Journal of Electroceramics
https://doi.org/10.1007/s10832-019-00192-5

Structure and microwave dielectric properties of double vanadate
CagA(VO,); (A= La, Pr, Nd and Sm) ceramics for LTCC applications
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Abstract

CagA(VOy)7 (A =La, Pr, Nd and Sm) ceramics have been prepared by conventional solid state ceramic route. The phase purity of
the samples was confirmed by powder X-ray diffraction technique. Raman spectroscopic studies confirm the existence of (VO,)?
~ vibrational groups in CagA(VO,); ceramics. CagA(VO,); (A =La, Pr, Nd and Sm) ceramics exhibit microwave dielectric
properties of ¢,=9.8 to 10.4, Qxf=4500 to 14,900 GHz and low temperature coefficient of resonant frequency tr=-3.8 to
—10.2 ppm/°C. CagA(VOy,); ceramics with A = La, Nd and Sm show good chemical compatibility with Ag electrode and can be

used as candidate materials for LTCC applications.
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1 Introduction

With the rapid advancement of miniaturized devices in the
wireless communication industry, the search for novel dielec-
tric materials with stable dielectric properties have become
important for microwave/mm wave communication devices.
In this context, multilayer co-fired ceramics have been widely
used for several devices such as band pass filters, capacitors,
oscillators, dielectric waveguides etc., to meet the demand for
the miniaturization of microwave communication systems.
Low temperature co-fired ceramics (LTCC) technology has
become a significant approach for miniaturization because of
its ease of fabrication and integration of electronic compo-
nents with desirable properties. The important characteristics
required for LTCC ceramics for practical applications include
low dielectric constant, high quality factor, near zero temper-
ature coefficient of resonant frequency, low sintering temper-
ature well below the melting point of silver metal electrode,
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chemical compatibility with metal electrode etc. [1, 2].
Among these, chemical compatibility with metal electrode
is one of the decisive parameters for LTCC applications.
Commercial LTCC materials usually use highly conductive
silver as metal electrode. Therefore, it is important to de-
velop microwave dielectric ceramics that have sintering
temperature below the melting point of silver (961 °C)
while maintaining good dielectric properties for practical
applications [3]. The conventional materials that have al-
ready used in wireless communication systems with good
microwave dielectric properties are evicted from LTCC
application point of view because of their high sintering
temperatures (>1300 °C) [4, 5]. Additives such as glass
and low melting oxides effectively reduce the sintering
temperature of dielectric ceramic, but such additives often
adversely affect the microwave dielectric properties espe-
cially the intrinsic quality factor of the ceramics [6, 7].
This accelerates the need for new glass-free LTCC mate-
rials with improved properties together with low sintering
temperatures for multilayer integrated circuit applications.
Recently, several dielectric ceramics based on TeO,, Li,O,
Bi,05, M0Oj3 and V,05 have been developed as promising
candidate materials for LTCC applications because of their
low sintering temperatures [8—23]. In spite of the low sintering
temperature and reasonably good microwave dielectric prop-
erties, tellurium based dielectrics have serious downside of
toxicity and poor compatibility with silver electrode [10].
These drawbacks limit their further applications in the field
of LTCC, which leads to the search for new ceramic systems
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Fig. 1 (a-d) XRD patterns of
CagA(VO,)7(A =La, Pr, Nd and
Sm) ceramics.

with better microwave dielectric properties and chemical com-
patibility. Very recently, many Ultra low temperature co-fired
(ULTCC) ceramics are reported in literature which are pre-
pared through conventional solid state ceramic as well as cold
sintering processes with reasonably good microwave dielec-
tric properties [11, 15, 17, 18]. Among these, vanadium based
dielectric ceramics gained considerable attention owing to
their excellent chemical compatibility with silver electrode
[20-23].

Double Vanadates CagA(VO,);, where A can be a tri-
valent rare earth cation or Bi** ion was first reported by
Belik et al. [24-26]. According to their reports,
CagA(VO,); compounds are isostructural with that of
Ca3(VOy), (R3c space group; a=10.809 A and c=
38.028 A), which adopts Whitlockite type structure with-
out any inversion centre. CagA(VOy,); compounds

crystallize in the trigonal system with R3c space group
with six molecules per unit cell (Z = 6). Later, the detailed
crystal structure of CagA(VOy); is reported using Rietveld
refinement by Evans et al. [27]. As per their reports, the
crystal structure of CagA(VO,); compounds belong to tri-
gonal symmetry, R3c space group with Z=6. Structural
refinement by Evans et al. suggests that double vanadate
compositions can accommodate rare earth atoms in the Ca
site by assigning a partial occupancy of calcium and rare
earth cations. Among the structurally characterized phases
in Ca/A/V/O quaternary system, all the CagA(VOy,);
phases show efficient second harmonic generation, indi-
cating its potential use as nonlinear optical material
[24-27]. Recently, the spectral and photoluminescent
properties of CagA(VO,); with A=La, Gd and Y are re-
ported by many researchers [28—30]. On the other hand,

Table 1 Calculated lattice

parameters of CapA(VOy); (A = A Ionic radius ~ Calculated lattice Reported lattice parameters ~ Molar Volume  c/a ratio
La, Pr, Nd and Sm) ceramics A) parameters (A) A) A3
a=b c a=b c
La 1.032 10.842 38.140 10.898 38.147 3882.66 3.518
Pr  0.990 10.839 38.129 10.881 38.135 3879.39 3.517
Nd 0983 10.837 38.064 10.872 38.121 3871.36 3.514
Sm  0.958 10.832 37.994 10.865 38.098 3860.67 3.508
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Fig. 2 (a-d) Raman spectra of
CagA(VOy,)7 (A=La, Pr, Nd and
Sm) ceramics.

there are no reports available on the microwave dielectric
properties of CagA(VOy,); compounds to the best of our
knowledge.

Depending on the ionic radii of A" jons, CagA(VOy),
(A =rare earth element) compounds are divided in to two
groups, compounds containing A = La- Eu belong to the first
group and compounds with A =Tb-Y belong to the second
group [25, 26]. Owing to the interesting structural features of
these materials system, we have carried out a systematic study
on the structure and microwave dielectric properties of
CagA(VO,); compounds belongs to the first group, where
A =La, Pr, Nd and Sm with an objective to develop new
vanadate microwave ceramic materials for LTCC
applications.

2 Experimental procedure

CagA(VQy); ceramics (A =La, Pr, Nd and Sm) were pre-
pared by conventional solid state ceramic route using
high purity oxides and carbonates such as CaCOj
(Sigma Aldrich, 99%), La,O5; (Sigma Aldrich, 99.9%),

PrsO;; (Aldrich, 99.9%), Nd,O3 (Aldrich, 99.9%),
Sm,0; (Sigma Aldrich, 99%) and V,05 (Sigma
Aldrich, 99%) as starting materials. Stoichiometric
amounts of the raw materials were weighed and wet
mixed in distilled water for an hour in an agate mortar.
The resultant slurry was dried, then ground well, and
calcined at 600 °C for 1 h. The calcined powders were
ground again and then mixed with 5 wt% polyvinyl al-
cohol (PVA) as binder and dried well. The granulated
powders were pressed uniaxially in an 11 mm diameter
tungsten carbide (WC) die by applying a pressure of
250 MPa in a hydraulic hand press. These cylindrical
green compacts were sintered in a programmable furnace
at various temperatures. The green compacts were fired
at a rate of 5 °C/min up to the sintering temperature and
an intermediate soaking was given at 600 °C for 30 min
to expel the binder (PVA).

Phase purity of the CagA(VQ,); samples were studied
by powder X-ray diffraction (XRD) measurement using
CuK, radiation (Bruker 5005, Germany). The Raman
spectra of the ceramic compositions under study were re-
corded using a Thermo Scientific DXR with Nd: YVO,
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Fig. 3 SEM images of sintered
CagA(VQy); ceramics with (a) La
at 940 °C (b) Prat 1000 °C (¢) Nd
at 940 °C and (d) Sm at 940 °C for
1h

DPSS laser of 532 nm. The surface morphology of the
sintered samples was studied using scanning electron mi-
croscopy (Carl Zeiss, Germany). The microwave dielec-
tric properties were measured using a vector network an-
alyzer (Agilent make PNA E8362B, Bayan Lepas,
Malaysia). The dielectric constant and the unloaded

Fig. 4 SEM images of
CagLa(VOy); ceramic sintered at
(a) 920 °C (b) 930 °C (c) 940° and
(d)950°C for1h

@ Springer

quality factor of the samples were measured by Hakki
and Coleman post resonator and resonant cavity methods
respectively [31, 32]. The temperature coefficient of res-
onant frequency (Ty) was also measured by noting the
variation of TEy;5s mode frequency with temperature in
the range of 30-100 °C.
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Table 2 Sintering temperature,

density and microwave dielectric A Sintering Density % of Density (e,) at Etheo Quxf Tr
properties of CagA(VOy); (A= element Temp. (g/em’) GHz (GHz) (ppm/
La, Pr, Nd and Sm) ceramics (°C)/1 h °0)

La 940 2.92 90 10.4 8.71 4500 -10.2

Pr 1000 2.80 87 10.1 8.55 14,900 —6.1

Nd 940 2.87 88 10 8.54 6800 —4.4

Sm 940 2.88 89 9.8 8.53 9100 3.8

3 Results and discussions

Figure 1(a-d) shows the powder X-ray diffraction patterns of
CagA(VOy); (A=La, Pr, Nd and Sm) ceramics sintered at
different temperatures. Among the double vanadate ceramics,
the crystal structure of CagA(VQ,); with A =La, Pr, Nd and
Sm is reported by Belik et al. [24-26]. The available XRD
pattern of CagLa(VO,); (ICDD Card No. 46-0410) is exactly
matches with that of CagLa(VO,); prepared in the present
study and hence indexed based on the same. According to
the available structural studies of double vanadate samples,
CagA(VOy4); with A=Pr, Nd and Sm are found to be
isostructural with that of CagLa(VQy,);. In the present study
also, XRD patterns of CagA(VO,); with A =Pr, Nd and Sm
are exactly match with the available ICDD pattern of
CagLa(VO,);. No detectable amount of secondary phases
was found in the XRD patterns, which clearly indicates the
phase purity of the compositions under study. The calculated
lattice parameters of CagLa(VO,); are a=b=10.842 A and
c=38.140 A, which are in good agreement with the available
ICDD data.

Table 1 shows the variation in the lattice parameters of
CayA(VOy,); ceramics with different A** ions. It can be seen
that there is a systematic variation in the lattice parameters

Fig. 5 Variation of c/a ratio and
dielectric constant of
CagA(VOy,); (A =La, Pr, Nd and
Sm) ceramics with ionic radii of A
ions

with decrease in the ionic radii of A" ions. The hkl values
of CagA(VOy,); ceramics in the XRD patterns are also shifted
to higher 20 values while substituting A** ions from La to Sm
due to the contraction of the unit cell volume as a result of
decrease in ionic radii [33-36]. The calculated lattice param-
eter values and c/a ratio of CagA(VO,)7 (A =La, Pr, Nd and
Sm) ceramics prepared in the present study show good con-
sistency with those previously reported by Belik et al. [24, 25].

In order to understand the crystal structure of CagA(VOy,),
compositions in the molecular level, Laser Raman spectra of
these compositions have been recorded. Figure 2(a-d) shows
the Laser Raman spectra of CagA(VOy,4); (A = La, Pr, Nd and
Sm) ceramics.

The crystal structural studies of CagA(VOy,); ceramics by
Belik et al. reveal that double vanadate ceramics with mixed
ionic-covalent bonding belong to mineral whitlockite structure
and are isostructural to Ca3(VO,),. The structure of Caz(VOy,),
contains isolated (VO,)*~ tetrahedrons where the Ca>" ions
occupy the 5 non-equivalent crystallographic positions M(1)-
M(5) and the coordination numbers are 7, 8, 8 and 8 for the
M(1)-M(3), M(5) positions and the M(4) position is half filled.
According to their reports, the formation of CagA(VO,); com-
pounds is accompanied with the heterovalant substitution of
Ca”* ions by A** ions according to the scheme 3Ca** =
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Fig. 6 Variation of temperature
coefficient of resonant frequency
of CagA(VOy)7 (A =La, Pr, Nd
and Sm) ceramics with ionic radii
of A ions

2A%"+ 0 where ‘0’ is a vacancy. Hence, the partially filled Ca(4)
site in Caz(VOy), is completely vacant in CagA(VO,4); com-
pounds, where calcium and rare-earth metal cations occupy
statistically three sites in the structure and the site occupancies
depend on the radius of the A** cations [24].

The Raman spectra of double vanadates in the present
study show close resemblance with that of Caz(VOy),
which is extensively studied by A. Grzechnik [37].
Structural studies of double vanadates by Evans et al.

Fig. 7 XRD patterns of
CagA(VO,)7 (A=La, Nd and
Sm) + 20 wt% Ag ceramics
sintered at optimum sintering
temperatures

@ Springer

confirm the existence of VO, tetrahedra with an average
V-0 bond length of 1.71 A and an average A-O distance
of 2.52 A in CagA(VO,); compounds [21]. Hence, the
vibrational modes observed in the CagA(VO4); com-
pounds can be attributed due to the VO, tetrahedra of
the double vanadates. Raman spectrum of CagLa(VOy,),
have four symmetric stretching vibrations at 927, 861,
848 and 823 cm ' and three asymmetric stretching vibra-
tions at 787, 767 and 750 cm~ ! whereas an additional
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Fig. 8 (a) SEM image of CaglLa(VO,); ceramic co-fired with 20 wt% Ag (b) EDS spectrum of spot 1 (c) EDS spectrum of spot 2 and (d) X-ray dot

mapping of CagLa(VO,), ceramic co-fired with 20 wt% Ag

symmetric stretching mode is observed at 801 cm™' in the

Raman spectrum of CagPr(VO,);. The Raman spectrum of
Ca3(VOy), have similar symmetric and asymmetric
stretching vibrations together with an additional mode at
911 cm ' whereas asymmetric stretching vibration at
750 em ' is absent in calcium orthovanadate compared
to the double vanadate sample [37]. Recently, the
Raman spectrum of CagNd(VO,) is reported for the first
time by Demesh et al. [38]. They confirm the existence of
distorted VO, tetrahedra in CagNd(VQ,); ceramic. The
Raman spectrum of CagNd (VO,); in the present study
matches with the already reported result of Demesh
et al. Further, the Raman spectrum of CagSm(VQ,); also
have stretching and bending vibrations of (VO,4)*~ groups
similar to that of CagLa(VO,); which clearly indicates the
isostructural nature of double vanadate ceramics with A =
La, Pr, Nd and Sm.

Figure 3 (a-d) shows the SEM micrographs of
CagA(VO,4); (A=La, Pr, Nd and Sm) ceramics at optimum

sintering temperatures. All the CagA(VOy); ceramics exhibit
dense microstructure with closely packed polygonal grains
having an average grain size of 5-10 pm. No indications of
secondary phases are observed in the microstructure of the
double vanadate ceramics.

The SEM pictures of CagLa(VQy,); ceramic sintered at var-
ious temperatures are given in Fig. 4(a-d). It is clearly visible
from the micrographs that melted appearance is seen in ce-
ramics which are sintered beyond optimum temperature ie.
940 °C (Fig.4(c-d)) whereas porosity is seen in sample
sintered below the optimum temperature. Hence in the present
study, detailed microwave dielectric property evaluation is
carried out on optimum sintered samples.

Microwave dielectric properties of the sintered
CagA(VOy,)7 (A=La, Pr, Nd and Sm) ceramics were mea-
sured using a vector network analyzer. The optimum sintering
temperature, density, dielectric constant, quality factor and
temperature coefficient of resonant frequency of the ceramics
under study are compiled in Table 2. According to Belik et al.,
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CagA(VQ,); double vanadates formation occurs at relatively
higher temperature range of 900-1000 °C [24-26]. Among
the compositions studied, CagPr(VO,4); ceramic is sintered at
an optimum temperature of 1000 °C for 1 h whereas all other
compounds sinter below 960 °C. The dielectric constant
values of the double vanadate ceramics are also theoretically
calculated using following Clausius-Mossotti relation

3V,, + 8map
& =—=
3V,,—4mrap

(1)

Where o is dielectric polarizability of the compound and
Vo is the molar volume calculated from lattice parameters
[39-42]. The calculated dielectric constant values of
CagA(VQy,); ceramics are shown in Table 2.

From Table 2 it is clear that the experimental dielectric con-
stant is greater than the calculated dielectric constant values for
the double vanadate samples. Clausius- Mossotti relation is
derived based on Cubic structure and the deviation of calculated
dielectric constant from the experimental result may be due to
the lower symmetry of the present samples under study.

Figure 5 shows the variation of c/a ratio and dielectric
constant of CagA(VQy,); ceramics with ionic radius of
A**cation. Both c/a ratio and dielectric constant of the double
vanadate ceramics exhibited similar trend. The dielectric con-
stant and lattice volume show an increasing trend as a result of
increase in the ionic radii of the rare earth ions. The higher
ionic polarizability (ap) of A** ions from Sm*>* to La** and
increase in molar volume as a function of ionic radii are the
reasons for the monotonous of increase of dielectric constant
[41-43]. Tt is clear from Table 2 that among the CagA(VOy,),
ceramics, a maximum Qxf value of 14,900 GHz was observed
for CagPr(VO,); ceramic sintered at 1000 °C for 1 h.

Figure 6 shows the variation of T values of CagA(VOy,),
ceramics with various A" elements. The T, values of
CagA(VOy,); ceramics are varied from -10 ppm/°C to near
zero T¢ value as a result of decrease in values of the ionic radii
of the A** cations. The T; values observed in the present work
is very low compared to other LTCC vanadate compositions
reported in the literature and hence can be used for outdoor
wireless applications [16, 20, 23].

In order to use CagA(VO,); (A =La, Nd and Sm) ceramics
for LTCC applications, chemical compatibility with metal
electrode is very important. In order to evaluate the chemical
compatibility, CagA(VOy,); with A =La, Nd and Sm were co-
fired with 20 wt% Ag powder at 940 °C for 1 h. The X-ray
diffraction patterns of the co-fired double vanadate samples
given in Fig. 7 show silver peaks separately and are marked
with “*’, which rules out the possibility of secondary phase
formation in the co-fired samples.

Out of the double vanadate samples, the co-fired
CaglLa(V0,); sample was subjected to EDS (energy-
dispersive spectroscopy) analysis and the result is given in
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Fig. 8. Spot 1 shows the segregation of melted Ag particles
whereas Spot 2 represents well-formed grains of the
CagLa(VOy,), ceramic respectively. It is clear from the EDS
spectra that there is no inter-diffusion of Ag into the ceramic
phase. X-ray dot mapping of the co-fired sample was also
carried out to further quantify the compatibility. Mapping
studies confirm the segregation of Ag particles and the non-
reactivity of Ag in the double vanadate ceramic.

4 Conclusion

CagA(VO,); (A=La, Pr, Nd and Sm) ceramics have been
prepared through conventional solid state ceramic route. The
phase purity of the samples was confirmed by powder X-ray
diffraction techniques. Raman spectroscopic studies confirm
the existence of (VO,)®~ vibrational groups in CagA(VOy);
ceramics. Among the compositions studied, CagA(VOy4),
(A=La, Nd and Sm) ceramics were well sintered below
960 °C. All the CagA(VO,); ceramics under study exhibit
relatively low dielectric constant and negative temperature
coefficient of resonant frequency (tp). Among the studied
samples, CagPr(VO,); ceramic exhibits highest quality factor
Qxf=14,900 GHz compared to other double vanadate sam-
ples. The EDS analyses reveal good chemical compatibility
between calcium double vanadate ceramic and Ag electrode.
The present study shows that, CagA(VO,); with A =La, Nd
and Sm ceramics can be used as suitable candidate materials
for LTCC applications.
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