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Barium titanate-silver composites were prepared by using a solid state reaction process with silver
contents ranging from 0 mol% to 20 mol%. XRD results and Raman spectra indicated that there was no
phase other than BaTiO; and Ag in the ceramics and tetragonality of barium titanate reduced with
increasing Ag content. SEM images illustrated that Ag influenced densification and microstructure of
BaTiOs; ceramics. Besides, addition of Ag led to increase in dielectric permittivity and broadening of
ferroelectric-paraelectric phase transition peak. Also addition of Ag had effects on dielectric loss and dc
conductivity. Dielectric and conductivity properties as a function of Ag volume fraction were explained
by the percolation theory.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Barium titanate (BaTiO3) has become one of the most impor-
tant dielectric materials in electronics industry for last decades.
Due to its high dielectric constant, it has been widely used in mul-
tilayer ceramic capacitor (MLCC) materials [1,2]. However, with
the development of MLCC toward high-capacity, miniaturization
and thin-layer, we must further enhance dielectric constant and
improve temperature stability of BaTiO3 ceramics [3].

Recently, ceramic-metal composites have been studied in the
context of high dielectric constant [4]. The corresponding percola-
tion threshold theory has been established and it was predicted that
ceramic-metal composites could obtain giant dielectric permittiv-
ity when the volume fraction of metal close to the percolation limit
[5,6]. And several experiments have confirmed a modest increase in
dielectric permittivity of ceramic-metal composites [7-10]. Among
various metallic powders used in ceramic-metal composites, Ptand
Pd are too expensive and Al, Cu and Ni have the problem of oxi-
dization while sintering at higher temperatures [11]. Hence silver is
thought to be reasonable candidate used in ceramic-metal compos-
ites. Chen et al. [12] studied the effect of silver on the sintering and
grain-growth behavior of barium titanate and determined the sol-
ubility of silver in barium titanate. Chen et al. [13] and Halder et al.
[14] respectively investigated effects of silver addition on dielectric
properties of barium titanate-based X7R and Z5U ceramics. How-
ever, according to the percolation theory, when the volume fraction
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of metal close to the percolation limit, conductivity of compos-
ites also increases significantly, leading to weakening of resistivity
property, which is not favorable for MLCC materials. Previous stud-
ies less simultaneously considered silver addition generated effects
on both dielectric and conductivity properties of barium titanate
ceramics.

In this paper, effects of different silver contents (0.0-20.0 mol%)
on the phase constitution, microstructure, dielectric and conduc-
tivity properties of barium titanate ceramics were investigated.

2. Experimental procedure

Barium titanate composites with 0, 4, 6, 8, 10, 15, 20 mol% silver (respectively
labeled with BTAO, BTA4, BTA6, BTA8, BTA10, BTA15, BTA20) were prepared by the
conventional solid state ceramic route. Analytical purity BaCOs, TiO, and Ag,0 were
used as the starting materials. Stoichiometric amounts of the powder samples were
mixed and ball milled using zirconia balls in ethanol medium for 6 h. The resultant
slurry was thendried, pressed into cylindrical samples and then calcinated at 1100 °C
for 2 h. The calcinated cylindrical samples were then crushed and ball milled for 12 h.
The final powders were compacted into pellets by cold isostatic pressing at 200 MPa
for 90s. Silver free BaTiO; were sintered at 1250°C for 4 h and other pellets were
sintered at 1230°C for 2 h. During sintering, all the pellets were covered in Al;03
crucibles.

Because very small silver spheres condensed on the surface of the disks dur-
ing the cooling process from the silver gas evaporated at temperature higher than
1000°C, sintered pellets were polished and then did some measurements. Phase
structure was investigated by using X-ray diffraction (XRD) (D/Max2550VB+/PC,
Rigaku, Tokyo, Japan) with Cu Ka radiation (A = 0.15406 nm) over 260 range of 20-80°.
Diffraction spectra was collected at a scanrate of 2.5°/min. Raman spectra were mea-
sured on pellets at 100-1000 cm~! by Raman Microscope (inVia, Renishaw, London,
England). The spectral excitation was provided by an Ar* laser, using the 514.5 nm
line and with proper power density on the sample surface. Morphology of natu-
ral surface of sintered pellets was examined by using an optical microscopy (OM)
(OLYMPUS-PMG3, Olympus. Co., Tokyo, Japan) and a field-emission scanning elec-
tron microscopy (FE-SEM) (JEOL-6700F, Japan Electron Co., Tokyo, Japan) operated
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Fig. 1. XRD patterns of BTAO-BTA20.

at 20KkV. Silver electrodes with appropriate configurations were coated on both
polished surfaces and fired at 550°C for 30 min to form a metal-insulator-metal
(MIM) capacitor for electrical test. Weak-field dielectric response at a signal level of
500 mV/mm was measured by using a precision impedance analyzer (4294A, Agi-
lent, CA, USA) associated with temperature controller (TP94, Linkam, Surrey, UK)
from room temperature to 200°C at a heating rate of 2°C/min. A high resistance
meter (4339B, Agilent, CA, USA) was employed to measure the dc conduction from
200°C to room temperature at the cooling rate of 2 °C/min.

3. Results and discussion

XRD patterns of BTAO-BTA20 are shown in Fig. 1. XRD analysis
indicates that no phases other than BaTiO3 and silver are present
in the ceramics. It suggests that no reaction took place between
BaTiO3; and silver during calcinations and sintering. Thermody-
namic studies have suggested that silver is more stable than Ag,0
at temperatures of >189.8 °C in air [15]. Therefore, any Ag,0 that
is present decomposes to metallic silver during the calcination
heating-up stage. In the cooling stage from the calcination tem-
perature, the amount of Ag,0 that is formed is very low since the
formation of Ag,O0 is a very slow process at low temperature [12].
So no Ag,0 is observed in the XRD spectrum. For BTA4, BTA6, BTAS,
the diffraction peak of Ag does not appear. According to the study of
Shih and Tuan [16], the solubility of silver in the BaTiO3 was as low
as 450 ppm, after cofiring at 1290°C for 2 h in air, which excludes
the possibility that Ag element entirely solutes in the BaTiO3 crys-
tal. It can be explained that Ag gas evaporated during calcinations
and sintering, so low concentration of Ag in the composites is
not detected by XRD. We calculated the real contents of silver in
the samples according to diffraction peaks of barium titanate and
silver in XRD spectrums using MDI Jade 5.0 programme. The con-
tents of silver in the BTA20 and BTA15 samples are respectively
about 14.1 mol% and 10.5 mol%. Besides, it can be seen that for pure
BaTiO3, reflection peaks of (002) and (2 00) obviously split. With
increasing Ag content, the split is weakened, suggesting that tetrag-
onality of barium titanate decreases, which can be further verified
by Raman spectra.

Fig. 2 shows Raman spectra of BTA4-BTA20. As shown in Fig. 2,
the modes located at about 180, 307 and 720cm™! are related to
tetragonal phase [17] and the modes at about 256 and 518 cm~! are
related to order-disorder phase [18]. With increasing Ag content,
Raman intensity of BaTiO3/Ag composites gradually decreases and
spectra peaks become weaker and broader, indicative of tetragonal
symmetry reducing and some structural reordering taking place.

Fig. 3(a-g) displays SEM images of natural surface of
BTAO-BTA20. For BTAO, it shows dense microstructure and the
average grain size is about 0.8 wm. However addition of Ag changes
the sintering activity. As shown in Fig. 3(b-f), grains similar to
spheres in shape loosely neck together and pores appear in the
ceramics. Significant numbers of abnormal grains are not observed

—BTA4
—— BTA6
——BTAS
—BTA10
—BTAIS
BTA20

A(TO,)

A(TO) , BLE(TOLO)

E(TOLA (TO)
/

A, (LO)E(LO)
]

Intensity ( a.u. )}

L " 1 i
100 400 700 1000

Raman shift ( cm")

Fig. 2. Raman spectra of BTA4-BTA20.

in the samples fabricated in this study. The wettability of silver
on BaTiO3 substrate was studied by Wang et al. [19]. The results
showed that the contact angle between silver liquid and BaTiO3
substrate is still 128° at 1150°C, which means that the wettabil-
ity of silver on BaTiOs3 is very weak. So during sintering process,
liquid silver obstructs the diffusion between BaTiO3 grains, and as
a result inhibits the densification process. For BAT20, as seen in
Fig. 3(g), large amount of silver migration leads to the so-called Ag-
tree formation [20]. Fig. 3(h) illustrates optical photos of polished
surface of BTA15. Silver particles agglomerate and show “island”
distribution in the polished surface of sample.

Fig. 4 shows temperature dependence of dielectric permittiv-
ity (¢’) at 1kHz for BTAO-BTA20. As can be seen, addition of Ag
obviously leads to the increase in dielectric permittivity and the
ferroelectric-paraelectric phase transition peak is broadened, but
the Curie temperature does not changed. The results are in agree-
ment with previous XRD and Raman analysis that tetragonality of
barium titanate decreases with increasing Ag content and Ag does
not enter into the crystal lattice of BaTiOs.

The relative permittivity of ceramic-mental composites can be
predicted by using the Maxwell’s equation [21] as

1+2f

ef)=¢ém [71 —f:|
where gy, is the relative permittivity of the matrix, fis metal volume
fraction. According to this model, the increase in dielectric per-
mittivity can be understood as the conducting particle apparently
shortening the electrode distance, thereby increasing the effective
electric field in the dielectric phase [14]. The relative permittivity
can also be estimated by using a percolation law [22] as

(1)

e(f) = — "o 2)
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where f. is the percolation threshold, g is a constant. The percolation

theory predicts a dramatic increase in relative permittivity as the

volume fraction is approaching its percolation threshold.

Fig. 5 shows experimental measured values of dielectric per-
mittivity and predicted values from Maxwell’s equation and
percolation law, using f- =0.16 (the theoretical value for a random
composite) and g =3.0. The results indicate that dielectric permit-
tivity as a function of Ag volume fraction in our study is more in
agreement with percolation law. The slight deviation from perco-
lation law of BTA6 and BTA8 might be attributed to the decrease
of density in ceramics. For BAT20, the dramatic reduce of dielectric
permittivity is due to the formation of Ag-tree in the ceramics.

Figs. 6 and 7 show dielectric loss and dc conductivity as a func-
tion of temperature for BTAO-BTA20. It can be seen that both
dielectric loss and dc conductivity decrease after addition of Ag
for BTA4-BTA10, which might be associated with the reduction
of density. For BAT15, it shows low dielectric loss, however, the
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Fig. 3. SEM images of natural surface of BTAO-BTA20: (a) BTAO, (b) BTA4, (c) BTA6, (d) BTAS, (e) BTA10, (f) BTA15 and (g) BTA20; (h) optical photos of polished surface of

BTA15.
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Fig. 4. Temperature dependence of dielectric permittivity (¢’) at 1kHz for

BTAO-BTA20.
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Fig.5. Experimental measured values of dielectric permittivity and predicted values
from Maxwell’s equation and percolation law.
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Fig. 6. Dielectric loss and dc conductivity as a function of temperature for
BTAO-BTA20.
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Fig. 7. dc conductivity as a function of temperature for BTAO-BTA20.

dc conductivity significantly increases several order of magnitude,
which is not favorable for its application in MLCC. The increase in
dielectric loss of BAT20 is also due to formation of Ag-tree in the
ceramics.

4. Conclusions

Barium titanate composites with 0, 4, 6, 8, 10, 15, 20 mol% silver
were prepared by the conventional solid state ceramic route. Silver
did not react with BaTiO3 during sintering, while it influenced den-
sification and microstructure of BaTiO3 ceramics. Spherical BaTiO3
grains necked together and silver particles show island distribution
in the ceramics. All these factors, such as density, microstructure

and percolation threshold effects, had effects on dielectric and con-
ductivity properties of barium titanate-silver composites. Barium
titanate composites with 15 mol% Ag showed maximum dielectric
permittivity, but it was accompanied by a significant increase in
dc conductivity. Addition low concentrations of Ag (<10 mol%) in
BaTiO3 ceramics led to increase in dielectric permittivity, improve-
ment of temperature stability and decrease in dielectric loss and
dc conductivity, so it can be a candidate for application in MLCC
materials.
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