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Abstract Low temperature sinterable CasMny(VOy)g
ceramics were fabricated by the conventional solid-state
reaction route and their microwave dielectric properties
were investigated for the first time. The formation of
CasMny(VOy)¢ main phase was confirmed by XRD
diffraction pattern. The correlations between sintering
temperature, packing fraction, and microwave dielectric
properties in CasMny(VO,)g ceramics were also studied.
The CasMn4(VO,)¢ ceramics sintered at 875 °C for 5 h
possessed good microwave dielectric properties: €, = 11.2,
Q x f =33, 800 GHz (at 10.5 GHz) and 1 = —70 ppm/
°C. The material was found to react seriously with Ag
when sintered at 875 °C, forming (AgCa;)Mny(VOy)s
phase.

1 Introduction
The continuous improvements in wireless telecommuni-

cation systems demand development of new materials and
methods for circuit miniaturization. Especially, advanced
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substrate materials with a low dielectric constant (g,), a
high quality factor (Q x f), and a near-zero temperature
coefficient of resonant frequency (t¢) are receiving
increased interest [1, 2]. In addition, the low temperature
cofired ceramic (LTCC) technology has been widely
investigated due to significant benefits over other estab-
lished packaging technologies for low-cost and miniatur-
ization in the microwave devices [3, 4]. To meet the
requirement of LTCC technology, the materials must have
lower sintering temperature than the melting point of Ag
electrode (960 °C). Therefore, the advanced substrate
materials of LTCC systems should have a lower sintering
temperature and possess excellent performance. At present,
the major challenge in LTCC technology is the reducing
the sintering temperature (below 900 °C) of the ceramic
without affecting its dielectric performance.

The current trend is to develop genuine low firing
ceramics and the most recent investigations have
explored the applicability of garnet structure compounds
containing vanadium element, which show some inter-
esting physical properties such as dielectric and lumi-
nescence [5—10]. In our previous work, the CasA4(VOy)e
(A = Mg, Zn, Co) ceramics sintered at below 900 °C
exhibited good microwave dielectric properties [11, 12].
Mn*" exhibits an equal electro valence and similar ionic
radius to that of A" in CasA4(VOy)s (A = Mg, Zn, Co)
system, however, no detail structural analysis and
microwave dielectric properties of CasMny(VO,)¢ have
been reported. In this study, CasMny(VQy)¢ ceramics
were prepared by the traditional solid-state reaction
route. The sintering behavior, crystal structure and
microwave dielectric properties of CasMng(VOy)e
ceramics were studied for the first time. The chemical
compatibility of CasMny(VO,)g with silver electrode was
also investigated.
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2 Experimental procedure

Samples of the CasMny(VO,)e ceramics were synthesized
by a conventional solid-state method using high-purity
oxide powders (>99 %): MnCO3, CaCO3 and V,0s. The
pre-dried raw materials were mixed according to the
desired stoichiometry of the CasMny(VO,)e ceramics. The
powders were ground for 8 h in a nylon jar with agate balls
and ethanol as media. The CasMny(VQy4)s powders were
calcined at 800 °C for 3 h. The calcined powders were
reground for 8 h, dried, mixed with 5 wt% PVA as a bin-
der, and granulated. The granulated powders were uniaxi-
ally pressed into pellets with 10 mm in diameter and
4-5 mm in height under the pressure of 200 MPa. These
pellets were sintered from 825 to 900 °C for 5 h in air with
a heating rate of 5 °C/min.

The bulk densities of the sintered ceramics were mea-
sured by Archimedes’ method. The crystal structures were
analyzed using X-ray powder diffraction (XRPD) with Cu
Ka radiation (Rigaku D/MAX2550, Tokyo, Japan). The
XRPD data for Rietveld refinement were collected over the
range of 26 = 10°-100°, with a step size of 0.01° and a
count time of 2 s. The Rietveld structure calculations were
carried out with the GSAS-EXPGUI program [13]. The
Raman spectra were collected at room temperature using a
Raman Microscope (Horiba Jobin—Yvon S.A.S., France)
with He-Ne laser (633 nm) operated at 30 mw. The
microstructure of pellets was investigated using a scanning
electron microscope (SEM, Fei Quanta 200, Eindhoven,
Holland) coupled with energy dispersive X-ray spec-
troscopy (EDS). The grain sizes in the samples were
obtained from SEM micrographs using the Image Tool
software for Windows. (version 3.00; Microsoft, Redmond,
WA). The microwave dielectric properties of sintered
samples were measured using a network analysis (ZVB20,
Rohde and schwarz, Munich, Germany) with the TEg;
shielded cavity method. The temperature coefficient of
resonant frequency (ty) was calculated with the following
equation:

_ Jso—fo
Y e (80— ) "

where f3o and f>y are the resonant frequency at 80 and
20 °C, respectively.

3 Results and discussion

Figure 1 depicts the XRPD patterns of CasMny(VOy)e
ceramics sintered at different temperatures. For the speci-
mens sintered at 825-875 °C, the XRPD diffraction pat-
terns indicated that the cubic structured CasMnyu(VOy,)e
(JCPDS#06-0494) was identified as a major phase
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Fig. 1 XRPD patterns of CasMny(VO,)s ceramics sintered at differ-
ent temperatures

combined with a small amount of V-rich secondary phase.
Pure phase CasMny(VO,)g could be obtained for the
sample sintered at 900 °C. Of particular note is that the
main peak (420) of CasMny(VO,)e shifted toward higher
angles with increasing firing temperatures. Herein, Riet-
veld refinement was employed to illustrate such anomaly.
The refinement results of CasMn4(VO,)¢ sintered at vari-
ous temperatures are presented in Fig. 2. The refined lattice
parameters and reliable factors are listed in Table 1. It can
be clearly seen from Table 1, with the increment of sin-
tering temperature, the lattice parameters of CasMny(VO,)e
compounds declined slightly, which could be related to the
evaporation of vanadium [12, 14].

The room-temperature Raman spectra of CasMny(VO,)e
ceramics sintered at 875 °C is presented in Fig. 3. The
vibration modes in the Raman spectra of the CasMny
(VOy)g ceramics are classified into two groups, internal and
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Fig. 2 Rietveld refinement patterns of CasMny(VO,)s ceramics
sintered at various temperatures
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Table 1 Lattice parameters, reliability factors and goodness of fit

indicator of CasM4(VOy4)s ceramics with different sintering
temperatures

ST (°C) Lattice parameters (A) Ryp R, xz

a=b=c

825 12.580415 (29) 12.63 9.58 4.586
850 12.562954 (39) 12.58 8.52 4.703
875 12.544651 (21) 11.46 7.45 4.432
900 12.536175 (31) 9.92 6.80 3.125

Rwp the reliability factor of weighted patterns, Rp the reliability
factor of patterns, XZ goodness of fit indicator = (pr/Rexp)2

Fig. 3 The room-temperature Raman spectra of CasMny(VOy)g
ceramics sintered at 875 °C

external. The internal modes are related to the [VO4]3_
molecular group with a stationary mass center, the external
modes are associated with the translational motions of the
Ca’* and Mn”" cations and rigid molecular units. The
Raman band observed in the 912 cm™" can be assigned to
the internal symmetric stretching vibration of (VO™
ions, whereas the Raman bands in the 900-750 cm™!
region can be identified as the internal anti-symmetric
stretching vibration of (VO4)3 ~ions [3, 15]. The symmetric
bending vibrations of (VO4)3_ anions are observed in the
region between 470 and 300 cm ™! [16]. The bands
observed below 300 cm™' are attributed to the external
modes [17].

Typical SEM micrographs of the surfaces of CasMny
(VOy4)e ceramics sintered at various temperatures are
illustrated in Fig. 4. As shown in Fig. 4a, a porous structure
was clearly found in the sample sintered at 825 °C. With
the increment of sintering temperature, the grain size
increased continuously along with the decrement in
porosity. For the specimen sintered at 875 °C, a dense
microstructure with average grain size around 8 um could
be achieved. However, abnormal grain growth occurred
thereafter, as seen in Fig. 4d. The abnormal grain growth

behavior tended to lower the sintering driving force for
densification and inhibit extraction of pores from green
bodies, which increased the intra granular pores of the
grains. As a consequence, the density decreased while the
lattice imperfection increased, thus the microwave dielec-
tric properties deteriorated. In addition, all the specimens
exhibited two kinds of grains. Combined with the EDS and
XRD analysis, the large grains and small grains were
identified as CasMny4(VOy,)g and V-rich secondary phase,
respectively, as seen in Fig. 4c.

Figure 5 shows the variations in the relative density, ¢,
Q x f, and 1, of CasMny(VOy,)e ceramics sintered at dif-
ferent temperatures for 5 h. For all samples, the relative
densities first increased and then declined with increasing
sintering temperature. The increase of relative density was
mainly a result of the less pores and grain growth while the
reduction of relative density was due to the abnormal grain
growth, as mentioned above. The 1; values of the samples
did not change remarkably with increasing sintering tem-
perature and remained stable at about —70 ppm/°C,
because there was no alternate composition at different
temperatures [18]. Figure 5b shows the experimental (solid
lines) and porosity-corrected values (dot lines) of g, cal-
culated using the relation proposed by Hanai et al. [19]. As
expected, the variation trend of ¢, followed the same ten-
dency as that of relative density, since higher bulk density
means lower porosity (¢, = 1). The porosity corrected
values are slightly higher than the experimentally measured
values, as illustrated in Fig. 5b. Generally, Q x f of a
composition depends on intrinsic parameters such as
structural characteristics (packing fraction and the nature of
bonding) and extrinsic parameters such as porosity, sec-
ondary phases, grain morphology and size [20-22]. As seen
in Fig. 5c, the tendency of Q x f values for all specimens
showed a similar trend as that of the relative density,
suggesting that densification plays an important role in the
extrinsic factors. In addition, Kim et al. [23] reported that
the Q x f value increased with the increase of packing
fraction due to the decrease of lattice vibrations. In the
present investigation, the packing fractions of CasMny
(VOy4)e ceramics have been calculated using the relation
given by,

volume of packed ions

Packing fraction (%) = volume of unit cell (2)
where Z is the number of formula units per unit cell of the
compound. The calculated results are shown in Fig. Sc,
which keep a good consistence with the Q x f values as a
function of sintering temperature, except CasMn4(VO,)¢ at
900 °C. Therefore, the initial increase in Q x f values of
all samples could be ascribed to the consequence of the
synergistical effect between high relative density and

packing fraction, whereas its degradation at higher
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Fig. 4 Typical SEM images of CasMny(VOy,)g ceramics sintered at: a 825 °C, b 850 °C, ¢ 875 °C, and d 900 °C
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temperatures might be related to the poor densification as
well as the lattice defects caused by abnormal grain growth
[24], as discussed before.

It is worth mention that for LTCC applications a
Q x f ~ 1000 GHz is often sufficient, as the major
contribution to the dielectric losses arises from the
metallic circuitry [25]. Therefore, it is necessary to study
the chemical compatibility of CasMnyu(VO,)¢ ceramics
with silver, to evaluate their potential as LTCC materials.
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Sintering temperature(°C)

Figure 6 exhibits the XRPD patterns of CasMny(VOy)e
calcined powder with 20 wt% Ag addition sintered at
875 °C. As shown in Fig. 6, the main phase CasMny
(VO,)e disappeared and a new main phase (AgCa;)Mn,
(VO,)3 (JCPDS#88-1527) was formed. This indicated that
the serious chemical reaction between CasMny(VOy)e
powders and Ag electrode occurred, which would impede
the further application of CasMny(VQ,)¢ ceramics for
LTCC.
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Fig. 6 XRPD pattern of CasMny(VO,4)s—20 wt% Ag sample sintered
at 875 °C for 5 h

4 Conclusions

Garnet structure CasMny(VO4)e microwave dielectric
ceramics with low firing temperature were synthesized by a
conventional solid-state method. Phase constitution was
confirmed by the XRPD and Raman results. For Cas
Mny(VOy)g, it is seemed that its €, is mainly affected by
relative density, while its Q x f seems to be mainly
dominated by intrinsic (packing fraction) and extrinsic
(relative density) factors. The typical values of €. = 11.2,
Q x f =33 800 GHz (at 10.5 GHz), and t; = —70 ppm/
°C were obtained for CasMny(VO,)¢ ceramic at 875 °C/
5 h, wherwas the serious chemical reaction between Cas
Mny(VO,)¢ and Ag substantially affected its commercial
viability for LTCC applications.
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