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Here, we report the effect of A-site substitution of Tb at the expense of Bi on the ferroelectric
and magnetic properties inm¼5 layered 2-D Aurivillius Bi6Ti3Fe2O18 thin Þlms. The nominal
stoichiometry of the prepared compound is Tb0.40Bi5.6Fe2Ti3O18, Tb0.90Bi5.1Fe2Ti3O18, and
Bi6Ti3Fe2O18. Phase examination reveals that only 0.40 mol. % is successfully substituted forming
Tb0.40Bi5.6Fe2Ti3O18 thin Þlms. Lateral and vertical piezoresponse switching loops up to 200� C reveal
responses for Bi6Ti3Fe2O18, Tb substituted Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms
along the in-plane (6 42.31 pm/V, 88 pm/V and6 134 pm/V, respectively) compared with the out-of-
plane (6 6.15 pm/V, 19.83 pm/V and6 37.52 pm/V, respectively). The macroscopic in-plane polariza-
tion loops reveal in-plane saturation (Ps) and remanence polarization (Pr) for Bi6Ti3Fe2O18

of 6 26.16l C/cm2 and6 22l C/cm2, whereas,6 32.75l C/cm2 and6 22.11l C/cm2, 6 40.30l C/cm2

and 6 28.5l C/cm2 for Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms, respectively. No
ferromagnetic signatures were observed for Bi6Ti3Fe2O18 and Tb0.40Bi5.6Fe2Ti3O18. However,
a weak response was observed for the Tb0.90Bi5.1Fe2Ti3O18 at 2 K. Microstructural analysis of
Tb0.90Bi5.1Fe2Ti3O18 revealed that it contains 4 vol. % Fe:Tb rich areas forming FexTbyOz, which
accounts for the observed magnetic moment. This study demonstrates the importance of thorough
microstructural analysis when determining whether magnetic signatures can be reliably assigned to the
single-phase system. We conclude that Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2Ti3O18 samples are not
multiferroic but demonstrate the potential for Fe-RAM applications.Published by AIP Publishing.
https://doi.org/10.1063/1.5009986

I. INTRODUCTION

Magnetoelectric materials, demonstrating the coupling
of magnetism to electric polarization and vice versa,1 are of
considerable interest from the academic point of view due to
the interesting physical phenomena they demonstrate and
also because of their commercial potential for use in device
applications, e.g., magnetoelectric random access memories
(MERAMs),2 actuators,3 sensors,4 etc. Bi-based Aurivillius
phase layer structured materials exhibit (Bi2O2)

2þ blocks
lying along the (001) plane with alternating perovskite
(nABO3) units [general formula Bi2O2(Am-1BmO3mþ 1)] and
can be viewed as 2-dimensionally layered nanostructures
with relatively largec-lattice parameters, in the nanometre
(nm) range.5Ð9 These materials are considered potential alter-
natives to lead-based ferroelectric systems due to their attrac-
tive physical capabilities such as high Curie temperatures
(Tc), the stereo-chemical activity of6s2 lone pair of Bi3þ

ions (which increases the non-centrosymmetry even more
the PZT), and accommodation of different types of cations
at the A (1þ Ð3þ ) or B (3þ Ð5þ ) sites of the available perov-
skite units in consideration of the structural tolerance factor
(Tf).

6Ð8 Due to conßicting competing intrinsic electronic
structure requirements, ferroelectricity and ferromagnetism,

tend to be mutually exclusive but may be combined in a
single-phase material by incorporating both magnetic (partially
Þlledd orbitals) cations and ferroelectric cations (emptyd orbi-
tals) within a perovskite-like block of the Aurivillius layer
structure.10 Multiferroic materials are scarce and until recently
there are very few materials demonstrating both ferroelectric
and ferromagnetic properties in a single-phase. The most
extensively studied room temperature multiferroic materials
are BiFeO3 (room temperature ferroelectric (Tc¼ 110 K)/(TN

¼ 643 K) ferromagnetic) and BiMnO3 [which is a low temper-
ature (Tc¼ � 105 K) ferromagnetic oxide reported to be ferro-
electric (Tc¼ � 450 K)].11Ð13 Keeneyet al.14 and Farazet al.15

have recently reported room temperature in-plane ferromag-
netic signatures from chemical solution deposition (CSD) and
liquid injection chemical vapour deposition (LI-CVD) grown
Aurivillius phase Bi6Ti2.8Fe1.52Mn0.68O18 thin Þlms. These
materials also demonstrate magnetoelectric multiferroic behav-
iour where Ti4þ cations derive ferroelectricity and magnetic
Fe3þ and Mn3þ /4þ cations drive ferromagnetism within the
same unit cell. Single-phase multiferroic materials not only
have the potential for incorporation into low-power memory
devices which can be electrically written and magnetically
read, the unique potential for these materials would be their
incorporation into future-generation four-state memory devices
based on four resistive switching states.16 The major ferroelec-
tric polarization vector in Aurivillius phase materials lies alonga)ahmad.faraz@tyndall.ie
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the in-plane a-axis17,18 which can be possibly altered, tuned,
and derived by odd and even number of perovskite units or
blocks and by incorporating various cations at the A-site and
B-site of the perovskite unit.15,17,19 Aurivillius structures with
an odd number of perovskite blocks (m) have their spontane-
ous in-plane polarizations (Ps) along the in-plane axis (a-axis)
and possess minor polarisation along the out-of-planec-axis.
On the other hand, structures with an even number of perov-
skite units (m) also have their major in-plane polarization (Ps)
along thea-axis, but demonstrate negligible out-of-planec-
axis polarisation.18 In-plane spontaneous ferroelectric polariza-
tion originates from the tilt and rotation of BO6 octahedra in
the perovskite slab, whereas, odd and even perovskite blocks
rotate differently. The apex oxygen in the perovskite unit
hybridizes with the Bi of the ßuorite-like (Bi2O2)

2þ layers;
hence, the BO6 octahedra receive strain energy from the
bismuth oxide slab. In Aurivillius phases with even numbers
of perovskite blocks, such strain energy is minimized and
relieved, because the adjusted mirror symmetry is perpendicu-
lar to the c-axis.9,20,21 It has been reported that the substitution
of the A-site, bismuth with possible alternate rare earth (RE)
cations, could alter the ferroelectric behaviour and may also
inßuence the ferromagnetic properties.22Ð25 The doping level
of rare earth ions is very important to optimize ferromagnetism
because the excess of rare earth ions may enter into the B-site
and further deteriorate the ferroelectricity and magnetism. The
rare-earth ions at the A-site of perovskite blocks effectively
suppress the space-modulation spin structure of the Bi base
perovskite unit in the Aurivillius structure, hence, contributing
to the improvement in ferromagnetism.26,27 Additionally, bis-
muth which is volatile at elevated temperature may result in
oxygen vacancies and can affect the leakage current and
fatigue characteristics.18,28 Hence, partially substituting Bi3þ

with a suitable alternative cation in the structure may be an
effective approach for improving ferroelectric and ferromag-
netic behaviour. It has been reported that by substituting A-site
Bi3þ with trivalent lanthanide ions, such as Tb3þ , Nd3þ , Eu3þ ,
Ho3þ Gd3þ , etc., results in improved ferroelectric properties
and fatigue.29Ð34 Terbium (Tb3þ ) when substituted at the
expense of Bi3þ causes orthorhombic distortion and can reduce
oxygen vacancies and improve ferroelectric [decrease ferro-
electric Curie temperature (Tc)] and fatigue.34 It has been
reported thatm¼3 Bi3.6Tb0.4Ti3O12 thin Þlms showed larger
2Pr and fatigue free behaviour.35 However, there has been no
report on the effect of Tb substitution on the ferroelectric and
ferromagnetic properties in magneticm¼5 Bi6Ti3Fe2O18 thin
Þlms.

In this paper, we investigate substitution of Bi with
Tb at the A-site of the perovskite unit cell inm¼5
Bi6Ti3Fe2O18 by producing thin Þlms with nominal composi-
tion Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2Ti3O18 depos-
ited on (001) oriented sapphire substrates by a chemical
solution deposition (CSD) process. Lateral and vertical pie-
zoresponse force switching spectroscopy (SS-PFM) loops
were generated on Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and
Tb0.90Bi5.1Fe2Ti3O18 thin Þlms at elevated temperatures (up
to 200� C) and at room temperature. The local and macro-
scopic in-plane and out-of-plane electromechanical switch-
ing polarization reversal was explored at room and high

temperature with and without in-plane interdigitated elec-
trode (IDE) systems. The switching polarization reversal
loops demonstrate that Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18,
and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms are ferroelectric having
the potential for use in commercial applications such as high
temperature ferroelectric memory and sensor technologies.
Ferromagnetic responses were analysed using high resolution
magnetic (SQUID) measurements. The prospect of the mag-
netic responses being intrinsic to the main Aurivillius phase
was assessed carefully by analysis of the samples for traces
of magnetic impurity phases using X-ray diffraction (XRD),
scanning electron microscopy with energy dispersive X-ray
spectroscopy (EDX), and high resolution transmission elec-
tron microscopy (HR-TEM) and the results are discussed.

II. METHODS

Bi6Ti3Fe2O18 and Tb substituted Tb0.40Bi5.6Fe2Ti3O18

and Tb0.90Bi5.1Fe2Ti3O18 Aurivillius phase thin Þlms with 5
perovskite layers per half unit cells were synthesized using
a chemical solution deposition (CSD) process. Two different
sets of samples were prepared. In the Þrst set, we have
prepared m¼5 Bi6Ti3Fe2O18 thin Þlms and conÞrm the per-
cent of Bi excess required to form single-phase m¼5
Bi6Ti3Fe2O18 thin Þlms. Since Bi is volatile at higher tem-
peratures and to suppress the possible formation of pyro-
chlore phases during the annealing step, to compensate for
Bi loss, an additional 0%Ð15% molar excess of Bi was inves-
tigated.9,36 We systematically studied and found that 10% Bi
excess was sufÞcient to allow and form a 5 layer Aurivillius
phase without the formation of pyrochlore phases. Using this
information, thin Þlm samples substituted with Tb at the
A-site: Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2Ti3O18 were
prepared by incorporating or substituting Tb3þ /4þ in the
place of Bi3þ in Bi6Ti3Fe2O18. Tb0.40Bi5.6Fe2Ti3O18 and
Tb0.90Bi5.1Fe2Ti3O18 thin Þlm synthesis involves the prepa-
ration of two different solutions, namely A and B. Solution
A was prepared by dissolving the desired stoichiometric ratio
of Tb(CH3CO2)3�xH2O and Bi(NO3)3�5H2O in lactic acid at
room temperature. While in solution B, Fe (NO3)3�9H2O, at
the appropriate ratio, was dissolved separately in acetyl ace-
tone. After achieving complete dissolution, the Fe3þ solution
B was slowly introduced into the Bi3þ /Tb3þ /4þ /Ti4þ solution
A, drop-wise under constant stirring to achieve a 0.03 mol
dm� 3 solution. The Þlm was spin coated onto 200C-M plane
(0001) oriented, 430l m thick, single side polished sapphire
substrates using a commercially available spin coater (spin
coater KW-4A, Chemat Technology) operating at 1000 rpm
for 30 s. In the pre-annealing step, the impurities in the form
of organic residue and solvents were removed by baking
the deposited Þlm on a hot plate at 3006 5� C for roughly
10 min yielding Þlms with an approximate thickness of
100þ 30 nm, as observed from the cross-section SEM analy-
sis. The Þlms were annealed at 850� C for 30 min in ambient
air in a conventional furnace. The steps involved in the syn-
thesis of Tb-substituted Bi4Ti3O12-(BiFeO3) are represented
by the ßowchart represented by Fig.1(a). Please note that
same steps were used for the preparation of Bi6Ti3Fe2O18

thin Þlms, the only speciÞc molar ratio of Bi(NO3)3�5H2O

124101-2 Faraz et al. J. Appl. Phys. 123, 124101 (2018)



was used in solution A, with no Tb(CH3CO2)3�xH2O.
90:10 nm thick Au: Ti interdigitated electrodes (IDEs)
deposited onto 1006 30 nm thick Bi6Ti3Fe2O18, Tb0.40Bi5.6

Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms using stan-
dard optical ultra violet photolithography (UV-photolithog-
raphy) as illustrated in Figs.5(c) and 5(d). A Philips Xpert
PW3719 MPD X-Ray diffractometer equipped with a CuKa
radiation source (operating at 45 kV and 40 mA) and nickel
Þlter, with an incident beam Þltered with an X-Ray mirror
and the diffracted beam Þltered using a monochromator, was
used to collect X-Ray diffraction (XRD) patterns over the
range 5� 2h� 37.5� at room temperature. The crystallo-
graphic orientation (Lotgering factor Lf) was investigated by
comparing the ratios of intensities of peaks along the pre-
ferred orientation to the summation of all diffracted peak
intensities and using theoretical (hkl) intensities obtained
from the Crystallographica software.37,38 High-resolution
FEI 630 scanning electron microscopy (HR-SEM) with
energy dispersive X-ray spectroscopy (EDX) equipped with
a X-Max 20 detector and Inca analysis software and
commercially available atomic force microscopy [Asylum
Research (AR) AFM MFP-3DTM] were used to conduct

morphological and compositional analysis. The surface rough-
ness and topography were analysed using the commercially
available MFP-3D TM [Asylum Research (AR)] atomic force
microscope (AFM) in the non-contact AC mode, equipped
with silicon cantilevers (Olympus AC160TS) (Al reßective
coating, 70 kHz electrilever resonance frequency). Them¼5
layer structure and a thorough investigation of possible inter-
growths of differentm phases or other secondary or impurity
phases were investigated using high resolution transmission
electron microscopy (HR-TEM Jeol; 2100 TEM, 200 kV; dou-
ble tilt holder). FEI Dual Beam Helios NanoLab 600i Focused
Ion Beam (FIB) (Þnal thinning @ 93 pA, 30 kV, Þnal polish
2 kV, 28 pA) was used to prepare cross-sections of the
Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18

thin Þlms, whereas gold coating was used to prevent surface
charging. The major in-plane ferroelectric polarization was
explored locally by rastering the PFM tip on the sample in a
single-frequency mode (SPFM), with a frequency (20 kHz)
lower than the tip resonance (70 kHz) and the tip/sample con-
tact resonance frequency (300Ð310 kHz). Ferroelectric switch-
ing polarization reversal loops were locally generated in dual
AC resonance switching spectroscopy (DART-SS PFM) and

FIG. 1. (a) Chemical solution deposi-
tion (CSD) ßow sheet demonstrating
the synthesis of Tb1-xBi5þ xFe2Ti3O18

thin Þlms; X-Ray diffraction (XRD)
patterns (b) illustrating the possible %
(0%, 5%, 10%, and 15%) of Bi excess
required to synthesize single phase
Bi6Fe2Ti3O18 (it should be noted that
these samples were annealed for
30 min at 850� C); (c) the diffraction
patterns from Bi6Fe2Ti3O18,
Tb0.40Bi5.6Fe2Ti3O18, and
Tb0.9Bi5.1Fe2Ti6O18 thin Þlms on sap-
phire substrates (10% excess bismuth
was used during the synthetic process);
(d) restricted range slow speed scans
through the 2-theta region which
would be expected to reveal the
appearance of secondary Bi5FeTi3O15

phase (119) reßection on increase in
Tb substitution; (e) the presence of the
ferromagnetic spinel impurity phases
Fe3O4 or TbFe2O4, if present in
Bi6Fe2Ti3O18, Tb0.40Bi5.6Fe2Ti3O18,
and Tb0.9Bi5.1Fe2Ti6O18 thin Þlms; (f)
the crystal structure of them¼ 5
Aurivillius phase Tb1-xBi5þ xFe2Ti3O18

along theh110i direction with Þve
perovskite units sandwiched between
two bismuth oxide blocks.
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lateral single-frequency modes using a triangular step wave
form comprised of pulsed DC biases (15 VÐ50 V) and an AC
signal of 5.5 V, and a cycling frequency of 0.2 Hz. In-plane
switching ferroelectric polarization was explored macroscopi-
cally by generating in-plane switching polarization reversal
using IDE architectures deposited on these Þlms and were
analysed via a LCCII ferroelectric tester. High resolution mag-
netic measurements were performed with a superconducting
quantum interference device (SQUID Model-MPMS XL5,
Quantum Design) magnetometer under a maximum Þeld of
5 T and at a temperature range of 2 K. To ensure that there is
no trapped ßux both in the superconducting coil of the SQUID
and in the sample, a well-designed protocol was followed to
demagnetize them.39

III. RESULTS AND DISCUSSION

Two different sets of X-ray diffraction (XRD) experi-
ments were performed. In the Þrst set [Fig.1(b)], XRD was
performed on the samples different exhibiting Bi excesses,
varied from 0% to 15% (required in order to allow the struc-
ture to form m¼5 layers Aurivillius phase Bi6Ti3Fe2O18

without any intergrowths of over m phases) which were
annealed at 850� C for 30 min. The diffraction patterns were
highlighted and minor secondary impurity phases were made
more visible by plotting in a logarithmic scale. The % of Bi
excess is represented by legends with different colours in Fig.
1(b). Peaks designated with an asterisk (*) are from the sap-
phire substrate and the XRD sample holder. Starting with 0%
Bi excess, interesting features are visible in the XRD plots. It
can be observed that the samples with 0% Bi excess exhibit
mixedm¼4 (Bi5Ti3FeO15) andm¼5 (Bi6Ti3Fe2O18) phases.
(006), (008), and (0014) reßection peaks were generated from
a secondary phasem¼4 Bi5Ti3FeO14 layered structure.
These secondary phase impurities in Bi-based Aurivillius
materials are common because of the volatile nature of Bi at
the relatively high annealing temperature used.9,36 However,
to compensate bismuth loss and to allow for a single-phase
m¼5 structure, a sufÞciently excess of Bi results in the
suppression of secondary impurity phases.21 We observed
from the XRD spectra that Bi6Ti3Fe2O18 thin Þlms with 10%
Bi excess [Fig.1(b)] are consistent with them¼5 layer
Aurivillius phase structure (having 5 perovskite blocks per
half unit cell) exhibiting no secondary impurity phases
and better crystallinity. The second set of X-ray diffraction
(XRD) experiments was performed on Tb0.40Bi5.6Fe2Ti3O18

and Tb0.90Bi5.1Fe2Ti3O18 thin Þlm samples as illustrated in
Fig. 1(c). An introduction of Tb during the Þlm growth, leads

to an interesting diffraction feature in the XRD patterns.
First, the (008), (0010), (0012), and (028) diffraction peaks
start broadening. The FWHM values for the diffraction planes
(008), (0010), (0012), and (028) increase (0.19� , 0.29� ,
0.19� Ð0.22� , 0.17� Ð0.23� , 0.21� , and Ð0.34� ) with an increase
in Tb substitution conÞrming that the crystallinity decreases
with increases in Tb substitution. The effect of Tb substitu-
tion on the crystalline quality is investigated by calculating
the relative crystalline quality factor parameter, Q, deÞned
as Q ¼1/Bcosh, where B is the diffraction peak width
(FWHM) in radians andh is the incident x-ray beam angle
(the Q values are illustrated in TableI. These Q factor values
were measured by average the values over the prominent
((006), (008), (0010), (0012), and (028) diffraction peaks.
It is observed that the crystalline quality (Q) decreases
(333Ð239) with the increase in Tb substitution. XRD patterns
reveal that the reßections are consistent with anm¼5 layered
Aurivillius phase structure (having 5 perovskite blocks per
half unit cell). The degree of preferred crystallographic
orientation, Lotgering factor (Lf) (the values are listed in
TableI), was calculated by comparing the ratios of intensities
of the peaks along the preferred orientation (00l) to summa-
tion of all diffracted intensity peaks and using theoretical
(hkl) intensities obtained from the Crystallographica soft-
ware37,38 conÞrming that these Þlms arec-axis oriented
[exhibiting Lotgering factors (Lf) of 0.98, 0.95, and 0.92
for Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.9Bi5.1Ti3
Fe2O18 thin Þlms, respectively]. However, on closer look at
XRD patterns [Fig.1(c)] , we observed an additional (119)
reßection peak from secondary impurity phasem¼4 layer
Bi5FeTi3O15. The presence of (119) peak reßection from sec-
ondary impurity phase Bi5FeTi3O15 was thoroughly investi-
gated using slow x-ray diffraction (XRD) with a scan rate of
0.15� /min and a step size of 0.0025� [Fig. 1(d)], performed
in the range 27� � 2� � 33� . The data analysis suggest
that (119) reßection peaks appear on the substitution of Tb
in B6TFO Þlms, such as, the B6TFO Þlm with no Tb is
purely m¼5 layer. Furthermore, the intensity of (119) dif-
fraction peaks increases with increase in the Tb volume. The
background noise during the x-ray scan limits the detectabil-
ity of the minor impurity or defects phases to 3 vol. % of
the parent phase. Common minor secondary phases detected
in Aurivillius phase materials are ferroelectric pyrochlore
(Bi2Ti2O7) [(222) and (444) reßections at 14.9� and 30� ], and
ferromagnetic spinel Fe3O4 [(311) at 35.4� )] structures. The
presence of a small magnetic phase like spinel Fe3O4 [(311)
at 35.4� )] at trace levels below detectable by XRD could

TABLE I. Comprehensive comparison of crystallographic quality (Q), crystallographic orientation (Lf), and local and macroscopic ferroelectric properties of
Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.9Bi5.1Ti3Fe2O18 thin Þlms.

Q Lf

Out-of-plane
piezoremanence

(pm/V)

Out-of-plane
piezosaturation

response
(pm/V)

In-plane
piezoremanence

Prx (pm/V)

In-plane
piezosaturation

(pm/V)

Ferroelectric in-plane
remanence polarization

Prx (l C/cm2)

Ferroelectric in-plane
saturation polarization

Psx (l C/cm2)

Bi6Ti3Fe2O18 239 0.98 6 6.19 6 7.55 6 37 6 47 6 22 6 26.16
Tb0.4Bi5.6Ti3Fe2O18 265 0.95 6 17 6 20 6 73 6 92 6 22.11 6 32.75
Tb0.9Bi5.1Ti3Fe2O18 333 0.92 6 31 6 35 6 102 6 135 6 28.5 6 40.30
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inßuence the magnetic properties of a sample.14,15,40 The
slow x-rays scan in the range 33� � 2h � 37� [Fig. 1(e)] do
not demonstrate obvious spinel Fe3O4 [(311) at 35.4� )] peaks,
however, the (028) peak which is in close proximity may be
masking its signal. It should be noted that the goal of this
work was to present a comparison of Tb substituted and
Tb0.90Bi5.1Fe2Ti3O18 with Bi6Ti3Fe2O18 thin Þlms. Hence,
further experimental work is brießy based on the comparison
of physical properties of Tb substituted Tb0.40Bi5.6Fe2Ti3O18

and Tb0.90Bi5.1Fe2Ti3O18 with Bi6Ti3Fe2O18 thin Þlms. High
resolution scanning electron microscopy (HR-SEM) analysis
reveals that Tb substituted rate¼500l s on 5 different areas
(scan resolution¼1365� ) reveals that the average chemical
stoichiometric composition of these Þlms is Bi6Ti3Fe2O18,
Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18. It should
be noted that according to the Þrst principle theory, the origin
of ferroelectricity in Bi-based perovskite like BiFeO3 is
mainly associated with6s2 lone pair electrons.41 However,
chemical substitution of Bi3þ like cations such as rare earth
cations (RE) e.g., Tb, is recommended because these effec-
tively improve the ferroelectric and insulating properties of
Bi based Aurivillius phase materials. The rare earth (Tb3þ ,
Sr3þ , La3þ , etc.) cations compensate the volatile Bi compo-
nent and suppress the formation of oxygen vacancies.42,43

The structure of Aurivillius phasem¼5 layers Tb1-xBi5þ x

Ti3Fe2O18 systems is schematically illustrated in Fig.1(f).
Tb0.40Bi5.6Fe2Ti3O18, Tb0.90Bi5.1Fe2Ti3O18, and Bi6Ti3
Fe2O18 thin Þlms exhibit randomly oriented crystallized
grains with plate-like morphologies which is characteristic
of Aurivillius phase materials [Figs.2(a)Ð2(c)]. SEM-EDX
analysis (over 50� 50 l m2 performed 5 scans (scan rate-
¼500l s) on 5 different areas (scan resolution¼1365� )
reveal that the average chemical stoichiometric composition
of these Þlms is Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and
Tb0.90Bi5.1Fe2Ti3O18. It should be noted that according to the
Þrst principle theory, the origin of ferroelectricity in Bi-based
perovskite like BiFeO3 is mainly associated with 6s2 lone
pair electrons.41 However, chemical substitution of Bi3þ like
cations such as rare earth cations (RE) e.g., Tb, are recom-
mended because these effectively improve the ferroelectric
and insulating properties of Bi based Aurivillius phase mate-
rials. The rare earth (Tb3þ , Sr3þ , La3þ , etc.) cations compen-
sate the volatile Bi component and suppress the formation of

oxygen vacancies.42,43 This effect of A-site Tb substitution
on ferroelectricity can be visualized by investigating and
comparing the microscopic and macroscopic ferroelectric
properties of Tb0.40Bi5.6Fe2Ti3O18, Tb0.90Bi5.1Fe2Ti3O18 with
Bi6Ti3Fe2O18 thin Þlms. The out-of-plane polarization
response is weak for layered Aurivillius materials, but can be
locally probed by boosting the signal by scanning at the tip/
sample contact resonance frequency (300Ð310 kHz) in the
DART-VPFM mode, which is a scanning mode designed to
avoid the effects of topographical cross-talk or artefacts.44,45

The difference between these two types of pointed opposite
domains is 180� . Generation of macroscopic ferroelectric
hysteresis involves nucleation and domain growth as a result
of the accumulation of multi-domains while in the case of
PFM, local hysteresis involves growth and nucleation of a
usually a single domain below the tip-sample contact area at
the submicron scale. Here, we have extracted the out-of-plane
polarization loops and locally associated in-plane polarization
with out-of-plane domains of Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2

Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms at room tempera-
ture via lateral switching spectroscopy (at 20 kHz below the
tip/sample resonance frequency) and vertical switching spec-
troscopy (DART-SSPFM generated at a tip/sample resonance
frequency of 300Ð310 kHz) using a triangular step waveform
cycled twice at 0.2 Hz (comprised Vdc in steps on and off)
and with an AC signal of 5.5 V [Figs.3(a)Ð3(f)]. It should be
noted that the associated in-plane polarization response is
extracted from the domain oriented along out-of-plane show-
ing that it exhibits some component along the in-plane (in
general, in Aurivillius phase materials, the in-plane piezores-
ponse from out-of-plane domains is attributed due to the
Aurivillius phase grain tilt along the out-of-plane)). These
loops were generated at 10 different points (positions) on
each of the two selected 0� (c) (encircled red) and 180� (cþ )
(encircled green) oriented domains [Figs.3(a)Ð3(f)]. The
room temperature local out-of-plane piezoelectric loops
[Fig. 3(e)] demonstrate that the Tb substitution enhances
ferroelectric polarization systematically, since we observe out-
of-plane remnant piezoelectric and saturation piezoelectric val-
ues which are higher for Tb0.40Bi5.6Fe2Ti3O18 and (6 17 pm/V
and 6 20 pm/V) and Tb0.90Bi5.1Fe2Ti3O18 (6 31 pm/V and
6 35 pm/V) compared with Bi6Ti3Fe2O18 (6 6.19 pm/V and
6 7.55 pm/V) thin Þlms. The in-plane and out-of-plane

FIG. 2. Representative SEM images (a)Ð(c) for Bi6Fe2Ti 3O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.9Bi 5.1Fe2Ti6O18 thin Þlms, respectively, deposited on the sap-
phire substrate.
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polarization response of Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18,
and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms was investigated by using
single-frequency piezoresponse force microscopy (SPFM) at
frequency below the tip/sample contact resonance frequency
(we usually use 20 kHz in the SPFM mode in order to avoid
any possible topographical cross-talk, which usually affect
piezoresponse). The in-plane and out-of-plane amplitude and
phase response (SPFM at 20 kHz) from Bi6Ti3Fe2O18, Tb0.40

Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms [Figs.
4(a)Ð4(h)] at room temperature demonstrate that these Þlms
have dominant naturally self-polarized piezoelectric domains
lying along the in-plane a-axis [Figs.4(a)and4(e)] with pref-
erential orientation either along 0� or 180� [Figs. 4(c) and
4(g)]. Weak piezoelectric response was observed along the
out-of-plane [Figs.4(b), 4(d), 4(f), and 4(h)]. A comparison
with out-of-plane images generated at the same area using the
single-frequency modes demonstrates that the samples exhibit
weaker out-of-planec-axis response with respect to the PFM
tip. The in-plane ferroelectric switching polarization reversal
loops [Figs.5(a) and 5(b)] (generated below the tip/sample
contact frequency of 20 kHz using triangular step waveform
cycled twice at 0.2 Hz on 10 different points on each of the
two selected 0� (c� ) (encircled red) and 180� (cþ ) (encircled
green) oriented domains [Figs.4(a)Ð4(e)] demonstrate that the
piezoelectric response (amplitude response) increases with an
increase in Tb substitution. In-plane piezoresponses are higher
for Tb0.40Bi5.6Fe2Ti3O18 (6 92 pm/V and 6 73 pm/V) and
Tb0.90Bi5.1Fe2Ti3O18 (6 135 pm/V and 6 102 pm/V), rather
than Bi6Ti3Fe2O18, (6 47 pm/V and 37 pm/V) thin Þlms.
Furthermore, these results conÞrm that the lateral in-plane
a-axis saturation piezoresponse (6 47 pm/V, 92 pm/V and

6 135 pm/V at 20 kHz) observed for these Þlms is higher than
the vertical out-of-plane saturation piezoresponse (6 9.3 pm/V,
20 pm/V, and6 37 pm/V at 300Ð310 kHz). No coupled vertical
polarization reversal signatures (at a tip/sample contact fre-
quency of 300 kHz) from the in-plane a-axis oriented domain
were observed, clearly demonstrating the existence of major
polarization only along the in-planea-axis. The potential for
Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18

thin Þlms as lead free ferroelectric materials with the ability to
retain piezoelectric properties at the elevated temperature
(200� C) was explored by generating local in-plane saturation
loops as a function of temperature (room! 200� C) as is illus-
trated in Fig.5(b). These responses were collected and ana-
lysed by generating and averaging a number (n¼10) of
saturation loops at 20 kHz on the selected (encircled red
and green) domains as a function of temperature and rough
average piezoresponse polarization values are extracted. It is
observed that the Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2

Ti3O18 thin Þlms have higher in-plane polarization saturation
(6 201 pm/V and6 154 pm/V) and remanence (6 172 pm/V
and6 125 pm/V), rather than Bi6Ti3Fe2O18 saturation polariza-
tion (6 65 pm/V) and remanence (44 pm/V) at elevated tem-
perature (up to 200� C). The in-plane saturation polarization
and remanence increase slightly (no signiÞcant) up to 100� C,
however, the response starts decrease after 100� C [Fig. 5(b)].
This slight increase may be attributed to the removal of surface
residues at higher temperatures such as evaporation or removal
of water molecules from the Þlm surface.18 These results
clearly demonstrate that Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18,
and Tb0.90Bi5.1Fe2Ti3O18 thin Þlms have potential and could
be utilized in elevated temperature device applications.

FIG. 3. Dual AC Resonance Tracking (DART) PFM ampliÞed images of (a) amplitude response, (b) phase response of the Tb0.40Bi5.6Fe2Ti3O18 thin Þlm on
the sapphire substrate: (c) amplitude response, (d) phase response of the Tb0.9Bi5.1Fe2Ti6O18 thin Þlm on the sapphire substrate, and (e) comparison of local
out-of-plane piezoelectric loops for Bi6Fe2Ti3O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.9Bi5.1Fe2Ti6O18 thin Þlms generated via Vertical DART-PFM switching spec-
troscopy, and (f) in-plane lateral piezoelectric loops for Tb0.9Bi5.1Fe2Ti6O18 domains extracted via single frequency switching PFM at 20 kHz after the removal
of an applied DC bias.
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Conventional random access memory (RAM) is based
on top/bottom electrodes as capacitive systems. Commonly
used materials for RAM are lead-based (PZT) perovskites
which exhibit relatively high ferroelectric polarization
(20Ð70l C/cm2).46,47 But these materials suffer from serious

challenges when integrated in such technologies such as
polarization fatigue temperature instability or evaporation of
deleterious PbO, etc. These serious concerns could be over-
come by using alternative lead-free materials such as the
Aurivillius layered structure identiÞed as potential

FIG. 4. Single frequency piezores-
ponse force microscopy (SPFM) (a) in-
plane Amplitude, (b) out-of-plane
PFM Amplitude response, (c) in-plane
phase, (d) out-of-plane phase response
for Tb0.40Bi5.6Fe2Ti3O18 thin Þlms, (e)
in-plane Amplitude, (f) out-of-plane
PFM Amplitude response, (g) in-plane
phase, and (h) out-of-plane phase
response for the Tb0.9Bi5.1Ti3Fe2O18

thin Þlm deposited on the sapphire
substrate.
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alternatives, given that they are lead free piezoelectric/ferro-
electric materials exhibiting relatively high Curie tempera-
tures (Tc generally in the range 230Ð675� C),48Ð50 with in-
plane (a-axis) ferroelectric remnant (Pr) polarizations in the
range of 5.4Ð29l C/cm2 (Refs. 51Ð53) and demonstrate
fatigue-free switching and high temperature (200� C) data
read/write stabilities.18,54 Aurivillius phase materials are not
suitable for integration in RAM devices based on conven-
tional top/bottom electrode systems because of their rela-
tively weak out-of-plane ferroelectric polarizations. The
macroscopic in-plane potential of Bi6Ti3Fe2O18,
Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1Fe2Ti3O18 (6 130 nm)
thin Þlms was explored using in-plane interdigitated electro-
des (IDEs) [Fig.5(c)], possessing 32 Þngers, 8l m inter-
Þnger spacing, and Þnger widths of 2l m, thickness of
100 nm using a frequency of 100 Hz. The schematic Fig.5(d)

illustrates that the direction of the applied electric Þeld (E)
across the IDE Þngers is along the in-planea-axis of these
Þlms. Hence, electric Þeld (E) lines that interact with the in-
planea-axis of the Aurivillius Þlms crystal result in in-plane
saturation hysteresis loops. These measurements conÞrm
that the materials in this study exhibit in-plane ferroelectric
polarization (Px) which increases with an increase in the
applied in-plane electric Þeld (E3) up to the in-plane satura-
tion Þeld (Psx), and charge conduction (Q) is suppressed
above the minimum required in-plane coercive Þeld (E3x) of
these Þlms [Fig.5(e)]. Ferroelectric parameters such as in-
plane saturation (Psx), remanence polarization (Prx), and
coercive Þeld (E3c) were extracted from the ferroelectric
polarization loops [Fig.5(e)]. Psx and E3c are extrinsic prop-
erties and depend on the spacing between IDEs, roughness,
texture, and density of the Þlm. The hysteresis loops

FIG. 5. (a) Single frequency in-plane
PFM loops extracted using single fre-
quency at 20 kHz after the removal of
an applied DC bias, (b) comparison
between the temperature dependent
in-plane PFM ferroelectric polariza-
tions loops generated at 20 kHz via sin-
gle frequency switching spectroscopy;
schematic (c) represents the IDE test
structure on the crystal structure of the
m¼ 5 Aurivillius phase Tb1-xBi5þ xFe2

Ti3O18 along theh110i direction with
Þve perovskite units sandwiched
between two bismuth oxide block thin
Þlms deposited on a sapphire substrate
(d) illustrating the effect of the in-
plane electric Þeld of lines on an in-
plane a-axis polarization plane associ-
ated within the IDEs (e) in-plane ferro-
electric polarization hysteresis using
interdigitated electrodes (IDEs) gener-
ated from Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2

Ti3O18, and Tb0.9Bi5.1Ti3Fe2O18 thin
Þlms; (f) magnetic response from the
Tb0.9Bi5.1Ti3Fe2O18 thin Þlm magnetic
hysteresis loop at 2 K.
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generated in a driven electric Þeld (E3) 6 245 kV/cm2 con-
Þrm the required saturation Þeld as illustrated in Fig.5(e).
The in-plane saturation (Psx) and remanence (Prx) polariza-
tion for Bi6Ti3Fe2O18 are6 26.16l C/cm2 and6 22l C/cm2,
whereas,6 32.75l C/cm2 and 6 22.11l C/cm2, 6 40.30l C/
cm2 and 6 28.5l C/cm2 for Tb0.40Bi5.6Fe2Ti3O18 and
(6 130 nm) thin Þlms, respectively. It is clearly observed that
in-plane saturation (Psx) and remanence polarization (Prx) are
correlated with Tb substitution and increase with the increase
in Tb substitution. The in-plane macroscopic switching
polarization observed for Tb0.40Bi5.6Fe2Ti3O18 and
Tb0.9Bi5.1Fe2Ti3O18 thin Þlms are comparable with values of
remnant (Pr) polarization values of PZT [Pb(Zr0.52Ti0.48)]O3,
Pr ¼12Ð65l C/cm2,55,56 SrBi4 Ti4O15 (Pr ¼ 6 5Ð29l C/
cm2),57Ð59 and SrBi2Ta2O9 (SBT) (Pr ¼ 6 7.5Ð12l C/
cm2)52,60 based systems common materials in FeRAMs with
conventional top/bottom electrodes.61 No ferromagnetic sig-
nature were observed for Bi6Ti3Fe2O18 and
Tb0.40Bi5.6Fe2Ti3O18 thin Þlms. However, a weak ferromag-
netic signature was observed for the Tb0.9Bi5.1Fe2Ti3O18

sample. These magnetic loops were generated using SQUID
(superconducting quantum interference device) magnetiza-
tion measurements as a function of magnetic Þeld at temper-
atures of 2 K as are shown in Fig.5(f). It should be noted
that due to high noise level extraction of magnetic parame-
ters such as Mr, Ms, and Hc from observed weak signature
ferromagnetic signatures is quite difÞcult. Due to the plate-
like nature of Aurivillius phase grains, the thickness (100
6 30 nm) varies across the sample. We have calculated the

average Tb0.9Bi5.1Fe2Ti3O18 thin Þlm thickness by taking
� 50 cross-section thickness measurements across the sample
piece via HR-SEM. In addition, the porosity was taken into
account as a 2.70% area of the substrate was not covered
with the Tb0.9Bi5.1Fe2Ti3O18 thin Þlm. It is observed from
Fig. 5(f), which, at positive (negative) high Þeld, the down-
ward (upward) direction of the curve originates from the dia-
magnetic substrate.

HRTEM [Jeol (21)00, 200 kV; double tilt sample holder]
[Figs. 6(a)Ð6(c)] demonstrates that Tb0.40Bi5.6Fe2Ti3O18

thin Þlms is m¼5 layers, however, exhibit few regions
where the Aurivillius phase unit (c-lattice) parameter is in the
range of 3.5Ð4.5 nm [Figs.6(b)and6(c)] suggesting that there
are parts of the sample having intergrowths of different
Aurivillius phases having 3Ð5 perovskite blocks per half
unit cell. This is also conÞrmed from the XRD proÞle where
the (119) reßection peak is observed from the secondary
minor m¼4 layer Bi5Ti3FeO15 impurity phase. However, the
c-lattice for the Tb0.9Bi5.1Fe2Ti3O18 thin Þlms is 4.8 nm con-
Þrming it has 5 perovskite blocks per half unit cell. Both
Tb0.40Bi5.6Fe2Ti3O18 and Tb0.9Bi5.1Fe2Ti3O18 thin Þlms are
inhomogeneous in terms of their coverage of the sapphire
substrates and are very thin patchy Þlms with an average
thickness of� 100 nm. In order to investigate whether Tb was
successfully incorporated into the Aurivillius phase structure
in both the Tb0.40Bi5.6Fe2Ti3O18 and Tb0.9Bi5.1Fe2Ti3O18 thin
Þlm samples and to investigate whether the observed ferro-
magnetism in the Tb0.9Bi5.1Fe2Ti3O18 sample can be reliably
assigned to the Aurivillius phase and not due to the presence

FIG. 6. Microstructural analysis Ð (a)
HRTEM cross-section image for
Tb0.40Bi5.6Fe2Ti3O18 thin Þlms (b)
regions in the Tb0.40Bi5.6Fe2Ti3O18

thin Þlm uniform m¼5 layered
Aurivillius structure (c) highlighted
m¼5 layers Tb Tb0.40Bi5.6Fe2Ti3O18

have some regions with m¼4 layer
structures (d) HRTEM cross-section
image for Tb0.9Bi5.1Ti3Fe2O18 thin
Þlms.
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of trace levels of magnetic impurities, further compositional,
morphological, and structural analysis was performed.

HR-SEM-EDX surface scans were performed over short
(2 h) and long (72 h) time periods on relatively large sample
areas of the Tb0.40Bi5.6Fe2Ti3O18 (2250l m2) and Tb0.9Bi5.1

Fe2Ti3O18 (1600l m2) thin Þlms and the morphology, com-
position, and volume of any second-phase magnetic and fer-
roelectric inclusions were assessed. No Tb/Fe rich secondary
phases were detected over sample areas of 42� 38l m2

during 2 h scans for Tb0.40Bi5.6Fe2Ti3O18, indicating that
if impurities are present, they are there at relatively low lev-
els. Hence, we have performed longer time periods, 72 h,
EDX scan to increase the signal-to-noise ratio elemental
mapping scan across 2244l m2 of the sample surface for the
Tb0.40Bi5.6Fe2Ti3O18 thin Þlms (as illustrated in Fig.7). The
subtraction of BiLa EDX from TbKa and FeKa signals dem-
onstrates no prominent variations later from the average
value [Figs.7(a)Ð7(d)]. FeKa minus BiLa map [Fig. 7(d)]
TbKa minus BiLa map [Fig.7(c)], revealed that Tb is uni-
formly distributed over the whole Þlm. No Tb rich impurities
were observed in Tb0.40Bi5.6Fe2Ti3O18 thin Þlms. However,
these elemental mapping revealed that there are few Fe rich
areas in the diameter range of 500 nm [as encircled in Fig.
7(d)]. The net iron rich impurities present in Tb0.40Bi5.6

Fe2Ti3O18 thin Þlms at a volume fraction of 0.026%. These
mappings for Tb0.40Bi5.6Fe2Ti3O18 analysis reveal that Tb

seems to be patchily present in the main phase with varied
ratios of Bi: Tb of 15: 1. Since we have previously noted the
elemental variations for over the CSD and LICVD grown
Bi6Ti2.99Fe1.46Mn0.55O18 system,14,15 hence, in order to
conÞrm the substitution of Tb to form Tb0.40Bi5.6Fe2Ti3O18

thin Þlms, we performed elemental analysis on individual
Aurivillius phase grains. We selected 15 grains from a
lamella of the Tb0.40Bi5.6Fe2Ti3O18 thin Þlms followed by
normalization of Bi: Tb: Fe: Ti ratios, shows average ratio
Bi (5.6): Tb (0.4): Fe (2): Ti (3) and composition Tb0.40Bi5.6

Fe2Ti3O18. Hence, it is conÞrmed that 0.40 mol. % of Tb is
successfully substituted in Tb0.40Bi5.6Fe2Ti3O18 thin Þlms.
However, no ferromagnetic signatures were observed for
these Þlms. Similarly, a 72 h HR-SEM-EDX scan was con-
ducted over the area 1600l m2 on Tb0.9Bi5.1Fe2Ti3O18 thin
Þlms. The subtraction of BiLa EDX from TbKa and FeKa
signals demonstrates the subtle variations in the later from
the average value [Figs.7(e)Ð7(h)]. The resulting composi-
tions are shown in Fig.7(f) FeKa minus BiLa map Fig.7(h)
TbKa minus BiLa map, revealed some bright regions with
higher Tb and Fe contents (4% volume fraction to the parent
Tb0.9Bi5.1Fe2Ti3O18 phase). These subtractions of spectral
lines are made on the assumptions that the average composi-
tional contents of Tb and Fe remain constant over the whole
Þlm. The small changes from the constant contents are moni-
tored in these scans. The cross-section EDX across the Tb/Fe

FIG. 7. Compositional analysis: representative cross-sectional EDX map of Tb0.40Bi5.6Fe2Ti3O18 (2244l m2) thin Þlms onc-plane sapphire (a) secondary elec-
tron image, (b) Bi distribution over the Þlm, (c) Tb minus Bi distribution, (d) Fe minus Bi distribution from Tb0.40Bi5.6Fe2Ti3O18 thin Þlms; compositional
analysis: representative cross-sectional EDX map of Tb0.9Bi5.1Ti3Fe2O18 (1600l m2) thin Þlms onc-planer sapphire, (e) secondary electron image, (g) Bi dis-
tribution over the Þlm, (f) Fe minus Bi distribution, (h) Tb minus Bi distribution from Tb0.9Bi5.1Ti3Fe2O18 thin Þlms, and (i) HRTEM-EDX localized elemental
mapping from Tb0.9Bi5.1Ti3Fe2O18 thin Þlms showing cubic magnetic inclusion of the FexTbyOz (x� y)-type phase.
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inclusions conÞrms that the Tb0.9Bi5.1Fe2Ti3O18 thin Þlms
have potential ferromagnetic oxide inclusion of FexTbyOz. In
order to investigate the structure and possible composition of
the inclusions to investigate whether they could have an
effect on the magnetic response, site speciÞc localized ele-
mental mapping was performed [Fig.7(i)] across a section of
the sample via STEM with EDX. It can be seen from EDX
elemental mapping that there is clear evidence of Fe/Tb/Bi
rich inclusions. These inclusions also contained inhomoge-
neous Ti. All these elemental maps were colour coded (red
Ð Ti, green Ð Tb/Fe/O, blue Ð Bi), added up into a red-green-
blue (RGB) image and superimposed onto the SEM image,
all done within the Oxford INCA software. From these local-
ized mapping, we observe clear evidence of some areas
with clusters of FexTbyOz. The inclusions shown in Fig.7(e)
are homogenously spread (72 h EDX maps across 1600l m2

revealed approximately 80 Fe/Tb rich inclusions in with
grain sizes having diameters in the range of 100Ð500 nm)
throughout the sample cross-section. It has been reported
that rare earth elements such as TbMnO3

62 hold large mag-
netic moments, outstanding magnetocrystalline anisotropy,
magnetostriction, and large ionic radii. The substitution of
rare earth Tb as FexTbyOz may cause structural distortion
and magnetic coercivity.63 Furthermore, ferrimagnetic
responses have been reported for the cubic spinel Fe3O4 (Ms

¼70Ð80 emu/g),64 however, in complex Co1-xTbxFe2O4 spi-
nel systems, the magnetic saturation (Ms) values decrease
with increased Tb substitution and found in the range (Ms
¼63Ð67 emu/g).65 The results from literature and data ana-
lysed suggest that Tb substituted Tb0.9Bi5.1Fe2Ti3O18 thin
Þlms are not likely to be single-phase multiferroic materials,
since, due to the presence of secondary magnetic FexTbyOz

impurity at a volume fraction of 4%, this accounts for the
measured weak magnetic signature.

IV. CONCLUSIONS

Here, in this work, we investigate Tb substitution at the
A-site of m¼5 layered Aurivillius phase Bi6Ti3Fe2O18 thin
Þlms deposited on 200C-M plane (0001) oriented sapphire
substrates synthesized by a chemical solution deposition
(CSD) process. The effect of Tb substitution on multifunc-
tional physical properties such as piezoelectricity, ferroelec-
tricity, and ferromagnetism was probed. Single-frequency
and DART piezoresponse force microscopy (PFM) conÞrm
that Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and Tb0.90Bi5.1

Fe2Ti3O18 thin Þlms are piezoelectric and exhibit higher
piezoelectric responses along the in-plane a-axis compared
with the out-of- plane direction. The analysis reveals that
Tb substituted Tb0.40Bi5.6Fe2Ti3O18 and Tb0.90Bi5.1Fe2

Ti3O18 thin Þlms exhibit higher in-plane (piezoresponses at
saturation ¼6 201 pm/V and 6 154 pm/V) and remnant
piezoresponses¼6 172 pm/V and 6 125 pm/V at 20 kHz)
and out-of-plane (piezoresponses at saturation¼6 20 pm/V
and 6 35 pm/V) and remnant piezoresponses¼6 17 pm/V
and 6 31 pm/V) at 20 kHz), polarization compared with
the in-plane and out-plane polarization from Bi6Ti3Fe2O18

(piezoresponse at saturation¼6 65 pm/V and remnant
piezoresponses¼44 pm/V) and piezoresponse at saturation

¼6 7.55 pm/V and remnant piezoresponse¼6 6.19 pm/V)
thin Þlms. In-signiÞcant changes in local in-plane and out-of-
plane piezoresponse with increases in temperature (200� C)
demonstrates polarization stability at elevated temperature.
Macroscopic in-plane ferroelectric switching polarization
loops investigated by depositing in-plane interdigitated elec-
trodes (IDEs) on Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and
Tb0.90Bi5.1Fe2Ti3O18 thin Þlms, conÞrm that these Þlms
exhibit saturation (Ps) and remanence (Pr) polarization values
of 6 32.75l C/cm2 and6 22.11l C/cm2, 6 40.30l C/cm2 and
6 28.5l C/cm2, and6 26.16l C/cm2 and6 22l C/cm2. These
values are comparable with the values of commonly used
FeRAM based materials such as SrBi2Ta2O9 (SBT),66,67

SrBi4Ti4O15 (SBT),68 and SrBi2(Ta0.5Nb0.5)2O9 (SBNT),69

indicating that Bi6Ti3Fe2O18, Tb0.40Bi5.6Fe2Ti3O18, and
Tb0.90Bi5.1Fe2Ti3O18 are suitable for in-plane Fe-RAMs.61

Furthermore, the increase in ferroelectric polarization (Px)
with Tb substitution Tb0.40Bi5.6Fe2Ti3O18, Tb0.9Bi5.1Fe2

Ti3O18 as compared with Bi6Ti3Fe2O18 thin Þlms conÞrms
that Tb substitution affects and inßuences the ferroelectric
properties (it should be noted that Tb is successfully
substituted and forms Tb0.40Bi5.6Fe2Ti3O18 while Tb0.9Bi5.1

Fe2Ti3O18 have no conclusive evidence Tb substitution).
STEM-EDX imaging conÞrm that these Þlms are of the
m¼5 Aurivillius phase with no ferroelectric impurity phases
such as effecting the ferroelectric properties. No ferromag-
netic signatures were observed for Bi6Ti3Fe2O18 and Tb0.40

Bi5.6Fe2Ti3O18 thin Þlm systems, however, a weak magnetic
response was observed for Tb0.9Bi5.1Fe2Ti3O18 thin Þlms.
STEM-EDX imaging for Tb0.9Bi5.1Fe2Ti3O18 thin Þlms iden-
tiÞed magnetic inclusions of a FexTbyOz (x� y)-type phase,
present at a volume fraction of 4%. This data however
implies that Tb0.9Bi5.1Fe2Ti3O18 thin Þlms are not likely to
be ferromagnetic or multiferroic at room temperature, as
the presence of secondary magnetic oxide phase FexTbyOz

(x� y) impurities account for the measured magnetic
response in these Þlms. It is important to note that this kind
of discussion of possible magnetic impurity phase levels,
and their effects, is often absent in previous studies reported
on these novel types of materials. However, our group per-
formed deep and thorough studies such as these to reach to
conclusive results.
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