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A flexible, high-performance magnetoelectric
heterostructure of (001) oriented Pb(Zr 55Tig48)O03
film grown on Ni foil
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In this study, a flexible magnetoelectric (ME) heterostructure of PZT/Ni was fabri-
cated by depositing a (001) oriented Pb(Zrg 5, Ti 43)O3 (PZT) film on a thin, flexible
Ni foil buffered with LaNiO3/HfO,. Excellent ferroelectric properties and large ME
voltage coefficient of 3.2 V/cm-Oe were realized from the PZT/Ni heterostructure.
The PZT/Ni composite’s high performance was attributed to strong texturing of the
PZT film, coupled with the compressive stress in the piezoelectric film. Besides,
reduced substrate clamping in the PZT film due to the film on the foil structure
and strong interfacial bonding in the PZT/LaNiO3/HfO,/Ni heterostructure could
also have contributed to the high ME performance of PZT/Ni. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.4993239

Recent research efforts have focused on designing metal-based micro-electro-mechanical sys-
tems (M-MEMSs) by growing piezoelectric ceramic films on flexible base metal foils. The low cost
of these foils, coupled with their ready availability, makes them particularly useful in the development
of embedded capacitors, energy harvesting devices, and wearable electronics.'~ Advantages of these
foils include the possibility of large area fabrication and on demand design adaptivity. Additionally,
their high fracture strength provides a superior alternative to brittle, rigid Si substrates when they are
stressed by large deformations and impacts. The coupling of functional metal substrates with piezo-
electric films allows for the development of multifunctional devices. Interestingly, magnetoelectric
(ME) film heterostructures involve a similar design, in which a piezoelectric film is deposited on
a magnetostrictive metallic substrate. These ME composites with multifunctionality can be used in
many ways. For example, the ME heterostructure could function as a dual-phase (piezoelectric as
well as magnetoelectric) sensor and energy harvester. The film on foil structured ME based devices
could operate at low resonance frequencies with high sensitivity. Such devices could sense bio-
magnetic signals with high spatial resolution and scavenge energy from ambient vibrations, human
body motions, and stray magnetic fields.>~” ME composites have potential applications in magnetic
sensors, transducers, filters, oscillators, phase shifters, data storage elements, and energy harvesting
systems.g‘11

Among the piezoelectric/magnetostrictive constituents available for fabricating an ME het-
erostructure, the combination of Pb(Zr,Ti)O3 (PZT) and Ni is an attractive option, as PZT has high
piezoelectric response and Ni is an inexpensive and widely available magnetostrictive base metal.
Further, the similar mechanical impedances of PZT (25-30 MRayl) and Ni (27 MRayl) should enable
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efficient strain transfer across the PZT/Ni interface. This, in turn, should produce strong ME cou-
pling in PZT/Ni composites.'>!3 The performance of an ME composite, quantified in terms of the
ME voltage coefficient (ayr), depends mainly on the efficiency of coupling between the magnetic
and electric domains of the magnetostrictive and piezoelectric phases, respectively. Although some
previous studies have reported the development of PZT/Ni film-based ME composites, it has been
challenging to achieve an appreciable ME output.'3~!> This can be attributed to the processing issues
raised by the thermodynamic incompatibility between PZT and Ni. If no passivation layers are utilized
during PZT film crystallization, the high temperatures required cause oxidation of Ni and interfacial
chemical reactions between PZT and Ni; these complicate the strain transfer and impair the ME
coupling. Employment of buffer layers between the PZT and Ni can improve the situation to some
extent. Gupta et al. measured a g of 0.22 V/ecm-Oe from a rapid thermal annealed (RTA) PZT film
grown on the Ni foil.'> Feng et al. observed ay of 0.772 V/em-Oe in the PZT/Pt/Ni multiferroic film
heterostructure at an optimum Pt-thickness of 30 nm.'# Kambale ez al. reported ayr of 1 V/ecm-Oe in
a PZT film deposited on Ni with an LNO buffer layer between them.'> Comparison of the measured
ayE values of PZT/Ni film composites with the ideally obtainable ones suggest that there is room
for improvement in ME coupling of PZT/Ni.'4

It is well known that the piezoelectric response of ceramics can be tailored by tuning their
composition (via suitable stoichiometry and doping) and microstructural design (via grain and
domain engineering).'®!° Crystallographically oriented piezoelectric ceramic films have been shown
to demonstrate better piezoelectric performance than their randomly oriented counterparts.’*->3
Although there have been some efforts to synthesize textured PZT films on magnetostrictive oxide
substrates, which showed poor ME outputs, fabrication of ME composites with oriented PZT films
on Ni has been rarely reported.”*>’ In this context, the present work is directed towards devel-
opment of a high-performance PZT/Ni magnetoelectric film heterostructure. The large apyg of
3.2 V/cm-Oe obtained from a (001) oriented PZT film on the Ni foil is found be the best reported to
date for ME film composites based on either PZT/Ni or textured PZT films on magnetostrictive oxide
substrates.

A schematic of the PZT/Ni heterostructure and photos of the flexible sample are shown in
Fig. 1. The in-plane dimensions of the sample are 21.5 x 6.5 mm?. The PZT/Ni sample was prepared
following the procedure described elsewhere* and in the supplementary material. A 1.5 um-thick
PZT film was deposited on a 25 um-thick, Ni (Alfa Aesar, 99.99%) foil. The PZT film was corona
poled at 130 °C for 20 min using DC electric voltages (7-12 kV), with the needle to sample distance
kept at 30 mm.

The crystallographic structure of the PZT film was investigated using an X-ray diffractometer
(XRD, D/Max 2200, Rigaku, Japan). The cross-sectional features of the PZT film were observed
using a field emission scanning electron microscope (FESEM, Leo 1530, Zeiss, Germany) and a
transmission electron microscope (TEM, JSM-2100F, JEOL, Japan). Elemental distributions across
the PZT/LNO/HfO,/Ni heterostructure were examined by Energy-dispersive X-ray spectroscopy
(EDS) on the TEM, using the sample milled by the focused ion beam technique. Dielectric properties
of the PZT film were measured by an impedance analyzer (HP4294A, Agilent, USA) while its
polarization hysteresis behavior was evaluated by a ferroelectric test system (Precision LC II, Radiant,

FIG. 1. (a) Schematic of the ME heterostructure of PZT film with LNO and HfO; buffer layers on Ni. [(b) and (c)] Photos of
the flexible PZT/Ni composite.
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USA). The ME voltage signal from the PZT/Ni sample was recorded using a lock-in amplifier (SR-
850, Stanford Research Systems, USA) as a function of the applied magnetic field. The off-resonance
(f = 1 kHz) ME coefficient of the PZT/Ni composite was measured in the thickness direction by
subjecting the sample to superimposed AC (H,. = 1 Oe) and DC (Hp;,5) magnetic fields along the
in-plane direction. The in-plane magnetization of the as-received Ni foil and the PZT/Ni composite
was evaluated using a physical property measurement system (PPMS, Quantum Design, USA).

The XRD pattern of the PZT film deposited on the LNO/HfO, buffered Ni foil is shown in
Fig. 2(a). The film exhibits a strong (001) grain orientation without any secondary phase. This
suggests successful templating from the (100) oriented LNO seed layer. The cross-sectional FESEM
image of the PZT film [Fig. 2(b)] depicts the columnar growth of the PZT grains. This is also evident
from the cross-sectional TEM image [Fig. 2(c)]; columnar grains with clear crystallization interfaces
are apparent, where the PZT columns extended across the thickness of the layer. The crystallization
interfaces are a consequence of multiple spin-coating and RTA steps which induce direct epitaxial
growth of a new layer on top of a pre-existing crystallized layer.>>*’

Mechanical characterization of the PZT/Ni heterostructure was conducted through bending test
of the sample to estimate its structural integrity. The quality of interfacial bonding was gauged by
observing the surface microstructure of the PZT film under bending strains of 0.19% and 0.29%
applied to the PZT/Ni composite (see Fig. S1 of the supplementary material). The microstructure of
the PZT film remained unchanged and the bending strain did not cause any cracking or delamination
in the film. This result serves as evidence for the strong interfacial bonding of the PZT film via the
HfO,/LNO buffer layer to the Ni foil, which would ensure efficient strain transfer and ME coupling
between PZT and Ni.

The frequency (f) dependent dielectric constant (¢,) and loss tangent (tan ) of the PZT film
on the Ni foil are shown in Fig. 3(a). At f = 1 kHz, the values of &, and tan 6 were 470 and 0.045,
respectively. Clearly, the PZT film has a significantly lower dielectric constant than that reported for
(100) oriented PZT deposited on Si (> 1000).'¢ As described before, the low permittivity of the film is
attributed to the large c-domain population in the PZT film.?® The ferroelectric polarization curves of
the PZT film are presented in Fig. 3(b). Under an applied voltage of 80 V (~530 kV/cm), the curves
display a well-saturated square hysteresis loop with a remanent polarization (P,) ~ 35 uC/cm? and
a coercive field (E.) ~ 50 kV/cm. The square hysteresis loop and remanent polarization of the (001)
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FIG. 2. (a) XRD pattern of the PZT film on LNO/HfO,/Ni. [(b) and (c)] Cross-sectional images of the PZT film obtained by
FESEM and TEM, respectively.
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FIG. 3. [(a) and (b)] Dielectric and ferroelectric properties of PZT film on the Ni foil, respectively, and (c) magnetoelectric
behavior of the PZT/Ni heterostructure with different applied DC voltages during corona poling.
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PZT film on the flexible Ni foil are observed to be much better compared to those reported for the
(001) PZT films deposited on rigid magnetostrictive oxide substrates and suggest a large piezoelectric
response.”*?” The large c-domain population in the PZT film on Ni could be due to a combination
of the compressive stress induced by the thermal expansion mismatch between PZT and Ni and the
relaxation of stress by bending of the thin foil structure.*>-2>2°

The ME response of the PZT/Ni composite corona poled at different DC voltages is shown
in Fig. 3(c). An optimized maximum ayg of 3.2 V/cm-Oe was obtained at H;. = 10 Oe, after
corona poling under 12 kV at 130 °C for 20 min. Above this DC field, the PZT film cracked and
delaminated from the Ni foil. A comparison of the @y values of various reported ME composites
relevant to this work is shown in Table S1 of the supplementary material.'3-1324-27:30 The @
obtained from the (001) oriented PZT film on the Ni foil significantly outperforms that of all the ME
film composites based on either PZT/Ni or textured PZT films deposited on magnetostrictive oxide
substrates. The high piezoelectric response and the low dielectric constant, due to the strong texturing
of the PZT grains and their domain state, presumably contributed to the larger ME output, since
ape « gij (=djjle;;), where gj; is dielectric permittivity and g;; and d;; are piezoelectric voltage and
charge coefficients, respectively.>'3> The low permittivity achieved in predominantly c-domain films
is useful in increasing the a g value. It is also believed that the reduced substrate clamping in the PZT
film due to the film on the foil structure and the strong interfacial bonding of the PZT/LNO/HfO,/Ni
heterostructure should allow for better strain transfer and in turn stronger ME coupling between PZT
and Ni.

The ey of the PZT/Ni cantilever structure was measured by applying the magnetic field (H pi4s)
along its length (/) and width (w,) directions as depicted in Fig. 4(a). The value of @y is found to
be higher (3.2 V/cm-Oe) when H s/l compared to that (2 V/ecm:-Oe) for Hy;ys//w, [Fig. 4(b)]. The
value of the ME charge coefficient (o) of the PZT/Ni heterostructure is calculated using the relation:
ame = C t aye, where C is the capacitance (387.5 pF) and t is the thickness (1.5 um) of the PZT
film.33-3* The estimated values of 0y of the PZT/Ni composite for the cases of Hpjqs//l. and H piqs//we
are 0.186 pC/Oe and 0.124 pC/Oe, respectively. These directional variations in ME response of
PZT/Ni may be related to the demagnetization effect and the resultant differential magnetic flux
distribution in the Ni foil. The effective magnetic field (H.) and magnetic induction (By) in the
magnetic phase are influenced by the demagnetizing field (H ;) and the applied magnetic field (H p;q5)
according to*>~%7

Hfy = Hpias — Hq = Hpias — MNy, (1)
Beﬂ:/’lo (H€ﬁ+M):ﬂ0 (Hpias +M)—M0MNd, 2)

where M is the magnetization, N, is the demagnetization factor, and uj is the magnetic permeability
of free space. Smaller demagnetization results in a stronger effective magnetic induction in the mag-
netic phase and thus larger ME coupling in the composite. For a finite non-spherical ferromagnet,
the demagnetization factor is dependent on its structural parameters. The relation between the ME
coefficient and demagnetization factor of a rectangular ME laminate can be simply expressed as
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FIG. 4. (a) Schematics of the ME measurement of the PZT/Ni sample subjected to a DC bias in its length and width directions,
(b) Hpiqs dependence of ayg for the PZT/Ni composite, and (¢) FEM results of in-plane magnetic flux density distribution
along the center plane of the Ni foil in the condition of H//length (upper image) and H//width (lower image).
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ape «< (1 + B)/N4, where B (=+/N;/N,,) is the magnetostriction factor, N; (~2¢n/l) is the demag-
netization factor along the length, and N,, (~2¢7/w) is the demagnetization factor along the width
of the rectangular magnetostrictive layer.>®3° The lower value of N; than N,, will lead to a higher
magnitude of @y of the PZT/Ni cantilever along its length compared to that in its width direction.

To understand further, the magnetic flux density distribution in the Ni foil was simulated using a
finite element model (FEM, COMSOL Multiphysics 5.2). In this model, it was assumed that a rect-
angular Ni foil, with dimensions similar to those used in the experiments and a relative permeability
of 600, was placed in air and subjected to a magnetic field of 1 Oe in its length and width directions.?>
For the simulation, a magnetostatic insulating boundary condition was applied around Ni, which was
meshed with a maximum element size of 1 um. Figure 4(c) displays the simulated magnetic flux
density distribution in the Ni foil for the magnetic field applied along its length and width. It is evident
that the Ni foil exhibits a much stronger magnetic induction when Hp;,s//Iy; compared to that for
H piqs/fwyi. Moreover, the highest B,y is concentrated towards the center of Ni in the former case,
while it is concentrated towards the edges of the Ni foil in the later case. These can be due to the
corresponding changes in Hy, N4, and H .4 in both the Hy;,s applied directions. The differences in
intensities of B,y may have resulted in the varied magnitudes of ayg of the PZT/Ni composite along
its length and width.

The magnetization behavior of a pure Ni foil and the PZT/Ni composite are compared in Fig. 5.
There are minor changes in the magnitude of the coercive field (H.) and magnetization (M) between
the two samples. It has been reported that stress facilitates magnetization when o4 > 0, where o is
stress and A is magnetostriction.*’ As discussed above, the larger thermal expansion of Ni, relative
to PZT, induces compressive stress in the PZT film on cooling. Since A of Ni (—40 ppm) is negative,
the tensile stress in the Ni foil is expected to have caused the decrease in magnetization of PZT/Ni.
Besides, the NiO layer formed on Ni (see Fig. S2 of the supplementary material) too might have
contributed to the decrease in magnetization of the composite. Quantification of the effects of the
stress in the Ni foil and the NiO layer formation on ME coupling of PZT/Ni needs further evaluation.
It can be inferred that there is a possibility to scale up the ME output by controlling the stress in the
Ni foil (by depositing the PZT film on both sides of Ni and by connecting the upper and lower PZT
layers in series) and avoiding its oxidation (through optimization of HfO; layer thickness).

In summary, a high-performance composite material was developed from a flexible ME het-
erostructure of (001) oriented PZT film grown on a thin, flexible Ni foil. The PZT/Ni composite
exhibited a large ME voltage coefficient of 3.2 V/cm-Oe and superior ferroelectric properties,
which were attributed to the strong texturing of the PZT film and the compressive stress in the
piezoelectric film. The high performance of PZT/Ni could have also been derived from reduced sub-
strate clamping in the PZT film due to the film on the foil structure and strong interfacial bonding
in the PZT/LNO/HfO,/Ni heterostructure. The PZT/Ni composite outperformed other known ME
film composites based on PZT/Ni as well as those composites of textured PZT films deposited on
magnetostrictive oxide substrates. The high-performance ME film heterostructure is promising for
metal-based MEMS devices with potential applications in embedded capacitors, energy harvesting
systems, magnetic sensors, and wearable electronics.
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FIG. 5. Magnetization hysteresis loops of the as-received Ni foil and the PZT/Ni composite.
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See supplementary material for fabrication of the PZT/Ni ME heterostructure, its mechanical
and microstructural characterization, and comparison of its ME performance with the literature
reported results.
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