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Abstract: The capacitively coupled radio-

frequency (RF) discharges in Ar/H2 mixtures are 

investigated by a two-dimensional fluid model in 

this work. The discharge properties in a mixture 

of Ar with 1%H2 operating at a RF frequency of 

13.56 MHz are simulated and compared with 

those of the pure Ar, in which a blocking capacitor 

of 0.1 F is serially connected to the power 

electrode. The density profiles of all the chemical 

species in the plasma are obtained. The self dc 

bias generated by the blocking capacitor is 

estimated. Results show that with the addition of 

small amount of H2 to Ar, the electron density 

markedly decreases. A large potential difference 

is found to occur at the surface area between the 

substrate and focus ring, in which the high power 

deposition is presented.  

 

Keywords: Ar/H2 mixture, CCP plasma, 

Blocking capacitor, self DC bias.  

 

1. Introduction 
 

Ar/H2 discharges are frequently used in 

various industrial applications, such as etching 

processes, surface treatment, and film deposition 

[1-5]. An overview of the possible reactions in an 

Ar/H2 discharge has been reported [6]. In the 

discharges, the active species, such as ions and 

hydrogen atoms, are responsible for surface 

reactions, which could be considered as the most 

important parameters in the study of Ar/H2 

plasmas [7]. The simulation method will no doubt 

be an efficient tool to obtain these parameters.  

Capacitively coupled radio-frequency (RF) 

discharges are among the most powerful and 

flexible plasma reactors, widely used both in 

research and in industry [8]. The particle-in-

cell/Monte Carlo (PIC-MC) model has been 

developed to study the properties of 1D RF 

capacitively coupled plasmas (CCPs) [9] and 2D 

DC glow discharges [10] in Ar/H2. It has been 

indicated [11] that although for the regime of 

operation a kinetic description based on the 

particle scheme can provide accurate electron 

energy distribution, the fluid approximation can 

be applicable in low pressure plasma discharges. 

Moreover, since the simulation of CCPs based on 

the particle scheme is very computationally 

intensive, a two-dimensional fluid model is taken 

into account in the present research. The 

numerical solution is performed using the Plasma 

Module of COMSOL Multiphysics 4.4. The 

discharge properties of the Ar/H2 CCP plasmas 

are obtained and the effects of focus ring and 

blocking capacitor are presented.  

 

2. Numerical Model 
 

The model geometry used in this work is 

shown in Fig. 1, which has been described in 

earlier literatures [12,13]. An RF source is 

connected to the bottom electrode (metal 

substrate) through a blocking capacitor of 0.1 F 

and is surrounded by focus ring and dielectric. 

The top electrode and side metal are grounded. 

The inter-electrode gap is 3.2 cm. 

 

 

 
 

Figure 1. Model geometry used in this work. 

The simulations are performed for the case of 

Ar/1%H2 CCP plasma discharges operating at a 

RF frequency of 13.56 MHz. The RF-applied 

voltage is 200 V. The gas pressure is 100 Pa and 

the gas temperature is assumed to be 300 K. The 

species taken into account are electrons, 

molecules (Ar, H2), ions (Ar+, H+, H2
+, H3

+, ArH+), 

and neutrals (Ar*, H, H(2p), H(2s)). The reactions 

of electron impact collision and those of ions and 

neutral species are listed in Table 1. 

The basic equations for the plasma simulation 

used in this research include a pair of drift 

diffusion equations for the electrons, a modified 

Maxwell–Stefan equation for the ion and neutral 
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species, and a Possion’s equation for the space 

charge electric field. The detailed information for 

the model can be found in our previous work [11]. 

In this work, the charge accumulation on the 

dielectric surface is modelled 

 

𝐧 ∙ (𝐃1 − 𝐃2) = 𝜌𝑠,                                       (1) 

 

where 𝜌𝑠 is the solution of the following equation 

on the dielectric surface 

 
Table 1: The 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 

34 

Ar + 𝑒−Ar + 𝑒− 

Ar + 𝑒−Ar∗ + 𝑒− 

Ar + 𝑒−Ar+ + 2𝑒− 

Ar∗ + 𝑒−Ar+ + 2𝑒− 

Ar∗ + Ar∗Ar+ + Ar + 𝑒− 

Ar∗ + ArAr + Ar 

H2 + 𝑒−H2 + 𝑒− 

H2 + 𝑒−H + H + 𝑒− 

H2 + 𝑒−H + H(2𝑠) + 𝑒− 

H2 + 𝑒−H(2𝑝) + H(2𝑠) + 𝑒− 

H2 + 𝑒−H2
+ + 2𝑒−  

H2 + 𝑒−H + H+ + 2𝑒− 

H2
+ + 𝑒−H+ + H + 𝑒− 

H3
+ + 𝑒−H2 + H 

H2 + H2
+ H3

+ + H 

H + 𝑒−H + 𝑒− 

H + 𝑒−H(2𝑝) + 𝑒− 

H + 𝑒−H(2𝑠) + 𝑒− 

H(2𝑠) + 𝑒−H(2𝑝) + 𝑒− 

H + 𝑒−H+ + 2𝑒− 

H(2𝑠) + 𝑒−H+ + 2𝑒− 

H(2𝑝)  H + ℎ𝑣 

Ar∗ + H2Ar + H + H 

Ar+ + H2 → Ar + H2
+ 

Ar+ + H2 → H + ArH+ 

ArH+ + H2 → H3
+ + Ar 

ArH+ + 𝑒−Ar + H 

Ar∗ Ar (wall loss) 

H2
+  H2 (wall loss) 

H3
+  H + H2 (wall loss) 

H+  H (wall loss) 

H  1/2H2 (wall loss) 

H(2𝑝) H (wall loss) 

H(2𝑠) H (wall loss) 

14,15 

14,15 

14,15 

14,15 

14,15 

14,15 

16 

7 

7 

7 

7 

7 

7 

7 

7 

16 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

14 

14,7 

14,7 

14,7 

14,7 

14 

14,7 

𝑑𝜌𝑠/𝑑𝑡 = 𝐧 ∙ 𝐉𝑖 + 𝐧 ∙ 𝐉𝑒,                                 (2) 

where 𝐧 ∙ 𝐉𝑖 is the normal component of the total 

ion current density on the dielectric surface and 

𝐧 ∙ 𝐉𝑒  is the normal component of the total 

electron current density on the dielectric surface.    

In plasma simulations, the initial electron 

number density is assumed to be 1×1013
 m-3

 and 

initial electron energy is 4 eV. For the initial ion 

number densities, H+ , H2
+ , H3

+ , ArH+  ions are 

assumed to be 1×1011
 m-3

  and Ar+ is assigned by 

sustaining the electroneutrality. The secondary 

electron emission due to ion impact is set to zero 

and ions are considered as completely absorbed/ 

neutralized when they arrive at the electrodes. The 

excited hydrogen atoms and argons are set to 

revert to their ground states when they contact 

with the walls. The surface loss of hydrogen 

atoms is given [11] 

𝑅 = − (
𝛾

1−𝛾/2
)

𝑣

4
𝑐,                                         (3) 

where c is the density of hydrogen atom, 𝑣 =

√8𝑘𝐵𝑇/𝜋𝑚  is the average velocity of the 

hydrogen atoms, where 𝑘𝐵  is the Boltzmann 

constant, T is the temperature, and m is the mass 

of hydrogen atom. 𝛾 is the surface loss probability, 

which is assumed to be 0.07 in this work [7,11]. 

 

3. Simulation results 
 

3.1 Discharge structure  

 

Figure 2 shows the calculation results for an 

Ar/1%H2 CCP plasma. The maximum of electron 

densities arrives at 1.26×1016
 m-3, distributed 

above the focus ring. The high electron 

temperature regions appears in the neighborhood 

of electrodes, with a maximum value of 28.1 eV. 

The Ar+, ArH+ and H3
+ ions are the dominant ions 

in the plasma, which is consistent with the 

previous research [4,10]. It is known that a high 

hydrogen dissociation rate as sources of hydrogen 

atoms is required in hydrogen containing 

discharges [7]. In the present research, a high 

hydrogen dissociation rate over 1×1020
 m-3s-1 in 

the plasma center causes the hydrogen atom 

density increase up to the maximum of 2.31×1017
 

m-3, being about 20 times of the electron density.  

Results show a large potential difference 

occurred at the surface area between the substrate 

and focus ring. The local power deposition at t = 

T/4 is shown in Fig. 2, in which T is the RF period. 
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The local high power deposition demonstrates the 

effect of the potential difference between the 

substrate and focus ring. This could become a 

main reason that the highest electron density 

region is concentrated around the focus ring, not 

being in the center of the reactor, as shown by the 

contour of 1×1016
 m-3 of electron density in Fig. 2. 

 
 

 
 

 
 

 
 

 
 

 

3.2 Effect of the blocking capacitor 

 

The use of a blocking capacitor is known to 

generate a self DC-bias in CCP plasmas [17]. 

Figure 3 show the difference between the 

calculated electric potential on the substrate and 

the RF-applied voltage, which is regarded as the  

Figure 2. CCP Discharge structure for the Ar/H2 mixture (Ar/H2 = 99/1, Vrf = 200 V, RF = 13.56 MHz, p = 100 

Pa, Cb = 0.1 F, and T is the RF period). 

Contour: 1×1016 /m3 
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self DC-bias. During a RF period, the self DC-

bias slightly varies between -29 and -30 V. 

 

3.3 Comparison with the discharge of pure 

argon 

 

Figure 4 shows the calculated results for a 

pure Ar CCP plasma. The computational 

conditions are set the same as the above-described 

Ar/1%H2 model. The electron density in the pure 

Ar is much higher than that of Ar/1%H2 model, in 

which the maximum electron density arrives at 

4.32×1016
 m-3. The contour of 1×1016

 m-3 of 

electron density appears a wide range in the center 

 

 

 
 

 

 

of the reactor, which is much larger than that of 

Ar/1%H2 model, as shown in Fig. 2. A large 

potential difference is also found at the surface 

area between the substrate and focus ring. The 

corresponding local power deposition at t = T/4 is 

shown in Fig. 4. The effect of the blocking 

capacitor for the pure Ar presents a larger self DC-

bias, possessed of an estimated value of -58 V. 

The higher plasma density could be considered as 

a reason to generate a higher self DC-bias. 

 

4. Conclusions 
 

Contour: 1×1016 /m3 

Figure 3. Electric potential at the axis of the reactor and along the surface of substrate and adjacent dielectrics in 

the Ar/H2 CCP (Ar/H2 = 99/1, Vrf = 200 V, RF = 13.56 MHz, p = 100 Pa, Cb = 0.1 F, and T is the RF period). 

Figure 4. Electron density, power deposition and electric potential at the axis of the reactor and along the surface 

of substrate and adjacent dielectrics in the pure Ar CCP (Vrf = 200 V, RF = 13.56 MHz, p = 100 Pa, Cb = 0.1 F, 

and T is the RF period). 
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This paper presents the simulation results of 

low-pressure capacitively coupled RF plasmas in 

Ar/H2. The calculation is performed by COMSOL 

Multiphysics. It is found that the addition of small 

amount of H2 to Ar cause the electron density 

markedly decrease. The high electron density 

region is formed above the focus ring. The effect 

of the self DC-bias of the blocking capacitor is 

demonstrated. It could be concluded that the 

control of the focus ring and blocking capacitor 

would be very beneficial in finding the design 

parameters of RF CCP plasma reactors. 
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