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Crystallisation of Pb1−xCaxTiO3 ferroelectric thin films as a
function of the Ca2+ content
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Abstract

Lead calcium titanate (Pb1−xCaxTiO3) thin films with x from 0 to 0.50 were prepared by chemical solution deposition. Crystallinity of the
films was studied as a function of calcium content and processing temperature. These studies were carried out on films deposited onto oxidised
(1 0 0) Si substrates by means of X-ray diffraction. The analysis seems to indicate that the grain size of the films decreases as Ca2+ content
increases, which was confirmed from the scanning force microscopy images of the films. X-ray data reveal that kinetics of grain growth in
films with Ca2+ contents over 40 at% is very slow. Increase of calcium also produces a decrease in tetragonality of the perovskite films. Besides,
it was observed that reflections of the perovskite appear at higher temperature in the films with larger Ca2+ contents. Brillouin spectroscopy
w peratures
b sured on
fi s,
s
©

K

1

p
w
l
p
f
o
(
d
c
b
a
t

c
r

lms.
n
py-

h
ce-

a

CT

the
.

n-

bO

,

0
d

as used to follow the evolution of the elastic properties of the films with temperature. This study shows an elastic instability at tem
etween 475◦C and 500◦C that can be associated to complete film crystallisation. Dielectric and ferroelectric properties were mea
lms deposited onto platinised silicon substrates and crystallised at 650◦C. The films with 50 at% of Ca2+ still have ferroelectric propertie
howing diffuse ferro-paraelectric transitions and slim ferroelectric hysteresis loops.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Lead titanate, PbTiO3, is a ferroelectric material with a
erovskite structure that is tetragonal at room temperature
ith a tetragonality ofc/a= 1.064. The inherent anisotropy of

ead titanate along thec-axis causes an elevated spontaneous
olarisation (Ps > 50�C/cm2), which makes it appropriate

or ferro, pyro and piezoelectric applications. Substitution
f Pb2+ by Ca2+ leads to calcium modified lead titanate,
Pb1−xCax)TiO3 (PCT) that has lowerc/a values as Ca2+

oping increases. Ferroelectric properties of PCT bulk
eramics as a function of Ca2+ content were first reported
y Yamamoto et al.1 Further studies2–7 corroborated that the
mount of Ca2+ in these ceramics played a critical role on

heir structural and electrical properties.
During the last three decades, the development of the mi-

roelectronic industry has led to the conformation of fer-
oelectrics in thin film form. Chemical Solution Deposition

∗ Corresponding author. Tel.: +34 91 3349000; fax: +34 91 3720623.
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(CSD) is one of the techniques used for fabrication of fi
PCT films with low Ca2+ contents (Ca2+ ∼ 24%) have bee
extensively studied due to their excellent ferro, piezo and
roelectric properties.8–12 However, literature for films wit
large Ca2+ contents is not as extensive as in PCT bulk
ramics. CSD fabrication of PCT films with a maximum C2+

content of 40 at% has been recently reported.9,13,14 Also,
authors of this work have shown preliminary results on P
films prepared by CSD with Ca2+ contents up to 50 at%.15–17

Here, we want to show the effect of calcium content on
crystallisation of (Pb1−xCax)TiO3 films with x from 0 to 0.5

2. Experimental

Solutions of calcium-modified lead titanate (Pb1−xCax

TiO3) (PCT) with different calcium contents were sy
thesised following a method described elsewhere.16,18

Precipitate-free solutions with a 10 mol% excess of P
were prepared, containing the equivalent of∼1 mol of
Pb1−xCaxTiO3 per litre of solution and withx= 0, 0.24, 0.30
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.051
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0.40 and 0.50. These solutions and films derived from them
will be denoted hereinafter as PCT0, PCT24, PCT30, PCT40
and PCT50.

For the study of the films crystallisation, a single coat-
ing of the former solutions was deposited by spin-coating at
2000 rpm for 45 s onto oxidised (1 0 0) silicon substrates. The
deposited wet layers were dried on a hot plate at 350◦C for
60 s. Crystallisation of the films was carried out by rapid ther-
mal processing (RTP) in air at temperatures between 400◦C
and 650◦C for 50 s and with a heating rate of 30◦C/s.

Evolution of crystallinity of the films was monitored by
X-ray diffraction analysis with the Bragg-Brentano geometry
(XRD) and with a grazing incidence ofα = 1◦ (GIXRD). The
1 1 1 PCT perovskite peaks of the films recorded by XRD
were fit to pseudo-Voight curves. The width at half maximum
(FWHM) value of the peaks was calculated from these curves.

Brillouin Spectroscopy (BS) was performed at room tem-
perature on the PCT50 films treated at different temperatures.

PCT films were also prepared by RTP at 650◦C onto
Pt/TiO2/SiO2/(1 0 0)Si substrates to study their dielectric and
ferroelectric properties.16 Surfaces of these films were ob-
served by scanning force microscopy (SFM).

3. Results and discussion
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Fig. 2. SFM images of (a) PCT24 and (b) PCT50 films, treated at 650◦C.

ing of the 1 1 1 peak is due to grain size and micro-strain.
The decrease with temperature of the FWHM values of the
PCT films with low calcium content (Fig. 1a–c) can be as-
sociated to an increase in grain size and also to changes
in micro-strain with temperature, to which contribute the
paraelectric–ferroelectric transition that these films suffer
during cooling after crystallisation. However, PCT films with
large Ca2+ contents (Fig. 1d and e) crystallise into the para-
electric phase that here is also the stable phase at room tem-
perature. Then, not too much change in micro-strain should
be expected. The steady FWHM values with temperature in-
dicate that both micro-strain and grain size maintain almost
constant with temperature in the PCT films with a Ca2+ con-
tent over 40 at%. A decrease of grain size of the films with
the Ca2+ content is confirmed here in the SFM images of
Fig. 2. At 650◦C, PCT24 films have an average grain size
of ∼100 nm (Fig. 2a), whereas PCT50 films have grains of
∼50 nm (Fig. 2b).

Differences in crystallisation of the films with the Ca2+

content can be deduced fromFig. 3. At 400◦C none of the
films show by GIXRD peaks indicative of crystalline phases,

F kite pe (a) PCT0,
( scopy ( mpera
f

Fig. 1a–e depict the variation with temperature of
idth at half maximum (FWHM) values of the 1 1 1 diffra

ion peak measured by XRD in the PCT perovskite fi
n silicon, for different Ca2+ contents. An exponential d
ay with increasing temperature is observed for films
ow Ca2+ doping. However, films with Ca2+ contents over 4
t% show almost constant values of FWHM. The broa

ig. 1. Variation with temperature of FWHM values of the 1 1 1 perovs
b) PCT24, (c) PCT30, (d) PCT40 and (e) PCT50. (f) Brillouin spectro
or the films PCT50.
ak measured by XRD with the Bragg-Brentano geometry, for the films
BS) data that show the variation of the sound velocity at increasing tetures
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Fig. 3. GIXRD patterns of PCT films treated at different temperatures and with different Ca2+ contents. Py is a pyrochlore-type phase. Indexed peaks correspond
to the perovskite. Inset shows the variation of the perovskite cell parameters (a andc) and of the tetragonality (c/a), as a function of the Ca2+ content.

with the exception of the PCT0 film, which shows reflections
corresponding to pyrochlore phase. After treating the films at
425◦C, PCT40 and PCT50 films remain amorphous, while
films with low calcium concentrations show reflections corre-
sponding to the perovskite together with a large background
characteristic of amorphous or low-crystalline phases. Coex-
istence of perovskite and pyrochlore is detected in the pattern
of the PCT0 film. At 450◦C and higher temperatures, the X-
ray patterns show the formation of a perovskite phase for all
the films, although it is still possible to detect a relatively large
background in the patterns of the films PCT40 and PCT50
treated at 450◦C. As presented inFig. 3, the films treated at
650◦C show by GIXRD the formation of a single perovskite.
Pure lead titanate (PCT0) films have a tegragonal structure
with a tetragonality ofc/a∼ 1.09. Substitution of Pb2+ by
Ca2+ produces a decrease inc/a, obtaining a pseudo-cubic
structure for PCT50 film (inset ofFig. 3).

Results ofFigs. 1 and 3indicate that crystallisation tem-
perature increases and growth kinetics is slow for PCT films
with Ca2+ contents over 40 at%. Films with Ca2+ contents
below 40 at% show an exponential decay for the FWHM of
the 1 1 1 perovskite peak that can be associated mainly to
grain growth, whereas this kind of behaviour does not appear
for the other films. Once the perovskite peaks are detected by
GIXRD in the films PCT40 and PCT50 at 450◦C (Fig. 3),
grain growth seems not to occur. This would suggest that
c y in
t BS
r ility

for the dependence of the room temperature sound veloc-
ity at increasing temperatures (Fig. 1f). Note how the sound
velocity decreases with temperature up to∼475◦C. Then,
it starts to increase. The initial decrease is indicative of the
formation of nano-crystals inside of an amorphous matrix.
This structural change is accompanied by a softening of the
sound velocity. In the temperature range between 475◦C and
500◦C, the elastic instability appears, indicating the forma-
tion of coarse-grained films and thus, the complete crystalli-
sation of the films. The elastic properties of the films com-
pletely change and an abrupt increase in the sound velocity
is produced, which is related with the expected hardening
of the sample. This behaviour has previously been reported
for PCT24 films, where the elastic instability was observed
at similar temperatures.19,20 Therefore, BS results indicate
that complete crystallisation of the PCT50 films occurs at
temperatures of∼500◦C, like in films with low calcium.
Reflections detected by X-ray diffraction in films treated at
lower temperatures correspond to perovskite (Fig. 3), but this
crystal phase is coexisting here with amorphous phases up to
∼500◦C, where the BS results (Fig. 1f) show the total con-
version of the film into crystalline perovskite. However, grain
growth with temperature seems to be hindered in PCT films
with large amounts of calcium where crystalline films are
formed by sub-100 nm grains (Figs. 1e and 2b).

In spite of the nanometric grain size of the films PCT50
c te
s these
fi

rystallinity does not evolve with temperature so quickl
hese films as in PCT films with low calcium. However,
esults obtained in PCT50 films show an elastic instab
rystallised at 650◦C and of the proximity of the perovski
tructure to the paraelectric phase at room temperature,
lms exhibit a low ferroelectric activity (Fig. 4a). Very diffuse
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Fig. 4. Comparison of ferroelectric and dielectric properties between the
PCT24 and the PCT50 films: (a) compensated ferroelectric hysteresis loops
and (b) permittivity values with temperature.

ferro-paraelectric transitions are measured in the films with
permittivity values at room temperature larger than those of
films with low calcium (Fig. 4b). As an example of applica-
tion, properties of PCT films with large Ca2+ contents could
be exploited in dynamic random access memories, whereas
applicability of the dielectric and ferroelectric properties of
films with low calcium has been widely reported.9–12

4. Conclusions

Lead calcium titanate (Pb1−xCaxTiO3) films prepared by
chemical solution deposition and withx from 0 to 0.50 are
completely crystallised into the perovskite phase at tempera-
tures of∼500◦C. At lower temperatures, the films show the
coexistence of perovskite and amorphous phases, whereas
over 500◦C the films are full-converted into perovskite. In
spite of the no dependence of the crystalline conversion of the
films with the Ca2+ content, the films with low Ca2+ amounts
develop a larger grain size than that of films with high Ca2+

contents. The films with Ca2+ contents of 50 at% are formed
by sub-100 nm grains and show ferroelectric activity and dif-
fuse ferro-paraelectric transitions with permittivity values at
room temperature larger than those of films with low calcium
content.
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