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Abstract

The dielectric properties at high frequencies and infrared spectra of pure, aluminum, and nitrogen-doped SiC nanopowders have
been investigated. The powders were prepared by a sol-gel process. Dielectric constants (�0) and dielectric loss tangents (tan�) were
measured within the microwave frequency range from 4 to18 GHz. Both �0 and tan� of pure SiC nanopowder are much higher
(�0=40–50, tan�=0.6–0.7) than for the doped ones over the frequency range. The dielectric parameters decreased with increasing
aluminum and nitrogen contents. Infrared (IR) spectra were measured in the range from 500 to 4000 cm�1, showing that the
background of pure SiC nanopowder is also much higher than for the doped ones. The possible mechanisms of these promising
features of undoped SiC nanopowder are discussed. # 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Nano materials are drawing increased attention and
have been developed extensively in recent years. Nano
silicon carbon is well known as a good structural cera-
mic. Much work has been reported on its synthesis,
mechanical properties, heat treatment, and dopant ana-
lysis [1–4]. However, little information is available on its
dielectric properties, especially at high frequencies for
applications in microwave components such as isolators
and electromagnetic wave absorbing materials.
Recently, A. Kassiba et al. analyzed the relationship

between dielectric behavior and the interfacial polariza-
tion of SiC nano-sized materials [5]. Donglin Zhao et al.
compared the dielectric properties of nano Si/C/N
composite powder with nano SiC powder [6]. But till
now, to our knowledge, no work has been reported on
the comparison between undoped and doped SiC nano-
powders at the microwave frequency range, and the
cause of above properties has not been quite clear. So,
the purpose of this paper is to study the dielectric as well
as infrared spectral properties of pure and doped SiC
nanopowders. Possible mechanisms are also discussed.

2. Experimental procedure

SiC nanopowders were synthesized by the carbother-
mal reduction of SiO2 and SiO2–Al2O3 xerogels. For the
SiO2–Al2O3 xerogels, the initial mixture sol was pre-
pared by mixing tetraethylorthosilicate (TEOS), etha-
nol, water, saccharose (C12H22O11) and some Al2O3
powders (with 0.2 mm average particle size). The Al2O3
content was varied to study its effect on solid solution
formation and properties. Samples composition is listed
in Table 1. After stirred for 4 h, the mixture sol was
allowed to gel, age and dry at 40 �C for 48 h.
The SiO2 and SiO2–Al2O3 xerogels were heated at

600 �C for 2 h to carbonize the saccharose, at 1550 �C for
1 h in argon or nitrogen to synthesize SiC (Table 1), at
650 �C in air to remove excess carbon, and finally treated
with dilute hydrofluoric acid to remove residual silica.
XRD (D/MAX IIIB, Cu-Ka) was used to analyze the

crystalline phases and polytypes of carbothermal reduc-
tion products. Lattice definition was carried out with
the use of inner 99.99% Si standard (particles size �10
mm, a=5.43088 Å). Powders composition was investi-
gated by SEM (JSM-6301F) coupled with EDS, and
their morphology and grain sizes were observed by
TEM.
The samples for dielectric parameter measurements

were prepared by blending the SiC powders with paraffin
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wax in a volume ratio of 1:1.5, and then pressed into
7.00�3.04�3 mm3 (outer diameter�inner diameter�
thickness) rings. Commercially available paraffin wax
was used. The dielectric parameters were measured by a
network analyzer (HP 8510B) in the frequency range 4–
18 GHz. The infrared spectra were recorded at room
temperature in the range 500–4000 cm�1 by using an
infrared spectrometer (model SPECTRUM-GX).

3. Results and discussion

3.1. Synthesis of nanopowders

The XRD patterns of the samples obtained by car-
bothermal reduction are given in Fig. 1. It is seen from
the diffractograms that the products obtained are SiC,
whose polytypes are 3C, 12H and 21R. Sample 1 syn-
thesized without Al, contains the 3C (�-SiC) phase. But
in the samples doped with Al, the polytypes change to
a-type. In detail, samples 2 and 3, reacted in argon,
possess the 12H structure; samples 4 and 5, reacted in
nitrogen, possess a little more complex structure 21R.
Similar change in SiC polytypes was also observed

previously [7,8]. During our synthesis, aluminum atoms
enter SiC lattice, replace some silicon atoms and induce
carbon vacancies. As a result of this substitution, the

(103) reflection emerges as well as (101). Although alu-
minum has a larger atom radius than silicon, thus
making the lattice expand, carbon vacancies lead the
lattice to shrink more. These two effects counteract and
reduce the lattice parameters as a whole. The lattice
parameters calculated from XRD are listed in Table 2,
in which a and c decrease with increasing aluminum
content. Samples 4 and 5 show larger lattice shrinkage
than those synthesized in argon, due to the formation of
silicon vacancies in the lattice when nitrogen atoms
replace some carbon during reactions in nitrogen.
The crystallite sizes of the samples were calculated

using the Scherrer equation:

Dhkl ¼ kl= B1=2cos�
� �

ð1Þ

where Dhkl is the grain size in the direction perpendi-
cular to the crystal face {hkl}, k is the Scherrer constant,
l is the X-ray wavelength, B1/2 is the half width of the
line, and � is the Bragg’s angle of the crystal face {hkl}.
Deducted the possible errors due to the apparatus, the
values are listed in Table 2. For all the samples, the
grain sizes are in the range of 13–20 nm. The morphol-
ogy and grain size of all the samples were observed by
TEM, which confirmed the value of grain size calculated
by XRD. The details have been described in our pre-
vious paper [9].

3.2. Dielectric properties

Fig. 2 shows the dielectric constant (�0) and dielectric
loss tangent (tan�) of all the samples at the microwave
frequency range from 4 to 18 GHz at room tempera-
ture. Sample 1 (�-SiC) has the highest dielectric con-
stant as well as dielectric loss tangent. For the other
samples, the dielectric constants and dielectric loss tan-
gents are inversely proportional to aluminum content.
For the powders with the same aluminum content, the
one synthesized in nitrogen has lower values for �0 and
tan� than the one synthesized in argon. All the curves
show minor changes over the whole frequency range
from 4 to 18 GHz.

Table 1

Aluminum content in xerogels in different reaction atmosphere

Sample Atom ratio of Al to Si Reaction atmosphere

1 0 Argon

2 2.63:100 Argon

3 5.26:100 Argon

4 2.63:100 Nitrogen

5 5.26:100 Nitrogen

Fig. 1. X-ray diffraction patterns of SiC samples.

Table 2

Lattice constants of SiC nanopowders

Sample Crystalline

structure

Grain size

(nm)

Standard

lattice (Å)

Tested

lattice (Å)

1 �(3C) 18.3 a=4.3589 a=4.341

2 12H 15.2 a=3.073 a=3.070

c=15.080 c=15.036

3 12H 12.9 a=3.073 a=3.062

c=15.080 c=14.999

4 21R 19.4 a=3.073 a=3.049

c=52.78 c=52.336

5 21R 15.2 a=3.073 a=3.026

c=52.78 c=51.921
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Because SiC is a non-magnetic material (�0
r=1, �

00
r=

0), its power dissipation is only determined by dielectric
losses. Dielectric losses usually result from three pri-
mary processes: ion migration losses [including (a) dc
conductivity losses and (b) ion jump and dipole relaxa-
tion losses], ion vibration and deformation losses, and
electron polarization losses [10]. Dc conductivity losses
are usually important for many dielectric materials, so
this is discussed first. In the doped samples, aluminum
and nitrogen atoms will substitute Si and C atoms
respectively. Except native ones, possible defect reac-
tions are:

Al �����!
SiC

Al0Si þ h� ð2Þ

Al4C3 �����!
SiC

4Al0Si þ 3CC þ V::::
C ð3Þ

N �����!
SiC

N:
C þ e0 ð4Þ

AlN �����!
SiC

Al0Si þN:
C ð5Þ

Al2O3 �����!
SiC

2Al0Si þ 3O
::
C þ VSi0000 ð6Þ

In detail, reactions (2), (3) and (6) may exist in the SiC
synthesis in argon, and reactions (2), (4), (5) and (6)
may exist in the synthesis in nitrogen. The substitution
of silicon atoms by aluminum leads to an acceptor level
within the band gap and the conductivity is due to
holes. Therefore, the conductivities of SiC powders in
argon simply increase with increasing aluminum con-
tent. Similarly, the substitution of silicon atoms by
nitrogen leads to an electron donor level and the con-
ductivity is due to electrons. When Al and N both exist,
although the concentration of carriers will decrease
because of the two kinds of carriers with contrary char-
ges, the drift mobility of carriers is the sum of these two
kinds of carriers. As a result of the higher carrier mobi-
lity, the SiC conductivities in nitrogen should be much

higher than those of SiC in argon. Table 3 lists the dc
conductivities of the SiC samples, showing that the
conductivity changes are in agreement with the above
analysis, namely the conductivities of samples 4 and 5
are respectively larger than those of samples 2 and 3.
If the dielectric loss tangent only results from elec-

trical conductivity, it should obey the following formula
[10]:

tg�C ¼
�

2	f"0r"0
¼

�

ð8:85� 10�14Þ2	f"0r
ð7Þ

here the conductivity is given in ohm-cm�1. The loss
tangent for the SiC samples at 10 GHz is also calculated
in Table 3. The �0r values for samples containing 40
vol.% SiC powder are simply adopted in this equation.
It should be noted that the true value of �0r is much
higher than the measured one and can be inferred
according to the mixture rules. So the practical tan�c
should be less than the calculated one. In contrast, the
loss tangent of samples 2–5 decreases with increasing
conductivity. In particular, the loss tangent of sample 1
is much higher than that for other samples though
samples 4 and 5 have higher conductivities. All these
phenomena contradict with the results calculated from
the Eq. (7), indicating that conductivity losses are not
the main cause of the dielectric losses in our study.

Fig. 2. Dielectric constant "0 (a) and dielectric loss tangent tan� (b) of studied samples.

Table 3

dc Conductivity and calculated loss tangenta of SiC samples

Sample dc Conductivity

(S cm�1)

Calculated loss tangent

for 10 GHz

1 1.79�10�3 8.00�10�2

2 5.54�10�4 8.78�10�2

3 1.96�10�3 3.57�10�1

4 8.46�10�4 1.84�10�1

5 1.30�10�2 4.06�10�1

a The values are calculated for pure SiC samples.
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Ion jump and dipole relaxation may have a crucial
effect on the samples’ dielectric behavior. In 3C-SiC, the
silicon and carbon vacancies (VSi, VC) as well as silicon
and carbon antisites (SiC, CSi) are the most energetically
preferred among native SiC defects preserving a tetra-
hedral symmetry [11,12]. The defects with opposite
charges have a strong trend to form pairs because of
static attraction. These defect pairs can be treated as
dipoles. The more the dipoles, the higher the dielectric
constant is. Under the external alternating electric field,
the reorientation of lattice defect pairs results in polar-
ization and energy dissipation. In this case, high relative
dielectric constant means high dielectric loss because the
reorientation must be completed by the migration of
ions, which dissipates energy. This should be the reason
why sample 1 possesses highest �0 and tan�. When doped
into SiC, aluminum atoms occupy the sites of silicon

atoms and reduce the number of those defect pairs.
Although aluminum atoms may also partner with the
defects with opposite charge, it is more difficult for such
defect pairs to reorient because aluminum has a larger
covalent atom radius than silicon. The number of defect
pairs taking part in polarization decreases with increas-
ing aluminum content, so the conductivity of SiC
nanopowders increases, but �0 and tan� decrease. Nitro-
gen atoms play a similar role and lead to a larger
reduction in �0 and tan�.

3.3. Infrared spectra

The IR spectra are given in Fig. 3 (1)–(5). The bands
around 800–900 cm�1 are attributed to the vibration of
the Si–C bond. The value of Si–C absorption bond is
higher than that around 700–800 cm�1 [13,14]. The dif-

Fig. 3. (1)–(5) IR spectra of SiC samples 1–5.
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ference should be due to solid solution of aluminum and
nitrogen in the SiC powders. The figures also show that
the band in samples 2 and 3 (885 cm�1) are slightly
higher than for samples 4 and 5 (837 cm�1), which
indicates a difference in the crystal conditions around
the Si–C bond. The results can be explained by the par-
tial substitution of carbon atoms by nitrogen, thus dis-
turbing the previous lattice order. Compared with the
pure SiC powder, aluminum plays a similar role of dis-
turbing the Si–C bond.
The weak bands around 1234 and 1066 cm�1 are

attributed to the Si–O bond, indicating the existence of
a SiO2 surface on all the samples. The weak bands
around 3450 and 1635 cm�1 are attributed to H2O
band, caused by water absorption of samples.
A comparison of Fig. 3 (1) with 3 (2)–(5) shows that

the absorption background of pure SiC nanopowder is
much higher than for the other four spectra. The
absorption degree of the background from 1000 to 4000
cm�1 in pure SiC powder is comparable with that of the
Si–C bond, Whereas in most cases (such as in the other
four samples), the degree of background is much weaker
than those of main peaks. This interesting result is
probably due to the ion vibration and deformation of
the pure SiC nanopowder in the infrared range. Fur-
thermore, close examination of IR absorption values
reveals that the Si–C band in Fig. 3(1) is slightly split
which may relate to the crystallinity rate of the samples
[8]. This indicates that the pure SiC powder has a better
crystallinity than the other samples doped with alumi-
num and nitrogen, which is in agreement with the result
in XRD that the main peak intensity of sample 1 is the
highest.

4. Conclusions

(1) The dielectric properties of pure and doped SiC
nanopowders synthesized by the carbothermal reduc-
tion of SiO2 and SiO2–Al2O3 xerogels were measured at
the microwave frequency range of 4–18 GHz. The
dielectric constant (�0=40–50) and loss tangent
(tan�=0.6–0.7) of pure powder are much higher than
for powders doped with aluminum and nitrogen. The
promising features of pure SiC nanopowder may be due
to ion jump and dipole relaxation in the GHz frequency
range, namely the reorientation of lattice defect pairs
(VSi–VC, SiC–CSi).
(2) Infrared spectra of all the samples were also mea-

sured in the range of 500–4000 cm�1. The pure SiC

nanopowder has much higher background due to ion
vibration and deformation as well as a better crystal-
linity than powders doped with aluminum and nitrogen.
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