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The reaction kinetics of ground state Si atoms was studied behind reflected shock waves
in the presence of excess ¢lnd CH, respectively. The very fast Si atom formation

by the thermal decomposition of SjHand SjHs was used as a reliable Si atom
source at temperatureb> 1550K. CH, was formed by the thermal decomposition of
different source gases like GBI and CHl. All test gases were highly diluted in argon.

The atomic resonance absorption spectroscopy (ARAS) was applied for time-resolved
measurements of Si and H atoms and it was found that the reaction of Si atoms with
CH, (R1) is much slower than the reaction of Si atoms with;GR2) which seems to

be an important reaction leading to the formation of very reactive intermediate species on
its way to form SiC. The product channels are discussed and a temperature independent
mean rate coefficient for (R2) was determined:

k a .
Si+CH; = SiCH+H, (R2a)
2 SiCH, +H (R2b)

with kg, /k.a < 0.1 and a mean value fok, =2.040.69- 10 cm®mol-tst. A reaction
mechanism including the established GRI (Gas Research Institute) mechanism is presented
which explains all measured Si and H concentration profiles obtained during this study.

I ntroduction

The significance of silicon carbide as one of the most important ceramics
is well recognised as also the persisting interest in optimizing the proper-
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ties of the final bulk material to meet highest demands. The production of
silicon carbide nano-powder with characteristics like highest purity and qual-
ity, high specific surface area, and high sintering quality is therefore of great
importance. The most established SiC production process is still the energy
intensive Atcheson process [1], where Si@acts with carbon to form SiC

and the resulting CO, which has to separated in a rather expensive process.
Different ways of Chemical Vapour Deposition (CVD) processes are avail-
able for very high purity SiC thin film production. For SiC nano-powder
production of highest purity the gas-phase synthesis in high-temperature reac-
tors became the focus of interest during the last decade. A general overview
of the synthesis of particles in high temperature gas-phase reactors is given
by Wooldridge [2] and Pratsinis [3] has presented the flame aerosol pro-
cesses. Many studies about different SiC synthesis routes were published in
the last years. Such processes are partly combined with RF, microwave or
laser energy inputs. Different source gases have been used likgCHild
SiH,/C,H,4, Si,Hs/CH,, SiCl,/CH,, CH;SiCls, (CH3),SiHCI, (CH3),SiCl,,
(CHj3),Si, and S{CH3),(C,Hs0),. To understand and to optimize such pro-
cesses, reliable kinetic and thermodyamic data of important gas-phase reac-
tions are necessary.

In many studies where silanes or chlorosilanes and methane are used as
source gases, it is mentioned that with higher temperatures higher SiC yields
can be obtained. Some of these workers have assumed homogeneous gas-
phase reactions of gaseous silicon as the favoured reaction route to form
SiC. In view of the higher stability of methane compared to those of the
silanes, these deliberations are acceptable. Taatcal. [4] have synthe-
sized SiC powder from Si¢ICH, using H, as a quenching gas in a ther-
mal plasma CVD reactor. According to equilibrium calculations they sug-
gested that the reaction (§) + CH, (x = 0...4) is responsible for the for-
mation of SiC. Gucet al. [5] have synthesized SiC powder by introducing
pure silicon powder into a carrier gas consisting of ,Z&t or CH, only,
which is injected into an induction plasma in hot and cold wall reactors, re-
spectively. They also strongly suggested the reaction of gaseous silicon with
decomposition products of methane as the predominant mechanism for SiC
formation.

A comprehensive study of the reaction of Si atoms with several hydrocar-
bons was performed by Basu and Husain [6, 7]. They have studied reactions
of ground state Si atoms with different acetylenes and olefins (eld;,C
C,H,4, CsHg, C4Hs) in a slow-flow reactor at room temperature. Si atoms were
generated by pulsed irradiation of SjGind an atomic resonance absorption
system was used for the Si detection. Differences between the absorption de-
cay caused by the reaction of Si with Si@8, 9] and a faster decay obtained
when acetylenes and olefins are added were analysed and reported in form
of rate coefficients. They have also studied the reaction of Si with [TB]
and reported an upper limit for the rate coefficient at room temperature to
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bek, <6.0-10° cm®molts~! which was much slower compared to reactions
with olefines or acetylenes which have rate coefficient values almost equal to
the collision frequency.

In this study the formation and consumption of silicon atom concentra-
tions by added CiHand CH at high temperatures was measured behind re-
flected shock waves. An ultra-high vacuum(UHV)-shock tube reactor equipped
with highly sensitive atomic resonance absorption spectroscopy (ARAS) is
used to detect time resolved Si- and H-atom concentrations in highly diluted
SiH,/Si;Hs/CH,/CH;Cl/CHal /Ar mixtures. The paper describes the experi-
mental technique and discusses the kinetic results based on a reaction model,
which can predict all measured signals over a wide range of mixtures composi-
tions and temperatures.

Experimental

The experiments were carried out behind reflected shock waves in a stainless
steel shock tube of 80 mm internal diameter. The driver section véa® he
driven section & m in length, which was specially prepared for ultra-high-
vacuum (UHV) requirements. The driven section can be baked out and pumped
down to pressures below- 20~ mbar by a turbo molecular pump. The gas
mixtures used were prepared manometrically in a stainless steel UHV cylin-
der which can be pumped down by the combination of a chemical diaphragm
pump and a turbo-molecular drag pump. The leak/andutgassing rate was

in the order of(1£0.5) x 10" mbars? for both driven section and vessel.
The gases and liquids used were of highest commercial purity: 99.9999%,

Si,Hg > 99.9%, SiH, > 99.999%, CHCI > 99.999% and CHI > 99.99%.

A more detailed description of the experimental procedure can be found else-
where (Refs. [11] and [12]).

The ARAS technique used to observe Si-atom absorption at the Si-triplet
[4s3P," < 3p,°%P,] at A = 2516 nm consists of a pulsed Si-hollow cathode
lamp, the shock tube absorption path, which is located 15 mm ahead of the
end plate, a monochromator.26 m Jarrell Ash), and a photomultiplier (Burle
IP28). Perpendicular to the Si-detection system, a second ARAS diagnostic
system is arranged for simultaneously monitoring H atoms. H atoms were de-
tected at Lyman alpha = 1216 nm. The system consists of a microwave
excited discharge lamp, a®m McPherson VUV monochromator, and a so-
lar blind photomultiplier (Hamamatzu Typ R1459). The microwave lamp was
operated with a flowing gas mixture ofl® H, in He maintained at a con-
stant pressure of 6 mbar and a microwave power of about 50 W. The spectral
resolutions are .8 nm for the Si- and & nm for the H-diagnostic systems.

The spectral shape of both the Si- and H-atom resonance lines are not
known precisely due to self absorption and self reversal in the light sources.
Therefore, series of shock wave calibration experiments have been performed
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to relate the measured absorptions to the appropriate concentrations. The Si-
atom calibration is based on the well known high-temperature dissociation of
0.05 to 20 ppm SiH, highly diluted in argon, see Micét al. [13]. H atom cali-
bration was realized by H atom measurements during the thermal decompos-
ition of 2 ppm N;O/200 ppm H/Ar mixtures at 1300 K< T <1900 K. The
signals were compared with computer simulations, see Roth and Just [14, 15],
and Masteret al. [16]. The relation between measured absorption and cor-
responding concentration can be expressed by the modified Lambert—Beer
equation:

ncmton(-(35) = () ) xmme

wherel is the length of the absorption path,the wave length ana the
concentration exponent. The individual calibration parameters wefe:
0.95, 05 = 4.0-10*cm? n, = 0.56, oy, = 1.31-108 cn?. Eq. (1) fits the
calibration measurements for Si quite well in the concentration range be-
tween 20-10" and 40-10** atomscm?, and for H between .8-10" and
1.0-10® atoms cm?®. The uncertainties of Eqg. (1) are about 15% for each
species.

Resultsand discussion

In a first experimental series Si atom concentration profiles were measured be-
hind reflected shock waves in mixtures containing Sitd Shb,Hg and a large
excess of CH highly diluted in argon. The detailed experimental conditions
of all experiments of this study are listed in Table 1. Fig. 1 shows an example
for both an undisturbed Si absorption profile of a shock heated/argon
mixture and its perturbation by addition of 200 ppm CHithree different tem-
peratures. Time = 0 is fixed to the shock heat-up which leads to an almost
instantaneous formation of Si atoms indicated by the absorption step from 0
to about 90%. With additon of CHa signal decrease was measured after the

Tablel. Experimental conditions.

Test gas mixture in Ar T [K] p [bad
0.25-10 ppm SjHg/25—-1000 ppm CH 1550- 1970 15+0.15
0.5-10 ppm SiH,/200-500 ppm CH 1740- 2130 06—-14
0.5-2 ppm SiH¢/20 ppm CHCI 1580- 2320 144+0.1
0.25-Q05 ppm SiH,/2.5-50 ppm CHCI 1850— 2600 125+0.1
0.25 ppm SjHg/5.0 ppm CHiI 1550—- 2050 14+0.7

0.5-10 ppm SiH,/5.0-50 ppm CH]I 1790— 2580 13+0.15
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Fig. 1. Absorption at. = 2516 nm behind reflected shock waves in a $iMrgon mixture
without and with the addition of CHat three different experimental temperatures.

maximum was reached and the decay became faster with increasing tempera-
ture. Thes-formed shape of the profiles indicated an induction time for the
consumption of Si atoms which is not explainable either by the uncertainty
or lower sensitivity of the Si calibration relation at higher or lower absorp-
tion ranges. It signalizes that not ¢Hut a secondary reaction seems to be
responsible for the consumption of Si atoms.

According to simulation calculations using the established GRI mechan-
ism [17], CH, decomposes slowly and forms @lds a major product within
our temperature and pressure ranges. Therefore, a second series of experiments
was performed in which the fast decomposition of either,CH-> CH;+
Cl (R20) [18] or CHI — CH3;+1 (R29) [19-21] were used as fast GH
sources. The main difference between the previous experiments was, that only
a few ppm of CHCI or CH;l, i.e. almost two orders of magnitudes less than
CH,, were sufficient to reach a similar Si signal decay compared to the first
experimental series. The measurements showed a strong dependence on the
added CHCI and CHil concentrations but no dependence on the experimental
temperature. The apparent induction time found in the first series has disap-
peared, too. Fig. 2 shows measured Si absorption profiles when 5 pp@l CH
and 10 ppm CH were added to a.8 ppm SiH,/Ar mixture. After a fast in-
crease of the absorption within 2@ caused by the fast formation of Si atoms,
the signal tends to decrease over the next 800The ratios between the Si
precursor concentrations (SiHSi,Hg) and the perturbing CHsource gas
concentrations (CECI and CH) of all investigated gas mixtures were kept
at least at * 10 and above. Calculations using the GRI mechanism showed
that for almost all our experiments the amount of Céduld be treated in
a first approximation to be constant within the period of the fast signal de-
cay (T =1700K: 15% loss in = 1 ms,T = 2500 K: 20% loss it = 0.2 ms).
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Fig. 2. Example of two absorption profiles by Si atoms which are measured in g/A&iH
mixture with a few ppm CH and CHCI added. Insert: first-order plots of both absorp-
tion signals.

This justifies a pseudo-first-order analysis as a first step to determine a rate
coefficientk;™ for the reaction of Si atoms with GH

Si+ CH; 2 products (R2)

All measured Si absorption profiles were transfered into first-order plots,
where In[(— In (1— As))“™] is plotted against the reaction time. The result-
ing curves of the measurements of Fig. 2 are presented in the upper right corner.
Their slope is equal to the inverse time constarit

d
tl=—gn[(=In@- AT, (2
whereAg; is the Si-atom absorption. Rate coefficiek}% of reaction (R2) can
directly be determined from the time constants.

-1
st °

2 [CHslo

with [CHs], being the initial CH concentration of a 100% conversion
from CH;l and CHCI, respectiveley. The individual results are shown as
open circles in Fig.3. The rate coefficients are temperature-independent
within our investigated temperature range. The mean-vall€®is- 2.19+
0.7-10" cm® mol~! s~ where the uncertainty is given atdevel.

Possible reaction pathways are determined by comparing reaction en-
thalpies calculated using the thermodynamic data of the CHEMKIN data-
base [22] containing ab-initio calculations from Allendorf and Melius [23] for

(3)
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Fig.3. Arrhenius plot of the rate coefficierk}* and k§™ for the reaction of Si atoms
with CHa.

the Si-C-H system although they admit very high uncertainties in the data for
molecules like HSIC and SICH.

Si+CH, 2SiCH+H, AHS, = —758kJmol (R2a)
2SiCH,+H  AH%,= — 682 kJ/mol (R2b)
ZSH+CH,  AHS,= 1745 ky/mol (R2c)
2HSIC+H,  AHS,=177.3kymol (R2d)

Reaction pathways (R2a) and (R2b) are exothermic; reaction enthalpies of
other product channels than (R2c) and (R2d) are much more endothermic and
are not listed here. (R2a) and (R2b) are the favoured channels because of the
temperature independekj* that we obtained. To distinguish the pathway of
reaction (R2), simultaneous H atom concentration measurements were per-
formed. An example is presented in Fig. 4, where both, Si and H profiles are
measured simultaneously in a QCH,CI/Ar mixture. For comparison, H
profiles measured in a2ppm CHCI/Ar mixture (dots) and in a @5 ppm
SiH,/Ar mixture (triangles) are also shown. The H concentration shows an
explicitly slower increase compared to the Si concentration decay thereby
indicating the dominance of channel (R2a) compared to the H producing
channel (R2b).

It was observed that at higher temperatures and higher concentrations of
CHsCl and CH the Si-signal decay did not end at zero concentration lev-
els as can be seen in Fig. 5. The signal continues after a fast decrease with
a second slower increase which follows then again by a slow signal decay
within our experimental measurement time. This behaviour was measured at
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Fig.4. Simultaneously measured Si- and H-atom concentration profiles compared with
simulation results using reaction channel (R2a) and (R2b). H concentrations measured in
CHsCI/Ar (dots) and SiH/Ar (triangles) mixtures are included.
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Fig.5. Upper part: Si concentrations measured at four increasing temperatures in a 1 ppm
SiH,/50 ppm CHI/Ar mixture. Results of calculations obtained with the reaction mech-
anism of Table 2 are included. Lower part: Appropriate sensitivity analysis for Si atoms of
the experiments al = 2250 K with R54: CH + CH3;(+M) = C,Hg(+M).
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Table2. Simplified reaction mechanisrk, = Ax T" x exp(—Ta/T ) cm® mol~t s,

Reaction Rate Coefficient Ref.
A n Ta
2 Si+ CH3 = products 2010 t.s.
3 SiCH+H — Si+CH, 7.0.10* 1.15 11930 as.
-3 Si4+CH, - SiICH+H 1.0-10% as.
4 Si+C,H, = SiC, 4+ H, 1.2.104 [7]
5 Si+C,H, = SiH, + C,H, 5.3.104 [6]
7 Si+CH, = SiC+H, 2.0-10% as.
8 SiHg = SiH, + SiH, 5.2-10%° 16850 [24]
9 SiH, = SiH, +H, 1.9.10% 22550 [13]
10 SiH +Ar = Si+H, +Ar 9.1.108 15100 [13]
11 CHCl=CH;+Cl 14.10% 41373 [18]
12 Cl+ CH;Cl = HCI+ CH.,CI 3.4.108 1425 [18]
13 CH; 4 Cl = CH, + HCl 2.2.108 4152 [25]
14 HCI+Ar = H+Cl+Ar 9.0-10% 44010 [26]
15 H+HClI=CI+H, 1.3.10% 1700 [26,27]
16 HCI+Cl=H+Cl, 7.4-108 23810 [28,29]
17 H,+Ar = H+H+Ar 2.2.104 48300 [30]
18 CL+Ar =CI+CI+Ar 4.0.10% 23840 [28,31]
19 CHil +Ar — CH;+ 1 +Ar 2.3.10% 19845 [21,19]
20 H,+1 — HI+H 1.7-10% 16940 [28]
21 HI+1 - H+I1, 8.0-10% 18700 [28]
22—69 GRI — Mechanism 3.0 [17]

temperatures abové = 2000 K in mixtures containing more than a tenfold
excess of CH and CHCI, respectively. It was also observed in mixtures
with an excess of CiH The beginning of this tendency at the lower tem-
perature limit can be seen in Fig. 1 &= 2070K. In case of CECI the
second increase was less pronounced. After the fast Si decay the signal ends
in an almost steady state and was then followed by a slow decrease. Ex-
periments with only CH/CH;Cl/CHsl/argon mixtures were performed at
similar conditions to verify if secondary species, formed during the decompos-
ition process, absorb at= 2516 nm. No absorption was measured in these
experiments.

Based on all these observations a reaction mechanism is proposed (see
Table 2) containing the GRI mechanism [17], but without oxygen and nitro-
gen containing species and reactions, and the decomposition mechanisms of
SiH, and SjHg [13, 24]. Dissociation reactions for GH21] and CH;CI [18]
are added as well as reactions with Cl and HCI for completition. A reaction
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Si+ CH, = SiCH, + H, (R1a) was included based on thermodynamic consid-
erations:

Si+CH, 2 SiCH,+H, AH%,= —655kJmol (Rla)
2SH+CH,  AHS, = 1536 k)/mol (R1b)
£ SiCH+H  AHS,=1541kJ/mol (R1c)
2 SiH,+CH,  AHS,= 2824 kymol (R1d)

Reaction (R2a) as well as reactions+St,H, and SH C,H, suggested by
Basu and Husain [6,7] were added using energetically favoured product
channels.

The Si decay of all CKHl and CH;Cl experiments as well as all experiments
with CH, could be simulated with this mechanism. This confirms on one hand
the assumption of a slow reaction of Si with Cebmpared to the fast one of
Si with CH;. On the other hand it validates the GRI mechanism for thg CH
decomposition and the GHormation, respectiveley. The resultikgj” are also
included in Fig. 3 and a mean rate coefficightontaining allk}*' andks™ for
the reaction

Si+ CH; 2 products (R2)
can be given as:
k, = 2.004+0.69- 10 cm*molts™.

Fig. 6 shows the good agreement between a calculated and measured Si pro-
file in a shock heated SIHCH,/Ar mixture. The result of a sensitivity analysis
with respect to Si is presented in the lower part of this figure. The sensitiv-
ity coefficientsS;; are plotted over time and the strong influence of reaction
(R2) compared to (R1) becomes obvious. A maximum value can be given for
the reaction of Si with Clto bek; < 1-10' cm®mol~ s~* which is the high-

est value up to which the Si profiles can not be corrected by variatiokg of
within the error limit. Simulated Si and H atom profiles are shown together
with the experimental results in Fig. 4. The calculations were performed by
switching on either reaction (R2a) or (R2b). Whichever channel is switched
on, it is seen that the result for the Si concentration matches the experimental
value almost perfectly, whereas the H concentration is very much overpredicted
with the (R2b) channel on. On the other hand the profile fits better with the
experimental curve, despite slight uncertainties, when the channel (R2a) alone
is allowed to proceed. This again reinforces that (R2a) is the dominant chan-
nel in the production of Si. Therefore, an upper limit can be given for the
branching ratidk,,/k,, < 0.17 by considering the uncertainties of the H-ARAS
calibration.
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Fig.6. Upper part: Comparison of a measured and calculated Si concentration profile
in a SiH,/CH,/Ar mixture. Lower part: Sensitivity analysis for Si atoms showing the
strong influence of reaction $iCH; (R2). R27: CH(+M) = CH; + H(+M), R28: H+

CH, = CH;+H,.

The second formation of Si atoms (see. Fig. 5) can be either caused by
decomposition or bimolecular reactions of radicals formed by reaction (R2).
These possibilities were tried out and it was found that reactions $iCH
Ar = SIC+H+Ar, AHS;=417.2kJ/mol, SiC+H = Si+CH, AH%;=
5243 kJ/mol, and SiGt+ Ar = Si+ C+Ar, AHZ, = 447.7 kJ/mol could not
explain the measured profiles.

The best fit of all profiles was achieved by including the very simple overall
reaction of SiCH with H forming Si and CH

SICH+H £ Si+CH, AH%, = 99.2 kl/mol (R3)
ks =7.0-10"%T*® exp(—11930K/T ) cm®* mol~*s™*

The backward reaction—{R3) is also considered and is set to a maximum
value of k_ 3 =1.0-10® cm®*mol-ts™!, but has no influence on the pre-
sented results. A reaction $iCH, — SiC+H, (R7) is included with a rate
coefficient similar tok, but this had a negligible influence. The reaction
SICH+ CH; — Si+ C,H, (R6) is included with a maximum rate coeffi-
cient of 40-10?cm®molts™t. Results at four different temperatures are
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shown in Fig. 5 which are achieved lyyvariations of the reactions (R2),
(R3), and (R6) within their error limits. Calculations with the above esti-
mated maximum branching ratio for (R2a) and (R2b) are found to result
in incorrect predictions for the simulated Si profiles when compared to ac-
tual measurements at higher temperatures and higher d@Hcentrations.

The additional H atoms formed by the fast reaction (R2b) varies the Si con-
centration in its shape and absolute value, which can not be balanced by
varying the value oks. A reduction of the upper limit of the branching ratio
kan/Kze from 0.17 to 0.10 leads to calculated profiles which fall within the
measurement uncertainties. The lower part of Fig. 5 shows the eight most
sensitive reactions for the experimentTat= 2250 K. Small uncertainties of

the H concentrations have an influence on the calculated Si concentration.
In case of those experiments with a high excess of@Huch uncertain-

ties are conceivable due to reactions between Cl and HCI with other species
which are not known. The slightly different Si profile shapes in case of
CHsCI, where the second Si increase is less strong, could easily be pre-
dicted with the mechanism by slight variations of the H concentrations by
a few percent.

Conclusions

The reaction of Si with CKlis part of the gas phase chemistry of SiC synthe-
sis. The kinetics of this reaction was studied in a shock tube behind reflected
waves at temperatures 1580T < 2650 K and pressures.®< p < 1.4 bar

using different CH and CH, sources to perturb a constant Si concentration
obtained from the thermal decomposition of $ibl SiHgs. The measured

Si absorption decay was evaluated by a pseudo-first-order analysis. H atom
concentrations were measured simultaneously to determine the reaction path-
way. A reaction mechanism containing the GRI mechanism is proposed that
could predict all measured Si- and H-atom concentration profiles. A rate co-

efficient is given for the reaction $iCH; 2 products (R2) which was found
to be much faster than the rate coefficient for the reaction af GH, for
which an upper limit could be given. The product channel 8H; = SiCH+
H, (R2a) was found to be dominant over the channe} 8H; = SiCH, +
H (R2b) and an upper limit for the branching ratig,/k,, < 0.1 could
be deduced.
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