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|^gÌï���]2V&�, éK�VªN5ÍÜ�lfN»�þ!5�Ï�?1
ïÄ. uy$ªõÇ!
�>íØÚ�>måé»�þ!5k²wK�. Ü·�$ªõÇ!�>íØ9���4�må�±���þ!�
�lfN. æ^�¢��Ó��>ëê, |^U?���6N�.?1nØ�[, ��
ØÓ4�måe»�lf
�Ý©Ù, ¿Ú¢�ÿþ(J?1
'�, üö�Czª³Ä�ÎÜ.

'�c: VªN5ÍÜ�lfN, »�þ!5, �]2V&�, ��6N�.

PACS: 52.80.Pi, 52.70.Nc, 52.50.Qt

1 Ú ó

�ªN5ÍÜ�lfN (capacitively coupled

plasma, {P� CCP) ®2�/A^3��N�¡
�¡9���Èó²¥. 3üª�>^�e, XJ
�����p��lfN�Ý, I3>4þ�\é
p��ª>Ø. ,
, �p��ª>Ø¬¦�lf
B�>4NC�}��¼�ép�Uþ, ¿ñÂ�
��¡�Ä¡, l
E¤Ä¡�0��ú. XJ�
lfN�ÝØp, �¡�Ç¬é$. �
·A��
Nó��ØäuÐ, Cc5, <�uÐ/¤
�«
Vª (dual-frequency, {P� DF) �>� CCP[1] 
.

�DÚ�üª CCP ØÓ, DF-CCP dü�ØÓªÇ
��ª>
�Ó°Ä, Ù¥pª>
Ì�^u�)
p�Ý��lfN, 
$ª>
^5��lf3}
�¥�$ÄA5, l
¢y
é�lfN��Ý
ÚlfUþ�üÕ�� [2,3], U¼��p��¡�
ÇÚ�$�0��ú, NõïÄöéù« DF-CCP

�ÔnA5?1
�þ�nØïÄ [4,5] Úê��
[ [2,6−11], Ó�æ^1Ì!�Ì��ä�{mÐ

�A�¢�ïÄ [3,12−18].

3��N�¡�Eó²¥, é�lfN�Ý3

�>n¿�»�©Ù�þ!5�¦AOp, Ï�§
K��¡�¡9���È�þ!5. éu�>ªÇ
� 13.56 MHz �DÚ CCP, �±^ Langmuir ü&
��lfN�>Æëê (>f�Ý9§Ý) ?1ÿ
þ [19−22]. �3 DF-CCP �ä¥, ü&�¡�Ãõ
(J, Ï�3 DF-CCP ¥, du�>ªÇ´Vª�,

�3X�r��ªZ6, AO´�¹
�þdÄª
û)��Å¤©, �¦Ï~æ^��6EâÚ�ª
Ö�éd���^, éJ�����êâ. 
Ù1
Ì�äEâÚ-1p�F1�äEâ��U¼�
�
½5�(J [23−27]. �CuÐå5� Hairpin

&�Eâ [15,28,29], �Uÿþ>f�Ý, 
�du�
k�� (A�f�), Ù�m©EUåØU÷vI�.

�
)ûù
¯K, ·��â��]2�V
&�g�, g1�O
�@é¡�V&��äX
Ú [30]. lf�Ý�ÿþÄk´ÏL�]2&�ÿ
þXÚ�� I-V ­�, d©Û^�é�Úlf>
6«Ü©�­�?1�5[Ü; d[Ü����
å���Úlf>6, ,�l�©­�¥~�þã
�5Cz¤©, ������­�; ¦Ñ����
­�3�:?��Ç, ©ÛT�Ç�±��>f§
Ý; |^>f§ÝÚ�Úlf>6�±��lf�
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Ý [31]. |^ù«V&��äEâ, �©�éØÓ�
�>^�e, X$ª>ØõÇ!�>íØ9�>m
Y, ïÄ DF-CCP lf�Ý©Ù�»�þ!5, ¿
�6NåÆ�[�(J?1
'�.

2 ¢�C�

ã 1 ´ � © � ö ¤ 3 � � K | g 1 � ï
� DF-CCP C�«¿ã. Ù¥pª>
�ó�ª
Ç� 60 MHz, $ª>
�ªÇ�N, l 0.1 MHz

� 3 MHz, ü>
�õÇ��þ� 0 W—1 KW. �
>n¿��Î/, n¿S��» 28 cm, pÝ 25 cm,

nNÀ^ØCgá�. þL¡µX���mn¿X,

æ^ O .��µ. n¿SÜkü��/ØCg²
�>4. þ>4�½3n¿Xþ, ë������
>´, ^u�É�ª>
�Ñ\>Ø, åln¿þ
L¡ 9 cm, �»� 21 cm, Ùþþ!©ÙX^ux
í�í�. þ>4�Ñ\>Ø�±|^pØ&Þl
: “A”(ã 1 ¤«) ÿþ. þ>4��k;��e%
+´, ¦^5geYÅ�YÌ�?1e%. e>4
�±��, ��3¥¶þ, �»k 21 cm Ú 15 cm,

�±^5ïÄé¡>4Ú�é¡>4�>�»�
þ!5. e>4�±N!, >4må�±l 1 cm

� 6 cm N!. n¿eÜ�kë��Å�"ÚµÓ
©f"�+´, ý9ÏL���ë�íØO. 3n
¿ì9þ�mkeZ{=�, �)^u*	�>�
Àæ*ÿ�, Ú�
�ë��Ù¦�ä���*Ð
��.

&��äXÚdV&�!)P�>M!êâ
æ8k (DAQ card)! Ø°Ä=�ì|¤. V&�
�ü��kd�»� 0.4 mm �Ôj�¤, *d²
1, �³u�lfN¥��ÝÑ� 2.5 mm, Ù{Ü
©d�z¾>b+ñ-, >b+	»��� 1 mm.

&�XÚ¥¤kó�>
Ñd)P�>M�>³
Jø, \1�&�þ�pØ �&Ò´d>M USB

à�ÑÑ� 5 V >Ø² DC-DC �¬=����
�. ÿþ¥, Ø&�	, Ù{Ü©Ñ�l/>4 (�
u 1 m), ±���U/~�©Ù>N.

Ø
V&��äXÚ	, �k1ÌÚ�Ì�ä
XÚ. |^ù@C�, ·�kc©Oé\��>4
þ�lfUþ©Ù!�lfN�u�1ÌÚáÂ
1Ì?1
¢�ïÄ [17,18,32].

ã 1 VªN5ÍÜ�lfN�>C�«¿{ã
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3 (J�?Ø

du�lfN�>´��E,�ÔnL§, K
�Ù�>þ!5�Ï�éõ. 3XeïÄ¥, ·�
��uïÄ$ª>
�õÇ!�>íØ9�>m
Yé�lfN�Ý»�©Ù�K�. 3¢��ä¥,

òV&��±3ü>4�¥%?, ��±»�£Ä.

$ª>
�ªÇ�½� 2 MHz, ó�íN�X�í.

ïÄ$ªõÇÚíØK��, �>måþ� 3 cm.

3.1 $$$ªªªõõõÇÇÇ���KKK���

3 DF-CCP ¥, �lfN�}�A5Ì�´É
$ª>
õÇK�. }��*Ü�Â K�
�
lfN�k�>l�Ý, l
K��lfN��
)Ú�Ñ, Ïd$ªõÇ´K��lfN»�þ!
5���­�Ï�. ã 2 (a) �Ñ�´é¡>4 (þ
e>4��»þ� 21 cm) �>�¹e���lf
�Ý�»�©Ù, Ù¥pªõÇ�½� 50 W, í
Ø� 4.0 Pa. lã¥�±wÑ, �$ªõÇ�$�,

X 10 W, �lfN}��é��, N�lfN«k
�>lNÈ��. ù��>âf3ü>4þ���
Ø²w, �»���åÌ��^, Ïdlf�Ý»
�©Ù¥yÑln¿¥%�>4>�üN4~�
Czª³; �$ªõÇC�ép�, X 170 W, �l

fN}�Cþ, N�lfN«�~�, =k�>l
«�C�, ¦��lfN3¶�þ (ü>4þ) ��
C�, l
E¤n¿SÜ��lfN�Ýe], �
lfN�Ý»�©Ù´ln¿¥%�>4>�Å
ìO\, 3þ>4>���¸�, ��×�eü; �
$ªõÇ� 90 W �, �N�»�þ!5�Ð, �l
fN��)Ú¶���C�þï, »�lf©ÙC
��þ!. ,	, �,�>>4´é¡�, �´3>
4>�NC, lf�ÝÑ¬C����
, ù´d
uþ>4>�Ú	���/¶-í�mk��'
�r�>|, ¦�>lÝOr.

ó�A^¥��¡ÚÛ�Å, �
��Ô��
�B, �Ü© DF-CCP �>4´�é¡�. ã 2(b)

´3�é¡>4 (þ>4�» 21 cm, e>4�
» 15 cm) �>�¹e���lf�Ý�»�©Ù.

�±wÑ: 3�é¡>4�¹e, $ªõÇélf
�Ý»�©Ù�K��é¡>4�(J´aq�,

�3þ>4>� (10.5 cm) lf�Ýk��é²w
�Jp. AO´�$ªõÇép (170 W) �, Ñy
��ép�¸�. ù`²3�é¡>4�¹e, þ
>4>��)�Û�>|�r. Overzet � [33] 3¦
��ê�ïÄ¥�Q*	��lfN�Ý3>4
>�«��Ory�.

ã 2 ØÓ�$ªõÇelf�Ý�»�©Ù (a) é¡>4; (b) �é¡>4

3.2 íííØØØ���KKK���

ã 3(a) Ú (b) ©Ow«
3é¡>4Ú�é
¡>4�>^�e�>íØélf�Ý»�©Ù
�K�, Ù¥p$ª>
�õÇþ� 50 W. éu
é¡>4�>, lã 3(a) �±wÑ, ��>íØ�

$ (1 Pa) �, ln¿¥%�>4>�lf�Ý�»
�©Ù´üNeü�. 3ù«�¹e, >f�-E
gd§'��, }��Ã-E\9ÓÌ�/  [34],

¦n¿¥%«��Ý�p, >�«��Ý�$. ,
��¡, 3$íØe»�[£ - *Ñ�AOr, �l
fNò�>�«*ÑÚ[£, l
¦�lf�Ý3
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»�þüN/eü; �íØ�p� (9 Pa), >f-E
gd§C�, }��Ã-E�Å\9�ACf, ¦
�¥%«�lfN�ÝC$. Ó�, 3píØe>
��>�AOr, ¦��lfN3>4>�«��
ÝOp. �íØ·¥ (5 Pa) �, }��Ã-E\9
�AÚ>�Or�>�A��, �lfN�Ý»�
©Ù�þ!5�Ð. lã 3(b) �±wÑ, éu�é
¡>4�>, lf�Ý�»�©Ù5Æ�é¡>4
�¹e���(Jaq, �´3$íØ (1 Pa) e>
��>Ory�'�²w.

·�ïÄ�|Q|^u�1Ì{, ÏL*	 Ar

I 750.4 nm Ì��rÝCz, ½5/ïÄ
ù« DF-

CCP ��lfN�Ý©Ù�»�þ!5 [32].

3.3 ���>>>mmmååå���KKK���

ã 4(a) Ú (b) ©Ow«
3é¡>4Ú�é¡
>4�>^�e�>mY d élf�Ý»�©Ù
�K�, Ù¥pªõÇ 60 W, $ªõÇ 70 W, íØ
� 7 Pa. �±wÑ: 3¥%«, lf�Ý��>mY
�O\
O\, ù´Ï�k��>NÈO\���;


3>�«, lf��Ý��>mY�O\
~�,

ù´Ï���>mYC��, ü>4>��Û�>
|Cf, ��>lCf. oN5w, O��>mY,

�±¦��lfN�Ý»�©Ù�þ!5�Ð.

ã 3 ØÓ��>íØelf�Ý�»�©Ù (a) é¡>4; (b) �é¡>4

ã 4 ØÓ�>må�»�lf�Ý©Ù (a) é¡>4; (b) �é¡>4

4 ��6N�[(J

�
�y¢�(J, ·�|^��6NåÆ
�.éù« DF-CCP ?1
�[, Ù¥�[«�X
ã 1 J�µ¤«. >f�ÄåÆ1�d>fëY5

ÚUþÅð�§5£ã:

∂n e

∂t
+ ∇ · Γ e = kiNn e , (1)

∂(3
2n eT e)
∂t

= −∇ · q e
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−eE · Γ e − εkiNn e , (2)

Ù¥ n e �>f�Ý, T e ´>f§Ý, Γ e �>f
Ïþ, N ��µíN�Ý, b½�~ê. E ´>|
rÝ, ki = 8.7 × 10−9T e exp(−4.9/

√
1.5T e − 5.3)

´ > l Ç X ê [35], q e = 5/2T eΓ e −
(5/2)(n eT e/m eν e)∇T e �UþÏþ [36]. ε ´�
�>lK�, 3ùp� 15.6 eV. du>f�þé�,

>f6�Ýæ^¤£ - *ÑCq��{:

Γ e = − 1
m eνen

∇(n eT e) −
en e

m eνen
E, (3)

m e ´>f�þ, νen L«>fÚ¥5íNm�
�5-EªÇ. duDÚ�6NåÆ�.ØU?
n$íØ�>e}��Ã-E\9�A, ��©
3�[Ônþ÷¶�Cz�, ^��k�-Eª
Ç ν e eff = νen + νt/lp �O νen, Ù¥ lp = d − 2s

´k��>°Ý, s ´}�þÝ, νt =
√

8T e/πm e

´>f�²þ9$Ä�Ç.

lf�§dëY5�§ÚÄþ²ï�§|¤:
∂ni

∂t
+ ∇ · Γi = kiNn e , (4)

∂ui

∂t
+ ui∇ · ui =

eE

mi
− νinui , (5)

Ù¥ Γi = niui ´lf�Ïþ, ni ´lf�Ý, ui

´lf�Ý, mi ´lf�þ, νin ´lfÚ¥5í
Nm��5-EªÇ, νin = Nσi

√
8Ti/πmi + u2

i ,

σi � 5 × 10−15 cm−2[37]. b½lf´ð§�, lf
Uþ²ï�§�±�Ñ, lf§Ý Ti ��µíN
§Ý. >|d Poisson �§�Ñ:

∇ · E =
e

ε0
(ni − n e). (6)

·�5½ü>4¥%? Z = 0, R = 0, þ>4
>.?� z1, r2 e>4>.?� −z1, r1. >³>.
�

Φ−z1 = 0,

Φz1 = Vrf . (7)

b½lfÏþ�ÑÝ3¤k�>.þ�", =

∇ · Γi = 0. (8)

>fÏþ3ì9>.þ����©z¥�?
n�{aq [38,39], �

Γ e R

∣∣∣
R=r1,r2

= ±
n evt

4
(1 − Θ),

Γ e Z

∣∣∣
Z=z1′−z1

= ±
n evt

4
(1 − Θ). (9)

3 ¶ % ? Γ e R,Z

∣∣∣
R=0, Z=0

= 0, Ù ¥ νt =√
8T e/πm e ´>f�²þ9$Ä�Ç; Θ � 0.25,

�L>fì9þ��Xê.

ÏL)6N�§, >flf�ÝÚ>f§Ý�
�>ëê�±gU/�Ñ. ã 5 �Ñ
lf�Ý�
»�©Ù.

ã 5 �é¡>4�>ØÓ�>må�»�lf�Ý©Ù�
��6N�[

é�é¡�>måé»�þ!5�K�?1

�[, n¿(�Ú�lfNëêÓã 4(b) ¢�ê
â����, >Øêâ´¢�¥¢�æ8�.

'�ã 5 Úã 4(b) �±wÑ, üöª³´aq
�, �´�[(J'¢�(J�p, ù´Ï�¢�
�>Øêâæ8:�ã 1 ¥� “A” :?, duT>
ØØ�U�Ü^5\9�lfN, ¬kÜ©��,

�¢�ÿþ(J¬$, Godyak � [40] ���
aq
�(Ø.

5 ( Ø

�]2V&��±éÐ/A^uVªN5Í
Ü�lfN (DF-CCP) �ÿþ, 3VªN5�>¥,

é¡>4Ú�é¡>4�>�»�þ!5ÑÉ$
ªõÇ!íØÚ�>må�K�. ó�¢SA^¥,

�âØÓ�I¦, N!ù 3 �ëê, �±���÷
¿�(J. $ªõÇÌ�K��lfN}��Cz,

?
K��lfN��)Ú�Ñ, üö¥Ú¬��
�Ð�»�þ!5. $íØe>f�²þ-Egd
§'��, »�[£ - *Ñ�AOr, lf�Ýl
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�>¥%�n¿>.´4~�, píØe�Ð��,

¥�íØe, lf�ÝCz'�²­. �>måC
�, k��>NÈO\, }�K�C�, �lfN*
Ñ�þ!, �Ý»�þ!5�Ð. |^U?���

6N�[�±lnØþ�Ð/�y¢�(J��
(5. 3e�Ú�ó�¥, I��\/©Û�lf
N»�þ!5�K�Ï�, 'X7Å�A!ªÇ�
AÚ>��A�E,�>^�A�K�.
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Abstract

The influences on dual frequency capacitively coupled plasma radial uniformity are studied with a newly developed complete

floating double probe. It is found that low frequency power, discharge pressure and gap have significant effects on radial uniformity.

The results show that a suitable low frequency power, discharge pressure and larger discharge gap can achieve more uniform plasma.

Finally, the improved two-dimensional fluid model simulations are performed with the same discharge parameters in experiment. The

radial ion density distributions are obtained for different discharge gaps. The results are almost consistent with each other.

Keywords: dual frequency capacitively coupled plasma, radial uniformity, complete floating double probe, im-
proved 2D fluid simulations
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