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æ^�6óÀ�A^�í��{)� W �, ZnO (WZO) ß²�>�zÔ��¿ïÄ
�.§Ýé���*
(�!|©!L¡/m±91>5U�K�. ¢�(JL², WZO ��äkûÐ� (002) ¬¡J`��, �·��
�.§Ý´��`� WZO ���'�Ï�. �X�.§Ý,p, ��L¡o÷ÝkO��~�; �.§Ý�p�,

���(���, (¬�þÐ, >f[£Çp. ��.§Ý� 325 ◦C �, WZO ��¼��$>{Ç 9.25×10−3 Ω·cm,

�¬>{� 56.24 Ω/¤, [£Ç� 11.8 cm2 V−1·s−1, Ù3��19Cù	«� (400—1500 nm) ���²þßLÇ
�� 85.7%.

'�c: �A^�í�, ZnO ��, W �,, �.§Ý

PACS: 81.05.Dz, 81.15.Cd, 68.55.–a

1 Ú ó

ZnO ß²�>�zÔ�� (ZnO-TCO) ´�«
/-3x!��°�Y��Ná�, Ù¬N(�¥
y8�n ¶(�. ÓDÚ� In2O3 Ú SnO2 ß²
�>���', ZnO Äß²�>��äkíd!
ÃÓ!á�´L!N´�¡±9F H �lfNñ
Â�`: [1,2], Ïd, Åì¤�7Ä����>³
ß²>4�­�ÀJ�� [3]. 8c, �� ZnO �
�Ï~æ^ B, Al, Ga ����,5Jp����
>5U. B3+, Al3+, Ga3+ þ¥�nd, ���,l
f?\ ZnO ¬�¥O� Zn2+, U
Jø��õ{
�>f, ^±Jp����>5U. �´Ta��
3�Å« (800—1100 nm) �ßL5UÏ�r�g
d16fáÂ
k²w�eüª³. �d, �
ï

ÄöJÑpd�����,�Ãã, ¦���,�
�f�±Jøõ�>f, ü$�,Y², l
k�
~�>f��,�f�m�Ñ�VÇ [4], Jp�
��[£Ç; Øü$á�>Æ5U�cJe·�
ü$16fßÝ, Jp��3Cù	«�1ÆßL
Ç. 'upd���, TCO ���ïÄÌ�k Mo

�, In2O3-TCO �� (IMO)[5−8], W �, In2O3-

TCO �� (IWO)[9−11] , ±9 Mo �, ZnO-TCO �
� (MZO)[12−15], ¿���
�½�ïÄ¤J. ,

, éu W �, ZnO-TCO �� (WZO)[16−21] ïÄ
�é��.

�©æ^pd�� W �, ZnO, �� W6+

O�¬�¥� Zn2+ �±Jø 4 �õ{�>f,

±¢yØK�>Æ5U�cJeü$����
,Y², Jp���Å«ßLÇ. Ó�, W6+ ��
» (0.062 nm) � Zn2+(0.074 nm) �Cq, �� W6+

* I [ ­ : Ä :ïÄ O y (1 O Ò: 2011CBA00705, 2011CBA00706, 2011CBA00707)! I [ p E âïÄ u Ð O y (1 O Ò: 2009A

A050602)!�EÜISÜ��8 (1OÒ: 2009DFA62580)!U9½A^Ä:9c÷EâïÄOy (1OÒ: 09JCYBJC06900) Ú¥

p�Ä��ï�Ö¤;�]7�8 (1OÒ: 65010341) ]Ï��K.

† E-mail: cxlruzhou@163.com

c© 2012 ¥IÔnÆ¬ Chinese Physical Society http://wulixb.iphy.ac.cn

238101-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 238101

O� Zn2+ Jø
�U5.

���)�9Ù1>5Ur�/�6u��
�ÈEâ9)�ó². 8c�é^�í�Eâ�
� WZO ��õæ^>bq, �kæ^7á�i·
Üq. �
ü$¤�, �©æ^ Zn/WO3 Ü7q�
� WZO ��, daïÄ3ISþÿ���[��.

�Ø©�[ïÄ
�.§Ýé WZO ���*(
�!L¡/m±91>5U��¡�K�.

2 ¢��{

¢ � æ ^ JGP-320 .� A ^ � í � X Ú )
� WZO � �, q á æ ^ p X Ý (X Ý: 99.99%)

Zn/WO3 Ü7q (�,J WO3 �þz©'� 1.0%),

�.�ÊÏ2{Àæ. Û�còÀæ�\��N�
W�\9 1 h ¿éÙ?1�(�W, ,�^�lf
YÀW, ��^pX�íNZ. ¢�±pX�í (X
Ý: 99.99%) ��í�íN, �í (XÝ:99.99%) �
�AíN, �.ý�`u 3×10−4 Pa, �.�q¡m
�ål�±� 45 mm, í�õÇ� 300 W, í�í
Ø� 0.57 Pa. æ^ S49-33M/MT.6þO, ©O�
� Ar Ú O2 6þ, ¢�¥�±ð½ Ar 6þ 55 sccm

(1 sccm = 1 mL/min) Úð½ O2 6þ 11.5 sccm. �
±Ù¦Û�¢�ëêØC,ïÄ�.§Ý (200 ◦C—

350 ◦C) é��5U�K�.

©Oæ^ Dektek 150.��¤ÿþ��þÝ,

Accent HL5500 .¿�ÿÁXÚÿþ¿O���
��¬>{!16fßÝÚ[£Ç�, Cary 5000

.b	-��-Cù	©11ÝOL����1Æ
ßLÇ, D-max/2500 . X 1û�¤©Û���(
¬5U, S-4800 .|u�×£>fw�º (SEM)

Ú SPA-400.�fåw�º (AFM) ©Û���L
¡/m.

3 ¢�(J�?Ø

3.1 (�A5

ã 1 ´ØÓ�.§Ýe��� WZO ��� X

��û� (XRD) ãÌ (ã 1(b) � (a) ���). lã
¥�±wÑ, ¤k�¬¥ ZnO � (002) û�¸�
r, `² WZO ��´äk8�n ¶(��õ
¬��, �÷ c ¶R�u�.J`)�. dã 1(b)

��, 3 200 ◦C ^�e�����Ñy (002) û
�¸�Or¸ (004) ¸, Ó�&ÿ�,	ü�û�
¸©O u 36.16◦ Ú 69.02◦. �Î XRD IO'é
k, ùü�¸éAuü� Zn � (002) ¸Ú ZnWO4

� (–123) ¸. �.§Ý� 250 ◦C �, E,�3 Zn

� (002) ¸, �d��û�¸rÝ~�. ��.§
ÝJp� 300 ◦C �, Zn � (002) ¸ ��, �
�
��´ ZnO � (101) ¸ (35.78◦). 
d� ZnWO4 �
(–123) ¸ E , � 3, �û� ¸   � k ¤  
£ (68.82◦), ���.§Ý,p� 325 ◦C �, T¸
â��. �±(½3�p�.§Ý (325 ◦C, 350 ◦C)

e�����þ¥ ZnO �, ¿3 325 ◦C � (002) ¸
rÝ�����.

ã 1 ØÓ�.§Ý� WZO �� XRD ãÌ (a) 9Ù��ã (b)
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�.§Ý�$� (200 ◦C, 250 ◦C), �.L¡�
í�âf�A¹5Ø
, Zn � O ØU
¿©�A,

Ï
���3�½þ� Zn ü�. 
 ZnWO4 ��
3K�U´3í�L§¥d ZnO � WO3 �A)
¤�. �.§Ý�p� (325 ◦C, 350◦C), vk Zn ü
�!W ±9 Zn, W zÜÔ�3, L²d���)�
L§¥ Zn � O U
¿©�A)¤ ZnO, ¿� W ±
O /ª?\� ZnO ¬�(�¥. �±wÑ, Ü·
��.§ÝU
k�Jpí�Ñ5âf3�.L
¡��A¹5, l
k|uJp���(¬�þ.

ã 2 �ØÓ�.§Ýe WZO ��� SEM

ã�. �X�.§Ý�,p, ��L¡�â¥k
O � � ~�� ª ³. 200 ◦C �, � � L ¡ ¥ y
� “a7i©” (�, �æ^ MOCVD/LPCVD �
{�� ZnO ���L¡/m�C [22,23], �¬âº
���. 250 ◦C �, ��L¡�â¥�¬G, ��
(���Õt; 300 ◦C �, d XRD ÿÁ©Û(J�
�, WZO ���8�n ¶õ¬(�, ÷ (002) ¬
¡J`)�, = ZnO ¬â÷ c ¶��R�u�.¥
ÎG)�, éAuã 2(c) �ÎG(�; ��.§Ý
UY,p, ��L¡�âd�¬G (300 ◦C) =��
¥G (325 ◦C, 350 ◦C), ��L¡(�C���.

ã 2 ØÓ�.§Ýe WZO ��� SEM ã� (a) 200 ◦C; (b) 250 ◦C; (c) 300 ◦C; (d) 325 ◦C; (e) 350 ◦C
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ã 3 �ØÓ�.§Ýe WZO ��� AFM ã
�±9L¡þ��o÷Ý, � SEM ã�±�Ð�
��5. dã��, ��L¡þ��o÷Ý�X�
.§Ý�,pkO��ü$. 250 ◦C �, ��L¡
þ��o÷Ý����� ∼37.60 nm, éA SEM

ã, ��(��tÑ. ��.§Ý�� 350 ◦C �,

��L¡þ��o÷Ýü��$ 11.07 nm, ��
²�.

�.§Ý��K�í�âf3�.þ¼�
�Uþ��, l
û½âf3�.L¡�*ÑU
å, �ªK����L¡/m [24]. �.§Ý�
$ (200 ◦C), í�âf�Uþ�$, Ã{3�.
þ£Ä�Uþ�$�¬� �þ, ���"��
õ, (002) û�¸�é�f [25]. ��.§Ý,p
� 250 ◦C �, �.L¡�f¼��½�Uþ, ��
�â�pKÜ3�å, ¤�Ø5K¬G, �L¡C
�o÷ [26](�ã 3(b)). ��.§Ý,p� 300 ◦C—

350 ◦C �, �.L¡��f½©fU
¼�v
�
*ÑUþ, ��kS�Óâ¬� �, l
Jp�
��(¬�þ, ��L¡(�ÅìC���. d	,

�Ó�m�È���, ÙþÝ (�ã 1(a)) ��.§
Ý,pd 2055.2 nm (200 ◦C) Åì~�� 1011.9 nm

(350 ◦C). ù´du�.§Ý,pr?��(��
�E¤�.

3.2 >ÆA5

ã 4 �Ñ
 WZO �>{Ç!16fßÝÚ
[£Ç��.§Ý�'X. ���>{Ç��.
§Ý,pk~�2O�, 325 ◦C �>{Ç���
$ ∼9.25×10−3 Ω·cm, �¬>{ ∼56.24 Ω/¤; �.
§Ýpu 325 ◦C 16fßÝâ²w~�, 
[£Ç
´�X�.§Ý,pd��� ∼8.34 cm2·V−1·s−1

O�� ∼18.3 cm2·V−1·s−1.

�.§Ý�$^�e�� WZO ��, �z
Ø¿©, �È� WZO ��¥7áâf¹þ�u
n�zÆOþ', ��¥�±gd£Ä�>f�
õ, 16fßÝ�p. �.§ÝO�U
r?�
õ7á�f� O �f(Ü)¤7á�zÔ, ü$
��¥gd>f, ,	, L�� O �f?\ WZO

��¥, ¦�,� W �f/¤ W ��zÔ
Ø2
� WZO � � J ø > f, Ï d 3 � p � . § Ý
(350 ◦C) e, WZO ���16fßÝü��$
∼2.18×10−19 cm−3. � . § Ý � p � � L ¡/
m (ã 2(d), (e)) éAuU?�� Thornton �.«
� T , dup§e��"��Ý~�, ��(¬�
þJp, Ó�3p§�í¨�¥�3ò»y�, �
��Ôn9zÆ(�­½5þk¤Jp, 16f[
£Ç���O� [27].

ã 3 ØÓ�.§Ýe� WZO �� AFM ã� (a) 200 ◦C; (b) 250 ◦C; (c) 300 ◦C; (d) 325 ◦C; (e) 350 ◦C
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ã 4 WZO ��>{Ç ρ!16fßÝ n Ú¿�[£Ç µ ��.§Ý�'X­�

W ��3zÜÔ¥�U�3�d�/ªk
+2, +3, +4, +5, +6, Ù¥± +6 ��~�. �� W

�, ZnO ��, ´F" W6+ ±O /ª?\¬�
(�5Jp���>Æ5U. 
�¢�¥¼���
�>{Ç� 9.25×10−3 Ω·cm ?u�é�p�, ©
Û�Ï: ��¡�Uqá�,þ�$, ��¥16
fßÝÉ��; ,��¡�U´3�p�.§Ýe,

7áâfU
¿©�z, L�� O �f?\ WZO

��¥, ¦�,� W �f/¤ W ��zÔ (WO2,

WO3) 
Ø2� WZO ��Jø>f. ùÑ¬ü$
��¥�16fßÝ, �¬3�½§Ýþ��16
f[£Ç. �?�ÚUõ��>Æ5U, Äk´·
�Jpqá�,þ, ÙgK�ÀJÜ·�ó²ëê,

±³�Ø7��zÆ�A.

3.3 1ÆA5

ã 5 ´ØÓ�.§Ýe WZO ���ßLÇ
�Å��'X­�. �X�.§ÝO\, WZO ��
3��19Cù	«�ßLÇþk¤Jp. cÙ
´��.§Ýd 300 ◦C Jp� 325, 350 ◦C �, �
�áÅßL²wJ,. �.§Ý�L 300 ◦C, ��
3 400—1500 nm ��S²þßLÇ�u 85%.

�.§Ý�$�, ���zØ¿©, �¬¥�
3�þ� Zn, W 7á�fÚØ­½�æ�zÔ, 

ù
7á��fÚæ�zÔé\�>^Åk�r
�áÂÚ�� [28], �� WZO �����1ßL
Ç��. �.§Ý,p�, �z�A¿©, )¤ß

²�7á�zÔ, ~�
Ü©7á� Zn ½$�z
� Zn, W zÜÔ��3, l
Jp
����1ß
LÇ [24]. ù´du�p�.§Ý�±Jpí�â
f��A¹5, r? ZnO ¬�/¤, �� W �O 
�,JøûÐ�^�, �õ� W �f?\ ZnO ¬
�¥, l
��~�
 W �zÔ�¹þ, ����
1ßLÇ²wJp.

ã 5 ØÓ�.§Ýe WZO ��ßLÇ�Å��'X­�

4 ( Ø

/Ï Zn/WO3 Ü7q (¹ WO3 �,J�þz
©'� 1.0%), æ^�6óÀ�A^�í�)�
¼�
pd� W �, ZnO-TCO ��. ·���
.§Ý´¼�äk`û5U WZO ���'�.

� X � . § Ý , p, � � L ¡ o ÷ Ý k O � �
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~�, �.§Ý�p�, ���(���, (¬�
þÐ, [£Çp. ��.§Ý� 325 ◦C �, ¼�
� WZO ���$>{Ç� 9.25×10−3 Ω·cm, [
£Ç� 11.8 cm2·V−1·s−1, ��19Cù	«�

(400—1500 nm) ��²þßLÇ�� 85.7%. )�
� WZO ��1Ì���°�ßLÇp, k"3�
�U���>³�A^�¡äkûÐ��J.
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Temperature-dependant growth and properties of
W-doped ZnO thin films deposited by reactive

magnetron sputtering∗
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( Received 24 May 2012; revised manuscript received 3 July 2012 )

Abstract

W-doped ZnO (WZO) thin films for thin film solar cells have been deposited by pulsed direct-current reactive magnetron sput-

tering. The microstructures, surface morphologies, optical and electrical properties of WZO thin films are investigated at different

substrate temperatures. The experimental results indicate that a proper substrate temperature is the key factor for fabricating high-

quality WZO thin films. The surface roughness of WZO thin films increases firstly from 15.65 nm to 37.60 nm, and then decreases

from 37.60 nm to 11.07 nm with the increase of substrate temperature. Higher Hall mobility deposited at the higher temperatures is

attributed to the compact structure and good crystallization quality. The WZO thin film prepared at the temperature of 325 ◦C presents

excellent optical and electrical properties with an average transmittance of 85.7% in the wavelength range from 400 nm to 1500 nm, a

low resistivity of 9.25×10−3 Ω·cm, a sheet resistance of 56.24 Ω/sq and a high Hall mobility of 11.8 cm2·V−1·s−1.

Keywords: reactive magnetron sputtering, ZnO thin films, W-doping, substrate temperature

PACS: 81.05.Dz, 81.15.Cd, 68.55.–a
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