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Abstract

Effects of Ca substitution for Ba on the phase composition, microstructure, sintering behavior and microwave dielectric prop-
erties of nominal ceramics Ba;_,Ca,V,0q4 (0.2 <x<0.5) were investigated. The XRD, Raman and SEM results revealed that
BaV,0¢ and CaV,0 composite ceramics were formed. Nominal ceramics Ba;_Ca,V,Og4 could be well densified at about
550 °C via a solid-state reaction method. The microwave dielectric properties exhibited strong dependence on the composition
and microstructure. Typically, the Ba, ;Cay3V,0¢ ceramics sintered at 550 °C exhibited excellent microwave dielectric proper-
ties: £,=10.9, Qxf=17,100 GHz (at 9.9 GHz), and t¢=4 ppm/°C. Meanwhile, Ba, ;Cag;V,0g4 ceramics also showed good
chemical compatibility with Al electrode. These results indicated that the Baj;Caj3V,0¢ ceramics could be a promising

candidate for the ULTCC technology.
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1 Introduction

In recent years, enormous research has been devoted to devel-
oping microwave dielectric ceramics with low permittivity (e,
< 15), high quality factor (Q x f), and a near-zero temperature
coefficient of resonant frequency (Ty), which are widely used
for substrate, radar for Pre-Crash Safety System, and
noncompressed digital video transmission system, etc. [1-3].
Besides, during the past three decades, low temperature co-
fired ceramic (LTCC) technology has been developed to ac-
commodate the requirements of high-stability, low-cost and
miniaturization for the microwave devices. This LTCC tech-
nology is used to fabricate three-dimensional ceramic mod-
ules with low dielectric loss and embedded silver electrode
[4-6]. Moreover, the latest trend in LTCC technology is to
develop new dielectrics with ultra-low sintering temperature
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(Ts <660 °C) to save energy, protect environment, and to
enable further seamless integration with silicon technology,
metals or even organic substrates [7, 8]. The continuous
efforts in this facet have resulted in a new class of mate-
rials known as ultra-low-temperature co-fired ceramics
(ULTCC), wherein the base ceramic composition sinters
at temperatures lower than the melting point of aluminum
electrode (660 °C) [9, 10].

Recently extensive efforts have been made in vanadate
compounds to identify novel microwave ceramic systems suit-
able for application in LTCC substrate since they possess low
or even ultra-low sintering temperature and excellent micro-
wave dielectric properties [11-15]. In BaO-V,0s5 binary
system, five phases are formed: Ba3(VQO,),, Ba,V,0-,
Ba;V,40;3, Ba;sVi30g; and BaV,0¢ [16-20]. All of them
show good microwave dielectric properties (&,=9.6~17,
Q x f=21,800~80,100 GHz and t¢=—64~40 ppm/°C) and
inherently low or ultra-low sintering temperature, except for
Ba3(VOy), (Ts=1600 °C). In particular, the orthorhombic
structure BaV,0; ceramic is of special interest due to its ex-
ceptionally relatively low ¢, but a large positive T¢ value
(40 ppm/°C) [21], which can be used as a novel temperature
compensator. However, any practical application of this ma-
terial in ULTCC technology has been restricted because its
large positive T¢. An easy and effective approach to compen-
sate Ty through zero is to combine two chemical compounds
with T of opposite signs to form a solid solution or composite
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materials [22]. Especially for diphasic ceramics with different
crystal structures, it has been proved to be effectively inhibited
the formation of the solid solutions or secondary phases, and
guaranteed the desirable microwave dielectric properties [23].
Recently, we have reported the monoclinic structure CaV,Oq
ceramic sintered at 675 °C, which exhibited a high Qxf of
123,000 GHz and a large negative Ty of =60 ppm/°C [24],
compared to BaV,04 ceramic (Qxf=21,800 GHz, t¢=
40 ppm/ °C) [18, 21]. Thus, a near-zero Ty may be obtained
by preparing Ba,;_,Ca,V,0¢ ceramics. It was shown that the
tuning of the phase formation, and therefore the final function-
al properties, was the result of a simple optimization of the
sintering and the Ba;_Ca,V,0O4 compositional parameters.
Dense, nominal ceramics Ba;_,Ca,V,0, were prepared and
a detailed investigation was performed to provide an insight
into the relations between the structure and the microwave
dielectric properties.

2 Experimental procedure

The starting materials are high-purity oxide powders or car-
bonates powders (>99.9%; Guo-Yao Co. Ltd., Shanghai,
China): BaCO;3;, CaCOs;, and V,0s. Predried raw materials
were separately weighed in stoichiometric mixtures Ba;.
xCay V704 (0.2<x<0.5) and ball-milled for 8 h in a nylon
jar with agate balls and ethanol as media. The resultant slurry
was dried, then ground well, and calcined at 500 °C for 3 h.
The calcined powders were reground for 8 h, dried, mixed
with 5 wt% polyvinyl alcohol (PVA) as a binder, and granu-
lated. The granulated powders were uniaxially pressed into
pellets 10 mm in diameter and 5 mm in thickness under a
pressure of 100 MPa. These pellets were sintered from 525
to 600 °C for 4 h in air with a heating rate of 5 °C/min, and
then cooled to room temperature.

The bulk densities of the sintered ceramics were measured
by Archimedes’ method. The crystal structures were analyzed
using powder X-ray diffraction (XRD) with Cu Ka radiation
(Rigaku D/MAX2550, Tokyo, Japan). The Raman spectra
were collected at room temperature using a Raman
Microscope (Horiba Jobin Yvon S.A.S., France) with Ar ion
laser (514 nm) operated at 30 mw. The microstructure of pel-
lets was investigated using a scanning electron microscope
(SEM, Fei Quanta 200, Eindhoven, Holland) coupled with
energy dispersive X-ray spectroscopy (EDS). The microwave
dielectric properties of sintered samples were measured using
a network analyzer (ZVB20, Rohde&schwarz, Munich,
Germany) with the TEg5 shielded cavity method. The tem-
perature coefficient of resonant frequency (ty) was calculated
with the following Eq. (1):
= S 30~/ 20 (1)

f20 % (80—20)
where fgo and f5o are the resonant frequency at 80 °C and
20 °C, respectively.

3 Results and discussion

Figure 1 shows the XRD patterns of Ba;_,Ca,V,0g4 ceramics
fired at 550 °C for 4 h. All the peaks could be well indexed by
BaV,04 (JCPDS #34-0014) and CaV,04 (JCPDS #29-0211)
phases and no secondary phase was detected, indicating that a
stable composite system BaV,04-CaV,04 was formed.
Moreover, the intensity of the diffraction peaks of BaV,0Oq
phase decreased and CaV,0g phase increased gradually, as
the amount of x increased. Furthermore, as shown in Fig. 1,
the main peak (131) of BaV,Oyq shifted toward to high angle
with increasing Ca concentration, suggesting that partial sub-
stitution of Ba?* (C.N.=12, 1.61 A) by smaller ion
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Ca2+(C.N. =12, 1.34 A) also occurred. The formed BaV,04-
CaV,04 composite ceramics would be beneficial for the suc-
cessful compensation of the dielectric properties of BaV,0¢4-
host ceramic, especially for Ty.

Microwave dielectric properties of Ba;_Ca, V,Og4 ceramics
system sintered at 550 °C for 4 h are summarized in Table 1.
As x increased from 0.2 to 0.5, the T values decreased from
9.0 to —10.0 ppm/°C and a near-zero Ty could be obtained for
Bay 7Cag3V,04 specimen.

The XRD patterns of the Bag ;Cag 3V,0g¢ ceramics sintered
at different temperatures are displayed in Fig. 2. No structural
change and secondary phase were observed while increasing
the sintering temperature from 525 to 600 °C. This means that
the BaV,04-CaV,04 composite ceramics can coexist well in
sintering temperature range of 525-600 °C.

Figure 3 displays the room temperature Raman spectra of
Ba;_Ca,V,0¢ pellets. The spectra can be interpreted as a
combination of the typical Raman spectra of the end members
BaV,0¢ and CaV,04. The observed Raman bands and
Raman band assignments for CaV,QOg are list in Table 2, ac-
cording to previous report by Baran et al. [25]. Ten Raman
bands are identified in the spectrum of pure phase BaV,0g,
based on the previous Raman experiments of BaV,Oq4 [18,
26]. The Raman bands observed in the region 875-965 cm
can be identified as the symmetric stretching vibrations of
(VO,)*>  anions. The asymmetric bending vibration of
(VO,)* are observed at 818 and 523 cm™ ', whereas the sym-
metric bending vibrations occurs at 402 and 468 cm '. The
Raman bands observed below 400 cm™' can be assigned to
VO, rocking, twisting, and chain deformation vibrations.
Moreover, the Raman modes in BaV,0q4 decreased strongly
in intensity with increasing Ca content in nominal ceramic
Ba; xCa,V,0¢. Thus, the mixture phase formation of
BaV,04-CaV,04 was further verified in the Raman spectra
on the decline of certain modes.

Figure 4 illustrates SEM surface micrographs and EDS
spectra of the Bag;Cag3V,0¢ ceramics sintered at different
temperatures. A porous microstructure was developed in the
pellets sintered at 525 °C, and a relative homogeneous and
compact microstructure with less porosity was achieved for
sample fired at 550 °C. However, when the sintering temper-
ature exceeded 550 °C, the abnormal grain growth and partial
grain melting appeared, as seen in Figs. 4(c), (d). In addition,

Table 1 Microwave dielectric properties of Ba; ,Ca,V,0g4 ceramics
sintered at 550 °C for 4 h

Compounds density (g/cm3 ) & Qxf(GHz) ¢ (ppm/°C)
BaggCag,V,0s  2.981 94 10,000 9.0
Bay,Cay3V,06  3.559 10.9 17,100 4.0
BayCap4V,0s 3.315 9.0 14,400 -6.0
BaysCaysV,0s 3212 8.3 13,400 -10.0

*—CaV206 ¢ —BaV206
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Fig.2 XRD patterns of the Bay 7Cag 3V,0O¢ ceramics sintered at different
temperatures: (a) 525 °C, (b) 550 °C, (c) 575 °C, (d) 600 °C

the coexistence of two different colors grains were observed,
as marked in Fig. 4(b).Therefore, EDS analysis was conducted
to distinguish the compositional difference between them and
the corresponding results are shown in Fig. 4(e), (f). It can be
clearly seen that the light-colored grains (Spot A) mainly
contained Ba, V and O and a little amount of Ca elements,
whereas the dim grains (Spot B) were dominantly composed
of Ca, V and O and a small amount of Ba elements.
Comparing these results with XRD analysis and Raman spec-
tra, it can be confirmed that the light-colored grains are
identified as BaV,0q4 phase, and the dim grains are
identified as CaV,04 phase. Meanwhile, a slight ionic
diffusion between BaV,0O¢4 and CaV,0O4 phases also oc-
curred, which would deteriorate the microwave dielec-
tric properties of composite ceramics.

Figure 5 presents the density and microwave dielectric
properties of the Baj;Cay3V,0¢ ceramics as a function of
sintering temperature. As shown in Fig. 5(a), with an
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Fig. 3 Room temperature Raman spectra of Ba;_(Ca,V,0g4 ceramics: (a)
x=0.0, (b) x=0.3, (c) x=0.5, (d) x=1.0.
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Table 2 Observed Raman

frequencies (cm ') and band Raman frequency Assignment®
assignments for CaV,0g at room
temperature 958 V(VO)™
886 VE(VOV)
720 554} V(V20,), +V(VO3)™
431 V(VOV)™
340 254} CaOg modes
242 lattice modes
165 116} V(V202),

# str stretch, as antisymmetric stretch, s symmetric stretch

increment of sintering temperature, the bulk density of speci-
mens increased to maximum values, corresponding to the op-
timal densification temperature, and declined thereafter. The
initial enhancement in density with increasing sintering tem-
perature was associated with the grain growth and the subse-
quent removal of porosity, whereas the deterioration in density
at temperatures above 550 °C was due to the abnormal grain
growth as well as partial grain melting (seen Fig. 4(e), (f)). As
expected, the relationship between the ¢, and the sintering
temperature showed the same trend as that of bulk density
vs sintering temperature. A maximum &, value ~10.9 was
obtained at the optimum densification temperature of
550 °C. As seen in Fig. 5(b), when the sintering temperature
increased from 525 to 550 °C, the Qxf value increased from

11,500 to the peak value of 17,100 GHz, and then it gradually
decreased with further increasing sintering temperature. The &,
and Qxf values of ceramics are influenced much by many of
the same reasons, including ionic polarizability, bulk density,
microstructure, lattice defects, and grain sizes etc. [27, 28]. In
the present research, high densification and homogeneous mi-
crostructure resulted in a large ¢, and a high Qxf value. In
addition, the optimum Qxf value of 17,100 GHz for
Bag ,Cay3V,06 composite ceramic is somewhat lower than
that of BaV,0¢ (Qxf=21,800 GHz) [21], but much lower than
that of CaV,0¢ (Qxf=123,000 GHz) [24]. The reason may be
due to the factor that the microwave dielectric properties of
each phase may be different in composite ceramics from those
in the monophasic ceramics owing to the diffusion of different

Fig. 4 SEM micrographs and EDS spectra of the Bay ;Cag 3V,0¢ ceramics sintered at different temperatures: (a) 525 °C, (b) 550 °C, (¢) 575 °C, (d)

600 °C, and (e) and (f) EDS spectra corresponding to (b)
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ions (seen in Figs. 1 and 4(e), (f)), as well as their difference in
microstructure (grain orientation, the average grain size, phase
distribution) [21, 24, 29]. As for the 7 value, a near zero 7¢
value about 4.0 ppm/°C was obtained, and it was almost tem-
perature independent in the range of 525-600 °C. This is
expected because there is no structural and compositional var-
iation involved [30].

The chemical compatibility of ULTCC material with alu-
minum is of major concern for practical applications.
Therefore, it is necessary to study whether the aluminum re-
acts with the Baj ;Ca(3V,0g4 ceramic or not. Figure 6 illus-
trates the XRD pattern, SEM image and EDS analysis of the
Bay ;,Ca3V,0¢ ceramics after cofired with 20 wt% Al pow-
ders at 550 C for 4 h. As shown in Fig. 6, only peaks of Al,
BaV,0g, and CaV,04 phases could be separately identified
and no additional peaks were developed. Meanwhile, as seen
in the inset of Fig. 6, a reaction-free and good contact between

Fig. 6 XRD pattern, SEM image and EDS analysis of the
Bay ;Cag3V,0¢ ceramics after cofired with 20 wt% Al powders at 550
Cfor4h

Sintering temperature (°C)

the Bag ,Cag3V,0¢ ceramics and Al were observed from the
SEM image. Both the XRD and SEM-EDS analysis results
confirmed that the Bag ;Cag 3V,0g¢ ceramics did not react with
Al at the sintering temperature. Comparison of our proposed
dielectrics with some V-based ceramics is made, as summa-
rized in Table 3. As seen in Table 3, the large negative or
positive T value is a common feature for other relative
ceramics compared to our present work, which inhibit
their further applications to a large extent. Conversely,
our Baj;Cap;V,0¢ ceramics possessed a near zero Ty,
available microwave dielectric properties (g,=10.9,
Qxf=17,100 GHz), and ultra-low sintering temperature.
These merits make it a more attractive material for
ULTCC applications.

4 Conclusions

Temperature stable Ba;_,Ca, V,Og¢ ceramics were successfully
manufactured by a conventional solid-state reaction route. The
phase constitution, microstructure, compatibility with
aluminum, and microwave dielectric properties were in-
vestigated. The ultra-low-temperature sinterability and

Table 3 Comparison of the proposed dielectrics with some V-based
ceramics

Compounds & Qxf(GHz) T (ppm/°C) ST (°C) Ref.
Bay,Cag3V.0¢ 109 17,100 4.0 550 *
Ba;V,03 9.6 56,000 —42.0 600 [16]
Ba; 6V 15061 9.7 80,100 —64.0 620 [17]
BaV,0¢ 112 42,800 28.0 550 [18]
CaV,04¢ 102 123,300 —60.0 800 [23]
BaZnV,0, 10.7 31,000 —64.0 720 [31]
BasV,40;5 12.1 26,790 7.0 900 [32]
*this work
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desirable microwave dielectric properties can be obtained
by adjusting the ration of Ba/Ca at a suitable value in
Ba;_yCa,V,04 systems. Typically, the dense
Baj ,Cay3V,04 composite ceramics sintered at 550 °C
for 4 h exhibited excellent microwave dielectric proper-
ties of £,=10.9, Qxf=17,100 GHz (at 9.9 GHz), and
=4 ppm/°C, it also owned good chemical compatibility
with Al electrode. These merits make it a promising ma-
terial for ULTCC applications.
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