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Abstract − The distributions of chemical species and particles inside a silane plasma chemical vapor deposition (PCVD)

reactor were theoretically investigated under various plasma conditions. We included the effects of chemical reactions, fluid

convection, diffusion and electrical migration on the governing equations of chemical species. The effects of fluid convection,

particle diffusion and external forces (ion drag, electrostatic and gravitational forces) on the movement of particles inside the

plasma reactor were also examined. The SiHx
+ concentration profiles showed sharp peaks at the reactor center, but almost zero

in the sheath regions. The concentrations of negative ions in the sheath region became almost zero and most of them were con-

tained inside the bulk plasma. The concentrations of negative ions at the downstream sheath boundary were higher than those

at the upstream sheath boundary due to the effect of fluid convection. Most of those particles were located in the region near

the sheath boundaries by the balance between the ion drag and electrostatic forces, but the particle concentrations in the sheath
region and in the bulk plasma were almost zero. The particle concentrations were greater at the downstream sheath boundary

than at the upstream sheath boundary by the effect of fluid convection. As the particle size increased from 0.1 to 10 µm, most

particles were located at the downstream sheath boundary by the effect of fluid convection. It was found that the movements of

negative ions as well as the positive ions were also important for determining the ion drag force acting on particles in silane

PCVD.
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Fig. 1. Schematic illustration of a silane PCVD reactor for modeling.

Table 1. The main plasma reactions in a silane PCVD
(Note: e represents the electron. The SiH4(v1, 3) and SiH4(v2, 4) are
the vibrationally excited states of SiH4)

Reactions Rate constants

SiH4+e → SiHx
− (SiH2

− or SiH3
−)+(H or H2) k1=4{10−13 R1

SiH4+e → SiHx (neutrals)+(H or H2) k2=2{10−10 R2
SiH4+e → SiHx

++(H or H2) k3=1.43{10−11 R3
SiH4+e → SiH4(v2, 4)+e k4=8.34{10−9 R4
SiH4+e → SiH4(v1, 3)+e k5=8.74{10−9  R5
SiH4(v2, 4)+H2 → SiH4+H2 k6=3.05{10−12 R6
SiH4(v1, 3)+H2 → SiH4+H2 k7=6.08{10−11 R7
SiHx

+ + e → SiHx(neutrals)+H k8=1.68{10−7  R8
SiHx+e → SiHx

− k9=4{10−13 R9
SiHx

−+ SiHx
+ → Si2Hx(neutrals)+(H or H2) k10=5{10−7 R10

SinHx
− +SiH4 → Sin+1Hx

− +(H or H2) (n: 1-13) k11=104 

k12=2.5{103 

k13=2.8{103 

k14=3.2{103 

k15=3.6{103
 

k16-23=4{103
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�� ��� �� �� 871
Wí� Y¢È î)u ï�R�-[5, 6, 8, 11, 18-24]. R1�% R10ðt�

2Û �$�q5 �$Á
#2(k1-k10)0 ñº� cm3/s�-. Howling P

[5]� R119� R23ðt� j�� �
� 8T 3 1Û �$45 X�R
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 !±� 8T �
(Ni)� \^R�-.

(i=1-18) (1)

� (1)�% αij�  !± i� 8T jõö  !�$�%0  !ä¡\

2� ��bg, (RXN)j� jõö  !�$0 �$Á
� ��÷-. u

� �$"b�%0 ?�Á
� ��bg, δi�  !±� ä��L 7

� 1, j��L 7� −1, F,��L 7� 00 îu XÕ-. µi�  

!± i0 e"] �z\2(electrical migration coefficient), E� e"

B0 [", Di�  !± i0 µ^\2� ��÷-[25, 26]. � (1)�%

ø õö ¹� ����  !�$, Ö õö ¹� ?�8´, [ õö

¹� e"B� 0T  !±)0 e"] �z, ù õö ¹� µ^0 �

¶u ��÷-.

E� ú¥ ���� ��(xposûxûxneg)�% 00 îu Xtg, Ö

sheath ��(0ûxûxpos, xnegûxûxend)�%� `üý ���� ���%

]�þ 2 �� Child-Langmuir�� 0G �� -j	 
� ¢.È-

[17, 27].

 for 0ûxûxpos (2)

E = 0  for xposûxûxneg  (3)

for xnegûxûxend (4)

� (2)�% Emax� eÍ�» eÎ�%0 h8 ÿK e"B0 ["�

��bg, � (4)�% Emin� Ât eÎ�%0 hi ÿK e"B0 [

"� ��÷-. xpos� xneg� eÍ�» eÎ	 Ât eÎ ���% �

� ÿK e"B0 ["X 0� �� �$" ��� ��bg, �$"

b ¼«0 �2�-. Sato P[28]� hybrid Monte Carlo/?� ��u

£�Rk SiH4/H2 RF ����� 2·�£R�4g, Ö eÎÃ0 �

�X 2.5 cm�� �$"b ¼«� 0.25 TorrL 7 sheath ��0 Ö

�X 0.3 cm¬ C45 ���-. Sheath ��0 Ö�� ¼«� ¦�

-i � f C45 �E�� ° wx�%� sheath ��0 Ö��

0.3 cm5 X�Rk xpos� xneg� 0.3, 1.7 cm5 �� X�R�-. xend

(=2.0)� e� �$" ��� ��÷-.

���� �$"b eº(V)� Edx5 ¢.�g, ú¥ ����� Ö

sheath ���%0 V� � (2)-(4)5 ¢.È E� �Ã ��, x� 8G

]:R� Ât eÎ�%0 VX 0� �
Ý R� ���� eº� �

���% -j	 
� ¢.þ 2 �-.

for 0ûxûxpos  (5)

for xposûxûxneg  (6)

for xnegûxûxend  (7)

���� �$"b� Ö eÎ�%0 e"B ["5 Emax=100 V/cm,

Emin=−100 V/cm5 R�u 7 E� V0 :�� Ö eÎÃ0 y��

¦� Fig. 2� ��Ë-. 

²³2t�� 8T �"��45 SiH4� �¸T ��  !±)0 �

" �
� 045 X�R��, Ö eÎ�%0 c\��45 ä��, j

�� M F, ��	0 9�\2(sticking coefficient)X �� 1, 0, 0.15

5 X�R�-. 9�\2� Ö eÎ�%  !±)0 ¢� �$ #2�

\^R�å £��g, ¢� �$u ��T ²³2t�459� Ö eÎ

�%0  !±)0 �
� \^R�-. �# #¯�%  !±)0 �


� \^R" ºG 18É0  !±� 8T ²³2t�[� (1)]u ��0

 !± �
� 8G 
Ï R�-. R10-R23� 2Û �$[(RXN)i

=kNjNi]�q5 i  !± �
(Ni,new)� 8G 
Ï R" ºG ¨5 �

iteration�% \^È Nj,old(i�j)u £�R�-. 
Ï È ²³2t��

?TÛ:~u x�¶45 ]�Rk � grid�% tridiagonal matrix5 e

ÉR�4g, tridiagonal matrix� TRIDAG subroutineu ��Rk 18É

0  !±� 8Rk �
� \^R��, o iteration�- UÛ[=(Ni,new-

Ni,old)/Ni,new]� \^Rk � î� 10−4A- �u 7 18É0  !±�

8T �
 \^u ±
R
Ý R�-. 
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-.

(8)

� (8)�% R�( p� @(� ��bg, np� @( �
� ��b�,

t� �Ãu ��÷-. p�0 ø õö ¹� @( yz� 8T ?�8

´0 �¶, Ö õö ¹� @(µ^0 �¶, [ õö ¹� ¸9��

0T �¶u ��÷-. Dp� free molecule regime�%0 @( µ^

\25% � (9)� 
� ¢.È-[29].

(9)

� (9)�% kB� Boltzmann #2� ��bg T� "� �
� ��

 
j 1=

23

∑ αij RXN( )j−∇ uNi δiµ iENi– Di∇N i–( ) 0=

E Emax 1 x
xpos

--------- 
 –

1/3
=

E Emin 1
xend x–

xend xneg–
----------------------- 

 –
1/3

=

 ∫

V −1
4
---Emin xend xneg–( )−1

4
---Emaxxpos+Emaxx 1 3

4
--- x

xpos

--------- 
 –

1/3
=

V −1
4
---Emin xend xneg–( )=

V −Emin xend x–( ) 1
3
4
--- 

  xend x–

xend xneg–
----------------------- 

 –
1/3

=

∂np

∂t
-------- 

  −∇ unp Dp∇np– up.extnp–( )=

Dp

kBT

fp

---------=

Fig. 2. Distributions of electric field strength and plasma potential in a
silane PCVD reactor(Emax=−−−−Emin=100 V/cm).
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÷-. fp� @(� 8T ?�0 �¾\25% -j	 
� ¢.È-[29].

(10)

� (10)�% dp, ρf, m, α� �� @( ¥", ?�¤
, "� :( ³_,

accommodation coefficient� ��÷-. ¸9�� 0T Á
 up.ext� �

�¹«	 �e"« M F« P0 �¶u � Rk -j	 
� ¢.

È-[17].

(11)

I.D.F.� jeR� � @() èº� �®�� ä��	 j��� 0

G XGt� ��-. ���� �$"b�% @(� ä��	 e(Ã

0 ÙÚÛ�� 0G è5 jeR� �� �4g ���� ����

@(¥"� ¦� @(X Xt� eR_� � T-[1-6, 12, 18, 19, 21,

30, 31] ä��)� e"]¬ ¬«� 0G @()	 üýRy� ä�

� �z c5X � þ 2 �� j��0 cp e"]¬ �Y«� 0

G j��)0 �z c5X � þ 2 �-. I.D.F.� @( eR_(zp),

�� �
(Ni), �� ³_(mi), @(� ��Ã0 ÿK #8 Á
(ui,r)�

0�Rg � (12)� 
� ¢.È-[21].

I.D.F = KmtmiNiui,r (12)

(13)

C1 = 0.9369,  B=

� (13)�% B, C1, C2, α1, λ� #2��, e� ñº eR_u, ε0�

Õ�#¯�%0 ?eOu �� ��÷-. ut� ä��0 Á
�, T+ion

� ä�� �
�, N+� ä�� �
�, η(=N−/N+)� ä�� �


(N+)� 8T j�� �
(N−)0 `Ou, Te� e( �
�, T−ion�

j�� �
�, E0� ä�� ��t� ��÷-. � (12)�% Kmt�

e( �
(Te)� �� �
(Ti), �� Á
, �� ³_, @( eR_

(zp) P0 �25% � (13)	 
� ¢.È-[21]. ���� �$"b

�% @( eR_� @(50 e( ÙÚ	 �� ÙÚÃ0 KÏ� 0

G ���g, RF ���� �$"b�% @()� 8e�" ºT �

Ã� 10−8-10−4 s �
��[30], ° wx�% ���� �$"b�%

@( yz� �# #¯� 
ÆR�å il�� �Ã� 0.01-0.03 s�

q5 @()� �®�� zÇ @( eR_� �# #¯� 
ÆT C

45 6 2 �-. @( eR_� dp, Te, T+ion0 �25% -j	 
�

¢.È-[31].

zp = −2.586× 10−12 dpT+ion
0.15Te

0.85  (14)

���2 � � ¦� � (1)� 0G \^È ä��	 j��0 �


:�� � (12)� 8@Rk I.D.F.� \^R�å £�R�-. E.F.�

e"B�% eR� �� �� @(� XGt� �45% � (15)�


� @( eR_	 e"B ["0 �45 ¢.È-[17].

E.F. = zpE (15)

G.F.� @(� 8T F«0 �¶u ��bg, xÏ@(� X�f c

p @( ¥"0 �25 -j	 
� ¢.È-[17].

(16)

� (16)�% ρp� @( ¤
�, g� F« XÁ
� ��÷-.

���� �$"b�% @()� j45 8e�a �a Ö sheath �

�� �� @()� e"]¬ �Y«� 0G ú¥ ���� ��45

�zRÅ �q5 c\��45 Ö eÎ�%0 @( �
5 0u £�R

�-. @( yz� 8T ���[� (8)]u �" ºG ���u x�¶4

5� ?TÛ:~u ]�R�, t� 8G%� &:¹u �85 ?t���

‘method of lines’u ]�Rk #&: ���45 ��T � `�# #

¯�%0 @( �
 :�� 2·�£5 �ª-.

3. 	
 � �


SiH4 ���� �$"b�% ���2 � X  !± :�� @(

�
 :�� &·� �¶u :�R" ºG ���25% e� "�?

_(Q), �$"b ¼«(P), @( ¥"(dp) Pu � �½-. ���2�

8T "3 ��45 Q� 25 sccm, P� 0.1 Torr, dp� 0.1µm, �$

" b �
� 800 K5 R�� Q, P, dp� 8G 10-100 sccm, 0.05-

0.2 Torr, 0.1-10µm5 �� � �½-.

e� "�?_ � � ¦§ SiH40 �
 :�� Fig. 3� Ö eÎÃ

0 �Ãy�� ¦� ��Ë-. SiH4X �$"b�% ���� �$�

0G i��q5 �$" @x(x=0)�%0 �
X �$" �x(x=2)�%

0 �
A- �Å ���� �-. e� "�?_� �X�� ¦� �

��� �$"b�% SiH40 �´�Ã� �iRÅ �q5 ����  

!�$� 0T SiH40 e�O� �iRÅ �a SiH4 �
X �XR�

�-. Fig. 4�%� �$"b ¼« � � ¦§ SiHx ��	0 �
 :

�� Ö eÎÃ0 y�� ¦� ��Ë-. �$"b ¼«� �X��

¦� SiH4 �
0 �X5 SiH459� ®Â +,�� SiHx ��	0

�
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Fig. 3. Evolution of SiH4 concentration profiles along the axial distance
for various total gas flow rates(P=0.1Torr, Emax=−−−−Emin=100 V/cm).
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Fig. 4. Evolution of SiHx concentration profiles along the axial distance
for various pressures(u=280 cm/s, Emax=−−−−Emin=100 V/cm).

Fig. 5. Evolution of SiHx
+ concentration profiles along the axial distance

for various pressures(u=280 cm/s, Emax=−−−−Emin=100 V/cm).

Fig. 6. Evolution of concentration profiles of negative ions along the
axial distance for various total gas flow rates(P=0.1 Torr, Emax=−−−−Emin

=100 V/cm).

Fig. 7. Evolution of concentration profiles of negative ions along the axial
distance for various pressures(u=280 cm/s, Emax=−−−−Emin=100 V/cm).
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Fig. 8. Concentration profiles of monodisperse particles(dp=0.1µµµµm) along
the axial distance for various times(Q=25 sccm, P=0.1 Torr, Emax

=−−−−Emin=100 V/cm).

Fig. 9. Concentration profiles of monodisperse particles along the axial
distance for various particle sizes(Q=25 sccm, P=0.1 Torr, Emax

=−−−−Emin=100 V/cm).

Fig. 10. Concentration profiles of monodisperse particles(dp=0.1µµµµm)
along the axial distance for various total gas flow rates(P=0.1
Torr, E max=−−−−Emin=100 V/cm).
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Fig. 11. Concentration profiles of monodisperse particles(dp=0.1µµµµm)
along the axial distance for various reactor pressures(u=280
cm/s, Emax=−−−−Emin=100 V/cm).

Fig. 12. Evolution of particle concentration profiles of monodisperse
particles(dp=0.1µµµµm) along the axial distance with including
and excluding the ion drag force by negative ions(Q=25 sccm,
P=0.1 Torr, Emax=−−−−Emin=100 V/cm).
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