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Abstract

Multilayer ferroelectric thin films were prepared in this work by multiple deposition and crystallization onto TiO2/Pt/TiO2/Ti/
(100)Si substrates, of (Pb0.76Ca0.24)TiO3 (PTC) and (Pb0.88La0.08)TiO3 (PTL) air stable solutions prepared by the diol sol-gel route.

Two types of heterostructures were prepared: PTC/PTL/PTC and PTL/PTC/PTL. These films were studied by Rutherford
Backscatering Spectroscopy. X-ray diffraction (XRD) analysis of the samples was also carried out, to determine the structural and
textural characteristics of the films. RBS studies have shown that the compositions of the PTL and PTC layers in the multilayer
heterostructures are close to the nominal ones. Moreover, no interdifussion has been found between the PTL and PTC layers. The

RBS analysis has also shown that the TiO2 layer onto the substrate is fully incorporated in the perovskite structure during
crystallization, and is related to the <111> orientation present in the PTC/PTL/PTC heterostructure. Ferroelectric hysteresis
cycles have been obtained and remanent polarizations of Pr �38 and 27 mC/cm2 have been found in PTL/PTC/PTL and PTC/PTL/
PTC heterostructures, respectively.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

During recent years, there has been great interest in
the ferroelectric heterostructures with concentration
gradient, and those built with successive layers with
different compositions, due to their unique properties.
It has been shown that compositionally graded

Pb(Zr,Ti)O3,
1 (Pb,Ca)TiO3

2 and (Pb,La)TiO3
3 thin films

have unconventional ferroelectric properties, such as
large polarization offsets in hysteresis loops. Multilayer
Pb(Zr,Ti)O3/PbTiO3

4 and Pb(Zr,Ti)O3/(Pb,La)(Zr,-
Ti)O3

5 thin films have outstanding dielectric ferro-
electric and pyroelectric properties. A pyroelectric
coefficient of g�3.8�10�8 Ccm�2K�1 has been found
for multilayer Pb(Zr,Ti)O3/PbTiO3, which in addition
to its low permittivity, er=389, gives place to a high
figure of merit, FD�20.3�10

�6 Pa�1/2.
The occurrence and extent of interdiffusion of the
compounds between layers and its effect on the properties
of the films has scarcely been studied.
Among the perovskite-type thin films, (Pb,Ca)TiO3

and (Pb,La)TiO3 are attractive materials because of
their good properties and have been widely studied.6

However, studies on multilayer (Pb,Ca)TiO3/(Pb,La)-
TiO3 films have not been reported up to date.
In this work, we present an structural and composi-

tional study by means of X Ray Diffraction and
Rutherford Backscattering Spectroscopy of multilayer
(Pb,Ca)TiO3/(Pb,La)TiO3 heterostructures, and show
their ferroelectricity.
2. Experimental procedure

Calcium-modified lead titanate and lanthanum-
modified lead titanate precursors solutions were synthe-
sized by diol-based sol-gel processes described else-
where.7,8 Nominal compositions of the solutions were
Pb0.76Ca0.24TiO3 (PTC) and Pb0.88La0.08TiO3 (PTL).
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Multilayer heterostructures were prepared by alter-
nate deposition and crystallization of the PTC and PTL
solutions onto TiO2/Pt/TiO2/Ti/SiO2/(100)Si substrates.
Two different heterostructures were prepared: PTC/
PTL/PTC and PTL/PTC/PTL.
The Si-based substrates were prepared by an evapora-

tion–oxidation process, where Ti layers were deposited
by evaporation and subjected to oxidation at 500 �C,
and the Pt electrode was annealed at 800 �C for 30 min.
Amorphous films were deposited by spin-coating at a

velocity of 2000 rpm for 45 s, in a class 100 clean room.
Pyrolisis of these films was carried out on a hot plate at
350 �C for 60 s. Each deposited and pyrolised layer was
crystallized in air by rapid thermal processing (RTP) at
650 �C for 50 s, at an average heating rate of 30 �C/s.
Deposition, pyrolisis and crystallization process was
repeated three times.
Orientations of the heterostructures were analyzed by

X-ray diffraction (XRD) with Bragg–Brentano geo-
metry, using a Siemens D500 powder diffractometer
with a Cu anode. The 111 peaks of the film and of the Pt
electrode appeared overlapped in the XRD patterns. To
avoid this, y and 2y were misaligned by an angle of
�3�. In this way, it was possible to use pseudovoigt
functions for the decoupling of the two peaks.
Profile composition of the films as well as interdifus-

sion between the different layers of the heterostructures
were analyzed by Rutherford Backscattering Spectro-
scopy (RBS). For this study, a 3 MV Tandem accel-
erator, using a 5.9 MeV 4He++ beam with the surface
barrier detector set at 165�, was used. The spectra were
taken at a tilt angle of �8�. High energy RBS was used
to get a good resolution and the separation of the sig-
nals of the heavy elements.9 The RBS experimental data
were analyzed using the RUMP simulation code.10
Error in the calculation of the composition was �10%.
A bulk density of the PTL layers of �7.7 g/cm3, of the
PTC layers of �7.1 g/cm3 and of the Pt of �21.4 g/cm3

were considered for the calculation of thickness. A
roughness of �100 Å at the PTL/PTC surfaces was
considered in the simulation to get the best fit.
J–E ferroelectric hysteresis loops were measured with

a modified Sawyer–Tower circuit using sinusoidal waves
of 1 kHz after 0.15 mm diameter Pt electrodes were
deposited on the films surfaces by sputtering.
3. Results

The XRD peaks profiles of the films, obtained from
the XRD patterns, are shown in Fig. 1. The hetero-
structures are not randomly oriented, but show pre-
ferential orientations. The texture has <001> /<100>
main components. A<111> contribution is also found
in the PTC/PTL/PTC heterostructure.
Fig. 2 shows the RBS experimental spectra and the

simulations of the two multilayers, PTL/PTC/PTL and
PTC/PTL/PTC. Heterostructures of the films deduced
from the simulations are depicted in the insets. The
Fig. 1. XRD peaks profiles of the heterostructures, (a) PTL/PTC/PTL

and (b) PTC/PTL/PTC.
Fig. 2. RBS experimental spectra and simulations of the hetero-

structures, (a) PTL/PTC/PTL and (b) PTC/PTL/PTC.
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ratios Pb/Ti, La/Ti and Ca/Ti of the PTL and PTC
layers deduced for each heterostructure from the simu-
lations of the experimental RBS spectra are shown in
Table 1. These ratios are close to those of the nominal
compositions, Pb0.88La0.08TiO3 and Pb0.76Ca0.24TiO3,
taking into account the error of the measurement,
�10%. Substantial interdifussion has not been found
between the PTL and PTC layers.
The details of the experimental spectra where the Ti

and Ca signals appear are shown in Fig. 3. It has to be
noted that the TiO2 layer on top of the substrate is not
distinguished in the experimental spectra of both films.
The signal of this layer is close to the Ti signal from the
film, however, if a thin layer of TiO2 were present on
top of the substrate, a peak would appear close to the
signal from the film.
Well defined J–E ferroelectric hysteresis loops, with

similar values of coercive fields, Ec�100 kV/cm, have
been found (Fig. 4). High values of remanent polariza-
tion have been obtained in the two heterostructures,
with Pr�38 and 27 mC/cm2 in PTL/PTC/PTL and PTC/
PTL/PTC, respectively.
4. Discussion

The preferential orientations of the films reveal the
existence of heterogeneous nucleation at the film-sub-
strate interface and at the interfaces between layers.
This is related to the used RTP crystallization, which
diminishes the amount of pores homogeneously dis-
tributed in the film that could act as nucleation sites,
giving place to randomly oriented films.11 The multiple
deposition and RTP crystallization favours that the
texture partly extends to the layers deposited on the
top, because each layer nucleates and grows on the
previously crystallized layer.
The <001> /<100> orientations are the main com-

ponents of texture in both heterostructures. Above the
transition temperature, when the crystallization takes
place, the (100) crystals provide the minimum surface
energy,12 which promotes their preferential growth. On
cooling down to the tetragonal phase, the <001> and
<100> directions are not equivalent anymore, giving
place to the mixed orientation. It can be concluded that
this mixed orientation is the natural one of the tetra-
gonal perovskites, and it can take place both at the film-
substrate interface and at the interfaces between layers.
Table 1

Ratios Pb/Ti, La/Ti and Ca/Ti, deduced from the simulations of the

experimental RBS spectra
Film
 PTL layers
 PTC layers
Pb/Ti
 La/Ti
 Pb/Ti
 Ca/Ti
PTL/PTC/PTL
 0.98�0.10
 0.09�0.01
 0.84�0.08
 0.22�0.02
PTC/PTL/PTC
 0.98�0.10
 0.09�0.01
 0.84�0.08
 0.22�0.02
Theoric ratios
 0.88
 0.08
 0.76
 0.24
Fig. 3. Details of the experimental spectra and simulations for the

interval in which the Ti and Ca signals appear, (a) PTL/PTC/PTL and

(b) PTC/PTL/PTC.
Fig. 4. J–E ferroelectric loops of the heterostructures, (a) PTL/PTC/

PTL and (b) PTC/PTL/PTC.
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The existence of a very thin Ti or TiO2 layer onto the
Pt has been shown to be related to the appearance of
a<111> preferential orientation in PTL and PTC
films.13,14

From the RBS analysis it is concluded that the TiO2
layer is fully incorporated in the perovskite structure
during crystallization of the phase, a result that has
been obtained previously for PTL films onto annealed
Ti/Pt/Ti/(100)Si substrates.14 It is clear that the incor-
poration of the TiO2 layer to the first layers of the film is
directly related to the <111> orientation present in the
PTC/PTL/PTC heterostructure. However, this compo-
nent is not the preferential one in this heterostructure,
and even though the same processing has been used to
obtain both films, no <111> orientation has been
found in the PTL/PTC/PTL heterostructure.
The <111> orientation only nucleates on the Ti rich

film-substrate interface, so the sole mechanism available
to extend it to the top layers is the nucleation of the new
crystals onto the <111> oriented grains. A decrease of
the <111> contribution with the increase of deposited
layers has been previously found for PTL fims.15,16 This
is due to the existence of certain porosity between the
layers, which stops the nucleation onto the <111>
grains of the already crystallyzed layer.16

In the heterostructures, the lack of sensible inter-
difussion between PTC and PTL layers reveals that
there exist discontinuities at the layer-to-layer inter-
faces. These discontinuities could be due to the existence
of porosity at the interfaces, which make difficult the
nucleation of the new crystals onto the underlying
<111> oriented grains, and thus, interrupting the
transmission of the <111> orientation to the top lay-
ers. Also, the different compositions of the layers, with
slight different lattice characteristics, favour these
discontinuities at the interfaces.
5. Conclusions

Multilayer heterostructures with alternated layers of
PTC and PTL have been prepared onto TiO2/Pt/TiO2/
Ti/SiO2/(100)Si substrates. A diol-based sol–gel route,
and multiple deposition and RTP crystallization have
been used.
RBS studies have shown that the compositions of the

PTL and PTC layers in the multilayer heterostructures
are close to the nominal ones. Moreover, no interdifus-
sion has been found between the PTL and PTC layers.
The RBS analyses have also shown that the TiO2 layer
onto the substrate is fully incorporated in the perovskite
structure during crystallization, and is related to
the <111> orientation present in the PTC/PTL/PTC
heterostructure.
The inhomogeneities between the PTC and PTL lay-

ers, most probably due to the existence of porosity
between them and to the slight differences in their lattice
parameters, interrupt the transmission of the <111>
orientation to the top layers resulting in a small <111>
contribution in the films. Thus, the natural <001> /
<100> orientations are the preferential ones in the
heterostructures.
J–E ferroelectric hysteresis cycles have been obtained

and remanent polarizations of Pr�38 and 27 mC/cm2

have been found in PTL/PTC/PTL and PTC/PTL/PTC
heterostructures, respectively.
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