. Cc5,

<�uyÏL�,�±UC ZnO á��5�, du
0 A x	�k 3 �>f, �, ZnO �/¤�ÌU
?, Ï
�N´UC ZnO á��5U. HjX� [3]

ïÄ ZnO �,1nÌx��éÙ>f(��K�,

uyÏL0 A x����,, ZnO á���YC
°, ��1�ÏLUåÚ�>UåCr, ¦� ZnO

¤�ß1�>��Ü·á�. 'w� [4] ^1�5
�nïÄ
0 A x�� Al � Ni �� ZnO á�,

Al-ZnO �� Ni-ZnO 3��1���áÂXêÚ
��ÇÑ'�$, `²3��1«�äk�p�ß
LÇ. 4�~� [5] KÏLUC In ����,ßÝ
5ïÄ ZnO �5�, uy�,� ZnO �YCÄ!
��Úd�Ñk¤eü. g 1970 c�¬��nØ
�JÑ�, �¬���N��´<�'5�9:,

?Û�«��Ná���éÐ/���,��Ñ

�±�¤�¬�. éu�,�¬�5`, duÙõ
�(����5�~Ð, �,þ���'��, Ï

�,Úå�¬�ÆC���, ¦��¬�á�ä
k�Ð�5U. ¢�þé ZnO �¬�®kNõ�
�, Fujita � [6] ÏLUC ZnO �¬��þÝ5ïÄ
éÙU��K�, 3¢�þ�Ñ
�¬� ZnO �¢
y�{. Ohtomo � [7] ïÄ
� Mg é�¬� ZnO

1Æ5���^, uy ZnO �1�u1¸Ú1Æá
Â>Ñu)7£, w«Ñþfº��A. �, In �
��±é�¬� ZnO �U�!��Ý±91Æ5
��)k¿Â�K� [8,9], 
nØïÄ�¬� ZnO

���Øõ. Ï
�©± In ���,�f, é ZnO

�¬�Ä�5�, AO´1Æ5�?1
ïÄ, �
¢�Ú¢SA^�e�½�nØÄ:.

2 �.��ïÚO��{

ZnO ´8�n ¶(�, ¬�~ê¢���:

a = b = 0.325 nm, c = 0.521 nm, α = β = 90◦,

γ = 120◦, Ù¥ c/a � 1.60[10], é¡5� C6V-4, á
u P63mc �m+. ©¥�O��.� 2×2×3 (
�, =3 a, b Ä¥��þ*Ð��ü , 3 c Ä¥�
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�þ*Ðü�ü , ©O�\��!ü�Ún� In

�f5¢yé ZnO �¬���,. Xã 1 ¤«, Ù
¥çÚ�¥� Zn �f, �Ú�¥� O �f, �Ú�
¥� In�f.

ã 1 �,� ZnO �¬��. (a) �,��; (b) �,ü�; (c) �,n�

�©Äu�Ý�¼nØ�1�5�n, æ^
2ÂFÝCq (GGA) e��5M\²¡Å (FP-

LAPW) �{, ¤k�O�ó�Ñ´d Wien2K ^
� � ¤ �. S � L § ¥ � ^ 3 z � � f þ �
å Ø � u 0.02 eV. Brillouin « � È © O � æ ^

 4×4×1 Monkors-Park AÏ K :é� Brillouin

¦Ú [11].

3 O�(JÚ©Û

3.1 UUU���(((���

ã 2 ����Ú�,ü���U�(�ã,

�±wÑ ZnO �Y�Ä�/�Ñy3 G :, Ï

 ZnO ����Y��N. 3 G :?, d����
�m�Y°Ý� 0.752 eV , �¢�� 3.37 eV �'
²w �. ��@���O�(J ���ÏÌ�

´ GGA(½ LDA) Cqe��Ý�¼nØ (DFT) é
>f�>f�m���'é�^?nØvÚå�.

�����U�ã�'��±w��¬��,�
� Fermi U??\��, ��þ�>f�²wOõ,

Ì�´d In-5s �Ú O-2p �,z
¤ [12]. Fermi ¡
NC�>f�d�\� In �fJø, ùl�¡��
�Ýã¥�U���Ó�(J.

3.2 >>>fff������ÝÝÝ

ã 3 �Ñ
 In �f�,��!ü�Ún��
n«�¹e� ZnO �¬�o��Ý (DOS) ã. l
ã¥·��±wÑ, �X�,�ê�Oõ, Fermi U
?�pU��u)£Ä, 3 Fermi U?þ�>f©
Ù5g In ��� 5p �, �,��!ü�Ún��
��Y©O� 0.5 eV, 0.3 eV Ú 0.6 eV.
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�
�Ð/)ºO�(J, ·��Ñ
�,ü
�Ún��©��Ýã, Xã 4 ¤«. lã 4 ¥·
��±wÑ, �,ü����«��>f�Ì�´
d In �fÚ Zn �f,z
¤, 3 −5.0—−2.7 eV

«��>f�Ì�´d O ��� 2p �Ú Zn ��
� 3d �,z
¤�. �,n��, ��«��>f
�K´d O ��� 2s �Ú In ��� 5s ��z�,

¿�üö�3�pÍÜ�^ [13]. 3 −5.0—−2.7 eV

��S, �,ü����Ý¸²wõu�,n�,

ù´du O ��� 2s �� Zn ��� 4s ���p
�^��r�. lã¥�±wÑ3 1.0—2.5 eV «
�, �,ü�� Zn ��� 4s �Ú In ��� 5s �
éo��Ý��z��u�,n����¹. Ó�,

�X��ê�Oõ,  u$U?«���f���
Ý¸�$Uþ��u)£Ä, ¿�3pU?«� Zn

��� d �rÝCf, ù´Ï� In �f�>K5�
�u Zn �f, � O �f�N´/¤lf� [14]. �
,ü��, Zn �féo��Ý��z�õ, ù�©

Ù�¡©Û��,ü��1Æ5��²wCz�
éA.

ã 3 �, ZnO �¬��o��Ýã (a) �,��; (b) �,
ü�; (c) �,n�

ã 4 �,ü� (a), n� (b)In �f ZnO �¬��©��Ýã

3.3 111ÆÆÆ555���

3.3.1 0>¼ê

0>¼êU
�N�NU�(�Ú1ÆãÌ
�m�&E, �UL�á��ÔnA5, Ïd§'
÷*�1Æ~ê�äk`�5. 0>¼ê�L�
ª [15]:

ε(ω) = ε1(ω) + iε2(ω), (1)

Ù¥ ε2(ω) �JÜ, ε1(ω) �¢Ü,JÜdÓâ�Ú

�Óâ�Å¼ê�ÄþÝ
�¦� [13]:

ε2(ω) =
4π2

m2ω2

∑
V,C

∫
BZ

d3k
2
2π

|e · Mcv(K)|2

×δ[EC(k) − EV(k) − ~ω], (2)

Ù¥, ~ = h/2π, m �gd>f�þ, e �gd>f
>þ, ω �\�1fªÇ, C �L��, V �Ld�,

BZ L«1� Brillouin «, K ´��¥, |e·Mcv(K)|2

�Äþ�[Ý
�, EC(k) ���þ���U?,

EV(k) �d�þ���U?.
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ã 5 �Ñ
��Ú�,�¹e�0>¼ê
Ì. lã 5 ¥·��±wÑ����¹e0>¼
êÌ¥3 xx ��kn�'�²w�Ì¸, ©O
3 10.1 eV, 15.0 eV Ú 19.3 eV ?. n�Ì¸�5

©O� O 2p � Zn 4s ;�m�>f�[, Zn 3d

� O 2p ;�m>f�[Ú Zn 3d � O 2s ;�m�
>f�[ [4], ù� Zhang � [16] �O�(J´��
�. ã 5 ¥�S�ãL«�´ 0—3.0 eV «��Û
Ü��ã, l�ã¥�±wÑ��\ In ���3$
Uþ��SÑy
���¸, ù´du In � 5s >
f�Ü© u Fermi ¡NC. �X�,�ê�Oõ,

?u$U?«����¸u)²w�ù£, �,ü
��T0>¸¸���, L²d� In 5s ;��m
��[�õ. pU?NC�¸�3�,�C�²�,

�Nª³vk��Cz.

ã 5 ZnO á��0>¼êÌ (a) ���; (b) �,��;

(c) �,ü�; (d) �,n�

3.3.2 áÂXê
áÂXê�±d0>¼ê�¢Ü ε1(ω) ÚJ

Ü ε2(ω) L« [11]

I(ω) =
√

2ω
[√

ε2
1(ω) − ε2

2(ω) − ε1(ω)
]1/2

. (3)

ã 6 L« ZnO �¬�ØÓ�,�¹e�áÂ
Ì. lã¥�±wÑX ZnO �áÂ>� 0.96 eV, é
A>fl���B�k�õ��[. 
¢�þÿþ
�áÂ>� 380 nm (�� 3.3 eV[17]), ù�±)º�
æ^ DFT nØ¥UY ��y�. ã 6 ¥�S�ã
� 0—2.3 eV ���ÛÜ��ã, lS�ã·��
±wÑ�����,���¹�', �,��áÂ

>u)ù£, ©O� 0.42eV, 0.1 eV Ú 0.04 eV. áÂ
ÌÌ¸�ê~�, Ì�´Ï�du In ����\,

¦� Zn 3d � O 2p ü;��m��[C�. � In

�, ZnO �¬��' [17], ZnO �¬��,�áÂ
Xê3pUþ«���, L²á�3��1��S
äk�p�ßLÇ [18]. ù´Ï� ZnO ��¬�´
�O�,�(�, ��¬�(��', Ï>l,�
¥%
Úå� Coulomb Ñ��^²w~�, >f[
£Ç�~p.

ã 6 ZnO �áÂXêÌ (a) ���; (b) �,��; (c) �,
��; (d) �,n�

3.3.3 ò�ÇÚ��Ç
ÏL (1), (2) ª·��±�Ñò�ÇÚ��Ç

�úª:

n(ω) =

√
|ε(ω)| + |ε1(ω)|

2
, (4)

R =
(n − 1)2 + k2

(n + 1)2 + k2
. (5)

ã 7 �Ñ
���Ú�,��ò�Ç!��
ÇCz­�. lã 7 ¥·��±wÑ, �,��C
z­������', ò�ÇÚ��Ç­�Ñ3$
U?«�Ñy����¸�, ¿�d¸�Ñ´�X
�,�ê�Oõ
u)ù£. � In �, ZnO �¬
��' [17], 3��1��S ZnO �¬����Ç
é$, L²Ù3��1���pßLÇ�5�. Ù
ò�ÇÚ��Ç3$U??�¸�´d In 5s ;�
>f�m��[E¤� [18], �,ü��T¸¸�
��, ´dué¡�A�� In 5s >f�m��[
��¹� [19].

057101-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 057101

折
射
率

反
射
率

/eV /eV

0 5 10 15 20 25
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25

1

2

3

 a
 b
 c
 d

 a
 b
 c
 d

ã 7 ZnO �ò�Ç!��ÇCz­� �ã�ò�Ç, mã���Ç; (a) ���; (b) �,��; (c) �,ü�; (d) �,n�

4 ( Ø

� © Ï L � Ý � ¼ n Ø ¥ � Û � � Ý C
q (LDA) Ú2ÂFÝCq (GGA), A^ Wien2K

^�ÏLUC�\ In ����ê,ïÄ�,� ZnO

�¬��>f(�Ú1Æ5�, �)1Æ0>¼ê
JÜÌ±91ÆáÂÌ!ò�Ç!��Ç. O�(
Juy In �, ZnO �¬��, Fermi U??\�
�. 0>¼êJÜÌ±91ÆáÂÌ!ò�Ç!�

�ÇÑdu�\ In ��� 5s >f�m��[3$
U?«�/¤#��[¸, ¿�X�,�ê�Oõ

u)ù£. � In �, ZnO �¬�(��', ZnO

�¬�3�\ In �f�, á�3pU?«��á
ÂXêÚ��Ç²w~�, ��1��S�ßL
ÇC�. á�3�,ü��, dué¡5�A¦�
3$U?«��)�#�[¸�¸���. áÂÌ
�áÂ>�X�,�ê�OõÅì~�, ��1Æ
Ì (áÂXê!ò�Ç!��Ç) �Cz�¹�0
>¼ê�éA.
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Study of the optical properties of superlattices ZnO
doped with indium∗
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Abstract

According to the full-potential linearized augmented plane wave method, we calculate the optical properties of In-doped su-

perlattices ZnO. The results reveal that the Fermi energy level enters into the conduction band after doping In. Dielectric function,

absorption, refractive index, reflectivity are found to each have a new transition peak near the Fermi energy level. With the increase of

the concentration, this transition peak shifts toward the low energy and the spectrum of the peak is the biggest for the two-layer doping

case. The optical absorption edge decreases with the increase of doping concentration. Compared with In-doped ZnO supercell, ZnO

superlattice has a high transmissivity in the visible light range.
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