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a b s t r a c t

Collisions of SF4
2+ and SF4

+ ions with hydrocarbon-covered stainless steel surface at room temperature
were investigated. The projectile ions were mass selected by a two-sector-field mass spectrometer and
decelerated to incident energies of 60 to a few eV. Product ions were measured with the use of a time-of-
flight spectrometer and their relative abundances determined as a function of the incident energy of the
projectile ions (collision-energy-resolved mass spectra, CERMS curves). The mass spectra of product ions
were dominated by fragment ions SF3

+, SF2
+, and SF+ at incident energies below 40 eV, while sputtering

of contaminant adsorbates prevailed at higher energies. The results indicate that the likely major reac-
tion sequence responsible for the observed CERMS curves of product ions from SF 2+ collisions is charge
Surface-induced dissociation

Surface-induced reaction
Charge exchange
S

4

exchange to form singly charged projectile ions followed by subsequent unimolecular fragmentation. In
addition, chemical reactions between projectile ions and hydrocarbon adsorbates were observed leading
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ulphurhexafluoride to SF2CH3
+, SFCH2

+, and S

. Introduction

Studies of ion–surface collisions are a research area which has
ndergone rapid growth in the past 20 years. Considerable inter-
st has been devoted to studying selected physical and chemical
rocesses stimulated by the impact of slow ions of incident ener-
ies up to 100 eV [1–5]. In this incident energy regime the energy
ransferred to the surface is of the same order of magnitude as
nergies observed in chemical bonds. Thus, slow ion–surface inter-
ction studies can provide useful information regarding the nature
f both, the projectile and the surface, as well as the character-
stics of ion–surface interaction, i.e., surface-induced dissociation

SID), charge exchange reactions (CER) and surface-induced reac-
ions (SIR). SID has been developed as an alternative to gas-phase
ollision-induced dissociation (CID) for the fragmentation of poly-
tomic ions in tandem mass spectrometry [3,4,6–8].

� The content of the publication is the sole responsibility of its publishers and it
oes not necessarily represent the views of the EU Commission or its services.
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Besides being of fundamental importance, ion–surface col-
isions are also relevant to technological applications, such as
lasma–wall interactions in electrical discharges and fusion plas-
as [9]. Moreover, molecular photoionization has been suggested

s a source of energetic charged particles in the terrestrial iono-
phere and in the interstellar medium [10] and these charged
articles are assumed to react on the surface of dust grains. In cer-
ain cases single photon absorption can lead to the ejection of two
alence electrons [11] and thus to the production of doubly charged
ons.

Charge transfer between the surface and the impacting pro-
ectile plays an important role in many processes involving the
nteractions of atoms and molecules with surfaces. The scattering
vent may be quite different for differently charged projectiles due
o the dependence of the surface potential on the charge state of the
rojectile [1]. Past studies on reactive interactions have been dom-

nated by the use of singly charged molecular ions and only two

revious studies [12,13] on doubly charged molecular ion behaviour
ave been reported so far. That is unfortunate, not only for the

ntrinsic interest on such species [14], but also because in the case
f singly charged ions, the charge transfer reaction leads to neu-
ral products which are generally difficult to observe. Alternatively,

http://www.sciencedirect.com/science/journal/13873806
mailto:fabio.zappa@uibk.ac.at
dx.doi.org/10.1016/j.ijms.2008.06.020
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ig. 1. Primary ion mass spectrum of sulphurhexafluoride (SF6) ionized by 94 eV
lectrons.
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Fig. 2. Product ion mass spectra generated by the surface impact of doubly cha
ass Spectrometry 276 (2008) 37–42

ith multiply charged ions, single charge exchange leads to charged
roduct ions that can be easily identified and detected. Moreover,
comparison of the fragmentation pattern produced by singly and
oubly charged molecular projectiles might give additional insight

nto the interaction of multiply charged ions with a surface.
Recently, we have started a series of measurements to inves-

igate charge exchange, SID and SIR of small triatomic dications
O2

2+, COS2+, CS2
2+ and CHCl2+ [15,16] with surfaces, followed

y studies on SID and SIR of larger polyatomic dications C4H3
2+,

3H5
2+ [16], C6H5

2+, C6H6
2+ [12,17] C7H8

2+, C7H7
2+ and C7H6

2+

13,18,19] investigated in the incident energy range from a few eV to
0 eV. Depending on the projectile ion distinct trends in the charge
xchange and SID of these dications were found: e.g., (i) in the
ase of CO2

2+ and COS2+, extensive fragmentation occurs with low

ollision energy thresholds as compared to the respective singly
harged ions, probably due to charge separation reactions; (ii) dou-
le charge exchange with the surface, in the case of CS2

2+, CHCl2+,
3H5

2+, leads to complete neutralization; (iii) in the case of C4H3
2+,

rged ions SF4
2+ at collision energies of 2.7, 3.7, 7.7, 11.2, 23.2 and 43.2 eV.
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6H6
2+, C6H5

2+, C7H8
2+, C7H7

2+ and C7H6
2+, single charge exchange

etween the dication and the surface can lead to unfragmented,
ingly charged parent ions, or be is followed by unimolecular
ecomposition reactions.

Sulphurhexafluoride (SF6) is a man-made compound with many
echnological applications ranging from gaseous dielectrics to
lasma etching [20,21]. It is also a very potent greenhouse gas,
hich is emitted during the etching process used in semiconductor

ndustry [22,23]. A comparative study (1985–1994) of changes in
he concentration of ozone depleting or potent greenhouse com-
ound in the lower stratosphere (at altitudes between 17 and
0 km) showed an annual rate of increase for SF6 of 8.0 ± 0.7%
24].

In the field of ion–surface collisions, projectiles consisting of flu-
rinated molecules are interesting because of the observed higher
puttering yield as compared to other isobaric species [25–28]. This
ffect has many practical applications and has been attributed on
he one hand to purely kinematic mechanisms at high energies [26],
r to charge-exchange reactions on the other hand [28].

Regarding SF4
2+, Märk and coworkers [29,30], using the mass

nalyzed ion kinetic energy (MIKE) technique, measured the kinetic
nergy release for the Coulomb explosion of SF4

2+ (produced by
lectron impact ionization of SF6) leading to the formation of SF3

+

+
nd F fragments with an average kinetic-energy release of about
eV. The measured appearance energy of 43 eV for the SF4

2+ ions
ormed by electron impact ionization of SF6 and 45.5 eV for the
F3

+ ions resulting from the decay of the SF4
2+ ions indicated that

he SF4
2+ ions from SF6 were formed in more than one state and

ig. 3. CERMS for surface-induced reaction of SF4
2+ projectiles after impact on a

tainless steel surface covered with hydrocarbon layer. The lines between points are
nly to guide the eye. Top panel: SF4

2+ fragments, note that the intensities of masses
1 and 70 are multiplied by 10; Middle panel: chemical reaction products; Lower
anel: sputtered compounds.
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nly the SF4
2+ ions formed in the slightly higher-lying state under-

ent a Coulomb explosion. Thus, a stable state of this dication
xists, too. Also, gas-phase collisions of many molecular dications,
ncluding SF4

2+, have been studied by Price and co-workers [31,32],
ho identified interesting bond-forming reactions with the tar-

et species, as well as neutral loss leading to smaller dications.
or the sake of our discussion, it is worth noting that some infor-
ation is available on the thermochemistry of SFx singly charged

ons [33–35], and that the decay of SF4
+ has been studied by

hotoionization mass spectrometry and photoion–photoelectron
oincidence [36].

We report here a systematic study on the comparison of charge
xchange, SID and SIR reactions of doubly charged and singly
harged molecular ions SF4

2+ and SF4
+ upon impact on a stainless

teel surface at incident energies ranging from a few eV to 60 eV
tilizing a tandem mass spectrometer.

. Experimental

The relative abundance of the product ions as a function of
he incident projectile ion energy (collision-energy resolved mass
pectra, CERMS curves) was measured with the tandem mass spec-
rometer apparatus BESTOF described in detail in our earlier papers
8,37]. Projectile ions were produced in a Nier-type electron impact
on source (using 94 eV electrons) operated at pressures of about
0−5 Torr. The ions produced were extracted from the ion source
egion and accelerated to 3 keV for mass and energy analysis by
double-focusing two-sector-field mass spectrometer. After pass-

ng the mass spectrometer exit slit, the ions were refocused by an
inzel lens and decelerated to the required incident energy before
nteracting with the target surface. Shielding the target area with
onical shield plates minimized field penetration effects. The inci-
ent impact angle of the projectile ions was kept at 45◦ and the
cattering angle (defined as a deflection from the incident beam
irection) was fixed at 91◦. The incident energy of ions impact-

ng on the surface is defined by the potential difference between
he ion source and the surface. The energy spread of the primary
on beam can be determined by measuring the (reflected) total ion
ignal as a function of surface potential. The energy resolutions
FWHM) of the of primary SF4

2+ and SF4
+ beams were approxi-

ately 0.50 and 0.25 eV, while the ion currents were around 30
nd 100 nA, respectively, focused on a spot of roughly 2 mm2. A frac-
ion of the product ions formed at the surface exited the shielded
hamber through a 1 mm diameter orifice. The ions were then sub-
ected to a pulsed deflection-and-acceleration field that initiated
he time-of-flight analysis of the ions. The second mass analyzer
as a linear time-of-flight mass spectrometer with a flight tube
f about 80 cm length. The mass selected ions were detected by
double-stage multi-channel plate, connected to a multi-channel

caler (time resolution of 8 ns per channel) and a computer. The
roduct ion intensities were obtained by integration of the recorded
ignals.

The surface was a polished stainless steel surface at room
emperature, covered by background hydrocarbons. Normally, the
ackground pressure of the scattering chamber was better than
0−9 Torr when the valve between this chamber and the mass spec-
rometer was closed. However, during experiments, opening this
eam-line valve increases the pressure of the scattering chamber
o 2.0 × 10−8 Torr. Under these conditions, the number of collisions
etween the background molecules and the surface is of the order

f 1012 mm−2 s−1. Given that the ion current was of the order of
011 particles mm−2 s−1, it is reasonable to assume that the sur-
ace stayed covered with hydrocarbons throughout the experiment
uration despite of possible sputtering of the adsorbates by the

mpinging ion beam.
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. Results and discussion

Fig. 1 shows the primary ion mass spectrum after ionization
f SF6 molecules in the Nier-type ionization source by electron
mpact of 94 eV electrons at a pressure in the ion source of about
0−5 Torr. The most abundant fragment in the spectrum is SF5

+

/z = 127 and the most abundant doubly charged fragment ion is
F4

2+ m/z = 54, whose abundance is about 8% of that of SF5
+. The

elatively large electron impact cross-section for the production of
he doubly charged ion SF4

2+ ([38] and references therein) is pre-
umably due to the formation of SF4

2+ by removal of two F− ions
39].
Fig. 2 shows examples of mass spectra of the product ions scat-
ered from the stainless steel surface (covered with background
ydrocarbons) upon impact of doubly charged ions SF4

2+ at sev-
ral collision energies up to 45 eV. Fig. 3 summarizes the respective
ERMS curves (plots of the normalized abundance of the product

n
w
r
m
g

Fig. 4. Product ion mass spectra generated by the surface impact of singly cha
ass Spectrometry 276 (2008) 37–42

on I/�I as a function of the incident energy) of the product ions
bserved. The CERMS curves of Fig. 3 are divided in three panels
or the sake of clarity. The upper panel of Fig. 3 presents the rel-
tive yields for the observed fragment ions of SF4

2+, namely SF3
+,

F2
+ and SF+. In the middle panel we present the chemical reaction

roducts [CH3SF2]+, [CH2SF]+, and SCH+, and in the lower panel we
resent the sputtering products. The lines joining the data points
re arbitrary fits intended only to guide the eye.

The only dication observed in the mass spectra is the scattered
ncident dication SF4

2+, the relative abundance of which quickly
ecreases with increasing incident energy. It is interesting to note
hat neither Coulomb explosion (producing F+ + SF3

+[29,30]) nor

eutral loss (producing SF3

2+[31,32]) processes are observable
ithin our detection limits. This implies that in the present energy

ange, the capture of at least one electron by this projectile is the
ajor pathway for the dissociative process. Indeed, results from

as-phase experiments suggest that neutral loss from SF4
2+ has a

rged ions SF4
+ at collision energies of 2.2, 5.2, 7.2, 10.2, 25.2 and 40.2 eV.
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that the number of experimental points close to the threshold is not
sufficient to establish this number with good certainty, the value
obtained is clearly once again an upper boundary. Although we
could not find in the literature any value for the activation energy
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uite high activation energy, possibly of some eV [32]. The inter-
al energy acquired by a projectile ion due to the collision is well
stablished for this type of surfaces (metal surface covered with
ydrocarbons), and amounts only to about 6% of the incident trans-

ational energy [40,41,42]. Taking this into account, the energy
equired for neutral loss in the laboratory frame would be in our
ase close to the higher part of our energy range, where sputter-
ng (see below) might be hindering the detection of this channel’s
roducts.

All other ions detected are singly charged ions. Of them, SF3
+

m/z 89), SF2
+ (m/z 70), and SF+ (m/z 51) are evidently products of

harge transfer at the surface and fragmentation of the internally
xcited cation SF4

+* formed. The putative charge transfer product
F4

+ is not observed at all, SF3
+ is considerably more abundant than

he other fragments, and the thresholds of the fragment ions are
bout 3 eV, 8–10 eV, and 8 eV for the fragment ions SF3

+, SF2
+, and

F+, respectively. The absence of SF4
+ is consistent with the results

rom gas-phase collisions with a variety of targets [31] and can be
nderstood in view of the very low energy of the SF3

+–F bond, i.e.,
round 0.36 eV [33]. Indeed, this energy should be readily available
ue to the charge exchange process itself, given that the difference
etween heats of formation of SF4

2+ and SF4
+ is roughly 20 eV (using

33–35,29,30]), and that the ionization energies of the hydrocar-
on adsorbates range between 9.5 to 10 eV [28]. Regarding SF2

+

nd SF+, their appearance with much smaller yields and at slightly
igher energies seems to be consistent with the additional energy
equirement for the subsequent F or F2 abstraction from SF3

+ after
he initial dissociative charge exchange.

The product ions at m/z 85, 65, and 45 are of special interest.
hese masses can be ascribed to ions SF2CH3

+, SFCH2
+, and SCH+

nd their origin attributed to chemical reactions of the projectile
ons with the hydrocarbons on the surface and further fragmenta-
ion of the product ions formed, namely

SF4
2+ + CH3–S → SF2CH3

+ + (F2–S)+

→ SFCH2
+(+HF) → SCH+(+HF) (1)

Polyatomic molecular ions are known to react with the surface
aterial. H-atom transfer reactions and formation of a protonated

roduct is a frequent process in collisions of open-shell molecular
ons with hydrocarbon-covered surfaces [4]. So far, only pick up of
n H-atom or a CH3 group have been observed [8,12–19,40] or pick
p of C2 units in reactions of fullerene projectile ions with graphite
urface covered with background hydrocarbons [43]. In the present
ase no H-atom pick up has been observed.

In the collision energy range above 40 eV, the spectra are dom-
nated by sputtered hydrocarbons of different CnHx

+ groups, as
ell as other compounds at masses 73 and 77. The assignment of

hese masses as contaminants and not as part of the dissociative
eactions was verified by an additional experiment using Ar+ ions
s projectiles in the same experimental setup. It is interesting to
ote that the behaviour of the CH3

+ curve with energy resembles
ore the behaviour of the chemical reaction products than of the

ther sputtering products. This might be due to CH3
+ production

rom break-up of mass 85, but at present our experiment does not
llow such conclusion to be drawn, due to the appearance of CH3

+

ven during the Ar+ experiment (albeit at much higher appearance
nergy).

From the CERMS curves one observes that the thresholds ener-
ies for most of the sputtered species lie around 14–16 eV. This

alue is remarkably low, but not unprecedented. Vincenti and Cooks
28] had observed similar phenomena with organofluorine ions,
ith sputtering thresholds as low as 20 eV, but unfortunately their
ork included only singly charged species. In their analysis the

nhanced sputtering is attributed to the charge exchange of the

F
s
o
5
p

ass Spectrometry 276 (2008) 37–42 41

rojectile ions with the surface adsorbates, rather than to a simple
inematic mechanism.

For a better understanding of the dissociation processes of the
ication SF4

2+, we performed under identical conditions an equiva-
ent experiment using SF4

+ ions as projectiles. The results for these
dditional experiments can be seen in Fig. 4, with corresponding
ERMS curves presented in Fig. 5.

The first obvious difference between the CERMS curves for
F4

2+ and SF4
+ is a much smoother dependence of the relative

ields of SF3
+ on collision energy. As a matter of fact, in this case the

bserved threshold, of 2.4 eV, seems to be a real one, and within
rror bars consistent with the 0.36 value for the [SF3

+–F] bond (tak-
ng in account once again an average 6% kinetic-to-internal energy
ransfer during ion collisions with hydrocarbon-covered surfaces).

oreover, the production of SF2
+ and SF+ is much diminished in

he case of the cation projectile in respect to the dication, and their
hresholds energies have risen considerably. The threshold for the
CH3SF2]+, [CH2SF]+, and CHS+ ions is substantially higher in the
ase of the singly charged projectile. Moreover, the fitted curves that
re used to guide the eye suggest that the threshold for [CH2SF]+

ould be as much as 4 eV higher than the one for [CH3SF2]+, and
aking into account a 6% energy transfer this would indicate an
ctivation barrier for the HF loss of around 0.24 eV. Despite the fact
ig. 5. CERMS for surface-induced reaction of SF4
+ projectiles after impact on a

tainless steel surface covered with hydrocarbon layer. The lines between points are
nly to guide the eye. Top panel: SF4

+ fragments, note that the intensities of masses
1 and 70 are multiplied by 10; Middle panel: chemical reaction products; Lower
anel: sputtered compounds.
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f HF loss from [CH3SF2]+, the value of 0.24 eV obtained above
eems quite low when compared to other fluorinated species. For
F3CH2CF3, for instance, a value of 73 kcal/mol (3.16 eV) [44] has
een reported, while for C2H5F a value of 49 kcal/mol (2.12 eV)
45]. This observation suggests that the [CH3SF2]+ may be formed
ery reasonably in an internally excited state at threshold.

Regarding the adsorbate sputtering, there is not much difference
etween the dication and cation cases. It is obvious that the energy
eleased from the single charge exchange of the dication is only
vailable for the channels that involve charged fragments of the
rojectile molecule, which is not the case for simple sputtering.

. Conclusions

We have presented data for scattering of SF4
2+ and SF4

+ on
hydrocarbon-covered stainless steel surface. Collision-induced

issociation of the cation was observed while for the dication disso-
iative charge exchange at the surface and further fragmentation of
he cation formed was the major pathway. Both projectiles chem-
cally reacted with the surface adsorbates, producing [CH3SF2]+,
CH2SF]+, and CHS+ but in the dication case, the single charge
xchange reaction provided the outgoing ions with enough energy
o overcome reaction thresholds.
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