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ABSTRACT

Metal oxides are of much interest in a large number of applications, ranging from microelectronics to catalysis, for which reducing the
dimensions to the nanoscale is demanded. For many of these applications, the nano-materials need to be arranged in an orderly fashion on
a substrate. A typical approach is patterning thin films using lithography, but in the case of functional oxides, this is restricted to sizes down
to about 100 nm due to the structural damage caused at the boundaries of the material during processing having a strong impact on the
properties. In addition, for applications in which multifunctional or hybrid materials are requested, as in the case of multiferroic composites,
standard top-down methods are inadequate. Here, we evaluate different approaches suitable to obtain large areas of ordered nano-sized
structures and nanocomposites, with a particular focus on the literature of multiferroic nanocomposites, and we highlight the polymer-tem-
plating method as a promising low-cost alternative.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025052

I. INTRODUCTION

Metal oxides are used in the microelectronics industry as
supercapacitors (e.g., ferroelectric oxides such as BaTiO; or
Ba,_,Sr,TiO3)' ™ and piezoelectric sensors (e.g., Zn0)"~° or for
data storage and logic devices.” For the latter, memristive oxides
(e.g., NbOy or VO,), which can switch between various resist-
ance states, are attracting much attention.””'” Nanocomposite
materials using two different oxides can be desirable to take
advantage of the complementary properties of both compounds
(e.g., piezo-pyroelectric composites'®) or in order to achieve large
interfacial areas and enhance the coupling of their properties or
their connectivities. Despite their promise, fully inorganic nano-
composites are not broadly investigated. More mature in this
direction are composites made of ferromagnetic (FM) or ferroelec-
tric (FE) oxides in the so-called multiferroic composites in order
to build four-state memories or to increase the magneto-electric
coupling arising at the interface of these two components.'”™" In
all these cases, obtaining ordered arrays of the metal oxide on a
substrate is preferable.

Often, the synthesis starts with the growth of a thin film of
the desired oxide. The main fabrication method for thin film multi-
ferroic nanocomposites is currently pulsed laser deposition (PLD).
With PLD, good control over layer thickness can be achieved, and
material properties can be tuned through strain engineering, and
good quality interfaces can be obtained. However, downsides to
this fabrication method are its limitations on large scale production
(although this is currently changing”), high energy cost, and the
need for expensive specialized equipment. Other vapor deposition
methods like sputtering and atomic layer deposition (ALD) are also
used for the growth of high-quality oxide structures,” ™’ showing
better prospects for large area scaling. For the fabrication of nano-
structures of metal oxides, thin film deposition alone does not
suffice, and a combination with lithography techniques, such as (E)
UV-lithography’**> and e-beam lithography (EBL),”*" or tem-
plating, such as anodic aluminum oxide (AAQ),””*" are required to
obtain (complex) nanostructures. In the case of lithography, where
dimensions of the structures are diffraction limited, the feature size
can be improved greatly by the use of extreme UV (EUV) or elec-
tron beam lithography (EBL) instead of standard UV, but these
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techniques require highly specialized equipment and come with
high energy consumption and costly operation. An alternative way
of fabricating thin film nanocomposites and metal oxide nano-
structures is through polymer templating. The advantages of this
method are its lower cost, its simplicity to pattern, and its simplic-
ity to remove the template.

In this perspective article, we discuss the recent progress of the
fabrication of multiferroic thin film heterostructures and functional
metal oxide nanostructures through various methods, with a focus
on the use of polymer templating and chemical solution deposition
(CSD) techniques. We discuss multiferroics as a class of materials
for which ordered composites have been reported extensively, with
the hope that this perspective will encourage the extension of these
methods to other classes of materials (e.g., memristors, ion conduc-
tors, piezo-pyroelectric composites, etc.). Section II gives a brief over-
view of the fabrication of multiferroic nanocomposites through PLD
(Sec. 1I B), the fabrication of templated multiferroic nanostructures
using CSD (Sec. 1I C), and other techniques (Sec. II D). In Sec. III,
we focus on the use of polymer templating for the fabrication of
functional metal oxide nanostructures. Here, we discuss patterning
using block copolymers and the fabrication of nanostructures by
common deposition methods such as ALD and CSD, and finally, we
discuss other polymer based templating methods.

Il. FABRICATION OF MULTIFERROIC THIN FILM
HETEROSTRUCTURES

The most intensively studied multiferroic composite geome-
tries are 0-3 heterostructures with magnetic particles (0D) distribu-
ted in an FE matrix (3D), 2-2 heterostructures with horizontal
(parallel to the substrate) magnetic/FE multilayers (2D), and 1-3
heterostructures with magnetic columns (1D) vertically (perpendic-
ular to the substrate) embedded in an FE matrix (3D), where the
two numbers denote the dimension of the corresponding phases,
as schematically illustrated in Fig. 1.*"**

The first multiferroic composite was fabricated and charac-
terized at Philips. It was a 0-3 BaTiO;-CoFe,O,4 bulk ceramic
system fabricated by unidirectional solidification of a eutectic
quinary Fe-Co-Ti-Ba-O system.”>"* An ME coefficient, oy, as
high as 50 mV/cm Oe was observed. Later on, co-sintering became

PERSPECTIVE scitation.org/journalljap

the most popular technique in the preparation of ceramic 0-3 bulk
composites.””™*" Techniques such as hot pressing,"® spark plasma
sintering,’w and aerosol depositionSO were later introduced to
improve the quality of the FE/FM interface by reducing the sintering
temperature. Solgel processing”*” was also used to achieve a better
distribution of the FM particles. Another way to improve the distri-
bution is to cast a solution of ferroelectric poly (vinylidene
fluoride-co-trifluoroethylene) [P(VDF-TrFE)] containing well-
dispersed ferroic nanoparticles.”° Preparation methods for 2-2
bulk composites include co-firing of the constituent phases,” tape
casting of alternating layers of FE and FM phases,”*”” and epoxy
bonding of FE and FM sheets.””®" A very few 1-3 bulk composites
were reported. One of the few examples is the dice-and-fill techni-
que, where a diced PZT pellet was filled with Terfenol-D particles
dispersed in an epoxy resin solution.”

A. Fabrication of 0-3 and 2-2 multiferroic thin film
heterostructures

The continuous miniaturization of devices has made the com-
patibility of multiferroics to integrated circuits crucial, especially for
their use in memory devices. This renders thin film composites
advantageous over bulk composites, owing to their smaller volume,
lower operating voltage, and thus lower power consumption.

Not much work has been done on the fabrication of 0-3 thin-
film heterostructures. The solgel process is the main method used,
in which the composites were crystallized from a spin-coated thin
film of either a precursor of the FE phase containing FM nanopar-
ticles®>** or a mixture of the FE precursor and FM precursor.”” %
The self-assembly of spinel ferromagnets and perovskite ferroelec-
trics during pulsed laser deposition (PLD) can also result in a 0-3
geometry, according to the work of Ryu et al.”’ The main issue for
the 0-3 heterostructure is the large leakage current caused by per-
colation (most ferromagnets are conductive), which makes the dis-
tribution of the FM particles crucial to the properties.

Compared to the 0-3 geometry, the 2-2 layered multiferroic
thin films are much easier to deposit and suffer much less leakage,
thanks to the good insulation by the FE layers. Many systems such
as bilayers,”' ™’ multilayers,”™”*"*' FM thin films on single crystal-
line FE substrates®* *° and FE thin films on magnetic substrates®”**

a) —
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FIG. 1. Schematic illustration of the three most studied multiferroic heterostructures: (a) 0-3 heterostructure consisting of magnetic particles embedded in the FE matrix,
(b) 2-2 heterostructure of horizontal magnetic-FE bilayers or multilayers, and (c) 1-3 heterostructure consisting of vertical magnetic columns embedded in an FE matrix.
Reprinted with permission from Nan et al., J. Appl. Phys. 103, 031101 (2008). Copyright 2008 AIP Publishing LLC.
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have been investigated. PLD and chemical solution deposition
(CSD), for example: solgel process and metallo-organic decom-
position, were used predominately, in which PLD typically results
in epitaxial films,”">’**>°" whereas CSD normally results in poly-
crystalline films.”*”" Many 2-2 multiferroic thin films exhibit
magnetoelectric (ME) coefficients comparable to their corre-
sponding bulk systems."'

B. Pulsed laser deposition of multiferroic 1-3 thin film
heterostructures

Nan et al.”” theoretically predicted a much stronger magnetic-
field-induced electric polarization (MIEP) in 1-3 multiferroic thin
films than in 2-2 multiferroic thin films. This is a result of less
in-plane mechanical constraint from the substrate, thus less inhibition
of magnetostriction. These 1-3 systems also provide a larger interface
area than 2-2 systems, which is in favor of coupling strength as well.

In 2004, a novel approach to heteroepitaxial 1-3 spinel-perovskite
nanocomposites was presented by Zheng et al.”” In this approach,
columns of ferromagnetic insulating CoFe,O, embedded in a fer-
roelectric BaTiO; matrix were formed by self-assembly during
PLD, as shown in Fig. 2. It soon became the prototype synthesis
method of 1-3 spinel-perovskite nanocomposites. Not only
CoFe,0,-BaTiO;,”*”" but also a variety of other composite thin
films such as CoFe,O,-BiFeO;, ' CoFe,0,-PbTiO;," 1%
NiFe,04-BiFeO,, """ BiFeO;-MgFe,Oy, " Sr(Ti;_,Fe,)Os—CoFe,0,,' "
and CoFe,0,-BisTi;FeO,5s''" were deposited. Different sets of
parameters like substrate orientation, phase composition, and
growth rate lead to rich morphologies such as embedded rods,
embedded triangles, labyrinth-like morphology, lamellar-like
morphology, etc.‘)7,l01,102,107,109,111,112

The size and position of CoFe,O4 (CFO) nanopillars formed in
the self-assembly process are not defined. To improve the regularity,
various patterning techniques have been utilized. For example,
Comes et al.”® created a layer of highly ordered CFO arrays by ion
etching through an electron-beam-lithography (EBL)-defined
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etching mask. A small amount of BiFeO; (BFO) was then filled in
between the CFO pillars to form a seed layer. The co-deposition of
BFO and CFO was subsequently performed. The fabrication proce-
dure is schematically illustrated in Figs. 3(a)-3(f). AFM images of
the CFO nanoarrays and the nanocomposite are shown in Figs. 3(g)
and 3(h), respectively. Besides etching masks, stencil masks made
from anodic aluminum oxide (AAO) membranes’”"’ have also
been used for the seed layer creation.

Another way of generating seed layers was developed by the
group of Ross. The principle is to selectively nucleate CFO or other
spinel ferromagnet islands inside highly ordered pits on the sub-
strate. This is feasible due to the high diffusion rate during slow PLD
and post-deposition annealing. The substrate patterning methods
reported by the Ross group include focused ion beam (FIB) etching
followed by an acid treatment''™'"* and wet etching through porous
block-terpolymer template.''” The procedure of composite growth
on FIB-etched substrates is schematically illustrated in the upper
part of Fig. 4. The lower part of Fig. 4 shows the morphology at
each preparation step. We refer the readers to the recent work of
the group of Ross for an extensive overview of epitaxially grown
thin film perovskite-spinel nanocomposites and their integration
on silicon.' '

C. Chemical solution deposition of multiferroic 1-3
thin film heterostructures

Although being the dominant fabrication technique for 1-3
thin film heterostructures, PLD has many limitations on large scale
production. It requires expensive and specialized equipment and
consumes a considerably large amount of energy. In addition, the
templating methods described above rely on the very different
surface energies of the different constituents in order to achieve
selective growth, limiting the composites to combinations of spinel
(AB,0,) and perovskite (ABO3). In comparison, chemical solution
deposition (CSD) is much cheaper, more energy-efficient, more
suitable for large samples, and not limited to the spinel and

FIG. 2. (a) X-ray diffraction (XRD) spectrum of the self-assembled CoFe,0,-BaTiO; (CFO-BTO) composite on the SrRuO;-covered SrTiO; (SRO-STO) substrate. The
(001) peaks of the CFO, SRO, and STO indicate an epitaxial relationship between the layers. (b) Atomic force microscopy (AFM) height image of the composite film. (c)
Planar-view transmission electron microscopy (TEM) image, where the dark columns are CFO and the brighter matrix is BTO. Reprinted with permission from Zheng

et al., Science 303, 661 (2004). Copyright 2004 AAAS.
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FIG. 3. (a)(f) Schematic illustration of the deposition steps of highly ordered CoFe,0,~BiFeO3; nanocomposites. AFM images of (g) CFO nanoarrays and (h) the
as-fabricated nanocomposite. Reprinted with permission from Comes et al., Nano Lett. 12, 2367 (2012). Copyright 2012 American Chemical Society.

perovskite material combination. Yet, a very few attempts have
been made on CSD of 1-3 multiferroic thin film heterostructures.
Luo et al.''” prepared an epitaxial BaTiO;-NiFe,O, (BTO-NFO)
nanocomposite thin film on LaAlOj; substrates via spin coating and
thermal annealing of an aqueous solution containing polymer-
bound Ba, Ti, Ni, and Fe ions. Phase separation between BTO and
NFO occurred during annealing, resulting in a composite of NFO
nano-grains embedded in a BTO matrix. Liu et al."'® synthesized
an epitaxial BTO-CFO 1-3 system on an SrTiO; (STO) substrate
via a solgel process. A sol containing diethanolamine-stabilized Bi,
Ti, Co, and Fe cations was spin-coated and annealed. The resulting
nanocomposite was again formed via self-assembly. Cross-sectional
TEM images and energy dispersive spectrum (EDS) analysis of the
nanocomposite are shown in Fig. 5.

Ren et al.''” made an attempt to direct the self-assembly of FE
and FM phases during CSD. Amphiphilic block copolymer
polystyrene-block-poly (ethylene oxide) (PS-b-PEO) was added to
the precursor solution containing Pb, Zr, Ti, Co, and Fe cations.
After spin-coating and solvent vapor annealing, the two polymer
blocks formed quasi-hexagonal packed micelles [Fig. 6(a)].
Oxidation and crystallization during thermal annealing yield a
polycrystalline 1-3 heterostructure with CFO cylinders embedded
in a Pby ;Zrg 53Tip 4703 (PZT) matrix [Figs. 6(b) and 6(c)].

Although high-quality 1-3 nanocomposite thin films can be
obtained via CSD, the self-assembly from mixed solutions still
results in poorly defined structures. Besides, no thorough studies on

the multiferroic and magnetoelectric properties were reported on
the CSD-defined composites.

D. Other thin film heterostructures

In addition to the conventional 0-3, 2-2, and 1-3 systems, a
range of other types of thin film heterostructures have been
created, for instance, FM nanostructures grown on FE single crys-
talline substrates. Kim et al.'*" placed Ni nanocrystals on top of a
highly piezoelectric ferroelectric (PbMg;/3Nb,,303);_x:(PbTiO3)y
(PMN-PT, x=0.32) single crystalline substrate by solution
casting. A difference in magnetic hysteresis and blocking tempera-
ture was noticed before and after electric poling of the FE sub-
strate, demonstrating a coupling between Ni and PMN-PT. Sohn
et al."?" created Ni rings on top of a PMN-PT substrate, via Ni
evaporation and lift-off on an EBL-patterned photoresist layer.
The domain walls in the Ni rings could be tuned by an applied
electric field, indicating ME coupling.

Another example of an unconventional thin film heterostruc-
ture is the core-shell nanostructure. Pan et al.”® fabricated arrays of
CFO-PZT core-shell cylinders through a so-called soft-EBL
approach. In this approach, arrays of pores were created by solvent
development of EBL-patterned double resist layers. The exposed
substrate inside the pores was functionalized with small molecules,
which prevents sol attachment to the substrate during the next PZT
sol deposition. As a result, the spin-coated PZT sol only attaches to

J. Appl. Phys. 128, 190903 (2020); doi: 10.1063/5.0025052
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FIG. 4. Schematic illustration of the procedure of CoFe,O,-BiFeO; (CFO-BFO) nanocomposite fabrication. A CFO seed layer is created by selective nucleation in
FIB-defined pits in the substrate. The images below the flow chart are the sample morphology at the corresponding preparation stage (1-5). From left to right, these are:
AFM image of the FIB patterned Nb:STO substrate; AFM image of the substrate after acid etching; scanning electron microscopy (SEM) image of the CFO arrays; SEM
image of the CFO-BFO seed layer and SEM image of the final composite. Reprinted with permission from Aimon et al., Adv. Mater. 26, 3063 (2014). Copyright 2014
Wiley-VCH.

the walls of the bottom resist layer, forming shells of the core-shell
structure after drying. The subsequently deposited CFO sol after
removing the surface functionalization becomes the core of the
core-shell structure. Lift-off and thermal treatment in the last step
removes the remaining resist and oxidizes the sols, respectively. A
schematic illustration of the fabrication process and the resulting
structure is depicted in Figs. 7(a) and 7(b), respectively. Lu et al®
reported a similar core-shell structure of a CFO-BFO system,

fabricated by PLD through an AAO stencil mask. The core-shell
arrangement is a result of self-assembly under controlled confine-
ment of the mask.

A 0-0 heterostructure was proposed by Lu et al,'** in which
FM and FE materials were stacked layer by layer within pillars.
Compared to the conventional 2-2 heterostructures, such a design
promises better control on the size and thickness of FM and FE
phases, larger flexibility on material design (number of layers,

FIG. 5. (a) Cross-sectional bright-field TEM image of a solgel derived BTO—CFO thin film on the STO substrate, (b) energy dispersive spectrum (EDS) element mapping

(scale bar 100 nm) of the area in (a). (c) High-resolution cross-sectional TEM image showing the STO-CFO-BTO interface, indicating an epitaxial relationship. Adapted
with permission from Liu et al., ACS Nano 4, 6836 (2010). Copyright 2010 American Chemical Society.
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FIG. 6. AFM images of (a) thin film containing PS-b-PEO and metal cations after solvent vapor annealing and (b) film in (a) after thermal treatment. The insets are the
fast Fourier transforms of the corresponding images. (c) Cross-sectional TEM image of the nanocomposite, confirming a 1-3 structure. Adapted with permission from Ren
et al., Appl. Phys. Lett. 93, 173507 (2008). Copyright 2008 AIP Publishing LLC.

stacking sequence, etc.), and reduced clamping effect. The prepara-
tion was done via layer-by-layer PLD through an AAO stencil
mask. The same method was utilized by Tian et al.'*” in the prepa-
ration of SrRuO;-CoFe,04-BiFeO; (SRO-CFO-BFO) triple-layer
0-0 heterostructures, where SRO was the top electrode. A schematic
description of the preparation steps can be found in Fig. 8(a). The
morphology obtained is illustrated by SEM and cross-sectional TEM
in Figs. 8(b)-8(d), respectively. The XRD spectrum in Fig. 8(c)
reveals an epitaxial nature of the stacks.

The disk-matrix structure of ordered arrays of FM nanodisks
embedded in the FE matrix is another type of unconventional mul-
tiferroic heterostructure. It can be considered as a special type of
1-3 heterostructure with low aspect ratio FM pillars. FM nanodisks

g PMMA Layer
a) - o - -4_{Copolymer Layer

I < Substrate

Oxygen Plasma Treatment on
eBL-Patterned Bilayer Resist

Surface Functionalization

are created prior to the deposition of the FE film, usually via
guided PLD through AAO stencil masks'** or SisN, stencil
masks.'”> Multilayers of these disk-matrix thin films can be
obtained by repeating the process, making it more similar to the 0-
3 type heterostructure. Cross-sectional TEM images of a CFO-PZT
and a NFO-PZT disk-matrix nanocomposite fabricated with stencil
masks are depicted in Figs. 9(a) and 9(b), respectively.

lll. POLYMER THIN FILMS AS TEMPLATES FOR METAL
OXIDE NANOSTRUCTURES

As demonstrated in Sec. II C, the self-assembly of a mixed
precursor solution of FM and FE oxides typically yields poorly

A,' 90nm
o e—

~ il ~

Drying

s

Spinning Sol Spinning Second Sol

FIG. 7. (a) Soft EBL preparation process of CFO-PZT core—shell nanocomposites, where the first and second sols are PZT sol and CFO sol, respectively. (b) Schematic
illustration of the final composite structure. (c) SEM backscattered-electron image of the obtained nanocomposite. Adapted with permission from Pan et al., Small 2, 274
(2006). Copyright 2006 Wiley-VCH.
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FIG. 8. (a) Schematic illustration of the fabrication process of CFO-BFO 0-0 heterostructure. (b) SEM image of the obtained nanostructure. (c) XRD spectrum of the
pillars, revealing an epitaxial growth quality. (d) Cross-sectional TEM image of one pillar. Adapted with permission from Tian et al., ACS Nano 10, 1025 (2016). Copyright

2016 American Chemical Society.

defined ordering and interfaces. To enable the alternative deposition
methods such as ALD and CSD in the fabrication of well-defined 1-
3 or dot-matrix multiferroic heterostructures, the patterning of the
FM oxide phase prior to the FE phase deposition is required. The
fabrication of an ordered array of nanodisks covered with a thin FE

film (Sec. I D, Fig. 9) could be seen as a basis for a two-step fabrica-
tion method of (1-3) MF nanocomposites. So far, not a lot of work
has been done on such two-step fabrication, but there are opportuni-
ties in this method with advantages over the conventional PLD
methods, especially with the use of polymer templates.

FIG. 9. Cross-sectional TEM images of (a) a single CFO disk covered by a PZT film. Reprinted with permission from Gao et al., ACS Nano 4, 1099 (2010). Copyright
(2010) American Chemical Society. (b) An NFO nanodisk covered by a PZT thin film. Reprinted with permission from Vrejoiu et al., Nano Rev. 2, 7364 (2011). Copyright
2011 Taylor & Francis Ltd.
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AAO membranes'*>'*” and silica colloidal crystal monolay-

ers'”®'*” have both been utilized as templates in CSD or ALD
growth of oxides. However, both methods suffer difficulties on
complete removal after deposition. Mechanical removal of the
AAO membrane leaves pieces in the sample, while acid or basic
etching may damage the oxide nanostructure. For silica colloid
templates, wet etching removal has the same problem. On the con-
trary, polymer-based templates vanish completely after pyrolysis or
dissolution with solvents, leaving cleaner nanostructures.

Block copolymers (BCPs) are popular polymer templates for
nanopatterning. Main advantages are the low cost, ease of fabrica-
tion, and suitability to large-area deposition. Additionally, BCP
templating is highly versatile due to the tunability of the polymer
blocks, allowing for different structures and dimensions of the
templated material. Although a few examples can be found on
oxide templating with thin films of BCP micelles,'”"™"*> most
BCP templating processes require BCP microphase separation and
self-assembly, to obtain highly ordered BCP nanostructures. This
microphase separation is a result of unfavorable interaction
between the polymer blocks: the immiscibility drives polymer
blocks to phase separate, and the covalent linkage between them
prevents them from macrophase separation. The equilibrium
nanostructure of a BCP melt depends on the total length of the
BCP, the volume ratio of the two blocks, and the strength of inter-
action between the two blocks, as revealed by the mean-field
phase diagram (Fig. 10),'*® thereby leading to self-assembly into
different morphologies.'””~"**

Self-assembly in BCP thin films is more complicated.
Parameters like film thickness, substrate interaction with each block,
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FIG. 10. Theoretical phase diagram of diblock copolymer melts calculated by
the mean-field theory, where y is the interaction parameter of the two blocks, N
is the total number of segments in the block copolymer, fa is the volume fraction
of block A (red block in the picture). The possible phases are denoted as SPH
(spherical), CYL (cylindrical), LAM (lamellar), GYR (gyroid), and DIS (disor-
dered). Reprinted with permission from Hofman et al., Polymer 107, 343 (2016).
Copyright 2016 Elsevier.”'
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and free surface selectivity can influence the morphology signifi-
cantly.'*’ For the purpose of oxide patterning, vertical lamellae and
vertical cylinders are most desirable. However, for applications in
which coupling between different materials is not the key feature
but, for example, percolation is (e.g., memristors) other geometries
are also interesting. Pushing the lamellae and cylinders to stand up
can be achieved in several ways, of which the most common are the
application of an electric or magnetic field across the film thick-
ness,'*>'** creating a neutral substrate surface with chemical modifi-
cation,'*” or solvent vapor annealing (SVA), which is the simplest
and most broadly applied method.

During deposition, the BCP thin film provides a template, the
structure of which will determine the suitable deposition methods. If
the template is porous, any low temperature deposition technique
can be used. However, when the template is not porous, a loading
technique is required. For the templating of oxides, one of the
polymer blocks serves as the host for metal-precursor molecules (gas
or liquid phase), allowing for bottom-up growth of the metal oxide
inside one of the polymer blocks according to the template of the
BCP. A thermal annealing or plasma cleaning step results in the
removal of the organic matrix, leaving only the inorganic metal oxide
nanostructures. This method is highly versatile and tunable and has
received attention over the past years, starting with the fabrication of
metallic nanostructures'*>'"” to the fabrication of functional metal
oxides, with possible applications in data storage (multiferroic nano-
composites),l 1o adaptable electronics (memristors, conductive net-
works),"** and optoelectronics."*’ This templating technique can also
be used to fabricate organic-inorganic composites, where inorganic
nanoparticles are included in a BCP matrix. BCP templates can act as
etching masks for oxide layers underneath'”” or as shadow masks or
guides for vapor deposition techniques such as PLD"'™'** and
atomic layer deposition (ALD)."**'>*">

Below, we evaluate two of the most common oxide deposition
methods for block copolymer templating: sequential infiltration
synthesis (SIS, Sec. III A) and chemical solution deposition (CSD,
Sec. III B). Finally, we discuss some other polymer-based templat-
ing methods in Sec. IIT C.

A. Block copolymer templating using sequential
infiltration synthesis

One of the main deposition techniques for block copolymer
templating is sequential infiltration synthesis (SIS). This technique
is based on ALD, sharing the same equipment and chemical pre-
cursors, and allows for controlled, self-limited growth of metal-
organic precursors in (block co)polymers. Therefore, SIS is not as
low-cost as CSD-based techniques, since the equipment and pre-
cursors are costly. However, ALD is widely used in industries,
allowing for large-area, low-temperature growth, making
ALD-based SIS a relevant technique to review in the context of this
work. SIS differs from ALD in the process parameters: higher pulse
pressure of precursors to provide enough precursors to infiltrate the
polymer matrix (3D volume) and longer exposure times to allow
for complete diffusion into the polymer film (Fig. 11)."°"'*
Horizontal BCP morphologies are more common in SIS compared
to CSD, most likely due to the ability of the vapor phase precursors
to diffuse into the polymer matrix. This method was first described
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FIG. 11. Comparison between process parameters of atomic layer deposition
(ALD, top) and sequential infiltration synthesis (SIS, bottom). The pulse pressure
and duration are short for ALD, whereas the pressure and pulse duration are
much higher for SIS to allow for high enough concentration of precursors to infil-
trate and completely diffuse through the polymer matrix. Reprinted with permis-
sion from Waldman et al., J. Chem. Phys. 151, 190901 (2019). Copyright 2019
AIP Publishing LLC.

by Peng et al."””'°" as a way to selectively grow metal oxides in
one domain of a BCP and control the growth at a molecular level.
SIS is based on two key steps: the selective and self-limited inter-
action of the metal precursors in the gas phase with the BCP tem-
plate. The selectivity of the reaction is based on Lewis acid-base
interactions of the organometallic precursors (Lewis acids) with
the functional groups in one of the blocks of the BCP (Lewis
bases). Due to these specific reaction sites in the polymer tem-
plate, the reactions are self-limited and heterogeneous, this allows
for controllability at the molecular level. Excess unreacted precur-
sors are purged after each growth cycle to ensure that the reac-
tions are indeed self-limited and heterogeneous.'””'*"~"** For an
interesting perspective on the thermodynamics and kinetics of
SIS, we refer the reader to Waldman et al.'®

Peng et al."”’ first demonstrated the growth of ALO; and TiO,
cylinders in PS-b-PMMA. The organometallic precursors react with
the carbonyl groups of PMMA to generate reaction sites for subse-
quent growth cycles, whereas the PS domains are inert for the reaction,
leading to selective infiltration of the PMMA domain. The dimensions
of the metal oxide nanostructures could be tuned by varying the total
number of growth cycles. In a follow-up paper in 2011, they presented
a strategy to employ SIS with PS-b-PMMA for materials that otherwise
would not grow in the PMMA block, such as ZnO, SiO,, and W.""'
Using trimethyl aluminum (TMA), the PMMA block is selectively
modified during the first SIS cycle by reacting with the carbonyl
groups, generating reactive —Al-CH;/-Al-OH sites that can seed the
growth of other materials. In 2019, Azoulay et al.'*’ even reported the
growth of cylindrical ZnO/ALO; heterostructures in PS-b-PMMA in
one SIS process, using the principle of priming the PMMA block with
AlOy to allow for the growth of ZnO. Heterostructures could be

PERSPECTIVE scitation.org/journalljap

formed since the zinc precursor (diethylzinc, DEZ) penetrates deeper
into the polymer matrix than TMA, resulting in cylinders of ZnO
capped with ALO; (Fig. 12). While the growth of Al,O; using TMA
and H,O (oxidizing agent) in PS-b-PMMA has become a model
system for studying SIS, many different materials have been grown
using PS-b-PMMA and other polymer templates: AL O,,'”"' > 7%
ZnO,1/19,138,1(31,163,165,1(}6 Ti02’157,158,165 Sioz,l(ul Ga203,16‘) In203,169
Sn0,,"”” VOx, '™ W/wo,."!

Some advances in SIS since the introduction of the method
are discussed below. In 2013, Kamcev et al.'®® demonstrated the
growth of ZnO, TiO,, and AL,O; in the PS block of PS-b-PMMA
through a chemical modification by UV exposure of the polymer
film. Photo-oxidation by the UV light leads to the breakdown of
the phenyl groups of PS to the Lewis basic hydroxyl, carboxyl, car-
bonate, and carbonyl groups. Each of these groups has increased
Lewis basicity compared to PMMA, enabling the block-selective
growth in the PS domain. Frascaroli et al.'”” were the first to use
O3 as an oxygen precursor in SIS, instead of H,O, to improve reac-
tion conditions during growth. The disadvantages of the use of
water are low growth rates at low temperatures and difficulty of
purging from the chamber, leading to long processing and purging
times. Ozone has a higher reactivity than H,O, leading to faster
growth rates at low temperatures, and it is much easier to purge,
reducing the overall process time of SIS. They also found reduced
hydrogen contamination in the final metal oxides when using O3
as an oxygen precursor, this is mostly interesting for electrical
applications. Recently, Subramanian et al.'*’ reported the fabrica-
tion of a 3D nanomesh of ZnO for optoelectronic applications, the
first demonstration of optoelectronic device functionality of a
nanostructure based on BCP templating and SIS. They used
lamellar morphology PS-b-P2VP, the pyridine moiety in P2VP
has a higher chemical reactivity compared to PMMA, allowing for
a more favorable interaction with the zinc precursor. This
removes the need to prime the BCP with insulating AlOy for the
growth of ZnO, which is favorable for the electrical properties of
the material. Additionally, they report a modification of the SIS
protocol: micro-dose infiltration synthesis (MDIS). In MDIS, the
precursor is pulsed multiple times, with set intervals, during the
exposure period, this increases the precursor concentration in the
reaction chamber (Fig. 13). The higher concentration leads to a
higher uptake of the precursors into the polymer matrix with
each growth cycle. MDIS resulted in a more uniform incorpora-
tion of the precursor in the BCP matrix compared to the standard
SIS. For an extensive review on SIS on polymer-based templates
and applications of infiltration-designed materials, we refer the
reader to Berman et al.'”’

B. Block copolymer templating using chemical
solution deposition

The second main deposition technique for BCP templating is
CSD. A typical route of block copolymer templating using CSD
was developed by the group of Morris'*"'*>!*>152170717 for oxide
nanodots. Highly ordered arrays of Ce,0;, Fe;O,, Fe,O;, and PZT
nanodots were obtained from polystyrene-block-polyethylene oxide
(PS-b-PEO) templates. Thin films of hexagonally packed PEO cyl-
inders in the PS matrix [Figs. 14(a), 14(al), and 14(a2)] were
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FIG. 12. Schematic representation of the ZnO/Al,O; heterostructure fabrication. (a) Priming of the PS-b-PMMA film with trimethyl aluminum (TMA) to provide reactive
sites for the growth of ZnO. (b) Formation of the heterostructure by exposure to TMA and diethyl zinc (DEZ) in one growth cycle. DEZ will diffuse deeper into the film
resulting in cylinders of ZnO capped with Al,O5. (c) Removal of the polymer matrix by oxygen plasma treatment. Reprinted with permission from Azoulay et al., Small 15,
51 (2019). Copyright 2019 Wiley-VCH."®*
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FIG. 13. (a) Schematic comparison between the pulse protocols normal infiltration synthesis (IS, left) and micro-dose infiltration synthesis (MDIS, right), showing an
increased amount of precursor pulses [diethyl zinc (DEZ), H,O] for the MDIS protocol. (b) Schematic representation of the difference in the precursor concentration in the
reaction chamber for normal IS (top) and MDIS (bottom). Adapted with permission Subramanian et al., Nanoscale 11, 9533 (2019). Copyright 2019 The Royal Society of
Chemistry, with permission conveyed through Copyright Clearance Center, Inc.
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25 nm

FIG. 14. [(a), (a1), and (a2)] SVA treated BCP thin film; [(b), (b1), and (b2)] BCP film after ethanol reconstruction; (c) BCP films with the PEO phase loaded with metal
cations; [(d), (d1), and (d2)] oxide nanodots obtained after UV/O3 and thermal treatment, where (a)—(d) are schematic illustration of the steps, [(a1), (b1), and (d1)] are top
view SEM images, and [(a2), (b2), and (d2)] are cross-sectional TEM images. Adapted with permission of Ghoshal et al., J. Mater. Chem. 22, 12083 (2012). Copyright
2012 The Royal Society of Chemistry, permission conveyed through Copyright Clearance Center, Inc.

obtained after SVA in toluene + H,O mixed vapor. Those films
were later reconstructed [Figs. 14(b), 14(bl), and 14(b2)] via
increased crystallization of the PEO block after soaking in ethanol
for 15 h. PS is hydrophobic and insoluble in ethanol, while PEO is
highly ethanol-soluble, metal cations were selectively loaded into
the PEO phase during the spin coating of ethanol-based precur-
sors [Fig. 14(c)]. Subsequent UV/O; treatment oxidized the
cations and partially removed the template. Thermal annealing in
the last step completely removed the organic residue and crystallized
oxide nanodots [Figs. 14(d), 14(d1), and 14(d2)]. This approach is
similar to the earlier work of the Shipp and co-workers'”* and
Kim and co-workers,'”” in which polystyrene-block-poly(4-vinyl
pyridine) (PS-b-P4VP) was used as a template. No surface recon-
struction was required, instead, ions were loaded by immersing the
films in the precursor solution. Oxygen plasma was performed to
oxidize the nanodots instead of UV/O; plus thermal annealing.
The loaded cations can also be oxidized by chemical reactions
(e.g., with ammonia).'”*""”

Apart from cations, molecules or organometallic compounds
containing the concerned elements can serve as precursors for

oxides as well, for example, polydimethylsiloxane (PDMS) for
silica'’ and ferrocene acetic acid '*' for iron oxide. A few special
polymers contain blocks with the desired element. Those can be
oxidized directly after SVA, without the need to load cations. For
example, PS-b-PDMS thin films were transformed into silica nano-
wires,'”” and ferrocene triblock copolymers were transformed into
iron oxide nanodots."*’

Recently, Xu et al. reported the fabrication of nanodots of the
complex oxide cobalt ferrite (CoFe,O,) by CSD, using
acetylacetonate-based precursors of iron and cobalt with PS-b-PEO
as the BCP template. The self-assembled BCP films were loaded
with the precursor solution by immersion at elevated temperatures.
Afterward, the films were treated with UV/O; and thermally
annealed to oxidize the metal precursors and to remove the
polymer matrix. This is one of the few reports of the fabrication of
complex oxides using BCP templating.'**'>

Horizontal morphologies (with no or limited long range
order) such as lamella or horizontal cylinders are not often used
for templating of metal oxides using CSD. Previously, metallic
nanostructures have been formed using lamellar BCP and CSD to
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FIG. 15. (a) PDHS-b-PS and dimensions of the domains for the lamellar and cylindrical morphologies. (b) Tapping mode AFM image of the self-assembled fingerprint
structure of the parallel cylindrical phase. (c) SEM image of the templated ZrO, structure after removal of the polymer matrix by O, plasma treatment. Adapted with permis-
sion Kwak et al., Macromolecules 50, 6813 (2017). Copyright 2017 American Chemical Society.

form metallic nanolines of metals such as Pt, Au, and
pd. o7 1817183 Only a few examples exist for the fabrication of
simple oxides using CSD for horizontal morphologies,'** sequential
infiltration synthesis (Sec. III A) is more generally used in these
cases for the fabrication of (simple) metal oxides, ' *17%159161,163,166

We predict that the best way to reduce the feature size of the
BCP template features is to use high-y polymers. These polymers
have a high Flory-Huggins interaction parameter ()) between the
two blocks, which means the polymer blocks are more incompatible.
High x value BCPs have shown to produce small, sub-10nm,
domain spacings.'*>™'"” Such small feature sizes could be very inter-
esting for lithography applications in the semiconductor and micro-
electronics industries. In 2015, Schulze et al.'*° reported the use of a
high x BCP to fabricate a hexagonally packed array of sub-10 nm
metal oxide nanoparticles using a CSD method. They spin coated
thin films of poly(cyclohexylethylene)-block-poly-(ethylene oxide)
(PCEO-b-PEO, yx =0.46), which self-assembled into an array of
nanodots with SVA treatment. The annealed films were loaded with
alcohol-based metal precursor solutions by spin coating, with the
precursors being selectively included in the PEO domains. UV/O;
treatment oxidized the precursors and removed the polymer matrix,
resulting in nanodot arrays of iron oxide, silicon oxide, and titanium
oxide. This was the first study to show an etchless approach, using a
selective inclusion method, for templating using high x BCPs.

Challenging for high y BCPs is the formation of perpendicular
structures due to preferential interactions with non-neutral surfaces
and segregation of one of the blocks to the free surface.'®
Yoshimura et al.'*® reported a fabrication method using a polymer
brush to create a neutral surface. A 12wt % solution of
polystyrene-block-poly[2-hydroxy-3-(2,2,2trifluoroethylsulfanyl ) propyl
methacrylate] (PS-b-PHFMA) (y=0.191 at 25°C) was spin coated
and annealed at 120 °C for 10 min to create a perpendicular lamellar
structure. These lamella showed a domain spacing of 9.6 nm, resulting
in a sub-5nm half-pitch. The PHFMA domain could be selectively
removed using O,-RIE, leaving a template that could be used for lith-
ographic applications.

Sub-3nm features were achieved by Kwak et al'®’ using
polydihydroxystyrene-block-polystyrene (PDHS-b-PS, % = 0.7 at 170 °C)

in the lamellar morphology (Fig. 15). The cylindrical morphology
could be obtained by hanging the volume fraction of PS, resulting
in cylinders with a 4nm diameter and 8.8 nm center-to-center
spacing. Thin films of the cylindrical phase were prepared, where
the cylinders lay parallel to the substrate surface, sequential infil-
tration synthesis was used to incorporate a zirconium precursor
into the PDHS block, followed by O, plasma etching to fabricate
high density ZrO, nanowires.

C. Other polymer-based templating methods

In addition to BCPs, nanopatterned homopolymer or random
copolymer thin films have been used to template oxide nanostruc-
tures during CSD as well. Dravid and co-workers’*>"”>'*~""! used
the soft-EBL route described in Sec. IT D, in which sols were spin-
coated onto an EBL-patterned thin film of polymer resist.
Low-temperature gelation followed by high-temperature pyrolysis
converted sols into oxides and removed the polymer template
simultaneously. A schematic illustration of the fabrication process
is shown in Fig. 16(a). Various nanostructures of different types
of oxides have been deposited using this method.””'*~'**
Figures 16(b)-16(d) illustrate a nanodisk structure of CFO as an
example. Unlike BCP templating, soft-EBL is not limited by the
very few possible nanostructures created by self-assembly, and size
tuning does not require the synthesis of new BCPs. However, the
soft-EBL approach is far less efficient and much more expensive
than BCP templating.

Carretero-Genevrier et al.' used energetic and heavy
ions to create nanopores in polycarbonate or polyimide films. The
track-etched films were used as templates for solgel deposition.
High aspect ratio free-standing nanopillars and nanowires of
oxides such as quartz, Lag;Sro3MnO; (LSMO), BaMngO,4, and
SrMngO;¢ were fabricated. As an example, SEM images of track-
etched polycarbonate films and as-obtained LSMO nanorods are
shown in Fig. 17. The location and shape of the ion-etched pores
cannot be properly controlled and, consequently, the oxide nano-
rods are randomly grown on the substrate and exhibit a large dis-
tribution on shape and size.

95-198
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FIG. 16. (a) Schematic illustration of the soft-EBL patterning process, (b) SEM image of arrays of CFO nanodisks obtained from soft-EBL (scale bar 1um); (c) AFM
image of one of the nanodisks; (d) profile along the white line in (c). Adapted with permission from Pan et al., Nano Lett. 6, 2344 (2006). Copyright 2006 American

Chemical Society.

Polymer thin films patterned with surface relief grating (SRG)
were also used to template oxide nanostructures. The Kim
group'”>**" first combined SRGs and solgel deposition of oxides.
They exposed azobenzene-functionalized polymer thin films with
interferenced Ar + laser beams. Line trenches or square pitches
were created in the exposed areas, due to a trans—cis transforma-
tion induced shrinkage. Pyrolysis after solgel deposition in the
SRG-patterned films created oxide nano lines or nanoholes.

Finally, polymeric colloids are another type of template used in
CSD of oxide nanostructures.””"*"* Li et al.”** deposited silica nano-
mesh and ZnO nanopillars relying on the PS colloidal monolayer. A
typical fabrication approach is schematically illustrated in Fig. 18.

Multiblock copolymers are also interesting for pattern transfer
through templating or lithography. ABC triblock terpolymers give
rise to more morphologies than accessible with diblock copolymers,
which can lead to interesting new patterns (Fig. 19).”*"*"” So far,
these multiblock copolymer systems are mostly applied as etching
masks or for lithographic pattern transfer. However, they pose an
interesting direction with possibilities to be applied in polymer
templating of metal oxides.

In 2006, Aizawa and Buriak’’® demonstrated the first use
of an ABC triblock terpolymer [polystyrene-block-poly
(2-vinylpyridine)-block-poly(ethylene oxide), PS-b-P2VP-b-PEO]
to template two different metals at the same time. The polymer

FIG. 17. SEM images of (a) track-etched polycarbonate film, (b) and (c) LSMO nanorods obtained from the polymer template. Adapted with permission from
Carretero-Genevrier et al., Adv. Funct. Mater. 20, 892 (2010). Copyright 2010 Wiley-VCH.
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FIG. 18. Schematic illustration of the formation of ZnO nanopillars using a monolayer of colloidal crystals (MCC), an inverted MCC (IMCC), and a connected MCC
(CMCC). Adapted with permission from Li et al., Chem. Mater. 21, 891 (2009). Copyright 2009 American Chemical Society.

FIG. 19. Schematic representation of possible morphologies for a linear ABC triblock terpolymer. Adapted from Park et al., Polymer 44, 6725 (2003). Copyright 2003 Elsevier.

J. Appl. Phys. 128, 190903 (2020); doi: 10.1063/5.0025052 128, 190903-14
© Author(s) 2020


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

self-assembled in rod-shaped and spherical micelles with a PS core
and a P2VP shell, surrounded by a PS matrix. One of the metal pre-
cursors (Au, Pt, or Pd) showed selectivity for the P2VP block, while
the other metal precursor (Ag or Cu) would only penetrate the PEO
block, allowing for the fabrication of sub-100 nm structures of Au
(Pt or Pd) surrounded by Ag (Cu) films.

However, more common is the fabrication of etch masks or
templates for lithographic pattern transfer using multiblock copoly-
mers. Kubo et al”” reported that the ABC triblock terpolymer
polystyrene-block-polyisoprene-block-polylactide  (PS-b-PI-b-PLA)
showed spontaneous alignment after spin coating, removing the
need for additional annealing or alignment steps, due to the prefer-
ence of PI to be at the surface and a non-preferential interaction
between PS and PLA. These restrictions result in the formation of
perpendicular hexagonally packed cylinders of a PLA core with a
PI shell in the PS matrix. The PLA block can be removed by
aqueous degradation, leaving a porous structure that could be used
for pattern transfer.

A triblock copolymer, polylactide-block-poly(dimethylsiloxane)-
block-polylactide (PLA-b-PDMS-b-PLA), was used by Rodwogin
et al,”"” and this block copolymer formed hexagonally packed per-
pendicular cylinders of PMMA in a PLA matrix. Through selective
etching of the blocks, both dot and antidot arrays could be obtained;
the PLA block could be etched by O, RIE, leaving an array of dots,
whereas the PDMS block could be etched by fluorinated etchants,
resulting in an antidot array. Using this method, they fabricated an
array of gold nanodots, showing the possible application of this
polymer system as a pattern transfer mask.

(a)

Self-assembled triblock terpolymer
films (Pl : yellow PFS : orange)

O, Plasma
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One of the interesting morphologies that are accessible through
the use of ABC triblock terpolymers is the square symmetry cylindri-
cal pattern, a symmetry that is of interest for the fabrication of inte-
grated circuits. Son et al”'' were the first to demonstrate a highly
ordered square pattern using polyisoprene-block-polystyrene-block-
polyferrocenylsilane (PI-b-PS-b-PES), where PI and PFS form a
square-symmetry arrangement in a PS matrix (Fig. 20). O, plasma
etching was used to remove the PS and PI blocks, to leave the etch
resistant PFS cylinders. These square arrays could be used as etch
masks for other materials.

While the previously mentioned multiblock copolymer
methods were mainly used for etch masks and lithographic pattern
transfer, they could be of interest for templating using solution or
vapor-based methods. Specifically, polymer blocks such as PI,
P2VP, and PEO allow for selective incorporation of metal precur-
sors, enabling the fabrication of metal oxide nanostructures.

It would be interesting to review the properties of the metal
oxide nanostructures fabricated through polymer templating and
compare the properties of each system grown by chemical deposition
techniques vs physical vapor deposition (PVD) techniques. However,
next to crystallinity, there is limited information available on other
material properties for the systems that were discussed in Sec. IIL
Reports on BCP templated materials from Secs. III A and III B
generally only include crystallinity, with one report of electrical
properties as a function of the number of nanostructured layers in
a 3D nanomesh'”’ and one report of magnetic properties.'*”
Publications on materials fabricated by non-BCP polymeric tem-
plating (Sec. IIT C) do report material properties more often; these

PFS micro-domains
formed the square arrays

FIG. 20. Self-assembly of polyisoprene-block-polystyrene-block-polyferrocenylsilane (PIl-b-PS-b-PFS) films forming a square array of Pl (yellow) and PFS (orange) cylin-
ders in a PS matrix. The Pl and PS blocks are removed through O, plasma etching, resulting in a square array of PFS cylinders. Adapted with permission from Son et al.,

Nano Lett. 11, 2849 (2011). Copyright 2011 American Chemical Society.
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reports generally discuss magnetic properties or piezoelectric coef-
ficients, where the obtained values are generally comparable to lit-
erature values of either bulk or nanoscopic materials grown by
different methods.'”>'”*"'" Therefore, we here focus the discus-
sion on the crystalline properties. The crystalline properties of the
fabricated metal oxide nanostructures mainly depend on the depo-
sition method (CSD, ALD, PLD, etc.) and are less dependent on
the method of templating. Typically, it is more challenging to
obtain high-quality crystalline structures through CSD methods
compared to ALD or PLD, especially considering epitaxial growth.
For CSD methods, the obtained materials are generally not epitax-
ial, but high degrees of crystallinity can be obtained. Generally,
grain growth within the polymer template results in polycrystalline
nanostructures.”>'>*'%> Single crystalline nanostructures can be
obtained by CSD methods. However, the resulting nanostructures
generally have a non-unified crystal orientation, resulting in an
overall polycrystalline structure.**'*>'°>'*” " Epitaxial ~quality
through CSD growth was so far only reported for metal oxides
grown in non-BCP polymeric templates.''*'”>'** Limited by the
phase transition temperature or decomposition temperature of the
polymer templates, relatively low deposition temperatures are typi-
cally used during polymer-templated ALD. Therefore, achieving
epitaxial quality using polymer-templated ALD deposition is also
challenging. The materials discussed in this review that were
grown through SIS are also polycrystalline.

IV. SUMMARY AND OUTLOOK

The nano-structuring of complex oxide composites to form
regular patterns with a variety of morphologies is of great interest
to achieve large area multifunctional thin layers. These composite
materials offer the combined functionality of their components but
also an increase in the interface area between them in order to opti-
mize the coupling between their individual properties, as in the
case of the magneto-electric coupling of composites made of piezo-
electric and magnetostrictive components. In the past few decades,
several methods have been put forward to achieve such materials.

In this Perspective, we have put the recent progress in this
direction into context with an emphasis on polymer templating-
based solutions as low-cost methods to achieve large areas of nano-
structured oxide composites. The recent results in this context
clearly show the superiority of this relatively easy approach. We can
predict that this technique will lead to disruptive technologies
when other BCPs—in terms of chemistry, composition, dispersities
etc.—will be used in the near future. This can already be seen in
the few recent examples using multi-block copolymers.

One of the most promising directions for future research is
the use of high 3 BCPs since they allow for sub-10 nm feature sizes,
with the smallest features reported to date at sub-3nm.'*>™'%
Developing this technology further calls for an intensified collabo-
ration between synthetic polymer chemists that develop novel BCPs
with even increased  parameter difference and tailored morpholo-
gies and applied device physicists to drive this field.

Additionally, interesting new and complex morphologies
can be obtained through the combination of different BCP mor-
phologies and by layering to create 3D nanostructures.'***'**'*
Directed self-assembly approaches will be used to further tailor
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and miniaturize the desired structures. In combination with high
% BCPs, these will be powerful patterning techniques that will
outperform traditional PLD technologies by ease, design flexibil-
ity, and performance.

Another direction in which we can foresee increasing interest
is the fabrication of complex oxide nanostructures through BCP
templating, so far mostly simple oxides have been fabricated in this
way, but complex oxides offer a large spectrum of ordering phe-
nomena (ferroelectricity, ferromagnetism, ferroelasticity, orbital
ordering, metal-insulator transformations, etc.) that allow different
physical properties to be tuned in a very controlled manner by
using electric fields, magnetic fields, light, strain, or confinement,
which makes them highly fitting for applications in memory
storage, logic, sensing, or adaptable electronics.

Further development of these approaches will make BCP tem-
plating suitable for the fabrication of devices for the semiconductor
or microelectronics industry, while using low temperature, low cost
fabrication methods. We hope that this Perspective will encourage
scientists in the oxide community to make use of these highly
promising tools and will help to increase the synergy between these
two communities.
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