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Improvement of ferroelectric property by Lanthanum (La)-doping of BiFeO5; (BFO) and strain effect of high
quality superlattice films deposited at temperature 2700 °C was shown in this study. The in-pane (200)
radial scans showed that films at deposition temperature above 700 °C behaved high strained ~—1.4% and
showed epitaxity properties. The La-doped BFO superlattice structure also behaved higher polarization
value ~197 uC/cm? and lower leakage current density comparing with BFO superlattice structure shown in
our previous study. The ferroelectric properties of superlattice structures are enhanced by lattice strain and
strongly correlated with the defect state of films.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bismuth iron oxide (BFO) is a popular lead-free ferroelectric material
with high remnant polarization which has attracted much attention
for fundamental studies and technological applications, for instance,
dynamic random access memory and nonvolatile memory [1,2]. In
spite of the great properties of BFO, a serious problem with BFO including
high leakage current and ferroelectric reliability resulted from oxygen
stoichiometry, Bi vacancy and Fe?™ cation [3,4], which resulting in
increasing of the concentration of free carriers and degradation of ferro-
electric properties, is a challenge for the application of BFO.

To overcome the problem of BFO materials, several methods were
studied in previous research. The epitaxial artificial superlattice structure
is one of the methods to enhance properties by controlling the c over a
value with relativity mismatch of lattice constant between two or more
kinds of materials and solve the problems of Perovskite materials. Pre-
vious researches [5-7] have shown that BTO and SrTiOs (STO) artificial
superlattice have better ferroelectric and dielectric properties than
single layer BTO, STO films. Symmetric BFO and STO superlattice have
also been prepared to investigate the relationship between superlattice
formation and ferroelectric properties in the early work [8-10]. In our
previous study, the enhancement of deposition temperature and strain
state on asymmetry BFO/STO superlattice structure also has been in-
vestigated [11]. Besides, recent study has also focused on substitution
of element [12-19] and solid solutions [20,21] to enhance the
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ferroelectric properties of perovskite materials. It has been reported
that substitution of Bi> * by La® * with similar radii with Bi** could re-
duce Bi volatilization and vacancy concentration of oxygen in BFO
[22-24].

Although one may find the researches about effective strain effect
and substitution effect on the structure and ferroelectric properties of
BFO thin films, the information about combination of those effects is
still not well understood. A further study of the integration of substitu-
tion effect and strain enhancement effect on BFO material with La®*
doping is carried in this study. The objective of this work is to research
the role of La®> * doping on the ferroelectric properties of La-doped BFO/
STO superlattice films deposited by sputtering system. By controlling
deposition temperature, the relationship between strain, crystal struc-
ture and ferroelectric properties of La-doped BFO/STO superlattice will
also be discussed.

2. Experimental details

The asymmetric (t;,-pro/tsto=4.0 nm/1.0 nm) 5% La-doped BFO/
STO superlattice films were prepared by triple-gun rf-magnetron
sputtering system on conductive Nb-doped STO (001) substrates
with La-doped BFO and STO in sequence 10 layers. The superlattice
structures were deposited at various substrate temperatures ranging
from 600 °C to 850 °C. The detail of the experimental was described
in our previous study [11].

X-ray reflectivity measurements were performed using CuKo; ra-
diation in a standard Huber two-circle X-ray diffractometer (operated
at 50 kV and 200 mA). Bede Mercury code [25] was used to the fit re-
flectivity data to determine the roughness, thickness and density of
the superlattice structure. The high-resolution diffraction patterns
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were measured using a synchrotron X-rays source at wiggler beam-
line BL-17B1 in the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The typical scattering vector resolution
in the vertical scattering plane was set to ~1x10~>nm ™! in these
experiments.

An atomic-force microscope (AFM) was used to examine the sur-
face morphology of the films. The AFM image was recorded on an in-
strument (Digital Instrument MultiMode AFM) operated in contact
mode with silicon tip (diameter <20 nm). Various areas (2x 2 um?)
of the surfaces were scanned at a scan rate of 0.8 Hz, and the root-
mean-square surface roughness A was automatically calculated by a
computer program. For measurements of electrical properties, Pt
top electrodes were sputtered onto the surface of the superlattice
films near 25 °C. The ferroelectric hysteresis loop at frequency 1 kHz
and 25 °C and leakage current measurements of La-doped BFO/STO
superlattice films at various temperatures were measured with aix-
ACCT TF-2000 analyzer.

3. Results and discussion

Fig. 1 plots the reflectivity curves and the best fitting results of La-
doped BFO4nm/STO1nm Superlattice films with various deposition
temperatures. The typical shape of the reflectivity curves and the
clear oscillations therein demonstrate that both the surface and the in-
terface are smooth and are near coherent. The appearance of Bragg
peaks and Kisseig fringes with equal space confirms vertical periodicity
of superlattice films. The results of fitting the reflectivity curves, pre-
sented in Table 1, reveal that the density of the La-doped BFO and STO
sublayers increases at deposition temperature ranging from 650 °C to
750 °C. For all superlattice structures, the films that were deposited at
750 °C had the highest density—very close to the perfect value for
bulk BFO/STO materials, which reveals much lower concentration of
defect than other samples. The La-doped BFO/STO superlattice structure
has a stable thickness, indicating that the deposition temperature does
not affect the rate of growth. The fitted results also demonstrate that
the surface and interface roughness increased with deposition temper-
ature. Table 1 presents the surface roughness of the superlattice struc-
ture observed by AFM. The root-mean square surface roughness
exhibits a trend similar to that of the fitted reflectivity curves, which
increase with deposition temperature.

Fig. 2 shows (0 OL) radial scan of superlattice films with an STO
lattice parameter of 0.3905 nm at 25 °C, for various deposition tem-
peratures. At a deposition temperature =700 °C, the diffraction pat-
tern of superlattice films exhibit a main line and satellite lines with
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Fig. 1. Measured reflectivity curves (circles) of La-doped BFO/STO superlattice films
deposited at substrate temperatures between 600 °C to 850 °C with the best curve
fitted results (solid line).

Table 1

Parameters obtained from best-fit results of reflectivity curves of La-doped BFO/STO
superlattice films deposited on an Nb-doped STO substrate at different deposition tem-
peratures. The surface roughness determined from AFM measurements is listed in the
last column for comparison. The relative standard deviations of the fitted data are for
thickness below 2%, density below 2% and roughness below 6%. The thickness of the
SrTiO5 substrate is set as infinite and the bulk density is 5.118 g/cm?>. The bulk density
of La-doped BFO is 8.354 g/cm> and that of STO is 5.118 g/cm®.

Deposition Fitted Fitted Fitted roughness (nm) AFM (nm)
temperature thickness  density

0 (nm) (g/cm?)

Tero  Tsto  Pero Psto  Orojsub  Ointerface  Osurface  Osurface

600 412 099 7.60 4.66 04 0.7 0.53 0.52

650 391 092 785 486 041 0.69 0.56 0.41

700 397 091 794 491 042 0.7 0.59 0.67

750 397 091 802 502 042 0.7 0.59 147

800 39 094 752 481 045 0.9 0.65 2.14

850 401 092 752 461 45 0.92 0.92 2.77

clearly discernible Pendellosung fringes, indicating the superior crys-
talline quality and interface quality of the La-doped BFO/STO super-
lattice structure. Moreover, the satellite peaks with equal space also
prove periodicity of superlattice films. When the deposition tempera-
ture was increased to 800 °C, the position of the main diffraction line
of the superlattice does not change but the period of the satellite lines
changed. Increases in interface roughness, surface roughness and
inter-diffusion with temperature may have been responsible for
these changes of period.

Fig. 3 displays the crystal truncation-rod spectra of the superlattice
films in the direction [H 0 0]. Superlattice films that were deposited at
a temperature over 700 °C yield a diffraction peak which overlaps
with peaks of the STO substrate, revealing that the La-doped BFO/STO
superlattice is well-strained by the STO substrate; relaxation of strain
is almost entirely not observed. The in-plane strain of the samples is
also shown in the right side of Fig. 3. The horizontal lattice parameter
is given by the equation a=H \/2 sin6, where H denotes the location
of the Bragg diffraction expressed in reciprocal lattice units (r.L.u), and
6 denotes the measured Bragg angle. All of the superlattice films have
a horizontal lattice parameter smaller than the lattice constant of bulk
BFO (0.396 nm), which finding is strong evidence of the compression
of the BFO lattice by the STO substrate. The in-plane strain of a superlat-
tice film (&xx) is given by the equation, &xx = (ax — axo) / Axo, Where ay is
the lattice parameter of the strained layer, and ayo is the lattice param-
eter of strain-free layer. The superlattice films that are deposited at
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Fig. 2. Intensity distribution of a (002) radial scan of La-doped BFO/STO superlattice
films deposited at substrate temperatures between 600 °C to 850 °C. These results re-
flect high quality layer-by-layer superlattice structure. An arrow marks the position
of the superlattice main peak and a dashed line denotes the position of the mean
value of the superlattice.
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Fig. 3. X-ray intensity of radial scans along the (200) in-plane Bragg peak of La-doped
BFO/STO superlattice films deposited at different substrate temperatures. The right side
shows an in-plane compressive strain of BFO layer as a function of deposition temper-
ature, and the reciprocal space maps of the samples are also shown in the left side of
Fig. 3.

a temperature of over 700 °C have a higher in-plane strain which ap-
proaches the critical value of 1.42% associated with a fully strained
BFO sublayer than those deposited at 600 °C or 650 °C. The in-plane
strain of films does not change as the deposition temperature increases
above 700 °C. The reciprocal space maps of the samples are also shown
in the left side of Fig. 3. The profile indicates that La-doped BFO/STO
superlattice deposited at 750 °C exhibits profile with similar H and K
index of films and substrate, which indicate that the superlattice films
are isometrically strained by STO substrates. The symmetry profile
with uniform L index of superlattice films reveals that superlattice
behave well strain effect. However, the higher L index and non- symmetry
diffraction profile of superlattice films deposited at 600 °C demonstrate
the larger partial strain relaxation of superlattice films.

Fig. 4 shows the full width at half-maximum of the in-plane rock-
ing curves of La-doped BFO/STO superlattice films, which decrease
rapidly as the deposition temperature increases. Superlattice films
that are prepared at a temperature of over 700 °C exhibit have a bet-
ter crystalline quality than others. The slight broadening of the dif-
fraction peak demonstrates the reduction in the crystalline quality
of the superlattice films as the deposition temperature increases
above 800 °C.

Fig. 5(A) presents the hysteresis loops of La-doped BFO/STO
superlattice films. At a deposition temperature of =750 °C, La-doped
BFO/STO films have excellent crystalline quality and clear
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Fig. 4. FWHM of in-plane rocking curves of La-doped BFO/STO superlattice structure.
The best crystal quality is displayed with superlattice films deposited at 750 °C.
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Fig. 5. (A) Electric hysteresis loops of La-doped BFO/STO superlattice films deposited at
different substrate temperatures. Hysteresis loops of optimized BFO/STO superlattice
films deposited at 750 °C with the same sputtering conditions is also shown in the
figure for comparison. (B) The variation of 2P; values with in-plane strain of superlattice
structure at different deposition temperatures. Strain enhancement of ferroelectric
properties is clearly observed at deposition temperature below 750 °C.

Pendelldsung fringes exhibit polarization that increases with deposi-
tion temperature. This result is attributable to the in-plane strain, and
the attainable polarization (2P;), ranging from 133.7uCcm™2 to
197.4 uC cm ™2 at deposition temperatures of 600 °C-750 °C, exceeds
those of BFO/STO superlattice films that were deposited under similar
deposition conditions in our previous study [11]. This finding is strong
evidence that La doping enhances the ferroelectric properties of the
BFO single layer but also performance of the BFO superlattice structure.
Nevertheless, the polarization of superlattice films decreases rapidly at
deposition temperature above 800 °C.

Fig. 5(B) plots the variation of 2P, values at different deposition
temperatures for a superlattice structure with in-plane strain. La-
doped BFO/STO thin superlattice films that were deposited under
750 °C exhibit a positive correlation between polarization values
and the in-plane strain; higher in-plane strain leads to greater polar-
ization. However, with their high crystalline quality and distinct
superlattice structure, the superlattice films that are deposited at
800 °C and 850 °C have much lower polarization values than the
other films, even lower than that of BFO/STO superlattice films in
the authors’ earlier study [11].

Fig. 6 plots the measured current density as a function of the elec-
tric field for a La-doped BFO/STO thin film at room temperature. The
figure reveals a typical shape of curve and stable leakage properties
of films at a deposition temperature =750 °C. Superlattice films at
deposition temperature of £750 °C also have much lower leakage
current densities than did BFO/STO superlattice films in our earlier
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Fig. 6. Leakage current density of La-doped BFO/STO superlattice films versus electric
field at different deposition temperatures.

study [11]. A rapidly increasing leakage current density and an asym-
metric loop of the leakage current density of the superlattice films are
observed at deposition temperatures of over 800 °C, even though the
leakage current density remains less than that of BFO/STO films.

In summary, La-doped BFO/STO superlattice films have a stable
deposition rate and well leakage and ferroelectric properties that
are better than those of BFO/STO superlattice films that are deposited
under similar condition [11]. This difference may result from the
stronger La-O chemical bond comparing with Bi-O bond to stabilize
the structure of BFO [22]. The lower oxygen vacancies and the lower
defect like oxygen-deficient dendrite which reduce the leakage and
ferroelectric properties of films can generate [26,27]. In this investiga-
tion, the strain-induced polarization is observed in La-doped BFO/STO
superlattice films. The superlattice films deposited at 700 and 750 °C
show enhanced film density, crystalline quality, and polarization. The
superlattice films that are deposited at 750 °C are of the highest quality,
and have the highest remnant polarization value. As the deposition
temperature increases (2800 °C), in spite of the high strain state, the
polarization value of the superlattice film decreases and the leakage
current density increases rapidly. Reducing the film density and in-
creasing the interface/surface roughness imply the increase of defects
in superlattice structure, and these factors could degrade the ferroelec-
tric and leakage properties. The results demonstrate that the ferroelec-
tric and leakage properties of the superlattice structure are strongly
influenced by crystal quality, strain state and the defect state in the
superlattice structure.

4. Conclusions
La-doped BFO/STO superlattice structures with high crystalline

quality were fabricated on Nb-doped STO substrate with temperature
range of 700-850 °C. Enhanced polarization induced by in-plane

strain, originated from epitaxial-growth superlattice structure, is ob-
served. The leakage current of the superlattice is much larger at a
temperature above 800 °C, which is consistent with fitting result of
film density. La doping has been proved to reduce leakage current
and enhance ferroelectric properties in the BFO/STO superlattice
films. When growth temperature is higher than 800 °C, the films ex-
hibit lower 2P, values due to reduced film density, indicating that
film density (defect state) is also a key factor, which can influence fer-
roelectric properties of La-doped BFO/STO superlattice films, in addi-
tion to in-plane strain. The lower 2P, values of superlattice films
deposited at temperature higher than 800 °C indicate that the ferro-
electric properties of La-doped BFO/STO superlattice structures are
enhanced by lattice strain and strongly correlated with the defect
state in the superlattice structure.
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