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ABSTRACT

Multilayers with nanostructured thin films of BigglagFey9C0g105-BiFeO; (BLFCO-BFO) were grown on Zngg;Mng O
(ZMO) buffered Si (100) substrate by chemical solution deposition. Structural analysis indicates that rhombohedral crystal
structure of BFO, changes to orthorhombic for BLFCO film. Increased ferroelectric saturation and reduced leakage current were
obtained for bi-layered and four-layered thin films and are compared with those of BFO and BLFCO thin films. Improvement in
ferroelectric properties, as well as induced ferromagnetism was enhanced for four-layered thin films than two-layered thin films.
The interface coupling and interaction between the thin layers has led to the resultant improvements. Highly enhanced
ferroelectric fatigue properties are observed in these multilayer films up to 10® switching cycles. Copyright © 2015 VBRI Press.
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magnetoresistance that make them favorable for specific
advanced industrial applications.

A number of novel physical phenomena at complex
oxide interfaces have more recently been discovered. The
ferroelectric switching change an accumulation of spin-
polarized electrons at the interface of
ferromagnetic/ferroelectric  that affects the interface
magnetization  [1], an unconventional type of
ferroelectricity in ferroelectric/ paraelectric structures [2], a
superconducting electron gas between two dielectrics [3, 4]
and enhanced critical temperatures in superconductor

Introduction

Complex oxides span a wide range of crystalline structures
and hosts to an incredible variety of physical phenomena. A
few of the functionalities are magnetic exchange bias, diode
like behaviour, ferro-, pyro- and piezoelectricity which are
just offered by this class of materials. The potential for
applications of the most exotic properties like
magnetoelectric coupling and giant magnetoresistance is
still waiting to be fully exploited. Recent progress in thin
film oxide deposition techniques has enabled the

fabrication of structural quality nanostructures composed of
complex transition metal oxides, opening the way to unfold
the physical phenomena that arise at the interface between
these multifunctional materials.

The extent of complex oxides covers a wide range
periodic arrangement of atoms/ molecules/ ions composing
a crystal, and plays a magnificent role leading to a variety
of physical phenomena. A few functionalities that were put
forwarded by complex oxides are magnetic exchange bias,
diode like behaviour, ferro-, pyro-, and piezoelectricity.
Exotic materials are typically non ferrous and many exhibit
properties like magnetoelectric coupling and giant

nanostructures that are only a few examples where interface
effects play a crucial role. However, the nanostructures
with multiferroic and magnetic semiconductor oxides where
lateral epitaxy can develop, theoretical thermodynamic
analysis [5] predicts the strong elastic interactions between
the two phases promoting a rich ferroelectric and magnetic
properties and hence strong magnetoelectric coupling.

A strong elastic interaction due to the lattice
mismatches promoting rich ferroelectric and magnetic
properties and hence strong magnetoelectric coupling.
Proximity effects between multiferroics and magnetic
semiconductors  are  exchange-bias-based  devices,
ferroelectric and magnetic tunnel junctions that are only a
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few examples of the active fields where interface effects
play a key role. The central theme is matching materials
across the interface with disparate physical, chemical,
electronic or magnetic structure to harness interfacial
reconstructions in the strongly coupled charge, spin, orbital,
and lattice degrees of freedom.

Hetrostructures in the form of composites/ multilayers
have shown improved ferroelectric, ferromagnetic,
multiferroic properties and heterostructures with different
complex oxides, which explore the control of the magnetic
spin state by electric field or conversely have much
attracted in the field of magnetic field sensor,
magnetoelectric storage and spintronics devices [6-10]. The
spin, charge, lattice and orbital degree of freedoms across
the interfaces of heterostructure can have enabled the
possibility to manipulate and control novel functionalities.
For example, (i) the interfacial strain due to the lattice
mismatch can lead to modulation of ferromagnetic
anisotropy and enhancement in electrical properties, and
(ii) the ferroelectric switching change an accumulation of
spin-polarized  electrons at the interface  of
ferromagnetic/ferroelectric (FM/FE) that affects the
interface magnetization, as was predicted for the Fe/BaTiO;
[11], Co,MnSi/BaTiO; [12] and Fe;04/BaTiO; [13]
hetrostructures.

Multiferroic BiFeO3; (BFO) is a promising material due
to the coexisted and coupled anti-ferromagnetic and
ferroelectric orders at room temperature that leads to spin-
based devices with ultralow power consumption and novel
microwave components [14, 15]. The magnetization and
polarization in single crystal BFO are quite small which
prohibit its direct use in practical applications. Recent
studies on BFO have confirmed the existence of large
magnetization and ferroelectric polarization in strained thin
films. It has been reported very recently that the
hetrostructure of BFO such as Lag;SrosMnOz; (LSMO)/
BFO, Fe,04BFO, CoFe/ BFO, Co/BFO, Ni/BFO and
BiTiOs/BFO show improvement in the electric and
magnetic properties, as well as a large magnetoelectric
coupling, due to the interface coupling interaction between
the thin layers [16-18]. However, the interface coupling
interaction between the thin layers is still a subject of
debate.

The incorporation of buffer layer between substrate and
thin film can also play an important role in improving the
electric and magnetic properties of the thin films by
tailoring orientation of the film. Indeed, a variety of buffer
layers have been used for growth of BFO and improving
the leakage current and then the multiferroic properties [19-
21]. The field of ferromagnetism in dilute magnetic
semiconductors (DMSs) has developed into an important
branch of materials science. Metal oxides wide band-gap
(ZnO and Ti,O) are the best candidates for DMS. Among
the DMSs materials, ZnggMny;O (ZMO) has generated
much interest because of their ferromagnetic and
piezoelectric behaviors at room temperature, together with
a wide spectral transparency [22]. Therefore, it could be
interest to investigate the feasibility of using ZMO as a
buffer layer for growth of BFO and BLFCO thin films. In
view of this, the multilayer hetrostructure consisting of
BFO, BLFCO and ZMO thin layers have been deposited by
spin coating technique. The ferroelectric and magnetic
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properties of multilayer hetrostructure have been studied,
and these results are compared with bi-layered BFO/ZMO
and BLFCO/ZMO structures.

Experimental

The thin films namely BFO/ZMO (ZBF), BLFCO/ZMO
(ZBLFC) and bi-layer BLFCO/BFO/ZMO (ZBF-BLFC2)
and four layered BLFCO/BFO/BLFCO/BFO/ZMO (ZBF-
BLFC4) were deposited on boron doped p-type Si (100)
(electrical resistivity ~0.01 Q-cm) using a spin-coated
technique. The ZnggMny ;0 (ZMO) thin film was directly
deposited on Si substrate using a spin-coating method. The
spin rate was set at 2000 rpm for 45 s to ensure uniform
distribution of the precursor solution and then the wet films
were dried at 575 K for 6 min. This process was repeated
six times to obtain about 180 nm thin ZMO films, which
were annealed at 675 K for 30 min. Then the stoichiometric
BFO and BLFCO solutions (Thomas Baker Pvt. Ltd. India)
of 0.01M were spin-coated on ZMO/Si structures. The
details of the spin coated BFO thin films are reported in our
earlier paper [23]. Pyrolysis of each layer was conducted on
a hotplate at 675 K for 10 min. The as-deposited thin films
were annealed at 1100 K for 2 hrs.

The crystal structure was investigated using an X-ray
diffractometer (XRD) (Advanced Bruker D8
diffractometer). The XRD data were analyzed using the
Crystal Sleuth XRD analytical software. The surface
morphology and thickness were analyzed using an atomic
force microscopy (AFM, NT-MDT: Model Integra) and a
field emission scanning electron microscopy (FE-SEM,
Quanta 200 FEG & FEI Netherlands) respectively. The
data was analyzed using NOVA image analysis software.
The leakage current of all the samples was measured using
a programmable  Keithley-617  electrometer. The
ferroelectric hysteresis (P-E) loops and ferroelectric
measurements were performed using a modified Sawyer-
Tower circuit at a frequency of 500 Hz at room
temperature. The P-E loops were recorded with a storage
oscilloscope connected to a computer with standard
software (SP107E, Germany). The magnetic hysteresis (M-
H) loops were measured by a superconducting quantum
interference device, SQUID magnetometer (MPMS, XL.:
Quantum Design).

Results and discussion
XRD analysis

Fig. 1 show the typical X-ray diffraction patterns of ZMO,
BFO, ZBF, ZBLFC, ZBF-BLFC2 and ZBF-BLFC4 thin
film heterostructures. Fig. 1(a) shows that the buffer ZMO
layer is deposited on Si substrate and is free of impurities.
The ZBF films exhibit a polycrystalline perovskite structure
with rhombohedral R3c symmetry [24]. The detailed XRD
pattern in the 26 range of 31-33 is shown in the inset of Fig.
1. It is clear that the splitting peaks become weak and tend
to be a single one, which indicates the crystal structure of
BLFC is transforming into a tetragonal or orthorhombic
structure with the doping of Co. A similar structure
transition can also be found in other element doping BFO
system [25]. A slight lattice reduction of the ZBLFC film (a
= 0.5571 nm, ¢ = 1.3538 nm) is observed in comparison
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with the ZBF film (a = 0.5567 nm, ¢ = 1.3654 nm). One
possible elucidation may be due to the difference in the
ionic radius of dopant, the ionic radius of Co®, Fe**, La**,
and Bi** are 0.62 A, 065 A, 1.032 A and 1.03 A,
respectively [26]. A small amount of impurity phase x-ray
peak was identified as a cubic bismuth oxide indicated by
asterisks in Fig. 1, which is due to an excess amount of
bismuth used to compensate for bismuth loss during post
annealing process.

i (104); i(110) -
s - substrate [ . i,

Intensity (a.u.)

20 30 40 50 60 70 80
Bragg angle, 20 (deg.)

Fig. 1. XRD pattern of BFO based thin film heterostructures (a) ZMO, (b)
BFO, (c) ZBF, (d) ZBLFC, (e) bi-layered ZBF-BLFC2 and (f) four-
layered ZBF-BLFC4 thin film heterostructures.

On comparison with the bulk BFO (a = 0.55923 nm), a
tensile strain have been observed in both ZBF (0.44 %) and
ZBLFC (0.38 %) films. Shifting and emerging of the (110)
and (104) diffraction peaks have also been observed in bi-
layered ZBF-BLFC2 and four layered ZBF-BLFC4 thin
films, which clearly indicates a structural transformation
induced by ZBLFC layer. It should be noted that the BFO-
BLFMO interface is under compressive strain (0.061 %) in
contrast with a tensile strain (0.061 %) for the BLFMO-
BFO interface in layered thin films. The misfit strain may
impact on the multiferroic properties of the films, which is
via the interface constrained effect on the films rather than
from the substrate materials [27].

FE-SEM analysis

The films were crack-free, fine grained, soother surface and
interface with an AFM mean surface roughness of 3 nm. A
clear boundary between the two different layers indicates
that the BFO layer was well deposited on the top of the
ZMO buffer layer. The thickness of the films were
measured from cross-section image of the films using
scanning electron microscope and shown in Fig. 2 (b) and
thickness of the ZMO and BFO layers are estimated to be
180 and 330 nm, respectively.

Ferroelectric properties

Fig. 3(a) shows the polarization hysteresis (P-E) loops of
ZBF, ZBLFC, bi-layered ZBF-BLFC2 and four layered
ZBF-BLFC4 thin films measured at room temperature. The
remanant polarization (P,) has increased about 22 % in
ZBLFC films (P, = 9.9 uC/cm®) as compared to ZBF films

Reddy et al.

(P, = 8.1 pC/em?). It is well known that the oxygen
vacancies, the valence fluctuation of Fe ions as well as the
impurity phase could effect on polarization in ferroelectric
films. The oxygen vacancies with sufficient hopping
mobility and the impurity phase could assemble into an
extended structure in the vicinity of domain walls, so as to
impede the nucleation of new domains and cause strong
domain pinning giving rise to the decrease in the
polarization [8, 9, 24, 25, 32, 33].

Fig. 2. (a) FE-SEM surface, (b) Cross-sectional and (c) corresponding 3D
AFM images of ZBF thin film.

The oxygen vacancies and impurity phase rather than
Fe?* ions have been approved to be the main cause of
higher leakage current in BFO films. The co-doping of La
and Co in BFO can suppress the formation of oxygen
vacancies, which is always reflected by reduced leakage
current. Leakage current measurements presented in Fig. 3
(b) confirm that, indeed, at a field of 150 kVem * the
current density (J) for the BFO layer is already as high as J
= 102 Acm 2 This high leakage current could also be
revealed the presence of impurity phase and oxygen
vacancies. In the case of the BLFCO film, the leakage
current density is reduced by one order of magnitude
compared with BFO alone, down to 10 Acm 2 at 150 kV
cm %, in good agreement with the reported values for doped
BFO thin films [9, 24-27]. It indicates that the smaller
number of oxygen vacancies lead to the lower density of
space charge and hence, lower conductivity in ZBLFC
films. Therefore, for ZBLFC films, we found improvement
in the ferroelectric properties.

The remanent polarization, P, value was further proved
in bi-layered ZBF-BLFC2 (12.9 uC/cm?) films and is about
30 % larger than ZBLFC films. The improvement in the
remanent polarization of the bi-layered thin films can be
attributed to the interface coupling interactions between the
thin layers, and/or thin BLFCO layer. But the BLFCO thin
film with same thickness shows a small P, value than bi-
layered thin film, and hence it can be ruled out as the origin
of the enhanced P, value. The interface coupling
interactions between the thin layers may therefore cause the
resultant polarization. This is also confirmed in four layered
ZBF-BLFC4 thin films. On comparison with the bi-layered
films, the P, value was increased about 27 % in four
layered thin films.

It has been reported that the interface coupling
interactions can be induced by the effect of interfacial
strain, charge transfer, and electrostatic coupling [8, 24,
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25]. Such interface coupling interactions on ferroelectric
behavior is consistent with those observations in other
layered structures [24-27]. Theoretical thermodynamic
analysis predicts that a strong polarization-strain coupling
makes them highly sensitive to the interfacial stain
generated at the interface between two phases with different
lattice parameters promotes an improvement in ferroelectric
properties [27, 28]. This is similar to the results shown in
Fig. 3(a). From XRD measurements, it can be inferred that
the strain acting on layered thin films is actually +0.44 %
and -0.061 % for ZMO-BFO and BFO-BLFCO interfaces,
respectively. Therefore, the interface polarization-strain
coupling may results in an improvement in the ferroelectric
properties of the layered BFO structures.
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Fig. 3. (a) Polarization hysteresis, (b) leakage current characteristics and
(c) fatigue studies of BFO based thin films.

The endurance to ferroelectric fatigue was examined
for all thin films as shown in Fig. 3(c). The BFO films
showed a reduction of 15% after 10 switching cycles. This
poor resistance to fatigue of our BFO films is however, still
superior to the 50% degradation after 10® switching cycles
observed in BFO films prepared by spray pyrolysis method
[8, 21, 24]. As expected, BLFCO thin films do not show
any significant polarization degradation up to 10® switching
cycles. The ferroelectric fatigue in perovskite oxides is
essentially related to the diffusion and relocation of the
oxygen vacancies, and electronic-charge trapping at the
domain wall during the electric switching [24-28]. The
reduction in the movable charge density is the direct reason
for the improved fatigue behavior in ZBLFC samples. In
addition to good ferroelectric properties, layered ZBF-
BLFC2 and ZBF-BLFC4 thin films also demonstrated an
excellent fatigue endurance, with less than 7% polarization
reduction upon cycling the ferroelectric polarization up to
10® switching cycles, which is much better than the BFO
films reported earlier [21], clearly demonstrating the
superior insulating properties of multilayered structures.

Magnetic properties

The magnetic hysteresis (M-H) loops of the thin films were
measured at low temperature (5K) and room temperature
(300 K) by SQUID magnetometer as shown in Fig. 4. The
ZBF film shows a weak ferromagnetic behavior at room

temperature. The saturation magnetization (M;) and
coercive magnetic field (H) are 4.5 emu-cm™ and 91 Oe at
300 K respectively, which is in agreement with that
reported value and is consistent with the fact that the thin
film usually strained and increases the Fe-O-Fe bond angle
in BFO thin films. Fig. 4(b) shows the M-H loops of
ZBLFC film. It is clear that ZBLFC film exhibits a large
saturation magnetization with clear hysteresis loop, and the
magnetization is evidently larger than that of ZBF. A
structural transformation from a rhombohedral to a
monoclinic type structure has been observed in BLFCO
sample, which can leads to a modification of the spin
cycloidal structure [30]. The spiral arrangement of the
magnetic spins having a wavelength of 62 nm suppresses
magnetization in BFO. As reported previously, the
difference in magnetic moment of Co®* and Fe®" interrupts
the spiral spin structure that result a local ferri-magnetic
ordering in Co doped BFO film [30]. In addition, a small
amount of secondary phase bismuth oxide observed in the
films is a non-magnetic material, hence gives no
contribution to magnetic properties. It may be the possible
reasons that BLFCO shows a larger saturation
magnetization than BFO. The coercive field (H. = 4.3 kOe
at 5K) is much higher than what has been observed in
doped BFO films [9, 24-31].

The saturation magnetization, M; (=16.8 emu-cm” at
300 K) observed in bi-layered ZBF-BLFC2 film and is
about four fold larger than ZBF film. The interface
coupling interactions between the thin layers, and/or thin
ferromagnetic layer might results improvement in magnetic
behavior of layered structure. A large magnetization (M; =
23.8 emu-cm™ at 300 K) was observed in the ZBLFC
sample, as discussed above, and therefore the improvement
in magnetic properties in layered ZBF-BLFC2 structures
must originate from the BLFCO layer. This hypothesis also
confirmed in four layered ZBF-BLFC4 structure. As
compared to ZBF-BLFC2 structure, improve magnetization
(M, = 21.7 emu-cm™ at 300 K) has been observed in four-
layered ZBF-BLFC4 structure. However, the contribution
of interface coupling interactions between the thin layers to
magnetization cannot be completely ignored especially in
layered structures [19, 28, 30, 33-38].

The interface coupling interactions directly influence
coupling between the BFO and the BLFCO upon freezing
at low temperatures and produced the pinned,
uncompensated spins that induces exchange bias, Hgg = -
(Hy+H,)/2, where H; and H, are defined as the left and
right coercive field at the loop centered in the
magnetization axis (Fig. 4). Having established this, the
magnetic  hysteresis loops were measured at low
temperature (5 K) as shown in Fig. 4. The buffer ZMO
layer shows ferromagnetic behavior at low temperature
(>45 K), hence gives contribution to magnetic properties.
The large magnetization and the large coercive field at low
temperature come from the phase of ZMO and the local
clustering of spins and not the other magnetic impurities.

The measured Hgg value for ZBF, ZBLFC, ZBF-BLFC2
and ZBF-BLFC4 films were 4, 18, 142 and -136 Oe
respectively are tabulated in Table 1. The values of M, H,
at 5K and 30K, and Hgg for ZBF, ZBLFC, ZBF-BLFC2
and ZBF-BLFC4 nanostructured films have been tabulated
in Table 1. A similar phenomenon has been observed in
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earlier studies on LSMO/BFO and Fe,04/BFO
heterostructures [11-13]. These results suggest interface
coupling interaction between the ZMO and BFO and
BLFCO thin layers may also contribute to improve
magnetic properties.
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Fig. 4. M-H loops for (a) ZBF, (b) ZBLFC, (c) bi-layered ZBF-BLFC2
and (d) four-layered ZBF-BLFC4 thin films, measured with magnetic
fields applied parallel to the plane of the films at 5 K and 300 K.

Table 1. Various magnetic parameters of nanostructured multilayered
magnetic semiconductor thin films.

5K 300K
Sample Name M, He M, He Hes
cm3 om-3
(emu-cm-3) (Oe) (emu-cm-3) (Ce) (Oe)at 5K

ZBF 35.0 1133 45 91 4

ZBLFC 85.7 4325 23.8 111 18
ZBF-BLFC2 43.1 3866 16.8 188 142
ZBF-BLFC4 65.1 3748 21.7 132 -136

Conclusion

Layered magnetic semiconductor thin films of ZMO, BFO
and BLFCO have been fabricated by the spin-coating
method and characterized. The leakage current has
significantly reduced in the four-layered thin films. The
ferromagnetic and magnetic properties have greatly
improved compared to BFO films. The high stability of
remanent polarization was observed in the films. The
interface coupling and interaction between the constrained
layers improves the magnetic and ferroelectric properties.
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