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Abstract

Big gsLag 15FeO5 (BLFOO15) thin films were deposited by the polymeric precursor solution on Lag 5Srg sCoQOj3 substrates. For comparison, the
films were also deposited on Pt bottom electrode. X-ray diffraction data confirmed the substitutions of La into the Bi site with the elimination of all
secondary phases under a substitution ratio x = 15% at a temperature of 500 °C for 2 h. A substantial increase in the remnant polarization (P,) with
Lag 5Sry sCo0O5 bottom electrode (P, &~ 34 uC/cm?) after a drive voltage of 9 V was observed when compared with the same film deposited on Pt
substrate. The leakage current behavior at room temperature decreased from 107° (Pt) to 107" A/ecm? on (Lag 5Sto sCoO3) electrode under a
voltage of 5 V. The fatigue resistance of the Au/BLFO015/LSCO/Pt/TiO,/Si0,/Si (1 0 0) capacitors with a thickness of 280 nm exhibited no
degradation after 1 x 10® switching cycles at a frequency of 1 MHz.
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1. Introduction

Revival in multiferroic materials brings ever-increasing
enthusiasm in the research of this field [1]. Several promising
materials such as YMnO3 [2], LuFe,0, [3], BiFeO5; (BFO) [4],
and BiMnOs [5], are currently under intensive studies. Among
them, BFO receives most of the interest due to its room
temperature ferroelectric and magnetic orders [6,7]. In the
traditional chemical method for preparing BFO based films,
generally Pt/Ti/SiO,/Si has been used as substrate; however, the
poor ferroelectric—electrode interface prevents the full expres-
sion of the outstanding ferroelectric behavior of BFO thin
films [8].

* Corresponding author. Tel.: +55 12 3123 2228.
E-mail address: alezipo@yahoo.com (A.Z. Simdes).

' Tel.: +55 12 3123 2228.

2 Tel.: +55 31 3834 6472/6136.

3 Tel.: +55 16 33019828.

BiFeO5; (BFO) crystallizes in a rhombohedrally distorted
perovskite structure with both ferroelectric (7, ~ 830 °C) and
antiferromagnetic (T =~ 370 °C) characteristics [9,10]. The
specific characteristics, such as simple crystal structure, high
Curie temperature (electrical), and high Néel temperature
(magnetic), are advantageous for research and various
applications. However, it is well known that BFO suffers from
high leakage currents, which in turn lead to an unsaturated P—E
hysteresis loop at room temperature if care are not taken on the
control of the processing parameters such as the oxygen partial
pressure during the pulsed laser deposition process and the
annealing temperatures [11,12]. The leakage current problem is
more severe for BFO films prepared on Pt/Ti/SiO,/Si substrates
using the chemical solution deposition methods. Although the
leakage current of BFO films can be reduced by doping with
high valence ions such as Ti** and Nb’ * saturated ferroelectric
hysteresis loops are not observed in BiFe;_,Ti,O; and
BiFe, ,Nb,O; films [13,14]. Recently, Singh et al. [15] have
reported that the leakage current density of BFO films can be
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decreased by doping with Mn’" ions at Fe** sites. The
enhancement of the ferroelectric properties can also be found
in Cr-doped BiFeOj; films [16]. This suggests that isovalent
ion substitution is more effective not only in reducing the
leakage current but also in improving the ferroelectric
properties of BFO films compared to the substitution using
high valence ions.

Conductive oxides wit perovskite structure are expected to
have much better affinity with a ferroelectric oxide which is
more advantage for the interfacial properties between the
conductive and ferroelectric oxides because of their similar
crystal structures. So far, conductive oxides, such as StRuOs;,
LaysCay5sCo0O3, LaNiO3 (LNO), and BaPbOj [17-19], have
been investigated and employed as electrodes to minimize the
fatigue and aging of ferroelectric films, which is of the
fundamental importance for the practical applications in
multifunctional devices. Among these oxide electrode materi-
als, LaSrCoOj3 (LSCO), which is a perovskite related metallic
oxide [20], has also attracted much attention in recent years, as
a conduction layer for application in ferroelectric memories.
Because LSCO has a structure similar to that of perovskite
ferroelectrics, textured and epitaxially grown LSCO film is a
promising oxide electrode. At present, most epitaxial LSCO
films have been prepared by physical processes such as pulsed
laser deposition (PLD) [21] and RF magnetron sputtering [22].
A chemical solution process provides a simple and versatile
alternative for crystalline thin film preparation [23,24]. LSCO
has low resistivity and pseudo-cubic perovskite structure with
lattice parameter 0.3835 nm, which is compatible with that of
BFO (i.e., 0.396 nm). It is easy to fabricate LSCO on Pt coated
Si substrate via a chemical route, and moreover, LSCO is
inclined to grow in (1 1 1)-preferential orientation; thus, it is
likely to induce the growth of BFO films in (1 1 1) orientation.
All of these make it a good choice as buffer layer and bottom
electrode. In this study we report the growth of effect of La-
substituted BFO films deposited on LSCO/Pt/TiO,/SiO,/Si
(1 00)Si substrates by using the polymeric precursor method
and compare its structure and electrical properties with the
growth of these films on traditional Pt/TiO,/Si0,/Si (1 0 0)Si
substrates.

2. Experimental details

The LSCO bottom electrode thin film were spin coated
(KW-4B, Chemat Technology) on (100) Pt/Ti/SiO,/Si
substrates by a commercial spinner operating at 5000
revolutions/min for 30 s. Each annealing layer was pre-fired
at 400 °C for 2 h in a conventional oven. After the pre-firing,
each layer was crystallized in a conventional furnace under an
oxygen flow of 50 cm*/min at 800 °C for 1 h employing six
layers. Using the same procedure, the BiggsLag sFeO;
(BLFOO015) thin films were deposited by spinning the precursor
solution on the desired substrates at 500 °C for 2 h employing
10 layers. Through this process, we have obtained thickness
values of about 150 nm for the bottom electrodes and around
280 nm for BLFOOQ15. Phase analysis of the films were
performed at room temperature by X-ray diffraction (XRD)

patterns recorded on a (Rigaku-DMax 2000PC) with Cu-Ka
radiation in the 20 range from 20° to 60° with 0.3°/min.

The annealed thin film thickness was determined using
scanning electron microscopy (SEM) (Topcom SM-300) by
checking the cross-section where back-scattered electrons were
utilized. Three measurements were taken to obtain an average
thickness value. Microstructural characterization of the films
was carried out using transmission electron microscopy (TEM)
with a 200 kV Model CM200 Philips, Holland. The films were
cutted in small pieces and a sandwich with thickness of 0.3 mm
was acquired after polish. TEM samples were deposited on a
carbon-covered Cu grid for analyses. Raman measurements
were taken using an ISA T 64000 triple monochromator. An
optical microscope with a 80x objective was used to focus the
514.5-nm radiation from a Coherent Innova 99 Ar" laser on the
sample. The same microscope was used to collect the back-
scattered radiation. The scattering light dispersed was detected
by a charge-coupled device (CCD) detection system. A PHI-
5702 multifunction X-ray photoelectron spectrometer (XPS)
was used, with an Al-Ka X-ray source of 29.35 eV passing
energy. The chamber pressure during the experiments was
about 4.5 x 107 Torr. The calibration of the binding energy
scale was controlled using the O1’s line which appears in
photoelectron spectra of the as-grown samples. The surface
morphology of BLFOO15 thin films was measured by atomic
force microscopy (AFM) using a tapping mode technique
(Nanoscope IIla-Bruker). Then, 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
an oxygen atmosphere at 300 °C for 1 h. Here, the desired effect
was to eventually decrease present oxygen vacancies. The
electric properties were measured by an Au/BLFO015/LSCO/
Pt/Ti/Si0,/Si (1 00) and Auw/BLFOO015/Pt/Ti/SiO,/Si (1 0 0)
capacitor structures. The hysteresis loop measurements were
carried out on the films with a Radiant Technology
RT6000HVS at a measured frequency of 60 Hz. These loops
were traced using the Charge 5.0 program included in the
software of the RT6000HVS in a virtual ground mode test
device. The capacitance—voltage characteristic was measured
using a small AC signal of 10 mV at 100 kHz. The AC signal
was applied across the sample, while the DC was swept from
positive to negative bias. The J-V measurements were recorded
on the Radiant Technology tester in the current—voltage mode,
with a voltage changing from O to +10 V, from +10 to —10V
and back to OV. For the fatigue measurements, internally
generated 8.6 s wide square pulses or externally generated
square pulses were used with a 10mV amplitude. All
measurements were taken at room temperature.

3. Results and discussions
3.1. X-ray diffraction analyses
Fig. 1 shows the XRD pattern of the BLFOO15 film on

LSCO/Pt/Ti/SiO,/Si (1 00) and BLFOO015/Pt/Ti/SiO,/Si
(1 00) substrates. The pattern of the BFO film was indexed
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Fig. 1. X-ray diffraction of a BiggsLag sFeOz thin film deposited by the
polymeric precursor method and annealed at 500 °C in static air for 2 h on:
(a) LSCO and (b) Pt.

according to ICSD 72-2035. From Fig. 1 we can see that the
film is fully crystallized since extremely intense and thin peaks
are evident and no impure phase such as Bi,Fe Oy and
BiycFe,O7, phases are observed. According to the pattern, the
film has a rhombohedral perovskite structure. Furthermore, it is
randomly oriented. As shown in Fig. 1, the strongest peak of the
LSCO thin film corresponds to non-oriented LSCO (11 0)
grains with perovskite structure being its position in the pattern
coincident with the BLFOO15 (0 1 2) orientation. It was found
that all the films consisted of a single phase showing preferred
(012)and (11 1) orientations. The XRD results clearly show
that films deposited on LSCO electrode favors the growth of
(1 1 1)-oriented grains whereas in films deposited on Pt the
growth of (0 1 2) oriented grains dominated. Some orientation-
sensitive physical properties, such as dielectric permittivity,
remanent polarization and drive voltage, should vary with the
extent of mixed orientations which are different for the films
grown on different electrodes. However, this behavior was not
observed for films with lanthanum content superior than 15.0%
(not shown in the article). According to Zhang et al. [25], for
lanthanum contents higher than 15.0% the rhombohedral
structure decreases. This structural distortion might be
responsible for the high leakage and lower remnant polarization
of the Biy;Lag30FeO5 system. The here discussed preferred
orientations can be caused by differences in lattice parameters
and thermal expansion coefficients for different oxide
electrodes and indicate that the polar axis is closer to (1 1 1)
than (0 1 2).

3.2. AFM and TEM analyses

To confirm the surface morphology, AFM was carried out.
The results are shown in Fig. 2. Changes on the surface
morphology of the BLFOO15 films were evaluated. AFM
studies revealed that independently of the bottom electrode
homogeneous surface was observed indicating that the
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Fig. 2. AFM micrograph of a Biggslag 1sFeO; thin film deposited by the
polymeric precursor method and annealed at 500 °C in static air for 2 h on: (a)
LSCO and (b) Pt.

polymeric precursor method allows the preparation of films
with controlled morphology. The average surface roughness
value is 4.3 nm for the film deposited on Pt electrode and
7.5 nm for the film deposited on LSCO bottom electrode. The
average grain size is 58 and 85 nm, respectively. It was also
found that the Pt electrode tends to suppress the grain growth.
These results are consistent with the XRD results where a
decrease in peak sharpness and intensity was observed with Pt
electrode. La-substitution was found to be effective 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. Also, the homoge-
neous microstructure of BLFOO015 films may affect the
ferroelectric properties, because the voltage can be applied
uniformly onto it.

In order to evaluate the role exerted by the bottom electrode
on the microstructure of BLFOO15 film, we present TEM
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Fig. 3. TEM and SAD micrographs of a Big gsLag ;5FeO5 thin film deposited by the polymeric precursor method and annealed at 500 °C in static air for 2 h on: (a) and

(b) LSCO bottom electrode and (c) and (d) Pt bottom electrode.

images of both samples. A plan-view TEM image shows the
microstructure and the selected area diffraction (SAD) patterns.
It could be noticed the polycrystallinity of the grains in the
plane of the films. The grains are regularly shaped and the
estimates size obtained from dark field images is about 80 nm
for BLFOOIS film deposited on LSCO bottom electrode and
60 nm for BLFOO15 film deposited on Pt electrode (Fig. 3a
and c, respectively). Tiny pores less than 10 nm in size are
present within the grains and along the grain boundaries. The
role of oxide bottom electrode is to eliminate vacancies which
act as point defects and therefore decrease the surface
heterogeneity in the films. The decrease of grain size of
BLFOO015 films deposited on Pt electrode can be interpreted by
slower oxygen ion motion and consequently lower grain growth
rate. In this way, the lower grain size can be a reflex of increase
in crystallization temperature due to differences of chemical
bond strength between Fe—O, La—O and Pt atoms. From TEM
analyses we could observe that the cristallinity of materials is
good and the presence of non crystalline phase is not evident.
Besides that, the diffraction patterns indicate strong random-
ness of atom position in Pt electrode, as previous noted in the
XRD data (Fig. 3b) and weak randomness of atom position in
LSCO electrode. In this way, we assume that the bottom
electrode has strong effect on crystal structure of BLFO015

films (Fig. 3d) and as could be seen, the electrical properties of
those films will shown remarkable difference.

3.3. XPS and micro-Raman analyses

To identify the chemical bonding of BLFOO15 thin films
XPS studies were performed. The spectrum expanded from
700 eV to 745 eV (see Fig. 4). The 3/2 and 1/2 spin—orbit
doublet components of the Fe 2p photoemission located at
711.1 and 724.6 eV, respectively were identified as Fe3+; there
is no evidence of Fe** and Fe in the XPS spectra. XPS results
show that BLFOO15 thin films on both bottom electrodes have a
single phase with a Fe>* valence state which is consistent with
XRD results shown in Fig. 1. The oxidation state of Fe was
purely 3+, which was advantageous for producing BLFO015
film with low leakage current.

Raman spectra of BLFOO1S5 thin films deposited on both
electrodes show the order-disorder degree of the atomic
structure at short range (Fig. 5). The modes further split into
longitudinal and transverse components due the long electro-
static forces associated with lattice ionicity. Lanthanum atoms
substitute bismuth within the perovskite structure having
marginal influence in the interactions between the (Bi202)2+
layers and perovskite. The vibrational modes located at 224,
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Fig. 4. XPS analysis of a Bij gsLag 15FeOj3 thin film deposited by the polymeric
precursor method and annealed at 500 °C in static air for 2 h (Fe 2p peaks) on:
(a) LSCO and (b) Pt.

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. Slight changes which occur above 200 cm ™' in the
BLFOO15 can be associated to structural distortion and
reduction of vibrations in the FeOs octahedra. The vibrational
modes of the film deposited on Pt electrode tend to disappear
when compared to the film deposited on LSCO bottom
electrode. During the energy transfer process specific structural
rearrangements take place and a remarkable solution of the
distortion across the octahedral (FeOg) and dodecahedral
(BiOy,) clusters can be evidenced. In this way, there is a
symmetry breaking process along the network of both [FeOg]
and [BiOq,] clusters leading to lower symmetry. This can be
related to structural disordering at short range, as well as a
phase transition for an ordering crystal structure. The structural
changes developed at the Pt interface create localized levels in
the band gap and an inhomogeneous charge distribution
between valence and conduction bands.

3.4. Dielectric properties analyses

Fig. 6 illustrates the C-V curve for BLFOO1S5 films obtained
at 100 kHz and DC sweep voltage from +10 to —10 V. The
capacitance—voltage dependence is strongly nonlinear, con-
firming the ferroelectric properties of the film resulting from
domain switching. BLFOO15 films deposited on LSCO bottom
electrode present a symmetric C—V curve around the zero bias
axis, indicating that the films contain only few movable ions or
charge accumulation at the film—electrode interface. Although
the P—E hysteresis is saturated at >5 V the C-V curve shows
hysteresis up to +10V because both measurements were
performed at different frequencies where the domain alignment
is a time dependent process and plays an important role in the
switching behavior of the domains. Therefore, the sweep
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Fig. 5. Micro-Raman spectra for BijgslLagsFeO; film deposited by the
polymeric precursor method and annealed at 500 °C in static air for 2 h on:
(a) LSCO and (b) Pt.

voltage ranges differ greatly (5 V) and consequently also the
(dV/dt) voltage sweep per time unit leading to different domain
alignment kinetics. The narrowing of the C—V curve obtained
for the film deposited on LSCO bottom electrode indicates that
the switching process of domains is faster and the saturation
occurs with low energy for the ferroelectric domain alignment.
On the other hand, for films deposited on Pt a slight change in
capacitance values is observed indicating that exist charge
carriers (oxygen vacancies) trapped near the film—electrode
interface. These charges may be originated during the heat
treatment process due to the decomposition of the polymeric
precursor [26]. It can be assumed that if oxygen vacancy
accumulation near the film—electrode interface occurs during
heat treatment, the LSCO conductive oxide can consume the
oxygen vacancies by changing their oxygen nonstoichiometry
and thus, the accumulation of oxygen vacancies near the
interface is prevented or reduced.

Fig. 7 shows the leakage currents density as a function of
voltage measured at room temperature. The curve was recorded
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Fig. 6. Capacitance—voltage dependence for Big gsLag ;5FeOs film deposited by
the polymeric precursor method and annealed at 500 °C in static air for 2 h on:
(a) LSCO and (b) Pt.

with a voltage step width of 0.1 V and elapsed time of 1.0 s for
each voltage. The measured logarithmic current density (log J)
versus the voltage (V) is symmetric and shows two clearly
different regions. The insulating properties of the films were
found to be dependent on the bottom electrode. The leakage
current density decreased for the films deposited on LSCO
bottom electrode. Such a reduction in leakage current density
may be attributed to high oxygen affinity of the LSCO bottom
electrode avoiding that oxygen in the electrode material will be
depleted by the ferroelectric material, thus leaving an oxygen
deficient layer of the electrode at the interface and increasing
the contact resistance. From this study it can be demonstrated
that the microstructures of ferroelectric films play an important
role in their conductivity properties [27]. Comparing with
literature data, our films present a lower leakage current than
the films obtained on highly oriented LaNiOs-buffered Pt/Ti/
Si0,/Si substrates by a RF magnetron sputtering [28]. Since the
conductivity is strongly affected by the characteristics of the
film—electrode interface, the lower leakage current observed in
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Fig. 7. Leakage current density versus applied voltage for a Bij gsLag 15sFeO3
thin film deposited by the soft chemical method and annealed at 500 °C in static
air for 2 h on: (a) LSCO and (b) Pt.

our case may be attributed probably to differences in grain size,
density, and preferred orientation due to differences in the
ferroelectric material and the interface. The current density
increases linearly with the external voltage in the region of low
applied voltage strengths which suggests an ohmic conduction.
At higher field strengths, the current density increases
exponentially which implies that at least one part of the
conductivity results from the Schottky or Poole-Frenkel
emission mechanism. The leakage current density at 5.0 V
changes from 107'° (LSCO) to 10~® A/cm? (Pt). The main
reason for such a small value can be attributed to changes in the
surface roughness and the reduction of microcracks due to
modification on the interface stability on oxide electrode. Thus,
LSCO bottom electrode reduces oxygen vacancies improving
switching process of ferroelectric domains.

3.5. Ferroelectric properties analyses
The room temperature P—E hysteresis loop of BLFOO015 thin

films deposited on LSCO and Pt electrodes are shown in Fig. 8a
and b. The loop deposited on LSCO bottom electrode is well
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Fig. 8. Hysteresis loop of a BiggsLag sFeOz thin film deposited by the
polymeric precursor method and annealed at 500 °C in static air for 2 h on:
(a) LSCO and (b) Pt.

saturated and rectangular with a P, ~ 34 wC/cm? after applying
avoltage of 10 V. No sign of leakage has been observed under a
measuring frequency of 60 Hz. Liu et al. [29] have reported
substantially reduced leakage of BiFeOj; films by introducing a
LaNiO; intermediate layer. Although a saturated hysteresis
loop was observed, they obtained only a remanent polarization
of 26.9 pdC/cm2 under 1.25 MV/cm. To our knowledge, there
have been very few reports on a large P, and a rectangular loop
of BLFOO015 film obtained from chemical methods [30,31].
Meanwhile, the hysteresis loop in our work is more saturated
than some of the BFO film on the Pt bottom electrode by the
chemical solution deposition method [32]. In fact, the pure
BFO film loops on the Pt bottom electrode are unsaturated in
some cases. Gonzalez et al. [33] observed saturated hysteresis
loops at room temperature in pure BFO films on a Pt bottom
electrode while they observed a remnant polarization ~ 36 wC/
cm? under 800 kV/cm. In other typical studies from Singh et al.
[34], Hu et al. [35] and Uchida et al. [36] unsaturated loops
were observed under 10 kHz at room temperature for BFO films
deposited under Pt bottom electrode. Our results are compar-
able to those observed in the epitaxial BFO films on a (1 0 0)

SrTiO; substrate prepared by the PLD method [37]. The film
presents well-saturated hysteresis characteristics with a
remanent polarization (P,) of 31 I.LC/sz and a coercive field
(E.) of 560 kV/cm at a maximum applied electric field of
1000 kV/cm. According to Wang et al. [4] the BFO
ferroelectricity originates from the relative displacements of
a Bi ion and a Fe—O octahedron along the (1 1 1) orientation in
epitaxial BFO thin films and the projection polarization along
the (1 10) orientation is larger than the polarization of the
(1 00) orientation. Since our films are intense (111) we
reasonably expect a larger polarization on LSCO bottom
electrode. A moderate coercive field probably originates from
the intermediary grain size (85 nm) of the BLFOO15 thin films
deposited on LSCO electrode. However, for the film deposited
on Pt electrode the trapped charge (O,’) associated with other
defects (V(;') or even defect dipole complexes such as oxygen
vacancies associated to bismuth vacancies (V"g; — V(;')
located in the grain boundary and in the film—electrode
interface can promote a local stoichiometry deviation influen-
cing the shape of the hysteresis loops. As a consequence of
these space charges, a significant shift along the electric field
axis towards the positive bias, which is defined as imprint, may
lead to a failure of the capacitor. A more symmetric hysteresis
loop is observed for the film deposited on LSCO electrode
indicating that the high oxygen affinity of this material avoids
the migration of charge species to the electrode—film interface.
This behavior can be ascribed to the larger grains of the
BLFOO015 thin films deposited on LSCO bottom electrode. The
domain walls in larger grains are easier to be switched under
external field. Similar phenomena have been found in
SrBi;Ta,Og¢ and PbTiOj; thin films [38,39]. The polarization
switching in films with small grains is usually more difficult, as
in the case of Pt electrode. Therefore, the growth of the film in
one direction not coincident to c-axis preferred orientation will
favor larger grains morphology, such as the ones grown on
LSCO bottom electrode leading to a lower E. when compared
to those grown on Pt. The BLFOO15 thin film deposited on Pt
electrode exhibits a poor P—FE hysteresis loop, which has been
typically observed from conductive ferroelectrics and it get
breakdown with increased bias electric field due to a large
leakage current. The ferroelectric properties of BLFOO1S5 thin
film may be related to two main factors: one is the increased
rattling space of the oxygen octahedron due to larger La atom,
and the other is the decreased grain size with Pt electrode, since
the strength of polarization is strongly related to the grain size
[40]. It has been found that the polarizability in perovskites
(ABO3) is partially related with the sizes of A and B cations. In
general, a large A cation results in an increase in polarizability,
since the large A cation leads to ‘‘a larger rattling space”
available for B cation by increasing the size of the oxygen
octahedron. The increased remnant polarization of BLFO015
thin film on LSCO bottom electrode can be explained by the
substitution of larger La (1.172 A) ions for a part of Bi (1.03 A)
ions in BFO. In the case of the film deposited on Pt electrode,
the decreased volume fraction of dielectric polarization with
decreasing grain size could have predominant effect on the
remnant polarization.
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Fig. 9. Fatigue properties of a Biggslag5sFeO; thin film deposited by the
polymeric precursor method and annealed at 500 °C in static air for 2 h on: (a)
LSCO and (b) Pt.

Fig. 9 plots the degradation of normalized switchable
polarization AP =P* — P» of the BLFOO15-based films
against the number of switching cycles. P* represents the
switching polarization between two pulses with opposite
polarity, and P* represents the nonswitching polarization
between two pulses with the same polarity. Fatigue resistance
was observed up to 10® cycles for the LSCO bottom electrode
suggesting a good potential for applications in ferroelectric
memories. Since LSCO bottom electrode result in fatigue-free
films (Fig. 9a), it is consequently, to believe that if oxygen
vacancy accumulation near the film—electrode interface occurs
during fatigue, the conductive oxide can provide the oxygen to
those vacancies by changing their oxygen nonstoichiometry
and thus, the accumulation of oxygen vacancies near the
interface is prevented or reduced. On the other hand, BLFOO015-
based films deposited on Pt electrode reveal an increase in local
current around the nucleation sites which can damage the film—
electrode interface and suppress the nucleation of oppositely
oriented domains at the surface. In this film an increase in
switching polarization leads to a local increase in conductivity
at the film—electrode interface region [41]. The switchable
polarization of the BLFOO15-based films deposited on Pt
shows 25.0% decay after 10% cycles. This film also showed

good long-time retention characteristics, retaining 94% of the
values measured at £ = 1 x 10* s for an applied electric field of
150 kV/ecm. The polarization charge compensation by the
redistribution of defect charges should be considered to explain
this small retention loss in lanthanum doped bismuth ferrite thin
films [42]. The LSCO bottom electrode can maintain the
stability of the interface and bulk defects and solve the fatigue
problem of BFO thin films. On the other hand, the film
deposited on Pt can provide conductive electrons which reduce
the polarization and increase the concentration of holes in
the interface region. The marked improvement in the fatigue
behavior of LSCO bottom electrode may result from the
crystallinity, electrode/ferroelectric interface, and defect con-
centration. Further studies are required to understand the
fatigue behavior of La-doped BFO films after at least 10"
switching cycles.

4. Conclusions

In summary, we have demonstrated a viable chemical
deposition process which enables the growth of good quality
La-based BiFeO; multiferroic thin films. The leakage-current
density of the film deposited on LSCO was around 10~ ' A/cm?
with a remnant polarization P, of 34 wC/cm” at room
temperature. The low conductivity of the BLFOO15 film on
LSCO bottom electrode is a consequence of oxygen vacancies
ordering which prevents oxygen ions from migrating and few
conditions for the trapping of electrons as a consequence of a
larger grain size of such film. A regularly shaped hysteresis
loop is observed for the films deposited on the LSCO bottom
electrode due to the high oxygen affinity which avoids the
migration of charge species for the electrode—film interface.
High fatigue resistance was observed for films deposited on
LSCO bottom electrode indicating that this film could be used
in non-volatile random access memories. However, due to the
imprint phenomenon the film deposited on Pt electrode is
unsuitable for memory applications as a consequence of
the substantial difference between +V,. and —V,. A remarkable
improvement in the remnant polarization and drive voltage
suggest that BLFOO15 thin films deposited on LSCO oxide
electrode are suitable for integrated device applications and can
be used for ferroelectric random access memories.
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