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The combination of standard wafer-scale semiconductor processing with the properties
of functional oxides opens up to innovative and more efficient devices with high value
applications which can be produced at large scale. This review uncovers the main
strategies that are successfully used to monolithically integrate functional complex oxide
thin films and nanostructures on silicon: the chemical solution deposition approach
(CSD) and the advanced physical vapor deposition techniques such as oxide molecular
beam epitaxy (MBE). Special emphasis will be placed on complex oxide nanostructures
epitaxially grown on silicon using the combination of CSD and MBE. Several examples
will be presented, with a particular stress on the control of interfaces and crystallization
mechanisms on epitaxial perovskite oxide thin films, nanostructured quartz thin films, and
octahedral molecular sieve nanowires. This review enlightens on the potential of complex
oxide nanostructures and the combination of both chemical and physical elaboration
techniques for novel oxide-based integrated devices.

Keywords: epitaxial growth, silicon, solution chemistry, quartz

Introduction

Complex functional oxides display a wide range of properties: from colossal magnetoresistance
and high-temperature superconductivity to ferroelectricity and multiferroicity. Consequently,
oxides might provide a way to tackle large number of technological challenges including
devices with lower energy consumption and transition to renewable sources of energy.
In this context, silicon is to-date the most fundamental technological material in the
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electronics industry. Therefore, integrating high quality epitaxial
oxide films and nanostructures on silicon is a milestone
toward the fabrication of a number of devices based on
the functionalities of oxides combined with the traditional
Si-based complementary metal-oxide-semiconductor (CMOS)
technology. The growth of structurally different materials on
the same wafer represents a bottleneck in the development of
new devices based on the coupling of the physical properties
of these materials at the heterostructure level. Therefore, a
successful integration of functional oxides on silicon offers an
unlimited potential for new applications in electronics, optics
and, optoelectronics. Consequently, large efforts are currently
focused on matching dissimilar oxides (structurally, thermally,
and in general chemically reactive) and silicon in hybrid
structures.

In the past decade, complex oxides have been investigated
as potential candidates to replace SiO2 in MOSFETs with the
objective of bypassing the fundamental physical limitations and
further enhancing the performance of this gate oxide. Thus, a
large body of research is committed to new materials with higher
dielectric constant for gate oxides (“high-k” oxides) [1, 2]. The
research on the integration of functional oxides on silicon is
mainly motivated by the use of oxides in electronics, from oxide
electronics [3] and memories to sensing applications [4]. The
field of integrated optics started to be investigated as a result of
the unique electro-optical properties of transition metal oxides
which could bring unprecedented and novel capabilities to the
silicon platform. The direct integration on silicon by molecular
beam epitaxy (MBE) of a ferroelectric BaTiO3 film exhibiting
a strong linear electro-optic (EO) effect with a high effective
Pockels coefficient has supposed a main breakthrough in the
field [5, 6]. This strong EO response makes the film an optimal
candidate as a base material for novel applications in the field
of silicon photonics including modulators, tuning elements, and
bistable switches.

In this review we describe the main strategies that have
been successfully used to monolithically integrate functional
complex oxide nanostructures on silicon via CSD methods and
advanced physical vapor deposition techniques such as MBE.
This review will also focus on recent advances combining CSD
and nanoporous polymer templates with the epitaxial growth for
the controlled design and growth of textured crystalline solids.
This novel approach offers an attractive methodology to further
integrate functional oxide nanostructures on silicon substrates.
The review will mainly cover single-crystalline oxide films and
nanostructures. Crystalline oxides present two main advantages:
(i) the properties of a crystalline film or nanostructure are
in general superior to those of the same material under an
amorphous/polycrystalline form and (ii) their interfaces with
silicon are better defined and therefore can be more effectively
characterized and modeled.

Integration of Functional Oxides by
Physical Methods

Functional oxide thin films and nanostructures can be produced
through physical or chemical methods. The main physical
deposition techniques that are typically used to grow epitaxial

films and nanostructures of complex oxides are: (i) pulsed laser
deposition (PLD), (ii) sputtering deposition, and (iii) molecular
beam epitaxy (MBE) [7]. These three techniques fall within the
broad category commonly known as physical vapor deposition
(PVD), where chemical reactions are excluded or poorly involved
in the growth mechanism.

PLD is a PVD technique dedicated to the fabrication of thin
films. This technique consists in the deposition of a material on
a substrate inside a vacuum chamber by focusing a high power
pulsed laser beam that strikes a target composed of the elements
that are to be deposited. The transfer of the material from the
target to the substrate enables the direct deposition of complex
multielement oxides. As a result, PLD method is an excellent
lab-scale research tool for high rate deposition of epitaxial oxide
films, multi-layer and superlattices systems. In this context, the
growth of complex oxides through the sequential deposition from
binary targets by PLD is currently being investigated in order to
reach a precise atomic layer control over the interfaces [8].

Nevertheless, the up-scaling of complex oxides by using PLD
is a major challenge that requires a nanoscale precision over large
areas and high deposition rates. Recently, large-area deposition
of functional oxide thin films such as piezoelectric Pb(Zr,Ti)O3

(PZT) for micro-electronical-mechanical systems (MEMS) and
nanoelectromechanical systems (NEMS) applications, ionic
conducting Yttria-stabilized zirconia (YSZ) for fuel cells or
transparent electrical conducting layers on sensitive substrates,
like flexible displays and OLED, with PLD on wafers up to
200mm diameter were obtained [9].

Magnetron sputtering is also a PVD technique widely used
for the growth of thin films, including metal oxides. It is based
on the ejection of atoms from a target surface by the transfer of
kinetic energy of incoming energetic ions, usually Ar+ generated
in a plasma [10]. The kinetic energy of the impinging ions
ranges from 50–1000 eV with an energy distribution peaking at
around 10–40 eV. This growth technique grants a stoichiometric
transfer from the target material to the substrate allowing the
growth of multi-element compounds in large areas (>4 in.
wafer). However, PLD allows obtaining more easily a precise
stoichiometry of complex oxides films which can be controlled
with the deposition pressure [11].

MBE is also another vacuum deposition method in which
well-defined thermal beams of atoms or molecules react at a
crystalline surface to finally produce an epitaxial film [12]. Each
molecular beam is created by separated effusion cells, which
operate at different temperatures to provide the desired element
flux [13]. In this context, MBE offers excellent stoichiometric
compositional control because effusion cells can evaporate
homogeneously and separately different elements. However, the
growth rate of complex oxide films via MBE is very slow and
expensive. As a consequence, MBE and PLD have important
differences regarding the instantaneous deposition rate during
thin films growth. As an example, the typical growth rate forMBE
is 1 monolayer (ML) per second, while in PLD the instantaneous
growth rates can reach 1ML/microsecond, i.e., six orders of
magnitude faster. Indeed, the average growth speed for PLD
is limited only by the repetition rate of the laser. Thus, PLD
technique can perform a variety of fundamental kinetic studies
that are difficult to be achieved by using MBE technique.
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FIGURE 1 | Schematic of an oxide-MBE (O-MBE) setup that shows the epitaxial integration of perovskite based-oxides on silicon through a metallic

evaporation under oxygen.

Figure 1 shows a schematic representation of the key elements
of a MBE dedicated to epitaxial oxide growth. Interestingly, MBE
is equipped with a reflection high energy electron diffraction
(RHEED) system, which is an in-situ analytical tool that is used
during the epitaxial growth. Thus, RHEED is commonly used
to calibrate beam fluxes or alloy compositions and thicknesses
in multilayer systems. Notice that MBE is almost the only
technique allowing epitaxy of different oxides on different
semiconductor platforms due to the careful surface passivation
strategies, slow atomic layer-by-layer depositions, and the control
of very low oxygen partial pressures. Different oxide systems have
been prepared by MBE on semiconductor substrates, including
perovskites on Si(001), Ge(001), or GaAs(001) [14–16], bixbyites
on Si(111) [17], or spinels on Si(111) [18].

PLD and sputtering are much more mature than MBE for
the growth of oxides, but MBE technique offers some advantages
such as broader homogeneity over large surfaces and flexibility
of doping compared to PLD. More importantly, MBE provides
advanced control of the interfaces and growth processes, which
allows the development of interface engineering strategies to
grow functional oxides on Si and other semiconductor platforms
[7, 19, 20].

Epitaxial growth of complex oxides on silicon is far from
straightforward as a result of material dissimilarities. Most of
the strains are linked to the fact that a crystalline oxide on a
semiconductor induces a transition from a network of strongly
covalent bonds in silicon to a mode of primarily ionic bonding
in the oxide over a length-scale of less than a nanometer [21]. As
a result, in addition to the overall film stoichiometry, it is crucial
to monitor the thermodynamics of each layer during the growth
process in order to control the heteroepitaxial transition. The
formation of amorphous SiO2 or silicates layers during the first
stages of the growth process might hinder epitaxy. Therefore, the
partial pressure of the oxygen and the silicon temperature need
to be controlled throughout the process.

A breakthrough in the MBE field was made by McKee et
al. [19], where the authors employed surface passivation with a
half-monolayer Sr on Si(001) to grow an epitaxial SrTiO3 (STO)

layer on Si(001). The major advance of introducing such layer
was to prevent the formation of amorphous silicon oxide on
the Si surface in order to boost the growth of STO. Since then,
STO/Si(001) has been used as a large-scale pseudo-substrate for
the integration and development of functional perovskite oxides
on Si [5, 22–26]. Following the same philosophy, Yttria-stabilized
zirconia (YSZ) grown by PLD has also been used as an effective
buffer layer to develop the technology of oxide films on Si(001)
[27]. This resulted in the integration of functional ferromagnetic
spinel oxides [28] or ferroelectric perovskite oxides [29].

Integration of Functional Oxides by
Chemical Methods

Chemical vapor deposition (CVD) is a process widely used
in industry for the growth of thin films as a result of its good
stability and reproducibility. Thus, it is used in a broad array of
applications. CVD is based on the deposition of a thin solid film
onto a substrate through chemical reaction of gaseous species
[30]. The main difference between CVD and PVD methods
relies on the reactive process. In this case, the final product is
what dictates the different energy sources, the precursor gases,
and the substrates to be used. The thermal decomposition of
the precursor gives rise to a thin film deposit. Ideally, along
the process the ligands that are associated with the precursor
are cleanly eliminated to the gas phase in the form of reaction
products.

Atomic layer deposition (ALD) is based in the sequential
transfer of precursors or reagents that either adsorb to saturation
coverage or undergo selective ligand reactions. On either case, the
process is self-limiting thus, leading to a layer-by-layer growth
of an atomic film [31, 32]. As a result, this growth technique
can provide atomic layer control and the deposition of ultrathin
conformal films onto very high aspect ratio structures. ALD is
thus a CVD technique based on sequential, self-terminating and,
gas—solid reactions.

The main advantages of chemical solution method as an
alternative approach to grow functional oxide thin films and
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nanostructures are their low cost and easy setup, the good control
over stoichiometry, the use of dopants, and the coating of large
and uniform areas. In a typical chemical solution deposition
(CSD) method the growth process is based on three steps:
[1] The preparation of a homogeneous and stable precursor
solution; [2] the deposition of a thin film onto a substrate either
through spin coating, dip coating, or spray coating; [3] a low-
temperature thermal treatment to form an amorphous film by
removing the solvent, and a high-temperature thermal treatment
which allows the densification and crystallization of the films
(see Figure 2). Therefore, chemical solution based methods
encompass a broad range of techniques including sol-gel
techniques, chelation, metal-organic decomposition, polymer-
assisted deposition (PAD), and hydrothermal methods (see for
in-depth details on CSD methodology [33–37]).

Low-temperature processing profile of functional oxides
by CSD offers a variety of strategies to overcome the
problems associated to final heating temperatures during the
integration into microelectronic elements and related devices.
The crystallization temperatures of thin films with different
chemical compositions are decreased by conveniently modifying
the precursor solution and designing the heating profile to ensure
a high level of chemical homogeneity already in the liquid state
and throughout the processing. In this context, UV irradiation
assisted deposition of ferroelectric thin films at temperatures as
low as 450◦C is a suitable strategy for the integration into the
CMOS technology [38, 39]. Light-sensitive materials containing
UV absorbing species (like β-diketonates) were formed by
tailoring the chemistry of the sol-gel precursors. The subsequent
UV irradiation produces the pyrolysis and oxidation of the
organic components of the sol-gel film, which makes possible the
formation of the M-O-M bonds of the ferroelectric perovskite at
low temperatures.

Another strategy is based on the incorporation of seeds into
the photoactive sol. This enlarges the number of nucleation sites
in the emerging film, leading to a reduction of the crystallization
temperature [40]. In this direction, lead zirconate titanate (PZT)
attains a lower limit of crystallization temperature at 300◦C [41],

therefore allowing the use of these multifunctional oxide layers as
advanced devices supported on flexible polymeric substrates.

In addition, bismuth ferrite BiFeO3 (BFO) thin films have
been successfully prepared onto silicon and Pt-coated silicon
substrates at low temperatures (400◦C) using a synthesis
strategy based on the use of purely water-based systems and
nonhazardous reagents [42, 43].

Likewise, the low deposition temperatures normally used in
ALD offer promising chemical routes for the integration of
crystalline oxides on Silicon. As an example, single crystalline
anatase TiO2 thin films have been epitaxially grown on silicon
by ALD as a potential platform for memories based on resistive
switching [44]. Moreover, epitaxial STO and Al-doped STO films
up to 15-nm thick with a high-degree of crystallinity were grown
on the (001)-Ge substrates via ALD for high mobility Ge-based
transistors [45].

Toward the Combination of Growth
Techniques

The growth of crystalline oxides on Si by combining physical
and chemical methods is also a matter of current research
that in the recent years has enhanced the integration of novel
functional oxides with multiple applications. In this context, the
combination of MBE and ALD has been intensively studied. As
an example, a four-unit-cell STO buffer layer grown by MBE was
engineered to provide a stable template for the posterior growth
of crystalline oxides by ALD on (001)-Si. This methodology
resulted in the successful growth of epitaxial anatase TiO2,
SrTiO3, LaAlO3 and BaTiO3 thin films [46–49].

A new approach combining MBE and PAD has been
recently introduced by the authors for the growth of integrated
functional oxide thin films on silicon substrates. PAD is a
wet chemical method introduced by Jia et al. [34] that uses
aqueous solutions of polymers and metallic salts. The polymer
plays a significant role in the process by controlling the desired
viscosity of the precursor without gelling and additionally,

FIGURE 2 | Scheme of the formation of epitaxial thin films of perovskite-based oxides via solution processing routes (dip-coating).
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binding the metal ions to prevent premature precipitation
and the further formation of metal-oxide oligomers. This
process leads to a homogeneous distribution of the metal
precursors in the solution. Polyethyleneimine (PEI) and its
derivatives are the most frequently used polymers in PAD
and metal nitrates, metal chlorides, metal acetates, or metal
hydroxides are among the source of metals widely used. As an
aqueous solution system, PAD is less dependent on expensive
or sensitive metalorganic precursors, thereby lowering the
environmental impact, if compared to other chemical solution
methods. As an example, PAD was shown to produce films of
high quality and abrupt interfaces were obtained in epitaxial
multilayers [34, 50].

In this direction, the authors present a novel example in
Figure 3 that shows a HAADF-STEM image of a LaCoO3

(LCO) cobaltite thin film (15 nm) deposited by PAD on
top of a STO buffer (10 nm) grown by MBE on a (001)-
Si substrate with sharp interfaces (see Figure 3). The
strain state of the cobaltite film and its influence on the
physical properties are currently under investigation. We
found that the structural quality and the sharpness of the
interfaces are similar in the layers grown by MBE and by
PAD.

From Thin Films to Nanostructured
Surfaces

Nanostructured surfaces are interesting in many fields as a result
of their many applications including electronic devices, storage
media, and as substrates for the production of more complex
structures. Notice that periodically organized mesoporous
architectures exhibit unexpected electrochemical, catalytic and
photo-catalytic properties. As a result, mesoporous networks
work as a connected solid network that allows fast transport
of electrons, oxygen ions or protons. The construction of
porous and hierarchically structured materials is accomplished
by bridging together sol-gel chemistry, multiple templating, and
advanced processing, namely Integrative Chemistry Strategy. The
main chemical routes and strategies in this direction have been
thoroughly described in several review articles [51–53].

Oxide nanostructures of high quality and low aspect-ratio
(ratio of out-of-plane to in-plane dimensions) can be obtained
by self-assembly patterning methods based on CSD. In self-
assembly of oxide nanostructures, solution precursors are spin-
coated on a substrate pursued by a high temperature annealing.
Concerning ultrathin layers of a precursor prepared at high
temperatures (commonly 600–900◦C), the crystallized oxide

FIGURE 3 | (A) Cross-sectional HAADF-STEM image of a STO thin
film epitaxially grown on silicon substrate by MBE (450◦C). (B)

Enlarged view of the interface showing the epitaxial relationship
between STO film and silicon substrate according to [100]
STO//[110] silicon. (C) Cross-sectional HAADF-STEM image of a
LCO cobaltite thin film deposited by PAD (800◦C during 2 h) on

top of a STO buffer layer grown by MBE on a (001)-Si substrate.
(D) Magnified view of the interface exhibiting the epitaxial similarity
between STO buffer layer and LCO film. All images were acquired
with a Nion UltraSTEM 100 dedicated aberration-corrected STEM,
operated at 100 kV, which features an atomic-size probe ∼1.0Å
HAADF-STEM imaging resolution.
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“breaks down” into minor islands, creating small crystallites
in order to minimize the entire surface and interface energies
[54, 55]. The shape of the nanostructures and their distribution
are largely determined by the misfit strain between the
substrate and the functional oxide itself. The shape of the
nanoislands can be stabilized by the convenient selection of the
substrate’s crystallographic orientation. The main improvement
of these self-assembly techniques are the low costs, their simple
processing, and the absence of patterning conditions. However,
to-date high quality crystalline oxides have been established only
for epitaxially grown structures and the nanostructures size,
shape and precise position cannot be efficiently controlled.

The CSD process is so far an adaptable method that can
be assembled with the use of molds or templates with high
aspect ratio nanopores infiltrated with the convenient chemical
precursors. This results in the fabrication of low or high aspect
ratio oxide nanostructures [56]. As an example, porous Si and
alumina templates as well as polymers patterned through e-
beam, ion beam or photo-lithography, and block co-polymers in
self-assembly have been described as successful templates [57–
60]. Following this approach, nanorings of perovskite PZT with
internal diameters down to ∼5 nm and ring thicknesses of ∼5–
10 nm have been well fabricated by chemical solution deposition
on the pore walls of nanoporous alumina membranes made on
silicon substrates [61].

Nevertheless, submicron size nanostructures in a well-defined
arrangement are required for many interesting applications such
as ferroelectric or ferromagnetic memory applications. High-
density ferroelectric nanostructure arrays have been fabricated
using a heated AFM tip on sol-gel precursor films deposited onto
platinized or plain Si substrates [62].

In addition, fully functional arrays of ferroelectric and
ferromagnetic nanostructures can be prepared by electron-
beam direct writing (EBDW) [63, 64]. In EBDW, the chemical
reactions are narrowly activated in a metallorganic thin film after
irradiation with an EB under adequate energy and dose and the
required pattern is impressed by scanning the EB over the sample.

The pattern is completed by dissolving the unexplored area in a
precise solvent and further converted intometal oxide by thermal
annealing. The major advantage of this processing method is its
“direct writing,” which allows a user-specified shape, size, and
positioning of the nanostructure on the substrate [63].

Growth of Functional Oxide
Nanostructures on Si Substrates by
Epitaxial Quartz Templating

In the past decades, most of the works on the growth of
crystalline oxide thin films on silicon have been based on a
layer-by-layer approach to heteroepitaxy. The main techniques
used to this purpose have been MBE or PLD after adjusting the
growth conditions during the deposition to avoid silicon surface
oxidation. However, such techniques cannot be used to grow
integrated functional oxide nanostructures and thick films. In the
last years, CSD showed up as a versatile bottom-up approach
to generate nanostructured surfaces and thicker films. In this
regard, the authors recently established that the combination
of soft chemistry and epitaxial growth expands opportunities
for the controlled growth of functional oxide nanostructures on
silicon. As an example, Carretero-Genevrier et al. used silicon
substrate to develop structured epitaxial piezoelectric quartz thin
films [65]. In this work authors employed industrial dip-coating
method to produce quartz thin films on (100)-silicon substrates
of controllable thicknesses from sol-gel precursors. The dip-
coating process was executed in four stages: (i) immersion of
the silicon substrate inside the sol-gel solution of the coating
material at a constant speed, (ii) deposition of the thin layer on
the silicon substrate while it is pulled up at a constant speed
for a good control of the thickness of the film, (iii) drainage
of the excess liquid from the surface of the substrate; and (iv)
evaporation of the solvent and gelification of sol-gel precursors
forming the thin film. In this case, the sol-gel solution contained
partially hydrolyzed and condensed tetraethoxysilane (TEOS) as

FIGURE 4 | Crystallization mechanism of nanostructured epitaxial

α-quartz thin films on silicon substrate. Note that this growth
mechanism is prepared by a dip-coating process. During the
gelification and drying of films, strontium, barium or calcium ions
were uniformly distributed within the amorphous silica matrix. After

crystallization thin films maintain the initial porous structure achieved
at room temperature. The nucleation of crystals quartz at the
silicon-silica interface takes place over 900◦C just after a
devitrification mechanism that result in a monooriented polycrystalline
quartz film.
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a quartz precursor and specific proportions of Sr2+, Ba2+, or
Ca2+, which functioned as silica network modifiers [66]. Indeed,
a homogeneous distribution of these alkaline earth metals within
the amorphous silica film during dip coating process offered
the potential to thermally induce the epitaxial growth of α-
quartz films on silicon by a catalytic devitrification of the silica
native layer at the silicon interface (see Figure 4). Importantly,
the authors observed that the low mismatch between the
(100)-quartz plane and the crystalline (100)-silicon substrate
induced the nucleation of α-quartz crystals at the silicon-silica
interface during thermal treatment above 900◦C (5 h in air at
ambient pressure). In that case, other polymorphs of silica did
not show an equal mismatch with the silicon substrate thus,
preventing the stabilization of other crystalline silica phases
[65]. This particular growth mechanism was coupled along
with the CSD methodology to control the nanostructuration of
piezoelectric quartz thin films. As an example, Figure 4 shows
the crystallization of macroporous silica films at 1000◦C in
the presence of Sr2+, Ba2+, or Ca2+ as devitrifying agents.
The piezoelectric functionality of these nanostructured films
was completely preserved and no important differences between
the piezoelectric force microscopy (PFM) response inside and
outside regions of the pore were found [67].

Compared to standard method of production of quartz films,
top down technology based on cutting and polishing of large
hydrothermally grown crystals, this bottom-up approach that

produces nanostructured quartz films allows obtaining much
thinner films with thicknesses between 150 and 750 nm. The
thicknesses of the quartz films obtained by standard method
cannot be below 10µm and for most applications these need
to be bonded on Si substrates. As a consequence, quartz films
obtained by this novel approach could find applications in the
future in the field of electromechanical devices because thanks to
its thicknesses below 500 nm these are expected to present higher
resonance frequencies.

Moreover, the authors have recently evidenced that epitaxial
quartz films on silicon are intrinsically chiral. In this work, a
comparative evaluation of the surface energies of the two possible
trapezoidal habits in the P3121 and P3221 quartz space groups
was performed. Authors founded significant differences in the
number of dangling bonds per unit area for the (−131) surfaces,
providing evidences of an enantiomer selection mechanism of
the two single possible trapezoidal habits. This work importantly
opens new perspectives in the field of enantioselective surface
chemistry and in the mechanisms governing crystallization of
chiral pure systems [68].

Analogously, it is possible to take advantage of the catalytic
devitrification process of the silica native layer at the silicon
interface for the epitaxial stabilization of complex oxide
nanowires on silicon as shown by Carretero-Genevrier et al. In
that case, the authors used supported track etched polymeric
templates as a nanoreactor for the confined growth and further

FIGURE 5 | FE-SEM images and graphics (below) representing

the intermediary steps during the OMS nanowires epitaxial

growth on Si. (A) FE-SEM Cross-sectional image of the porous
polymer template after infiltration of nanopores with the precursor
solution. At this stage Ba2+, Sr2+, or Ca2+ cations are
homogenously distributed. (B) FE-SEM image of the sample

quenched at 600◦C. Precursor nanocolumns that maintain the
dimensions of the initial template nanopores are developed. At this
step, the porous template has been disintegrated and the
devitrification of SiO2 native layer and nucleation of α-quartz occurs
at the interface. (C) FE-Cross-section SEM image of the nanowires
grown on top of the α-quartz/Si substrate at 800◦C.
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stabilization of epitaxial oxide nanowires on silicon [69]. The
nucleation and crystalline growth of these 1D nanostructures
was detected when Sr2+, Ba2+, or Ca2+ cations were present
in the precursor solution. Importantly, the homogeneous
dissemination of these catalyst cations was needed for the
crystallization of interfacial α-quartz layer as result of the
confinement of the precursor solution within the nanoporous
template.

The confined nucleation and growth mechanism is extensible
to different nanowire compositions, as long as the initial
nanowire precursor solution contains Ba2+, Ca2+, or Sr2+ as
devitrifying agents. Using chemical solution deposition the
authors proved that it is possible to synthesize different single
crystalline epitaxial octahedral molecular sieve (OMS) nanowire
films including Ba1+ δMn8O16 hollandite, Sr1+ δMn8O16

strontiomelane, (BaSr)1+ δMn8O16 and a novel crystallographic
phase named LaSr-2 × 4 OMS on top of (100)-silicon substrates
[70] (see Figure 5). Importantly, the LaSr-2× 4 OMS nanowires
have shown augmented ferromagnetic properties with a
Curie temperature above 500K as a result of its particular
crystallographic structure [71].

The growth process of LaSr-2 × 4 OMS nanowires on Si
substrates has been well established in recent works [70–72].

The confinement imposed by a polymer template during thermal
treatment results in the formation of ε-MnO2 nanoparticles in
the early stages of the growth process at low temperatures (up to
500◦C). These nanoparticles will act as seeds for the growth of
manganate nanowires under high temperature conditions (i.e.,
800◦C). In addition, the close contact of the silica native layer
with the alkaline-earth metal cations present in the precursor
solution during the thermal treatment assists the devitrification
of the silica native layer. This melting process allows the
crystallization of an intermediate α-quartz film and to further
stabilize LaSr-2 × 4 OMS manganese oxide nanowires that
crystallize in new monoclinic crystallographic structure.

The α-quartz films render a better lattice matching to the
complex oxide nanostructures therefore, promoting the epitaxial
growth of the LaSr-2 × 4 nanowires. However, due to the low
annealing temperature (800◦C), the α-quartz layer grown on
(100)-Si substrates is polycrystalline, which results in the growth
of nanowires along with different orientations with respect to the
substrate plane.

The structural, electronic andmagnetic structure of LaSr-2×4
manganese oxide molecular sieve nanowires were investigated by
aberration corrected scanning transmission electron microscopy
(STEM), in combination with electron energy loss spectroscopy

FIGURE 6 | (A) Low magnification and high magnification (in inset image)
field emission gun scanning electron microscope (FEG-SEM) images of
epitaxial LaSr-2× 4 nanowires on α-quartz/Si substrate. (B) Low
magnification HAADF image of the quartz film and LaSr-2× 4 nanowires
interface. (C) High-resolution transmission electron microscopy (HRTEM)
image exhibiting the epitaxial relationship between LaSr-2× 4 nanowires
and the α-quartz conforming to [20-2] LaSr-2× 4//[−101]. (D) Hysteresis

loops of the LaSr-2× 4 nanowires registered at 400 K. Notice that both
filled symbols and open symbols in the plot mean fields experimented
parallel, and orthogonal to the substrate surface respectively. (E)
Temperature tendency during field-cooled (FC) measurement at H = 1.5 T
orthogonal to the substrate of LaSr-2× 4 nanowires and powder blank
samples. (F) Dichroism measurement and Mn L2,3 edges, along the two
polarized configurations (+) and (-).
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FIGURE 7 | Scheme of an O-MBE setup that shows the epitaxial integration of oxides nanowires on silicon through a metallic evaporation under

atomic oxygen inside the pores of a supported track etched polymer templates.

(EELS). This combination has shown to be a powerful technique
for structural, chemical andmagnetic analysis down to the atomic
scale [73].

The proposed unit cell of LaSr-2 × 4 nanowires based on
X-ray diffraction and STEM analysis, is monoclinic with lattice
parameters a = 13.8 Å, b = 5.7 Å, c = 21.8 Å, and
β = 101◦, where the long axis of the nanowires is along
the b crystallographic direction. High resolution TEM images
reveal that the orientation relationship can be described as (010)
LaSr-2 × 4//010) α-quartz and an in-plane epitaxial relationship
given by [20-2] LaSr-2 × 4// [−101] α-quartz (see Figure 6).
STEM-EELS studies confirmed the uniform composition of
the nanowires. It is worth mentioning that neither appreciable
inter-diffusion of Si into the nanowires nor any trace of
Sr on the quartz layer was detected by EELS studies (see
Figure 6).

Themagnetism of LaSr-2×4 nanowires has been studied using
electron magnetic circular dichroism (EMCD) (see Figure 6F),
which can be measured from TEM after analysis of L2,3 EELS
absorption edges of transition metals [74]. EMCDmeasurements
performed on a single LaSr-2× 4 nanowire at room temperature
showed that there is a significant orbital component to the
magnetic moment and that this is aligned antiparallel to the
spin moment [73]. This finding suggests that Mn shells are less
than half-filled and that the origin of ferromagnetism may reside
in a double-exchange-like mechanism. Indeed, the spatially
resolved EELS measurements confirmed the presence of mixed-
valence Mn cations at different sites, as a result of the ordered
arrangement of the La3+ and Sr2+ cations within the structure.
However, the electronic structure of these monoclinic LaSr-2× 4
nanowires was different from its perovskite-like counterparts and
the fine structure of the O-K edge presented significant changes
compared to manganites [75, 76]. The different disposition
and arrangement of La and Sr cations in the new structure
of the nanowires might well affect the Mn-O bonds of MnO6

octahedra. Further theoretical work is thus needed to interpret
the features of the electronic structure of LaSr-2 × 4 monoclinic
nanowires.

In addition to the solution template-based growth
methodology, the authors are investigating a novel strategy
for the epitaxial integration of oxides nanowires on different

substrates. This new procedure consists in the use of the
MBE technology to allow the metallic evaporation under
atomic oxygen inside the pores of supported track etched
polymer templates (see Figure 7). As an example, the authors
have successfully prepared BaTi5O11 nanowires on LaAlO3

(LAO) substrate using this approach. The epitaxial relationship
of BaTi5O11 and its influence on the physical properties
are currently under investigation. This finding proves once
more that the confined growth of metastable phases within
nanopores combined with an epitaxial growth offers interesting
opportunities for the further integration of functional oxide
nanowires on silicon substrates.

Conclusions

Along this review we have provided an overview showing
the most successful strategies used to monolithically integrate
functional complex oxide thin films and nanostructures
on silicon. Importantly, the interplay of parameters such
as chemical reactivity, crystallographic structure epitaxial
misfit, interface, and surface energies is crucial for the
nucleation and the final crystallographic phase stabilization
of nanostructures.

A special emphasis has been put on the combination of
chemical solutions deposition methodology with physical
methods (MBE) in order to obtain novel functional oxide
heterostructures on silicon. We have shown the power
of coupling solution chemistry and epitaxial growth.
This combination of physics, chemistry and processing
allows nanostructured, epitaxial crystalline thin films and
nanostructures. As an example, we have presented the integration
of LCO thin film by PAD on top of a STO buffer layer grown by
MBE.

Another strategy presented in this review, is based on the
controlled catalytic devitrification of the silica native layer at
the silicon interface which makes possible the integration of
novel functional oxide thin films and nanostructures on silicon.
In this direction, we have shown in detail the development
of nanostructured piezoelectric epitaxial quartz films grown on
silicon, and the epitaxial stabilization of complex oxide nanowires
with enhanced magnetic properties.
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