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ABSTRACT: Vertically aligned nanocomposites with vertical
interfaces are a novel concept that show powerful advantages
over conventional nanocomposites with lateral interfaces.
However, significant obstacles to a systematic understanding
of vertical interfaces still remain. Here, heteroepitaxial
(BaTiO3)0.5:(Sm2O3)0.5 nanocomposite thin films have been
fabricated and the conduction behaviors have been inves-
tigated. A spontaneous phase ordering with clear vertical
interfaces has been found in the composite films. Because of
the structural discontinuity as well as a large strain generated at
the interfaces, the vertical interfaces are revealed to become
the sinks to attract oxygen vacancies. The accumulated oxygen vacancies contributed to a largely reduced leakage current and a
different leakage mechanism in the composite films compared to that of the pure BaTiO3 film. The present work represents a
methodology to manipulate functionalities by designing configuration of the interfaces in oxide thin films.
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Oxide interfaces have been proven to be able to offer
tremendous opportunities for fundamental as well as

applied research.1 They are of great interest because of rich
interaction between charge, orbital, spin, and lattice at the
interfaces. These behaviors contributed to pronounced
phenomena such as quantum Hall effect and superconductivity,
etc.2 The conventional oxide interfaces are usually introduced
by layer-by-layer growth techniques and are parallel to substrate
surface (so-called lateral interfaces). The physical processes
underlying the lateral interface effects on functionalities of
either the single-phase thin films or the superlattices, have been
thoroughly investigated. For example, Grutter et al. observed
interfacial ferromagnetism in superlattice of the paramagnetic
metal LaNiO3 and the antiferromagnetic insulator CaMnO3.

3 It
was believed that the ferromagnetism was attributed to a double
exchange interaction among Mn ions mediated by the adjacent
itinerant metal at the interface.
Compared to the long history of lateral interfaces, the

interfaces in the vertically aligned nanocomposite films, which
are perpendicular to substrate surface and so-called vertical
interfaces, are rather a new and novel concept emerged in the
past decade or so.4−7 Such structure has powerful advantages
over conventional lateral interfaces, such as easy interface
probing, electrically addressable structure without patterning,
and interfacial area much greater than substrate area etc.8

However, significant obstacles to a systematic understanding of
vertical interfaces still remain. Recently, we investigated the

vertical interface effects in (BiFeO3)0.5:(Sm2O3)0.5 composite
films.9,10 The strain generated at vertical interfaces has been
revealed to be dominant factor determining lattice constants of
BiFeO3 and Sm2O3 phases. Hsieh et al. analyzed local leakage
current located at the vertical interfaces of BiFeO3:CoFe2O4
materials.11 Their results clearly indicated that the enhanced
conduction was observed at the interface region between
CoFe2O4 pillar and BiFeO3 matrix. On the basis of this local
leakage behavior, a natural while critical question has been
raised on how the vertical interfaces contribute to the
conduction behavior of the entire thin film. The answer of
this question is helpful to understand the physical mechanism
underlying the vertical interface effects.
Leakage current has been well-known to be a main issue that

limits the application of oxide thin films in memory devices.12

How to reduce the leakage current is a long-term issue. In the
present work, we investigated vertical interface effects on
leakage behavior in (BaTiO3)0.5:(Sm2O3)0.5 nanocomposite
thin films. Compared to the pure BaTiO3 (BTO) film, a largely
reduced leakage current and a different leakage mechanism
have been found in the composite films, which can be
attributed to the aggregated oxygen vacancies at the vertical
interfaces between BTO and Sm2O3.
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1. EXPERIMENTAL SECTION
Pulsed laser deposition (PLD) was used to fabricate (BTO)0.5:
(Sm2O3)0.5 (BTO:Sm2O3) thin films on (001) SrTiO3 (STO) and
(001) Nb-doped SrTiO3 (Nb-STO) substrates. A single ceramic pellet
with a molar ratio of 0.5BTO-0.5Sm2O3 has been used as the target
and was focused by a pulsed excimer laser (Lambda Physik, 248 nm, 3
Hz, 2 J/cm2). Deposition temperature was 720 °C and oxygen
pressure was 25 Pa. After deposition, the films have been annealed in
situ at temperature of 450 °C and oxygen pressure of 0.8 atm for 1 h.
For comparison, pure BTO and Sm2O3 thin films were fabricated
using the same processing parameters. The crystal structure was
investigated by X-ray diffraction (XRD, Rigaku K/Max) and
transmission electron microscopy (TEM, FEI Tecnai F20 analytical
microscope). The thickness was revealed by cross-sectional TEM. The
surface morphology of the thin films was measured by atomic force
microscope (AFM) with tapping mode at Asylum Research MFP-3D-
SA. For electrical measurements, thin films with a thickness of ∼200
nm were used. Top Pt electrodes with area of 8 × 10−4 cm2 were
fabricated by sputtering. A vertical capacitor structure of Pt/
BTO:Sm2O3/Nb-STO has been used for electrical measurements.
Current-voltage characteristics were measured by a Keithley 6517
analyzer. Bias polarity was defined as positive or negative based on the
positive or negative voltage applied to the Pt electrode. The dielectric
properties were investigated using an Agilent 4294A Impedence
Analyzer. The measurements were performed at selected temperatures
in a Linkam Scientific Instruments HFS600E-PB4 system.

2. RESULTS AND DISCUSSION
Figure 1 shows a typical XRD θ−2θ scan of the BTO: Sm2O3
thin film. It is obvious that the BTO and Sm2O3 phases are

well-defined and have comparable intensities. Both of them
show only (00l) diffraction peaks and hence is preferentially

oriented along the c-axis. The in-plane orientation of the
BTO:Sm2O3 films with respect to the major axis of the STO
substrate is revealed by phi-scans (not shown). The orientation
relationship is determined to be (002)STO//(002)BTO//
(002)Sm2O3 and [020]STO//[020]BTO//[022]Sm2O3, which is in
accordance with the pure BTO and Sm2O3 thin films grown on
the STO substrates.13 It should be pointed out that, because of
the lattice mismatch between BTO and Sm2O3 (the out-of-
plane lattice constants of bulk BTO and Sm2O3 are 4.034 and
10.93 Å, respectively), a large vertical strain of ∼2.3% has been
found in the BTO phase in the composite films which is
comparable to the reported results.14

Figure 2 shows the surface morphology of (a) pure BTO, (b)
BTO: Sm2O3, and (c) pure Sm2O3 thin films. The composite
film clearly contains well-defined BTO (dark contrast) and
Sm2O3 phases (light contrast). The different contrast originated
from different elastic modulus (67 and 125 GPa for BTO and
Sm2O3, respectively). The Sm2O3 phase has been found to
distribute uniformly and exists as nanopillars or nanoparticles
embedded in a BTO matrix, which is similar to that of
BTO:CoFe2O4 composites.15 The root-mean-square (rms)
surface roughness of BTO, BTO:Sm2O3, and Sm2O3 films are
determined to be 1.58, 2.69, and 2.70 nm, respectively.
To reveal the microstructure of BTO:Sm2O3 thin films, we

performed cross-sectional TEM measurements and shown as
Figure 3. As seen from the low-magnification bright-field TEM
image (Figure 3a), the BTO and Sm2O3 are phase-separated,
which is consistent with the XRD and AFM measurements.
And their domains have self-assembled to be alternatively and
vertically aligned, i.e., a spontaneous phase ordering of BTO
and Sm2O3 with vertical nanostructure has formed. Combined
with the AFM images, it is clear that Sm2O3 phase exists as
nanopillars embedded in a BTO matrix. The composite
nanostructure is believed to originate from a nucleation and
growth process, which allows the surface energy of BTO matrix
to be minimzed.14 More than this, the interface strain and the
surface step terrace are believed to contribute to the formation
of vertical nanostructure.16−21 Figure 3b shows the high-
resolution TEM (HRTEM) image, which revealed excellent
heteroepitaxial growth of BTO and Sm2O3 on the STO. The
selected area diffraction (SAD, shown as Figure 3c) image
revealed the same epitaxial relation as that from the XRD
measurements. The epitaxy and spontaneous phase ordering
between BTO and Sm2O3 in the composite thin film makes it a
model system to explore the conceptual vertical interface effects
in oxide thin films. The next key investigation is to explore the
contribution of vertical interface to the conduction behavior of
the entire thin film.

Figure 1. Typical XRD θ−2θ scan of the BTO:Sm2O3 thin film.

Figure 2. Surface morphology of (a) pure BTO, (b) BTO:Sm2O3, and (c) pure Sm2O3 thin films measured by AFM with tapping mode. The scan
size is 2 × 2 μm2.
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Hsieh et al. has reported the enhanced conduction at vertical
interfaces in BiFeO3:CoFe2O4 composite films.11 A natural
assumption is that the existence of the vertical interfaces may
increase the leakage current of the entire thin film. While, the
results shown as below indicate that the truth is exactly on the
contrary. The inset a of Figure 4 shows the comparison of
leakage current density of pure BTO and BTO:Sm2O3 thin
films at room temperature. It is obviously that the leakage

current density of composite thin films has been reduced by 2−
3 orders of magnitude. This is a surprising result and it is
important to understand the physics underlying the reduction.
As indicated by the TEM images, there is a vertical

nanostructure composed of alternative BTO and Sm2O3
columns in the composite films. And because a Pt/
BTO:Sm2O3/Nb-STO vertical capacitor has been used in the
electrical measurements, the total film can be reviewed as three
resistors connected in parallel: the BTO phase, the Sm2O3
phase, and the vertical interfaces. Considering the high
resistivity nature of the Sm2O3, the current is more like to go
through the resistors of the BTO phase and the interfaces.13

Furthermore, dielectric loss of pure BTO, BTO:Sm2O3, and
pure Sm2O3 films have been measured and shown as inset (b)
of Figure 4. A much lower value of BTO:Sm2O3 has been
observed. On the basis of the strong relationship between the
leakage current and the dielectric loss, the influence of the
Sm2O3 phase on the leakage current of the entire BTO:Sm2O3
film can be neglected.22

To further investigate the function of the BTO phase and the
vertical interfaces, the origin of leakage current, leakage
mechanism, need to be analyzed. Different leakage mechanisms
have been used to investigate the leakage current density-
electric field (J−E) characteristics of dielectric oxide films: the
space-charge-limited current (SCLC), the Poole−Frenkel (P−
F) emission, the Schottky emission, and the Fowler-Nordheim
(F−N) tunnelling.23,24 The SCLC and P−F emission are bulk-
limited conduction, where as the Schottky emission and F−N
tunneling are interface-limited conduction. In the present work,
the temperature dependent J−E curves of pure BTO has been

Figure 3. (a) Low-magnification TEM image, (b) high-resolution TEM image, and (c) selected area diffraction image of BTO:Sm2O3 thin films. B
and S represent BTO and Sm2O3, respectively.

Figure 4. Temperature-dependent J−E characteristics of BTO:Sm2O3
thin films from 150 to 300 K. Inset (a) shows the comparison of
leakage current density of pure BTO and BTO:Sm2O3 thin films at
room temperature. Inset (b) shows the dielectric loss of pure BTO,
BTO:Sm2O3, and pure Sm2O3 films.
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measured and the dominant leakage mechanisms have been
revealed to be Schottky emission and F−N tunneling at positive
and negative biases, respectively (not shown). These results are
consistent with previous report.25 Figure 4 shows temperature-
dependent J−E characteristics of BTO:Sm2O3 thin films from
150 to 300 K. For a fixed electric field, the J decreases with
decreasing temperature, which is typical for dielectric oxide thin
films. We point out that we considered all four mechanisms in
the present work, but only the proper mechanism is discussed
in more details below.
Figure 5 shows ln(J) vs ln(E) curves for the BTO:Sm2O3

thin film at a negative bias. The plots show a linear behavior

with a slope at the range of 2−3 in almost the whole measured
electric field, in agreement with the trap-controlled SCLC
mechanism. When the current was mainly affected by the
space-chargers, the leakage mechanism is named as SCLC and
can be described by Child’s law23,26

ε ε μ∝
α

J
E
Lr 0 (1)

where εr is the relative dielectric constant, ε0 is the permittivity
of free space, μ is the charge carrier mobility, L is the film
thickness, and α is a trap-dependent exponential factor. For the
SCLC with no traps, α equals to 2. While for trap-controlled
SCLC, α drivatives from 2.27 It is well-known that μ is
determined mainly by impurity scattering at low-temperature
range and can be described as μ ∝ T3/2, which contributed to
the decreased J with decreasing temperature.28 It should be
pointed out that a ln(J) vs ln(E) analysis at positive bias at
these temperatures yields the similar results (not shown).
As we discussed earlier, the SCLC is a typical bulk-limited

conduction. In other words, the conduction behavior in the
BTO:Sm2O3 thin films is only correlated with the film itself
other than the top and bottom electrodes. These are obviously
different from the interface-limited conduction behavior,
Schottky emission and F−N tunneling, in the pure BTO
films. The different leakage mechanism indicates that the
vertical interfaces other than the BTO phase is the one who
dominate the leakage behavior in composite films. Now we turn
to understanding the reduced leakage current in the
BTO:Sm2O3 thin films.
Oxygen vacancies (VOs) are intrinsic defects in oxide thin

films and play an essential role in determining leakage current
in dielectric materials, such as BTO and BiFeO3.

22,25,29,30 VOs

have been approved to accumulate at the interfaces because of
the structural discontinuity as well as the strain.31−37

Considering the large lattice mismatch and a high strain
generated at the interfaces in the present work, the vertical
interfaces are believed to become the sinks to attract the
VOs.

11,38 The accumulation of VOs reduced the leakage current
of BTO phase in the composite film compared to that of the
pure BTO, which contribute to the reduction of leakage current
and dielectric loss of the entire BTO:Sm2O3 film. More than
this, the accumulated VOs can be reviewed as ions with positive
space charges.39,40 As we discussed earlier, the leakage current
went through the vertical interfaces other than the BTO and
Sm2O3 phases in the composite film. During the conduction
process, the VOs acted as potential wells and trapped the
carriers (electrons) through the interfaces. On the other hand,
the carrier mobility at the vertical interfaces is lowered due to
the high density of disorders. Therefore, a largely reduced
leakage current and a trap-controlled SCLC mechanism are the
result.41

3. CONCLUSIONS
In conclusion, a spontaneous phase ordering with clear vertical
interfaces has been found in the BTO:Sm2O3 composite thin
films which were used as a model system to understand the
vertical interface effects of oxide thin films. A largely reduced
leakage current as well as a different leakage mechanism has
been found in the composite films compared to that of the pure
BTO film. The structural discontinuity and a high strain
contributed to the accumulation of VOs at the interfaces, which
originated to the different conduction behavior in the
BTO:Sm2O3 thin films. Our work represented a technique to
reduce the leakage current in BTO thin films and hold great
promise for other dielectric oxide materials. More interestingly,
it suggested that the vertical interfaces can be reviewed as not
only the medium to generating strain but also a conduction
pathway in the nanocomposite films.
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