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In this article, BiFeO3 (BFO) thin films are prepared on the
metallic Ni (200) tapes with and without a Lag 5Srg 5TiO3
(LSTO) buffer layer under different temperatures by chemi-
cal solution deposition. The effects of the annealing tempera-
ture as well as the LSTO buffer layer on the dielectric, leakage
and ferroelectric properties have been studied in detailed. The
crystallite size, dielectric constant and leakage current density
increase, while the coercive field decreases with increasing an-
nealing temperature. The BFO thin films deposited directly
on the Ni tapes are prone to wrinkling, while the wrinkles are
depressed via introducing a thin LSTO buffer layer. The de-
creased compressive microstrain as well as the improved fer-
roelectric and leakage properties is observed in the BFO thin
films deposited on the LSTO buffered Ni tapes. The results
will provide an instructive route to optimize BiFeO3-based
thin films on the metallic tapes by chemical solution depo-
sition methods.

1 Introduction

BiFeO3(BFO) thin films, over the last decade, have drawn sig-
nificant interest and been widely investigated due to the ferro-
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electric and magnetic properties at room temperature. BFO
has a ferroelectric order with a Curie temperature of 850 ° C'.
One side, BFO thin films have complimentary ferroelectric
polarizations as compared to the traditional ferroelectric lead
zirconate titanate and the barium titanate thin films. These
make the BFO interesting for usage in ferroelectric random
access memories, optical modulators, waveguides, and micro-
electromagnetic systems?. On the other hand, the characteris-
tic of lead-free of BFO is promising for environment friendly
devices. However, to date, the most of BFO thin films are
deposited on the single-crystal substrates >* and the platinized
silicon wafers>~. In an application point of view, such sub-
strates are expensive cost, rigidity, and worthless in very lim-
ited sizes. Replacing these substrates by metallic tapes such
as Ni, Cu, Al, and Fe is attractive commercially due to their
low cost and simple pattern ability®. Additionally, among the-
ses base metals, Ni tape possessed lower resistivity, flexibil-
ity and other alluring functionality . Technologically, integra-
tion of Ni tapes acted as inner electrodes and substrates within
the capacitor into multilayer capacitors will be very important
for device applications '°. However, there are some problems
of integrating an oxide ferroelectric thin film onto the metal
tapes'''2. One problem is the possibility of substrate oxi-
dation, which will depress the conductivity of the electrode.
The other is the creation of a nonferroelectric interfacial layer
caused by the interfacial reaction, and the interdiffusion be-
tween the substrate and the thin film, which will degrade the
properties and the performances. Additionally, wrinkles re-
sulted from the large misfits in thermal expansion coefficient
and lattice constant between the ferroelectric thin film and the
metal tapes will also downgrade the properties®. Neverthe-
less, these problems can be dissolved by induction of a buffer
layer. As previous report '3, a buffer layer is necessary to sup-
press the diffusion of metal atoms from the substrate to the
thin film as well as the oxygen atoms from the thin film to
the metal tape, and the wrinkles will be also depressed by the
introduction of a buffer layer.

Recently, it is reported that the desired ferroelectric, piezo-
electric, and magnetoelectric properties can be obtained in
pulsed laser deposition (PLD)-derived BFO thin films directly
on the Ni'* and NiW 13 tapes. However, even though very high
quality films can be made by PLD, the method is not very suit-
able for industrialization due to its expensive cost and the lim-
ited scale. Up to now, various methods have been used to pre-
pare BFO thin films and to optimize their properties 71621,
Among these methods, chemical solution deposition (CSD)
is widely used due to its low cost, precise control of the sto-
ichiometry, ability to achieve atomic-scale mixing, and easy
processing of large-area thin films23.

In this article, BFO thin films are prepared on metallic Ni
tapes by CSD. The effects of the annealing temperature as well
as the introduction of a Lag 5Srg 5TiOs (LSTO) buffer layer
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have been investigated systematically. The results will provide
an instructive route to optimize BFO-based thin films metallic
tapes by chemical solution deposition.

2 Experimental

Both the LSTO and BFO thin films were fabricated on the
flexible Ni (200) tape via CSD methods. The LSTO buffered
layers were deposited on the Ni tapes as our previous report*.
The La-acetate, Sr-acetate, Ti-n-butoxide, and propionic acid
were used as raw materials for preparing the LSTO precursor
solution with a concentration of 0.1 M. Then, the thin films
were prepared using a spin coater with a rotation speed of
4000 rpm with 30 s, pyrolyzed at 300 ° C for 10 minutes in
air, and then annealed at 900 ° C in a forming gas (4% Hs, and
96%N>)) for 1 h. In order to enhance the thin film thickness,
the spin coating, pyrolysis and annealing processes were re-
peated for two times, which gives the thin film thickness of
about 20 nm.

BFO thin films were prepared by the CSD method as in our
previous reports®’. A 3 mol% excess amount of bismuth ni-
trate pentahydrate was used to compensate the bismuth loss
during processing. BFO thin films were deposited on Ni (200)
tapes with and without a LSTO buffer layer by spin coating.
The thin films were annealed at different temperatures (475,
500, 525, and 550 ° C) for 30 minutes in nitrogen atmosphere.
Here, the BFO/Ni thin films annealed under 475, 500, 525,
and 550 ° C are denoted as N475, N500, N525 and N550 re-
spectively, and the BFO/LSTO/Ni thin films annealed under
475, 500, 525, and 550 ° C are denoted as NL475, NL500,
NL525 and NL550 respectively.

The crystallization quality was checked via X-ray diffrac-
tion (XRD) using a Philips X’pert Pro diffractormeter with
a Cu K, radiation. Field-emission scanning electronic mi-
croscopy (FE-SEM, FEI Sirion 200 type, FEI, Hillsboro, OR)
was used to detect both the thin film thickness and surface
morphology, and all the thin films are with a thickness of about
488 nm. Top Au electrodes with 0.2 mm in diameter were
deposited by sputtering by a small ion sputtering (SBC-12,
KYKY, Beijing) onto the surface of BFO through a shadow
mask. Dielectric response was investigated within the fre-
quency range of 0-1 MHz with a driving voltage of 0.1 V by a
precision inductance, capacitance, and resistance (LCR) me-
ter (TH2828/A/S, Tonghui Electronic Co., LTD, Changzhou).
The ferroelectric and leakage properties as well as the pulsed
polarization positive up negative down (PUND) measurements
at a pulse width of 0.05 ms and a delay time of 1s were inves-
tigated using a Sawyer-Tower circuit attached to a computer-
controlled standardized ferroelectric test system (Radiant Pre-
cision Premier II, Radiant Technologies, USA).

3 Results and discussion

3.1 Microstructure

Figure 1(a) and (b) show the XRD patterns of the BFO/Ni and
BFO/LSTO/Ni thin films, respectively. All the derived BFO
thin films are randomly oriented without parasitic phases.
Each diffraction peak of the BFO thin films can be indexed
to a perovskite structure with a pseudocubic unit cell. The
averaged crystallite size is calculated through the most three
intense peaks naming of (001), (110) and (-110) peaks by
the Scherrer equation. The variation of the derived crystal-
lite size with the annealing temperature for the BFO/Ni and
BFO/LSTO/Ni thin films is shown in the corresponding in-
set of Fig. 1(a) and 1(b), respectively. It is observed that
the crystallite size increases lineally with increasing anneal-
ing temperature, no matter a LSTO buffer layer is used or
not, which is same as the previous report7. Moreover, the
BFO/LSTO/Ni thin films show the similar crystallite size as
that of the BFO/Ni for each given annealing temperature. Both
the results of the random orientation and the same crystallite
size suggest that the LSTO buffer layer does not influence the
nucleation in bulk of the BFO thin films.

Considering the existing misfit in thermal expansion coeffi-
cient and lattice constant between the BFO thin film and the
metallic Ni tape, the strain induced by the substrate should
be different in the BFO thin films under different annealing
temperature. The residual strain in the films can be reflected
directly by the change in lattice constant. Here, the lattice con-
stant of the BFO thin films is calculated with the parameters
of the three most intense diffraction peaks (001), (110) and
(-110), based on the pseudocubic structure. The percentage
change in lattice constant (Aa= (a — ag)/ag% where ay is
take as 0.397 nm?)of each thin film is calculated and plot-
ted in corresponding inset of Fig. 1. It can be seen that the
percentage change in BFO lattice constant shows a negative
value, and decreases slowly with increasing annealing tem-
perature for both the BFO/Ni and BFO/LSTO/Ni thin films.
The negative value indicates the compressive residual strain
in the derived BFO thin films. The decreased negative value
suggests that the compressive strain increases with the anneal-
ing temperature. As commonly observed in CSD-derived thin
films, grain growth may be responsible for the microstrain par-
tially relaxation’-?°. While, here, the BFO thin films with
large crystallite size display high residual strain. It implies
that the residual strain in BFO/Ni thin films can not be re-
laxed via grain growth by increasing annealing temperature.
On the other hand, the BFO/LSTO/Ni thin films exhibit a
smaller value of strain, suggesting that the introduction of a
LSTO buffer layer is beneficial for residual strain relaxation?”.
Considering the large thermal expansion coefficient misfit be-
tween the BFO and Ni tape, a high compressive stress will
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be produced during the films cooling from the high anneal-
ing temperature. As a result, a increased compressive residual
strain is displayed with increasing annealing temperature. Ad-
ditionally, due to the small thermal expansion coefficient mis-
fit between the BFO and LSTO, a small microstrain will be
produced in the BFO/LSTO/Ni thin films, although both the
films exhibit a compressive residual microstrain in the same
scale, as shown in insets of Fig. 1.

Intensity (a.u.)
Intensity (a.u.)

60 20 30 60

40
20 (degree)

0 40
20 (degree)

Fig. 1 The XRD patterns of different temperatures annealed BFO
thin films (a)BFO/Ni, and (b)) BFO/LSTO/Ni. The variations of the
averaged crystallite size and percentage change in lattice constant
with the annealing temperature are shown in the corresponding inset.

Figure 2 shows the surface FE-SEM images of all de-
rived BFO thin films. It can be observed that the BFO grain
size increases with increasing annealing temperature for both
BFO/Ni and BFO/LSTO/Ni thin films. Moreover, a different
surface morphology between the BFO/Ni and BFO/LSTO/Ni
thin films is exhibited as shown in Fig. 2, which can be at-
tributed to the different grain growth due to the introduction
of a LSTO buffer layer. Additionally, the BFO/Ni thin films
are prone to wrinkling. As displayed in the insets of Fig.
2(al)-(d1), the wrinkle edges indicated by the arrows in the
reduced FE-SEM images are more visible. A clear interface
layer without cracks is observed between the BFO layer, and
Ni tape from the cross FE-SEM image, as shown in inset in
the lower right corner of Fig. 2(d1). It is also observed two
clear interface layers between the BFO, LSTO, and Ni tape, as
displayed in inset of Fig. 2(d2), which indicates LSTO acting
as an effective barrier to avoid possible atomic interdiffusion
and reaction between BFO thin film and Ni tape. Additionally,
the wrinkles increase and grow gradually with increasing an-
nealing temperature. Usually, shrinkages due to densification
will generate in the heating process in CSD-derived films?8.
At the same time, the hindrance of the viscous flow of the
amorphous network associated with the substrate, strong ten-
sile stresses parallel to the substrate will be induced, which can
generate macroscopic heterogeneities such as macrocracks or
wrinkles?8. The appearance and increased wrinkles are pre-
served in the films during crystallized in high temperatures.
On the other hand, the introduction of a LSTO layer will re-
lieve the hindrance caused by the metallic Ni tape. As a result,
the wrinkles are depressed in the BFO/LSTO/N:i thin films.

S04 nm,

Fig. 2 Surface FE-SEM images of the surface morphology of the
BFO thin films (a)BFO/Ni, and (b) BFO/LSTO/Ni. The insets show
the reduced FE-SEM results of the films BFO/Ni. Arrows indicate
wrinkle edges. Insets in the lower right corner of (d1) and (d2) are
the cross FE-SEM images of two typical films N550 and NL550,
respectively.

3.2 Dielectric properties

The frequency dependent room temperature relative dielectric
constant of all derived BFO thin films are shown in Fig. 3, and
the dielectric loss of the corresponding films are displayed in
the insets.The evolution of the dielectric constant measured at
1 MHz with the crystallite size is plotted in inset of Fig. 3(b).
It is seen that within the measured frequency range the dielec-
tric constant increases as well as decreases with increasing an-
nealing temperature, which is same as our previous reports®”,
On the other hand, the dielectric constant almost increases lin-
early with increasing crystallite size as shown in the inset of
Fig. 3(b). Moreover, for each given annealing temperature
the BFO/LSTO/N!i thin films show a larger dielectric constant.
It is well known that there are intrinsic and extrinsic contri-
butions to the dielectric permittivity in the ferroelectric thin
films 230, The thin film orientation and crystallite size are the
most important factors’. An increase in crystallite size will
favor the formation of 180 ° domains, which can result in an
enhanced dielectric constant®®. Here, all the BFO thin films
show subtle changes related to the orientation with increasing
annealing temperatures. However, the increase in crystallite
size with increasing annealing temperature as shown in Fig. 1
and 2, may favor the formation of the 180 ° domains, result-
ing in the enhancement of dielectric constant. Additionally, as
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one of the extrinsic contributions to the dielectric permittivity,
the grain boundary pinning and the mechanical strain/stress in
the thin films can influence the dielectric response of the do-
main wall motion, and further affect the dielectric constant-?°.
With increasing annealing temperature, the decreased pinning
caused by the decreased in grain boundary will enhance the di-
electric constant, although the increased microstrain as shown
in Fig.1 will induce an inverse effect. For a given anneal-
ing temperature, the BFO/LSTO/Ni thin films have a lower
microstrain, which will lead to a weak pinning resulting in
a larger dielectric constant. On the other side, LSTO buffer
layer may act as an effective barrier for the interfacial layer
formation due to the atomic interdiffusion and reaction be-
tween the BFO thin film and the Ni tape during annealing
process. Normally, the interfacial layer will result in the low-
ering of the dielectric constant due to the small permittivity of
the interfacial layer6. Thus, the increase in dielectric constant
with increased annealing temperature maybe originated from
the increased crystallites size and the decreased grain bound-
ary. The larger dielectric constant of the BFO/LSTO/Ni thin
films is attributed to the decrease in pinning of domain wall
motion induced by the enhanced strain relaxation as well as
the reduction in interfacial effects. The decreased dielectric
loss with decreased annealing temperature, and introducing a
LSTO layer may be caused by the depressed electrical con-
duction (leakage current), as shown below.
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Fig. 3 Log-scaled frequency dependent room temperature relative
dielectric constant of the BFO thin films (a)BFO/Ni, and
(b)BFO/LSTO/Ni. The correspoding dielectric loss is shown in the
inset of (a). Inset of (b) shows the variation of the dielectric constant
measured at 1 MHz with crystallite size.

3.3 Leakage properties

The leakage current density (J) at room temperature in a log
scale as a function of electric field (E) for all derived BFO
thin films is shown in Fig. 4. The J increases with increas-
ing E, and the asymmetry can be attributed to the asymmetric
electrodes®. The J value increases with increasing annealing
temperature for both the BFO/Ni and the BFO/LSTO/Ni thin
films. The increase in the J can be own to the increased oxy-
gen vacancies due to the enhancement of crystallite size and

the decrease in grain boundaries as discussed in our previous
reports®’. On the contrary, for a given annealing tempera-
ture, the J of the BFO/LSTO/Ni thin films shows a much lower
value compared with that of the BFO/Ni thin films. It implies
that the usage of a LSTO buffer layer can improve the leakage
properties in BFO thin films. The decrease in the leakage cur-
rent density of the BFO/LSTO/N:i thin films is consistent with

the fact that oxide electrodes can absorb oxygen vacancies>!.

—o—NL475
—v—NL500|

3
(b) "
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Fig. 4 Room temperature leakage current density (J) in log scale as
a function of electric field (E) for the derived BFO thin films
(a)BFO/Ni, and (b)BFO/LSTO/Ni.

3.4 Ferroelectric properties

Figure 5 presents the evolution of the polarization with the
applied electric field for all derived BFO thin films. In fact,
the thin films annealed under low temperatures show good
ferroelectric hysteresis loops regardless of the usage of the
LSTO buffer layer. The higher the annealing temperature uses,
the lower applied maximum electric field is needed to obtain
a ferroelectric hysteresis loop. Although the BFO/LSTO/Ni
thin films annealed at low temperatures exhibit low maximum
polarization, they display much better ferroelectric hysteresis
loops with sharp shape at the maximum electric fields. Ad-
ditionally, as shown in Fig. 5, the coercive field (E., defined
as the average electric field at the zero polarization) derived
from the polarization-electric field hysteresis loops decreases
with increasing annealing temperature. Moreover, the value
of E. for the BFO/LSTO/Ni thin films is smaller than that of
the BFO/Ni thin films. The decrease in E. with increasing an-
nealing temperature can be attributed to two factors. One is
the decrease in individual-domain grains induced by the en-
larged grain size with increasing annealing temperature. The
other one is the reduced clamping of domain walls due to the
decrease in grain boundaries with increasing annealing tem-
perature. As discussed above, the crystallite size of the de-
rived BFO thin films is same when a LSTO buffer layer is
used or not used. Thus, the contribution of the smaller E,. for
the BFO/LSTO/N:i thin films is not originated from the varia-
tions of the individual-domain grains and clamping of domain
walls. On the other side, as shown in the Fig. 2 and the in-
set of Fig. 1, the wrinkles are disappeared and the microstrain
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is decreased for the BFO/LSTO/Ni thin films. Both two fac-
tors will depress the clamping of domain walls, resulting in
the decreased E.. On the other hand, as shown in Fig. 4, the
decreased leakage current suggests the decrease in the charge
carriers acted normally by the oxygen vacancy in the BFO thin
films with a LSTO buffer layer. At the same time, the de-
crease in the oxygen vacancies can depress the pinning of the
domain walls motion®2, further leading to the lower E, value.
The reduced remnant polarization of the BFO/LSTO/Ni thin
films should be caused by the same reasons. Additionally, the
contribution of leakage current to the polarization cannot be
avoided in measurements of ferroelectric hysteresis loops 3>
especially for the thin films with a high leakage. The im-
proved leakage of the BFO/LSTO/Ni thin films will also give
a contribution to the decrease in the remnant and maximum
polarizations.
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Fig. 5 Evolution in the polarization with applied electric fields for
the different temperatures(a)475,(b)500,(c) 525, and (d)550 ° C
annealed BFO thin films BFO/Ni, and BFO/LSTO/Ni.

In order to eliminate the contribution of leakage current to
the polarization as far as possible, a PUND measurement has
been carried out with a varying field. The switched polariza-
tion value A P derived from these measurements are shown in
Fig. 6. For each given annealing temperature, the field de-
pendent AP of the derived BFO thin films is displayed in the
insets of Fig. 6. The switched polarization values A P derived
from these measurements match well with the remnant polar-
ization values obtained from the P-E loops. At a given applied
electric field, AP increases initially and then decreases with
increasing annealing temperature. The increase in the AP
value is a result of two factors. One is the increase in multido-
main grains as a consequence of grain growth with increasing
annealing temperature. The other is the decreased pinning of
the domain wall caused by the reduced grain boundary. How-
ever, AP of the thin films N550 and NL550 displays a lower
value, which should have a larger one due to the larger crystal-
lite size and less grain boundaries. Combing the microstrain
and wrinkles results, the decreased A P can be attributed to the

enhanced pinning or constraining of the polarization domain
wall motion caused by the increased compressive microstrain
with increasing annealing temperature. Similarly, for each
given annealing temperature, the depressed wrinkles and the
low compressive microstrain? may be the one reason caused
the large switched polarization of the derived BFO/LSTO/Ni
thin films. On the other hand, the decreased oxygen vacan-
cies as discussed above may be another reason, resulting in
the decreased clamping on the domain walls*. As a result,
less numbers of domains are pinned, and a larger switching
polarization value is exhibited. Generally, the variation of
ferroelectric properties with annealing temperature is the re-
sults of the increased crystallite size and the microstrain, as
well as the decreased grain boundaries. The crystallite size
may be a major factor of affecting the ferroelectric proper-
ties of the BFO/Ni thin films. For these thin films with same
crystallize size, the ferroelectric properties are affected by the
thin film strain. The improved ferroelectric properties of the
BFO/LSTO/Ni thin films are mainly caused by the depressed
wrinkles and the reduced microstrain as well as the improved
leakage properties.
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Fig. 6 Switched polarization values A P at different maximum
electric fields of the BFO thin films (a)BFO/Ni, and
(b)BFO/LSTO/Ni. For a given annealing temperature, the field
depended AP is shown in inset.

4 Conclusions

BFO thin films were prepared on metallic Ni tapes by chemi-
cal solution deposition. The effects of annealing temperature
as well as the introduction of a LSTO buffer layer have been
investigated systematically. With increasing annealing tem-
perature, the crystallite size, the dielectric constant and the
leakage current density are increased, while the coercive field
is decreased. On the other hand, the microstrain is increased
with increasing annealing temperature. The remnant polar-
ization increases initially and then decreases with increasing
annealing temperature. At each given annealing temperature,
some wrinkles caused by the large misfit in thermal expansion
coefficient and lattice constant are observed in the BFO/Ni
thin films, while it is not appeared in BFO/LSTO/N:i thin films.
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As a result, the BFO/LSTO/Ni thin films exhibit better ferro-
electric hysteresis loops and smaller coercive field due to the
depression of wrinkles, reduction of microstrain as well as the
improved leakage via the introduction of a LSTO buffer layer.
These results will give a clear picture of the annealing tem-
perature effects on the microstructure as well as the properties
in CSD-derived BFO thin films on the flexible Ni tapes. In
addition, it will provide an instructive route to prepare and op-
timize the properties of BFO thin films metallic tapes by the
chemical solution deposition method.

This work was supported by the National Science Founda-
tion of China under Contract No.11204316.
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