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Magnetoelectric (ME) oxide materials can convert magnetic input into elec-
tric output and vice versa, making them excellent candidates for advanced
sensing, data storage, and communication. However, their application has
been limited to rigid devices due to their brittle nature. Here, flexible ME
oxide composite (BaTiO3/CoFe,O,) thin film nanostructures with distinct
ME coupling coefficients are reported. In contrast to rigid bulk counterparts,
these ceramic nanostructures display a flexible behavior after being released
from the substrate, and can be transferred onto a stretchable substrate such
as polydimethylsiloxane. These ceramic films possess high ME coefficients
due to minimized clamping effect and preferred crystalline orientation, and
exhibit reversibly tunable ME coupling via mechanical stretching thanks to
their large elasticity (>4%). It is believed that the study can open up new
avenues for integrating ceramic ME composites into micro-/nanoelectrome-

chanical system and soft robotic devices.

1. Introduction

Novel functional materials can provide innovations in soft
robotics and micro-/nanoelectromechanical systems (M/
NEMS) for advanced sensing, actuation, and communication
applications.*l While polymer-based materials are considered
promising for flexible devices due to their elastic properties,
their functional performance is still inferior to those of inor-
ganic materials, such as ceramics. For example, commercially
available ceramics possess piezoelectric constants that are
orders of magnitude higher than those of piezoelectric polymers
(e.g., BaTiOj: 191 pC N7! vs P(VDF-TrFE): 25-30 pC N7).>°
Although the rigid mechanical nature of ceramic materials has
hindered their utilization in flexible devices, recent observations

of abnormal mechanical properties in
nanoscale ceramic materials could resolve
these issues. Specifically, free-standing
nanoscale oxide thin films exhibit dis-
tinguished mechanical properties such
as superelasticity”®! and extreme tensile
strain endurance,'% in contrast to brittle
bulk ceramics or thin films on substrates.
Additionally, the free-standing thin films
can be transferred onto flexible or stretch-
able substrates,”> which highly facili-
tates the integration of these functional
oxides into soft robotics and M/NEMS.
Functional ceramic oxides that show
coupling between mechanical, electrical,
and magnetic order parameters™ are
appealing for a wide range of applications.
Magnetoelectric (ME) composites com-
posed of piezoelectric and magnetostric-
tive oxides are a clear example of this class
of materials, where the coupling is achieved through interfacial
elastic interactions. As ME composite oxides can detect mag-
netic fields and convert them into electric outputs, they have
been widely applied in smart sensors,'%] memories,/®% and
biomedical systems.[?”! Extending these superior ME devices
to flexible systems would require strong ME coupling and
excellent elastic mechanical properties. However, these highly
functional ME composite oxides have not been incorporated
into flexible systems due to their hard and brittle nature in bulk.
Here, we realize flexible ME composite oxides by creating
BaTiO;/CoFe,0, (BTO/CFO) free-standing epitaxial bilayer
thin films. We show these free-standing thin films have large
elastic tensile strain (>4%) and can be transferred to flexible
substrates, such as polydimethylsiloxane (PDMS), even with
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complex geometries. We also investigate the ME performance
of these composite oxides. The free-standing and transferred
BTO/CFO structures exhibit an order of magnitude larger ME
coupling compared to thin films on a substrate as they are
free from the substrate clamping.?!l We also investigate how
applied deformations influence the ME coupling and deter-
mine the strain dependency of the ME coupling in the trans-
ferred BTO/CFO structures by stretching the PDMS substrate.
Our study not only represents a strategy for implementing ME
oxide ceramics in soft robotic devices and M/NEMS, but also
provides insight into their performance.

2. Results and Discussion

Figure 1 shows the flexible ME composites transferred onto a
PDMS substrate that can endure bending and stretching. The
free-standing BTO/CFO structures were fabricated using photo-
lithography, dry etching, and wet etching processes sequentially
(Figure 1a). Different patterns were designed on the as-depos-
ited BTO/CFO films through photolithography and Ar-ion
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milling. The patterned nanostructures were then released
through selective etching of the underlying MgO substrate fol-
lowed by critical point drying (details in Section 4). When both
ends of the BTO/CFO thin film structures were fixed, then
a micro “bridge” can be obtained. When only one end of the
microstructure is fixed, then, after etching and release, BTO/
CFO bilayer thin film will curl due to the interfacial stress
brought by the lattice mismatch.”! These curled free-standing
BTO/CFO structures demonstrated flexible nature (Figure 1b,
Movie S1, Supporting Information) when they were deformed
by a micro tip. The deformed structures were recovered to
their original shapes without permanent deformation, similar
to superelasticity. The free-standing BTO/CFO micro “bridge”
structures were transferred to a stretchable PDMS substrate by
direct stamping. The transferred structures showed good flex-
ibility, stretchability, and endurance to different types of defor-
mations, for example, bending through the PDMS substrate
(Figure 1c).

We quantitatively investigated the stretchability of BTO/CFO
free-standing films by nanomechanical tensile test. In contrast
to bulk ceramics, extreme elongations were observed in the

PDMS Magnetoelectric (ME)
composite
Free-standing PDMS
structure
lon milling / wet etching Stamping

Stretching

CoFe,0, (Magnetostrictive)

BaTiO; (Piezoelectric)

Figure 1. Flexible and stretchable magnetoelectrics. a) Schematic illustration of the fabrication processes of flexible and stretchable magnetoelectrics.
Free-standing BTO/CFO structures were stamp-transferred onto the PDMS substrate. b) Bending of the curved free-standing BTO/CFO structures. A
curved structure is fabricated when one end is free. The structure was recovered to the initial curve after deformation. The scale bar indicates 10 um.
c) Application of bending strains to the transferred BTO/CFO structures via PDMS substrate. The scale bar indicates 5 mm.
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Figure 2. Mechanical tensile tests of BTO/CFO free-standing structures. a) SEM images of a dogbone-like structure during the tensile failure test. The
scale bar indicates 1 um. b) Stress—strain curves obtained during the tensile failure test and the schematic illustration of the tensile test configuration
(inset). ) Finite element method-based mechanical simulations of dogbone-like structures.

dogbone-like structures (Figure 2a, Movie S2, Supporting Infor-
mation, details in Section 4).22 The stress—strain curve from
the fracture test shows maximum failure stress and strain of
1514 MPa and 3.26% (blue, Figure 2b), respectively. The tensile
strain is significantly larger than that of bulk ceramic materials.
Although earlier fractures have been observed, including failure
stress and strain of 0.89% and 301.2 MPa (grey) and 1.81% and
772.6 MPa (red), the slope of each stress—strain curve, namely,
the Young’s modulus (E:%) of the structure, is almost iden-
tical for all three cases with a value of 48.8 GPa (+ 1.87 GPa),
which indicates the reliability of the measurements and the
repeatability of the performance of the material. The early frac-
ture points can be ascribed to i) stress concentration near the
markers and ii) uneven contact between the structure and
the force sensor. In most cases, fractures occurred near the
marker or the contact point between the sample and the force
sensor (Figure S1, Supporting Information), indicating an
early fracture caused by the stress concentration. Mechanical
analysis using the finite-element method further corroborates
the hypothesis that stress is concentrated near the marker
points and the contact point (Figure 2c). While the exact strain
analysis was difficult to ascertain without markers, fractures
occurred in the middle of the neck in some cases (Figure S2,
Supporting Information). In addition, AFM topography images
(Figure S3, Supporting Information) of the stretched BTO/CFO
(a tensile strain of =4.1%) without displaying any cracks further
indicate a larger failure tensile strain in BTO/CFO free-standing
structures. These enhanced fracture stress and strain values
can enable ME composites to be used in flexible applications.
Interestingly, the Young's modulus of BTO/CFO free-
standing films is much lower than that of bulk BTO (=120 GPa)
and bulk CFO (=188 GPa).2*2%l Ceramic materials that are
brittle and tough in bulk can show abnormal mechanical
behavior at the nanoscale, such as ultrahigh- or superelasticity
and low Young's modulus.”??8 Unlike bulk materials, sur-
face and interface contributions can be accounted for in the
unique tensile mechanical properties of the nanoscale BTO/
CFO free-standing structures. In particular, surface stress,
originating from surface relaxation and reconstruction, and
interface stress, originating from the lattice mismatch, can
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result in a softening of the elastic moduli and an increase in
the maximum elastic strain.?>3% In addition, the scarcity of
internal defects in nanoscale structures compared to bulk mate-
rials further restrict dislocation multiplication and crack evolu-
tion under tensile stress, resulting in an increase in the elastic
limit.?4-33] Furthermore, recent reports about the effect of polar-
ized electric domain rotations on superelasticity can explain the
mechanism of flexibility in the BTO/CFO ME composites./’~]

We then investigated the ME coupling characteristics
in transferred BTO/CFO structures on a PDMS substrate
(Figure 3a). Transferred BTO/CFO structures showed excellent
ME coupling, as shown in Figure 3b,c. Coercive field shifts in
piezoelectric force microscopy (PFM) hysteresis loop meas-
urements have been clearly observed with the application of
magnetic fields and higher magnetic fields resulted in higher
coercive field shifts. As their electrical and magnetic proper-
ties highly depend on strain, we also tested their ME coupling
behavior while stretching the PDMS substrate. For quantitative
analysis, we define the ME coefficient as

oy = AEJAH (1)

where AH is the applied in-plane magnetic field and AE is
the measured out-of-plane electric field that can be estimated
by the shift of the center of the hysteresis loop.*¥ Figure 3d
shows ME coupling coefficients as a function of external ten-
sile strain. Although the coercive field shifts and the ME
coupling coefficient decreased with larger tensile strain, ME
coupling was observed with up to 4.1% of tensile strain (cal-
culated from the deformation of BTO/CFO when PDMS is
stretched, Figure S3, Supporting Information). As the applied
tensile strain increased from 0% to 4.1%, the coupling coeffi-
cient decreased from 16.6 x 10° to 2.04 X 10° mV cm™ Oe™.
In addition, we also tested the repeatability and recoverability
of the ME coupling change in transferred BTO/CFO structures
by stretching and releasing the PDMS substrate repeatedly.
ME coupling coeflicients were measured in situ with the strain
range from 0% to 3% during stretch-release cycling of the
PDMS substrate. As can be seen in Figure 3e, the ME coupling
coefficient decreased during stretching, but recovered its values
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Figure 3. Reversible tuning of ME coupling. a) A schematic illustration of magnetic field application and mechanical stretching directions during PFM
measurements. b) Local PFM hysteresis amplitude and c) phase of transferred BTO/CFO structures under magnetic fields. d) ME coupling coefficients
as a function of applied tensile strain. e) Reversible tuning of ME coupling in transferred BTO/CFO structures.

when released. This behavior was observed for several cycles,
and thus, change of the ME coefficient over strain was repeat-
able. Delamination was not observed during the repeatability
test. For a long-term application, high and durable adhe-
sion between the flexible substrate and ME composite can be
ensured by surface treatment.’]

To analyze the effect of the geometrical configuration on ME
coupling behavior, we compared the ME coupling coefficients
in BTO/CFO structures of different mechanical boundary con-
ditions, including free-standing structures, stretchable struc-
tures on a PDMS substrate, square-disk patterned structures
on a rigid substrate, and as-deposited thin films (Figure 4).
Higher mechanical degrees of freedom in ME composites
results in a higher ME coupling coefficient, which can be attrib-
uted to the reduced substrate clamping in the BTO/CFO.l!
We also compared our results with other ME nanocompos-
ites evaluated with similar methods, and the ME coefficient
of free-standing BTO/CFO composites is among the highest
(i.e., CoFe,0,-BiFeO; core-shell nanoparticle: 3.25 x 10° mV
cm™! 0e™L,B% CoFe,04~Pb(Zr(5,Tig43)O3 core—shell nanofiber:
295 x 10* mV cm™ Oe ! CoFe,0,-BiFeO; core—shell
nanofiber: 2.2-2.5 x 10* mV cm™ Oe},%8 FeGa/P(VDF-TrFE)
ferroelectric polymer, 9.4 x 10* mV cm™ Oe B39 quasi-(0-3)
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Figure 4. Comparison of the ME coupling coefficients changed by the
geometry and configuration of the BTO/CFO thin film. ME coupling
coefficients were calculated based on the PFM measurements on free-
standing, transferred, patterned, and as-deposited BTO/CFO thin film
structures. The data for the micro-patterns (reduced substrate clamping
effect) and as-deposited thin films were taken from ref. [21].
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Transferred to PDMS

Figure 5. Transfer of various patterns of ME composite. Stamp-transferring of various designs of BTO/CFO free-standing structures including a) posi-
tively engraved ETH logo, b) negatively engraved ETH logo, and c) connected rectangular arrays. The scale bars indicate 10 um.

nanocomposite: 338 mV cm™ Oe ). This high ME coeffi-
cient does not only originate in the reduced clamping but also
from preferred crystalline orientation in the epitaxial thin film.
Another interesting feature in BTO/CFO stretchable structures
on PDMS is real-time tuning of ME coupling coefficient, which
otherwise cannot be realized in the patterned thin films on sub-
strates where the ME couplings are fixed once films have been
fabricated.*!

The strain-dependent ME coupling in BTO/CFO on the
PDMS substrate can be attributed to three possible factors:
i) Tensile strain from the PDMS substrate exerts a ‘clamping’
effect on the CFO layer, preventing effective magnetostriction
and interfacial interaction with BTO, and eventually resulting
in weak ME coupling. ii) The magnetostriction of CFO also
depends on the external mechanical stress. In a simplified
magneto-elastic model which considers unidirectional stress
in magnetic materials, the magnetostriction coefficient can be

expressed as
3
S(exp(i A o0y ) + 1)

2(cosh(KH)+exp(%Aslwoo'w)+ 1)

A=Al 1-

where
3 0

Ag==% ()
oM

K =AM, )

U is the vacuum permittivity, M; is the saturation magnetiza-
tion, ;o is the magnetostrictive coefficient, and »° is the initial
slope of the unstressed anhysteretic magnetization curve.#
Therefore, the increase in the uniaxial tensile stress Oyy gives
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rise to a decrease in the magnetostriction A and eventually a
weak ME coupling. iii) Under large tensile strain, BTO shows

negligible out-of-plane polarization (P,,) as well as weaker

strain sensitivity, aaﬁ 834 Therefore, diminished ME coupling
€

can be expected under large tensile strain since the magne-
tostriction of CFO would cause only a small change in P, in
BTO.

Our results indicate that ME coupling of transferred BTO/
CFO structures can be systematically tuned in real-time by
applying different tensile strains via stretching the PDMS
substrate, unlike thin films on rigid substrates where external
strains are fixed by the lattice parameters of the substrate. The
reversibly tunable ME coupling also provides opportunities
for BTO/CFO transferred structures to be used for stretchable
magnetoelectrics for strain-sensing applications (Figure 3d). In
flexible and stretchable magnetoelectrics, the ability to fabricate
various shapes and figures on different substrates allows for
multiple designs and further expansion of their applications.
To this end, the adopted stamp-transfer method is a versatile
approach for the realization of BTO/CFO architectures with dif-
ferent sizes and shapes. In Figure 5, we show various designs
transferred by the stamping method, including positively
and negatively engraved ETH alphabet logos and connected-
rectangular arrays. From just a few to tens of microns, all the
architectures were successfully transferred to a large area sub-
strate without any fracture within the structures, providing
uniformity and scalability of transferring BTO/CFO structures
using the stamping method.

3. Conclusion

In summary, BTO/CFO free-standing thin films showed excep-
tionally high elastic tensile strain and ME coupling. BTO/CFO
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films transferred to a PDMS substrate exhibited robust, repeat-
able and recoverable ME coupling behavior under high strains.
Tunable ME coupling by stretching (88% decrease in ME coef-
ficient with 4.1% of tensile strain) and its reversibility (cyclic
stretch and release between 0% and 3% of strain) were demon-
strated. Demonstration of ME coupling showed potential for
sensing magnetic fields or giving electric stimulus remotely.
It is also possible to tailor the actual strain distribution in the
materials and maintain constant ME coupling coefficient even
under large stretching by adopting functional pattern designs
such as fractals or auxetics. We believe that high-performance
flexible ME composites and their capability to be transferred
onto stretchable substrates with desired geometries will enable
new soft robotics and advanced M/NEMS applications.

4. Experimental Section

Thin Film Deposition and Fabrication: BTO (15 nm)/CFO (15 nm)
epitaxial thin films were deposited on (001) oriented MgO single
crystalline substrate (Crystal GmbH) using pulsed laser deposition (Figure
S4, Supporting Information).? A CFO layer was deposited at 550 °C and
10 mTorr oxygen partial pressure with the laser intensity and frequency
of 1.8 ) cm™ and 5 Hz, respectively. A BTO layer was then deposited at
750 °C and 200 mTorr oxygen partial pressure and the laser parameters of
1.2 ) cm and 4 Hz. Subsequently, photoresist (AZ 1505) was spin-coated
on the BTO/CFO thin films and patterned with different shapes using
UV-photolithography. Patterned films were dry-etched with Ar-ion milling
(Oxford lonFab 300 Plus) and the remaining photoresist was rinsed off with
acetone (5 min), isopropyl alcohol (5 min), and oxygen plasma (600 W,
3 min). Afterward, the MgO substrate was chemically etched with a
sodium bicarbonate saturated solution and dried with a critical point
dryer (Tousimis-CPD). As a result, various shapes of free-standing BTO/
CFO structures were obtained (Figure S5, Supporting Information). Some
of these free-standing structures were stamped with a PDMS substrate
and were successfully transferred.

Materials ~ Characterization: ~ Piezoelectric  properties and ME
couplings were measured with piezoresponse force microscopy
(PFM, ND-MDT) equipped with an in-plane DC magnetic field
setup. A customized sample stage was designed in order to apply
uniaxial strains on BTO/CFO//PDMS structures during the PFM
measurements (Figure S6, Supporting Information). The BTO/
CFO structures were patterned with bridge-like linear stripes of
1 um width (Figure S5, Supporting Information) and transferred onto
the PDMS substrate. During the PFM measurements, mechanical
strain was applied vertically to the magnetic field direction (Figure 3a).
The strain was estimated by the elongated (stretched) width of the BTO/
CFO stripes compared to the as-transferred width (Figure S3, Supporting
Information). The ME coupling coefficients were calculated based on the
local piezoelectric hysteresis loops averaged over five measurements.

In Situ Nanomechanical Tensile Testing: For the quantitative
investigation of the stretchability and the estimation of the maximum
mechanical endurance without developing fractures like necks and cracks,
the mechanical properties of BTO/CFO free-standing films, specifically
failure stress and strain, were evaluated using nanomechanical force
sensors. Tensile tests were performed using a scanning electron
microscope (Nova NanoSEM 450, FEI company) equipped with a
nanomechanical testing system (FT-NMTO03, Femtotools AG) at room
temperature. A BTO/CFO dogbone-like structure was attached to the
tungsten force sensor probe (radius less than 0.1 um) using SEM-
compatible glue (SEMGLU, Kleindiek Nanotechnik GmbH) and the
force was measured with 100 Hz sampling frequency under a 5 nm s™'
loading rate using a micro-electro-mechanical system-based force sensor
(model FT-S200, £ 200 uN force range limit and 0.5 nN resolution).
Inspired by the ASTM standard,??l dogbone-like structures for mechanical
tensile fracture tests were designed. These structures were designed to
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have a narrow neck, where elongation and fractures in the material could
take place. Two markers were added along the neck of the dogbone-like
structure to analyze the elongation. The elongated lengths and strains
of the dogbone-like structures were calculated based on the marker
positions. Since the distance between the markers measured from
the SEM images were highly dependent on the tilting of the sample,
the geometrical configuration, particularly the tilting angle between the
beam and the sample, was carefully controlled. First, the initial
distance between the two markers of the flat sample was measured
(Figure S7, Supporting Information, left). The sample stage was then
tilted and the sample was attached to the force sensor. To recover from
the stage tilting, the attached sample was raised (Figure S7, Supporting
Information, right).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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