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Abstract

In this paper, the dielectric properties of nano-sized SiC powders have been investigated in the GHz frequency range. The poly-

types of SiC have been changed from b type (3C) to a type (12H and 21R) by varying the aluminum contents and the reaction
atmospheres. The b-SiC powder has much higher relative permittivity ("0r=30�50) and loss tangent (tg�=�0.7) than a-SiC
powders. Though the doping of Al and N decrease the resistivity of SiC to the order of 102 � cm, the pivotal factor on the dielectric

behaviors is ion jump and dipole relaxation, namely the reorientation of lattice defect pairs (VSi–VC, SiC–Csi). The conductivity of
SiC has little effect on the dielectric behaviors. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As more and more tools taking advantage of micro-
wave come into use, such as mobile telephones, micro-
wave ovens and so on, serious problems on the
electromagnetic compatibility and radioprotection have
received much attention. Many efforts have been made
to develop electromagnetic wave absorption materials
for the use in the GHz range.
The absorption of electromagnetic waves is either due

to ohmic or to hysteresis losses in the absorbing mate-
rial. Plastics loaded with carbon powder are repre-
sentative of absorbers based on ohmic losses.1 Ferrites
are typical electromagnetic wave absorption materials
based on hysteresis losses.2,3 Theoretically, the former
absorbers can work equally for signals with small or
large relative bandwidth. In fact, they cannot be used
for the signals with large relative bandwidth due to the
excessive thickness required for the absorbing materials.
However, hysteresis losses have a completely different
effect on signals with large relative bandwidth rather

than a small one. Currently available ferrites can match
the impedance of free space only over a small relative
bandwidth.4,5 One can infer from the above that current
absorbers are not effective for signals with large relative
bandwidth and it is necessary to look for new electro-
magnetic wave absorbing materials, including compo-
site materials.
Silicon carbide was studied as a structural ceramic for

a long time. However, silicon carbide is also a micro-
wave absorber.6 In microwave processing, SiC can
absorb electromagnetic energy and be heated easily. It
has a loss factor of 1.71 at 2.45 GHz at room tempera-
ture. And the loss factor at 695�C for the same fre-
quency will increase to 27.99. This ability for microwave
absorption is due to the semiconductivity. In fact, SiC is
a wide band gap semiconductor with many attractive
properties, such as high breakdown field strength, high
saturated carrier drift velocity and high thermal con-
ductivity.7,8 Compared with other ohmic loss absorbers,
SiC has an important character in that its electrical
properties can be adjusted by forming solid solutions
with varieties of materials (e.g. AlN, Al4C3, BN, B4C).
9,10 Compared with ferrites, SiC can be used in high
temperature conditions and its loss factor will increase
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with temperature.6 These attractive properties make
silicon carbide a promising absorber for electromagnetic
wave with large relative bandwidth. By far, some works
have been donated to the absorbers that consist of SiC
fibers and have some developments11�13. Nevertheless,
SiC powder is more convenient than SiC fiber when the
absorbers are used as coatings. Unfortunately, there are
few systematic studies on the microwave absorption
properties of SiC powders though some characters have
been referred to by Sutton.6

This paper aims to do some detail investigations on
the microwave absorption properties of SiC powders.
We synthesized nano-sized SiC powders (3C, 12H, 21R)
and investigated the dielectric parameters in GHz range,
such as relative permittivity and loss tangent. The pow-
ders phase component and morphology were studied
with XRD and TEM, respectively.

2. Experimental procedure

The nano-sized SiC powders were synthesized with
carbothermal reduction of SiO2 and SiO2–Al2O3 xer-
ogels. For the SiO2–Al2O3 xerogels, the initial mixture
sol was prepared by mixing 100 ml of TEOS (tetra-
ethylorthosilicate), 30 ml of ethanol, 100 ml of water, 50
g of saccharose (C12H22O11) and some Al2O3 powders.
The alumina particles possessed a middle diameter of
0.2 mm. The content of Al2O3 was varied in order to
study the effect of Al on the phase and microwave
absorptivity of SiC powders. The detailed compositions
of samples are listed in Table 1. During the stirring, the
value of pH was kept at 4.5 with the addition of HNO3.
After being stirred for 4 h, the mixture sol was allowed
to gel, age and dry at 40�C.
The xerogels of SiO2 and SiO2–Al2O3 were heated at

600�C for 2 h to carbonize the saccharose and then
heated at 1550�C for 1 h in an argon or a nitrogen
atmosphere to synthesize SiC (Table 1). The products
obtained in these procedures were heated at 650�C in air
to remove excess carbon and then treated with dilute
hydrofluoric acid to remove remainder silica.
The samples for dielectric parameter measure were

prepared by blending SiC powders with paraffin wax

and pressing the mixture to rings with the dimension of
7.00�3.04�3 mm3 (outer diameter�inner diame-
ter�thickness). The volume ratio of SiC powders to
paraffin wax was 1:1.5. The densities of samples were
kept at about 1.82 g/cm3. The errors of densities were
less than 5%.
XRD (D/MAX IIIB, Cu-Ka) was used to analyze the

crystallographic composition and polytypes of car-
bothermal reduction products. Lattice definition was
carried out with the inner 99.99% Si standard (particles
size 10 mm, a=5.43088 Å). The compositions of pow-
ders were investigated with SEM (JSM-6301F) coupled
with EDS. TEM (JEM-200CX) was adopted to observe
the morphology and measure the sizes of SiC powders.
The dielectric parameters were measured with Network
Analyzer (HP 8510B) on the circular samples.

3. Results and discussion

3.1. The compositions of SiC powders

Fig. 1 shows the results from the EDS. In the EDS
spectra of powders 2 and 3, there exist four peaks due to
C, O, Al and Si, respectively, and elements of C, N, O,
Al and Si exist in powders 4 and 5. Element oxygen
exists in all of the five powders and is donated by the
oxide surface of powders. Under many circumstances,
silicon compounds possess the surface of SiO2. The
content of C, N and O cannot be determined precisely
because of the limitation of EDS for light elements.

3.2. The polytypes and lattice parameters of SiC
powders

The XRD spectrum of carbothermal reduction pro-
ducts is shown in Fig. 2. The XRD patterns indicate
that there only exist the peaks belonging to SiC, which
correspond to 3C, 12H and 21R. Powder 1 synthesized

Table 1

The content of alumina in xerogels and different reaction atmosphere

Sample Atom ratio

of Al–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. The compositions of powders by EDS.
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without Al2O3 possesses the phase of 3C (b-SiC). For
the powders containing aluminum, the polytypes change
to a type. In detail, powders 2 and 3, which were
obtained in the atmosphere of argon, have the structure
of 12H; powders 4 and 5, which were obtained in nitro-
gen, have the structure of 21R.
It can be noted that the 002 reflection is hardly

observed in powder 1. This case can be explained with
the appearance of the d=2.65 Å reflection, which indi-
cates that the presence of stacking faults in the b-SiC
structure. It was shown by simulation by Tateyama et
al. 14 that the stacking faults in the structure of b-SiC
led to the synchronous diffraction effects: arising from
additive reflection of d=2.65 Å, and a reduction of
integral intensity of 002 reflection. The precise lattice
parameter test determines the a=4.341 Å, which is
0.018 Å smaller than the standard value of 4.3589 Å.
The smaller lattice parameter is due to the partial sub-
stitution of silicon atoms by carbon atoms having a
smaller covalent radius.
The powders containing aluminum have the a struc-

ture. The changes in crystalline are led to by the addi-
tion of aluminum and nitrogen. During the synthesis of
silicon carbide, Al2O3 is reduced by carbon and forms
carbide. At the same time, aluminum dopes into SiC

and forms solid solution. Aluminum atoms replace
atoms of silicon in the solid solution and induce vacan-
cies of carbon. As a result of the substitution, reflection
of (103) emerges as well as the reflection of (101). As the
content of aluminum increases, the relative intensities of
the reflection of (103) and (101) also rise. However, the
rising of the reflection of (103) is finite. Though alumi-
num has a larger atom radius than silicon, and conse-
quently, should make the lattice expand, the vacancy of
carbon could lead the lattice to shrink more. These two
effects counteract and reduce the lattice parameters as a
whole. The lattice parameters are listed in Table 2, in
which a and c decrease with the increasing of aluminum
content.
Powders 4 and 5 possess the polytype of 21R. At the

same time, these powders have much larger shrinkage in
lattice than those powders synthesized in argon. This
large shrinkage in lattice is due to the formation of sili-
con vacancies in lattice. When SiC powders are synthe-
sized in an atmosphere of nitrogen, nitrogen atoms
replace some carbon atoms and form silicon vacancies.

3.3. The size and morphology of SiC powders

In the XRD patterns, all peaks are broadened because
of the ultrafine crystals. The grain sizes of samples can
be estimated with the Scherrer formula:

Dhkl ¼ kl= B1=2cos�
� �

; ð1Þ

where the Dhkl is the grain size in the direction perpen-
dicular to the crystal face {hkl}, k is a constant of
Scherrer, l is the wavelength of X-ray, B1/2 is the
broadness at half high of the peak, and � is the Bragg
angle of crystal face {hkl}. After broadening due to the
apparatus has been deducted, the grain sizes of powders
are calculated and listed in Table 2. For all of the pow-
ders, the grain sizes are in the range of 13–20 nm.
Fig. 3 shows the TEM images of SiC powders. The

powders show very fine equiaxial crystallites with the
diameters of about 20 nm. Though this result corre-
sponds to the XRD analysis, the sizes of powders 1 andFig. 2. X-ray diffraction patterns of SiC powders.

Table 2

The lattice of nanometer-sized silicon carbide

Powder Crystalline structure Grain size (nm) Standard Lattice (Å) Tested Lattice (Å)

1 b(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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2 are seemingly larger than the calculated values. This
difference is due to the agglomeration of powders.
Additionally, XRD analysis is a statistical result and
will make the diameters of powders differ from the dia-
meters directly measured from the TEM images unless
the powders have the same size. The TEM images can
only reflect the morphology of partial powders. The
agglomeration hinders correct evaluation of the particle
sizes by ordinary techniques such as LPS (laser particle
sizer).

3.4. The dielectric behaviors of SiC powders

Fig. 4 gives the relative permittivities ("0r) and loss
tangents (tg�) of SiC powders in the range of 8.2–12.4
GHz. Sample 1 (b-SiC) has the highest relative permit-
tivity and loss tangent in the powders. For the samples
with Al, the relative permittivities and loss tangents are
in an inverse measure of the content of aluminum. For
the powders with the same aluminum content, the sam-
ples synthesized in nitrogen atmosphere have smaller
values for "0r and tg� than those obtained in argon
atmosphere. With the increase of frequency, all the
curves have only minute changes.

Fig. 3. The morphology of SiC powders by TEM.
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Because the relative permeability (m0r) of silicon car-
bide is equal to 1, the power dissipation is only deter-
mined by dielectric losses. Dielectric losses usually
consist of ion migration losses [including (a) DC con-
ductivity losses and (b) ion jump and dipole relaxation
losses], ion vibration and deformation losses, and elec-
tron polarization losses. For the polycrystalline and
polyphase materials, the losses due to the space charge
polarization must be considered. The electron polariza-
tion losses give rise to absorption and color in the visi-
ble spectrum. The ion vibration and deformation losses
become important in the infrared. When the frequency
is below about 1010 Hz, only the rest energy loss
mechanisms determine the dielectric losses. Therefore,
the loss tangent can be expressed as follows:

tg� ¼
"00C þ "00R þ "00I

"0
ð2Þ

where "00C is the loss factor due to conductivity, "00R is
the one due to ion jump and dipole relaxation, and "00I is
the one due to space charge polarization.
DC conductivity losses are important for many

dielectric materials. Therefore, it must be considered
first. In the samples with aluminum, aluminum and
nitrogen atoms will substitute Si and C atoms, respec-
tively. Except the native defect reactions, the following
defect reactions would happen:

Al !
SiC

Al0Si þ h� ð3Þ

Al4C3 !
SiC

4Al0Si þ 3CC þ VC
...: ð4Þ

N !
SiC

NC
� þ e0 ð5Þ

AlN !
SiC

Al0Si þNC
� ð6Þ

Al2O3 !
SiC

2Al0Si þ 3OC
��
þ VSi

0000 ð7Þ

In detail, reactions 3, 4 and 7 have possibilities to

happen in the synthesis reaction for SiC in argon atmo-
sphere, and reactions 3, 5, 6 and 7 may exist when the
SiC powders are synthesized in nitrogen atmosphere.
The substitution of silicon atoms by aluminum atoms
leads to an acceptor level within the band gap and the
conductivity due to holes. Therefore, the conductivity of
SiC powder without nitrogen simply increases with the
rise of aluminum content. On the other hand, the
nitrogen atoms lead to an electron donor level and the
conductivity due to electrons. When both Al and N exist
in SiC powders, the concentration of carriers will
decrease because of the two contrary carriers. However,
the drift mobility of carriers is the sum of the mobilities
of these two carriers. Being a result of the higher carrier
mobility, the conductivity of SiC with nitrogen is much
higher than that of SiC without nitrogen. Table 3 lists
the DC resistivities of SiC powders. The table indicates
that the change of resistivities for the samples including
Al corresponds with the above analysis, namely, the
resistivities of samples 4 and 5 are lower than those of
samples 2 and 3, respectively.
The increase of electrical conductivity would result in

the rise of dielectric loss. In formula 2, the loss due to
conductivity is as follows:

tg�C ¼
"00C
"0

¼
�

2�f"0r"0
¼

1

2�f"0r"0R

¼
1

8:85� 10�14ð Þ2�f"0rR
; ð8Þ

Fig. 4. The relative permittivity "0r (a) and loss tangent tg� (b) of the samples consisting of SiC powders (40 vol %) and paraffin wax (60 vol %).

Table 3

The DC resistivities and calculated loss tangenta of SiC powders

Sample DC resistivity (� cm) Calculated loss tangent for 10 GHz

1 557.9 8.00�10�2

2 1803.5 8.78�10�2

3 511.3 3.57�10�1

4 1181.7 1.84�10�1

5 77.5 4.06�10�1

a The values are calculated for pure SiC samples.
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where the resistivity is given in � cm. The loss tangents
for pure SiC samples for the frequency of 10 GHz are
also calculated in Table 3. Here, the values of "0r for
samples containing 40 vol.% SiC powder are simply
adopted. In fact, the true value of "0r is much higher
than the measured one and can be deduced according to
the mixture rules. Therefore, the practical value of tg�c
is lower than the calculation one. However, the loss
tangents of samples 2–5 decrease with the rise of con-
ductivities. Especially, the loss tangent of sample 1 is
much higher than the loss tangent of other samples,
though samples 4 and 5 have lower resistivities. All of
these phenomena indicate that conductivity loss is not
the main factor on the dielectric loss in the current
samples.
Because the SiC powders have similar sizes and the

SiC volume contents in the circular samples are the
same, the space charge polarization due to the poly-
crystalline and polyphase should provide a similar effect
on the dielectric losses. Consequently, only ion jump
and dipole relaxation have the possibilities of affecting
the dielectric behaviors of samples. In 3C SiC, the sili-
con and carbon vacancies (VSi, CSi) as well as silicon
and carbon antisites (SiC, VC) are the most energetically
adoptable among native SiC defects preserving a tetra-
hedral symmetry.15,16 The defects with contrary charges
have a strong trend to form pairs because of the static
attraction. These defect pairs can be treated as dipoles.
The more the dipoles, the higher the relative dielectric
constant. Under the alternating electric field, the reor-
ientation of these lattice defect pairs results in polariza-
tion and energy dissipation. In this case, a high relative
dielectric constant means high dielectric loss because the
reorientation must be completed by the migration of
ions, which will dissipate energy. This is the reason why
sample 1 possesses the high "0r and tg�c. When alumi-
num has been doped into SiC, aluminum atoms occupy
the sites of silicon atoms and deduce the number of
those defect pairs. Though aluminum atoms can also
partner the defects with contrary charge, it is more dif-
ficult for such defect pairs to reorientate because alumi-
num atoms have larger a covalent radius than silicon
atoms. The number of defect pairs that can take part in
polarization decreases with the rising of aluminum con-
tent. Therefore, with the rising of aluminum content,
the conductivity of SiC increases, but the relative per-
mittivity and loss tangent decrease. Nitrogen atoms act
as similar roles and lead to more reduction in the rela-
tive permittivity and loss factors.

4. Conclusions

Nano sized b type (3C) and a type (12H and 2lR) SiC
powders with the diameter of about 20 nm have been
synthesized by carbothermal reduction of SiO2 and

SiO2–Al2O3 xerogels. Aluminum and nitrogen have
important affection on the polytypes of SiC powders.
When there existed aluminum, the l2H SiC powders
were obtained. The 21R SiC was synthesized under the
nitrogen atmospheres. The decrease of lattice parameters
reflects the formation of vacancy.
The b-SiC powder has much higher relative permit-

tivity ("0r=30�50) and loss tangent (tg�=0.7�0.9)
than all of the a-SiC powders, though the a-SiC pow-
ders with 5.26 mol% aluminum possess higher con-
ductivities. The pivotal factor on the dielectric behaviors
is ion jump and dipole relaxation, namely the reor-
ientation of lattice defect pairs (VSi–VC, SiC–CSi). Alu-
minum and nitrogen decrease the defect pairs that
contribute to polarization. With the increase of the alu-
minum content and the doping of nitrogen, the con-
ductivity of SiC rises, but the relative dielectric constant
and loss tangent decrease.
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