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Bilayered  thin  films  consisting  of  (Bi0.90La0.10)(Fe0.85Zn0.15)O3 and  (Bi0.90La0.10)(Fe0.90Zn0.10)O3 layers  have
been  fabricated  by radio  frequency  sputtering.  Both  multiferroic  layers  are  well  retained  in  these  bilayers.
Their leakage  current,  multiferroic  properties,  and  fatigue  behavior  are  largely  dependent  on the  thick-
nesses  of  (Bi0.90La0.10)(Fe0.85Zn0.15)O3. With  an increase  of  the  thickness  in  the  (Bi0.90La0.10)(Fe0.85Zn0.15)O3

layer,  the  leakage  current  density  of  bilayers  is  degraded  due  to  different  grain  growth  modes  and  an
increase  in  oxygen  vacancies,  the  dielectric  constant  (εr) becomes  larger  due  to  the  introduction  of
ismuth ferrite
ilayer structure
ultiferroic behavior

atigue behavior

(Bi0.90La0.10)(Fe0.85Zn0.15)O3 with  a  high  εr value,  and  their  magnetic  properties  are  deteriorated  with
increasing  the  thickness  ratios  of  (Bi0.90La0.10)(Fe0.85Zn0.15)O3 with  a weaker  magnetization.  All  bilayers
exhibit  a good  ferroelectric  behavior  regardless  of  varying  thicknesses  of  the  (Bi0.90La0.10)(Fe0.85Zn0.15)O3

layer,  while  their  coercive  field  decreases  with  increasing  the  thickness  of  the  (Bi0.90La0.10)(Fe0.85Zn0.15)O3

layer.  An  anomalous  enhancement  in  switchable  polarization  is demonstrated  by these  bilayers,  owing
to the  involvement  of  space  charges  accumulated  at  the  interfaces  between  two  constituent  layers.
. Introduction

Multilayered ferroelectric thin films differing in their structures
r/and compositions exhibit novel magnetics [1,2], an improved
olarization [3–5], a high dielectric constant [6,7], a new structural
hase [8],  and other new functional properties [9,10] owing to the
pitaxial strain and the interface coupling and interactions among
hese constituent interfacial layers.

Multiferroic materials have recently attracted much attention
11–24]. Among those, multiferroic BiFeO3 (BFO) material with a
hombohedrally distorted perovskite structure has recently been
iven to considerable attention due to its giant remanent polariza-
ion, a high Curie temperature, and the existence of ferroelectric
nd ferromagnetic properties at and above room temperature
13–26], and the material shows promise for practical applications
n high density ferroelectric random access memories, spintron-
cs, and sensors and actuators, and so on [11–26].  In contrast, a
ery high leakage current density at room temperature seriously
egrades the electrical behavior of BFO material, and thus hin-
ers its practical applications [11–26].  Although some methods

ave been used to decrease the leakage current density of BFO thin
lms, their electrical behavior is still not ideal [2,5,27,28].  Among
hese promising methods, the bilayered structure consisting of
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BFO and other ferroelectrics may be a more promising method for
decreasing the leakage current density and improving the elec-
trical properties of BFO, owing to the advantage of the bilayered
structure. In the past, the bilayered thin films consisting of BFO
and other ferroelectric layer have been reported [2,5,28], such as
Bi1/2Na1/2TiO3, Pb(Zr, Ti)O3. Some interesting results have been
demonstrated by such a bilayered structure, such as the reduction
in leakage current density, the improvement in phase purity, and
the enhancement in fatigue behavior [2,5,26], but their polarization
value is much lower as compared with the intrinsic polarization one
of BFO thin films [2,5,28].

In the present work, the bilayered thin films con-
sisting of (Bi0.90La0.10)(Fe0.85Zn0.15)O3 (BLFZO15) and
(Bi0.90La0.10)(Fe0.90Zn0.10)O3 (BLFZO10) layers were grown in situ
on Pt/TiO2/SiO2/Si(1 0 0) substrates without any buffer layers by
radio frequency (rf) sputtering, where the thickness of the BLFZO10
layer is fixed, and the thickness of the BLFZO15 layer is changed
from 20 nm to 180 nm.  The thicknesses of the BLFZO15 layer seri-
ously affect the leakage current density, dielectric properties, and
multiferroic and fatigue behavior of BLFZO15/BLFZO10 bilayered
thin films, and the underlying physics mechanisms were clearly
addressed.

2. Experimental procedure
The two-inch BLFZO10 and BLFZO15 ceramic targets with an excess of 10%
Bi have been synthesized via a solid state reaction of constituent oxides, namely
Bi2O3 (99.9%), Fe2O3 (99.9%), La2O3 (99.99%), and ZnO (99.9%). The powder mix-
tures of appropriate compositions of these oxides were calcined at ∼700 ◦C in

dx.doi.org/10.1016/j.jallcom.2011.04.140
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Diagr

ir for 6 h to form BLFZO10 and BLFZO15 phases, and the BLFZO10 and BLFZO15
reen bodies were then sintered at ∼820 ◦C for 2 h to form polycrystalline tar-
ets.  The BLFZO15/BLFZO10 bilayered thin films were deposited by rf sputtering
rom BLFZO10 and BLFZO15 ceramic targets. A BLFZO10 layer with a fixed thick-
ess  of ∼100 nm was  firstly deposited on Pt/TiO2/SiO2/Si(1 0 0) substrates at a
ubstrate temperature of ∼550 ◦C, and then the BLFZO15 layers with differ-
nt  thicknesses of ∼20 nm,  ∼80 nm,  ∼180 nm were subsequently deposited on
LFZO10/Pt/TiO2/SiO2/Si(1 0 0) substrates at the substrate temperature of ∼530 ◦C,
nd  the diagram is shown in Fig. 1. The BLFZO15/BLFZO10 bilayered thin films were
eposited at an rf power of 120 W,  and the rf deposition was carried out at a base
ressure of ∼10−6 Torr and a deposition pressure of ∼10 mTorr with Ar and O2 at the
atio of 4:1. For this, circular Au electrodes of diameter 0.2 mm were sputtered on the
lm surface using a shadow mask in order to investigate the electrical properties
f  these films. The phase structure in these bilayers was analyzed by using X-ray
iffraction (Bruker D8 Advanced XRD, Bruker AXS Inc., Madison, WI,  CuKa). Their
ielectric behavior was  characterized by an impedance analyzer (Solartron Grain
hase Analyzer). Their fatigue and ferroelectric properties were studied by using the
adiant precise workstation (Radiant Technologies, Medina, NY). Magnetic behavior
f  bilayers was  characterized using Superconducting Quantum Interference Devices
SQUID, MPMS,  XL-5AC, San Diego, CA).

. Results and discussion

.1. Structural analysis
Fig. 2(a) shows the XRD patterns of bilayers, together with
LFZO10 and BLFZO15 single layers. The pure phase is demon-
trated for all thin films when deposited on Pt-coated silicon
ubstrates without any buffer layers, and no secondary phases are

Fig. 2. (a) XRD patterns of all bilayers, together with BLFZO10 and BLFZO15 single 
 all bilayers.

detected except for the substrate peaks. Secondary phases often
form in the BFO thin films often have a formation of secondary
phases when directly deposited on Pt-coated silicon substrates
without any buffer layers [2,5]. Therefore, the La and Zn co-
substitutions in the present work improve the phase purity of BFO
thin films. In addition, all bilayers exhibit a (1 1 0) orientation due
to the induced growth of the bottom BLFZO10 layer with a (1 1 0)
orientation, as plotted in Fig. 2(a). Fig. 2(b) indicates the enlarged
XRD patterns in the 2� range of 31–33◦ for all thin films, where
the peaks were simulated by the Lorentzian method. The phases of
BLFZO10 and BLFZO15 layers are well retained in those bilayers.

All bilayers appear dense and crack-free in surface morpholo-
gies, as shown by SEM micrographs. Fig. 3(a)–(c) shows the SEM
patterns for the bilayers with different thicknesses of the BLFZO15
layer. Some black and white regions are observed for the sur-
face morphologies of all bilayers. To further characterize the grain
growth mode in these black and white regions, an enlarged SEM
pattern was  taken, as shown in Fig. 3(d). The black and white
regions represent the different grain growth modes, that is, the
black regions represent the grain growth parallel to substrate,
and the white ones represent the grain growth vertical to sub-
strate. Moreover, some small pores among grains are found for

these white regions, while the surface morphology is very dense
for the black ones. Therefore, the 20BLFZO15/100BLFZO10 bilayer
possesses more black regions as compared with those of the
80BLFZO15/100BLFZO10 and 180BLFZO15/100BLFZO10 bilayers,

layers. (b) Enlarged XRD patterns in the 2� range of 31–33◦ for all thin films.
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ig. 3. SEM patterns for the (a) 20BLFZO15/100BLFZO10, (b) 80BLFZO15/100BLFZO1

ndicating that the 20BLFZO15/100BLFZO10 bilayer has the denser
icrostructure.

.2. Leakage analysis
Fig. 4(a) shows the J–E curves for all bilayers, mea-
ured at room temperature. The 80BLFZO15/100BLFZO10 and
80BLFZO15/100BLFZO10 bilayers exhibit a similar leakage cur-
ent behavior, while a much lower leakage current density is

ig. 4. (a) J–E curves for the BLFZO15/BLFZO10 bilayers. The log–log plots of the leakage c
80BLFZO15/100BLFZO10 bilayers.
 (c) 180BLFZO15/100BLFZO10 bilayers. (d) Enlarged SEM patterns for these bilayers.

observed for the 20BLFZO15/100BLFZO10 bilayers. The leakage
current density is related to the surface morphologies of these
bilayers, where the denser microstructure is well established for
the 20BLFZO15/100BLFZO10 bilayer, as shown in Fig. 3(a). More-
over, the Zn2+ substitution for the Fe3+ site in BFO generates more
oxygen vacancies [29], where the oxygen vacancies should dom-

inate the leakage behavior of BFO thin films. For the BLFZO10
thin film, the La substitution for the Bi site helps suppress the
formation of oxygen vacancies, and thus a lower leakage current

urrent density of (b) 20BLFZO15/100BLFZO10, (c) 80BLFZO15/100BLFZO10, and (d)
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Fig. 5. (a) Dielectric behavior of all bilayers. (b) Dielectric constant and dielectric loss as a function of the BLFZO15 layer thicknesses at 10 kHz.
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Fig. 6. (a) Ferroelectric properties of all bilayers. (b) 2Pr an

ensity is observed. While the Zn2+ substitution for the Fe site dom-
nates the leakage behavior for the BLFZO15 thin film, a higher
eakage current density is demonstrated. Therefore, the leakage
urrent of BLFZO15/BLFZO10 bilayers is degraded with an increase
n the thickness of the BLFZO15 layer. As shown in Fig. 4(b), the
eakage current of the 20BLFZO15/100BLFZO10 bilayer appears
o increase almost linearly, with a slope close to the unity, indi-
ating the involvement of an Ohmic conduction. However, the

0BLFZO15/100BLFZO10 and 180BLFZO15/100BLFZO10 bilayers
ave a similar leakage mechanism, while their leakage mechanisms
re obviously different from that of the 20BLFZO15/100BLFZO10
ilayer, and the log–log plots of the leakage current density vs.

Fig. 7. M–H loops of (a) all bilayers and (b)
values of all bilayers as a function of applied electric fields.

applied electric field are shown in Fig. 4(b)–(d). The leakage cur-
rent curves can be divided into several regions according to the
SCLC theory [30], where the slope (  ̨ ∼ log J/log E) of each region
can be fitted. At low electric fields, an Ohmic conduction behav-
ior is demonstrated. With an increase in applied electric fields, a
rather different conduction process is initiated, and the leakage cur-
rent density largely follows a square dependence on applied electric
fields (  ̨ ∼ 2), which corresponds to the Child’s law region. In the

Child’s law region, the concentration of free electrons due to car-
rier injection greatly exceeds the equilibrium concentration in BFO
thin film, and contributes to an increase in leakage current density.
With a further increase in applied electric fields, a dramatic increase

 BLFZO15 and BLFZO10 single layers.
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ig. 8. (a) Fatigue behavior of all bilayers. P–E curves before and after fatigue for (b)
ilayers.

n leakage current occurs due to the interaction between the posi-
ively charged traps and electrons obeying the trap-filled-limit law.
herefore, the conduction behavior of 80BLFZO15/100BLFZO10 and
80BLFZO15/100BLFZO10 bilayers obeys the SCLC theory, while
n Ohmic conduction is involved into the 20BLFZO15/100BLFZO10
ilayer.

.3. Dielectric properties

The dielectric behavior of all bilayers as a function of frequen-
ies of ∼101–106 Hz was characterized, as plotted in Fig. 5(a). The
ielectric constant (εr) increases with an increase in the thick-
ess of the BLFZO15 layer, due to the introduction of the BLFZO5

ayer with a higher εr value. A lower dielectric loss (tan ı) is
bserved for 20BLFZO15/100BLFZO10 as compared with those of
0BLFZO15/100BLFZO10 and 180BLFZO15/100BLFZO10 bilayers,
onfirming the involvement of a lower free movable charge concen-
ration in the 20BLFZO15/100BLFZO10 bilayer [31]. This result is in
greement with the dense microstructure in Fig. 3 and the leakage
ehavior in Fig. 4. Fig. 5(b) plots the εr and tan ı values as a func-
ion of the BLFZO15 layer thicknesses at 10 kHz. These results also
learly illuminate that the εr value linearly increases with increas-
ng the thickness of the BLFZO15 layer, and a lower tan ı value is
ormed in the 20BLFZO15/100BLFZO10 bilayer.

.4. Ferroelectric behavior

Fig. 6(a) plots the P–E hysteresis loops of all bilayers, measured at
 kHz and room temperature. All bilayers have similarly saturated

emanent polarization (2Pr) values regardless of varying thick-
esses of the BLFZO15 layer. In contrast, their coercive field (2Ec)
alues exhibit obviously different from each other, and decrease
ith increasing the thicknesses of the BLFZO15 layer, where the
ZO15/100BLFZO10, (c) 80BLFZO15/100BLFZO10, and (d) 180BLFZO15/100BLFZO10

180BLFZO15/100BLFZO10 bilayer has a lowest 2Ec value among
those bilayers. Fig. 6(b) plots the 2Pr and 2Ec values for all bilayers as
a function of applied electric fields. The 180BLFZO15/100BLFZO10
bilayer easily reaches a saturation in 2Pr and 2Ec values, where the
2Pr and 2Ec values slowly change when the applied electric field is
more than ∼450 kV/cm. Moreover, it is also clearly observed from
Fig. 6(b) that a lower 2Ec value of ∼658.93 kV/cm is demonstrated
for the 180BLFZO15/100BLFZO10 bilayer, together with a well sat-
urated ferroelectric behavior. The 2Pr ∼ 96.5 �C/cm2 value of the
180BLFZO15/100BLFZO10 bilayer is larger than those of BFO-based
bilayers reported by other authors [2,5,28]. The enhancement in 2Pr

value of bilayers in this work should be attributed to a (110) orien-
tation and a high phase purity, together with an interface coupling
and reaction between BLFZO10 and BLFZO15 layers.

3.5. Magnetic behavior

Fig. 7(a) plots the M–H curves of all bilayers, measured at room
temperature. The saturated M–H  loops are observed for all bilayers,
while the thickness of the BLFZO15 layer strongly affects the sat-
uration magnetizations (Ms) values of BLFZO15/BLFZO10 bilayers,
that is, their Ms values are degraded with an increase in the thick-
ness of the BLFZO15 layer. To clearly explain this phenomenon,
the M–H  curves of BLFZO10 and BLFZO15 single layers were mea-
sured at room temperature, and plotted in Fig. 7(b). As shown
in Fig. 7(b), the BLFZO15 single layer has a lower Ms value than
that of the BLFZO10 single layer due to the increase in the non-
magnetic Zn composition. Therefore, the decrease in Ms value
with increasing BLFZO15 layer thicknesses should be attributed

to the worse magnetic properties in the BLFZO15 layer. In addi-
tion, the 20BLFZO15/100BLFZO10 bilayer has a high 2Ms value
of ∼30.6 emu/cm3, which is higher than those of BFO single lay-
ers and bilayers reported before [5,28,32]. The enhancement in
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ig. 9. (a) Capacitance vs. frequency before and after fatigue of (a) 20BLFZO15/100BL
s.  frequency before and after fatigue for (d) 20BLFZO15/100BLFZO10, (e) 80BLFZO

agnetization behavior of the 20BLFZO15/100BLFZO10 bilayer is
ttributed to the decrease in the BLFZO15 layer thickness with a
ower Ms value and the interface coupling between BLFZO15 and
LFZO10 layers.

.6. Fatigue behavior

Fig. 8(a) shows the fatigue behavior of all bilayers as a function
f switching cycles, measured at the frequency of 100 kHz and an
pplied electric field of ∼542 kV/cm. The unusual fatigue behavior
s observed for all bilayers, that is, the polarization value is firstly
egraded, and then is improved with increasing the switching
ycles. In order to illuminate the unusual fatigue behavior, the P–E
oops before and after fatigue were also measured for all bilayers,
s plotted in Fig. 8(b)–(d). The polarization value slightly increases
or the 20BLFZO15/100BLFZO10 bilayer, while the polarization val-
es dramatically increase after the fatigue switching cycles for the
0BLFZO15/100BLFZO10 and 180BLFZO15/100BLFZO10 bilayers,
ogether with a roundish P–E loop. These results in Fig. 8(b)–(d) are
n agreement with the fatigue behavior [Fig. 8(a)]. Usually, it is well
nown that the space charge and defect concentration dominate
he fatigue behavior of multilayered thin films [2,33,34]. To identi-

ying whether these factors affect the fatigue behavior of all bilayers
n present work, the dielectric behavior and resistivity before
nd after fatigue were characterized, as shown in Fig. 9. For the
0BLFZO15/100BLFZO10 bilayer, the dielectric constant, dielectric
, (b) 80BLFZO15/100BLFZO10, and (c) 180BLFZO15/100BLFZO10 bilayers. Resistivity
BLFZO10, and (f) 180BLFZO15/100BLFZO10 bilayers.

loss, and resistivity almost keep unchanged after the fatigue switch-
ing cycles, indicating the involvement of few space charge and
defects during switching cycles. In contrast, the dielectric constant
and loss of 80BLFZO15/100BLFZO10 and 180BLFZO15/100BLFZO10
bilayers increase in a low-frequency region of ∼10−1–101 Hz, and
the resistivity decreases, dependent on the BLFZO15 layer thick-
ness, confirming the involvement of more space charge and higher
defects concentration during switching cycles. High capacitance at
low frequency (<10 Hz) in Fig. 9(b) and (c) is due to the conductivity
in the sample [35], and agrees with higher tan ı and low resistivity
of fatigued sample. Therefore, the space charge should be respon-
sible for the unusual fatigue behavior in 80BLFZO15/100BLFZO10
and 180BLFZO15/100BLFZO10 bilayers, while the space charge is
few involved into the 20BLFZO15/100BLFZO10 bilayer.

4. Conclusion

(Bi0.90La0.10)(Fe0.85Zn0.15)O3/(Bi0.90La0.10)(Fe0.90Zn0.10)O3
bilayers have been grown on Pt-coated silicon substrates without
any buffer layers by radio frequency sputtering. Both BLFZO15 and
BLFZO10 phases are well retained in these bilayers. The dielectric
constant of bilayers increases with an increase in the thickness of

the BLFZO15 layer, owing to the introduction of the BLFZO15 layer
with a large dielectric constant. The P–E hysteresis loops are well
saturated with a large polarization value for all bilayers, while their
coercive field decreases with increasing the thicknesses fraction
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