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A B S T R A C T

The relaxor ferroelectric Pb0.9La0.1(Zr0.52Ti0.48)O3 (PLZT) thin films were deposited using pulsed laser deposi-
tion, and their microstructures, break-down field strengths and energy storage performances were investigated
as a function of the buffer layer and electrode. A large recoverable energy-storage density (Ureco) of 23.2 J/cm3

and high energy-storage efficiency (η) of 91.6% obtained in the epitaxial PLZT film grown on SrRuO3/SrTiO3/Si
are much higher than those in the textured PLZT film (Ureco = 21.9 J/cm3, η = 87.8%) on SrRuO3/Ca2Nb3O10-
nanosheet/Si and the polycrystalline PLZT film (Ureco = 17.6 J/cm3, η = 82.6%) on Pt/Ti/SiO2/Si, under the
same condition of 1500 kV/cm and 1 kHz, due to the slim polarization loop and significant antiferroelectric-like
behavior. Owing to the high break-down strength (BDS) of 2500 kV/cm, a giant Ureco value of 40.2 J/cm3 was
obtained for the epitaxial PLZT film, in which Ureco values of 28.4 J/cm3 (at BDS of 2000 kV/cm) and 20.2 J/cm3

(at BDS of 1700 kV/cm), respectively, were obtained in the textured and polycrystalline PLZT films. The ex-
cellent fatigue-free properties and high thermal stability were also observed in these films.

1. Introduction

Dielectric materials with high power density, fast charge/discharge,
excellent charge/discharge efficiency and low cost have been ex-
tensively investigated for the potential application in advanced pulse
power capacitors for electronics and electrical power systems, such as
radar transmitters, laser, medical defibrillators and pacemakers [1–5].
Based on the physical principals, the materials with higher saturated
polarization, smaller remanent polarization, and higher electrical
break-down strength are the most promising candidates [6]. In general,
the recoverable energy-storage density (Ureco) of a capacitor could be
calculated from the polarization hysteresis (P-E) loops as the following
equation:
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P

r
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where, E the applied electric field, P is polarization; Pmax and Pr+ are
the maximum and positive remanent polarizations, respectively. Based
on Eq. (1), it can be seen that not only large Pmax and low Pr+ (or low
coercive field), but also high E, are desirable in order to get the high
Ureco value for the practical applications. Due to the high break-down
strength (BDS), the dielectric capacitors based on thin films have

attracted increasing attention for high energy-storage performances.
Currently, the most studies on energy-storage performances are

mainly focused on antiferroelectric films [1,2,7–9], due to the high
maximum polarization and low remanent polarization. Ahn et al. [2]
indicated that the larger Ureco (32.7 J/cm3) and high η (∼90%) values
can be obtained in the Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3 (PYZST)
antiferroelectric thin films, under an applied electric field of 1800 kV/
cm. Recently relaxor ferroelectric films have been also considered as a
potential candidate for use in pulse power applications [4,5,10–14].
Hao et al. [13] reported a high energy storage density of about 11.5 J/
cm3 and an energy efficiency of about 52.5% in relaxor-ferroelectric
Pb0.91La0.09(Ti0.65Zr0.35)O3 thin films on Pt/Ti/SiO2/Si (Pt/Si), under
an electric field of 1000 kV/cm; Tong et al. [14] studied relaxor-fer-
roelectric Pb0.92La0.08(Ti0.52Zr0.48)O3 films and achieved Ureco and η
values of about 12.0 J/cm3 and 70.0% for the films on LNO/Ni (at
1000 kV/cm). Wang et al. [10] showed a high Ureco of 31 J/cm3 and η
of 64% in the 0.8Pb(Mg1/3Nb2/3)O3-0.2PbTiO3 relaxor ferroelectric
thin films under an electric field of 2000 kV/cm. Moreover, the energy-
storage performance was also enhanced by the doping of Mn in the
0.7(Nb0.5Bi0.5)TiO3-0.3SrTiO3 relaxor ferroelectric thin films, in which
the high Ureco of 27 J/cm3 and η of 44% were obtained under an applied
electric field of 1894 kV/cm for 1% Mn doping [4].
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Although the recoverable energy storage densities in relaxor ferro-
electric films are comparable to those of antiferroelectric films, the
above mentioned energy efficiencies are still significantly lower. In
recent studies, we indicated that the high Ureco and η values can be
obtained in the epitaxial relaxor ferroelectric Pb0.9La0.1(Zr0.52Ti0.48)O3

(PLZT) thin films, with coexistence of ferroelectric (FE) and antiferro-
electric-like (AFE) behaviors, grown on SrRuO3/SrTiO3/Si (STO/Si) and
SrRuO3/SrTiO3 (STO) substrates using pulsed laser deposition [15,16].
The Ureco and η values of these above thin films were 13.7 J/cm3 and
88.2%, 12.7 J/cm3 and 88.4%, respectively, while the PYZST thin films
had Ureco of 14.6 J/cm3 and η = 91.3% [2], under the same applied
electric field of 1000 kV/cm. Even the energy-storage performances of
relaxor ferroelectric PLZT thin films on STO and STO/Si substrates were
similar to those in the antiferroelectric PYZST thin films, however, STO
substrate is impractical for use in actual devices due to their high cost
and lack of large substrate sizes, and where the SrTiO3 buffer-layer
process on silicon, generally performed by Molecular Beam Epitaxy, is
very delicate and slow. In order to investigate the growth of PLZT thin
films on Si substrates for industrial applications, we have studied the
energy-storage performances of PLZT thin films on Ca2Nb3O10 na-
nosheet buffered Si (CNO/Si) and Pt/Ti/SiO2/Si (Pt/Si) substrates. In
the previous studied, we indicated that the properties of Pb(Zr0.52Ti0.48)
O3 (PZT) thin-film devices can be enhanced by using a monolayer of
CNO nanosheet deposited on Si substrates using Langmuir-Blodgett
(LB) method and are well comparable with devices using more con-
ventional oxide buffer layers (stacks), such as YSZ, CeO2/YSZ or SrTiO3

on Si [17]. Moreover, the CNO nanosheets can be deposited on the Si
wafer-scales (such as 4-inch), therefore the CNO/Si and also Pt/Si have
found widespread use in the production of microsystems with PZT or
PLZT thin films.

The microstructures, ferroelectrics, break-down strengths and en-
ergy-storage performances of Pb0.9La0.1(Zr0.52Ti0.48)O3 (PLZT) thin
films grown on CNO/Si and Pt/Si have been investigated and compared
with the thin film on STO/Si in this present work. Moreover, reliability
of the stored information in PLZT thin films as a function of working
cycles and thermal stability will be also mentioned. It is found that,
although the energy-storage performance of the PLZT thin film grown
on STO/Si is still superior, the PLZT thin film deposited on CNO/Si
posses energy-storage performance of comparable value. These findings
could be important for further integration of PLZT capacitors on Si
wafer-scale with low cost for industrial applications.

2. Experimental procedure

Relaxor ferroelectric Pb0.9La0.1(Zr0.52Ti0.48)O3 (PLZT) thin films
were deposited on SrRuO3/SrTiO3/Si (STO/Si), SrRuO3/Ca2Nb3O10/Si
(CNO/Si) and Pt/Ti/SiO2/Si (Pt/Si) substrates using a pulsed laser de-
position (PLD) method. The 8-nm-thick epitaxial SrTiO3 (STO) buffer
layer was grown by reactive molecular-beam epitaxy on Si substrates
and acts as a seed layer for highly (001)-oriented epitaxial growth of the
subsequent perovskite layers [18]. The Ca2Nb3O10 (CNO) nanosheets
were fabricated on Si substrates by exfoliation of layered protonated
calcium niobate (HCa2Nb3O10∙1.5H2O) by the Langmuir-Blodgett de-
position method [19,20]. In order to prepare the Pt/Si substrates, a
125-nm-thick Pt bottom electrodes and 15-nm-thick Ti adhesive layers
were deposited at room temperature by DC magnetron sputtering on a
500-nm-thick SiO2 layer formed through wet-oxidation at 1100 °C. To
prevent the formation of pyrochlore phases, a thin nucleation layer of
LaNiO3 (LNO, 10 nm, using PLD) was inserted between the Pt bottom
electrode and the PLZT film [21].

The optimized deposition conditions of the PLZT thin films were:
laser repetition rate 10 Hz, energy density 2.5 J/cm2, oxygen pressure
0.1 mbar and substrate temperature 600 °C [22]. For the top and
bottom SrRuO3 (SRO) electrodes the conditions were: laser repetition
rate 4 Hz, energy density 2.5 J/cm2, oxygen pressure 0.13 mbar and
substrate temperature 600 °C. The thickness of top and bottom SRO

electrodes is about 100 nm.
Crystallographic properties of the thin films were analyzed by x-ray

θ-2θ scans (XRD) and omega scans using a PANalytical X-ray dif-
fractometer with Cu-Kα radiation (wavelength: 1.5405 Å) operating at
45 kV and 40 mA. Atomic force microscopy (AFM: Bruker Dimension
Icon) and cross-sectional high-resolution scanning electron microscopy
(HRSEM: Zeiss-1550) were performed to investigate the morphology,
microstructure and thickness of the as grown thin films. For electrical
measurements, 100 × 100 μm2 capacitors were patterned with a stan-
dard photolithography process and structured by argon-beam etching of
the top-electrodes and wet-etching (HF-HCl solution) of the PLZT thin
films. The polarization hysteresis loop measurements were performed
with the ferroelectric mode of the aixACCT TF-2000 Analyzer at 1 kHz
and various amplitudes. A Süss MicroTech PM300 manual probe station
equipped with a Keithley 4200 Semiconductor Characterization System
was used for the capacitance measurement. The capacitance-electric
field (C-E) curves were measured up to a dc-electric field of± 200 kV/
cm and with a 1 kHz frequency ac-electric field of 2 kV/cm amplitude.
The corresponding dielectric constants were calculated from the C-E
curves. All measurements were performed at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of PLZT thin films on STO/Si, CNO/Si
and Pt/Si substrates. It indicates that the thin film on STO/Si exhibits
(001) orientation. Moreover, the epitaxial growth of PLZT thin film on
STO/Si substrate can be observed from the phi-scan measurement, in
which a 45° shift of the PLZT[101] reflections with respect to the Si
[202] reflections with a fourfold rotational symmetry is found, in-
dicating that the PLZT unit cells are rotated in-plane over 45° with
respect to the Si lattice (Fig. 2(b)). The full-widths at half maximum
(FWHMω) of the rocking curve of the PLZT(002) peak in Fig. 2(a) was
0.42°, indicating a good crystalline quality of the film. The width of the
rocking curves is a measure of the range over which the lattice structure
in the different grains tilts with respect to the film normal [23] and is
therefore an indication of the homogeneity of the films.

Even the PLZT thin film is not epitaxially grown on CNO/Si, but it
has a highly textured (001) orientation with a minor (110) peak. The
FWHM value of PLZT(002) peak is about 0.46° and it is indicated that
the alignment of the PLZT crystal planes was found to be slightly better
in the epitaxial film grown on STO/Si. Whereas, the polycrystalline
growth with the mixed orientation is observed in the PLZT thin film
grown on Pt/Si (Fig. 1(c)).

Fig. 1. XRD patterns of PLZT thin films grown on (a) STO/Si, (b) CNO/Si and (c) Pt/Si
substrates.
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The microstructure and surface morphology of PLZT thin films are
investigated using cross-sectional SEM and AFM, as shown in Fig. 3.
Fig. 3(b) and (d) shows a very dense microstructure in the epitaxial and
textured thin films, however, the polycrystalline columnar structure
with a predominantly (110)-orientation is formed along lines arises
from the edges of the nanosheets in the textured film (Fig. 3(c)-(d)).
This structure was ascribed to a different nucleation density and growth
at the edges of the nanosheets and the in-plane orientation mismatch of
the single crystals grown on top of neighbouring nanosheets [17].
Fig. 3(f) reveals the columnar growth in the thin film grown on Pt/Si.
Root-mean-square (Rrms) roughness values were calculated from the
AFM measurements and are about 2.6, 3.9 (0.9 nm for the film de-
posited on top of nanosheet, as shown in the dashed-box in Fig. 3(c))
and 14.7 nm for the thin films grown on STO/Si, CNO/Si and Pt/Si,
respectively. The cross-sectional SEM images also indicate that the
thickness of PLZT thin films grown on STO/Si, CNO/Si and Pt/Si, re-
spectively, are about 500, 506 and 518 nm.

The room-temperature leakage current densities for PLZT thin films
are plotted against the applied electric field and shown in Fig. 4(a).
Compared with the polycrystalline PLZT thin film on Pt/Si, the higher
values of the leakage current are realized in textured and epitaxial PLZT

thin films grown on CNO/Si and STO/Si. The change in the leakage
current can be explained by the difference in the microstructure from
the compact and dense structure in the epitaxial and textured thin films
to the grain-columnar structure in the polycrystalline thin film. At
E = 100 kV/cm, the leakage current densities are 6.4 × 10−6 A/cm2,
1.1 × 10−6 A/cm2, and 1.1 × 10−7 A/cm2 for the epitaxial, textured
and polycrystalline thin films, respectively. A good epitaxial thin film is
associated to a low resistivity due to the larger concentration of free
carriers (with low resistivity) and thus the current density is high. In
polycrystalline thin film, larger amount of structural defects, especially
the grain boundaries, affect the charge transport as the trapping carriers
(low concentration) and/or scattering the carriers (low mobility) [24].
This leads to an enhancement of the resistivity and as a result the lower
current density is obtained in the polycrystalline thin film. Meanwhile,
the current density in the textured thin film is lower than that in the
epitaxial thin film (but higher than the polycrystalline thin film), due to
the presence of the columnar growth areas happen on parts of the Si
substrate that are not covered by nanosheets (Table 1).

In order to understand the change in leakage current in PLZT thin
films, the conduction mechanism is investigated. Fig. 4(b) indicates the
dependence of leakage current density (J) as a function of electric field

Fig. 2. (a) Rocking curves of (002) peaks of PLZT
thin films grown on STO/Si and CNO/Si. (b) Phi-scan
of PLZT thin film grown on STO/Si.

Fig. 3. AFM and cross-sectional SEM images of PLZT thin films grown on (a,b) STO/Si, (c,d) CNO/Si and (e,f) Pt/Si substrates. The dashed-box and arrow in (c) indicate the film with
dense and columnar structures, respectively, on the CNO nanosheet and the gap between the nanosheets.
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(E) in logarithmic scale for PLZT thin films. It is indicated that the si-
milar variation of log(J) with log(E) is observed in the textured and
polycrystalline PLZT thin films. It consists of a low field linear region
and a high field nonlinear region. In the low field region (E < 20 kV/
cm) in Fig. 4(b), the thin films show Ohmic’s contact. At room tem-
perature, it can be assumed that enough charge carriers are present
within the films, so as to contribute to the conduction process and
hence a linear field dependence of conductivity can be observed. Above
20 kV/cm, the currents increase non-linearly which implies that the
current conduction is governed by the other mechanisms. Fig. 4(c) in-
dicates that the leakage current in the textured and polycrystalline thin

films is dominated by space charge limited current (SCLC) mechanism.
Under SCLC, the carriers form a freely moving space charge due to the
reduced conductivity of the insulating or ferroelectric layer and the
number of the free carriers causes an electric field gradient, which
limits the current density. The SCLC current is related to E by the fol-
lowing relation [25]:

=J με ε E
d

9
8SCLC r0

2

3 (2)

where, μ is the mobility of the charge carriers and d is the film thick-
ness. ε0 (=8.854 × 10−12 F/m) and εr are the vacuum permittivity and

Fig. 4. (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 space charge limited current (SCLC), of PLZT
thin films on SRO/STO/Si, SRO/CNO/Si and Pt/Si
substrates. (d) Poole-Frenkel (PF) emission of PLZT
thin film on STO/Si substrate.

Table 1
Recoverable energy storage density (Ureco) and energy storage efficiency (η) of the antiferroelectric and relaxor ferroelectric thin films.

Filmsa Substrates Fabrication technique Electric field (kV/cm) Ureco (J/cm3) η (%) Refs.

(AFE) Pb0.97Y0.02[(Zr0.6Sn0.6)0.925Ti0.075]O3 Pt/Si PLD 1000 14.6 91.3 [2]
1800b 32.7 90

(AFE) Pb0.97La0.02(Zr0.95Ti0.05)O3 Pt/Si Sol-gel 1850b 26.8 62.5 [7]
(RFE) 0.8Pb(Mg1/3Nb2/3)O3-0.2PbTiO3 Pt/Si Sputtering 1000 13.6 65 [10]

2000b 31 64
(RFE) (Pb0.91La0.09)(Zr0.65Ti0.35)O3 LaNiO3/Si Sol-gel 1000 10 64 [11]

1185b 11.9 63.8
(RFE) (Pb0.91La0.09)(Zr0.65Ti0.35)O3 doped with 1% Mn LaNiO3/Si Sol-gel 1000 15 68 [11]

1679b 30.8 70
(RFE) Pb0.9La0.1(Zr0.52Ti0.48)O3 Pt/Si PLD 1000 11.7 82.3 This study

1700b 20.2 79.6
(RFE) Pb0.9La0.1(Zr0.52Ti0.48)O3 SRO/CNO/Si PLD 1000 13.5 87.7 This study

2000b 28.4 85.8
(RFE) Pb0.9La0.1(Zr0.52Ti0.48)O3 SRO/STO/Si PLD 1000 14.2 92.2 This study

2500b 40.2 83.8

a AFE – Antiferroelectric; RFE – Relaxor ferroelectric.
b Break-down strength (BDS) value.
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the dielectric constant of the ferroelectric layer, respectively.
Similar to the textured and polycrystalline thin films, the current in

the epitaxial thin film is also determined by the Ohmic’s contact at low
electric field (E < 15 kV/cm). However, the non-linearity at a high
electric field region is combined effect of the SCLC mechanism (15 kV/
cm < E < 50 kV/cm, Fig. 4(c)) and the Poole-Frenkel (PF) emission
at E > 50 kV/cm (Fig. 4(d)). In the case of the PF emission, the elec-
tronic conduction as a bulk-controlled conduction mechanism through
an insulator can occur due to the hopping of the charge carriers from
one trap to another under a bias field. The PF current is given by the
equation [26]:

⎜ ⎟ ⎜ ⎟= ⎛
⎝

− ⎞
⎠

⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥J BE

qφ
k T

q
πε ε

E
k T

exp exp
4PF

t

B r B

3

0

1/2

(3)

where, B is a constant and ϕt is the trap level. T is the measuring
temperature, kB is the Boltzmann’s constant, q and ϕB are the electronic
charge and the Schottky barrier height, respectively.

The ferroelectric polarization intensity is also a key factor affecting
the energy storage property. Fig. 5(a)–(c) shows the polarization (P-E)
hysteresis loops of PLZT thin films on STO/Si (epitaxial film), CNO/Si
(textured film) and Pt/Si (polycrystalline film) substrates measured to
their critical break-down strength (BDS). It is noted that the slip P-E
loops are observed in the epitaxial and textured thin films while the
polycrystalline thin film has a slightly opened P-E loop. In order to
define the BDS values in the thin-film capacitors, the P-E loops will be
measured from the low applied electric field (such as 200 kV/cm) to the
electric field where the thin-film capacitors are broken with an in-
creased step of 100 kV/cm. The BDS value is the maximum applied
electric field where the thin-film capacitor is still active. In this study,
The BDS values are about 2500, 2000 and 1700 kV/cm, respectively,
for the epitaxial, textured and polycrystalline PLZT thin films. Beyond
on these values, the higher fields of 2600, 2100 and 1800 kV/cm for

these above thin films, respectively, led to break-down of the thin films,
as shown in Fig. 5(d)–(f).

The relationship between the break-down strength and leakage
current in the ferroelectric films has been investigated. In general, the
larger electric field can be applied to the films which have lower
leakage current when the same electrodes are used. In this study,
however, the polycrystalline PLZT thin film has a lower BDS value even
the leakage current is much smaller than that in the epitaxial and
textured thin films. The lower BDS value in the polycrystalline thin film
in this case can be explained by the different electrodes, in which the Pt
is used in the polycrystalline thin film and conductive SRO is used in the
epitaxial and textured thin films. Pt is known as a catalyst for the hy-
drogen production through water vapor in the environmental humidity
[27]. The penetration of hydrogen can induce structural degradation in
various ways as described in the previous studies [28,29]. In this case,
the hydrogen induced the break-down strength degradation in the
polycrystalline thin film seems mainly to happen at the columnar grain
boundaries.

In order to compare the ferroelectric properties and energy storage
performances of PLZT thin films with different microstructures, the
polarization hysteresis (P-E) measurements were performed at the same
applied electric field of± 1500 kV/cm and 1 kHz frequency, as shown

in Fig. 6(a). The energy-stored per unit volume ( ∫=
−

U EdPstore
P

P

r

max

), re-

coverable energy-storage density ( ∫=
+

U EdPreco
P

P

r

max

) and energy-storage

efficiency (η(%) =100 × Ureco/Ustore) are calculated from the P-E loops
(Fig. 6(a)) and shown in Fig. 6(b). It can be clearly found that the Ustore

values are similar for the epitaxial and textured thin films, but the Ureco

value in the epitaxial thin film is higher due to the slimmer P-E loop,
and resulting in a higher energy-storage efficiency (η). The Ureco and η
values are 23.2 J/cm3 and 91.6%, and 21.9 J/cm3 and 87.8%,

Fig. 5. P–E hysteresis loops of PLZT thin films grown on (a) STO/Si, (b) CNO/Si and (c) Pt/Si substrates, measured to their critical break-down strength (BDS). Optical images of broken
capacitors: (d) epitaxial thin film on STO/Si at electric field of 2600 kV/cm, (e) textured thin film on CNO/Si at 2100 kV/cm and (f) polycrystalline thin film on Pt/Si at 1800 kV/cm.
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respectively, for the epitaxial and textured thin films. For polycrystal-
line thin film, the more opened P-E loop with low maximum polariza-
tion leads to the low energy-storage performances (Ustore = 21.3 J/cm3,
Ureco = 17.6 J/cm3 and η = 82.6%) under the same measured condi-
tions.

From the above P-E ferroelectric hysteresis loops of PLZT thin films,
evidently slim loops, which are typical of relaxor ferroelectric materials
[30], are observed. Moreover, all the thin films exhibit double loops,
demonstrating their antiferroelectric (AFE)-like behaviors. In order to
verify the significance of AFE-like behavior in the relaxor PLZT thin
films, the electric field dependence of switching current and capaci-
tance curves were investigated (see Fig. 7). It is indicated that the
double-butterfly-shaped C-E curves with a valley and four switching
peaks in the switching current measurements were detected. On the
other hand, the AFE-like behaviors are observed in these relaxor films.
The AFE-like behavior in the epitaxial thin film is more dominant than
that in the textured and polycrystalline thin films due to the sharper
peak in the switching current, as shown in Fig. 7(a).

Fig. 8 illustrates the field-dependent energy-storage performance of
the PLZT thin films. As desired, the Ustore and Ureco values of all the thin
films increase almost linearly with the electric field. As the applied field
increased from 200 to 1500 kV/cm, the Ustore values in the epitaxial and
textured thin films are similar but the Ureco values in the textured thin
film are slightly smaller, and the η values in the textured thin films are
then lower than those in the epitaxial thin films at the same applied
field. The energy-storage efficiency is relative stable in the textured thin
film (η ≈ 85.4–87.8%) in the range from low field to its BDS (2000 kV/
cm) and from low field to 2000 kV/cm for the epitaxial thin film
(η ≈ 91.0–92.6%). Meanwhile, the energy-storage efficiency of the

polycrystalline thin film is slightly decreased with increasing applied
field, from 84% at low electric field (200 kV/cm) to 80% at its BDS
value (1700 kV/cm). As can be seen, the epitaxial thin film has a large

Fig. 6. (a) P–E hysteresis loops and (b) energy-stored
per unit volume (Ustore), recoverable energy-storage
density (Ureco) and energy-storage efficiency (η), of
the PLZT thin films grown on STO/Si, CNO/Si and
Pt/Si substrates. The measurements were performed
at± 1500 kV/cm and 1 kHz frequency.

Fig. 7. (a) Switching current – electric field and (b)
capacitance – electric field (C-E) curves, of PLZT thin
films on STO/Si, CNO/Si and Pt/Si substrates. The
measurements were performed at± 200 kV/cm and
1 kHz frequency.

Fig. 8. Electric field dependence of (a) energy-stored per unit volume (Ustore), (b) re-
coverable energy-storage density (Ureco) and (c) energy-storage efficiency (η), calculated
from the above P-E loops of the PLZT thin films on STO/Si, CNO/Si and Pt/Si substrates.
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Ureco of 32.6 J/cm3 with a high η of 90.6% under an applied field of
2000 kV/cm. Both Ureco and η values obtained in the epitaxial thin films
in this study are similar to those in the
Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3 as one of the best antiferroelectric
thin films for energy storage applications which have been reported [2].
However, the η value in the epitaxial thin film is reduced to about 84%
under the higher applied electric field (2200–2500 kV/cm) due to the
slightly opened P-E loops. At the critical BDS value (2500 kV/cm), the
epitaxial thin film has a great Ureco of 40.2 J/cm3 (η= 83.8%).

Long-term reliability is also an important factor for the application
of energy storage capacitors, therefore the dependence of the ferro-
electric properties on the number of working cycles of the thin films has

been investigated. Here, bipolar electric field cycling was used which
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 and 100 kHz frequency. Fig. 9(a) shows that
the values of net polarization (Pmax − Pr+) of the thin films, calculated
from the P-E loops measured at an applied electric field of 1000 kV/cm
and 1 kHz, remain unchanged up to 1010 cycles for the epitaxial and
textured PLZT thin films. Moreover, the surprising result is that the
fatigue-free behavior is also observed in the polycrystalline PLZT thin
film. This is different to the PLZT films grown on Pt/Si in previous
studies, which the net polarization was decrease with the number of
switching cycles. Several fatigue mechanisms in the fatigue behaviour

Fig. 9. Working cycles dependence of (a) net polarization (Pmax − Pr+), (b) recoverable energy-storage density (Ureco) and (c) energy-storage efficiency (η), calculated from the P-E loops
measured at an applied electric field of 1000 kV/cm and 1 kHz. The fatigue testing was performed by applying a bipolar electric field of 100 kV/cm and at 100 kHz.

Fig. 10. Temperature dependence of (a) net polarization (Pmax − Pr+), (b) recoverable energy-storage density (Ureco) and (c) energy-storage efficiency (η), calculated from the P-E loops
of (d) epitaxial, (e) textured and (f) polycrystalline thin films, measured at 500 kV/cm and 1 kHz.
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in the PLZT films have been proposed, such as the suppression of do-
main switching and the accumulation of oxygen vacancies upon cy-
cling. Both mechanisms occur near the film/electrode interfaces. The
suppression of domain switching is related to the pinning of the domain
wall in the ferroelectric films [31,32] or the inhibition of the near-in-
terfacial nucleation of the opposite domain switching by trapped charge
[33–36]. In this study, the epitaxial and textured PLZT thin films are
sandwiched between SRO electrodes and hinder the formation of the
dead interfacial layer at the electrodes due to the accumulation of
oxygen vacancies during the switching. In the case of PLZT thin films in
this study, however, the behavior even appears to be fatigue-free for the
polycrystalline thin film. This indicates that La doping can great im-
prove the fatigue behavior of ferroelectric PLZT thin films. In the PLZT
thin film, the La3+ dopant will occupy a lead (Pb2+) site in the lattice
and compensate for the oxygen vacancy (VO) that not only inhibits the
domain movement (and then reduce the remanent polarization) and
also prevents the reduction in the net polarization. Accordingly, both
Ureco and η values are also remained in the whole measurement ranges,
as shown in Fig. 9(b)–(c), which indicated good fatigue behavior of the
relaxor ferroelectric PLZT thin films.

As we all know, moreover, the thermal stability is also essential for
the real application of dielectric capacitors. Fig. 10(a)–(c) presents the
temperature dependence of ferroelectric and energy-storage properties
of PLZT thin films, which was tested in the range of room temperature
(∼24 °C) to 200 °C. In order to avoid the capacitor break-down at
elevated temperature, the measurements were performed at a low op-
erating electric field of 500 kV/cm. As the measured temperature in-
creasing, the slightly decrease in both Ureco and η values, due to the
small variation in the net polarization (Pmax − Pr+) values, are ob-
served. The results indicate that the Ureco values decrease about 8.2%
and 10% in the epitaxial and textured thin films and 14.2% in the
polycrystalline thin film, as the temperature increases from room
temperature to 160 °C. Meanwhile, the η values reduce 4.2%, 9.6% and
12.4% in the epitaxial, textured, and polycrystalline thin films, re-
spectively. The sharp decrease of Ureco and η values above 160 °C may
be attributed to the reduction in the polarization and the increase in the
leakage current, as reflected by the rounded ends of the P-E loops
measured at 200 °C, as shown in Fig. 10(d)–(f).

4. Conclusions

In summary, the relaxor ferroelectric PLZT thin films were fabri-
cated using pulsed laser deposition. The study shows that the buffer and
electrode layers have pronounced effect on the growth mechanism,
microstructure and energy-storage performance in the PLZT thin films.
The large Ureco of 23.2 and 21.9 J/cm3 and high η of 91.6 and 87.8%
under an applied electric field of 1500 kV/cm, respectively, for the
epitaxial (on STO/Si) and textured (CNO/Si) thin films, due to high
thin-film quality, dense microstructure and the coexistence of relaxor
FE-AFE phase. The excellent fatigue-free properties (1010 cycles), high
thermal stability and high break-down strengths are also observed in
these devices. Even the devices based on textured film has the Ureco and
η values slightly lower than those with epitaxial film, however, the
results indicate that the textured film is also suitable for modern en-
ergy-storage technology, especially in the industrial applications due to
the large-scale and low-cost production.
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