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Abstract

Powder refinement is one approach to reducing the
frequency of microstructural inhomogeneities in
ceramic parts. Laser-induced pyrolysis of gaseous
precursors is a veproducible and reliable process to
fabricate nanosized particles. In the thermal decompo-
sition of SiH, and CyH, by a continuous wave CO,
laser, the size of the silicon carbide particles is
adjusted according to their residence time in the
reaction zone. The collision and coalescence model
provides a satisfactory agreement with experimental
results, whereas the nucleation theory is inappropri-
ate. due to the small dimensions of the critical nuclei.

Durch die Verwendung von Feinstpulvern kann die
Defektgrofie im Mikrogefiige keramischer Werk-
stoffe reducziert werden. Die mittels Laser durch-
gefiihrte Pyrolyse gasformiger Verbindungen ist ein
reproduzierbares und zuverlissiges Verfahren, um
Pulver im Nanometerbereich herzustellen. Bei der
thermischen Zersetzung von SiH, und C,H, mit
einem CO, Laser ist die SiC-Teilchengrifie nur von
der Aufenthaltszeit in der Reaktionszone abhingig.
Die Versuchsergebnisse kénnen gut mittels der
Kollisionstheorie erklirt werden, wihrend ein Keim-
bildungsmodell wegen der zu geringen Gréfien der
kritischen Keime nicht geeignet ist.

L'utilisation de poudres de plus en plus fines permet de
réduire l'importance des défauts microstructuraux
d'une céramique. La pyrolyse de précurseurs gazeux
induite par laser est un procédé fiable et reproductible
de fabrication de particules nanométriques. Dans la
décomposition thermique de SiH, et CyH, par un
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laser continu CO,, le diamétre des particules de
carbure de silicium ne dépend que de leur temps de
séjour dans la zone réactionnelle. Le modele des
collisions est en bon accord avec les résultats expéri-
mentaux, alors que la théorie de nucléation homogeéne
ne convient pas en raison des dimensions trop réduites
des noyaux critiques.

1 Introduction

Vapour-phase synthesis of silicon carbide powders,
whether classical,!*? plasma-3 or laser-*3 induced,
most often utilizes silane-derived precursors such as
CH,SiCls, or silane itself (SiH,) with an additional
carbon source which may be C,H,*° C,H,°> or
CH,.® In experiments conducted by Haggerty et al.
since 1977,7 the laser process is based on the high
absorption of SiH, at the 10-6-um radiation of a
continuous wave CO, laser. When the laser fluence
is larger than 2-5Jcm ™2, SiH, is decomposed into
H, and a submicron silicon powder, the shaping and
nitriding of which yield a high-quality reaction-
bonded silicon nitride.”-® In general, hydrocarbons
containing no CH,= group undergo no transform-
ation when they are irradiated by a CO, laser beam,
but decompose when they are associated with a
sensitizer such as SiH,. The recent identification of
intermediate vapour-phase species Si, C, and SiC,,
observed after irradiating a SiH,—C,H, mixture
with a continuous wave CO, laser,” permits in the
present paper the development of a particle form-
ation model for silicon carbide, in good agreement
with experimental results and illustrating how
particle size is adjusted to the reaction parameters.
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Table 1. List of synthesis conditions

Cell pressure

Reactants’ flow rates (cm®min~!) at 298 K
and 1atm

Diameter of capillary inlet (mm)

Flow rate of carrier gas (cm>®min~")
Power of unfocused laser beam (W)

 atm

SiH,: 540> ® > 120
C,H,:300>d> 120
lor2

2200

620

Diameter of unfocused laser beam (mm) 12

BET diameter of SiC particles (nm) 15<d<50
Residence time in the flame (s) l<t<10
Temperature of the flame (K) 1573 < T <2073

2 Experimental

The experimental apparatus consists of a cross-flow
reactor, where the horizontal laser beam intersects
the gaseous reactants.* 1% Crossing of both beams
creates a flame, the temperature of which is
measured by optical pyrometry; an inert gas (He or
Ar) carries the powder to a collection chamber
containing a porous metallic filter.

& "
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Table 2. Residence time and BET equivalent spherical diameter
of SiC particles for three reactants’ flow rates

Run
1 2 3

SiH, flow rate

(cm3min™1) 120 200 540
C,H,; flow rate

{cm*min 1) 674 110 300
C/Si ratio 1-12 1-10 1-11
Residence time, ¢ (s) 8-10x107324x10"3 1x1073
BET diameter (nm) 518 30-6 159

Typical values and ranges of experimental para-
meters are listed in Table 1; residence time, flame
temperature and particle size all increase with
decreasing flow rates (Table 2). As-formed powders
(Fig. 1(a)) present the infrared spectrum of silicon
carbide, and the X-ray diffraction patterns of
crystalline §-SiC (Fig. 1(b)); their BET equivalent

Fig. 1a. TEM photomicrograph of laser-synthesized SiC powder.
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Fig. 1b. X-ray diffraction pattern and IR spectrum of laser-synthesized SiC powder.
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Fig. 2. As-measured BET equivalent spherical diameter (nm) of
laser-synthesized SiC particles as a function of their residence
time (10~ %s) in the flame.

spherical diameter varies with the residence time in
the flame, as illustrated in Fig. 2.

Laser-induced pyrolysis of SiH, and C,H, can
result in a nearly complete reaction. For example,
for SiH, and C,H, flow rates of 300 and
165cm?. min !, the overall amount of reacted SiH,,
and C,H, is in excess of 99 mol %, while the amount
of SiC recovered per hour is 30 g, compared to the
theoretical value of 322 g. The discrepancy is due to
losses occurring in the powder collection and to the
formation of minor by-products identified as C,H,,
C;H,, H,C=C=CH,, H,C=CH-—SiH,,
H,C—CH—C=CH, HC=C—C=CH and C¢H,.

Two models have been considered to explain the
vapour-phase formation of SiC particles: classical
nucleation, and collision-coalescence. The results
are presented in Section 3.

3 Results

The completeness of the reactants’ pyrolysis and the
experimental evidence® for intermediate species Si,
C, and SiC, support the sequence:

for which the following assumptions are made: (1) all
species are perfect gases, (ii) the flame’s volume in the
reactor is negligible and expandable, thus all
reactions are at constant pressure and limited to the
flame’s volume, (iii) the thermal expansion coeffi-
cient of SiH, and C,H, at constant pressure is
36 x 103K !, independent of temperature.'?

3.1 Effect of temperature

The partial pressure of SiC and the concentrations
of Si and SiC, in the flame are listed in Table 3 as
functions of temperature, for initial flow rates of
300cm®. min~' SiH, and 165cm? min~! C,H,
(values at 1atm and 298 K).

3.1.1 Homogeneous nucleation model'>-1*
Considering the nucleation process as a sequence of
additions of single molecules to the developing
embryo, the following expression has been derived
for the nucleation rate J:15:1®

Jm~3s7 1 4mr*? exp< AG*)
=Y —— C —_
/\/27rkap ! kT

where AG* is the Gibbs enthalpy of formation of a
critical nucleus of radius r*, ¢, =p/kT is the
monomer concentration and the so-called Zeldovich
factor y accounts for the departure of steady-state
from equilibrium concentration of critical nuclei
(about 10~ 2 in the usual case).

The free energy of formation of the critical
nucleus, AG*, is described by assigning macroscopic
thermodynamic properties to the critical nucleus:!’

1670°
AG* =
3AG?
where o is the surface tension and AG, is the free

energy change per unit volume produced in the
condensation process. In terms of the supersatur-

ation ratio.
kT D
AG, = —| —|)-In| =
! ( Q > n(ﬂo)

where Q is the molecular volume in the solid, and p,
is the equilibrium vapour pressure of the solid at the
temperature 7. Eventually, the critical nucleus

SiH, - Si + 2H 1 Per
4 2 (1) radius is expressed by
C2H2_>C2+H2 (1,) 20.
P¥= -

Si + C, - SiC, 2) AG,
SiC, + Si— 2SiC 3) Using!® 6 =15IJm~2, Q=20696 x 10" 2°m? and
Table 3. Evolution of SiC partial pressure (bar), Si and SiC, concentrations (molm " ?) with

temperature
T (K) 157315 167315 177315 1873-15 197315 207315
p (SiC) 0-2425 02423 02422 02420 02419 02418
g, 09271 0-8709 08214 07770 07373 07014
Asic, 11325 1-0640 1-003 3 0949 1 09005 0-856 8
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po(Pa) = 1-013 x 10° exp (—40 184:09/T + 12-1365)
for solid SiC leads to the variations of r* and J
versus temperature, indicated on Figs 3 and 4.

3.1.2 Collision and coalescence
According to the kinetic theory of gases,'® the mean
velocity C of Si atoms in the flame and their mean
free path Jg; are expressed by

c /su
g,

and

1

Mg;
n(nsi.dszi.\/z‘i_nsicz.dszisicz. 1+—>

Myg;c,

Asi =

in which k is the Boltzmann constant, mg;, mg;c,,
ng; and ng, are masses and concentrations of Si
and SiC, in the flame respectively, and ds; sic, =
Uds, + dg,c.) = 3(2-34 + 1-812) = 2:076 A; values of
ds, and ds,¢, are from Refs 20 and 21.

The collision rate per silicon atom is then
A(T)= (/. Assuming successive collisions Si-S1C,~
Si-SiC,-Si..., where each Si-SiC, collision forms 2
SiC molecules, the mass m (kg) of SiC aggregate
formed after time ¢ is m=A x 6:6578 x 10~ 21,
which corresponds to the radius r(m) = (49407 x
10739 x An's3.

Figure 5 shows the particle diameter as a function
of time in the temperature range 1573-2073 K.

3.2 Effect of the reactants’ flow rates

The computation detailed in the previous section
for SiH, and C,H, flow rates of 300 and

165cm?®. min" !, has been repeated at one tempera-
ture (1773.15K) for the three sets of reactants’ flow
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Fig. 3. Variation of the calculated radius of critical nuclei (A)
with temperature (K).
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Fig. 4. Variation of the calculated nucleation rate (m~3s71)
with temperature (K).
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Fig. 5. Variation of the calculated radius (nm) of SiC particles
with time (107 3s) at temperature T=1573-15K + 100n; n=0
(top) through 5 (bottom).

rates listed in Table 2, whence by the three curves
shown in Fig. 6. As can be seen on this figure, the
three curves are almost superimposed and would
start to separate from one another only at longer
residence times in the flame.

4 Discussion

In the conditions of Table 1 the laser-induced
pyrolysis of silane bypasses the formation of disilane
and higher polysilanes which would occur at low to
moderate temperatures or low laser fluences,?? ™24
and leads directly to the formation of silicon and H,
as implied by reaction (1).2° As to C,H,, its
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Fig. 6. Variation of the calculated radius (nm) of SiC particles
with time (10 *s) for the three reactants’ flow rates of Table 2
(curves almost superimposed).

decomposition by the laser beam only occurs in the
presence of a sensitizer such as SF, or SiH,. The
experimental detection® of C, atoms supports
reaction (1), for which a kinetic order of 2 relative to
C,H, has been found consistent with the fast SiC
particle formation.?® With the kinetic constant?’
k=249 x 10"? exp(—(4402/T))mol ' litres ™!, the
complete thermal decomposition of C,H, is shorter
than 107 °s at any temperature higher than
1573-15K.?® Conversely, a kinetic order of 3, as is
observed when C,H, is associated with a very dilute
sensitizer,”® would ensure too slow decomposition
kinetics for the present case.?®

The homogeneous nucleation is not thought to
apply to the SiC particle formation. Indeed, the
critical radii indicated in Fig. 3 corresponded to SiC
clusters of ten molecules or less, to which it is no
longer valid to assign macroscopic thermodynamic
properties.?® Furthermore, Fig. 4 indicates that the
nucleation rate decreases by six orders of magnitude
between 1523 and 2073 K. This variation corre-
sponds to an increase in the particle size by two
orders of magnitude, far in excess of the threefold
increase observed experimentally and mentioned in
Table 1.

On the other hand, the application of the collision
and coalescence theory is quite valid, since the
Knudsen number of the Si-SiC, gas, Kn= A/r, is
always larger than 10* (and therefore > 1). Also, the
theoretical results of Fig. 5 are in good agreement
with the experimental results of Fig. 2, and one
notices the minor influence of temperature on the
particle size.

The influence of the reactants’ flow rates on the
particle size is even less pronounced for a constant

C/S ratio (1.1 in this case, Table 2), as illustrated by
the superposition of the three curves (Fig. 6). The
flow rate is therefore not a critical parameter of the
reaction. Varying the flow rates of the reactants
merely changes the velocity of the reacting species,
and thus their residence time in the flame, but the
supporting curve r = r(t) is always the same for a
constant C/Si ratio. In practice the velocity of the
reacting species also depends on the diameter of the
capillary inlet and the cell pressure.

Furthermore, this model does not preclude the
formation of SiC particles containing «-, mixed a«/f-
or amorphous microdomains, as has been recently
observed for laser-synthesized nanosized powders,3°
and it pertains to single crystals as well as poly-
crystalline particles.

It should be noticed that the direct carburization
of St particles into SiC within the experimental time
frame of 1 to 10ms is only consistent with carbon
grain boundary diffusion in SiC (Lihrmann, J. M.,
unpublished), which thus cannot explain the obten-
tion of SiC single crystals mentioned in Ref. 4. For
the same reason the shrinking heart model, previ-
ously used to describe laser-induced SiC particle
formation,® is also believed to be less satisfactory
than the collision model, all the more because it
requires in addition questionable assumptions such
as a constant particle volume or equal densities for Si
and SiC.

5 Summary and Conclusions

The formation of nanosized SiC powders by laser-
induced pyrolysis of SiH, and C,H, is satisfactorily
modelled with the collision and coalescence theory
assuming intermediate species Si, C, and SiC,. The
size of the particles is only governed by the residence
time of the reacting species in the flame, which in
practice depends on the reactants’ flow rates, the
diameter of the capillary inlet and the cell pressure.
This model offers the advantage of being applicable
to various types of particle crystallinity and avoids
addressing the direct carburization of silicon. The
latter is inconsistent with the obtention of single
crystal particles, whereas the nucleation theory can
not be applied due to the too small critical radii.
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