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Silicon carbonitride ceramics derived from polysilazanes
Part II. Investigation of electrical properties

Christoph Haluschka !, Christine Engel, Ralf Riedel *

Technische Universitdt Darmstadt, Fachbereich Materialwissenschaft, Fachgebiet Disperse Feststoffe, Petersenstrafie 23, D-64287 Darmstadt, Germany

Received 10 March 1999; received in revised form 15 November 1999; accepted 29 December 1999

Abstract

Electrical properties such as d.c.- and a.c.-conductivity, permittivity as well as thermopower of polysilazane-derived silicon car-
bonitride ceramics were studied depending on the pyrolysis conditions and subsequent annealing. The electrical properties were
analysed to be extremely sensitive with respect to variations of the chemical composition, the solid state structure and the micro-
structure of the Si—C—N materials. Therefore, electrical investigations can be an important tool for the non-destructive character-
isation of novel multicomponent carbide-nitride-based ceramics. In particular the d.c.-conductivity can be controlled within 15
orders of magnitude by (i) temperature, (ii) atmosphere and (iii) annealing time applied during synthesis. The main mechanism,
which is proposed for the transport of charge carriers in the amorphous, highly disordered silicon carbonitride is the tunnelling of
large polarons. In contrast, the electrical conductivity of the crystallised SiC/Si;Ny-counterpart is dominated by the transport of

electrons in the conduction band of nitrogen doped SiC particles. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Materials for electronic devices operating at high
power and high frequencies as well as at high tempera-
tures in harsh environments are of great fundamental
and technological interest. One candidate material
which meets the aforementioned requirements is crys-
talline silicon carbide (SiC). Amorphous, organosilicon
polymer-derived and non-stoichiometric silicon carbo-
nitride (SiCN) ceramics have also been shown to exhibit
excellent high temperature structural properties such as
oxidation and creep resistance.!> However, only few
data concerning the electrical characterisation of this
novel class of materials are presently available. Elec-
trical properties determined by d.c.-techniques were
reported by Mocaer et al. for ceramic compacts derived
from polycarbosilazanes.* Accordingly the hydro-
genated silicon carbonitride showed a semiconducting
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behavior, was thermally stable up to 1250°C and under-
went crystallisation into B-SiC crystals surrounded by
free carbon cage-like structures between 1250 and
1400°C. Finally, decomposition of the remaining Si—-C—
N phase giving additional B-SiC and free carbon takes
place above 1400°C. The change of the microstructure
correlates with the results of the d.c.-conductivity mea-
surements which were carried out between room tem-
perature and 400°C.

The electrical conductivity of polyhydrazinomethyl-
silane derived amorphous Si—C—N-ceramics was descri-
bed by Scarlete et al.> The high d.c.-conductivity in the
range of 10% (2 cm)~! has been reported to be caused by
4-fold co-ordinated nitrogen acting as donor.

Sawaguchi et al.® carried out d.c.- as well as a.c.-
measurements up to 400°C and investigated the elec-
trical properties of crystallised compacts which were
obtained by hot-pressing of amorphous Si—-C—N pow-
ders at 1800°C in the presence of sintering aids. In the
same study, the influence of varying SiC volume frac-
tions in the polycrystalline SiC/SizNy-ceramics on the
electrical behaviour is described. Nevertheless, the elec-
trical conductivity of the amorphous Si—~C—N-phase has
not been reported.
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Here we present the d.c.- and a.c.- conductivity of
amorphous Si—C—N-ceramics and polycrystalline SiC/
Si3Ny composites derived from a poly(hydridomethyl)-
silazane. It is evident that the electrical properties are
controlled by the synthesis conditions, particularly by
the pyrolysis atmosphere as well as by the annealing
time and temperature and can be adjusted in a wide
range. The measurements are correlated with the solid
state reactions and phase transformations, which take
place during synthesis as described in detail in Part 1.7
Furthermore, information on the mechanisms, which
are responsible for the transport of charge carriers in
the highly disordered amorphous materials and in the
polycrystalline SiC/SizNy-compacts can be derived.
Since the transport mechanisms strongly depend on the
temperature, the measurements were performed in the
range between —170 and +800°C to allow a reliable
interpretation of the obtained data.

2. Experimental procedure

The synthesis of the poly(hydridomethyl)silazane
derived Si—-C-N samples with the stoichiometry
Si; 7C1 0N s was performed as described in Refs.””®
Traces of H and O were observed in the Si—-C-N cera-
mics. Materials with reduced carbon content and car-
bon free samples were obtained by using Ar/NH; gas
mixtures instead of pure Ar during the pyrolysis step.!?
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At temperatures above 1400°C, annealing in N, led to
crystallisation and separation of micro-crystalline SizNy4
and nano-crystalline SiC particles.”

The complex impedance (Z) of the materials investi-
gated was determined in the frequency range between 20
Hz and 1 MHz by a 2 point technique using a fully
automated autobalance bridge (HP 4284 A). The real
and imaginary terms of Z were determined from the
applied a.c.-voltage and the a.c.-current which flows
through the sample. Silver suspension as contact layer
was used for sufficient electrical contact between the
sample and the measurement electrodes. Considering
the geometry of the samples, the electrical conductivity
and permittivity could be calculated.

3. Results and discussion
3.1. d.c.-Conductivity

In general, the investigated silicon carbonitride,
Si; 7C1 9Ny 5, shows semiconducting behaviour with a
positive temperature coefficient of the electrical con-
ductivity o4... Plotted versus the reciprocal temperature,
the electrical conductivity of the amorphous compacts
exhibits a non-linear behaviour (Fig. 1), which is related
to the high density of states within the “mobility gap”.
In order to get information on the transport mechan-
ism, 64 is plotted vs T—'/. The electrical conductivity
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Fig. 1. Electrical conductivity o4 of amorphous silicon carbonitride ceramics depending on T~ '/” with 1 <y <4; T, =annealing temperature.
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of the amorphous Si—-C-N ceramic shows a linear
behaviour for y=4 even at 130°C. Since single phonon
assisted jumps of charge carriers is not valid for this
temperature regime, a multi-phonon process is assumed
to be responsible for the charge carrier transport.!!

An increase of the d.c.-conductivity of about 8-10
orders of magnitude with increasing annealing tem-
perature is measured (Fig. 2), whereas T, which
describes the temperature dependence of 64 according
to Eq. (1), decreases (Fig. 3).

040 o e T/ T (1)

The electrical conductivity increase can be related to
the main conducting phases developed during anneal-
ing. Therefore, three temperature regimes can be
distinguished (Fig. 2) which correspond to the micro-
structural changes:’

In regime I (1000°C < T, <1400°C) o4, increases by
as much as 3 orders of magnitude with growing anneal-
ing temperature. In addition to that, T, decreases by
one order of magnitude. This finding is attributed to a
change of the solid state structure of the amorphous Si—
C-N phase owing to the loss of residual hydrogen with
increasing temperature. The H-content after pyrolysis at
1000°C is analysed to be about 5 at% and decreases
during tempering.” The loss of hydrogen leads to an
increase of the sp?-/sp3-ratio of the carbon atoms, which
is proved by XANES-investigations at the CK-edge.”
Consequently, the energy barrier for the transport of
charge carriers is lowered and the electrical conductivity
increases.

In regime II (7,>1400°C) a pronounced increase of
the conductivity is observed in comparison to regime I.
Note that the increase depends also on the isothermal
annealing time #,. For 7,=25 or 50 h, regime II starts at
1300°C.

According to TEM investigations the heat-treated
samples contain microcrystalline Si;N4-grains with a
carbon rich surface as well as nano-crystalline SiC with
a particle size in the range of 2-5 nm.” The Si3Ny-grains
are isolated from each other. Therefore, the carbon rich
surface does not contribute to the electrical con-
ductivity. In contrast to this, the fraction of the SiC
particles is about 16 vol%, which allows the formation
of percolation paths throughout the sample.

Besides this, it was proved, that the nitrogen content
of the remaining amorphous matrix decreases with
growing annealing temperature, i.c. the chemical com-
position of the a-SiC(N) phase is more and more com-
parable to that of SiC.”

Consequently, the sharp increase of the electrical
conductivity in regime II is attributed to both, the forma-
tion of nano-crystalline SiC and the reduction of the N-
content in the amorphous matrix. However, it is still
unclear, which of these effects dominates the conductivity.

At temperatures exceeding 1600°C (regime III) no
sp?-carbon can be detected by Raman spectroscopy.’
The samples are completely crystalline and contain 40
wt% SizNy and 60 wt% SiC as the conducting phase.

The measured conductivity of the composites annealed
at 1700°C is about 1 (€ cm)~! at room temperature. This
value is nearly the same as described by Kondo for re-
crystallised SiC.!2
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Fig. 2. Electrical conductivity o4 .. of amorphous silicon carbonitride ceramics depending on the annealing time 7, and the annealing temperature 7,.
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The temperature dependence of the electrical con-
ductivity is different to samples annealed in regime II,
which also points out that no amorphous phase con-
tributes to the conductivity. o4..7? plotted against
T-! (Fig. 4) shows a linear behaviour in the tempera-
ture range between room temperature and 200°C
according to Eq. (2):!2

From the gradient, the donor level Eq =0.067
eV £ 1% referred to the conduction band edge is derived
corresponding to the dissolution of nitrogen in solid
SiC. The n-doping of the silicon carbide is also proved
by the determination of the thermopower S, which is in
the range of 10 pV K~! measured at room temperature.

Above 400°C the conductivity reveals a higher slope
in the Arrhenius plot (Fig. 4), which is caused by
potential barriers present at the grain boundaries. In
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Fig. 3. Characteristic temperature 7, depending on the annealing time ¢, and the annealing temperature 7.
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Fig. 4. Electrical conductivity o4 of a polycrystalline SiC/SizN4-sample.
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this temperature range the charge carriers cross the
potential barriers by thermal activation (Fig. 5, case a),
while at lower temperatures only tunnelling or hopping
(Fig. 5, case b) has to be taken into account. This dif-
ference between low temperature and high temperature
behaviour corresponds with a potential barrier height of
about 0.1 eV, which is also consistent with that descri-
bed for re-crystallised SiC.!?

Apart from the annealing conditions, the pyrolysis
atmosphere has a strong influence on the electrical
properties. By using NH; or an Ar/NH;-mixture instead
of pure Ar during the thermally induced ceramisation
the carbon content of the ceramic product is reduced
due to enhanced evolution of methane.” Accordingly,
the C-content can be adjusted from about 14 wt%
(Si;7C1oN15) to less than 0.5 wt% (SisC,N4 with
x<0.06). With increasing substitution of carbon by
nitrogen during pyrolysis in ammonia containing atmo-
spheres, the stoichiometry resembles more and more
that of silicon nitride. Therefore, the electrical con-
ductivity is decreased by as much as 4 orders of magni-
tude (Fig. 6), i.e. the electrical properties are shifted
from those of silicon carbonitride to those of silicon
nitride. Consequently, engineering ceramics with a room
temperature electrical conductivity ranging from 10~'3
to 1 (2 cm)~! can be designed by the pyrolysis atmo-
sphere and by the subsequent heat-treatment.

However, the temperature dependence of the con-
ductivity 7, does not change under the influence of
ammonia, indicating that the transport mechanism
remains the same, i.e. the type of contributing states
within the mobility-gap is unchanged.

3.2. a.c.-Conductivity

The temperature dependence of the d.c.-conductivity
shows, that the transport mechanisms are dominated by

Ev

Fig. 5. Schematic of electrical transport across grain boundaries.” For
(a) and (b) see text, Section 3.1.

electron states within the pseudo energy gap. Alternat-
ing current loss measurements are an important tool by
which these deep defect centres can be studied,'® since
they are sensitive to processes in which such centres
develop electronic dipole moments under the applied
electrical field.

Fig. 7 shows the real part o’ of the conductivity
depending on the annealing conditions. In accordance
with a main feature of amorphous semiconductors the
a.c.-conductivity increases with frequency v approxi-
mated by a power-law with the frequency exponent
s<1:4

o(v)=A-V (3)

The origin of this behaviour is related to relaxation
caused by hopping or tunnelling processes. Such
relaxation processes are often described by using the
pair approximation.!?> The alternating electrical field
changes the environment of a pair of states and causes
transitions between them. The resulting conductivity is
dominated by pairs which have a relaxation time t of
about o~ !'. At high frequencies the a.c.-conductivity is
originated by states which are separated by a small dis-
tance whereas at lower frequencies transitions over lar-
ger distances contribute to the a.c.-conductivity.

In the case v—0 the conductivity is equal to G4.. As
shown in Fig. 7, the d.c.-conductivity, which requires a
continuous conducting path between the electrodes,
becomes more important with increasing annealing
temperature. After a heat-treatment at 1000°C the
transition between pairs of states (', ) still dominates
the transport of charge carriers in the whole measured
frequency range. In contrast, after annealing at 1300°C
the d.c.-conductivity gives the main contribution to the
overall electrical conductivity up to about 100 Hz.
Samples heat-treated at 1500°C and higher show a fre-
quency independent conductivity. This finding indicates
that relaxation processes between single states do not
cause any measurable contribution to the electrical
conductivity dominated by percolation paths, exclu-
sively.

Under the assumption that d.c.- and a.c.-conductivity
do not effect each other, ¢’ can be expressed as:

0'(v) = 0de. + 0, (V) “4)
and the frequency exponent s becomes:

v o, . (v)
o o,.(v)

®)

By plotting s vs. the measuring temperature, the
transport mechanism responsible for the a.c.-con-
ductivity can be derived (Fig. 8).
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Fig. 6. Influence of the pyrolysis atmosphere on the temperature dependence of the electrical conductivity o4 vs. T-%2.
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Fig. 7. Real part of the a.c-conductivity o’ depending on the freqency v and the annealing temperature 7.

The minimum of s(T), which is a typical feature of large
polaron tunnelling,'? is shifted towards lower tempera-
tures with increasing annealing temperature. Although the
physical model of large polarons was developed for het-
eropolar ionic solids, this model can also be applied for

amorphous homopolar solids. This is due to a coulomb
contribution to the interatomic forces caused by the lack
of long-range order and by discontinuities associated with
broken bonds and voids.'? For the interpretation of the
observed behaviour the Egs. (6)—(8) are used:'4
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Fig. 8. Frequency exponent s depending on the measuring temperature 7" and the annealing temperature 7, (fitting curves are represented by lines).

60[Rw + 6,3WH0}"0/R(U
QaR,, + BWioro/R,)*

(6)

with the fall-off of the wave function o, the character-
istic tunnelling distance R, at a given frequency, the
polaron radius ro and B=1/kT. R, itself is a function of
frequency and temperature and is described by

1
Ro=1-
[— In(@) ~BWito +y [ In(@m)— AWl ™+8aro WHO]
™

with a constant characteristic relaxation time t, in the
range of the inverse phonon frequency (107'3 s).!3 The
parameter Wy is related to the activation energy Wy
corresponding to

Wit = Wino(1 — %ﬁ’) ®)

with the polaron separation R. According to Eqs (6)-
(8), the parameters given in Table 1 were obtained by
fitting the measured data of a sample tempered at
1300°C in nitrogen.

It can be shown that the extension of the polaronic
wave function o~ ! is about 1.3 times higher than the
polaron radius rq and according to Eq. (7) the tunnel-
ling distance is 2.5 times higher than ry (calculated for

=—170°C and v=1.3 kHz).

By using Eq. (9)

R}
20[kT+ WHoro/Ri

/ LAY
Ty (@) = 75" (KT)"N°(EF) ©)

the measured ¢’, .(®) data allow the determination of
the normalised state density N(Eg)/a2, which at —170°C
is in the range of 10° (€V cm)~'. The typical density of
states N(Eg) in non-hydrogenated amorphous semi-
conductors is about 10'® to 10'°/eV cm?3.!* Taking into
account, that only states within an energy range of
about 0.01 eV around the Fermi level contribute to the
conductivity at —170°C, it can be calculated, that the
extension of the polaron wave function o~! is about 10
nm.

The temperature Ty,;,, where the minimum of s(7)
occurs, is characteristic for the activation energy Wy
according to the following estimation:'3

Tmin %()IWHO/k (10)

Table 1
Transport parameters of amorphous silicon carbontride derived by
fitting of the measured data

Fitting parameter Range
ar 0.7-0.8
Wi [eV] 0.2-0.4
7o [3] 10-15-10-14
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Tmin and therefore Wy, decreases with increasing
annealing temperature 7, (Fig. 8), indicating enhanced
transfer of polarons. This is consistent with the increas-
ing a.c.-conductivity with increasing annealing tem-
perature.

In order to get more accurate data about the trans-
port parameters depending on the heat treatment con-
ditions, it is appropriate to interpret also the imaginary
part of the conductivity 6" or the equivalent real part of
the relative permittivity €.

Plotting dg’/dInv vs the frequency v peaks were found
within the curves (Fig. 9) which are typical for the
relaxation processes in the tested material and are shif-
ted to higher frequencies with increasing annealing
temperature T,. First it was Debye, who described such
relaxation peaks by wusing only one characteristic
relaxation time t.!° In the case of amorphous materials,
a single relaxation time cannot be assumed. Therefore,
the parameter o denoted as acoje_cole Was introduced by
Cole and Cole to consider a distribution of relaxation
times,'® which is symmetric around t,. Moreover,
asymmetric distributions were also proposed.!”-18

In the symmetric case € can be expressed as:

g =too + (85 — €00)
1+ (019)' ™ sin(arr/2)
1+ 2(601'())(170;) sin(ar/2) + (wro)z(lf"‘)

(11)

with the static relative permittivity & (0—0) and the
relative permittivity €., for high frequencies, at which
the relaxation processes examined here do not contribute
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to the polarisation. Deviating Eq. (11) and fitting the
measured data leads to the following results (Table 2):

e The barrier height for polaron tunnelling W’ which
can be calculated from the slope of the relaxation
frequency v, (Fig. 10) according to Eq. (12)

—aRy =W /KT

Ve X € (12)
decreases with increasing T,, which is consistent with
the results obtained from s(7) (see Fig. 8).

e The parameter aR (R, is the maximum tunnelling
distance) increases with growing T, i.e. polaron
transfer across longer distances becomes more
pronounced with increasing T,.

e The parameter dlcole_cole decreases with increasing
T,, i.e. the distribution of 1y which is influenced by
the distribution of the separation distance R of the
polarons becomes sharper.

e The relative permittivity €., (high frequency limit)
is in the range between 5 and 7 and nearly inde-
pendent from T,.

Table 2
Dielectric behaviour of amorphous silicon carbonitride depending on
the annealing conditions

Ta [°C] W' [meV] aRy OCole-Cole €00

1100 440+ 20 3 0.55+0.02 5.2+0.4
1200 160+ 10 7 ~0.30-0.40 6.0+04
1300 120+ 5 7 0.40+0.06 6.6+0.4

4 The e..-values are corrected for porosity.
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Fig. 9. Relaxation of the permittivity (de’/dInv vs. v) depending on the annealing temperature 7.
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The investigation of the a.c.-conductivity shows that
the dielectric behaviour of these materials can be varied
in a wide range by the synthesis conditions which can be
of technological interest.

4. Conclusion

The electrical properties of poly(hydridomethyl)-
silazane-derived Si—C—N-ceramics can be summarised as
follows:

(1) Silicon carbonitride shows a semiconducting
behaviour with a 7-'* dependence of 4. for the
amorphous ceramics corresponding to transport within
the band gap and a T~ ' dependence for the poly-
crystalline Siz;N4/SiC composite caused by transport in
the conduction band. In the latter, the electrical con-
ductivity is determined by the grain boundaries.

(2) The d.c.-conductivity is influenced by the condi-
tions of the final heat treatment. Depending on the
annealing temperature 7, three regions can be dis-
tinguished: (a) Increase of the conductivity of the
amorphous SiCN matrix up to 1300°C caused by an
enhanced sp?-/sp>-ratio of the carbon atoms, (b) a
strong increase of the conductivity due to the formation
of SiC and the loss of nitrogen of the remaining amor-
phous a-SiC(N) matrix between 1300 and 1600°C and
(c) the final electrical conductivity of nitrogen doped B-
SiC above 1600°C which is proved by measurements of
the thermopower. These findings are consistent with the

1 T T T T T T T T T T T T T .
0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

1/T [K]

Fig. 10. Relaxation frequency v. of Si-C—N ceramics depending on the measuring temperature 7 and the annealing temperature 75,.

results obtained by '’N-method, XANES-spectroscopy,
TEM, Raman-spectroscopy and XRD.”

Besides this, the conductivity depends on the iso-
thermal annealing time of the Si-C—N materials at T,
exceeding 1300°C.

(3) By using an argon/ammonia - gas mixture instead
of pure argon during the thermally induced ceramisa-
tion, og4.. can be lowered by 4 orders of magnitude due
to the substitution of carbon by nitrogen. Accordingly,
G4 can be varied within 15 orders of magnitude by
the pyrolysis atmosphere and by the subsequent heat-
treatment. In contrast to the absolute value of 64 the
conduction mechanism does not change in the ammonia
treated samples.

(4) According to impedance spectroscopic investiga-
tions, the tunnelling of large polarons turns out to be
the main transport mechanism in the amorphous Si—C—
N materials. The barrier height W is found to decrease
with increasing annealing temperature, which corre-
sponds with the increase of the a.c.-conductivity. The
observed relaxations can be described by a modified
Debye model, which introduces a distribution of
relaxation times t instead of one single relaxation time
7o. Due to the heat treatment this distribution is found
to become more discrete.

The results described here show that the electrical
properties of amorphous Si—C—N ceramics are in the
range between the electrical properties of semi-conducting
SiC and that of insulating SizN4. This enables to syn-
thesise a variety of materials for electrical and electronic
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applications just by changing composition and structure
of the amorphous silicon carbonitride ceramics.
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