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Abstract: 1-um-Pb_3x2)LaxZrys5Tip 1503 (PLZT) antiferroelectric (AFE) thick films with x = 0.08,
0.10, 0.12, and 0.14 were deposited on LaNiOs/Si (100) substrates by a sol-gel method. The
dielectric properties, energy-storage performance, electrocaloric effect, and leakage current behavior
were investigated in detail. With increasing La content, dielectric constant and saturated polarizations
of the thick films were gradually decreased. A maximum recoverable energy-storage density of 38
J/em® and efficiency of 71% were achieved in the thick films with x = 0.12 at room temperature.
Moreover, a large reversible adiabatic temperature change AT = 25.0 °C was presented in the thick
films with x = 0.08 at 127 °C at 990 kV/cm. All the samples had a lower leakage current density
below 10° A/cm” at room temperature. These results indicated that the PLZT AFE thick films could
be a potential candidate for applications in high energy-storage density capacitors and cooling
devices.
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1. Introduction

Lead zirconate (PbZrO3) was the first compound identified as an antiferroelectric (AFE) in 1951
[1]. Under sufficiently high external electric filed, a ferroelectric state can be induced in AFEs and
this transition is often accompanied by larger strains and polarization changes [2-3]. Therefore,
Pb-based AFE materials have attracted increasing attention for the potential applications in high
energy storage capacitors, micro-actuators, pyroelectric security sensors, cooling devices, and pulsed
power generators and so on [4-8].

Up to now, the reported works on energy-storage properties and electrocaloric effect (ECE) of
AFE materials mainly focused on bulk ceramics and thin films [9-12]. Because of the lower
breakdown strength (BDS), the energy-storage density and ECE of the bulk ceramics are usually
very small. For example, it was reported that the maximum energy-storage density and ECE obtained
in the AFE bulk ceramics are only 2.75 J/cm® and 2.5 K, respectively [13, 14]. It was recognized that
the lower BDS was one of the main reasons for the small energy-storage density and weak ECE,
which hindered the AFE bulk ceramics for practical applications. Thus, it was predicated that an
improved energy-storage performance and ECE could be realized in AFE thin films, because of their
good electric-field endurance. For instance, a large energy-storage density of 14.9 J/em® and 14.6
J/em® were reported in La and Sr-doped PbZrOs; AFE thin films by Parui and Hao, respectively [15,
16]. Similarly, a giant ECE of 12 K at 25 V was obtained in 350-nm-thick PbZr( ¢5Ti9 0503 AFE films
near its Curie temperature by Mischenko et.al. [17]. Very recently, a much larger ECE of 45.3 K at
room temperature was reported in 320-nm-thick PbgBag,ZrO; films [18]. These results raised hopes

for the realization of ECE-based solid-state cooling devices. However, because of their small



thickness (<1um), the overall stored energy and heat-sinking capacity of the AFE thin films are still
not so high as to satisfy the requirement of practical applications. As a result, it could be concluded
that, due to the higher BDS and larger overall volume, thick films (1-100 um) might overcome the
shortcomings of bulk ceramics and thin films and are suitable for the applications in high
energy-storage and cooling devices.

Unfortunately, the energy-storage properties and ECE in AFE thick films were rarely studied,
especially on their cooling characteristics. Thus, in this work, I-um-Pb.3x2)Lax(Zross5Ti0.15)O3
system AFE thick films were fabricated via a sol-gel technique. The aim of this work is to examine
the energy-storage properties and ECE of PLZT AFE thick films.

2. Experimental procedure

Pbi_sxnlagZrg g5Tio 1503 (PLZT) AFE thick films with x = 0.08, 0.10, 0.12, and 0.14 were grown
on LaNiOs/Si (100) substrates by using a sol-gel method. Lead acetate trihydrate, lanthanum acetate,
titanium isopropoxide, and zirconium isopropoxide were used as the raw materials. Glacial acetic
and deionized water were used as solvents. 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. 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. 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 films. The concentration of the precursor solution was 0.5 M. The
conductive LaNiO3 (LNO) films with a thickness of about 250 nm were chosen as bottom electrodes,

which were prepared on Si (100) substrates by the chemical solution deposition route and was similar



to Ref. 19. The obtained LNO films showed a (100) growth orientation.

After aged for 24 h, PLZT AFE films were deposited on LNO/Si (100) substrates through a
multiple-step spin-coating technique. Each PLZT AFE film was spin coated at 3000 rpm for 40 s. In
order to reduce the formation of cracks, every wet film was first dried at 350 °C for 10 min and
subsequently pyrolyzed at 600 °C 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 capping layer of 0.4 M PbO precursor solution which was prepared from lead acetate
trihydrate was added before the films went through a final anneal at 700 °C for 30 min. The final
thickness of all the PLZT AFE thick films was about 1 um, which was determined by the
crossing-section FE-SEM picture.

The microstructure of all the PLZT AFE thick films was 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 measurements of electrical properties,
gold pads of 0.2 mm in diameter were coated on the surface as top electrodes by using a dc
sputtering method. The frequency and temperature-dependent dielectric properties of the PLZT AFE
thick films were measured by using a computer-controlled Agilent E4980A LCR analyzer. The
polarization-electric field hysteresis loops (P-E) and the leakage current characteristic of the PLZT
AFE thick films were measured by a Radiant Technology Ferroelectric tester with high-voltage
power supply (Trek Inc., Media, NY). The energy-storage performance and ECE were calculated
according to the P-E results. For convenience, the samples of x = 0.08, 0.10, 0.12, and 0.14 were

abbreviated as PLZT8/85/15, PLZT 10/85/15, PLZT 12/85/15, and PLZT 14/85/15, respectively.



3. Results and discussion

Fig. 1 shows the XRD patterns of the PLZT AFE thick films with different x values after being
annealed at 700 °C. All the thick films exhibit good crystalline quality and a pure polycrystalline
perovskite phase with orthorhombic structure. For convenience, the lattice indexes of the peaks were
labeled as pseudocubic structure, according to the results reported by Hao et.al. [16]. Moreover, it
could be found from the curves that all the PLZT AFE thick films showed (100)-preferred orientation,
which was attributed to the same grown orientation of LNO bottom electrodes.

The surface FE-SEM morphology images of the thick films with different x values are shown in
Fig. 2(a)-2(d). It 1s noted that the surface microstructures of the obtained films have a close relation
with the La content. Evidently, with the La content increasing, the grain size of the samples changes
significantly. All the samples exhibit dense and void-free structure, which was ascribed to the
two-step heat-treatment technique during the fabrication process. The insets of Fig. 2(a)-2(d) present
the corresponding cross-section images of the films. It can be seen that the all films shared—the
stmHar-show a thickness of about 1 um. In addition, the microscopic results further demonstrated
that all the films possessed a uniform and dense microstructure.

Frequency-dependent dielectric constant and dielectric loss of these thick films are plotted in
Fig. 3, which were measured from 1 kHz to 1 MHz at room temperature. As the frequency increases,
the dielectric constant for all the samples gradually decreases. The declined tendency was caused by
the long-time polarization process of some frameworks, such as space charges, which had no
contribution to the overall polarization at higher frequency. Moreover, the composition of the films

had a clear effect on their dielectric constant. As x increases from 0.08 to 0.14, the dielectric constant



decreases. For example, dielectric constant at 1 MHz was 862, 618, 433, and 358 for x = 0.08, 0.10,
0.12, and 0.14, respectively. However, the dielectric loss of these thick films was slightly
composition-dependent, and all the films share the similar values in dielectric loss. With the
measurement frequency increasing, the dielectric loss increases, which was caused by the
polarization relaxor.

Electric-field-dependent dielectric constants (¢,-E) of the PLZT AFE thick films with different x
values are plotted in Fig. 4, which were measured at room temperature and at 100 kHz. The dc field
was stepped at a time lag of 0.5 s according to the following measurement mode: zero to Epx, Emax to
- Emax, and - Enax to zero. All the ¢,-E curves show double butterfly behavior, corresponding to the
transformation between AFE to FE phases. The dielectric constant sharply increases at the moment
of the AFE-FE transition and then drops when the curve saturated. The phase switching field can be
determined from peaks of the ¢,-E curves. The phase transformation fields of the PLZT AFE thick
films are shown in the inset of Fig. 4. Clearly, the forward phase switching (AFE-to-FE) fields (Er)
are approximately 136 kV/cm, 155 kV/cm, 175 kV/cm, 175 kV/cm and the reverse backward phase
switching (FE-to-AFE) fields (Ea) are approximately 70 kV/cm, 110 kV/cm, 130 kV/cm, 130 kV/cm
for the thick films with x = 0.08, 0.10, 0.12, and 0.14, respectively. Namely, with La content
increasing, the phase switching fields increase. Similar results were also reported in La-doped bulk
AFE ceramics [20]. The possible reason could be given according to the tolerance factor ¢ [21],

which was defined as:
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where r4, rp, and ro were the ionic radii of A-site cation, B-site cation, and oxygen anion,
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respectively. It was generally believed that FE phase was stabilized for t>1 and that AFE phase was
stabilized for t<1 [22]. According to the formula, ¢ value decreases with the La adding, because the
ionic radii (0.149 nm) of Pb** was larger than that (0.136 nm) of La*". This result indicates that the
addition of La is favor to stabilize the AFE state.

Fig. 5(a) shows the temperature dependence of dielectric constant for PLZT AFE thick films,
which were measured at 100 kHz. Obviously, all the curves exhibit a typical diffused phase transition
from AFE to paraelectric (PE) phase, indicating good temperature stability of dielectric properties.
Moreover, the temperature (7},) corresponding to the maximum dielectric constant is shifted to low
temperature with the La content increasing. The values of T, are presented in the inset of Fig. 5 (a),
which is 170 °C, 134 °C, 130 °C, and 95 °C for the samples with x = 0.08, 0.10, 0.12, and 0.14,
respectively. This result is consistent to the results of Xu alet. in (Pb,La)(Zrss5Tio15)O3 ceramics
[20]. The dielectric constant of the PLZT AFE thick films with x = 0.08 as a function of dc field and
temperature at 100 kHz are plotted in Fig. 5(b). With a zero field, a transition between the AFE phase
and a PE phase occurred at 170 °C. With the dc field increasing, the dielectric peak of the films
moved to lower temperature, which is similar with the report of Zhang et.al. in lead zirconate
stannate titanate based AFE bulk ceramics [23].

Room temperature polarization-electric field hysteresis loops of the PLZT AFE thick films with
different x values are shown in Fig. 6, which were measured at 1 kHz and at 600 kV/cm. All the
samples exhibit a slim and double P-E loops, indicating their AFE nature. Moreover, the saturated
polarizations (Py) and the remnant polarization (P,) decrease substantially with La content increasing.

For example, P and P, are 62, 49, 41, 39 pC/cm2 and 10, 5, 4, 4 pC/crn2 for the films with x = 0.08,



0.10, 0.12, and 0.14, respectively. This result is consistent to the results of Es-Souni alet. in
Pb, «Lay(Zrps,Tipas)1-x403 thin films [24]. The inset of Fig. 6 gives the P-E loops at their critical
breakdown strength. Clearly, large differences between P; and P, were realized at their BDS,
indicating that a high recyclable energy-storage density could be obtained in these films.

Fig. 7(a) illustrates the electric field dependence of recyclable energy-storage density and
energy-storage efficiency of the PLZT AFE thick films with different x values, which were measured
from 200 kV/cm to their BDS at 1 kHz and at room temperature. Commonly, the recoverable
energy-storage density W could be estimated from the P-E loops, which is calculated with the

equation as below:

W= j: EdP, )

where E is the applied electric field, P is the polarization and P, is the maximum polarization.
According to equation (2), materials with smaller P,, larger P, and higher BDS are more suitable
for energy storage. Clearly, the W values of all the samples gradually increase as the electric field is
increased. The W values at their corresponding BDS were 33, 35, 38, and 29 J/em® for the PLZT
AFE thick films with x = 0.08, 0.10, 0.12, and 0.14, respectively. Moreover, in the measurement
range, the W values for PLZT AFE thick films with x = 0.12 were comparatively higher than other
samples. In practical application, apart from higher recyclable energy-storage density W values,
larger energy-storage efficiency # is also always desired. The energy-storage efficiency 7 is
calculated as the following formula:

4
wW+w
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where W, is the energy loss density, calculated by the numerical integration of closed area of the

hysteresis loops. Obviously, different from the W values, the # values of PLZT AFE thick films



decrease gradually with the increasing of the measured electric field. For example, the # value of
PLZT AFE thick films with x = 0.12 gradually decreases from 85% to 71%. The inset in Fig. 7(a)
depicts Weibull distribution of BDS for the PLZT AFE thick films. The relevant detailed description
on Weibull distribution could be found in Ref. 25. According to the data given in the inset, the BDS
values of the films with x = 0.08, 0.10, 0.12, and 0.14 obtained from the X intercept of the fitting
lines were 1820, 2112, 2141, and 1827 kV/cm, respectively. The high BDS of samples were
attributed to their denser microstructure. It is well known that the temperature-dependent stability of
the energy-storage performance is also an important parameter in practical application. Fig. 7(b)
shows the energy-storage performance of all the PLZT AFE thick films in the temperature range of
20-150 °C, which were measured at 1 kHz and at 900 kV/cm. Clearly, all the curves were only
slightly fluctuated in the measurement range, indicating good temperature stability of the

energy-storage performance.
Fig. 8 shows the adiabatic temperature change AT of the PLZT AFE thick films with x = 0.08

under different electric field changes AE. Reversible adiabatic changes in temperature A7 for a

material of density p with heat capacity C are expressed [14] by:

E
AT = _L f T(a_P) dE, €))
Cpyz \OT')

as

assuming the Maxwell relation [Z—;j = (GE
E

j . Values of (8_Pj were obtained from fourth-order
r T )

polynomial fits to raw P (T) data extracted from the upper branches of P-E loops in E > 0, as shown
in inset of Fig. 8. In the temperature range of interest the heat capacity C = 330 JeK'ekg™' remains
constant for Zr-rich lead-based films and the peak associated with the transition is < 10% of the

background [17]. The theoretical density p of the PLZT AFE thick films are calculated from the
9



convention of orthorhombic cell parameters. The orthorhombic cell parameters of the PLZT are

calculated from the relationship as following [25]:

d, - ! , )

GEORD;

where djy is the interplanar spacing, which are obtained from the XRD patterns. Thus, the calculated

p values are about 7.9 gecm™ for all the samples. Here E; = 0 and E, = E, thus AE is equal to E.
Clearly, the obvious temperature changes are obtained below the AFE-PE phase transformation, and
the maximum value of A7 increases with the applied electric field increasing. The maximum A7 (=
25 °C) of the thick films with x = 0.08 at 127 °C was received at 990 kV/cm. The value of the
maximum A7 in this film is higher than that (A7 = 85 at 220 °C) obtained in
Pbo.97L.ag.02(Zro.95Tig.05)O;3 thick films [8].

Fig. 9 shows the adiabatic temperature change A7 of the PLZT AFE thick films with different x
values under AE = 990 kV/cm. Clearly, the peaks of AT are shifted to low temperature with the La
content increasing. For example, the temperature corresponding to the peak of AT of the thick films
with x = 0.08, 0.10, 0.12, and 0.14 are 127, 114, 87, and 54 °C at 990 kV/cm, respectively. Evidently,
the peak of AT could also be adjusted by the content of La. Under the measurement condition, the
peak value of AT for the AFE films with x = 0.08, 0.10, 0.12, and 0.14 are 25.0, 10.2, 7.2, and 10.4
°C, respectively. Moreover, it can be found from these figures that all the curves display diffused
character, indicating that these films are able to operate in a wide temperature range. Generally, the
peak of AT is usually located near 7,,, and was moved to higher temperature with the increase of
applied electric field. However, in the present work, the temperatures corresponding to the peak of
AT are lower than their 7). The possible reason may be contributed to the declined phase transition

temperature between AFE to PE state under the function of external electric field, as shown in Fig.
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5(b).

Fig. 10 shows the electrocaloric coefficient (&) and refrigeration efficiency (COP) of all the
PLZT AFE thick films at 990 kV/cm. Electrocaloric coefficient is defined as &,ux = AT/ AE o
where AT, is the maximum temperature change, and AE,,, is the corresponding electric field
change. Clearly, the &, of the thick films with x = 0.08, 0.10, 0.12, and 0.14 are 0.025, 0.007, 0.010,
and 0.011 Kecm/kV respectively. A maximum electrocaloric coefficient of 0.025 Kecm/kV is
achieved in the films with x = 0.08, which is higher than other lead-based films, such as
0.9PbMg;/3Nby/303-0.1PbTiO3 (&pax = 0.006 Keecm/kV) and PbSc(sTap 503 (Enar = 0.008 Kecm/kV)
[11, 26]. In order to give a comparison criterion for electrocaloric refrigeration, Emmanuel et.al.

introduced the refrigeration efficiency, which is given as [27]:

\ MSxﬂ
cop="2 2" 71 (6)
W W
AS:_T(a_Pj dE )
2\ ) ’

where Q is isothermal heat and AS is entropy. Based on above formulas, the calculated COP values
of the thick films with x = 0.08, 0.10, 0.12, and 0.14 are 4.4, 1.3, 1.5, and 1.7 at 990 kV/cm,
respectively. The maximum COP is found to be 4.4 of the thick films with x = 0.08, which is higher
than 3.0 obtained in PbZr( 95Tio0505 [27].

Fig. 11(a) shows the time relaxation for the current density of these PLZT AFE thick films,
which were measured at room temperature and at 400 kV/cm. Clearly, the leakage current density
shows strong initial-time dependence because of the dielectric polarization relaxation, which obeys
the Curie-von Schweidler law as follows [28]:

J=J,+J,xt ", )
where J; is the steady-state current density, Jy is a fitting constant, ¢ is the relaxation time in second,
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and n is the slope of the log-log plot. There possible mechanisms are associated with the Curie-von
Schweidler law: space charge trapping, relaxation time distribution and electrical charge hopping
[29]. Fitting the date to Eq. (8), the steady-state current densities for the films with x = 0.08, 0.10,
0.12, and 0.14 are 1.30x10°, 1.13x10°, 9.23x10”, and 7.49x107 A/cm’, respectively. It could be
learned from these results that all films had a small J; in the given operation condition and the
leakage current densities decreased with increasing x values. The corresponding La content
dependences of steady-state leakage current are given in the inset of Fig. 11(a), which was 0.69, 0.53,
0.43, and 0.40 nA for the films with x = 0.08, 0.10, 0.12, and 0.14 , respectively. The smaller leakage
currents yielded negligible Joule heating (~ 10 K) and did not affect P-E results because currents of
hundreds of pA were required to switch the measured polarizations at 1 kHz. Fig. 11(b) presents the
current density-time characteristics of the thick films with x = 0.14 measured at the temperature
range of 20-150 °C and at 400 kV/cm. Clearly, the leakage current density of the sample increases
with increasing temperature. The values of J; are shown in the inset of Fig.11(b). The steady-state
current density at 400 kV/cm is 8.48><10'7, 3.71x10‘6, 1.28><10'6, and 4.78x107> A/cm” for the sample
at 20 °C, 50 °C, 100 °C, and 150 °C, respectively. This result indicated that the films possess a good
dielectric property even at higher temperature, which was favor to their application in cooling
devices.
4. Conclusion

In conclusion, (100)-preferred Pb(;.3x2)LaxZrssTio.1503 (x = 0.08-0.14)AFE thick films with a
thickness of 1 um were successfully fabricated by using a sol-gel method. It is found that the

dielectric properties of the films were strongly dependent on the content of La. As a result, the
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energy-storage properties and ECE were also tuned accordingly. A maximum recoverable
energy-storage density of 38 J/em® at room temperature were achieved in the films with x = 0.12.
Moreover, all the samples showed good energy-storage stability in the temperature range of from 20
°C to 150 °C. A large reversible adiabatic temperature change (A7 = 25.0 °C) at 127 °C was obtained
in the film with x = 0.08, at the same time, large electrocaloric coefficient of 0.025 Kecm/kV and
refrigeration efficiency of 4.4 were also realized in this films. These properties indicate that the
PLZT AFE thick films have strong potential application in energy-storage and cooling devices.
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Figure caption

Fig. 1 XRD patterns of the PLZT AFE thick films with x = 0.08, 0.10, 0.12, and 0.14.

Fig. 2 Surface FE-SEM morphology images of the PLZT AFE thick films with x = 0.08, 0.10, 0.12,
and 0.14. The inset is the corresponding cross-section images of the films.

Fig. 3 Room temperature frequency-dependent dielectric constant and dielectric loss of the PLZT
AFE thick films with x = 0.08, 0.10, 0.12, and 0.14.

Fig. 4 Dielectric constant as a function of dc voltage at 100 kHz of the PLZT AFE thick films with x
=0.08, 0.10, 0.12, and 0.14.

Fig. 5 (a) Temperature dependence of dielectric constant of PLZT AFE thick films with x = 0.08,
0.10, 0.12, and 0.14. The inset is the maximum permittivity temperature of these films. (b)
Temperature dependence of dielectric constant of PLZT AFE thick films with x = 0.08 at 100 kHz
under various dc electric fields.

Fig. 6 Room temperature P-E loops of the PLZT AFE thick films with x = 0.08, 0.10, 0.12, and
0.14 at 600 kV/cm and at 1 kHz. The inset is the P-E loops at their critical breakdown strength.

Fig. 7 (a) Electric-field dependence of recoverable energy-storage density and energy-storage
efficiency of the PLZT AFE thick films with x = 0.08, 0.10, 0.12, and 0.14. The inset is the
Weibull distribution and the fitting lines of breakdown strength of films. (b) Temperature
dependence of energy-storage density and energy-storage efficiency these films measured at 900
kV/cm.

Fig. 8 The adiabatic temperature changes AT as a function of temperature under various applied

electric field E of the PLZT AFE thick films with x = 0.08. The inset is polarization as a function

18



of temperature under different electric fields of the sample.

Fig. 9 The adiabatic temperature changes AT as a function of temperature under 990 kV/cm of the
PLZT AFE thick films with x = 0.08, 0.10, 0.12, and 0.14.

Fig. 10 Different La content dependence of the temperature changes AT per electric field and the
efficiency of refrigeration at 990 kV/cm.

Fig. 11 (a) Dielectric relaxation current of the PLZT AFE thick films with x = 0.08, 0.10, 0.12, and
0.14 under 400 kV/cm and room temperature. The inset is corresponding La content dependences
of steady-state leakage current of the films. (b) Dielectric relaxation current of the thick films with
x = (.14 at different temperature. The inset gives the steady-state current density with the different

temperature.
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Fig. 1 Ye Zhao, et.al.
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Fig. 2 Ye Zhao, et.al.
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Fig. 3 Ye Zhao, et.al.
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Fig. 4 Ye Zhao, et.al.
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Fig. 5 Ye Zhao, et.al.
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Fig. 6 Ye Zhao, et.al.
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Fig. 7 Ye Zhao, et.al.
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Fig. 8 Ye Zhao, et.al.
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Fig. 9 Ye Zhao, et.al.
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Fig. 10 Ye Zhao, et.al.
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Fig. 11 Ye Zhao, et.al.
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