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Three amorphous silicon oxycarbonitrides are prepared by ther-
mal decomposition of a polymeric precursor at different tem-
peratures. The optical absorption spectra of these materials are
measured over a wide range of excitation energies from 0.4 to
5.0 eV. The spectra are analyzed using theoretical models. Two
absorption transitions are identified between the deep defect en-
ergy level and the delocalized conduction band and between the
two delocalized bands. It is found that the band gaps measured
decrease with increasing pyrolysis temperature. The results ob-
tained are discussed.

I. Introduction

oLYMER-derived amorphous ceramics (PDCs) prepared by
thermal decomposition of polymeric precursors are a new
class of multifunctional high-temperature materials.' The mate-
rials possess a unique structure, which consists of an amorphous
matrix made of SiC,N,O4_,_, (x, y are integers from 0 to 4)
tetrahedra and randomly distributed self-assembled nanosized
carbon clusters (named free carbon). A previous study revealed
that the conduction mechanism of the materials strongly depends
on the concentration of the carbon clusters.>* When the carbon-
cluster concentration is higher than a critical value, the conduc-
tion of the materials is controlled by a tunneling-percolation
mechanism, resulting in high piezoresistivity. On the other hand,
when the carbon-cluster concentration is lower than the thresh-
old value, the conduction of the materials is controlled by the
matrix phase, leading to amorphous semiconducting behavior.
Such amorphous semiconducting behavior has been widely re-
ported by many researchers, who also showed that the conduc-
tivity of PDCs stron%ly depends on the precursors and
processing conditions.>
An understanding of the conducting behavior of PDCs re-
quires detailed knowledge of their electronic structures. Given
the complex nature of the PDC materials, a theoretical study on
the electronic structures of the materials can be very difficult. On
the other hand, several techniques, such as optical absorption,
are available for studying electronic structures experimentally.
Recently, Ferraioli ez al.® measured the optical absorption spec-
tra of polymer-derived amorphous silicon oxycarbonitrides
(SIOCNs) and showed that the Tauc band gap of the materials
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decreased with increasing pyrolysis temperature. However, this
paper was lacking in a detailed analysis of the spectra.

In this paper, we revisit the optical absorption behavior of
SiOCNs. The absorption spectra of these materials are mea-
sured over a large range of excitation energy. The spectra ob-
tained are then analyzed using theoretical models to deduce the
electronic structures of the materials.

II.

The amorphous silicon oxycarbonitride ceramics used in this
study are prepared using a commercially available liquid poly-
silazane (Ceraset, Kion, Huntingdon Valley, PA) as a precur-
sor.'” First, Ceraset is mixed with 4 wt% of phosphonic acid
dimethyl ester. The mixed liquid is then photopolymerized by
exposing to a UV lamp of 90 W and a wavelength of 365 nm for
2 h to form solid discs of 600 um thickness. The discs are then
pyrolyzed in a flow of ultra-high-purity nitrogen in a tube furnace
to convert them into fully dense SIOCN ceramics. Three kinds of
samples are prepared using different pyrolysis temperatures of
1000°, 1200°, and 1300°C for 4 h, respectively. The samples ob-
tained are examined using X-ray diffraction, which reveals that
all samples are amorphous without any diffraction peaks.

The SiOCN discs are then ground to powders of ~1 um,
which are mixed with KBr powder and pressed into disks of
10 mm diameter and 0.5 mm thickness. The ratio of the SIOCN
powder to KBr powder is controlled so that the overall absorb-
ance of the discs ranges between 0.2 and 0.8 to optimize the re-
sults. The absorption spectra of the SIOCNSs are obtained using a
UV-3101 double-channel spectrometer (Shimadzu Co., Kyoto,
Japan). In order to remove the signal from KBr, two pure KBr
disks of the same size are prepared. One is placed at a reference
optical channel, and the other is placed at the base line calibrating
channel. After measuring the absorption spectra of these two
KBr discs, the absorption spectra of the KBr/SIOCN samples are
obtained by placing them at the baseline channel. In this way,
the absorption spectra obtained from the KBr/SiOCN samples
are from the SiOCNs only.

Experimental Procedure

1.

Figure 1 shows the relationship between absorbance (o) and
photon energy (4v) for the three SIOCNs. To obtain useful in-
formation about the electronic structures, these original spectra
are compared with theoretical models.

Davis and Mott!! proposed that the absorbance of an amor-
phous semiconductor as a function of photon energy /v at a
higher energy range should follow the equation:

Results and Discussion
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Fig.1. Room-temperature optical absorption spectra for the amor-
phous SiOCNSs pyrolyzed at different temperatures.

where o is the absorbance of amorphous materials, E, corre-
sponds to the optical energy gap, and r is the exponent, which
can be 1/3, 1/2, 2/3, 1, and 2, depending on the transition type in
the K space.!! For a direct transition in semiconductor and
some amorphous semiconductors,'>'* when r takes the value of
2, the transition will be between the two delocalized bands, and
E, is the optical band gap. The absorption spectra of the
SiOCNSs are replotted in the form of a/iv* vs hv (Fig. 2). It can
be seen that the absorption over the excitation energy range of
2.5-5.0 eV can be well described by Eq. (1) with r = 2. The band
gaps for the three SiOCNs are estimated by extrapolation
(dashed lines in Fig. 2) to be 2.95, 2.90, and 2.75 eV, respec-
tively (Table I). Previous studies have revealed that depending
on their compositions and processing conditions, the optical
absorption gaps for amorphous silicon oxide, silicon carbide,
and silicon nitride are 8 eV, 2.4-3 eV,!® and 2.5-4 eV.!” re-
spectively. The band gaps of the SIOCNs obtained, which con-
sisted of mixed SiC,N,O4_,_, tetrahedra, are within these
ranges. While it is not our intention to relate the band gap to
the network structures of the SIOCNSs in this paper, the decrease
in the band gap with increasing pyrolysis temperature does sug-
gest structural evolutions with increasing pyrolysis temperature.
Such structural evolutions have been widely observed for PDCs. '8
It can be seen from Fig. 1 that the optical absorbance of the
SiOCN:ss is not zero at the lower excitation energy end, and in-
stead increases with increasing excitation energy. This suggests
that there should be other absorption mechanisms in the lower
excitation energy range. Andronenko and colleagues'®?' sug-
gested that for amorphous semiconductors, the optical absorp-
tion spectra at a lower excitation energy range should follow
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Fig.2. Plots of (athv)* as a function of the photon energy for the three
SiOCNe.
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Table I. Curve Fit Parameters for the Three SIOCNs

Pyrolysis

temperature (°C) n Etque (€V) E, (eV)
1000 1.36+0.05 0.42+0.02 2.95+0.02
1200 1.354-0.05 0.324-0.015 2.9040.02
1300 1.44+0.02 0.144+0.006 2.754+0.01

This absorption was attributed to the transition from local-
ized states to delocalized states. The n can be either 1.5 or 0.5,
depending on the distribution properties of such states.'**""*? Ex
is an energy gap and B s a constant. Inkson? suggested that for
a nonallowed nonvertical transition from a deep impurity trap
to a delocalized band, the n should be 1.5. Pfost et al.?? also
suggested that when n is around 1.5, Et can be related to the
electronic structures of amorphous semiconductors

Er = E, — E4 3

where E. is the edge of the extended conduction band (also
called the mobility edge) and Eq is a deep defect level with a high
density of state.

In order to check whether there is a transition between the
localized defect energy level and delocalized bands in the mate-
rials, the absorption behavior of the SIOCNs is measured in the
excitation energy range of 0.4-1.8 eV. The data are then ana-
lyzed using Eq. (2). It can be seen that the spectra within this
excitation range can be well fitted by the equation (Fig. 3). The n
values obtained by curve fitting are very close to the theoretical
one (Table I). This suggests that the absorption of the SIOCNs
over the lower excitation energy range is due to the transition
between deep defect states and the mobility edge. It is likely that
the deep defect level (E4) within the SiOCNS is associated with
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Fig.3. Plots of aiv as a function of the photon energy for the three

SiOCNSs. The solid lines are experimental data; the open symbols are
curve fits using Eq. (2).
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Fig.4. Schematic showing the electronic structures of the SIOCNs as
a function of the pyrolysis temperature.
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carbon dangling bands,> which have unpaired electrons. The
band gap of this transition is obtained by curve fitting and is
listed in Table I. It can be seen that the band gap significantly
decreases with increasing pyrolysis temperature.

Based on the above results, the electronic structures of the
SiOCNs can be deduced, which are schematically shown in
Fig. 4. It is interesting that the defect-associated state level (Ey)
increases with increasing pyrolysis temperature. As the defect
level is associated with C-dangling bands, the increase in the level
indicates an increase in the concentration of C-dangling bands.
Such increases in C-dangling band with pyrolysis temperatures
have been widely observed in polymer-derived ceramics.'?

IV. Conclusion

In this paper, we study the optical absorption behavior of three
SiOCN ceramics, which are prepared at different pyrolysis tem-
peratures. The absorption spectra are compared with theoretical
models. We find that at lower excitation energies, the absorption
is due to the transition of electrons from the C-dangling
bond-related deep states to the mobility edge, while at higher
excitation energies, the absorption resulted from the transition
between the valence band and the conduction band. We also
find that the gaps of both transitions decrease with increasing
pyrolysis temperature. Such changes are consistent with previ-
ously reported structural evolutions of PDCs.
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