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A B S T R A C T

Thin PbZrO3 (PZO) antiferroelectric films with (001)-preferred orientation were deposited on SrRuO3/
Ca2Nb3O10-nanosheet/Si substrates using pulsed laser deposition. Variation of the deposition temperature was
found to play a key role in the control of the microstructure and strongly influence the energy storage perfor-
mance of the thin film. The critical phase switching field, where the aligned antiferroelectric (AFE) domains start
to transform into the ferroelectric (FE) state, decreased with increasing temperature. On the other hand, the
content of the FE phase in the AFE PZO thin films increased with increasing deposition temperature. A large
recoverable energy-storage density of 16.8 J/cm3 and high energy-storage efficiency of 69.2% under an electric
field of 1000 kV/cm were achieved in the films deposited at 525 °C. This performance was due to the high
forward switching field and backward switching field values and the low difference between these two fields.
Moreover, the PZO thin films showed great charge-discharge cycling life with fatigue-free performance up to
1010 cycles and good thermal stability from room temperature to 100 °C.

1. Introduction

Antiferroelectric (AFE) materials have attracted great interest due to
their attractive features for pulse-power energy storage [1–3], digital
displacement transducers [4,5], and electro-optic devices [6,7]. Anti-
ferroelectric materials consist of an ordered array of electric dipoles,
but the adjacent dipoles are oriented in opposite directions, leading to a
zero spontaneous polarization [8]. Under an external electric field,
however, these antiparallel dipoles can be forced to be parallel, corre-
sponding to an electric field-induced antiferroelectric-to-ferroelectric
(AFE–FE) phase transition, which is shown by the characteristic double
polarization-electric field (P–E) hysteresis loop [9–11]. Hence, AFE
materials usually display high energy storage density, fast charge-dis-
charge speed, and large electric field-induced piezoelectric strain. There
are many AFE PbZrO3 (PZO)-based materials, such as pure PbZrO3

[12–15], (Pb,Ba)ZrO3 [16,17], (Pb,Sr)ZrO3 [16], (Pb,La)ZrO3 [18],
(Pb,La)(Zr,Ti)O3 [19], (Pb,La)(Zr,Ti,Sn)O3 [20,21], (Pb,Y)(Zr,Ti,Sn)O3

[2], and (Pb,Nb)(Zr,Ti,Sn)O3 [22]. These materials have been in-
vestigated and considered for applications in high-power density en-
ergy storage. One of the most widely studied AFE compositions is

PbZrO3 (PZO). It has an orthorhombic perovskite structure below the
Curie temperature of 230 °C (antiferroelectric-paraelectric phase tran-
sition) [2,23], and is commonly represented as a pseudocubic unit cell
with apc= 4.15 Å [1].

Recently, the study of AFE thin film energy storage performance is
attracting increased attention due to the larger energy storage density
obtained at higher electric breakdown field, as compared to the values
for corresponding bulk ceramics. Several deposition techniques, such as
pulsed laser deposition (PLD) [24], sputtering [13,15], and sol-gel spin-
coating [12,14] have been used for the deposition of the PZO thin films.
Each deposition technique has its intrinsic advantages and dis-
advantages. Pulsed laser deposition has been demonstrated to be a
versatile method for the fabrication of high quality thin films. The main
advantage of PLD is the possibility to transfer stoichiometrically mul-
ticomponent target materials, especially containing volatile compo-
nents such as lead (Pb), to the layer. Moreover, PLD is a powerful
method that allows a thicker film to be fabricated in a short time due to
the high deposition rate and the ability to incorporate the process di-
rectly into a Si-production line [25,26], such as for MEMS manu-
facturing. However, a limited number of studies have been carried out
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to optimize PZO thin film properties (and AFE thin films in general)
using the PLD method.

The subject of the present study is the deposition of highly-textured
PZO thin films on conductive-oxide SrRuO3 electrode-buffered
Ca2Nb3O10 nanosheet/Si substrates by controlling the deposition tem-
perature in order to change and maximize the energy storage perfor-
mance. Their microstructure, electric field-induced AFE-FE phase
transition, and charge-discharge cycling life have been also in-
vestigated. The main result is that the optimal deposition temperature is
525 °C to gain the highest energy storage performance in PZO thin
films. This temperature is significantly lower than for ferroelectric
PbZr0.52Ti0.48O3 (PZT) thin films (600 °C). Moreover, the energy storage
performance of the PZO thin films remained unchanged for up to 1010

charge-discharge cycles.

2. Experiment

2.1. Nanosheet deposition

Ca2Nb3O10 (CNO) nanosheets were fabricated on Si substrates by
the exfoliation of layered protonated calcium niobate
(HCa2Nb3O10·1.5H2O) using the Langmuir-Blodgett deposition method
[27]. The thickness of the CNO monolayers was approximately 2.7 nm.

2.2. Pulsed laser deposition

Thin film stacks of SrRuO3/PbZrO3/SrRuO3 were grown CNO/Si
substrates using pulsed laser deposition (PLD) with a KrF excimer laser
source (Lambda Physik, 248 nm wavelength). The deposition condi-
tions for the PbZrO3 (PZO) films included a 10 Hz laser repetition fre-
quency, 500–600 °C substrate temperature, 2.5 J/cm2 energy density,
and 0.1 mbar O2 pressure. The deposition conditions for SrRuO3 (SRO)
top- and bottom-electrodes were 4 Hz, 600 °C, 2.5 J/cm2 and 0.13mbar
O2. All layers were deposited successively without breaking the va-
cuum. After deposition, the films were cooled down to room tempera-
ture in a 1 bar oxygen atmosphere and at a ramp rate of 8 °C/ minute.
The thickness of PZO layers is about 1000 nm, while the thickness of
SRO electrodes is about 100 nm.

2.3. Fabrication of thin-film capacitors

The film capacitor structures (100×100 μm2) were patterned by a
standard photolithography process and structured by argon-ion beam
etching of the SRO top-electrodes and wet-chemical etching (HF−HCl
solution) of the PZO films.

2.4. Analysis and characterization

Crystallographic properties of the thin films were analyzed by x-ray
diffraction (XRD) θ–2θ and omega (ω)-scans using a PANalytical X-
raydiffractometer (PANalytical, Almelo, The Netherlands) with Cu-
Kαradiation (1.5405 Å wavelength). The normal operating power is
1.8 kW (45 kV and 40mA). Cross-sectional high-resolution scanning
electron microscopy (HRSEM: Zeiss-1550, Carl Zeiss Microscopy
GmbH, Jena, Germany) and energy-selective backscattering (EsB) were
performed to investigate the microstructure and thickness of the as-
grown thin films.

The polarization-electric field (P-E) hysteresis loop and switching
current (IS-E) were performed with dynamic hysteresis measurement
(DHM) in ferroelectric module of the aixACCT TF-2000 Analyzer
(aixACCT Systems GmbH, Aachen, Germany). The aixACCT TF-2000
Analyzer was also used for the capacitance measurement. The capaci-
tance-electric field (C–E) curves were measured using a slowly
sweeping dc-electric field of up to 600 kV/cm amplitude with on top a
1 kHz ac-voltage of 0.2 V A Keithley 4200 semiconductor characteriza-
tion system (Tektronix, Beaverton-Oregon, United States) was used for
the leakage current measurement.

3. Results and discussion

The XRD θ–2θ patterns for the PZO thin films as a function of de-
position temperature (Td) are shown in Fig. 1. All samples show strong
(001) and (002) diffraction peaks, indicating that they are highly or-
iented along the (001) direction. It was found that the 2θ value is al-
most unchanged with increasing Td. The out-of-plane lattice constant
for the PZO thin films was calculated to be about 4.12 Å. This is slightly
lower than that for the orthorhombic unit cell of PZO bulk ceramics

Fig. 1. XRD patterns of PZO thin films deposited at different temperatures: (a) 500 °C, (b) 525 °C, (c) 550 °C, (d) 575 °C and (e) 600 °C. (f) Corresponding rocking
curves of the PZO(002) reflection peaks.
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with a pseudocubic unit cell lattice constant of apc= 4.15 Å [1]. The
presence of a (110)-oriented PZO fraction, in which the peak intensity
increases with increasing Td, was ascribed to the growth of the films
along the CNO nanosheet edges and in the uncovered Si-substrate areas
in between the nanosheets [28]. Moreover, a trace of secondary phase
formation (PbO and ZrO2) was found in the thin films, and these peak
intensities also increased with increasing Td. Note that PZO thin films
with perovskite phases were obtained even at a Td as low as 500 °C. This
is significantly lower than process temperatures reported in the pre-
vious study, where the PZO thin films deposited at higher temperature
(700 °C and 250 mTorr or 0.33mbar O2 pressure) showed the best
crystalline structure [24]. The difference in the optimal Td in these
cases can be explained by the effect of O2 background pressure and
deposition (substrate) temperature on the velocity of the plasma plume
and kinetic energy of the ablated species [29]. At lower deposition
pressures (e.g., 0.1 mbar in this study), the plasma plume is faster and
the resulting kinetic energy for migration of the ablated species is
higher than that at higher pressures (e.g., 0.33mbar in [24]). There-
fore, the nucleation and growth of PZO thin films can occur even at a
low temperature (500 °C) and low pressure (0.1 mbar). At high pres-
sure, however, the crystallization of PZO thin films can also be im-
proved with a high deposition temperature. The high Td (700 °C) would
compensate the reduction of kinetic energy during deposition at the
high pressure (0.33mbar) and as the result, the crystal growth of PZO
thin films could occur.

The (002) reflection peak for the PZO thin films was further ex-
amined with an x-ray ω-scan (rocking curve, Fig. 1(f)). The width of the
rocking curve is a measure of the range over which the lattice structure
in the different grains tilts with respect to the film normal [30], and it is
therefore an indication of the crystalline homogeneity of the film. The
full-width-at-half-maximum (FWHM) value for the (002) reflection
peaks decreased rapidly from 0.97 to 0.76° with increasing Td from 500
to 525 °C, and then slightly for the thin film deposited at 550 °C
(FWHM=0.65°). Upon further increasing Td, the FWHM increased
slightly (values in Table 1). A lower FWHM value corresponds to a
higher quality thin film because it implies that the grains are more
aligned.

The surface morphology and film structure were investigated by
AFM, cross-sectional SEM and corresponding EsB measurements, as
shown in Fig. 2. Fig. 2(a1)–(e1) shows the surface of thin films de-
posited at different deposition temperature (Td). With increasing Td
from 500 to 550 °C and then from 575 to 600 °C, the root-mean square
surface roughness (Rq) of the thin films increased slightly (Table 1), but
Rq value suddenly increased from about 9.8 nm to about 15.5 nm when
Td increased from 550 to 575 °C. On close examination of the cross-
sectional SEM images at the top surface of the PZO thin films, one can
observe a distinct difference in the column shape between these films
(Fig. 2(c2)–(d2)). A smoothing of the sharp features in the columnar
structure was obtained for the film deposited at 550 °C, whereas the top
of the columns in the films deposited at 575 °C and higher Td formed a
pyramidal shape. This seems to be the main cause for the sudden re-
duction in surface roughness with decreasing Td between 575 °C and
550 °C. Thus in this temperature interval the nucleation density on the
pyramidal side faces strongly increased, ascribed to the reduced diffu-
sion length in the short time (20ms) between laser pulses at the lower

temperatures. Moreover, the change in the shape of the film surface can
also be explained by considering the grain column diameter. With in-
creasing Td the average grain diameter increased abruptly from about
75–81 nm for the films deposited at Td= 500–550 °C (Fig. 2(a2)–(c2)
and (a3)–(c3)) to 114 nm for the (575 °C)-film (Fig. 2(d2)–(d3)) and
140 nm for the (600 °C)-film (Fig. 2(e2)–(e3)). The increasing column
width with increasing deposition temperature indicated an increasing
lateral growth rate, due to higher surface mobility after the nucleation
phase [28].

The P-E hysteresis loops and their corresponding switching current-
electric field (IS-E) curves are shown in Fig. 3, which were measured at
1000 kV/cm, 1 kHz and room temperature (24 °C). For Td in the range
of 500–575 °C, the thin films exhibit typical “square” double P–E loops
with a low remnant polarization (Pr = 1.37 μC/cm2), indicating their
AFE nature (Fig. 3(a)–(d)). At the Td value of 600 °C, a P–E loop with a
moderate Pr value (4.92 μC/cm2) was observed, indicating the coex-
istence of AFE phase and a small fraction of FE phase in the film
(Fig. 3(e)). On the other hand, the normal AFE phase in PZO thin films
appeared to undergo a transition to a mixture of AFE and FE phases as a
function of increasing Td. This indicates the existence of the FE phase in
the AFE PZO thin films, and moreover the content of the FE phase was
found to increase with increasing Td. This also applied to the case of
ferroelectric PbZr0.52Ti0.48O3 (PZT) films, in which the ferroelectric
properties of films were enhanced with increasing Td. The results in-
dicated that the highest Pr value was obtained for the films deposited at
600 °C [28]. The possible coexistence of FE and AFE phases in the PZO
films has been also investigated by Pintilie et al. [31]. They indicated
that the FE and AFE phases coexisted in the PZO films, but the presence
of FE phase depended strongly on the film orientation and also the
applied electric field strength. In our case, the double hysteresis beha-
vior became less pronounced in the PZO film deposited at 600 °C,
corresponding to the presence of FE phase.

In order to verify the significance of AFE behavior in the PZO thin
films, the electric field dependence of the switching current curves was
also investigated. Fig. 3 also indicates that the four switching peaks in
the switching current-electric field measurements were detected. The
first two switching current peaks of the IS-E curves correspond to the
polarized forward phase switching field ( −EA F

PE : electric field at which
the AFE phase to FE phase transition occurs) and the polarized back-
ward phase switching field ( −EF A

PE : electric field which forces the FE
phase to AFE phase transition). With increasing Td, the −EA F

PE and −EF A
PE

values reduced gradually, as shown in Fig. 4(a). At the same time,
however, the difference between these two fields or the electric hys-
teresis (ΔE = −EA F

PE – −EF A
PE ) varied slightly except for the film deposited

at 600 °C (Fig. 4(a)).
The changes in energy-storage density and energy-storage efficiency

for the PZO thin films as a function of deposition temperature are in-
dicated in Fig. 4(b). Both Ureco and η values first increased to reach a
maximum value (Ureco= 16.8 J/cm3 and η=69.2% at an applied
electric field of 1000 kV/cm) when Td increased from 500 to 525 °C,
and thereafter gradually reduced with the further increase in Td. The
details of energy storage performance are also presented in Table 1. The
large Ureco and η values in the film deposited at 525 °C can be explained
by the high −EA F

PE and −EF A
PE values and the low difference between these

two fields. Even the −EA F
PE and −EF A

PE values are higher in the film

Table 1
Properties of PZO thin films with different deposition temperatures.

Dep. (oC) FWHM of PZO(002) (degree) Rq (nm) Polarized critical phase switching field
(kV/cm), defined from P-E measurements

Pr (μC/cm2) Ps (μC/cm2) Ureco (J/cm3) η (%)
under an applied electric field of 1000 kV/cm

500 0.97 6.8 600 2.42 38.04 14.4 65.6
525 0.76 8.5 525 1.21 42.80 16.8 69.2
550 0.65 9.8 525 1.23 41.42 15.2 67.6
575 0.72 15.5 500 1.32 41.30 14.3 66.3
600 0.70 16.2 425 4.92 46.83 11.7 51.4
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deposited at 500 °C, but both Ureco and η are lower than those in the film
deposited at 525 °C due to the smaller Ps and higher Pr values (Table 1).

The field-induced AFE-FE phase switching in the PZO thin films
under various applied electric fields is illustrated in the P-E loops in
Fig. 5. At low electric field, the P-E loops are almost linear. The double-
like hysteresis loops, which are a typical signature of AFE behavior,
were observed under the higher applied electric field. This transfor-
mation varied from 600 to 425 kV/cm amplitudes for the thin films
deposited at temperature in the range of 500–600 °C. According to Park
et al. [32], at low applied electric field (e.g., at 500 kV/cm and lower
for the thin film deposited at 525 °C in this study), alignment of the
randomly arranged AFE occurred. The aligned AFE domains started to

transform into the FE state at the high electric field of 525 kV/cm (the
polarized critical phase switching field) and the AFE-FE phase transi-
tion became more significant with additional increments of the electric
field. As shown in Fig. 5 and Table 1, the critical phase switching field
decreased with increasing Td.

The leakage current density (J) vs. electric field (E) characteristics
for the PZO thin films deposited at different Td values are shown in
Fig. 6(a). The data indicate that the leakage current density slightly
changed for the films deposited in the Td range of 500–550 °C
(3.2–5.2× 10−5 A/cm2 at 200 kV/cm), and then it decreased rapidly
upon further increasing Td. The leakage current densities are about
4.1×10-6 and 2.1×10-8 A/cm2 (at 200 kV/cm), respectively, for the
films deposited at 575 and 600 °C. The decrease in the leakage current
density corresponds well with the increase in the grain sizes seen in the
cross-sectional SEM for the films deposited at higher temperatures.

The conduction mechanism was investigated to understand the
change in leakage current density in PZO thin films. Fig. 6(b) shows the
dependence of leakage current density (J) as a function of electric field
(E) in logarithmic scale. It indicates that the PZO film deposited at
600 °C exhibited an Ohmic contact (leakage current density is linearly
dependent on the applied electric field) in the measurement range
(0–200 kV/cm). A similar variation of log(J) with log(E) was observed
in the films deposited at lower temperatures (500–575 °C), as they also
had a low field linear region and a high field nonlinear region. In the
low field region (E<40 kV/cm) in Fig. 6(b), the films show an Ohmic
contact. Above 40 kV/cm, the currents increase non-linearly, which
implies that the current conduction is dominated by other mechanisms.
Fig. 6(c) indicates that the leakage current in the films deposited at
500–575 °C was dominated by Schottky emission, which is caused by
electron transport across the potential energy barrier given by the band
arrangement at the electrode/film interfaces. The leakage current
density in Schottky emission is quantified by the following equation
[33,34]:

⎜ ⎟ ⎜ ⎟= ⎛
⎝

− ⎞
⎠

⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥J A T

qϕ
k T

q
πε ε

E
k T

* exp exp
4Sch

B

B r B m

2
3

0

1/2

where A* is the effective Richardson constant, Tm is the measuring
temperature, kB is the Boltzmann’s constant, q and ϕB are the electronic
charge and the Schottky barrier height, E is the external electric field,
and ε0 (= 8.854×10−12 F/m) and εr are the dielectric constant for

Fig. 2. Surface morphology AFM, cross-sectional SEM and corresponding EsB images of PZO thin films deposited at (a1–a3) 500 °C, (b1–b3) 525 °C, (c1–c3) 550 °C,
(d1–d3) 575 °C and (e1–e3) 600 °C.

Fig. 3. Polarization P-E hysteresis loops and corresponding switching current
(IS-E) curves of the PZO thin films deposited at different temperatures: (a)
500 °C, (b) 525 °C, (c) 550 °C, (d) 575 °C and (e) 600 °C. The measurements were
performed at 1 kHz and room temperature (24 °C).
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vacuum and the AFE layer, respectively.
Fig. 7 shows the energy-storage density (Ustore and Ureco) and en-

ergy-storage efficiency as a function of applied electric field for the PZO
thin film deposited at 525 and 550 °C. These values were calculated
from the corresponding bipolar P-E loops measured from the low ap-
plied electric field (such as 200 kV/cm) to the electric field where the
thin-film capacitors failed with an increased step of 50 kV/cm. When
the applied electric field increased, both Ustore and Ureco values in-
creased slowly and showed an abrupt jump when the critical phase
transition occurred (around 525 kV/cm), as shown in Fig. 7(a). Above
the critical phase transition field, Ustore and Ureco values gradually in-
creased upon further increasing the applied electric field. However, the
rate Ureco increased is lower than that of Ustore, therefore the η value
gradually decreased with increasing applied electric field (Fig. 7(b)).
Below the critical phase transition field, the value of Ureco is close to
that of Ustore and led to a high η value (∼95%) due to the absence of

field-induced AFE–FE transformation. At the maximum applied electric
field of 1600 kV/cm, the obtained Ureco and η values are about 22.4 J/
cm3 and 60.1%, and 21.2 J/cm3 and 59.2%, respectively, for the thin
films deposited at 525 and 550 °C. However, the PZO film deposited at
550 °C has a significantly higher electric breakdown field (typically
EBD=1750 kV/cm) than that at 525 °C (EBD= 1600 kV/cm). On other
words, the PZO film deposited at 550 °C with a denser columnar grain
structure has a larger EBD value. However, the Ureco achieved at this EBD
value (22.3 J/cm3 at EBD of 1750 kV/cm) is almost equal to the max-
imum in Ureco value for the film deposited at 525 °C (22.4 J/cm3 at EBD
of 1600 kV/cm). Fig. 7 also indicates that the Ureco and η values in this
study, measured at the same electric field, are higher than those in PZO
thin films deposited by sol-gel and sputtering techniques [12–15].

In order to achieve long-term charge/discharge cycling stability, a
high fatigue endurance is essential for thin film capacitors. Here, bi-
polar electric field cycling was used because it generally causes the
most severe degradation in the ferroelectric properties. The fatigue
testing was performed by applying a bipolar electric field of 100 kV/cm
(pulse height) and 100 kHz frequency (or 5 μs pulse width). Fig. 8(a)
shows that the values of maximum polarization (Pmax) and remnant
polarization (Pr) of the PZO thin film deposited at 525 °C, extracted
from the corresponding P-E loops measured at an applied electric field
of 600 kV/cm and 1 kHz (see Fig. 8(b)), remained unchanged up to 1010

charging-discharging cycles. Moreover, the P-E loops for the PZO thin
film before, after 106 and 1010 charging-discharging cycles coincided
with each other. It was clearly demonstrated that both Ureco and η va-
lues also remained in the whole measurement range. The fatigue-free
behavior of the PZO thin film in this study is likely due to the pre-
vention of oxygen vacancy accumulation in the layer near the elec-
trode-film interface during the charging-discharging process by using
conductive metallic oxide SRO layers as the top and bottom electrodes
[35]. This result is similar to the ferroelectric behavior of ferroelectric
PbZr0.52Ti0.48O3 thin films sandwiched between the SRO top- and
bottom electrodes [27]. Meanwhile, the reduction of Pmax after 108

cycles was about 49% for the sol-gel PZO thin films grown on Pt-buf-
fered Si substrates [16].

The effect of operating temperature on the energy-storage perfor-
mance is another important factor for the application of dielectric ca-
pacitors. The P-E hysteresis loops from 24 to 200 °C at 600 kV/cm and
1 kHz for the PZO thin film deposited at 525 °C are shown in Fig. 9(a).
The “squared” double P–E loops first shift slightly towards lower elec-
tric fields as the operating temperature increased from 24 to 80 °C and
then shifted rapidly with increased temperatures. It is interesting to find
that the Pmax value was thermal-stable, whereas the Pr, −EA F

PE and −EF A
PE

were not. When the operating temperature increased, the Pr increased
but the −EA F

PE and −EF A
PE decreased, implying that the AFE state became

more and more unstable. The decrease in the −EA F
PE and −EF A

PE values can

Fig. 4. (a) Polarized electric-field phase transitions ( −EA F
PE and −EF A

PE ) and (b) energy-storage density (Ustore and Ureco) and energy-storage efficiency (η), of the PZO thin
films as a function of deposition temperature. The data were obtained and calculated from the P-E loops in Fig. 3.

Fig. 5. Electric field dependence of the P-E hysteresis loops of the PZO thin
films deposited at different temperatures. The measurements were performed at
1 kHz and room temperature (24 °C).
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Fig. 6. (a) Leakage current density – electric field (J-E), (b) logarithmic plots of the dependence of J as a function of E, and (c) J-E characteristics in the form of the
Schottky emission, of PZO thin films deposited at different temperatures.

Fig. 7. Dependence of (a) energy-storage density (Ustore and Ureco) and (b) energy-storage efficiency (η) on applied electric field for PZO thin films deposited at 525
and 550 °C. The data were calculated from the corresponding P-E hysteresis loops performed at 1 kHz and room temperature (24 °C).

Fig. 8. (a) Polarization as a function of number
switching cycles and (b) comparison of P-E
hysteresis loops measured at different char-
ging-discharging cycles under an applied elec-
tric field of 600 kV/cm and 1 kHz, of the PZO
thin film deposited at 525 °C. The fatigue
testing was performed by applying a bipolar
electric field of pulse height 100 kV/cm and at
pulse width 100 kHz (or 5 μs). The measure-
ments were performed at room temperature
(24 °C).
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Fig. 9. Operating temperature dependence of (a) P-E hysteresis loops and (b) polarized electric-field phase transitions ( −EA F
PE and −EF A

PE ), performed at 600 kV/cm and
1 kHz, of the PZO thin film deposited at 525 °C.

Fig. 10. Operating temperature dependence of (a) capacitance–electric field (C–E) curves, (b) polarized ( −EA F
PE and −EF A

PE ) and capacitance ( −EA F
CE and −EF A

CE ) electric
field transitions, (c) leakage current density–electric field (J-E) and (d) leakage current density defined at 200 kV/cm, of the PZO thin film deposited at 525 °C.

Fig. 11. (a) Energy-storage density (Ustore and Ureco) and (b) energy-storage efficiency (η), calculated from the P-E loops in Fig. 9(a). The inset shows the operating
temperature dependence of normalized energy-storage density.
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be explained by the domain-wall motion where it becomes easier with
increasing operating temperature, and thus a smaller electric field is
needed to accomplish it. Moreover, with increasing operating tem-
perature, the difference between the −EA F

PE and −EF A
PE values decreased

(Fig. 9(b)), which can also be seen from gradually narrowed down
hysteresis width of P-E loops. Similar to the P-E loop, a “double but-
terfly” variation corresponded to the forward and backward phase
switching of the AFE-to-FE transition was observed in the capacitance-
electric field (C–E) curve, as shown in Fig. 10(a). The maximum ca-
pacitance occurred at an electric field near the AFE-to-FE transition
point. Moreover, the AFE-to-FE ( −EA F

CE ) and FE-to-AFE ( −EF A
CE ) capaci-

tance transition points shifted to the lower electric field with operating
temperature. With increasing operating temperature, the capacitance
increased but the decrease in capacitance was not observed until the
maximum operating temperature of 200 °C was reached. It indicated
that the transformation from an AFE state to a FE state has not occurred
in this operating temperature range (24–200 °C) [20]. Fig. 10(b) com-
pares the forward switching field and backward switching field de-
termined from P-E loops (Fig. 9(b)) and C–E curves, measured at
600 kV/cm and 1 kHz, as a function of operating temperature. With
increasing operating temperature, both forward switching field ( −EA F

PE &
−EA F

CE ) and backward switching field ( −EF A
PE & −EF A

CE ) decreased. However,
the switching field obtained from the C–E characteristics was less than
the corresponding switching field obtained from the P-E measurements.
This is because the dc-bias field ramp rate (1.7× 10−5 [kV/cm]/μs) in
the C–E was much slower than that of the stimulus ac-bias field (2.4
[kV/cm]/μs) in the P-E measurements [36]. Moreover, the −EF A

CE value
was down to 0 kV/cm at the operating temperature of 200 °C. On the
other hand, both antiferroelectric and paraelectric states can be existed
at this operating temperature [20].

Commonly, the P-E loop contains contributions arising from leakage
currents and possibly free charge carriers, in addition to the switched
charge density [37]. Fig. 10(c) shows that the leakage current density
vs. electric field (J–E) for the PZO film deposited at 525 °C and mea-
sured at different operating temperatures. It indicates that the J values
defined at 200 kV/cm increased exponentially with increasing oper-
ating temperature, which was consistent with partial rounding of the
P–E loop near the saturation electric field (Fig. 10(d)).

The energy storage performance of the PZO thin film as a function of
operating temperature is shown in Fig. 11. A different dependence of
the energy storage performance on operating temperature was clearly
found when the operating temperature was lower or higher than 100 °C.
Both Ustore and Ureco values first decreased slightly when heating from
24 °C to 100 °C, and then decreased gradually when the operating
temperature further increased (Fig. 11(a)). However, the reduction rate
of the Ureco value was faster than that of Ustore (see Fig. 11(b) inset), and
as a result, the η value changed in a similar manner with increasing
operating temperature, as shown in Fig. 11(b). The Ureco and η values
were from 12.4 J/cm3 and 75.1% to 5.4 J/cm3 and 52.0%, respectively,
for the thin film capacitors measured at 24 °C and 200 °C. It is clear that
the AFE behavior in this study was still observed at 200 °C, whereas
typical FE behavior was observed at a lower operating temperature of
180 °C in the sol-gel PZO thin film. The antiferroelectric to paraelectric
phase transition in PZO bulk ceramic occurred at 230 °C [2,23].

4. Conclusions

In summary, electric field-induced phase transition, antiferro-
electric, leakage current, and energy storage properties of AFE PZO thin
films grown on SRO/CNOns/Si under different deposition temperatures
were investigated. The XRD patterns and SEM images of these films
revealed a well-developed (001)-preferred orientation with a columnar
structure. The PZO thin films deposited at 525 °C exhibited a large
energy storage density of 16.8 J/cm3 with a high energy efficiency of
69.2% measured at room temperature and under the electric field of
1000 kV/cm. Moreover, the PZO thin films showed great charge-

discharge cycling life with fatigue-free performance up to 1010 cycles
and good thermal stability in the range of room temperature (24 °C) to
100 °C. Furthermore, this study also showed that the optimum deposi-
tion temperature to get the maximum energy storage performance for
AFE PZO thin films is 500–525 °C. This temperature is much lower than
that for FE PZT thin films (∼600 °C) that results in maximum polar-
ization and piezoelectric properties. On the other hand, the crystal-
lization temperature for AFE phase in PZO thin films is much lower
than that for FE phase in PZT thin films.
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