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Crafting the multiferroic BiFeO;-CoFe,O, nanocomposite for next-

generation devices: A review
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BiFeO;-CoFe,04 (BFO-CFO) vertically aligned nanocomposite (VAN) thin-film
promises great potentials for next-generation electronic devices. Its strong
magnetoelectric, antiferromagnetic-ferrimagnetic, and structural couplings occur
via large interface area interactions across the vertical surface between BFO and
CFO phases; this leads to emergent exotic fundamental physics rendering its
potential applications for various electronics such as magnetic sensor, data
storages or memory devices, and energy harvesting devices. The distinctive
photoactivity of both BFO and CFO phases in the BFO-CFO VAN system also
can generate advanced applications as photovoltaic and photocatalytic devices.
Furthermore, owing to small overpotential and excellent stability in alkaline
media, BFO-CFO nanocomposites becomes the next electrode in electrocatalysis
devices. The BFO-CFO VAN also have been exponentially developed having
various type of thin-film architectures grown on various substrates. In this present
article, we review the current status of the BFO-CFO VAN thin-film and discuss
the fundamental understanding as well as the technology involved in developing
this material. We also address the challenges that hinder the commercialization of
this material and propose some plausible solutions to encourage BFO-CFO VAN-
based electronic devices to reach their maturity level. Furthermore, the potential
marketability of the BFO-CFO VAN materials and devices for future consumer

products is also discussed.

Keywords: multiferroic; magnetoelectric, structural coupling; thin-film;
nanocomposite; next-generation devices; sensors; data storages; energy

harvesting device; photovoltaic; photocatalytic; electrocatalysis

Introductions

Multiferroic material possesses multiple characteristics of ferroic properties that
attracted extensive research interest and developments for many applications.[!-?]
Various types of multiferroics were discovered depending upon its magnetic-electric
interaction mechanisms; lone-pair-active multiferroics, geometric ferroelectricity,

charge ordering, magnetically-driven ferroelectricity, f-electron magnetism, and
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1

2

2 multiferroic composites. Particularly for multiferroic composites, this material

Z possesses large magnetoelectric properties compares to other types of multiferroic. In
573 general, a multiferroic nanocomposite is a combination of two materials having strong
9

1(1) magnetic and electric properties that lead to strong magnetoelectric coupling.’] A large
g number of material combinations have been discovered having unique magnetoelectric
12 couplings mechanisms such as strain-, charge-, and exchange bias-mediated

EZ modulations.[*7! This material was predicted to have multiple properties, which can be
;g exploited for many applications such as magnetic sensors and actuators, storage devices,
;; and energy harvesting devices.[©]

23

24 One of the famous multiferroic composites which extensively developed is the
25

;? multiferroic BiFeO3-CoFe,0,4 (BFO-CFO) nanocomposite. BFO-CFO nanocomposite
;S has excellent magnetoelectric coupling and unprecedented physio-chemical properties
2(1) showing emergent exotic fundamental physics.[-1% BFO itself is a room-temperature
32

gi single-phase multiferroic having the electric polarization originated from the lone pair
22 of Bi*3 (s? orbital), while the magnetization is typically caused by Fe3*.3: 11l However,
2573 the magnetoelectric of BFO is relatively weak due to its antiferromagnetic with spin
3(19) ordering of G-type originated from electron configuration of the half-filled &° orbital.[*
fé 111 On the other hand, the CFO is a ferrimagnetic material consisting of two different
jg magnetic elements, Fe** and Co?", and it has very large magnetostriction compared to
j? other magnetic materials except rare-carth ferromagnetic.['?] As depicted in Fig. 1, the
48

gg ferroelectric (piezoelectric) properties of BFO and ferromagnetic (magnetostrictive)

g; properties of CFO hold an important role in obtaining a strong magnetoelectric

gi coupling, namely, magnetoelectric coupling via strain interaction.!®] In addition, a

55

g? combination of BFO and CFO yields an antiferromagnetic-ferromagnetic exchange

gg coupling and induces strong magnetic perpendicular enhancement.!'3-15] The electric
60

URL: http://mc.manuscriptcentral.com/Immp Email: mamp@matmod.com



oNOYTULT D WN =

Materials and Manufacturing Processes Page 4 of 56

field control ferromagnetism in the BFO-CFO can lead to many practical applications of
next-generation electronic devices. Moreover, owing to distinctive photoactivity, small
overpotential, as well as great stability in alkaline media, the BFO-CFO then possible to
be utilized for the next photovoltaic, photocatalytic, and electrocatalysis devices.

BFO-CFO nanocomposite has been synthesized having many forms;
nanoparticles, bulk, and single crystalline-like thin-film as described in Fig. 1.[16-23]
Specifically, the single crystalline-like film can be found in several thin-film designs,
such as multilayer (2-2 system), particulate-matrix (0-3 system), and pillars-matrix or
vertically aligned nanocomposite (1-3 system). Thin-film holds a special place among
other forms of multiferroic BFO-CFO nanocomposite. This is due to the fact that thin
film is easier to integrate with electronic devices. In thin-film forms, the BFO-CFO can
be utilized for various applications integrating active or passive devices.l?*2¢] The
increasing demands on future electronics products utilizing multifunctional devices,
particularly BFO-CFO based devices, compel researchers to develop the BFO-CFO by
various thin-film architectures.[® 4. 19-23. 271 [n short, the exponential research and
development of thin-film architectures of BFO-CFO nanocomposite nowadays make
them close to their realization for practical applications.

More specifically, this review focuses on the exploration of BFO-CFO with a
vertically aligned nanocomposite (VAN) thin-film system. It is simply because the
BFO-CFO VAN is a unique system consisting of magnetoelectric, antiferromagnetic-
ferrimagnetic, and structural couplings, which occur via large interface area interactions
across the vertical surface between BFO and CFO phases, thus exhibiting emergent
exotic properties.!® °1 The exploration of BFO-CFO VAN is not limited to fundamental
understanding but also how to optimize the physical properties of BFO-CFO VAN and

thus open up new pathways toward practical applications. For instance, the development
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1

2

2 of BFO-CFO VAN formation as well-organized two-dimensional (2D) CFO

Z mesocrystals for bit pattern media application,! integration of BFO-CFO thin-film on
373 flexible substrates® which can be developed for nanogenerator application,[® 281 and
?(1) controlling the shape of CFO pillars using various substrates to tune the magnetic

g anisotropy which importance for memory devices applications.>-2!-27] Henceforth, an
12 overview of the recent progress and prospect of BFO-CFO VAN thin-film design is
EZ crucial to accelerate the development to reach the maturity level. Here, we discuss the
;g fundamental understanding of the BFO-CFO VAN, the working mechanism, as well as
;; the fabrication techniques. Moreover, the recent fabrication of the BFO-CFO VAN,
éi which focuses more on the lab-scale sizes, delimit the commercialization of this

25

;? material; hence, this present article not only addresses the prospects of next-generation
;S devices based on BFO-CFO VAN but also identify the challenges and solutions to

30

31 overcome the issues.

32

33

gg Recent forms and fabrications of BFO-CFO nanocomposite

g? Since BFO-CFO VAN was discovered in earlier 2000, this material has received

gg significant attention up to now. BFO-CFO VAN can be fabricated using the self-

4

2(12) assembled process via pulse laser deposition (PLD) method utilizing a single mixed
ji BFO-CFO target.[?311 As depicted in Fig. 2(a), when BFO and CFO phases

22 simultaneously grow on the perovskite-type substrate, they could be constructed as a
i% matrix and pillars or vice versa depending upon their energy surfaces on the

g? substrate.[?%- 3% In this manner, the surface energy anisotropy of both BFO and CFO
gg phases plays an important role. The BFO has a rhombohedral crystal structure (point
gg group R3c) with the perovskite-type, owing to a lattice parameter (a,;) of 3.965 A.l!1]
;73 Meanwhile, the CFO has a cubic Fd3m spinel structure having a = 8.38 A. CFO has
Zg almost double the unit cell of BFO, but the crystal structures and the oxygen
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coordination similarities of both BFO and CFO phases make it possible to be epitaxially
grown as BFO-CFO VAN on a single-crystalline substrate.[27- 2% 30]

The self-assembled process of BFO-CFO VAN can be understood by
Winterbottom constructions, as shown in Fig. 2(b).[?% 3% Here, the perovskite substrate
was used as a role model, owing to the necessity of achieving a cube-on-cube relation
with BFO and CFO phases.[?%- 301 The surface energy affects the wetting condition of
BFO and CFO phases on the substrate, and thus further determines the matrix-pillars
formation. The matrix is formed from the phase, which has smaller surface energy than
the other or vice versa. For instance, the BFO fully wets while the CFO partially wets
on a (001)-perovskite substrate, therefore the BFO forms as a matrix and CFO as pillars.
Conversely, the CFO fully wets while the BFO partially wets on a (111)-perovskite
substrate; consequently, the CFO forms as a matrix and BFO as a pillar.[>%3% The
observation of the self-assembled process using the wetting condition approach suggests
that the self-assembled process is relatively insusceptible to the specific substrate
ignoring the lattice mismatch. The BFO-CFO VAN was indeed can be grown on a wide
range of perovskite substrates such as LaAlO; (LAO), NdGaO; (NGO), SrTiO; (STO),
and DyScO; (DSO) substrates. [ 21, 27]

The self-assembled matrix-pillars via a single process utilizing a single BFO-
CFO target by a PLD technique is extensively used to fabricate BFO-CFO VAN due to
its simple preparation and low-cost process. However, the significant vertical mismatch
between matrix-pillars induces defects at the interfaces and further causes
uncontrollable magnetic switching, which could become problematic for achieving
stable memory devices.[> 271 The self-assembled process using multiple targets is one of

the excellent methods to modified and improve BFO-CFO VAN heteroepitaxy,l- 32! as
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1

2

2 schematically shown in Fig. 2(¢c). By using this method, the CFO phase is predicted to
Z have better interconnection with the BFO phase.l!

573 Nevertheless, it is found that the self-assembled BFO-CFO VAN fabricated via
?(1) PLD method utilizing single or multiple targets leading to the uncontrollable location of
g the embedded pillars. In order to employ the BFO-CFO VAN for a device, it is

12 important to control the embedded location of the pillars.[*3] The existence of the

EZ embedded pillars then can be made in a well-ordered pattern by templating the self-

;g assembly method.['8 331 In principle, this method is started by patterning the substrate
;; surfacel!® 33341 ysing e-beam lithography into a square array, thus serving as a

éi nucleation site of the embedded pillars.['8] A lithographic process is used to pattern an
25

;? island on the substrate, as shown in Fig. 3(a).[!8] This patterned layer then served as a
;S template for the subsequent deposited BFO and CFO layer to forms a well-ordered

2(1) BFO-CFO VAN.[8]

32

gi Even though the combination of BFO and CFO composite having a VAN

22 system will produce a superior magnetoelectric coupling. However, when the BFO

2573 serves as a matrix and CFO as pillars, the leakage current in this BFO-CFO VAN

3(19) system occurs. BFO is particularly ferroelectric material having large leakage current;
g thus, several attempts were conducted to decrease the leakage current in BFO, such as
jg by doping.3%] In the BFO-CFO system, the leakage current leads to the degradation of
j? ferroelectric propertiest 'l since the BFO has inferior interconnection due to the

48

;‘g existence of the CFO.[22] Therefore, another VAN architecture development is proposed,
g; the so-called quasi (0-3) composite architecture as depicted in Fig. 3(b).l??! This system
gi is a combination of layer-by-layer and VAN systems which is predicted to exacerbate
g% net resistivity due to preferable interconnected BFO matrix, which enables to decrease
gg of leakage current.l??! The quasi (0-3) BFO-CFO nanocomposite was achieved using the
60
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PLD method by alternatively utilizing pure BFO and mixed BFO-CFO targets. A
bottom BFO layer was deposited before the deposition of the BFO-CFO VAN layer;
thereafter, it was continued by the deposition of the top BFO layer.[??] This architecture
differs from the conventional particulate thin-film nanocomposite or 0-3 system since
the obtained CFO filler is highly oriented as pillars embedded in a continuous BFO
matrix.[??] In this configuration, excellent piezoelectric behaviour is obtained because
the domain structures are not hindered by grain boundaries. Small-angle boundaries
between grains in the sample also can improve strain coupling of BFO-CFO, thus,
further enhance magnetoelectric coupling.[??]

Strain coupling between the constituent BFO and CFO phases is important to the
magnetoelectric coupling mechanism.] Nevertheless, another issue related to the BFO-
CFO VAN architecture is about the clamping effects originated from the substrate.[ 2%-
221 In the thin-film forms, the clamping effect is a common problem that decreases the
magnetoelectric coupling, including in the BFO-CFO VAN system.l’] Even though the
VAN system is predicted to have small clamping effects compare to planar system,
however, the in-plane strain coupling of the vertical pillars is still constrained by the
clamping effects from the substrate compared to ideally strain-free bulk geometry.[!3 9
361 Thus, an idea arises by synthesizing the so-called well-ordered BFO-CFO
heterostructured nanodot arrays, as shown in Fig. 3(c).[?"! In this configuration, the
SrRuO; (SRO) bottom electrode was deposited before subsequent BFO and CFO. An
ultra-thin nanoporous anodic alumina (AAQO) membrane mask was used as a template to
obtain a highly ordered BFO-CFO nanodot. This AAO has periodically ordered
nanoscale pore size, thus the BFO, CFO, and SRO layers which were simultaneously
deposited by using PLD method enable to forms of well-ordered nanodots BFO-CFO

array on the substrate surface.[?’l The well-ordered nanodots BFO-CFO can exhibit an
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enhancement of magnetoelectric coupling because of the large atomic-level interface

interaction and small substrate-clamping effect.[?]

The role of substrates

Instead of the abovementioned fabrication route development, the self-assembled BFO-
CFO VAN architecture initially can be simply modified by strain engineering from the
substrates.!!?21-271 A substrate holds a prominent role in determining the final design of
BFO-CFO VAN, which further reflects its physical properties. The BFO-CFO VAN is
particularly suitable to grow on perovskite substrates. Nevertheless, the BFO-CFO
VAN growth also can be obtained on spinel, rocksalt oxide, Si substrates, as well as
flexible substrates.®-27-37-381 Fig. 4 shows the schematic of BFO-CFO VAN
architectures grown using various types of substrates. The shapes of embedded pillars
depending upon the growth direction induced by wetting conditions and the strain-state
among constituent phases and the substrates.!!?21.27.29.30, 39 Dye to its lowest surface
energy during epitaxial growth, the perovskite BFO has a tetrahedral equilibrium shape
having {100} facets, while the spinel CFO has an octahedron equilibrium shape
bounded by eight {111} facets, as shown in Fig. 4(a).[?°-3%] When BFO has higher
surface energy than CFO, the BFO partially wets on the substrate forming a pillar.[2% 301
This condition was found when BFO-CFO VAN grow on (110)- and (111)-STO
substrates, wherein the BFO pillar emerges as stripe and triangular island, respectively,
as shown in the Figs. 4(b) and 4(c).[?3-2%-30. 401 Similarly, when CFO has higher surface
energy than BFO, the CFO partially wet on the substrate forming a pillar.[23- 2% 30, 40]
This condition mostly could be found when BFO-CFO VAN grows on (100)-
perovskite-type substrates, such as STO, LAO, NGO, and DSO.[!*-21. 4] For instance,

The CFO pillars emerge as rectangular, stripe, and triangular island when it grows on
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(100)-STO, DSO and NGO substrates, respectively, as shown in Fig. 4(d)-(f).*!]
Specifically, the strain state among the constituent phases and the substrate hold an
essential role in determining the shape of CFO pillars since the CFO more robust than
the BFO from the epitaxial strain of the substrate.['*] A difference strain imposed from
(100)-STO, DSO, and NGO substrates reflects the growth direction of the CFO phase;
thus, they have different shapes of CFO pillars.['* 21l However, when the lattice
mismatch and the strain-state imposed from the substrate is too large, it can cause a
large atomic dislocation and defect.[?”! For instance, decomposition of the BFO phase is
found when BFO-CFO grows on very large lattice mismatches such as MgAl,O,4 and
MgO substrates.[?’] Larger lattice parameters of those substrates causing largely
epitaxial tensile stress, and the Fe,O, which have better lattice matching more favorable
to be formed.[?’! As a result, the Bi-rich dendritic structures at the film surface arise
because of the decomposition of constituent phases.[?”! Moreover, the utilization of
buffer layer with relatively small lattice mismatch on the top of spinel, rocksalt oxide,
Si, and flexible substrates then recently was used to obtain better growth formation of
the self-assembled BFO-CFO VAN.[% 37 The BFO-CFO VAN has recently successfully
been fabricated on flexible mica substrate via the so-called quasi van der Waals epitaxy
using CFO/SRO buffer layer.l’l The weak bonding between mica and the constituent
phases leads to a decreasing in the substrate clamping effect.[%- 2] As a result, the

magnetoelectric coupling in BFO-CFO VAN on mica was enhanced.[’]

Recent deposition techniques for BFO-CFO nanocomposites thin-film
As we explicitly mention along the time, the PLD technique is a prevalent route to
obtain BFO-CFO VAN thin-film. However, the PLD system is limited to small film

areas and sustain from inhomogeneity because of the narrow plume size of PLD.[]
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Therefore, there was recently developed the BFO-CFO VAN fabrication using
sputtering and radio frequency (RF) magnetron sputtering which allows for
homogenous large film deposition on a large size of the substrate.[*3- 44 Fabrication of
BFO-CFO VAN by sputtering can expand the horizon for large areas and scalable BFO-
CFO VAN film. Recently BFO-CFO VAN has successfully grown on Nb:STO, STO-
buffered Si, and LSMO/STO-buffered Si substrates using the sputtering technique.!*!
Almost similar to that self-assembled growth by PLD, the BFO-CFO VAN by
sputtering is formed via particles ejected from a bulk mixed BFO-CFO target due to a
momentum exchange from energetic ions bombardment such as by Ar".[*Y] The vapor
deposition process and sputtering growth conditions are important since the morphology
and properties of BFO-CFO VAN depend on the kinetic factors such as the mobility of
arriving species on the substrate surface.[*3 44 Moreover, the BFO-CFO nanocomposite
has also successfully been fabricated via the chemical solution deposition method and
sol-gel-assisted spin coating process.[*] In the spin-coating process, the mixed solutions
of'the BFO and CFO precursor enable nanoscale mixing of subsequent composite
phases.!*?] Similar to that BFO-CFO nanocomposite grown by physical vapor
deposition; PLD, and sputtering, the BFO-CFO nanocomposite synthesized by chemical
route shows adequate magnetic-electric properties.[3]

The forms and architecture development of BFO-CFO nanocomposite aims to
enhance the magnetoelectric coefficient (ayg). As depicted in Fig. 5, we compile the
oy from various BFO-CFO nanocomposites and their comparison to the other
magnetoelectric composite-related materials.[® % 20:22. 23,461 The architecture of BFO-
CFO VAN on the various substrate could affect the final properties as well as the
magnitude of ay. The BFO-CFO core-shell has the largest ayg which primarily

because of the free from substrate clamping effect.[®- 201 Moreover, the modification of
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the VAN architecture of BFO-CFO is not only to enhance the magnetoelectric coupling
but also can modify the physical properties.l?!- 36401 For instance, the magnetic
anisotropy of BFO-CFO VAN could be changed by simply modify the orientation of the
CFO phase using miss-orientation control by strain from the substrates.[>!1 It is also
well-known that the BFO, which is highly strained induced by the substrates, has
stronger piezoelectric properties compare to the unstrained BFO.[47- 48] The modification
of architecture of BFO-CFO VAN will affect the magnetic and electric properties of
individual BFO and CFO phases, thus, further, affect to the final magnetoelectric
coupling. Yet, our unpublished results also indicate that the optical properties of BFO-
CFO VAN also can be tuned by controlling the crystal structure of the BFO phase.[*]
The exponentially increasing research and development of BFO-CFO VAN have
reached the point where this material could be used for various applications. Here, we

discuss the possible applications of BFO-CFO VAN in the next sections.

Applications of BFO-CFO nanocomposites

Magnetic sensors devices

Multiferroic BFO-CFO VAN is an attractive material for various electrically and
magnetically couple devices such as a magnetic sensor.[? 39321 Magnetoelectric
composite having various phase connectivity such as (0-3), (1-3), (2-2), or (1-1) have
been tested for their feasibility as magnetic sensor devices.[>3 34 Magnetic sensor
devices can be categorized according to their sensitivity to the degree of the measured
magnetic fields, and their sensing ability strongly depends on the sensing mechanism.!5!]
For instance, Lorentz force-based and piezoelectric resonance-based sensors are used to
detect high magnetic fields around 0.1 mT — 1 T.'- 35 56] The magnetoresistive and
magnetoimpedance sensors are used to measure intermediate magnetic fields around 1

uT — 1 mT.I31 57591 The fluxgate magnetometers used to measure weak magnetic fields
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around 0.1 nT — 100 pT.B'60-62] Superconducting quantum magnetometer utilizing the
Josephson effect to measure ultra-low magnetic fields around 1 fT — 1 nT..- 31 An
induction coil sensor is used to measure AC fields in the range of 10 fT — ImT.[!- 631
The magnetic sensors employing magnetoelectric BFO-CFO VAN should be works for
high and intermediate magnetic field sensors. The magnetoelectric-based magnetic
sensors are possible to replace the Hall sensors which are largely used nowadays due to
ultra-low power consumption operation.[®l Moreover, the magnetoelectric materials are
also developed and possible to be utilized for magnetic sensors with sensitivity at
Femto-tesla to pico-tesla at low frequency.[6>-¢7]

It is well-recognized that both individual BFO and CFO phases are strong
piezoelectric and magnetostrictive materials, respectively. Both BFO and CFO phase
are strongly coupled induce strong magnetoelectric coupling. Therefore, direct and
converse magnetoelectric effect (DME and CME) in BFO-CFO VAN is the origin for
the application in the magnetic sensor. The strain-mediated magnetoelectric coupling as
depicted in Fig. 6(a) explains how to realize magnetic sensor-based BFO-CFO VAN.4
For the DME mechanism, the magnetic field can induce a strain because of the
magnetostrictive effect in CFO. This strain is then transferred to the piezoelectric BFO
across the large interface's area via structural coupling, and thus an electric polarization
is generated due to the piezoelectric effects in BFO.[® %1 The DME coupling outputs the
voltage which is depending on the AC or DC magnetic field's magnitude, therefore it is
possible to allow the BFO-CFO VAN to sense the field effectively. Moreover, the BFO-
CFO VAN system also can be used for magnetic sensors utilizing CME.[%3 6] Here, an
electric field which induce strain to the piezoelectric BFO is transferred to the magnetic

CFO through the large interface area via structural coupling, creating the shape
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modulation of CFO, and then, altering the magnetization easy axis of the magnetic CFO
phase.[® 9]

For the integration as magnetic sensor devices, the BFO-CFO VAN can be
inserted in the electromagnetic coil bring a current /(t) as schematically depicted in Fig.
6(b). By using this structure design, the magnetoelectric-based sensor could suitable for
DC magnetic field measurement in the at nano- to decades of mili-tesla, wherein, the
output AC voltage u(t) is propagated due to the magnetoelectric effect.[3!- 32 70. 711 Here,
the coil induces the AC magnetic field 4(t) while the measured DC field H and the
excitation field A(t) are imposed parallel to the plane of the sensor.l3!! The applied
magnetic field H and an excitation AC field activating the magnetostrictive CFO and
induce the unipolar periodic strain.[%°1 If a weak DC magnetic field is applied to the
BFO-CFO VAN, the nonlinearity of the function leads to the formation of the periodic
strain in the CFO phase. This deformation is then transferred via strain coupling to the
piezoelectric BFO!'%I and leads to the generated voltage u(t) with approximately the
same time dependence.l’!! Finally, the output voltage then is processed as a signal.

Moreover, since magnetoelectric materials can be developed for magnetic
sensors with sensitivity at Femto-tesla to pico-tesla at low frequency,[9-67] the BFO-
CFO VAN also could possible for the artificial magnetic sensor in the biomedical field.
It has been reported that magnetic sensor-based magnetoelectric material could detect
biomagnetic signals (~10 of the applied field in magnitude) in organ tissue such as a
liver.[%] The magnetoelectric material is appropriate to be used in magnetic sensor
application when their ay at least two order magnitude.l’>74 As shown in Fig. 5, the
ayme of BFO-CFO nanocomposite is high enough to be used as magnetic sensors. The
anE 1S an important parameter determining the detection ability for magnetoelectric

sensors!’?! because the oy represents a relationship between the output electric field
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and the input magnetic field.[””] Nevertheless, another sensor component, such as the

circuit configuration is also essential, where the amplification of magnetic sensing

oNOYTULT D WN =

depends on this configuration.l”?! The magnetic sensor design as previously proposed
10 could be one of a platform to obtain an efficient magnetic sensor-based BFO-CFO

VAN.[7

17 Memory devices

The existing transistor-based random access memory (RAM) technologies (flash,

2 dynamic, and their derivatives) are facing their miniaturization limit.[”>) Moreover, the
24 rise of artificial intelligence (Al)-based applications nowadays demand ultra-high-

26 speed, robust endurance, low-powered data storages to accelerate the complex
computations which cannot be delivered by conventional memory technologies.[7¢]

31 Henceforth, emerging nonvolatile memory technologies such as magnetic-based

33 (MRAM), phase-change-based (PCRAM), ferroelectric-based (FeERAM),
magnetoelectric-based (MERAM), and resistive-based (ReRAM) memories are being
38 considered as the next-generation data storages; their reliable non-volatility behavior

40 ensures long data retention (the ability to retain the stored information for more than a
decade without consuming continuous power).l”7]

45 More specifically, MERAM uses voltage/electric field manipulation to switch its
47 state, called as voltage-controlled magnetic anisotropy (VCMA) effect.[’® 71 In

49 comparison to current-controlled memory technologies such as spin-transfer or spin-
orbit torques (MRAM), the VCMA requires much lower (if not free of) ohmic loss,

54 lower switching current, and rendering high dense integration capability,!”®! thus

56 MERAM could realize energy-efficient data storage due to the low power operation.[”8

821 Here, we foresee the potential of the magnetoelectric properties of BFO-CFO VAN
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for fabricating high-performance low-powered MERAM device; BFO-CFO VAN, as
the magnetoelectric layer, can be integrated with a magnetic tunnel junction (MTJ)
device (reference layer — tunnel barrier — free layer), as depicted in Fig. 7(a).[®3] In this
configuration, a BFO-CFO VAN layer can be used to control the magnetization of the

MT]J by the electric polarization.[®3-80] The bit is stored by the magnetization direction

of the references layer, read by the resistance of the MTJ, and thus written by applying a

voltage across the magnetoelectric BFO-CFO VAN layer. When the magnetization of
the references layer is coupled to the spins on the magnetoelectric BFO-CFO VAN
layer, the ferroelectric polarization P in the magnetoelectric BFO-CFO VAN layer can
modulate the magnetization configuration of the free layer and reference layer in the
MT]J from parallel to antiparallel, and vice versa, and induce the resistance changes. 3]
In addition, since BFO-CFO VAN can consist of nanomagnetic CFO
mesocrystals (pillars), therefore, it can be used for bit pattern media (BPM)
applications, as schematically shown in Fig. 7(b).[’) In this configuration, each of the
isolated CFO pillars nanomagnet can be programmed to store 1-bit of information that
is read by a recording head."-#1 A recent report using a high sensitivity dynamic
cantilever magnetometry (DCM) was showing strong magnetic anisotropy of a single
CFO mesocrystals in the BFO-CFO VAN system.[- % Therefore, the BFO-CFO VAN
having CFO mesocrystals are suitable for BPM application from the anisotropy field
point of view.’] The magnetic anisotropy of the single CFO mesocrystals can be
controlled by a voltage pulse/bias via ferroelectricity of BFO matrix, then an efficient

magnetic switching via magnetoelectric coupling can be achieved (VCMA effect).[7]

The BFO-CFO VAN opens up an avenue for exploration of new material and design for

BPM applications. Nevertheless, Further study is required to obtain highly efficient

BFO-CFO VAN-based BPM; one of the possible approaches is to modulate the
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magnetic switching field distributions and bit information writing via the good
arrangement of CFO pillars.[®7] Such a well-designed pattern arrangement can be
realized by utilizing the lithography technique as mentioned in the previous section.
Moreover, the magnetic anisotropy of the CFO pillar can be further improved to obtain
even more efficient magnetic switching; it is observed that the magnetic anisotropy of

CFO can be modified by using strain control from the substrate and doping.[°-%3

Energy harvesting devices
Nowadays, the developing flexible materials has become mainstream research topics to
obtain next generation flexible devices.[°¢°1 This development not only to discover
new class of flexible materials, but the idea also could be related to obtain new method
how to transform a thin-film which previously found in rigid forms into a flexible thin-
film then further could be utilized for flexible devices.!'90-193] Recently, BFO-CFO
VAN has successfully transformed into flexible thin-film using mica substrate as shown
in Fig. 8(a). In the present approach, the BFO phase was formed as pillars, while the
CFO phase was a matrix as shown schematically in Fig. 8(b).’l The BFO-CFO VAN
was fabricated on a 2D layered mica substrate results in an unconstrained film due to
the van der Waals (vdW) epitaxial relationship which can significantly reduce the
substrate clamping effect.’! This feature is essential to obtain large piezoelectric and
magnetostrictive response, and thus further increase the magnetoelectric effect in the
BFO-CFO VAN system.[%- 194 The BFO-CFO VAN thin film on flexible mica substrate
then can be used for flexible devices having distinctive set of features; lightweight,
stable at high temperatures, and chemically inert.[ 102, 104]

One of the possible next-generation flexible devices that can be achieved

utilizing flexible BFO-CFO VAN is energy harvesting devices; the so-called magneto-
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mechano-electric (MME) generators.[® 1951 The MME exploits low-frequency magnetic
fields to generate power, thus possible to be integrated as wireless power transfer device
for operating the Internet of Things (IoT) devices.['] The MME generators is
deliberated to resonate at a fixed frequency of weak AC magnetic fields through flexible
magnetoelectric materials such as BFO-CFO VAN to generate energy and electricity.[%
1061 BFO is considered a magnetoelectric material which possible to integrated as
nanogenerators devices. It was reported previously that BFO thin-film grow on flexible
Ni tapes possesses a piezoelectric and saturation polarization coefficient of 52 pm/V
and 69 uC/cm?2,1%7] respectively. This value is comparable with well-known
ferroelectric BaTiO; which can generate energy with a voltage output about ~10 V and
a current density of ~1.2 pA cm2.[198. 191 However, the BFO on the flexible Ni substrate
was reported to exhibit a small ayg about 3.5 mV/em.Oe, which much smaller than
reported BFO-CFO VAN on a flexible mica substrate.[’l Therefore, BFO-CFO VAN
should be much more possible to be integrated as MME devices due to its strong
magnetoelectric coupling.

In the BFO-CFO VAN on flexible mica reported previously, the out-of-plane
converse piezoelectric coefficient (ds3) of existed BFO pillars is altered when the
sample is under mechanical strain due to the changes of polarization rotation induced by
the alteration of the BFO pillars length along the c-axis.’l The result also shows that the
obtained ayg values of flexible BFO-CFO/mica under mechanical strain are still
comparable with that obtained in unclamped magnetoelectric composite and higher than
BFO-CFO VAN on a rigid substrate.[?% 4] Fig, 8(c) showing the schematic of the
application of flexible magnetoelectric BFO-CFO VAN for energy harvesting devices
utilizing magnetic noise which acts as an AC magnetic field. We speculate that strong

magnetoelectric coupling in flexible BFO-CFO VAN can create an electrical charge
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when induced by even with the small magnetic field. The magnetoelectric effect in the
flexible BFO-CFO VAN resulting in multiple energy transduction as sequential
interaction of MME generation; starting from magnetic energy into mechanical energy
and finally produce electrical energy.[®l When the AC magnetic field is applied to
flexible BFO-CFO VAN thin-film, the magnetostrictive CFO reacted by either
expanding or shrinking (magneto-mechano coupling) and simultaneously induce the
piezoelectric BFO via structural coupling. This coupling creates an output voltage from
the electrical load via a direct piezoelectric effect (mechano-electric coupling), thus
generate the electric power that can be stored/used for device operation.[®]

Discovering new flexible magnetoelectric materials and/or transforming a thin-
film that was previously found in rigid substrate into flexible thin-film is essential for
developing MME devices.[?® 101 For MME applications, magnetostriction,
piezoelectric, and magnetoelectric coupling hold important roles in energy conversion
between magnetic and electric domains.!'%] MME based on various piezoelectric and
magnetoelectric is reported for effective power generation.['1% Thus, selecting a
material having large d33 and ayg is important. In general, flexible material having ds;
of ~30-100 pm/V such as ferroelectric polymers and lead-free ferroelectric BaTiO; is
enough to be integrated for nanogenerator devices.[!1%-112] This value is comparable with
that reported BFO-CFO VAN on flexible mica substrate having 76.5 pm/V. Indeed, this
BFO-CFO/mica has a much lower d33 compare to Pb(Zr,Ti1)O; (PZT) having an
remarkably efficient piezoelectric energy conversion owing high ds; of about ~250
pm/V.[113]1 Nevertheless, the large magnetoelectric coupling of BFO-CFO VAN could be
used in MME where multiple energy transduction of magnetic-mechanic-electric is
available in flexible BFO-CFO VAN thin-film. Moreover, CFO has very large

magnetostriction comparing to other magnetic materials, except rare-earth
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ferromagnetic.['?] Therefore, a combination of BFO and CFO phases having a VAN
system could generate a strong magnetoelectric coupling that eventually could generate

self-induced energy for MME devices.

Other applications: photovoltaic, photocatalyst, and photoelectrochemical devices

A recent report shows that the photovoltaic effect can be increased and controlled by the
ferroelectric and magnetic response.[!'4] In ferroelectric materials, electric polarization
enhances the photovoltaic effect and ferroelectric domains can separate the photon-
generated charge carriers.[!'*] Whereas, in magnetic materials, the magnetic order can
mitigate the flow of photocurrent because of the existence of spin-orbit interaction and
magnetic domain arrangement.!'!4] In the BFO system, the tenable J. and V,, confirm
the prominent factors of the polarization-induced electric field in the photovoltaic
system.l'13] As for CFO, this material is an n-type ferromagnetic-semiconductor
potential for magnetic field tuning of the photoelectrochemical properties. CFO has
high magnetostriction behavior, high-rate strain modulation with the magnetic field,
moderate saturation magnetization, the optical bandgap in the range of visible light
region, and the ability of magneto-tunable photocurrent.[116-121]

A combination of CFO with BFO phases as BFO-CFO VAN thin film can be
implemented for magnetophotovoltaic devices; tunable photovoltaic with the magnetic
field.['?2] The previous report shows that the magnetic field can modulate the
photovoltaic effects in multiferroic CFO/Pb(Zr,Ti)O3 nanocomposite thin-films; the Jg,
and V. decreases with increasing the magnetic field.['*2] However, to the best of our
knowledge, no recent study about the photovoltaic based on BFO-CFO VAN. The
photovoltaic effects in the combination of BFO and CFO phases as BFO-CFO VAN

will be interesting to study and, eventually, to be integrated as magnetophotovoltaic
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devices. As we can expect, the ferroelectric-driven enhancement of photovoltaic in the
BFO phase could be controlled by a magnetic field via magnetic coupling with the CFO
phase. In addition, the BFO-CFO VAN structure offer large coupling across the vertical
interface between BFO and CFO phases that could induce strong magnetic induce
tunable photovoltaic devices. BFO-CFO VAN layer can be inserted in various types of
the commercial solar cell devices, such as wafer and thin-film-based, or the other
existed perovskite-based and dye-sensitized-based solar cells. In this case, BFO-CFO
VAN layer can enhance the photovoltaic effect by electric polarization in BFO phase,
while the ability of magneto-tunable photocurrent in CFO could possible to tune the
photocurrent generated in the solar cell heterojunctions.

Both BFO and CFO phases are also great potential to be developed in
photocatalyst applications. Among various photocatalyst materials that have been
tested, BFO is a foremost multiferroic material having superior spontaneous
polarization and considered as one of the potential ferroelectrics material for
photovoltaics, photocatalyst, and photoelectrochemical (PEC) water splitting because of
its narrow bandgap and good chemical stability.[123] On the other hand, CFO has tunable
magnetic properties and high absorption capability.['?*! CFO also offers excellent
reusability considering the easy magnetically photocatalyst material separation.[!23]
Therefore, a combination of BFO and CFO phases is an ideal material for photocatalyst
applications. It has been reported that the core-shell magnetoelectric BFO-CFO
nanocomposite nanoparticles capable to initiate an electrochemical process under the
applied magnetic fields which enable to decrease of organic pollutants such as
rhodamine B (RhB) by up to 97% within 50 minutes.[!%]

Even though that the former results show in BFO-CFO nanoparticles,

nevertheless, BFO-CFO VAN thin-film should be appropriate for photocatalyst
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applications, such as for wastewater treatment plants. It is because the surface facet of
the thin-film is essential for molecular adsorption.['26-128] Thin-films is suitable to be
utilized on an industrial-scale photocatalyst device and it mitigate the handling of
photocatalytic materials in several sectors; a suitable design which adaptable in the
reactors, recovery, recyclability, etc.['2°l Moreover, the activity of the catalysts in the
thin-film forms is reported higher by an order of magnitude due to maximation of
specific surface area utilization compare to in the particulate form.['?”] With larger-sized
thin-film, the catalyst effect could be higher than that found in the particulate form in
the liquids because the particulate forms may suffer from the light absorption, and thus
caused light scattering rather than absorption.[!?7] Therefore, the photocatalysts' thin-
film is predicted leading to cost-effective hydrogen production due to the few amount of
material utilization and minimum equipment.?7]

Similar to the magnetic field-enhanced photocatalysis process, the induction of
magnetic field to the electrocatalysis process has been emerged as a promising and
novel strategy to improve the electrochemical reaction-driven catalytic process,
overcoming the bottle-neck stage of intrinsically modified electrocatalyst materials.[!30]
BFO has recently shown a promise for photoelectrochemical water splitting owing to
the large and stable spontaneous ferroelectric polarization, enabling the high charge
carrier separation via depolarization electric field. More notably, large open-circuit
potential upon the band-gap limit can be achieved. Therefore, BFO is receiving much
attention for next-generation electrodes.[!3-134] Although showing an excellent result,
improvement has to be done to maximize the electrocatalysis performance. For instance,
loading the highly active co-catalysts based on Pt, Pd, Au, Ag, Ir, and Ru.[135-137]
However, precious metals are prone to resource scarcity, limiting to cost-effective and

large-scale industrial realization. Instead, BFO can alternatively be combined with the
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CFO. In this regard, CFO has a comparable low overpotential to the RuO, and IrO,
electrocatalyst, which is required as a bifunctional catalyst to drift OER and ORR.!3%
139 More specifically, rtGO/CFO exhibited a small overpotential of 780 mV,[10]
CFO/CNTs hybrid has the onset potential of 480 mV at 10 mA c¢m 2 current density,[140]
and CFO/biocarbon nanocomposites reached an onset potential of 460 mV at 17.7 mA
cm=2.[141]

Neither BFO-CFO bulk composite nor BFO-CFO VAN has been explored for
electrocatalyst electrode. Nevertheless, having in mind that electrocatalytic properties of
the composite may be predicted taking advantage of the individual component. A large
spin polarization has been theoretically and experimentally verified in magnetic spinel
oxide CFO thin-film(!4? 1431 and therefore CFO becomes an electro-active catalyst,
especially for OER and ORR. Meanwhile, spontaneous electrical polarization, which
BFO possesses, is beneficial for the acceleration drift and separation of charge carriers,
although its small ferromagnetism could limit the HER process. As aforementioned, a
strong magnetoelectric coupling via strain interaction in the BFO-CFO induces strong
magnetic enhancement, spin polarization, and controllable ferromagnetism. In this
manner, BFO serves as an external spin polarization and charge carrier separator for
CFO, while CFO acts as the active catalyst for BFO. Thus, the coupling of BFO with
CFO may enhance the HER, OER, and ORR. Previous research showed how the
external magnetic field could further enhance the electrocatalytic performance of
catalyst materials for HER, OER, and ORR. Generally, when the applied magnetic field
act to the conventional three-electrode reactors, the indirect effect from Lorentz force
that perpendicular to the motion of mass and gas bubbles can modulate the rate of the
electrocatalytic process.['**] The applied high-frequency alternating magnetic field also

responsible for the localized heating of the catalyst so-called hyperthermia-promoted
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catalysis which increased the reaction rate in the HER.I'4] It was suggested that a
magnetic field, either external or internal, is favorable for the paramagnetic spin
alignment of the molecular oxygen during the reaction analogous to the chiral system in
OER. Inspired by these emerging results, BFO-CFO indeed needs special attention for
the exploitation of their promising properties as magnetic-electrode for electrocatalysis

devices.

Challenge, solutions, and prospects of BFO-CFO nanocomposite
In general, the BFO-CFO VAN is considered to have a complicated fabrication process
and thus it requires high installation costs and might hinder market growth, despite its
rise in demand and increasing interest for the aforementioned variety of device
applications.[* 1461 On the other hand, there is an urgent need for the adoption of some
electronic devices in many real-life applications, in which the BFO-CFO VAN might
contribute better along with the development of technologies especially nowadays. For
instance, in the near future, the [oT seems to be developed more widely and becomes
important for human life aligned with the industrial revolution 4.0 to create a smart
living as a trending lifestyle to live a better life through the envision of lower energy
consumption.'4”- 1481 To get along with the development of more sophisticated
technologies in the [oT era, it also requires smart materials to achieve it. Various
advanced materials technology has been developed including the fact that BFO-CFO
VAN could also be possibly be integrated into next-generation devices to support the
IoT. BFO-CFO VAN also covers many applications in biomedical sensors, energy, and
the environment as we mentioned in previous sections.

Utilizing BFO-CFO VAN for magnetic sensor devices may replace the Hall

sensors which are largely used nowadays due to ultra-low power consumption
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operation.[*¥] Since magnetoelectric materials can be developed for magnetic sensors
with sensitivity at Femto-tesla to pico-tesla at low frequency,[6>-¢7] the BFO-CFO VAN
also could possible for the artificial magnetic sensor in the biomedical application.
However, it has the challenge to largely improve the magnetoelectric coupling of BFO-
CFO VAN so that it can be utilized for magnetic sensor detection from nano-tesla up to
decades of milli-tesla ranges. To overcome this issue, the fabrication process which
keeps the high crystallinity of BFO-CFO VAN is necessary because the better
interfacial coupling between BFO and CFO phases could induce large magnetoelectric
coupling. Another sensor component such as the circuit configuration which can
amplify the magnetic sensing is important to be developed since the sensing ability is
depending on this configuration.[”?! Improving the magnetic sensor design could be one
of the good avenues to obtain efficient magnetic sensor-based BFO-CFO
nanocomposite.[70]

Furthermore, the magnetoelectric coupling of the BFO-CFO could generate
energy-efficient of memory devices, therefore it can replace conventional memory
devices that we currently have in the market; volatile memory, such as static and
dynamic RAM. The MERAM can realize the high-speed and high-capacity memory. It
is important to note that the non-volatile RAM such as MRAM was commercialized in
2019, by considering the BFO-CFO-based MERAM configuration is similar to MRAM
and MERAM fabrication is CMOS compatible process, thus, it brings promise to
integrate this technology with the current CMOS system in the near future.
Nevertheless, in device level perspective, the limitation of BFO-CFO VAN for memory
devices is that controlling the location of CFO pillars is necessary for magnetic
switching field distributions and bit information writing; once we overcome this

challenge, the BFO-CFO VAN not only can be used for MERAM, but also for BPM
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applications.[®”] Well-ordered CFO pillars can be achieved by fabrication methods
utilizing well-ordered pattern and lithography. In fact, this method is a common
fabrication process in the wafer fab. Thus, it is possible to fabricate BFO-CFO VAN for
mass production for memory devices using a well-ordered pattern and lithography
methods. Moreover, the magnetic anisotropy of the CFO pillar is also necessary to be
improved to obtain efficient magnetic switching. The magnetic anisotropy of CFO
could be modified by using strain control from the substrate and by doping.[°!-%3]

Dependency over mobile electronic devices increases rapidly along with the
strong need to develop smart devices using sensors, wearable, and battery-less devices
in the IoT era to sustain an aging society.[14°] The BFO-CFO VAN also has prospects to
be utilized for mobile electronic and energy harvesting devices. Nevertheless, it has a
challenge in searching for a proper substrate, in particular, a flexible substrate that
enables it to be used for growing high-quality BFO-CFO VAN. Flexible mica is the
only possible substrate so far, since it has good crystallinity, flat atomically surface,
chemically inert, and can withstand high temperature. The prospect for flexible BFO-
CFO VAN could be possible for MME to enable self-generated power using low-
frequency magnetic fields. According to European Commission, %! the global energy
harvesting market has been experiencing explosive growth since 2014 and has been
anticipated to keep increasing in the coming years.[!3% It implies that BFO-CFO VAN
may also have a huge potential to be a part of the explosive growth of energy harvesting
to power the implementation of the IoT era shortly. Power generation is responsible for
driving IoT devices, especially to enable the development of technologies with
economic and technological impacts in terms of autonomous power supply.l'31]

In addition to energy harvesting, materials from environmental sources, such as

photovoltaic materials, contribute 12% to the global energy harvesting technology in
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2014. The European Commission has predicted that it might keep increasing by 26% in
the forthcoming years from the technology development using solar energy that utilizes
photovoltaic materials in commercial applications, such as chargers for electronic
devices. There is also a prospect for BFO-CFO VAN to be used for photovoltaic-
powered sensors to facilitate the rapid spread and growth of IoT devices. Powering
sensor networks that utilize this material could also be essential to connect and
coordinate IoT devices, hence numerous sensors are required and thus BFO-CFO has a
huge potential for mass utilization if it could be produced in mass production. Large
area devices are very significant to achieve high efficiency and large electricity
generated by light. However, the main challenge of utilizing BFO-CFO VAN for
photovoltaic devices is in its limited scale for fabrication.

Technically, the photovoltaic effect can be improved by electric polarization
while ferroelectric domains in the BFO can separate the photon-generated charge
carriers.[!'4 On the other hand, the magnetic order of CFO can support the flow of
photocurrent because of domain arrangement and spin-orbit interaction.[!'*] Therefore,
BFO-CFO VAN could be used for magnetic induce photovoltaic in solar cells devices
having strong photovoltaic effects. This feature have not be seen in well-known and
commercialized solar cells devices nowadays such as Si-based, perovskite, and CIGS
solar cells devices.['52] Hence, the integration of BFO-CFO VAN layer in those of solar
cells could realize the next-generation solar cells devices. Moreover, abundant resources
of iron, cobalt, and bismuth should have a much lower price compared to silicon-based
and indium-based photovoltaic devices.[!%?] The utilization of BFO-CFO VAN layer
could decrease material usage and the layer thickness of the main solar cells layer such
as CIGS solar cells having high-priced In and Ga element, thus it can be a solution for

the lack of commercialization of CIGS-based solar cells because the price issue.[!52] The
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stable chemical compound of BFO-CFO VAN also makes it better than perovskite-
based solar cells devices.[!33] Therefore, it emphasizes how BFO-CFO VAN may have a
huge prospect toward the rapid spread and growth of 1oT applications utilizing self-
powered devices such as solar cells.

Another potential utilization of the BFO-CFO VAN is for magnetic field-
induced electrocatalyst devices. The challenge for this implementation is that it needs
special electrolyzer designs for convenient exploitation. Hence, selecting a proper
electrolyzer design which also suitable for mass fabrication is required to overcome the
challenge. In another case, the utilization of BFO-CFO VAN thin-films for magneto-
photocatalyst devices has potential on the industrial scale; simple and convenient
design, adaptability in the reactors, recyclability, recovery, etc.l'>’l The magneto-
photocatalyst effect in BFO-CFO VAN thin-film materials may be larger than that of
the particulate form in solutions. However, a large-scale area of the film is required and
it becomes a challenge to utilize this material for photocatalyst devices. To reach large-
scale fabrication of the BFO-CFO VAN, a sputtering method and non-vacuum thin film
fabrication method could be implemented. The latter offers a low cost for the large-
scale area of thin-film fabrication.[!3?) Regarding all the aforementioned discussion in
this section toward the utilization of the BFO-CFO VAN material, to the best of our
knowledge, the limitation of BFO-CFO VAN for mass production is mostly related to
the fabrication process. Looking at how prospective BFO-CFO VAN can contribute to
the future IoT era, the limitations of this material for several applications are also
discussed in this review paper.

The biggest market potential for BFO-CFO VAN is our human population since
more people incorporate technology into their daily lives, including the rapid interest in

IoT. This change increases including the demand for magnetic sensors and memory
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devices. Magnetic sensors are widely used in consumer electronics such as smartphones
and tablets, and the automotive industry such as accelerometers and position sensors. As
for smartphones, the number of users increases from the year 2016 to 2019 and forecast
until the year 2021.[154 When the number of smartphone users exponentially increases,
the demand for smartphones is also increasing since companies keep updating their
smartphone products. From this smartphone industry alone, we can predict that there
will be greater demand for BFO-CFO VAN material in the future. BFO CFO VAN also
has strong potential demand in the smartphone market since it is also using memory
devices. Memory devices are everywhere from smartphones, cameras, tablets,
computers, smartwatches, smart tv, and so on. According to Markets and Markets, a
market research and consulting company, the global market size of electronics devices
will reach USD 135.3 billion in 2025 from USD 78.3 billion in 2020.[133]

Moreover, as pollution gets higher and the global air quality gets worse, the
demand for clean energy is increasing. One of the main renewable sources of clean
energy is solar photovoltaic or photocatalyst devices. It is recorded an increasing
capacity more than twice during 2015-2018 for the global cumulative installed solar
photovoltaic to approximately 509,000 megawatts!!>%l with a total worth of USD 52.5
billion in 2018 and is projected to reach USD 223.3 billion in 2026s.1'37] Since the BFO-
CFO can be implemented for photovoltaic devices, it is more likely that the demand for
this material will be exponentially increasing following the demand for the solar
photovoltaic system to support the rapid growth of the IoT era. According to how the
market will keep growing toward the IoT era, it might be worthwhile to consider the
BFO-CFO VAN material in various types of sensors, memory, and photovoltaic devices

for any IoT applications in the near future. Thus, the global interest in technology,
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especially in IoT products, surely expands the potential market for the BFO-CFO
materials.[158 159]

Other than IoT applications, the BFO-CFO VAN shows some potential for
environmental and biomedical applications. More diverse diseases are linear to the
increase of global pollution. Perennial health problems such as cancer need to be
tackled and imaging analysis becomes the mandatory technique to evaluate this disease.
Here, we can exploit the BFO and CFO phases for biomedical imaging owing to their
excellent optical and magnetic properties, where non-invasive photon energy is
absorbed, and the magnetic field is applied to control the direction of the nanocomposite
to the targeted cancer cells. Moreover, BFO has shown less cytotoxicity, good
haemolytic response, and good biocompatibility; therefore, it may be a safe material for
various human tissues.!'®%] Furthermore, there is an urgent demand for antibacterial and
antiviral coatings to kill infected fomites in health care facilities. In the recent SARS-
CoV-2 pandemic, surfaces have become one of the mediums for widespread infection.
CFO has long been investigated for its antibacterial activity, particularly against
multidrug-resistant clinical pathogens (Gram-positive bacteria S. epidermidis ATCC
1228 and Gram-negative bacteria E. coli ATCC 8739).[161] The antibacterial mechanism
is attributed to the formation of reactive oxygen species and the crystal surface abrasive
texture upon UV-light irradiation. Since the BFO exhibits remarkable photocatalytic
activity, it is expected to show an equal photocatalytic antibacterial performance. A
recent study has demonstrated the capability of BFO to inhibit the growth of bacteria
such as E. coli, S. aureus, and E. faecalis.'"%21 BFO-CFO, in the form of nanocomposite
film, can be potentially utilized as nanocoating of various objects and substrates
(metals, polymers, ceramics, papers, and textiles/fibers) in health care facilities.

Therefore, a simple, low-cost, efficient, environmental-friendly, and biocompatible
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surface cleaning can be performed to replace the state-of-the-art surface disinfectant

process, which may result in multidrug-resistant bacteria.

Conclusions

Multiferroic BFO-CFO VAN thin-film has attracted great attention in the last
decade due to their predominance of multiple properties; magnetic, electric, and optic.
BFO and CFO phases are individually exhibited excellent physical and chemical
properties. Thus, in the combination of BFO and CFO in VAN thin-film forms having
large interface interactions, BFO-CFO is predicted can be utilized for next-generation
devices. Various modifications on this material through various fabrications have been
done. This is including architecture design to enhance the functionality of BFO-CFO
VAN, as well as various vacuum- and non-vacuum-based deposition methods used to
fabricate BFO-CFO VAN. Low-cost fabrications technique and the methods that enable
the synthesis of a large-scale area of the materials are the main challenges for the
realization and commercialization of BFO-CFO VAN-based devices. We may mention
that the sputtering method is appropriate among other fabrication techniques that can be
used for the realization of BFO-CFO VAN-based devices for commercialization
because sputtering was widely used for semiconductor devices so far. In any case, a
proper choice of the substrates, especially flexible substrate, is also important to
generate the functionality of BFO-CFO VAN for any device.

From the exponential explorations, this material possible to be integrated for
many applications, including contribution in many devices for the coming years, since
the potential market for the BFO-CFO VAN thin-films is wide. Strong magnetoelectric
properties of BFO-CFO VAN enabled to sense of femto-tesla to pico-tesla of the

magnetic field at low frequency; therefore, they can be used for next-generation
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magnetic sensors. The strong magnetoelectric properties of BFO-CFO VAN also can be
utilized to create memory and energy harvesting devices that could be integrated into
IoT applications. Whereas, as the BFO and CFO phases possess distinctive
optoelectronic and optochemical properties, therefore they can be integrated with
photovoltaic and photo-electrocatalyst devices. Here, we summarize recent fabrications

and possible applications of BFO-CFO VAN in Table 1.
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Table 1. Recent fabrications and possible applications of BFO-CFO nanocomposite

thin-film
Fabrications Substrate and Architecture Magnetic or Electric or
Methods Design Magnetoelectric Coefficient
PLD STO-(100) (1-3 system)[®! ape = 60 mV/em.Oel®]
PLD STO-(110) (1-3 system)[?3] onve = 15 mV/em.Oel?3]
PLD STO-(111) (1-3 system)[?3] ave = 8 mV/em.Oel?3]
PLD Mica-(100) (1-3 system)®] ome = 74 mV/em.Oe, d3; = 76.5
pm/V, M = ~220 emu/cm3[*]
PLD STO-(100) (Quasi 0-3 ame = 338 mV/cm.Oel??]
system)[22] (microscopic magnetoelectric
measurement)
PLD STO-(100) (well-ordered oz = 18000 mV/cm.Oel20]
nanodot array)2‘! (microscopic magnetoelectric
measurement)
PLD NSTO-(100) (well-ordered 1-3 M; = 85 emu/cm?, Hy jpe = 7
system)33 kOel33]
PLD LAO-(100) (1-3 system)[!°] M; = ~200 emu/cm?, H, = 2.5
kOel!”]
PLD LAO (110) (1-3 system)4!] M; = 70 emu/cm3, M, = 20
emu/cm?, H, = 600 Oel*!]
PLD DSO (110) (1-3 system)2!] -
PLD NGO (110) (1-3 system)!2!] -
PLD MAO (100) (1-3 system)[?7- 38 M, =430 emu/cm?, Hy,s = 35
kOel38!
PLD MgO (100) (1-3 system)[?”] -
PLD Si (100) (1-3 system)!37] M, =~70 emu/cm3, H. =12 — 13
kOel37]
PED NSTO-(100) (well-ordered 1-3 d33=5-10 pm/VI8l
system)!!8
Sputtering STO-(100) (1-3 system)43] Hpe = 20.3 kOe, M, =~70
emu/cm343]
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RF Si (001) (1-3 system)#4] Hpe = 23.0 kOe, Mg =~70
Magnetron emu/cm?’, M; = ~45 emu/cm?3, H,
sputtering = ~4000 Oel44]

Sol-gel and ITO glass (textured thin- M, = 196 emu/cm?, H, = 1.21
spin-coating film)[43] kOe, P, =10 nC/cm?*3]
Applications Advantage Disadvantage

Magnetic - The magnetoelectric based - Compilated fabrication process
Sensor magnetic sensors are possible compared to the bilayer
to replace the Hall sensors magnetoelectric thin-film
which largely used nowadays
due to ultra-low power
consumption operation
- BFO-CFO could suitable for
DC magnetic-field
measurement from nano- to
mili-tesla. Therefore, BFO-
CFO possible to sense the
biomagnetic signal
Memory - Magnetoelectric coupling in - Magnetic anisotropy is smaller
Devices BFO-CFO could generate than metal alloy such as CoFeB
energy-efficient of memory that recently used for
devices nonvolatile memory
- Could be used as BPM
application with high density
due to scalable size of isolated
nanomagnetic CFO
Energy - Strong magnetoelectric - Complicated fabrication
harvesting coupling in flexible BFO-CFO | considering crystallinity of BFO-
devices VAN could induce an CFO VAN

electrical charge when stressed
even by a negligibly low
magnetic field, therefore only

need low-frequency magnetic

- Difficulties of BFO-CFO VAN
having VAN structure grown on

large scale flexible substrate.
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fields to generate power thus
can be employed as wireless
power transfer for operating

IoT devices

Photovoltaic | - Electric polarization can - BFO-CFO VAN has a smaller
devices enhance the photovoltaic light absorption ability
effect, while ferroelectric compared to the well-known
domains can separate the photovoltaic thin-film system
photon-generated charge such as CIGS or silicon tandem
carriers solar cell.
- Appropriate candidate to - BFO-CFO VAN thin-film is
obtain hybrid materials having difficult to fabricate in a large-
ability tunable photovoltaic scale area
with the magnetic field
Magneto- -Magnetoelectric BFO-CFO - BFO-CFO VAN thin-film is
photocatalyst | nanocomposite capable of difficult to fabricate in a large-
devices initiating an electrochemical scale area

process under the application

of alternating magnetic fields

-The design of photocatalytic
thin-films would be ideal
industrial scale

- The catalysts activity of thin-
film is obtained outperformed
the particulate

- Photocatalysts thin-film lead to
cost-effective hydrogen
production

Magnetic - Combination of high spin - Need special electrolyzer

field-induced
electrocatalyst

device

polarization of CFO and strong
spontaneous electrical

polarization of BFO can

designs for the convenient

exploitation
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improve the electrocatalysis

hydrogen and oxygen reaction

iy

5 Particles.
*e‘ ‘“\“ ﬂ\m cles m 2
o\‘-.\\'a 9, o

Figure 1. The combination of multiferroic BFO and ferromagnetic CFO obtained in various

forms yields an extension property and excellent magnetoelectric coupling.
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(b)

(c)

CFO »o  Repeated ppp oe
[ @ LI

Figure 2. (a) The schematic of the self-assembled BFO-CFO VAN. (b) The illustration of
Winterbottom construction resulting from the different on surface energy of BFO and CFO

phases.?! (¢) Fabrication of BFO-CFO VAN by PLD method using multiple targets.[
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(2)  Lithography Patterned Well ordered

Substrate BFO-CFO VAN
Patterned mask
Substrate Substrate Substrate
Patterning Etching BFO-CFO growth

Quasi 0-3 BFO-CFO
{b) nanocomposite
BFO

BFO-CFO VAN BFO-CFO VAN

BFO

BFO BFO

Substrate Substrate Substrate
First BFO layer Self-assembled Second BFO layer
growth BFO-CFO VAN layer growth

well-ordered BFO-CFO
nanodot arrays

{c)

Patterned mask

SROlelectrode SROelectrode _ SROlelettrode
Substrate Substrate Substrate
SRO bottom layer Patterning BFO-CFO-SRO
growth growth

Figure 3. Recent fabrication developments of BFO-CFO VAN by PLD technique. (a)
patterning method in order to obtain well-ordered nanopillars.['®! (b) Fabrication of quasi-CFO

nanopillars embedded in BFO matrix.[??! (¢c) Fabrication of well-ordered BFO-CFO nanodot.!?’!

Stripe shape of BFO pillar Stripe shape of CFO pillar

Triangular shape of BFO pillar Triangular shape of CFO pillar

Figure 4. Utilizations of substrate reflect the design of BFO-CFO VAN. Both BFO and CFO

could be formed with a specific pattern.
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Electrode
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Figure 7. (a) BFO-CFO VAN as the magnetoelectric layer in MTJ device structure.[® (b)
Schematic of bit pattern media utilizing BFO-CFO VAN.

(b) BFO Pilla

SROElectrade
CFO Buried layer
MICASUbstrate

Electricity

A Electric
Vibration -Coupling Piezo-effect Charging

Figure 8. (a) The photograph and (b) the schematic of flexible BFO-CFO/mica, respectively.[’]
(¢) The schematic scenario of the utilization of flexible BFO-CFO/mica as energy harvesting

devices.[°]
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