JOURNAL OF MATERIALS SCIENCE 28 (1993) 1334 — 1340

Synthesis of Si(N,C) nanostructured powders
from an organometallic aerosol using

a hot-wall reactor

T.D. XIAO, K. E. GONSALVES, P. R. STRUTT*, P. G. KLEMENS*
Polymer Science Program and Department of Chemistry, and *Department of Metallurgy.
Institute of Materials Science, and *Department of Physics, University of Connecticut, Storrs,

CT 06268, USA

Current studies show that nanostructured Si(N,C) powders are readily synthesized by rapid
condensation of a pyrolytically decomposed silazane precursor, namely [CH;SiHNH],, n=3 or
4. Basically, the process invoives ultrasonic conversion of the liquid-phase precursor to an
aerosol, followed by thermal decomposition in a hot reactor. This was followed by the rapid
condensation of the gaseous product exiting the reactor, to form ceramic particles of
nanoscale dimension. Thermal decompaosition was performed at a temperature of 1000 °C, near
ambient pressure with a flow rate of ~150 standard cm®*min~" for NH,. One critical feature
examined in this process was the rapidity of the powder synthesis, in a reaction which
involves (i) elimination of ligand groups, {ii) formation of ceramic species, and

(iii) condensation of ceramic species into ultrafine ceramic particles. These features have been
studied using Fourier transform infrared spectroscopy, transmission electron microscopy, X-ray
photo-electron and nuclear magnetic resonance spectroscopies. Additionally, a model is
formulated to determine the effect of process parameters on particle size.

1. Introduction

The ability to assemble molecular groups and clusters
in a precise and predetermined way opens up inter-
esting possibilities for creating materials possessing
highly homogeneous structures, which exhibit im-
proved, and even novel properties. The importance of
this concept, in the synthesis of metallic and ceramic
materials, has been clearly recognized by Birringer
and Gleiter [1], who created what they termed nano-
crystalline solids. Structurally these consist of uitrafine
grains, with a mean diameter of a few nanometers.
Birringer and Gleiter [1], and later Eastman and
Siegel [2] produced nanocrystalline materials in the
form of powders by rapid vapour-phase condensation
of atomic species from simple evaporation sources.
Consolidation into bulk samples was achieved by
high-pressure compaction.

Currently, nanostructured material synthesis is be-
ing addressed, primarily, by the use of physical meth-
ods. Because these, however, are inherently slow,
methodologies are required for the production of
material in large-scale amounts. Such a methodology
shown to be viable [3-5] exploits organometallic/-
polymer chemistry and materials processing concepts.
Metal-organic/polymeric precursors are particularly
attractive [6, 7] because they can be used to (i) yield a
high fraction of end product, and (ii) obtain phases
with a selected stoichiometry. Consequently, this facil-
itates the production of nanocomposite materials in
significant amounts that may contain a diverse range
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of phases, such as intermetallic, silicide, boride, nitride,
carbide and oxide phases.

Previously, a technique was reported [4, 5] for the
ultra-rapid conversion of a silazane “monomeric” pre-
cursor to an intermediate polymeric preceramic
Si—N-C material, in the form of a nanostructured
powder. This was accomplished by laser-induced
polycondensation and rapid cross-linking, using a
method where the liquid precursor was ultrasonically
injected into a high-power CO, laser beam. The
strong energy coupling between the laser radiation
and the precursor aerosol resulted in the formation of
a plume. Rapid condensation and cross-linking from
the plume, together with the strong cross-linking,
produced nanostructured particles of a preceramic
Si(C,N) phase.

This paper describes an alternative approach to the
laser-processing method, in that nanostructured pow-
ders are produced by injection of a precursor aerosol
into a hot-wall reactor. Particle formation is achieved
by rapid condensation of the vapour phase exiting the
reactor. Based upon initial results, the method is
particularly promising because significant amounts of
powder are formed in a relatively short time.

2. Experimental procedure

2.1. Precursor synthesis and properties

The organosilazane precursor was prepared by am-
monolysis of methyldichlorosilane according to the
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method of Seyferth and Wiseman, [7]. Experi-
mentally, diethyl ether and methyldichlorosilane were
cannulated into a flask cooled to 0°C in an ice bath.
An excess of anhydrous ammonia was bubbled into
the flask with vigorous stirring until the solution was
strongly basic. The reaction mixture was stirred for
another 2 h and then filtered under argon. The solvent
was removed by trap-to-trap distillation under
vacuum, leaving an oily residue. The ammonolysis
process yielded a product of mainly cyclics
[CH;SiHNH],, with n = 3 or 4, as well as some linear
structures. The major component had n = 4 cyclics.

The structure of the liquid silazane precursor is
shown in Fig. 1. The molecular weight determined by
cryoscopy in benzene was about 290 gmol ™. The
boiling point was about 100°C at 0.0l mmHg.
Thermogravimetric analysis (TGA) of this precursor
revealed a progressive weight loss in the 40-450°C
temperature range as shown in Fig. 2. At 450°C, the
cumulative weight loss was 95% with no further loss
beyond this temperature. This suggested that direct
conversion of the liquid silazane precursor into cer-
amic product is impossible because this only resulted
in the distillation of the cyclic species out of the hot
furnace. This phenomenon was also observed by
Seyferth and Wiseman [7].

2.2. Processing procedure

The experimental arrangement for the thermal de-
composition used to synthesize nanostructured
Si(N,C) particles is schematically shown in Fig. 3.
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Figure | Molecular structure of the organosilazane precursor,
[CH;SiHNH],, n = 3 or 4.
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Figure 2 Thermogravimetric analysis of the liquid precursor.

Sample size 43.31 mg, scan rate 5°Cmin~ ..

It consisted of basically three major components: a
Sono-Tek ultrasonic atomizer, a hot-wall reactor, and
a cooled powder collector. The procedure first in-
volved filling the ultrasonic atomizer supply chamber
with the liquid precursor. Following this step, the hot-
wall reactor was evacuated to ~ 1077 torr (1torr
= 133.322 Pa) using a diffusion pump, flushed several
times with nitrogen gas, and then backfilled with
nitrogen to near ambient pressure. The system was
maintained with a flow rate of 150 standard
cm®min ! for NH; with a MKS gas flow controller.

During the process operation, the furnace was
maintained at a temperature of 1000°C. The liquid
precursor was forced into the ultrasonic nozzle by
having a slight negative pressure at the processing
chamber. The magnitude of this controlled pressure
differential determined the precursor delivery rate. In
this study, this was ~9x 1073 cm™3s™*. The liquid
aerosols had an initial velocity of ~33cms™! at the

NH3 Precursorin

NN

L Ultrasonic nozzie

OIS
oIS

‘_‘/Wate r-cooling coils

Aerosol spray

| —— Quartz tube

\ High-temperature

furnace

(- : . F; /Nanophcse powder
/r‘

} Vacuum pump

Coolant out

&

Y
Coolant in ?

Figure 3 Schematic diagram of the thermal conversion processing
system.
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nozzle exit. Once they reached the hot reaction zone,
they rapidly evaporated into molecular species. Dur-
ing the reaction time, a white smoking stream was
observed at the bottom of the reactor exit. Because no
visible particle deposition was observed at the hot
furnace region, it was assumed that the hot molecules
emerging from the reaction zone formed small par-
ticles which were then collected at the bottom of the
cooled collector.

3. Results and discussion

The silazane precursor has a high degree of reactivity
in the Si-H and N-H functionalities, which is a key
feature in its rapid cross-linking to form a higher
molecular weight preceramic polymer during pro-
cessing [4, 5]. This preceramic polymer would then
form Si;N,/SiC ceramics under heat treatment [7]. In
the thermal aerosol injection process, silazane aero-
sols were rapidly evaporated. Reaction of this vapour
in the presence of NH; resulted in the formation of
ceramic molecules in the vapour phase. These ceramic
species were then rapidly quenched to form nanoscale
ceramic particles near the cooled collector as they
emerged from the hot reaction zone [4, 5].

Rapid condensation of the ceramic vapours from
the hot reaction zone is intriguing, because this res-
ulted in the formation of ceramic particles with a
particle size ~ 60 nm. This rapid condensation process
leading to the formation of nanostructured particles
does not occur via a conventional chemical process.
As mentioned earlier, the TGA data (Fig. 2) revealed a
cumulative weight loss of 95% which suggested that
direct thermal heating alone could not convert the
liquid precursor into ceramic product, because it res-
ulted mainly in the distillation of cyclic species out
from the hot furnace. Careful removal of the powder
from the cooled collector, when the thermal aerosol
decomposition method was used in this study, showed
that the liquid to ceramic conversion yield was ~ 70%,
and a production rate of approximately 1 gmin~ ' was
achieved.

A wide variety of characterization techniques have
been used which provided a broad range of com-
positional and structural information. Detailed
microstructural analysis using transmission electron
microscopy (TEM) indicated particles are spherical in
shape and amorphous. Structural analysis using Four-
ier transform infrared spectroscopy (FTIR) revealed
the elimination of ligand groups with the evidence of
Si3N,. X-ray photoelectron spectroscopy (XPS) stud-
ies provided the chemical composition together with
information on the nature of the chemical bonding for
the nanostructured ceramic particles. Solid state nu-
clear magnetic resonance (NMR) gave structural in-
formation on the nanostructured particles similar to
the XPS analysis.

3.1. Microstructural analysis

The morphological characteristics of the powders
were examined by X-ray and transmission electron
microscopy (TEM). X-ray analysis using a powder
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diffractometer indicated no crystalline feature of the
ceramic powders. The transmission electron micro-
graphs were obtained using a solution technique, in
which powders were dispersed in deoxygenated meth-
anol using an ultrasonic vibrator. These particles were
then transferred onto a TEM grid, 200 mesh size
coated with a Pt—C film, by dipping it into the above
solution. Fig. 4 is representative of the micrographs
for the nanoscale ceramic particles. This micrograph
showed the transparency of the individual particles
and the dark contrast arising from particle over-
lapping. Electron diffraction revealed these particles
to be entirely amorphous. Similar results were also
obtained in the TEM studies when the silazane pre-
cursor aecrosols were pyrolysed using a continuous
wave CO, laser [4, 5].

3.2. Analysis of structures and composition
Comparative studies of the original liquid precursor
and the synthetic nanostructured ceramic particles
were performed using Fourier transform infrared
spectroscopy (FTIR). In the FTIR studies the liquid
precursor was placed inside an NaCl cell and analysed
in the transmission mode. Careful examination
(Fig. Sa) revealed the following bonds were present in
the liquid precursor: N-H at 3380cm ™!, C-H at
2960 cm ™!, Si-H at 2150cm™', and Si-CH; at
1260 cm !, N-H at 1180 ecm ™!, and Si-N at 950 and
850 cm L.

The FTIR studies for the synthesized ceramic par-
ticles were carried out using KBr pellets in transmis-
sion mode. As shown by Fig. 5b, the ligand groups
were eliminated after the thermal decomposition reac-
tion. The FTIR spectra revealed only two broad
peaks: a peak at a wave number of about 950 cm™?,
and a small peak at 3380cm~! The peak at
3380 cm ™! could be due to the presence of N-H bonds
in the ceramic powders [7]. The peak at 950 cm™*
could be due to the Si; N, species [ 5, 8]. Similar results
were also obtained by other investigators when Si;N,
was synthesized using plasma enhanced chemical
vapour deposition [9], and the N-H peak was often
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Figure 4 Transmission electron micrograph showing ultrafine cer-
amic particles derived from pyrolysis of the silazane precursor.



present when the synthesis was performed in an NH,
environment. An important feature in the FTIR data
was the displacement of the peak for the absorption
maxima of Si;N,, due to the presence of oxygen
impurities and an SiC bond [7]. As pointed out by
Wong [10], oxygen contamination can cause the
Si;N, peak shift to higher wave numbers. The syn-
thesis temperatures can also effect the precise position
(860 cm ™ 1) of the Si~N absorption in the amorphous
SiyN, [11].

Chemical composition and bonding information
were obtained using X-ray photo-electron spectro-
scopy (XPS). In the XPS studies, ceramic powder was
compacted into a pellet using a hydrostatic press. The
sample surface was then fractured (or partially re-
moved) to eliminate surface contaminations from the
die. The survey spectra (Fig. 6) of the ceramic powder
consisted of silicon, nitrogen, carbon and oxygen with
a composition of 33.8%, 32.5%, 21.1%, and 12.6%,
respectively. A similar chemical composition was also
obtained when using the chemical method (chemical
analysis was performed by Mikroanalytisches Labor
Pascher, Remagen, Germany). Detailed energy values
corresponding to various chemical bonds were de-
rived from the XPS spectra recorded in the high-
resolution mode.

0.8
0.6
0.4
0.2
0.0

Q.8

0.6

Absorbance (arb. units)

0.4
0.2

. ) I 1 L 1 1 l
4000 3200 2400 1600 800
Wavenumber {cm™)

0.0 =

Figure 5 Fourier transform infrared spectrum: (a) liquid precursor,
(b) ultrafine ceramic particles derived from the precursor.
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Figure 6 X-ray photoelectron survey spectra of the ultrafine cer-
amic particles.

3.2.1. Si(2p) region

The Si(2p) spectra consisted of five components. A
representative of the curve-fitted spectra is shown in
Fig. 7a. Stoichiometric Si;N, would have a binding
energy at about 101.4-101.7 eV [12]. According to
Karcher, et al., Si-N bond has the tendency to de-
crease its binding energy for non-stoichiometric Si N,
[13], typically 100.2 eV for SiN, ;. This energy shift is
due to the decreased Si~N bonds that are replaced by
Si-Si bonds. Raider et al. pointed out that silicon
oxynitride would produce a peak between 101.7 and
103.0 ¢V [12]. Therefore, we assigned Peak 1 at about
100.05 eV to the SiC bond [14], Peak 2 at about
100.8 €V to the nonstoichiometric Si,N, bond [13],
Peak 3 at about 101.6 eV to the Si;N, bond, Peak 4 at
about 102.5eV to the Si(N,0) bond, and Peak 5 at
about 1034 eV to the SiO, bond [12].

3.2.2. C(1s) region

The C(1s) peak consisted of four components (Fig. 7b).
Bouillon et al. [14], pointed out that the Si—C bond
would have a peak around 283-284.2 ¢V for Si,—C to
Si-C,, Thus, Peak 1 at about 283.1 eV and peak 2 at
about 283.9 eV were assigned to the SiC bond. Peak 3
at about 285.5 eV was assigned to the C-O bond, and
Peak 4 at about 287.8 eV to the C=N bond [15]. It
should be noted that the C=N bond consisted of
about 3.5% of the carbon peak area, which corres-
ponded to about 0.7% of the total composition. The
C-0O—C bond consisted of about 5.6% of the carbon
peak area, which in turn corresponded to 1.2% of the
total composition.

3.2.3. N(71s) region

The N(1s) spectra consisted of three peaks (Fig. 7c).
Peak 2 at about 3974 ¢V was assigned to SizN,
species. Peak 1, at about 396.5 eV, was assigned to the
Si,N, bond, and Peak 3 at about 398.9eV was as-
signed to the Si(N,O) bond. Xie and Scherwood [15],
had pointed out that a binding energy near 398 ¢V
could be due to the presence of carbon-bonded ni-
trogen species.

3.2.4. O(1s) region

The O(1s) spectra was fitted with three peaks (Fig. 7d).
Silicon dioxide would have a binding energy near
533.0eV. According to Xie and Scherwood [15],
C-0-C bonds have a binding energy around 531.8 eV
Thus, we assigned Peak 1 at about 529.5¢V to the
Si(N,O) bond, Peak 2 at about 531.2¢eV to carbon-
bonded oxygen species, and Peak 3 at about 533.4 ¢V
to the Si0, bond. The SiO, bond had about 9.2% of
the oxygen peak area which corresponded to about
1.2% of the total composition.

Chemical bonding information for the nanostruc-
tured ceramic particles was also obtained using magic
angle spinning (MAS) solid state nuclear magnetic
resonance (NMR) spectroscopy. Resonance peaks
were obtained for 2°Si and 13C. The 2°Si NMR data
for the ceramic powders are shown in Fig. 8. Three
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Figure 7 Representative curve-fitted X-ray photo electron spectra showing the chemical bonding characteristics of the ultrafine ceramic

particles. (a) Si(2p), (b) C(1s), (c} N(1s), (d) O(1s).

main resonance peaks were observed, centred at ap-
proximately — 27.4, —43.9 and — 983 p.p.m., as-
signed to SiC [16-18], SizN,[17,19,20] and
SiO,[19], respectively. The peak observed at
— 274 p.p.m. could be also due to the silicon unit
both bonded with nitrogen and carbon atoms as first
neighbours. As pointed out by Babonneau [18], a
chemical shift at around — 30 p.p.m. could be due to
Si(N;C)ssites, and a chemical shift around — 20 p.p.m.
could be the precise location for the SiC bond. The
13C solid state NMR data are shown in Fig. 9. Only
one resonance peak was observed at 13.7 ppm. This is
probably due to an SiC bond according to the estab-
lished data [16-18].

An important feature for the 2°Si NMR data is that
all the resonance peaks are rather broad. This effect
could be due to the amorphous nature of the samples
and the presence of silicon oxynitride bonds. Well-
crystallized Siz;N, would have a chemical shift at
— 46.6 p.p.m. for a-type Si;N, [19] and — 48.9 p.p.m.
for B-type SizN, [17], and silicon oxynitride would
have a chemical shift around 55 p.p.m. The chemical
shifts for the samples analysed here, however were
— 439 and — 439 p.p.m. rather than — 464 or
— 48.9 p.p.m.

It should be noted that no graphite carbon was
evident in the *3C spectrum, but was observed in the
C(1s) spectra of the XPS studies. Therefore, it was
concluded that the obtained ceramic powder exhibited
a rich nanostructure with the presence of complex
phases. The majority phases included silicon nitride
(Si;N,), nonstoichiometric silicon nitride (Si,N,), sili-
con carbide (SiC), and small quantities of silicon
oxycarbonitride or SiC,O,N, in tetrahedral structures
[21], as well as a trace amount of SiO,.
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Figure 8 2°Si MAS-NMR of the ultrafine ceramic particles derived
from pyrolysis of the silazane precursor.

4. Proposed model
The silazane precursor was rapidly evaporated into
molecular vapour. The precursor vapour then reacted
with NH, to form Siz;N, and SiC ceramic products at
high temperature, presumably according to
[CH,;SiHNH]; , 4—>NH3 SizNy + SiC
+ by-products (1)

A theoretical analysis of the thermal conversion of
liquid monomer to ceramic nanoparticles has to con-
sider (i) the high driving force for this rapid process,
which is created by the large temperature difference
between the hot reaction zone inside the furnace and
the cooled collector, and (i) the mechanisms of the
particle formation by rapid condensation. Because no
visible particle deposition was observed at the hot
furnace region it is assumed the hot vapours are
rapidly cooled, and condensed on the cooled collector
as they emerge from the reaction zone. In this process,
the host gas and the vapour species are assumed to



S S R
200 150 100
Chemical shift (p.p.m.)

W/\WA A
50 0

Figure 9 13C MAS-NMR of the ultrafine ceramic particles derived
from pyrolysis of the silazane precursor.

move with a velocity v,

Fgas + Fvapom + Fvolatile

o = e @
Here F,, is the flow rate of the host gas or NHj,
F apour the flow rate of the vapour species derived from

the precursor flow rate, F,..;. the volatile species
from the reacted precursor, and r the radius of the
reaction tube, 1.4 cm.

In Equation 1, the by-products are assumed to be
volatile gases including 4H, and 3CH,. The NH; gas
flow rate was measured to be 2.5 cm?®s~* which cor-
responds to 1.12 x 10~ * mols ™ *. The liquid precursor
flow rate was measured to be 9 x 10”3 ecm?s !, which
corresponds to 0.3 x 10" % mols~'. Thus the molar
ratio of NH; to (CH;SiHNH), is in the ratio of 3:1. At
a temperature of 1273 K, it is assumed that a
(CH;SiHNH), molecule in the vapour phase will
rapidly convert to one Si;N,, one SiC, four CH,, and
eight H, molecules. Thus the molar concentration for
NH;:SizN,:SiC:CH,:H, would be 3:1:1:3:4. The
estimated partial pressures would be 0.58 atm for
these volatile species, 0.25 atm for NH; and 0.17 atm
for ceramic vapours. Knowing the gas flow rate and
the precursor flow rate and the partial pressures for
each species, the flow rate, F, at that temperature for
gas, vapour and volatile species can be estimated using
the ideal gas law. They are calculated to be F,,,

=403em3>S™ Y, Fyopue = 940cm’s ™!, and F, .,
=268 cm?s™!'. Therefore, V', is estimated to be
26.2 cms ™ 1. The cooling rate can be defined as

dT dT
= —7 (3)

de d!
where dT/dl ~ AT/r, with T = 1273 K, v = 26.2cms ™},
the cooling rate is calculated to be 1.87 x 10* Ks™1,
and the cooling time is 5.35x 107 2s.

During the time ¢, the cooling time, each molecule
sweeps out a volume o_vt, where o, is the cross-
section of a molecule. The molecules which condense
are contained in a volume of (Dt)>2, where D is the
diffusivity, v 1s the root mean square molecular speed.
Thus, the probability that any molecule hits the nu-
cleus is

G Ut

YT oo “

Again, it is assumed that particle growth does not

begin until the gas leaves the hot furnace and neglects
the fact that the monomer concentration decreases
as the particle growth proceeds. Assuming there are N
mol.cm™? for ceramic vapour, each molecule has a
volume of 43, in the diffusion accessible volume
(D1)*?2, the upper limit for the number of molecules
that will condense (N_,q) surrounding the nucleus
would be

o.ut
Neona, = WN(D[)W

= oUN (5)
The upper limit volume of the condensate becomes
V = ocwitNa? (6)

Here the cross-section o, is assumed to be 8
x 107 1% cm?, a is assumed to be 4 x 107 % cm, and v is
estimated to be 1.1 x 10° cms™*. N can be estimated
to be 9.8 x 10'7 molcm ~ 2 using the ideal gas law and
Avogadro’s number. Therefore, the volume of a con-
densed particle is determined to be 2.95 x 1071 ¢m?,
which corresponds to a diameter of 82.6 nm.

Microstructural analysis has indicated that the
smallest condensate diameter is about ~ 20 nm, and
the largest condensate has a diameter of about
~ 150 nm. As revealed by transmission electron
microscopy, the larger diameter particles appear to
form by smaller particle coalescence. Critical factors in
the theoretical overestimate of the condensed particie
diameter (by a factor of 4) are the assumptions:
(1) unity sticking coefficient, and (i1} constant mono-
mer concentration. Clearly, in practice, these values
might be reduced significantly. Analysis of these fac-
tors continues in the development of the present
model.

5. Conclusion

Recent investigation has demonstrated the possibility
of synthesizing nanoscale ceramic powders by thermal
reactor conversion of organosilazane liquid precursor
using an aerosol injection method. The process can be
carried out at atmospheric pressure. A particle-size
prediction model gives results in agreement with the
experimental observations. This work emphasizes the
merits of a synergistic approach involving organo-
metallic/polymer chemistry and material processing.
Current studies are focused on the elimination of
oxygen contamination from the pyrolysis environ-
ment.
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