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ABSTRACT

Polymer derived SiOC ceramics (PDCs), with a rather high intrinsic carbon content, were charac-
terized by transmission electron microscopy (TEM). One focus of this study was to highlight specific
strengths as well as limitations of TEM specific techniques with high lateral resolution such as high-
resolution TEM (HRTEM) and electron energy-loss spectroscopy (EELS). High-resolution TEM im-
aging revealed the predominantly amorphous nature of the bulk samples upon pyrolysis, while EELS
analysis indicated the initiation of a phase separation process at temperatures exceeding 1000 °C.
However, apart from valuable information that can be obtained by TEM studies with high lateral reso-
lution, the question as to whether nanodomains form at elevated temperatures is still unsolved, in par-
ticular, since a phase separation of amorphous phases on the nanometer scale cannot easily be imaged
by TEM. Therefore, Raman spectroscopy data are compared with HRTEM imaging results and the
distribution and evolution of the intrinsic excess free carbon phase with increasing heat treatment tem-
perature is critically discussed.

Keywords: Polymer-derived ceramics, SiOC, Transmission electron microscopy, Excess free car-
bon, Nanostructure, Raman spectroscopy.

POLIMERDEN TURETILMIS SiOC SERAMIKLERI; CEVAPLARDAN COK
SORULAR

oz

Yiksek karbon igerikli polimerlerden tiretilmis SiOC seramikleri (PDCs) gecirimli elektron mik-
roskobu (TEM) ile karakterize edilmistir. Bu ¢aligmanin bir amaci TEM’in yiiksek-ayirma giicli TEM
(HRTEM) ve elektron enerji-kayip spektroskopisi (EELS) gibi 6zel tekniklerinin giglit yonlerini
oldugu kadar sinirlamalarini da gostermektir. Yiksek-ayirma TEM goruntiileri piroliz sonrasi yiginsal
numunenin amorf yapisini agik¢a gosterirken, EELS analizleri 1000 °C’nin tizerindeki sicakliklarda
faz ayrisma stirecinin baglangicini gostermistir. Buna ragmen, yiiksek yanal ayirma giictiyle TEM cal-
ismalartyla elde edilebilen degerli bilgilerin disinda, yuksek sicakliklarda nanodomeinlerin olup ol-
madig1 sorusu 6zellikle nanometre dlgekte amort fazlarin faz ayrigimi TEM ile kolaylikla goriintiile-
medigi icin heniiz ¢ozilememigtir. Bu nedenle, Raman spektroskopi verileri HRTEM goriintii
sonuclartyla karsilastinlir ve artan 1sil islem sicakligina bagli olarak fazla serbest karbon fazin da-
gilim1 ve degerlendirilmesi kritik olarak tartigilir.

Anahtar Kelimeler: Polimerlerden turetilmis seramikler, SiOC, Gegirimli elektron mikroskobu,
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1. INTRODUCTION

Staring from the mid seventies (Verbeek
and Winter, 1974; Yajima et al., 1976), poly-
mer-derived ceramics has gained increasing in-
terest thanks for their promising properties.
Compared to conventional ceramic powder
processing methods, the homogeneity of the
polymer precursors on the atomic/molecular
level, the applicability of well-established poly-
mer processing techniques, and the low process-
ing temperatures are highly desirable PDC prop-
erties. In particular, the interesting possibility to
fabricate high-purity oxide and non-oxide ce-
ramics, while starting from organometallic pre-
cursors with low viscosity such as polysilox-
anes, polysilazanes, polycarbosilanes and poly-
carbosilazanes, determined the increased re-
search activities in this area. Over the years,
numerous studies on the synthesis of or-
ganometallic precursors, which yield bulk ce-
ramic compounds upon pyrolysis, were reported
(Vaahs et al., 1992; Mucalo et al., 1994; Riedel
et al., 1995; Yu et al., 1995; Bill and Heimann,
1996).

Pyrolysis temperatures of 800 to 1000 °C
promote the organic-inorganic transition and
typically result in an amorphous network. Sub-
sequent heat treatment at temperatures exceed-
ing 1200 °C initiates local crystallization of the
thermodynamically stable phases. Monthioux
and Delverdier (1996) were first to report that
the excess free carbon phase is first to nucleate
followed by SiC formation. The latter compound
forms via carbothermal reduction reaction.
While nucleation within the binary Si-C system
was reported to start at temperatures between
900 to 950 °C, crystallization within the ternary
Si-O-C system was observed at 1200 °C.

It is important to note that, depending on
the PDC system studied, markedly different on-
set temperatures for the occurrence of the excess
carbon phase were observed; the overall trend
follows the behavior of an increased number of
constituents within the amorphous network.
However, increasing the number of constituents
within polymer-derived ceramics, in order to
improve thermal stability against crystallization,
is not the only governing parameter. Chemical
composition, polymer architecture and, in par-
ticular, residual porosity within the amorphous
matrix also affect the overall crystallization be-
havior of the amorphous bulk considerably.

Although only limited information concern-
ing SiOC material properties are available in
literature, the reported data clearly highlight the
potential of SiOC for high-temperature applica-
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tions, as compared to pure silica glass (Renlund
et al., 1991; Soraru et al., 1996; Pantano ct al.,
1999). Most of the SiOC glasses studied were
synthesized employing sol-gel processing. Upon
heat-treatment at 1000 °C, SiOC matrices usu-
ally represent amorphous covalent solids with
the presence of free carbon and/or residual hy-
drogen (Soraru et al., 1988; Pantano et al.,
1999). Raising the annealing temperature to
1200 °C and above, local decomposition due to
the escape of gaseous species (SiO and/or CO)
is accompanied by the formation of nanosized
SiC crystallites (Breval et al., 1994; Schiavon et
al., 2002). This latter behavior was observed by
TEM in SiOC samples, derived by pyrolysis of a
polysiloxane precursor obtained via the sol-gel
process (Kleebe et al., 2001). The sol-gel syn-
thesis route enables the formation of precursors
with different compositions, by simply mixing
the starting alkoxides (e.g. HSiO; and
CH;SiHO, units) in different molar ratios
(Soraru, 1994). It is easy to recognize that a high
content of the CH;SiHO, unit results in a high
carbon content in the pyrolysed ceramic. In or-
der to understand how the Si-O-C amorphous
network is locally structured, one can start from
the SiO, glass structure and substitute two diva-
lent oxygen atoms by one tetravalent carbon
atom. The composition of a stoichiometric
SiOC, which consists only of Si-O and Si-C
bonds, is given by SiC(O.). In this way also
some C(Si); units are formed (as proven by
NMR analysis as for example described in
Kleebe et al. 2006), leading to a strengthened
glass network due to locally higher bond den-
sity. Therefore, all properties related to the
structure of the SiOC glass network, ¢.g., glass
transition  temperature,  viscosity, elastic
modulus and hardness increase with a higher
amount of incorporated carbon (Hammond et
al., 1993; Bodet ¢t al., 1996; Rouxel et al.,
1999).

Microstructure evolution can be monitored
using different experimental techniques such as
transmission electron microscopy (TEM) paral-
lel to electron energy-loss spectroscopy (EELS);
the latter allows for the determination of compo-
sitional changes with high lateral resolution.
Similarly, a stoichiometric SiOC glass
(T"/D"=2), heat treated between 1000 and
1400 °C, was also characterized by TEM/EELS
tcchniqucs (Kleebe et al. 2001). It was shown
that a phase separation process, SiCyOyy) =>
xS1C+(1-x)Si0,, starts at about 1200 °C and re-
sults in the formation of nanosized SiC precipi-
tates embedded in an amorphous SiO, matrix. It
is assumed that, although the phase-separation
process has progressed at this stage, the matrix
still contains a minor fraction of incorporated
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carbon, since crystallization of a pure SiO,
phase was not observed. TEM and EELS analy-
sis were similarly utilized to characterize the
overall microstructure and, in particular, the
crystallization  behavior of two  non-
stoichiometric SiOC materials. As compared to
the stoichiometric sample, the variation of the
volume fraction of the two starting precursors,
ie., T"/D" =1 and 9, yielded SiOC glasses en-
riched in either free carbon and or nanosized
silicon precipitates (Turquat et al. 2001). The Si-
rich SiOC matrix revealed pronounced growth
of Si crystallites, when annealed at 1300 °C for
10 or 100 hours. The observed grain coarsening
is consistent with the classical Ostwald ripening
process of spherical particles within an amor-
phous matrix (Gregori et al., 2006). All TEM
studies on ternary PDC systems, in particular on
SiCN and SiOC, clearly indicated the metastable
nature of these bulk glasses, since crystallization
into thermodynamically stable phases occurs
upon thermal treatment at temperatures exceed-
ing the pyrolysis temperature.

The SiOC compositions characterized here,
PHMS and PHMS+60%DVB, contain a much
higher carbon content, as compared to
stoichiometric or near stoichiometric SiOC ma-
terials mentioned above (sol-gel route), due to a
novel synthesis approach described in detail in
Kleebe et al. 2006. The focus of the study pre-

sented here is twofold: (i) the presentation of

HRTEM imaging results in addition to EELS
analysis and Raman spectroscopy and (ii) a
critical discussion of the obtained data, in order

to highlight specific strengths and limitations of

the corresponding characterization techniques.
2. EXPERIMENTAL PROCEDURES

The polymer-derived ceramics investigated
here were prepared starting from two polymer
formulations (PHMS and PHMS+60%DVB) as
described in detail elsewhere (Kleebe et al.
2006). Upon pyrolysis at 1000 °C, the ceramics
underwent a second heat treatment at 1200 and
1450 °C.

Transmission electron microscopy (TEM)
imaging and EELS analysis were performed on
TEM-foils obtained from bulk SiOC samples
that were prepared following standard ce-
ramographic routines: cutting, ultrasonic drill-
ing, dimpling, and Ar-ion thinning to perforation
followed by light carbon coating to minimize
charging under the incident electron beam.

Electron energy-loss spectroscopy (EELS)
was employed to examine the local chemical
compositions with high lateral resolution; the

silicon L-edge (Si-L) and the carbon K-edge (C-
K) where considered, in order to follow the rear-
rangements occurring in the Si-based network as
well as in the free carbon domains upon expo-
sure to temperatures ranging from 1000 to
1450 °C. For this purpose, a transmission elec-
tron microscope, Philips CM200 FEG, operating
at an acceleration voltage of 200 keV and inter-
faced to a Gatan Imaging Filter (GIF) model 678
was used.

As an integral characterization technique to
study the evolution of carbon domains upon
thermal anncal, Raman spectroscopy was per-
formed using a System 1000 (Renishaw plc) mi-
croprobe employing an Ar-ion laser with a
wavelength of 514.5 nm.

3. RESULTS AND DISCUSSION
3.1 Transmission Electron Microscopy

Samples of both formulations prepared via
pyrolysis at 1000 °C exhibit entirely amorphous
microstructures. Annealing at 1200 °C results in
the formation of nano-domains of SiO, and SiC.
Although this cannot be clearly confirmed by
HRTEM imaging, the analysis of the intensity
profiles of the electron diffraction patterns
rcvcalcd the presence of a signal at about
3.9 nm (corrcspondmg to characteristic planar
spacing in SiC) and a broad shoulder in the
range of 2-6nm™ (typical of SiO,). Similar
features are detected in the DVB-containing
sample of composition 2, as depicted in Fig. 1.
In the latter material, however, additional
signals attributed to graphltlc domains are
visible at 4 8 and 8.3 nm™. The broad shoulder
at 2.9 nm™' might be as31gncd to two overlapping
contrlbutlons due to the presence of sﬂlca
(2.6nm™) and graphitic carbon (3.0 nm™),
respectively. The absence of discrete diffraction
points suggests that these domains are still
amorphous. HRTEM analysis corroborates this
hypothesis, as in both formulations no
crystalline features could be detected. Heat-
treatment at 1450 °C induces further structural
modifications in both systems. This is consistent
with previous NMR results indicating an
extensive molecular rearrangement of the
amorphous Si-O-C network resulting in the
formation of tetrahedral units of SiC, (“SiC
phase”) and SiO,4 (“SiO, phase™) at the expense
of mixed units.

In the PHMS systcm both signals centered
at about 2.6 and 3.9 nm™ show an intensity in-
crease, which underlines a proceeding rear-
rangement process at higher temperaturc Addi-
tional peaks at ~7.0 and ~7.5nm” were ob-
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served and are assgncd to SiC. The weak signal
located at ~4.8 nm™ is assigned in turn to graph-
itic carbon.

Although the PHMS sample annecaled at
1450 °C maintains a predominantly amorphous
character (Fig. 2), it exhibits the presence of few
turbostratic carbon features (marked by the ar-
row) in addition to a small number of nanosized
SiC crystallites, highlighted in the Fourier-
filtered image (inset b), were observed. Hence,
even upon thermal treatment at 1450 °C, the
PHMS material is still predominantly amor-
phous and exhibited only a low volume fraction
of turbostratic carbon and SiC precipitates.
Similarly, the electron diffraction pattern (EDP)
of the PHMS+DVB specimen annealed at
1450 °C allows for the assignment of the corre-
spondlng ring spacing to SiC (3.9, 7.0, and
7.5nm™) and to graphite-like features (3.0, 4.8,
and 8.3 nm™). At this stage, turbostratic carbon
is formed and the signal corresponding to the
spacing bctwecn graphene layers along the c-
axis (3.0nm™) is clearly visible. The compari-
son of the EDP of materials 1 and 2 upon expo-
sure to 1450 °C reveals much stronger radial
profile intensities for the PHMS+DVB sample.
This suggests that the number of graphite-like
and SiC precipitates present in the DVB-
enriched composition might be considerably
higher than in the PHMS sample. HRTEM im-
aging confirmed that thermal treatment at
1450 °C predominantly yields the formation of a
high fraction of turbostratic carbon, homogene-
ously distributed over the entire sample, as
shown in the HRTEM image of Fig. 3.

3.2 EELS Analysis — Carbon K-Edge

EELS was performed in order to investigate
the changes occurring within the free carbon
phase as a function of the different annealing
treatments. Fig. 4 shows the carbon K-edge
spectra acquired from both formulations after
cach thermal treatment. Upon pyrolysis at
1000 °C, the PHMS spectrum shows features
characteristic of amorphous carbon. The T* peak
at 284 eV is characteristic due to a high number
of sp’-sites within the amorphous matrix. Heat-
treatment at 1200 °C apparently does not affect
the arrangement of the carbon atoms, whereas
annealing at 1450 °C results in a significant
modification of the near-edge fine structure of
the carbon K-edge. The 7* signal is more in-
tense compared to the other two spectra and the
G* peak at 292 ¢V is more evident here. These
are typical features one can observe in the near-
edge structure of graphite-like carbon, which,
for instance, is included in Fig. 4 as reference.
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The %/c* intensity ratlo which provides a reli-
able evaluation of the sp*/sp’ bonding ratio, was
used to examine the evolution of the carbon
chemical bonds with increasing annealing tem-

peratures. Upon exposure at 1450 °C, the 7*/c*
ratio is 15% higher than right after pyrolysis,
indicating a remarkable increase of sp°-sites
within the bulk. The DVB-containing specimens
show a different evolution of the local carbon
environment. After pyrolysis at 1000 °C, the
PHMS+60%DVB system already exhibits dis-

tinct 7% and o™ peaks. Little differences among
the three spectra can be recognized within the
energy-loss regime ranging between 295 and

305 ¢V. Remarkably, the increment of the w¥/c™*
intensity ratio in this sample is less pronounced
(only 5%) than in the pure PHMS formulation.
Since HRTEM analysis revcalcd a large amount
of graphitic structures (sp>-hybridised carbon)
upon annealing at 1450 °C, we conclude that
sp’-carbon sites are present alrcady upon pyro-
lysis at 1000 °C.

3.3 Raman Analysis

Raman spectroscopy was also used in order
to investigate the evolution of the free carbon
phase embedded in the SiCO matrix. Raman
spectra of disordered graphite-like carbon ex-
hibit two characteristic signals: (i) the D band at
~1350 cm ' with A, symmetry corresponding
to the breathing mode of aromatic rings and (11)
the G band centred between 1580 and 1600 cm™
with Ey, symmctry generated by in-plane bond-
stretching of sp” carbon pairs (TraBl et al. 2000).

This mode is active at all sp” sites but not
necessarily observed at those arranged in a six-
fold symmetry. As shown in Ferrari and Robert-
son 2000, position, width and intensity of the D
and G modes can be used to establish how the
disordered carbon phase is arranged. Specifi-
cally, the I(D)/I(G) intensity ratio enables the
evaluation of the carbon-cluster size, according
to Eq. (1):

1(D) _
=C (/7,)L2 1
(G) M
where L, is the lateral size of the carbon

domain along the sixfold ring plane. The value
of the coefficient C depends on the wavelength
A of the laser used to probe the samples (here,
C=0.0055 A% and A=514.5 nm were used, as
in TraBl et al. 2000).
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Fig. 1. Electron diffraction pattern profiles acquired from (a) PHMS and (b) PHMS + DVB. The
evolution of the diftraction profiles with annealing temperatures indicate the progressive for-
mation of SiO, and SiC domains along with graphitic carbon. The grey line corresponds to
Si10,, the dot-line to SiC and the dash-line to graphite like domain.

(c) Fourier filtered

Fig. 2.(a) High-resolution TEM image of the PHMS sample heat-treated at 1450°C. Few isolated tur-
bostratic carbon features can be recognized within the amorphous matrix as indicated by the
arrow. (b) Corresponding diffraction pattern and (¢) FFT-filtered images revealing the pres-
ence of SiC nanocrystals.
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(a) PHMS+60%DVE ‘ * (¢ Fourier flfered
1450°C e

SiC nanocrystal

Fig. 3. (a) HRTEM micrograph of the PHMS + DVB sample exposed to 1450°C for one hour. Turbo-
stratic carbon is present all over the bulk. (b) The corresponding EDP is characterized by a
number of rings resulting from the presence of graphitic carbon and nano-scaled SiC crys-
tallites. (c) FFT-filtered micrograph of turbostratic carbon. (d) FFT-filtered detail of a SiC
nanocrystal.

Carbon K-edge
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Fig. 4. Carbon K-edge EELS spectra of (a) PHMS and (b) PHMS + DVB. Energy loss spectra of SiC
and graphite are shown for comparison. The dot-lines highlight the position of the * and c*
peak at ~ 284 and 291 eV, respectively.
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D and G bands obtained experimentally
shown in Fig. 5 were fitted using Lorentzian
curves, in order to calculate the I(D)/I(G) in-
tensity ratios, which in turn allowed for the
determination of L, of all samples. For pure
PHMS sample pyrolyzed at 1000 °C, the D
and G peaks are rather noisy and broad, which
is due to the pronounced structural disorder of
the carbon phase. Spectra acquired from the
samples annealed at 1200 °C exhibit very simi-
lar features. Apparently, this heat treatment
does not modify the arrangement of the free
carbon phase significantly. Conversely, data
acquired from the specimen exposed to
1450 °C are characterized by very distinct and
sharp D and G modes. This is consistent with
an increasing sp*/sp’ bonding ratio (7¥/c* in-
tensity ratio) observed during EELS analysis
and suggests that an ordering process occurred
within the predominantly amorphous SiOC
ceramic network. Nevertheless, the lateral size
L, of the free carbon domains remains virtually
unchanged (~1.6 nm) with increasing anneal-
ing temperature.

For the formulation with higher carbon
content (PHMS+DVB), the spectra collected
from these samples (Fig. 5) do not reveal a
pronounced variation with increasing thermal
treatment temperature. The corresponding
I(D)/1(G) intensity ratio remained between 2.0
and 2.4, corresponding to a lateral cluster size
of approximately 2.0 nm. The addition of DVB
to the PHMS precursor and its cross-linking
results in the formation of slightly larger
graphitic clusters (likely graphene layers) al-
ready at 1000 °C. The excess amount of free
carbon in material 2 is expected to result in a
larger number of graphite-like carbon clusters
but apparently it does lead to a larger domain
size.

With respect to the excess of carbon in the
DVB-containing PHMS composition, peak
positions and intensitiecs remain virtually
unaffected by the different thermal treatments.
This seems to suggest that neither a lateral
growth nor a pronounced ordering process of
the existing carbon domains occurs upon high-
temperature annealing.

The experimental data presented above
indicate that with increasing annealing tem-
perature both SiCO compositions undergo a
significant rearrangement of the amorphous
network, which leads on the one hand to the
formation of S10, and SiC nanodomains and,
on the other hand, to an increasing “‘graphitiza-
tion” of the free carbon phase. Ultimately, SiC
nanocrystals as well as turbostratic carbon can

be clearly imaged by HRTEM upon exposure
to 1450 °C.

3.4 Critical Data Assessment

Apart from the important implications
which such a network evolution has on mate-
rial properties, we would like to point out here
capabilities and limitations of the experimental
techniques used for the characterization of
such amorphous networks.

As for the TEM analysis, electron diffrac-
tion patterns are extremely useful as they allow
for the detection of the formation of nanodo-
mains (SiO; vs. SiC) in the network particu-
larly at lower temperatures (< 1200 °C). On
the other hand, one should note that although
high-resolution imaging has an excellent reso-
lution limit (0.2 nm), it is extremely difficult to
detect the local structural arrangement of
amorphous materials. This is due to the fact
that, although the resolution of modemm TEM
instruments is way superior to the variations in
domain size discussed above, there is no con-
structive interference due to the short-range
order typical of amorphous samples.

Hence, the HRTEM image, which is the
Fourier back-transform of the e¢lectron
diffraction pattern, cannot provide any detailed
structural information of the amorphous solid,
as commonly presented in high-resolution
TEM  micrographs of  well-crystallized
materials. This limitation persists as long as
the domain size within the amorphous SiOC
matrix is considerably smaller than the TEM
sample thickness (approximately 1-2 nm
versus 10-20 nm TEM-foil thickness).

Another intriguing aspect is represented
by the lateral size La of graphitic carbon pre-
dicted by the analysis of the Raman results and
the HRTEM images. Interestingly, the average
dimension of the turbostratic carbon features
detected by HRTEM exceeds La by about one
order of magnitude, compared to 2.0 nm calcu-
lated by Eq. (1). This can be explained taking
into account that the Raman results represent
the average dimension of the graphitic lateral
size, whereas the larger turbostratic features
observed by HRTEM are simply easier to
detect. It should be noted that turbostratic
carbon can only ecasily be detected when the
(0002) lattice planes are oriented perpendicular
to the image plane (parallel to the incident
electron beam).
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Fig. 5. Raman spectra acquired from (a) PHMS and (b) PHMS + DVB using a 514.5 nm green laser.
The D and G bands characteristic of disordered graphitic carbon can be clearly recognized.

In addition, the number of layers constituting
the turbostratic structure has to be large
enough to allow for an unequivocal distinction
by HRTEM. Consequently, due to electron
optical restrictions, carbon clusters in low-
temperature annealed matrices that are made of
only one or two graphene-like layers are com-
monly not distinguishable from the surround-
ing amorphous SiOC network by HRTEM im-

aging.

Therefore, n the case of
PHMS+60%DVB, one can reasonably assume
that the sample upon pyrolysis at 1000 °C al-
ready contains a large number of well-
dispersed, single or double-layered graphene
planes, which however cannot be observed by
HRTEM. This situation remains virtually un-
changed up to an annealing temperature of
1200 °C, but undergoes a pronounced recon-
figuration upon exposure to 1450 °C. Most
likely, at this elevated temperature, graphene
layers can grow or shift through the solid ma-
trix and form multi-layered turbostratic carbon
structures. Note that the transport mechanism
of graphene layers through the SiOC matrix is
unknown.

On the other hand, one should recognize
that the Raman signal used for the determina-
tion of L, arises from in plane vibrations. In-
deed, the straight portions of the turbostratic
carbon structures observed by HRTEM are
consistent with the value of L, of ~2.0 nm.

Hence, it is concluded that Raman analysis can
only provide an estimation of the size of the
straight portion of the graphene layers, which
does not significantly change with higher an-
nealing temperatures.

As for the SiC nanocrystals, their size is
pretty much the same in both compositions.
The main difference between the two samples
consists merely in the number of SiC crystal-
lites observed, which is surprising, considering
the initial high aromatic content in the DVB-
containing material. In the DVB-cured PHMS
system, several SiC crystals were detected
among the turbostratic carbon. It is worth to
recall that, at this stage, the fraction of carbon
atoms directly bonded to silicon, i.c., the car-
bon incorporated into the Si-based network, is
higher in the DVB-containing formulation than
in pure PHMS. Therefore, a higher fraction of
SiC crystallites is expected. An interesting as-
pect, worth to discuss in this context, is where
the Si-C bonds and therefore the SiCy4 units are
most likely located within the amorphous bulk.
Upon exposure to 1450 °C, carbon atoms in
SiOC compounds can bond only to (i) other
carbon atoms or (ii) silicon. In straight gra-
phene layers, carbon atoms are all bonded to
each other and do not have out-of-planes dan-
gling bonds. Typically, these bonds are chemi-
cally very stable with the exception of atoms
located at the edges. Therefore, it is assumed
that most of the edges of the graphene layers
are bonded to either Si (Si-C bonds) or oxygen
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(C-O bonds, which are expected to be less sta-
ble at clevated temperatures). Note that
HRTEM revealed the presence of SiC
nanocrystals in close proximity to turbostratic
carbon. However, in principle, the relatively
high SiC content could also result from a local
carbothermal reduction of silica
(810,+3C—SiC+2CO), which typically occurs
at temperatures exceeding 1300 °C. Here, the
high carbon content, in particular of composi-
tion 2, could promote the carbothermal reduc-
tion reaction. However, thermo-gravimetric
analysis of the carbon-rich sample revealed
that carbothermal reduction is unexpectedly
strongly suppressed in this system.

4. CONCLUSIONS

Various techniques were employed to in-
vestigate the nanostructure evolution of S10C
networks, depending on (i) their intrinsic car-
bon content and (ii) annealing temperature.
This study has shown that HRTEM imaging of
amorphous networks has its limitations, since,
for example, it does not allow for the distine-
tion of a local phase separation into SiO, and
SiC domains. In addition, although Raman
spectroscopy enables the detection of excess
free carbon at an early stage of processing, i.c.,
upon pyrolysis, HRTEM does not reveal the
presence of free carbon at low temperatures. In
contrary, since Raman spectroscopy records
in-plane vibration modes of carbon, the corre-
sponding size distribution of carbon domains is
underestimated (~one order of magnitude).
Similar arguments can be used, when compar-
ing HRTEM imaging or Raman spectroscopy
with EELS analysis. Therefore, it is concluded
that, in order to gain a consistent and represen-
tative ‘picture’ of a predominantly amorphous
network, complementary techniques should be
employed in parallel. The use of only one
characterization tool will, most likely, generate
a false ‘image’ and can casily lead to a mis-
guiding interpretation of the intrinsic nanos-
tructure.
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