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Decomposition and polymerization of perfluorinated compounds in
microwave-excited atmospheric pressure plasma
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Decompositions and polymerizations of perfluorinated compounds gases were demonstrated
employing atmospheric pressure plasmas with continuous-wave microwave excitations. The
atmospheric pressure plasma was generated at a low gas temperature of 520 K. Spherical-shaped
particles of approximately 50-120 nm in diameter were synthesized jjiHeFand GFg/He

plasma on Si substrate with dc voltage biasing, which was set in the plasma downstream region. The
gas temperature in plasma was important to generate particles because particles were not generated
at a high gas temperature of 850 K. The particles were determined to consist of carbon and fluorine
atom composition from an energy dispersive x-ray spectroscopy. Furthermore, the effest of H
addition on the CE/He plasma was investigated. The decomposition efficiency of W&s
increased with H addition and obtained over 80% without emissions of carbon dioxide.
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I. INTRODUCTION spheric pressure have attracted much attention because
plasma processings of materials at atmospheric pressure are
Perfluorinated compound$PFC3 gases have been able to be performed at the low temperature. To produce low
widely used in the etching processes of dielectric films, ingas temperature, several attempts have been proposed, such
the deposition processes of fluorocarbon films and in thes corona dischargésand dielectric barrier discharg®s.
cleaning processes of chemical vapor depositi@VD)  Kono et al. reported a low gas temperature and high-density
chambers and so on. It is well known that PFCs cause plasma at the atmospheric pressure using microwave-excited
serious environmental problem due to their high globaldischarge?_ In the report, a high-densityn,= ~ 10> cm3)
warming potentialfGWP) and long atmospheric lifetimes. nonequilibrium plasma was produced continuously by using
In particular, Cg with a lifetime exceeding 50 000 years is microgap electrodes. The plasma source enables them to
generated as a by-product after the etching and CVD proetch, deposit, and synthesize materials at low temperatures.
cessing employing PFCs gases. Therefore, it is an important  Recently, we have developed an environmentally benign
issue in the worldwide semiconductor industry to reduce theilicon oxide (SiO,) etching process using a solid material
emission of PFCs gases into the atmosphere. Decompositigistead of PFCs gas&S. A solid-state recovery process,
is a method of reducing the emission of PFCs. There exisiyhere the exhaust PFCs after the etching process are poly-
many methods. merized to synthesize particles and where particles are col-
Several methods for the decomposition of PFCs gaselgcted, enables us to develop the etching process without
have been proposed, employing plasma, thermal, and catases of PFCs gases and emissions of,.Clherefore, we
lytic techniques. In the plasma technique, the point-of-uséhave proposed a technique of PFC abatement which converts
plasma abatemertPPA) has been proposed as a reductionPFCs to particles employing the atmospheric pressure
method of PFCs emissions in the ultra large scale integratioplasma with microwave excitation.
(ULSI) manufacturing. Excellent PFC oxidation characteris- |t was necessary to abate PFCs ip Nixtures because
tics in PPA method were shown by using a microwaveN, was used as a purge gas for dry pumps. In this study,
plasma at pressures from hundred milliTorr to several Torr. however, the PFC abatement was performed using He/PFCs
Furthermore, a rf plasma system for the abatement65C mixture instead of W PFCs mixture, because it is necessary
was investigated by Sawin and Vitdleiala et al. showed o investigate the possibility that PFCs were converted to
that CF, can be generated at significant proportions in theparticles without C@ emission. Furthermore, by-products
abatement of a /O, mixture using an inductively included nitrogen atom could be also formed in/RFCs
coupled plasma(ICP) from a modeling study. In these  mixture. Therefore, the decomposition and polymerization of
plasma, PFCs are changed to GOEO, and CQ by oxida-  pFCs were investigated by using the rare gas. Recently, we
tion. The conversion from GRo CO, with greenhouse ef-  produced atmospheric pressure plasma with microwave ex-
fect is considered not to be a final solution for preventinggitations employing M, Ar, or He gas™
global warming. Therefore, it is necessary to decompose The PEC abatements in,Nnixture at atmospheric pres-
PFCs without the emission of GO sure with microwave plasma have been investigated by other
Low gas temperature plasmas sustained at the atmasgydies' ' They reported good decomposition efficiency of
PFCs by Q addition. In this study, we have demonstrated the
¥Electronic mail: hori@nuee.nagoya-u.ac.jp decomposition and polymerization of,kg and CF gases
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FIG. 1. Schematic diagram of the atmospheric pressure discharge system Figure 2 shows a typical example of a measured emis-
using microwave excitations. sion spectrum and a calculated emission spectrum of the N
second positive system. The emission intensity in He plasma
employing the atmospheric pressure plasma with the micraincluding 0.05% N gas were subtracted by one of pure He
wave excitation. The syntheses of fluorocarbon particleplasma. The gas temperature was evaluated to 520 K in the
from PFCs gases in atmospheric pressure plasmas have begandition of a microwave power of 400 W, a total pressure of
never reported. The high decomposition efficiency of, CF 10° Pa, and a gas flow rate of He=2000 SCCSCCM de-
gas over 80% was obtained without emissions of,CO notes cubic centimeter per minute at TP

Il. EXPERIMENT Ill. RESULTS AND DISCUSSIONS
. L A. Polymerization of fluorocarbon gases using the

Figure _1 shows a schemaqc dlagram of the qtmpsphengtmospheric pressure plasma at the low gas
pressure discharge system using microwave excitations. Mismperature
crowaves (2.45 GH2 are converted to a coaxial mode ) ) ]
through the rectangular-coaxial transfer, and then propagate Fluorocarbon particles were fabricated using atmo-
along a water-cooled coaxial line to a ring microgap elec-Spheric pressure plasmas Wlt_h microwave .ex0|tat|ons. Fl_gu're
trode with a gap distance of 0.1 mm. A plasma ridg@ mm 3 shows SEM images of particles synthesized after 2 min in
in diametey was generated between the microgap electrodes.
The gas mixturegHe, CFk, C4Fg, or H,) were introduced
into the electrodes from an upper side of the electrode, and
decomposed by the plasma generated between the electrodes.
Fluorocarbon particles were collected on the Si substrate,
which acted as an electrode supplied at 12-kV dc.

Fourier transform infraredFTIR) absorption spectros-
copy was performed for the analysis of exhaust gases. The
decomposition efficiency of GHn the atmospheric plasma
was derived from the IR peak ratio of ¢FL283 cm?) be-
fore and after the discharge. The morphology and chemical
structure of the synthesized fluorocarbon particles were
evaluated by a scanning electron microsc¢pEM) and an
energy dispersive x-ray spectroscof@DsS).

A small amount of N (0.05% was added to the atmo-
spheric pressure plasma employing He gas in order to evalu-
ate the gas temperature. The gas temperature was measured
by an optical emission spectroscopPES. The gas tem-
perature was determined by comparing results between an
experimental and a theoretical spectrum on() band of
the N, second positive systertC *[1,-B3Ily). The rota-
tional temperature of the Nmolecule was used to determine
the gas temperature. In this study, Honl-London factors were

used as the Intensity distribution and Hund's cégewas FIG. 3. SEM images of particles synthesized after 2 min in the condition of

a_ssumed. E_aCh romtiona_' line was represented by an expresmicrowave power of 400 W, a total pressure of Pa, and gas flow rates
sion of the instrumental line shaﬂ)%. of (a) CF,/He=2.5/497.5 SCCM an(h) C,Fg/He=2.5/497.5 SCCM.
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FIG. 4. EDS spectrum of the particles in FigaB

of HF as a function of the Kflow rate. The decomposition
efficiency of CR was calibrated from the peak ratios of
CF, (1283 cm?) with and without discharge, and the absor-
bance of HF was calibrated from the peak at 4039%cihs

the condition of a microwave power of 400 W, a total pres-
sure of 16 Pa, and gas flow rates ofa) CF,/He
=2.5/497.5 SCCM and(b) C,Fg/He=2.5/497.5 SCCM.

Tgirﬁ;bfga}fn WZ; dplt?i;esi dor;tthfz_dll\s/tagéze Tor]:el ncema?is:ecl)%e H, flow rate was increased, the decomposition efficiency
P glon, ' 9 yof CF, was increased from 12% to 85%, and saturated at the

charged part!gles |n.the plasma region were accelerate.d t?_—|2 flow rate of 2 SCCM. The behavior of decomposition
ward the positively biased electrode. As a result, the particles

o ; efficiency was similar to that of the HF absorbance. There-
were collected efficiently on the Si substrate. If some L . i
) - fore, these results indicated that the F abstraction reactions
charged plates are used as an electrostatic precipitator, the . .
. . . ' “with H atoms were contributed greatly to the decomposition.
particles could be collected more effectively. Spherical-

) i e The generation of HF can be explained by reactions of H
shaped patrticles of approximately 50-250 nm in diameter : - )
. . . . “atoms with CE(x=1-23) radicals and F atom, for example,
were synthesized, as shown in Fig. 3. The particles in

C,Fg/He plasma were larger than the particles in,CGfe CR+HO CF, + HF, (D
plasma.

Gas temperature is an important parameter in atmo- CF,+HU CF+HF, (2
spheric pressure plasma because particles are generated by
three-body reactions in gas phase. The gas temperature was CF+HO C+ HF, Q)
increased from 520 to 850 K without the water-cooled elec-
trodes. Particles were not fabricated at the high gas tempera- F+H+MO HF+M, (4)
ture of 850 K in both GFg/He plasma and CGffHe plasma.
Therefore, reduction of gas temperature is important to gen- F+H; O HF +H. (5)

erate particles in the atmospheric pressure plasma. Forms?,he rate constants for reactions in E4s)—3) are of the
tions of the particles were not also reported using the atmog qer of 1011 cm?/s. which are considerably Iaré@ The
iggg”ﬁ presshure plrzs'ma Sat the h'?]h.gas tempearature OVfdaction in Eq(4) is the third-body association, and HF can

in other studies. Some techniques to reduce gas . generated easily in the gas phase at the atmospheric pres-

temperatures in the atmospheric pressure plasma Weire as compared with the low pressure. H atom was gener-
reported:’ '

Figure 4 showed the EDS spectrum of the particles in

Fig. 3@). The particles were shown to consist of carbon and S 100 —10.06
fluorine atom composition. The peaks at 1.74 and 3.49 keV oy 0.05
: . . $ 80 )
came from Si substrate used in this study. g 9
= 0.04 <
y y i 60 3
B. Effects of H , additions on the decomposition of 2 0.03 &
CF, with gas flow 2 40 2
. iy £ 0.02 F
The effect of a H addition on the decomposition of ¢F 4 20 T
was investigated in GFHe/H, plasma. Figure 5 shows g 0.01
FTIR spectra of the exhaust gas with and without plasma in é 0 0.00
the condition of a microwave power of 600 W, a total pres- s
(&)

sure of 16 Pa, and gas flow rates of GHMHe/H,
=1/2000/6 SCCM. The peak of HF was observed with the
H, addition around 4000 cfh. Figure 6 shows the depen- g 6. The decomposition efficiency of ¢&nd the absorbance of HF as a
dence of decomposition efficiency of C&nd the absorbance function of the H flow rate.

H, flow rate (sccm)
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FIG. 7. The detailed FTIR spectrum around 2800-3200*dmFig. 5.

FIG. 9. Dependence of GFdecomposition efficiency on the microwave

. L power at a microwave power of 0-1000 W, a total pressure ®PH) and a
ated not only by electron dissociation, but also by H abstrac s fiow rate of He/CFH,=2000'1/0 or 6SCCM.

tion reaction between F atoms and iolecule, as shown in
Eq. (5), where the rate constant is 8.220°12 cm?/s® _
On the other hand, H atoms are less likely to react with@s a function of the hiflow rate. It was found that CHwas

feed molecular. increased monotonously with increasing ftbw rate from 0
CE,+HO d 6 to 6 SCCM. On the other hand, the decompositon efficiency
4t products. (6) of CF, was saturated at the ,Hlow rate of 2 SCCM, as

The rate constant is-1073% cm®/s, which is much smaller shown in Fig. 6. Therefore, it is necessary to add an optimum
than those for reactions in Eqd)—3) and(5). The abstrac- amount of B gas because the addition of excess amount of
tion reaction of H atoms with GRx=1-3 radicals and the H gas led to the generation of GH

reduction of F atoms seem to suppress the recombination of Figure 9 shows the dependence of ,Gfecomposition

CF, (x=1-3) radicals with F atoms. Furthermore, it was re- €fficiency on the microwave power. In the case withoyt H
ported that when K gas was added to the fluorocarbon addition, the decompositon efficiency of £#was increased
plasma, the generation of fluorocarbon radicals is mainlyvith microwave power, but the efficiency was below 20%.
dominated not by electron impact dissociation but by F abOn the other hand, in the case with, Faddition (H;
straction due to H atoms with increasing gas prestluiteis =6 SCCM), the decomposition efficiency was increased to
considered that the reduction of F atoms due toaddition ~ over 80% at microwave powers of more than 200 W. The H
led to a high decomposition efficiency in the atmosphericgas was useful for the suppression of recombination between
pressure plasma. Fluorocarbon radicals might be distin-
guished in the gas phase by the recombination as follows, for
example,

CF+CR O C,F;0 CF,. 7

Figure 7 shows the detailed FTIR spectrum around
2800-3200 critt in Fig. 5. The peak of Cldwas not ob-
served in Fig. 5 because the absorbance of G#&ls much
smaller than that of CFand HF. CH around 3018.4 citt
was observed in the GAHe/H, plasma. CH is known to be
a greenhouse effect gas as well as,Cand is regulated in
the COP3 Kyoto protcol. Figure 8 shows the £bsorbance
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[=]
124
< 0.0010
& 0.0005
0.0000 I~
. 1 o 1 . |
0 2 4 6 FIG. 10. SEM images of particles collected on the Si substrate at a micro-
H, flow rate (sccm wave power of 600 W, a total pressure of ¥, a discharge time of 20 min,
and a gas flow rate of(a He/CFK/H,=2000/1/2 SCCM and(b)
FIG. 8. CH, absorbance as a function of the How rate. He/CF,/H,=2000/1/6SCCM.
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F atom and CFEradicals, and the generation of carbon par-generate particles in atmospheric pressure plasma. Further-
ticles as by-products without the emission of £O more, the effect of H addition on the C/He plasma was

Figure 10 shows the SEM images of particles collectednvestigated. It was demonstrated that the low gas tempera-
on the Si substrate in the condition of a microwave power ofyre and the K addition without Q was useful to polymerize

600 W, a total pressure of 1®a, a discharge time of 20 min, and decompose PFCs in the atmospheric pressure plasma.
and gas flow rates df) CF,/He/H,=1/2000/2 SCCM and

(b) CF4;/He/H,=1/2000/6 SCCM. In the case of ,H v Mohindra, H. Chae, H. H. Sawin, and M. T. Mocella, IEEE Trans.
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FheS'zed W'thom 'il addition. It was reported that polymer- “A. Fiala, M. Kiehlbauch, S. Mahnovski, and D. B. Graves, J. Appl. Phys.
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dilution in atmospheric pressure GHH,/He discharge from  °M. Goldman and R. S. Sigmond, IEEE Trans. Electr. Insif, 90 (1982.
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merization reaction and the chemical bond. In conventional Phys., Part 240, L238 (2001

PFCs abatement, PFCs could be converted to CQ, @& 8. Fujita, M. Ito, M. Hori, and T. Goto, J. Vac. Sci. Technol. &7, 3260
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