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The electric conductivity of polymer-derived silicon carbonit-
rides made from a polysilazane modified with different amounts
of thermal initiator is measured at room temperature. It is found
that the thermal initiator has a significant effect on the electric
conductivity, which first increases and then decreases with in-
creasing thermal initiator concentration. The highly conductive
sample exhibits a very high piezoresistive coefficient and weak
temperature dependence as compared with the low conductive
samples. The microstructures of the materials are characterized
using a Raman spectroscope. Based on these results, two con-
ducting mechanisms are identified: the highly conductive sample
is dominated by the tunneling—percolation mechanism, while the
low conductive samples are dominated by matrix phases. The
effect of the thermal initiator on the development of the micro-
structures of the materials is discussed.

I. Introduction

OLYMER-DERIVED ceramics (PDCs) are a new class of high-
temperature multifunctional materials synthesized by ther-
mal decomposition of polymeric precursors.' > PDCs have
attracted considerable attention recently because they exhibit
many advantages over traditional ceramics made by powder
metallurgy-based processing techniques. For example, the direct
chemical-to-ceramic route of PDCs leads to a simple, cost-
efficient, and near-net-shape approach to manufacture ceramic
components and devices with inconvenient shapes, such as
fibers, coatings, composites, and micro-electro-mechanical sys-
tems (MEMS)/micro-sensors.*® The technique also offers
an opportunity to manipulate the structures and composites,
and thereby the properties, of the final ceramics at the atomic/
nanoscale by tailoring the chemistry of the precursors. When
synthesized at relatively low temperatures (pyrolysis is usually
performed at 800°-1000°C), PDCs show excellent h‘(%h-
temperature properties, such as hi%h creep resistance,'? 2
resistance to large-scale crystallization,” and excellent oxidation/
corrosion resistance.'* !¢
Previous studies on PDCs have primarily been focused on
their processing and thermo-mechanical properties. The electri-
cal behavior of the materials has received little attention.'”2°
Previous investigations on PDCs’ electrical behavior have found
the following phenomena: (i) PDCs possess typical amorphous
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semiconducting behavior, (ii) the conductivity increases with in-
creasing pyrolysis temperature, (iii) increases in the conductivity
seem to coincide with increases in free-carbon concentration,
and (iv) the conductivity can be increased by doping. Recently,
An and co-workers have also reported that a polymer-derived
silicon carbonitride (SiCN) ceramic possesses a significant pie-
zoresistivity with anomalously high gauge factors ranging from
1000 to 4000.%' They attributed such high gauge factors to the
tunneling—percolation network of free-carbon clusters formed in
the SiCN. Clearly, a study of the electronic behavior of PDCs
is still at its early stage. Further exploration in this direction
is highly desired because it could lead to widespread applications
of the unique materials in many fields such as for MEMS and
micro-sensors, as well as to a fundamental understanding of the
property—structure relationships of these interesting materials.

In this paper, we report the effect of thermal initiator con-
centration on the electrical behavior of polymer-derived amor-
phous SiCN ceramics. Three kinds of specimens are prepared
from a polysilazane precursor that is modified with different
amounts of a thermal initiator. We find that electrical properties
such as conductivity, temperature-dependent conductivity, and
piezoresistivity of the SICN ceramics can be drastically affected
by altering the concentration of the thermal initiator. The results
are discussed in terms of the effect of thermal initiator concen-
tration on the microstructures of the materials.

IL

The amorphous SiCN ceramics studied here are synthesized by
thermal decomposition of a commercially available liquid-phase
polysilazane (Ceraset, Kion, Huntingdon Valley, PA) using the
technique reported previously.'** Figure 1 shows the chemical
structure of Ceraset cited by the supplier®>* and confirmed by
previous studies.***> A previous study also demonstrated that
Ceraset can be converted to SiCN ceramics by thermal decom-
position with ~72 wt% yield.* To obtain different SiCNs, the
precursor is first modified by reacting it with different amounts
of dicumyl peroxide (DP) (Table I), which acts as a thermal
initiator to lower the solidification temperature of the Cera-
set.*** The modified precursors are solidified under different
conditions as listed in Table I, followed by heat treatment at
350°C for 4 h in ultra-high-purity nitrogen. The obtained solids
are then crushed and ball milled into fine powders using high-
energy ball milling. The powders are compressed into disks and
then pyrolyzed at 1400°C for 4 h in a tube furnace under flowing
of ultra-high-purity nitrogen. The obtained samples are first
characterized using XRD, which reveals that the samples ob-
tained are amorphous without any diffraction peak. The com-
positions of the obtained samples are measured using a
combination of elemental analysis and secondary hydrochloric
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Fig.1. Chemical structure of Ceraset.

acid ICP (Table I). Note that the carbon concentration increases
slightly with increasing DP concentration in the precursors.

For characterizing their electrical properties, the obtained
specimens are cut into a rectangular shape. A silver paste is
painted on the opposite surfaces of the specimens and dried in
air for a day to form electrodes. The electrical conductivities of
the specimens are measured at room temperature by measuring
their current—voltage (I-V) curves (Keithley 2400, Keithley in-
struments Inc., Cleveland, OH). The temperature-dependent
conductivities are measured in the temperature range of 25°—
700°C using a Digital-Multimeter (UT70C, Uni-Trend Group
Limited, Shenzhen, China) by placing specimens in a tube fur-
nace; the measurements are carried out under the flow of ultra-
high-purity nitrogen. The stress-dependent resistivities are mea-
sured under uniaxial compressive stress at room temperature
using the same procedure reported previously.?!

To characterize the formation of carbon clusters, Raman
spectra of the three specimens are obtained using Renishaw in-
Via Raman microscope (Renishaw, London, U.K.) with an Ar
laser at 514 nm as the excitation source. The lateral resolution of
the microscope is 1 cm™".

III. Results

The room-temperature electrical conductivities of the three spec-
imens are listed in Table I. The results reveal that the conduc-
tivities of the SiCNs can be changed drastically by adding DP to
their precursor. More significantly, the change in the conduc-
tivity is not monotonic with the change of the DP concentration:
the conductivity is first increased by about five orders of mag-
nitude from 6.7 x 1077 t0 2.2 x 1072 (Q - cm) ™! by adding 6 wt%
DP, and then decreased by about four orders of magnitude to
9.1 x 107%(Q-cm) ! on further increasing the DP concentration
to 10 wt%. This last point is very instructive, suggesting that the
increase in the conductivity cannot be solely explained by the
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Fig.2. A plot of the conductivity as a function of temperature for the
three samples as indicated in the figure.

increase in the carbon concentration due to the DP additives.
The form of carbon in the materials could play an important
role in determining the conductivity of PDC materials.

The temperature-dependent conductivities of the specimens
are plotted in Fig. 2. All three samples exhibit semiconducting
behavior with a positive temperature coefficient of the electrical
conductivity. The two low-conductivity specimens (CDP-0 and
CDP-10) show similar strong temperature-dependent conduc-
tivities, while the high-conductivity specimen (CDP-6) shows a
much weaker temperature-dependent conductivity. This sug-
gests that CDP-0 and CDP-10 specimens could have the same
conducting mechanism, which is different from that for CDP-6.

Figure 3 shows a plot of the resistivity as a function of applied
stress for the three specimens. It is seen that all three specimens
show positive stress coefficients of electrical resistivity: the
resistivity decreases with increasing compressive stress. How-
ever, the resistivities of these specimens exhibit different stress-
dependent behavior. The high-conductivity CDP-6 specimen
shows significant decreases in resistivity as the stress increases,
with an ~50% decrease in the resistivity over a stress range of
8 MPa. This behavior is similar to that observed in carbon
black—polymer composites.?*>® On the other hand, the resist-
ivities of the two low conductive CDP-0 and CDP-10 specimens
show very weak stress dependence.

The stress dependence of resistivity can be seen more clearly
from a piezoresistive stress coefficient, I1, which is defined as

_dp/p
m="4 M

where p is the resistivity at the applied stress . The piezoresis-
tive stress coefficients of the three specimens are calculated from
the data present in Fig. 3 and summarized in Fig. 4. It can be
seen that the high-conductivity CDP-6 specimen exhibits a re-
markably high piezoresistive stress coefficient, which is much
higher than those reg)orted for crystal semiconductors and any
ceramic materials.?” ! It can also be seen that the piezoresistive
stress factor of the CDP-6 strongly depends on the applied
stress: it decreases by three orders of magnitude from 4 to 0.004
MPa~! over a testing stress range of 8 MPa. On the other hand,
the low-conductivity CDP-0 and CDP-10 specimens exhibit
much lower piezoresistive coefficients, which also weakly de-
pend on the applied stress. The piezoresistive stress coefficient of

Table I. Precursors, Solidification Conditions, Compositions, and Conductivities of the SiCNs

Sample name Ceraset-to-DP ratio

Solidification conditions

Compositions RT conductivity (Q-cm)~"

CDP-0 100:0 250°C x2h
CDP-6 100:6 150°C x 0.5 h
CDP-10 100:10 150°C x 0.5 h

SiCo.97No.8800.10 6.3 x 1077
SiCy 0oNo.8500.11 22%x 1072
SiCy 02No.8300.12 9.1x10°°

DP, dicumyl peroxide; RT, room temperature, SiCN, silicon carbonitride.



December 2008 Effect of Thermal Initiator Concentration on Silicon Carbonitrides 3973
1.1 12000
CDP-6
1.0 @easana AARRRERRRZARAIIIAE 10000 1 rd
> 8000 -
= 0.9 ¢ CDP-0 a
k7] ) = ] CDP-10
2 08 W CoP6 3 6000
K A CDP-10 o
2 07 ) 4000 1
©
o} 2000 -
€ 064 W CDP-0
-.-I.- 0 ey,
[T " . : ; .
0.5 1 eNREaEamEa 900 1100 1300 1500 1700 1900
Wavenumber (cm™)
0.4 T T T T

0 2 4 6 8 10
Applied Compressive Stress (MPa)

Fig.3. A plot of the relative resistivities as a function of applied stress
for the three specimens as indicated in the figure. The resistivities are
normalized with respect to the unstressed value.

the CDP-0 specimen is ~4x10™* MPa~!, which is in the same
range as that of SiC;32 and ~ 10 times lower than that of the
CDP-10.

The microstructures of the specimens were characterized us-
ing a Raman spectroscope. The obtained spectra are presented
in Fig. 5. It can be seen that all three spectra show two peaks: D
and G peaks of a graphite phase, suggesting that the SiCNs
contain carbon clusters. The D peaks for the three specimens are
all centered at 1335 cm™!. The G peak for CDP-6 is centered at
1544 cm™!, and those for CDP-0 and CDP-10 are centered at
1582 cm ™. These peaks are significantly red shifted as compared
with those for free-standing graphite particles, which have D
and G peaks centered at 1355 and 1580 cm™ !, respectively.*® The
shifts suggest that there are high residual stresses within the car-
bon clusters.** The figure also reveals that the Raman signal of
the CDP-6 is much higher than those of the CDP-0 and CDP-
10, suggesting that CDP-6 contains much more carbon clusters
than the other two specimens, while the CDP-10 contains only
slightly more carbon clusters than the CDP-0. It is surprising
that the concentration of the carbon clusters is not monotoni-
cally increased with the thermal initiator concentration, even
though the total carbon concentration is (see Table I).

The Raman spectra can also be used to estimate the diameter,
L,, of the carbon clusters using the following equation’>:

16~ L @)

where I(D) and I(G) are the intensities of D and G peaks, re-
spectively, and C(A) is a constant that depends on the wave-
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Fig.4. Piezoresistive stress coefficient of the three samples as a function
of applied compressive stress.

Fig.5. Raman spectra of samples CDP-0, CDP-6, and CDP-10, as in-
dicated in the figure.

length of the excitation source. For the excitation source of 515
nm, Cis ~4.4 nm.>>>® Based on the spectra shown in Fig. 5, the
average diameters of the carbon clusters in CDP-0, CDP-6, and
CDP-10 are calculated to be 1.4, 2.0, and 1.7 nm, respectively.
This indicates that the diameters of the carbon clusters within
the SiCNs are not monotonically changed with the DP concen-
tration: they first increased with the thermal initiator concen-
tration, and then decreased with a further increase in the thermal
initiator concentration.

IV. Discussion

An understanding of the electronic behavior of the SiCNs
requires detailed information on their microstructures. Unfor-
tunately, such structural information is not accessible experi-
mentally, given the amorphous nature of the materials. Previous
studies suggested that PDCs are comprised of an amorphous
matrix and distributed carbon clusters (also referred as to free
carbons).!'”***® For SiCN ceramics, the amorphous matrix is a
random network, with SIC.N,;_, (x=0, 1, 2, 3, and 4) being
building units, as summarized in Raj e al.*' There are also a
fairly high number of C-dangling bonds with unpaired electrons
within the matrix due to the loss of hydrogen.” Based on this
structural model, several conducting mechanisms could function
in PDCs, as described schematically in Fig. 6. When the
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(
4--- Critical

/concentration
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Fig. 6. Schematic showing the possible conducting mechanisms in poly-
mer-derived ceramics.
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free-carbon concentration reaches a certain critical level, the
electrical conductivity of the material should follow percolation
models, while when the carbon concentration is lower than the
critical level, the electrical conductivity should be determined by
the matrix phase, which should follow amorphous semiconduct-
ing behavior.!'%4* For the matrix-controlled amorphous semi-
conducting mechanism, the electrical conductivity is affected
by both the chemical bonding configuration of the amorphous
network (effect on band gap) and the C-dangling bond concen-
tration (effect on defect concentration).*

The results presented in Section III show that the highly
conductive CDP-6 also exhibits high piezoresistivity, while the
low conductive CDP-0 and CDP-10 show low piezoresistivity.
The high piezoresistivity is a clear evidence suggesting that
the free-carbon concentration in CDP-6 is high enough to
form carbon-cluster-based tunneling—percolation networks and
the transport mechanism of the CDP-6 is dominated by the
tunneling—percolation process, in which tunneling between the free-
carbon clusters coexists with percolation behaviors.>'* On the
other hand, the CDP-0 and CDP-10 are dominated by the matrix
conduction. This is consistent with the Raman results, which reveal
that CDP-6 contains much higher free carbons (Fig. 5).

To further demonstrate the transport mechanism of the CDP-
6, here we compare the piezoresistivity data with the tunneling—
percolation models. According to the previous study,* the pie-
zoresistive stress factor of a tunneling—percolation system
should have the following stress-dependent relationship:

oy B
=11, aln(E)JrG 3)
where I, o, and  are material-dependent constants,* E is the
Young’s modulus of the material, and o is the applied stress.
Figure 7 plots the piezoresistive stress coefficient data of CDP-6
versus the applied stress. It can be seen that in the low stress
range, the data follow log—-log dependence (Fig. 7(a)), while in
the high stress range the data fit a linear—log relation (Fig. 7(b)),
as predicted in Eq. (3). The good agreement between the exper-
imental results and the trends predicted theoretically further
confirms that the transport mechanism of the CDP-6 is the tun-
neling—percolation process.

The transport mechanisms discussed above are also consis-
tent with temperature-dependent conductivity results. It is dem-
onstrated that the tunneling—percolation process leads to a
decrease in conductivity with temperature,® while the semicon-
ducting process leads to an increase in conductivity. Conse-
quently, the weak temperature-dependent conductivity of the
CDP-6 is a combined effect of the two processes, while the
strong temperature-dependent conductivities of the CDP-0 and
CDP-10 arise from the semiconducting process only.

Now we come to the question as to how the thermal initiator
concentration may affect the microstructures of the SiCNs. The
clue comes from the solidification processes of the precursor.
Without thermal initiator additives, Ceraset is solidified via a
reaction between the vinyl groups and C-H bonds (Fig. 1),**
which occurred at higher temperatures (Table I). When a ther-
mal initiator is added, the solidification of Ceraset is via a rad-
ical-induced polymerization process, in which the initiator is first
broken into free radicals by thermal energy; the radicals then
attack the double bonds of the vinyl groups of Ceraset to start a
chain reaction. In such radical-induced polymerization process,
which can occur at lower temperatures (Table I), the length of
the chains is determined by the concentration of the initiator.
The effect of the thermal initiator on the microstructures of the
SiCNs can then be understood as follows: for Ceraset without
the initiator, all vinyl groups reacted with C-H bonds simulta-
neously to form very short carbon chains. The carbon clusters
are relatively difficult to grow from such short carbon chains.
When the proper amount of a thermal initiator is added, the
chain reaction can form relatively long carbon chains, which can
act as nuclei for further growth of carbon clusters. Therefore,
the CDP-6 has larger and more carbon clusters than the CDP-0.
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Fig.7. Piezoresistive stress coefficient of specimen CDP-6 as a function
of applied compressive stress: (a) the log—log plot and (b) the linear—log
plot. The dots represent the experimental results, while the solid lines are
the theoretical trend predicted using Eq. (3).

When the thermal initiator concentration is too high, a large
amount of free radicals will be generated simultaneously, which
may lead to the formation of short carbon chains. Conse-
quently, a less amount of small free-carbon clusters is formed
in CDP-10.

V. Summary

We studied the effect of thermal initiator concentration on the
electrical properties of polymer-derived amorphous SiCN ce-
ramics. We demonstrated that the free-carbon concentration,
thereby the electrical behavior, of the SiCNs can be controlled
by tailoring the concentration of the thermal initiator. The ex-
perimental results provide clear evidences that there are two
transport mechanisms in the SiCNs: free-carbon-controlled tun-
neling—percolation and matrix-controlled amorphous semicon-
ducting. The results can also be used as a guideline for
developing PDCs with controlled electrical properties.
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