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Abstract The effects of grain size on dielectric properties,

energy-storage performance and electrocaloric effect

(ECE) of Pb0.85Ba0.05La0.10(Zr0.90Ti0.10)O3 (PBLZT) anti-

ferroelectric thick films were systematically studied. As the

grain size was increased, dielectric constant of the thick

films was increased, while their critical breakdown field

was decreased. A giant reversible adiabatic temperature

change of DT = 19.9 �C at room temperature was

achieved in the PBLZT AFE thick film with a grain size of

0.59 lm. However, a huge recoverable energy-storage

density of 33.6 J/cm3 and a high efficiency of 73 % were

observed in the film with the smallest grain size of 0.19 lm
at its breakdown field, because of its excellent electric field

endurance. In addition, all the samples had a low leakage

current density of below 10-6 A/cm2 at room temperature.

These results indicated that our PBLZT AFE thick films

could be a promising candidate for applications in high

energy-storage density capacitors and solid-cooling devices

by properly controlling their grain size.

1 Introduction

Antiferroelectricity (AFE) was first formally defined in 1951

by Kittel [1], in which the neighboring dipoles were alter-

nately aligned in opposition directions, so that no net

macroscopic remanent polarization (Pr) exists in the AFE

phase. In the same year, the first AFE, PbZrO3, was reported

by Sawaguchi [2, 3]. Since then, PbZrO3-based AFE mate-

rials were attracted much attention because of their unique

phase transition process, especially the transition between

AFE and ferroelectric (FE) phase under the application of

electric field, temperature and stress or their combination. It

was reported that, during the phase switching process,

considerable charge and discharge current, huge pyroelec-

tric coefficient, noticeable strain and giant electrocaloric

effect (ECE) in the AFEs could be realized [4–8]. Therefore,

the AFE has a strong potential for application in multi-

functional devices, such as high energy-storage capacitors

and solid-state cooling components [9–11].

In the past decades, significant efforts have been made

to improve the energy-storage performance and ECE of

AFE materials. However, the attention has been mainly

focused on bulk ceramics and thin films, but they still

cannot be used for the practical applications [12–15]. Bulk

ceramics usually exhibit very low energy-storage density

and weak ECE due to their relatively low breakdown

strengths (BDS). Moreover, bulk ceramics require rela-

tively high operating voltages because of their bulky for-

mat [16, 17]. Although thin films have shown large energy-

storage density and superior ECE [18, 19], the overall

energy stored and heat-sinking capacity were limited by

their small overall volumes. As a result, AFE thick-films

would be a promising candidate to address the problems of

bulk ceramics and thin films, for applications in high

energy-storage capacitors and solid-state cooling devices.
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Various factors have been evaluated in influencing the

energy-storage performances and ECEs of AFE thick films,

such as chemical composition, type of electrode material,

breakdown strength and orientation [20–23]. In fact, grain

size is also an important factor to influence the energy-

storage performance and ECE, through its effect on the

dielectric properties of materials [24–26]. For example,

ECE of 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 ceramics could

be greatly improved by regulating the grain size [27].

However, to the best of our knowledge, the effect of grain

size on energy-storage performance and ECE of AFE thick

films has not been reported. Thus, in this work, Pb0.85-
Ba0.05La0.10(Zr0.90Ti0.10)O3 AFE thick films with different

grain sizes were prepared by using a sol–gel route. The

effect of grain size on electrical properties, energy-storage

performance and ECE of the thick films were systemati-

cally investigated, with an aim to obtain superior energy-

storage density and a huge ECE through the proper control

of grain size.

2 Experimental procedure

Pb0.85Ba0.05La0.10(Zr0.90Ti0.10)O3 (PBLZT) thick films

were grown on LaNiO3(100)/Si(100) substrates by using a

sol–gel method. Lead acetate trihydrate [Pb(CH3COO)2�
3H2O], lanthanum acetate hydrate[La(CH3COO)3�xH2O],

zirconium propoxide [Zr(OC3H7)4], titanium isopropoxide

[Ti[OCH(CH3)2]4 and barium acetate [Ba(CH3COO)2]

were used as the raw materials. Acetate and deionized water

were used as solvents. Firstly, lead acetate trihydrate, bar-

ium acetate and lanthanum acetate hydrate were dissolved

in acetic acid in a ratio according to the predetermined

composition. To compensate for the lead loss during sin-

tering and prevent the formation of pyrochloren phase,

20 mol% excess of lead was used. The solution was dis-

tilled at 110 �C to remove water. After the solution was

cooled to room temperature, zirconium propoxide and

titanium isopropoxide were added, stirring for 30 min.

During the mixing process, a certain amount of distilled

water was added to stabilize the solution. In order to

improve mechanical properties of the gel film, lactic acid

and ethylene glycol were added into the solution and the

molar ratio to lead was 1:1. Finally, the concentration of the

PBLZT sol was adjusted to 0.5 M by adding a proper

amount of acetic acid. Conductive LaNiO3 (LNO) with

(100) orientation were used as bottom electrodes, which

were deposited on Si (100) substrates by using the chemical

solution deposition route similar to that reported in Ref. [8].

After being aged for 24 h, the solution was used to

deposit PBLZT thick films on the LaNiO3/Si (100) sub-

strates by using a multiple layer spin-coating procedure.

Each wet layer was formed by spin-coating at 3000 rpm for

40 s. In order to form a uniform film, every wet film was

dried at 350 �C for 10 min and subsequently pyrolyzed at

600 �C for 10 min to remove organics. The spin coating

and heat-treatment were repeated several times to obtain

samples with desired thicknesses. In order to prevent the

loss of lead during the final annealing, a capping layer of

PbO was coated on the PBLZT films, with 0.4 M lead

acetate trihydrate solution. In order to obtain thick films

with different grain sizes, the samples were annealed at

700 �C for 10, 20 and 30 min. Final thickness of the thick

films was about 1.5 lm estimated from their cross-sec-

tional SEM images.

Crystallographic properties and surface morphology of

the PBLZT thick films were examined by using X-ray

diffractometer (XRD Bruker D8 Advanced Diffractometer,

German) and field-emission scanning electron microscopy

(FE–SEM ZEISS Supra 55, German), respectively. To

measure electrical properties, gold pads of 0.20 mm in

diameter were coated on the film surface as top electrodes

by using a DC sputtering through a metal shade mask with

circular holes. Temperature, frequency and electric field

dependences of dielectric properties of the thick films were

measured by using a computer-controlled Agilent E4980A

LCR analyzer. Field-induced hysteresis loops and leakage

current characteristics of the PBLZT thick films were

measured by using a Ferroelectric tester (Radiant Tech-

nologies, Inc., Albuquerque, USA). The energy-storage

performance and ECE of the films were calculated

according to the P–E results.

3 Results and discussion

Surface FE–SEM images of the thick films with different

annealing times are shown in Fig. 1a–c. Obviously, all the

samples have a smooth, dense and void-free surface mor-

phology. Moreover, with the annealing time increasing, the

grain size increases gradually, as shown in Fig. 1d–f. The

average grain size at the surface of the films is 0.19, 0.40

and 0.59 lm for the films annealed for 10, 20 and 30 min,

respectively, which was calculated by using the Nano

Measurer software. It should be noted here that, although

the grain size at the top and bottom of the films may be

slightly different, the films with a longer final annealing

time must possess a larger grain size. The variation of the

grain size in the films is caused by the repeated spin-

coating and heat-treatment procedure. The cross-sectional

SEM images of the thick films are presented in Fig. 1g–i,

indicating that all the films possess a uniform and dense

microstructure with a thickness of about 1.5 lm. More-

over, the columnar-like growth is found in the PBLZT AFE

thick films, indicating that the nucleation and growth of the

crystals may initiate from the bottom electrodes [28].
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Figure 2a shows XRD patterns of the PBLZT AFE thick

films. Evidently, all the samples display well-developed

crystallinity with a pure perovskite phase. Moreover, all the

films show a high (100)-orientation, due to the small lattice

mismatch with the (100)-orientated LNO bottom electrodes

[29–31]. In order to estimate the degree of the (100) ori-

entation, the preferential ratios (a) are defined by the

diffraction intensity ratio of the (100) peak to the (100),

(110), and (111) peaks [32, 33]:

a ¼ Ið100Þ
Ið100Þ þ Ið110Þ þ Ið111Þf g : ð1Þ

It is found that the (100)-preferential ratio increases from

0.75 to 0.89, as the grain size is increased from 0.19 to

0.59 lm, as shown in Fig. 2b. This result indicates that the

longer annealing time is helpful to the growth of (100)

orientation.

Frequency-dependent dielectric constant and dielectric

loss of the PBLZT AFE thick films, measured over

1–1000 kHz at room temperature, are plotted in Fig. 3. It is

seen that the dielectric constant gradually decrease for all

the samples with increasing frequency. The declined ten-

dency is caused by the long-time polarization process of

some frameworks, such as space charges, which have no

contribution to the overall polarization at higher frequency

[8]. It is well known that the values of the dielectric con-

stant are strongly related to microstructure and grain size

[34]. Generally, larger grain size leads to higher dielectric

constant and dielectric loss [35]. This is because small

grain corresponds to large number of grain boundaries,

while large number of grain boundaries usually leads to

low polarization intensity [35–37]. Obviously, the similar

trend is also observed in the present work. For example, as

shown in the inset of Fig. 3, the dielectric constants at

19

46

17
11

6
1

0

9

18

27

36

45

54

.4-.5 .5-.6.3-.4.2-.3.1-.20-.1

C
ou

nt
s (

%
)

Gavg

(d)

23

38

12
5

2 1

19

0

7

14

21

28

35

42

49
Gavg

C
ou

nt
s (

%
)

1.4-1.61.2-1.41.-1.2.8-1..6-.8.4-.6.2-.40-.2
0

(e)

5

26
22

25

13

4 3 1 1
0

5

10

15

20

25

30

35

Gavg

1.6-1.81.4-1.61.2-1.41.-1.2.8-1..6-.8.4-.6.2-.40-.2

C
ou

nt
s 

(%
)

(f)

(a) (b) (c)

(g) (h) (i)

Fig. 1 a–c surface FE–SEM images of the PBLZT AFE thick films with different grain sizes. d–f Average grain sizes of the films. g–i Cross-
sectional SEM images of the films
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1 MHz are 585, 633 and 658, for the thick films with grain

sizes of 0.19, 0.40 and 0.59 lm, respectively.

Figure 4a shows P–E loops of the PBLZT AFE thick

films, which were measured at 1 kHz and 900 kV/cm. It is

clear that all the samples exhibit a slim double loop,

indicating their AFE nature. Both the maximum polariza-

tions (Pmax) and the remanent polarization (Pr) increase

with increasing grain size, as shown in Fig. 4b. For

example, the average values of Pmax are 53.7, 61.8 and

67.0 lC/cm2 for the films with grain sizes of 0.19, 0.40 and

0.59 lm, respectively. Evidently, the variation tendency of

the polarization are same to the changes of the dielectric

constant of the thick films, because of relational expression

P = (er - 1)e0E (e0 is dielectric constant of free space, er is
the relative dielectric constant and E is the applied electric

field). Dielectric constant and the dielectric loss as a

function of bias field of the PBLZT thick films, measured

at 100 kHz at room temperature, are shown in Fig. 4c. The

DC field was stepped at a time lag of 0.5 s according to the

following measurement mode: Emax to zero, zero to -Emax

and -Emax to Emax. All the er - E curves show a double

butterfly behavior, which corresponds to the forward and

reverses switchings between the AFE and FE phases. The

Fig. 4d depicts the forward switching field (EAFE–FE) and

the backward switching (EFE–AFE) field, as a function of

grain size. It can be seen that both EAFE–FE and EFE–AFE

increase with the grain size increasing. This result implies

that a large grain size is likely to stabilize the AFE state.

Figure 5a shows temperature-dependent dielectric con-

stant of the PBLZT AFE thick films at 100 kHz from the

room temperature to 175 �C. Obviously, the dielectric

constant in all the cases first increases gradually, and then

decreases, with the temperature increasing. The maximum

dielectric constant is arrived at the Curie point, corre-

sponding to the AFE to paraelectric (PE) phase transition,

which is 113.8, 121.3 and 118.5 �C for the films with grain

sizes of 0.19, 0.40 and 0.59 lm, respectively. Moreover,

the broadening in the dielectric constant versus temperature

curve indicates the typical diffuse phase transition behavior

of the thick films [38]. It is well known that the dielectric

constant of a normal ferroelectrics and antiferroelctrics

above Curie temperature follows the Curie–Weiss law

described by [37, 39]:

1

e
¼ T � T0

C
; ð2Þ

where T0 is the Curie–Weiss temperature and C is the

Curie–Weiss constant. The insets in Fig. 5a shows the

corresponding plots of temperature versus inverse dielec-

tric constant at 100 kHz fitted to the Curie–Weiss law.

Obviously, all the samples have a deviation from the

Curie–Weiss law, confirming their diffused phase
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transition characteristics. The dielectric behavior of dif-

fused phase transition has been well described by the

modified Curie–Weiss law, which is given by [40–42]:

1

e
þ 1

em
¼ T � Tmð Þc

C
; ð3Þ

where T is absolute temperature, Tm is the temperature at

maximum dielectric constant, e is dielectric constant, em is

the maximum dielectric constant at Tm, C is the Curie–

Weiss constant and c is the indicator of the degree of dif-

fuseness in the range 1 * 2. Normal ferroelectric phase

transition behavior can be described with c = 1, while

complete diffuse phase transition behavior corresponds to

c = 2 [43]. Figure 5b shows plots of ln (1/e - 1/em) as a

function of ln (T - Tm) of the PBLZT AFE thick films at

10 kHz by fitting with Eq. (3), in order to determine the

exponent c. It is found that c are 1.90, 1.91 and 2.08 for the

grain sizes of 0.19, 0.40 and 0.59 lm, respectively, indi-

cating the diffuseness is enhanced with increasing grain

size.

According to thermodynamic Maxwell relation,
oP
oT

� �
E
¼ oS

oE

� �
T
, reversible adiabatic temperature change DT

and corresponding isothermal entropy change DS, as a

function of applied field change E, for a material with

density q and heat capacity C, are given by [19, 31, 44]:

DT ¼ � 1

Cq

Z E2

E1

T
oP

oT

� �

E

dE; ð4Þ

DS ¼ � 1

q

Z E2

E1

oP

oT

� �

E

dE; ð5Þ

where T is operating temperature, P is maximum polar-

ization at applied electric field E. The lower integration

limit E1 = 200 kV/cm was selected. The upper integration

limit E2 = 1000 kV/cm represents the maximum field. The

values of oP
oT

� �
E
were obtained from fourth-order polyno-

mial fits to the P(T) data, which are extracted from the

hysteresis loops. In the temperature range of interest, C is

about 330 J/K/kg for Zr-rich lead-based films, while the

peak associated with the transition is\10 % of the back-

ground [44]. The density q = 8.3 g/cm3 is selected for the

thick films as reported before [44]. The values of adiabatic

temperature change DT versus temperature for the PBLZT

AFE thick films at DE = 800 kV/cm, deduced from

Eq. (4), are shown in Fig. 6a. Large DT values are

achieved in a wide range of temperature near room tem-

perature, which is closely related to the FE–AFE phase

transition of the thick films. Detailed description on ECE

caused by FE–AFE phase transition can be found in our

previous work [20]. As expected, the ECE response is

enhanced as the grain size increasing. The maximum DT
values at room temperature are 8.9, 17.6 and 19.9 �C for

the grain sizes of 0.19, 0.40 and 0.59 lm, respectively. As

the operating temperature is increased, the DT value

gradually decreases, indicating a reduction in entropy

change between the AFE and FE phase transition. With
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further increase in temperature, a peak of DT in the curves

is observed in the vicinity of 115 �C, which is believed to

be caused by the AFE–PE phase transition. The tempera-

ture corresponding to the peak of DT is slightly lower the

Curie temperature, which was consistent with the obser-

vation of Tatsuzaki [45]. In fact, the ECE peak can occur

either above or below Tc, but microscopic models of ECE

have not been established [46]. Figure 6b shows the cor-

responding isothermal entropy changes (DS) of the PBLZT
AFE thick films as a function of temperature at

DE = 800 kV/cm. The maximum DS values are 9.8, 15.5

and 22.1 J/K/kg for the grain sizes of 0.19, 0.40 and

0.59 lm, respectively. The large DS of the PBLZT AFE

thick film induces large ECE, making them suitable for

refrigeration [46].

To comprehensively evaluate cooling performance of

the PBLZT AFE thick films, Fig. 7 shows their coefficient

of performance (COP) and electrocaloric coefficient (DT/
DE) at different temperatures. COP is a measure to

evaluate the performance of a refrigeration cycle, which is

defined as the ratio of the isothermal heat Q to W [47]:

COP ¼ jQj
jW j ¼

jDS� T j
jW j ; ð6Þ

where W is the recoverable energy density that is defined in

the following part. At DE = 800 kV/cm, COP values of

the PBLZT AFE thick films obtained with Eq. (6) are

plotted in Fig. 7a. It is clear that all samples have a similar

variation trend in COP in the measurement temperature

range. The maximum COP values at room temperature are

1.7, 2.8 and 3.2, respectively. Figure 7b shows the corre-

sponding electrocaloric coefficient (DT/DE) of the PBLZT

AFE thick films as a function of temperature. The values of

DT/DE at room temperature are 0.011, 0.022 and

0.025 K cm/kV, respectively. The room temperature DT/
DE value of the sample with grain size of 0.59 lm is higher

than that of ferroelectric ceramics [48–50].

25 50 75 100 125 150 175
225

450

675

900

1125

131.2135.5

Temperature (oC)

D
ie

le
ct

ri
c 

co
ns

ta
nt

0.59 μm
0.40 μm
0.19 μm

(a)

133.8

(1
/ε

)×
10

00 118.5 oC 121.3 oC

Temperature (oC)

113.8 oC

1.8 2.4 3.0 3.6 4.2
-15

-14

-13

-12

-11

-10

-9(b)

0.59 μm
0.40 μm
0.19 μm

ln(T-Tm)

ln
(1

/ε
-1

/ε
m

)

Fig. 5 a Temperature dependences of dielectric constant of the

PBLZT AFE thick films at 100 kHz, with the inset showing the

inverse dielectric constant (1/e 9 1000) as a function of temperature

at 100 kHz for all the samples. b Plots of ln (1/e - 1/em) as a function
of ln (T - Tm) for all the samples at 10 kHz

20 40 60 80 100 120 140
0

3

6

9

12

15

18

21(a)

0.59 μm
0.40 μm
0.19 μm

Δ
T

(O
C

)

T (oC)

20 40 60 80 100 120 140
0

4

8

12

16

20

24

Δ
S 

(J
K

-1
K

g
-1

)

T (oC)

(b)

0.59 μm
 0.40 μm
 0.19 μm

Fig. 6 a Adiabatic temperature changes (DT) of the PBLZT AFE

thick films with different grain sizes as a function of temperature at

DE = 800 kV/cm. b Isothermal entropy changes (DS) as a function of
temperature at DE = 800 kV/cm

10314 J Mater Sci: Mater Electron (2016) 27:10309–10319

123



Figure 8a shows room temperature DT values of the

PBLZT AFE thick films at DE = 200, 400, 600 and

800 kV/cm. It is obvious that the change in adiabatic

temperature depends on not only grain size but also field

change DE. With the applied field increasing, adiabatic

temperature change is increased. Therefore, to improve

ECE, the electric field should be as high as possible.

DS and DT/DE at selected applied fields are shown in

Fig. 8b, c. Obviously, DS and DT/DE have the same vari-

ation trend as that of DT.
ECE could also be evaluated by using the Landau

thermodynamic theory. According to the thermodynamic

phenomenological theory, Gibbs free energy in terms of

polarization can be expanded as [51, 52]:

G ¼ 1

2
aP2 þ 1

2
nP4 þ 1

2
uP6; ð7Þ

where P & D (D ¼ e0E þ P, where e0 is vacuum dielectric

permittivity, E is the applied field and P is the polariza-

tion), a ¼ bðT � T0Þ, and n and u are temperature inde-

pendent coefficients. Since oG
oT

� �
P
¼ �DS [53], there is:

DS ¼ � 1

2
bP2; ð8Þ

where b is a phenomenological coefficient. Because

�TDS ¼ cDT (c is the specific heat capacity) [46], the

temperature change can be obtained, which is given by:

DT ¼ � 1

2c
bTP2; ð9Þ
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According to Eqs. (8) and (9), the entropy change and

temperature change are proportional to square of the

polarization. Moreover, a material with large b will gen-

erate larger entropy change and temperature change. As

shown in Fig. 9, the entropy changes for the films have a

linear relationship with the square of the polarization at

room temperature. The values of b determined by linear

fitting are 9.13 9 10-5, 1.24 9 10-4 and 1.35 9 10-4 J/

cm/K/lC2 for the grain sizes of 0.19, 0.40 and 0.59 lm,

respectively. The values of the phenomenological coeffi-

cient b obtained in the present work are superior to the

results of doped BaTiO3 multilayer ceramic capacitor

(4 9 10-5 J/cm/K/lC2) [54] and BaTiO3 single crystal

(4 9 10-5 J/cm/K/lC2) [55].

Figure 10a shows recoverable energy-storage density

(W) and energy-storage efficiency (g) of the PBLZT AFE

thick films, at different applied electric fields at 1 kHz and

at room temperature. They are calculated according to their

definition [22, 56–59]:

W ¼
Z Pmax

Pr

EdP; ð10Þ

g ¼ W

W þWloss

; ð11Þ

where E is applied electric field, P is the polarization, Pr is

the remanent polarization and Pmax is the maximum

polarization with respect to the maximum experimental

electric field. Wloss represents the energy loss density,

which is obtained by integrating the area between the

charge and discharge curves. Evidently, larger grain size

leads to a higher energy density at the same electric field.

This could be contributed to the increased difference

between Pmax and Pr. Moreover, as expected, the energy-

storage density of all the samples monotonically increases

with increasing applied electric field, before reaching the

breakdown fields. The inset in Fig. 10a gives Weibull

distribution of breakdown strength (BDS) of the AFE thick

films [60, 61]. According to the data given in the inset,

BDS values of the films with grain sizes of 0.19, 0.40 and

0.59 lm obtained from the x intercept of the fitting lines

are 1882, 1712 and 1556 kV/cm, respectively. This result

indicated that films with smaller grain size have higher

breakdown fields. The recoverable energy-storage densities

at their corresponding BDS are 33.6, 28.8, and 31.4 J/cm3

for the films with grain sizes of 0.19, 0.40 and 0.59 lm,

respectively. For practical applications, besides high

energy density W, large energy-storage efficiency (g) is

also important. Clearly, all films have an efficiency of more

than 70 %, which slightly decrease with increasing electric
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field. For example, the maximum g of 73 % is obtained in

the thick films with a grain size of 0.19 lm.

Temperature stability of energy-storage performance is

also an important parameter for practical applications [62].

Figure 10b shows temperature dependence of energy-

storage performance of the PBLZT AFE thick films over

25–135 �C at 1 kHz at 1000 kV/cm. In the temperature

range, all the curves are only slightly fluctuated, indicating

excellent temperature stability of energy-storage perfor-

mance of the thick films.

Figure 11a shows current characteristics of the PBLZT

AFE thick films, as a function of time, at E = 400 kV/cm

at room temperature. It was reported that the decay of

dielectric relaxation current obeys the Curie–von Schwei-

dler law [63]:

J ¼ JS þ J0 � t�n; ð12Þ

where Js is the steady-state current density, J0 is a fitting

constant, t is the relaxation time in seconds, and n is the

slope of the log–log plot. By fitting the leakage current

density data according to Eq. (12), Js values at

E = 400 kV/cm are 1.59 9 10-6, 1.53 9 10-6 and

1.47 9 10-6 A/cm2, respectively, as shown in Fig. 11b.

The small leakage current is very close to that of other

lead-based AFE thick films [8, 31]. Moreover, it can be

found that the steady-state leakage current density is

decreased with increasing grain size. As an example,

Fig. 11c shows temperature-dependent current character-

istics of the 0.59 lm film, at E = 400 kV/cm. Obviously,

the current density of the sample is increased with the

operating temperature increasing. The data of the temper-

ature-dependent Js were fitted to the Arrhenius equation

[64]:

Js ¼ A exp � Ea

kT

� �
; ð13Þ

where A, Ea and k are fitting constant, activation energy and

Boltzmann constant, respectively. According to the fitting

curve shown in the inset of Fig. 11d, the result yields an

activation energy of*0.22 eV for the 0.59 lm film, which

is close to the results of PLZST AFE thick films [31] and

PLZT AFE thin films [14].

4 Conclusions

Through proper control of annealing time, (100)-oriented

PBLZT AFE thick films with different grain sizes were

successfully fabricated by using a sol–gel route. The grain

size had a strong influence on dielectric properties of the
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Fig. 11 a Dielectric relaxation

currents of the PBLZT AFE

thick films with different grain

sizes, at 400 kV/cm and room

temperature. b Steady-state

leakage current of the films.

c Dielectric relaxation currents
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size of 0.59 lm at different

temperatures. d Steady-state
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AFE thick films. With increasing grain size, both dielectric

constant and polarization were increased, but breakdown

field was decreased. All the films showed a diffused phase

transition behavior. As a result, AFE thick films with larger

grain size showed improved ECE. The film with a grain

size of 0.59 lm exhibited highest ECE performance, with

DT = 19.9 �C and DS = 22.1 J/K/kg, leading to elec-

trocaloric coefficient and refrigeration efficiency of

0.025 K/cm/kV and 3.2. However, due to its higher

breakdown field, the film with a grain size of 0.19 lm
possessed a maximum recoverable energy-storage density

of 33.6 J/cm3 and an efficiency of 73 %. Promising thermal

energy-storage stability was observed in the films due to

their diffused phase transition and very low leakage cur-

rent. Therefore, it is believed that our PBLZT AFE thick

films are promising candidates for applications in solid-

cooling devices and energy-storage capacitors.
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