
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 157301

LLL¡¡¡���AAAééé Li ���,,,��� ZnO ������ááá��� p ...
>>>������KKK���*

iÉ2) Û°ÿ1) �7â1)2)†

1) ( ¥I�ÆEâ�ÆÔnX, Ü� 230026 )

2) ( Ü��ºÝÔ��ÆI[¢�¿ (Ê), Ü� 230026 )

( 2011 c 12 � 5 FÂ�; 2011 c 12 � 28 FÂ�?Uv )

|^1�5�n��{ïÄ
3 ZnO �45L¡Ú45L¡�ØÓ�f�¥, ©O^ Li �f�O  Zn �
f (P� LiZn) ���é½5Ú9lzU. O�(JL² LiZn ?u ZnO L¡«���½5`u3 ZnO N¥�
�½5, ¿� LiZn 3L¡«��9lzU�'§3N(�¥�9lzU�éõ, u´, ZnO L¡�A��3¬
¦ Li �,� ZnO ��á�� p.�>Uå�ÌÝü$. ù�(Jé$� ZnO NX p.�,kX����¿Â.

·�?�Úuy, 3ØÓ� ZnO L¡«�p LiZn �9lzU¬LyÑé���É´uØÓ�L¡äkØÓ�·
>³©Ù.
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1 Ú ó

�Ï±5, 3 ZnO 1>á�ì�A^+�
p [1,2], XÛ¼�p�þ� p . ZnO �¬��´
��JK [3−6]. �8c��, |^��3 ZnO p?
1�,´��¼� p . ZnO �¬��U�{. ,
, ¢�L²éõ p.���,±�, �,Ã{Ü
¤Ñp�þ� p . ZnO �¬. ��ù«y���
Ïéõ, ~X, �,���M)Ý�$ [7], �,�5
�gÖ��A [8−13] ��. ÏL�©�ïÄ,·�@
� ZnO ���L¡�A�´~f p.�>Uå�
�Ï���.

Ï~�¹e, ZnO kü«~��L¡. �«´
�45L¡ (101̄0) Ú (112̄0), ,�«´ �fª
��45L¡ (0001)-Zn ½��fª��45L
¡ (0001̄)-O[14,15]. duùü«a.�L¡kXØ
Ó��f(�A�, ¤±�ÒLyÑØÓ�>f(

�5�, ùÒ?�Ú��
,�3ùü«a.�L
¡kX�,ØÓ�©ÙÚ5�. ¢�þ, �Æ[�
®²uy3$§�¹e (30 K ½ö�p), ZnO CL
¡«���>5Ä�þû½�� ZnO ���¬�
>Æ5� [16−20]. ��5¿�´, �8c���v
k��'u3 ZnO L¡?1 p.�,���, Q,
é ZnO ?1 p.�,��´���~��¯K,

¤±·��~k7�ïÄL¡�Aé p.,��
f3 ZnO L¡�©Ù±99lzU�K�.

3�©���ïÄó�¥, ·�©O3 ZnO

� (101̄0) Ú (0001)-Zn L¡�¥^ü� Li �f�
O�ü� Zn �f, |^1�5�n��{, XÚ
/O�
ü� p .,��f LiZn 3 ZnO L¡Ø
Ó ��/¤UÚ9lzU. O��UþL², ,
� LiZn ?3 ZnO N(�«�p�½5�u,
� LiZn ?3 ZnO L¡«�¥�½5; ���
�´, LiZn 3L¡�f�«��9lzU�'3N
(�«�p�9lzU�éõ. ÏLéù
(J�
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©Û, ·��±w�, L¡�A��3¬îòz
�, ZnO � p.�>5.

2 (��.ÚO��{

3O�L§¥,·�^�¡�.5�[ ZnO �
L¡. éu�45L¡ (101̄0), 3²1uL¡��
�þ,·�À^���º�´ü�º�� 3 × 3 �,

3R�uL¡���þ, �¡�þÝ� 10 ��f
� (�ã 1(a)); éu�45L¡ (0001)-Zn, À^�
²¡S��º��ü�º�� 4 × 4 �, �¡�þ

Ý´ 12 ��f� (�ã 1(b)), �
�y3±Ï5
>.^�e���Ùº��mvk�p�^, 3
R�uL¡���þ\k 20 Å�ý��. I�5
¿�´, éu ZnO äk45L¡��¡�., Ùº
�Ú.�dØÓ«�f|¤, =�¡�Ü´ Zn �
f�,,	�¡K�Ü´ O �f. ·�òÙ¥��
�L¡^u�[¢S�L¡, �¡�,�L¡K
^��f�Ú]!�. ^��f�Ú]!��æ^

 8 − N >f5K [21−24]. 3`z45¡(��L
§¥, �k�¡þ�Ü 8 ��f��±gdµþ,

e�Ü 4 ��f���½��A�N�(�.

ã 1 ZnO ��(���f«¿ã (a) ´�45L¡ (101̄0), (b) ´45L¡ (0001)-Zn

·��O�¥æ^IO��Åð�³ [25−30]

5£ãlf¢Úd>f;��m��p�^, é
u Zn Ú O �f¦^
 DZP �f;�Ä|, éu H

�fæ^ DZ �f;�Ä|; Ó�, ¦^
g^4z
�Û��Ý�¼ [31] Cq. �NX�(�þ?1`
z, ��¤k�f�Éå�u 0.02 eV/Å.

3 (J�?Ø

3.1 LiZn 333 ZnO LLL¡¡¡«««���©©©ÙÙÙ���½½½555

Äk5ïÄ LiZn 3 ZnO L¡«��m©Ù.

�d,I�O� LiZn 3z���U� ��/¤U
���. LiZn/¤U½ÂXe [32]:

Ef [LiqZn] =Etotal[LiqZn] − Etotal[ZnO]

−
∑

i

µini + q[EF + EV + ∆V ].

Ù¥ Etotal[LiqZn] L«NX¹k"� LiqZn �oU
þ, q�"�¤���À>Ö, Etotal[ZnO] L«��
,NX�oUþ, ni L«���¥,��f i �ê
8, µi L«�f i �zÆ³. duzÆ³����
¢�^��', Äu¢�, µZnO ��n ¶N(�
¥²þ�z�� ZnO éþ�oUþ. 3L ��¹
e, µZn � Zn ü�¥²þ�z�� Zn �f�oU
þ, Ù¥, µO, µZn Ú µZnO ÷v µO = µZnO − µZn.

âd,·��±�� µO �zÆ³. ¤�U? EF

´±��,NXd�º EV ��ë�:�, úª¥
�?�� ∆V L«�k>Ö�NX�>¥5NX
�m·>³�²£þ.

lã 1(a) ¥�f(�þw, ZnO � (101̄0) L
¡z���f��¤k Zn �f�mÑ´�d�,

¤±·��I��Ä3ØÓ��f�^ü� Li

�f�O ü� Zn �f. L 1 �Ñ
 LiZn ©O
3 ZnO(101̄0) L¡1 1, 2, 3, 4, 5 �f��A�/¤
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UÚ=CU?. ·��±�Ù/w�, �X LiZn �
 �lL¡�f�ÅÚLÞ��¡¥m��f�,

Ù�A�/¤U�3ÅÚ/O\, ¿�3¥m�f
� (1 5 �) �/¤UÂñ� LiZn 3N(�¥�/
¤U. Xd�Uþ�XL¡�f��Czª³r�
/w«Ñ Li �fØU�O�¥m�f�«�� Zn

�f´�ª�uO�L¡«�� Zn �f.

é45¡, ·�± (0001)-Zn L¡��;.�
~f5?Ø LiZn �/¤UÚ=CU?�Cz5Æ.

lL 2·��±wÑ LiZn 31���f����
½, �X Li �fÅÚ ����f�?1O ,

Ù�A�/¤UK3ÅÚ/O\, ¿��ªÂñ�
N(���. w,, LiZn 345¡þ�/¤UCz
5ÆÚþ¡?Ø�3�45¡�Cz5Æ´aq
�, ¤±ØØ´3�45L¡�´345L¡p,

Li �fo´U�O L�«�� Zn �f.

¢Sþ, ü� Li �fO ü� Zn �f��Ù
±��C� O �f�,z�¹û½
,� LiZn �

�`©Ù.·���, 3n ¶(�¥, Zn �fÚ O

�fÑ´o� . ÏLéã 2 Úã 3 ¤�U?NC

L 1 3 ZnO � (101̄0) L¡ØÓ�f� LiZn �/¤
UÚ=CU?

�f� /¤U /eV =CU /eV

1 −3.424 0.379

2 −2.750 0.272

3 −3.109 0.261

4 −2.939 0.253

5 −2.980 0.182

L 2 3 ZnO � (0001)-Zn L¡ØÓ�f�
LiZn �/¤UÚ=CU?

�f� /¤U /eV =CU? /eV

1 −5.304 0.646

3 −5.002 0.642

5 −4.399 0.636

7 −4.0 0.687

9 −3.671 0.698

20 −2.930 0.153

ã 2 Li �f3�45L¡ (101̄0) ØÓ�f�O  Zn �f�, Li �fÚÙ�C� O �f�ÝK��Ý, NX�¤�U?3U
þ":?, Ù¥ (a)—(e) ©OéAuL 1 ØÓ�f�ê��¹, (f) L«3N(�¥��¹
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ã 3 Li �f345L¡ (0001)-Zn ØÓ�f�O  Zn �f�, Li �fÚÙ�C� O �f�ÝK��Ý, NX�¤�U?3
Uþ":?, Ù¥ (a)—(f) ©OéAuL 2 ØÓ�f���¹

���Ý©Û�±w�, 3L¡«� Li �fÚÙ�
C�� O �f�,z�'3N(�«��,zr
éõ, ù�Ò¿�X3L¡«�p Li—O zÆ�(
Ü��'3N(�¥(Ü��O�. Ïd, 3 ZnO

L¡^ü� Li �fO ü� Zn �f�, Li �f
�N´3O L¡«�� Zn �fØ´¥%«�
� Zn �f.

3.2 LiZn ���===CCCUUU???������mmm©©©ÙÙÙ���'''XXX

e ¡·� ?Ø ZnO � L ¡�A é LiZn �
= C U ? � K �. � N ¥ , � « " � � = C U
? ε(q1/q2) ½Â�T"��kÀ>Ö q1 ��/¤
UÚ�kÀ>Ö q2 ��/¤U���¤�U?�.

éuÉÌ,� LiZn, KéAu q1 = 0 Ú q2 = −1.

Uìþ¡�½Â,

ε(0/−) =[Etotal(Li−Zn) + EMD] − Etotal(Li0Zn)

− [EV(perfect) + ∆V ].

Ù¥ EMD =
αq2

2εL
´ ZnO �¡�ê��Uþ, L«

:>Ö3±Ï5NX¥g�p�^, α ´ ZnO ¬�
�ê��~ê, ε ´ ZnO ¬N�²þ0>~ê, L

´�¡�.²þ¬�~ê.

�
é' LiZn ©O3L¡«�ÚN(�¥�
=CU?�¹, ·�ÄkO�
 LiZn 3N(�¥
�=CU? ε(0/−) = 0.143 eV, ù�Ù¦�nØO
�(J´��� [33,34]. lL 1 ·��±w�, 3
�45L¡ (101̄0) �L¡«, LiZn �=CU?lL
� (1���f�) �¥m«� (1Ê��f�) Å
ìü$, ¿�ªÂñ� LiZn 3N(�¥�=CU
?. ÏLL 2 �±uy, 345L¡ ZnO(0001)-Zn

�L¡«, LiZn �=CU?3ØÓ��f�Ä�þ
�±ØC, ¿�ù
�Ñ'3N(��=CU?�
éõ.
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�
�\n)þãO�(J,·�I��?�
Ú�©Û.·�����N(�¥z���fm¤
��d>f÷v 8−N >f5K. 3 ZnO n ¶(
�¥, �� Zn �fÚo��C� O �f¤�, ��
½,. éuz�� Zn—O �, �� Zn �fJø 1/2

�>f, Ó��� O �fJø 3/2 �>f^u/
¤ Zn—O �, Xd��yz�� Zn—O �þ²þ
k 2 �d>f. ,��¡, Zn �f��	�kü�
d>f,  Li �f�	��k��d>f, �·�
^�� Li �f�O�� Zn �f, §�±��o�
�C� O �f¤�, KI� Li �fl�?Ð¼�
�>f±÷v 8−N ¤�5K, ùÒ��
 LiZn ¤
��k��K>Ö�ÉÌ¥%.

3ã 4(a) ¥,·��±w��45¡L¡«�
�·>³�'�¡¥%«��·>³�, ù´du
�45L¡�L¡�A�f, =K�L¡«�Ü©.

?�Ú�±uy, �éuL¡«���f�, ¥%
«�ØÓ�f��m·>³�Uþ³^�éé$,

ù��5, �
÷v 8 − N >f5K, >f3¥%
«��=£�'3L¡«��=£N´éõ, ù�
Ò��
 LiZn 3¥%«��=CU?�'L¡«
��=CU?�éõ.

,, ã 4(b) ¤�N�45L¡�·>³©Ù
��45L¡©Ù�,ØÓ, =, 45L¡�L¡
«�·>³Ä�þÚ¥%«��·>³�Ó, `²
45L¡�L¡�Aér, v±K��¥%«��
 �;·��uyØØ´3L¡«��´3¥%«
�, ØÓ�f��m·>³U^Ñ�~p, Ø|u
>f3ØÓ�f��m?1=£, ¤± LiZn ¤�Ð
¼�>fÌ�5g LiZn ¤3�f��>f, ùÒ�
�
345L¡ØÓ�f�� LiZn �=CU?Ä
��±ØC. I�5¿�´, �45L¡��¡�
.C�v
þ�, 45L¡�Aé¥%«��K�
C��~�f, d�¥%«��f�� LiZn �=C
U?KÂñ�N(�p�ê�. �45L¡�¡�

.þÝ� 40 ��f�, LiZn 3¥%«���f�
�=CU?� 0.153 eV, ®²Âñ�§3N(�p
�=CU?.

ã 4 (a)÷X ZnO(101̄0) ��²þ·>³�X�f�ål
Cz'X; (b)÷X ZnO(0001)-Zn ��²þ·>³�X�f
�må�Cz'X

4 ( Ø

ÏLO�ÉÌ,� LiZn 3 ZnO �45L¡Ú
45L¡�/¤UÚ9lzU,·�uy LiZn U�
©Ù3L¡«�Ø´¥%«�, ¿�L¡«��
9lzU�'¥%«��9lzU�éõ. Ïd,

L¡�AwÍ/~f
 Li �, ZnO ��� p.�
>Uå.
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Abstract

+By using the first-principles method, we study the relative stabilities and the thermal ionization energies of the doped Li (LiZn)

in the different atomic layers for both the non-polar and polar surfaces. Our calculations indicate that the LiZn in the surface region

is more stable than in the ZnO bulk, and the thermal ionization energy of the LiZn in the surface region is considerably bigger than in

the ZnO bulk. So, the surface of ZnO film degrades the p-type conductivity of the Li-doped film significantly, which is important for

the p-type doping in the low-dimensional ZnO system. Furthermore, we find that the observed difference in thermal ionization energy

of LiZn between a surface and bulk actually stems from the different distributions of the electrostatic potentials between a surface and

bulk.
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