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Abstract: Antiferroelectric PbZrO3 (AFE PZO) films have great potential to be used as the energy 
storage dielectrics due to the unique electric field (E)-induced phase transition character. However, the 
phase transition process always accompanies a polarization (P) hysteresis effect that induces the large 
energy loss (Wloss) and lowers the breakdown strength (EBDS), leading to the inferior energy storage 
density (Wrec) as well as low efficiency. In this work, the synergistic strategies by doping smaller ions 
of Li+–Al3+ to substitute Pb2+ and lowering the annealing temperature (T) from 700 to 550 ℃ are 
proposed to change the microstructures and tune the polarization characters of PZO films, except to 
dramatically improve the energy storage performances. The prepared Pb(1−x)(Li0.5Al0.5)xZrO3 
(P(1−x)(L0.5A0.5)xZO) films exhibit ferroelectric (FE)-like rather than AFE character once the doping 
content of Li+–Al3+ ions reaches 6 mol%, accompanying a significant improvement of Wrec of 
49.09 J/cm3, but the energy storage efficiency (η) is only 47.94% due to the long-correlation of FE 
domains. Accordingly, the low-temperature annealing is carried out to reduce the crystalline degree 
and the P loss. P0.94(L0.5A0.5)0.06ZO films annealed at 550 ℃ deliver a linear-like polarization 
behavior rather than FE-like behavior annealed at 700 ℃, and the lowered remanent polarization (Pr) 
as well as improved EBDS (4814 kV/cm) results in the superior Wrec of 58.7 J/cm3 and efficiency of 
79.16%, simultaneously possessing excellent frequency and temperature stability and good electric 
fatigue tolerance.  
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1  Introduction 

The sustainable developments of the ultra-high-voltage  
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transmission technology, electric vehicles, and 
electromagnetic weapons have been always accompanied 
by high-efficiency electric energy storage, and Refs. 
[1–5] have been committed to improving the energy 
storage performances of the energy storage devices in 
recent years. It is well known that commercial energy 
storage devices mainly include electrochemical 
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supercapacitors, batteries, and dielectric capacitors 
[6–9]. Compared with electrochemical supercapacitors 
and various batteries, dielectric capacitors utilize the 
electric dipole polarization (P) to store electric energy, 
which possess extremely fast speed and ultra-high 
power density (108 W/kg) in response to the electric 
field (E) [10]. Besides, as the whole solid-state device, 
dielectric capacitors also have significant advantages 
over electrochemical capacitors in terms of electrical 
cycle life, thermal stability, and ease of manufacture. 
Consequently, dielectric capacitors have played an 
irreplaceable role in pulse discharge systems and 
power conditioning devices, such as hybrid electric 
vehicles and electromagnetic catapults [11,12]. 

Antiferroelectric (AFE) materials represented by 
PbZrO3 (PZO) have been extensively studied in the 
field of the dielectric energy storage due to their unique 
E-induced phase transitions and near-zero remanent 
polarization (Pr) [10–14]. However, the serious 
polarization hysteresis during the AFE/ferroelectric 
(FE) phase transformation process always accompanies 
an amount of energy loss (Wloss) and low energy 
storage efficiency (η), as well as inferior electric-field 
tolerance comparing to those of FE ones, resulting in a 
low energy storage density (Wrec). 

Wrec and η are two critical parameters for evaluating 
the energy storage performances of capacitor dielectrics. 
As shown in Fig. S1 in the Electronic Supplementary 
Material (ESM), Wrec and η can be represented by the 
integrated area in the hysteresis loops (P–E loops) and 
calculated according to Eqs. (1) and (2), respectively: 

m

r
rec d

P

P
W E P    (1) 

%100
lossrec

rec 



WW

W
 

 (2) 

where Pm is the maximum P, and Pr is the remanent 
polarization extracted from P–E loops. According to 
Eqs. (1) and (2), it is clearly seen that the energy 
storage performances of PZO-based dielectrics can be 
optimized by tuning the polariazation behavior of 
AFE/FE phase transformation, improving the 
breakdown strength (EBDS) and increasing polarization 
difference (Pm − Pr). Over the past decades, Refs. 
[13,15–22] on improving the energy storage 
performances of PZO-based AFE thin films are carried 
out, such as doping with Ca2+, Ba2+, Sr2+, La3+, Eu3+, 
and Li+–La3+ at the Pb2+ site and Ti4+, Sn4+, and Nb5+ at 

the Zr4+ site. The previous studies indicate that the 
crystal lattice strain induced by doping ions has 
profound influence on the phase structure and E-induced 
phase transformation; however, the Wrec and η values 
are still not sufficiently improved. Especially, the 
excessive Wloss not only reduces the discharge Wrec, but 
also accelerates the insulation degradation and decreases 
the operation reliability of dielectric capacitors [15]. 
Therefore, it is still urgent to find an efficient way to 
achieve both high Wrec and η in PZO-based dielectric 
films. 

It is clear that the polarization process of PZO-based 
films is closely related to the energy storage performances, 
and the serious polarization hysteresis and inferior 
tolerance of E are the key bottlenecks to further 
improving the energy storage performances. Accordingly, 
in this work, we propose to effectively tune the 
polariazation behavior and improve the energy storage 
performances of PZO thin films by synergistically 
utilizing smaller ionic pair doping and lowering the 
annealing temperature (T), as shown in Fig. 1. 
Specifically, Li+–Al3+ ions with small ionic radii are 
used to substitute Pb2+ ions to introduce local lattice 
stress, as well the low-temperature annealing is 
employed to control the crystallization degree. The 
P0.94(L0.5A0.5)0.06ZO thin films annealed at 550 ℃ 
deliver the linear-like polarization behavior rather than 
the AFE-like or FE-like behaviors annealed at 700 ℃. 
The low Pr as well as high EBDS leads to the superior 
Wrec of 58.7 J/cm3 and efficiency of 79.16%, 
accompanying an excellent frequency and temperature 
stability and good electric fatigue tolerance. 

2  Experimental 

2. 1  Preparation of Pb(1−x)(Li0.5Al0.5)xZrO3 
(P(1−x)(L0.5A0.5)xZO) thin films  

P(1−x)(L0.5A0.5)xZO thin films were grown on Pt(111)/ 
Ti/SiO2/Si substrate by chemical solution deposition 
(CSD). Precursor solution of P(1−x)(L0.5A0.5)xZO (x = 
0%, 2%, 4%, 6%, and 8%) was first prepared with lead 
acetate trihydrate, lithium acetate, and aluminum 
isopropoxide as solid solutes, zirconium-n-propanol as 
a liquid solute, and 2-methoxyethanol and acetic acid 
as solvents. 10% excess of lead acetate was added to 
the solvent to compensate for the lead loss during the 
annealing process. Zirconium-n-propanol was added 
after the mixture cooled down to room temperature,  
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Fig. 1  Schematic diagrams of tunable P and energy storage improvement of PZO films by utilizing ionic pair doping and 
low-temperature annealing. 

  

and the precursor solution concentration was adjusted 
to 0.3 mol/L by adding 2-methoxyethanol. Then the 
mixture was stirred at room temperature for 1 h and 
aged for 24 h. The precursor solution was deposited on 
the Pt(111)/Ti/SiO2/Si substrate by the multilayer spin 
coating procedure for each layer, and the wet film was 
coated onto the Pt(111)/Ti/SiO2/Si substrate at 2000 
and 4000 r/min for 10 and 20 s, respectively. Each 
layer of the wet film was pyrolyzed in a plate furnace 
at 400 ℃ for 3 min to evaporate the organic solvent. 
The spin coating–pyrolysis procedure was repeated   
5 times, and finally the prepared amorphous films were 
annealed by rapid temperature annealing (RTA; the 
heating rate is 60 ℃/s) at 700 ℃ for 180 s to obtain 
the crystalline thin films. Figure S2(a) in the ESM 
schematically illustrates the fabrication process of 
P(1−x)(L0.5A0.5)xZO thin films. The P(1−x)(L0.5A0.5)xZO 
ceramic powders were obtained by conventional 
temperature annealing (CTA) of the precursor solution 
annealed at 700 ℃ in the CTA for 1 h. High-purity Pt 
(99.99%) is sputtered onto the surface of the resultant 
films to prepare the top electrodes with a size of 
4.91×10−4 cm2 by using the direct current (DC) 
magnetron sputtering under an argon atmosphere, as 
shown in Fig. S2(b) in the ESM. The digital photograph 
and cross-sectional scanning electron microscopy 
(SEM) image of the resultant film are also shown in 
Figs. S2(c) and S2(d) in the ESM, respectively. 

2. 2  Characterization 

The phase structures of P(1−x)(L0.5A0.5)xZO thin films 

and ceramic powders were analyzed by the X-ray 
diffractometer in the θ–2θ mode at conditions of 40 kV 
and 40 mA with Cu Kα as the emission source. The 
cross-sectional structures of P(1−x)(L0.5A0.5)xZO thin 
films were observed by the SEM (S-4200, HITACHI, 
Japan). The surface morphologies of the films were 
observed by the atomic force microscope (AFM; 
Dimension Icon, Bruker, USA). The P–E loops of the 
films were evaluated under different conditions (E, 
temperature, and frequency) using a comprehensive FE 
performance measuring instrument (Radiant Premier-II, 
Radiant, USA). The dielectric constant (εr) and dielectric 
loss (tanδ) of the films were measured at a frequency 
of 0.1 kHz–1 MHz and a temperature range of 20–  
250 ℃ using a precision impedance analyzer (E4980A, 
Agilent, USA) with an alternating current (AC) 
amplitude of 500 mV. 

3  Results and discussion 

Figure 2(a) shows the X-ray diffraction (XRD) patterns 
of P(1−x)(L0.5A0.5)xZO thin films with different doping 
contents of Li+–Al3+ ions (x = 0%, 2%, 4%, 6%, and 
8%), and no secondary phases are observed. All the 
films annealed at 700 ℃ exhibit the preferential (111) 
orientation induced by the crystal orientation of Pt(111) 
from the substrate. Figure 2(b) shows that the fine-scan 
patterns of (111) diffraction peak display a higher 2θ 
offset with the increase of Li+–Al3+ doping content. 
Based on the fact that the ionic radii of both Li+ 
(~0.076 nm) and Al3+ (~0.0535 nm) are much less than  
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Fig. 2  (a) XRD patterns and (b) fine-scan (111) diffraction peaks for P(1−x)(L0.5A0.5)xZO films. Raman spectra of           
(c) P(1−x)(L0.5A0.5)xZO thin films and (d) AFE PZO and FE PZ0.52T0.48 films. 

 

that of Pb2+ (~0.119 nm), the interplanar spacing 
gradually decreases with the increase of the Li+–Al3+ 
ion content. The offset of (111) diffraction peak also 
indicates the successful substitution of Li+ and Al3+ 
with Pb2+ site in the PZO crystal lattices. In addition, 
the SEM images show the P(1−x)(L0.5A0.5)xZO films’ 
compact microstructure, and the total thickness is 
about 300 nm, as shown in Fig. S3 in the ESM. 

In order to illustrate the changes in the phase 
structure after doping Li+–Al3+ ions, the Raman scattering 
spectra are measured from 100 to 800 cm−1, as shown 
in Fig. 2(c), where the spectrum for the typical FE 
PbZr0.52Ti0.48O3 (PZ0.52T0.48) thin film is used for 
comparison, as shown in Fig. 2(d). For pure PZO films, 
the bands in the low-frequency region below 150 cm−1 
can be assigned to the Pb–ZrO3 lattice modes, and the 
bands of 204 and 245, 344 and 422, and 524 and 666 cm−1 
correspond to the bending mode of Zr–O–Zr, the 
torsion mode of ZrO3, and the vibrational mode of 
Zr–O stretching motion, respectively [23–25]. Obviously, 
both of the peaks at 132 and 344 cm−1 are disappeared 
when the doping content of Li+–Al3+ ions reaches 6%, 
which is mostly similar to that of FE PZ0.52T0.48, 
indicating the occurrence of AFE-relaxor FE phase 
transition at room temperature due to doping smaller 
ions. It has been reported that the Raman peak at 132 cm−1 
gradually softens with the increasing temperature and 
disappears around 234 ℃ (Curie temperature (TC)), 
attributing to the phase transition from AFE orthorhombic 
phase to relaxor FE rhombohedral or paraelectric (PE) 
cubic phase with the increasing temperature [26]. 
According to the Raman spectra results, one can 
deduce that doping Li+–Al3+ ions could improve the FE 

phase stability instead of the AFE phase stability. This 
phenomenon is significantly different from that 
reported in Refs. [21,25,27,28] that doped with smaller 
ions at the Pb2+ site to improve the AFE phase stability 
of PZO films, instead, which is similar to that doped 
with smaller ions at Zr4+ (~0.072 nm) site such as Zr4+ 
substituted by Ti4+ (~0.0605 nm) that improves the FE 
phase stability. 

In order to explore the possible mechanism of the 
enhanced FE phase stability after doping Li+–Al3+ ions, 
P(1−x)(L0.5A0.5)xZO ceramic powders were prepared to 
eliminate the substrate-induced stress and individually 
study the influence of doping ions on the phase stability. 
The XRD patterns of P(1−x)(L0.5A0.5)xZO ceramic powders 
are shown in Figs. 3(a) and 3(b). It can be seen that the 
diffraction peaks of the (200) and (002) crystal planes 
are located at a lower 2θ and a higher 2θ, respectively, 
due to the different crystal lattice constants of AFE 
orthorhombic phase for the undoped PZO. With the 
increase of Li+–Al3+ doping content, the peak position 
of the (200) crystal plane moves to a much higher 2θ 
degree, while the (002) crystal plane is almost unchanged, 
meaning that Li+–Al3+ ions give priority to distributing 
along (100) directions instead of random distribution. 
In Ref. [19], the co-doped ions tend to occupy adjacent 
Pb2+ site to form ionic pair structures in one crystal cell, 
such as co-doped Li+–La3+ in PZO films. However, 
compared to the previous studies in Refs. [16,19], 
doping ions with smaller radii can usually improve the 
AFE phase stability, such as co-doped Li+–La3+ or 
single-doped Sr2+ in PZO films; conversely, the 
increased Li+–Al3+ ionic pair doping content enhances 
the FE phase stability rather than the AFE phase  
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Fig. 3  XRD patterns of (a) P(1−x)(L0.5A0.5)xZO ceramic powders and (b) fine-scan (200) diffraction peak corresponding to (a).  
(c) Schematic illustrations of the distribution of Li+–Al3+ ionic pair within the same cell and the dipoles induced by Li+–Al3+ 
ionic pair. 

 

stability. We propose a possible mechanism for this 
abnormal phenomenon: (1) The Li+–Al3+ ions give 
priority to forming ionic pairs when the doping content 
is less than 6%, and the formed ionic pairs act as 
natural electric dipoles that may promote the adjacent 
anti-parallel dipoles to be polarized, inducing the AFE 
to FE phase transformation and improving the FE 
phase stability. As shown in Fig. 3(c), the electric 
dipole moment (PD) generated by the Li+–Al3+ ionic 
pair creates a local electric field (ED), which promotes 
the polarization of the adjacent electric dipoles. (2) We 
hypothesize that Li+–Al3+ ions are still distributed 
along the (100)/(010) directions when the doping 
content is more than 6%, and it may further induce the  
 

further increase in 2θ; however, the 2θ of the (002) 
crystal plane keeps almost unchanged even at x = 8%, 
indicating that the occupation location of Li+ or Al3+ 
ions may be changed from Pb2+ site to Zr4+ to form the 
anti-defects, resulting in the improvement of FE phase 
stability [29,30]. 

The P–E loops and switching current–E loops (I–E 
loops) can be used to directly reflect the polarization 
characters of the modified films, as shown in Figs. 
4(a)–4(e); the apparent double P–E loops and 
four-peak I–E loops can be seen for pure PZO films, 
corresponding to the E-induced reversible phase 
transition from the AFE phase to FE phase. With the 
increase of Li+–Al3+ doping content, the E-induced  

 
 

Fig. 4  (a–e) P–E loops of P(1−x)(L0.5A0.5)xZO thin films. The insets are the corresponding I–E loops. (f) P–E loops of the 
P(1−x)(L0.5A0.5)xZO thin films measured at 666.67 kV/cm. 
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phase transformation became unobvious, demonstrating 
the weakened AFE phase stability. When the doping 
content reaches a critical value of 6%, the double P–E 
loops completely disappear and exhibit relaxor FE-like 
P–E loops for P0.94(L0.5A0.5)0.06ZO and P0.92(L0.5A0.5)0.08ZO 
films. Additionally, I–E loops show only two-peak 
instead of four-peak, further proving that the stable 
phase has completely transformed into the relaxor FE 
phase when the doping content is more than 6% 
[31–34]. Furthermore, the Pm value decreases, and the 
Pr increases with the rising Li+–Al3+ doping content, 
revealing that the phase structure has been changed by 
doping Li+–Al3+ ions, as shown in Fig. 4(f). 

The temperature dependence of the εr and tanδ of 
P(1−x)(L0.5A0.5)xZO thin films was also investigated. It is 
well known that the TC at the maximum value of εr 
corresponds to the phase transition from AFE or FE 
phase to PE phase. As shown in Fig. 5, it is evident that 
the εr–T peak gradually broadens, and the TC value 
decreases with the increase of doping content, 
accompanying by the TC moving to a higher temperature 
with the increasing frequency, demonstrating that the 
AFE/FE–PE phase transition of the P(1−x)(L0.5A0.5)xZO 
thin films shows the diffusion characteristic with the 
increase of Li+–Al3+ doping concentration, which is 
well matched with the variation patterns of the diffusion 
phase transition caused by doping, as reported in Refs. 
[35–38]. The diffuseness can be analyzed quantitatively  
 

by the modified Curie–Weiss law to access the 
relaxation degree [39]. Linear fits of the ln(1/ε − 1/εm) 
vs. ln(T − TC) of P(1−x)(L0.5A0.5)xZO thin films are 
shown in the insets of Figs. 5(a)–5(e). The slope of the 
fitting line (γ) can be used to represent the diffuseness 
degree, as shown in Fig. 5(f). The γ value for the pure 
PZO films is 1.02, indicating a first-order phase 
transition characteristic from AFE to PE [22,38–40]. In 
comparison, the γ value increases from 1.02 to 1.78 as 
the Li+–Al3+ ion content increases, demonstrating that 
Li+–Al3+ ions enhance the diffuseness degree in 
response to the local lattice stress. 

The EBDS value is another important factor to obtain 
high energy storage properties of thin films and the 
EBDS value is commonly expressed quantitatively by 
the two-parameter Weibull distribution function fitting 
[41,42], as Eqs. (3)–(5):  

lni iX E  (3) 

ln( ln(1 ))i iY P    (4) 

1i
i

P
n




 (5) 

where n is the total number of samples, i is the sample 
serial number, and Ei is the electrical breakdown 
strength of the corresponding samples arranged in the 
ascending order (E1 ≤ E2 ≤ ... Ei ≤ ... En). Pi is the 
probability of thin film breakdown. According to  

 
 

Fig. 5  (a–e) εr–T and tanδ–T curves of P(1−x)(L0.5A0.5)xZO thin films measured from 1 kHz to 1 MHz. The insets show the linear 
relationships of ln(1/εr − 1/εm) and ln(T − TC). (f) γ values of P(1−x)(L0.5A0.5)xZO thin films. 
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the two-parameter Weibull distribution function, Xi and 
Yi have a linear relationship. The average EBDS value 
for each sample can be extracted from the intersection 
point where the fitted line Yi(Xi) and the horizontal line 
Yi = 0, the slope of fitted line (β) represents the 
dispersion of EBDS, reflecting the reliability of EBDS in 
the thin films. As shown in Figs. 6(a) and 6(b), it can 
be seen that the EBDS value increases first, and then 
decreases as the Li+–Al3+ ion content increases. It is 
well known that the EBDS of AFE is always inferior to 
that of relaxor FE or normal FE due to the E-induced 
phase transformation accompanying large electrostriction. 
With the increase of Li+–Al3+ ion content, the AFE 
property is gradually weakened, and the EBDS is 
enhanced accordingly. More importantly, the Li+–Al3+ 
ionic pairs acting as natural electric dipoles could trap 
mobile charge carriers and improve the insulation of 
the films. When the Li+–Al3+ ion content reaches a 
critical value of 0.06, the largest EBDS of 3888 kV/cm 
as well as a high β value (36.84) is obtained in 
P0.94(L0.5A0.5)0.06ZO films. However, with the further 
increase of doping content, the occupation of Li+–Al3+ 
ions would change from A site into B site, as 
mentioned in the analyses of Fig. 3(b), which may 
form cation vacancy, and the destroyed structures of 
Li+–Al3+ ionic pairs may also lost the ability to restrict 
mobile charge carriers, leading to the reduction of EBDS 
in P0.92(L0.5A0.5)0.08ZO films. Figure 6(c) shows the Pm, 

Pr, and Pm − Pr values of P(1−x)(L0.5A0.5)xZO thin films 
measured at the maximum E (Emax) due to the relaxor 
FE-like characteristics and good electric field endurance, 
and the maximum values of Pm and Pr are obtained at x = 
6%. According to the P–E loops of the P(1−x)(L0.5A0.5)xZO 
thin films (Fig. 4 and Eqs. (1) and (2)), the Wrec and η 
values of P(1−x)(L0.5A0.5)xZO thin films are obtained, as 
shown in Fig. 6(d). The maximum Wrec values are 
10.76, 10.04, 18.63, 49.09, and 21.03 J/cm3, accompanying 
η values of 50.93%, 40.07%, 56.19%, 47.94%, and 
74.76%, respectively, for P(1−x)(L0.5A0.5)xZO thin films 
with 0%, 2%, 4%, 6%, and 8% doping contents, 
respectively. The Wrec value of P0.94(L0.5A0.5)0.06ZO thin 
film is improved by 356.2% compared with that of the 
undoped PZO films. However, it should be noted that 
although the ultra-high Wrec (49.09 J/cm3) is achieved, 
a much lower η of 47.94% should be further improved 
due to that the unreleased stored energy would transfer 
into Joule heat and threaten the film capacitors’ 
operation efficiency and stability [34–43]. 

The wide-range frequency response and fatigue 
endurance are the crucial issues for accessing the 
operation stability of film capacitors. Figure 6(e) 
shows the frequency dependence of Wrec and η of 
P0.94(L0.5A0.5)0.06ZO thin film at room temperature, and 
the inset shows the corresponding P–E loops from 50 Hz 
to 10 kHz measured at 2000 kV/cm. The Wrec and η of 
P0.94(L0.5A0.5)0.06ZO thin film fluctuate by 3.7% and 

 

 
 

Fig. 6  (a) Weibull distributions, (b) EBDS values, and (c) Pm, Pr, and Pm − Pr values of P(1−x)(L0.5A0.5)xZO thin films with 
different Li+–Al3+ doping contents. (d) Energy storage performances of P(1−x)(L0.5A0.5)xZO thin films at different E. (e) Frequency 
and (f) fatigue stability of energy storage performance; the insets show the corresponding P–E loops. 
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3.5%, respectively, exhibiting the superior frequency 
stability. Besides, in the practical application, the 
working E of film capacitors is far below the EBDS 
value. Herein, a triangular wave with a magnitude of 
2500 kV/cm is applied to fatigue endurance testing. As 
shown in Fig. 6(f), the Wrec and η degrade after 105 
cycles, which are decreased by 12.1% and 16.1% after 107 
cycles, respectively, due to the polarization fatigue effect. 

According to the above-mentioned results, doping 
ions deeply influence the polariazation behaviors of 
PZO films. Although the discharge energy density has 
been significantly improved, the large Pr, due to the 
relaxor FE-like characterization, is not conducive to 
achieving high efficiency in P0.94(L0.5A0.5)0.06ZO thin 
film. Accordingly, low-temperature annealing is 
employed to regulate the crystallization, suppress P 
loss, and increase the η. The crystal structure 
characterizations of the P0.94(L0.5A0.5)0.06ZO thin films 
at different annealing temperatures (500, 550, 600, 650, 
and 700 ℃) have been conducted by the XRD patterns, 
as shown in Fig. 7(a), which exhibit a pure polycrystalline 
perovskite structure without detectable secondary 
phases for the films annealed at 650 and 700 ℃. In 

contrast, the diffraction peaks corresponding to the 
perovskite phase disappear for the films annealed 
below 600 ℃, while a broad diffraction peak appears 
around 29° due to the formation of the pyrochlore 
phase, representing the amorphous structure [44–46]. 
Figures 7(b1)–7(b5) show the cross-sectional SEM 
images of the P0.94(L0.5A0.5)0.06ZO thin films at different 
annealing temperatures. The films’ thickness is about 
300 nm, and no obvious structural defects such as void 
or crack can be observed. In order to further confirm 
the changed crystallization degree induced by regulating 
the annealing temperature, the surface morphologies 
are characterized by using the AFM, as shown in Figs. 
7(c1)–7(c5). It can be seen that the films’ surface is 
smooth, and no visible grains appear in the 
P0.94(L0.5A0.5)0.06ZO thin film annealed at 500 ℃ ; 
conversely, the fine grains can be seen in the films 
annealed above 650 ℃, accompanying an increase in 
the root mean square (RMS) values from 0.97 to 4.31 nm 
as the annealing temperature increases. These findings 
further verify that the phase composition and 
microstructure of the P0.94(L0.5A0.5)0.06ZO thin films 
can be controlled by the annealing temperature. 

 

 
 

Fig. 7  (a) XRD patterns, (b1–b5) cross-sectional SEM images, and (c1–c5) AFM surface morphology images of the thin films 
at different annealing temperatures. 
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Figure 8(a) and Figs. S4(a)–S4(d) in the ESM show 
the P–E loops of P0.94(L0.5A0.5)0.06ZO thin films 
annealed at different temperatures. The shape of the 
P–E loop for the films annealed below 600 ℃ shows 
a linear-like polarization characteristic, accompanying 
both lower Pm and Pr values due to the amorphous or 
semi-crystalline structure. Once the annealing temperature 
is above 650 ℃ , the P–E loops show the relaxor 
FE-like polarization characteristic as well as the 
significant increases in both Pm and Pr (85.71 μC/cm2 
and 24.79 μC/cm2 for the film annealed at 700 ℃, 
respectively), ascribing to the enhanced crystallization 
degree for P0.94(L0.5A0.5)0.06ZO thin films. The comparison 
diagram of the monopolar P–E loops at Emax is shown 
in Fig. 8(b). It can be seen that the Pm values increase 
gradually with the increasing annealing temperature 
due to better crystallization; in contrast, the bearable 
Emax is much higher in the films with low annealing 
temperatures due to that there is less grain and domain 
boundary conduction. As shown in Fig. 8(c), the Pm − 
Pr values are 21.03, 26.22, 26.35, 44.24, and 51.02 μC/cm2 
as the annealing temperature increases. Figure 8(d) and 
Fig. S4(e) in the ESM show the EBDS values of 
P0.94(L0.5A0.5)0.06ZO films annealed at different 

temperatures. As the annealing temperature increases, 
the maximum EBDS value is obtained at 550 ℃ , 
attributing to the pyrochlore phase acted as charge trap 
center and smooth surface morphology [44,47–49], 
where much more valley morphologies can be seen in 
the films annealed at 500 ℃ compared to those at 
550 ℃, meaning that the excessively lower annealing 
temperature may induce more voids or structural 
defects [47]. Specifically, the moderate P, good electric 
field endurance, and the slimmer P–E loops in 
P0.94(L0.5A0.5)0.06ZO thin film annealed at 550 ℃ are 
favorable to generate excellent energy storage performance. 

The Wrec and η of P0.94(L0.5A0.5)0.06ZO thin films 
annealed at different temperatures are shown in Fig. 
9(a) and Fig. S5 in the ESM, and it can be seen that the 
Wrec gradually increases with the increase of E. The 
films annealed at 650 and 700 ℃ possess much higher 
Wrec under the same E comparing to those annealed 
below 600 ℃, caused by the good crystallization and 
large Pm − Pr values. However, the η is lower than 50% 
for the films annealed at 650 and 700 ℃ due to the high 
Pr and serious Wloss [50]. Instead, P0.94(L0.5A0.5)0.06ZO 
thin films annealed below 600 ℃ display linear-like 
polarization behavior rather than FE-like behavior, and 

 

 
 

Fig. 8  (a) P–E loops of P0.94(L0.5A0.5)0.06ZO thin films annealed at 550 ℃. (b) Monopolar P–E loops of P0.94(L0.5A0.5)0.06ZO 
thin films annealed at different temperatures. (c) Pm, Pr, and Pm − Pr values measured at Emax. (d) EBDS of P0.94(L0.5A0.5)0.06ZO 
thin films at different annealing temperatures. 
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Fig. 9  Energy storage performances of P0.94(L0.5A0.5)0.06ZO thin films of different annealing temperatures as functions of (a) E,     
(b) frequency, (c) fatigue cycle, and (d) temperature. The insets show the corresponding P–E loops. (e) Comparisons of energy 
storage performances of P0.94(L0.5A0.5)0.06ZO films, representative polymer films, and lead-containing and lead-free inorganic 
films [1,3,10,12,19,21,31,37,41,46,51–71]. 

 

the ultra-low Pr as well as good electric field endurance 
endurance is obtained in the P0.94(L0.5A0.5)0.06ZO thin 
film annealed at 550 ℃, possessing the superior Wrec of 
58.7 J/cm3 and η of 79.16%, exhibiting excellent frequency, 
cyclic fatigue, and temperature stability, as shown in 
Figs. 9(b)–9(d). The comparison of this work with the 
representative polymer films and lead-containing and lead- 
free inorganic films are summarized (Fig. 9(e)). Although 
polymer films always possess high EBDS, the low εr makes 

the low Wrec (e.g., the η of polyetherimide (PEI)/MgO/ 
PEI is above 90%, while the Wrec is only 4.13 J/cm3) [51]. 
The inorganic films usually exhibit high P but suffer 
low endurable E, resulting in the high Wrec and low η 
(e.g., the Wrec of 0.94(Bi0.5Na0.5)0.94TiO3–0.06BaTiO3/ 
BiFeO3 is 31.96 J/cm3, but η is only 61%) [52]. In 
comparison, the superior energy storage performances 
are achieved in the resultant P0.94(L0.5A0.5)0.06ZO thin 
film annealed at 550 ℃. 
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4  Conclusions 

In summary, an efficient way to improve the energy 
storage performances of PZO thin films has been 
proposed, and combining the ionic pair doping with 
low-temperature annealing can effectively regulate the 
polariazation behaviors of PZO films. The FE-like P 
instead of the E-induced double P–E loop characteristic is 
obtained when the doping content of Li+–Al3+ ionic 
pair reaches 6%. Furthermore, a linear-like polarization 
characteristic is also achieved by lowering the annealing 
temperature. The low Pr as well as high EBDS enables 
the P0.94(L0.5A0.5)0.06ZO thin film annealed at 550 ℃ to 
have the superior Wrec of 58.7 J/cm3 and efficiency of 
79.16%, accompanying the excellent frequency, high 
temperature stability, and good electric fatigue tolerance. 
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