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Abstract: Layer engineering with different layer numbers inside Aurivillius-type layered structure,
similar to interface engineering in heterojunctions or superlattices, can give rise to excellent physical
properties due to the correlated layer-stacked interfaces of two different layer phases with different
strain states. In this work, using the solid-state reactions from Aurivillius-type Bi3TiNbOy (2-layer)
and BiyTi3Oqy (3-layer) ferroelectric powder mixtures, single-phase compound of Bi;TigNbOy;
with an intergrowth structure of 2-layer and 3-layer perovskite slabs sandwiched between the
Bi-O layers was synthesized and the effects of this layer-engineered strategy on the structure,
Raman-vibration and ferroelectric properties were systematically investigated. The mostly-ordered
intergrowth phase was observed clearly by utilizing X-ray diffraction and advanced electron
micro-techniques. Uniformly dispersions and collaborative vibrations of Ti and Nb ions in the
layer-engineered Biy TiyNbO,; were demonstrated. Remarkably, dielectric and ferroelectric properties
were also recorded and an enhanced ferroelectric response was found in the layer-engineered
mixed-layer sample with high ferroelectric Curie temperature, compared with the homogeneous
2-layer and 3-layer samples. Analyses of the Raman spectra and atomic structures confirmed that the
performance improvement of the layer-engineered sample is intrinsic to the correlated layer-stacked
interfaces inside the Aurivillius-type layered oxides, arising from strain-induced lattice distortions at
the interfaces.
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1. Introduction

Oxide interfaces can produce many novel effects and functions, arising from the reconstruction of
the charge, spin and orbital states at interfaces on the nanometer scale, due to the broken symmetries
of the order parameters [1]. Over the past decade, in this rapidly emerging field, there has been a
burst of activity to manipulate charge and spin orderings, metal-insulator transitions, multiferroic
and other phenomena, as well as to create some new ones via interface engineering [2—4]. Recently,
extensive reported work has been focused on excellent interface properties in oxide superlattices,
for example, atomic-scale layer-by-layer designed ferrimagnetic LuFe,O4 layers within multiferroic
LuFeOs; matrix, (LuFeOs)m/LuFe,O4 superlattices, yield new room-temperature magnetoelectric
multiferroic materials [5]. A fundamental basis for understanding the oxide interfaces is strain resulting
from the mismatch of lattice parameters, and this strain is accommodated by a combination of lattice
deformations and oxygen octahedral rotations, which influence the orbital occupation through the
crystal field, leading to novel emergent phenomena that appear through the collective behavior of
electrons [6]. In layered perovskites, the complicated layer structure can offer great potential for
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tailoring specific properties by varying different ionic compositions or even the number of layers [7].
Normally, the layered structures in Aurivillius, Ruddlesden-Popper and Dion-Jacobson families exhibit
the same basic perovskite motif, but the layers of anions and cations may be stacked in multiple
ways [8]. In fact, such structural intricacy provides many opportunities to turn and tweak the design,
for example, layer-thickness and layer number, multi-selective chemical substitution, and inducing
stress-strain applied to the crystal.

Recently, single-phase Aurivillius-type layered ferroelectrics with the general formula
(Biy02)** (An — 1BnOsn + 1)%~ have attracted increasing research interest because of their promising
electrical properties such as new lead-free piezoelectric materials operating at high temperatures [9].
For example, the well-known Bis Ti3O1, (1 = 3) compound presented large spontaneous polarization,
anisotropy and high Curie temperature [10] and the Bi3TiNbOg (1 = 2) compound exhibited the
excellent resistance to polarization fatigue [11]. Such layered bismuth-bearing perovskite compounds
are alternately stacked with fluorite-type (Bi,O,)** layer and n-layer perovskite-like (Ap — 1BnOsp + )
slabs along its crystallographic c-axis [12]. In analogy to heterostructures and superlattices in thin-film
form [8], this special layered architecture is similar to a natural but single-phase superlattice and
has many one-dimensional layer-stacked interfaces [12-14]. From this viewpoint, the layer-stacked
interfaces may offer a unique and important experimental test-bed. Hereby; if the ability to engineer
the layer-stacked interfaces inside Aurivillius-type layered perovskite structures is available, it would
be a significant subject to find fascinating phenomena or tailor functional properties.

In general, the layer-stacked interface region inside Aurivillius-type layered structure refers to the
region of the nanostructure among the perovskite slabs (average thickness ~ 1.23 nm), including one
fluorite-type Bi-O layer and the two perovskite layers adjacent to the sandwiching Bi-O layer [15]. It is
known that the Aurivillius-type homogeneous layered oxides with integer n have the same strain
states in two sides of the layer-stacked interface due to the same n-layer perovskite slabs. In fact,
these structural conditions are unable to highlight the advantages of the interfaces. Fortunately,
our recent research has demonstrated the existence of the mixed-layer compounds which are important
parts of the Aurivillius-type oxide family with different perovskite layers sandwiched between the Bi-O
layers [16-18]. Therefore, the spatial inversion symmetry of the layer-stacked interfaces in the layered
structure can be broken by engineering different n-layer perovskite slabs. The polar at the layer-stacked
interface would reconstruct through defects and lattice distortions [19,20]. More importantly, on short
length scales, the engineered structure can be deemed as the oxide heterostructure and the periodically
repeating of engineered heterostructure constitutes an intergrowth structure in the Aurivillius-type
layered oxides [21], which is similar to three-tile quasi-periodic superlattices, thus likely giving rise
to some excellent properties and novel phenomena. However, until now, much less attention has
been paid to studying the layer-stacked interfaces inside Aurivillius-type layered structure. In this
work, we exploited such techniques to directly design the intergrowth structure by chemical reaction
between two adjacent homogeneous-phase structures, engineering the layer-stacked interface. As an
example, the single-phase compound of Bi;TiyNbO,; with the intergrowth phase structure of 2-layer
and 3-layer perovskite slabs sandwiched between the Bi-O layers was synthesized via traditional
solid-state reactions using the prepared powders of BisTiNbOg (1 = 2) and BisTizO1, (1 = 3). The effects
of the layer-stacked interfaces by layer engineering on the structural, Raman-vibration and ferroelectric
property were discussed in details.

2. Experimental Process

Polycrystalline Bi3TiNbOgy (BTN-9) and BigTizO1, (BTO-12) powders were prepared by traditional
solid-state reaction method. Stoichiometric amounts of Bi;O3, TiO, and Nb,Os as starting materials
were mixed and pre-burned at 750 °C for 5 h and then calcined at 1000 °C for BTN-9 and 950 °C for
BTO-12, for 2hin air. A total of 10 mol% of excess Bi was used to compensate the bismuth volatilization
under the temperature conditions of either powder synthesis or heating treatments. SrBi;Nb;Oqg
(SBN-9, 2-layer) powders as the reference sample were also prepared using a similar method. Second,
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powders of Bi;TigyNbO,; (BTNO-21) were first synthesized using the solid-state reactions from BTN-9
and BTO-12 powder mixtures. In most cases, the BTNO-21 synthesized by the traditional solid-state
methods directly using Bi;Os, TiO; and Nb,Os with sintering above 1000 °C usually present some
secondary phases. Therefore, the synthesis method in this work was better than some previous reports
and the single-phase layer-structural BINO-21 powders were successfully obtained. Then, the BTNO-21
powders were cold-pressed into pellets with a dimension of 12 mm (diameter) X 2 mm (thickness) and
then were sintered in a high-temperature furnace at 1125 °C for 3 h in air to fabricate the dense ceramics
(BTN-3 and BTO—-12 ceramics sintered at 1100 °C for 3 h).

The crystal phase identification was performed using powder X-ray diffraction (XRD) with
Cu-Ka radiation (SmartLab-9kW, JEOL, Tokyo, Japan). Cross-sectional morphologies and atomic
structures of the samples were observed using scanning electron microscope (SEM, JSM-54800,
Hitachi, Tokyo, Japan ) and high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM, JEM-ARM200F, JEOL, Tokyo, Japan). Raman spectra were conducted with a Laser
Raman spectrometer (LabRam-HR800, Horiba Jobin-Yvon, Paris, France). Chemical states were
measured by x-ray photoelectron spectroscopy (XPS, K-ALPHA, ThermoFisher Scientific, London, UK).
To measure electric properties, the ceramic pellets were polished to a thickness of 0.3-0.6 mm and Ag
was evaporated on both sides as electrodes. A Sawyer-Tower circuit attached to a computer-controlled
standardized ferroelectric test system (Radiant Technology Product, Albuquerque, NM, USA) was
applied to test ferroelectric property. High-temperature dielectric responses were measured using an
impedance analyzer (HP4294A; Agilent Technology, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Crystal Phase and Mixed-Layer Structure

XRD patterns of the BTN-9 and BTO-12 powders synthesized by the solid-state reaction are
shown in Figure 1a. Qualitative XRD analyses support the expected Aurivillius-type layered structure
in both samples. All of the XRD peaks of the BTN-9 and BTO—12 match well to those of corresponding
standard powder diffraction data PDF#39-0233 and PDF#35-0795, respectively. Based on the obtained
BTN-9 and BTO-12 powders, the BTNO-21 powders were synthesized using the solid-state reactions
from the two powder mixtures. To illustrate the formation process, the crystalline phase of the mixed
powders calcined at different temperatures were recorded, as shown in Figure 1b. When the calcination
temperature was below 1100 °C, the XRD pattern corresponding to BTN-9, BTNO-21 and BTO-12 can
be clearly identified. It can be seen that the peaks from the BTN-9 and BTO-12 become weakened
and disappeared with increasing the calcination temperatures, as shown in Figure 1c. The XRD
diffraction peaks of the BINO-21 powders synthesized at 1125 °C/2 h were identified as belonging to
the single-phase of the Aurivillius-type intergrowths (PDF#31-0202), indicating that the BTN-9 and
BTO-12-based oxides react to form the BTNO-21-based layered oxide, and that the amount of impurity
phases, if they exist, is below the XRD’s instrumental resolution.

Fabrication of the BTN-9, BTNO-21 and BTO-12 ceramics followed the procedures of cold-pressed
forming of the pellets and then no-press sintering of the pellets for ceramics. The cross-sectional
SEM images of the three ceramics are shown in Figure 2. The cross-sectional morphologies of all
the samples show the plate-like grains, due to the anisotropic nature of the Aurivillius-type crystal
structure [15]. Similar dense microstructures with nearly no pores imply that the below-mentioned
ferroelectric property could be correlated with the intrinsic crystal structures. To make the atomic
layers of the Aurivillius-type intergrowths clearly visualized, the HAADF-STEM images were obtained
and are shown in Figure 3. An annotation is that all the orderly arranged bright spots belong to the
Bi atoms. Two closely stacked Bi layers in the figures are namely one fluorite-type Bi-O layer and
one or two layers of Bi atoms sandwiched by the Bi-O layers, where the Ti/Nb atoms are arranged
between these Bi layers, and can be easily understood as corresponding to the 2-layer or 3-layer
perovskite-like slabs. Observably, the images in Figure 3 show the Aurivillius-type mixed-layer



Crystals 2020, 10, 710 40f12

structure, characterized by mostly ordered intergrowths of the 2-layer and 3-layer perovskite slabs,
which were different with disordered intergrowths of reported Bij;Fe3TigOs3 [15], BigFes 4Tip ¢Oo7 [18]
and BigTip g9Fej 46Mng 55018 [20]. This means that lots of layer-stacked interfaces engineered by the
2-layer and 3-layer slabs exist in the BTNO-21 material. These engineered layer-stacked interfaces
suffered from different strain states, probably resulting in complicated lattice deformations and oxygen
octahedral rotations [14]. Furthermore, the X-ray energy dispersive spectrum (EDS) and element
mappings of the BTNO-21 were conducted in a selected area, as shown in Figure 4. The atomic ratio
of Bi, Ti and Nb is approximately 7: 4: 1, consistent with the formula of Bi;TiyNbO,;. The nearly
uniform distribution of Nb atoms in the 3-layer perovskite slab demonstrated the atomic-scale not
reconstructing the atomical layer-insertion into the layered structure for the chemical reactions of the
BTN-9 and BTO-12 compounds.
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Figure 1. (a) Powder X-ray Diffraction (XRD) patterns of Aurivillius-type BTN-9 (n = 2) and BTO-12
(n = 3); (b) Powder XRD patterns of the BTNO-21 synthesized using the solid-state reactions from the
BTN-9 and BTO-12 powder mixtures at different calcination temperatures; (c) The magnified section
in the 20 range 28.7-30.8° in part b. The intensities were normalized and shifted intensities for ease
of comparison.
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Figure 2. The cross-sectional Scanning Electron Microscopy (SEM) morphologies of (a) BTN-9,
(b) BTNO-21 and (c) BTO—12 ceramics.
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Figure 3. The Transmission Electron Microscopy (TEM), Selected-Area Electron Diffraction (SAED),
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) images
of the BTNO-21.



Crystals 2020, 10, 710 50f12

’ 20nm ' Nh Kat r 20nm 1 TiKat

Figure 4. The Energy Dispersive Spectrum (EDS) and element mapping images of Bi, Nb and Ti for
BTNO-21 on a selected area.

3.2. Insight from Raman and XPS Spectra

Raman spectroscopy as an important structural analysis technique is always used to distinguish
the differences of the closely related structures by taking advantage of its high sensitivity towards
metal-oxygen vibrations [22]. Figure 5 shows the Raman spectra of the SBN-9, BTN-9, BTNO-21 and
BTO-12 compounds. Here, SBN-9 as the reference sample was prepared to help with the analysis of
Raman active modes. In general, for Bi-based layer-structured crystals, the vibration modes below
200 cm~! are ascribed to the vibrations of the Bi** ions at Bi-O layers or perovskite slabs, and the modes
above 200 cm™! result from the octahedral O-B-O and B-O vibrations [23]. In Figure 5a, the mode
at ~82 cm™! was attributed to the vibration of the Bi** ions at the Bi-O layers. However, in all the
samples, the intensity of the two modes at ~82 cm~! and ~102 cm™~! and the position of the mode at
~102 cm~! show obvious differences. These suggest that the vibrations of the Bi** ions at the A-sites of
the perovskite slabs become stronger and the position of the average vibration may shift toward the
high frequencies when the number of layers is increased. The Sr-substitution weakened the vibrations
of the Bi®* ions at the perovskite slabs and increased the vibrations of the Bi** ions at the Bi-O layers,
suggesting that chemical doping may be an effective way of modulating the Aurivillius-type structure.
In addition, the marked mode (*) below 200 cm™! only existed in the BTN-9 and BTO-12, which is
related with the vibrations of the other Bi** ions at the other equivalent location in the perovskite
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slabs. This means that the mixed-layer structure broke some symmetries, then giving rise to the
disappearance of some special modes. The major modes of the BTNO-21 at about 222 cm™~!, 262 cm™!,
319 em™! and 360 cm™! (O-Ti-O or O-Nb-O bendings) were similar to those of the BTO-12, while the
modes of the BTNO-21 at 500-600 cm ™! (Ti-O or Nb-O torsional bendings) were similar to those of the
BTN-9. It should also be noted that one or two kinds of metal ions on the B-sites were easily recognized
by the modes at 740-910 cm™!, which can be ascribed to the symmetric stretching of the BOg octahedra.
In Figure 5b, despite that the ratio of Nb/(Ti+Nb) in the BTN-9 is much higher than that in the BTNO-21,
the Nb-related vibration compared to corresponding Ti-vibration of the BTNO-21 has a higher intensity
than that of the BTN-9. This might be attributed to the distortions from the Nb-O bonds. Concisely,
by comparing the modes above 200 cm™~! of all the samples, the mixed-layer structure increased the
comprehensive vibrations of the Nb-O and Ti-O bonds especially the Nb-O vibrations.

(@)
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8 | 360
Ll 1 L 1 L 1 s | L | X 1 M 1 § 1

0 200 400 600 800 1000 770 840 910

Raman shift (cm™) Raman shift (cm™)

Figure 5. (a) Raman spectra of the SBN-9, BIN-9, BTINO-21 and BTO-12; (b) The magnified sections
of the Raman spectra. The marked modes (*) only belong to the BTN-9 or BTO-12. The broad
peak of the BTN-9 and BTNO-21 at 750-910 cm™~! was fitted and decomposed into two individual

Lorentz components.

XPS measurements were carried out to obtain chemical states of elements regarding the materials.
The fitted XPS spectra of the BTNO-21 are shown in Figure 6. The Bi 4f doublets (4fs5» and 4f;,) consist
of two peaks located at 164.4 eV and 159.1 eV. Similarly, the two peaks of Nb 3d at 208.9 eV and
206.2 eV are attributed to the 3d3, and 3d;p, respectively. According to the reported binding energies
with valance states, the fitted results suggest a “+3” valance of Bi and “+5” valance of Nb in the
BTNO-21 [24]. Because the dipole 2p-3d transition of the titanium, spin-orbit splitting of the Ti 2p
orbitals into 2p35 and 2p;, and crystal field splitting of the Ti 3d orbitals into ey and #5,, generally result
in three or four peaks for the Ti XPS spectrum [25]. Therefore, the peaks at 457.7 eV, 463.2 eV and
465.6 eV (Sat) belong to the 2p3p, 2p1 and e, respectively, implying that the Ti ions in the sample have
a “+4” valance state. The O 1s signal can be fitted as two peaks at 529.5 eV and 530.3 eV, which may
be attributed to lattice oxygen and oxygen vacancies, respectively [26]. The existence of the oxygen
vacancies means the possibility of dielectric relaxation, because of their thermally activated movement,
which in fact was consistent with the dielectric results as described below.
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Figure 6. The original and fitted X-ray Photoelectron Spectroscopy (XPS) spectra of Bi 4f, Nb 3d, Ti 2p
and O 1s for BTNO-21.

3.3. Ferroelectric and Dielectric Properties

The room-temperature ferroelectric hysteresis loops of the BTN-9, BTNO-21 and BTO-12 ceramics
were measured using “top-bottom” Ag-electrodes under different frequencies and electric fields.
The P-E loops of the samples measured at 50 Hz under applied 60~130 kV/cm are shown in Figure 7a—c.
Even though the applied electric field (E) was not enough to saturate the loops due to the ceramic’s leak
or breakdown, the P-E loops still reflected clear ferroelectricity in the three samples. With increasing
E, the P-E loop was well improved and the typical ferroelectric hysteresis loop was obtained under
120 kV/cm in the BINO-21(Figure 7b). The remnant polarization (2P,) and coercive field (2E;) are about
12.8 uC/cm? and 104 kV/cm, respectively, which are higher than the previously reported values, such as
Co-doped Bi; TisNbO,; reported by Liu et al., 2.57-9.33 uC/em? at 150 kV/em [27] and Nd-doped
BiyTisNbOjy; reported by Shao et al., 8 uC/em? at 135 kV/em [28]. More importantly, the P-E loops of
the BTNO-21 are better than those of the BTN-9 (Figure 7a) and BTO-12 (Figure 7c), indicating that the
ferroelectric polarization of the mixed-layer structure with engineered interfaces is higher than that of
the homologous-phase structure.

To identify the polarization contribution from leakage, the P-E loops at 10 and 50 Hz and
remnant-only polarization hysteresis loop measurements for BINO-21 were performed and are shown
in Figure 7d,e, respectively. Similarly, the results of the BTN-9 are also shown in Figure 7f. The 2P, of
the BTNO-21 was slightly enhanced with decreasing the frequency from 50 Hz to 10 Hz, while the 2P, of
the BTN-9 improved obviously. Observing the remnant-only loops shown in Figure 7e,f, a well-closed
loop was only obtained in the BTNO-21, indicating that the material’s polarization is an intrinsic and
has a good memory feature. These observed results clarify that Aurivillius-type layered ferroelectrics
owning layer-stacked interfaces engineered by the two different layers can enable superior intrinsic
ferroelectric polarizations and low-level leakage, compared to the adjacent homologous-type layered
ferroelectrics. Further, we compared the ferroelectric performance of BTINO-21 with a representative
selection of the previous works, as listed in Table 1. The results reveal that the BTINO-21 ceramic is a
promising candidate with superior ferroelectric performance.
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Figure 7. Room-temperature P-E hysteresis loops of (a) BIN-9, (b) BTNO-21 and (c) BTO—12 ceramics;
(d) BTNO-21’s frequency dependence of P-E hysteresis loops under 120 kV/cm; (e) Room-temperature
remnant-only polarization hysteresis loop for BTNO-21 at 10 Hz; (f) P-E hysteresis loops of the BTN-9
at different frequencies and its remnant-only polarization hysteresis loop at 10 Hz.

Figure 8 shows the BTNO-21's relative permittivity (¢”) and dielectric loss (tan 8) as a function of
temperature (100-700 °C) and frequency (200-50000 Hz). The ¢’ first increased slowly as temperature
increased from 100 to 400 °C and then showed an abrupt increase with further increasing temperature.
A broad dielectric peak which shifted toward higher temperatures accompanied by a decrease in its
height as the frequency increased was clearly observed at 200400 °C, as shown in Figure 8a. This is a
frequency-dependent relaxation behavior in the ceramic. In fact, the similar dielectric behavior was
also observed in high-layer Aurivillius-type oxide ceramics and the proposed mechanism was the
thermally activated polarization behaviors of charges such as space charges, charged defects and so
on [29]. Above 600 °C, the ¢’ increased dramatically with increasing the testing temperature, however,
the dielectric peak related to the transition from ferroelectric to paraelectric phases was not observed,
implying a high Curie temperature. This suggests that the layer-stacked interface engineering inside
Aurivillius-type layered structure still remains the relatively high ferroelectric Curie temperature.
In Figure 8b, the loss relaxation was found at 400-700 °C and exhibited a strong frequency dispersion.
This relaxation is a typical characteristic of relaxor-ferroelectrics ascribed to a thermally activated
process [30]. Thereby, the variation of the temperature of the loss peak at different frequencies can be
fit by the Arrhenius law. The obtained activation energy was ~2.31 eV, which is very close to 2.3 eV for
BiyTizOqy reported by Jimenez et al. [31] ascribed to the long-range migration of oxygen vacancies.

20.0k

450 -

(a)

2410° Nz
S#10° 1z
=10t 1z
100 1z
=10 1z
10011

15,0k -

0.0 -

100 200 3

)

T(C)

L
500

600 00

tand

300 -

150

0k
1

(b)

100

200

300

A0 300
T (°C)

600

00

Figure 8. High-temperature dielectric responses of the BTNO-21 ceramic. Temperature dependence of
(a) relative permittivity ¢’ and (b) dielectric loss tan & at different frequencies.
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Table 1. Ferroelectric and dielectric properties of the materials reported recently (to be compared with

this work).
. 2P, Applied E Curie Activation
Materials (uC/cm?) 2Ec (kV/em) (kV/cm) Temperature (K) Energy (eV) Ref.
Biy 55r05Ti1 5Nbo 507
ceramic 114 92 100 >473 1.75 [32]
(pyrochlore-phase)
BiFeOj3 ceramic 8.9 78 100 1103 - [33]
Bi; TiNbOq
textured ceramic 1-13.6 120 100 1187 — [34]
(2-layer)
BisTi3O12
oriented ceramic 4.5-50 10-100 >30 948 2.3 [35]
(3-layer)
BisFeTizO15 9.7 202 230 1013 0.67 [36]
ceramic (4-layer)
Gdo75BiszsFensCoosTizO1s 4 o 200 180 1072 0.84 [37]
ceramic (4-layer)
Bi1i Fes TigOz 47 110 130 992 — [15]
ceramic (mixed-layer)
BINO-21 12.8 104 120 >1000 231 This
ceramic (mixed-layer) work

3.4. Correlations Between Structures and Properties

In the layered perovskite phase, the ubiquitous oxygen octahedral rotations play an important role
in determining structural and physicochemical functionalities [38]. Accordingly, the larger ferroelectric
response of the BTNO-21 with the mixed-layer structure can strongly relate to lattice distortions
such as rotations, tilts, stretching and bending. To exhibit structural distortions from the atomic
structures, the HAADF-STEM image of the “2-3-2-3-2-3-2” layered structure is shown in Figure 9.
To determine clear atom positions, the maps of the brightness scanned along three lines are also shown
in Figure 9. Detailed analysis of these images suggested the existence of the obvious shift of the
B-site atoms along the c-axis in the perovskite slabs. The calculated distances between the adjacent
Bi-atom layers were ~0.474-0.453-0.475 nm for the 3-layer structure and ~0.495-0.495 nm for the
2-layer structure. Lomanova et al. [39] reported the cell parameter c in the Aurivillius-type oxides
raised almost linearly as n increased and the best fit straight line was c = 8.22 n + 8.16. Jiang et al. [24]
reported that the parameter c refined by the Rietveld method in the BTN-9 was 2.51 nm. Therefore,
the ideal distance of the Bi-Bi layer in the BTN-9 is about 0.42 nm. Meanwhile, in the BTNO-21
compound, the distance of 0.495 nm shows a larger stretching, probably arising from the nearly
uniform distributing of the Nb atoms in the 2-layer and 3-layer slabs giving rise to different strain
states at the layer-stacked interfaces or from the interfacial polar interactions. This observation implies
that complicated lattice deformations, for instance, Jahn-Teller distortions, stretching/bending/bucking
distortions and octahedral rotations [40,41] may seriously exist near the layer-stacked interfaces
engineered by the different layer slabs. Therefore, the superior ferroelectric property of the BTNO-21
sample compared with the other samples could be explained by the intrinsic mixed-layer structure,
convinced by reasons as follows: (1) the breaking of the inversion symmetry may induce larger
spontaneous polarization along 4-axis and c-axis simultaneously; (2) perovskite distortions near the
layer-stacked interfaces may produce a polar structure, for example (a~a”c*)-type tilts coupled with
broken translational symmetry could generate some additional ferroelectricity [42]; (3) the distributing
of the Nb atoms in the 3-layer perovskite slabs equals the partial Nb-substitution on the Ti-sites,
enhancing the spontaneous polarization from the 3-layer perovskite slabs.



Crystals 2020, 10, 710 10 of 12

d =0.495 nm

\

A= e i d=0.453 nm

.

''''' d=039nm —> i«

Figure 9. Representative STEM-HAADF image of the BTNO-21 and the three maps of the brightness
scanned along three lines.

4. Conclusions

In summary, layer-stacked interfaces engineered by the different layer slabs inside the
Aurivillius-type structure were exploited, representing a reliable method to tailor the physical
properties. We demonstrated its effect on the analysis of the BINO-21 synthesized using the solid-state
reactions from BTN-9 and BTO-12 powder mixtures. As a result, the ordered intergrowth structure
of the 2-layer and 3-layer perovskite slabs sandwiched between the Bi-O layers in the single-phase
BTNO-21, metal element distributing and lattice distortions were visualized. The enhanced ferroelectric
property of the BTNO-21 sample compared with the other samples was recorded. Analyses of the
Raman spectra, XPS and atomic structures confirmed that this improved performance could be
correlated with the engineered layer-stacked interface inside the Aurivillius-type layered-structure,
arising from the combined effect of the broken symmetry, strain-induced distortions near the correlated
interfaces and interfacial polar interactions.
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