SCIENCE CHINA
Physics, Mechanics & Astronomy

CrossMark

& click for updates

e Article ¢

June 2017 Vol. 60 No. 6: 067711
doi: 10.1007/s11433-017-9020-8

Effects of BaTiO; and SrTiO; as the buffer layers of epitaxial
BiFeOs; thin films

Yu Feng'?, Can Wang'?, ShiLu Tian'?, Yong Zhou'?, Chen Ge', HaiZhong Guo', Meng He',
KuiJuan Jin'*¥, and GuoZhen Yang'?*?

! Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China;
2 University of Chinese Academy of Sciences, Beijing 100049, China,
3 Collaborative Innovation Center of Quantum Matter, Beijing 100190, China

Received January 1, 2017; accepted March 3, 2017; published online April 19, 2017

BiFeO; (BFO) thin films with BaTiOs (BTO) or SrTiO; (STO) as buffer layer were epitaxially grown on SrRuOs-covered SrTiOs
substrates. X-ray diffraction measurements show that the BTO buffer causes tensile strain in the BFO films, whereas the STO
buffer causes compressive strain. Different ferroelectric domain structures caused by these two strain statuses are revealed by
piezoelectric force microscopy. Electrical and magnetical measurements show that the tensile-strained BFO/BTO samples have
reduced leakage current and large ferroelectric polarization and magnetization, compared with compressively strained BFO/STO.
These results demonstrate that the electrical and magnetical properties of BFO thin films can be artificially modified by using a

buffer layer.
BFO, buffer layer, strain
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1 Introduction

As a promising candidate for many applications, such as
spintronics, information storage and communication, multi-
ferroic materials have attracted significant attention for their
simultaneous ferroelectricity and (anti)ferromagnetism [1].
BiFeO; (BFO) is a remarkable multiferroic material due to
its large spontaneous polarization, high Curie temperature
(~820°C) and high Néel temperature (~370°C) [2]. BFO
possesses a rhombohedrally distorted perovskite structure
with space group R3c at room temperature [3]. A relative
Bi-O displacement resulting from the stereochemical activity

*Corresponding authors (Can Wang, email: canwang@iphy.ac.cn; KuiJuan Jin, email:
kjjin@iphy.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2017

of the lone electron pair located on the Bi cation causes the
ferroelectricity in bulk BFO [4,5]; its antiferromagnetism
or weak ferromagnetism at room temperature is due to a
residual moment from a canted spin structure [6,7].

BFO thin films have recently been intensively studied for
their interesting physics and applications in nanoelectronic
devices [8]. However, as do other ferroelectric materials,
BFO thin films suffer from degradation in electrical proper-
ties owing to interfacial effects, space charge effects, residual
stresses induced by lattice mismatch and thermal misfit, and
defects such as oxygen vacancies [9-13]. The large leakage
current in BFO thin films is one of the major issues that limit
their application in electronic devices.

Some studies have shown that the physical properties of
BFO thin films can be improved or modified by using an ap-
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propriate buffer [14]. It has been demonstrated that introduc-
ing an insulating oxide layer with lower leakage current to
form a double-layered or multilayered structure is an effec-
tive way to reduce the leakage current in BFO films [15]. In
general, the buffer layer has different lattice constants. Thus
the residual strain in ferroelectric thin films can be modu-
lated, which results in changes of lattice distortion, disloca-
tion formation, ferroelastic domain, etc. Consequently, the
physical properties of ferroelectric thin films are influenced
by the use of one or more buffer layers. For example, studies
have shown that residual strain can greatly change the dielec-
tric properties of ferroelectric Pbgo,Lagos Zro5:Tio4303 (PZT)
films [16], and that oxide buffer layers influence the electric
and magnetic properties of BFO thin films [17,18]. In ad-
dition, the study of BFO films grown on various substrates
with different lattice constants has also revealed that the pla-
nar stresses from lattice mismatch exert significant influence
on the physical properties of the films [19].

2 Experimental details

In this work, BaTiOs; (BTO) and SrTiOs; (STO) were used as
the buffers for BFO films. BTO and STO both have per-
ovskite structures but with different lattice constants. In com-
parison to the rhombohedral BFO (@,.=0.396 nm), tetragonal
BTO has larger lattice parameters of @=0.399 nm and ¢=0.403
nm; by contrast, cubic STO has smaller lattice constants of
a=0.391 nm. BFO/BTO and BFO/STO double-layer films
were grown on SrRuO; (SRO)-covered STO substrates (100)
by a pulsed laser deposition method. Lattice mismatch be-
tween the two layers can be compensated by residual strain.
The present study shows that, as expected, the BFO layer in
the BFO/BTO and the BFO/STO double-layer films suffers
tensile strain and compressive strain, respectively, and thus
their physical properties have been modified as well.

The ceramic targets used in the present study were synthe-
sized by the conventional high-temperature solid-state reac-
tion method. All of the layers in the films were deposited
in sequence by using a XeCl 308 nm excimer laser with an
energy density of around 1.5 J/cm? and a repetition of 2 Hz.
During deposition, the oxygen pressure in the chamber was
kept around 10 Pa and the substrate temperature determined
by an infrared pyrometer was 590°C. After deposition, the
samples were annealed for 10 min in the same environment.
The BFO layer and BTO or STO buffer layers were equally
controlled to be about 150 nm; the SRO bottom electrode was
set to 50 nm. Pt dots with a diameter of 50 pm were grown
on the BFO films as top electrodes.

3 Results and discussion

The crystal structures of the thin films were examined by an
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X-ray diffractometer (XRD) (Rigaku). The XRD patterns
(not all shown here) indicate that the thin films were grown
epitaxially, without any impurity. XRD patterns around the
(002) peak of STO are shown in Figure 1. The (002),. reflec-
tions for BFO, BTO, and SRO are identified; the dashed line
shows the (002),. peak location for BFO bulk. Compared to
the BFO bulk, the BFO film on the BTO buffer has a (002),.
peak at a higher angle, whereas the BFO film on the STO
buffer has a (002),. peak at a lower angle. For a thin film
layer, the shift of diffraction peaks is usually caused by strain
resulting from a planar stress. It is known that a lower angle
corresponds to a larger d-spacing in the out-of-plane direction
induced by compress stress, whereas a higher angle indicates
a smaller d-spacing induced by tensile stress. Because BFO
has a smaller lattice than BTO and a larger lattice than STO,
the BFO layer suffers tensile stress on a BTO buffer and com-
pressive stress on an STO buffer. It is thus demonstrated that
the BFO thin film on a BTO buffer undergoes tensile strain,
whereas it undergoes compressive strain on a STO buffer.

In Figure 1, we see the XRD patterns around the (002)
peak of STO. The (002),. reflections for BFO, BTO, and SRO
are identified. The dashed line shows the (002),. peak lo-
cation of the BFO bulk. Piezoresponse force microscopy
(PFM) measurements were performed using an Asylum Re-
search MFP-3D atomic force microscope with Si/Ir-coated
tips at room temperature. Surface morphologies and phase
images were taken simultaneously for one sample under PFM
mode. The surface morphologies and out-of-plane phase im-
ages shown in Figure 2(a) and (c) are for the BFO/BTO sam-
ple; Figure 2(b) and (d) show results for the BFO/STO sam-
ple. Both of the films show island structures on their surfaces.
The islands on the BFO/BTO sample are sphere-like whereas
they are cuboid-like on the BFO/STO sample. The respec-
tive root-mean-square roughness of the two samples, which
determined from the surface morphology images, is 2.9 and
3.3 nm. The BFO/BTO sample has a smoother surface. Out-
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Figure 1 (Color online) XRD patterns around the (002) peak of STO. The
(002),,. reflections for BFO, BTO, and SRO are identified. The dashed line
shows the (002),. peak location of the BFO bulk.
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Figure 2 (Color online) Surface topographies and out-of-plane PFM phase
images. (a) and (b) were obtained on the BFO/BTO sample; (c) and (d) were
obtained on the BFO/STO sample.

of plane domains are represented for BFO/BTO and
BFO/STO in Figure 2(c) and (d). The purple regions indicate
the ferroelectric domains have downward polarization, and
the yellow regions indicate the upward domains. Thus, an-
tiparallel domains in out-of-plane orientation are clearly seen
in the PFM phase images for 180° contrast. The BFO/BTO
sample has fewer upward domains with smaller size; by
contrast, more than half of the domains in the BFO/STO
sample are upward with larger size. Phase-field simulations
have revealed that the domain structures and sizes of epi-
taxial BFO thin film are strongly dependent on the strain
from substrate relating to elastic strain energy [20], electric
boundary conditions [21], and other factors [22,23]. The
compressive strain in the BFO thin film with the STO buffer
would facilitate the formation of domains in out-of-plane
orientation and consequently the formation of a larger do-
main. Our PFM results confirm and suggest that the domain
structures in the BFO thin films are sensitive to the in-plane
strain induced from either the BTO or STO buffer layer.

To investigate the strain effects of the buffer layers,
we measured the electric properties of the BFO/BTO and
BFO/STO samples in a capacitor structure with bottom
electrode SRO and top electrode Pt dot. Figure 3 shows
the frequency dependence of dielectric properties of the two
samples. Neither sample is strongly sensitive to the testing
frequency in the range of 1 kHz-1 MHz with capacitance
and loss. However, the BFO/BTO sample shows larger per-
mittivity (¢;) and smaller dielectric loss than the BFO/STO
sample.

We measured the polarization hysteresis (P-£) loops of the
two samples using a ferroelectric test system (Radiant Tech-
nologies) at 100 kHz (Figure 4). The observed polarization
hysteresis loops indicate that both of the samples show ferro-
electricity, but neither is well saturated at the measured
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Figure 3 (Color online) Frequency dependence of capacitance and dielec-
tric loss of Pt/BFO/BTO/SRO/STO and Pt/BFO/STO/SRO/STO heterostruc-
ture at room temperature.
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Figure 4 (Color online) P-E loops of Pt/BFO/BTO/SRO/STO and Pt/
BFO/STO/SRO/STO heterostructure at room temperature. The test fre-
quency is 10 kHz.

voltage range. Due to the unsaturation of the obtained fer-
roelectric loops, a comparison of their remnant polarizations
would not make much sense here. The sample with BTO
buffer has larger remnant polarization and smaller coercive
voltage than the sample with STO buffer. However, both the
samples with buffer show deterioration in dielectric and fer-
roelectric properties compared with the pure BFO thin films
[24,25]. Therefore, the measured dielectric and ferroelectric
properties of these two samples must be related to the prop-
erties of the buffer layer itself. The BTO buffer layer is ferro-
electric and has larger permittivity than STO [26-28], which
means that the BFO/STO film that composes a non-ferroelec-
tric STO buffer layer has reduced permittivity or polarization.
Moreover, the ferroelectric properties should be related to the
domain configuration or stress state. Studies have shown that
in-plane compressive strain leads to an increase in remnant
and saturation polarizations in some ferroelectric materials,
whereas tensile stress would decrease them [29]. These re-
sults may be attributed to the fact that compressive stress is
beneficial to dipole alignment along the out-of-plane direc-
tion. According to the XRD and PFM results shown above,
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the in-plane tensile or compressive stress in the BFO film
from the buffer layer exerts obvious influence on the domain
configuration.

The current density-voltage (J-V) curves of the two sam-
ples measured by Aligent 2400 are shown in Figure 5. A
density-voltage loop represents the current measured while
the voltage is swept from negative to positive and back again
to negative. The J-V loops obtained for both of the sam-
ples present asymmetrical J-V hysteresis, which indicates the
rectifying characteristic and resistive switching behavior re-
ported for BFO thin films without buffer [30]. The asymmet-
rical response would be caused by the different build-in po-
tentials at the electrode interfaces. The potentials can be var-
ied with ferroelectric polarization switching, which results in
J-V hysteresis or resistive switching [31]. Compared with the
J-V curves obtained on the unbuffered BFO films fabricated
under similar conditions, the leakage currents of the two sam-
ples have been found to be largely reduced with the use of an
insulating buffer layer [32]. Moreover, the BFO/BTO sample
has smaller leakage than the BFO/STO, a result that can be
ascribed in part to the difference of the electrical properties
between BTO and STO (i.e, lower leakage current densities
are found in BTO epitaxial film than in similar-thickness STO
film [33,34]).

The large leakage currents in BFO thin films are in some
sense due to the existence of Fe?* and oxygen vacancies.
Therefore, apart from the good insulating properties of the
buffer layer itself, the reduction of the leakage current of the
BFO with a BTO or STO buffer layer may be related to other,
additional factors, such as the reduced oxygen vacancies in
the BFO layer due to the introduction of Ti*" [35] and the
absorption of oxygen vacancies from BFO into the buffer
layer [36].

Figure 6 shows in-plane and out-of plane magnetic hystere-
sis loops for both kinds of structures. As can be seen, ei-
ther BFO/BTO/SRO/STO or BFO/STO/SRO/STO structure
exhibits ferromagnetic hysteresis loops and their saturations.
We also calculated the diamagnetic background from STO
substrate and subtracted it from the new data. In both con-
ditions, it is obvious that higher in-plane than out-of plane
magnetization was obtained for buffered BFO films. More-
over, BFO film with a BTO buffer layer has higher magnetiza-
tion according to both types of measurement. For BFO/BTO
films, the respective in-plane saturated and remnant magne-
tizations were 10.6 and 5.5 emu/cm?, whereas for the out-of
plane magnetization they are 7.3 and 3.1 emu/cm’. As pre-
viously reported, our results are analogous to other studies
about the magnetic properties of single-layer BFO film [37].
Large strain is considered an effective way to adjust the phase
and magnetic property of BFO film, both in experiments and
theoretical calculations [14].

In our work, we have found that tensile strain created by a
BTO buffer layer enhances the magnetic property of BFO

Sci. China-Phys. Mech. Astron.

June (2017) Vol. 60 No. 6 067711-4

—s—BFO/BTO/SRO/STO
—o—BFO/STO/SRO/STO

Voltage (V)

Figure 5 (Color online) J-V curves of Pt/BFO/BTO/SRO/STO and
Pt/BFO/STO/SRO/STO heterostructure at room temperature.
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Figure 6 (Color online) M-H curves of Pt/BFO/BTO/SRO/STO and
Pt/BFO/STO/SRO/STO heterostructure at room temperature.

film. However, as reported by Dupé et al. [38], when driven
by the coupling between magnetism and oxygen octahedral
tilting, the magnetization decreases under tensile strain. It has
also been observed, however, that the magnetic value of BFO
film compressed by a STO buffer layer does not increase—a
result in agreement with other reports of the BFO/PZT struc-
ture [39-41]. In addition, the Shelke group stated that either
tensile or compressive strain makes small contributions to the
magnetic moment of BFO film [42]. In general, the intrinsic
characteristics of two buffer materials also influence the final
magnetic properties. It is the combination of coefficient con-
sequence, strain, and the buffer layers’ own properties that
contribute to magnetization [43,44]. The precise underlying
mechanism of this combined effect has yet to be determined.

4 Conclusions

In summary, we grew epitaxial BFO thin films with BTO or
STO buffer layers. It is demonstrated that the in-plane strain
in BFO thin films can be engineered to be tensile strain or
compressive strain by the use of either a BTO or STO buffer
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layer, due to differences in their lattice parameters. The ferro-
electric domain structures as well as the electrical properties
of the BFO/BTO and BFO/STO show obvious dependence
on the buffer layer. Compared to the BFO thin films without
buffer, the leakage currents densities of the BFO/BTO and
BFO/STO samples were reduced; the ferroelectric properties
of the samples, however, were deteriorated. Apart from the
modulated strain, the intrinsic properties of the buffer layer
play an important role in the electrical and magnetic proper-
ties of the samples. The present study indicates that by using
an appropriate buffer layer, the physical properties of BFO
thin film can be artificially engineered and optimized for spe-
cial application.
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