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Abstract: The recent advancements in magnetoelectric (ME) materials have enabled the development
of functional magnetoelectric composites for sensor applications in the medical and engineering
sectors, as well as in energy harvesting and material exploration. Magnetoelectric composites rely on
the interaction between piezoelectric and magnetoelastic materials by coupling the magnetization-
induced strain to the strain-generated potential of the piezoelectric phase. This creates an increased
interest around the development of novel piezoelectric materials that not only possess favorable
piezoelectric properties but also fulfill specific material criteria such as biocompatibility, bioactivity,
ease of fabrication and low cost. ZnO, and its nanostructures, is one such material that has been
employed in the magnetoelectric research due to its remarkable piezoelectric, semiconducting and
optical properties. Thus, this article provides a comprehensive review of the available literature on
magnetoelectric composites based on ZnO micro- and nanostructures, aiming to present a concise ref-
erence on the methods, applications and future prospects of ZnO-based ME composites. Specifically,
a brief introduction is provided, presenting the current research interests around magnetoelectric
composites, followed by a concise mention of the magnetoelectric effect and its key aspects. This is
followed by separate sections describing the relevant research on ZnO magnetoelectric composites
based on ZnO thin-films, either pure or doped, and nano- and microrods composites, as well as
nano composites comprised of ZnO nanoparticles mixed with ferromagnetic nanoparticles. Finally,
the future prospects and the extension of ME ZnO research into nanowire and nanorod composites
are discussed.

Keywords: magnetoelectric composites; ZnO magnetoelectric composites; ZnO/magnetostrictive
thin films; ZnO magnetoelectric nanostructures

1. Introduction

Magnetoelectricity, the coupling between electric polarization and magnetization, has
been gaining increased scientific interest over the last few years since its first discovery in
single-phase antiferromagnetic Cr,O3 at a low temperature [1]. Progress in multiferroic,
ferromagnetic, ferroelastic and composite magnetoelectric materials has extended the reach
of magnetoelectric composites into functional magnetoelectric devices [2—4], taking part in
significant innovations in the sensor, medical and energy sectors [5-8]. The recent develop-
ments in magnetoelectric sensors based on novel materials and fabrication methods have
made the detection of low intensity magnetic fields possible, reaching limits of detection
previously achievable only by superconducting quantum interference devices (SQUIDs) [9].
Thin-film technology, in conjunction with the optimal combination of ferromagnetic and
piezoelectric materials, has sparked the development of magnetoelectric sensors with high
sensitivity at room temperature, compatibility with CMOS microfabrication, reduced fabri-
cation cost and increased spatial resolution [10-12]. These properties make magnetoelectric
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sensors a promising candidate for biomagnetic measurements and imaging such as magne-
tocardiography (MCG), magnetoencephalography (MEG) [13] and magnetoneurography
(MNG) [14].

In a recent review [15], the structure, fabrication, operation mechanism and noise
analysis of thin-film magnetoelectric sensors for biomagnetic sensing were presented.
Apart from the biomagnetic sensing and due to the inherent ability of magnetic fields to
penetrate tissue non-invasively, magnetoelectric materials have the potential to facilitate
the manipulation of important electrophysical effects at the subcellular level. The control
of cell-to-cell interactions can be a significant catalyst in the development of advanced
targeted treatments, enabled by magnetoelectric materials at the micro- and nanoscale.
Recently, the application of magnetoelectric composites in drug delivery applications and
cancer treatment, as well as in tissue engineering, brain stimulation and wireless energy
transfer for implantable devices, were discussed in detail by Kopyl et al. [16], highlighting
the prospects of magnetoelectric materials in future biomedical applications. Due to the
coupling between ferromagnetic and piezoelectric domains, magnetostrictive materials
and magnetoelectric composites were also employed in energy harvesting applications
by exploiting both the direct and inverse magnetoelectric effect. Capturing the ambient
energy available in the environment presents a viable method for powering the widespread
adoption of the Internet of Things (IoT) in a decentralized and grid-independent way.
Advancements in piezoelectric, magnetostrictive and magnetoelectric materials for energy
harvesting emphasize the increased research interest in this area, which is highlighted in a
recent review article [17], presenting the material, fabrication characterization and mod-
elling achievements in the field. Based on the aforementioned applications and research
efforts in micro- and nanofabrication, magnetoelectric composite research is mainly focused
in material science and engineering, aiming to develop advanced composite structures with
vastly different electrical, chemical and mechanical properties that allow the applicability
of magnetoelectric materials in areas where biocompatibility, manufacturability, cost and
magnetoelectric response are equally important. Currently, piezoelectric materials, includ-
ing lead zirconate titanate (PZT), AIN, polyvinylidene fluoride (PVDEF), AlScN, LiNbOj3,
etc., combined with FeGa, FeCoBSi, FeCo, Metglas (commercial alloys containing Fe, Co,
Ni, B, Si) and Terfenol D (TbxDy .«Fe;) magnetostrictive materials, amongst others, have
found widespread application in magnetoelectric composites and were studied extensively.

ZnO was also utilized as a piezoelectric phase in magnetoelectric composites not only
due to its piezoelectric properties but also due to its inherent ferroelectric properties [18]
and the plethora of micro- and nanostructures that it can be built into. Additionally, ZnO is
a bio-compatible [19] and cost-effective material that can become a promising candidate for
magnetoelectric devices for biomedical applications. Thus, this article presents a compre-
hensive review on magnetoelectric composites based on ZnO micro- and nanostructures,
starting with a brief introduction of the magnetoelectric effect and its major concepts. The
next sections elaborate upon the different categories of magnetoelectric composites based
on ZnO, including thin-film structures, either pure or doped with metallic or ferromagnetic
elements, or nano- and microrods based on magnetostrictive materials and nano composites
comprised of ZnO nanoparticles (NPs) doped or mixed with ferromagnetic nanoparticles.
A discussion section provides information regarding the current ME composites, including
the future development prospects and potential applications of ZnO-based magnetoelectric
composites, followed by conclusions.

2. Magnetoelectric (ME) Effect

The magnetoelectric effect (ME) originates from the coupling between electrical and
magnetic phenomena in bulk, composite or multiphase materials. In particular, the direct
magnetoelectric effect (DME) is defined as the emergence of an electric polarization P under
the application of an external magnetic field H, whereas the converse ME effect (CME) is
described as the emergence of or change in magnetization M when an external electric
field E is applied [20]. ME composites rely on the interaction between a ferromagnetic
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(FM) phase exhibiting strain when subjected to a magnetic field due to magnetostriction
and a piezoelectric (PE) phase that exhibits electric polarization via the application of
mechanical stress/strain. The coupling between the electrical, magnetic and mechanical
domains is given by the constitutive relations below in direct tensor notation [20]:

o=cS—e'E-q'H,
D=eS+¢E+aH, 1)
B=qS+«'E+uH,

where o, S and c are the stress, strain and stiffness tensors, respectively. D, E, € and e
denote the electric displacement field, electric field, electrical permittivity and piezoelectric
coefficient tensors in the stress—charge form respectively. B, H, u and q are the magnetic
induction, magnetic field intensity, permeability and piezomagnetic coefficient, respectively,
and « is the magnitude of the linear ME effect. Superscript T corresponds to the transpose
of the tensor. The coefficients for the direct («g) and converse (xy or ag) ME effects are
conventionally used in the literature since they adequately describe the magnitude of
the respective effects according to the “product property”, defined by the combination of
PE and FM phases, and are used as a figure of merit describing the strength of the ME
coupling [21]. Based on the “product property” definition, the direct ME coefficient is
given by:
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where V is the piezoelectric voltage generated across a PE material with thickness t under
the application of magnetic field H with k. representing the electromechanical coupling
between the FM and PE phases. The evaluation of the ME coefficient is usually performed
in dynamic conditions by the application of alternating magnetic fields, thus, 0E and S are
the amplitudes of the ac electric field and strain in a varying magnetic field H. In addition,
the ME coefficient includes the geometrical effects stemming from the configuration of the
composite, the dependence of the magnetostriction A of the ferromagnetic phase on H and
the piezoelectric properties of the PE phase [16].

An important factor that greatly influences the ME response of a composite is its
connectivity, which essentially specifies the way the FM and PE phases are interacting
with each other, presented schematically in Figure 1. The connectivity is defined by two
numbers, with the first one representing the FM phase and the second one the PE phase,
indicating the number of coordinates along which strain transfer (i.e., deformation) occurs,
from the magnetostrictive to the piezoelectric phase [22]. ME composites with 0-0 con-
nectivity (Figure 1a) refer to a composite consisting of FM and PE particles embedded on
a neutral matrix, while 0-3 composites (Figure 1b) consist of FM particles introduced to
a PE matrix [23]. The connectivity type of 1-3 [24] indicate a rod, filament, tube or fiber
type FM constituent in a PE matrix (Figure 1c). Planar and thin-film composites of the
2-2 type (Figure 1d) consist of alternating layers of FM and PE materials and are found
in a variety of geometries ranging from the micro- to the nanoscale [25]. Advances in the
realization of nanocomposites have also introduced more complex connectivity schemes,
such as core-shell structures in nanoparticles (Figure 1le) and nanorods (Figure 1f) [26].
The material properties present a direct effect on the ME response since the ME coeffi-
cient depends both on the magnetostrictive and piezoelectric properties of the constituent
phases, with dielectric constant, permeability, magnetostriction, coercive and anisotropy
magnetic fields, remnant magnetization, electromechanical coupling and piezomagnetic
and piezoelectric coefficients having a significant impact on the selection of an optimal
material combination [21]. Regarding the PE phase, properties such as a high piezoelectric
constant with low dielectric losses are favorable. For the FM phase, the increased piezo-
magnetic coefficient and high electrometrical coupling, along with the large saturation
magnetostriction and large magnetic susceptibility, combined with soft magnetic properties,
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are favorable, especially for sensor applications [27]. A wide range of ferromagnetic materi-
als were employed in magnetoelectric composites ranging from ferromagnetic metals with
appreciable magnetostriction, such as Fe, Ni and Co, to ferromagnetic alloys, including
FeCo [28], FeGa [29], FeGaB [30], FeCoBSi [27], Metglas and Terfenol-D, with enhanced
piezomagnetic coefficients [31]. Additionally, cobalt and nickel ferrites (CFO, NFO) have
found application mainly in magnetoelectric nanocomposites [32,33]. The piezoelectric con-
stituents in ME composites consist commonly of PZT [34], AIN [35], ZnO [36], PVDF [37]
and, more recently, AIScN [38] in thin-film form, 0-3 and 1-3 composites and nanostructures
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Figure 1. Composite magnetoelectric materials with different types of connectivity. (a) 0-0; (b) 0-3;
(c) 1-3; (d) 2-2; (e) core-shell nanocomposite; (f) core-shell nanorods/wire. Light blue represents the
PE phase, red represents the FM phase, and light green represents a neutral matrix.

(nanoparticles, nanorods, etc.).

3. ZnO Magnetoelectric Composites
3.1. Thin Films
3.1.1. Pure ZnO Thin Films

ZnO thin films were extensively used in device applications [39] and, specifically, in
chemical, optical and biological sensors [40] and light-emitting-diodes (LEDs) [41], as well
as in thin-film transistors, gas sensors [42] and surface acoustic wave (SAW) devices [43].
Since ZnO is a well-established piezoelectric material with favorable piezoelectric and
semiconducting properties [44], ZnO thin films have found widespread application in
magnetoelectric composites. One of the first reports on ZnO thin-film magnetoelectric
composites was presented by Viswan et al. [45], in which ZnO thin films were grown on
Metglas substrates by pulsed laser deposition (PLD), as shown in Figure 2a, forming an
ME cantilever with 2-2 connectivity (Figure 1d), depicted in Figure 2b. A highly c-axis-
oriented ZnO film with a thickness of 2 pm was grown, presenting a columnar structure.
Magnetoelectric characterization was performed using the DC and AC magnetic fields, and
parameters such as the magnetostriction (A), piezomagnetic coefficient d33 ,, and magne-
toelectric coefficient g were evaluated. A value of the saturation magnetostriction of
27 ppm at a magnetic field intensity of 60 Oe was measured with a maximum ds3 r,, value
of 2 ppm/Oe at a DC magnetic field of 17 Oe (Figure 2c). In addition, the evaluation of the
direct ME (DME) (Figure 2d) and converse ME (CME) coefficient was included, showing
a strong magnetic coupling between the ZnO piezoelectric phase and the Metglas substrate.
Cantilever-based magnetoelectric devices represent the backbone of magnetoelectric detec-
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tion and characterization since the introduction of the cantilever method by Klokholm [46]
and its refinement by E. du Tremolet de Lacheisserie et al. [47]. In fact, tuning fork-like
structures (two cantilevers) have shown remarkable sensitivity and a detection limit of
500 T/ (Hz)Y2 [27] utilizing PZT for the piezoelectric material at resonance.
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Figure 2. (a) SEM cross-sectional image of the grown ZnO thin film grown on Metglas foil via PLD;

H (Oe)

(b) schematic representation of the composite ZnO/Metglas cantilever depicting measurement
method and direction of the applied magnetic fields; (c) dependence of magnetostriction and piezo-
magnetic coefficient (d33) on the applied DC magnetic field; (d) direct magnetoelectric coefficient
(DME) as a function of the DC magnetic field at an ac magnetic field of 0.9 Oe at 1 kHz. Reproduced
with permission from [45]. Copyright [2011], John Wiley and Sons.

Despite the widespread adoption of cantilever structures, ZnO-based ME research
has also focused on SAW [48,49] in addition to bulk (BAW) and film (FBAR) bulk acoustic
wave resonator devices [50], integrated with magnetostrictive materials. Alekseev et al. [51]
presented a layered magnetoelectric heterostructure consisting of yttrium iron garnet (YIG)
as the magnetostrictive phase grown on gadolinium gallium garnet (GGG) substrates. The
ZnO thin-film layer used for the excitation of bulk, transversal and longitudinal acoustic
waves was sputtered on top of the multilayer, with Al serving as the electrodes of the
piezoelectric transducer. The influence of the external magnetic field on the BAW spectrum
was studied at both low-intensity fields and at saturation. A shift in the acoustic resonance
frequency was detected by increasing the field intensity from 0 to 100 Oe; however, only
one of the shear modes was influenced, which was attributed to the polarization vector
of that mode being parallel to the applied magnetic field. At saturating fields (0-2 kOe),
an effective frequency tuning of 0.25 MHz at 2 GHz was observed due to the resonance
magnetoelastic behavior in the YIG magnetostrictive film. Interestingly, it was also elabo-
rated that the ferromagnetic resonance was detected without the application of an external
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rf magnetic field due to the electro-acoustical excitation provide by the ZnO piezoelectric
transducer. In order to further investigate the characteristics of surface acoustic waves in
magnetoelectric heterostructures, a theoretical investigation on the applicability of ZnO
piezoelectric layers in magnetoelectric SAW devices was presented by Huang et al. [52],
combined with Metglas magnetostrictive layers, shown in Figure 3a. The ZnO/Metglas
ME composite showed a proposed 212 MHz/Oe magnetic field sensitivity, as depicted in
Figure 3b, under an external bias of 0.9 Oe and a reduced sensitivity of —154 MHz/Oe at
zero bias, suggesting a simpler device topology, eliminating the need of exciting coils. The
increased magnetic field sensitivity is due to the giant AE effect [53,54] originating from the
Metglas substrate, predicting a giant magnetic field sensitivity of 5 x 10712 T, while also
allowing the detection of DC and AC magnetic fields due to the frequency independence
for fields below several kHz.
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Figure 3. (a) Schematic representation of a magnetoelectric SAW device, showing the ZnO piezo-
electric layer, the magnetostrictive Metglas substrate and the interdigitated electrodes; (b) effect
of the external magnetic field on the central frequency of the ZnO/Metglas heterostructure, along
with the calculated frequency sensitivity. Reproduced with permission from [52]. Copyright [2016],
AIP Publishing.

The combination of the wave resonators with microelectromechanical systems (MEMS)
in the field of magnetoelectrics offer the potential for sensor miniaturization and the in-
tegration of tunable and reconfigurable filter elements into microwave transceivers for
mobile radios and RF SoCs (system-on-chip). Such a tunable, film bulk acoustic wave
resonator was developed by Singh et al. [55]. The FBAR was fabricated on top of a bulk
micromachined SiO, membrane consisting of a Pt/ZnO/Feg;Coss multilayer structure,
utilizing the magnetostrictive phase as the second electrode of the piezo stack. Resonance
peaks were detected at approximately 1.14 GHz (series resonance) and 1.19 GHz (parallel
resonance) under unbiased conditions, with the application of a magnetic field resulting
in a 7 MHz frequency downshift of both peaks, due to the AE effect. In a later study,
Singh et al. [56] presented another FBAR with a frequency upshift of ~106 MHz (S1;) at
a magnetic field of 2 kOe, thus, demonstrating enhanced frequency tuning and a high
AE modulus of 35.06 GPa compared to other reports [57]. Moreover, a MEMS ME magnetic
field sensor was fabricated based on FeCo/ZnO thin films [58] utilizing a cantilever array
and a film stack of 5i/5i0, /Pt/ZnO/Pt/FeCo. At resonance (10.45 kHz), the magnetic field
sensitivity was evaluated at 57.6 mV/Gauss. In addition, thin-film magnetoelectric com-
posites were developed utilizing ferromagnetic and piezoelectric constituents deposited
by a low temperature spin spray process [59]. The Fe304/ZnO heterostructure exhibited
a large ferromagnetic resonance frequency shift of 14 Oe, with an ME coupling coefficient
of 1.5 x 10~* Oe cm k/V, demonstrating the viability of low-temperature deposition for
static and microwave ME applications.

Magnetic-field-induced strain was also studied in ZnO/FeTb [60] and
ZnO/FeCoBSi [61] thin-film systems via X-ray diffraction (XRD) and grazing incident
X-ray diffraction (GIXRD), respectively. These characterization methods allow for the
measurement of strain on the atomic scale by directly evaluating the lattice deformation
of the ZnO crystal under an applied magnetic field bias. An analysis of the interface
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between ZnO and FeTb revealed the presence of substantial residual strain, which was
attributed to the process of sample preparation and to the mismatch between the thermal
expansion coefficients of FeTb and ZnO. The same procedure was used in order to evaluate
the magnetostrictive induced strain in situ between 0 and 0.05 T (Figure 4b), showing
an agreement with the cantilever bending measurements (Figure 4a) at a strain value of
3.7 x 1074, validating the method for use in magnetoelectric characterization. In a similar
fashion, the field-induced strain generated at the interface between ZnO and amorphous
FeCoSiB was evaluated by GIXRD, showing tensile and compressive strains along the
[110] and [1-10] of the ZnO crystal, as depicted in Figure 4d [61]. The magnetostriction
measurements using the cantilever method (Figure 4c) were in good agreement with the
magnetic-field-induced strain calculated by the shift of the ZnO (110) Bragg peak. GIXRD
enables a more direct approach in residual and magnetic-induced strain in ME interfaces
by providing the local average strain distribution (corresponding to the beam impinging
area) and allowing strain mapping on the microscale.
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Figure 4. (a) Magnetization loop of the Fes3Tbsy-ZnO magnetoelectric composite measured by
VSM and magnetostriction curve obtained by applying an in-plane magnetic field along the long
axis of a cantilever; (b) (Up) dependence of ZnO (3-31) forbidden Bragg reflection intensity on the
external magnetic field, (Down) field-induced strain along [1-10], overlaid with the magnetostrictive
strain; (c) magnetization loops for the (FegyCo1¢)78Si12B19-ZnO ME composite measured by VSM and
magnetoelastic coupling coefficient b as a function of the magnetic field measured by the cantilever
method; (d) magnetic-field-induced strain along [110] and [1-10] compared with magnetostriction A.
(a,b) reproduced with permission from [60]. Copyright [2013], AIP Publishing. (c,d) reproduced with
permission from [61]. Copyright [2013], AIP Publishing.

3.1.2. Doped ZnO Thin Films

Zn0 is an intrinsic n-type semiconductor with a substantial research effort focused
on doping with appropriate impurities, such as lithium, copper and nitrogen as acceptors
and aluminum, hydrogen and gallium as donors [62]. Doping with those impurities aims
to either improve the n-type conductivity or switch the conductivity to p-type, which has
proven quite challenging. For the case of magnetoelectric composites, the introduction
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of sub bands using shallow donors and acceptors or taking advantage of defects and
vacancies were shown to induce ferromagnetism in ZnO films [63,64]. In addition, doping
and the incorporation of non-ferrous metals such as Zn, Al, Pt and C into ZnO revealed
ferromagnetic behavior due to p-p interactions between the 2p orbitals of O and C [65]
and metal cluster formation into the ZnO matrix [66]. Magnetoelectric, W-doped, ZnO
thin films were developed by physical vapor deposition (sputtering) using a ZnO target
containing 1-2% tungsten in an Ar/O; gas mixture (70/30%) at 420 °C [67]. The X-ray
photoelectron spectroscopy studies revealed that the added W atoms were bonded with
oxygen in the ZnO lattice, effectively substituting Zn*? with W+*¢. This resulted in an
increased carrier concentration due to the excess electrons provided by the bond between
W+¢ and O~2; however, an increase in room-temperature sheet resistivity and a reduction
in mobility were observed. Magnetoresistivity was observed for both doped and pure thin
films at low temperatures (5 K); however, no appreciable change in the magnetic properties
of the W-doped thin films was observed. Doping with W does not appear to favor the
enhancement of either magnetic or magnetoelectric properties; although metals such as Li,
Ni and Mg were reported as potential dopants for enhancing the ferromagnetic and/or
ferroelectric properties of ZnO thin films. In fact, Sharma et al. [68] presented the effect of Li,
Ni and Mg doping on the magnetoelectric coupling and multiferroic properties of ZnO thin
films. The pure and doped (5 wt.%) ZnO thin-films were synthesized by the sol-gel route
using zinc acetate, lithium acetate, magnesium acetate and nickel nitrate as dopant sources.
A non-linear ferroelectric behavior was identified in Ni-, Li- and Mg-doped samples,
shown in Figure 5a,b, in contrast to pure ZnO, and the decrease in remnant polarization
was attributed to the ionic radius of the dopants creating an electric dipole moment due to
the substitution of Zn*? in the crystal lattice. The magnetoelectric characterization, under
a combination of AC and DC magnetic fields, resulted in magnetoelectric coupling in
the Li-doped samples (Figure 5c) and increased magnetoelectric coupling in the Ni- and
Mg-doped samples (Figure 5d,e) in contrast to pure ZnO. An enhanced ME voltage was
observed in the Ni-doped samples due to the ferromagnetic nature of Ni.
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Figure 5. (a,b) Ferroelectric polarization vs. electric fields loops for pure ZnO and Ni-doped ZnO
showing reversible polarization for the Ni-doped thin film; (c—e) magnetoelectric response of Li-,
Ni- and Mg-doped ZnO thin films vs. an external DC magnetic field. Reproduced with permission
from [68]. Copyright [2014], Elsevier.
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As stated above, the un-doped ZnO shows weak reversible polarization. However, in
a report by Maiz et al. [18], the ZnO nanorods depicted a clear polarization switching at a
coercive field of 1400 MV /m. This was explained by the coexistence of two ZnO phases
in the nanorod structure as a side-effect of the fabrication process, effectively creating a
core-shell architecture. The samples that exhibited ferroelectricity presented an increased
volume faction of the ZnO 3-phase in contrast to samples crystallized only in the P63mc
space group, thus, ferroelectricity in pure ZnO is a second-order effect rather than an
intrinsic property of the material [69]. Therefore, doping strategies in ZnO were actively
researched for their effect on the ferroelectric properties [70], especially in the case of ZnO
doped with Li, Mg, Ni and Co. Lithium and Cobalt doped ZnO thin films were reported by
Lin et al. [71] to exhibit simultaneous ferromagnetic and ferroelectric behavior, which was
attributed to the Co?* and Li* ions occupying the off-center positions in the ZnO crystal.
Both effects are defect-related, inducing permanent local electric dipoles in the case of
ferroelectricity due to the different ionic radii of Li* and Zn?* ions. The magnetoelectric
properties of the composite were not discussed in the aforementioned study; however,
multiferroic composite materials that combine ferromagnetic and ferroelectric properties
are highly effective for magnetoelectric applications [72]. In addition, the incorporation
of ferromagnetic materials into ZnO thin films was investigated by Li et al. [73] via Co
ion implantation of pulsed-laser-deposited ZnO films. The magnetoelectric coupling
was established by the interaction between the electric dipole moments and magnetic
moments, notably without strain-mediated effects due to the magnetostriction of the Co
nanoparticles. Although the ME coupling was established at high-intensity magnetic fields,
such a multiferroic nanocomposite thin film can present an alternative to conventional ME
composites and be a possible candidate in magnetoelectric applications.

3.2. ZnO Micro- and Nano-Rods

In 2008, Chen et al. [74] demonstrated one of the first magnetoelectric composites uti-
lizing ZnO nanorods for the piezoelectric phase and a Ni-Fe alloy for the magnetostrictive
layer, corresponding to the connectivity scheme shown in Figure 1f. The ZnO nanorods
were fabricated via the electrochemical deposition method on ITO substrates, depicted
in Figure 6a, using an aqueous solution of zinc nitrate, KCL and formamide. A thin-film
passivation layer was realized in order to electrically isolate the ITO substrate from the
magnetostrictive layer- by spin coating a sol-gel-derived ZnO layer. The magnetostrictive
Ni-Fe (75-25% wt.) phase was deposited on top of the as-grown nanorods by DC mag-
netron sputtering ata 5 x 1073 Torr Ar ambient with a final thickness of 100 nm, shown in
Figure 6b,c. The magnetoelectric characterization was performed by the direct ME mea-
surement method, using an Au sputtered top electrode and the ITO substrate, via a lock-in
amplifier in both longitudinal (LM) and transverse (TM) magnetization. The ME voltage
coefficients (o) for TM and LM (Figure 6d) were found to be 0.34 and 0.48 mV cm~! Oe 1.
Due to the shape anisotropy of the ZnO nanorods, the demagnetization factor D for fields
perpendicular to the axis of the nanorods is larger than when the field is applied along the
longitudinal axis [75], resulting in enhanced ME coupling and a larger ME voltage coeffi-
cient along the axis of the nanorods. Compared to the PZT and AIN piezoelectric phases,
ZnO is an n-type semiconductor with a wide range of resistivity values [62] depending on
the fabrication methods and annealing conditions. The lower ME voltage can be attributed
to the leakage current, which is minimized in piezoelectric materials such as PZT with high
resistivity values that present larger values of ME voltage coefficients [15]. The interfacing
of magnetostrictive materials with nano- and microrods has proven to be a significant
technological challenge due to the imperfections that exist on the interfaces, becoming
the dominant factor for reduced ME performance. This is contrary to large ME laminates,
where mechanical effects such as shear stresses and anchor losses can significantly influence
sensitivity and performance.
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Figure 6. (a) SEM image of the as-grown ZnO nanorods on ITO/glass substrate; (b) cross-sectional
SEM image of the ZnO nanorods, coated with Ni-Fe; (c) magnified SEM view of the coated nanorods;
(d) magnetoelectric voltage coefficient under the application of an external magnetic field, measured
in the transversal and longitudinal modes. Reproduced with permission from [74]. Copyright [2008],
IOP Publishing, Ltd.

The ZnO microrods were used by Kaps et al. [26], who developed a magnetoelectric
core-shell composite based on amorphous FeCoBSi, focusing on the investigation of the
interface between the two materials. The microrods with a length of up to 1 cm were
synthesized via the modified vapor-liquid-solid (MVLS) approach and by the conventional
vapor-liquid-solid (VLS) method. The FeCoBSi magnetostrictive thin film was RF sputtered
on the VLS-grown rods, and the composite was investigated by TEM. The crystallinity
of the ZnO microrods was not affected by the deposited magnetostrictive layer, which
was of uniform thickness and amorphous in nature. Investigation of the interface can
provide insight about the magnetization-induced stress and strain created through the
interaction of the magnetostrictive and piezoelectric phase under the application of an
external magnetic field [76]. Additionally, mechanical stress gradients may induce domain
wall motion, even in the absence of an applied magnetic field or spin-polarized current.
For example, a piezoelectric material generating stress may induce anisotropy in the
magnetostrictive layer of an artificial multiferroic to generate domain wall motion [77].
Thus, utilizing the conventional methods of magnetic behavior characterization such as
vibrating sample magnetometry (VSM) or the observation of mechanical effects due to
strain (cantilever bending method) [46] cannot provide detailed distributions of strain
and magnetization at the nanoscale. Magneto-optic Kerr effect (MOKE) microscopy was
applied to ZnO microrod and nanorod [78] ME composites in order to investigate the
magnetic domain structure, alignment and domain wall motion [79]. Domain wall rotation
was observed on single microrod composites, shown in Figure 7a, with the application of
a magnetic field perpendicular to the rod axis. Initially, the FeCoBSi MS layer is largely
in a demagnetized state and, by the application of a transversal field, 180° domain wall
motion occurs, reaching saturation above 15 mT. The complex magnetic domain structure
can be identified from the demagnetized to the saturated state, suggesting the existence of
magnetic domains with antiparallel alignment terminated by 90° domains along the [001]
direction, which are gradually annihilated through the magnetization process, reaching
a complete alignment along the direction of the applied field at saturation (Figure 7b).
Although MOKE microscopy provides a detailed analysis of the magnetic domain structure,
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it does not provide any information regarding the magnetization-induced strain on the
interface. For that purpose, X-ray diffraction (XRD) was utilized in order to observe the
ZnO lattice deformation that occurred due to the external magnetic field.
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Figure 7. (a) SEM images of coated (left and middle) and uncoated (right) ZnO micro needles with
Metglas; (b) schematic representation of domain wall motion during the magnetization process;
(¢ f) transmission nano XRD experimental setup schematic with an in situ magnetic field; (d) SEM
image of ZnO hexagonal microrods; (e) ZnO (200) peak shift due to intrinsic strain from the FeCoSiB
deposition (red) and with additional shift due to the applied magnetic field (blue). (a,b) reproduced
with permission from [79]. Copyright [2013], AIP Publishing. (c-f) adapted with permission from [80].
Copyright [2017], American Chemical Society.

Employing XRD as a means to evaluate magnetostriction allows us to probe microrods
at a fine enough volume to allow for the spatial mapping of the lattice parameters with high
resolution, both for the uncoated and coated samples, providing growth and magnetically
induced strain information. In a study by Hrkac et al. [79], the combined MOKE and
nano-diffraction studies revealed a magnetic easy axis perpendicular to the rod axis and
magnetic-field-induced strains at the edges of the ZnO crystal exceeding the expected
theoretical value of 4 x 107°. This enhancement is unique to these microscopic systems
due to geometrical considerations, as well as due to the contribution from the deposition
induced compressive strain. In a future study by Hrkac et al. [80], a systematic study of
FeCoSiB/ZnO microrod composites is presented (Figure 7d), utilizing nano-XRD (nXRD),
shown in Figure 7c,f. Flame transport synthesis was used in order to produce mm-length
ZnO microrods [81] that are covered entirely by a 500 nm thick (FeggCo19)785i12B1 film,
deposited by RF magnetron sputtering. The analysis revealed a direct correlation between
the magnetically induced strain and the diameter of the rods, which also occurs when
studying the intrinsic strain induced by the deposition (Figure 7e). In both cases, the strain
increases by reducing the diameter of the rod to a maximum of —5 x 10~%, which presents
a 25% increase in comparison to the bulk ZnO ME composites [61]. This investigation of
strain distribution directly on the interface between ZnO and an MS layer highlights the
impact of miniaturization on ME composites and drives the research to pursue further
improvement on magnetoelectric performance in the nanoscale. Recent studies aiming to
discover ZnO magnetoelectric applications have also utilized the aforementioned nXRD
method for investigating local strain distributions at the interface [82,83].

Zn0O rods were also employed in the fabrication of magnetoelectric sensors based on
the piezotronic effect, a remarkable combination of the semiconducting and piezoelectric
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properties of ZnO micro- and nanorods [84,85]. Using the same FTS method as in [80],
Grottrup et al. [36] synthesized mm-long ZnO micro needles (Figure 8b) and fabricated one
of the first piezotronic-based magnetoelectric sensors (2-1 connectivity, rod-like PE phase
on FM-thin-film) on a FeCoSiB cantilever, shown in Figure 8c. By using the piezotronic
principle and piezotronic current measurements with Ohmic contact, an improvement by
three orders of magnitude in the limit of detection (LoD) was demonstrated compared to
sensors based on the piezoelectric measurements with Schottky contacts (Figure 8d,e). One
important outcome is that ZnO resistivity and contact characteristics are essential param-
eters when considering piezotronic-based devices, as it was shown that the piezotronic
current increases while the internal resistance decreases, which is a significant limiting
factor of LoD performance. In addition to sensor application, ZnO was also utilized in
photocatalytic applications [86], which, when coupled with magnetostrictive materials and
visible light irradiation, can induce enhanced photocatalytic degradation of pollutants and
increase the disinfection efficiency via the generation of oxygen and hydroxyl radicals [87].
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Figure 8. (a) Schematic representation of a 2-2 ME composite sensor during oscillation via an exter-
nally applied magnetic field; (b) SEM image of a hexagonal ZnO micro needle; (¢) ZnO micro needle
ME sensor with Ag and Al/Au/Ag contacts on an FeCoSiB cantilever; (d) Piezotronic (green) and
piezoelectric (blue) measurements of an Ag/ZnO/Al/Au/Ag ME sensor in reverse bias at a resonant
frequency of 79.4 Hz and a magnetic field of 0.6 mT; (e) I-V characteristics of an Ag/ZnO/Al/Au/Ag
ME sensor. The equivalent circuit represents the ideal Schottky contact (D1) and space charge con-
tribution (D2), depicting a large piezotronic current in the forward direction. Reproduced with
permission from [36]. Copyright [2016], John Wiley and Sons.

3.3. ZnO Nanocomposites

As discussed above, thin-film- and micro/nanorod-based ZnO magnetoelectric com-
posites rely on strain transfer between the magnetostrictive and piezoelectric phase for
magnetoelectric coupling. On the other hand, nanocomposites are essentially a single-
phase material where the magnetoelectric coupling arises from the interaction between
magnetization and electric polarization in the volume of the material [88]. Magnetostric-
tion is induced in the magnetic domains during magnetization, which involves domain
movement that spontaneously induces an electrical polarization due to the piezoelectric
effect. Cobalt-doped (Co-doped) ZnO nanoparticles were developed by Samanta et al. [89]
via a chemical precipitation method using zinc acetate and cobalt acetate tetrahydrate as
precursors, oxalic acid as the precipitating agent, ammonium hydroxide as a pH buffer and
tetraethylammoniumhydroxide as an anti-agglomeration agent. The resulting nanopowder
exhibited nano-crystalline domains of ZnO and Co3O,4 with diffraction peak intensities
modulated by Co content for both ZnO and Co304, accompanied by a reduction in the
crystallite size, indicating the substitution of Co*? at the Zn*? sites. Ferromagnetic behavior
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was observed in the Zn-Co-O nanocomposites at 5K and was attributed to the exchange
interaction of d-d coupling cobalt ions. In addition, oxygen vacancies heavily contribute
to the reported ferromagnetism via a bound magnetic polaron (BMP), formed between
trapped electrons by an oxygen vacancy and the trapped electron at an orbital overlapping
with the d shell of a cobalt ion. Oxygen vacancies are identified in the doped samples by
energy dispersive X-ray spectroscopy (EDS) and UV-visible and fluorescence (FL) spectra.
The magnetoelectric coupling was verified by measuring the ME coefficient using the
dynamic method, i.e., the measurement of the ME voltage developed across the sample
under the simultaneous application of DC and AC magnetic fields. The magnitude of the
magnetoelectric coefficient was evaluated at 8.65 mV/cm Oe at a magnetic field of 2 kOe
for the Zn( §,Cop 180 sample, suggesting that the 18% Co-doped ZnO nanocomposites can
be applied to functional device applications. Ferromagnetic ordering, due to the inherent
oxygen vacancies and BMP formation, was also reported in Mg-doped ZnO nanoparticles
(Figure 9a,b) [90] where an ME voltage coefficient of 4.13 mV /cm Oe was identified, de-
picted in Figure 9d. Another ferromagnetic material used in ZnO nanocomposites stems
from the combination of Ni and Co with Fe,Oy (ferrite). Nickel ferrite (NiFe,O4) compos-
ites were developed by Dutta et al. [32], presenting room-temperature magnetoelectric
voltage coefficients from 3.7 to 8 mV/cm Oe (Figure 9c,e). A similar magnetoelectric re-
sponse was reported from Lag 75rg sMnO3-ZnO nanocomposites, presenting a maximum
ME voltage coefficient of 2.6 and 2.4 mV /cm Oe for the transversal and longitudinal modes,
respectively [91]. On the other hand, cobalt ferrite (CoFe,O4, CFO)-ZnO nanocomposites
exhibited magnetoelectric coupling, which was evaluated through magnetocapacitance
measurements at different frequencies and magnetic-field intensities. ME coupling mainly
originated from strain effects due to the interaction of CFO and ZnO, inducing electrical
polarization in the ZnO crystal via magnetostriction [33].
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Figure 9. (a,b) TEM images of Zng 94Mgp 05O (a) and Zng gsMgp 120 (b) nanoparticles; (c) ME voltage
coefficient a3 as a function of the DC magnetic field at room temperature and a frequency of 1 kHz.
Inset shows room-temperature P-E loops for different nanocomposite compositions; (d) ME voltage
coefficient as a function of an external magnetic field for the Znj ggMg 1,0 nanocomposite; (e) ME
voltage coefficient «33 as a function of the DC magnetic field at room temperature and a frequency
of 1 kHz. Inset shows the linear relationship between the ME voltage and the applied AC magnetic
field in the transverse and longitudinal directions. (a,b,d) reproduced with permission from [90].
Copyright [2019], Elsevier. (c,e) reproduced with permission from [32]. Copyright [2019], Elsevier.

3.4. Discussion

In recent years, there has been substantial research interest in magnetoelectric com-
posites destined for sensor applications, energy harvesting and energy transfer with a
heightened interest in applications in biology, medicine and medical diagnostics. The
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bulk of this effort focuses on developing magnetoelectric composites with enhanced piezo-
magnetic coefficient, i.e., increased magnetostriction and piezoelectric constants, coupled
with low coercivity magnetostrictive materials offering a narrow ferromagnetic resonance
response. Advanced thin-film ME composites based on PZT, AIN and AIScN are undoubt-
edly some of the best performing composite structures, having achieved detections limits
as low as a few pT Hz~1/2 at low frequencies. Furthermore, several reports have focused
on improving the noise performance using magnetic and electric frequency conversion
techniques [92,93], allowing for miniaturization, high frequency operation and increased
immunity from environmental noise (mechanical vibrations, acoustic noise, etc.). However,
thin-film technology relies predominately on advanced preparation methods such as physi-
cal and chemical vapor deposition (PVD and CVD) and requires access to semiconductor
grade equipment, presenting an increased barrier of entry. In addition, the aforemen-
tioned piezoelectric thin films are not biocompatible, thus, in vivo testing and integration
in implantable devices requires extensive encapsulation for reliable and safe operation [16].

On the other hand, ZnO-based magnetoelectric composites have the potential to
extend the applicability of ME composites in demanding applications while also providing
alternative routes for ME material fabrication and are able to fulfill requirements such
as bio-compatibility, bioactivity and controllable dissolution in transient electronics [94].
On that front, one of the most important and interesting properties of ZnO is its low
toxicity and biodegradability, owning to the important role that Zn*? plays in human
health [95]. In addition, the chemically active surface of ZnO can be functionalized and
decorated by a number of chemical compounds due to the presence of OH™ radicals.
Due to these properties, ZnO has gained ground in antimicrobial coatings for biomedical
applications [96,97] and in biosensors [98]. More specifically, ZnO and its nanostructures
were utilized in electrochemical biosensors [99] and optical and field effect transistor-based
biosensors, as well as in biosensors leveraging its piezoelectric properties [100].

ZnO and its nanostructures [101] (nanowires/rods, nanoparticles, nanoribbons, etc.)
were widely studied, owing to their exceptional piezoelectric, semiconducting and op-
tical properties. Research efforts have also focused on the fabrication methods of ZnO
nanostructures, showing that in addition to the common thin-film form factor, ZnO can
be engineered into many different forms, utilizing either high-cost (CVD, ALD, etc.) or
low-cost chemical routes. This versatility was leveraged into creating ME composites based
on ZnO thin films, either doped or pure, micro/nanorods and nanocomposites combined
with magnetostrictive materials, which were presented in this review. A summary of the
available technologies used in ZnO-based ME composites is presented in Table 1.

Table 1. Summary of ZnO based magnetoelectric composites.

Technology Process Structure Magnetostrictive Phase Sensitivity * Ref.
PLD Cantilever Fe74_4C021_(,Sig_5B3_3M1’10_1C0_1 47 mV/cm Qe [45]
ZnO thin film BAW Yttrium iron garnet Af~0.25 MHz [51]
Sputtering FBAR Fegs5Coss Af~7 MHz [55]
Lo Sputtering FBAR FegsCoss Af~106 MHz [56]
ZnO thin film Soutterin MEMS FeC 57.6 mV/Gauss [58]

putterng Cantilevers €0 (10.45 kHz) -

o . . F6304 4 q
Spin-spray Thin film (spin-spray) 1.5 x 107* Oe cm k/V [59]
Electrochemical Nanorod NizsFeos )
deposition Composite (DC sputtering) 0.34-048 mV/cm Oe (74]
FeCoBSi
. /ZnO . MVLS Core-shell (RF sputtering) - [26]
micro/nano rods Mi d )
FTS Composite (FesoCo10)7sSinzBro - [80]
Microrod FeCoSiB 12

FIS Composite (Metglas 260SA1) 380 pT Hz 361
ZnO NPs Nanocomposite Co doped 8.65 mV/cm Oe [89]
ZnO nanocomposite ZnO NPs Nanocomposite Mg doped 4.13mV/cm Oe [90]
ZnO NPs Nanocomposite NiFe,O4 NPs 3.7-8 mV/cm Oe [32]

* Sensitivity is used as a term to summarize the magnitude of the magnetoelectric effect due to the fact that
different coefficients and figures of merit are used for each composite category in the literature.
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Another advantage for using ZnO compared to other materials is its ability to dissolve
in weak acids, bases and water, which is a highly desirable property for the emerging
transient and dissolvable electronics. In fact, biocompatible transient electronics and energy
harvesters based on ZnO were demonstrated [102-104], showing the potential of ZnO in
advanced transient applications [105]. Essentially, by combining the favorable transient
and biodegradable properties of ZnO with biocompatible ferromagnetic elements such
as Mg [102], biocompatible magnetoelectric composites can be realized, with potential
applications in biomagnetic imaging, energy and data transfer for implantable devices,
drug delivery and body function monitoring and sensing.

Last, but not least, the exploitation of ZnO, as a piezoelectric phase, opens the possi-
bility of developing a new generation of devices based on the piezotronics and piezopho-
totronic phenomena. As was demonstrated by Wang et al. [106], it is possible to control
carrier transport across a metal-semiconductor interface through the piezoelectric charges
that are generated upon an external mechanical stress. This phenomenon is complementary
to the change in resistance that appears in piezoresistive materials, such as ZnO, although
it is not easy to identify the contribution of each mechanism. Zhu et al. [107] demonstrated
the significance of the piezotronics effect over the change of piezoresistance; however,
further research is required to better clarify this point.

Despite the successful integration of ZnO nanostructures with magnetostrictive mate-
rials, a gap still exists between state-of-the-art ME materials and ZnO-based ME composites
in terms of piezomagnetic and ME coefficients. To improve the ME performance, the cou-
pling between the FM and PE phases of the composites needs to be maximized, combined
with advanced magnetostrictive materials with improved magnetostriction and soft mag-
netic behavior. Moreover, ZnO nanowires and nanorods have not yet been fully explored
in magnetoelectric applications, even though they represent the bulk of research around
ZnO nanostructures. Until this point, only ZnO microrods were extensively utilized in
the study of the interfacial interaction between ZnO and magnetic materials, [61,80,82,83],
specifically targeting sensor applications. Thus, a novel application of nanowire/nanorod
composites, either in array form or in single nanowire configurations, may provide the
means of bridging the performance gap, while also improving upon spatial resolution
and sensitivity in sensor applications. Single ZnO nanowire-based magnetoelectric com-
posites are still missing from the literature and, combined with the piezotronic and the
piezophototronic effect [86], can potentially improve upon the performance of current
ZnO ME composites but also give rise to new effects through the interaction between
ferromagnetism, photoexcitation, piezoelectricity and the semiconducting phenomena
in ZnO.

4. Conclusions

In this review, we highlighted the research and development on ZnO-based mag-
netoelectric composites in various forms, including thin films, micro- and nanorods and
nano composites. Although several materials are utilized for exploiting ME phenomena,
ZnO presents significant interest due to its unique properties, including biocompatibil-
ity, non-toxicity, low-cost fabrication and potential applicability in large area electronics.
A significant portion of the research effort focuses on the integration of ZnO micro- and
nanostructures with advanced magnetostrictive materials for the realization of novel ME
heterostructures. ZnO thin films were utilized extensively in the fabrication of ME compos-
ites as the piezoelectric constituent, in diverse device architectures ranging from cantilevers,
surface acoustic waves (SAW) and bulk acoustic waves (BAW) devices, to MEMS FBAR and
microcantilever sensors. In addition, thin-film characterization methods such as XRD and
GIXRD have enabled us to assess magnetostrictive strain at the atomic scale, something
that can be leveraged extensively in ME research beyond ZnO. Furthermore, the doping
of pure ZnO films can induce ferromagnetic properties with an enhanced magnetoelectric
response, while suitable co-doping results in ferroelectric and ferromagnetic phenomena
that can simultaneously exist in ZnO thin films. ZnO micro- and nanorod composites, on
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the other hand, constitute the most promising route for ME composites based on ZnO. This
is supported by the fact that there is already substantial research around the basic electronic
and structural properties of these structures, and by combining them with advanced mag-
netostrictive materials, this can lead to novel architectures suitable for sensing, biomedical
applications and energy harvesting, in conjunction with the introduction of new effects
stemming from the interaction between ferromagnetism, photoexcitation, piezoelectricity
and semiconducting phenomena.

Further research into the combination of magnetostrictive materials with ZnO nanos-
tructures, especially micro- and nanorods, will pave the way for a new generation of devices
able to detect extremely low magnetics fields suitable for portable devices and personal
health care applications.
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