
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 056103

���²²²ïïï^̂̂���ííí���������aaa���$$$%%%���999555UUUïïïÄÄÄ*

�[�1)2) oùZ1) 3|1) 4¡ù1) Çý_1)2) ±¨l1) �ï¯1)†

1) ( ¥I�Æ�=²zÆÔnïÄ¤�NdwI[­:¢�¿, =² 730000 )

2) ( ¥I�Æ�ïÄ)�, �® 100049 )

( 2011 c 2 � 11 FÂ�; 2011 c 6 � 23 FÂ�?Uv )

|^¥ª�²ï^�í�Eâ3ü¬7Ä.þ�È
a�$%�, æ^ Raman 1Ì!p©Eß�>fw�
º!�fåw�º©Û
���*(�ÚL¡/m; æ^B�Øè¤Ú CSM �Þ��Á�ÅÿÁ
%�åÆ5
UÚ�ÞÆ5U. (JL²: |^¥ª�²ï^�í�Eâ�È�%�´�«± sp2 �Ü%�Ì!(��¬!M
Ý·¥!Aå�$!L¡o÷Ý��!�Þ5U`É���. óÀÓ�'é���*(�Ú5UkwÍK�, �
XóÀÓ�'�O�, Raman 1Ì D ¸Ú G ¸�rÝ' ID/IG k~��O�, 
MÝ�óÀÓ�'�O�%¥
yÑ���Czª³, =kO��~�; �í¨�¥��Þ5UÿÁL², �¢������äk`É�|�5
U (∼10−11 cm3/N−1·m−1) Ú«1Uå (∼2.5 GPa). �óÀÓ�'�O�, ���ÞXêCz$�
��Ç%¥y
kwÍ~����O��Czª³. a�$%�`É��ÞÆ5UÌ�8ÏuÙÕA�(�!�$�SAå9û
Ð�(�­½5.

'�c: ^�í�, a�$%�,�*(�, 5U

PACS: 61.43.Dq, 62.20.Qp, 68.55.Ln

1 Ú ó

�¬%�ÏäkMÝp!�Þ���!F@
¡5r!�>5Uû!ß1ÇÐ9)Ô�N5Z
��X�`É5U¦Ù3Å�!)Ô9á�+�
äk2,�A^cµ [1,2]. Ïd, C��c5�¬
%����ÚïÄ�É'5. ,
, DÚ�a7
f�%��3SAåp!(ÜrÝ�!«1Uå
$99­½5��"�¦ÙA^��É�é��
� [1,2]. ïÄ<
ÏL�,��!�ÓFÝLÞ�
9�.L¡ã�z��ª3�½§Ýþü$
S
Aå, Jp
�Ä(Üå, Uõ
�Þ5U [1,3−9],

�Ü©U?�¢y  ´±åÆ5U�����
d. Ïd, ���«��oä`ÉåÆ5UÚ�Þ
Æ5U�%Ä��, ¦Ù÷v��ó¹^�e�A
^´½�I��. Cc5IS	�þïÄL², �
«± sp2 �Ü%�Ì�a�$%�Ù�ÞÆ5U!

cÙ´«1Uå²w`u± sp3 �Ü%�Ì�a7
f�%� [10−14]. Ù¥�ä�L5�Ò´=I Teer

æ�k�úiï��ü«a�$%Ä��, ùü«
a�$%�Ø=äkûÐ�åÆ5U, 
�3�í
¨�¥Ù«1Uå¾Up� 3.7 GPa, ��pu�
��a7f�%�. a�$%Ä��ù«`É��
ÞÆ5U�Ù3p«1^�e�A^Jø
�U.

,
, î8��k'a�$%Ä���ïÄ���
é"y, éÙ(��@£�Ø
�\. Ïd,�
?
�ÚuÐa�$%Ä��, éÙ(�Ú5U?1�
[ïÄÒw�c�­�.
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(�Ú5U�K�.

2 ¢��{

2.1 ���¬¬¬������

|^g1ï��zÆí��ÈÚÔní��
È�(Ü�õõUý�Û���3ü¬7Ä.þ
í��È
þÝ�� 1 µm �%�. ã 1 �Ñ
õ
õUý�Û���(�«¿ã. T��d�ª9Ï
>aÍÜ�lfNOrzÆí��Èü�!¥ª
�6�²ï^�í�ü�Ú�6�²ï^�í�
ü��¤. 3�Î/�ý�n¿¥, �7�u¥%
��¬�Ú=e��
o�^�q, Ù¥n¬^�
pX (∼99.99%) �$q (A,B,C q) �%
 (�é
Ì)�6éqÚ���6q), �¬�6vq (D q)

��LÞ�; æ^��ü4óÀ�6>
��Ä.
 Ø. �¢�¥�ªü���æ^, ��=d�²
ï^�í�ü���. �éu²ï^�í�, �²
ï^�í�Ù`:3uq>��^|rÝØÓu
q¥%, ^å�vk�Ü3qL¡4Ü, 
´k�
Ü©*Ð�Ä¡þ. Ïd, �lfN¿��r�/
�å3q¡NC, 
´3^FÝ|�^e*Ñ�Ä
¡L¡, ¤±��Ä¡�lf6�Ý��O\, k
|u��(���!Aå�$���. æ^pX�
í (∼99.99%) ��ó�íN. �È��c©O^�
lfY!ZÑÚÃY¯U��(�W�¬ 20 min,

,�ò�¬�un¿\9� 100 ◦C Ó�Äý�
� 10−3 Pa, ;�X3 600 V  ØÚ 1.6 Pa íØe,

^ Ar �lfNñÂ�¬L¡ 20 min ±�ØL¡�
z�. Ì�í��ÈL§�)±enÚ:1) 3�.
þí��ÈþÝ�� 400 nm �Xv�; 2) Åì~
�vq>6\�n¬�$qí�>6�ÈþÝ�
� 200 nm � TiC EÜ�; 3) 3EÜ TiC �þ�È
þ�� 1 µm �X%�. %��ÈÌ�ëê�: ó�
íØ 0.3 Pa;óÀ Ø 125 V; í�>6 6 A (Ì)�
6éq) Ú 3 A (�6q); �È�m 3 h;  ØóÀÓ
�'©O� 20%, 30%, 40%, 50%.

2.2 ÁÁÁ���ÿÿÿÁÁÁ

æ^ RM2000 . Raman 1Ì¤é��?1(
�©Û, -uÅ�� 532 nm (Ar lf-1ì), 1Ì
ÿþ��3 400—2000 cm−1 �m; æ^ Nanoscope

0.�fåw�º (AFM) *ÿ©Û���L¡
/mÚo÷Ý; æ^ JEM 2010 .p©EÇß�>
fw�º (TEM) é����*/m?1L�. |
^ NanoTest 600 B�Øè¤ (MicroMaterials Ltd.,

UK) 5ÿ½���B�MÝÚ�5�þ. �~�
ÄNé��MÝ�K�, Ø\�Ý��Ø�L��
þÝ� 1/10(�� 100 nm), Ó��¬� 5 gÿÁ�
�²þ�. |^��>ªn�L¡Ó+¤ÿþ��
�Èc�Ä.­Ç�», ¿(Ü Stoney úªO�
��SAå. 3�é�Ý� 70%��í¨�¥, |
^ Eª¥ - �wÄ�ÞÁ�Å (CSM) é���
ÞÆ5U?1
ÿÁ. Á�æ^ E$Ä�ª3
¿§e?1, Á�^��: ²þw1�Ý 4 cm/s; �
Ì 1.0 mm; �é�Ý 70%; GCr15(Φ 3 mm) g¥�
éó; wÄgê� 10000 g; �ÞÁ�(å�^�
�>ªn�L¡Ó+¤ÿþ�è��NÈ¿O�
����Ç.

ã 1 ý�Û���(�«¿ã

3 (JÚ?Ø

3.1 ���������***(((���

Raman 1Ì´ïÄ%Äá�SÜ�*(��
~^�¢�Ãã��, ÏÙé�Ü/ª!ìqº
�!��SAåäkûÐ�©EUå, �ö�{
üéÁ�vk»�5
�2�^u©Û%Ä��
�*(�. ��
ó, �¬%�� Raman Ìãd 
u 1350 cm−1 ?� D ¸Ú 1560 cm−1 ?� G ¸�
¤, §�Ï~�@�´�¬%��A�¸. Ù¥, D

¸´d8�%�ìq��á�Ä�), §Ï~´(
�ÃS�I�, ÙrÝ�'u��¥Ñy8�%�
ìq�êþ½º�. G ¸´d%�½%ó¥ sp2 �
fé�� �Ä�), Ù�p°  ���(��
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ÃS5�éX, ÃS5�r�p°Ò�� [15−18].

d	, D ¸Ú G ¸�rÝ' ID/IG �á�¥ sp2

Ú sp3 �Ü%�é¹þ�', ID/IG ���, ��
¥ sp2 �Ü%¹þÒ�p.

ã 2 �Ñ
ØÓóÀÓ�'e���a�$
%�� Raman Ìã. �±wÑ, 3�¢�^�e�
��%�3��Åã��SvkÑykb�Ì¸,


± 1500 cm−1 �¥%Ñy
��rÝér��
é¡Ì¸, ¥yÑ;.a�$%�� Raman 1Ì
A� [11]. �
?�Ú(½óÀÓ�'é���*
(��K�,·�|^ Gaussian ¼êéØÓóÀÓ
�'e���%�� Raman 1Ì?1[Ü, ±d
5(½z�©¸� �!G ¸�p°9 ID/IG �
&E, ¿òÜ©(Jdã 3 �Ñ. lã 3 �±wÑ,

óÀÓ�'é���*(�kwÍK�. ��¡,

�XóÀÓ�'l 20%O�� 50%, G ¸�p°
Åìl 133 cm−1 O�¿�ª�Ú� 150 cm−1. k
cïÄL², G ¸�p°  ���(�ÃS5�
éX,ÃS5�r¸Ò�° [15−18]. 3�¢�¥, p
óÀÓ�'e�����Ù(�ÃS5�r, ùÌ
�´duóÀÓ�'��� Ar+ lfé��L¡

ñÂrÝ�r, ù«prÝ�lfñÂkÏu)¤
Û­�(�. ,��¡, �XóÀÓ�'�O�, D

¸Ú G ¸rÝ' ID/IG k~�
�O�. ¦+�
� Raman 1Ì�A�Ì�´ sp2 �Ü%&E, �´
± �þïÄL² [1,6,15,16], ID/IG ���¥ sp2

Ú sp3 �Ü%�é¹þ�', ID/IG ���, ��
¥ sp3 �Ü%¹þÒ�p. Ïd, ÏL ID/IG �C
z�±íÿ��¥ sp3 �Ü%¹þ�óÀÓ�'
�O�
kO��~�. ùÌ�´Ï�óÀÓ�
'���, ��)�L¡du"yv
�lfñÂ
�¦�þ\�%lf�áN3��L¡±$U�
� sp2 �Ü/ª�3. �ÅìO�óÀÓ�'�, p
ª Ar+ lfé��)�L¡�ñÂrÝòwÍO
r, ù«prÝ�lfñÂkÏuL��f�\g
L¡/¤æ­�� sp3 �Ü%. ?�ÚO�óÀÓ
�'�, ÖUlfpªñÂò¦�.,§, dL§
qk|u sp3 �Ü%� sp2 �Ü/ª=z, ¦��
¥ sp2 �Ü%¹þO�. ��5¿�´3�¢�^
�e���%�, Ù ID/IG �' sp3 �Ü%ÓÌ�
�a7f�%� [18] � 30 õ�, `²Ù(�äka
�$A�.

ã 2 ØÓóÀÓ�'e�È�a�$%� Raman Ìã (a) 20%; (b) 30%; (c) 40%; (d) 50%
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ã 3 Raman Ìã G ¸�p°9 ID/IG �óÀÓ�'�C
zª³

ã 4 �Ñ
ØÓóÀÓ�'e���a�$
%�� AFM ì¡. �±wÑ, �c�����L
¡d�þØÓº��âGÔ�¤, ��L¡'�o
÷, Ø�3²w"�. ØÓóÀÓ�'e����
�ÙL¡�þ�o÷Ý�� (5—7 nm), �é�È
ëê��65¿Ø²w. I��Ñ�´�c���
a�$��Ùo÷Ý²w�' sp3 ¹þ�p�a
7f�%�� [19], ù´Ï�3���ÈL§¥/
¤�þ� sp2 ìq, ù
ìq3��L�*ÑæÈ
/¤��º��âGÔ, �¦��L¡C�o÷Ø

² [20,21].

ã 5 �Ñ
óÀÓ�'� 30%����a�
$%��p©E TEM ì¡, �±wÑ��L¡d
�þ���â�¤, L¡²���, Ø�3�«k
S(�. Ó�, À«>fû�ã¡��¥yÑ²w
�û��, ù
(JÑL²�c���a�$%�
(��¬.

3.2 ������åååÆÆÆ555UUU

ã 6 �Ñ
a�$%�B�MÝÚSAå�
óÀÓ�'�Cz'X. lã 6 ¥�±wÑóÀ
Ó�'é��åÆ5UkwÍK�. 3óÀÓ�
'� 20%�, ¢������ÙMÝ=� 8.6 GPa;


�óÀÓ�'O�� 30%�, ��MÝ×�O�
� 14.1 GPa; ?�ÚO�óÀÓ�'� 40%�, �
�MÝOÌ²w~�, Ù�� 14.7 GPa;óÀÓ�'
� 50%������MÝm©eü, �� 12.4 GPa.

Ó���±wÑ, ��SAå�óÀÓ�'�Cz
ª³�MÝ�q, =�óÀÓ�'�O�
kO�
�~�.

ã 4 ØÓóÀÓ�'e�È�a�$%��fåw�ì¡ (a) 20%; (b) 30%; (c) 40%; (d) 50%
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ã 5 óÀÓ�'� 30%e���a�$%�p©E TEM ì¡

ã 6 ��B�MÝÚSAå�óÀÓ�'�Cz

DÚ*g@��¬%��MÝ�ûu C—C

sp3 �Ü%¹þ, ��¥ C-C sp3 �Ü%¹þ�p,

KdÙ�¤�%��m	óÝ�p, l
D���
�r�åÆ5U, 
 C=C sp2 �Ü%=K���1
ÆÚ>Æ5U [1]. ,
, �¢�¤���%�¥ sp2

�Ü%ÓÌ�, ���Ó�äk�p�MÝ (óÀ
Ó�'� 40%����%�MÝ� 14.7 GPa, d�
�u���Ü©a7f�%� [9,17]). Ïd, ·�
@�û½%�MÝ�Ø==´ sp3 �Ü%¹þ, sp2

�Ü%Ó�é��MÝk­��z. kcïÄL
² [17,22], �¬%Ä��MÝ���¥���$ì
qm�ëÏ5�', ëÏ5�ÐK��%��e(
��f5�r!��MÝ�p, 
±r�d�(Ü
� sp3 ,z C �f  ´ë����$ìq�x
ù. Ïd, �¢����%�MÝ�óÀÓ�'�
Cz'X��Xe)º: �óÀÓ�'���, d
u��¥ sp3 �Ü%¹þ���¦�þ� sp2 %�

ìq���á/�3uÙ¥, d���(��ëÏ
5��´ÙMÝ���Ì��Ï; �XóÀÓ�'
�O�, ��¥ sp3 ¹þO�, ù�¬k�õ� sp3

�Ü%ò���%�ìqxëå5, l
Or
�
���(��ëÏ5!Jp
%��e(��f
5, ¦��MÝ�±Jp. �?�ÚO�óÀÓ�
'�, du�.,§����(�¥ sp3 �Ü%¹
þeüëÏ5C�, �A�MÝqm©eü.

��SAåÌ�d�kAåÚ9Aå�¤. Ù
¥, 9Aå´du��ÚÄ.9)äXê�ØÓÚ
å�. ��È(å�, ÄN§Ýl�p��È§Ý
ü�¿§�, XJ���ÄNá��9)äXê�
���, ¬E¤Â �Ý�¯úØ�, ù�Ò¬3
��S�)���9Aå; 
�kAåÌ�´du
���ÈL§¥"��\È�����Ä.(�
Ø�¡¤E¤. ��a7f�%�3p«1^�e
A^���Ì�Ï�Ò´Ùp� GPa þ?�SA
å, ù«pAå��^ò¬wÍ~f��ÚÄ.(
ÜrÝ, �¦��3p\1^�e��lÄ.øá

/¤/J5��. �¢�¤���a�$%�Ù
SAåØv 2 GPa, ²w�'a7f�%�$, ùÒ
�Ù¢y`É��ÞÆ5UJø
�U.

3.3 ���������ÞÞÞÆÆÆ555UUU

ã 7 �Ñ
�c���a�$%�3�í
¨�¥ � g ¥ é � � � ² þ � Þ X ê Ú � �
Ç. lã�±wÑ, ØÓóÀÓ�'e���a
�$%�þk�$��ÞXê (∼0.055) Ú��
Ç (∼ 10−11 cm3/N−1·m−1), L²�c�����
äk`É��ÞÆ5U. d	, I��Ñ�´8c
���a�$%�äk�p�«1Uå, 3���
�í¨�¥Ù���>Aå�p� 2.5 GPa, ù²
wpua7f�%��«1Uå [23].

± ïÄL², pMÝ´a7f�%�`É�
�ÞÆ5U�±¢y��Ì�Ï�, MÝ�p�
a7f�%�  äk`É�|�5U. ,
�c
���a�$%�Ù�pMÝ�Øv 15 GPa, �
��Ó�äk`É��ÞÆ5U. Ïd, ·�©Û
Ø
��·¥�MÝ	, a�$%�`É��Þ
Æ5UÌ�8Ïu±eA�Ï�. 1�, ûÐ��
Ä(Üåé��3p«1^�e`É��ÞÆ5
U�±¢yå�'­���^, 
�$�SAåq

056103-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 056103

�ûÐ��Ä(Ü�¼�Jø
�U. �c���
��duÙÕA�a�$(�¦Ù��SAå=
� 1.73 GPa, ù�ÙûÐ�Ä(Üå�¼�Jø

�y, l
�Ù`É��ÞÆ5U�±¢yJø

�U. 1�, a�$%�d�þ sp2 ìq�¤, ��
¥Ü©� van der Waals å(Ü��$ìq3�Þ
L§¥´ul%�L¡}�e5, �}�����
Ü©©Ñ3�èüý/¤��,,�Ü©K�ï�
dÊ�g¥L¡/¤=£�. �ÞL§¥/¤�=
£���¡ò�Þéó�m, ¦�ÞL§Ì�u)
3=£�Ú%�.¡�m, ~�g¥Ú�����
>�AÇ, l
ü$�Þ!~���, ,��¡=
£��)¤k|u=£�>AåJp«1Uå. 1
n, a7f�%�, cÙ´¹�a7f�%�du
Ù9­½5��, �¦�ÞL§¥)¤�9¬pu
(��ü), =��ºÑÚ sp3 � sp2 =z. ù«(
��ü)�,k|u~��Þ, ��Þ�~�  
´±���O���d. ·��¢�ïÄL²a�
$%�äkûÐ�9­½5, ùò´��3���
ÞL§¥©ª�±ûÐ�|�5U
Ø¬duu
)(�ü)¦Ù|�5Ueü. 1o, a�$%�
`É��ÞÆ5U�¢y�ÿÁ�¸���'. 3
�c�p�Ý (RH∼70%) ÿÁ�¸¥, Y©f�±
Ü©�Ú%�L¡]�, 3�½§Ýþ~�%��
�¥��p�^l
~��Þü$��. �Á�¥
�ÞXê�óÀÓ�'�O�
Ñ�O�, ��Ç
�óÀÓ�'�O�
kwÍ~�, ?�ÚO�Ó
�'�Ø2k²wCz. ùÌ�´Ï���Ó�'

e����� sp2 ¹þ�pMÝ��, 3�ÞL§
¥%�L¡�´u}�l
~��Þ, Ó�du�
�´u}���3�ÞL§¥��O�. �óÀÓ
�'��������MÝ,p, �ÞL§¥��
Ø´}�l
O��Þ, wÍUõÙ|�5.

ã 7 ���ÞXêÚ��Ç�óÀÓ�'�Cz

4 ( Ø

|^¥ª�²ï^�í�Eâ3ü¬7Ä.
þ¤õ��
�«± sp2 �Ü%�Ì!(��¬!
MÝ·¥!Aå�$!L¡o÷Ý��!�Þ5
U`É���. ïÄuy���*(�Ú5UwÍ
�6u�. ØóÀÓ�'. �XóÀÓ�'�O
�, ��¥ sp2 ¹þk~��O�, 
��MÝÚS
AåkO��~�. ØÓóÀÓ�'e���a�
$%�þäk`É��ÞÆ5U, cÙ´��3�
í¥�«1Uåp� 2.5 GPa, ù�Ù3p«1ó
¹^�e�A^Jø
�U.
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Preparation and properties of graphite-like carbon
films fabricated by unbalanced magnetron

sputtering∗

Wang Yong-Jun1)2) Li Hong-Xuan1) Ji Li1) Liu Xiao-Hong1) Wu Yan-Xia1)2)

Zhou Hui-Di1) Chen Jian-Min1)†

1) ( State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, China )

2) ( Graduate University of the Chinese Academy of Sciences, Beijing 100049, China )

Abstract

A series of graphite-like carbon films is fabricated by the middle frequency magnetron sputtering technique. The microstructures

and the morphologies of the resulting films are investigated by Raman spectroscopy, high resolution transmission electron microscopy

and atomic force microscopy, respectively. The mechanical and the tribological properties of the films are studied by nanoindenta-

tion and CSM tribometer. The results show that the deposited carbon film is dominated by sp2 sites, and has an amorphous struc-

ture, a moderate hardness, low internal stress, high surface roughness and superior tribological properties. With the increase of the

duty ratio, the intensity ratio between D and G peaks first decreases and then increases, while the film hardness first increases and

then decreases. Tribological testing in humid atmosphere demonstrates that the present carbon film has a superior wear resistance

(∼10−11 cm3/N−1·m−1) and high load bearing capacity (∼2.5 GPa). Although the duty ratio has no obvious influence on friction

coefficient, the wear rate decreases obviously and then increases slightly with the increase of duty ratio. The superior tribological

properties of the graphite-like carbon film are attributed mainly to its unique structure, low internal stress and high structure stability.

Keywords: magnetron sputtering, graphite-like carbon film, microstructure, performance
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