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Dielectric properties of spark plasma sintered AIN/SIC composite ceramics
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Abstract: In this study, we have investigated how the dielectric loss tangent and permittivity of AIN ceramics are affected by factors such as
powder mixing methods, milling time, sintering temperature, and the addition of a second conductive phase. All ceramic samples were pre-
pared by spark plasma sintering (SPS) under a pressure of 30 MPa. AIN composite ceramics sintered with 30wt%—40wt% SiC at 1600°C for
5 min exhibited the best dielectric loss tangent, which is greater than 0.3. In addition to AIN and B-SiC, the samples also contained 2H-SiC
and FesSis, as detected by X-ray difraction (XRD). The relative densities of the sintered ceramics were higher than 93%. Experimental results
indicate that nano-SiC has a strong capability of absorbing electromagnetic waves. The dielectric constant and dielectric loss of AIN-SiC ce-

ramics with the same content of SiC decreased as the frequency of electromagnetic waves increased from 1 kHz to 1 MHz.
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1. Introduction

Trends in electronic device manufacturing and applica-
tions indicate that substrates having high thermal conductiv-
ities will become more important [1]. Aluminum nitride is a
promising substrate and packaging material for high- power
integrated circuits because of its high thermal conductivity,
low dielectric constant, high electrical resistivity and ther-
mal expansion coefficient, which are similar to the proper-
ties of silicon [2]. For full densification, rare-earth and alka-
line earth oxides are often added as sintering aids in the fab-
rication of AIN ceramics [3—4]. Those properties, along with
its low density (3.26 g-cm ) and nontoxic characteristics,
make AIN an attractive material for fabricating heat sinks
and packages for microelectronic applications [5—7]. How-
ever, high sintering temperatures and long sintering time
during conventional sintering are necessary for fabricating
dense AIN ceramics with one sintering additive [8—10]. In
contrast, spark plasma sintering (SPS) is a newly developed
technique that enables ceramic powder to be fully densified
at relatively low temperatures and in quite short time [11].

In the late 1970s, excellent crystallization compatibility
was found between SiC and AIN by Cutler, and a complete
solid solution can be formed under certain conditions [12].
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The sintering activity, microstructure, mechanical properties,
functional properties, and oxidation resistance of materials
were largely improved with the formation of solid solutions.
It is well known that the bonds between silicon and carbon
atoms in SiC are very strong; consequently, SiC has a low
self-diffusion coefficient. This property limits the produc-
tion of high-density SiC ceramics by solid-phase sintering.
To produce a high dielectric property ceramic, some SiC can
be added to AIN. In this paper, low frequencies were mainly
investigated to predict the high-frequency dielectric proper-
ties of AIN-SiC composite ceramics sintered by SPS at dif-
ferent process parameters.

2. Experiment

AIN powders with the average particle size of 2.033 um
and nano-SiC powders with the average particle size of 40
nm were used as raw materials. The particle size distribution
of AIN and a raw powder image are shown in Fig. 1. The
distribution is narrow. AIN and SiC powders were wet-
mixed with absolute ethanol as a dispersant by high-energy
ball milling for 20 min. Then, the mixed powder was dried
at 70°C for 2 h in a vacuum furnace. All tested samples
were manufactured by SPS in a graphite die with an inner
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diameter of 20 mm.

During the SPS cycle, a vacuum of <5 Pa was maintained
in the sintering chamber and the pressure of sintering was 30
MPa. Both the heating and cooling rates were 100°C/min
between room temperature and 1600°C. After a holding
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time of 5 min, the samples were obtained with the diameter
of 20 mm and the thickness of 2.5 mm. The double faces of
the samples were polished to cylinders of $20 mm X 2 mm
to ensure the consistency in subsequent measurements.

Fig. 1. Grain size distribution (a) and surface morphology (b) of aluminum nitride.

Microstructures and morphologies of the samples were
examined by scanning electron microscopy (SEM). X-ray
diffraction was used to identify the formed phases. Densities
of the samples were measured by the Archimedes drainage
method. Capacitance (C) and dielectric loss (tand) of the
specimens at different electromagnetic frequencies were
measured using an Agilent 4284 precision impedance ana-
lyzer (Agilent Technologies Japan, Ltd.). The measured
electromagnetic band was from 1 kHz to 1 MHz. The per-
mittivity (¢) was calculated by

&= ﬂ (1)
&yA

where / is the thickness of the sample, & is the permittivity

of vacuum, and A is the surface area of the electrode tip of

the sample. The true density (o) was calculated by

Pre =pix100% )
th

where p. is the relative density, and py, is the theoretical
density [13].

3. Results and discussion
3.1. Phase analysis

Fig. 2 shows the XRD patterns of AIN-SiC composite
ceramics, which were manufactured using different amounts
of SiC. The composite ceramics contained not only AIN and
B-SiC but also 2H-SiC and FesSi;. The principal crystalline
phases of the sintered materials were not affected by the
different amounts of SiC. Iron was introduced into AIN-SiC

composite ceramics during high-energy ball milling because
of the stainless-steel mill ball and pot; then, FesSi; was
formed by the reaction of some Si and Fe atoms. Since the
melting point of Fe is lower than that of AIN and SiC, AIN
and SiC particles were wetted by molten Fe powder during
SPS; this is conducive to densification. The crystal struc-
tures of 2H-SiC and AIN are similar, so it is easy for them to
form a solid solution. According to previous reports, some
3C-SiC becomes 2H-SiC in the solid solution [14—16].
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Fig. 2. XRD patterns of AIN-SiC composite ceramics.

3.2. Material density

Relative densities of the four SPS specimens ranged from
91.4% to 94.8% as the content of SiC decreased (Fig. 3).
This illustrates that high-density materials can be manufac-
tured by SPS without adding sintering aids. Increases in sin-
tering temperature, holding time, and pressure increased the
density of composite ceramics. The theoretical density can
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be obtained by
1
Pansic = 3
DN n Dsic
Pan  Psic

where way and ax;c are the mass fraction of AIN and SiC,
respectively; pan and ps;c are the theoretical density of AIN
and SiC, respectively.

3.3. Microstructure

All tested samples were manufactured from the mixed
powders of AIN and 20wt%, 30wt%, 35wt%, 40wt% SiC.
Images of the fracture morphology for AIN-SiC with dif-
ferent contents of SiC are shown in Fig. 4.

Based on XRD patterns for AIN-SiC in Fig. 2, FesSi;
compounds are present in the ceramic samples. Any iron
that was initially distributed around pores melted to liquid

Fig. 4.
(c) 35Wt%; (d) 40Wt%.

In Fig. 4, the relatively brighter portions contain Al, Si, C,
and Fe, the gray phase is the AIN substrate, and black phas-
es are small amounts of pores. Small SiC particles were
mainly present at the boundaries and pore edges of AIN
grains and were substantially dispersed in the AIN substrate.
Some SiC particles were located at triple-grain junctions,
and their distribution was homogeneous in AIN-30wt%SiC
ceramics, as shown in Fig. 4(b). Since sintering of SiC is
more difficult than that of AIN, as the amount of SiC in-
creased, the pores and dielectric loss tangent of sintered AIN

and filled the pores. Since Fe is conductive, Fe atoms con-

tributed to the dielectric loss of the material. FesSi; may also

have some effect on attenuation properties.
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Fig. 3. Relative density of composite ceramics with different
contents of SiC.

Images of the fracture morphology for AIN-SiC composite ceramics with different contents of SiC: (a) 20wt%; (b) 30wt%o;

increased, as shown in Fig. 4.
3.4. Permittivity and dielectric loss at low frequency

Fig. 5 shows the dielectric properties of the ceramic sam-
ples. The permittivity and dielectric loss of AIN-SiC com-
posite ceramics increased as the SiC content increased.
However, at the same content of SiC, the dielectric loss
and permittivity decreased with the increase of frequency.
The dielectric loss of AIN-30wt%SiC was more than 0.3 at
most frequencies from 1 kHz to 1 MHz. The dielectric loss
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was significantly higher than that of a sample that was sin- loss and permittivity. As the SiC content increased, FesSi;
tered with SiC powder composed of micron-size particles. compounds were changed more and more, and may also
Nanoscale SiC has good absorbing properties. The have contributed to the attenuation properties of the materi-

AIN-40wt%SiC composite ceramic had the largest dielectric als.
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Fig. 5. Effects of SiC content on the dielectric properties of AIN-SiC composite ceramics at low frequencies: (a) dielectric loss; (b)
permittivity.

(Fig. 6(b)) increases with the increase of frequency over the
entire range from 12.4 to 18 GHz. The imaginary part (Fig.
Fig. 6 shows the frequency dependence of the complex 6(a)) increases from 12.4 to 13.52 GHz, and is almost con-

3.5. Permittivity and dielectric loss at high frequency

relative permittivity (including real and imaginary parts) stant with increasing the frequency from 14.08 to 14.92
measured from microwave absorption studies. The real part GHz, then decreases from 14.92 to 18 GHz; in other words,
of the permittivity is related to energy storage and the imag- a resonance peak occurs at 14.92 GHz. The dielectric loss

inary part is related to dielectric loss in the particles [17]. and permittivity of AIN-35wt%SiC increase very slightly
The figure shows that both the real and imaginary parts of with increasing the frequency from 12.4 to 18 GHz. For
the permittivity for AIN-30wt%SiC whiskers are much AIN-35wt%SiC, the dielectric loss was more than 0.48, and

higher compared to those for other composites. The real part the stable permittivity was around 20.
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Fig. 6. Effects of SiC content on the dielectric properties of AIN-SiC composite ceramics at high frequencies: (a) dielectric loss; (b)
permittivity.

Similar to a zinc-blend structure, B-SiC is composed of C SiC powder, so the evaporation rate of AIN powder is faster
and Si atoms. Si atoms are located at the center of the tetra- than that of SiC powder. Since the self-diffusion coefficient
hedron, and C atoms are at the vertices. Every pair of Si and of AIN powder is higher than that of SiC powder [18], some
C atoms are connected by a covalent bond. At a sintering Al atoms may dissolve into SiC lattices.
temperature of 1600°C and pressure of 30 MPa, the surface An Al atom has only three valence electrons, while an Si

vapor pressure of AIN powder is much larger than that of atom has four. If an Al atom replaces an Si atom and forms



P. Gao et al., Dielectric properties of spark plasma sintered AIN/SiC composite ceramics 593

chemical bonds with the four nearest C atoms, the com-
pound still lacks an electron and will capture a valence elec-
tron from C, Si, or an atom of any impurities. The covalent
bond of SiC crystal charges an electropositive hole. After
accepting an electron, an Al atom is electronegative and be-
comes an Al ion. Due to electrostatic attraction, the holes are
bound by Al atoms and cause thermal motion near Al atoms
[19]. When external electromagnetic fields change, the Al
atoms and holes can be considered to be a pair of dipoles,
and dielectric polarization takes place. When the frequency
of the external electric field is high enough to result in a re-
laxation polarization loss, the polarization time cannot keep
up with the changing cycles of the external electric field.
Point defects form in the solid solution of N and SiC atoms,
creating a polarization current under the action of the elec-
tromagnetic field; so, the electromagnetic energy changes
into other forms of energy and dissipates [20]. As the num-
ber of those defects caused by the dipoles increases, the die-
lectric loss and relative permittivity also increase. For a sin-
gle SiC particle, dielectric loss is the absorption of the elec-
tromagnetic wave at the interior of the particle and the scat-
tering loss of electromagnetic waves from the grain bound-
ary. The dielectric loss of electromagnetic waves is promot-
ed by the interface that is formed between SiC particles and
the AIN matrix; this effect is stronger at the interface of
nano-SiC than that of micron SiC. A large number of dan-
gling bonds at the nanoparticle surface also causes interfa-
cial polarization. The high specific surface area causes mul-
tiple scattering, while nano-particle electronic energy levels
were splited by the quantum size effect and this process
consumes the energy of electromagnetic waves. In summary,
dielectric loss and permittivity increase as the SiC content
increases.

At low frequencies, AIN-SiC composite ceramics have
conductivity losses. If we assume that AIN-SiC only has the
displacement polarization of electrons and ions, the dielec-
tric loss can be shown by the dielectric loss tangent (tand)
(Fig. 7). As the conductive loss increases, more energy is
converted to heat. The dielectric loss tangent is expressed as

"

tans = & @)

’
r

where & is the real part of permittivity, and & is the
imaginary part of permittivity.

4. Conclusions

(1) AIN-SiC composite ceramics were developed for ap-
plications involving electromagnetic waves from 1 kHz to 1

MHz. We found that AIN-30wt%SiC ceramics sintered by
SPS at a pressure of 30 MPa and without sintering aids
show a dielectric loss tangent of more than 0.3 and a relative
density of more than 93%. Nano-SiC is a good microwave
absorber and has strong absorbing properties.

Fig. 7. Dielectric constant and dielectric loss as the functions
of frequency (wis the frequency and zis the relaxation time).

(2) A composite containing AIN and a conductive second
phase of 40wt% SiC showed better properties than those
containing other contents of SiC. The composite ceramics
studied here contained not only AIN and B-SiC but also
2H-SiC and Fe;Sis.

(3) The microwave attenuation mechanism of AIN-SiC
composite ceramics mainly involves polarization loss and
conduction loss. Electromagnetic scattering influenced by
various defects, interfaces, and the nano-SiC surface effect
also contributes to the dielectric loss of ceramics.
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