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Amorphous silicon carbides are prepared by pyrolysis of a poly-
carbosilane precursor at different temperatures between 10001 and
14001C. The structures of the resultant materials are analyzed
using X-ray diffraction, electron paramagnetic resonance, and
Raman spectroscopy. The optical properties of the SiC ceramics
are investigated by measuring their absorption spectra. It is found
that there is a critical temperature range, at which the structural
and optical behavior varied in different ways as a function of
pyrolysis temperature. The evolution in structures is discussed and
the optical behavior is explained in terms of the structural evolu-
tion during pyrolysis at different temperatures.

I. Introduction

POLYMER-DERIVED amorphous ceramics (PDCs) are a new
class of multifunctional materials synthesized by thermal

decomposition of polymeric precursors.1 These materials
possess many unique features compared with conventional ce-
ramics. For example, PDCs possess a unique structure, which
consists of an amorphous matrix and a randomly distributed
self-assembled nanosized carbon cluster.2 This unique structure
correlates to many unusual material properties. Previous
studies3–5 have shown that the properties of PDCs strongly de-
pend on the precursor chemistry and pyrolysis temperature. A
detailed understanding of the property–structure relationships
of PDCs can play a key role in further application and improve-
ment of the materials. However, due to the complexity of the
PDC structures, establishing such property–structure relation-
ships is a huge challenge and cannot be achieved using only
theoretical methods.

Optical/electronic behaviors of PDCs have received extensive
attention due to their relevance for applications in electronic/
optical devices.6–10 Previously, the electronic structure of
PDCs has been studied by measuring their optical absorption
behavior.11,12 Wang et al.11 reported that polymer-derived amor-
phous silicon oxycarbonitrides (SiCONs) show two absorption
mechanisms in different excitation energy regions. These authors
also revealed that the band gaps of both transitions decrease
with increasing pyrolysis temperature. However, these previous

studies did not provide a detailed relationship between the
optical behavior and the structures of these materials.

In this paper, we studied the structure and optical behavior of
polymer-derived amorphous silicon oxycarbides (SiOC) ob-
tained at different pyrolysis temperatures. The structure of the
materials was investigated using X-ray diffraction (XRD), Ra-
man, and electron paramagnetic resonance (EPR), and the
optical behavior was studied by measuring their optical absorp-
tion. The optical behavior was discussed in terms of structural
evolution.

II. Experimental Procedure

The SiOC ceramics studied here were synthesized by thermal
decomposition of a liquid-phased polycarbosilane synthesized at
Xiamen University. First the precursor was cured at 4001C for
2 h in an ultra-high-purity argon environment. The curing prod-
uct was then ground to a powder and pressed into disks of
16 mm diameter and 1 mm thickness. Finally, the disks were
pyrolyzed in a vertical furnace at temperatures ranging between
10001 and 14001C for 4 h in flowing ultra-high-purity argon.

The thermal stability of the SiOC powder obtained at 9001C
was investigated using a thermogravimetric analyzer (TGA,
Netzsch STA 409 C/CD, Selb, Germany) in the temperature
range of 9001–14001C. The test was carried out under argon
protection at a ramping rate of 10 K/min. The crystalline com-
position of the obtained materials was analyzed by XRD (Rig-
aku D/max-2400, Tokyo, Japan) using CuKa radiation. Data
were digitally recorded in a continuous scan mode in the angle
(2y) range of 201–801 at a scanning rate of 0.121/s. The free car-
bon phase in the ceramics was characterized using a Renishaw
in-via Raman microscope (Renishaw, London, U.K.) with the
532 nm line of an Ar laser as the excitation source. The struc-
tural defects in these ceramics were studied by EPR at a fre-
quency of 406.4 GHz.

The optical behavior of the ceramics was characterized by
measuring their absorption spectra using a UV-3101 double-
channel spectrometer (Shimadzu Co., Kyoto, Japan). The SiOC
were first ground to a powder of B1 mm. The powder was then
mixed with KBr and pressed into disks of 10 mm diameter and
0.5 mm thickness. The ratio of the SiOC to KBr was controlled
so that the absorbance of the disks ranged between 0.2 and 0.8.
The absorption spectra were obtained using a double-channel
spectrometer. In order to remove the signal from KBr, two pure
KBr disks of the same size were prepared. One was placed at a
reference optical channel, and the other was placed at a sample
channel to calibrate the base line. The absorption spectra of the
KBr/SiOC samples were obtained by placing them at the sample
channel. In this way, the absorption spectra of pure SiOC pow-
der were obtained.
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III. Results

The compositions of the ceramics obtained were measured
using a combination of an IR carbon–sulfur analyzer and an
oxygen–nitrogen analyzer.13 The results are listed in Table I. It
can be seen that the materials obtained at the different pyrolysis
temperatures essentially have the same composition, suggesting
that the materials are thermally stable (without further decom-
position) in the testing temperature range. This is confirmed by
the TGA result (Fig. 1), which reveals that there is no weight
loss up to 14001C for the sample obtained at 9001C. The results
also reveal (from their apparent formula) that the materials
contain a fairly large amount of extra carbon and a small
amount of oxygen. Figure 2 shows the XRD patterns for the
samples obtained at different pyrolysis temperatures. The XRD
patterns for the samples pyrolyzed at temperatures between
10001 and 12001C show no diffraction peaks, suggesting that
they are completely amorphous. The pattern for the sample
pyrolyzed at 12501C shows a weak diffraction peak, suggesting
the beginning of crystallization at this temperature. The inten-
sity of the diffraction peak(s) increases with a further increase in
the pyrolysis temperature, suggesting an increase in the crystal-
lization degree. The weak diffraction peaks suggest that the
samples are not completely crystallized up to 14001C. All
peak(s) can be identified as the bSiC phase.

The materials obtained were then analyzed using Raman
spectroscopy, which is one of the most sensitive methods for the
characterization of the different modifications of carbon.14–17

The Raman spectrum recorded from the sample obtained at
10001C shows no signals, suggesting that free carbon domains
were not formed in this material. However, the elemental anal-
ysis suggested that there is extra carbon within the material
(Table I). It is likely that the extra carbon has not formed a free
carbon nanodomain yet at this pyrolysis temperature. Figure
3(a) shows a typical Raman spectrum of the sample pyrolyzed
at 12001C. The spectrum exhibits two bands at 1350 and 1600
cm�1, which correspond to the D and G bands of the free car-
bon phase, suggesting that the extra carbon formed free carbon
clusters at these higher temperatures.

The Raman spectra were used to calculate the size according
to the following equation18:

LaðnmÞ ¼ ð2:4� 10�10Þl4l
ID
IG

� ��1
(1)

where ID and IG are the integrated intensities (areas) of the D
and G bands, respectively; ll is the laser line wavelength (532 nm
in the present study); and La is the domain size of the free car-
bon clusters. The results are summarized in Fig. 3(b). It is in-
teresting to note that there is a critical temperature range
between 12001 and 13001C: below this range, the size of the
free carbon first decreases with increasing pyrolysis temperature,
while above this range, the free carbon size increases with in-
creasing pyrolysis temperature. Note that the critical tempera-
ture range coincides with the crystallization starting
temperature.

The point defects within the materials were analyzed using
EPR. Figure 4(a) shows the room-temperature EPR spectrum of
the samples obtained at 12001C, measured at a frequency of
406.4 Hz. The spectrum consists of a symmetric line with a g
value of 2.003270.0002. This value suggests that the observed
EPR line is due to the carbon dangling bonds (unpaired elec-
trons) within the bulk SiC matrices, instead of within the free
carbon clusters.19 Figure 4(b) plots the peak-to-peak line width
(reversely proportional to dangling bond concentration) of the
EPR signal versus pyrolysis temperature. Again, a critical tem-
perature range between 12001 and 13001C is observed: below
this, the line width decreases with increasing pyrolysis temper-
ature, while above it, the line width increases with increasing
pyrolysis temperature. This critical temperature range also co-
incides with the crystallization starting temperature.

The optical absorption behavior of these materials was mea-
sured to study their optical properties. According to Davis and
Mott,20 absorbance of an amorphous semiconductor as a func-
tion of photon energy hnat higher photon energy regions follows:

ðahnÞr / ðhn� EgÞ: (2)

where a is the absorbance of amorphous materials, Eg is the op-
tical energy gap, and r is an index that characterizes the
optical absorption process and may be 1/3, 1/2, 2/3, 1, and 2
depending on the transition mechanism in K space. Figure 5(a)

Table I. Composition of the Polymer-Derived Amorphous Silicon Carbides

Sample # Pyrolysis temperature (1C) Composition Apparent formula

S1 1000 SiC1.46O0.06 0.03SiO2 � 0.97SiC � 0.49C
S2 1100 SiC1.45O0.08 0.04SiO2 � 0.96SiC � 0.49C
S3 1200 SiC1.45O0.07 0.035SiO2 � 0.965SiC � 0.485C
S4 1250 SiC1.43O0.06 0.03SiO2 � 0.97SiC � 0.46C
S5 1300 SiC1.47O0.06 0.03SiO2 � 0.97SiC � 0.50C
S6 1400 SiC1.46O0.08 0.04SiO2 � 0.96SiC � 0.50C

Fig. 1. TGA curve for the SiOC pyrolyzed at 9001C.
Fig. 2. XRD patterns for polymer-derived SiC pyrolyzed at different
temperatures.
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plots the (ahn)2 as a function of hn for the materials obtained at
11001 and 14001C. The linear relationship obtained at higher
photon energy regions suggests that the absorptions are due to
the transition between the two delocalized bands.21–23 All amor-
phous SiOC obtained at different temperatures show similar be-
havior. The band gaps of these SiOCs are then estimated by
extrapolation (indicated by the dotted lines in Fig. 5(a)) and
summarized in Table II and Fig. 5(b) as a function of pyrolysis
temperature. It can be seen that the band gaps of the SiOCs in-
crease slowly with increasing pyrolysis temperature in tempera-
ture ranges between 1001–11001C and 13001–14001C, but there is
a relatively sharp increase in the band gap between 12001 and
13001C. This temperature range also coincides with the critical
temperature observed for structural changes.

Carefully examination of Fig. 5(a) reveals that the optical
absorbance of the SiOCs is not zero at the lower excitation
energy end, suggesting that there should be other absorption
mechanisms at the lower excitation energy range. Tauc and col-
leagues24–26 suggested that for amorphous semiconductors, the
optical absorption spectra at a lower excitation energy range
should follow

ahn ¼ Bðhn� ETÞn (3)

This absorption was attributed to the transition from localized
states (defect states) to delocalized states (conduction/valence
band). The n can either be 1.5 or 0.5, depending on the distri-
bution of these states.24,26,27 ET is an energy gap and B is a
constant. According to Inkson,28 for a nonallowed nonvertical
transition from a deep impurity trap to a delocalized band, the n
should be 1.5. Pfost et al.27 further suggested that when n is

around 1.5, ET can be related to the electronic structures of
amorphous semiconductors,

ET ¼ Ec � Ed (4)

where Ec is the edge of an extended conduction band (also called
the mobility edge) and Ed is a deep defect level with a high den-
sity of state.

In order to check whether there is a transition between the
localized defect energy level and the delocalized bands in the
materials, the absorption behavior of the SiOCs was measured
in the low excitation energy range of 0.5–1.75 eV. The data were
then analyzed using Eq. (3). It could be found that the spectra
within this excitation range fitted the equation (Fig. 6). The n
and Ed values obtained from curve fitting are summarized in
Table II. Again, we see a clear transition around a pyrolysis
temperature of 12001–13001C. At the lower pyrolysis tempera-
ture range, the n value obtained is closer to 1.5 as predicted by
Eq. (3); thus, the absorption of the SiOCs is due to the transition
between deep defect states and mobility edge. The defect level,
Ed, for these materials is estimated and listed in Table II too. It
can be seen that the Ed level increases with increasing pyrolysis
temperature. On the other hand, at the higher pyrolysis temper-
ature range, the n value significantly deviates from 1.5; thus, the
absorption of these SiOCs over the lower excitation energy
range cannot be explained by the transition between deep
defect states and mobility edge. The transition mechanism for
those materials pyrolyzed at higher temperatures is not clear to
these authors, possibly related to the crystallized and/or high
ordered structures of the materials.

IV. Discussion

The results observed on the structural changes (Figs. 2–4) are
rather interesting. In particular, it seems that the change in the
structures follows different trends below and above the critical
temperature range, which consists of the crystallization initial

Fig. 3. (a) A typical Raman spectrum obtained from the SiC pyrolyzed
at 12001C. (b) The size of the free carbon phase as a function of pyrolysis
temperature.

Fig. 4. (a) A typical EPR spectrum obtained from the SiC pyrolyzed at
12001C. (b) The line width of the EPR signal as a function of pyrolysis
temperature.
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temperature range. Below the range, the size of the free carbon
cluster decreases, while the concentration of the C-dangling
bond within the SiOC matrix increases with increasing pyroly-
sis temperature. As the total amount of carbon remains the same
for all the samples pyrolyzed at different temperatures (Table I),
the above results suggest that carbon in free carbon clusters was
dissolved in the amorphous matrix to form more Si–C bonds
with increasing pyrolysis temperature, which leads to a higher
C-to-Si ratio within the matrix. This indicates that the free car-
bon clusters formed before the critical temperature range are not
stable, and carbon atoms prefer to remain in the more open
structure of the amorphous matrix. On the other hand, above
the critical temperature range, the size of the free carbon cluster
increases and the concentration of the C-dangling bond de-
creases with increasing pyrolysis temperature; meanwhile, the
amorphous SiOC phase starts to crystallize. This can be ex-
plained by the fact that when the amorphous SiOC phase starts
to crystallize, the C-to-Si ratio within the matrix phase decreases
and tends toward 1:1. As a consequence, the extra carbon atoms
within the matrix are expelled and deposited on the surface of
the free carbon clusters, leading to an increase in free carbon size
and decreases in C-dangling bonds.

The change in the optical absorption band gap can be
attributed to structural changes. Previous studies on amorphous
silicon carbide prepared by chemical vapor deposition re-

vealed that Eg increases with increasing C/Si ratio due to the
replacement of weaker Si–Si bonds by stronger Si–C bonds.29–31

This was consistent with the current results obtained for the
materials pyrolyzed at lower temperatures. For these materials,
the concentration of the C-dangling bond increases with
increasing pyrolysis temperature, resulting in an increase in the
C/Si ratio within the amorphous SiOCmatrix and an increase in
band gap. For the materials pyrolyzed at higher temperatures,
the SiOC matrix phase has a much higher degree of order (as
can be seen from the start of crystallization) and the degree of
order increases with increasing pyrolysis temperature. The ma-
terials behave more like a crystalline counterpart, which has a
much higher Eg value.

It can be seen from Table II that Ed is a function of line width
of EPR signal. The result reveals that the Ed increases with in-
creasing concentration of the C-dangling bonds. Similar results
have also been obtained by previous studies,11,32 which reported
that Ed within polymer-derived amorphous SiOCN was associ-
ated with carbon dangling bands. This phenomenon can be ex-
plained by considering dangling bands that have unpaired
electrons as defects and generate a deep defect level within the
band gap. This defect level expands with an increase in the de-
fect concentration.

V. Summary

In this paper, the structure and optical behavior of polymer-
derived SiOC ceramics pyrolyzed at different temperatures are
studied. We find that below a temperature range of 12001–
13001C, the size free carbon cluster decreases and the C-dangling
bond increases with pyrolysis temperature, suggesting that the C
within the free carbon phase was dissolved in the matrix phase
with increasing pyrolysis temperature, while above this temper-
ature range, the size free carbon cluster increases and the C-
dangling bond decreases with pyrolysis temperature, suggesting
that the C within the matrix phase was precipitated on the free

Fig. 5. (a) Plots of (ahn)2 as a function of photon energy for the SiC ob-
tained at 11001 and 14001C. (b) Eg as a function of pyrolysis temperature.

Table II. Curve Fitting Parameters for the Amorphous
Silicon Carbides

Sample # Pyrolysis temperature (1C) Eg (eV) n Ed (eV)

S1 1000 2.16 1.61 2.02
S2 1100 2.18 1.40 2.07
S3 1200 2.29 1.24 2.14
S5 1300 2.37 0.95 /
S6 1400 2.40 1.14 /

Fig. 6. Typical plots of ahn as a function of photon energy for the SiC
materials pyrolyzed at (a) 10001C and (b) 13001C.
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carbon phase. Meanwhile, the material starts to crystallize
within this temperature range. We also find that the optical
behavior of the materials is different below and above this crit-
ical temperature range. Below the temperature range, both
structure and optical behavior of the materials act more like
an amorphous material, while above the range, they act more
like a crystal and/or highly ordered materials.
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