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BaTiO;/La,,Sr,;MnOs/BaTiO; multilayer films are fabricated using the chemical solution deposition and spin-coating
method. The upper BT film exhibits an average grain size of approximately 42 nm, indicating a uniform and dense micro-
structure. The single-coated film has an average thickness ranging from 40 to 45 nm. A phase transition temperature of ap-
proximately 4 °C is observed in all films. The BT/LSMO/BT multilayer film, coated with LSMO four times, demonstrates a
maximum dielectric constant of 2008 at 20 °C. The BT/LSMO/BT multilayer film, coated with LSMO two times, shows a AT
of 0.59 K at 24 °C. The remnant polarization, coercive field, and AT/AE of the BT/LSMO/BT multilayer film, coated with
LSMO four times, are 19.8 pC/cm?, 42 kV/cm, and 4.56 mKem/kV, respectively.
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Introduction

The electrocaloric (EC) effect was initially observed
in Rochelle salt in the 1930s by P. Kobeko et al. [1].
In 2006, A. S. Mischenko et al. reported remarkable
EC properties in Pb(ZryosTigs)Os thin films near its
Curie temperature of 222°C [2]. This discovery attracted
attention towards the utilization of ferroelectric materials
as a promising cooling material, capable of overcoming
drawbacks associated with traditional vapor-compression
refrigeration systems, such as device scaling, noise,
vibration, and environmental concerns. Typically, the
best EC effect occurs close to the transition temperature,
known as the Curie temperature. To achieve excellent
EC properties near room temperature, researchers have
been investigating various approaches, including the
addition of impurities, compositional modifications, and
alterations in the manufacturing process for different
ferroelectric materials like Pb(Zr,Ti)O;, BaTiOs, and
K(Ta,Nb)Os et al. [3.4].

Perovskite BaTiO; (BT) undergoes crystal structure
transitions as the temperature decreases, reaching the
cubic, tetragonal, orthorhombic, and rhombohedral
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structures at 130 °C, 0 °C, and -90 °C, respectively.
BT demonstrates exceptional dielectric, piezoelectric,
and ferroelectric properties, and its electronic properties
can be controlled through variations in fabrication
processes and the introduction of impurities [5, 6].
Perovskite R;A.MnO; (R = trivalent rare-earth ions,
A = divalent alkaline-earth ions) exhibits resistance
change characteristics attributed to a transition from
a ferromagnetic metal to a charge-ordered insulator,
which is dependent on the composition of elements
and temperature [7]. Specifically, the substitution
of Sr*" for La’ at the A-site leads to hole doping,
compensating for charge inhomogeneity and resulting
in the partial transformation of Mn’* into Mn*" ions
at the B-sites. The coexistence of Mn** and Mn*" ions
gives rise to a colossal magnetoresistive effect driven
by the double exchange (DE) interaction mediated by
neighboring oxygen ions [8]. Exploiting the resistance
change characteristics in the presence of a magnetic
field, extensive research is being conducted for various
applications, including magnetic field sensors, spintronic
devices, and temperature sensors [9, 10].

In general, ferroelectric materials exhibit an increase
in ion displacement in response to an external electric
field near their phase transition temperature due to the
coexistence of ferroelectric and paraelectric phases and
the instability in the crystal structure caused by thermal
fluctuations. The electrocaloric properties also exhibit a
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maximum value near the phase transition temperature
[11, 12]. In this study, BT/LSMO/BT multilayer films,
with (Lag7Sro3)MnO; (LSMO) positioned between the
BaTiO; (BT) layers, were fabricated using a chemical
solution deposition method. The structural and electrical
properties were measured by varying the thickness of
the LSMO layer, and the potential for application as
EC cooling devices was investigated.

Experimental

BT and LSMO precursor solutions were prepared
using the chemical solution synthesis method. For
BT solution, Ba(CH;COO), and Ti[OCH(CHs):]a
were used as starting materials, with acetic acid and
2-methoxyethanol serving as solvents. LSMO solution
utilized La(CH;COO);'xH,O, Sr(CH;COO), and
Mn(CH;COQ),-4H,0 as starting materials, with acetic
acid, ethyl alcohol, and distilled water as solvents. The
BT coating solution was then spin-coated onto a Pt/
Ti/Si0,/Si substrate at 4,000 rpm for 30 seconds. The
coated film was dried and subjected to heat treatment
at 200 °C for 5 minutes, followed by 400 °C for 10
minutes. This spin-coating, drying, and pyrolysis cycle
was repeated three times. Subsequently, the LSMO
coating solution was spin-coated and dried on the
BT films under the same conditions. The number of
coatings for LSMO varied from 1 to 4 times. Finally,
the BT coating solution was spin-coated and dried on
the LSMO/BT films for three additional cycles under
the same conditions. The sintering temperature and time
were 800 °C and 1 h, respectively. The crystallographic

(a) BT top layer

(c) LSMO- 3 layers

Fig. 2. X-ray diffraction patterns of BT/LSMO/BT multilayer films.
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Fig. 1. Schematic diagram of BT/LSMO/BT multilayer films.

and structural characteristics of the BT/LSMO/BT
multilayer films were analyzed using X-ray diffraction
(XRD) and field-emission scanning electron microscopy
(FE-SEM). To measure the electrical properties, a
Pt top electrode was deposited using the magnetron
sputtering method. The P-E hysteresis were measured
using a ferroelectric tester (RT-66B, Radiant Tech. Inc.
USA), and the applied voltage was up to £10V, which
is the maximum built-in drive voltage of the measuring
instrument. Fig. 1 presents a schematic cross-sectional
diagram of BT/LSMO/BT multilayer films.

Discussions and Results

Fig. 2 shows the XRD patterns of BT/LSMO/BT
multilayer films. The diffraction peaks corresponding
to the BT and LSMO films were clearly observed.
The X-ray diffraction characteristics of thin films are
generally sensitive to factors such as lattice mismatch

(b) LSMO-2 layers
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Fig. 3. Surface (a) and cross-sectional (b)-(d) SEM micrographs
of BT/LSMO/BT multilayer films.

with the substrate or underlying layers, thickness, and
fabrication processes[reference]. The diffraction intensity
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(a) and the applied frequency (b) of BT/LSMO/BT multilayer
films.

of the upper BT layer decreased, and the Full Width at
Half Maximum (FWHM) increased as the thickness of
LSMO film increased. This is believed to be due to the
increase in crystallographic stability with the increasing
thickness of the underlying LSMO layer and the strain
effect resulting from lattice mismatch with the BT layer
[13].

Fig. 3 shows the surface (a) and cross-sectional
(b-d) microstructures of the BT/LSMO/BT multilayer
film. The upper BT film exhibited a uniform and
dense microstructure, with an average grain size of
approximately 42 nm. In the cross-sectional view, the
BT/LSMO/BT multilayer film displayed a granular
crystal structure, with no clear distinction between the
BT and LSMO layers. The presence of large voids
within the film is believed to be a result of external
impact during the handling process of the specimen.
The average thickness of a single-coated film was
approximately 40-45 nm.

Fig. 4 shows the temperature dependence (a) and
frequency dependence (b) of the dielectric constant for
the BT/LSMO/BT multilayer films. In bulk BT material,
the transition temperature between the tetragonal and
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Fig. 5. P-E hysteresis loop (a) and remnant polarization and
coercive field (b) of BT/LSMO/BT multilayer films.
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orthorhombic structures is typically around 0 °C [14].
However, in the case of the BT/LSMO/BT multilayer
films, the phase transition temperature was observed to
occur at around 4 °C. This shift in transition temperature
is attributed to the stress generated at the interface
between the Si substrate and the BT film [15]. As the
number of LSMO coating layers increased, the dielectric
constant showed an increasing trend. When Sr** replaces
La* in the LSMO film, Mn*" (0.645 A) within the
oxygen octahedron undergoes a transformation into Mn**
(0.53 A), which have a smaller ionic radius, in order to
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maintain electrical neutrality. Therefore, it is inferred that
as the thickness of LSMO increases, the dipole moment
between the Mn** with smaller ionic radius and oxygen
anions increases when an electric field is applied [16].
Also, the increase in the thickness of the LSMO layer
can result in a relatively decrease in the lattice mismatch
and compositional fluctuation at the interface between
BT and LSMO layers, which can lead to a decrease
in scattering of the electric field and an increase in the
dielectric constant. The dielectric constant of BT/LSMO/
BT multilayer film can decrease with an increasing of
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Fig. 6. EC temperature change (a-d) and EC strength (e-h) of BT/LSMO/BT multilayer films.
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applied frequency due to the limited mobility of charges
and the relaxation of dipoles moment.

Fig. 5(a) shows the P-E hysteresis curve of the BT/
LSMO/BT multilayer film with LSMO coated three
times. Remnant polarization and coercive field decrease
with increasing the temperature, which can be attributed
to the decrease in space charge polarization caused by
thermal scattering of space charges and lattices. Fig. 5(b)
shows the remnant polarization and coercive field of BT/
LSMO/BT multilayer films as a function of the number
of LSMO coatings. As the thickness of LSMO layer
increases, the remnant polarization increases while the
coercive field decreases. This is believed to be attributed
to the formation of induced polarization in metallic
ferromagnetic LSMO due to the dipole moments of
ferroelectric BT and the increased in ion displacement
between oxygen anions and Mn*" ions with a small
ionic radius within the MnOs oxygen octahedra in the
LSMO film [17], as discussed in Fig. 4.

Fig. 6(a-d) shows the EC temperature change (AT)
of BT/LSMO/BT multilayer films as a function of
temperature and applied electric field. AT is calculated
using the following equation [2]: - |, ; ZégT(g;) £dE, where
C is the specific heat and p is density. The specific
heat and density of BT [18] are 434 J/Kg-K and 6.08
g/em’, respectively, and those of LSMO [19] are 338
J/Kg-K and 6.44 g/em’, respectively. In this study, we
used these data considering the volume ratio of BT/
LSMO/BT multilayer films. In general, the maximum
AT is observed at temperatures slightly higher than
the phase transition temperature, where the domain
structure can undergo significant change, resulting in
enhanced temperature variation [20]. Additionally, AT
exhibit a characteristic increase proportional to the
applied electric field. It is suggested that in BT/LSMO/
BT multilayer films, the space charge polarization and
induced polarization increases with applied electric field
due to the space charge distribution at the BT/LSMO
interfaces and the distribution of Mn*" ions with a small
ionic radius within the oxygen octahedra of LSMO unit
cells. The multilayer film coated two-times with LSMO
exhibited the highest AT of 0.59 K at around 24 °C
when a field of 200 kV/cm was applied. This is believed
to be due to the high applied voltage per unit thickness
and good polarization characteristics. Fig. 6(e-h) shows
the EC strength (AT/AE) of BT/LSMO/BT multilayer
films as a function of temperature and applied electric
field. The BT/LSMO/BT film, coated with LSMO four
times, exhibited the highest AT/AE of 4.56 mKcm/kV.
This can be attributed to the induced polarization due to
the ion displacement within the MnOs oxygen octahedral
structure [21], as discussed in Fig. 4.

Conclusion

BT/LSMO/BT multilayer films were fabricated
using a chemical solution deposition method, with

LSMO positioned between the BT layers. Structural
and electrical properties were measured by varying
the thickness of the LSMO layer. The XRD intensity
of the BT film showed a decreasing trend as the
thickness of the LSMO film increased. As the number
of coating times, that is thickness, of LSMO increased,
the dielectric constant increased. This is attributed to a
relatively decrease lattice mismatch and compositional
fluctuation at the interface between the BT and LSMO
layers. Remnant polarization and coercive field decrease
with increasing temperature, which is attributed to a
decrease in space charge polarization caused by thermal
scattering. In all specimens, the maximum AT occurred
at temperatures slightly higher than the phase transition
temperature. Furthermore, AT was observed to increase
proportionally to the applied electric field, indicating that
polarization increases with the displacement of space
charges.
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