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KINETICS OF THE REACTIONS OF SiH3 WITH O2 AND N,O 
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The kinetics of the reactions SiH,+02 and SiH,+N,O have been investigated using time-resolved photoionization mass spec- 
trometric detection of SiH3. Rate constants for the SiH3+02 reaction were determined from 296 to 500 K 
(kc4.96 X 10-‘2exp( 275/T) cm’ molecule-’ s-l). An upper limit for the SiH,+N,O rate constant at 500 Kwas also established 

1. Introduction 

In spite of the widespread interest in the chemi- 
cally induced vapor deposition of SiOz (using SiH4 
as the silicon source), little is known about the 
chemical reactions which are responsible for trans- 
forming the gaseous silicon hydride into the solid ox- 
ide [ 1,2]. Such processes are initiated by 
decomposing SiH4 (usually with an electric dis- 
charge) or by reacting the hydride with transient 
species which are capable of removing a hydrogen 
atom. In both cases the initial silicon-containing free 
radical produced is largely SiH3. This radical has been 
found to be by far the most abundant Si, interme- 
diate produced when SiH4 is flowed through a dc 
electric discharge [ 3,4]. 

Very little is known about the kinetics of the SiH3 
radical. This is, in part, due to the lack of a conve- 
nient spectroscopic property of SiH3 which can be 
used to monitor its concentration under conditions 
which are suitable for obtaining knowledge of the ki- 
netics of its elementary reactions. Recently time-re- 
solved laser magnetic resonance detection has been 
employed to monitor SiHJ in kinetic studies. 
Chasovnikov and Krasnoperov (CK) [ 5 ] have used 
this method to monitor SiH3 and have determined 
rate constants at ambient temperature for two re- 
actions, SiH3+02 and SiH3 +NOCl. Earlier, Kras- 
noperov et al. [ 61 reported an upper limit for the 
SiH3+ SzClz rate constant determined using the same 
diagnostic method. 

To gain additional knowledge of the reactivity of 
the SiHs radical, we have begun a series of studies of 
the kinetics of its reactions using photoionization 
mass spectrometry to detect SiH3. The first reactions 
studied have been those with O2 and N,O #I: 

SiH3 +02 -+SiH302, 

AH= - 72 kcal mol- ’ , 

SiH3 +N20-&iH30+N2, 

(1) 

AH= - 88 kcal mol- ’ . (2) 

Reaction ( 1) is clearly an important step in the 
conversion of SiH4 to SiOz. Its rate constant has been 
determined only once before, in the prior investi- 
gation discussed above [ 5 ] _ 

Films of SiOz can be deposited when N20 is pho- 
todecomposed (at 193 nm) in the presence of SiH, 
over a suitable substrate [ 91. The oxygen atoms pro- 
duced by the NzO photolysis react with SiH4 yielding 
SiH3 (and OH) [ lo]. Because of the unusual 
strength of the Si-0 bond [ 7 1, the 0 atom transfer 
in reaction (2) is highly exothermic, and hence this 
reaction is potentially an important rapid step in the 
chain of events leading to the deposition of SiOz un- 
der these conditions. There is no prior information 
available on the kinetics of reaction (2 ). The first 
results of our investigation of the kinetics of SiHj re- 

*’ The heats of formation for silicon-containing free radicals were 
taken from ref. [ 71, others from ref. [ 8 1. 
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actions using photoionization mass spectrometric 
detection of the radical are reported here. 

2. Experimental 

The apparatus and experimental procedures used 
have been described previously [ 11,121. Briefly, gas 
flowing through the 1.05 cm inner diameter Pyrex 
tubular reactor contains the SiH3 source (see be- 
low), the second reactant in varying amounts, and 
an inert carrier gas in large excess (He, > 99%). Re- 
action is initiated by laser photolysis, which results 
in the rapid production of SiHS. Gas flowing from a 
small sampling orifice in the wall of the reactor is 
formed into a molecular beam and analyzed contin- 
uously using a photoionization mass spectrometer 
(PIMS ), SiH3 was monitored using 10.2 eV ionizing 
radiation in the PIMS. The decay of this radical was 
monitored in time-resolved experiments in the ab- 
sence and presence of the second reactant (whose 
concentration was varied) to obtain the reaction rate 
constant. Experiments were conducted under pseudo- 
first-order conditions ( O2 or N20 in large excess). 
Initial conditions were chosen to essentially isolate 
the reaction of interest. By keeping the initial con- 
centration of SiHj low ( < I x 10” molecules cm-3), 
radical-radical and radical-atom reactions had neg- 
ligible rates compared to the one of interest. 

SiH, was prepared in a two-step process. Pulsed, 
unfocused radiation from a Lambda Physik 20 1 MSC 
laser was directed along the axis of the tubular re- 
actor and was used to photodecompose CCL,. The 
chlorine atoms produced rapidly reacted with SiH4 
to produce SiH,: 

CCl~-KCl~ +c1, (3) 

Cl+ SiH, -+SiH3 t HCl . (4) 

The CCL, decomposed only slightly, ~0. II. Com- 
parable use of reaction (4) has been made to pro- 
duce SiH3 for kinetic studies [ 5,6,13] (no direct 
photolytic source of SiH3 has yet been identified). 
Adequate SiH, concentrations were used to com- 
plete the production of SiH, in a time (< 1 ms) 
which is short compared to the half-life of its sub- 
sequent reaction (typically 1 O-20 ms). 

For the experimental conditions used, SiHs was 

lost in only two reactions, the one of interest and a 
heterogeneous loss process which was kinetically first 
order, 

SiHS -+heterogeneous loss . (5) 

Measurements of the SiH3 exponential decay con- 
stant as a function of the concentration of the second 
reactant yielded the rate constant of interest. A sam- 
ple measured decay of SiH3 and a plot of the decay 
constants versus [O,] from one set of experiments 
to measure k, are shown in fig. 1. 

Heterogeneous loss of SiH3 was a significant pro- 
cess in these experiments. A coating on the wall of 
the Pyrex reactor was essential to partially control 
this loss. Two different coatings were employed, 
halocarbon wax and polytetrafluoroethylene 
(PTFE). Use of either yielded essentially the same 
results. The decay constant (k,) with either coating 
was typically 150 SK’. Without a coating, it was too 
high to measure, r 1000 SK’. The importance of this 
competing process lowered the accuracy of the mea- 
sured rate constants to f 30°h (from the more typ- 
ical f 15%). 
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Fig. 1. Plot of SiH, exponential decay constants versus [ 0, ] from 
a set of experiments to measure k, at 296 K. [M ] = 1.2 X 10” 
molecules cme3. Insert gives data from experiment conducted at 
[O,] = 1.96x lOI molecules crnm3 (filled circle on plot). Decay 
constant = 502 s- ‘. 
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2.1. Study of reaction (1) 

Reaction ( 1) was studied at five temperatures be- 
tween 296 and 500 K. Rate constants were deter- 
mined as a function of density at each temperature 
(typically 6 x lOI and 12 x lOI molecules cmp3 but 
(3-18) x 1OL6 molecules cm-3 at 296 K). Both wall 
coatings were used only at 296 K. At the higher tem- 
peratures, only PTFE was used. The measured rate 
constants for reaction ( 1) were independent of gas 
density and the wall coating material as well as in- 
dependent of [SiH3] and [Ccl.,] as expected by the 
mechanism for SiH, loss. The range of conditions 
used and a summary of the results obtained are pre- 
sented in table 1. 

An unsuccessful search was conducted to identify 
the products of reaction ( 1). Experiments were con- 
ducted to detect the likely (and unlikely) reaction 
products: SiH,02, SiH,02, SiH02, SiH,O, SiH20, 
SiOZ, SiHO, $0, and SiH2. None was detected, i.e. 
none was observed to appear as SiH3 reacted with 
OZ. Detection of the first six of the possible products 
listed was partially obscured by additional ion sig- 
nals at the corresponding mass numbers from pho- 
tolysis products of the CCl,/SiH, system. This 
interference reduced the detection sensitivity for 
these possible products. 

The highest two available photoionizing energies 
were used in the PIMS in this search, 10.2 and 11.6 
eV. Failure to detect these products could have been 
due to their absence but could also have been caused 
by other factors including the poor detection sensi- 
tivity discussed above, instability of the product’s ion 

Table 1 
Range of conditions and results of experiments to measure k, a) 

or a product ionization potential which is higher than 
11.6 eV. Unfortunately, the relevant properties of 
most of the ions of these potential products are not 
known, and hence the failure to detect a product in 
the current investigation cannot be used as evidence 
to exclude it as a possible reaction product of reac- 
tion (1). 

2.2. Study of reaction (2) 

No measurable reaction between SiH3 and NzO 
was observed. When N,O was present, it also pho- 
todecomposed (to O+N,) to a limited degree. The 
oxygen atoms produced by the photolysis of N20 
rapidly reacted with SiH, to produce SiH3+0H 
[ lo]. This alternate source of SiH, was used in a de- 
termination of the upper limit of k2 at the highest 
temperature at which the PTFE-coated reactor could 
be used, 500 K. A gas mixture containing SiH, 
(1.16x 1014 molecules cmp3), N20 (1.58x lOI 
molecules cmm3), and He (balance) was photolyzed 
at 193 nm and SiH, decays monitored. No differ- 
ence was observed between the SiH3 decay constants 
measured when NT0 was present and those mea- 
sured when N,O was absent (and CCL, substituted 
for N,O to provide a source of SiH3 ) . From the mag- 
nitudes and uncertainties of the measured decay 
constants, an upper limit of 5 X 1 O--l5 cm3 molecule-’ 
s-’ was est/ablished for k2 at 500 K. 

T lO-‘6 [M] lo-‘2 [CC&] lo-” [SiH4] lo-” [O,] k5 lO’*k, 
(Kl range ‘) range C) typical ‘) range Cl typical O1 average e’ 

296 b’ 3.0-18 0.71-1.5 1.1 0.34-3.3 137 12 
296 6.0-12 1.3 -1.6 1.2 0.29-2.8 186 15 
328 6.0-12 0.93-3.3 9.6 0.30-3.3 185 13 
370 6.0-12 3.1 -6.3 13 0.43-4.1 160 8.9 
426 6.0-12 6.1 -6.6 13 0.50-3.2 188 9.4 
500 6.0-12 6.2 -6.7 13 0.56-3.3 177 9.2 

a) Table presents summary of multiple experiments performed at each temperature: two experiments at 296, 370,426, and 500 K, three 
experiments at 328 K, four experiments at 296 K. 

b, Experiments conducted using reactor coated with halocarbon wax. All other experiments conducted with PTFE-coated reactor. 
cJ In molecules cm-? d, Ins-‘. e, In cm3 molecule-' s-‘. 
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3. Discussion 

3.1. Kinetics of reaction (1) 

The measured values of k, display a small decrease 
with increasing temperature characteristic of an as- 
sociation reaction proceeding along an attractive re- 
action coordinate. Fit to an Arrhenius equation, these 
values yield the expression 

k, =4.96x lo-i2exp(275/T) cm3molecule-Is-’ . 

It is likely that the SiH,+02 reaction begins as a 
simple association process. The fact that no density 
dependence was detected in k, (both in the current 
study and the prior one by CK [ 51) strongly sug- 
gests that once formed, the SiH302 adduct irrever- 
sibly decomposes by a second route (other than back 
to reactants) or isomerizes (and perhaps then de- 
composes). The likely decomposition and isomeri- 
zation routes for reaction ( 1) as well as the associated 
thermochemistry of each channel have been dis- 
cussed by Hartman et al. [7] and will not be re- 
viewed here, particularly since none of the likely 
products was detected in the current study. 

There is reasonably good agreement between the 
average of the values of k, determined at 296 IS 
in the current investigation (1.3 X lo-” cm3 
molecule-’ s- ’ ) and the value reported by CK [ 51 
(0.97x 10-i’ cm3 molecule-’ s-l). The difference 
is within the + 30% uncertainty in the current value 
and the + 10% probable error indicated by CK for 
their value. 

Ruiz and Bayes [ 141 have demonstrated that a 
linear correlation exists between the logarithm of 
R + O2 association rate constants (R=alkyl radical) 
and the ionization potential of R. This correlation 
has been accounted for by using a model reaction po- 
tential which is highly attractive, one which ap- 
proaches --co at the classical crossing distance 
between the ionic (R+ +O; ) and covalent potential 
curves. The SiH,+O* rate constant complies very 
closely with this correlation for R + O2 reactions (see 
fig. 2). While this compliance may be fortuitous, it 
is worth noting. If it is not fortuitous, it supports the 
claim of Ruiz and Bayes [ 141 that the portion of the 
long-range potential which affects the association rate 
constant is determined largely by one-electron prop- 
erties of the reactants rather than reaction thermo- 
chemistry. The thermochemistry of reaction ( 1) is 

i-C3ti7 0 

C,H, 

I 1 
7 8 9 10 

IP (QV) 

Fig. 2. Semilog plot of high-pressure limit R+02 rate constants 
(km) versus ionization potential of R. (Data for alkyl radicals 
taken from ref. [ 14 1. ) 

entirely different from that of the Rt O2 reactions, 
the former being 72 kcal exothermic [ 71 and the lat- 
ter group z 35 kcal exothermic [ 151. 

Further studies are planned of the kinetics of SiH3 
and other silicon-centered free radicals to gain ad- 
ditional knowledge of their kinetic behavior and the 
factors controlling their reactivity. 

3.2. Kinetics of reaction (2) 

The low value of the upper limit of k2 at 500 K 
(and a likely still lower upper limit for k2 at ambient 
temperature) excludes this elementary reaction from 
having any significant role in the photo-induced de- 
position of Si02 from mixtures of SiH4 and NzO at 
ambient temperatures [9]. It is still possible that 
other silicon-centered radicals formed in this system 
do react rapidly with N1O. The search for evidence 
of such reactions will continue. 
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3.3. Photoionization mass spectrometric detection 
of SiH, 

The experimental apparatus and procedure de- 
scribed here provide the most sensitive method yet 
reported for monitoring SiH3 concentrations in the 
gas phase. Initial concentrations of SiH3 as low as 
1 x lo9 molecules cmm3 were employed without ex- 
perimental difficulty in the current investigation 
(implying an effective detection sensitivity of 
z 1 x 10’ molecules cm- 3 ) . The time-resolved LMR 
method of CK is reported to have a detection sen- 
sitivity about 1000 times poorer, z 1 x 10” mole- 
cules cm- 3 [ 6 1. The unusually high sensitivity of the 
PIMS for detecting such a relatively small free rad- 
ical is due in part to the fact that there is no frag- 
mentation of SiH, at the SiH3 mass number even 
when 10.2 eV radiation (the most intense of the 
available ionizing energies) is used in the PIMS to 
ionize SiH3, an energy which is over 2 eV above the 
ionization potential of SiH3 (which is 8.0 eV [ 16 ] )_ 
The appearance potential of SiH; from SiH4 is z 12 
eV [16]. 

The PIMS detector will continue to be used in fu- 
ture studies of the kinetics of SiH3 reactions, and its 
potential use for monitoring the concentrations of 
other silicon-centered free radicals in reacting sys- 
tems will also be explored. 
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