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1 NL� Si n< 
iCm�YYULQ*�Z./n2.��OYYPT�QQ|�-ym� [1∼5]. /	Z* Si-B-N � Si-C-N � Si-B-C-N Sm��j 1773K F8���;	Z*f�F/ULQ_< .�_.�. [6∼9]. 7V�	�8T	Z*m�d�_\~g�*�Z.�
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MD�1h B % C _\Y�\k|	Z*m�Q*�Z.
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844 � ) + w 0 � 21 [��.Tp
\n2mj���v	Z* Si-C /	Z* Si-B-C m�j 300 � 773 �
1273 � 1773 / 2073K �Q\n2,~�4_"�Ev'r�_�s~m�a
Q�f6�W��|mM1h B a
b	Z*m�*�Z./_.�.QR �|

2 36#�.T-y��2= Cerius2 4.6 {Qp
\n2�b Dynamics M,��
7VQm�~	Z* Si-C � Si-B-C, �nQ�(OW B a
%I	Z* Si-C {*p Si � C a
OMQ��~m�Qa
~W\~ 1688, m�{a
�kp�~ 1:1 � 1.65:1:2.34,���
QH!~ 3.0nm×3.0nm×3.0nm. p
\n2.Tqk� (NVT), ���_p�~ 300 � 773 �
1273 � 1773 � 2073K. �t,! mj~ Smart Minimizer. ~vE�<b*$�m{OM	Z*I��Q�j 8000K M, 8ps (8×10−12s) p
\n2�"M,^��
(�p�j�~�_Xy7 500ps Qp
\n2��
E8)6\=~ 0.001ps(1×10−15s). .T Universal n4 (Universal Force Field, UFF) �T	Z*m�Qa
8Q���T
wn4Q�FI;�� [13].p�l
f\+bE8� Qs4�\�\m/ (Mean Squared Displacement, MSD)`FOMm�Qf6�WS\f'�
.T Einstein[14] j�Jf6�W
�(�ajOp�Tp
\n25{CZ�_�l
Q\f9��9�OMl
f\QXE����J{pf\m9�'Z\m/

MSD(t) =
1

n

n
∑

i=1

〈

| rn(t) − rn(0) |2
〉

(1)I{� rn(t) ~ t Eaa
 n Q�x
I (1) �>v n ~a
jp~E8 t Q\m/
f6�W`W (2) IOM

t 1 MD 
��Y) Si-B-C l�P`	H�
Fig. 1 Atomic structure of amorphous Si-B-C

generated by MD

D =
1

6

∂

∂t
(MSD) (2)0f6�W~\m/#}Q 1/6.

3 )"%<0u 1 ~p
\n2��	Z* Si-B-CQa
I�
�({a
\ep(�8�69	/I���YPm-y{a
Q4���.p(
W\	jEF;B_Or	Z*
Si-B-C m��pa
Q<��d�MDj�C~9JQ�d�0 B � C a
\℄ Si a
�o�m�{�Y Si-B �Si-Cs~a
b<��d


MSD #�`F�>Y
m�{a
�f6Q'�
u 2 ~ 2073K �	Z*m� Si-B-C/ Si-C {�~a
Q MSD #�
Wu 2(a) `r��~a
Q MSD #�b�E8Q86d88B!N�oZ	jm�*h�va
f6
d�� C a
Q MSD #�8BQr_b
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4 � �3R�R��Y) Si-B-C l�e5+}o	[m0
� 845H\ Si a
 MSD #�Qr_��n�E�"
oZ	j Si-C m�{� C a
� Si a
�,H2��Ddf6
j Si-B-C m�{�W\ B _\Q71dG MSD #�Yd� �/u 2(b) dJ
`( Si � C a
 MSD #�bE8� Q�|℄u 2(a) ��� 'H�KO
Si-B-C {a
Q MSD t�!�Z	O1 B _\��m�{a
Q�f6,~YEHr_Q:3
 B a
Q MSD t=� Si � C a
QH�d�E℄HM 100ps 88B!N�GO\�*�|� 100ps ��>!\�"
℄ Si-C m�g[�j	Z* Si-B-C m�{� C a
Q
MSD #�|\ Si a
Q�Z	�nQf6��n,H
oOW\jwm�{� B � C a
p�w℄ Si a
<�*7 Si–B <� Si–C <���s8"�h�<��dSQUv!��HD\d2�f6


t 2 �Y) Si-C l�. Si-B-C l�z�}`	P MSD "� (2073K)

Fig. 2 MSD curves of constituent atoms in amorphous Si-C and Si-B-C at 2073K

(a) System Si-C; (b) System Si-B-C��u 2{Q MSD#�"���.*pQ#}0`OM�~a
Q�f6�W
Di. u 3 �>v 2073K �s~m�{�~a
�f6�WQ�E
℄	Z* Si-C m����Si-B-C m�{Q DC � DSi �!

DSi Q��r_� DC Q�H�Z	1h Ba
��W\ Si–B <*7z.pG� Si a
SMQUvl����Em�{f6
o~ Si–B<z.pG\ep(j Si-B-Cm�{��vvGO\IP�_uOQa
���k|vm�QIP�_�Mdk|�* t 3 2073K �r}�Y)l�Pe5�V

Fig. 3 Self-diffusion constants of atoms in

each amorphous system calculated from the

MD simulation (2073K)�Z.
zCm��a
�f6�W�U���8��~	mjPn�T�'H$s�d��\ep(Q Si-B z.pG/m�Qz�I��`F�v"�PPnO�QW*�*�Edl�vwiCm�Q|�_.�.
'r�_b	Z*m�f6,~QR 'r�/u 4 dJ
U\ 1273K,	Z* Si-C m�{ C a
Qf6�Wb�_QB|"�8B� 1273K FMqt��!\�"
"�2�j�~�_XQf6�W℄�wm�{ Si a
QH (773K Efnn5GO). Si a
Qf6b�_B|8�AnQ8B - ��Q#\!N�E 300K B|�_E�f6�Wl6E�
773K FMqt�s�#rE!
 Si-B-C m�{ (/u 4(b)), Si Qf6�Wb�_� r_
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846 � ) + w 0 � 21 [n5!�Wt1\~ 10−9cm2/s. B a
Qf6�W℄ C a
QGO�jp~�_k|\9|\�n�Æm8�b�_8B!N
 B a
Qf6�Wj 1773∼2073K8Br_EH
oZ	w-ym�j 2073K uOa
f67Z�V�O B a
Ywi	Z*m�*7&�Q!N
MD`Fv`�w-ym�Q�|GT�_~ 2073K �Z

t 4 r}l�P�e5�Va�^P���D

Fig. 4 Comparison of self-diffusion constants between Si-C and Si-B-C at different temperatures

(a) Amorphous Si-C; (b) Amorphous Si-B-C

Si-B � Si-C *7Qz.a
bj	Z* Si-B-C m�{\ep(��vv|��Qa
����Uva
f6�DQ�n�Edl�vm�Q|��Z./|�_.�.

4 )0T(\ UFF n4Qp
\n2mj7Vvs~	Z*m� Si-C � Si-B-C j'r�_�Q�f6,~
O>F�I�

1. Si-B-C m�Qa
 MSD #�� Si-C m��Pa
QU
Z	1h B a
l�v	Z*m�{a
s8Q<���Uva
Q�D�n
"��W\j Si-B-C m�{ Si a
SM B � C s~a
Uv�MD Si a
Q�f6�W��r_� C a
	�

2. p�p��_bs~m�f6�WQR h�� Si-C m�f6,~S�_R E	��a
f6b�_B|d	�7Z� Si-B-C m�{�a
f6�Wb�_� "��ME|�_ (2073K)Ba
f6Y7Z!N
MD`Fv`� Si-B-C ��j 2073KF��;	Z*f

3. 	Z* Si-B-C m�YY�	Z* Si-C m���Q|�*�Z.�|�_.�.
RG �ny$jÆ Bordeaux H2 R. Naslain CRQYKuL
y$Æ��?H2%L���&(L��
�,�D
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Diffusion Behavior in Amorphous Si-B-C System by Molecular

Dynamics Simulation

YE Ya-Jing, ZHANG Li-Tong, CHENG Lai-Fei, XU Yong-Dong

(National Key Laboratory of Thermostructure Composite Materials, Northwestern Polytechnical Univer-

sity, Xi′an 710072, China)

Abstract: Molecular dynamics simulations of amorphous Si-C and Si-B-C systems were carried

out in order to investigate the diffusion behavior, and analyze the influence of the addition of

B on the thermal stability and creep resistance at high temperature of the amorphous systems.

Universal force field was used to describe atomic interactions in the systems at 300K, 773K, 1273K,

1773K and 2073K. MSD curves and diffusion constants at different temperatures were calculated

and compared. After the addition of B in the amorphous Si-B-C system, self-diffusion constants

of constituent atoms decreased at the same temperature, and increased with temperatures in both

the amorphous systems. The results show that self-diffusion of B tends to ascend apparently up

to 2073K, which accounts for that phase separation of the amorphous state would take place at

about 2073K. Below this temperature, the Si-B-C system will remain the thermal stability and

good creep resistance.

Key words amorphous Si-B-C; molecular dynamics; diffusion constants


