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A^©fÄåÆ�[�{ïÄ
�z7ìq3ØÓ����Ýe��ü¬7o÷¸�L§, �	
��L§
¥o÷¸Ú�z7ìq/�Cz!ìq�ÉåG¹!o÷¸�f� êÚ§Ý©Ù�. �[(JL²: ���Ý
�u 0.5 nm �, ��Ø�á�±�f½ö�fq/ª�3, ¿ÅN3�âL¡��r; ����ÝO�� 1 nm �,
á���ØÇO�, ¿/¤����. 3��L§¥, duØåÚ§Ý�,p, o÷¸��«��ü¬7=C�a
q Si-II �Ú Bct5-Si ��LÞ(�, 3��L§���1�ã, LÞ(�duØåÚ§Ý�eü=C��¬�(�.

'�c: ü¬7, ©fÄåÆ�[, �¬�C, �°�\ó

PACS: 81.65.Ps, 31.15.xv

1 Ú ó

zÆÅ��1 (chemical mechanical polishing,
CMP) Eâ´8c��5�8¤>´õ�Ù�¥
��U
¢y�Û²�z��°�L¡\óE
â [1]. �X8¤>´A�º��~�Ú(��ê
�O\, CMP \ó��¬�L¡²�ÝÚo÷Ý
�¦3B�þ?, ù
Ñé CMP EâJÑ#�]
Ô [2,3]. �\XÚ/�« CMP Eâ�á��ØÅ
n, Ø=éu¢y CMP Eââ»äk­���^,
Ó�éu�õDÚL¡\ónØ�äk­��Æ
â¿Â [4−7].

CMP L§¥�á��Ø´zÆ�^�Å��
^üö�Ó�^�(J [8,9], Ù¥Å��^Ï~�
@�´�1�¥i\�1=��â��1=$Ä
���Ä¡L¡, l
¢yá��Ø [10]. ©fÄå
Æ (molecular dynamics, MD) �{�ù�L§�ï
ÄJø
k�óä. Ye � [11] |^ MD �{�[

�â���^e�Ô CMP L§, ÏLUCÔ�f
�m�(ÜU, �[
zÆ�^éá��Ø�K�.

Zhang Ú Tanaka[12] �[
�â��ü¬7�L§,
¿òü¬7���L§©�Ã��!“ÅX” /ª
��!h���Ú����o��ã. Chagarov
Ú Adams[13] |^ MD �{ïÄ CMP L§¥�z
7ìq��o÷�z7L¡�L§, �[(JL²:
3�z7ìq���z7o÷¸�L§¥, Ø��
3ÄNá�����Ø, Ó��z7ìq�¬k�
Ü©á����¿�È3ÄNL¡, l
¢y�z
7á��L¡²�z. ©z [14—16] �[
B�
��L§¥K�ü¬7L¡\ó�þ�K�Ï�
�. �´8céuü¬7o÷L¡3B�ìq��
�^e¢y²"z�L§ïÄ�é��. �©|
^ MD �{�[
�z7ìq3ØÓ����Ý
e��ü¬7o÷¸�L§, ¿é��L§¥�á
��ØÅn!�ú/ª!�â�ÉåG�Ú7Ä
N��CL§�?1
ïÄ.

2 �ýXÚ�©fÄåÆï�

2.1 ���ýýý���...

�z7ìq��ü¬7o÷L¡�©fÄå
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Æ�ý�.Xã 1 ¤«. Ù¥, 7ÄNÀ^7f
�á�(�� Si(100) ÄN, ¬�~ê� 5.43 Å.
ÄNeÜº�� 217.2 Å × 162.9 Å × 43.44 Å, à
å�o÷¸Ü©´�»� 20 Å ��¥/, ��
7ÄN��foê� 80009 �. �©�	
�»
� 53.1 Å ��z7ìq3 0.1, 0.5, 1 Ú 1.5 nm �
���Ýe��o÷¸�L§, ����Ý� 100
m/s. ½Â���Ý�ìq�eà�éuo÷¸º
Ü��Ý, Xã 1 ¤«.

Z

X

(100)

h

ã 1 �z7ìq��ü¬7o÷L¡��.«¿ã

3�[L§¥, òÄNeÜ«� (Ø�o÷¸
Ü©) y©�n��: >.�!ð§�ÚÚî�,
Xã 1 ¤«. 7ÄN�o±Ú.ÜþÝ� 5 Å �
«��>.�, >.��SÜþÝ� 10 Å �7�
f��ð§�, ð§�SÜ�Úî�. 3�[L§
¥, ð§��§Ý��3 293 K, æ^�ð§üÑ
´ Nose-Hoover �{. ð§�ÚÚî���f$Ä
ÑÎÜ²;Úî$Ä½Æ. �[L§��mÚ�
� 1 fs.

2.2 ³³³¼¼¼êêê���ÀÀÀJJJ

Watanabe ³¼ê [17] ®²�y²�±éÐ/
$^�¬�/�¬�7!¬�/�¬��z7±9
7/�z7.¡��ý [18,19], Ïd3?n7!�z
7±97/�z7.¡XÚ�Ñæ^ Watanabe ³¼
ê, 7�³¼ê��ä�»� 4.0 Å. Watanabe ³¼
ê¤kL�ª9ëêë�©z [17].

2.3 ���¬¬¬���zzz777���âââ���ïïï���

CMP L§�1�¥��âÌ���N.�z
7�â, Ù(���¬��z7(�. �¬��
z7�â��ý�.)¤L§��E,, Chagarov
� [20] Ú Chen � [18] |^¬���z7Kz - :
e��ª��
�¬�z7ìq�., ÏL*	�
z7ìq�»�©Ù¼êÚ� ê�5�, y²T
�.�±éÐ/�[¢�¥�¬�z7�â(�.
�©¥æ^�Ó��{, )¤
�¬�z7ìq�
�., äNÚ½ë�©z [20].

3 (J�?Ø

3.1 ááá������ØØØLLL§§§©©©ÛÛÛ

�[L§¥, ìq±ØÓ����Ý (0.1—
1.5 nm) lålo÷¸ 10 Å ?, ± 100 m/s ��Ý�
�o÷¸. ã 2 �Ñ
ìq± 0.1, 0.5, 1.0 Ú 1.5 nm

(a) (b) (c) (d)

ã 2 �z7ìq± 0.1 , 0.5, 1 Ú 1.5 nm ����Ý��o÷¸L§¥, ìq�7ÄNøl�>��XÚ� XZ ²¡�À
ã� Y Z ²¡ýÀã (a) ���Ý� 0.1 nm; (b) ���Ý� 0.5 nm; (c) ���Ý� 1 nm; (d) ���Ý� 1.5 nm
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����Ý��o÷¸L§¥, ìq�7ÄNøl
�>��XÚ� XZ ²¡�Àã� Y Z ²¡ýÀ
ã. dã 2 �±wÑ, 3 0.1 nm ����Ýe, o
÷¸C/é�, =k�þ7�fÊN3ìqL¡
��r. 3 0.5 nm ����Ýe, o÷¸ºàpÝ
� 0.5 nm �Ü©3ìq����^e�üýÚc
à$Ä, �@Ø�o÷¸�üýÚcý. 3��L
§¥, o÷¸º��f3ìq����^e±�f
q�/ªu)=£, �k�Ü©�fÊN3ìqL
¡���r. ìqéo÷¸����^¦�o÷¸
�pÝd 2.0 nm ü$� 1.5 nm �m. 3 1 nm ��
��Ýe, o÷¸á�Ø2´±�f½ö�fq�
/ª��Ø, 
´��¬/ëY�Ø. o÷¸�Ü
©�ìq@Ø�o÷¸üý, �Ü©�=£�o÷
¸�cà. ìq����^¦�o÷¸�pÝü$,
Ó����å�
W²$�?��^. 3 1.5 nm �
���Ýe, á����/ª� 1 nm ����Ý
���/aq, =o÷¸�ìq�¬/��K, /
¤�¬���. �öØÓ�´3 1.5 nm �����
�Ýe, ìqéo÷¸�@Ø�^�r, ��þÝ
��, o÷¸�(�3ìq����^eC��\
ÃS.

� Chagarov Ú Adams[13] ¤ïÄ��z7ì
q���z7o÷¸�/ØÓ�´: 3�z7ìq
��7ÄNo÷¸L§¥, �z7ìq�C/Ø�,
3�u 0.5 nm ���Ý�Ø¬u)��; =3�
��ÝO�� 1 nm �, ¬k�þ�z7ìq��
f���K, �È37ÄNL¡, Xã 2(c) Ú (d) ¤
«.

3.2 ÉÉÉååå©©©ÛÛÛ

·�é��L§¥ìqÉ��ÄN�^å?
1
ÚO. ìqÉ�� X ��{NÙ$Ä�å��
�å Fx, ìq���å FC � −Fx, ìqÉ� Z �

�å�{�å. �ìq�ÄN�m��^å�áÚ
å�, {�å�K, e�p�^å�ü½å, K{�
å��. ã 3 �Ñ
ìq3 0.1 Ú 1.5 nm ����
Ýe��o÷¸�ìq��åÚ{�å��m�
Czª³, Ù¥ A ãL«ìq�ÄNÃ�>�ã;
B ã�ìq��o÷¸�ã; C ã�ìq��o÷
¸��o÷¸øl�>��ã. A ã!B ãÚ C ã
ìq3ØÓ����ÝeÉ����åÚ{�å
�²þ�XL 1 ¤«.

nÜã 3 ÚL 1 é���ãìq�Éå?1©
Û��: 3 A ã, ����Ý©O� 0.1, 0.5 Ú 1 nm
�, éA�ìq�7ÄN�p�ål©O� 19, 15
Ú 10 Å. ùn«��L§¥, ìqÉ����åÚ
{�åÄ��Ó, ìqÉ�7ÄN�{�å�áÚ
å. ����Ý� 1.5 nm �, ìq�7ÄN�m�
p�ål~�� 5 Å, ìqÉ��{�åýé�O
�� 20.44 nN, =ìq�7ÄN�m�áÚ�^O
r. 3 A �ãìqÉ����åCzØ�. 3 B �
ã, ìqÉ����åwÍO�, ù´duìqI
������å�Ño÷¸�{Nâ�±�c$
Ä. �X���Ý�O\, k�õ�o÷¸�f{
Nìq�c$Ä, ìqI������åòÙ�Ø,
ÏdìqÉ����å�ØäO\. Ó�3 B ã,
ìqÉ�7ÄN�{�åC�ü½å, �ü½å�
X���Ý�O\
O�. 3 C �ã, ����Ý
�u�u 1.0 nm �, ìqÉ����å� A ã�
C; ����ÝO�� 1.5 nm �, ìqÉ����
åO�; �X���ÝÅìO�� 1.5 nm, ìqÚ
7ÄN�{��p�^åÅÚC�ü½å. ù´d
u����ÝO\� 1 nm �, ìq��o÷¸�
m©�)�����, ìqÏLo÷¸�UYíÄ
���c$Ä, �ªòÙØ¢37ÄNL¡. 3ù
�L§¥I������åíÄ��$Ä, Ó�3
@Ø��L§¥�É����{�å�^.

L 1 ��L§¥ A ã!B ãÚ C ãìqÉ���åÚ{�å�²þ�

�� A ã B ã C ã

�Ý/nm ��å/nN {�å/nN ��å/nN {�å/nN �ÞXê ��å/nN {�å/nN

0.1 7.0 −15.7 10.8 6.7 1.6 5.7 −15.0

0.5 7.0 −15.7 24.6 17.2 1.4 5.7 −14.2

1.0 7.0 −15.7 39.0 32.5 1.2 6.3 −6.9

1.5 7.4 −20.4 49.6 41.9 1.2 21.4 11.4
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ã 3 ìq3 0.1 Ú 1.5 nm ����Ý��o÷¸�, ìqÉ����åÚ{�å��mCzª³ (a) ���Ý
� 0.1 nm; (b) ���Ý� 1.5 nm

3.3 ���CCC©©©ÛÛÛ

�C3û½á�5��¡åX'��^ [21],
cÙ´y5á�. Ï
ïÄ��L§¥7o÷¸�
�CL§äk­�¿Â. 7´�«õ¬.á�, ¢
�y¢Ù3ØÓØr��e�3X 12 «?u­½
½öæ­½G��¬N(� [22]. �©Ì�ÏL�
f� êÚ�fmåCz5ïÄ��L§��C
L§.

L 2 ÚO
ØÓ���Ýe���L§c�
o÷¸¥�f� ê�©Ù�¹. �©ïÄ�ü¬
7�7f�á�(�, �f� ê� 4,  uL¡�
�f�]!��f, � ê�u�u 3. lL¥�±
wÑ, 3��L§¥, �X���Ý�O\, � ê
� 5 Ú 3 ��fê8ÅìO\, �´��L§¥v
k�u 5 � ��fÑy. Ïd, ã 4 ÚO
ìq
3 0.1, 0.5, 1 Ú 1.5 nm ����Ýe��o÷¸�
L§¥, o÷¸¥ 5 � ��fê8��m�Cz
�¹. ã 4 ¥� A ã!B ãÚ C ã�½Â�ã 3 �
Ó. 3 0.1 nm ����Ýe, =3 B ãÑy
4�
þ 5 � ��f, 3��L§(å� 5 � ��f
��. 3 0.5 nm ����Ýe, B ão÷¸¥ 5 �
 ��fê8ØäOõ, 3 38 ps ��, 5 � ��
fê8����, � 18 �. ��(å�, C ã� 5 �

 �fê8' B ã�k¤~�. �X���Ý?�
ÚO�� 1 nm ½ 1.5 nm, 5 � ��fê8UYO
õ, ��L§(å�í3� 5 � �fê8���
O\.

�á���L§¥�)��Cá��(�,
�©é�fmåCz?1
©Û. ± 1 nm ���
Ý�~, ��L§c!L§¥ÚL§��7�f
må©ÙXã 5 ¤«. ã 5 L², 3 1 nm ���
Ý���L§¥, �fmå (��) Ì¸ d 2.35
Å � 2.42—2.45 Å  £, 3��L§�, ²L¿©
µþ, ��Ì¸ £� 2.39 Å. L��ïÄL²:
3Øå�L 12 GPa �, ü¬7¬=C¤� ê
� 6 � Si-II �Ú� ê� 5 � Bct5-Si � [23,24]. Ù
¥ Si-II �¥ 4 �C��f�må� 2.43 Å, , 2
����f�må� 2.58 Å[23]; Bct5-Si �¥ 4 �
����fmå� 2.44 Å, 1 ����f�må
� 2.31 Å[24]. lã 5 �±wÑ, ��L§¥3 2.31,
2.43, 2.44 Ú 2.58 Åko�¸ . ddíä, 3��
L§¥/¤
aq Si-II �Ú Bct5-Si ��·Ü(
�. �´�¤±vkÑy 6 � �f, ´dugd
L¡�f�����ä, � ê~�¤�. 3��
L§�, =�1L§, LÞ(�=C��¬�(�,
�fmå�¸ � 2.39 Å Ú 2.47 Å, ù��¬�7
�fmå�©ÙÌ¸ �ÎÜ.
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L 2 ØÓ���Ýe���L§c�o÷¸¥�f� ê©Ù

�f� ê 3 � �fê8 4 � �fê8 5 � �fê8 6 � �fê8

Ð©G� 1022 664 0 0

���Ý 0.1 nm 1022 664 0 0

���Ý 0.5 nm 1035 656 3 0

���Ý 1 nm 1047 641 10 0

���Ý 1.5 nm 1093 591 21 0
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ã 4 ìq3ØÓ����Ýe��o÷¸L§¥, o÷¸S 5 � ��fê8��m�Czª³ (a) ���Ý
� 0.1 nm; (b) ���Ý� 0.5 nm; (c) ���Ý� 1 nm; (d) ���Ý� 1.5 nm
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ã 5 �z7ìq3 1 nm ���Ýe��o÷¸L§
c!L§¥ÚL§�7�fmå©Ù

ã 6 �3��L§¥ 43 ps ��7ÄN��«
� (ìq�e�þÝ� 10 Å ÄNS) �]�§Ý©
Ù�¡ã. lã 6 �±wÑ, 3 0.1 nm ����Ý
e, ìqe�=Ñy
���S�§,, §Ý��

�� 526 K. 3 0.5 nm ����Ýe, o÷¸�p
§«�²wO�, ��p§Ý�� 1090 K, �´§
Ý�p�ùÚ«�©Ù��. ����ÝO� 1 nm
�, p§«�?�ÚO�, �p§Ý�� 1429 K, o
÷¸u)
²wC/. ����Ý� 1.5 nm �, o
÷¸C/\ì, d��p§Ý�� 1904 K, 7á�
�Kz§Ý� 1680 K. �Ò´`, o÷¸�ºà«
�á�®ÛÜKz, Kz«��7�f3e%L§
¥­#üÙ��¬(�. 3���Ý�u�u 1 nm
�, á��C´duìq@Øo÷¸�fE¤ÛÜ
Øå���¬=C��.Øå�
���; 
��
��Ý�� 1.5 nm �, �C�u)Ø=ÚÛÜØå
k', Ó�É�ÛÜ§Ý�K�: du���)�
]�ÛÜp§�L7á��L:, Úåo÷¸�Ü
©«�á�Kz, Kz��f3e%L§¥­#ü
Ù/¤�¬(�.
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ã 6 ��L§¥ 43 ps ��o÷¸��«��]�§Ý©Ù�¡ã (a) 0.1 nm ����Ý; (b) 0.5 nm ����Ý;
(c) 1 nm ����Ý; (d) 1.5 nm ����Ý

4 ( Ø

�©|^ MD �{ïÄ
�z7ìq3ØÓ
����Ýe��ü¬7o÷¸�L§, ÏL�
	��L§�o÷¸�ìq/�!ìq�ÉåG
¹!o÷¸S� êÚ§Ý©Ù�, ©Û�Ñ7Ä
No÷¸á���ØÅnÚ�CL§. ���(Ø
Xe: 3������Ýe, o÷¸�á��ØÇ
��, �´o÷¸�L¡(��Ð, Ø¬�)��
��; 3������Ýe, á���ØÇO�, �

Ó�¬/¤����; 3��L§¥, �X���
Ý�O\, ìqÉ����åÚ{�åÑØäO\;
3��L§¥/¤���¬éìq�Éå�)K
�, ¦ìqÏLo÷¸����åÚ{�åÑk¤
O�; 3���Ý�u�u 0.5 nm 7ÄN3��
L§¥/¤aq Si-II �Ú Bct5-Si ��LÞ(�,
��L§�/¤�¬7(�; 3���Ý�u�
u 1 nm �, �C�u)�ÛÜØåk', 
���
�Ý�� 1.5 nm �, �C�u)�É�ÛÜ§Ý�
K�.
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A molecular dynamics study of silica cluster cutting
single crystalline silicon asperity∗
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Abstract
The molecular dynamics simulation method is used to study the process of silica particle cutting the roughness surface at various

cutting depths. The conditions of the asperity and the particle, force bearing state of particle, the distributions of coordination number
and temperature in the asperity are investigated. The simulation results show that the material removal rate is small when the cutting
depth is smaller than 0.5 nm, and the removed atoms sticking to the silica particle are in single atom or atom cluster form. When the
cutting depth is larger than 1 nm, the material removal rate becomes larger; meanwhile a larger scrap is formed. The crystalline silicon
is converted into a locally ordered transient structure which is similar to Si-II and Bct5-Si with the increases of temperature and pressure
in the cutting process; then the transient structure forms amorphous silicon directly as the temperature and pressure decrease after the
cutting process.

Keywords: single crystalline silicon, molecular dynamics simulation, amorphous phase transformations, ultra pre-
cision machining
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