
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 147101

Be, O ������,,,¢¢¢yyy p ... AlN ���111���555���nnnïïïÄÄÄ*

�l1)2)† �õ�1)2)‡ Ûu¹1)

1) ( O�ÔnoA�p�Æ�­:¢�¿, ¨U 644007 )

2) ( ¨UÆ�Ôn�>fó§Æ�, ¨U 644007 )

( 2011 c 10 � 29 FÂ�; 2011 c 12 � 28 FÂ�?Uv )

Äu�Ý�¼nØµee�1�5�n²¡Å�^�³�{,ïÄ
�,Ú��, AlN NX�¬�ëê!U
�(�!oN��Ý!©Å��Ý!�©>Ö©Ù9>Ö8Øê. O�(JL²: Be �, AlN ¬NU
3UY¥
/¤�ÉÌU?, �Ç16fÛ�ud�º, 
Ú\
-¹�Ì O �f� Be, O ��,�{, U¦ÉÌU�C°!
�Û�zA�²w. Ó�, ÉÌU?�$U��£Ä,/¤
fÉÌU?, l
Jp
 Be �f��,ßÝÚXÚ�
­½5. Be, O ��,�k|u¼� p. AlN.

'�c: 1�5�n, >f(�, Be �, AlN, Be-O ��, AlN
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1 Ú ó

Cc5, ±0 — 2xzÜÔ��L�°B�
��Ná�duÙ3põÇ�Åì�!põÇu
1ì�Úb	1>fì���¡�uÐÚA^

Úå
<��2�,�, �¡�1n���N. 3
0 — 2xzÜÔ¥ AlN ��´L!ÃÓÃÀ/,

´�«#.���5��Ná�. §´0 — 2x
zÜÔ¥äkB��°����Y��Ná�, Ù
B�°Ý Eg = 6.2 eV[1], �m�[u�Å��?
\�b	Åã, ·u��7É1!b	!�b	1
>fì�ÚÙ¦u1N�ÄNá� [2,3]. AlN du
äkâÑ�1>5U, ¦Ù3��N1>ì�+�
Pk2��A^�m, l
É�<��pÝ­À.

2006 c Taniyasu � [4] |^ Si Ú Mg �� n.Ú p

.,�
�, AlN, ��Ñ
u1Å�� 210 nm

���u1ì� (LED), ù´�8�� LED ì�¥
¤uÑ��áÅ��1. �´éu AlN 5`, n.
�,J�N´¼�, p.�,J��,�Çé$, ù
Ì�´Ï� p.,�M)Ý�$, lzUL�±9

��"��gÖ��AE¤�, ±��8ÑÃ{¢
y AlN Ä���u1ì�¢^z. Ïd, ��p�
� p.�´ïÄ AlN 31>ì�+�2�A^�
­:Ú9:.

8c��,Eâ¤� AlN ¼� p.��Ì�
å». Äk Yamamoto Ú Yoshida[5] JÑ
�Ì - É
Ì��,nØ, TnØ@�ÏL�Ì - ÉÌ�m�
ráÚ�^, �±�ÑÉÌm��pü½å, l

ü$ÉÌU?, ¿Ó�,p�ÌU?, =¦ÉÌÚ
�ÌU?Ó�fz [6,7], l
Jp�ÇßÝ. 3nØ
þ, Wu � [8], p�Û� [9] |^1�5�n�³�
{, ïÄuyÉÌ�,�� Mg, Cd Ú-¹�Ì O

�f��, AlN �±k�/Jp�Ç16fßÝ.

,
kO�L² Be ´' Mg, Cd �Ð� p.�,
J [2,10], Ploog Ú Brand �®²y¢
 Be Ú O �
�,0x�zÔ�±¢y0x�zÔ� p.� [11].

,
éu Be Ú O ��, AlN ¬N�nØO�Ú
©Û%�k��. �©|^1�5�n�³�{,

é Be Ú O ��, AlN �>f(�?1
[��
©ÛïÄ.ïÄ(JL²: Be Ú O ��,kÏu¢
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y AlN � p.�,.

2 nØ�.�O��{

2.1 nnnØØØ���...

AlN ��äkn ¶Úð ¶ü«(�, 3g
,^�e�­½�´8�n ¶(�, áu P63mc

� m +, é ¡5� C6v−4. ¬ � ~ ê a = b =
0.3112 nm, c = 0.4982 nm, c/a = 1.601[12]. z�
�ü�´± Al �f�¥%!±��o� N �f
��|¤�C/o¡N. �©¥ AlN ¬N��¬�
d 32 ��f|¤, ´3 AlN ��� a, b, c Ä¥þ
��*Ðü�ü ��� (2×2×2) ��¬��.,

Xã 1 ¤«. lã 1 ¥�±wÑ, AlN �� N´
��n�I, AlN .>>���uc�, Iº�f
�¥%�f�����u�I¡n��f���.

�©¤kO�� Be, O ��, AlN �¬�¬N(
��.Xã 2 ¤«, Ù¥�� O �f�� AlN ¥�
�� N �f, ,�� Be �f�� O �f��C 
�� Al �f.

Al

N

ã 1 AlN �¬�

2.2 OOO������{{{

©¥¤k�O�ó�Ñ´Äu�Ý�¼nØ
�²¡ÅÄ|��³lÞ�§S CASTEP[13] �¤
�. O�¥À��²¡Å�äUþ Ecut � 380 eV,

Ø�Äg^ - ;�ÍÜ, �� - 'éUæ^2Â

FÝCq GGA-PBE ?1��, §´8c��O
(�>f(�O��nØ�{�� [14]. lf¢
�d>f�m��p�^³æ^�^�³ (ul-

trasoft pseudopotential, USP)[15] 5£ã. O�¥À
� Al, N, Be, O �d>f|�©O�: Al-3s23p1,

N-2s2 2p3, Be-2s2, O-2s22p4. 3� Brillouin «, K

:��À�� 5×5×3. �§Sé±e 4 �ëê
Ó�`z, æ^
 BFGS �{, Ùü�fÂñ°
Ý� 5.0×10−6 eV/atom, �f��� £Âñ°
Ý� 5×10−5 nm, �fm��p�^åÂñ°Ý
� 0.1 eV/nm, ¬NSAåÂñ°Ý� 0.02 GPa. `
z(J´ 4 �ëêþ��ÂñIO, O�(J-<
÷¿.

O

Be

Al

N

ã 2 Be, O �� AlN �¬�

3 O�(J�?Ø

3.1 ¬¬¬���(((���

�
�yO�(J���5, Äkén� AlN

Ú Be, O �, AlN �¬�?1
AÛ`z, (½Ù
¬�~ê, O�(JXL 1 ¤«. Ó�L 1 ¥��
Ñ
©z [1] Ú [12] �¢��. lL 1 ¥�±wÑ,

`z����n� AlN �O��Ú¢���mÎ
Ü�Ð, Ù�éØ�Ø�L 1.7%, Ñ3#N�Ø�
�� 1%—2%�m, ùL²O��{Ün, O�(
J´�(�. lL 1 ¥�±wÑ, ØÓ�,NX�
�¬�NÈþ'n� AlN ��. ù´Ï� Be �l
f�» 0.031 nm Ú�d�» 0.09 nm, þ�u Al �
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lf�» 0.051 nm Ú�d�» 0.118 nm, Ó� O

�lf�» 0.132 nm Ú�d�» 0.073 nm , �þ
�u N �lf�» 0.146 nm Ú�d�» 0.075 nm.

Be, O ©OO� Al Ú N �¬�NÈ�AT¬�Ì
Ý~�, �´L¥¬�NÈ~�Ø´é²w, ùÌ
�´Ï� O �f�>K5é�, �,±�� Be/

¤rlf�E¤�. lL 1 ¥��±wÑ, ·�O
����n� AlN ���Y°Ý Eg = 4.850 eV,

�¢�� 6.2 eV ��éØ��� 22%, ùÏ�2Â
FÝCq GGA 3O� Eg �ÊH�3Ø�
E¤
�, ��Ø���3¢��� 30%�m [9], �ù¿
ØK�éu AlN �>f(��nØ©Û [16,17].

L 1 ¬�~ê�B�°Ý

a / nm c / nm c / a V0/ nm3 Eg/ eV

¢�� [12] O�� ¢�� [12] O�� ¢�� [12] O�� O�� ¢�� [1] O��

AlN 0.3112 0.3059 0.4982 0.4905 1.601 1.603 0.3181 6.2 4.85

AlN: Be — 0.3052 — 0.4886 — 1.601 0.3152 — 5.12

AlN: Be-O — 0.3040 — 0.4916 — 1.617 0.3148 — 4.57

3.2 >>>fff(((���©©©ÛÛÛ

3.2.1 n� AlN Ú Be �, AlN �>f(�

�
'��,NX, ·�Äkén� AlN U�
(�Ú��Ý?1
�[�O�. ã 3 � AlN U�
(�ãÚ��Ýã. lO�(J�±wÑ, AlN �
���Y(�!��Úd��>f|�ÑÚ±c
O��(J���, ¿�éu AlN �>f(�®k
éõ©z�L�[�©Û [16,17], 3dØ2�äN
�?Ø.

ã 4 � Be �, AlN �U�(�Ú©Å��Ý
ã. lU�ã¥�±wÑ Be �, AlN �¤�U?
?\d�º,/¤{¿�, ¦� AlN d�ºNCÑ
y
õ{��Ç16f, 3¤�U?NCÚ\
É
ÌU?. Ó�l©Å��Ýã¥�±wÑ, �,N
X3d�º/¤�õ{��Ç16fÌ�´ Be �
fÚ N �f 2p �Jø�. ²©Ûuy, AlN �\ Be

±�, Be �C� N �f�©Å��Ý3þd�«
�C�'�à8, ¿��XpU��£Ä, 3þd
�º?�©Ù�'�²w, ùÌ�´Ï� Be �f
� 2s �Ú N �f� 2p �>f�;��)
,z
�(J. Ó��C� Al �f��ÝC��Ñ, �p
U��£Ä. O� Be �, AlN ¤�U?�d�º
�>f��Ýê� 1.43, dd�� Be �, AlN Ñ
U
Jp�ÇßÝ,/¤ p.>�. �´l Be �f
�©Å��Ýã¥wÑ, Be �f�õê�>f� 
ud�º�¤�U?NC, 3¤�U?NC/¤

rÛ�z©Ù, l
3¤�U??Ú\
�Ä��
ÉÌU?, ù¦�¤�U?NC��Ç16fê�
�O\, l
O�
�fm��pü½�^ÚXÚ

�Uþ, ���� Be �,ßÝ�$, �,XÚØ­
½. Ó�, AlN ���"�¦�§äkî­�gÖ
�y� [1], ¤±^X Be �f�,´éJ��n�
� p. AlN.

3.2.2 Be-O ��, AlN �>f(�

ã 5 � Be-O ��, AlN �U�(�Ú©Å
��Ýã. lã¥�±wÑ, du O �\\, O �
f� 2s �3 –18 eV NC�)
�^U�, TU�
ld���, éd�>f©ÙK�Ø�. Be-O ��
,3 AlN �d�ºÚ\
éÄ�,�U?, T,�
U?äkér�Û�5, ùÌ�´ Be �f� 2s �
� N �f 2p �r�,z¤/¤�, 
3ed�Ì
�´ Be �f� 2s �Ú O �f� 2p �>f;�,
z�(J. é'ã 4(c) Úã 5(c) Be �©Å��Ý
ã, ±9r Be-O ��, AlN ¥ Be �fo��Ý
Ú Be �, AlN ¥ Be �fo��Ý�é', Xã 6

¤«. uy� O �f�\�, Be �f��Ý²w'
ü� Be ���Ýãk¤Ð°, ¿� Be �f���
Ý3¤�U?NC�¸�k²w�ü$, �� O �
f�\\¦� Be �f� 2s �� Be �f�C� N

�f 2p �>f;�,zOr, l
\ì
;�­
U, Ó�~f
�pü½�A, ¿�k�/Or

���fþ��Û�z16f, Jp
,��f�
�,ßÝ. �Ì O �fØ´ p.á��k�EÜ¥
%, 
´é Be �få�-¹��^. l±þ�©
Û�±wÑÏL Be-O ��,�{, �±¦�Ì O

�fÚÉÌ Be �f�páÚ5�ÑÉÌ Be �f
m��pü½�A, ¦�ÉÌ Be �f�,��Û
�z, l
k�/JpÉÌ Be �f�,ßÝÚX
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Ú�­½5. Be-O ��,�±¢y p. AlN �p
ßÝ�,, l
�¢�þ O ��\kÏu¢y AlN

� p.�,Jø
nØ|±.

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


� 
 �
� �� ��� ���� ��� �� � �� � 
 �  � � � � � � � � � � � � � � � � � ��� �� �! �� � "� � �� "�"� �# $% � & 


' ( ) * '

ã 3 AlN �U�(�Ú©Å��Ýã (a) U�(�; (b) AlN
�©Å��Ýã; (c) N �©Å��Ýã; (d) Al �©Å��Ýã

3.3 ���©©©>>>ÖÖÖ���ÝÝÝ©©©ÙÙÙ999>>>ÖÖÖ888ØØØ©©©ÛÛÛ

�
U
�*/©Û AlN � p.�,Ån, ·
�O�
��,ÚØÓ�,�¹e AlN ��©>
Ö�Ý©ÙÚ>Ö8Øê©Ù. ÏL©Û�±
)
�Nü�¥�fm�>Ö�©Ù!¤��¹!=
£ÚzÆ5�. ã 7 «Ñ
��,ÚØÓ�,�¹
e AlN �;.(�¬¡ (110) ��©>Ö�Ý©

� � �� � �� ���� �� �� � � 	 
 �
� � 


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

�� !
� � � � � � � � � � � � � � � � � ��� � �� � �� � �� � �� � �� � � � � � � � � � � � � � � � � ��� � �� � �� � �� � �� � � � " 
� # 
� � � � � � � � � � � � � � � � � ��� �� �$ � � % 


ã 4 Be �, AlN �U�(�Ú©Å��Ýã (a) Be �
, AlN U�(�; (b) Be �, AlN �©Å��Ýã; (c) Be �©
Å��Ýã; (d) N �©Å��Ýã; (e) Al �©Å��Ýã

Ù. lã¥�±wÑ, 3��,Ú�,�¹e, Ù>
Ö�©Ùu)
­#©�, �fm�¤�5��k
é��É, Ó��fm��p�^��3ØÓ. é
��,� AlN, Al �fÚ N �f�m/¤�¹l
f�¤©��d�, �f±��>f�w«äk�
�5��d�A�. lã 7(b) Ú (c) ¥�±wÑ, �
X,��f��\, �,NX¥�,��f�±�
�>Öu)
�p�^, Ù>Ö©Ùu)
é��
Cz. lã 7(b) �±²wwÑ, � Be O� Al �, Be
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� � �� � ��� � � � �� �	 
� � 
 � � � � � � � � � � � � � � � � � � ��� �� �� � � � �� �� ��� ���� ��	 �� �  !"� # �
� � � � � � � � � � � � � � � � � ��� � �� � �� � �� � �� � 	 
 � �
 �� ��� ���� ��� �� � � � �� � � � � � � � � � � � � � � � � � � � ������ 
 � �
 �� ��� ���� ��� �� � � �  ! !

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

� 	 � 
 � � 
 � � 
 � � 
 � 
 � � � � � ��� � �� � �� � �� � �� �� ��� ���� ���  !� �� ��� ���� ���  ! " # $ % &' & ( ) *+, -.

ã 5 Be-O ��, AlN �U�(�Ú©Å��Ýã (a) Be-O �, AlN U�(�; (b) Be-O �, AlN �©Å��Ýã; (c) Be
�©Å��Ýã; (d) O �©Å��Ýã; (e) N �©Å��Ýã; (f) Al �©Å��Ýã

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

ã 6 Be-O ��, AlN Ú Be �, AlN ¥ Be �fo��Ýé
'ã

�f� Be �f�C� N �fu)
>f;�,

z, 3,�±�/¤�Ç, �þ�Ç�m��pü
½�Aò¦16f3UY¥/¤�Ä��ÉÌU
?, Be �, AlN w« p.��NA�. lã 7(c) ¥
�±wÑ, �X O �f��\, Be—O �Ñyä�
�ª³, Be �fÚ O �f/¤rlf�A�, �é
'ã 7(b) uy Be—N ��dA5'ü� Be ��
�\²w, `² Be—N ¤��^'ü� Be ���
r, Be—N ¤��^\r, `²Ó'~� Be (Ü

�õ� N, ù�c¡��Ý©Ûuy Be � N u)
;�,z,/¤,�U?�L¤�U?Óâd�º
���. �� O �f�\\¦� Be 3 AlN NX¥
�M)ÝO\, é Be �få�
-¹��^.
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L 2 ´ � � , AlN Ú Ø Ó � , N X AlN

�fm>f�­U8Ø©ÙÚ��Cz. lL 2

¥ � � ± w Ñ, ü � Be � f � � , N X � f
m���²w'��,k¤~�, 
>Ö8Ø
ê3²1 c ¶��vk�oCz, �3R� c ¶
��Ñk~�. �X O �f��\, 3²1u
c ¶ � � þ Be—O � � ' Be—N � � � �,


>Ö8Øê%�k 0.09, Be—O �¥yrlf�
A�, �´��� Be—N ��3R� c ¶��
þ'ü����á, >Ö8Øê'ü���. dd
� ± ` ² O � f � � \ - ¹ 
 Be � f, ¦ �
Be �fÚ N �f�>f;�,zOr, l
\ì

;�­U, ¢y AlN � p.z, ù�c¡��Ý
©Û��.

A1

N

(a)

N

Be

A1 O

Be

A1

(b) (c)

N

ã 7 ;.¬¡ (110) �©>Ö�Ý©Ùã (a) AlN ��©>Ö�Ý; (b) Be �, AlN ��©>Ö�Ý; (c) Be-O ��, AlN
��©>Ö�Ý

L 2 ��, AlN Ú�, AlN �fm�8Ø­Uê���

��, AlN Be �, AlN Be-O �, AlN

� >f�8Øê ��/nm � >f�8Øê ��/nm � >f�8Øê ��/nm

N—Al∗ 0.55 0.1872 Be—N∗ 0.55 0.1791 Be—O∗ 0.09 0.2366

N—Al∗∗ 0.62 0.1859 Be—N∗∗ 0.57 0.1842 Be—N∗∗ 0.69 0.1736

∗ L«²1u c ¶��; ∗∗ L«R�u c ¶��

4 ( Ø

�©æ^1�5�n²¡Å�³�{én 
¶(�� AlN ¬NÚ Be-O �, AlN ¬N�>f
(�Ú p.Ån?1
©ÛO�, uy Be �, AlN

¬NU
3UY¥/¤�ÉÌU?, ¢y AlN ¬

N� p .>�. �X-¹�Ì O �f�Ú\, U
k�/-¹ Be �f, ¦ÉÌU?�C°, �Û�
zA�²w, /¤
fÉÌU?. ïÄL² O �
fUk�/JpÉÌ Be �f3 AlN ¥��,ß
Ý, Ï
 Be-O ��,�k|u¢y AlN � p .
�,.

[1] Ye H G, Chen G D, Zhu Y Z, Zhang J W 2009 Acta Phys. Sin. 56
5376 (in Chinese) [�ùf, �1�, ÆkÙ, ÜdÉ 2009 Ôn
Æ� 56 5376]

[2] Zhang Y 2008 Ph. D. Dissertation (Wuhan: Huazhong University
of Science and Technology) (in Chinese) [Ü] 2008 Æ¬Æ Ø
© (ÉÇ: u¥�E�Æ)]

[3] Li Z J, Tian M, He L L 2011 Acta Phys. Sin. 60 098101 (in Chi-
nese) [o�#, X´, åë9 2011 ÔnÆ� 60 098101]

[4] Taniyasu Y, Kasu1 M, Makimoto T 2006 Nature 441 325

[5] Yamamoto T, Yoshida H K 1999 Jpn. J. Appl. Phys. Part 2 38

L166

[6] Chen K, Fan G H, Zhang Y, Ding S F 2008 Acta Phys. Sin. 57
3138 (in Chinese) [�n, �2º, Ù], ¶�¹ 2008 ÔnÆ�
57 3138]
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Abstract

By using the first-principles ultrasoft pseudo-potential approach of the plane wave based on the density functional theory, the

electronic structures and their changes, the bandstructures, the densities of states, and the charge densities of pure Be-doped and Be-O

codoped wurtzite AlN are calculated. The calculation results reveal that Be-doped wurtzite AlN gives rise to the formation of deep Be

acceptor levels in the band gap and the carriers (hole) are localized near the top of the valence band, and the introduction of activated

donor O atoms makes the acceptor level wider and the non-local characteristics distinctive, and can cause the primary level to shift

toward the low energy, forming a shallow acceptor level, thereby enhancing the doping concentration of Be atoms and the stability of

the system. Be, O co-doped p-type is more conducive to obtaining AlN.
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