I

GCl

—
—
——
—

I

4

P
e
——
——
——

I

9l

P —
]
_——
——
——

o aa me W EEE
o

:FFn:i:lL' 1 5 ﬁ-sg
EER R







UC-361

SAND94-8524
Unlimited Release
January 1994

THE DECOMPOSITION OF METHYLTRICHLOROSILANE:
STUDIES IN A HIGH-TEMPERATURE FLOW REACTOR*

MARK D. ALLENDORF, THOMAS H. OSTERHELD, and CARL F. MELIUS
Combustion Research Facility
Sandia National Laboratories
Mail Stop 9052
Livermore, CA 94551-0969

ABSTRACT

Experimental measurements of the decomposition of methyltrichlorosilane (MTS), a common
silicon carbide precursor, in a high-temperature flow reactor are presented. The results indicate
that methane and hydrogen chloride are major products of the decomposition. No chlorinated
silane products were observed. Hydrogen carrier gas was found to increase the rate of MTS
decomposition. The observations suggest a radical-chain mechanism for the decomposition.
The implications for silicon carbide chemical vapor deposition are discussed.
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INTRODUCTION

Methyltrichlorosilane (MTS) is commonly used in chemical vapor infiltration processes
as a precursor to silicon carbide (SiC) [1, 2] Its use is also being explored for the production of
thin films for electronics applications [3]. The kinetics of SiC chemical vapor deposition from
MTS have been of interest for some time, since computationa! models are needed to assist in the
optimization and scale-up of new synthetic methods. Unfortunately, little is known about the
high-temperature reactions of chlorinated organosilanes. In a widely cited paper, Burgess and
Lewis measured the MTS pyrolysis rate in hydrogen at atmospheric pressure [4]. Later,
Davidson and Dean attempted to measure the unimolecular pyrolysis rates for a series of
chlorinated methylsilanes (not including MTS), but found it difficult to achieve non-chain
conditions for these systems [5]. Most recently, Niiranen and Gutman measured the SiCl3 + CHj3
recombination rate at 300 K and 2 torr using photoionization mass spectrometry [6]. The limited
information relevant to MTS available from these studies indicates that additional experimental
data are needed to fully understand the decomposition chemistry of this precursor.

In this paper, we describe measurements of MTS decomposition conducted in a high-
temperature flow reactor (HTFR) using a mass spectrometer to monitor the course of reaction.
The objectives are: 1) to identify the products of MTS decomposition, 2) to determine the effects
of different carrier gases on the decomposition, and 3) to suggest a mechanism for pyrolysis.
Following a description of the experimental procedures used, a brief discussion of earlier
theoretical predictions is presented to provide useful background for understanding the
experimental results.

EXPERIMENTAL METHODS

A schematic view of the HTFR used in these experiments is shown in Figure 1.
Reactions occur within a graphite tube with an ID of 5.0 cm and a length of 100 cm. The tube is
enclosed in a water-cooled, insulated vacuum chamber. Three independently controlled heating
elements surround the tube and can heat the gases flowing within it up to 1500 K. Reactor
pressure is controlled by a pressure transducer coupled to a throttle valve in the vacuum line. In
a typical experiment, carrier gas (hydrogen or helium) enters the reactor tube at the top and is
preheated to the reaction temperature by the first heating element. MTS is then added to the hot
carrier gas through a movable, water-cooled injector, allowing its residence time to be varied
(from zero to 100 msec in these experiments, based on the average flow velocity). The residence
time of the MTS is then varied with respect to a mass spectrometer probe located at the center of
the interaction region, defined by the intersection of the window ports. The following HTFR
conditions were used: total reactor pressure, 25.0 = 0.2 torr; reactor temperature, 1243 £ 10 K;
total flow rate, 5.00 slpm; MTS flow rate, 50 sccm.

MTS and its decomposition products were detected by an Extrel EXM-500 quadrupole
mass spectrometer using electron impact ionization. Masses up to 500 amu and species
concentrations as low as 5 ppm (based on detection of 38Ar in air) are observable with this
instrument. Gases are extracted from the HTFR by a quartz sampling probe with a 475-um
orifice inserted into the center of the flow in the diagnostic region. The pressure inside the probe



is maintained at 1.00 torr by a pressure transducer/throttle valve combination. Since the probe
pressure is typically a factor of 10 or more lower than the pressure within the HTFR, the rates of
chemical reactions (in particular, radical-radical reactions) within the probe are substantially
reduced. After extraction, the sampled gases flow past a 200-um orifice attached to the mass
spectrometer chamber. The small amount of the gases leaking through the orifice forms a
molecular beam, which is then ionized and detected by the spectrometer.
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Figure 1: Schematic view of the high-temperature flow reactor.




THEORETICAL PREDICTIONS OF MTS PYROLYSIS

The experiments described here provide an opportunity to test some of the predictions of
our earlier theoretical analyses of MTS pyrolysis, in which we describe both the reaction
thermochemistry [7] and kinetics [8). To estimate MTS decomposition rates as a function of
temperature and pressure, transition state (RRKM) theory was employed to predict rates for
several unimolecular MTS decomposition pathways [8], using transition state structures obtained
from ab initio electronic structure calculations [7]. These calculations indicate that the three
most important decomposition pathways are:

CH3SiCl3 + M —» CH3 + SiCl3 + M (N
CH3SiCl3 + M — CH2SiCls + H+ M (2)
CH3SiCl3 + M — CH2=SiClp + HC1 + M 3)

At the temperatures and pressures typical of SiC CVD (1300 - 1500 K, 10 - 760 torr), the rate of
Reaction (1) exceeds that of the other two by at least two orders of magnitude. This is illustrated
in Figure 2 for the case of hydrogen carrier gas at 1300 K. Exchanging hydrogen for helium
increases the rates of Reactions (2) and (3) relative to Reaction (1), but the rate of Reaction (1)
still exceeds that of the other two by at least a factor of 65.

A second prediction of these calculations is that substitution of hydrogen for helium as
the carrier gas will decrease the total MTS decomposition rate by about a factor of two, due to
the less effective collisional energy transfer expected from hydrogen. A final important finding
is that all three reaction channels are sensitive to the total pressure, as illustrated in Figure 2.
Decreasing the hydrogen carrier gas pressure from 760 torr to 10 torr results in a factor of 13
decrease in the total MTS decomposition rate.
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Figure 2: Pressure dependence of the three major MTS unimolecular decomposition pathways.



EXPERIMENTAL RESULTS AND DISCUSSION

Experiments in the HTFR using mass spectrometric detection identified two products of
MTS decomposition. The results of these experiments are shown in Figures 3 and 4. Figure 3
shows the mass spectrum obtained for a mixture of 1% MTS in helium with a residence time in
the heated zone of 82 msec. Peaks due to background gases were partially removed by
subtracting the spectrum obtained in the absence of MTS. Peaks at m/z (mass/charge) ratios of
148, 133, 113, 98, 76, and 63 correspond to the CH3SiCl3+, SiCl3+, CH3SiCly*, SiClpt,
CHSICl*, and SiCl* ions produced by fragmentation of MTS in the spectrometer (smaller peaks
2-6 mass units above each of these correspond to fragments containing the 37Cl isotope). Also
apparent in this spectrum are peaks at m/z=36 and 38, corresponding to the two isotopic forms of
HCI; this identifies HCI as an MTS decomposition product. Peaks in the range of m/z values
between 12 and 30, where hydrocarbon fragments are expected to appear, cannot be readily
identified since accurate baseline subtraction is difficult to achieve (often producing negative
peaks, for example) due to overlap with much larger background peaks.

Notably absent in Figure 3 are peaks associated with chlorosilanes other than MTS,
which could form as the result of secondary reactions occuring after Reactions 1-3. No signal
was observed at m/z values corresponding to SiCls or HSiCl3 (the parent ion of SiH,Cly cannot
be conclusively identified due to its overlap with the 28Si37CI35Cl peak at m/z=100). A
compound that would be formed by the reaction of two CH,SiCl3 molecules from Reaction (2),
ClI3SiCH7CH3SiCl3 (m/z=294), also could not be detected. The absence of signal at these m/z
values suggests that silicon-containing radicals formed in the initial stages of MTS
decomposition are lost to the reactor or probe walls before reaching the spectrometer. If this is
occuring, it may be possible to reduce the rate of wall loss by converting the radical to a more
stable species by rzacting it with a trapping agent. In the case of MTS decomposition, SiCl3
molecules formed by Reaction (1) are expected to further decompose via the reaction SiCl3 —
SiClp + Cl. Since «ilylenes such as SiCly are known to react with unsaturated hydrocarbons to
form stable alkylsilanes [9], we attempted to trap these molecules by adding C2Hg to the carrier
gas. The compound that would be formed is HCIpSiCH=CHp>, giving mass peaks at m/z=126,
99, and 91 corresponding to the fragments HCl,SiCH=CH»*, SiCl,H*, and HCISiCH=CHj*.
Efforts to detect these fragments in both helium and hydrogen carrier gas were unsuccessful.
This suggests that the SiClp molecule, if it forms, is also lost to the walls or that the addition
product is not sufficiently stable to be detected.

In addition to HCI, a second product of MTS decomposition was detected by monitoring
the signal at m/z=15, which corresponds to the CH3* fragment. As discussed earlier,
interference from background gases complicates data collection in the 12-30 amu region.
Meaningful data can be obtained, however, by averaging the signal at a particular mass over a
period of one to two minutes. Data obtained in this manner are presented in Figure 4, which
shows the intensity of the m/z=133 and m/z=15 peaks as a function of reactor residence time.
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Figure 3: Mass spectrum (background- Figure 4: Signal-averaged data for m/z=15
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SipCoH4Clg in the figure) as products.

produced as MTS decomposes. Data for
each mass averaged over 3.5 minutes.

The concentration of MTS decreases as the residence time increases, showing that MTS is
decomposing in the reactor. Simultaneously, the m/z=15 peak increases with increasing
residence time, indicating that the parent compound is a product of the pyrolysis reaction. The
likely source of this signal is methane; plots of the signals at m/z values corresponding to ethane
(which could form by recombination of CH3 radicals) show no such increase. Similar behavior
is obtained at m/z=16 (corresponding to CHa*), but with reduced precision due to overlap with
the very strong O* peak. The detection of CHy indicates that some of the MTS decomposes via
Reaction (1). Quantitative experiments correlating the concentration of MTS and CHjy are now
required to determine if Reaction (1) is the primary decomposition channel.

The effect of exchanging helium for hydrogen carrier gas on the overall MTS
decomposition rate was also examined. As discussed above, the unimolecular decomposition
Reactions 1-3 are predicted to be a factor of two slower in hydrogen than in helium. Figure 5
compares the amount of MTS decomposition observed in helium versus hydrogen, as indicated
by the change in the m/z peaks corresponding to the SiCl3+ cracking fragment of MTS. In
helium, m/z=133 decreases by about 5% for an MTS residence time of 67 msec. In hydrogen,
however, the decrease is much larger, about 17% for the same residence time. Thus, addition of
hydrogen increases the MTS decomposition rate. Since this is the opposite effect of that
predicted by collisional energy transfer arguments [8], an additional MTS decomposition
mechanism must be operative that is accelerated by the addition of hydrogen.
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Figure 5: Comparison of mass spectrometer peaks corresponding to SiCl3* ions for helium
versus hydrogen carrier gas at 1243 K, 25 torr.

The observations described above are consistent with a radical-chain mechanism in which
hydrogen atoms and methyl radicals play an important role. Such mechanisms have been
proposed for other chlorosilanes [5]. The mechanism is described by the following reactions:

Initiation: CH3SiClz3 + M — CH3 + SiCl3 + M )
Chain Propagation: CH3SiCl3 + CH3 — CH4 + CH2SiCl3 @)
CH3+Hy - CH4 + H (5)
H + CH3SiCl3 — Hj + CH;3SiCl3 (6)
SiCly — SiClp + Cl )
Cl + CH3SiCl3 — HCI + CH»SiCl3 8)
Cl+Hy - HCI+H )
Chain Termination:  SiCls + wall — SiCl3(w) (10)
SiClp+ wall — SiCly(w) (11)
CH>SiCl3 + wall — CH2SiCl3(w) (12)
H+H+M-H+M (13)
H+Cl+M ->HCI+M (14)
CH3+H+M - CH4+M (15)

As predicted by the RRKM calculations, the initation step in this mechanism is the
breaking of the Si-C bond. The methyl radical formed in this step can then react with another
MTS molecule to produce methane, thereby accounting for the observed production of this
species in helium carrier gas. Exchanging hydrogen for helium as the carrier gas accelerates the
conversion of the methyl radical to methane by providing a second, presumably faster, pathway
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(Reaction 5). Since Reaction 5 also produces an H atom, the MTS decomposition rate also
increases via Reaction 6.

Formation of HCI occurs through Reactions 7-9. Since the Si-Cl bond strength [7] in
SiCly is only 68.8 kcal mol-l, thermal energy sufficient to fragnent the Si-C bond (whose
strength is 96.7 kcal mol-1) is easily sufficient to drive Reaction 7. Other pathways leading to Cl
atom formation, such as breaking the Si-Cl bond in MTS, or elimination of HCI via Reaction 3,
are expected to be significantly slower than Reaction 7.

The lack of chlorosilane products is accounted for in the mechanism by wall-loss,
Reactions 10-12. Although these experiments provide no direct evidence of this, measurements
of SiCl3 wall-loss rates at room temperature by Niiranen and Gutman indicate that Reaction 10 at
least should be very fast [6]. They obtained a wall-loss rate of 170 s-1 for Reaction 10; for
comparison, the rate of Reaction 1 is predicted by RRKM calculations to be about 1 s-1 in helium
at 25 torr and 1243 K.

The mechanism suggested above has significant consequences for SiC CVD. First, the
observed activation energy for MTS pyrolysis will be substantially lower than that predicted by
RRKM theory, since the chain-propagation reactions (4)-(6) have very low activation energies
(8-10 kcal mol-1) compared with the much higher activation energies associated with initiation
(>75 kcal mol-! at 25 torr). Thus, MTS decomposition will proceed at reactor temperatures
lower than those expected from a purely unimolecular, non-chain process. Second, the rapid loss
of silicon-containing species to the walls implied by Reactions (10)-(12) is consistent with the
suggestion of previous investigators, namely, that incorporation of silicon during SiC CVD is
rapid and the process is limited by the reaction of stable hydrocarbons with the surface [10].
Finally, the identification of methane as the principal carbon-containing product suggests that
carbon deposition may be slow, since the reactivity of methane with the silicon carbide surface
appears to be low [11].

In summary, the results presented here provide a qualitative picture of MTS
decomposition, identifying some of the gas-phase products and suggesting a mechanism for the
pyrolysis of MTS at CVD temperatures. Additional data are required to provide quantitative
information on the rates of wall reactions, homogeneous decomposition rates, and the effects of
temperature and pressure. Experiments to obtain this information are now underway.
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