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1. Introduction

The current demand of wireless autonomous electronic devices

Flexible high-sensitivity magnetoelectric thin film
composites of solution-derived BiFeOz—PbTiO
layers on Ni foils
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This study propels the development of high-sensitivity magnetoelectric (ME) thin-film composites for
miniaturized energy harvesters, targeting applications like wearable self-powered sensors and actuators.
ME structures are fabricated using a low-temperature solution deposition method, which is both cost-
effective and straightforward for real device fabrication. The materials consist of BiFeOz—PbTiOs3 ferro-
piezoelectric perovskite thin films deposited on magnetostrictive nickel (Ni) substrates. For the first time,
the study investigates films with sub-micron thickness (<500 nm) of this high Curie temperature per-
ovskite compound, and compares the performance of rigid and flexible structures. A major challenge
was to attain good elastic coupling between the piezoelectric and magnetostrictive components to
enhance magnetoelectric responses. A synergistic approach was used to achieve this goal combining
low-temperature processing to minimize Ni oxidation and the introduction of a lanthanum manganite
(Lag 7Sro.3MnOs3, LSMO) layer between the ferroelectric oxide and magnetic metal. The solution-derived
LSMO acts simultaneously as a diffusion barrier, bottom electrode and crystallization promoter for the
BF-PT film. Flexible structures demonstrate superior functional performance, with high remnant polari-
zations (Pr ~ 50 pC cm™2) and voltage magnetoelectric coefficients (ame ~ 100 mV cm™* Oe™?), as well
as appropriate voltage sensitivity to magnetic field (~3.8 pV Oe™), demonstrating their suitability for
multifunctional energy harvesting and sensing technologies.

and potential use in a range of applications besides energy
harvesting.>®

The miniaturization of ME devices requires evolving bulk
technologies into thin film ones, and it is a major technological

has pushed the investigation of energy harvesting concepts to
realize self-powering. Hence, scavenging of different types of
energy is being investigated for application in low-power elec-
tronics. Vibrations, magnetic fields, thermal energy, light,
water flow and wind are available sources."”” Among them,
the use of electromagnetic radiation has strong potential for
energy harvesting making use of the magnetoelectric (ME)
effect. It consists in the generation of electric polarization (P)
upon the application of a magnetic field (H) and vice versa.?
This ME effect can be obtained in composite materials formed
by piezoelectric and magnetostrictive phases,* and devices are
attracting great research interest due to their multifunctionality
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trend in the field. Smaller scales allow higher device integration
on a single chip, while sensitivity and efficiency when capturing
small magnetic stimuli are boosted after downsizing. There-
fore, thin film devices can operate from sources inaccessible at
larger scales.” Today, increasing attention is paid to the design
of microelectromechanical systems (MEMS) formed by deposi-
tion of ferroelectric films onto metallic substrates. The high
fracture strength of metals provides better mechanical perfor-
mance under large deformations than the conventional stiff
and brittle Si substrate. In addition, any ferroelectric film
deposited on a magnetic metal is inherently a multiferroic
laminate composite capable of providing magnetoelectricity
as a product property of the piezoelectricity and magnetostric-
tion of the ferroic components (i.e., the ferroelectric film and
the magnetic substrate) through their elastic coupling.®™** The
performance of these ME heterostructures for sensing and
energy harvesting applications is determined by the ME voltage
coefficient (o) (see the SI and Fig. S1), which is influenced,
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among other factors, by the individual properties of the piezo-
electric and magnetic materials, the characteristics of the inter-
face between these phases and the volume fraction of the
components in the ME heterostructure.'®*?

Among ferroelectric materials, the most widely used one in
these ME heterostructures is high-sensitivity-piezoelectric
Pb(Zr,Ti)O; (PZT) with a perovskite structure and composition
at the morphotropic phase boundary (MPB). Here, the coex-
istence of a rhombohedral and a tetragonal phase results in an
enhancement of the ferroelectric and piezoelectric properties.
However, despite the high piezoelectric response of PZT, a
strong depletion of its functionality is found for nanosize-
grained PZT film materials. This is because ferroelectricity is
a cooperative phenomenon, and the spontaneous polarization
tends to vanish when size decreases across the nanoscale and
the number of interacting dipoles reduces."?

Regarding the magnetic substrate, nickel (Ni) stands out
among base metals as an excellent candidate because it is an
inexpensive material with significant magnetostriction.®°
Although other magnetic metals have been considered for the
fabrication of these ME heterostructures,'®™* Ni seems to be
especially appropriate for inclusion in PZT-based structures
because its mechanical impedance is similar to that of PZT
(~27 MRayl). This should facilitate elastic coupling and thus,
enhance ME responses. However, achieving an appreciable
voltage output (ome) is challenging because of the thermody-
namic incompatibility between PZT and Ni. Ellingham dia-
grams indicate that there is not a processing window of
temperature and pO, where the reduction of PbO and the
oxidation of Ni do not take place (Fig. S2). This results in the
formation of uncontrolled inactive layers between the piezo-
electric PZT and the magnetostrictive Ni components that
hinder the strain transfer and thus, degrade the ME response.
The formation of these detrimental interfaces can be kinetically
limited by using low-temperature processes. However, a sharp
decrease in grain size, and therefore in properties, is produced
when the processing temperature of PZT films is reduced.'®
Besides, lead-free ferroelectric layers would be preferred for
new applications, following current enforced regulations aimed
at reducing environmental impact and promoting the develop-
ment of safer, more sustainable electronic materials.'® None-
theless, only complex perovskite compositions that are difficult
to synthesize are able to achieve piezoelectric coefficients
comparable to that of PZT, whose behaviour on down-scaling
is even worse than that of PZT.'” We have found that BiFeO,-
PbTiO; (BFO-PTO) perovskite oxide might provide a trade-off
between sustainability and stable properties upon nanostruc-
turing, so it is particularly interesting to be introduced into
these heterostructures. This solid solution presents a MPB
region where an enhancement of the piezoelectric crystal
coefficients is produced, although they do not reach values
comparable to those of PZT materials (*"d3; = 400 pC N~ " and
BFO-PTOg. . = 87 pC N~ ). However, the MPB region for the BFO-
PTO solid solution occurs for compositions around
0.65BiFe0;-0.35PbTiO; (i.e., Big.gsPbos5F€0 65Ti0.3503), 5"
which constitutes a strong reduction in the Pb content as
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compared with that of the MPB PZT composition
(0.52PbZr0O3-0.48PbTiO3, i.e., Pb(Zrgs5,Tip45)03). Another
important advantage is that, as compared with PZT, BFO-
PTO shows reduced ferroelectric/ferroelastic domain wall
activity and high Curie temperature (T > 600 °C, ~300 °C
above the T of PZT). Consequently, BFO-PTO materials show
much more stable functional properties on size reduction.
This occurs even when the microstructure is refined across the
submicron range down to the nanoscale.>*”>*> Therefore, the
high stability of the properties in BFO-PTO opens the window
to decreasing the processing temperature to minimize Ni
oxidation whilst maintaining an appropriate piezoelectric
response in the resulting fine-grained BFO-PTO films.

Reducing the processing temperature is not the only strategy
to improve the magnetoelectric (ME) response of piezoelectric
lead-based perovskite films on Ni substrates.>®?*2¢ The inser-
tion of conductive barrier layers between the film and Ni could
also be explored. In this regard, LaNiO; perovskite oxide layers
have been previously studied due to their ability to play a three-
fold role: acting as a buffer barrier, serving as a bottom
electrode, and facilitating perovskite nucleation in the
film.®*”° Among the potential conductive buffer layers,
lanthanum strontium manganite oxide (La, ;Sro sMnO3z, LSMO)
stands out as an appealing alternative layer.*** In addition, it
shows room-temperature ferromagnetism, and strong magne-
toelectricity was reported in LSMO layers deposited on ferro-
piezoelectric perovskite single crystals.®® It is important to note
here that large direct ME responses (polarization/voltage under
a magnetic field) are expected for ferro-piezoelectric films on Ni
substrates. However, converse ME responses (magnetization
under an electric field) are likely to remain small in this
geometry, primarily due to the limited strain transfer from
the ferroelectric layer to the substrate. Nevertheless, incorpor-
ating LSMO layers into this geometry could yield additional
effects, potentially enhancing the converse ME response
through the material’s strongly correlated lattice, electronic,
and magnetic properties.** Considering these characteristics,
we propose the integration of thin LSMO conductive oxide
layers into these ME heterostructures as a promising alternative
to the traditional LaNiO; perovskite.

Finally, and in addition to the actual individual components
and the interface they form, the volume fraction of the compo-
nents in the ME heterostructure also has an important effect in
the values of oy Regarding this aspect, it must be noted that
the proposed thin film geometry, even if it avoids clamping
effects associated with inactive substrates, is characterized by
ferroelectric fractions well below 0.1, far from the thickness
ratio for maximum response predicted by theory, which is
around 0.5."%"* In this low ferroelectric fraction region, the
magnetoelectric response increases with the ferroelectric thick-
ness or when the substrate is thinned to obtain flexible struc-
tures. Note that the typical design for harvesting is the ME
cantilever heterostructure,®® in which the piezoelectric film is
deposited on a magnetic metal foil.**?**® These ME devices
can operate at low resonance frequencies with high sensitivity,
sensing magnetic signals with high spatial resolution or

This journal is © The Royal Society of Chemistry 2025
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scavenging energy just from tiny or stray ambient vibrations or
human body motions.

In this work, we have addressed the fabrication of high-
sensitivity magnetoelectric composites based on this thin-film
geometry, considering the different aspects to optimize
response. Firstly, the ferroelectric BFO-PTO perovskite with a
composition in the MPB was selected, instead of the classical
PZT, due to the previously related benefits that this piezo-
electric compound offers at the nanoscale. Secondly, the char-
acteristics of the interface between the BFO-PTO film and Ni
substrate have been intentionally altered either by kinetically
controlling the nickel oxidation by means of low-temperature
solution deposition processes or by the introduction of a
conductive buffer layer of the LSMO perovskite. Specifically,
low-temperature solution processes with a low carbon footprint
and low energy consumption have been used for the direct and
large-area deposition of the BFO-PTO perovskite layers on the
magnetic Ni substrates, taking advantage of the progress made
by our group in the fabrication of ferroelectric films by these
methods.">*%™? Finally, the effects of the thickness of the Ni
substrate on the piezoelectric BFO-PTO film and the magneto-
electric response of this system have been studied. Substrates
with decreasing thickness were used, so that an evolution from
rigid to flexible structures was naturally obtained. The combi-
nation of low temperature processing, the use of an interfacial
LSMO buffer and the substrate thinning to achieve flexibility
has allowed us to optimize the ME response of ferroelectric
BFO-PTO films on magnetic Ni substrates, showing these
materials to be potential candidates for miniaturized energy
harvesters and flexible sensing devices.
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2. Results and discussion

As illustrated in Fig. 1, two heterostructural designs were
investigated for obtaining magnetoelectric (ME) thin film
devices in this study. The schematic shown in Fig. 1a depicts
the conventional configuration where a BFO-PTO ferro-
piezoelectric thin film is directly solution-deposited onto Ni
substrates with decreasing thickness. The formation of a nickel
oxide layer is reckoned to be unavoidable despite using rela-
tively low-temperature solution processing (Fig. S2-S4). This
configuration is fundamental in understanding the basic inter-
actions and limitations of direct solution deposition methods.
The second configuration, shown in the schematic of Fig. 1b,
introduces a more complex design where a LSMO buffer con-
ductive layer is previously deposited onto the metal substrate,
also by a low-temperature CSD method.

Some nickel oxidation is anticipated too, though it is not
expected to affect electrical performance in this configuration
since LSMO works here as a bottom electrode. Besides, LSMO
has a perovskite crystal structure with cell parameters close to
those of many ferro-piezoelectric perovskites, such as BFO-
PTO."" This structural compatibility helps the nucleation of the
perovskite film facilitating the formation of the desired per-
ovskite phase in the subsequent processing stages. Moreover,
the lattice matching between the LSMO layer and the ferro-
piezoelectric BFO-PTO film reduces film strain and disloca-
tions. Studies have shown that in-plane strains can modify the
position of the morphotropic phase boundary (MPB), which
must be carefully controlled for enhancing the piezoelectric
response of these thin film materials. Therefore, this additional
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Schematic diagrams of the magnetoelectric devices. Structure comprising a ferro-piezoelectric thin film (MPB BiFeOz—PbTiO3) directly deposited

by CSD on (a) a Ni substrate and (b) a LSMO buffered Ni substrate. Panels (c) and (d) show how electrical contacts are integrated in the final capacitor

device.
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LSMO layer aims at mitigating many of the observed issues
related with the direct solution deposition of films, as well as at
providing a bottom electrode, so that an enhanced ME
response could result from an optimized ferroelectric polariza-
tion of the film. In the detailed views of Fig. 1c and d, the
electrical contacts in the fabricated capacitor devices are
shown. The left schematic shows the case of the BFO-PTO film
directly deposited on Ni. In this case, the capacitor stack
includes a NiO layer formed by the natural oxidation of the
surface of the Ni substrate during the film processing. This
issue increases the resistance, thereby compromising the ferro-
electric behavior of the device. In contrast, the right schematic
highlights the improved configuration designed in this work,
where the electric contact is directly made on the LSMO
conductive buffer layer, thus avoiding the detrimental effect
of the NiO layer, whose formation is reckoned unavoidable
during the fabrication of the capacitor device (SI, Fig. S2).
The synchrotron X-ray radiation diffraction (SXRD) patterns
collected with variable incidence angle (2.5° and 5°) for the
MPB BFO-PTO (0.65BiFe0;-0.35PbTiOj3) films directly depos-
ited on Ni are compared with those for the films deposited onto

- (2)
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the LSMO buffered Ni substrates in Fig. 2a and b. The patterns
in the figure correspond to films deposited on a rigid Ni plate
(700 um-thick Ni substrate). Analogous results were obtained
for those films on 38 pm thick Ni foils (Fig. S5). For the films
directly deposited on Ni, perovskite polymorphic phase coex-
istence is observed from the XRD patterns with a predominant
rhombohedral symmetry and a minor, yet distinctive tetragonal
phase. A bismuth-rich ternary bismuth iron oxide secondary
phase (JCPDS 46-0416), is detected in a lower proportion. In
addition, reflections corresponding to nickel oxide (NiO)
(JCPDS 04-0835) are observed in this pattern. On the other
hand, for the films deposited on the LSMO-coated Ni substrates
(LSMO/Ni), the presence of LSMO seems to hinder the for-
mation of the secondary bismuth-rich ternary bismuth iron
oxide phase. This likely reflects the perovskite seeding effect of
the LSMO buffer coating, facilitating the nucleation of the
BFO-PTO perovskite film. Phase coexistence seems not to be
the same in the two samples because the tetragonal phase is
not observed in the film deposited on LSMO/Ni. It should be
noted that the MPB is placed at x ~ 0.35 for bulk materials, and
a shift to higher x-values has been observed in films, which is
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Fig. 2 Grazing-incidence X-ray synchrotron diffraction (XRD) patterns of the MPB BFO-PTO films directly deposited on (a) 700 um thick Ni substrates
and (b) LSMO buffered 700 um thick Ni substrates. Gaussian fitting Raman spectra and labelled vibration modes of the MPB BFO-PTO films directly
deposited on (c) 700 pm thick Ni substrates and (d) LSMO buffered 700 um thick Ni substrates.

J. Mater. Chem. C

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc02144h

Open Access Article. Published on 27 August 2025. Downloaded on 9/22/2025 11:19:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

associated with in-plane strain.*>** Therefore, large stresses
would exist in both film samples, although they seem to be
partially relaxed for the film deposited on Ni.

Raman spectra of these thin film samples are shown in
Fig. 2c and d. They were obtained in the range of 50-1000 cm ™.
Penetration depth D, is calculated as D, = //4nk, where / stands
for the laser radiation wavelength and k is the film extinction
coefficient. A value of 250 nm is estimated for 4 = 532 nm using
k = 0.16 based on literature data.*>**> Consequently, in the
Raman measurements of these films, LSMO vibration modes
are not visible in the spectra because they are located beneath a
~500 nm BFO-PTO layer, beyond the calculated penetration
depth. It should be considered that Raman scattering is very
sensitive to point group symmetry, making it a valuable com-
plementary technique to XRD analysis. The Raman spectra of
the BFO-PTO thin films directly deposited on Ni and on LSMO/
Ni (Fig. 2c and d), confirm the perovskite polymorphic phase
coexistence, revealing the presence of both rhombohedral and
tetragonal phases in both samples. While the XRD data pro-
vides an average crystal structure and thus, it primarily detects
dominant phases with a long-range order, XRD is not sensitive
to possible additional short-range lattice ordering. In contrast,
Raman scattering is highly sensitive to local symmetry,
enabling subtle or minor short-ranged phases to be uncovered.
This might be the case for the films on LSMO/Ni, for which
phase coexistence could now be revealed in the Raman spectra
but not in the XRD patterns in Fig. 2b and d.

According to group theory analysis, 13 Raman-active modes
classified as 4 A; and 9 E modes are expected for the rhombo-
hedral BiFeO; phase with R;. symmetry.*® Specifically, the
modes at 132 cm ' and 213 cm ' detected in the spectra
correspond to the longitudinal optical phonons with A; sym-
metry [A;(LO)]. In addition, those detected at 72, 258, 342, 477,
535, and 621 cm ' are attributed to the transverse optical
phonons with E symmetry [E(TO)].*”**® Meanwhile, in the
PbTiO; tetragonal phase, which has C,, symmetry, each of
the T;, modes splits into A; and E symmetries, while the T,,
mode transforms as B; + E. Due to long-range electrostatic
forces, the A;4 and E modes are further split into transverse
optical (TO) and longitudinal optical (LO) modes. Although this
effect is expected in B; + E modes, it is not typically observed,
being active in the By, A;» and E Raman modes.*® For the films
in this study, the mode at 155 cm ' is observed, which
corresponds to the transverse optical phonons with A; symme-
try [A;(TO)]. In addition, the peaks detected at 278 cm ™" (B, + E)
and 692 E(LOz) cm ™" are attributed to the longitudinal optical
phonons with E symmetry.® These assighments are high-
lighted in Fig. 2c and d. All the Raman spectra for the two sets
of samples with and without LSMO buffer layer are collected in
Fig. S6. Therefore, and complementing the obtained results by
XRD (Fig. 2a and b), where the tetragonal structure was not
detected in the films on the LSMO/Ni substrates, the Raman
study is able to distinguish the presence of the rhombohedral
and tetragonal phases in both types of film composites (with/
without LSMO layer) (Fig. 2c and d). This suggests the presence
of tetragonal domains, which might be associated with a

This journal is © The Royal Society of Chemistry 2025
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hierarchical structure of nanosized tetragonal distortions
embedded into larger rhombohedral domains, typical in MPBs,
but also alternatively to its presence at the relaxed surface layer
of the BFO-PTO film that would be thinner for the film on
LSMO/Ni than that on Ni.**

The experimentally measured current vs. electric field loops,
J-E, and the corresponding ferroelectric P-E hysteresis, mea-
sured at room temperature (RT) for the BFO-PTO films on the
different Ni substrates with/without the LSMO layer are dis-
played in Fig. 3. Results for films deposited on the Ni-substrates
with different thickness (38 and 700 um) (Fig. 3a and b) are
presented with the aim to elucidate its role in functionality, as
well as to assess the feasibility of fabricating flexible structures.
Typically, these measurements have to be conducted below RT
for BFO-derived materials to minimize leakage current effects,
as they lead to energy dissipation and reduce the effectiveness
of the applied electric field to switch ferroelectric domains.”?
However, ferroelectric hysteresis loops can be measured in
these films at RT, because of their comparatively lower leakage
currents, thus showing a robust ferroelectric behavior at ambi-
ent conditions necessary for applications. Ferroelectric switch-
ing is observed for all films. However, and compared with the
values of remnant polarization reported for BFO-PTO films on
conventional Pt-coated Si substrates,>® a low switched polariza-
tion was obtained for the films directly deposited on Ni. This is
thought to be due to the NiO interlayer formed between the Ni
metal substrate and the ferroelectric BFO-PTO film during
annealing of the samples (Fig. S2). This configuration divides
the applied electric field across the capacitor between the NiO
interface and the ferroelectric film, with each layer experien-
cing a fraction of the total field based on their distinct dielectric
properties. Consequently, the ferroelectric BFO-PTO film exhi-
bits a higher coercive field, as greater field strength is needed to
induce polarization switching. Lowering the polarization fre-
quency could alleviate this effect by allowing more time for
domain alignment, but it would also increase leakage currents
in the system, making it difficult to achieve the saturation of
the ferroelectric polarization. Therefore, the position of the
characteristic inflection points in the P-E loop and maxima in
the J-E curve of this geometry is very close to the maximum
applied field (Fig. 3). However, the BFO-PTO films deposited on
Ni substrates with an LSMO layer display better defined ferro-
electric hysteresis loops at room temperature (P-E loops and
J-E curves), with distinctively lower coercive fields. This
improvement is due to the no participation of the NiO layer
in the capacitor, as LSMO serves as the bottom electrode
(Table S1).

Notwithstanding the mechanism, the flexible sample
formed by the BFO-PTO film on LSMO/Ni foil clearly exhibits
the best ferroelectric response with a remanent polarization Pg
of ~50 pC cm 2 and a coercive field (E.) of 450 kV cm 2. This
Py value is nearly equivalent to that of its ceramic counterpart,
which is outstanding considering the differences in coercive
field."® Additionally, note that such bulk-like performance of
these flexible films is achieved after their solution processing at
a temperature of only 500 °C, around 400 °C below
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Fig. 3 Photographs, current curves and polarization hysteresis loops as a function of the applied electric field (J—-E and P-E) for the BFO-PTO thin films

deposited on: (a) 38 um and (b) 700 um Ni and LSMO/Ni substrates.

conventional processing temperatures for their counterpart
bulk ceramics. Comparing the two sets of films, a significant
improvement has been accomplished in terms of reduced
leakage contribution and huge decrease in the coercive field
at the maximum applied voltage (800 kV cm ™~ %) when the LSMO
layer is introduced into the material heterostructure. The high
remnant polarization, reduced leakage currents and low con-
duction losses make these designed composite film materials
particularly suitable for applications requiring these character-
istics, such as energy harvesters, for which flexibility is highly
recommended. Table S1 summarizes the ferroelectric proper-
ties of these materials for solution-deposited BFO-PTO films on
Ni substrates, both with and without the insertion of the LSMO
as a buffer layer.

Energy harvesting applications of these bilayer composites
requires the poling of the ferroelectric film with good polariza-
tion retention, which has been controlled with the pyroelectric
response. Therefore, pyroelectric coefficients were calculated
from dynamic pyroelectric measurements, performed after pol-
ing the planar capacitors of the samples with the maximum
voltage achievable before dielectric breakdown occurred. An
example is shown in Fig. 4a, where the pyroelectric current
generated as a response to a triangular thermal wave is dis-
played. Consistently with the ferroelectric hysteresis loops, pyro-
electric coefficients were one order of magnitude higher for the
BFO-PTO films on LSMO/Ni than for those directly deposited on
Ni without the LSMO buffer layer (8 x 107> CK ' cm > and 6 x
107" C K' em?, respectively). In addition, the pyroelectric
response remains stable for longer times (at least up to 1 week)
in the former case, indicating a better retention of polarization,
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which is a condition required to maintain an appropriate ME
response of the device under in-operando conditions.>*

Transverse ME coefficients, «3,, were obtained for the two
different thicknesses of the Ni substrates, both without and
with the insertion of the LSMO layer (Fig. 4b and c). Signifi-
cantly lower coefficients were obtained in the structures with-
out the LSMO interlayer. This is likely due to the combination
of two effects: (i) the difficulty in achieving high remnant
polarizations in the ferroelectric films directly deposited on Ni,
due to their large coercive fields and associated low polarization
retention, which limits the piezoelectric response of these films,
and (ii) the deteriorated elastic coupling between the ferro-
piezoelectric and magnetostrictive layers caused by interfacial
secondary phases (primarily NiO). Both issues are resolved by the
insertion of the LSMO buffer, which consequently leads to a
significant increase in magnetoelectric coefficients.

Within each geometry, the highest ME voltage coefficients o3,
are obtained for the samples deposited onto the 38 pm thick Ni
foils. A maximum ME transverse output of az; ~ 20 mV cm™ "
Oe ™' is obtained at a bias magnetic field (Hpc) of only 25 Oe, for
the BFO-PTO film directly deposited on the Ni foil, whereas a
much higher output of o3; ~ 40 mV em ™" Oe ™" is measured for
the film on the LSMO/Ni sample at the same Hpc. The response
could be further increased by enhancing the crystallinity of the
ferroelectric film though a second RTP treatment at 600 °C. The
ME coefficient increased from 40 mV em™ ' Oe ™' to 100 mV em ™+
Oe ™! after this treatment, as shown in Fig. 4d and e. These
findings suggest that further optimization of crystallinity could
lead to even greater improvements in ME properties, yet there
must be a trade-off with the degradation of the elastic coupling.

This journal is © The Royal Society of Chemistry 2025
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(a) Pyroelectric measurements in the flexible BFO-PTO film on Ni foil and on LSMO/Ni foil, carried out after 48 hours of the film poling to show

the retention of the polarization in these films. Pyroelectric current was measured with a thermo-stimulated current under an imposed triangular thermal
wave. Transverse ME coefficients («31) obtained for the samples with the (b) BFO-PTO films directly deposited on Ni and (c) BFO-PTO films deposited on
LSMO buffered Ni substrates. Experimental vs. calculated ME coefficient a3y obtained in BFO-PTO thin films on LSMO/Ni 38 um foils and with the ferro-
piezoelectric BFO-PTO film crystallized at (d) 500 °C and (e) 600 °C. Note the different y-scales in (b) and (c), and in (d) and (e).

Regarding the effect of substrate thickness, magnetoelectric
coefficients distinctively decreased when Ni thickness was
increased in both designs, at the same time that the field for
maximum response shifted to higher values. The Hp value at
which a3, peaks are solely determined by the magnetostriction
curve of the substrate, A vs. H where 1 is the strain and H is the
magnetic field, and specifically by its derivative di/dH: the
piezomagnetic coefficient g; that shows a characteristic max-
imum for a given H-value.”® Results and trends observed in
Fig. 4 can be discussed with the existing analytical solution for
a two-layer structure, given in eqn (1), which provides a quick

This journal is © The Royal Society of Chemistry 2025

insight into how the different parameters influence the actual
magnetoelectric coefficient.

—kv (1 —v)(qh + 45)) da1
&5 (51 + sTy) kv + e85 (s7) +51,) (1 = v) = 2kd3 (1 —v)

(1)

31 =

In this expression, the superscripts p and m refer to the piezo-
electric and magnetostrictive phases, so that ¢33 and d3; are the
dielectric and piezoelectric coefficients of the ferroelectric
component, while g;; stands for the piezomagnetic coefficients
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of the magnetic phase, and s; are the respective elastic com-
pliances. Deviations from ideal elastic coupling are considered
with factor k that ranges from 0 to 1. A last parameter in the
formula is the composite component volume fraction, intro-
duced as the volume of piezoelectric material relative to the
total one, v, which for equal areas, corresponds to the thickness
ratio between the piezoelectric layer and total structure. For the
thin film geometry, v is typically <0.1 and the coefficient
roughly increases linearly with the thickness ratio. This implies
that reducing the substrate thickness must result in an increase
of ME response as observed. This is also why most of the
literature on analogous flexible systems have been focused on
micrometric thick PZT films (film thickness well over the micron)
on Ni foils and, subsequently, the ME coefficient increases accord-
ingly (o3, values between 0.2 and 3 Vem ™" Oe ™ 1).*%%%7 Begides,
these structures have been predominantly fabricated by deposition
techniques different from solution methods, in order to minimize
the formation of NiO at the PZT/Ni interface, e.g., pulsed laser
deposition or plasma-enhanced atomic layer deposition. Albeit
layered PZT/Ni flexible composites with high ME a3, coefficients
were obtained in these cases, their fabrication was tedious and
expensive, difficult to apply to the development of sustainable
devices. Our solution-processed submicron-thick film reaches o3,
~ 100 mV cm~ ' Oe ' at 25 Oe bias, matching state-of-the-art
devices when the volume fraction parameter is taken into account.

-
o

-

o
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Eqn (1) can be used to estimate the maximum magneto-
electric (ME) coefficient achievable in our composite material
system. This estimation was done with literature-reported
values for the material coefficients of BFO-PTO and Ni in bulk,
which are collected in Table S2. This simulation leads to a
maximum (ideal elastic coupling) theoretical o3, value of
580 mV cm ™' Oe ' for the experimental v-value of 0.013 in
the flexible structure, which, if attained, it would be compar-
able to those reported for the quasi-2-2 multiferroic PZT/Pt/Ni
film heterostructures.’® The disagreement between the experi-
mental o3, values and the theoretical ones could be attributed
to various factors. One possible explanation is a deviation from
ideal elastic coupling (k < 1). Hence, Fig. 5a shows data
calculated from eqn (1) as a function of the thickness ratio v
assuming decreasing values for the coupling factor. This graph
has allowed us to determine the k-value that corresponds to the
experimental o3, of approximately 100 mV cm™" Oe™'. From it,
an approximate value of k = 0.33 can be deduced, as this value
results in a maximum theoretical o3, that aligns with the
experimental result. This calculation assumes the piezoelectric
coefficient of the ferroelectric layer is that taken from the
literature, which corresponds to bulk ceramics (Table S2).**
However, the reduction in the piezoelectric coefficients of
ferroelectric perovskite oxide in thin film form is well-
reported.”® The eventual effect of a decreased piezoelectric
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Fig. 5 Transverse magnetoelectric ME voltage dEs/dH; as a function of the thickness ratio, v, of the ferropiezoelectric and magnetostrictive
components for (a) different interfacial coupling factors k, (b) various piezoelectric coefficients ds; and (c) multiple piezomagnetic coefficients gy +
Q12 scenarios. (d) Linear induced ME voltage vs. Hac at a constant Hpc = 25 Oe. (e) Functional properties of the multiferroic flexible structure comparing
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coefficient is shown in Fig. 5b for ideal coupling. Once again,
this curve allows a piezoelectric coefficient to be estimated
from the experimental o;;. A value of 8.8 pC N * is obtained for
k = 1, but this d;; would be higher if non-ideal coupling is
assumed. Indeed, a curve of d;, as a function of k can be traced.
Hence, a d;; of 17 pC N~ ' is obtained for a more realistic
situation with & = 0.5 (see the inset of Fig. 5b).

Although the previous discussion provides a rationale for
the differences in the maximum magnetoelectric (ME) coeffi-
cient between the two designs of film-sample heterostructures,
as well as the thickness effects, it does not clarify why the bias
magnetic field corresponding to the maximum response shifts
to higher values as the substrate thickness increases. Factors
such as the composite component fraction, the interface, or the
piezoelectric coefficients of the ferroelectric layer fail to account
for this behavior. This phenomenon has been highlighted
before and generically associated with demagnetization effects
in the nickel substrate, and their well-known dependence on
geometry.®® However, a comprehensive description of how this
affects the magnetostriction and thus, piezomagnetic coeffi-
cients of the magnetic metal substrates has not been provided.
Roughly speaking, magnetization curves, M vs. H, of a square
plate change with aspect ratio, L/t, where L and ¢ are lateral
dimension and thickness, respectively, so that the initial slope,
i.e. susceptibility, increases with L/¢, though the final saturation
magnetization is always the same. Magnetostriction is propor-
tional to the square of magnetization; therefore, the saturation
magnetostriction is not expected to change. However, the shape
of the curve does change, which affects its derivative, ie., the
piezomagnetic coefficient. This effect for nickel plates with the
two aspect ratios employed in this work has been simulated using
Comsol Multiphysics by means of procedures explained in the SI,
where obtained magnetostriction curves and piezomagnetic coef-
ficients are also given for the two substrates. Note that not only
the field for maximum piezomagnetic coefficient clearly increases
as aspect ratio decreases, but the value of the piezomagnetic
coefficient also changes, significantly decreasing with it. Values of
0.8 ppm and 0.25 ppm at 25 Oe and 83 Oe bias fields are obtained
for the 38 and 700 um-thick Ni substrates, respectively.

The actual measurements might not be accurate, since the
same magnetic susceptibility, saturation magnetization, and
magnetostriction have been assumed for all the Ni substrates.
Nevertheless, coherent trends are observed, indicating that
piezomagnetic coefficients must vary with the Ni thickness.
This clearly complicates estimating the expected magnetoelec-
tric coefficients with eqn (1), because strong variation with
piezomagnetic coefficients is anticipated as illustrated in
Fig. 5c. Therefore, magnetostriction was experimentally mea-
sured for each of the two round substrates with a diameter of
1.5 mm and different thicknesses of 38 pum and 700 um. These
results are given in the SI. These measurements provided
experimental values for the piezomagnetic coefficients as a
function of the bias magnetic field (Fig. S7), which allows the
full magnetoelectric curves to be obtained with eqn (1) for all
the possible v ratios. The latter curves are shown in Fig. 5a-c,
assuming bulk d3; values and the k-factor that gives the correct

This journal is © The Royal Society of Chemistry 2025
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maximum magnetoelectric coefficient. Note the excellent agree-
ment between the experimental data and the curve obtained
using the equation and the experimental magnetostriction
curves.

These results indicate that substrate thinning is a powerful
means of increasing the magnetoelectric response of the studied
thin film composite structures. This is not only a consequence of
the increased ferroelectric volume fraction, but also of the mini-
mization of demagnetization effects of the Ni substrate. As a
consequence, the flexible sample (~ 38 um thick Ni foil substrate)
has an optimized magnetoelectric response, in principle capable
of detecting, or converting into usable electrical power, small
magnetic stimuli present in different environments and inacces-
sible at larger scales. As shown in Fig. 5d, the ME voltage exhibits
a clear linear dependence on the amplitude of the AC magnetic
field H,c, where the slope (3.8 pv Oe ') would represent the
sensitivity of a hypothetical sensor. This linear relationship is
crucial for precise and reliable sensing performance, where
consistent and predictable response is essential.***!

Throughout this work, the significance of the different
parameters that influence the magnetoelectric response of a
magnetoelectric thin film composite fabricated by solution
deposition of a ferroelectric film on a magnetic substrate has
been analyzed. Understanding the importance of these factors
is crucial for optimizing the performance of the device, with the
final aim of obtaining flexible structures. By utilizing low-
temperature solution deposition methods, along with a ferro-
electric perovskite system with stable properties on down-
scaling, we have been able to fabricate a magnetoelectric
heterostructure that not only maintains the required properties
of the single piezoelectric and magnetostrictive components,
but also provides good elastic coupling between them, and
allows flexible structures to be obtained. As summarized in
Fig. 5e, significant improvement in the functional properties of
the system is obtained with the introduction of the LSMO
perovskite as an interfacial buffer between the ferro-
piezoelectric film and the magnetostrictive substrate. The
inclusion of this buffer enhances the ferroelectric properties
of the film and its elastic coupling with the magnetic substrate,
leading to an enhanced magnetoelectric response. Examining
the characteristic values of the ferroelectric system individually,
it becomes clear how the use of LSMO interlayers contributes to
improving the overall performance and efficiency of the system.
In addition, flexible structures based on thinned substrates are
shown to provide enhanced performance by the synergetic
effects of increased ferroelectric fraction and a minimized
demagnetization field. This advancement brings us closer to
the goal of utilizing these devices for energy harvesting applica-
tions, where flexibility, efficiency, and cost-effectiveness are key.

3. Experimental section
3.1. Preparation of the BFO-PTO/Ni heterostructures

3.1.1. Magnetic nickel (Ni) substrates. Ni substrates with
two different thicknesses of 700 pm and 38 pm were used in
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this study. All of them were purchased from Goodfellow, but
their geometry and characteristics changed according to com-
mercial availability. They were as follows: (i) 700 um thick Ni
discs of J =15 mm, not polished and (ii) 38 um thick Ni foil
discs of J = 15 mm, not polished. These Ni substrates were
polished using Al,O; polishing slurries with decreasing particle
size from 9 down to 1 um, in order to homogenize surface
characteristics and reduce the roughness of the two substrates.
The surfaces of the substrates were measured using a Taylor
Hobson Form Talysurf 50 mm Intra 2 profilometer, performing
400 scans over 8 X 8 mm areas. The average roughness (R,) was
<20 nm. These values confirm that the polishing procedure
yielded a smooth and uniform surface suitable for subsequent
thin film deposition. Two different types of experiments were
conducted to compare the effect of the interface. The first set of
experiments involved the direct deposition of films onto nickel
substrates, with decreasing thickness. In the second set, the
films were also deposited on Ni substrates with decreasing
thickness, but with a LSMO-buffered interface layer, as
described in the following sections.

3.1.2. Ferroelectric 0.65BiFe0;-0.35PbTiO; (BFO-PTO)
films. Precursor solutions with nominal compositions of
0.65BiFe03-0.35PbTiO; (BFO-PTO) in the proximity of the
morphotropic phase boundary (MPB), were prepared by adapt-
ing a procedure previously published, in which the BFO and
PTO sols were separately synthesized and mixed.'®**%® The
precursors were diluted in dried ethanol to achieve an equiva-
lent concentration of 0.1 mol L™". These solutions were then
spin-coated on the substrates at 2000 rpm for 45 s. The wet
layers were dried at 100 °C for 5 min, pyrolyzed at 250 °C for 5
min and crystallized at 500 °C for 10 min by rapid thermal
processing (RTP, JIPELEC, JetStar 100T Processor) in oxygen at
a heating rate of ~30 °C s~ ". The deposition, drying, pyrolysis
and crystallization steps were successively repeated a minimum
of ten times to achieve films with a thickness of ~500 nm
(Fig S3a and S4).

3.1.3. Lay,SrysMnO; (LSMO) buffer layer. La(CH;COO);-
3H,0, Sr(CH3COO), and Mn(CH3;COO);-4H,0 reagents were
separately dissolved in an excess of propionic acid (C,H;COOH)
and the corresponding propionate salts (CoH;gLaOg, C¢H10O4Sr
and C¢H;,MnO,) were precipitated in each of the solutions by
adding acetone ((CH;3),CO). The precipitated powders were
filtered and washed with distilled water and dried at 100 °C
overnight. Stoichiometric amounts of the lanthanum, stron-
tium and manganese propionates were dissolved together in
propionic acid to obtain a precursor solution of La, ;Sr, ;MnO;
(LSMO) with an equivalent concentration of 0.3 mol L. The
solution was diluted to 0.1 mol L' by adding a mixture of
1-butanol (C4H9OH) and propionic acid in a 1:1 molar ratio.
This LSMO solution was spin-coated on the substrates at
4000 rpm for 45 5.°* The wet layers were dried at 100 °C for
5 min, pyrolyzed at 250 °C for 5 min and crystallized at 500 °C
for 10 min by RTP in oxygen at a heating rate of ~30 °C s~
The deposition, drying, pyrolysis and crystallization steps were
successively repeated five times to obtain 250 nm films. Then,
the crystallization of the LSMO perovskite film was achieved at
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600 °C for 10 min, using RTP in an oxygen atmosphere and with
a heating rate of ~30 °C s~ (Fig. $3b). A resistivity of 3.2 mQ
cm of an LSMO ~ 15 nm thick film deposited on a strontium
titanate (SrTiO;) substrate was measured with a KeithleySour-
cemeter using a four-point probe configuration with Ag
contacts.

The thickness of the different layers across the functional
heterostructures was measured by a Taylor Hobson Form
Talysurf 50 mm Intra 2 profilometer, on step-edges deliberately
left uncoated, and confirmed on cross-section specimens by
SEM. The NiO that forms during thermal processing is located
at the Ni/film interface, making it difficult to obtain an accurate
measurement by this means. Nevertheless, depth-profile XPS
carried out in a previous publication from our group required
~ 300 min of Ar-ion sputtering to saturate the Ni signal."” Using
the calibrated sputter rate of the spectrometer (~2 nm min %),
this corresponds to an interfacial NiO thickness of roughly
100 nm.

3.2. Characterization of the BFO-PTO/Ni heterostructures

3.2.1. Crystal structure of the BFO-PTO films. Perovskite
structure was examined using X-ray diffraction (XRD) analysis
conducted with a Bruker D8 Advance apparatus equipped with
a Cu anode stage (4 = 1.5418 A). For high resolution
diffractograms, grazing incidence X-ray diffraction (GI-XRD)
experiments were carried out at The Materials Science and
Powder Diffraction beamline BL04-MSP in ALBA Synchrotron
at the Powder Diffraction End Station, which is equipped with a
three-circle goniometer. The outer and middle circles support
respectively the high angular resolution multi analyzer
detection (MAD) setup and the high-throughput position
sensitive detector (PSD) MYTHEN. The inner circle is
equipped with an Eulerian goniometer on which all sample
environments are mounted. Measurements were carried out
with a micrometric spot size, which varied depending on the
incidence angle (2.5-5°), with a photon beam working at 22 keV
(2 =0.5636 A).

Crystal structure was further investigated by Raman spectro-
scopy. A Bruker Senterra confocal Raman microscope system
(developed by Bruker Optik GmbH, Ettlingen, Germany) was
used to perform this material characterization. This apparatus
integrates a high-resolution laser confocal microscope, excited
at a wavelength of 4 = 532 nm. The system laser was focused
onto the sample surface, producing a spot size of approximately
1 pm in diameter. These measurements mapped the samples
surface and were performed from 50 to 1000 cm™* with an
exposure time of 30 s.

3.3. Functional properties of the BFO-PTO/Ni
heterostructures

3.3.1 Ferroelectric characterization. For the electrical mea-
surements, an array of parallel capacitors was fabricated by
depositing on the film surfaces circular 20 nm thick Pt electrodes
with & ~ 200 pm by electron-beam physical vapor deposition
through a shadow mask. The capacitors were then annealed by
RTP at 350 °C for 10 min to improve the film/electrode electric
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contact. Current density (J-E) curves were measured at room
temperature (RT) using a HP 8116A function generator to apply
sinusoidal waves with frequencies of 500 Hz, 1 kHz and 2 kHz.
The current response under the applied voltage was first ampli-
fied with a Keithley 428 current amplifier, and then collected
with a Tektronix (TDS 520) oscilloscope. Ferroelectric hysteresis
loops were obtained by integrating the J-E curves. Non-switching
effects (leakage currents and conductivity) were calculated and
subtracted from the experimental hysteresis loop by a fitting
procedure that simulates the linear contributions with the
capacitance and resistance of the films, as well as nonlinear
leakage contributions.®

3.3.2 Poling and pyroelectric characterization. Films were
poled at room temperature (RT) utilizing voltage-biased sine
waves at a frequency of 1 kHz. Positive and negative poling of
different capacitors were achieved by altering the signal polarity
in the sample holder. Pyroelectric characterization was con-
ducted to comparatively assess poling levels and control the
remanence of the films. A dynamic technique was employed,
involving the measurement of thermo-stimulated current (TSC)
generated by a low-frequency thermal wave slightly above room
temperature, followed by analysis to identify any pyroelectric
contribution. Temperature triangular waves with a 6 K ampli-
tude and heating/cooling rates of £3 K min~ " were applied,
while currents were measured using a Keithley 6514 System
Electrometer. These measurements were carried out on the
circular electrodes with a diameter of 200 pm, thus being the
estimated capacitor area of ~3.14 x 10~> mm?®.

3.3.3. Magnetoelectric characterization. The experimental
set-up shown in Fig. S1 in the SI was used for the magneto-
electric characterization of the materials prepared in this work
after their poling. It consists of two Helmholtz coils designed to
simultaneously provide a high-power static magnetic field up to
1 kOe (for the magnetic biasing of the material) and an
alternating magnetic field with amplitude in the range from 1
to 10 Oe with frequency between 1 kHz and 10 kHz (the
stimulus). The ME output voltage (response) was then recorded
using a lock-in amplifier (SignalRecovery model 7265) as a
function of the bias field. Magnetic fields were applied within
the film plane, and voltage measurements were conducted
across the film thickness, from the top electrodes to the Ni
substrate, so that the transverse voltage coefficient o3, was
obtained as the bias magnetic field was increased in steps.

4. Conclusions

Solution-processed, lead-less content 0.65BiFeO3;-0.35PbTiO;
(BFO-PTO) ferro-piezoelectric thin films have been directly
integrated at low temperatures with magnetostrictive Ni plates
and foils to explore their potential as magnetoelectric (ME)
energy harvesters. The roles of the piezoelectric and magnetos-
trictive volume fraction (v), the elastic coupling between the film
and substrate, the poling level of the ferroelectric film, and the
demagnetization effects in the metal substrate were individually
analyzed to optimize these parameters for high-sensitivity energy
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harvesting. By maintaining a constant piezoelectric layer thick-
ness in the sub-micron range (<500 nm) and varying the Ni
thickness from the millimeter scale (Ni plates) to the micrometer
range (Ni foil), a significant improvement in the magnetoelectric
coefficient was achieved. This improvement results from the
synergistic effects of the ferroelectric fraction and the enhanced
piezomagnetic coefficients due to minimized demagnetization
fields. Additionally, this study highlights the critical role of
interfacial engineering in enhancing ME thin-film device perfor-
mance. The adverse effects of the inevitable NiO interlayer,
common in these materials, were mitigated by introducing a
Lay ;Sro3MnO; (LSMO) buffer layer between the BFO-PTO film
and Ni. This LSMO layer, also solution-deposited at low tempera-
ture, served as a bottom electrode and promoted the crystal-
lization of the BFO-PTO ferroelectric film, resulting in enhanced
ferroelectric responses, with remnant polarizations, P of approxi-
mately 50 uC cm™>, approaching bulk-like values. The elastic
coupling between the piezoelectric (~500 nm thick BFO-PTO
film) and magnetostrictive (Ni foil) components was facilitated by
the LSMO buffer layer, achieving coupling factors of at least k ~
0.33. Magnetoelectric coefficient values (oag ~ 100 mV cm™"' Oe™ )
were measured in optimized ferroelectric films on Ni foils after
electrical poling and under a bias magnetic field (Hpc) of only
25 Oe. A linear response was observed with Hyc within the
1-10 Oe range. Although these o values are lower than theore-
tically predicted for the piezoelectric/magnetostrictive component
ratio (v), the reduction likely arises from non-ideal elastic coupling
and decreased d;, coefficients in thin-film form. Nevertheless, the
flexible magnetoelectric materials fabricated here using cost-
effective, low thermal-budget procedures demonstrate excellent
magnetic field sensing capabilities, achieving a sensitivity of 3.8
uV Oe . These findings emphasize the importance of optimizing
the ferroelectric fraction, poling level, magnetic substrate geome-
try, and interface quality in achieving high magnetoelectric
responses. The results demonstrate the potential of thin-film
flexible structures and scalable fabrication techniques for magne-
toelectric energy harvesting applications.
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