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�X>fEâ!&E���uÐ, Cu 3�.Ñ9á�!>fµCá�þA^FÃ2�. Cu 3A^L§¥�3
rÝ$!´�z!´���":. æ^�lfNEÜ�ÈEâ, 3ÔÄNþ��
 Ti/TiC/DLC õUFÝá�, Uõ
ÔÄN�{7f� (DLC) ��(Üå, rz
Ô�Å�5U. ]�9��{uÿ(JL², DLC õUFÝá�Ø¬
K�ÔÄN�Ñ9�J.

'�c: ÔÄN, a7f��, FÝLÞ�, 9�Ç

PACS: 81.15.Gh, 62.20.Qp, 52.77.Dq

1 Ú ó

��!�|´y�>f��uÐ�oª³, �
�N8¤>´�p�Ý!p5U���uÐ, �
¡�º��5��, Ó�$��Ý�5�¯, u9
þ�Ò�5��. §Ý´K�>f����5�
­��Ï�. ]�ÚOL², >f�ì�§Ýz,
p 2 ◦C, ��5eü 10%; §Ý 50 ◦C ��Æ·�
k§Ý 25 ◦C �� 1/6. ùÒI�3Eâþæ��
���>f�ì��§,, ÏdïÄÚmuäkp
9�9ûÐnÜ5U�#.Ñ9á�Òw�c�
­� [1−5].

g , . � 7 á á � ¥, X Cu � � 9 X
ê (398 W/mK) =guÕ (411 W/mK), ´`û�
�9á�. Ô�L¡�þéÑ9ì�Ñ9�Ç�
'­�, �¦L¡Ãyú!�z�"�, �k4Ð
�Å�rÝ. �´Ôá��^, L¡´yú!´
�z. ù
Ñ��ü$
 Cu �Ñ9�J. dp9
�Ç!$)ä�a7f�� (diamond-like carbon

films, DLC) Ú Cu �¤�õUFÝá�, äk±e
`:: 9�Çp, Å�rÝp, �±3ØK�ÔÄN
�9�J�Ó�, ��JpÙÅ�5U [6,7].

�´3ÔÄ¡þ)�NX�Ð�a7f��
�ké��(J. Cu � DLC ��Ô5�Éé�, 3
Ï~��È^�e, du���9)äXê�Úå
����9Aå����NXå�Ø²ï, ò¦�
�È(å��e%L§¥u)a7f���lÔ
Ä¡þ�lm5, ��¤�¬�y� [8].

�©æ^�lfOr�²ï^�í�Ôní
��È ( PEUMS-PVD) Ú>f£^�� -�Å�l
fNOrzÆí��È ( MW-ECRPECVD) Eâ,

ÏL�� Ti/TiC LÞ�, ¤õ/3ÔÄNþ��

a7f�õUFÝ�, ¿ÏL X ��>fUÌ
©Û (XPS)!Raman 1Ì!B�MÝ!�Þ��!
]�9��¢��uÿÃã, éþÝ�B�þ?
� DLC �?1
XÚ�ïÄ.

2 ¢��{

DLC �æ^�Å>f£^���lfNO
r � ² ï ^ � í � X Ú � � (� ã 1). � . ý
� 3.0 × 10−3 Pa, �ÅõÇ 850 W, ý�¿��
Î/, �» 60 cm, � 80 cm, �kü�^�í�q,

q�» 68 cm, �Ó�?1Ôní��ÈÚzÆí
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��È.

òó�X Cu Á� (10 mm ×10 mm ×2 mm) Y
�!�1�, �g^ZÑ!ÃY¯U!�lfY�
(Å�W 10 min, ^�íNZ, �\ý�¿¥. ��
c3Ä¡�þ\K Ø (400 V), æ^ Ar lféÔ
¡?1í��W 10 min. ²Lù�ý?n��Ä¡,

äk�p�L¡¹5, k|u��)�.

�¢�æ^vqÚpX�$ (99.99%) ��q
á, CH4 ��ó�íN, pX Ar ��1í, ÏL
UCLÞ��È Ø, 5��ØÓ�LÞ�. �
�ó²Ú¢�ëêXL 1 ¤«. ��3LÞ�þ
ÏLzÆí��È�� DLC �, ��ëê�: Ar

� CH4 6þ'� 1/3, �È Ø� 100 V, �È�m

� 60 min. LÞ�� DLC ����´ëYØmä
?1�, 3��L§¥, �¬vklmý�¿.

ã 1 �Å>f£^���lfNOr�²ï^�í�XÚ
«¿ã

L 1 UCLÞ��È Ø�� Ti/TiC LÞ��¢�ëê

?Ò
Ar í6þ Ti LÞ� TiC LÞ� LÞ� Ø

/sccm Ti q>6 �m Ti q>6 C qõÇ �m /V

A/DC /min A/DC W/RF /min

1] 30 0.2 30 0.2 200 30 50

2] 30 0.2 30 0.2 200 30 75

3] 30 0.2 30 0.2 200 30 100

4] 30 0.2 30 0.2 200 30 125

5] 30 0.2 30 0.2 200 30 150

3 ¢�(J9©Û

�¢�æ^XZ� 2000 �à� Raman 1Ì¤
é��?1(�©Û, -11
� H lf-1ì,

Å�� 514.8 nm; -1õÇ� 10 mW—200 mW, Å
ê©EÇ� 2 cm−1; ×£��� 800—1800 cm−1.

� ¢ � æ ^ XPS(PHI Quantera SXM) E â
é DLC �?1©Û. Al �4q, Uþ©EÇ 50 eV,

(¯Ý 3 M CPS, \�� 45◦.

�¢�¦^ Nano-indentation XP .B�Øè
¤é��MÝ?1ÿþ, ncH/7f�ØÞ, 1
Ö©EÇ 50 nN; Øè�Ý 500 nm. æ^ CSR-01

Rhesca yèÁ�Åÿþ�Ä(ÜrÝ. �\3Ø
Þþ�R�1Öd 0 N O���½���\1
�, �5\1�Ç� 5000 gf/min; ØÞ£Ä�Ç
� 5.0 mm/min. æ^ UMT-02 .�Þ��Á�XÚ
ïÄ DLC ���ÞÆ5U, �ÞB� GCrl5 ¥ (�
» 3 mm); R�1Ö 400 mN, wÄål 5 mm ( 

E), wÄ�m 20 min.

ã 2 ]�9��{«¿ã

�¢���9�Çæ^]�9��ÿÁXÚ
ÿþ. æ^7á - 0��� - �.��¬(�, ^á
óÀ-1�9
, ëY�±C-1��§ÝDaì,

�â7á�����Ç�§ÝCz�5�, ÿ�7
á��L¡�§Ý�A, dd��0����9�
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Ç [9], �^uÿÁþÝ�A�B��A���0�
��. ¢��nãXã 2 ¤«. �©¤^�7á�
���í�Û7�, þÝ 1.5 µm.

4 Raman 1Ì

Raman 1Ì´^5©Û%�(���~^�
�{. DLC � Raman A�¸�: 3 1550 cm−1 ?
k�°Ð� G ¸, 3 1350 cm−1 ?k�p¸, = D

¸ [10,11]. ã 3 �Ñ3ØÓLÞ��È Øe�
� DLC �� Raman 1Ì, �±wÑ, ¤����ä
k;.�a7f�(�. é 1—5#�¬� Raman 1
Ì?1 Gauss [Ü, �±�� ID/IG, G ¸�¸ ,

±9 G ¸��¸° (FWHM) �ëê. ã 4 ©O�
Ñ ID/IG, G ¸�¸ Ú G ¸ FWHM �LÞ��
È Ø�Cz­�.

ã 3 ØÓLÞ��È Øe��� DLC �� Raman 1Ì

ã 4 ID/IG, G ¸ FWHM �LÞ��È Ø�Cz­�

dã 4 wÑ, �XLÞ��È Ø�O�,

ID/IG �kO�, �LÞ��È Ø� 75 V �, �
���� 0.811;  ØUYO�, ID/IG �~�, �

�¥ sp3 �¹þOõ. �XLÞ��È Ø�O�,

G ¸� FWHM LyÑk~��O��ª³. ID/IG

����¥�$ìqº�¤�', �X ID/IG �
�~�, �$ìq�º��C�, �$��¹þ~
� [12]. G ¸� FWHM O\, sp2 ìq��·ÏÝO
\, DLC ��ÃS§ÝO�.

�â­�}�nØ, \3Ä¡þ� ØÌ�á
3}�þ, Ïd, �È ØO\, Ä¡NC}�¥l
f6�Ý9lfUþ���O\, XJUþLþ�,

K¬�)é)���L¡�2í�, Ø|u���
)�. ����L§¥, 3Ä¡þ�\ Ø, �)9
ÏñÂ��A. �9ÏñÂUþ·¥�, ��L¡
��f¹Ä5Ïlf�ñÂ
Or; ·�� Ø�
UJø��¤��¤I�Uþ, ù�k|u sp3 �
�/¤. �k�9ÏñÂUþv±»�(ÜU�$
� sp2 �
Øv±»�(ÜU�p� sp3 ��, â
U¼��p� sp3 �¹þ.

4.1 XPS

ã 5 �ÑLÞ��È Ø 100 V �����
¬�L¡ XPS �Ì. lã�±wÑ, ��L¡± C,

Ti�Ì���, d	, �¹k�½þ� O ��, ±9
�þ� N ��. O, N ��5
k�: Ù��U��
.ý�¥¹k��þ O2, N2 �,�; Ù��U��
¬3�í¥áN� O2, N2.

ã 5 DLC �� XPS �Ì ( Ø 100 V, L¡)

æ^ C 1s �(ÜU 284.6 eV(ISIO) ?1
�O�, ò�¬� C 1s ÄÌ?1[Ü, �±[Ü�
o�(ÜUØÓ�¸ (ã 6 ¤«), Ù(ÜU©O�:

281.92 eV, 283.68 eV, 284.84 eV, 287.12 eV. C1s Ì¥
(ÜU� 281.92 eV �¸, áu� Ti (Ü� C1s �
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&Ò [13−15]. >f(ÜU u 283.68 eV �¸� sp2

C=C �&Ò¸ [16], 
(ÜU u 284.84 eV �¸
K� sp3 C—C %�&Ò¸�éA [17]. ��, >f
(ÜU u 287.12 eV �¸éAu C=O �(ÜU.

ã 6 DLC �� C 1s ÄÌ)Ì ( Ø 100 V, L¡)

ã 7 MÝ!�5�þ�LÞ��È ØCz�­�

4.2 ÅÅÅ���555UUU

á��MÝ´L�á�Å�5U�­�ëê.

DÚ�ä�nØ@�, p�5�þ{�
�«�*
Ð, k|uUõá��|��5. ÄNá�þ�È
��äkp�5�þ�M�æ��JpÄN�|
��5. ã 7 �Ñ²þMÝÚ�5�þ�LÞ��
È Ø�Cz­�. �±wÑ, �XLÞ� Ø�
O�, ���MÝLyÑO��ª³,  Ø 125 V

�, MÝ����� 19.8 GPa. DLC �MÝÉéõ
Ï��K�, ��@� DLC �¥ sp3 ��¹þ�
p, ���5�Ò��C7f�, ���MÝÒ�
p; ,	, ���SAå±9���®Ï§Ý�K
�XMÝ�.

DLC ��7áÄN(Üå�´�� DLC �A
^�Ì�Ï���. ã 8 ´ DLC ��ÔÄN��
.1Ö�LÞ��È ØCz�­�. �XLÞ�

�È Ø�O\, �.1ÖLyÑkO��~��
ª³, �LÞ��È Ø� 100 V �, DLC ��Ô
ÄN��.1Ö����� 11 N. O�LÞ��È
 Ø, pU�lfPkv
�Uþ\�?ÄNSÜ,

O�
 Ti LÞ��*Ñ�Ý, ¦LÞ��ÄNm�
.¡Ø²w; 3lfñÂL§¥éÄN�\9, �
Jp
��ÄN�(Ü5U.

ã 8 DLC ���.1Ö�LÞ��È Ø�Cz­�

ã 9 UCLÞ� Ø��� DLC ��yè­� (a) 3#�
¬; (b) 5#�¬ (Nã��.1Ö?�/m)

���5�þ�Jp, k|uJp��|�5
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C/�Uå. �´3MÝ��5�þp� DLC �
¥, ���SAå���O\, 3�Ó1Ö��^
e, ���)�5C/, �����­, 3�ø>÷
ÚØÞ�c��)Aå8¥, ¦�T?��Ä.¡
N´�)�«. ÏLé'ã 9 ¥©O3LÞ��È
 Ø� 100 V Ú 150 V ���� DLC ��yèì
¡, �±3ã 9(b) ¥�ß/*	�yè?��Ä�
m��«.

ã 10 DLC ���ÞXê�LÞ� ØCz�­�

ã 10 �Ñ
 DLC ���ÞXê�LÞ� 
ØCz�­�. �ÞXê�LÞ� Ø�O�k~
��O�, LÞ� Ø 75 V �, �ÞXê����
� 0.13. Erdemir � [18] @�, DLC �$�ÞXêØ
´�$MÝdwá�@�, ��$MÝÚ}�Aå
5¼�, 
´�ÃuÙ�p�MÝÚûÐ�zÆý
5; MÝÚzÆý5´{��ÞL¡�âu)�>
Ú�)ÅX�A�Ì�Ï�, d	, ���ÞL§
¥ DLC ����$zk'. �X Ø�O�, DLC

��MÝO�¿�o÷Ýü$, ùÑk|u~��
ÞXê; �´ Ø�p���� DLC �¥, sp2 ¹
þ��, ¿�d�L¡�o÷ÝO�, ù
Ñr¦
�Þ5UC�.

LÞ��È Ø,p, lféÄN�ñÂ�
^Or, �È��C��\��, DLC �¥� sp3

�¥þ,ª³, ù
Ñk|uO�MÝÚ�5�
þ [19]. lfñÂ�Or�º�
í{Aå, ü$

���®Ï§Ý, ¦)¤� DLC ��\­½. �L
p� Ø%¬E¤Aå�8¥, �¬»�K��­
½��(�, �
ü$
MÝ��5�þ. d±þ
(J�±wÑ, ·��O� ØéJp DLC ��
MÝÚF��5´kÃ�. DLC �$��ÞXê!
ûÐ�F��5U, ¦ DLC �U�ÄNJøûÐ

�Fyú�o.

4.3 ���999555UUU

]�9��{�â7á��Ç�§Ý��5
�6'X��7á�L¡�§ÝCz, ÏLêâ[
Ü, ��á��9Ô5. Debye ÄkÚ\(fVg
5)º�N�9D�y�, ¿�ÑaquíN�9
D�úª [20].

k =
1
3
cv̄λ, (1)

Ù¥: c��þ9N, v̄�(f�²þ�Ý, λ�(f
�²þgd§, =3Ñ�c¤ÏL�ål.

v̄ = E/ρ, (2)

Ù¥: E ��5�þ, ρ��Ý.

ã 11 DLC �9�Ç k �Ä¡ ØCz�­�

ÃØgd>f½´(f, Ù²þDÑ�Ýé§
Ý´Ø¯a�. (f�²þgd§ λ �(�k',

3pXÝ!$"�!¬â��á�¥�Ué�. �
�Ýéá���95U�K�Ì�´ÏLí�5
¢y�. í�UÚå(f�Ñ�, í�S�íN�
9Xê$, ÏdÙo´ü$á���9Uå. Ïd
á�¥�í�!"��Úå��YÝéá���
95UE¤Ø|�K�. ¤±, �¼�p�9�Ç
�, AÀJ�5�þ�!��5Ð�á�.

ã 11 �Ñ DLC ��9�Ç�Ä¡ Ø�m�
'X­�. DLC ��9�Ç�Ä¡ Ø�O�kO
��~�. DLC ��9�Ç�Ù�(�k', éu
|¤ØÓ�%á�, k �´Ø�Ó�. Shamsa � [21]

@�3Ã½/%¥, k �� sp3 C ��¹þ!G ¸
� FWHM ¤�5'X (Xã 12 ¤«). k �� sp3 C

��¹þ�Oõ
O�, � G ¸ FWHM O�
O
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�. (Ü Raman 1Ì±9B�MÝ�uÿ(J, �
±?�Ú(½��(��D95U�m�'X.

Raman 1Ìuÿ(Jw«, �X DLC �Ä¡�È
 Ø�O�, sp3 C ��¹þ~�, G ¸ FWHM ~
�. B�MÝ�uÿ(Jw«, �X DLC ��È
 Ø�O�, �5�þ E ´~��, d (1) Ú (2) ª
�±��, �5�þ�~�ü$
(f�²þ�
Ý, �9Ç���~�. nÜ±þ�(J, �±��,

Ä¡ Ø� 100 V ���� DLC �9�Ç��,

� 3.63 Wm−1·K−1.

ã 12 DLC �9�Ç k � G ¸�¸°�m�'X [21]

ã 13 �Û � � Ô Ä N ! Ô Ä Ti/TixCy /DLC F Ý
� (100 V) �IOz§Ý��m��A­�

ã 13 w « 
�Û � � Ô Ä N ! � È

 Ti/TiC/DLC FÝ��ÔÄNþ�IOz§Ý
��m��A­�. �¢�æ^áóÀ-1é�¬
L¡\9, ±C-1§ÝDaìÿ�7á��L¡
�§Ý�A. �¬�9�Ç�p, 9þD4��Ý
�¯,§Ýeü��Ý�¯, 3IOz§Ý - �m­
�þ�Ly�­��Í (­���C Y ¶). dã�
±wÑ, CXk DLC FÝ��ÔÄN��Û��
ÔÄN§Ýeü�¯, L²Ù�9�Ç�p.

5 ( Ø

Cu ´�«ûÐ��9á�,�
JpÔÄN�
MÝ!Fyú±9F��5U, æ^ PEUMS-PVD

Ú MW-ECRPECVD Eâ�(Ü, ÏL�� Ti/TiC

LÞ�, 3ÔÄNþ¤õ/�È
 DLC �.

uÿ(JL², �XLÞ��È Ø�O�,

·��9ÏñÂ�A¬\¯.¡?¤©�*Ñ¿
3LÞ�L¡/¤�þ�]!�, r?
 DLC �
¥ sp3 ��/¤; ù��(��k|u�e5 DLC

��)�, Jp
MÝ���m�(Üå. �Lp
� Ø¬E¤Aå�8¥, �¬»�K��­½�
�(�, �
ü$
MÝ��5�þ. nÜ±þ(
J, ·�/O� ØéJp DLC ��MÝ!F�
�5�Å�5U´kÃ�.

]�9��uÿ(JL², LÞ��È Ø
� 100 V �, ��� DLC 9�Ç�p, ¿�ÔÄ
N DLC EÜá��§Ýeü��Ý�u�Û��
ÔÄN. L² DLC ±9ÙLÞ�Ø¬K�ÔÄN
�D9�J. Ti/TiC/DLC õUFÝ��±��ÔÄ
N�L¡�oá�A^�Ñ9á�¥.
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Abstract

In recent years, with the rapid development of electronic technology and digital network information, copper has increasing

applications in micro-electronics, micro-electro-mechanical systems and Hi-tech materials. However copper has its material limitations.

In particular, it has relatively low hardness, high oxidation and wear rate, which have severely restricted its widespread applications. In

this paper, aiming at difficulties of copper applications, Ti/TiC/DLC has been proposed as functionally graded material to deposit on the

copper substrate with plasma depositing method, which intensifies the adhesion between DLC film and copper substrate and improves

the properties of copper. The maximal value of thermal conductivity of DLC film with optimized parameter of graded intermediate

layer is 3.63 Wm−1·K−1, which enhances the heat transfer effect of copper substrate.

Keywords: copper substrate, diamond-like carbon, graded intermediate layer, thermal conductivity
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