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Structure and ferroelectric properties dependence
on thermal treatment of modified lead titanate thin

films
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Calcium modified lead titanate thin films have been prepared from a sol-gel method.
Different thermal conditions have been used for the crystallization of the as-deposited
amorphous films. The influence of thermal treatment on the perovskite structure and strain
of the films is studied by a grazing incidence X-ray diffraction technique (GIXRD). The
ferroelectric response of the films is related to their crystalline structure and chemical

composition.

1. Introduction

Ferroelectric thin films based on modified lead titan-
ate compositions are of increasing interest for their
possible applications in non-volatile ferroelectric
memorties, surface acoustic wave (SAW) devices, ac-
tuators, infrared (I.R.) detectors, etc., [1,2].

Among the deposition techniques currently used to
produce high quality ferroelectric thin films, the
sol—gel process has the advantage of providing good
homogeneity, ease of compositional control and low
temperature processing [3]. In sol-gel processing,
crystallization proceeds from amorphous structures
after thermal treatment. Development of perovskite
phase in these films, depends upon the solution chemi-
stry and thermal treatment used. Rapid thermal an-
nealing (RTA) has been used to maximize the content
of perovskite phase by circumventing the temperature
range in which pyrochlore phases are stable, to avoid
reactions between the bottom electrode and the ferro-
electric layer and to prevent evaporation of PbO.
These defects (second phases, substrate—ferroelectric
interfaces, lead and oxygen vacancies, etc.) restrict
many applications of ferroelectric films. Thus, a com-
plete crystallographic characterization which shows
the distribution of ferroelectric and non-ferroelectric
phases in the polycrystalline films is desired [4]. From
this knowledge, an approach for modelling electric
properties of films should be possible.

The conventional 0—26 X-ray powder diffraction
method is not suitable for analysing polycrystalline
thin films, since the incident beam penetrates into the
substrate and information, not only of the polycrystal-
line layer but also of the substrate itself is obtained.
Instead of this, a grazing incident X-ray diffraction
(GIXRD) technique has been proved recently to be
more feasible for this type of sample [5, 6].

In this work, the GIXRD is used to obtain depth
profiles of the phase compositions and residual strains
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in Ca,Pb,_,TiO; sol-gel derived films crystallized
with different thermal treatments. Electric characteri-
zation is also carried out in these films and correla-
tions between these results and those obtained from
the GIXRD technique, are attempted.

2. Experimental procedure

2.1. Thin film preparation

For the synthesis of calcium modified lead titanate
precursor solutions (Fig. 1), a lead and titanium sol
was first prepared by reacting titanium di-isopropo-
xide bis-acetylacetonate, Ti(OC;H,),(CH;COCHCO-
CHs),, and trihydrated lead acetate, Pb(CH;COO)..
3H,O, in 1,3-propanediol solvent, HO(CH,); OH
[7]. Molar ratios of 5:1 and 0.76:1 were used for diol:
solvent and lead:titanium, respectively. A water-dis-
solved calcium acetate, Ca(CH;COQ),, with a 5:1 mo-
lar ratio of water to diol and a 0.24:1 molar ratio of
calcium to titanium, was added to the former sol. After
vigorous stirring, a stable solution with 20.9M concen-
tration and Pbg 76Cag 2, TiO3 nominal composition was
obtained [8&].

The precursor solution was deposited on Pt
TiO,-SiO,—~(100) Si substrates by spin-on at 2000
r.pam. for 45 s. These samples were heated at 350°C for
60s on a hot plate for solvent removal and partial
organic pyrolysis. To achieve crystallization in the films,
different thermal treatments were tested. These treat-
ments consisted of heating at 5 and 40°C min~! up to
650 °C with a soaking time of 12 min, and the rapid heat
treatment consisted of bringing the furnace to the desired
temperature (650 °C) and stabilizing it, putting the film in
it, maintaining the temperature for 12 min, and air-
quenching to room temperature. Thicknesses of about
500 nm and an average grain size for the former samples
of 100, 70 and 20 nm, respectively, have been obtained
(Fig. 2).
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Figure I Preparation scheme of the films.

2.2. X-ray diffraction measurements

The grazing incidence X-ray asymmetric Bragg geo-
metry used for the analysis of the ferroelectric thin films
is schematically shown in Fig. 3.

XRD data were collected on a Siemens D 500 powder
diffractometer with uncoupled 626, 0.1° divergent inci-
dent slit, a special .0.4° axial Soller slit and a flat LiF
monochromator in the diffracted beam. A Cu anode
operating at 40 kV and 25 mA and a scanning speed of
0.15° min !, were used.

As the grazing incidence angle, o, increases, the diff-
racting volume also increases according to sina~ o and,
thus, a deeper layer of the sample can be analysed. All
the recorded data allow one to obtain information about
the profile of the films.

Fig. 4 shows the 20 scans of samples annealed with the
three types of thermal treatments tested in this work.
1. a slow heating rate of 5°C min ™', hereinafter called
sample A;

2. a moderated heating rate of 40 °C min ™', hereinafter
called sample B; and

3. a rapid heating, hercafter called sample C.

The patterns were obtained with a grazing incidence
angle of o = 1°. In these patterns, not only the perovskite
diffraction peaks are observed but also other peaks
corresponding to Laue reflections of the (100) silicon
substrate [9] and to pyrochlore phases (PbTi;Os,
Pb,Ti, O and PbTi,04). These phases are always pres-
ent in films annealed with slow heating rates.
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In order to obtain depth profile information through
the thickness of the ferroelectric films, a sequential set of
scans was performed measuring the 001 and 100 pro-
files from o = 1 to 3° with 0.5° steps.

The recorded data were corrected by background,
K,, stripping and smoothing. An angular shift

g';-l'i A .

& 4-1, 4 vﬁgy_'n' R : 19
w

S AN U VR A

Figure 2 Scanning electron micrographs of the three samples follwing
heat treatment:(a) “rapid”, ()40 °C min~*, and (¢)5°C min~ 1,



Figure 2 (Continued)
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Figure 3 Schematic diagram of the GIXRD technique:(a) expanded
view of the sample surface, and (b} capacitor structure.

correction due to the X-ray refraction was applied [10],
according to the equation

A20 ~ o — (0 — o)t

The expression o, & 16 x 10™*p**A is used to calculate
the critical angle for a total reflection, considering a den-
sity of p~6.5 g cm ™3, since films seem to show a lower
dense microstructure than ceramics, as can be observed
in the SEM micrographs of Fig. 2. Figure 5 shows the
profile results obtained for the films after deconvolution
of the 001 and 100 peaks with commercial software.
Note that overlapping of the film profiles increases
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Figure 4 GIXRD patterns ( o = 1°) of the three types of samples, have reflection of Si; Py, pyrochlore peaks.

619



1200

800

400

Intensity {a.u.)

(a) 26 (deg)
500 —
400
300 —j‘

200 —

Intensity (a.u.)

106 —

(b) 20 21

1000
]

800 —

26 (deg)

600 —

400 +

Intensity {(a.u.)

200 —

0

21
(c) 29 (deg)

Figure 5 GIXRD scans of the three samples, A-C, at (a) 5°C min~!,
(b) 40°C min™*, (c) rapid heating respectively. Incident beam angle,
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with the increasing heating rate of the thermal treatment
used. '

The corrected and fitted profiles allowed are to calcu-
late the cell parameters and their variation with depth.
Strains were deduced using a line broadening analysis, as
will be shown later on.

2.3. Electrical characterization

2.3.1. Hysteresis loops

To carry out the electrical measurements, Pt dot elec-
trodes of 2 mm diameter were deposited by sputtering on
the top surface of the films. Hysteresis loops were per-
formed using a modified Sawyer tower circuit.
A sinusoidal signal of variable amplitude and 1 Hz fre-
quency was used. Resistance (R) and capacitance (C)
compensation was realized using a previous measurement
of R and C with a low and non-disturbative voltage.
Figure 6 shows the hysteresis loops and the current versus
the applied electric field for the three types of samples.

2.3.2. Switching currents
A sequence of square pulses was applied to measure
the current curves as is depicted in Fig. 7. After several
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Figure 6 Hysteresis and current curves of the samples. (a) Sample
A, 5°Cmin~!: + Ec =150kVem™!, —Bc= —95kVem™%, 2P
=123 uCem ™2 (b) Sample B,40°C min~!: + Ec = 184kVcm™},
— Bc=120kV cm ™%, 2Py =19.5 pC cm ™2 (c) Sample C, rapid heat-
ing: +EBc=226kVem™, —EBc= —165kVem™}, 2Pg=
13.6 pCecm ™ 2. Where Ec = Coercive field

polarization pulses of 16 V amplitude and 200 us
width, with an interval of 20 us, two equal pulses of
opposite sign were used for the measurement of the
current curves. Then, the net poling charge (non-linear
ferroelectric charge) and switching time were ob-
tained. Figure 8 shows the switching current curves.

3. Results and discussion

It has been reported previously [11], that so-called
rapid thermal annealing (RTA) avoids the formation
of pyrochlore phases in lead titanate based materials.
Although, the annealing conditions tested in this work
for film crystallization are not those reported for RTA,
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Figure 8 Switching current curves for samples:(a) A, 5°C min~ %,

(b) B, 40°Cmin~", and (c) C, rapid heating, following:(—) 1°,
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Figure 9 Lattice parameter variation versus X-ray penectration
depth: (W) ¢3C, ( +) a5C, () crp, () ¢ 40C, (x) a 40C, (A) arp.
Where c5C is c-axis of sample A (heating rate of 5°C min~1), a5C
is a-axis of sample A (heating rate of 5°C min~1), crp is c-axis of
sample C c40C is c-axis of sample B (heating rate of 40°C min™*)
a40C is a-axis of sample B (heating rate of 40°C min~*) arp is
a-axis of sample C (rapid heating rate).

it is observed that an increase in heating rate leads to
a decrease of pyrochlore phases in the films. However,
perovskite distortion is always smaller in samples
treated with rapid heating rates. Figure 9 shows that
the cell parameters of sample A are closer to those of
bulk ceramics with the same composition, than the
parameters of the other two samples, B and C. In this
figure, variation of the a and c¢ cell parameters, as
a function of penetration depth of the X-ray beam, can
be observed. Penetration of the beam is calculated for
each grazing angle, considering an attenuation of
I/I, = 1e~! and taking into account the formula

I/Io — exp—pt[llsinea+ 1/sin(20 —a)]

where j1 is the linear absorption, ¢ the thickness, o the
grazing incident angle and 26 the diffraction angle.
This figure shows a larger variation and lower values
for the c-axis in sample B than in samples A and C.
These phenomena can be due to variation in chemical
composition through the film thickness and/or to
strain effects induced by the substrate.

After deconvolution of the overlapped 001/100
peaks, large broadening is observed in both peaks,
specially in the 001 peak. This effect could be ex-
plained considering a mixture of perovskite composi-
tions with different amounts of Ca, since the ¢ para-
meter of the perovskite is very sensitive to this type of
variation, meanwhile the a-axis remains almost con-
stant. This effect has been observed also in ceramics
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[12], for other modified lead titanate compositions. Re-
cently, Qu et al. [13] have reported broadening even in
pure lead titanate films. Therefore, the broadening effect
that is observed in the films cannot be imputed only to
composition inhomogeneities, but also to other causes.

To perform the profile analysis in the films, some
previous considerations have had to be made, to sim-
plify the calculation. The broadening contribution of
grain size in samples A and B has been neglected since
it is close to 100 nm. Thus, strains only have been
considered in the profile analysis. In these cases, integ-
ral breadths are obtained and corrected by instrumen-
tal contribution, using a standard ceramic with a large
grain size. The conventional integral breadth method
is thus applied [14], considering the expressions

B= (Bl — B
&(%) = B/4tand

where B, and B, are the breadths of the experi-
mental and the standard samples, and ¢ the strain. For
sample C, since the grain size is much smaller, its
contribution to the broadening cannot be neglected
and, in this case, the variance method [15] is more
appropriate for calculation of strains along [001]. In
this film, the following expression is used

<e? > = (W, /4tg*0) x n/180

where W, is the intercept of the variance-range curve,
after all the corrections have been performed.

Fig. 10 shows strain variation with X-ray penetra-
tion depth. Note how large the strain 1s along the
[0017 direction, compared with the [100] direction.
These results are similar to those obtained for bulk
ceramics where the 001 profile is also very broad
[12]. By considering the former results, a larger global
strain is deduced for samples A and B than for sample
C, mainly along the [00 1] direction.

The GIXRD method used in this work does not
supply information for each separated volume layer of
film, since for each grazing angle, o, the information
also includes one of the previous layers. However,
even considering this limitation, the information ob-
tained with this technique is very useful compared
with conventional 0—26 XRD, where interference of
the substrate cannot be avoided.

According to the results obtained from GIXRD
analysis, it can be said that films annealed with rapid
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Figure 10 Lattice strain variation with X-ray penetration depth.
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heating show lower content of pyrochlore phases than
films prepared with slow heating. Besides the strain
induced by the substrate on the cell structure of the
perovskite, crystallinity is always lower in films pre-
pared by rapid heating than with slow heating.

An average strain value of 4.0 x 10”3 has been re-
ported previously [12] for modified lead titanate bulk
ceramics. Since the values obtained here for samples
A and B are 6.8 x 1073, disagreement between both
values has to be ascribed to the special nature of the
films. Nevertheless, the ¢ parameters deduced from the
average strain of the films are slightly larger than the
parameters experimentally obtained, indicating the
existence of lead and oxygen vacancies produced by
small volatilization of PbO during thermal treatment.
For sample C, after the appropriate corrections, the
intrinsic strain of the film is 2 x 1073 The average
¢ parameter deduced from this strain is much smaller
than that of the other two samples. Thus, the presence
of an amorphous phase not crystallized during heating
is suggested, since such large quantities of PbO losses
are not possible.

The Fig. 6 shows a better defined hysteresis loop
and a lower value of the coercive field for sample
A than for sample B, although (remanent polarization)
2Py is smaller in the first case. For sample C, the large
non-ferroelectric current masks the true hysteresis loop.
Switching curves are also different. For all samples,
application for a short time of an electric field previous
to poling (de-ageing), favours reorientation of domains.
For sample B, the increase of time elapsed between the
electric treatment and the switching measure, leads to
a decrease of the charge implied (Table 1), this decrease
for samples A -and C being much more rapid.

The variation of switching time, 1, defined as double
the time for the maximum current, is also remarkable.
For sample A, 7 is about 100 ns; whereas for sample B,
7 moves from 400 ns, just after electric treatment, to
140 ns, 30 min after. This increase of switching asso-
ciated with domain wall mobility, will probably have
been caused by rearrangement of a space charge mov-
ing from the ferroclectric layer to the ferroelec-
tric—electrode interface.

The lack of squareness in the hysteresis loops of
samples A and B can be associated, according to
Mihara et al. [16], to the microstructure dependent
internal space charge; the smaller the grain size, the
larger the space charge. Therefore, since the square-
ness of sample B is less than that of sample A, a larger
space charge has to be present in the former than in

TABLE I Variation of the switching parameters with elapsed time
between the previous electrical treatment and measure (M)c5C,
(+)a5C, (*)crp, ((1)ad0C, ( x)c40C.

Time, 1, elapsed (seg) P(uC cm™?) t_(ns)

40°Cmin~*! Rapid 40°Cmin~! Rapid 40°C min~! Rapid

0.3 0.3 3.298 3110 200 472
1.0 25 2463 2433 136 88
6.0 6.0 2.151 1464 128 100
10.0 8.0 1.634 1.226 88 112
30.0 16.0 1.178 0.732 72 84




the later. This result is in accordance with that de-
duced from the grain size of each sample. On the other
hand, the space charge of the samples produces an
internal bias field which causes the shift of the hyster-
esis curves shown in Fig. 6.

4. Conclusions

According to the cxperimental results of this work,
an increase in the thermal treatment heating rate
used for the crystallization of sol-gel derived
films, facilitates the formation of a single perovskite
phase.

Together with the perovskite phase, second pyro-
chlore phases are observed in films prepared by slow
heating. Formation of a large space charge due to
PbO losses is also detected in these films. However,
the films crystallized with rapid heating do not present
pyrochlore phases and have low space charge, al-
though some amorphous phase remains in these films
after crystallization. _

Thermal treatment causes a compressive strain in
the films which becomes larger closer to the substrate.
This strain seems to produce an increase in the co-
ercive field of the ferroelectric films.

During poling, a rearrangement of the space charge
of the films is produced. Therefore, the way of poling
affects the electric results obtained from these films.

Due to space charge, related to the thermal treat-
ment of the films, more studies about the kinetics of
the solid state reactions which occur in each type of
films need to be made.
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