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KTN/BT multilayer films were fabricated using the sol-gel method and the spin coating method. The average thickness of the 
single-coated film was about 62 to 67 nm and the average grain size was about 92 to 95 nm. TEM analysis made it possible 
to observe a clear image difference between the KTN layer and BT layer due to the difference in composition and crystal 
structure. As the number of coatings increased, the dielectric constant increased and the Curie temperature increased. The 
6-layer KTN/BT multilayer film exhibited the highest dielectric constant of about 2530 at a transition temperature of 26 °C. 
The 6-layer KTN/BT multilayer films showed a remanent polarization and a coercive field of 9.2 μC/cm2 and 91 kV/cm, 
respectively, at around room temperature. The ΔT and ΔT/ΔE of the 5-layer KTN/BT multilayer film with an applied electric 
field of 150 kV/cm were 0.72 K and 4.8 mK·cm/kV, respectively, at around room temperature.
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Introduction

Chloro-fluoro-carbon (CFC, Freon) and hydro-chloro-
fluoro-carbon (HCFC) gases are widely used as 
refrigerant materials for various home and industrial 
electronics such as refrigerators, chillers and air 
conditioners. However, due to environmental problems, 
hydro-fluoro-olefins (HFOs) have recently been used as 
next-generation refrigerant materials, but they have low 
performance, difficulty in miniaturization and a high 
price [1, 2]. In general, thermoelectric (TE) effects 
and electrocaloric (EC) effects are used for cooling 
materials of small electronic devices and semiconductor 
components. However, TE materials have high power 
consumption due to their low energy conversion 
efficiency. EC effect uses entropy change and 
temperature change as the arrangement of the electric 
dipoles changes when an electric field is applied to a 
ferroelectric material, and reversible temperature changes 
occur via the applied electric field or stress [3]. Since 
the EC effect can be manufactured in micro electronic 
devices and it has high efficiency, many studies recently 
have been conducted for their application as cooling 
materials. Since the EC effect is the largest near the 
Curie temperature (Tc), ferroelectric materials with a 
phase transition temperature near room temperature are 
required in order to be practical [4]. Many researchers 

have conducted studies to control the phase transition 
temperature and improve the electrical properties of 
ferroelectric Pb(Zr,Ti)O3 or BaTiO3 ceramics [5, 6]. 
In 2006, A. S. Mischenko et al., observed a giant 
EC effect (ΔT) in PZT(95/5) films near the Curie 
temperature of 242 oC [7]. However, due to the high 
Curie temperature, it is difficult to put it into practical 
applications, and in this study, KTN/BT multilayer thin 
films were fabricated to obtain EC devices that can 
operate at room temperature. This paper described the 
EC effects of KTN/BT multilayer thin films fabricated 
using lead-free K(Ta,Nb)O3(KTN) and BaTiO3(BT) thin 
films that exhibit excellent ferroelectric, piezoelectric, 
and nonlinear electro-optical properties. KTN exhibits 
control of phase transition temperature and various 
structural and electrical characteristics depending on 
the composition ratio of Ta and Nb [7]. To obtain 
good electrocaloric properties near room temperature, 
we attempted to increase the polarization by forming 
an interfacial polarization due to the spatial charge 
distribution at the interface by alternately stacking 
ferroelectric BT (Tc = 130 oC) and K(Ta0.65Nb0.35)O3 

(Tc = 0 oC) films with different transition temperature 
and structural properties. To consider the possibility of 
application as a cooling device that can operate at room 
temperature, we measured the structural and electrical 
properties of KTN/BT multilayer films.

Experimental

K(Ta0.65Nb0.35)O3 precursor solutions were prepared 
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from C2H3KO2, C10H25TaO5 and C10H25NbO5 as the raw 
materials and 2-methoxyethanol as the solvent using 
the sol-gel method. Precursor solution synthesis was 
carried out in a dry N2 atmosphere to prevent reaction 
with the moisture in the air. BaTiO3 precursor solutions 
were prepared from (CH3COO)2Ba and Ti[OCH(CH3)2]4 
as the raw materials and 2-methoxyethanol and acetic 
acid as the solvents. The synthesis processes of KTN 
and BT precursor solutions were carried out in the 
same way as in previous experiments [8, 9], and the 
precursor solutions were aged for 24 hours before use. 
KTN coating solution was coated on the Pt(111)/Ti/
SiO2/Si substrates using a spinner operated at 3000 rpm 
for 30 s, dried at 200 °C for 5 min and annealed at 
400 °C for 10 min. Then BT coating solution was spin-
coated and dried/annealed on the KTN film under the 
same conditions to form the second layer. A variety 
of KTN/BT multilayer thin films were fabricated by 
coating 3 to 6 times. Then they were sintered at 750 °C 
for 1 h. The structural properties were observed using 
X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and transmission electron microcopy (TEM). 
For electrical measurements, Pt-upper electrode with 
a diameter of 500 μm was deposited on the film 
by dc sputtering method. Dielectric properties were 
measured using an LCR meter (PM-6036, Fluke) in the 
temperature range of -150 °C to 40 °C. P-E hysteresis 
loops were observed using a Ferroelectric Tester (RT-
66B, Radiant Tech. Inc. USA) by applying a sine wave 
of 10 Hz frequency, and the applied voltage was up to 
±10 V, which is the maximum built-in drive voltage 
of the measuring instrument.

Results and Discussion

Fig. 1 shows the XRD patterns of the KTN/BT 
multilayer thin films. The XRD patterns of KTN/BT 
multilayer films showed relatively wide FWHM values, 
and no peaks of the BT and KTN phases could be 
observed. This is because the positions of the XRD 
peaks of BT [10] and KTN [11] are very similar. The 
XRD peak index was the peaks of the top-coated film on 
the KTN/BT multilayer films. Pyrochlore phases were 
observed in the 3- and 4-times coated films, but the 
5-times and more coated films showed polycrystalline 
XRD patterns without pyrochlore phases and with 
high intensities. This is considered to be because, as 

Fig. 1. XRD patterns of KTN/BT multilayer thin films.

Fig. 2. Surface and Cross-sectional microstructures of KTN/BT multilayer thin films.
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the number of coatings increases, the stress with the 
substrate decreases and the crystallinity increases due to 
the lower KTN or BT layers acting as nucleation sites 
for the formation of the upper layers [12].

Fig. 2 shows surface and cross-sectional micro-
structures of the KTN/BT multilayer thin films. All 
films showed a uniform and dense microstructure with 
an average grain size of about 92 to 95 nm. This is 
thought to be due to the fact that when KTN and BT, 
which have different crystal structures and sintering 
temperatures, are alternately stacked and sintered, the 
lower layer acts as a seeding layer for the crystallization 
of the upper layer [13]. The thickness of the films 
increased from 195 nm to 397 nm as the number of 
coatings increased from 3 to 6 times, and the thickness of 
films coated once was approximately 62 to 67 nm. The 
pyrochlore phase observed in the 3- and 4-times coated 
thin films could not be observed in the microstructure.

Fig. 3 shows a cross-sectional TEM photograph of 
the 6-times coated KTN/BT multilayer thin film. The 
interfaces between the KTN layers and BT layers are 
distinct, which is believed to be due to the difference in 
the crystal structure and the composition atoms between 
the K(Ta,Nb)O3 layer of the cubic structure and the 
BaTiO3 layer of the tetragonal structure. Additionally, 
the KTN layer (dark images) was observed to be thicker 
than the BT layer (bright images), which is considered 
to be due to the concentration difference between the 
KTN and BT precursor solutions. However, TEM 

images showed that the thickness of BT film varied 
irregularly with the number of coatings. Despite using 
the same coating conditions, the thickness variations were 
observed, and further experiments will be conducted 
to improve the films uniformity. In general, multilayer 
films show a proportional relationship between the 
structural and electrical properties and the number of 

Fig. 3. Cross-sectional TEM photograph of 6-times coated KTN/
BT multilayer thin film.

Fig. 4. The dark-field image of the cross-sectional TEM and the EDS analysis for observing the elements distribution of the KTN/
BT multilayer thin film.
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coatings. Therefore, in this study, we coated the film 
up to 6 times.

Fig. 4 shows the dark-field image of the cross-
sectional TEM and the EDS analysis for observing the 
distribution of elements in the KTN/BT multilayer thin 
film. The interface between the KTN layer and BT layer 
showed non-uniform distributions. In the BT layer (point 
1), high intensity peaks of Ba and Ti elements and 
low intensity peaks of K, Ta, and Nb elements were 
observed. In the KTN layer (point 4), high intensity 
peaks of K, Ta, and Nb elements and low intensity 
peaks of Ba and Ti elements were observed. However, 
at the KTN/BT interface (point 2, 3), the KTN and 
BT phases were observed to have almost the same 
peak intensities. It is considered that the coexistence 
of KTN phase and BT phase or the modified-KTN 
or -BT phases were caused by the diffusion of K, Ta, 
Nb, Ba, and Ti atoms to adjacent layers during the 
sintering process. Cu peaks were observed due to the 
substrate. As the thickness of KTN/BT films increased, 
the number of interfaces between KTN films and BT 
films increased, and it is thought to be due to an increase 
in ion displacement and a decrease in stress in the unit 
lattice by diffusion of K, Ta, Nb, Ba, and Ti at the 
interfaces [13]. Further investigations and discussions are 
needed to correctly understand the interfacial structure 
of KTN/BT multilayer thin films.

Fig. 5 shows dielectric constants according to the (a) 
temperature and (b) frequency of the KTN/BT multilayer 
thin films. The dielectric constant and Curie temperature 
increased as the number of coatings increased. This result 
is considered to be because as the number of coatings 
increases, the thickness of the film increases and the 
stress induced from the substrate decreases [13]. Curie 
temperature of KTN(65/35) crystal is about 0 °C [14], 
and BT has a transition temperature between tetragonal 
structure and orthorhombic structure near 0 °C. In this 
study, we measured dielectric properties in the range of 
–15 oC to 40 oC to observe the EC effect that can operate 
near room temperature. The transition temperature of the 
KTN/BT multilayer film coated 6 times was observed 

about 26 °C, and the maximum dielectric constant 
was 2530. It showed a typical dielectric relaxation 
characteristic where the dielectric constant gradually 
decreases as the frequency increases, which is believed 
to be due to the heterogeneous composition caused by 
the diffusion of atoms to adjacent layers. It is possible 
to obtain a good EC effect in a wide temperature range 
using the diffused phase transition properties, and in 
particular, in the case of a Curie temperature near room 
temperature, it can be applied to practical devices.

Fig. 6 shows the temperature-dependent P-E hysteresis 
loops of the 6-coated KTN/BT multilayer film. As the 
temperature increased, the saturation and squareness of 
the ferroelectric hysteresis loop decreased due to the 
decrease of the space charge polarization by thermal 
scattering, and the hysteresis loop gradually became 
thinner due to the decrease of the remnant polarization 
and coercive field.

Fig. 7 shows the remnant polarization and the coercive 
field of the KTN/BT multilayer thin films measured 

Fig. 5. Dielectric constant according to the (a) temperature and (b) frequency of KTN/BT multilayer thin films.

Fig. 6. P-E hysteresis loop of the 6-coated KTN/BT multilayer 
thin film.
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at 16 °C. The remanent polarization increased and the 
coercive field decreased as the number of coatings 
and the film thickness increased. As shown in Fig. 5, 
it is believed that the influence of the stress induced 
from the interface between the KTN layer and Pt 
substrate decreases as the film thickness increases [13]. 
The remnant polarization and a coercive field of the 

6-layer KTN/BT multilayer thin film exhibited superior 
properties of 9.2 μC/cm2 and 91 kV/cm, respectively, 
compared to the BT thin film [15].

Fig. 8 shows the polarization according to the 
temperature and the applied electric field of the KTN/
BT multilayer thin films. The temperature at which 
the polarization disappeared increased as the number 
of coatings increased, and ferroelectricity was shown 
at a temperature higher than the Curie temperature. In 
the 5- and 6-layer KTN/BT multilayer thin films, as 
the applied electric field increased, the temperature at 
which the ferroelectricity disappeared increased due to 
induced polarization by the electric field [16].

Fig. 9 shows the electrocaloric temperature change 
(ΔT) according to the applied electric field of the KTN/
BT multilayer thin films. ΔT was calculated from the 
following equation [17]:

 (1)

Here, C and ρ are the specific heat and the density, 
respectively. The specific heat and density of BT [18] 
are 434 J/Kg·K and 6.08 g/cm3, respectively, and 
those of KTN [19] are 303.15 J/Kg·K and 6.231 g/
cm3, respectively. In this study, we used these data 
considering the volume ratio of KTN/BT multilayer 

Fig. 7. Remnant polarization and coercive field of KTN/BT 
multilayer thin films measured at 16 oC.

Fig. 8. The polarization according to the temperature and applied electric field of KTN/BT multilayer thin films.
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Fig. 9. The electrocaloric temperature change (ΔT) according to the applied electric field of the KTN/BT multilayer thin films.

Fig. 10. EC strength (ΔT/ΔE) of the KTN/BT multilayer thin films.
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films. The maximum ΔT occurred at a temperature 
higher than the Curie temperature, which is believed to 
be due to the coexistence of ferroelectric and paraelectric 
phases caused by diffused phase transition and the easy 
switching characteristics of dipole moments in the 
applied electric field [20]. ΔT increased as the applied 
electric field increased, which is believed to be due to 
induced polarization by the electric field. The 5-layer 
KTN/BT multilayer thin film with an electric field of 
150 kV/cm exhibited the highest ΔT of 0.72 K at 22 °C.

Fig. 10 shows the EC strength (ΔT/ΔE) [21] of the 
KTN/BT multilayer thin films. The 5-layer KTN/BT 
multilayer thin film with an electric field of 150 kV/
cm showed a maximum value of 4.8 mK·cm/kV at 
20 °C. All specimens showed good ΔT/ΔE properties 
in a wide temperature range near room temperature, 
which is considered to be due to the diffused phase 
transition properties caused by the repeated multilayer 
structure of KTN film and BT film [22]. Therefore, it 
would be possible to fabricate cooling devices with a 
Curie temperature near room temperature and a good 
electric calorific effect in a wide temperature range using 
multilayer thin films made of materials with different 
structural and electrical properties. In the future, we 
will continue to study the EC effects through crystalline 
characteristics control such as superlattice structure or 
morphotropic phase boundary (MPB) at the interface 
of the multilayer thin films.

Table 1 shows the electrocaloric properties of BT 
single crystal, ceramics, thin films and MLCCs [23]. 
Single crystals and ceramics exhibit high electrocaloric 
properties due to their first-order phase transition 
characteristics, while exhibiting low dielectric breakdown 
voltage characteristics. However, thin films and MLCC 
specimens exhibit relatively good electrocaloric pro-
perties and high dielectric breakdown voltage. KTN/
BT multilayer film fabricated in this study exhibited 
good EC properties near room temperature, and it is 
considered to be applicable as a cooling device at room 
temperature.

Conclusion

In this paper, KTN/BT multilayer thin films were 

prepared by using the sol-gel method and spin coating 
method, and the applicability to the EC material was 
investigated. The average grain size was about 92 to 
95 μm, showing a uniform and dense microstructure. 
The heterogeneous interfacial layers at the KTN/BT 
multilayer thin film interfaces were caused by the 
diffusion of K, Ta, Nb, Ba, Ti elements to adjacent KTN 
or BT layers during the sintering process. It showed 
typical dielectric relaxation characteristics in which the 
dielectric constant decreases as the frequency increases. 
As the thin film thickness increased, the remanent 
polarization increased and the coercive field decreased. 
ΔT increased as the applied electric field increased and 
the maximum ΔT occurred at a temperature higher than 
the Curie temperature. It is believed that phase transition 
temperature control and an excellent EC effect could 
be obtained from multilayer thin films using materials 
with different structural and electrical properties.
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