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Abstract
The technological impact of combining substrate technologies with the  properties 

of functional advanced oxide ceramics is colossal given its relevant role in the 

development of novel and more efficient devices. However, the precise control of 

interfaces and crystallization mechanisms of dissimilar materials at the nanoscale 

needs to be further developed. As an example, the integration of hybrid struc-

tures of high-quality epitaxial oxide films and nanostructures on silicon remains 

extremely challenging because these materials present major chemical, structural 

and thermal differences. This book chapter describes the main promising strate-

gies that are being used to accommodate advanced oxide nanostructured ceram-

ics on different technological substrates via chemical solution deposition (CSD) 

approaches. We will focus on novel examples separated into two main sections: 

(i) epitaxial ceramic nanomaterials entirely performed by soft chemistry, such as 

nanostructured piezoelectric quartz thin films on silicon or 1D complex oxide 

nanostructures epitaxially grown on silicon, and (ii) ceramic materials prepared 

by combining soft chemistry and physical techniques, such as epitaxial perovskite 
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oxide thin films on silicon using the combination of soft chemistry and molecular 

beam epitaxy. Consequently, this chapter will cover cutting-edge strategies based 

on the potential of combining epitaxial growth and CSD to develop oxide ceramics 

nanomaterials with novel structures and improved physical properties.

Keywords: Epitaxial growth, thin-film growth, silicon, perovskites, solution 

chemistry, molecular beam epitaxy, oxide nanostructures, magnetic oxide 

nanowires, quartz thin films, octahedral molecular sieves

1.1 Introduction

Single-crystalline thin films of functional oxides exhibit a rich variety 
of properties such as ferroelectricity, piezoelectricity, superconductiv-
ity, ferro- and antiferro-magnetism, and nonlinear optics that are highly 
appealing for new electronic, opto-electronic and energy applications 
[1, 2]. Over the past few years, tremendous progress has been achieved 
in the growth of functional oxides on oxide substrates (such as LaAlO

3
, 

SrTiO
3
, Al

2
O

3
, MgO, and scandates) [3, 4]. As a result, to date, it is pos-

sible to control the epitaxial growth at the unit cell level, which has led to 
new phenomena arising from the engineering of novel interfaces [5–8]. 
However, to fully exploit their properties, functional oxides should be 
effectively integrated on a semiconductor platform like silicon, germa-
nium or III/V substrates, which are compatible with the electronics 
industry. The controlled epitaxial growth of functional oxide layers on 
semiconductor substrates is a challenging task as a result of the strong 
structural, chemical, and thermal dissimilarities existing between these 
materials. In spite of the difference in lattice parameters and thermal 
expansion coefficients, the major difficulty to engineer epitaxy is linked 
to the necessity of preventing the formation of an amorphous interfa-
cial layer during the first stages of the growth (e.g. SiO

2
 or silicates on 

Si, depending of the atmosphere), which hinders any further epitaxy. 
Additionally, the cations of most oxide compounds can easily inter-
diffuse into the silicon substrate giving rise to the formation of spuri-
ous phases at the interface [9]. To overcome these major challenges, it 
is required to use a stable buffer layer, which can act simultaneously as 
a chemical barrier preventing ionic inter-diffusion and as a structural 
template favoring epitaxy.

In this context, McKee et al. [10] demonstrated the possibility to grow 
epitaxial SrTiO

3
 (STO) films on Si(001) by molecular beam epitaxy (MBE) 

with Sr passivation strategy. This work sets the basis to integrate STO and 
related perovskites on silicon for monolithic devices. Consequently, most 
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of the research on crystalline functional oxides such as STO [11], lead zir-
conate titanate PbZr

0.52
Ti

0.48
O

3
(PZT) [12], BaTiO

3
 (BTO) [13–17], LaCoO

3
 

(LCO) [18], and La
0.7

Sr
0.3

MnO
3
 (LSMO) [19] integrated with Si has been 

based on an STO buffer layer epitaxially grown on Si(001) by MBE.
For decades, the integration of functional oxides onto a silicon platform 

has been identified as an important route to improve and widen the perfor-
mances of microelectronics and nanoelectronics devices. A clear example 
is the successful preparation of two-dimensional electron gas at interfaces 
between LaAlO

3
 and SrTiO

3
 (STO) on Si(001). In this case, the STO film 

acts simultaneously as a buffer layer and as an active part of the functional 
heterostrucuture [20]. Moreover, 2D electron gases at the interface have 
also been demonstrated using LaTiO

3
 [21] and GdTiO

3
 [22, 23] grown on 

STO-buffered Si. Functional non-volatile BTO-based ferroelectric tunnel 
junctions (FTJ) on Si(001) substrates with a tunneling electroresistance 
(TER) ratio over 10,000% have been recently demonstrated by pulsed laser 
deposition (PLD) [24] and MBE [25] growth methods. In both cases, this 
was accomplished by including a thin layer of STO as an epitaxial template 
on silicon. In addition, concomitant ferroelectric and antiferromagnetic 
behaviors were demonstrated on single-crystal BiFeO

3
 (BFO) films grown 

on STO on Si(100) using PLD [26] and MBE [27].
Integration of self-assembled vertical epitaxial nanocomposites thin 

films on Si substrates has been reported for multiferroic or magnetic 
memory and logic devices. The growth of La

0.7
Sr

0.3
MnO

3
–ZnO perovskite–

wurtzite and CeO
2
–BTO fluorite–perovskite vertical nanocomposites on a 

Si substrate by PLD was described using a TiN/SrTiO
3
 bilayer buffer layer 

[28, 29]. The respective magnetoresistance and ferroelectric properties 
matched those of similar films grown on single-crystal STO. In addition, 
perovskite–spinel magneto-electric BFO–CFO vertical nanocomposites 
were successfully integrated on Si using two different buffered substrates: 
Sr(Ti

0.65
Fe

0.35
)O

3
/CeO

2
/YSZ/Si and 8 nm STO/Si [30].

The integration of functional oxides on germanium has recently received 
a great attention for high-speed and low-power device applications [31], as 
a result of the higher electron and hole mobility of germanium over silicon 
[32]. Indeed, a germanium-based ferroelectric field effect transistor was 
produced recently [33]. In this case, an ultrathin (20 Å) STO layer was first 
deposited on the Ge substrate. This layer imposes an in-plane compressive 
strain on BTO to overcome the tensile strain caused by the thermal expan-
sion mismatch between both materials, therefore providing BTO films on 
Ge with out-of-plane polarization.

The development of freestanding oxide devices based on microelec-
tromechanical systems (MEMS) technologies using standard silicon 
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micromachining techniques was possible from SrTiO
3
/Si structures. 

Thus, the fabrication of integrated free-standing LSMO microbridges for 
low-power consumption pressure sensors [34] and uncooled bolometers 
[35] was recently demonstrated.

The direct growth of functional oxide film on silicon has proved to be also 
an effective way of integration without epitaxy. In this context, a field effect 
transistor preserving magnetoelectric functionality on a  silicon-integrated 
device based on a La

0.825
Sr

0.175
MnO

3
/Pb

0.2
Zr

0.8
TiO

3 
(LSMO/PZT) bilayer 

directly grown by PLD on non-processed Si substrate has been demon-
strated by Fina et al. [36]. The measured modulation of the magnetic and 
transport properties of LSMO upon PZT ferroelectric switching is large, 
despite the polycrystalline nature of the structure.

Yttrium-stabilized zirconia (YSZ) has also shown to be a very effective 
buffer layer to integrate functional oxide layers on Si(001) despite a lattice 
mismatch of about 5% and because it scavenges the native oxide on the sub-
strate surface and reduces the native SiO

2
 oxide layer, with controlled oxygen 

partial pressure. These characteristics favor the formation of an epitaxial rela-
tion with the silicon substrate [37–39], thus making possible the integration 
of functional ferromagnetic spinel oxides [40–42] and ferroelectric perovskite 
oxides [43]. The use of an YSZ template substrate has also permitted the fab-
rication of all-oxide, free-standing, heteroepitaxial, and piezoelectric MEMS 
on silicon by using PbZr

0.52
Ti

0.48
O

3
 as the active functional material [44]. 

Recently, optimized growth conditions and subsequent functional oxides 
deposition have been shown on a silicon wafer scale (>4") using PLD [45].

The opportunities of combining functional oxides with integrated photo-
nic devices and circuits are equally enormous. In spite of the recent advances 
made on silicon photonics, many limitations still need to be solved [46]. The 
integration of electro-optical active oxides will allow extending the silicon 
photonics platform to engineer nonlinear materials, which can be effectively 
used for tuning, switching, and modulating light in extremely dense pho-
tonic circuits. Examples of that are: the fabrication of electro-optical switches 
based on oxides with metal-to-insulator transitions (e.g. VO

2
) [47], optical 

insulators based on magnetic oxides (e.g. Co-substituted CeO
2−δ

 and Co/
Fe-substituted SrTiO

3−δ
) [48], and high-speed modulators based on oxides 

with the strong Pockels coefficients (e.g. BaTiO
3
) [49, 50]. Moreover, the inte-

gration of PZT layers on GaAs substrates is highly interesting for optoelec-
tronic applications considering, for instance the modulation of the optical 
properties of GaAs-based heterostructures through the strain induced by a 
piezoelectric layer [51]. Analogously, an epitaxial buffer layer of STO initially 
grown by MBE is needed for the successful epitaxial integration of the ferro-
electric PZT on GaAs [52, 53]. BTO has also been successfully integrated on 



Development of Epitaxial Oxide Ceramics Nanomaterials 7

GaAs using MBE and showed good ferroelectric characteristics when mea-
sured by piezoresponse force microscopy (PFM) [54].

In the past decades, most of the works on crystalline oxides thin films 
growth on semiconductors 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 
semiconductor surface oxidation or cationic interdiffusion at the interface. 
However, for future applications in industry, chemical deposition methods 
such as metal–organic chemical vapor deposition (MOCVD), chemical 
solutions and sol–gel-based processes, and atomic layer deposition (ALD) 
show clear advantages over MBE or PLD. These advantages are mainly due 
to the scalability and low cost of chemical deposition-based methods. ALD 
entails the sequential delivery of precursors or reagents that either adsorb 
to saturation coverage or undergo selective ligand reactions, which are self-
limiting for the film growth [55, 56]. This growth technique can provide 
atomic layer control and allows the deposition of ultrathin conformal films 
onto very high-aspect-ratio structures.

As previously mentioned, an STO buffer layer grown by MBE is a 
required step for the epitaxial integration of many oxide materials. In this 
context, the growth of crystalline oxides on semiconductors by combining 
physical and chemical methods is also a matter of current research [55]. As 
an example, a combined MBE (to grow first a four-unit cell thick STO buffer 
layer) and ALD growth method to deposit crystalline oxide thins films on 
Si(001) including TiO

2
, BaTiO

3
, SrTiO

3
, and LaAlO

3
 was developed [57–60].  

In addition, the deposition of ferroelectric Pb(Zr)TiO
3
 using chemical 

solution spin coating on STO-buffered Si and GaAs grown by MBE was 
also demonstrated [61, 62].

The use of Ge or GaAs substrates makes possible to grow epitaxial 
perovskite oxides directly via ALD [63], compared to silicon substrates. In 
this case, a post-deposition annealing at high temperatures is required for 
crystallization. Recent improvements in the crystalline quality of oxides 
grown on Ge using ALD highlight the potentiality of this growth method 
as a scalable integration route of functional oxides for microelectronics 
technology. Indeed, epitaxial STO and Al-doped STO films up to 15 nm 
thick with a high degree of crystallinity were grown on the Ge(001) sub-
strates via ALD for high-mobility Ge-based transistors [64]. ALD growth 
of epitaxial SrHfO

3
 on Ge as a high-k dielectric material has also been 

demonstrated [65]. Likewise, high-quality epitaxial LaLuO
3
 and La

2−x
Y

x
O

3
 

thin films were achieved on GaAs (111) by ALD, and GaAs MOS capaci-
tors made from this epitaxial structures showed very good interface quality 
with small frequency dispersion and low interface trap densities [66, 67]. 
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Nevertheless, the integration of functional oxides on semiconductors 
entirely performed by chemical methods is still in its early stages.

In this chapter, we present recent promising strategies used to accom-
modate advanced oxide nanostructures on silicon substrates via chemical 
solution deposition (CSD) routes. Two different approaches are proposed, 
namely the growth of nanostructured oxides entirely by chemical solutions 
and the combination of soft chemistry and MBE. These two approaches 
along with relevant examples that will be further discussed in this 
 chapter are displayed in Figure 1.1.

1.2  Integration of Epitaxial Functional Oxides 
Nanomaterials on Silicon Entirely Performed 
by Chemical Solution Strategies

Integrating functional oxides nanomaterials as active materials in devices 
importantly depends on the capability to incorporate crystalline metal 

Figure 1.1 General schematic diagram representing all the processes, oxide 

nanomaterials integrated on silicon, and applications discussed in this book chapter.
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oxides into silicon structures. This feature represents a hard challenge 
issue because the matching between dissimilar (structurally, thermally, 
and in general chemically reactive) oxides with silicon in hybrid struc-
tures is difficult. As mentioned in the precedent section, one of the most 
important difficulties stems from the fact that the oxygen partial pressure 
and silicon temperature must be controlled to avoid the formation of an 
amorphous SiO

2
 or silicates crystalline oxide layers at the first stage of 

growth, which might inhibit epitaxy [68]. In this direction, most of the 
precedent works on the integration of oxide materials on silicon follow 
the conventional MBE or PLD techniques that provide advanced control 
of the interfaces and growth processes [68]. These physical methods are 
able to develop interface engineering strategies to grow functional oxides 
thin films on Si and other semiconductor platforms. However, MBE and 
PLD methodologies are limited to the synthesis of complex oxide materi-
als under the form of thin films. As a consequence, top-down approaches 
consisting on expensive lithography and more recently new, sophisticated 
and tedious electron and ion beam lithographies are needed to develop 
epitaxial oxide nanostructures with controllable shapes and morpholo-
gies. Additionally, controlled synthesis of epitaxial ternary and quaternary 
metal oxide nanostructures on silicon is challenging due to the difficulty 
on controlling the precursor reactions and achieving a homogeneous final 
stoichiometry.

As an alternative, CSD methods are very convenient since they offer 
a bottom-up strategy to produce nanostructures with large material 
diversity, easy setup, and good control over stoichiometry. In addition, 
it makes possible the use of dopants and the possibility of coating large 
and uniform areas, which have proved to be a highly-flexible procedure 
for the fabrication of electronic oxide films and nanostructures [69–75]. 
However, few efforts have been devoted to integrate functional oxides on 
semiconductors by using this technique. In a classical CSD method, the 
synthesis process and growth mechanism that allows to prepare epitaxial 
oxide nanostructures and thin films on different technological substrates 
is based on three different stages: (i) The synthesis of a stable and stoichio-
metric chemical precursor solution; (ii) the deposition of the precursor 
solution on a substrate either through spin coating, dip coating, or spray 
coating; and (iii) a thermal treatment to remove the solvent, allowing 
the densification and final epitaxial crystallization of oxide nanostruc-
tures and thin films. Chemical solution methods include a large vari-
ety of techniques such as sol–gel techniques, chelation, metal–organic 
decomposition, polymer-assisted deposition (PAD), and hydrothermal 
methods [68].
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In this section, we present important and recent advances concerning 
the epitaxial growth of functional oxides nanostructures and nanostruc-
tured thin films on silicon entirely performed by chemical solution strate-
gies. We will show that CSD methodology can be used as a new chemical 
strategy in which the devitrification of amorphous SiO

2
 native layer on 

silicon permits the integration of different functional oxide nanostruc-
tures in air atmosphere. Further epitaxial stabilization of new oxide nano-
structures on silicon with enhanced ferromagnetic and electric properties 
can then be achieved by using this novel chemical approach, supporting 
the validity and generality of this methodology for the fabrication of func-
tional oxide films and nanostructures on silicon. We present the studies 
conducted on epitaxial growth of piezoelectric quartz nanostructures on 
silicon [76], as a model system, even though this growth mechanism can 
further be applied to the integration of other different oxide nanomateri-
als on silicon. Indeed, the possibility to generate epitaxial quartz films on 
silicon by  taking advantage of the good epitaxial relation of these crystallo-
graphic structures  during a catalytic devitrification process of SiO

2
 native 

layer makes  possible to extend this procedure to other functional oxide 
nanostructures. More specifically, using alkaline earth cations in the pre-
cursor solution is the key to promote the catalytic devitrification of amor-
phous SiO

2
 native layer and consequently the crystallization into α-quartz 

during the thermal treatment. The α-quartz layer acts as template for the 
epitaxial growth of single-crystalline oxide nanowires of different compo-
sitions, oxide thin films and more importantly allows the direct integra-
tion on silicon substrates [77, 78]. Thus, this methodology exhibits a great 
potential and offers new strategies to integrate novel oxide compounds 
totally performed by chemical routes with unique, electric, magnetic, or 
optical properties.

1.2.1  Integration of Piezoelectric Quartz Thin Films on Silicon 
by Soft Chemistry

Quartz is one of the few materials that have an outstanding combination 
of properties, i.e. (i) abundant in nature, (ii) environmentally friendly, 
(iii)  piezoelectric with high-quality factor, (iv) low solubility, (v) high 
hardness, and (vi) stress compensated. As a result, α-quartz is extremely 
used for applications in industry such as glassmaking, foundry, or 
 hydraulic fracturing and also in a wide range of fields including micro-
electronics or telecommunications. Therefore, α-quartz is an important 
material for microelectronics industry since it is selected to fabricate oscil-
lators and transducers that constitute any electronic device. However, to 
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date, α-quartz is exclusively synthesized by hydrothermal methods, which 
produce big crystals making impossible to decrease their size below a 
thickness of 10 μm [79], and for most applications, these crystals need to 
be bonded on Si substrates. This feature represents an important barrier 
for the microelectronic industry since thinner monocrystalline quartz 
plates are currently highly demanded to produce faster device operation, 
higher-frequency filtering, or transducers with lower detection levels and 
improved sensitivity.

In spite of the technological needs, epitaxial quartz nanostructures on 
silicon are not yet developed. As an alternative, chemical CSD method-
ology appears as a bottom-up approach capable to prepare quartz nano-
structures by taking advantage of all the benefits of soft chemistry [80]. 
Nevertheless, silica has more than 11 polymorphs that make extremely dif-
ficult the crystallization of pure α-quartz phase from an amorphous SiO

2 

gel. As a consequence, the synthesis of quartz using CSD requires a critical 
control over different parameters, such as the choice of precursors, catalyz-
ers, thermal treatment, and humidity [81–84].

Recently, we have deciphered the mechanism behind the   
devitrification–crystallization process of α-quartz by studying 3D amor-
phous silica monoliths as a model system containing different doping 
levels of Sr2+ catalyst by in situ neutron thermodiffractometry [85]. Silica 
monoliths of specific catalyst composition were prepared by sol–gel pro-
cess from alcohol/water solutions of soluble silicic acid precursors together 
with surfactant structure-directing-agents films. These studies showed, for 
the first time to our knowledge, the dynamic interaction between silica 
glass and Sr2+ catalysts and even crystalline phase changes that take place 
during quartz growth in real time. Particularly, these studies provided 
evidences that quartz formation is not driven by the presence of inter-
mediate silicate phases and that a precise doping level of Sr2+ cations is 
needed to assist the quartz crystallization during the thermal treatment. 
Figure 1.2 shows the thermally activated devitrification–crystallization of 
amorphous silica monoliths assisted by different doping levels of Sr2+ cata-
lyst with respect to Si (1%, 2%, 6%, and 12%) and monitored by neutron 
thermodiffractometry. Importantly, only silica monoliths containing a 6 
atomic percent of Sr2+ catalyst produced the direct observation and synthe-
sis of pure quartz polymorph crystallization at relative low temperature. 
At this Sr2+ concentration within the silica monoliths, pure quartz crys-
tallization is ensured in a wide range of temperatures. Below this critical 
concentration (<6% Sr2+), inhomogeneous and insufficient distribution 
of catalyst impair film devitrifications and subsequent crystallization of 
amorphous silica monoliths. As an example, when samples containing 
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1 and 2 atomic percent of Sr2+ are used, amorphous patterns are observed 
during the neutron thermo diffractometry (Figure 1.2a and b), indicating 
the non- crystallization of the silica monolith. Conversely, above 6 atomic 
percent of Sr2+, i.e. 12% Sr2+, excess of the catalyst produced the crystalliza-
tion of cristobalite polymorph at lower temperature, in  competion with 
the crystallization of quartz (see Figure 1.2d).

These results demonstrated that neutron diffraction can be a useful 
tool for nanotechnology, although this technique needs large amounts of 
material to statistically prove the different processes that take place in a 
solid-state catalytic reaction. In this case, the authors used 3D amorphous 
silica monoliths as model systems to study the Sr2+-mediated devitrifica-
tion mechanism of silica. By taking advantage of the results obtained from 
neutron diffraction, it was possible to develop a new chemical route for the 
growth of epitaxial quartz films and nanostructures on silicon [76].

Figure 1.2 Thermally activated devitrification–crystallization of amorphous silica 

monoliths assisted by different doping levels of Sr2+ catalyst and monitored by neutron 

thermodiffractometry. (a) 1 atomic percent (1%) of Sr2+, (b) 2 atomic percent (2%) of Sr2+, 

and (c) 6 atomic percent (6%) of Sr2+. Notice that under this amount of Sr2+, amorphous 

silica monoliths crystallize into pure quartz polymorph at relative low temperature.  

(d) 12 atomic percent (12%) of Sr2+. Notice that under this doping level within the silica, the 

crystallization of silica results in a competition between cristobalite and quartz polymorphs.
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Quartz film synthesis involved a controlled dip-coating deposition on 
Si(100) substrates of a sol–gel solution containing partially hydrolyzed and 
condensed tetraethoxysilane (TEOS) quartz precursor in presence of cet-
rimonium bromide (CTAB). Analogously to neutron diffraction experi-
ments, silica films were doped with 6 atomic percent of Sr2+, incorporated 
as chloride salt, which produced the devitrification and crystallization into 
quartz of silica film. Importantly, strontium was homogeneously distrib-
uted along the amorphous silica film matrix and silicon interface, which is 
crucial to successfully crystallize silica films into quartz. Amorphous silica 
films were doped either by a two-step synthesis, where strontium salt is 
impregnated into a mesoporous silica previously prepared, or in a single-
step synthesis, where this cation is directly incorporated during gelification 
and drying of dip-coated films through an evaporation-induced self-
assembly (EISA) process [86]. Following both strategies, epitaxial quartz 
films were obtained after thermal treatments in air at 1000 °C during 5 h. 
Quartz crystallization starts at 950 °C, where the low mismatch degree 
between quartz and Si(100) substrates induced a preferential assembly 
and epitaxial growth of α-quartz crystals during heterogeneous nucleation 
along the silicon surface (see Figure 1.3).

X-ray diffraction (XRD) scans and transmission electron microscopy 
(TEM) cross-section analysis can be used to determine the good crystallin-
ity and misorientation of epitaxial α-quartz films, as shown in Figure 1.4. 
Notice that quartz crystallization starts within the same temperature 
range observed from neutron diffraction experiments in 3D silica mono-
liths (Figure 1.2c and 1.4a). Inset in Figure 1.4a shows rocking curves of 
(100)  peak at different temperatures, which confirms a complete crys-
tallization at 1000 °C, achieving the lower full width at half-maximum 
(FWHM) value (3°) after 5 h of thermal treatment. Figure 1.4b confirms 
that only silica films with 6% of Sr2+ give rise to epitaxial quartz films, in 
agreement with the catalytic behavior of the devitrification of silica already 
observed from neutron diffraction. Additionally, the epitaxial relation of 
α-quartz films on silicon can be obtained from pole figures given by the 
quartz (100)||Si(100), as shown in Figure 1.4c.

1.2.2 Controllable Textures of Epitaxial Quartz Thin Films

The high versatility of CSD methodology makes possible the fabrication of 
epitaxial quartz with different textures on silicon. Indeed, CSD methods are 
very convenient since they provide a bottom-up strategy to engineer nano-
structures with good control over the shape and morphology. An example 
of that is the control over the texture and porosity of epitaxial quartz thin 
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Figure 1.3 Schematics of the growth mechanism of epitaxial quartz thin films on (100)

Si substrate. (1) Cross-sectional cartoon of the initial amorphous mesoporous silica film 

where the 6% of Sr2+ catalyst is homogeneously distributed along the silica matrix and 

silicon interface. (2) Devitrification and melting of the original amorphous mesoporous 

film and first crystallization above 925 °C of epitaxial α-quartz film. (3) Epitaxial quartz 

film formation on (100) Si substrate. After crystallization process all Sr2+ sinters and forms 

spherical amorphous nanoparticles of SrCO
3
 that are finally fixed at the surface within 

quartz grain boundaries.
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films. These nanostructured films can be prepared either through a single-
step synthesis via a novel phase separation process or through a two-step 
synthesis that requires the previous preparation of a mesoporous silica film 
(see Figure 1.5). Evidence of these two processes is displayed in Figure 1.5, 
where a silica film with hexagonal close-packaged pores of 700 ± 50 nm 
in diameter (Figure 1.5a) yielded epitaxial α-quartz thin films that kept 
the initial distribution and pore size diameter (Figure 1.5b). Analogously, 
mesoporous quartz films were synthesized by a two-step process, where 
the minimum pore size to accommodate quartz crystals around the initial 
pore morphology is 40 nm. Below this pore size, the porosity collapses 
yielding the formation of dense epitaxial quartz films. This growth mecha-
nism was among the first examples that prove the possibility of engineering 
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Figure 1.4 (a) Graphic that exhibits the starting crystallization temperature of epitaxial 

α-quartz thin films on silicon. Inset figure shows the evolution of rocking curves for 

samples grown at different temperatures. Notice that 1000 °C is the optimal temperature 

that achieves the lower FWHM value (3°), indicating low out-of-plane misorientation 

of nanostructured α-quartz films. (b) Devitrification–crystallization of amorphous silica 

films at 1000 °C assisted by different doping levels of Sr2+ catalyst and analyzed by XRD: 

1 atomic percent (1%) of Sr2+ (green), 2 atomic percent (2%) of Sr2+ (blue), 6 atomic 

percent (6%) of Sr2+ (red), and 12 atomic percent (12%) of Sr2+ (pink). Notice that as 

shown in Figure 1.2c only samples with 6% of Sr2+ can achieve the crystallization of 

quartz polymorph and consequently the direct epitaxy on (100) silicon. (c) Pole figure of 

quartz films that confirms the epitaxial relationship between quartz thin film and (100) 

silicon substrate which is [210]Q//[100]Si. (d) HRTEM image of the α-quartz along [001] 

crystallographic direction that shows a high-quality crystallinity without structural and 

chemical defects.
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the direct integration on silicon of nanostructured epitaxial functional 
oxides with a controlled porosity by using exclusively chemical methods.

Quartz thin films display a piezoelectric activity, as shown by PFM mea-
surements (see Figure 1.6). The piezoelectric coefficient (d

33
) of these films 

is comparable to that of the quartz bulk material (i.e. 2.3 pm/V). In addition, 
PFM measurements display a linear dependence between the applied AC 
voltage and the mean vibration amplitude, which proves a converse piezo-
electric effect. In the case of nanostructured quartz films, the piezoelectric 
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Figure 1.6 Piezoelectric measurements by PFM technique. Notice that quartz films on 

silicon vivrates under the applied AC voltage and this feature is detected through the 

deflection of the tip at a particular resonance frequency (a). The tip displacement is linear 

with the amplitude of the applied AC field, and the piezoelectric coefficient obtained is in 

the order of 2 picometers per volt, which is of comparable to the one measured in quartz 

bulk material.

(a)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0 V

2 m 2 m 2 m

2 V 3 V

40

35

30

25

20

15

10

5

0

0 2 4 6 8 10

V
AC

 = 0 V

 V
AC

 = 2 V

 V
AC

 = 3 V

0.05

0.04

0.03

0.02

0.01

0.00
0 1 2 3

160 162 164 166 168 170

(b)

A
m

p
li

tu
d

e
 (

V
)

D
is

p
la

ce
m

e
n

t 
(p

m
)

P
e

a
k

 a
m

p
li

tu
d

e
 (

V
)

V
AC

 (V)

Frequency (kHz)

V
AC

 (V)

Figure 1.5 Epitaxial growth of α-quartz thin films on Si(100) with tunable textures 

by using sol–gel chemistry. Two different approaches can be used in order to obtain 

amorphous silica films with different pore sizes: one-pot synthesis which allows to prepare 

macropores quartz films (a and b) and two-step synthesis that can produce mesopores 

with an average pore of 28 nm and dense quartz films (c, d, e, and f).
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activity is preserved (Figure 1.6a). Moreover, the PFM response obtained 
on the crystals surrounding the porosity and the perimeter of the pores 
was conserved.

This bottom-up methodology makes possible to engineer films with 
thickness between 150 and 750 nm, which are much thinner than those 
obtained by top-down technologies based on cutting and polishing of large 
hydrothermally grown quartz crystals. As a result, this new integration of 
quartz thin films has promising possibilities for many applications in the 
field of electromechanical devices given the higher resonance frequencies 
that are expected for these materials. In addition, the control of the poros-
ity and texture of quartz thin films open up the possibility to produce more 
efficient devices. This is supported by the fact that porous nanostructured 
quartz thin films increase the specific area, thus enhancing the sensing 
properties of the future device. Finally, the controlled design of textured 
crystalline solids is highly appealing for the further integration of func-
tional oxides onto silicon substrates.

1.2.3 Integration of Functional Oxides by Quartz Templating

Epitaxial α-quartz thin films can be used as a template to stabilize the crys-
tallization and growth of single-crystalline octahedral molecular sieves 
(OMSs) of manganese oxides on silicon substrates [77]. OMS manganese 
oxides are 1D open-framework structures with nanometric tunnel sizes. 
The tunnel atomic structure is built up by edge-shared and corner-shared 
[MnO

6
] octahedral units leading to different pore size materials. The shape 

of these atomic tunnel structures is expressed by the number of constitut-
ing [MnO

6
] octahedral units (n × m) and is characteristic of each porous 

manganese oxide [87]. Recently, much effort has been devoted to synthe-
size novel nanoscale manganese oxide OMS materials aiming at modifying 
their physical and chemical properties. As a result, it is possible to improve 
their performance as electrodes for batteries and supercapacitors and as 
redox catalysts [88, 89]. OMS nanowires grown on top of silicon substrates 
can be prepared either through a spin-coating process or through a templat-
ing synthesis that requires the previous deposition of a track-etched poly-
mer template film on top of the silicon substrate (see Figure 1.7). On either 
case, a thermal treatment of the confined precursor’s solutions containing 
alkaline earth cations will promote the confined nucleation of MnO

2 
oxide 

nanowires seeds and the further formation of quartz crystals at the silicon 
interface [90, 91]. The nucleation and crystalline growth of 1D nanostruc-
tures on silicon were observed when either Sr2+ or Ba2+ cations were pres-
ent in the precursor’s solution. The use of supported track-etched polymer 
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templates that are used as nanoreactor or spin-coating synthesis will pro-
duce the homogeneous dissemination of the catalyst cations needed for the 
crystallization of the interfacial α-quartz layer (see Figure 1.7 (1a) and (2a)).  
This α-quartz film renders the necessary matching with the interface lattice 
for the epitaxial growth of manganate nanowires (OMS) at temperatures 
above 800 °C (Figure 1.7 (1c) and (2c)). The low annealing temperatures 
used during the crystallization process (i.e. 800 °C) will give rise to a poly-
crystalline -quartz interface that induces different possible crystallo-
graphic orientations to the OMS nanowires. Importantly, the aspect ratios 
of these OMS nanowires can be modified. Samples grown by using polymer 
templates exhibit OMS nanowires with aspect ratios close to 50, whereas 
samples grown by direct spin coating exhibit a nanorod-like microstruc-
ture with aspect ratios 10 times lower, as observed in the FEG–SEM images 
of Figure 1.8a and b.

Figure 1.7 Growth mechanism and synthesis methods of both, thin-film and vertical 

epitaxial oxide nanowires on Si (100) substrate. (1a) Nanoporous polymer template 

deposited on a SiO
2
/Si substrate filled with the chemical precursor solution containing 

Sr2+ melting agents. (1b) 1D-confined nucleation in high-aspect-ratio nanopores of oxide 

nanowires seeds and first devitrification and nucleation of disoriented quartz crystals 

at the silicon interface. (1c) α-Quartz film formation at higher temperatures (800 °C), 

allowing the epitaxial stabilization of oxide nanowires. (2a) Chemical precursor solution 

containing Sr2+ melting agents deposited on a SiO
2
/Si substrate by using spin-coating 

technique. (2b) 2D-confined nucleation in thin film form of oxide nanowires seeds and 

first devitrification and nucleation of disoriented quartz crystals at the silicon interface. 

(2c) α-Quartz film formation at higher temperatures (800 °C), allowing the epitaxial 

stabilization of thin-film oxide nanowires.

Sr2+

Sr2+

T

T T

T

(b)

1D confined

nucleation

2D confined

nucleation

Nucleation of -quartz
crystals at the interface.

Expatial growth of
vertical hollandite

nanowires on quartz

Capillary filling of
polymer templates

Nucleation of -quartz
crystals at the interface.

Expatial growth of
hollandite nanowires

films on quartz

Spin-coating deposition

(c)(a)

(b) (c)(a)

(1)

(2)



Development of Epitaxial Oxide Ceramics Nanomaterials 19

These innovative growth methods have the possibility to modify the 
chemical composition and crystallographic structures of the OMS nanow-
ires. For example, the authors synthesized a new crystallographic phase of 
OMS manganite nanowires namely, LaSr-2 × 4 OMS. LaSr-2 × 4 nanow-
ires showed a new monoclinic structure with ordered arrangement of La3+ 
and Sr2+ cations inside the 1D channels [90, 91].

Figure 1.8 Low-magnification FEG–SEM images of both, vertical and thin film of 

epitaxial SrMn
8
O

16 
nanowires grown at 800 °C during 2 h on an α-quartz/Si substrate 

(a and b), respectively. Inset images and 3D schematics show an enlarged view of the 

SrMn
8
O

16
 nanowires on silicon substrate. Low-magnification HAADF image of epitaxial 

ferromagnetic LaSr-2 × 4 nanowires stabilized on α-quartz/Si substrate (800 °C during 5 

h) (c). HRTEM image showing, the interface between quartz film and epitaxial LaSr-2 × 4 

nanowires, viewed along [010]. The inset image represents the Fast Fourier Transform (FFT) 

of both crystallographic phases that confirm the epitaxial relation between the LaSr-2 × 4 

nanowires and the α-quartz and which is given by [20-2] LaSr-2 × 4 // [-101] α-quartz. (d). 

Lebail fitting refinement of the XRD pattern of single-crystalline LaSr-2 × 4 nanowires on 

silicon substrate. Experimental records: red points; calculated: continuous black line; Bragg 

reflections: vertical green marks. The difference between the observed and calculated profiles 

is presented as a blue line. The inset image represents the proposed LaSr-2 × 4 nanowires cell 

model, where yellow spheres represent the Sr columns position, blue spheres the La columns 

position, and red and green spheres the O and Mn positions, respectively (e). Normalized 

magnetization versus temperature curve of LaSr-2 × 4 nanowires and La
0.7

Sr
0.3

MnO
3
 powder 

blank samples measured at H = 1.5 T in an orthogonal configuration to the substrate. 

(f) Dichroism measurement performed by using TEM and Mn L
2,3

 edges, along the two 

polarized configurations (+) and (−) (g).
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XRD and STEM analyses can be used to determine the monoclinic unit cell 
of LaSr-2 × 4 nanowires, which is given by the lattice parameters a = 13.8 Å, 
b = 5.7 Å, c = 21.8 Å, and β = 101°, with the long axis along the b crystallo-
graphic direction [90, 91]. The uniform composition of the LaSr-2 × 4 nano-
wires and also the epitaxial relation between NWs and -quartz interlayer 
given by the (010) LaSr-2 × 4//(010) and [20-2] LaSr-2 × 4//[-101] -quartz 
crystallographic directions is revealed by high resolution transmission elec-
tron microscopy (HRTEM) images (see Figure 1.8c and d) [77].

Superconducting quantum interference device (SQUID) magnetometer 
can be used to study the macroscopic magnetic properties of LaSr-2 × 4 
nanowires integrated on silicon substrate [91]. Magnetic hysteresis loops 
measured at different temperatures between 10 and 400 K for applied fields 
up to 5 T showed a ferromagnetic behavior above 400 K. Figure 1.8f exhib-
its the temperature dependence of the magnetization, which is measured at 
an external applied magnetic field of 1.5 T for a polycrystalline perovskite 
LSMO blank sample and the monoclinic LaSr-2 × 4 nanowires, both pre-
pared from the same chemical precursors. The magnetization of nanow-
ires decreases more slowly with temperature, although it remains relatively 
high at 500 K (~40% decrease from 4 K). This suggests that the Curie tem-
perature of the monoclinic LaSr-2 × 4 nanowires is well above 500 K, i.e. 
much higher than all the well-established values reported so far for any 
perovskite manganite compound.

The magnetism of LaSr-2 × 4 nanowires at the nanoscale has been stud-
ied using electron magnetic circular dichroism (EMCD) (see Figure 1.8g), 
which can be measured from TEM analyzing L

2,3
 EELS absorption edges 

of transition metals [92]. EMCD measurements performed on a single 
LaSr-2 × 4 nanowire at room temperature showed that there is a signifi-
cant orbital component to the magnetic moment and that this is aligned 
anti-parallel to the spin moment [93]. 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 cat-
ions 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 is different from its perovskite-like 
counterpart and the fine structure of the O–K edge presents significant 
changes compared to standard manganites [94, 95]. The different arrange-
ment of La and Sr cations in the new structure might affect the Mn–O 
bonds of MnO

6
 octahedra. Further theoretical and experimental work is 

thus needed to interpret the particular features of the electronic structure 
of LaSr-2 × 4 monoclinic nanowires.
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This synthesis method can be applied to other single-crystalline 
 manganese-based OMS nanowires compositions such as holland ite 
(Ba

1+δ
Mn

8
O

16
), strontiomelane (Sr

1+δ
Mn

8
O

16
), and the quaternary oxide 

(BaSr)
1+δ

 Mn
8
O

16
 [77].

The above results support the possibility to generate the devitrification 
of a silica interlayer and the further crystallization of quartz films, which 
might enables the integration of other functional oxide nanostructures on 
silicon. In the next section, we provide evidences on how this strategy can 
be useful for the integration of highly textured functional oxide thin films.

1.2.4 Highly Textured ZnO Thin Films

Epitaxial quartz films can be used as a new buffer layer to assist the inte-
gration of oxide nanomaterials thin films on silicon entirely performed by 
CSD. An example of that is shown in Figure 1.9 where a highly textured 

Figure 1.9 3D Schematics exhibiting the chemical deposition and growth of highly 

textured ZnO thin film on Si (100) substrate (a). XRD pattern of textured ZnO thin film 

on silicon substrate. The inset image shows the 2D XRD pattern confirming the textured 

growth of polycrystalline ZnO thin film (b). Low magnification HAADF image of textured 

polycrystalline ZnO thin films stabilized on α-quartz/Si substrate (c). Cross-sectional 

HRTEM image of the quartz/ZnO interface viewed along the [001] crystallographic 

direction of quartz phase. The inset image represents the Fast Fourier Transform (FFT) of 

both crystallographic phases and confirms the orientation of ZnO nanoparticles induced 

by the α-quartz film which is given by the following crystallographic relation [010] ZnO // 

[001] α-quartz (d).
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polycrystalline ZnO thin film is grown on epitaxial (100)-quartz thin 
films. Importantly, HRTEM and XRD confirm that ZnO nanoparticles 
preserve an epitaxial relation with quartz films given by the [010] ZnO // 
[001] α-quartz (see Figure 1.9d and inset). As a result, the polycrystalline 
ZnO thin film is 100% oriented according to the [001] out of plane (see 
Figure 1.9b). This example confirms the possibility to integrate oxide het-
erostructures on silicon by using chemical solution methodology. In this 
precise example, ZnO films were prepared through a dip-coating process 
by using PAD, which is an aqueous chemical deposition method developed 
by the group of Quanxi Jia in 2004 [96]. PAD has the typical advantages of 
any CSD systems, therefore producing the deposition of defects-free thin 
films over large areas, a good control of the thickness and stoichio metry, 
and the growing of complex and multilayers structures. The main differ-
ence of PAD respect other chemical methods is the use of hydro-soluble 
polymers to coordinate cations and increase the viscosity of the water 
solution.

1.3  Integration of Functional Oxides by Combining 
Soft Chemistry and Physical Techniques

The PAD technique makes possible to obtain films with a well-controlled 
stoichiometry and free of cracks and other defects. As a result, PAD is 
among the most suitable soft chemistry techniques to be combined with 
physical deposition processes [97]. An example of that is the recent epi-
taxial growth of complex functional oxides on silicon by combining the 
deposition of oxide films by MBE and PAD, according to the sequence rep-
resented in Figure 1.10 [68].

More specifically, in a first step, a SrTiO
3
 (100) film was grown by 

MBE on Si(100). Then, the following step consisted in the deposition of a 
La

0.7
Sr

0.3
MnO

3
 (100) film by PAD, and the heterostructure was completed 

by a second MBE process to grow BaTiO
3
. The resulting heterostructure 

(see Figure 1.11) was found to be epitaxial with a low mosaicity and dis-
played a columnar porous microstructure on the LSMO that is trans-
ferred to BTO films. This microstructure is induced by the controlled 
out-of-plane misorientation of the first STO film deposited by MBE. It is 
noteworthy that in spite of the columnar porosity of the film, the LSMO/
BTO interface is remarkably sharp (see Figure 1.11c). This observation 
evidences the good compatibility of the PAD and MBE. The interest of 
combining these two techniques is even greater if one considers that the 
growth of good-quality LSMO on Si/STO has not been achieved by MBE 
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Figure 1.10 Schematic diagram that shows a new approach that combines MBE and PAD 

methods allowing the epitaxial growth of high-quality functional perovskite complex 

oxides multilayers on silicon substrate. First stage consists on the epitaxial growth of STO 

film on silicon by MBE. Inset shows 3D diagram and a cross-sectional HAADF–STEM 

image of a STO thin film epitaxially grown on silicon substrate by MBE (1). Second stage 

involves the use of STO/Si(100) as a large-scale pseudo-substrate which is combined with 

PAD chemical methodology for the integration of a new perovskite layer by spin-coating 

deposition technique (2). Finally, the resulting heterostructure produced by mixing MBE 

and PAD is combined again with MBE in order to produce the desired perovskite complex 

oxides multilayers on silicon substrate.

(1)

(2)

(3)

MBE

MBE

T T

PAD

so far. As shown in the above example, introducing a PAD stage between 
a MBE processes can help circumventing MBE limitations.

Porous columnar BTO thin films display a ferroelectric activity, as 
shown by PFM measurements (see Figure 1.12). PFM images of phase and 
amplitude showing the ferroelectric domains previously written by electri-
cal poling of the 50-nm-thick BTO film can be polarized (see Figure 1.12a 
and b, respectivelly).

1.4 Conclusions

The combination of semi-conducting substrates such as silicon with func-
tional advanced oxide ceramics has promising applications for the micro-
electronic industry to develop novel and more efficient devices. The precise 
control of interfaces and crystallization mechanisms of silicon and metal-
oxide structures at the nanoscale is still in its early stages. In this chapter, 
we have covered the most important and recent advances concerning the 
epitaxial growth of functional oxides nanostructures and nanostructured 
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Figure 1.11 Low-magnification FEG–SEM image of a porous epitaxial BTO/LSMO/

STO/Si(100) thin film grown by the combination of MBE and PAD methods. (a) Low-

magnification HAADF image of a porous epitaxial BTO/LSMO/STO/Si(100) thin film 

(b) and (c), respectively. HRTEM image showing the interface between BTO layer grown 

by MBE and LSMO layer grown by PAD, viewed along the crystallographic direction 

[110]. Inset image shows the elemental mapping for Ti (yellow spheres), Ba (blue spheres), 

Mn (green spheres), and La/Sr (red spheres) indicating a high-quality and abrupt 

chemical interfaces between both perovskite layers (d). Reciprocal space map of a porous 

epitaxial BTO/LSMO/STO/Si(100) thin film (e). Rocking curve of BTO layer grown by 

MBE on LSMO/STO/Si(100) with a FWHM value of 1.15°. The inset shows the RHEED 

pattern exhibiting the epitaxial growth and high-quality surface of the BTO layer grown 

by MBE on the chemically synthesized LSMO film (f).
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thin films on silicon as well as other technological substrates based on 
chemical strategies. We have presented relevant examples to show that the 
interplay between chemical compatibility, chemical reactivity, lattice mis-
match, crystallographic structure, interface, and surface energies is cru-
cial for the crystallographic phase stabilization and further integration of 
oxide nanostructures on silicon substrates. A special emphasis has been 
put on the synthesis of epitaxial oxide nanostructures on silicon entirely 
performed by chemical solution methodologies. In this chapter, we have 
explored the main physico-chemical principles that drive the devitrifica-
tion–crystallization mechanism of α-quartz in amorphous silica monoliths 
by in situ neutron thermodiffractometry. We have shown that the doping of 
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silica monoliths with Sr2+ catalyst is the key to promote the devitrification 
and crystallization into α-quartz during a thermal treatment. This devitri-
fication mechanism of silica makes possible the integration of piezoelectric 
quartz thin films on silicon (100) with a control over the thickness, texture, 
and porosity by using sol–gel chemistry. This bottom-up methodology, 
which produces epitaxial films with thickness between 150 and 750 nm, 
has promising possibilities for many applications in the field of electrome-
chanical devices given the higher resonance frequencies that are expected 
for these materials. Moreover, the control of the porosity and texture of 
quartz thin films opens up the possibility to produce more efficient devices.

We have shown that quartz films can be used as a model system and 
as a novel chemical strategy in which the catalytic devitrification of the 
amorphous SiO

2
 native layer on silicon permits the integration of different 

functional oxide nanostructures at air atmosphere. Consequently, α-quartz 
layer works as a buffer for the integration of vertical or thin-film OMS 
nanowires with different compositions and enhanced magnetic properties 
or highly textured ZnO thin films.

Another strategy presented in this chapter is based on the combi-
nation of CSD methodologies with physical methods (MBE) to obtain 
novel functional oxide heterostructures on silicon. We have shown that 
the PAD methodology can be combined with MBE to obtain epitaxial 
functional oxide films with a well-controlled stoichiometry and poros-
ity. This combination of physics, chemistry, and processing allows engi-
neering nanostructured, porous, and epitaxial crystalline thin films. As 
an example, we have presented the integration of ferroelectric columnar 
porous BTO thin films from porous LSMO layer on top of a STO/silicon 
buffer layer.

Figure 1.12 PFM analysis illustrating the electromechanical behavior of the porous 

columnar thick epitaxial BTO/LSMO/STO/Si(100) films. PFM phase and amplitude 

images of the 50-nm-thick BTO film after electrical poling (a and b), respectively. 

Local PFM amplitude and phase hysteresis loops measured in the same BaTiO
3
 film, 

respectively (c).
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Altogether, bottom-up chemical solution-based strategies offer limitless 
possibilities for the integration of functional advanced oxide ceramics on 
silicon with unique electric, magnetic, or optical properties with interest-
ing applications for the development of novel devices.
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