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The electronic structure of polymer-derived amorphous silicon
carbide pyrolyzed at different temperatures was investigated by

combining measurements of their temperature-dependent con-

ductivity and optical absorption. By comparing the experimen-

tal results with theoretical models, the parameters such as
conduction band, band-tail, defect energy, and Fermi energy

were determined. The results revealed that band gap and band-

tail width decreased with increasing pyrolysis temperature. Fur-
thermore, it was found that electrons transport followed a

band-tail hopping mechanism, rather than variable range hop-

ping. These results were discussed in accordance with the

microstructural evolutions of the material.

I. Introduction

AMORPHOUS silicon-based ceramics synthesized by thermal
decomposition of polymeric precursors (referred to as

polymer-derived ceramics, PDCs) have received extensive
attention in recent years due to their unique processing,
structures, properties, and potential applications at high tem-
peratures. As compared to polycrystalline ceramics, one dis-
tinguished feature of PDCs is that their structures and
properties changed significantly with synthesis temperature
(namely, material evolution), likely due to their amorphous
nature. This phenomenon is rather remarkable since it not
only provided a fruitful testing system for learning funda-
mental sciences in non-oxide amorphous solids, but also
offered a convenient way to tailor material properties for
various applications.

Consequently, material evolution of PDCs has been the
focus of numerous publications in the past years. These work
depicted rather clear pictures of the evolutions of the net-
work structures1–8 and electric properties9–16 of the materials.
However, the evolution of the electronic structures of PDCs
has been ignored. Such “negligence” is rather unconsciona-
ble, given that PDCs exhibited unique high-temperature
semiconducting behavior17,18 and are promising for making
high-temperature microelectromechanical systems and micro-
sensors.19–22 Learning their electronic structure evolutions
can lead to a better understanding of the semiconducting

behavior and form a guideline for the applications of the
materials. One reason that is responsible for the “negligence”
is that the electronic structure of amorphous semiconductors
is rather complex and difficult for theoretical calculation; and
the complex structures and compositions of PDCs made the
situation even worse. Recently, Wang and co-workers have
determined the electronic structure of a PDC by combining
optical absorption measurement and temperature-dependent
conductivity measurement.23 The electronic structural param-
eters (including bandgap, band-tail, defect energy level, and
Fermi energy level) were measured by the technique. More
importantly, this work provided a useful tool to experimen-
tally determine the electronic structures of PDCs.

In this study, we report a detailed study on the effect of the
pyrolysis temperature on the electronic structure of a polymer-
derived amorphous silicon carbide (a-SiC). We show that the
optical bandgap, band-tail, and defect level are all significantly
varied with pyrolysis temperature. We also reveal that the
material exhibits unique electronic structure where the band-
tail and defect level overlap with each other, which leads to a
band-tail hopping process. The unique characteristics and evo-
lution of the electronic structure of the material are rational-
ized according to its network structure and processing.

II. Experimental Procedure

The a-SiC ceramics studied here were prepared by pyrolyzing
a polycarbosilane provided by Xiamen University.12,24 The
as-received liquid precursor was first cross-linked at 150°C
for 2 h and 400°C for 1 h in ultrahigh purity argon environ-
ment. The resultant solid was ground to fine powder of
~1 lm using high-energy ball-milling. The powder was then
pressed into disks of 16 mm in diameter and 1 mm in thick-
ness at a uniaxial pressure of 50 MPa followed by cold iso-
static pressing at 200 MPa for 5 min. The disks were finally
pyrolyzed at different temperatures of 1000°C, 1100°C,
1200°C, and 1300°C for 4 h under the protection of flowing
ultrahigh purity argon. The obtained materials were amor-
phous with the composition of ~SiC1.45O0.08, independent of
pyrolysis temperature; the small amount of oxygen is likely
due to the contamination during material synthesis.12

For electric conductivity measurement, the specimens were
first polished to 1 lm finish. Silver paste was painted on the
surfaces of the samples as the electrodes. The temperature-
dependent electrical conductivity of the samples is then
measured in a tube furnace under flowing ultrahigh purity
nitrogen. To obtain the accurate temperatures, a thermal
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couple is placed just above the samples. The measurement was
conducted by measuring the I–V curve on Agilent 4155C
semiconductor parameter analyzer (Agilent Technologies, Inc.,
Santa Clara, CA) at the temperature range 50°C–650°C.25

To obtain the meaningful data, the optical absorption was
measured on the same sample used for conductivity measure-
ment to avoid variations from sample to sample (which is
normally the case for PDCs). To do so, the sample used for
was grinded to powder of ~1 lm after the conductivity mea-
surement. The powder was then mixed with KBr powder and
pressed into a disk of 10 mm diameter and 0.5 mm thick.
The ratio of the a-SiC powder to the KBr powder was tai-
lored to maintain the overall absorption coefficient between
0.2 and 0.8 for the best results. The optical absorption spec-
tra were obtained on a UV-3101 double channel spectrome-
ter (Shimadzu Co., Kyoto, Japan).15

III. Results

Figure 1(a) shows the optical absorption coefficient (a) as a
function of photon energy (hm) for the four samples. It is
seen that the a-SiC exhibited absorption over entire phonon
energy range between 1.5 and 5 eV, which is a typical behav-
ior of amorphous semiconductors. Previous study showed
that amorphous semiconductors should exhibit a direct opti-
cal transition between the two delocalized bands.26,27 This
absorption can be used to determine the absorption edge
according to the following equation:

ðahmÞ2 / ðhm� EgÞ (1)

where Eg is optical bandgap between conduction band (Ec)
and valence band (Ev). Figure 1(b) replots the raw data
shown in Fig. 1(a) in the format of (ahm)2 versus hm. The
bandgaps are then estimated by extrapolation of the linear
portion of the curves in high photon energy ranges [dashed
lines in Fig. 1(b)]. The obtained bandgaps for the four a-SiC
ceramics are listed in Table I, which are within the same
range as those measured from a-SiC thin films synthesized by
vapor deposition.28

Figure 1 reveals that the absorption coefficient within
lower phonon energy range is not zero, suggesting that there
should be other absorption mechanisms in addition to the
transition between the extended bands. Previous studies sug-
gested that there was a so-called Tauc absorption for amor-
phous semiconductors at a lower excitation energy range.
This absorption can be described by Ref. [29–31].

ahm ¼ Bðhm� ETÞn (2)

where n is a constant, ET an energy gap (named Tauc bandgap),
and B a constant. According to Inkson,32 Tauc absorption
is resulted from a transition between deep impurity trap and

delocalized band (either conductive or valence band). Pfost et al.
suggested that Tauc bandgap could be related to the electronic
structures of amorphous semiconductors; when n~1.5,33

ET ¼ EC � ED (3)

where ED is a deep defect level with a high density of state.
To determine if there is Tauc transition in our materials, the
absorption behavior of the a-SiC is measured in the excita-
tion energy range 0.5–1.0 eV. Figure 2 compares the experi-
mental data with Eq. (2). The good agreement between the
two confirms the existence of Tauc transition in our materi-
als. The parameters used for achieving the best fit in Fig. 2
and deviance v1

2 are listed in Table I. It is seen that the n
values are close to 1.5, suggesting that the transition is
between the deep defect states and the mobility edge.

Figure 3 shows the temperature-dependent conductivity
for the materials pyrolyzed at different temperatures. The
conductivity increases with increasing pyrolysis temperature,
consistent with all previous observations for polymer-derived
amorphous ceramics. The increase in the conductivity as
increasing testing temperature indicates that all materials
exhibit semiconducting behavior. The dependence of the con-
ductivity on testing temperature decreases with increasing
pyrolysis temperature, suggested by the decrease in the slop
of the curves in Fig. 3.

It is known that three conduction mechanisms can occur
in an amorphous semiconductor. The temperature-dependent
conductivity of an amorphous semiconductor can be
described by the following equation:34

r ¼ r1e
�EC�EF

kT þ r2e
�EA�EFþw

kT þ r3e
�ðToT Þ

1=4

(4)

where EC, EA, and EF are the mobility edge for conduction
band, band-tail, and Fermi level, respectively; w the thermal
activation energy, which is equal to the phonon energy of the
material (here we assume that the phonon energy of the
a-SiC is equal to that of crystalline SiC, which is 100 meV35);
r1, r2, and r3 prefactors without clear physical meaning; and
T0 a characteristic temperature. The first term in the equation
is the contribution from the conduction in extended states,
which is the dominate mechanism at high temperatures;

(a) (b)

Fig. 1. (a) The raw data of the absorption coefficient as a function of photon energy for the a-SiC pyrolyzed at different temperatures as
labeled; and (b) a plot of (ahm)2 as a function of phonon energy, the band gaps for the a-SiC ceramics can be estimated by extrapolation (dashed
lines).

Table I. Fitting Parameters for the Optical Absorption
Curves

Pyrolysis temperature(°C) Eg (eV) ET (eV) n v1
2

1000 3.25 0.49 1.48 5.5 9 10�6

1100 3.19 0.37 1.46 2.5 9 10�7

1200 2.75 0.35 1.53 4.5 9 10�7

1300 2.70 0.17 1.50 1.6 9 10�6
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the second term is the contribution from the conduction in
band-tail states, which is the dominate mechanism at middle
temperatures; and the third term is the contribution from the
conduction in localized states, which is the dominate mecha-
nism at low temperature. The experimental data were com-
pared with Eq. (4) (Fig. 3) for the four samples. The
excellent agreement between the experimental data and those
computed from Eq. (4) suggests that the conduction behavior
of the materials can be described by the equation. The
important fitting parameters from the best curve-fitting and
deviance v2

2 are listed in Table II.
The electronic structures of the a-SiC ceramics can then be

determined from the data in Tables I and II by following the
procedure below:

1. The conduction edge (EC) is determined from the mea-
sured bandgap (EC = Eg + EV) by assuming that the
valence band edge to be zero.

2. The band-tail edge (EA) is determined by using the
following equation (where w is 100 eV):EA =
EC � (EC � EA) = EC � [(EC � EF) � (EA � EF

+ w)] � w.
3. Fermi energy (EF) is determined by EF = EC �

(EC � EF).
4. Defect energy (ED) is determined by ED = EC � ET.

The obtained electronic structures are schematically drawn
in Fig. 4. The figure clearly shows that the electronic struc-
ture of the a-SiC are significantly influenced by pyrolysis
temperature.

IV. Discussion

Electronic structures were determined for the polymer-
derived a-SiC ceramics prepared at different pyrolysis tem-
peratures by combining measurements on their temperature-
dependent conductivity and optical absorption. It can be
seen clearly from Fig. 4 that the pyrolysis temperature has
profound effects on the structures. In this section, we shall
discuss these effects in details and correlated the changes in
electronic structures to the changes in network structures of
the materials.

(1) Effect on Bandgap
Previous study on the structures of the a-SiC ceramics
revealed that the materials have a Si-based phase and a free
carbon phase.24 The Si-based phase is an amorphous net-
work comprised of SiC4 tetrahedra and a small amount of
SiCxO4�x tetrahedra. The measured band gaps, thus, should
reflect the optical absorption by the amorphous SiC4 net-
work. Previous study revealed that the band gap of amor-
phous SiC could vary between 2.0 and 3.6 eV, depending on
the concentrations of carbon and hydrogen.28 It is seen that
the values measured for the polymer-derived a-SiC indeed
fall in this range, confirming that the optical absorption of
the current materials are from the SiC4 network.

Figure 5 plots the bandgap as a function of pyrolysis tem-
perature for the four materials. It is seen that the bandgap
decreases with pyrolysis temperature, with a sudden change
between 1100°C and 1200°C. Studies on a-SiC thin films syn-
thesized by vapor deposition revealed that the bandgap of
this type of material can be drastically affected by Si:C ratio
and hydrogen concentration: increasing carbon concentration
leads to an increase in the bandgap;28,36,37 and hydrogen can
also widen the bandgap.38,39 Previous study24 on the network
structure of this a-SiC revealed that the material does con-
tain a small amount of extra carbon more than the necessary
to form stoichiometric SiC within the Si-containing phase.
However, the concentration of the carbon and the composi-
tion of the samples remained the constant within the testing
temperature range,24 indicating the bandgap change was not
from the decrease in the carbon concentration.

It is well-known that with increasing pyrolysis
temperature, the hydrogen concentration within PDCs
decreases.13,40,41 Thereby, it is believed that the bandgap
decrease with pyrolysis temperature in this study is mainly
due to the loss of the hydrogen with increasing pyrolysis
temperature. The sudden drop in the bandgap between
1100°C and 1200°C suggests the significant hydrogen loss
within the temperature range.

(2) Effect on Band-Tail
The change in the width of the band-tail (=EC � EA) with
pyrolysis temperature is illustrated in Fig. 6. Again, the
band-tail width decreases with pyrolysis temperature, with a
sudden change between 1200°C and 1300°C.

Fig. 2. A plot of ahm as a function of the photon energy for the
four a-SiC as labeled. The data points are measured experimentally
and the solid lines are computed from Eq. (2).

Fig. 3. Plots of the electrical conductivity as a function of testing
temperature for the a-SiC synthesized at different pyrolysis
temperature as labeled. The open squares are the experimental data;
and the solid lines are computed from Eq. (4).

Table II. Fitting Parameters for the Conductivity Curves

Pyrolysis temperature (°C) EC�EF (eV) EA�EF + w (eV) T0 (K) r3 (/Ω/cm) v2
2

1000 0.56 0.24 1.21 9 106 2.14 9 10�2 6.9 9 10�7

1100 0.49 0.20 2.38 9 105 1.50 9 10�2 5.8 9 10�7

1200 0.45 0.17 3.02 9 104 1.18 9 10�2 5.4 9 10�7

1300 0.20 0.12 9.37 9 103 9.52 9 10�3 6.1 9 10�7
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It is known that the existence of the band-tail is resulted
from the deviation of an amorphous structure from periodic
crystalline structure. For the same material, the band-tail
width depends on the degree of order of the material.
Decrease in the band-tail width suggests the increase in the
degree of order. Previous study on the same material studied
here revealed that the network structure of the material was
becoming more order with increasing pyrolysis tempera-
ture,24 consistent with the decrease in the band-tail width.
More interestingly, it revealed that the material started to
crystallize at ~1250°C, suggesting there was a big change in
the structure around this temperature; which consists with
the sudden change in band-tail width between 1200°C and
1300°C.

(3) Hopping Mechanism
Previous studies revealed that there are two different elec-
trons transport mechanisms in amorphous semiconductors at
the low temperature range: one is variable range hopping
(VRH) mechanism, in which electrons transport within the
defect energy level close to the Fermi level;42,43 the other is
band-tail hopping (BTH) mechanism, in which electrons
within the defect level fill empty states near a so-called
“transport energy” (within band-tail) and then hop back to
lower localized states.44,45 The two processes lead to different
relationships between the prefactor r3 and characteristic tem-
perature To. For VRH process, r3 and To vary in opposite
directions according to the following equation:43

r3 / T�1=2
o (5)

While BTH process predicts that To and r3 should obey
the following relationship:44,45

lnr3 / T1=4
o (6)

Figure 7 plots the r3 vs. To obtained from the current
materials. It is seen that the relationship of the two parame-
ters can be well described by Eq. (6), suggesting that the
material follows BTH mechanism. This is consistent with the
previous observation, which showed that PDCs followed
BTH process.15

The material following BTH process rather than VRH
process is likely related to their unique electronic structures.
It can be seen from Fig. 4 that the band-tail edge, defect
energy level and Fermi energy level are very close to each
other in these materials; and for the materials obtained at
temperatures 1100°C and above, the band-tails even extend
into the defect energy level. Such structure provides a lot of

Fig. 4. A schematic showing the electronic structures of the amorphous SiC pyrolyzed at different temperatures.

Fig. 5. A plot of the band gap as a function of pyrolysis temperature. Fig. 6. A plot of band-tail width as a function of pyrolysis
temperature.

Fig. 7. A plot of prefactor r3 and characteristic temperature To.

2156 Journal of the American Ceramic Society—Wang et al. Vol. 98, No. 7



empty states with energy levels close to that of the defects;
thus the transport of the defect electrons is rather via these
states over via the states within defect level.

The overlap between the band-tail and the defect level is
rather interesting; and is likely resulted from the unique syn-
thesis procedure of PDCs. PDCs are synthesized by pyrolyz-
ing the already cross-linked polymeric precursors at relative
low temperatures. At such “low” temperatures, the covalent
bond natured PDCs will have very low diffusion rates, mak-
ing the atom rearrangements very difficult, which leads to
two consequents: (i) the defects due to the decomposition-
induced chemical bond broken are hard to be removed; and
(ii) the network of the materials resulted from the “collapse”
of the cross-linked polymer network has little chance to rear-
range into a highly ordered manner. The combining effect of
the wide band-tail resulted from highly disordered structure
and the high defect energy level resulted from large amounts
of point defects is likely responsible for the overlap.

V. Summary

Both room-temperature optical absorption and temperature-
dependent conductivity were measured for the polycarbosi-
lane-derived amorphous SiC ceramics prepared at different
pyrolysis temperatures. The experimental results were com-
pared with theoretical models to deduce the electronic struc-
tures of the materials. The results showed several unique
features in the electronic structure and its evolutions with
pyrolysis temperature. One remarkable feature of the elec-
tronic structures is that the band-tail and defect level overlap
with each other, likely resulting from a relatively large
amount of defects and high disordered structure of the mate-
rials. This feature explained band-tail hopping rather than
variable-rang-hopping process observed in the materials. The
bandgap of the material decreases with increasing pyrolysis
temperature with a sudden drop between 1100°C and
1200°C, which was ascribed to the release of the residual
hydrogen within the materials. In addition, the band-tail
width of the material also decreases with pyrolysis tempera-
ture with a sudden drop between 1200°C and 1300°C, which
was attributed to the increase in the degree of order of the
amorphous network.
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