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ABSTRACT: Integration of functional thin films with a multi-
ferroic property on flexible substrates has piqued tremendous
research interest and device potential for flexible electronics. In this
work, self-assembled BaTiO;—Fe vertically aligned nanocomposite
(VAN) thin films have been integrated on mica substrates using
pulsed laser deposition. Different buffer layers have been explored
to facilitate VAN growth. The anisotropic ferromagnetic property
and room temperature ferroelectric property have been achieved in
the films. The bending test up to 1000 cycles signifies the
mechanical stability of the physical properties. This work paves an
avenue to integrate multiferroic oxide—metal nanocomposites for

future flexible device integration.
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B INTRODUCTION

Multiferroic thin films have attracted great interests owing to
the potential for applications in low-power logic-memory
devices, radio- and high-frequency devices, high-sensitivity
magnetic field sensors, and photocatalysis.' " Several multi-
ferroic single-phase oxides have been well explored, including
BiFeO;, YMnO;, and Fe;0,.° "> Driven by the need to
improve the magnetoelectric coupling behavior, artificial
composite multiferroic systems with different microstructures
have been studied, including particulate composites, laminated
multilayer thin films, and vertically aligned nanocomposites
(VANS).13_19 A VAN is a composite containing two or more
phases, where one phase grows as nanopillars within the other
phase, which grows as the matrix. Such a structure presents the
advantages of achieving out-of-plane anisotropy in the
magnetic property, easy tuning multiferroic, and other
properties by structural and strain tuning, as well as the
potential toward integrating other functionalities such as
optical and plasmonic properties.””~*’ Most of the multiferroic
nanocomposites have been integrated on single-crystalline
oxide substrates with limited success on other substrates such
as Si(001).%973?

Inspired by the needs of wearable flexible electronic devices
and the enormous functionality potential of oxides, the
integration of functional oxide thin films on flexible substrates
has been attractive.”**’ To achieve such integration, one way
is via wafer transfer, i.e., the film was first deposited on a rigid
substrate, followed by transferring the film to other flexible
substrates, such as polymers.*”*" However, this method is
complicated, which requires multiple steps. An alternative is
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directly integrating the functional thin film on a flexible
substrate. Among all the flexible substrates, mica has been
proven to be an outstanding candidate. It is easy to be peeled
off and possesses multiple advantages such as low cost, light
weight, and excellent thermal stability and mechanical
property. Several functional oxide thin films have been
reported to grow on mica for future device applications.**™**
Recently, several oxide—oxide VAN systems have been
demonstrated for mica integration toward flexible elec-
tronics.*>*® The reports on the integration of oxide—metal
VAN systems on mica are very limited,"”** as shown in Table
1 for the list of recently reported VAN systems on mica. This is
largely due to the growth incompatibility and limited buffer
layer selections. Up to date, there is no prior report on the
integration of ferromagnetic and ferroelectric properties in
oxide—metal VAN systems integrated on mica.

In this work, we demonstrate self-assembled BaTiO,
(BTO)—Fe VAN thin films grown on muscovite mica
substrates with the goal to achieve a multiferroic nano-
composite for flexible multifunctional devices. BTO is selected
considering its ferroelectric nature, while Fe is a well-known
ferromagnetic material."” Such BTO—Fe VAN system has
been previously deposited on SrTiO; substrates and single-
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Table 1. List of Reported VAN Systems Integrated on Mica
and Their Properties

VAN system Type of VAN Functionalities Refs

BiFeO;—CoFe,0, oxide—oxide  ferrimagnetic, ferroelectric, 45

on mica multiferroic
Lag 4,519 33MnO;— oxide—oxide  exchange bias 46

NiO on mica
BaTiO;—Au on mica  oxide—metal  plasmonic, hyperbolic 47
BaZrO;—Co on mica  oxide—metal  ferromagnetic 48
BaTiO;—Fe on mica  oxide—metal  ferromagnetic, this

ferroelectric, multiferroic work

crystalline Si.””>* To enable its epitaxial growth and enhance
the pillar alignment in oxide—metal VAN, different buffer
layers have been explored to compare the epitaxial growth
quality on mica. Magnetic and ferroelectric property measure-
ments have been performed to characterize the multiferroic
nature of the films. Considering its anisotropic microstructure
of VAN nanocomposites, optical properties, including trans-
mittance and ellipsometry measurements, have been carried
out for multifunctionality demonstration. The cyclic bending
test has also been conducted to examine the mechanical
stability of the nanostructures and their physical properties.

B RESULTS AND DISCUSSION

To facilitate the growth of BTO—Fe VAN on mica substrates,
different buffer layers have been explored since no obvious
VAN structure could be obtained for the direct growth of
BTO—Fe on mica, as shown in Figure S1. The BTO—Fe film
was first deposited on mica with a BTO buffer layer since BTO
has been demonstrated with successful growth on mica.”® The
microstructure of the films was characterized by STEM and
EDS, as summarized in Figure 1. The vertical growth of
segmented Fe nanopillars within the BTO matrix is confirmed,
with some of the Fe nanostructures grown as nanoparticles. In
order to further improve the Fe nanopillar growth quality, a
BTO—Au nanocomposite interlayer was introduced between

the film and the substrate, since such a BTO-Au VAN system
has been demonstrated successfully on mica.”” As shown in
Figure 2, the Fe nanopillar growth quality has been obviously
improved compared to the one with BTO buffer (Figure 1).
Here, the BTO—Au layer (around S nm thick) was first
deposited on a mica substrate, where Au grew as islands within
the BTO matrix. The Au islands could then serve as nucleation
sites to facilitate the Fe nucleation, which results in better
alignment of Fe nanopillars. The estimated diameter of thin Fe
nanopillars for the two films is around 2 nm. The ratio between
BTO and Fe is close to 1:1, as suggested by the EDS mapping
shown in Figure S2. X-ray diffraction was conducted to
investigate the crystallinity of the BTO—Fe thin films, as
summarized in Figure S3. BTO shows (110) dominant growth
with a small portion of (111) oriented growth. The 26 value of
BTO (110) is 30.96° for the BTO—Fe/BTO/mica and 30.89°
for BTO—Fe/BTO—Au/mica film, with a tensile strain
calculated to be 1.3% and 1.5% for BTO in the two films. It
is noted that the Fe peaks could be potentially overlapped with
mica (00!) peaks for both films. Au grows mostly in the (111)
orientation for the BTO—Fe/BTO—Au/mica film, which is
consistent with previous reports of the BTO—Au film grown
on mica. The mechanism of formation of the BTO—Fe VAN
structure could be explained as follow: Fe adatoms nucleate
and diffuse into islands following the Volmer—Weber mode
due to their higher surface energy (~2.40 J/cm?*), while BTO
adatoms prefer the Frank—van der Merve mode for a layer-by-
layer growth owing to their lower surface energy (~1.24 J/
cm?). After nucleation, BTO and Fe adatoms further diffuse
and nucleate to form an overall VAN structure with an Fe pillar
embedded in the BTO matrix. A photo of the BTO—Fe/BTO/
mica sample when bent convexly is shown in Figure 1j,
indicating the flexibility of the samples.

To investigate the magnetic properties of the BTO—Fe films,
in-plane and out-of-plane magnetic properties at room
temperature have been measured, as the M—H curves plotted
in Figure 3a,b. Both the BTO—Fe/BTO/mica and BTO—Fe/

Figure 1. Cross-sectional (a) HAADF STEM image and EDS mapping of BTO—Fe/BTO/mica film for (b) Ba, (c) Fe, and (d) Ba/Fe. (e)
Schematic drawing of the BTO—Fe/BTO/mica film when flat and bent convexly. Plan-view (f) HAADF STEM image and EDS mapping of the
BTO—Fe/BTO/mica film for (g) Ba, (h) Fe, and (i) Ba/Fe. (j) Photo of the BTO—Fe/BTO/mica sample when bent convexly.
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Figure 2. Cross-sectional (a) HAADF STEM image and EDS mapping of the BTO—Fe/BTO—Au/mica film for (b) Ba, (c) Fe, and (d) Ba/Fe. (e)
Schematic drawing of the BTO—Fe/BTO/mica film when flat and bent convexly. Plan-view (f) HAADF STEM image and EDS mapping of the
BTO—Fe/BTO—Au/mica film for (g) Ba, (h) Fe, and (i) Ba/Fe.

—
(2]
~

Moment (emu/cm®) &

Moment (emu/cm?®)

-
(=3
o

o
o

o

.
o
o

-
=3
=]

100

o
o

o

.
o
=]

-
o
o

BTO-Fe/BTO/mica
BTO-Fe/BTO-Au/mica

e
L2 ’
F /.
L € A
& o
e €
@ 2 /
£ /
L s,
s -40 -30 -20 10 10 20 30 40
Magnetic field (Oe)
-5000 -2500 0 2500 5000

Magnetic field (Oe)

—a— Flat

Concave
—— Convex
—+—1000" bending

N #N

Moment (emu/cm®)

25 25
Magnetic field (Oe)
L L

-5000 -2500

0

2500

5000

Magnetic field (Oe)

Figure 3. (2) Out-of-plane and (b) in-plane M—H curves for the BTO—Fe/BTO/mica and BTO—Fe/BTO—Au/mica films. (c) Out-of-plane and
(d) in-plane M—H curves for the BTO—Fe/BTO—Au/mica film under different bending conditions.
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Figure 4. Schematic drawing of the (a) BTO/BTO—Fe/BTO and (d) BTO/BTO—Fe/BTO—Au/BTO multilayer design. (b), (e¢) PFM phase
mapping for the two films. (c,f) Phase and amplitude hysteresis loops of PFM measurements for the two films.

BTO—Au/mica films show soft ferromagnetic behavior. More
specifically, the saturation moments are 93 and 129 emu/cm’,
while the coercive fields are 23 and 32 Oe for the BTO—Fe/
BTO/mica and BTO—Fe/BTO—Au/mica film out-of-plane.
For the in-plane measurement, the saturation moments are 90
and 95 emu/cm?, and the coercive fields are 24 and 25 Oe for
the two films. A stronger ferromagnetic response and a more
obvious magnetic anisotropy could be observed for the BTO—
Fe/BTO—Au/mica film compared to the BTO-buffered one,
which could be attributed to the better crystallinity quality of
Fe pillars and improved vertical alignment within the film than
that of the BTO-buffered film. The magnetic anisotropy of the
film is primarily from the shape anisotropy of Fe pillars
considering the high aspect ratio of the nanopillars (length/
diameter ~ 60). It is noted that both films show a low
coercivity, probably due to the very thin (around 2 nm in
diameter) Fe nanopillars within the film.

Since the films are integrated on flexible mica substrates, it is
important to test the stability of the physical properties under
different bending conditions. The magnetic property measure-
ment was performed when bent concavely, convexly, and after
1000th bending for the BTO—Fe/BTO—Au/mica film, and in-
plane and out-of-plane direction were both also tested, as
summarized in Figure 3c,d. Local regimes of the plots are
shown in Figure S4. The bending radius during the bending
test was around 15 mm. It is interesting that no obvious
difference was observed for the results measured at different
bending conditions for both in-plane and out-of-plane
directions, indicating a stable ferromagnetic property of the
film against the bending test. The saturation moment and
coercive field stay around 129 emu/cm?® and 32 Qe for the out-
of-plane measurement and 95 emu/cm?® and 25 Oe for in-plane
measurement, respectively. The results indicate the reliability
and robustness of the nanocomposite thin films. The minor
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difference in the measured magnetic moments under different
bending conditions could be owing to the minor sample
geometry changes and measurement limitations. It is noted
that the volume used to calculate the magnetic moment of the
film was the entire film volume rather than Fe pillars. The
actual magnetization of Fe region should be even stronger.
Considering their potential ferroelectric property, piezo-
electric force microscopy (PFM) analysis was carried out for
both systems at room temperature. Films were sandwiched by
two BTO layers to form BTO/BTO—Fe/BTO—Au/BTO/
mica and BTO/BTO—Fe/BTO/mica multilayers, as shown in
the schematic drawings in Figure 4a,d. The thickness of the
BTO layers is around 5 nm. The films were first written by —5
V on an area of 5§ X S um, followed by a rewriting process by
45 V on the center 3 X 3 um area. Both films show obvious
dark and bright contrast, as displayed in Figure 4b,e as the
piezo-response phase mappings, which indicate the upward
and downward polarizations. The phase hysteresis loops in
Figure 4¢,f suggest that both films present a 180° phase change
by switching the tip bias direction, while the amplitude
hysteresis loops show a well-defined butterfly shape, which
signifies strong ferroelectric response for both films. The
polarization—voltage measurement was performed for the
BTO/BTO—Fe/BTO—Au/BTO/mica film. As plotted in
Figure SS, the result shows a well-defined polarization—voltage
hysteresis loop, suggesting a room-temperature ferroelectric
property of the film. The cyclic bending tests and PFM
measurements were conducted on samples, as shown in Figure
S6. Both films show stable ferroelectric properties after 1000th
bending. The results demonstrate that both BTO—Fe/BTO—
Au/mica and BTO—Fe/BTO/mica film present a stable, room
temperature ferroelectric property. A leakage current measure-
ment was performed on the BTO/BTO—Fe/BTO—Au/BTO/
mica film, as shown in Figure S7. The leakage current of the
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Figure S. (a) Transmittance plots for the BTO—Fe/BTO/mica and BTO—Fe/BTO—Au/mica films. (b) Transmittance plots for the BTO—Fe/
BTO—Au/mica film measured when flat, bent concavely and convexly, as well as after 1000th bending cycles. (c,d) Fitted real permittivity of the

BTO—Fe/BTO/mica and BTO—Fe/BTO—Au/mica films.

film reaches a maximum of § X 107'° A in the range of 0 to 15
V, suggesting a low leakage, especially under high voltage,
which is desirable for ferroelectric applications. Additionally,
the magnetoelectric coupling property was also measured for
the BTO/BTO—Fe/BTO—Au/BTO/mica film, as plotted in
Figure S8. As indicated by the slope of the linear fitted plot, the
magnetoelectric coupling charge coeflicient is found to be
around 1.68 X 1077 uC/(cm* Oe). The magnetoelectric
coupling from the strain-coupled nanocomposites paves new
ways toward potential applications in flexible spintronics.
Considering the anisotropic structures of Fe pillars in the
dielectric matrix, the optical properties of the films were
characterized for the samples. Transmittance was first
measured. In Figure Sa, the BTO—Fe/BTO—Au/mica film
shows a plasmonic resonance peak around 512 nm, which is
attributed to the existence of plasmonic Au nanostructures in
the film. The plasmonic resonance peak position is also
consistent with previous reports.47’51’52 The transmittance
measurement was also performed for the BTO—Fe/BTO—Au/
mica film after the cyclic bending test and plotted in Figure Sb.
The film shows a robust transmittance property at different
bending conditions and post the cyclic bending test. The
transmittance difference between different films is primarily
due to their substrate thickness difference across different
substrate pieces. Owing to the anisotropic nature of both films,
the in-plane and out-of-plane permittivity was also measured
by ellipsometry. The permittivity was attained by fitting the
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ellipsometric parameters Psi (¥) and Delta (A) using a
uniaxial B-spline mode. The fitted real part permittivity of the
films is summarized in Figure Sc,d. It can be seen that the out-
of-plane permittivity is much lower than the in-plane
permittivity for both films, which suggests the anisotropic
dielectric properties of the VAN films, that is, more dielectric
behavior in the in-plane direction. Interestingly, the BTO—Fe/
BTO—Au/mica film shows a hyperbolic transition at around
700 nm, indicating a more metallic behavior in the out-of-plane
direction for the BTO—Fe/BTO—Au/mica film, which also
confirms that the BTO—Au-buffered film presents a better Fe
pillar alignment and stronger out-of-plane structural aniso-
tropy. The fitted imaginary permittivity of the films is
summarized in Figure S9.

Overall, both films with different buffer layers promote
successful growth of the BTO—Fe VAN, which also shows
room-temperature multiferroic properties. Compared to
previous single-phase oxides integration on mica, the BTO—
Fe system exhibits a stronger magnetic anisotropy and better
multifunctionality. The films on buffered mica substrates also
show a comparable ferromagnetic property compared to those
on rigid substrates, indicating a great potential for flexible
device integration.‘go’33 For future directions, other multiferroic
nanocomposite systems could be considered to be integrated
on mica substrates toward flexible electronics. For example,
other metallic magnetic pillars (e.g, Co, Nj, etc.) and alloyed
pillars (e.g., CoFe, Au,Ag,_,, etc.) are ideal candidates to be
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integrated on mica for multifunctional coupling. Moreover,
further bending tests could be conducted to study how the
bending radius would affect the microstructure and physical
properties as well as the magnetoelectric coupling effect of the
films. Furthermore, the mechanisms of buffer layers beneficial
to thin-film integration on mica substrates need a further
exploration, which can be extended to custom-designed and
high-quality multifunctional oxide—metal VAN thin films.

B CONCLUSIONS

The BTO—Fe VAN system has been successfully integrated on
flexible mica substrates. Different buffer layers (i.e., BTO and
BTO—Au buffers) were introduced to facilitate the growth of
the BTO—Fe VAN. In comparison, the BTO—Au interlayer
promotes the growth quality of the Fe nanopillars better than
the ones on the pure BTO buffer layer. The anisotropic
ferromagnetic property and room-temperature ferroelectric
property were observed for both films with either BTO or
BTO—Au buffer layers. The BTO—Au-buffered film exhibits
obvious plasmonic and hyperbolic properties. The physical
properties of the films were stable even against the cyclic
bending test. This work demonstrates the material feasibility
for integrating multiferroic oxide—metal nanocomposite on
mica toward multifunctionalities and flexible electronics.

B EXPERIMENTAL SECTION

Thin Film Fabrication. A BTO—Fe composite target with a molar
ratio of 1:1 was used to deposit the thin film on the muscovite mica
(001) substrate using pulsed laser deposition with a KrF laser
(Lambda Physik Compex Pro 205, A = 248 nm). The chamber was
pumped to the pressure of 2 X 107 Torr before deposition. The
temperature was maintained at 600 °C. After deposition, the chamber
was cooled down to room temperature at a rate of 10 °C/min.

Microstructure Characterization. An FEI TALOS F200X
microscope was used for TEM, STEM, and EDS characterization.
X-ray diffraction was conducted using a Panalytical X'Pert X-ray
diffractometer in the #—26 scan mode.

Magnetic Property Measurement. The magnetic property
measurement was conducted using a Quantum Design MPMS-3
SQUID magnetometer at room temperature.

Ferroelectric Property Measurement. The PFM measurement
was carried out using atomic force microscopy (Bruker, Dimension
Icon). The Radiant Technologies Precision LC II ferroelectric tester
was used to perform the dielectric leakage tests. A SrRuQO; layer was
used as the bottom electrode, and Au contacts were used as the top
electrodes for the ferroelectric test.

Magnetoelectric Coupling Measurement. The Radiant
Technologies magnetoelectric bundle was employed to perform the
magnetoelectric coupling measurement.

Optical Property Measurement. A UV—vis—NIR spectropho-
tometer (PerkinElmer Lambda 1050) was used for the transmittance
property measurement in the wavelength range from 210 to 860 nm.
The ellipsometry measurement was carried out using a J.A. Woollam
RC2 ellipsometer.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaelm.2c00712.

HAADF STEM image for the nonbuffered film, EDS
quantitative analysis, XRD 6—26 scan results, local
regime of M—H curves, polarization—voltage measure-
ment result, PFM measurement results after cyclic
bending, leakage current test result, magnetoelectric
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coupling property measurement result, and fitted
imaginary permittivity of the two films (PDF)
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