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æ^.�©fÄåÆ�{ïÄ
ü9%B�+ (8, 8) 3¿§el7Ä�þ��l�L§. �%B�+ (CNT) 3
7Ä.þ��l�, �lålÚn���¤ÿ²þ�lå�m¥y�½5Æ�'X­�, ¿Ñy
����!K¸
�. '�
ØÓ�l�Ýe�²þ�lå, ¿[Ü
Ù¸���Ý�'X. .�©fÄåÆ�[(Jw«, ¤I�l
å������Ý�m¥y�½��5'X, �[(JÓ)ÔÔnÆþaq��l¢�(JÎÜ�Ð, ��'up
©f, CNT Ú7 (Si) |¤�.¡áN5U�r. ?Ø
%B�+�Ý!�»9"�é�lL§�K�, ïÄL²: ¤
I����lå� CNT ��ÝÃ', �� CNT �»�O\, I�����lå�5O\; 5-7-7-5 "�é�lå�
��K���, 
�»Cz"�¬�~���lå. 3�fºÝé�5�Á�?1
nØýÿ,�%B�+37�
>fó�¥�A^Jø
nØÄ:.

'�c: %B�+, .�©fÄåÆ, �l

PACS: 61.48.De, 68.35.Af, 02.70.Ns

1 Ú ó

�X��5�8¤>´A�º��Øä �,
�c�ó²Eâ®?\B��ã. pë����A
�º�~��B�ºÝ�, Ñy
�X�#��Æ
¯K, éá���!©ÛEâ�Ñ�5
#�]Ô.
Ôpëò¡�Ãõ�¯K, �)ºÝ�AÚ­½�
�5�¯K. |^pÖ7á�zÔ��N (CMOS)
ó²¢y�Ôpë, ´¢y�¯�¡¤¡��Ì�
´¶. %B�+�OÔj��pë�3p�Ýn�
�>fµCBß7Ï�Eâ¥äké��d3`
³ÚA^cµ [1−3]. Ïd, %B�+/7 (CNT/Si) .
¡(��áN5UïÄw�c�­�.

%B�+±Ù`��åÆÚ>Æ5U, g 1991
c� Iijima[4] uy±5, ���«`É�#.á�,
®²Úå
Æö��2�'5. du¢�^��

��, ïÄB�ºÝe(��åÆA5��±5
�Jl�fºÝ?1¢��Á�ÿÁ. ©fÄå
Æ��), ¦��éJ¢y��*Ôn¢�C�
{´z. oa� [5] |^©fÄåÆ�{ïÄ
7
L¡m CNT å�|Ø5U, �X{�Øå�O\,
7�(�»��, CNT �/�����»�, ¿ÿ
�{�Øåp� 2.5×105 pN, ù¿©y¢
 CNT
äkrR>5. Chowdhury Ú Okabe[6] ^©fÄå
Æ�{�[
 CNT làÜÔ¥ÄÑ�L§, ¦�
uy, �XÄÑål�O\, �N�³UdÅÄO
�C�ªu­½�. .�©fÄåÆ [7−9] ´�C
uÐå5���#�O�Å�[Eâ, ù«�{
±DÚ�©fÄåÆ�Ä:, ¿���fåw�
º (AFM)[10,11] ½ü©fåÌ (SMFS)[12−14] Eâ,
^��J[�n���5�O~^�\1, ¿P¹
e¢�ëê. )ÔÔnÆþQòTEâ^up�)
Ô©f½p©f, Ù(J�±��é'¢�, ¿�
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±�¤8c¢�^�eÃ{�¤�n�¢�. �
�ÚÙ�M [15] Äu.�©fÄåÆ�{ïÄ

p©füóláN��.��L§, uy²þ.�
å�.�ål�­�þÑy
²��A, 3.��
Ý v = 0.5 Å/ps �, 1�²�å� 200 pN; 1�²�
å� 100 pN. Büyüköztürk � [16] æ^.�©fÄå
Æ�{�[
��ä�ü©fól��z7Ä.
þe��}��L§, [ÜÑ���.�å�.�
�Ý�'X¥�5. Shi � [17] �[
 DNA ©fl
Ä�þ�l�L§, ©Û
�l�Ý����lå
�'X. ±þÆöïÄ¤�9�þ��{. CNT,
�¢S��� CNT  �3"�, X Jiang � [18]

ïÄ� 5-7-7-5 "�Ú Qin � [19] ïÄ��»Cz
"�. Ïd, ïÄ"�é CNT/Si .¡(�áN5U
�K�äk­���Æ¿ÂÚA^d�. nþ¤ã,
8ck' CNT �ïÄ¤J¹õ, �l�fºÝï
Ä CNT l7Ä.þ�l��NL§, 8cÿ��
kXÚ���.

Äud, �©�ïÄ8�3ul�fºÝþ&
¢ CNT/Si .¡�áN5U. æ^.�©fÄåÆ
{�[ü�%B�+l7Ä�þ�l���L§,
(ÜÚO²þ�g�, ­:©Û�l�Ý!CNT �
Ý!�»9 5-7-7-5 "�Ú�»Cz"�é�l¤
I���lå�K�.

2 ï�±9�[�{

æ^�§.�©fÄåÆ�[�{?1ïÄ,
ü9%B�+ (SWCNT) Ú7 (Si) �.¡(�X
ã 1 ¤«. CNT Ú Si (100) ¡R��>, Ð©G�
må��� 5.0 Å. 3\1�céXÚµþ 12000
Ú��²ïG�, µþ�%B�+�7Ä.�m�
ål� 2.25 Å. 7Ä�� 324.503 Å, ° 117.767 Å,
þ 6.789 Å, �O 15660 ��f (ã 2, 3).

ã 1 CNT �7.¡«¿ã

� � � � � �� � � � 	 
 � � � 
 � � � � � �� ������ � � � �� ��
ã 2 7Ä��º�«¿ã

 

R

L

z

x

y

ã 3 %B�+«¿ã

$^ Tersoff ³¼ê£ã C-C, Si-Si �m��
p�^, §´8c£ã%!7��f�m�p�
^�A^��2���«�^³ [20]. ^²; L-J
³£ã%7�m���uå�^. ëê ε (³²�
Ý) Ú σ (�fØ�») �ê�©O� 0.003466 eV
Ú 2.86 Å, �[O��{�©z [21, 22]. �[
ÏL�5��f©f¿1�[ì (LAMMPS[23],
large-scale atomic/molecular massively parallel simu-
lator) ^�¢y, XÚ§Ý�½� 293 K, æ^�
ÝI½{ (Verlet �{) 5��§Ý, $^ NTV X
n, 3n���þ¦^gd>.^�, �mÚ�
� 0.0005 ps, ±d�[~§e�l�L§.

�â Hook ½Æ, n���¤ÿþ��å, ÷
v F = k0 (X2 − X1). 3ùpÀJæ^��få
w�º¥]:�q��5Xê k0 = 100 pN/Å?
1�[, Ù¥ X2 Ú X1 ©OL«.�:Úë�:
å7��R�ål, Xã 4 ¤«. ±��ð½��
Ý3 CNT �àéÙR��l, ã 4 ¥ X L«��
�.å��à�	n��f��%å7Ä�L¡
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�R�ål. 3��.�©fÄåÆ�[L§¥,
CNT þz��f\�Ý|^Úî�§¦), �ÝÚ
 �d Verlet �{�#. 3z.� 0.1 Å �ÚêS
é��¤ÿ�²þ�lå?1ÚO²þ, ±¦�ý
¢/�N�l��¹. � � � �� �� ����

ã 4 �l�[«¿ã

3 (J9?Ø

3.1 ���lllååå999���lllLLL§§§©©©ÛÛÛ

duO�ÅUå��, Ï~.�©fÄåÆ

¥æ^��Ý� 0.5—10 Å/ps �m [16], T.��
Ý'¢SÔn¢�¥ [12] �.��Ý (4.6×10−9—
4.6×10−8 Å/ps) � 7—10 �êþ?. �©�.��
Ý��� 0.01—4 Å/ps.

ã 5 L«±�l�Ý v = 0.2 Å/ps é CNT �
àR�.��, é��ÿ��²þå F Ú�lå
l X �m�'X. �X X �O\, x ���å×�
O\, X = 8.205 Å�, ��¸� Fmax = 822 pN; �
X X �UYO\, X = 22.833 Å�, ²þå F q¯
�eü¿����K�¸� Fmin = –172 pN, ��

� � � � � � � � � � � �� � � � �� � �� � �� � �� � �� � � � � �� 	� 
��� 
� � � �
� � � � � � � � �� � � � � � � �� � � � � � � � �

ã 5 ± 0.2 Å/ps ��Ýé%B�+�àR�.��, ��ÿ
��²þå F Úe�ål X �m�'X

(a) (b)

(c) (d)

ã 6 ;.���XÚ�.ã (a) t = 6 ps, ²ïG�; (b) t = 51 ps, �lå�¸�G�; (c) t = 71 ps, �låK¸�G�;
(d) t = 306 ps, ª�
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²{A��5���ÅÄ, ���C²ï�G�,
��Üå3 0 NC��ÅÄ. dã 5 ��, 3��
1��¸�c, X �O\´���, d�ã¢Sþ
´��3ØäÈàgdU, XJ3���¸��
c�m CNT, XÚò£�m©�G�, Ïd, 1�
��¸��Ôn¿Â´�l CNT ¤I����l
å. 3�[¥, .����ÀJ x ���, ÏdÜ
å���Ì��ûu x ���å. lã 5 ¥�±
wÑ, ¤I��låÚÙ x ��©åÄ�­Ü. 3
.�©fÄåÆ¥, J[.�:´±ð½��Ý$
Ä�, 
��� CNT �ë�:��´�!�$Ä,
3ë�:�Ý�u.�:�Ý�, ��É@Ø¤ÿ
��²þåÒ¬ÑyK�, ¿¬ÑyÅ�y�. ,
	, 3 y Ú z ���åCzª³�: �X X �O�,
ÅÄd�C�2C�, �Ï3u�X.��?1,
CNT �/�u)Cz, ¦���Ø2´î��R�
.�¤�.

3\1L§¥, CNT �X�à�.��lØä
/N��., XÚ(�u)wÍ�Cz. XÚ3o
�;.����.Xã 6 ¤«. 31��;.�
�, t = 6 ps �, XÚd�?uµþ(å��Ã1Ö
²ïG�, CNT =É7L¡���uå�^, �±
��G�; \1m©�, du CNT äkér�R>
5, m©UCÙ/�±·AÉå�Cz, CNT dm
©���.C¤�­G�, é¯2¡E��, 3�
�.��L§¥, CNT �¡��Cq�±�/. ,
	, é'ã 6(a), (d) üã��, Ä.7�þ�k1�
��fk²w� �Cz, 
1�!n�ÃwÍC
z, ù´du��uå��^'7�f�m�p�
^�éõ, ÉÙK�'�wÍ��k1��7�f.

3.2 ���ÝÝÝééé¤¤¤III���lllååå���KKK���

�
 ï Ä � l � Ý é � l å � K �, © O
± v = 0.01, 0.20, 1.00, 2.00, 3.00 Ú 4.00 Å/ps �
�Ý÷ x ����l, �� CNT "à����
l7�. 3�[L§¥, CNT Ã5� (8, 8), �Ý
� 121.75 Å, � 1600 �%�f. \1�ck4XÚ
µþ 12000 Ú��²ïG�, d�, %B�+�7
Ä.�m�ål� 2.25 Å, ��?1\1�l, À
½ CNT �à,�%�f���J[���ë�:.
ã 7 �n«ØÓ�Ý�lL§�²þ�låCz
ã. �X�Ý�O\, ²þ�lå�ÅÄ²wC�,
3�Ó�lålSÑy��KÅÄgê��l�
ÝO\�g~�. ã 8 �*/�N
ØÓ�Ýe�

�1���¸�¤I���lål�Cz. �Ý�
¯, ��3á�mSÈà�gdUò¬�õ, �A
�XÚO\�Uþ�¬�õ, ÏdI��õ��l
ål5N�, ±���\­½�G�. 3¢S¢�
¥ [12], æ^ 4.6×10−9—4.6×10−8 Å/ps ��Ý?1
.�, (Jw«3ù��Ý��p, ¤ÿþ�áN
åØ�.��Ý�Cz
Cz. ¦�@�3ù«$
�.�^�e, ��.�L§Cq²ï�.�, Ï
d¤ÿþ��áNåØÉ.��ÝK�.
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v=2.0 A/ps 

v=1.0 A/ps 

v=0.2 A/ps 

R=5.416 A L=121.75 A

ã 7 ØÓ�Ýe��¤ÿ²þ�lå��lål�'X

� � � � ��� �� �� �� � � � � 	 
 � � � 
 	 � 
��� � � � � � � � �
� � 
 	 � � � �� � � � � 	 
 
 �

ã 8 ØÓ�Ýe1��¸�Ñy�¤I��lål

�©éÊ«�Ýe1��¸�?1
[Ü, X
ã 9. �¸�[Ü¼ê�: Fmax = 165.68v + 762.35
(pN). Büyüköztürk � [16] ï Ä � p © f ü ó l
áN Ä . þ . m � � ¸ � � 5 [ Ü� Fmax =
54.46v + 560.12 (pN), �©�[Ü(J��ké
���q�?, ��Ç��ä�»��.

3.3 CNT ���ÝÝÝééé���lllååå���KKK���

�
ïÄ CNT �Ýé��.å�K�, �n
��Ý©O� 100, 110, 150 Å, Ã5� (8, 8) � CNT
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���[é�, 3�l�Ý v = 0.2 Å/ps e?1�
[. ã 10 �Ñ
�lØÓ�Ý� CNT ¤^�lå
�'��¹. ã 10 w«,ÃØ CNT ��Ý´õ�,
�lå����ØC. 
�X�Ý�O\, ���
ÅÄì�. Ú)Ô©fáN�aq [24],áNå��
ÝÃ', 3���lå����c, ����?u
ÈàUþ�ã, ������, CNT � �ò¬u
)é��Cz, ¯�/��m, Èà�Uþò¬�
º�. dd��, �lå����N�´�l7�
þ�l CNT ¤7L�å. ù��Ú.�:NCü
 ålS%�fêk��'X, 
��l�%�f
Ã', Ïd CNT ��Ý¿Ø¬K����lå, É
ÙwÍK���´���1�Å¸�Å�. CNT �
�, 7�é CNT �áNå�±��m��, ë�:
�Ý�J�L.�:�Ý, ÏdÅ����é��.
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ã 10 �lØÓ�Ý�%B�+¤^�lå�'�

3.4 CNT ���»»»ééé���lllååå������������KKK���

�Ã5� (6, 6), (8, 8), (10, 10), (12, 12) Ú (14,
14) �Ê� CNT ��ï Ä é �, Ù � » © O

� 4.062, 5.416, 6.770, 8.125 Ú 9.479 Å, � Ý þ
� 121.7 Å, 3Ó��.��Ý 0.2 Å/ps e?1�l.
ã 11 �Ñ
ØÓ CNT +»����lå. dã 11
��, �lå����X CNT �»�O\¥�5
O�. �5[Ü­��: Fmax = 168.03R + 119.49
(pN). �%B�+�»�O\, .�:NC%B�
+ü �Ýþ��fê��AO\ (±.�:N
C 10 Å���~, ã 12�T��ü �Ýþ%�
f�êCzã), ���lå����5O\, 7�
é%B�+�áNåOr.
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ã 11 %B�+�»����lå�'X

� � � � �� �� �� �� � � � � � � 	 � 
 � � � � � 	
 � 
�� ���� �� �� ��
ã 12 .�:NC 10 Å��Sü �Ý%�f�ê��»�
Cz

3.5 CNT """���ééé���������lllååå���KKK���

±þ�[¤æ^�þ�Ã"�.%B�+, �
¢S�%B�+  �3�«"�, X Jiang � [18]

ïÄ� 5-7-7-5 "�Ú Qin � [19] ïÄ��»Cz
"�. Äud, ��!�éùü«"�. CNT ©
O?1�l�[. �Au�{. CNT (ã 13(a)),
5-7-7-5 "���.Xã 13(b) ¤«. �»Cz"�
. CNT dü�Ã5©O� (8, 8) Ú (6, 6) � CNT
ë�
¤ (ã 13(c)), �là� (8, 8) . CNT �à,
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�l­�Xã 14 ¤«. (Jw« 5-7-7-5 "�é�
lå���Ä�ÃK�, ùÌ�´du 5-7-7-5 "
�UC�´�O�f��I, éuáNå�K�Ø

(b)(a)

(c)

ã 13 (a)�{.; (b) 5-7-7-5 "�.; (c) (8, 8)-(6, 6) �»Cz
"�.

� � � � �� � � � �� � �� � �
� � ��� 	
 � � 
 � 
 � �� � � � �� � � � � � � � � � � � � � � � � 
 � �� � � � � � � � � �

ã 14 ü«"�. CNT Ú�{. CNT �l­�'�

�. �»Cz"�é�lL§K���, (8, 8)-(6, 6)
�»Cz"�. CNT ����lå� 684 pN, 0
u (6, 6) CNT � 639 pN Ú (8, 8) CNT � 823 pN �
m. �»Cz"�éü �Ý%�fêK���,
��»Cz?��Ø­½, �~�NáNå, 3�
»Cz?�l7Ä.�, ò¬��%B�+�¯�
/��l, ¦�K¸��éÃ"����.

4 ( Ø

�©æ^.�©fÄåÆ�{ïÄ
ü9%
B�+l7Ä.þ�l�L§. (JL², 1��
¸�=����l¤I�����lå. �X�
Ý�O\, ���låò¥�5O�. é'
ØÓ
�Ýe²þ�lå­��Cz, �l�Ý 0.01—
4 Å/ps e���lå��� 803—1414 pN, �p©
fáNå (100—200 pN) �', %B�+Ú7�|
¤�.¡áN5U�r. ïÄL², ���lå�
%B�+��ÝÃ', Ì��Ï3uT��.�:
NC�%�fêk��'X, 
��?�%�fÃ
', Ïd%B�+��Ý¿Ø¬K����lå.
ïÄ�L², �%B�+�»�O\, .�:NC
%B�+�fê��AO\, ���lå����
5O\, 7�é%B�+�áNåOr. ��, �é
ü«"�. CNT ?1�lL§�©Û, (Jw«,
5-7-7-5 "�é���låK���, 
�»Cz"
�¬�~���lå, ~f CNT/Si .¡�áN5
U. �©3�fºÝé�5�Á�?1
nØýÿ,
�%B�+37�>fó�¥�A^Jø
nØ
Ä:.
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Abstract
Steered molecular dynamics (SMD) simulations are performed to study the peeling of a single wall carbon nanotube (8, 8) from

a silicon surface at room temperature. There is a regular relationship between the average force probed by the ideal spring and the
peeling distance when the carbon nanotube (CNT) is peeled from the silicon substrate. A large positive and a large negative peak value
can be found in the peeling process. The average force for varying peeling velocities is investigated and their peak values are fitted to
a function of the peeling velocity. The SMD simulation results show that there is a linear relationship between the peak value and the
peeling velocity, which is consistent well with some biophysics peeling experiments. Compared with macromolecules, the CNT has a
strong adhesion to the silicon surface. The influences of both radius and length as well as the defects of the CNT on the peeling process
are also examined. The numerical results indicate that the peak value of the peeling force is independent of the length of the CNT
but increases linearly with the radius of the CNT increasing. The peak value of the peeling force is almost independent of the 5-7-7-5
defect in the CNT but critically weakened by the radius defect of the CNT. The suggested method provides a theoretical prediction for
the future experiment at atomic scale, which is helpful for the potential application of the CNT in the silicon-based microelectronics
industry.
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