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Abstract

Thermal plasma has been presented for the decomposition of perfluorocompounds (PFCs) which are extensively used in the
semiconductor manufacturing and display industry. We developed pilot-scale equipment to investigate the large scale treatment of
PFCs and called it a “thermal plasma scrubber”. PFCs such as CF4, C;Fs, SFs, and NF; used in experiments were diluted with N».
There were two different types of experiment setup related to the water spray direction inside the thermal plasma scrubber. The
first type was that the water was sprayed directly into the gas outlet located at the exit of the reaction section. The second type was
that the water was sprayed on the wall of the quenching section. More effective decomposition took place when the water was
sprayed on the quenching section wall. For C;Fg, SFs, and NF3 the maximum destruction and removal efficiency was nearly

100%, and for CF4 was up to 93%.
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1. Introduction

Perfluorocompounds (PFCs) are widely used as etching and
cleaning gases in the semiconductor manufacturing and display
industry[1-5]. PFCs have an enormous effect on global war-
ming because although their emission amount is relatively lower
than carbon dioxide (CO,), they have high global warming po-
tentials (GWPs) which are about several thousands times higher
compared to CO,[5]. Table 1 shows the lifetimes and GWPs
of PFCs[7]. The emissions of perfluorocarbons and sulphur
hexafluoride (SFs) with high GWPs have been regulated inter-
nationally by the Kyoto Protocol and the Bali Roadmap[8-10].

Voluntary efforts to decrease PFCs emissions are now under
way in the semiconductor industry. The industry’s activities for
the reduction of PFCs can be largely divided into 3 classes.
The first is to replace PFCs with gases which are not regulated
by the Kyoto Protocol such as nitrogen trifluoride (NF3). The
second is to improve the manufacturing process efficiency to
reduce the amount of PFCs. The last is to treat the exhausted
gases. Treatment of exhaust gases has been considered as a very
effective way to abate PFCs directly. Therefore, many studies
related to the treatment of these gases have been carried out.

The treatment of PFCs can be achieved via the combustion
system[11], catalytic decomposition[12], or by the plasma tech-

nique[8,13-17]. In the plasma technique, there are two kinds:
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low-temperature plasma processing and high-temperature plasma
processing. It is difficult for cold plasma processing to be used
practically in industry since large scale treatment of PFCs in
our evaluation was found to be unsuitable. Meanwhile, the abate-
ment technique using combustion has been attempted, but its
decomposition efficiency was evaluated by us to be relatively
lower than that of a high-temperature plasma technique. How-
ever, it may be expected that the combustion method can be
also applied to the large-scale treatment of PFCs. In addition,
it seems that for catalytic destruction system to be effective,
more investigation is needed before commercialization. There-
fore, it may be concluded that among the three methods, hot-

plasma processing can be expected to be installed in an actual

Table 1. Atmospheric lifetimes GWP100 of greenhouse gases[6]

Greenhouse gases  Atmospheric lifetime (year)  GWP100
CO» 50-200 1
CF,4 50000 6500
CoFs 10000 9200
SFs 3200 23900
CsFg 2600-7000 7000

CHF; 250-390 11700
C4Fs 3200 8700
CH,4 12 21
N0 120 310
NF; 50-740 8000
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industrial environment which requires the large treatment of
PFCs and high decomposition efficiency.

This paper presents the large scale treatment of PFCs using
thermal plasma. The treatment flow rate was more than 100
L/min in order to apply it to an actual industry. This study was
performed after the lab-scale experiments addressed the abate-
ment of SF¢ using argon plasma[18]. The destruction and re-
moval efficiency of hexafluoroethane (C,Fs), tetrafluoromethane
(CF,4), NF3, and SF¢ were studied. Also, the reaction tendency
was studied. The analysis of the thermodynamic equilibrium
composition using the software program, Factsage [19] was
performed and the temperature of the plasma was measured by

an enthalpy probe.

2. Experimental

2.1. Decomposition of PFCs

Figure 1 schematically illustrates the experimental setup of
the pilot-scale equipment. We developed the pilot-scale equip-
ment for the large-scale treatment of PFCs and called it a
“thermal plasma scrubber”. The thermal plasma scrubber was
composed of a DC power supply, a torch, a mixing chamber,
a reaction section, a quenching section, a water scrubber, and
a blower. The anode of the torch was a copper nozzle and the
cathode was a tungsten rod. Pure SFs, CF4, NF3, and C,Fs gases
were diluted with nitrogen (N;) at a mixing chamber, and then
those gases were injected into the reaction section through four
injection tubes. N, was used as the plasma gas, and the flow
rates of each PFC and the reactive injection gases including
hydrogen (H2) and oxygen (O,) were controlled by mass flow
controllers. The gas flow rate of N, was increased from 100
L/min to 300 L/min while the PFCs also increased from 0.5
L/min to 1.5 L/min. When the total treated gas flow rate was
100 L/min, PFCs flow rate was 0.5 L/min. In other words, the
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Figure 1. Schematic diagram of the thermal plasma scrubber for
removal of PFCs gases.
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Figure 2. Schematic diagram of type A and type B.

concentration of PFCs was 5,000 ppm. For the water spraying,
in order to increase the contact surface area between the gas
and the liquid, cylindrical materials were packed inside the
water scrubber. The arc current was 130 A, and the power
ranged from 12 to 15 kW. Exhausted gases, such as fluorine
(F»), hydrogen fluoride (HF), nitrogen oxide (NOx), and sulfur
oxide (SOy), were removed through the water scrubber. Table
2 shows the operating conditions in detail.

Figure 2 shows the two different types of setup in this study:
type A and type B. In the case of type A, the water was sprayed
directly into the gas outlet located at the exit of the reaction
section. For type B, the water was sprayed onto the walls of
the quenching section to preserve the equipment from the over-
heating. The reaction section was 56 mm inside diameter, and
the exhausted gases were analyzed by Fourier transform in-
frared spectrometer (FT-IR). The destruction and removal effi-
ciency (DRE) of PFCs was calculated by Eq (1).

IpFCs fprcs

C
DRE of PFCs (%) = ————=x 100 (D)

Iprcs

where, C;__ is the initial concentration and CfPFCS is the final

ipECs
concentration.

Table 2. Operating conditions and parameters for the large treatment

Average input power (kW) 12.7-15.1
N> plasma gas flow rate (L/min) 20, 30, 40, 50
Total treatment gas flow rate (L/min) 100, 200, 300
Concentration of PFCs (ppm) 5000
Reactive injection gas (Hz, O,) flow rate (L/min) 0.5,1
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Figure 3. The cross section of the enthalpy probe.
2.2. Measurement of thermal plasma temperature Iflc
The enthalpy probe used in this study is presented in Figure By =he+ m (AT samping = (AT arel =C, T, ()

3. The inside diameter was 1 mm and the outside diameter was
4.8 mm. It was employed to measure the plasma temperature
and was composed of a triple tube. Eq. (2) expresses the energy
balance when the probe was not absorbing the plasma gas,
which is a tare case. Eq. (3) presents when the probe draws

up the plasma gas, which is a sampling case:

mccc (ATc)tare = Qplasma (2)

n:lccc (ATc)sampling = n:lg(hi _h(,) +Qp1asma (3)

where hi and he are the enthalpies of the plasma gas per unit
mass before and after the cooling water cools the gas in the
probe, respectively; m . and rﬁc represent the mass flow rates
of the plasma gas and the cooling water, and AT. is the
temperature difference of the cooling water. Qplasma is the en-
thalpy of the plasma gas per unit time. Cc is the specific heat

capacity of the cooling water.
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Eq. (4) can be achieved by combining Eq. (2) and (3). G, is
the specific heat capacity of the plasma gas. Compared to h;
with high temperature, h. can be neglected because the plasma
gas is cooled by the cooling water to the room temperature.

Then, the temperature of the plasma (T,) can be calculated[20].

3. Results and Discussion

3.1. Thermodynamic consideration

The chemical equilibrium composition for treating PFCs was
calculated by the Factsage software program using the minimi-
zation of Gibbs free energy[19]. Thermodynamic equilibrium
compositions of PFCs as a function of temperature are shown
in Figure 4. It shows that the decomposition of NF; starts at
a low temperature region. CF4 gas, the most difficult compound
to be decomposed among PFCs, needs a temperature above
2,500 K to be decomposed completely. In the case of CyFs, the
decomposition of C,Fs generates CFs. Therefore, for an effec-
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Figure 4. Thermodynamic equilibrium composition of (a) NF3, (b) SFe,
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Figure 5. The radial distribution of the plasma temperature.

tive abatement of C,Fe, all CF,4 gas that was formed should also
be treated. In addition, it is expected that harmful F or F, with
high corrosiveness can be generated when PFCs are decom-

posed.

3.2. The measurement of plasma temperature

Figure 5 shows the temperature of the plasma as a function
of the radial distance. The measurement point was 20 mm away
from the torch nozzle exit. The center line temperature of the
plasma was above 6,000 K. It was revealed that the temperature
decreases as the radial distance from the center of the plasma
increases.

Figure 6 presents the temperature distribution at the center
line of the plasma. As the axial distance increased, the plasma
temperature was reduced greatly. This demonstrates indirectly
the effective length of the plasma. According to the temperature

measurement, it was confirmed that the plasma had a tempe-
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Figure 6. The axial distribution of the plasma temperature.

rature that was high enough to treat PFCs.

3.3. Relation of input power and plasma gas flow rate

By changing the plasma gas flow rate and the arc current,
the suitable operating condition was achieved. At an applied arc
current of 130 A, the plasma was maintained without disconti-
nuance even when the plasma gas flow rate was 50 L/min. The
voltage was increased by the increase of the plasma gas flow
rate, thus causing an increase of the input power. It appeared
that the increase of the gas flow rate caused enhanced cooling
of the arc plasma resulting in higher impedance. This increases
the voltage, thus providing the higher input power.

Figure 7 shows the average input power as a function of the
plasma gas flow rate. The average input power of about 12.7
kW was consumed when the plasma gas flow rate was 20
L/min, and 15.1 kW of power was required for a gas flow rate
of 50 L/min.
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Figure 7. Average input power as a function of the plasma gas flow
rate.

3.4. Decomposition of PFCs with type A

Figure 8 shows the destruction and removal efficiency of
PFCs, such as CFis, CFs, SFs, and NF;, as a function of the
average input power when total treatment flow rate (Vt) was
fixed at 100 L/min. Similar to the thermodynamic equilibrium
composition, CF4 is the most difficult gas to decompose and
NF; is the easiest. As the input power increased, the decom-
position efficiency also increased. It was considered that more
treatment gases could contact the arc because the arc volume
would increase as the plasma gas flow rate increased.

The abatement experiment in the presence of H, and O, was
carried out over the same range of the gas flow rates. Figure
9 presents the destruction and removal efficiency of PFCs as
a function of molar ratios of PFCs to H, and O,. The des-
truction and removal efficiency of PFCs is elevated by adding

H; and Os. In case of CyF¢, the destruction and removal effi-
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Figure 8. Decomposition of PFCs as a function of the average input
power for type A. DRE is the destruction and removal
efficiency.
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Figure 9. The decomposition of PFCs as a function of H/PFCs, O/
PFCs molar ratio (a) CsFs, (b) CF4, (¢) SF¢ for type A.
DRE is the destruction and removal efficiency.

ciencies were enhanced from about 80% to about 98% by
injecting H, and O,. For CFs; and SFs, the destruction and
removal efficiencies were slightly increased when H, and O,
were injected. It seems that when H, and O, were added, the
by-products generated after the treatment might be mainly HF,
CO, COs, SOy, etc. Analysis was performed using the ther-

modynamic software program.
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Figure 10. Decomposition of NF; as a function of treatment gas
flow rate for type A. DRE is the destruction and
removal efficiency.

NF; gas was the easiest gas to be decomposed. Therefore,
the destruction and removal efficiency of NF; was tested over
different ranges of gas flow rates. Figure 10 presents the trend
of NF; decomposition when changing the total treatment gas
flow rates and the plasma gas flow rates. The destruction and
removal efficiency of NF; was increased by increasing the
plasma gas flow rate. It appears that high plasma gas flow rate
increased the plasma volume, resulting in larger contact volume.
In addition, the destruction and removal efficiency of NF; was
considerably decreased when the total treatment gas flow rate
was increased. It seems that this was due to the reduction of
the residence time by increasing the total treatment gas flow
rate. Also, it appeared that the plasma temperature would be
reduced by introducing more treatment gas because the injected
gas was at room temperature. The destruction and removal
efficiency of NF3 reached up to about 100% for about 14.5 kW

at a total treatment gas flow rate of 100 L/min, as shown in

Figure 10.
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Figure 11. Decomposition of PFCs as a function of the average
input power for type B. DRE is the destruction and
removal efficiency.

3.5. Decomposition of PFCs with type B

Figure 11 shows the trend of destruction and removal effi-
ciency of PFCs when changing the average input power. In this
case, the total treatment flow rate was 100 L/min and type B
was used. As the average input power increased, the destruction
and removal efficiency of PFCs was also enhanced. This was
probably due to the increase of the plasma volume caused by
the increase of the input power. When type B was used, the
destruction and removal efficiency of PFCs was enhanced
because of the absence of the water spray into the gas outlet,
causing a higher temperature at the exit of the reaction section.
When the average input power was 14.5 kW, the destruction
and removal efficiency of PFCs had been achieved; up to 93%
for CF4, and close to 100% for the other gases.

3.6. Exhaust gas analysis

After decomposing PFCs gases, the exhausted gases were

cleaned by the water scrubber and analyzed by FT-IR. The com-
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Figure 12. FT-IR analysis of SFs. (a) is for before the decomposition and (b) is for after the decomposition (type A).
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position of the exhausted gases from the type A setup was
similar to that of the exhausted gases from type B. This result
showed that it was not necessary to spray water into the outlet

of the reaction section for the removal of hazardous by-products

because the water scrubber did not affect the formation results
of by-products. The water scrubber only cleaned and cooled the
exhausted gas as shown in Figure 12 and Figure 13. Figure 12
presents the FT-IR analysis before and after a SF¢ treatment
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Table 3. Removed amounts of each PFC gas per kWh

o Removed amounts of
Type PFC gas Volume flow rat.e of PFC gas | Additional gases (O or .Hz) volume | ,..1 PFC gas per KWh*
(L/min) flow rate (L/min)
Removed kmoles/kWh

0.50 O, or Hy 0.00 66.49

0.50 0O, 0.50 75.75

CoFs 0.50 0, 1.00 74.4()

0.50 Hy 0.50 77.21

0.50 Hy 1.00 7921

0.50 O or Hy 0.00 48.49

0.50 (0} 0.50 52.94

Type A CF,4 0.50 O, 1.00 52.41
0.50 Hy 0.50 53.67

0.50 Hy 1.00 51.56

NF; 0.50 Oz or H, 0.00 82.94

0.50 O or Hy 0.00 68.57

0.50 0, 0.50 74.05

SFs 0.50 0O, 1.00 73.89

0.50 H, 0.50 69.65

0.50 Ha 1.00 69.88

CoFe 0.50 Oz or Hy 0.00 86.00

Type B CF4 0.50 Oy or H, 0.00 75.72
NF3 0.50 O; or H, 0.00 94.58

SFe 0.50 O or Hy 0.00 92.95

* Input power range: 12-16 kW

run for type A while Figure 13 shows that for type B. Toxic
gases were not detected. Figure 14 and Figure 15 present the
FT-IR analyses of C,Fs for type A and type B, respectively.
When CFs was decomposed, CF4 and CO, were detected in
the exhaust gas. For other PFCs treatment runs, there were no
toxic by-products. However, the exhaust water from the scru-
bber had a low pH. Therefore, neutralization equipment was

installed.

3.7. Removed amounts of each PFC gas per kWh

The removed amounts of each of the four PFC gases per
kWh (removed kmoles/kWh) were estimated and are included
in Table 3. As expected, for CF4 the removed amount was the
lowest (48.49 removed kmoles/kWh for type A and 75.72 re-
moved kmoles/kWh for type B) because of the strong C-F bond
and its stable structure. Meanwhile, the amount for NF;
removed was the highest (82.94 removed kmoles/kWh for type
A and 94.58 kmoles/kWh for type B). Addition of oxygen and
hydrogen gases slightly increased the removed moles per kWh
for type A as presented in Table 3. In all cases the removed
moles of each PFC gas per kWh for type B were higher than
those for type A. It appeared that the high temperature region

for type B was greater than that for type A, thus causing more
treatment of PFCs.

4. Conclusions

The PFC gases diluted with nitrogen were decomposed using
the thermal plasma scrubber we developed. The possibility of
large scale treatment (100-300 L/min) was tested. Near the cen-
ter of the flame the plasma temperature measured by an enthalpy
probe was about 6,000K. This shows that the thermal plasma
has a high enough temperature for decomposing PFC gases. The
destruction and removal efficiency of the type B was greater
than that of type A. In case of the type A for a total treatment
flow rate of 100 L/min, the maximum destruction and removal
efficiencies were 69% for CFa4, 81% for CyFs, 95% for SFg,
and 100% for NF; without adding the additive gases (H: and
0,). In this case, the average power used was 15.1 kW. When
the same flow rate was treated using type B, the maximum
destruction and removal efficiencies achieved were up to 93%
for CF4, and close to 100% for the other gases. In this case,
the average power used was 14.5 kW. Destruction and removal

efficiency of PFCs was decreased as the total treatment flow
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rate was increased. In addition, hazardous by-products were
cleaned by the water scrubber. From the results of this study,
it appears that the thermal plasma scrubber will be a promising

apparatus for effective treatment of PFCs.
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