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bstract

The study of the gas-phase reactions of the Si+ ions with nitrogen trifluoride (NF3) was performed by quadrupole ion trap mass spectrometry
nd ab initio calculations. Experimental results display a thermodynamically favoured reaction cascade starting from the reactants corresponding
o multiple fluorine abstraction, which ultimately yields neutral fluorosilane by fluoride abstraction. A parallel, slightly endothermic channel is
bserved starting from the reactants and generating the NF2

+ and SiF products. The study of the potential energy hypersurface of the Si+(2P) + NF3
+ +
ystem evidenced the initial formation of the N-coordinated Si –NF3 adduct. Subsequent rearrangements and atom migrations lead to the FSi –NF2

somer, whose dissociation yields SiF+ and NF2 as products. Theoretical energy profiles show that this pathway is strongly exothermic (about
100 kcal mol−1) and that the dissociation of the FSi+–NF2 species to the endothermic (+6 kcal mol−1) channel products (NF2

+ and SiF) is extremely
nlikely for ground-state reactants.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nitrogen trifluoride, NF3, is one of the most extensively used
erfluorocompounds (PFCs) in the semiconductor industry to
erform etching and cleaning processes by plasma techniques
1–6]. With respect to more traditional fluorinated gases, such
s CF4 and C2F6, NF3 offers advantages of avoidance of carbon
ontamination residues and shorter lifetime. However, with its
tmospheric lifetime of 740 years, NF3 still represents a poten-
ial greenhouse gas. Therefore, it is important to find a method
o quantitatively measure its concentration in the atmosphere.
o this purpose, Li+ ion attachment mass spectrometry was pro-
osed as a technique to quantify the emissions of the PFCs [7].

n addition, in the past years several experimental and theoret-
cal results have been obtained on the gas-phase reactions of
F3. Studies on the Brönsted and Lewis basicities of NF3 and
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n the reactivity of NF3H+ were performed, showing that NF3
ehaves as a bi-functional base in the gas phase, which can bind
cid species at both nitrogen and fluorine [8–14]. Moreover, a
omputational study was performed on the reaction of NF3 and

(1D), as a conceivable source of FO radicals [15].
With the aim to extend the knowledge on the reactivity of NF3

n the gas phase and to test the feasibility of NF3 detection by ion
ttachment mass spectrometry, we performed the present study
f the gas-phase reaction of Si+ and NF3, both by mass spec-
rometric and computational approaches. Moreover, the present
esults may help to unravel the ionic processes occurring dur-
ng the deposition and etching of silicon-based surfaces starting
rom gaseous mixtures containing NF3 and silane, which yields
i+ ions in appreciable amounts when ionised.

. Methods
.1. Theoretical methods

The study of Si+ with NF3 was carried out by determining,
n the relevant energy hypersurface, the critical points corre-
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ponding to stable and transition structures (TS). The geome-
ries of the species involved in the reaction have been first
ptimised by analytical-gradient techniques at the UMP2(full)
second order unrestricted Møller–Plesset perturbation theory
ncluding all electrons in the correlation calculation) level of
heory [16,17]. The UMP2(full) geometries were characterized
s energy minima or first order saddle points by diagonalization
f the analytically computed Hessian (vibrational frequencies
alculations) [18]. The intrinsic reaction coordinate (IRC) pro-
edure [19,20] was applied, at the UMP2(full) level of theory,
n order to unambiguously connect the transition structures to
he relevant reactants and products. The standard basis set used
erein was triple ζ plus polarization basis set labelled 6–311G(d)
21–25].

The UMP2(full)/6–311G(d) geometries were then used to
ecompute the relative energies at the Coupled Cluster level
f theory, including the contribution from single and double
ubstitution and an estimate of connected triples, CCSD(T,full)
26,27] (including all electrons in the correlation calculation) in
onjunction with the 6–311G(d) basis set.

The quantum chemical calculations have been performed
sing the GAUSSIAN03 [28] system of programs, installed on
lphaserver xp1000 and HPworkstation xw8200.

.2. Mass spectrometry experiments

Nitrogen trifluoride was supplied by Praxair (Oevel, Bel-
ium) at 99.99% purity grade. Si+ ions were generated by 35 eV
lectron ionisation of silane, purchased by SIAD (Bergamo,
taly) at 99.99% purity grade. Before using, each reagent gas
as dried by sodium sulphate. Helium buffer gas was supplied
y SIAD (Bergamo, Italy) at an extra-high purity grade and
as used without further purification. All the experiments were

un on a Finnigan (Austin, TX, USA) ITMS instrument main-
ained at 333 K. Pressures were measured by a Bayard Alpert
on gauge and corrected for both the relative sensitivity of the
on gauge with respect to different gases1 [29] and a calibra-
ion factor, which depends on the geometry of the instrument,
etermined as reported previously [30]. Pressures were typi-
ally 6.0 × 10−7 Torr for each reagent gas and 3.0 × 10−4 Torr
or helium (1 Torr = 133 Pa). At this buffer gas pressure, empir-
cally set in order to maximize the abundance of the signals,
t is reasonable to suppose that most of the reactant ions are
inetically thermalized. The scan modes for ion/molecule reac-
ion experiments used to determine reaction sequences and rate
onstants for reaction of selected ions, and the corresponding
alculation procedures have been previously described in detail
30]. Selective isolation of ions was achieved by the apex method
superimposition of dc and rf voltages). In all experiments ions
ere detected in the 10–300 Th range. Experiments for the deter-

ination of each rate constant were repeated two or three times

nd the results reported here are the means of the calculated
alues.

1 M. Decouzon, J.-F. Gal, P.-C. Maria, A.S. Tchinianga, personal communi-
ation.
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Scheme 1.

. Results and discussion

.1. Experimental results

Scheme 1 reports the reaction sequences starting from Si+ and
F3; the same reactions are listed in Table 1. As in our ion trap
evice the ionisation and reaction events occur in the same place,
.e., the ion trap itself, neutral silane, which yields the Si+ ions
y ionisation, is also present when the selected ions are stored
nd react with the neutrals in the trap. Therefore, reactions with
ilane occur too, and reactions of ions formed starting from Si+

nd NF3 with SiH4 are also reported in the Table for comparison.
or all the reactions reported, experimental and collisional rate
onstants, reaction efficiencies and reaction enthalpies, when
hermochemical data were available, are listed in the Table. The
eaction cascade starting from Si+ and NF3 displays two distinct
eatures, corresponding to fluorine and fluoride abstraction. In
he first case, the reaction sequence proceeds up to formation of
he SiF3

+ ion, where there are no more electrons available for
ovalent bonds on the Si atom; in fact, SiF3

+ only undergoes
uoride abstraction in the reaction with NF3, yielding the ther-
ochemically favoured neutral SiF4. Fluoride abstraction also

ccurs as a parallel channel in the reactions of the SiFn
+ (n = 0–2)

ons, yielding the same ion product, NF2
+, and different neutral

ilicon fluorides. This kind of reaction becomes thermodynam-
cally more favoured with increasing number of F atoms in the
eactant ion and hence in the neutral yielded. In fact, the heats
f formation of the neutrals formed become more negative and
hose of the reactant ions less positive with increasing number of
atoms. It is worth noting that for the SiFn

+ (n = 0, 1) ions these
eactions are slightly endothermic; nonetheless, they are clearly
bserved, even if with low rate constants. These endothermic

hannels are likely ascribed to the presence of excited reactant
ons; thermalization was therefore attempted by introducing a
ooling time before ion isolation (up to 40 ms), by decreasing
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Table 1
Ion/molecule reactions in the Si+/NF3 systema

Reaction kexp �kexp kcap
b efficiencyc �Hd

(1) Si+ + NF3 → SiF+ + NF2 3.4 −93.4
(2) → NF2

+ + SiF 1.2 4.6 10.47 0.44 +6.9
(3) SiF+ + NF3 → SiF2

+ + NF2 1.3 −16.5
(4) → NF2

+ + SiF2 0.21 1.5 8.830 0.17 +3.1
(5) SiF+ + SiH4 → SiH3

+ + SiFH 0.42 0.42 11.15 0.038
(6) SiF2

+ + NF3 → SiF3
+ + NF2 1.5 −92.2

(7) → NF2
+ + SiF3 4.3 5.8 8.030 0.72 −39.4

(8) SiF2
+ + SiH4 → SiH3

+ + SiF2H 9.4 9.4 10.48 0.90
(9) SiF3

+ + NF3 → NF2
+ + SiF4 6.0 6.0 7.551 0.79 −55.2

(10) SiF3
+ + SiH4 → SiH3

+ + SiF3H 8.8 8.8 10.09 0.87
(11) SiH3

+ + NF3 → NFH+ + SiF2H2 0.22
(12) → SiF+ + [N, F2, H3] 0.40
(13) → SiFH+ + [N, F2, H2] 0.26
(14) → SiFH2

+ + [N, F2, H] 1.2
(15) → NF2

+ + SiFH3 1.9
(16) → SiF2H+ + [N, F, H2] 0.58 4.6 10.10 0.45
(17) NF2

+ + SiH4 → charge transfer 1.7 −14.5
(18) → SiF+ + [N, F, H4] 0.27 −196.9e

(19) → SiFH2
+ + [N, F, H2] 0.77 2.7 10.94 0.25

a Rate constants are expressed as 10−10 cm3 molecule−1 s−1; uncertainty is within 20%.
b Collisional rate constants were calculated according to the Parameterized Trajectory Theory [31] taking the polarizabilities of nitrogen trifluoride and of silane

and the dipole moment of nitrogen trifluoride from ref [32].
c Efficiency was calculated as the ratio �kexp/kcap.
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d Standard reaction enthalpies (kcal mol−1) calculated from experimental dat
e Reaction enthalpy calculated by assuming the formation of the HF and NH3

he qz value at which the reactant ion was stored (qz lowest
alue = 0.3), and by using a buffer gas mixture of He and Ar (in
he ratio of about 1:1, total pressure = 3.0 × 10−4 Torr). Despite
ll these attempts, the endothermic products were still detected,
ven with a formation rate constant reduced of about 20%.
he thermalization procedures employed allowed to observe
lso the effect of the variation of the ion kinetic energy on the
xothermic reactions. In particular, the Si+ ions yield exother-
ic products with both NF3 (SiF+, reaction (1), Table 1), and
iH4 (Si2H2

+). This latter reaction, together with all the self-
ondensation ion/molecule reactions occurring in silane, were
reviously studied [30] and therefore are not reported in the
able. The experiments performed show an increase of the rate
onstants with decreasing ion kinetic energy, especially with
ecreasing qz value. For the reaction:

i+ + SiH4 → Si2H2
+ + H2 (1)

he experimental k value increases from 4.2 × 10−10 cm3

olecule−1 s−1 at qz = 0.8 to 5.8 × 10−10 cm3 molecule−1 s−1

t qz = 0.32. Reactions of Si+ reported in Table 1 were
erformed at qz = 0.45, a qz value which allows to obtain
oth good trapping and thermalization efficiencies of the
ons, where the rate constant of reaction (1) resulted to be
.7 × 10−10 cm3 molecule−1 s−1. This value is in appreciable
greement with that obtained by FTICR experiments by using

euterated silane, 6.9 × 10−10 cm3 molecule−1 s−1 [34]. There-
ore, we are confident that the experimental rate constants
eported do not considerably differ (at least within 20%) from
hose obtained by more acknowledged methods such FTICR

m
l
S
t

n from ref [33].
ral molecules.

nd that, for this reason, they could be safely considered as reli-
ble kinetic data. As far as the occurrence of the endothermic
eactions is concerned, incomplete quenching of the ion kinetic
nergy and/or the presence of a fraction of electronically excited
ons must be assumed (for Si+, the first excited state, 4P, lies
.3 eV above the 2P ground state [35]).

Formation of neutral silicon fluorides is a common path-
ay also in the reactions of SiFn

+ (n = 1–3) with silane; all
hese reactions lead to the same ionic product, SiH3

+, through
ydride abstraction, thus generating the corresponding neutrals
iFnH (n = 1–3). Hydride abstraction is always faster than flu-
ride abstraction, probably because is less sterically hindered.
or the SiF2

+ and SiF3
+ ions, both H− and F− abstractions are

ery fast; to the contrary, for low-valence Si-ions (Si+ and SiF+)
ormation of covalent bonds is favoured with respect to anion
bstraction: in particular, Si+ does not undergo hydride abstrac-
ion, as it reacts with silane to yield the Si2H2

+ ion product [30].
The NF2

+ ion is unreactive towards NF3 under the experi-
ental conditions used here, but reacts with silane mainly by

harge transfer. Minor reaction channels correspond to forma-
ion of SiF+ and SiFH2

+. Although their formation implies a
onsiderable number of rearrangements, it is probable that the
igh Si–F bond energy [32] constitutes an effective driving force
or these reactions. The formation of ionic instead than neutral
uorosilanes is ascribed to the lower ionization energy of the
iFHn (n = 0, 2) neutrals compared to those of NH3 + HF and

onofluoroamine, respectively, these latter being the neutrals

ikely formed in these reactions [33]. The ionization energy of
iFH2 is not available in the literature, but is expected to be lower

han that of NFH2, on the basis of the experimental results.
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ig. 1. Geometrical parameters of the Si–NF3
+, FSi–F–NF+, and FSi–NF2

+ mi
re in Ångström, and bond angles in degrees; dihedral angles (in parentheses) a
.2. Theoretical results

In this work we report the preliminary theoretical results of
he reactions of Si+ and NF3 observed in the mass spectrometric

e

S

→

and of their interconnecting transition structures TS1 and TS2. Bond distances
ned as FSiNF, where the reference F lies on the sheet plane.
xperiments:

i+ + NF3 → SiF+ + NF2 (2)

NF2
+ + SiF (3)
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Table 2
Total, relative energies and enthalpies (hartree and kcal mol−1) for the reaction Si+ (2P) + NF3

Species UMP2(full)a �E H298b �H298 CCSD(T,full)c �E ∆H298
exp

d

Si+ (2P) + NF3 −642.231972 0.0 −642.214495 0.0 −642.281212 0.0
Si–NF3

+ (2A′′) −642.255273 −14.6 −642.236661 −13.9 −642.303051 −13.7
TS1 −642.247520 −9.8 −642.230502 −10.0 −642.295923 −9.2
FSi–F–NF2

+ (2A′′) −642.397999 −104.2 −642.380972 −104.5 −642.446080 −103.5
TS2 −642.388254 −98.1 −642.371572 −98.6 −642.436408 −97.4
FSi–NF2

+ (2A′′) −642.395220 −102.4 −642.377112 −102.0 −642.443277 −101.7
SiF+ (1�+) + NF2 (2B1) −642.379945 −92.8 −642.363949 −93.8 −642.428460 −92.4 −93.4
SiF (2�) + NF2

+ (1A1) −642.222756 +5.8 −642.205475 +5.7 −642.271490 +6.1 +6.9

a Calculated using a basis set 6–311G(d).
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b The energies calculated at the UMP2(full) are combined with the thermal en
c Calculated using a basis set 6–311G(d) and UMP2/6–311G(d) optimized ge
d Calculated from experimental formation enthalpies [33].

n ab initio theoretical calculations the following chemical
rocesses were considered: (1) the formation of the initial
i–NF3

+ adduct from Si+ and NF3; (2) the rearrangement of
fluorine atom, giving FSi–F–NF+ species; (3) the isomer-

zation of FSi–F–NF+ into FSi–NF2
+species; (4) the dissoci-

tion of FSi–NF2
+ in the fragment SiF+ and NF2 or SiF and

F2
+.

The geometrical parameters of the three intermediates and
f their interconnecting transition structures (TS1 and TS2)
re shown in Fig. 1. The total and relative energies at the
MP2(full)/6–311G(d) and CCSD(T,full)/6–311G(d) level of

heories are listed in Table 2. In this Table are also reported
he total and relative enthalpies calculated combining the
MP2(full) energies with the thermal correction to the enthalpy
redicted by frequencies calculations. Fig. 2 shows a diagram-

atic energy profile at the CCSD(T,full)/6–311G(d) level of

alculation.
A preliminary step of this study has been to investigate the

ehaviour of NF3 as bi-functional Lewis base when interacting

a
b
a
b

ig. 2. Relative energies (kcal mol−1), calculated at the CCSD(T,full)/6–311G(d) lev
correction to the enthalpy predicted by frequencies calculations.
ries.

ith Si+. Recent experimental and theoretical studies on the
igation of NF3 to ionic Lewis acids as H+, Li+, CH3

+ and NF2
+

ndicate that both isomeric structures, with the ion bound to the
and the F atom of NF3, can exist in gas phase and that the

ature of the electrophile has an important effect on the relative
tability of the two isomers [8,36].

The results of our calculations on the interaction between Si+
2P) with NF3 have pointed out that only the adduct Si–NF3

+

xists. The adduct arising from coordination of Si+ (2P) to the
uorine atom(s) of NF3, despite careful searching, has not been

ocated.
The initial adduct Si–NF3

+ (2A′′), with Cs symmetry, lies
3.7 kcal mol−1 below the reagents Si+ (2P) and NF3, at the
CSD(T,full) level of theory. The Si–N bond, 2.253 Å, is longer

han the same bond in Si–NH2
+, 1.663 Å, where the amino group
cts as an extremely strong �-donor generating an Si–N multiple
ond [37] but is shorter than the Si–N distance in the SiH4·NH3
dduct, 3.2–3.4 Å, where no donor–acceptor bond is formed
etween the molecules [38].

el of theory, of the species involved in the reaction between Si+(2P) and NF3.
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The second step of the reaction is the rearrangement of
i–NF3

+ into the FSi–F–NF+ (2A′′) isomer, whose geomet-
ical parameters are shown in Fig. 1. This minimum, with a
s symmetry, is the most stable species on the surface lying
9.8 kcal mol−1 below the adduct Si–NF3

+ at the CCSD(T,full)
evel of theory. In this isomer the lengthening of the Si–N dis-
ance up to 3.3 Å, which is only slightly smaller than the sum
f the van der Waals radii of silicon (2.00 Å) and nitrogen
1.54 Å) [38], points to a weak interaction between Si and N
toms not leading to formation of the Si–N chemical bond. The
onor–acceptor interaction is between the silicon atom and a flu-
rine atom bound to nitrogen. The distances of the fluorine atom
ridged between silicon and nitrogen are, respectively, 2.094 Å
nd 1.513 Å, which are quite longer than the usual bond distance
i–F and N–F.

The rearrangement of Si–NF3
+ into the FSi–F–NF+ iso-

eric structure occurs through the transition structure TS1 (Cs),
hose single imaginary frequency of −124.8 cm−1 refers to

he concerted motion of the fluorine atom and the NF2 frag-
ent. This isomerization takes place by cleavage of the F–N

ond and followed by reassociation through formation of a Si–F
ond, at the same time the NF2 fragment migrates from flu-
rine to silicon. As evidenced by Fig. 1, the Si–N, 2.602 Å,
nd N–F, 1.463 Å, TS1 bond distances are significantly elon-
ated with respect to the Si–N, 2.253 Å, and N–F, 1.345 Å,
istances of the adduct. Moreover, the SiNF bond angle, 62.2◦,
esults quite close to the same angle of the adduct. Despite
he significant structural reorganization required to pass from
i–NF3

+ to FSi–F–NF+ the TS1 geometry is more similar to
he adduct and reflects also in the activation barrier of only
.5 kcal mol−1.

The third step of the reaction consists of the further rearrange-
ent of the geometrical parameters from FSi–F–NF+ into the
Si–NF2

+ isomer. The FSi–NF2
+ (2A′′) ion has a planar geom-

try (Cs) and lies only 1.8 kcal mol−1 above the FSi–F–NF+

pecies, at the CCSD(T,full) level of theory. The Si–N bond
istance, 2.396 Å, is longer than the same bond in the adduct,
.253 Å; despite the planar structure, the bond length is typical
f single donor–acceptor interaction.

The geometry of the transition structure TS2 (C1), that inter-
onnects the two minima FSi–F–NF+ and FSi–NF2

+, is pre-
ented in Fig. 1; the single imaginary frequency of 101.0 cm−1

efers to the rotation of the NF2 fragment. This motion is accom-
anied by cleavage of the Si–F bond and followed by formation
f the Si–N bond. This is also exemplified by the bond distance
n the TS2: the Si–F bond, 2.806 Å, is significantly elongated and
he Si–N bond, 2.763 Å, is shortened with respect to the corre-
ponding parameters of the FSi–F–NF+ species. This transition
tructure is associated to an energy barrier of only 6.1 kcal mol−1

t the CCSD(T;full) level of theory.
The last step of the reaction is the etherolytic Si–N bond

leavage of the FSi–NF2
+ intermediate and the ensuing for-

ation of the SiF+ (1�+) and NF2 (2B1) products. This pro-

ess takes place without formation of a transition structure (the
everse process has no barrier to overcome). The energy differ-
nce between FSi–NF2

+ and the products is only 9.3 kcal mol−1

t the CCSD(T,full) level of calculation.

f
t
I

ss Spectrometry 255–256 (2006) 225–231

The overall reaction from reagents, Si+ (2P) and NF3,
o the products, SiF+ (1�+) and NF2 (2B1), is exoergic by
2.4 kcal mol−1, at the CCSD(T,full) level of theory. The reac-
ion enthalpy of −93.8 kcal mol−1, calculated at the UMP2(full)
evel of theory, including the thermal correction to enthalpy
etermined in the frequencies calculations, is in good agreement
ith the experimental reaction enthalpy of −93.4 kcal mol−1

Table 1) [33].
Mass spectrometric experiments also display a parallel path-

ay resulting in the formation of the NF2
+ (1A1) and SiF (2�)

roducts (reaction (2), Table 1). This process is slightly endo-
rgic by 6.1 kcal mol−1 at the CCSD(T,full) level of the theory.
lso in this case the reaction enthalpy of 5.7 kcal mol−1, calcu-

ated at the UMP2(full) level of theory, is in agreement with the
xperimental reaction enthalpy of 6.9 kcal mol−1, determined
rom the reagents and the products standard formation enthalpy
33].

. Conclusions

The theoretical investigation of the potential energy hyper-
urface of the gas-phase reactions of Si+(2P) and NF3 indicates
hat the initial ion/neutral adduct is formed via coordination of
he lone pair of the nitrogen atom to the reactant ion. Sub-
equently, the adduct rearranges to the most stable minimum
n the hypersurface with FSi–F–NF+ connection, where a F
tom is migrated to the Si atom coordinated to the NF2 moiety
hrough a F lone pair. This minimum further rearranges to the
-coordinated FSi–NF2

+ adduct, which lies slightly higher in
nergy (about +2 kcal mol−1). Heterolytic Si–N bond cleavage
tarting from this adduct leads to the SiF+ and NF2 exother-
ic reaction products, and takes place with no energy barrier

n excess with respect to the products enthalpies. Experimen-
al data display a reaction sequence consisting of multiple
xothermic F-atom abstractions, in agreement with the theo-
etical investigation of the first reaction step. However, a par-
llel channel is also observed in ITMS experiments, leading
o the NF2

+ and SiF products, which is weakly endothermic.
he occurrence of this reaction indicates the incomplete ion

hermalization, which could not be avoided despite our efforts.
xperimental data regarding successive reaction steps with both
F3 and SiH4 neutrals seem to indicate the formation of neu-

ral fluorosilanes as favorite products. Therefore, future work
ill deal with the experimental investigation of the complete
iH4/NF3 system in order to find further evidence of the paths
etected in the present work, and with the theoretical study
f the most interesting features evidenced by experimental
esults.
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