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Abstract

Lanthanum modi®ed lead titanate (PTL) thin ®lms
with a thickness ranging between 100 and 650 nm
have been prepared by a sol±gel method. Hysteresis
loops have been measured in two sets of ®lms: ther-
mally crystallized with 10�Cminÿ1 and more than
500�Cminÿ1. A thickness dependence of the ferro-
electric parameters has been found in both sets. This
dependence is related to the presence of a modi®ed
layer near the bottom electrode, with a di�erent ori-
gin in the two sets of ®lms. In those treated with
10�Cminÿ1, the layer is a Ti de®cient one, most
probably with the perovskite structure but La de®-
cient. In those treated with more than 500�Cminÿ1,
it is a layer that bears the ferroelectric-substrate
interfacial stress. # 1999 Elsevier Science Limited.
All rights reserved
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1 Introduction

Among the ferroelectric compositions, lanthanum
modi®ed lead titanate (PTL) with small amounts of
La has been found to be very suitable for thin ®lm
in infrared sensors,1,2 and it is also under focus for
electromechanical applications.
In a previous work,3 we have shown that PTL

®lms with a 8% of La can be prepared on Si based
substrates by a diol based sol±gel method showing
good ferroelectric properties, provided that a
20mol% excess of PbO were added to the pre-
cursor solution. It was found that the structure and
microstructure of the ®lms can be tailored using

di�erent heating rates for the crystallization ther-
mal treatment. In this work, the dependence of
the switchable polarization on thickness is studied
for the two types of ®lms. A thickness dependence
is expected in ®lms when a low dielectric permit-
tivity layer is developed near the electrodes.4,5

Previous rutherford backscattering spectrometry
(RBS) results6 obtained for the PTL ®lms of this
work, suggest that Ti di�usion occurs from the
®lm to the Pt bottom electrode during the thermal
treatment depending on the heating rate of crys-
tallization.

2 Experimental Methods

PTL ®lms were prepared as in Ref. 3 from a pre-
cursor solution with a 20mole% excess of PbO
with respect to the nominal composition of
Pb0�88La0�08TiO3. Films with successive increasing
thickness were obtained by repeating solution
deposition up to ®ve times.
The average thickness of the PTL ®lms was

measured by pro®lometry. Changes of the struc-
ture and microstructure with thickness were moni-
tored by grazing incidence X-ray di�raction
(GIXRD) and scanning electron microscopy
(SEM), respectively. Electrical characterization
was accomplished after 500�m diameter Pt elec-
trodes were deposited by sputtering on the ®lms.
The capacitance and losses at 1 kHz were measured
with a HP 4284A precision LCR meter. Ferro-
electric hysteresis loops were measured by using a
modi®ed Sawyer±Tower circuit and an oscilloscope.
A sine wave voltage of variable frequency (between 2
and 200Hz) was used. To improve the switchable
polarization, an electrical treatment consisting in
trains of alternating square pulses with a 1min
length, a 200Hz frequency, and a 250±400kVcmÿ1

amplitude,3,7 was applied before measurements.
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3 Results

3.1 Films treated with a 10�Cminÿ1 heating rate
GIXRD and SEM show that ®lms of thickness
ranging from 110 to 645 nm have the same per-
ovskite structure, characterized by a random
orientation, and microstructure, which presents
some porosity.3

The dependence of the reciprocal average capa-
citance on thickness for the ®lms treated with
10�Cminÿ1, is shown in Fig. 1. The ®lm with the
smallest thickness, i.e. that one prepared by a sin-
gle deposition, presents such high leakage that the
capacitance cannot be measured. The rest of the
data ®t well to a linear behaviour.
The remanent polarization, PR, increases with

the electrical treatment3 in the ®lms crystallized
with 10�Cminÿ1. The hysteresis loops of a 220 nm
thickness ®lm, before and after an electrical treat-
ment with increasing ®elds, are shown in Fig. 2(a).
PR increases with the measuring ®eld as well as
with the one of the electrical treatment in the range
between 300 and 400 kV cmÿ1, and so does slightly
the coercive ®eld, Ec. In Fig. 2(b), the hysteresis
loops at increasing frequency of a ®lm 485 nm
thick, are shown after an electrical treatment with
300 kV cmÿ1, which in this case, is the maximum
®eld attainable. PR decreases slightly when the fre-
quency increases, while Ec does not change sig-
ni®cantly. PR values are higher in this case than
those obtained for the thinner ®lm. The observed
trends on ®eld and frequency strongly suggest that
saturation has not been reached in these PTL ®lms.
In Fig. 3, the dependence of PR on the ®lm

thickness, measured with 300 kV cmÿ1 and 200Hz,
after an electrical treatment with the same ®eld, is
shown. PR increases with thickness. Care must be

taken when discussing the data marked with *,
corresponding to the ®lm with the highest thick-
ness, 645 nm, in which the maximum ®eld attainable
was 250 kV cmÿ1. In the same ®gure, the depen-
dence of the coercive ®eld on the thickness is also
shown, although, in this case, no dependence is
observed.

3.2 Films treated with rapid heating
GIXRD and SEM show no changes in ®lms with
thickness ranging between 130 and 560nm. Structure
is characterized by a mixed [001] [100] orientation
and microstructure is dense.3

The dependence of the reciprocal average capa-
citance on thickness for the ®lms treated with rapid
heating, is shown as well in Fig. 1. The single
coated ®lms has also such a high leakage that the
capacitance cannot be measured.

Fig. 1. Dependence of the PTL ®lms reciprocal capacitance,
1/C, on thickness.

Fig. 2. Hysteresis loops of a PTL ®lms (a) 220 nm: and (b)
485 nm thickness, crystallized with 10�Cminÿ1 and electrically
treated with di�erent ®elds; (c) of a ®lm 500 nm thickness

crystallized with rapid heating.
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Rapidly heated ®lms do not withstand the electrical
treatment. The hysteresis loops at two frequencies of a
®lm 500nm thick, are shown in Fig. 2(c). Similarly to
®lms treated with 10�Cminÿ1, PR decreases and Ec

increases when the frequency is raised, indicating
that saturation has not been reached. In Fig. 3, the
dependence of PR and Ec, with an applied ®eld of
300 kV cmÿ1 and a frequency of 200Hz, on ®lms
thickness is shown for ®lms rapidly heated. PR

increases initially up to 27�Ccmÿ2 for ®lms
420 nm thick; and then, it decreases continuously.
Ec decreases when the thickness increases in all the
range investigated.

4 Discussion and Conclusions

4.1 Films treated with a 10�Cminÿ1 heating rate
RBS results have been reported before6 that pro-
vide evidence of the Ti di�usion from the per-
ovskite ®lm to the bottom substrate causing the
formation of a Ti de®cient area in the ®lm, near the
substrate and, therefore, with di�erent electrical
properties. A simpli®ed model of the pro®le of
these ®lms is that of two layers system, a ®rst one
produced by the interaction between the ®lm and
the substrate, with a thickness of tm and a dielectric
permittivity of "m (we will refer to it as the mod-

i®ed layer); and a second one, with the nominal
composition of the perovskite, with a thickness of
tf and a dielectric permittivity of "f (the ferro-
electric layer). Previous RBS results6 indicate that
tm is between 50 and 100 nm. The situation, from
an electrical point of view, is that of two capaci-
tors, with capacitances of Cm and Cf, in series. In a
system like this, the reciprocal capacitance is given
by the following equation:

1

C
� 1

S

1

"m
ÿ 1

"f

� �
tm � 1

"fS
t �1�

where S is the area of the capacitors and t � tm � tf
is the whole thickness of the system.
The dependence of 1=C on t for the ®lms treated

with 10�Cminÿ1 is linear, as shown in Fig. 1. This
means that tm and "m of the modi®ed layer, and "f
of the non-modi®ed layer, do not change with the
®lm thickness. This is consistent with the fact that
neither the structure nor the microstructure of the
®lm was signi®cantly a�ected by thickness. From
the slope of the ®tted line, and using eqn (1), a
value of 300 is obtained for "f. Similarly, from the
intersection with the 1/C axis, and using 50 < tm
<100nm estimated from RBS data, "m between
260 and 280 is obtained. This dielectric permittivity
is only slightly smaller than that of the ®lm, which
suggest that the layer originated from the interac-
tion with the substrate is ferroelectric. Thus, it
could be formed by a perovskite with less La than
the nominal value, since the dielectric permittivity
is known to decrease in the PTL system the lower
the La content.8

The remanent polarization, PR, of these ®lms
presents a dependence on thickness as shown in
Fig. 3. It increases with thickness with a decreasing
slope. The switchable polarization, P, of the pro-
posed layered structure is given by the following
equation:

P � Pf � �Pm ÿ Pf� tm
t

�2�

in which Pm and Pf are the switchable polarization
of the modi®ed and ferroelectric layers, respec-
tively. Provided that tm is constant, the increase of
PR with the thickness of Fig. 3 indicates that
Pm < Pf. It was shown8 that PR and the coercive
®eld, Ec, from a saturated loop decrease when the
amount of La increases in the PTL system. Being
the modi®ed layer of low La content, Pm < Pf

results from the lack of saturation.

4.2 Films treated with rapid heating
Previous RBS results6 do not indicate signi®cant Ti
di�usion during rapid heating. However, the depen-
dence of the reciprocal capacitance on thickness

Fig. 3. Thickness dependence of the remanent polarization,
PR, and the coercive ®eld, Ec, in the PTL ®lms 200Hz,

300 kV cmÿ1 (*at 250 kV cmÿ1).
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shown in Fig. 1 clearly indicates that, from an
electrical point of view, the system has to include at
least two layers. From the slope of the linear ®t-
ting, and using eqn (1), a value of 1525 is obtained
for "f. "m cannot be inferred because tm is
unknown. One possible explanation to this phe-
nomenon is the presence of a layer similar to that
discussed in previous section, but thinner, i.e.
below the RBS resolution, due to the smaller
duration of the treatment with rapid heating. This
would lead to a layer with a thickness between 10
and 20 nm, that would be related to a "m between
40 and 60. Therefore, the modi®ed layer should
have a di�erent origin.
Sol±gel ®lms on Si based substrates are known to

be tensile stressed by the substrate.9 Besides, we
have shown3 that the ®lms shrinkage during the
crystallization treatment is higher with rapid heat-
ing than with a rate of 10�Cminÿ1. This indicates
that the tensile stress is higher in the former case.
Therefore, the modi®ed layer in the rapidly heated
®lms could be a stress induced one, although a
question still holds: Why is the stress con®ned in a
thin layer instead of being distributed across the ®lm
thickness? The grain size of these ®lms has been stu-
died with transmission electron microscopy (TEM),10

and found to be between �50 and �150nm. A sharp
partial stress relaxation most probably occurs in the
grain boundaries, and therefore, the stress is
mainly con®ned in the ®rst row of grains close to
the substrate. Assuming that the modi®ed layer is
of this type, its thickness can be taken as the grain
size, and therefore, "m would be �260, which also
suggest that the layer is still ferroelectric, but again
with a smaller switchable polarization. Since com-
position is unchanged, this smaller value is most
probably due to 90� domain walls clamping caused
by the stress on this layer.
Therefore, this case is the same discussed in the

®lms treated with 10�Cminÿ1. However, the
dependence of PR on the ®lm thickness is not that
expected. The switchable polarization starts to
decrease for a thickness above 420 nm. This fact
suggests that the characteristics of the layer, either
the intensity of the tensile stress or the grain size,
change with thickness. Although there is no evidence
of grain size changes, the intensity of the tensile stress
has been found to increase with thickness in similar
Ca modi®ed lead titanate thin ®lms.11

In these ®lms a continuous decrease of Ec is
observed when the thickness increases. This is due

to the signi®cant di�erences between the dielectric
permittivities of the two layers, which causes the
®eld in the ferroelectric not to be constant but to
increase with thickness.

Acknowledgements

This work has been funded by the European Union
through the Copernicus project ERBCIPACT94-
0236, and by the CICYT (Spain) through the pro-
ject MAT95-0110.

References

1. Ijima, K., Takayama, R., Tomita, Y. and Ueda, I., Epi-
taxial growth and the crystallographic, dielectric, and
pyroelectric properties of lanthanum-modi®ed lead tita-
nate thin ®lms. J. Appl. Phys., 1986, 60(8), 2914±2919.

2. Takayama, R., Tomita, Y., Ijima, K. and Ueda, I., Pyro-
electric linear array infrared sensors made of c-axis orien-
ted La modi®ed PbTiO3 thin ®lms. J. Appl. Phys., 1988,
63(12), 5868±5872.

3. AlgueroÂ , M., Calzada, M. L., Quintana, C. and Pardo, L.,
Ferroelectricity of lanthanum modi®ed lead titanate thin
®lms obtained by a diol based sol±gel method. Appl. Phys.
A, in press.

4. Larsen, P. K., Dormans, G. J., Taylor, D. J. and van
Veldhoven, P. J., Ferroelectric properties and fatigue of
PbZr0�51Ti0�49O3 thin ®lms of varying thickness: blocking
layer model. J. Appl. Phys., 1994, 76(4), 2405±2413.

5. Amanuma, K., Mori, T., Hase, T., Sakuma, T., Ochi, A.
and Miyasaka, Y., Ferroelectric properties of sol±gel
derived Pb(Zr,Ti)O3 thin ®lms. Jpn. J. Appl. Phys., 1993,
32, 4150±4153.

6. MartõÂ n, M. J., AlgueroÂ , M., Calzada, M. L., Pardo, L.,
Da Silva, M. F. and Soares, J. C., Estudio composicional
de laÂ minas delgadas de (Pb,La)TiO3 por espectroscopõÂ a de
iones retrodispersados (RBS). Bol. Soc. Esp. Ceram.
Vidrio, 1998, 37(2±3), 127±131.

7. Ramos, P., Mendiola, J., Carmona, F., Calzada, M. L.
and Alemany, C., E�ect of electrical treatment on the
polarization of modi®ed PbTiO3 ®lms. Phys. Stat. Sol.
(a), 1996, 156, 119±127.

8. Yamamoto, T., Igarashi, H. and Okazaki, K., Dielectric,
electromechanical, optical and mechanical properties of
La modi®ed lead titanate ceramics. J. Am. Ceram. Soc.,
1983, 66(5), 363±366.

9. Spierings, G. A. C.M., Dormans, G. J.M.,Moors,W.G. J.,
Ulenaers, M. J. E. and Larsen, P. K., Stresses in Pt/
Pb(Zr,Ti)O3/Pt thin-®lm stacks for integrated ferroelectric
capacitors. J. Appl. Phys., 1995, 78(3), 1926±1933.

10. AlgueroÂ , M., Calzada, M. L., Snoeck, E. and Pardo, L.,
Microstructure±ferroelectricity relationships in sol
(Pb,La)TiO3 thin ®lms. J. Eur. Ceram. Soc., 1999, 19,
1501±1505.

11. Mendiola, J., Calzada, M. L., Ramos, P., Martin, M. J.
and AgulloÂ -Rueda, F., On the e�ects of stresses in ferro-
electric (Pb,Ca)TiO3 thin ®lms. Thin Solid Films, 1998,
315, 195±201.

1484 M. AlgueroÂ et al.


