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Abstract

SrZzn\V,0; (SZV) and SrMgV0O; (SMV) ceramics have been prepared through solid state
ceramics route. The crystal structure of the ceramics was studied in detail using X-ray diffraction
and Raman spectroscopic techniques. Both the ceramics show good microstructure and
microwave dielectric properties. Among the samples studied, $€nséramic sintered in the
ultra low temperature of 660°C for 1h and it shamsl0.2, Qxf=31900GHz= -76ppm/°C
together with excellent chemical compatibility with Aluminium and Silver metal electrodes.

SrMgV,0; ceramic sintered at an optimum temperature of 780°C for 1lh exlsibil$,

Qxf=21300GHz1;= -70ppm/°C and shows chemical reactivity with silver metal electrode.

Keywords: Ceramics; Crystal structure; Dielectric response; Scanning electron microscopy,

SEM; X-ray diffraction



1. Introduction

Modern electronic circuit fabrication industry witnessed revolutionary changes for the
past few decades. Smaller, lighter and high operating frequency circuits are required for the
fabrication of small size and more functional electronic devices. Multilayer circuit fabrication
technique is used to meet these requirements. Low temperature co-fired ceramic (LTCC)
technology has been widely used in multilayer circuit manufacturing because of its stable
physical and electronic properties, ease of fabrication and high density circuit packaging. LTCC
devices have also been used in military and radar applications because of its design flexibility
and high reliability. LTCC technology is more preferred in high frequency applications since the
traditional PCB technology suffer from higher dielectric loss as frequency increases. Therefore
the development of low loss and low temperature co-firable ceramic material systems is of high

demand to cater to this requirement.

For the past decade, large number gDy1-5] and MoQ [6-8] based low loss ceramic
materials were reported in literature for LTCC applications. Recently Ultra low temperature co-
fired ceramics (ULTCC) were also got much attention so as to use Aluminium (Al) as the
conducting electrodes [9-13]. Among the available repori®sWased ceramic materials were
found promising candidates for LTCC and ULTCC applications owing to their high quality
factor, better chemical stability and superior chemical compatibility with metal electrodes. The
BaO-V,0s is one of the very well studied binary phase diagrams..8g\B&aV,0;, BaV,0g
and BaV,Oi3were reported as stable single phase compositions in this phase diagram [14]. Our
group reported the microwave dielectric properties of gVand BagV 40,3 ceramics for
ULTCC applications [15,16]. Umemura et.al reported thalVB@g ceramic sintered at 1600°C

for 5h shows excellent microwave dielectric properties. The authors also reported@hat B



addition significantly reduces the sintering temperature ¥ B3 ceramic and it can be used as

an appropriate material for LTCC applications [17]. Joung et.al reported the formation process
and microwave dielectric properties of\RO; (R= Ba, Sr and Ca) ceramics [18]. Recently Fang
et.al reported the microwave dielectric properties of low firing double pyrovanadates in the BaO-
MO- V205 (M=Mg,Zn) system. BaMgYO; and BaZn\O; ceramics sintered at optimum

temperatures possess microwave dielectric properties ©f8.2 and 10.7, Qxf = 37600 and

31000GHz ands= -35.2 and -64.4 ppm/°C respectively [19].

The crystal structure of other alkaline earth double pyrovanadates such as(zZnV
SrMgV2,0;, CaMg\V,O;, CazZn\kO; etc. were also reported in literature [20-23]. The
photoluminescence characteristics of Eand Smi" doped SrZnYO; nanocrystals were well
studied by Dalal et.al.[24,25]. Photocatalytic activities of pure aitiddiped CaZnyO; were
studied by Wang et.al [26]. The microwave dielectric properties of these double pyrovanadates
are not studied in detail. In the present work, we investigate the structure and microwave
dielectric properties SrMM0; (M=Mg, Zn) double pyrovanadates. A detailed study on the
chemical compatibility of these ceramics with metal electrodes was also carried out to ascertain

the suitability of these materials for LTCC and ULTCC applications.

2. Experimental procedure

The SrM\LO; (M=Mg, Zn) ceramics were prepared through solid state ceramic route.
High purity SrCQ (99%, Himedia), MgO (99%, Sigma Aldrich), ZnO (99.9%, Sigma Aldrich)
and V.05 (99.6%, Sigma Aldrich) were used as the starting materials. The stoichiometric
amounts of oxides and carbonates were weighed and wet mixed in distilled water for about an
hour and then dried in a hot air oven at 80°C. The SKM{M=Mg, Zn) ceramics were calcined

at 650 and 600°C for 4 h respectively in a programmable SiC furnace. The calcined compositions



were ground in to fine powders and 5 wt% polyvinyl alcohol (PVA) solution was added to these
powders and then dried. The powders were again ground well and pressed uniaxially in a
tungsten carbide die of 11 mm diameter by applying a pressure of 250 MPa. The cylindrical
compacts of SrIMYO; (M=Mg, Zn) samples were sintered at 780 and 660°C for 1 h respectively.
The density of the sintered pellets was determined using dimensional method. The kinetics of
phase formation of the ceramics was studied using TGA/DSC analyses (TGA-DSC, SDT, Q600
TA Instrument) with a heating rate of 5°/min in a nitrogen atmosphere. The phase purity of the
specimens was analyzed using X-ray diffraction technique (M/s Rigaku, Ultima,). Rietveld
refinement was performed using GSAS suite with EXPGUI [27,28]. Raman spectra osGrMV
(M=Mg, Zn) ceramics were recorded using a WITech Alpha 300RA confocal Raman microscope
with DPSS laser of 532 nm. The sintered ceramic compacts were thermally etched at a
temperature 100°C less than that of the sintering temperature for SEM characterization. The back
scattered electron images and EDS analysis of the samples were studied using scanning electron
microscope interfaced with EDS syste@ui Zeiss, Model No: EVO18 Research, Gernjaihe

linear thermal expansion coefficient of the ceramics were studied in the temperature range 30-
300°C using a EXSTAR 6000 model thermo mechanical analyzer (SIl Nano technology INC.,
Japan).The dielectric constant and the unloaded quality factor of the sintered samples were
studied by Hakki and Coleman [29] post resonator technique and resonant cavity method [30]
respectively, using a Vector Network Analyzer (Agilent, E8362b, USA). The temperature

coefficient of resonant frequency)(was measured in the temperature range 30€1L00



3. Results and discussion

The phase formation process of SrZ@¥ (SZV) and SrMg¥O; (SMV) ceramics are

studied using thermo gravimetric (TG) and differential scanning calorimetric (DSC) analyses at
nitrogen atmosphere with a heating rate of 5° per minute and the results are shown in fig 1(a-b).
The endotherms and associated weight loss observed below 200°C is due to the evaporation of
water molecules. The sharp endotherm below 200°C and associated weight loss in TGA for
SMV, as compared to SZV, due to more amount of adsorbed water molecules in the former. The
exotherms observed in the temperature range 300-450°C without weight loss for both the
compositions indicate the chemical reactions taken place during the formation of the respective
compositions. The endotherms and associated weight loss in the temperature range 450 to 650°C
in SZV ceramic depicts the evaporation of volatile impurities and formation of the final
composition. Whereas, in SMV the formation of the final composition is observed at slightly

higher temperature range.

The powder X-ray diffraction patterns of SrZg¥ (SzZV) and SrMg¥O; (SMV)
ceramics are given in fig 2 and 3 respectively. In order to confirm the phase formation Rietveld
refinement was carried out on both the XRD patterns using GSAS suite with EXPGUI. The
Rietveld refinement parameters,RR, andy® obtained for SZV and SMV ceramics are 7.6%,
4.25%, 1.15 and 10.6%, 8%, 1.63 respectively. The inset of fig 2 and 3 shows the unit cell
representation of SZV and SMV ceramics. SZV having monoclinic crystal structure with space
group P2/n (14). The refined lattice parameters for SZV ceramics are a=7.419A, b=6.699A,
c=11.971A an=95.99° respectively. The Zn atoms are coordinated with five oxygen atoms to

form ZnG; trigonal bipyramids. V(1) and V(2) atoms are tetrahedrally coordinated with four



oxygen atoms to form VEgroups. The V(1)@and V(2)Q tetrahedral units are connected with

corner sharing oxygen atoms to forrsOf pyrogroups [20,31].

SMV also crystallizes in the monoclinic structure with,/P214) space group. The
refined lattice parameters for SMV ceramic are a=6.741A, b=14.661A, c=11.159A and
=98.94°. The magnesium atoms are octahedrally coordinated with oxygen atoms, which is edge
sharing with one another to form Mg, dimers. V(1) and V(2) atoms are coordinated with five
oxygen atoms, which are connected together by edge sharing Ol1 and O5 atoms. These
vanadium-oxygen polyhedra is connected with V({3#0d V(4)Q tetrahedral units by corner

sharing O3 and O7 atoms to form®, chaind21,23,32,33].

Raman spectroscopy is an effective tool to analyze the vibrational characteristics of
molecules. The Raman spectra of SZV and SMV ceramics are given in fig.4. SZV ceramic
crystallizes in the monoclinic structure, 1#2 space group with four formula units in the
crystallographic unit cell which corresponds tg @oint group. In SZV ceramic all the atoms are
in 4e Wyckoff's position and occupy in thg €ite symmetry. The total number of vibrations at

the Brillouin zone center after eliminating the acoustic modes is given as
I' = 33Ay+33B,+32A,+31B,

Where Ay and B, modes are Raman active. Even though 66 Raman active modes are obtained

theoretically, lesser number of modes is observed in the Raman spectrum. Similar observation
was also reported by Rakhi et.al [34]. The authors reported that the reduced number of peaks
may be due to the poly crystalline nature of sample, overlapping of bands etc.. The crystal

structure of SZV consists of,X; pyrogroups formed by corner sharing oxygen atoms of VO

tetrahedral units. Hence the internal vibrations of;\¢@d group and V-O-V bridge vibrations



are expected in the Raman spectra of SZV ceramics. The strong peaks observed at 896 and 935
cm® are due to the symmetric stretching vibrations of;\¢@ups. The Raman bands in the
region 785 to 862 cthare due to the asymmetric stretching vibrations of; \g@ups. The
symmetric stretching and asymmetric stretching vibrations of V-O-V bridges are observed in the
region 571 to 715 cth The bands observed in the range 304 to 398 ame due to the
symmetric and asymmetric bending vibrations of;\f@ups The Raman peaks observed at 223

and 263 crt may be due to the bending vibrations of V-O-V bridges and Q-y@ups
respectively. The Raman bands obtained below 196 isndue to the lattice mode vibrations

[35-41].

SMV ceramics also crystallizes in the monoclinic structure witfidP@L4) space group
having 8 molecules in the crystallographic unit cell. All the atoms occupy in the 4e Wyckoff's
position and the possible site symmetry is Bccording to Factor group analysis, the total

number of vibrations in the Brillouin zone center after eliminating the acoustic modes is given as
I' = 66A;+66B,+65A,+64B,

Where Ag and Bg modes are Raman active. The crystal structure of SMV composgl of V
groups consists of two edge shareds\ipyramid which are corner connected with two VO
tetrahedra. Hence the internal vibrations ofs\a@d VG groups are expected in SMV ceramics.
According to factor group analysis more number of peaks expected in the Raman spectrum of
SMV compared to SZV ceramics. In order to determine the number of stretching modes, the
Raman spectra of SZV and SMV ceramics are deconvoluted in the 700 to 1i@hdmresults

are given in fig 5. As expected, more number of stretching modes observed in SMV ceramics

indicates the different vanadium oxygen linkages. Eight vibrational modes are observed in the



700 to 1100 cr against six in the case of SZV ceramic. The more number of internal modes
observed in the SMV ceramic is due to different V-O bond lengths exist as a result of VO
bipyramids and corner connected M@trahedra in the XDi14 groups. Unlike SZV, the Raman
mode observed in the 1004 ¢rim SMV ceramics may be due to the stretching vibration of V-O
bond in the V@ bipyramid. The result agrees with the earlier reports [42-48]. The Raman peaks
obtained in the higher wave number region of 794 to 913ismue to the stretching vibrations

of V-O bonds. Unlike V-O stretching vibrations, V-O-V bridging vibrations gave rise to less
number of modes in SMV ceramic, which could be due to restricted V-O-V bridging vibration as
a result of edge shared ¥@roups. The Raman modes observed in the region of 298 to 421 cm
may be due to the terminal bending vibration of;\¢@oups. The Raman bands observed in the
range 190 to 242 cincan be attributed to the bending vibrations of V-O-V bridges and ©-VO
groups. The modes observed below 190" dmdue to the external modes [35-41]. Since the
SMV ceramic consists of complex,®:4 chains an unambiguous Raman band assignments in

the external mode region is not possible.

Fig 6 shows the backscattered SEM images of SZV and SMV ceramics sintered at 660
and 780°C respectively. Well sintered polygonal grains with less amount of porosity are noticed
for both the ceramics. SZV ceramic shows larger grain size as compared to SMV ceramic. No
secondary phases are observed in the back scattered SEM images. The typical shrinkage
behavior for SZV ceramic is given in fig 7. The shrinkage behavior is studied in the temperature
range 30-600°C. The ceramic shows very good shrinkage in the temperature range of 500-600°C

and among the samples studied SZV ceramic shows ultra low sinterability.

Coefficient of thermal expansion of LTCC ceramic plays an important role in circuit

fabrication. In the present study, the coefficient of thermal expansion of SZV and SMV ceramics



are measured in the temperature range of 30-300°C and the results are given in fig8. The thermal
expansion curves show linear variation with temperature and CTE values of 10.7 and 9.2 ppm/°C

respectively are exhibited by SZV and SMV ceramics.

The optimum sintering temperature, density and microwave dielectric properties of SZV
and SMV ceramics are given in table 1. The optimum sintering temperature obtained for SZV
ceramic is 660°C for 1h. The sample sintered at this temperature exhibits a density value of 3.8
g/cnt together withe,=10.2 (f=9.351708(GHz), Qxf=31900GHz (f=7.965234GHz) ard-76
ppm/°C. The SMV ceramic sintered at an optimum sintering temperature of 780°C for 1lh
exhibits maximum density value of 3.48 gfcriogether with £=16 (f=8.006500GHz),
Qxf=21300GHz (f=7.101600GHz) and= -70 ppm/°C. SMV ceramic exhibits low quality
factor as compared to SZV. This can be correlated with the intensity of Raman bands. SZV
ceramic shows sharp stretching phonon mode as compared to SMV ceramic. Several authors
reported the inverse relation between the width of Raman modes and Qxf values [49,50]. The
FWHM values for maximum intense V-O stretching mode for SZV and SMV ceramics are 17
and 21 crit respectively. In the present study ceramic with lowest FWHM shows highest quality
factor, which agrees with the previous reports. Chen et al. reported that Raman peak width is
correlated with the decay of microwave energy propagation. The sharp stretching mode indicates
highly ordered and rigid oxygen cage structure. This increase the microwave energy propagation

decay time and thereby the material possesses higher Qxf values [50].

Table 1 Sintering temperature, density and microwave dielectric properties of SZV and SMV

ceramics



Composition | Sint. Temp Density(g/¢)] & Qxf (GHz) T; (ppm/°C)
SzV 660°C/1h 3.8 10.2 31900 -76
SMV 780°C/1h 3.48 16 21300 -70

Present study shows that SZV ceramic can be very well sintered in the ultra low
temperature range. Since the sintering temperature of SZV ceramic is 660°C, both silver and
aluminium compatibility studies have been carried out. In order study the chemical compatibility
with silver and aluminium electrodes, 20 wt% of these metal powders were mixed with SZV
ceramic and co-fired at 650°Cfor 1h. The XRD patterns of the co-fired samples are given in fig
9. In addition to the ceramic phase, the silver and aluminium peaks are separately observed in the

XRD patterns indicating the chemical compatibility of these ceramics with metal electrodes.

In order to further affirm these results, EDS analyses have been carried out on the co-
fired samples. Fig 10(a-e) shows the EDS spot, line scan and X-ray dot mapping results of SZV
ceramic co-fired with aluminium electrodes. In spotl, the presence of metal electrode only is
detected whereas ceramic phase without aluminium are observed in spot2 (fig 10a-c). EDS line
scan results also show that there is no inter diffusion of aluminium metal in the ceramic phase
(fig 10d). X-ray dot mapping image confirms the segregation of aluminium particles from
ceramics (fig 10e). Similar results also observed for SZV ceramic co-fired with silver (fig 11a-e).
These results further confirm the excellent chemical compatibility of SZV ceramic with

aluminium and silver electrodes.

In order to study the suitability of SMV ceramic for LTCC applications, 20wt% Ag
powder was added to the SMV ceramic and co-fired at 760°C for 1h. Fig 12 shows the XRD

patterns of phase pure SMV ceramic and the Ag co-fired sample. In addition to some additional



peaks, intensity changes are also noticed in the co-fired XRD pattern. The silver peaks are not
separately observed in the XRD pattern indicating the chemical reactivity between Ag metal and
SMV ceramic. These results are further evaluated through EDS analysis. Fig 13(a-e) shows the
EDS analysis results of SMV ceramic co-fired with Ag powder. EDS spectrum of spotl consists
of both Ag and ceramic phases, whereas only the presence of ceramic phase is noticed in spot 2
(fig 13a-c). EDS line scan results also show the reactivity between Ag and SMV ceramic (fig
13d). X-ray dot mapping image indicates that the silver is floated over the ceramic (fig 13e).
Hence, it can be inferred from both XRD and EDS studies that SMV ceramic doesn’t have

chemical compatibility with Ag electrode during co-firing.

4. Conclusions

Phase pure SZV and SMV ceramics have been prepared through solid state ceramic
route. The phase formation of the ceramics has been confirmed through TGA/DSC analysis.
Rietveld refinement and Raman spectroscopic studies reveal that SZV ceramic consi€ts of V
pyrogroups formed from corner sharing M®trahedra whereas SMV ceramic consists 4,y
chains. Both the ceramics show closely packed microstructure. SZV and SMV ceramics exhibit
an average linear expansion coefficient of 10.7 and 9.2ppm/°C respectively in the temperature
range 30-300°C. SZV ceramics can be well sintered in the ultra low temperature. SZV ceramic
showse,=10.2, Qxf=31900GHzy;= -76ppm/°C at an optimum sintering temperature of 660°C
for 1h. SMV ceramic exhibitg=16, Qxf=21300GHz1;= -70ppm/°C at an optimum sintering
temperature of 780°C for 1h. The quality factor of SZV and SMV ceramics show an inverse
relation with the FWHM of symmetric stretching modes. The sharp peaks of Raman bands for
SZV ceramic compared to SMV indicates more rigid vanadium oxygen linkage in SZV ceramics.

XRD and EDS analyses reveal that SZV ceramic has excellent chemical compatibility with Al



and Ag electrodes whereas SMV ceramic reacts with Ag electrodes. It is clearly evident from the

present study that SZV ceramic can be used as a good candidate material for ULTCC

applications.
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Figure captions

Fig. 1 TGA and DSC curves of stoichiometric mixture of a) SgZ@0O-V,0s and b) SIC@

MgO-V,0s ceramics

Fig. 2 Rietveld refinement and crystal structure of SZV ceramic

Fig. 3 Rietveld refinement and crystal structure of SMV ceramic

Fig.4 Raman spectra of a) SZV and b) SMV ceramics

Fig.5 Deconvoluted Raman spectra of SZV and SMV ceramics

Fig.6 Backscattered SEM images of a) SZV and b) SMV ceramics sintered at 660 and 780°C for

1h

Fig.7 Typical shrinkage behavior of SZV ceramics

Fig.8 CTE curves for SZV and SMV ceramics in the temperature range 30 to 300°C

Fig. 9 X-ray diffraction patterns of a) SZV+20% Al b) SZV+20% Ag sintered at 650°C for 1 h

Fig.10 a) Backscattered SEM image of SZV ceramic co-fired with 20wt% Al, b) EDS spectrum
of spot 1, ¢) EDS spectrum of spot 2, (d) EDS line scan of SZV ceramic co-fired with 20wt% Al

(e) X-ray dot mapping image of SZV ceramic co-fired with 20wt% Al

Fig. 11 a) Backscattered SEM image of SZV ceramic co-fired with 20wt% Ag, b) EDS spectrum
of spot 1, ¢) EDS spectrum of spot 2, (d) EDS line scan of SZV ceramic co-fired with 20wt%

Ag (e) X-ray dot mapping image of SZV ceramic co-fired with 20wt% Ag



Fig. 12 X-ray diffraction patterns of a) SMV ceramic and b) SMV ceramic co-fired with 20wt%

Ag

Fig.13 a) Backscattered SEM image of SMV ceramic co-fired with 20wt% Ag, b) EDS spectrum
of spot 1, c) EDS spectrum of spot 2, (d) EDS line scan of SMV ceramic co-fired with 20wt%

Ag (e) X-ray dot mapping image of SMV ceramic co-fired with 20wt% Ag
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Highlights

» Preparation of glass free low temperature co-firable SStMV,0; (M=Mg, Zn) ceramics

» Detailed structural studies using Rietveld refinement and Raman spectroscopy

«  SIMV,0; (M=Mg, Zn) ceramics show good microwave dielectric properties

*  SrZnV,0y; ceramics exhibit excellent chemical compatibility with Ag and Al electrodes
*  SrZnV,07 ceramic can be used as potential candidate materia for ULTCC applications



