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Absolute rate constants for the reaction of silylene with hydrogen, silane, and
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Absolute rate constants for the reaction of silylene with hydrogen, silane, and disilane have
been determined from direct time resolved measurements of silylene removal at room
temperature. Silylene was generated and detected using laser resonance absorption flash kinetic
spectroscopy. The rate constants are pressure dependent, consistent with expectations for the
insertion reactions typical of silylene. The pressure dependence of the overall rate constants has
been determined from 1 to 100 Torr for reaction with hydrogen and silane and from 1 to 10
Torr for reaction with disilane. The results for reaction with hydrogen and silane have been
successfully modeled using RRKM theory and high pressure bimolecular rate constants have
been extracted. The rate constants determined in this work are significantly (10-10* times)
faster than those calculated from literature values for the Arrhenius parameters. These findings
require a significant upward revision in the heat of formation of silylene, and may require
modification of chemical vapor deposition mechanism in which silylene is invoked as a film

growth precursor.

INTRODUCTION

Silylene, (SiH,) is a key reactive intermediate in the
mechanistic chemistry of silicon hydride molecules and or-
ganosilicon compounds. ' Silylene is also frequently postu-
lated as an important gas-phase precursor in silicon thin film
growth by chemical vapor deposition (CVD).? An accurate
understanding of the spectroscopy, thermochemistry, and
reactivity of this simple divalent silicon species is, therefore,
crucial to assessing the validity of these mechanisms, and by
comparison with results for methylene, to understanding
fundamental differences between silicon hydride and hydro-
carbon chemistry.

Until recently, the available information on silylene
thermochemistry and reactivity came almost exclusively
from classical indirect kinetic studies, such as competitive
trapping experiments. In the past several years there has
been renewed interest in silicon hydride chemistry, owing
largely to an increasing interest in the mechanisms of CVD
of electronic materials. As a result, several studies have re-
ported new information on the thermochemistry and reacti-
vity of SiH,. These include high level ab initio calculations of
silylene thermochemistry*® and potential energy surfaces
for silylene reactions,”® measurements of the heat of forma-
tion of silylene by ion-molecule’®!! and photoionization
techniques,'? and the first direct time resolved measure-
ments of silylene reaction rates by laser flash photolysis tech-
niques.'>~'® These studies have, in general, produced results
which are in serious quantitative disagreement with the con-
clusions of most previous studies of silylene thermoche-
mistry and reactivity. For example, the most recent val-
ues> 10121417 for the heat of formation of silylene are 7-11
kcal/mol higher than the previously accepted value,'®'® and
the absolute rate constant for the reaction of silylene with

hydrogen at room temperature'>!*is ~ 10* times larger than
previous estimates. '8
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Absolute rate constants for the reaction of silylene with
hydrogen, silane, and disilane are particularly important to
establishing the accuracy and internal consistency of the re-
vised thermochemical and kinetic data, since these reactions
are the reverse of the decomposition reactions of the stable
silicon hydride molecules silane (SiH,), disilane (Si,Hy),
and trisilane (Si,Hyg). These rate constants are also particu-
larly important in CVD modeling, since molecules such as
hydrogen and silicon hydrides are frequently present in sili-
con CVD reactors. In this paper we present the results of
extensive laser resonance absorption flash kinetic spectros-
copy (LRAFKS) measurements of absolute rate constants
for these reactions at room temperature. Absolute rate con-
stants for silylene removal have been measured as a function
of total pressure for all three reactions, and RRKM model-
ing of the pressure dependent three-body rate constants has
been carried out for the reactions of silylene with hydrogen
and silane.

EXPERIMENTAL

A schematic of the LRAFKS apparatus used in these
studies is shown in Fig. 1. The apparatus is similar to that
described in a preliminary communication,'* although sev-
eral modifications in the flow cell and data acquisition sys-
tems have been made. Silylene was generated by excimer
laser (Lambda Physik 102E) photolysis of an appropriate
precursor molecule, dilute in helium or mixtures of buffer
gas and reactant gas, under slowly flowing conditions in a 1
m long by 3.5 cm diameter stainless steel gas cell equipped
with Suprasil I windows. Silylene precursor molecules used
in this work were phenylsilane and disilane, photolyzed at
193 nm by an ArF excimer laser, and iodosilane, photolyzed
at 248 nm by a KrF excimer laser. Silylene was detected by
high resolution absorption specroscopy with light from an
argon ion pumped single frequency cw ring dye laser (Spec-
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FIG. 1. Schematic of the LRAFKS apparatus. BS are beam splitters, DM
are dichroic mirrors coated to transmit the dye laser and reflect the excimer
laser, POL is a polarizer used to balance the dye laser intensity on the signal
and reference photodiodes. The monochromator serves as a bandpass filter
to reject stray excimer laser light and, under some experimental conditions,
excimer laser induced fluorescence from SiH (see Ref, 15).

tra Physics 380A), tuned to single rotational lines of the
1B,(0,2,0) ~4,(0,0,0) electronic transition. The excimer
laser beam was unfocused (75-150 mJ/pulse, 0.5 X 2.5 cm?)
and passed once down the length of the cell. The dye laser
beam, following wavelength diagnostics and attenuation,
was split into signal and reference beams by a variable beam
splitter. The signal beam passed collinearly through the pho-
tolysis volume three times. The multipass mirrors are not
shown in the schematic. Both the signal and reference beams
were focused onto fast photodiodes (Hewlett-Packard 5082-
4203, — 22 V bias, 50-Q load ), equipped with fast preampli-
fiers (LeCroy VVB100). Light intensity on the signal and
reference photodiodes was balanced by a rotatable polarizer,
placed in the reference beam. The outputs from the pream-
plifiers were differentially amplified (Tektronix 7A24) to
produce a signal which, for the small (<10%) absorptions
of interest, is directly proportional to the SiH, concentra-
tion. This transient absorption signal was integrated as the
dye laser wavelength was scanned for spectroscopic studies,
or digitized and signal averaged for kinetic studies.

Gases entered the cell through two symmetrical sets of
inlets at the cell ends and were exhausted through a single
port in the center of the cell. All gas flows were measured and
controlled with calibrated electronic mass flow controllers
(Vacuum General UV series, 10, 100, or 1000 sccm), except
for phenylsilane and iodosilane, which are liquids at room
temperature. Flows of phenylsilane and iodosilane were con-
trolled with a needle valve. Helium and other inert buffer
gases entered the cell at the windows, while the silylene pre-
cursor molecule and reactant gases entered the cell, pre-
mixed, through inlets located 20 cm downstream from the
windows. This arrangement, at buffer gas pressures in excess
of ~ 1 Torr, kept the windows well purged. This is necessary
in order to acquire significant amounts of data with our ex-
perimental geometry, since all three silylene precursors rap-
idly deposit opaque films on the Suprasil windows when
photolyzed under static conditions. In several experiments

with hydrogen, the helium flow as reduced to zero with no
noticeable affect on the measured rate constants. An auto-
matic throttle valve (MKS 253A) was attached to the ex-
haust port of the cell and controlled by the output voltage
from the capacitance manometer (MKS 221A, 10 or 100
Torr full scale) which measured the total pressure in the cell.
This combination of throttle valve and mass flow controllers
allows kinetic studies to be performed under conditions of
constant total flow and constant total pressure. Such control
is crucial since the rate constants themselves are dependent
on total pressure (vide infra) and since the partial pressure
of silylene precursor in the cell is affected by the total flow
rate. The cell was pumped by a 13 #/s rotary pump, equipped
for corrosive gas operation. The exhaust port and vent line of
the pump were continuously purged with a high flow of ni-
trogen, since silane and disilane are pyrophoric and occa-
sionally explosive in the presence of oxygen.

Transient absorption spectra were recorded with
Doppler limited resolution, in overlapping 3 cm™' seg-
ments, using a technique for scanning the Spectra-Physics
dye laser described by Petek.?® As the dye laser wavelength
was scanned under microcomputer (IBM-PC) control, the
integrated (PAR 162/164) transient absorption signaland a
fluoresence signal from an iodine reference cell were simul-
taneously digitized and stored. Silylene line positions in the
transient absorption spectrum were determined with the
combined use of a wavemeter (Burleigh WA-20) and inter-
polation between iodine spectral lines.

Kinetic studies were performed under pseudo-first or-
der conditions by adding reactant gases to the cell. The time
dependence of the silylene concentration was measured by
tuning the dye laser to a single rotational line of the silylene
absorption spectrum, typically *Q, ; (5) at 17 259.50 cm ™!,
and digitizing and averaging the transient absorption wave-
form (Tektronix 7912AD interfaced to an IBM-PC) for 64
excimer laser pulses. A background trace was collected by
tuning the dye laser ~0.15 cm™' away from the silylene
absorption line. The background trace was subtracted from
the transient absorption signal to remove excimer laser
pickup and reduce base line fluctuations. The transient digi-

~ tizer was pretriggered by a pulse generator which also trig-

gered the excimer laser. This allowed an accurate base line to
be recorded by the digitizer before the excimer laser fired.
The excimer laser repetition rate was typically 2 s, al-
though repetition rates as high as 10 s~ were occasionally
used. The time resolution of the detection system is ~2 ns,
although the effective time resolution was limited by the 10—
20 ns length of the excimer laser pulse. Silylene transient
absorption waveforms were recorded for a series of added
partial pressures of reactant gas at constant total gas flow
and constant total pressure. The waveforms were uploaded
to a mainframe computer for nonlinear least squares analy-
sis.

Partial pressures of the gases in the flow cell were deter-
mined from the known flow rates of each gas, the total flow
rate and the total pressure. The estimated absolute uncer-
tainty in the reactant gas partial pressure is + 5%. Partial
pressures of the silylene precursor molecules were constant
throughout a given kinetic experiment, but were less accu-
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rately determined because of the small partial pressures and
small flow rates. Phenylsilane partial pressures were typical-
ly in the 10~>~10~* Torr range, iodosilane partial pressures
were in the 10~ Torr range and disilane partial pressures,
when it was used as a silylene precursor, were in the 1072
107> Torr range. These values reflect, qualitatively, the effi-
ciency of each source in producing silylene. Total fiow rates
typically ranged from 150 sccm at pressures around 1 Torr
to 1000 sccm at pressures near 100 Torr. Average gas resi-
dence times in the cell ranged from 0.5 s at 1 Torr to as long
as 8 s at 100 Torr, and were typically in the range 1-2 s.
Phenylsilane (Petrarch) was degassed prior to use. Silane
(Airco C.C.D. grade), disilane (Matheson, 97%), nitrogen
(Liquid Carbonic, 99.999%), argon (Liquid Carbonic,
99.999%), and carbon tetrafluoride (Liquid Carbonic,
99.7% ) were used as received. The major impurity in silane
is hydrogen ( ~200 ppm), and the major impurities in disi-
lane are silane and hydrogen (<3% ). Hydrogen (Matheson
UHP or Liquid Carbonic 99.9999% ) and helium (Liquid
Carbonic, 99.999% or Matheson UHP) were passed
through cartridge filter purifiers (MG Scientific Gases) to
further limit water and oxygen impurities. Iodosilane was
prepared by HI cleavage of phenylsilane or chlorophenylsi-
lane.?!

RESULTS
Photochemistry

Very little quantitative information is available on the
photochemistry of any of the silylene precursor molecules.
Phenylsilane absorbs strongly below 220 nm (e~ 10°
M~!cm ™! at 193 nm??) and has a weak, structured absorp-
tion band in the range 220-280 nm* (4, ~260 nm, €,,,,
~10°M~! cm™!). Disilane absorbs fairly strongly at wave-
lengths shorter than 200 nm** (e~10° M~ 'cm~! at 193
nm) and is transparent at longer wavelengths. Iodosilane
absorbs strongly at wavelengths shorter than 200 nm and has
a fairly strong, featureless band in the 205-260 nm range®
(Amax ~220, €m0 ~ 10° M~! cm™!). Both phenylsilane and
disilane produce readily detectable SiH, concentrations on
photolysis at 193 nm under the conditions given above.
Phenylsilane does not produce a detectable amount of sily-
lene on photolysis at 248 nm. Iodosilane produces detectable
concentrations of silylene on photolysis at both 193 and 248
nm. The remaining information on the photochemistry of
these molecules, including evidence for the formation of oth-
er transient products is summarized elsewhere.’’

Spectroscopy

Although it is not the purpose of this work to refine the
high resolution spectroscopy?>?° of the 4 — X transition of
8iH,, it is worth pointing out that the LRAFKS technique
has considerable potential in this regard. The inherently
high resolution of the ring laser readily provides Doppler
limited spectra. Sub-Doppler measurements are also, in
principle, possible. The transition is detected in direct ab-
sorption, so that accurate line intensities can be determined
without considering quantum state dependences of fluores-
cence lifetimes or collisional quenching. Furthermore, sily-
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FIG. 2. Composite spectrum of overlapped 3 cm™" single frequency dye
laser scans of a region near the band center of the '5,(0,2,0) —'4,(0,0,0)
vibronic transition of 8iH, produced in the 193 nm photolysis of phenylsi-
lane. Line assignments are from Ref. 29.

lene is a particuarly advantageous case. The transition of
interest originates in the electronic ground state, so that in
the absence of reactions, the kinetic lifetime can be quite
long, and the major vibronic bands are in a spectral region
which is accessible with efficient cw laser dyes. In addition,
the oscillator strength for the transition is, apparently, quite
large. Peak cross sections for some of the most intense lines
are in excess of 10~ '8 cm?, possibly by as much as a factor of
10 to 100, depending on the quantum yield for the produc-
tion of silylene from photolysis of phenylsilane.?”-?

A 15 cm™" composite spectrum of overlapped 3 cm ™!
single frequency scans of the transient absorption spectrum
produced by 193 nm photolysis of 2 mTorr of phenylsilane in
2 Torr of helium is shown in Fig. 2. Line intensities in this
spectrum have not been normalized to the dye laser intensity
and are, therefore, only approximate. The spectral region
from 17 242 to 17 352 cm ™! has been scanned in this man-
ner. This 100 cm™"' range is around the origin of the
(0,2,0) ~ (0,0,0) vibronic band, and in a region of high line
density. Approximately 100 single rotational lines were ob-
served. Of these, 50% were readily assigned to known SiH,
transitions, using assignments from the original flash spec-
troscopic studies of Dubois and co-workers.2*?5?° The re-
maining lines, many of which are reasonably intense, are
unassigned. Three recent laser spectroscopic investigations
of silylene,?>*”3° although at somewhat lower resolution
than our work, have reached similar conclusions. The spec-
trum is considerably richer than previously thought. Tho-
man et al.,”” based on a study of fluorescence lifetimes, have
suggested that the excited electronic state is strongly per-
turbed by the lowest triplet state. This state has not yet been
observed spectroscopically in any study.

Kinetics

The silylene reactions of interest are insertion®! of the
ground electronic single state silylene into the H-H bond of
hydrogen, the Si~H bond of silane, and the Si-H and/or Si~
Si bond of disilane, reactions (1)—~(3):

J. Chem. Phys., Vol. 88, No. 3, 1 February 1988
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SiH, + H,-SiH,, (1)
SiH, + SiH, - Si,H,, (2)
SiH, + Si,H, — Si,Hs. (3)

Insertion into the Si—H or Si-Si bonds of disilane has never
been clearly distinguished experimentally. It is well estab-
lished that silane, disilane, and trisilane are expected stable
products of these reactions.'3!2

Reactions (1)—(3) are complicated by the fact that they
are three-body association reactions, rather than simple bi-
molecular processes. Collisional stabilization of the nascent,
vibrationally excited product is required in order for silylene
to be consumed irreversibly, i.e.,

kl
SiH, + XY = SiH,XY*, (5)
k_,
k.M
SIH,XY* — SiH,XY. (6)

In the case of reaction with hydrogen and silane, there is
considerable experimental®*>* and theoretical®® evidence
that no other fragmentation channels are energetically avail-
able to the chemically activated molecule SiH,XY*. This is
less well established for the case of reaction with disilane,
since there is evidence that pyrolysis of trisilane proceeds by
elimination of both silylene and silylsilylene.? Silylene ki-
netic studies are necessarily affected by the three-body na-
ture of the reactions, since the rate constants for these pro-
cesses are expected to be pressure dependent at suitably low
total pressure. These effects will be discussed more fully for
the specific cases in following sections.

Transient absorption signals for the 5, 5 rotational level
of the (0,0,0) vibrational state, monitored on the *Q, ,(5)
transition, are shown in Figs. 3 and 4 on two time scales. This
rotational line has routinely been used in our kinetic studies
since it is one of the most intense lines in the spectrum of the
(0,2,0) < (0,0,0) band and since the ground state rotational
level 5, ; is heavily populated at room temperature. Figure 3
shows the rise of the silylene signal from photolysis of phen-
ylsilane dilute in pure helium. The signal consists of two
components, a prompt rise and a slower pressure dependent
rise. We have attributed the prompt rise to direct formation
of silylene in the quantum state being probed and the slow
component to rotational equilibration of the nascent photo-
fragment rotational distribution. From exponential fits to
the slow rise component as a function of helium pressure, we
have obtained a rate constant of 3.7 4+ 0.4 X 10~ cm* mo-
lecule~!s~! for this process. This means that rotational
thermalization of SiH, by helium requires ~ 10 gas kinetic
collisions.

Pseudo-first order reaction rates have been obtained
from single exponential analysis of the decay of the transient
absorption signal in the presence of reactant gases, as shown
in Fig. 4. Fits were carried out from near the peak of the
signal to the base line. The rise and fall components of the
signals were suitably different that a biexponential fit was
not deemed necessary. Absolute bimolecular rate constants
were obtained from plots of the pseudo-first order rates as a
function of reactant gas partial pressure at constant total
pressure, by linear least squares analysis of the data. Exam-
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FIG. 3. Silylene transient absorption signal rise from the photodissociation
of phenylsilane in helium at 193 nm, monitored on the *Q, ,(5) transition.
The solid line is a biexponential fit to the slow component of the rise and the
decay.

ples of data for relatively slow and fast rate constants are
shown in Figs. 5 and 6. For reaction with hydrogen, which
gives relatively slow rate constants, we estimate that the un-
certainty in any rate constant is + 20%. This estimate is
based on typical scatter in the data in pseudo-first order plots
and reproducibility of replicate measurements. For the fas-
ter rate constants observed in reaction with silane and disi-
lane, we estimate that the error limits are + 10%, except in
one case noted below. This estimate comes from assuming
that the maximum possible error in the absolute pressure
scale is twice the estimated error in a single value. Scatter in
the data in pseudo-first order plots for these reactions was
typically 29%—4%. The intercepts in the plots shown in Figs.
5 and 6 are not zero, but represent all removal processes
which are not dependent on the concentration of reactant
molecule. These processes are diffusion and reaction of sily-
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250+ 4

200+ N

150~ - -
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00—

-50 { | —1 1

10 20 30 40 50
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FIG. 4. Silylene transient absorption signal with hydrogen present. The sol-
id line is a single exponential fit to the decay of the signal.
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FIG. 5. Pseudo-first order rate plot for silylene reacting with hydrogen at a
total pressure of 8 Torr. The line is a least squares fit to the data. The slope
gives the bimolecular rate constant for the reaction. The intercept repre-
sents all removal processes which do not depend on the hydrogen concen-
tration.

lene with unphotolyzed precursor molecules or photopro-
ducts from photolysis of precursor molecules. The magni-
tude of the intercept was made as small as possible, by
reducing the partial pressure of silylene precursor, consis-
tent with signal to noise constraints. The lowest precursor
partial pressures were necessarily used in measuring the
slowest rate constants. The magnitude of the intercept was
only significant compared to the magnitude of the change in
removal rate for the case of hydrogen at low total pressures.
Typically, the value of the intercept was less than 10% of the
maximum pseudo-first order rate in any rate constant deter-

12 T T T T T T

) o o
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D
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0.00 002 004 0068 008 O0I0 OI2 O0l4
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FIG. 6. Pseudo-first order rate plots for silylene reacting with silane (®)
and disilane (O) at a total pressure of 8 Torr. The lines are least squares fits
to the data.

mination. The minimum intercept value at which useful data
could be obtained was ~ 3000 s~’, at which point diffusion
out of the photolysis volume begins to dominate reactive
removal.

Major concerns in any kinetic study which extracts rate
constants from removal rates of transient species monitored
by quantum state specific techniques are whether, in fact, the
measured removal rates correspond to removal by chemical
reaction, and if so whether the decay of a given quantum
level is representative of the thermal reaction rate. These
questions deserve particular consideration in this case, since
the rate constants reported below are considerably faster
than values derived by indirect methods. Artifacts related to
diffusion, experimental geometry, or gas handling tech-
niques can immediately be ruled out as contributing to
anomalously fast silylene removal rates, since we have dem-
onstrated that we can measure removal rate constants which
are at least one order of magnitude slower than the slowest
rate constant reported below and at least four orders of mag-
nitude slower than the fastest rate constant reported below,
using the identical experimental arrangement.'>'® Likewise,
purely physical quenching phenomena can be ruled out. We
are probing the electronic and vibrational ground state of
silylene and a rotational level which is near the maximum of
a room temperature Boltzmann distribution. Furthermore,
we can observe rapid collisional population of that rotational
level in pure helium. These facts and a substantial database'®
of rate constants for a number of other reactions, which give
rate constants that vary over four orders of magnitude and in
a manner which is consistent with qualitative expectations
for silylene reactivity, lead us to conclude that we are mea-
suring silylene removal rates which are due only to chemical
reaction.

There is also considerable evidence which demonstrates
that the removal rate constants are appropriate values for
the thermal rate constants at room temperature. Heating of
the gas by absorption of the excimer laser beam should be
negligible. Under typical experimental conditions, the tem-
perature rise in the cell is estimated to be 5 K or less. Total
pressures were always sufficiently high (1 to 100 Torr) that
nascent silylene translational distributions should always be
relaxed rapidly compared to the rate of reaction. In most
data sets, helium is present in sufficient excess that rotational
equilibration rates, calculated using the rate constant report-
ed above, were at least ten times faster than reaction rates.
This was not always possible, particularly at low total pres-
sures. Even in these cases, pseudo-first order decay rates de-
termined over the full range of concentrations from 100%
helium to 100% hydrogen show no anomalous behavior.
Furthermore, no significant change in removal rate constant
for the reaction of silylene with deuterium was observed
when rotational levels 100 cm ™~ higher or 50 cm ' lower in
energy than 5, ; were probed.'* Finally, in several cases, we
have compared rate constants for the same reaction mea-
sured using different silylene precursors and have seen no
significant differences.> It is extremely unlikely that pho-
todissociation of phenylsilane and disilane at 193 nm and
iodosilane at 248 nm produce identical nonthermal nascent
silylene distributions.

J. Chem. Phys., Vol. 88, No. 3, 1 February 1988



J. M. Jasinski and J. O. Chu: Reactions of silylene 1683

Vibrational equilibration of silylene cannot be guaran-
teed. However, we probe only the (0,0,0) level. The lowest
excited vibrational level is ~ 1000 cm™' higher in energy
and has a negligible population at room temperature. If ex-
cited vibrational levels are formed, it is reasonable to assume
that they react rapidly without influencing the ground state
kinetics and/or, possibly, that they are efficiently equilibrat-
ed by the three-body nature of the reactions. Possible evi-
dence for this type of relaxation mechanism can be seen in
the transient absorption signals when reactant gases are
present. The rise time of the signal becomes faster and the
peak amplitude of the signal increases significantly com-
pared to the values in pure helium. This effect is especially
noticeable when hydrogen is added to the cell. Further evi-
dence that excited vibrational levels do not affect our rate
constants is that in one experiment with hydrogen, CF, was
used as a buffer gas. This molecule should allow for rapid V-
V relaxation of silylene, but does not yield a rate constant
which is significantly different from those obtained using
other buffer gases.

Hydrogen

A plot of absolute rate constants for reaction of silylene
with hydrogen as a function of total pressure is shown in Fig.
7. Data points in the range 1-11 Torr were obtained with
phenylsilane as the silylene precursor. Data points at higher
pressures were obtained with disilane as the silylene precur-
sor, owing to the 20 Torr room temperature vapor pressure
of phenylsilane. Internal consistency of the data was
checked at 5 Torr in helium buffer gas. The rate constants
measured using phenylsilane (average of two separate ex-
periments) and disilane as silylene sources were
44+08x10~? and 4.9+ 1.0x10™" cm’mole-
cule~!s™!, respectively. A comparison of different buffer
gases was also made at 5 Torr total pressure. Measured rate
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FIG. 7. Absolute rate constants for the reaction of silylene with hydrogen as

afunction of total pressure. The solid line is a result of an RRKM analysis of
the three-body association reaction, described in the text.

TABLE I. RRKM parameters for three-body association rate constant cal-
culations.

SiH, SiH® Si,H, Si,H¢*
v, (cm™1)® 2187 (1) 2108 (1) 2179 (2) 2181 (1)
2183 (3) 2103 (1) 2163 (1) 2169 (2)
978 (2) 1328 (1) 2155 (1) 2105 (1)
910 (3) 993 (1) 2154 (1) 2087 (1)
839 (2) 941 (2) 1585 (1)
523 (2) 9%40(2) 960 (1)
920 (1) 949 (1)
844 (1) 927 (1)
628 (2) 925 (3)
432 (1) 155(2)
379 (2) 128(1)
128 (1) 94 (2)
I, (amu A?) 5.7 2.8 11.8 11.8
57 7.6 97.7 101.7
5.7 9.5 97.7 101.7
Average bond 90 90
energy (kcal/mol)
E, (kcal/mol) 55 50
k,(cm® molecule ' s~!) 32x10712 22x1071
k, (cm® molecule—' s~ !)® 41x107'°  52x10-1'°
Collision 1.0 0.19
efficiency (4)
Reaction path 6 18
degeneracy ‘
Temperature (K) 300 300

* Transition state parameters.

> Numbers in parentheses are degeneracies.

¢ Lennard-Jones collision rate constant, evaluated using approximations
given in J. Troe, J. Chem. Phys. 66, 4758 (1977). Lennard-Jones param-
eters for silane and disilane are given in Ref. 39.

constants with argon, nitrogen, and carbon tetrafluoride as
buffer gases were 4.2 + 0.8,4.2 + 0.8,and 4.8 - 1.0x 10713
cm® molecules™' s !, respectively. This observation also
provides further assurance that our rate constant studies are
representative of thermal values, since rotational and vibra-
tional energy transfer rates for silylene should vary consider-
ably over this range of buffer gases.

The observed pressure dependence of the rate constants
confirms the three-body association behavior discussed
above. The line in Fig. 7 was calcualted using RRKM theory
to model the process in a straightforward manner.>”*® The
input parameters for the calculation are givenin Table I. The
transition state parameters were taken from a recent RRKM
study of the thermal decomposition of silane and disilane by
Roenigk et al.*® Strong collisions were assumed, based on the
absence of any observable dependence of the association rate
constant on the buffer gas used. Both sums and densities of
states were evaluated by direct count procedures and an an-
harmonic correction was made, since silane is a relatively
small molecule with only high frequency vibrational modes.
The only parameter which was freely adjusted to fit the data
was the high pressure limiting bimolecular rate constant.
The fit shown in Fig. 7 was obtained with a value for this rate
constant of 3.2 X 10~ '2 cm?® molecule ~! s .

The high pressure rate constant extracted from the data
for H, is in excellent agreement with our previous estimate'*
for this value, based on a study of the reaction with D,
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(2.6 + 0.7 10~ 12 cm® molecule~! s !). The rate constant
we measure at 2 Torr total pressure is 2.6 + 0.6 10~
cm® molecule~! s~!. This value is in reasonable, but not
quantitative, agreement with the value of 1.0 + 0.4 X 10~
cm® molecule ! s™! at a pressure of 1.8 Torr reported by
Inoue and Suzuki in their laser induced fluorescence study
(LIF)."®

The pressure dependences of the rate constants for reac-
tion of SiH, with D, and HD have also been examined. As
expected, they are much less severe than for H,. The rate
constant for reaction with D, changes from
1.6 + 0.3 1072 t0 2.7X 10! cm® molecule ' s~ over
the range 1-95 Torr. Any isotope effects appear to be small.
A full analysis of the isotopic reactions below the high pres-
sure limit is complicated by the possibility of isotope effects
on the insertion reaction and the multichannel decomposi-
tion of the isotopically substituted, chemically activated si-
lanes. Such an analysis is beyond the scope of this paper.

Silane

A plot of absolute rate constants for the reaction of sily-
lene with silane as a function of total pressure is shown in
Fig. 8. As in the case of hydrogen, low pressure data points
were obtained using phenylsilane as the silylene source and
higher pressure points were obtained using disilane as the
silylene source. All data were obtained with helium buffer
gas. The line in Fig. 8 was calculated using RRKM theory
with transition state parameters again taken from work by
Roenigk er al.> and tabulated in Table L. In this case the
density of states was evaluated semiclassically and no anhar-
monic correction was made. Furthermore, the pressure de-
pendence of the data could be fit only by assuming less than
unit collisional efficiency. The high pressure limiting rate
constant obtained from this analysis is 2.2 X 10™!° ¢cm?® mo-
lecule~' s~". Our value for the reaction rate constant at 1
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FIG. 8. Absolute rate constants for the reaction of silylene with silane as a
function of total pressure. The line is the result of a RRKM analysis of the
three-body association reaction, described in the text.
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FIG. 9. Absolute rate constants for the reaction of silylene with disilane as a
function of total pressure.

Torr is 6.7 +£0.7X 107! cm?® molecule ™! s~'. Inoue and
Suzuki report a rate constant of 1.1 4 0.2 X 107 '° ¢cm® mole-
cule™!s~!at 1 Torr total pressure in helium.

Disilane

A plot of absolute rate constants for the reaction of sily-
lene with disilane as a function of total pressure from 1 to 10
Torr is shown in Fig. 9. The data in Fig. 9 were obtained
using phenylsilane as the silylene source and helium as the
buffer gas. As discussed above, however, disilane is not
transparent at 193 nm, although it is less strongly absorbing
than phenylsilane. In order to check for possible artifacts
owing to excitation or depletion of disilane, one experiment
was carried out using photolysis of iodosilane at 248 nm as
the silylene source. This experiment, at 5 Torr total pressure,
produced a rate constant of 2.1 4+ 0.5X107'° cm? mole-
cule~!s™ ! This is in good agreement with the result of
2.8 4+ 0.3 X107 !° cm® molecule ' s, obtained with pho-
tolysis of phenylsilane at 193 nm. The larger error limits on
the data obtained at 248 nm reflect the fact that fewer data
points than usual were taken and less time was available to
optimize conditions since only a limited supply of iodosilane
was available. Nonetheless, the agreement is satisfactory and
there do not appear to be any serious complications with the
data taken at a photolysis wavelength of 193 nm. No RRKM
modeling of the observed pressure dependence has been car-
ried out, since experimental fall off data and RRKM models
for trisilane pyrolysis are not yet available. Although data
were obtained only up to 10 Torr total pressure, the rate
constant measured at 10 Torr should be much less than a
factor of 2 from the high pressure limiting value. This esti-
mate is based on the observed behavior for silane and the fact
that trisilane is a larger molecule than disilane with more
degrees of freedom and, therefore, a longer statistical life-
time when chemically activated. This conclusion’ ignores
possible effects of a lower energy but entropically less favor-
able decomposition to silylsilylene and silane, a channel
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which has been proposed in the pyrolysis mechanism for
trisilane.>® Our value for the reaction rate constant of sily-
lene with disilane at 1 Torr total pressure is
1.5 + 0.2 107! cm® molecule "' s, and is significantly
lower than Inoue and Suzuki’s reported value’ of
5.7 +0.2X 107 '° cm® molecule ™' s~ .

DISCUSSION

Our results are the most extensive set of kinetic data
presently available for any bimolecular reaction of silylene.
Qualitatively, we have shown that silylene reacts nearly gas
kinetically with silane and disilane and somewhat less effi-
ciently with hydrogen. We have also demonstrated that the
reaction rate constants are pressure dependent in the manner
expected for three-body association reactions. This observa-
tion is particularly important for the case of reaction with
hydrogen. It provides direct support for the three center
elimination of molecular hydrogen as the lowest energy dis-
sociation pathway for silane in the gas phase. This point has
had along and controversial history.*** If some other chan-
nel for silane decomposition were available at lower energy,
e.g., dissociation to silyl radicals and hydrogen atoms, then
the overall reaction of silylene with hydrogen would exhibit
bimolecular reaction kinetics rather than three-body kinet-
ics.

More quantitatively, we have succeeded in modeling the
observed kinetic behavior for the reaction of silylene with
hydrogen and silane using RRKM theory with a minimal
number of adjustable parameters. The significance of the dif-
ferent energy transfer parameters required to fit the ob-
served pressure dependences in the hydrogen and silane data
is not clear. Our results are, however, consistent with the
modeling studies of Roenigk et al.*® who also consistently
found that collision efficiency parameters for disilane de-
composition were lower than those for silane decomposition.
The implication of these observations is that energy transfer
parameters do have non-negligible effects on the overall ki-
netics of silane and disilane decomposition reactions. Strong
collision calculations cannot necessarily be expected to give
accurate results. Compared to hydrocarbon systems, very
little is known about energy transfer in silicon hydride mole-
cules. Since trends in energy transfer for different substrate
moelcules with the same set of bath gases cannot yet be accu-

TABLE IIL. Comparison of silylene reaction rate constants.”
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FIq. 10. Calculated three-body association rate constants for the reaction
of silylene with hydrogen (@) and silane (O) as a function of total pressure
in helium buffer gas at 300 K.

rately predicted a priori, more experimental data on energy
transfer in silicon hydride systems is clearly required. It is
somewhat surprising that we are unable to observe a differ-
ence in collisional stabilization efficiencies for chemically
activated silane using helium, argon, nitrogen, and carbon
tetrafluoride, although the data may be close enough to the
high pressure limit that such effects are minimal and would
only be discernable by comparison of full pressure depen-
dences for each bath gas. In order to aid in assessing the
magnitude of pressure dependent effects on silylene reac-
tions with hydrogen and silane in other reaction environ-
ments, we present the calculated three-body association rate
constants as a function of pressure over an extended range in
Fig. 10.

Table II provides a comparison of our rate constants
and Inoue and Suzuki’s LIF results' with values calculated
from Arrhenius parameters originally suggested by John
and Purnell.'® It is clear that there are enormous discrepan-
cies between the directly measured rate constants and the
estimates of John and Purnell, especially in the case of reac-
tion with hydrogen. Taken together, the LRAFKS and LIF
studies leave no doubt that previous estimates of silylene
reactivity with hydrogen, silane, and disilane give rate con-
stants which are much too low.

This work
High pressure
Reactant John and Purnell® Inoue and Suzuki® 1 Torr 20 Torr limit
H, 2.0 107 1.0x 107124 2.6x 107129 1.3x 10712 3.2x 10~
SiH, 9.4x107 1 L1x10"'° 6.7x10~1 1.8 101 22x10~%
Si,Hg 7.6 1012 5.7x10-1° 1.5x 10~ 3.4x10-10¢

*Rate constants are in cm® molecule ™' s~ at 300 K.

® Calculated from Arrhenius parameters estimated from kinetic data in the range 20-70 Torr, 578608 K (Ref. 17).

°Values from Ref. 13 at 1 Torr in helium, except as noted.
9 Rate constant at 2 Torr total pressure.
°Rate constant at 9.5 Torr total pressure.
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The disagreement between our rate constants for reac-
tion with hydrogen and silane and those determined in Inoue
and Suzuki’s LIF study®® are relatively small, and not unu-
sual even in direct kinetic studies of complicated chemical
systems. The disagreement in the case of reaction with disi-
lane is, however, well outside of experimental uncertainty.
We can offer only limited insight into possible reasons for the
discrepany. The measurements differ significantly in two re-
gards, the silylene detection scheme and the design and oper-
ation of the flow cells. It is possible that LIF detection may
be complicated by the flurorescence behavior of the A state
of silylene,?” while the absorption technique is not. It seems
more likely that difficulties in handling reactive gases at
small concentrations in flow reactors are responsible. Reac-
tant purity is unlikely to be an issue, since the rate constants
are so near gas kinetic that enormous impurity levels would
be required to account for a factor of 3.8.

These results have important consequences for silylene
thermochemistry. In our original study of the reaction of
silylene with deuteriuin, we suggested that the rate constant
for that reaction was a good approximation to the high pres-
sure limiting value for SiH, + H, and that the observed rate
constant strongly supported the claims of ab initio calcula-
tions*® that the heat of formation of silylene was too low.'*
Our present data for the reaction of SiH, with hydrogen
clearly prove this contention. Since Arrhenius parameters
are known for the thermal decomposition of silane,*° disi-
lane,*! and trisilane,*® we can now estimate the heat of for-
mation of silylene from three independent sets of data, using
known heats of formation and third law entropies.** Using
rate constants for the decomposition of silane, disilane, and
trisilane at 300 K, calculated from the Arrhenius param-
eters, and our measured high pressure rate constants, we
calculate heats of formation for silylene of 65.1, 64.6, and
64.1 kcal/mol, based on the equilibria SiH,=S8iH, + H,,
Si,H,=SiH, + SiH,, and Si,H, = SiH, + Si,H, respective-
1ly. The uncertainties in these values are ~ + 2 kcal/mol. A
difficulty with the thermochemistry of the decomposition of
disilane, discussed in our initial communication,™ has been
removed by a recent reinvestigation of disilane pyrolysis and
an upward revision of the activation energy for this reac-
tion.!”*! The calculated heats of formation show excellent
internal consistency and agree well with a similar recent eva-
luation by Martin et g/.*! The consistency of the kinetic anal-
ysis, combined with ion-molecule derived values'®!! of
69 + 3 and 68.5 + 1.5, photoionization derived values!'?
0of 65.2 + 0.7 or 68.2 + 0.8, and ab initio values*® of 63.4 and
68.1 kcal/mol, leave no doubt that the previously accepted
value of 58 kcal/mol for the heat of formation of silylene
requires revision. The kinetic results appear to support the
lower of the two values arrived at in the photoionization
study, while ion—molecule data appears to support the high-
er value. However, reevaluation*® of Boo and Armentrout’s
ion beam data'' using a heat of formation of 278.0 + 1.4
kcal/mol for SiH;" and an ionization potential for silylene of
9.15 4 0.02 eV, the higher of the two values suggested in the
photoionization study,'? gives a value for the heat of forma-
tion of silylene of 65.5 + 1.5 kcal/mol, in agreement with the
kinetically derived values presented above.

Uncertainties in the thermochemistry, even as smallas 2
kcal/mol, make meaningful estimates of activation energies
for the insertion reactions difficult, since the activation ener-
gies are almost certainly smaller than this. Any activation
energy for the reaction of silylene with silane or disilane is
very small, and we have previously estimated'* that the acti-
vation energy for the insertion of silylene into hydrogen was
less than 1 kcal/mol. The thermochemistry presented above
is consistent with an activation energy of 1.7 kcal/mol for
this reaction. Temperature dependent studies over a sub-
stantial temperature range will be required to make any
further progress in this area. It is clear that the previously
accepted!® activation energy of 5.5 kcal/mol for the reaction
of silylene with hydrogen, as well as a number of ab initio
values**® are too high. Our rate constants are, however, in
excellent agreement with the most recent ab initio calcula-
tions by Gordon et al.®

The rate constants presented above also provide a new
insight into mechanistic models of silicon CVD from silane.
The results are particularly applicable to low temperature
deposition processes, such as glow discharge deposition of
amorphous hydrogenated silicon. Silylene has very often
been postulated as a film growth precursor in this deposition
process, yet several direct studies of silylene concentrations
in silane glow discharges find remarkably little silylene pres-
ent.**° The explanation for this result is now straightfor-
ward. Silylene is almost certainly formed efficiently in glow
discharge decomposition of silane, but it is also consumed
rapidly to produce higher silanes. Therefore, the steady state
concentration is low, as is the direct flux of silylene to the
film growth surface. This suggests that higher silanes may be
much more important in silicon CVD mechanisms than pre-
viously suspected, especially under low temperature condi-
tions.>” It is also clear that any equilibrium or kinetic model
for silicon CVD which has been evaluated using data from
the existing silylene literature overestimates the concentra-
tion of silylene.

CONCLUSIONS

We have investigated the kinetics of silylene reactions
with hydrogen, silane, and disilane in some detail. The re-
sults require substantial revision in accepted values for the
absolute rate constants for these reactions and in the heat of
formation of silylene. The kinetic data presented in this
study, when combined with ab initio calculations, mass spec-
trometric studies, and reevaluation of silicon hydride pyro-
Iysis kinetics, provide a remarkably consistent, quantitative-
ly new picture of the chemistry of silicon hydrides. This
information, in turn, should provide new insight into model-
ing of silicon CVD processes at increasingly sophisticated
and accurate levels.
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