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|^^LÈý�Ò4>lEâ��
 sp3 �¹þØ�u 80%�o¡N�¬%�� (ta-C), ,�ÏL�lfåU
5Eâ��
��,�o¡N�¬% (ta-C:N) ��. |^ Raman 1ÌÚ X ��1>fUÌé��(��©Û, ï
Ä
�lfñÂUþé ta-C:N ��(��K�. �lfé ta-C ���ñÂ, /¤
��,� ta-C:N ��. �lfñ
Âp�
��¥ sp3 �� sp2 �=z, ±9 CN ��/¤. 3 ta-C:N ��¥, ��,��ÝÚßÝ�X�lfUþ�
O�O�. ta-C:N ��¥ sp2 ��¹þÚ sp2 �ìq�º��X�lfñÂUþ�O�O\; 3 ta-C:N ��¥,

CN �Ì�d C—N �Ú C¸N ��¤, C—N ��¹þ�X�lfñÂUþ�O�~�, �´ C¸N �¹þ�X
�lfñÂUþ�O�O�. 3 ta-C:N ��¥Ø¹k CSN �(�.

'�c: ta-C:N ��, �lf, Raman 1Ì, X ��1>fUÌ

PACS: 68.55.–a

1 Ú ó

o¡N�¬% (ta-C) �äk�pMÝ±9û
Ð�>ÆA5Ú9½5, 3Å�Ú>f�ó�+
�äk2,�A^cµ [1−3], 8c®¤õA^u^
�;1��o�±9Ù¦F�+�. Ó�du ta-C
��äk���>f�Ú³, �´u��>f\ó
Eâ�(Ü, �±3¿§^�e?1�¡È�È,
Ïd§3eÒ4ì�Ú|u�w«�¡�kd3
�A^d�. ta-C ���±ÏL\\�, /¤ ta-C
��� n /�,, ��ü$���õ¼êÚ|u�
K� [4−6], Ïdé��� ta-C �� (ta-C:N) �ïÄ
äk�p��Æ¿Â�¢^d�. ��5`, p�
þ� ta-C ���±ÏL^LÈÒ4ý�>lEâ
¼�, ta-C:N ��´3�È ta-C ���Ï\�í
¼��, 3ù«�¹e ta-C:N ���(�Ì�� 
ØÚ�í�©Øk' [7−10].

lfåU5Eâ´�«òlfñÂ����
ÈK��N�á�U5�#Eâ, §ÏLæ^�½

Uþ�lfåé��?1ñÂ·Ü, l��UC
���(�9ÙA5�8�. ÖUlfåñÂ��
�L¡, òÚåNõÔnzÆ�A, ù
�Aé�
��|�!(�ò�)û½5�K�. Ïd, �©
|^lfåU5Eâ5�� ta-C:N ��. ÄkÏL
^LÈÒ4ý�>lEâ�Èp�þ ta-C ��, ,
��lfåé ta-C ��ñÂ·Ü/¤ ta-C:N ��,
ïÄ�lfñÂUþé ta-C:N ��(��K�.

2 ¢ �

^ÈÒ4ý�>lEâ�^53ü¬7þ�
È ta-C ��, Ò4æ^XÝ� 99.99%��$q, Ä
¡�ü¡�17¡ (100). ¿§^�e, òÄ¡�
�3�(Å�WÅ¥, |^Ë°ÚZÑ?1�(
�W� 15 min, �ÑºZ�x\ý�¿. �ý�¿
íØÄ� 10−4 Pa �, �$qÚl�>, Úl>6
� 90 A, Ä.�\óÀ�6K Ø, ��� 200 V.
^LÈXÚæ^ S-.V�+LÈì, �±k�È
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Ø��â±9¥5âf, �È ta-C ���þÝ
� 100 nm.

ta-C �����¤�, ò�íÏ\eÒ�w
4lf, �>�)��lf�^5ñÂ ta-C �
���¹�� ta-C �� (ta-C:N). �lfñÂL
§¥, �í6þ� 20 sccm (1 sccm = 1 mL/min),
�>>6�±3 50 mA, N!ÚÑ��lfUþ
l 1000 eV � 2200 eV, ñÂ�m� 2 min. ta-C �
�±9 ta-C:N ����(�|^��1 Raman 1
Ì (Jobin Yvon Raman, France) Ú X ��1>fU
Ì (k-Alpha, ThermoVG, UK) ?1©ÛL�, X ��
1>fUÌ�í�©Û^5©Û��f��,�
ÝÚßÝ.

3 (J�?Ø

3.1 ������(((������ Raman 111ÌÌÌ©©©ÛÛÛ

ta-C ��²�lfñÂc���(��±^
��1 Raman 1Ì5L�, (JXã 1 ¤«. 3
Raman 1 Ì ¥   u 950 cm−1 ? � Ä ¸ ´ d Si
Ä . � � � Ñ � ¸, , � � � é ¡ � ° ¸  
u 1560 cm−1 ?, ù´ ta-C �;.¸..

ã 1 ta-C ��²�lfñÂc�� Raman 1Ì a, �²�
lfñÂ; b, 1000 eV �lfñÂ; c, 1400 eV �lfñÂ; d,
1800 eV �lfñÂ; e, 2200 eV �lfñÂ

ã 1 ¥ � � � Raman 1 Ì � ± | ^ ü
� Lorenz �/ Breit-Wigner-Fao 5[Ü [11], Raman
1Ì¸°�é¡ÝdÍÜXê Q 5L�. �,ÍÜ
Xê Q ���� sp3 ��¹þvk���¼êé
A'X, �´§�±½5/©Û ta-C Ú ta-C:N �
�¥� sp2 �¹þÚ sp2 ��q�¹þ9º� [8].
ïÄL², XJÍÜXê Q �u –20, @o��
¥ sp2 ��¹þ�u 20%, d�L² sp3 �¹þò

�u 80%. ÍÜXê Q ��lfñÂUþ�'X
Xã 2 ¤«. lã 2 ¥�±wÑ, ta-C ��� Ra-
man 1Ì[Ü�¥� Q ëê� –27, ùL²��
� ta-C ��� sp3 �¹þ�u 80%. éu ta-C:N �
�, ÍÜXê Q �X�lfñÂUþ�O�O
\, ùL²3 ta-C:N ��¥, sp2 �¹þÚ sp2 �ì
qº���X�lfñÂUþ�O\O�.

ã 2 �lfñÂUþ� Q ëê�'X

ta-C ��� Raman 1Ì��±^ü� Gauss
¸5?1[Ü, [Ü(JXã 3 ¤«. ã 3(a) L«
vk²L�lfñÂ� ta-C �� Raman ©¸(
J, Ù¥ u 1360 cm−1 ?�¸�¡�ÃS¸ (D
¸),  u 1580 cm−1 ?�¸�¡��$¸ (G ¸).
±ã 3(b) �~5[Ü ta-C:N ��� Raman 1Ì,
Ø
 D ¸Ú G ¸	, 3 1210—1245 cm−1 ?
�1n�¸A��\\[Ü� [12], ù�¸´d
C—N ��� �Ä�)� [12,13], �´ u 1400—
1500 cm−1[14,15] N¸N ��Ä�)�¸¿vk3�
��� Raman 1Ì¥uy, ù`² ta-C:N ��¥
Ø¹k N¸N �. Ó� u 2225 cm−1 �¸�Ø�
3u Raman 1Ì¥, ÏdL²¤k���ÑØ¹
k CSN[16].

D ¸Ú G ¸��érÝ' (ID/IG) Ú G ¸�
�¸° (G-FWHM) �±^5L���� sp3 �¹
þÚ sp2 ìq�¹þ9��, XJ��¥ ID/IG �
���, Ò`²��� sp3 �¹þ�p. ID/IG Ú G

¸��¸° (G-FWHM) �X�lfñÂUþ�
Cz'XXã 4 ¤«. lã 4 ¥�±wÑ, ID/IG

�X�lfñÂUþ�O�O�, ù`²��
¥ sp3 �¹þ�X�lfñÂUþ�O�~�;
Ó���¥� sp2 �¹þÚ sp2 ìq�º��3C
� [17,18]. ù´du�lfñÂ ta-C ���L§¥
�)�9¸�A¤���(J. ��lfñÂ ta-C
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���, �lf¬���¥�%�fu)9U=£,
Úu%�f�)9�Ä, �ª��%�f��(�
#ü�, =læ�� sp3 �(�=z���
äk�$Uþ� sp2 �(�.

ã 3 ta-C Ú ta-C:N ��� Raman 1Ì�©¸[Ü (a) �²
�lfñÂ� ta-C ��� Raman 1Ì�©¸[Ü; (b) �lf
ñÂUþ� 1000 eV �, ta-C:N ��� Raman 1Ì�©¸[Ü

ã 4 ID /IG Ú G ¸� G-FWHM ��lfUþ�'X

3.2 ������(((������ X ������111>>>fffUUUÌÌÌ (XPS)
©©©ÛÛÛ

XPS í�©Û�^5uÿ�� ta-C:N ��¥
���÷��þÝ�©Ù¹þCz. 3 XPS í�

©Û¥, ta-C:N ���í� 6 g, zgí���Ý
� 10 nm, XPS í�©Û�o�Ý� 60 nm. ±�l
fUþ� 1400 eV ñÂ� ta-C ���~, ÷þÝ�
�� XPS í�©Û(JXã 5 ¤«.

lã 5 ¥�±wÑ, ���¸�rÝ�Xí
��Ý~�; 3ØÓ��lfñÂUþe, ta-
C:N ��¥���¹þ÷��þÝ�©Ù¼êX
ã 6 ¤«, �±wÑ, ÏL�lf�ñÂ, ���
,?
 ta-C ��¥. Xã 6 ¤«, ��lfUþ
� 1000 eV �, L¡e 10 nm ±S���¹þ�
� 8.7%, �Xí���Ý�O�, 3L¡e 60 nm
�, �lf�¹þA�´ 0, `²3 1000 eV �ñÂ
Uþe, �lf�,�Ý'�k�; ��lfUþ
O\� 2200 eV �, L¡e 10 nm ±S���¹þ
�l 10.3%O\� 12.7%, ����¹þ�Cz3
L¡e 30 nm ±SCz��²w; 3L¡e 60 nm
�, E,k���©Ù, AO´3�lfñÂUþ
� 2200 eV �, E,k 2.4%���33��¥. `
²�X�lfñÂUþ�O�, �����,�Ý
ÚßÝÑ¬O\. ù´du�lfäk�Uþ (1—
2 keV) Ï~ØU/¤��5\, f5\��lf´
39¸��AeÏL9*Ñ��,?
��¥.

ã 5 1400 eV �lfñÂ� ta-C �� XPS í�©Û(J

3 Raman 1Ì¥, D ¸Ú G ¸´d C¸C �
Ú C¸N ��Ä�Ó�)�, ��ÄªÇJ±«©,
ÏdÏL Raman 1Ì, éJé ta-C:N ��� C¸C
�Ú C¸N ��Cz?1©Û. XPS[19] �^5�
�[/©Û��¥��(�9Ù¹þ�Cz. XPS
� C 1s ÌÚ N 1s ÌXã 7 Úã 8 ¤«. 3ã 7 ¥,
��¥� C 1s ¸�X�lfñÂUþ�O��
$(ÜU£Ä, ùL² sp3 ,z�(��¹þ3~
�, ù�(J��©z [20] ��. 3ã 8 ¥, vk N
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1s �¸�3u ta-C ��¥, ´Ï� ta-C ��¥v
k N ��.

ã 6 ��¹þ�í��Ý�Cz'X (a) �lfñÂU
þ 1000 eV ��¹þ�í��Ý�Cz'X; (b) �lfñÂU
þ 2200 eV ��¹þ�í��Ý�Cz'X

ã 7 ta-C ��²�lfñÂc�� XPS C 1s (J

�
éØÓ� ta-C:N ��� XPS C1s Ú N1s
�U?Ì?1½þ©Û, �©æ^ Gauss �.é1
Ì?1[Ü [21]. ±ã 7 Úã 8 ¥ 2200 eV �lfñ
Â/¤� ta-C:N ��� XPS ��~, é C 1s Ú N
1s Ì?1©¸, (JXã 9 ¤«. éu C 1s Ì, æ
^ 4 � Gauss ¸?1[Ü [22−24], C1 ¸ (284.4 eV)

Ú C2 ¸ (285.5 eV) ©OéA��$�� C¸C
�Ú7f��� C—C �; C3 ¸ (286.3 eV) Ú C4
¸ (287.5 eV) ©OéA� CN � (C¸N �Ú C—N
�) Ú C—O �. ��¸�È©¡È�L
��
�3��¥�¹þ, §�X�lfñÂUþ�C
z'XXã 10 ¤«. �lfñÂUþ� 0 eV �,

ã 8 ta-C ��²�lfñÂc�� XPS N 1s (J

ã 9 1000 eV �lfñÂ� ta-C ��� XPS C 1s Ú N 1s [
Ü«~ (a) XPS C 1s [Ü; (b) XPS N 1s [Ü
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ã 10 C1—C4 ¸�È©¡È'��lfUþ�Cz'X

ã 11 N1—N3 ¸�È©¡È'��lfUþ�Cz'X

L«d���´ ta-C ��, Ù¥ C—C ��¹þ�
u 80%, CN �¹þ� 0, Ï���¥vk N �3.
,éu ta-C:N ��, C¸C ��¹þ�X�lf
ñÂUþ�O�Oõ, �´ C—C ��¹þ%Å
ì~�, ù´duäk�pUþ��lfñÂ ta-C
���)�9¸�A, Úu%�f#ü�. ïÄ
L² [25] �f#ü���ê�lf�ñÂUþ¤
�', Ïd�X�lfñÂUþ�O� C¸C ��
¹þ¬Oõ, C—C ��¹þ¬~�, ù�� Raman
1Ì�©Û(J��. Ó� CN �¹þ�X�lf
ñÂUþ�O�Ñ�O\,  CO �¹þ¿vk�

X�lfñÂUþ�CzCz, ù`² O �À/
´d��¬��L§�³u�í¥E¤�.

éu ta-C:N ��� N 1s Ì, æ^n� Gauss ¸
?1[Ü [190−192,26−28]. N1 ¸ (398.0—399.0 eV)
Ú N2 ¸ (400.2 eV) ©OéA� C—N �Ú C¸N
�, N3 ¸ (402.5 eV) ´ N—O �. ��¸�È©r
Ý�X�lfñÂUþ�Cz'XXã 11 ¤«.
lã 11 ¥�±wÑ, 3 ta-C:N ��¥, C—N �
�¹þ�X�lfñÂUþ�O�Åì~�, �
´ C¸N ��¹þ%�X�lfñÂUþ�O�
O\, ù�©z [29] �ïÄ��. ���f��
,? ta-C ���, ��f`k�� sp3 �:�%�
f, �%�f/¤ C—N �; ,���f2�%�
f/¤ sp2 �, �¤ C¸N �. Ïd�X�lf�
ñÂ, �õ� C—N �¬Åì=�¤ C¸N �. Ó
� C 1s Ú N 1s �1Ì©ÛL² CSN �vk�3
u ta-C:N ��¥, ù�� Raman 1Ì�(J��.

4 ( Ø

�©|^�lfåU5Eâ�� ta-C:N ��,
ÏL Raman 1Ì� XPS é��(��©Û, ï
Ä�lfñÂUþé��(��UC, ¿��±
e(Ø:

1) �lfé ta-C ���ñÂ, /¤
��,
� ta-C:N ��, �lfñÂp�
��¥ sp3 �
� sp2 �=z, ±9 CN ��/¤;

2) 3 ta-C:N ��¥, ��,��ÝÚßÝ�
X�lfUþ�O�O�, ��¥ sp2 ��¹þ
Ú sp2 �ìq�º��X�lfñÂUþ�O�
O\;

3) 3 ta-C:N ��¥, CN �Ì�d C—N �Ú
C¸N ��¤, C—N ��¹þ�X�lfñÂUþ
�O�~�, �´ C¸N �¹þ�X�lfñÂ
Uþ�O�O�, 3 ta-C:N ��¥Ø¹k CSN
�(�.
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Abstract

The tetrahedral amorphous carbon (ta-C) films with more than 80% sp3 in fraction are deposited by the filtered cathode vacuum

arc technique. Then the energetic nitrogen (N) ions are used to bombard the ta-C films to fabricate nitrogenated tetrahedral amorphous

carbon (ta-C:N) films. The composition and the structure of the films are analyzed by visible Raman spectrum and X-ray photoelectron

spectroscopy. The result shows that the bombardment of energetic nitrogen ions can form CN bonds, convert C—C bonds into C¸C

bonds, and increase the size of sp2 cluster. The CN bonds are composed of C¸N bonds and C—N bonds. The content of C¸N bonds

increases with the N ion bombardment energy increasing, but the content of C—N bonds is inversely proportional to the increase of

nitrogen ion energy. In addition, CSN bonds do not exist in the films.

Keywords: nitrogenated tetrahedral amorphous carbon, nitrogen ion, visible Raman spectrum, X-ray photoelec-
tron spectroscopy
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