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Abstract

The multiferroic behavior with ion modification using rare-earth cations on crystal structures, along with the insulating properties of
BiFeO; (BFO) thin films was investigated using piezoresponse force microscopy. Rare-earth-substituted BFO films with chemical
compositions of (Bij gg_ \REFe; 0903 (x=0; 0.15), RE=La and Nd were fabricated on Pt (111)/Ti/SiO,/Si substrates using a chemical
solution deposition technique. A crystalline phase of tetragonal BFO was obtained by heat treatment in ambient atmosphere at 500 °C
for 2 h. Ton modification using La®* and Nd** cations lowered the leakage current density of the BFO films at room temperature from
approximately 10~ down to 10~% A/cm? The observed improved magnetism of the Nd** substituted BFO thin films can be related to
the plate-like morphology in a nanometer scale. We observed that various types of domain behavior such as 71° and 180° domain
switching, and pinned domain formation occurred. The maximum magnetoelectric coefficient in the longitudinal direction was close to
12 V/em Oe.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The BiFeOs-based multiferroics are interesting materials
for basic research as well as for possible application in
magnetoelectric devices [1,2]. Antiferromagnetic ordering

*Corresponding author. Tel.: 4+ 55 12 3123 2765.
E-mail address: alezipo@yahoo.com (A.Z. Simoes).

in BiFeO; occurs at nearly 620 K [1-3] whereas dipole
ordering associated with a first-order rhombohedral—-
orthorhombic structural transition takes place in the range
1090-1100 K [4-6]. Below room temperature two magnetic
transitions at 200 K and 140 K have been revealed [7,8].
Dipole ordering is the result of a stereochemical activity of
the 6s electron pair of Bi** ion and occurs via the relative
shift of Bi*", Fe’* and O*~ ions along [001] hexagonal
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axes. Crystal structure of BiFeOs; is described with the
space group R3c, allowing a linear magnetoelectric effect.
However, in the bulk samples no linear magnetoelectric
effect was observed, because the G type antiferromagnetic
structure is modulated by cycloid with a period of 620 A
[3,9]. BiFeO; shows metamagnetic transition in magnetic
fields above 18 T at 5 K [10]. This transition is associated
with a collapse of the incommensurately modulated mag-
netic structure. As a result of the transition a weak
ferromagnetic state appears. In the weak ferromagnetic
state a large linear magnetoelectric effect was observed
[11]. BFO has a distorted perovskite structure in a
rhombohedral system (lattice parameters: a=3.958 A,
0=89.30° [1-3]). BFO has a potential to exhibit a large
spontaneous polarization (Ps) value [6-9]. Although only Ps
values of approximately 6 uC/cm? have been reported for
BFO bulk [10] the first-principles study predicted that BFO
crystal possesses theoretical Pr values of 90-100 uC/cm?
potentially [11]. Wang et al. reported remanent polarization
(Pr) values of 50-60 pC/cm> for BFO films with a
pseudotetragonal system heteroepitaxially grown on (100)
SrRuO;/(100) SrTiO5 substrates by pulsed laser deposition
(PLD) [12]. Furthermore, Yun et al. also deposited tetra-
gonal BFO films with a giant ferroelectric polarization
beyond 150 pC/cm? on Pt/TiO,/SiO,/Si substrates by PLD
[13]. However, BFO bulks and thin films always suffer
from low electrical resistivities, preventing these materials
from exhibiting essential polarization performance at room
temperature [14,15]. For example, appropriate evaluation
of Ps and Pr values has never been achieved on BFO films
fabricated by solution deposition techniques due to the
high leakage current conduction. Similar phenomena have
already been observed in the case of BiyTi301, (BIT) films
that also have low electrical resistivity [16]. Furthermore,
Eerenstein et al. argued that the enhanced polarization of
BFO films reported in previous works would be ascribed to
extra charge inflow based on the leakage current and that
the improvement of the electrical resistivity is essential for
evaluating intrinsic polarization property of the BFO film
[17]. Béa et al. [18] also explained that conductive path in
the BFO film, such as Bi,O3;, Fe,Os, etc., would prevent
their practical use as ferroelectric elements.

Recently, researchers have proposed a material-design
concept for reducing the electrical conduction of perovskite
based ferroelectric thin films. The material-design concept is
based on ion substitution to eliminate oxygen vacancies that
act as conduction carriers in perovskite-based crystal
[16,19,20]. For example, Bi-site substitution using some
rare-earth cations, such as La’*; Nd** and Sm** effec-
tively enhanced the insulating property of the BIT film,
which is ascribed to the compensation of the volatile Bi
component in the BIT crystal by the rare-earth cations to
suppress the formation of oxygen vacancies [21-24]. The
trial to reduce the electrical conduction based on the
material-design concept had already succeeded in the case
of some Bi-based ferroelectrics such as SrBi>,Ta,0O9 (SBT)
and BIT, as well as Pb-based ferroelectrics such as lead

titanate PbTiO; (PT) and lead zirconate titanate
PbZr, _,Ti, O3 (PZT) [25-27]. Some researchers reported
that certain rare-earth cations, such as La**, Nd**- Gd*+
and Dy>*, can be substituted for the Bi** ion in the BFO
crystal [4,28-30]. The present authors also applied the
same approach to improving the electrical resistivity of
BFO thin film; some of the volatile Bi** ions in the BFO
crystal were replaced by some nonvolatile rare earth ions
to prevent the formation of oxygen vacancies that degrade
the insulating and ferroelectric properties. In other work,
researchers fabricated La’* and Nd** substituted BFO
films using a chemical solution deposition (CSD) technique
and then clarified that replacing 5% of the Bi** in the
BFO crystal with La*" or Nd** could lower the leakage
current density at room temperature significantly [31].
These results indicate that the material-design concept
mentioned above is effective for reducing the electrical
conduction of the BFO film. We investigated the influence
of rare-earth cation substitution on the crystal structure
and ferroelectric properties, as well as the -electrical
resistivity, of BFO film. Two rare-earth cations, i.e.,
La** and Nd*>* were selected as the substituent cations
in this study because the radii of these ions (1.032 and
0.98 1&) with six coordination were similar to that of the
Bi** ion (1.030 A) with six coordination allowing these
ions to occupy the Bi site in the BFO crystal [32]. The
magnetoelectric (ME) coefficient oME=dEdH =dV
(tdH) is the most critical indicator for the magnetoelectric
coupling properties in multiferroic materials, where V is
the induced magnetoelectric voltage, H is the exciting ac
magnetic field, and ¢ is the thickness of the sample used for
measuring V across the laminate [33]. Our group has
expanded significant effort in develop synthetic routes of
BiFeO; thin films [34,35] and we have previously reported
the preparation of bismuth base compounds thin films
grown on Pt(111)/Ti/SiO,/Si substrates with good struc-
tural, microstructural and electrical properties by the soft
chemical method [36—41]. In the present investigation and
as a natural extension of previous work, the La** and
Nd** substituted BFO films were fabricated on Pt(111)/
Ti/Si0O,/Si substrates by the soft chemical method. Struc-
tural and electrical properties of the films, mainly related
to piezoresponse behavior were investigated by using
various techniques with a view to explore their technolo-
gical applications with rare-earth substitution.

2. Experimental procedure

Iron (III) nitrate nonahydrate [Fe(NOs;);-9H,0], 99.5%
purity (Merck), bismuth oxide [Bi,Os], 99.9% purity
(Aldrich), neodymium oxide [Nd,Os3], 99.5% purity (Merck),
lanthanum oxide [La>Oj3], 99.5% purity (Aldrich) were used
as raw materials. The precursor solutions of bismuth,
lanthanum, neodymium and iron were prepared by adding
the raw materials to ethylene glycol and concentrated
aqueous citric acid under heating and stirring. Appropriate
quantities of solutions of Fe, Nd, La and Bi were mixed and
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homogeneized by stirring at 90 °C. The molar ratio of
metal:citric acid:ethylene glycol was 1:4:16. The viscosity of
the resulting solution was adjusted to 20 cP by controlling the
water content using a Brookfield viscosimeter. The films were
spin-coated from the deposition solution onto a Pt (111)/Ti/
S102/Sl substrate. Bil.OO—XRExFeI.OOO:’a (X:O and X:OIS)
(BFO, BLF and BNF) were annealed at 400 °C for 2 h with
heating rate of 3 °C/min in a conventional furnace and later
crystallized at 500 °C for 2 h in static air. Multilayered films
were obtained by spinning 10 times the deposition solution
on the surface of the substrate at 5000 rpm for 30s. The
number of layers was fixed as a function of the desired
thickness to obtain good electrical properties. An excess of
5 wt% Bi was added to the solution, aiming to minimize the
bismuth loss during the thermal treatment. Without this
additional bismuth the pure phase could not be obtained.
Phase analysis of the films was performed at room tempera-
ture by X-ray diffraction (XRD) patterns recorded on a
(Rigaku-DMax 2000PC) with Cu-Ko radiation in the 26
range from 20° to 80° with 0.3°/min. The thickness of the
annealed films was studied using scanning electron micro-
scopy (SEM-Topcom SM-300) by looking at the transversal
section. In this case, back-scattered electrons were utilized.
Three measurements were done and the average value of
thickness was close to 300 nm. Surface roughness (RMS) was
examined by AFM, using tapping mode techniques. Next, a
0.5 mm diameter top Au electrode was sputtered through a
shadow mask at room temperature. After deposition of the
top electrode, the film was subjected to a post-annealing
treatment in a tube furnace under oxygen atmosphere at
300 °C for 1h. Here, the desired effect was to decrease
eventually present oxygen vacancies. The J—} measurements
were recorded on the Radiant technology tester in the
current—voltage mode, with a voltage changing from 0 to
410V, from +10 to — 10 V and back to 0 V. Magnetization
measurements were taken using a vibrating-sample magnet-
ometer (VSM) from Quantum DesignTM. The dc magnetic
bias field was produced by an electromagnet (Cenco Instru-
ments J type). The time-varying dc field was achieved by a
programmable dc power supply (Phillips PM2810 60 V/5 A/
60 W). To measure the dc magnetic field, a Hall probe was
employed. The magnetoelectric signal was measured by using
a lock-in amplifier (EG&G model 5210) with input resistance
and capacitance of 100 MQ and 25 pF, respectively. Piezo-
electric measurements were carried out using a setup based
on an atomic force microscope in a Multimode Scanning
Probe Microscope with Nanoscope IV controller (Veeco
FPP-100). In our experiments, piezoresponse images of the
films were acquired in ambient air by applying a small ac
voltage with amplitude of 2.5V (peak to peak) and a
frequency of 10 kHz while scanning the film surface. To
apply the external voltage we used a standard gold coated
SizN, cantilever with a spring constant of 0.09 N/m. The
probing tip, with an apex radius of about 20 nm, was in
mechanical contact with the uncoated film surface during the
measurements. Cantilever vibration was detected using a
conventional lock-in technique.

3. Results and discussion

Fig. 1 shows XRD patterns of nonsubstituted (x=0),
La** and Nd** substituted BFO films. All films consisted
of the crystalline BFO phase without a preferential
orientation. The nonsubstituted BFO film contained a
trace amount of Bi,O; and Bi,Fe,O¢ phases, while it
disappeared in the La®> ™ and Nd** -substituted BFO films.
These results suggest that rare-earth-substitution prevents
the generation of the secondary phase. Rare-earth sub-
stitution did not affect the crystal orientation of the BFO
films although the peaks are shifted to low 260 angles. This
suggests that the addition of rare-earth can either eliminate
oxygen vacancies or avoid compositional fluctuations of
Fe’* to Fe’" oxidation state influencing on the appear-
ance of secondary phases. The polycrystalline nature of the
film can be attributed to the differences in nucleation
energy between the ferroelectromagnetic material and the
metallic electrode. According to the pattern, the film has a
tetragonal perovskite structure. Besides BFO peaks, the
characteristic peak for (111) platinum coated silicon sub-
strates at 20=40° was identified.

Changes on the surface morphology of the La** and
Nd** substituted BFO films were evaluated by AFM
measurements (Fig. 2a—c). Rare-earth addition tends to
suppress the grain growth which is consistent with the
XRD results where a decrease in peak sharpness and
intensity was observed. The decrease of grain size of
rare-earth-doped BFO films can be interpreted by the
suppression of oxygen vacancy concentration, which
results in slower oxygen ion motion and consequently
lower grain growth rate. Nonsubstituted BFO thin films
exhibited the inhomogeneous microstructures consisting of
small and large grains (80-100 nm) with a statistical
roughness, root mean square (RMS) of approximately
6.2 nm. La and Nd-substitution was found to be effective
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Fig. 1. X-ray diffraction of thin films deposited by the polymeric
precursor method at 500 °C in static air for 2 h (a) BFO; (b) BLF and
(c) BNF.
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Fig. 2. Atomic force microscopy of thin films deposited by the polymeric
precursor method at 500 °C in static air for 2h (a) BFO; (b) BLF and
(c) BNF.

in improving the surface morphology of synthesized BFO-
based films, because the precursor film underwent the
optimized nucleation and growth process producing films
with a homogeneous and dense microstructure. La-
substitution reveals rounded grain morphology (60 nm)
with [RMS: 5.4 nm] which can be explained by the largest
number of tied up hydrogen, which increase the possibility
of a homogeneous interaction between any of the carboxyl
group (Fig. 2b). Nd-substitution reveals plate-like grains
morphology which can be explained by the complexation
of the Nd ions by the carboxylic groups (Fig. 2¢). The
complexation of Bi and Nd by the citric acid leads to a
linear polymer and a typical plate-like morphology. In this
case there is minor hydrogen number, decreasing the
symmetry of the molecule and the possibilities of a
homogeneous interaction. The difference in the shape of
the grains could be the fact that the complexation of the
metals by the carboxilics groups is dependent of the ionic
radii of these ions (1.032 and 0.98 A). The complexation of
Bi and Nd by the citric acid leads to a linear polymer and a
typical plate-like morphology. Meanwhile, the addition of
La competes with the citric acid for the complexation of
the bismuth site making the volumetric effect more
pronounced and leading to a rounded morphology.
Among these films, BNF thin films exhibited the most
homogeneous microstructure with [RMS: 4.6 nm] and
grain size of 70 nm as shown in Fig. 2(c). Also, the
homogeneous microstructure of BNF films may affect
the ferroelectric properties, because the voltage can be
applied uniformly onto it. The role of rare-earth is to
eliminate vacancies which act as point defects and there-
fore decrease the surface heterogeneity in the films.

An analysis of the evolution of Raman spectra in the
rare-earth modified bismuth ferrite shows the order-
disorder degree of the atomic structure at short range
(Fig. 3). The modes further split into longitudinal and
transverse components due the long electrostatic forces
associated with lattice ionicity. Substitution of La and Nd
in the A-site of the lattice reduces the distortion of
octahedral clusters having little influence in the relative
intensity of the bands. The vibrational modes located at
224, 355, 385, 531, and 564 cm ™! result from the FeOg
octahedral (Fe=5 or Fe=6). The band located below
200 cm ™' is due to the different sites occupied by bismuth
within the perovskite layer. Raman frequencies are not
strongly affected by rare-earth substitution. Slight changes
which occur above 200 cm ' in the BFO can be associated
to structural distortion and reduction of vibrations in the
FeOs octahedra. Rare-earth atoms substitute bismuth
within the perovskite structure having marginal influence
in the interactions between the (Bi,O,)*" layers and
perovskite.

Fig. 4 shows the leakage current density (J) vs voltage
(V) curves of the rare-earth BFO films measured at room
temperature, together with that of the nonsubstituted BFO
film. The current density of nonsubstituted BFO film was
higher than those of the rare-earth-substituted BFO films
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Fig. 3. MicroRaman spectra of thin films deposited by the polymeric
precursor method at 500 °C in static air for 2 h (a) BFO; (b) BLF and
(c) BNF.

especially above 4 V. Differences in J-V characteristics
were attributed to the suppression of the oxygen vacancies
in the BFO films by the rare-earth substitution of the
volatile Bi element which is similar to PT, PZT, and BIT
films or crystals [42—49]. The leakage current densities of
these films were less than 10~® Ajem? for the La’*and
Nd>*-substituted BFO films. On the other hand, the
leakage current density of the nonsubstituted BFO film
was on the order of 10~°% A/cm? which was higher than
those of the rare earth-substituted BFO films. These results
indicate that the nonsubstituted BFO film has a higher
leakage current density than La** and Nd**-substituted
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Fig. 4. Leakage current density versus applied electric field of thin films
deposited by the polymeric precursor method at 500 °C in static air for 2 h
(a) BFO; (b) BLF and (c) BNF.

BFO films. These results suggest that the rare-earth-
substituted BFO films still contained a certain conducting
path, such as a valence change in Fe* ™ cation [50], whereas
the rare-earth substitution lowered the leakage current
density by the suppression of oxygen vacancies in the
BFO films.
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Magnetization (M) versus magnetic field (H) loops were
recorded at 300 K (Fig. 5). The nonsubstituted BFO
film magnetization was observed with a magnetic field
of 1.3emu/g. A weak ferromagnetic response was
noted, although enhanced magnetization was observed
as compared to bulk specimens. Gehring [51] and
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Fig. 5. Field dependencies of the magnetization obtained of thin films
deposited by the polymeric precursor method at 500 °C in static air for 2 h
(a) BFO; (b) BLF and (c) BNF.

Goodenough and Lango [52] suggested that the statistical
distribution of a Fe’ " ion in octahedral or the creation of
lattice defects might lead to bulk magnetization and weak
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of thin films deposited by the polymeric precursor method at 500 °C in
static air for 2h at a 7kHz ac magnetic field at room temperature
(a) BFO; (b) BLF and (c) BNF.
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ferromagnetism. The appearance of weak ferromagnetism
in this compound may be attributed to either the canting
of the antiferromagnetically ordered spins by a structural
distortion [53-55] or the breakdown of the balance
between the antiparallel sublattice magnetization of Fe®*
due to metal ion substitution with a different valence [56].
The magnetization linearly increases with the applied
magnetic field which is characteristic of antiferromagnets
and Nd and La ions change the pure bismuth ferrite
magnetic structure. A change in the magnetic properties in
this case is explained not only by different magnetic
moments and ion radii of neodymium and lanthanum
(the La and Nd atoms do not possess any intrinsic
magnetic moment), but also by the anisotropy of the
magnetic moments of La and Nd ions. The magnetization
appears enhanced due to magnetic ordering on La and Nd
substitution. This enhancement may be attributed to
different factors like (i) structural distortion due to La
and Nd substitution, (ii) variation in the oxygen stoichio-
metry or Fe’t ion, (iii) reduction in grain size and (iv)
change in the magnetic anisotropy, etc [57,58]. Further
studies are required to understand the magnetic behavior
of this compound. The low coercive magnetic fields of
rare-earth substituted BFO films are indicative of their
magnetically soft nature which makes these films suitable
for device applications.

The magnetolectric coefficient versus dc bias magnetic
field in the longitudinal direction reveals hysteretic beha-
vior, as observed in the magnetic field cycles shown in
Fig. 6. The magnetoelectric coefficient of BLF and BNF
are 10 V/cm Oe and 12 V/cm Oe respectively which are
much larger than that previously reported for thin films as
high as 3 V/cm Oe in the same direction at zero fields [59]
(Fig. 6b—c). This is a consequence of the antiferromagnetic
axis of BLF and BNF which rotates through the crystal
with an incommensurate long-wavelength period of
~620 A [60,61]. Early reports showed that the spiral spin
structure leads to a cancellation of any macroscopic
magnetization and would inhibit the observation of the
linear magnetoelectric effect [62]. Significant magnetization
(~0.5 uB/unitcell) and a strong magnetoelectric coupling
have been observed in epitaxial thin films, suggesting that
the spiral spin structure could be suppressed [63].

The domain structures observed in the film by piezo-
electric force microscopy (PFM) was illustrated in Fig. 7.
The out-of-plane (OP) and in-plane (IP) piezoresponse
images of the as-grown films after applying a bias of
—12V, on an area of 2 um x 2 um, and then an opposite
bias of +12V in the central 1 pm x 1 pum area were
employed. To obtain the domain images of the films, a
high voltage that exceeds the coercive field was applied
during scanning. The contrast in these images is associated
with the direction of the polarization [64]. The PFM image
indicates that the perpendicular component of polarization
can be switched between two stable states: bright and dark
contrast inside and outside of the square region. Higher
PFM magnification images showed that the regions

without piezoresponse exhibit a strong contrast in the
PFM images. The white regions in the out-of-plane PFM
images correspond to domains with the polarization vector
oriented toward the bottom electrode hereafter referred to
as down polarization (Fig. 7a), while the dark regions
correspond to domains oriented upward referred to as up
polarization. Grains which exhibit no contrast change is
associated with zero out-of-plane polarization. A similar
situation was observed when a positive bias was applied to
the film. We noticed that some of the grains exhibit a white
contrast associated to a component of the polarization
pointing toward the bottom electrode. On the other hand,
in the in-plane PFM images (Fig. 7b) the contrast changes
were associated with changes of the in-plane polarization
components. In this case, the white contrast indicates
polarization e.g. in the positive direction of the y-axis while
dark contrast are given by in-plane polarization compo-
nents pointing to the negative part of the y-axis. The
ferroeletric domains in the BLF and BNF films consist of
a multiple domain state in a mixture of 71° and 180°
domains which grow large into blocks. The domains grow
in multiple states is a consequence of films thickness being
close to 300 nm. In this way, rare-earth acts reducing the
strain energy and the pinning effect of charged defects. The
main differences in the out-of-plane (OP) and in-plane (IP)
piezoresponse images may be understood as follows: first,
the piezoelectric tensor for the tetragonal symmetry is
complex, resulting in an effective piezoelectric coefficient
that is not proportional to the component of polarization
along the detection direction, as explained in Ref. [65]. In
this scenario, the IP response may not change its sign upon
polarization switching, while the OP response does. Second,
the 180° switching process may take place via two non-180°
(i.e., 71° and/or 109°, [66]) switching steps, which also
implies switching of only one component of the electrical
polarization. The piezoelectric response of rare-earth sub-
stituted BFO films was higher than that of nonsubstituted
BFO film, indicating that the piezoelectricity of the BFO
film was improved by the ion modification using rare-earth
cations. We recognize that the rare-earth substitution for
BFO film would result in changes on crystal anisotropy and
piezoelectricity, as well as improvement of the insulating
property reported in the previous research [67]. The lattice
volume of perovskite based crystals decreased by A-site
substitution using rare earth cations, which is based on the
relaxation of the structural distortion of an iron octahedral
environment and the O-Fe-O and Fe-O-Fe angles, as
similar to BIT crystal [68]. Also, the spontaneous polariza-
tion of BFO crystal could be enhanced if the polar axis
could be clongated based on the ion modification, as
discussed in the studies of PZT films [69].

The d33 (V) hysteresis loop is shown in Fig. 8. The
hysteresis in the piezoresponse signal is directly associated
with the polarization switching and ferroelectric properties
of the film. The maximum ds3 value, ~80 pm/V for the
BNF film is better than the reported value for a BFO
deposited on Si [70] and approaches the reported value for
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Fig. 7. Out-of-plane (OP) and in-plane (IP) PFM images of thin films deposited by the polymeric precursor method at 500 °C in static air for 2 h (a) BFO
(OP); (b) BFO (IP); (c) BLF (OP); (d) BLF (IP); (¢) BNF(OP) and (f) BNF (IP).

a BIT single crystal [71]. The enhancement of polarization
could be caused by the relaxation of the structural
distortion of an iron octahedral environment and the
O-Fe-O and Fe-O-Fe angles which reduces the initial
nucleation rate when crystallizing the film. The presented
value reported for our BNF film suggests that this material

can be considered as a viable alternative for lead-free
piezo-ferroelectric devices. Here, we point out that it is
difficult to compare these values to the piezoelectric
coefficients of bulk material since the measurement was
performed on a local area that has a relatively intricate
field distribution and vibrational modes. Considering the



C.R. Foschini et al. | Ceramics International 39 (2013) 2185-2195

a
40 | BFO
20 -
<) , [d
[ ]
% 0 o .
e ,‘. o/.
3 g 4
T .20 - P——— wv—"“
-40 -
-60 T T T T T T T T T
10 -8 -6 -4 -2 0 2 4 6 8 10
Applied Voltage (V)
b
40 - BLF
20 ~ 5
. [ ]
K .
& .
N s J
E . /
R . S
3 -20 / .
° °
v
-40 - ’/ on
-60 -
10 -8 6 -4 -2 0 2 4 6 8 10
Applied Voltage (V)
C
80 4 BNF
60 -
40 - _'
[ ]
20 - = u
E 0 . u
£
£ .20 " u
2 ]
T  -40 ]
u | ]
-60 - J
-80 - ™
[ ]
-100 - E_\'
'120 T T T T T T T T T
10 -8 6 -4 -2 0 2 4 6 8 10

Applied Voltage (V)

Fig. 8. Piezoelectric coefficient loop, ds;, of thin films deposited by the
polymeric precursor method at 500 °C in static air for 2 h (a) BFO; (b)

BLF and (c) BNF.

polycrystalline nature of our films the effective piezo-
electric coefficient depends on grain orientation. Therefore,
as expected the piezoelectric response increases with rare-
earth addition due to the change in crystal structure and
reduction in the strain energy and the pinning effect of
charged defects after doping. Although the PZT films still
have higher ds; values, ranging from 40 to 110 pm/V [72],
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the presented values reported for our BNF films suggest
that this material can be considered as a viable alternative
for lead-free piezo-ferroelectric devices. In comparison
with other lead free ferroelectrics, 80 pm/V is much higher
than the d;; value of Nd-doped BisTi3045, [73] (38 pm/V).

4. Conclusions

Rare-ecarth-substituted BFO films were fabricated using
a soft chemical method technique to investigate the
influence of ion modification using rare-earth cations on
crystal structure, as well as insulating and magnetic
properties of BFO thin films. A tetragonal BFO crystalline
phase was obtained on Pt (111)/Ti/SiO,/Si substrates by
heat treatment in ambient conditions at 500 °C for 2 h. Ion
modification using La®> ™ and Nd*>* cations suppressed the
leakage current conduction of BFO film at room tempera-
ture. Nd substitution plays an important role not only
improving electrical properties of BFO films but also
improving magnetic properties. The maximum magneto-
electric coefficient was close to 12 V/cm Oe for the BNF
film in the longitudinal direction. It was found that 71° and
180° domain switchings, and pinned domain formation can
occur in BLF and BNF thin films. La and Nd substitution
was found to effectively induce spontaneous magnetization
in antiferromagnetic BiFeO; exhibiting good piezoelectric
properties. This material should provide useful guidelines
for preparing BFO-based materials with controlled proper-
ties for low-power-consumption micro transducers in
piezoelectric-based MEMS applications.
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