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Abstract

Bi, La, FeO,(BLFO) thin films were deposited on Pt(111)/Ti/SiO,/Si substrates by the soft chemical method.
Films with thicknesses ranging from 140 to 280 nm were grown on platinum coated silicon substrates at
500°C for 2 hours. The X-ray diffraction analysis of BLFO films evidenced a hexagonal structure over the
entire thickness range investigated. The grain size of the film changes as the number of the layers increases,
indicating thickness dependence. It is found that the piezoelectric response is strongly influenced by the film
thickness. It is shown that the properties of Bil'eO, thin films, such as lattice parameter, dielectric permittivity,
piezoeletric coefficient etc., are functions of misfit strains.
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I. Introduction or ferroelastic ordering [15]. The ferroelectric mecha-
Ferroelectromagnets are the class of materials ex- ~ Nism in BFO is controlled by the sterochemical activity
hibiting coexistence of magnetic and ferroelectric or-  of the Bi** 6s? lone pair, responsible of a charge transfer
derings in a certain range of temperature [1-8]. It is  process from 6s” to formally empty 6p orbitals [16,17]
known that relatively few multiferroic materials exist as while the weak ferromagnetic property can be associat-
naturally occurring phases, examples of which include  ed with the residual moment from the canted Fe’* spin
BiFeO, (BFO) [9], BiMnO, [10], TbMnO, [11] and Tb- structure [18]. The coupling effect between both mag-
Mn,O, [12]. These materials, therefore, not only can be netic and electric behaviours occurs through lattice dis-
used in magnetic and ferroelectric devices but also have  tortion of BFO [19] and Khomskii [20] has emphasized
the potential ability to couple the electric and magnet-  the different ways to combine magnetism and ferroelec-
ic polarizations, providing an additional degree of free-  tricity in multiferroics materials.
dom in device design and applications. Consequently, Recently, large ferroelectric polarizations, ex-
ferroelectromagnetism becomes the subject of intensive ~ ceeding those of prototypical ferroelectrics BaTiO,
investigations because these materials potentially offer ~ and PbTiO,, have been reported in heteroepitaxial-
a whole range of applications, including the emerging  ly constrained BiFeO, thin films [21-24]. Thus, 200-
field of spintronics [13], data-storage media [14] and ~ nm-thick BiFeO, films, grown on (001)c, (110)c, and
multiple-state memories [8]. These multiferroic materi-  (111)c SrTiO, substrates with SrRuO, as the bottom
als have simultaneous ferromagnetic, ferroelectric and/  electrode [21], have remanent polarizations of 55, 80,
and 100 uC/cm?, respectively. A 200-nm-thick BiFeO,
* Corresponding author: tel: +55 12 3123 2765 film, grown on Si substrate with SrTiO, as a template
fax: +55 12 3123 2800, e-mail: alezipo@yahoo.com layer [22], possesses a remanent polarization of 45 pC/
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cm®. The piezoelectric constant d,, shows a dramat-
ic increase from ~30 pm/V for a 100 nm film to ~120
pm/V for a 400 nm film. Wang et al. [23] reported a re-
manent polarization of 50-60 uC/cm? in the 200-nm-
thick BiFeO, thin film grown by PLD onto the (100)
single crystal SrTiO, substrate. They summarized that
the out of plane lattice parameter and the polarization
decrease while the piezoelectric coefficient increases
as the film thickness increases. Catalan et al. [25] have
shown that when bismuth ferrite is epitaxially grown
as a thin film onto, for example an SrTiO, [001] sub-
strate, the resulting morphology is monoclinic, where
the symmetry lowering distortion arises from in-plane
contraction and out of- plane elongation as a result of
lattice mismatch between film and substrate.

In other work, Chu et al. [26] have evidenced BFO
film with a crystal structure of monoclinic phase,
which suggests that the polarization direction is close
to <111>. Such behaviour has also been confirmed by
piezoforce microscopy measurements. The authors
have shown that ferroelectricity exists at a minimum
thickness down to 2 nm. Chu et al. [26] also probed
the role of La substitution on the ferroelectric proper-
ties of epitaxial BiFeO, films on SrTiO,-templated Si.
This provides a mechanism to engineer the rhombohe-
dral distortion in the crystal and, thus, control domain
structure and switching. With the 10 at.% La substi-
tution, the (Bij La  FeO,) film showed well-saturated
ferroelectric hysteresis loops with a remanent polar-
ization of 45 uC/cm?, a converse piezoelectric coeffi-
cient d,;, of 45 pm/V, and a dielectric constant of 140.
Over this range of La substitution, the coercive field
systematically decreases in such a way that a coercive
voltage of 1 V can be obtained in a 100 nm thick film.
These results show promise for the ultimate implemen-
tation of this lead-free multiferroic operating at voltag-
es in the range of 2-3 V [27]. Zeches et al. [28] using
a combination of epitaxial growth techniques in con-
junction with theoretical approaches, have shown the
formation of a morphotropic phase boundary through
epitaxial constraint in lead-free piezoelectric bismuth
ferrite (BiFeO,) films. Electric field-dependent stud-
ies show that a tetragonal-like phase can be reversibly
converted into a rhombohedral-like phase, accompa-
nied by measurable displacements of the surface, mak-
ing this new lead-free system of interest for probe-
based data storage and actuator applications.

A tetragonal-like crystal structure with ¢ axis nor-
mal to the substrate surface with a small monoclin-
ic distortion of about 0.5° was observed by four-cycle
X-ray diffraction [24]. However, a more recent study
made by Eerenstein et al. [29] argues that the compres-
sive epitaxial strain does not enhance the magnetiza-
tion and ferroelectric polarization in BiFeO, thin film.
Soon after, Wang et al. [30] immediately report the re-
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sults of additional experiments on this issue. The mag-
netization of about ~0.5 puB per unit cell for very thin
film, although smaller than that in the original magnet-
ic measurement of Wang et al. [30], is still much great-
er than that reported by Eerenstein ef al. [29], which
also progressively decreases as the film thickness is in-
creased to above 120 nm. They suggest that the effect
of epitaxial strain can-not be completely ruled out and
some additional possible reasons for obtained results
are proposed.

If the capacitor area is comparable to the grain size
of ferroelectric thin films or electrodes, the influence
of grain size and grain boundary cannot be neglected
and ferroelectric films and electrodes are required to
be thin. For this reason, it is necessary to investigate
the influence of grain size, grain boundary and thick-
ness on the electrical properties. The size effects of thin
films are different from that of bulk materials. Size ef-
fects of thin films include not only grain size but also
film thickness. It is difficult to distinguish the size ef-
fects derived from grain size from those derived from
film thickness because the grain size of the thin films
generally changes with film thickness if films are pre-
pared by chemical solution deposition [31]. Further-
more, it has also been reported that the film thickness
dependence of a polycrystalline film is different from
that of epitaxially grown films [32]. The effect of stress
and the existence of a low dielectric constant interfa-
cial layer between the ferroelectric thin film and the
substrate are noted to explain these phenomena [33].
In the present investigation and as a natural exten-
sion of previous work, Bi La  FeO, thin films were
prepared on Pt(111)/Ti/SiO,/Si substrates by the soft
chemical method. Structural and electrical properties
of the films, mainly related to strain behaviour were in-
vestigated by using various techniques with an aim to
explore their technological applications [34,35].

However, there are no evidences in the literature
showing the influence of the Bi  La  FeO, (BLFO)
film (obtained by the polymeric precursor method)
thickness on the ferroelectric properties [34]. In this ar-
ticle, we report the dependence of the electrical proper-
ties from the thickness of BLFO thin films deposited on
Pt(111)/Ti/Si0O,/Si substrates by the soft chemical meth-
od. The influence of BLFO films thickness on leakage
behaviour is also discussed.

I1. Experimental

Lanthanum modified bismuth ferrite thin films were
prepared by the soft chemical method, as described
elsewhere [36]. The films were spin coated on Pt/Ti/
SiO,/Si substrates by a commercial spinner operating
at 5000 revolutions/min for 30 s (spin coater KW-4B,
Chemat Technology). An excess of 5 wt.% of Bi was
added to the solution aiming to minimize the bismuth
loss during the thermal treatment. The thin films were
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annealed at 500°C for 2 hours in the conventional fur-
nace under static air atmosphere. The film thickness was
reached by repeating 6, 8 and 10 times the spin-coating
and heating treatment cycles. The thickness of the an-
nealed films was measured using scanning electron mi-
croscopy (Topcom SM-300) at the transversal section
and back-scattering electrons. We have obtained films
with the thicknesses in the range of 140 to 280 nm.

Phase analysis of the films was performed at room
temperature by X-ray diffraction (XRD) using a Bragg-
Brentano diffractometer (Rigaku-DMax 2500PC) and
Cu-Ko radiation. Raman measurements were per-
formed using an ISA T 64000 triple monochromator.
An optical microscope with 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 dis-
persed scattering light was detected by a charge-cou-
pled device (CCD) detection system. Surface rough-
ness (RMS) and average grain size was examined by
AFM, using tapping mode technique. Next, a 0.5 mm
diameter top Au electrode was sputtered through a
shadow mask at room temperature. After deposition of
the top electrode, the film was subjected to a post-an-
nealing treatment in a tube furnace, at 300°C with con-
stant heating rate of 1°C/min, in oxygen atmosphere
for 1 hour. The aim was to decrease eventually present
oxygen vacancies. The leakage current-voltage (I-V)
characteristic was determined with a voltage source
measuring unit (Radiant Technology 6000 A). Piezo-
electric measurements were carried out using a setup
based on an atomic force microscope in a Multimode
Scanning Probe Microscope with Nanoscope IV con-
troller (Veeco FPP-100). In our experiments, piezore-
sponse images of the films were acquired in ambient
air by applying a small ac voltage with amplitude of
2.5 V (peak to peak) and a frequency of 10 kHz while
scanning the film surface. To apply the external volt-
age we used a standard gold coated Si,N, cantilever
with a spring constant of 0.09 N/m. The probing tip,
with an apex radius of about 20 nm, was in mechani-
cal contact with the uncoated film surface during the
measurements. Cantilever vibration was detected us-
ing a conventional lock-in technique. All measure-
ments were performed at room temperature.

II1. Results and discussion

It is well known that the properties of films are sig-
nificantly affected by the orientation of the underlying
layer, film thickness and atmosphere flow. It is impor-
tant to control the thickness of the layer due to its strong
influence on the grain size, dielectric and ferroelectric
properties. For thinner films interfacial “dead layers”
which possess poor dielectric properties could appear
at the interface film-substrate influencing on the films
performance. These dead layers are originated from ox-

ygen interdiffusion, chemical reaction, or structural de-
fects and can be suppressed when film is thicker than
200 nm. Thus, films with 6, 8 and 10 layers were depos-
ited on platinum coated silicon substrates and the XRD
pattern is illustrated in Fig. 1. The films were well crys-
tallized at a processing temperature of 500°C. This tem-
perature was chosen because in previous work we have
demonstrated that a pure perovskite phase is formed at
500°C for 2 hours with no second phases detected [37].
The characteristic peak for platinum coated silicon (111)
substrates was observed in the range of 38° <260 < 44°,
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Figure 1. XRD patterns for BLFO films with different thick-
nesses: a) 140 nm, b) 200 nm and c¢) 280 nm
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All films exhibit a polycrystalline structure, except
the 280 nm thick films which show (101)-randomly ori-
ented crystals. Thicker BLFO film consists of random-
ly oriented perovskite phase. Some orientation-sen-
sitive physical properties, such as dielectric constant,
remanent polarization and drive voltage, should vary
with the extent of mixed orientations which are differ-
ent for the films grown with different number of layers.
The discussed preferred orientations can be induced by
strain due to the differences in lattice parameters and
thermal expansion coefficients between BLFO and Pt
substrate, indicating that the polar axis is closer to (101)
than (110). The diffraction peaks of thicker BLFO films
are sharper and stronger than those of thinner BLFO
films, indicating better crystallization. XRD results
show that the crystalline quality is improved by the in-
creasing thickness of thin films. Although all the films
were processed under the same conditions, the thicker
films possess better crystallinity because there is a large
amount of material deposited on substrate surface in-
fluencing the appearance of higher intensities diffrac-
tion peaks.

The thickness dependence of the a and c lattice con-
stants and unit cell volume of the films is shown in Ta-
ble 1. In this study, we have adopted the Rietveld refine-
ment technique to investigate the crystal structure of the
BLFO system. The data were collected from the films
annealed at 500°C for 2 hours while clear evidence for
the preferred site for lanthanum substitution was ob-
tained. Table 1 illustrates the pr, Requ and S indexes,
as well as the lattice parameters (« and ¢) and the unit
cell volume (V). The atomic positions obtained by Riet-
veld analyses belong to the ICSD card (PDF # 71-2494)
with hexagonal symmetry. The quantitative phase anal-
yses for the tetragonal phase were calculated according
to the reference of Young et al. [38]. BLFO films had
a hexagonal structure over the entire thickness range
investigated. In addition, the films are polycrystalline
without epitaxy along specific orientation. The differ-
ence in crystalline properties and inner stress between
BLFO films on platinum coated silicon substrates orig-
inates from the difference in the lattice mismatch, the
thermal expansion coefficient and the crystalline struc-
ture. The strain formed is generally released by forming
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Figure 2. AFM images of BLFO films with different
thicknesses: a) 140 nm, b) 200 nm and c) 280 nm

Table 1. Dependence of a and c lattice constants and unit cell volume for BLFO thin films as a function of thickness

Parameters 140 200 280
Refi . (nm) (nm) (nm)
cnnemen o
o dexes R, (%) 10.19 10.78 12.57
R, 7.02 6.60 9.00
S 1.44 1.62 1.39
. a(A) 5.5879 5.5942 5.6011
Lattice ¢ () 13.6066 13.6386 13.6429
parameters
V (A% 367.94 369.64 371.01
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disorders at the interface and grain boundaries. This is
reasonable since in the thin film form, not only La sub-
stitution but also the in-plane stress has effects on the
structure [39,40]. The obtained results confirmed that
the Bi*® ion was substituted by the La™ ion in the BFO
phase and no changes occurred in the refinements. It
was observed that La*" substitutes Bi** only in a per-
ovskite-type unit cell, causing a distorted structure. The
covalent interaction, which originates from the strong
hybridization between Fe 34 and O 2p orbitals, plays an
important role in the structural distortion of BLFO lat-
tice. Doping with La improves oxygen ion stability in
the lattice because some of the Bi ions in the pseudo-
perovskite layers containing Fe-O octahedra were sub-
stituted by the rare earth ion. From the low S values
(S= pr/Rexp) it can be assumed that the refinement was
successfully performed with all the investigated param-
eters close to literature data [41].

Figure 2 presents the AFM images of the films with
different thicknesses. A strongly marked difference in
the film microstructure can be observed for different
numbers of layers. When the film thickness increased,
distinctive plate-like grains were clearly observed. The
absence of cracks and fissures indicates that the film has
a uniform microstructure. The thinner films present a
dense and granular microstructure. The difference in the
shape of the grains is related to the amount of materi-
al deposited on the substrate surface to crystallize the
films. Thinner films possess less material to be crystal-
lized and the grains tend to assume the rounded shape
(more energetic). Meanwhile, when the film thickness
increased, a large amount of material to be crystallized
may lead to elongated grains (a less energetic). The sur-
face roughness was dependent on the film thickness as
well as the grain size changing from 53 to 130 nm as the
number of layers is increased. Considering that the fer-
roelectric properties of the BLFO thin films are strongly
influenced by the film microstructure, i.e., by the grain
size, we expect that, in our case, electrical properties
will be sensitive to film thickness. The surface morphol-
ogy of the BLFO films on Pt/Ti/SiO,/Si substrates deter-
mined by atomic force microscopy (AFM) is shown in
Fig. 3. Surface roughness increases with film thickness.
The root-mean-square (RMS) roughness of the films is
2.8, 11.0 and 14.0 nm, respectively, for the BLFO films
280, 200 and 140 nm thick. Higher RMS value was ob-
served in thicker films caused by their larger grains.

Raman analysis in the lanthanum modified bismuth
ferrite shows the order-disorder degree of the atom-
ic structure at short range (Fig. 3). The modes further
split into longitudinal and transverse components due
the long electrostatic forces associated with lattice io-
nicity. Lanthanum atoms substitute bismuth within the
perovskite structure having marginal influence in the in-
teractions between the (Bi,0,)*" layers and perovskite.
The vibrational modes located at 313, 531 and 640 cm'!
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Figure 3. Micro-Raman spectra for BLFO films with
different thicknesses: a) 140 nm,
b) 200 nm and c) 280 nm

result from the FeO, 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. As the
film becomes thinner, vibrational modes tend to dis-
appear, indicating high structural disordering at short
range in the crystal structure as well as the poor crys-
tallinity of the film. A minimum disorder was obtained
for the 280 nm thick film while the highest disorder cor-
responds to a minimum thickness value. The origin of
disorder in the BLFO thin films is addressed to the lat-
tice distortion. The suppressed lattice distortion might
also cause internal strain in the film as observed in the
thicker film. However, near a thickness of 280 nm the
lattice distortion is reduced indicating that the driving
force for the internal strain was minimized. The reason
is that the internal strain changes the microstructure of
BLFO films. High internal strains correspond to small-
er and coarse grains and, as a result, provide an increase
in the number of grain boundaries. Thinner films pres-
ent large amount of defects associated to the disorder in
the BLFO Iattice.

The disorder developed in the film is strongly de-
pendent on the thickness showing that the amount of
material deposited on the surface of substrate causes a
reduction in the defects or disorder of materials. Con-
sidering that the ferroelectric properties of BLFO thin
films are strongly influenced by film microstructure,
i.e., by the grain size, we expect that, in our case, piezo-
electric properties will be sensitive to film thickness.

Figure 4 shows the leakage current density as a func-
tion of film thickness. The leakage current density at 1.0
V for the 140-nm-thinner film was in the order of 10
A/cm?, but it decreased to the order of 107 A/cm? for
thicker films. The lower leakage current observed for
thicker films may be probably attributed to differences
in grain size, density and surface structure due to differ-
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ences in the number of layers. Since the thinner BLFO
films possess higher leakage currents than the thicker
ones less resistive films are expected. Two clearly dif-
ferent regions were evident. The current density in-
creases linearly with the external electric field in the re-
gion of low electric field strengths, suggesting an ohmic
conduction. At higher field the current density increas-
es exponentially, which implies that at least one part of
the conductivity results from Schottky or Poole-Fren-
kel emission mechanisms. The symmetric J-V curves
were attributed to bulk-limited leakage behaviour rath-
er than interface-limited leakage behaviour in a previ-
ous work [42].

The dielectric permittivity and the dissipation factor
as a function of film thickness are presented in Fig. 5.
The dielectric measurements were carried out at room
temperature as a function of frequency in the range
from 10 kHz to 1 MHz. The figures show that both di-
electric permittivity and the dissipation factor of almost
all BLFO films remain fairly constant in this frequen-
cy range. The value of ¢ decreases from 220 to 100
when the film thickness decreases from 280 to 140 nm.
This shows that dead layers with lower dielectric con-
stant are formed between the BLFO films and Pt elec-
trodes. Because dead layers and the BLFO films are in
series in the capacitance structure, the dielectric permit-
tivity is reduced with decreasing the BLFO film thick-
ness. The fan & changes slightly with increase thick-
ness of the BLFO film. The ¢ and tan J values are
(100, 0.021), (160, 0.017) and (220, 0.024), respective-
ly, for the BLFO films with thickness of 140, 200 and
280 nm. As it can be seen, the dielectric permittivity
shows very little dispersion with frequency indicating
that the films possess low defect concentrations at the
interface film-substrate. The low dispersion of the di-
electric permittivity and the absence of any relaxation
peak in tan 0 indicate that an interfacial polarization of
the Maxwell Wagner type and an interfacial polariza-
tion arisen from the electrode barrier are negligible in
the film. The BLFO film had higher relative dielectric
permittivity when compared to those previously report-
ed in ceramics or films [43—49]. The observed improve-
ment of dielectric permittivity may be associated with
less structural disorder and less two-dimensional stress
in the plane of the film.

The piezoelectric behaviour at room temperature is
shown in Fig. 6. Butterfly-shaped piezoelectric coeffi-
cient versus electric field can be observed for different
film thickness. The difference in the piezoelectric be-
haviour might be attributed to different domain configu-
rations. As usually observed in the relaxor-based “soft”
piezoelectric materials, the hysteresis at low fields is
attributed to domain motions. In the present work, the
hysteresis could also be associated with the domain re-
orientation, which is prominent for a sample with a
multidomain state. Above 30 kV/cm, the hysteresis-free

strain is observed, implying a poling state free of do-
main wall motions induced by the high external elec-
tric fields. At 60 kV/cm, the highest electric field in the
work, the piezoelectric coefficient is maximum. The
thicker film has a higher piezoelectric behaviour in part
due to domain reorientation in which a large grain with a
multi domain- structure has a higher mobility for polar-
ization reversal than a small grain with a single-domain-
structure. Beyond that point, it is possible that a mod-
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field for BLFO films with different thicknesses:
a) 140 nm, b) 200 nm and c¢) 280 nm



G. Biasotto et al. / Processing and Application of Ceramics 5 [1] (2011) 31-39

est bias field results in the transition from asymmetric
to symmetric phase. This field-induced phase transition
may be ascribed to the pinching effect, that is, the con-
sequent decrease in free energy difference among poly-
morphic phases. A careful inspection of the d, - E plots
reveals that there are two apparent linear regions at low
fields (£ < 30 kV/cm) and high fields (£ > 70 kV/cm)
and one transition region. That corresponds to domains
reorientation induced by external electric fields. It is
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Figure 5. Dielectric permittivity and dielectric loss spectra of
BLFO thin films with different thicknesses:
a) 140 nm, b) 200 nm and c) 280 nm

shown that the thicker film exhibited higher piezoelec-
tric strain than the thinner one. The piezoelectric coeffi-
cient was 43 pm/V, 40 pm/V and 30 pm/V for the BLFO
films with film thickness of 280, 200 and 140 nm, re-
spectively. The improvement of piezoelectric response
for the thicker film can be caused by the lower struc-
tural disorder and the lower two-dimensional stress in
the plane of the film as well as differences in grain size,
density and surface structure [50].
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Figure 6. Piezoelectric coefficient for BLFO films with
different thicknesses: a) 140 nm,
b) 200 nm and c¢) 280 nm
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IV. Conclusions

The thickness effect on piezoelectric properties of
Bi,La  FeO, (BLFO) thin films fabricated by the soft
chemical method was investigated. BLFO films had a
hexagonal structure over the entire thickness range in-
vestigated. The thinner films possess a dense and granu-
lar microstructure, whereas the thicker films have grain
aggregation morphology and randomly oriented per-
ovskite phase. The thinner film tends to increase the leak-
age current as well as decrease the dielectric constant
and piezoelectric coefficient due to the internal strain re-
sulting from the electrode/ferroelectric interfacial layer.
The optimal film thickness is close to 280 nm. The re-
sults of these studies are very promising and suggest that
the BLFO thin films can be used as a storage element in
nonvolatile ferroelectric random access memories.
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