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Parallel and vertical interfaces in vertically and parallelly aligned nanocomposite thin films have been shown
to be an effective method to manipulate functionalities. However, tuning the physical properties by
modulating the microstructure of the self-assembled nanocomposite films and understanding the
physical properties underlying the manipulation is still a challenge. In this work, BaTiOz:NiO (BTO:NiO)
nanocomposite films with nanomultilayer, nanocolumnar and nanogranular structures have been
prepared on Nb:SrTiOz (Nb:STO) substrates by a pulsed laser deposition (PLD) method. These films have
been used as a model system to investigate the relationship between the microstructure and the
ferroelectric properties. The polarization, dielectricity and leakage can be separately modulated by tuning
the microstructures. The experimental results show that the remanent polarization of the
nanocomposite films is much higher than that of the pure BTO films. By precisely modulating the
microstructure, a significantly enhanced polarization (>70% higher than pure BTO for the nanomultilayer

structure) and dielectricity (>60% and >240% higher than pure BTO for the nanomultilayer and
Received Lth June 2017 1 truct tively) lized in these films. Th lts d trate that tunabl
Accepted 28th July 2017 nanocolumnar structure, respectively) are realized in these films. These results demonstrate that tunable
ferroelectric properties can be realized by controlling the microstructures in the epitaxial BTO:NiO

DOI: 10.1039/c7ra06627a nanocomposite thin films, which will be expected to be applied in the devices such as supercapacitors,
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Introduction

Artificially layered and self-assembled nanocomposites, in
which two phases grow epitaxially with each other, provide
many opportunities to develop systems with novel and
enhanced functionalities.”” These materials have shown
tremendous potential in technological applications in recent
years because of their potential application in next-generation
technological devices, for instance, non-volatile random
access memories (RAM),* tunnel junctions,* and photocatalysis
as well as energy conversion.>® The properties of these nano-
structures depend significantly on nanostructure morphology
as well as orientation.”” Especially, functional properties of
these nanocomposite films, such as low-field magnetoresis-
tance (LFMR),'*" magnetoelectric properties,’>** electronic-
transport properties,'*** ferroelectric (FE) properties'®'” and
dielectric properties®® tremendously depend on the size, shape,
and arrangement of each constituted phase in these composite
films. Therefore, manipulation of the micro-structures of
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solar cells and non-volatile memory applications.

nanocomposite films can be expected to give rise to rich tunable
functionalities.

As far as FE nanocomposites are concerned, due to the
possibilities for applications that include supercapacitors as
well as the increased storage densities for the FE random
storage,'®?° the perovskite FE oxides (e.g., Pb(ZrTi)O3, BaTiOs3,
and BiFeOj;) have to date been the most popular materials to
synthesis of nanocomposite films with highly controllable
microstructure. Recently, remarkable improvement in oxide
thin-film techniques have allowed for the growth and charac-
terization of FE heterostructures with (near) atomic precision,
opening an avenue for the fabrication of the nanocomposite
films with different microstructures. The highly ordered nano-
composite FE films show enhanced polarization and dielectric
properties, leading to the rapidly development of the research
in the field of FE-RAM devices.

Up to now, due to the deepening cognition of the intrinsic
and extrinsic polarization, dielectric and FE nanodomain,
growing attention has been paid to BaTiO; (BTO) FE nano-
composite films. In these nanocomposite films, microstruc-
tures with nanogranular, nanomultilayer and nanocolumnar
characteristics according to the distribution and arrangement
of the second phase have been well studied. For example, firstly,
artificial BTO nanocomposites films with the nanomultilayer
configuration have drawn considerable attention due to
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a remarkable enhancement in polarization and resistivity.
Unusual ferroelectricity in this structure is expected to be used
in the preparation of high-performance microelectronic
devices.”** In 1994, Tabata et al. have firstly synthetized BTO/
SrTiO; (BTO/STO) nanocomposites films with nanomultilayer
structure by Pusled Laser Deposition (PLD), in which BTO and
STO formed layered structure and epitaxially grown with each
other.>® Lee et al fabricated a series of CaTiO;/BTO/STO
superlattices, and found an enhancement in the FE properties
with respect to pure BTO films.* In charge- or orbital-mediated
artificial layered structure of the BTO/Pb(Zr, 5,Tio.45)0s (BTO/
PZT) and BTO/LaNiO;, the interfacial charge carrier density
modulated by polarization charge determined the functional
properties. For the nanomultilayer structure, the polarization
properties could be improved as compared with the pure films,
due to the preserving full strain and combining hetero-
interfacial couplings.”*?® In addition, oxygen vacancy accumu-
lation as well as the charge transfer at the interface for the
nanomultilayer structure also plays an important role in
inducing the local polarization enhancement.”” Secondly, BTO
based naonocomposite thin films with nanogranular configu-
ration also produced a tremendous flurry of research interest
because of their unique physical and chemical properties. Ge
et al. have shown that the Co and Ni nanocrystals in the face-
center cubic structure dispersed well in the single BTO
matrix.”®** Their results provide an effective way to engineer
BTO/Ni or BTO/Co nanocomposite films with desired qualities.
Metal-BTO nanocomposite films, such as BTO/Ag, BTO/Co and
PbTiO3/Pb (PTO/Pb) composite films, have showed enhanced
optical and electrical properties.***> For the nanogranular
structure, the embedded nanoparticles lead to the coarsening
and coalescence of crystal grains of the FE films and improve
the polarization properties for the nanogranular structure.”**°
The permittivity and tunability in this structure also been tuned
by conductive nanoparticles as the field-induced permittivity
was estimated for different volume fraction of conductive
particles.*®*® Thirdly, BTO based naonocomposite thin films
with nanocolumnar structure have also been studied extensively
as the enhanced dielectric properties. Vertical interfaces in
vertically aligned nanocomposite thin films have been approved
to be an effective method to manipulate functionalities. Zheng
et al. have studied the BTO:CoFe,0, (BTO:CFO) nanocomposite
films with the nanocolumnar structure to explore the ferroe-
lectromagnets. Thermodynamic analyses show that the
magnetoelectric coupling in such a nanostructure can be
understood on the basis of the strong elastic interactions
between the two phases.** Lee et al. have created a nanoscaffold
Bay ¢S10.4Ti03:Sm,0; (BSTO:SmO) composite films with nano-
columnar structure which have a very high tunability which
scales inversely with loss.** In addition, (BTO); _,:(SmO), thin
films with nanocolumnar configuration show a dielectric
relaxation behavior due to the sinks to attract oxygen vacancies
at the vertical interfaces.'® For the nanocolumnar structure, the
large vertical strain and strong elastic interactions could lead to
the enhancement for the polarization and permittivity.****
However, on the one hand, the reported enhancement of
dielectric for BTO based naocompsoites films with
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nanomultilayer structure is still too slight compared with the
pure films. For the nanogranular structure, most of these
studies have just focused on the dielectric or optical properties
of these nanocomposite thin films, very little has been done to
understand the polarization properties as they are too con-
ducting for application of macroscopic electric fields. What's
more, very weak polarization properties have been measured for
the nanocolumnar structure which hinder the application for
polarization-controllable functional devices. On the other hand,
the microstructure plays the key role in determining the elec-
trical properties for the BTO based nanocomposite films.
Experimental studies on controlling the microstructure of the
composite films are usually carried out by changing the volume
fraction of the second phase. However, interestingly, extreme
enhancement of the functionalities always appears in the
vicinity of one critical content of the second phase which
correlates with the transformation of the microstructures.”'***
Therefore, the tuning of the microstructures of the nano-
composite films at a critical content of the second phase could
help us to tailor their desirable functionalities.

In this study, the NiO, which is economical, eco-friendly,
stability, lattice-matching with BTO and owns unique proper-
ties at nanometer sizes, has been used to prepare BTO nano-
composite thin films by PLD method. Of the transition-metal
monoxides, NiO has received by far the greatest amount of
attention, prompted by a remarkable range of motivations.*”
The values of the dielectric constant of NiO have a weak
temperature dependence which is important for the stability of
the device.®® It is noted that NiO has been one of the most
promising candidates because it has a high melting point and
exhibits the highest increase in the dielectric constant
compared to other metal monoxides for the BTO FE mate-
rials.**** What's more, as compared to their corresponding
counterparts epitaxially grown on the substrates, the type of the
perovskite titanate and structure is one of the most important
issues to modulated the FE properties.*' In the bulk composites,
the addition of NiO was more effective in broadening dielectric
constant peaks and values.*>** For the BTO:NiO composties, the
switching polarities for the two semiconductors are opposite to
each other and the interdiffusion between the BTO grains and
NiO can affect the rather complex dielectric dispersion and
conductivity spectra.**** Hence, the enhanced polarization and
dielectric constant may be realized by controlling the geometry
structures of NiO with BTO in the BTO:NiO nanocomposite thin
films. The experimental results show that the remanent polar-
ization, leakage and dielectric constant, can be well modulated
by tuning the NiO fraction and the microstructure.

Experimental
Synthesis of the films

BTO:NiO nanocomposite thin films with a thickness of 120-
180 nm were grown on Nb-doped SrTiO; single-crystal
(Nb:SrTiO; with 0.7 wt% of Nb, abbreviated as Nb:STO) (001)
substrates by PLD using a XeCl (A = 308 nm) excimer laser. The
laser flux is approximately 1.2 ] cm™> with a repetition rate of
2 Hz. BTO and NiO thin films were deposited on Nb:STO

This journal is © The Royal Society of Chemistry 2017
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substrates at 0.2 mbar pressure of pure O, at a substrate
temperature of 630 °C. The distance between the target and the
substrate was 35 mm. Prior to deposition, the substrates were
ultrasonically cleaned with acetone followed by ethanol. The
chamber was evacuated using a turbo-pump down to about
2 do10~° Pa to remove any extraneous particles. The samples
were finally annealed at a pressure of 0.5 bar of pure O, to
remove oxygen vacancies (deposition parameters and their
levels see Table S17). For fabricating the composite films with
different geometry microstructures with the same NiO ratios,
the composite (BTO)y0:(NiO)o, and (BTO):(NiO),, targets
and two single BTO and NiO targets have been used. The
(BTO)y.0:(NiO)y 1 and (BTO), g:(NiO), , ceramic target were made
by BTO, and NiO powders (99.99%) in proper ratios and
following multiple steps of standard solid state reaction
processes. The single BTO and NiO targets are directly synthe-
tized by BTO and NiO powder (99.99%), respectively (targets
parameters and their synthetized materials see Table S2t). In
this paper, to produce the BTO:NiO nanocomposite films with
the nanomultilayer and nanocolumnar structures, two sepa-
rated targets of BTO and NiO were alternately used to deposit
BTO and NiO on the Nb:STO substrate, as shown in Fig. 1(a) and
(b). The preparation process can be expressed as a formula of
[(BTO)t1/(NiO)¢t,]n, where, ¢; and ¢, are the deposition times
for BTO and NiO, respectively, and 7 is their repeat number.
These three important parameters, ¢, t,, and n, were used to
control the composition, thickness, and microstructure of the
BTO:NiO nanocomposite films. First, we tune the microstruc-
ture for the NiO volume fractions of 10%, 20%, and 30%, where
the deposition times were taken as ¢; = 8-30 and ¢, = 100 s,
respectively, and the growth shows Frank-van der Merwe, or
layer-by-layer growth behavior.?® When the seed layers of the
BTO and NiO phases expand in two dimensions, a planar layer
of the BTO and NiO phases will form, as shown in Fig. 1(a). The
samples will hereafter be denoted as M-1, M-2 and M-3 with the
NiO ratio about 10, 20% and 30% for the nanomultilayer
configuration, respectively. The parameters for each sample are
summarized in Table 1. To obtain a nanocolumnar micro-
structure, the deposition times for BTO and NiO are t; = 1-3 s
and ¢, = 10 s. The targets have to be rotated sufficiently fast to
ensure that BTO or NiO seed nuclei were not attached with each
other to initiate an island-type growth mode (Volmer-Weber
model) at an early stage, as shown in Fig. 1(b). The samples will
hereafter be denoted as C-1, and C-2 with the NiO ratio about
10% and 20% for the nanocolumnar configuration, respectively.
In our previous study,” under this island-type growth mode, the
deposited particles of BTO and NiO more strongly bond to their
own phase and coherently build up the columnar configuration,
as shown in Fig. 1(b). This is energetically favorable for the
growth because the lattice mismatch and strain are decreased,
giving rise to the formation of a nanocolumnar microstructure.”
For nanocomposite films with a nanogranular structure (the
samples will be denoted as G-1 and G-2) have been deposited by
using a single composite (BTO), o:(NiO)o; and (BTO) g:(NiO)g.»
target, as shown in Fig. 1(c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustrations of the growth modes for the BTO:NiO
nanocomposite films with equal volume fractions of BTO and NiO but
with different microstructures: (a) nanocolumnar nanomultilayer
configuration, (b) configuration and (c) nanogranular configuration.
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Table 1 Deposition parameters and their levels

Label Samples Target t(s) ta(s) n d (nm)
M-1  (BTO),¢:(NiO),; BTOand NiO 8 100 35 160
M-2  (BTO),g(NiO),, BTOand NiO 13 100 30 145
M-3  (BTO),,:(NiO),; BTOandNiO 30 100 28 140
C-1  (BTO)y4:(NiO)o; BTO and NiO 1.5 10 200 130
C2  (BTO),s:(NiO)y, BTOand Ni0O 3 10 200 125
G-1  (BTO)os:(NiO)y; (BTO)yo:(NiO)py — — — 130
G2 (BTO)s(NiO), (BTOJosi(NiOJpy — — — 140
Apparatus

The crystal structure and orientation of the BTO:NiO films were
analyzed by 6-26 scans of X-ray diffraction (XRD, Rigaku
RINT2000, Cu K, radiation). Transmission electron microscopy
(TEM) specimens for both cross-sectional and plan view obser-
vations were prepared by conventional method, ie., by the
standard procedure of cutting, gluing, slicing, grinding and
finally ion milling with Ar" ions until they were electron trans-
parent. A Gatan precision ion polishing system (PIPS 695; Gatan)
with a liquid-nitrogen-cooled stage was used to prevent the
cross-sectional specimens from preferential thinning effects.
Plan view specimens were milled only from the substrate side.
The microstructures of the films were characterized by TEM
(Tecnai G2 F20, accelerating voltage 200 kV). A Tecnai G2 F30
transmission electron microscope, equipped with a high-angle-
annular-dark-field (HAADF) detector and a post-column Gatan
(Titan Cubed 60-300 kV microscope (FEI) fitted with a high-
brightness field emission gun (X-FEG) and double Cs correc-
tors from CEOS, and a monochromator operating at 300 kV), was
used for Z-contrast imaging analysis. The FE properties of the
films were measured by using a standard FE testing system
(TF2000E; Aixacct). The dielectric constant and loss were
measured in a frequency range of 1-100 kHz using an imped-
ance analyzer LCR Hitester (HIOKI 3532-50). The chemical
valence of the ions in the BTO:NiO films were determined by X-
ray photoelectron spectroscopy (XPS, Therma ESCALAB 250; Al
Ko source, 1486.60 eV, resolution: 400 meV, energy step: 0.1 eV).

Results and discussion

Fig. 2(a) shows XRD patterns of the (BTO);_,:(NiO), nano-
multilayer films with different NiO ratios (x = 0.1, 0.2 and 0.3,
abbreviated as M-1, M-2 and M-3, respectively). In all the samples,
diffraction peaks of the BTO and NiO phases around the
diffraction peaks of (002) planes for the Nb:STO substrate are
observed, indicating that the BTO and NiO layers grown epitaxi-
ally on the Nb:STO (001) substrate. The epitaxial nature of the
films is also confirmed by the TEM results presented later.
Fig. 2(b) illustrates that, with increasing NiO content, the (002)
reflection of BTO and the (200) reflection of NiO shift to higher
angles. Based on these diffraction peaks, we can calculate the out-
of-plane lattice parameters of the BTO and NiO layers in the
nanomultilayer. The corresponding decrease of the lattice
parameters of the BTO and NiO phases with increasing NiO
fraction is depicted in Fig. 2(d). The BTO, epitaxially grown on the
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Fig. 2 (a and b) XRD patterns of the BTO:NiO nanomultilayer with
different NiO contents (left) and an enlarged XRD scan around the
(002) diffractions of the samples. (c) Lattice parameters of the BTO and
NiO as a function of the NiO fraction and microstructure. (d) The
corresponding decrease of the lattice parameters of the BTO and NiO
phases with increasing NiO fraction.

Nb:STO substrate, will experience in-plane compressive stress
due to the lattice mismatch between BTO (a = 4.015 A) and
Nb:STO (a = 3.91 A). Because of the presence of NiO (a = 4.172 A),
the BTO will experience tensile stress arising from the clamping
constraints of the NiO. Conversely, the NiO will experience in-
plane compressive stress arising from the clamping constraints
of the BTO. Therefore, the lattice parameters of BTO decrease
with increasing NiO content. Fig. 2(c) shows XRD patterns of the
(BTO);_,:(NiO), nanocolumnar films and nanogranular films
with different NiO concentration (y = 0.1, 0.2, abbreviated as C-1
and C-2 for the nanocolumnar films, respectively). G-2 is the
nanogranular films with the NiO ratio about 20%. For the
nanocolumnar films, as shown in Fig. 2(c), the (002) reflection of
BTO and the (200) reflection of NiO shift to lower angles with
increasing NiO content. The corresponding increase of the lattice
parameters of the BTO phases with increasing NiO fraction is
depicted in Fig. 2(d). Compared with the bulk value of BTO (a =
4.015 A) and cubic NiO (a = 4.172 A), the BTO and NiO is almost
relaxed for the nanogranular composite films. It is noted that
because of the presence of the vertical interfaces in the nano-
columnar films, the BTO will experience tensile stress arising
from the clamping constraints of the surrounding NiO along the
out-of-plane direction. Conversely, the NiO will experience out-of-
plane compressive stress arising from the clamping constraints
of the surrounding BTO. Therefore, the lattice parameters of BTO
increase compared with the pure films.

TEM study has been conducted to characterize the micro-
structures and the epitaxial nature of the composite films. The
films prepared with the growth mode of Fig. 1(a) have formed

This journal is © The Royal Society of Chemistry 2017
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nanomultilayer structures. Fig. 3(a) shows low-magnification
TEM images for the M-2. The total thickness is about 145 nm,
and the individual thickness for BTO and NiO layers is about
0.8 nm and 2 nm, respectively. It is clearly exhibited that the
interface between the film and substrate in the samples is flat
and sharp. NiO and BTO are two-phase separation forming
a nanomultilayer structures along the out-of-plane direction.
The HAADF micrograph in Fig. 3(b) reveals that the nano-
multilayer exhibits perfect epitaxy. The sharp Z contrast across
the interface indicates minimal interdiffusion at the interface,
absence of any extended structural defects such as misfit
dislocations or antiphase boundaries. Fig. 4 shows a vertical-
view TEM images of the as-grown BTO:NiO films of the C-1
samples. The dotted line is the interfaces between the
composite films and the Nb:STO substrates. At the composition
of 0.1 for the NiO, a vertical columns at both the bottom and the
top have been found. Fig. 4(b) and (c) show the high-resolution
image of the NiO nanopillar (2-5 nm) within the BTO matrix.
The spacing between them is about 5-10 nm. The typical
HAADF micrographs of BTO-NiO columns have been conduct-
ed at the bottom and inner part of the C-1 sample, respectively.
Fig. 4(b) and (c) demonstrate that the NiO nanopillar has very
high epitaxial quality of these two phases and atomically sharp
heterointerface between them. Also, STEM-EDX analysis (red
dashed line in Fig. 4(b)) result confirms the alternating phase
arrangement for the NiO in the BTO matrix (Fig. 4(d)). It can be
observed that the NiO and BTO are separating into two phases

Fig.3 (a) A cross-sectional TEM image of the nanomultilayer film M-2.
(b) The high-angle annular dark-field (HAADF) micrograph of the film
for the M-2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) A cross-sectional TEM image of the nanocolumnar film C-1.
(b) and (c) HRTEM displaying the nanopillar NiO at the bottom and
inner part of the films. The dotted line is the interfaces between the
composite films and the Nb:STO substrates. (d) STEM-EDX line scans
the region of red dashed line in (b).

and forming a columnar structure along the out-of-plane
direction (indicated by the white dashed lines). This is
because the radius of a Ni*" ion (0.69 A) is larger than that of
Ti*" ion (0.60 A), and the larger Ni*" ion enters into the lattice of
BTO with difficulty and probably is being pushed out toward the
phase boundary to release the local strain.*” It is noted that the
self-assembled nanocolumnar structures formed for the C-1
samples, from their low magnification TEM image and the
high-resolution TEM (HRTEM) image. However, for the C-2, as
shown in Fig. S1,T some planar structure is found at the base of
the film. In addition, the diameter of the nanocolumnar
increased (~5-10 nm) and the nanocolumnar become not so
ordered compared with that in the C-1 samples (Fig. S1(b) and
(d)t). To better understand the microstructures of such nano-
columnar structures, a plan-view TEM image of the C-2 sample
also has been conducted. The corresponding low magnification
TEM image shows clear rows of NiO pillars. It is obvious that
self-assembled NiO nanocolumnar (in dark contrast) with an
average diameter of 5-10 nm are uniformly distributed in the
BTO matrix (in bright contrast), as shown in Fig. 5(a) and (b). In
the fast Fourier transformation (FFT) patterns transformed
from the HRTEM image (Fig. 5(b)), the second order reflection
of the (100) and (001) planes can be clearly observed. Double-
diffraction spots are visible around each of these primary
reflections. The double diffraction is a common feature for two-
phase materials exhibiting epitaxial or topotaxial properties.*®
The films prepared with the growth mode of Fig. 1(c) have
formed nanogranular structures. For G-1, the NiO nanoparticle
are very fine (~2 nm in diameter and the spacing between them
is about 5 nm) (Fig. S21). As the ratio of NiO increases, the
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Fig. 5 (a) Plan-view TEM image of C-2 films with 20% NiO phase. It
shows the NiO nanocolumnar in BTO matrix. (b) HRTEM image
showing the vertical NiO nanocolumnar structure in BTO phase.

density of NiO nanoparticle increases and the diameter is about
5-10 nm (Fig. S31). The results obtained in this study are in line
with those of the nanogranular microstructures in (Nd;/;,Li1/4)
TiO; reported by Guiton et al* and in the decomposing
deposited films of the ZnMnGaO, reported by Ni et al.*® The
XRD results and the corresponding HRTEM confirms the
orientation relationships between BTO and NiO with the
underlying STO substrate, i.e., (001)pro//(002)nio//(001)sto (out-
of-plane) and (100)gro//(200)nio//(100)sto (in-plane). Based on
the TEM results, typical depictions for the nanomultilayer,
nanocolumnar, and nanogranular structure have been
successfully prepared by tuning the growth mode, as shown in
Fig. 1. The green part represents the BTO phase, while the pink
part represents the NiO phase.

To further understand how the microstructures influence
the functionalities of the composite films, the electric proper-
ties were investigated. Fig. 6(a) shows the FE polarization—
electric field (P-E) hysteresis loops of the BTO:NiO nano-
multilayer films with different NiO ratios. The switching
frequency is 1 kHz and the maximum applied voltage is 20 V.
From the well-defined P-E loops, we can rule out the extrinsic
FE polarization. An interesting phenomenon is that the P-E
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loops show a symmetric polarization switching behavior with
a weaker imprint effect (the horizontal shift of the FE hysteresis
loops). The imprint effect means the presence of the built-in-
electric field in FE films. It is noted that in the BTO:NiO nano-
composite films, there are almost not a built-in electric field for
the different microstructures, which is quite different from the
previous reports that showed a large imprint in the FE super-
lattices.”** Fig. 6(a) shows that the polarization properties of
multilayer are sensitive to the thickness of the NiO. Compared
to the pure BTO thin films, the remanent polarization (P,) of the
M-1 samples reaches above 24 pC cm > which increased by
almost 71% by the addition of the NiO ultra-thin layers.
However, the loops of M-2 become very slim and tilted
compared with the M-1 samples. There is no loop for the thicker
NiO layer of the M-3 films. For the nanocolumnar structure, as
shown in Fig. 6(b), it can be seen that the P, and Ps remarkably
increase with increasing the NiO ratio. The P, value for the C-1
was 26 uC cm > These values were found to be greatly
enhanced in comparison with the value of 14 pC ecm™> for
a single layer BTO films (Fig. 6(c)). In this study, the increase in
the P, for the nanocolumnar samples probably is attributed to
the increase of the out-of-plane parameters. It is noted that the
enhanced tetragonality for the BTO films gives rise to the higher
polarization.®® The nanocolumnar films have a large average
out-of-plane lattice parameter due to the strain effect, which
allows more room for Ti displacements. However, compared
with the loop of BTO pure thin film, the shape of the hysteresis
loop of the C-2 samples is asymmetric polarization switching
behavior with a larger imprint effects, indicating a large leakage
for the C-2 samples.

The nanomultilayer and nanocolumnar films can be
explained within the framework of a resistance-capacitance
(RC) model,'** arising as a result of the well-ordered 3D
geometric shapes and arrangements of the BTO and NiO phases
in the composite films, as shown in Fig. 7. The green part
represents the BTO phase, while the pink part represents the
NiO phase. The enhancement in the remanent polarization for
the M-1 samples is quite considerable. In generally, for the
nanomultilayer films, the effect of electrostatic interaction plays
the key role in determining the values of the P,. The electrostatic
interaction is related to the properties and the thickness of non-
ferroelectric layer. NiO, having a very low electrical conductivity
of less than 10~ (Q cm) ™' at room temperature, is a Mott-
Hubbard insulator dielectric.”>*® The theoretical predicted
electric-field-breakdown of a Mott insulator dielectric is much
larger than that of a band insulator dielectric.*”** For the M-1
with ultra-thin NiO layers, the insulating BTO matrix ferro-
electric domains will switch as the electrical field can traverse
the NiO layer due to the sufficiently thin insulator layer, as
shown in Fig. 7(a). For the M-2 samples with thicker NiO layer,
the energy cost of the polarizing NiO increase (or even not
polarized due to the pure resistance properties of NiO) and the
electric field displacement in the out-of-plane direction cannot
be constant throughout the BTO:NiO nanocomposites, as
shown in Fig. 7(b). However, compared with the loop of BTO
pure thin film, the shape of the hysteresis loop of the C-2
samples is asymmetric polarization switching behavior with

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Schematic diagram to show the large space charges concen-
tration accumulated to the interface for the BTO:NiO and the move-
ment of charges in an electric field. (a) Is the nanomultilayer with ultra-
thin NiO layers and (b) is the nanomultilayer with thicker NiO layers. (c)
and (d) is the nanocolumnar and nanogranular structures, respectively.
The green part represents the BTO phase, while the pink part repre-
sents the NiO phase. The red and yellow circles represent the space
charges. The arrows represent the ferroelectric domains.

a larger imprint effects, indicating a large leakage for the C-2
samples. The electronically conductive channels in the BTO:-
NiO nanocomposite films are the vertical interfaces of BTO and

This journal is © The Royal Society of Chemistry 2017

tructure measured at room temperatures at a frequency of 1 kHz. (d)
ms with the nanogranular structure.

NiO, as the bulk BTO and NiO parts are more electronically
insulating compared with their vertical interfaces.”> For the
nanogranular structures, as shown in Fig. 6(d), the P, value for
the G-1 sample was 18 pC cm >. This value was slightly
increased compared with the pure BTO films. However, G-2
samples do not show a well-defined saturated hysteresis loop,
indicating a large leakage for these samples. The polarization
decreased as the formation of polydomains due to the large
particles of NiO.

Fig. 8 shows that the leakage current () as a function of
voltage (V) of the BTO:NiO nanocomposite films and pure BTO
films at room temperature. In the present study, all the leakage
current measurements have been performed with a delay time
of 80 ms to avoid polarization current.*® It can be seen that the
leakage current density of the nanomultilayer is the smallest
among them, as shown in Fig. 8(a). The values of the leakage are
of two orders of magnitude smaller than that of the pure BTO
films. For the nanomultilayer structure, the J decreases with
increasing the thickness of NiO layer. Fig. 8(b) shows that the
values of the leakage nanocolumnar structure are comparable
with the pure BTO film for the C-1. However, the leakage current
density of 107" A em™? at £100 kV cm ™" at room temperature
has been observed in C-2 samples. Fig. 8(d) shows that the
magnitude of leakage current density of the nanogranular thin
film G-2 is approximately four orders larger than the pure films.

After I-V data acquisition, several conductive mechanisms
have been proposed for the leakage current evolutions, such as
Schottky emission (SE), Poole-Frenkel emission (PF), Fowler—
Nordheim tunneling (FN), and space charge limited current
(SCLC).**** It has been well accepted that the conduction
mechanisms in BTO:NiO nanocomposite films include two
kinds: bulk limited (SCLC or PF) and interface limited (SE and
FN). On the one hand, the J-E curves of the nanomultilayer films

RSC Adv., 2017, 7, 38231-38242 | 38237
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cannot be fitted well by the interface limited mechanism,
indicating the bulk limited conduction mechanisms in these
structures. Inset of Fig. 8(a) shows In J-In E curves at the posi-
tive bias for the nanomultilayer. At low electric fields, the slops
of curves are close to 1, meaning that the leakage current in the
nanomultilayer is accorded with Ohm's law. At high electric
fields, it can be fitted quite well by the SCLC mechanism and
described by Child's law:*

uege E*
Joo ——— 1
o K0 (1)

where u is the charge carrier mobility, ¢, is the permittivity of
free space, ¢, is the relative dielectric constant, d is the film
thickness, and « is a trap-dependent exponential factor. At high
electric fields, the « for the M-1 are about 2.8, which is close to 2,
indicating that the leakage current is accorded with the space
charge limited conduction.” With increasing the thickness of
NiO, the large slope values (¢ = 3.7 for M-2, and « = 5.7 for
M-3) indicate that another conduction mechanism (PF) exists.*
The magnitude of the leakage current in the nanomultilayer is
mainly determined by the charge carrier mobility, which will be
largely reduced due to the insulating behavior of ultrathin Mott-
insulator of NiO layers. The strong electron—electron repulsion
will prevent charge tunneling through NiO and hence reduce
the charge leakage along the out-of-plane direction.*>*® There-
fore, it can be concluded that the insertion of NiO is also an
effective way to reduce the leakage dramatically in the BTO
based nanomultilayer, as shown in Fig. 8(a) and (b).

38238 | RSC Adv., 2017, 7, 38231-38242

On the other hand, the J-E curves of the nanocolumnar films
of C-1 and the nanogranular films can be fitted well by the
modified Langmuir-Child law:%

J < aE + bE? (2)

here the coefficients a and b indicate the ohmic and space
charge limited, respectively. It can be found that a decreases
much faster than b for the nanocolumnar films of C-1
compared with the nanogranular films of G-1 and G-2. This
indicates that the bulk-generated carriers are gradually
exceeded by the injected electrons for the nanogranular films.
However, for the nanocolumnar films of C-2, at low electric
fields and the high electric fields, it can be fitted quite well by
the SCLC mechanism and described by Child's law with the
a for the C-2 are about 1.4-1.5. Due to the nanoculomnar
structure, as shown in Fig. 7(c), the electronically conductive
channels in the BTO:NiO nanocomposite films are parallel to
the electric field, as the bulk BTO and NiO parts are more
electronically insulating, and the SCLC is mainly confined by
the vertical interface.

The dielectric properties are also strongly influenced by the
presence of doping, grain boundaries, grain size, microstruc-
ture, and the concentration of charge carriers.” Therefore,
study of the dielectric properties with different microstructures
may help to better understand the intrinsic and extrinsic elec-
trical properties of BTO:NiO nanocomposite. To investigate the
effect of microstructure on the electrical properties of BTO:NiO

This journal is © The Royal Society of Chemistry 2017
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nanocomposite films, we studied the dielectric properties of
BTO:NiO nanocomposite films with the NiO ratio of 10% and
20% for the nanomultilayer (M-1 and M-2), nanocolumnar (C-1
and C-2) and nanogranular (G-1 and G-2) structure. The
frequency dependence of dielectric constant has been
measured at room temperature. Fig. 9 shows the representative
frequency dependence of the real part, ¢, of relative dielectric
constant of BTO:NiO. From Fig. 9, it can be seen that the
BTO:NiO nanocomposite films with different microstructures
have high dielectric constants compared with other BTO based
nanocomposite films, such as BTO:Sm,0;, BTO:polymer and
BTO:STO composite films.**3>7°7¢

For the BTO:NiO nanomultilayer, the dielectric constant is
about 646 and 873 for the M-1 and M-2 samples, respectively,
much larger than the pure films. The previous work has
shown that the ey is about 200-400 for the BTO films with
thickness of 100-200 nm.”” Compared with the pure BTO and
NiO films, the BTO:NiO nanomultilayers show a weak
frequency dependence of the effective dielectric constant (ey)
in the range from 10 kHz to 100 kHz. The lower dielectric loss
in the BTO:NiO nanomultilayers at low frequency is consistent
with their lower leakage current compared with the nano-
columnar and nanogranular structure, which is due to the
lower concentration of the mobile charged defects restricted
by the BTO:NiO interfaces. To further describe the abnormal
increase of the &y for the nanomultilayers, the films can be
explained within the framework of a series connection of the
BTO and NiO layers,*® arising as a result of the well-ordered 3D
geometric shapes and arrangements of the BTO and NiO
phases in the composite films, as shown in Fig. 7(a). The &y
can be expressed as:"®

gTO + INiO
M= T—/—— 3
M tsro = INio (3)
EBTO  €NiO
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where, tgro and egro are the thickness and relative dielectric
constant of the BTO layer, and #yjo and énjo are the thickness
and relative dielectric constant of the NiO layer. The calculated
dielectric constant is shown in Fig. 10(a). The &y at 10 kHz for
the BTO:NiO nanomultilayers are calculated by using the series
model to be approximately 570. In contrast, the measured value
of ¢y for the BTO:NiO nanomultilayers is 873. Compared to the
uncoupled condition, the BTO:NiO nanomultilayers exhibits an
enhancement of almost 60% in the dielectric constant. This
means that the BTO:NiO interfaces play a very important role in
the dielectric properties of the BTO:NiO nanomultilayers. In
those previous works, the enhanced dielectric constants in the
nanomultilayer were mainly considered for the Maxwell-Wag-
ner effect and the space charges accumulated effects at the
interface. The space charges accumulated at the BTO:NiO
interfaces can reduce the pinning effect of defects on the
motion of domain walls. Therefore, a low excitation field can
easily make the motion of domain walls, and the dependence of
dielectric constant on the electric field is relatively weak. These
above results further confirmed that the BTO:NiO interfaces
play a very important role for the enhanced electrical properties
of the BTO:NiO nanomultilayer.

For the BTO:NiO nanocolumnar films, the dielectric
constant is about 1083 and 1501 at 10 kHz for C-1 and C-2
samples, respectively. Fig. 10(b) shows that C-2 films exhibit
an enhancement of almost 240% in the dielectric constant
compared with the pure BTO films. Though the contribution of

1000

500

| L | L | L | L | L 1

4000

w 2000

w 500

1000

500

! . ] . ! . ] . ] A ]
0 20 40 60 80 100

Frequency (kHZ)

Fig. 10 Frequency dependence of the dielectric constants (¢) for the
pure BTO, NiO film and the BTO:NiO nanocomposite films. The green
line is the calculated data for the nanomultilayer and nanogranular
structure with the series model and the Maxwell-Garnett theory,
respectively.
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the lateral interfaces may dominate the dielectric behavior in
the nanomultilayer structures, the dielectric behavior of the
BTO:NiO nanocolumnar films is totally different from those of
the nanomultilayer thin films. The insulating BTO matrix
exhibited ferroelectric domains, whereas the resistive NiO
pillars exhibited pure dielectric properties. Compared with the
nanomultilayer structure, the BTO:NiO nanocolumnar films
show a strong frequency dependence of the effective dielectric
constant (ec) in the range from 10 kHz to 100 kHz. On the one
hand, as we discussed earlier, the not well ordered vertical
nanopillar will introduce density of misfit dislocations. It is well
known that dislocations have been demonstrated to be intrinsic
defects and are often unavoidable in the nanocolumnar struc-
ture.” The ¢c value is large for the nanocolumnar structure at
low frequencies, which is likely due to the charge accumulation
at the interfaces. On the other hand, the ec decreased with
increasing the frequency due to the high periodic reversal of the
field at the interfaces. Consequently, the contribution of charge
carriers to the dielectric constant was rapidly decreased.”
However, the substantial increase in the permittivity of the
BTO:NiO nanocolumnar films is very complex. On the other
hand, Lee et al. found that enhanced tetragonality for the FE
films gives rise to the higher permittivity.>* In this work, the
BTO:NiO nanocolumnar composite films have a large average
out-of-plane lattice parameter due to the vertical strain effect,
which allows more room for Ti displacements and therefore
enhance the dielectric properties.

As shown in Fig. 10(c), the dielectric constant is about 594
and 650 for the G-1 and G-2 samples, respectively, much larger
than the pure films. For the G-2 samples, the dielectric constant
is increased by 30% with respect to the pure BTO films. Inter-
estingly, the G-1 and G-2 samples show a weak frequency
dependence of the effective dielectric constant (¢g) in the range
from 10 kHz to 100 kHz, in line with the nanomultilayer
structures. Compared with the nanomultilayer and nano-
columnar structures, the lower dielectric constant in the
nanogranular structure at low frequency is consistent with their
higher leakage current, as shown in Fig. 8(d). The dielectric
property of nanogranular composite films has been studied by
previous researchers.**** The insulating BTO matrix exhibited
ferroelectric domains, whereas the resistive NiO nanoparticles
(NPs) exhibited pure dielectric properties. It is noted that, the
dielectric property could be effectively modified in the nano-
granular structure by a proper addition of NiO nanoparticles,
satisfying with the Maxwell-Garnett theory as follows:**

(e2+&1) +2p(es — &)
(e2+&1) —plea —e1)

g = & (4)
where ¢; and ¢, are the permittivity of the BTO matrix and the
NiO, respectively, and p corresponds to the volume fraction of
the NiO. Consequently, the effective permittivity increases with
the increasing of NiO ratios. Interestingly, the calculated ¢¢ for
the BTO:NiO nanogranular film is in line with the measured
value. However, it must be noted that, due to poor crystal quality
and the larger size of NiO NPs, many macroscopic domains
begin to disappear and domain wall motion is limited by NiO
NPs and defects. The dielectric losses of this composites jump
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to high values, which counteract the benefits of the enhance-
ment in the dielectric constants. Such a high dielectric loss can
lead to a severe energy loss, which is undesirable for practical
application.

Conclusions

In this study, epitaxial BTO:NiO nanocomposite films with
different NiO fractions and microstructures have been grown on
(001) Nb:STO substrates by PLD. For the composite films with
a NiO ratio of 10% and 20%, the microstructures such as
nanomultilayer, nanocolumnar and nanogranular have been
successfully tuned by controlling the growth modes of the BTO
and NiO. The values of polarization and dielectricity are sensi-
tive to the microstructure. By tuning the microstructures,
significantly enhanced polarization (24 pC em~? for the nano-
multilayer structures) and dielectric constant (873 and 1320 for
the nanomultilayer and nanocolumnar structures, respectively)
could be realized in these composite films. Our results show
that the FE properties of BTO based nanocomposite films can
be more effectively modulated by tuning their microstructures.
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