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Abstract: We summarise in this paper the work of two groups focusing
on the synthesis and characterisation of functional oxide for nanoelectronic
applications. In the first section, we discuss the growth by liquid-injection
MOCVD of oxides heterostructures. Interface engineering for the minimisation
of silicate formation during the growth of polycrystalline SrTiO; on Si is first
presented. It is realised via the change of reactant flow or chemical nature at the
Si surface. We then report on the epitaxy on oxide substrates of manganites
films and superlattices and on their magnetic and electrical properties.
Lay;Srg3MnO; and LaygMnOs; 5 as well as multiferroic hexagonal ReMnO;
manganites are considered. We show that the film thickness and related strain
may be used to tune the properties. Finally, we demonstrate the growth of MgO
nanowires by CVD at a moderate temperature of 600°C, using gold as a
catalyst. In the second section, we discuss the growth of epitaxial oxide
heterostructures by MBE. First, the direct epitaxy of SrTiO; on Si is
considered. Issues and control of the SrTiOs/Si interface are discussed.
An abrupt interface is achieved. We show that SrTiO; on Si can be used as a
buffer layer for the epitaxy of various perovskite oxides such as LaAlO; or
Lag;Srg3MnOs. Lag;Srg3MnOs films are ferromagnetic and metallic at room
temperature. The epitaxial growth of complex oxides on Si wafers opens up the
route to the integration of a wide variety of functionalities in nanoelectronics.
Finally, we discuss the monolithic integration of III-V compounds such as
InP on Si using epitaxial SrTiO; buffer layers for the future integration of
optics on Si.
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1 Introduction

Oxides exhibit an extremely wide variety of electrical, magnetic and optical
properties, including superconductivity, piezoelectricity, ferroelectricity, pyroelectricity,
ferromagnetism and multiferroicity. A review on the last developments on functional
oxide can be found in a recent issue of the MRS Bulletin, devoted to the question
“Whither Oxide Electronics?” [1]. Transition metal oxides, which are strongly correlated
electronic systems, are particularly fascinating [2,3]. Their properties result from strong
interactions between spin, charge, orbital and lattice. The several competing states give
rise to complex phenomena and rich phase diagrams. Typical examples are the
high-7. superconductivity in cuprates [4,5] or the colossal magnetoresistivity (CMR) in
manganites [6-8]. Due to the strong correlations in these systems, a small external
perturbation leads to a huge response. Aside from the fundamental interest, the
understanding and control of this complexity is of interest for applications where the
diverse functionalities of these oxides could be implemented.

If single crystals are perfectly suited to study the intrinsic properties of a compound,
thin films and multilayers provide new degrees of freedom to control the properties
and design new one, through strain, size and interface effects. Strain imposed
by a coherent epitaxy may induce a change in physical properties, such as a shift
of an ordering temperature or the amplitude of a ferroelectric polarisation. Bi-axial
compressively-strained epitaxial BaTiO; films exhibit a ferroelectric transition
temperature nearly 500°C higher and a remanent polarisation 250% higher than bulk
BaTiO; single crystals [9]. By engineering the strain and also the composition, one can
take advantage of superlattice structures to tune the ferroelectric properties in a wide
range [10,11].

Radically new properties can also appear from strain, size or interface effects. SrTiO;,
not ferroelectric as a bulk compound, becomes ferroelectric at room temperature in
strained films deposited on DyScO; [12]. Size effects occur when long-range order
interactions are perturbed; moreover, surfaces, which exhibit different crystalline,
electronic, orbital and spin configurations, may strongly change the overall properties
when they become preponderant. This is also true for interfaces, which have been the



subject of recent attention and has generated a large amount of experimental and
theoretical works [13—22]. In December 2007, the journal Science considered the recent
discoveries emerging from oxide interfaces as one of the ten breakthrough of the year
2007 [18-23]. In this emerging field, new properties arise from surfaces, electronic
or orbital reconstructions. Stacking for example two insulating compounds such as
LaAlO; and SrTiO; can lead to a metallic or superconducting LaAlO;/SrTiO; interface
[13—15,20]. Last but not least, interfaces in superlattices can change the nature of the
coupling between competing instabilities and produce new properties. For example,
superlattices combining the proper ferroelectric PbTiO; and the paraelectric SrTiO;
compounds behave like a prototypical improper ferroelectric due to interface coupling
based on rotational distortions [24].

In order to fully take advantage of strain and interface effects, the growth of the
heterostructures must be controlled at the atomic plane level. Tremendous progresses
have been achieved in this field. Pulsed-laser deposition, sputtering, molecular beam
epitaxy (MBE), chemical vapour deposition (CVD) and atomic layer deposition are the
most used techniques for the growth of functional oxides. As far as the integration of
these oxides in devices (transistors, memories, sensors, actuators ...) is concerned, few of
them have now entered mainstream production. Amorphous high-dielectric permittivity
(high x) oxides, based on HfO,, have been introduced recently in the 45-nm node for the
replacement of SiO, as a gate oxide in CMOS field-effect transistors [25]. Ferroelectric
memories based on polycrystalline films are also in production. However, many
properties of interest are obtained for films epitaxially grown on oxide substrates, such as
SrTiO;, LaAlO; or scandates. These substrates are expensive and their size is limited.
Moreover, most of potential applications are relevant if combined, on the same wafer,
to Si-based CMOS functionalities. The pioneering work of McKee et al. [26], followed
by other groups [27,28], has shown that the perovskite compound SrTiO; can be
epitaxially grown directly on Si by MBE. This opens up the route to the integration of a
wide range of oxides.

In this paper, we present the work of two groups of the Rhone-Alpes region,
involved in the synthesis and characterisation of functional oxides for nanoelectronic
applications.

In Section 2, we summarise selected work on such oxides grown by
liquid-injection metal organic CVD. After the description of the growth technique, we
first show that interface engineering on silicon can be realised by CVD through the
change of the chemistry at the substrate surface. Then, the epitaxy of CMR and
multiferroic manganite films and superlattices on oxide substrates and the related
properties are discussed. Finally, we show that oxide nanowires can be grown by
injection CVD, which opens up the route to the growth of complex oxides 1D structures.

In Section 3, we summarise selected work on functional oxides grown by MBE. After
the description of the equipment, the main issues of the MBE of SrTiO,/Si(001) and
LaAlOs/ SrTiO5/Si(001) are discussed, on the basis of our recent results. The applicative
potential of these crystalline oxide buffers is then highlighted by discussing some
examples of functional oxide integration, and by showing how the peculiarities of
semiconductor/oxide heterointerfaces can be used for the monolithic growth of InP based
heterostructures on SrTiO5/Si.



2 Ocxides nano-materials by chemical vapour deposition

2.1 Experimental: liquid-injection MOCVD

The development of innovative chemical vapour deposition (CVD) processes for the
growth of complex oxides is, somehow, linked to the discovery of the high-T.,
superconductor YBa,Cu;0; [5]. In chemical vapour deposition, the solid phase is formed
on a surface from a gas phase via one or several chemical reactions [29]. A key issue is
the generation of the gas phase, whose composition must be stable during the deposition
run. Hence, the choice of the precursors as well as of the delivery scheme is of utmost
importance. Since the precursors are usually liquid or solid at room temperature and
atmospheric pressure, an evaporation unit is required. For Sr, Ba, or the rare-carth
elements, metal-organic precursors are preferred rather than halides since they are
usually volatile at a much lower temperature (<300°C). The most used precursors so far
for such elements belong to the S-diketonates family, such as tetramethyl-heptanedionate
compounds (tmhd: C;;H;90,), which are solid at room temperature. These precursors
can be dissolved in an appropriate solvent, like monoglyme or octane. However, the
[-diketonates exhibit a very poor thermal stability at their volatilisation temperature.
They tend to decompose before their complete evaporation, forming non-volatile
products. Thus, if they are evaporated in classical units such as a sublimator
(for powders) or a bubbler (for liquids), a drift of the vapour pressure occurs upon
prolonged heating, which in turn results in a drift of the final cationic composition.
This issue became very clear for the deposition of YBa,Cu305, which requires a stringent
control of the stoichiometry. In addition, since the evaporation temperature has to be
maintained below the decomposition temperature of the precursor, very low vapour
pressures were obtained.

In order to solve these issues, new evaporation schemes were developed in the
early 1990s, allowing the generation of a stable gas phase from thermally-unstable and
low-vapour-pressure precursors. They rely on two principles:

i the precursor is kept at room temperature under an inert gas

ii  only a small amount of the precursor is introduced in the evaporator
(either continuously or sequentially), where it is ‘flash’ volatilised.

The instantaneous volatilisation ensures that the precursor does not prematurely
decompose or dissociate before evaporating. Since it is maintained at room temperature
under an inert gas, its properties do not evolve during the deposition run. This delivery
principle can be applied to solid [30,31] as well as liquid precursors using a syringe,
a micro-pump or a liquid mass flow meter [32-36]. However, liquid- is preferred to
solid-sources due to the difficulty in handling hygroscopic powders and in making
homogenous mixture of different powders.

The liquid delivery scheme developed at LMGP-CNRS is based on the sequential
injection of micro-amounts of liquid precursors into an evaporator where ‘flash’
volatilisation occurs [37-39]. The liquid is injected with an injector of the same type
as those used for the fuel injection in thermal motors. It is a high-speed reliable
electrovalve driven by computer. The liquid is kept in a closed vessel, pressurised
under few bars of argon. The reactive species flow rate created in the evaporator depends
on the electrical pulse width, which defines the volume of the droplets (typically of the



order of few plitres), on the injection frequency of the microvalve, on the viscosity and
concentration of the liquid solution and on the differential pressure between the reservoir
and the evaporator. A large range of growth rates can be achieved: the minimum opening
time is about 1 ms and the frequency as well as the solution dilution can be set as low as
needed. On the other hand, high growth rates can be obtained (flow rates up to 50 g/min)
by increasing the precursor concentration, the differential pressure and the injection
frequency (the maximum working frequency is about 200 Hz). Typical growth rates for
oxide deposition are 0.01-0.08 nm/injection, which allows a precise control of the
thickness, down to monolayer scale. The thickness is determined by the number of
injected droplets. In this delivery scheme, there is no physical contact between the liquid
and the evaporator. Another advantage is the absence of dead volume, so that the growth
is really stopped when the injection is stopped.

The deposition of complex oxides is realised either by injecting each precursor
separately or by using a single injector fed with a liquid mixture of the different
precursors. The liquid injection source is highly versatile for varying the stoichiometry
or the doping of films (through the change of a liquid composition), while for PLD or
sputtering techniques, a new ceramic target has to be prepared. The growth of multilayers
is realised with several injectors, which are used sequentially (one for each compound to
be deposited).

In a typical reactor, the deposition chamber consists of a quartz tube and a substrate
holder with a hot-wall type configuration. The cylindrical hot wall is heated by rf
inductive currents and the substrate holder is heated mostly by radiation. The evaporator
is situated below the quartz tube. Several injectors can be connected to the evaporator.
The substrate temperature, total pressure, argon and oxygen flow rates are monitored and
controlled. The vapour of solvent passes in the reaction zone, which might lead to the
incorporation of carbon in the films. For films deposited at 500-850°C — which is a
typical temperature range for epitaxial films — XPS studies have shown that, except for
a thin surface contamination layer, no carbon is detected in the films within the
sensitivity of the measurement (~1%) when enough oxygen is introduced during
deposition. A typical oxygen partial pressure of 2.5 Torr is used for a total pressure
of 5 Torr. In order to obtain a full oxygenation of complex oxides, a post-deposition
annealing is required, which is typically performed at ~800°C under 1 atm of O, for
15 min.

Liquid-injection CVD has been successfully used for the growth of a wide variety of
oxide films and multilayers, such as high-T, superconductors [40], high x oxides [41-46],
ferroelectrics [47—49], magnetic oxides [50-56], and multiferroics [57—-60]. Epitaxial as
well as polycrystalline or amorphous films can be obtained.

2.2 Interface engineering on silicon

SrTiO; has been considered as a potential gate oxide for the replacement of SiO, in
transistors [61,62]. It has a cubic perovskite structure with @ =3.905 A. The relative
dielectric permittivity for the bulk compound is ~300 at room temperature. Since the
band offset with the silicon conduction band is negative, it is desirable to keep a thin SiO,
pedestal layer.

We investigated the growth and properties of SrTiO; on n- and p-type Si/SiO,
(=1 nm) substrates. Precursors of Sr(tmhd), and Ti(tmhd),(OiPr), were used in solution



in octane or monoglyme [44] and evaporated at 250°C. The films were grown at 700°C in
order to achieve a high crystalline quality and to avoid the formation of strontium
carbonates. However, at such a high temperature, interface reactions may occur.
A silicate layer containing Sr and Ti was evidenced by X-ray photoelectron spectroscopy.
Two routes were explored in order to precisely control the growth and thickness of the
interfacial silicate layer.

In the first one, the flow rate of the reactive species was modified by varying the
injection period in the range of 0.1-5 s. The period, at which reactants are supplied to the
surface, has a strong influence on the nucleation in the first stages of the growth.
As shown in Figure 1, the silicate interfacial layer does not form when the injection
period is increased (5 s). On the other hand, the silicate layer thickness strongly increases
for lower periods (1 or 0.1 s). It may be related to kinetic as well as steric hindrance
phenomena that does not favour SrTiO; nucleation for low injection periods.

Figure 1 TEM images of SrTiOs films grown on Si/SiO, substrates for three injection periods
of the precursor solution: (a) 5 s, (b) 1 s and (c) 0.1 s. While no silicate layer is formed
for a period of 5 s, the silicate layer thickness increases as the period decreases

Si (100)

(b)

In the second route investigated, the precursor chemistry in the first stages of the
growth was changed. We first explored the use of an hetero-metallic precursor,
Sr,Tip(tmhd)4(OiPr)g, instead of a mixture of two monometallic ones. With this precursor,
the crystalline perovskite phase was obtained at a lower temperature of 500°C without
carbonate phases (while with the mixture of precursors a minimum decomposition
temperature of 600°C was needed). Moreover the film composition was constant in a
wide temperature range from 550°C to 750°C. However, this hetero-metallic precursor
favoured a Sr deficiency in the films (although the ratio between Srand Tiis 1 : 1 in the
precursor), which turned out to favour a thicker silicate interfacial layer. A different
strategy was thus explored: first the starting SiO, layer was removed by a conventional
HF-last treatment and then the growth was started using the Sr(tmsa), with formula
Sr[N(SiMe;),]o. This molecule does not contain any oxygen atoms. This precursor was
injected alone in an attempt to passivate the Si surface. Such a strategy of passivation is
used in MBE for the epitaxial growth of SrTiO; on Si [26,63]. After the injection of few
microlitres under H, gas, the injection of the mixture of Sr(tmhd), and Ti(tmhd),(OiPr),
precursors (under Ar and O, gas) was realised. XPS analyses of the Si-O peak showed
that the silicate layer was significantly reduced.

These two examples show that interface engineering can be realised in CVD by
changing the flow or the nature of the reactants in the first stages of the growth.

For optimised polycrystalline films, an equivalent oxide thickness (EOT) of
1.36 nm (with physical thickness of 15 nm) and a leakage current density of 10> A/cm’
at —1 V were obtained. After taking into account the contribution from the lower interface



between SrTiO; and Si, the permittivity Kk of SrTiO; was calculated to be ~70 for films
of 1015 nm. The effective permittivity of the stack is also decreased by the contribution
of the upper interface with the existence of a dielectric ‘dead layer’. It was shown from
ab initio calculation that such a decrease of the permittivity at the dielectric/metallic
interface is an intrinsic effect, that does exist even for perfect (no defects, no strain)
interfaces [64].

While the use of SrTiO; is no more considered for future CMOS generations, this
compound is investigated now as an alternative oxide for high-capacitance trench
structures for memory applications.

2.3 Epitaxial functional oxides films and superlattices

2.3.1 Colossal magnetoresistive oxides

Doped-manganite perovskites La; ,A;MnQO;, where A is a divalent cation such as Ba, Sr
or Ca, have received considerable attention in the last decade due to their spectacular
properties such as the colossal magnetoresistance effect (CMR) [6-8,65—67]. They are
strongly correlated electronic systems, in which spin, charge, orbital and lattice are
coupled. For appropriate doping levels, these materials are ferromagnetic metals
(although poor metals) with a magnetic transition at the Curie temperature 7, and a
Metal-Insulator (MI) transition at the temperature Ty nearby 7,. The MI transition is
accompanied by the CMR effect under an applied magnetic field. Lay 7St 3;MnO; has the
highest Curie temperature (7, ~ 370 K) among the manganites [68]. It is also a half metal,
with a fully spin-polarised conduction band, which is highly interesting for spintronics
applications. The CMR effect can also be obtained in the La-deficient manganite
La;- . MnO;_; (x>0, d>0) system, where the doping is realised by vacancies on the
La site [69]. The ferromagnetic ordering temperature (and the related MI transition) can
be adjusted by both oxygen content and La deficiency. It can reach nearly room
temperature for x ~ 0.2 and strongly oxidised compounds [70,71], which is of interest
since the CMR effect is maximum near T.. For a given x value, the J value will be fixed
by the oxygen partial pressure—temperature conditions.

Lay;Sro3sMnO; and LayggMnO; 5 films were epitaxially grown on (001) SrTiOs
(with @=3.905A) and (001) LaAlO; (with a=3.788 A) substrates [70,72].
The deposition temperature was 700°C. La(tmhd);, Sr(tmhd),, and Mn(tmhd); were used
as precursors.

A cross-section TEM image of an epitaxial Lag;Sry;MnOj; film on SrTiO; is shown
on Figure 2(a). A high crystalline quality is observed throughout the thickness and at the
interface with the substrate.

The out-of-plane lattice parameter of the films was calculated from the position of
high-angle 00/ diffraction peaks. The films exhibit bi-axial compressive strain on LaAlO;
and bi-axial tensile strain on SrTiOs;, which is in agreement with the lattice mismatch
between bulk compound and substrate. The average c-parameter is strongly dependent
on the film thickness for both types of compounds. This is illustrated in Figure 3(a)
for LayggMnO;_s films grown on LaAlO;. A similar behaviour was observed
for Lay;Sro3sMnQO; films. Ultrathin films are almost pseudomorphic. Due to the
post-deposition annealing, the pseudomorphic growth is not kept as thickness increases.
On LaAlQ;, the strain relaxation leads to the progressive decrease of the ¢ parameter as
shown in Figure 3(a), and the c-value is close to the bulk value for thickness larger than



50 nm. The strain relaxation in these films was further investigated by a detailed X-ray
diffraction study performed using synchrotron light source (at the National Synchrotron
Light Source in Brookhaven) [73,74]. Both in-plane and out-of-plane lattice parameters
were measured. Our data indicated that the films were composed of two regions, one near
the substrate, which was highly constrained by the substrate lattice, and a more relaxed
region away from the substrate. This two-layer model was also found in the
Lag 7Sry3MnO; films and reported by other groups for this manganite [75,76] as well as
for charge-ordered ones [77].

Figure 2 (a) and (b): High-resolution TEM images of a La, ;Sry;MnOs film and
of a (Lag7Sry3MnO; 5 u.c./SrTiO; 8 u.c.)5 superlattice, both deposited on (001)
SrTiO; and (c) 826 X-ray diffraction diagram on the 002 peak region of the same
superlattice (measured at ESRF)

[

STO (100)
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The magnetic properties of the films were measured using a SQUID-magnetometer.
The properties of relaxed films (with thickness larger than 50 nm) are quite similar on
SrTiO; and LaAlO; substrates. The films exhibit a Curie temperature 7, of 360 K and a
magnetisation (at 5 K) of ~550 e.m.u./cm’, which is comparable to the magnetisation
measured in bulk samples. The resistivity (four-point probe) is ~0.06-0.07 Q.cm
and ~0.90 mQ.cm at, respectively, 10 K and 300 K. These values are similar to those
reported in the literature for such films. The metallic behaviour at room temperature
makes Lag-Sro3sMnOs films attractive as a bottom electrode in oxide heterostructures.
LaggMnOs_5 relaxed films have a T, of ~287-295K and a Ty of ~287-295 K (see
Figure 3(a) and (b)). T, and Ty depend on the value of J. Note that the oxygen content
cannot be measured precisely in thin films and is determined a posteriori from physical
properties.

For both compounds, 7. and Ty decrease with decreasing film thickness. It is
shown on Figure 3(a) for LaggMnOs;s films on LaAlO;. Bi-axial strains strongly
influence 7, [78] but other factors are also involved such as a possible change in the
crystalline structure with decreasing film thickness, magnetic disorder or defects at
interfaces. In order to further investigate the size effect on 7, we prepared
(Lag7Srg3MnOs/SrTi03),5 superlattices on SrTiO; substrates, in which the thickness of
Lay;Sr3sMnO; was varied from 32 (~12.4nm) to 5 unit cells (~1.9 nm) [52,79].
Figure 2(b) and (c) show a cross-section TEM image and the X-ray diffraction profile of
the 002 peak region for a superlattice with 1.9 nm Lagy;Sro3MnO; films. The X-ray
diffraction was performed at the European Synchrotron Radiation Facility (Grenoble) on
D2AM beamline. Both show that a high epitaxial crystalline quality is achieved.



The analysis of the 00/ diffraction lines using a program designed for the modelling of
oxide superlattices [80], also confirmed the sharpness of the interfaces seen locally on the
TEM images. Moreover, the coherence length is found to be equal to the total thickness
(15 bilayers). A decrease of 7. was measured with decreasing manganite thickness, with
a much steeper slope below ~4 nm (see Figure 31 in Haghiri and Renard [65]). Films of
~1.9 nm (5 unit cells) were still ferromagnetic. Our result is coherent with a recent study
reporting that the critical thickness of such films with no ferromagnetism is ~1.2 nm
(3 unit cells) [81]. We performed a Raman spectroscopy study, which evidenced a
tensile-strain-induced rhombohedral (bulk-like)-to-orthorhombic phase transition when
decreasing the La,;Sro3MnOj; layers from 10 nm to 3.6 nm [82]. This structural change
below ~4 nm corresponds to the sharper decrease of 7, below ~4 nm. Interestingly also,
our films were no more conducting for thickness of ~3.6 nm or below. A similar critical
value of ~3.2 nm was reported for the metallicity in PLD Lag;Sro3MnO; films [81].
The large difference in the critical thicknesses for ferromagnetism (~1.2 nm) and
metallicity (~3.2 nm) could be explained by electronic phase separation with the
coexistence of ferromagnetic/metallic and nonferromagnetic/insulating regions. When the
nonferromagnetic/insulating regions become larger and preponderant, no conducting
path exists anymore and the film becomes insulating. Electronic phase separation in
CMR manganites, which results in nanometric or micrometric spatial inhomogeneities,
has been proposed theoretically and experimentally verified [83—85]. It is thought that
just above the MI transition, regions of metallic phase grow within the insulating matrix
and then dominate at low temperature. When the thickness is decreased, interface
(substrate/film) may change competing instabilities and favour insulating regions (due to
a reduction of carriers at the interface) such that the film becomes insulating and
eventually no more ferromagnetic.

Figure 3 LaygMnOs_; films on LaAlO; (001) — (a): lattice parameter, T, and Ty for films with
varying thickness; (b): magnetisation and resistivity and (c) effective carrier numbers
and drude weight (free carriers), all as a function of temperature for a 120 nm-thick
film (see online version for colours)
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We recently evidenced by synchrotron infrared measurements such a mixed-phase
behaviour in LaggMnOs_, films (thickness of 120 nm and 410 nm) grown on LaAlO;
substrate [86]. Infrared reflectivity spectra were acquired over the range 100-8000 cm ™
and in the temperature range of 10-304 K. While the metal/insulator transition
temperature 7y and the magnetic ordering temperature 7, are close (~295 K), we showed
that the onset of the free carrier density occurs at a significantly lower temperature
(~45 K below), as shown in Figure 3(c). This indicated the presence of an insulating
phase at a temperature much below Ty and 7, and was consistent with the presence of
insulating regions originating from local distortions, which trap the e, conduction
electrons.

In conclusion, the magnetic and transport properties of CMR compounds can be
tuned in a wide range by playing with factors such as ionic radii, oxygen content, lattice
strain and film thickness. Integrating epitaxial CMR oxides on Si would be of high
interest for applications. This will be addressed in the second part of this paper.

2.3.2 Multiferroic hexagonal manganites

Multiferroics and more generally magneto-electric materials have recently attracted
much attention [87-90]. This field has been revitalised by the extended possibilities
offered by

i new probing techniques for the study of single crystals
it the improvement of the epitaxial growth of films

iii new properties in multilayers or composites

iv  progresses in ab initio modelling.

A multiferroic compound combines at least two ferroic orders in the same phase [87].
By extension, antiferroic orders are also included. Multiferroics, which are magnetic and
ferroelectric, are of particular interest for applications [91], especially if there exists a
coupling between the order parameters (magnetoelectric effect), which allows a mutual
control of the properties (for example manipulating electrically a magnetisation).
The fundamental understanding of the coupling between order parameters and how the
local crystalline structure is involved, is still challenging. Moreover, the mechanisms
involved in the possible co-existence of ferroelectricity and magnetism is highly studied
in order to possibly design new materials of interest for room-temperature applications.
We have studied the properties of hexagonal RMnO; compounds. While rare-earth
manganites RMnO; with R =La to Dy crystallise in a perovskite-type structure, those
with R*" of smaller ionic radius (Ho-Lu, Y, Sc) crystallise in a hexagonal structure of
LuMnOs-type with space group P6; cm. Mn®* ions have a coordination number of
5 (five-fold trigonal bipyramidal coordination) and R*" have a coordination number
of 7 (seven-fold monocapped octahedral coordination) [92]. The MnOs bipyramides
share the corners of the trigonal basal plane O atoms. The hexagonal manganites are
multiferroic compounds: they are both ferroelectric with an ordering temperature Trg of
~800-1000 K and antiferromagnetic with an ordering temperature 7y of ~70-100 K.
The Mn*" spins order below Ty in the (a, b) basal plane, in a 120° frustrated triangular
configuration. These hexagonal manganites were studied in the early 1960s by the groups
of Bertaut and Koehler [92-95]. Very few works have been so far carried out on thin

11



films of the different rare-earth compounds, except for the study of the ferroelectric
properties of YMnO; films. YMnOj; has been indeed proposed as a suitable candidate for
metal-ferroelectric-semiconductor structures for non-volatile memories.

Thin films of YMnO;, HoMnO;, ErMnQO;, DyMnO; and TbMnO; were grown at
850-900°C on ZrO,:Y,03 (111) and (111) Pt/TiO,/Si0, /p-type (100) Si substrates [60].
R(tmhd); and Mn(tmhd); were used as precursors. After deposition, the samples were
in situ annealed in 1 bar of O,. Films of thickness 2—500 nm were prepared. Superlattices
of (YMnO;/HoMnQO;);5 were also prepared in order to study possible enhanced
magnetocapacitive effects.

All heterostructures were obtained oriented, with the c-axis of the hexagonal cell
perpendicular to the substrate plane. This orientation is desired since it is the direction of
the ferroelectric polarisation in hexagonal manganites. The films were epitaxial on YSZ
with the following epitaxial relationship: (001)px,. RMnOs//(111) YSZ and <1—10>.
RMnO3//<1-10> YSZ. The choice for YSZ was motivated by the fact that the (111) plane
presents in-plane lattice parameters reasonably close to the in-plane parameters of the
hexagonal phase of LuMnOs-type and excellent coincidence of the oxygen atoms at
the interface. For these reasons, it is also possible to achieve the epitaxial stabilisation
of hexagonal DyMnO; or TbMnO;, which normally crystallise in an orthorhombic,
perovskite-type, structure (see Figure 4(a)). The formation of a coherent interface leads to
the decrease of the surface energy term and thus the non-equilibrium state (hexagonal)
can be stabilised by the free energy gained [57,58,96]. The Pt-buffered Si substrate was
chosen as a conductive substrate for electrical characterisation. The silicon substrate
underneath is of interest for future integration. However, due to the amorphous nature of
Si0, and TiO, on top, the Pt is not epitaxial on Si. As a consequence, the films are not
in-plane oriented. However, due to the presence of large Pt grains, a local epitaxy is
achieved, as shown in Figure 4(b) for a superlattice.

The epitaxial films on YSZ exhibit in-plane tensile strain, which is in good agreement
with the lattice mismatch with the substrate. The lattice mismatch is calculated as
1—(\/§.ahcx / \/g.aysz), with aysy;=5.14 A. The in-plane lattice parameter ay., for
hexagonal YMnO;, ErMnO; or HoOMnO; is ~6.14 A. Similarly to CMR manganite films,
we evidenced that strain relaxation leads to a two-layer film, composed of a strained layer
on the substrate and of a partially- or fully-relaxed layer on top.

The magnetic properties of the epitaxial films on YSZ were studied by neutron
diffraction [97]. This technique was employed for the first time to such manganite films.
An antiferromagnetic phase transition was clearly evidenced in YMnO;, ErtMnO;, and
HoMnO; films of thickness 450—-500 nm by measuring 010 or 011 diffraction peaks as
a function of temperature (see Figure 5). These reflections do not exist or are very weak
in the crystalline structure. For YMnO; and ErMnQO;, the Néel temperature for the Mn**
ions ordering is, respectively, 66 K and 68 K. They are about 10 K lower than in the bulk.
For the HoOMnO; film, a transition was observed at ~50 K. It is not yet clear whether this
temperature corresponds to 7y (which normally is ~72 K) or to the reorientation
temperature Tsg, which has been reported to be in the range of 33—-50 K in bulk samples.
The dependence of Ty with thickness was studied for YMnOj;. Ty decreases with film
thickness (150 nm: ~58 K and 50 nm: ~52 K). We correlated this change to the in-plane
bi-axial tensile strain, which may affect the Mn®* ordering in the basal plane.

The magnetic domain size was determined from the FWHM of the diffraction peaks.
It is of the order of 2055 nm in the b* direction of the reciprocal lattice (which is not
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parallel to the @-axis in a hexagonal structure). These values are similar to the size of
antiferromagnetic domains in BiFeO; films [98]. The domain size dependence with
thickness is similar to the one reported for other ferroic compounds [99]. More data are,
however, needed in order to determine the power-law dependence and a possible
agreement with the model proposed by Catalan et al. [99].

Figure 4 High-resolution TEM images: (a) epitaxially-stabilised TbMnO; film on (111) YSZ
substrate and (b) (YMnO3;/HoMnOs),s superlattice on (111) Pt/TiO,/SiO,/Si substrate
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Figure 5 Neutron diffraction (LLB, Saclay) performed on YMnOs (450 nm) epitaxial film:
(a) 010 reflection measured at different temperatures (Gaussian fits are shown).
The x-axis is given in reciprocal lattice units and (b) intensity of the maximum of the
010 peak as a function of temperature. Cross symbols correspond to the background
level (see online version for colours)
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Finally, a giant magnetocapacitive effect was measured near room temperature (270 K)
on a (YMnO;/HoMnOs);s superlattice prepared on Pt-buffered Si substrate [100].
The capacitance decreased by more than an order of magnitude under an applied
magnetic field of 5T. This effect was attributed to extrinsic effects [101], originating
from the conductive nature of the HoMnO; films. The role of possible free carriers at
interfaces will be further investigated.
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2.4 Oxides nanowires

The extension of the liquid injection CVD to the growth of oxide nanowires would
be extremely desirable; the composition of nanowires could be for example graded
or modulated at nanometre scale using several injectors. We recently demonstrated the
growth of MgO nanowires by liquid-injection MOCVD at 600°C using Mg(tmhd), as a
precursor [102]. Previous studies by CVD consisted mainly in the thermal evaporation
of MgB, [103,104] or MgzN, [105,106] powders and the condensation of MgO from
the vapours (transported by a carrier gas) on a substrate placed in the furnace, next to the
evaporation zone. A quite high processing temperature of 700-900°C for MgB, and
900-925°C for MgszN, was required. Even higher temperatures (1200°C) were needed
when a mixture of MgO and carbon powder was used [107].

We used the S-diketonate Mg(tmhd), precursor, which was dissolved in monoglyme
at 0.02 mol/L. The synthesis was carried out on MgO (001) and Si (001) substrates at
600°C. The Si wafers were treated in HF acid in order to remove SiO,. The total pressure
was set at 10 Torr and the dioxygen partial pressure at 2.4 Torr. Gold was used as a
catalyst. A thin gold layer of few nanometers was sputtered onto the substrates and the
coated substrates were heated at 600°C for 10 min under 10 Torr. The continuous gold
layer transformed into islands, whose size depended on the starting gold thickness. After
the synthesis, the samples were cooled down to room temperature under 1 atm O,.
The morphology and the dimensions of the nanowires were studied by field emission
scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
averaging data from several images. The crystalline structure of the wires was studied
by X-ray diffraction and electron diffraction.

Figure 6 shows TEM and SEM images of MgO nanowires grown on MgO. It was
clearly evidenced that gold acts as a catalyst. The deposition on bare MgO and Si
substrates led to the formation of a continuous MgO layer. The observation of
a round-shape gold nanoparticle at the tip of the wires (see Figure 6(a)), pointed out to a
vapour-liquid-solid (VLS) growth mechanism [108], while the contribution from a
solid/vapour mechanism could not be precluded. Both on MgO and Si substrates, TEM
showed that the growth direction is along the [001]. On MgO, the wires are grown
epitaxial, vertically aligned perpendicular to the substrate plane, while on Si (001),
various orientations are observed. The crystallisation of the MgO cubic structure was
confirmed by electron diffraction and high-resolution TEM images. The wires exhibit
a square-rod shape with facets of {001} type on the sides. They have a tapered shape.
The bottom ‘diameter’ is typically of 15-20 nm while the top diameter is of 4-5 nm.
Tapering was also reported by other groups for wires grown by CVD or PVD [103,109].
The length was typically of 700 nm for 85 min deposition using an injection period of 3 s.
The wires dimensions depend on several parameters, such as the starting gold catalyst
thickness, the temperature, the total pressure and the oxygen partial pressure. In our
conditions, a 2-3 nm gold layer thickness is optimal and leads to vertically aligned
nanowires on MgO while a thicker catalyst of ~4 nm hampers the vertical growth and
produces wires with a much larger difference between bottom and top dimensions and
with a larger bottom diameter (~35—40 nm).

It is possible to switch the growth from vertical to horizontal by decreasing the time
period at which the reactants are injected into the deposition chamber. For injection
periods of 0.1-1 s, the wires grow along the substrate surface and the tapered shape is
enhanced. A small injection period corresponds to a high injection rate (a period of 0.1 s
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corresponds to ten precursor droplets injected per second) and, in these conditions, the
diffusion along the vertical direction seems to be impeded. As previously shown in
Section 2.2, the reactant flow rate is a critical parameter for the nucleation and growth
at a surface.

Figure 6 MgO nanowires grown on MgO (001) substrate by injection MOCVD at 600°C:
(a) High resolution TEM image and electron diffraction pattern. A gold particle at the
tip of the wire is observed; (b) nanowire with Au nanoparticles along its axial axis and
(c) SEM image (tilt of 30°) showing vertically-aligned MgO nanowires

3 s

(b)

In most of the wires, discrete gold nanoparticles with oblong shape were observed along
the central axis and with a decreasing diameter from bottom to top, as shown in
Figure 6(b). Embedded gold particles in a dielectric matrix are highly interesting for
optical applications. Few studies report the possibility to embed Au nanoparticles in
oxide nanowires, such as SiO, or Ga,O; [110,111]. It was proposed that the Au-in-Ga,0;
peapods spontaneously crystallise under phase separation induced by the formation of
twin boundaries in Ga,O; [111]. In our case, defects such as dislocations were observed
inside the wires but did not seem to be involved in the presence of the Au particles.

In the VLS mechanism described by Wagner and Ellis [108] for the growth of Si
nanowires, Si gas phase species adsorb preferentially on the liquid Au-Si droplet.
Si vapour atoms enter the droplet and supersaturate it, leading to a condensation of Si at
the interface between solid Si and the liquid alloy. In our case, the gaseous reactive
species arriving on the droplets are Mg(tmhd), molecules. These molecules adsorb and
decompose at the liquid surface and release Mg or Mg-O gaseous species. However, the
tmhd molecule and the solvent contain a large amount of C and H atoms. Although a
rather high oxygen partial pressure is used, C and H species are certainly also
incorporated in the liquid droplet, changing the conditions for super-saturation.
Moreover, the diffusion of Mg atoms or Mg-O dimers at the catalyst droplet’s surface is
certainly impeded by the large amount of in- and out-diffusing species at this surface.
Simultaneously, heterogeneous reactions involving the Mg(tmhd), precursors will also
take place on the substrate surface and at the sidewalls of the growing wires. Thus it is
probable that the growth from the side of the wires is considerably favoured. These
different facts may explain the presence of gold inside the wires. Lateral growth from the
substrate surface is also consistent with the presence of facets and with the tapered shape
of the wires.

The ability to grow MgO nanowires opens up the route to the growth of core/shell
structures, consisting of a MgO-buffer core and a complex-oxide shell. All functionalities
described in the introduction would then be accessible in 1D structures.
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3 Oxides nanomaterials by molecular beam epitaxy

3.1 Experimental: molecular beam epitaxy

Molecular beam epitaxy (MBE) is a well known ultra-high vacuum growth technique,
widely used for the fabrication of IV-IV and III-V materials and nanostructures.
The major advantage of this growth technique relies in the possibility of controlling the
deposited thickness as well as the surfaces at the atomic scale, in particular by using
reflection high energy electron diffraction (RHEED). This is of particular interest for the
growth of crystalline oxides on silicon, due to the fact that Si is highly reactive with
respect to oxygen. The occurrence of uncontrolled interface reactions at the early stages
of the growth of oxides on Si may lead to the formation of interface layers (silica,
silicates, silicides) that, in general, degrade the electronic properties of the final
heterostructures.

Our MBE system is a RIBER2300 reactor fully equipped for the growth of oxides.
It includes Knudsen cells for the evaporation of Sr, Ti, La, and Al, as well as an electron
beam gun for the direct evaporation of stoechiometric LaAlO; targets. Oxygen is
introduced into the reactor via a pressure-regulated plasma chamber. Both atomic and
molecular oxygen can be used. Element pressures are measured using a Bayard-Alpert
gauge, a quartz microbalance and a mass spectrometer. The RHEED is differentially
pumped in order to avoid the oxidisation of the filament. It allows in-situ recording of the
surface roughness, in-plane lattice parameter and growth rate.

3.2 Molecular beam epitaxy for the growth of SrTiO3/Si(001)
and LaAlOs/SrTiOs/Si(001)

The main issues of the growth of SrTiO; (STO) on silicon are the control of the interface,
and the control of the STO stoichiometry. The direct growth of STO on Si is impossible:
even for very low oxygen partial pressures, the very low temperatures required for
avoiding the formation of an amorphous silicate or SiO, interfacial layer lead to the
growth of amorphous STO. McKee et al. [26] and IBM Ziirich [63] have proposed
a silicon surface passivation technique, allowing the crystalline growth of STO on Si. The
Si surface, covered by its native SiO, layer, is exposed to Sr and heated up to
approximately 700°C. This leads to the reduction of SiO,, and to the formation of a SrSi,
surface reconstruction that passivates the Si surface. Surface Sr is then oxidised under
very low oxygen partial pressure (a few 10~ Torr) around 400°C. Crystalline STO can
then be grown in this temperature range without significant interface reaction. However,
maintaining a satisfying structural quality of the oxide requires increasing the growth
temperature and the oxygen partial pressure after a few monolayers. If the first few STO
monolayers are not fully oxidised and stoichiometric, oxygen is liable to diffuse through
STO and to react at the STO/Si interface to form an amorphous silicate interface. It has
to be noted that such a process, requiring a perfect control of the interface formation and
of the oxygen partial pressure in the 10~ Torr range, can only be carried out by MBE.

Recent results, obtained in particular at INL [112], show that growing zero-defect
STO layers on Si is a realistic objective. However, further studies and improvement
of the growth process and of the control of the growth parameters have to be performed.
The TEM cross-sectional view presented in Figure 7 gives an idea of the structural
quality of a state-of-the art STO layer grown on Si(001).
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Figure 7 TEM cross-sectional view of a STO layer grown on Si(001)

Amorphous
inclusions

The STO layer has a flat surface, presents an abrupt interface with Si and is single
crystalline. Amorphous inclusions can be seen at the interface, formed during the
oxidisation of the SrSi, layer at the early stages of the growth due to an insufficient
control of this crucial step. Threading defects nucleate vertically to these inclusions,
separating small domains in the STO layers. These domains are slightly twisted with
respect to each other, leading to an in-plane mosaicity of the layer.

Achieving zero-defect STO templates on Si(001) requires further improvements of
the management of interfacial reactivity, mainly by:

e precisely controlling oxygen injection at the SrSi, oxidisation step

e improving oxygen supply during STO growth to warrant a complete oxidisation
of the STO layer.

Our further studies will focus on these two points.

LAO cannot directly be grown under its crystalline form on Si(001): LAO crystallises
for temperatures larger than 700°C, in growth conditions where SiO, and silicates are
formed at the Si surface. However, STO/Si(001) templates can be used for the growth of
crystalline LAO on Si(001) as shown in Figure 8 [113].

Figure 8 LAO/STO/Si(001) stack grown by MBE. An amorphous layer is formed at the STO/Si
interface during the growth of LAO at 750°C, due to oxygen diffusion through the STO
layer

Single crystalline high-quality LAO layers can be obtained by direct electron-beam
evaporation of an LAO target, at 750°C and under an oxygen partial pressure of
10® Torr. In these conditions, an amorphous silicate layer is formed at the STO/Si
heterointerface due to the diffusion of oxygen through the STO layer and its reaction with
silicon. This interfacial layer has no crucial impact on the structural quality of the LAO
layer.

3.3 Integration of functional oxides on crystalline SrTiO3/Si(001) buffers

The integration of epitaxial functional oxides on silicon opens interesting opportunities
for the fabrication of novel memory, sensing, electric and optical signal processing
elements. For instance, replacement of the gate dielectric by a functional oxide in the gate
stack results in FET structures with increased speed (spinFET, MottFET) and increased
functionality (FeFET). The possibility to combine advanced functional oxides and silicon
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micro-machining opens new perspective for the development of smart sensors, eventually
co-integrated with their monitoring electronics. One can then obtain robust sensors.
Such applications are particularly strategic in the development of highly sensitive
bio-chemical sensors operating in gaseous or liquid media. Such devices would be
based on static strain-free membranes and cantilevers made of high performance
piezoelectric oxide films. Optimal properties and performances are expected if the oxides
are single crystalline and if a technology process can be developed to prepare the
membranes (possible with epitaxial oxides on a Si substrate, which can be afterwards
micro-machined).

As mentioned in the introduction, complex oxides possess as wide range of physical
properties. In particular, the perovskite Lag;Sro;MnO; (LSMO) has potential use in
various magnetic applications, such as magnetic memories, magnetic-field sensors,
hard disc read heads, infrared devices, and micro-wave active components, to name a
few, due to its CMR effect. In addition, the reasonably high electrical conductivity of
LSMO and its lattice matching with other ferroelectric oxides, such as Pb(Zr)TiO; or
BaTiO;, make LSMO an attractive candidate as a bottom electrode material for
ferroelectric perovskite heterostructures. As single-crystalline materials often exhibit
superior electrical and magnetic properties, epitaxial LSMO thin films on Si are desirable
for both electrical and magnetic applications.

However, there is no direct crystal lattice match between silicon and LSMO.
Moreover, chemical reactions between LSMO and silicon could also occur to form
interfacial phases such as silicates or silicides. Thus, appropriate buffer layers are needed
in order to achieve a high epitaxial quality. Various buffer materials have been proposed
[114 and references therein] but consist of complex stacks of several oxides intended to
accommodate both the lattice and thermal expansion coefficient mismatches between
LSMO and Si. Since high crystalline quality LSMO films can be obtained on STO
substrates, a template layer of STO on Si appears ideally suited. We have thus used
the STO buffer layers fabricated by MBE and presented in the previous paragraph
of this paper.

LSMO films (50 nm-thick) were grown on STO (10 nm)/Si by pulsed laser deposition
(PLD located at Université Paris-Sud) at a moderate temperature of 600°C to
avoid silicate phase formation at the interface between silicon and STO buffer layer.
The oxygen pressure during the LSMO deposition was kept at 120 mTorr and a
post-annealing was performed at 300 Torr to obtain a well-oxidised ferromagnetic film.
On the silicon (001) surface, the LSMO layer presents an epitaxial relationship with the
STO buffer layer, i.e., a cube-on-cube growth, as shown by the X-ray diffraction
measurements (Figure 9).

Rocking curve measurements give information on the spread of the c-axis distribution
relatively to the substrate normal. A FWHM of about 0.5° is obtained. This value is
significantly lower than the one measured for LSMO films deposited on complex buffer
stacks such as BiTi;0,,/CeO,/yttria-stabilised-zirconia buffered Si(001) substrates
(FWHM of 1.2°) [114].

The surface morphology of STO and LSMO layers was checked using AFM:
STO before the LSMO growth has a rms rugosity of 0.79 nm and LSMO film a rms
rugosity of 1.15nm. Despite the difference of thermal dilatation coefficients
between silicon and LSMO, the film has no crack after cooling, which confirms the
good crystalline quality of the CMR layer. The R-T measurements show a MI
transition temperature higher than room temperature, with a resistivity of 1 mQ.cm
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at room temperature. This value is similar to the one measured for LSMO films
grown on bulk SrTiO; substrate. Finally, Magnetic Optical Kerr Effect (MOKE)
characterisation performed at 300 K confirms room temperature ferromagnetism
(Figure 10).

Figure 9 XRD patterns of the LSMO grown on STO buffered silicon (see online version
for colours)
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Figure 10 MOKE measurement performed at 300 K on the LSMO (see online version
for colours)
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In conclusion, good quality single crystal (001)-oriented LSMO films with smooth
surface, low structural defects and room temperature ferromagnetism can be grown on
STO buffered-silicon, demonstrating the potential integration of high quality transition
metal oxide-based devices with classical microelectronic substrates.

3.4  Monolithic integration of InP on SrTiOs/Si buffers

The objective of integrating by direct epitaxy III-V or Ge on Si appears as a hot topic
for further development of microelectronic systems. In particular, this could allow
fabricating transistors having Ge/III-V — based high-mobility channels, and integrating
ITI-V — based optical functionalities on Si. For that purpose, a monolithic process would
offer a very interesting alternative to sticking/vignetting techniques, in terms of cost,
reliability, and size that can be treated. In the field of photovoltaics, increasing the yield
of solar cells (by using I1I-V materials) within reasonable costs (by using low cost and
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large surface Si substrate and a monolithic approach) is becoming a major objective.
It could also lead to the low cost fabrication of large III-V or Ge templates on Si
platforms, with dimensions only limited by the size of the Si substrate.

In this context, we have recently discovered an interesting peculiarity of the InP/STO
heterointerface [115,116]: when grown on a STO (001) surface, InP spontaneously
takes its bulk lattice parameter as soon as the growth begins (Figure 11(a)), and does
not contain any dislocation or threading defect related to any standard plastic relaxation
mechanism. The large lattice mismatch (>50%) is accommodated by the formation
of interfacial geometric dislocations that do no propagate in the growing layer
(Figure 11(b)).

Figure 11 (a) Evolution of the 222 interatomic distance of an InP lattice grown on STO/Si(001),
as deduced from in-situ RHEED measurements. As soon as diffraction can be detected,
InP presents its bulk lattice parameter and (b) TEM cross-sectional view of an
InP/STO(001) heterointerface. Inset: filtered image showing accommodation
dislocations confined at the interface (see online version for colours)
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The peculiarities of the semiconductor/oxide heterointerfaces rely on their high
interface energy and their high lattice mismatches: the gain in forming interfacial
bonds is relatively smaller as compared to more homogeneous material systems. It is thus
energetically profitable to form interfacial dislocations/dangling bonds, thus saving the
cost related to elastic deformation. Good quality single crystal (001)-oriented InP layers
with smooth surfaces (RMS < 0.8 nm) can be grown on STO(001). InP contains twins,
the origin of which has still to be elucidated. Room temperature photoluminescence from
an InAsP quantum well embedded in an InP/STO/Si(001) matrix has been observed
(Figure 12). The width of the photoluminescence peak is 41 meV, equivalent to that
of a quantum well grown on a bulk InP substrate.

The structural quality of InP grown on STO/Si(001) templates has to be optimised,
by further improving the InP growth conditions and STO surface preparation. However,
the results presented above are very promising. Very recent studies show that the
GaAs/STO, InP/Gd,05 [117] and Ge/BaTiO; [118] systems exhibit similar properties,
demonstrating the potential of crystalline templates for the monolithic integration
of III-V on Si, independently from the lattice mismatch.
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Figure 12 Room-temperature photoluminescence spectrum of an InAsP quantum well embedded
in an InP matrix grown on STO (001). The width of the photoluminescence peak is
equivalent to that of a quantum well grown on bulk InP substrate (see online version
for colours)
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4 Conclusion

We presented our efforts towards the synthesis by CVD and MBE of functional oxides
and the understanding of the resulting properties. So far, oxides, which are already on the
market (such as high x or ferroelectrics), are prepared as amorphous or polycrystalline
films. However, it is clear that much more functionalities could be achieved in
nanoelectronics if oxides could be integrated in the form of epitaxial films or
superlattices. In this perspective, it is important to reach a high crystalline quality at the
atomic scale and to understand how strain and size reduction affect the physical
properties. We discussed for example how phase-transition temperatures are changed
when the thickness of epitaxial CMR or multiferroic films is decreased. A high
crystalline quality is achieved both by MBE and CVD on oxide substrates. However,
the direct epitaxy of the perovskite SrTiO; on silicon has been achieved, so far, only by
MBE. We showed that we are able to grow SrTiO; layers on Si by MBE and to use them
as a template layer for the growth of LaAlO; or CMR oxide films. We also pointed out
that epitaxial oxide buffer layers on Si have a high potential for the monolithic integration
of III-V on Si, which would enable to combine the best of both semiconductor worlds.
Finally, the ability to grow MgO nanowires is highly promising for the design of 1D
complex oxide nanostructures.
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