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æ^��>zÆ�ÈEâ��
 ZnO B��â�,�a7f� (DLC) ��,ïÄ
 ZnO B��â�,é DLC
��|u�5U�K�. |^ X ��1>fUÌ!ß�>fw�º!Raman 1Ì±9�fåw�º©Oé���
zÆ|¤!�*(�ÚL¡/m?1
L�. (JL²: ��¥� ZnO B��âäkn ¶(�, Ù¹þ�X>)
�¥ Zn 
�O\
O\. ZnO B��â�,Or
 DLC ����$zÚL¡o÷Ý. |u�ÿÁL², ZnO B�
�â�,UJp DLC ���|u�5U, Ù¥ Zn � Zn+C ��f'� 10.3%��¬3	\>|rÝ� 20.7 V/µm
�>6�Ý��
 1 mA/cm2. ��|u�5U�Jp8Ïu ZnO �,Úå�L¡o÷ÝÚ DLC ���$z§Ý
�O\.

'�c: ZnO B��â, a7f���, >zÆ�È, |u�

PACS: 81.05.U−, 79.70.+q, 61.46.Df

1 Ú ó

a7f� (DLC) ��´Ì�d sp3 Ú sp2 ,z
%|¤��¬%�. duäk$>f�Ú³Úp
zÆ­½5, Cc5 DLC ��|u�5U�ïÄ
É�
pÝ'5, 3eu�>fl!²�w«ì�
+�¥w«Ñ2,�A^cµ [1]. �´, du DLC
��>{ÇL�, ��J±/¤���|u�>
6 [2,3], ÏdéõïÄö}Áé DLC á�?1�
,, ±ü$��>{Ç, l
Jp|u�5U. 8c
®¢y N, Si ��7á��Ú Ti, Ag �7á��
é DLC ����,. |u�ÿÁ(JL², �,
UwÍJp DLC ���|u�5U, �)ü$|
u�mé>|!O�u�>6!Jpu�­½5
� [4−7].

ZnO ´�«­��/-3x���YzÜÔ�
�Ná�, ¿§eB�°Ý� 3.37 eV, -f(Ü

Up� 60 meV, §äk`É�1>5U, 31>ì
�!Daì�+�Ñäk2��A^ [8−10]. B�
(�� ZnO á�äkK>f�Ú³ÚpzÆ­½
5, |u�5U`É, �±^�|u�Ò4á� [11].
Cc5B�(� ZnO á�|u�5U�ïÄÉ�

2��'5. Tseng � [12] ±ç�ü�� ZnO B
����|u�Ò4, 3 24 V/µm �	\>|e>
6�Ý��
 0.1 mA/cm2. �´ ZnO á�Å�5
UjZ, 
¼�þ=� 110 GPa, 3�
^�'�
î��ó��¸eØU���¦, �½§Ýþ��

 ZnO á��A^. ò ZnO B��â�\ DLC �
�, �±ü$ DLC ���N>{, l
Jp���
|u�5U; Ó�, DLC ��é ZnO B�á���
C�±UõÙÅ�5U. Hsieh � [13] }Á|^ý�
LÈÒ4Eâò ZnO B��â�\ DLC ��, (
Jw« DLC ����CkÏuJp ZnO á��

¼�þ. ZnO B�á���Ò´�«`É�|u�
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á�, ò ZnO B��â�\ DLC ��k�UÓ�
|^ü«á�3|u��¡�`³, ���«5U
`É�|u�á�.

�©|^��>zÆ�È�{ò ZnO B��
â�,� DLC ��¥. �í�{�', ��{ä
k$§!$UÑ!��{ü´�!´u¢y�,
�A: [14], 8c|^>zÆ�ÈEâ®¤õ��

 N, S ��7á��Ú Au, Ti �7á���,
� DLC �� [15−17]. ¢�¥ÏLN!>)�¥ Zn

�¹þ, ��ØÓ ZnO ¹þ� DLC ��, ïÄ
�, ZnO B��âé DLC ��(��K�, ¿(
Ü��L¡/mÚ�(��Cz©Û ZnO �,
é DLC ��|u�5U�K�, ±Ï?�Ú`z
|u�Ò4á��5U.

2 ¢ �

¢ � æ ^ { ü � > ) ³ C �, a q
u Namba[14] ¦ ^ � V > 4 X Ú. Ò 4 æ ^ n
. (100) 7 � . (10 mm×20 mm×1 mm), > {
� 7—13 Ω, �4�É>4, ü4�mål�±
� 7 mm. 3�È�c, Si ¡�g^ 5%HF YM
�!�lfY!©ÛX¯U!©ÛXZÑ��
(�W 10 min, ��^ N2 íNZ�^. ¢�æ
^�>)�� Zn2[C32H42N8O13]Cl4/`UM�, Ù
¥©ÛX (99.5%) `U��%
, Ü¤���©
f Zn2[C32H42N8O13]Cl4 �� ZnO �c°N [18].
�
N!��¥ ZnO B��â�¹þ, >)�æ^
ØÓßÝ� Zn2[C32H42N8O13]Cl4/`UM�, ¢�
¥æ^�ßÝ©O� 0.05, 0.08 Ú 0.15 g/ml. >z
Æ�È��È>Ø� 1000 V, �È�m� 8 h, �È
L§¥Yú§Ý�±3 50—60 ◦C. �
?1é',
3�Ó^�e±`U�>)���
 DLC X%�.

æ^ X ��1>fUÌ (XPS) Ú Raman 1Ì
©Û
���zÆ¤©Ú�*(�, ?�Ú�(
�uÿæ^ß�>fw�º (TEM). ^�fåw�
º (AFM) ÿþ
���L¡/m. |u�A5ÿ
Áæ^�4+.(�, 3 10−4 Pa �ý�e�¤.

3 (J9©Û

3.1 ���¬¬¬���LLL���

XPS �±½þÿ½���zÆ¤©. �â DLC
Ú ZnO-DLC ��� XPS �Ì©Û, Zn � Zn+C �

�f' R �X>)�¥ Zn 
¹þ�O\
O\,
�g� 3.54% (0.05 g/ml Zn2[C32H42N8O13]Cl4/`
U), 10.3% (0.08 g/ml) Ú 15.41% (0.15 g/ml), ù¿
�X|^��>�È�{ Zn ���¤õ/�\

 DLC ��, � Zn ¹þ�X>)�¥ Zn 
¹þ
�O\
O\. �
£ã�B, ·�ò DLC �¬
·¶��¬ A, ZnO-DLC �¬U Zn ¹þl$�
p�g·¶��¬ B!�¬ C Ú�¬ D. �
²
( Zn ��3EÜ��¥��Ü/ª±9 Zn �,
é DLC ���K�, ·�é Zn 2p Ú C 1s � XPS
°[Ì?1
©Û, Xã 1 ¤«. éu Zn 2p ¸,
Zn 2p1/2 ¸Ú Zn 2p3/2 ¸ u 1045.4 Ú 1022.4 eV,
ù� ZnO �A�IO XPS A�¸�ÎÜ, ¿�
X ZnO-DLC �¬¥� Zn �f´� O �f(Ü,
± ZnO �/ª�3 [19]. lã 1(a) �±wÑ, �
X Zn ¹þ�O\, Zn 2p ¸ �$U�� £, �
öíÿ´du Zn ¹þ�O\¦ DLC Ä�¥ ZnO
B��ââ»O\, (ÜU�p�L¡�f'~�
�eü, Ïd Zn 2p ¸�(ÜUeü. ã 1(b) w« C

ã 1 ØÓ ZnO ¹þ�¬� XPS (a) �¬ B!�¬ C!
�¬ D � Zn 2p UÌ; (b) �¬ A!�¬ B!�¬ C!�
¬ D � C 1s UÌ
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1s ¸ u 284.5—285.5 eV, ù¿�X>�È��
�%Ä�¥¹k sp3 Ú sp2 ü«,z/ª�%, �
X%���¬ A � C 1s ¸�', ZnO-DLC EÜ�
� C 1s ¸�$(ÜU�� £, Ù�Ï�U´ ZnO

��,�� DLC Ä���$z§ÝOr [20].
ã 2 ¤«� DLC Ú ZnO-DLC EÜ�� AFM

ã�. dã 2 �±wÑ, �X ZnO ¹þ�O\, ��
L¡�àåO�, ���o÷ÝÅìO�.

ã 2 |^ AFM ����¬/m (a) �¬ A; (b) �¬ B; (c) �¬ C; (d) �¬ D

� 
 ? � Ú u ÿ E Ü � � � � ( �, · �
^ Raman 1Ì¤Ú TEM ©Oé�¬?1
uÿ.
ã 3 ´ØÓ ZnO ¹þ�¬� Raman 1Ì. Xã 3(a)
¤«, ¤k ZnO-DLC ���¬Ñ3 584 cm−1 ?w
«
 ZnO � A1 p�1Æ (LO) (f�ª�Ä¸,
¿� LO ¸� ��X ZnO ¹þ�O\A�Øu
)Cz, ù�©z [21] ¤��� ZnO � LO �Ä�
ª��â��Ã'�(J´���. Xã 3(b) ¤
«�pÅê«�, ZnO B��â LO �ª��UÚ
éÜ�� 1158 cm−1 NCÑy
�?A�¸ [22];
3 1200—2000 cm−1 �«�, DLC Ú ZnO-DLC �
¬ÑÑy
 D ¸Ú G ¸, ù¿�X>�È���
���¬Ñäka7f�A�. �X ZnO ¹þ�
O\, D ¸Ú G ¸Ñ�pÅê��£Ä, � G ¸r
ÝOr, ù8Ïu DLC Ä���$z§ÝOr, ù
� XPS uÿ�(J��.

�
?�Ú²( ZnO 3 DLC Ä�¥�©Ù
Ú�*(�, ^ TEM é��?1
uÿ, (JX
ã 4 ¤«. uÿy¢ÏL>�Èiî3 DLC Ä

�¥�¥/ ZnO B��â�»�� 4 nm, ©Ñû
Ð, vk²w�ìqy�. p©EÇß�>fw�
º (HRTEM) uÿw«��¥B��â¬¡må�
� 0.27 nm, �8�¬Xn ¶(�¥ (002) ¬¡m
å4��C, ddíÿ>zÆ�È3 DLC Ä�¥
� ZnO B��â´n ¶(�©

3.2 |||uuu���AAA555©©©ÛÛÛ

ã 5(a) ´ DLC �9 ZnO-DLC ��|u�
J-E ­�. l J-E ­��±wÑ, �X DLC ��
', ZnO ��,¦ DLC ��|u�5Uk
wÍ
Uõ. Äk´mé>|eü. DLC �3	\>|
�� 13.5 V/µm �m©Ñy>fu�y�, �X�
�¥ ZnO ¹þ�O\, mé>|ü$�
 7 V/µm.
Ùg´u�>6�ÝJp. ZnO ��,¦u�>
6�ÝwÍO�, Ù¥�¬ C �>6�Ý3>|
� 20.7 V/µm ���
 1 mA/cm2, ù�ê��±÷
v�õê|u�Ò4�A^I¦.
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ã 3 ØÓ ZnO ¹þ�¬� Raman 1Ì (a) �¬ B!
�¬ C!�¬ D 3�$Åê� Raman 1Ì; (b) �¬ B!
�¬ C!�¬ D 3�pÅê� Raman 1Ì

uÿL², �X	\>|�O\, u�>6
� Ý ¥ y � ê O �, 3 23.5 V/µm � 	 \ > |
e, u � > 6 � Ý � � � � ¬ C � > 6 � Ý
�� 1.5 mA/cm2. ��5¿�´, éu R ��
p (10.41%) ��¬ D, u�>6�X	\>|O
\¿����±�êþ,, 
´l 17 V/µm m©C
�, Ly��	\>|�5O��ª³. ù«|u
�A5�UC, �U´ ZnO B��âE¤�L¡
�àåÚ DLC Ä��(�UC�Ó�^�(J.
AFM ã�L², ZnO �,¦ DLC ���L¡o÷
ÝO\, 3	\>|eL¡�Øþ!¬ÚåÛ��
|Or, k|u>f�|u�, Ïd�XEÜ��
¥ ZnO ¹þ�O\, ��L¡o÷ÝO\, |u�
>6���O�. �´, ���«õ¼ê�é�p
���Ná�, ZnO �\¬E¤ DLC Ä�¥ sp2

� sp3 '~�Jp, ù�:®²� XPS Ú Raman 1
Ìuÿ¤y¢, Ïd�X ZnO ¹þ�O\, ��õ
¼êO�, l
��|u�5Ueü. éu ZnO ¹
þ�p��¬ D, 3	\>|�L 17 V/µm �«�,

õ¼ê®²¤�K�|u��Ì�Ï�, ¤±|u
�>6¥y�Ú, ¿��X	\>|�5O�, Ø
2LyÑ¥�êO\�A�.

ã 4 �¬ C � TEM Ú HRTEM ã� (a) TEM ã�;
(b) HRTEM ã�

�â|u�� Fowler-Nordheim(FN) nØ [23],
|�u�>6�Ý�§�

J = A(βE)2 exp
(−Bϕ3/2

βE

)
, (1)

Ù¥, J �u�>6�Ý, ϕ �õ¼ê, E �	\>
|rÝ, β �|OrÏf. �§ (1) L², ln(J/E2)-
1/E ­���Ç� Bϕ3/2/β ¤�'. ã 5(b) ´�
¬|u�éA� FN ­�. lã 5(b) �±w�, �
¬ A!�¬ B Ú�¬ C � FN ­�¥�5, áu|
>fu�. b�|OrÏf β � 1, l FN ­��
�Ç�±O�Ñ�¬ A!�¬ B Ú�¬ C �õ¼
ê�g� 69, 59 Ú 43 meV. �$�õ¼êk|u|
>fu�, Ïd�¬ C LyÑ�Z|u�5�. ¯
¢þ, du|OrÏf��3, �¬�õ¼ê��
u FN nØ����. �¬ D 3$|«��õ¼ê
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� 36 meV, �Ù¦�¬�~�C, �´3p|«�
�¬ D � FN ­� l
��, Ñy
|u�>6

��Ú, Ùu�1�®²ØU^ FN nØ5)º, ù
�|u� J-E ­��(J´���.

ã 5 �¬ A!�¬ B!�¬ C!�¬ D � J-E ­�Ú FN ­� (a) J-E ­�; (b) FN ­�

4 ( Ø

| ^ � � > � È � � {, � � 
 n ¶ (
� ZnO B��â�,� DLC ��. ÏLO\>
)�¥ Zn 
�¹þJp
��¥ ZnO �¹þ. u
ÿy¢, ZnO ��\¦��L¡o÷ÝO\, ¿�

r?
 DLC ÄN��$z. ZnO ��\¦���
|u�5UOr, Zn � Zn+C ��f'� 10.3%�
EÜ��3 23.5 V/µm �	\>|eu�>6
� 1.5 mA/cm2, w«
�Z�|u�5�. (JL
², ZnO-DLC EÜ���±¤��«`D�|u
�Ò4á�.
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[22] Cuscó R, Alarcón-Lladó E, Ibáñez J, Artús L, Jiménez J, Wang B

G, Callahan M J 2007 Phys. Rev. B 75 165202
[23] Fowler R H, Nordheim L W 1928 Proc. Roy. Soc. A 119 173

088101-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 088101

The fabrication and field emission properties of ZnO
nanoparticles-doped diamond-like carbon films by

electrochemical deposition∗

Zhang Pei-Zeng1) Li Rui-Shan2)3) Xie Er-Qing1)† Yang Hua2)3)

Wang Xuan2) Wang Tao4) Feng You-Cai2)

1) ( Key Laboratory for Magnetism and Magnetic Materials of Ministry of Education, Lanzhou University, Lanzhou 730000, China )

2) ( School of Science, Lanzhou University of Technology, Lanzhou 730050, China )

3) ( Key Laboratory of Advanced Non-Ferrous Material of Gansu Province, Lanzhou University of Technology, Lanzhou 730050, China )

4) ( College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou 730070, China )

( Received 1 June 2011; revised manuscript received 1 November 2011 )

Abstract
The formation of ZnO nanoparticles embedded in diamond-like carbon (DLC) thin film, deposited by electrochemical technique

without post-processing, is observed. The effect of ZnO doping on the field emission (FE) property of DLC film is investigated.
The chemical composition, the microstructure, and the surface morphologies of the sample are characterized by X-ray photoelec-
tron microscopy, transmission electron microscopy, Raman spectrum, and atomic force microscope (AFM). It is shown that the ZnO
nanoparticles are of a wurtzite structure and the content of ZnO increases with Zn source increasing in electrolyte. The ZnO doping
enhances both the graphitization and the surface roughness of the DLC film, which is verified by Raman spectrum and AFM. By the
ZnO doping, the FE properties of the DLC film are improved. An emission current density of 1 mA/cm2 is obtained at an electric field
of 20.7 V/µm for the film with a Zn/(Zn+C) ratio of 10.3at%. The improvement on the FE properties of the ZnO-doped DLC film is
analyzed in the context of microstructure and chemical composition.

Keywords: zinc oxide nanoparticles, diamond-like carbon film, electrochemical deposition, field emission

PACS: 81.05.U−, 79.70.+q, 61.46.Df

* Project supported by the Doctoral Scientific Research Foundation of Lanzhou University of Technology, China (Grant No. BS10200904) and the
Key Program of Science and Technology Research of Ministry of Education, China (Grant No. 211188).

† E-mail: xieeq@lzu.cn

088101-6


