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To aid the many and diverse applications for which perfluoropropane (C;Fg) is suited,
we critically evaluate and synthesize existing knowledge on electron scattering and elec-
tron energy-loss processes for the C;Fg molecule, and provide recommendations for the
most reliable data. We also draw attention to electron-interaction data that are not pres-
ently available, but are needed for modeling the behavior of C;Fg in practical uses,
especially plasma processing. © 1998 American Institute of Physics and American

Chemical Society. [S0047-2689(98)00205-0]
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1. Introduction

Perfluoropropane (C;Fg) is a plasma processing gas."(’ It
is a replacement for chlorofluorocarbons because it is not
harmful to stratospheric ozone. However, like other similar
compounds (e.g., CF,, and C,F) it is a global warming gas.
Its global warming potential over a 100-year period is 7000
compared to that of CO, taken equal to one and its lifetime
in the stratosphere is 2600 years.” By comparison, the re-
spective global warming potentials of CF, and C,Fg are 6500
and 9200, and the respective lifetimes 50 000 and 10 000
years'° (see Roehl er al.'” for infrared band intensities of
C;Fg and other perfluorinated compounds in relation to their
global warming potentials). Besides plasma processing, per-
fluoropropane is suitable for other applications. It has good
thermal and chemical stability, low toxicity, relatively high
vapor pressure, and is transparent to light from the infrared
region down to about 1300 A. The magnitude and energy (or
E/N, density-reduced electric field) dependence of its elec-
tron attachment rate constant and electron drift velocity
make it suitable for possible use in externally sustained dif-
fuse discharge switches,!!™'® especially as the electronega-
tive component in mixtures with buffer gases such as Ar and
CHJ,.]-‘r Because of its high dielectric strength, it may find
uses as a high voltage insulating gas.'8~2°
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TasLE 1. Definition of symbols

Symbol Definition Common scale and units
Tn(N) Photoabsorption cross section 1072 m?

Tl €) Total electron scattering cross section 107 "% em? 107 m?
onl(g) Momentum transfer cross section (elastic) 107 e¢m?; 1072 m®

o girr( £) Differential elastic electron scattering cross section 107" cm?sr™!; 10720 m? sr”!
Toinl ) Integral elastic electron scattering cross section 10718 cm?; 107 m?

T i i £) Differential vibrational excitation cross section 107 % em? s 10720 m? sr7!
Tribinel (&) Total vibrational inelastic electron scattering cross section 1078 cm?; 1072 m?

T pan( £) Partial ionization cross section 107" em?; 1072 m?

o (g) Total ionization cross section 107 % em?; 107 m?

O giss (&) Total dissociation cross section 107'% cm? 1072 m?

o le) Total electron attachment cross section 1077 cm?;, 1072 m?

Tyl &) Total dissociative attachment cross section 1077 em?; 1077 m?

alN Density-reduced ionization coefficient 1072 m?

(a—n)/N Effective ionization coetficient 1072 m?

(EIN)ji Limiting value of E/N 1072 v m?

7N Density-reduced electron attachment coefficient 1072 m?

Ky Total electron attachment rate constant 1079 em?s7!

(ke Thermal total electron attachment rate constant 10713 em®s™!

wo Electron drift velocity 10° cms™!

Dylp Transverse electron diffusion coefficient to electron mobility ratio v

W Average energy to produce an electron—ion pair eV

To aid the many and diverse applications for which C;Fg
is suited, in this paper we review and critically evaluate ex-
isting knowledge on electron scattering and electron energy-
loss processes for this molecule and draw attention to data
that are not presently available, but are needed for modeling
the behavior of C;F; in practical uses, especially plasma pro-
cessing.

As in the previous review papers in this series,m 24 3 num-
ber of collision cross sections, coefficients, and rate constants
are used in this work to quantify various processes which
result from the collisions of low-energy electrons with the
C;Fg molecule. These are defined in Table 1 along with the
corresponding symbols and units.

When possible, ‘‘recommended’’ cross sections and trans-
port coefficients are given using the same criteria and proce-
dure discussed in Christophorou er al.*! As in the previous
four papers of this series,”'* the recommended values are
derived from fits to the most reliable data that are available at
the time of preparation of the article and are not necessarily
““final.”” The reliability of each set of data is determined by
the following criteria: (i) data are published in peer reviewed
literature; (ii) no evidence of unaddressed errors; (iii) data
are absolute determinations; (iv) multiple data sets are con-
sistent with one another over ranges of overlap within com-
bined stated uncertainties; and (v) in regions where both ex-
perimentally and theoretically derived data exist, the
experimental data are preferred. In instances where only a
single set of reliable data for a given cross section or coeffi-
cient satisfies the above-mentioned criteria, that set is desig-

nated as recommended and is tabulated as originally pub-

lished. In cases where two or more data sets satisfy the
selection criteria, each selected data set is analyzed by a
weighted-least-squares (WLS) fit, with the resulting data
having an equal spacing of points. This is done in order to

ensure that each selected data set is equally weighted in the
final fit regardless of the number of points in the original
data. The recommended data set is then derived by a com-
bined WLS fit to all of the data, and is presented in tabular
and graphical format. When the above criteria are not satis-
fied, we either make no recommendation or ‘“‘suggest’” cer-
tain data in the absence of recommended values.

The cross sections and rate coefficients that are discussed
in this paper are based on independently evaluated data.
They are not model dependent. They are useful as known
inputs to modeling codes, but they do not necessarily consti-
tute a ‘‘complete set’” for such computations.

2. Electronic and Molecular Structure

The C;Fg molecule is nonpolar. Beran and Kevan® re-
ported the values of 73.6X 1072, 94.0X10™% and 64.7
X 1072 cm?® for the static polarizability of Cs;Fg depending
on the method of calculation they used. The absence of
electron—electric dipole scattering has a rather profound ef-
fect on the electron scattering cross section at low energies
(<1eV) in comparison to polar gases, as can be seen from
the data on the total electron scattering cross section pre-
sented later in the paper.

A rather limited number of photoelectron and photoab-
sorption studies have been made for this molecule. In a mass
spectrometric study of the photoionization of CsFg,
Noutary?® found no parent positive Cg,F; ions. He deter-
mined photoionization thresholds for the production of
C,F!, C,FT, and CF; which are listed in Table 2. Robin”’
reported an overall value of the photoionization onset equal
to 13.70 eV based on photoelectron spectra. From studies on
the photoelectron spectra of the perfluoroalkane molecules,

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998



892 L. G. CHRISTOPHOROU AND J. K. OLTHOFF

TaBLE 2. Ionization threshold energies for C;Fg

Ionization

threshold (eV) Ion Method Ref.
13.38 Photoelectron spectroscopy 29
13.70 27
15.44£0.02 C;F* Photoionization 26
13.32£0.02 CF: Photoionization 26
13.22+0.02 CFy Photoionization 26
13.3%=0.1 Electron impact 33
23.5 F* Electron impact 49
21.0 CF* 3
26.6 CF; 35
134%0.1° CF; Electron impact 79
14.65° 49
14.4° 30
14.70° 77
15.2¢ 35
13.5+0.1° C,Fy Electron impact 79
14.4° 35
13.920.1° C,F; Electron impact 79
15.25¢ 49
15.3° 30
15.3¢ 35
15.7+0.1° C,F; Electron impact 79
16.5° 49
17.0¢ 77
174" 30
15.5 35

“Reaction identified as C;Fg+hv—C3F; +F+e.

*Use was made of the retarding potential difference (RPD) method to im-
prove the electron beam energy resolution.

“No RPD was used; inferior electron beam energy resolution.

“Possibly high due to poor electron beam energy resolution.

he concluded that the uppermost molecular orbitals (MOs) in
these systems are C—C 0—MOs and that for C;Fg the transi-
tions from these MOs to 3s orbitals (B bands) can be seen as
weak excitations at 9.51 eV. The absorption spectrum of the
C;Fg molecule has been measured by Bélanger et al.®® in the
gas phase for pressures varying from 13.3 to 66.7 Pa. This is
reproduced in Fig. 1. It is structureless and peaks at 1190 A

OapsM) (1022 m?)

0 i L i il L L L 1 i i n 1
115 120 125 130 135

A (nm)

Fic. 1. Photoabsorption spectrum of C;Fg (from Belanger er al., Ref, 38).
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(10.42 eV). The value of the absorption cross section at this
wavelength is ~6.6X 107 m?.

Absolute oscillator strength spectra for CsFg in the C 1s
(280-340 eV) and F 15 (680-740 eV) regions have been
determined by Ishii et al*' from inner-shell electron energy-
loss spectra using 2.5 keV energy electrons and scattering
angles less than 2°. These investigators also measured the
electron transmission spectrum of C;Fg and found negative
ion resonances at 3.34 and 6.00 eV. They attributed these to
o* molecular orbitals, since the molecule is saturated and
the resonances are located well below the region in which the
lowest Feshbach resonances are expected. The values they
measured are in reasonable agreement with those determined
from electron attachment, electron scattering, and vibrational
excitation cross section experiments (Table 3; also, Sec. 6
later in the paper). The energy positions of the negative ion
resonances as determined from electron scattering experi-
ments should lie at somewhat higher energy than the energy
positions determined from dissociative electron attachment
studies due to the effects of autodetachment on the competi-
tion between dissociation and autodetachment. From the data
in Table 3, it can be concluded that there are at least three
negative ion states for the C;Fg molecule at about 3.5, 6.4,
and 9.0 eV (these values are the averages of the electron
scattering and electron transmission data in Table 3). Their
effects are prominently shown in the cross sections for elec-
tron scattering from the C;Fg molecule at energies below
about 10 eV (Sec. 3).

Perfluoropropane is an electron attaching gas. It forms dis-
sociative attachment fragment anions via a number of reso-
nances lying mostly in the energy range 2-7 eV, and, in
addition, it forms parent negative ions via a low lying nega-
tive ion state which is attractive and which although short-
lived (lifetime <10~ '" s) can be stabilized via collisions in
high-pressure e:xperimems.‘1’2 The most abundant dissociative
attachment fragment negative ion is F~. Interesting tempera-
ture dependencies have been observed®>*> which show that
the production of parent anions decreases®” and the produc-
tion of fragment anions increases’> with increasing gas
temperature.

There is evidence for direct vibrational excitation at low
energies (<1eV) and strong indirect vibrational excitation
via resonances in the energy range of about 2—10 eV. Similar
to the case of CF, and C,Fg, excitation of C;Fg to any elec-
tronic or ionic state results in fragmentation,34 and conse-
quently, the measured dissociation cross section for C;Fyg is
the sum of the cross sections for all these processes. The

most abundant fragment positive ion is CF5 e

3. Electron Scattering

In this section information is presented and discussed on
the following cross sections: total electron scattering cross
section o (&), momentum transfer cross section (elastic)
om(€), differential elastic electron scattering cross section
O.gii( €), integral elastic electron scattering cross section
o.im(€), differential vibrational excitation cross section
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TaBLE 3. Energies of negative ion states of C3Fy

Energy position (eV) Type of study Reference
39 Total electron scattering 36
6.6
9.0

~3 Maximum in calculated o (&) 40
32 Peaks in the differential 7
6.5 vibrational electron scattering
9.0 cross section

22

~4.5 Broad peak in the calculated 40°

vibrational inelastic scattering
cross section
334 Electron transmission 31°
6.00
1.4 SF; scavenger technique® 41
~2.0
~4.0
2.8 Maximum in total dissociative 33
electron attachment cross
section

33 Maximum in total dissociative 7
electron attachment cross
section

295 Position of dissociative 32
attachment maximum®

3.1520.1 (for F7) Dissociative attachment 78
3.65x0.1 (for CF;)
2.9=0.1 (for F) Dissociative attachment 71

3.2+0.1 (for C,F;)
3.3%0.1 (for C,F;)
3.4+0.1 (for CF;)
3.75%0.1 (for C5F;)

*Attributed by the authors to shape resonances.

"The peak in the calculated vibrational inelastic electron scattering cross section at ~0.7 eV could be attributed

to direct vibrational excitation.

“This is, in essence, a threshold electron excitation technique (see Ref. 42). The peaks at 1.4 and at 2.0 eV are
in conflict with the rest of the data listed in the table and may reflect the fact that some of the scattered
electrons which were picked up by SF; to form the SF, detected might have been due to direct electron
scattering via vibrational excitation rather than scattering from resonances.

The figure given in the table is for 300 K. The position of the resonance decreases with increasing temperature

(see Ref. 32 and Sec. 6.6).

Oyipair €), and vibrational inelastic electron scattering cross
section o ipine(€). The data for all these cross sections are
meager, mostly single-set measurements or calculations. The
calculated data are especially uncertain. For o (&) the
cross section data of Sanabia er al.*® are recommended. The
cross section data of Shinohara eral’’*® for o, (¢),
Oeqi{€), and o, (&) are suggested.

A recent set of cross sections obtained by Jeon and
Nakamura® based upon multi-term Boltzmann code calcula-
tions compared with measurements they made of the electron
swarm drift velocities and the product of gas number density
and longitudinal electron diffusion coefficient in C;Fg—Ar
mixtures are preliminary and are not presented in this paper.

3.1. Total Electron Scattering Cross Section,

ﬂ'sc,t( £)

In Fig. 2 are shown the total electron scattering cross sec-
tion measurements of Sanabia ef al.*® To our knowledge this

40r 1
. /\/\/
& / ~
g 30r / ]
b2 o}
I [ ]
5 201 7
08 I
10- L Lol i ] L L il ]
0.01 0.1 1 10

Electron Energy (eV)

FiG. 2. Total electron scattering cross section, o (&), for C;F; (measure-
ments of Sanabia er al., Ref. 36).

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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set of measurements is the only one available to date. No
calculated values of this quantity have been reported. The
cross section has a shoulder at about 0.8 eV, and three
maxima at about 3.9, 6.6, and 9.0 eV. These maxima are due
to indirect electron scattering via the negative ion states of
C5F; at these energies, as has also been indicated by other
studies (Table 3). The o (¢) in Fig. 2 declines for energies
below about 0.8 ¢V as the electron energy approaches zero
due probably to the presence of a Ramsauer—Townsend
minimum at these low energies. The calculations of Pirgov
and Stefanov* indicate such a minimum in the momentum
transfer cross section o,(e) at about 0.07 eV (Sec. 3.2.).
The existence of a Ramsauer—Townsend minimum would be
consistent with the behavior of o (&) for CF, and C,Fg and
would imply that o (g) for CsFg should increase as the
electron energy approaches 0 eV.

The region between 0.2 and 2 eV shows an enhancement
in the scattering cross section which may be due to direct
vibrational excitation. This would be consistent with the
peak around 0.7 eV in the vibrational inelastic electron scat-
tering cross section calculated by Pirgov and Stefanov*’
(Sec. 3.6.). It would also be consistent with the broad fea-
tures of the threshold-electron excitation spectrum of C;Fg
reported by Lifshitz and Grajower.‘“ In this threshold elec-
tron excitation technique,*? SF; is mixed with C;Fg and the
SF¢ current is monitored as a function of the electron en-
ergy. The SF, ions are presumed to be formed by capture of
thermal (or near thermal energy) electrons generated in col-
lisions of fast electrons with C;Fg which have lost *‘all’” of
their energy to excitation of the molecule. The yield of SFq
versus electron energy then should exhibit maxima at ener-
gies corresponding to the positions of the negative ion states
of C5F;g, since electrons having kinetic energies equal to the
resonance energies can lose all of their energy in a single
collision and be slowed down to *‘zero’’ energy where they
are captured efficiently by SFg forming SF; . The SFg
threshold electron excitation spectrum reported by Lifshitz
and Grajower*! showed a “‘narrow resonance’” at 1.4 eV and
a broad peak with maximum intensity at ~2 eV (it also in-
dicated a weak enhancement at ~4 eV). It would seem that
since no other technique showed a resonance at 1.4 eV, the
observation of Lifshitz and Grajower may reflect the fact that
some of the scattered electrons which were picked up by SFgq
might have been due to direct electron scattering due to vi-
brational excitation rather than indirect scattering from reso-
nances. This would be consistent with the results of Sanabia
et al.*® which indicate direct vibrational excitation below 2
eV, and with the low-lying maximum in the calculated*’
Oyib.inei(€) (Sec. 3.6.). This, in turn, may indicate that experi-
ments which rely on threshold-electron detection for the lo-
cation of negative ion states of molecules may be in error
when the negative ion states are located in an energy range
where thermal electrons are also produced efficiently by in-
elastic scattering via nonresonant processes.

The cross sections of Sanabia et al.*® are listed in Table 4
as our recommended data for the total scattering cross sec-
tion of C3Fg.

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

TaBLE 4. Recommended total electron scattering cross section, o, (&), for
CyFg *

Energy T (€) Energy o (&)
(eV) (107 m?) (eV) (107 m?)
0.025 943 0.90 22.3
0.030 9.98 1.0 224
0.035 10.4 1.5 23.1
0.040 10.9 2.0 24.5
0.050 11.6 2.5 276
0.060 12.2 3.0 31.7
0.070 12.8 3.5 34.8
0.080 13.3 4.0 354
0.090 13.7 5.0 34.0
0.10 14.2 6.0 36.0
0.15 16.1 7.0 3740
0.20 17.6 8.0 379
0.25 18.7 9.0 38.7
0.30 19.5 10.0 37.8
0.35 20.1 12.5 333
0.40 20.5 15.0 33.0
0.50 21.2 20.0 359
0.60 21.6 250 375
0.70 219 30.0 38.2
0.80 22.1 320 385

"Measurements of Sanabia et al., Ref. 36.

3.2. Momentum Transfer Cross Section
(Elastic), o (€)

There has been one unpublished, experimental determina-
tion of the momentum transfer cross section, o (e), for
C;F; based on differential elastic electron scattering cross
section measurements for this molecule.”’*** Shinohara
et al.’’ determined their momentum transfer cross sections
from the differential elastic electron scattering cross sections
they measured (see Fig. 4 in Sec. 3.3.) after extrapolation to
the full angle range by modified phase-shift fitting. Their
data (provided by Professor Tanaka®) are plotted in Fig. 3.

This experimentally based cross section is compared with
the momentum transfer cross section for the C;Fg molecule
calculated by Pirgov and Stefanov.’® The calculations are
Boltzmann type and are based on measured values of the
electron drift velocity, w, and transverse electron diffusion
coefficient to mobility ratio Dy/u as a function of E/N in
pure C;Fg and in mixtures of C;Fg with argon. Pirgov and
Stefanov used the w and Dy/p of Naidu and Prasad® for
pure C;F; in the range 270X 107?'-600x 107! V m’, and
the data of Hunter et al.'® for pure CsFg in the range 0.1
X 107212200 1072 V m% They also used the w data of
Hunter et al.'® for mixtures of C;Fgy with Ar or CH, and
dissociative electron attachment cross section of C;F;. For
the elastic momentum transfer cross section of argon they
used the data of Miloy er al.*® and Spencer and Phelps."’
Besides the distinct minimum in the momentum transfer
cross section at about 0.07 eV, the o,(&) values of Pirgov
and Stefanov show a maximum at about 3 eV due to negative
ion resonances. The position of the maximum at 3 eV com-
pares well with other data on electron scattering and electron
attachment (see Table 3).
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FiG. 3. Momentum transfer cross section (elastic), o (), for CsFg: () Refs. 37 and 38; (O) Ref. 48; (---) Ref. 40. The solid line (—) is the total electron
scattering cross section, o, (), from Fig. 2, plotted here for comparison purposes.

There has also been an independent model calculation of
o () within the Born approximation by Riley er al.*® The
results of this calculation cover the energy range from 1 to 8
keV. As seen from Fig. 3, these calculated high-energy val-
ues of o (&) are consistent with the measurements of Shi-
nohara et al.’’ and help establish the high energy asymptotic
values of o,.

The total electron scattering cross section o (&) of Sana-
bia et al.*® is also shown in Fig. 3 for comparison purposes.
The difference between o (&) and o,,(&) below 3 eV may
reflect the effect of the vibrational excitation cross section.
We list in Table 5 the data of Shinohara er al.’’ from Fig. 3
as our suggested values for the o, (&) of CsFs.

3.3. Differential Elastic Electron Scattering Cross
Section, o, gix(€)

Figure 4 shows the differential elastic electron scattering

TABLE 5. Momentum transfer (elastic) cross section, o, (&), for C;F; *

Energy an(e) Energy au(e)
(eV) (107 m?) (eV) (1072 m?)
1.5 18.2 10.0 41.0
2.0 17.5 12.0 383
3.0 21.9 15.0 35.8
4.0 26.7 20.0 31.8
5.0 33.0 25.0 27.0
6.5 352 30.0 23.6
8.0 38.7 60.0 16.7
9.0 41.3 100.0 10.5

“Data of Shinohara er al., Refs. 37 and 38.

cross section, o g e), of the C3Fg molecule as measured
by Shinohara et al.>"*® for incident electron energies ranging
from 2 to 100 eV and for scattering angles between 30° and
130°. They determined the absolute values of the elastic dif-
ferential electron scattering cross sections by reference ta
those of helium. Figure 4 also shows similar unpublished
data of Merz and Linder.*® These were made at lower values
of the incident electron energy (0.4-8.2 eV). A final analysis
of these data to calculate values of o,(g) and o, (&), as in
the cases of CF,; and C,Fg, has not yet been completed by
Merz and Linder.* However, the overall agreement between
these two measurements of o gefe) is reasonable for the
overlapping energies.

3.4. Integral Elastic Electron Scattering Cross
Section, o n(€)

Shinohara et al.’™* extrapolated the differential elastic

electron scattering cross sections they measured in the scat-
tering angle range 20° and 130° to 0° and 180°. By modi-
fied phase-shift fitting and by proper integration they deter-
mined the integral elastic electron scattering cross sections
plotted in Fig. 5. These data for o ;,(&) are listed in Table 6
as our suggested values. :

In Fig. 5 are also shown the high energy (1-8 keV) cal-
culated values of o, ;,(&). These are independent model cal-
culation results*® within the Born approximation. They pro-
vide high-energy asymptotic limit values for o ;,(&).

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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3.5. Differential Vibrational Excitation Cross
' Section, o gifr( £)

Figure 6 shows the energy dependence of the differential
vibrational excitation cross section, o, g &) for the unre-
solved composite modes at 0.160 eV for a 60° scattering
angle as measured by Shinohara er al.*”*® The cross section
shows peaks at 3.2, 6.5, 9.0, and 22 eV, which the authors
attributed to shape resonances. The positions of the first three
resonances agree well with those determined by other meth-
ods (Table 3).

3.6. Total Vibrational Inelastic Electron Scattering
Cross Section, o inei1( £)

No experimental data are available. A Boltzmann code
calculation™ of the total inelastic vibrational excitation cross
section as a function of electron energy is shown in Fig. 7.
As with all Boltzmann-derived cross section sets, these data
are model dependent and must be considered with caution
for use individually. Nonetheless, they show the large vibra-
tional excitation peak at about 4 eV due to indirect scattering

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

and a peak at about 0.7 eV. The former feature is consistent
with the data in Fig. 5 and the shift to higher energy of the
inelastic cross section compared to the peak in the momen-
tum transfer cross section. As noted in Sec. 3.1. the latter
feature (the peak at 0.7 eV) might be due to direct vibrational
excitation since no resonance states have been predicted or
observed in this low-energy range. It could explain certain
features in the threshold electron excitation spectrum of C;Fg
observed earlier (Sec. 3.1.).

4. Electron-Impact lonization
4.1. Partial lonization Cross Sections, o pan(€)

Poll and Meichsner’® measured the partial ionization cross
sections for CF*, CF; , CFy, C,F; , C,Fs, and CyF; pro-
duced by electron impact on C3F; by electrons having kinetic
energies in the range of 12.8 to about 130 eV. The CF; ion
has the largest cross section of all six fragment positive ions.
We digitized the data of Poll and Meichsner from the graphs
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cross section, o (€), from Fig. 2, plotted here for comparison purposes.

presented in their paper™ in order to obtain the values listed
in Table 7 as our presently suggested values. They are plot-
ted in Fig. 8.

The only other measurement of the partial ionization cross
sections for C;Fg is that of Bibby and Carter® for only one
value of the incident electron energy, 35 eV. At this energy,
Bibby and Carter measured the cross section for the produc-
tion of CF; , C,Fs , and C5F; , to be, respectively, equal to
1.26x 107, 0.125X 107, and 0.16X 10~*° m*. These val-
ues are, respectively, a factor of 0.35, 0.41, and 0.25 lower
than those of Poll and Meichsner.*

4.2. Total lonization Cross Section, o;4(¢)

There have been five measurements of the total ionization
cross section o (&) of the C3Fg molecule, all of which are
shown in Fig. 9. The first was made by Beran and Kevan™

TaBLE 6. Integral elastic electron scattering cross section, o;,(e), for
CiFg ©

Energy Ue.int( £) Energy ae.im( €)
(eV) (1072 m?) (eV) (1072 m?)
15 19.6 9.0 45.0
2.0 20.7 10.0 44.4
3.0 27.4 12.0 42.4
4.0 35.4 15.0 39.1
5.0 375 20.0 37.6
6.5 429 30.0 323
7.0 44.4 60.0 18.7
8.0 44.6 100.0 12.9

“Data of Shinohara er al., Refs. 37 and 38.

for only three values of incident electron energy. These re-
sults are shown in Fig. 9 by the X's. As we have noted in our
earlier papers in this series, the data of Beran and Kevan
for a number of small species are generally higher than those
of Rapp and Englander-Golden> which are generally ac-
cepted to be more accurate. The second set of values are
those obtained by summation of the partial ionization cross
sections measured by Poll and Meichsner>’ (Table 7). These
are shown in Fig. 9 by the dashed line. The third measure-
ment was made by Chantry and Chen in the energy range
of 13.5 and 80 eV. These workers calibrated their cross sec-
tion measurements using Xe as the calibrant gas and the total

020 T e |
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P 0157
E
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©
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Fig. 6. Differential vibrational excitation cross section, o gi(e), from

Ref. 37 for the unresolved composite vibrational modes of C;Fy at 160 meV
at 60° scattering angle.
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Motlagh and Moore (Ref. 55) on the production of neutral CF;+C,F; radi-
cals by electron impact on C;Fy ((J).

Recently, Motlagh and Moore™ measured the cross sec-

tion for the production of CF; plus C,F; radicals by electron
impact on C;Fgz. Their method detects these radicals mass
spectrometrically as organotellurides generated upon colli-
sion with the surface of a telluride mirror. Their results,
which reflect the production of these radicals by both disso-
ciative ionization and by dissociation into neutrals, are also
shown in Fig. 10.

The state of excitation of the dissociation fragments is also
of considerable interest because it affects the rates of the
subsequent reactions of these products and because it pro-
duces light which may induce other processes or may be
used for diagnostic purposes. Emission bands of CF; radicals
produced by pulsed electron beam (initial energy 0.6 MeV)
excitation have been studied by H'.=:rmann,56 and the forma-
tion of excited fragments in collisions of C;Fg with electrons
having initial energies in the range 0.4—6 keV has been stud-
ied by Danilevskii et al.>’ Optical emission spectra of pure
C;3Fg and of C3Fg—0; plasmas have been studied by Chen
and Lee.’® The fluorine emission lines were observed and
also emissions from CF, radicals. For C;Fg—0O, plasmas, the
relative emission intensity of the fluorine atom and the CF,
and CF; radicals depended on the percentage of O, in the
mixture (see Ref. 58).

TABLE 9. Total dissociation cross section, g, (), for C5F; *

Energy (eV) Tissi(€) (10720 m?)

22 4.39

72 11.0
100 11.6
125 11.8
200 11.1
300 10.0

"Data of Winters and Inokuti, Ref. 34.
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FiG. 11. Density-reduced electron impact ionization coefficient, a/N, for
C;Fy: (O) Ref. 59; (A) Ref. 45; (@) Ref. 60; (—) Recommended value.

4.4. lonization Coefficients

4.4.1. Density-Reduced lonization Coefficient, a/N
There have been three measurements*>*% of the density-
reduced ionization coefficient, a/N, as a function of E/N for
C,F;. These are compared in Fig. 11. Moruzzi and Craggs®
made measurements at 7=273 K and in the E/N range of
273X 1072'-910X 107" Vm?. Their data have an esti-
mated uncertainty of +20%.°" They show some dependence
on gas pressure (not evident in Fig. 11) which is not exhib-
ited by the other two sets of measurements. Naidu and
Prasad®® made their measurements at 7=293 K, gas pres-
sures in the range of 0.08—0.27 kPa, and E/N values ranging
from 273X 107?! to 637X 102! Vm® Their a/N values
were found to be pressure independent. They reported an

‘overall uncertainty in their measurements of *10% at E/N

values less than (E/N)y;, (see Table 11) and about +20% at
the highest E/N values at which they made measurements.
Hunter et al.*° measured a/N at 298 K in the E/N range 5
X 1072'-400% 1072! V m? using a pulsed Townsend tech-
nique. The reported uncertainty in their measurements is less
than +10% except when one of the coefficients (electron
attachment or ionization) is much smaller than the other. The
values of a/N were found to be independent of pressure in
the pressure range 0.05 and 20 kPa they investigated. The
overall agreement between the three sets of measurements is
within the combined uncertainties, although the data of
Moruzzi and Craggs are consistently higher than the other
two sets of measurements. In view of the higher uncertainty
of the earlier measurements, we performed a least squares fit
to only the data of Naidu and Prasad®’ and Hunter et al.,*
which is represented in Fig. 11 by the solid line. Values
taken off this curve are listed in Table 10 as our recom-
mended set of data for the electron-impact ionization coeffi-
cient, a/N, of C;F;.
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TaBLE 10. Recommended density-reduced ionization coefficients, /N, for
C;Fy

‘EIN alN EIN alN

(107 Vv m?) (1072 m?) (107" v im?) (1072 m?)
140 0.12 400 27.8
160 0.99 420 30.7
180 2.02 440 339
200 3.34 460 37.7
220 5.02 480 41.7
240 6.88 500 454
260 8.84 520 49.0
280 11.1 540 52.9
300 13.4 560 57.3
320 16.2 580 62.0
340 18.9 600 66.6
360 22.1 620 71.3
380 24.9

4.4.2. Effective lonization Coefficient (a— n)/N

Hunter e al.*’ used their data on electron attachment and
ionization coefficients to obtain the effective ionization co-
efficient, a/N=(a— 7)/N, over an E/N range above and
below the breakdown limit, (E/N)y, (inset of Fig. 12). Al-
though the electron impact ionization coefficient is indepen-
dent of gas pressure (Sec. 4.4.1.), the electron attachment
coefficient increases with increasing pressure over the pres-

901

sure range investigated by Hunter e al.® and thus the effec-
tive ionization coefficient should decrease with increasing
gas pressure, as is indeed shown by the measurements of
Hunter ef al. (Fig. 12) and the earlier measurements of
Moruzzi and Craggs.sg One therefore needs to exercise cau-
tion when comparisons are made of data from various
sources which might have been taken at different pressures.
It should also be noted that since the attachment coefficient
for CsFg is also a function of temperature (Sec. 6.6.), one
needs to specify the temperature of the system. The measure-
ments of Hunter et al. were made at 298 K and those of
Naidu and Prasad and Moruzzi and Craggs at 293 K. For
comparison, we have plotted in Fig. 12 the (a— %)/N mea-
surements of Moruzzi and Craggs® and Naidu and Prasad®’
made at pressures less than 0.133 kPa. There is good agree-
ment between the measurements of Hunter ez al.®’ and Naidu
and Prasad,® but the measurements of Moruzzi and Craggs59
are higher. The data of Hunter ef al. and Naidu and Prasad
are preferred.

4.4.3. (E/N)jim

The limiting E/N value of an electronegative gas,
(E/N)jym ., is defined as the E/N at which (a¢— 7)/N=0. In
the absence of significant secondary electron loss or gain
processes, (E/N)y, can also be equated with the uniform
field high voltage breakdown strength of the gas. As dis-
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FiG. 12. Effective ionization coefficient, a/N=(a— )/N, for C;Fg; (O) Ref. 60 (P=1.0 kPa; T=298 K); (®) Ref. 60 (P=0.05 kPa; T=298 K); (A) Ref]
45 (P<0.13 kPa; T=293 K); (0J) Ref. 59 (P<0.13 kPa; T=293 K). Inset graph: Data of Hunter er al. (Ref. 60) for 1.0 and 0.05 kPa, on an expanded scale|
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TasLE 11. Values of (E/N)y, for C;F

(E/N)jym (10731 V m?) Reference
295-330° 60
302-313° 45

308" 59
317-358° 62
331-353¢ 63

353¢ 64

352f 19

“These values are for the limited pressure range (0.05-2 kPa) employed in
Hunter et al., Ref. 60. If it were possible to measure ionization and attach-
ment coefficients at higher pressure, the values of (E/N)y,, that would be
measured would most likely overlap with the experimental high voltage
measurements listed in the table.

"Data obtained from low pressure measurements of electron attachment and
ionization coefficients.

“Breakdown measurements at pressures ranging from 10 to 210 kPa.
“Breakdown measurements at pressures ranging from 27 to 285 kPa.
“Breakdown measurements at a pressure of 150 kPa.

Breakdown measurements at a pressure of 69.3 kPa.

cussed earlier in this section (see also Sec. 6.1.), the electron
attachment coefficient of C;Fg, and hence (E/N)y,, are de-
pendent on gas pressure. The latter, therefore, cannot be di-
rectly compared with the high voltage breakdown measure-
ments which are usually obtained at atmospheric (or higher)
pressures. The data of Hunter et al® on (EIN)y, are in
good agreement with previous measurements of (E/N)yy,
based on ionization and attachment coefficients when these
measurements were performed over similar pressure
ranges*>*® (Table 11). The values of (E/N)jy,. obtained
from the high voltage breakdown field strength
measurements,*>%3 overlap with the values Hunter et al.
measured at the highest gas pressures they employed (Table
11). At higher pressures, however, the breakdown field mea-
surements give considerably higher (E/N)j, values® %
(Table 11). It has been shown®® that the pressure depen-
dence that has been observed in (E/N)j, and in the high
voltage breakdown field measurements is due to the pressure
dependence of the electron attachment coefficient in this gas
and represents a genuine violation of Paschen’s 1law.% The
variation of (E/N);,, with the C3F; gas density is shown in
Fig. 13(a).

Since, moreover, the electron attachment coefficient is a
function of the gas temperature, the value of (E/N)yy, will
vary with gas temperature. Indeed, this has been observed to
be so by Christophorou et al.'>®® [Fig. 13(b)]. Finally, mea-
surements have been made of the (E/N)j, of mixtures of
C;F; with CH, or Ar.'® Figure 14 shows these measure-
ments.

4.4.4. Average Energy to Produce an Electron-lon Pair, W

The average energy to produce an electron—ion pair, W,
for a particles (initial energy ~5.1 MeV) has been measured
by Reinking et al.%’ for pure C;Fg and found to be 34.4 eV
per ion pair. This value is almost identical with those mea-
sured by Reinking et al. for CF, and C,Fs. They are large
compared to the W values of other polyatomic molecules,*
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density (data of Biasiutti, Ref. 62) and (b) temperature (data of Christo-
phorou et al., Ref. 19).

reflecting the high ionization threshold energies for these
perfluorocarbon molecules and the considerable amount of
energy going into translational and/or internal energy of the
fragments that accompany the processes of dissociative ion-
ization in these molecules.

The W values of binary mixtures of C;Fz with Ar and
C,H, and the ternary mixture C3Fg—Ar—C,H, have also been
measured by Reinking e al.%’ Figure 15 shows the W values
of the binary mixtures C;Fz—Ar and CsFg—C,;H,. Interest-
ingly, as noted by Nakanishi ef al.”’ and Reinking et al.®
the perfluorocarbon-containing gas mixtures show no *‘Jesse
effect,”” (i.e., an abrupt decrease in the W of the gas mixture
as small amounts of C,H, are added to C;Fg) although a
number of excited electronic states of the C;Fg molecule ex-
ist above the ionization onset of C,H,. This has been

400 gt geegedep S o e e
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—e— C,F;inCH,
—o0— C,yFginAr
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FiG. 14. (E/N)j;,, as a function of the percentage of C;Fy in Ar (O) or CHy

(®). The total pressure was 109 kPa and the temperature 208 K. The
(E/N)yir, values for pure Ar, CHy, and C;F; are shown in the figure (data of
Hunter et al., Ref. 16).
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FiG. 15. Average energy needed to produce an electron-ion pair in mixtures
of C4Fg in Ar or C,H, for « particles (data of Reinking er al., Ref. 69).

attributed®’° to the fast dissociation of the electronically
excited C3F§ molecules.

5. Electron Impact Dissociation
Producing Neutrals

No data are available on this process, other than what can
be derived from comparisons of o, (€) and o;(&), as dis-
cussed in Sec. 4.3.

6. Electron Attachment

6.1. Density-Reduced Electron Attachment
Coefficient, /N

In contrast to CF, and C;F;, the electron attachment coef-
ficient (and hence the electron attachment rate constant and
cross section) of C;Fg depends on gas pressure. Electron at-
tachment to CF, and C,F; is entirely due to dissociative elec-
tron attachment and thus the attachment coefficient for these
gases is independent of gas pressure.*>”! In contrast, at room
temperature electron attachment to C;Fg is partly due to non-
dissociative electron attachment producing parent negative
ions and partly due to dissociative electron attachment pro-
ducing fragment negative ions.*>" The former are normally
collision-stabilized species since the autodetachment life-
times of the transient parent anion C;F; * are believed to be
in the range 10~ !11-1078 53272

The pressure dependence of 7/N for C;Fy is evident in the
early n/N measurements*>>? (not shown here) and is clearly
seen in the more recent and detailed results on #/N of
Hunter ef al.,*” reproduced in Fig. 16. The broken curve des-
ignated by P—= refers to the value of »/N at “‘infinite”’
pressure, that is, when all parent anions are stabilized. The
data cover the range of pressure from 0.05 to 10.0 kPa and
were taken at 298 K. They have a quoted uncertainty of
about = 10% except when one of the coefficients (for elec-
tron attachment or ionization) is considerably larger than the
other. The data of Naidu and Prasad® have an uncertainty

30- i Il 1 L il I |
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E/N (102! Vvm?)

FiG. 16. Density-reduced electron attachment coefficient, /N, for C;Fg as a
function of E/N at various pressures (7=298 K) (data of Hunter er al., Ref.
60). The broken line refers to the values of »/N at infinite gas pressure.

between £10% at E/N<(E/N)j, and about =20% at the
highest E/N values at which they made measurements. The
uncertainty in the measurements of Moruzzi and Craggs59 is
probably +20%.5" The fact that the 7/N for CsFg varies
with pressure, makes it difficult to compare its values as
measured by various groups. However, the measurements of
Naidu and Prasad® at 0.22 kPa (at 293 K) can be compared
with those of Hunter er al.%’ at 0.20 kPa (298 K). This is
done in Fig. 17. The data are in agreement within the stated
uncertainties.

6.2. Total Electron Attachment Rate Constant, k,;

The density-reduced electron attachment coefficient,
n/N(E/N), is related to the total electron attachment rate
constant, k,(E/N), by k,(E/N)=n/N(E/N)Xw(E/N),
where w(E/N) is the electron drift velocity of the unitary gas

25— ey , '
20 . 5
t
& st .
o
=
g 10r s
=
—a— Hunter (1987) - 0.2 kPa
5 o Naidu (1572) - 0.22 kPa —
0 i i 1 | " AP " i L "
0 100 200 300 400

E/N (102" Vm?)

FiG. 17. Comparison of the measurements of Hunter et al., Ref. 60 (T=298
K) with those of Naidu and Prasad (Ref. 45) (T=293 K) for the /N of
C;F; taken at about the same pressures: (@) 0.20 kPa (Ref. 60); (O) 0.22
kPa (Ref. 45).
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FIG. 18. k,(E/N) measured at room temperature in pure C;Fy (data of
Hunter ef al., Ref. 60, extrapolated to infinite total pressure).

(or gas mixture when measurements are made of 7/N,,
where N, is the number density of the electron attaching gas
in the mixture). Since k,,(E/N) depends on gas pressure,
care must be taken to specify the number density and the
nature of the medium in which the measurement is made,
unless the data are extrapolated in some fashion to infinite
number density. Measurements have been made of &, (E/N)
in both pure C;Fg and in binary mixtures of C;Fg with the
buffer gases Ny, Ar, and CH,. These measurements are pre-
sented and discussed below.

6.2.1. k,(E/N) Measured in Pure C;F;

The only set of measurements of k,,(E/N) in pure C;Fj is
that of Hunter et al.®’ which is reproduced in Fig. 18. The
data shown are the values of the attachment rate constant
extrapolated to infinite pressure.’ They represent the sum of
the rate constants for both fragment and parent anions. The
data cannot be plotted as a function of mean electron energy
because the electron energy distribution functions at the vari-
ous E/N values employed are not known for pure C;Fj.

6.2.2. k,(E/N) Measured in Binary Mixtures of C4F,
with Buffer Gases

There have been three’?’>”® room temperature measure-
ments of the total electron attachment rate constant of C;Fg
in argon buffer gas as a function of E/N. These are com-
pared in Fig. 19(a). The measurements of Hunter and
Christophorou’” and Spyrou and Christophorou? were made
over a large E/N range and at a number of buffer gas pres-
sures, in contrast with the data of Wang and Lee”® which
were taken over a limited E/N range and for only one total
gas pressure (50.66 kPa). The data sets of Christophorou and
coworkers’>"? plotted in the figure are the values of
kq(E/N) which were extrapolated to infinite gas pressure.
Christophorou and co-workers>27? measured k, (EIN) as a
function of the ratio, R, of the attaching gas to buffer gas
pressure, and used the value of k. (E/N) extrapolated to
R=0 so as to correct for the effect of the attaching gas on
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Fic. 19. (a) k,(E/N) of C5F; measured at room temperature in mixtures of
C,Fg with Ar buffer: (@) Ref. 72; (O) Ref. 32; (X) Ref. 73. The data of
Refs. 72 and 32 were corrected for both the effect of the C;F; partial and the
total gas pressure on the measured rate constants, The data of Wang and Lee
(Ref. 73) were corrected only for the former. (b) k,,(E/N) measured at
room temperature in mixtures of C;F; with N, buffer: (@) Ref. 72; (X) Ref.
73. The data of Hunter and Christophorou (Ref. 72) were corrected for both
the effect of the partial and total pressure on the measured rate constants.
The data of Wang and Lee (Ref. 73) were corrected only for the former. (c)
ko (E/N) measured at room temperature in mixtures of C,Fy with CH,
buffer (%) (data of Wang and Lee, Ref. 73).

the electron energy distribution function of pure argon. Al-
though Wang and Lee’ mention in their paper that they
followed a similar procedure, the large discrepancy between
their data and the rest of the measurements in Fig. 19(a)
would indicate that the procedure they followed did not en-
tirely compensate for the effect of the attaching gas pressure
on the electron energy distribution function in pure argon.
While their lower values for the rate constants could be
partly due to the fact that their measurements were made at
only one buffer gas pressure (and not extrapolated to infinite
buffer gas pressure), the difference in the E/N dependence
between the Wang and Lee data and those of Christophorou
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Fic. 20. k,,({&)) for C;F (T=298 K). Data from mixtures in Ar: (ll) Ref.
32; (@) Ref. 72; (A) Ref. 65; (V) Ref. 73. Data from mixtures in N;: (O)
Ref. 72; (A) Ref. 65; (V) Ref. 73; Recommended data (—).

and co-workers indicates that the Wang and Lee data are
affected by both the disturbance of the electron energy dis-
tribution of pure argon by the attaching gas and by the in-
complete stabilization of the anions for the total pressure
they used. Both of these effects will be less pronounced as
the buffer gas becomes more complex, as is indeed seen
from the comparison of the two sets of measurements in N,
buffer gas shown in Fig. 19(b). The data of Christophorou
and co-workers are preferred over those of Wang and Lee for
both of these buffer gases, because they have lower uncer-
tainties, were corrected for the effect of total pressure, and
cover a much larger range of E/N. For the more complex
buffer gas CHy, these effects are expected to be significantly
reduced, and the Wang and Lee data shown in Fig. 19(c) are
expected to be least affected by the factors just discussed.
Overall, the uncertainty in the measurements of Wang and
Lee is about £20% and that of Christophorou and co-
workers is less than +10%.

6.2.3. koy((€))

The measurements of k,; made as a function of E/N using
Ar and N, as buffer gases can be plotted as a function of the
mean electron energy (e). This is possible because the elec-
tron energy distribution functions for these buffer gases are
known at each value of E/N at which measurements of k,,
were made and because the experimental conditions were
such that the electron—energy distributions were characteris-
tic of the buffer gas alone. The latter condition was certainly
met in the studies by Hunter and Christophorou’? and Spyrou
and Christophorou®® as was indicated in Secs. 6.2.2. and
6.2.3. Figure 20 shows the results on k,,((g)) plotted this
way. The data for the buffer gases N, and Ar agree well. The
data of Wang and Lee are lower, probably because they were
not extrapolated to infinite total gas pressure. The data of
Christophorou and co-workers plotted in Fig. 20 are the val-
ues of the total electron attachment rate constant (for ‘‘infi-
nitely’’ dilute mixtures of C3Fg in Ar or N, buffer gases)
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FiG. 21. Total electron attachment rate constant &, , for C;Fg measured as a ‘
function of mean electron energy () and total gas number density in a
buffer gas of argon. The values of k_, are those for infinitely dilute mixtures.
The broken curve designated &, are the values of k,, at “‘infinite’” argon
pressure, i.e., under conditions for which all transient C;F; * ions can be
stabilized by collision (from Ref. 72.)

|
extrapolated to ‘‘infinitely’’ large buffer gas density. Figure
21 shows an example of the dependence of k,({&)) on the
argon gas number density N .. The values of k,((&)) for
N p— 2 are shown in Fig. 21 by the curve designated k.
In Table 12 are listed the average values of the data in Fig.
20 excluding the measurements of Wang and Lee.”® These

represent our recommended values for the k,((g)) (T
=300 K) of C3Fg.

6.2.4. Thermal Value, (k,)y,, of the Total Electron
Attachment Rate Constant

The thermal value, (k,,), . of the total electron attachment
rate constant of the C;Fg molecule is difficult to determine |
accurately due to the likely presence of traces of impurities |
which attach thermal electrons more efficiently than CsFj.

TaBLE 12. Recommended total electron attachment rate constant, k,({e}))
(T=300 K) for C;Fg |

Mean electron Mean electron

energy ko () energy k., ((e))
(eV) (107" em’s™h (eV) (107" cm’s™h
0.05 0.02 1.75 7.64
0.07 0.02 2.00 8.42
0.10 0.02 225 8.65
0.20 0.02 2.50 8.50
0.30 0.02 2.75 8.20
0.40 0.03 3.00 7.84
0.50 0.07 3.25 7.54
0.60 0.15 3.50 7.16 ‘
0.70 0.28 3.75 6.80
0.80 0.50 4.00 6.44
0.90 0.85 425 6.10
1.00 1.54 4.50 5.74
1.25 3.80 4.75 545
1.50 6.10 A e
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TaBLE 13. Measured thermal (T=300 K) values, (k,,),,, of the total elec-
tron attachment rate constant for C;Fy

(ko) (em’s™1) Reference
<10-8 74
=3x1078 60
<1.2x107 12 75
1.8x 10712 72

The possible presence of such impurities does not, however,
affect the electron attachment measurements at higher ener-
gies because the magnitude of k,, for C3Fg is much larger at
higher energies than at thermal energies. The
reported® "7 measured values of (k) are listed in
Table 13. They show that the (k,)y, of C;F; is small, less
than about 1.8X 10”2 cm®s™!.

6.3. Total Electron Attachment Cross Section,
0,4+ e) and Total Dissociative Electron Attachment
Cross Section, o4,:(£)

Since electron attachment to the C;Fg molecule is pressure
dependent, care must be exercised to distinguish between the
total electron attachment cross section o, (g) which is pres-
sure dependent and the total dissociative electron attachment
cross section og,(e) which is pressure independent. The
former can be deduced from the total electron attachment
rate constant measurements made in swarm experiments
(Sec. 6.2.), and the latter normally from electron beam stud-
ies.

In Fig. 22(a) are shown two sets of values of the total
electron attachment cross section o, (&) unfolded by Chris-
tophorou and collaborators**” from their room temperature
k,((e)) data. The uncertainty of these cross sections is over
*10%. The average of the two independent determinations
of o,.(¢) is represented in Fig. 22(a) by the solid line. Val-
ues taken off this curve are given in Table 14 as our recom-
mended values for the room temperature o,,(&) of the C;F
molecule.

In Fig. 22(b) is shown the total dissociative attachment
cross section o, (&), deduced from swarm experiments by
Spyrou and Christophorou®® at T=300 K and the electron
beam measurements of Chantry and Chen™ at a somewhat
higher temperature (330 K). Chantry and Chen® obtained
their oy, (&) cross section by normalization to the cross sec-
tion data for the production of O~ from N,O of Rapp and
Briglia.”® The T 4a(€) of Chantry and Chen has a value of
1.75X 10717 ¢cm? at 2.8 eV. The agreement between the elec-
tron swarm and the electron beam data is reasonable consid-
ering the difference in temperature and technique. The aver-
age of the two sets of values for oy, (£) is shown in Fig.
22(b) by the solid line. Data taken off this curve are listed in
Table 15 as our recommended values for the o, (&) of the
C;Fy molecule at about 300 K.

In addition to the data just discussed, there are three earlier
measurements of o4, () which vary by large factors from
the more recent measurements and are not considered reli-
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FiG. 22. (a) Total electron attachment cross section, a,(e), for CF; (T
=300 K) unfolded from swarm data: (---— -} Ref. 72; (——) Ref. 32; (—)
average. (b) Total dissociative electron attachment cross section, oy, (&),
for CsFg: (-+-) swarm data of Spyrou and Christophorou (Ref. 32) at
T=300 K: (—-) beam data of Chantry and Chen (Ref. 33) at T=330 K; (—)
average of the two sets of measurements.

able. The older of these measurements is by Bibby and
Carter.*” These workers reported observation of F~, CF;
and C,Fs ions with cross section maxima at, respectively,
3.0, 3.4, and 3.2 eV and peak cross section values, respec-
tively, equal to 3.65X10°%, 0.23X10%, and 0.27
% 107% m?. The sum of these is 4.15X 10~2° m? This value
is about 26 times larger than the peak cross section value of

TaBLE 14. Recommended total electron attachment cross section, o, (&)
(T=300 K) for C;F;

Energy o) Energy o, le)
(eV) (1072 m?) (eV) (10+* 1%
0.8 0.04 3.0 1.51
1.0 0.07 35 0.90
=5 0.35 4.0 0.49
1.7 0.70 4.5 0.28
2.0 1.39 5.0 0.19
23 1.92 5.5 0.14
2:5 2.02 6.0 0.12
2.7 1.90 6.5 0.10
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TaBLE 15. Recommended total dissociative electron attachment cross sec-
tion, o4, () (T=300 K), for C5F;

Energy Ty,,(€) Energy Tai(€)
(eV) (107%" m?%) (eV) (107" m%
1.4 0.02 4.0 0.29
1.8 0.15 4.5 0.10
20 0.31 5.0 0.05
2.3 0.78 5.5 0.05
25 1.16 6.0 0.05
2.7 1.49 6.5 0.04
3.0 1.51 7.0 0.03
35 0.77 7.5 0.02

03.4(&) in Fig. 22(b). The second earlier measurement is that
of Kurepa’’ who observed two maxima in oy, (&) at about
3.3 and 6.5 eV, with respective cross section values equal to
2.38% 1072 and 0.11X 102 m?. The peak cross section
value at 3.3 eV is more than a factor of 10 higher than the
maximum value of o, (&) in Fig. 22(b). The third measure-
ment of oy, (&) is that of Harland and Franklin’® who found
the cross section maximum for F~ and CF; at, respectively,
(3.1520.1) eV and (3.65%0.1) eV with cross section values
at these energies equal to 0.5%X1072! m? and 0.05
X 1072 m?, respectively. The sum of these values (0.55
X 10”2 m?) is more than a factor of 3 lower than the value
of o4, (g) at 3.2 eV in Fig. 22(b).

6.4. Dissociative Electron Attachment
Fragment Anions

There have been a number of studies on the identification,
energetics, relative abundance, and energy dependence of the
fragment negative ions formed in collisions of low energy
electrons with the C;Fg molecule. The pertinent findings of
these investigations*™""®" are summarized in Table 16.
Bibby and Carter*’ observed F~, CF; , and C,F; fragment
anions using the electron impact method without improve-
ment in the electron energy resolution. The appearance on-
sets of these fragment anions and the respective position of
their maximum intensity are in reasonable agreement with
the values of other researchers. Lifshitz and Grajower’® used
the retarding potential difference method (RPD) to improve
the energy resolution of the electron beam and reported ob-
servation of F~, F,, CF;, CF;, CFy and C;F; . The
peak positions and the energy thresholds for these ions are
listed in Table 16. They are generally lower than the rest of
the measurements. Harland and Franklin’® reported thresh-
olds and energies of maximum intensity for only F~ and
CF; . Their values are within the combined experimental
uncertainties of the other data.

The most recent and most complete study of negative ion
formation by electron impact on C;Fg is that of Spyrou
et al.”" who also employed the RPD method to improve the
electron beam energy resolution. They also employed an un-
folding technique to correct the relative cross sections for the
width of the electron pulse. Spyrou et al. observed five frag-
ment anions from low energy electron impact on C;Fg: F~,
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FiG. 23. Relative intensity of fragment negative ions produced by electron
impact on C;F;. (Data of Spyrou et al., Ref. 71; the data shown have been
corrected by these workers for the finite width of the electron pulse using an
unfolding technique.)

CF; , G)F; , GF5 and C3F; . Their energy onsets, energies
of peak intensity, and relative abundances are given in Table
16 and they are in general agreement with the results of the
other studies. The results of this study are shown in Fig. 23.
The most significant anion is F~ produced by the breaking of
C-F bonds (production of F~ or C5F;) and the complemen-
tary anions CF; and C,F;5 produced by the breaking of C-C
bonds. The complementary ions CF; and C,F5 and the ion
C,F; have their resonance maxima at (3.3£0.2) eV. The
peak position of the predominant ion, F~, and its weak
complementary ion C3;F; are shifted to lower and higher
energies, respectively, relative to the position of a common
resonance at (3.3+0.2) eV. There is evidence for a second
resonance at energies =>5.5 eV.

Finally, Harland and Thynne®® identified the fragment an-
ions produced when 70 eV electrons interacted with C;Fs.
As expected, they observed more fragments than those pro-
duced at low energy by resonance electron attachment pro-
cesses. Besides the ions listed in Table 16, they reported|
observation of a number of weaker (by factors of <107*
compared to the intensity of F~) anions: C”, C; , CF~, C5 ,
F, , GF , CF,, GF,, GF;; and CiF; .

6.5. Effect of Temperature on k,;({£)) and o,4(¢)

The temperature dependence of low-energy electron at-
tachment processes in C;Fj is rather complicated, but under-
stood. As can be seen from Fig. 24, the total electron attach-
ment rate constant, k,((e)), first decreases and then
increases with increasing temperature above ambient. This is
because low-energy electron attachment to CsFy under
swarm conditions leads to the formation of both parent and
fragment negative ions. The rate constant for the former pro-
cesses normally decreases with increasing gas temperature
due to increasing autodetachment from the transient anion,
and the rate constant for the latter processes normally in-
creases with temperature due to increased autodissociation of

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998
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TAaBLE 16. Fragment negative ions produced by electron impact on C;F;, their energetics, and relative intensi-

ties

Energy Energy of Relative
Fragment threshold maximum abundance

anion Possible reaction (eV) intensity (eV) (Refs.)
H CFg+e—F +CF;* 1.7+0.2 2.9x0.1 100 (Ref. 71)
C;Fg+e—F +n-CF,; 2.0+0.1 3.15+0.1 — (Ref. 78)
CiFy+e—F +CFF ~4.0x0.1 — (Ref. 78)

—F +CF;+C,F,
—F ™ +CF;+C,F;
1.8%0.1 3.1x0.1 100 (Ref. 80)
41%0.1
1.35+0.1 ~24 — (Ret. 79)
1.8 3.0 — (Ref. 49)
CF; CsFg+e—CF; +C,F* 24%02 3.4+0.1 5.4 (Ref. 71)
>5.0 =55

25502 3.65%0.1 — (Ref. 78)
25x0.1 3.6x0.1 2.2 (Ref. 80)
2= 01 5.7%0.1 — (Ref. 80)
2.0%0.1 ~29 — (Ref. 79)
22 34 — (Ref. 49)
C;Fy 11+0:} 3.3*0.1 ~0.2 (Ref. 71)
<0.01 (Ref. 80)
C,Fs C3Fg+e— CyF; +CF," 2.1x02 32%0.1 6.6 (Ref. 71)
24+0.1 3.4%0.1 1.9 (Ref. 80)
1.7%0.1 ~29 — (Ref. 79)
2.1 32 — (Ref. 49)
(o m 2.5+02 375+0.1 ~0.2 (Ref. 71)
29x0.1 3.9£0.1 0.03 (Ref. 80)
24x0.1 =32 — (Ref. 79)

“From their measurements on the energetics of this reaction, Spyrou et al. (Ref. 71) estimated the dissociation
energy D(F-C;F;) to be =5.15£0.2eV. This value is in very good agreement with the value
D(F-C;F;)=5.2*+0.1 eV obtained earlier by Harland and Thynne (Ref. 80).

®From their measurements on the energetics of this reaction, Spyrou et al. (Ref. 71) estimated the dissociation

energy D(CF;—C,Fs) to be equal to 3.7x0.2 eV.

‘From their measurements on the energetics of this reaction Harland and Franklin (Ref. 78) estimated the

dissociation energy D(CF;-C;Fs) to be 4.6£0.3 eV, an
+0.2eV.
Unresolved structure observed.
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FiG. 24. Total electron attachment rate constant as a function of the mean
electron energy, k,,((z)), for C;Fy measured at temperatures ranging from
300 to 750 K (data of Ref. 32). The data plotted were taken in mixtures of
C;F; with Ar and correspond to a very small pressure of C;F; in a very large
pressure of Ar, i.e., to the k; values shown in Fig. 21.
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d the electron affinity of the CF; radical to be 2.05

the transient anion.®"2 In light of the data in Fig. 24 the total
electron attachment cross section of the C;Fgz molecule is
expected to first decrease and then increase with increasing
temperature above 300 K. This is indeed the case as can be
seen from the data in Fig. 25. In Fig. 25(a) are plotted the
data on the total electron attachment cross section o, (&) for
temperatures (300-450 K) for which the cross section has a
contribution from both parent and fragment anions. In Fig.
25(b) the cross sections plotted are only for dissociative at-
tachment. The data shown for 300 K are the dissociative
attachment part of the total electron attachment cross section
at this temperature. The data for temperatures between 500
and 700 K are for the total dissociative attachment cross
section g, (&) since at these temperatures there is no con-
tribution to the cross section from the production of parent
negative ions.*

Consistent with the swarm results in Fig. 25, are the elec-
tron beam measurements® on the formation of F~ by elec-
tron impact on C;Fg as a function of temperature shown in
Fig. 26.
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FiG. 25. Total electron attachment cross section, o,,(&), for C;Fg unfolded
by Spyrou and Christophorou (Ref. 32) from their k,,(({&})) data shown in
Fig. 24 at (a) 300, 400, 425, and 450 K, and (b) 500, 600, 675, and 750 K.
The 300 K data shown in the figure are the dissociative attachment part of
the total electron attachment cross section at this temperature (data of Ref.
32).

6.6. Negative lons in C;F; Plasmas

Measurement of negative ion densities in rf plasmas of
C,Fs have been made by Haverlag and co-workers*® using
laser photodetachment and subsequent detection of the pho-
todetached electrons. Under their experimental conditions
[13.56 MHz rf plasmas generated in a quasiparallel electrode
system at pressures between 4 Pa (30 mTorr) and 16 Pa (120
mTorr) and power densities up to 0.25 W/cm?], they found
the negative ion density to be more than a factor of 20 larger
than the electron density. Such copious quantities of negative
ions in the plasma may have origins other than the parent
unexcited molecule. They most likely include fragment an-
ions from electron attachment to radicals or from larger mol-
ecules formed by polymerization, or electron attachment to
“hot’” or electronically excited molecules or radicals for
which dissociative attachment is normally significantly en-
hanced compared to the unexcited species.gl Indeed, evi-
dence for negative ion formation enhancement via these pro-
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FiG. 26. Cross section for the production of F~ by electron impact on C;Fg
at gas temperatures of 300, 370, 510, and 730 K as measured in an electron
beam experiment by Chantry and Chen (Ref. 33). For comparison the
@ g,,(&) for T=750 K from Fig. 25(b) is also shown in the figure.

cesses in plasmas of CF; and CHF; has recently been
obtained.®* (See also a recent review on negative ions in low
pressure discharges by Stoffels et al.®%)

In view of the increasing use of laser photodetachment to
probe the negative ion concentrations in plasma reactors,
measurement is indicated of the photodetachment cross sec-
tions of fragment anions for this molecule and also for other
perfluorocarbon molecules of interest to plasma processing
such as CF, and C,F,. Especially useful will be measure-
ments of the photodetachment cross sections for the anions
F~, CF,, CF;, GF5, and C3F; . The electron affinity
[EA(F)] of the F atom is known. Although reported values of
EA(F) range from 2.81 to 4.1 eV.% the values of (3.398
+0.002) eV® and (3.400+0.002) eV*® are considered the
most accurate. The electron affinities of the other fragments
are not well known. The values listed by Christodoulides
et al.®® vary considerably: 0.20-2.65 eV for CF,, 1.36-2.60
eV for CF;, 2.1-3.3 eV for C,Fs, and 2.2-2.4 eV for C;F,.

7. Electron Transport
7.1. Electron Drift Velocity, w

There have been two measurements*® of the electron

drift velocity, w, in pure C;Fg. These measurements are
shown in Fig. 27 and are not in agreement. Naidu and
Prasad® made their w measurements in the pressure range
0.08 kPa (0.6 Torr)-0.267 kPa (2 Torr) and at E/N values
(270X 107 2'-630X 107 2' Vm? at T=293 K) relatively
larger than those of Hunter etal® (0.4X107%'-500
X 1072! V.m?). Naidu and Prasad reported no effect of gas
number density on w, with an overall uncertainty in their
measurements of less than +5%. Hunter et al.*’ employed a
pulsed Townsend method and pressures in the range 0.5-3.0
kPa. The estimated total uncertainty in their w values when
electron attachment and ionization are negligible is £2%,
but it rises to a maximum of = 5% when either the ionization
or the attachment coefficient is large due mainly to an in-
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FiG. 27. Electron drift velocity, w, as a function of E/N in pure C;Fy: (@)
Ref. 89 (T=298 K), (O) Ref. 45 (T=293 K).

creased uncertainty in determining the electron transit time
from the break in the voltage wave form. The temperature of
their experiment was 298 K. Contrary to the conclusion of
Naidu and Prasad that w is not a function of gas density,
Hunter et al.® found that w depends on gas number density
at high E/N even after allowing for nonequilibrium and
boundary corrections to the measured electron swarm transit
time. The largest pressure dependence of w occurs at E/N
values near (E/N)y,, (—290X 1002 Vm? at a gas pressure
of 0.05 kPa). The pressure dependence of w decreases at
lower E/N such that it becomes independent of gas pressure
at E/N<150X107%' Vm® Hunter et al. attributed these
changes in w with the C;Fg pressure to the effect of electron
attachment on the electron energy distribution function re-
sulting from increases in the electron attachment coefficient
with increasing gas density. The magnitude of the change in

G. CHRISTOPHOROU AND J. K. OLTHOFF

TaBLE 17. Suggested electron drift velocities, w, in CyFg (T=298 K)*

EIN W EIN w
(1072 vm?) (10°cms™) (107 Vm?) (10° ems™1)
0.40 0.60 80 103
0.50 0.75 90 105
0.60 0.88 100 11.0
0.80 1.14 120 113
1.0 1.39 140 11.8
1.5 1.98 160 12.1
2.0 2.57 180 12.3
3.0 3.57 200 12.5
4.0 437 220 12.8
6.0 557 240 13.0
8.0 6.49 260 13.4
10 7.14 280 136
12 792 300 139
15 8.45 320 142
17 8.80 340 14.6
20 9.25 360 14.9
25 9.8 380 153
30 10.1 400 15.7
35 10.3 420 15.9
40 10.3 440 16.4
50 10.1 460 16.7
60 10.0 480 172
70 10.1 500 17.5

*Data of Hunter et al., Ref. 89.

w with pressure correlates with the magnitude of the change
in the attachment coefficient with gas density for this mol-
ecule.

Hunter et a attributed the differences between their
measurements and those of Naidu and Prasad*’ to the experi-
mental uncertainties in the latter measurements. They
pointed out that the determination of w made by Naidu and
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P oW 0.2% CyFy
—8— 0.5%CyF,
10 | —a— 2% C4F,
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Fic. 28. Electron drift velocity in (a) CyFz—Ar mixtures and (b) C;F3—CH, mixtures (data from Ref. 16).
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Prasad was limited by the finite width of the pulsed light
source they used and by high background ion currents. Since,
compared to the Prasad and Naidu data, the measurements of
Hunter et al. have lower uncertainties, stretch over a wider
range of E/N values, and are corrected for gas density and
other factors, they are preferred and are listed in Table 17 as
our suggested w values for pure C;F;. Interestingly, the mea-
surements show a region of negative differential conductivity
(decrease in w with increasing E/N) which is less pro-
nounced for CsFg than for CF, (Ref. 21) and C,F.?*
Measurements have also been made of the w in mixtures
of C;F; with various gases such as Ar''1® and CHy 16 These
measurements were partially motivated by the development

911

TABLE 18. Suggested D1/ values for CyFg (T=293 K) *

EIN Drlu EIN Dr/u

(1072 Vm?) V) (107 Vv m?) v)
270 2.93 460 4.19
280 3.01 480 4.28
290 3.09 500 435
300 3.17 520 4.41
320 3.33 540 4.46
340 3.48 560 451
360 3.62 580 4.56
380 3.76 600 4.60
400 3.89 620 4.65
420 3.99 640 4.68
440 4.10

“Data of Naidu and Prasad, Ref. 45, for a gas density of 2.0

% 10'% molecules cm >

of fast mixtures for use in gas pulse-power switches (Sec. 1).
A sample of these data taken from Hunter et al.'® is shown in
Fig. 28. It is interesting to note the negative differential con-
ductivity exhibited by these mixtures for certain E/N regions
which depend on mixture composition. Recently, measure-
ments of w in a few C;Fg/Ar mixtures were made**° for use
in multi-term Boltzmann analysis to determine electron col-
lision cross section sets. The transport coefficients for the
mixtures serve as a sensitive probe of the consistency of the
calculated cross section sets.

7.2. Ratio of Transverse Electron Diffusion
Coefficient to Electron Mobility D;/u

The only known measurements of Dy/u for C;Fg are
those of Naidu and Prasad*® shown in Fig. 29. These mea-
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Fig. 30. Summary of recommended and suggested cross sections for C;Fg (T=298 K).
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surements were made at 293 K and have an overall reported
uncertainty of about *=5%. Interestingly, Dt/u was ob-
served to exhibit a small dependence on gas pressure. The
measurements of Naidu and Prasad® for the gas density 2
% 10'® molecules cm > are listed in Table 18.

Recently, measurements were made of the product DN
(D is the longitudinal electron diffusion coefficient and N is
the gas number density) as a function of E/N for specific
mixtures of C;Fg in Ar (0.526%° and 5.05%°**°) for use in
multi-term Boltzmann analysis to determine electron colli-
sion cross section sets. These transport coefficients along
with w measurements for the same gas mixtures serve as a
sensitive probe of the consistency of the calculated cross
section sets.

8. Summary of Cross Sections
and Coefficients

The cross sections that have been designated as recom-
mended or suggested in this paper are plotted in Fig. 30.
These include the recommended data of;

(i) total ionization cross section, o;,(&) in Table 8 (Fig.
9,

(ii)  total dissociation cross section in Table 9 (Fig. 10),

(iii) total electron attachment cross section (7=300 K),
o,(g) in Table 14 [Fig. 22(a)],

(iv) total dissociative electron attachment cross section
(T=300 K), 0g4,(£) in Table 15 [Fig. 22(b)], and

(v)  total electron scattering cross section, oy (&) in
Table 4 (Fig. 2).

They also include the suggested data of:

(i) momentum transfer cross section, o,(g) in Table 5
(Fig. 3), and

(ii)  integral elastic electron scattering cross section,
T.in(€) in Table 6 (Fig. 5).

The following coefficients are recommended:

(i) density-reduced ionization coefficient, @/N in Table
10 (Fig. 11),

(ii)  total electron attachment rate constant, k,, for pure
C;F; of Hunter et al. (Fig. 18), and

(iii) total electron attachment rate constant, k,({g)) in
Table 12 (Fig. 20).

Also the following transport coefficients are suggested, in the
absence of other data:

(i) electron drift velocity, w, of Hunter er al.* in Table
17 (Fig. 27), and

(i)  ratio of transverse electron diffusion coefficient to
electron mobility ratio, D1/ u, of Naidu and Prasad®
in Table 18 (Fig. 29).

While no values of the effective ionization or electron attach-
ment coefficients are recommended or suggested here, be-
cause of the pressure dependence of these parameters, the
data of Hunter er al.* are preferred.

J. Phys. Chem. Ref. Data, Vol. 27, No. 5, 1998

Values of the recommended and suggested cross section
and transport data are available on the World Wide Web at
http://eeel.nist.gov/811/refdata.

9. Needed Data

With the exception of the electron attachment cross sec-
tion, there is a need for further measurements on all other
cross sections, especially for the cross sections for momen-
tum transfer and integral elastic scattering (over an extended
energy range), and vibrational excitation. There is also a
need for a direct measurement of the dissociation cross sec-
tion into neutrals. Measurements of the electron transport
coefficients are also indicated.
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