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The electronic structure of polymer-derived amorphous silicon carbide ceramics was studied by

combining measurements of temperature-dependent conductivity and optical absorption. By

comparing the experimental results to theoretical models, electronic structure was constructed for a

carbon-rich amorphous silicon carbide, which revealed several unique features, such as deep defect

energy level, wide band-tail band, and overlap between the band-tail band and defect level. These

unique features were discussed in terms of the microstructure of the material and used to explain

the electric behavior. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881139]

Electric properties of polymer-derived ceramics (PDCs)

have attracted tremendous interests due to their potential

applications in high-temperature microelectromechanical

systems and harsh environmental micro-sensors.1–4 Previous

studies revealed that this class of materials exhibited a set of

unusual electric properties as compared to conventional pol-

ycrystalline ceramics, including well-behaved high-tempera-

ture semiconducting behavior up to 1300 �C,5,6 anomalously

high piezoresistivity,7 and profound doping effect.8,9 It is

believed that these properties are related to the unique struc-

ture of PDCs, which consists of disordered graphite nano-

clusters and a heterogeneous silicon-containing amorphous

matrix.10 The conduction of PDCs is determined by the con-

centration and/or morphology of the free-carbon phase which

has higher conductivity than the amorphous Si-phase. For

the materials with the free-carbon phase forming a percola-

tion network, the conduction is similar to that of glassy

carbon.11 On the other hand, for the materials with the free-

carbon phase not forming the percolation network, there are

two conduction mechanisms:12 tunneling-percolation mecha-

nism when the free-carbon content is higher than a threshold;

or semiconducting mechanism controlled by the Si-phase

when the free-carbon concentration is lower than the thresh-

old. Despite these extensive efforts, the electronic structure

of PDCs has received little attention, partially because that

the amorphous nature of the materials makes it difficult for

theoretically determining the electronic structures. Here, we

report a study on experimental determination of the elec-

tronic structure of a polymer-derived carbon-rich amorphous

silicon carbide (a-SiC) by combining the measurements of

temperature-dependent conductivity and optical absorption.

The obtained electronic structure is then discussed in terms

of its structure.

The amorphous silicon carbide studied here was synthe-

sized using a polycarbosilane (PCS) as the precursor. The

detailed synthesis procedure was reported in Ref. 13. In

brief, the as-received PCS was first cross-linked at 400 �C in

ultrahigh purity argon. The cross-linked product was then

ground to powder of 1 lm using high-energy ball milling.

The powder was compressed into disk samples and pyro-

lyzed at 1000 �C for 3 h. Such obtained ceramics is amor-

phous with apparent chemical formula SiC1.45O0.08.13 It is

seen that the carbon content in the material is much higher

than that required to form stoichiometric silicon carbide,

indicating the existence of free carbon. Previous study sug-

gested that the conduction of the current in the material is

through free carbon and Si-phase in series instead of through

any of them solely,13 indicating the material should be a

matrix-controlled semiconductor.

For measuring the temperature-dependent conductivity

of the material, the surfaces of the obtained specimen of

16 mm in diameter and 1 mm in thickness was first polished

to 1 lm finish. Silver paste was then painted on the surfaces

of the sample as the electrodes. The conductivity of the ma-

terial was obtained by measuring the I–V curve on Agilent

4155C semiconductor parameter analyzer in the temperature

range of 50–650 �C. Fig. 1 plots the electrical conductivity

of the material as a function of measuring temperature in

Arrhenius format. It is seen that the conductivity signifi-

cantly increased with increasing the measuring temperature

in a nonlinear manner, indicating that the material is an

amorphous semiconductor.

It is well-known that the temperature-dependent conduc-

tivity of amorphous semiconductors can be described by the

following equation:14

a)Authors to whom correspondence should be addressed. Electronic
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r ¼ r1e�
EC�EF

kT þ r2e�
EA�EFþw

kT þ r3e�ð
To
T Þ

1=4

; (1)

where EC, EA, and EF are the mobility edge of conduction

band, the band tail, and the Fermi level, respectively; w is

the thermal activation energy, which is equal to the phonon

energy of the material (neglecting the multi-phonon proc-

esses); r1, r2, and r3 are prefactors without clear physical

meaning; and T0 is a characteristic temperature. The first

term is the contribution from the conduction in extended

states, which occurs at the high-temperature range; the sec-

ond term is the contribution from the conduction in band tail

states, which exists in the middle temperature range; and the

third term is the contribution from the conduction in local-

ized states, which arises in the low-temperature regime. The

experimental data are then fitted by Eq. (1) (Fig. 1). It is seen

that the experimental data can be well fitted by the equation,

suggesting the conduction of the material indeed follows the

amorphous semiconducting model over the entire testing

temperature range. The parameters determined by curve fit-

ting are summarized in Table I. The gap between the

band-tail band and Fermi energy (EA � EF) and that between

the conduction band and Fermi energy (EC � EF) are then

determined from the data to be 0.14 and 0.56 eV, respec-

tively, by assuming that the phonon energy of the amorphous

phase should be in the same range as that of its crystalline

counterpart, which is about 100 meV for SiC.15,16 The width

of the band-tail band (EC � EA) is also estimated to be

0.42 eV.

More electronic structural parameters were determined

by optical absorption measurement. In order to avoid varia-

tion from sample to sample, the optical absorption was

measured by using the same sample for conductivity mea-

surement. After conductivity measurement, the electrodes on

the surfaces of the sample were removed by polishing. The

sample was then grinded to powder of �1 lm. The obtained

a-SiC powder was mixed with KBr powder and pressed into

a disc of 10 mm diameter and 0.5 mm thick. The optical

absorption spectrum of the mixture was obtained using a

UV-3101 double channel spectrometer. The absorption spec-

trum of the a-SiC was then obtained by extracting the spec-

trum of the pure KBr powder from that of the mixture. The

resultant absorption coefficient (a) of the a-SiC as a function

of photon energy (hv) is shown in Fig. 2(a). It is seen that

unlike crystalline SiC which showed clear absorption edge,

the a-SiC exhibited absorption over entire phonon energy

range between 1.5 and 5 eV, a typical behavior of amorphous

semiconductors.

FIG. 1. The electrical conductivity of the material as a function of meas-

uring temperature. The open square is the experimental data (data points

were reduced to show the fitting curve); and the solid dotted line is com-

puted from Eq. (1).

TABLE I. Fitting parameters for conductivity and optical absorption curves.

EC � EF (eV) EA � EFþw (eV) Eg (eV) ET (eV) n

0.56 0.24 3.25 0.49 1.502

FIG. 2. (a) The resultant absorption coefficient (a) of the a-SiC as a function

of photon energy (hv); (b) plot of (ahv)2 as a function of phonon energy, the

band gap for the a-SiC is estimated by extrapolation (dashed lines); (c) plot

of ahv as a function of the photon energy, the solid line is computed from

Eq. (3).
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In order to obtain the electronic structure, the original

spectrum was analyzed using theoretical models. It is sug-

gested that amorphous semiconductors should exhibit a verti-

cal optical transition between the two extended bands.17 This

absorption can produce an absorption edge according to the

following equation:

ðahtÞ2 / ðht� EgÞ; (2)

where Eg is optical band gap between conduction band (EC)

and valence band (EV). For obtaining this band gap, the

absorption spectrum is re-plotted in the format of ðahtÞ2 ver-

sus hv (Fig. 2(b)). It is seen that the absorption over the high

excitation energy range can be well described by Eq. (2).

The band gap for the a-SiC is then estimated by extrapola-

tion (dashed lines in Fig. 2(b)) to be 3.25 eV (Table I).

Previous studies revealed that depending on their composi-

tions and processing conditions, the optical absorption gaps

for amorphous silicon oxide and silicon carbide are 8 eV

(Ref. 18) and 2.4–3 eV,19 respectively. The obtained band

gap of the SiC, which consisted of mixed SiCxO4�x tetrahe-

dra, is within the ranges.

Figs. 2(a) and 2(b) suggest that besides the transition

between the two extended bands, other absorption mecha-

nisms should also exist since the absorption coefficient is not

zero over lower phonon energy range. Previous studies sug-

gested that a so-called Tauc absorption should occur for

amorphous semiconductors at a lower excitation energy

range by the following equation:20–22

ahv ¼ Bðhv� ETÞn; (3)

where n is a constant, ET is an energy gap (named Tauc

band-gap), and B is a constant. According to Inkson,23 Tauc

absorption is resulted from a transition between deep impu-

rity trap and delocalized band (either conductive or valence

band). Pfost et al. suggested that Tauc band-gap can be

related to the electronic structures of amorphous semicon-

ductors when n� 1.5,22

ET ¼ EC � ED; (4)

where ED is a deep defect level with a high density of state.

In order to test if there is Tauc transition in our material, the

absorption spectrum in the excitation energy range of

0.8–1.5 eV was measured and analyzed using Eq. (3). It is

seen that the spectrum within this excitation range can be

well fitted by the equation (Fig. 2(c)). The n value obtained

by curve fitting is very close to 1.5 (Table I), suggesting that

the absorption of the a-SiC over the lower excitation energy

range is indeed due to the transition between deep defect

states and mobility edge.

By using above information, the electronic structure of

the a-SiC is deduced by assuming valance band EV¼ 0 eV,

as shown schematically in Fig. 3. The structure reveals sev-

eral interesting things. First, the position of the defect level

(ED) suggests that the material is an n-type semiconductor

and should contain a large amount of defects having elec-

tron, instead of holes. It is likely that the defect within the

a-SiC is associated with carbon dangling bands which have

unpaired electrons. Previous study revealed that amorphous

ceramics obtained by thermal decomposition of polymeric

precursors indeed contained a large amount of C-dangling

bonds within its Si-containing area.24 The figure also shows

that the band-tail band (EC–EA) of the material is quite wide.

The existence of the band tail is due to the disorder nature of

amorphous semiconductors; thereby, the wider band-tail

band suggests the higher degree of disorder. This is likely

due to the unique processing of PDCs, where the thermal

decomposition of precursors occurred at relatively lower

temperatures (in our case it is 1000 �C). At such low temper-

atures, the atoms within the covalent bond materials have

very slow moving rate, so that the rearrangement for increas-

ing the degree of order in the materials unlikely happened.

Another interesting thing can be seen from Fig. 3 is the edge

of the band tail is very close to the Fermi level (EA �
EF¼ 0.14 eV). This is likely due to the combining effect of

highly disordered structure and high defect concentration.

This phenomenon can explain our previous observation that

the low-temperature conduction of PDCs is due to band-tail

hopping, instead of variable range hopping.5 Due to the

much higher state density within the band tail, the probabil-

ity of electrons around Fermi level hoping via the band tail

could be much higher than within Fermi level.

In summary, temperature-dependent conductivity and

room-temperature optical absorption were measured for the

carbon-rich amorphous silicon carbide derived from a poly-

carbosilane. The results were analyzed using theoretical

models to deduce the electronic structure of the material.

The obtained electronic structure shows a few unique fea-

tures, including high defect energy level, wide band-tail

band, and overlap between the band-tail band and the defect

level. These features are related to the unusual microstruc-

ture of PDCs, which is highly disordered and contains a large

amount of C-dangling bonds. The overlap between the band-

tail band and the defect level, as well as the narrow gap

between the band-tail edge and Fermi level, explained the

phenomenon that the conduction of PDCs follows band tail

hopping, instead of variable range hopping, at low

temperatures.

This work was financially supported by the Chinese

Natural Science Foundation (Grant Nos. 51372202 and

FIG. 3. Schematic showing the electronic structure of the amorphous SiC.
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