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Abstract: In this work, 1.5-μm Pb0.97La0.02(Zr0.57Sn0.38Ti0.05)O3 antiferroelectric thick films with

and without a ZrO2 thin layer were deposited on LaNiO3(100)/Si(100) substrates. The effects of

ZrO2 thin layer on the microstructure, electrical properties, and especial electrocaloric effect of the

antiferroelctric films were studied in detail. Although the films both with and without ZrO2 buffer

layer displayed (100)-preferred orientation possessed dense and uniform surface microstructure, the

ZrO2-buffered films have an enlarged grain size by 27%, compared with the thick films without the

buffer layer. Accordingly, the dielectric constant and saturate polarization of this antiferroelectric

thick film was improved by the insertion of ZrO2 thin layer, and simultaneously its leakage current

was slightly reduced. As a result, a great improvement in cooling character caused by

ferroelectric-antiferroelectric phase switching, was realized in the ZrO2-buffered films.
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1. Introduction

The electrocaloric effect (ECE) defined as the change of temperature and entropy in dielectrics

upon application or withdrawal of an applied electric field, which attracts a lot of concern from

fundamental research [1-3]. It is believed that ECE is a promising and environmental friendly

candidate for a broad range of applications including on-chip cooling and temperature regulation for

sensors and electronic devices. The first study on ECE was reported in 1930 in Rochelle salt by

Kobeko and Kurtschatov [4]. Then lots of interests were focused on the ECE in bulk ceramics and

liquids in the 1960s and 1970s, but no commercial value was exploited due to the small ECE and

low operating temperature [5-6]. Until 2006, the turn was come after the reporting giant ECE of 12

K at 25 V in 350-nm-thick PbZr0.95Ti0.05O3 film [7]. Intrigued by this result, numerous works on

ECE were carried out in ferroelectric (FE) ceramics and polymers in the forms of bulk, film and,

recently, composite [8-11]. Generally, the largest ECE is always realized near the phase transition

temperature, such as FE-paraelectric (PE) switching point, also called the Curie temperature (Tc).

However, Tc in some FEs is well above room temperature, which is not favor for their practical

applications.

Compared with FEs, antiferroelectric (AFE) materials possess more abundant phase transition

behavior. It is well known that the phase transition between AFE and FE could be easily happened

under the function of external fields such as electric field, stress and temperature, which can be

carried out near the room temperature [12,13]. A larger change of entropy is also produced during

this kind of phase transition. Therefore, it is reasonably predicated that outstanding ECEs can also

be realized at room temperature during the phase transition between AFE and FE. The first work on

the ECE in AFEs was reported by Thacher in 1968, in which a temperature change of ∆T = 1.6 K at

328 K in Pb(Zr0.455Sn0.455Ti0.09)O3 bulk ceramic was observed during FE-AFE phase switching [14].

The corresponding ECE coefficient ξ defined as ΔT/ΔE was 0.047 K∙cm/kV, which was comparable 

with the optimum values in recently exploited FE materials. Thus, it could be concluded that AFEs
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in film form should display excellent ECE, because of its good electric-field endurance. As

expected, a giant ECE peak (∆T =45.3 K and ΔT/ΔE=0.076 K∙cm/kV) at room temperature was 

reported in a 320-nm-thick Pb0.8Ba0.2ZrO3 (PBZ) thin film [15]. More recently, considerable ECEs

(∆T =35.0 K and ΔT/ΔE=0.039 K·cm/kV) at room temperature were also achieved during FE-AFE

phase switching in our 2-µm-Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 AFE thick film [16]. Due to its giant

ECE near room temperature, it could be concluded that AFEs are more likely to be used in practice,

in contrast to its FE counterpart. However, currently, the studies on ECE in AFEs are rarely reported

and thus it is necessary to do a further investigation systemically.

It is well known that the diffusion between dielectric films and electrodes is a main

contribution to the degradation of the electrical properties and that the interface engineering is

widely employed to overcome this kind of shortcoming. It was reported that, by inserting a thin

oxide film (such as TiO2, Al2O3, CeO2, SiO2 and ZrO2, etc.) between FE films and the bottom

electrodes, the dielectric and polar properties of the films could be greatly enhanced [17-20].

Moreover, ECE has a close relation with the polar performance of AFEs and FEs. Generally, larger

polarization values lead to an improved ECE [21]. To the best of our knowledge, there is no report

on the improvement of ECE through the interface engineering. Thus, in this work, in order to

optimize ECE of AFE films, a very thin ZrO2 film was firstly prepared on the bottom electrodes

before the disposition of AFE thick films with a chemical composition of

Pb0.97La0.02(Zr0.57Sn0.38Ti0.05)O3, which was located in tetragonal region in the corresponding ternary

phase diagram. The advantages of thick films lie both in higher critical breakdown field like thin

films and in larger volume like bulk ceramics.

2. Experimental procedure

The fabrication of Pb0.97La0.02(Zr0.57Sn0.38Ti0.05)O3 (shorted as PLZST 2/57/38/5) thick films

was from a sol-gel route, which was similar to our recent work [22]. Lead acetate trihydrate

[Pb(CH3COO)2·3H2O], lanthanum acetate [La(CH3COO)3], tin acetate [Sn(CH3COO)4], titanium
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isopropoxide [Ti(OCH(CH3)2)4] and zirconium isopropoxide [Zr(OC3H7)4)] were used as the

starting raw materials. Glacial acetic and deionized water were used as solvents. At first, lead

acetate trihydrate, tin acetate, lanthanum acetate hydrate, and acetic acid were mixed in a ratio

according to the predetermined number. The mixed solution was distilled at 110 oC for 30 min to

remove water. When the mixed solution was cooled to room temperature, zirconium propoxide and

titanium isopropoxide were added and stirred for 30 min. During the mixing process deionized

water was added in the proportion of one mole of deionized water to five moles of lead to stabilize

the solution. Then lactic acid functioned as catalyzer and chelation agent was added into the

solution in the ratio of one mole of lactic acid to one mole of lead. Meanwhile, in order to improve

the mechanical properties of the gel film, ethylene glycol was also added into the solution in the

ratio of one mole of ethylene glycol to one mole of lead. The solution was synthesized after mixing

for 1 h at room temperature, and the final concentration of the solution was 0.5 M. 20 mol% excess

of lead acetate trihydrate was introduced to compensate the lead loss during annealing and to

prevent the formation of pyrochlore phase in the film.

The conductive LaNiO3 (LNO) films with a thickness of about 400 nm were chosen as bottom

electrodes, which were prepared on Si (100) substrates by the chemical solution deposition route

and as described in Ref. 23. The Si (100) substrate was first cleaned and annealed at 700 oC for 10

min before the LNO film was deposited on the substrate. The obtained LNO films showed a (100)

growth orientation. After aging of the sol for 24 h, PLZST 2/57/38/5 AFE thick film was deposited

on ZrO2 buffer layered LNO/Si (100) substrate by a multiple-layer spin-coating procedure. For

comparison, PLZST 2/57/38/5 AFE thick film was also directly grown on LNO/Si (100) substrate

without buffer layer. Each wet PLZST layer was spin-coated at 3000 rpm for 40 s. In order to

reduce the formation of cracks, each wet film was first dried at 350 oC for 10 min and subsequently

pyrolyzed at 600 oC for 10 min. The spin-coating and heat-treatment were repeated several times to

obtain the desired thickness. To prevent excessive lead loss and form pure perovskite phase, a
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capping layer of 0.4 M PbO precursor solution which was prepared from lead acetate trihydrate was

deposited on the top of the PLZST 2/57/38/5 films before it went through a final anneal at 700 oC

for 30 min. The final thickness of the PLZST AFE thick films was about 1.5 µm, determined from

the cross-sectional images.

Here, it should be noted that ZrO2 buffer layer on LNO/Si (100) substrate was also prepared

through a sol-gel route. Zirconium propoxide was employed as the starting raw material.

2-methoxyethanol and acetylacetone were used as the solvent and stabilizer, respectively. The mole

ratio between acetylacetone and Zr was 2. The solution was synthesized after mixing for 1 h at

room temperature, and the final concentration of the solution was 0.02 M. After aging of the ZrO2

sol for 24 h, ZrO2 buffer layer was deposited on LNO/Si (100) substrate by the similar spin-coating

procedure. In order to control the thickness of the buffer layer, only one layer was spin-coated at

3000 rpm for 20 s. Finally, the buffer layer was obtained after beingannealed at 700 oC for 10 min.

As reported earlier, the thickness of ZrO2 buffer layer was about 5 nm [24].

The microstructures of these AFE thick films were analyzed by X-ray diffraction (XRD Bruker

D8 Advanced Diffractometer, German) and field-emission scanning electron microscopy (FE-SEM

ZEISS Supra 55, German), respectively. For the electrical measurements, gold pads of 0.20 mm in

diameter were coated on the film surface as top electrodes by using a DC sputtering method. The

frequency and temperature-dependent dielectric properties of the films were measured by using a

computer-controlled Agilent E4980A LCR analyzer. The bipolar polarization-electric field

hysteresis (P-E) loops at 1 kHz and the leakage current characteristic of the films were measured by

a Ferroelectric tester (Radiant Technologies, Inc., Albuquerque, NM). ECE of the films was

calculated according to the P-E results.

3. Results and discussion

Fig. 1 shows the XRD patterns of PLZST 2/57/38/5 AFE thick films on LNO/Si(100)

substrates with and without ZrO2 buffer layer after beingannealed at 700 oC. For convenience, the
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lattice indexes of the diffraction peaks are labeled as pseudocubic structure rather than tetragonal

phase. Both the thick films had crystallized into a pure perovskite phase, and no secondary phase

was detected. Apparently, the AFE thick films deposited on LNO(100)/Si(100) substrates also show

well (100)-preferred orientation, which is due to the same pseudocubic perovskite structure and the

small lattice mismatch between AFE thick films and LNO bottom electrodes. The similar work was

also reported in other lead-based FE and AFE films deposited on LNO bottom electrodes [25,26].

The insert in Fig. 1 shows the surface images of the PLZST 2/57/38/5 AFE thick films with and

without ZrO2 buffer layer. Evidently, both the films display dense and uniform microstructures and

no micro-cracks or other micro-structural defects are found in the films, which is ascribed to the

two-step heat-treatment procedure for the thick film preparation. The average grain size is about

461 and 586 nm for AFE thick films without and with ZrO2 buffer layer, respectively, which was

calculated by using the Nano Measurer software. It means that the insert of ZrO2 layer leads to an

enlarged grain size by 27%, compared with the thick films without the buffer layer. The reason for

the larger grain size of AFE thick film can be explained by the decrease in nucleation energy during

the film growth process caused by ZrO2 buffer layer. The similar results were also observed in other

FE and AFE films with oxide buffer layer [27, 28]. It could be predicted that the enlarged grains

have a strong effect on the final electrical properties of AFE films.

Temperature dependences of the relative dielectric constant for PLZST 2/57/38/5 AFE thick

films with and without ZrO2 buffer layer are presented in Fig. 2, which were measured at 100 kHz

on heating process. Obviously, both the AFE thick films show only one dielectric peak during the

heating process and no other phase transformation are checked. The relative dielectric constant in

the both cases first increases gradually, and then decreases with the temperature increasing. The

dielectric peaks corresponding to the transition from AFE to PE phase, which are the so-called Tc,

are observed at 158 and 164 oC for the thick films without and with ZrO2 buffer layer, respectively.

The slightly raised Tc value may be ascribed to the larger grain size for AFE films with ZrO2 buffer
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layer. It was reported that declined grain size usually led to a decrease of Tc [29]. The insert in Fig.

2 presents the frequency-dependent relative dielectric constant and dielectric loss of the both AFE

thick films, which were measured at room temperature and over 1-1000 kHz. With the increase of

frequency, the relative dielectric constant for the both samples is slightly decreased, which is

contributed to the polarization relaxor for the various dipoles [30]. Moreover, it can be found that

the AFE thick films with ZrO2 buffer layer have a larger dielectric constant, compared with the

films without buffer layer. For example, the relative dielectric constants at 1, 10, 100, 1000 kHz are

515, 404, 491, 455 and 654, 653, 642, 622 for AFE thick films without and with ZrO2 buffer layer,

respectively. The similar results were also reported in TiO2-buffered (Ba,Sr)TiO3 FE thin films and

CeO2-buffered (Pb,La)(Zr,Sn,Ti)O3 AFE thin films [31,32]. It is supposed to be caused by the

enlarged grain size for the oxide-buffered films. Different from their relative dielectric constant,

both the thick films show the similar dielectric loss. The loss tangent is less than 0.02 at the

frequency below 100 kHz, and greatly enhances at the frequency above 100 kHz. The large loss

tangent values at high measurement frequency are often observed in AFE and FE films with oxide

electrodes such as LNO, which is caused by the larger resistance of this kind of electrodes [33].

The room temperature P-E loops of the thick films are shown in Fig. 3, which were measured

at 1 kHz. Both samples display a well-developed double hysteresis loop, demonstrating their AFE

nature. A small remnant polarization of 3.5 μC/cm2 was detected in the two samples, which should

be caused by the interface layer, space charge, unstable AFE regions, and so on. Under the

measurement condition, the corresponding maximum polarization for the films with and without

ZrO2 buffer layer is 60 and 49 μC/cm2, respectively. The improved polarization value for AFE thick

film with ZrO2 buffer layer is resulted from its larger relative dielectric constant because the

polarization (P) is equal to ε0(εr-1)E (where ε0 is permittivity of free space, εr is the relative

dielectric constant and E is the applied electric field). The insert in Fig. 3 shows the corresponding

electric field E-dependent
E

P




values. The magnitude of the phase switching fields can be
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determined from the peaks in
E

P




-E curves. Accordingly, the AFE-FE switching field is

approximately 243 and 226 kV/cm for PLZST 2/57/38/5 AFE thick films without and with ZrO2

buffer layer, respectively, and the corresponding FE-AFE field is 163 and 142 kV/cm. This means

that the insert of ZrO2 layer makes the phase swathing much easier.

Fig. 4(a) shows the adiabatic temperature change ΔT of the both AFE thick films under the

electric field E=900 kV/cm. Assuming the Maxwell relation
TE E

S

T

P

























, the reversible

changes of ∆T a material of density (ρ) with specific heat capacity(C) are expressed by [34]:
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, (1),

where T is absolute temperature, P is maximum polarization at applied electric field E, E1 and E2

are the initial and final applied electric field. Here E1 = 0 and E2 = E; thus ∆E is equal to E. The

specific heat capacity C = 330 J·K-1·kg-1 and the theoretical density ρ = 8.3 g·cm-3 are selected for

these thick films as reported before [35]. As expected, the large ∆T in both films are received in a

wide range of near the room temperature, which is induced by the phase transition of FE-AFE. The

values of ∆T at 21 oC are 27.3 and 37.1 oC for PLZST 2/57/38/5 AFE thick films without and with

ZrO2 buffer layer, respectively. With the operating temperature increasing, the ∆T firstly decreases,

indicating a reduction of entropy change between AFE and FE phase transition. With the further

increase of temperature, a peak of ∆T = 7.8 and 7.2 oC is detected at 143 and 150 oC for the AFE

thick films without and with ZrO2 buffer layer, respectively, which is believed to be caused by the

AFE-PE phase transition. The temperature corresponding to the peak of ∆T is slightly below its Tc,

which is consistent with that previously reported by Tatsuzaki, because the spontaneous value of P

greatly changes with temperature below Tc [36]. In fact, ECE can occur both above and below Tc,

but the microscopic models of ECEs are not well established [7]. For the cooling application, apart

from large ∆T, higher entropy change ∆S is also desired, which can be expressed as [37]:
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Fig. 4(b) shows the corresponding adiabatic entropy changes ∆S of the AFE thick films. Clearly,

large entropy change could occur during the FE-AFE and AFE-PE phase transition. The maximum

∆S value is obtained at 21 oC, which is 31 and 42 J·K-1·kg-1 for the AFE thick films without and

with ZrO2 buffer layer, respectively. Based on the results, it can be clearly found that ECE of the

AFE thick films is greatly improved by the insert of ZrO2 layer.

Fig. 5(a) and 5(b) display the leakage current density-time characteristics of the PLZST

2/57/38/5 AFE thick films without and with ZrO2 buffer layer, which were measured at 600 kV/cm

and at different temperature (25, 75, 150, and 200 oC). The leakage current density shows strong

initial time-dependence because of the dielectric polarization relaxation, which obeys the Curie-von

Schweidler law as follows [38]:

0


  

n

sJ J J t (3),

where Js is the steady-state current density, J0 a fitting constant, t the relaxation time in second, and

n the slope of the log-log plot. The possible mechanisms are associated with the Curie-von

Schweidler law: space charge trapping, relaxation time distribution and electrical charge hopping

[38]. Evidently, with the temperature increasing, the steady-state leakage current density increases

for both samples, which is caused by the enhanced mobility of charge carriers at the elevated

temperature. However, in the measurement temperature range, the leakage current density of

PLZST 2/57/38/5 AFE thick films with ZrO2 buffer layer is always lower than that of the films

without buffer layer. For example, by fitting the leakage current density data into Eq. 3, the

steady-state leakage current density Js at 25 oC is 8.2×10-7 and 1.4×10-7 A/cm2 for the AFE films

without and with ZrO2 buffer layer, respectively. This result indicates that the addition of ZrO2

layer is also helpful to reduce the leakage current of the films, which is favor to the decrease of

energy loss in practical application. It was reported that the steady-state leakage current density of
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lead-based FE and AFE films can be fitted into the Arrhenius relationship, which could be

expressed as [39]:

exp a
s

E
J = C -

kT

 
 
 

(4),

where C is a fitting constant, Ea the activation energy, k the Boltzmann constant. According to the

fitting curve showed in the inset of Fig. 5(a) and 5(b), the obtained activation energy Ea is 0.37 and

0.41 eV for AFE thick films without and with ZrO2 buffer layer, respectively. These values are

similar to the reported results in lead-based AFE and FE films [40,41]. It is supposed that the first

ionization of oxygen vacancies is responsible for the conduction of the films, when the activation

energy is within the range 0.32-0.49 eV [42]. The slightly increased activation energy for the

ZrO2-buffered AFE films should be attributed to the ZrO2 layer blocking the mobile ionic defects

and reducing the free charge carriers to transport.

4. Conclusion

Both (100)-oriented and uniformed PLZST 2/57/38/5 AFE thick films with and without ZrO2

buffer layer were successfully prepared on LNO bottom electrodes. It was observed that the grain

size of the thick film increased from 461 nm to 586 nm by the insert of ZrO2 layer. As compared

with AFE thick films without ZrO2 buffer layer, the ZrO2-buffered films have an enhanced relative

dielectric constant and polarization value, but a declined leakage current density. Accordingly, an

improved ECE was obtained in the ZrO2-buffered AFE thick films. The reversible temperature

changes ∆T at 21 oC are 27.3 and 37.1 oC for PLZST 2/57/38/5 AFE thick films without and with

ZrO2 buffer layer, respectively, and the corresponding entropy changes ∆S are 31 and 42 J·K-1·kg-1.

The result indicates that interface engineer is an efficient way to optimize the cooling property of

AFE films.
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Figure Caption

Fig. 1 XRD patterns of PLZST 2/57/38/5 AFE thick films without and with ZrO2 buffer layer,

respectively. The insert is the corresponding surface SEM images.

Fig.2 The temperature-dependent relative dielectric constant of PLZST 2/57/38/5 AFE thick films

without and with ZrO2 buffer layer, respectively. The insert is the frequency-dependent relative

dielectric constant and dielectric loss of both thick films.

Fig. 3 Room temperature P-E loops of PLZST 2/57/38/5 AFE thick films without and with ZrO2

buffer layer, respectively. The insert is the corresponding
E

P




-E curves.

Fig. 4 (a) Temperature change of ΔT as a function of temperature at 900 kV/cm of the PLZST

2/57/38/5 AFE thick films without and with ZrO2 buffer layer, respectively, and (b) the

corresponding adiabatic changes in entropy ΔS of the films.

Fig.5 The temperature-dependent leakage current density and corresponding fitting curve of the

PLZST 2/57/38/5 AFE thick films without (a) and with ZrO2 buffer layer (b). The insert is the

corresponding steady-state leakage current density and corresponding fitting curve as a

function of reciprocal temperature.
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Fig. 1 Xihong Hao, and Ye Zhao, et. al.
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Fig. 2 Xihong Hao, and Ye Zhao, et. al.

50 100 150 200

400

600

800

1000

1200

D
ie

le
c

tr
ic

c
o

n
s

ta
n

t

T (
o
C)

Without
ZrO

2
buffer layer

100 kHz

10
3

10
4

10
5

10
60

200

400

600

800

Frequency (Hz)

D
ie

le
c

tr
ic

c
o

n
s

ta
n

t

ta
n


0.0

0.2

0.4

0.6

0.8



20

Fig. 3 Xihong Hao, and Ye Zhao, et. al.
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Fig. 4 Xihong Hao, and Ye Zhao, et. al.
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Fig. 5 Xihong Hao, and Ye Zhao, et. al.
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