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a b s t r a c t

In this paper, we report on the structure and electrical properties of lead zirconate (PbZrO3) thin films
doped with barium (Ba2+) and strontium (Sr2+) deposited on platinum-buffered silicon substrates by a
sol–gel method. Effects of Ba2+ and Sr2+ dopants on microstructure and electrical properties of the PbZrO3
ccepted 28 July 2010
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hin film

antiferroelectric thin films were investigated in details. X-ray diffraction patterns and scanning electron
microscope micrographs illustrated that orientation and surface microstructure of these antiferroelec-
tric films were dopant-dependent. The dielectric measurements showed that Sr2+ doping stabilized the
antiferroelectric phase, while Ba2+ doping destabilized the antiferroelectric phase. It was also found that
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. Introduction

Perovskite antiferroelectric (AFE) materials usually display
arger field-induced strains, higher energy storage density, consid-
rable pyroelectric coefficient and giant electrocaloric effect due
o its unique electric-field-induced phase transformation charac-
eristics between ferroelectric (FE) and AFE. Hence, AFE materials
ave potential applications in micro-actuators, IR-detectors, digi-
al memories, high energy storage capacitors and cooling devices
1–4]. Pure PbZrO3 (PZ) with a Curie point of 230 ◦C is the most
table AFE material at room temperature [5]. PZ-based materials
n bulk and film forms are also the most extensively investi-
ated AFE materials at present. There are a lot of reports on
Z-based AFE materials, such as: (Pb,La)ZrO3 (PLZ), (Pb,Ba)ZrO3
PBZ), (Pb,Sr)TiO3 (PST), (Pb0.97La0.02)(Zr,Ti,Sn)O3 (PLZST) and
Pb0.99Nb0.02)(Zr,Ti,Sn)O3 (PNZST), and so on [6–14]. Based on these
tudies, it was concluded that the final properties of AFE mate-
ials either in bulk or in film forms were heavily dependent on
ts chemical composition. The compositionally tailored properties
f AFE materials originated from the changed AFE–FE transition

rocedure. Although there were many studies on doped PZ AFE
aterials as mentioned above, almost all investigations focused

n destabilizing AFE phase and the most studied ions were La3+

t Pb2+ site and Sn4+, Ti4+ and Nb5+ at Zr4+ site. In fact, the rela-

∗ Corresponding author. Tel.: +86 21 65980544; fax: +86 21 65985179.
E-mail address: apzhai@tongji.edu.cn (J. Zhai).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.200
oelectric PbZrO3 thin films was improved remarkably by the dopants.
© 2010 Elsevier B.V. All rights reserved.

tive stability of AFE phase could also be tailored by replacing Pb2+

with Ba2+ or Sr2+, which was firstly reported by Shirane [15] in PZ
ceramics. In this paper, it was found that the Curie point of AFE
ceramic was decreased by Ba2+ doping and increased by Sr2+ dop-
ing. This meant that Sr2+ doping stabilized the AFE phase and that
Ba2+ doping destabilized the AFE phase, as compared with pure PZ
ceramic. However, it was unfortunate that electric-field-induced
phase switching between AFE and FE was not available in his study
because of the high threshold electric-field, which was larger than
the breakdown field. It is well known that AFE films often display
a higher breakdown field in contrast to bulk ceramics. Therefore,
the investigation on Ba2+ or Sr2+ doped PZ AFE materials in thin
film form should be more interesting. Moreover, it was reported
by Wang et al. [16,17] that the fatigue property of Pb(Zr,Ti)O3 thin
films could be improved by Ba2+ or Sr2+ dopants. Thus, it is reason-
ably expected that the fatigue against endurance of PZ-based AFE
thin films could also be enhanced by Ba2+ or Sr2+ doping.

In this work, 5% mole Ba2+ and Sr2+ doped PZ AFE thin films were
grown on platinum-buffered substrates. Our aim was to investigate
the influence of Ba2+ or Sr2+ dopants on electric-field-induced phase
switching process and fatigue characteristics of the doped PZ-based
AFE thin films.
2. Experimental

2.1. Synthesis

PbZrO3, (Pb0.95Ba0.05)ZrO3 [PBZ(5)] and (Pb0.95Sr0.05)ZrO3 [PSZ(5)] AFE thin films
were prepared by a sol–gel technique, which was similar to the reports in Refs.

dx.doi.org/10.1016/j.jallcom.2010.07.200
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:apzhai@tongji.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.07.200
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Fig. 1. XRD patterns of the PZ, PBZ(5) and PSZ(5) thin films.

18,19]. Barium acetate (99.5%, Sinopharm Chemical Reagent Co., Ltd., China), stron-
ium acetate (99.9%, Sinopharm Chemical Reagent Co., Ltd., China), lead acetate
rihydrate (99.5%, Sinopharm Chemical Reagent Co., Ltd., China) and zirconium iso-
ropoxide (70% in propanol, Aldrich) were used as raw materials. Glacial acetic and
eionized water were used as solvents. Final concentration of the sol was 0.2 M.

n order to compensate lead loss during annealing and prevent the formation of
yrochlore phase, additional ten percent of lead acetate trihydrate was added to the
olution. After aged 24 h, the sol was used to deposited PZ, PBZ(5) and PSZ(5) thin
lms on Pt(1 1 1)-buffered silicon substrates via a multiple-spin-coating procedure.
he individual layer was spin-coated at 3000 rpm for 20 s and then pyrolyzed at
50 ◦C for 10 min. Spin-coating and heat-treatment were repeated several times to
btain desired thickness. A capping layer was coated by using 0.4 M PbO precursor
olution, which was prepared from lead acetate trihydrate, on surface of the PZ,
BZ(5) and PSZ(5) films before they were finally annealed at 700 ◦C for 30 min. This
apping layer served the purpose of preventing excessive lead loss, thereby ensur-
ng the formation of a single perovskite phase. Final thickness of the PZ, PBZ(5) and
SZ(5) thin films was about 500 nm.

.2. Characterizations

Phase composition and surface microstructure of these thin films were studied
y means of X-ray diffraction (XRD) patterns and scanning electron microscopy
SEM), respectively. For electrical measurements, gold pads of 0.50 mm in diameter
ere coated on the surface of the films by dc sputtering. Temperature and electric-
eld-dependent dielectric properties were analyzed using an Agilent 4284A LCR
eter at 100 kHz. Field-induced hysteresis loops, leakage current curves and fatigue

ehaviors of the thin films were measured by a Radiant Technology ferroelectric
ester at room temperature.

. Results and discussion

.1. X-ray diffractions analyses

XRD patterns of the PZ, PBZ(5) and PSZ(5) AFE thin films are
hown in Fig. 1. The diffraction peaks are indexed according to pseu-
ocubic structure rather than orthorhombic structure. As shown

n Fig. 1, pure PZ film has a highly (1 1 1)-preferred orientation.
imilar results were also obtained in other lead-contained AFE and
E thin films. The proposed nucleation mechanism for lead-based

hin films, which were prepared by sol–gel processes on Pt(1 1 1)-
uffered substrates, was attributed to the formation of a transient

nter-metallic phase with (1 1 1) orientation, such as Pt3Ti or Pt3Pb
20]. The (1 1 1)-preferred transient inter-metallic phase served as

seed layer, which decreased activation energy for the crystal-
mpounds 509 (2011) 271–275

lization of AFE and FE films. These films were thus induced to
grow along the same (1 1 1) orientation. Clearly, although (1 1 1)
peak is still the strongest one for the Ba2+ and Sr2+ doped PZ AFE
thin films, (1 0 0), (1 1 0) and (2 0 0) peaks are also detected in its
XRD patterns. This indicates that (1 1 1)-preferred orientation of
the AFE films is degraded due to the Ba2+ and Sr2+ doping. It is
probably attributed to the different ionic radius of Pb2+ (120 pm)
from Ba2+ (135 pm) and Sr2+ (112 pm) [20,21]. The difference in
ionic radius leads to an increase in crystallization energy of the
films along (1 1 1) orientation. Therefore, the (1 1 1) orientation
of PBZ(5) and PSZ(5) films are declined. To give a quantitative
evaluation, the relationship between the (1 1 1) orientation degree
˛(1 1 1) (˛(111) = I(111)/(I(100) + I(110) + I(111)) and the difference ˇ
(ˇ = |rPb − rdop|) in ionic radius between Pb2+ and the dopant was
investigated. ˇ and ˛(1 1 1) values are 8 pm and 0.75 for PSZ(5), and
15 pm and 0.62 for PBZ(5). Namely, larger ˇ leads to smaller ˛(1 1 1),
and vice versa. Obviously, this result is consistent with the proposed
mechanism.

3.2. SEM study

Fig. 2 shows typical surface microstructure images of PZ, PBZ(5)
and PSZ(5) AFE thin films. All the films display a unique rosette-
like characteristic, which are more uniform for the doped films.
This rosette-like surface structure is typical microstructure of lead-
containing films, which were also reported in PZT, PZ and PLZST
films by other researchers [22–24]. It was suggested that the
rosette-like structure was formed duo to the formation of Pb-rich
nucleation sites along two dimensions, as well as Pb-volatilization
during heat-treatment [25]. The more uniformed structure of
doped PZ films further demonstrates that Ba2+ and Sr2+ doping have
an obvious effect on its crystallization process. It could be predicted
here that the difference of crystalline orientation and microstruc-
ture between undoped and doped PZ thin films certainly have some
influence on its final dielectric properties.

3.3. Dielectric properties

Fig. 3 illustrates electric-field-dependent dielectric constant
(εr–E) and loss tangent (tan ı) of the PZ, PBZ(5) and PSZ(5) AFE thin
films. The measurements were carried out at room temperature
and at frequency of 100 kHz. The dc voltage was stepped through
0.5 V increments with a time lag of 0.5 s. Both dielectric constant
and dielectric loss of the films display a double-butterfly shape,
corresponding to the transformation between AFE to FE phase
and confirming AFE nature of films. Dielectric constant increases
sharply at the moment of AFE–FE transition, and then drops when
the curve saturated. The variation of dielectric constant at the
FE–AFE switching also displays a similar tendency, but the increase
in dielectric constant is slightly smaller than that in the case of
AFE–FE transition. The magnitude of phase switching fields could
be determined from the peaks of εr–E curves. The forward switch-
ing fields EF are 350, 250 and 440 kV/cm, and the reverse switching
fields EAF are 260, 130 and 420 kV/cm for the PZ, PBZ(5) and PSZ(5)
thin films, respectively. As compared to pure PZ AFE films, the
decreased switching fields for the PBZ(5) films illustrate that AFE
phase is destabilized by Ba2+ doping, and the increased transition
fields for the PSZ(5) demonstrate that AFE state is stabilized by
Sr2+ doping. According to [26,27], the Goldsmith tolerance factor
describes the stability of the perovskite structure (ABO3) and is
defined as:
t = rA + rO√
2(rB + rO)

,

where rA, rB, and rO are the ionic radii of A-site cation, B-site cation,
and oxygen anion, respectively. It is believed that films are in AFE
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PZ, PBZ(5) and PSZ(5), respectively. This result is consistent with
Shirane’s observation. It is well known that antiferroelectrics
above Curie temperature, similar to ferroelectrics, also fellow the
Fig. 2. SEM images of the PZ, PBZ(5) and PSZ(5) thin films.

tate for t < 1. Thus, the phase transition behaviors of PZ-based AFE
aterials could be controlled by doping proper ions at A or/and B

ite. In our present work, the ions radius of Ba2+ is larger, and the
ons radius of Sr2+ is smaller than that of Pb2+. Consequently, the
value is increased in the Ba2+-doped case and decreased in the
r2+-doped case, respectively. Therefore, AFE phase is stabilized for
SZ(5) and is destabilized for PBZ(5).

Polarization–field (P–E) loops of these AFE films are shown in
ig. 4, which were measured at 1 kHz and at room temperature.
he double hysteresis loops further demonstrate AFE nature of the
Z, PBZ(5) and PSZ(5) films. However, as compared to PZ and PSZ(5),
smaller remnant polarization is observed for PBZ(5). This result
ndicates that Ba2+ doping leads to the appearance of FE phase
n the film. Transformation thresholds between AFE and FE phase
ould also be estimated by extrapolating the two steepest sections
f the hysteresis loops and obtaining its intersections with hor-
Fig. 3. Electric-field dependence of dielectric constant (closed square) and dielectric
loss (open square) of the PZ, PBZ(5) and PSZ(5) thin films measured at 100 kHz.

izontal axis. Accordingly, EF values are 450, 280 and 500 kV/cm,
and EAF values are 260, 110 and 330 kV/cm for the PZ, PBZ(5) and
PSZ(5), respectively. It shows the same tendency with the corre-
sponding values obtained from εr–E curves. However, the values
obtained from P–E and εr–E measurements are different. This dif-
ference may be resulted from the different measurement methods.
P–E curves were measured with a triangle wave, while εr–E curves
were measured with a dc bias plus a weak ac wave.

Temperature dependence of dielectric constant of the AFE thin
films are plotted in Fig. 5(a), which were measured at 100 kHz. With
increasing temperature, dielectric constant gradually increases to
maximum value (εm) at Curie temperature (Tc), and then decreases
smoothly. Tc obtained from Fig. 5(a) is 494, 462 and 521 K for
Fig. 4. Hysteresis loops of the PZ, PBZ(5) and PSZ(5) thin films measured at 1 kHz.
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ig. 5. Temperature-dependent dielectric constant of the PZ, PBZ(5) and PSZ(5) thin
lms measured at 100 kHz (a), and their inverse dielectric constant as a function of
emperature (b).

urie–Weiss law [27]:

1
ε

= T − T0

C
(T > T0)

here T0 is the Curie–Weiss temperature and C is the Curie–Weiss
onstant. Inverse dielectric constant as a function of temperature
s plotted in Fig. 5(b), where the experimental data are fitted by
sing a nonlinear curve-fitting program, according to above equa-
ion. Clearly, the temperature-dependent dielectric constant of all
lms are well obeyed the Curie–Weiss law above Curie temper-
ture. Following the internal field model of dielectrics at higher
emperature, the degree of ferroelectric coupling between local
ipoles could be related to the Lorentz polarization factor � , which
as defined as � = T0/C [24]. The calculated � value from the fitting
arameters is 3.5 × 10−3, 2.1 × 10−3 and 4.1 × 10−3 K for PZ, PSZ(5)
nd PBZ(5), respectively. Namely, � value is decreased by Sr2+ dop-
ng and increased by Ba2+ doping. This indicates that the long-range
E coupling between diploes is weakened by Sr2+ substitution and
hat the short range AFE coupling is enhanced. While the substitu-
ion of Ba2+ strengthens the long-range FE coupling and decreases
he short range AFE coupling.

.4. J–E curves analyses

Fig. 6 illustrates electric-field-induced current (J–E) curves of

ll AFE thin films. The time delay between the change of voltage
nd the acquisition of data was 100 ms. It should be noted that
he measured current includes leakage current and polarization-
nduced current caused by the turning of dipole during polarization
nd depolarization process. Because of the excellent quality of our
Fig. 6. Electric-field-dependent current of PZ, PBZ(5) and PSZ(5) thin films.

films and the smaller time delay of measurements, leakage current
is very small and polarization-induced current is dominant in the
measured current. As shown in Fig. 6, four obvious current peaks,
which have the largest current values at the order of 10−5 A/cm2

for all the films, illustrate a considerable current produced during
phase transformation between AFE and FE phase. During polar-
ization process, electric-field has the same direction with leakage
current and phase switching current. Therefore, maximum current
value is observed in this process. The maximum current density
is 1.8 × 10−5 A/cm2 at 475 kV/cm2, 1.1 × 10−5 A/cm2 at 323 kV/cm2

and 1.2 × 10−5 A/cm2 at 510 kV/cm2, for PZ, PBZ(5) and PSZ(5),
respectively. The difference in maximum current density is related
to phase switching speed and amount of the polar per area. Dur-
ing depolarization process, electric-field and leakage current are in
the same direction, which are opposite to the current induced by
the phase transformation from FE to AFE. As a result, the measured
current for FE–AFE is smaller than that for AFE–FE.

3.5. Fatigue characteristics

Polarization fatigue (PF) behaviors of the AFE thin films were
also investigated at room temperature, as depicted in Fig. 7. The
fatigue experiment was performed using a sine pulse at 10 kHz and
at the maximum external electric field of 600 kV/cm. PN denotes
the values of saturation polarization (P*) after N-switching cycles.
As shown in Fig. 7, the reduction of PN after 108 switching is 49%
12% and 28%, for the PZ, PBZ(5) and PSZ(5) thin films, respectively.
This indicates that Ba2+ and Sr2+ doping significantly improve the

fatigue resistance of AFE thin films. This result is similar to the
PF behavior of Ba2+- and Sr2+-doped Pb(Zr0.52Ti0.48)O3 thin films
[13,14]. It was concluded that the enhanced PF endurance of doped
PZ films was contributed to the decrease of oxygen vacancy den-
sity and the suppression of mobility by Ba2+ and Sr2+ doping. The
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Fig. 7. Polarization fatigue properties of the PZ, PBZ(5) and PSZ(5) thin films mea-
sured at 600 kV/cm.
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ig. 8. Polarization fatigue properties of the PBZ(5) films measured at 400, 500 and
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ecrease of oxygen vacancy density and its suppressed mobility
ere ascribed to the stronger bonding energy of the Sr–O bond

426 kJ/mol) and the Ba–O bond (562 kJ/mol) than that of the Pb–O
ond (382 kJ/mol). Because of the stronger bonding energy of Ba–O
han that of Sr–O, Ba2+-doped PZ AFE thin films show the best
atigue against performance.

Fig. 8 shows PF properties of the PBZ(5) thin films at differ-
nt external fields of 400, 500 and 600 kV/cm. It is evident that
igh external electric-field is favor to the improvement of fatigue
ndurance. According to the fatigue mechanism proposed by Wang
t al. [28], the appearance of fatigue generally originates from fol-
owing two aspects. One is long-range diffusion of defects, such as:

xygen vacancy, at external electric-field. The other is domain wall
inning under repeated switching of domains. When domain wall
inning is dominant, films would display better fatigue against per-
ormance at high fields. This is because larger electric-field makes
he domain switching and depinning easier. Therefore, domain wall

[
[

[
[

mpounds 509 (2011) 271–275 275

pinning is the main resource of the fatigue emergence in our AFE
films.

4. Conclusions

In summary, substitution of Ba2+ and Sr2+ had a significant
influence on the growth behavior and electrical performance of PZ-
based AFE thin films. Compared to pure PZ AFE thin films, PBZ(5)
and PSZ(S) displayed a uniform microstructure with a decreased
(1 1 1) orientation. AFE phase was stabilized by Sr2+ doping and
destabilized by Ba2+ doping, which could be explained by the varia-
tion of the tolerance t. Because of the higher bonding energy of Sr–O
and Ba–O than that of Pb–O, the fatigue endurance of doped AFE
films was improved greatly. The fatigue measurement results under
different maximum external electric-field demonstrated that the
domain wall pinning was the main resource of fatigue emergence
in our AFE films.
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