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Tailoring physical functionalities
of complex oxides hy vertically aligned
nanocomposite thin-film design

Jijie Huang,” Weiwei Li,* Hao Yang,* and Judith L. MacManus-Driscoll*

Self-assembled nanocomposite thin films couple two materials into a single film, typically,
in the form of vertically aligned nanopillars embedded in a matrix film. High-density vertical
heterointerfaces provide a great platform for engineering new physical properties and novel
multifunctionalities, as well as for nanoscale device integration. Tremendous research
efforts have been devoted to developing different nanocomposite systems. In this article,
we summarize recent progress on vertically aligned nanocomposite thin films for enhanced
functionalities such as ferroelectricity, tunable magnetoresistance, multiferroicity, dielectricity,
magnetic anisotropy, perpendicular exchange bias, novel electrical/ionic properties, interfacial
conduction, and resistive switching. Using specific examples, we discuss how and why the
fundamental physical properties can be significantly tuned/improved in vertically aligned

nanocomposites. Finally, we propose future research directions to achieve further enhanced
performance as well as practical devices.

Introduction

Complex oxide thin films have been integrated into semicon-
ductor devices, and oxide thin films are also of interest for
many other wide-ranging electronic devices.'™ The physical
properties of oxide thin films can be tailored by film-substrate-
induced biaxial strain effect,’'? as well as doping effects.!' !
Over the past decade, tremendous research efforts and studies
have been devoted to the development of heteroepitaxial oxide
nanocomposite thin films, which involve co-growth of two
oxide materials into one solid thin film. By careful materials
selection (phase A and phase B), a unique nanostructure of
nanopillars (A phase) embedded in a film matrix (B phase)
can be achieved (Figure 1), the so-called vertically aligned
nanocomposite (VAN) thin films.

VAN thin films present multiple advantages over con-
ventional plain oxide thin films, owing to their unique three-
dimensional (3D) strain states, a large number of vertical het-
erointerfaces, and also arising from the strong interplay of
strain, spin, charge, and orbital orders both within the film and
at interfaces.'®!” In plain oxide thin films epitaxially grown
on single-crystal substrates, the physical properties can be
tuned by the lattice mismatch strain between the film and the

substrate (in-plane biaxial strain). However, the strain relaxes
within a few tens of nanometers. On the other hand, in VAN
thin films, apart from the film/substrate interface in the hori-
zontal direction, the vertical heterointerfaces formed between
phase A and phase B provide an out-of-plane strain, which
dominates over the in-plane strain after only around a few
nanometers film thickness.'® The independent out-of-plane
strain can be retained throughout the whole film with thick-
nesses up to micrometer level, which is important for many
device applications, and it is not realized in plain thin films
or superlattices. Second, two-phase VAN films present mul-
tifunctionalities in various forms by a combination of (anti-)
ferroelectric, (anti-)ferromagnetic, superconducting, conduc-
tive, or dielectric materials. For example, multiferroics have
been achieved in VANs with coupled ferroelectric and fer-
romagnetic phase, such as BaTiO; (BTO):CoFe,0, (CFO),"
BFO:CFO0,?° and BTO:YMnO3.21 Furthermore, epitaxial
growth of large lattice-mismatched or different crystal-struc-
tured VAN films can be realized by choosing an appropriate
second phase.?>?* Also, new physical phenomenon or new
phases can be induced by strain at the vertical heterointerface,
which provides a great platform of new materials discovery.
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A large number of material combinations have been
explored in VANSs, including oxide-oxide,'”?* oxide-
metal,?>?? and nitride-metal .32 All oxides VAN thin films
have been summarized in several topical reviews in different
aspects, including growth mechanism,* self-assembled order-
ing of phases,* vertical strain control,>>? device-design,*
and strain-defect-interface-function correlation.*!

In this article, we will mainly focus on the function-
alities of VAN films, as shown in Figure 1, including
enhanced ferroelectricity, tunable magnetoresistance
(MR), multiferroic, perpendicular exchange bias (PEB),
magnetic anisotropy, novel ionic property, dielectricity,
interface conduction, and resistive switching. We include
only some exemplar works demonstrating enhanced and
tunable properties of the aforementioned functionalities.
Discussion and examples will be given in each section. We
also give a perspective on the design of nanocomposite thin
films for desirable functionalities, such as 3D nanocom-
posite thin films, as well as oxide-metal and nitride-metal
nanocomposite thin films.

Enhanced ferroelectricity

Ferroelectric materials possess a spontaneous electric polari-
zation and such polarization can be reversed by applying
an external electric field.*>*® Strain engineering of ferro-
electric thin films has been employed to improve its Curie

temperature (7-) and polarization; however, the substrate-
induced biaxial strain is limited to the critical thickness.**
High strain states can be retained in thick VAN films using
vertical lattice strain coupling of two epitaxial phases with
different lattice constants and elastic moduli.*

Various VAN systems with ferroelectric phase have been
fabricated to improve ferroelectricity. For example, low dielec-
tric loss and enhanced dielectric tunability and ferroelectricity
were realized in Bay ¢St ,TiO; (BSTO),_:(SmO), system.*
Reduced dielectric loss and leakage current were reported in
BFO:SmO system.*’*° Enhanced polarization and dielectric
constant were reported in BTO:NiO system.’’ Reduced leak-
age current and enhanced 7 were observed in BTO:Sm,0,
system.’'7 Vertical strain has also driven the hidden phase
transition in EuTiO;:MgO syetem,’® and new ferroelectric
phase formation in paraelectric SrTiO, in SrTiO;:Mg0.>%%°

Lee et al. investigated (BSTO),_,:(Sm,05), (x=0, 0.25, 0.5,
0.75) VAN films and found that strong tetragonal distortion
induced a large ca. Value of 1.033 was obtained with x=0.75
film in a thick film of 1000 nm (Figure 2a).* Also, it shows a
large remanence polarization (P,) value of 13.2 uC cm2 (Fig-
ure 2b), which is 3 X higher than that of the pure BSTO film with
the same thickness (inset of Figure 2). Furthermore, P, decays
less rapidly with temperature with increasing x, indicating the
effectiveness of vertical strain on improving the ferroelectric
behavior (Figure 2c). The Pb-free films show better properties
than the industry standard PZT.
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Figure 1. Overview of some of the wide-ranging, simply tuned, and enhanced properties
achieved using vertically aligned nanocomposite (VAN) films, including enhanced ferro-
electricity,*> tunable magnetoresistance,®' multiferroism,?® perpendicular exchange bias, %

Tunable magnetoresistance
Magnetoresistance (MR) is a physi-
cal property of electrical resistance
change under an applied magnetic
field. Introducing a secondary phase
in a VAN thin-film matrix serves
¢ as an effective way to precisely
' tune the MR effect, as more phase/
grain boundaries are generated for
spin-polarized tunneling/scattering.
Three approaches have been demon-
strated to tune the MR value in VAN
thin films (Figure 3).
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o —— The first is incorporating dif-

ferent secondary phases (left panel
in Figure 3). Taking La,;  Sr,MnO;
(LSMO) as an example, various
secondary phases have been used
in LSMO-based VAN films, to
give the following compositions:
LSMO:Zn0,%"¢? LSMO:Ce0,,**%
LSMO:MgO0,%%¢ LSMO:SrTiO;
(ST0),%” LSMO:Cu0,%® and
LSMO:CoFe,0, (CFO).*

The second is varying the ratio
of phases in the VAN films (middle
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Figure 2. (a) Schematic of Ba, ¢Sr ,TiO5 (BSTO) lattice under tetragonal distortion from stiff
SmO nanoscaffold phase; (b) polarization—electric field (P-E) hysteresis loops for x=0.75 films
for 300-, 600-, and 1000-nm thicknesses compared to pure BSTO film of the same thickness
(inset); (c) temperature dependence of P, for BSTO-SmO films of 300-nm thickness.*®

panel in Figure 3). This influences the microstructural form
(for low volume fractions of second-phase particles can form
instead of rods, and it is also possible to move from rod/matrix
to matrix/rod configuration), crystallinity, density of interfaces
between phases, and overall strain in the film. These differ-
ent parameters lead to a remarkable ability to tune physical

properties. Multiple nanocomposite
systems with varying composition have
been explored to develop the optimal
composition, including (LSMO),_,
:(Zn0),,%"" (LSMO),_:(Ce0,),,"
(Lay ;Cag3MnO;);,:(Ce0,),,” and
(Pry sBag sMnO3); :(CeO,),."

Third is a 3D nanocomposite
design in which superlattice and VAN
structures are combined together (right
panel in Figure 3). This approach
gives a further tuning on strain engi-
neering, allowing in-plane and out-
of-plane to be strained simultane-
ously. Such 3D nanocomposite design
has been successfully realized in
LSMO:Ce0,/CeO, or LSMO:CeO,/
LSMO,”> LSMO0:Zn0/Zn0,”® and
LSMO:MgO/LSMO.”” This enables
precision tuning of MR values.

Multiferroic

Multiferroic materials with both fer-
roelectric and (anti)ferromagnetic
properties are important not only
for the multiple-degrees of freedom
they possess, which are beneficial

for multistate memory,’® but also because of the coupling
between two degrees of freedom which make it possible
to control magnetism with an electric field, or vice versa.

79

However, high-performance single-phase multiferroic materi-
als do not exist; thus, the concept of nanocomposite thin-film
coupling ferro-/ferrimagnetic and ferroelectric materials has
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potential for forming artificial multiferroics. BFO:CFO is one
of the most studied systems, which has been reproduced by
multiple research groups.®*3* In addition to the conventional
co-growth by single composite target or dual-growth by two
single-phase targets, several nanofabrication procedures have
been developed to obtain templated BFO:CFO VAN thin films.
Aimon et al. successfully used focused ion beam (FIB) pat-
terning combined with acid etching to create nanopatterns of
80-nm period, and then the deposited CFO and BFO formed an
ordered and uniform BFO:CFO VAN nanostructure (method
I in Figure 4a).3? Additionally, mask patterning (method II
in Figure 4b)* and e-beam patterning combined with physi-
cal etch (method III in Figure 4¢)** methods have also been
developed to fabricate patterned BFO:CFO VAN films. Arti-
ficial multiferroics have been demonstrated in BTO:CFO,%
Fe;0,:BF0,% Bi:Ti;FeO,5:CF0.%” CFO:PbTiO,,*®
BTO:YMnO,,*! CFO:Bi,WO,,* and SmMnO;:(Bi,Sm),0;.”
While the self-assembled, strained heterointerfaces in these
VAN systems make them attractive for realizing the electric
field switching of magnetism at room temperature,’’ a key
challenge is leakage both within the film and at the interfaces,
both which hamper the ability to give electric field control
of magnetism at room temperature (and above). Recent

approaches (e.g., using the Na, sBij sTiO;:CFO system)’?
have demonstrated how to successfully address this challenge.

Perpendicular magnetic anisotropy

and perpendicular exchange bias

Achieving perpendicular magnetic anistropy (PMA) in thin
films is important for achieving high magnetic storage densi-
ties.”> In VAN films, the shape anisotropy form the anisotropic
physical nature of magnetic pillars producing large PMA.**
Metal-oxide VAN films of Fe-LaSrFeO, (LSFO) (shown in
Figure 5a) were demonstrated some time ago. Here, chemical
decomposition of the complex oxide parent film under high
vacuum growth conditions produced Fe nanopillars in an oxide
matrix.”> A strong PMA was induced (Figure 5b), owing to
the large aspect ratio of the Fe nanopillars. Recently, in situ
growth of metal-oxide VAN films have been achieved simply
from single composite targets or alternate deposition of metal
and oxide targets (e.g., Co, Ni, or CoNi nanopillars), giving
moderate magnetic anisotropy caused by the anisotropic nature
of the metal nanopillars.?>2728997 Magnetic anisotropy has
also been realized in all-oxide VAN systems. In VAN sys-
tems such as BTO:CFO,"° LSMO:NiO,’® and LSMO:MgO,67
vertical strain effect dominates over shape
anisotropy effect and PMA is mainly deter-
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Nb:STO substrate
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mined by the vertical strain. Recent small-
angle neutron scattering results have uncov-
ered that the CFO nanopillars with PMA
in BTO-CFO VANSs exhibit a core—shell
magnetic structure.”” The magnetization
initially reorients within the pillar core,
followed by that of the shell. Magnetiza-
tion nonuniformity on nanometer length
scales is probably due to the strain relaxa-
tion along the radical direction. In fact, the
critical thickness along the radical direction
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Figure 4. Three methods to synthesize templated BFO:CFO vertically aligned
nanocomposite thin films. (a) Focused ion beam (FIB) patterning combined with
acid etching;® (b) mask patterning method;? (c) e-beam patterning combined with

in both film matrix and pillars have rarely
been discussed and such an effect on func-
tionalities is largely unknown.*!
Perpendicular exchange bias (PEB)
has attracted enormous attention in recent
years because of the tolerance of elements
in spintronic devices to be reduced to the
nanoscale, giving the possibility of higher
density information storage/manipulation.
PEB has been widely studied in metallic
systems (often containing precious met-
als),'%97192 put less so in cost-effective
oxides with their wide range of composi-
tions and functionalities. Notable exam-
ples of oxide VAN for PEB include LSMO/
NiO (Figure 5¢).”® Here, there is coupling
between ferromagnetic (FM) LSMO and
antiferromagnetic (AFM) NiO along the
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temperature to below ~500°C. In
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the past decades, developing new
electrolyte materials with high
ionic conductivity has been a pri-
mary activity. VAN films have been
developed to improve the ionic
conductivity and design state-of-
the-art ionic devices.'”” Compared
to the oxygen ion diffusion along
the lateral interface direction in
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H Koo the heterostructures, VANs allow

fast oxygen ion transport along
either vertical heterointerfaces or
I the nanocolumns which are the

favored ion flow direction (Fig-
ure 6a)."'" For the same film growth
rates, the vertical ionic conductiv-
ity in (Y,03)005(Z103)0 95:STO
(YSZ:STO) VAN films compared
. . . to plain YSZ films was increased

80 by more than an order of magni-
tude by improving the crystallin-
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"""" o | uniformity (Figure 6a).”*** Similar
observations were also reported in
STO:SDC (Sm-doped CeOz)zz"”
and YSZ:GDC (Gd-doped CeOz)”2
VAN films. VAN films have also
been used to enhance the slow
oxygen reduction reaction (in most

—
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Figure 5. (a) Dark-field cross-sectional transmission electron microscope image of a

Fe-LaSrFeO, (LSFO) vertically aligned nanocomposite (VAN) film; (b) M-H hysteresis loops

of Fe-LSFO VAN film along directions perpendicular and parallel to the Fe nanopillars,

compared with the film deposited under 200 mTorr O,;%® (c) EDS mapping of (Lag 7Sr, sMnO;4

(LSMQ)).25(NiO)q 75 VAN film on SRO/TiN-buffered Si substrate; (d) Hgg dependence of NiO

ratio in both OP and IP directions;* (e) EDS mapping of NiFe,0, (NFO):NiO VAN film; (f) com-

parison of Hg of VAN films grown on different substrates with different lattice misfit.'%®

' 92 cases, the limiting bottleneck to

reducing operations temperatures)
at the cathodes in SOFCs. Oxy-
gen reduction kinetics at (La;_Sr,)
Co0Oj;:(La;_Sr,),Co04 VAN cath-
odes showed approximately a ten-
fold enhancement compared to the
respective single phases of either

% T
-6.4

vertical interfaces. In addition, the PEB field (Hg) could be
controlled by the NiO fraction in the film (Figure 5d). Simi-
lar PEB has also been reported by FM-AFM VAN films of
LSMO:NiO,!%1% 1. SMO:LaFe0;,'”> BFO:Fe;0,,' and
LSMO:BFO.'"” Recently, by avoiding use of perovskites for
the magnetic phase to reduce overall leakage and by carefully
manipulating the FM/AFM via strain from the substrate, a
3 xlarger PEB of 0.91kOe was obtained at room temperature
in NiFe,0,:NiO VAN films (Figure Se—f).'%

Novel electric/ionic properties

One of the leading technologies for future power generation
and also for electrolysis is the solid-oxide fuel cell (SOFC) or
solid-oxide electrolytic cell (SOEC). One important challenge
in improving SO(E)FC technology is to reduce the working

(La,_Sr)CoO; or (La;_Sr,),CoO,

(Figure 6b).'"® This was attributed
to enhanced electron availability for charge transfer and the
suppression of detrimental cation segregation. In addition, the
vertical interface of VANs was found to be more conductive
than both phases, because of the additional ¥y accumulated in
the vertical interface regime.'®!!4

Summary and future perspective

We have provided a short overview of the status of self-
assembled VAN thin films, focusing on exemplars which
demonstrate precision tuning and enhancement of properties.
Overall, the unique and easy-to-make nanostructure of verti-
cally aligned nanopillars embedded in an epitaxial matrix pro-
vides great possibility in materials design, and the engineer-
ing of new and improved physical phenomena resulting from
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Third, metal-oxide nanocomposite
B 6], ke - designs should be further explored
0 . .
10 ¥ VANfim B raryrpv— 1 (e.g., for achieving novel plas-
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last point next). Fifth, since spatial
Plain film T ordering is highly demanded for
ik A . ‘ o vl future nanoscale device integra-
U Y o tion, further work needs to be
High i uiferm strainuniform done in this regard. While pio-
Fast -grown planar Fast-grown : 1
interface vertical interface neering work has been committed
: s agi o 82-84
Figure 6. (a) Top: lonic conductivity of plain YSZ films compared to YSZ:STO VAN film. to tedious nanofabrication and
Bottom: Comparison of strain and crystallinity between plain and vertically aligned nanocom- substrate pretreatment,l3 4 further
posite (VAN) thin films.""° (b) Top: Temperature dependence of the area-specific resistance efforts should be devoted to the
(ASR) of oxygen surface exchange reaction on the surface of (La;_,Sr,)CoO; (LSC445) and . R .
(La,Sr,),C00, (LSC,4,) plain films and that of LSC;5: LSC,y, VAN film measured in air. Bot- discovery of simple and universal
tom: Schematic model of LSCy,5: LSCy;,VAN film. At high temperature, more oxygen vacan- methods to obtain ordered nano-
cies and free electrons are created in the LSC45 phase. The excess electrons are injected into pillars. Early work here shows
LSC,1, phase from LSC; .3, facilitating the oxygen reduction reaction at the LSC,,, surface.'® VI .
some promise.”” Sixth, strain

the formation of anisotropic nanopillar geometries, as well
as the high density of clean vertical heterointerfaces which
enable unique strain and coupling effects. In addition to the
functionalities highlighted in this article, we note that VAN
thin films can also be applied to engineer properties in many
other functional systems (e.g., increasing 7''>!'® and pin-
ning in superconducting thin films,"'7"'?? room temperature
metal—insulator transitions,'>> enhanced ferrimagnetism,124
induced ferromagnetic-insulating behavior,'?>12¢ as well as
improved resistive switching performance).'?”!? There is still
a large space for further exploration.

First, for all-oxides VANSs, only a small fraction of pos-
sible compositions have been explored for desirable func-
tionalities.'?>'3% Hence there is much scope to explore non-
perovskite systems (e.g., Ruddlesden Poppers, pyrocholores,
fluorites, and bixbyites) combined with a wide range of binary
oxide compositions and structures where there are scores of
systems which have not been studied. In terms of choos-
ing the correct materials from a vast number, the approach
should be first to decide on the functional property or prop-
erty enhancement being sought and then the selection of the
appropriate materials (in terms of chemical compatibility,
individual functionalities, and possibility to combine func-
tionalities). Second, new physics of the vertical heterointer-
faces should be explored using surface probes. The fact that
interfaces intersect the film surfaces is extremely beneficial
for enabling easy access to study interface properties and for
providing understanding of two-phase coupling effects.'!®
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engineering in 3D VANs5-77:135

could be applied much more widely to new systems to achieve
physical property enhancements.

Two final important points for industry application need to
be addressed more fully. The first is growth of films on sili-
con. There are good examples of success here,””-70-98:136:137
more work should be demonstrated for the wide applicability
to many VAN systems. The second is using more cost-effec-
tive, large-area scale-up deposition methods. To date, more
VAN films have mostly been deposited by pulsed laser deposi-
tion. However, sputtering, electron-beam evaporation, or metal
organic chemical vapor deposition would be more appropriate
methods. While some works have shown the promise of sput-
tering for oxide VAN, '*%13¥ more work is still needed to dem-
onstrate the universality of this and other large-area methods.
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