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1. Introduction

Nanocomposite metal oxides have been extensively investigated in bulk and thin film forms
because of their wide range of applications in microelectronics, magneto electronics, and
optoelectronics (Ramesh and Spaldin, 2007). Oxide films in nanocomposite form are
particularly appealing as the interaction or coupling between the constituents can lead to
enhanced or new functionalities (Zheng et al., 2006). Furthermore, the nanocomposite oxide
films could lead to their applications as building blocks for the assembly of nanostructures
or molecular monolayers (Cheng et al.,, 2006). A currently primary goal is to fabricate
nanocomposite oxide films using a simple and low-cost process. Self-assembly has been the
focus of much research in the last four decades. It has proved its ability to offer a rich variety
of periodic nanoscale patterns in an easy way (Guiton and Davies, 2007). Recent efforts have
striven to bring these two fields together. A major challenge is to control a self-assembled
nanocomposite oxide film to create a desired nanostructure (Moshnyaga et al., 2003). In a
film-on-substrate geometry, epitaxial composite films can be divided into two forms:
horizontal and vertical. These two structures can be reviewed as the building blocks for a
desired nanostructure and they are also specific architectures which show lots of potential
applications (Yang et al., 2009). This chapter outlines the recent results about the material
design, fabrication, and physical properties of these two nanostructures.

2. Material design

An important starting point for our studies was determining which systems have the
potential to form clean, heteroepitaxial nanocomposite thin films with ordered
nanostructures (MacManus-Driscoll et al., 2008). Since guidelines to the materials selection
of nanocomposites have not been presented before, we developed our own as follows: (1)
the chosen phases should both have the potential to grow epitaxially on a given substrate;
(2) the growth kinetics of the individual phases should be similar so that the two phases can
both grow with sufficient crystallinity at a chosen temperature; (3) the two phases of interest
should be the most thermodynamically stable when the individual elements are combined;
(4) cations with sufficiently different ionic radii are necessary to minimize intermixing of the
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phases. It should be pointed out that these are only the necessary conditions for the material
design and the sufficient conditions are underway.

3. Horizontal nanostructure

3.1 Overview

An oxide film with horizontal microstructure has also been viewed as a multilayer.
Multilayers have been a basically interesting and technologically important research topic in
recent years as they exhibit some remarkable and multifunctional properties that do not
exist in either of their parents (Ueda et. al, 1998; Ohtomo et. al, 2002). A traditional way to
fabricate multilayers is the alternative deposition of various types of thin layers. In the
present work, we demonstrate a spontaneous, horizontal, multilayered, and heteroepitaxial
oxide film in (YBaxCuzOy7.)o5:(BaZrOs)o5 nanocomposites (Yang et al., 2009). A high critical
temperature of 88 K and a surprising field dependent of critical current along the ab plane
were observed, given that the BaZrOs fraction in the films is 50 mol.%, which can be
attributed to the self-assembled multilayer structure. The present study represents a new
route to prepare multilayers of the oxide materials and holds great promise for other
functional systems too.

3.2 Fabrication

Nanocomposite (YBCO)os5:(BZO)os (YBCO:BZO) films were grown on (001) oriented SrTiO3
(STO) substrates by pulsed laser deposition (PLD) using a XeCl excimer laser (A=308 nm). A
single ceramic pellet with a molar ratio of YBCO/BZO = 1:1 was used as the target. A
substrate temperature of 820°C and an oxygen pressure of 200 mTorr were maintained
during the deposition. Following the deposition, the films were cooled down to room
temperature in an oxygen pressure of 300 Torr without any further thermal treatment. The
thickness of films, measured by the cross-sectional transmission electron microscopy (TEM),
was 150 nm. The crystal structure was investigated by X-ray diffraction (XRD) using a
Siemens D5000 four-circle diffractometer. The critical temperature (T.) was evaluated by
both alternating current (ac) susceptibility and transport measurement techniques. The
critical current density (J.) was obtained by the standard four-point method from a bridge
using the 1 pV/cm criterion, where the films were patterned using standard
photolithography with a bridge width of ~250 pm. The angular and field dependent J.
measurements were conducted in a magnetic field (H) rotated in the plane perpendicular to
the plane of the film but always normal to the current (/] L H, maximum Lorentz force
configuration). With the sample immersed in liquid nitrogen the measurement temperature
was varied from 65 to 75.5 K.

3.3. Microstructures

Figure 1 shows a typical XRD 626 scan of the YBCO:BZO films. As can be seen from the
figure, the YBCO and BZO phases are well defined and have comparable intensities, as
broadly expected for the volume fractions and atomic weights of the compounds. The YBCO
shows only (00/) diffraction peaks and hence is preferentially oriented along the c-axis
(perpendicular to the substrate surface). The c lattice constant of YBCO, calculated from the
(005) peak, is 11.66(96) A which is close to the bulk value of 11.6805 A. The BZO shows (001)
and (002) peaks, indicating the same c-axis orientation. It should be pointed out that besides
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Fig. 1. Typical XRD 6-28scan of YBCO:BZO films. A weak BZO (101) peak is denoted by a
star. The inset shows phi-scans on STO (101), BZO (101), and YBCO (013) reflections.

the (00I) peaks of YBCO and BZO, there is a weak peak at around 26=29.4c (shown with a
star in Fig. 1) which can be attributed to BZO (101). By comparing the relative intensities of
the Bragg peaks associated with the BZO (002) and BZO (101) peaks we estimate that ~97 %
of the BZO is c-axis oriented. The full-width at half-maximum (FWHM) of the rocking
curves for YBCO (005) and BZO (002) are 1.24° and 0.869, respectively. These values are
higher than those for typical pure YBCO and BZO films and the large lattice mismatch
between YBCO and BZO is likely responsible for this. The in-plane orientation of the
YBCO:BZO films with respect to the major axis of the STO substrate is revealed by phi-scans
on the YBCO (013), BZO (101), and STO (101) reflections (shown in the inset of Fig. 1). The
orientation relationship is determined to be (001)ypco Il (001)pzo I (001)sto and
[010]ysco Il [010]szo Il [010]sto, which is in accordance with the pure YBCO and BZO thin
films grown on STO substrates.

In order to reveal the detailed microstructure of the YBCO:BZO films, low magnification
and high resolution cross-sectional TEM were performed. As can be seen from the low
magnification bright-field TEM image (Fig. 2), a multilayer structure is formed throughout
the film, i.e., spontaneously ordered alternating layers of YBCO and BZO. The YBCO and
BZO layers show thicknesses of 6-10nm and 7-11 nm, respectively. All the layers are
continuous in-plane (lateral dimension) up to a micro-meter scale. This is the first time a
self-assembled, ordered horizontal nanocomposite film has been observed, although we
have observed a self-assembled vertical analogue before in another perovskite system
(MacManus-Driscoll et al., 2008; Yang et al., 2009). For YBCO films with BZO, the
microstructures previously observed are either random BZO nanoparticles or self-assembled
columnar BZO nanorods (MacManus-Driscoll et al., 2004; Kang et al., 2006; Maiorov et al.,
2009). The completely different microstructure in the present study originates from an
interplay between composition, strain, and growth kinetics (MacManus-Driscoll et al., 2008).
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Fig. 2. A low magnification bright field TEM image of a nanocomposite YBCO:BZO film on
STO substrate.
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Fig. 3. High resolution TEM image with corresponding fast Fourier filtered (FFT) image at
the YBCO/BZO interface.
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A high resolution TEM (HRTEM) image (Fig. 3) reveals excellent heteroepitaxial growth
between the YBCO and BZO layers. The corresponding fast Fourier transformed image from
the interface of YBCO and BZO is shown in the inset of Fig. 3. The orientation relations of
the YBCO/BZO multilayers are determined to be (001)ysco l (001)pzo and
[010]ysco Il [010]szo, which is consistent with the results from XRD measurements. It is well
known that there is a close relationship between the superconductivity and the
microstructure in YBCO films (Foltyn et al., 2007). This micron scaled-continuous self-
assembled nanolayer structure are believed to contribute to the unique physical properties
of YBCO:BZO films.

3.4 Physical properties

It is known that power applications of superconductors require an effective immobilization
of vortices, or in other words a high pinning force (Foltyn et al., 2007). The pinning force
arises from the presence of localized defects or crystalline imperfections. It has been
experimentally shown that nanoscale defects within YBCO materials can pin the magnetic
flux lines which translates to a high critical current density (J.). Recent efforts have focused
on non-superconducting additions to YBCO films to enhance the current carrying capability
in applied magnetic fields. For example, Y203, CeO,, YBaxCuOs, and BZO, because of their
good compatibility with YBCO, have been effectively used to increase J. in YBCO films
(Barnes et al., 2004; Haugan et al., 2004). In general, the increase of the BZO content (or the
density of pinning sites) initially increases the macroscopic J., but beyond some optimum
density the performance deteriorates. For this purpose, the critical temperature (T,) and the
Jc of YBCO film with different levels of BZO inclusion have been widely investigated. It is a
common view that the T, decreases linearly with increasing BZO concentration (Kang et al.,
2007; Peurla et al.2006). Currently, the reported maximum inclusion of BZO in YBCO films
is 8 vol.% (~18 mol.%) where a T. of 82.8 K was observed. For this concentration, BZO self-
assembles in vertical columns along the c-axis (Kang et al., 2007). A question that arises is,
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Fig. 4. Ac susceptibility of a nanocomposite YBCO:BZO film. The inset shows the resistivity
versus temperature characteristic of the same film.
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what will happen to the superconductivity of a YBCO film when the BZO inclusion is more
than 18 mol.%? It is important to investigate the superconductivity of YBCO:BZO films and
the relationship between the physical properties and the unique horizontal nanostructure.
The temperature dependence of ac susceptibility of YBCO:BZO film is shown in Fig. 4. A
clear superconducting transition was observed and the on-set T, was determined to be 88 K
which is much higher than the reported value of YBCO films with only 18 mol.% BZO (Kang
et al., 2007; Peurla et al., 2006). To confirm the high T, the temperature dependence of
resistivity measurement was conducted and shown as inset of Fig. 4. A typical linear
relationship was found above the transition temperature. The zero resistance temperature of
86 K from the transport measurement agrees well with the result obtained from the ac
susceptibility measurement. The resistivity values of the YBCO:BZO film, 600 and 1500
puQ-cm at 100 and 300 K respectively, are one order of magnitude higher than those of a
typical pure YBCO film. The layered structure and the highly resistive nature of the BZO
lead to the high resistivity of the nanocomposite films. Considering the multilayer structure
in the YBCO:BZO films, a T. of 88 K is not completely unexpected. Huhtinen et al.
represented a systematic investigation of superconductivity of YBCO/BZO multilayers
fabricated from two different targets by PLD (Huhtinen et al., 2009). T.s from 88 K to 89.3 K
have been observed which dependent on the thickness of BZO layer relative to the YBCO
layer and agree well with our results. It should be pointed out that multilayers have been
found to increase the density of misfit dislocations at the layer interfaces which compensate
the mismatch between YBCO and BZO lattices in the current study (Jia et al., 2002; Pan et al.,
2006). This is the main reason that the c lattice constant of YBCO phase is close to the bulk
value which also contributes to the high Tc value (Huhtinen et al., 2009).

To investigate the flux pinning properties of the YBCO:BZO films, the magnetic field (H)
dependence of J. was measured at 65 K and shown in Fig. 5. J. is normalized to self-field
value (Jo(sf)=0.15 MA/cm?) to facilitate the comparison. Firstly, a most striking feature is
observed for the case of H/ /ab, which has an extremely slow . field decay. The « value in

—=— YBCO:BZO H//c
—e— YBCO:BZO H//ab
—*— standard YBCO H//ab
1.0 - *0\‘0\‘7.\‘.\._’.
S
=)
= 0.5}
0.0 T=65K
' 0.0 0.5 1.0
uH (T)

Fig. 5. Magnetic field dependence of . of a nanocomposite YBCO:BZO film at 65 K. For
comparison, a curve for standard pure YBCO films is also included.
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Fig. 6. The angular dependence of |. of a nanocomposite YBCO:BZO film at 65 K and with
applied magnetic field of 0.15 and 0.5 T.

the relation of J.~H-* was calculated to be 0.06, which is much lower than the typical value of
pure YBCO film (~0.51) and indicates a weaker field dependence of J.. Secondly, for H/ /c
Jc(H) drops much faster than standard pure YBCO with a a value of 1.48. For the lower
concentration doping of BZO in YBCO films, BZO have been reported to self-assemble in
vertical columns along the c-axis. And « values from 0.31 to 0.61 have been observed (Kang
et al., 2006). By comparing these values with those in the current study, we can see the much
lower density of defect along ¢ axis and much higher density of defect along ab plane in the
nanocomposite YBCO:BZO film, which is confirmed by the multilayer structure. It should
be pointed out that the J.(sf) value here is comparable to the reported results of YBCO/BZO
multilayers fabricated by two different targets using PLD and could be related to the high
resistivity observed.14 The angular dependence of J. was also measured and shown as Fig. 6.
An enhanced peak for H//ab was observed compared to the typical pure YBCO films and
no peak was found for H//c, which are consistent with the multilayer structure and the
reported results (Cai et al., 2004).

To summarize, nanocomposite (YBCO)o5:(BZO)os thin films were fabricated by PLD. Both
YBCO and BZO phases exhibited spontaneous, horizontal, multilayered, and heteroepitaxial
phase assemblage. This unique microstructure led to a T. of 88 K and a surprising field
dependence of J. along the ab plane. The present study represents a new route to prepare
horizontal structures of the oxide films and holds great promise for other functional
materials too.

4. Vertical nanostructure

4.1 Overview

Nanocomposite films with a vertical architecture such as the nanopillar geometry offer
numerous advantages over the conventional horizontal multilayers, such as a larger
interfacial area and intrinsic heteroepitaxy in three dimensions (Zheng et. al., 2004; Ramesh
et al., 2007). Moshnyaga et al. firstly showed vertical nanopillar films with a composition of
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(Lap.7CaopsMnO3s)1.x:(MgO)x (Moshnyaga et al., 2003). The structural and magnetotransport
properties of the Lag7CaosMnOs; nanoclusters were tuned through the tensile stress
originating from the MgO second phase. Zheng et al. reported vertical nanostructures
consisting of magnetic spinel CoFe;O, pillars epitaxially embedded into a ferroelectric
BaTiOs matrix (Zheng et al., 2004). This nanocomposite exhibited strong coupling of the
ferroelectric and magnetic order parameters through the three-dimensional heteroepitaxy of
the two lattices.

Vertical nanocomposite architectures are not only interesting for achieving
multifunctionality, but there is also the potential for enhancing a single functionality
through manipulation of the strain of one of the phases by another. Horizontal (lateral)
strain within layered heterostructures has been widely studied and indeed is fundamental
to many semiconductor device technologies. Recent work has shown that strain control of
very thin oxide films can achieve dramatically enhanced functional properties: strain fields
perturb ferroelectricity (Nagarajan et al., 2005), and huge changes in the ferroelectric Curie
temperature Tc, remanent polarization and structural phase transition temperature have
been demonstrated in SrTiO3; and BaTiOs through use of substrate-controlled, coherent in-
plane biaxial strain (Haeni et al., 2004; Choi et al., 2004). While such lateral strain control
experiments are elegant, the thickness over which substantial strains can be maintained is
seriously limited, meaning that use of lateral strain control for any potential applications is
restricted. Coherently strained films in which the film and substrate in-plane lattice
parameters are identical can be maintained only up to a critical thickness (tc), which is on
the order of a few nanometres, depending on the amount of the misfit. Above tc, the strain
energy becomes so large that it is then energetically favorable to nucleate misfit dislocations
(Matthews et al., 1974).

Given this, and that self-assembled vertical nanocomposite systems have enormous
potential to control strain vertically in much thicker films with correspondingly large
volume, it is surprising that vertical strain control has not been explored previously. In this
chapter, (BiFeOs)o5:(Sm203)05 nanocomposite thin films have been fabricated by PLD, where
both BiFeOs3 (BFO) and SmyO; (SmO) phases are spontaneously self-assembled into a
vertically ordered nano-columnar structure. The microstructures and vertical interface
effects on physical properties are demonstrated.

4.2 Fabrication

Epitaxial nanocomposite (BiFeOs3)o5:(Sm20s)o5 (BFO:SmO) films were grown on (001)
oriented STO and Nb-doped SrTiO3 (Nb-STO) substrates by PLD using a XeCl excimer laser
(A=308 nm). A single ceramic pellet with a molar ratio of 0.5(BiFeOs)-0.5(Sm>Os) was used as
the target. BFO:SmO were grown at 670°C with a XeCl excimer laser operated at 5 Hz laser
repetition rate, and at 100 mtorr oxygen pressure. The thickness of films, measured by cross-
sectional TEM, was 150 nm. For comparison, pure BFO and SmO thin films with the same
thickness were also deposited on (001) oriented STO and Nb-STO substrates using the same
processing parameters. It should be noted that the single-crystal conductive Nb-STO
substrate not only provides a good template for epitaxial growth of BFO, SmO, and
BFO:SmO films, but also functions as a bottom electrode for the electrical measurements.
The crystal structures of thin films were investigated by high-resolution XRD (HRXRD) and
TEM. Nuclear resonance backscattering spectrometry with a He* beam energy of 3.045 MeV
was used to measure oxygen concentration in the pure BFO film. Compared with
traditional Rutherford backscattering spectrometry, the strong and narrow resonance
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provides a better sensitivity and depth resolution for oxygen detection. In our measurement,
the beam energy was chosen in a way that resonant scattering occurs in the film not in the
substrate. For electrical property measurements, vertical sandwich capacitors with a
configuration of Pt/BFO:SmO/Nb-STO (or Pt/BFO/Nb-STO, Pt/SmO/Nb-STO) were
fabricated, where the Pt top electrodes with an area of 1x10+4 cm?, defined by a lift-off
lithography process, were deposited by sputtering. The frequency dependent capacitance
(C-f) and dielectric loss (tano-f) were measured using a HP4194A impedance analyzer. The
current-voltage (I-V) characteristics of the capacitors were measured using a Keithley 487
picoampere meter with a delay time of 5 seconds.

4.3 Microstructures

In order to reveal the microstructure of self-assembled BFO:SmO nanocomposites, plan-
view and cross-sectional transmission electron microscopy was performed. As can be seen
from the plan-view TEM image (Fig. 7a), a checker-board structure is formed. In other
words, an ordered alternative growth of BFO and SmO domains (marked as B and S,
respectively) is self-assembled. Each of the domains has a lateral dimension of ~15 nm. A
low magnification bright-field cross-sectional TEM image (Fig. 7b) also shows that the BFO
and SmO domains have grown alternately and vertically aligned with an average column
size of 15 nm. A high resolution TEM (HRTEM) image (Fig. 7c) reveals excellent
heteroepitaxial growth of the BFO and SmO nanocolumns on the STO substrate. It is
interesting to note that there is a lattice matching relation along the vertical boundaries
between the BFO and SmO. The matching spacing is about 1.3 nm. The corresponding fast
Fourier transformed images from the areas of the BFO, SmO and STO are shown as an insert
of Fig. 7c. The orientation relations of the BFO:SmO nanocomposite and the substrate are
determined to be (Ooz)BFO//(OO4)SmO//(002)STO and [ZOO]BFO//[44O]Sm0//[200]STO; which is
in accordance with the pure BFO and SmO thin films grown on STO substrates. The
BFO:SmO nanocomposite thin film provides the opportunity to investigate the vertical
interface effect on the physical properties of the individual BFO and SmO phases by
comparison to the pure-phase films.

4.4 Physical properties

For epitaxial metal oxide films, interfaces always play a critical role in controlling the
structural and electrical properties. Both experimental and theoretical works have
demonstrated the impact of lateral interface on the physical properties of either single-phase
thin films or superlattices (Junquera et al., 2003; Ohtomo et al., 2004; Choi et al., 2004;
Reyren, et al., 2007). For instance, Reyren et al. reported superconductivity in the electron
gas formed at the interface between LaAlO; and SrTiOs (Reyren et al., 2007). There have also
been reports on the lateral interface effect on the physical properties of ferroelectric thin
films, such as size effects, critical thickness, and strain and coupling enhanced
ferroelectricity (Lee et al., 2005; Jia et al., 2007). Compared with the lateral interface, the
effect of vertical interface on the physical properties of metal oxide films is profound.
However, there are only a few reports because of the lack of vertical nanocomposites with
ordered structures on a large scale (Ramesh et al., 2007). Here we demonstrate the vertical
interface effect on lattice parameters, dielectric properties, and leakage current of BFO:SmO
nanocomposite films. To illustrate the improved functionalities of our nanocomposites, we
compare to the physical properties of pure BFO and SmO thin films.
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Fig. 7. TEM images of the BFO:SmO nanocomposite film on an STO substrate: (a) Plan-view
showing an ordered checker-board structure (B represents BFO, S represents SmO); (b) low
magnification cross-sectional view showing the alternating columns of BFO and SmO; (c)
high resolution cross-sectional view with corresponding fast Fourier filtered (FFT) images
from BFO, SmO and STO areas.
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nanochr(rjli)S;nsiz film | Pure BFO | pureSmO |  Bulk Bulk
BEO SO thin film thin film BFO SmO
out-of-plane
1att1ce((;&o)nstant 3.905 11.088 2,081 10,886 o0 10920

Table 1. Out-of-plane lattice constants of individual BFO and SmO phases in the BFO:SmO
nanocomposite film, and pure BFO and SmO thin films on STO or Nb-STO substrates. The
thicknesses of all the films are 150 nm. Bulk values are also shown.

Table 1 shows the out-of-plane lattice constants of individual BFO and SmO phases in the
BFO:SmO nanocomposite. In comparison, lattice parameters of pure BFO and SmO thin
films and bulk values of BFO and SmO are also included in the table. The out-of-plane
lattice constant of the BFO phase in the nanocomposite is 3.905 A, compared with a value of
3.981 A and 3.962 A for the pure BFO film and the bulk BFO respectively. It should be noted
that the BFO phase in the nanocomposite is under compressive strain (-1.46%) in contrast
with a tensile strain (+0.47%) for the pure BFO film. On the other hand, the vertical strain
state of SmO phase in the nanocomposite is switched from compression (-0.31%) to tension
(+1.54%), opposite to the strain switching in the BFO phase. It is apparent that the dominant
strain mechanism for the BFO and SmO phases arises from the vertical interface, rather than
from the lateral interface. As the absolute values of the vertical strain in the nanocomposite
are 3-5 times of those in the pure films, the vertical interface is more efficient to control the
out-of-plane lattice constant than the lateral interface.

To understand the vertical interface effect on the electrical properties of the nanocomposite,
we measured the dielectric properties of BFO:SmO, BFO, and SmO thin films. As can be
seen from the TEM images, the BFO and SmO columns of the nanocomposite are connected
in parallel if one considers a vertical capacitor structure of Pt/BFO:SmO/Nb-STO. Sherman
et al. have studied the dielectric properties of the columnar composite by using an
equivalent electrical circuit consisting of two capacitors connected in parallel (Sherman et
al., 2006; Yamada et al., 2006). In the case of our (BFO)o5:(SmO)o5 nanocomposite films, if we
assume the equal surface area of two different phases (see the TEM image), the dielectric
constant and dielectric loss can be expressed as:

1
EBFO:SmO = E(gBPO +E510) 1)

Enrp tan Opry + & tan o
_ €Bro BFO T €smo SmO
tan Sgpo.smo = ’ (2)
€ro T €smo

where, the &zro.6,0,€5r0, and &g, n are the dielectric constants of the BFO:SmO
nanocomposite film, the pure BFO film, and the pure SmO film. The tandzzq.q,0, tandgry,
and tandg,, are the dielectric losses of the BFO:SmO nanocomposite film, the pure BFO
film, and the pure SmO film. Because there is no observable intermixing of two individual
phases from the HRTEM image, we ignore any reactive products between the BFO and the
SmO in nanocomposite film. It is noted that there is the possibility of some Sm?3* substitution
for Bi3* in the BFO nanocolumns, but this isovalent substitution should not alter the
dielectric or leakage properties of the film since no charge compensating defects would be

www.intechopen.com



958 Advances in Nanocomposites - Synthesis, Characterization and Industrial Applications

required to form. Fig. 8a shows the measured dielectric constants of BFO:5SmO, BFO, and
SmO thin films as a function of frequency. The calculated dielectric constant of the
nanocomposite from Eq. (1) is 92. The difference between the experimental and calculated
dielectric constants of BFO:SmO nanocomposite film is about 4%.

200
(a) ‘Uz\wm%&m
1004 _____ BFO:SmO
SmO
0 T T T T
0.06—(b.)'~ BFO
0.04
| SmO
0.02ap e BFO:SmO
0 fl’eqLFI,gIQICV (kHz) 1000

Fig. 8. Dielectric constants (a) and dielectric losses (b) of BFO:SmO, BFO, and SmO thin films
as a function of frequency.

Thus, the dielectric constant of such a BFO:SmO nanocomposite can be well described by an
equivalent parallel circuit model. In other words, considering that the dielectric constant of
the nanocomposite should be controlled by the higher dielectric constant phase, the strong
vertical strain of BFO phase shows little influence on the dielectric constant of the
nanocomposite. This is possible considering that BFO has a high Curie temperature (~1103
K) (Michel et al., 1969). For ferroelectric materials at a temperature (300 K in this case) that is
far away from the Curie temperature, the strain shows little influence on the dielectric
properties directly.

Fig. 8b shows the dielectric losses of BFO:SmO, BFO, and SmO thin films as a function of
frequency. The calculated dielectric loss of BFO:SmO nanocomposite from Eq. (2) is 0.050,
which is much larger than the experimental value of 0.015. It is interesting to consider the
source of the large reduction in the dielectric loss of the BFO:SmO nanocomposite. As can be
seen from Eq. (2), the reduction of the dielectric loss must originate from the BFO phase,
since the dielectric properties of the BFO phase should control the overall dielectric
properties of the nanocomposite. It has been widely reported that there is a close
relationship between leakage current and dielectric loss in ferroelectric materials.
Ferroelectric materials with lower leakage current typically exhibited smaller dielectric loss
(Joshi, et al., 2000). For example, Wang et al. reported that reduction of oxygen vacancies in
doped BFO films reduced the leakage current and then the dielectric loss (Wang et al., 2006).
Figure 9 shows the leakage current density vs. electric field (J-E) characteristics of BFO:SmO,
BFO, and SmO thin films. Because the leakage current density of the SmO thin film at low
electric fields reaches the limit of our measurement, we only show the leakage current
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Fig. 9. Leakage current density vs. electric field (J-E) characteristics of BFO:SmO, BFO, and
SmO thin films. The dotted line shows the measurement limit.

density at an electric field of £250 kV/cm. As illustrated in Fig. 9, the resistivity (p) of
different films at a given electric field follows the relationship: ps,,o >> Pgro.smo >> Psro - If

we consider BFO and SmO columns in the BFO:SmO nanocomposite as resistors connected
in parallel with a device configuration of Pt/ BFO:SmO/Nb-STO, the leakage current will be
controlled by the BFO because of the much higher resistance of SmO. In other words, the
leakage current of the BFO phase within the nanocomposite will be roughly the same as the
total leakage current of the entire BFO:SmO nanocomposite film. This implies that the
leakage current density of the BFO phase in the nanocomposite film is much lower than that
of a pure BFO film. This may explain the much lower experimentally observed dielectric
loss of the nanocomposite film relative to the loss calculated from Eq. (2).

It is important to investigate the origin of the reduction of the leakage current density of the
BFO phase in the nanocomposite film. It has been widely reported that oxygen vacancies
(Vos), rather than Fe2* ions, are the main cause of high leakage current densities in BFO thin
films. Efforts have been made to reduce the Vs by introducing post-annealing in an oxygen
atmosphere, doping with higher valence ions, and oxygen ion implanting (Wang, et al,,
2006). To investigate the oxygen vacancies effect on the leakage current density in the
present study, some pure BFO films and BFO:SmO nanocomposites were subjected to an in
situ annealing in oxygen (~500 Torr) at a temperature of 390°C for 60 mins. Nuclear
resonance backscattering spectrometry (NRBS) was used to measure the oxygen
concentration in the as-deposited and annealed BFO films (as shown in Fig. 10). In principle,
NRBS is identical to the well known Rutherford backscattering spectrometry, with an
exception that higher projectile beam energy is used in NRBS. Higher energy allows the
interaction between the projectile and the target nucleus to overcome the Coulomb repulsive
force barrier due to a very close encounter between incident particle and the target nucleus.
As a result, the scattering cross section becomes non-Rutherford and often exhibits a narrow
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Fig. 10. Oxygen resonance peaks of as-deposited and annealed BFO films.

and strong resonance peaks that sometimes can be orders of magnitude stronger than the
Rutherford value. Multiple light elements such as B, C, N, and O can be measured with
NRBS simultaneously. In our measurement, the beam energy was chosen in a way that
resonant scattering occurs in the film (not in the substrate). Compared with traditional
Rutherford backscattering spectrometry using 2 MeV He* beam, the strong and narrow
resonance at 3.045 MeV provides a better sensitivity (~10 times better) for oxygen detection.
Oxygen concentration was determined by fitting oxygen peak in the measured spectrum
using SIMNRA, popularly used data reduction software in ion beam analysis. Resonance
scattering cross sections in the SIMNRA database was cross-checked using a known oxygen
standard such as a bare STO substrate. The oxygen concentration is determined to be
5.14x1017 and 5.44x1017 at./cm? for as-deposited and annealed BFO films, respectively. The
ideal oxygen concentration for stoichiometric BFO film is estimated to be 5.79x1017 at./cm2.
The NRBS results clearly show that there are Vos in BFO films: 11.2% deficient in the as-
deposited film and 6.0% deficient in post-annealed film compared to the ideal case. At the
same time, the Vs can be effectively reduced by the post-annealing which is consistent with
reported results (Wang et al., 2006). Furthermore, the leakage current densities of as-
deposited and annealed BFO and BFO:SmO films were measured and shown as Fig. 11. It is
obviously that the leakage current density of annealed BFO film is 2 orders of magnitude
lower than that of the as-deposited BFO film. Therefore, the reduced oxygen vacancies
contributed to the lower leakage current density in the annealed BFO films.

As we discussed earlier, the leakage current density of the BFO:SmO nanocomposite is
much lower than that of the BFO films. Considering the nature that the leakage current in
nanocomposites is controlled by the BFO phase and the relationship between the oxygen
vacancies and the leakage current in BFO films, the much lower leakage current density in
nanocompoiste implies the reduced oxygen vacancies in the BFO phase. In the other side, it
is worth noting that in Fig. 11 two curves for as-deposited and annealed BFO:SmO
nanocomposites are almost overlapped, especially in the higher electric fields. This further
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Fig. 11. Comparison of leakage current densities of as-deposited and annealed BFO and
BFO:SmO films.

confirmed that the oxygen vacancies in the BFO phase were reduced and then the post-
annealing shows little influence on them. Considering the microstructure of the BFO:5SmO
nanocomposites, one explanation for the reduced oxygen vacancies in BFO phase is that
there is oxygen transportation from the SmO to the BFO. Theoretically, the possibility of
oxygen transportation is proportional to the interface area. The vertical interfacial area of
each BFO column is 24t in a nanocomposite system, where a is the average dimension of the
column and ¢ is the film thickness (MacManus-Driscoll et al., 2008). On the other hand, the
lateral interfacial area for a pure BFO film on a Nb-STO substrate (assuming the same
dimension) is simply axa. It is obvious that the interfacial area of BFO phase in the
nanocomposite can be much higher (considering a~15 nm and t~150 nm). Then, the
possibility of oxygen transportation from the SmO to the BFO in the nanocomposite is much
larger than that from substrate to pure BFO film. In other words, the larger vertical
interfacial area in BFO:SmO nanocomposites contribute to the reduction of leakage current
density of the BFO phase, and so the reduced dielectric loss.

To further understand the dielectric and leakage properties, we investigated the leakage
mechanism of nanocomposit BFO:SmO films. Figure 12 shows log(]) vs log(E) characteristics
of as-deposited BFO, annealed BFO, and nanocomposite BFO:SmO films at positive bias.
The slopes are close to 1 and the leakage currents show Ohmic behaviour at relatively lower
electric fields. In the high electric field range (>~75 kV/cm), the log(J)-log(E) plots are linear
and the slopes are close to 2, which agree well with the SCLC mechanism. The SCLC is
considered as a normal leakage behaviour and correlates with oxygen vacancies in BFO
materials (Wang, et al., 2006). In addition, we also studied the J-E characteristics of as-
deposited BFO, annealed BFO, and BFO:SmO films at negative bias. In the low electric field
range (<50 kV/cm), the log(]) vs log(E) plots are linear and the slopes are around 2 (not
shown), indicating the conduction is controlled by SCLC. Figure 13 shows (a) In(J/E?2) vs
(1/E) characteristic of as-deposited BFO film and (b) In(J/E) vs E1/2 characteristics of
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Fig. 12. Log(]) vs log(E) characteristics of as-deposited BFO, annealed BFO, and BFO:SmO
thin films at positive bias.
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Fig. 13. (a) Ln(J/ E?) vs (1/E) characteristic of as-deposited BFO film; (b) In(J/E) vs E1/2
characteristics of BFO:SmO and annealed BFO films at negative bias. The calculated optical
dielectric constants are shown.

BFO:SmO and annealed BFO films at negative bias. For the as-deposited BFO film, the
leakage currents show F-N tunneling behaviour in the electric field above 180 kV/cm. On
the other hand, the In(J/E)-E1/2 plots of BFO:SmO and annealed BFO films show linear
relation in the electric field above 50 kV/cm. The &y,¢ of BEFO:SmO and annealed BFO films,
with values of 6.45 and 5.19 respectively, can be calculated from the slopes of In(J/E) vs E1/2
plots. The optical refractive index (1) can be determined from the optical dielectric constant
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with a relationship of n=/¢,, . For BFO:SmO and annealed BFO films, the n can be

evaluated as 2.54 and 2.28 respectively. The n can also be measured directly from the
spectroscopic ellipsometry (SE) measurement through model based analysis. The measured
n values are 2.42 and 2.58 at the wavelength of 633 nm for BFO:SmO and annealed BFO
films, respectively. The n values calculated from slopes of In(J/E) vs E'/2 plots are in good
agreement with the SE extracted results, strongly suggesting P-F emission behavior in the
electric field range above 50 kV/cm. The P-F emission is commonly considered as
acceptable leakage behaviour and the likely trap centre is Fe2* in BFO films. Therefore, the
leakage mechanisms of BFO:SmO nanocomposite films are the same as those of annealed
BFO films. This is in consistent with the reduced Vps in BFO phase in the nanocomposite
films.

To summarize, self-assembled BFO:SmO nanocomposite films have been deposited with
three-dimentional heteroepitaxy having an ordered nano-columnar structure on a large
scale. The vertical strain is the dominant factor determining the out-of-plane lattice
parameters and strain state of the BFO and SmO phases. The dielectric constant of the
nanocomposite is not a function of strong vertical strain and can be modeled very well by
an equivalent parallel circuit. The nanocomposite shows a lower than expected
dielectric loss, due to the presence of a larger vertical interfacial area in the nanocomposite,
causing a reduction of the oxygen depletion in the BFO phase relative to a pure BFO
film. The present work represents a new way to enhance functionalities of oxide films by
both strain coupling and increase of interfacial area in the vertical nanocomposite
architecture.

5. Conclusions and future research

In conclusion, by detailed material design and fabrication, self-assembled nanocomposite
oxide films with horizontal and vertical architectures have been achieved on YBCO:BZO
and BFO:SmO systems respectively. The microstructures, physical properties, and
relationships between them have been investigated. It has been found that the interfacial
and strain engineering play a critical role to determine the nanostructure and then the
unique functionalities. Future work will focus on the mechanism of self-assembly, the full
conditions of material design, and the way to control the microstructures and
functionalities. The self-assembled nanocomposite films with ordered nanostructure hold
great promise for novel applications on microelectronics, optoelectronics, photonics, and
energy storage (MacManus-Driscoll et al., 2008; Yang et al., 2009). The work in this chapter
also opens up a new avenue to control a self-assembled system to create a desired
nanostructure.
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