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Normal-ferroelectric Pb(Zrg 50Tig.48)03 (PZT) and relaxor-ferroelectric PbggLag 1(Zrg 50Tig.48)03 (PLZT) thin-
films are deposited on SrRuOs-covered SrTiO5/Si substrates. An ultrahigh recoverable energy-storage density
(Ureco) of 68.2J/cm® and energy efficiency () of 80.4% are achieved in the PLZT thin-films under a large
breakdown strength (Egp) of 3600 kV/cm. These values are much lower in the PZT thin-films (Uyeco of 10.3J/
cm?® and 7 of 62.4% at Egp of 1000 kV/cm). In addition, the remanent polarization (P,) and dielectric-constant
are also investigated to evaluate the breakdown strength in thin-films. Polar nano-regions (PNRs) are created in

the PLZT thin-films to enable relaxor behavior and lead to slim polarization loops along with very small P,. The
excellent operating temperature of energy-storage performance and also the breakdown strength obtained in the
PLZT thin-films are mainly ascribed to the presence of PNRs. Moreover, both PZT and PLZT thin-films exhibit
superior performance up to 10'° times of charge-discharge cycling.

1. Introduction

Pulse power energy-storage systems have important applications in
many fields, from electrical power grids and transportation systems to
medical devices, such as artificial pacemakers and defibrillators [1-5].
In these applications, there are various types of pulsed loads that have a
high instantaneous power requirement in a very short duration (typi-
cally ranging from microseconds to milliseconds) [6]. Dielectric capa-
citors, which have high energy-storage density and fast charge-dis-
charge rates, have been widely used in these power systems.

The energy-storage density of a dielectric capacitor, such as normal
ferroelectric, relaxor ferroelectric and antiferroelectric materials, is
governed by the applied electric field (E) and is determined by in-
tegrating the area under the polarization hysteresis (P-E) loops [7-9].
The ‘charge’ energy stored per unit volume (Ugre), recoverable ‘dis-
charge’ energy-storage density (Uyeco) and energy-storage efficiency (1)
can be calculated by:
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Ustore = f EdP
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where P, and P, are the remanent polarization and maximum po-
larization, respectively. The maximum applied electric field (E,a,) must
be equal to or less than the critical electric-field breakdown strength
(Egp), just below the electric field where the capacitor is broken com-
pletely [8].

According to Egs. (1) and (2), a large Epp guarantees a high energy-
storage density. In general, small and homogeneous grain sizes, as well
as the densification of the capacitor structures, are beneficial to ob-
taining a high Epp value [8-13]. Yang et al. reported that the Epp of (1-
X)SrTi03-X(0.93Bi0'5NaO'5Ti03-0.07Bao'94LaO.04Zr0'02Ti0'9803)

(x = 0.0-0.5) ceramics decreases from ~ 325 to ~170kV/cm with in-
creasing average grain size from 1.09 (x = 0.0) to 4.86 um (x = 0.5)
[9]. The densification was also found to increase the Egp in (1-x)
BaTiO3-xBi(Mg,,3Ni; ,3)03 (BT-BMN) ceramics, in which the BMN
content (x = 0.05-0.2) could promote the densification and then the
breakdown strength of the ceramics [10]. In the thin-film structures,
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Fig. 1. Change in remanent polarization (P,) and dielectric constant with
breakdown strength. The data were obtained from Yang et al. [11], Sun et al.
[14], Zhang et al. [16], Pan et al. [19], Zhou et al. [21] and Huang et al. [22].

the enhancement of breakdown strength and energy-storage density
could be found in PbggLlag 1(Zrg 52Tig 48)O3 (PLZT) thin films with a
‘compacted’ dense structure when compared to those in thin films with
a columnar-grain structure [8]. The recent reports indicated that a
higher energy-storage density is obtained in film capacitors with a
multilayer heterostructure due to the larger Epp value [14-18]. The
superior breakdown strength in the multilayer heterostructure could be
related to the formation of interfacial charge coupling between two
different ferroelectric layers [14,15,18] or the formed built-in electric
field at the heterointerface between ferroelectric and insulator layers
[16]. In addition, it was also revealed that the transformation of fer-
roelectric macroscopic domains into polar nano-regions (PNRs) con-
currently improved the breakdown strength and energy-storage density
[19,20]. According to above reports, there are many ways to improve
the breakdown strength of dielectric capacitors, but there are still some
problems that relate to the main cause for enhanced breakdown
strength properties. Based on the analysis of the properties in the above
studies, we have found one common point in which the increase of
breakdown strength was mainly ascribed to the decrement in dielectric
constant and/or remanent polarization, as shown in Fig. 1.

In order to further clarify the relationship between the dielectric
constant and/or remanent polarization and the breakdown strength, the
properties of thin-film capacitors based on ferroelectric Pb(Zrg 55Ti.48)
O3 (PZT) and relaxor ferroelectric PLZT have been investigated. In this
study, both films have similar deposition conditions, thicknesses, mi-
crostructures, crystalline orientation and crystalline quality. As a result,
the PLZT thin films display outstanding comprehensive energy-storage
performance (Ureco = 68.2J/cm® and 5 = 80.4%) due to the slimmer P-
E loop (or lower P,) and large Epp (3600 kV/cm) induced by the pre-
sence of PNRs in relaxor ferroelectrics. Furthermore, both the energy-
storage performance and breakdown strength show excellent thermal
stability in the relaxor PLZT thin films over a wide range of operating
temperatures (25-200 °C). The relationship between remnant polar-
ization/dielectric constant and breakdown strength is also discussed.

2. Experimental procedure

Pulsed laser deposition. Ferroelectric PZT and relaxor ferroelectric
PLZT thin films were deposited on (001)SrRuO3/SrTiO3/Si substrates
using pulsed laser deposition with a KrF excimer laser source (Lambda
Physik, 248-nm wavelength). The 20-nm-thick epitaxial StrTiO3 buffer
layer was grown by reactive molecular-beam epitaxy on a Si substrate
and acted as a seed layer for highly (001)-oriented epitaxial growth of
the subsequent perovskite layers [23].

The optimized deposition conditions of the PZT and PLZT thin films
were a laser repetition rate of 10 Hz, an energy density of 2.5 J/cm?, an
oxygen pressure of 0.1 mbar and a substrate temperature of 600 °C [24].
For the top and bottom SrRuOs; electrodes, the conditions were a laser
repetition rate of 4Hz, an energy density of 2.5J/cm? an oxygen
pressure of 0.13mbar and a substrate temperature of 600 °C. The
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thickness of the PZT and PLZT thin films was about 1 um, while the
thickness of the top and bottom SrRuO; electrodes was about 100 nm.
In this study, the conductive-oxide SrRuOs electrodes were used to
prevent the degradation of polarization and then the energy-storage
properties [25].

Fabrication of thin-film capacitors. The capacitor structures
(100 um X 100 pm) were patterned with a standard photolithography
process and structured by argon ion beam etching of the SrRuO3 top
electrodes and wet-chemical etching (HF-HCI solution) of the PZT and
PLZT films.

Analysis and characterization. The crystallographic properties of the
thin films were analyzed by X-ray diffraction (XRD) with 6-26 scans
using a PANalytical X-ray diffractometer (Malvern PANalytical) that
used Cu-Ka radiation with a wavelength of 1.5405 A. The normal op-
erating power was 1.8 kW (45 kV and 40 mA). Atomic force microscopy
(AFM, Bruker Dimension Icon) and cross-sectional high-resolution
scanning electron microscopy (SEM, Zeiss-1550, Carl Zeiss Microscopy
GmbH) were performed to investigate the surface morphology, micro-
structure and thickness of the as-grown thin films.

The P-E hysteresis loops and switching current-electric field (Is-E)
curves were collected with dynamic hysteresis measurements in a fer-
roelectric module of the aixACCT TF-2000 Analyzer (aixACCT Systems
GmbH). The capacitance-electric field (C-E) curves were measured
using a slowly sweeping dc-electric field with on top a 1 kHz ac-voltage
of 0.2V. A Keithley 4200 semiconductor characterization system
(Tektronix, Beaverton-Oregon, USA) was used for the leakage current
measurement.

3. Results and discussion

The XRD patterns for the PZT and PLZT thin films are shown in
Fig. 2a and b. The data indicate that the PZT and PLZT thin films on
SrTiO3/Si exhibited a (001) orientation. To further validate the crys-
talline quality of the thin films, the rocking curves for the (002) peaks in
the PZT and PLZT thin films were measured (Fig. 2d). The full-width at
half maximum values of the rocking curves for the (002) peaks are
~0.41° for both PZT and PLZT thin films, indicating a good crystalline
quality for the thin films. 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 [26] and is therefore an indication of
the homogeneity of the thin films.

The surface morphology and grain growth of the thin films can be
seen in Fig. 3. The results reveal that a very dense microstructure was
observed in the PZT and PLZT thin films (Fig. 3a,c). The root-mean-
square roughness (R,ys) values were calculated from the AFM images
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Fig. 2. XRD patterns for (a) PZT and (b) PLZT thin films. (c) Zoomed-in XRD
patterns near (002) peaks and (d) rocking curves for the (002) peaks of these
films.
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Fig. 3. Cross-sectional SEM and surface AFM images, respectively, for the (a,b)
PZT and (c,d) PLZT thin films.

(Fig. 3b,d) and are ~0.9 and ~ 1.6 nm for the PZT and PLZT thin films,
respectively. Combining of the results in Figs. 2 and 3 indicate that the
crystalline quality and microstructure of PZT and PLZT in this study are
similar.

A comparison of the P-E hysteresis loops at 500 kV/cm between the
PZT and PLZT thin films is illustrated in Fig. 4a. The normal ferro-
electric PZT thin films exhibit a strong ferrielectric property with a
large maximum polarization (Pp.x) of 56.8 pC/cm? and a remanent
polarization (P,) of 32.5uC/cm? and high coercive field (E.) of
25.8kV/cm. In the relaxor ferroelectric PLZT thin films, the P, gra-
dually reduces to 44.2 uG/cm?, but a sharp decrease in P, (0.66 uC/cm?)
and E. (3.82kV/cm) is observed. The good ferroelectric property in the
PZT thin films can be also observed in the switching current curve in
Fig. 4b, where the sharp switching peaks with a high intensity are ob-
tained. Meanwhile, the four switching peaks in the switching current
curve are detected in the relaxor PLZT films and indicated its anti-
ferroelectric-like behavior [27]. As explained previously, the minimized
P, and E_ values are due to the presence of PNRs in the relaxor PLZT,
which was decomposed from the macroscopic ferroelectric domains in
the normal ferroelectric PZT. Fig. 5 shows the unit cells of undoped PZT
and PLZT perovskite materials. As a donor dopant, La doping in PZT
leads to the generation of excess electrons that tend to suppress oxygen
vacancy (V,) formation according to the following equations:

Pb 2% aLap, + Vi + 2e )
Vo + 2e — null 5)

Moreover, the substitution of La>* for Pb?* ions necessarily leads
to the formation of lead vacancies (V},) at the A sites in order to
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Fig. 4. (a) P-E hysteresis loops and (b) switching current of PZT and PLZT thin
films measured at 500 kV/cm.
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maintain the charge neutrality in the PLZT unit cell [28-30] (charge
imbalance is created that must be compensated by ionic compensation
as cation Vj, vacancies, as shown in Fig. 5b). The presence of Lap,
defects near the V}, vacancies leads to immobile (V3, — Lap,) dipolar
defects within the PLZT unit cell [28]. The existence of the local dis-
order in the distribution of the cations creates a quenched random local
field. This field breaks the long-range ordered ferroelectric (macro-
scopic) domains (Fig. 6a) in ferroelectrics into the smaller PNRs
(Fig. 6b) that appear in relaxor ferroelectrics [21,31]. All the domains
are aligned along the direction of the applied electric field (E—=Eay)-
When the applied electric field is removed (E—0), the normal ferro-
electrics present a high P, value induced by a slowly back-switching of
macroscopic domains, whereas the PNRs in the relaxor ferroelectrics
are more easily returned to their random orientations due to the much
smaller size of PNRs, and therefore lead to slim polarization hysteresis
loops along with low P, and E, values.

As discussed above, in order to obtain a high energy-storage density,
a large applied electric field needs to be used. Fig. 7 shows the P-E
hysteresis loops of PZT and PLZT thin films, measured from a low
electric field up to their corresponding Egp. The Epp, values are ~1000
and ~3600kV/cm, respectively, for normal ferroelectric PZT and re-
laxor ferroelectric PLZT thin films. Similar to the previous studies, as
indicated in Fig. 1, the enhancement of maximum applied electric field
(Egp) for the PLZT thin film is also mainly ascribed to the decrement in
dielectric constant (Fig. 8a) and remanent polarization (Fig. 9c).
Moreover, the lower leakage current density observed in the PLZT thin
film (Fig. 8b) is due to the reduction of oxygen vacancies that can
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Fig. 6. Schematic diagrams of domain structure at initial stage in (a) a normal
ferroelectric, where the solid and dotted lines represent the grain boundaries
and ferroelectric domain walls, respectively, and (b) a relaxor ferroelectric,
where the PNRs are represented by the ellipse. (E—E,.x): domains are aligned
in the direction of the applied electric field; (E—0): domain configurations in
ferroelectric and relaxed ferroelectric after removing the electric field.
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Fig. 7. P-E hysteresis loops of (a) PZT and (b) PLZT thin films, measured at
various electric fields.
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Fig. 9. Prax, Pr, Pmax — Pr and E. of (a,b) PZT and (c,d) PLZT thin films as a
function of electric field.

prevent the percolating pathway of conduction, and then the Egp, value
is enhanced [11,32,33].

As shown in Fig. 9a and b, the P,,, increases gradually whereas the
P, increases slightly with increasing applied electric field. Therefore,
the (Ppax — P;) increases gradually upon increasing electric field. The
significant enhancement of the P,,,x and (Pp.x — P;) values would cer-
tainly be beneficial to improving the energy-storage density that will be
discussed in detail in the following sections. Fig. 9c and d shows the
value of coercive field (E.) for PZT and PLZT thin films with different
electric fields. It can be found that E. shows an increment trend with
increasing electric field; however, the PLZT thin film has a much
slimmer P-E loop due to the much lower E. value measured at the same
electric field. The E. values of the PZT and PLZT thin films, measured at
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Fig. 10. Dependence of energy-storage density (Usiore and Uyeco) and energy-
storage efficiency (i7) on applied electric field for (a,b) PZT and (c,d) PLZT thin
films. The data were calculated from the corresponding P-E hysteresis loops, as
indicated in Fig. 7.

an applied electric field of 1000 kV/cm, are 77.5 and 4.1kV/cm, re-
spectively.

The effect of applied electric field on the energy-storage properties
of thin-film capacitors was investigated in detail and is shown in
Fig. 10. As expected, both the energy stored per unit volume (Ug,e) and
recoverable energy-storage density (Uyeco) values increase with a larger
electric field. At 1000 kV/cm, the Ugre and Uy, are 16.5 and 10.3 J/
cm?, and 16.9 and 15.9 J/cm®, respectively, for the PZT and PLZT thin
films. Similar to the difference between the P,,.x and (Pp,ax — P;) values,
the change in the Uggre and Uyeco is also observed with increasing
electric field. However, the values of U, are closer to those of Usore,
measured at the same electric field, observed in the PLZT thin films due
to the slimmer P-E loops and the slow increase of the reduced P, value.
Therefore, although the energy-storage efficiency (i) in PLZT thin films
slightly decreases as the electric field increases, it still maintains over
91% at the electric field up to 2000 kV/cm, and down to 80.4% at the
Epp of 3600 kV/cm. In practical applications, the energy efficiency is
extremely important because higher energy efficiency ensures less en-
ergy dissipation (energy loss) during charging and discharging, which
can enhance the discharge speed. Due to the large Epp, the PLZT thin
films exhibit an ultrahigh Uy, of 68.2 J/cm?® while maintaining a high
efficiency, which makes them a promising candidate for high energy-
storage applications.

The thermal stability of dielectric capacitors is essential for effective
thermal management in power energy systems. Depending on the ap-
plication and operating environmental conditions, the capacitors may
be subjected to a wide range of temperatures from —90 to 250 °C
[34-36]. The effect of measured (operating) temperature on the energy
storage and energy efficiency have been mentioned in many reports, in
which both U,e., and 5 values were almost decreased with the incre-
ment of operating temperature [12,14,19,25,27]. However, the effect of
operating temperature on the electric breakdown strength still has not
received much attention. The thermal stability of the energy-storage
performances for the PZT and PLZT thin films was investigated under
an electric field of 500 kV/cm and in the temperature range from room
temperature to 200 °C. A slight broadening tendency of P-E loops and
reduced P, values are observed with increasing temperature, as given
in Fig. 11a and b, which signify its weak degradation of energy density
and efficiency. As shown in Fig. 11c and d, the fluctuations in Uy, and
n are about —10% and —18% for the PZT thin film, respectively, and
less than — 6% for the PLZT thin film over the above temperature range.
The excellent thermal stability of the PLZT thin film is probably related
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Fig. 11. Measured temperature dependence of (a,b) P-E loops, (c,d) energy
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PLZT thin films. The measurements were performed at 500 kV/cm and 1 kHz.
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The measurements were performed at 500 kV/cm, 1kHz and room tempera-
ture.

to the relaxor behavior with the presence of PNRs [21,37,38]. More-
over, the presence of PNRs in the relaxor PLZT thin film can also be
observed from the relationship between operating temperature and
breakdown strength of thin-film capacitors. It can be seen from Fig. 11e
and f that the Epp of the PLZT thin film gradually decreases with in-
creasing operating temperature (—12%, from 3600 to 3175kV/cm),
whereas the Egp, of the PZT thin film significantly reduces (—40%, from
1000 to 600 kV/cm). The excellent Egp, at high operating temperatures
combined with the excellent temperature stability of energy storage and
efficiency indicate that the PLZT thin film has significant potential in
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widespread applications in energy-storage applications and in various
working environments.

Long-term working stability is another significant requirement for
the application of energy storage capacitors. Fig. 12a and b shows the P-
E hysteresis loops of PZT and PLZT thin films with respect to various
charge-discharge cycles (until 10'° cycles) measured at 500 kV/cm,
1 kHz and room temperature. These results indicate that there are no
significant change in the P-E loops, resulting in the fatigue-free beha-
vior in both energy storage and energy efficiency of thin film capacitors
during electric field cycling, as shown in Fig. 12c-f. The fatigue-free
behavior of the thin film capacitors in this study is likely due to the
inhibition of the accumulation of oxygen vacancies near the film/
electrode interfaces during the charge-discharging cycling process by
using conductive metallic-oxide STRuO3 layers as the top- and bottom-
electrodes [25,39].

4. Conclusions

In summary, an ultrahigh U, of 68.2J/cm> with a large energy
efficiency of 80.4% has been achieved in the relaxor ferroelectric PLZT
thin films. The slim polarization hysteresis (P-E) loops of PLZT thin
films demonstrate a negligible P, and high (P,.x — P,) due to the pre-
sence of polar nano-regions (PNRs). Interestingly, the dielectric con-
stant and remanent polarization seem to effect the breakdown strength,
in which PNR-induced very small remanent polarization and low di-
electric constant results in excellent Egp and ultrahigh Upe., values in
the PLZT thin films. Moreover, the relaxor PLZT thin films exhibit su-
perior charge-discharge cycling performance and excellent thermal
stability in not only energy density and efficiency, but also breakdown
strength. All of these results indicate that the relaxor PLZT thin-film
capacitors are suitable for the pulse-driving energy-storage applications
in various working environments.
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