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1 Ú ó

ZnO ´°�Y (�Y°Ý� 3.37 eV) ���N
á� [1], �Ù¦1>fá��', äk$0>~þ,
�1>ÍÜÇ, p�zÆ½5, `û�Ø>, 1>
A5±9ép�-f(ÜU (60 meV), Ïd31>
+�äk2��A^cµ.

î8, Wiff � [2] ïÄ
 ZnO 9>�Aé¬N
(��K�; ��_� [3] ïÄ
 Al �, ZnO ®
N�1�5�nO�9�Å0>5�; Lu � [4] ¢
�ïÄ
 Al �,é ZnO ��B�°ÝN��K
�; Kumar � [5] ¢�ïÄ
 Al �,é ZnO ��
�u15U�K�; Lee � [6] ¢�ïÄ
 Al �,
é ZnO ���(�Ú1>5U�K�; Shan � [7]

¢�ïÄ
��,Ú Al �,é ZnO 1Æ5��
K�; Ü7¿� [8] ^1�5�nïÄ
 Al Ú N �
� p. ZnO �>f(�ÚD�A5; û��� [9]

^1�5�nïÄ
p�� Al Ú N ßÝé ZnO
�>5U�K�. ¦+�, Al é ZnO 1>5U�

K�3IS	k�½ïÄ?Ð, ¼�
�½�¤J,
�´(�� Al p�,é ZnO B�N�ÚáÂ1
Ì�@£E�3X©Ü. ©z [10,11] �Ñ: �, Al
�fßÝ�p, ZnO �Y�°, áÂ1Ì7£�r.
T(J�©z [12,13] �¢�(J��. �©^1
�5�nïÄ
p�, Al �fßÝé ZnO 1Æ5
��K�, du¬Nk±Ï5, ^1�5�nïÄ
�p�,ßÝ�¢�¥p�,ßÝTÐ�ÓéJ
¢y. Ïd, �©À�
�©z [10—13] �~�C
�p�, Al �fßÝ�� (�,�þ©ê�u 2
wt%,�u 3 wt%).

2 �ï�.

2.1 nnnØØØ���...

O � ¤ ^ � n � �.´ ZnO 8 � n ¶
(�, áu P63mc �m+, é¡5� C6v-4. O
� © O æ ^ X ZnO (1 × 1 × 1) ü � �., �
� Al �fO��� Zn �f� Zn0.9375Al0.0625O
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(2× 2× 2) ���.Ú�� Al �fO��� Zn �
f� Zn0.9167Al0.0833O (3 × 2 × 1) ���.. �©
én ¶(�Ü7?1
>f(�ÚáÂ1Ì�
1�5�nïÄ. Ï�ï�´O� �,, ¤±é
n ¶(�vk�C�K�.

2.2 OOO������{{{

�©æ^�Ý�¼nØ (density functional the-
ory, DFT) µee�2ÂFÝCq (generalized gra-
dient approximation, GGA) ²¡Å�³�{ [14], ^
�Û����' (RPBE) �¼£ã. ¤À�³�
�^�³ (ultrasoft pseudopotentials, USP). ^u�
ï�³�>f|�©O� Zn 3d104s2, Al 3s23p1,
O 2s22p4. O�3Ø�½?Ûëêe�AÛ`z,
¿�rUþ!gU|ÚU��Âñ°Ý���z
�f 1.0 × 10−5 eV; �^3z��fþ�åØ�
u 0.3 eV/nm, SAåØ�u 0.05 GPa, ú� £
� 0.0001 nm; �,þ� x = 0, 0.0625 Ú 0.0833
� Zn1−xAlxO � � �.. � 
 � © z [10—13]
�¢�(J�'�, �ÑéA��f©ê©O
� 0 at%, 3.125 at%Ú 4.166 at%; éA��þ©ê
©O� 0 wt%, 2.146 wt%Ú 2.702 wt%. éA�Ù
p�« k :�À�©O� 9 × 9 × 5, 4 × 4 × 2
Ú 3 × 4 × 5. O����g^4z?n, Uþ�ä

�»�� 340 eV. Äké�« ZnO �.?1AÛ`
z, 3dÄ:þé��Ý!U�ÚáÂ1Ì?1O
�.

3 (JÚ?Ø

3.1 ¬¬¬NNN(((���ÚÚÚ½½½555©©©ÛÛÛ

AÛ(�`z�òÜ�¬�ëêÚoUþ�
L 1. lL 1 ¥wÑ, Al3+ ��\é ZnO ¬�NÈ
�K�Ø´é�. du Al lf�» 0.053 nm ' Zn
lf�» 0.074 nm��õ, �lf�»�� Al �
�lf�»�� Zn �, �âþfzÆnØ��, �
X Al ��\, ZnO ¬NNÈAT~�. �´, du
O �,, �� Al3+ O��� Zn2+ �Aõ{��
�>Ö, ¦Ù�>Ö�m�p¥Õü½�^O�,
ÚåXÚNÈ�O� [15]. ¤±3þ¡ü«Ï�K
�e, �,c�NÈCzØ´é�. ¿���,ß
ÝO\, XÚUþ?�Ú,p, ½5�Ñ�eü.

Ùg, é��, ZnO � Zn � Zn �m; O � O
�m�Ó«�fÀ>Öþ?1'�, uy Zn þ
� 0.82e (e �Ä�>Ö>þ), O þ� −0.82e. (J
L², Ó«�fÀ>Öþ�Ó, Ó«�f�m´�
d�.

L 1 (�`z� Zn1−xAlxO (x = 0, 0.0625, 0.0833) Ü7�òÜ¬�ëêÚoUþ

Ü7 a, b, c/nm V/nm3 E/eV

ZnO a = b = 0.3298, c = 0.5318 0.0500 −4311

Zn0.9375Al0.0625O a = b = 0.3150, c = 0.5102 0.05102 −4103

Zn0.9167Al0.0833O a = b = 0.3314, c = 0.5360 0.05098 −4021

3.2 ������,,, ZnO ���YYY©©©ÛÛÛ

O��Ñ��, ZnO ü��U�©ÙXã 1
¤«. lã 1 ¥uy, ��, ZnO ü��¤�U
?3d�ºNC (ã¥¤�U��Uþ":, ±e
aÓ). �âã 1 �, ��, ZnO ü�����Y
�� 0.73 eV, O�(J�©z [16] ���(J�
��, �u¢�ÿþ� 3.37 eV. ù´duLp�
� Zn-3d �, ¦Ùd�þ£Lõ, ´ GGA Cq�5
�K� [17]. �´, du�©ïÄ�´�ÓÔnþ�
m�é��'�©Û, ¤±O��5��éØ�Ø
K�(J�?Ø.

�� �� �� �� � � � 	 
 ��  � � �
ã 1 ��, ZnO ü��U�©Ù
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3.3 ppp���,,,©©©ÛÛÛ

© z [9] J � � , � ß Ý ê þ ?�u
1018 cm−3 ��@�´$�,, �,�ßÝ�êþ
?�u½�u 1018 cm−3 ��@�´p�,���
N. é Zn0.9375Al0.0625O ��Ú Zn0.9167Al0.0833O
� � A Û ` z � u y, � ö � N ß Ý © O �
� 2.45 × 1021 Ú 3.27 × 1021 cm−3, y²þ�p
�,. l�¡�U�©Ù©Û¥�éN´uy¤�
U?Ñ?\
��, ?�Ú�y
þãü��þ�
p�,�{¿��N.

3.4 ������mmmYYY���©©©ÛÛÛ

O � � Ñ � , � Zn0.9375Al0.0625O � �
Ú Zn0.9167Al0.0833O � � � U � © Ù X ã 2(a)
Ú (b) ¤«. lã 1 Úã 2(a) Ú (b) �Ñ, ��,
ü�!Zn0.9375Al0.0625O ��Ú Zn0.9167Al0.0833O
�����mY©O�� 0, 0.77 Ú 0.75 eV.� �� � � �� ���

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

� � � � �� � � � � � � � �
ã 2 Zn0.9375Al0.0625O Ú Zn0.9167Al0.0833O ���U
�©Ù (a) Zn0.9375Al0.0625O; (b) Zn0.9167Al0.0833O

�
*	�B, �î¶� Al �f�,þ, ^ x

L«; p¶����Y°Ý, ^ Eg L«. �â®�

êâ�ã, Xã 3 ¤«. lã 3 ¥éN´wÑ, Al �
,ßÝ�p, ZnO ����Y�Ä. ù�O�(J
� Nunes � [12] Ú Ding � [13] �¢�(J�ÎÜ.
ù�(JL²©z [10,11] �¢�(Jjþ. �

`²�Ï, ék7�l�znØÚ;�nØ��
Ý©O?Ø.

� � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � � �� � � �	 
� � �
ã 3 ZnO ���Y� Al �fßÝ�Cz

3.4.1 �znØ©Û
� â  � z n Ø © Û � �, é u

Zn0.9375Al0.0625O Ú Zn0.9167Al0.0833O � � p �
, Al �fßÝ�õ, ���Y�Ä. ù´du:
��¡pßÝ�,�)¤¢ Burstein-Moss £Ä, 1
ÆáÂ>�$U��£Ä¦�Y\°; ,��¡
>Ö�m�p�^�)õN�A, ½,�9"��
�m�U¦�YC°[18,19]. ü��¡�p¾�,
�p�, Al �fßÝ�õ, Burstein-Moss �A�
uõN�A, Ïd, p�, Al �fßÝ��, ZnO
�Y�Ä. ù�©z[12,13]���¢�(J�ÎÜ.

3.4.2 ;�nØ©Û
O��Ñ���, ZnO ü��©Å��ÝX

ã 4(a) ¤«. lã 4(a) éN´wÑ, Zn-4s ;�>f
� O-2p ;�>f�p�^/¤a s ���Úa p
�¤�,/¤�Y. �\ Al ±�, Zn0.9375Al0.0625O
Ú Zn0.9167Al0.0833O � � � © Å � � Ý © Ù X
ã 4(b) Ú (c) ¤«. lã 4(b) Ú (c) ���.¥
éN´wÑ, Al-3p ;�>fäk' Zn-4s ;�>f
�$�Uþ, Al-3p ;�>f� O-2p ;�>f/¤
�a p ���äk'��, ZnO ¥�a s ���
�$�Uþ. Al-3p ;��$U��£Ä, l��

��eü. ¿�p�, Al �fßÝ��, Al-3p
;��$U��£Ä�²w, =��eü�²w.
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� � �
� �� �� � �� ��

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

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

��� � � 	 
� � 	 ��� � � � � � � 	 �

� � �

ã 4 �,c� ZnO �©Å��Ý©Ù (a) ��,; (b) Zn0.9375Al0.0625O; (c) Zn0.9167Al0.0833O

du p-p ;��p�^¦d��$U��£
Ä, p-d ü½�A¦d��pU��£Ä. òã 4(b)
Ú (c) �©Å��Ý?1a'uy, p�, Al �f
ßÝ��, p-p �p�^�ru p-d ü½�A. Ïd,
p�, Al �fßÝ��, d�e£�²w. �´,
��eüÚd��eü�', p�, Al �fßÝ
��, ��eü'd�eü��õ. Ïdo��J
´p�, Al �fßÝ��, �Y�Ä. ù�þã
�znØ©Û(J���.

3.5 áááÂÂÂ111ÌÌÌ©©©ÛÛÛ

O��Ñ ZnO �,c��áÂ1ÌXã 5 ¤
«. é�,c� ZnO áÂ1Ì?1'���, 3p
U«��S�3²w�7£y�; ¿� Al �fß
Ý��, 7£y��f, ù�(J� Al �,ßÝ�

��Y�Ä�O�(J�ÎÜ, ��©z [13] �¢
�(J�ÎÜ. L²©z [10,11] ���¢�(J
jþ.
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4 ( Ø

^ 1 �5� nïÄ 
 p � , Al � f ß Ý

é ZnO B�N�ÚáÂ1Ì�K�. (JL²,
3�©�½�ßÝ��S, p�, Al �fßÝ�
�, ZnO �Y�Ä, áÂ1Ì7£�f. O�(J�
¢�(J�Czª³�ÎÜ.
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First-principles study on the effects of high Al doped
on the band gap and absorption spectrum of ZnO∗
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Abstract

According to the density functional theory, using first-principles plane-wave ultrasoft pseudopotential method, we set two different

kinds of Zn1−xAlxO supercell models of substituting Zn atom with Al atom and optimige the geomertries for the two models. The total

density of states and the band structures are also calculated. The results show that in a range of high doping concentration, when the

doping concentration of Al atoms increases, the band gap will be decrease, blue shift will decrease, which accords with the experimental

results.

Keywords: Al high doped ZnO, electronic structure, absorption spectrum, first-principles
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