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The rate coefficients and product-ion distributions for the reactions of He+ and Ar+ with silane and disilane 
have been measured in a drift tube. typically for collision energies of 0.0 I-I e V. The total charge-exchange 
rate coefficients are found to be roughly independent of E / N, or collision energy. and are about equal to the 
Langevin values for the reactions of He+ with SiH. and C,H. and Ar+ with CH. and C,H •. The He+ rate 
coefficients on CH. and Si,H., and the Ne+ rate coefficients on SiH. and Si,H. are 50% to 80% of the 
Langevin values, while the Ar+ rate coefficients on SiH. and Si,H. are much smaller. Product ions tend to be 
hydrogen poor with very infrequent breaking of the C-C or Si-Si bonds. Furthermore. hydrogen stripping is 
more severe for the silanes than the alkanes. These product-ion distributions bear no resemblance to the 
product-ion distributions of either photoionization or electron collisional ionization. 

I. INTRODUCTION 

The rate coefficients and the products of inert gas 
ion collisions with silane or disilane are pertinent to 
an understanding of the discharge chemistry and be
havior of glow discharges in inert gas-silane mixtures 
used to produce amorphous silicon thin films. Previous 
measurements of the rate coefficients for the reactions 
Silr,; + SiH4 at thermal energies and above by Lampe and 
collaborators! provide information on one ion production 
source term. Here, we study another major production 
source: the charge-transfer reactions of inert gas ions 
with silane or disilane. Comparisons of these rate co
efficients to equivalent hydrocarbons are also of in
terest for understanding these dissociative-ionizing 
reactions, so we have also studied reactions of the inert 
gas ions with methane and ethane. 

Several methods have been established for measuring 
ion neutral reaction rate coefficients at thermal ener
gies and above, notably the flowing afterglow, 2 ion cy
clotron resonance technique,3 the mass-selected ion 
flow tube,4 and the drift tube techniqueS used here. A 
detailed review of these techniques is given by McDaniel 
et ai. 6 

Reactions between ions A+ and neutral reactant B, 

(1) 

deplete the concentration of reactant ion N at the end 
of a drift tube according to 

[N] =[Ao] exp( -[B] kt , (2) 

where [B] is the reactant density, [Ao] the concentra
tion of A+ when [B] =0, t is the time in the drift tube, 
and k the reaction rate coefficient. (The drift velocity 
greatly exceeds the gas flow velocity in our experiment, 
so that I=L/vd .) The reactant B is a minor constituent 
in the inert gas A, and the drift velocity vt/ of the inert 
gas ions N in the parent gas is determined at a given 
applied electric field to gas density ratio EI N from the 

"'Staff Member, Quantum PhYSics Division, National Bureau 
of Standards. 

compilation of previously measured values in Ref. 7. 
(We have checked VII for Ar+ in Ar and obtained agree
ment within our uncertainty.) From the decrease in 
the inert gas ion signal due to the addition of the neutral 
reactant, the total reaction rate coefficient is deter
mined for a given applied electric field to gas density 
ratio E/N. By varying E/N, the rate coefficient is de
termined as a function of the ion kinetic energy. 

We assume, in presenting our results, that the av
erage center-of-mass collisional kinetic energy (EerJ 
is given byB 

(Eem> = MI(m + M) [(E1on> - 3/2 kT] + 3/2 kT , (3) 

where m is the N mass, M is the mass of the neutral 
reactant B, and (E1oJ is given by Wannier's expres
sion, 9 

(E1on> = 1/2 m~ + 1/2 Mb~ + 3/2 kT , 

where Mb is the mass of the buffer gas A. 

II. EXPERIMENT 

A. Apparatus 

(4) 

The apparatus is shown in Fig. 1. An ion source 
located within the drift tube produces ions by electron 
impact with a magnetically confined (400 G) beam of 
electrons of approximately 0.5 eV energy width pro
duced by a tungsten filament. The ions are drifted 1. 9 
cm out of the source by the repeller field (0.5-18 V / 
cm) through a 1 cm diam aperture into the 21 cm drift 
region. Primary and secondary ions are sampled by 

an 0.08 cm aperture at the end of the drift tube and fo
cused by an assembly of six lens elements into the 
quadrupole mass spectrometer. Mass-selected ions 
are detected by an electron multiplier. In measuring 
rate constants, the inert gas ion signal [Ao] is obtained 
for 0.10 Torr of inert gas present in the tube; then a 
known density of reactant gas (0_10-3 Torr) is intro
duced and the depeleted inert gas ion signal [A+] mea
sured. 

The inert and reactant gases are mixed before being 
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admitted to the drift tube chamber through a port at the 
upstream end of the drift tube. Inert gas flow, typically 
0.1 Torr £/s, is measured by a thermocouple flow me
ter and pressure in the drift-tube region, 0.10 Torr, 
is measured by a capacitance manometer. For reasons 
discussed below, the much smaller flows of the reactant 
gas (typecally 10-4 Torr £/s) are admitted to the gas line 
from the reactant gas manifold through a 25 /lm diam 
orifice and a valve past the orifice is used to switch the 
reactant gas rapidly on and off. Pressures of 0-10 
Torr in the manifold are measured with a capacitance 
manometer, with a typical pressure of 1 Torr producing 
5x 10-5 TOrr in the drift tube. 

Gas flow is maintained by the turbomolecular pump 
located at the downstream end of the chamber. A but
terfly valve reduces the pumping speed of the pump 
from 200 to 1. 5 £/s, so that the gas flow velocity 
is negligible compared with the ion drift velocity. (The 
gas flow velocity is 50 cmls while the lowest drift ve
locity is 6x1(j1 cmls for Ar+ in Ar at EIN,,14 Td. 7

) 

Also, at these low flows there is a negligible pressure 
drop along the tube. The temperature of the neutral 
gas in the drift tube is equal to room temperature 300 K. 
The focusing and mass spectrometer regions are each 
differentially pumped by oil diffusion pumps with freon
cooled baffles. After baking the system, background 
gas pressures of 5 x 109 Torr are measured on ioniza
tion gauges in these two regions. Typical background 
gas pressures in the drift tube are 5 xl 0-8 Torr with 
the butterfly valve open and 7xlO-7 Torr when the valve 
is throttled to 1. 5 £/s pumping speed. With 0.10 Torr 
of inert gas in the drift tube, pressures of 5 x 10-5 and 
5 x 10-7 Torr are maintained in the focusing and mass 
spectrometer regions, respectively. 

The reactivity of the silane gases with oxygen neces
sitates the decomposition of these gases before venting 
them into the atmosphere. Thermal decomposition 
ovens operating at 900°C are used on the two roughing 
lines; between the turbomolecular pump and the rough 
pump, and between the diffusion pumps and the rough 
pump to pyrolytically decompose the gases into a silicon 
film and hydrogen gas. 

B. Impurities 

FIG. 1. Apparatus: The 
source and drift regions, of 
21 em length, are enclosed in 
a 9 em i. d. quartz tube, and 
are drawn to scale. The re
maining parts are shown dia
gramatieally. 

Impurity effects are unimportant for the following 
reasons. Impurities present in the inert gas or in the 
drift tube will not change when the reactant is intro
duced and thus will not affect the rate constant measure
ment. Impurities present in the reactant gases as well 
as in the chamber and the inert gases are negligible, 
as seen in the secondary ion spectra (see Ref. 10). 
Impurity levels from the drift chamber are minimized 
by using an adequate pumping speed (1. 5 Us). Typical 
impurity ion-signal levels as a percentage of the inert 
gas ion signal are roughly 0.2% for N", 0+, and N2; 
0.3% for OR"" and less than 0.3% for H2o+ in He or Ne; 
2% for H2O", Ar++, and ArW in Ar; O. 5% for Ne++ and 
less than 0.5% for NeW in Ne; and less than 0.1 % for 
He++, HeR"", He2, Ne2, and Ar2. 

C. Ion source 

Electron emission currents collected on the ionizer 
grid (see Fig. 1) are typically in the range 5 x 10-9 _10-7 

A for 50 or 100 eV electron energy. The electron cur
rent i. in the source is adjusted so that the inert gas 
ion signal is linear in the electron current to within a 
few percent across a decade in ie • Ion currents pro
duced in the source, measured by applying a 2 V col
lection potential to the repeller, are in the range 
5X 1O-lO_5x 10-9 A for the electron currents given above. 

All of the reactant gases produce some change, gen
erally reverSible, in the electron current when they 
are added (at less than O. 5% concentration) to the inert 
gas; the largest effect (+ 15%) is for silane and disilane. 
When the electron emission current was adjusted to be 
constant, the number of ions collected on the repeller 
was constant for the alkanes but decreased 35% for the 
silanes. This effect could have caused severe difficul
ties for the measurements, but the magnitude of the 
changes decreased upon repeated additions and removals 
of the reactant and vanished after about 30 min of such 
treatment. Data were collected after stabilization of 
the ion and electron currents. These t'NO effects were 
attributed to carbon and silicon film buildup on surfaces 
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in the source, primarily due to thermal decomposition 
on the hot filament. 

Electric fields in the source are set in one of two 
modes. In the usual mode of operation, the grid and 
repeller potentials are set so that the source field equals 
the drift field. The time the ions spend in the source 
(1. 9 cm/va) is then added to the time spent in the drift 
tube (21 cm/va) in computing the rate constant. In the 
second mode, used to check for space charge effects in 
the source (discussed below), the source field is set at 
a constant value 18.6 V /cm that is considerably greater 
than the drift field. In this mode, the much shorter 
time ts the ions spend in the source is added to the drift 
tube time of 21 cm/va; ts thus varies from 1% to 9% of 
the total drift time as E/N is varied. 

Space charge effects in the source would be a problem 
if the ion density n is large enough to cause significant 
modification of the source fields. However, a calcula
tionlO of the space charge modification of the applied 
fields in the source chamber shows a 7% change in the 
field in the vicinity of the electron beam for the lowest 
source field used (1 V /cm). Since ts is much less than 
t, this minor change in ts has a negligible effect on the 
results. This was confirmed by measurements of the 
rate constants using both source modes which agree 
within 10% at low E/ N (for He+ + SizHs), whereas with 
the high source fields in the second mode (18.6 V/cm) 
would greatly reduce the ion density and any space 
charge effects. Space charge effects in the drift tube 
would be a problem if the ion density did not satisfy 
n« E/4rreL, where L is the relevant length of the ap
paratus and E is the electric field. 11 Thus n« 2.6 x 104 

ions/cm3 is required for the lowest source field and 
L = 21 cm. The actual ion densities in the drift chamber 
can be estimated from measurements of the ion current 
collected on the drift field rings (appropriately biased) 
using the approximation, n = i1on/rr«-vae. A typical value 
of i 10n collected in the drift tube (for He+) is 5x 10-10 A, 
giving an ion density of 7x 10& ions/ cm3 in the drift tube 
(calculated using va =105 cm/s and a=3.8 cm). Thus 
space charge effects should be negligible in the drift 
tube. Another indication of negligible space-charge 
effects is the lack of significant E/N dependence on k 
at low E/ N where <Ecm> is nearly constant but the ion 
density undergoes large changes. 

Metastables produced in the source have no effect on 
the total rate constant measurements and have little 
effect on the product distribution, as checked by re
versing the field of the repeller. For example, the 
product-ion signals fall to a few percent of their original 
values when the repeller field is reversed for the reac
tion He+ + CO2 , Metastables are further discussed in 
Sec. IVD. 

D. Reactant density 

The pressure of the reactant gas in the drift tube Py 

is determined by calibrating the reactant pressure 
Pm (0.5-10 Torr) in the reactant gas manifold against 
the pressure P y (2.5 x 10-5 -5 X 10-4 Torr) in the drift 
tube. This was done by first introducing sufficient re
actant (10-3 Torr) to obtain a reliable capacitance ma-

nometer reading and thereby calibrating the ion signal 
collected on the repeller against the capacitance ma
nometer at 10-3 Torr, then using the repeller as a low 
current "ion gauge." 

The flow rate of the reactant gas through the 25 /lm 
orifice is unaffected by the introduction of the inert gas 
into the drift tube since the mean-free path is much 
larger than the orifice and in steady state there is no 
flow of inert gas through the orifice. Thus if the rate 
of pumping away reactant gas were unaffected by the 
presence of the inert gas, the above calibration of p y/ Pm 
in the absence of inert gas would still hold. (At O. 1 
Torr and 1. 5 f / s pumping speed the reactant gas es
sentially diffuses throughout the tube, in contrast to the 
flowing afterglow conditions where it is carried at the 
buffer gas stream velocity.) We find that p y / Pm is un
affected by the introduction of the inert gas for reactant 
and inert gases of comparable masses but not for the 
heavier reactants in helium or neon. This occurs be
cause the size of the butterfly valve opening is com
parable to the mean-free path and the reactant is par
tially dragged through by the lighter, faster inert gas. 
However, in the limit of no pumping or zero flow this 
effect disappears. Thus the rate constants have been 
measured as a function of butterfly valve limited pump
ing speed (recalibrating Prj Pm at each butterfly valve 
setting) at constant inert gas pressure to obtain the 
zero-flow limit. 10 This gives corrections to the 1. 5 
f/s pumping speed data in the range 13%-30% for Ne+ 
and 27%-40% for He+, with the largest correction for 
the heaviest reactant. As just noted, insignificant 
variation of the Ar+ rate constant is seen, as expected 
due to the similar masses of Ar and reactants. As a 
secondary (± 15%) check on this absence of Ar+ correc
tion, we introduced 1. OOx 10-3 Torr of reactant SiH4 

into the drift tube at 1. 5 Qj s pumping speed, added 
argon until the capacitance manometer read 0.10100 
Torr ± O. 1 %, then removed the reactant and obtained 
a final reading of 0.10000 Torr ± 0.1%, as expected for 
this case of similar masses. 

III. TOTAL RATE COEFFICIENTS 

The inert gas ion signal, corrected for any minor 
changes in ie, is measured at several reactant pressures 
to verify agreement with Eq. (2). (Data are shown in 
Ref. 10.) In all cases, the reactant concentration is 
less than O. 5% of the inert gas concentration, so that 
the diffusion coefficient of N in A is not influenced by 
the addition of reactant B. This procedure for deter
mining the rate coefficient is repeated at many values 
of E/N by varying the electric field; the resulting rate 
coefficients are plotted as a function of the average 
center-of-mass collision energy in Figs. 2, 3, and 4. 

A correction was necessary for the rate coefficients 
measured with Si2H6 , since it was contaminated by suf
ficient silane to yield a fractional silane content of 
37%± 8% of the total reactant density in the manifold 
and drift tube (determined by dissociative ionization 
mass spectrometer signals). Thus the apparent rate 
coefficient kA measured with the contaminated gas is 
given by kA = ~ (1 - f) + kIf, where kl and ~ are the rate 
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FIG. 2. Measured rate coefficients for He+ and Ar+ reactions 
with CH4 and C2HS as a function of mean center-of-mass colli
sion energy. 

coefficients for the inert gas reaction with silane and 
disilane, respectively, and f = 0.37. The kl values are 
known from the silane measurements and are smaller 
than ~ so that this correction is not a serious problem 
in the determination of k2 • 

The uncertainties in the measurement of the total 
rate coefficient are determined as follows. The drift 
velocities are reported7 to within 5% and checked in our 
apparatus for Ar' in Ar to about this accuracy. The 
fluctuation in measurements of In [Ao]![ N 1 is typically 
7%. The uncertainty in the reactant gas density [B 1 is 
9%, excluding the flow correction which adds an addi
tional uncorrelated 10% for helium and 5% for neon. 
The total uncertainty in k, adding these in quadrature, 
is thus 13%-16%. For reactions with disilane, the 
additional uncertainty due to the silane contamination is 
5%-10% which combines with the previous uncertainty 
to yield a 17% total uncertainty for all reactions with 
disilane. These uncertainties may be considered as 
one standard deviation. 

~ 
~--r -. ~ 

-x- -x---X-x-x--

~ o 

-ii 
10 0"-.0 1----'-.J..LLLLLLL---1---'-.LLL.LllLL 0---.JL.L-LLl.LLL1 0 0 
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FIG. 3. Measured rate coefficients for He+, Ne+, and Ar+ 
reactions with SiH4 and Si2Hs as a function of mean center-of
mass collision energy • 

_L_~ll~_, ~~~ __ ~_~ __ 1-LL-----.lJ 
01 1 0 100 

<Ecm > (eV) 

FIG. 4. Measured rate coefficients for He+ reactions with CH, 
and CO2 as a function of mean center-of-mass collision energy. 
Points are present data, lines are averages through the data 
of Lindinger et al (Refs. 12 and 13). 

In all cases but Ar' + SiH4, less than O. 1 % reactant 
density was used, but in this case as much as 0.5% re
actant density was necessary due to the small value of 
k. This amount of reactant could introduce three ef
fect which would give erroneously large rate coeffi
cients: (1) a reduction in the drift velocity of the inert 
gas ions, which increases the reaction time; (2) an in
crease in the transverse diffusion coefficient of the 
primary ions due to an increase in the ratio of the total 
energy to the energy in the field direction in a multi
component gas12

; and (3) an increase in the silane flow 
through the 25 11m orifice could occur due to somewhat 
viscous flow at Pm = 10 Torr. The firs t two of these 
effects are negligible at the concentrations of SiH4 used 
here. The third was taken into account by directly mea
suring the reactant pressure with the capacitance ma
nometer to avoid this possible error. Thus we con
clude that this large fractional SiH4 concentration caused 
negligible additional uncertainty in k. 

IV. PRODUCT IONS 

The ionized products of these ion-molecule reactions 
have been measured with the mass spectrometer as a 
function of E/ N. After taking into account the mass 
discrimination of the mass filter and the differential 
diffusive loss of product ions, as well as correcting for 
the isotopic contributions to the different silicon-con
taining ion signals, the product-ion signals are con
verted into percentages of the total ion signal for each 
E/N. 

The sensitivity of the mass spectrometer and ion op
tics was determined by comparing, for each inert gas, 
the ion signals from the mass spectrometer to the total 
ion current collected on all the focusing lenses when the 
lenses were biased to collect all ions through the drift
tube orifice. The sensitivity is almost independent of 
M for M = 4 and 20, but decreases by a factor of 2 at 
M=40 and a factor of 50 at M=84(see Ref. 10). As the 
product-ion masses are between these inert gas masses, 
appreciable uncertainty arises due to interpolating the 
mass sensitivity curve, particularly for masses above 
40. 

The focusing voltages are set to maximize the prod-
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FIG. 5. Enthalpies for the reactions 
of the inert gas ions with CH. and 
C2Hs, compiled from Refs. 13, 14, 
and 17. 

~ 12 CH4 
C2H4+H 2 2CH+2Hz 12.32,12.42 

1/.88 1176, /1.88 CzH;'H CH2+C+2HZ 

C2H6---
CH 3+C+HZ+H 

1/ 16, 11.43 

0 
10.62 

CH+H 'H z 
---CZ+3H2 8.63 

8 842 CH3 +CH 2+H, 
2CHz+H2 
CH4+CHtH 

743 
C+ 2H2 CH 3+CH+H2/763, 764, 773 

6.66 
CH4+C+Hz 

4 ~CH2+ H2 

373,40 CH3+H 
-3-39-- CzHS+H CH4+CH 2 

2 

CH 4 C2HS 
-0775 

uct-ion signals, with the constraint that the ratio of 
product-ion signals is not dependent on the settings. 

- 0.875 

The focusing of the product ions is highly dependent on 
the ion kinetic energy, and considerable variation in 
product-ion ratios can occur due to their different 
energy distributions. From Wannier's expression, we 
expect the mean energy, and thereby the Observed 
abundances of the heavier ions, to be relatively insensi
tive to the focusing voltages, whereas fr will be most 
sensitive to focusing as it has the highest mobility and 
thereby the highest mean energy of all the product ions. 
This was, in fact, observed and the resultant uncer
tainty in fr product fractions is roughly 30%. 

A. Secondary ion diffusion-The H+ problem 

Differential diffusive losses of product ions, before 
reaching the orifice at the end of the drift tube, occur 
because of different diffusion coefficients for the various 
product ions. Since products of similar mass are ex-

~CH3tCH3 

pected to have approximately the same diffusion coef
ficients, this requires a significant correction to the 
observed signals for H' and minor (less than 10%) cor
rection for CH~ vs C2Wn or SiH~ vs Si2H~. Ar' does not 
have sufficient enthalpy to create significant fr from any 
of the reactants (see Figs. 5 and 6 and Refs. 13-17), and 
for Ne' we did not measure fr. Thus, only corrections 
for differential diffusion of H' vs heavy reactants in He 
will be considered here. Details are given in Ref. 10, 
where a calculation is presented based on diffusion co
efficients from Ref. 7 and drift-tube correction formulas 
from Ref. 18. Resulting corrections typically increase 
the H' signals by a factor of 1. 5 relative to all the 
heavier ions at E/ N = 30 Td. However, we have tested 
the correction by varying E/ N from 30 to 70 Td at low 
E/Nwhere the center-of-mass collision energy is 
slowly varying and the product distribution is expected 
to be constant. The correction shows a decrease of a 
factor of 2 to 3 in the H' contribution relative to the 
heavier ions as E/N increases from 30 to 70 Td, pos-

J. Chern. Phys., Vol. 79, No.3, 1 August 1983 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.174.255.116 On: Mon, 01 Dec 2014 16:00:44



1306 Chatham, Hils, Robertson, and Gallagher: Reactions of He+, Ne+, and Ar+ 

26, 
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24 
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20 
Hi +Si +Hz 
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1794,1795 H++SiH 3 

Ar++ SiH4 
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I 1267.1288 SiH:3+H 
<l 

12 1225 "SiH~+H2 

10 

8 

6 616 
S,H+H2+H 

254 

223 

----2SiH+2H2 

FIG. 6. Enthalpies for the reactions 
of the inert gas ions with SiH4 and 
SizHs, compiled from Refs. 13-16. 

467 
Si + 2H2 

SiH4+S'1 +H2 

2SiH 2+H 2 503 

4 427 SIH 3 '" H 

SiH 2+H2 

2 
252 

288 

SiH4 
0828 I 

0 0356 

"-------------_______ .. __ .... __ ._ .... _ .. ____ .... _. __ . ____ 1 

sibly due to changes in the mass spectrometer calibra
tion efficiency for higher (ER). The diffusion-corrected 
If" signals are 28%, 4%, 11%-28%, and 7% of the total 
product-ion signal for the reactions of He' with SiH4, 

SizH6 , respectively, at E/N=30 Td. These are uncer
tain within perhaps a factor of 2. The If" signal was 
not measured in neon so it is assumed, in assigning 
fractions to the other ions, that the W contribution for 
neon is the same as for helium (H+ is not a product of 
any reaction with Ar+; see Figs. 4 and 5). Product-
ion ratios are plotted as rate coefficients by assuming 
a contribution from If" of 25% at all E/ N in CH4 and 
SiH4, and 10% at all E/N in CzHs and SizH6 • 

B. Secondary reactions 

Reactions of the product ions with the neutral reac
tant B can change the product distribution unless 
[B]kst« 1, where ks is the rate constant for secondary 
reactions and t = L/2v: is the average drift time for the 

product ions. For most reactions, at a typical ks of 
10-9 cm3/s,l [B]kst<O.l at low E/Nand less than 0.05 
at high E/ N (typically 30% of the initial inert gas ion 
signal was depleted for the reactant densities used). 
Thus fewer than 10% of the product ions are expected 
to have reacted at low E/ N, as confirmed for several 
reactions by the lack of dependence of the product ions 
on the reactant density at low E/N. However, rate 
coefficients for the reactions of Ar+ with silane and 
disilane were so small that higher reactant densities 
(2 x 1013 and 3 x 1012 cm-3 , respectively) were used and 
[B]kst=2 and 0.3, respectively, resulted. (Product 
distributions could have been obtained at much lower 
reactant densities, but this was not done systemati
cally.) Thus secondary reactions have a major effect 
on the product distributions measured at these rela
tively high reactant densities, as confirmed by the ob
servation of disilane ions from Ar+ + SiH4 reactions. 
One set of product ions for the Ar+ + SiH4 product dis
tribution was taken at [BJ = 3x 1012 cm-3 and at a center-
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T ABLE I. Ar+ + silane product distribu
tions. 

Si+ 
SiB+ 

SiHi 
SiB; 
Sii 
Si2H+ 
Si2Hi 
Si2H; 
Si2H~ 
Si2HS 

From SiB4 

59% 
21% 

8.3% 
12% 

5% 
8% 

18% 
39% 
14% 
12% 

3% 

of-mass collision energy of 0.1 eV(E/N=280 Td), for 
which we estimate that 25% of the product ions have 
probably undergone secondary reactions. In Table I, 
we give these data, plus those for Ar+ + Si2Hs at (Ecm) 
=0.09 eV, for which we estimate that 30% of the ions 
have undergone secondary reactions. The uncertainty 
in these data is large, but it is included as the only such 
data currently available. 

At high values of E/N, the possibility of secondary, 
hydrogen-stripping reactions of the product ions with 
neutral inert gas atoms arises. Some of these reactions 
are endothermic by less than 2 eV, as determined 
from the heats of formation of the various ions listed 
in Figs. 5 and 6. Estimates of the E/N values at which 
the average center-of-mass collisional energy equals 
the enthalpy for these reactions reveal that a number 
are thermodynamically possible (see Ref. 10). How
ever, the product-ion distributions observed are roughly 
independent of E/N whereas all of these reactions have 
thresholds above 0.3 eV (150 Td in He) and in addition , , 
the variations present in the product data can not be ex
plained on the basis of such stripping reactions. Thus, 
this appears to have a negligible effect on the product 
distributions. 

C. Doubly ionized ions 

No He++ and negligible Ne++ are produced by 100 eV 
electrons, but Ar++, present at 2% concentration, com
plicates reactions involving Ar+. At the reactant den
sities used, almost all of the Ar++ reacts at all E/ N , 
whereas roughly 50% of the Ar< reacts at low E/ N. Thus 
the fraction of secondary ions from Ar++ vs those from 
Ar+ is 2/50 at low E/ N and increases to 2/10 at high 
E/N. Indeed, the observation of the products C· and 
CW at (Ecd greater than 0.05 eV (E/ N greater than 
100 Td) in reaction of methane with argon are doubtless 
due to Ar++, as these products are not energetically 
possible from Ar+ (see Fig. 5). Similarly, Ar++ is prob
ably the cause of the products C2 and CaW observed in 
the reaction of argon with ethane above 0.1 eV (300 Td). 
It is unlikely that these products are produced by the 
hydrogen-stripping reactions discussed above. 

D. Penning ionization by inert gas metastables 

Penning ionization by He metastables can contribute 
to the very minor ion signals, as determined from the 

following observations. When the repeller field is re
versed (from + 2 to - 2 V), the CII;; product-ion signals 
and the He+ signal fall to less than 1% of their original 
levels, indicating that negligible Penning ionization is 
occurring outside the source. In addition, as the elec
tron energy is decreased from 50 to 28 eV, the He+ and 
product-ion signals fall by roughly the same factor of 
5 and the product-ion distribution is constant, indicating 
negligible Penning ionization in the source compared to 
primary (N +B) reactions in the drift tube. However, 
for the reaction He+ + CO2, the He+, 0+, and CO° ion 
signals vanish when the repeller field is reversed (+ 2 
to - 2 V) but 25% of the CO2 signal remained (CO2 con
stituted 10% of the total product-ion signal, so that 
although only 10% of the He+ ion signal was converted 
into CO2, all of the helium metastables seem to have 
produced CO2), Helium metastables are known to re
act rapidly with CO2 , 19 consistent with this observation. 
Thus, we conclude that if the other reactant gases act 
like CH4 then the effect of He metastables is negligible. 
However, if the other reactant gases behave like C~, 
with all the metastables converting the reactant into one 
particular ion which is a small fraction of the ions pro
duced by reactions with the inert gas ions, then the ef
fect of metastables can be significant. 

Finally, the ratio of the cross section for prodUCing 
Ne metastables20 to the Ne ionization cross section21 

is smaller than the similar ratio for He, so that con
tributions to the prOduct-ion signals from Ne metasta
bles should be negligible (see Ref. 10). Ar metastable 
levels do not have enough energy to Penning ionize the 
reactants. 

E. Other extraneous sources 

Ari, Nez, and Hez have little effect on the product 
distributions because of their low concentrations (less 
than 0.1%). 

The contribution to the product-ion signals from 
direct electron impact dissociative ionization of the re
actant in the source can be estimated from the following. 
The contribution to a particular product-ion flux [c+ 1 
from A + + B reactions is proportional to i.QA[Alkc[Blt, 
where QA is the electron impact ionization cross sec
tion for producing N from A and kc is the ion-molecule 
reaction rate coefficient for producing CO. The contri
bution to this flux from direct ionization of the reactant 
in the source is proportional to i.Qc[Bl, where Qc is the 
electron collisional dissociative ionization cross section 
for producing CO from B (e. g., SiW from SiH4). Taking 
the ratio of these fluxes gives QA[Alkct/Qc. All terms 
in this ratio are known, so that it can be calculated. 
As t decreases with increasing E/N, this ratio also de
creases, so that the largest contributions to the product
ion signals from direct ionization occur at the highest 
values of E/ N and are 3% for reactions with He> and Ne+ 
and less than 1% for reactions of Ar+ with the alkanes. 
As can be inferred from the ratiO, the largest contribu
tion to a particular product-ion signal from direct ioni
zation occurs for the product ion with the largest Q 
that simultaneously has a small kc. Such a situatio~ 
exists for SiR2 in helium, neon, and argon, with pre-
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dicted contributions from the source of 25%, 10%, and 
10% at low E/ Nand 45%, 20%, and 40% at high E/ N, 
respectively. 

F. Results 

Results are shown in Figs. 7-10 and in Tables I and 
II. 22-30 From the above considerations, we conclude 
that signals contributing more than 5% to the total prod
uct-ion signal have uncertainties of 10% and the smaller 
signals, of less than 5% of the total, have uncertainties 
of 100%. The If signals have uncertainties of 60%. 

V. DISCUSSION 

A comparison of our measurements of the total rate 
coefficients, versus (Ecrn), for the reactions He' + CH4 

and He' + CO2 shows good agreement with those of pre
vious investigators22

,31 (see Fig. 2). Table II gives a 
comparison of our rate coefficient measurements at 
low collision energies (- 700 K) to other thermal mea
surements and to the Langevin rate coefficients. Our 
rate coefficient measurements at low collision energies 
agree within 15% with aU but one of the previously mea
sured thermal rate coefficients. The exception is the 
reaction Ar' + SiH4, discussed below. 

I 

-XXX--X __ X_
x - x-x-x"J('xx_ Toto I 
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~CH+ 
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FIG. 7. Measured product-ion distributions for He+ and Ar+ 
reactions with CH4 as a function of mean center-of-mass colli
sion energy, plotted as rate coefficients. The H+ from He+ was 
measured only at <Earn> < 0.1 eV, and is extrapolated to higher 
energies as a constant fraction. The H+ ion was less than 
0.1% from Ar+. Hi is less than 0.1% from both reactions. 
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FIG. 8. Measured product-ion distributions for He+ and Ar+ 
reactions with C2HS as a function of mean center-of-mass col
lision energy, plotted as rate coefficients. The H+ from He' 
was measured only at {Earn> < 0.1 eV. and is extrapolated to 
higher energies as a constant fraction. The II' ion was less 
than 0.1% from Ar'. H2 is less than 0.1% from both reactions. 

The majority of the reactions measured here are fast, 
proceeding at near Langevin rates (Figs. 2-4 and Table 
II). The exception is the reactions of Ar+ with SiH4 and 
Si2Hs. Langevin (spiraling) rate coefficients are inde
pendent of collision energy, and since these coefficients 

T ABLE II. Ion-molecule rate coefficients. 

Reaction Present 
(700 K) 

Rate coefficients (x 109 cm s·l) 

Langevin Previous 
(300 K) 

--------------------------.-
He· +C02 0.9 
He· +CH", 1.7 
Ar++CH, 1.16 
He++C 2H6 2.66 
Ar++C 2HS 1.15 
He++ Si2H4, 2.4 
Ne++SiH, 0.85 
Ar++SiH" 0.017 
He++Si2H S 1.71 
Ne++Si2H S 1.1 
Ar++Si2HS 0.3 

aReference 23. 
bReference 24. 
"Reference 4. 
dReference 22. 
8Reference 25. 

1.97 0.851., 1.2b, 1.1c, 1.01 

2.16 l.sa, 1.6e , 1.5d , 1.3e , 1.26\ 1.2511: 
1.12 0.9',1.34",1.03",0.98" 2.1', 1.9' 
2.6 1.29' 
1. 22 1. 07" 
2.58 
1.39 
1.16 
3.3 
1.6 
1.3 

2.18' 
0.85' 
0.10' 

fReference 26. 
&Reference 27. 
hReference 28. 
iReference 29. 
JReference 30. 
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are large at the present experimental energies, addi
tional (direct) charge-transfer processes are unlikely 
to have a large effect on the total reaction probability. 
This is indeed observed as the fast rate constants show 
little dependence on collision energy. Additionally, the 
center-of-mass collision energy (Ecrt! is nearly constant 
(thermal) at low E/N, whereas td , diffusion, and other 
experimental quantities are rapidly varying. ThUS, at 
low E/ N, the measured rate coefficients should be in
dependent of E/N. This provides another test of the 
experimental accuracy, and it is indeed observed in all 
but one of the reactions measured here. The exception 
is the - 40% decrease in the rate coefficient for the re
actions Ar+ + C2lIs at the lowest (Ecm> , which is believed 
to be some artifact of this particular measurement, but 
was not investigated further. 

Rate coefficients that are much less than the Langevin 
values characteristically decrease with collision energy 
to a minimum and then increase again. 8• 32,33 An expla
nation for this behavior has been given by McFarland 
et al. 8 and by Ferguson et al. 32 They suggest that these 
slow reactions proceed by intermediate complex forma
tion at low collision energies. As the lifetime of the 
complex decreases with increasing collision energy, 
they propose that the probability of reaction, propor
tional to this lifetime, will also decrease. The increase 
with collision energy, which generally occurs for (Ecm> 
> 0.1 eV, is attributed to the breakdown of this model 
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FIG. 9. Measured product-ion distributions for He+ and Ne+ 
reactions with SiH, as a function of mean center-of-mass colli
sion energy. plotted as rate coefficients. The It" from He+ 
was measured only at (E<ffI> < 0.1 eV. and is extrapolated to 
higher energies as a constant fraction. The W from Ne+ is 
assumed to be the same as for He+. H2 is less than 0.1% from 
both reactions. 
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FIG. 10. Measured product-ion distributions for He+ and Ne+ 
reactions with Si2HS as a function of mean center-af-mass col
lision energy. plotted as rate coefficients. The W from He+ 
was measured only at (Ecm> < 0.1 eV, and is extrapolated to 
higher energies as a constant fraction. The H+ from Ne+ is 
assumed to be the same as for He+. H2 is less than 0.1% from 
both reactions. 

and the onset of other processes. Such a decrease (be
low 0.1 eV) has been observed here in the slow reaction 
Ar+ +SizH6, for which k-[(Ecm>]-Oo3S (Fig. 4). However, 
no such decrease is Observed in the still slower Ar+ 
+ SiH4 reaction. Many product-ion channels are exo
thermic for the reactions of Ar+ with SiH4 and SizH6 

(Fig. 6) so it is not obvious why these two reactions are 
slow. It does not appear to be due to a long-range bar
rier, as this rate coefficient would then rise with (Ecm>. 
It also appears possible, but unlikely, that it could be 
due to formation of a long-lived, metastable SiH~ ion 
that recovers its charge in a successive Ar collision 
via the reverse reaction. This type of "back reaction" 
has been observed in Ar+ + NO reactions. 34 However, 
just as was observed in that case, it appears highly 
likely that a major fraction of the successive Ar col
lisions with any such metastable ion will quench the ion 
to a stable state rather than transferring charge from 
the Ar. In addition, there are many exothermic SiH~ 
channels and we observe all of these product ions. 
Thus, it appears unlikely that transfer to one metastable 
state dominates the initial Ar+ reaction. 

Many checks were made to be certain that the mea
surements of the Ar+ + SiH4 rate coefficient were cor
rect, such as the immediate comparison of this rate 
coefficient to the rate coefficient for the reaction Ar' 
+ CH4, observation of the SiWn product ions to definitely 
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Present 
Product 754 K 

H+ 28% 
CH+ 14% 

CHi 53(}h 

CH3 4% 

CH4 2% 

Adams and Smithb 

300 K 

25% 
26'10 
53(1'0 

5'" (0 

1% 

Huntress et al. C 

300 Ka 

aA hydrogen-ion content of 25% has been assumed in the data 
of Ref. 26. 

bReference 35. 

"Reference 26. 

identify the reactant, the much larger amount of SiH4 

compared with the other reactants required to produce 
an observable decrease in the Ar+ signal, and other 
checks described above. Our measurement of this rate 
coefficient at low collision energies is a factor of 6 
lower than the thermal rate coefficient measured in Ref. 
25. As we have positive identification of the products 
of this reaction, we tend to believe our measurements. 

A comparison, given in Table III, of our He' + CH4 

product-ion data at E/N = 35 Td (corresponding to T 
= 750 K) with previously measured thermal distributions 
shows remarkable agreement. This further supports 
the conclusion that metastables and other ions have 
negligible effects on most of our product-ion distribu
tions. The exception is the effect of Ar++ on the reac
Hons involving Ar+, as discussed above. 

The fast reactions discussed below all proceed at 
near Langevin, or spiraling-complex (AB)' formation 
rates, and they are independent of collision energy, as 
given by the Langevin model. Thus they appear to pro
ceed via complex formation. The reactions of He' with 
CH4 is very exothermic. The large excess energy 
transferred to the CH; electrons by the He' + CH4 - He 
+ CH; charge exchange within the (HeCHS complex 
must be dissipated to stabilize the products. Competi
tion between stabilization by He removal leaving CH;, 
and by H removal leaving lighter CH~ ions, might favor 
the removal of H due to the lower mass and hence faster 
separation of the H. Combined with the large excess 
energy, this implies a tendency to remove many H 
atoms and/or an H+ to stabilize the remaining complex. 
This could explain the large fractions of H+ and of CH;, 
with 11 < 3 observed in the product distributions (Fig. 7). 
The same argument would predict little HeW, as is ob
served. In the case of the reaction He+ + SiH4 , we ob
serve even more highly stripped SiH;, as well as a larger 
fraction of W (Fig. 9). This is consistent with this 
model combined with the fact that the Si-H bond is 
weaker than the C-H bond. Applying the same argument 
to the reactions of He+ with C2 H6 and Si2H6 , we expect 
that the C -C and Si-Si bonds will rarely be broken 
compared with the C-H or Si-H bonds, because of the 
slower rate of diSSOciation of the C- or Si-containing 
fragments compared with the rate of H boiloff. Indeed, 
the product-ion data show that the C-C or Si-Si bond 
is rarely broken. 

The product-ion distributions for the reactions of Ne+ 

with SiH4 and SizH6 are very similar to those for He+, 
indicating that the same arguments may apply to the 
Ne+ reactions. These reactions have somewhat less 
excess energy, but the Ne is heavier and slower than 
the He. In the case of the reactions of Ar+ with the 
alkanes (CnH27l+2), there is only 1-4 eV of excess energy, 
with the largest excess for the product ions CnHin+2 
(II ~ 1, 2). These two ions must stabilize by AI' boiloH, 
however, whereas the lighter CnWm result from the 
faster H boiloff. ThUS, the same argument again pre
dicts more highly stripped ions within the exothermic 
channels (the W product-ion channel is not exothermic 
for all reactions with AI" studied here). This again is 
what is observed. 

The case of the reactions of Ar' with the silanes, 
which have much smaller rate coeffiCients, shows the 
same general pattern in the product distribution. This 
may be due to the same competition between boil-off 
rates, but as these rate coefficients are so small this 
could be quite a different process. 

One might compare the product-ion distributions 
from these charge-exchange reactions to the distribu
tions resulting from electron-collisional dissociative 
ionization or photoionization of CH4 , C2 lis, SiH4 , and 
Si2H6 , for electron or photon energies equal to the 
enthalpies of the various ion-molecule reactions (see 
Figs. 5 and 6). However, we believe that this is un
likely to give any additional information regarding these 
reactions for the following reasons: The charge-ex
change process, within the AB+ complex, produces a 
highly excited B+ ionic state which must stabilize by 
dissociation or separation from A. The electron-col
lision produces a distribution of excited nelltral molecu
lar states, some of which stabilize by ionization. In 
contrast to the ion-collision process, the electron (s) 
can carry off the majority of the excess energy. The 
photoabsorption also produces a highly excited nelltral 
molecule, which again can stabilize to an ion by elec
tron removal of much of the excess energy. Thus it 
is not surprising that ions from electron impact and 
photoionization tend to be more hydrogen rich (see Ref. 
10). 
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