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High-Efficiency PFC Abatement System Utilizing
Plasma Decomposition and Ca(OH)»/CaO
Immobilization

Katsumasa Suzuki, Yoshio Ishihara, Member, IEEE, Kaoru Sakoda, Yasuyuki Shirai,
Akinobu Teramoto, Member, IEEE, Masaki Hirayama, Tadahiro Ohmi, Fellow, IEEE, Takayuki Watanabe, and
Takashi Ito, Senior Member, IEEE

Abstract—In order to minimize contributions to global warming,
it is important to develop a perfluorocompound (PFC) abatement
system that can remove PFCs effectively with low electric power.
We have developed a new PFC abatement system consisting mainly
of a 2-MHz ICP plasma source and two Ca(OH)>/CaO columns
operated under a decompression pressure. Reactive fluorinated
compounds including SiF, are immobilized in the Ca(OH)->/CaO
columns without a water scrubber. Stable compounds such as CF,
are excited by the 2-MHz ICP plasma. When the emissions from
an Si oxidation film etching process chamber were treated by this
abatement system, F» equivalent removal efficiency was 99.6 %,
which was about one order of magnitude larger than that of a
conventional abatement system. But the CO- equivalent removal
efficiency was calculated to be 91.4% because over 95% of CO
equivalent emissions were caused by the plasma source power
consumption of 2.4 KkWh. It means that minimization of the plasma
source power consumption, depending on PFC emissions, is a very
effective method of minimizing contributions to global warming
in a manner similar to improving the PFC removal efficiency.

Index Terms—Abatement, calcium, plasma.

1. INTRODUCTION

ERFLUOROCOMPOUNDS (PFCs) are widely used in
P semiconductor manufacturing for plasma processes such
as dielectric film etching and chemical-vapor deposition (CVD)
chamber cleaning. Due to their long atmospheric lifetimes and
high global warming potential (GWP), PFCs, such as tetrafluo-
romethane (CF,), hexafluoroethane (C2Fg), octofluoropropane
(C3Fs), and octofluorocyclobutane (c-C4Fg) promote the green-
house effect. Table I shows GWP; g, that is defined as a rela-
tive GWP value calculated for the period of 100 years against
COa2, and the atmospheric lifetime for typical fluorinated com-
pounds [1]. To prevent further global warming, the semicon-
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TABLE I
GLOBAL WARMING POTENTIAL FOR 100 YEARS (GWP;40) AND ATMOSPHERIC
LIFETIME FOR FLUORINATED COMPOUNDS

Lifetime GWP,,
(years) (100 years horizon )
Co, 50-200 1
CF, 50,000 5,700
C,F, 10,000 11,900
C,F, 2,600 8,600
¢-C,Fy 3,200 10,000

ductor industry is committed to reducing the emission of PFCs
to 10% below the emission level of 1995 by 2010 [2]. Thus,
many developments of PFC emissions reduction have been per-
formed in four general areas: process optimization, alternative
chemistries, capture/recovery, and abatement [3]-[14].

On the other hand, the volume of PFCs used in semicon-
ductor manufacturing has been increasing with the growth in
production of semiconductor devices. In addition, PFCs do not
completely decompose in the plasma process chambers and are
generated as byproducts [5], [6]. Particularly, CF4 and SiF, are
generated as the byproducts in etching processes that use CF3
ions and CF; radicals. They are also generated in the cleaning
process for CVD chambers. Therefore, a high efficiency PFC
abatement system is necessary for the reconciliation of semicon-
ductor industry growth and global warming prevention. Com-
bustion-type abatement systems [10] and atmospheric pressure
plasma resolution-type abatement systems [11], [12] are gen-
erally utilized as point-of-use removal equipment. Tonnis et al.
[13] and Kuroki et al. [14] reported on PFC abatement systems
utilizing an inductively coupled plasma discharged under a de-
compression pressure. But the PFC removal efficiencies of these
systems are about 90%—-98% and are not efficient enough to pre-
vent global warming. In addition, since the formation of deposits
in the exhaust pipe, corrosion of the exhaust pipe and fluorine
acid drainage are likely to occur in these systems, thus frequent
maintenance and hazardous material treatments are required. To
prevent these problems, a large amount of purge gas is required
and, as a result, a large amount of energy is required to decom-
pose the PFCs and the purge gases.

The focus of this paper is to develop a safe PFC abatement
system that has minimal environmental impact and, at the same
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time, improves productivity. This paper describes the distin-
guishing features and performance of a newly developed PFC
abatement system. The experimental results show that the PFC
abatement system can treat the emissions exhausted from a Si
oxidation film etching process chamber. The removal efficiency
is discussed on the basis of CO4 equivalent emissions, which
takes into account the plasma source power consumption.

II. CONCEPT OF PFC ABATEMENT SYSTEM

A. Newly Developed Ca(OH),/CaO

The basic concept of the PFC abatement system is to decom-
pose PFCs with lower plasma source power consumption and
immobilize reactive fluorinated compounds by utilizing a solid
reactant. To implement this concept, the PFC abatement system
was operated under a decompression pressure to introduce flu-
orinated compounds, that retain their energetic state, into the
column filled with newly developed Ca(OH)2/CaO as the solid
reactant.

There are three reasons for utilizing the Ca(OH)2/CaO ad-
mixture which is made by dehydration of Ca(OH),. One reason
is that the resulting product, CaFs, is nonhazardous and stable
and another reason is that a water scrubber is not required. The
latter eliminates the need for fluorine acid drainage treatments.
Thus, this abatement system using Ca(OH)2/CaO is not only
safer than the conventional system but also suitable for semicon-
ductor manufacturing facilities that are limited in water supply.
The third reason is explained by the reaction mechanisms

Ca(OH)g + COFy — CaF; + CO5 + HyO @))
CaO + H,O — Ca(OH)Q. 2)

Although Ca(OH)- is necessary to react with the fluorinated
compound, a significant amount of moisture is generated by the
reaction shown by (1). As shown by (2), the generated HoO
reacts with CaO and generates another Ca(OH),. Thus, H2O is
used as an intermediate for the fluorination reaction of CaO and
only a small amount of moisture is exhausted downstream.

A reactant with a high specific surface area should be used
to promote the reaction mentioned above because it would raise
the collision probability between gases and Ca(OH),/CaO. In
addition, the grain diameter should be several millimeters to re-
duce the pressure loss. Unfortunately, the specific surface area of
conventional Ca(OH)»/CaO is only 0.1-10 m?/g when its grain
diameter is 2—-6 mm [15]. On the other hand, the newly devel-
oped Ca(OH)2/CaO has many micropores in the range of 10 to
100 nm as shown in Fig. 1. This structure allows the developed
Ca(OH),/Ca0 to have a specific surface area of 60-70 m?/g
and a grain diameter of 2-6 mm simultaneously. This means
that the specific surface area of the developed Ca(OH)2/CaO is
about two orders of magnitude larger than that of conventional
Ca(OH)5,/CaO.

B. System Configuration

Fig. 2 shows a schematic diagram of the PFC abate-
ment system that mainly consists of a 2-MHz ICP plasma
source (LG3000, Landmark Technology Corporation), two
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Fig. 1. Scanning electron microscopy image of Ca(OH)./CaO.
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Fig. 2. Schematic diagram of the newly developed PFC abatement system.

Ca(OH)5/CaO columns, two conductance control valves,
and two dry vacuum pumps. We call the upstream column a
presystem and the plasma source and the downstream column
a main system.

In the presystem, Ca(OH)2/CaO in the upstream column
immobilizes reactive fluorinated compounds, such as Fy, HF,
COFs, and SiF,, which are included in emissions exhausted
from a process chamber. Deposition caused by SiF, and corro-
sion caused by Fs and/or HF are efficiently prevented because
the pressure between the upstream pump and the presystem
is under a decompression pressure range of over several kPa.
Thus, the presystem serves to reduce the maintenance fre-
quency of the pipe connected between the main system and
the presystem. By the same token, a reduction of the purge gas
flow rate introduced into the dry vacuum pump is also possible.
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In the main system, stable compounds, such as CF,, CoFg,
and C3Fg, which pass through the presystem, are excited by the
2-MHz ICP plasma and are immobilized by Ca(OH),/CaO in
the downstream column under a decompression pressure range
of several hundred Pa. The gas temperature in the plasma is
several hundred K under this operational pressure range and
increases when this pressure is increased. Thus, preventive mea-
sures against the chamber’s thermal fracture are made easier in
comparison with atmospheric pressure plasma resolution-type
abatement systems. An additional advantage is that the excited
compounds can be introduced into the Ca(OH)2/CaO column
while maintaining their energetic state because the collision
frequency between excited compounds is comparatively small
under this operation pressure. PFC removal efficiencies can
be over 99% because recombination of CF, is prevented by
this feature. However, it is difficult to utilize Ca(OH)s/CaO
effectively because the collision frequency between the excited
compound and the Ca(OH)2/CaO is comparatively small under
this operation pressure. It is necessary to utilize the column
with a large diameter to decrease the velocity of gases in
the column as this measure. In addition, the plasma source
power consumption can be lower than that of the atmospheric
pressure plasma source because the utilization of the power
supply frequency of 2 MHz decreases circuit losses. Since
there is a direct correspondence between electric power con-
sumption and CO, equivalent emission, this suggests that
CO; emissions can be decreased by minimizing the electric
power consumption. However, because the differential pressure
caused by the column is different depending on the amount
of Ca(OH)2/CaO in the column, it is necessary to control the
pressure at the column by using the conductance control valve
after exchanging the Ca(OH)»/CaO.

III. EXPERIMENT

The PFC abatement system was built as described in the
preceding section. It is imperative that SiF, is removed at the
presystem to treat the emissions exhausted from an Si oxidation
film etching process chamber because SiF; decomposition in
the plasma source generates SiOs.

First, the reactivity of Ca(OH)»/CaO was evaluated by using
SiF, since it has a large bond dissociation energy of 6.03 eV
and a small free energy of formation of —16.7 eV and is,
thereby, one of the least reactive gases. In this experiment, a
sample gas of 3vol%SiF4/Ar (Ar as balanced gas) was intro-
duced into a Ca(OH)>/CaO column and was exhausted out
through a conductance control valve by utilizing a dry vacuum
pump until SiF,; was detected with a nondispersive infrared
(ND-IR)-type gas monitor. Fig. 3 shows a schematic diagram
for this experiment. The pressure in the Ca(OH)2/CaO column
was maintained at 1.3 kPa. The sample gas passed through
the Ca(OH)2/CaO column at a velocity of 10.3 cm/s. The
lower detection limit for SiF,4 concentration was approximately
1000 parts per million by volume (ppmv) for a minimum
signal-to-noise ratio of 3:1 under a pressure of 1.3 kPa.

Because SiF, reacts with Ca(OH)2/CaO at the upstream side
of the column, there is a transient zone of reaction in which a
gradient in the number of immobilized F atoms is formed as
shown in Fig. 4. The horizontal axis and the vertical axis show

3%SiF,/Ar

1.3kPa

Ca(OH),/CaO

10.3cm/sec \l/
column

Conductance
Control Valve

NDIR
§iF , monitor)

Y

Dry vacuum pump

Fig. 3. Schematic diagram of experiment to evaluate the reactivity of
Ca(OH)»/CaO.

Number of F atom
_ nF=0 nFZnF,max
h=h,,, E >
} =
- !

Height of column
>
Il
=

h=h

bottom

Fig. 4. Schematic diagram of the progress state of the reaction in the
Ca(OH)»/CaO column.

the number of F atoms and the height of column, respectively.
As an example, the number of F atoms at a height of Hy, is almost
zeroatt = t; andis np  att = to. Similarly, the number
of F atoms at t = tg is zero at H = Hy,ottom and NE 0y At
H = Hy. Thus, the height of Ca(OH),/CaO quantity, which
is one of the conditions, has no influence on the length of the
transient zone of reaction, which is generally called the mass
transfer zone (MTZ). Therefore, the utilization efficiency was
defined as the ratio of the removed number of Fs equivalent
molecules to Ca atom number in the reaction zone, which is the
area outside of MTZ.

Next, the PFC removal efficiency of the main system was
evaluated by using the CF4 which could pass through the
presystem. Fig. 5 shows a schematic diagram for this experi-
ment. The plasma source power consumption was kept constant
at 3.6 kWh. The sample gas, a mixture of CF4/O2/Ar/Hy was
pumped through a plasma source, a Ca(OH)2/CaO column, and
a conductance control valve by utilizing a dry vacuum pump.
The total flow rate, the CF, flow rate and the pressure in the
plasma source were 1000-1600 cm?/min, 50-200 cm?/min,
and 300 Pa, respectively. When the total flow rate was
1600 cm®/min, the sample gas flowed to the Ca(OH)»/CaO
column from the plasma source within a time of 130 ms and
passed through the Ca(OH)2/CaO column at a velocity of
17 cm/s.

Lastly, the performance of the PFC abatement system shown
in Fig. 1 was evaluated by using the emissions exhausted from
a Si oxidation film etching process chamber. C4F¢ and C4Fg
were introduced into the etching chamber as process gases at a

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 00:29:34 EST from IEEE Xplore. Restrictions apply.



SUZUKI et al.: HIGH-EFFICIENCY PFC ABATEMENT SYSTEM UTILIZING PLASMA DECOMPOSITION 671

CF,,0,,H,, Ar

2MHz ICP
plasma

Ca(OH),/CaO
column

|
\V Conductance
L Control Valve

|
Dry vacuum pump
[

Fig. 5. Schematic diagram of experiment to evaluate CF, removal efficiency
of main system.

flow rate of 4 and 18 cm®/min, respectively. The plasma source
power consumption was 2.4 kWh.

The emissions were measured by a Fourier transform infrared
(FT-IR) absorption spectrometer which was positioned at the
downstream side of the dry vacuum pump. The FT-IR mainly
consists of ZeSe cell windows, KBr optics, a 10-cm path length
gas cell, and a liquid nitrogen cooled mercury cadmium tel-
luride (MCT) detector. The lower detection limit for CF4 con-
centration was approximately 1 ppmv at a minimum signal-to-
noise ratio of 3:1. This means that this FT-IR is capable of
detecting CF4 with a flow rate of 0.001 cm?®/min when the total
gas flow rate is 1000 cm®/min. Thus, if the initial CF4 flow rate
is 100 cm®/min, it is possible to determine a 99.99% removal
efficiency.

The concentration of each compound was calculated based
on the absorption intensities measured at the appropriate wave-
length for each compound. The flow rate of each compound was
obtained by multiplying the total flow rate by the concentration
of each compound. F» equivalent removal efficiency, useful as a
general figure of merit, was calculated based on the F» equiva-
lent flow rate at the inlet and outlet of the PFC abatement system.

IV. RESULTS

A. SiFy Removal by Presystem

Fig. 6 shows the Ca utilization efficiency of Ca(OH)2/CaO
evaluated by using 3vol% SiF4/Ar (Ar as balanced gas) under
a pressure of 1.3 kPa and a velocity of 10.3 cm/s. The hori-
zontal axis and the vertical axis show the specific surface area
of Ca(OH)»/CaO and the Ca utilization efficiency, respectively.
The Ca utilization efficiency increased proportionally with the
specific surface area. As an example, the Ca utilization effi-
ciency was around 16% when the specific surface was 60 m?/g.
This figure shows that the presystem can remove SiF,.

Furthermore, it was confirmed that the Ca utilization ef-
ficiency could be improved by raising the reaction pressure.
When the pressure was 13 kPa, the Ca utilization efficiency of
Ca(OH)2/CaO, which had a specific surface area of 60 m2/g,
was around 25%. In addition, it was confirmed that the Ca uti-
lization efficiency could be improved to about 85% by using F,

20
Flow velocity

- :10.3cny/sec
1 5'_ Pressure :1.3kPa

Sample gas
3%SiF,/Ar

Ca utilization efficiency [%]
S

0-||||||||||||I||||
0 20 40 60 80

Specific surface of Ca(OH),/CaO [m?%g]

Fig. 6. Specific surface area dependence of reaction efficiency.
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’ Ca(OH),/CaO
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0.2

OQutlet of Ca(OH)/CaO

CcO
0.1

Absorption intensity [arb.units]

1 Il
3000 2000
Wave number [cm!]

1
4000 1000

Fig. 7. Infrared absorption spectra at the inlet and outlet of the Ca(OH)>/CaO
column.

instead of SiF,. This suggests that the Ca utilization efficiency
depends strongly on the gas element.

B. CF4 Removal by Main System

CF, removal efficiency of the main system was evaluated by
using a CF4/O2/Ar/H; gas mixture under a plasma source power
consumption of 3.6 kWh and a pressure of 300 Pa. The flow rates
of CF,, 04, Hs, and Ar were 100, 300, 150, and 450 cm?®/min,
respectively. Fig. 7 shows the infrared absorption spectra mea-
sured by FT-IR at the inlet and outlet of the Ca(OH)2/CaO
column. The horizontal axis and the vertical axis show the wave
number and the absorption intensity, respectively. COF5, COo,
and HF were detected only at the inlet as byproducts. In other
words, this figure shows that only CF; among the fluorinated
compounds passed through the Ca(OH)2/CaO column.

Fig. 8 shows the CF, removal efficiency of the main system.
The plasma source power consumption and the pressure were
3.6 kWh and 300 Pa, respectively. The CF; flow rate was
50-200 cm®/min, and the O, and H, flow rates were both
three times larger than the CF, flow rate. Ar was added to
make the total flow rate 1600 cm®/min. The horizontal axis
and the vertical axis show the initial CF,; flow rate and the
CF, emissions, respectively. The CF; emissions increased
with increasing initial CF,4 flow rate. Dotted lines in this figure
show a removal efficiency of 99.9% or 99.99%. In the range
where the initial CF4 flow rate was less than 200 cm?®/min, the
removal efficiency was over 99.9%. Furthermore, when the
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Fig. 8. CF, removal efficiency of the main system. The CF4 flow rate was
50-200 cm?®/min.
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Infrared absorption spectra at the inlet and outlet of the abatement

initial CF, flow rate was less than 100 cm?3/min, the removal
efficiency was over 99.99%.

C. Performance of PFC Abatement System

Fig. 9 shows the infrared absorption spectra measured by
FT-IR at the inlet and outlet of the PFC abatement system
positioned at the exhaust line of an Si oxidation film etching
process chamber. The horizontal axis and the vertical axis show
the wave number and the absorption intensity, respectively.
With the exception of CO and CF,, most compounds, such
as COFs, CoF,4, CoFg, CHF3, and SiF,, were detected only
at the inlet side. In other words, this figure shows that all
fluorinated compounds except for CF4 were removed by the
PFC abatement system. The PFC removal efficiency of the PFC
abatement system was evaluated by comparison of the total
amount of detected compounds. The average flow rates of Fy
equivalent emissions at the inlet and outlet of the PFC abate-
ment system were calculated to be 46.84 and 0.17 cm®/min,
respectively. The removal efficiency based on the Fo equivalent
emissions was calculated to be 99.6%, which is about one
order of magnitude larger than that of a conventional abatement
system. As mentioned above, this system does not use water for
C-F species stabilization and does not emit HoO. This means
that the water scrubber to treat the hydrogen fluoride drainage
could be eliminated.

1200

0 %)

Fluorinated
= 1000 L compound
£ =
= Plasma
2 800t source’s power
.2 consumption
w)
4
£ 600}
=
2
£ 400}
& 1140
[
o' 200t
Q

11.23
0 L
Inlet Outlet

Fig. 10. CO. equivalent emissions at the inlet and outlet of the Ca(OH),/CaO
column. The flow rate of CF,, O, H,, and Ar were 200, 600, 600, and
400 cm?/min, respectively. Plasma source power consumption was 3.6 kWh.

V. DISCUSSION

In order to view this problem from the perspective of global
warming prevention, the removal efficiency should be described
using CO; equivalent emissions. In this case, COy equivalent
emissions are calculated based on the sum of each compound’s
emission origin and the electric power consumption origin.
The former is given by multiplying the flow rate of each com-
pound by each GWPyg. The latter is given by multiplying the
electric power consumption by the COy equivalent factor of
0.368 kg-CO2/kW, when electricity supplied by Tokyo Electric
Corporation is used [16]. The CO5 equivalent factor is equal to
a one-hour average of a CO4 equivalent flow rate of 3.12 L/min.
For example, Hattori ef al. showed that a plasma source power
consumption of 5.9 kWh was needed to decompose CF, at
96.5% removal efficiency by utilizing the atmospheric pressure
plasma abatement system [11]. Because the plasma source
power consumption of 5.9 kWh was calculated to have a CO»
equivalent flow rate of 18.41 L/min, reducing electric power
consumption is as important as reducing PFC emissions.

At first, the CO4 equivalent removal efficiency of the main
system was evaluated in the case where the initial CF, flow rate
was 200 cm?3/min, which is shown in Fig. 8. Fig. 10 shows the
calculation result of the CO4 equivalent emissions at the inlet
and outlet of Ca(OH)2/CaO column. Because the only green-
house gas in the emissions was CFy, of which GWPy¢y was
5700, CO4 equivalent flow rate of emissions origin at the inlet
and outlet of the main system were calculated to be 1140 and
0.57 L/min, respectively. In addition, a CO4 equivalent flow
rate of 11.23 L/min, which was derived from the plasma source
power consumption of 3.6 kWh, was added to that of the outlet.
Thus, the average flow rates of CO» equivalent emissions at the
inlet and outlet of the PFC abatement system were calculated to
be 1140 and 11.80 L/min, respectively. Based on this, the CO2
equivalent removal efficiency was calculated to be 99.0%.

Next, the CO2 removal efficiency of the PFC abatement
system was evaluated for the case shown in Fig. 9. Fig. 11
shows the calculation result of the CO» equivalent emissions
at the inlet and outlet of the PFC abatement system. CO,
equivalent flow rate of emissions origin at the inlet and outlet
of the PFC abatement system were calculated to be 89.16 and
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Fig. 11. CO. equivalent emissions at the inlet and outlet of the abatement
system. C4Fs and C4Fg were introduced into the process chamber at a flow
rate of 4 and 18 cm®/min, respectively. Plasma source power consumption was
2.4 kWh.

0.17 L/min, respectively. In addition, the CO4 equivalent flow
rate of 7.49 L/min, which was derived from the plasma source
power consumption of 2.4 kWh, was added to that of the outlet.
Thus, the average flow rates of CO4 equivalent emissions at the
inlet and outlet of the PFC abatement system were calculated to
be 89.16 and 7.66 L/min, respectively. Based on this, the CO2
equivalent removal efficiency was calculated to be 91.4%.
These results show that the ratio of the plasma source power
consumption origin in CO4 equivalent flow rate is more than
95% in both cases and the ratio in the case of Fig. 9 is compar-
atively larger. It means that minimization of the plasma source
power consumption, depending on PFC emissions, is a very ef-
fective means for minimizing contributions to global warming
in a manner similar to improving the PFCs removal efficiency.
In other words, the development of a more efficient plasma
source is very important for the resolution of this problem.

VI. CONCLUSION

We have developed a PFC abatement system consisting
mainly of a 2-MHz ICP plasma source and two Ca(OH)»/CaO
columns and is operated under a decompression pressure. The
presystem immobilizes reactive fluorinated compounds, which
include SiF4, by utilizing a Ca(OH)2/CaO reactant with a
specific surface area of 60 m?/g in the upstream column and
reduces the frequency of exhaust pipe maintenance required.
The main system, that excites stable compounds which pass
through the presystem by utilizing a 2-MHz ICP plasma and
immobilizes these excited compounds by Ca(OH)»2/CaO in the
downstream column, could remove CF, with Fy equivalent
removal efficiency of over 99.9%, which was one order of
magnitude larger than that of a conventional system. When
the emissions exhausted from an Si oxidation film etching
process chamber were treated by this PFC abatement system,
the F» equivalent removal efficiency and the CO, equivalent
removal efficiency were 99.6% and 91.4%, respectively. The
discrepancy between the two efficiencies was attributed to the
fact that over 95% of COs equivalent emissions were caused
by the plasma source power consumption of 2.4 kWh.

This PFC abatement system can treat the emissions exhausted
from an Si oxidation film etching process chamber without a
water scrubber and provides a way to have minimal environ-
mental impact and, at the same time, improve productivity.
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