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bstract

n this study, investigations have been made on the crystal structure, surface morphology, dielectric and electrical properties of tungsten doped
rBi2(WxTa1−x)2O9 (0.0 ≤ x ≤ 0.20) ferroelectric ceramics. Dielectric measurements performed as a function of temperature at 1, 10 and 100 kHz
how an increase in Curie temperature (Tc) over the composition range of x = 0.05–0.20. W6+ substitution in perovskite-like units results in a sharp
ielectric transition at the ferroelectric Curie temperature with the dielectric constant at their respective Curie temperature increasing with tungsten

oping. The dielectric loss reduces significantly with tungsten addition. The temperature dependence of ac and dc conductivity vis-à-vis tungsten
ontent shows a decrease in conductivity, which is attributed to the suppression of oxygen vacancies. The activation energy calculated from the
rrhenius plots is found to increase with tungsten content.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The Aurivillius family of oxides with layered structure con-
ists of regular intergrowths of [Bi2O2]2+ layers with perovskite
An−1BnO3n+1]2− slabs.1,2 Generally ‘A’ is mono, di or trivalent
ation that has dodecahedral coordination, whereas ‘B’ is a tran-
ition element with octahedral coordination and ‘n’ is an integer
epresenting the number of perovskite like slabs. Role of bismuth
ayer in determining the electrical and ferroelectric properties of
hese ceramics has been found to be crucial. Bismuth layer is
eported to be paraelectric in nature while perovskite unit cell
tructures are ferroelectric.3 Therefore, doping in these layered
eramics to improve the properties has been a matter of inter-
st. Among the bismuth layered structure ferroelectrics (BLSFs),
rBi2Ta2O9 (SBT), SrBi2Nb2O9 (SBN) and their solid solutions
re the better potential materials for application in informa-

ion data storage such as ferroelectric random access memories
FeRAMs). They offer several advantages like being Pb-free,
atigue-free and having independence of ferroelectric proper-
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ies with film thickness, as compared with isotropic perovskite
erroelectrics such as lead zirconium titanate (PZT).4,5

The effect of A- and B-site substitutions in these per-
vskite ferroelectric materials has great relevance towards
heir physical and chemical properties and has been pursued
ntensively. Substitutional methodhology has also been exten-
ively used in piezoelectrics and ferroelectrics to improve their
erformance.6–10 Efforts on the improvement of the dielectric
nd ferroelectric properties are mostly based on the A-site sub-
titutions in SBT. However, very limited work on the dielectric
nd electrical properties of the layered perovskite SBT vis-à-
is substitution onto the B-site ion (Ta5+) with other alternate
ations of higher oxidation states is available.

The present work aims at studying the effects of substitution
f tungsten (W6+) for tantalum (Ta5+) on the structural, micro
tructural, dielectric and electrical properties (ac and dc conduc-
ivity) of SrBi2Ta2O9 ferroelectric ceramics.

. Experimental
Samples of compositions SrBi2(WxTa1−x)2O9 (SBWT), with
ranging from 0.0 to 0.2 were synthesized by solid-state reaction
ethod taking SrCO3, Bi2O3, Ta2O5 and WO3 (all from Aldrich)
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Table 1
The observed lattice parameters a, b and c of SrBi2(WxTa1−x)2O9 ceramics

x a (Å) b (Å) c (Å)

0.0 5.5243 5.5337 25.1001
0.025 5.5215 5.5090 24.9767
0.050 5.5172 5.5062 25.0046
0.075 5.5005 5.4807 25.0156
0.100 5.4822 5.4289 25.0354
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n their stoichiometric proportions. The powder mixtures were
horoughly ground and passed through sieve of appropriate
ize and then calcined at 900–1000 ◦C in air for 2 h. The cal-
ined mixtures were ground and admixed with about 1–1.5 wt%
olyvinyl alcohol (Aldrich) as a binder and then pressed at
300 MPa into disk shaped pellets. The pellets were sintered

t 1150 ◦C for 2 h in air.
X-ray diffractograms of both the calcined and sintered sam-

les were recorded using a Bruker diffractometer in the range
0◦ ≤ 2θ ≤ 70◦ with Cu K� radiation. Scanning Electron micro-
raphs (SEM) for the samples were recorded using Cambridge
tereo Scan 360 microscope. The sintered pellets were polished

o a thickness of ∼1 mm and coated with silver paste on both the
ides for use as electrodes and cured at 550 ◦C for half an hour.
he dielectric measurements were carried out using Solartron-
260 Impedance/gain-phase analyzer operating at oscillation
mplitude of 1 V. The dielectric constant as a function of temper-
ture was measured at frequencies of 1, 10 and 100 kHz. The dc
onductivity measurements were carried out in the temperature
ange of room temperature to 450 ◦C using a Keithley 6517A
lectrometer. DC conductivities were also calculated from the
ole–Cole plots of the various compositions to render credence

o their direct measurements.

. Results and discussion
.1. XRD and SEM analysis

The XRD patterns of the various SBWT samples sintered at
150 ◦C show similar features as reported earlier.6 It is observed

c
g
o

Fig. 1. SEM micrographs of fracture surface of chemically etched SrBi2(WxTa
.200 5.4852 5.4268 25.0701

hat the single phase layered perovskite structure is formed up
o 5 at% of W-doping in SrBi2(WxTa1−x)2O9. For compositions
ith x > 0.05, in addition to the major peaks representing layered
erovskite phase, an unidentified peak of very low intensity is
lso observed which is ascribed to unreacted tungsten oxide in
he material.

The peaks have been indexed using the observed interpla-
ar spacing d and the lattice parameters so obtained were
efined using the least square refinement method by a com-
uter program package-Powdin.11 On the basis of ionic radii
f atoms and coordination number6 it is expected that tung-
ten atoms occupy tantalum (B) sites. This seems to be indeed
he case as a decrease in the lattice constants is observed
Table 1) due to a smaller ionic radius of W6+ than that of
a5+.

Fig. 1 shows the SEM images of the fractured surfaces of the

hemically etched undoped and doped ceramics. The average
rain size of the undoped SBT is observed to be ∼3–4 �m. It is
bserved that the average grain size and aspect ratio increased

1−x)2O9 samples: (a) x = 0.0; (b) x = 0.025; (c) x = 0.075; and (d) x = 0.20.
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ith the increase in tungsten content. The plate-like grains are
nisotropic and randomly oriented. For the concentration range

f 0.025 ≤ x ≤ 0.05 the average grain size is ∼5–6 �m and for
.075 ≤ x ≤ 0.10 it is ∼4–5 �m, whereas for x = 0.20 the grain
ize increases to ∼8 �m.

f
s

ig. 2. Dielectric constant and dielectric loss of SrBi2(WxTa1−x)2O9 samples as a fun
d) x = 0.075; (e) x = 0.10; and (f) x = 0.20.
Ceramic Society 27 (2007) 253–260 255

.2. Dielectric properties
Fig. 2 shows the dielectric constants and dielectric loss as a
unction of temperature for doped and undoped ceramics mea-
ured at frequencies of 1, 10, and 100 kHz with oscillation

ction of temperature at 1, 10 and 100 kHz: (a) x = 0.0; (b) x = 0.0; (c) x = 0.025;
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mplitude of 1 V. For all the doped samples, a sharp transition in
ielectric constant at their respective Curie temperature (Tc) is
bserved at all the frequencies. It is observed that the Curie tem-
erature increases over the composition range of x = 0.05–0.20.
he dielectric constants at low temperatures for all the samples
re also found to be the same regardless of the signal frequencies.
he low frequency dielectric dispersion at high temperatures is
bserved in the case of pristine sample (x = 0).

It is known that the pristine SrBi2Ta2O9 is not perfectly sto-
chiometric, but contains a certain amount of inherent defects
e.g. oxygen vacancies) resulting from the volatilization of
i2O3 at high temperatures.12 When Bi2O3 is lost, bismuth
nd oxygen vacancy complexes are formed in the (Bi2O2)2+

ayers. It has been established through X-ray photoemission
pectroscopy studies that the oxygen ions in (Bi2O2)2+ layers
re less stable than the O2− ions in (SrTa2O7)2− perovskite
labs.12 Many investigations of Pb(Zr,Ti)O3 have indicated that
he defects such as oxygen vacancies, V ••

o , act as space charge
hich plays an important role in the electrical polarization of
erovskite materials.13,14 The oxygen vacancy induced polar-
zation becomes dominant at high temperatures and at low
requencies.14 This explains the significantly enhanced dielec-
ric constant at low frequency and high temperatures, observed in
he undoped sample (Fig. 2a). In the donor doped SBT, since the
alency of the substituted cation (W6+) is higher than the parent
ation (Ta5+), therefore substitution of two tungsten ions onto
wo tantalum sites creates a vacant site possibly at A-site (Sr-site)
n the lattice structure so as to maintain electrical neutrality.15,16

uch cation vacancies effectively reduce the oxygen vacancy
ontent and the related polarization. Therefore for higher con-
entration of tungsten in SBT, the low frequency dispersion at
igh temperatures is not observed.

The dielectric loss (at 1, 10, and 100 kHz) as a function of
emperature for SBT doped with various amounts of tungsten
s also shown in Fig. 2. It is observed that with tungsten dop-
ng dielectric loss reduces significantly. The source of dielectric
oss in insulating ceramics is space charge polarization/domain
all relaxation.17 The presence of defects like oxygen vacancies
••
o , which act as space charge and contribute to the electri-
al polarization of perovskite materials, can thus be related to
he dielectric loss. The undoped sample has inherent oxygen
acancies resulting from the volatilization of Bi2O3, whereas
ith doping of W6+ for Ta5+ the formation of cation vacan-

ies effectively reduces the concentration of oxygen vacancies.
his is consistent with the observation of higher loss in case of
ndoped sample (Fig. 2b) and reduced loss in the doped sam-
les (Fig. 2c–f). Similar observation of reduced loss with donor
oping has also been reported by Noguchi et al.18,19

Near the Curie temperature (Tc), dielectric, elastic, optical
nd thermal properties of the ferroelectric materials exhibit
nomalous behavior. In this work, the phase transition temper-
ture Tc of the samples has been deduced from the temperature
ependence of the dielectric constant (Fig. 2). In order to under-

tand the effect of tungsten doping in SBT on the dielectric
roperties, Fig. 3 illustrating the Curie temperature and dielectric
onstant of all the samples (at 1, 10 and 100 kHz) as a function
f doping concentration is plotted. It is observed that at all fre-

a
o
t
p

ig. 3. The variation of Curie temperature and dielectric constant at Tc vs.
oncentration of tungsten in SrBi2(WxTa1−x)2O9 at 1, 10 and 100 kHz.

uencies the Tc value for each of the doped samples remains
he same. A shift in Tc to higher temperatures and a corre-
ponding increase in peak dielectric constant with increasing
oncentration of tungsten is also observed. In isotropic per-
vskite ferroelectrics, doping at B-site (located inside an oxygen
ctahedron) with smaller ions results in the shift of Tc to a
igher temperature, leading to a larger polarization which can
e well explained by the enlarged “rattling space” available
or smaller B-site ions.20,21 In layered-structure perovskite, the
rystal structure may not change as freely as that of isotropic per-
vskites with doping due to the structural constraint imposed by
he (Bi2O2)2+ interlayer. When the dopant concentration is low,
he lattice structure under the constraint and the cation vacan-
ies at the A-site possibly have resulted in an increased stress
alue. In such a situation the perovskite structure would be less
table and would cause a decrease in Tc, explaining the observed
ecrease in Tc at x = 0.025 (Fig. 3). For W concentration x > 0.05,
t is observed that the decrease in the lattice parameters a and b
Table 1) is much greater than at lower x values (<0.05), indicat-
ng that the shrinking tendency of the crystal lattice overcomes
he structural constraint imposed by the (Bi2O2)2+ interlayer.
hus for higher W concentrations, decrease in the unit cell vol-
me and introduction of cation vacancies at the A-site possibly
ead to an enhancement of ferroelectric structural distortion and
n eventual increase in Tc value. Enhancements in Tc value due
o such factors have been reported by Wu et al.15 Higher Tc
alue, which is indicative of enhanced polarizability, explains
he increase in dielectric permittivity with tungsten concentra-
ion (Fig. 3). Also, the cation vacancies introduced into the unit
tructure make the domain motion easier and increase the dielec-
ric permittivity.16,22 This is supported by the grain size variation
n the micrographs (Fig. 1). One expects the walls to be quite
ree in large grains and to be inhibited in their movement as
he grain size decreases, since grain boundaries will contribute

dditional pinning points for the moving walls.23 The doping
f tungsten causes an overall increase in the grain size, making
he domain wall motion easier and an increase in the dielectric
ermittivity.



pean

3

i
u
d
σ

σ

p
f
s

σ

w
t

f
c
T

o
o
c
c
o
a
p
c
t
t
p
c
i
i
r
t
s
i

I. Coondoo et al. / Journal of the Euro

.3. AC and DC conductivity

Electrical conductivity, which directly relates to power losses
s an important physical parameter and appreciably restricts the
tilization of several properties of ferroelectrics.24 The total con-
uctivity σtot of the material comprises of the dc conductivity,
dc and the ac conductivity, σac,

tot = σdc + σac(ω) (1)

The σdc accounts for the free charges available and is inde-
endent of the frequency. The σac accounts for the bound and
ree charges and can be expressed in terms of the dielectric con-
tant εr and the dissipation factor tan δ as:25

ac = ωεoεr tan δ (2)

here ω is the angular frequency and εo the free-space permit-
ivity.
The plots of dc conductivity for SrBi2(WxTa1−x)2O9 as a
unction of temperature are depicted in Fig. 4. The nature of
urve shows that the conductivity increases with temperature.
his suggests the presence of negative temperature co-efficient

s
c

σ

Fig. 4. The variation of dc conductivity in SrBi2(WxTa1−x)2O9 as a function
Ceramic Society 27 (2007) 253–260 257

f resistance (NTCR), a characteristic of insulators.25 It is
bserved that donor doping in SBT resulted in reduced dc
onductivities. Two predominant conduction mechanisms indi-
ated by slope changes in two different temperature regions are
bserved. It is worth mentioning here that pure ionic conductors
re expected to exhibit appreciable conductivity due to the ions
resent, at all temperatures. Mixed conductors, as in the present
ase, would however, show negligible ionic conductivity at lower
emperatures (<300 ◦C) and therefore, the ionic conductivity in
hese materials would exhibit its predominance only at high tem-
eratures. Ln σdc Vs 103/T plots (Fig. 4a–d) for various samples
learly show two distinct slopes separating the predominance of
onic contribution in the high temperature regime. Such change
n the slopes in the vicinity of the ferro-paraelectric transition
egion have been observed for other ferroelectrics also.26,27 The
emperature region of ∼300 to ∼700 ◦C in these ceramics corre-
ponds to the intrinsic ionic conduction range where conduction
s presumably dominated by the intrinsic defects.27,28 Table 2

ummarizes the dc conductivity and activation energy values
alculated using the Arrhenius equation:

= σoeEa/KT (3)

of temperature: (a) x = 0.0; (b) x = 0.050; (c) x = 0.10; and (d) x = 0.20.
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Table 2
Activation energy and dc conductivity of SrBi2(WxTa1−x)2O9 ceramics

x Activation energy (Ea) (eV) σdc 450 ◦C (×10−7 S/cm)

0.0 0.690 29.63
0.025 1.977 11.96
0.050 1.951 11.91
0.075 1.987 10.55
0
0

w
K
d
C
a
m

r
m
m
t
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t
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h
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h
v

t
The variation of ac conductivity as a function of temperature
.100 1.725 1.807

.200 1.723 1.738

here σ indicates the conductivity, Ea the activation energy and
the Boltzman constant. We have also calculated the dc con-

uctivity values for various samples through their respective
ole–Cole plots (ac impedance method) at different temper-
tures, which closely match with the measured dc values (dc
ethod), giving credence to the observed data (Fig. 4a–d).
The oxygen vacancy V ••

o is doubly positively charged with
espect to the neutral lattice and is considered to be the most

obile intrinsic ionic defect in the perovskite oxides.29,30 Their
otion in perovskites is evidenced through enhanced conduc-

ivity and activation energy of ∼1 eV.31 From the shape of the

a
t
e

Fig. 5. The variation of ac and dc conductivity in SrB
Ceramic Society 27 (2007) 253–260

rrhenius plot for x = 0.0 (Fig. 4a) and the activation energy
alue (Table 2), it seems that the conductivity is basically due
o the oxygen vacancies. In doped SBT, to achieve charge neu-
rality, the substitution of W6+ onto Ta5+ would be accompanied
y the formation of cation vacancies and subsequent elimina-
ion of oxygen vacancies resulting in a significant decrease of
acancy complexes formed due to Bi2O3 volatilization. It is
his decrease in the oxygen vacancy content that a decrease
n conductivity with increase in concentration of tungsten is
bserved (Fig. 4b–d). A few other studies on layered perovskite
ave also reported a decrease in conductivity with addition of
onors.27,28,32 The observed variation of conductivity with tung-
ten concentration in SBT is consistent with dielectric loss,
hich also reduces with increasing tungsten concentration and
as been explained in light of contribution from the oxygen
acancies.

The ac electrical conductivity and activation energies (Ea) of
he samples were calculated using Eqs. (2) and (3), respectively.
t frequencies of 1, 10 and 100 kHz is shown in Fig. 5 and
he Ea of the samples are summarized in Table 3. The ferro-
lectric phase transitions in SrBi2(WxTa1−x)2O9 manifests as

i2(WxTa1−x)2O9 as a function of temperature.
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Table 3
Activation energy (ac conductivity) of SrBi2(WxTa1−x)2O9 ceramics

x Activation energy (Ea) for T > Tc

1 kHz (eV) 10 kHz (eV) 100 kHz (eV)

0.0 0.589 0.481 0.429
0.025 1.123 0.924 0.642
0.050 1.872 1.225 0.529
0.075 0.998 0.946 0.428
0
0

a
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.100 0.936 0.842 0.613

.200 1.314 0.863 0.511

peak for all the samples with x ≥ 0.025 whereas for x = 0.0,
mere slope change is observed around Tc. For x = 0.0, the

ielectric and dc conductivity studies indicate the presence of
xygen vacancies. As frequency decreases, oxygen vacancies
ecome active and mask the growth of the ferroelectric phase
nd hence no clear anomalies appear either in the tempera-
ure dependence of the dielectric constant or conductivity (ac
nd dc). At low temperatures, the ac conductivity is seen to be
lmost independent of temperature but shows different values
t various frequencies indicating that main contribution to the
onductivity result from the presence of space charges. As the
emperature increases, the conductivity shows an increase with
ll curves tending to merge at high temperatures. Different slope
hanges appear in different regions of temperature, indicating
he involvement of multiple activation processes with different
nergies.

. Conclusions

Increase of Curie temperature is observed with tungsten con-
entration in the range 0.05 ≤ x ≤ 0.20. The peak dielectric con-
tant at the Curie temperature is found to increase with increasing
oncentration of tungsten. The dielectric loss reduces signifi-
antly on the introduction of tungsten into the parent structure
BT. The doping of tungsten into SBT is found to be effective

n eliminating oxygen vacancies that decreased the conductivity
y as much as two to three orders of magnitude. Such composi-
ions should be excellent materials for highly stable ferroelectric

emory devices.
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