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Low-energy electron collision data for the plasma processing ga$ &E sparse.
Limited cross section data are available only for total and differential elastic electron
scattering, electron-impact ionization, and electron attachment. These data are assessed,
synthesized, and discussed in this paper. There is a need for confirming measurements for
some of these data, and for measurements of cross sections for the other main electron—
collision processes for which no data exist. There are presently no data available for the
electron transport, ionization, and attachment coefficients of this mole@u2001 by
the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
[S0047-268600)00504-3

Key words: attachment; GFE coefficients; cross sections; electron interactions; electron transport; ionization;
scattering; trifluoroiodomethane.
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554 L. G. CHRISTOPHOROU AND J. K. OLTHOFF

TaBLE 1. Definition of symbols

Symbol Definition Common scale and units
Tpar(N) Total photoabsorption cross section 1070 cm?; 102 m?
Oeci(€) Total electron scattering cross section 10716 cn?; 10 2°n?
Te gift Elastic differential electron scattering cross section “BocnmPsrt
om (&) Momentum transfer cross sectigelastio 10716 cm?; 100 °m?
i dift (€) Vibrational differential electron scattering cross section “Yocn?Psrt
i partial (€) Partial ionization cross section 1071 cn?; 10 2°n?
o (8) Total ionization cross section 1071 cn?; 10 20m?
() Total electron attachment cross section 107 cn?; 1078 m?
Kat((€)) Total electron attachment rate constant “Aeenmfst
(Kadth Thermal electron attachment rate constant “nemst
4. Differential elastic electron scattering cross the fully fluorinated hydrocarbons and S¥ Because of its
sectionsge gitr, for CRsl. ... 560 short lifetime, CKl does not contribute significantly to ozone
5. Differential vibrational excitation cross section depletion’
as a function of the incident electron energy, In this paper, as in the previous eight pap&r€in this
Tuipaii(e), for CRL...oov 561 series on electron interactions with plasma processing gases,
6. Partial ionization cross sections;,qa(€), for we assess and synthesize the available information on the
CRl....covvi 562 cross sections and rate coefficients for collisional interactions
7. Total ionization cross section;(e), for CRil... 562  of electrons with CH. Definitions of the symbols used here
8. Relative cross sections for the formation of | to describe the various collision processes discussed in the
F~, CF;, and FI' by dissociative electron paper are given in Table 1.
attachmentto Cff. . .......... ... .. ... .. ... 563
9. Variation with gas temperature of the relative
cross section for the formation of Foy 2. Electronic Structure
dissociative electron attachment to LF....... 563 and Basic Properties
10. Total electron attachment cross section as a
function of electron energyr, (&), for CRil.... 564 The trifluoroiodomethane (GH molecule belongs to the
11. Rate constantsg rydn), for Rydberg-atom Cs, point group. It is polar, and McClelldflists two values
destruction, andk, pdn), for negative-ion for its electric dipole moment: 0.92 D and (%0.1) D
production in collisions of R(nd) with CFyl as (1 D=3.3356x10-%°Cm). Of its six fundamental vibra-
afunctionofn........... ... ... .. i 565 tional frequenciegy, ,... ,vg), thevs, vs, andvg are degen-
12. Total_ electron attachment rate constant as a erate, and the',, v,, and, are infrared activé® The v,
function of the mean electron energy, v3, and v, frequencies have been attributed to stretching
ka,t(<8>)i forCRl. . .o 566 modes,v,, andvsg to deformation modes, ang; to a bend-
13. Temperature dependence of the thermal electron ing mode. The energies of the six vibrational modes of|CF
attachment rate constank,()y, of Chsl........ 567 as given by Shimanoudfi are, respectively: 1080 cm
14. Summary of suggested electron collision cross (0.134 eV}, 742cmt (0.092 eV, 286cmt (0.035 eV,
sections for CE ............................ 567 1187 Cm*l (0147 E\J, 537 Cm*l (0067 E\J, and 260 crﬁl

(0.032 eV (see also Brger et al?! for vibrational frequen-
) cies of ’CF;l and *3CFyl).
1. Introduction The CRl molecule has a positivéadiabati¢ electron af-
finity. Atom-impact crossed-molecular beam studies have
Trifluoroiodomethane (Cff) is a potential plasma etching provided values of the electron affinitEA) of CF;l. These
gas(e.g., see Refs. 1)@hat provides copious quantities of are listed in Table 2 along with other pertinent fundamental
CF; and CF; via dissociative electron-impact ionization and data. The lowest unoccupied molecular orbitaUMO) of
dissociative electron attachment. These reactive species pl&f;l is an antibondingr-type orbital ofa; symmetry and is
a key role in the plasma etching of Si and Si@F;l is also  almost entirely localized on the C—I bond. The small disso-
an “environmentally friendly” gas as its overall atmospheric ciation energyD and relatively long length of theE—I"
lifetime is very short(<1 to a few days’~® Consequently, bond indicate that Cff~ can be regarded as a weakly bound
its global warming potential is very lol—5 times that of radical aniorf?
CO,).”9 This is in sharp contrast to the much higher global In Table 3 are listed the energy positions of the negative
warming potentials of other plasma etching gases, such aen states of the CJf molecule, as they have been deter-

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



TaBLE 2. Basic data on Cffand CRl~

ELECTRON INTERACTIONS WITH CFl 555

Physical quantity Value Reference/method

CF,l

Electron affinity 1.278 eV 22/Calculation

(adiabati¢ 1.29+0.1eV 23/Charge exchange in Cs—LCeollisions
1.4-0.2eV 24/Charge exchange in Cs—Ceollisions
1.54+0.2eV 25/Charge exchange in Na—{Eollisions
1.6=0.2eV 25/Charge exchange in Cs—Ceollisions
2.2+0.2eV 26/Charge exchange in K—g[Eollisions

D (CFs-1) 19eVv 27/Electron attachment using mass spectrometry
2.0+£0.2eV 25/Charge exchange in Na—LEollisions
2.05+-0.2eV 24/Charge exchange in Cs—Ceollisions
2.2+0.2eV 26/Charge exchange in K—g[Eollisions
2.33t0.17 eV 28/Reaction kinetics
2.39+0.04 eV 29/Photodissociation
2.681 eV(2.4 eV)? 22/Calculation

R(C-) 2.122+0.037 A 30/Electron diffraction
2.1340.02 A 31/Microwave spectroscopy
2.135-0.033 A 32/Electron diffraction
2.137£0.032 A 32/Electron diffraction
2.140 A 22/Calculation
2.1438 A 33/Microwave spectroscopy

R (C-F) 1.328+0.026 A 30/Electron diffraction
1.3285 A 33/Microwave spectroscopy
1.334-0.015 A 32/Electron diffraction
1.340=0.021 A 32/Electron diffraction
1.343 A 22/Calculation

£LF-C-F 108.1° 22/Calculation
108.2°+1.6° 32/Electron diffraction
108.3°+2° 30/Electron diffraction
108.4°+1.9° 32/Electron diffraction
108.42° 33/Microwave spectroscopy

CF3l ™

D (CRs—I1) 0.29+0.2eV 25/Charge exchange in Cs—{[Eollisions
0.35+0.2eV 25/Charge exchange in Na—CEollisions
0.38+0.1eV? 24/Charge exchange in Cs—{[Eollisions
0.610 eV 22/Calculation

R (C-l) 2.881 A 22/Calculation

R (C-F) 1.367 A 22/Calculation

LF-C-F 106.0° 22/Calculation

®Roszaket al?? point out that the spin—orbit effect could be important in computing the bond dissociation
energy and the electron affinity of the gfnolecule, since th8P,,—2P,, splitting of the | atom is 0.94 eV.

The value in parenthesis includes spin—orbit correction.

PObtained using EAI)=3.063 eV.

mined from electron scattering and electron attachment stud- Figure 1 shows the total room-temperature photoabsorp-
ies (see also Secs. 3 angl. 8he presence of the dissociative tion cross sectiongp, {\), of CF;l as a function of the
electron attachment resonance near 0 eV indicates that thghoton wavelengthh in the wavelength range 160-390
electron attachment cross section will be large at low eneram.”®*>46The spectrum consists of a continuous absorption
gies, and thus suggests that the contribution of this process tmand with a local maximum cross section value of about
the total electron scattering cross section will be substantiab.0x 10~ °cn? at 267 nm(4.64 e\}. The absorption band is

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000
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TasLE 3. Energy positions of the negative ion states of thel @folecule

Energy
position
(eV) Reaction mechanism/Possible assignment Reference and comments
0.0 e+ CFR;l—1~+CR? 27, Electron attachment using mass spectrometry
0.0 e+ CR;l—1"+CFR; 35-37, Dissociative attachment producing |
0.0 e+ CF;l—1"+CF; 38, Total dissociative attachment cross section measurBment
a;(C—lo™)
~0.0 e+ CRl—I"+CR 39, Total dissociative attachment cross
section measuremént
0.4 a,(C—lo*) 40, Calculation
~1.0 e+ CRj—F +CF,I° 39, Total dissociative attachment cross
section measurement
~15 e+ CRl—F +CF)l 27, Electron attachment using mass spectrometry
1-2 e+ CRl*—=F +CF)l 41, Formation of F from CR;l at 500 and 700 K
3.8 e+ CFRl—F +CF,l°¢ 35, 36, Dissociative attachment producing F
3.8 e+ CR;l—CF; +I 35-37, Dissociative attachment producing;CF
~45 a,(C-Fo™) 38, Total dissociative attachment cross
section measurement
~4.9 a,(C-Fo*) 40, Total electron scattering cross section
ande(C—Iw*) measurement/Calculation
4-10 a,(C-Fo*) 42-44, Vibrational excitation cross section
ande(C—Iw*) function measurements

#Dibeleret al. in Ref. 34 give the onset of this process-a.0 eV, but the maximum intensity at the unacceptably high value of 1.8 eV.

Due almost entirely to the respective reaction shown in column 2 of this table.

‘Suggested possible reaction in Ref. 39.
dFound to be strongly temperature dependent.
®Dibeleret al.in Ref. 34 give a threshold value of 3:®.3 eV for this process, and a maximum-abundance energy of 5.6 eV.

e = s
2 8 3
T IIHIHl T IIIIIHI T IlIIIIII

—

<
n

IR

10

T

| T

U

Brouwer, (1981) - 300 K
Solomon (1994) - 298 K
Fahr (1995) - 295 K
Rattigan (1997) - 298 K
Recommended

AL 1Ll

¢ O D
povd vl vl povnl

L1 HIIIII

300 350 400
Wavelength (nm)

Fic. 1. Total photoabsorption cross section, {\), as a function of the photon wavelengiy,for CF;l: (@) Ref. 45;(A) Ref. 7;(0) Ref. 46;(#) Ref. 9.
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ELECTRON INTERACTIONS WITH CFl 557

TasLE 4. Recommended total photoabsorption cross sectigq,(\), for TasLE 5. Threshold energies for the production of the parent and fragment

CF;l in the wavelength range 160 nm to 385 rifi=295 K to 300 K positive ions by photon and electron impact ongCF
Wavelength Opai(N) Wavelength Opat(N) Positive ion Threshold energgV) Reference and method
(nm) (107?°cm?) (nm) (10?°cn¥)
CFRl" (X 2Egp)?P 10.23 50, 51, MSPI
160 8716 230 4.81 10.29 52, 53
161 1385 240 134 10.32+0.03 54, ICR/PI
162 764 250 321 10.45 55, PES
164 477 260 55.5 10.61 56
166 886 270 61.5 10.81 57, PES
168 1529 280 44.3 <1049 58, EP
170 2376 290 22.3 s
171 2905 300 8.52 CRyl™ (X 2Ey) 10.91 52, 53
173 1806 310 2.83 11.18 55, PES
175 257 320 0.885 11.37 57, PES
178 10.9 330 0.262 CF; 10.89 50, MSPI
180 2.33 340 0.0764 10.97 59, DPI
185 0.75 350 0.0218 11.36+0.03 54
190 0.31 360 0.006 51 11.88 59/DPI
200 0.15 370 0.002 08 <117 58, El
210 0.29 380 0.000 67 P, 1270 59, DP!
220 1.39 385 0.000 38 *(°Po) 13.50 59, DP!
1*(3Py) 13.58 59, DPI
<145 58, El
due ton—¢™* transitions involving excitation of a nonbond- .
) . . . CR,l 13.40 59, DPI
ing p electron on the | atom to an antibondimg orbital 143 58 i

involving the C and | atonis (see also Robf{ and
Herzberd®). Photoabsorption measurements have also been CF} 17.62 59, DPI

: 7.9,45,46
reporged as a function of_ temperatdre>* Brouwer and g CRI* ground state is a doubleX, 2E4, and X 2E,,. The wo states
Troe®™® made photoabsorption measurements at 300, 625, angre separated by 0.6 eV.
1050 K that show considerable band broadening at high tenfAssociated with the removal of a lone-pair electron from the | atom.

J! ! . . AL
peratures. They also observed thermal decomposition q}/SP!=mass spectrometric photoionization study.
ICR/PI=lon cyclotron resonance/photoionization technique.

®PES=photoelectron spectra.

The electron energy resolution was not adequate to allow separation of the
£=30 oV, 6=10° X 2E4j, and X?E,, states of CR™*.

9El=electron impact.

PFor the products CF+1(2Py).

'DPI=dissociative photoionization.

J iFor the products CF+I(?P ).

=60 eV, 8=5°
enen e CF;l at temperatures above 1000 K (see also Ref. 49The

solid line in Fig. 1 is a least squares fit to the four sets of
“room temperature” measurements. Values from this line
are listed in Table 4 as the recommendgg (\) for CF;l.
S : ' Recent electron energy-loss spectra ofIGE 5° scatter-
£=100 eV, 6=3° ing angle and 30, 60, and 100 eV incident electfdfiare
consistent with the photoabsorption results in Fig. 1. Figure 2
shows these electron energy-loss spectra, which cover the
energy-loss range from 4 to 14 eV. Taken at forward scat-
‘ ‘ tering angles of 3°—10°, these spectra exhibit little variation
4 6 8 10 12 14 with incident electron energy. They show distinct structure
below the first ionization threshold energy-atl0.4 eV (see
Table 5 with peaks at 4.7, 7.2, 8.1, 9.0, and 9.8 eV. The

_ structure at 7.2 eV in the electron-energy-loss spectrum is
Fic. 2. Electron energy-loss spectrum of L£Lfor 30 eV (scattering angle of

10°), 60 eV (scattering angle of 5° and 100 eV(scattering angle of 3° ConSISte.m \.Nlth. that in thep.a,()\)_ar'ound 170 nm. .
incident-electron energidslata of Kitajimaet al. from Ref. 43, as provided Photoionization, photodissociation, and electron-impact

to the authors by Professor H. TanalRef. 44]. studies have provided values of the ionization threshold en-

I N AL

Relative Intensity (arb. units)

©

T T T

Electron Energy Loss (eV)
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558 L. G. CHRISTOPHOROU AND J. K. OLTHOFF

O e A
50 ]
€ 4of .
S [ ]
e 30f ]
5 I ]
o 20[ ]
__ . Underwood-Lemons ( ) ;
1 O - o Kawada (2000) b .
B — Suggested 7

0.1 1 10 100

Electron Energy (eV)

Fic. 3. Total electron scattering cross section as a function of electron eneygig), for CF;l: (@) Ref. 40;(0) Ref. 60;(—) suggested.

ergies for the formation of GFF" and the various positive- ~ We have derived our suggested datadgg (&) for CFsl

ion fragments. These are listed in Table 5. It should be notedy fitting a curve to the average of the two available data sets
that some of the values listed for ionization to{LLFdo not  between 1 and 11 eV. The suggested data are then extended
distinguish between the two ground state§€’Es, and to higher and lower energies by normalizing the low energy
X2Ey,, of CRyl™ which are separated by 0.6 eV. data of Underwood-Lemoret al.to the average at 1 eV, and
normalizing the high energy data of Kawaeéaal. to the
average at 11 eV. These data are shown by the solid line in

3. Total Electron Scattering Fig. 3, and are presented in Table 6.

Cross Section, o4 (€)
Underwood-Lemonset al*° measured the total electron

scattering cross section of gIfrom ~0.5to 12 eV, and Fig.

3 shows their data. The rise in the cross section below 4, Differential Elastic Electron Scattering
~1 eV was attributed to the existence of a resonanca;of Cross Sections,
(C—lo*) symmetry near zero energy, and the peak near 4.9

eV was tentatively ascribed to two negative-ion resonances

of a; (C—Fo*) ande (C—Ix*) symmetries. Electron attach- ~ Differential elastic electron scattering cross sections,
ment studie¥ are consistent with the positions and assign-Oe i, have been measured by Kitajiragal.****for a num-
ments of these resonances, although Ostex > attributed ~ ber of electron energies between 1.5 and 60 eV over a
the broad dissociative electron attachment resonance thé@gattering-angle range of 20°-130° in a crossed-beam ex-
observed near 4 eV to a temporary negative-ion state resulperiment. The results of these measurements are shown in
ing from a two-particle(core excitedl resonance associated Fig. 4 and are listed in Table 7. Kitajinet al. indicated that
with occupation of the LUMO of the neutral molecule. the increases in the. 4 at low electron energies and small
Kawadaet al®° have also measured the total electron scatscattering angles result from electron-dipole scattering due to
tering cross section for GF in the energy range 0.8—600 the permanent electric dipole moment of LAt was also

eV. These data are also presented in Fig. 3, and althougtoted by Okamotet al*? that the largest contribution to the
they fall systematically higher than the data of Underwood-elastic differential scattering cross section comes predomi-
Lemonset al, the general shapes are in overall agreement.nantly from the | atom.

T ¢ giff

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000



ELECTRON INTERACTIONS WITH CFl 559

TaBLE 6. Suggested values for the total electron scattering cross section, 6. Differential Vibrational Excitation
0sc1(g), of the CRl molecule Cross Section. o (8)
’ vib, diff

Electron energy Oscr(€) Electron energy Osct(€)
V) (10" *n?) &v) (10" %) Okamoto et al*? and Kitajima et al** used a crossed-
0.30 49.6 95 46.7 beam apparatus to measure the differential vibrational exci-
0.40 40.5 10.0 16.5 tation cross sectiong;, gi(¢), of CRsl for an electron-
0.50 315 11 459 energy loss of 0.14 eVdue mainly to excitation of the GF
0.60 23.3 12 45.2 stretching modesand a scattering angle of 60°, as a function
0.70 198 15 426 of the incident electron energy from 1.5 to 17 eV. This cross
section is shown in Fig. 5. The enhancements near 5.5 and 8
0.80 18.8 20 39.5 . 43 o
0.90 18.2 o 357 f—:-V were gttrlbute‘%f’ to ne_gatlvg ion resonances. The sharp
increase in the cross section with decreasing electron energy
1.00 18.1 30 32.0 below ~2 eV is attributed to another resonance at energies
1.25 19.1 35 29.2 below 1 eV, in agreement with the electron attachment data
1.50 20.7 40 27.6 (Table 3
1.75 22.4 45 26.5
2.0 24.3 50 25.7
25 29.0 60 24.4 7. Electron-Impact lonization
3.0 35.3 70 231 7.1. Partial lonization Cross Sections, o paral (£)
35 40.5 80 21.9
4.0 44.9 90 20.9 There have been two unpublished measurements of the
4.5 47.9 100 20.0 partial ionization cross sections; paria(e), of CR;l, both
5.0 495 150 17.3 employing Fourier transform mass spectrometry. The first
55 48.6 200 15.6 made by Rielif in 1992, and the second by Jiabal®* in
6.0 479 250 143 1999. The measurements of Righkere calibrated using the
6.5 48.2 300 131 data of Wetzekt al % for Xe at an energy of 25 eV and have
70 481 350 122 a quoted uncertainty in excess ©f30%. The measurements
; 64 R 65
5 478 400 113 of Jiaoet al>* were normalized to the data of Wetzdlal.
for Ar at 50 eV and have an uncertainty of abau22% (the
8.0 47.4 450 10.6 X . T
65 470 500 697 uncertainty in the energy scale of both studies is about
+0.5eV). Since both of these sets of measurements were
9.0 41.0 600 8.82 made at the same laboratory, and since the more recent data
have a smaller uncertainty, we show in Fig. 6 only the more
recent measurements for electron-impact production of
CRl*, CRl", CF;, CF, CF", and I'. Over the energy
range covered by these measuremesty@eV), CF;l* is
5. Momentum Transfer the most abundant positive ion followed by, ICF; , and
Cross Section, o,(g) CF,l*. The cross sections for GFand CF are about a

factor of ten smaller. RiePfl estimated the cross section for

the production of F to be less than 2 10 *8cn? for elec-
To our knowledge no measurements have been reported ohbn energies below 50 eV

the momentum transfer cross section,(e), for the CRl In the absence of published data on thga(e) Of

molecule. However, since GFis polar, an estimate of its CF.l, we list in Table 9 the measurements of Jital * as

momentum transfer cross section at low electron energiegur resently suggested values for the partial ionization cross
(below ~0.5 e\) can be made using the Altshuitformula P y sugg P

sections for this molecule.
The relative abundances of the various positive ions
Tm(v)(en?)=(1.7D?)/v?, () formed by electron impact on GFas measured by Jiao
et al® at 70 eV, differ considerably from the 70 eV “crack-
whereD is the dipole moment of the GFmolecule in debye ing pattern” of the Ckl molecule reported in Heller and
units, v is the electron velocity, and the cross sectigy(v) Milne.%¢ The ratio of the Jiacet al. partial ionization cross
is expressed in units of dnExperimental studies on other sections at 70 eV for the ions @F:I*:CF; :CF, :CF" is
polar molecules have sho{#f3that at low electron energies 100:90.3:34.7:5.2:8.5, while Heller and Milne list, respec-
(=<0.5eV) the total electron scattering cross section is withirtively, 100:95.6:77.4:7.3:11.6. The higher relative intensities
about a factor of 2 of the values of,(v) predicted by Eq. of the lower mass ions measured by Heller and Milne, as
(1) [see also similar findings for CHRn Ref. 12. Taking compared to the measurements of J&al., indicate pos-
the average dipole momef.96 D) given by McClellant®  sible discrimination against high-mass ions common to quad-
Eq. (1) predicts theo,(¢) values listed in Table 8. rupole mass spectromete$or ion-molecule reactions in-
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Fic. 4. Differential elastic electron scattering cross sectionsg;, for CF;l at a number of n cident electron energjéata of Kitajimaet al. from Ref. 43,
as provided to the authors by Professor H. Tan@eaf. 44].

volving I* and CK with CF;l see Bermaret al,>* and for

faces see Suat al®’).

7.2. Total lonization Cross Section,

Ui,t(s)

The total ionization cross sectiow;(g), of CF;l ob-
tained by summing the partial ionization cross sections of TO our knowledge no measurements of the electron-
Jiaoet al® is shown in Fig. 7. The error bar shown in the impact ionization coefficient have been made for this
figure indicates thet 22% uncertainty of the partial ioniza- molecule.

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000

tion cross sections. Also plotted in Fig. 7 is the value
formation of CRI™ in photoinduced charge transfer at sur-[(10.9+0.48)x 10 *®cn?] of o;,(¢) of CF;l measured by
Beran and Kevdif for 70 eV incident electrons. The values
agree within the combined uncertainty of the two measure-
ments. The data of Jiaet al. are listed in Table 10 as our
presently suggested values for thig(e) of CFsl.
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TasLE 7. Differential elastic electron scattering cross sectieng;;, of CFsl (in units of 10 ®m?sr?) for a
number of incident electron energiéfata of Kitajimaet al. from Refs. 43 and 44

Electron energyeV)

Angle 15 3 4 6 8 10 20 60
20° 2.22 3.35 6.79 15.7 19.3 23.0 20.8 4.06
30° 1.21 2.27 6.16 11.2 12.0 12.4 6.62 1.10
40° 0.82 3.16 4.96 7.01 6.40 5.62 1.98 0.66
50° 1.00 3.49 3.88 433 3.03 2.39 1.16 0.51
60° 1.02 3.52 3.18 2.65 1.67 1.36 1.15 0.31
70° 1.09 3.20 3.10 1.92 1.36 1.50 1.08 0.18
80° 0.97 2.61 2.28 1.70 1.39 1.30 0.89 0.14
90° 0.82 1.91 1.94 1.70 1.46 1.24 0.68 0.12
100° 0.70 1.41 1.63 152 1.23 1.00 0.53 0.16
110° 0.55 0.90 1.14 1.21 0.94 0.82 0.54 0.27
120° 0.46 0.68 0.89 0.92 0.85 0.90 0.65 0.43
130° 0.40 0.84 1.03 1.16 1.15 1.29 0.72 0.51
8. Electron Attachment e+ CF;l—CF; +1. (3b)
8.1. Relative Cross Sections for the Production of Reactions(3a) and (3b) are endothermic, respectively, by
the Fragment Negative lons | ~, F~, CF5, and (~1.5+0.3) eV,*® and by(0.7+0.3) eV.3® According to Os-
FI~ by Dissociative Electron Attachment to CF 4l ter et al,*® the weak F signal near 0.0 eV does not arise

from the direct dissociative electron attachment process, Eq.

There have been a number of studies of electron attacH3d, but rather from an ion—molecule reaction of the form
ment to CKl. These include electron-beam measurements of +CFsl—=F +CFl,.
the relative cross sections for the formation of the various The formation of the FI ion has an “appearance energy”
fragment negative iorg,’34_37141'69e|ectr0n-beam measure- of (22i02) eV and requires a multlple dissociation
ments of the total electron attachment cross secdfidh, process” Interestingly, the complementary reaction to Eq.
electron-swarm measurements of the thermal-electron attach3b), that is, the production of 1+ CF; was not observed
ment rate constarif="3very-low-energy electron-beam total from the 3.8 eV negative ion state>®

electron attachment cross-section measureniémtsgd mea- Reactiong2) and (3b) result from breaking the C—I bond
surements of the rate constant of bound-electron attachme@$ @ result of localization of the extra electron into a molecu-
at thermal and subthermal electron enerdre$. lar orbital with antibondingrg_, character. This is supported

Based on the results of these studies, electron attachmeby theoretical calculatioiSand also by the fact that, in the
to CRyl produces T, F~, CF;, and FI negative ions, formation of CF; at threshold, the total excess energy of the
mainly via two dissociating negative-ion states, one attransient anion appears as kinetic energy of the dissociation
~0.0eV and another near 3.8 eV. This is seen from th@roducts® This is also consistent with photoabsorption and
measurements of Ostet al3® shown in Fig. 8. The zero- Pphotodissociation studies. For instance, Sattal.”” found
energy process generatesvia the reaction

e+CF;l—1~+CF, () 04— ' '
. . Lo e 0 = 60°
and is exothermic by (0.67+0.1)eV3® The 3.8 eV process _ . S otaey |
generates F, CF;, and FI'. The fragment anions Fand % 03[ - R ]
CF; are generated via the reactions Ng ® ] .
© i N ¥ .
e+ CRl—F +CFil, (3a o 020 % » . ‘
\.;E ’.’:’: 1%
2 -
t—? 0.1y A .
TaBLE 8. Calculated values af, (¢) for CF;l determined via Eq(1) and . o .
using for the dipole moment of GFthe value of 0.96 D ':'?‘:Z:\‘..‘,s‘ag
00— : — :
Electron energy om(€) 0 5 10 15
20 12
V) (107 m") Electron Energy (eV)
0.005 902
0.01 451 Fic. 5. Differential vibrational excitation cross section as a function of the
0.05 90.2 incident electron energyr, girr(¢), for CR;l [data of Kitajimaet al. from
0.10 45.1 Ref. 43, as provided to the authors by Professor H. TaiBk& 44]. The
0.50 9.0 measurements are for a scattering angle of 60° and an electron-energy loss

of 0.14 eV.
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Fic. 7. Total ionization cross sectiom;(¢), for CF;l: (@) Ref. 64;(0)
Ref. 68.

that in the photodissociation of GlFat 266 nm(4.66 e\j,
85% of the available energy is partitioned into translational
energy.

In addition to the dissociative electron attachment pro-
cesses, Eq92) and (3), F and CFK ions have been ob-
served, respectively, at energies above 12.3 and 118¥v,
and their production at these energies has been attributed to
the nonresonant ion-pair-formation processes

e+ CRyl—CFyl* +e (43
SF +CRI* (4b)
—CFy +17, (40)

TaBLE 9. Suggested values for the partial ionization cross sectigpsqi (¢), of CF;l (data of Jiacet al.from

Ref. 64
T partial (e) (107 2 m2)
Electron

energy(eV) CF" CF CF I+ CRl* CRyl*
10 0.0389
12 0.0246 0.121
14 0.0978 0.0180 0.435
16 0.277 0.0629 0.0161 1.02
18 0.547 0.208 0.0929 1.83
20 0.0064 0.720 0.425 0.219 2.36
22 0.0048 0.0193 0.759 0.640 0.313 2.46
24 0.0176 0.0418 0.800 0.874 0.392 2.58
26 0.0418 0.0626 0.852 1.12 0.473 2.72
28 0.0755 0.0780 0.896 1.34 0.555 2.84
30 0.101 0.0864 0.919 1.49 0.604 2.89
32 0.121 0.0946 0.940 1.65 0.690 2.94
34 0.140 0.100 0.958 1.79 0.750 2.96
36 0.155 0.107 0.995 1.95 0.820 3.05
38 0.171 0.115 1.03 2.11 0.885 3.12
40 0.181 0.122 1.04 2.21 0.925 3.13
45 0.202 0.135 1.05 241 1.00 3.13
50 0.225 0.147 1.08 2.59 1.08 3.17
55 0.240 0.154 1.09 2.68 1.13 3.17
60 0.253 0.160 1.11 2.77 1.17 3.19
65 0.261 0.164 1.11 2.82 1.21 3.19
70 0.271 0.167 1.11 2.89 1.24 3.20
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TasLE 10. Suggested values for the total ionization cross seatigris), of

CF;l (data of Jiacet al. from Ref. 69

ELECTRON INTERACTIONS WITH CFl

Electron energy oit (&) Electron energy ot (&)
(eV) (1072°m?) (eV) (1072°m?)
10 0.039 32 6.44
12 0.146 34 6.70
14 0.551 36 7.08
16 1.38 38 7.43
18 2.68 40 7.61
20 3.73 45 7.93
22 4.20 50 8.29
24 4.71 55 8.46
26 5.27 60 8.65
28 5.78 65 8.76
30 6.09 70 8.88

563

1.0
085 F=/CF,
0.6[
0.4r
0.2

0.0
10

8r F-/CFy

(a) 350 K

(b) 500 K

Relative Intensity (arb. units)

80 F~/CFyl (© 700K

0 1 2 3 4 5 6
Electron Energy (eV)

The CF3|_ parent negative ion has not been observed in anyle. 9. Variation with gas temperature of the relative cross section for the
of the gas-phase electron attachment studies, however, it {grmation of F by dissociative electron attachment to {LRdata of

known to be formed in charge-transfer reactions involving K,
Na, and Cs atoni$2° and by electron attachment to @F
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Fic. 8. Relative cross sections for the formation of F~, CF; , and FI" by
dissociative electron attachment to Lfor T=300 K (data of Osteet al.
from Ref. 36. Note the pressures in comparing the magnitudes of the rela
tive cross sections of the various negative ions. The work of Getea.

Hahndorf and lllenberger from Ref. 11

clusters® Interestingly, in a study of the desorption of CF
following the interaction of low-energy0—10 eV} electrons

with a CRl film,3’ the desorption cross section was found to
be more than two orders of magnitude greater than the cor-
responding gas-phase dissociative electron attachment cross
section.

8.2. Effect of Temperature on the Production of F
by Dissociative Electron Attachment to CF 4l

Figure 9 shows the relative cross section for the formation
of F~ by dissociative electron attachment to L&t three
temperature$350, 500, and 700 Kas reported by Hahndorf
and lllenbergef! The weak F signal at~0.0eV in the
room temperature measureme(fsg. 8) increases substan-
tially with increasing temperature above ambient, however,
even at 700 K the relative cross section for the formation of
F~ is small compared with that for the formation of at this
energy. Additionally, in view of the magnitude and energy
dependence of the cross section fordroduction, it is not
expected that the Isignal will exhibit a significant tempera-
ture dependencé® Hence, for temperatures in this range, the
total electron attachment cross section as measured by
Underwood-Lemonst al,*® and the total thermal-electron
attachment-rate constant as measured by various gfeaps
Table 13 in Sec. 8)5should not be considerably affected by
the gas temperature, as is indeed the ¢sse Fig. 10 in Sec.
8.3). Moreover, the data in Fig. 9 indicate that the production
of F~ from CF;l has another maximum between 1 and 2 eV.
This is consistent with earlier observations of a negative-ion

indicates possible production of lat higher energies than the zero-energy P€aK around 1 eV by Marriott and Cragfsand by

peak.

Buchel'nikova® (see Table B
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Fic. 10. Total electron attachment cross section as a function of electron engrfyy), for CF;l. Free-electron attachment- - -) Ref. 74;(®) Ref. 38.
Bound-electron attachmentA) Rydberg-atom destruction data from Ref. 7l) free-ion production datan(>40) from Ref. 76.(—) Suggested values.

8.3. Total EIeptron Attachment Cross Section as a surements ofr, (&) for CF3l in the low-energy range have
Function of Electron Energy,  o(¢) been plotted in Fig. 10. The first is derived from the rate
constantky gydn), for the destruction of the Rydberg atoms

* . .. . 75 . .
CF;l has been measured by Underwood-Lenidds for K*(nd) in collision with CRl. ™ The second is derived from
the rate for negative-ion formatioky,{n), in collisions of

electron energies<7.5eV under single-collision conditions K* (nd) with CE,l.7® In both cases is the principal quan-

and temperatures of 393 and 563 K. Figure 10 shows th
data from the measurements made at 393 K. No significarﬁgJ n:hzurg;);rioog the Rydberg electron. The riajgdn) refers

temperature effects were observed. The peak energy an
symmetry assignment of the negative-ion resonances ob- . N e N ~

served in a total electron-scattering cross section §fuahe K*(nd) + CRyl = K" +CRgl K" +CRs+17, (5
given in Table 3. The steep rise of the cross section toward

zero energy is attributed to electron capture into the LUMO2nd is less than or equal kg ry{n) since the probability of

of CF;l with a; symmetry ands* (C—I) bonding character. €scape of T can be less than one. As can be seen from Fig.
The fragment ion is thus I [Reaction(2)]. In contrast, the 11, the difference betwedq ry{n) andk,,{n) depends on
fragment negative-ion peak near 4.5 eV is associated witthe value ofn. As n becomes small, postattachment electro-
the next higher unoccupied orbital, (C—Fo*). The pri- Static attraction between the product iofhis and K') be-
mary ion associated with this resonance is thu§Reaction =~ comes important causing larger differences between the two
(33)]. rate constants.

Also plotted in Fig. 10 are the total electron attachment The bound-electron attachment rate constakijgyd(n)
cross sections of Alajajiaet al.”* determined using the Kr (data of Ref. 75andk,p{n) (data of Ref. 7§ were con-
photoionization method for the production of monoenergetic/erted to functions of the electron energy using the relation-
low-energy electrons. The relative cross section values obship € =R/v?, whereR is the Rydberg constarii3.6 eV).
tained by this method were put on an absolute scale by norLhese values were then used to determine the bound-electron
malization to the thermalT=300K) electron attachment- attachment cross sectionr ,{¢) (and similarly oy gyd€)),
rate-constant value of Shimamori and Nakafatsee Table from
13 in Sec. 8.b

In addition to the data of Alajajiaat al,’* two other mea- Tabd0)=Kapd /0 ms, (6)

The total electron attachment cross sectiof(e), of

J. Phys. Chem. Ref. Data, Vol. 29, No. 4, 2000
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TasLE 11. Suggested values for the total electron attachment cross section,

107 ' ' ' ‘ ' ‘ ' oar(€), of CRyl
e . . . M
c')tn . L] " | Electron energy "%‘228)2 Electron energy Ui"zgs)
£ . " ] (eV) (107" m?) (eV) (107%m?)
P " 0.004 1820 0.70 0.114
= . 0.005 1575 0.80 0.067
e 1r E 0.006 1399 0.90 0.044
2 . ] 0.007 1265 1.00 0.032
Q ®  Kkypy(n) ~ Zheng (1990) 0.008 1157 1.50 0.015
(& m k. () - Ling (1990)
) ' 0.009 1070 2.00 0.014
& " I 0.010 997 2.50 0.017
01 . . . ‘ . , ‘ 0.015 757 3.00 0.026
: 0.020 623 3.50 0.070
10 20 30 40 0.025 532 4.00 0.138
Principal Quantum Number (n) 0.030 464 4.25 0.148
0.040 369 4.50 0.140
Fic. 11. Rate constantgg,{n), for Rydberg-atom destructiof®, Ref. 0.050 302 4.75 0.122
75), and,k, pdN), for negative-ion productioll, Ref. 7§ in collisions of 0.060 251 5.00 0.104
K*(nd) with CF;l as a function ofn (see texk 0.070 212 525 0.100
0.080 183 5.50 0.107
i ) 0.090 158 5.75 0.115
wherev s is the root-mean-square veIQC|ty of 'the Rydberg 0.10 139 6.00 0.112
electror_1. AII values ofoyry{e) determined this way are 0.15 76,1 6.25 0.102
shown in Fig. 10, however, far, pd ) we hav_e plo_tted only 0.20 39.4 6.50 0.092
the data forn=40 since a number of studi€$°-82have 0.25 19.9 675 0.008
indicated that Eq(6) is expected to be valid only for large 0:30 11:1 7:00 0:135
values of n(>30). Figure 10 shows that the low-energy 0.40 3.38 7 95 0.134
bound-electron attachment data agree well with the higher- 0.930 750 0.118
energy electron-beam measurements of Underwood-Lemons 0.266

et al*® However, both sets of data disagree with the data of
Alajajian et al,’* that were obtained by normalizing to the
swarm attachment rate constant. This may indicate a differ-

ence in the magnitude of the electron attachment rate Cork, ({&)) measurements of Alajajicet al’* They used the Kr
stant near thermal energies as determined by swarm methogRotoionization technique for the production of monoener-
and by techniques employing bound electron capture progetic low-energy electrons and the room temperatufe (
cessegsee discussion in next sectjon =300K) thermal-electron attachment-rate constak,),,

The data in Fig. 10 show that at thermal ener@y  of Shimamori and Nakataffi(1.7x10 7 cm®s %, see Table
=0.038eV, T=300K), the total electron attachment cross 13 in Sec. 8.5 for normalization of their relative data. The
section exceeds I0%cn?. This value is more than two or- average of the four “room temperature” values d‘a()th
ders of magnitude greater than the value of71® 17 cn? (Table 13, Sec. 8)5is 1.9x10 " cm®s %, and this value is
of the cross section measured by Buchelnikévat also plotted in Fig. 12. Additionally, we have plotted in Fig.
~0.0eV, which is not shown in Fig. 10. 12 the values okg gyN) measured by Zhenet al.”® and the

The data of Underwood-Lemoret al,® Zheng et al,” values ofk, pdn) for n>40 measured by Lingt al’®
and Linget al.”® are in agreement, and the solid line in Fig. The bound-electron attachment measurements indicate
10 is a fit to these three sets of data. Values from this curv@igher values of the electron attachment rate constant than
are listed in Table 11 as our suggested data fowtf)ee) of  the electron swarm measurements. At therniak @00 K)

CHl. energies the electron swarm data are lower by about a factor
of 2. This difference is not understood, and complicates the
determination of suggested values for thg((e)) of this
molecule. Because all four independent measurements of the
thermal (T~300K) value ofk, {((¢)) are in essential agree-

The measurements &f ((e)) by Shimamoriet al.’* and  ment(they are within the quoted or expected uncertaifties
Sunagawa and Shimambtiare shown in Fig. 12. A pulse- we opted to fit only the electron swarm data in Fig. 12 in an
radiolysis microwave-cavity method was employed with pro-effort to determine suggested values kr((¢)). Our fit to
visions for electron heating above thermal energies and athe swarm data is shown by the solid line, and values from
indirect method of determining the mean electron energyhis line are listed in Table 12 as our suggested data for
(see Ref. 71 for details Also shown in the figure are the k,{((e)) of CFl.

8.4. Total Electron Attachment Rate Constant
as a Function of the Mean Electron Energy,  k,({&))

|7l
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Fic. 12. Total electron attachment rate constant as a function of the mean electron dqeKgy,), for CR;l. Swarm data (A) Ref. 71;(®) Ref. 73.
Low-energy electron beam daté - -) Ref. 74.Bound-electron attachment datéD) Rydberg-atom destruction data from Ref. 7®;) free-ion production
data fi>40) from Ref. 76(*) Average thermal value (12910 7 cm®s 1) of the room temperature swarm measuremésee text (—), Suggested values

for ko ((€)).

8.5. Thermal Electron Attachment decline beyond 600 K. This is consistent with other
Rate Constant, (kg¢)w observation€ involving strong dissociative electron attach-
, ment processes peaking-al eV when the potential energy
The available data on the thermal value of the electrony e of the dissociating negative ion state crosses that of the
attachment rate constank(), are listed in Table 13. The 4,6,nq state of the neutral molecule in such a way that popu-
room-temperature values ok{), are _W|th|n_t7he corplbmed lation of vibrational levels higher than the=0 of the neu-
quoted uncertainties. Their average isX " cm’s ™, tral molecule results in the initial state of the neutral mol-

Interestingly, the measurements &0, in Fig. 13 show o6 Iying above the dissociating negative ion state.
a small increase with increasifigfrom 250 to 500 K and a

TaBLe 13. Thermal values,k; ), of the total electron attachment rate
TaBLE 12. Suggested values for the total electron attachment rate constargonstant of CHl

ka((£)), of CFyl

k
Mean electron k_a,t(<8>)_ Mean electron k_a,t(<8>)_ (107(7 zfr;‘s’l) T(K) Reference
energy(eV) (10 "cnPsY energy(eV) (10 "cnPsY
15 250 70
0.038 1.90 0.4 0.13 17+0.2 300 70
0.05 1.85 0.5 0.11 20 350 70
0.06 1.75 0.6 0.089 19401 300 83
0.07 1.66 0.7 0.079 2002 ~300 1
0.08 1.56 0.8 0.070 29 293 7
0.09 143 0.9 0.063 24 615 7
0.10 1.33 1.0 0.058 29 777 79
0.15 0.75 15 0.040 15 1022 79
0.20 0.41 1.9 0.033
0.30 0.19 #Data suspected for possible error due to possible thermal decomposition of
the gas.
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I L 470 nm. The emission bands were attrib8fewd the CE
and IF species and the atomic lines to tifednd  frag-
. ments.
"_(D -
e . . 1 10. Summary of Cross Sections
o
~ . _
o 2 . The meager data on the electron scattering cross sections
< . . for CR;l are summarized in Fig. 14. The suggested values for
;f;; ® Shmamoi (1668 . | osxfe) (Fig. 3; Table 6, oy(e) (Fig. 7; Table 10, and
= . . e o) oa(¢) (Fig. 10; Table 11are shown by solid lines, and the
+  Lew(1984) 1 calculated values of,(¢) (Table 8 are shown by a dashed
line.
1 The values ofop, (\) (Table 4, o g4 (Table 3, and
pa, » Ye,diff '
200 400 600 800 1000 oiparia €) (Table 9 are also suggested but are not plotted in
Temperature (K) Fig. 14.
Fic. 13. Temperature dependence of the thermal electron attachment 11. Data Needs
rate constant, i, )y, of CRl: (@) Ref. 70; (A) Ref. 83; (M) Ref. 71;

(#) Ref. 72. With the exception of the total electron scattering,

electron-impact ionization, and electron attachment cross
sections, measurements of the cross sections for all other
9. Optical Emission Under Electron Impact electron collision processes are needed. Even the cross sec-
tions for total electron scattering, electron attachment, and
Martinez et al® performed an experimental study of the electron-impact ionization need further investigation to con-
visible and ultraviolet emissions following pulsed electron-firm the limited data that are presently available and to ex-
impact on CEl. For electron-impact energies of 100 eV, the tend the range of energies over which data are available.
spectra in the 200—600 nm region show a number of narrow No experimental data are available for the electron trans-
lines superimposed on two broad bands centered at 300 abrt, ionization, and attachment coefficients of this molecule.
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