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a b s t r a c t

Pb1–3x/2Lax (Zr0.6Ti0.4)O3 thin films (0 ≤ x ≤ 0.08) were prepared on the Pt (1 1 1)/Ti/SiO2/Si (1 0 0) sub-
strates by a sol–gel method. The morphology, preferred orientation, phase structure, dielectric and
ferroelectric properties of the films have been investigated. Our results show that lanthanum doping
is favorable to enhance crystalline and obtain (1 0 0)-preferred orientation of the films. Meanwhile, it is
suggested that the films undergo a structure change from “rhombohedral” phase to monoclinic phase as
vailable online 3 December 2010
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the lanthanum-doped content is increased to x ≈ 0.05. Results of dielectric properties and ferroelectric
properties indicate that lanthanum doping contributes to improve film dielectric constant and dielectric
loss while it brings about a striking decrease in remnant polarization value. Possible explanations for the
variations of electrical properties have been discussed in terms of preferred orientation, phase structure
and large lattice distortion.
icrostructure
lectrical properties

. Introduction

Polycrystalline La-doped PZT (PLZT) thin film is an excellent can-
idate material for multifunctional optoelectronic devices due to

ts high electro-optical coefficient, fast response time and memory
apability [1–3]. The addition of donor dopants such as La3+ cation
s an effective way in reducing the leakage current and improv-
ng the fatigue behavior of PZT thin films due to its role in diluting
xygen vacancy concentrations [4–7]. Studies also indicated that
a doping could greatly tailor the electrical properties of PZT bulk
eramics and similar perovskite oxides [8–10]. In order to optimize
he performance of thin films, it is essential to understand those
actors that may influence the properties of ferroelectric thin films.
ur previous studies have shown that the polarization behavior of
olycrystalline PZT thin films greatly depends on preferred orienta-
ion, monoclinic phase and associated residual stress [11–13]. For
xample, the 300 nm thick Pb(Zr0.52Ti0.48)O3 film exhibits higher
emnant polarization value than that of the 200 nm thick PZT film
12]. Especially, it is suggested that residual stress status is ten-
ile for the (1 0 0)-oriented thin films and is compressive for the

1 1 1)-oriented thin films [13]. For ferroelectric PLZT thin films,
ome researchers have investigated the influences of La-doped con-
ents and substrates on the microstructure and electrical properties
14–18]. The loss tangent of PLZT thin film can be decreased while
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the remnant polarization value increased by La doping due to the
combined effects of enhanced domain wall motion and stabilized
tetragonal phase [18]. However, the preferred orientation, phase
structure and electrical properties of PLZT thin films have not been
reported until now. Therefore, the objective of our work is to inves-
tigate the effects of La doping on the microstructure and electrical
properties of Zr-rich PLZT(x/60/40) thin films with a Zr/Ti ratio of
60/40. A variety of techniques including MOCVD, sputtering and
sol–gel process have been developed to fabricate ferroelectric thin
films. Among these techniques, the sol–gel process has attracted
increasing attention because of its chemical homogeneity and facil-
ity of stoichiometry control [19], which is promising for producing
dense microstructures.

2. Experimental procedures

The sol–gel method was used to prepare the films on the Pt (1 1 1)/Ti/SiO2/Si
(1 0 0) substrates, which has been described in detail elsewhere [11]. The concen-
tration of the (Pb1–3x/2Lax)(Zr0.6Ti0.4)O3 precursors (0 ≤ x ≤ 0.08) was all adjusted to
0.3 M. Each layer was spin-coated on the substrate at 3000 rpm for 15 s, and then
the wet film was dried on a hot plate at 425 ◦C for 3 min. By repeating the above
processes several times, the wet films with a desired thickness (∼350 nm) were
obtained. Then, these films were annealed by rapid thermal annealing (RTA) furnace
at 650 ◦C for 5 min in an oxygen atmosphere. The crystal structures of the films were
characterized using a Philips’ X-ray diffractometer (XRD) with Cu K� radiation at

40 kV and 40 mA. Gold top electrodes of around 0.2 mm in diameter were deposited
on the films through a shadow mask in a vacuum evaporation system. The polar-
izations versus electric field loops were measured using a ferroelectric test system
(P-LC100, Radiant Technology). The dielectric properties of the films were obtained
by HP 4294 impedance analyzer with the frequency ranging from 100 Hz to 1 MHz
and AC signal amplitude of 500 mV.

dx.doi.org/10.1016/j.jallcom.2010.11.177
http://www.sciencedirect.com/science/journal/09258388
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the peak-fitting procedure, a Pseudo-Voigt2 function was used to
Fig. 1. XRD patterns of the films.

. Results and discussion

.1. Preferred orientation of the films

Fig. 1 shows the XRD patterns of the films. As can be seen, all
he films crystallize in single perovskite phase without unwanted
yrochlore phase and have a mixture of (1 0 0) and (1 1 1) preferred
rientations. Compared with the intensity of (1 1 1) reflection, a
elative lower intensity of (1 0 0)/(2 0 0) reflections suggests that
he PZT film undoped has a dominant (1 1 1)-preferred orientation.
owever, it is found that with the increase of x, the films tend to
ave a decreasing intensity of (1 1 1) reflection and an increasing

ntensity of (1 0 0) reflection. In addition, the intensity of (1 1 0)
eflection is very weak for all the films. The preferential orientations
an be quantitatively expressed through the orientation degree as
ollows,

(1 0 0) = I(1 0 0)

I(1 1 1) + I(1 0 0) + I(1 1 0)
× 100%,

here I(h k l) is the integrated intensity of the corresponding diffrac-

ion peaks. Fig. 2 shows the˛1 0 0 value dependence on the La-doped
ontent. As seen in Fig. 2, with the increase of x (0 ≤ x ≤ 0.05),
1 0 0 value increases from 30% to 60% although it then begins to
ecrease. Thus, the results suggest that La doping contributes to

ig. 2. Calculated (1 1 1) and (1 0 0) orientation degree of the films as a function of
a-doped content.
mpounds 509 (2011) 2976–2980 2977

higher (1 0 0)-preferred orientation. A decreased ˛1 0 0 value for
x ≥ 0.06 may be associated with some changes of surface morphol-
ogy and higher lead deficiency.

The formation mechanisms of preferred orientations in PZT thin
films have been investigated by some researchers [20,21]. Gener-
ally, it is believed that PZT thin films tend to take (1 1 1) preferred
orientation on the (1 1 1)-oriented Pt substrates due to the lattice
matching effect and the presence of an inter-metallic phase Pt5–7Pb
in the early stage of the crystallization. While the presence of
(0 0 1)-oriented PbO buffer layer at an appropriate process param-
eters favors the nucleation of (1 0 0)-oriented PZT. Now that all the
films are prepared under the same thermal treatment condition,
the mechanism of PbO buffer layer cannot be used to explain the
phenomenon of an increasing (1 0 0) orientation degree observed
in the films. Higher (1 0 0)-preferred orientation means that the
nucleation of the PLZT films is weakly controlled by the substrate
effect. Considering a smaller ionic radius of La3+ (1.21 Å) as com-
pared with Pb2+ (1.15 Å) [22], the enhancement of (1 0 0)-preferred
orientation in the films within certain La-doped content region may
result from an enlarged lattice mismatching between the films and
the substrates.

Fig. 3 shows the surface morphology of the films character-
ized by SPM (SPI4000&SPA300HV, Seiko) using an atomic force
microscopy (AFM) mode. All images were achieved with length
within 500 nm × 500 nm at room temperature. It can be seen that
the surfaces are smooth, dense and uniform without any rosette
structure, which suggests that all the films are of good qualities. The
average grain sizes of the films were estimated directly from AFM.
In Fig. 3(a) and (b), the films have fine grain sizes (around 27 nm in
average). In contrast, it is observed from Fig. 3(c) and (d) that the
films with higher x values have relative large grain sizes (around
37 nm in average), which indicates a beginning of the coalescence
process.

3.2. Phase structure of the films

Fig. 4 gives the observed and calculated profiles of (2 0 0)pc

reflections of the films in a pseudocubic coordinate system. During
define the profile shapes while background was estimated by linear
interpolation between fixed values. It is observed from Fig. 4(a)–(c)
that the profiles of (2 0 0)pc reflections are symmetry for x ≤ 0.04. In
contrast, the profiles of (2 0 0)pc reflections for x ≥ 0.05 are asym-

Fig. 3. Atomic force microscopy images of the films with (a) x = 0, (b) x = 0.04, (c)
x = 0.06 and (d) x = 0.08, respectively.
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Fig. 4. Observed and calculated profiles of (2 0 0) reflections of the films using
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Fig. 6(a) demonstrates typical P–E hysteresis loops of the films
pc

ure rhombohedral phase mode for x ≤ 0.04 and monoclinic phase (Cm) model for
.05 ≤ x ≤ 0.08.

etric obviously, as shown in Fig. 4(d)–(f). It is also observed that
he position of (2 0 0)pc reflections tends to be shifted toward high
� angle (∼44.5 ◦), which is expected considering the replacement
f Pb2+ with the smaller ionic radius of La3+at A site. In addition,
reduction of oxygen vacancies concentration in PLZT thin films

lso provokes the decrease of a-axis lattice parameter [23]. For the
hombohedral phase of PZT (R3m space group), it is well estab-
ished that the profile of (2 0 0)pc reflection is a singlet whereas the
rofiles of (2 0 0)pc reflections for the tetragonal and monoclinic
hase (Cm space group) are doublet. Following this, the structure
or x ≤ 0.04 is “rhombohedral” as the (2 0 0)pc reflection is a symme-
ry singlet. However, with the increase of x, an asymmetric (2 0 0)pc

eflection for x ≥ 0.05 clearly indicates that the phase structure is
ot anymore “rhombohedral” but other possible phases (mono-
linic or tetragonal phases). Here, it should be noted that such
rhombohedral” phase cannot be unquestionably taken as rhom-
ohedral phase. Recently, some hitherto believed rhombohedral
ompositions of PZT including a Zr/Ti ratio of 60/40 are proposed
o be monoclinic phase [24]. Because both phases exhibit similar
haracteristics observed in these literatures, it is quite difficult for
s to distinguish monoclinic phase from rhombohedral phase. So
e call this phase as “rhombohedral” phase for x ≤ 0.04. A fine

can XRD on (1 1 1)pc reflection (around 38.2◦, = 55◦) of the films
as also carried out to provide a further information. All the films

xhibit an asymmetric profile of (1 1 1)pc reflection with a lower

eft shoulder, which not only supports the proposed “rhombohe-
ral” phase for x ≤ 0.04 but also clearly rules out the probability
f tetragonal phase for x ≥ 0.05. Here, we consider that the struc-
ure for x ≥ 0.05 might be monoclinic phase (Cm space group) if
Fig. 5. Dielectric constant and loss tangent of the films.

some important literatures related to Pb-based perovskite ferro-
electrics are fully taken into consideration. In the phase diagram
of PZT, since an intermediate monoclinic phase (Cm space group)
was discovered in PZT [25], rhombohedral phase coexisting with
tetragonal phase near the morphotropic phase boundary (MPB) has
been widely debated. Subsequently, a series of monoclinic phases
(MA, MB, MC) are discovered between rhombohedral and tetrago-
nal phase in Pb-based perovskite ferroelectrics such as PZT [26],
PZN-PT [27,28], and PMN-PT [29,30]. In the present study, it is
suggested that the PLZT films undergo a structure change from
“rhombohedral” phase to monoclinic phase as the La-doped con-
tent is increased to x ≈ 0.05.

3.3. Dielectric properties and ferroelectric of the films

Fig. 5 shows the dielectric constant (ε) and the dielectric loss
(tan ı) of the films measured at room temperature. It can be seen
from Fig. 5 that ε and tan ı values are greatly affected by La dop-
ing. With the increase of x, ε value reaches its maximum at x = 0.05
where the phase transition from rhombohedral and monoclinic
phase occurs, and then it begins to decrease. Roughly, the films have
decreasing tan ı values except for an abnormal high tan ı value at
x = 0.02. The ε values of the films with x ranging from 0 to 0.08 are
around 629, 724, 829, 878, 780, and 748 at 10 kHz, respectively. The
corresponding tan ı values are around 0.024, 0.029, 0.024, 0.023,
0.017, and 0.019, respectively. In the present study, a slight com-
position difference corresponding to dielectric maximum and loss
tangent minimum is observed and the reasons for it are unclear. It
might be resulted from their different temperature dependences of
ε and tan ı properties on the La-doped content [31]. For the films
with x values ranging from 0 to 0.05, the dependences of dielectric
properties on the La-doped content can be mainly explained by the
fact that donor doping like La3+ in the place of Pb2+ is an effective
way to reduce the concentration of intrinsic oxygen vacancies and
compensate the holes formed due to lead vacancies [4,7]. A reduce
of oxygen vacancies in the lattice makes domain wall motion easier,
and thus reduced tan ı and increased ε values are obtained. In con-
trast, the decrease of ε values for the films with higher x values may
be attributed either to the formation of a kind of bond paraelectric
materials mostly distributing in the grain boundaries [32].
measured at a frequency of 1000 Hz and an applied voltage of 18 V.
It is observed that the PZT film exhibits well-defined hysteresis
loop in contrast with that of the PLZT films. With the increase
of x, hysteresis loop tends to become slimmer and more unsatu-



S.Q. Zhang et al. / Journal of Alloys and Co

F
a

r
fi
P
d
w
1
c
(
s
t
b
c
e
a
s
c
s

p
G
s
t
P
c
s
b
fi
c
t
a
i
m

[
[
[

[

[
[

[
[
[
[

[
[
[

[
[
[

ig. 6. (a) Typical P–E hysteresis loops of the films, and (b) Remnant polarization
nd coercive field of the films as a function of La-doped content.

ated. The dependence of remnant polarization (Pr) and coercive
eld (Ec) on the La-doped content is also given in Fig. 6(b). The
r value of the films is strikingly reduced by the increment of La
oping whereas the Ec value is reduced. The Pr values of the films
ith x values ranging from 0 to 0.08 are 36, 32, 26, 23, 19 and

7 �C/cm2, respectively. The Pr value at x = 0.08 (∼17 �C/cm2) is
omparable with those reported by Singh et al. [16,33] for PLZT
0.08/60/40) thin films prepared by sol–gel (∼11.0 �C/cm2) and RF
puttering (∼15 �C/cm2) methods. These Pr values are also similar
o those reported by Park et al. [34] for PLZT (x/52/48) prepared
y PMOD method (31 �C/cm2 at x = 0 and 9 �C/cm2 at x = 0.05). In
ontrast, these values are higher than those reported by Thomas
t al. [35] for sol–gel-derived PLZT (x/65/35) thin films (16 �C/cm2

t x = 0 and 6 �C/cm2 at x = 0.08). The difference of Pr values for the
ame composition can be attributed to their different synthesis pro-
esses, substrate condition, preferred orientations as well as phase
tructures.

Until to now, the exact mechanism responsible for the electrical
roperties of ferroelectric thin films has not been well established.
enerally, ferroelectric properties of thin films depend on the stress
tate and domain structure [36], as well as crystallographic orienta-
ion, phase and microstructure [37,38]. In Fig. 6(b), the variation of
r value as a function of La-doped content can be explained by the
onjoint contributions of the crystallographic orientation, phase
tructure and large lattice distortion. For the rhombohedral phase,
ecause [1 1 1] is the polarization direction, the (1 1 1)-oriented
lms always have larger remnant polarizations as well as higher

oercive fields than those of (1 0 0)-oriented films [39]. In con-
rast, the (1 0 0)-oriented films with tetragonal/monoclinic phase
re expected to have higher Pr values. Following this, an increas-
ng (1 0 0) preferred orientation degree for the films before x = 0.05

ay contribute to the decrease of Pr values. However, for the films

[

[

[

mpounds 509 (2011) 2976–2980 2979

with monoclinic phase, an increasing (1 1 1) preferred orientation
degree as well as the difficulty of 90◦ domain switching may result
in the gradual decrease of Pr values. In addition, it is also suggested
that large lattice distortion due to the addition of La doping may
also play roles in reducing the Pr values of the films.

4. Conclusions

Pb1–3x/2Lax (Zr0.6Ti0.4)O3 thin films (0 ≤ x ≤ 0.08) were prepared
on the Pt (1 1 1)/Ti/SiO2/Si (1 0 0) substrates by a sol–gel method.
Atomic force microscopy was used to confirm the quality of the
films while XRD was used to analysis film preferred orientation
as well as phase structure. All the films exhibit good qualities and
have a mixture of (1 0 0)-preferred and (1 1 1)-preferred orienta-
tion. Our results indicate that with the increase of La-doped content,
(1 0 0)-preferred orientation of the films can be greatly enhanced.
It is suggested that the films undergo a phase change from “rhom-
bohedral” phase to monoclinic phase as the La-doped content is
increased to x ≈ 0.05. Dielectric and ferroelectric properties of the
films indicate that La doping effectively enhances the dielectric
constant while reduces the remnant polarization values. Possible
explanations for the ferroelectric properties are presented in terms
of crystallographic orientation, phase structure and large lattice
distortion.
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