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Abstract

This review describes recent progress in the growth and properties of self-assembled multiferroic
perovskite-spinel nanocomposite thin films, in particular, BiFeO;-CoFe,O,, and their integration on
silicon or pre-patterned substrates. Vertically aligned nanocomposite thin films, in which ferromagnetic
spinel CoFe,0, nanopillars grow in a ferroelectric perovskite BiFeO; matrix, have been investigated for
applications such as next generation memory devices. The strain transfer between the two oxide phases at
the vertical interface enables cross-coupling of the properties, i.e. a magnetic (electric) field can modify
the polarization (magnetization) state, making the nanocomposite a two-phase magnetoelectric
multiferroic. The ability to grow high quality thin film nanocomposites and the control of their properties
through epitaxial strain transfer are prerequisites for their incorporation into practical devices. Most work
has been carried out on perovskite substrates using pulsed laser deposition, and integration on
semiconductor-compatible substrates using scalable deposition processes presents a challenge. This
review focuses on the epitaxial integration of BiFeOs;-CoFe,O, nanocomposite thin films using sputter
deposition on silicon substrates, and discusses recent work on the formation of highly ordered
nanocomposites using various template patterning methods. This robust, scalable route for large-area
fabrication of multifunctional oxide nanocomposites using sputtering brings the exciting prospects offered

by these materials closer towards technological realization.

1. Introduction


mailto:dhkim@mju.ac.kr

Journal of Materials Chemistry C

The exponentially growing amount of data in cloud storage and big data platforms has generated
a new need for more advanced technology in memory and information storage. The limitations in
scalability of NAND flash memories and DRAMs (dynamic random access memories) has motivated a
search for new memories operating on qualitatively different principles. [1-5] Memory technology has
been based on charge storage in semiconductor devices, polarization in dielectrics or ferroelectrics, or
magnetization direction in ferromagnets. In the latter two examples, ferroelectric random access memory
(FeRAM) and magnetic random access memory (MRAM), the direction of electric or magnetic dipoles
inside the material can be changed with an external electric field or a magnetic field respectively to
encode a data bit. FeRAM and MRAM are nonvolatile memories that can maintain information even if
power is not supplied to the memory element because the direction of the dipole is not changed unless an
external electric field or a magnetic field is applied after information is written. [6-9] FeERAM has the
advantages of being able to record information at high speed with low power but it has the disadvantage
of integration challenges, a slow reading speed, and limited endurance. While MRAM is highly integrated,
its power consumption can be high. Devices based on multiferroic materials have been proposed as a
next-generation memory, inspiring the search for multiferroic materials with coexisting ferromagnetic and
ferroelectric order. [10-12] In magnetoelectric multiferroics, an applied magnetic field can change the
electric polarization and an electric field can change the magnetization. A variety of electrical and
magnetic states can potentially be formed in a single storage location to create a multi-bit memory device.

Vertically aligned epitaxial oxide nanostructures formed by the growth of two immiscible oxide
phases are attractive candidates for two-phase multiferroics. [13-15] The most widely studied examples
are perovskite-spinel magnetoelectric nanocomposites such as BiFeO;-CoFe,O, (BFO-CFO), which
typically consist of nanoscale pillars of the ferrimagnetic CFO phase inside a matrix of the ferroelectric
BFO phase grown on a (001) oriented cubic single crystal perovskite substrate. These nanocomposites
can exhibit perpendicular magnetic anisotropy if the CFO is under compression along the vertical
direction or if the pillar aspect ratio is sufficiently high.

Self-assembled perovskite-spinel nanostructures have been investigated in detail following
reports that the magnetic state could be electrically controlled. [15-17] The nanocomposites have a large
interfacial area between the CFO (magnetostriction constant, Ajg, cro = (-250 to -590) x 107¢) [18] and
BFO (piezoelectric coefficient, ds; gro ~ 60 pm V1) [19] which leads to coupling between the magnetic
and ferroelectric order parameters via strain transfer. The epitaxial interface between the magnetostrictive
and piezoelectric materials along the vertical (out-of-plane) direction provides a means to control the
elastic strain in the two components, thus allowing tuning of the stress-induced magnetic anisotropy and

ferroelectric properties. [20-24]
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In order to take advantage of both ferroelectricity and magnetism of nanocomposites for memory
devices, ordering of the CFO nanopillars at specific locations on the substrate is desirable. Recent
advances in patterning or templating methods using anodic aluminum oxide (AAO), focused ion beam
(FIB), electron beam (e-beam), and triblock terpolymer templates have made it possible to obtain highly
ordered nanocomposites by controlling the nucleation of the CFO nanopillars. [25-28] Furthermore,
efforts to integrate self-assembled epitaxial oxides on silicon (Si) substrates are underway using
deposition processes that are compatible with large-scale manufacturing.

In this review article, section 2 gives a brief overview of multiferroics, especially self-assembled
epitaxial multiferroic nanocomposite thin films and the contribution of strain to magnetic anisotropy. In
section 3, we introduce recent progress in nanocomposites grown using pulsed laser deposition (PLD)
including the growth mechanism and magnetic property modulation. We focus section 4 on
nanocomposite growth using sputtering and its integration on Si substrates and on ordered templates for

low cost and large area applications.

2. Multiferroic thin films

2.1. Two-phase multiferroic nanocomposite thin films

The limitations of single-phase multiferroics, i.e. the lack of materials exhibiting both room
temperature ferroelectricity and ferromagnetism, may be overcome by using two-phase multiferroics,
artificially synthetized composites comprising a ferromagnetic, ferrimagnetic or antiferromagnetic phase
and a ferroelectric phase which are coupled by strain. Application of an electric field leads to a
piezoelectric strain in the ferroelectric phase which is transmitted to the magnetic phase, leading to a
magnetoelastic contribution to the anisotropy and a change in magnetization; on the other hand a
magnetic field causes a magnetoelastic strain which couples to the ferroelectric phase leading to a change
in polarization. The implementation of devices using these composite materials is facilitated by their high
ME coefficient (o, units: V/em-Oe) which characterizes the effect of an applied magnetic field on electric
polarization or electric field on magnetization. Characterization of ag is often performed by measuring
piezoelectric response at small applied magnetic fields, but changes in magnetic coercivity or anisotropy
field can also be performed. The different methods and definitions used to obtain ME coefficients
presents a challenge in comparing the performance and utility of magnetoelectric materials of different
compositions, geometries and processing routes.

Research on multiferroic composites originated in powder and bulk samples, but considerable

attention has recently been focused on thin film composites. Advances in thin film growth techniques
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have enabled the fabrication of a variety of two-phase nanostructures by controlling the composition,
microstructure, interface state, and strain of the material, and the resulting magnetic, ferroelectric, and
ME properties. Nanocomposite thin films can be categorized into three different types based on the
geometry of the phases: 0-3 type (nanoparticles within a continuous matrix), 2-2 type (bilayer or
multilayer thin films), and 1-3 type (aligned nanorods or nanopillars within a continuous matrix).

In the 0-3 type multiferroic nanocomposite, magnetic nanoparticles such as CFO, NiFe,0, (NFO),
or LaycCagsMnO; are dispersed within a ferroelectric matrix such as PbZrTiO; (PZT), BTO, or
BiggNd4TiO3. Zhai et al. reported a large ME coefficient of 80 mV/cm-Oe in a 0.32NFO-
0.68PbZr( 57 Ti 4303 composite ceramic fabricated by conventional oxide sintering. [29] Wan et al.
investigated polycrystalline CFO-PbZrys,Tig430; (PZT) nanocomposite films fabricated by a sol-gel
method in which CFO nanoparticles were embedded in the PZT matrix, and obtained an ME coefficient
of 220-317 mV/cm-Oe. [30] A nanocomposite thin film in which NFO nanoparticles were embedded in a
PZT matrix was prepared on Nb-doped SrTiO; (Nb:STO) substrates using PLD, exhibiting maximum
transverse and longitudinal ME coefficients of 4 and 16 mV/cm-Oe respectively. [31] The smaller
coefficients in the nanocomposite thin film compared with the bulk particulate composites are attributed
to substrate clamping effects. Zhong et al. found ferroelectric and ferromagnetic behaviors and an ME
coefficient of ~34.5 mV/cm-Oe in Biz 5sNdgg5Ti30,,-CFO polycrystalline films. [32] McDannald et al.
fabricated 0-3 type nanocomposite films using spin coating in which CFO nanoparticles of 5-8 nm
diameter were dispersed in a PZT matrix. The nanocomposites exhibited high transverse and longitudinal
ME coefficients of 549 and 338 mV/cm-Oe, respectively. [33] These 0-3 type nanocomposite films are
straightforward to synthesize but it is hard to polarize the ferroelectric phase even in a large electric field
due to a significant leakage current. Li ef al. fabricated a CFO/BFO nanocomposite heterostructure by
alternately growing 2-2 and 1-3 type composite layers. The heteroepitaxial films not only overcame the
clamping effect from the substrate, but also suppressed the leakage current through the ferromagnetic
phase. [34]

The 2-2 type multiferroic nanocomposite thin films are formed by stacking two or more layers of
ferromagnetic and ferroelectric materials. They typically have lower leakage current than 0-3 type
nanocomposites, but clamping from the substrate limits the strain that can be developed in-plane. [20]
However, 2-2 type nanocomposite thin films have been investigated widely. They can be made by growth
of an epitaxial ferroelectric (ferromagnetic) thin film on a ferromagnetic (ferroelectric) single crystal
substrate, e.g. a ferroelectric PZT film on a single crystal LSMO, [35] or an epitaxial magnetic
LaCa(Sr)MnO; film on a ferroelectric single crystal BTO or Pb(Mg,Nb)O;-PbTiO;. [36-37] Wang et al.
grew a BTO thin film directly on a CFO ceramic, obtaining an ME coefficient of about 38 mV/cm-Oe,
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which is one order of magnitude lower than that for the epitaxial analog. [38] PZT/NiysZng,Fe,O4 (NZFO)
bilayers, PZT/NZFO/PZT trilayers, Fe;O4 films on BTO substrates, and PZT/Lay;Sro3:MnO; (LSMO)
bilayer nanocomposites exhibit coexisting ferroelectric and ferromagnetic properties. [39-41] Ortega et al.
[42] investigated ME coupling of PLD grown CFO/PZT multilayers from the change in ferroelectric
hysteresis loop due to a magnetic field. Zhang et al. reported a 2-2 heterostructure of CFO/BTO thin films
grown on a (001) STO substrate with an ME coefficient of ~66 mV/cm-Oe. [43] He et al. inserted buffer
and bottom electrode layers of LaNiO; (LNO) film in a PZT/CFO bilayer film to relax the clamping
effect from the substrate and thereby enhance the ME response. [44] By choosing a Ni foil substrate a
much larger ME coefficient of 772 mV/cm-Oe was obtained due to lower substrate clamping. [45] Mundy
et al. reported ferroelectricity and magnetic ordering near room temperature within (LuFeOs),/(LuFe,O4),
superlattices. [46] Overall, although 2-2 nancomposites are convenient to fabricate, their ME values are
limited by substrate clamping.

The 1-3 type nanocomposite thin films are exemplified by a vertically aligned nanostructure
(VAN) in which ferromagnetic nanopillars grow epitaxially with an immiscible ferroelectric matrix, or
ferroelectric pillars in a ferromagnetic matrix. The substrate clamping effect is less than that of the 2-2
type and the 1-3 type is therefore expected to show a larger ME coefficient. Ramesh et al. described a 1-3
type BTO-CFO nanocomposite [15] in which CFO nanopillars were embedded in a BTO matrix. The film
showed both ferroelectric polarization and a uniaxial magnetic anisotropy with out-of-plane easy axis, and
a magnetization change was observed around the phase transition temperature of BTO unlike in the
CFO/BTO multilayer, indicating a significant ME coupling in the nanocomposite. Since this pioneering
work, there have been several other studies on the growth mechanism, magnetic, ferroelectric, and ME
properties of BTO-CFO nanocomposite thin films. [47-50]

The BFO-CFO VAN has attracted the most study due to its larger ME coupling. Ramesh et al.
investigated the electric field control of magnetization using magnetic force microscopy in electrically-
poled films. [24, 51] The static perpendicular ME susceptibility, oz;; = AM/AE, where AM is the
electrically-induced magnetization change and AE is the poling field was 0.01 cm-Oe/V. Wang et al. grew
BFO-CFO nanocomposite films on piezoelectric Pb(Mg;,3Nbys3)07Tip30; (PMN-PT) (001) substrates and
showed a dramatic decrease of the out-of-plane remanent magnetization depending on the applied electric
field. [23] Yan et al. observed the direct ME coupling effect in a BFO-CFO nanocomposite on conductive
SrRuO; (SRO)-buffered STO (001) substrates using a magnetic cantilever method and the maximum ME
coefficient was 18 mV/cm-Oe. [52] Oh et al. revealed that the transverse ME coefficient was five times
larger than the longitudinal ME coefficient in a 300 nm thick BFO-CFO nanocomposite film due to

preferred magnetic domain alignment along the [001] direction coming from compressive strain. [53]
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Besides the BFO-CFO and BTO-CFO systems, many other 1-3 type nanocomposite thin films consisting
of spinel and perovskite phases have been developed, including PZT-CFO or PbTiOs-CFO, [54-57] BFO-
MgFe,04 (MFO), [58] BFO-NFO, [59] and Sr(Ti;<Fe,)O;-CFO. [60]

2.2. Strain mediated ME effects

ME coupling in two-phase multiferroics originates from strain transfer between the two phases.
This is illustrated for 1-3 nanocomposites in Figure 1, where the polarization (magnetization) is changed
by a magnetic (electric) field. The ME effect in composite materials is a product tensor property, a result
of the product of the magnetostrictive or magnetoelastic effect (coupling between magnetization and
lattice strain) in one phase and the piezoelectric effect (coupling between polarization and lattice strain) in
the other phase. [61] The ME coupling is characterized by measuring the direct or converse ME
coefficient. [62] The direct ME effect detects an electrical signal resulting from a magnetic field. Strain
generated in the magnetostrictive phase under a magnetic field induces surface charges in the
piezoelectric phase. A static magnetic field superimposed with a small ac magnetic field (AH,.) is applied
to the nanocomposite and the surface charge or voltage signal is recorded. The direct ME voltage
coefficient is given by o = AE /AH,.. Another way to estimate ME coupling strength is using the
magnetocapacitance effect which is a combination of magnetoresistive and interfacial capacitive effects.
The magnetocapacitance of vertically aligned BFO-CFO nanocomposite thin film was about 0.9
puC/ecm-Oe. [25]

The converse ME effect enables the modulation of magnetization by electric field. Strain in the
piezoelectric phase under an electric field induces a magnetization change in the ferromagnetic phase.
This is particularly useful for designing nonvolatile memories. To measure the converse ME effect, an
electric field is applied to the ME nanocomposites and the change of magnetization is detected. This can
be accomplished using vibrating sample magnetometry, ferromagnetic resonance, superconducting
quantum interference device magnetometry, the magneto-optic Kerr effect, and x-ray absorption near
edge spectroscopy.

The vertically aligned nanocomposites, in which magnetic CFO pillars grew coherently with a
ferroelectric BFO matrix, are excellent systems for taking advantages of strain engineering while reducing
substrate clamping. CFO has a large magnetostriction which can dominate the magnetic anisotropy, and
BTO or BFO exhibit a strong piezoelectric response, making these preferred materials for ME
nanocomposites. In VANs of BFO-CFO or BTO-CFO grown on (001) STO substrates, the effect of

lattice strain due to the vertical interfaces is evident from the magnetic anisotropy of the CFO. The lattice
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mismatch between the two phases leads to a strong magnetic anisotropy with out-of-plane easy axis. The

. . . . 34001Y €001 . .
magnetoelastic anisotropy field is estimated by Hpe = —;— , where Ag, is the magnetostriction

coefficient (-250 to -590) x 107°), [18] Y is Young’s modulus (141.6 GPa) [63], &y, is the vertical
compressive strain and M; is the saturation magnetization of CFO of 400 emu cm™. [64]. This dominates
the shape anisotropy field Hy, given by 4n- (N, - N,)-M;, where N, and N, are demagnetizing factors along
in-plane and out-of-plane directions. Magnetocrystalline anisotropy does not contribute to the difference
between in-plane [100] or [010] and out-of-plane [001] response of the pillars. The magnetic anisotropy
field from experiments is well matched to the expected magnetoelastic anisotropy [17, 64-67] which
supports the primary role of magnetoelastic anisotropy. This was confirmed by the measurement of
anisotropy in thinner films, where the substrate clamping determines the strain. [67] Scanning probe
microscopy was used to show that the magnetization of about half of the CFO pillars could be reversed by
locally applying a voltage after saturating the magnetization of the pillars in one direction. This was
attributed to a strain induced rotation of the magnetic anisotropy of the pillars upon application of an

electric field to the surrounding ferroelectric matrix. [24, 51]

2.3. Multiferroic nanocomposites for new memories

The discovery and development of multiferroic materials enables new types of memory devices.
Multiferroic materials may allow the realization of four-state logic in a single device whereas FeRAM
and MRAM use only the ferroelectric polarization and magnetization, respectively. [10-11, 68-69]
Moreover, the electrical control of magnetization or magnetic control of polarization via ME coupling
offers a new opportunity to combine the advantages of FERAM and MRAM in the form of non-volatile
magnetic storage.

Several ME device concepts have been introduced. Bibes and Barthélémy proposed a
magnetoelectric random access memory (MERAM) relying on magnetoelectric and interfacial exchange
coupling between a single phase multiferroic material such as BFO and a ferromagnet. The magnetization
of the ferromagnetic layer can be switched by applying a voltage rather than a large current or magnetic
field. [70] Mankalale et al. suggested a spintronic logic device denoted as COMET (Composite-input
Magnetoelectric-based Logic Technology) based on magnetoelectric coupling and current-driven domain
wall propagation. The composite input structure included a ferromagnet with an in-plane magnetic
anisotropy on a ferromagent with a perpendicular magnetic anisotropy. [71] Manipatruni et al. reported a

magnetoelectric spin-orbit (MESO) device that includes a magnetoelectric switching capacitor and
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topological material. The scalable transduction mechanism consists of ferroelectric/magnetoelectric
switching and topological conversion of spin to charge. [72]

Wolf et al. introduced a ME memory called reconfigurable array of magnetic automata (RAMA)
based on magnetic quantum cellular automata (MQCA) arrays made of 1-3 type ME nanocomposite thin
films. [73] Magnetic spinel pillars in a ferroelectric perovskite matrix are configured in a cross bar array
structure consisting of orthogonal metal wires, and the pillar positions and the wires are defined by
nanoscale lithography or polymeric self-assembly methods. The nanopillars are magnetized out of plane,
and the magnetization is reoriented in-plane by application of a local electric field. [51] Each bit is
represented by four pillars in a square, coupled magnetostatically to have alternating magnetization
directions, and magnetostatic interactions between bits enable data to be propagated and logic operations
conducted analogously to quantum cellular automata logic based on charged arrays of semiconductor
quantum dots. MQCA logic has been demonstrated in patterned magnetic systems [74], but realization of
practical devices is hampered by the inability to control the direction of propagation of data, and

switching field distributions which disrupt the magnetostatic coupling. [75]

3. Self-assembled growth and physical properties tuning of perovskite-spinel
nanocomposites grown by PLD

3.1. PLD-grown spinel and perovskite films

PLD is a versatile film deposition technique for the growth of complex oxide films including
epitaxial films, heterostructures and superlattices, and VANs. A high-power pulsed laser beam is focused
onto a target that is usually rotated, or rastered, in order to avoid local erosion by repeated ablation. The
ejected species expand into the surrounding vacuum or gas ambient in the form of a plume containing
energetic species including atoms, molecules, electrons, ions, clusters, and particulates, which impinge on
the substrate. [76-77]

PLD has been used extensively for making perovskite and spinel oxides, both as single phase
films and as components of magnetoelectric VANS. In the case of BFO, epitaxial films grown by PLD at
670 °C substrate temperature in 100-200 mTorr of oxygen pressure [19, 78-79] exhibited larger
polarization than that of bulk BFO, attributed to the epitaxial strain and low leakage in the films. The
measured value of ~90 uC/cm? along the [111] direction of the pseudo-cubic perovskite unit cell is
consistent with the theoretical value of 90—100 uC/cm? calculated by density functional theory. [80] There
has been considerable research on enhancing the remnant polarization of epitaxial BFO thin films and

controlling crystal structure and domain state. Bulk BFO exhibits a rhombohedral unit cell with
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polarization along <111>, but the structure and its associated ferroelectric properties can be varied when
BFO is grown epitaxially on different perovskite substrates. STO substrates typically yield rhombohedral
BFO with a small monoclinic distortion (R-like BFO) which polarizes along <111>. [81-87] On the other
hand, LaAlO; (LAO) substrates yield an epitaxially stabilized tetragonal BFO denoted as T-like BFO
which has c/a = 1.25-1.3. T-like BFO is polarized along [001] and exhibits a simpler switching process
with higher remnant polarization. [81-85, 88-91]

For CFO, Dorsey et al. and Lisfi et al. reported a reorientation of the magnetic anisotropy of
PLD-grown CFO on (001) MgO substrates by varying the growth temperature (200-800 °C) and film
thickness (60-400 nm). [92-93] Hu et al. demonstrated that magnetic behavior in epitaxial CFO films
grown at 400 °C in 7mTorr O, is governed by lattice strain. [94] There have been several reports on
substrate effects on film properties, such as the change in magnetic anisotropy due to strain state for films
grown on MgO and STO substrates which impose in-plane tensile strain and compressive strain,

respectively. [95-100]

3.2. Growth mechanism of self-assembled perovskite-spinel nanocomposites

Since the first report on the successful preparation of self-assembled nanocomposites via PLD in
2004, [15] considerable efforts have been made to gain a better understanding of the growth mechanism
in order to further engineer the microstructure and properties. The self-assembled nanocomposites are
commonly grown in a bottom-up process by PLD deposition in which the two phases nucleate separately
on the substrate. As they grow, arriving flux diffuses on the surface and adds to each phase leading to a

columnar two-phase structure.

The structural development is influenced by thermodynamic conditions such as the surface,
interface and elastic strain energies of the two immiscible phases on a certain substrate. Considering the
growth of a crystalline material on a substrate, the surface energies of the substrate, crystalline phase and
the interface energy between them are v, y. and y;. The formation of a film on the substrate leads to a
surface energy change of Ay= y.+yi—y,. If Ay<0, the crystalline phase is expected to fully wet the substrate
and thus grow in the layer-by-layer mode, while if Ay>0, a lack of wetting of the crystalline phase on the
substrate will promote the formation and growth of islands. [13-14, 16] The energy depends on the
orientation of the surface and interface, therefore the epitaxial orientation plays an important role in

determining the phase distribution and the morphology of the nanocomposites. Generally, the {001}
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planes in the perovskite (BFO, BTO, etc.) and the {111} planes in the spinel (CFO, NFO, etc.) are the

ones with lowest specific surface energy. [101-107]

Consider for example the well-studied BFO-CFO nanocomposites with a volume fraction of 1:1
reported by Zheng et al. [101] When epitaxially grown on an (001)-oriented STO substrate (700 °C, 100
mTorr oxygen), the (001)-oriented BFO phase can completely wet the substrate, but the (001)-oriented
CFO does not wet the STO as a result of the higher surface energy and large lattice mismatch. This
promotes the CFO phase to form nanopillars with a rectangular shape embedded in the coherent BFO
matrix. TEM characterization suggests that the width of CFO pillars initially increases at the early stage
of growth, and then remains unchanged if the growth conditions are stable, forming pillars with facetted
tops which protrude above the BFO matrix. The CFO pillars exhibit characteristic {111}-type facets at
the substrate interface and at the top surface, terminated by (001) (Figure 2 (a)). When grown on (111)-
oriented STO (650 °C, 100 mTorr oxygen) the matrix and pillar phases are reversed. The {111} planes of
CFO are parallel to the substrate surface, which promotes wetting of the substrate by the CFO. BFO
pillars are embedded in the CFO matrix with a pyramidal shape with characteristic {001} facets at both
substrate interface and surface (Figure 2 (b)). When grown on a (110)-oriented STO substrate (700 °C,
100 mTorr oxygen), a maze pattern of BFO and CFO is obtained. Cross section TEM further reveals that

both BFO and CFO phases exhibit a columnar shape, suggesting similar initial wetting conditions (Figure

2 (0)).

During the growth of nanocomposites, the area of the vertical interfaces increases and the
interface energy and strain become increasingly important. Comparing BFO-CFO with BTO-CFO
nanocomposites (750-950 °C, 100 mTorr oxygen), the CFO pillars exhibit a highly faceted shape
(rectangular or pyramidal) in BFO-CFO, but are cylindrical with a smaller diameter in BTO-CFO, as
shown in Figure 2 (d). [102] This has been attributed to the difference in the lattice mismatch.
Specifically, the BFO (c=3.965 A) has a larger lattice mismatch with CFO (c/2=4.20 A) than with BTO
(c=4.05 A). Therefore, a highly faceted morphology is preferred for CFO in the BFO matrix in order to
minimize the elastic strain energy caused by the large lattice mismatch, while the cylindrical morphology
of CFO in the BTO matrix minimizes surface energy per unit volume. [16] When the volume fractions of
the two phases are dissimilar, the majority phase can form the matrix irrespective of the epitaxial
orientation. However, the orientation significantly affects the morphology of the pillars. Wang et al.
observed that the CFO phase exhibits rectangular pillars in (001)-oriented BFO-rich nanocomposites
(700 °C, 150 mTorr oxygen), similar to that in composites with a BFO-CFO ratio of 1:1 (Figure 3 (a)).
[103] In (111)-oriented BFO-rich nanocomposites, the CFO forms triangular prisms embedded in the

10
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BFO matrix, while in (110)-oriented BFO-rich nanocomposites grown at the same conditions, the CFO
phase forms fin-like structures with the long axis along the in-plane []10] direction, as shown in Figure 3

(b) and (c¢).

The results discussed above correspond to nanocomposites grown on STO (a = 3.905 A), in
which both perovskite and spinel have the same crystallographic orientation with the substrate. Liao et al.
observed that the orientations of BFO and CFO can be different by growing the nanocomposites on
various substrates (700 °C, 200 mTorr oxygen). [104] They compared two other perovskite substrates, i.e.
(001),c-oriented DyScO; (DSO, with a pseudocubic (pc) lattice constant of 3.94 A) and NdGaO; (NGO,
with a pseudocubic lattice constant of 3.85 A). The BFO matrix was (001)-orientated in all cases, but the
CFO phase was (110)-oriented for the nanocomposite on DSO, and (111)-oriented for that on NGO. The
morphology of the CFO phases reflects their crystallographic orientation, forming fin-like nanobelts on
(001),c-oriented DSO and triangular islands on (001),.-oriented NGO unlike the rectangular pillars on
(001)-oriented STO, as shown in Figure 3 (d)-(f). This illustrates a role of lattice mismatch between CFO
and the substrate on the morphology.

The substrate strain not only affects the CFO phase, but also influences the crystal structure of
BFO. When grown on a substrate with larger compressive strain (>4.5%), e.g. LaAlO; (LAO, with a
pseudocubic lattice constant of 3.79 A), the BFO can exhibit a T-like structure with lattice constants of
3.67 A in-plane and 4.65 A out-of-plane. T-like BFO can also form nanocomposites with CFO. [105] In
the BFO-rich nanocomposites grown on (001)-oriented LAO substrate, the matrix phase is indeed the T-
like BFO, but the crystallographic orientation and morphology of the CFO differs from that of
nanocomposites comprising R-like BFO. Amrillah et al. prepared T-like BFO-CFO nanocomposites at
650 °C, 100 mTorr oxygen with a volume ratio of BFO:CFO = 4:1 on (001),-oriented LAO, and
observed triangular (111)-oriented CFO islands. [106] However, in T-like BFO-CFO nanocomposites
grown at 625 °C with a ratio of 2:1 on (001),. -oriented LAO substrate, the CFO forms rectangular (001)-
oriented pillars. [107] The out-of-plane lattice parameters of T-like BFO and CFO are 4.625 A and 8.391
A, and semi-coherent interfaces between T-like BFO and CFO are observed due to the large lattice

mismatch.

Zheng et al. systematically studied the impact of kinetic factors on the CFO pillars in both BFO-
CFO and BTO-CFO by modeling the growth of nanocomposites as a 2-D diffusion process in which the
transport is limited to the solid-vapor interface, and predicted, in agreement with the experimental
observations, that attributes of the nanopillars can be controlled by the growth temperature and rate. [101]

Specifically, the dimensions of pillars increase with an increase in substrate temperature and a decrease in

11
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growth rate. However, high temperatures (> 675 °C) can cause the decomposition of BFO due to loss of
the highly volatile Bi [108] and the growth must be carried out in regimes of temperature, pressure and

gas ambient that lead to formation of both phases on the nanocomposites.

3.3. Tuning the ferroelectric and magnetic properties of self-assembled nanocomposites

There are several strategies for manipulating the ferroic properties of the perovskite and spinel
constituents of nanocomposites. For BFO, the ferroelectric performance of single-phase films has been
engineered by varying the growth conditions, [86] utilizing vicinal substrates, [87] and tuning the buffer
thickness. [109]. In addition, the discovery of the T-like phase opens up new directions to tune the
ferroelectric properties since the morphotropic phase boundary between R-like and T-like BFO can
significantly enhance the electromechanical response. This has stimulated research on nanocomposites
with T-like or mixed-phase BFO as the matrix. T-like BFO is promoted by growth on LAO, and its larger
out-of-plane lattice parameter of ~4.65 A leads to out-of-plane tensile strain in the CFO pillars [107].

The magnetic anisotropy and other magnetic properties of the spinel phase have been studied
extensively, and depend on crystallographic orientation, shape and strain state of the spinel. In BFO-CFO
or BTO-CFO nanocomposites grown on (001)-oriented STO, an out-of-plane easy magnetic axis is
typically present. [103, 110] The elongated shape of the pillars leads to shape anisotropy which decreases
as the aspect ratio (film thickness divided by the lateral size of the CFO pillars) decreases. [103] The
magnetoelastic anisotropy is a significant source of anisotropy and may even be the dominant
contribution. For example, removing the BFO matrix by chemical etching leads to a relaxation in strain in
the CFO pillars and a reduction in anisotropy. [111] Lattice mismatch with the substrate also causes strain
in the CFO for low aspect ratio pillars. The total anisotropy also includes the magnetocrystalline

anisotropy, which favors magnetization along the <001> directions of CFO.

The morphology of the CFO phase plays an important role in the magnetic properties. On (110)-
oriented STO substrates, fin-like CFO crystals are embedded in the BFO matrix with the long side along

the in-plane []10] direction, the short side along the in-plane [001] direction, [103] and the easy axis
along [110]. For BFO-CFO grown on (111)-oriented STO where the CFO forms triangular prisms, an in-
plane easy axis was observed despite the out-of-plane compressive strain. [103] Changing the substrate

can vary the crystallographic orientation and shape of the CFO phase. For example in BFO-CFO on
(001),.-oriented DSO the CFO formed (110)-oriented fins with their long axis and magnetic easy axis
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along the in-plane [110] direction. [104] Kim ef al. showed that CFO pillars had much larger dimensions
and spacing when grown on (001)-oriented STO coated with a buffer layer of SrTig-3Cug 2055 (STCu).
The STCu itself formed a three-phase epitaxial nanocomposite consisting of a perovskite matrix with
vertical core-shell metal (Cu)-rock salt (SrO) nanorods. [112] Figure 4 (a) shows the STCu
nanocomposite and Figure 4 (b) shows that the Cu can be etched to leave nanopores. The subsequent
growth of BFO-CFO nanocomposites on the STCu yielded CFO pillars with a much larger characteristic
dimension and a lower magnetic anisotropy and coercivity compared to a nanocomposite grown directly
onto (001)-oriented STO (Figure 4 (c¢)-(f)), suggesting faster surface diffusion or lower pillar nucleation
density. In another example, Kim et al. demonstrated the effect of changing temperature during the
deposition. [66] By lowering the temperature from 650 °C to 560 °C, the pillar diameter decreased and
the final shape resembled a bowling pin. Compared with the single-step grown nanocomposites (650 °C),
the heteromorphic CFO showed a lower anisotropy, coercivity and saturation field. CFO can be grown as
the matrix phase in BFO-CFO nanocomposites on (111)-oriented STO, exhibiting an in-plane easy axis

dominated by shape [113-114].

Engineering the strain state of the CFO to tune the magnetic properties mainly relies on the
modification of the perovskite matrix, for example, a change from R-like to T-like BFO. In the R-like
BFO-CFO nanocomposites (for instance grown on STO), the CFO pillars undergo an out-of-plane
compressive strain which promotes perpendicular magnetic anisotropy. However, in the T-like BFO-CFO
nanocomposite (grown on LAO), the T-like BFO matrix with its out-of-plane lattice parameter of ¢ = 4.65
A produces a tensile strain in the CFO (c/2=4.20 A), promoting an in-plane easy axis as observed by Dix
et al., Figure 5 (a) and (b). [107] In other examples, a BTO matrix leads to out-of-plane compressive

strain in the CFO [15], while PbTiO; leads to an out-of-plane tensile strain in the CFO. [115]

Different spinel compositions have been incorporated into nanocomposites, including NFO and
MFO. NFO has a smaller magnetostriction than CFO and a smaller strain due to the lower lattice
mismatch with BFO, whereas MFO has a negligible magnetostriction and small magnetization. Kim et al.
demonstrated nanocomposites made by changing between CFO and MFO compositions during growth.
[17] Cation interdiffusion between CFO and MFO was observed, but this was suppressed using blocking
layers of BFO to form BFO—(CFO/BFO/MFQ) nanocomposites. The morphology, pillar composition and
magnetic hysteresis depend on the thickness of the blocking layer, and two-step switching was observed if
the CFO and MFO pillars were magnetically decoupled. Changing the ratio of CFO to MFO enabled

control over the saturation magnetization and the coercivity (Figure 5 (c)-(h)).
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4. Sputtered multiferroic nanocomposites for scalable fabrication

4.1. Sputter-grown oxide films and nanocomposites

Vertical epitaxial nanocomposites are commonly grown by PLD on single crystal oxide substrates
which limits their utility in microelectronic devices. While PLD is an attractive growth method for
research purposes, it falls short in terms of uniformity over substrate areas larger than ~1 cm. Sputtering
is preferred for larger scale production, in which the sputtered film is formed from atoms ejected from a
solid target material via momentum exchange from bombardment by energetic ions such as Ar* generated
in a glow discharge plasma [116]. Radio frequency (RF) glow discharges [117] enable growth of
insulating thin films, and sputtering yields are greatly enhanced by using a magnetron which confines the
charged particles close to the target. [118]

Advances in sputter deposition techniques have led to the growth of high quality complex oxide
thin films of high temperature superconductors, [119-120] ferroelectrics, [121-122] metal-insulator
transition materials, [123-124] conductive electrodes, [125-126] and energy devices, [127-128] as well as
epitaxial or superlattice [129-130] structured oxide thin films. There has been extensive work on sputtered
BTO [131-133] and BFO. [132, 134] Epitaxial BFO thin films were grown on miscut (001), (101), and
(111)-oriented STO substrates using high rate off-axis sputtering, [122, 135] with ferroelectric loops
shown in Figure 6 (a) and (b). Substrate miscut raised the remnant polarization P, and enabled selection
of certain domain variants which affect the ferroelectric switching behavior and leakage current.
Sputtered CFO has also been reported [136-138], illustrating for example the effect of thickness, strain
and oxygen flow rate on magnetic hysteresis.

Sputtering has also been used for epitaxial growth of 2-2 type spinel/perovskite bilayer
nanocomposite thin films to realize a magnetoelectric heterostructure. Wang et al. fabricated a bilayer thin
film consisting of BFO (220 nm)/CFO (180 nm) on SRO-buffered Pt/Ti0,/Si0O,/Si which exhibited a P, of
~146 pC/cm? and a coercive field of ~ 1803 kV/cm, together with a saturation magnetization of 140
emu/cm?® and a coercive field of ~2.7 kOe as shown in Figure 6 (c¢) and (d). [139] While the bilayer
nanocomposites showed potential for a multiferroic device application, the leakage current was excessive.
Lowering the CFO thickness reduced the leakage current as well as the saturation magnetization and
coercive field (Figure 6 (e, f)). [140]

Despite the extensive work on sputtered epitaxial oxides or bilayers of perovskites and spinels,
there is very little work on the fabrication of vertically aligned perovskite-spinel epitaxial nanocomposites

using sputtering. The structure, dielectric properties, and magnetocapacitance of BTO-CFO
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nanocomposites grown using sputtering has been reported. [141-144] Yang et al. discussed self-
assembled growth, dielectric property, and leakage current of sputtered BTO-CFO nanocomposites.
Compared with a single BTO layer, the nanocomposites showed higher dielectric constants and lower
dielectric loss, and properties were engineered by adjusting deposition conditions. [145]

Kim et al. reported the sputter growth of BFO-CFO VANs on Nb:STO substrates for the first
time. [146] Deposition at 650 °C in an oxygen and argon plasma yielded a columnar epitaxial structure in
which BFO and CFO grew with a cube-on-cube epitaxy on Nb:STO substrates, as seen in PLD films. The
BFO and CFO were highly strained along the out-of-plane direction but this was relaxed on annealing.
However, sputtered nanocomposites also exhibited rectangular CFO pillars oriented along the <110>
directions of the substrate as shown in Figure 7 (a), and the BFO consisted of a minority of T-like BFO
and majority of R-like BFO at certain growth conditions, Figure 7 (b), unlike nanocomposites grown on
STO or Nb:STO using PLD. The sputtered nanocomposites exhibited both magnetic and ferroelectric
signals as shown in Figure 7 (c¢) and (d), which were similar to those of nanocomposites with only R-like
BFO. Sputter-grown nanocomposites revealed an out-of-plane magnetic easy axis as a result of both
shape and a dominant magnetoelastic anisotropy, and the effects of strain were confirmed by removing
the BFO phase with chemical etching, Figure 7 (e)-(g).

The deposition conditions affect the structure and magnetic properties of sputtered BFO-CFO
nanocomposites. [147] The surface morphology of nanocomposites grown at a lower working pressure or
higher RF power were rougher, and the CFO particles were rounded, while higher working pressures or
lower RF power promoted a well-defined VAN with a strong out-of-plane magnetic anisotropy. Films
grown with little or no oxygen in the plasma were also rough and magnetically isotropic (Figure 8 (a)-(b)
and (d)-(e)) while oxygen improved the surface morphology and raised the out-of-plane magnetic
anisotropy as shown in Figure 8 (c¢) and (f). The effect of deposition conditions is shown in Figure 8 (g).

A conductive bottom electrode layer is essential for electrically characterizing nanocomposites
grown on STO and other insulating substrates. Lee et al. reported the growth of sputtered BFO-CFO
nanocomposites on annealed La,;Sr;3MnO; (LSMO) layers and concluded that the magnetic anisotropy
can be tuned via the LSMO thickness. [148] Nanocomposites on 20 and 50 nm thick LSMO shown in
Figure 9 (a) and (b) exhibited almost identical morphologies, but the magnetic anisotropy changed from
out-of-plane to in-plane easy axis on increasing the LSMO thickness as a result of strain relaxation of
CFO, Figure 9 (c) and (d). The polarization could be reversed, Figure 9 (e), and ferroelectric response

was evident from the hysteresis data, Figure 9 (f).
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4.2. Integration of epitaxial perovskite-spinel nanocomposites on Si substrates

Integration of epitaxial oxides with Si constitutes a route for bringing the functionality of various
oxides to technologically mature, scalable semiconductor technology. [149-153] However, direct
integration of epitaxial complex oxides onto Si substrates has been challenging due to the easily formed
amorphous SiO, layer on Si surface, which impedes epitaxial growth. Various buffer layers on Si have
been used to fabricate epitaxial perovskite or spinel oxide thin films. For perovskites such as (La,Sr)CoQOs,
BiFeO;, Pb(Zr,Ti)Os, and LaNiOs, a buffer layer consisting of a bilayer of CeO, on yttrium-stabilized
zirconia (YSZ) has been used. [154-157] However, CFO grew with (111) out-of-plane orientation on
CeO,/YSZ-buffered Si (001) [158], and a trilayer buffer consisting of perovskite/CeO,/YSZ-buffered Si
(001) was therefore selected for growth of both spinel and perovskite phases. An alternative to using
multilayer buffer layers is to grow an STO layer directly on Si. The Si has a lattice parameter of a = 5.431
A, and bulk STO (3.905 A) has a reasonable lattice match to Si a/\N2 = 3.840 A. STO/Si (001) has been
grown by oxide MBE, [159-161] in which STO, of order 8 nm thickness, was formed by a multistep
procedure of substrate cleaning in a strong oxidant (H,SO,4:H,0,) at 130 °C for 10 mins, followed by
removal of the native oxide using HF:H,O for 30 s, then oxide growth, desorption and deposition of STO
at 600 °C.

Sawamura et al. reported the structure and modification of magnetic and ferroelectric properties
of BTO-CFO vertical nanocomposites on trilayer buffer layers consisting of (La,Sr)CoQ;/CeO,/YSZ.
[162] Kim et al. grew BFO-CFO nanocomposites by PLD on a trilayer buffer of Sr(Tije¢sFeos5)O;3
(STF35)/CeO,/YSZ on Si which showed the same morphology as those grown directly on STO (001)
(Figure 10 (a) and (b)), while CFO pillars grew with 45° rotation on buffered Si with rough STF35
(Figure 10 (c)). [65] The roughness was believed to provide more nucleation sites for CFO. BFO-CFO
nanocomposites were also integrated on STO-buffered silicon as shown in Figure 10 (d). The
nanocomposites showed a much higher out-of-plane compressive strain and magnetic anisotropy
compared to those grown on STO, and an anisotropy field of about 23 kOe. [146] As in the case of PLD
films, the sputtered nanocomposites on STO/Si showed a similar structure but higher magnetic anisotropy
compared to sputtered nanocomposites on STO and Nb:STO (Figure 10 (e) and (f)). Nanocomposites
were also sputtered onto 20 nm thick LSMO/8 nm thick STO/Si substrates. [148] The BFO-CFO
nanocomposite on LSMO/STO/Si substrates showed similar structure and ferroelectric properties but a
higher magnetic anisotropy compared to nanocomposites on single crystal Nb:STO or on 20 nm
LSMO/STO. These results show that sputter deposition is a viable method for growing nanocomposites

on buffered Si.
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4.3. Templated self-assembly of perovskite-spinel nanocomposites

In order to apply the 1-3 type multiferroic BFO-CFO nanocomposite thin film for a memory
device, it is preferable that the ferromagnetic pillars are regularly arranged within the ferroelectric matrix,
which requires templating of their nucleation sites. Comes et al. presented a technique to produce ordered
square arrays of CFO pillars on a Nb:STO substrate by patterning a thin CFO layer into seed particles
using electron-beam lithography, followed by growth of BFO. [26] Figure 11 illustrates the templating
process and properties of the ordered BFO-CFO nanocomposite, which was grown using pulsed electron
deposition. If the spacing of nucleation sites exceeds the diffusion distance of the CFO, additional pillars
form, as seen for 200 nm spaced templates. The magnetic anisotropy was low and the CFO was
magnetized in plane.

Stratulat et al. grew templated BFO-CFO nanocomposites on SRO buffered STO (001) substrates
via PLD. [25] The nucleation sites were made by depositing CFO through an AAO template, creating a
close packed array of CFO seeds, Figure 12 (a). Square and rectangular pyramidal CFO pillars in the
BFO matrix are shown in Figure 12 (b), along with the ferroelectric and magnetic response. The
patterned nanocomposite showed a typical butterfly ferroelectric hysteresis loop with piezoelectric
coefficient of ~30 pm/V. The estimated ME coupling via magnetocapacitance measurement was ~ 0.9
uC/em-Oe. AAO templates have been used to form highly-ordered arrays of ferroelectric/ferromagnetic
bilayer nanodots, a 0-0 type heterostructure, on STO or Nb:STO substrates using PLD. [163-165] In
particular, Tian et al. reported epitaxial BFO/CFO heterostructured nanodots on SRO-coated STO
substrates grown using PLD as illustrated in Figure 12 (c-e). [165] The nanodots exhibited an average
lateral size of ~70 nm with 110 nm spacing, and showed a low magnetic anisotropy and an in-plane easy
axis. There is an enhancement of piezoelectric effects due to the reduced substrate clamping effect
compared to that of bilayer epitaxial nanocomposite thin films. The lateral ME coefficient, measured by
comparing piezoresponse loops at zero and 3000 Oe magnetic field, was 1.2 x 10* mV/cm-Oe, which was
two orders larger than that of 0-3 type nanocomposites [35] and comparable to those of PZT/CFO core-
shell nanofiber structures [166]. A reverse ME effect was also observed in which electric field affects the
magnetization, Figure 12 (e).

Choi et al. formed ordered BFO-CFO nanocomposite films with a square symmetry by using a
self-assembled triblock terpolymer as an etch mask to pattern nucleation sites into a Nb:STO substrate

then growing the nanocomposite using PLD. [28] The experimental process and templated
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nanocomposites are illustrated in Figure 13 (a, b). Even though the long range order is poorer than that of
direct-write processes, the polymer provided a much smaller periodicity of 44 nm.

Aimon et al. reported the growth of square arrays of CFO nanopillars in a BFO matrix using
selective nucleation in pits formed in Nb:STO using a Ga focused ion beam (FIB) as summarized in
Figure 13 (¢). [27] Ordered arrays of 2 nm to 8.5 nm deep pits and trenches were formed at the ion-
damaged regions by selectively etching in an aqueous acid solution. A thin CFO film was deposited at a
low deposition rate to guarantee a high surface diffusion and then a 4 nm thick BFO film was grown,
which covered the remaining areas of the substrate. The resulting thin, well-ordered BFO-CFO composite
layer was then used as a guide for the directed growth of a thick nanocomposite. A variety of template
patterns makes various ordered arrays with different orientations and periods in the 60-100 nm range,
Figure 13 (d). This templating method was used to grow BFO-Co,Ni, Fe,O, with excellent order [75]
and BFO-MFO with an array of parallel trenches along the <110> direction as shown in Figure 13 (d).
The CFO pillars exhibited single-domain magnetic contrast and ferroelectric domains were clearly visible
in the BFO matrix. [167] The CFO pillars switched upon applying an electric field to the BFO matrix,
indicating magnetoelectric coupling. Kim et a/. extended this templating method to successfully fabricate
ordered BFO-CFO nanocomposites on a template using sputtering instead of PLD, extending the potential

utility of ME nanocomposites in devices. [146]

5. Conclusions and outlook

Magnetoelectric multiferroics which show simultaneous ferroelectric and ferri-/ferromagnetic
ordering with strong magnetoelectric coupling exhibit unusual and exciting phenomena. Single phase
multiferroics are rare and their magnetoelectric couplings are relatively weak at room temperature which
limits their practical applications. In contrast, multiferroic composites combining both ferroelectric and
ferri-/ferromagnetic phases coupled by strain yield higher magnetoelectric coupling response above room
temperature which are very promising for application as a high density device. Three types of multiferroic
nanocomposites, 0-3, 2-2 and 1-3 types, were introduced in this review with a focus on the 1-3 type
nanocomposite thin films consisting of vertically aligned spinel pillars in a perovskite matrix.

We reviewed recent progress in the growth, characterization and understanding of vertically
aligned BFO-CFO nanocomposites. Both phases grow epitaxially on the substrate and strain is transferred
between the spinel and perovskite at the vertical interface. The interface strain plays an important role in
coupling the magnetic and ferroelectric properties via the magnetostriction and piezoelectric response of

the two phases. Nanocomposites have been commonly grown using PLD on single crystal oxide
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substrates, but recent work has demonstrated sputter deposition of nanocomposites, as well as growth on
Si via a buffer layer, and templating of the locations of the magnetic pillars. This facilitates the integration
of multiferroic nanocomposites in device manufacturing by providing a large area deposition method for
growth on Si. Several magnetoelectric device concepts were reviewed, and new multiferroic memory
devices that could take advantage of highly ordered magnetic nanopillars in a ferroelectric matrix on Si
substrates may now be possible. It is challenging to grow epitaxial nanocomposites directly on a Si
substrate, but buffer layers can provide a platform for epitaxial growth. Furthermore, buffer layers could
provide an innovative way to grow epitaxial nanocomposites on sacrificial layers such as Sr;Al,O4 [168-
169], NaCl [170-171], and graphene [172], which can be completely removed by etching. This could
provide a fabrication process to lay out metallic bottom electrode lines which would otherwise interrupt
the epitaxial growth of oxide nanocomposites at high temperature. In the future, continuing improvements
in materials growth and properties, and particularly in the magnetoelectric coupling, will enable these

nanocomposites to be used in high density logic and memory devices.
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Figure Captions

Figure 1. Strain-mediated coupling in composites consisting of a ferromagnetic (FM) and a ferroelectric
(FE) layer. The top panel illustrates the direct ME effect. Lattice strain in the magnetostrictive material
from an applied magnetic field is transferred to the FE layer and it induces surface charges (AQ) through
the piezoelectric effect. The bottom panel illustrates the converse ME effect. Lattice strain in the
piezoelectric material from an applied electric field is transferred to FM layer and induces a

magnetization change (AM) or domain reorientation in the FM layer.

Figure 2. Morphologies of BFO-CFO nanocomposites (volume fraction of 1:1) grown on (a) a (001)
STO substrate at 700 °C, (b) a (111) STO substrate at 650 °C, and (c) a (110) STO substrate at 700 °C. (a)
A plan-view bright-field TEM image showing rectangular CFO (bright) in a BFO (dark) matrix, a cross-
sectional TEM image, and a high-resolution TEM image from the interface region. (b) A plan-view
bright-field TEM image showing triangular BFO (dark) in a CFO (bright) matrix, a cross-sectional TEM
image, and a high-resolution TEM image from the interface region. (¢) A plan-view bright field TEM
image showing a maze pattern of BFO (dark) and CFO (bright) and the corresponding cross-sectional
TEM image. Reprinted with permission from ref. 101. Copyright 2006, John Wiley and Sons. (d) Plan
view TEM image of the film grown at 920 °C, in-plane high resolution TEM image of one CFO pillar
embedded in the BTO matrix grown at 950 °C, and magnified segment of the interface between the CFO
pillar and the BTO matrix. Reprinted with permission from ref. 102. Copyright 2004, AIP Publishing.
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Figure 3. Schematic of phase architectures and SEM images for differently oriented BFO-CFO thin films
on (a) (001), (b) (110), and (c) (111) STO substrates with square, stripe, and triangular CFO features,
respectively. Reprinted with permission from ref. 103. Copyright 2013, American Chemical Society.
Schematics of morphology and AFM topography of BFO-CFO films grown on (d) DSO, (e) STO, and (f)
NGO substrates. Reprinted with permission from ref. 104. Copyright 2013, American Chemical Society.

Figure 4. (a) Top view SEM image of 30 nm thick nanocomposite-STCu film grown in vacuum and
650 °C substrate temperature. (b) Top view SEM image of nanocomposite-STCu film etched in
ammonium hydroxide for 3 hours. Top view SEM image of 90 nm thick BFO—CFO nanocomposite on (c)
single crystal (001) STO substrate and (d) ammonium hydroxide etched nanocomposite-STCu/(001) STO
substrate. Inset in (d) is a SEM image of BFO—CFO nanocomposite on STCu/STO substrate after etching
in dilute HCI solution for 120 s at room temperature. In-plane and out-of-plane magnetic hysteresis loops
of BFO—CFO on (e) STO and (f) nanocomposite-STCu/STO substrate. Reprinted with permission from
ref. 112. Copyright 2015, John Wiley and Sons.

Figure 5. (a) XRD reciprocal space maps around LAO (103) for BFO-CFO/LAO (001). (b)
Magnetization hysteresis loops measured at room temperature with the field applied in-plane (circles) and
out-of-plane (rthombi) for samples on LAO (001). Magnetization is normalized to the CFO volume
fraction. Labels in each panel indicate remanence/saturation magnetization ratio for parallel and
perpendicular applied field. Reprinted with permission from ref. 107. Copyright 2010, American
Chemical Society. Room temperature measured in-plane and out-of-plane hysteresis loops of various
thickness MFO npillars in a BFO matrix grown on different thicknesses of BFO-blocked BFO-CFO
nanocomposite. The height of the MFO pillars was (¢), (f) 80 nm; (d), (g) 120 nm; and (e), (h) 160 nm.
The blocking layer of BFO was 35 nm in (c)-(e) while in (f)—(h) the BFO blocking layer was 20 nm and
the CFO and MFO are in contact. The insets show the structures schematically. Reprinted with
permission from ref. 17. Copyright 2013, John Wiley and Sons.

Figure 6. (a) P-E hysteresis loops of 200 nm BFO films on 0.8 © and 4 ° miscut (001) STO. (b)
Hysteresis loops of 600 nm thick (001), (101), and (111) oriented BFO films. The hysteresis loops were
measured on capacitors with top electrode diameter of 200 nm. Reprinted with permission from ref. 122.
Copyright 2006, AIP Publishing. (¢) Ferroelectric hysteresis loop of the CFO/BFO heterostructure. (d)
Magnetization as a function of the applied magnetic field for the CFO/BFO heterostructure and the CFO
single-layered film. Reprinted with permission from ref. 139. Copyright 2008, AIP Publishing. (e) In-
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plane M-H hysteresis loops of the BFO single layer thin films and BFO/CFO bilayered thin films with
different BFO thicknesses. Inset is magnetization M, and coercivity H, as a function of CFO thickness. (f)
Leakage current density of BFO single layer thin films and BFO/CFO bilayered thin films as a function of
applied electric field. Reprinted with permission from ref. 140. Copyright 2009, AIP Publishing.

Figure 7. (a) Top view SEM image and (b) XRD pattern of the BFO—CFO nanocomposite grown on a
Nb:STO substrate at 650 °C at 50 mTorr with an Ar :0, ratio of 1 : 9. (¢) Room temperature magnetic
hysteresis loops of the BFO—CFO nanocomposite grown at a high oxygen ratio. (d) Amplitude and phase
of the BFO-CFO nanocomposite measured by piezoresponse force microscopy as a function of DC bias
voltage. (e) Magnified XRD patterns of the BFO—CFO nanocomposites around the (001), (002) and (003)
substrate peaks before and after etching for 1 and 3 min. A relaxed CFO peak, which overlaps with the
strained (002) R-BFO, is clearly seen at 43.11° after removing BFO. Magnetic hysteresis loops of the
BFO-CFO nanocomposite after etching to remove BFO for (f) 1 and (g) 3 min. [146]

Figure 8. Top-view SEM images of BFO-CFO nanocomposite thin films grown under an atmosphere of
(a) pure Ar, Ar:O;ratio of (b) 2:1, and (¢) 1:2 at a working pressure of 30 mTorr, RF power of 40 W, and
substrate temperature of 650 °C. In-plane and out-of-plane magnetic hysteresis loops of nanocomposites
grown under an atmosphere of (d) pure Ar, and Ar:O, ratio of (e) 2:1, and (f) 1:2. (g) Mapping of BFO
phase formation and magnetic anisotropy as a function of growth rate for optimizing synthesis conditions
for self-assembled oxide nanostructures. Reprinted with permission from ref. 147. Copyright 2019,

Elsevier.

Figure 9. Top-view SEM images of CFO-BFO nanocomposite thin films on LSMO annealed at 600 °C
with thickness (a) 20 nm and (b) 50 nm. In-plane and out-of-plane magnetic hysteresis loops of
nanocomposites grown on (¢) 20 nm and (d) 50 nm thick LSMO thin films. (e) Writing and rewriting in
CFO-BFO nanocomposite on a 20 nm thick LSMO by applying =10 V. (f) Amplitude and phase of CFO-
BFO nanocomposite on 20 nm thick LSMO measured by piezoresponse force microscopy as a function of

DC bias voltage. Reprinted with permission from ref. 148. Copyright 2019, IOP Publishing.

Figure 10. Top view SEM image of nanocomposite on (a) single crystal STO substrate, (b) smooth
STF35/Ce0,/YSZ/Si, (¢) rough STF35/CeO,/YSZ/Si, and (d) STO/Si substrates. Scale bars correspond to
100 nm. Insets in (b), (c) and (d) are top view SEM images of STF35 and STO films before

nanocomposite deposition at the same scale. The circled CFO pillars (c) are 45° rotated cube-on-cube
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epitaxial growth on STF35. The schematic diagram of cube-on-cube and 45° rotated cube-on-cube
epitaxial growth are shown in (c). Reprinted with permission from ref. 65. Copyright 2014, John Wiley
and Sons. (e) Top view SEM image and (f) magnetic hysteresis loops of the BFO-CFO nanocomposite
grown on the STO buffered Si substrate at 650 °C at 50 mTorr with an Ar :O, ratio of 1 : 4 using sputter.
[146]

Figure 11. Flowchart for the fabrication process. (i) Deposition of CFO film by pulsed electron
deposition. (ii) Deposition of amorphous Si capping layer using RF sputtering. (iii) Spin coating of
sample with negative-tone e-beam resist. (iv) Patterning of pillars using e-beam lithography. (v) Reactive
ion etching of Si cap. (vi) Ar ion etching of CFO film. (vii) Deposition of 1 nm thick BFO film by pulsed
electron deposition. (viii) Codeposition of CFO and BFO using pulsed electron deposition to form an
epitaxial nanocomposite. Reprinted with permission from ref. 26. Copyright 2011, American Chemical

Society.

Figure 12. (a) Steps of the nucleation-induced process: (i) mask transfer on the substrate, (ii) deposition
of CFO through the mask, (iii) formation of nucleation centers by removal of the hard mask, (iv) growth
of the ordered multiferroic composite by deposition from a mixed target. (b) (i) Atomic force microscopy
(AFM) phase image showing the perfect phase segregation of the BFO—CFO composite system.
Ferroelectric and magnetic activity as revealed by local measurements: (ii) amplitude and (iii) out-of-
plane phase piezoresponse force microscopy (PFM) signal (iv) magnetic force microscopy (MFM) phase
signal with the superposition of the contour of the pillars taken from the amplitude image. Reprinted with
permission from ref. 25. Copyright 2013, American Chemical Society. (¢) A schematic flowchart for the
fabrication procedure. (d) Measured effects of magnetic field on the piezoelectric properties for a
BFO/CFO/SRO nanodot. The piezoresponse loops including (i) amplitude-voltage butterfly loop and (ii)
phase-voltage hysteresis loops with and without applying a magnetic field of 3000 Oe. (e) Effect of
electric field on the magnetization pattern for the nanodot array. (i) The AFM topology image, and (ii) the
MFM micrograph superimposed with its corresponding 3d topography image. The selected area
magnified MFM images superimposed with their 3d topography (square area A and area B in (i)) before
and after applying electric fields of +8.5 V bias voltages through a conductive AFM probe, which are
presented in (iii) and (iv). Reprinted with permission from ref. 165. Copyright 2016, American Chemical
Society.

31



Journal of Materials Chemistry C

Figure 13. (a) Schematic illustration of the fabrication process of a templated BFO-CFO nanocomposite.
(i) Self-assembled square symmetry microdomain array from polyisoprene-b-polystyrene-b-
polyferrocenyldimethylsilane/polystyrene (PI-b-PS-H-PFS/PS) blend. (ii) Square array of holes was
generated from PI microdomains via surface reconstruction in hexane. (iii) Residual polymer layer on the
bottom of holes was removed by a short O, plasma, then the STO substrate was etched through the
polymer mask by immersing in aqua regia. (iv) Square array of pits in the STO surface was revealed after
removing the polymer template. (v) CFO nuclei were selectively grown in patterned pits. (vi) A thin BFO
layer was deposited to cover the mesas. (vii) A thick BFO-CFO nanocomposite was deposited, guided by
the thin BFO-CFO composite. (b) (i) SEM image of BFO-CFO nanocomposite. (ii) Tilted view SEM
image of free-standing CFO pillars after selectively removing the BFO matrix. Red circle indicates a short
CFO pillar. (iii) In-plane and out-of-plane magnetization hysteresis loops of templated BFO-CFO
nanocomposite measured at room temperature. Reprinted with permission from ref. 28. Copyright 2014,
American Chemical Society. (¢) Schematic of the templating process for vertical nanocomposites of CFO
spinel pillars in a BFO perovskite matrix. The lower images show example morphologies. From left to
right: AFM of Nb:STO substrate after FIB, 60 nm period; AFM after etching, 80 nm period; SEM of CFO
in pits, 60 nm period; SEM after BFO deposition, 75 nm period; and SEM after growth of the composite,
80 nm period. (d) SEM images of perovskite-spinel nanocomposites templated into square lattices with
periods (i) 80 nm and (ii) 100 nm. (iii) Square lattice of BFO-CoysNi,sFe,O, with period 67 nm. (iv)
Parallel BFO-MFO lines with period 75 nm. (the inset shows an SEM of the corresponding CFO seed
layer) All scale bars correspond to 100nm. Reprinted with permission from ref. 27. Copyright 2014, John
Wiley and Sons.
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