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Introduction

Over the past two decades, new discoveries and major
advances have been made in the synthesis of metal oxide
thin films and understanding their physical properties such as
magnetism, ferroelectricity, and superconductivity. Interface
engineering, strain engineering, and defect engineering have
been widely used to manipulate functional properties in oxide
heterostructures.'? To achieve desired properties for specific
applications, composite materials have been widely explored.
The most commonly investigated composites in film format
include multilayers, superlattices, and nanoparticles in matrix.>
For example, the inclusion of BaZrO; (BZO) nanoparticles in
high-temperature superconducting YBa,Cu;0,_5 (YBCO) film
matrix could greatly enhance the supercurrent-carrying capa-
bility under a magnetic field.*° Since room-temperature mul-
tiferroic materials are rare, bilayer films composed of ferro-
electric and ferromagnetic (or ferrimagnetic) heterostructures
have been used to achieve magnetoelectric effects. Challenges
to achieve desired properties based on these structures vary
for material systems and applications. For strain-controlled
properties, film thickness is often limited to thinner than the
critical film thickness, which is often a few tens of nanometers.
For interface-controlled properties, the epitaxial strain resulted
from the substrate could be accomplished only to a certain
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A pathway to desired functionalities
in vertically aligned nanocomposites
and related architectures

Aiping Chen* and Quanxi Jia, Guest Editors

Epitaxial vertically aligned nanocomposites (VANs) and their related architectures have shown
many intriguing features that are not available from conventional two-dimensional planar
multilayers and heterostructures. The ability to control constituent, interface, microstructure,
strain, and defects based on VANs has enabled the multiple degrees of freedom to manipulate
the optical, magnetic, electrochemical, electronic, ionic, and superconducting properties
for specific applications. This field has rapidly expanded from the interest in oxide:oxide to
oxide:metal, metal:nitride and nitride:nitride systems. To achieve unparalleled properties of the
materials, three-dimensional super-nanocomposites based on a hybrid of VAN and multilayer
architectures have been recently explored as well. The challenges and opportunities of VAN
films are also discussed in this article.

degree, depending on the lattice mismatch and the defect land-
scape during epitaxial growth.

As a unique thin-film architecture, vertically aligned nano-
composites (VANs) have been widely studied in the past dec-
ade and great success has been achieved. The VAN thin-film
architecture is a unique platform to address some challenging
issues in conventional oxide heterostructures.” As discussed
later in this article and articles in this issue, VAN has become
a powerful architecture to host a variety of functional (e.g.,
electronic, ionic, dielectric, mechanical, magnetic, supercon-
ducting) properties for a range of applications. Figure 1a sum-
marizes some applications and functional properties reported
in VANSs. The enhanced functionalities and emergent behav-
iors of VAN films can be induced by lattice strain, reduced
dimensionality, tunable microstructure (size, distribution, and
defects) and coupled vertical interfaces.'”

A wide range of materials systems formed

in VAN architecture

VAN is a unique architecture where an array of vertically
aligned scaffolds or pillars with nanoscale dimensions are
embedded in a film matrix. Figure 1b shows a typical illus-
tration of a VAN film with phase 4 as nanopillars and phase
B as the film matrix. These vertically aligned nanopillars,
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Figure 1. (a) Vertically aligned nanocomposite (VAN) platform
targeted for a variety of applications. (b) Schematic illustration (not
in scale) of a VAN film on a substrate with an array of vertically
aligned nanoscaffolds or pillars with phase A having a feature size
d entrenched in a matrix of material phase B. The lattice strain
across the vertical interface can dominate the overall strain state
of the nanocomposite films. For simplicity, both phases are shown
to be strained equally, but in different strain states (compression
or tension). Reprinted with permission from Reference 10. © 2019
Wiley. (c) Plan-view and (d) cross-sectional high-angle annular
dark field-scanning transmission electron microscope (HAADF-
STEM) images of STO:MgO VANs. Reprinted with permission
from Reference 11. © 2020 Royal Society of Chemistry.

with a diameter of d and a length of 4, are often formed via
self-assembly through the film thickness. Figure 1c—d shows
HAADF-STEM images of STO:MgO VANs. The plan-view
STEM image shows the MgO pillars (dark contrast) in STO
film matrix (gray contrast). The cross-sectional STEM image
shows the vertically and alternatively aligned STO and MgO
phases.!!

To explore the advantages of such an architecture for specific
applications, the research community is pursuing two fronts in
terms of the selection of materials, 4 and B. By choosing mate-
rials both 4 and B with certain functionalities, one could achieve
new and/or emergent properties not from any of the constitu-
ents in the nanocomposite if 4 and B are coupled across the
interface. In oxide:oxide VANs, the most widely investigated
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materials are multiferroic BaTiO5:CoFe,0, (BTO:CFO) and
BiFeO;:CoFe,0, (BFO:CFO), where BTO (or BFO) and CFO
show ferroelectric and ferromagnetic properties, respectively;
but magnetoelectricity is accomplished in the BTO:CFO,
BFO:CFO and other related VANs.”!27!3 In their article in this
issue, Gao et al. have discussed the design of strain, interface,
and orientation to optimize the magnetoelectric couplings in a
variety of ferroelectric:ferroemagnetic VANs.'® In metal:oxide
VAN system, noble metal Ir nanopillars embedded in SrTiO,
(STO) film matrix show intriguing photoelectrochemical (PEC)
properties, where the formation of tubular Schottky junctions
around each pillar is attributed to the much enhanced photocar-
rier transport efficiency.!” In their article in this issue, Lippmaa
et al. have described the approaches to design such structures
and optimize the water splitting performance.'® It is noted that
similar designs have also been used in oxide:oxide VANs.!*-*
PEC water-splitting devices with decorated nanowire/nanotube
arrays are often fabricated by multiple steps.?' In contrast, PEC
devices based on VAN structure only require a one-step pro-
cess. In nitride:nitride VAN systems, where the nitride generally
shows excellent wear resistance and metallic properties, early
work has studied the spinodal decomposition of Ti; _ Al N films
into coherent cubic metastable nanodomains, resulting in an
increase in hardness.??

One could also select material B as the matrix (typically ter-
nary metal oxide) with targeted functionality and material 4 as
the nanoscaffolds (usually binary metal oxide), where nanoscaf-
folds or vertically aligned pillars 4 are used to improve or tune
the functionalities of matrix B. In this case, it is possible to
choose a much broader range of materials with targeted electri-
cal, ionic, magnetic, optical, thermal, and/or mechanical proper-
ties for specific applications. Examples include BiFeO;:Sm,05,
LSMO:Zn0, and SrTiO;:Sm,0;, where the active phases such as
BiFeO;, LSMO, and SrTiO; show ferroelectric, ferromagnetic,
and ionic properties, respectively.®?>">5 In metal:oxide VAN
system, magnetic metal pillars have been studied in oxide film
matrix.?® 23 In their article in this issue, Hennes et al. discuss the
magnetic anisotropy and composition modulation in metal:oxide
VAN systems.?’ The rapid development in this field has been
discussed in other reviews. %3033

The formation of VAN and the role of pillar size
on film morphology
VAN formation can be categorized into two major mecha-
nisms: (1) diffusion, nucleation, and growth for materials
systems with limited miscibility; and (2) spinodal decom-
position or pseudospinodal decomposition for materials
systems with miscibility. For many systems previously dis-
cussed, they belong to the first scenario. In alloy compounds
such as Zn(Ga, Mn),0,, and Al ,Zr N, VAN can be formed
via pseudospinodal decomposition.*®

The final microstructure (pillar size, shape, and lateral
spacing) of a VAN is determined by the minimization of the
total free energy which includes the elastic and interfacial
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energies of the system (two phases and the substrate) at a
given growth condition.'? Phase-field simulation has been
able to simulate a variety of different VAN structures. It
shows that the final equilibrium structure is determined by
the thermodynamic parameters—elastic and interface ener-
gies and fractions of the phases.*’ In pulsed laser deposition
(PLD), a popular method to grow these VANs, growth kinet-
ics such as laser energy density can also play a critical role
in determining the final microstructure of the films.

Pillar size is one of the most fundamental parameters in
VANS as it determines many other critical parameters such
as interfacial area/density, strain state, and defect density.!°
It has been reported that vertical strain (¢) is inversely pro-
portional to pillar size d in Ni:STO VANs with a fixed Ni
volume,® as shown in Figure 2a. Figure 2b shows that verti-
cal strain is proportional to the total volume of the secondary
phase with a fixed pillar size.?* These results are consistent
since pillar size and volume predominantly determine the
interfacial area at the vertical interface. Assuming the pillar
arrays with m pillars, a feature size of d, a height of # and
a total volume of V, as shown in Figure 1. V = rr(d/2)2mh
and S = wdmh. Therefore, the total interfacial area S=4 V/d.
According to the results shown in Figure 2a—b, the vertical
strain is proportional to the total interfacial area.> Figure 2¢
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Figure 2. (a) The pillar size-dependent vertical strain in the film
matrix with a fixed pillar volume. In this case, e is proportional to
1/d. (b) Pillar volume-dependent vertical strain in the film matrix
with a fixed pillar size. In this case, ¢ is proportional to pillar vol-
ume V when V is below 20-30 percent. (c) lllustrations of growth
temperature, pillar size, and strain status in vertically aligned
nanocomposites.

shows the general correlation among growth temperature,
pillar size, and strain state. In a system with a fix secondary
phase volume, a higher growth temperature will generally
produce larger pillar size. This will result in a smaller inter-
face area, which usually leads to a lower vertical strain. On
the other hand, a lower growth temperature generally results
in a smaller pillar size and larger interface area, which can
lead to a larger vertical strain. In a system with fixed pillar
size, the increase of the pillar density can increase the total
vertical interface area and thus lead to a larger strain.

The morphology of the nanopillars appears mostly in
circular and/or square. The size of the pillars varies from
a few nanometers to more than 100 nm. One of the critical
questions will be what factors determine the pillar size and
shape? Since the formation of self-assembled VAN structure
is closely related to the surface diffusion, material diffusion
coefficient and temperature are the most important factors
in controlling the lateral size of pillars. For example, oxides
such as MgO with low surface diffusion rate often show a
pillar size of 5-10 nm at a growth temperature of 700°C."!
On the other hand, the pillar size of BFO can be as large as
50—-100 nm at a growth temperature around 700°C, due to
the much higher surface diffusion rate of BFO. Using growth
temperature to control the pillar size in a VAN film has been
widely reported in the literature.

The surface morphology of the pillars is often entangled
with their feature size.”® For a given material system, pillars
with smaller size, in general, tend to show circular shape while
pillars with bigger size tend to show square/rectangle shape
as shown in Figure 2c. This is because that the competition
between the surface energy and the elastic energy of the phase
A (pillar) interacted with the phase B (film matrix) plays a
critical role in pillar formation. There is a critical length r,
(ro = 0/4E*, o is the surface energy and E* is proportional to
&” and ¢ is the out-of-plane strain in the pillar phase), which
represents the relative contribution of the surface and elastic
effects.*” The relative energy of the pillar phase is determined
by its shape and its size relative to the dimensionless critical
length, r,. The transition from circular shape to square shape
occurs around d=4r,. Larger strain ¢ often corresponds to
smaller pillar size, which is consistent with Figure 2c¢. In addi-
tion, the size and pillar distribution strongly impact the strain
distribution. Farmer et al. reported the observation of a radial
dependence in the magnetic anisotropy of epitaxially strained
CFO nanopillars in a BTO matrix. They attributed the out-of-
plane uniaxial magnetic anisotropy to the large magnetostric-
tion of CFO and the state of stress within the nanocomposite.*!
The microscopic mechanisms of the correlation between such
behavior and the strain/stoichiometry/microstructure/defect
have rarely been explored in nanoscale.

Apart from regular pillar structures, interesting lamellar
structure has often been observed in systems with two differ-
ent symmetries such as cubic and hexagonal. For example,
it was reported that the formation of a lamellar structure by
cubic ZrN and hexagonal AIN phases during the growth of

MRS BULLETIN © VOLUME 46 o FEBRUARY 2021  mrs.org/bulletin m 117



A PATHWAY TO DESIRED FUNCTIONALITIES IN VERTICALLY ALIGNED NANOCOMPOSITES AND RELATED ARCHITECTURES

Zr, 69Aly 3,N films by decomposition.** Similar behavior has
also been reported in VANs with pseudo-cubic LSMO and
hexagonal ZnO phases on cubic substrates,*>*

Unique features and tunable functionalities
Given the distinctive architectures, VANs provide some unique
features (not available from conventional heterostructures)
that can be explored to tune the functional properties.*> Many
interesting features from a specific VAN system are closely
related to the pillar size and the pillar distribution.'’

Vertical interface strain can dominate the overall strain
state in VANs. Experimental results have shown that the
strain is ultimately controlled by the vertical interfacial area
and the coherence of the vertical interface.>” Similar to heter-
oepitaxial strain induced by substrate, vertical strain in VANs
plays a critical role in tuning functional properties.*® As dis-
cussed by MacManus-Driscoll and co-workers, the vertical
strain, induced by the vertical lattice coupling, goes beyond
the conventional critical thickness limitation. In other words,
lattice strain can exist in much thicker films.***’ Strain tuned
functional properties in many complex metal oxides have been
investigated in VANSs. For instance, vertical interface strain in
VANSs has been used to tune the magnetoresistance,>® the mag-
netic anisotropy,'>*%*’ and the superconductivity.”® In their
article in this issue, Huang et al. summarized the strain con-
trolled functionalities in magnetic and ferroelectric VANs.>! It
is also noted that epitaxial stabilization and strain engineering
in heterostructures have often been used to stabilize metastable
phases such as HfO, and others.>” In VANG, the stabilization of
new phases has not been extensively investigated.>> However,
VAN has been explored to stabilize and enhance ferroelectric-
ity in paraelectric STO and ferroelectric BTO.!!47:54

Vertical interfaces through the film thickness in VANs can
be considered as the guided networks to enhance certain prop-
erties of the materials. In other words, the vertical interfaces
can serve as the predefined channels to achieve desired proper-
ties for different applications such as solid oxide fuel cells,>>-*®
memristors,”* PEC water splitting,!”!° lithium-ion batteries,’’
and so on. The nanoionic application of VANs has been pre-
viously reviewed.>® In their article in this issue, Chunha and
Huijben discussed the use of vertical interface in VAN to
advance solid-state batteries.?’ In addition, defects such as
oxygen vacancies generated along the vertical interface have
been found to be critical to conduction along the vertical inter-
face.> In nitride:nitride systems, VANs with the cubic ZrN
phase and the hexagonal AIN phase in a nano-labyrinthine
structure exhibit enhanced hardness and fracture resistance
compared to single-phase ZrN and AIN.** The collective
effects from the hindering of dislocation motion and the lack
of common glide planes at the vertical interface are respon-
sible for the enhanced mechanical properties. The interesting
microstructures resulted from the vertical interface could also
be used to manipulate the magneto-transport properties that
has been discussed by Wang in his article in this issue.®'

118 M MRSBULLETIN o VOLUME 46 o FEBRUARY 2021 o mrs.org/bullefin

Strong coupling across the vertical interface in VANs can
be used to accomplish emergent and new properties. Multifer-
roic magnetoelectric system based on VANS is a well-studied
example in literature to show such a coupling across vertical
interface. In their article in this issue, Gao et al. have discussed
the advantages of the VAN structure to tune magnetoelectric
couplings between ferroelectric and ferromagnetic compo-
nents.'® VAN structure could be potentially used as a plat-
form for vertical p—n junction arrays which could be an ideal
structure to design optoelectronic devices such as photovoltaic
devices and PEC water-splitting cells.

Other interfacial phenomena such as exchange bias,
photostriction-magnetostriction coupling,®* and magneto-
photoluminescent coupling® have also been investigated in
VANs with combination of different materials. Recently, Wang
et al. have explored a variety of oxide:metal systems such as
Au:ZnO VANSs and metal:nitride (Ag:TiN, Au:AIN) VANs to
tune hyperbolic metamaterial properties and magneto-optical
effect.%*%% Such efforts have been summarized in a recent
review article.®®

62,63

Processes for the formation of self-assembled
VAN structures

VAN films are often grown by PLD as shown in Figure 3a,
where a composite pellet with two premixed phases (phase 4
plus phase B) is used as the target. The volume ratio of these
two phases in the target is designed based on specific objec-
tives. It is noted, however, a single-phase target can be used if
spinodal decomposition controls the growth.'”*? Interestingly,
VAN structure can be also synthesized by using two separate
single-phase targets of phases 4 and B as shown in Figure 3b.
In this case, phases 4 and B were deposited sequentially; the
volume ratio of these two phases can be tuned by adjusting the
pulse number on each target. Compared to the single-target
method, one of significant advantages of the multiple target
method is that it allows a simple way to tune the composition
of VANs. Aimon et al. reported the growth BFO:CFO VANs
by alternatively ablating BFO and CFO targets. The process
is quite similar to the growth of a multilayer film. However, it
was claimed that each “layer” is designed to be less than one
unit cell to ensure that continuous single phase film will not be
formed.”® Liu et al. reported the synthesis of CFO:SRO VANs
by using the same dual-target method.®* Recently, Tang et al.
deposited a multilayer of CuFe,0, (5.2 nm)/BiFeO; (7.8 nm)
by alternately growth of these two materials at 700°C. Inter-
estingly, VAN films have been obtained after annealing.”’
Therefore, multilayer films can be converted into VANs (Fig-
ure 3b). In fact, conversion from VAN to multilayers have
been seen in the YBCO:BZO system.’? However, the mech-
anisms of the transformation between VAN and multilayer
structures, as shown in Figure 3b, is still largely unknown. In
the oxide:metal system, Bonilla et al. reported the formation
of VANs with Co,Ni;_, nanowires in a CeO, film matrix by
sequentially ablating Co, Ni, and CeO, targets, as shown in
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bilayer pillars in BFO film matrix

PN via a CPLD method.”” Ning et al.

l have fabricated NiO short nanopil-

l lar arrays in a LSMO film matrix.”®

\ Sun et al. explored the configura-
tions of LSMO:CeO,/LSMO (4:B/4)
and LSMO:Ce0,/Ce0, (4:B/B).”’
In addition, a nanodumbbell struc-
ture was generated by using two
LSMO:CeO, composite targets with
different CeO, doping levels.’’ A
simple change in target configuration
has produced a variety of nanostruc-

SrTiO,(001)

Society.

Figure 3. (a) Vertically aligned nanocomposite (VAN) thin films made by a single composite
target of A:B. (b) VANs or multilayer thin films made by two single-phase targets A and B. (c)
Metal:oxide VANs made by three targets (A, B, and C). B and C are metal targets and A is
an oxide target. Reprinted with permission from Reference 73. © 2013 American Chemical

tures with interesting microstruc-
tures. These microstructures play
important roles in functional prop-
erties. Li et al. fabricated BFO nano-

Figure 3c.” In this issue, Hennes et al. have discussed such
a method to generate more advanced nanostructures.”* In the
deposition setup configuration described in Figure 3b and c,
targets can be rotated but the substrate location is fixed.

The dual-target method and the sequential growth, com-
bined with moving the substrate correspondingly, can be
effectively used for the combinatorial thin-film growth.”
For example, combinatorial (C)PLD has been often used to
make composition spread for oxide thin films. Ross and co-
workers have used this method to synthesize a variety of oxide
nanocomposites.®>7%"7

Formation of 3D supernanocomposites

As previously discussed, VAN is an appealing platform to
host different types of materials, including oxide:oxide,
oxide:metal, metal:nitride and nitride:nitride systems to
achieve desired functional and struc-

tural properties. To further push the

particle arrays in a CFO film matrix
to reduce the leakage current in mag-
netoelectric VANs.®! In the article in
this issue, Wang discusses the microstructure design in such
3D-sNCs to tune magnetoresistance properties.®!
Furthermore, one of the key advantages of such an archi-
tecture is that it can be utilized to fabricate nanocomposites
(nanoparticles in film matrix structure) with good control-
lability in terms of the feature size and distribution of the
nanostructured phase through the film thickness. Conven-
tional architectures of making such nanostructures have the
challenges such as the random distribution of particles in
size and density, and particle aggregation. By combining
the multilayer and VAN growth, Figure 4b shows the 3D-
sNCs that offer the ability to control the particle size (d),
height (), vertical spacing (/), and lateral spacing (D).%?
Therefore, the composition and distribution of nanoparti-
cles can be controlled in such 3D-sNCs. In fact, with the
ability of controlling various density, height, and feature

envelope of the synthesis and materials

design, one can envision that unprec-
edented opportunities exist if a 3D
architecture is constructed by integrat-
ing superlattice and VAN structures.
Recently, advances in 3D superna-
nocomposites (3D-sNCs) have been
demonstrated to take the full advantage
of multilayers or superlattices and the
VANS.

In the configuration of two targets
as shown in Figure 4a, one of the
targets is a composite target such as
A:B and the other one is 4 or B. Some
interesting new structures have been
reported based on such ideas. Kim
et al. reported the growth of spinel

Figure 4. (a) Three-dimensional (3D) supernanocomposite (SNC) thin films made by a
single composite target of A:B and a single-phase target of A or B. (b) Some advanced
3D-sNC thin films with gradient in particle density, pillar height, and diameter by using A:B
and A or A:B and B targets. (c) Pillar material modulation by two composite targets A:B
and A:C or three single phase targets A, B, and C. (b, c) Reprinted with permission from
Reference 82. © 2019 Wiley. (d) Materials modulation in both pillar and film matrix by two
different composite targets of A:B and C:D.
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size of nanoparticles, these structures can be used as the
basic building blocks to design more complex nanostruc-
tures. Figure 4b shows some possible combinations. For
example, such a design permits the synthesis of 3D-sNCs
with modulated particle density by changing the composi-
tion of the cylinders in the VAN layers, the nanocylinder
height by varying the VAN layer thickness, or the nanocyl-
inder feature size by changing the substrate temperature. It
also allows the design of targeted chemistry by changing
the nanocylinder material in the VAN layers (Figure 4c) as
well as the film matrix in each layer (Figure 4d). Such a
structure (Figure 4c) has been realized in the MgFe,O,:BFO/
BFO/CFO:BFO system.”” A similar structure of Au:BTO/
ZnO:BTO have also been realized to explore the optical
properties.®® These different structures shown in Figure 4
can be engineered together to produce even more complex
nanostructures. Importantly, this design strategy allows for
the unprecedented control of complex nanocomposites with
detailed manipulation of the nanocylinder size, spacing, and
distribution at the nanoscale.

Conclusions and future opportunities

Thanks to the dedication from researchers worldwide, a vari-
ety of epitaxial VANs have been successfully synthesized
and studied over the past decade. VAN has become a unique
platform to host different types of material systems such as
oxide:oxide, oxide:metal, metal:nitride and nitride:nitride
for achieving various functional and mechanical properties.
Our understanding on the synthesis and growth—microstruc-
ture—property correlation of VAN has evolved significantly.
Efforts in phase-field simulation have helped to understand
the formation process and some interfacial coupling properties
of VANSs. Rapid developments in advanced characterization
techniques at nanoscale are critical to probe the microstruc-
ture, interface, strain, and defects in VANs and to establish the
microstructure—strain—defect correlation.

Even so, much efforts are needed to address the challenges
related to the synthesis and characterization of nanocompos-
ites with desired properties. First, the exploration of the VANs
formation process by in situ and ex situ diagnose techniques
could be extremely useful to better understand the synthe-
sis—defect—strain—interface—function correlation. Second, the
deconvolution of the roles of defect, interface, strain, inter-
face coupling, and microstructure on the physical properties
of the VAN requires fully integrated efforts from controlled
synthesis, advanced characterization, and modeling/simula-
tion. Third, developing VAN related 3D-sNCs with even more
complex chemical compositions is still in its early stage. We
expect that 3D-sNC structure could open new avenues to fab-
ricate advanced nanostructures, which are not feasible from
conventional architectures. We hope this issue in VANs will
inspire researchers worldwide to leverage the advantages of
VAN and VAN-related structures and compositions to address
the scientific and technological challenges in their fields.
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