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�©lnØ�¢�ü�¡\Ã, épd��7á W �, ZnO (WZO) ��á��A5?1©Û?Ø. æ^Ä
u�Ý�¼nØ�²¡Å�³�{é WZO á�A5?1nØ©Û, O�(JL²: W ±O /ª�\ ZnO 8
�n ¶¬�(�¥, du W—O ������Úå¬�~êO\, �)¬�ÆC; �,�¤�U??\��, Ù
NC��>>fÌ�d W 5d, O 2p 9 Zn 3d >f;�Jø, á�LyÑ n .��N�A5; Ó�U�{¿�A
¦Ù1Æ�YÐ°. �?�Ú�yTnØ©Û(J�·^5, �©æ^óÀ�6^�í�Eâ?1
�� ZnO
9 WZO ���¢�ïÄ, (JL²: W �\�UC ZnO �)��ª, �Úå���¬�~êO\, >{Çd�
� ZnO � 1.35 × 10−2 Ω·cm ~�� 1.55 × 10−3 Ω·cm, 1Æ�Yd 3.27 eV Ð°� 3.48 eV. ��� WZO ��
3 400—1100 nm �²þßLÇ�u 83%. ¢�(JénØO�(J?1
�y, L² WZO ����ß²�>��
�A^då.

'�c: WZO ��, 1�5�n, ^�í�, ��>³

PACS: 78.55.Et, 71.15.Mb, 81.15.Cd, 88.40.H−

1 Ú ó

ß²�>�zÔ�� (TCO) ÏÓ�äkß²
Ú�>�A5, 3��>³!²�w«±9Ù¦1
>ì�+�¤�Ø�½"�á� [1−3]. 8c2�
¦^� TCO á��) F �, SnO2 (FTO) Ú Sn �
, In2O3 (ITO) [4]. Cc5 ZnO ±¤�$!ÃÓ!
�á�´L�A5, É�<��2�'5, ¤�ï
Ä�9:á�. ²�,����� ZnO Äß²�
>��ÃØ3>{Ç�´��1«�ßLÇÑ�
±� ITO ���'[ [5,6]. d	, 3 H �lfN¥
­½�A5¦��� Si Ä����>³c>4
��, ZnO �É�à [7]. 3 Si Ä����>³
¥8c2�¦^� ZnO Äß²�>���): Al
�, ZnO (AZO)!B �, ZnO (BZO) ±9 Ga �

, ZnO (GZO)[7,8]. ,
, p���>³I��$
>{Çp°1ÌßL� TCO ��éDÚ� TCO
��JÑ
#�]Ô, -yX<�Øä/&¢#
�á� [9].

�C, ��� [10] uy3 In2O3 ¥Ú\pd�
�� Mo, W ���, |^���,�fJøõ�>
f, ÏLÚ\����,�f~�>l,�Ñ�9
¬�ÆC��ª, Jp���[£Ç, ¢y
 In2O3

Ä TCO ��$>{Ç!°1ÌßL�A5. �
´, duÙÌ�¤© In 3/�¥�¹þD�±9
3 H �lfN¥Ø­½�A5, ��
Ù3��
>³�+���5�A^ [11]. Épd�����
, In2O3 �>Ån�éu, ®kïÄöépd�
����, ZnO ?1
¢�ïÄ. Ngoma �æ^
óÀ-1�È{± WO3 �, ZnO (1 wt.%) �q
á��
 WZO ��,ïÄ
óÀUþé���(
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�!L¡/m9ßLÇ�K�. ��� WZO ��
3 400—2500 nm �²þßLÇpu 87%, ¦·�
é��°1Ì ZnO Äß²�>��w�
#�F
", ,
-<¢Ã�´¦3©¥¿�é���>Æ
A5?1£ã [12].

Äud, �©lnØ�¢�ü�¡\Ã, é7
á W �,Úå� ZnO ��á��(�!>Æ91
ÆA5?1nÜ©Û. æ^®�2�A^u ZnO Ä
ß²�>��nØïÄ�Äu�Ý�¼nØ (DFT)
�1�5�né WZO ���(�!>ÆÚ1ÆA
5?1
XÚ�ïÄ [13,14]. Ó�æ^óÀ�6^
�í�Eâ?1
 WZO �����ïÄ, énØ
O�(J?1
?�Ú�y.

2 �.�ï�O��{

�
Bué' W �\é ZnO �5�K�, �
©©Oé�� ZnO Ú WZO ?1
nØO�. n�
� ZnO ´8�n ¶(�, �m+� P63mc, é¡
5� C4

6v, z���k 4 ��f. 3 ZnO ¬N¥,
Zn2+  u���o� O2− �¥%, ¬�d��8
��æÈÚ �8��æÈ��@�
¤, ¬�
~ê a = 0.325 nm, c = 0.521 nm, α = β = 90◦,
γ = 120◦, Ù¥ c/a = 1.602, �n��8��æÈ
(�� 1.633 ��. O�æ^�¬��., ¦^��
� ZnO �¬��.� (2×2×2) �¬�, WZO �¬
��.��� W �fO��� Zn �f��,'
~� 6.25%� (2×2×2) �¬�.

· � æ ^ Ä u DFT � 1 �5� n � {,
^ CASTEP[15] ^�é�� ZnO 9 WZO ?1O�
Ú©Û. �©À^Û��ÝCq (LDA) �Y?1O
�, Ù¥�� - 'é³æ^
d Ceperley Ú Alder J
Ñê�Lã�q² Perdew Ú Zunger ëêz� CA-
PZ �� - 'é³ [16,17]. æ^�^�³5£ãl
f¢�d>f�m��p�^³ [18]. ë�O�
�d�>fXe: Zn � 3d10 4s2; O � 2s2 2p4; W
� 5s2 5p6 5d4 6s2. ^�XÚ�âïá���¹�
�fê8g1N! k :ê8, é�� ZnO Ú WZO
©O� 5 × 5 × 2 Ú 4 × 4 × 2, ²¡Å���Uþ
Ñ� 340 eV. Âñ°ÝXe: z��f�²þUþ
� 1.0 × 10−5 eV, ���^å� 0.3 eV/nm, ��A
å� 0.05 GPa, �f�� £� 1.0 × 10−4 nm. |
^ BFGS �{?1AÛ(�`z, 3dÄ:þO�
>ÆA5.

3 ¢��{

æ ^ ó À � 6 ^ � í � E â, ± p X �
í (99.99%) �ó�íN, 3Àæ�.þ©O��

�� ZnO Ú WZO ��. í�qá©OÀ^XÝ
� 99.99%��� ZnO Ú 99.95%� WO3 �, ZnO
(WO3: 1.5 wt.%) >bq. Àæ�.Äk3;^�
�W�¥�(�W 30 min, 23�lfY¥^�
(�W 30 min, ��^pX�íNZ. ¢�¥�.
§Ýð½� 280 ◦C, �.ý�� 5 × 10−5 Pa, �í
6þ� 55 mL/min, í�íØ� 0.7 Pa, �.�q¡
må� 50 mm, óÀªÇ� 30 kHz, í�õÇ�Ý
� 1 W/cm2. ZnO � WZO �����ó²ëê�
��Ó.

|^ Accent HL 5500 .¿�ÿÁXÚé�¬
�>ÆA5ëê?1ÿþ. ���1Æ5UÿÁ
æ^ Cary 5000.b	 - �� - Cù	©11ÝO.
|^ Rigaku Dmax-2400 . X ��û�¤ (Cu Kα,
λ = 0.15405 nm) é�����?1(¬A5L�.
������¬�þÝd Dektek 150.��¤?
1ÿþ, þÝ�� 1200 nm.

4 (J�?Ø

4.1 (((���AAA555

d1�5�nO���� ZnO Ú WZO ¬�
~êXL 1 ¤«. lL 1 �±wÑÒ�� ZnO 

ó, O����¬�~ê�¢���C, L²·�
ÀJ�O��YÜn, O�(J�&. W6+ �lf
�» (0.062 nm)�u Zn2+ �lf�» (0.074 nm),
WZO ��¬�~ê�A~�, �´ÃØ´¢��
�´O��Ñw« W �\�����¬¡måO
\. ÜLS� [19] r Al �, ZnO ��Úå�NÈ
O�8Ïu¬�ÆCÚ3(¬L§¥�)�í{
Aå. 
·��O�(JKL²: W �\��/¤
� W-O �����±9ddÚå� ZnO ¬�ÆC
�� Zn-O ���C�´Úå WZO ��¬�~ê
O��Ì��Ï.

L 1 ZnO Ú WZO �¬�~ê

¬� ZnO WZO

~ê a/nm c/nm c/a a/nm c/nm c/a

O�� 0.319 0.516 1.618 0.322 0.518 1.609

¢�� — 0.521 — — 0.522 —
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¢������ ZnO � WZO ��� XRDû
�ãXã 1 ¤«. lã 1 ¥�±wÑ, W ��\¿
�UC ZnO �)��ª, ¤�����þ�8�
n ¶(�, ¥ (002) ¬¡J`)�. ��� ZnO
�', 3 XRDû�ã¥vk*	�ü� W ½öÙ
�zÔ�A�Ì�, L²�\� W �f±O �
/ª�3u ZnO ¥. û�¸rÝ�OrL² W �
�\k|u ZnO �(¬�þ�Uõ. Fang �3�
� Tb �, ZnO �uy
aq�y�, ¦�@�Ü
·� Tb �,ßÝ�±r? ZnO ���)�, O�
���¬âº�, Uõ���(¬�þ [20]. Ding
�3 Si �.þ�� Al �, ZnO ��uy
aq
�y�. ��,'~� 1.14 wt.%������û
�¸�r, ,��X�,'~�O\
ü$ [21].
·��¢�(J�©z [20,21] �¢�(J��.
d Bragg ¬¡måÚ8�n ¶(�¬�~êú
ªO���� ZnO Ú WZO ���¬�~ê��
Ó�uL 1. ÏL�1�5�n�O��'��±
uy¢���nØ��Czª³��, y²
TO
��Y�Ün5, �·��nØO�Jø
¢��
â.

� � � � � � � � � � � � � �� � � 	 
 � �� � � 	 
 � �� � � 	 
 � �� � 
 �� ��� ����� � � � � � � � � � �
ã 1 �� ZnO � WZO �� XRDû�ã

4.2 >>>ÆÆÆAAA555

ã 2 �Ñ
�� ZnO �U�(�Ú��Ý�
O�(J. dã 2(a) �±wÑ ZnO ´���Y�
�N, �Y�� 0.81 eV[22]. O��(J²w�u
¢��, Ì�´duÛ��ÝCqÚ2ÂFÝC
qÑ�3 Eg O�� $�ÊH¯K. é ZnO 
ó
Ì�´O�¥Lp/�O
 Zn 3d ;��Uþ, E
¤ Zn 3d � O 2p ;��p�^�O�, (J¦d�
�°O�, �Y~�. �´, ù¿ØK�é ZnO >
f(��nØ©Û, cÙ´éu Γ :?�U�(

��©Û [23]. lã 2(b) �±wÑ, ZnO �d�Ä
��±©�ü�«�, = −6.8—−3.5 eV �ed�
Ú −3.5—0 eV �þd�. l©Å��Ýã¥�±
wÑ, ZnO �þd�«Ì�´d O 2p >f;�/
¤�; 
ed�«KÌ�´ Zn 3d >f;��z�,
��Ü©Ì�5
u Zn 4s >f;�.

� �� ���� ���� �� 	

� � 


� � � � �
����� �� �� �� � � � � � � � � � � � � ��� �� �� � � �� � � � �� �� �� � �  � � � ��! 	
 "# $ �  � % � � � & ' & � (� ) �

ã 2 �� ZnO �U�(�Ú��Ýã (a) U�(�; (b) o�
�Ý (DOS) 9©Å��Ý (PDOS)

��� ZnO �', W �\ ZnO �� WZO �
����Úd�þ�$U��£Ä� 2 eV, ¤�
U??\��, 1Æ�YÐ°, á�LyÑ n .�
�N��>A5 (ã 3(a)). dã 3(b) �±wÑ u
¤�U?NC��>>fÌ�d W 5d, O 2p 9 Zn
3d >f;�Jø. �,�� WZO ���d�Ì�
d Zn 3d!O 2p 9 W 5d >f;��¤, ��K´
du)
r�,z� W 5d, W 5p, O 2p 9 Zn 4s >
f;��¤. Ó�, �,� W 5d Ú O 2p >f;�
3¤�U?.ÜÚ\
��f��ÌU?.

L 2 ZnO Ú WZO �>ÆA5

�� [£Ç 16fßÝ >{Ç

«a /(cm2/V·s) /1020 cm−3 /10−3 Ω·cm

ZnO 14.7 0.31 13.5

WZO 23.8 1.7 1.55

d¢������ ZnO � WZO ���>
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ÆA5XL 2 ¤«. 3·��¢�¥����
� ZnO �>{Ç�$ [21], ù´du��� ZnO
��¥ O � ½ö Zn mY��3���� l
n�zÆOþ'¤�. W �\�����>{Ç
×�ü$, d�� ZnO � 1.35 × 10−2 Ω·cm ~�
� 1.55 × 10−3 Ω·cm, 16fßÝÚ[£ÇÑ��
� ZnO k¤O\. 16fßÝ�O\8Ïu W ±
O �ª�\��Jø�õ{>f/¤�16f.
[£Ç�O\K´du W ��\¦����(¬
�þUõ, ¬âº�O\ (d ZnO � 22.84 nm O\
� WZO � 24.18 nm), ¬.Ñ�~�¤� [21,24]. d
>{Ç (ρ) �16fßÝ (n) Ú16f[£Ç (µ)
�'Xª

ρ =
1

nqµ
, (1)

��16fßÝ�O\´>{Ç~��Ì�Ï�.

� �� ����� ��
� � 	


 � �

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

ã 3 WZO �U�(�Ú��Ýã (a) U�(�; (b) o��
Ý (DOS) 9©Å��Ý (PDOS)

4.3 111ÆÆÆAAA555

d>fU�(�û½��� ZnO Ú WZO �
��ßLÇXã 4 ¤«. lã 4 �±wÑ��

��� ZnO Ú WZO ��þäk�p�ßLÇ,
3 400—1100 nm �²þßLÇ�u 83%. ��
� ZnO �' WZO ��3Cù	1«ßLÇ�ü
$´du��¥�p�16fßÝéCù	1«
�áÂ��¤� [25]. 3áÅ�¡, ��� ZnO �
' WZO ���áÂ>²w7£. ² Tauc úª[
Ü���±�Ñ¤��� WZO ���1Æ�Y
� 3.48 eV, ²w�u�� ZnO � 3.27 eV. ¢���
�1Æ�Y�Ð°�þ¡nØO��(J���.
�Y�Ð°8Ïu�\� W �f3¤�U?NC
Ú\��>>fÚå� Burstein-Moss�A [26,27].

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

� � �� � �� � �� � �� � �� �� � ! "#$ %& '(%! )*+!
ã 4 �� ZnO � WZO ���ßLÌ91Æ�Y

5 ( Ø

æ^Äu�Ý�¼nØ�1�5�n²¡Å
�³�{�óÀ�6^�í�EâlnØ�¢�
ü��¡é WZO ��?1ïÄ. nØO�L²:
W ±O /ª�\ ZnO 8�n ¶¬�(�¥,
Ø�Úå¬�~êO\, ���¤�U?�$U
��£Ä, �3ÙNCÚ\d W 5d, O 2p 9 Zn
3d >f;�Jø��>>f, á�LyÑ n .�
�N�A5; Ó�U�{¿�A¦Ù1Æ�YÐ
°. ¢��(JL²: W �\ ZnO �����¬
�~êO\, >{Çü$!1Æ�YÐ°. WZO
���>{Çd�� ZnO � 13.5 × 10−3 Ω·cm ~
�� 1.55 × 10−3 Ω·cm, 1Æ�Yd 3.27 eV Ð°
� 3.48 eV. ¢�(JénØO�(J?1
�y,
L² WZO ����ß²�>���A^då.
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Theoretical and experimental investigation of
W doped ZnO∗
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Abstract
The properties of high valence difference W doped ZnO films (WZO) are investigated by means of plane wave pseudo-potential

method based on the density-functional theory (DFT) and pulsed DC magnetron sputtering technique. The theoretical result shows after
incorporation of W the Fermi level enters into the conduction band, showing that a typical n-type metallic characteristic and the optical
band gap E∗

g increase significantly. The carriers originate from the orbits of W 5d, O 2p and Zn 3d. Moreover, the increase of the
lattice constant is due to the longer bond length of W-O and lattice distortion. The experimental results demonstrate that the deposited
WZO film grows preferentially in the (002) crystallographic direction but the lattice constant increases. The resistivity decreases from
1.35 × 10−2 Ω·cm to 1.55 × 10−3 Ω·cm and the optical bandgap extends from 3.27 eV to 3.48 eV compared with those of ZnO. The
average transmittance is over 83 % in a wavelength range from 400 to 1100 nm. The experimental results are in good agreement with
the theoretical results, showing that the WZO thin film has a great potential application as transparent conductive oxide.

Keywords: WZO film, first principles, magnetron sputtering, solar cell
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