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Abstract

lon/molecule reactions in thes8,/NH3 and SiH/C3H4/NH3; gaseous mixtures were investigated by ion trap mass spectrometry, with the
aim of finding the best experimental conditions for formation and growth of ion clusters containing silicon, carbon and nitrogen. These species
may play an important role in the deposition of silicon carbides doped with nitrogen by X-ray assisted chemical vapour deposition methods
from suitable systems. In the study of thgHz/NH3; mixture the main reaction pathways leading to formation of C/N-containing species were
identified. Few mixed C/N ions are formed, with low formation rates, and their overall abundance reaches only 7% of the total ion current
after 1 s reaction time. In the ternary mixture, mixed Si-containing ions were found to be the most efficient precursors of ternary ion species.
The SIGH, " (n = 1-3;9 = 2-5, 7) ions efficiently react with ammonia, but only in few cases these reactions lead to formation of ternary
mixed ions as hydrocarbon loss mostly occurs with formation of binary $iNi = 2, 4) ions. On the other hand, propyne was found to be
very reactive and several ternary mixed ions were formed from its reactions with, SifH= 2, 4) and SICNH* (¢ = 6, 8) ions. The total
abundance of ternary mixed ions reaches 20% of the total ion current after 1 s reaction time.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ation and clustering reactions leading to the precursors of
the final solid is very useful in order to find the relationship
In recent years, the study of gas-phase ion chemistry between the partial pressures of the reagent gases and the
has stimulated increasing interest from both fundamental abundance of Si in the amorphous polymers. The activity of
and application points of view. The subject of earlier stud- semiconductor materials may be improved by doping them
ies was the intrinsic reactivity of ions in the absence of with phosphorus or nitrogen, and this is the reason why the
perturbative effects, such as solvents or counterjar8]. SiH4/PH3 and SiH/NH3 mixtures have been previously
Moreover, theoretical methods provided valuable data re- investigated8,12].
garding the reaction mechanisms and thermochemistry This paper reports on the reactivity of the silane/propyne/
[9-11] Recently, experimental studies were performed on ammonia ternary system, studied with the aim of checking
mixtures of volatile hydrides of Group 14 elements because the possibility of synthesizing a material containing silicon
of their possible applications in the semiconductor field carbide doped with nitrogen in a single reaction step. The
[4,8,12-18] Gas mixtures containing SiHand hydrocar- investigation of a ternary mixture requires the preliminary
bons have been used to prepare silicon amorphous carbidegnowledge of the reaction mechanisms in all related binary
by radiolytic activation19]. In the course of the irradiation  mixtures. Silane/ammonia and silane/propyne mixtures have
process several ion species are formed and it was observedbeen investigated previousl¥2,17], while the study of the
that the amount of Si and C in the solid is a function of the propyne/ammonia system is reported in this paper.
composition of the gaseous system, but without a direct or
predictable correlation. The study of the first steps of nucle-
2. Experimental
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commercially purchased at a high purity grade and directly observed. This procedure was followed for the study of
connected to the inlet system. Helium buffer gas was sup- both propyne/ammonia and silane/propyne/ammonia sys-
plied at an extra-high purity grade and used with no further tems. In many cases, several signals were observed which
purification. In all experiments the total sample pressure could be attributed to different isobaric species, e.g., at
ranged between.2 x 106 and 18 x 10~ Torr (1 Torr= m/z 60 (SbH4t, SiNoH4T and SICNRT). When two or
1333 Pa). The overall working pressure was approximately more isobaric ion species can be hypothesized, the double
8.0 x 10~°Torr after helium introduction. Pressure was isolation method could permit to selectively isolate each
measured by a Bayard-Alpert ion gauge; the corrected pres-of them. This method consists of selecting a precursor ion
sure was obtained by dividing the ion gauge readings by which reacts to give only one among two or more isobaric
the relative sensitivity factor of the ion gauge with respect ions. If the suitable precursor is available, its selection and
to different gases (1.7 for silane, 2.16 for propyne, 1.11 for reaction yield the desired ion which may in turn be isolated
ammonia and 0.20 for helium, M. Decouzon, J.-F. Gal, P.-C. and reacted. This multiple-stage isolation method may be
Maria, A.S. Tchinianga, personal communication), and for extended up to the second step only, as the abundances of
a calibration factor which depends on the geometry of the the ions decrease with increasing number of isolation steps.
instrument, as reported previou$B]. The temperature was

set at 333K in order to avoid thermal decomposition of the

reactants. Positive ions were formed by electron ionization 3. Results and discussion

at about 35eV for times in the 10-50 ms range. lons were

detected in the 14-300u mass range. The scan functions3.1. Propyne/ammonia

used to investigate the reactivity of the ions (no isolation

step) and to determine the reaction mechanisms and the lonization of propyne/ammonia mixtures with 35 eV elec-
kinetic constants (selective isolation steps) are describedtrons gives the primary 4, (n = 1-4) and NH+ (n =
elsewhere, as well as the calculation proced{ifg%10,12] 1-3) ions and fragmentZEl,* (n = 3, 4) ion species, which
The first step of investigation consists of reaction of the react with neutral species to produce several charged species
ionized gaseous mixture for a suitable reaction time (usu- of higher mass. Three differents84/NH3 mixtures with

ally ranging from 0 to 1s) in order to detect the main ion pressure ratios of 1:1, 1:5 and 5:1 and total pressure of about
species formed and to follow the variation of their abun- 1.2 x 10~ Torr were reacted up to 1s, in order to deter-
dances with reaction time. In successive experiments, all themine which pressure ratio gave the best yield of mixed ion
ions formed with enough abundance (ca. 2%) are isolatedspecies. The variation of the total abundances of ions con-
by superimposition of rf and dc voltages and reacted with taining both C and N atoms versus time is reporteBim 1

the neutral molecules in order to identify the ion products for the three mixtures. Due to the presence of many isobaric
and to measure the rate constants of the main processefon species, only the mixed ions which were unambiguously

—&— propyne/ammonia 1:1
—— propyne/ammonia 5:1

1 |—&—propyne/ammonia 1:5

% abundance

0 200 400 600 800 1000
Time (ms)

Fig. 1. Trends of the abundances of C- and N-containing ions in three differgtt/lIH3; mixtures, with partial pressure ratios of 1:1, 1:5 and 5:1,
respectively.
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Table 1
Relative abundances of the main ion species observed igHa/8H3 1:1 mixture at different reaction timés
lon Reaction time (ms)

0 20 50 100 200 300 400 500 600 700 800 900 1000
NH* 1.04 0.28 0.18 0.23 0.27 0.23 0.24 0.19 0.14 0.20 0.14 0.19 0.19
NHo* 4.31 2.73 2.66 3.19 3.53 3.60 3.66 3.61 3.52 3.56 3.59 3.54 3.54
NH3* 8.96 8.27 6.17 2.32 2.47 2.47 2.49 2.50 2.43 1.65 0.86 0.84 0.84
NH4* 5.62 13.70 23.45 33.71 39.14 40.98 41.79 42.07 42.18 42.61 43.26 43.49 43.49
CoHa™ 0.68 0.63 0.38 0.10 - - - - - - - - -
CoH4™, CNH,* 1.47 1.09 0.82 044 - - - - - - - - -
CNH3*t 0.35 0.24 0.23 0.14 - - - - - - - - -
CNH4* 0.14 0.08 0.15 0.27 0.39 0.40 0.39 0.39 0.40 0.39 0.34 0.31 0.31
CaH* 5.58 2.90 1.09 019 - - - - - - - - -
CaHo™ 9.21 5.38 2.81 0.87 0.17 0.27 0.12 0.17 0.21 0.18 0.20 0.14 0.14
CzHs* 28.82 28.44 26.31 24.76 24.44 24.69 25.13 25.43 25.76 26.11 26.37 26.61 26.61
CaHy™ 23.46 15.19 6.84 2.20 0.81 0.71 0.73 0.74 0.70 0.75 0.75 0.77 0.77
CzHs* 2.80 3.87 3.44 2.21 0.69 0.20 - - - - - - -
Cy4H3z™ 0.98 1.58 1.33 058 - - - - - - - - -
C4H4+ 1.07 1.93 2.20 1.53 0.55 0.26 0.18 0.13 0.16 0.10 0.06 - -
Cy4Hs™ 0.58 1.05 1.29 1.14 0.76 0.60 0.55 0.56 0.57 0.58 0.50 0.54 0.54
C3NH4™, CqHgt 0.80 2.18 3.14 3.53 3.35 3.29 3.28 3.32 3.34 341 3.36 3.43 3.43
CgH3™ 0.18 0.46 0.55 0.54 0.48 0.46 0.44 0.49 0.47 0.50 0.50 0.50 0.50
CsHs™ 0.30 0.56 1.13 1.48 1.50 1.43 1.38 1.38 1.37 1.39 1.40 1.36 1.36
C4NHg™ - - - - - 0.02 0.04 0.07 0.08 0.08 0.09 0.10 0.10
CeHs™ 1.14 3.18 5.44 5.94 3.36 1.60 0.89 0.65 0.59 0.58 0.56 0.55 0.55
CeH7 T 2.06 5.84 8.38 9.55 8.19 6.44 5.19 4.40 3.96 3.83 3.64
C7H,+ 0.14 0.26 1.29 2.92 5.12 5.44 4.88 4.12 3.48 2.85 2.53
CgNH7T 0.02 0.00 0.12 0.31 0.70 0.95 1.12 1.17 1.18 1.23 1.20
CsNHg™ - 0.05 0.17 0.35 0.87 1.35 1.64 1.77 1.77 1.87 1.85
CoH7 T 0.10 0.12 0.44 1.51 3.17 3.89 3.62 3.16 2.78 2.34 2.03
CioH11t - - - - 0.05 0.54 1.53 2.36 3.10 3.65 4.27
CioHitt - - - - - 0.22 0.74 1.26 1.74 2.12 2.52 2.71 2.88

2Mixed ions are reported in bold.

detected are considered here. The highest yield is reacheCsHs*, CgH7 T, C;H7 T, CgH7T and GoH11™, are not re-
in the GH4/NH3 1:1 system, and hence this pressure ratio ported in the Scheme. The ammonium ion is very stable and

was adopted in the following experimenf&ble lreports it is unreactive in the experimental conditions used here. It
the abundances normalized with respect to the total ion cur-is worth noting that in reactions of NHand N, three
rent of the main ions observed in thek;/NH3 1:1 mix- ions atm/z 39—-41 are formed. Two formulas are possible for

ture at different reaction times ranging from 0 to 1s. For each production, as reported in the Scheme. The abundance
isobaric ions, the total relative intensity of the signal is re- of the GNH,™ (¢ = 1-3, m/z 39-41) ions in the overall
ported. The primary ion §Hz* is poorly reactive, as it re-  CzH4/NH3 mixture is negligible, and therefore they are not
mains very abundant up to 1s, while the abundance of thereported inTable 1 However, even if it was not possible to
NH4™ ion grows rapidly and it becomes the most abundant identify the reaction paths which generate them, their for-
ion after 75 ms reaction time. These two ions together carry mation starting from NF and NH* cannot be ruled out.
more than 55% of the total ion current after 75ms. All the  Experimental and collisional rate constants, and reaction
other ion species are little abundant; in particular, as evi- efficiencies of the main reactions taking place after ioniza-
denced frontig. 1, the mixed ion species barely reach 7% tion of propyne/ammonia mixture are reportedTiables 2

as their maximum abundanc8cheme Ireports the reac- and 3 Table 2displays the reaction rate constants of ions
tion mechanisms derived from experiments of ion isolation from propyne with ammonia, anthable 3reports the reac-
and reaction; primary ions are in bold characters, solid ar- tion rate constants of ions from ammonia with both propyne
rows are referred to reactions in which the neutral species isand ammonia. In this Table the reaction rate constants of
propyne, and dashed arrows to reactions where ammonia isammonia self-condensation are also reported even if they
the neutral reagent. Most of the self-condensation pathways,were already publishgdd 2], because in this paper collisional
already publishe@12,17], are not reported for sake of clar- rate constants are calculated according to the more recent
ity. Moreover, all the ions that form the ammonium ion are Parameterized Trajectory Thedi30], while in the preced-
simply indicated with a star, without reporting the complete ing paper the Average Dipole Orientation (ADO) Theory
reaction. The ion species which only give self-condensation [24] was used.Table 3also reports reactions of the only
reactions and/or the NH ion, i.e., GHz ™, C4H3™, C4H5 T, mixed ion (CNH™) which yields a product ion (Ni")
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with enough abundance to determine the reaction rate con-a mixed

ion is lower of about an order of magnitude, ac-

stant. lons from ammonia react with propyne with efficiency cordingly to what is generally observed for secondary ion

of about 40%, the self-condensation pathways generally be-species.

In reactions of propyne ions with neutral ammo-

ing the most favourite with efficiencies which can reach nia (Table 2, the reaction efficiencies are appreciable for

80%. The efficiency of the only reaction taking place from primary

ions and decrease for secondary and tertiary ions.

Table 2

lon/molecule reactions of ions from propyne with amméria

Reaction Kexp TKexp Kear® Efficiency?
(27) GHs™ + NH3 — (18) NHs+ + CoHp 14 14 24.27 0.58
(38) GsH2* + NH3z — (18) NHy™ + C3H 1.4

(38) C;3H2Jr + NH3 — (39) C3H3Jr + NH» 1.5

(38) GsHo™ + NH3 — (54) C3NH4™ + H 7.7 11 22.87 0.46
(40) GsHa™ + NH3 — (17) NHg+ + CgHg 2.1

(40) GHa' + NH3z — (18) NHy™ + C3H3 13 15 22.69 0.65
(41) GHs™ + NH3 — (18) NHs+ + CgHy 9.0 9.0 22.61 0.40
(51) CG4H3' + NH3z — (18) NHy™ + C4H2 9.9 9.9 21.95 0.45
(52) C4Ha™ + NH3 — (18) NHs+ + C4H3 3.2

(52) C4Hat + NH3z — (30) CNH4t + CgH3 0.44 3.6 21.9 0.16
(53) G4Hs™ + NHz — (18) NHs™ + C4Ha 4.7 4.7 21.84 0.21
(65) GsHs' + NH3z — (18) NHy™ + CsHy 0.35 0.35 21.35 0.016
(77) GsHs™ + NHz — (18) NHs™ + CgHa 0.74

(77) GsHs' + NH3z — (93) CgNH7T + H 0.48

(77) GsHs™ + NHz — (94) CgNHg™ 0.86 2.1 21 0.10
(79) GsH7™ + NH3 — (18) NHs+ + CgHg 2.2 2.2 20.95 0.10

aMixed ions are reported in bold.
bRate constants are expressed as'96m? moleculel s™1; uncertainty is within 20%.

¢ Collisional rate constants have been calculated according to the Parameterized Trajectory{Z0jeaking the polarizability and the dipole moment

of ammonia from Refs[21,22] respectively.
d Efficiency has been calculated as the rafikexp/Keap-
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Table 3

lon/molecule reactions of ions from ammonia and of CGNHn a CsHa/NH3 mixture®?

Reaction Kexp TKexp Keap® Efficiency?
(15) NH™ + C3Hg — (29) CNH3t + CoHa2 1.1

(15) NHt + CgH4 — (30) CNH4t + CoH 0.87

(15) NH™ + C3Hgq — (39) GgH3 1 /CoNH™T + NH2/CHy 3.2

(15) NH™ + C3H4 — (40) GH4T/CoNHT + NH/CH3 2.6

(15) NH™ + C3Hgq — (41) GsHsT/CoNH3™ + N/CH; 1.3 9.1 21.18 0.43
(15) NH™ + NH3z — (17) NHz* + NH 9.1

(15) NH™ + NH3 — (18) NHs* + N 1.8 10.9 27.77 0.39
(16) NH2+ + C3H4 — (40) C3H4+/C2NH2+ + NH2/CH4 2.9

(16) NHx™ + C3Hyq — (41) GHsT/CoNH3™ + NH/CHy + H 2.9

(16) NH2+ + C3Hg — (54) C3NH4+ + H»z 2.0 7.8 20.69 0.38
(16) NH™ + NH3 — (17) NHs* + NH3 18 18 27.30 0.66
(17) NHz™ + NH3 — (18) NH;t + NH; 22 22 26.88 0.82
(30) CNH4* 4+ NH3 — (18) NH4™ + CNH3 11 11 23.79 0.045

2Mixed ions are reported in bold.

b Rate constants are expressed as'26m? molecule? s~2; uncertainty is within 20%.

¢ Collisional rate constants have been calculated according to the Parameterized Trajectory{A0jeaking the polarizability and the dipole moment
of ammonia from Refs[21,22] respectively, and the polarizability and the dipole moment of propyne from &3] respectively.

d Efficiency has been calculated as the raiiRexp/Keap

In these reactions, high experimental rate constants are fretoo low. This is the reason why these ions do not appear
guently observed when Nft is the product ion. This is  neither inScheme Inor in the Tables.

due to the high proton affinity of ammon[a5], which is Experimental rate constants were compared to those
higher than those of most of the neutral hydrocarb@a$ available in the literature. In the present work, ammo-
eliminated in NH protonation reactions. For some species nia protonation reaction by 3™ (Table 2 proceeds
(CsH, C4H3, C4H4 and GHj) the proton affinity is not at a much lower rate with respect to that previously re-
available in the literature. Moreover, heats of formation of ported, i.e.x = 14 x 10-1%cm? molecule 1 s~1 versus the
CsH and GHs are not available too; therefore, no indica- 24.8 x 10-19cm® molecule 1 s~1 value by Huntress (W.T.
tions about the exothermicity of Ndprotonation reactions  Huntress, unpublished results). This latter value may be
forming these two neutrals can be drawn from thermochem- overestimated as it slightly exceeds the collisional constant
ical data. On the other hand, the enthalpies of reactions (a)(kcap = 24.27 x 10~1%cm® molecule'! s~1). However, it is
C4Hs™ +NH3 — NH4t 4 C4H4 and (b) GHs* 4+ NHz — likely that incomplete thermalization of the reactant ion in
NH4™ + CsH4 were calculated, considering the most sta- the present experiments is responsible for reaction efficien-
ble isomer for each ion and molecyS]. Reaction (a) is  cies lower than unity. This is also the case for reactions of
exothermic by 48.1 kJ mol, while reaction (b) is endother- NH* and NH* with ammonia, where our rate constant
mic by 88.9 kJ mot®. This latter value may be surprising, as values are lower than those reported by Adams €],

we assume that reactant ions in the ion trap are thermalizedwhile an excellent agreement is found for reaction ofdNH
and hence only exothermic reactions should be observed.and NH; [27].

However, it should be noted that the reaction enthalpy is

calculated considering the most stable isomer for the reac-3.2. Slane/propyne/ammonia

tant GHs™ ion, i.e., a vinyl-cyclopropenyl structure. If the

HC=CCHCH=CH,™" isomer is considered, reaction (b) be- Formation of ion species containing Si, C and N together
comes exothermic by about 31 kJ mbl Besides being the  takes place through reaction of binary mixed ions, i.e., ions
most stable isomer, the cyclic structure ofHg™ necessi- containing two among the three elements mentioned, with

tates more rearrangements to be formed than the open-chaithe neutral reagent containing the third element. Therefore,
structure, which may not take place in the time scale of an isolation and reaction of binary mixed ions in the ternary
ITMS experiment. Therefore, the pent-1-en-4-yn-3-yl iso- mixture, and comparison of the mass spectra with those
mer ion is likely the reactant ion in reaction (b). Reaction recorded in the binary mixtures after the same reaction
pathways leading to mixed ion species are not very favored. time, allows to identify the ions formed through reaction
The only exception is the reaction yieldingH4™ from with the third molecule. In the ternary mixture, mass over-
CaH2 ™", With kexp = 7.7 x 10720cm® moleculet s~2. lapping among different ion species is observed even more
Due to mass overlapping, the reactivity of some ion frequently than in the secondary one. Propyne results to be
species, such as CNH and GHst (m/z 28), was not very reactive, and several ion species are formed whéty C
studied. In fact, the double isolation experiment cannot be is the neutral reagent. Moreover, the nominal masses of the
performed for the primary £H4™ ion and, in the case of  C,H4 and N> moieties and of the most abundant silicon iso-
the mixed CNH™ ion species, the signal-to-noise ratio was tope are the samen(z 28). As a consequence, almost every
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mixed ion detected in the binary mixtures shows one or tems allows to find out the ion species only formed in the
more isobaric ion species in the ternary mixture. In order to ternary system, which are necessarily ternary ions or, at
isolate and react the mixed ions, the double isolation proce-least, ions formed in reactions involving all three reagents.
dure was employed in almost all the cases. This procedureTable 4reports the ion abundances recorded at the longest
was not always successful, as sometimes isobaric productgeaction time examined (1s), where the mixed ion abun-
are given by isobaric parent ions. In many other cases, thisdances resulted to be the highest. In the first columfa,
kind of experiment generates low and poorly reproducible values are given of all ions detected in the mass spectrum
ion currents. Therefore, it was possible to isolate only few of the ternary mixture at 1000 ms reaction time. For each
mixed ion species and no rate constants could be deter-nVz ratio, the second column displays the possible compo-
mined.Scheme 2eports the reaction mechanisms observed sition of ions, as previously observed in the three binary
in the ternary mixture. The reactant Si/C ions are formed mixtures at any reaction time. Finally, the following four
through different ion/molecule processes occurring in the columns report ion currents of ions present in the ternary
silane/propyne mixture, as already reporfgd], while the mixture and in the three binary mixtures at 1000 ms reaction
SiNHg™ ion is a product of a series of ion/molecule reac- time, recorded in sequential experiments. The ion currents
tions taking place in the silane/ammonia sys{é®j. Solid have been chosen, rather than the percentage abundances,
arrows are referred to reactions whergHz is the neutral to permit direct comparison of experimental data. When a
reagent, while dashed arrows to reactions where ammoniaspecies is present only in the ternary mixture, or displays a
is the neutral. Most of these reactions imply the loss of a remarkably higher abundance in this system (values in bold
hydrocarbon fragment, thus yielding a binary Si/N ion and character irTable 4 with respect to the binary ones, it can
not a ternary ion species. However, the subsequent reactiorbe deduced that it is formed in reaction paths involving all
of a Si/N ion with GH4 frequently leads to the formation three reagent gases. In these cases, an ion composition is
of a ternary ion. No mixed C/N ions could be isolated in suggested in the first column. In some cases, a formula was
the ternary mixture, and no Si/C/N ion reacts with silane to assigned to a particular ternary ion on the basis of the results
give higher mass ternary ions. For this reason silane doesof ion isolations reported irscheme 2and these are the
not appear in the Scheme as neutral reagent. cases ofVz 60 (SICNH;™), m/z 100 (SiGNH10%) andm/z

In order to evaluate the overall abundance of ternary ions 101 (SiGNH11). In all the other cases, where more than
in the ternary mixture, mass spectra were recorded for theone formula could match am/z ratio, a generic formula is
ternary mixture and subsequently for each binary mixture reported. However, it was possible to evaluate the overall
at several different reaction times. Comparison of the ion abundance of mixed ions, which roughly exceeds 20% of
currents at eachvz value between ternary and binary sys- the total ion current after 1 s reaction time.
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Table 4

lon abundances in the ternary Sf83H4/NHz and in the binary SikfCgHa, C3H4/NH3, and SiH/NH3 mixtures after 1000 ms reaction tife
(m/z) lon Ternary SIH + C3Ha C3Hs + NH3 SiH4 + NH3
(14) N* 16050 - 16300 16500
(16) NH* 56450 - 46800 56300
(17) NHg™ 46100 - 16750 16900
(18) NHz* 956000 - 726550 876050
(38) GHo™ 26450 36100 - -
(39) GH3z™ 326200 206700 476450 -
(40) GsHa™ 56450 76600 16500 -
(48) SiNHs™ 950 - - 56350
(54) C4HeT/SICH2TINC3H,™ 26350 - 66750 -
(59) SIGH7"/Si;Hz* 950 450 - -
(60) ShH4T/SICNHg™ 86700 - - -
(61) SpH5"/SiNaH5™ 26300 - - 46400
(67) GsH71/SiCsH3™ 26450 86550 - -
(73) SECHsT/SiC3Hg ™ /SioNH3™ 76350 406750 - -
(74) SLCHgt/SipNH4 56150 146050 - -
(75) SECH7 T /Si;NHs* 16600 66100 - -
(76) SpCHgt/SipNHg™ 16600 16400 - -
(77) GsHs™ 16900 16050 750 -
(78) GsHe'/SiN3Hg T/SICy NquJr 16000 900 - -
(79) GsH7 ™ 26100 66400 - -
(90) SiHs"/SimCn NquJr 146400 26050 - -
(91) GH7/SipNaH7 T 26650 46700 16100 —
(93) GHg*/SiCsHeT/CsNH7 T 66400 136900 26000 -
(94) SiGHeT/CsNHg™ 16200 36600 26550 -
(100) SIC4NH 0™ 96850 - - -
(101) SIC4NH 1+ 16200 - - -
(107) SiGH;+ 26450 56850 - -
(117) SimCnNpHg* 56000 - - -
(118) SinCn NI,Hq+ 16650 - - -
(131) GoH11™ 26350 106150 46000 -
(155) GoH1pt 950 26650 - -

2lon species present in the ternary mixture only are reported in bold. Their formulas are assigned on the basis of reactions of isolated binary ions
with the third gas.
blon abundances are reported in arbitrary units.

3.2.1. Comparison with systems previously studied necessarily yields low signal-to-noise ratios. Therefore,
mass overlapping hindered ion isolation and determination
3.2.1.1. Slane/propyne/lammonia versus silane/propene/ of rate constants in the system with propyne. Moreover, it

ammonia. This comparison is not straightforward be- is also very likely that ions with the same formula corre-
cause of the low number of mixed ion species that spond to different isomers in the two systems, and hence
could be isolated in the SUAC3H4/NH3 mixture. In the their reactivity may be quite different, as for Sids™ ions.
silane/propene/ammonia systdit6], several mixed ions A comparison of the reactivity of the two systems may be
were selected and reacted, and numerous rate constantdrawn from the percentage abundances of mixed ions: in
were reported. When the reactivity of ions with the same the mixture with propene, mixed ions reach 20% abundance
formula in the two ternary systems is compared, it often after 500 ms reaction time, while they represent only 12%
looks quite different. As an example, ions with formula of the total ion current in the present system after the same
SiC,Hs' were isolated and reacted with Nkh both sys- reaction time.

tems: in the mixture containing propene, a high number

of products is obtained, and quite high rate constants were3.2.1.2. Slane/propyne/ammonia versus silane/propyne/
calculated, while in the present mixture the 8i{g ion phosphine. The present mixture shows an higher yield of
only yields SiNH,™, and the reaction rate constant could mixed ions with respect to the analogous silane/propyne/
not be calculated due to the low product yield. Many other phosphine systerfi8], where the abundance of mixed ions
similar cases turn out by comparing the two mixtures. The after 500 msis about 7%. When the silane/propene/phosphine
apparent lower reactivity of the present system could be [15] and the silane/propene/ammoiii®] were compared,
ascribed to the frequent mass overlapping observed, leadinghe latter showed a higher yield of mixed ions and the
to very unfavorable conditions, such as isolation of a mixed present results confirm the higher reactivity of ammonia
ion starting from a very low-abundance parent ion, which with respect to phosphine towards silane and propene.
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3.2.1.3. Further remarks. If analogous systems with the finanziamento di Programmi di Ricerca di Rilevante Inter-
two different hydrocarbons considered here (propyne andesse Nazionale’.

propene) are compared, a slight discrepancy is revealed.

While, as noted inSection 3.2.1.1 propene gives an

higher abundance of mixed ions with respect to propyne References

in mixtures with silane and ammonia, the reactivity of the

silane/propyne/phosphine system is slightly higher than [1] W.D. Reents Jr., M.L. Mandich, J. Chem. Phys. 96 (1992) 4429,
that of the silane/propene/phosphine, as previously outlined  and references cited therein.

[18]. However, the different reactivity between the last two [l L Operti, M. Splendore, G.A. Vaglio, AM. Franklin, J.F.J. Todd,

t . t ident th bet th | Int. J. Mass Spectrom. lon Processes 136 (1994) 25.
Systems IS not as evident as the one between the ana Ogou%S] P. Benzi, L. Operti, G.A. Vaglio, P. Volpe, M. Speranza, R. Gabrielli,

systems containing ammonia. Int. J. Mass Spectrom. lon Processes 100 (1990) 647.
[4] 1. Haller, J. Phys. Chem. 94 (1990) 4135.
[5] F. Cacace, M. Speranza, Science 265 (1994) 208.
4. Conclusions [6] M.T. Bowers, A.G. Marshall, F.W. McLafferty, J. Phys. Chem. 100
(1996) 12897.
lon/molecule reactions in the propyne/ammonia and [7] G. Cetini, L. Operti, R. Rabezzana, G.A. Vaglio, P. Volpe, J.
silane/propyne/ammonia mixtures have been studied by jon __ Organomet Chem. 519 (1996) 169.

t t t d . tal t tant [8] P. Antoniotti, L. Operti, R. Rabezzana, G.A. Vaglio, P. \olpe,
rap mass spectrometry and experimenial rate constants = ; Gal, R. Grover, P.-C. Maria, J. Phys. Chem. 100 (1996)

for the main processes of the binary mixture were calcu- 155.
lated. The high reactivity of propyne toward positive ions, [9] K. Raghavachari, J. Chem. Phys. 96 (1992) 4440, and references
due to the presence of twe-electron pairs, leads to the cited therein.

formation of several ion products with high efficiencies, [0 (&) P- Antoniotti, L. Operti, R. Rabezzana, M. Splendore, G. Tona-
P g ' chini, G.A. Vaglio, J. Chem. Phys. 107 (1997) 1491;

even if each rate constant is generally rather low. In the (b) P. Antoniotti, L. Operti, R. Rabezzana, G. Tonachini, G.A. Vaglio,
binary propyne/ammonia mixture, the NH ion rapidly J. Chem. Phys. 109 (1998) 10853.

becomes the most abundant species as it is extremely stablg1] E.M. Cruz, X. Lopez, M. Ayerbe, J.M. Ugalde, J. Phys. Chem. 101
and not reactive in the experimental conditions used here, (1997) 2166.

whereas onIy few processes lead to formation of mixed [12] J.-F. Gal, R. Grover, P.-C. Maria, L. Operti, R. Rabezzana, G.A.

. d this i t . . . f th thesi Vaglio, P. Volpe, J. Phys. Chem. 98 (1994) 11978.
Ions, an IS IS not encouraging In view o € synthesis [13] P. Antoniotti, C. Canepa, L. Operti, R. Rabezzana, G. Tonachini,

of silicon carbides doped with nitrogen from appropriate G.A. Vaglio, J. Phys. Chem. A 103 (1999) 10945.
gaseous mixtures. The 1:1 pressure ratio among propyne14] P. Antoniotti, C. Canepa, A. Maranzana, L. Operti, R. Rabezzana,
and ammonia gives the highest yield of mixed ions, with G. Tonachini, G.A. Vaglio, Organometallics 20 (2001) 382.

CsNH4™ as the most abundant species. The presence oft*°] ?5:7(2;‘(')%%"‘25; Opertl, R. Rabezzana, G.A. Vaglio, J. Mass Spectrom.

many isobaric ion species allowed to perform only few ion [16] S. Calderan, P. Carbone, L. Operti, R. Rabezzana, G.A. Vaglio, J.
isolations in the ternary mixture. However, an appreciable Mass Spectrom. 37 (2002) 1205.

number of pathways leading to ternary ion species was [17] L. Operti, R. Rabezzana, F. Turco, G.A. Vaglio, Int. J. Mass Spectrom.
identified, in particular reactions of Sj@,* (n = 1-3; 227 (2003) 235. _ '

g = 2-5, 7) ions with ammonia and of SiNH (g = 2, [18] Ili_(.:aagirtl, R. Rabezzana, F. Turco, G.A. Vaglio, submitted for pub-
4) and SICNH™ (¢ = 6, 8) with propyne. Comparison of '

. . [19] M.L. Hitchman, K.F. Jensen, Chemical Vapour Deposition: Principles
ion abundances between the ternary and the three possible ~ and Applications, Academic Press, London, 1993.

binary mixtures revealed that the maximum abundance of [20] T. Su, W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183.
mixed Species in the ternary System reaches the appreciaLZJ_] A.N.M. Barnes, D.J. Turner, L.E. Sutton, Trans. Faraday Soc. 67
ble value of 20% after 1s reaction time. Therefore, even __ (1971) 2902.

if th / . t t . [22] K.H. Hellwege (Ed.), Landolt-Boernstein, Numerical Data and Func-
' € propyné/ammonia system was not very promising, tional Relationship in Science and Technology, Group II, vol. 14,

the ternary silane/propyne/ammonia mixture resulted to be subvol. a, Springer, Heidelberg, 1982.

quite interesting in view of the synthesis of silicon carbide [23] A.A. Maryott, F. Buckley, US National Bureau of Standards Circular

doped with nitrogen in the gas phase_ No. 537, National Bureau of Standards, Washington, DC, 1953.

[24] M.T. Bowers (Ed.), Gas Phase lon Chemistry, Academic Press, New
York, 1979.

[25] E.P. Hunter, S.G. Lias, J. Phys. Chem. Ref. Data 27 (3) (1998).

[26] S.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D. Levin,

. . R . Lo . W.G. Mallard, J. Phys. Chem. Ref. Data 17 (Suppl. 1) (1988).

Authors wish to thank the Universita degli Studi di Torino  [27] N.G. Adams, D. Smith, J.F. Paulson, J. Chem. Phys. 72 (1980)

and the Italian MIUR for financial support through the ‘Co- 288.

Acknowledgements



	Gas-phase ion chemistry of the propyne/ammonia and silane/propyne/ammonia systems
	Introduction
	Experimental
	Results and discussion
	Propyne/ammonia
	Silane/propyne/ammonia
	Comparison with systems previously studied
	Silane/propyne/ammonia versus silane/propene/ammonia
	Silane/propyne/ammonia versus silane/propyne/phosphine
	Further remarks



	Conclusions
	Acknowledgements
	References


