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�©ïá
ý�á��lfNEvlf5\L§�ÄåÆ Particle-in-cell(PIC) �., ò�g>fu�Xê��
�lf5\=�Uþïá'é, ïÄ
��>àÜÔþÝ!0>~êÚ�g>fu�XêéL¡ Ø> �K�
5Æ±9»�p��A. ïÄ(JL²: ��>àÜÔ�þ�, L¡g ØJ±¢y�� lf5\, »�p��±
m����>àÜÔJø Ø, ¿³��g>fu�,�þ���>àÜÔL¡�lfNEvlf5\Jø
k�
å».

'�c: ��>, àÜÔ, �g>fu�, �lfNEvlf5\

PACS: 52.40.Kh, 52.65.−y, 81.20.−n

1 Ú ó

�lfNEvlf5\EâÏLzÆ�^�
�ªÚ\¹5Äì½/9lfñÂ�Ôn�^L§,

5Jpá�L¡�5U [1,2], ¦á�L¡äk`�
�F��!|'ß!d�5!�>5!�XÚ5
±9)Ô�N5�, 5÷vAÏõU�I� [3−6].

�3��>àÜÔá�L¡�lfNEvlf5
\L§¥, du�>5U�, g ØIÏL�A�
��, X�Nq�, JøóÀK Ø, ¢y��>á
�L¡�lf5\. =¦ÏL�Nq�����>
á��\ Ø, duL¡>ÖàÈ, ±9>N�A,

ÙL¡ ØEk�ÌP~ [7,8], �½§Ýþ��

�lfNEvlf5\3��>á�L¡U5+
��A^ [9]. ��, duL¡>ÖÈà9>N�A
�K�, ��>àÜÔL¡�lfNEvlf5\
´��äk]Ô5��K.��f>ÖÈàé Ø

> Úlf5\Uþ�K�, ��ÀJÄóÀ!$
�lfN�Ý�ó²ëêé��>á�?1�l
fNEvlf5\ [9,10],  ØóÀ°Ý�O�Ú
�lfN�Ý�Jpò���þL¡>Ö�Èà,

óÀÌ�ü$, J±¢ypUlf�5\ [11]. Ó�,

ïÄL²��>á�L¡�lfNEvlf5\
L§¥, 7á»�p��±k�ü$>Ö�Èàr
Ý, Jplf5\�Uþ [8,12].

8c, ��>á�L¡�lfNEvlf5\
�ÔnL§9·A5®mÐ
�AïÄ. ��@�
��>àÜÔL¡¿>�AéþàÜÔK���,

é��àÜÔK���, $��±�ÑØO [13,14].

�, ý�á��lfNEvlf5\L§¥}
�*ÐÚ�$�Ôny�É�lfN�Ý!Kó
À ØÌ�Úó°�Ó�^�K� [15,16]. Ó�,

�g>fu�\ì
ý�á�L¡>ÖÈà�§
Ý, �ý�á��lfNEvlf5\�¢yO
\
JÝ [17]. �²ß��>àÜÔL¡ Ø> 
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�üzL§Ú9Ï»�élf5\�K�, �©
ïá
ý�á��lfNEvlf5\�âf�
. (Particle-in-cell, PIC), XÚïÄ
�lfNEv
lf5\��>àÜÔ�·A59»�p���
^,���>àÜÔL¡�lfNEvlf5\�
¢yJø
�â.

2 ��>àÜÔlf5\ PIC �.

d9²ï Boltzmann nØ, ?u>³� φ �>
f�Ý n e ÎÜ Boltzmann ©Ù, ÏL Poisson �§
ò�m>  φ �>f!lf�ÝïáéX, \�¦
)>|rÝÚ�m�lfN�Ý, ¿�llf3>
|å�^e�$ÄL§ [18−22]. �àÜÔL¡> 
� Vs, 7áq�> � V0. b�>0���Ó5�
þ!, K>0�¥�>|rÝ E �±£ã�

E =
V0 − Vs

d
. (1)

Ð©��, lf
}�Slf�Ýþ!©Ù, $
^ Gauss ½Æ

E =
eni

εrε0
S, (2)

Ù¥, ε0 ´ý�0>~ê, ni ´�m�lf�Ý, e

´Ä�>Ö. éá�§ (1) Ú (2), KàÜÔ�}�
©.¡�>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) ¦���>àÜÔÚ}�
©.¡?�Ð©> 

Vs(0) =
eni

2εr
×

(
− d

εr
+

√
2ε0

eni
V0(0) +

d2

ε2
r

)2

. (6)

��>àÜÔL¡>ÖÈà, L¡> P~,

L¡>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 ¦��

dVs(t)
dt

=
dV0(t)

dt
− I(t)

C0
, (8)

Ù¥, >6�Ýdlf6!>f6Ú £>6|¤

I(t) = Ii(t) + I e(t) + Id(t). (9)

>f6dàÜÔL¡�> ¤û½,

I e(t) =
eu en0

4
exp

[
eVs(t)
kBTe

]
. (10)

T PIC � ., � g > f u � X ê γ � z
� l f 5 \ � = � U þ Eimplanting � � � ',

� Eimplanting �u 0.5 keV �, �g>fu��
f [23], 3��.¥@�d� γ = 0, � Eimplanting >
0.5 keV �, �g>fu�Xê�z�lf5\�
=�Uþ Eimplanting ���', £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)

á�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��ÄàÜÔ��>N�AÚL¡>ÖÈ
à�AéL¡> �K�, L¡> �

VS(t) = V0(t) −
ESd

εr
+

σd

εrε0
. (14)

éu^G7á»�p�þ���>àÜÔL
¡�lfNEvlf5\, æ^�����Iïá
�., ÏL�����m> ©Ù�Ñt�§¦),

(½�lfN}�SÜ�> ©Ù.�!�O�]
, ÀJ��»��é¡ü�?1�[O�, ^G
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»�p�lf5\�[�m, Xã 1 ¤«.

ã 1 ^G»�p�lf5\�[�m«¿ã

æ^.�KFCqz�{ò��5¯K?
1�5z?n, ¿éCþ?1Ãþj8�z?
n [24−26], ÏL�5z?n±9�©�/ª¦)
�m> ©Ù. ��>àÜÔL¡�lfNEvl
f5\L§, PIC �.§SµeXã 2 ¤«, ÄkÐ
©z§S, ¿(½>.^�, Ù¥, ��>àÜÔL
¡�Ð©> d (6) ª(½, ,�>.^��ý�
¿9, > � 0; 3�[�mþ!y©���/��
Sþ!�\lf, \�¦)�mSz����Ð©
�Ý, ÏLÑt�§O��m>³©Ù, ¿�â�
:�>³¦)>|rÝ, (½lf3T��� �
�I, ?¦)z��lf�\�Ý!�ÝÚ £;

dlf ��I, �âz�lf £�I, �ä´
Ä5\, ¿\�¦)e������(:�lf�
Ý; �mlf�Ý(½�, �ä�[«�´Äkl
f�3ÚO��m´Ä�¤, ¦)e����lf
N}�SÜ��m> ©Ù; XdÌ�, ��O�
(å, �;êâ.

3 (J©Û�?Ø

3.1 ������>>>àààÜÜÜÔÔÔááá555éééLLL¡¡¡>>>   ���KKK���

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

�Ý/Å�, ��>àÜÔL¡Ð©> Xã 3 ¤
«, àÜÔþÝ�½�, ��é0>~ê�O�, =
àÜÔ�>5U�Jp, àÜÔL¡KóÀ Ø�
Ì�¯�O�. ��é0>~ê���, �@�T
àÜÔ��N, Ø�Äá���0>A5éL¡ó
À> �K�. �é0>~ê�½, �àÜÔþÝ

�O�, L¡KóÀ�Ì�Ä�¥�5ü$, �ý
�á�þÝ���?O�, �±�Ñ��>àÜÔ
��>ØüéL¡óÀÌ��K� [14].

ã 2 ��>àÜÔá� PIII L§ PIC �.§Sµã

ã 3 ��>àÜÔá5éL¡Ð©> �K�

àÜÔ3pUlf5\�L§¥, ��X�g
>f�u�, �  �g>f6�ulf�\�6,

�¦��>àÜÔL¡Ï��>f��>, E¤�
þ�>Ö�Èà, ¦ÙL¡KóÀ Ø�Ì�P~.
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�g>fu�Xê¦)��Ø�Ä}�Slf£
Ä��m, �b�lf5\Uþ���T��L¡
> �Ì��', Ø�Älf3}�$ÄL§¥L
¡�> Cz [23], ù���>àÜÔL¡> �
>ÖÈàL§�CzXã 4 ¤«. ÏL�lfN
ÄåÆ PIC �.�lz�lf3}��$ÄL§,

?(½z�lf5\�=�Uþ, �±ò�g>
fu�Xê��Úlf�=�\�UþïáéX.

lf5\Uþ¿Ø==dL¡�> ¤û½, Ó�
��lf3}�S�$Ä�m, Ú3T�mãL¡
> Cz9�lfN}��*Ð�'. ��, ò�
g>fu�Xê�lf\�Uþ�éX, ���
�T���L¡> �', �ÎÜlf5\�ý¢
ÔnL§. dã 4 ��, ò�g>fu�Xê�z
�lf�=�5\Uþ'é, L¡>Ö�Èà§Ý
�f, =�A3L¡KóÀ Øþ, ÙP~�ÌÝ
�$.

ã 4 �g>fu�éL¡> ��müC�K�

ÏLé��>àÜÔÔná5XþÝ!�
é0>~êÚ�g>fu�XêéL¡> �
ïÄ, L²3�lfNEvlf5\?n�þ�
�>àÜÔ�, Iæ��
9Ï��, X9Ï7
á»�p�, m�����> àÜÔ�\K 
Ø±9³��g>f�u�, lJplf5\
Uþ [8,27,28].

3.2 999ÏÏÏ777ááá»»»���ééé>>>³³³���KKK���

�lfNEvlf5\L§¥, ÏpUlf5
\ÄÑ��g>f�Ð©Uþ�u 100 eV[29].

Ïd, »�p��lfNEvlf5\�, 7á»

���?n��>àÜÔL¡�¤nNSÜ�>
 ��u 100 V �, v±³��g>f�ÄÑ [29].

7á»���Nq��ë�Ó>  −10 kV, lf
�5\�, àÜÔ�»�/¤�³N, lf5\
�, ��>àÜÔL¡>ÖÈà, L¡> P~,

7á»��àÜÔL¡m/¤>|, ³��g>
f�u�. |^ PIC �.ïÄ
��>àÜÔL
¡Ï>ÖÈà, > P~, ÙL¡> ØÓ�, 9
Ï7á»��pÝ!AÛº�é�g>f�¶
-�^.

±óÀ ØÌ� 5%�P~þ��	ÄO, �
�>àÜÔL¡> � −9.5 kV �, 7á»�NC
�m> ©Ù, Xã 5 ¤«. 7á»�mY¥%¡
?> Ì��$, �»�pÝ� 6 mm, »�må
� 1.2 mm, »�5°Ý� 0.4 mm �, �³��> 
�àÜÔL¡�> � Vsurface − Vout > 200 V, �
g>fÉ�³�. »�mY¥%¡þ��m> ©
ÙXã 6 ¤«, æ^»�mY¥%¡þ�³��Ì
��$> �àÜÔL¡�> � Vsurface − Vout

5L�»�é�g>fu��³�Uå. ¿XÚï
Ä
àÜÔL¡> ØÓ�, »�pÝÚAÛº�
é�g>fu�¶-Uå�K�.

ã 5 7á»�NC�m> ©Ù

»��Y� 1.2 mm, »�5°Ý� 0.4 mm, �
�>àÜÔL¡> ØÓ�, 7á»�é�g>f
�³�Uå�»�pÝ�'XXã 7 ¤«. ±»
�é�g>f�³�Uå 100 eV �ÄO, ���
>àÜÔL¡> �p�, X −9.7 kV Ú −9.8 kV,
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»�é�g>fåØ�³��^. ���>àÜ
ÔL¡> � −9.6 kV, »�pÝ�u 3 mm �, »
�é�g>f�¶-Uå3 100 eV ±þ, ��X
»�pÝ�?�ÚO�, »�pÝé�g>f�³
�UåK�Ø�. �X��>àÜÔL¡> �P
~, »�é�g>f�¶-UåOr, XL¡> 
�−9.0 kV �, 3¤�	�»�pÝ��S, »�é
�g>fu��³�Uåþ3 200 eV ±þ. ��,

�àÜÔL¡> P~��½§Ý (X < 9.6 kV),

»�pÝ3 3mm ±þ�, �g>f®ØUºÑ. Á
�ïÄ�L², ý�á�á�æ^»�p��l
fNEvlf5\�, »��pÝ��ÀJAÎ�
� 1 f��m [30].

ã 6 »�mY¥%¡þ�>³©Ù�»�pÝ�Cz

ã 7 »�pÝé³��g>f�K�

^G»�må� b, »�5°Ý� a, »�mY
Ç½Â� σ = b/(a + b) × 100%. w´�, �m
YÇ σ ���, lfBL»��°���, lf5

\»�L¡��Ñ�$. dã 8 ��, »��pÝ
� 5 mm, »�5�°Ý� 0.8 mm �½, � b O�
�, 7á»�SÜ> � Vsurface − Vout ü$, »�
é�g>fu��³�Uå~f. b �½, 7á»
�é�g>f�³�Uå���>àÜÔL¡>
 Ì��ü$Or. > � Vsurface − Vout �½,

=³��g>f�Uå�½�, �±àÜÔL¡�
��> Ì�, I~� b, =±ü$»��mYÇ
��d.

ã 8 »�måé³��g>f�K�

éu»�mYÇ σ ó, »�må b O�, »
�5°Ý a ~�, K σ O�, k|ulfBL»�,

¢y7á»�e���>àÜÔL¡�5\, � a

���I��â�lfN�ëêÚ»���m 
�9AÛº�5(½, ØUÃ�� �, ÄK»
�òåØ�³��g>fu���^. Xã 9 ¤«,

»�5°Ýü$, »�é�g>f�³�Uå�
�ü$. »�pÝ� 5 mm, b = 1.2 mm �½, ��
>àÜÔL¡> Ì�pu −9.7 kV, a < 0.6 mm

�®Øv±³�Ð©Uþ� 100 eV ��g>f
�ÄÑ. �»�5°Ý�O�, é�g>f³��
UåOr, �pÌ�K> ��³��±3»�
5�m/¤µ4��³�, 2O� a ®Ã¢S¿
Â, ���ylfBL»�, ª�uÀJ�é��
� a. X��>àÜÔL¡> � −9.6 kV, »�
mYÇ� 75%�, »�³��g>fu��UåE
3 100 eV ±þ. �X��>àÜÔL¡> Ì�
�ü$, »�mYÇ?�ÚJp�, »�Eäk�
r�³��g>fu��Uå. X�àÜÔL¡>
 � −9.0 kV, »�mY� 92%, Eäk³��g>
f�Uå. 37á»�p��lfNEvlf5
\�, »�mYÇ��ÀJ3 70% ±þ [31].
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ã 9 »�5°Ýé³��g>f�K�

ã 10 ØÓ��lf5\Uþ

3.3 999ÏÏÏ777ááá»»»���ééélllfff555\\\UUUþþþ���KKK���

7á»�9Ïþ���>àÜÔL¡�lf
NEvlf5\, ØÓ��lf5\UþXã 10

¤«. 3 0—20 T (T = (ε0mi/n0q
2)1/2, �lfN

lf��±Ï) �mã, lf5\àÜÔL¡Uþ
$u�pUþ� 80%, ù´óÀþ,÷�ã ØÌ
��$���, óÀ Ø�Å/Xã 10 ¥�ã¤
«. 3óÀþ,÷(å�, ®vk$Uþlf�

5\, ùÌ�´Ï���>àÜÔL¡óÀK Ø
Ì��p, �7á»�³�
�g>f�ÄÑ, =
Ï5\�lf¤Èà��>ÖØv±�)���
Øü. X3 100 T ��, pUlf (=�5\Uþ�
u��5\Uþ� 80%) ¤Ó�°���
 64.2%.

4 ( Ø

�©|^�lfNÄåÆ PIC �., ïÄ
�
�>àÜÔL¡> �üz5ÆÚ9Ï7á»�
é�g>fu��³��^. Ì�(ØXe:

1. ���>àÜÔþÝ��, �é0>~ê�
�, �g>fu�Xê���, àÜÔÏ>ÖÈà
éL¡> P~�§Ý��, ���>àÜÔþÝ
�O�, L¡KóÀ Ø�Ì�Ä�¥�5ü$,

�þÝ���?O, �±�Ñ��>àÜÔ��>
ØüéL¡óÀÌ��K�.

2. þ�àÜÔL¡9Ï»�lf5\�, »
��±³���>àÜÔL¡�g>f�u�, ³
��g>f�Uå�»�pÝ�O\O�, pÝ
� 5 mm ±þ�Ù³�UåÄ��±ØC. »�p
ÝÚ5�°Ý�½�, ³�Uå�»�mY�O�
ü$. »�pÝÚmå�½�, ³�Uå�»�
5°Ý�O\O\, Åìªuð½. �Jp»�
³��g>fu��UåÚ»�mYÇ, I±ü$
àÜÔL¡�> ��d, ���>àÜÔL¡>
 � −9.0 kV, »�mY� 92%, Eäk³��g>
f�Uå.

3. ��>àÜÔL¡»�p��lfNEv
lf5\, »�³�
�g>fu�, L¡>ÖÈ
à§Ý~f, Jp
lf5\Uþ, 3 100 T ��,

pUlf¤Ó�°���
 64.2%.
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Abstract

Plasma immersion ion implantation (PIII) of non-conductor 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 accumulation on the insulator

surface. Based on the particle-in-cell (PIC) model, the secondary electron emission (SEE) coefficient is related to the instant energy of

implanting ions. Statistical results can be obtained through scouting each ion in the plasma sheath. The evolution of surface potential

is simulated for ion implantation on insulator materials. The effects of thickness, dielectric constant and SEE coefficient on the surface

bias potential and the effect of mesh-inducing are studied. For thicker non-conductor polymer, it is difficult to achieve omni-directional

implantation by self-bias. The mesh-assisted PIII can improve the equivalent surface potential, suppress the emission of secondary

electrons and provide an effective way for ion implantation on insulator.
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PACS: 52.40.Kh, 52.65.−y, 81.20.−n

* Project supported by the National Natural Science Foundation of China (Grant Nos. 50904020, 50974046), the Science and Technology Innova-

tion Research Project of Harbin for Young Scholar (Grant No. 2009RFQXG050), the Fundamental Research Funds for the Central Universities

(Grant No. HIT. NSRIF. 2012007), and the China Postdoctoral Science Foundation (Grant Nos. 20090460883, 201003419).

† E-mail: yxhuang@hit.edu.cn

155206-8


