
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 088102

Ti/Ti- aaa777fff���õõõ������������������LLL���*

�ô71) �%²1) fÜ1) x�2) )Éw1)†

1) ( �e�Æá�Æ�, �e½A«õUá�­:¢�¿, �e 518060 )

2) (ÜS�Ï�ÆÅ�ó§Æ�,ÜS 710049 )

( 2011 c 8 � 29 FÂ�; 2011 c 9 � 14 FÂ�?Uv )

æ^>f£^��-zÆí��È(Ü¥ª^�í��ý�Û�Eâ, ± 99.99%Ti �qá, ¯#�%
��

 Ti/Ti- a7f� (DLC) õ��. |^ X ��û�¤!×£>fw�º!X ��1>fUÌ¤é Ti/Ti-DLC õ�
�?1
�(�!|�!¤©9/�©Û. æ^w�MÝ¤!�Þ��¤!L¡o÷Ý¤é Ti/Ti-DLC õ��?1

åÆ5U�	. (JL²: Ti/Ti-DLC õ��¥Ì�¹k TiC ¬�; Ti �Ú Ti-DLC �¥�ÑyÎG¬N)��ª,
©�¥þ±�G�ª)�; �N�±Ï Λ 6 50 nm �, ©�(�C�
; N�±Ï Λ é Ti/Ti-DLC õ���EÜM
Ý!�ÞXê!L¡/m!L¡o÷ÝÑkK�, �N�±Ï Λ ���LyÑB�OM�A, L¡Ñy��â, L
¡o÷ÝÚ�ÞXêþC�.

'�c: Ti/Ti- a7f�õ��, >f£^�� - zÆí��È, N�±Ï

PACS: 81.15.−z, 81.15.Gh, 81.15.Cd

1 Ú ó

õ��´dõ«á��O�È/¤½(�
�OCz���, ��ü��þÝ�Ú¡�N�
±Ï Λ. Ï~UN�±ÏþÝ�©�B�õ�
� (Λ 6 100 nm) Ú�B�õ�� (Λ > 100 nm),
lá�|Üþ�©�7á/7á!>b/>b!7
á/>b, l¬N(�þ�©��¬!ü¬½õ¬,
(��Oþ«a�õ. duõ��AÏ�|¤Ú(
��O, E¤§äkE,�L¡Ú.¡A5. �ü
���', B�õ���äkÕA�B�õ��A,
LyÑ`É�åÆ­½5U!p§(�­½5U
ÚzÆ­½5U, 31Æ!>Æ!^Æ!åÆ��
¡LyÑAÏ�5�, 3á�ïÄ+��5�É�
<��­À [1−5].

a7f� (DLC) �´�¹k�þ sp3 �æ­
���¬%�, ÏLN! sp2 �� sp3 �'~�±
k�/��T��åÆ5U!>Æ5U!1Æ5
U!zÆ­½5U�, 3Å�\óÚ���o!>
(!�>f!1Æì�!�Æ�o�+��5�

É�<��­À [6−8]. �´du DLC AÏ���
ó², ÄN���m  ¬�)î­�SAå, l

E¤�Ä(Üåeü, $�����øá, î­
K� DLC ��5U. �8c��, <�ÏL7á�
,!õ��(��O��{5~� DLC ��SA
å, ÁãJp DLC ��(Üå!MÝÚF�5�.
~Xæ^�lfN5\lf�È (PIID)!^�í�
�Eâ¤õ��Ñ7á/DLC õ��, X Mo/DLC
X� [9]!W/DLC X� [10]!Al/DLC X�!Ti/DLC
X� [11]!Cr/DLC X� [12], ÏLõ�(��O, �
�MÝ'X DLC �k¤ü$, ��ÄN�(Üå
��²wUõ [13−15]. ©z [1] �Ñ, éu Ti/DLC
Ú W/DLC B�õ��, ØÓN�±Ï���, Ùw
�MÝÚ�Þ5Uké��O. Delplancke-Ogletree
� [16] æ^LÈÒ4ý�>l{��Ñ DLC/TiCx

Ú DLC/WCx X�õ��, �éuü��, DLC �
�m� TiCx �Ú WCx �k�/~�
SAå, J
p
����Þ��5U.©z [17] �Ñ, ÏL�
O�È7á%zÔ!DLC õ��, �á��w�M
Ý�p!�ÞXê$!NXåÐ, �±k�/A^
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3Å��o+�. Rao � [18] �Ñ, DLC/TiB2 ��
¥�%¹þé���MÝÚ�Þ��5Uk­�
K�.

�©æ^>f£^�� - zÆí��È (ECR-
CVD) ( Ü ¥ ª ^ � í � � ý � Û � � {, À
�pX Ti q��qá, ± C2H2 ��%
��
Ti/Ti-DLC õ��, ÏLé��|¤!(�!5
U � ©Û, �8 � ¼ � p 5 U õ � � J ø ¢ �
Ä:.

2 ¢��{

æ^ ECR-CVD (Ü¥ª^�í��ý�Û
��{, 3ü¬ Si (111) Ú1À¡þ�È
oþÝ
�� 600—700 nm � Ti/Ti-DLC õ��. ± Ar, H2

Ú C2H2 ��ó�íN, Ù¥ C2H2 �� DLC ��

%
, 3 Ar+, H �lfN�¡�^e, ²L�X�
E,�ÔnÚzÆL§�ª3Ä¡þ/¤�¬�
%�. Ti q¥ª^�í�Jø Ti ��. ã 1 ´ÜH
ØÔnïÄ��E� ECR-650 EÜÛ���«¿
ã. TC��küé¥ªq!ü�lf
!���
/q, �¢�æ^���Å�lf
Ú�é¥ªq,
^ 99.99%�pX���oíN. Ä¡©O^nÅ¯
L!ZÑ!ÃY¯U!�lfY�(�W 15 min,
^�íNZ�\ý�n¥�q�þ�^. �Ècý
Äý�� 1×10−2 Pa, �mnN (200 ◦C) ó�Úq
� (200 ◦C) ó�, Ä¡ý9 30 min. UYÄý��
�. 3 × 10−3 Pa, nN§Ý��3 100 ◦C, q�§
Ý��3 200 ◦C, Ï\pX�í, ^�Ålf
é
Ä¡?1�lfNñÂ�W 15 min, ¦Ä¡³Ñ#
mL¡, ±|u���È. Ti/Ti-DLC õ���¬ë
êÚ�Èó²ëê�L 1 ÚL 2.

ã 1 ECR-650 EÜÛ���«¿ã

L 1 õ���¬ëê

�¬ Ti �È�m/min Ti-DLC �È�m/min ��þÝ/nm N�±Ï/nm

1# 12 24 600 300

2# 6 12 600 150

3# 4 8 600 100

4# 3 6 600 75

5# 2 4 600 50

6# 1 2 600 25

L 2 �Èó²ëê

�� �ÅõÇ /W q>Ø /V q>6 /A
Ar í6Ç C2H2 í6Ç H2 í6Ç

 Ø /V íØ /Pa
/cm3·min−1 /cm3·min−1 /cm3·min−1

Ti 600 500 0.7 20 — — −100 0.30

Ti-DLC 600 600 0.7 10 10 15 −100 0.25
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æ^�IÙ°� AXS úi)�� COMPexpro
205 . X ��û� (XRD) ¤©Û���(�, ×£
�Ý� 20◦—80◦, Ú�� 0.02◦, ×£�Ç� 0.2◦/s.
^ X ��1>fUÌ (XPS) ¤ (MICROLAB 350
.) ©Û Ti-DLC ���¤©|¤A:. |^F
� Hitachi úi)�� SE-70 .p©E×£>fw
�º (SEM) *	�¬�©�(�!L¡G�9/
m. æ^F�n´úi)�� SJ-201P .L¡/m
¤?1L¡o÷ÝÿÁ. æ^w�MÝ¤ÿÁE
ÜMÝ. ^F� Sciland úi)�� 100T .�Þ�
�L¡/m¤�	 Ti/Ti-DLC ���ÞXê9L
¡o÷Ý, ÿÁ�æ^��ÞB�ØCg¥ (�»
� 6 mm), R�1Ö� 1 N, =�� 240 r/min, 3¿
§ (20—25 ◦C)!�é�Ý� 40%—45%��í�
¸¥?1Z�ÞÿÁ.

3 ¢�(J9?Ø

3.1 XRD ©©©ÛÛÛ

ã 2 ´ Ti/Ti-DLC õ���¬� XRD Ì. d
u���¬�oþÝ�u XRD ×£�Ý 1 µm,
¤ ± ÿ Á � û � ¸ r Ý � f. ¤ k � ¬ � n
� r û � ¸ � � © Ù 3 û � � 2θ = 36.02◦,
41.78◦, 60.59◦ ?. ² ©ÛI ½, T � � ä k ¡
%á�(�� TiC (111), TiC (200), TiC (220) û
� ¸, Ù ¬ � ~ ê a = 0.433 nm, ` ² Ü © %
� v ( Ü� TiC ¬ â © Ù 3 Ti/Ti-DLC õ � �
¥ [19]. XRD Ì�þ¿Ã�$�Ú Ti ��û�
¸, `² Ti-DLC ��¥�3�¬%, Ti ��¥
Ü© Ti �í{¯#íN�A� TiC ¬â, Ü©
�� ¬ Ti � [20]. Ì � ¥ TiC (111) ¡�� r
¸, TiC (220) ¡��f¸, ã 2 ¥��¬�û�

ã 2 Ti/Ti-DLC õ���¬� XRD Ì

¸þ�$û��Ý £, `²��¥�3 TiC (111)
¡�J`��)�ª³. �XN�±Ï�~�Ù¬
�u)ÆC, Úå¬�~êu)Cz.

3.2 XPS ©©©ÛÛÛ

À� 5# �¬?1 XPS ©Û, ã 3 ��¬ Ti-
DLC ���Ìã. dã 3 ��, Ti-DLC ��¥�
3 C, Ti, O ��, ¹þ©O� 65.69at%, 21.33at%

ã 3 5# �¬� XPS �Ì

ã 4 5# �¬� C1s ¸

ã 5 5# �¬� Ti2p ¸
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Ú 12.98at%. ��¥¹k�õ� O ��, ù�U´
du�L¡�À/Úå� [21]. ã 4!ã 5!ã 6
© O� C1s, Ti2p, O1s Ä Ì � � Gauss [ Ü ©
¸, L 3!L 4!L 5 � Gauss [Ü©¸(J. d
ã 4 ��, C1s ¸�©� 4 �¸, 3 281.55 eV ?
Ñy¸�, T¸�éA�´ TiC/C1s ?�>f(
ÜU, `²��¥k TiC �3 [22]. ;.� DLC
�� XPS ¸ u 284.3 � 285.2 eV �m [23], ù
` ² 284.29 eV ¸ � sp2 � !285.43 eV ¸ 
� sp3 �, 3 286.77 eV Ñy¸ `²��¥�
3 CO � [24]. dL 3 ��, sp3 �¹þ� 34.22%,
sp2 �Ú CO �©OÓ 35.02%Ú 18.51%. dã 5
��, Ti2p ¸�©� T1(454.92 eV), T2(456.57 eV),
T3(460.77 eV), T4(463.69 eV). T1 � T3 �� 5.85 eV,
ù� Ti2p3/2 Ú TiC2p1/2 �>f(ÜU��� 6 eV
�nØ�ÎÜ, `² T1 � T3 ©OéA�´ TiC
� Ti2p3/2 Ú TiC � Ti2p1/2. ©z [25] JÑ(ÜU
3 456 Ú 457 eV �m�3 Ti �zÜÔ� XPS
Ì ¸, ¤ ± � @� T2(456.57 eV) � Ti � C /
¤ � TixC1−x z ÜÔ Ti2p3/2 � Ì ¸. T4 ( Ü

U 463.69 eV  u 464 eV NC, �íä T4 � Ti
��zÔ Ti2p1/2 Ì¸. dL 4 ��, Ti �o«Ì�
(�¹þ��Ø�. dã 6 ��, O1s ¸�©� O1,
O2, O3, �g�L TiO2 ½ TiCxOy (530.41 eV)!ã
Ä (531.78 eV)!CO � (533.7 eV), ù�©z [26]
�©Û�ÎÜ. XL 5 ¤�, Ti-DLC �¥ O �
���3Ì�±ãÄÚ CO ��Ì, Ù¹þ©O
� 53.23%Ú 41.39%.

ã 6 5# �¬� O1s ¸

L 3 C1s Ì�� Gauss [Ü(J

¸ ¸ /eV �p�°/eV ¸p ¸¡È/105 ¤Ó'~ /%

TiC/C1s 281.55 1.80 30003 0.68 12.25

sp2 284.29 2.70 57217 1.94 35.02

sp3 285.43 3.55 42450 1.89 34.22

CO 286.77 5.73 14254 1.02 18.51

L 4 Ti2p Ì�� Gauss [Ü(J

¸ ¸ /eV �p�°/eV ¸p ¸¡È/105 ¤Ó'~ /%

T1 454.92 1.9645 7819 1.9252 23.47

T2 456.57 2.6669 6441 2.1528 26.25

T3 460.77 3.4385 5234 2.2554 27.49

T4 463.69 7.0395 2119 1.8699 22.79

L 5 O1s Ì�� Gauss [Ü(J

¸ ¸ /eV �p�°/eV ¸p ¸¡È ¤Ó'~ /%

O1 530.41 1.6163 297.1 601.9 5.38

O2 531.78 2.8736 1655.0 5960.2 53.23

O3 533.70 3.4454 1073.0 4635.1 41.39

3.3 äää¡¡¡999LLL¡¡¡

ã 7 ¤«� 2#, 4#, 5#�¬�ä¡ì¡. æ
^ ECR-CVD (Ü¥ª^�í��{¤õ��

Ñ Ti/Ti-DLC õ��, ã 7 ¥�¬õ�(��ß
��, (Ü��ó²�±�ä, �²�Ü©� Ti �,
�VÜ©� Ti-DLC �, Ù¥ Ti �� Ti-DLC ��
p�O, ü� Ti �� Ti-DLC ��¤��N�±
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Ï Λ, dã 7 ��, Λ2# = 150 nm, Λ4# = 75 nm,
Λ5# = 50 nm, �¢�õ�(��O�ÎÜ. d SEM
���ä¡ì¡��, Ti �Ú Ti-DLC �Ñ´î�
��G(�)�, ��Õá)��ª���Gæ
È©O|¤
 Ti �Ú Ti-DLC �, 3���G(
�¥�â���!/Gþ!, ��¥��ÎG|
�, `²Tõ�(��±k�/³�ÎG)� [2].
ã 8 �|^ SEM ��� 1#, 5#, 6#�¬�L¡ì
¡. dd�±wÑ: 1#�¬L¡�â;�þ!æÈ,
L¡�~²��Ã��â; 5#�¬L¡�â;�þ
!æÈ, L¡�²��Ü©«�k��â (�â�
» Φ < 30 nm) Ñy; 6#�¬L¡�â�;�æÈ,
�â (Φ < 50 nm) �þ!©Ù, ��3��¥G�
â (Φ �� 300 nm).

nþ¤ã��, N�±Ï Λ �~�é���)

�(�K���, Ù©�(��ßÝ~f, AOé
u 6#�¬, ä¡ÑyLÞ�(�, ùk�U´��
ó²¥í{¯#íN� Ti )¤� TiC LÞ�. �
X Λ ~�ÙL¡�âO�, ��¡, �U��ó²
¥ Ti q>ØO���í�Ñ��â Ti ¿� C (Ü
� TiC �â [27]. ,��¡, duíN6þé DLC
�k­�K� [28], 3í�L§¥ TiC �â`k)
¤, DLC ¤©¢�)�, XJíNÏ\�m~�, ¬
E¤%
Øv
¦ TiC ¤Ó'~�u DLC ¤Ó'
~, l
E¤�¡k��âÑy, � Λ ��dy�
�²w. 1#, 5#, 6#�¬�L¡Ã�å½½ºy�,
2#, 4#, 5#�¬ä¡w«��ÄN!���mvk
©�øl, `²��ÄN!����m(Ü�Ð,
ÏL7á�,Úõ�(��O�Ó�^²wUõ

 DLC ��5� [29,30].

ã 7 |^ SEM ����¬ä¡ì¡ (a) 2#�¬; (b) 4#�¬; (c) 5#�¬

3.4 www���MMMÝÝÝÚÚÚ���ÞÞÞXXXêêê

ã 9 ¤ «�N � ± Ï � E Ü M Ý � ' X.
lã 9 �±wÑ, �N�±Ï Λ l 25 nm O\
� 300 nm �, �¬�EÜMÝ��, �¬�m�E
ÜMÝ�����, Tõ��NX¿vkÑy©z
���B�õ��M�A. ��5¿�´, �N�
±Ï Λ l 25 nm O\� 100 nm �, EÜMÝ�Ñ

keü, 
N�±Ï Λ l 100 nm Cz� 300 nm �,
EÜMÝ�Ñkþ,. ²ÐÚ©Û��, �N�±
Ï Λ < 100 nm �, Ñy
�f�B�OM�A,
� [31]; �N�±Ï Λ > 100 nm �, õ���B�
OM�A,���, ù� Ti-DLC ü���þÝé
EÜMÝåÌ��^, �´�õ� Ti �,��EÜ
MÝeü [32]. XJùü�¡�JþØ²w, ÒE¤

�¬�m�EÜMÝ�Oé�.
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ã 8 |^ SEM ����¬L¡ì¡ (a) 1#�¬; (b) 5#�¬; (c) 6#�¬

ã 9 N�±Ï�EÜMÝ�'X

ã 10 ¤«�N�±Ï��ÞXê�'X. d
ã 10 ��, �N�±Ï Λ l 25 nm O\� 300 nm
�, �ÞXê µ 3 0.09—0.04 �mCz. �N�±
Ï Λ d 25 nm � 100 nm Cz�, Tõ����Þ
Xêk~��O�, U
q~�; � Λ = 25 nm �,
�ÞXê��� (µmax = 0.09), ù�U´duL
¡�3 TiC ��âÚå�; � Λ = 50 nm �, L¡
��â��, ¤±�ÞXê~�; � Λ = 75 nm �,
�UduL¡EÜMÝ~�, ¤±�ÞXêC�;
� Λ = 100 nm �, Ti-DLC ü���^�JOr, �

ÞXê~����� (µmin = 0.04; � Λ > 100 nm
�, Ti-DLC ü���^�Jé�ÞXê�K�ª
u­½.

ã 10 N�±Ï��ÞXê�'X

nþ¤ã��, ØÓ�N�±Ï Λ éõ���
L¡²�Ý!L¡�âG¹!EÜMÝE¤ØÓ
§Ý�K�, ¤±�ÞXê���u)Cz. DLC
��ÞXê����éõÏ�k', DLC ����
ÞÆA5r��6u��Eâ!�Þ�>:�L
¡zÆG�ÚÔnG�±9A^�¸� [33,34].
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3.5 LLL¡¡¡ooo÷÷÷ÝÝÝ

ã 11 ´ØÓN�±Ï�¬�o÷Ý­�. l
ã 11 �±wÑ, Ø 6#�¬	, Ù¦�¬�­�«

OØ�. ù`²�N�±Ï Λ < 50 nm �, L¡
o÷Ý¬É�é��K�, L¡���âÚ��
æÈtÑ��o÷Ý,p. L 6 �Ñ�A�ë
ê�.

L 6 �¬�o÷Ýëê�

o÷Ý 1# 2# 3# 4# 5# 6#

�â²þ�/nm 10 10 10 10 10 10

¸��/nm 80 80 90 90 80 140

pÝ�/nm 80 80 90 90 80 140

þ���/nm 10 10 10 20 10 20

ã 11 �¬�o÷Ý­�

4 ( Ø

æ^ ECR-CVD (Ü¥ª^�í��ý�Û

��{, ÏLN!íNÏ\�m¤õ��
þÝ
� 600—700 nm � Ti/Ti-DLC õ��. ©Ûuy:
Tõ��NX(Üå�Ð, vkÑyä�½øáy
�. ü� Ti-DLC �¥, ¹k C, Ti, O ��, Ù¥ Ti
±�zÔÚ%zÔ/ª�3, sp3 �¹þ� 34.22%,
sp2 Ú CO �©OÓ
 35.02%Ú 18.51%. ïÄL
²: N�±Ï Λ é Ti/Ti-DLC õ��L¡k­�K
�, N�±Ï Λ ~�, L¡æÈtÑ, ¿Ñy�õ
��â. N�±Ï Λ é Ti/Ti-DLC õ���EÜM
ÝkK�, �N�±Ï Λ 6 100 nm �, kB�O
M�A; �N�±Ï Λ > 100 nm �, ü� Ti-DLC
éEÜMÝåÌ��^. Ti/Ti-DLC õ����Þ
XêÚL¡o÷ÝÉN�±Ï Λ �K�, �N�
±Ï Λ = 25 nm �, �ÞXêÚL¡o÷ÝÑy
���.
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Abstract
The titanium/titanium diamond-like carbon (Ti/Ti-DLC) multi-layered films are deposited by combined electron cyclotron reso-

nance microwave plasma enhanced chemical vapor deposition method and mid-frequency magnetron sputtering method using acetylene
as the reactive gas and Ti target with a purity of 99.99%. The structures, compositions and surface morphologies of the samples are
characterized by X-ray diffraction, scanning electron microscope, and X-ray photoelectron spectrometer. The mechanical properties
of Ti/Ti-DLC multilayer films are investigated by microhardness tester, friction wear test instrument and surface roughmeter. The
results show that TiC phase appears in multilayered film. The main growth mode of the film is island mode and there exists columnar
crystal structure neither in Ti layer nor Ti-DLC layer. The properties of the multi-layered film, including composite hardness, friction
coefficient, surface morphology and surface roughness are affected by the modulation period Λ. It is shown that nano-hardening effect
takes place when Λ is small while large particles appear on the surface of the film, leading to a large surface roughness and friction
coefficient. The layered structure of the film is not clear when Λ 6 50 nm.

Keywords: Ti/Ti-diamond-like carbon multilayered films, electron cyclotron resonance-chemical vapor deposi-
tion, modulation cycle
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