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���fffééé BaTiO3 ������ËËËììì���úúú���OOO���ÅÅÅ���[[[*

Á] o�u �I¹†

( ���Æá��1>ÔnÆ�, �� 411105 )

( 2011c 2 � 11 FÂ�; 2011c 6 � 17 FÂ�?Uv )

�©kA^©fÄåÆ�[ BaTiO3 NX3Ð?ÂÑ�f (primary knock-on atom, PKA)ñÂe"��)ÚE

Ü�ÄåÆL§, �[(JL²µPKA ���ÚUþé"�ê8k�K�, ¿O�
 Ba§O Ú Ti �f�²þ 

£KU©O� 69 eV, 51 eVÚ 123 eV,��u SRIM §S%@� £KU 25 eV.,�A^�AkÛ^�� SRIM, �

[�f3 BaTiO3 ��¥�Uþ��L§, '� £KUé�[(J�K�, ©Û�fUþÚ\��Ýé� êþ

±9©Ù�K�. (JL²� êþ�X�fUþO\O\, O\��Ç�Uþ�O\´ü$�¶�\��Ý�

u 60◦, � êþ�\��O�²w~�.

'�c: ©fÄåÆ, c>��, Ëì�ú

PACS: 61.80.−x

1 Ú ó

�mEâ´éI[uÐäk�¿Â�c÷

Eâ. du�m�¸�AÏ5, A^3�mEâ

¥��«á�½ö�ì�7LU·A�m�Ë

��¸, ~X Van Allen Ë��é�«;��ÊU

ìÑk�½K�, �mÑ¸��«>fì�É�

Ù�r�Ëì. Van Allen Ë��Ì�dØÓU

þ��fÚ>f|¤, ÙUþ©Ù��3 10−1—

103 MeV. <����åu|Ë�#á��ì��

&¢ÚïÄ. �Æ[�uyWv¶(�c>á�

kér�|Ë�5U, Scott�<^�v�Y PZT

c>���¤>Nì, ?1
oJþÚJþÇË

ì¢� [1], (JL², c>>N�|oJþUå

�L 5 Mrad(1 rad=10−2 Gy), |JþÇ�Uå�

� 2.0×1011 rad/s. Colc�<^¯¥f!

60Coγ ��

Ú 10 keV X ��Ëì PZT >N [2], (JL², Ù|

¥fËìUå�u 1.0×1015/cm2, |oJþUå�

u 3.0×107 rad,|JþÇUå�u 8.0×1011 rad/s.

3�Ó^�e, Si á�LyÑ
î�Ëì�ú

�A. Wv¶c>��á�äk�X��A5,

Xc>m'�A!0>5!Ø>�A!9º>�

A!(1�A�, �±|^þãÃ�A��c>�

;ìÚÙ¦õõUì�, 3�mEâ¥�A^cµ

4�2� [3], c>��á�9ì�3�«pUâ

fË��^e�(��úÚ5UCz±9��Å

n¤�<��\'5��Æ¯K. Gruverman�<

^b	�Ëì PbTiO3 ��, uyÙ>¢£��)


²w�<P1� [4]. Stanishevsky�<^ 50 keV

� Ga+ lfåËì PZT ��, uyduYÚ��

�±9;�à8, �ú��zÆ¤©u)²wCz,

ò»�c>5UØU¡E, C�0>� [5].

du PZT á�¹kÓ57á��Y, 4´é<

NÚ�¸E¤ú³, 8c3c>á�+�ïÄ�

:®²lDÚ�¹Yc>á� PZT =£�Ø¹Y

á�þ5. <�®²é¹Yc>���Ëì�Am

Ð
�X�¢�ïÄ, éÃYc>���Ëì�

AïÄffåÚ, Li �<^ 10 Mrad�>fåËì

�tv�� Bi3.15Nd0.85Ti3O12(BNT) ��, uyË

ì�����{4zrÝÚ¦>6~� [6]. BaTiO3

´�«äk`ûc>!Ø>!ý�5U���Ø

¹Y�Wv¶c>á�, 3>fÆÚ1Æì�¥k

2�A^ [7]. �
l�f�¡ïÄ�féWv¶c

>á��*(����, AO´ O � �êþ�©

Ù, ·�± BaTiO3 �ïÄé�, A^©fÄåÆO

�
 Ba, OÚ Ti �f� £KU, A^�AkÛ§
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S SRIM �[�få3 BaTiO3 ¥�Uþ��L§,

©Û�fUþÚ\��Ýé� êþÚ©Ù�K

�. 8cÿÃ�fé BaTiO3 ��Ë��A�¢�

��, du·�O�� £KU'���,  SRIM

§ S ¤ õ / � [
é õ á�� � f Ë ì � ú,

¤±�©��[(Jéu©Û�fËìe BaTiO3

��(���ú±9� �êþÚ©Ùk�½�

ë�¿Â.

2 �[�{

©fÄåÆ�{�~·Ü�[3Ð?ÂÑ�

f PKA �ñÂe, "���)ÚEÜ�ÄåÆL

§ [8]. BaTiO3 ��p�^³¼ê�

Uij =
qiqj

rij

+ A exp(
−rij

ρ
) −

C

r6
ij

, (1)

ª¥m>1����§¥Õ�p�^, �ü�L«

á§ Buckingham³�ü½ÚáÚ�, Ù¥ qi, qj ©

OL«lf i Ú j �>þ, rij L«üö�m�ål,

A´�N�Urf�ëê, ρ ´���k'�ëê,

CL«ó4�p�^�r6 �'~. �©�³ëêæ

^·�cÏó�`z���ëê, cÏ·�A^(

¯Ý©Û�¢D�{�(Ü`z
 BaTiO3 ��p

�^³ëê [9], ©fÄåÆO�L²T³¼ê�±

�°(/�[ BaTiO3 �(�Ú�5~ê�åÆ5

U. du PKA �f�ÄU��, �f�p-E��

fmå�±é�,  Buckingham³'�^, ü½å

Ø
, ¤±��fål�u 1.5Å�, �©æ^ ZBL

³ [10].

PKA �f�$Ä��ØÓ, �f-E��¹

´ØÓ�. ~X Ti �f�� PKA, ÷ [001], [010]

½ [100] ��$ÄÑò� O �-,  [101] ��òl

ü� O �fÚü� Ba �f�mÐ�. O �f (Ba-

O ²¡� O �f) � [001],[010] Ú [100] ��-

Ea.´ØÓ�, [001] ��� Ti �f�-, [010]

Ú [100] ��Ñ´lü� Ba �f�mÐ�. ¤±3

�[¥7LÚ\ØÓ$Ä��� PKA �f.

�\�âfUþ�p�, âf��È�Ý±9

?é-E��mºÝÑ�Ñ
©fÄåÆO�þ

�4�, I�A^�AkÛ�{5�[Ëì�ú.

SRIM ´�[O�lf3qá¥Uþ��Ú©Ù�

§S|. §æ^�AkÛ�{, |^O�Å�[�

l��1\�âf�$Ä. âf� �!Uþ��

±9g?âf��«ëêÑ3���lL§¥�

;e5, �����«¤IÔnþ�Ï"�Ú�A

�ÚOØ�. �©A^T^��[�fé BaTiO3

�Ëì�ú, ©Û�f3 BaTiO3 ¥�Uþ��L

§, ±9�fUþÚ\��Ýé� êþ9©Ù�

K�. �f� £KU´ SRIM ^��'�ëê,

§��'X��[(J´ÄO(, 3^��êâ¥

¥é�zÔ�«�f� £KUÑ%@ 25 eV,ù

w,�¢SØÎ, ¤±·�A^©fÄåÆO�


 BaTiO3 n«�f� £KU.
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t⊳ps

ã 1 "�êþ��m�Cz

3 �[(J�©Û

©fÄåÆ�[uy3 PKA �f�EÂe,

XÚ�üz²{
n��ã. 1��ã´ PKA

�f���$Ä�ã, ù��ã�m�~á, �

u 0.2 ps,3 PKA EÂe, �)
Nõg?ÂÑ�

f, /¤
éõ Frenkel"�. 1��ã´"��¯

�*Ñ�ã, T�ã�±Y�m�� 1 ps,9¹S�

A�), g?ÂÑ�f�±��f-E, òÄU=

C�9U, NX§Ý,p, Û��p§r?
"�

�ò», ý�Ü© Frenkel"�3T�ã¡E. 1n

�ã´mY�f�ú�*Ñ�ã, ù��ã�§Ý

'1��ãeü
éõ, �Ä�½, �e�"�

3ù��ãÏLa�ÅnVÇ5�¡E. ù��ã

±Y�mé�, ����[(åÑáuT�ã. ã 1

L« 200, 400Ú 600 eV� Ba �f�� PKA(Ð©

�Ý3 [001] ��) /¤�"�ê8��m�Cz,

ã¥�±�ß/�N
ùn��ã.

O � �êþ�©ÙéWv¶(�c>á�

c>5U�òz9��Ånkû½5�K�. O �

 �/¤Ú¡E�ÄåÆL§� PKA �$Ä��

±9Uþ�m�'X´·��~'%�¯K. ·�

©Oé O �f�²þ"�éê8 NP Ú²þl 

�fê8 Nd � PKA Uþ�Cz�
ÚO (O �f

�� PKA, PKA �Ð©$Ä��©O� 3 �$�
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V�� [0 0 1], [1 0 1]Ú [1 1 0]), Xã 2 ¤«.
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ã 2 ØÓ��$Ä� O �f�� PKA /¤�²þl �fÚ

"�ê8� PKA Uþ�Cz'X

"�é�ê8´�[(å�ÚO��ª½

�"�, l �fê´�3�[L§¥���l

 �fê8. ã 2 L²3$U-EL§¥, ²þl

 �fê�²þ"�éê8� PKA Uþ�Cz'

X´ØÓ�. ²þl �fê�X PKA Uþ�O

\kXCq�54O'X, ²þ"�éê8�X

Uþ�O\¥yÑåÏCz. ù´Ï��X PKA

Uþ�O�, 3Uþ�	D4L§¥ PKA �f�

Ù¦�fm��N-Egê²wO\, ��l �

fê8�3O\.  PKA ÄUO\¦�g?ÂÑ

�fO\, -E�ì�, ��ÛÜ§Ý,p, Û�

�p§r?
"��ò», Ø´¤kl �fÑU

/¤½"�, Û�§Ý�,p¬r?"��¡E,

�ö¿��(J¦��f²þ"�éê8� PKA

Uþ�O\åÏCz. O �f�� PKA /¤�

"�a.éüXÑ´ O "� (�L 1), � O �f

��þ�, ÛÜp§é�f�9Þá�z¬r¦�

þ�� O �f�N´£E�²ï �, ¤± O �

f�ù«y�c�²w.

PKA � £KU (=�)½� Frenkel"�

¤I���ÄU) ´?1�AkÛ�[�'�ëê,

§��±�Ná��|Ë�5U�rf. ·�©O

À� Ti, Ba Ú O �f�� PKA, ��Ù�½�Ð©

ÄUÚ$Ä��, �[ 10 � ps�äUÄ�)½

� Frenkel"�, ^�©{Øä|¢ PKA �Ð©Ä

U, ��TÄU� PKA TÐU�)½� Frenkel

"�, Òòù�ÄU½Â�T PKA 3T��� 

£KU. duT�{O�� £KUr��6Ð

©�., ¤±éõ�Ð©�.?1²þ. L 1 �Ñ


 Ti, Ba Ú O �f (Ba-O²¡) �� PKA 3�


k�L¿Â�$�V��� £KUÚéA�"

�a..

L 1 ØÓ��ØÓ«a PKA � £KUÚ�A�"�a.

PKA �Ð©$Ä��  £KU/eV "�a.

[001] 85 VTiI
TiVOIO

Ti �f [011] 80 VTiI
TiVOIO

[111] 204 VTiI
TiOBa

[001] 30 VBaI
Ba

Ba �f [011] 57 VBaI
OOBa

[111] 119 2VBa2IBa

[100] 29 2VO2I
O

[001] 138 VOIO

O �f [101] 66 VOI
O

[110] 89 VOIO

[111] 58 2VO2IO

lL 1 �±wÑ, ØÓ«a� PKA �f÷Ø

ÓÐ©��$Ä, Ù £KUÚ"�a.´ØÓ�,

²þó Ti �f� £KU�p, ù´d¬N(

�!�Urf±9�f� êû½�. Ti �f u

�l¡N�¥%, ÃØ Ti �f (PKA) �=���$

Ä, �)�"�Ø
 Ti � Frenkel"�, �¬�)Ù

¦�f�"�. [1 0 0] � [0 0 1] ��� O �f�O

´ã��, �Ï3u§��-Ea.´ØÓ�. [1

0 0] ��� O �f´lü� Ba �f�mÐ�, §

� £KU�$,  [0 0 1] ��� O �f� Ti �

f�-, du Ti �f�þ�!Ti—O �Ur±9 Ti
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�� êp, ¤± O �f7LPkép�UþâU

ò Ti �fÂÑ.,	lL¥�±wÑ BaTiO3 �«

�f� £KU´ép�, ù�´Ù|Ë�Uå�

�ru7÷���Ná���Ï (��Ná� £

KUÏ~3 10—20 eV).

     












E⊳keV

N
v

ã 3 ²þ���f�)�o� ê��fUþ�'X

Thomas�<^©fÄåÆ�[�{©OO�


 Sr, OÚ Ti �f3 [001],[101]Ú [111] ��� 

£KU [11], ,�òn����²þ�, �� Sr,O

Ú Ti �f�²þ £KU, ©O� 70 eV, 50 eV

Ú 140 eV.é·��O�(J�Ó�?n, �� Ba,

O Ú Ti �f�²þ £KU©O� 69 eV, 51 eV

Ú 123 eV. BaTiO3 Ú SrTiO3 Ñ´Wv¶(�c>

N, �¬�~ê!�5~êÚ(ÜU���C,  

£KUAT�'��C. ¢��¡, Smith�<ÿþ


CaTiO3 � £KU, 45±4 eV(O),82±11 eV(Ca),

69±9 eV (Ti)[12], �ÿþ
 BaTiO3, SrTiO3, CaZrO3

�õ«Wv¶¬N O �f� £KU [13], ÿþ(

JL²ù
¬N O �f� £KUé�C, þ

3 45 ± 5 eV ���S, �·���[(J�C. �

lf� £KU¢����[��å��, cÙ

´ Ti. �Ï3u�lf�l L§Ï~E¤Ù¦l

f�l . lL 1 �±wÑ, ÃØ=���, Ti lf

l /¤�"�a.ÑØ´üX� Ti � Ú Ti m

Y, ´E¤
 O ½ Ba �l , ¢�´Ã{«©

ù�:�. lL 1 ��±wÑ, ���� O �l 

�)�"�a.ÒéüX, Ñ´ O � Ú O mY,

¤±¢�ÿþ� O � £KU���5'�lf

p. ÏL�Ù¦<�[Ú¢�ó��é', �©O

�� Ba,OÚ Ti �f�²þ £KU´���.

ã 4 {��+ (a) ±9Uþ��Ç (b) ��fUþ�'X

SRIM §S¥�«�zÔ%@� £KUÑ

´ 25 eV,�â·�©fÄåÆ��[(J, ò Ba,O

Ú Ti �f�²þ £KU©O��� 69 eV, 51 eV

Ú 123 eV,A^ SRIM ^��[�fåé BaTiO3

���Ë��ú. ã 3 L«�´²þ���f

3 BaTiO3 ��¥�)�o� ê��fUþ�

'X, ã¥'�
�©O�� £KU�%@ 

£KU��ëêé�[(J��O. lã 3 �±

wÑ £KUéu"�ê8�K�´ã��, �

©O�� £KU��u SRIM %@� 25 eV,

� ê8�k^%@KUO���� (27±2)%.

Thomas�<ïÄ Au2+ Ú Kr+ Ëì SrTiO3
[11], u

y^ SRIM %@� 25 eV  £KU���¸�

�ú��u¢��, ^©fÄåÆ?�
 £

KU�, SRIM �[�¢�(J'��C. ,	l

ã 3 �±wÑ, �X�fUþO\, ²þ���

f�)�o� êO\, �´O\��Ç´ü$

�. �fUþO\, ?é-EgêÚ�À�f�

UþÑ¬O\, ¤±� êO\éÐn), O\

�Çü$�±l�fU�5)º. 3·�ïÄ

�Uþ��, �f3 BaTiO3 ��¥�Uþ��

Ì�kü«�ªµ1) \��f�q�fØu)

046103-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 046103

�5-E, òUþD4�q�f, ¦q�f�À,

ù�L§�f�Uþ��¡�ØUþ��, �)

�A�Ëì�A¡� £�A¶2) $Ä�fr

UþD4�q¥>f, ¦��
q�f��-u

�½ö>l�, ù�L§�f�Uþ��¡�>

fUþ��, �)�A�Ëì�A¡�>l�A.

ã 4(a)L«Uþ� 10—100 keV��f3 BaTiO3

��¥�>f{��+ÚØ{��+, =ü ´§

þ�f�>lUþ��ÚØUþ��, ã 4(b) L«

>l�AÚ £�AUþ���'Ç. ã 4 L²U

þ� 10—100 keV��f3 BaTiO3 ��¥>f{

��+��uØ{��+, =�f�Uþ��±>

lU��Ì, �fé BaTiO3 ���Ëì�A±>

l�A�Ì, ��X\��fUþ�O\,  £U

þ��Ó�'~´~��, ù�´o� �UþO

\��Çü$��Ï.

    
⊲

⊲Τ֓

⊲Τ֓
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⊲Τ֓

⊲Τ֓
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⊲

n
v

n
v
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Ti
O

H  能量/ keV

 

+

Ba
Ti
O

H  能量/ keV
+

Ba
Ti
O

H  能量/ keV
+

Ba
Ti
O

H  能量/ keV
+

D⊳A

D⊳A

D⊳A

D⊳A

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

n
v

n
v

ã 5 ØÓUþ��fR�Ëì� BaTiO3 ¥�� ����Ý�©Ù'X

⊲

⊲

    
D⊳A

    
D⊳A

    
D⊳A

    
D⊳A

⊲

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲

n
v

n
v

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

⊲Τ֓

n
v

n
v

Ba
Ti
O

q=0O

Ba
Ti
O

q=75O

Ba
Ti
O

q=50O

Ba
Ti
O

q=25O

ã 6 ØÓ\��Ý��fËì� BaTiO3 ¥�� ����Ý�©Ù'X
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Ø
� oê, � �©Ùéc>5U�òz

9��Ån�k��K�. ã 5 ©OL«
Uþ

� 10, 40, 70Ú 100 keV��fR�Ëì BaTiO3 �

�� Ba, Ti Ú O � ����Ý�©Ù, ã¥p�

IL«²þ���f3ü �Ý (D�) þ�)�

� ê, z^��È©KL«²þ���f�)

� Ba,Ti Ú O �� ê8. ã 5 L² O "�ê8�

õ, Ti "���, ù�c¡©fÄåÆ�[(J�

�, Ï� O �f� £KU�$� O �fê8�

õ¶�X�fUþO\, � ©Ù�¸� ���

���Ý��uÐ. Uþ��� 10—100 keV��

f3 BaTiO3 ¥��ú«� 60—550 nm.

6.5

6.0

5.5

5.0

4.5
1.3
1.2
1.1
1.0
0.9
0.8

Si

BaTiO3

                                       
θ⊳↼O↽

ã 7 ²þ���f�)�o� ê��f\���'X

Ø
Uþ, �f�\��Ý�´K�� ©Ù

��Ï�. ã 6 ©OL«
\�� (�fÐ©�

Ý���L¡{��Y�) � 0◦,25◦, 50◦ Ú 75◦ Ë

ì BaTiO3 ��� Ba,Ti Ú O � ����Ý�©

Ù. ã 6 L²�X\��Ý�O\, � ©Ù�¸

� �Cf. ã 7 KL«²þ���f�)�o

� ê�\��Ý�'X (�f�Uþ� 10 keV).

ã¥L²\���u 60◦, � êCzØ�, �X\

��?�ÚO\, � ê×�~�. ,	3ã 7 ¥

��Ñ
�fËì��Ná� Si �)�� ê, Si

¥� ê�\��©Ù�5Æ´�q�, �� ê

´ BaTiO3 � 5 �. ùL²�fËì BaTiO3 �)�

 £�A���u��Ná�, ½ö` BaTiO3 �

|Ë�Uå�ru��Ná�.

4 ( Ø

c>á�9ì�3Ë��¸¥5U�òz, D

���, Ù���Ï´ÖUâféc>á���

*(��)
Ëì�ú, ïÄc>á��Ëì�

úéuË��¸¥c>á��A^kX4��

�¿Â. �©A^©fÄåÆ, �[3Ð?ÂÑ�

f PKA �^e BaTiO3 NX�Ë��ú, �«
X

Úüz²{�n��ã, ©Û
"��/¤!E

Ü�ÄåÆL§, )º
"�ê8� PKA UþO
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Abstract

BaTiO3 is a kind of perovskite ferroelectric which has the advantages of ferroelectric property, piezoelectric property and radiation

resistance. BaTiO3 thin films and devices have important applications in strongirradiation environment. The structure damage,

especially the oxygen vacancy has a crucial influence on the response of ferroelectric under radiation. Molecular dynamics is used

to simulate the formation process and the recovery process of defects in BaTiO3 under the impact of primary knock-on atom (PKA).

The results show that the initial motion direction and energy of PKA have significant effects on the number of defects, andthe averaged

threshold displacement energies of Ba, O and Ti atom are 69 eV, 51 eV and 123 eV respectively. The calculated displacementenergy

is obviously larger than default value (25 eV) in SRIM code. Furthermore the SRIM code is used to simulate the proton irradiation

damage in BaTiO3 thin film. The results show that the number of vacancy increases with the increase of proton energy, but the increase

rate decreases, and the number of vacancy decreases obviously with the increase of incidence angle when it is more than 60◦.
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