
Korean J. Chem. Eng., 20(3), 476-481 (2003)

CF
pose

s [Oh
, the
mong
ent
 ad-

cess

lcu-

ature

%,

Fig.
ube,
ting
ng Ar
d of 6
side
ugh

made
eter
each

ench-
rent
ate

ted
inal
476

†To whom correspondence should be addressed.
E-mail: dwpark@inha.ac.kr

CF4 Decomposition by Thermal Plasma Processing

Jong-Woo Sun and Dong-Wha Park†

Department of Chemical Engineering, Inha University, 253 Yonghyun-dong, Nam-gu, Incheon 402-751, Korea
(Received 29 June 2001 • accepted 30 September 2002)

Abstract−−−−Decomposition of CF4 was investigated by thermal plasma method. Thermal plasma processes applied
to environmental problems have the features of high temperature, high activity and rapid decomposition rate, so it can
perfectly decompose non-decomposed materials like CF4 to a high degree. Before the experiment, thermodynamic equi-
librium calculations were performed from 300 K to 5,000 K at atmospheric pressure. Based on the thermodynamic
equilibrium calculations, the trends in decomposition and recombination of CF4 were studied. Decomposition was
carried out by injecting mixtures of CF4 bubbled by Ar, with some addition gases, such as H2 and O2, at atmospheric
pressure. Experiments were performed to determine the effects of additive gas identity, additive gas dilution, input
power, etc. on the decomposition of CF4. Plasma input power has a slight effect on CF4 decomposition, and the injection
of reacting gas through a torch increased CF4 decomposition. Supply of H2 and O2 as addition gases increased the CF4

decomposition to 99% for experimental conditions tested.
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INTRODUCTION

In the semiconductor industry, PFCS (Perfluoro Compounds) are
widely used for plasma etching and plasma cleaning deposition cham-
bers [Kunihihiko, 1996]. In 1996 alone, nearly one million tons was
used in the world. But, PFCS are extremely long-lived compounds,
having the ability to persist for a long time in the atmosphere. In
addition, they are strong infrared absorbers and have been identi-
fied as potentially significant contributors to global warming [Rar-
ishankara, 1993; Breitbarth, 1997]. Consequently, at the Conference
of the Parties (COP3) in Kyoto, Japan, in December 1997, 159 na-
tions participated in a treaty that would include PFCS in the basket
of greenhouse gases (CO2, NO2, CH4, etc.) subject to emission re-
ductions for nations that ratify the treaty. The agreement confirms
to reduce its output of greenhouse gases by years 2,008-2,012 to
7% below 1990 levels [Kyoto Protocol, 1997]. If PFCS are vented
without appropriate treatment as at present, they will be clearly re-
stricted by the Kyoto agreement as another source of exhausting
greenhouse gas, and have a high probability of impeding the pro-
gress of the semiconductor industry.

Recent technology development for emission gas treatment cov-
ers inflammable gases and acid gases only, but most PFCS are
exhausted without any treatment. In addition, the method by which
PFCS are separated and recovered from membranes and low tem-
perature cooling devices after pre-treating inflammable semicon-
ductor waste gas through wet or dry process has been announced
[Wofford, 1999; Chen, 1998]. Table 1 summarizes current semi-
conductor waste gas treatment methods and recently-introduced
PFCS treatment methods.

This research is used to decompose CF4 gas generated in the semi-
conductor manufacturing process by thermal plasma. The substances
produced after decomposition should become harmless through chem-

ical and physical treatment. Since thermal plasma for treating 4

gas generates a very high temperature, it is possible to decom
gas phase materials completely regardless of the gas specie
and Park, 2000]. Furthermore, if suitable reaction gas is added
generating gas can be controlled to select the easiest one a
conventional after-treatment methods. Additionally, the treatm
process can be simple and cost-effective, which can lead to an
vantageous position in the world semiconductor industry.

The main issue of this research is the development of a pro
to convert CF4 to low molecular weight materials (CO, CO2, H2O,
HF, etc.) by applying thermal plasma. In this research, we ca
lated the thermodynamic equilibrium of CF4 decomposition and
conversion into synthesis gas to obtain the quenching temper
which can give the maximum yield of CF4 decomposition. In opti-
mum experimental conditions, conversion efficiency is over 99
and CF4 should not be recombined.

EXPERIMENTAL

A schematic diagram of experimental apparatus is shown in 
1. The system mainly consisted of a plasma torch, reaction t
two types of quenching tube (A type and B type), and exhaus
part. Plasma was discharged between cathode and anode usi
gas at atmospheric pressure. The cathode was a tungsten ro
mm diameter and the anode was a copper nozzle of 8 mm in
diameter and 25 mm length. The generated plasma flowed thro
a reaction tube and then a quenching tube. The reaction tube 
up of water-cooled stainless steel was 22 mm of inside diam
and 100 mm long. Since the thermal plasma generator can r
high temperatures to decompose CF4, the quenching technology to
manage the desired quenching temperature is important. The qu
ing tube was a water-cooled tube and made of copper. Diffe
quenching tube types (A and B type) were applied to investig
CF4 decomposition efficiency. Reacting gas was mainly injec
through the anode nozzle and controlled by flow meter. The f
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products from quenching process were analyzed by gas chroma-
tography (GC, TCD, PORAPAK Q. Supelco). Evacuated gases were
passed through the scrubber for neutralization and then vented.

Detailed experimental conditions are given in Table 2. The plas-
ma torch was typically operated from 6 kW to 9 kW input power

with flow rate of 15l/min of Ar gas. The reactant gas and additio
gases were adjusted by the flow meter. The feed rate of CF4 was
controlled from 0.15l/min to 2l/min, and the feed rates of addition
gases (O2 and H2) were controlled from 0.5l/min to 4l/min.

In order to compare the decomposition efficiency according
process parameters, the decomposition was defined as follows

CF4 decomposition efficiency

RESULTS AND DISCUSSION

1. Thermodynamic Equilibrium Calculations
Equilibrium calculations predict the temperature region in wh

the required species should appear. Chemical equilibrium com
sitions were calculated by a software program based on Gibbs
energy minimization-Chemsage [Version 3.2, GTT-Technologi
Germany]. The calculations were performed from 300 K to 5,000

Thermodynamic properties of plasmas are a prerequisite for
plasma modeling work. Compared to calculations for ordinary ga
plasmas impose additional difficulties due to the large numbe
chemical species at elevated temperatures and the chemical
tions taking place in plasmas. Collision cross-sections required
those calculations suffer from relatively large uncertainties ass
ated with the assumptions which have to be introduced for the
teraction potentials. Experimental data, on the other hand, are 
available for a number of collision processes. Depending on
temperature, the pressure, and initial mole fractions are solve
multaneously in order to determine the densities of the different 
cies. The method consists of minimizing the Gibbs free energy 
it is possible to predict the temperature region in which the requ
species should appear. Chemical equilibrium compositions w
calculated by software program based on Gibbs free energy m

= 
CF4 before discharge %( ) − CF4 after discharge %( )[ ]

CF4 before discharge %( )[ ]
-----------------------------------------------------------------------------------------------------------------------------

Table 1. PFCs treatment methods

Treatment method - Merits - Demerits

1 Thermal decomposition Direct burning: H2, LNG, LPG - High efficiency
- Low operating cost
- Big treatment capacity

- NOx generating
- Explosion hazard from inflammable gas
- PFCs: 80%

Indirect burning: Ceramic heater, 
Canthal Electric heater

- Safety
- Low operating cost
- Big treatment capacity

- Low efficiency

2 Adsorption Physorption - Low operating cost - Low efficiency
Catalytic adsorption - High operating cost

- Small treatment capacity
Chemisorption - Low operating cost - Low efficiency

3 Chemical conversion - Be limited to SF6, NH3

- NOx generation
- High operating cost

4 Recycling - Low treatment cost - Low separation ability

5 Combination Thermal 
decomposition+Chemisorption

- Low operating cost
- Big treatment capacity

- Low efficiency

6 Plasma decomposition Non-thermal plasma - High efficiency - Small treatment capacity

Fig. 1. Schematic diagram of experimental apparatus.

Table 2. Experimental conditions for CF4 decomposition

Plasma input power 6-9 kW (30 V, 200-300 A)
Plasma generating gas Ar (15l/min, 25οC)
Tube Reacting  I.D.: 22 mm, L.: 10 cm 

Quenching Two types (A and B)
I.D.: 4, 6, 8 mm, L: 53 cm

Flow rate of reacting gas O2 0.15-2l/min (25οC)
H2 0.5-4l/min (25οC)
CF4 1-4 l/min (25οC)
Korean J. Chem. Eng.(Vol. 20, No. 3)
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Fig. 2 shows thermodynamic equilibrium composition in CF4

(1 mole) direct decomposition as a function of temperature at at-
mospheric pressure. CF4 was very stable at high temperature up to
3,000 K. As the temperature increased, CF4 started to be dissoci-

ated slightly above 3,000 K and decomposed rapidly at the t
perature over 4,000 K. The intermediate species of CF4 such as CF3,
CF2, CF, F and F2 were shown as a result of CF4 dissociation. From
these calculations, it was found that CF4 needs very high tempera-
ture above 3,000 K to be decomposed.

Fig. 3 shows the thermodynamic equilibrium composition fo
mixture of 1 mole CF4 and 1 mole O2. CF4 started to be dissociated
at 2,000 K, and decomposed rapidly above 3,000 K. Compare
CF4 direct decomposition, the decomposition temperature decrea
From 2,000 K, CF4 was rapidly reacted with O2 and by-products
such as CO, CO2, COF, and COF2 were produced. The carbon is
suing from CF4 decomposition was completely recovered into C
and CO2. Small amount of CO and CO2 reacted with fluorine to
form COF, COF2. These calculations indicate that the reaction b
tween CF4 and O2 would make the decomposition of CF4 more easily.

Fig. 4 shows the thermodynamic equilibrium composition fo
mixture of 1 mole CF4 and 1 mole H2. From very low temperature,
HF was formed due to the dissociation of H2 and the following reac-
tion with CF4. In addition to the main by-product (HF), solid sta
carbon was shown from the low temperature region. The disso
tion and re-association of CF4 and H2 were very effective for CF4
decomposition.

Fig. 5 shows the equilibrium amounts of species in the sys
of CF4/O2/H2=1/2/4 at atmospheric pressure. Both O2 and H2 were
added to confirm if the production of H2O could cause the equilib-
rium to be shifted toward the decomposition of CF4. CF4 started to
be decomposed from low temperature, and HF was formed by
re-association between CF4 and H2. As expected, some by-prod
ucts like HF, H2O(g), CO2, CO were shown from low temperature
But, in this calculation, solid state carbon was not found. This e
librium calculation indicated that the addition of H2 & O2 shouldFig. 2. Thermodynamic equilibrium composition of 1 mole CF4.

Fig. 3. Thermodynamic equilibrium composition of a mixture of
1 mole CF4 and 1 mole O2.

Fig. 4. Thermodynamic equilibrium composition of a mixture of
1 mole CF4 and 1 mole H2.
May, 2003
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be very effective for decomposing CF4.
2. Physical Decomposition

Fig. 6 is a plot of CF4 decomposition as a function of the flow rate
of CF4 and argon dilution rates. Decomposition efficiencies were
varied between 0.15 and 0.37 at 6 kW. It is shown that the CF4 de-
composition was more effective at lower CF4 flow rate, since lower
flow rate can keep plasma temperature high. When CF4 was decom-
posed without any additive reaction gas, the CF4 decomposition
efficiency was increased up to 0.37. Without addition gas, CF4 frag-
ments tended to recombine with the downstream of the discharge
and higher decomposition could not be accomplished. Argon dilu-
tion in the reacting stream appeared to have little effect on the de-
composition, and 15l/min argon resulted in higher decomposition

efficiency than 10l/min. This result indicated that at 15l/min ar-
gon, the plasma flame was more stable and effective for CF4 de-
composition.

Fig. 7 shows the effect of power on the CF4 decomposition. The
plasma input power from 6 kW to 9kW had a negligible effect 
the decomposition. As shown in Fig. 6, increased input power 
not have a significant influence on the decomposition. When 
amount of CF4 was varied from 1l/min to 2l/min, the trend between
decomposition efficiency and input power was almost similar.

Fig. 8 presents the effect of different quenching tube inner dia
eter on the CF4 decomposition. When the quenching tube inner 
ameter was increased from 4 mm to 8 mm, the decomposition 
decreased due to quenching rate. Effective quenching can pre
CF4 recombination and help sufficient decomposition. At 4 mm I.
quenching tube, the CF4 decomposition efficiency was most effec

Fig. 6. Direct decomposition of CF4 [Power: 6 kW].

Fig. 7. The effect of input power in the decomposition of CF4 [Ar
(15 l/min), Power (30 V, 200-300 A)].

Fig. 8. The effect of quenching I.D. in the decomposition of CF4

[Ar (15 l/min, Power (6 kW)].

Fig. 5. Thermodynamic equilibrium composition of a mixture of
1 mole CF4, 2 mole O2, and 4 mole H2.
Korean J. Chem. Eng.(Vol. 20, No. 3)
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tive. Because the small quenching tube I.D. resulted in high heat
transfer rate, the decomposition increased with decreasing quench-
ing tube I.D.

In Fig. 9, the CF4 decomposition is shown at different quench-
ing tube types with the flow rate of CF4 from 0.15l/min to 2l/min.
The schematic drawing of each tube type is shown in Fig. 1.

The decomposition efficiency at the type B of quenching tube
was higher than the type A. As B type tube led to more effective
quenching rate, it could prevent the recombination among CF4 frag-
ments.
3. Chemical Decomposition

Oxygen gas was inserted with a flow rate from 0.5l/min to 3l/
min in the process stream. In Fig. 10, the decomposition of CF4 is
plotted as a function of the O2 addition. The CF4 decomposition ef-
ficiency increased from 0.25 without O2 to 0.43 with 2l/min O2 at
1 l/min CF4 and 6 kW. When the flow rate of O2 increased, CF4 de-
composition increased, and the decomposition efficiency was m
imized at 2l/min. As expected from thermodynamic equilibrium
calculations, the carbon from CF4 decomposition reacted with O2

and recombined to produce by-products such as CO and CO2. It
could prevent re-formation by forming those stable by-products
this experiment, the CF4 flow rate was maintained at 1l/min, and
the two types of quenching tube were tested.

Fig. 11 shows the effect of H2 addition on CF4 decomposition.
1 l/min of CF4 was introduced to the decomposition process un
varying the flow rate of H2 from 0.5l/min to 3l/min. The CF4 de-
composition efficiency increased with the flow rate of H2 gas. With
the addition of 3l/min of H2 to 1l/min of CF4, the decomposition
efficiency reached approximately 0.9 at B type quenching tube. 
added H2 during discharge reduce CF4 fragments such as F and CF
species to recombine with H, and decomposition by-product w
primarily HF. The ability of H as F elimination source was suf
ciently effective for decomposition. Although the H2 addition had
a surprisingly powerful ability to decompose CF4, it could not be
an effective method for decomposition because the solid state
bon which affects the process performance was appearing from
effluent stream.

Fig. 12 and Fig. 13 show the decomposition of CF4 with the flow
rate of addition gases (O2 and H2). CF4 was decomposed with high
efficiency when these two gases were added simultaneously. I
experiments, the CF4 flow rate was kept to 1l/min. Experiments
were conducted to find the optimum flow rate of the addition ga
(O2 and H2) on the CF4 decomposition. In Fig. 12, the flow rate o
O2 varied from 0.5l/min to 3l/min, while the other addition gas
H2, was kept to 1l/min. The O2 and H2 gases based decompositio

Fig. 10. The effect of added O2 in the decomposition of CF4 [Ar
(15 l/min, CF4 (1 l/min)].

Fig. 11. The effect of added H2 in the decomposition of CF4 [Ar
(15 l/min, CF4 (1 l/min)].

Fig. 9. The effect of quenching tube type in the decomposition of
CF4 [Power: 6 kW].
May, 2003



CF4 Decomposition by Thermal Plasma Processing 481

nts

uen-
con-

te
n

nd
for

olid

 of

u-
si-
F

ant

n
bon

r-

F
r-

ec.

-

“At-

ce
required a lower flow rate of O2 to reach the same decomposition
efficiency compared to O2 addition only. At the same condition (2l/
min of O2), the decomposition efficiency increased from 0.43 with-
out H2 to 0.63 with 1l/min H2. Fig. 12 shows the CF4 decomposi-
tion when the H2 addition was varied from 1l/min to 4l/min. In
this case, using O2 and H2 as decomposition additives, CF4 decom-
position was greater than 0.95. From these results, the optimum flow
rate of addition gases was CF4/O2/H2=1/2/4. And, the solid state car-
bon shown in H2 addition was not generated from this decomposi-
tion process.

CONCLUSION

Based on thermodynamic equilibrium calculations, experime
were conducted to find the optimum conditions of CF4 decomposi-
tion according to parameters such as flow rate, input power, q
ching tube, addition gases, etc. From the results, the following 
lusions were made:

1. CF4 decomposition was inversely proportional to the flow ra
of CF4, and, at 15l/min Ar, decomposition was more effective tha
10 l/min Ar.

2. Plasma input power had a little effect on CF4 decomposition,
but did not increase sufficiently.

3. The 4 mm tube had maximum decomposition efficiency a
B type quenching tube led to more effective quenching ability 
decomposition.

4. CF4 was efficiently decomposed by using O2 or H2 as an ad-
dition gas. When H2 was added, the CF4 decomposition efficiency
was increased significantly up to 0.9. But, during discharge, s
state carbon as a by-product appeared from the stream.

5. Using O2 and H2 as addition gases, CF4 decomposition was
greater than 0.95. And the solid state carbon shown in H2 addition
disappeared in the fluent stream. The optimum flow rate ratio
reacting gases was CF4 : O2 : H4=1 : 2 : 4.

In this study, addition gas identity and flow rate strongly infl
enced the CF4 decomposition. Overall, thermal plasma decompo
tion is a technically viable and effective method for abating C4

from several processes in the semiconductor industry.

ACKNOWLEDGMENT

This work was supported by Inha University Research Gr
(INHA-21077).

REFERENCES

Breitbarth, F. W., Berg, D., Dumke, K. and Tiller, H. J., “Investigatio
of the Low-Pressure Plasma-Chemical Conversion of Fluorocar
Waste Gases,” Plasma Chemistry and Plasma Processing, 17, 39
(1997).

Chen, D. T., David, M. M., Tiers, G. V. D. and Schroepfer, J. N., “A Ca
bon Arc Process for Treatment of CF4 Emissions,” 32, 3237 (1998).

Kunihihiko, K., Tatsu, F., Schizuichi, F. and Manabu, S., “Study of C4,
C2F6, SF6 and NF3 Decomposition Characteristics and Etching Pe
formance in Plasma State,” Jpn. J. Appl. Phys., 36, 5274 (1996).

Kyoto Protocol, Climate Change Conference, Kyoto, Japan, D
1-10 (1997).

Oh, S.-M. and Park, D.-W., “Preparation of Ultra-fine Alumina Pow
ders by D. C. Plasma Jet,” Korean J. Chem. Eng., 17(3), 299 (2000).

Rarishankara, Solomon, S., Turnipseed, A. A. and Warren, R. F., 
mospheric Lifetimes of Long Lived Halogenated Species,” Science,
259, 194 (1993).

Wofford, B. A., Jackson, M. W., Hartz, C. and Bevan, J. W., “Surfa
Wave Plasma Abatement of CHF3 and CF4 Containing Semicon-
ductor Process Emissions,” Environ. Sci. Technol., 33, 1892 (1999).

Fig. 13. The effect of added O2 and H2 in the decomposition of CF4
(2) [Ar (15 l/min), CF4 (1 l/min), O2 (2 l/min)].

Fig. 12. The effect of added O2 and H2 in the decomposition of CF4
(1) [Ar (15 l/min), CF4 (1 l/min), H2 (1 l/min)].
Korean J. Chem. Eng.(Vol. 20, No. 3)


	CF4 Decomposition by Thermal Plasma Processing
	Jong-Woo Sun and Dong-Wha Park†
	Department of Chemical Engineering, Inha University, 253 Yonghyun-dong, Nam-gu, Incheon 402-751, ...
	Abstract�-�Decomposition of CF4 was investigated by thermal plasma method. Thermal plasma process...
	Key words:�CF4, Thermal Plasma, Decomposition
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES






