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ABSTRACT

A new vertically aligned nanocomposite (VAN) structure based on two-dimensional (2D) layered oxides has been designed and
self-assembled on both LaAlOz (001) and SrTiOs (001) substrates. The new VAN structure consists of epitaxially grown Co304
nanopillars embedded in the Bi,WOs matrix with a unique 2D layered structure, as evidenced by the microstructural analysis.
Physical property measurements show that the new Bi;WOg-Co030. VAN structure exhibits strong ferromagnetic and piezoelectric
response at room temperature as well as anisotropic permittivity response. This work demonstrates a new approach in
processing multifunctional VANs structure based on the layered oxide systems towards future nonlinear optics, ferromagnets, and

multiferroics.
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1 Introduction

Multiferroics, with at least two ferroic orders coexisting in
one phase, have stimulated a tremendous flurry of research
interests because of the rich underlying physics and promising
microelectronic applications [1-3]. A variety of multiferroic
materials have been discovered and synthesized, including
the single-phase multiferroics (e.g., YMnOs[4-7] and BiFeO;
[3, 8-10]), vertical heterostructures (e.g., BaTiOs-CoFe,O4 [11],
PbTiOs-CoFe;O4 [12, 13], BisTisFeO15-CoFe204 [14]), and
horizontal multilayer heterostructures (e.g., Lao;CaosMnQs/
BaTiOs [15]). Single-phase multiferroic materials are still scarce
despite of the very few single phase ones such as YMnO; [4-7]
and BiFeO:; [3, 8-10]. The scarcity of simultaneous ferroelectric
and ferromagnetic ordering in a single phase is attributed
to the contradicting mechanisms of ferroelectricity (requiring
formally empty d orbitals) and magnetic moments (usually
requiring partially filled d orbitals) [1]. Taking a single-phase
bismuth ferrite (BiFeOs) as an example, it exhibits extremely
high ferroelectric polarization (90 nC/cm?) [16], but its
antiferromagnetic nature and weak ferromagnetism have hindered
its practical applications [17].

Recently, the mechanism of creating ferroelectricity from
the stereochemical activity of the 6s*lone pair on the large
Bi** (A-site) and magnetism from the small Fe*" cation (B-site)
provides important clues of creating new multiferroic materials.
A bismuth-based single-phase multiferroic BisFe:MnO10-5
(BFMO322) in a novel layered supercell structure was reported
[18-21]. The ferroelectricity and magnetism is believed to

originate from the Bi** 6s* lone pairs and distorted FeOs/MnOs
octahedra, respectively. The highly anisotropic layered BEMO322
supercell structure renders highly anisotropic magnetic
properties besides the ferroelectric polarization. BLWOs (BWO),
another bismuth-based layered oxide, is believed to be the
simplest Aurivillius phase and possesses desirable room-
temperature ferroelectricity [22-24]. The nonmagnetic W
cations, however, make it impossible to achieve multiferroism
in this single-phase layered structure. Despite of this issue, the
layered framework of BWO, in conjunction with the 6s* lone
pairs of Bi*, is still appealing for the design of anisotropic
multiferroic materials. In addition, Choi et al. have reported
that the Aurivillius layered structure of BisTi:012 can be preserved
after being alloyed with LaTMO; (TM represents transition
metals, TM = Co, Ni, Mn, Tij, etc.) [25, 26]. Their study indicates
that Co is incorporated into the BisTi;01. matrix by preferentially
substituting Ti near to the Bi»O. layer while maintaining the
layered structure.

In this work, we propose to couple the layered BWO with
bismuth-based transition metal oxides (BiMQOs, M = Co) to
form a new multiferroic layered oxide system. It is expected
that the magnetic element is “inserted” into the BWO matrix
and the BWO layered structure can still be maintained. By the
incorporation of magnetic element into the matrix, a layered
multiferroic material should be created with the ferroelectricity
originating from the Bi** 6s* lone pairs and the magnetism
coming from the inserted magnetic elements. BiCoOs; (BCO)
was chosen as an example in this work to demonstrate the
incorporation of Co into the BWO matrix for ferromagnetism.
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Instead of uniformly substituting W by Co cations, however,
the Co cations have segregated and a new material structure is
formed showing the feature of vertically aligned nanocomposites
(VANs) [27-33]. Different from the prior reported multilayered
structures, VANs represent a new class of two-phase nano-
composite structures grown by a one-step self-assembly
method, instead of the sequential deposition of two different
materials in multilayers. To achieve VANs, careful materials
selections are needed, such as good lattice matching of the
two phases with the underlying substrate, good chemical and
thermal stability, different surface energies, etc. Despite of these
material selection requirements, the selection of VAN phases
is more versatile than that of multilayer thin films. The VAN
phases could include oxides, nitrides, metals, and others [34-36].
During PLD process, the different adatoms segregate and
nucleate into two phases to minimize the overall surface energy
of the material system. Furthermore, most of the prior reported
VANSs focus on perovskite oxides as the matrix material. In
this work, we highlight a new class of VAN system using BWO
layered oxide as the matrix. Coupled with the incorporation of
the magnetic Co cations, strong ferromagnetism along with
robust ferroelectric properties are expected at room temperature.
The study could pave a new avenue towards the design of new
room-temperature multiferroic materials.

2 Experimental

The targets used for thin film growth were prepared by a solid-
state sintering method. More specifically, the powders of Bi,Os
and WO; (molar ratio, Bi:W = 2:1) were mixed, pressed into a
pellet, and sintered at 700 °C for 3 hours in air. For Bi,WOs-
Co0304 composite target, the powders of BixOs, WOs, and Co30s4
(molar ratio, Bi:W:Co = 3:1:1) were mixed, pressed and sintered
at 700 °C for 3 hours in air. The epitaxial thin films were
grown on both LaAlO; (LAO) (001) and SrTiOs (STO) (001)
substrates using a pulsed laser deposition (PLD) method with
a KrF excimer laser (Lambda Physik Compex Pro 205, A =
248 nm). An optimized substrate temperature of 600 °C was
used for the deposition of BixWOs and Bi;WOs-Co0304 thin films,
respectively. The oxygen pressure in the chamber is 200 mTorr,
the energy density is 400 m], the laser frequency is 2 Hz, and
the deposition time is 20 min. After deposition, the films were
annealed in the chamber at 400 °C for 1 hour under an oxygen
pressure of 500 Torr and then cooled down to room temperature.
LagsSrosMnO; (LSMO) buffer layer was deposited at 750 °C and
200 mTorr as the bottom electrode.

The microstructure of the thin films was investigated by
X-ray diffraction (XRD, PANalytical Empyrean) and transmission
electron microscopy (TEM, FEI Tecnai G2 F20 ST Materials).
The scanning transmission electron microscopy (STEM) images
in high-angle annular dark-field (HAADF) mode were recorded
by a FEI Titan™ G2 80-200 microscope with a Cs probe corrector.
A FEI Titan™ G2 80-200 STEM with a Cs probe corrector and
ChemiSTEM™ technology operated at 200 kV was used in this
study for energy-dispersive X-ray spectroscopy (EDS) chemical
mapping [37, 38]. The samples used for TEM and STEM analysis
were prepared by a standard manual grinding and thinning
procedure followed by final ion polishing in a precision ion
polishing system (PIPS 691, Gatan).

The magnetic properties of the thin films were investigated
using the vibrating sample magnetometer (VSM) option in a
commercial Physical Properties Measurement System (PPMS
6000, Quantum Design). During the measurement, the out-of-
plane and in-plane magnetization were recorded by applying
a magnetic field of 1 T perpendicular and parallel to the
film plane, respectively. During the zero-field cooling (ZFC)
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measurement, the samples were cooled down from 380 to 10 K
without a magnetic field and the magnetizations were then
recorded during heating the samples to 380 K. In the case of
field cooling (FC) measurement, the samples were cooled
down from 380 to 10 K in a magnetic field (1,000 Oe) and the
magnetizations were recorded when increasing the temperature
to 380 K. The piezoelectric properties were measured at ambient
conditions with a conductive Pt-Ir coated Si tip (model:
SCM-PIT) via the Bruker Dimension atomic force microscope
(AFM). The optical property was measured by UV-Vis-NIR
Lambda 1050 spectrometer. The permittivity measurements were
performed using angular dependent spectroscopic ellipsometer
(JA Woollam RC2) and the model was fit to the ellipsometer
data using CompleteEASE.

3 Results and discussion

The BWO-Co304 composite thin films were grown on various
substrates by a one-step pulsed laser deposition method. VAN
thin film was obtained as illustrated in Figs. 1(a) and 1(b). The
epitaxial thin film growth was first investigated by high-
resolution X-ray diffraction (XRD). The highly textured growth
of BWO and BWO-Co0304 VAN thin films on LaAlO; (LAO)
(001) is shown by the dominant (00I)-type diffraction peaks
in the XRD 6-20 scans (Figs. 1(c) and 1(d)). The similar peak
positions of BWO and BWO-Co304 VAN thin film may indicate
that the layered structure of BWO on LAO is preserved after
being alloyed with BCO. Furthermore, the insertion of C0s;O4
phase into BWO has suppressed the growth of impurity phases
(e.g., Bi»Os) as indicated from the comparison of BWO and
BWO-Co0:04 0-20 scans. The dominant diffraction peaks shown
in Figs. S1(a) and S1(b) in the ESM indicate that the BWO-
Co0304 VAN thin film can also be well grown on SrTiOs (STO)
(001) and LSMO-buffered STO substrates.

The microstructure of BWO and BWO-Co;0+ VAN thin
films was further characterized by TEM/STEM coupled with
EDS analysis as shown in Figs. 2 and 3. Figure 2(a) displays
the STEM image of the BWO thin film grown on LAO (001)
obtained in HAADF mode. The sharp diffraction dots in the
selected area electron diffraction pattern (SAED) in the inset
of Fig. 2(a)) signifies the highly epitaxial growth of BWO film on
LAO (001). The BWO thin film grows on LAO (001) substrate
in a highly epitaxial manner with two sublattices of W-O
octahedral layers and Bi;O, sheets stacking alternatively along
the film’s growth direction (Fig. 2(b)). Figures 2(c) and 2(d)
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Figure 1 (a) and (b) Schematic illustration of the BWO-Co304 vertically
aligned nanocomposite. XRD 0-20 patterns of (c) BWO and (d) BWO-
Co304 grown on LAO (001) substrate. The symbol “#” indicates the impure

phase Bi>Os.
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Figure 2 (a) STEM HAADF image of BWO thin film taken along LAO [100] zone axis. The inset shows the SAED pattern. (b) High-resolution STEM
HAADF image showing the one-layer-thick W-O and two-layer-thick Bi-O. The inset is a schematic drawing of BWO. High-resolution EDS (c) mapping

and (d) line scan confirming the chemical composition of BWO.

demonstrate the high-resolution EDS mapping and intensity
profile of BWO, respectively, which confirms the microstructure
and chemical composition of the BWO thin film.

Figure 3(b) shows the cross-sectional STEM HAADF image
of BWO-Co304 thin film grown on LAO (001) substrate. The
STEM image clearly demonstrates a two-phase growth mode
of the BWO-Co30; thin film on LAO (001) substrate (Fig. 3(a))
evidenced by the different contrast from the vertical pillars
and the matrix. More specifically, a 2-phase nanocomposite
thin film with aligned vertically nanopillars, has been created,
showing similar microstructure characteristics to the widely
studied vertically aligned nanocomposite (VAN) thin films
[28-30, 34, 39-41]. Much more vertical interfaces can be created
for VANs than traditional multilayer thin films which can be
employed for strain coupling along the vertical direction and
functionality tuning. The strain tuning in VANs can be extended
to several tens and even several hundreds of nanometers which
brings more opportunities in achieving novel functionalities.
Typical thin film strain induced from the underlayer is
limited to the critical thickness which is about few nanometers.
Furthermore, the primary difference of this work is the layered
oxide BWO as the matrix, instead of the well reported cubic or

20 nm
em—

pseudo-cubic structured oxides as the matrix in other VANSs.
The dominant diffraction patterns in the inset of Fig. 3(b)
displays the highly epitaxial growth of BWO-Co0304 VAN thin
film along the film growth direction on LAO (001) substrate.
The high-resolution STEM image in Fig. 3(c) shows a typical
Co0304 nanopillar in BWO matrix. The dark contrast phase is
attributed to Co-rich phase (Cos0.) while the bright contrast
one is W-rich phase (BWO) because of the heavier element of
W (Zw = 74) than that of Co (Zc, = 27). To better demonstrate
the microstructure of the film, high-resolution EDS mapping
was performed on the sample. Figure 3(e) demonstrates the
EDS mapping image of the region in Fig. 3(d) which displays
Co-rich columns (in green) embedded in the BWO matrix (in
red). Plan-view TEM image and EDS mapping were obtained
to further characterize the Co-rich nanopillars surrounded by
BWO matrix as shown in Figs. 3(f) to 3(j). Based on the EDS
mapping for Bi in Fig. 3(i), we can clearly see that there is no
distribution of Bi at the part for Co-containing areas. Therefore,
it can be confirmed that the second phase did not contain
Bi and thus it is identified as the CosOs area. The plan-view
STEM image (Fig. 3(f)) coupled with the corresponding EDS
mapping (Figs. 3(g) to 3(j)) further confirms the microstructure

Bi+W: red

20 nm 20 nm
e b —

Figure 3 (a) A schematic drawing of BWO-Co3;04 VAN thin film. (b) Low-magnification and (c) high-magnification STEM-HAADF image of BWO-Co304
VAN thin film taken along LAO [100] zone axis. The inset in (b) shows the SAED pattern. (d) STEM HAADF image and (e) cross-section EDS mapping of
BWO-Co0304 VAN thin film acquired from the marked area in (d). (f) Plan-view STEM image and ((g), (h), (i), (j)) EDS mapping of BWO-Co304 VAN

thin film showing the Co3O4 nanopillars embedded in the BWO matrix.
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of BWO-Co03;04 VAN thin film. The surface morphology of
the thin film was acquired by atomic force microscopy (AFM)
image and an average surface roughness of 1.8 nm was obtained
(Fig. S2 in the ESM).

With the fascinating VAN structure formed by the integration
of the magnetic Co element into the Bi-W-O matrix, magnetism
is expected for the BWO-Co0;04 VAN thin film. The magnetic
properties of the BWO-Co304 VAN (~ 186 nm) thin film were
measured by the PPMS with a VSM. Figure 4(a) presents the
in-plane (IP) and out-of-plane (OP) magnetization hysteresis
loops of BWO-Co03;04 VAN thin film by applying a magnetic
field parallel and perpendicular to the film plane, respectively.
The IP and OP saturation magnetization at 300 K and 3 kOe
are ~ 94 and ~ 67 emu/cc, respectively, signifying strong
ferromagnetism at room temperature. The coercivity for the
BWO-Co0504 VAN thin film along IP and OP direction both
is ~ 229 Oe. The ferromagnetic property of BWO-Co0;04 VAN
thin film is superior or comparable to that of prior reported
magnetic materials as listed in Table S1 in the ESM. Different
from the BWO-Co;0s VAN thin film with strong room-
temperature ferromagnetism, the BWO thin film (~ 192 nm)
shows no ferromagnetic response at room temperature as
shown in Fig. 4(c). Furthermore, the BWO-Co0304 VAN thin film
shows strong ferromagnetic response above room temperature
as indicated by the temperature-dependent magnetization
measurement in Fig. 4(b). A common characteristic for Bi-
containing compounds, including the Aurivillius phases, is
that a localized lobe-like distribution of 6s*lone-pair electrons
exist which breaks the spatial inversion symmetry and become
the driving force for ferroelectric structural distortion [42-44].
The ferroelectric property of BWO-Co:;04 VAN thin film in this
work is referenced to the piezoelectric response. Figure 4(d)
shows the out-of-plane amplitude and phase switching curves
with a DC voltage applied through the tip to bias the sample
(0.25 cm?). The sharp 180° phase change and amplitude
switching curve as well as the polarization loop indicate
obvious ferroelectric domain switching in the BWO-Co0:0.4
VAN thin film grown on LSMO (~ 10 nm) buffered STO
substrate (Fig. S3 in the ESM). Both the strong ferromagnetism
and piezoelectric response of the BWO-Co0:;0: VAN structure,
formed by the introduction of magnetic Co element into
the Bi,WOs matrix, make it a promising room-temperature
multiferroic material.
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Figure 4 (a) M-H curves of BWO-Co0304 VAN thin film grown on LAO
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FC and ZFC conditions. (c¢) M-H curves of BWO thin film grown on
LAO substrate. (d) Phase and amplitude switching curves of BWO-Co304
VAN thin film grown on LSMO buffered STO substrate.
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Regarding the anisotropic layered phase and the VAN
structure, it is highly attractive to explore the optical response of
the BWO-Co;04 VAN structure and BWO sample. UV-Vis-NIR
Lambda 1050 spectrometer was employed to measure the
optical properties both under direct incident light and tilted
light with different angles. Figure 5(a) presents the optical
transmission spectra of both BWO-Co03;04 VAN (~ 186 nm)
and BWO (~ 192 nm) thin films as a function of wavelength
under normal incident light. The spectrum of both BWO-
C0304+ VAN and BWO thin films shows an absorption
edge around 350 nm. A direct bandgap of 2.82 and 2.96 eV
was estimated for BWO-Co03;0, VAN and BWO thin films,
respectively, by the Tauc method as shown in Fig. 5(b). The
reported bandgap of CosO. is 0.75 eV based on prior literature
[45]. To further understand the optical response, angular-
dependent transmittance spectra of both BWO-Co;0s VAN
and BWO thin films were collected at different incident
light angles as shown in Figs. 5(c) and 5(d), respectively. The
angle-dependent transmission of both BWO-Co0:;04 VAN and
BWO thin films shows an onset point shift (marked by arrows)
to lower wavelength with the increase of incident light angles,
signifying highly anisotropic nature of the BWO-Co;0s VAN
and BWO thin films.

The optical dielectric permittivity of the BWO-Co0:;04 VAN
and BWO thin films was evaluated using a spectroscopic
ellipsometer (JA Woollam RC2). The ellipsometer parameters
y and A were fitted using an anisotropic model containing
a mix of Lorentz and Tauc-Lorentz models to enforce the
Kramers-Kronig consistency. The measurements were performed
at three different angles of 55°, 65°, and 75° to improve the
accuracy of the model as shown in Figs. 6(a) and 6(b). The
thickness of the film was determined using the STEM images
and provided as an input into the model. The simulated
transmission spectra matched closely with the experimental
transmission spectra, measured separately using UV-Vis
spectrophotometer (Perkin Elmer Lambda 1050). Figures 6(c)
and 6(d) show the calculated permittivity of the BWO-Co304
VAN and BWO thin films. Clearly, both samples show an
anisotropic dielectric response with the in-plane permittivity
of BWO-Co304 VAN thin film being ~ 2-3 times higher than
the out-of-plane permittivity in the near infra-red wavelength
regime (>1,000 nm). The anisotropy in optical permittivity
is large as compared to most of the oxides which are mostly
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isotropic. The unique layered structure of the BWO gives rise to
part of the anisotropic permittivity in the in-plane and out-of-
plane directions as observed in Figs. 6(c) and 6(d). In addition,
the presence of CosO. pillars with a lower E; (0.75 eV) further
gives rise to the lower out-of-plane permittivity and thus
enhances the anisotropy, especially in the higher wavelength
region. Interestingly, the out-of-plane permittivity continuously
decreases with an increase in wavelength, leading to an
increased anisotropy in the near infrared wavelength region.
The nanocomposite thin film tends to behave more metallic in
the out-of-plane direction as compared to the in-plane direction.
Therefore, the inherent anisotropy in the BWO-Co;04 VAN
nanocomposite is confirmed by the anisotropic permittivity
response. The fabrication of the new BWO-Co30, VAN thin film
in this work with the formation of vertically aligned nanopillars
plays an important role in the design of new room-temperature
multiferroic materials. Magnetic elements can be introduced
into the Aurivillius matrix of a ferroelectric/piezoelectric
phase to fabricate nanocomposite multiferroic materials.
Furthermore, the physical properties, such as magnetic and
optical bandgap can be tuned by controlling the magnetic
elements (Fe, Mn, Ni, etc.) and contents.

4 Conclusions

In summary, a new VAN, consisting of Co;O4 nanopillars and
layered oxide BWO matrix, has been self-assembled by the
one-step PLD growth. The new BWO-Co;0s VAN structure
can be well grown on different substrates and buffer layers
including LAO (001), STO (001) and LSMO-buffered STO (001)
substrates. Physical property measurements indicate that the new
BWO-Co0:;04 VAN structure demonstrates multifunctionalities,
including room-temperature ferromagnetic and piezoelectric
response as well as anisotropic optical permittivity response.
This study provides a new route in designing new anisotropic
and nonlinear materials by combining VAN architecture and
layered oxide materials.
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