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Guided ion beam techniques are used to measure cross sections as a function of kinetic energy for reaction of O+ and 02+ 
with CF4 and c2F6. The predominant ions formed in these fluorocarbon systeps correspond to dissociative charge-transfer 
reactions, with small amounts of FCO+ and F2CO+ being formed. The thresholds and shapes of dissociative charge-transfer 
cross sections are explained in terms of vertical ionization to various electronic states of CF4+ and c2F6+. In the O+ reactions, 
fluoride transfer to form CF3+ in the CF4 system and C2FS+ in the C2Fs system is also observed at thermal energies. The 
formation of carbon oxyfluoride ions in these systems is postulated to occur by insertion of the oxygen ions into C-F bonds 
of the fluorocarbon molecules. From the 02+ + CF4 and O+ + C2F6 systems, AfH(F2C0+) is determined. The relationship 
of these reactions to plasma deposition and etching is discussed. 

Introduction 
Use of fluorocarbon and fluorocarbon/oxygen plasmas in 

etching processes is becoming widespread. Etch characteristics 
of Ta and Si surfaces resulting from these plasmas have been 
investigated by a number of methods.’+ For example, reactive 
ion beam etching studies indicate that plasmas containing C2F6 
and C3F8 give high etch selectivity for Si02 to Si of 10 to 1, while 
the selectivity obtained with CF4 is less than 2 to l.2 This is 
substantiated by another study which found that rf discharges in 
pure CF4 tend to etch Si and S O 2  at comparable rates.5 It has 
been demonstrated that fluorine atoms produced in the discharge 
are the primary etchant of Si? while F atoms are found to react 
with Si02 only very s10wly.~ Another reactive species, CF, 
radicals, are abundant in fluorocarbon plasmas and known to 
chemisorb on silicon! but they cannot etch silicon alone because 
of the presence of the carbon atom? The active etchant for Si02 
is unclear, but species such as CF,, CF3+,Io CF2,11 CF2+,6 and 
others have been proposed as having some effect. Additionally, 
plasma reactive sputter etching studies show that surface bom- 
bardment by ions such as CF,+ has an essential role in selective 
etching of SiOF3 It has also been shown that the relative reactivity 
of CF,+ ions with S i02  is proportional to x.I2 Thus CF3+ and 
CF2+ contribute significantly more to the etching process than 
do CF+ or C+. 

Although fluorocarbon gases are used extensively in these 
etching systems because of their low toxicity, unsaturates such 
as C,Fh in the discharge can scavenge free F atoms and, in 
unfavorable cases, can lead to polymer or residue formation? The 
role of oxygen additions to these plasmas has thus been found to 
be twofold. First, O2 and 0 atoms react with unsaturates which 
helps eliminate polymerization and recombination reactions and 
thereby enhances formation of F atoms, which serves to increase 
the Si:Si02 etch selectivity. Further, these reactions lead to stable, 
volatile carbon-containing species such as CO, C02, FCO, and 
F2C0, thereby decreasing carbonaceous deposits on the etched 
surface. The second function of oxygen additions is O2 or 0 
reactions with the surface being etched. Such reactions can inhibit 
etching of Si02 or Si3N4 layers by occupying active sites on these 
surfaces6 and can act to remove carbonaceous layers from Si.” 
Both types of reactions aid the selective etching of Si over SO2.  

For CF4/O2 plasmas, the maximum F concentration and the 
maximum etch rate for Si occurs for addition of only -12% 
oxygen.I4 In contrast, almost no increase in F concentration is 
observed when oxygen is added to a c2F6 plasma since formation 
of two CF3 radicals is energetically favored over other processes, 
such as production of F atoms.” Similar results have been 
obtained for the etching of tantalum surfaces. In CF4/02 plasmas, 
the Ta etch rate is high and linearly proportional to the F radical 
concentration. In contrast, for C2F6/02 plasmas, the overall Ta 
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etch rate is somewhat smaller and independent of F concentration.’ 
This indicates that a plasma species other than F atoms is im- 
portant in Ta etching and that there is a substantial difference 
in the gas-phase chemistry between these two systems. 

In a CF4 plasma, the primary ions observed are CF3+ and CF+ 
although CF2+, C+, and P are also present in substantial con- 
centrations.16 The principal ions observed in a CF4 plasma 
containing 25% O2 are, in order of decreasing intensity, CF3+, 
FCO+, CF2+, CO+, C P ,  C02+, F+, O+, C+, F2+. and F2CO+.I7 
These ions, through reactions with other radicals and molecules 
and via collisions with surfaces, can be a source of the active 
etching radicals F, CF3, and CFI. It has been speculated that 
many of these ions are formed via reactions of atomic or molecular 
oxygen ions or metastables with CF,.I8 

Recent work in our laboratory has focused on ion-molecule 
reactions related to CF4,I9 SiF4,m1 SiC14,u and SiH,U-z plasma 
systems. In the reactions of rare-gas ions with CF419 and SiH4,u 
the energy dependence of the cross sections for fragmentation 
products was easily understood by considering the energies nec- 
essary for vertical transitions to various electronic states of CF4+. 
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TABLE I: Huts  of Foromtion at 298 I(' 
A ArH(A), eV &H(A+), eV A ArH(A), e v  &H(A+), eV 

-2.12 (0.13) 9.28 (0.13) 
-1.82 (0.17) 6.94 (0.36) 

F 0.823 (0.003) 18.311 (0.003) F2CO -6.63 (0.02) 6.37 (0.15) 
O F  1.13 (0.09) 13.88 (0.09) CF3 4 . 8 1  (0.043) 3.74 (0.07)c 

0 2.582 (0.001) 16.200 (0.001) CF2 
0 2  

02F 
OF2 

O.OO0 12.071 (0.001) FCO 

-9.688 (0.013) 0.13 (0.02) 12.75 (0.20) CF4 
0.255 (0.017) 13.36 (0.02) c2F3 -9.24 (0.04) -0.0 
2.64 (0.09) 1 1.76 (0.09)b c2F6 -13.92 (0.05) 4 - 5 2  (0.05) C F  

Ion heats of formation are calculated by using the stationary electron convention. Values from the literature which use the convention that the 
electron is a monatomic gas should be decreased by 0.064 eV at 298 K. Unless otherwise noted, values are taken from ref 33. bDyke, J. M.; Lewis, 
A. E.; Morris, A. J. Chem. Phys. 1984, 80, 1382. eBased on the threshold for the reaction, Kr+(2P3/2) + CF, - CF3+ + F + Kr. Fisher, E. R.; 
Armentrout, P. B. Int. J. Mass Spectrom. Ion Processes 1990, 101, R1. 

In the present study, we examine the reactions of O+ and 02+ with 
CF4 and C2F6 in order to investigate the importance of these 
ion-molecule reactions in fluorocarbon/02 plasmas and to further 
investigate the previously observed'9*25 coupling of translational 
and internal energy in dissociative chargetransfer (CT) reactions. 

Previous work on these reactions is rather limited. The reaction 
of O+ with CF4 has been studied by Richter and Lindinger at 
thermal energies,26 and the excitation cross section in collisions 
of 02+ with CF4 has been measured to be less than 5 X 1W20 cm2 
at a laboratory energy of 1800 eVa2' In addition, no emission 
was observed from this reaction in the wavelength region 
2000-8000 A.27 
Experiment 
&"I. The ion beam apparatus and experimental techniques 

used in this work are described in detail elsewheree2* The mo- 
lecular and atomic oxygen ions are produced as described below. 
The 0,' and O+ ion beams are each mass analyzed, decelerated 
to the desired translational energy, and injected into an rf octopole 
ion beam guide,29 which passes through the reaction cell containing 
the neutral reactant gas. The neutral pressure is sufficiently low, 
0.01-0.07 mTorr, that multiple ion-molecule collisions are im- 
probable. The transmitted reactant and product ions drift out 
of the gas chamber to the end of the octopole, where they are 
extracted and analyzed in a quadrupole mass filter. Ions are 
detected by a secondary electron scintillation ion counter using 
standard pulse counting techniques. Raw ion intensities are 
converted to absolute reaction cross sections as described previ- 

Laboratory ion energies (lab) are converted to energies in the 
center-of-mass frame (CM) by using the conversion ECM = 
EhbM/(m + M), where m is the ion mass and M is the neutral 
molecule mass. Unless stated otherwise, all energies quoted in 
this work correspond to the CM frame. The absolute zero and 
the full width at half-maximum (fwhm) of the ion kinetic energy 
distribution are determined by using the octopole beam guide as 
a retarding potential analyzer.28 The uncertainty in the absolute 
energy scale is fO.05 eV (lab). The distribution of ion energies 
has an average fwhm of 0.3 eV (lab) for both 02+ and O+. 

Ion Source. The O+ and 02+ ions are formed in their ground 
electronic and vibrational states by using a recently constructed 
flow tube (FT) ion source.3o This flow tube (either 50 or 100 
cm in length) operates at a pressure of 0 .447  Torr with a helium 
flow rate of 3500-7000 standard cm3/min. In this source, He+ 
and He* are formed by microwave discharge. Further down- 
stream, these species interact with the reagent gas to form O+ 
and 02+ ions [appearance energy (AE) of O+ = 18.8 f 0.4 eV?' 
and ionization energy (IE) of O2 = 12.071 * 0.001 eV3u3] through 

ously.2' 

~~ 

(26) Richter, R.; Lindinger. W. In Procccdlngs of the Fourth Inrernurionul 
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T. D., Eds.; Inst. Atomphysik: Innsbruck, 1986; p 202. 
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(28) Ervin, K. M.; Armentrout, P. B. J .  Chcm. Phys. 1985, 83, 166. 
(29) Teloy, E.; Gerlich, D. Chem. Phys. 1974.4, 417. 
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cesses, in press. 

Chcm. Ref. Dufu 1977, 6, Suppl. 1. 

charge transfer or possibly Penning ionization. 
Primary cooling of the 02+ ions is obtained by self-quenching 

collisions with the O2 reagent gas. This is because electronically 
excited metastable ions of 02+ are rapidly deexcited in collisions 
with O2 [k = 3.1 X cm3 d]," and vibrationally excited 0 + 

ions are also rapidly quenched by O2 [k = 3 X om3 s- ' ] j5  
The internal energy content of the 02+ ions is evaluated in several 
ways which have been discussed in detail previou~ly.~~ Based 
on these tests, the 02+ ion beams used for these experiments are 
>99.9% ground 02+(2 u 0). For O+ beams, the R source has 

4S ions.37 This is determined by using the reaction of O+ with 
N2 as a diagnostic for the amount of excited-state O+ in the beam, 
as described elsewhere." 

Ion Collection Efficiency. For charge-transfer (CT) and dis- 
sociative CT reactions, products may be formed through a 
long-range electron jump such that little or no forward momentum 
is transferred to the ionic products.39 In such instances, it is 
possible that up to 50% of these ions may have no forward velocity 
in the laboratory and will not drift out of the octopole to the 
detector. Such slow product ions that do traverse the octopole 
may be inefficiently transmitted through the quadrupole mass 
filter.28 Exothermic or nearly thermoneutral reaction channels, 
in particular, can be subject to these effects. Nevertheless, results 
reported here were reproduced on several occasions and the 
cross-section magnitudes shown are averaged results from all data 
sets. Based on reproducibility, the uncertainty in the absolute 
cross sections is estimated as f30% in both the 02+ and O+ 
systems. 

Collision Cross Sections. The collision cross section, awl, for 
ion-molecule reactions at low energies is predicted by the Lan- 
gevin4ioumousis-Stevenson (LGS) model" 

been shown to produce %= ms composed of >99.9% ground-state 

ULOS = ~ e ( 2 a / E ) ' / ~  (1) 

where e is the electron charge, a is the polarizability of the target 
molecule, and E is the relative kinetic energy of the reactants. 
Many exothermic reaction cross sections follow this type of energy 
dependence, although deviations are commonly seen." In this 
work, we use a(CF4) = 2.92 and a(c2F6) = 5.0 A'." 

(32) Chase, M. W., Jr.; Daviar, C. W.; Downey, J. R., Jr.; Frurip, D. J.; 
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1978, 11, 3365. 
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(39) Hierl, P. M.; Pacek, V.; Herman, Z .  J. Chem. Phys. 19n, 67,2678. 
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Figure 1. Variation of product crass sections with translational energy 
in the laboratory frame of reference (upper scale) and the centersfmass 
frame (lower scale) for the reaction of O+ with CF,. The dashed line 
shows the collision cross section, given by the maximum of UHS or oms 
[a(CF,) = 2.92 A3]. Arrows indicate the AIE values listed in Table 111 
for the CF,+ states labeled. 

At high kinetic energies, ad for CT reactions is better repre- 
sented by the hard-sphere limit, uHs = rR2. We estimate that 

= 37 AZ,& and uHs(OZ+/CzF6) = 50 A2?' In this work, uml is 
taken to be the maximum of uLos and uHs. 
Thresbdd Analysis. The threshold regions of the experimental 

reaction cross sections can be analyzed by using the empirical 
model in eq 2. Here, ET is the reaction endothermicity, uo is an 

u ~ ( O + / C F ~ )  = 22 A'," u ~ ( O ~ + / C F ~ )  32 A'," U~(O+/CZF,) 

u(E) uO(E - ET)"/E (2) 

energy-independent scaling factor, and n is an adjustable pa- 
rameter. This form has been derived as a model for translationally 
driven reactions" and has been found to be quite useful in de- 
scribing the shapes of endothermic reaction cross sections and in 
deriving accurate thermochemistry for a wide range of sys- 
t e m ~ , ~ ~ * ~ ~ * ~  The parameters n, uo, and ET are allowed to vary 
freely to best fit the data as determined by nonlinear least-squares 
analysis. Errors in threshold values are determined by the variation 
in ET for the various models applied to several data sets and the 
absolute uncertainty in the energy scale, -0.04 eV. 

Heats of formation used in deriving thermochemical results are 
given in Table I. We assume that the neutral reactants and the 

(42) Watson, H. E.; Ramaswamy, K. L. Proc. R.  Soc. London, A 1936, 
156. 144. 

(43) Chan, S. C.; Rabinovitch, B. S.; Bryant, J. T.; Spictr, L. D.; Fujimoto, 
T.; Lin, Y. N.; Pavlou, S .  P. J. Phys. Chem. 1970, 74, 3160. 
(44) In the O+ + CF, system,R is roughly estimated as r,(F,C-F) + 

r,(O+-F) = 2.65 A. The value for r,(F,C-F) = 1.32 A is taken from: M(lller, 
J.; Poulain, E.; Gainski, 0.; Karlsson, L. J. Chem. Phys. 1980, 74, 2587. 
The value for r,(O+-F) = 1.33 A is b a d  on the equilibrium bond distance 
for OF from: O'Hare, P. A. 0.; Wahl, A. C. J. Chem. Phys. 1970,53,2469. 

(45) Here, R is estimated as re F,C-F) + r,(O+-F) + r,(O,+) 2 = 3.21 
A. The value for r,(O,+) = 1 .I2 is taken from: Huber, K. P.; kerzberg 
0. Molecular Spectra and Molecular Structure: Cotwants of Diatomif 
Molecules; Van Nmtrand Reinhold: New York, 1979. 

(46) We calculate R = r,(O+-F) + r,(F5Cz-F) + r,(F,C-CF3)/2 = 3.42 
A, where r,(F5C2-F) = 1.32 A and r,(F,C-CF,) = 1.545 A are taken from: 
Gallaher, K. L.; Yokozeki, A.; Bauer, S. H. J. Phys. Chem. 1914, 78, 2389. 
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Figure 2. Variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the centersf-mass 
frame (lower scale) for the reaction of 02+ with CF,. Arrows indicate 
the AIE values listed in Table 111 for the CF,+ states labeled. 

products formed at the threshold of an endothermic reaction are 
characterized by a temperature of 300 K in all degrees of freedom. 
Thus, we make no correction for the energy available in internal 
modes of the neutral reactant. Furthermore, eq 2 implicitly 
assumes that there are no activation barriers in excess of the 
endothermicity. This assumption is generally true for ion-molecule 
reactions and has been explicitly tested a number of time~.~O+~' 

Results 
O+ + CF4. Results for the reaction of O+ + CF4 are shown 

in Figure 1. At the lowest energies, the total cross section matches 
uLGS but then declines as Eo~*5*0~0S, faster than the behavior 
predicted by the LGS model of eq 1. At energies greater than 
-2.0 eV, the cross section levels off at about 10 AZ, mimicking 
the behavior of uWI. The decline in ulot at high energies (above 
30 eV) may be due to a decrease in ion collection efficiency. 

The ionic products observed in reaction of O+ with CF4 (Figure 
1) are given in reactions 3-6, along with their heats of reaction 
0' + CF4 - CF3+ + OF (3) 

(4) 

( 5 )  

AH = -1.64 f 0.11 eV 

AH = 7.00 f 0.13 eV 

AH = 10.30 f 0.09 eV 

- CF2+ + 0 + 2F - CFt + 0 + 3F - FCOt + 3F AH = 2.90 f 0.36 eV (6) 
as calculated from the literature heats of formation given in Table 
I. Formation of the molecular ion CF4+ is not observed at any 
energies. Process 3, formation of CF3+, is favored over the other 
products at all energies. At the lowest energies, the CF3+ cross 
section increases monotonically as the energy decreases, indicating 
an exothermic process. This must be due to fluoride transfer, 
reaction 3, since formation of separated 0 + F atoms is endo- 
thermic by 0.63 f 0.05 eV. The observation of this exothermic 
process is consistent with the relative fluoride affinities of O+ and 
CF3+, 4.27 f 0.12 and 2.62 f 0.11 eV, respecti~ely.~~ 

All other ions observed are formed in highly endothermic 
processes (Figure 1). For CFz+ production, the apparent threshold 
IS -8.0 eV, well above the thermodynamic threshold for reaction 
4. Cross sections for both CFC and FCO+ have similar apparent 
thresholds of - 1 1 eV. This is close to the threshold for reaction 

(51) Ervin, K. M.; Armentrout, P. B. J.  Chem. Phys. 1 W ,  84,6738. Boo, 
B. H.; Armentrout, P. B. J. Am. Chem. Soc. 1987,109,3549. Ervin, K. M.; 
Armentrout, P. B. J .  Chem. Phys. 1987,86,2659. Elkind, J. L.; Armentrout, 
P. B. J. Phys. Chem. 1984,88, 5454. 

(52) Thew values are calculated from ArH(F) = -10.80 * 0.09 eV3) and 
the heats of formation given in Table I. 
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5 but considerably higher than the thermodynamic threshold for 
reaction 6. 

02+ + CF,. Results for reaction of 02+ with CF, are shown 
in Figure 2. Above 15 eV, the total cross section reaches a 
constant value of about 3 A2, - IO1 uHS. CF4+ is not observed 
at any energies. Formation of CF+ is also not observed in this 
system due to considerable mass overlap from the 02+ beam. 
Reaction channels 7-1 0 all display reaction thresholds, typical 
of endothermic processes. 

02+ + CF, - CF3+ + O2 + F AH = 2.18 f 0.07 eV (7) 

(8) 

(9) 

(10) 
Similar to the O+ + CF, system, the major product observed 

is CF3+, formed in reaction 7. The cross section for CF3+ for- 
mation has a threshold of 3.6 f 0.2 eV as determined by analysis 
with eq 2. This is higher than the thermodynamic threshold for 
reaction 7 but is lower than that for the alternatives, formation 
of OF + 0 as neutrals, 5.07 f 0.1 1 eV, or 20 + F, 7.34 f 0.07 
eV. Similarly, the threshold measured for the CF2+ cross section 
by analysis with eq 2, ET = 10.6 f 0.2 eV, is well above the energy 
needed for process 8. In addition, this threshold does not cor- 
respond directly to the energies required for formation of 20F 
at 9.14 f 0.16 eV, of 0 + OF, at 9.73 f 0.13 eV, of OF + F + 0 at 11.42 f 0.16 eV, or complete atomization at 13.70 f 0.13 
eV. For formation of FCO+, the apparent threshold is - 16 eV, 
although the value of ET determined by analysis with eq 2 is 
considerably lower, 1 1.4 f 0.2 eV. In either case, these values 
are considerably higher than the thermodynamic threshold for 
reaction 9. 

In contrast, the apparent threshold for formation of F2CO+ + 
OF2 is close to the thermodynamic threshold for process 10. 
Analysis of this cross section yields the eq 2 parameters n = 1.48 
f 0.12, ET = 4.17 f 0.12 eV, and uo = 0.03 f 0.01. This 
threshold then leads to AfH(F2COf) = 6.30 f 0.12 eV, in good 
agreement with the literature value (Table I). It is likely that 
the F2CO+ and CF2+ products compete with one another in this 
system since the F2C0+ cross section declines as that for the CFz+ 
cross section rises. This decline begins somewhat higher than the 
thermodynamic threshold for formation of CF2+ + 0 + OF,, 9.73 
f 0.13 eV (Table I). 

O+ + czF6. Results for reaction of O+ with CzF6 are shown 
in Figures 3 and 4. The major processes Seen are reactions 11-16. 

O+ + C2Fs - C2F5+ + OF AH = -1.15 f 0.10 eV (11) - CF3+ + 0 + CF3 AH = -0.77 f 0.08 eV (12) - F2C0+ + CF3 + F AH = 0.10 f 0.08 eV (13) 

(14) 

(15) 
AH = 1.50 f 0.36 eV (16) 

Figure 3 shows an expanded view of the low-energy reactions. 
From the lowest energies to - 10 eV, the total cross section, a,, 
follows uWI closely. At the highest energies, utot decreases sig- 
nificantly, although this may be due to poor ion collection effi- 
ciency at these energies. At the lowest energies, formation of CF3+, 
process 12, is favored over formation of C2FS+, with a branching 
ratio of 7228. The cross section for CF3+ increases with decreasing 
energy, indicative of an exothermic process. Below -2 eV, 
u(CFf) decreases as lP4*.03,  in good agreement with the 
predicted behavior of eq 1, while at higher energies, it levels out 
somewhat, mimicking U,~. 

The cross section for formation of C2F5+ also increases mon- 
otonically as the kinetic energy decreases, indicating an exothermic 
reaction (Figure 3) consistent with the thermochemistry for re- 
action 11. This is reasonable as the fluoride affinity of O+ is 

- CF2+ + O2 + 2F AH = 8.54 f 0.13 eV 

AH 9.61 f 0.36 eV 

AH = 4.24 f 0.15 eV 

- FCO+ + 0 + 3F 
--L F2CO+ + OF, 

- CF2+ + CF3 + 0 + F 

--L CF+ + CF3 + 0 + 2F 
AH = 3.01 f 0.14 eV 

AH = 8.90 f 0.11 eV - FCO+ + CF3 + 2F 

loor ,,,, - 
10-1 100 101 

EFlElKiY (eV, CMl 
F i e  3. Variation of product cross sections for products formed at low 
energies in the reaction of O+ with C2F6 in the laboratory frame of 
reference (upper scale) and the centersf-mass frame (lower scale). The 
solid line represents the total cross section, and the dashed line represents 
the collision cross section, the maximum of uHs or UUS [a(C2Fs) = 5.0 
All. The solid line running through the F2CO+ cross section is the eq 
2 model with the parameters listed in the text. The arrows show the AIE 
values listed in Table I11 for the CF,+ states labeled and for the threshold 
for formation of C2F: + 0 + F at 1.13 eV. For the A state, both the 
adiabatic and vertical values are shown. 

greater than that for C2F5+ (3.10 f 0.09 eV).52 Between -0.07 
and 0.4 eV, u(C2F5+) declines as E-o.50M.03, in good agreement 
with the predicted behavior of eq 1. At - 1 .O eV, the cross section 
actually rises and is then fairly constant out to high energies. Since 
the thermodynamic threshold for formation of separated 0 + F 
neutrals is 1.12 f 0.04 eV, the second feature in u(CzF5+) is 
probably due to formation of separated atoms as neutrals. 

Although the cross section for process 13, formation of FzCO+ + CF, + F, is nonzero at the lowest energies (Figure 3), this 
process should be slightly endothermic based on the thermo- 
chemistry of Table I. Consistent with this are the observations 
that the cross section for F2COf declines more slowly than those 
of either CF3+ or C2F5' (Figure 3) and that the cross-section shape 
cannot be reproduced with ET = 0.0 eV in eq 2. Indeed, analysis 
of this cross section with eq 2 yields the parameters n = 0.67 and 
ET = 0.03 f 0.02 eV. This cross-section model is compared to 
the data in Figure 3. We have previously shown that we are able 
to accurately measure the thresholds for such near-thermoneutral 
 reaction^.^^*^^ From this threshold, we determine A,H(F2CO+) 
= 6.30 f 0.08 eV, in excellent agreement with the value derived 
above in the 02+ + CF4 system and with the literature thermo- 
chemistry. 

At higher kinetic energies, we also observe formation of small 
amounts of CF2+, CF+ and FCO+ (Figure 4). Both CF2+ and 
FCO+ are formed at  energies well above the thermodynamic 
thresholds for the reactions given in processes 14 and 16, while 
C P  is formed with an apparent threshold near the thermodynamic 
threshold for reaction 15. 

02+ + C2Fe Only three reaction products are observed in this 
system, processes 17-19 (Figure 5). Above -10 eV, the total 
02' + C2Fb - CF3+ + CF3 + 0 2  AH 0.78 0.10 eV 

(17) - C2F5+ + F + O2 AH = 2.67 f 0.06 eV (18) 
(19) - CF2+ + CF3 + F + 0, AH = 7.14 f 0.15 eV 

(53) Ervin, K. M.; Armentrout, P. B. 1. Chcm. Phys. 1987, 86, 2659. 
(54) Loh, S. K.; Fkher, E. R. Lian, L.; Schultz, R. H.; Armcntmut, P. B. 

J. Phys. Chcm. 1989, 93, 3159. Fisher, E. R.; Armentrout, P. B. J.  Phya. 
Chrm. 1990, 94, 1674. 
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Figure 4. Variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of O+ with C2Fe The dashed line 
shows the collision cross section, the maximum of uHs or ULOS [a(C2F6) 
= 5.0 A3]. 
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Figure 5. Variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of 02+ with C2Fe Arrows indicate 
the AIE values listed in Table IV for the C2F6+ states labeled. 

cross section is fairly constant at about 10 A2, -20% uHs. Similar 
to the 02+ + CF4 system, we do not observe formation of CF+ 
due to mass overlap with the 02+ beam. The cross sections for 
all three of these products display endothermic behavior. The 
apparent thresholds for u(CF3+) and u(C2F5+) are nearly identical 
at -3.0 eV. For CF3+, this threshold is much higher than the 
thermodynamic threshold for reaction 17, while for C2F5+, the 
observed threshold is close to the thermodynamic threshold for 
reaction 18. u(C2F5+) rises faster than u(CF3+) such that it is 
the larger cross section between - 5  and 8 eV (Figure 5 ) .  For- 
mation of CF2+ is sem at higher kinetic energies, with an apparent 
threshold of - 11 eV, significantly higher than the thermodynamic 
threshold for process 19. 

Discussion 
Reaction Rates. Cross sections at low kinetic energies can be 

converted to thermal reaction rate constants for the exothermic 
reactions as described previo~sly.~~ These rate constants are given 

TABLE 11: Reaction Rate Constants at 298 K O  

system product present work previous LGS 
0' + CF4 total (CF,') 1.3 i 0.4 1.0 i 0.26 1.09 
Ot+  C,F, CF3' 0.89 i 0.26 

W 5 +  0.33 f 0.10 
F2COt 0.06 i 0.02 
total 1.3 i 0.4 1.38 

'All rates in units of cm3 s-I. 6Reference 26, assumed 20% 
error. 

TABLE III: Adiabatic and Vertical Ionization Energies for CF,' 
orbital adiab vert AIE(0)6 AIE(02) 
X2T, 514.24' 16.2 2.2 (0.4)d 3.7 (0.4)d 
A2Tz 17.1 17.4 3.6 (0.2) 5.2 (0.2) 
B2E 18.3 18.5 4.8 (0.1) 6.3 (0.1) 
C2T2 21.7 22.1 8.3 (0.2) 9.8 (0.2) 
D2A, 25.1 25.1 11.5 13.0 

'Except where noted, values (in eV) are taken from ref 56. *AIE- 
(A) = IE(orbita1) - IE(A) where IE(orbita1) is the mean of the adia- 
batic and vertical values and the uncertainties (in parentheses) show 
the spread in these values. CThis adiabatic IE is the appearance energy 
for CF3+ + F from CF, as calculated from the information in Table I. 
"These uncertainties (in parentheses) represent the width of this band 
in the photoelectron spectrum of ref 56. 

TABLE I V  Adiabatic and Vertical Ionization b r g i e  for C2F6' 
orbital adiab vert AIE(0)6 AIE(02)6 
X2AI, 512.85' 14.3 0.3 (0.4)d 2.0 (0.4)d 
A2E 15.4 16.4 2.3 (0.5) 3.8 (0.5) 
B 16.8 17.1 3.3 (0.2) 4.9 (0.2) 
C -17.8 18.2 4.4 (0.2) 5.9 (0.2) 

"Values (in eV) estimated from spectra in refs 57 and 58. 6AIE(A) 
= IE(orbita1) - IE(A) where IE(orbita1) is the mean of the adiabatic 
and vertical values and the uncertainties (in parentheses) show the 
spread in these values. 'This adiabatic IE is the appearance energy for 
CFIt + CF, from C2F6 as calculated from the information in Table I. 
dThese uncertainties (in parentheses) represent the width of this band 
in the photoelectron spectrum of ref 57. 

in Table I1 where it can be seen that totals agree with the LGS 
rate constants within experimental error. The only system that 
has been studied previously to yield a reaction rate constant is 
the O+ + CF4 system. Richter and Lindinger (RL)26 used drift 
tube techniques to determine a value that is in good agreement 
with the value derived here (Table 11). At kinetic energies between 
1.8 and 4.0 eV, RL also observed formation of FCO+ and CF+. 
Although we observe these products (Figure l), we do so only at 
energies above - 10 eV. This discrepancy indicates that the O+ 
ions in RL's experiments may not have been completely ther- 
malized or that secondary reactions were occurring. 

Kinetic Energy Dependence of Cross Sections. Much of the 
behavior displayed in the present CF4 and CzF6 systems can be 
explained by dissociative charge-transfer (CT) reactions. In all 
four systems, reaction thresholds for many of these processes are 
well above their thermodynamic thresholds, in direct contrast to 
typical behavior for most endothermic ion-molecule  reaction^.^' 
In previous work on reactions of rare-gas ions with CF, and 
SiH4,i9*25 we found that dissociative CT processes were controlled 
by vertical ionization processes. It is thus possible that similar 
behavior is being observed here. These vertical processes can be 
quantified in the present systems by examining the photoelectron 
spectra (PES) of CF4 and C2F6. Table I11 lists vertical and 
adiabatic IEs for CF4 from the UV PES of Brundle, Robin, 'and 
Basch.56 Table IV lists IEs for C2F6 from the UV PES of Si", 
Danby, and Eland5' and the threshold photoelectron-photoion 

~~~~~ ~ ~~ ~~~ 

( 5 5 )  Rate constants are derived from crass-seetion data by using methods - -  
descriticd in ref 28. 

(56) Brundle, C. R.; Robin, M. B.; Basch. H. J .  Chem. Phys. 1970, 53, 
7106 _._". 

(57) Simm, I. G.; Danby, C. J.; Eland, J. H. D. Inr. J. Mass Specfrom. 
Ion Processes 1914, 14, 285. 
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coincidence data of Inghram, Hanson, and S t o c k b a ~ e r . ~ ~  Also 
listed in these two tables are AIE values, the difference between 
I& of the neutral molecules and those of molecular and atomic 
oxygen. 

Vertical transitions are often characterized in terms of 
Franck-Condon factors. There has been a great deal of work on 
the importance of these factors and energy resonances in 
charge-transfer reactions between atomic ions and small molecules 
at thermal It is generally accepted that, for a 
thermal energy reaction to be efficient, the molecular ion must 
have an energy level that is resonant with the recombination energy 
of the approaching ion and that this resonant energy level must 
possess a favorable Franck-Condon factor.59 Such factors, 
however, have not been thoroughly explored at hyperthermal 
energies. 

Carbon Tetrafluoride. In both CF4 systems, formation of CF4+ 
is not observed at any energies and formation of CF3+ dominates 
the reactivity at nearly all energies (Figures 1 and 2). This result 
is partially explained by noting that the stable region of the CF4+ 
ground state is not accessible by a vertical transition from the CF4 
molecule. Rather, the region of the X2TI state of CF4+ which 
is accessible via a vertical transition, as well as the A2T2 and B2E 
states of CF4+, all predissociate to CF3+ + F.63 In addition, the 
C T 2  and D2AI states of CF4+ are observed to radiate to the lower 
lying s t a t e ~ , ~ , ~ ~  which can then dissociate. 

The appearance of product cross sections in the O+ + CF4 
system can be better understood by using these ideas. As noted 
above, despite the nonresonant nature of the O+ + CF4 reaction, 
formation of OF as the neutral in reaction 3 allows for production 
of CF3+ via an efficient exothermic process. While this reaction 
could account for the CF3+ product seen at all energies, it is also 
possible that dissociative CT contributes at elevated energies as 
has been seen for reactions of rare-gas ions with CF4l9 Such a 
process is probably not efficient until the vertically accessible 
ionization region to form CF4+(XT,) at - 16 eV, over 2 eV higher 
than IE(0). This may explain why the cross section for CF3+ 
stops decreasing when this vertical excitation energy is reached 
at AIE = 2.2 f 0.4 eV (Table 111) and then remains constant until 
further dissociation channels become available. In the intermediate 
energy region, O+ could produce the A T 2  and B2E states of CF4+, 
but, as noted above, these also form CF3+ exclusively. 

Formation of the CF2+ product, reaction 4, has an apparent 
threshold of -8.0 eV (Figure l), close to AIE for the C2T2 band 
of CF4+ (Table 111). In the reactions of CF4 with rare-gas ions,I9 
the thresholds for formation of CF2+ also occur at the AIEs for 
the C T 2  state. Also, the apparent threshold for reaction 5 occurs 
at - 1 1  eV, near PIE for the D2Al band of CF4+. Thus, high 
energy dissociative CT reactions of atomic oxygen ions with CF4 
may be controlled by vertical excitations to various electronic states 
of the CF4+ ion, leading to fragmentation thresholds well above 
the thermodynamic values. 

These ideas can also be applied to the 02+ + CF4 system. 
Molecular oxygen ions (IE = 12.071 eV) are also not resonant 
with the X2T, band of CF4+, consistent with the endothermic 
nature of the reaction between 02+ and CF4 (Figure 2). Rather, 
formation of CF3+ is observed as soon as a vertical transition to 
the X2T1 band becomes energetically accessible at AIE = 3.7 f 
0.4 eV, in contrast to the thermodynamic threshold for reaction 
7 of 2.18 f 0.07 eV. Likewise, formation of CF2+ is observed 

(58) Inghram, M. G.; Hanson, G. R.; Stockbauer, R.  Inr. J .  Mass Spec- 

(59) Laudenslager, J. B.; Huntress, W. T., Jr.; Bowers, M .  T. J.  Chem. 

(60) Chau, M.; Bowers, M .  T. Chem. Phys. hr t .  1974,44,490. 
(61) Bowers, M. T.; Elleman, D. D. Chem. Phys. hrr. 1972, 16, 486. 
(62) Mauclaire, G:; Derai, R.; Fenistein, S.; Marx, R. J .  Chem. Phys. 

1979. 70,4017. Derai, R.; Mauclaire, G.; Marx, R. Symp. At. Surf. Phys. 
1982. 278. 

trom. lon Processes 1980, 33, 253. 

Phys. 1974, 61, 4600. 

~ ~~. ~ 

(63) Si", 1. G.; Danby, J. C.; Eland, J. H.; Mansell, P. I. J.  Chem. Soc., 

(64) Aarts, J. F. M. Chem. Phys. h r r .  1985, 114, 114. 
(65) Aarts, J.  F. M.; Mason, S. M.; Tuckett, R. P. Mol Phys. 1987,60, 

Faraday Trans. 2 1976, 72.426. 
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with a threshold corresponding most closely to AIE for the C2T2 
band at 9.8 f 0.2 eV, although the agreement here is not out- 
standing. Fluoride transfer to form 0 2 F  is not seen in the 02' 
system because the fluoride affinity 02+ (1.14 i 0.09 eV)52 is 
much less than that of CF3+. 

For both of these systems, a possible explanation for the delay 
in the dissociative CT reaction thresholds is that the lack of 
resonance between O+ ions or ground-state 02+ ions and any of 
the electronic states of CF4+ produces a slow onset and delayed 
reaction thresholds for high-energy dissociative charge-transfer 
reactions. Further, since these processes involve successive loss 
of F atoms, the probability is low that each F atom will depart 
with no momentum and leave all the interaction energy available 
for further dissociation. Thus, a kinetic shift is observed. 

Hexufluoroethane. Similar to the CF4 systems, formation of 
the molecular ion in the c2F6 systems is not observed. This concurs 
with the observation that no c2F6+ parent. ions have been observed 
by means of photons or electron impactM mass spectrometry. This 
observation is due to the unstable nature of C2F6+ ions. Photo- 
fragmentation studies indicate that the X2AI state of c2F6+ 
dissociates to form exclusively CF3+, while the A2k state dissociates 
primarily to C2F5+.57 This indicates that the A2E excited state 
does not undergo internal conversion to the ground state before 
decomposition. At higher energies, the B and C states fragment 
primarily to CF3+, although formation of CF2+ and CF+ is also 
seen. 

This specific dissociation behavior can be understood since the 
X2A18 and A2E states of c2F6+ result from removal of an electron 
from very different molecular orbitals. The X2Al, ground state 
of c2F6+ corresponds to the loss of an electron from an essentially 
C-C u-bonding orbital on the molecule, the 4a1, orbitalas' In 
contrast, the A2E first excited state of C2F6+ corresponds to loss 
of an electron from an e, or e8 orbital, largely associated with the 
?r-levels of the fluorine atoms. 

These observations can now be used to help explain the cross 
sections of Figures 3 and 4. In the O+ + C2F6 system, CT to form 
C2F6+(X2Alg) is near resonant (Table IV). Thus, the reaction 
efficiency is high at all energies and favors formation of CF3+ over 
C2F5+ at the lowest energies by more than a factor of 2. Indeed, 
this preference is found even though the fluoride-transfer reaction 
1 1  is more exothermic than reaction 12. As the kinetic energy 
increases, C2F5+ formation rather than CF3+ formation is pre- 
ferred. The increase in the cross section for C2F5+ and the con- 
comitant decrease in that for CF3+ (Figure 3) occur at energies 
near the thermodynamic threshold for production of C2F5+ + 0 + F, 1.13 f 0.04 eV, and near the onset for a vertical transition 
to C2F6+(A2E), -1.8 eV (Table IV). The observation that 
u(C2F5+) is larger than u(CF3+) from -1.5 eV to the highest 
kinetic energies is consistent with the observation that photoion- 
ization of C2F6 favors C2F5' over CF3+ production at energies 
where both the X2Al, and A2E states are acces~ib le .~~ 

Similar ideas can be applied to the 02+ + c2F6 reaction system. 
Here, the 02+ ions are not resonant with the ground state of c2F6+, 
and the fluoride affinity of 02+ < C2F5+, such that 0 2 F  is not 
formed in this reaction. Thus, we observe no reactivity at thermal 
energies. As the kinetic energy is increased, we observe formation 
of CF3+ and C2F5' with approximately the same threshold (Figure 
5 ) .  This threshold corresponds somewhat to AIE for the A2E state 
of C2F6+, consistent with the observation that from threshold to 
-9 eV the cross section for C2F5' formation is greater than that 
for CF3+ formation. At higher energies, CF3+ dominates over 
C2F5+ by about a factor of 4. This is consistent with the pho- 
toionization results that show that the higher lying excited states 
of C2F6+ preferentially dissociate to CF3+ + CF3.S7 

In both c2F6+ systems, we observe formation of dissociative 
CT products with thresholds well above the AIE values of Table 
IV. These include formation of CF2+ and CF+ in the O+ system 
and formation of CF2+ in the 02+ system. It is possible that these 
thresholds correspond to a c2F6+ excited state that has not yet 
been measured. Using the apparent thresholds for the CF2+ 

(66) Lifshitz, C.; Long, F. A. J .  Phys. Chem. 1965, 69, 3746. 
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product ion, we can approximate the IE for this state. In the 0' 
system, the apparent threshold for CF2+ (10-1 1 eV) leads to IE 
= 24-25 eV, and in the 02+ system, we find IE = 23-24 eV. For 
comparison, the D?AI state of CF4+ has a similar ionization energy 
of 25.1 eV (Table 111). As noted above, however, it is also possible 
that we are simply observing a kinetic shift in these reactions. 

Formation of Carbon Oxyfluoride Ions. In both CF4 systems 
and in the O+ + c2F6 system, the observation of FCO+ and F2CO+ 
as product ions indicates that these reactions are more than just 
simple dissociative CT processes as was seen in the Rg+ + CF4 
systems.19 In all cases, the carbon oxyfluoride ions are formed 
in very inefficient reactions (Figures 1-4) via mechanisms that 
are not transparent. We presume that these species have the 
structures O=C+-F and F2C=0+. 

In the O+ + CF4 reaction, FCO+ could be formed after insertion 
of O+ into a C-F bond leads to FOCF3+. This intermediate could 
dissociate to produce CF,+ + OF or lose three F atoms to give 
FCO'. In the 02+ + CF4 reaction, formation of F2CO+ is ac- 
companied by formation of OF, as the neutral product. The 
simplest explanation for this reaction is insertion of the 02+ 
molecule into a C-F bond of CF4 to form the intermediate 
FOOCF3+. This type of insertion has been seen previously in the 
reaction of 02+ with CHbN*67 Fluorine atom transfer could then 
lead to F2CO+.0F2, which could dissociate to F2CO+ + OF2 via 
cleavage of the 0-0 bond. The relative IEs of OF, and F2C0 
indicate that formation of F2CO+ would be favored over OF2+ 
(Table I). Although the simplest pathway to formation of FCO+ 
would be loss of an F atom from F2CO+, the shapes of a(FCO+) 
and a(F,CO+) do not indicate that these two processes are directly 
competitive. Instead, FCO+ probably results directly from de- 
composition of the FOOCF3+ intermediate. 

Both F,CO+ and FCO+ are seen in the O+ + C,F6 reaction. 
On the basis of thermochemical arguments, formation of F2CO+ 
must be accompanied by CF, + F as neutrals. Two pathways 
are conceivable. Insertion of the O+ ion into the C-C bond of 
C2F6 to form the intermediate F3COCF3+ may be reasonable since 

(67) Barlow, S. E.; Van Doren, J.  M.; Dcpuy, C. H.; Bierbaum, V. M.; 
Dotan, 1.; F e r w n ,  E. E.; Adam, N .  G.; Smith, D.; Rowe, B. R.; Maquette, 
J. B.; Dupeyrat, G.; DurupFerguson, M. J .  Chem. Phys. 1986, 85, 3851. 

the C-C bond is the weakest in the molecule. This intermediate 
decomposes by cleavage of one of the C-O bonds to form F3CO+, 
which can then lose an additional F atom to give F2CO+. Al- 
ternatively, the O+ ion could insert into a more accessible C-F 
bond to form F-OCF2+-CF3 which could then lose F and CF,. 
Unlike the 02+ + CF4 system, the cross-section data are consistent 
with the possibility that FCO+ is formed via loss of a F atom from 

Rdation to Piasma Systems. Many of the ions found in CF4/02 
plasmas (listed above) are also formed in the reactions studied 
here (Figures 1 and 2). Reactions of 0' and 02+ with CF4 
produce primarily CF3+ ions and OF and F radicals. Reactions 
of O+ and 02+ with c2F6 produce CF3+ and C2F5+ ions and CF,, 
OF, and F radicals (Figures 3-5). Both O+ systems have effi- 
ciencies near the collision limit over extended ranges of kinetic 
energy while the 02+ reactions are somewhat less efficient at 
elevated energies and do not occur at all at thermal energies. Thw 
results demonstrate that the ion-molecule reactions studied here, 
in particular those of 0+, are possible sources of these reactive 
species in CF4/02 and C2F6/02 plasmas. 
As noted above, Martz, Hess, and Anderson found that the etch 

rate for Ta in a CF4/02 plasma is dependent on the F concen- 
tration, whereas in a C2F6/02 plasma, no dependence on F atom 
concentration is observed.' These authors suggest that this dif- 
ference could be the result of different gas-phase chemistry of these 
two systems. While they hypothesize that the difference centers 
on CF2, a possibility suggested by the present results is that an 
active species is CF3+, a major ion produced in all four reaction 
systems studied here. In CF4/02 plasmas, the increase in F 
concentration would reflect an increase in the CF3+ concentration 
since formation of CF3+ ions from CF4 is accompanied by for- 
mation of F radicals. Conversely, in C2F6/0, plasmas, formation 
of CF3+ is accompanied by CF, formation, such that the etch rate 
would not be dependent upon the F concentration. Other active 
etchants are presumably present since the etch rate in CF4/02 
plasmas is higher than in C2F6/O2 plasmas.' 
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Cage Effect on the Photodlssociation of H20 in Xe Matrices 
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Photodissociation of H20 in Xe matrices has been investigated by excitation in the first continuum (A'BJ by using dispersed 
synchrotron radiation. The dissociation threshold near 6.4 eV corresponds to a barrier of - 1.3 eV due to repulsive H-Xe 
pair interactions and is attributed to a prompt cage exit of the H atoms. The dissociation efficiency for crystalline samples 
does not depend on temperature in the 5-40 K range. An increase of the dissociation efficiency with temperature for noncrystalline 
samples up to the value of crystalline ones is caused by partial annealing. The dependence of dissociation efficiency on excess 
kinetic energy is well rationalized in terms of a model based on the mass dependence of energy exchange between the H 
fragment and the cage atoms that had been derived for the case of Ar and Kr matrices ( J .  Chem. Phys. 1990, 93, 3245). 

Introduction 
The photodissociation of H 2 0  (D20) embedded in Ar and Kr 

crystals has been investigated in a series of recent papers.'-' These 
studies are part of current general efforts aiming at a microscopic 
description of the effect of the cage on a molecule dissociating 
in a dense medium and on the transport of its fragments from 
the original reaction site to a final stable site. In refs 1 and 2, 

'On leave from Labratoire de Photophysique Moltculaire, C.N.R.S., 
UniversitC Paris Sud, F-91405 Orsay Cedex, France. 
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we determined threshold energies and the energy dependence of 
relative quantum efficiencies for the permanent dissociation of 
H30 (D20) in Ar and Kr matrices excited in its first continuum 
(AIB,). In ref 3, we reported on the absolute photodissociation 
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