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ABSTRACT: The energy storage properties of Pb0.92La0.08-
Zr0.52Ti0.48O3 (PLZT) films grown via pulsed laser deposition
were evaluated at variable film thickness of 125, 250, 500, and
1000 nm. These films show high dielectric permittivity up to
∼1200. Cyclic I−V measurements were used to evaluate the
dielectric properties of these thin films, which not only provide
the total electric displacement, but also separate contributions
from each of the relevant components including electric
conductivity (D1), dielectric capacitance (D2), and relaxor-
ferroelectric domain switching polarization (P). The results
show that, as the film thickness increases, the material transits
from a linear dielectric to nonlinear relaxor-ferroelectric. While the energy storage per volume increases with the film thickness,
the energy storage efficiency drops from ∼80% to ∼30%. The PLZT films can be optimized for different energy storage
applications by tuning the film thickness to optimize between the linear and nonlinear dielectric properties and energy storage
efficiency.
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■ INTRODUCTION

Electrical energy storage (EES) devices are critical for powering
portable electronics and supporting renewable energy tech-
nologies. Current commercial EES devices include batteries,
dielectric capacitors, and electrochemical capacitors (or super-
capacitors). Among them, solid-state dielectric capacitors have
distinctly high power densities, very large operation voltages,
and a long cycle life. The simple structure, small footprint, low
package volume, and ease in fabrication make them particularly
suitable for integration into microelectronics which requires fast
charge−discharge (in milliseconds or smaller time scale) for
short-term power regulation. Conventional dielectric capacitors
are based on linear properties, i.e., the stored charge Q is
proportional to the product of the capacitance C and the
applied voltage V by Q = CV with C being a constant over the
applied voltage range. However, the energy density of such
linear dielectric capacitors is low (∼10−2 to 10−1 W h/kg)
compared with other EES technologies.1 One solution to this
problem is employing materials with higher dielectric constant
εr to achieve higher areal specific capacitance C0 as defined by
C0 = ε0εr/d with ε0 being the vacuum permittivity and d the
dielectric film thickness. Among possible candidates, ferro-
electric materials have attracted extensive attention due to the
orders-of-magnitude higher dielectric constant εr than that of
conventional dielectric materials.1−3 Interestingly, they present

distinctive nonlinear dielectric properties with εr (and C0)
significantly dropping at high voltage bias V (or the electric
field E). Consequently, the energy storage mechanism in
ferroelectric capacitors is quite different from conventional
dielectric capacitors.1,3

Common ferroelectric films used for capacitors include
polymers such as poly(vinylidene fluoride) (PVDF)1,4−6 and
ceramics,1−3,7,8 whose internal polarization states associated
with the orientation of dipole moment of individual domains
can be reversed under an external electric field. The domain
switching is represented by the characteristic hysteresis loop in
the polarization-electric field (P−E) curve where the polar-
ization P is the total charge involved in the process. The term P
is simplified as Q in earlier discussion on linear dielectric
capacitors. Ceramic films are particularly attractive due to their
higher εr value than polymers (∼1000 vs ∼100 or less),
superior mechanical and thermal properties, larger temperature
range for operation, and high breakdown field Eb. However, for
energy storage, the hysteresis P−E loop needs to be suppressed
in order to reduce the energy loss and therefore enhance the
overall efficiency. The need for increased efficiency has
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motivated efforts of exploring relaxor-ferroelectric materials, a
subclass of ferroelectrics.9 Like normal ferroelectrics, relaxor-
ferroelectric materials present a permanent dipole moment in
individual domains.7,9,10 However, their domain sizes are on the
order of nanometers instead of micrometers like those of
typical ferroelectric materials. Thus, it takes much less energy to
align the dipole moment with the external electric field, leading
to smaller coercive field Ec and lower remnant polarization Pr in
the typical P−E loop.1,3,10

One type of particularly interesting ceramic relaxor-ferro-
electric material is lanthanum-doped lead zirconium titanate
(PLZT),11,12 an A-site substituted form of lead zirconate
titanate (PZT). It is a well-known member of the perovskite
family and shows great potential in applications such as
nonvolatile random access memories, microwave devices, and
electromechanical or photomechanical transducers.13−15 In
particular, research has been focused on its energy storage
ability owing to its high permittivity and low remnant
polarization.3,12,16 Hao et al. reported an energy density up to
28.7 J/cc and with an areal capacitance density of 925 nF/cm2

for 1 μm thick Pb0.91La0.09(Ti0.65Zr0.35)O3 (PLZT 9/65/35)
films on platinum-buffered silicon substrates.12 Tong et al.
obtained comparable results with a maximum energy density of
22 J/cc with an electrical energy storage efficiency of 77% for a
3 μm Pb0.92La0.08(Zr0.52Ti0.48)O3 (PLZT 8/52/48) film
deposited on a lanthanum nickel oxide buffer layer covered
nickel substrate (LNO/Ni).3 These results show very high
energy storage capabilities approaching that of electrochemical
capacitors. However, the PLZT films in both studies were
produced via sol−gel methods which often introduce defects
during the fabrication process, such as residual fine pores,
hydroxyls, and cracking during the drying stage. Moreover,
many sol−gel methods require long fabrication time, large
amount of precursors, and high cost for materials which may
make them inadequate for large scale production.
Here we report the study of energy storage properties of

high-quality epitaxial PLZT (8/52/48) thin films (from ∼100
to 1000 nm) grown by pulsed laser deposition (PLD), a
potentially scalable technique. These PLZT films contain
substatially fewer crystallographic defects, especially a reduction
in the number of large-angle grain boundaries.17−19 However,
since the thickness is near the scale of grain boundaries, the
current passing through these PLZT films contains significant
leakage current due to the finite electric conductivity8,20,21 and
capacitive charge−discharge current due to the linear dielectric
permittivity,22,23 which are superimposed with the conventional
polarization measurement due to relaxor-ferroelectric domain
switching as observed in thicker films. The relative contribu-
tions from each component should depend on the film
thickness. The leakage current and linear dielectric charge−
discharge current should decrease when the film thickness is
increased, and the complicated nonlinear ferroelectric current
should begin to dominate. It is difficult, perhaps even
impossible, to separate the three components of leakage,
charge−discharge, and nonlinear ferroelectric current using
conventional P−E measurements. Therefore, we adapt a
method based on cyclic current−voltage (I−V) measurements
by applying triangular voltage waveforms using simple
potentiostats. The contributions of three components are
extracted on the basis of their characteristic I−V features as
described by Yan et al.22 Our results reveal that, for PLZT
thickness increasing from 125 to 250, 500, and 1000 nm, PLZT
transits from an approximately linear dielectric to a largely

nonlinear relaxor-ferroelectric behavior. Accordingly, the energy
storage density and efficiency are significantly altered. This
result is important toward understanding the energy storage
properties of the PLZT thin films and to the best of our
knowledge, this is the first work to use the cyclic I−V method
to investigate the energy storage capability of a relaxor-
ferroelectric thin film.

■ EXPERIMENTAL SECTION
PLZT films were grown at 650 °C under 225 mTorr oxygen partial
pressure on (001) Nb doped STO (Nb:STO) or (100) LaNiO3
(LNO), which also serves as the bottom electrode, on LaAlO3
substrate using a pulsed laser deposition (PLD) system with KrF
excimer laser (wavelength of 248 nm and pulse width of 25 ns) as
described before.19 The average laser pulse energy density was 2 J/cm2

with laser repetition rate of 10 Hz. After deposition, the films were in
situ annealed at 600 Torr oxygen and 650 °C for half an hour to
reduce oxygen vacancies before cooling down to room temperature.
Top electrodes were formed using 10 nm Pt followed by 80 nm Au
deposited by electron-beam evaporation through a shadow mask to
define 400-μm-diameter circular electrode area. X-ray diffraction
(XRD) profiles were taken using a Bruker AXS D8 diffraction system.
The topography of the PLZT film was measured with an atomic force
microscope in tapping mode (WiTec Alpha300, Germany).

For validation of the ferroelectric properties, the PLZT films were
first measured using the conventional method with a Radiant Premier
II tester (Albuquerque, NM) at 100 Hz with an applied electric field of
−160 to 160 kV/cm. The data are presented in the form of a typical
P−E hysteresis loop in Figure S1a of Supporting Information.
Permittivity and dielectric loss, as shown in Supporting Information
Figure S1b, were measured at 10 kHz with an Agilent E4980A
Precision LCR Meter.

Cyclic I−V measurements of 125 and 250 nm PLZT films were
conducted using a 760E Bipotentiostat (CH Instruments Inc., Austin,
TX) and those for the thicker PLZT films (500 nm and 1 um) using a
PARSTAT 2273 Analyzer (Princeton Applied Research Corporation,
Oakridge, TN). The voltage range for each instrument above is about
±6 V and ±10 V, respectively. All measurements were conducted in a
two-electrode setup with the bottom electrode connected through a
copper plate underneath the sample. A tungsten microprobe was
brought into contact with the top electrode using a XYZ Micro-
manipulator (Quarter Research, Bend, OR). The voltage ramping rate
υ of the triangular waveform was fixed at a value between 100 and
2000 V/s. The electric displacement D was calculated by dividing the
integrated area under the I−V curve with υ and present in D−E loops.

■ RESULTS AND DISCUSSION
X-ray diffraction confirmed the PLZT films are (001)-oriented
epitaxial with the in-plane (100) and (010) axes aligned with
that of Nb:STO or LNO electrode layers, as shown in Figure
1a. The XRD θ−2θ profile was measured with a tilt angle at 45°
with respect to the normal of the film. The average surface
roughness of PLZT film is around 10 nm over an area of 10 ×
10 μm2 from atomic force microscopy measurement as shown
in Figure 1b. A TEM image of the lateral view of a
representative 500 nm PLZT film sample in Figure 1c shows
the exact thickness and columnar structure.
Figure 2a shows a typical P−E loop for the 500 nm PLZT

film measured with the conventional Radiant Premier II tester
at 100 Hz between an applied field of −160 to 160 kV/cm (i.e.,
Emax = 160 kV/cm). The shape of the hysteresis loop validates
that the PLD grown PLZT film behaves as a relaxor-
ferroelectric material under such unsaturated polarization
conditions, as described within previous publications.3,10 The
values of the coercive field Ec and remnant polarization Pr are
24 kV/cm and 3.6 μC/cm2, respectively, which are slightly

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506247w | ACS Appl. Mater. Interfaces 2014, 6, 22417−2242222418



smaller than those reported values of 1-μm-thick PLZT film by
a sol−gel process under the similar Emax.

12 The observed higher
nonlinearity is attributed to the high domain mobility in
epitaxial PLZT thin films.19

The energy storage properties of the thin-film PLZT are
schematically illustrated in Figure 2b with quadrant I of the P−
E loops for the 500 nm (1) and 125 nm (2) PLZT films. The
shaded region between the discharge loop and the line at max
polarization Pmax represents the recoverable electrical energy
density Ureco in units of J/cc, which can be calculated by
integrating the area between Pr and Pmax by

1,3,10,11

∫=U E Pd
P

P

reco
max

r

(1)

The total energy stored Ustore can be determined in a similar
way by integrating the area between the charging polarization
curve and the Pmax line, which consists of the shaded region plus
the area inside the loop. The electrical energy storage efficiency
η is thus determined by

η = ×
U
U

100%reco

store (2)

Since the permittivity is defined by the general relationship ε0εr
= dP/dE, the recoverable electrical energy density can be
defined as

∫ ε ε=U E Ed
E

reco

0

0 r
max (3)

For a relaxor-ferroelectric material, εr is a function of E. As
shown in Supporting Information Figure S1b, the 500 nm
PLZT film presents a very high εr (∼1300) that peaked at the
electric field around Ec and quickly drops to ∼650 at E = 100
kV/cm. The permittivity curves shift in opposite direction in
correlation with the P−E loop in Figure 2a and Supporting
Information Figure S1a. In contrast, in a linear dielectric
capacitor, the P−E loop diminishes, and thus the stored energy
can be completely recovered. In addition, the polarization curve
superimposes onto a straight line with P = C0V = C0Ed = ε0εrE,
where C0 = (ε0εr)/d is the area-specific capacitance.
Incorporating this result within eq 3 gives the simple and
commonly known formula for volume-specific energy density
of linear dielectric capacitors:
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Unfortunately, the linear dielectric capacitor is limited in energy
storage, which is typically several orders of magnitude smaller
than for some materials, due to the much lower εr. It is of
interest to investigate how the dielectric properties of the PLZT
films can be tailored by tuning the film thickness so that
optimum energy storage properties can be achieved within the
material system as it transits form a linear dielectric to relaxor
ferroelectric.
It should be noted that the polarization P in the P−E curves

shown in Figure 2 and Supporting Information Figure S1a
should be more precisely referred to as electric displacement D,
which consists of three contributions: electric conductivity D1,
dielectric capacitance D2, and domain switching ferroelectric
polarization P.22 In conventional thick ferroelectric films, D1

Figure 1. (a) X-ray diffraction pattern of PLZT deposited by pulsed
laser deposition on Nb:STO substrate measured with a 45° tilt angle.
(b) Topographic image by atomic force microscope of the PLZT film.
(c) A transmission electron microscopy image of the cross-sectional
view of the PLZT film.

Figure 2. (a) P−E hysteresis loop of the 500 nm PLZT film measured
using the conventional method and a Radiant Premier II tester shows
the representative relaxor-ferroelectric behavior with characteristic
coercive field (Ec and −Ec) and remnant polarization (Pr and −Pr). (b)
Schematic illustration of the energy storage characteristics obtained
using the P−E hysteresis loops of a 500 nm PLZT film (curve 1) in
comparison with a 125 nm PLZT film (curve 2).
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and D2 are negligible, and thus, only P is presented. For thin
relaxor-ferroelectric films with the thickness less than 1000 nm,
the leakage current (D1)8,20,21 and dielectric capacitive current
(D2)22,23 become significant since both are inversely propor-
tional to the film thickness. For relaxor-ferroelectric thin films,
the nanoscale grain structure and defects make them highly
susceptive to leakage current, and high εr values make the
dielectric capacitance significant (with C0 = (ε0εr)/d). However,
conventional P−E measurements only record the total D and
are inadequate for providing insights into the individual factors.
This issue can be resolved using cyclic I−V measurements

using a triangular voltage waveform, as described by Yan et al.22

The contributions of all three components can be separated by
their characteristic I−V features illustrated in Figure 3. Figure

3a,b shows the I−V curves at scan rate υ of 500, 1000, and 2000
V/s from two representative PLZT films with 125 and 500 nm
thickness, respectively. I−V characteristics for all four film
thickness (125, 250, 500, and 1000 nm) are shown in
Supporting Information Figure S2 for direct comparison. The
measurements were conducted at about ±2 V and ±8 V,
respectively, to maintain the same maximum electric field Emax
at ±160 kV/cm (below the breakdown field Eb as shown in
Supporting Information Figure S3). Clearly, the I−V curve
from a completed cycle of the 125 nm PLZT film presents a
shape close to a rectangular box, which is characteristic of
simple linear dielectric capacitors. In contrast, the I−V curve of
the 500 nm PLZT film is dominated by a pair of broad waves
that peaked at ∼2.0 V in the forward scan and at ∼0.5 V in the
reverse scan. The electric displacement D can be calculated by
integrating the area under the I−V curve and then dividing by
the scan rate υ. For clear view, the contributions of D1, D2, and
P are marked by different shaded areas under the forward scan
curve at 2000 V/s for both samples.
The I−V curve of an ideal linear dielectric capacitor should

be a rectangular box except for small rounding at the two
voltage limits due to the RC delay when the polarity is reversed.
The magnitude of the current density is a constant during the
scan and is proportional to the scan rate (i.e., i0 = C0 × υ).
Indeed, the baseline current density in both parts a and b of
Figure 3 linearly increases with the scan rate. The D2
contribution is much larger in 125 nm PLZT film than that
in the 500 nm one. For both PLZT samples, the baseline has a
slope. The slope of the line can be extrapolated from the two
ends of the I−V curve to add a triangular area attributed to D1
on top of the dielectric boxes. The straight line is simply the
Ohmic effect due to the electric conductivity of the PLZT film.
From the slope of the baseline, the resistivity ρ of the PLZT
film can be calculated to be 1.6 × 108 and 2.9 × 108 Ω cm for
125 and 500 nm, respectively. These values are smaller than
∼8.3 × 1010 Ω cm resistivity of the sol−gel deposited 1-μm
PLZT film derived from the stable leakage current in a previous
study.12 It is worth noting that the dynamic current at high scan
rate (2000 V/s) is expected to be nearly 10 times higher.12 The
high crystallinity of the PLZT film by PLD may also give higher
conductivity.19

The remaining area under the I−V curve is from the wave
feature attributed to domain switching polarization P. This area
is rather small in the 125 nm PLZT film but becomes
prominent in the 500 nm PLZT film. The shape and peak
voltage of the I−V waves in the 500 nm sample is sensitive to
the history and the voltage bias conditions Vmax, but its peak
area remains about the same and proportionately increases with
the scan rate υ. The domain switching peaks in the charging
and discharging cycles, however, are not symmetric to zero
voltage with values of ∼2.0 and −0.5 V, respectively, indicating
an asymmetrical pull of domain switching between the charging
and discharging cycles. This is likely due to voltage and charge
offsets by effects of strain gradient as a result of epitaxial
stresses when sandwiched between two different substrates or
electrode materials.24,25 The asymmetrical I−V feature is even
more prominent with the 1000 nm PLZT film showing peaks at
∼7.0 and 0 V, respectively (see Supporting Information Figure
S2d).
The total electric displacements derived from one I−V cycle

of both 125 and 500 nm samples are presented in Figure 3c in
the form of D−E curves. The D−E loop of the 500 nm PLZT
film is very similar to the conventional P−E loop shown in

Figure 3. Cyclic I−V curves for the 125 nm (a) and 500 nm (b) PLZT
films, depicting the contributions to the total dielectric displacement
by electric conductivity D1, linear dielectric capacitance D2, and
relaxor-ferroelectric domain switching polarization P. The measure-
ments were performed by applying triangular waveforms at a constant
cycling rate of 500, 1000, and 2000 V/s, respectively. (c) The electric
displacement to electric field (D−E) loops for the 500 nm (curve 1)
and 125 nm (curve 2) PLZT films derived by integrating the charges
under the I−V curves.
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Figure 2a, with comparable Pr (3.6 μC/cm2), Ec (24 kV/cm),
and Pmax (∼18 μC/cm2). Interestingly, the D−E loop of the
125 nm PLZT film is significantly suppressed, showing smaller
values for Pr (0.63 μC/cm2), Ec (15 kV/cm), and Pmax (∼6.1
μC/cm2). The forward and reverse curves come close to
forming a straight line. The small loop is attributed to the small
ferroelectric waves and the small leakage current in the I−V
curve superimposed on the dominant dielectric box. Clearly,
the 125 nm PLZT film behaves closer to a linear dielectric
capacitor while the 500 nm PLZT film is dominated by relaxor-
ferroelectric properties. The Pr and Ec values at the same Emax
show approximately a linear relationship with the PLZT film
thickness (see Supporting Information Figure S4).
As shown in Figure 4a, the total electric displacement value

D per unit of lateral area derived from the I−V measurements

at the Emax = 160 kV/cm monotonically increases from ∼12 to
∼52 μC/cm2 as the PLZT film thickness is increased from 125
to 1000 nm. The rate of increase reduces as the thickness
becomes larger. Furthermore, the contributions by D1, D2, and
P show very different dependence on the film thickness. In
theory, the leakage displacement D1 at the same Emax (=160
kV/cm) should linearly increase with the film thickness d due
to the Ohmic relationship D1 = (Emax

2/ρυ)d if the resistivity ρ
is a constant for each thickness. The data for the films is
consistent with this assumption with the exception of the 1000
nm PLZT film. The dielectric displacement D2, on the other
hand, is expected to be independent of the film thickness as
defined by D2 = C0Vmax = ε0εrEmax if the dielectric permittivity

εr is a constant over all thicknesses. This assumption appears
valid for the observed D2 values which randomly vary within
±4 μC/cm2 from an average value of ∼15 μC/cm2. The
relaxor-ferroelectric polarization P shows the largest change
versus film thickness in concert with the D1 value. At 125 nm,
there is minimum domain switching and negligible P value.
This may be attributed to two factors: (1) suppression of
domain wall motion by the mechanical strain/stress from
substrate clamping and pinning of grain boundaries, and (2) the
effects from an interfacial layer, as reported in a thickness
dependence study of BiFeO3 ferroelectric films.8 The P value
jumps to 15.2 μC/cm2 for the 500 nm PLZT film and slightly
drops to 14.9 μC/cm2 for the 1000 nm PLZT film. These
values correlate well with the area under the broad I−V wave
curves in Figure 3a,b and Supporting Information Figure S2.
Overall, the 1000 nm PLZT film shows the highest total
displacement D.
For energy storage applications, the high displacement value

needs to be supported through high volumetric recoverable
density Ureco and high energy storage efficiency η, which can be
calculated with eqs 1 and 2, respectively. Due to the film
thickness, the Emax in this study was set at ∼160 kV/cm, just
below the breakdown field Eb as shown in Supporting
Information Figure S3. Since it is known that Ureco is linearly
proportional to Emax,

3,12 the normalized value Ureco/Emax (i.e.,
the proportional coefficient) is plotted in Figure 4b for ease of
comparison with previous studies using much higher Emax on
thicker films.3,12 The 500 and 1000 nm PLZT films show much
higher Ureco/Emax values than those at 125 and 250 nm, at 5.8
and 5.1, (J/cc)/(MV/cm), respectively. These values are not far
from 11.9 and 13.3 [(J/cc)/(MV/cm)] with sol−gel deposited
PLZT films of 3 and 1 μm thickness, respectively.3,12 On the
other hand, the thinner films show much higher energy storage
efficiency at 75% (125 nm) and 77% (250 nm) compared to
thicker films at 42% (500 nm) and 34% (1000 nm). There is a
clear transition in energy storage efficiency from 250 to 500 nm
thickness in correspondence with changing from close to linear
dielectric properties to nonlinear relaxor-ferroelectrics.

■ CONCLUSION

It has been shown that the energy storage properties of the thin
PLZT films deposited using pulsed laser deposition can be
optimized by tuning the film thickness. Cyclic I−V measure-
ments were used to determine the electric displacement and
evaluate the contributions from electric conductivity, linear
dielectric displacement, and nonlinear relaxor-ferroelectric
domain switching. The D−E hysteresis loops constructed by
integrating the charge under the I−V curves show consistent
features with conventional P−E loops with characteristic
coercive field and remnant polarization of relaxor-ferroelectric
materials. As the film thickness increases from 125 to 1000 nm,
the PLZT film shifts from the behavior close to that of a linear
dielectric to relaxor-ferroelectric properties. The thicker PLZT
films at 500 and 1000 nm thickness show much higher
recoverable energy storage density, but thinner films (at 125
and 250 nm) present higher energy efficiency. There is a trade-
off between the linear dielectric properties and nonlinear
relaxor-ferroelectric properties for electrical energy storage.
Future work on temperature dependence of the PLZT thin
films and study of larger film thickness will be used to further
optimize this material for solid-state energy storage system.

Figure 4. (a) Total electric displacement D and the contributions from
electric conductivity D1, linear dielectric capacitance D2, and relaxor-
ferroelectric domain switching polarization P versus the film thickness.
(b) The energy storage efficiency and volumetric density (J/cc)
normalized with the max electric field strength Emax (MV/cm) for
different PLZT film thicknesses.
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