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æ^Äu�Ý�¼nØ�1�5�n�³{é Te-N ��, ZnO NX�¬�(�!,���ÝÚ>f(�?
1
nØ©Û.ïÄL², N �,Úå¬�Â ,  Te ��\Úå¬�)ä, l~�¬�Aår? N ��,, ¿
� Te du>K5�u O ��>, Te 3 ZnO ¥���>f�Ì�3. ïÄuy, N �,NX¥3¤�U?N�
/¤Ä��ÉÌU?,  Te-N ��NX¥, N ,��C°, �Ç�\l�, Ó�, �Çk��þC�, ÉÌU?Cf,

�k|u¢y p.A5. Ïd, Te-N ��k"¤��«��k�� p.�,Ãã.

'�c: �z , p.�,, 1�5�n, >f(�
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1 Ú ó

�z (ZnO) du`��>Æ1ÆA5¤
�Æâ.ïÄ�9: [1], ¿§e�Y� 3.37 eV, -
fåPU� 60 meV[2], '¿§9lzUpéõ, Ï
d�´3¿§e¢yp�Ç�-1u�. ��z
; (GaN) �',ZnO äk$0>~þ!�1>ÍÜ
Ç!`û�Ø>!1>A5, d	 ZnO �äkp�
¬N�þÚûÐ�zÆ½5, ¿�äkÃÓ!�
�´L!d�$í�`:, ¦ ZnO ¤��«' GaN

��äuÐdå�áÅ�u1á�, 3b	971
��Nu1ì� [3,4]!íNDaì [5]!��U>
³ [6] �+�Ñäk2��A^cµ.

��� ZnO Ä1>ì�, 'Xu1�4+Ú
-1�4+, I�Ó�ä� n. ZnO Ú p. ZnO.

,, du$�,ßÝÚp,�>lU, p . ZnO

éJ¢y. �8c��, 1�Ìx��� (Li)!
? (Na) Úa (K) �, ZnO ®kéõïÄ, ¿�Ñ
yfÉÌU?, �´, du Li, Na Ú K � s �d>

f>lUé$Ú§�� (Zn) �lf�»��é
�, �¤�U?�Cd�����, 1�Ìx��
`kÓâmY ¥�ÌA5, Ïd1�Ìx�
��,ØU¢y ZnO � p.�, [7]. 1�Bx�
�Ô (Cu)!Õ (Ag) Ú7 (Au) �, ZnO �kïÄ,

�´, du Cu, Ag Ú Au � d >f;�Ú O � p

>f;�äk�Ó�é¡5�)ér� p-d ü
½�^, 1�Bx��,���ÉÌU?é� [8].

1ÊÌx��¥��2��´æ^� (N) ���
� ZnO � p .�,Ô [9−11], ù´du N � O �
lf�»A��Ó, � N ´1ÊÌx¥ p >f;
�U?�$���, Ïd�\·Ü ZnO � p .�
,. �´du ZnO �d�ºé$, ÉÌU?E,�
�, ¢Sþ�éJ¼� p. ZnO ��N [12]. �)û
ù�¯K, Yamamoto � [13] QJÑ��nØ, =Ï
L N �; (Ga)!¾ (Al)!� (In) ��Ì����
�, Ï"�Ì�ÉÌU?�m�ü½�^U
¦É
ÌU?k¤ü$. �´duÉÌ��Ì�Å¼ê�
mÏ~�3�É, U?�m��p�^¿Ø�, Ï
dÂ�¿Ø²w [14].

* I[g,�ÆÄ7 (1OÒ: 61176043), 2À�ÔÑ5#,�� LED ���8 (1OÒ: 2010A081002005, 2011A081301003) Ú2À��
�Ü�Æï�8 (1OÒ: 2010B090400192) ]Ï��K.
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1�5�n�³{®2�A^uá�O�
� [ [15−17]. Ó � � u ¢ � þ ® ² k ^ MBE

Ú MOCVD �{|^Á (Te) N ��¢yp�þ p

. ZnO ��� [18−20], �´ÿ����'�nØ©
Û. �©æ^Äu�Ý�¼nØ�²¡Å�³{,

ÏLé Te-N ��, ZnO NX¬N(�Ú>f(�
�ïÄ, uy Te �Ú\é ZnO � p.�,k��
²w�Uõ.

2 nØ�.ÚO��{

2.1 nnnØØØ���...

n� ZnO ´8�n ¶(�, áu P63MC

� m +, é ¡5� C6V −4, ¬ � ~ ê a = b =
0.3249 nm, c = 0.5206 nm, α = β = 90◦, γ = 120◦.

Ù ¥ c/a � 1.602, � n � �8� � æ È ( �
� 1.633 ��. c ¶��� Zn–O ��� 0.1992 nm,

Ù¦��� 0.1973 nm, Ù¬�d��8��æÈ
Ú �8��æÈ��@�¤. ©¥O�¤^
� ZnO 2×2×1 �¬�Xã 1 ¤«, d ZnO ü¬�
÷Ä¥�� a, b ©O*Ðü�ü ��. Te-N ��
,�, Te Ú N ©OO��� O �f, Te Ú N ÏL
Ó�� Zn �f�ë. lã¥�±wÑ, ZnO ¥��
 N´��n�I, §�c��u.¡>�, ¥%
�f�Iº�f�����u�I¡n��f�
��. Ïd¬N¥ O2− � õ¡N� Zn-O4 o¡
N, Zn2+ � �¹� O ��q.

ã 1 Te–N ��n ¶ ZnO 2×2×1 �¬�

2.2 OOO������{{{

©¥¤k�O�ó�Ñ´d MATERIAL STU-

DIO ^�¥� Castep ^���¤�. Castep[21] ^

�´��Äu�Ý�¼�{�lÞ�þfåÆ§
S: |^²¡Å�³�{, òlf³^�³O�, >
fÅ¼ê^²¡ÅÄ¥|Ðm, >f->f�p�
^���Ú�'³dÛ��ÝCq (LDA) ½2Â
FÝCq (GGA) ?1��, §´8c��O(�
>f(�O��nØ�{ [21,22]. O�¥æ^ GGA

Cq� PBE[23] �Y5?n>f�m�� - �'
�^, À� Zn, O, Te, N ��f�d>f|�©O
� Zn-3d104s2, O-2s22p4, Te-5s25p4, N-2s22p3. �~
�²¡ÅÄ|�êþ, O�æ^
�^�³ (ul-

trasoft pseudopotentials, USP)[24] 5?nlf¢�d
>f�m��p�^, ¿À�²¡Å�äU Ecut

� 420 eV, Ùp�«�UþÚ>Ö�Ý�È©æ
^ 8×8×6 Monkors-Park[25] AÏ k :. AÛ(�
`z�¦�fm��p�^åØ�u 0.03 eV/Å,

�f��� £Ø�u 2.0×10−3 Å, Uþ�Âñ
°Ý�z�f 1.0×10−5 eV/�f. d	, ���û
Ð�¬N�þ, (�`z�¦¬N�SAåØ�
u 0.05 GPa, `z�¤�o�ëêþA��½`u
Âñ°ÝIO.

3 O�(J�?Ø

3.1 ZnO NNN������OOO���

(�`z��� ZnO �¬�NÈ�¬�~ê
XL 1 ¤«. �±wÑ, ¬�~ê a, c ��Ú¢�
�9O<�O�(JUéÐ�Î [26,27]. ã 2�n
 ¶ ZnO �U�(�ã. �±wÑ ZnO �d�Ä
�þ�±©�ü�«�, = –6.0— –4.0 eV �ed
�!–4.0—0 eV �þd�«. 5u Zn 3d ��e
d�Ü©U?Cz�~�ú,  O 2p �z�þd
�Ü©�éu Zn 4s ���.'�²w, Ïdd�
�Çäk��k��þ. ZnO ´�«���Y��
N, ��.Úd�º u Brillouin «� G :?. O
���Y�� 0.746 eV, �± �nØO�(J�
�� [28−30]. �´, ù�$u¢�� 3.37 eV, d«$
�´�Ý�¼O��~�¯K [31]. é ZnO ¬N
ó, Ì�´O�¥Lp/�O
 Zn 3d �Uþ, E
¤ Zn 3d � O 2p �p�^�O�, (J¦d��°
O�, �Y $.ZnO �©Å��ÝXã 3 ¤«, �
±wÑ,ZnO þd�«Ì�´d O 2p �/¤�, 
ed�«KÌ�´ Zn 3d ��z. éud O 2s ��
z�3 –18 eV ?�d�Ü©, du�Ù¦ü�d
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��m��p�^�f, òØ�?Ø. éu��Ü
©, ÙÌ�5u Zn 4s ���z, �>fäk²w
�l Zn 4s �� O 2p ���[L§, Úå� �?
�Û���Ý�Úå¥%�$U?��£Ä, L²
n� ZnO ´��lf5�r�d��f�·Ü
�7á�zÔ��Ná� [32].

L 1 N�9�,n ¶ ZnO �¬�~ê

a/Å c/Å c/a

ZnO (¢��)[26] 3.258 5.220 1.602

ZnO (nØ�)[27] 3.292 5.292 1.608

ZnO (O��) 3.281 5.294 1.613

N � ZnO 3.268 5.324 1.629

Te-N �� ZnO 3.296 5.576 1.692

ã 2 n ¶ ZnO U�(�

ã 3 n ¶ ZnO ©Å��Ý

3.2 N ���,,, ZnO ���OOO���

lL 1 �� N �\�NX�¬�~ê a C�, c

O�, d	, O�w«¬�NÈ~�. du O2− �l
f�»� 0.132 nm, O ��d�»� 0.073 nm, N3−

�lf�»� 0.146 nm, N ��d�»� 0.075 nm,

d�¡�ÙØ©Û�±�Ñ, N � Zn �mzÆ�
��d¤©�u O � Zn �mzÆ���d¤©,

¤± N ±O �f�/ª�,���NÈ�k
¤~�, �¢�(J�Î [33], �du N, O �lf
�»Ú�d�»��Ø�, ¤±��NÈCzé�.

ã 4 Úã 5 �� N �, ZnO �o��ÝÚ©
Å��Ý. �±wÑ, N �\��C� Zn ���Ý
C��Ñ, ¿�pU��Ðm. ÚN� ZnO �'3
�� –13.0 eV ?Ñy��¸, l©Å��ÝÑ�±
w�T¸5g N 2s �. ã 5 �±wÑ, –18.5—

–16.5 eV N C � ¸ � Ì � 5  u O 2s � > f.

–6.3— –4.0 eV NC�¸�Ì�5u Zn 3d �!O

Ú N � 2p �>f, –3— –0.7 eV NC�¸�Ì�5
g O 2p �>f. 3¤�U?NC�k¸éA N 2p

Ú N�C Zn 3p/¤�¤�� [34], duÉÌ;�
�U3d�ºÑy N 2p ,��. N �,´ÏL3
¤�U?NCÚ\ÉÌ�l3d�º?/¤õ
{�Ç16f±¢y p. ZnO �, ùÜ©õ{16
f5u N 2p �.

ã 4 N�Ú N �, ZnO �oN��Ý'�

ã 5 N �, ZnO �©Å��Ý, Zn� N ��C�, O� c ¶
²1� N �gC�
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L 2 w« N �, ZnO �>Ö©Ù, (Jw« N

O� O ���ÉNá�=£�>f, ¤���K
>¥%, NyÑ
ÉÌA�, ùÜ©>fÌ�©Ù
3 N �d� p ;�þ, 5uC� Zn 3d Ú O 2p �
>f�=£. L 3 w« N �, ZnO NX�ÙØê
Ú��, l>ÖÙØUê�±wÑ, N �f�±
�� Zn �f/¤�¹flf�¤©��d�, ¿
�²1u c ¶���lf�¤©'R�u c ¶��
�f, ù´du N �>K5' O �>K5f.  Zn

�f� O �f�m��Ú��,��'3 c ¶�
�k¤O\, 3� c ¶R���CzØ�, ÷ c ¶
��ÙØêCzØ�, � c ¶R���ÙØê~�,

¤���d5~f.

L 2 N�9�, ZnO NX�>Ö©Ù

s p d oO >Ö/e

ZnO : Zn 0.49 0.72 9.97 11.18 0.82

ZnO : O 1.86 4.96 0 6.82 –0.82

� N : Zn (N C�) 0.53 0.76 9.94 11.22 0.78

� N : O (Zn C�) 1.86 4.94 0 6.80 –0.80

� N : N 1.73 4.17 0 5.90 –0.90

�� : Zn (N C�) 0.62 1.02 9.94 11.58 0.42

�� : O (Zn C�) 1.87 4.91 0 6.78 –0.78

�� : Te 1.05 4.31 0 5.36 0.64

�� : N 1.75 4.10 0 5.85 –0.85

L 3 N�9�, ZnO NX�ÙØUê���

Zn–O Zn–O Zn–O � N Zn–O � N Zn–N � N Zn–N � N Zn–O �� Zn–O �� Zn–N �� Zn–N �� Te–Zn ��

(⊥) (‖) (⊥) (‖) (⊥) (‖) (⊥) (‖) (⊥) (‖) (‖)

ÙØê 0.39 0.41 0.37 0.40 0.58 0.63 0.32 0.42 0.51 0.62 –1.29

��/Å 1.999 2.008 2.023 2.007 1.951 1.949 2.084 1.980 1.991 1.992 2.541

⊥ L«R�u c ¶��; ‖ L«²1u c ¶��.

3.3 Te-N ������,,, ZnO ���OOO���

l L 1 � � Te–N � � , N X � ¬ � ~
ê O �, � � � A � ¬ � N È ² w O �. ù ´
Ï� Te (0.142 nm) � f � » � � u O � f �
» (0.066 nm).,	, XL 3 ¤«, N �,��, Zn–N

��� 0.195 nm �u Zn–O ��, ��� Te–N

�� 0.254 nm �u Zn–O ��. Ï N �,��¬
�Â , Te–N ����¬�)ä, l, du¬�
Aå~�, ���U�k|u N ��, [19].

ã 6 Úã 7 w«3d�ºNC Te–N ��NX
' N �,NX�,���\l�, Ï Te–N ��
NXk' N �,NX�f�ÉÌU?, Ó�k�
���Çk��þ. ùÚ�ÌÉÌ��,��/�
q [13,34,35],·�é'ã 5 Úã 8 ¥� N 2p ��Ý,

uyÚ N �,NX�', Te–N ��NX¥� N 2p

,���°, �°�,��¿�X�Ç�\l�,

=�±^�$� p.�,JßÝ¢y p.A5 [36].

ã 5 Úã 8 w«, Ú N �,NX�', Te–N �
��, Zn 3d ��Ý�k¸Ú3���, ¿��$U
��£Ä, 3¤�U?NC���ÝC��Cu".

O 2p ��ÝC��\�ÑÓ��$U£Ä, ¤�

U??��Ý®Ø�3. ·�(ÜL 3 ��, Te–N

���� Zn–O �����, ÙØê��, ù� Zn

3d Ú O 2p ��Ý,zOr�'. N ���ÝC�
�~�Ñ, ù�ã 9 ��, ã 9(a) ¥ N �,� N �
f�>f�w«äk²w���5��d�A�,

ã 9(b) ¥ Te–N ��,�, >Öu)#©�, N ±
�>ÖC�©Ñ. ùÓ���L 3 �êâ�ÎÚ.

ã 6 (a) N �, ZnO U�(�; (b) Te–N �� ZnO U�(�
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ã 7 N Ú Te–N ��, ZnO �oN��Ý'�

ùé¢y p.�,´�~k|�, Li ��Ñ3 N �
, ZnO �¤± N ´�ÉÌU?���Ì��ÏÒ

´ N p �Ú Zn d �äk�Ó� t2 é¡5u)r
�ÍÜ [37]. ù«ÍÜ�Xã 9(c) ¤«.

ã 8 Te–N ��, ZnO �©Å��Ý, Zn u Te � N �m,
O� c ¶²1� N �gC�

ã 9 (a) N �, ZnO �©>Ö�Ý; (b) Te–N ��, ZnO �©>Ö�Ý; (c) N �, ZnO ¥BL N Úü�C� Zn ²¡��©
>Ö�Ý; (d) Te–N ��, ZnO ¥BL N Úü�C� Zn ²¡��©>Ö�Ý

�â Te �>K5 (2.1)�u��>K5 (3.44),

���3 O  ��, Te ò��>Ö¿��>f�
Ì��Ú, ¿� Te ù«1�®²�¢�(@ [18].

L 2 w « � � �, Te � d > f = £ ê� 0.64,

¿ � ã 9(b) � w « Te � > Ö = £. ·� � (
JÚ®²y¢�ín [18] �Î. ã 8 w« Te ��
�ÝÚ N ���Ýkér�ÍÜ�^, >Öl
Te � p �� N � p �=£, N � p ��$U«
£Ä, l/¤�f�ÉÌU?. ùaqu-¹
� Ì Al, In, Ga Ú É Ì N � � � , nØ [13].

Yan �JÑ^�ÌÉÌEÜÔ½ö�d,��

,��{5�Ñ°�Y��N�é¡�, [38].

éu/-3Ìx°�Y��N Te Ò´ù«�d
,�, ¿� Te �®²r? N �, ZnSe � p .
¢y [39].

'u Te–N ��, ZnO, ¢���^�´õC
�, =Ò��5`, ÒkóÀ-1�È!©få	
òÚzÆí��È [20]. d	, �¬¥¹k:"�
Ú�"�, nØþ��.Ï~n�z�
, ù�
´��o¢���� N �, ZnO ´ n.� [19], 
nØþ�)�©�(Jw« N ´ ZnO � p .�
,J. �´, éu Te–N ��' N üÕ�,�k�
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/¢y p. ZnO ù�: [18], ¢�Ú�©¼��(
J�Î. kc¢�^ X ��V¬û�ÿ�� Te–N

�� ZnO �¬ c ¶¬�~ê' N �, ZnO ��
C��, ZnO �¬, �©¥ Te–N �� ZnO � c

¶¬�~ê�\ lX ZnO. Ò Te (0.142 nm) �
f�»��u O �f�» (0.066 nm), ¿� Te r
?�õ� N �,� ZnO ¥�ù:5`, ¢�(
Jk
�~, �´�Ä�¢��¬�E,5, Park

� [18] �´`I�?�ÚN�. ¢�w« Zn–N �
� (0.201 nm) Ú Zn–N �� (0.263 nm)[19]. �©L 3

�(J�¢��Ð/�Î. Tang � [20] ^ X ��1
>Ì¤3 Te–N �� ZnO �¬¥ÿ� N–Zn–Te ¤
©, ¿©Û@�T¤©¥ N �lzU' N–Zn–O ¤
©¥���, ùÚ�©ïá�.±9ã 6 Úã 7 �
©Û(J���Î. Park � [18,19] (Ü¢�©Û�
Ñ Te ¬=£>f¤��>f�Ì, k|u p .�
¢y, �©�L 2 Úã 9(b) �Ñ
���(J. �
©�(Jg��n���., XJ�Ä¢���
��¬3�²ï)�L§¥¬�) C ,�!CN ,
�!NN ,�!Zn mY !O � �"�, ÒI�
��E,O�, ù´��UYïÄ�ó�. ¢�ÿ

���Ñäk¢^d� p. ZnO, Ï�¬k�þ
�¢���. �u®k¢�Ú�©(J, Te–N ��
,AT¤� p. ZnO ��ó������¡. �
� Te–N ��, ZnO �, ��¡,I� Te Ú N ��
\ßÝ. ,��¡���"��Ú\, Ï��õê
"�´�ÌA5¬�)Ö��J.

4 ( Ø

æ^1�5�n�³{é Te–N ��, ZnO

NX�¬�(�!,���ÝÚ>f(�?1

nØ©Û. ïÄL², N �,Úå¬�Â ,  Te

��\Úå¬�)ä, Te 3 ZnO ¥���>f�
Ì�3. ïÄuy, N �,NX¥3¤�U?N
�/¤Ä��ÉÌU?,  Te–N ��NX¥, Te

� p �Ú N � p �r�ÍÜ, >Öl Te �f� N

�f=£,N � p >f��Ý�$U��£Ä. Ó
�, Te–N ��,NX�ÉÌ N ,��C°, �Ç�
k��þC�, �Ç�\l�, k|u¢y p.A
5, Ïd, Te–N ��k"¤��«��k�� p.
�,Ãã.
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[39] Vigué F, Vennegues P, Vezian S, Laugt M, Faurie J P 2001 Appl.

Phys. Lett. 79 194

First-principles study of p–type ZnO by Te–N
codoping∗
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Abstract

The crystal structure, density of states and electronic structures of Te–N doped ZnO are investigated from the first-principles

pseudo-potential approach based on density functional theory. It is found that the incorporation of N into ZnO induces contraction of

lattice, while Te incorporation will cause expansion of lattice. Thus, the co-doping of both Te and N is conducible to the incorporation

of N with minimum lattice strain. Besides, Te atoms is positively charged because the electronegativity of Te is smaller than that of O.

Consequently, Te atom is expected to act as an isoelectronic donor in ZnO. Moreover, the acceptor level of N doped ZnO is narrow and

deep. While in the Te–N doped ZnO system, N-impurity bandwidth at the top of valence band becomes larger, while tends to delocalize

the hole. Meantime, the system obtains shallower acceptor levels and lighter mass of acceptors. The results suggest that the codoping

of Te-N is an effective p-type doping method in ZnO.
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