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ABSTRACT

The Bismuth Zinc Niobate-Silver (BZN-Ag) composites were prepared by solid-state ceramic route. Sintering
temperature of BZN-Ag composites were lowered to 850°C/2hrs. The structure and surface morphology of the
composites were investigated using XRD and optical microscope. The dielectric and conducting properties of
the composites were systematically investigated with the volume fraction of silver in the frequency range from 1
KHz to 1 MHz. The dielectric constant of the composite increases with silver content and it is in good
agreement with power law below the percolation limit. Addition of 0.14 volume fraction of silver increases the
dielectric constant of BZN+2wt% B,0; from 150 to 2350 at 1 MHz. However, 15 volume percentage of silver
loading results a giant permittivity of (g)) =~10° with low dielectric loss (tan8~10?) at 1 MHz. Subsequent
increase in silver loading decreases the dielectric constant. The BZN-B,03-Ag composite with giant permittivity
may find applications in electromechanical and tunable devices.
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I. INTRODUCTION

Recently, considerable attention has been paid to high dielectric constant composites, because of their potential
for a wide range of technologically important applications such as high k gate dielectrics,* capacitor dielectrics?
and electrostrictive materials.** High dielectric constant, reasonably low loss and low processing temperature
are the basic requirements of these materials for such applications. In the context of high dielectric constant
materials, several polymer-metal composites®® and ceramic-metal composites®’ have been studied. As the
volume fraction of metals or conducting phases in these composites increase, the dielectric constant and
conductivity increases gradually and when the volume fraction of the conductive powder reaches a critical value,
the conductivity as well as dielectric constant of the composite increases by several orders of magnitude.*® This
critical value is referred to as percolation limit of the composite. Several groups have reported such increase in
dielectric constant and conductivity in the neighborhood of percolation threshold.®**% The conducting powders
used in ceramic metal composites are Pt, Pd, Ag, Al, Cu, Ni, etc. Out of these Pt, Pd etc are too expensive and

Al, Cu, Ni have oxidizing problem while sintering at higher temperatures. So these cannot be considered as
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possible candidate for practical applications. Nickel containing composites **? give high dielectric constant,
consistent with percolation law. But these are sintered at high temperatures in an inert atmosphere. Silver
containing composites do not have such drawbacks and show excellent permittivity near the percolation
threshold.**" It is noted that all the ceramic-silver composites reported so far were sintered at the sintering
temperature of ceramics, which is much above the melting point of silver. Several previous reports show that
silver can diffuse along open pores in the ceramics at higher temperatures and escape from the surface, since the
melting point of silver (961°C) is lower than the sintering temperature used for the ceramic-Ag composites.
This loss of silver during sintering of ceramic-Ag composites and its impact on the properties were ignored in
the earlier studies.”>'® Even the amount of silver present in such composites after the sintering can vary
depending on the sintering temperature. Therefore, it is necessary to lower the sintering temperature of
composite to prevent the loss of silver. There had been several attempts to lower the sintering temperature of

ceramic systems by the addition of low melting glasses,

especially in the context of lowering the sintering
temperature of dielectrics below 961°C for low temperature co-fired ceramic (LTCC) applications.

The Biy5ZnNb, 507 (BZN) composition is a widely studied tunable dielectric material, which has dielectric
constant of about 150, dielectric loss of 107, tunability of above 50% at 2.4 MV/cm and the sintering
temperature is about 1050°C/2hrs.””*° In this paper, we report the preparation of high permittivity BZN-Ag
composites by lowering the sintering temperature of BZN below the melting point of silver by the addition of
B,0; glass. The effect of different volume fractions of silver in BZN matrix on the dielectric and conducting

properties in the frequency range from 1 KHz to 1 MHz are investigated.

I1. EXPERIMENTAL

The BiysZnNb; 50, ceramic samples were prepared by the conventional solid state ceramic route. High purity
Bi,O3;, ZnO (99.9+%, Aldrich chemical company, Inc, Milwaukee, WI, USA) and Nb,Os (99.9+%, NFC
Hyderabad, India) were used as the starting materials. Stoichiometric amounts of the powder samples were
mixed and ball milled using zirconium balls in distilled water medium for 24 hours. The resultant slurry was
then dried and calcined at 900°C for six hours. Different weight percentages of B,O; are added to the fine
powder of calcined material in order to reduce the sintering temperature below 961°C. Two-weight percentage
of B,O3; was found to be optimum to achieve this reduction in sintering temperature. Subsequently calcined
BZN powder with 2 weight percent of B,O3 powder was prepared by mixing in distilled water medium followed
by drying and grinding. Different volume fractions of silver (99.99%, -60 mesh, Aldrich chemical company, Inc,
Milwaukee, WI, USA) were added to this powder and mixed again in distilled water medium. Polyvinyl alcohol
(PVA) (Molecular Weight 22000, BDH Lab Suppliers, England) solution was then added to the powder, mixed,
dried and ground well. The powder containing BZN, B,03 and silver was pressed into cylindrical disks of about
11 mm diameter and 1mm thickness, by applying a pressure of 100 MPa. These compacts were sintered at
different temperatures from 825°C to 975°C for 2 hours. Electrodes were connected to both sides of the sintered
and polished compacts using silver paste and these samples were used for measuring the dielectric properties.
The dielectric properties were measured using a LCR meter (HIOKI 3532-50 LCR Hi TESTER, Japan). The

crystal structure and phase purity of the powdered samples were studied by X- ray diffraction technique using
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Ni-filtered Cu-Kow radiation using Rigaku Dmax-l, Japan diffractometer. The surface morphology and
microstructures of the sintered samples were studied using an optical microscope (Leica, DMRX, Germany) and

scanning electron microscope (JEOL-JSM 5600 LV, Tokyo, Japan).

I11. RESULTS AND DISCUSSION

X-ray diffraction patterns of sintered BZN-Ag composites with different volume fractions of silver are shown in
Fig.1. Figure 1a is the XRD pattern of BZN with 2wt% B,0; sintered at 950°C/2hrs, while Fig.1b, ¢ and d
corresponds to the XRD patterns of composites with 10, 15 and 18 volume percentages of silver sintered at
850°C/2hrs. In the X-ray diffraction patterns all peaks were identified as those due to BZN (indexed as cubic
pyrochlore JCPDS 54-971) and metallic silver (JCPDS 03-0921). This indicates that no phases other than BZN
and silver were present in the matrix sintered at 850°C/2hrs.

The variation of dielectric constant, dielectric loss and conductivity of the BZN-Ag composites were studied as
a function of silver content, sintering temperature and frequency. Fig. 2 shows the variation of percentage
density of BZN, BZN+B,03; and BZN+B,03+Ag at different sintering temperatures. The sintering temperature
of the composite was optimized for the maximum density. It is found that pure BZN sintered at 1050°C/2hrs and
addition of 2wt% B,O; glass lowered the sintering temperature to 950°C/2hrs. As the sintering temperature of
BZN+2wt% B,0s+Ag composite increased, the density increased and showed maximum density at 850° C/2hrs
and there after decreases. This could be due to the fact that as the sintering temperature increased, the silver in
the matrix melts and comes out to the surface and escapes during heating as well as polishing. Fig. 3 shows the
optical micrograph of the unpolished BZN+2wt% B,0;+Ag composites (with 0.15 volume fraction of silver)
sintered at different temperatures. Fig.3a and b clearly shows that the silver particles agglomerate as the
sintering temperature increases from 850°C to 900°C/2hrs. As the temperature is further increased to 950°C and
975°C/2hrs, silver melts and comes out of the matrix as bubbles as shown in Fig.3c and d. It also strongly
supports the report of evaporation of silver at higher temperatures.?%*

The effect of sintering temperature on the dielectric constant of BZN+2wt% B,03 ceramics for different volume
fraction (V) of silver at frequencies of 1 KHz, 10 KHz, 100 KHz and 1 MHz are shown in Fig. 4. As the
sintering temperature is increased, the dielectric constant of the composites increased to a maximum value at
850°C/2hrs and then decreased. The dielectric constant decreased when the samples were sintered above 850°C
at all frequencies. The variation in permittivity is more at lower frequencies and as the frequency increased the
variation is decreased. The variation in dielectric constant with sintering temperatures were more prominent for
those composites with silver content more than the percolation limit at all frequencies. For composites
containing less silver than the percolation limit, the variation was much more gradual. Thus it becomes obvious
that addition of silver reduces the sintering temperature of the BZN+B,05 ceramic. It is reported that the silver
addition lowered the sintering temperature of the ceramics.’® In BZN+2wt% B,0;+Ag , the presence of B,O;
lowers the sintering temperature of silver to below the melting point (961°C). At sintering temperatures below
950°C, the Ag particles are distributed in BZN matrix. As the sintering temperature increases, the Ag particles

moved along the grain boundary and get concentrated at the grain boundary intersections.*® This means that, the
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agglomeration of Ag particles occurred at higher temperature. Hence the size of silver particles increase with
sintering temperature and results in increased inter particle distance (distance between two Ag particle) and
decreased number of Ag particles. In addition silver can also escape from the matrix at higher temperature as
can be seen from Fig. 3c and d. This can lead to a decrease in dielectric constant with increase in temperature.
Thus the optimum sintering temperature of the composite was found to be 850°C/2hrs.

The variation of dielectric constant, dielectric loss and conductivity with different volume fraction of silver at 1
KHz, 10 KHz, 100 KHz and 1 MHz sintered at 850°/2hrs is as shown Fig. 5. An abrupt increase of dielectric
constant (g, ~10°) is observed at 0.15 volume fraction of silver and this is taken as the percolation threshold. The
sharp increase of dielectric constant can be explained by two mechanisms; the generation of dielectric field
around conducting particle and the formation of micro-capacitors through the isolation of silver with thin
dielectric layers. It is reported that dielectric field is developed around the conducting particles dispersed in
insulating materials.** The sharp increase in dielectric constant is a result of an interfacial polarization
phenomenon which occurs at the interface of the dissimilar materials.®® The charge carriers in the different
phases of the composite are trapped at the interfaces within the dielectrics. These charges are unable to
discharge freely and give rise to an over all field distortion, which results in an increase in capacitance and
dielectric constant. In BZN+2wt% B,0;+Ag composites, the dielectric field developed around the silver particle
can result in an increase of effective dielectric constant. There are regions in the microstructure where the
conductive clusters are separated by a thin insulating layer. The silver particles in the composites act as internal
electrodes of unit micro-capacitor. Such regions contribute to extremely large capacitance, which adds up
macroscopically and result in a giant effective dielectric constant. It can be seen from Fig. 5 b that the dielectric
loss also increases sharply at percolation threshold. The addition of silver increases the defects and induces
space charge. Therefore the increase in dielectric loss could be due to increase in metallic silver in the composite.
It is well known that ceramic metal composite can have insulator-metal transition with increasing metal
concentration. An abrupt change in conductivity at percolation in BZN+2wt% B,0s+Ag composite with
different volume fractions of silver is as shown in Fig. 5 c. As the volume fraction is increased, the clusters of
silver begin to merge and at the percolation limit, there is a continuous path of adjacent allowed sites across the
system. This leads to the sudden increase in conductivity. The insulator-metal transitions are characterized by an
abrupt change in conductivity.®

Figure 6 shows the dielectric constant of BZN+2wt% B,0;+Ag composite with different volume fraction of
silver at 1 MHz sintered at 850°C/2hrs. It is observed that as the silver content increases from 0 to 0.14-volume
fraction, the dielectric constant increases from 150 to 2340 with dielectric loss of 10 The concentration

dependence of dielectric constant is given by the following power law on the basis of percolation theory.*
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where ¢, is the dielectric constant of pure silver free BZN, V. is the volume fraction of silver at percolation, V is
the volume fraction of silver and q is a critical exponent. The experimental values of effective dielectric constant
are in good agreement with that calculated using equation-1, with g=0.86 and V.=0.15 as shown in Fig. 6.

Fig. 7 shows the optical micrograph of BZN+2wt% B,0s+Ag composite with different volume fraction of silver
sintered at 850° C/2hrs. It can be observed in the micrograph that silver particles (white area) are distributed in
the BZN matrix and some silver particles are lost during polishing (black area). The spacing between Ag
particle decreased with increasing Ag concentration and no apparent interconnection among particles is
observed for samples with silver less than the percolation limit. But above the percolation threshold, the silver
particles agglomerated to become larger size is as shown in Fig. 7 ¢. The optical micrograph clearly reflects the
dispersion of Ag particle in the BZN matrix. Fig. 8 shows the scanning electron micrographs of BZN+2wt%
B,0s+Ag composite with different volume fraction of silver sintered at 850°C/2 hrs. It is found that grain size
decreases with increase in silver content and it is in good agreement with pervious reports.'?*® This could be due
to that fact that silver addition hindered the grain growth of ceramic matrix and decreased the grain size with
increase in silver content. It is reported that silver particles were primarily located at grain boundaries when
sintering was performed below 900°C.* It can be seen from Fig. 8 that as the volume fraction of silver in the
composite increases, more silver is found at the interface. The reduction of grain size with silver content
increases number of defect and induces change in distribution of space charge. This space charge generates
dipole moment in an external electric field. The reduction of grain size increases the defects and in turn modifies
the accumulation of space charge in the grain boundaries. Thus the reduction of grain size has obvious
dependence on the defect and thereby distributions of space charge.

The variation of conductivity of BZN+2wt% B,0;+Ag composites with frequency for different volume fractions
of silver sintered at 850°C/2hrs are shown in Fig. 9. It can be noticed that as the silver content in the composite
increases the conductivity increases. Composites containing silver less than the percolation limit show gradual
increase in conductivity while those with more silver than the percolation limit show conductivity values that
are several orders higher. As the frequency increases the conductivity increases to a maximum value for
composites containing less silver than that of the percolation limit. However subsequent increase in silver
content in the composite beyond the percolation limit decreases the conductivity with increase in frequency.

Fig. 10 shows the variation of dielectric constant of BZN+2wt% B,0;+Ag composites with frequency for
different volume fraction of silver sintered at 850°C/2hrs. As described earlier the dielectric constant increases
gradually with silver content when the volume fraction is less than the percolation limit. When the silver content
is beyond the percolation limit, the dielectric constant also increases by several orders of magnitude. It is found
that dielectric constant decreases with increase in frequency above percolation threshold. Because of its direct
relation to polarization, relative permittivity can have strong frequency variation as different polarization
mechanisms become active. Inset of Fig. 10 shows the variation of dielectric constant of BZN+2wt%
B,03+0.14Ag composites with frequency.

High permittivity ceramics are ferroelectrics having e, of the order of 10° with relatively high dielectric loss
compared to low loss dielectric ceramics( €,<300). It is well known that enhanced electrostriction is related to

the enhanced dielectric constant. This suggests that the electrostriction can be enhanced by increasing the
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dielectric constant of the composite, so that same electric field can induce higher polarization and thus higher
electrostriction. In the present ceramic metal composite (BZN-B,03-Ag), the relative permittivity is very high of
the order of 10° with low dielectric loss (tand~107) at 1 MHz as compared to BaTiO3 and PbZr,.,Ti,O; ceramics
and its silver composites.***> The BZN-B,03-Ag composite were sintered at 850° C, which is lower than the
melting point of silver and hence the evaporation of silver during sintering is avoided compared to BaTiO3-Ag

and PbZr,,Ti,O3-Ag composites.

IV. CONCLUSIONS

BZN ceramics are prepared by solid state ceramic route at temperatures less than the melting temperature of
silver (961°C) by the addition of 2 wt% of B,O; glass. Silver addition to the BZN-B,0; ceramics further reduces
the sintering temperature of the composite to 850°C/2hrs and hindered the grain growth of BZN. The BZN-
B,0s-Ag composites sintered at 850°C/2hrs shows maximum density and dielectric constant. Dielectric
properties of these composites increase with silver content according to the power law. A giant permittivity of
10° with low dielectric loss (tand~102) at 1 MHz was observed for 0.15-volume fraction of silver. This offers

the perspectives for application of this composite in LTCC and electromechanical devices.
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FIGURE CAPTIONS

Fig. 1. XRD patterns of (a) BZN+2wt% B,0;, (b) BZN+2wt% B,0; + 0.1Vf of Ag, (¢) BZN+2wt% B,0;
+0.15Vf of Ag and (d) BZN+2wt% B,0; +0.18VT of Ag in BZN-Ag composites sintered at 850°C/2hrs.

Fig. 2. Variation of percentage density with sintering temperature of BZN, BZN+B,0; and BZN+B,0; +0.15Ag.
Fig. 3. The optical micrograph of unpolished BZN +2wt% B,0s+ 0.15 Vf of Ag sintered at (a) 850 °C , (b) 900
°C, (c) 950°C and (d) 975 °C/2hrs .

Fig. 4. Variation of dielectric constant of BZN+2wt% B,0;+Ag with sintering temperature for different volume
fraction of silver at (a) 1 KHz, (b) 10 KHz, (c) 100 KHZ and (d) 1 MHz.

Fig. 5. The variation of (a) dielectric constant, (b) dielectric loss and (c) conductivity with different volume
fraction of Ag at different frequency in BZN +2wt% B,03+Ag composites sintered at 850°C/2hrs.

Fig. 6. Variation of dielectric constant of BZN +2wt% B,0s;+Ag composites with different volume fraction of
silver below percolation threshold sintered at 850°C/2hrs and the comparison with power law.

Fig. 7. The optical micrograph of BZN +2wt% B,0s+ (a) 0.10 Vf of Ag, (b) 0.15 Vf of Ag, and (c) 0.18 Vf of
Ag composites sintered at 850°C /2hrs.
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Fig. 8. The scanning electron micrographs of (a) BZN +2wt% B,0s, (b) BZN +2wt% B,05;+0.10 Vf of Ag and
(c) BZN +2wt% B,03 +0.15 Vf of Ag composites sintered at 850°C/2hrs.

Fig. 9. Variation of conductivity with frequency for different volume fraction of Ag in BZN +2wt% B,0; +Ag
composites sintered at 850°C/2hrs.

Fig. 10. Variation of dielectric constant with frequency for different volume fraction of Ag in BZN +2wt% B,0;
+Ag composites sintered at 850°C/2hrs and (b) Variation of dielectric constant with frequency at 0.14-volume

fraction of silver.
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Fig. 1. XRD patterns of (a) BZN+2wt% B,0s, (b) BZN+2wt% B,0; + 0.1Vf of Ag,(c) BZN+2wt% B,0;
+0.15Vf of Ag and (d) BZN+2wt% B,0; +0.18Vf of Ag in BZN-Ag composites sintered at 850°C/2hrs.
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Fig. 2. Variation of percentage density with sintering temperature of BZN, BZN+B,03; and BZN+B,0; +0.15
Ag.
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Fig. 3. The optical micrograph of unpolished BZN +2wt% B,O5+ 0.15 Vf of Ag sintered at (a) 850 °C, (b) 900
°C, (c) 950°C and (d) 975°C/2hrs .
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Fig. 4. Variation of dielectric constant of BZN+2wt% B,0s+Ag with sintering temperature for different volume
fraction of silver at (a) 1 KHz, (b) 10 KHz, (c) 100 KHZ and (d) 1 MHz.
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Fig. 5. The variation of (a) dielectric constant, (b) dielectric loss and (c) conductivity with different volume

fraction of Ag at different frequency in BZN +2wt% B,03+Ag composites sintered at 850°C/2hrs.
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Fig. 6. Variation of dielectric constant of BZN +2wt% B,03;+Ag composites with different volume fraction of

silver below percolation threshold sintered at 850°C/2hrs and the comparison with power law.

Fig. 7. The optical micrograph of BZN +2wt% B,03+ (a) 0.10 VT of Ag, (b) 0.15 Vf of Ag and (c) 0.18 VT of
Ag composites sintered at 850°C /2hrs.
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Fig. 8. The scanning electron micrographs of (a) BZN +2wt% B,03, (b) BZN +2wt% B,03+0.10 Vf of Ag and
(c) BZN +2wt% B,0; +0.15 Vf of Ag composites sintered at 850°C/2hrs.
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Fig. 9. Variation of conductivity with frequency for different volume fraction of Ag in BZN +2wt% B,03; +Ag

composites sintered at 850°C/2hrs.
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Fig. 10. Variation of dielectric constant with frequency for different volume fraction of Ag in BZN +2wt% B,0;
+Ag composites sintered at 850°C/2hrs and (b) Variation of dielectric constant with frequency at 0.14-Vf of

silver.
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