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Formation and physical properties of the self-
assembled BFO-CFO vertically aligned
nanocomposite on a CFO-buffered two-
dimensional flexible mica substrate

Tahta Amrillah, 22° Angga Hermawan, Shu Yin @2 ¢ and Jenh-Yih Juang*®

Engineering the interfaces between materials of different structures and bonding nature in a well-controlled
fashion has been playing a key role in developing new devices with unprecedented functionalities. In
particular, direct growth of nanostructures on van der Waals substrates not only is essential for fully
exploiting the potential of a wide variety of self-assembled nano-sized heterostructures but also can
expand the horizons for electronic and photonic applications that involve nanostructures of specific
composition and geometry. In the present work, we demonstrate the epitaxial growth of a self-
assembled vertically aligned nanocomposite of magnetoelectric oxides on a flexible substrate via van der
Waals epitaxy, which evidently adds an additional dimension of flexibility to similar thin-film
heteroepitaxy architectures that have been mostly realized on rigid lattice-matched substrates. It is
noted that the utilization of buffer layers is essential for obtaining high-quality flexible thin films with
vertically aligned nanocomposite architecture. We believe that this route can provide alternative options

rsc.li/rsc-advances

Introduction

With the exponentially increasing demands in speed and
functionalities for meeting the rapidly moving technologies,
integrating materials with vastly different structures and prop-
erties onto the same substrate, preferably flexible in many
cases, to make the desired devices not only has become main-
stream research but a necessity.”* Indeed, ubiquitous applica-
tions of flexible electronics have been forecasted or even
realized in various industry sectors, such as wearable healthcare
and environmental monitoring, human-machine interactivity,
displays and storage devices, energy conversion and harvesting,
communication, and wireless networks.”® Numerous func-
tional materials which were originally delivered in thin films
deposited on rigid substrates have been transformed into flex-
ible thin films to meet the demands of flexibility while keeping
the functionality required for device applications.*® In this
respect, the selection of proper flexible substrate is of pivot
importance. Nevertheless, such choices are often very limited
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for developing flexible thin-film devices with heteroepitaxy architectures of other functional materials.

due to strict requirements for fabricating films with desired
functionality and architecture design.>**

Perhaps, the most stringent requirement is the temperature
that the flexible substrate has to withstand in order to obtain
flexible thin films with the required morphology and architec-
ture designs without degrading their physical properties.'* For
instance, the widely used polymer substrates for growing flex-
ible thin films mostly would result in amorphous or poly-
crystalline thin films because they usually cannot withstand the
high-temperature deposition process. Alternatively, flexible
metal substrates might appear to be a viable choice for
obtaining thin films with good crystallinity due to their better
endurance to higher temperatures. However, it turns out that
most metal substrates with high melting point are high density,
mostly polycrystalline with a rough surface, containing metallic
impurities, and very reactive with intermediary gas during the
thin film growth.>® Very recently, catalytically mediated epitaxy
has been successfully demonstrated for growing highly crys-
talline Si and Ge nanocrystals on van der Waals substrates, such
as graphene and hexagonal boron nitride (hBN), by using solid
catalysts composed of Ag + Au.'® Although this approach may be
able to grow 3D metals and semiconductor nanostructures on
2D van der Waals substrates and expand the horizons for elec-
tronic and photonic applications, it is yet to be verified whether
or not it would work for growing more complex oxides with
specific functionalities. In this respect, some flexible ceramics
substrates have been considered as viable candidates for
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growing high-quality crystalline thin films owing to having flat
surfaces up to atomic scale.>” Especially for thin-film hetero-
structures, the choice of heterostructure design such as bilayer
(2-2 system), particulates (0-3 system), and vertically aligned
nanocomposite (VAN) (1-3 system) had been achieved with
highly crystalline constituent phases. For instance, recently,
flexible mica substrate has attracted tremendous attention
since it can be easily exfoliated along the (001)-plane to obtain
dangling bond-free atomic level flat surface suitable for growing
VAN complex oxide with epitaxial quality.”*""** A further
unique advantage of mica substrate is that it can withstand
much higher temperatures than most polymer or metal
substrates, thus is having better opportunity to obtain highly
crystalline films.***¢

The present work reports the detailed mechanisms leading
to the self-assembled heteroepitaxial growth of the three-
dimensional (3D) BiFeO;-CoFe,0, (BFO-CFO) VAN on flexible
mica substrate. Previously, the BFO-CFO VAN grown on various
rigid ceramic substrates has been illustrated as multiferroic
nanocomposite exhibiting strong magnetoelectric coupling
effects,"””?° which can bring about profound application
potential for next-generation electronic devices in fields such as
memory, magnetic sensor, and energy harvesting. It has been
recognized that the matrix-pillars configuration of the BFO-
CFO VAN was enabled mainly via the surface energy difference
between the interface of substrate/perovskite-structured BFO
and substrate/spinel-structured CFO.*>'® Consequently, the
fabrication of the BFO-CFO VAN system has been stringently
limited by the strict requirements of compatible lattice match-
ing and cubic-to-cubic orientation relationships among the two
constituent phases and the substrates.'*'®?*>> When the lattice
mismatch between either constituent phase and the substrate is
too large, substantial amount of dislocations and defects are
often observed within the resultant films.** Since the mica is 2D
material, how the self-assembled BFO-CFO VAN thin-film
grown on mica can still lead to highly crystalline epitaxial
growth characteristic is interesting by itself. In this study, we
found that the introduction of a buffer layer is essential to
obtain high-quality flexible VAN thin films. It is anticipated that
this route not only may give rise to the unprecedented oppor-
tunity for exploring the possible interesting emergent physical
properties of the self-assembled perovskite-spinel VAN systems
in flexible fashion,*®''*> but also offers enormous potential in
integrating heteroepitaxy architectures of other flexible func-
tional complex oxides for the next-generation electronic
devices‘14,17,23726

Experimental

In the present experiment, the samples were fabricated by the
pulsed laser deposition (PLD) method. We used a single mix-
phased BFO-CFO target composed of 65 mol% of BFO and
35 mol% of CFO. A KrF excimer laser was employed to ablate the
material from the target with an energy of 250 mJ and a repeti-
tion rate of 10 Hz. During deposition, the mica substrate was
kept at 650 °C and the chamber was filled with oxygen at
a pressure of ~100 mT. Previously, it was found that the
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perovskite-structured BFO and spinel-structured CFO would
naturally have different surface energies when they are simul-
taneously deposited onto the single-crystalline perovskite
substrates, such as SrTiO; and LaAlO;. Hence, one may wet the
substrate completely, resulting in a layer-by-layer growth mode
to form as the matrix, while the other only wets the substrate
partially and an island growth mode prevails to form as
pillars.'*1¢182021.25 Tn most cases, one expects that the self-
assembled growth can only occur when the rigid perovskite
substrate being used owing to the necessity of achieving a cubic-
to-cubic  relation between constituent phases and
substrates.'*%*

In contrast, since the mica substrate is having a monoclinic
crystal structure with ¢ = 0.5199 nm, » = 0.9027 nm, ¢ =
2.0106 nm, and space group of C2/c, apparently it is impossible
to meet the requirement of cubic-to-cubic relation between
constituent phases and substrates. Yet, as mentioned above
there have been many successful examples in growing various
functional oxides on muscovite mica substrate epitaxially.”® In
the present study, we found that, in order to integrate the
electrodes for electric property measurements, it is necessary to
introduce an interfacial CFO buffer layer and a SrRuO; (SRO)
electrode layer on the 2D mica substrate as the template for
growing the self-assembled 3D BFO-CFO VAN. Thus, a layer of
CFO was deposited on mica prior to growing an SRO electrode
and subsequent BFO-CFO VAN deposition, as depicted sche-
matically in Fig. 1a-d. This recipe is similar to that used for
obtaining BFO-CFO VAN on a silicon substrate, wherein, the
interfacial buffer layer plays an important role to achieve the
self-assembled VAN.” The crystalline phase and structural
morphology of the samples were characterized by using atomic
force microscopy (AFM, Veeco Multimode 8, under ScanAsyst
mode), X-ray diffraction (XRD, Bruker D2 X-ray diffractometer
equipped Cu Ka, radiation (A = 1.5406 A), and the transmission
electron microscopy (TEM, FEI Tecnai F20 equipped with high-
angle annular dark-field detector). X-ray photoelectron spec-
troscopy (XPS, ULVAC PHI5600) was employed to reveal the
electronics structure of the samples. The magnetic, electric, and
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CFO Buried layer

SRO Electrode
CFO Buried layer

Fig. 1 The fabrication process of self-assembled BFO-CFO VAN on
a flexible mica substrate. The film deposition is started from (a) CFO
buried layer on mica substrate, follwed by (b) SRO bottom electrode,
and lastly, (c) the self-assembled BFO-CFO VAN. (d) is the final form of
BFO—-CFO VAN consist of CFO matrix and BFO pillars.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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optical properties of the obtained films were examined by using
the Quantum Design® magnetic property measurement
(Superconducting Quantum-Interference device magnetometer
(SQUID)), piezoresponse force microscopy (PFM), and UV-vis
diffuse reflectance spectroscopy (UV-vis DRS), respectively.

Result and discussions

According to our previous report,*® CFO is easier to directly grow
CFO on mica substrate than BFO does. Thus, we use CFO to
serve as an interfacial buffer layer for achieving the so-called
quasi van der Waals heteroepitaxy. In fact, it has been demon-
strated that this buffer layer played a key role in realizing the
self-assembled heteroepitaxy of 3D-like materials on 2D-like
substrates.”®* However, a more detailed understanding of
how the film growth prevails is largely lacking. Here, in order to
illustrate how the film morphology evolves as each layer was
sequentially deposited, we have taken the AFM images to reveal
the surface morphology of the film at each stage of deposition.
As depicted in Fig. 2(a) and (b), the surface morphology reveals
that the mica substrate and the CFO buffer layer are having
a surface roughness of less than ~1 nm, indicating a well-
behaved epitaxial growth of CFO layer on a mica substrate.
Considering that the lattice and thermal (at 650 °C) mismatches
of mica/CFO is extremely large about ~35% and ~70%,
respectively, the nearly atomic scale smoothness of the first CFO
layer is truly remarkable. In fact, as pointed out by Koma,** high
quality heterostructure with very sharp interface and small
amount of defects can be achieved even between materials
having large lattice mismatch because of the absence of
dangling bonds on the clean surfaces of various 2D material
substrates. Such growth mechanism has since been coined with
the term “van der Waals epitaxy”, because the early stage of the
film growth is governed by the van der Waals force. We believe
that the 2D nature of the mica substrate could have made the
freshly prepared surface free of dangling bonds, therefore
mitigated the effects of tremendous lattice and thermal
mismatches between mica and the first CFO buffer layer.”

Fig. 2 Surfaces morphology of (a) mica substrate; (b) CFO buffer layer
on mica; (c) SRO bottom electrode layer on CFO-buffered mica; and
(d) BFO—CFO VAN layer on SRO/CFO/mica.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For subsequent electrical measurements of BFO-CFO VAN, it
is often necessary to integrate a conducting layer to serve as the
bottom electrode. In the present study, the SRO was chosen to
be the bottom electrode layer since it has a relatively small
lattice mismatch with BFO. Moreover, SRO has a pseudo-cubic
perovskite structure, hence, is potentially viable in acting as
a template for obtaining the self-assembled perovskite-spinel
heterostructure. In this sense, the surface morphology of the
SRO layer should be of essential importance in determining the
quality of the self-assembled VAN to be grown on top of it.
Namely, if the surface is too rough, it may promote the growth
of BFO and CFO nuclei with random orientation, hence
hindering the formation of the desired self-assembled matrix-
pillars architecture.”” As shown in Fig. 2(c), the surface of the
SRO layer remains smooth enough for the subsequent growth of
the self-assembled BFO-CFO VAN. The obtained BFO-CFO VAN
(Fig. 2(d)) evidently reveals that the triangular-shaped (111)-
oriented BFO pillars are embedding within the CFO matrix.

The XRD measurement was conducted to unveil the
constituent phases formed in the obtained films and their
orientations. According to the XRD results shown in Fig. 3(a), all
constituent phases (BFO, CFO, and SRO) were grown along with
the (111) orientation on (001)-oriented mica substrate. The
inverted cone shape pillars seen in Fig. 2(d)) indeed reflect the
(111)-oriented nature of the BFO pillars, while the CFO matrix
seems to grow epitaxially on the (111)-oriented SRO layer via
a layer-by-layer growth manner.*® Fig. 3(b) and (c) schematically
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Fig. 3 (a) XRD result of BFO-CFO VAN with CFO interfacial buffer
layer and SRO bottom electrode grown on a mica substrate. (b) The
possible atomic arrangement of the constituent phases on top of mica
substrate. (c) The out-of-plane epitaxial relationship indicating the
high crystallinity of the constituent phases plays an important role to
achieve self-assembled vertically aligned nanocomposite of BFO-
CFO phases.
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illustrate the possible atomic arrangements of BFO-CFO on top
of the CFO and the subsequent SRO layer and how the BFO,
SRO, and the BFO-CFO layers stacked during growth processes,
respectively. It appears that the first CFO buffer layer not only
allows the epitaxial growth of the perovskite structured SRO
electrode layer, but also serves as a template similar to the (111)-
oriented SrTiO; substrates leading to the formation of the BFO-
CFO VAN with BFO pillars and CFO matrix configuration. In this
configuration, the CFO apparently has smaller surface energy
than BFO does.*>**

From the XRD results, we can determine that the c-axis
lattice parameter of BFO, CFO, and SRO phases are 3.97 A, 8.52
A, and 3.89 A, indicating an out-of-plane strain of 0.12%,
1.79%, and —1.16% with respect to their bulk values, respec-
tively. The strain can depend on factors such as lattice
constant and thermal expansion coefficient mismatches.** In
the present case, the SRO bottom electrode grown on top of the
CFO bulffer layer is expected to be under in-plane tensile stress
because SRO has smaller lattice constant and larger thermal
expansion coefficient than CFO.***> As for the BFO grown on
top of the SRO bottom electrode, a small amount of strain is
expected because lattice constant mismatch is small. There-
fore, BFO is able to grow epitaxially on top of the SRO layer,
even though BFO and SRO are having relatively large differ-
ence in thermal expansion coefficient. The XRD result also
shows that the CFO phase is under tensile state out-of-plane,
presumably due to the fact that the XRD peaks reflect
predominantly the contribution from the top-most CFO matrix
instead of the underlying CFO buffer layer. In fact, due to the
nature of van der Waals epitaxy, the CFO buffer layer might be
strain-free from mica substrate, while the top-most CFO
matrix is subject to the in-plane compressive strain arising
from the SRO bottom electrode because CFO has larger lattice
constant but smaller thermal expansion coefficient than
SRO‘32735

Highly crystalline constituent phases hold a key role in
achieving high-quality self-assembled VAN heterostructures
with desired emergent physical functionalities. In the present
case, the atomically flat and dangling bond-free surface of the
mica substrate is the origin to achieve the atomic-scale
arrangement of the constituent phases, as depicted schemati-
cally in Fig. 3(b) and (c). In order to further elucidate that the
nanoscale grain structure and morphology is indeed as ex-
pected high-resolution cross-sectional TEM analysis was per-
formed. The cross-sectional TEM results are shown in Fig. 4(a)
confirms that the BFO pillars are indeed embedded in the CFO
matrix, consistent with the conjectures derived from the AFM
and XRD results.*>**

The TEM results also indicate that, although the SRO layer
is apparently polycrystalline, the grain structure seems to be
well textured, which is consistent with the XRD results. The
highly oriented SRO layer also appears to favor the subsequent
growth of the BFO-CFO VAN layer. Moreover, the interfaces
among the mica substrate, CFO buffer layer, SRO electrode
layer, and BFO pillars-CFO matrix layer all remain very sharp
with no discernible sign showing the existence of any
secondary phase. The high-resolution TEM results displayed
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Fig. 4 TEM result shows (a) the cross-sectional microstructure of
BFO-CFO VAN grown on mica substrate with CFO interfacial buffer
layer and SRO bottom electrode. (b) and (c) The high-resolution TEM
results with corresponding the fast Fourier transform (FFT) patterns.

in Fig. 4(b) and (c) again indicate the sharp interface bound-
aries among various layers. Moreover, the fast Fourier trans-
form (FFT) patterns reveal the epitaxial relationships among
the constituent phases are [001]mjca//[111]cro//[111]gro, In
agreement with the XRD results.

To gain more insight into the obtained BFO-CFO VAN on
mica substrate, the electronic structures and chemical states of
the samples were also measured using XPS. Fig. 5(a) is a full
scan of XPS spectra indicating the presence of Bi, Co, Fe, and O
elements originating from the constituent phases. Fig. 5(b)
shows a closer inspection of the core level XPS spectra, revealing
that the Bi 4f core-level spectra are consisting of two major
peaks locating at 164.6 eV and 159.3 eV originating from the Bi
4f;5,, and 4f;, electronic states, indicating that Bi is mostly in
the Bi** oxidation state.?**” Nevertheless, it is also evident from
Fig. 5(b) that there are also satellite peaks also emerging at
162.5 eV and 157.2 eV, which may be the contribution of spin-
orbit coupling peaks of Bi**.% Fig. 5(c) depicted core level
spectra of Co 2p, which consist of main peaks ascribable to Co
2p1s2 (796.6 €V), Co 2ps/, (781.6 eV) and satellite peaks (786 eV
and 803.9 eV) indicating the existence of Co>* oxidation
state.***!

Meanwhile, the Fe 2p core-level spectra shown in Fig. 5(d)
can be fitted with three main components: Fe** 2ps, (710.6 eV),
Fe®* 2p;;, (713.1 €V) and Fe*" satellite peaks.'>*> The ratio of
Fe**/Fe®" is estimated to be about 2.08. As for O 1s core level
spectra (Fig. 5(e)), the peaks located at 530.3 eV and 531.8 €V are
associated with oxygen in the metal-oxide lattice and oxygen
vacancy (Vo), respectively.**** Even though the XRD results do
not reveal any signature of secondary phase or even other
domain orientations, however, oxygen deficiency presumably
might have occurred when the BFO-CFO layer was growing on
the SRO layer with apparent texturing grain structure. The ideal
atomic ratio of O/Fe from 65% BFO-35% CFO sample is 2.48,
while from the experimental data we obtained an O/Fe ratio of
~2.45, suggesting an oxygen deficiency of about 0.03 (3%) in the
BFO-CFO/mica sample. The existence of oxygen deficiency may

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 XPS measurements on BFO—-CFO/mica sample: (a) full scan; (b)
Bi 4f; (c) Co 2p; (d) Fe 2p; and (e) O 1s core level spectra.

further induce charge compensation and reduce the oxidation
states of Fe ions, namely form formal Fe** to Fe*".

Next, we shall examine the physical properties of the ob-
tained BFO-CFO VAN, which is strongly affected by the film's
structure quality. Fig. 6(a) displays the in-plane and out-of-plane
field-dependent magnetization (M-H) hysteresis of the BFO-
CFO VAN samples. It is important to note that the obtained
magnetic properties should have been contributed by all
constituent phases. For instance, it was evidenced previously
that the antiferromagnetic properties of the BFO phase does
contribute to the magnetic exchange interaction at the inter-
faces of BFO and CFO in the BFO-CFO VAN system.** Thus,
various energy terms, such as shape and magnetocrystalline
anisotropy, as well as the magnetoelastic effect of the ferri-
magnetic CFO could all contribute to the global magnetic
behaviors observed in the present BFO-CFO/mica sample.
Nevertheless, we note that the present results are quite similar
to that exhibited by the CFO-phase dominated ferrimagnetic
behaviors obtained in the BFO-CFO VAN grown on rigid
substrates.”** Consequently, we speculate that the M-H loops
which exhibit no clear magnetic anisotropy behavior are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) M—H loops exhibit magnetic isotropy. (b) The P-V loops
were obtained from PFM measurement. (c) The absorption spectra
from UV-vis measurement with corresponding Tauc's plot (inset). (d)
Photograph showing the flexibility of BFO-CFO/mica, and the
magnetic measurements under bending were conducted by applying
the magnetic field along in-plane (top panel) and out-of-plane (lower
panel) directions.

primarily influenced by the fact that the ferrimagnetic CFO is
oriented along the [111]-direction, thus resulting in no shape
anisotropy along in-plane and out-of-plane.'®** We believed
that, in the present case, the shape and magnetocrystalline
anisotropies are more dominant factors as compared to the
magnetoelastic effect of CFO because of the relatively smaller
strain effect in BFO-CFO/mica compare to the planar CFO
epitaxial film grown on rigid single crystalline ceramic
substrates.*® Furthermore, the electric properties of the samples
were tested by the P-V loops derived from the PFM measure-
ments. As shown in Fig. 6(b), the observed P-V loops represent
the out-of-plane component of the electric polarization origi-
nating from the embedded BFO pillars in different regions.
Obviously, the BFO pillars preserve most of their ferroelectric
characteristics,>** indicating that the pillars are of excellent
crystalline quality. High crystallinity of the BFO and CFO phases
is also expected to have better quality interfaces, which, in turn,
may further facilitate a strong magnetoelectric coupling via
strain.

The optical characteristics of the samples were also
measured using UV-vis DRS. As shown in Fig. 6(c), the spectra
exhibit multiple absorptions in UV (<400 nm), vis (>410 nm),
and even in the IR region, suggesting the broadband absorption
capability of the present samples. The extrapolation of the
Tauc's plot shown in the inset of Fig. 6(c) indicates multiple
bandgap values (E,) of 1.32, 2.04, and 3.89 eV, which can be
attributed to bandgap energy of CFO, BFO, and mica, respec-
tively.*”~* The results imply that the integration of BFO-CFO on
flexible mica substrate seemingly did not significantly affect the
optical properties of individual BFO, CFO, and mica phases.
Finally, as displayed in Fig. 6(d), the BFO-CFO VAN films grown
on mica can be severely bent and appears to be extremely
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flexible. It is found that the magnetic properties of BFO-CFO/
mica is quite robust against mechanical bending. Previous
investigations have indicated two types of the magnetic modu-
lation on thin-films grown on flexible mica substrates. Namely,
films with robust magnetic properties against mechanical
bending and films that are magnetically sensitive to mechanical
bending.*®*°** The present results agree with previous work of
planar CFO/mica, where the magnetic domain of CFO was
retained and relatively immuned from deformation during
mechanical bending.”® In the planar CFO/mica, the misorien-
tation of CFO is rigid in [111] direction. Thus, the domain wall
movement between the domains plays a prominent role in
hindering the total magnetization of the sample.** This result
also supports our conjecture that the magnetic properties of
BFO-CFO/mica were primarily dominated by the CFO phase. It
has been also demonstrated that even after more than 1000
bending cycles, the physical properties of the obtained BFO-
CFO VAN remained essentially intact.

Such a demonstration clearly indicate that the present study
has offered a viable way of developing flexible oxide nano-
structures with emergent functionalities for flexible electronic
devices, such as magnetic sensor, memory devices, energy
harvesting devices, and full-spectrum flexible photovoltaic cell
applications.>**~>°

Conclusions

The present study evidently demonstrated that the epitaxial
growth of the self-assembled BFO-CFO VAN could be trans-
planted onto flexible mica substrate without degrading most of
the functionalities via van der Waals epitaxy of the first CFO
buffer layer. We expect that this study might lead to the devel-
opment of flexible functional oxide materials, and can be used
as a role model for developing such complex heteroepitaxy
architectures using flexible substrates.
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