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1 Ú ó

ZnO ´�«äkn ¶(��°B���
Ná�, ¿§eB�°Ý� 3.37 eV, -f(ÜU
� 60 meV[1], 3b	!71u��¡±9ß²�>
����¡äk2��A^cµ. 8c, �X ZnO
�,Ú��Eâ�Åì¤Ù, ®äk`û�ß²�
>5U, ���â�z� (ITO) ��' [2], §'8
c¤^� ITO Ú SnO2 ß²�>�)�¤�$!
ÃÓ!íd´�!½5p (AO´3�lfN
¥), �Åì¤� ITO ��O�á�. Joseph[3] �|
^-1óÀÛ� (PDL) Eâ��Ñ
 Ga/N ��,
� ZnO ��, ¢�(JL²��� p.�>, �5
U��`É. d�, Kumar � [4] ���Ñ
 Ga/N
��, p. ZnO ��. Ïd p. ZnO ��,U5
¤� ZnO á�ïÄ�q�9:¯K.

1�5�n�³�{2�A^uá�O�
¥ [5,6]. Yamamoto[7] é>f(��nØO�L²:
�, (Al, Ga, In) �±ü$ Madelung Uþ,  p.
�, N �f%¬¦�,p; ¹5�Ì (X A1, Ga,
In) �¹5ÉÌ (X N) ¢���,, �±O\ N �
�,ßÝ; Ó� ZnO n«�� A1, Ga, In � N ©
OV�,¥ Ga/N ��,�J�Z. Äuù�nØ,

�n� [8] ^ In/N ��, ZnO �1�5�n¢y

��, p . ZnO �(J. û��� [9] ^ ZnO
��N Al/2N p��ßÝé�>5UK��1�
5�nïÄL²: ·þ$ßÝ�p�, Al/N �
f¦ ZnO ��N��>5UOr. ë¦�� [10]

^ Ga/N ��,?1 p. ZnO �1�5�nïÄ.
�´, Tsukazaki � [11] 3¢�¥ÏLé ZnO �,
��¹þ�ÿ½L² Ga/N ¹þ9Ù'�Cz��
�~�, nØýÿ� 2:1 ½ö 3:1, 4:1, 1:1 �´Ù¥
�UÑy�'���. ¢�(JL²: Ga/N ��E
âé)�^�äk¯a5, ��¢yäk�Ð5U
� p. ZnO(Ga/N �,) ��, 7L°(�� Ga/N
��,þ. �´, 8cÄup�� Ga/N ßÝé ZnO
�>5U�1�5�nïÄÿØ
. ©z [10] �
Ñ: ZnO p�� Ga/N �^�e, p�� Ga/N �ß
Ý��, �é�ÇßÝ��, �>5U�r. ·�
@�ù�´3p§$�,�¤á, é$§p�,
� ZnO {¿��N¿Ø¤á. Ó�·�^ Fermi ©
Ù©Ûp�,{¿��N�>�Ç, uy©z [10]
1�5�nïÄ¯K, áu$§p�,{¿��N
��¹, ù�þf�AwÍ, 9�AØwÍ, T
©Õ�
d:, w,^�Ú(ØØ��. Ïd, �

J��, ·�l$§p�, Ga/N ���?1
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&Ä, �Ñ ZnO {¿��NØ=�?\d��
�é�ÇêÚ�Ç�k��þk', ��>l
,�Ñ���Ç[£Çk', =�µþ�mk'.
ïÄuy
$§p�, Ga/N � ZnO ¥, ·þ/�
� Ga/N u$ßÝUJp�>5U. Ó�uy$§
p�, Ga/N �� ZnO ¥, áÅ��1��SáÂ
1Or, ùéíÄ ZnO ��NáÅ��1�|^ä
k�½���^.

2 nØ�.ÚO��{

2.1 nnnØØØ���...

n � �. ZnO ´ 8 � n ¶ ( �, á
u 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��
æÈ(�� 1.633 ��. C ¶��� Zn—O ��
� 0.1992 nm, Ù¦��� 0.1973 nm, Ù¬�d�
�8��æÈÚ �8��æÈ��@�¤.
O�æ^Xü� ZnO(1 × 1 × 1) �.. 1 � Ga �
fO� 1 � Zn �f, 1 � N �fO� 1 � O �
f� (2 × 2 × 2) �¬��., �fz©'� 6.25
at%, Xã 1 ¤«; 1 � Ga �fO� 1 � Zn �f,
1 � N �fO� 1 � O �f� (2 × 2 × 1) �¬
��., �fz©'� 12.5 at%, Xã 2 ¤«. �
Äé¡5!½5ÚO��Ý, O��©Oéz
��.O��f�¦þÀ½3¥
é¡� �þ.
�©én ¶(� Zn0.9375Ga0.0625O0.9375N0.0625

Ú Zn0.875Ga0.125-O0.875N0.125 Ü 7 ?1
 [ �

ã 1 Ga/N �� (2 × 2 × 2)ZnO �.

ã 2 Ga/N �� (2 × 2 × 1)ZnO �.

��>5UÚáÂ1Ì�1�5�nïÄ.

2.2 OOO������{{{

æ^�Ý�¼nØ (density functional theory,
{ P � DFT) µ e e � 2 Â F Ý C q (general-
ized gradient approximation, {P� GGA) ²¡Å
� ³ � { [12], ^ Perdew-Burke-Eonzerh � ¼ £
ã. ¤À�³��^�³ (ultrasoft pseudopoten-
tials, {P� USP). ^u�ï�³�>f|�©
O� Zn3d104s2, Ga3d104s24p1, O2s22p4, N2s22p3.
O � 3 Ø � ½ ? Û ë ê e ?1A Û ` z, U
þ ! g U | Ú U � � Â ñ ° Ý � � � z � �
f 1.0 × 10−5 eV; �^3z��fþ�åØ�
u 0.5 eV/nm, SAåØ�u 0.05 GPa, ú� £
� 0.0001 nm; Brillouin « k :�À�ü�� 9×9×
6, Zn0.9375Ga0.0625O0.9375N0.0625 ��� 4 × 4 × 2,
Zn0.875Ga0.125O0.875N0.125 ��� 4 × 4 × 5. O�
��g^4z?n, Uþ�ä�»� 340 eV. ^1
�5�n?1ïÄ, ©OO��Ñ
��,Ú��
�.�o��Ý©ÙÚoU�©Ù�(J, ÏL^
�O��Ñ�é�Çê, 2(Ü[£Çúª, ��
8Ba'>�Ç)û
p�, Ga/N é ZnO ��
��>5U¯K±9áÂ1Ì�Cz5Æ.

3 O�(J�?Ø

3.1 (((������½½½555

�
(½��,Ú�,��(�½5�K
�, é(�`z��òÜ¬�ëê��uL 1 ¥.

dL 1 ��, ��,ü«�.�¬�ëêÑu
)
Cz, �NLy� ZnO ���NÈ �. é
uù«y�, ^~5nØ´Ã{)º�, Ï� N
(0.080 nm) ��f�»' O (0.066 nm) ��f�»
�, � Ga Ú N ©OÓâ Zn  Ú O  �, NÈC�,
�´O�(JNÈ% �. )ö@�, ù«y�Ì
�du Ga Ú N �páÚ�^��u�,�f�»
�Ì�f�»�ÉE¤�K�, ùÒ´��,��
NÈ ���Ï.

dL 1 �±wÑ, ��,Ú�,�ü«��Ø
Ó�.¥, �,���¬��.Ñ'��,c�U
þ$, (�½, `²�,´¤õ�.

Ùg, é��, ZnO ü�?1AÛ`zO��
uy, Ó«�f Zn Ú Zn, O Ú O �>Ö=£þ�
Ó, L²Ó«�f´�d�.
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L 1 (�`z��,Ú�,�Ü7�òÜ¬�ëê�ÚUþ

Ü7 ZnO Zn0.9375Ga0.0625O0.9375N0.0625 Zn0.875Ga0.125O0.875N0.125

a, b, c/nm a = b = 0.3298, c = 0.5318 a = b = 0.3289, c = 0.5305 a = b = 0.3285, c = 0.5308

V /nm3 0.0500 0.0497 0.0495

E/eV −4311.517 −4316.489 −4338.750

3.2 ppp���,,,©©©ÛÛÛ

©z [9] �Ñ: �,�ßÝêþ?�u 1018

cm−3 ��@�´$�,, ,�ßÝé[£ÇK
��±�ÑØO, [£Ç´~ê; �,�ßÝ�
êþ?�u½�u 1018 cm−3 ��@�´p�,
���N, ,�ßÝé[£Ç�K�é�, [£
ÇØ´~ê. @o, Zn0.9375Ga0.0625O0.9375N0.0625

Ú Zn0.875Ga0.125O0.875

N0.125 ü«��²AÛ`z�, uy�ö�NßÝ
©O�� 5.04× 1021 cm−3 Ú 1.01× 1022 cm−3, y
²�ö�,�ßÝÑ´p�,�.

3.3 >>>���ÇÇÇ©©©ÛÛÛ

�â��NÔn��, �Ç�>�Ç��é�
Çê!�Çk��þÚµþ�mk', =��Ç
[£Çk'. e¡Äk©O�Äp�, Ga/N ßÝ
é ZnO ��é�Çê!�Çk��þÚµþ�m,
=�Ç[£Ç�K�, ��8B©Ûp�, Ga/N
ßÝé ZnO ��N�>�Ç�K�.

3.3.1 �é�Çê©Û
�
(½�,� Zn0.9375Ga0.0625O0.9375N0.0625

Ú Zn0.875Ga0.125O0.875N0.125 ü«�.��é�Ç
ê��, é�,c��n«�.©O?1
o�
�ÝO�, (JXã 3—5 ¤«. 3ã¥Uþ":
� Fermi U, VB L«d�, CB L«��.

ã 3 ��, ZnO ���Ý©Ù

lã 3 ��, ��, ZnO ¬�� Fermi U?3
d�ºNC, U���½Â Fermi U?3B��¥
ÜNC, T^�½Â Fermi U?3d�ºÜ, =ã
¥":� Fermi U? [10].

ã 4 Ga/N �� (2 × 2×2)ZnO �����Ý©Ù

ã 5 Ga/N �� (2 × 2×1)ZnO �����Ý©Ù

lã 4 Úã 5 �±wÑ, �ö� Fermi U?
?\
d�, Ó�L²�ö´p�,� p .{
¿��N, ù�þãp�,©Û�ÎÜ. Ó�, d
ã 4 Úã 5 é'�wÑ, p�, Ga/N �fØÓ
ßÝ� ZnO ��� Fermi ¡?\d��§ÝØ
Ó, L ² Ø Ó d � ¥ ? \ � � é �Çê � ½ Ø
Ó. �âã 4 Úã 5 ¥�d�SÓâ�Ç�Ü
©��Ýã©Û, ^ OriginPro7.5 ^�È©$�
���?\d���é�Çê. �
«©�B,
� Zn0.9375Ga0.0625O0.9375N0.0625 ���d�S�
é�Çê� p1, O�(J�é�Çê�� 0.41708;

017103-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 017103

Zn0.875Ga0.125O0.875N0.125 ���d�S�é�Ç
ê�� p2, O�(J�é�Çê�� 0.66561. ã 6
î¶L« Ga/N �f�o�,þ, p¶L«?\d
���Çê. dã 6 éN´wÑ, 3p�, Ga/N �
f�^�e, Ga/N �fp�,þ��, ZnO ��d
�S?\��é�Çê��p.

ã 6 Ga/N �,þ� ZnO �é�Çê�'X

3.3.2 [£Ç©Û
>l,�Ñ��K���,ßÝk', �,�

fþ�õ, �ÇÚ>l,����Ñ��Å¬�
Ò�õ. �>l�,ßÝ� Ni, >l,�é16f
�Ñ�VÇ� Pi, §Ý� T , nö�'X�

Pi ∝ NiT
−3/2, (1)

duµþ�m τi ÚÑ�VÇ¤�''X, Ïd

τi ∝ N−1
i T 3/2. (2)

�â�Ç[£Ç µi �µþ�m¤�', K

µi =
qτi

m∗
h

, (3)

Ù¥ q ´�Ç>Öþ, m∗
h �Çk��þ. d (2)

Ú (3) ª � �, 3 § Ý Ú �Çk�� þ � ½ �
p � , Ga/N � f ß Ý � ^ � e, ZnO � � N
� [ £ Ç µi � > l , � ß Ý Ni ¤ � ' ' X.
� 
 B u � ¡ ? Ø á Â 1 Ì ù £, · � © O
�Ñ
��, ZnO, Zn0.9375Ga0.0625O0.9375N0.0625

Ú Zn0.875Ga0.125O0.875 N0.125 �U�(�©Ù, X
ã 7—9 ¤«.

lã 7 ¥wÑ, O�¤���Y�� 0.73 eV,
�Ù¦ DFT �O��, =©zÖ13Ø� 0.73 eV ´
���, �´�¢�� 3.37 eV �'²w �. ùÌ
�´duæ^
Äu GGA � DFT é>f�>f
�m��p'é�^?nØvÚå� [14]. �·�
Ì�´éØÓ�,þ��¹'�, ¤±ù¿ØK�
é ZnO >f(�nØþ�©Û. '��,��ü«
�.¥�Ç[£Ç���, lã 8, 9 ¥éN´wÑ,

ã 7 ��, ZnO �U�©Ù

ã 8 Zn0.9375Ga0.0625O0.9375N0.0625 �U�©Ù

ã 9 Zn0.875Ga0.125O0.875N0.125 �U�©Ù

ZnO ��N¥�, Ga/N �fßÝ��, ���Y
�Ä (0.24 eV > 0.21 eV). �â©z [15] ��: k
��þ��Y°Ý¤�'. Ïd ZnO ��N¥�
, Ga/N �fßÝ��, �Y°Ý�Ä, k��þ
��. dþã�Ç[£Ç (3) ª��, XJÙ¦Ô
nþØC, k��þ��, �Ç[£ÇÒ��. �

½þïÄ�Çk��þ, d CASTEP ^�ÑÑ
U�, ÄküÕ�Ñd��þÜ�@^U?, ^�
ã^� OriginPro7.5 ÷ G ��¦T�����
ê, r Planck ~ê�\�Çk��þúª m∗

h =
~2(d2E/dκ2)−1 ¥, dã 8 Úã 9 O��Ñ G :
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éA��Çk��þ©O�� 0.98 × 10−30 kg
Ú 0.61 × 10−30 kg, ùÚþ¡�½5©Û�ÎÜ.
ZnO ��N¥�, Ga/N �fßÝ��, k��þ
Ò��, �Ç[£Ç��. �´, þãnØ©Û�
�, p�, Ga/N �^�e ZnO �Ç[£Ç�µþ
�m�k'X (µþ�m�p�, Ga/N �ßÝk
'), Ïd, �
nÜ�Ä�«Ï�, '�ØÓ Ga/N
p�,ßÝ� ZnO ��N��Ç[£Ç���,
- Zn0.9375Ga0.0625O0.9375N0.0625 ����Ç[£
Ç� µ1; Ó�- Zn0.875Ga0.125O0.875N0.125 ���
�Ç[£Ç� µ2, yr®�êâ�\e¡�úª�
Ñ:

µ1

µ2
=

qτ1
m∗

h1
qτ2
m∗

h2

=
32 × 0.61 × 10−30

16 × 0.98 × 10−30
≈ 1.24.

= µ1 > u2, `² ZnO ��N¥p�, Ga/N �f
ßÝ��, �Ç[£Ç��, T(J� Yan � [16] �
¢���. du Yan �é��Eâ?1
&?, ¦
�±"��/¤U�IO5ïþ ZnO �,, ¦�l
ÄåÆ�Ýé�Ì - ÉÌ��?1
)º. ± Ga/N
���~, N2O ²>f£^��¹z�±©)�:

N2O ↔ NO + N. (4)

Ï��_�A, í¨¥ NO Ú N �ßÝÑé$. 
3 Ga/N ��¥, Ga éN´� N (Ü, l�»

�_G�, ¦þã�A���?1, )¤�þ NO:

N2O + Ga −→ NO + GaN. (5)

NO ��þ/¤KkÏu¼�pßÝ� p . ZnO,
 GaN K±�D�/ª�3u ZnO ��¥, ��
ü$
�Ç�[£Ç.

3.3.3 >�Ç©Û
3$§�¸^�e, � ZnO �, Ga/N �f�,

ÉÌ,�>l������K>¥%. 3K>¥%

±�/¤�� Coulomb ³|, ù� Coulomb ³|Û
Ü/»�
,�NC�±Ï5³|, §Ò´�ÇÑ
��N\³|. ��Ç$Ä�>l,�NC�, d
u Coulomb ³|��^, ¦�Ç$Ä���u)U
C, ±�Ý v �CK>¥%, ± v′ lm, �©a
q α âf3�fØNC�Ñ�, ù´�)>{�5
. 3n����5Kü��f�±Ï³|¥, �
Çò?u(½� k G�, Ø¬u)�[, Ïd, �Ò
vk>{�ó. ��N>�Çúª�

σi =
piq

2τi

m∗
h

, (6)

Ù ¥, pi ´ ? \ d � � � é �Çê, q ´ �Ç
� > þ, m∗

h ´ �Ç� k�� þ. � « O � B,
� Zn0.9375Ga0.0625O0.9375N0.0625 ����Ç>�
Ç� σ1; Zn0.875Ga0.125O0.875N0.125 ����Ç>
�Ç� σ2. yr®�êâ�\e¡�úª�:

σ1

σ2
=

p1q2τ1
m∗

h

p2q2τ2
m∗

h

=
p1qµ1

p2qµ2
= 5.24 × 0.417

1.298
≈ 1.68, (7)

O�(J� σ1 > σ2. Ïd�Ñ(Ø: ZnO ��Np
�,ßÝ�$>�Ç�p�5Æ.

3.4 áááÂÂÂ111ÌÌÌùùù£££©©©ÛÛÛ

O � � � � , ZnO Ú � , � � Zn0.9375

Ga0.0625O0.9375N0.0625 ���áÂ1ÌXã 10 ¤
«. é��,Ú�,�� Zn0.9375Ga0.0625O0.9375

N0.0625 ���áÂ1Ì?1'���, 3áÅ�
��S�3²w�ù£y�; ù�þã��, ZnO
��mY�°Ý��,�~��(Ø´ÎÜ�,
= 0.73 eV > 0.24 eV; � Mapa � [17] �¢�(J
�Czª³���, `²·��nØO�´���.
O����(Jé��áÅ�1Æì�k�½�
nØ���^Úë�d�.

ã 10 ��,Ú Ga/N ØÓ�,þ ZnO �áÂ1Ì

4 ( Ø

^1�5�n²¡Å�^�³�{, ïá
�
�,Úü«ØÓßÝp�� Ga/N � ZnO �., ,

�©Oé�.?1
AÛ(�`z!o��Ý©
ÙÚU�©Ù�O�.ïÄL², 3p�, Ga/N �
f�^�e, p�, Ga/N ßÝ��, ZnO ��N?
\d���Çê�õ, �Çk��þ��, µþ�
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m��; Ïd�Ç[£Ç�~�, =>�Ç�~�,
�>5U~f; ¿�p�,�pU«1Ìù£²w,

O����(JÚ¢�(J�Czª³���.
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Abstract

Based on first principles within the density-functional theory, using the plane-wave ultrasoft pseudopotential method, the models

of unit cell pure ZnO and two highly Ga/N co-doped supercells of Zn0.9375Ga0.0625O0.9375N0.0625 and Zn0.875Ga0.125O0.75N0.25

with different doping concentrations are constructed, and the geometry optimizations for the three models are carried out. The total

density of states and the band structures are also calculated. The calculation results show that at a higher doping concentration, when

the co-doping concentration is more than a special value, the conductivity decreases with the increase of Ga/N co-doping concentration

in ZnO, furthermore the red shift effect is more prominent which is consistent with the change trend of the experimental results.
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