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Symmetric superlattice structures of multiferroic BiFeO3 and conductive LaNiO3 sublayers were grown on a
Nb-doped SrTiO3 substrate with radio-frequency magnetron-sputtering. The formation of a superlattice
structure was confirmed from the appearance of satellite lines on both sides of the main line in the X-ray dif-
fraction pattern. X-ray measurements show that these superlattice films become subject to greater tensile
stress along the c-axis and to increased compressive stress parallel to the surface plane with a decreasing
thickness of the sublayer.
The smaller is the thickness of the sublayer, the greater is the crystalline quality and the strain state. The hys-
teresis loops show a large leakage current at frequencies of 0.5 and 1 kHz; the polarization decreases with an
increasing frequency.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Multiferroic BiFeO3 (BFO) exhibits both a ferroelectric phase tran-
sition at Curie temperature TC=1103 K and a magnetic phase transi-
tion at Néel temperature TN=643 K, rendering it both ferroelectric
and ferromagnetic simultaneously [1–4]. As the material is free of
lead, it becomes a worthy candidate for practical applications. Ferro-
electric thin films promise diverse applications in microelectronic
and data-storage devices, such as sensors, transistors and nonvolatile
memories [5]. BFO has attracted much attention because of its superi-
or ferroelectric properties in the form of an epitaxial thin film in com-
parison with counterpart bulk single crystals or ceramics [6,7].
Because of the large polarization and large piezoelectric coefficient,
multiferroic BFO thin films have been considered to be among the
most promising candidates for ferroelectric random-access memo-
ries and micro-electromechanical systems [8]. Exploring how the
substrate-induced strain affects the ferroelectric behavior of ferro-
electric thin films is an important issue, as epitaxial strains can
greatly enhance the ferroelectric polarization and the Curie temper-
ature of thin films relative to their bulk counterparts [9].

Considerable effort has been focused on the deposition of BFO thin
films with the most desirable film texture and electrical behavior for
several technologically demanding applications, including pulsed-laser
tion Research Center, Hsinchu,
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deposition, sol–gel synthesis and chemical-vapor deposition [10–13].
We used radio-frequency (RF) magnetron sputtering to grow epitaxial
thin films because of the highly reproducible chemical composition and
the facile control of the process [14–16]. Sputtering allows us to grow
complicated oxide thin films with extremely smooth surfaces [17]. RF
magnetron sputtering has the advantage of a large throughput at small
cost and a large uniform region; both properties are appropriate for in-
dustrial applications.

Artificial superlattices provide excellent opportunities to manipu-
late the strain and chemical heterogeneity so as to enhance proper-
ties. In previous work we evaluated an optimal growth condition to
yield a BiFeO3/LaNiO3 (BFO/LNO) superlattice of enhanced crystal
quality [18]. Based on the optimal growth conditions, we here report
the effect of the sublayer thickness on the polarization of a BFO/LNO
superlattice formed on a Nb-SrTiO3 (STO) substrate with a RF
magnetron-sputtering system;we investigated the effect of superlattice
formation on the ferroelectric and leakage properties of BFO.

2. Experiments

A BFO/LNO superlattice was grown on a Nb-STO (001) substrate
with an Ultra High Vacuum RF magnetron-sputtering system. The
chamber was evacuated below 6.6×10−7 Pa to avoid contamination.
For the BFO thin film, a Bi1.2FeO3 ceramic served as a target; the ex-
cess bismuth compensated for Bi volatilization during deposition
[19]. The RF magnetron sputtering was performed at power density
0.74 W cm−2 (BFO) and 0.98 W cm−2 (LNO); the pressure of the
gas was fixed at 2 Pa with Ar/O2 ratio 4:1 and the growth rate was
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Fig. 1. Intensity distribution of a (002) radial scan of a BFO/LNO superlattice with varied
thickness of sublayer andperiods. The inset shows the bestfits (solid line) to the experimen-
tal XRD patterns for BFO/LNO superlattices at thicknesses 3.6 and 8.5 nm of the sublayer.
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0.6 nm/min (BFO) and 0.4 nm/min (LNO). A symmetric sublayer
structure (BFOm/LNOm)n, in which m is the thickness/nm of a sublayer
and n is the number of repeating periods, was adopted. The superlattice
structure contained BFO/LNObilayers in 6–30 periodswith the sublayer
thickness in the range 1.7–8.5 nm at deposition temperature 660 °C.
The total thickness of the films was fixed at ~100 nm.

With a synchrotron as a source of X-rays, we used high-resolution
X-ray diffraction (HRXRD) to characterize the structure of the BFO/
LNO heterostructure; these experiments were performed at wiggler
beamline BL-17B1 in the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. The composition of the depth
profile was examined with a time-of-flight secondary-ion mass spec-
trometer (TOF-SIMS) and a Cs+ ion source (12.5 keV with 50 nA cur-
rent, CAMECA ims4f). The raster size was 250 μm×250 μm and the
sputtering rate was 0.06 nm/s. For the measurement of the ferroelec-
tric properties and leakage current, a layer of Pt was deposited on top
of the BFO/LNO superlattice through a shadow mask at 25 °C as a top
electrode. The hysteresis loop of the polarization–electric field (P–E)
of the BFO/LNO superlattice was measured with a ferroelectric test
system (TF Analyzer 2000FE-Module, axiACCT Co.) at probing fre-
quencies 0.5–1 kHz and voltage 6 V at 23 °C. The current density–
electric field (J–E) curve was measured at voltage 3 V and current
Table 1
Thickness parameters of a BFO/LNO superlattice obtained from the results of X-ray diffracti

Nominal sample ΛWAXRD/nm Fitted th

Modulation length
tBFO+tLNO

Total thickness tBFO

(B1.7/L1.7)30/STO 3.40±0.17 102.0 1.70±0.0
(B2.6/L2.6)20/STO 5.40±0.27 108.0 2.60±0.0
(B3.6/L3.6)15/STO 7.20±0.36 108.0 3.08±0.0
(B5.2/L5.2)10/STO 10.40±0.52 104.0 5.30±0.1
(B8.5/L8.5)6/STO 17.50±0.88 105.0 8.70±0.2
1 mA; pulse-up pulse-down (PUPD) measurements were made with
the same test system.
3. Results and discussion

Fig. 1, obtained from an eight-circle X-ray diffractometer and a
high-resolution synchrotron source with a radial scan along direction
(00L) of BFO/LNO superlattice films, shows the crystalline quality of
the superlattice structure. The intense and sharp peak centered at
L=2 is the STO (002) Bragg reflection from the substrate. The main
peak (marked with arrows in Fig. 1) and well defined satellite lines
on both sides of the main line indicate the great crystalline quality
of the BFO/LNO artificial superlattice structure formed with RF mag-
netron sputtering. Expanded views of the fitted curve (solid line),
using both symmetric and exponential composition profiles; experimen-
tal data (open circles) of BFO/LNO superlattice films with sublayers of
thicknesses 3.6 and 8.5 nm in the inset of Fig. 1 indicate the position of
the reflection of the satellite line (marked with an arrow). Overall, both
assumptions yielded satisfactory agreement with the experimental
data; some discrepancy of the background intensity near the substrate
peak in the compositionmodulation shape is indicated by the satellite in-
tensities. The superlattice exhibits satellite peaks that allowed us to de-
duce the super-period of the superlattice (ΛWAXRD) according to the
formula [20] ΛWAXRD ¼ λ

2 sin θn− sin θn−1ð Þ, in which λ is the X-ray wave-

length and θn and θn−1 are the angular positions of two successive
satellite lines. The period of the superlattice films obtained from the oscil-
lations of the (002) radial scan shown in Table 1 agrees with the result of
the X-ray reflectivitymeasurement. To verify the vertically periodicmod-
ulation obtained from theX-raymeasurements,we examined the vertical
composition profile of the BFO/LNO superlattices with SIMS. A SIMS
depth profile of the (BFO8.5/LNO8.5)6 superlattice is shown in Fig. 2. The
variations in the signals of Bi, Fe, La, Ni, Sr, Ti and O are consistent with
the designed period of 6 cycles of a BFO/LNO superlattice. The total thick-
ness obtained from the SIMS is consistent with the calculated value from
the (002) radial scan and the X-ray reflectivity curve shown in Table 1.

The epitaxial relation between the BFO and LNO layers in the
superlattice was examined according to the orientation in plane
with respect to the major axes of the STO (001) substrate. The distri-
bution of the X-ray intensity of an in-plane radial scan of the BFO/LNO
superlattice film is shown in Fig. 3. The Bragg peak of the superlattice
is shifted to a smaller H index and broadens rapidly with increasing
thickness of the sublayer. The azimuthal diffraction patterns of a
(BFO1.7/LNO1.7)30 superlattice in the vicinity of a surface peak and
the substrate Bragg peak that clearly exhibits a four-fold symmetry
with the same orientation appear in the inset of Fig. 3. These results
constitute firm evidence for strong epitaxy of the deposited layer on
the substrate. No other signals are observed in the intervals between
the four peaks, indicating a perfect alignment of a and b axes of the
BFO and LNO unit cells along those of the STO substrate.

The lattice parameters of BFO and LNO are 0.3962 and 0.3861 nm,
respectively. The BFO sublayer is in a biaxially compressive state,
whereas the LNO sublayer is in a biaxially tensile state in the
on, X-ray reflectivity and SIMS.

ickness by X-ray reflectivity/nm Total thickness (SIMS)/nm

tLNO Total thickness

4 1.75±0.04 103.5
6 2.60±0.06 104.0
7 4.00±0.10 106.2
3 5.30±0.13 106.0 104.0±1
1 8.70±0.21 104.4 105.0±1
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10-7

10-5

10-3

10-1

-400 -200 0 200 400

2 4 6 8 10
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

: m=1.7nm; n=30

: m=2.6nm; n=20

: m=3.6nm; n=15

: m=5.2nm; n=10

: m=8.5nm; n=6

(BFO
m

/LNO
m

)
n

S
tr

ai
n

 (
%

)

Applied field (kV/cm)

C
u

rr
en

t 
d

en
si

ty
 (

A
/c

m
2 )

(a)

(b)

 In plane
 Out of plane

Thickness (nm)

Fig. 4. Strain dependent and J–E curve of BFO/LNO superlattice films with varied
sublayer thickness (a) in plane strain and out of plan strain, and (b) the J–E curve.
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superlattice system. The critical thickness for misfit dislocations, esti-
mated according to a model proposed by Matthews and Blakeslee
[21], of the BFO/LNO superlattice was ~15 nm. The designed modula-
tion length (tBFO+ tLNO) of the superlattices was from 3.4 nm to
17 nm. The lattice parameter of BFO in plane was determined directly
from the (2 0 0) reflection [22,23]. The compressive strain in plane is
defined as (aBFO−abulk−BFO)/abulk−BFO, in which aBFO is the lattice
parameter of the strained BFO layer observed from the in-plane radial
scan of the superlattice and abulk-BFO is the lattice parameter of
strain-free bulk BFO. Based on this derived lattice parameter, the
strains evaluated in plane and out of plane of BFO layers are related
with ε⊥ ¼ − 2ν

1−ν ε== [24], in which ν is Poisson's ratio, ε⊥ is the
out-of-plane strain and ε// is the in-plane strain, shown in Fig. 4 (a).
The thinner is the sublayer, the larger is the in-plane compressive
strain of the BFO sublayers.

Fig. 4 (b) shows the J–E curve of BFO/LNO superlattice films with
sublayers of varied thickness, which indicates large leakage current
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Fig. 3. X-ray intensity of a set of radial scans along the (200) in-planeBragg lineof BFO/LNO
superlattice films deposited for varied periods. An arrow marks the position of the
superlattice main peak. The inset shows an azimuthal scan (Φ scan) of the surface peak
and the substrate Bragg peak for a (BFO1.7/LNO1.7)30 superlattice film.
densities in this superlattice system for all periods; the leakage
current increases with increasing thickness of the sublayers. In an
insulating/conductive superlattice system, i.e., the BFO/LNO superlattice,
there is ametallic layer in between,which increases the leakage current.
An asymmetric feature of J–E curves might be due to varied Schottky
barrier heights of the top and bottom electrodes or the varied extent
of interface defects on both sides [25,26], which seem consistent with
the tendency of the crystalline quality of the superlattice. The clearer dif-
fraction peaks and satellite lines, the narrower diffraction in plane and
the smaller mosaic structure of the film decrease the probability of
leakage from the top electrode to the bottom electrode.

The ferroelectric properties of the BFO/LNO superlattice at thick-
nesses 1.7, 3.6 and 8.5 nm of a sublayer, and a BFO film of a single
layer (thickness 60 nm), of the hysteresis loop of the polarization–
electric field (P–E) are shown in Fig. 5. P–E hysteresis loops of BFO/LNO
measured at probing frequencies 0.5–5 kHz and 25 °C show that both
remanent polarization (Pr) and the coercive field (Ec) depend strongly
on frequency. Hysteresis loops, with the largest remanent polarization
(2 Pr) near 160 μC cm−2, were observed for (BFO8.5/LNO8.5)6 measured
at 5 kHz. In the loops measured under 1 kHz, the contribution from the
leakage is distinctly observable, as a result of which both the rounded
shape and the remanent polarization increase; at frequency 2 kHz or
greater, the contribution from the leakage was removed, and well satu-
rated loops were observed. Despite the small dc leakage, the P–E loop
was dominated by other effects of the extrinsic space charge, which
might be due to the presence of a charged interface or defects or misfit
dislocations formed through strain relaxation at the interface [27]. The
poor ferroelectric nature of the BFO film can hence be attributed to the
presence of mobile charge carriers (generated electrons and oxygen
vacancies) at large concentrations [28]. Fig. 6(a) displays the variation
with frequency of the polarization value (2 Pr); at small probing frequen-
cies, these mobile free charges contribute to the total polarization. The
leakage is attributed to the presence of oxygen vacancies, which increase
the amount of free carriers, leading to a degradation of the ferroelectric
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properties [28]. The effect of the leakage current was much decreased
on increasing the measurement frequency; the polarization value
approached a saturation value at all sublayer thicknesses as shown in
this figure. From the result of this polarization value, an effective strain
manipulation of BFO sublayers in a superlattice structure by LNO
sublayers can enhance the ferroelectric properties of the BFO sublayers.
The interface was an issue of the ferroelectric property: the thinner is
the sublayer, the greater is the extent of the interface in the superlattice;
any imperfections at the interface, such as the formation of undesirable
phases or electronic trapping states, seriously degrade the performance
of the ferroelectric property [29]. For the same total thickness, the
superlattice films of smaller sublayer thickness have more pe-
riods, and more interfaces result in a decreased effective thick-
ness. The superlattice films that have a thicker sublayer with a
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(a) polarization value (2 Pr) at varied frequency from P–E hysteresis loops, and (b) the
remanent polarization obtained from the PUPD test.
diminished interface region therefore exhibited a larger rema-
nent polarization. The value of remanent polarization (2 Pr) of the
BFO layer, 2 Pr~160 μC cm−2, obtained from Fig. 6(a) is eight times
that, 2 Pr~20 μC cm−2, for a single-layer BFO thin film (60 nm) pre-
pared under the same sputtering conditions, at 660 °C and measured
at 5 kHz. To confirm the polarization value of the superlattice, we
performed a PUPD test with pulse width 0.25 ms and a delay
1000 ms. This pulsed measurement demonstrates that the measured
polarization switching is an intrinsic property of the superlattice, and
separate from the leakage property [11]. The results of the PUPD test
are shown in Fig. 6(b); the remanent polarization obtained from the
PUPD test was smaller than from the hysteresis loops but shows the
same tendency with the result of the P–E loop, and likewise with the
strain effect and the periods of the superlattice.
4. Conclusions

For BFO/LNO superlattice structures fabricated on a Nb-doped STO
substrate with a RF magnetron-sputtering system, we characterized
the structure of the interface and the surface morphology of these
films by measuring X-ray reflectivity and diffraction. An intrinsic
remanent polarization of the superlattices was observed at the thick-
ness of a sublayer in the range 1.7–8.5 nm at 5 kHz. The periods and
thickness of the superlattice confirmed by XRD and XRR are consis-
tent with the results of SIMS. The rounded shape of the hysteresis
loop at frequency ≦2 kHz resulted from a large dc leakage and extrin-
sic interface effects.
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