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ABSTRACT: Integrating functional thin films with anisotropic physical properties onto flexible substrates is of great interest for
future flexible electronic applications. In this work, self-assembled BaZrO;(BZO)-Co vertically aligned nanocomposite thin films
have been integrated onto flexible mica substrates using pulsed laser deposition. Microstructure characterization shows high-quality
growth of Co nanopillars in the BZO matrix. Tunable, anisotropic ferromagnetic properties of the films have been achieved by
controlling the film thickness and the aspect ratio of Co nanopillars. The bending stability tests have been carried out under different
bending conditions and cyclic bending conditions to explore the physical property variation of the films. The successful integration
of BZO-Co on mica substrates opens a way for future flexible spintronics and device integration.

B INTRODUCTION

Driven by the needs of wearable, flexible devices and the
demands for next-generation electronics, tremendous efforts
have been put forward on integrating functional materials on
flexible substrates.' ® These integrated functional thin films
have great potentials in applications such as flexible displays,
lightweight wearable electronics, and intelligent sensors.” *
Typically, there are two approaches to achieve thin-film
integration on flexible substrates. One way is depositing thin
films on metal foils, which needs careful surface treatment of
the metal substrates.'””'* In addition to the metallic flexible
substrates, muscovite mica is known to be a suitable flexible
platform for thin-film deposition. It is biocompatible, with high
thermal stability, lightweight, and low cost, and several studies
have been demonstrated on integrating functional thin films
with these mica substrates.">~>" The second approach is via
wafer transfer, which is first depositing the film on a rigid
substrate and followed by film transferring onto a flexible
polymer.”> This is an effective approach for flexible polymer
substrates, which cannot withstand high-temperature deposi-
tions. However, this method requires multiple steps and the
wafer-transfer process is challenging.
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Multifunctional nanocomposite thin films that integrate
electrical, optical, and/or magnetic properties are of great
interest and have led to new physical properties and new
device concepts.”® As a unique class of nanocomposite thin
films, vertically aligned nanocomposite (VAN) is a self-
assembled nanocomposite system with one phase vertically
embedded in another phase. It is a new platform that presents
enormous opportunities in functional thin-film designs with
novel physical properties and strong anisotropy. Previous VAN
demonstrations are mostly oxide—oxide ones”*~** with several
recent demonstrations on oxide—metal VANs.”” ™ In these
oxide—metal VANs, the morphology of the metal phase and
their physical properties are easily tuned by controlling the
deposition parameters, which leads to tailored physical

. . . L3438
properties and various device applications. One such
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Figure 1. (a) Schematic drawing of a bendable BZO-Co film, (b) photo of the BZO-Co film when bent convexly, and (c) schematic drawing of the
BZO-Co film with different thicknesses and different aspect ratios of Co pillars.

Figure 2. (a) Plan-view high-angle annular dark-field (HAADF) STEM image of the film, with (b—d) corresponding EDS images; (e) cross-
sectional TEM image of the film; (f) schematic drawing of the film; (g) plan-view high-resolution TEM (HRTEM) image of the film; and (h)
cross-sectional STEM image of the film, with (i—k) corresponding EDS images. (a—e), (h—k) have the same scale bar.

application, spintronics, has device potential as magnetic
sensors, spin-torque oscillator, magnetoresistive random-access
memory (MRAM), etc.’”™" Among the materials for
spintronics, ferromagnetic metallic nanostructures, including
Fe, Co, and Nj, are one of the key components for spintronic
devices. Most of the spintronic devices and components have
been integrated on single-crystal oxide substrates, such as
SrTiO; and MgO,>*?7*%*13%3% yith limited reports on single-
crystalline Si substrates*® or flexible mica substrates. For those
demonstrated on flexible mica substrates, they are mostly
single-phase oxide or oxide—oxide nanocomposites, such as
CaVOs;, Lag;Sr;3sMnO; (LSMO):NiO, BiFeO;:CoFe,0,,

etc.'””""” The demonstrations of oxide—metal VAN systems
on mica are very scarce,”’ largely due to the growth challenges
in achieving van der Waals epitaxy between VAN and mica.
In this work, we successfully integrated a self-assembled
BaZrO,;(BZ0)-Co oxide—metal VAN structure on a mica
substrate toward spintronic applications. This system has been
previously grown on single-crystalline SrTiO;(STO) substrates
using a pulsed laser deposition (PLD) method.’”** Here, Co is
selected because of its excellent ferromagnetic property, while
BZO is selected because of its high chemical and physical
stability. A thin ~10 nm BZO buffer layer was first grown to
facilitate the van der Waals epitaxy of the BZO-Co film on
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Figure 3. (3, d, f) Schematic drawings of the BZO-Co film with the different thicknesses, with corresponding EDS mapping of (b, e, h) Co and (c, f,

i) Co/Ba.

mica, as shown in the schematic drawing in Figure la,c.
Different thicknesses of the BZO-Co films are proposed to
achieve tunable magnetic anisotropy, considering the aspect
ratio tuning in the magnetic Co nanopillars. To examine the
stability of the VAN films on mica, the films were bent
concavely and convexly as well as underwent a cyclic bending
test, as the photo in Figure 1b shows one such sample bent
convexly. Magnetic and optical properties of the samples
before and after the bending test were measured and compared
to demonstrate the potentials of these oxide—metal VANs on
flexible mica substrates.

B RESULTS AND DISCUSSION

Microstructure characterizations, including transmission elec-
tron microscopy (TEM), scanning transmission electron
microscopy (STEM), and electron dispersive X-ray spectros-
copy (EDS) analysis, were performed to explore the
morphology of the BZO-Co films grown on mica. Figure 2
shows a summary of the microstructure characterization
images of the film with a thickness of 120 nm. Figure 2a
shows a low-magnification plan-view STEM image of the film,
with the corresponding EDS mapping results shown in Figure
2b—d for Co, Ba, and Co/Ba, respectively. The round shape of
Co pillars is confirmed where BZO is the matrix. The [0002]
textured Co pillars and the [110] textured BZO matrix were
determined based on the high-resolution plan-view TEM
image, as shown in Figure 2g. The estimated average diameter
of the Co pillars is around 4 nm. The EDS mapping images of
films with three different thicknesses are shown in Figure 3. It
is clear that all three films present vertically aligned Co pillars
grown in the BZO matrix based on the EDS mapping results.

To further explore the crystallinity of the films, X-ray
diffraction (XRD) analysis was conducted, and the results are
plotted in Figure S1. Typically, a similar crystal structure and
lattice parameters are required for the epitaxial growth of thin
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films. In this work, because of the nature of van der Waals
epitaxy, the crystal structure as well as lattice parameters of the
mica substrate (monoclinic, @ = 0.517 nm, b = 0.894 nm, ¢ =
2.001 nm) are quite different from those of BZO (cubic, a =
0.4193 nm) and Co (hexagonal close-packed (HCP), a
0.2503nm, ¢ = 0.4061 nm). All of the films show highly
textured growth of BZO (110). The Co (0002) peak (at 26 =
44.762°) could be overlapped with the mica (005) peak (26 =
44.996°) since the growth orientation of Co can be defined
better based on the previous plan-view HRTEM shown in
Figure 2g. The Raman spectra for the 20 nm film and the pure
BZO film are plotted in Figure S2, suggesting there is no Co—
O bonding within the BZO-Co film, while Co could potentially
form Co—Zr bonding at the oxide—metal interface, as such
metal—metal bonding interfaces have been reported previously
in other oxide—metal VAN systems.**

To investigate how the aspect ratio of Co pillars affects the
magnetic anisotropy of the films, both in-plane (IP, parallel to
the measured surface) and out-of-plane (OP, perpendicular to
the measured surface) magnetic responses of the samples with
different film thicknesses were measured using VSM in MPMS
at 300 K, as shown in Figure 4a,b. The IP magnetic saturation
moments (M;) are 160, 335, and 400 emu/cc, while the OP
Ms values are 153, 410, and 475 emu/cc for the 20, 60, and
120 nm films, respectively. In addition, the IP coercive field
values are 11, 47, and 94 Oe, while the OP coercive field values
are 20, 48, and 186 Oe for the 20, 60, and 120 nm films,
respectively. Apparently, both the saturation moment as well as
the coercivity of the films increase as the film thickness
increases, and the out-of-plane magnetic anisotropy also
becomes more obvious. The magnetic results suggest that
the tunable magnetic response of a BZO-Co film could be
achieved by controlling the film thickness. The results are also
consistent with the previous studies, which were demonstrated
on SrTiO; substrates.””**

1]
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Figure 4. (a) IP and (b) OP M—H curves at room temperature of BZO-Co films with different thicknesses. Summarized (c) in-plane and (d) out-
of-plane coercive field and saturation moment of BZO-Co films with different thicknesses.

Considering the VAN integration on flexible mica substrates,
it is important to examine the stability of the films against
bending. The 120 nm film was selected to measure the IP and
OP magnetic properties when bent convexly, concavely, and
after 1000th bending at both 300 and 10 K. Before the bending
test, the mica substrates were peeled down to around 100 ym
to allow the flexible bending. During the bending process, the
curvature radius r. of the samples was around 15 mm. The
measured data are plotted in Figure 5. For room-temperature
measurement, the IP and OP coercive fields are 96 and 187
Oe, while the IP and OP saturation moments are 425 and 447
emu/cc, respectively. For 10 K measurement, the IP and OP
coercive fields are 451 and 1103 Oe, while the IP and OP
saturation moments are 519 and 490 emu/cc, respectively. The
coercive field and saturation moment for the 120 nm BZO-Co
film under different bending conditions and at different
temperatures are summarized in Figure Scf. The plotted
data show a very similar trend for the films at different bending
conditions, and no obvious change could be observed for the
saturation moment and coercivity. The data suggest very
robust and stable magnetic properties of the film against
bending, which indicates that the film is promising for future
flexible device integration.

It is noted that the Mg values are calculated based on the
entire film volume rather than the volume of the Co pillars.
Therefore, the magnetization value of Co pillars should be

721

even greater. This is convenient for the property comparison
across the different films. Both the saturation moment and the
coercive field of the films increase as the film thickness
increases, which is due to the elongated magnetic domains.
Specifically, the Co pillar length increases as the film grows
thicker, and longer Co pillars require a higher applied magnetic
field to align, and thus resulting in a higher coercive field.
Additionally, it is observed that the coercive field of the films
increases significantly when the temperature decreases from
room temperature to a low temperature of 10 K, as shown in
Figure 5, which is typical for ferromagnetic materials.

Next, optical transmittance measurement was carried out for
all three films, as shown in Figure 6a. It is obvious that the
intensity of transmittance spectra decreases as the film
thickness increases, probably because, as the film thickness
increases, the total volume of Co pillars within the film also
increases, which would absorb more incident light. As shown
in Figure 6b, the transmittance property remained almost
unchanged when bent concavely or convexly for the 60 nm
film, which suggests a very stable optical transmittance of the
nanocomposite film under different bending conditions.
Meanwhile, to explore the optical anisotropy of the film
introduced by vertical Co pillars, ellipsometry measurements
were carried out for the 20 and 120 nm films. The IP (¢,,) and
OP (e,) dielectric functions of the films were obtained by
fitting the ellipsometric parameters Psi (¥) and Delta (A)

https://doi.org/10.1021/acs.cgd.1c01227
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Figure S. (a) IP and (b) OP M—H curves at room temperature of 120 nm BZO-Co films. (d) IP and (e) OP M—H curves at 10 K of the 120 nm
BZO-Co films. Summarized room temperature and 10 K (c) coercive field and (f) saturation moment of the 120 nm BZO-Co films at different

bending conditions and after cyclic bending.

using a uniaxial B-spline mode, as shown in Figure 6¢,d. The
optical anisotropy of the films is confirmed from the obvious
difference between the IP and OP real part permittivity for
both 20 and 120 nm BZO-Co films; more specifically, the out-
of-plane direction is less dielectric (0 < &, < ¢&/) for both films,
which can be explained by the existence of vertical Co
nanopillars within the nanocomposite thin films. A more
obvious anisotropy could be observed for the 120 nm film due
to the higher aspect ratio of the Co pillars. The imaginary
dielectric function of the films is summarized in Figure S2. The
positive value of the imaginary permittivity indicates Ohmic
losses contributed by metallic Co within the film.*’

Overall, all films with different thicknesses show high-quality
growth of both Co and BZO phases, which ensures the
outstanding anisotropic magnetic property of Co and highly
stable chemical and physical properties of the BZO matrix.
Compared to previous studies on metal—oxide systems on
rigid substrates, the film grown on mica in this work has
comparable magnetic properties, as well as great advantages
due to its flexibility and the potential to be integrated into
flexible devices. For future directions, many other oxide—metal
VAN systems are worth exploration to be integrated on a mica
substrate for flexible spintronics applications beyond BZO-Co,
including Fe- and Ni-based oxide—metal VAN systems.
Furthermore, the oxide—metal VAN film could be transferred
onto a polymer substrate for future flexible device integration.
This work demonstrates a crucial step toward the integration
of complex multifunctional nanocomposites for flexible
spintronics and other electronics.

B CONCLUSIONS

In summary, the BZO-Co VAN films have been successfully
integrated on flexible mica substrates using a one-step PLD
technique. The films show obvious anisotropic magnetic

properties owing to their structural anisotropy, ie., Co
nanopillars. Tunable ferromagnetic properties have been
achieved by controlling the film thickness and the aspect
ratio of Co pillars. The films show very robust physical
properties under different bending conditions as well as the
cyclic bending test. This work opens an avenue of integrating
oxide—metal VAN on mica for future flexible spintronics and
electronics integration.

B EXPERIMENTAL SECTION

Thin-Film Growth. A solid-state sintering process at 1000 °C was
conducted to prepare the BZO-Co (molar ratio 1:1) target. The thin
films were deposited using a PLD system with a KrF excimer laser
(Lambda Physik Compex Pro 205, 4 = 248 nm). The chamber
pressure was 2 X 107 mTorr during deposition. Laser frequencies of
2 and 5 Hz were used for the BZO buffer layer and the BZO-Co layer
deposition. The deposition temperature was kept at 700 °C.

Structural Characterization. XRD (a Panalytical X'Pert X-ray
diffractometer) was used to characterize the film crystallinity. TEM,
STEM, and EDS (Thermo Fisher Scientific TALOS F200X) were
used to characterize the microstructure of the films. A process with
grinding and ion milling (PIPS 695, Gatan Inc.) was carried out to
make TEM samples. The Raman spectra were measured using a
Renishaw’s inVia Raman microscope.

Magnetic Property Measurements. A Quantum Design
MPMS-3 SQUID Magnetometer was used for magnetic property
measurements. The bending process was conducted on a homemade
curved holder.

Optical Property Measurements. The transmittance measure-
ments were conducted using a UV—vis—NIR spectrophotometer
(Perkin Elmer Lambda 1050). A spectroscopic ellipsometer (J.A.
Woollam RC2) was used to conduct ellipsometry measurements.

722 https://doi.org/10.1021/acs.cgd.1c01227
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