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a b s t r a c t

B and N co-doped SiC nanopowders were prepared by combustion synthesis under a nitrogen atmo-
sphere from the Si/C system, using a-Si3N4 powder and B powder as solid nitriding agent and dopant,
respectively. The prepared particles had spherical morphology and narrow size distribution. XPS analysis
demonstrated that B and N atoms successfully incorporated into SiC crystal and formed Si1-xBxC1-yNy

solid solution. Results of dielectric properties showed that the real part ε0 and imaginary part ε00 of the
complex permittivities of the samples decreased first, and then increased with increasing N content. The
sample with 5% B and 15% N revealed the greatest values in ε

0 and ε
00 and better microwave absorption

performance. The corresponding mechanism of the dielectric properties of SiC improved by co-doping
was discussed in detail.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Recently, microwave absorbing materials have attracted wide-
spread attention for civilian and military applications [1e4]. Mi-
crowave absorbing materials mean the materials that can dissipate
the incident electromagnetic energy into heat. In terms of the mi-
crowave loss mechanism, microwave absorbing materials are usu-
ally divided into two types: magnetic absorbing materials and
dielectric absorbing materials. The most commonly used materials
include carbon-based materials [5e10], ferrites [11], magnetic
metal particles [12,13], conductive polymers [14,15], and so on.
However, with the development of electromagnetic defense and
stealthy techniques, there are increasing requirements for micro-
wave absorbing materials used at high temperature. Although a
number of absorbers have been reported, most of these are un-
suitable for high-temperature applications. Carbon-based ab-
sorbers such as carbon black, carbon nanotube, and graphene are
easily oxidized at high temperatures, when they are exposed in air.
For example, graphene materials have revealed high microwave
absorption performance, but they have not been utilized at high
temperature, limiting their further application [8e10]. Ferrites and
magnetic absorbers have low Curie temperatures [16,17] and will
become demagnetized at high temperature, thus degrading their
microwave absorption performance. Additionally, conductive
polymer absorbers will decompose at high temperature [18].

SiC is considered as one of the heat-resistant microwave ab-
sorbers, because of its good thermal stability and oxidation resis-
tance, high strength and hardness [19]. However, the conductivity
of SiC is low, and it has to be modified to tune in a certain range so
as to enable to achieve high microwave absorbing property. The
typical approach to increase conductivity is n-type doping (e.g. N
doping) or p-type doping (e.g. Al and B doping). Jin et al. [20] re-
ported Al-doped SiC powders that showed the doping availability
on the dielectric property. Su et al. [21] prepared N-doped SiC
powders by combustion synthesis, verifying that the dielectric
property was improved via n-type doping. In addition, surface
modification was reported to improve the microwave dielectric
properties of SiC. Yang et al. [22] successfully covered ring-like NiO
nanoparticles on the surface of SiC powders (NiO@SiC) by chemical
deposition and oxidation, by which the dielectric loss tangent tand
of SiC was greatly increased at 673 K.

In our previous research, we performed systematic studies on
SiC absorbers by introducing impurity elements such as N and Al
into SiC crystal lattice. The better dielectric loss properties were
achieved by optimizing the compositions of dopants. Meanwhile,
the influence of B doping on the dielectric property of SiC was
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studied [23e25]. However, for p-type doping, B doping has not
significantly improved the dielectric properties of SiC compared to
Al doping. Since it was restricted by solid solubility, only very small
amounts of B could be incorporated into the SiC crystal. Yamamoto
et al. [26] showed that the co-doping of Al and N could increase the
N doping concentration in ZnO through calculating the band
structure of ZnO. Wu et al. [27] also reported that co-doping of Mg
and O would effectively enhance the Mg doping concentration in
AlN. Similarly, if the co-doping ratio of donor to acceptor is
reasonable, the dielectric properties of SiC doped with B are ex-
pected to be improved due to increasing solubility. Additionally,
Straumal et al. [28] reported that the Co solubility could be
increasedwith decreasing grain size in ZnO, so it is possible that the
solubility of dopants might be increased for the nanosized SiC
particle.

In this work, the nanosized SiC powders co-doped with B and N
were prepared by combustion synthesis from Si/C/B/N system in N2
atmosphere, and the effect of co-doping on the dielectric properties
of SiC was investigated in detail. The mechanism of the dielectric
properties improved by co-doping was discussed.
2. Experimental procedures

Silicon powder (99% in purity, mean particle size of 20 mm) and
carbon black (99% in purity, mean particle size of 30 nm) were used
as rawmaterials. Boron powder (99% in purity, mean particle size of
30 mm) and Si3N4 powder (99% in purity, mean particle size of
20 mm) were used as dopant and solid nitriding agent, respectively.
And polytetrafluoroethylene (PTFE) powder (99.99% in purity,
mean particle size of 75 mm) was used as chemical activator. The
starting powders were weighed out in different molar ratios listed
in Table 1. For comparison, the powder of Si/C was also weighed out
in the molar ratio of nSi:nC¼ 1:1, in which B and N constituents
were not contained. Then the powder batches were mixed in
ethanol for 6 h and dried at 60 �C. Finally, the dried powders were
put into a graphite crucible and calcined at the temperatures of
1400 �C in a resistance heating graphite furnace, with a heating rate
of 10 �C/min in a 0.1MPa N2 atmosphere.

The crystalline phases of the as-prepared powders were iden-
tified by X-ray diffractometer (XRD, D8 Advance, Bruker, Germany),
using Cu Ka radiation. The morphologies of the powders were
observed by field emission scanning electron microscopy (FESEM,
JSM-7500F, JEOL, Japan). X-ray photoelectron spectroscopy (XPS, K-
Alpha, Thermo Scientific) was performed for determining the
compositions. The dielectric parameters at room temperature were
determined in the frequency range of 8.2e12.4 GHz using a PNA
network analyzer (Agilent Technologies E8362B, Palo Alto, CA). The
samples were prepared by mixing the powders with molten
paraffin in a mass ratio of 1:4, and then the mixtures were molded
into a brass flange to fabricate rectangular composite samples with
the dimension of 10.16mm (width)� 22.86mm
(length)� 2.00mm (thickness).

The microwave absorption performance of the SiC powders was
investigated. To characterize the microwave absorption perfor-
mance, we calculated the parameters of reflection loss (RL) of the
Table 1
The molar ratios of elements in the samples.

Samples Molar ratios PTFE (wt%)

B Si C N

SiC 0 1 1 0 20%
5% B and 5% N-doped SiC 0.05 0.95 0.95 0.05 20%
5% B and 15% N-doped SiC 0.05 0.95 0.85 0.15 20%
samples, which were determined by the following Eqs. (1)e(3)
[29e31]:

RL ¼ 20log
����ðZin � Z0Þ=ðZin þ Z0Þ

���� (1)

Z0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
m0=ε0

q
(2)

Zin ¼ Z0
ffiffiffiffiffiffiffiffiffiffiffi
mr=εr

q
tanh

�
j
2p
c

ffiffiffiffiffiffiffiffiffi
mrεr

p
fd
�

(3)

where Zin is the input impedance of the coating, Z0 is the impedance
of free space, εr and mr are the relative complex permittivity and
permeability, respectively, f is the frequency of the electromagnetic
wave, d is the thickness of the coating, and c is the velocity of light.
In this study, the mr is equal to 1 due to the fact that SiC is a
nonmagnetic material.
3. Results and discussion

Fig. 1 shows the XRD patterns of the undoped and co-doped SiC
powders synthesized by combustion synthesis. As can be seen, the
peaks of b-SiC phase are dominant in both the undoped and co-
doped powders. There is no any impurity peak of B compounds,
but the weak diffraction peak of C appears in all the samples. This is
because that a depolymerization reaction occurs between Si and
PTFE, and the product contains a small amount of C, as shown in Eq.
(4) [32]:

SiðsÞ þ ðC2F4ÞnðsÞ/SiF4ðgÞ þ 2CðsÞ (4)

In addition, the diffraction peaks of a-SiC phase appear in the
powders. The peaks are caused by the stacking fault defects of SiC.
In contrast, for doped powders, the diffraction peaks of a-Si3N4
phases are present, and the intensity of characteristic peaks in-
creases with increasing N content. As the surface of the particles
was partially oxidized in the synthesis process, a trace amount of
SiO2 was generated in the samples.

FESEM images of the as-prepared powders are shown in Fig. 2.
As can be seen from the photographs, all the powders are nanosized
particles. The particles have spherical morphology and narrow size
Fig. 1. XRD patterns of the powders synthesized with different N contents: (a)
undoped SiC; (b) 5% B and 5% N co-doped SiC; (c) 5% B and 15% N co-doped SiC.



Fig. 2. FESEM images of the powders synthesized with different N contents: (a) undoped SiC; (b) 5% B and 5% N co-doped SiC; (c) 5% B and 15% N co-doped SiC.
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distribution. It also can be seen that the size of the doped powders
is less than the undoped powder. In the case of 5% B and 15% N
doping, the average particle size of the prepared powder is about
30 nm. Martin et al. [33] also reported that B doping could cause SiC
particle size to decrease in synthesis process. In this study, B and N
atoms entered into the SiC lattice and would hinder the growth of
SiC crystallite, leading to the decrease of the particle size of doped
SiC powders.

In order to verify whether the prepared B and N co-doped SiC
nanopowders were Si1-xBxC1-yNy solid solution, the XPS was per-
formed for the 5% B and 15% N co-doped powder, as shown in Fig. 3.
One can see that the sample contains B and N elements, besides Si
and C elements. The C 1s peaks appear at 283.48 eV, 284.08 eV, and
284.78 eV, which represent CeSi, CeC, and CeO bonds, respec-
tively. The formation of CeO bonds may be from nitrogen gas im-
purity or insufficiently high vacuum pressure in the furnace. The
CeC bonds are primarily caused by the presence of sp2C and sp3C in
SiC crystal.

As shown in the Si 2p spectrum of the prepared powder and its
Gaussian fitting curves in the Fig. 3(b), the sample consists of the
peaks located at 100.52 eV, 101.7 eV, and 103.08 eV, which repre-
sent SieN, SieC, and SieO bonds, respectively. As aforementioned,
the surface of the particles was partially oxidized, resulting in the
formation of some SieO bonds in the sample. The N 1s spectrum
indicates that it is composed mainly of the peaks at 397.1 eV and
397.9 eV, which are NeN and NeSiC bonds, respectively [34]. Thus,
it is concluded that N atoms incorporate into the SiC crystal and
form SiC/N solid solutions. Since the powder was synthesized in a
nitrogen atmosphere, the surface adsorbed nitrogen, leading to the
presence of NeN bonds. From Fig. 3(d), it can be seen that there is
only one B 1s peak located at 192.2 eV, while the standard B 1s peak
locates at 189.1 eV. This is because the electronegativity of C atom is
greater than that of B atom, which causes the peak to shift towards
higher energy by 1.1 eV, indicating that B atoms are present in the
SiC lattice [35,36]. Based on the above results and analysis, it is
confirmed that both B and N atoms incorporate into the SiC crystal
and form the Si1-xBxC1-yNy solid solution, hence leading to the
generation of holes and electrons in the crystal which arise from BSi
and NC point defects, respectively. When the external field changes,
these holes and electrons in the SiC crystal have to overcome a
certain potential barrier to keep reciprocating, which causes the
relaxation polarization and loss [37].

The complex permittivities of the undoped and doped SiC
powders in the frequency range of 8.2 GHze12.4 GHz are shown in
Fig. 4. It can be seen that the values of real part ε0 and imaginary
part ε00 decrease firstly, and then increase with increasing N con-
tent. Among all the samples, the one doped with 5% B and 15% N
reveals the greatest values in ε

0 and ε
00, which are 5e5.2 and 1e1.1,

respectively, and have a significant increase compared to the
undoped one. Thus, the values of ε0 and ε

00 can be tailored by the
doping ratio of N to B.

The solid nitriding agent of Si3N4 has a high decomposition
temperature (>1900 �C). In the synthesis process, the Si3N4
decomposed to generate a large amount of N2, which would cause a
high local pressure. The high local pressure of N2 enabled N atoms
easily to enter the SiC crystal and substitute on C atoms due to their
similar atomic radii and electronegativities, forming NC point de-
fects. As mentioned above, under an alternating external field at
GHz frequencies, the weakly bound free electrons around NC point
defects have to overcome a certain potential barrier to keep
reciprocating, which leads to electron relaxation polarization and
loss, and increases the values of ε0 and ε

00. When the B dopant was
simultaneously added, the electrons from NC point defects would
be annihilated with the holes from BSi point defects formed by the
replacement of B atoms on Si atoms in SiC crystal, contributing to
the decrease in ε

0 and ε
00 [38]. The sample with 5% B and 5% N has

lower ε
0 and ε

00 than undoped SiC. It suggests that the co-doping
approach gives rise to the increase of B solubility in SiC crystal,
and that the more amount of solute B sufficiently offsets the
contribution to ε

0 and ε
00 fromNC point defects. When the amount of

Si3N4 reaches to 15%, more NC point defects result in the greater
values of ε0 and ε

00 for the sample.
The microwave absorption performances of SiC samples were

investigated. In this study, according to Eq. (1), we calculated the



Fig. 3. XPS spectra of 5% B and 15% N co-doped SiC powder.

Fig. 4. Real part ε0 and imaginary part ε00 of permittivity for the samples synthesized with different N contents.
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reflection loss of the 5% B and 15% N doped sample at different
coating thicknesses, and found that the sample revealed the better
reflection loss in the case of 3.9mm thickness. Fig. 5 shows the
reflection loss of the undoped and doped SiC samples with the
coating thickness of 3.9mm. It can be seen that the variation ten-
dency of the reflection loss is consistent with the permittivity for
SiC samples. The reflection loss of the SiC sample is significantly
improved by 5% B and 15% N doping, with the lowest value
of �7.6 dB at 9.3 GHz.

Attenuation constant (a) is a parameter to reflect the dissipation
capacity of microwave absorbing materials for electromagnetic
wave, which can be given by the Eq. (5) [39].

a ¼
ffiffiffi
2

p
pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m00
ε
00 � m0ε0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m02 þ m002

��
ε
02 þ ε

002
�qr

(5)

Fig. 6 shows the attenuation constant of the samples synthe-
sized with different N contents. As can be seen, the attenuation
constant of undoped sample is 31e47 Np/m (Np is the abbreviation
of neper) in the frequency range of 8.2e12.4 GHz, and it reaches to
42e57 Np/m for the 5% B and 15% N doped sample. The greater
attenuation constant implies a higher dissipation capacity of



Fig. 5. Reflection loss of the samples synthesized with different N contents.

Fig. 6. Attenuation constant of the samples synthesized with different N contents.
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microwave absorbing materials for electromagnetic wave [40].
Therefore, the greatest value of attenuation constant for 5% B and
15% N doped sample further demonstrates that the better micro-
wave absorption performance is attributed to the holes or electrons
arising from doping defects in the crystal.

4. Conclusions

In this study, B and N co-doped SiC nanopowders were prepared
by combustion synthesis. Results showed that the b-SiC major
phases were generated in the case of B and N co-doping. The
powders revealed spherical morphology and narrow size distri-
bution. When the doping content was 5% B and 15% N, the average
particle size of the prepared powder was about 30 nm. It was
further proved by XPS that the Si1-xBxC1-yNy solid solution was
formed because of the substitution of B atoms on Si atoms and N
atoms on C atoms in SiC crystal. The complex permittivities of the
undoped and co-doped SiC samples in the frequency range of
8.2 GHze12.4 GHz were determined. Results showed that B and N
co-doping could tailor the dielectric properties of SiC. The 5% B and
15% N co-doped SiC sample revealed the greatest values in ε
0 and ε

00

which were 5e5.2 and 1e1.1, respectively, arising from more NC
point defects. Also, it showed the greatest values in both the mi-
crowave reflection loss and attenuation constant among all the
samples.
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