
Kinetic energy dependence of dissociative charge-transfer reactions 
of He+, Ne+, Ar+, Kr+, and Xe+ with siiane

Ellen R. Fisher and P. B. Armentrouta)
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112 

(Received 19 April 1990; accepted 27 June 1990)

Guided ion-beam techniques are used to measure the cross sections as a function of kinetic 
energy for reaction of SiH4 with He + , Ne + , Ar + , Kr + , and Xe + . State-specific data for 
the 2Py2 ground spin-orbit states of Kr + and Xe + are also obtained. The products 
observed in the He, Ar, and Kr systems are SiH / for *= 0-3 . For the Ne system, formation 
of SiHx+ x =  0-2, is seen, while in the Xe system only SiH3+ and SiH2+ are observed.
Reactions of He + , Ne + , Kr + , and Xe + show little dependence on kinetic energy, but for 
the case of Ar + , the reaction probability and the product distribution are highly sensitive 
to the kinetic energy of the system. Thermal reaction rates for all of the reactions are 
derived and compared with previous measurements. The results for these reactions are 
explained in terms of vertical ionization from the 112 and 3^ bands of SiH4. The 
relationships of these reactions to plasma deposition and etching are also discussed.

INTRODUCTION
In the last few years, deposition techniques using plas

mas have been widely used in the fabrication of microelec
tronic devices.1 Hydrogenated amorphous silicon films (a- 
Si:H) prepared by plasma decomposition of siiane are of 
interest as potential solar photovoltaic energy convertors2 
and xerographic photoreceptors.3 Reactors for the produc
tion of these films typically have reagent gas compositions 
of up to 50% siiane. The remaining components include 
rare gas buffers, such as helium or argon, and sometimes 
molecular hydrogen. The amount and type of rare gas di
luent has been seen to significantly alter the deposition 
characteristics for siiane.4 Specifically, films produced with 
He and Ne as the diluent gas have markedly different film 
properties and deposition rates than films where Ar and Kr 
are present. These differences are proposed to be due to an 
increase in the SiH + (x =  1-3) ion density in the Ne/SiH4 
and He/SiH4 plasmas caused by reactions with metastable 
states of the rare gases.4

Reactions between rare gas ions and siiane have been 
studied previously via ion cyclotron resonance (ICR)5,6 
and drift tube techniques.7 Using ICR methods, Bowers 
and Elleman (BE) report thermal energy rate constants 
for Xe + , Kr + , Ar + , Ne + , and He + with SiH4 and dis
cuss their results in relation to Franck-Condon factors. 
Chatham et al. report rate constants and product ion dis
tributions from their drift tube experiments for the reac
tions of Ar + , Ne + , and He + with siiane over a narrow 
energy range of 0.1-1.0 eV.7 These results are in reasonably 
good agreement with those of BE for the Ne and He sys
tems, but do not agree in the case of Ar. The most recent 
study of reaction rates for these systems is included in a 
Fourier transform ICR study of the kinetics of siiane 
plasmas.6 There is again some discrepancy between these 
values and those of previous studies.

a)Camille and Henry Dreyfus Teacher-Scholar, 1987-1992.

Recent work in our laboratory has focused on ion- 
molecule reactions related to plasma systems involving 
CF4,8 SiF4,9,10 SiCl4,n and SiH4.12,13 Two of these studies 
focus on the reactions of rare gas ions with SiF410 and 
CF4.8 The present work is a continuation of these studies, 
and was undertaken for several reasons. First, we wish to 
measure the effect of kinetic energy on these reactions. 
Such information is important to a detailed understanding 
of plasma deposition processes since plasma systems con
tain ions with a wide range of kinetic energies. Second, we 
wish to understand the interaction between kinetic energy 
and Franck-Condon factors for such dissociative change- 
transfer reactions. A similar analysis was made in the study 
of the reactions of Ar + , Ne + , and He + with CF4,8 and a 
strong coupling between translational and electronic en
ergy was found. Finally, we want to help resolve discrep
ancies between the various literature reaction rates at ther
mal energies, while also providing rate constants over a 
wide range of kinetic energies. These data are important to 
computer modeling of plasma chemistry since thermal rate 
constants need not be applicable to the energies in the 
entire plasma environment.14

EXPERIMENTAL SECTION 
General

The ion beam apparatus and experimental techniques 
used in this work are described in detail elsewhere.15 The 
rare gas ions are produced as described below. The 
4He + , 22Ne + , ^A r+ , 84Kr + ,and 132X e+ ions are each 
mass analyzed and decelerated to the desired translational 
energy. The 22Ne + isotope was used due to contamination 
by an impurity ion of mass 20 in the 20Ne + beam. The ion 
beam is injected into an rf octopole ion beam guide,16 
which passes through the reaction cell containing the neu
tral reactant gas. The neutral pressure is sufficiently low, 
0.01 to 0.07 mTorr, that multiple ion-molecule collisions
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are improbable. The unreacted rare gas and product ions 
drift out of the gas chamber to the end of the octopole, 
where they are extracted and analyzed in a quadrupole 
mass filter. Ions are detected by a secondary electron scin
tillation ion counter using standard pulse counting tech
niques. Raw ion intensities are converted to absolute reac
tion cross sections as described previously.15

Laboratory ion energies (lab) are converted to ener
gies in the center-of-mass frame (C.M.) by using the con
version is (C.M.) =  is(lab)-M /(m  +  M ), where m is the 
ion mass and M  is the neutral molecule mass. Unless stated 
otherwise, all energies quoted in this work correspond to 
the C.M. frame. The full-width at half-maximum 
(FWHM) of the ion kinetic energy distribution is deter
mined by using the octopole beam guide as a retarding 
potential analyzer.15 The uncertainty in the absolute en
ergy scale is ±0.05 eV (lab). The distribution of ion en
ergies has an average FWHM of 0.6 eV (lab) for He + , 0.4 
eV (lab) for Ne + , and 0.3 eV (lab) for Ar + , Kr + , and 
Xe + .

Ion source
The rare gas ions are produced by electron impact 

(El) of helium, neon, argon, krypton, or xenon gas, which 
have ionization energies (IE) of 24.580, 21.559, 15.755, 
13.9997, and 12.130 eV, respectively.17 The first excited 
electronic states of the ions are 65.4, 48.5, 29.3, 27.5, and 
23.4 eV, respectively, above the neutral ground states.17 
Since the electron energy is variable, it can easily be kept 
below the threshold for formation of ionic excited states. 
The nominal electron energies used are thus 60 eV for 
He + , 40 eV for Ne + , 25 eV for Ar + , 23 eV for Kr + , 
and 20 eV for Xe + . Only the 25 1/2 ground state of He + is 
formed, but both the 2-P3/2 and 2P \n  spin-orbit states of the 
other rare gas ions are produced. The 2P \a  states of 
Ne + , Ar + , Kr + , and Xe + lie 0.097, 0.178, 0.67, and
1.31 eV, respectively, above the 2P3/2 ground states.17

Under the El conditions described above, the spin- 
orbit composition of the X e+ and Kr+ ion beams has 
been found to be near statistical, i.e., (7=  3/2): (7=  1/2) 
ss2:l.18,19 Ion beams composed primarily of Xe+ (2/ >3/2) 
spin-orbit ground state ions are produced by using a high 
pressure flow tube source.20 The addition of methane 
downstream from the ion source depletes the 
X e+ {2P\/2) population and enhances the Xe + CPi/2) 
state, such that nearly 100% ground state Xe + (^3/2) 
beams are produced.18 For verification, the low-energy re
action of the state-selected ion beam with methane is used 
as a diagnostic.18 The charge-transfer reaction with 
Xe + (2Pt,/i ) ions is 0.47 eV endothermic, such that there is 
a distinct threshold in the cross section for this reaction, 
while reaction of the excited Xe + (2/ >i/2) spin-orbit state is 
exothermic. The low-energy reaction of the beam with 
CH4 is thus monitored while adjusting the pressure of 
methane in the flow tube. Based on this diagnostic, we are 
producing X e+ (2i >3/2) ion beams of >99% purity. The 
silane reactions are then measured without further changes 
in ion source conditions.

To produce ion beams of Kr+ (2P3/2) ions, carbon 
monoxide is introduced to the flow tube downstream from 
the ion source. Reaction of CO with Kr+ ions has been 
shown to produce beams of primarily Kr + (2̂ 3/2)-19 
Again, methane is used as a diagnostic since reaction of the 
2 Pi/2 state to form CH3+ is about 0.4 eV endothermic, such 
that this process is not allowed at low energies. The frac
tion of the spin-orbit states in the beam can be determined 
from the product ion intensities as described previously.19 
Based on the low-energy reactions of the Kr+ ion beam 
with methane, we are producing Kr+ (2/*3/2) ion beams of 
better than 95% purity.

Ion collection efficiency
For charge-transfer and dissociative charge-transfer 

reactions, products may be formed through a long-range 
electron jump such that little or no forward momentum is 
transferred to the ionic products.21 In such instances, it is 
possible that up to 50% of these ions may have no forward 
velocity in the laboratory and will not drift out of the 
octopole to the detector. Such slow product ions which do 
traverse the octopole may be inefficiently transmitted 
through the quadrupole mass filter.15 Exothermic or nearly 
thermoneutral reaction channels, in particular, can be sub
ject to these effects. Nevertheless, results reported here 
were reproduced on several occasions and the cross section 
magnitudes shown are averaged results from all data sets. 
Based on reproducibility, the uncertainty in the absolute 
cross sections is estimated as ±  30% in the Ne, Ar, Kr, and 
Xe systems. The uncertainty for the He systems is larger, 
50%-60%, due to difficulties associated with collecting a 
low mass ion such as He + , as discussed previously.22 
These uncertainties are conservative estimates, however, 
and our results will be found to agree nicely with previous 
experimental data.

Collision cross sections
The collision cross section aml for ion-molecule reac

tions at low energies is predicted by the Langevin- 
Gioumousis-Stevenson (LGS) model23

^lgs=Tre(2a/E)m , (1)

where e is the electron charge, a  is the polarizability of the 
target molecule, and E  is the relative kinetic energy of the 
reactants. Many exothermic reaction cross sections follow 
this type of energy dependence, although deviations are 
commonly seen.24 The polarizability of SiH4 is not well 
established, with literature values ranging from that of 
methane, 2.6, to 5.44 A3.25 Haaland has recently measured 
a(SiH4) and thoroughly reviewed the literature values. 
His recommended value for a(SiH4) of 4.62 A3 is used 
here.6

At high kinetic energies, crcol for charge-transfer reac
tions may best be represented by the hard-sphere limit, 
given by

cth s = itR 2. (2)
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R is roughly estimated as /•e(Rg + -H ) +  re(H3Si-H), 
where re(H3Si-H) =  1.47 A.6 For RgH + , the re values 
used here are 1.59, 1.50, 1.28, 0.99, and 0.774 A, for 
Rg =  Xe, Kr, Ar, Ne, and He, respectively.26 This results 
in <7HS(Xe + -SiH4) = 29  A2, <rHs(K r+ -SiH4) =  28 A2, 
CTHS(Ar + -SiH4) =  24 A2, aHS(Ne + -SiH4) =  19 A2, and 
crHS(He + -SiH4) =  16 A2. In this work, <rcol is taken to be 
the maximum of <rLGS and cr118.

Rate constants
In order to compare the present results with previous 

drift tube and ICR results, the cross sections must be con
verted into rate constants. The phenomenological rate con
stant is

k( (E )) = v 0a(E cm), (3)

where v0 =  (2Ecm//u )1/2 and fi =  m M /(m  +  M ) is the re
duced mass of the reactants. The rate constants are a func
tion of the mean relative energy of the reactants, (E) 
=  Ecm +  (2>/2)ykBT, where y —m / { m  +  M)  and T is the 
temperature of the reactant gas (300 K). In the limit that 
Ecm —*0, k{ (E) ) approaches the “bulk” thermal rate con
stant for the temperature T '= yT . In most cases, the room- 
temperature rate constant can be estimated by examining 
the behavior of k( (E ) ) at the lowest interaction energies. 
For the reactions studied here, estimates of &(7’=298 K) 
are easily obtained because k{ (E) )  is essentially constant 
at low values of (E).

RESULTS
For the reaction of rare gas ions with SiH4 there are 

four S iH / (x =  0-3) product ions observed in the energy 
ranges studied here, as given in reactions (4 )-(7 ), where 
brackets indicate that the hydrogen can conceivably be lib
erated as either molecular hydrogen or separated atoms

Rg + +  SiH4-*SiH3+ +  Rg +  H, (4)

->SiH2+ + R g + [ H  +  H], (5)

->SiH+ +  Rg +  [H +  H +  H], (6)

->Si+ + R g +  [H +  H +  H +  H], (7)

Formation of SiH4+ and RgH + are not observed in any of 
the five rare gas systems. Formation of H + and H2+ were 
also observed by Chatham et al. for the reactions of 
Ar + , Ne + , and He+ with silane.7 Despite a careful 
search for these products, Haaland did not observe their 
formation in his ICR study, and attributes their presence in 
the drift tube experiments to impurity ionization.6 Further, 
these species have not been observed in measurements of 
the electron impact ionization of silane.27,28 This seems 
reasonable since the IEs of the silane radicals are all sub
stantially lower than those of either atomic or molecular 
hydrogen, such that the likelihood of H + and H2+ forma
tion is remote. For these reasons and because our present 
experimental configuration is not designed for good collec
tion of these very light product ions, formation of H + and 
H2+ were not examined in the current study.

TABLE I. Thermochemical values at 298 K.a

Species (A)
A/H(A)

(kcal/mol)
b/H(A + ) 
(kcal/mol)

IE(A)
(eV)

Si 107.6± 1.9 297.1 ±1.0 8.15 ±0.09
SiH 90.0 ±1.7 273.8 ±1.2 7.91 ±0.01
SiH2 67.9 ±2.0 278.0 ±1.4 9.02 ±0.02
SiH3 48.5 ±1.6 237.5 ±1.2 8.14±0.01
SiH„ 8.2 ±0.5 266.5 ±0.8 11.00±0.02b
H 52.10 367.17 13.598
He 0 568.48 24.587
Ne 0 498.80 21.565
Ar 0 364.91 15.760
Kr 0 324.32 14.000
Xe 0 281.20 12.130

“Unless otherwise noted, heats of formation for the silicon hydride species 
are the recommended values from Ref. 13. Values for H and the rare 
gases are taken from M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., 
D. J. Frurip, R. A. McDonald, and A. N. Syverud, J. Phys. Chem. Ref. 
Data 14, Suppl. 1, 1 (1985). 

bReference 41.

There are two complexities associated with analyzing 
the cross sections for the individual products of reactions
(4)- (7 )asa  function of relative kinetic energy. First, since 
the Si atom exists as the 28Si (92.23% natural abundance), 
29Si (4.67% natural abundance), and 30Si (3.10% natural 
abundance) isotopes, the results obtained for a given mass 
can represent several product species. This is easily ac
counted for, and the absolute magnitudes of the cross sec
tions shown here are results for single chemical species.29 
The second issue is the overlap of one mass with adjacent 
masses in the quadrupole mass filter used for product anal
ysis. This can occur because mass resolution is sacrificed in 
order to transmit ions efficiently. In the present study, 
cross sections were measured with high mass resolution to 
determine the relative intensity of the products and with 
low mass resolution to verify efficient product collection.

Heats of formation given in Table I are used to calcu
late the reaction enthalpies for processes (4)—(7) for the 
five rare gas systems listed in Table II. We assume that the 
neutral reactants and the products formed at the threshold 
of an endothermic reaction are characterized by a temper
ature of 298 K in all degrees of freedom. Thus, we make no 
correction for the energy available in internal modes of the 
neutral reactant.

Helium
Figure 1 shows results for reactions (4)-(7) with 

Rg =  He. The cross sections for all four reactions decrease 
with increasing energy, indicating that these products are 
formed in exothermic processes. This is consistent with the 
thermochemistry of Table II, which indicates that disso
ciative charge-transfer to form all four product ions is exo
thermic regardless of the neutral products. The total reac
tion of He+ with silane is very efficient, proceeding at 
about 80% of the LGS collision limit at the lowest ener
gies, and is nearly as large as crC0l at most other kinetic 
energies. Below ~2.0 eV, the cross sections all have a 
similar shape, and fall off as £—° 40± 0 03) slightly slower
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TABLE II. Reaction thermochemistry at 298 K (eV).1

Process Products He Ne Ar Kr Xe

4 SiH3+ +  H +  Rg -12.45 -9 .43 -3 .62 -1 .86 0.003
5 SiH2+ +  2H +  Rg -8 .43 -5 .42 0.39 2.15 4.02
5 SiH2+ +  H2 +  Rg -12.95 -9 .94 -4 .12 -2 .37 -0 .50
6 SiH+ +  3H +  Rg -6 .36 -3 .34 2.47 4.23 6.10
6 SiH+ +  H +  H2 +  Rg -10.87 -7 .86 -2 .05 -0 .29 1.58
7 Si+ +  4H +  Rg -3 .09 -0 .07 5.74 7.50 9.36
7 Si+ +  2H2 +  Rg -12.12 -9.11 -3 .30 -1 .54 0.33

“For the 7 = 3 /2  ground state of the Rg + ion (Rg =  Ne, Ar, Kr, and Xe). The uncertainties are ±0.06 eV 
for reactions (4 )-(6 ), and ±0.05 eV for reaction (7).

than the behavior predicted in Eq. (1). Formation of Si+ 
and SiH + , processes (6) and (7), dominate the observed 
reactivity at all energies in this system.

Neon
Results for the reaction of Ne + with SiH4 are shown 

in Fig. 2. Similar to the He system, the cross sections for 
processes (5)—(7) are all observed to decrease with in
creasing energy, indicating exothermic processes. This is 
again consistent with the known thermochemistry of Table
II, which indicates that dissociative charge-transfer to 
form all four product ions is exothermic regardless of the 
neutral products. In the Ne system, however, formation of 
SiH3+ , process (4), is not observed at any energies. Thus 
the cross section magnitude for this process must be <0.01 
A2. Below ~1.0 eV, the total cross section falls off as 
is-06211"0 04, slightly faster than the behavior predicted in 
Eq. (1). Above ~1.0 eV, the cross section levels off at 
about 10 A2, mimicking the behavior of crC0l. The reaction 
of Ne + with SiH4 is much less efficient at all energies than

the reaction of He + , proceeding at only 35% -50%  of 
<jco1, Fig. 2. Similar to the He system, however, the domi
nant reactions at all energies studied here are formation of 
SiH + , process (6), and formation of Si + , process (7).

Argon
Results for the reaction of Ar + with SiH4 are shown in 

Fig. 3. Processes (4)—(7) are observed at all energies. In 
contrast to the He and Ne systems, reaction of Ar + with 
SiH4 is extremely inefficient at low energies, proceeding at 
only ~3%  crLGS at our lowest energies. The observed re
activity is primarily due to formation of SiH3+ , process
(4), which is favored over the other processes by nearly an 
order of magnitude. According to the thermochemistry of 
Table II, observation of all four product ions at thermal 
energies indicates that H2 (rather than separated H atoms) 
must be one of the neutral products formed in reactions
(5)-(7).

ENERGY teV, Lab) ENERGY (eV. Lab)

FIG. 1. The variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of H e+ with SiH4. The dashed line 
shows the collision cross section, given by the maximum of either the hard 
sphere or LGS [a(SiH4) =  4.62 A3] cross sections, Eqs. (1) and (2).

FIG. 2. The variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of N e+ with SiH4. The dashed line 
shows the collision cross section, given by the maximum of either the hard 
sphere or LGS [ct(SiH4) =  4.62 A3] cross sections, Eqs. (1) and (2).
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ENERGY (eV. Lab)

FIG. 3. The variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of A r+ with SiH4. The dashed line 
shows the collision cross section, given by the maximum of either the hard 
sphere or LGS [a(SiH4) =  4.62 A3] cross sections, Eqs. (1) and (2). 
The arrow indicates the AIE value for the 3a, state of SiH4 at 2.2 eV.

At our lowest kinetic energies, the total cross section 
for reaction of Ar+ with silane falls off as ^ - 148±035; 
much faster than the predicted behavior of Eq. (1). As the 
kinetic energy increases, the product ion cross sections de
crease until ~2.0 eV, where they increase dramatically, 
Fig. 3. At the highest kinetic energies, the maximum total 
cross section for the Ar systems reaches ~  10% acol. At 
these high energies, the branching ratio is completely dif
ferent from that at low energies and is dominated by Si+ 
and SiH + formation.

Krypton
Results for reaction of Kr + produced by electron im

pact (having a statistical distribution of spin-orbit states) 
with SiH4 are shown in Fig. 4. Processes (4)—(7) are ob
served, with the cross sections for all four product ions 
decreasing with increasing energies, indicating exothermic 
processes. Similar to the Ar system, this is consistent with 
the Table II thermochemistry if H2 is formed as a neutral 
product in reactions (5)-(7).  The reaction of Kr+ with 
SiH4 is much more efficient than that of Ar + , proceeding 
at about 70% of the LGS collision limit at the lowest ki
netic energies. Below —0.8 eV, the cross sections all have 
a similar shape, and fall off as ~  J?- 0 '55* 005, in good agree
ment with the behavior predicted in Eq. (1). The cross 
section for process (6) flattens out at energies >0.8 eV, 
remaining essentially constant out to the highest energies. 
Similar to the low energy results in the Ar system, the 
dominant process at all energies in the Kr system is for
mation of SiH3+ .

State-specific results for the reaction of Kr + i 2Pyi )  
with silane are very similar to the results of Fig. 4, with 
formation of SiH3+ dominating the reactivity at all ener

ENERGY (eV, Lab)

FIG. 4. The variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of K r+ (2Pj) with SiH4. The solid 
line is the total cross section. The dashed line shows the collision cross 
section, given by the maximum of either the hard sphere or LGS 
[a(SiH4) =  4.62 A3] cross sections, Eqs. (1) and (2).

gies. For K r + (2Pi/2), however, -20%  more Si+ than 
SiH + is formed at low kinetic energies, whereas in the El 
data, SiH+ dominates over Si+ at these energies by 
-1 0 % .

Xenon

Results for reaction of Xe+ (with a statistical distri
bution of spin-orbit states) with SiH4 are shown in Fig.
5 . The total reaction for Xe + with silane is very efficient, 
proceeding at essentially the LGS collision limit at the 
lowest energies. The only reactions observed in the energy 
range studied here are formation of SiH3+ , process (4) and 
formation of SiH2+ , process (5). This indicates that the 
cross section magnitudes for processes (6) and (7) must 
be <0.01 A2. The reaction cross sections for both pro
cesses observed decrease with increasing energies, indicat
ing exothermic reactions. This is consistent with the ther
mochemistry of Table II if H2 is formed in reaction (5), 
and by noting that reaction (4) is thermoneutral for 
X e+ CPyi )  and exothermic for X e+ (2Pi/i).

Below —0.3 eV, the cross section for process (5) de
creases as — ^ - ° 25±0°5) significantly slower than the be
havior predicted by Eq. (1 ) . The cross section for process 
(4) has a slightly different energy dependence, decreasing 
as — £,-°-45±005 below 0.3 eV, in good agreement with the 
behavior predicted by Eq. (1). At energies greater than 
— 0.2 eV, the cross section for reaction (4) levels off and is 
essentially constant out to the highest energies. These dif
ferent energy dependencies mean that formation of 
SiH2+ , process (5), is favored over process (4) below 
—0.5 eV, but SiH3+ formation is favored above —0.5 eV. 
This probably results because formation of SiH3+ is less
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ENERGY teV, Lab)

10° 101 
t----- 1— i i i i n  |---------- 1----- 1— i i i i i 11---------- 1----- r—t

ENERGY (eV. CM)

FIG. 5. The variation of product cross sections with translational energy 
in the laboratory frame of reference (upper scale) and the center-of-mass 
frame (lower scale) for the reaction of X e+ (2Pj) with SiH4. The dashed 
line shows the collision cross section, given by the maximum of either the 
hard sphere or LGS [a(SiH4) =  4.62 A3] cross sections, Eqs. (1) and 
( 2).

exothermic than formation of SiH2+ , but kinetically fa
vored (since H2 elimination should have a tight transition 
state, while H atom loss does not).

The state-specific results for the reaction of 
X e+ (2P y 2) with silane lead to cross sections for processes
(4) and (5) that are very similar to those of Fig. 5. The 
main difference between the El data of Fig. 5, and the 
ground state data is in the absolute magnitudes of the cross 
sections. For Xe + (2Pyi ) ,  the magnitude for the SiH2+ 
cross section increases by ~20% throughout the energy 
region examined. The SiH3+ cross section remains the 
same below 0.2 eV, but increases by 20% above this en
ergy. Process (4) again dominates the observed reactivity 
above ~0.6 eV.

DISCUSSION 
Reaction rates

Although thermal energy rates for many reactions oc
curring in a plasma environment have been measured or 
estimated, the collection of kinetic data for these systems is 
not complete since reaction rates over a wide range of en
ergies are rarely available. Figure 6 shows our cross sec
tions converted with Eq. (3) to total reaction rate con
stants as a function of energy for all five reaction systems. 
The rate constants for Rg =  He, Ne, and Kr are relatively 
constant at all energies. The Ar system is markedly dif
ferent from the other rare gas systems. The reaction rate 
decreases steadily from the lowest energies to ~ 2  eV,
where it rises sharply to reach a maximum of ~  2 X 10“ 10

3 — 1 cur s
Thermal reaction rate constants for the exothermic re

actions measured here are given in Table III along with

FIG. 6. Phenomenological rate constants for the reaction R g+ 
+  SiH4 (Rg =  He, Ne, Ar, Kr, and Xe) as a function of mean relative 

energy. These are derived from the data of Figs. 1-5 by using Eq. (3).

other literature values and the LGS rate constants. Reac
tions of the five rare gas ions with SiH4 were first studied 
by Bowers and Elleman (BE) using ICR techniques.5 To
tal rates for these reactions were reported without obser
vation of the individual silicon hydride ion products. They 
found that the total charge exchange rates for most of the 
rare gas ions were very fast, proceeding at >75% of the 
collision rate. The exception was the reaction of Ar + 
which proceeds at ~  10% of the collision rate according to 
BE. Chatham, Hils, Robertson, and Gallagher (CHRG)7 
examined the reactions of He + , Ne + , and Ar + ions with 
silane in a drift tube: quadrupole mass spectrometer appa
ratus, and reported rate constants as a function of energy 
over the energy range 0.1-1.0 eV. The thermal rate coeffi
cients given by CHRG are given in Table III. They report 
a total reaction rate for the Ar system that is only 2% of 
the collision rate, <20% of BE’s value. In addition to 
these two studies, thermal rate constants for each of the 
noble gas-silane systems were measured recently by Haa- 
land using ICR experiments, Table III.6 The thermal re
action rates reported in this study for He + , Ne + , Ar + , 
and Xe + were at least 20% lower than those of BE, while 
that for Kr+ was ~40% higher than BE’s value.

The total reaction rate for charge-transfer of He + 
with silane reported here is in very good agreement with 
two of the previous three studies, Table III, and within the 
combined experimental uncertainties of the ICR study of 
Haaland. The rate constants from the three previous stud
ies of the Ne reaction are in reasonable agreement, while 
our results are smaller, but within the combined experi
mental errors. In the Ar+ +  SiH4 system, we measure a 
total rate for reaction that is 1 order of magnitude lower 
than that found for the Ne system, and nearly 2 orders of 
magnitude smaller than the rate for the He system, Table
III. Our value is twice that of CHRG and about half those 
of Haaland and BE, but is within experimental error of the
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TABLE III. Thermal reaction rate constants.*

Rg ion Present6 Haaland0 CHRGd BE' LGSf

He + 23.5(9.0) 16.0(2.0) 24.0(5.0) 21.8(4.0) 26.7
Ne + 5.3(1.6) 6.7(2.0) 8.5(1.7) 8.5(1.7) 14.3
Ar + 0.39(0.11) 0.8(0.3) 0.17(0.1) 1.0(0.2) 11.9
K r+ (2/>3/2) 7.7( 1.5) 12.0(3.5 )g 8.5(1.7)B 10.4
K r+ (2P\n) 6.0(1.8) 10.4
X e+ CPyi) 9.4(1.9) 5.1(1.0)g 8.4(1.7)g 9.9
Xe + (2Pm ) 7.0(2.1) 9.9

aAll rates in units of 10“ 10 cm3 s-1. Uncertainties in parentheses. 
bPresent results.
CICR studies of Haaland, Ref. 6.
dDrift tube: quadrupole mass spectrometry studies of CHRG, Ref. 7. Results are for a temperature of 700 
K. Assumed 20% error.

eICR studies of BE, Ref. 5. Assumed 20% error.
fLangevin-Gioumousis-Stevenson collision rate, Eq. (1) with a(SiH4) =4.62 A3. 
gValues are for an unspecified distribution of spin-orbit states.

results of Haaland and CHRG. For the Kr and Xe sys
tems, we obtain reaction rates for both spin-orbit states 
and these are listed in Table III. [Values for Kr + CPui)  
and X e+ (2-Pi/2) are derived by extrapolation from the El 
and 2P3/2 cross section data.]30 Our results indicate that 
reaction of the ground states are very efficient, proceeding 
at about 75% and 95% of the Langevin rate, respectively; 
both excited states are less reactive by about 25%. These 
two rare gases were not studied by CHRG, but our results 
are in reasonably good agreement with the previous work 
of BE given that the spin-orbit state distribution is un
known.

While the agreement between the various rate constant 
measurements is satisfactory, several experimental consid
erations may explain the origins of the discrepancies that 
are observed. First, as discussed in the Experimental sec
tion, it is possible that ion collection in our experiment is 
inefficient for charge-transfer reactions, especially those in
volving low mass ions such as He + . The good agreement 
between the present results and LGS predictions as well as 
previously measured rate constants for the He, Kr, and Xe 
systems indicate that this is not a likely source of error in 
the systems studied here. While the rate constant for the 
Ne system is somewhat lower than previously measured, it 
seems improbable that ion collection efficiency would be 
worse for this system than for the He system. Second, the 
ion source conditions in the various experiments differ. BE 
do not explicitly state how their rare gas ions are produced, 
but typical ICR source conditions use electron impact ion
ization at electron energies >50 eV. In Haaland’s ICR 
experiments, most of the data was collected at electron 
energies <50 eV,6 while in the drift tube experiments of 
CHRG, electron energies of either 50 or 100 eV were 
used.7 Thus, some of the observed variations in rate con
stants for the rare gas/silane systems may be due to differ
ences in the amount of highly excited ions present in the 
ICR and drift tube experiments. This problem is avoided in 
the present results by controlling the electron energy used 
to form the ions such that electronic distribution of the 
ions is characterized, as described above. Third, in the drift

tube experiments, CHRG note that their ions may be un
dergoing secondary collisions, which could alter the ob
served reaction rates and change the product branching 
ratios.7 This is not a consideration in the present or ICR 
experiments.

A fourth consideration peculiar to the case of Ar + is 
the strong kinetic energy dependence for this reaction, Fig. 
6. Clearly, small variations in the system temperature can 
make a large difference in the measured rate constant for 
this system. For example, the low value of the rate constant 
cited by CHRG is actually for a temperature of 700 K 
(| k T  =  0.09 eV). At this energy, we measure a rate con
stant of 0.13x10“ 10 cm3s_1, Fig. 6, in excellent agree
ment with CHRG. Differences between our thermal (300 
K) rate constant and those of the ICR experiments may 
indicate that the ion energy distribution is colder in these 
experiments than in the beam work. As discussed 
previously,31 our ion beams have an energy distribution at 
the lowest kinetic energies that is skewed to slightly higher 
energies and is wider than a Maxwell-Boltzmann (MB) 
distribution. Distributions in ICR experiments are poorly 
characterized but are probably close to a MB distribution.

Branching ratios
The observed product branching ratios in both the He 

and Ne systems are virtually energy independent. For the 
He system, the product distribution for processes (4)-(7)  
is 3:4:38:56. This is in agreement with the results of 
Chatham, Hils, Robertson, and Gallagher (CHRG),7 who 
found that the rate constant and branching ratio was en
ergy independent between 0.1 and 1 eV, with relative in
tensities of SiH2+ < SiH + ~  H + < Si+ . CHRG do not ob
serve formation of SiH3+ . Based on CHRG’s figure of rate 
constants as a function of energy (Fig. 9 , Ref. 7), a rough 
estimate of the branching ratio, SiH2+ :SiH + :Si+ , yields 
1:37:62. This is roughly the same partitioning between the 
major products SiH+ and Si+ observed here. A similar
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TABLE IV. Adiabatic and vertical ionization energies for SiH4 a.

Orbital Adiab. Vert. AIE(He)b AIE(Ne)b AIE(Ar)b AIE(Kr)b AIE(Xe)b

2/2 11.6 12.82 -12.37 -9 .35 -3 .54 -1 .79 0.08
3a, 17.95 18.17 -6 .52 -3 .50 2.30 4.06 5.93

24.2C -0 .38 2.64 8.44 10.20 12.07

“Except where noted, values are taken from Ref. 32.
bAIE(Rg) =  IE(orbital) —IE(Rg), where IE(orbital) is the mean of the adiabatic and vertical values and 
IE(Rg) is for the ground state of the rare gas ion taken from Table I.

‘Values from Ref. 36.

partitioning of 33:67 is observed by Haaland who does not 
observe the production of SiH3+ , H + , or H2+ in the He 
system.6

In the Ne system, we obtain a product branching ratio 
for formation of SiH2+ , SiH + , and Si+ [processes (5),
(6), and (7)] of 8:54:37. SiH3+ accounts for < 1% of the 
products in this system. This is also in qualitative agree
ment with the low energy results of CHRG, who found 
relative intensities of SiH2+ < Si+ < H + < SiH + , and no 
production of SiH3+ . Again, a rough estimate of the 
branching ratio from CHRG’s figure of rate constants as a 
function of energy (Fig. 9, Ref. 7) yields 10:60:30 at 0.1 eV 
for SiH2+ :SiH + :Si+ . At higher energies, CHRG’s results 
show a reverse in the partitioning between SiH+ and 
Si+ , giving an approximate branching ratio of 4:29:67 at 
1.0 eV. This switch at higher kinetic energies is not ob
served here and could be the result of secondary collisions 
in the drift tube studies. The results of Haaland are also in 
agreement with the present results and the low energy re
sults of CHRG, with SiH+ formation dominating over 
Si+ formation.6 In addition, Haaland does not observe the 
production of SiH3+ , H + , or H2+ in the Ne system.

In the Ar system at low energies, the product distribu
tion for processes (4)-(7) is 78:12:8:2 and is independent 
of kinetic energy below 2.0 eV. Above 2 eV, the branching 
ratio almost completely reverses and reaches 4:16:50:30 at 
energies >10 eV. Thus, at high kinetic energies, formation 
of the smaller product ions, processes (6) and (7), are 
favored much more than reactions (5) and (4), a result 
similar to the He and Ne systems.

The thermal energy product distribution results of 
CHRG for the reaction of Ar+ with silane do not agree 
with those determined here. CHRG find that the low en
ergy (0.1 eV) branching ratio between processes (4)-(7)  
is 12:21:8:59, i.e., SiH + < SiH3+ < SiH2+ < Si+ . However, 
the results of Haaland for the same reaction at thermal 
energy show exclusive formation of SiH3+ ,6 in good agree
ment with the results found here at the lowest kinetic en
ergies. The disagreement with the results of CHRG is pos
sibly explained by noting that CHRG estimate that at the 
collision energies used (0.1-1.0 eV), as many as 25% of 
the product ions could have undergone secondary, 
hydrogen-stripping reactions. In contrast, the results pre
sented here are obtained under conditions such that sec
ondary collisions are improbable.

At the lowest energies, the product branching ratio 
between processes (4)-(7) in the Kr+ (2Pj) system is

70:19:6:5. For the Kr + (^3/2) system, the branching ratio 
between processes (4)-(7) at these energies is 75:17:3:5. 
Using the El and 2P3/2 data, we can extrapolate to 1P\/1 
cross sections and determine a Kr + i}P \/i) branching ratio 
of 55:26:12:7.30 The branching ratio for the Kr system is 
very similar to the low energy results in the Ar system, and 
contrast with the results of the He and Ne systems. The 
only product observed in the ICR experiments of Haaland 
is SiH3+ .

The product distribution between processes (4) and
(5) in the Xe+ i 2Pj) system is 48:52 at the lowest energies. 
Above ~0.4 eV, formation of SiH3+ becomes the favored 
process, and the branching ratio increases to 69:31 by 10.0 
eV. The product distribution at low energies between pro
cesses (4) and (5) for the Xe + (^3/2) ground spin-orbit 
state has changed only slightly from the El results, 44:56. 
Again the branching ratio shifts at energies above ~  10 eV 
to 74:26, similar to the El results. At intermediate energies 
(0.04-0.2 eV), the branching ratio is ~40:60 for both sys
tems. Similar to the Kr system, we can use both sets of data 
to extrapolate to 2P1/2 cross sections30 and derive a 
Xe + CPm ) low energy branching ratio identical to the 
2̂ 3/2 results, and a high energy branching ratio (>10 eV) 
of 50:50. Our low energy results are in agreement with the 
thermal energy results of Haaland who found that only 
SiH3+ and SiH2+ are formed, with a partitioning of ap
proximately 37:63.

General behavior and relative reactivity
The product branching ratios and the unique behavior 

displayed in the product cross sections of the Ar system 
can be understood by examining the photoelectron spec
trum (PES) of SiH4.32-34 Other measurements for the ion
ization energies of SiH4 are available from x-ray PES35 and 
electron momentum spectroscopy (EMS).36 Table IV lists 
the vertical and adiabatic ionization energies for SiH4 from 
the PES of Potts and Price,32 and from the EMS of Clark 
et al .36 Further bands at higher binding energy have been 
detected by EMS, Table IV. The difference between SiH4 
ionization energies and the ionization potentials of the rare 
gases, AIE, are also listed in Table IV.

It is interesting to note that the two different bands in 
the PES of SiH4 result from removal of an electron from 
very different molecular orbitals (MOs). While both the 
l t 2 and 3a i orbitals on silane are bonding, the 3at MO is 
produced from the Si(3\) and H(Is) atomic orbitals, and
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is thus totally symmetric, while the l t 2 MOs are con
structed from the Si(3p) and H(ls) atomic orbitals and 
have a planar node.35 Ionization and subsequent dissocia
tion of SiH4 by removal of an electron from these two 
orbitals might therefore be expected to proceed by different 
mechanisms. Indeed, this is observed in the results of Coo
per, Ibuki, and Brion (CIB) who studied the photoioniza
tion, photoabsorption, and ionic photofragmentation of 
both the valence shell37 and the inner shell38 of silane. CIB 
found that for photons having energies less than 17.95 eV 
(the IE of the 3aj orbital of silane), SiH3+ and SiH2+ were 
the dominant fragment ions formed, with only small 
amounts of SiH + and Si+ . Above the 3a, threshold, how
ever, they found considerably larger amounts of the 
smaller fragment ions, with no increase in the production 
of the larger fragment ions. This leads to the conclusion 
that ionization from the 3a x orbital proceeds exclusively to 
formation of SiH + and Si+ , whereas ionization from the 
2t2 orbitals leads preferentially to formation of SiH2+ and 
SiH3+.

Theoretical results of Haaland also support this 
conclusion.6 Ab initio electronic calculations for the silicon 
hydride cations show that loss of a 212 electron from silane 
leads to substantial reorganization of the molecule’s elec
tronic structure.6 The molecular cation then adiabatically 
dissociates into SiH3+ +  HorSiH2+ +  H2. Conversely, the 
molecular cation formed by removal of a 3 a x electron is not 
subject to the same Jahn-Teller distortions, such that the 
influence of this electron loss affects the Si-H bonding sym
metrically, changing all four bonds equally. This suggests 
that removal of a 3a j electron will lead to the more disso
ciated product ions, SiH + and Si+ . Haaland uses this to 
explain his thermal energy results for the reactions of rare 
gas ions with silane, and concludes that given the IEs of a 
reactant ion, products as well as general reaction efficien
cies can be predicted.6

These ideas help explain the efficiency of charge- 
transer and the differences in product branching ratios 
found here for the Rg+ +  SiH4 systems, as well as the 
energy dependence of the branching ratio in the Ar system. 
In the Xe system, the Xe + ions are nearly resonant with 
the 2T2 band in the SiH4+ PES (AIE =  0.08±0.21 eV). 
Thus, the reaction efficiency is high at all energies and only 
formation of SiH3+ and SiH2+ is seen. Kr + is not nearly as 
resonant with the 2T2 state of SiH4+ , and hence the reac
tion efficiency declines. Again, the reaction system must 
access the 2T2 band of the PES, since the SiH + product 
branching ratio heavily favors the SiH3+ and SiH2+ prod
ucts. For the He and Ne systems, reaction is fairly efficient, 
and the branching ratios favor the smaller fragment ions 
SiH+ and Si + . This is consistent with near resonant 
charge-transfer from He + or Ne + to the broad band of 
the 2A [ state of SiH4+ , Table IV.

The Ar system offers an interesting intermediate case. 
Argon ions are not resonant with either the 2T2 or the 
2A\ states of SiH4+ , and only the 2T2 state is energetically 
accessible at low kinetic energies. Thus, the charge- 
transfer reaction is very inefficient and the product branch
ing ratio is characteristic of the 2T2 state. As the kinetic

energy is increased, the charge-transfer reaction falls fur
ther out of resonance until the formation of the 2A X state 
becomes accessible at 2.2 eV, the difference between 
IE(Ar) and the adiabatic IE for this state. This energy 
agrees nicely with the sharp onset for the second features in 
the SiH / (x =  0-3) cross sections, Fig. 3. Further, above 
this energy, the experimental branching ratio switches to 
that characteristic of the 2A i band. Thus, the distinctive 
cross section shape and the variation in product distribu
tions in the Ar + +  SiH4 dissociative charge-transfer reac
tion are governed directly by the ability of the reaction 
system to access different electronic states of the SiH4+ ion. 
Similar coupling between kinetic and electronic energy has 
been seen previously in the reactions of rare gas ions with 
CF4.8

In all five rare gas systems, formation of SiH4+ is not 
seen. This observation is consistent with results of electron 
impact studies which indicate that SiH4+ is not stable un
der collisionless conditions on a millisecond time scale.6 
Results of Hayaishi et al. indicate that the lifetime of the 
parent SiH4+ ion is less than a few tenths of fis.39 Although 
the molecular cation has been observed in the photoioniza
tion spectrum of SiH4, it is only observed over a very nar
row energy range (between 11 and 12 eV).40,41 In addition, 
the SiH4+ ion is nonlinear and orbitally degenerate, so it is 
highly subject to Jahn-Teller distortions from Td symme
try. Based on ab initio calculations, the Td' molecular ion 
formed by vertical excitation of the molecule is expected to 
adiabatically dissociate to SiH3+ +  H.42

Relation to plasma systems
To predict the optimum physical parameters of a 

plasma system, it is first necessary to understand the inter
actions at the substrate and ascertain the primary chemical 
species responsible for the desired deposition or etching 
process. The gas-phase chemistry can then be tailored by 
modifying the starting materials and bias of the substrate 
to obtain the maximum concentration of reactive species.

Although the role of ions in plasma deposition pro
cesses is not certain, silicon hydride ions have been ob
served in silane plasma systems43̂ 5 and have been sug
gested as important reactive species in deposition 
processes.14,43,46 Specifically, silane is used extensively in 
plasma systems for the deposition of amorphous silicon. It 
has been proposed by Haaland6 and others4,14 that mono
silicon hydride ions SiH / are responsible for thin film 
deposition in these systems. If true, then the optimum 
buffer gases to use would be those which produce the most 
SiH3+ and SiH2+ , since the smaller silicon hydride ions 
have been shown to readily cluster into unsaturated disili
con hydride cations.6 The present results suggest the use of 
krypton or xenon as bath gases over helium or neon. Argon 
might also be of use, but only if the bias energy is kept to 
a minimum, since at high kinetic energies the branching 
ratio favors the formation of the smaller silicon hydride 
ions. Another consideration, however, is the overall rate of 
silicon hydride ion formation, which should be fast. This 
would suggest the use of krypton or xenon over argon since
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the argon reaction is extremely inefficient at all energies, 
reaching a maximum efficiency of only ~  10% crcol.
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