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àÜÔ�>5U�, L¡>ÖÈà¤�)�>N�A�¦ÙL¡> P~, æ^�lfNEvlf5\éÙL
¡U5´�~(J�. ïá
ý�á��lfNEvlf5\L§�âf�[ (PIC) �., ¢��llf3�lf
N}�¥�$Ä/�9A5¿?1ÚO©Û. ¿Äu PIC �., òàÜÔL¡��g>fu�Xê���lf5\
=�Uþïá'é, ïÄ
àÜÔþÝ!0>~êÚ�g>fu�Xê�Ônþé}�üz!lf5\UþÚJ
þ�K�5Æ. ïÄ(JL²: �àÜÔþÝ�u 200 µm, �é0>~ê�u 7, �g>fu�Xê�u 0.5 �, lf
5\JþÚpUlf¤Ó�°���Nlf5\�¹��. ÏLéàÜÔL¡lf5\JþÚpUlf¤Ó°�
�ïÄ,�ý�á�Ú��Ná�L¡�lfNEvlf5\�¢yJø
nØÚ¢��â.

'�c: àÜÔ,Ôná5, �g>fu�, �lfNEvlf5\

PACS: 52.40.Kh, 52.65.–y, 81.20.–n

1 Ú ó

�lfNEvlf5\ (plasma immersion ion

implantation, {P� PIII) ´å�lf5\��À
�zO�Eâ, d{I Conrad �Ç� [1,2] JÑ, é
É.ó�?n±91þ?näk���`³, ®�
2�/A^u7á!ý�á�!��N�á��
L¡U5¥ [3−7]. cÙ´ý�á�lf5\�Ú
\, éý�Nþ7á� [8,9] Úý��þ%z7á�
��� [10]!ý�á�9��NL¡B�(��/
¤ [11−14] ±9àÜÔL¡U5 [15−17] äk�½�
A^d�. �3ý�á� PIII L§¥, du�>5
U�, lf5\ Ø��\I�A�9Ï��, X
�Nq�, 5JøóÀK Ø¢yÙL¡�lf5
\. =¦ÏL�Nq���ý�á��\ Ø, d
uL¡�>ÖàÈ, ±9Ù���>N�A, L¡

> Ek¤ü$ [18,19], �½§Ýþ��
 PIII E
â3ý�á�L¡U5+��A^ [20]. ��fý
�á�L¡>ÖÈàéL¡> Úlf5\Uþ
�K�, ��ÀJÄóÀ!$�lfN�Ý�ó²
ëê [20−22]. �
9Ï�� (X0>á�L¡ý�
B��>� [23] Ú9Ï»� [19,23−25]) ��\�k
�/ü$
ý�á�L¡>Ö�Èà§Ý, Jp

lf5\�Uþ.

ÏLóÀÚ�lfNA5���±99Ï�
���\3�½§Ýþ�±ü$ý�á�L¡>
ÖÈà�A, Uõlf5\�J, �Ùlf5\�
ÔnL§E��\ïÄ. 8c, ý�á�lf5\
L§¥, �lfN}�üzÚlf5\1�®Úå
IS	Æö�pÝ'5. Emmert[26] ÏLïá��
²¡ý�á�qN PIII L§�ê��., ïÄ
à
¯LL¡}��*ÐÚ¿>�K�L§±9él
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f5\L§¥�Ônþ�K�§Ý, uyàÜÔL
¡¿>, ÄNL¡> ü$, lf5\Uþü$, l
f5\Jþü$ 20%, �àÜÔL¡¿>�Aéþ
àÜÔK���, é���K���. ��¢ [27]

ÏLý�á�L¡�>|òþ!0�¥>|Ú�
lfN}�S�>|q�3�å, ïÄ
}��*
ÐL§. Tian � [21] ïÄL²ý�á�L¡Ã�l
fNK��, ÙL¡> �qNþ¤�\�> ¥
�5©Ù, ¿�Ñý�á� PIII L§¥ATÀJÜ
·�ëê±¼��p�lf5\Uþ, XÄóÀ!
pªÇÚ�$��lfN�Ý�. Dai Ú Wang, Li

Ú Wang[28,29] ±9 Barnat Ú Lu[30] ïá
ý�á
� PIII L§¥���>´ã, ¿æ^��6N�
.(Üý�á�L¡�lfN}��©Ù, ïÄ

óÀªÇ!ó°!Ì�±9�g>f�Ï�é
ý�á�L¡lf5\UþÚL¡>ÖÈ\�K
�. Oates � [31] �Ä
�g>fu�L§, ïÄ

�lfNlf5\ý�á��L§, ïÄL²ý�
á� PIII AÀJ���óÀ°Ý, ��lfN��
Ý$u 1010 cm−3 �Ü·, Lacoste � [20] �ïÄ(
J��Ñ
aq�(Ø. Ueda � [32] 3àÜÔL
¡¾lf5\�ïÄL², �àÜÔ���, àÜ
Ô�þÝéàÜÔL¡> �K��±�ÑØO.

Tian � [33] ÏLïÄ�Nq�þõ^�GàÜÔá
� PIII �ÄåÆL§, L²ÙL¡�lf5\Jþ
Ì�ÉL¡> �K�, }��Ø5K©ÙÚåà
ÜÔá�þ��lfÉ>|©Ù�K���Nþ
��ý£Ä, �¦àÜÔá�L¡�lf5\Jþ
ü$. Kim Ú Economou[34] æ^��6NÚ Monte

Carlo �.éäkn�.¡�ý�á�Ú�Ná�
²¡qN?1
ê��[O�, du>N�A, }
���, 3�.?�N�ý�lf5\Jþ�p,

Ù5\�Ý3�.¡?�üý~�, �3ý�á�
�ýCz��ì��
, lf5\Uþ3�Ná�
��ýp��þ!.

��, ²ßàÜÔL¡ PIII �}�üzL§,

�²àÜÔÔná5élf5\UþÚJþ�K
�5Æc��. �©|^âf�. (particle-in-

cell, PIC) éàÜÔÔná53 PIII L§¥�K�
?1
XÚïÄ, Ägòü�lf5\�=�Uþ
��g>fu�Xêïá'é, ±�²àÜÔ PIII

�}�üz5Æ, ¿�«àÜÔÔná5élf5
\UþÚJþ�½þ©Ù5Æ. �ïÄ(Jò�ý

�á�Ú��NL¡ PIII �¢yJønØÚ¢�
�â.

2 ý�á�L¡lf5\ PIC �.�
ïá

3�Ýþ!��lfN¥, ���7áq�,

òþÝ� d, �é0>~ê� εr �ý�á��7
á²�;��>. �37áq� (>4) þ�\�
X�KóÀpØ V0 (t) �, duý�á���>N
�A�K�, 7á>4þ¤�\�> ¿���
�^uý�á�L¡«��lfN, ´3L¡>
  Vs (t) ��^, >f�×�üm/¤�lfN}
�, Xã 1 ¤«. lf3}�S>|��^e�q
N (ó�) £Ä, /¤lf5\�A, dulf5\
Ú�g>fu��K�, �ý�á��>5U��,

�>ÖÈà, L¡>  Vs (t) ?�ÚP~.

ã 1 ý�á�L¡�lfN5\}�*Ð«¿ã

d9²ï� Boltzmann nØ, ?u>³� φ �
>f�Ý ne ÎÜ Boltzmann ©Ù, ÏL Poisson �
§ò�m>  φ Ú>f�Ý±9lf�ÝéX3
�å, ¿�â�m>³Ú�lfN�Ý©Ù, (½
z�lf¤É�>|å, �llf3>|å�^e
�$ÄL§ [35,36].

� ý � á � L ¡ > � Vs, 7 á q � > 
� V0. Cq@�>0���Ó5�þ!, K>0
�¥�>|rÝ E �±£ã�

E =
V0 − Vs

d
. (1)

Ó�, $^ Gauss ½Æ��

E =
eni

εrε0
S, (2)
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Ù¥ ε0 ´ý�0>~ê, ni ´�m�lf�Ý,

e ´Ä�>Ö. éá�§ (1) Ú (2), ��ý�á��
}�©.¡�>³�

Vs = V0 −
enid

εrε0
S, (3)

Ù¥, S =
√

2ε0Vs

eni
�lf
}�þÝ, ��L«�

Vs =
eni

2ε0
S2. (4)

¦)T�§ (3) Ú (4) ��

S = − d

εr
+

√
2ε0

eni
V0 +

d2

ε2
r

. (5)

ò�§ (5) �\�§ (4) =�¦�ý�á�Ú}�
©.¡?�Ð©> 

Vs =
eni

2ε0
×

(
− d

εr
+

√
2ε0

eni
V0 +

d2

ε2
r

)2

. (6)

ý�á����>5U'��, �¦>Ö3Ù
L¡Èà, ÙL¡> Øü$, ÙL¡>Öé> 
�K��±£ã�

Vs (t) = V0 (t) − σ (t)
C0

, (7)

Ù¥ C0 = εrε0/d�ü ¡È�0�>N, σ �L
¡�>Ö�Ý. �§ (7) é�m t ¦��±L«�

dVs (t)
dt

=
dV0 (t)

dt
− I (t)

C0
, (8)

Ù¥>6�Ýdlf6!>f6Ú £>6|¤

I (t) = Ii (t) + Ie (t) + Id (t) , (9)

>f6dý�á�L¡�> ¤û½.

Ie (t) =
euen0

4
exp

[
eVs (t)
kBTe

]
. (10)

3T PIC �.¥, �Äz�lf5\á�L¡
�=�Uþ, �g>fu�Xê�z�lf5\�
=�Uþ Eimplanting ���', ò�g>fu�X
ê£ã�

γ = γ0

√
Eimplanting/E0, (11)

Ù¥ γ0 ´éAlf5\Uþ E0 ��g>fu�
Xê. ?lf6�Ý£ã�

Ii (t) =
(

1 + γ0

√
Eimplanting/E0

)
eui (0, t) ni (0, t) ,

(12)

Ká�L¡>Ö� £>6�

Id (t) =
d (CsVs)

dt
= Cs (t)

dVs (t)
dt

+ Vs (t)
dCs (t)

dt
,

(13)

Ù¥ Cs (t) = ε0A/ds (t)���mCz�}�>N.

Ó��Äý�á���>N�AÚL¡>Ö
Èà�AéL¡> �K�, ý�á�L¡> L
«�

Vs (t) = V0 (t) − Esd

εr
+

σd

εrε0
. (14)

ÏL�¦)àÜÔL¡��m> ©Ù, (½
�m>|rÝ, ¢��llf3=�>|å�^e
�$ÄL§, ïÄlf5\�ÄåÆ1�Ú}�ü
z5Æ.

3 (J©Û�?Ø

3.1 ���àààÜÜÜÔÔÔLLL¡¡¡���lllfff555\\\

�½�lfN��Ý n0 = 1 × 1010 cm−3, >
f§Ý Te = 1.0 eV, óÀ ØÌ� V0 = −20 kV,

ó°� 50 µs �Ý/Å. ý�á��þÝ 200 µm

� Kapton àÜÔ�, �é0>~ê� εr = 3.4,

é 20 keV 5\UþéA��g>u�Xê γ0 ©O
� 0, 2.0, 5.0 ��¹?1
©Û. pUlf5\�
L§¥, ��X�g>f�u�, �  �g>f
6��ulf�\�6, �¦ý�á�L¡Ï��
>f��>, E¤�þ�>Ö�Èà, ÙL¡Kó
À Ø�Ì�eü. æ^�lfN PIC �.�ll
f3}�¥�$ÄL§, ïÄz�lf5\�Uþ,

ò�g>fu�Xê��Úlf�\�UþéX
3�å. ù�lf5\àÜÔ�Uþ¿Ø==dL
¡�> ¤û½, Ó���lf3}�SÜ$ÄL
§¥¤I���mÚ3T�mãL¡> Cz9
�lfN}��*Ð�'. ��, ò�g>fu�
Xê�lf\�Uþ�éX, ����T���
L¡> �', �ÎÜlf5\�ý¢ÔnL§.

àÜÔL¡lf5\L§¥, duÙ��0
>á5�K�, ÙL¡> Ï>ÖÈàü$, X
ã 2 ¤«. 3�Nlf5\L§¥, >Ö9�/�
�r, L¡Ã>ÖÈàL§, ÙL¡> Ø¬u)
P~y�. duàÜÔ��, �Ø�Ä�g>fu
�� (γ0 = 0), ÙL¡�> �p, b�5\àÜ
ÔL¡�>Övk�Ñ, 3 50 µs ��ó°�ëY
5\�cJe, ÙL¡�> E�±7áq�>
 � 90%±þ, ��g>fu�Xê� 2.0 �,

² 50 µs �ëY5\, ÙL¡> ��q�> 
� 80%, ��g>fu�Xê�O�, àÜÔL¡
> kü$�ª³. L¡> �üC³7¬K�à
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ÜÔþ��lfN}��*ÐL§, Xã 3 ¤«.

àÜÔL¡�}��àÜÔL¡�g>fu�X
ê�O�, L¡>ÖÈà§ÝOr, > ü$, óÀ
°Ý�½�, }�þÝ��. 3��óÀ(å�, �
lfN}��$, L¡Èà��>Öd�lfN¥
�þp�Ý$Ä�>f¥Ú. �àÜÔ��, XA
��Az��, AO´óÀ°ÝØ�, �g>fu
�Xê���, �±�ÑàÜÔL¡>ÖÈàéÙ
L¡> �K�, �©z [32] �Á�(J��.

ã 2 àÜÔL¡> ��m�Cz5Æ

ã 3 }�þÝ��m�Cz5Æ

àÜÔL¡lf5\ 1 µs Ú 10 µs ��lf
N}�SÜ�>|rÝ©ÙXã 4 ¤«. ��, }
�SÜ�>|rÝ3�CàÜÔL¡�«���,

���lL¡ål�O�, Ù~��ª³��ú,

AO´ó°��, X 10 µs �, T«�Cq�þ!>
|. �C}�>��«�, >|rÝ��, �ÙP
~�ª³�¯. lf3}�S$Ä�, \�L§Ì
�3�CàÜÔL¡�«�. �óÀ°Ý�O�,

}��	*Ð, }�SÜ�>|rÝü$.

ã 4 �S>|rÝ©Ù (a) 1 µs; (b) 10 µs

ã 5 lf5\oJþÚpUlf5\¤Ó�°�

lf5\oJþÚpUlf (ò5\Uþpu
��Uþ 80%�lf½Â�pUlf) ¤Ó�°�
Xã 5 ¤«. �óÀ°Ý�O�, 5\�pUlf
¤Ó�°�O�, X 1 µs �pUlf¤Ó�°�$
u 70%,  10 µs �pUlf¤Ó�°��� 85%.

éu�� (X 200 µm) �àÜÔ Kapton �lf5
\�, ÏL¡>ÖÈàE¤K Ø> P~�f,

lf5\Uþü$�K���, AO´�g>fu
�Xê���, ÙK��±�ÑØO.
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3.2 àààÜÜÜÔÔÔ���ÔÔÔnnnááá555ééélllfff555\\\UUUþþþÚÚÚ
JJJþþþ���KKK���

àÜÔ Kapton á��é0>~ê εr = 3.4,

¿�½éA 10 keV 5\Uþ��g>fu�X
ê γ0 = 2. �óÀ�m� 1 µs Ú 10 µs �, lf5
\UþÚJþ©ÙXã 6 ¤«. ��, 3 1 µs ��,

�àÜÔá�þÝ�u 400 µm �, 5\àÜÔL
¡�pUlf¤Ó�°�9lf5\oJþ��
N5\��J�OØ�, 5\àÜÔL¡�$Ul
fÌ�´dlf3�lfN}�S���¿©\
�¤���. �óÀ�m�� (X 10 µs) �, =3
àÜÔþÝ�u 300 µm �, lf5\àÜÔL¡
�UþÚJþ��N5\��J��.

ã 6 àÜÔá�þÝélf5\UþÚJþ�K� (a) 1 µs;

(b) 10 µs

ã 7 £ã
àÜÔá�þÝ� 500 µm, ØÓ
��lf5\UþÚJþ�àÜÔ��é0>~
ê�Cz5Æ. �é0>~ê���, Ï>ÖÈà,

L¡> �P~�î, �¦5\àÜÔL¡�J
þÚpUlf¤Ó�°�ü$. ��é0>~ê�
O�, àÜÔ���Ôná5élf5\UþÚJ
þ�K�~f, X3 1 µs ��, �é0>~ê�u
5 �, pUlf¤Ó�°�9lf5\oJþ��
N5\�¹��Ø�, 3 10 µs ��, �k3�é0

>~ê�u 7 �, lf5\àÜÔL¡�UþÚJ
þ��N5\�¹��. dd��, �àÜÔá�
þÝ�½, �é0>~ê���, lf5\L§¥,

�±òàÜÔá�À��N, àÜÔ���>N�
A¤Úå�L¡> P~élf5\UþÚJþ
�K��f.

ã 7 àÜÔá�0>~êélf5\UþÚJþ�K�
(a) 1 µs; (b) 10 µs

þÝ� 500 µm, �é0>~ê� 3.4 �àÜ
Ô Kapton á�L¡�lf5\JþÚpUlf¤
Ó�°���g>fu�Xê�'X, Xã 8 ¤«.

�X�g>fu�Xê�O�, 5\àÜÔL¡�
Jþü$, pUlf¤Ó�°�ü$. ù´Ï��
g>fu�XêO�, �¦àÜÔL¡�>Ö�È
à§Ý\ì, E¤ÙL¡> P~�(J.

��, �àÜÔá�þÝ��, AO´�é0
>~ê��!�g>fu�Xê���, �±�Ñ
àÜÔ��>N�A35\L§¥élf5\J
þÚUþ�K�, �òÙÀ��Ná�5é�. Á
�(J�L², �àÜÔ�þÝ3��þ?�, �
±�Ñá���>ØüéL¡óÀÌ��K� [32].

�àÜÔá��þ�, Ïlf5\9�g>fu
��¦ÙL¡�>ÖÈà, �)���> Øü,

E¤lf5\Jþü$, ��î�´lf5\U
þ�ÌÝü$, �Ø�lf5\��J. Ïd, 3þ
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ã 8 àÜÔá��g>fu�Xêélf5\UþÚJþ�
K� (a) 1 µs; (b) 10 µs

�àÜÔL¡lf5\�Iæ�9Ï��, X�\
7á9Ï»�5Jplf5\àÜÔL¡�Uþ.

Ó�, �g>fu�Xê�lf=�5\Uþ�'
é, ò5\Uþ�lf3}�SÜ$ÄL§¥¤I
���mÚ3T�mãL¡> Cz9�lfN

}��üzïáéX, k�/�N
àÜÔL¡l
f5\�ÔnL§. TïÄò�ý�á�Ú��N
á�L¡�lfNEvlf5\�¢yJønØ
Ú¢��â.

4 ( Ø

�©|^ PIC �., ïÄ
àÜÔþÝ!0>
~êÚ�g>fu�Xêé�lfN}�üz!
5\JþÚpUlf¤Ó°��K�. ÏL©Û�
?Ø, ��Xe(Ø:

1) Äu PIC �.¢��llf$Ä�A:, ò
ý�á�L¡��g>fu�Xê���=�l
f5\Uþïá
'é γ = γ0

√
Eimplanting/E0, ï

á
ý�á��lfNEvlf5\L§� PIC

�.;

2) þÝ�u 200 µm àÜÔá�lf5\�,

AO´�g>fu�Xê�u 2 �, ÏL¡>ÖÈ
àE¤K Ø> P~�f, ó°� 10 µs �pU
lf¤Ó�°�� 85%;

3) ��é0>~ê�O�, �g>fu�Xê
~�, L¡Ï>ÖÈàé> P~�K��f, 0
>5Uélf5\�K���, àÜÔL¡lf5
\JþÚpUlf¤Ó�°���Nlf5\�
�¹��.
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204 2898

[18] Oates T W H, Bilek M M M 2002 J. Appl. Phys. 92 2980

[19] Fu R, Chu P K, Tian X B 2004 J. Appl. Phys. 95 3319

105203-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 105203

[20] Lacoste A, Coeur F L, Arnal Y, Pelletier J, Grattepain C 2001 Surf.

Coat. Technol. 135 268

[21] Tian X B, Fu R, Chen J Y, Chu P K, Brown I G 2002 Nucl. Instr.

Meth. Phys. Res. B 187 485

[22] Kwok D T K, Wang H Y, Zhang Y M, Yeung K W K, Chu P K

2009 J. Appl. Phys. 105 053302

[23] Allan S Y, Mckenzie D R, Bilek M M M 2010 Plasma Sources

Sci. Technol. 19 045002

[24] Powles R C, McKenzie D R, Meure S J, Swain M V, James N L

2007 Surf. Coat. Technol. 201 7961

[25] Powles R C, Kwok D T K, McKenzie D R, Bilek M M M 2005

Phys. Plasmas 12 093507-1

[26] Emmert G A 1994 J. Vacuum Sci. Technol. B 12 880

[27] Shi Y C 1999 J. East China Normal University (Natural Sci.) 3
59 (in Chinese) [��¢ 1999 uÀ���ÆÆ� (g,�Æ�)

3 59]

[28] Dai Z L, Wang Y N 2002 J. Appl. Phys. 92 6428

[29] Li X C, Wang Y N 2006 Thin Solid Films 506–507 307

[30] Barnat E V, Lu T M 2001 J. Appl. Phys. 90 5898

[31] Oates T W H, Pigott J, McKenzie D R, Bilek M M M 2003 IEEE

Trans. Plasma Sci. 31 438

[32] Ueda M, Tan I H, Dallaqua R S, Rossi J O, Barroso J J, Tabacniks

M H 2003 Nucl. Instr. Meth. Phys. Res. B 206 760

[33] Tian X B, Yang S Q, Huang Y X, Chu P K, Fu R 2004 J. Phys. D:

Appl. Phys. 37 50

[34] Kim D, Economou D J 2004 J. Appl. Phys. 95 3311

[35] Huang Y X, Tian X B, Yang S Q, Fu R, Chu K P 2007 Acta Phys.

Sin. 56 4762 (in Chinese) [�[�, X?Å, ¬�, Fu R, Chu K

P 2007ÔnÆ� 56 4762]

[36] Liu C S, Wang D Z, Liu T W, Wang Y W 2008 Acta Phys. Sin. 57
6450 (in Chinese) [4¤Ü,��ý, 4U�,�ý� 2008Ôn
Æ� 57 6450]

105203-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 105203

Effect of physical properties of polymer
on ion implantation∗
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Abstract

Plasma immersion ion implantation (PIII) of polymer materials is inherently difficult because the voltage across the sheath is

reduced by the voltage drop across the insulator due to dielectric capacitance and charge accumulating on the insulator surface. The

spatiotemporal evolutions of plasma sheath, energy and dose of ions are simulated by particle-in-cell (PIC) model for ion implantation

into insulator materials. Statistical results can be achieved through scouting each ion motion in the plasma sheath. Based on the PIC

model, the secondary electron emission (SEE) coefficient is determined according to the instant energy of implanting ions. Effects of

thickness, dielectric constant and SEE coefficient on sheath evolution, dose and energy of incident ions are studied. The ion implantation

doses and the share of high-energy incident ions are basically equivalent to the case of implantation of conductor ions, when the polymer

thickness is less than 200 µm, relative dielectric constant is more than 7, and SEE coefficient is less than 0.5. The numerical simulation

of ion implantation into polymer can effectively provide a scientific and experimental basis for PIII of insulators and semiconductors.

Keywords: polymer, physical properties, secondary electron emission, plasma immersion ion implantation
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