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A B S T R A C T   

The molten salt technique was employed to prepare the Aurivillius phases SrBi2Ta2O9 (SBT) and Sr0.9La0.1Bi2-

Ta1.9Ti0.1O9 (SLBTT). The XRD data and the Le Bail refinement approach demonstrate that both samples formed 
the double-layer Aurivillius phase with the orthorhombic A21am structure successfully. The SLBTT cell volume is 
smaller compared to SBT with the substitution of smaller La3+ and Ti4+ ions and the increased size of the plate- 
like grains. FTIR analysis indicates the two local arrangements of Ti4+ at the B-site to form Ti–O–Ti and Ti–O–Ta 
bonds. Changes in the structural properties due to La3+ and Ti4+ substitution are reflected in the electrical 
properties. The higher ferroelectric transition temperature (Tc) of 455◦C with the diffused phase transition 
behavior (DPT) was obtained in SLBTT. The unsaturated hysteresis loop of SLBTT obtained the ferroelectric 
remnant polarization (Pr) of 0.43 μC/cm2 and the coercive field (Ec) of 110.6 kV/cm, respectively. The enhanced 
ferroelectric characteristic as well as a higher bandgap (Eg) that is driven by the substitution of variable smaller 
cations.   

1. Introduction 

Recently, the ferroelectric materials have been an exciting subject of 
intense research due to their potential applications in electronic devices, 
non-volatile ferroelectric random-access memory, energy storage, 
piezoelectric generator, electrocaloric, solar cell, and etc. [1–5]. The 
Aurivillius compound is composed of a bismuth layer [Bi2O2]2+ and a 
perovskite layer [Am-1BmO3m+1]2- whereby m represents the number of 
Aurivillius layers [6]. Here, the (Bi2O2)2+ layers play a crucial role in 
space-charge compensation and insulation of the materials as well as the 
perovskite-like layers with d0-configuration cations and the distorted 
BO6 octahedra give rise to high electrical polarization, resulting in the 
ferroelectric behavior in nature with a high transition temperature (Tc). 
The double-layer Aurivillius SrBi2Ta2O9 (m = 2) show excellent ferro-
electric properties with a Curie temperature (355 ◦C), low leakage 
current, and fatigue resistance [7]. 

Numerous reports are available on the enhancement of the electrical 
properties of Aurivillius compounds with a suitable compositional 
modification. A common approach is the substitution of lanthanide ions 
(Ln3+) on A-site, and has reported the enhancement of piezoelectric and 
ferroelectric characteristics by suppressing the formation of oxygen 
vacancies and reducing the leakage current in Aurivillius compounds 

[8–11]. Additionally, substitution transition metal ions with d0-config-
uration on B-site offer the improved ferroelectric properties [12,13]. As 
a result, the perovskite layer was shown to be highly amenable to cation 
substitution at the A-site, the B-site or both, resulting in enhanced 
electrical characteristics as well as inducing the transition from a normal 
ferroelectric to a relaxor-ferroelectric. 

In this work, the double-layer Aurivillius compound SrBi2Ta2O9 was 
simultaneously substituted by the La3+ for Sr2+ at the A-site and Ti4+ for 
Ta5+ at the B-site to obtain charge neutrality and also oxygen content 
constant. We have synthesized the SrBi2Ta2O9 (SBT) and Sr0.9La0.1Bi2-

Ta1.9Ti0.1O9 (SLBTT) compounds using the molten salt technique that 
has not previously been reported. The structure, morphologies, dielec-
tric, and optical properties of both compounds were systemically 
studied. 

2. Experimental procedures 

SrBi2Ta2O9 (SBT) and Sr0.9La0.1Bi2Ta1.9Ti0.1O9 (SLBTT) samples 
were synthesized by the molten salt technique using the sulfate salt 
fluxes. The stoichiometric molar ratio of Bi2O3, SrCO3, La2O3, TiO2, and 
Ta2O5 (Aldrich, ≥ 99.9%) was mixed with K2SO4/Na2SO4 salts with a 
mole ratio of 1:7, and then ground in an agate mortar for 2 h. The 
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mixtures were heated at 750 ◦C for 10 h, 850 ◦C for 5 h, and 950 ◦C for 5 
h with intermediate grinding steps after each heating stage. The product 
was then washed with hot distilled water for sulfate fluxes removal, and 
then dried at 110 ◦C for 12 h. The phase formation was analyzed by X- 
ray diffraction (XRD; PANalytical). The structural parameters were 
determined by the Le Bail refinement technique using the RIETICA 
software [14]. FTIR spectroscopy (Shimadzu IRPrestige21) was carried 
out to inspect the vibrational mode of the bond, and the surface 
morphology was studied using a Scanning Electron Microscope (SEM; 
INSPECT S50). Regarding electrical measurement, the powder was 
mixed with 5% wt PVA as a binder and pressed into pellets. The pellets 
were heated at 550 ◦C for 3 h for burning out the PVA, and then sintered 
at 950 ◦C for 5 h. The sintered pellets were electroded with silver paste 
(Aldrich, 99%), and dried at 130 ◦C for 2 h. The dielectric characteristics 
were measured with an LCR-meter (BK Precision) in the range of 50 
kHz–300 kHz, as a function of temperature. A modified Sawyer–Tower 
circuit at room temperature measured the ferroelectric P-E hysteresis 
loops applying a maximum electric field of 190 kV/cm with a frequency 
of 100 Hz [15]. The optical bandgap was investigated by the UV–Vis 
Diffuse Reflectance Spectroscopy (UV-DRS; SPECORD 210). 

3. Results and discussion 

Fig. 1a depicts the XRD patterns of the SBT and SLBTTO. The XRD 
peaks were properly indexed with the standard data of SrBi2Ta2O9, with 
an orthorhombic A21am structure (ICSD #155725), thus confirming the 
formation of double-layer Aurivillius phase. It is worthy to note that the 
presence of the most intense XRD peak of (115), coinciding with the 
(112m+1) peak in the Aurivillius phases [12]. This corresponds to the 
number of layers (m = 2). Furthermore, the enlarged XRD patterns 
indicate that the diffraction peaks of the SLBTTO slightly shift to higher 
2θ, indicating a decreased cell volume because of the introduction of 
La3+ and Ti4+ cations. 

Using the Le Bail refinement approach, the refinement fits for the 
XRD data with the orthorhombic space group A21am are depicted in 
Fig. 1b. The refinement plots indicate good fits between the observed 
XRD patterns and the calculated patterns; this confirms the formation of 
the double-layer Aurivillius phase with an orthorhombic A21am struc-
ture [16]. The refined lattice parameters of SBT are as follows: a =
5.5251(5) Å; b = 5.5215(8) Å; c = 25.016(5) Å; V = 763.02(8) Å3, and 
SLBTT are a = 5.5126(1) Å; b = 5.5153(3) Å; c = 25.01(2) Å; V =
760.185(1) Å3. The lattice parameters and cell volume of SLBTT are 
shown to be smaller, primarily due to the substitution of smaller La3+

(1.36 Å) for Sr2+ (1.44 Å), as well as smaller Ti4+ (0.605 Å) for Ta5+

(0.64 Å) [17]. Additionally, the decreased cell volume can alter the BO6 

octahedra in the ab-plane, and consequently the SLBTT structure be-
comes more orthorhombic, as quantified by the higher orthorhombicity 
ratio [(a-b)/(a+b)] of SLBTT (0.00043) compared to SBT (0.00032). 

The FTIR spectra in Fig. 2 depicts a vibration mode of SBT at ~782 
cm− 1, coinciding with the asymmetric B–O stretching vibration of the 
BO6 octahedra. This mode is seen to have a minor change to a higher 
wavenumber of ~790 cm− 1 for SLBTT. Remarkably, a new vibration 
mode at ~846 cm− 1 was seen within the SLBTT. These results indicate 
the potential arrangement of substituted Ti4+ ions on the B-site perov-
skite layers. This shifting mode indicates that Ti4+ ions distribute among 
Ta5+ to form Ti-O-Ta arrangements, because Ti4+ have a smaller ionic 
mass (47.86 amu) as compared to Ta5+ (180.94 amu) [18,19]. Also, the 
Ti4+ ions also form a locally ordered Ti–O–Ti arrangement since the 
~846 cm− 1 mode is shown when Ti4+ ions are introduced to the SBT 
structure. The local order of transition ion on the B-site perovskite has 
also been shown in prior work [20]. 

SEM micrographs in Fig. 3 demonstrate the anisotropic plate-like 
grains, which is a prominent feature of the Aurivillius phase. This 
plate-like grain was formed owing to the high grain growth rate in the 
direction perpendicular to the c-axis caused by the lower surface 

Fig. 1. (a) XRD patterns; (b) Le Bail refinement plots to XRD data of the SBT and SLBTTO samples.  

Fig. 2. FTIR spectra of SBT and SLBTTO samples at room temperature.  
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energies of the (001) planes induced primarily during sintering [18]. 
The grain size of SLBTTO is within 0.3–1.5 μm, which is much smaller 
compared to SBT with the size of 0.4–3.3 μm since La3+ ions inhibit the 
grain growth [16]. 

The dielectric constant (ϵ) and dielectric loss (tan δ) are plotted 

against temperature measured at different frequencies of 50–300 kHz 
and are shown in Fig. 4. The high-frequency dielectric measurement 
yields a drastic reduction in the contribution of the leakage current 
density as the extrinsic factor on the ferroelectric polarization. There-
fore, the magnitude of dielectric constant accurately represents the ef-
fect of structural distortion as the intrinsic factor contributing to the 
ferroelectric properties [21]. A dielectric peak was observed at 375 ◦C 
for SBT, and at a higher temperature of 455 ◦C for SLBTT, thus corre-
sponding to the ferroelectric transition temperature (Tc) [22]. SLBTT 
also demonstrated a higher magnitude of dielectric constant at both 
room temperature (RT) and Tc (see Table 1). These results are in line 
with the more altered orthorhombic structure of SLBTT, as mentioned in 
refinement analysis. The increase in structural distortion is significantly 
impacted by the substitution of smaller La3+ and Ti4+ ions, hence the 
higher Tc [23]. Additionally, the tan δ values of both samples were seen 
to be low in temperature below Tc, indicating the high thermal stability. 
The higher value of ϵ at room temperature and high temperature at high 
frequency makes the SLBTT sample a suitable candidate for 
high-temperature and high-frequency applications. 

Furthermore, both samples show the broad peak of dielectric con-
stant but does not exhibit the frequency-dispersive behavior. Typically, 
this phenomenon is preferably known as the diffused ferroelectric phase 
transition (DPT) behavior [16,24,25]. The diffuseness of the phase 
transition (γ) can be evaluated by the linear fitting of the modified 
Curie-Weiss curve, as seen in the inset of Fig. 4 [9]. SLBTT shows a 
higher γ value (1.42) compared to SBT (1.31), attributed to the DPT 
behavior of both samples. DPT behavior is generally attributed to pe-
rovskites when at least two different cations occupy the same crystal-
lographic site. DPT behavior in SBT might be attributed to the disorder 
of Sr2+ and Bi3+ in the Bi2O2 layers, which has also been confirmed using 
a combination of X-ray and neutron powder diffraction [26]. Thus, a 
more pronounced DPT behavior of SLBTT was induced by the higher 
disorder of the A-site cations (Sr2+/Bi3+/La3+) and B-site cations 
(Ta5+/Ti4+) within the Bi2O2 and perovskite layers [22]. The simulta-
neous substitution is found to induce chemical and structural in-
homogeneity that leads to structural disorder reflected as increasing 
diffuseness in the transition. 

Since SBT and SLBTT samples show a transition temperature of 
ferroelectric, polarization-electric field (P-E) hysteresis loops were 
measured at RT and 100 Hz, as shown in Fig. 5. It is noticed that the P-E 
loops of both samples are unsaturated, implying that the domains are 
not fully aligned at the maximum applied electric fields of 190 kV/cm. 

Fig. 3. SEM micrograph of the powder samples.  

Fig. 4. Temperature dependence of SBT and SLBTT dielectric constants 
and loss. 

Table 1 
Value of electrical properties of SBT and SLBTT measured at 300 kHz.  

Sample Tc ϵm (Tc) tan δ (Tc) ϵ (RT) tan δ (RT) γ 

SBT 375 ◦C 157.5 0.125 86.3 0.096 1.31 
SLBTT 455 ◦C 234.8 0.411 96.3 0.034 1.42  
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Although unsaturated, both samples adopt the typical non-linear hys-
teresis with opening loops, indicating the ferroelectric behavior at RT [8, 
27]. The measured remanent polarization (Pr) and the coercive field (Ec) 
values of the SBT are about 0.31 μC/cm2 and 128.2 kV/cm, respectively. 
Clearly, the substitution of La3+ and Ti4+ ions in SLBTT results in the 
enhanced ferroelectric properties with higher Pr of 0.43 μC/cm2 and 
lower Ec of 110.6 kV/cm. These results are coincided with the increase in 
both Tc and ϵ (see also Table 1), which originates from the higher 
structural distortion. 

The bandgap (Eg) of Aurivillius samples was measured from the 
intersecting point of the linear fits by the curve (F(R∞)hʋ)2 versus hʋ 
[4], as illustrated in Fig. 6. The approximate Eg value of SBT is 2.81 eV, 
and this increases for SLBTT to 2.86 eV, which is related to the structural 
distortion effect [16]. Previous works found that the decreased size of 
the A-site cations results in higher Eg energy within the 
perovskite-structured compounds [23,28]. Thus, the substitution of 

smaller La3+ on A-site perovskite layer causes a shift of the valence band 
to higher energy, and induces larger Eg. It is also evident by the higher 
dielectric constant and lower tan δ at RT (see Table 1) because of the 
decline in charge conduction that is caused by the broader Eg. 

4. Conclusions 

In summary, SrBi2Ta2O9 (SBT) and Sr0.9La0.1Bi2Ta1.9Ti0.1O9 (SLBTT) 
were prepared by the molten salt approach successfully. The simulta-
neous substitution of La3+ and Ti4+ cause a decrease to a smaller cell 
volume, leading to a greater structural distortion. This in turn causes an 
increase in the dielectric constant, ferroelectric transition temperature, 
ferroelectric polarization and optical bandgap. The diffused phase 
transition (DPT) behavior is more pronounced in SLBTT exhibited by a 
broader dielectric peak without the frequency-dispersive behavior, pri-
marily due to the increasing structural disorder of the A-site and B-site 
cations. The present work highlights the simultaneous substitution of A- 
and B-site cations is one of the most effective ways to obtain a pro-
nounced ferroelectric material with a higher transition temperature. 
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