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In this study, the double-layered Aurivillius phases CaBi,Ta,0, (CBT) and PbBi,Ta,0, (PBT) were prepared through a hydrother-
mal route with NaOH as a mineralizer. XRD analysis confirmed that the CBT and PBT compounds were successfully formed and
adopted an orthorhombic crystal structure with an A2,am symmetry. Le Bail refinements of XRD data indicated that the unit cell
volume of CBT was smaller than PBT and is associated with the smaller ionic radius of Ca?* compared to Pb?*. The surface mor-
phology of both samples, as determined using SEM, demonstrated plate-like grains with anisotropic grain growth. It was found
that the different ionic radii of A-site cations (Ca>* and Pb?*) strongly affected the structural, optical and electrical properties of the
Aurivillius phase. The occupation of smaller Ca>* cations induced a higher structural distortion, which resulted in higher bandgap
(E,) energy and ferroelectric transition temperature (7,) of CBT, compared to those of PBT.

Keywords: Aurivillius phase; hydrothermal synthesis; Le Bail refinement; relaxor-ferroelectric; anisotropic grain; optical properties.

constructing the Aurivillius structure. The substitution of the

In the past few decades, perovskite-structured ferroelectrics
have received exponentially increasing attention, primar-
ily due to their appealing physical properties such as high
dielectric permittivity, diffuse phase transition and piezoelec-
tric properties.'> They have also been applied successfully
in a variety of electronic applications, including multilayer
capacitors, sensors, actuators, transducers, energy storage
and memory applications.*¢ Aurivillius phases have recently
attracted considerable interest for this multifunction because
they are ferroelectric and possess a large remanent polar-
ization and a low leakage current. Aurivillius compounds
have gained increasing attention towards the development
of renewable energy sources for solar cell and electrocaloric
(EC) cooling systems.”8

Structurally, the Aurivillius phases can be considered as
layered intergrowths of fluorite-like [Bi,0,]** layers alter-
nating with n-perovskite-like [A,_;B,05,.,]1* layers stack-
ing along the c-axis. The A typically represents monovalent,
divalent, or trivalent cations with 12-fold coordination (e.g.,
Na*, Ca?*, Pb%*, Ba?*, Sr?*, Ln*) and B represents a transi-
tion metal cation with 6-fold coordination (e.g., Ti*, Nb>*,
Ta>*, W6+).9 The electrical properties of the Aurivillius phase
have been thoroughly investigated in terms of the effect of
652 lone-pair electrons and the ionic radii of A-site cations

#Corresponding author.

A-site cation results in a change in the B—O bond distance and
angles, and the latter affects the electrical properties of these
materials, to some extent.!0:11

To date, solid-state reaction is the most common method
for producing Aurivillius phases. However, the volatilization
of Bi3* frequently occurs at a high temperature, which tends
to form impurities and requires the addition of excess Bi,O5
in synthesis procedures.'?!3 This drawback can be overcome
by using soft chemical methods such as the hydrothermal
method, which involves heating a liquid-phase reaction
medium and precursors in an autoclave at a low temperature
and high pressure.

The benefits of this particular route will produce the
fine particles with a narrow size distribution which is well
known with the compositional and particle homogeneity
that significantly affects the physical properties Aurivillius
phases.!41 However, there are a limited number of studies
on the hydrothermal preparation of CBT and PBT powders
in the literature.

Herein, the double-layer Aurivillius phases CaBi,Ta,0Oq
and PbBi,Ta,0, were prepared using a hydrothermal route
that had not previously been reported in the related literature.
Furthermore, a comparative study was carried out on differ-
ent sizes of A-site cation (Ca** and Pb?*) ions on structure,
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morphology, dielectric and optical properties. The Ca>* was
chosen to represent the smallest A-site cation usually used.
Meanwhile, the Pb** is a cation with 6s?> lone pair elec-
trons since their ionic characteristic was expected to induce
a highly distorted structure and high ferroelectricity in the
Aurivillius family phases.

2. Experimental Details

The polycrystalline samples of Aurivillius CBT and PBT
phases were prepared by a hydrothermal route using CaCOs,
PbO, Bi,0; and Ta,O5 (Aldrich, > 99.9%) as precursors.
Stoichiometric amounts of the precursors were added in
60 ml NaOH 3 M under continuous stirring for 2 h. The
solution was transferred into a 100 ml teflon lined stainless
steel autoclave reactor and then heated at 240°C for 120 h.
After being cooled to room temperature, the precipitates
were filtered and washed with deionized water until a pH
of 7 was obtained. The products were dried at 110°C for 6 h
and calcined at 550°C for 5 h and 900°C for 4 h. The phase
and structural determinations were performed by X-ray
Diffraction technique (XRD; X’Pert3 Powder PANalytical,
Cu-Ka radiation). The crystal structure unit cells were
investigated using the Le Bail refinement technique using
the RIETICA program.'” Room temperature FTIR spectra
were collected on a Perkin Elmer 1600 FTIR spectropho-
tometer. The grain morphology and size were observed by
a scanning electron microscope (SEM; Hitachi Flexsem
1000). The powders were mixed with a 5 wt.% PVA binder
and subsequently dried pressed into pellets. The pellet sam-
ples were sintered at 900°C for 5 h in a muffle furnace. The
sintered pellets were then coated with silver conductive
paste (Aldrich, 99%) on both sides for use as electrodes.
The capacitance and dielectric loss were measured by using
an LCR meter (BK Precision 891) in the frequency range of
50-300 kHz at various temperatures.

3. Results and Discussion

Figure 1 depicts the room temperature XRD patterns of the
Aurivillius samples ABi,Ta,0, (A = Ca>*, Pb?*) prepared by
the hydrothermal method XRD patterns of both samples.
The figure demonstrates an orthorhombic A2,am structure
that could be assigned to those double-layered Aurivillius
CaBi,Ta,0, (ICSD-93754), indicating that the double-
layered Aurivillius phase was successfully formed. Moreover,
the highest intensity of (1 1 5) diffraction peak represented
the double-layer Aurivillius phases with m = 2, which was
consistent with the fact that the strongest reflection of the
perovskite-type phases was all of the types of (1 1 2m+1).18
Compared with Pb2* ions (1.49 A), Ca>* ions (1.34 A) had a
smaller ionic radius.!” These characteristics resulted in higher
26 for the 115 peaks observed for the CBT sample. In con-
trast, the peak of the PBT sample appeared at lower angles,
as shown in the enlarged XRD patterns. This phenomenon
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Fig. 1. XRD patterns of CBT and PBT samples indexed according
to the standard double-layer Aurivillius phase CBT with A2,am space

group.

could be evidence of variations in the lattice parameters and
distortion of each crystal structure.?

Further analysis of the crystal structure was analyzed by
the Le Bail refinement technique on the XRD data. The lat-
tice parameters of the orthorhombic A2,am structure of CBT
(a=5466 A, b=5432A, c =24.962 A, ICSD-93754) and
PBT (a=5.496 A, b =5.469 A, ¢ = 25.553 A, ICSD-95920)
were used as the initial structure models. The background,
unit cell and profile were refined to produce the best Le Bail
profile and the satisfactory reliability factors (Rp, R, ¥,
as shown in Fig. 2. The Le Bail plots of both samples show
that the observed XRD pattern was well-matched with the
calculated patterns, and all diffraction peaks were fitted with
the Bragg reflection for space group A2,am. These results
demonstrate that the synthesized CBT and PBT phases sub-
stitution adopted an orthorhombic A2,am structure.?!

The effects of different sizes of A-site cation on crystal
structure that were further observed from the refined lattice
parameters are listed in Table 1. All lattice parameters with
the unit cell volume of PBT were larger than CBT, which
were consistent with the larger ionic radius of Pb2* (1.49 A)
compared to Ca?* (1.34 A), for 12-fold coordination in the
perovskite layers.!” Furthermore, the orthorhombic distor-
tion associated with the changed values of the a and b lattice
parameters became crucial to investigate, which was related
to the electrical properties of the Aurivillius phase.?? In the
double-layered Aurivillius phase with the A2,am space group,
the octahedral distortion occurred in the perovskite layer was
determined by the relative tilting and rotation angles between
two neighboring BO4 octahedra along the c-axis, leading to
a larger difference in the a and b lattice parameters and an
increased orthorhombicity ratio.'%2* Theoretically, this octa-
hedra distortion can be quantified as orthorhombicity ratio
((a — b)/(a + b)) shown in Table 2. The orthorhombicity of
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Fig. 2. Le Bail refinement profile of Aurivillius CBT and PBT samples using the A2,am space group.

Table 1. Refined structural parameters of CBT and PBT samples
obtained from Le Bail refinements using XRD data.

CaBi,Ta,0, PbBi,Ta,0q
Space group A2,am A2,am
Crystal class Orthorhombic Orthorhombic
a(A) 5.4570(4) 5.5173(1)
b (A) 5.4297(2) 5.5262(6)
c(A) 24.9138(5) 25.622(4)
V(A3 738.192(2) 781.218(1)
(a=b)/(b—-a) 0.0273 0.0089
Z 4 4
R, (%) 4.48 4.81
R,, (%) 6.04 5.71
2 0.675 0.701

Table 2. Variation of electrical properties of samples measured at
300 kHz.

tan 6 tand (a—b)/
Sample gr  (RT) T.°C) ¢, (T,) (a+b) 1
PBT 141.24 0.0294 550 251.54 0.0774 0.0089 0.971
CBT 67.36 0.0197 >900 — — 0.0273 0.945

CBT was larger than that of PBT, which implies that the per-
ovskite-part structure of CBT had a more distorted orthor-
hombic structure. The smaller Ca>* ions in CBT caused higher
compressive stress in the perovskite unit, which induced the
mismatch between the perovskite layer and the Bi,0, layer.
Besides, these findings resulted in a significant distortion in
the TaO, octahedra.?” This trend in structural distortion can
also theoretically explain the Goldschmidt tolerance factor (¢)
for the perovskite part of the Aurivillius structure which was

calculated using the following equation:
R, +Ry

t=—=4 5 (D
V2(Rs +Ry)

where R,, R and R, were the ionic radii for the A-site cation,
B-site cation and oxygen ion, respectively. The ¢ value for
CBT was 0.945 which was smaller than that of PBT (0.971).
It was noted that the higher structural distortion in CBT was
due to the occupation of smaller Ca?* cations on the A-site
and one of the possible reasons for the enhancement of the
ferroelectric transition temperature (7.).2*

The effects of the A-site ionic size on structural changes
were investigated using FTIR. Figure 3 shows the room tem-
perature IR spectra of CBT and PBT samples in the range of
550-900 cm™. In Fig. 3, both samples exhibit two vibration
modes around ~595 cm™! and ~783 cm~', corresponding to the

PBT
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Fig. 3.
samples.

Room temperature IR spectra of CBT and PBT powder
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vibration of symmetric Ta—O stretching and asymmetric Ta—O
stretching of the TaO4 octahedra, respectively. We focused
on these vibration modes since the characteristic vibrations
of the Ta—O bond in TaO, octahedra are strongly correlated
to the origin of structural distortion.?> Essentially, this mode
should be identical since the different A-site cations (Ca%+ and
Pb?*) did not occupy the TaOj structure. However, a slight
difference in wavenumber observed in Fig. 3 was induced by
the different sizes of A-site cation in the perovskite block,
leading to a difference in TaO, octahedra size,?® as revealed
by refinement analysis. These vibration modes of the CBT
sample appeared at higher wavenumbers of ~597 cm™! and
~783 cm™!, compared to PBT (584 cm™' and 770 cm™). It
is known that the shifting of modes toward a higher wave-
number is proportionally affected by the reduced mass and
stronger bond strength of the bonded atoms.?’” Compared
to PBT, the occupation of smaller Ca?* resulted in a shorter
Ta—O bond with smaller lattice parameters, thereby raising
the bond strength, and giving rise to the vibration mode at
higher wavenumbers.

The grain morphologies of CBT and PBT powder samples
observed by an SEM are depicted in Fig. 4. Anisotropic grains
with plate-like morphologies with no pores in the grains were
found in both samples which is considered a grain growth
characteristic in the Aurivillius phases.?®? The particle size
was analyzed by Image] software and is approximately in the
range of 0.11-0.928 um for CBT, and was found to be larger
(around 0.074-1.726 um) for PBT. It is also observed that the
grains differ in size, which could be attributed to the different
ionic radii of the A-site cation, resulting in a smaller CBT

J. Adv. Dielect. 12, 2150030 (2022)

particle size.® It is noted that the hydrothermal route has
resulted in the relatively uniform and smaller grain size com-
pared to the high-temperature method.3! It is well known that
temperature has more influence on grain growth, the higher
temperature during annealing process leads to increase the
crystallinity of the material and hence increases the number
of crystallites.

The optical band gap energy (E,) of the CBT and PBT was
deduced from the UV-Vis diffuse reflectance spectra by apply-
ing the Tauc’s plots between (c/v)* versus hv.*? The E, was
estimated from the intersection of the linear fits of the Tauc’s
plot to (chw)? = 0. The estimated E, value of CBT was 3.38 eV,
which was higher than PBT, as shown in Fig. 5. The E, value
was closely related to the structural distortion effect generated
due to the different sizes of the A-site cations. Previous studies
found that the decreasing size of the A-site cations resulted
in higher E, energy in the perovskite-based compounds.**-*?
Theoretically, the high bond strength in a semiconductor mate-
rial is derived from the strongly-bound valence electrons, thus
limiting a complete charge transfer. Therefore, the smaller
Ca?* cation in CBT results in a higher structural distortion
and bond strength in TaOg4 octahedra, showing the shift of the
valence band (VB) to higher energies and inducing larger E,.

Figure 6 presents the temperature dependence of the
dielectric constant (¢) and dielectric loss (tan 6) at a high-
frequency range of 50-300 kHz to investigate the relationship
between the structural and the electrical properties.** For CBT,
the magnitude of the = gradually increased with an increase in
temperature until the maximum temperature range of 900°C.
Meanwhile, the T, peak in CBT was not observed over the

CBT
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Fig. 4. SEM micrographs and particle size distribution of CBT and PBT powder samples.
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Fig. 5. Tauc’s plots of CBT and PBT samples for determination of
the optical bandgap energy (E,).
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inset figure represents a modified Curie—Wesiss fitted curve for PBT.
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temperature range, suggesting the 7. was higher than that
temperature, which exceeded the high-temperature limit of
our instrument setup. At higher temperatures, the silver paste
as the electrodes was heat damaged, so no electrical conduc-
tivity occurred. It was reported that the CaBi,Ta,O, is a nor-
mal ferroelectric phase with a sharp dielectric constant peak
of 923°C.3> Compared to CBT, a single peak in the dielectric
constant of the PBT sample was observed at 550°C, which
is the well-defined ferroelectric-paraelectric phase transi-
tion temperature (7,).!' This T, reveals the predominance of
the ferroelectric phase for both compounds in the range of
RT to temperature below T, according to a noncentrosym-
metric orthorhombic structure with the A2,am space group.
Moreover, the dielectric loss of PBT increases significantly at
the temperature above 7, which can also indicate a transition
to the paraelectric phase where the sample becomes more
conducting. A higher T, in the Ca-based Aurivillius phase
had been widely reported compared to other A-site cations
(Pb?*, Sr?* and Ba?*). Since the Ca?* cation has the smallest
ionic radius, it induces the greatest BO4 octahedra distortion
and results in the highest 7..2>?° These phenomena were also
revealed by the higher distortion degree and tolerance factor,
as discussed in the structural analysis above.

Moreover, the magnitude of the dielectric constant at room
temperature of PBT was larger than CBT, as listed in Table 2.
This phenomenon should be proportional to the grain size,
which was also considered the driving force for the formation
of the domain walls. Since the grain size of PBT was larger
(see Fig. 4), the motion of the domain walls became easier,
and the sample was more easily polarized, contributing to a
higher magnitude.?

The dielectric loss was found to be low and stable at tem-
peratures below the 7, suggesting that both samples have high
dielectric stability, which is important for high-temperature
device applications. It is also noted that the increased number
of grain boundaries as a decrease in the grain size restricted
the electron transports, which led to a lower dielectric loss in
CBT.* The dielectric loss value in CBT also indicates a lower
electrical conduction process, which reflects the phenomenon
of charge conduction inhibition due to a larger optical band gap.

Interestingly, PBT samples exhibited a broader peak of
dielectric constant, accompanied by frequency-dispersive
behavior, indicating the characteristic of the relaxor-
ferroelectric phase.®¥ The dielectric peaks at 50 kHz and
300 kHz exhibited a slight shift of 5°C (AT relaxation),
related to the existence of ferroelectric nanodomain motion
in the relaxor phase. The degree of diffuseness (v) calculated
from the modified Curie—Weiss law equation can also be used
to evaluate the relaxor behavior.?”

1 1 (T-T,y
ST 2
— c (2)

r m

where ¢, denotes the maximum dielectric constant at the
transition temperature, C denotes the Curie—Weiss constant,
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and ~ denotes the degree of relaxor behavior. Thus, the ~
value can be obtained by linear fitting between In(1/e, — 1/¢,,)
versus In(T — 7,,), where v = 1 expresses a normal ferroelec-
tric behavior and v = 2 expresses a relaxor behavior. The
obtained ~ value at 300 kHz, as shown in the inset of Fig. 6.
The obtained ~ value of PBT was 1.87, implying that this
sample became a relaxor ferroelectric phase.

Typically, the relaxor behavior was believed to originate
from the disorder of various cations at the same crystallo-
graphic positions.?® According to previous studies on the
PbBi,Nb,O, phase, the Bi** and Pb* cations have a simi-
lar preference to disorder over the A-site of the perovskite
layer and the Bi,0, layer since both cations possess a stereo-
chemical active 6s? lone pair electrons and a similar ionic
size.'938 The broad dielectric peak with the AT relaxation of
5°C induced by the disorder phenomenon in the PbBi,Nb,O,
was relevant to the current PBT sample in this work.'? Thus,
the disordered Pb?* and Bi** cations on both the bismuth and
perovskite layers were most likely to blame for this behav-
ior in the PBT sample. The disorder induced the breakdown
of long-range-ordered ferroelectric macrodomains into polar
nanoregions (PNRs), resulting in relaxor behavior.?!-3

4. Conclusions

The hydrothermal route was used to synthesis the double-
layered Aurivillius phase CaBi,Ta,O, (CBT) and PbBi,Ta,0,
(PBT). According to XRD analysis, both samples were suc-
cessfully formed and had a noncentrosymmetric orthorhom-
bic with A2,am symmetry. The SEM micrographs of the
powder samples show plate-like grain morphologies with
highly anisotropic grain growth, which is a characteristic of
the Aurivillius phase. The structural analysis of XRD, com-
bined with the refinement method and FTIR, revealed that
the structural distortion of CBT was higher than of PBT,
as the influence of the smaller ionic size had a significant
impact on both electrical and optical properties. Additionally,
relaxor ferroelectric behavior was observed in the PBT sam-
ple, driven by the disorder of Pb>*/Bi** cations on the A-site
of the Bi,0, and perovskite layers.
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