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Abstract

Pure and calcium-modified (Ca Bi, FeO;, x = 0.0, 0.1, 0.2, 0.30) thin films were fabricated on
Pt(111)/TiSiO,/Si substrates by the soft chemical method using LaNiO; as the bottom electrode. Highly (200)-
oriented BFO film was coherently grown on LNO at 500 °C. Ca-doped BiFeQ; films have a dense microstruc-
ture and rounded grains. The conventional problem of the leakage current for the highest doped film was
reduced from 107 to 107'° with remarkable improvement in the film/electrode interface, chemical homogeneity,
crystallinity, and morphology of the BFO film. Enhanced ferroelectricity was observed at room temperature
due to the bottom electrode. Fatigue-free films were grown on LaNiQ; bottom electrodes with no degradation
after 1x10' switching cycles at an applied voltage of 5V with a frequency of 1 MHz. After several tests the ca-
pacitors retained 77% of its polarization upon a retention time of 10 s. Room temperature magnetic coercive
field measurements indicate that the magnetic behaviour is influenced by the nature of the bottom electrode.
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I. Introduction mation of a conduction band (o) between the orbitals
e, of the low hybridization spin of the nickel and p-
orbitals from oxygen [5], demonstrating that this mate-
rial presents electronic conductivity. The second aspect
refers to the crystalline structure of the LNiO,-family
(where L is a lanthanide), where all of them present or-
thorhombic structure. The LaNiO; is the single mem-

Perovskite oxides (ABO;) have been widely studied
as bottom electrodes for the growth of films with ferro-
electric and piezoelectric properties [1-4]. These elec-
trodes are replacing platinum electrodes that have been
extensively used. However, perovskites have disadvan-

tages such as poor adherence on the Si substrate. This  per with thombohedral structure and high tolerance fac-

leads to ferroelectric fatigue due to the deficiency in o1 that measures the stress and compression about the
oxygen concentration. Another problem is the difficulty binding - AO and BO in the perovskite structure [6].
to obtain texturing of thin films on metal structures [1].

The LaNiO; 4 (LNO) is among the most studied ma-
terial as an oxide electrode, with a wide range of ap-
plications due to two parameters: i) the pseudo-cubic
or thombohedral crystal structure with lattice parameter
values close to many ferroelectric materials, and ii) an
intrinsic metallic behaviour. The intrinsic metallic be-
haviour is described by two aspects. The first refers to
the strong covalent interaction between the 3d-2p or-
bitals of the Ni-O, where Ni* cations have a low con-

figuration spin of the 3d’ (tgge;,). Thus, there is the for-

In previous work, we have shown that the measured
leakage current density at 5.0V for the Ca;Bi,,FeO,
(BCF030) film decreases to 10~ A/cm? indicating that
the main carrier type which produces observed trans-
port behaviour must be electronic rather than ionic in
nature. This suggested that the conduction in calcium
substituted BiFeO, is mainly governed by thermally ac-
tivated hopping of electrons between oxygen vacancies
which is inconsistent with the vacancy assisted elec-
tronic conduction mechanism observed in epitaxial thin
films [7]. The formation of impurity phases, such as
Bi,;FeO,, and Bi,Fe,O,, provides an additional diffi-
culty in the physical characterization of the paraelec-
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tric high-temperature phase [8]. Since part of the prob-
lem lies in the volatility of bismuth, doping the A site
(Bi site) in BiFeO; is a key strategy, and there have
been some studies on the effect of the replacement of
Bi3+ with different atoms [9-12]. The doping experi-
ments with Ca®* are of particular interest because they
can be exploited to control the band-filling in insulating
BiFeO, thin films, thereby triggering an insulator-metal
transition with varying composition [13]. Fatigue-free
Ca-doped BFO films have been grown on Pt/Ti/SiO,/Si
substrates. However, a possible interfacial reaction be-
tween platinum and bismuth can lead to undesired
electrical properties [14]. Therefore, the substitution of
metallic electrodes based on noble metals like platinum
by conductive oxides is an alternative to reach better
electrical properties caused by the high oxygen affin-
ity of these electrodes [15]. It is well known that per-
ovskite oxide electrode, such as StRuO,, LaNiO,, and
BaPbO,, effectively improve crystal growth and elec-
tric properties of ferroelectric oxide [16—20]. The spe-
cific characteristics of the LaNiO; electrode are low
preparation temperature, good conductivity and chem-
ical stability. Most interestingly, the LaNiO; electrode
could induce the preferred orientation and improve the
film/electrode interface. The performance of ferroelec-
tric films is often dominated by the film/electrode in-
terface. In particular, Y. Hou et al. [21] demonstrated
a large piezoelectric response induced by the coexis-
tence of low-symmetry and self-polarization in Li*-
Nb>*-doped BFO polycrystalline films obtained by the
RF-sputtering onto LaNiO,-buffered Pt/Ti/SiO,/Si sub-
strate, with dz3 coefficient of 114.1 pm/V, compara-
ble to lead-based piezoelectric films. Bilayered thin
films (Ba(Zr,,Ti, 3)O0;-0.5 (Ba, ,Ca, ;)TiO;, i.e. BZT-
0.5BCT) were also prepared by the dual-magnetron
sputtering on LaNiO, seed layer, showing d33 coeffi-
cient of 122 pm/V along with a dielectric constant (&,)
of 1046 [22].

To the best of our knowledge, no report is available
on the film/electrode interface of BFO films obtained by
the polymeric precursor method (PPM). Therefore, we
expect that LaNiO; as the metal oxide bottom electrode
could provide a template to grow high quality films with
preferred orientation.

II. Experimental procedure

Ca-modified BiFeO, and the LaNiO, thin films were
prepared by the PPM as described elsewhere [23]. Films
were spin coated on LNO coated Pt/Ti/SiO,/Si sub-
strates by a commercial spinner operating at 5000 rpm
for 30s (spin coater KW-4B, Chemat Technology).
Each layer was pre-fired at 300 °C for 1 h in a conven-
tional oven. After the pre-firing, each layer was crys-
tallized at 500°C for 2 hours. Using the same pro-
cedure, the multiferroic films were deposited by spin-
ning the precursor solution on the desired substrates.
Through this process, we have obtained thickness values
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of about 150 nm (5 layers) for the bottom LNO elec-
trodes which were crystallized at 700 °C for 2h, and
around 300 nm for BFO (10 layers), reached by repeat-
ing the spin-coating and heating treatment cycles. An
excess of Swt.% of Bi was added to the solution to
minimize bismuth loss during thermal treatment. Differ-
ent Ca Bi, FeO, samples were prepared and denoted as
BFOCax, where x indicates the level of Ca-doping (i.e.
x =0.0, 0.1, 0.2 and 0.30).

Phase analysis of the films was performed at room
temperature from X-ray diffraction (XRD) patterns
recorded on a Rigaku-DMax 2000PC with Cu-Ke radia-
tion in the 26 range from 20° to 60° with 0.3°/min steps.
The annealed thin film thicknesses were determined
using scanning electron microscopy (SEM, Topcom
SM-300) by checking their cross-section where back-
scattered electrons were utilized. Three measurements
were taken to obtain an average thickness value. The
morphology of the films was observed using a high res-
olution FEG-SEM (Supra 35-VP, Carl Zeiss, Germany).
After deposition of the top electrode, the film was sub-
jected to a post-annealing treatment in a tube furnace
under an oxygen atmosphere at 300 °C for 1h. Here,
the desired effect was to eventually decrease oxygen va-
cancies’ content. The J-E measurements were recorded
on the Radiant Technology tester in the current-voltage
mode, with a voltage change from 0 to +10V, from +10
to —10V and back to 0 V. The hysteresis loop measure-
ments were carried out on the films with a Radiant Tech-
nology 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 vir-
tual ground mode test device. Magnetization measure-
ments were done by using a vibrating-sample magne-
tometer (VSM) from Quantum Design™. For the fatigue
measurements, internally generated 8.6 us wide square
pulses were used. After the end of each fatigue period,
the polarization characteristics of the films were mea-
sured over a range of frequencies. Retention character-
istics of the films were measured by independently ob-
serving the time-dependent changes of P* (switched po-
larization), and P” (non-switched polarization). For P*,
the capacitor was switched with a negative write pulse
and read by a positive read pulse after retention time ¢.
For P?, positive pulses were used for both writing and
reading. The pulse width for all triangular pulses was
1.0ms. The time delay between the written pulse and
the first read pulse is referred to as retention time.

IT1. Results and discussion

Figure 1 illustrates XRD patterns of the BFO and
Ca-doped BFO films deposited on LNO substrates. For
comparison, the highest doped film deposited on plat-
inum coated silicon substrate was also presented. The
films were well crystallized at 500 °C. The BFO and
Ca-doped BFO films were self-organized to produce
(200)-preferred orientation with good crystallinity. The
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BCF030 film has a tetragonal structure with a P4mm
space group while the BFO film has a rhombohedral
structure with an R3¢ space group, which can be treated
as a special triclinic structure [24]. The XRD pattern
of the pure BiFeO, on Pt shows a rhombohedral lat-
tice similar to the patterns previously reported for pure
BiFeO; [25,26]. The XRD pattern of the BFOCa030
on Pt is similar to those expected for Ca>* doped bis-
muth ferrite, showing a coexistence of the rhombohe-
dral along with the tetragonal (P4mm) structure, treated
as pseudo-cubic with a four-fold symmetry and a large
distortion within the crystal domain [27,28]. The LNO
layer not only serves as a useful metal oxide bottom
electrode, but also forms a template with preferred (200)
orientation to enable growth of high quality BFO films
(Fig. 1b-e). As seen in XRD patterns of Ca-doped BFO
films, the 110 peak tend to decrease its intensity while
the 200 peak is enhanced, likely meaning that the Ca-
doped BFO films consisted of single-phase polycrys-
talline materials with preferred orientation. This is an
interesting result considering that the lattice mismatch
between LNO (a 0.384nm) and BCF030 (a
0.5578439nm, ¢ = 1.328924nm) is considerable. The
positive role of LNO may be caused by the decrease in
the nucleation activation energy that allows obtaining a
good crystallization at this temperature. Ca>* replaces
Bi** only in a perovskite-type unit cell which causes
a distorted structure. The distortion increases with a
higher Ca content, as shown at 26 around 36°, present-
ing an increase mostly related to the 006 peak accom-
panied by Ca®* addition [14,29,30]. The covalent inter-
action, 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. It
can be inferred that Ca improves oxygen ion stability in
the lattice because some of the Bi ions in the pseudo-
perovskite layers containing Fe—O octahedra are sub-
stituted by the divalent ion reducing the c-axis. Also,

—a— BFOCa030-LNO
200,; —— BFOCa020-LNO
& —+— BFOCa010-LNO
§ —— BFO-LNO

 =—]BFOCa030-Pt

Relative Intensities

60

26 (°)

Figure 1. X-ray diffraction of thin films (BFOCa030-Pt,
BFO-LNO, BFOCa010-LNO, BFOCa020-LNO and
BFOCa030-LNO) annealed at 500 °C in static air for 2h
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the addition of Ca has a radial substitution effect higher
than bismuth and stabilizes oxygen vacancies and con-
sequently the structure due to the differences in charge
densities of Ca and Bi atoms.

The morphology of the BFO and Ca-doped BFO thin
films was evaluated by FEG-SEM measurements (Fig.
2). Changes in the surface of the Ca-doped BFO films
were evaluated and the results reveal that the BCF030
film consists of a homogeneous surface, although the
BFO film has a high degree of agglomerates. It was also
found that the Ca dopant tends to suppress grain growth.
The average grain size is 63 nm for the BFO film and
33nm for the BCFO30 film. The surface morphology
of the synthesized BFO-based films was improved with
high Ca-doping because this improves nucleation and
growth process and produces film with a homogeneous
and dense microstructure. On the other hand, for low
and middle Ca concentrations, the surface consists of ir-
regularities, which were caused by distortion in the lat-
tice caused by Ca addition. The substitution of Ca>* for
Bi** in BiFeO; can produce oxygen vacancies, which
apparently induce distortions and cause structural irreg-
ularities within the crystallites. Also, the homogeneous
microstructure of the BCF030 films may affect ferro-
electric properties because the voltage can be uniformly
applied on them. Because of the employed annealing
conditions, the diffusion of species and the nucleation
and growth rate increased affecting the grain size and
shape of grains. Bismuth-based materials contain bis-
muth metal in the as-deposited films, which also may
play an important role in the formation of smooth and
dense morphologies.

A strongly marked difference in the film morphology
can be observed for the different bottom electrodes. The
BCFO030 films obtained on Pt coated substrates present
a porous perovskite structure while the ones obtained
on oxide electrode showed dense films with spheri-
cal grains. For films deposited on LNO, the amount
of charge carriers (oxygen vacancies), trapped near the
film-electrode interface, are minimized. These charges
may be originated during the heat treatment process due
to the decomposition of the polymeric precursor. It can
be assumed that if oxygen vacancy accumulation near
the film-electrode interface occurs during the heat treat-
ment, the conductive oxide can consume the oxygen va-
cancies by changing their oxygen nonstoichiometry and
thus, the accumulation of oxygen vacancies near the in-
terface is prevented or reduced affecting the shape and
size of grains. The main reason influencing the surfaces
of the BFO films deposited on Pt and the LNO coated
Pt substrates can be originated from the difference in
nuclei generation density between the Pt and LNO elec-
trodes. After formation of the BFO film, the buffer layer
disappears indicating that this conductive oxide acts not
as a barrier layer, but as an initial nucleation aid for the
multiferroic thin film with a very noticeable phase tran-
sition. Thus, the lower grain size obtained in doped sam-
ples reflects an increase in the crystallization tempera-
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Figure 2. FEG-SEM micrographs of thin films deposited by the polymeric precursor method and annealed at 500 °C in static
air for 2h: a) BFOCa030-Pt, b) BFO-LNO, ¢) BFOCa010-LNO, d) BFOCa020-LNO and e¢) BFOCa030-LNO

ture due to the differences in chemical bond strengths
between Fe—O and Ca—O atoms.

Figures 3a-e show the leakage current density as a
function of voltage measured at room temperature. The
curve was recorded with a voltage step width of 0.1V
and elapsed time of 1.0s for each voltage. The mea-
sured current densities (J) versus the applied electric
field (E) show two clearly different regions. The in-
sulating properties of the films were found to be de-
pendent on the bottom electrode. The leakage current
density decreased for the films deposited on the LNO
bottom electrode. Such a reduction in leakage current
density may be attributed to the high oxygen affinity of
the bottom electrode avoiding oxygen depletion in the
electrode material caused by the ferroelectric material,
thus leaving an oxygen deficient layer of the electrode at
the interface and increasing the contact resistance. Also,
it may be attributed to the reduction of the number of
electrons injected from the cathode at a rate faster than
they can travel through the film. A low threshold elec-
tric field was applied in order to overcome the larger
repulsion forces that are due to the increased amount
of non-neutralized charges in the traps of the multifer-
roic film. The current density increases linearly with
the external voltage in the region of low applied volt-
age strengths, which suggests an ohmic conduction. At
higher field strengths, the current density increases ex-
ponentially which implies that at least one part of the
conductivity results from the Schottky or Poole-Frenkel
emission mechanism, except for the BFOCa030 film
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which kept it practically constant. The leakage current
density at 5.0 V (~1.92x10° V/cm for LNO; ~10° V/cm
for Pt) for the BFOCa30 film changes from 107> A/cm?
(Pt) to extremely reduced values, below 107 A/cm?
(LNO). The main reason for such a small value can be
attributed to changes in the surface roughness and the
reduction of micropores due to the modification of the
interface stability on oxide electrode. Thus, the bottom
electrode reduces oxygen vacancies improving switch-
ing process of ferroelectric domains. Other reason for
this is that introduction of LNO as a bottom electrode re-
duces grain sizes of the film as evidenced by FEG-SEM,
leading to an increase in the density of grain boundaries,
which makes contribution to the decreased leakage cur-
rent density. Normally, the mobile oxygen vacancies are
donor like trapping centres for electrons. The energy
levels associated with V¢ are very close to the conduc-
tion band. Therefore, the electrons can be readily ac-
tivated to be free for conduction by the electric field.
However, the electric field required for generation of
the free electrons in BFO-based film may be increased
if complex cluster defects between the vacancies are
formed, since the applied electric field has to overcome
the electrostatic attraction force between Vg and Vi
before the oxygen vacancies become mobile and can
serve as the trapping centres for electrons. Note that the
different positions occupied by V- in perovskite oc-
tahedral will result in different electrostatic forces be-
tween V;;i and V-, which in turn lead to the differ-
ent electric fields required for breaking the defect com-
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Figure 3. J-E curves of thin films annealed at 500 °C in static air for 2 h: a) BFOCa030-Pt, b) BFO-LNO, ¢) BFOCa010-LNO,
d) BFOCa020-LNO and ¢) BFOCa030-LNO

plexes. Based on the above discussion, the high leak-
age current in the film deposited on Pt compared to that
deposited on LNO may result from the formation of
defect complexes between V;;i and Vg5-. Thus, the in-
crease of the leakage current with the electric field can
be ascribed to the gradual release of V- from the com-
plexes of V-V, As observed, the films deposited on
Pt have a rounded shape grains with residual porosity
which might have lots of carrier traps. In the low E re-
gion, carriers are localized around the traps reducing
J. In the high E region, the localized carriers begin to
come out of the trap, resulting in a large increase of J.
Therefore, a large leakage current was observed in the
film with a porous microstructure due the lots of car-
rier traps inside it and for higher fields these charges
are ejected. This behaviour suggests that the Schottky
or Poole-Frenkel emission conduction models can dom-
inate in these films. In the porous grain structure of the
films, Schottky or Poole-Frenkel emission conduction
from traps in high fields looks like the most effective
origin of the nonlinear behaviour. On the other hand,
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in a dense structure, carrier injection into the insulator
looks very important, so space charge can be distributed
along multiple grain boundaries.

In order to analyse the main dominant mechanism
in all films at higher fields, the J-E properties should
be plotted using Schottky (SE) and Poole-Frenkel (P-
F) emission models. The former is emission process
across the interface between a semiconductor (metal)
and an insulating film as a result of barrier lowering
due to the applied field and the image force. The lat-
ter is associated with the field enhanced thermal exci-
tation of charge carriers from traps, sometimes called
the internal Schottky effect. These two transport mech-
anisms are very similar and can be distinguished from
the slope measured from the straight line region of the
current-voltage (I-V) curve in the formof alnJ vs In E
plot. According to literature data [31], the curves of all
films can be modelled in terms of space charge-limited
current (SCLC).Once in the low field region, the curves
follow ohmic conduction properties (@ ~ 1).With the
increase in electric field, a change in « takes place, in
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Figure 4. Hysteresis loops of thin films annealed at 500 °C in static air for 2 h: a) BFOCa030-Pt, b) BFO-LNO,
¢) BFOCa010-LNO, d) BFOCa020-LNO and (e) BFOCa030-LNO

agreement with the modified Child’s law conduction.
When the electric field is further increased, a sharp in-
crease in the slope occurs because of more complex con-
duction mechanisms. The change in the transition elec-
tric field region corresponding to the conduction mech-
anism may be due to the electrode interface traps, grain
boundary defects and oxygen vacancies.

The room temperature P-E hysteresis loops of BFO
and Ca-doped BFO thin films are shown in Figs. 4a-
e. No sign of leakage has been observed under a mea-
suring frequency of 60 Hz. Low coercive fields could
be expected for the film with bottom Pt electrode and
this could result in a higher concentration of defects
and higher leakage. For that reason, a couple of films
were prepared on LNO bottom oxide electrodes to min-
imize formation of oxygen vacancies. The coercive field
along the (200) orientation is smaller than the polariza-
tion of the (110) orientation. The P-E hysteresis loop of
the BCF030 on Pt shows remnant polarization, P,, of
52 uC/cm? after applying 28 V. This high value is not
intrinsic, but is induced by high leakage in this struc-
ture, as indicated by the roundish shape of the P-E loop.
Additionally, space charges can also contribute to the
polarization. The loops of the films deposited on LNO
bottom electrode are well saturated and rectangular with
P, ranging from 8.4 to 22 uC/cm? after applying a volt-
age of less than 10 V.

Since the films on LNO electrode are intensely (200)
oriented we reasonably expect a larger polarization. A
moderate coercive field probably originates from the in-
termediary grain size (45 nm) of the layers deposited on
LNO electrode. Even the BFOCa30 film deposited on Pt
electrode shows a symmetric hysteresis curve probably
originating from the local distortion and strain caused
by the rhombohedral co-existing phase and reflected
in physical properties of the tetragonal phase. Adding
Ca** ions to BFO in high concentrations requires charge
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compensation, which can be achieved by the formation
of Fe** or oxygen vacancies. If Fe** exists, the statis-
tical distribution of Fe** and Fe** ions in the octahe-
dron may also lead to strong polarization while high
coercitivity can be caused by the pinning of ferroelec-
tric domain walls which results from the ferroelectric
anisotropy. The low polarization could be addressed to
the trapped charge (O;) associated with other defects
(Vg) or even defect dipole complexes such as oxygen
vacancies associated with bismuth vacancies (Vg - V&)
located at the grain boundary. The film-electrode inter-
face can promote a local stoichiometry deviation influ-
encing the switching of only one component of elec-
trical polarization. As a consequence of these space
charges, a significant increase of the electric field is
evident, which may lead to a failure of the capacitor.
The film deposited on Pt electrode exhibits a poor P-
E hysteresis loop, which has been typically observed
from conductive ferroelectrics and it got broken with in-
creased bias electric field due to a large leakage current.
The ferroelectric properties may be related to the de-
creased grain size with Pt electrode, since the strength
of polarization is strongly related to the grain size [32].
It has been found that the polarizability in perovskites
(ABQ,) is partially related with the sizes of A and B
cations. In general, a large A cation results in an in-
crease 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 in-
creased remnant polarization of the films deposited on
LNO bottom electrode can be explained by the inhibi-
tion of defect complexes between Vg, and V- In the
case of the film deposited on Pt electrode, the decreased
volume fraction of dielectric polarization with decreas-
ing grain size could have predominant effect on the rem-
nant polarization. A more symmetric hysteresis loop is
observed for the film deposited on LNO electrode in-
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dicating that the high oxygen affinity of this material
avoids the migration of charge species to the electrode-
film interface. This behaviour can be ascribed to the
larger grains of the films deposited on LNO bottom elec-
trode. The domain walls in larger grains are easier to
be switched under external field. Similar phenomena
have been found in SrBi,Ta,04 and PbTiO, thin films
[33,34]. The polarization switching in films with small
grains is usually more difficult, as in the case of BCF030
on LNO. Therefore, the growth of the film in one di-
rection not coincident with (110) preferred orientation
will favour smaller grains morphology, such as the ones
grown on LNO bottom electrode leading to a lower E.
when compared to those grown on Pt.

Magnetizations (M) versus field (H) loops were
recorded at 300K (Figs. 5a-e). The BCF030 film de-
posited on Pt coated substrate exhibits hysteresis loop
with a saturation magnetization of 2.5 emu/g and coer-
cive field (H,.) of 1.8kOe. The ferromagnetic response
suggests that the magnetic behaviour is influenced by
the crystal size as M has been reported to drop with the
reduction in the crystal size [20,35]. On the other hand,
saturation magnetization of the films deposited on LNO
bottom electrode are around 6.0 emu/g with a coercive
fields (H.) of 3.8kOe. The possible origins of the dif-
ference in magnetic properties are mainly attributed to
several factors. One is the variation of grain size. As it
is well known, the particle size has been reported to in-
fluence the magnetic properties of the materials. Here,
the crystallite sizes of all films are below 62 nm, where
the spiral spin structure is destroyed, which will lead
to the uncompensated spins existence at the crystallite
surface and in turn it results in the appearance of the
uncompensated spins at the grain boundary [36]. Addi-
tionally, the effect of texture difference resulting from
magnetic annealing should be considered. Other possi-
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ble reasons for this enhancement in magnetization are:
i) the spatial homogenization of the spin arrangement
[37]; ii) the distorted spin cycloid structure when LNO
is introduced as bottom electrode [38]; iii) the forma-
tion of partial Fe?*; iv) the varied canting angle of the
Fe—O-Fe bond [39] or v) the increased tensile strain
changing the balance between the antiferromagnetic and
ferromagnetic interactions [40]. However, the magneti-
zation difference observed in the films may not be at-
tributed to the crystallite size since all the crystallites
have almost the same size, as shown in Fig. 2. Nev-
ertheless, with decrease in the grain boundary due to
the increase in the applied annealing field, the uncom-
pensated spins at the grain surface reduce. As a result,
the magnetization of the fields-annealing thin films is
lower than the non-field-annealing one. The other fac-
tor is the degree of the crystallite rotation and alignment
along the annealing field direction. Applying magnetic
field during the annealing process can improve the con-
nection and diffusion of components as well as rotat-
ing the crystals to align along the annealing field direc-
tion [41]. Such rotation and alignment of the crystallites
result in the enhancement of magnetization. Generally,
decreasing uncompensated spins at the grain boundary
and increasing alignment degree of the BFO crystallites
with increasing annealing field lead to the magnetiza-
tion. Magnetic interaction between different grains de-
creases initially and then increases, which further results
in the same variation of the spinglass transition temper-
ature [42]. Since LNO bottom electrode results in better
magnetic response, it is reasonable to believe that if oxy-
gen vacancy accumulation near the film-electrode inter-
face occurs during measurement, the conductive oxide
can provide the oxygen to those vacancies by changing
their oxygen nonstoichiometry and thus, the accumula-
tion of oxygen vacancies near the interface is prevented
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or reduced. On the other hand, films deposited on Pt
electrode reveal an increase in local current around the
nucleation sites which can damage the film-electrode in-
terface and suppress the nucleation of oppositely ori-
ented domains at the surface. The film deposited on Pt
can provide conductive electrons which reduce the po-
larization and increase the concentration of holes in the
interface region. On the other hand, the LNO bottom
electrode can maintain the stability of the interface and
bulk defects and solve the weak ferromagnetism. Thus,
the film with the highest Ca-doping is ferromagnetic at
RT having maximal reminiscent magnetization and co-
ercive field. Although the reason behind the occurrence
of FM in the Ca-doped BFO samples is not clearly un-
derstood, this can be attributed to the change in inter-
action between Fe] and Fe} breaking down the balance
between the antiparallel sublattice magnetization [43].
Change in canting angle [44] or spiral spin modulation
[31] may also be responsible for this phenomenon.

The fatigue endurances of the pure and Ca doped
BFO thin films were tested at 1 MHz as a function of
switching cycles by applying 8.6 us wide bipolar pulses
with maximum amplitude of 9V (Figs. 6a-e). P* is
the switched polarization between two opposite polar-
ity pulses and P is the non-switched polarization be-
tween the same two polarity pulses. The P* — P" or
P* — (—P") denote the switchable polarization, which
is an important variable for non-volatile memory appli-
cation. We claim that calcium stabilizes the charged do-
main walls which interact with oxygen vacancies and in-
hibit 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 (Figs. 6a-
e), that clearly show that even after 10'% switching cy-
cles, no decay in the remnant polarization is present for
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all investigated films. The substitution of Ca for Bi can
change the chemical environment of the perovskite lay-
ers and solve the fatigue problem of the pure BFO thin
films. Since a Ca** ion has no outer electron, in contrast
to a Bi** ion, which has a lone pair of 65 electrons, less
hybridization with O 2p should lead to less structural
distortion favouring the improvement of its ferroelec-
tric properties. The maximum amplitude of 9 V was ap-
plied to all films taking into account that the BFOCa30
film presents low coercive field which is employed as
a tool for fatigue endurance. The marked improvement
in the fatigue behaviour of LNO bottom electrode may
result from the crystallinity, electrode/ferroelectric in-
terface and defect concentration. In the interface region
the conductive oxide results in less charge trapping and
domain wall pinning. Therefore, the effect of the LNO
electrode which is a metallic oxide on the fatigue be-
haviour of the multiferroic films may be attributed to its
function as an oxygen vacancy trap.

Retention, which is the time dependent change of the
polarization state of the ferroelectric film, is another fac-
tor which limits the life of a ferroelectric memory de-
vice. Ferroelectric retention properties were measured at
room temperature using a Radiant Technology RT6000
A test system (Figs. 7a-e). At first, a triangular pulse
of =5V was applied to write a known logic state, then,
after a predetermined time, the logic state was sequen-
tially read by applying two triangular pulses of +5V
and —5V. The pulse width for all triangular pulses is
1.0 ms. Time delay between the write 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. Figure 7a shows the retention characteristics of
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the BFOCa030 films, where the retained switchable po-
larization P = (P*)—(P") was plotted as a function of re-
tention time from 1's to 1 x 10*s at applied electric field
of 150kV/cm. The value of initial polarization decayed
and approached a nearly steady-state value after a reten-
tion time of 10s. The corresponding hysteresis loops ob-
tained after the retention test were also essentially iden-
tical 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 x 10*s. The small decay of the retained charge in Ca-
doped BFO thin films deposited on LNO bottom elec-
trode even after about 1x 10*s is a favourable indication
for memory applications. The long-time retention char-
acteristics of the Ca-doped BFO thin films are shown in
Figs. 7b-e. The overall retention time dependence of po-
larization retention is quite good. After a retention time
of 1 x 10*s, the polarization loss was only about 6%
of the value measured at ¢+ = 1s for an applied elec-
tric field of 150kV/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
the polarization loss. The depolarization field increases
with increasing the retained polarization and it 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 polarization by compen-
sating the polarization charges when the redistribution
of defect charges is driven by polarization. Due to the di-
electric relaxation, the retained charge is generally less
than the switched charge measured from the P-E hys-
teresis loop and the difference between them should be
as small as possible to keep enough margin between the
digits “1” and “0”. Retention, like fatigue, is also de-

pendent on the thickness of the film, nature of the elec-
trodes, microstructure of the film, temperature, and the
details of the test conditions. The understanding and im-
provement of the degradation behaviour 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.

IV. Conclusions

Highly (200)-oriented Ca-doped BiFeO, films having
low leakage current were coherently grown at 500 °C on
LaNiO; (LNO) buffer layer. All films have single phase
perovskite-derivative structure (as detected by XRD)
and show excellent ferroelectric properties. On the other
hand, structural defects such as high porosity are re-
sponsible for the high leakage of the BFOCa30 on Pt.
Among the studied films, the BFOCa030-LNO film ex-
hibited a better microstructure with low leakage due to
the local distortion and strain caused by the co-existing
phases which is reflected in physical properties of the
system. Leakage current data reveal that the electri-
cal conduction in these samples occurs via oxygen va-
cancy hopping. Retention loss in ferroelectric capaci-
tors is generally attributed to the presence of the inter-
nal electric field such as oxygen vacancy and anti-site
defects. Due to its large spontaneous polarization, good
fatigue and satisfying retention characteristics, the Ca-
doped BFO films could be a suitable material for inte-
grated device applications in ferroelectric random ac-
cess memories.
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