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2. Numerical Model 
 

The model geometry used in this work is 
shown in Fig. 1, which has been described in 
earlier publications [8,9]. The simulations are 
performed for the case of Ar/CH4 ICP plasma 
discharges operating at the rf frequency of 13.56 
MHz and total gas pressure of 20 mTorr with the 
gas flow rates of 20-1000 sccm. The gas 
temperature is assumed to be 300 K and input 
power is 300 W. The Ar fractions in the Ar/CH4  
 
Table 1: The electron reactions included in the model. 
 

No. Reaction Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

Ar ൅ ݁ିAr∗ ൅ ݁ି 
Ar∗ ൅ ݁ିAr ൅ ݁ି 
Ar ൅ ݁ିArା ൅ 2݁ି 
Ar∗ ൅ ݁ିArା ൅ 2݁ି 
CHସ ൅ ݁ିCHସ∗ ൅ ݁ିሺ2	ܾ݅ݒ. ሻ 
CHସ ൅ ݁ିCHସ

ା ൅ 2݁ି 
CHସ ൅ ݁ିCHଷ

ା ൅ H ൅ 2݁ି 
CHସ ൅ ݁ିCHଷ ൅ H ൅ ݁ି 
CHସ ൅ ݁ିCHଶ ൅ 2H ൅ ݁ି 
CHସ ൅ ݁ିCH ൅ 3H ൅ ݁ି 
CHସ ൅ ݁ିCH ൅ 3H ൅ ݁ି 
Hଶ ൅ ݁ିHଶ

ା ൅ 2݁ି 
Hଶ ൅ ݁ି2H ൅ ݁ି 
H ൅ ݁ିHሺ2݌, ሻ݌3 ൅ ݁ି 
Hሺ2݌, ሻ݌3 ൅ ݁ିH ൅ ݁ି 
H ൅ ݁ିHା ൅ 2݁ି 
CଶHଶ ൅ ݁ିCଶHଶ

ା ൅ 2݁ି 
CଶHସ ൅ ݁ିCଶHଶ ൅ 2H ൅ ݁ି 
CଶHସ ൅ ݁ିCଶHସ

ା ൅ 2݁ି 
CଶHହ ൅ ݁ିCଶHସ ൅ H ൅ ݁ି 
CଶHହ ൅ ݁ିCଶHହ

ା ൅ 2݁ି 
CଶHହ ൅ ݁ିCଶHସ

ା ൅ H ൅ 2݁ି 
CଶH଺ ൅ ݁ିCଶHହ ൅ H ൅ ݁ି 
CଶH଺ ൅ ݁ିCଶHସ ൅ 2H ൅ ݁ି 
CଶH଺ ൅ ݁ିCଶH଺

ା ൅ 2݁ି 
CଶH଺ ൅ ݁ିCଶHହ

ା ൅ H ൅ 2݁ି 
CHଷ ൅ ݁ିCHଶ ൅ H ൅ ݁ି 
CHଷ ൅ ݁ିCH ൅ 2H ൅ ݁ି 
CHଷ ൅ ݁ିCHଷ

ା ൅ 2݁ି 
CHଶ ൅ ݁ିCH ൅ H ൅ ݁ି 
CHଶ ൅ ݁ିCHଶ

ା ൅ 2݁ି 
CH ൅ ݁ିCHା ൅ 2݁ି 
ArHା ൅ ݁ିAr ൅ H 

10 
10 
10 
10 
11 
11 
11 
11 
11 
11 
11 
12 
12 
13 
13 
13 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
15 

mixtures are varied from 0 to 100%. The species 
taken into account include electrons, atoms (Ar), 
molecules (H2, CH4, C2H2, C2H4, C2H6, C3H8), 
ions (Ar+, H2

+, H+, CH+, CH2
+, CH3

+, CH4
+, CH5

+, 
C2H2

+, C2H4
+, C2H5

+, C2H6
+), neutral radicals (H, 

CH, CH2, CH3, CH5) as well as the excited 
species (Ar*,CH4

*(2vib.),H(2p,3p)).The reactions 
of electron impact collision and those of ions and 
neutral species are listed in Tables 1 and 2.  
       In calculations, the gas flow velocities and 
gas pressures obtained from the gas flow 
calculation are inputted into the plasma 
simulation as well as the gas densities and 
dynamic viscosities obtained from the plasma 
simulation are inputted back into the gas flow 
calculation. The calculation of gas flow is 
performed by a laminar flow model provided in 
COMSOL Multiphysics. In plasma simulations, 
the initial electron number density is assumed to 
be 1×1012

 m-3
 and initial electron energy is 4 eV. 

The electron energy distribution function 
(EEDF) is assumed Druyvesteynian distribution 
 
Table 2: The reactions of ions and neutral species 
included in the model. 
 

No. Reaction Ref. 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

CHସ ൅ CHଷ
ାCHସ

ା ൅ CHଷ 
CHସ ൅ CHଷ

ାCଶHହ
ା ൅ Hଶ 

CHସ ൅ CHସ
ାCHହ

ା ൅ CHଷ 
Hଶ ൅ CHସ

ାCHହ
ା ൅ H 

CଶH଺ ൅ CHହ
ାCଶHହ

ା ൅ CHସ ൅ Hଶ 
CHସ ൅ ArାCHଷ

ା ൅ H ൅ Ar 
Hଶ ൅ ArାArHା ൅ H 
Hଶ ൅ ArାAr ൅ Hଶ

ା 
CHଷ ൅ CHଷCଶH଺ 
CHଷ ൅ HCHସ 
CଶHହ ൅ HCHଷ ൅ CHଷ 
CଶHହ ൅ CHଷCଷH଼ 
CHଶ ൅ HCH ൅ Hଶ 
CH ൅ CHସCଶHହ 
CHଶ ൅ CHସCHଷ ൅ CHଷ 
CHଶ ൅ CHସCଶHସ ൅ Hଶ 
CHସ ൅ CHCଶHସ ൅ H 
CHଷ ൅ CHଶCଶHସ ൅ H 
CଶHହ ൅ HCଶHସ ൅ Hଶ 
CHଶ ൅ CHଶCଶHଶ ൅ Hଶ 
Ar∗ ൅ Ar∗Arା ൅ Ar ൅ ݁ି 
Ar∗ ൅ ArAr ൅ Ar 
Ar∗ ൅ HଶAr ൅ H ൅ H 

4 
4 
4 
4 
4 
7 
7 
7 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
10 
10 
15 
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the densities of H atoms are high, the maximum 

of their profiles arriving at 3.6×1018 m-3. The 

electron densities and electron temperatures in a 
function of gas flow rate for the different Ar 
fractions, at the maximum of their profiles, are 
shown in Fig. 3. The electron densities increase 
and electron temperatures decrease with a rise in 
gas flow rate for the different Ar fractions. The 
electron densities in a function of Ar fractions 
are given in Fig. 4. It is known that the electron 
densities rise with an increase in Ar fractions due 
to the decrease of collisional power losses 
compared with molecular states. In the present 
work, the effect of a small amount (5%mol) of 
CH4 added to Ar is found to be so large that the 
electron densities are greatly decreased.  

The densities of ions and neutral radicals, at 
the maximum of their profiles, are given in Fig.5. 
The effect of gas flow on Ar+ is little for the case 
that the Ar fractions are less than 50% and 
becomes important only when the Ar fractions 
are increased close to pure Ar. The similar 
effects are found for ions CH5

+, C2H5
+, and CH3

+, 
which present a largest increase at a small 
amount (5%mol) of CH4 added to Ar. From 20 to 
1000 sccm, the densities of CH3

+ ions increase 
one order and those of CH5

+ and C2H5
+ increase 

over two orders. It is also found that at the pure 
CH4 discharges, CH5

+ ions are the most 
important ions as consistent with the previous 
study [3]. As the increase of Ar fractions, C2H5

+ 
ions become the most important ions. The 
radicals CH3, CH2, and CH appear high densities 

(5.5×1017~3.5×1018
 m-3) in the plasmas even in 

the case of 5%CH4 added to Ar. In the present 
work, the most major neutral radical is found to 

be H atom, which densities are over 3×1018
 m-3. 

Barshilia and Vankar [5] have indicated that H 
atoms are a major source to deposit/etch a 
diamond-like carbon thin film on a wafer [5]. 
The present work provides an efficient method to 
estimate the distribution of H atoms, which 
would be a key to the deposition of good quality 
diamond thin films.  
 

4. Conclusions 
 

This paper presents the simulation results of 
low-pressure inductively coupled rf plasmas in  

 

 
 
Figure 3. Electron densities and electron temperatures 
at the maximum of their profiles for the different Ar 
fractions at the gas flows of 20-1000 sccm. 
 

 
 
Figure 4. Electron densities at the maximum of their 
profiles for the different flow rates at the Ar fractions 
from 0 to 1.  
 
Ar/CH4. The fully coupled calculation of plasma 
discharge and fluid dynamics is realized by 
COMSOL Multiphysics. It is found that the  
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electron densities increase and electron 
temperatures decrease with a rise in gas flow rate 
for the different Ar fractions. The radicals CH3, 
CH2, CH, and H appear the high densities over 
all the gas flow rates and different Ar fractions. 
The gas flows present the largest influence on 
plasma properties at a small amount (5%mol) of 
CH4 added to Ar. Results show that from 20 to 
1000 sccm, the densities of CH3

+ ions increase 
one order and those of CH5

+ and C2H5
+ increase  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
over two orders. It could be concluded that the 
control of gas flow rate and gas composition 
would be very beneficial in obtaining the 
deposition of good quality thin films. 
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