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Abstract

Calcium (Ca)-doped bismuth ferrite (BiFeO3) thin films prepared by using the polymeric precursor method (PPM) were characterized by X-ray
diffraction (XRD), atomic force microscopy (AFM), polarization and magnetic measurements. Structural studies by XRD and Rietveld refinement
reveal the co-existence of distorted rhombohedral and tetragonal phases in the highest doped BiFeO3 (BFO) where enhanced ferroelectric and
magnetic properties are produced by internal strain. A high coercive field in the hysteresis loop is observed for the BiFeO3 film. Fatigue and
retention free characteristics are improved in the highest Ca-doped sample due to changes in the crystal structure of BFO for a primitive cubic
perovskite lattice with four-fold symmetry and a large tetragonal distortion within the crystal domain.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials with ferroelectric and ferromagnetic
simultaneous ordering are currently attracting significant
attention due to their interesting fundamental physics as well
as their potential applications [1–5]. Among the single-phase
multiferroic materials studied, BiFeO3 (BFO) with a rhombo-
hedrally distorted perovskite structure and a space group of
R3c is the only material which exhibits both ferroelectricity
and G-type antiferromagnetism at room temperature (with a
Curie temperature Tc of 1103 K and Néel temperature TN
of 643 K) which facilitates applications at room temperature
[6–8]. However, pure BFO has a serious high leakage current
problem resulting from charge defects such as oxygen
10.1016/j.ceramint.2015.03.086
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vacancies and the cancellation of ion magnetic moments due
to its spatial periodic inhomogeneous spin structure [9] which
hinders its practical applications in multiferroic devices.
Considerable efforts have been expended to improve BFO
properties; e.g., A-site substitution with La3þ , Nd3þ , Ce3þ

and Tb3þ [10–15] and B-site substitution with Ni2þ , Cu2þ ,
Co2þ , Cr3þ , Mn3þ , Ti4þ , Zr4þ and V5þ [16–18] etc. These
studies confirmed that ion doping is an effective method to
improve BFO properties. Since ferroelectricity of BFO evolves
from a lone pair of A-site Bi3þ ion electrons, ferroelectric
property effects are very important [19–20]. Ramesh et al.
studied the quasi-non-volatile and reversible modulation of
electric conduction accompanied by the modulation of the
ferroelectric state in Ca-doped BiFeO3 films using an electric
field as the control parameter. The mechanism of this
modulation in Ca-doped BiFeO3 is based on electronic
conduction as a consequence of naturally produced oxygen
vacancies that act as donor impurities to compensate Ca
acceptors and maintain a highly stable Fe3þ valence state
[21]. For the low Ca doping regime (xo0.1), films with a
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monoclinic structure undergo a first-order transition to a
pseudo-tetragonal phase at higher temperatures with a thermal
hysteresis. The extrapolation of the transition temperature
results in the well-known ferroelectric Curie temperature (Tc)
of BiFeO3 at 1100 K. With increased Ca doping, the ferro-
electric Tc rapidly decreases, and a Tc of 600 K with a thermal
hysteresis of 240 K is recorded. It has been reported that the Tc
of some ferroelectrics such as BaTiO3 and PbTiO3 is very
sensitive to the strain state [22,23]. However, because BiFeO3

ferroelectricity is primarily attributed to Bi 6s lone-pair
electrons, ferroelectric properties and the Tc are expected to
be less sensitive to strain [24]. Many of these studies were
focused on improving the electrical and magnetic properties of
BFO. Compared with magnetic property, significant achieve-
ments were gained in improving electrical property of BFO
[25,26]. Therefore, we throw our light mainly on investigating
the magnetic property of BFO in this paper, noted that
substitutions of Pr4þ ,Ce3þ , Zr4þ and Ca2þ for partial Bi3þ

at A-site had improved the magnetic properties of BFO to
different extent [27–31], and Ca2þ was shown to be the best
substitution for enhancing the saturation magnetization. How-
ever, there is still no agreement on the mechanism of how the
magnetic properties of BFO are affected by now [32–34].
Ederer et al. [35] and Ueda et al. [36] thought that both Fe ions
and oxygen vacancy help to improve the magnetic property of
BFO to some extent. In most applications involving ferro-
electric films, there are several parameters to technological
adoption, such as fatigue-endurance, remnant polarization
(2Pr), coercive field (2Ec), and processing temperature
[37,38]. Recently, changes in the crystal structure of BFO
for a primitive cubic perovskite lattice with four-fold symmetry
and a large tetragonal distortion within the crystal domain were
attained for ferroelectric Ca-doped samples. This observation
introduces magnetoelectronics at room temperature by com-
bining electronic conduction with electric and magnetic
degrees of freedom which are already present in the multi-
ferroic BiFeO3. A comparative study shows that A-site Ca
doping with various contents have notable influences on
electrical properties, including leakage current and ferroelectric
and piezoelectric properties of BFO films which may be
related to modification of the structure and elimination of
charge defects due to A-site Ca doping [39]. However, the
fatigue and retention characteristics of A-site Ca doping films
have so far not been reported by the polymeric precursor
method. In a memory element, a data bit (1 or 0) should be
stored and made available for query at some later time.
Retention is the ability of a memory element to maintain a
given data state as time elapses. In most retention studies,
ferroelectric capacitors exhibited a significant loss in retained
polarization within the first one second after writing and then a
relatively slight decay thereafter [40]. Retention loss causes a
reduction in the difference between switched (Pn) and non-
switched (P̂) polarizations, i.e ΔP¼ (Pn)� (P̂) and leads to an
inability to distinguish between the two logic states. Therefore,
it is quite important to have good retention properties for any
ferroelectric material to be utilized for FRAM applications. In
this paper, we report the first systematic studies on the fatigue
and retention characteristics of A-site Ca doping thin films
obtained by the polymeric precursor method. We have also
investigated the enhancement magnetism for A-site Ca-doped
BFO films with different compositions on Pt/Ti/SiO2/Si sub-
strates by using the PPM method.

2. Experimental procedure

BiFeO3 (BFO) and Bi1�xCaxFeO3 with x¼0.10 (BCF010);
0.20(BCF020); 0.30 (BCF030) thin films were prepared by the
PPM as described elsewhere [40], using Iron (III) nitrate
nonahydrate, (99.5% purity, Merck), Bismuth nitrate (Z99%
purity, Aldrich) and Calcium carbonate (99.9% purity, Aldrich)
as raw materials. An excess of 5 wt% Bi was added to the
solution to minimize bismuth loss during thermal treatment.
Films were spin coated on Pt/Ti/SiO2/Si substrates by a
commercial spinner operating at 5000 revolutions/min for 30 s
(spin coater KW-4B, Chemat Technology). Thin films were
annealed at 500 1C for 2 h in a conventional furnace under static
air atmosphere. The film thickness was reached by repeating
spin-coating and heating treatment cycles ten times. Annealed
film thicknesses were measured using SEM (Topcom SM-300)
at the transversal section. We have obtained films with
thicknesses in the range of 340 to 360 nm. A phase analysis
of films was performed at room temperature by XRD using a
Bragg-Brentano diffractometer (Rigaku 2000) and Cu-Kα
radiation; in this case, back scattering electrons were used.
The Rietveld analysis was performed with the Rietveld refine-
ment program DBWS-941 1 [41]. The profile function used was
the modified Thompson-Cox-Hastings pseudo-Voigt where η
(the Lorentzian fraction of the function) varies with the Gauss
and Lorentz components of the full width at half maximum. The
surface morphology of the thin films was measured by atomic
force microscopy (AFM) using a tapping mode technique. Top
Au electrodes (0.5 mm diameter) were prepared for electrical
measurements by evaporation through a shadow mask at room
temperature. The capacitance–voltage characteristic was mea-
sured in the MFM configuration 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.
Ferroelectric properties of the capacitor were measured on a
Radiant Technology RT6000 instrument and a tester equipped
with a micrometer probe station in a virtual ground mode at a
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. For the fatigue measurements,
internally generated 8.6 μs wide square pulses were used. After
the end of each fatigue period, the polarization characteristics of
the films were measured over a range of frequencies. Retention
characteristics of the films were measured by independently
observing the time-dependent changes of Pn (switched polariza-
tion), and P̂ (nonswitched polarization). For Pn, the capacitor
was switched with a negative write pulse and read by a positive
read pulse after retention time t. For P̂, positive pulses were used
for both writing and reading. The pulse width for all triangular
pulses was 1.0 ms. The time delay between the written pulse
and the first read pulse is referred to as retention time.



Fig. 1. X-ray diffraction of (a) BFO, (b) BFOCa010, (c) BFOCa020, (d)
BFOCa030 thin films deposited by the polymeric precursor method and
annealed at 500 1C in static air for 2 h.

L.V. Costa et al. / Ceramics International 41 (2015) 9265–9275 9267
Magnetization measurements were done by using a vibrating-
sample magnetometer (VSM) from Quantum Design™. All
measurements were performed at room temperature.
3. Results and discussion

Fig. 1 illustrates XRD patterns of BFO and Ca-doped BFO
films deposited on platinum-coated silicon substrates. The
films were well crystallized at a processing temperature of
500 1C. BFO and Ca-doped BFO films self-organized to
produce (110)-preferred orientation with good crystallinity.
With partial substitution of Ca ions for A-site bismuth ions, the
BCFO film (108) diffraction peak shifted toward a higher
angle. The BCF030 film has a tetragonal structure with a
P4mm space group while BFO has a rhombohedral structure
with an R3c space group which can be treated as a special
triclinic structure [14]. However, the presence of impurity
phase, such as Bi2Fe4O9 was detected in addition to the major
BFO phase. To verify and confirm the structure of BCFO thin
films, a structural refinement by the Rietveld method was
performed (Fig. 2a and b). The Rietveld method is a least
squares refinement procedure where the experimental step-
scanned values are adapted to calculated values. The profiles
are considered to be known, and a model for a crystal structure
is available [42]. This structural refinement method presents
several advantages over conventional quantitative analysis
methods because this method uses a whole pattern fitting
algorithm where all lines for each phase are explicitly
considered, and even severely overlapped lines are usually
not a problem. Thus, it is not necessary to decompose patterns
into separate Bragg peaks as is often the case for traditional
methods. The use of all reflections in a pattern rather than just
the strongest reflections minimizes both uncertainty in derived
weight fractions and effects of preferred orientation, primary
extinction and nonlinear detection systems [43]. The structural
refinement was performed by using the Maud program [44]
which employs the Rietveld texture and stress analysis [45].
According to the literature [46,47], the quality of data from
structural refinement is generally checked by R-values (Rwp,
Rexp, and S). The quality of structural refinement also can be
verified by the Rwp factor value. Its absolute value does not
depend on the absolute value of the intensities; instead it
depends on the background, with a high background it is easier
to reach very low values. Increasing the number of peaks
(sharp peaks) creates more difficulty in obtaining a good value.
Structural refinement data are acceptable when the Rwp is
o10% for a medium complex phase, when high complex
phases (monoclinic to triclinic), have a value of Rwp o15%
and when a highly symmetric material or compound (cubic)
with few peaks has a value of Rwp o8% [48]. Table 1 lists
Rwp, Rexp, and S indexes as well as lattice parameters (a and c)
and the unit cell volume (V). Quantitative phase analyses of
powders for the rhombohedral phase were calculated according
to Young and Wiles [41] and the results obtained confirm that
the Biþ3 ion was substituted by the Caþ2 ion in the
rhombohedral BFO phase, and no changes occurred in refine-
ments. Ca2þ replaces Bi3þ only in a perovskite-type unit cell
which causes a distorted structure whereby distortion increases
with a higher Ca content. The covalent interaction which
originates from the strong hybridization between Fe 3d and O
2p orbitals plays an important role in the structural distortion
of the BFO lattice. From low S values (S¼RWP/Rexp), it can be
assumed that the refinement was successfully performed with
all the investigated parameters close to literature data [49]. It
can be inferred that the c-axis is less elongated after Ca
addition which is caused by differences in charge densities of
Ca and Bi atoms. Also, the addition of Ca has a radial
substitution effect higher than bismuth and stabilizes oxygen
vacancies and consequently the structure. The decrease in the
lattice parameter and unit cell volume is almost linear as
expected due to the stoichiometric replacement of Bi3þ with a
smaller ionic radii substituent (in this case Ca2þ ). The results
obtained from the structural refinement are displayed in
Table 1. In this table, the fitting parameters (Rwp, Rexp, and
S) indicate good agreement between refined and observed
XRD patterns. Small variations in lattice parameters and unit
cell volumes are indicative of distortions/strain in the lattice
caused by differences in crystal lattice parameters and in
thermal expansion behavior between the film and the under-
lying substrate, or even arising from defects promoted by
[BiO12] and [CaO12] clusters (network modifiers).
The surface morphology of the BFO and Ca-doped BFO

thin films was evaluated by AFM measurements (Fig. 3). AFM
studies demonstrated that Ca as a dopant reveals a homo-
geneous surface indicating that the soft chemical method
allows the preparation of films with controlled morphology.
Changes in the surface of the Ca-doped BFO films were
evaluated and the results reveal that the BCF030 film consist
of a homogeneous surface although BFO film has a degree of
porosity. It was also found that the Ca dopant tends to suppress
grain growth. BCF030 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 to produce films with a homogeneous and
dense microstructure. On the other hand, for low and middle
Ca concentrations, the surface consists of irregularities which



Fig. 2. Rietveld plots of (a) BFO and (b) BFOCa030 thin films deposited by the polymeric precursor method and annealed at 500 1C in static air for 2 h.

Table 1
Index refinements for BFO, BFOCa010, BFOCa020 and BFOCa030 thin films annealed at 500 1C for 2 h.

Refinement index Parameter BFO BFOCa010 BFOCa020 BFOCa030
Rwp (%) 8.14 5.97 5.51 4.59
Rexp 4.67 3.91 3.76 3.31
S 1.74 1.52 1.46 1.38

Lattice parameter a (Å) 5.577352 5.576058 5.577687 5.578439
c (Å) 13.867785 13.807185 13.773235 13.764944
V (Å3) 373.529 371.784 371.086 370.963
t 0.915 0.916 0.919 0.920

Perovskite (mol%) 97.570.5 97.170.4 98.470.4 97.770.4
Stoichiometry BiFeO3 Bi0.9 Ca0.1FeO3 Bi0.80 Ca0.2FeO3 Bi0.70 Ca0.30FeO3

Refinement BiFeO2.6 Bi0.9 Ca0.1FeO2.6 Bi0.80 Ca0.2FeO2.6 Bi0.70 Ca0.30FeO2.8
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were caused by distortion in the lattice caused by Ca addition.
The average grain size is 63 nm for the BFO film and 33 nm
for the highest doped film. The substitution of Ca2þ for Bi3þ

in BiFeO3 can produce oxygen vacancies which apparently
induce distortions and causes structural irregularities within the
crystallites. Also, the homogeneous microstructure of BCF030
films may affect ferroelectric properties because the voltage
can be uniformly applied on them. The average surface
roughness value is 6.2 nm for the BFO thin film, 6.1 nm for
the BCF010 film, 5.8 nm for the BCF020 film and for the
BCF030 film consists of a statistical roughness with a root
mean square (RMS) of approximately 5.5 nm.
Fig. 4 illustrates the C–V curves obtained at 100 kHz and

DC sweep voltage fromþ10 to –10 V. The dependence
between capacitance, measured in nF, and voltage is strongly
nonlinear, confirming the ferroelectric properties of the film
resulting from domain switching. Non-symmetric C–V curves
around the zero bias axis is evidenced with increasing calcium
concentration indicating that the films contain movable ions or
charge accumulation at the film–electrode interface. The C–V



Fig. 3. AFM micrographies of thin films deposited by the polymeric precursor
method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010,
(c) BFOCa020 and (d) BFOCa030.
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curve shows hysteresis up to710 V although the P–E hyster-
esis is saturated at Z15 V 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
voltage ranges differ greatly and consequently also the (dV/
dt) voltage sweep per time unit leading to different domain
alignment kinetics.

Room temperature P–E hysteresis loops of BFO and Ca-doped
BFO films are shown in Fig. 5. The BFO loop is well saturated
and rectangular with a remnant polarization (Pr) of 51 mC/cm2

under a voltage of 50 V. No sign of leakage has been observed
under this measuring frequency. Liu et al. [50] reported
substantially reduced leakage of BiFeO3 films by introducing
a LaNiO3 intermediate layer. Although a saturated hysteresis
loop was observed, they obtained only a remnant polarization
of 26.9 mC/cm2 under 1.25 MV/cm. To our knowledge, very
few reports on a large Pr and a rectangular loop of BFO film
obtained from chemical methods [51,52] have been reported.
However, the hysteresis loop in our study is more saturated
than some BFO films on the Pt bottom electrode by the CSD
method. In fact, pure BFO film loops on the Pt bottom
electrode are unsaturated in some cases. Gonzalez et al. [40]
observed saturated hysteresis loops at room temperature in
pure BFO films on a Pt bottom electrode while they observed
only a small remnant polarization �36 mC/cm2 under 800 kV/
cm. In other typical studies from Singh et al. [53], Hu et al.
[54] and Uchida et al. [55], unsaturated loops were observed
under 10 kHz at room temperature. Our results are comparable
to results observed in epitaxial BFO films on a (100) SrTiO3

substrate prepared by the PLD method. The film possesses
well saturated hysteresis characteristics with a remnant polar-
ization (Pr) of 31 μC/cm2 and a coercive field (Ec) of 560 kV/
cm with a maximum applied electric field of 1000 kV/cm.
According to Wang et al. [56], the BFO ferroelectricity
originates from relative displacements of a Bi ion and a Fe–
O octahedron along the (111) orientation in epitaxial BFO thin
films, and the projection polarization along the (110) orienta-
tion is larger than the (100) orientation polarization. Imprint
phenomena which cause a significant shift along the electric
field axis toward the positive side is also evident in low and
middle Ca-doped BFO as a consequence of oxygen vacancy
accumulation near the electrode-film interface which reduces
the effective applied electric field. The BCFO30 film presents a
symmetric hysteresis loop which is indicative that calcium
stabilizes the charged domain walls which interact with oxygen
vacancies and reduce the coercive field. The imprint free
phenomenon probably originates from the local distortion
caused by the rhombohedral co-existing phase and is reflected
in physical properties of the tetragonal phase. Adding Ca2þ

ions to BFO in high concentrations requires charge compensa-
tion which can be achieved by the formation of Fe4þ or
oxygen vacancies. If Fe4þ exists, the statistical distribution of
Fe3þ and Fe4þ ions in the octahedron may also lead to strong
polarization while high coercivity can be caused by the pinning
of ferroelectric domain walls which results from the ferro-
electric anisotropy.
When a ferroelectric material is repeatedly cycled from one

polarization state to another, its dielectric and ferroelectric
properties are observed to change. This phenomenon, known
as ferroelectric fatigue, is a limiting factor for the performance
of the ferroelectric random access memory (FRAM) devices.
The fatigue endurance of pure and Ca doped BFO thin films
were tested at 1 MHz as a function of switching cycles by
applying 8.6 μs wide bipolar pulses with maximum amplitudes
of 79 V (Fig. 6). Pn is the switched polarization between two
opposite polarity pulses and P̂ is the nonswitched polarization
between the same two polarity pulses. The Pn� P̂ or
�Pn� (� P̂) denote the switchable polarization, which is an
important variable for nonvolatile memory application. We
claim that calcium stabilizes the charged domain walls which



Fig. 4. Capacitance–voltage curves of thin films deposited by the polymeric precursor method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010,
(c) BFOCa020 and (d) BFOCa030.
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interact with oxygen vacancies and inhibit fatigue. During
fatigue, an accumulation of oxygen vacancies near the
electrode-film interface can occur, which reduces the effective
applied electric field. This fact is well-reflected in fatigue
measurements (Fig. 6a–d), that clearly show that even after
1010 switching cycles, no decay in the remnant polarization is
present for the heavily Ca-doped samples (x¼0.20 and
x¼0.30). The substitution of Ca for Bi can change the
chemical environment of the perovskite layers and solve the
fatigue problem of pure BFO thin films. Since a Ca3þ ion has
no outer electron, in contrast to a Bi3þ ion, which has a lone
pair of 6s electrons, less hybridization with O 2p should lead to
less structural distortion favoring the improvement of its
ferroelectric properties. The maximum amplitude of 9 V was
applied to all films taking into account that the BCFO30 film
presents low coercitive field which is employed as a tool for
fatigue endurance.

Retention, which is the time dependent change of the
polarization state of the ferroelectric film, is another factor
which limits the life of a ferroelectric memory device. Ferro-
electric retention properties were measured at room tempera-
ture using a Radiant Radiant Technology RT6000 A test
system (Fig. 7). The test pulse sequence used for retention
measurement is as follows: at first, a triangular pulse of �5 V
was applied to write a known logic state, then, after a
predetermined time, the logic state was sequentially read by
applying two triangular pulses ofþ5 V and �5 V. The pulse
width for all triangular pulses is 1.0 ms. Time delay between
the right pulse and the first read pulse is called the retention
time. The capacitor poled with a negative voltage pulse
corresponds to the binary digit “1”. Similarly the state “0”
was written by poling the capacitor by applying a positive
pulse and read after a predetermined time interval r with a
positive pulse. Fig. 7a shows the retention characteristics of the
BFO films, where the retained switchable polarization ΔP¼
(Pn)� (P̂) was plotted as a function of retention time from 1 s
to 1� 104 s at a applied electric field of 150 kV/cm. The value
of initial polarization decayed and approached a nearly steady-
state value after a retention time of 10 s. The corresponding
hysteresis loops obtained after the retention test was also
essentially identical to that observed before the retention test,
indicating that the switchable polarization has almost no loss
and the structures have little or no tendency to imprint after
1� 104 s. The small decay of the retained charge in Ca-doped
BFO thin films even after about 1� 104 s is a favorable
indication for memory applications. The long-time retention
characteristics of the Ca-doped BFO thin films are shown in



Fig. 5. Hysteresis loop of thin films deposited by the polymeric precursor method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010, (c)
BFOCa020 and (d) BFOCa030.
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Fig. 7b. The overall retention time dependence of polarization
retention for the BFOCa030 film is quite good. After a
retention time of 1� 104 s, the polarization loss was only
about 6% of the value measured at t¼1 s for an applied
electric field of 150 kV/cm. Depolarization fields generated by
the redistribution of space charge, defects and dipole charges
could be the mechanisms for the polarization decay after
writing. For the infant period (within 10 s), depolarization
fields could be the main contribution to polarization loss. The
depolarization field increases with increasing the retained
polarization and is time dependent. The long-time retention
loss is attributed to the effects of redistribution of defect
charges. This effect leads to a small decrease in the polariza-
tion by compensating the polarization charges when the
redistribution of defect charges is driven by polarization.
Due to the dielectric relaxation, the retained charge is generally
less than the switched charge measured from the P-E hysteresis
loop and the difference between them should be small as
possible to keep enough margin between the digits “1” and
“0”. Retention, like fatigue, is also dependent on the thickness
of the film, nature of the electrodes, microstructure of the film,
temperature, and the details of the test conditions. The under-
standing and improvement of the degradation behavior of
ferroelectric thin films will have an essential impact on the
future success of these films for device applications. Detailed
fatigue and retention measurements in close correlation with
process conditions are being done to evaluate the merits of
calcium bismuth ferrite thin films for memory applications.

The magnetic hysteresis loops, as shown in Fig. 8(a–c), illustrate
the non-linear field dependence of magnetization M for pure
BFO indicating its AFM nature. However, highest Ca-doped
film is ferromagnetic at RT and the characteristics of the loop
depend on concentration of calcium. Reminiscent magnetization
and coercivity are maximum in the case of BFOCa030.
Although the reason behind the occurrence of FM in Ca-
doped BFO samples is not clearly understood, this can be
attributed to the change in interaction between Feþ3 and Feþ4



Fig. 6. Fatigue behavior of thin films deposited by the polymeric precursor method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010, (c)
BFOCa020 and (d) BFOCa030.
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breaking down the balance between the antiparallel sublattice
magnetization [10]. Change in canting angle [34] or spiral spin
modulation [56] may also be responsible for this phenomenon.
The saturation magnetization (Ms) of the BFOCa030 films were
about 2.5 emu/g, higher than those of reported La-doped or Cr-
doped [17] BFO films (Fig. 8d). This indicated that the
magnetization of the films was remarkably enhanced by
substitution of Ca2þ for Bi3þ . Ederer et al. [35] and Ueda
et al. [36] thought that both Fe ions and oxygen vacancy help to
improve the magnetic property of BFO to some extent. Other
studies [56–58] indicated that the magnetic properties of
BiFe1�xTixO3, Bi0.88La0.2FeO3 and BiFe1�xScxO3 were signifi-
cantly affected by Fe2þ ion. The Fe2þ ion in BFO was believed
to be related to the formation of oxygen vacancy, while oxygen
vacancy was thought as one of the important causes for leakage
current in BFO [59,60]. The Fe2þ ion in BFO was believed to
be related to the formation of oxygen vacancy, while oxygen
vacancy was thought as one of the important causes for leakage
current in BFO. XPS studies are ongoing to elucidate the
valence state of iron in the undoped and Ca doped samples.
4. Conclusions

In summary, the effect of divalent-ion-Ca doping on multi-
ferroic BiFeO3 films was investigated on a Pt substrate using
the soft chemical method through annealing at 500 1C for 2 h.
The highest Ca concentration changes the local distortion and
strain caused by the rhombohedral co-existing phase which is
reflected in physical properties of the system. Among these
films studied, the BCFO30 film exhibited a better microstruc-
ture, a good P–E loop, fatigue and retention free behavior as
well as better magnetic response. Calcium improved the
fatigue and ferroelectric properties of the films changing the
structure from rhombohedral to tetragonal. The retention
failure tests showed that the Ca-doped BFO films have quite
good long-time retention characteristics, retaining 94% of the
values measured at t¼1� 104 s for an applied electric field of
150 kV/cm. Polarization charge compensation by the redis-
tribution of defect charges should be considered to explain the
retention loss in calcium doped bismuth ferrite thin films for
memory applications. The results of these studies are very



Fig. 7. Retention characteristics of thin films deposited by the polymeric precursor method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010, (c)
BFOCa020 and (d) BFOCa030.

Fig. 8. Magnetic behavior of thin films deposited by the polymeric precursor
method and annealed at 500 1C in static air for 2 h. (a) BFO, (b) BFOCa010,
(c) BFOCa020 and (d) BFOCa030.
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promising and suggest that BCFO30 thin films are attractive
for use as storage element in non-volatile ferroelectric and
magnetic random access memories.
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