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Abstract

Absolute partial and total ionisation cross-sections, nascent ions kinetic energy distributions and the appearance energies of the product
has been measured for the product ions produced by electron-impact on tha&&iule, namely CGt, CCL*, CCI¥, Cl,*, CI*, C* and CC}?*
ions. The experiments were conducted by crossing a pulsed beam of tuneable energy electrons up to 100 and 0.5 eV (full with at half maxim
energy spread with a supersonic beam of d@lbuffer Ar within the active region of a time-of-flight mass spectrometer. The total ionisation
cross-section profile was calculated by adding the partial ionisation cross-section profiles. Both total and partial ionisation cross-sections
compared with previously reported theoretical and experimental results, analysing agreements and discrepancies. Appearance energies ar
reported and combined with the nascent kinetic energy distributions lead to the identification of the fragmentation pathways.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction very reactive species to transform gases and surfaces. Most plas-
mas require a balance between electrons, ions and neutrals and
The CCl molecule is a member of the chlorofluoromethaneselectron-impact is pivotal to initiate and later sustain the plasma
family that has attained widespread interest in the last decadétself. In consequence, the study of the electron-impact with
due to its many industrial applications and undesired presence molecules is of dominant interest to understand and model etch-
the upper atmosphefg&] where it reacts and destroys some ben-ing and industrial plasmas and, in some cases, to choose efficient
eficial species. Inthe industry itis employed as a reactive etchinmethods to obliterate the parent molecide
gas for silicon wafers in microelectronic device fabrication, The high electron affinity of CGl(2.12 eV) has attracted con-
microelectro-mechanical-systems (MEMS), mass characterizaiderable interest as a case study to yield negative ions. Indeed,
tion, cleaning surfaces by chemical vapour deposition (CVDhnascent Ct ion is produced at virtually zero energy and the
[2], propellants and low temperature plasmas. Debris of theselectron attachment cross-section is much higher than those for
applications and naturally created halomethanes are releasether chlorofluoromethanég].
into the atmosphere where they are hazardous pollutants with a This work completes our electron-impact investigation on
large residence lifetime in the upper atmosphere and a markedghlorofluoromethanes GFCCIF3, CChF,, CChF series from
efficient contribution to the greenhouse effect (GWP 2[a08]).  threshold to 100 e\/5,6] and joins to the experimental partial
Halomethanes yield highly reactive neutral plasmas whemnd total ionisation cross-section (ICS) studies reported so far
the collision energies of the components attain a few hundretbr CCly [7-9] with the aim of shedding light on the nature
electron volt. The most interesting properties of these plasmasf their significant disagreements. It also reports the electron-
stem from their efficient energy transfer and the presence dmpact total ICSs and compares them with other experimental
and theoretical outcomgS—8] already published. In addition,
the kinetic energy distributions of the product ions from £ClI
* Corresponding author. Tel.: +34 94 601 2533; fax: +34 94 601 3500. have beeninvestigated and used to identify the dissociation chan-
E-mail address: f.castano@ehu.es (F. Caatd. nels of the specific ions. A plausible comparison of the channels
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and the ions associated with the virtual orbitals of the parens. Results and discussion
molecule is also presented.
3.1. Kinetic energy distributions of the product ions
2. Experimental
The electron-impact energy employed to yield the dissocia-

Electron-impact partial ICSs and kinetic energy distributionstive ionisation can be split into two parts, the proper dissociative
(KEDs) were measured in a linear, double-focusing, time-ofenergy and that channelled toward the fragments internal degrees
flight mass spectrometer (TOF-MS; R.M. Jordan). A detailedof freedom. In the case of atomic ions the excess energy appears
account of the experimental set-up has been presented elsewhasekinetic energy. The kinetic energy distribution of the prod-
[10,11]and thus, only a succinct description is given here. Mix-uct ions has been derived from the width and shape of the TOF
tures of CC} vapour in rare gas (Ar or Kr) at a stagnant pressuremass bandgl0,11,13]Jand are depicted iRig. 1 Distributions
of over 1 bar were prepared and stored in a stainless steel cylindeith a feature peaking at low energy, sa¥.5eV, are related
and stirred with arotating magnet for atleast 3 h. The homogenewith a thermal relaxation and those with a second maximum at
ity of the mixture was critical to obtain reproducible partial ICS higher energies, to a non-thermal relaxatibig. 1 also shows
measurements. The gas mixture was further expanded throughat the lighter the released ions*(@nd CI) the larger their
a 0.8 mm @ nozzle into the stainless steel chamber of the TORKinetic energy. The behaviour follows a similar pattern to that
MS at a working pressure <18 Torr. The resulting supersonic found for other members of the chlorofluoromethanes family
molecular beam was collimated by a skimmer and crossed #15]. In contrast, heavier ions, such as €CICCL™*, Cl,* have
right angle with a tuneable energy pulsed electron beam (0.5 emuch narrower KEDs primarily associated to a thermal release
FWHM and 1-1QuA electron intensity) in the ionisation region from the parent ion. Medium size ions, like CChas an inter-
of the TOF. mediate behaviour, with a thermal peak at low enetgy5 eV

Measurements of the electron-impact appearance energ@nd a broad second band at higher energies. At high electron-
(AE) of the product ions were conducted at low intensitiesimpact energies the contributions narrow down and split into
(1pA) in order to minimize double collisions and ion pro- one peak at very low energy and a secong@17 eV that dom-
duction from channels other than that of the electron-pareninates the distribution. The KED of the low mass" @n has
molecule. Following the 300 ns electron pulse, the ejected iongvo neat contributions, with a noticeable increase of the high
are extracted to the acceleration region by a negative voltagenergy band (atv4 eV) with the electron-impact energy. The
pulse (145V/cm) applied to the extraction grid, and furtherfeature may be attributed to the production of @rough a
accelerated with a second electric field (1430 V/cm), whichnew channel that opens at an energy close to 30 eV (cf. below),
directs the bunch of ions towards the 86.5cm long drift tubeand increases in efficiency with the electron-impact energy. Low
of the TOF. There, the ions were mildly focused with a cou-mass C ion KED has two contributions, one thermal centred at
ple of orthogonal deflection plates followed by a free flight~0.4 eV and another broader between 3 and 6 eV. Both increase
along the tube until they finally impinge on the microchan-with the electron-impact energy.
nel plate (MCP) detector placed at the far end of the flying It is worth noting that the characteristic KEDs of the disso-
tube. ciative ionisation barely change with the electron-impact ener-

Partial ICSs for both the ions of interest and the calibrationgies and have patterns similar to those of fluoromethane and
buffer gas were monitored simultaneously to circumvent thechlorofluoromethang10,11] Consequently, all the dissocia-
influence of the electron intensity fluctuations. Absoluté Ar tive ionisation channels are opened near the ionisation thresh-
(39.9 amu) and K (83.8 amu) ICSs were taken from Rejoub et old energies. However, the KE profiles determined at higher
al.[12]. Critical pressures for the initial gas mixture of G&hd  electron-impact energies are more accurate and reliable because
reference were measured with a capacitance manometer witf the higher mass spectra intensity.
nominal accuracy of 1% (MKS 750B).

Errors stem mostly from pressure inaccuracies (2—3% fo8.2. Absolute partial ionisation cross-sections
CCly/Ar, Kr mixtures), uncertainties of reference gases ICSs
(3-5% for Ar* and Kr*), the percentage of ions that fail toreach  lons created by electron-impact on G@re unambiguously
the detector, and the single ion counting efficiency of the MCHdentified in our experimental set-up because of the characteris-
detector. As discussed below, apparent ionisation energy threstie splitting of the peaks arising from tféCl and3’Cl isotopes.
olds are significantly affected by the KE excess of the ion and’he parent CGJ" ion is not observed, as expected from its low
hence, considered as an upper limit of the ionisation energy. Ktability and fast dissociative ionisati¢h6]. The ions detected
is commonly accepted that lighter ions, such 4s6d Cf', are  include CC}* (n=1-3), Cb*, atomic Ct and C', and CC?*
ejected from Coulomb explosions (see below) with high KE (anddication. CCy?* ion is also detected, but its intensity is so low
usually broad KED) and, hence, are hard to focus on the MCRs to hamper any sensible ICS determinations.
detector. Nascent KEDs were computed from the TOF band pro- Fig. 2 depicts the partial ICS profiles obtained for all the
files, according to the method discussed elsewhEdgl1,13]  product ions originated in the electron-impact on £@s a
and related to thermal and non-thermal contributidi®§. The  function of the electron-impact energy. The results are plotted
total ICS (counting) was calculated by the addition of the partiablong those reported by Leiter et 8] and Lindsay et al[9].
ICSs of all the ions observdd4]. For convenience purposes and future use, the numerical partial
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Fig. 1. KEDs of the set of ions produced by electron-impact oryCiibte that the energy scales for the KEDs are different.

ICSs are also given in table forrfidble ). The last drawing of et al.[8]. The difference has, in some cases, an ICS ratio factor
Fig. 2 shows the total ICS obtained by adding the partial ICSshetween two and three and cannot possibly be due to the loss of
of the ions at the selected impact energy, and compares it witlons in the flight to the detector, but rather to a systematic error
the available experimental and theoretical results. In a previous the determination method, possibly in the measured;CClI
paper5], we presented the total ICS of the G@hd compared absolute pressure. In fact, the G@hpour pressure at 2& is
it with those computed by the Deutsch andatd formalism  ca. 100 Torr and before the experiment the vapour ought to be
(DM), the modified additively rule (MAR), and a modified chlo- mixed with Ar or Kr at a similar pressure to provide the internal
rine parametrised binary-encounter-Bethe (BEB) methods, witheference ICS scale. At such low pressures, outgassing before
excellentagreement. The experimental total ICS profile obtainednd during storage and the gas dissolved in liquid C@hd
by the total ion current methdd] is also in good agreement with other causes lead to the presence of a non-negligible quantity
that presented in this work. of unwanted air in the mixing cylinder. To control the undesir-
As expected, the ICSs of the product ions decrease in thable contamination, liquid C&Imust be freeze-pump-thawed
series CH* >CCI* ~ CClL* >CI*, a behaviour related with a number of times, to be finally mixed with Ar under stirring
their stability. It should be noted that our partial ICS profilesconditions and for some hours. The presence gf &hd Q™
are systematically and significantly higher than those of Leitefons in the mass spectra was used to estimate the presence of
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Fig. 2. Partial ionisation cross-section (ICS) profiles of the product ions of the electron-impact on jad@&lule, namely C@f, CCI*, CChL*, CI*, C*, CCk?*,

Cly*, as a function of the electron-impact energy. The very last plot at the bottom shows the total ICSs (computed as the sum of the partial ICSs)satiecontrast
results with earlier reported experimental and computed vallB s ifis work, ) Bart et al[7], (O) Leiter et al.[8], (O) Lindsay et al[9], (—) modified chlorine
parametrized binary-encounter-Bethe (BEB) method, Deutsch d@mld fdrmalism (DM) and {- - -) modified additively rule (MAR) approach.

air in the experiment and further to correct the ¢@bsolute  obtains the ICSs by colliding two beams, one of electrons and
pressure. another of a supersonic gas mixture including both the molecule
A first glance afFig. 2 shows that the €and CI ions pro-  investigated and the reference gas. The position-sensitive detec-
duced by Coulomb explosions have ICS profiles remarkablyor (PSD) of Lindsay is set close to the extraction grid, without
lower than those of Lindsay et §] by a factor of 1.5in contrast tube-of-flight. Hence, the mass-resolution is very poor but, in
with heavy and low kinetic energy C€l, CChL* and CCh%*ions  contrast, ions released with high kinetic energy easily reach the
where our ICSs are significantly superior by 40, 20 and 50%¢getector and losses are minimized.
respectively. The discrepancies may be attributed to the sensi- Two additional arguments must be considered to favour either
tivity of the experimental methods used to collect high kineticthe ICS data reported here and those by Lindsay et al. The
energy ions. Lindsay et al. method is bafed on the collision  finest theoretical methods provide a total ICS maximum of
of an electron beam of monitored intensity with uniform density15x 10~2°m? at 60 eV, which differs from Leiter's profiles
bulk gas target and collecting and determining the total numbepy a factor of two. Secondly, as discussed elsewliglethe
of ions extracted. The absolute partial ICSs are accomplished bgCl, molecule is expected to have higher total ICSs than chlo-
the comparison of absolute electron and ion numbers, the densitgfluoromethanes with lower number of Cl atoms. In fact, the
and the length travelled by the electrons in the sample. Our studgtal ICSs of chlorofluoromethane follows the serieg, <
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Table 1

Partial and total ionisation cross-sections of ions produced by electron-impact giCQD—2° m? units)

Energy (eV) ca* ccrt CCl* cr c* cCl? Clp* Total

15 2.10 - - - - - - 2.10
20 6.66 0.08 0.41 0.02 - - - 7.18
25 8.55 0.41 1.22 0.05 - - - 10.23
30 8.75 1.32 1.96 0.17 0.02 - 0.01 12.22
35 8.55 2.24 211 0.66 0.06 0.01 0.07 13.70
40 8.49 2.38 2.08 121 0.12 0.04 0.10 14.41
45 8.46 2.25 1.97 1.61 0.15 0.09 0.10 14.63
50 8.47 221 1.96 1.90 0.17 0.11 0.10 14.93
55 8.45 2.20 1.92 2.04 0.18 0.14 0.09 15.03
60 8.33 211 2.01 2.16 0.18 0.14 0.10 15.03
65 8.46 2.10 2.01 2.20 0.18 0.13 0.10 15.19
70 8.54 1.98 1.96 2.18 0.17 0.13 0.10 15.07
75 8.47 1.89 2.00 2.08 0.17 0.13 0.09 14.84
80 8.40 1.83 1.98 2.06 0.18 0.12 0.09 14.66
85 8.24 1.79 1.90 2.02 0.17 0.12 0.08 14.33

OCCIF; < OCChLF, < occkF < occl, Whilstin Leiter’s result$8] energy for the ejected C€l, CCI*, Cl,* and CC42* ions. No
occl, < occlkrand breaks the well established additivity i~ reported measurements on the energy thresholds of the set of

known to be followed in these processes. CCly4 product ions have been reported so far, although Leiter
et al. [8] mention the onset for the €1 ion. Unfortunately,
3.3. Dissociative ionisation pathways in their experiments the Cglissociates on the surface of the

electron gun filament and the results are unreliable. The issue
Electron-impact appearance energy thresholds are the uppércircumvent in two colliding beam experiments. Some of the
limits of the channel dissociative ionisation energy because thejtensity/electron-impact energy profiles at threshold have abent
includes the internal energy of the ejected fragments. Internalurved region, that prevents a straightforward and accurate deter-
energies are usually far from easy to measure and in the case®ination[18], and raises the AE uncertainty.
atoms appear as kinetic energyg. 3 collects the plots of the Table 2compares the ionisation channels and the experimen-
intensity profiles in arbitrary units versus the electron-impactal thresholds. The kinetic energies (column 4Table 2 are
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Fig. 3. Appearance energy (AE) of the GEICCI*, Cl,* and CCk2* ions produced by electron-impact on GCAr* ion was used to calibrate the electron energy
scale (see text). A numerical list of the AEs for the ions is offeretiinle 2
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Table 2
Correlation between the ionisation channels, referred to by a channel number, and the calculated and experimental thresholds for the moistrsfragiicants
produced by electron-impact on CCI

Channel no. AH° (eV) Experimental threshold (other measurements) Observed translational energy (eV)

1 CCl — CCls* 11.32 Not observed -

2 CCl — CCl* +ClI 10.98 13.01%0.6 0-0.5
3 CCl, — CClz* +CI* 24.02

4 CCly — CCl* +Cl, 12.65

5 CCl — CCl* +2Cl 15.17 18.0% 0.6 0-1.2
6 CCl; — CChL* +Cl+CI* 28.20

7 CCl, — CCl* +2CrI 41.24

8 CCl— CCIF+Cly+Cl 20.36 21.1#0.8 0-0.3

9 CCl,— CCI* +3Cl 22.87 0.3-1.3
10 CCl — CCI*+Cl* +Cl 31.86

11 CCl— CCI*+CI* +Cl, 33.39

12 CCl— CCI*+CI* +2Cl 35.90

13 CCl— CCh?*+Cl 27.33 32.3t1.0

14 CClL — CCl?*+CI* 40.36 (30.4£0.3; 31.8£ 1.0; 33.1+0.3¢2

15 CCl— Cly* +CCh 14.97

16 CCl — Clp* +CCl+Cl 18.96

17 CCl— Clp* +C +Ch 19.92

18 CCl— Cl*+C+2Cl 22.44 28.05-1.0 (27.01% 0-0.1
19 CCl— Clp* +C* +Clp 31.25

20 CCl— 2CL*+C 31.42

21 CCl— Cly* +C*+2Cl 33.76

22 CCl— Ct+2Ch 19.75

23 CCl— C*+Cl,+2Cl 22.26

24 CCl — C*+4Cl 24.78 27.36:1.0 0-2,2.5-6
25 CCl— C*+Clp* +Cl, 31.25

26 CCl— C*+Cly* +2Cl 33.76
27 CCl,— CI*+CCl; 16.11
28 CCl— CI*+CChL +ClI 19.01
29 CCl — CI*+Cl + CClI 20.49
30 CCl— CI*+Cl+CI+C 23.9%
31 CCl— CI*+CClg* 24.02 26.09+ 1.0 0-1.5,2-6
32 CCh— CI*+3Cl+C 26.48
33 CCl — CI* +CChL* 28.20
34 CCl— CI* +Cl* +CClI 31.99
35 CCl — CI*+Cl+ CCI* 33.39
36 CCl— CI*+Cl,+CI+C* 35.29

Only the energies closest to a determined channel are shown.
a | eiter et al.[8].

characteristic of the ionisation channel and must be subtracteal low barrier between the Cg£l states and the product
in order to obtain the ionisation energy. AE thresholds weregons.

calculated from the enthalpies of formatid®-21]when avail- Studies of PEPICO and TPEPICO photoelectron spectra sug-
able and otherwise computed by the Gaussian G2(MP3) methagkst the presence of three bands at low ionisation erjédjy
[22]. All the ions formed in the low energy states dissociate into

The outer occupied MOs of the CLImolecule com- CCl;* + Clfragments. At higher energies, the system associated
puted at the MP2/6-311G level are: {f(3t)%(1ef'(2t)®  with the dissociation may reach théT} state, which dissoci-
(2a1)%(1t)8(1ay)2... [5]. Bews and Glidewell[23] have ates into CGI* and CCt. Finally, CI* formation is correlated
reported a semiempirical MINDO/3 calculation suggesting thewith the D state.
accessibility of a large number of excited states by electron- Production of C{* parention must be attained by extraction
impact. For CQJ* seven accessible bond states have beenf electrons from 4t or 3t molecular orbitals, whose bind-
found from the low energy ionisation of C{lbut CCL* ing energies are 11.69 and 12.62 eV, respectifiglylt; or 3t
is separated by a low potential barrier, lower than the dif-orbitals are the lower energy states of the £@lblecule and
ference between the vertical and adiabatic energies of;, CClhave a Cl lone-pair orbital character. The behaviour is similar to
from fragment ions, such as G{lor CChb*. The calcula- thatof CR*ion[25], from which one expect that the withdrawal
tions were confirmed by Deutsch et §.6], who observed of one electron from the outer orbitals would have a small change
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in the structure (if compared to the GCleutral molecule). Dis- the observable ions produced by threshold to 100 eV electron-
sociation may be explained as an internal conversion to anoth@npact on the CGl molecule. KED and AE provides enough
electronic state. The appearance of £Cind CR* ions[16] background to identify the dissociative energy channels. ICSs
in metaestable states makes plausible the simplest model of tiage significantly different from those reported by Leiter ef&l.
dissociation which considers that the lowest potential energgand the agreement with Lindsay et al. partial I9sis not as
hypersurface of CGl is repulsive in one direction but bound satisfactory as expected.
in others, particularly in those coordinates corresponding to the
vibrations excited on ionisation. Acknowledgements
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