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High-quality epitaxial Pb0.92La0.08Zr0.52Ti0.48O3 (PLZT) films of thickness of �880 nm were

fabricated using pulsed laser deposition on (001) Nb doped SrTiO3 (Nb:STO) substrates. Besides a

confirmation of the epitaxial relationship [100]PLZT//[100]Nb:STO and (001)PLZT//(001)Nb:STO using

X-ray diffraction, a transmission electron microscopy study has revealed a columnar structure

across the film thickness. The recoverable energy density (Wrec) of the epitaxial PLZT thin film

capacitors increases linearly with the applied electric field and the best value of �31 J/cm3

observed at 2.27 MV/cm is considerably higher by 41% than that of the polycrystalline PLZT film

of a comparable thickness. In addition to the high Wrec value, an excellent thermal stability as illus-

trated in a negligible temperature dependence of the Wrec in the temperature range from room tem-

perature to 180 �C is achieved. The enhanced Wrec and the thermal stability are attributed to the

reduced defects and grain boundaries in epitaxial PLZT thin films, making them promising for

energy storage applications that require both high energy density, power density, and wide opera-

tion temperatures. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967223]

Considerable interests have focused on the development

of high-efficiency electric energy storage devices and sys-

tems to meet the increasing demand for renewable energy.1–4

Among the electrical energy storage devices, dielectric

capacitors have attracted much attention due to their applica-

tions in decoupling and DC-link capacitors, AC/DC convert-

ers, and portable power electronics for the advantages of

high operation voltage, high power density, and low weight

and volume.4–7 For a dielectric capacitor, high dielectric

constant, high breakdown electric field, as well as low rem-

nant polarization are desired for achieving high recoverable

energy density Wrec and energy conversion efficiency g.8,9

Although high-k dielectric oxide films exhibit high break-

down strength of 3–12 MV/cm and almost fully recoverable

energy efficiency,6 the relatively low dielectric constant on

the order of ten leads to a moderate recoverable energy den-

sity around 1–2 J/cm3.7 Ferroelectrics are promising for

higher energy density than linear dielectrics, since their

dielectric constant is larger than that of the linear dielectrics

by one or two order in magnitude.7,10–12 Among them, the

PbZrO3-based ferroelectric films, such as (Pb, La)(Zr, Ti)O3,

(Pb, La)(Zr, Sn, Ti)O3, and (Pb, Nb)(Zr, Sn, Ti)O3, exhibit

high energy density (10–85 J/cm3) at room temperature, and

have been considered the most promising candidates for

applications in high-power energy storage.13–22 However,

the high energy density (�85 J/cm3) only can be achieved at

room temperature due to lower breakdown voltage at higher

temperature,22 and by far, the vast majority of investigations

on PbZrO3-based ferroelectric thin films are focused on the

energy storage properties at room temperature. In practical

applications, the device operation temperature may fluctuate

within a certain range. For example, the working temperature

is up to �140 �C for power electrics in hybrid electric

vehicles.8,16 This makes thermal stability of the energy stor-

age capacitors an important parameter and has prompted

some interesting studies recently.

Pb0.96La0.04Zr0.98Ti0.02O3 antiferroelectric thin film exhib-

its a weakly temperature-dependent Wrec of over 10 J/cm3

from room temperature to 225 �C. Moreover, PbZrO3 and

Pb0.97La0.02Zr0.95Ti0.05O3 antiferroelectric film also exhibit a

good temperature stability of energy density. However, the

Wrec of the Pb-based antiferroelectric thin film is usually less

than �20 J/cm3, because of the low breakdown strength in a

wide temperature range.9,22,23 The need for increased Wrec and

g in a wide temperature range has motivated the efforts of

exploring relaxor ferroelectric materials, a subclass of ferro-

electrics. The domain sizes of relaxor ferroelectrics are on

order of nanometers instead of micrometers like those of typi-

cal ferroelectric materials, leading to smaller coercive field and

lower remnant polarization in the typical P-E loop. Relaxor

ferroelectric system also has an important superiority in the

Curie temperature becoming broad, and hence its properties

are not highly dependent on temperature. Polycrystalline

Pb0.92La0.08Zr0.52Ti0.48O3 (PLZT) relaxor ferroelectric film

(1–3 lm) exhibits a good thermal stability of energy density

(�22 J/cm3) from room temperature to 200 �C.8 However, the

polycrystalline film quality limits its breakdown strength, and

hence induce a low Wrec.
9 In the polycrystalline film, there are

many defects, grain boundaries, crystal orientations or fine

pores, which not only assist in electron penetrating the film,

but also influence its thermostability due to the defects that are

a)Authors to whom correspondence should be addressed. Electronic addresses:

chunrui.ma@mail.xjtu.edu.cn and m.liu@mail.xjtu.edu.cn

0003-6951/2016/109(19)/193904/5/$30.00 Published by AIP Publishing.109, 193904-1

APPLIED PHYSICS LETTERS 109, 193904 (2016)

http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
http://dx.doi.org/10.1063/1.4967223
mailto:chunrui.ma@mail.xjtu.edu.cn
mailto:m.liu@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4967223&domain=pdf&date_stamp=2016-11-08


very sensitive to temperature. For example, the grain boundary

can change the control mechanism of electrical behavior with

increasing temperature.24 Compared to the polycrystalline

films, the epitaxial film, as an alternative for single crystal, can

reduce the influence of defects and hence improve the thermo-

stability of energy storage properties. It has been reported that

the density of defects is reduced, and the mobility of the

domain wall is improved in epitaxial PLZT thin films.25 This

means that the higher energy density can be expected in epi-

taxial thin films, together with comparable or even better ther-

mal stability. Motivated by this, we have investigated the

energy density of the epitaxial PLZT thin films of �880 nm in

thickness in the temperature range from room temperature to

180 �C and found that a high energy density up to �31 J/cm3

can be achieved in the entire range of the temperature, which

represents a 41% enhancement relative to the polycrystalline

case.8

PLZT films of thickness 880 nm were fabricated using a

pulsed laser deposition (PLD) system with KrF excimer laser

(wavelength of 248 nm and pulse width of 25 ns). The films

were grown at 680 �C under 150 mTorr oxygen partial pres-

sure on (001) Nb doped SrTiO3 (Nb:STO). The laser pulse

energy density was around 2 J/cm2 and the repetition rate was

5 Hz. After the deposition, the films were in situ annealed

under 350 Torr oxygen pressure at the growth temperature for

20 min to reduce oxygen vacancies before natural cooling

down to room temperature. Platinum top electrodes with a

thickness of 100 nm were deposited by sputtering through a

shadow mask to define a set of square top electrodes of 200 lm

side length. The samples with Pt top electrodes were annealed

at 450 �C in air for 5 min for electrode conditioning. The crys-

tallinity of PLZT thin films was characterized using a high-

resolution X-ray diffraction system (HRXRD, PANalytical

X’Pert MRD). The microstructure of the sample was character-

ized using a high resolution transmission electron microscopy

(HRTEM, Jeol JEM-2100 TEM). A Radiant Technologies

Precision Multiferroic tester with a heater station was used to

determine the energy storage properties of PLZT thin films at a

different temperature. The steady-state current density at differ-

ent temperatures was characterized using this system.

Figure 1(a) shows a typical XRD h–2h profile of the

PLZT thin film on the (001) Nb:STO substrate. Only (00l) can

be found in the h–2h scan, revealing that the PLZT thin film is

c-axis oriented. The rocking curve of the PLZT (001) peak was

taken and the full width at half-maximum (FWHM) value (the

inset of Figure 1(a)) is around 0.38�, indicating that the PLZT

thin film has a high quality. The u scan measurements were

used to determine the in-plane epitaxial relationship between

the PLZT thin film and the Nb:STO substrate. Figure 1(b) illus-

trates the {011} reflections of the PLZT and Nb:STO, respec-

tively. The fourfold symmetry reflections with well-defined

sharp peaks are clearly seen, indicating that the PLZT films

have a good single crystallinity and excellent epitaxial nature.

The biaxial epitaxial relationship with the substrate is

[100]PLZT//[100]Nb:STO (in-plane) and (001)PLZT//(001)Nb:STO

(out-of-plane). Based on the reciprocal space mappings

(RSMs) data (Figures 1(c) and 1(d)), the in-plane and out-of-

plane lattice constant of PLZT film is estimated to be 4.060 Å

and 4.065 Å, respectively, which is comparable to the lattice

constant of the bulk PLZT material c¼ 4.068 6 0.005 Å.26

This indicates that the interface strain induced by the lattice

mismatch between the film and the substrate is almost relaxed

at the film thickness of �880 nm through the formation of mis-

fit dislocations and other defects. Figure 1(e) displays an over-

view microstructure of the PLZT films on the Nb:STO

substrates, viewed along the [010] zone axis of Nb:STO. Au

and Pt are deposited on the film to prevent the accumulation of

charge at the film during the TEM study. The sharp film-

substrate interface is clearly visible. The columnar structured

growth dominates in the PLZT thin films as reported previ-

ously,8,25 and the columnar grains in the PLZT films are mostly

perpendicular to the substrate. In the columnar structured ferro-

electric thin films, the uniformly polarized crystallites could

be easily realized.27,28 The selected-area electron diffraction

FIG. 1. (a) Typical XRD pattern of

PLZT films grown on (001) Nb:STO

substrate. The inset of (a) is a rocking

curve from the (001) reflection for the

PLZT Film. (b) The u scans taken

around the {011} diffraction of PLZT

film and Nb:STO substrate. (c) and (d)

The reciprocal space mappings taken

around from the symmetric (001) and

asymmetric (103) reflections of PLZT

film and Nb:STO substrate, respec-

tively. (e) The cross section TEM

images and the SAED patterns taken

from the areas covering the interfaces

between the films and substrates.
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(SAED) pattern of a PLZT/Nb:STO sample was recorded

along the [010] zone axis of Nb:STO. The splitting of diffrac-

tion spots of PLZT and Nb:STO can be detected, indicating

that the strain relaxation occurs in the PLZT/Nb:STO hetero-

structure, which is consistent with the XRD measurement.

Figure 2(a) shows the P-E loops of epitaxial PLZT thin

film measured at room temperature (�25 �C) with applied

voltages of 120 V, 160 V, and 200 V, respectively. The data

reveals the epitaxial PLZT thin film has well-defined and

slim hysteresis curves, which is characteristic of relaxor fer-

roelectric materials and favorable to low-loss energy storage.

As shown in Figures 2(b) and 2(c), both the maximum polar-

ization Pmax and the remnant polarization Pr increase with

increasing applied electric field because a larger applied

electric field leads to an increased domain wall movement

and better electric dipole alignment in the epitaxial PLZT

thin films. Both Wrec (as highlighted in Figure 2(a) by the

shaded area) and g are plotted in Figure 2(d) as a function of

the applied electric field. It is found that the Wrec steadily

increases, and the g almost keeps a constant with the increase

of applied electric field. The highest values of Wrec� 31.5

J/cm3 and g� 76.4% were demonstrated, respectively, at the

upper limit of the applied electric field Emax¼ 2.27 MV/cm

in this work. It is found that the breakdown strength is higher

than that in the polycrystalline films with a comparable

thickness (�1 lm, 2.0 MV/cm),8 thus making the Wrec and g
remarkably improved by 46.5% and 21.2%, respectively.

The enhanced breakdown strength probably relates to the

improved film quality. From the microstructure analysis

(Figure 1), there are no grain boundaries, porosity in the epi-

taxial film, which prevents the electric tree from penetrating

the film by grain boundaries or porosity and thus increases

the breakdown strength.9,29

To investigate the thermal stability of epitaxial PLZT

thin films, the temperature-dependent P-E loops at the fixed

Emax¼ 2.27 MV/cm are measured and shown in Figure 3(a).

Both the maximum polarization Pmax (black) and the

remnant polarization Pr (red) increase as the operating tem-

perature increase (Figure 3(b)). This trend can be explained

by the thermal activation energy theory of the domain wall

movement. The higher thermal energy at an increased tem-

perature facilitates the ferroelectric domain movement and

hence increases the maximum and remnant polariza-

tions.30,31 The calculated Wrec and g at different temperatures

in the tested temperature range are summarized in Figure

3(c). The former (black) remains approximately a constant at

around 31 J/cm3 in almost the whole temperature range

except a slight decrease by 6.3% at 180 �C. In contrast, the

latter (blue) decreases monotonically from 76.4% to 53.2%

as the temperature increased from room temperature to

180 �C due to the increasing contribution of the electric con-

duction part.32 This thermal stability of the energy density is

remarkable and represents a significant improvement over

that in previous reports on ferroelectric film capacitors.

For example, a decreasing trend in the energy density from

22 J/cm3 to 18 J/cm3 as temperature increased from 20 �C to

120 �C was reported by Wang et al. on polycrystalline PLZT

(2/98/2) thick films (2 lm) due to the decrease of the maxi-

mum polarization and the increase of the coercive field.33

Also, a decreasing energy density from 53 J/cm3 to 37 J/cm3

as the temperature increases from 25 �C to 150 �C was

reported by Ma et al. on polycrystalline PLZT (8/95/5) anti-

ferroelectric thick film (1 lm) due to the electric field-

induced antiferroelectric to ferroelectric transition that is

very sensitive to temperature. Although a stable temperature

independent energy storage densities were achieved in poly-

crystalline PLZT (8/52/48) relaxor ferroelectric films, the

relatively poor film quality, like grain boundaries, crystalline

orientation and cracks, induce lower breakdown strength in

wide temperature range, and hence lower energy density

(21.5 J/cm3, 1 lm).8 Compared to the polycrystalline film,

the high quality epitaxial PLZT film effectively reduces the

effect from these exterior factors, which can be easily

affected by temperature, and hence makes the breakdown

FIG. 2. (a) P-E loops at different

applied electric field. (b) and (c) Electric

field dependent maximum polarization

Pmax and remnant polarization Pr,

respectively. (d) Electric field dependent

recoverable energy density (black) and

efficiency (blue) of epitaxial PLZT thin

films.
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strength increase in wide temperature range, leading to a

superior thermostability of energy density. In order to further

understand the observed thermal stability of the energy den-

sity, the steady-state current density js of the epitaxial PLZT

thin film at different temperatures was extracted from the

leakage current density ( j ¼ js þ j0t�n ) measured 1 s after

the application of the electric field (Edc¼ 0.11 MV/cm). As

shown in Figure 3(d), the leakage current density increases

as the operating temperature is increasing, since the thermal

activation energy assists the electron hopping in the films,

and hence increase the leakage current density. It is noted

that the leakage current density in epitaxial PLZT film is a

little larger than that in polycrystalline PLZT film due to the

reduced activation energy �0.20 eV (�0.29 eV for the poly-

crystalline PLZT films), obtained by fitting the data using

Arrhenius equation js ¼ Ce�
Ea
kT , where C is a constant, Ea is

the activation energy, k is the Boltzmann constant.34 The

decreased activation energy results from the high mobility of

dipole domain in the epitaxial PLZT film, which can assist

electron transport. Although the reduced activation energy

makes the leakage current density increase, it is low enough

to support the use of our thin-film capacitors over a wide

range of temperature.

The dynamic hysteresis and energy storage properties of

the epitaxial PLZT thin film over frequency from 100 Hz to

1 MHz at room temperature under 1.14 MV/cm electric field

are shown in Figure 4. From Figure 4(a), it can be seen that

the P-E loops become thinner with the increase of operating

frequency due to the interfacial space charge layers widening

the P-E loop at low frequency and induce larger hysteresis

loss, leading to the lower g.21 The Pmax and Pr of the epitaxial

PLZT thin film decrease as the frequency increase due to the

contribution of space charge polarization decrease, which is

the same as the behavior of PLZT (4/98/2) thin film.21 The g
almost keeps a constant (�75%) when the frequency is above

1 kHz, at which there is an absence of space charge polariza-

tion. This behavior is similar to the PLZT (4/98/2) and PLZT

(2/95/5), expect the relative higher g due to reduced defects

through epitaxy.9,21 In contrast, the Wrec fluctuates between

11.6 J/cm3 and 10.6 J/cm3, which demonstrates that the Wrec

is weakly frequency-dependent. The data measured in the test

temperature range (25 �C–180 �C) exhibit similar behaviors.

These results indicate that the epitaxial PLZT thin film is a

better promising candidate for the capacitive energy storage

in a wide temperature and frequency range.

In summary, high quality epitaxial PLZT thin film

capacitors were obtained on conductive Nb:STO substrates

(bottom electrode) using PLD, followed with Pt top electrode

deposition using sputtering. Thermal stability of the energy

FIG. 3. (a) P-E loops at a different

temperature with a fixed electric field

2.27 MV/cm. (b) Temperature depen-

dent maximum polarization Pmax (black)

and remnant polarization Pr (red). (c)

Temperature dependent recoverable

energy density (black) and efficiency

(blue) of epitaxial PLZT thin films.

(d) Steady-state leakage current den-

sity as a function of temperature.

FIG. 4. (a) Selected P-E loops at different frequencies with a fixed electric

field 1.14 MV/cm. (b) Frequency-dependent energy storage density (black)

and efficiency (blue) of the epitaxial PLZT thin film.

193904-4 Hu et al. Appl. Phys. Lett. 109, 193904 (2016)



storage properties was evaluated in the temperature range

from room temperature to 180 �C, relevant to operation tem-

peratures of the power systems in the hybrid electric vehicles

(�140 �C) and other devices. High recoverable energy density

up to 31 J/cm3 was observed for the epitaxial PLZT thin films,

which represents a remarkable improvement of 41% over that

of the polycrystalline counterpart. Moreover, the recoverable

energy density was found almost temperature independent in

the tested temperature range due to the higher mobility of

dipole domains at a much reduced defect concentration

through epitaxy. These results indicate that the epitaxial

PLZT thin films are a promising candidate for energy storage

in a wide operation temperature and frequency range.
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