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Abstract − A two-dimensional fluid modeling was performed for the analysis of the high-density plasma source. The model
coupled plasma transport, neutral species dynamics, gas flow, heat transfer, and plasma power coupling from an external

source. The governing equations for multicomponent transport system were solved along with Maxwell's equations for induc-

tively coupled power deposition. The model was applied to a chlorine discharge in the plasma source chamber of helical re-

sonator. The effects of reactor pressure, gas flow rate, and deposited power on the plasma density and the electron temperature

were examined.
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1. � �

����� ��� 	
�� �
 ��� ��� �� �� ��	 �

�� ��� ���  ! �"[1]. #$, %&'( )*+ ,-� 200 mm

	� 300 mm .�/0( 12345 0.18µm �6 780( 9�40

:;<! �=>[2], �� ?@�A 123( .�/	 BC� DEFA

GH� IJK(uniformity), LMNO P NQRK(anisotropy), ST! U

�3V W2	� X� Y,K(throughput)� DZ@[ �"[3]. 

200 mm �6( .�/	� GH� IJK� \8 ?@� )*+ �

�� ]J .�/ ��=0 �^�_[ >, LMNO P NQRK� ?

@�A ̀ a� �b<! cd3V .�/ e��f(bias)O g� "[4].

Sh�, 8i( RIE ���� )j8	�A �h� `a	� kl� !

H*( ����� \� m F� Y,K� DZ� m F". n�, �h

� )j8A ����� oYpq8 ?@ g�� �r ?	 .�/�

st[  8 uv	 .�/	 cd3=0 e��f� B�w m F".

Sh�, !H*(>1011cm−3) ����(high density plasma; HDP)A IJ

K( x6y z{|( }�� ?@ `a(<10 mmTorr)=0 ~� >, .

�/ �2	 ��y ���( X� ��f(flux)O *� *�  � Y

,K( x6� ?@ X� H*� DZ� m �". n�, `a ��	�

A ��( �I �D;0(mean free path)O sheath ���" �� ��

� sheath ��	� .�/5 m� � ��� m �=�0 X� NQR

K� \� m �". ��	* .�/ e��f� �@ �� 	�Z5 �

� ��f� cd3=0 ��� m �=�0 X� ��K(selectivity)�

DZ� m �".

���, �h� `a, !H* ����� ��� ��1( )j8��

�o<�=> �� �� 2 IJK, NQRK, ST! X� Y,K Q

( ��� ��p� m �".  Z�,  ZA .�/ 785 w�¡A �

678� ?@�A S u�" ¢£ A )j8 ¤¥5 ¦3( �-��

� *§@[  >, |T¨4©3=0 ª«� ¬6* !­@[  �0

�� ®¯	� (i A °� N�y �� ��±(design cycle)2	�

N²³3�"[4, 5]. ���, ¦´	A �,µ� ¶0S·( �o� �@

¤¥ N�y p¸� ¦�4 A ¹º� �^�Z! �". Sh� 8i

( !H* ���� )j8 µ�A ECR(Electron Cyclotron Resonance

[6-9]�� ICP(Inductive Coupled Plasma)[2-3, 5, 10-11]0 »�<� ¼=

>, �" ½¾ ¿ÀÁ*5 �" �� IJ*� ��A ÂTÃ �:8	

1� Äb[4]A Å( �^�ZZ Æ! �".
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��� Ç Äb	�A �h� !H* �����(  �V ÂTÃ �

:8� Äb( 16=0  È". Ç µÉÊ	�A )j8Ë( 8+(

DÌ, �*lÍ,  ���5 �K��( YK, "Kl¥ ��¬6, 86

)jy �ÎÏ Ìº Q� !­� m �A m©3 µÉ� �p !, D

���Ð	 ´Å � �,µ�� m; È". �� �@ ÂTÃ �:8

( R���	�( ÀL ��y ��( �*5 H*( 2�Ñ lÍ� Ò

Ó�Ô".

2. ��� �	


 Ç Äb	� @Õ( 16=0 Ö� ÂTÃ �:8( R���( �

×*� Fig. 1	 �ØË�"[12]. �U 4.8 cm( ®ÙÚ�( oY��(

��O 23.0 cm�! S� ÛJ	 (@ }Ü: ¢l� 14.4 cm�". oY

®( 6]=0¢Ý )j8+V Cl2O IJ � tÞ0 D�Ï". 

��(<1 ns)5 S �( 4©L(��	 1 � mßµs, �K�	 1 �

mà ms)( máy 4©)j p¸( P ��0 V� v�� @â 8

?� RÐ=0 µãR¿� �� È". 

2-1. �� ��

(1))j8A bulk ��y sheath ��=0 bl � m;�". 

(2)D�Ï 8+5 )j	 (@ YKÏ )j ä£|( DÌ� continuum

=0 @Õ�". �h� O�� 3�<8 ? � Knudsen number(Kn =λ/

L)O �t å2y( kæ�" ��çT( kæ� è� molecular

diffusion��[ �". Sh� ÂTÃ �:8( Ué aº� êt transition

diffusion ��(0.01<Kn<1)	 Á�". �h� Ué )j8( å2	�

slip U¥��� 3� 2 6ë$ ê� aº ì?íZ* continuum �î

� 3� Oï� °=0 ð­_ �=>[13], �� 3� � @Õ� Äb

�p S ØëK� �! ! �".

(3) Ambipolar diffusion� �¾".

(4) Bulk ����A �83=0 �K(electroneurality)�". 

(5) �68+ Ðñy Newton Ðñ� �òA D+0 ¸ó�".

(6) ReynoldsmO kl$ �t� ôõ(laminar flow)�".

(7) öK�,(viscous dissipation)	 (� 8+( �*6÷� øp� �

 ".

(8) ���( ù,¥m(diffusivity)5 �Ì*(mobility)A J� ".

2-2. �����

2-2-1. ��8 µã

ø�$ ú ûü¹�¡(solenoid)	� p¸	 �� ý A �8þ( U

é	 ÿÌR�¿� "�y �" :

(1)

(2)

(3)

�u "�y �� U¥��� �� � ÿÌR�¿( @� b È":

 at r=0 (4) 

(5)

���, ����0 �ÎÏ Ìº� "�y �� ¿=0 �¬� m �".

(6)

2-2-2. ��	�Z µã

��	�Z mZ¿� 8i	 ��� °yA �T ÛJ	 (@ �¢	

� �Î<A Ìº � Pext �� !­ 2 "�y �".

(7)

¿( éý	� ���*5 8+�*( �0 bKÏ �� ��( �

K kæ	 (� ��	�Z( �®� �ØË!, �ý( �Z� ��

µ� ��( N�K kæ0 V@ �®<A 	�Z� !­� °�". 

�	 qeA ��	�Z �Á� �ØË!

(8)

0 �¬Ï". �8� KeA ��( �**(thermal conductivity)� �

ØË!

(9)

�". 

r∂
∂  1

r
--- 

r∂
∂ rEθθθθ r( )=ω2

c2
------KEθθθθ r( )

K= 1 i
ωεo

---------σω+

σω=
εoωpe

2

νen iω–
------------------

Eθ=0

1
r
--- 

r∂
∂ rIm Eθ r( )( )[ ]=Hz R( )ω

c
----= ω2

εoc2
---------I at r=R

Pext=
1
2
---Re σω  Eθ 2( )

r∂
∂ 3

2
---nekTe 

  ∇ qe⋅ eJe E 3
me

M
------nekνm Te T–( )+⋅+ +

Pext H jRj
j

∑ =0+–

qe= Ke– ∇Te
5
2
---kTeJe+

Ke=
3
2
---kDene

Fig. 1. Schematic diagram for the source chamber of the helical resona-
tor plasma source.
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2-2-3.  ��� µã

, Cl+, ST! Cl−5 ��  �Ï ��A "�y �� 
� �i

¿=0¢Ý b� m �". 

(10)

(11)

¿ (10)( éý( ��  �Ï �� k( YKy ��( µ� )j�

!­� °�". n�, ¿ (11)	� �Ø
  ���( ��fA �*

b�	 (� ù,, �8þ	 (� drift, ST! 1õ DÌ(convective

flow)� !­ È".

n� self-consistent ��8þ� b 8 ?@ "�y �� ambipolarity

� �� È".

(12)

��( H*A �83 �K(electroneutrality)� �� � "�y ��

�� b� m �". 

(13)

2-2-4. �K�� µã

)j8 Ë( �K�� ä£|	 1@ 3�<A |
 mZ¿� "�y

�". 

 
(
� �i¿)

(14)

(~Ì� �i¿)

(15)

(16)

(	�Z �i¿)

(17)

�	, Cl	 1� mZ¿� "�y �".

(18)

(19)

�Z�=0 Cl2( H*lÍA "�y �� ¿=0 b� m �".

(20)

2-3. 	
��

Ç Äb	�A ÂTÃ �:8( oY��( 9� ��=0 �)� m

�@Õ ��=0 �� È8 uv	 )j8( ��¢	�A 1


(symmetry) ��� �� È=>, å	�( U¥��� Table 1	 �Ø

�". 

)j8 å2	� Á*	 1� U¥��� slip ��� �� È". J

)3=0 !+ �2	�A no-slip ��� �� � Ç Äb	�A a

º� �é êt Knudsen numberO P Ué0 å2	� slip ��� �

��=0� D+µÉ� 3�� m �". )j8 å( �*	 1� U¥

��� thermal accommodation coefficent, A� �� � �Ø� m �

". AA U¯�0� Ç Äb	�A 0.50 � È". Cl( H*	 1@

� 3�� U¥��� sticking coefficient, s� �� � �Ø�=> S

�� 10 O� È!, Cl−	 1 �A å2	 �KÏ sheath	 (@ )

oº� �� 8 uv	 å	�( ��fO F"! O� È". 

2-4. 
��� ��

�Zým u, P, T, Te, Pext, , , , , ne( @� b 8 ?@

�A �	� �Å� Z�R�¿�� Äd � ��[� �".  Z�

Z�íZ ;� m� ®¯	 ( 2 � Äd 	�l R�¿�� Ìp	

Äd � ���A m  A ây�� \8O !�> ¥, p¸* %

Þ BT� Ï"A °� ð m ��". ��� Ç Äb	�A µãR¿

� �� È". � �0 ÄdÏ Z�R�¿�� 4�( µã0 �"�

¥, A R¿�". Fig. 2	 µãçT g�� ��� ó!#=> ây

��� m � uíZ ¥,� )ª m; A µãR¿� �Ø�".

À µã	� @ë A Z�R�¿y U¥��� �� A @� b 

8 ? � Galerkin D���Ð� �� È". )j8 oY��( mesh

A 248�( biquadratic elements5 1,071�( nodes0 bKÏ".

�	 �K �� µã( 
�y ~Ì� mZ¿( weak form� Á*	

1 � 1� �l�� aº	 1 � 0� �l�8 uv	 8+ aº	

��� interpolation �m( ��� ��<!, aº� natural U¥��

Cl2
+

nk∂
t∂

------- ∇ Jk= Rkj
j

∑⋅+

Jk= Dk ∇nk qkµknkE unk+ +–

E=

qkDk∇nk
k

∑
qkµknk

k
∑

---------------------------

ne=nCl2
+ nCl

+ nCl
 ––+

ρ∂
t∂

------ ∇ ρu( )⋅+ =0

ρDu
Dt
-------= ∇p ρgk ∇ ττττ⋅+ +–

ττττ=µ ∇u ∇u( )++[ ] 2
3
---µ ∇ u⋅( )I–

ρCp
DT
Dt
--------=Dp

Dt
------- ∇ k∇∇∇∇T( )⋅ ττττ: ∇u( ) Qcoll++ +

nCl∂
t∂

---------- ∇ �Cl⋅ = RClj

j

∑+

�Cl= DCl∇∇∇∇nCl unCl+–

nCl2=
p

kT
------ nCl–

nCl2 nCl2
+ nCl

+ nCl
 –

Table 1. Boundary conditions used for the helical resonator simulation

Quantity Boundary Conditions at Walls

u

T

nCl

Te

u s⋅ =λ
us∂
n∂

-------

T Tw– =
2
Pr
----- 2 A–

A
------------ 

  γ
γ 1+
---------- 

  T∂
n∂

------

JCl=
1
4
---nCl

8kT
πmCl

------------
2s

2 s–
----------

nCl2
+ nCl

+, Jk=nk

kTe

mk

-------- 
 1 2⁄

nCl
 – nCl−

 =0

qe=
5
2
---kTe 

 Je

Fig. 2. Schematic of modular approach used to achieve fast convergenc
to the steady-state.
HWAHAK KONGHAK Vol. 39, No. 1, February, 2001



26 ��������Stas Berezhnoj

 

Fig. 4. Power deposition profiles in the reactor. Base case conditions.
=0 �ºÏ". �A aº� elemenţ ( U¥	� ým0� �� Z

ÆA"A (��". ���, Á*þ	 ��� interpolation �m�" �

mO  � }�Ï interpolation �m� ��� m �=�0, Á*, �*,

À Kl( H*5 ���*	A biquadratic basis function� �� !

aº	A bilinear basis function� �� A mixed order interpolation

� 3� È". ST! N��K� @â 8 ? � Newton( RÐ�

�� È". ¥,� SUN Ultra 1 workstation	� m; È". �u �

�<A cpu time� , 6l��".

3. �� 
 ��

Ç Äb	�A )j8 aº 3.5 mTorr, ���� Ìº 300 W, �Î<A

Cl28+( D� 10 sccm, ST! �Î 8+( �8 �* 298 K� 8Ç �

�(base conditions)=0 ¤� È=>, �66-	�( ¬6� ÒÓ�Ô

". �=0 ��	 1� #.� /Î� FA Ué 8Ç ��� ���".

Fig. 3� 8+( Á* 0Ý5 aºþ� �ØË�". 8+( DÌ	 8

V� 1õ ²y5 8+ O�0 V� �K ��( H*( 124(rarefac-

tion) ¬6� ÒÓ$ m �". slip U¥ ��=0 V@ å2	�( 8+

DÁ� i3 >, 8+O O�<A Ìº �Î��	�A OÁ4 ¬6�

��� ð m �". Fig. 4A )j8� 4hÜ! �A ÛJ	 5òA �

õ0 V@ ��8þ� oY � �ÎÏ Ìº( lÍ� �Ø
 S(�

". ��8ÿO !H* ����� 6y@ :;� m F8 uv	 Ìº

( 1¢l� ÛJ ´7 � å2 ¢´	 �ÎÏ". ¦!ö	�( �ÎÏ

Ìº� 10 W/cm3 �6�Z� )j8 �+ ¢8	 1� �ÎÏ Ìº�

1 W/cm3 � ( �� 9A". Fig. 5A �K8+5 ���*( lÍ�

�ØË�". ���*A å2	�( �ÎÏ Ìº=0 V@ ¦1�� 9

A ?�O )j8 å2 :=0 �Ì È". å2	� ¦1�� 9Z Æ

A �DA å2	�A 18	 (@ �( %®� �8 uv�". �	 �

K 8+( �*O ¦1V ?�A �b0¢Ý D�<A 8+( 1õ0

V@ )j8  ¢0 �Ì È".

Fig. 6� Cl−5 ��( H* lÍ� �ØË�". Cl−( H*O ¦1V

?�A )j8 9 �*	� �Ø;=>, å	�A 0=0 Î<$ }��
���� �39� �1� 2001� 2�

Fig. 3. Flow(left) and pressure(right) field profiles in the reactor. Base
case conditions.

Fig. 5. Neutral(left) and electron(right) temperature profiles in the reac-
tor. Base case conditions.
� $ m �". �A Cl−O å2	 �KÏ sheath0 V@ )oº� ��

 8 uv	 ��fO F8 uv�". ���, Cl−( %®� ��-��

â£)jy ��( kæ	 (� lT(detachment) )j	 (� %®�

Í� A 86 )j	 (@� �^�:". �	 ��A Cl−5 �� �

 0  �<� �Ú�* S 
�� Cl−	 N@ �é �8 uv	 sheath

� �y@� )j8 å	 *�� m �=�0 å2	� ��fO 0�

t&". ���, ��( H* lÍ* Cl−( H* lÍ �� Ux� ��

Z� )U Rx=0 Ú '� lÍ�". Fig. 7� Cl+5 ( H* l

Í� �Ø
 S(�". Cl+5  µ) 9 �*	� ¦1�� �Ø


". J)3=0 +=0  �Ï ��( �¸6( H* lÍ	� �ÎÏ

Cl2
+

Cl2
+



�	
 ��
� ���� 2�� ��� 27
Ìº, aº, ST! )j8 LMN(aspect ratio; height/radius)	 (i 

A= LMNO 72 �, )j8 )U�" ��O �2 9 6	 ¦1 H

*O �Ø�!, )10 LMNO �=2 9	� >�? ?�	� ¦1

H*� �Ø
". Fig. 8� Cl25 Cl( H* lÍ� �Ø
 S(�". 9

�*	� Cl2( lÍO �h ���� )j	 (@ �®<� ¦� H*

� ��A )2	 Cl( H*A 9 �*	� ¦1O @� ð m �".

"�=0 D�, aº ST! �ÎÏ Ìº	 �¾ ���*( ÅÌ�

ÒÓ�Ô". ���*A ���� )j	� Á* 6m	 �A3V �x

� ��A V��". Fig. 9A D�	 �¾ ���* ý4� �Ø
 S

(�". D�� �O�m� ���*A }� È". �A J�� Ìº

	� Ìº� Bm A ���( H*O D�( �O	 ��  Z�0

�� ë Bm A 	�Z +� 3�Z8 uv�". Fig. 10� aº	 �

¾ ���* ý4� �Ø
 S(�". aº� �O�m� ���*A

}� È". �A )j8 Ë( aº� �O 2 ��¸( �I �D;

0O w� kæ	 (� 	�Z %®� ètZ8 uv�". #$ 1 mTorr

	� 3 mTorr0 �O� u S ý4 C� 7� �Ø?". �A �I �

Fig. 6. Cl−(left) and electron(right) density profiles in the reactor. Base
case conditions.

Fig. 7. Cl+(left) and (right) density profiles in the reactor. Base case
conditions.

Cl2
+

Fig. 8. Cl2(left) and Cl(right) density profiles in the reactor. Base case
conditions.

Fig. 9. Maximum electron temperature in the source chamber, as a
function of flow rate.

Fig. 10. Maximum electron temperature in the source chamber, as a
function of pressure.
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a

D;0 λO 1 mTorr	� 1× 5 cm�! )j8( �U� 4.8 cm0

Knudsen ���8 uv	 ��¸( kæ0 V@ \� ��( 	�Z�

" ��8þ	 (� Nkæ �� O�� Z�3�8 uv�". Fig. 11

� Ìº	 �¾ �� �* ý4 +6� �Ø
 S(�". Ìº� �O

�m� �� �*A �O È".

4. � �

Ç Äb	�A !H* ���� )j8V ÂTÃ �:8( ����

oY��	�( ���� #K� ���� ��¬6, �K�� Ìº©,

8+ DÌ, ��� D �¢0¢Ý �Î<A Ìº( �x Q� !­�=

0� �,µ� È". ��5 "¾ ��(��, �K�)( máy )jp

¸( P ��� rª 8 ?@ µãR¿� �� È=> ê� aº	

�* D+3 A´� ?@ m�Ï U¥��� E� È".

8Ç ��()j8 aº 3.5 mTorr, ���� Ìº 300 W, �Î<A Cl2
8+( D� 10 sccm, ST! �Î 8+( �8 �* 298 K)	� �K

��( ¦!�*A 96	 �Ø�Z� D�8+( 1õ¬6=0 V@

 ¢0 �Ì È". Sh� ��( ¦! �*A �¢	� B�F ��

8þ=0 V@ 1õ( �x� Å( #Z Æ! �ÎÏ Ìº� å2	�

¦1O <8 uv	 9 �*	� å2 ´70 �Ì È". �	 ,

Cl+, Cl, Cl−, ST! ��( H*A µ) 96	� ¦1�� �ØËZ

� å2( sheath( �xy �Î<A Ìº( �x=0 V@ )URx=

0 }� A �*A "ò� �Ø;". � ��5 Cl−5 �� �=0  

�Ï ��( Ué å2( sheath0 V@ )oº� �� �0 "¾ �

�( Ué�" )URx=0 Î<� H* b�O �K<�". aº	

�� ���*A }� È=>, #$ Knudsen��y ���� ��	

P ��� �È". n� ���*A Ìº� �O�m� D�� }��

m� �O A Ux� �Ø�".

Ç Äb( âyA )*+ ��	� �b<A í"0~ ���� k�

p� m �A �" ��Ï Kï� O: ���� )j8( ¤¥ D ¦

3( ~��� *§	 ²y3=0 G�H m �".

� �

Ç Iv( `�� Stas BerezhnojA '99 hpt D ÌbJ y©8K�

D��-(99hD06-016)	 ( � tó1©L	�( Äb� ZÑ #Ô

M&".

����

A : thermal accommodation coefficient

c : speed of light [m/s]

Cp : specific heat [J/mol̈ K]

D : diffusion coefficient [m2/s]

E : electric field [V/m]

e : charge of an electron [1.602N10−19 C]

g : statistical weight [m2/s]

H : enthalpy [eV]

I : current density [A/m]

J : species flux [/m2 s]

k : Boltzmann’s constant [1.381�10−23 J/K]

Ke : electron conductivity [J/m̈ s̈ K]

L : characteristic length [m]

m : mass [kg]

n : density [/m3]

P : power [W]

p : pressure [J/cm3]

Q : heat [J]

qe : electron energy flux [J/m2¨s]

R : reaction rate [cm−3
¨s−1]

s : sticking coefficient

T : temperature [K]

t : time [s]

u : velocity [m/s]

���� ��

ω : frequency [Hz]

ν : collision frequency [Hz]

εo : vacuum permittivity [8.854N10−12F/m]

γ : ratio of specific heat

λ : mean free path [m]

µ : viscosity [Kg/m̈ s]

ρ : density [Kg/m3]

τ : stress tensor

���

coll : collision

e : electron

ext : external

k : charged species ( , Cl+, Cl−)

n : neutral

pe : xzasma

r : r-direction

θ : θ-direction
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function of deposition power.
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