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1. Introduction 

In recent years, there has been a tremendous interest in ferroelectric materials from 
perspective of their potential applications in electronic devices such as non-volatile random 
access memories (NvRAMs), pyroelectric infrared detectors and optical switches [1-4]. On 
account of their read-write speed, non volatility, low operating power and radiation 
hardness, NvFRAMs are promising candidates for substituting silicon based electrically 
erasable programmable read-only memories (EEPROMs) and flash EEPROMs. The materials 
for memory applications are required to possess the following properties: a large remanent 
polarization (Pr), a low coercive field (Ec) and sufficient fatigue endurance against repetitive 
polarization switching etc. [5]. Among ferroelectrics, lead zirconate titanate PbZr1-xTixO3 
(PZT) has been investigated extensively and has been found to be the most promising 
material for NvFRAM applications. However, apart from Pb toxicity, PZT suffers from 
serious degrading problems such as fatigue, ageing and leakage current that hinder the 
usability of this material in devices [6-10]. Among them fatigue is an important reliability 
issue for NvRAM devices which is defined as a decrease in switchable polarization with 
increasing number of polarization reversals [11].  
During the search for an alternate ferroelectric material for these applications, it was found 
that bismuth oxide layered structures (BLSFs) originally synthesized by Aurivillius [12] are 
the most suitable candidates due to their relatively high Curie temperature (Tc), low 
dielectric dissipation and anisotropic nature originating from their layered structure [13-15]. 
The Aurivillius family of layered bismuth-oxides encompasses many ferroelectric materials, 
a fact which was known since the pioneering work of Smolenskii [16] and Subbarao [17], 
more than forty years ago.  SrBi2Ta2O9 (SBT), which is an n=2 member of the Aurivillius 
family of layered compounds, proved to be a versatile material for multifarious 
applications. Since Araujo et. al. [18] reported the fatigue-free behavior of SrBi2Ta2O9 (SBT), 
it has gained importance among Pb-free ferroelectric memory materials [19-28]. Araujo 
recognized the inherent advantage of BLSFs over other ferroelectric materials on account of 
the fact that the former have intermediate bismuth oxide layers between the ferroelectric 
units [29].  
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Fig. 1. The crystal structure of SrBi2Ta2O9 

Fig. 1 depicts the crystal structure of SrBi2Ta2O9 consisting of (Bi2O2)2+ layers and perovskite-
type (SrTa2O7)2- units with double TaO6 octahedral layers [30]. Besides improvement in the 
fatigue characteristics, a longer polarization retention time, lesser tendency to take an 
imprint [30,31], high dielectric constant and low switching fields have also been observed in 
SBT [32], which are better than those of PZT [18, 33-34]. The high fatigue endurance to 
repetitive switching of polarization (≈1012 switching cycles) is believed to originate from the 
anisotropic nature of SBT. It has been argued that the (Bi2O2)2+ layers control the electronic 
response [35-36] and perform the primary function in preventing degradation of remanent 
charge [35,37]. The ferroelectricity arises mainly in the perovskite blocks [15, 35, 38-40]. The 
dielectric constant peak corresponding to a ferro-paraelectric transition has been reported in 
the range of 300–320 ˚C [35, 38].Though SBT shows improved ferroelectric properties [41-
42], its piezoelectric properties have not been investigated in detail. Kholkin et. al. [43] 
reported on the electromechanical properties of SBT but the maximum piezoelectric 
coefficient that was measured was quite small.  
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In this chapter effect of tungsten and europium substitution on dielectric, conductivity, 
piezoelectric and ferroelectric properties of SBT ceramics have been carried out and the 
results are presented. 

2. Experimental techniques 

The polycrystalline SrBi2Ta2O9 (SBT) ferroelectric ceramics doped with W (tungsten) and Eu 
(europium) having the following compositions were prepared by the solid state reaction 
technique: 

SrBi2(Ta1-xWx)2O9; x = 0.0, 0.025, 0.050, 0.075, 0.10, 0.20 

Sr1-xEuxBi2Ta2O9;   x = 0.0, 0.025, 0.050, 0.10, 0.20 

The starting chemicals used were strontium carbonate (SrCO3), bismuth oxide (Bi2O3), 
tantalum oxide (Ta2O5), tungsten oxide (WO3) and europium oxide (Eu2O3). The chemicals 
were weighed in stoichiometric proportions as mentioned above. The weighed powders 
were mixed and thoroughly ground and passed through sieve of appropriate mesh size. The 
ground powder was calcined at 900 ˚C in air for two hours. Thereafter, the calcined powder 
was pressed into disk shaped pellets. The pellets were sintered in air at 1200 ˚C. The sintered 
pellets were polished to a thickness of nearly 1mm. High temperature conductive silver 
paste was used for electroding the parallel surfaces. After applying the silver paste, the 
pellets were cured at 550˚C for half an hour before electrical characterization. X-ray 
diffractograms of all the samples were recorded for the structural analysis  using Bruker X-
ray diffractometer with CuKα radiation of wavelength 1.54439 Å  in the  range from 10˚≤ 2θ 
≤70˚ at a scanning rate of 0.05˚ / second. The SEM micrographs of the fractured surfaces of 
the samples were obtained using the Cambridge Stereo Scan 360 scanning electron 
microscope. A Solartron 1260 Gain-phase impedance analyzer was used for measuring the 
dielectric constant and dielectric loss in the present work.  The d.c conductivity was 
measured using Keithley’s 6517A electrometer. Hysteresis measurements were done at 
room temperature using an automatic PE loop tracer based on Sawyer-Tower circuit at 
switching frequency of 50 Hz. The piezoelectric coefecient, d33 was measured using a 
Berlincourt d33 meter. 

3. Results and discussion 

3.1 XRD analysis 
The observed XRD patterns of the studied samples having different concentrations of 
tungsten and europium are shown in Fig. 2(a) and (b), respectively. The XRD patterns of the 
SrBi2(Ta1-xWx)2O9 samples show the characteristic peaks of SBT. The peaks have been 
indexed with the help of a computer program – POWDIN [44] using the observed 
interplanar spacing d. It is observed that the single phase layered perovskite structure is 
maintained in the range 0.0 ≤ x ≤ 0.05. An unidentified peak of very low intensity is 
observed in the composition with x > 0.05.  In all the diffraction patterns, peaks shift slightly 
towards higher diffraction angle with increasing W concentration implying a decrease in 
lattice parameters. This can be understood from the fact that the ionic radius of W6+ (0.60Å) 
is smaller in comparison to Ta5+ (0.64Å). On the other hand no extra peaks are observed in 
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the XRD patterns of Sr1-xEuxBi2Ta2O9 samples. It can therefore be concluded that the single 
phase layered perovskite structure is maintained in all the SEBT samples. The calculated 
lattice parameters for both the series are tabulated (Table 1). 

(b) (a) 

 
Fig. 2. XRD patterns of the (a) SrBi2(Ta1-xWx)2O9 and (b) Sr1-xEuxBi2Ta2O9 samples 

 
W 

Conc 
a 

(Å) 
b 

(Å) 
c 

(Å) 
Volume

(Å3) 
Eu 

Conc.
a 

(Å) 
b 

(Å) 
c 

(Å) 
Volume (Å)3 

0 5.5212 5.5139 24.9223 758.7182 0 5.5212 5.5139 25.0122 761.4550 

0.025 5.5314 5.5202 25.1079 766.6555 0.025 5.5262 5.5187 25.0282 763.2960 

0.05 5.5270 5.5199 25.0585 764.4969 0.05 5.5256 5.5158 24.9765 761.2364 

0.075 5.5251 5.5045 25.0567 762.0472 0.1 5.5209 5.5101 24.9555 759.1641 

0.1 5.5242 5.5060 25.085 762.9915 0.2 5.5167 5.5042 24.9349 757.1487 

0.2 5.5233 5.4939 25.0861 761.2241  

Table 1.  Lattice parameters and unit cell volume for SrBi2(Ta1-xWx)2O9 and Sr1-xEuxBi2Ta2O9 
samples 

3.2 Morphological studies 
Figs. 3 and 4 show the surface morphology of the SBTW and SEBT samples respectively. A 
systematic study of the micrographs reveals porous and loosely packed grains for the pure 
sample. From the figures one can notice an increase in the average grain size, homogeneity 
and relatively packed microstructure with W and Eu substitution. Randomly oriented and 
anisotropic plate-like grains are observed in all the W substituted samples. The average 
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grain size in the SEBT sample with x = 0.025 is ~ 5-6 µm while that in the sample with x = 
0.20 the size increases to ~ 7-8 µm. 

(a) (b) (c) 

(d) (e) (f) 

 

 
Fig. 3. SEM images with (a) x = 0.0, (b) x = 0.025, (c) x = 0.05, (d) x = 0.075, (e) x = 0.10 and  
(f) x = 0.20 of SrBi2(Ta1-xWx)2O9 samples 

 
Fig. 4. SEM images with (a) x = 0.0, (b) x = 0.025, (c) x = 0.05, (d) x = 0.10  of Sr1-xEuxBi2Ta2O9 
samples 
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3.3 Dielectric studies 
It is well known that the dielectric permittivity and loss of ferroelectric materials in most 
cases depend upon the composition, grain size, secondary phases, etc [45]. Since bismuth 
layered perovskites are anisotropic in nature, its dielectric behavior is often influenced by 
the crystal structure [45]. All ferroelectric materials are characterized by a transition 
temperature known as Curie temperature (Tc) at which the dielectric constant is maximum.  
At temperatures T>Tc, the crystal does not exhibit ferroelectricity while for T<Tc it is 
ferroelectric [46]. 
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Fig. 5. (a) Temperature dependence of dielectric permittivity and (b) loss tangent for SBTW 
samples. (c) Temperature dependence of dielectric permittivity and (d) loss tangent for 
SEBT samples. The inset in (c) shows variation of tetragonal strain (c/a) with Eu 
concentration 

The phase transition temperature of a sample is deduced from its dielectric permittivity ( rε ) 
versus temperature curve. Fig. 5(a) shows the temperature dependence of rε  at selected 
frequencies of 100 kHz in SBTW samples. All the doped samples exhibit sharp transition at 
their respective Curie temperatures (Tc). A shift in Tc to higher temperatures and a 
corresponding increase in the peak dielectric constant values with increasing concentration 
of tungsten are observed. 
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The observed variation in Tc & peak- rε  with concentration is explained in the ensuing 
paragraph. Generally in isotropic perovskite ferroelectrics, doping at B-site (located inside 
an oxygen octahedron) with smaller ions results in the shift of the Curie point to a higher 
temperature, leading to a larger polarization due to the enlarged “rattling space” available 
for smaller B-site ions [37].  However, in the anisotropic layered-perovskites, the crystal 
structure may not change as freely as that in the isotropic perovskites with doping due to 
the structural constraint imposed by the (Bi2O2)2+ interlayer  [47-48]. On comparing the 
variation of in-plane lattice parameters a and b (Table 1) with tungsten concentration, we 
observe that with increasing tungsten concentration a decrease in the lattice parameters a 
and b is observed. It is this enhancement of ferroelectric structural distortion along with the 
introduction of cation vacancies at the A-site that lead to an eventual increase in Tc value [21, 
25, 47, 49-50]. In Fig. 5 (a) it is observed that peak- rε  increases with increasing tungsten 
concentration. The high Tc which is indicative of enhanced polarizability [21, 36, 51-52], 
explains the increase in peak rε .  Moreover, since the valency of the substitutional cation 
(W6+) is higher than the Ta5+, the substitution creates cationic vacancies at Sr-site ( "

SrV ) to 
maintain electrical neutrality of the lattice structure [22, 47, 53]. In the tungsten doped 
samples, because of the constraint of maintaining overall charge neutrality of the structure, 
substitution of W6+ ions for Ta5+ in the structure result in the formation of cation vacancies at 
A-sites. For substitution of two W6+ ions, one A-site (Sr site) remains vacant. The process can 
be represented as: 

 "1
2Ta SrNull W V•= +   (1) 

where TaW •  represents tungsten replacing tantalum site and "
SrV denotes the Sr-vacant site. It 

has been reported that cation vacancies make the domain motion easier and increase the 
dielectric permittivity [53-54] and thus an increase in rε  with increasing W content is 
observed. There is also a possibility that the microstructural development due to 
compositional deviation from the stoichiometry affect the dielectric properties. It is expected 
that the domain walls are quite free in their movement in larger grains than smaller sized 
grains, since grain boundaries contribute additional pinning points for the moving walls 
[55-56]. Increase in the grain size makes the domain wall motion easier which results in an 
increase in the dielectric permittivity [41]. Since the grain size increases with sintering W 
concentration (Fig. 3), an increase in peak - rε  is observed. 
Fig. 5 (b) shows the tangent loss (tanδ) as a function of temperature in W-doped samples 
measured at 100 kHz. It is observed that tungsten doping in SBT reduces dielectric loss 
significantly. The dissipation in ferroelectric materials occurs due to various causes such as 
domain wall relaxation, space charge accumulation at grain boundaries, dipolar losses, dc 
conductivity, etc. [45]. The presence of oxygen vacancies oV•• , which act as space charge and 
contribute to the electrical polarization can be related to the dielectric loss [50, 57-58]. The 
substitution of W6+ for Ta5+ in SBT results in the formation of cation vacancies which 
effectively reduces the concentration of oxygen vacancies which in turn significantly reduce 
the dielectric loss. Reduction in loss have been reported in other donor doped BLSFs also 
[25, 49]. 
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Fig. 5(c) shows the temperature dependence of dielectric permittivity at 100 kHz for SEBT 
samples. The substitution of Eu in SBT lowers and broadens the ferro-paraelectric phase 
transition temperature. The broadened peaks, as observed in Fig. 5c, indicate that transition 
in all the samples is of diffuse type, an important characteristic of a disordered perovskite 
structure [59]. The broad peak implies that the ferroelectric - paraelectric phase transition 
does not occur at discrete temperature but over a temperature range [11]. The broadening or 
diffuseness of peak occurs mainly due to two mechanisms. One is due to the substitution 
disordering in the arrangement of cations at one or more crystallographic sites in the lattice 
structure leading to heterogenous domains [60]. Another possible explanation of broadened 
peak is due to the defect induced relaxation at high temperature [60-61]. 
Comprehensive structural analysis of SBT with the aid of neutron diffraction and Raman 
scattering have shown disorder in the distribution of the Sr ions and Bi ions [62-63]. Recent 
independent studies by Ismunandar et. al. [64] and Blake et. al. [62] have reported that there 
is a significant degree of Sr/Bi cation disorder in the SrBi2Nb2O9 compounds. Thus, it is 
possible that cation disorder between Sr and Bi sites also occurs in the tantalum analogues 
[51, 66].  Macquart et. al. [67], provided conclusive evidence of cation disorder in ABi2Ta2O9, 
where A = Ca, Ba, Sr. As already mentioned  pristine SrBi2Ta2O9  is not perfectly 
stoichiometric and contains a certain amount of inherent defects (e.g. oxygen vacancies) 
resulting from the volatilization of Bi2O3 at high temperatures. When Bi2O3 is lost, bismuth 
and oxygen vacancy complexes are formed in the (Bi2O2)2+ layers [58, 68]. Hence, such 
disorder in the arrangements of cations at A-sites (in perovskite- like unit) and Bi sites (in 
Bi2O2 layers) is likely to be present. It is because of the cation disordering, that ions at A and 
B site are not homogenously distributed on a microscopic scale. Such compositional 
fluctuations lead to a microscopic heterogeneity in the structure that consists of 
microdomains having slightly different chemical compositions [69-70].  These microdomains 
with different chemical compositions will have different ferro-paraelectric transition 
temperatures. This distribution of Tc induces a gradual ferroelectric transition leading to 
broadening of the peak [48, 69-71].  In the context of above discussions, it is highly probable 
that some Eu3+ ions, in addition to occupying Sr2+ sites, also occupy the available bismuth 
vacant sites in the Bi2O2 layer. In other words, there is a possibility of inhomogenous 
distribution of Eu ions in perovskite blocks and (Bi2O2)2+ layers. This can be expressed as: 

 '''
Bi BiEu V Eu Null••• + = =  (2) 

The above expression denotes the occupancy of Eu ion ( Eu••• ) at the vacant Bi site ( '''
BiV ); 

since Eu has +3 charge and Bi vacancy has effective -3 charge, they neutralize each other. 
Thus, it is reasonable to believe that the observed broadening of dielectric peak in Eu 
substituted SBT, is due to the oxygen vacancy-induced-dielectric relaxation [60-61, 72] and 
not a result of diffused phase transition as in a relaxor ferroelectric since we did not observe 
frequency dependence of Tc for SEBT.  
The fall in Curie temperature for SEBT samples can be understood in terms of the observed 
tetragonal strain variation (inset of Fig. 5c). Tetragonal strain is the internal strain in the 
lattice, which is reported to affect the phase transition temperature [52, 73-75]. Smaller value 
of strain indicates that lesser amount of thermal energy is required for the phase transition 
and therefore a decrease in Tc is expected with a decrease in the strain, as indeed observed. 
Dielectric measurements reported in other works have also shown that the introduction of 
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rare-earth ions at the A site in various perovskites and layered oxides, decreases ferroelectric 
phase transition temperature [76-78]. Curie temperature of Pr substituted SBT has been 
reported to be lower than that of SBT [77]. Dielectric measurements of La-substituted PbTiO3 
have revealed a decrease in Tc [79]. It is also reported that with increasing La content in SBT, 
the dielectric peak broadens and the Curie temperature decreases [42]. Nd has been 
substituted at A-site in Bi4Ti3O12 (BIT) which resulted in decrease of Tc [80]. Vaibhav et. al. 
[74] have reported that La substitution in SrBi2Nb2O9 result in a decrease of Tc with 
broadened peak. Watanabe et. al. [80] reported that lanthanoids like Nd and Pr substitutions 
effectively decrease Tc in BIT. Therefore, since Eu is a rare-earth ion, it is plausible that with 
increase in the content of europium, Tc decreases with broadened peak around the transition 
temperature. In addition, it is also known that the incorporation of cations into (Bi2O2)2+ 
layers reduces their electrostatic influence on the perovskite blocks, which might further 
contribute to the lowering of phase-transition [48, 81]. As discussed above, some of the Eu3+ 
also occupies the available vacant bismuth sites in the bismuth-oxide layer and therefore a 
decrease in the phase transition temperature is observed. Possibly all the above discussed 
mechanisms contribute partially to the observed dielectric behavior of the studied 
compositions. 
Fig. 5(d) shows the temperature dependence of tangent loss at 100 kHz for SEBT samples. It 
is observed that europium doping reduces the dielectric loss. The loss of Bi2O3 during 
sintering process results in the formation of oV••  in SBT [82]. The additional charge in case of 
donor substituted compounds is compensated through the formation of cation vacancies to 
maintain the overall charge neutrality of the unit structure. Similar observations have been 
made in rare-earth (La3+,Nd3+, Ce3+, Sm3+) substituted SBT [39, 42,76-77 ]. Based on the 
above reports and the present observations it is reasonable to believe that the substitution of 
trivalent Eu ions for divalent Sr ions results in the formation of cation vacancies at the A 
sites. For maintaining the charge neutrality of the unit structure, on the substitution of two 
Eu3+ ions, one A-site (Sr site) remains vacant. The corresponding formation of vacancy can 
be represented as: 

  "1
2Sr srNull Eu V•= +   (3) 

where "
SrV denotes the strontium vacant site; SrEu•  denotes Eu occupying the Sr site. Thus, it 

can be inferred that in Eu added SBT, the charge difference between Sr2+ and Eu3+ is 
compensated by the formation of Sr vacancies "

SrV . Since "
SrV  are effectively negatively 

charged and oV••  are effectively positively charged, these "
SrV  reduce the number of oV••  and 

thereby reduce the dielectric loss. 

3.4 dc conductivity 
The electrical conductivity of ceramic materials encompasses a wide range of values. The 
conductivity is usually strongly dependent upon temperature and composition [83].  In 
insulators charge carriers are regarded as defects in the perfect crystalline order, and the 
consideration of charge transport leads necessarily to consideration of point defects and 
their migration [84].  
Pure SBT has inherent oxygen vacancies that are effectively doubly positively charged, and 
thus behave as acceptor-excess material [85]. The apparent net excess of acceptor content in 
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pure SBT can be suppressed by addition of donors that reduces the oxygen vacancy 
concentration [85]. It has been reported that conductivity in Bi4Ti3O12 (BIT) can be 
significantly decreased with the addition of donors, such as Nb, Sb and Ta [86-88]. Makovec 
et. al. [39] reported that the minimum conductivity in air-sintered BaBi4Ti4O15 ceramics was 
obtained by the substitution of ~ 5 mol% of the Ti4+ ions with Nb5+ donors, and this resulted 
in a conductivity decrease of two orders of magnitude. Therefore, it is reasonable to believe 
that the conductivity in SBT can be suppressed by donor addition.  
Fig. 6(a) and (b) shows the temperature dependence of dc conductivity ( dcσ ) for SBTW and 
SEBT samples, respectively. The curves show that the conductivity increases with 
temperature. This suggests the presence of negative temperature coefficient of resistance 
(NTCR), which is a characteristic of insulators [84].  It is observed that d.c. conductivity 
reduces with both W and Eu substitution in SBT. Two predominant conduction mechanisms 
indicated by slope changes in two different temperature regions are observed.  Such change 
in the slope in the vicinity of the Curie temperature is attributed to the differences in the 
activation energy values in the ferroelectric and paraelectric regions.  The temperature 
region of ~300 ˚C to ~700 ˚C in these ceramics corresponds to the intrinsic ionic conduction 
range [86, 89].  In Table 2 the activation energies in the intrinsic conduction region, 
calculated using the Arrhenius equation for all the studied samples are given. The Ea value 
of the W and Eu substituted samples is much higher than that of the pure sample. 
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Fig. 6. Variation of dc conductivity with temperature for (a) SBTW and (b) SEBT samples 
 

W in 
SBT 

Ea (eV) 
 

Eu in 
SBT Ea (eV) 

0.0 0.76 0.0 0.69 
0.025 1.92 0.025 0.77 
0.05 1.96 0.05 0.96 
0.075 1.98 0.1 1.59 
0.10 1.86 0.2 1.73 
0.20 1.74  

Table 2. Activation energy (Ea) values obtained in high temperature region for  
SrBi2(Ta1-xWx)2O9 and Sr1-xEuxBi2Ta2O9 samples 
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It is known that the major disadvantage of the layer-structured perovskite materials for 
certain applications is their relatively high conductivity [90]. The high conductivity 
observed in layer-structured perovskite materials is related to the presence of oxygen 
vacancies which are effectively positively charged defects or acceptor impurities. The 
concentration of these defects and, consequently, the material’s conductivity, thus, increases 
by acceptor doping and decreases by donor doping [83-84, 89, 91-93].  Similarly in our case 
we observed a decrease in conductivity with donor (W and Eu) substitution in SBT. The 
constraint of maintaining the overall charge neutrality of the structure generates cation 
vacancies at Sr sites.  These cation vacancies thus formed (represented by Eqs. 1 and 3), 
effectively reduces the concentration of oxygen vacancies. The effect of both W and Eu 
substitution on the concentration of oxygen vacancies is verified from the dc conductivity 
measurements since a decrease in dc conductivity is observed in both cases.  
It is observed in Table 2 that the Ea values increases with increasing Eu content. As the 
concentration of Eu increases, more and more oxygen vacancies are compensated for and 
thereby the energy needed for the charge carriers to migrate (by hopping) also increases, 
leading to higher activation energy. As a result, the conductivity decreases because there are 
fewer oxygen vacancies available with sufficient energy to move around and the energy 
barrier between the scarcer vacancies increases [86]. Whereas in W-substituted samples Ea is 
observed to increase with W concentration up to x = 0.05; however, beyond that it decreases 
(Table 2). The decrease in the activation energy for samples with x > 0.05 suggests an 
increase in the concentration of mobile charge carriers [94]. This observation can be ascribed 
to the existence of multiple valence states of tungsten. Since tungsten is a transition element, 
the valence state of W ions in a solid solution most likely varies from W6+ to W4+ depending 
on the surrounding chemical environment [95-96]. When W4+ are substituted for Ta5+ sites, 
oxygen vacancies would be created, i.e. one oxygen vacancy would be created for every two 
tetravalent W ions entering the crystal structure increasing the concentration of mobile 
charge carriers and consequently a decrease in the Ea beyond x > 0.05.  
The observed variation in conductivity with tungsten and europium content in SBT is 
consistent with dielectric loss, which also reduces with increasing tungsten concentration 
and has been explained in light of contribution from oxygen vacancies. 

3.5 Ferroelectric properties 
The P-E loops measured at 50 Hz and room temperature for SBTW and SEBT samples are 
shown in Fig. 7 (a) and (b), respectively.  It is observed that W-substitution results in the 
formation of well-defined hysteresis loops. The optimum tungsten content for maximum 2Pr 
(~ 25 μC/cm2) is observed to be x = 0.075. 
It is known that ferroelectric properties are affected by compositional modification, 
microstructure and lattice defects like oxygen vacancies within the structure of the materials 
[15-26, 97]. In hard ferroelectrics, with lower-valent substituents the associated oxide 
vacancies are likely to assemble in the vicinity of domain walls [43, 98-99]. These domains 
are locked by the defects and their polarization switching is difficult, leading to a decrease 
in Pr and an increase in Ec. Moreover, theoretical calculations [100] have also shown that the 
increase in space charge density brings about a decrease in Pr. On the other hand, in soft 
ferroelectrics, with higher-valent substituents, the defects are cation vacancies whose 
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mobility is extremely low below Tc.  Thus, the interaction between cation vacancies and 
domain walls is much weaker than that in hard ferroelectrics [38, 43] leading to an increase 
in Pr values. Watanabe et. al. [101] reported a remarkable improvement in ferroelectric 
properties in the Bi4Ti3O12 ceramic by adding higher valent cation, V5+ at the Ti4+ site. 
Recently, significantly large Pr value has been reported for W-substituted BIT sintered 
sample [102]. It has also been reported that cation vacancies generated by donor doping 
make domain motion easier and enhance the ferroelectric properties [103]. Also it is known 
that domain walls are relatively free in large grains and are inhibited in their movement as 
the grain size decreases [45]. In the larger grains, domain motion is easier which results in 
larger Pr [104-105]. 
Based on the obtained results and above discussion, it can be understood that in pure SBT, 
the oxygen vacancies assemble at sites like domain boundaries leading to a strong domain 
pinning. Hence well-saturated P-E loops for pure SBT are not obtained. Whereas, in the W-
substituted  samples, the associated cation vacancy formation suppresses the concentration 
of oxygen vacancies. A reduction in the number of oxygen vacancies reduces the pinning 
effect on the domain walls, leading to enhanced remnant polarization and lower coercive 
field. Another possible reason could be attributed to the increase in grain size of SBTW, as 
observed in SEM micrographs (Fig. 3). In the present study, the grain size is observed to 
increase with increasing W concentration; however, the remanent polarization does not 
monotonously increase with increasing W concentration (Fig. 7a). It is observed that  
beyond x > 0.075 Pr values decreases. Therefore, besides the effect of grain size and 
reduction in oxygen vacancies, other factors also influence variation in remnant 
polarization.  
The decrease in the value of 2Pr for x > 0.075, seems possibly due to the presence of 
secondary phases (observed in XRD diffractograms) which hampers the switching process 
of polarization [106-110]. Also this could be explained on the basis of the inference drawn 
w.r.t. dc conductivity study in SBTW. We concluded that beyond x > 0.05, the number of 
charge carriers increases in the form of oxygen vacancies. This increase in oxygen vacancies 
beyond x > 0.05 leads to pinning of domain walls and thus a reduction in the Pr values is 
observed [111]. 
Fig. 7 (b) shows the P-E loops of the SEBT samples. It is observed that the remanent 
polarization increase with increase in europium content. The maximum 2Pr ~14 μC/cm2 is 
observed in the sample with x = 0.20. A lot of studies on the influence of rare-earth ion 
substitution in simple perovskite ferroelectrics have shown improved ferroelectric 
properties [88, 112-115]. The substitution of smaller lanthanoid ions like Samarium (Sm3+), 
Neodium (Nd3+) and lanthanum (La3+) etc. into BIT is reported to enhance remnant 
polarization [25, 116-118]. SrBi4Ti4O15, which has a crystalline structure similar to BIT, is 
another typical BLSF (m = 4) that shows enhanced ferroelectric properties as a result of La 
doping [119]. Noguchi et. al. [76] have reported that La, Nd, and Sm substitution in SBT 
show a large Pr compared to pure SBT. These results suggest that the smaller rare earth ion 
substitution enhances ferroelectric properties. Also, the substitution of Sr2+ by Eu3+ in the 
SBT lattice, results in the formation of vacancies at the A site ( ''

SrV ) that suppresses the 
concentration of oxygen vacancies leading to the observed enhancement of remnant 
polarization (Fig. 7b).  
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Fig. 7. P-E hysteresis loops for (a) SBTW and (b) SEBT samples 

3.6 Piezoelectric studies 

Piezoelectric ceramics are widely used for electromechanical transducers and hydrostatic 
sensing applications. Among the available materials, lead zirconate titanate (PZT) exhibits a 
large piezoelectric coefficient, d33 (400–600 pC/N) [120]. In recent years, lead-free materials 
such as bismuth-layered structured ferroelectrics (BLSFs) have been attracting attention for 
piezoelectric device applications, and are found suitable for fine tolerance resonators with 
excellent frequency stability [121]. Ando et. al. [122] have reported the effects of 
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compositional modifications in strontium bismuth niobate (SBN)-based BLSF materials in 
improving the piezoelectric properties. Kholkin et. al. [43] has reported on the 
electromechanical properties of SBT but the maximum polarization and piezoelectric 
coefficient that were measured were quite small. Since BLSFs generally have high Curie 
temperature and high coercive field at room temperature, it is necessary to perform poling 
at high temperature [123]. However, relatively high conductivity often prevents the 
application of high electrical field during the high-temperature poling treatment [123-124]. 
The conductivity, therefore, should be reduced in BLSFs to increase the poling efficiency. 
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Fig. 8. Variation of d33 in (a) SBTW and (b) SEBT samples 
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Fig. 8(a) and (b) shows the variation of piezoelectric charge coefficient d33 with x in SBTW 
and SEBT samples, respectively. The d33 increases with x up to x = 0.05, however, d33 did not 
improve significantly. A decrease in d33 values is observed for the samples with x > 0.05. 
The piezoelectric coefficient, d33, increases from 13 pC/N in the sample with x = 0.0 to 23 
pC/N in the sample with x = 0.05 in SBTW. Whereas in SEBT samples, the coefficient is 
observed to increase from 13 (x =0.0) to 20 pC/N (x = 0.20). The above observation can be 
explained on the basis of conductivity behavior observed in W- and Eu-substituted SBT 
samples. As observed, electrical conductivity reduces with both donor substituents ( Fig. 6a 
and b) in SBT. This decrease in conductivity upon donor substitution improves the poling 
efficiency and thus higher d33 values are obtained. It has also been reported that the 
incorporation of higher valent ions accompanied with cation vacancies at the A site in 
BLSFs, improves not only the ferroelectric property but also the piezoelectric one [49, 125]. 
The piezoelectric constants have also been found to increase with increase in grain size [49]. 
The report that the vacancies at A sites improve the piezoelectric properties due to increased 
wall mobility, supports the present observation in both cases. Moreover, since the grain size 
increases with both W and Eu content (Figs. 3 and 4), it is reasonable to believe that the 
increase in grain size will also contribute to the increase in d33 values. The decrease in the 
value of d33 for samples with x > 0.05 in SBTW samples is possibly due to the presence of 
secondary phases [1, 126-127] in the samples discussed earlier with respect to XRD 
observations (Fig. 2a).  

4. Conclusions 

The addition of tungsten in SBT is observed to be effective in improving dielectric, electrical, 
ferroelectric and piezoelectric properties.  The X-ray diffractograms show the formation of 
the single phase layered structure up to W concentration x ≤ 0.05, beyond which an 
unidentified peak is observed though its intensity is very small. Scanning Electron 
Microscopy (SEM) photographs reveal that W addition in SBT is effective in improving the 
microstructure, as, well developed dense microstructure with large grains are seen. The 
average grain size increases with increase in W content. The substitution of the smaller W6+ 
ions for Ta5+ ions in SBT is found to be effective in improving the dielectric properties. 
Dielectric constant ( rε ) and the Curie temperature (Tc) increases with increasing W content. 
The dielectric loss reduces significantly with increase in doping level. The maximum Tc of ~ 
390 ˚C is observed in the sample with x = 0.20 as compared to ~ 320 ˚C for the pure sample. 
The peak - rε  increases from ~ 270 in the sample with x = 0.0 to ~ 700 for the composition 
with x = 0.20. The temperature dependence of the electrical conductivity shows that 
tungsten doping results in the decrease of conductivity by as much as 2-3 orders of 
magnitude compared to pure SBT. All the tungsten-doped ceramics have higher 2Pr than 
that in the pure sample. The maximum 2Pr (~25 μC/cm2) is obtained in the composition 
with x=0.05. The d33 values increase with increasing W content up to x ≤ 0.05. The value of 
d33 in the composition with x = 0.05 is ~ 23 pC/N as compared to ~ 13 pC/N in the pure 
sample.  
For the europium-substituted samples, the single phase structure is maintained for the 
entire concentration range. The lattice parameters decrease with increase in europium 
concentration. The average grain size increases with increasing Eu concentration. It is 
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observed that the studied samples undergo a diffused transition near Tc. The dielectric loss 
and conductivity reduces with increasing Eu content. An increase in remanent polarization 
has been observed with increasing Eu content. The maximum 2Pr value of ~ 14 μC/cm2 is 
observed in the sample with x = 0.20 as compared to 4 μC/cm2 for the pure sample. A 
maximum d33 of ~ 20 pC/N is obtained in the sample with x = 0.20 as compared to 13 pC/N 
for the pure sample.  
Thus, addition of both the donor cations, W6+ and Eu3+ in SBT, is found to be effective in 
improving microstructural, electrical, ferroelectric and piezoelectric properties. Addition of 
both the donors, result in increase in grain size which makes domain motion easier and 
thereby enhance the dielectric permittivity, remanent polarization and d33 values. Also, the 
associated cation vacancies that are formed to maintain the charge neutrality in the structure 
is known to make domain motion easier. This contributes further in enhancing the various 
properties mentioned above. Also, W and Eu doping in SBT results in reduced dielectric loss 
and conductivity. Such compositions with low conductivity and high Pr values should be 
excellent materials for highly stable ferroelectric memory devices. 
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