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Abstract

This paper reports a comparison between two different methods used for the synthesis of amorphous Si/C/N pre-ceramics: the
laser pyrolysis method, coupled with an aerosol generator, and thermolysis in a furnace in an inert gas atmosphere. The same
precursor, liquid oligomethylvinylsilazane (OMVS, [�(CH3)Si(HC¼CH2)NH�]n) has been chosen to establish this comparison.

Laser spray pyrolysis of OMVS produces nano-sized powder particles with a specific surface area of about 120 m2/g. The char-
acteristics of the as-formed Si/C/N nanopowders (chemical composition, local order, structural evolution...) are compared to those
of pre-ceramic samples obtained by thermolysis in a furnace (at 800 and 1050 �C). The amorphous network of the as-pyrolysed
materials mainly consists of SiCxN4�x (x=0,1,2) units and amorphous or sp2-hybridized carbon. The carbon and hydrogen con-

tents are higher in samples obtained by laser spray pyrolysis. Heat-treatment experiments at temperatures up to 1550 �C were per-
formed to investigate the high temperature behaviour of the various samples. Decomposition was observed at about 1500 �C.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many ceramic composites based on silicon nitride
and/or silicon carbide exhibit high hardness and
strength combined with creep and corrosion resistance.
Therefore they are suitable materials for high tempera-
ture applications. Bulk monoliths are usually produced
by sintering and densification of ceramic powders with
the help of oxidic additives like Al2O3 and Y2O3.

1�3

Another approach for the synthesis of pre-ceramic
multicomposite materials is the precursor route. Silicon-
containing precursors can be decomposed to produce an
amorphous inorganic network. This process offers the
means for the design of ceramic microstructures on an
atomic scale. The properties of the produced ceramic

materials are strongly influenced by the composition
and molecular structure of the precursor. A wide variety
of single source precursors or precursor mixtures
including silanes, silazanes and carbosilanes has been
used for the synthesis of pre-ceramic materials in the Si/
C/N system.4 Different pyrolysis techniques (chemical
vapour deposition, laser pyrolysis, furnace thermolysis,
microwaves etc.) were applied depending on physical
characteristics of the starting materials. The ceramiza-
tion behaviour of many precursors was studied inten-
sively for each experimental set-up thus allowing for a
detailed description of the chemical reactions involved.
However, the comparison between the different meth-
ods is difficult because most often, different sets of pre-
cursors were used when different techniques were
applied. In this study, we mainly focus on a comparison
between Si/C/N pre-ceramic materials produced from
liquid precursors by two different pyrolysis methods,
namely furnace thermolysis and laser spray pyrolysis.
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In furnace thermolysis experiments,5�8 only cross-
linked polymers or precursors exhibiting ‘‘latent reac-
tivity’’ are applicable since monomeric or small oligo-
meric molecules evaporate during the long-term heat-
treatment leading to a significant decrease of the cera-
mic yield. Therefore, mainly cross-linked polysilanes,
polycarbosilanes and oligosilazanes were used.8

Laser pyrolysis by CO2 laser is not very widely spread
although it was initiated 20 years ago.9 This method is
quite versatile and has been applied to produce various
coatings10 and nanopowders.11 Some important char-
acteristic features of the method are the very well
defined reaction zone (wall less reactor) and the very
fast energy absorption of the precursor which leads to
almost immediate bond cleavages followed by recombi-
nation reactions resulting in the formation of a mainly
inorganic product. Monomeric precursors such as hex-
amethyldisilazane (HMDS)12�17 as well as oligomeric
silazanes13,14 can be injected in vapour phase12,15 or as
an aerosol13�17 into the laser beam to produce Si/C/N
powders.
In this work, oligomethylvinylsilazane (OMVS) was

used as single-source precursor for the synthesis of Si/C/
N pre-ceramics because of its low viscosity (required by
the aerosol generator of the laser pyrolysis set-up) and
its cross-linking ability due to the presence of vinyl
groups which is necessary to improve the ceramic yield
during furnace thermolysis. To achieve comparison
between the synthesis methods we used the same orga-
nometallic precursor in both experimental set-ups.
Structural differences and common grounds of the
obtained materials will be discussed in detail by means
of results on elemental composition, IR, NMR spectro-
scopy and EXAFS/XANES.

2. Experimental

2.1. General comments

Oligomethylvinylsilazane (OMVS) was synthesized
according to the procedure described in the literature7,18

by ammonolysis of dichloromethylvinylsilane. Furnace
thermolysis experiments were performed according to
Ref. 19 by heating the oligomer to 1050 �C in an argon
atmosphere. The laser spray pyrolysis method has
already been published.16,17 A brief description is given
below. The products of both techniques are powders,
they are referred to in the following as furnace samples
and laser samples, respectively.

2.2. Experimental set-ups

2.2.1. Thermolysis in a furnace
The thermolysis of organometallic precursors can be

performed by heating liquid or solid (shaped) polymers

slowly up to about 1000 �C in a flowing gas atmosphere
in quartz glass Schlenk tubes. With increasing the tem-
perature, the reaction of organic groups leads to further
cross-linking of the molecules and evaporation of gas-
eous species and finally to the formation of an amor-
phous pre-ceramic network. Thermolysis of unprocessed
unshaped polymers usually delivers porous grains or
powders of mm to mm size. The ceramic yield depends
on the chemical composition, the structure and the
cross-linking of the precursor.

2.2.2. Laser spray pyrolysis
The laser pyrolysis method9,11 is based on the interac-

tion between a CO2 laser beam and a gaseous or liquid
precursor. Liquids are suitable precursors in combina-
tion with an aerosol generator. Droplets of the liquid
precursor are created in the aerosol generator (Pyrosol
type from RBI, Meylan, France) and are carried by
inert gas (argon) into the beam of a continuous wave
tuneable CO2 laser. The laser power is usually in the
300–600 W range. The resonance between one strong
IR-absorption band [10.6 mm n(Si–N–Si)] of OMVS and
the corresponding high energy laser wavelength leads to
molecule dissociation. Due to the high pressure (atmo-
spheric), collisions happen and lead to the formation
and growth of solid particles. During the experiment, a
flame is observed and its temperature is measured by an
optical pyrometer. This measurement can not be con-
sidered as absolute but can give an evolution of tem-
perature between different experiments. Due to the low
residence time in the reaction zone and to the high
cooling rates the particles are of nanometric size. The
reaction is confined in the centre of the reactor by a flow
of inert gas (argon) and happens in a wall free reactor.
Therefore, the purity of the products depends mainly on
the chemical purity of the precursor. The as-formed Si/
C/N nanopowders are collected on a metallic filter
behind the reaction zone. The laser synthesis method of
liquid precursors is versatile but two restrictions can be
noted. First, it is necessary to have a resonance between
the laser beam and at least one of the components’
absorption bands, but many molecules absorb in this
infrared zone and high power tuneable CO2 lasers are
now available. Second, only liquid precursors with a
low viscosity can be used due to the technical char-
acteristics of the aerosol generator.

2.3. Annealing experiments

Annealing treatments were performed in graphite
furnaces using graphite crucibles. Laser samples were
first heated at 1050 �C for 4 h in an argon atmosphere
(heating rate 100 �C/h) prior to annealing. Further heat-
treatments were carried out in a nitrogen atmosphere at
1400 or 1550 �C with a dwell time of 3 h and a heating
rate of 120 �C/h.
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2.4. Characterisation methods

The characterisation methods used in this study are
chemical analysis, BET (Brauner, Emmet and Teller)
specific surface area measurements, Infrared (IR) spec-
troscopy, Nuclear Magnetic Resonance (NMR) and
Extended X-ray Absorption Fine Structure (EXAFS).
Chemical element analysis was performed using a

combination of different analysis equipment (ELE-
MENTARVario EL, ELTRACS 800 C/SDeterminator,
LECO TC-436 N/ODeterminator) and by atom emission
spectrometry (ISA JOBIN YVON JY70 Plus). Specific
surface area measurements were obtained by using a
Micromeritics Flowsorb 2300. Infrared spectra were
recorded on a FT–IR Perkin Elmer apparatus (Model
2000) using the KBr pellet method.
Solid-state NMR experiments were performed on a

Bruker MSL 300 spectrometer operating at a static
magnetic field of 7.05 T (1H frequency 300.13 MHz)
using a 4 mm magic angle spinning (MAS) probe. 29Si
and 13C NMR spectra were recorded at 59.60 and 75.47
MHz, respectively, using the Cross-Polarization (CP)
technique in which a spin lock field of 62.5 kHz and a
contact time of 3 ms were applied. Typical recycle
delays were 6 s. All spectra were acquired using the
MAS technique with a sample rotation frequency of 5
kHz. 29Si and 13C chemical shifts were determined rela-
tive to external standard Q8M8, the trimethylsilyl ester
of octameric silicate, and adamantane. These values
were then expressed relative to the reference compound
TMS (0 ppm).
The photoabsorption measurements were carried out

at the Laboratoire pour l’Utilisation du Rayonnement
Electromagnétique (LURE-Orsay) on the SA32 beam-
line equipped with a double-crystal [InSb (111)] mono-
chromator which allows an energy resolution of 0.7 eV.
The SuperACO storage ring was operating at 800 MeV,
with a typical current of 200 mA. The incident beam
was monitored by measuring the total electron drain
current of a polymer foil covered by about 70 nm of Ti,
and located downstream the monochromator. The
photoabsorption EXAFS spectra at the Si–K-edge were
recorded at room temperature and collected by mea-
suring the total electron drain current as a function of
the incident photon energy, in the 1800–2500 eV energy
range and with a 1 eV step. Samples were prepared by
pressing the powders on Indium foil to insure good
conductivity. All experimental data were recorded rela-
tively to the crystallised-Si (c-Si) energy edge (1839 eV
at the inflexion point).
Thermogravimetric analysis (TGA) was carried out in

a flowing argon atmosphere (100 cm3/min) with Netzsch
STA 409 (25–1400 �C, heating rate 5 �C/min) equipment
in alumina crucibles. The X-ray diffraction unit used for
structural investigations of the annealed samples was a
Siemens D5000/Kristalloflex (Cu-Ka1 radiation), equip-

ped with a position sensitive proportional counter and a
quartz primary monochromator. The furnace samples
were powdered in a WC ball mill prior to analysis.

3. Results and discussion

OMVS is a colourless, air and moisture sensitive
liquid consisting of six- and eight-membered silazane
rings [(H2C¼CH)Si(CH3)NH]n (n=3, 4).20 Molecular
weight and structure of OMVS are similar to those of
oligomethylsilazane (OMS) which was successfully used
by Gonsalves et al.13,14 for the production of Si(N,C)
materials by laser spray pyrolysis and furnace thermo-
lysis. The ceramization behaviour of OMVS and OMS
in furnace thermolysis experiments was investigated in
detail in recent studies.19,21 There, it could be shown
that the chemical reactions during the heat treatment of
OMS also occur during thermolysis of OMVS. How-
ever, the presence of vinyl groups in OMVS caused fur-
ther reactions which were not possible in OMS.
H2C¼CH� units were polymerised at about 300 �C and
contributed to the formation of sp2-hybridized carbon
within the ceramic material, whereas sp2-carbon in OMS-
derived ceramics was exclusively formed by thermal
decomposition of methane. Due to this ‘‘complication’’,
a detailed comparison of OMVS-derived materials pro-
duced by laser pyrolysis or furnace thermolysis can
provide more information about the differences of the
two methods.
As shown in this study, laser pyrolysis was successful

to transform oligomeric OMVS to Si/C/N nano-
powders. The properties of the nanopowders prepared
by laser spray pyrolysis can be compared to those of
samples produced by furnace thermolysis at different
stages/temperatures. The former materials will be deno-
ted in the following as laser samples and the latter as
furnace samples.

3.1. Production of Si/C/N powders

Thermolysis of OMVS in a furnace up to 1400 �C
produces black porous ceramic grains in 26% yield. The
results of thermogravimetric analysis (TGA) in an
argon atmosphere are shown in Fig. 1. The onset of the
first weight loss step is observed at about 180 �C corre-
sponding to the first boiling point of OMVS. 70 wt.% of
the sample evaporate between 180 and 350 �C, mainly
due to distillation of the trimer ring molecules. A second
weight loss of about 4% is detected between 430 and
600 �C. Up to 1400 �C, the sample weight remains con-
stant.
Pyrolysis experiments were performed with a laser

power of 330 W (sample 1), 510 W (sample 2), and 640
W (sample 3). The respective flame temperatures were
1200, 1400, and 1600 �C. Without special optimisation
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of the experimental parameters, Si/C/N nanopowders
were obtained with a production rate around 15–20 g/h
for an OMVS precursor spray rate around 25–30 g/h.
The conversion yield of pre-ceramic powder/used liquid
OMVS was about 40 wt.%. The as-formed powders
(SBET=120–140 m2/g) are dark brown to black
coloured. The results of thermogravimetric analysis
(TGA) of a laser sample in an argon atmosphere are
shown in Fig. 1 and will be discussed below.

3.2. Comparison of as-formed laser samples and furnace
samples

Table 1 shows that the three laser samples obtained
with different laser power have very similar chemical
compositions. Also, the IR and EXAFS spectra (not

presented here) of these samples are comparable.
Obviously, variation of the laser power between 330 and
640 W has no significant effect on the chemical compo-
sition and organisation of the laser samples. Therefore
in the following only one sample (sample 2) will be
studied in detail.
Chemical element analysis gives an average formula

SiC1.7�1.8N0.9H0.6�0.8O0.1�0.2 for the as-formed laser
samples and SiC1.6N1.0H0.3O0.0 for the sample thermo-
lysed at 1050 �C in a furnace. Both kinds of samples
contain less C and H atoms than the precursor
(SiC3NH7)n (n=3,4). The higher O-content of the laser
samples can be explained by the high surface area of
these materials causing adsorption of oxygen and water.
By IR or NMR spectroscopy, no evidence was found
for the presence of Si–O bonds in the as-formed or
annealed samples. Ignoring the O-content, the relative
amount of carbon is clearly higher in the laser samples
than in the furnace sample. This comparison indicates
that less carbon and hydrogen and more nitrogen atoms
were lost during laser pyrolysis than during furnace
thermolysis.
Fig. 2 presents the IR spectra of OMVS furnace sam-

ples19 thermolysed at 800 �C (Fig. 2a) and 1050 �C
(Fig. 2c) and a typical spectrum of a laser sample
(Fig. 2b). All spectra show a broad absorption band
between 700 and 1200 cm�1, which is usually attributed

Fig. 1. TGA of (a) liquid OMVS, (b) as-formed laser sample and (c) laser sample including pyrolysis yield of 41 wt.% (20–1400 �C, heating rate

5 �C/min, Ar atmosphere).

Table 1

Chemical composition of laser samples as a function of laser power

and of a furnace sample after thermolysis at 1050 �C (wt.%)

Experiment Laser

power/W

Si C N H O Formula

Laser (1) 330 44.0 32.0 20.5 0.9 3.3 SiC1.7N0.9H0.6O0.1

Laser (2) 510 44.0 31.1 19.6 1.2 4.4 SiC1.7N0.9H0.8O0.2

Laser (3) 640 43.2 34.0 19.3 1.3 3.1 SiC1.8N0.9H0.8O0.1

Furnace – 45.4 31.4 22.3 0.5 0.7 SiC1.6N1.0H0.3O0.0
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to Si/C/N amorphous structures.14,20 In laser powders,
maximum absorption was observed at 950 cm�1.
Therefore, Si atoms seem to be bonded mainly to N
atoms [940 cm�1 n(Si–N–Si)]. During furnace thermo-
lysis, the absorption maximum was shifted from 920
cm�1 in the 800 �C sample to 835 cm�1 in the 1050 �C
sample. The latter appears to contain more Si–C bond-
ing [830 cm�1 n(Si–C)]. In each spectrum, an absorption
at 1260 cm�1 is observed. It is attributed to a Si–CH3

deformation vibration.22 The presence of this Si–CH3

unit indicates the incomplete pyrolysis of the pre-
cursor.19,20 The intensity of this band, however, is sig-
nificantly decreased in the spectrum of the 1050 �C
furnace sample compared to the 800 �C furnace sample
while it appears in an intermediate intensity in the laser
sample spectrum. Furthermore, individual absorptions
could be detected in the 800 �C furnace sample spec-
trum whereas absorptions after thermolysis at 1050 �C
were found to be very broad and featureless. Here
again, the laser sample spectrum seems to represent an
intermediate stage. We therefore conclude from IR
analysis that the structural properties of the laser sam-
ple approximately correspond to those of a furnace
sample thermolysed at about 900 �C.
The X-ray powder diffraction patterns of as-formed

laser powders and furnace samples (1050 �C) do not
show any diffraction peaks, demonstrating that both
materials exhibit an amorphous structure. This has
already been observed for different laser samples
obtained from an aerosol.13,14,16,17,23,24 Complementary
structural comparison is achieved through EXAFS and
NMR.
EXAFS and XANES spectra of laser sample 2 are

shown in Figs. 3 and 4, respectively. A model of the
short-range order of thermolysed Si/C/N furnace sam-
ples based on diffraction data was already pub-

lished.19,25 Therefore, characterization of these samples
by EXAFS/XANES was not necessary. The EXAFS
data analysis was performed on the laser sample in the
following way: the oscillatory part was extracted using a
5th order polynomial fit and normalized using an Hei-
tler approximation. Fourier Transformation (FT) of the
k2 weighted EXAFS signal was then performed over the
same energy range (2.5–10.7 Å�1) for all the compounds
studied here. This yields a pseudo radial distribution
function in R space (uncorrected from the phase shift)
of the coordination shells surrounding the absorbing
Si atoms, as shown in Fig. 3 for a laser sample and

Fig. 2. Infrared spectra of (a) OMVS thermolysed at 800 �C, (b) as-

formed laser powder and (c) OMVS thermolysed at 1050 �C.
Fig. 3. Comparison of the Fourier transform (modulus and imaginary

part) of the k2 weighted EXAFS oscillations for the laser sample and

for the reference alpha Si3N4.

Fig. 4. Comparison of Si K edge XANES spectra of beta SiC, alpha

Si3N4 and the laser sample.
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a-Si3N4. The first and second peaks correspond to the
first and second coordination shells around Si atoms. A
qualitative comparison suggests an environment for the
Si atoms that mainly consists of N atoms as first neigh-
bours (an analogous comparison with b-SiC excludes an
environment dominated by Si–C pairs). Furthermore,
the peak corresponding to the first coordination shell
was back-transformed in the k space and fitted using the
electronic parameters extracted from the model com-
pound a-Si3N4 (4 N atoms at an average distance of
1.74 Å). The best simulation was obtained with an
average environment of 3.9�0.3 N atoms at a distance
of 1.74�0.2 Å. The Debye–Waller factor was estimated
to be 0.048 Å�2. A two-shell fit on the basis of Si–N and
Si–C pairs for the same experimental data set only gave
0.2�0.1 carbon atoms in the average environment of
the silicon atoms.
Nevertheless, looking at the edge position on the

XANES spectra (Fig. 4), one can not exclude the pre-
sence of mixed environments (SiCxN4�x) around the
silicon atoms.26 Furthermore, the fact that the threshold
is not well defined, but spread over more than 3 eV
suggests the existence of various environments. The
presence of Si–C bonds is also indicated by IR (for
example Si–CH3, see Fig. 2) and NMR (see below). The
fact that these Si–C bonds were not detected in the
EXAFS experiments may be due to a high degree of
disorder with various X–Si–C bond lengths and angles
in the laser powders.
Fig. 5 presents the 13C and 29Si MAS NMR spectra of

OMVS furnace samples19 thermolysed at 800 and
1050 �C and the spectra recorded for the as-formed laser
sample. In general, the peak positions are rather similar
in both cases, although the NMR spectra of the various
samples exhibit some characteristic differences. Thus, in
the 13C NMR spectrum of the laser sample, the signal to
noise ratio is better than for the furnace samples, while
it is somewhat lower in the 29Si NMR spectra of the
laser sample as compared to the furnace samples. This
might be due to the presence of hydrogen atoms and the
cross-polarization technique used for 13C and 29Si NMR
signal detection. It is known from chemical analysis and
from the IR spectra that the laser powder contains a
large amount of hydrogen. The high signal to noise
ratio in the 13C NMR spectrum and the low ratio in the
29Si NMR spectrum seem to indicate that hydrogen
atoms in laser samples are preferentially bonded to car-
bon and not to silicon atoms whereas IR spectra of
furnace samples revealed the formation of Si-H bonds
during thermolysis.19

The 13C NMR spectrum of the laser sample shows
two signals at around 0 and 140 ppm with similar
intensities. The signal at 0 ppm can be attributed in
particular to CH3Si groups, which is in agreement with
the signature of Si–CH3 observed in the infrared spec-
tra. The signal at 140 ppm can be assigned to sp2-

hybridized carbon.27,20,19 The 1H NMR spectra (not
shown here) confirm the presence of H atoms bonded to
sp2- and sp3-hybridized carbon. In addition, the furnace
sample at 1050 �C exhibits a broad spectral component,
centred at about 24 ppm, which can be attributed to the
presence of CSi4 units and which is completely missing
for the laser sample.
In comparison to the furnace samples, the 13C NMR

signals of the laser sample are much sharper. The broad
NMR signals of the furnace samples are attributed to
the amorphous character of the material and in parti-
cular to the large chemical and structural heterogeneity
of the sample.19 The narrowing of the 13C NMR signals
therefore suggests that the laser powder is less hetero-
geneous, i.e. all the carbon atoms possess a similar
molecular surrounding.
Furthermore, the comparison of the 13C NMR spec-

tra of laser and furnace samples indicates that the
intensity ratio C(sp2)/C(SiCN) is higher for the laser
sample. Therefore, the relative amount of ‘‘free carbon’’
should be higher in these materials.
The 29Si NMR spectrum of the laser powder shows

resonances between about 0 and �60 ppm. In contrast
to the furnace samples, here again relatively sharp sig-
nals at �8, �24 and �35 ppm are observed along with a
broad resonance centred at about �50 ppm. These sig-
nals can be attributed to the presence of primarily mixed
tetrahedra SiCxN4�x (x=0,1,2). The presence of SiC4

cannot completely be excluded from these data, since its
resonance falls into the same spectral range.20 As
before, the NMR linewidth is found to be smaller than
for the furnace samples which again implies a larger
homogeneity of the laser sample. In addition, it might
well be that unreacted groups give rise to these relatively
sharp NMR signals.
From the different results presented here, it seems that

the as-formed laser powder is composed of a mixture of
SiCxN4�x (x=0,1,2) units and free carbon with H bon-
ded mainly to carbon atoms. The X–Si–N bond lengths
and angles appear to be locally well-ordered (similar to
crystalline Si3N4) whereas X–Si–C bond parameters
vary significantly. This organisation is thus similar to
the local environment of Si atoms found in furnace
samples at 800 and 1050 �C. As was already observed
for different Si/C/N precursor ceramics, organisation of
the amorphous furnace samples starts via formation of
silicon nitride structures prior to silicon carbide crystal-
lisation.19,25 On the basis of the chemical analysis and
the 13C NMR data, the amount of ‘‘free carbon’’ should
be higher in laser samples.

3.3. Annealing treatments

The differences in local order between laser and fur-
nace samples may induce a different behaviour during
thermal treatments. Therefore, the as-formed laser
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samples were analysed by TGA in a flowing argon
atmosphere up to a temperature of 1400 �C (5 �C/min).
Again, the results for the different laser samples (1, 2,
and 3) are very similar, therefore, only the evolution of
sample 2 is presented here. The TGA curve of as-formed
laser sample 2 synthesised at 510 W is inserted in Fig. 1.
Up to 1400 �C, a continuous mass loss was detected
leading to a final mass reduction of about 9% at
1400 �C. Due to the large BET surface areas of the laser
samples (about 120 m2/g), the materials contain adsor-
bed water which is mainly responsible for the weight
loss detected at low temperatures. Furthermore, the
mineralisation process proceeds during the heat-treat-
ment leading to the cleavage of organic groups (CH
containing units). During laser pyrolysis, liquid OMVS
was transformed into preceramic laser sample 2 with a
yield of 41 wt.%. The as-formed powder showing a loss
of 9 wt.% of the powder mass used for TGA experi-
ments up to 1400 �C, the overall ceramic yield at 1400 �C
amounts to 37% relative to the amount of OMVS used
(Fig. 1c). This value is significantly higher than that for
the furnace sample (26%).
In order to investigate crystallisation and decomposi-

tion, annealing experiments were performed. Because of
the different synthesis conditions of the powders (reac-
tion time, temperature), the as-formed laser samples
were first heated up to 1050 �C for 4 h in an argon
atmosphere which corresponds to the thermolysis con-
ditions of the furnace samples. Subsequent annealing
was carried out with a heating rate of 2 �C/min in a
nitrogen atmosphere at 1400 or 1550 �C for 3 h,
respectively. At each step of the treatment, the weight
loss was measured (see Table 2), and the samples were
analysed by IR spectroscopy (Fig. 6) and X-ray diffrac-
tion (XRD) (Fig. 7).

At 1050 �C, a mass loss of 5% was detected for the
laser sample (Table 2). The IR spectra of both laser and
furnace samples (Fig. 6a) show a broad absorption
band between 600 and 1200 cm�1 characteristic for a
superposition of Si–C and Si–N vibration bands.14 The
maximum of this absorption is located at higher ener-
gies in the laser sample spectrum indicating a nitrogen-
rich first co-ordination sphere of silicon atoms. In con-
trast to this, the furnace sample spectrum shows a dis-
tinct tailing towards lower energies characteristic for a
carbon-rich environment of silicon atoms. These obser-
vations confirm the results discussed in the first part of
this paper. Whereas the furnace sample spectrum
appears to be without distinct structure, the laser sample
still contains structural units of the precursor thermo-
lysed at 400 �C;19 at least three corresponding absorption
maxima (1050, 960, and 880 cm�1) were detected. Com-
pared to the spectrum of the as-formed laser powder, the
absorption of the Si–CH3 group at 1260 cm�1 has dis-
appeared while the shape of the broad band between 600
and 1200 cm�1 remains the same after heat-treatment at
1050 �C. XRD experiments revealed that both laser and
furnace samples are still amorphous at this temperature
(Fig. 7).
At 1400 �C, the weight loss of the furnace sample is

negligible (<1%) whereas the weight change of the
1050 �C laser sample amounts to �13% (Table 2).
Compared to the TGA results (9% mass loss at 1400 �C
for the laser sample), the slightly enhanced mass change
can be explained by the dwell time of 3 h in the anneal-
ing experiment.
At 1400 �C, thermodynamically unstable (organic)

groups are cleaved whereas the reaction of Si–N groups
with C is expected at higher temperatures (1484 �C).28

The observed mass change can therefore be attributed

Fig. 5. 13C (left column) and 29Si MAS NMR (right column) spectra of OMVS after thermolysis at 800 and 1050 �C and of the as-formed laser

sample. The 13C NMR signals at about 200 ppm reflect spinning side bands due to sample rotation.
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to the loss of hydrogen, hydrocarbons and adsorbed
water on the surface of the particles. The SiCxNy vibra-
tion bands in the IR spectrum (Fig. 6b) are still very
broad. In the spectra of the 1050 and 1400 �C furnace
samples, their appearance is very similar showing that
no significant evolution of the silicon coordination
spheres occurred. The distinct structure of absorption
bands in the 1050 �C laser sample spectrum, however, is
absent in the 1400 �C laser sample spectrum. The energy
range of the SiCxNy absorption band of laser samples is

slightly smaller at 1400 �C than at 1050 �C. The XRD
diagram of the 1400 �C laser sample reveals an amor-
phous structure (Fig. 7). In the diagram of the furnace
sample (Fig. 7), very broad reflection signals attributed
to silicon carbide were detected. (Besides, the furnace
sample contains traces of WC due to the preparation
technique.) With regard to XRD, the main difference at
this temperature between laser and furnace samples
seems to be a lower organisation degree in the laser
samples.

Fig. 6. IR spectra of laser samples (left column) and furnace samples (right column) heated to (a) 1050 �C and subsequently annealed at (b) 1400 or

(c) 1550 �C.

Fig. 7. XRD diagrams of laser samples (left column) and furnace samples (right) tempered at 1050 �C and subsequently annealed at 1400 or 1550 �C.

Table 2

Weight change during annealing (annealing temperature, atmosphere, dwell time and heating rate)

1050 �C Ar (4 h)

(100 �C/h)

1400 �C N2 (3 h)

(120 �C/h)

1550 �C N2 (3 h)

(120 �C/h)

Laser sample 2 �5% Laser sample 1050 �C �13% �32%

Furnace sample 0% Furnace sample �0.5% �19.5%
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When heated up to 1550 �C, advanced decomposition
of the materials was observed. The weight losses of
1050 �C laser and furnace samples were 32 and 20%,
respectively (Table 2). According to thermodynamic
calculations, Si–N bonds are not stable in the presence
of carbon above 1484 �C (1 atm N2).

28 Hence, eva-
poration of gaseous nitrogen accompanied by the for-
mation of Si–C bonds is expected at 1550 �C. This
reaction explains the weight loss observed in the furnace
sample: the 20% weight loss approximately corresponds
to the amount of nitrogen present in the as-formed
material (22.3 wt.%, Table 1). In the as-formed laser
sample, the nitrogen content is 19.6 wt.%. On the
assumption that no nitrogen is lost during the heat-
treatment at 1050 �C, the nitrogen content amounts to
about 21.3 wt.% in the 1050 �C sample. Therefore, the
enhanced mass loss of the 1050 �C laser sample (32%) at
1550 �C can not only be explained by the loss of nitrogen.
At 1400 �C, the weight change of the laser sample
attributed to the evaporation of H2, hydrocarbons and
adsorbed water was determined to be �13% (Table 2).
This mass loss should also occur during annealing up to
1550 �C. The total weight loss of the laser sample (32%)
could then correspond to evaporation of hydrogen,
hydrocarbons and adsorbed water in a first step and
subsequent loss of nitrogen during formation of SiC.
Both IR spectra (Fig. 6) and XRD diagrams (Fig. 7)

indicate the presence of crystalline SiC. The IR spectra
of furnace and laser samples after annealing at 1550 �C
have a maximum at similar positions (�900 cm�1),
indicating the absence of Si–N bonds and the pre-
dominance of SiC structural units. The absorption band
is significantly sharper than in the spectra of 1400 �C
samples. More precise information on the crystallisation
is obtained from XRD diagrams. In both cases b-SiC
seems to be the major phase beside a minor phase com-
posed of a-SiC.

4. Summary and conclusion

In this study, a liquid oligomer, oligomethylvinylsila-
zane, previously used in furnace thermolysis experiments
was transformed into Si/C/N nanopowders by laser
spray pyrolysis. The structure of pre-ceramic powders
produced by laser spray pyrolysis on the one hand and
furnace thermolysis on the other hand was compared in
detail by different techniques sensitive to the long range
or short range order. The thermal behaviour during
annealing was also studied.
As a first result, it was shown by IR and NMR spec-

troscopy that structural features of as-formed laser sam-
ples approximately correspond to those of samples
obtained by furnace thermolysis ofOMVS at 800/1050 �C.
The chemical composition of as-formed laser nano-
powders can be compared with that of furnace samples

obtained from OMVS at 1050 �C. However, the relative
amount of carbon is slightly higher in laser samples
whereas the nitrogen content is reduced as compared to
that of furnace samples. According to EXAFS and
XANES spectra of laser samples, the silicon atoms are
located in the centre of mixed tetrahedra SiCxN4�x

(x=0,1,2) with locally well ordered Si–N bonds and C
atoms at varying positions. The N-rich environment
around silicon atoms together with the high amount of
carbon could indicate a higher content of ‘‘free carbon’’
in the laser sample than in the furnace sample. Even
though the laser frequency was tuned on the Si–N
vibration energy, the Si/N atomic ratio of the precursor
remained almost constant during laser pyrolysis experi-
ments. The laser activation of molecules seems to induce
the cleavage of Si–C and N–H bonds releasing hydro-
carbon radicals. Those radicals are partly lost in the gas
phase but they also contribute to the formation of sp2-
hybridized carbon (‘‘free carbon’’) found in the pow-
ders. This mechanism implies, that the CHx groups of
the precursor partly remain intact during laser pyrolysis.
Therefore, although the energy transfer methods in laser
pyrolysis and furnace thermolysis are very different,
decomposition reactions of molecular precursors are
comparable in both experimental set-ups.
The yield of laser pyrolysis (solid pre-ceramic mate-

rial/liquid OMVS) after annealing at 1400 �C was 37
wt.%. Beginning of the SiC crystallisation of furnace
samples was observed after heat-treatment at 1400 �C in a
nitrogen atmosphere whereas laser samples remained
X-ray amorphous at this temperature. Both laser and
furnace samples exhibiting a large carbon excess, the reac-
tion of Si–N units with ‘‘free carbon’’ lead to formation of
SiC and nitrogen gas at higher temperatures. The mass
loss detected between 1400 and 1550 �C corresponds to
the amount of nitrogen present in as-formed materials.
In summary, pre-ceramic powders produced by laser

spray pyrolysis or furnace thermolysis of OMVS have a
great deal in common with regard to their structural
organisation. The method used to decompose the pre-
cursor mainly determines the macroscopic appearance
of the materials (nano-sized powders or bulk particles).
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