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Relaxor ferroelectric Pb0.9La0.1(Zr0.52Ti0.48)O3 (PLZT) thin films have been epitaxially grown via pulsed laser de-
position on SrRuO3/SrTiO3 single crystal with different orientations. The high recoverable energy-storage density
and energy-storage efficiency in the epitaxial PLZT thin films aremainly caused by the coexistence of relaxor and
antiferroelectric-like behaviors. The recoverable energy-storage density of 12.03, 12.51 and 12.74 J/cm3 and en-
ergy-storage efficiency of 86.50, 88.14 and 88.44%, respectively, for the PLZT(001), PLZT(011) and PLZT(111) thin
films measured at 1000 kV/cm. The high energy density and high efficiency indicate that the relaxor epitaxial
PLZT(111) thin film is a promising candidate for high pulsed power capacitors.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Dielectric materials with high energy-storage density and high effi-
ciency are greatly needed for the potential application in advanced
pulse power capacitors for electronics and electrical power systems
[1]. Based on the physical principals, the materials with higher maxi-
mum polarization (Pmax) and smaller remanent polarization (Pr) are
the most promising candidates [2]. Ferroelectric materials have a rela-
tively high Pr value, leading to low recoverable energy-storage density
(Ureco) and energy-storage efficiency (η) [3,4]. Antiferroelectric mate-
rials have a low Pr, but also wide hysteresis loops, leading to large ener-
gy loss [5–8]. Relaxor ferroelectric materials exhibit slim polarization
hysteresis loops with low Pr, suggesting higher Ureco and η values [1,9,
10].

Recently, tuning the properties of lead zirconate titanate (PZT) from
the normal ferroelectric to either relaxor ferroelectric or
antiferroelectric phases by the doping effect has been reported. Previous
studies indicated that the La3+ substitution for Pb2+ in PZT induces the
distortion of the unit cells for easy of domain switching and decrease the
oxygen vacancies, inducing a ferroelectric-to-relaxor transition [4,11].
We also indicated that the energy storage responses in the epitaxial
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relaxor Pb0.9La0.1(Zr0.52Ti0.48)O3 (PLZT) films grown on SrRuO3/SrTiO3/
Si (Ureco = 13.7 J/cm3 and η = 88.2% [1]) are significantly larger than
for polycrystalline relaxor PLZT films on Pt/Ti/SiO2/Si (Ureco =
11.5 J/cm3 and η= 52.5% [12]), due to the coexistence of relaxor ferro-
electric and antiferroelectric phases in the epitaxial PLZT films. In this
study, the orientation-dependent microstructure and energy storage
performance of the relaxor epitaxial PLZT films deposited on SrRuO3/
SrTiO3 substrates have been investigated.

2. Experimental procedure

In this paper, Pb(Zr0.52Ti0.48)O3 (PZT) and Pb0.9La0.1(Zr0.52Ti0.48)O3

(PLZT) thin films were deposited on SrRuO3/SrTiO3 (SRO/STO) sub-
strates with different orientations using a pulsed laser deposition
(PLD) method. The morphotropic phase boundary composition was
based on the results of Hu et al. [13]. The optimized deposition condi-
tions of the PZT and PLZT thin filmswere: laser repetition rate 10Hz, en-
ergy density 2.5 J/cm2, oxygen pressure 10 Pa and substrate
temperature 600 °C [14]. For the top and bottom SRO electrodes the
conditionswere: laser repetition rate 4 Hz, energy density 2.5 J/cm2, ox-
ygen pressure 13 Pa and substrate temperature 600 °C. The thicknesses
of the top and bottom SRO electrodes are 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 diffractom-
eter with Cu-Kq radiation (wavelength: 1.5405 Å). Normal operating
power is 1.8 kW (45 kV and 40 mA). Atomic force microscopy (AFM:
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Bruker Dimension Icon) and cross-sectional high-resolution scanning
electron microscopy (HRSEM: Zeiss-1550) were performed to investi-
gate the morphology, microstructure and thickness of the as grown
thin films. For electrical measurements, 100 × 100 μm2 capacitors
were patterned with a standard photolithography process and struc-
tured by argon-beam etching of the top-electrodes and wet-etching
(HF-HCl solution) of the PZT and PLZT films. The polarization hysteresis
loop measurements were performed with the ferroelectric mode of the
aixACCT TF-2000 Analyzer at 1 kHz and±200 kV/cm amplitude. A Süss
MicroTech PM300manual probe station equipped with a Keithley 4200
Semiconductor Characterization System was used for the capacitance
measurement. The capacitance-electric field (C-E) curves were mea-
sured up to a dc-electric field of ±200 kV/cm andwith a 1 kHz frequen-
cy ac-electric field with 3.3 kV/cm amplitude. The corresponding
dielectric constants were calculated from the C-E curves. All measure-
ments were performed at room temperature.

3. Results and discussion

Crystalline structure of the PLZT thin filmswas investigated using X-
ray diffraction (XRD) measurements. Fig. 1(a–c) shows the XRD pat-
terns of the PLZT films deposited on SRO/STO substrates with different
orientations. All the films are strong preferred orientation and have a
pure perovskite phase. Apparently, the PLZT film on the STO (001) sub-
strate shows a strong (001) orientation, while the PLZT films on STO
(011) and STO (111) substrates display (011) and (111) orientations,
respectively. In addition, the full-width at half-maximumvalues obtain-
ed from the rocking curves of the PLZT films, as indicated in Fig. 1d, are
0.12°, 0.31° and 0.56° for (001)-, (011)-, (111)-oriented PLZT films, re-
spectively. Such narrowness of the three peaks represents the films
with the high single crystalline quality from epitaxial growth.

The surface morphology and roughness of PLZT films have been
measured by AFM, as shown in Fig. 2(a–c). The root-mean square sur-
face roughness is about 1.15, 4.81 and 6.66 nm for the PLZT deposited
on STO (001), STO (011) and STO (111) substrates, respectively. The
change in the surface roughness can be explained by the difference in
the microstructure from the compact and dense structure in the
PLZT(001) film to the bar-columnar and grain-columnar structures in
the PLZT(011) and PLZT(111) films (Fig. 2(d–f)), respectively, and it
can be explained by the change in the corresponding schematic diagram
Fig. 1. XRD pattern of θ–2θ scans for the PLZT films deposited on (a) STO (001), (b) ST
of the unit cells (Fig. 2(g–i)). The columnar structure is a reason to in-
crease the film thickness of 526 and 503 nm, respectively, in the
PZT(111) and PZT(011) films, in comparison with the film thickness
of 482 nm in the PZT(001) film.

Metal-ferroelectric-metal capacitors containing relaxor PLZT thin
films with varying orientation were electrically characterized using po-
larization-electric field (P–E) measurements, which were indicated in
Fig. 3(a–c). All the relaxor films exhibit double loops, demonstrating
their antiferroelectric (AFE)-like behaviors. In order to get the better
significance of AFE-like behavior in relaxor PLZT thin films, the
switching current and capacitance curves were also investigated
(Fig. 4). It is indicated that the double-butterfly-shaped C-E curves and
four switching peaks in the switching current measurements were de-
tected for these films. On the other hand, the AFE-like behavior is ob-
served in these relaxor films. Moreover, the AFE-like behavior in the
PZT(001) thin film is more dominant than that in the PZT(011) and
PZT(111) thin films due to the sharper peak in the switching current
of the PZT(001) thin film, as shown in Fig. 4(a–c).

The transition from normal relaxor ferroelectric with slim ‘single’
hysteresis loop (or two peaks in switching current curve) [12,15] to
antiferroelectric-like characteristics is observed in the relaxor PLZT
thin films grown on SRO/STO substrates. The AFE-like behavior appears
to be related to the crystalline quality of the bottom SRO/PLZT interface.
In analogy with previous experiments with the growth of thin PZT
layers on SRO/STO [16], where the SRO grows epitaxially strained to
the (relaxed) STO, adopting its in-plane lattice parameter. The initial
growth layer of the PLZT starts to grow epitaxially compressively
strained to the SRO/STO, but relaxes within a few nm (possibly up to
about 10 nm as in ref. [16]) to its bulk value, by defect incorporation.
It is indicated that the compressive-in-plane strain induces an AFE
state in the initial growth layer, while the largest, relaxed part of the
film has the normal relaxor behavior. The AFE-like behavior is also
found in the relaxor PLZT films grown on SRO/STO/Si but not on SRO/
CeO2/YSZ/Si substrate, due to the higher degree single crystalline with
initial latticematching at the SRO bottom electrode [1]. This explanation
suggests that the induced AFE layer is present at the bottom electrode
interface, while the remainder of the film is in the relaxor phase.

Previous studies have also indicated that the shape of the P-E loop
becomes slimmer and slanted with increasing La concentration in the
PZT films [4]. This is attributed to the reduction of the tetragonality of
O (011) and (c) STO (111); (d) the corresponding rocking curves of these films.



Fig. 2. Surface AFM morphology images of the (a) PLZT(001), (b) PLZT(011) and (c) PLZT(111) films; (d–f) the corresponding cross-sectional SEM images; (g–i) the corresponding
schematic diagram of the unit cells.
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the PLZT unit cell with increasing La content, leading to a decrease in
spontaneous polarization in the unit cell [17]. Therefore, the polariza-
tions in the PLZT films in this study are found to be much lower than
those in the corresponding PZT films (Fig. 5a). As expected, the rema-
nent polarization changed with the PZT film orientation, with (001)-
Fig. 3. Ferroelectric hysteresis (P–E) loops of the (a) PLZT(001), (b) PLZT(011) and (c) PZT(11
energy-storage density (Ureco) and energy-storage efficiency (η) of the thin films. The measure
and (111)-oriented films having the largest and smallest values, while
all films have the similar maximum polarization. Moreover, the (001)-
oriented film exhibits nearly square hysteresis loop with sharp electric
field switching, whereas the (011)- and (111)-oriented films indicate
more slanted hysteresis loops.
1) thin films; (d) The corresponding energy-stored per unit volume (Ustored), recoverable
ments were performed at ±200 kV/cm and 1 kHz frequency.



Fig. 4. (a–c) Switching current (J–E) curves and (d–f) Dielectric constant–electric field
curves, of the PLZT(001), PLZT(011) and PZT(111) thin films.

Fig. 5. (a) Ferroelectric hysteresis (P–E) loops and (b) the energy-stored per unit volume (Ust

PZT(001), PZT(011) and PZT(111) thin films. The PZT film thicknesses are about 500 nm.

Table 1
Comparison ofUstored,Ureco andη values, defined from P–E loops asmeasured at 200kV/cm,
in the PLZT and PZT thin films with different orientations.

Sample Ustored (J/cm3) Ureco (J/cm3) η % (=100 × Ureco/Ustored)

PLZT(001) 2.80 2.25 80.35
PLZT(011) 2.84 2.44 85.91
PLZT(111) 2.84 2.46 86.62
PZT(001) 5.48 1.01 18.52
PZT(011) 4.61 1.11 24.13
PZT(111) 4.21 1.12 26.67
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Under the measurement condition (200 kV/cm), the corresponding
maximum and remanent polarizations (Pm and Pr) are (27.6 and −0.3
μC/cm2), (30.0 and 0.6 μC/cm2) and (30.1 and 0.7 μC/cm2) for the
PLZT(001), PLZT(011) and PLZT(111) thin films, respectively. It is not
much different in (Pmax − Pr) values and therefore, the recoverable en-
ergy-storage density (Ureco) and energy-storage efficiency (η) are al-
most similar for these films, as shown in Fig. 3d. Meanwhile, the
Ustored value in the PZT(001) film is much higher than that in the
PZT(011) and PZT(111) films, due to the more square hysteresis loop in
the PZT(001) film, but the but the Ureco value in the PZT(001) film is
much smaller (see Fig. 5b). These results can be also seen in the Table 1.

The energy-storage performance of the PLZT thin films as a function
of applied electric field (100–1000 kV/cm, 1 kHz and at room tempera-
ture) is presented in Fig. 6. As desired, the Ustored values increase with
increasing electric field. The Ustored values are 13.91, 14.19 and
14.41 J/cm3 for the PLZT(001), PLZT(011) and PLZT(111) films mea-
sured at 1000 kV/cm, respectively. In practical application, the larger η
and/or Ureco values are also desires. With increase in the electric field,
the Ureco values are increased while the η values are almost constant
at approximately 86–88%. The Ureco values are 12.03, 12.51 and
12.74 J/cm3 for the PLZT(001), PLZT(011) and PLZT(111) films measured
at 1000 kV/cm, respectively. The high energy storage properties was also
found in the antiferroelectric Pb0.97Y0.02[(Zr0.6Sn0.6)0.925Ti0.075]O3 thin
film capacitors (Ureco = 14.6 J/cm3 and η = 91.3% under an applied
electric field of 1000 kV/cm) with the coexistence of the antiferroelectric
and ferroelectric phases [18].

4. Conclusions

In summary, we have reported a correlation between the ferroelec-
tric, energy-storage properties, and crystalline orientation of single
crystal relaxor PLZT films, in comparison with the ferroelectric PZT
films, epitaxially grown on STO substrates. The recoverable energy-stor-
age density (Ureco) and energy-storage efficiency (η) of the PLZT films
weremuchhigher than those correspondingPZTfilms. Such remarkable
enhancement maybe attributed to the antiferroelectric-like behavior in
ored), recoverable energy-storage density (Ureco) and energy-storage efficiency (η), of the



Fig. 6. Electric field dependence of (a) energy-stored per unit volume (Ustored), (b)
recoverable energy-storage density (Ureco) and (c) energy-storage efficiency (η), of the
PLZT(001), PLZT(011) and PZT(111) thin films.
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the epitaxial PLZT films. Our results suggest that the (111)-oriented
PLZT films are promising for the energy storage applications in high
pulse capacitors.
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