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Abstract

Reducing the use of perfluorocarbons (PFCs) in semiconductors and other industries is a key issue. To this end, to date
combustion methods have often been implemented for large abatement systems. However, plasma could potentially be
used to develop a compact system that operates at a low gas flow rate. Here, atmospheric direct current (DC) plasma
generated in gas bubbles in water was demonstrated to remove CoF¢ and CF4. Using nitrogen-based 1% C>F¢ a removal
rate 0 90.6% was achieved at 35 mA and 0.071 standard liters per minute (SLM). Fourier-transform infrared spectroscopy
(FTIR) analysis indicated that the byproduct ratio of CF4 to C,Fs was below 1%; thus, almost all CF4 was decomposed
by the DC plasma. The decomposition characteristics of CF4 were studied by changing the base gas, such as nitrogen and
argon. The gas temperatures in both plasmas were approximately the same. However, the argon-based plasma showed a
higher mean electron energy (by approximately 2 eV) and a higher removal rate at the same plasma power. In conclusion,
both thermal and impact collision processes occur during the decomposition of CF4. The difference in the removal rate
was possibly caused by the metastable atoms and ions in the argon-based scrubbers.
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1. Introduction

The primary approach for reducing perfluorocarbon (PFC) emissions from industries is to develop efficient
and inexpensive abatement equipment. The methods of PFC abatement that are currently applied in practical
settings involve combustion [1], hydrolysis using catalysts [2] and plasma processes. In combustion systems,
the temperatures corresponding to the decomposition of typical PFCs, such as CF4, C;F¢, SFe, and NF3 are
1600 °C, 900 “C, 1000 “C, and 800 °C, respectively [1]. Further, these combustion systems do not only require
a sufficiently high temperature for PFC decomposition, but also require H and O atoms for the fixation of the
dissociated F and the stabilization of the associated reactions. Thus, the recombination of the dissociated C
and F atoms is prevented, and as such, the abatement process consists of two stages, PFC decomposition and
the recovery of fluorine atoms in water. The equipment used to realize combustion-based PFC abatement is
suitable for a large amount of PFCs as well as large flow-rate gas processes.

Conversely, PFC abatement via plasma processes is advantageous for small flow-rate gas processes and
offers the possibility to reduce the initial and running cost. The plasma processes include inductively-coupled
plasma [3], dielectric barrier plasma [4], microwave plasma torch [5, 6], and nitrogen thermal plasma [7].
Plasma abatement systems are compact and have lower gas flow rates than other systems, which make them
suitable for installation in laboratories and small plants. The complete removal of CF4 can be achieved with
low-pressure plasma [3], but this approach requires the installation of a vacuum pumping system, and this
increases device size as well as initial cost. However, atmospheric nonthermal plasmas do not require vacuum
systems and have been used to achieve CF4 removal rates up to 56% based on the dielectric barrier plasma
process [4], and 95% [5, 6], and 99.6% [7] based on the use of plasma torch devices. Unfortunately, these
systems require large gas scrubbers that supply water showers to prevent recombination between dissociated
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C and F atoms. Additionally, plasma-based PFC decomposition processes were evaluated taking plasma
temperature into account, while ignoring the energetic particles in the plasma.

Plasmas generated in gas bubbles in water have shown high decomposition efficiencies with respect to a
highly concentrated acetic acid solution [8, 9] and perfluoro compounds in perfluorooctanoic or
perfluorooctanesulfonic acid [10, 11]. In this study, we investigated plasma-based PFC abatement using a
plasma that can supply sufficient H and O atoms and capture dissociated F at the gas-liquid boundary. C;Fs
and CF4 were decomposed using atmospheric-pressure DC plasma generated within gas bubbles in water.
Further, nitrogen- and argon-based plasma processes were compared to evaluate the effect of gas temperature
and the energetic species in plasma on the abatement performance.

2. Experimental and measurement apparatus

Fig. 1 shows a schematic of the abatement reactor featured in this study, which used DC plasma and diagnostic
equipment. Tap water (50 mL) was filled into the reactor, which was an acrylic container with a height of 110
mm and a square cross section of 36 mm x 36 mm. A ceramic plate of 0.3 mm in thickness separated the water
and gas. Mixture gases of nitrogen-based 1% C;Fg, 1% CF4, and argon-based 1% CF4 flowed through the 0.3
mm hole of the ceramic plate. The flow rate was controlled using a mass flow controller (Kofloc, model3200)
with an adjustable flow rate of up to 0.1 standard liters per minute (SLM). A high-voltage (HV) electrode,
made from a tungsten wire with thickness 0.2 mm, was mounted below the hole on the ceramic plate. Given
that this HV electrode undergoes corrosion, a 0.4-mm tungsten wire was used to perform experiments
involving a higher current magnitude. Further, the metal terminal was placed in water, which served as the
ground electrode.

A regulated HV DC source (Matsusada Precision, HAR30R40) was used to supply a voltage across the HV
electrode through a 200-k< ballast resistor (Japan Finechem, RHI2HVPS, five resistors connected in parallel).
This was done to stabilize the discharge current up to 20 mA. A 100-kQ resistor (Japan Finechem, RH150HVP,
two resistors connected in parallel) was used to stabilize the discharge current above 20 mA. A resistor (1 kQ)
was inserted into the HV circuit to monitor the current. The picture on the right-hand side of Fig. 1 shows
typical CF4/N» plasma generated between the HV electrode and the inner boundary of a gas bubble. The height
of this bubble was approximately 5 mm, which however, changed with time as the flow rate changed.

Ion concentrations of F~, NO,~, and NOs™ in the water were measured using an ion chromatography
(Metrohm, 861 Advanced Compact IC). HCN concentration in the exhaust gas was evaluated using a gas
detector tube (Gastec, 121, 0.5-150 ppm). The byproduct species in the exhaust gas were analyzed via FTIR
(Horiba, FG110A) using a gas cell with an optical length of 10 cm.
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Fig. 1. Schematic diagram of abatement reactor, diagnostics, and plasma generated within

gas bubble in water; FTIR = Fourier-transform infrared spectroscopy.

Optical emissions from the plasma were measured using spectrographs through a quartz window mounted
on the side wall of the reactor. The visible light emissions from nitrogen- and argon-based plasmas were
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detected using a fiber-optic spectrometer (Ocean Optics USB4000, 200—850 nm). The nitrogen second-positive
band (360-385 nm) in the nitrogen-based plasma was measured using another spectrometer (Ocean Optics
USB4000, 275-395 nm), and the OH spectrum in the argon-based plasma was measured using a
monochromator spectrograph with a wavelength resolution of 0.06 nm (Solar TII, MS3504I).

The gas temperature was estimated to be equivalent to the rotational temperature. Specifically, the
rotational and vibrational temperatures corresponding to the nitrogen-based plasma were determined by fitting
the calculated spectrum to the experimentally obtained second-positive spectra. The OH emission spectrum,
which was determined using LIFBASE, was fitted to the experimental one to determine the rotational
temperature corresponding to the argon-based plasma. The mean electron energy versus input power for each
gas was calculated using the Boltzmann simulation code: BOLSIG+ [12].

The PFC removal rate was defined as shown in Eq. (1). Fwatr is the molar amount of fluorine (F) in the
water; it was calculated by multiplying the F ion density in the water and the water volume. Fprc is the
accumulated molar amount of F in the input PFC gas during each plasma treatment. The removal efficiency
was defined as shown in Eq. (2), where mprc and W are the amount of PFC and energy consumption in the
reactor, respectively. The energy, W, could be calculated as a product of the discharge current, the voltage
between the HV electrode and the ground electrode, and the treatment time. Thus, the energy consumed
included power dissipation in water.

F,
T]removal (%) = Water 100 (1)
PFC
Tefficiency = M (2)
W [kWh]

3. Results and discussion
3.1 Removal of C;Fs

Fig. 2 (a) and (b) shows the voltage and current waveforms immediately after the start: (a) and 10 min after
operation: (b) under the conditions of nitrogen-based 1% C:Fs, 0.1 SLM and with a 10 mA current. The voltage
waveforms fluctuated at an interval of 15 ms according to the expansion and shrinkage of the bubbles in water.
Further, the voltage values were low when the bubble shrank owing to the shortness of the plasma length, and
the waveform included a voltage drop with water; thus, the average voltage decreased by approximately 200
V as shown in Fig. 2 (b) owing to the increasing conductivity of water.
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Fig. 2. Voltage and current waveforms immediately after the start (a) and after 10 min (b)
with a 0.1 SLM flow of 1% C.F.
Fig. 3 shows the CoFs removal rates defined by Eq. (1) after 2 min of treatment at a gas flow rate of 0.1
SLM. The removal rate increased to 79.9% when the discharge current increased from 10 mA to 35 mA. Fig.
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4 shows the removal rate and removal efficiency as a function of the gas flow rate from 0.06 to 0.1 SLM within
2 min of treatment under a current of 35 mA. Specifically, at 0.071 SLM, the removal rate was 90.6%.
Additionally, no clear dependence of the removal rate on the gas flow rate was observed; however, the removal
efficiency increased with increasing flow rate, and at a lower gas flow rate, the amount of C,Fs seemed to be
insufficient with respect to the decomposing capacity of the plasma.
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Fig. 3. C,Fs removal rate versus discharge current Fig. 4. C,Fs removal rate on the left axis and
for 2-min treatment at a gas flow rate of 0.1 SLM. removal efficiency on the right axis as a function of
flow rate; current = 35 mA.

The FTIR spectra (Fig. 5) show the changes in the peak values for gas species before and after the 10 min,
35 mA plasma abatement of C,F¢. The negative values of CO, were caused by noise in the measurement box.
The main peak at 1250 cm ™' for C,Fs exceeded the measurement range; therefore, the second peak at 1115
cm ' for C,Fs was used for the evaluation. After the plasma abatement, the second peak corresponding to C,Fs
decreased from 2.1 to 0.30 [a.u.]. The removal rate of C,Fs was calculated to be 86% from the reduction in the
second peaks; this is approximately consistent with the values obtained by ion chromatography. The
byproducts, such as CF4, NO,, CO, CO,, H,0, and a small amount of HCN, were detected. The magnified
spectra of CO and CN are shown in the inset in Fig. 5. Less CF4 was generated than C,Fg; thus, the collection
efficiency of F with plasma generated in water bubbles appeared to be quite high because of the direct
interaction between plasma and water.

The HCN concentration measured using the gas detector tube was 28 ppm after 5 min of treatment under a

current of 35 mA. This value decreased to 8 ppm when the exhaust gas was bubbled into water at 5°C, in which
HCN dissolved.
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Fig. 5. FTIR spectra illustrating the detected gas species before abatement in black and
after abatement in red at a current of 35 mA for 10 min. The red circle shows the second
C,Fs peak before abatement.

3.2 Removal of CF,4
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Nitrogen and argon-based 1% CF4 gases were used for the abatement of CFs. Pictures of the plasma generated
in each gas bubble are shown in Fig. 6 (a): nitrogen and (b): argon. The experimental conditions were an
average current of 10 mA, a gas flow rate of 0.071 SLM, an exposure time of 1/20 s, and an iris of F7.5.

The optical emission spectra of the nitrogen-based (pink) and argon-based (black) 1% CF4 bubbles are
shown in Fig. 7, which clearly shows spectra corresponding to OH, CN, and C; in the argon-based plasma.

Fig. 6. Plasma pictures in nitrogen-based (a) and argon-based (b) 1% CF4 bubbles. The
average plasma current was 10 mA at a flow rate of 0.071 SLM.
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Fig. 7. Emission spectra of nitrogen-based (pink) and argon-based (black) 1% CF4 bubbles.
The average plasma current was 10 mA at a flow rate of 0.071 SLM.

1500F ™ Tyodoe T " 7 " 15 1800 T — T T T T 715
_ I Current ]
= _
%1000_ 10F 1000 110 £
_ 1 = % b=
5 i Current ) @ §, i ] €
) : E 5 o 5
> 500 15 3 > 500 45 &
N i I Voltage -
ol 1t v 1 o4 q ] F ) \ \ L
020 40 60 80 103 020208589703

Time [me] Time [ms]

Fig. 8. Voltage and current waveforms of nitrogen-based CF, plasma (a) and argon-based
1% CF,4 plasma (b) at a flow rate of 0.071 SLM.

The voltage and current waveforms of nitrogen-based 1% CF4 plasma are shown in Fig. 8 (a). The
fluctuating waveforms at 15 ms intervals were caused by the generation and collapse of bubbles in water, as
seen in the CoF¢ abatement. The sustaining voltage, which included the voltage drop with water, was
approximately 1.2 kV on average. Fig. 8 (b) shows the current and voltage waveforms of argon-based plasma.
The sustaining voltage was approximately 600 V, which was approximately half that the nitrogen-based plasma.
Possibly, there are two reasons why the sustaining voltage for the argon plasma was low: the low values of the
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cathode fall voltage and the electric field in the positive column of the argon plasma compared with the nitrogen
plasma [13, 14]. However, the characteristics of the plasma generated between the metal electrode and water
surface are still unclear and might be different from those observed when the plasma has no gas—water
boundaries [15].

The ion concentrations of F~, NO, ", and NOs~ were detected in water after a treatment with nitrogen-based
1% CF4 at 10 mA and 0.071 SLM. The amounts of ion species increased with time, as shown in Fig. 9. The
NO;™ concentration increased from 4.9 to 7.2 mg L™' with increasing flow rate (from 0.036 to 0.143 SLM)
after 2min treatment at 10 mA. However, the NO;~ concentration was 5.8 mg L', which was almost
independent of the flow rate. NO, was produced in the gas phase; therefore, its concentration increased with
increasing flow rate. NO; dissolved into the water and formed NO,"; thus, the concentration of NO,~ was
proportional to the flow rate. The formation process of NO3; might have been limited in water; thus, OH or
other oxidation substances may have limited the formation of NO3™. The conductivity of the solution increased
with increasing ion concentration. The initial conductivity (161 uS cm™') increased to 1.63 mS cm'after 60
min of treatment, and the pH changed from 7.5 to 2.4. further, the CF4 removal rate decreased slightly from
7.0% at 10 min to 5.9% at 60 min with the nitrogen-based 1% CF4 at 10 mA and 0.071 SLM. Therefore, it
appeared that conductivity, ion species, pH, and solution temperature affect the abatement processes.
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Fig. 9. Detected ion species in water after treatment Fig. 10. Comparison of CF,4 removal rate
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1 SLM.

Fig. 10 shows the removal rates of CF4 in argon and nitrogen as a function of the average power (the plasma
current was regulated at 5 and 10 mA). The gas flow rates of nitrogen plasma were 0.071 and 0.14 SLM and
those of argon plasma were 0.10 and 0.20 SLM. The removal rate was calculated after 5 min of treatment. A
higher removal rate was obtained at lower flow rates in both cases. However, comparing the removal rates at
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the same input power revealed that the removal rate obtained with argon was higher than that obtained with
nitrogen.

FTIR analysis of the exhaust gas detected CO and CO,. However, the NO, concentration was low owing to
its high solubility in water. Fluorine compounds other than CF4 were not detected. It appears that fluorine
substances other than CF4 were completely trapped through the plasma—water interaction. There are two
possible abatement processes of CF4: thermal dissociation or the impacts of electrons, ions, and metastable
atoms. The gas temperature and mean electron energy in both cases were studied to determine why the removal
rate was higher when using argon-based plasma.

Fig. 11 shows the calculated gas temperatures as a function of the average input power using the
spectroscopic method as described in section 2. The input power was varied by changing the current in the
range of 540 mA at a flowrate of 0.1 SLM. The gas temperature increased with increasing input power.
However, approximately the same gas temperature was obtained for each gas.

For the simulation of mean electron energy, the gas species used were nitrogen- and argon-based, with 1%
CF, and 3% H,O [16]. The simulation was conducted at a reduced electric field of 126 Td (1 Td = 1x107"
Vem?) and a gas temperature of 3000 K for nitrogen-based plasma. In the case of argon-based plasma, a
reduced electric field of 55 Td and a gas temperature of 2000 K were used. The electron energy distribution
function (EEDF) of nitrogen-based plasma had two peaks at 1.7 eV and 6.3 eV; its tail extended to 20 eV. This
distribution can be explained by the fact that the electrons with energies of several eV were consumed by the
vibrational excitation of nitrogen. The EEDF of the argon-based plasma had one peak at 7 eV and its tail
extended to 20 eV. As shown in Fig. 12, the mean electron energy of the argon-based plasma was
approximately 2 eV higher than that of the nitrogen-based plasma at the same input power. This may have
been caused by energy consumption in the vibrational excitation of the nitrogen molecule. A higher electron
energy could have been a key factor for the high removal rates for CF4 observed in the argon-based plasma
treatment.

Thermal decomposition is an established process in industrial applications. Therefore, determining how the
thermal equilibrium state varies with respect to temperature is important for understanding the abatement
process of CF4. The software MALT [17] was used to calculate the equilibrium composition for nitrogen- and
argon-based plasmas. The molar fractions are shown in the left-hand plot of Fig. 13 (a) and (b) for 1% CF4,
1% H»,0, and 98% N,. CFj4 started to decompose at 600 K and was completely decomposed at 2300 K. Nitrogen
atoms appeared at temperatures above 3500 K. As shown in Fig. 11, the gas temperature of the nitrogen-based
plasma exceeded 2000 K. Almost all CF4 should decompose at this temperature according to the thermal
equilibrium state. However, the removal rate in the experiment was below 5% (Fig. 10). This discrepancy
between the experimental data and the MALT calculations may have been cause by the non-equilibrium state
of the plasma and the quick recombination of dissociated species.
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Fig. 13. Molar fractions of compositional substances versus temperature for nitrogen-based
plasma (a) and argon-based plasma (b) obtained by MALT.
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In the case involving a lower H,O concentration, such as 1% CF4, 0.1% H,O, and 98.9% N, CF,
decomposed slightly at temperatures below 2000 K, but fully at 2700 K. Additionally, at temperatures above
2000 K, the byproducts, CF,, CF, and CN were generated; however, CO,, COF,, and CO, which were observed
as shown in Fig. 13 (a), were not generated. This difference was possibly caused by the dissociated O atoms
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from H,O. The decomposition temperature of CF4 was 2700 K, while that at 1% H»>O was 2300 K. Thus, the
H,O in bubbles not only capture the dissociated fluorine, but also accelerate CF4 decomposition.

Fig. 13 (b) was calculated under the conditions of 1% CF4, 1% H>O, and 98% Ar. The composition was
almost the same as for the nitrogen-based plasma. The reason for the absence of any dependence on the base
gas was probably because nitrogen molecules were not decomposed by heat until the temperature reached 3500
K. Thus, the thermal process of CF4 decomposition cannot adequately explain the high removal rate for the
argon-based plasma.

The high-energy electrons collided with nitrogen and H,O molecules and generated N and OH radicals, as
follows: N, +e - N-+N-+e and H,O+e —-OH+H-+e. However, the rate constants of the reactions of CF4

with O, H, N, and OH radicals are extremely small [18, 19]. Thus, the primary processes are thermal
decomposition and impact dissociation by electrons, ions, and metastable atoms. The gas temperature of the
argon-based plasma was 1500 K or higher, as shown in Fig. 11. Therefore, parts of the CF4 molecules can be
decomposed to form CO,, CO, and HF by the thermal process. In addition, the electron energy, which was
noted in the EEDF calculation, was high enough to decompose CF4 by the following impact processes:

CE,+e—>CE+F , CF, +¢e >CF, +F+e,CF,+¢e > CF, +2F+¢,CF, +¢ > CF+3F +¢

As a result, both the thermal and impact processes occurred during the decomposition of CF4 in the DC
plasma generated in the bubble. The argon-based plasma showed a higher removal rate, and higher electron
energy than the nitrogen-based plasma. Therefore, the higher mean electron energy and the metastable argon
atoms (Ar*) and ions (Ar’) may have accelerated the decomposition of CF4 by the argon-based plasma.

4. Conclusion

The abatement of PFCs was demonstrated using atmospheric-pressure DC plasma within gas bubbles in water.
Nitrogen-based 1% C,Fs gas was abated, and a removal rate of 90.6% was achieved under the conditions of
35mA and 0.071 SLM. FTIR analyses indicated the generation of byproducts such as CF4, CO, CO,, NO», and
HCN in the exhaust gas. The ratio of CF4 to CoFs was below 1%; thus, almost all CF4 was decomposed by the
plasma.

CF4, which was more persistent than C;Fg, was decomposed using nitrogen-based and argon-based 1% CF4
plasmas. The gas temperature and mean electron energy were estimated by optical analyses, and the thermal
equilibrium state was calculated for different temperatures. The gas temperature increased from 1500 K to
3500 K with increasing input power. The gas temperatures of both gases were approximately the same. The
EEDF of nitrogen-based plasma had two peaks at 1.7 eV and 6.3 eV whereas the argon-based plasma had one
peak at 7 eV. The mean electron energy of the argon-based plasma was approximately 2 eV, which was higher
than that of the nitrogen-based plasma at the same input power. In conclusion, both thermal and impact
collision processes occurred during the decomposition of CF4. However, the argon-based plasma had a higher
mean electron energy and contained metastable atoms and ions, which could explain its higher removal rate of
CFa.
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