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A B S T R A C  T
In this work, high performance (Pb0.97La0.02)(Zr0.66Sn0.23Ti0.11)O3 polycrystalline antiferroelectric thin-film was 
successfully fabricated on (La0.7Sr0.3)MnO3/Al2O3(0001) substrate via a cost-effectively chemical solution 
method. A large recoverable energy storage density (Wre) of 46.3 J/cm3 and high efficiency (η) of 84% were 
realized simultaneously under an electric field of 4 MV/cm by taking full advantage of the linear dielectric 
response after the electric field induced antiferroelectric-ferroelectric transition. Moreover, the PLZST thin-film 
displayed high temperature stability. With increasing temperature from 300 K to 380 K, the Wre decreased only 
1.3%. The film also exhibited good fatigue endurance up to 1 × 105 cycling under an electric field of 2.2 MV/
cm. Our work underlines the importance of the interface quality between the film and the substrate and the im-
portant role of linear dielectric answer after saturation in the improvement of the energy storage density and
efficiency of antiferroelectric materials.

1. Introduction

In recent years, the demand for dielectric capacitors with low loss,
high energy-storage density, high stability and fast discharge speed is
increasing for power electronic devices due to the rapid development of
electronic industry [1–3]. A high energy loss causes not only a waste of
energy but also a heating problem which will lead to a performance
deterioration of the electronics. For energy storage, it is well known
that antiferroelectric (AFE) is a very good candidate in comparison to
linear dielectric (LD) and ferroelectric (FE) materials. AFE materials
possess higher energy storage density due to their high saturated po-
larization and small remnant polarization [4–7]. However, the effi-
ciency of typical AFE materials is quite low, which is limited by a large
difference △E between EFA and EAF with △E= EAF – EFA, where EAF and
EFA are the forward and backward threshold fields, respectively. So it is
of practical significance to fabricate AFE materials with both high Wre

and η. But this is still a problem hanging on. For example, Hu et al. [8]
reported a high Wre of 61 J/cm3 in Pb0.96La0.04Zr0.98Ti0.02O3 film, but
the η of the film was just 33% at 4.3 MV/cm. On the contrary, Kang
et al. [9] reported a relatively higher η (78.9%) of PLZST film, but the
Wre of the film was just 13 J/cm3.

The recoverable energy storage density of AFE materials can be

calculated by ∫=W EdPre P
P
r

max (E=applied electric field and
P=polarization). As shown in Fig. 1, Wre is released when the electric
field reduces from Emax to zero, represented by the green area (W1,
caused by the linear dielectric response) and the yellow area (W2,
caused by the phase transition between FE and AFE phase after electric
field removal). The electric energy loss density Wloss is represented by
the red area and η is defined by = +η W W W/( )re re loss . HighWre and high
η can be obtained simultaneously by increasing W1 and W2. Many ap-
proaches have been used to improve Wre and η simultaneously by en-
larging W2, such as enlarging the transition electric field EFA [10–14].
Besides these, enlarging W1 can also improve Wre and η simultaneously,
this possibility was not envisaged to now. From Fig. 1 it is also clear
that by enhancing the breakdown electric field W1 can be enlarged. But
AFE films are usually deposited on metallic bottom electrode (like Pt)
and so the breakdown voltage is low. The main reason is the existence
of a dead layer, which possesses a low εr, at the interface between the
film and the bottom electrode by diffusion. To suppress this effect,
many researches have revealed that the use of oxide bottom electrodes
[15,16] is a good way.

In this work the ABO3-type metallic oxide (La0.7Sr0.3)MnO3 (LSMO),
which possess a good lattice match with (Pb0.97La0.02)
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(Zr0.66Sn0.23Ti0.11)O3 (PLZST) [12], has been used as a bottom elec-
trode. PLZST thin film was successfully fabricated on LSMO/
Al2O3(0001) substrate via a chemical solution method. And in our
work, we demonstrate that through tuning the interface quality be-
tween the film and the substrate and taking full advantage of the linear
response after the AFE-FE phase transition, both high energy storage
density and high efficiency of AFE materials can be achieved.

2. Experimental procedure

Both the (Pb0.97La0.02)(Zr0.66Sn0.23Ti0.11)O3 thin-film and
(La0.7Sr0.3)MnO3 bottom electrode were prepared via chemical solution
deposition methods. The detailed deposition process of LSMO can be
found elsewhere [17]. The PLZST precursor solution was prepared by
dissolving stoichiometric amounts of lead acetate trihydrate, lan-
thanum acetate, zirconium propoxide, tin acetate and titanium iso-
propoxide into glacial acetic acid and deionized water co-solvents.

Lactic acid (HL) functioned as catalyzer and chelation was added into
the solution with mole ratio of Pb:HL= 1:1. Ethylene glycol (EG) was
added into the solution with mole ratio of Pb:EG=1:1 to improve the
mechanical properties of the gel. 20mol% excess lead acetate trihy-
drate was added into the solution to compensate the lead loss. Each
PLZST layer was firstly spin-coated at 5000 rpm for 30 s. Then the wet
films were dried at 350 °C and pyrolyzed at 600 °C. This process was
repeated several times to achieve the desired thickness. A PbO capping
layer was deposited prior to the final annealing at 700 °C to prevent
lead loss and to form pure perovskite phase. Finally, gold pads of
0.25mm in diameter were coated on the film surface as top electrodes
by DC sputtering to fabricate capacitors.

The crystallinity was analyzed by X-ray diffraction (XRD, D/MAX-
2550V; Rigaku, Tokyo, Japan). Surface and cross-section morphologies
were characterized by scanning electron microscope (SEM, S4800;
Hitachi, Tokyo, Japan). TEM studies were performed using a Cs-cor-
rected STEM (JEM-2100F, JEOL, Co., Tokyo, Japan). The temperature

Fig. 1. Schematic diagram of energy storage for antiferroelectric materials.

Fig. 2. (a) X-ray diffraction pattern, (inset) surface and cross-section SEM images (b) TEM image of PLZST thin-film deposited on LSMO/Al2O3 substrate. (c) Electron
diffraction pattern of PLZST thin-film. (d) IFFT image of PLZST/LSMO interface transformed from the high resolution TEM image.
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3. Results and discussion

Fig. 2(a) gives the indexed XRD pattern of PLZST thin-film deposited
on LSMO/Al2O3(0001) substrate. The PLZST thin-film features a pure
perovskite phase with a pseudocubic structure due to the applying of
PbO capping layer [18]. The XRD pattern also reveals that the thin-film
is polycrystalline and randomly oriented. The SEM images inset in
Fig. 2(a) displays that the PLZST thin-film possesses a dense and uni-
form microstructure with no micro crack. Moreover the PLZST thin-film
presents a column-like structure due to heterogeneous nucleation
growth [19], and the film thickness is approximately 650 nm. Fig. 2(b)
shows the TEM image of PLZST thin-film, the satellite spots in Fig. 2(c)
reveal a typical antiferroelectric nature of PLZST thin-film [20].
Fig. 2(d) is the inverse fast Fourier transform (IFFT) image of the
LSMO/PLZST interface, which is transformed from the high resolution
TEM image. In Fig. 2(d). It is obviously seen that the distance between
neighboring (001) planes in both LSMO (0.389 nm) and PLZST
(0.407 nm) layers are quite close to each other and the lattice dis-
tributions of LSMO and PLZST are transited smoothly through the in-
terface, which shows a good lattice match between LSMO and PLZST.
The good lattice match will definitely play an import role in the elec-
trical properties of the PLZST films by reducing the dead layer effect
[21].

The temperature dependent dielectric constant (εr–T) and its re-
ciprocal (1/εr–T) of PLZST thin-film are plotted in Fig. 3. The linear
decrease of 1/εr indicates that no phase transition happens during the
heating process from 300 K to 400 K [22]. Moreover the low dielectric
loss of PLZST thin-film, which changes from 0.015 to 0.030 during the
heating process at 100 Hz, confirms the high quality of the LSMO/
PLZST interface and will play an important role in improving η.

Fig. 4(a) presents a bipolar P-E hysteresis loop of the PLZST thin-
film measured at 260 kV/cm. The double loops and the nearly zero
remnant polarization demonstrates a typical very fine antiferroelectric
nature of PLZST thin-film. The maximum polarization (Pmax) of PLZST
thin-film at 260 kV/cm is 37 μC/cm2. The backward threshold field

Fig. 3. Temperature dependence of dielectric constant and loss of PLZST thin-film at different frequencies. The inset is the temperature dependence reciprocal
dielectric constant of PLZST thin-film at different frequencies.

dependence of electric constant (εr) was measured by a Hewlett Packard 
LCR meter (1-2-3, Murotanim Nishi-ku, Kobe-shi, Hyogo, 651-
22 Japan). The polarization-electric field (P-E) loops were characterized 
by Aix ACCT Co., Azchen, Germany) at 100 Hz.

(EFA) for phase switching between FE and AFE states is 72 kV/cm. 
Fig. 4(b) presents the unipolar P-E hysteresis loops of PLZST thin-film 
under various electric fields. The PLZST thin-film shows excellent 
electric field endurance. The Pmax of the film is 65.9 μC/cm2 under a 
high electric field of 4 MV/cm. Many researches have demonstrated 
that using ABO3-type oxide electrodes instead of metallic electrodes 
will introduce an ion interdiffusion layer along the interface which 
originates from the ions substituting at the A- or B-sites. This ion in-
terdiffusion layer with continuous distribution of εr can smooth the 
distribution of interfacial electric field [15]. The good lattice match 
between LSMO and PLZST and very similar thermal expansivity be-
tween Al2O3 and PLZST [23] also play a key role on this behavior.

We have calculated Wre and η as a function of the electric field and 
the results are presented in Fig. 4(c). We can observe a sharp increase of 
Wre at low electric fields, which is consistent with the phase transition 
between AFE and FE phases. Meanwhile η shows a sharp decrease at the 
same electric field which reveals that the increasing of △E can extremely 
reduce the value of η. The lowest point of η is achieved at an electric 
field of 260 kV/cm followed by a rapid increase until reaching the 
maximum of polarization. At 2.2 MV/cm η reaches its maximum value 
(88.4%) and Wre is equal to 23.6 J/cm3. Finally at 4 MV/cm, Wre

reaches its maximal value (46.3 J/cm3) with η always at a high value 
(84%). The high values of Wre and η originate from the high W1. These 
results revealed that W1 played a significant role in the energy storage 
performance. The results were also compared with other reports sum-
marized from previous literatures [9–14,24–34], as shown in Fig. 4(d). 
It can be seen that our PLZST thin film properties are among the highest 
level when Wre and η are considered simultaneously. For future appli-
cations these two parameters are necessary to favor.

In the same way, temperature stability and fatigue endurance are 
also two important factors that must be considered in commercialized 
applications. So these two properties were also evaluated in this work. 
Fig. 5(a) presents the unipolar P-E hysteresis loops of PLZST thin-film 
under an electric field of 2.2 MV/cm at various temperatures and the 
inset of Fig. 5(a) is the temperature-dependence of Wre and η. The 
PLZST thin-film shows an excellent thermal stability. With increasing 
temperature from 300 K to 380 K, the reduction of Wre is just 1.3% and η 
keeps above 70% during the heating process. These results are in per-
fect agreement with the above-discussed conclusions extracted from 
Fig. 3 which should be ascribed to the steady AFE state of PLZST with
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increasing temperature from 300 K to 380 K [35].
Fig. 5(b) presents the unipolar P-E hysteresis loops of PLZST thin-

film, which is investigated as a function of the charge-discharge cycling
up to 1×105 cycles. The electric field cycling test was carried out with

an electric field of 2.2MV/cm and a frequency of 1 kHz at room tem-
perature. As the cycling test going on, the P-E hysteresis loops keep slim
and the Pmax shows a slightly decreasing tendency. The variations of
Wre and η during the fatigue test are given in the inset of Fig. 5(b). After

Fig. 4. (a) P-E hysteresis loop of the PLZST thin-film at a low electric field. (b) P-E hysteresis loops of the PLZST thin film under various electric fields (c) Wre and η of
PLZST thin film under various electric fields. (d) A summary of energy density data of recently reported antiferroelectric films.

Fig. 5. (a) Temperature and (b) fatigue dependence ofP-E hysteresis loops, Wre and η of PLZST thin-film. The tests were performed under an electric field of 2.2MV/
cm.
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4. Conclusions

In summary, a high quality PLZST thin film was fabricated on
LSMO/Al2O3(0001) substrate by a modified sol-gel method. A high
energy storage density of 46.3 J/cm3 together with a high energy sto-
rage efficiency of 84% was obtained at room temperature, benefiting
mainly from the linear dielectric response and the use of oxide elec-
trodes. Moreover the thin-film also exhibited excellent temperature
stability and high fatigue endurance. The recoverable energy storage
density decreased from 23.5 to 23.2 J/cm3 with increasing temperature
from 300 K to 380 K and was able to withstand fatigue endurance up to
1× 105 cycling. These excellent properties indicate the PLZST thin film
obtained here can have promising potential in high energy storage
capacitors.
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