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A kinetic model demonstrating the decomposition of CF4 by using atmospheric-pressure low-
temperature argon plasma generated by pulsed electron beam is developed. The validity of the model is
verified by comparison of the removal efficiencies of CF4 using the kinetic simulation with the recent
experiment [Jpn. J. Appl. Phys. 47, 5681 (2008)]. The result shows that the principal processes of CF4

decomposition are the reactions of ion and metastable argon not impacting electron.

1. Introduction
The electron-beam (e-beam) generated plasmas

have been widely used for control of the fuel gases
and volatile organic compounds [1, 2, 3]. Recently,
the removal of perfluoro compounds (PFCs) such as
CF4 and C2F6 becomes important for the abatement of
greenhouse gases from semiconductor facilities. Non-
thermal plasma technology by discharges has been
applied for the decomposition of PFCs [4]. Atmo-
spheric plasma abatement system for PFCs using mi-
crowave has been used commercially. In addition, var-
ious methods have been investigated, for example high
temperature plasmas such as water plasmas [5] and ad-
ditional fuel hybrid plasmas [6, 7].

The decomposition of CF4, which is the most
difficult compounds in PFCs, by using atmospheric-
pressure, non-thermal plasmas generated by pulsed
electron beam was experimentally demonstrated [8, 9].
The results show that the removal efficiencies of the
pulsed-electron-beam method are comparable to or
higher than those of corona discharge methods.

The reactions of ions and excited atoms with PFCs
is the principal decomposition process in e-beam-
generated plasmas because most energetic electrons in-
teract with the buffer gas due to dilute concentration of
PFC. The reaction of CF4 with metastable argon is also
important in e-beam generated argon plasmas [10, 11].

Based on the assumption of the above decompo-
sition reactions, we have developed a kinetic model
demonstrating the decomposition of CF4 in argon gas
[12, 13]. The simple kinetic models are commonly
used for the treatment of the excimer lasers [14] and

flue gas cleaning by irradiation with e-beams [1]. The
validity of the kinetic model of the decomposition of
CF4 has not yet been verified by the experimental data.
It is impossible to consider every chemical reaction in
kinetic model. In addition, all rate coefficients gener-
ally include uncertainties. Therefore, the verification
of the model is important by experimental data. It is
also important to optimize the concentration of addi-
tives such as H2O, O2 in gas phase reaction.

In this paper, we apply the kinetic model to the
previously reported experimental CF4 decomposition
using atmospheric-pressure non-thermal argon plasma
generated by pulsed electron beam [8]. We compare
the removal efficiencies of CF4 obtained in this exper-
iment with those using the kinetic model simulation.

2. Verification of simulation model
A computational method based on the kinetic

model of CF4 in argon gas, using H2O as an additive
gas under pulsed-e-beam irradiation, was used. This
method employs a zero-dimensional kinetic model of
a gas phase reaction. The details of the kinetic model
are provided in our previous papers [12, 13]. However,
the validity of the kinetic model has not yet been ver-
ified by the experimental data. The decomposition of
CF4 by using atmospheric-pressure, non-thermal argon
plasma generated by pulsed e-beams was experimen-
tally reported [8]. In this section, we verify the model
by comparing the CF4 removal efficiencies of the re-
sent experiment with those of the model simulation.

First, our experiment [8] is briefly reviewed. De-
composition experiment using argon gas under satu-
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rated water vapor conditions was conducted at a total
pressure of 130 kPa and an initial CF4 concentration
of 1000 ppm. The e-beam pulse duration was 80 ns
and the input energy density in the irradiated volume
per pulse was 25 mJ/cm3 which is estimated from the
pressure-jump method. Therefore, an error is approx-
imately ±10% considering radiation loss. [8] And an
error of the concentration of CF4 is less than 10 ppm.
The interval between shots was 5.3 s and the total shot
number of the e-beam irradiation was 2671. The total
gas volume was 58 L and the gas volume irradiated by
the e-beam was approximately 10 L. The gas was cir-
culated through a water reservoir at a gas flow rate of
5 L/min; thus, the gas flow between shots was 0.44 L.
Therefore, the gas remained in the irradiated volume
for 23 shots. The products are removed by gas circula-
tion through a water reservoir with calcium hydroxide.

Second, the kinetic model simulation condition
for the experiment is shown. The total gas den-
sity, which corresponds to a total pressure of 130
kPa at 293 K, was [Ar] + [CF4] + [H2O] = 3.2 ! 1019

cm"3, where [X] is the number density of X,
[CF4] = 3.2 ! 1016 cm"3. The H2O concentration of
saturated water vapor depends strongly on the gas tem-
perature. The saturated vapor pressures are 2.3 kPa at
293 K, corresponding to H2O concentrations of 1.8%,
namely, [H2O] = 5.8 ! 1017 cm"3. We assumed that
the input e-beam had a square pulse with a pulse dura-
tion of 80 ns and an input energy density per pulse of
25 mJ/cm3. To model the gas circulation, we removed
the gases, except for CF4 and H2O, after 23 shots of ir-
radiation. The density of CF4 was maintained and the
density of H2O was restored to the initial density. We
assumed a 1-ms interval between pulses to save com-
putational time, because the reactions terminate within
0.1 ms when H2O is used as the additive gas [12].

Figure 1 shows the experimental and simulated
removal efficiencies of CF4. The experimentally ob-
tained removal efficiency values are denoted by closed
circles and its error is approximately ±10%. The solid
line shows the simulation results. The removal effi-
ciencies obtained by the simulation agree reasonably
well with those obtained experimentally. It shows that
main decomposition of CF4 in the experiment can be
explained by reactions with the ions and metastable
atoms of argon.

3. Conclusion
A kinetic model of CF4 decomposition in an argon

gas using e-beam was proposed. We verified the model
by comparison of the removal efficiencies of CF4 with
the recent experiment [8].

0

0.2

0.4

0.6

0.8

1

0 5 10 15

R
em

ov
al

 e
ffi

ci
en

cy

Input energy density (J/cm3)

Fig. 1 Removal efficiency as a function of input energy den-
sity. Lines represent the simulation results. Closed
circles show the experimental data and an error of
input energy is approximately ±10%.

References

[1] H. Mätzing: Adv. Chem. Phys. 80, 315 (1991).
[2] T. Kojima: OYO BUTURI 72, 405 (2005).
[3] A. G. Chmielewski: Radiat. Phys. Chem. 76, 1480

(2007) .
[4] M. Chang and J.-S. Chang: Ind. Eng. Chem. Res. 45,

4101 (2006).
[5] Narengerile, H. Saito and T. Watanabe: Plasma Chem.

Plasma Process. 30, 813 (2010).
[6] Y. Hong, T. Lho, D. Shin and H. S. Uhm: Jpn. J. Appl.

Phys. 49, 017101 (2010).
[7] D. H. Shin, Y. C. Hong, S. C. Cho and H. S. Uhm:

Phys. Plasmas 13, 114504 (2006).
[8] I. Okuda, E. Takahashi, S. Kato and Y. Matsumoto:

Jpn. J. Appl. Phys. 47, 5681 (2008).
[9] I. Okuda, E. Takahashi, S. Kato and Y. Matsumoto:

Jpn. J. Appl. Phys. 47, 8054 (2008).
[10] R. Hermann: Radiat. Phys.Chem. 34, 369 (1989).
[11] R. Hermann: Radiat. Phys. Chem. 36, 227 (1990).
[12] S. Kato, I. Okuda, E. Takahashi and Y. Matsumoto:

Plasma Fusion Res. 3, 038 (2008).
[13] S. Kato, I. Okuda, E. Takahashi and Y. Matsumoto: J.

Vac. Sci. Technol. A 27, 1271 (2009).
[14] C. B. Edwards and F. O’Neill: Laser Particle Beams 1,

81 (1983).


