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Abstract

Ferroelectric Pb;_,Ca,TiO; (x=0.24) thin films were formed on a Pt/Ti/SiO,/Si substrate by the polymeric precursor method
using the dip-coating technique for their deposition. Characterization of the films by X-ray diffraction showed a perovskite single
phase with a tetragonal structure after annealing at 700°C. Atomic force microscopy (AFM) analyses showed that the film had a
smooth and crack-free surface with low surface roughness. In addition, the PCT thin film had a granular structure with an 80 nm
grain size. The thickness of the films observed by the scanning electron microscopy (SEM) is 550 nm and there is a good adhesion
between the film and substrate. For the electrical measurements metal-ferroelectric-metal of the type capacitors were obtained,
where the thin films showed good dielectric and ferroelectric properties. The dielectric constant and dissipation factor at 1 kHz and
measured at room temperature were found to be 457 and 0.03, respectively. The remanent polarization and coercive field for the
deposited films were P.=17 uC/cm? and E.=75 kV/cm, respectively. Moreover, the 550-nm-thick film showed a current density in
the order of 10~8 A/cm? at the applied voltage of 2 V. The high values of the thin film’s dielectric properties are attributed to its
excellent microstructural quality and the chemical homogeneity obtained by the polymeric precursor method. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Ferroelectric thin films have attracted much attention
as a result of their application in piezoelectric and
pyroelectric sensors, dynamic random access memories
(DRAM) and non-volatile ferroelectric random access
memories (NVFRAM).'3 Modified lead titanate
(PbTi05) thin films have also attracted interest owing to
their good ferroelectric properties. Among the modified
lead titanate thin films, the zirconate-modified lead tita-
nate (PZT), lanthanium-modified lead titanate (PLT), and
lanthanium-zirconate-modified lead titanate (PLZT) thin
films have been widely studied.*° The production of these
modified lead titanate thin films, however, presents some
problems insofar as the preparation technique is con-
cerned. Stoichiometry is difficult to achieve in physical
preparation methods due to the preferential sputtering

* Corresponding author. Tel.: +55-16-222-2022; fax: + 55-16-222-
7932.
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of one element over the other and the different vapour
pressures of the constituents. On the other hand, che-
mical methods such as sol-gel processing require the use
of precursor solutions, in which compatibility between
the starting reagents constitutes the main problem.
Thus, the commonly used alkoxide precursors employed
in the production of modified lead titanate thin films by
sol-gel methods are highly reactive, requiring careful
control of the hydrolysis-condensation reactions. Fur-
thermore, handling the methoxyethanol used as a sol-
vent is quite dangerous. The chemical method known as
PPM (polymeric precursor method), on the other hand,
is a promising candidate to process a variety of thin
films including modified lead titanate [7—10]. Because
the polymeric precursor method allows for spin- or dip-
coating deposition, it offers several advantages over
other processing techniques, i.e. it is a simple inexpen-
sive non vacuum chemical process, it can be used to
uniformly deposit several polycomponent oxide thin
films, and it uses water as the solvent. In this process,
the desired metal cations are chelated in a solution using
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a hydroxycarboxylic acid, such as citric acid, as the che-
lating agent. This solution is then mixed with a poly-
hydroxy alcohol such as ethylene glycol and heated to
promote esterification reactions in the solution. Metal
ions are chelated by the carboxyl groups and remain
homogeneously distributed in the polymeric network.

Yamaka et al.!' reported highly c-axis oriented
(Pb,Ca)TiO; thin films on MgO and SrTiOj; substrates by
the r.f. magnetron sputtering technique. Other authors
have also reported on the production of (Pb,Ca)TiOj; thin
films, among them Maiwa et al.,'> who reported on the
preparation of Pbg;Cag3TiO5 thin films by a multiple-
cathode r.f. magnetron sputtering method. In addition,
Bao et al.! prepared (Pb,Ca)TiOj thin films by a modified
sol-gel technique, and other authors have also discussed
the influence of calcium on the ferroelectricity of modified
lead titanate on the form of the bulk.!*!3

This article reports on the production of calcium-
modified lead titanate [(Pb,Ca)TiO;] thin films, which

form a solid solution between calcium titanate and lead
titanate, by the polymeric precursor method.

2. Experimental

Lead (II) acetate trihydrate (Pb(CH;COO),.3H,0),
calcium carbonate (CaCO;) and Titanium (IV) isoprop-
oxide (Ti(OCH(CHs),)4 were used as starting materials.
Ethylene glycol and citric acid were used as polymeriza-
tion/complexation agents for the process. Ammonium
hydroxide was used to adjust the pH and to prevent lead
citrate precipitation. Following the flow chart shown in
Fig. 1, titanium citrates were formed by the dissolution
of titanium IV isopropoxide in a water solution of citric
acid (60-70°C). After homogenization of the Ti-citrate
solution, a stoichiometric amount of (Pb(CH;COO),
3H,0) was dissolved in water and then added to the Ti-
citrate solution while it was slowly stirred. Ammonium

Dissolution of Ti -
isopropoxide and citric acid in
water (60-70° C)

y

Formation of a Titanium
Citrate solution in water

Addition of Lead (II) acetate
trihydrate to the solution

y

Adjustment of the solution’s
pH to the 7-8 range with
NH,OH

Addition of calcium
carbonate to the solution

l

Addition of ethylene glycol to
the titanium, lead and calcium
citrate solution

Beginning of the formation of
the polymeric precursor
solution (80-90° C)

y

Pb + Ca + Ti Resin
formation

y

Viscosity adjusted
with H,O

Deposition of the precursor
solution onto the substrates
by Dip-coating technique

y For
Drying and pyrolysis of Ileultlple
organic materials at 150° C ayers
on the hot plate

v

Heat-treatment in the furnace
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Fig. 1. Flow-chart illustrating the procedure for the preparation of (Pbg 76Cag 24)TiO3 solution and film production.
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hydroxide was added drop by drop until the pH reached
7-8. The complete dissolution of the salts resulted in a
clear solution. Later, CaCO; was also slowly added,
resulting in a clear solution. After homogenization of
the solution containing Pb and Ca cations, ethylene
glycol was added to promote mixed citrate polymeriza-
tion by polyesterification reaction. The solution became
more viscous with continued heating at 80-90°C, with no
visible phase separation. The molar ratio among the lead—
calcium and titanium cations was 1:1, the citric acid/metal
molar ratio was fixed at 1.00, and the citric acid/ethylene
glycol ratio was fixed at 60/40 (mass ratio). The viscosity
of the deposition solution was adjusted to 15 mPas by
controlling the water content. The thin films were pre-
pared by a dipping platinum-coated silicon substrate in
a PCT solution and subsequently pulling it up at a con-
stant speed of 0.76 cm/min. After deposition, each layer
was dried at 150°C on a hotplate for 20 min to remove
residual solvents. The heat treatment was carried out in
two stages: initial heating at 400°C for 2 h at a heating rate
of 5°C/min to pyrolyze the organic materials, followed
soon thereafter by heating to crystallize them. Each layer
was pyrolyzed at 400°C and crystallized before the next
layer was coated. This process was repeated several times
to achieve the desired film thickness.

X-ray diffraction (XRD) patterns were obtained using
a Cu K, radiation source to determine the crystallinity
of the films. The thickness of the coated film was mea-
sured by thin film cross-section analysis using scanning
electron microscopy (SEM). Atomic force microscopy
(AFM) was used to obtain an image reconstruction of
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the sample’s surface. These images allow accurate ana-
lyses to be made of the sample’s surface and others
parameters, such as roughness and grain size, to be
quantified. A Digital Instruments Multi-Mode Nano-
scope IIla was used.

The ferroelectric properties of the Pbg-6Cag.4TiO5
thin film were evaluated using a capacitor structure of
metal-ferroelectric-metal, on which the top Au (0.3 mm
diameter) electrode was deposited by sputtering through
a designed mask on to the film surfaces. A ferroelectric
analysis was performed using the Radiant Technologies
RT6000HVS ferroelectric test system. The capacitance-
voltage (C-V) properties were characterized using Hew-
lett-Packard (4194A) impedance/gain phase analyzer, in
which the capacitance value was measured using a small
AC signal of 10 mV at 100 kHz. The dielectric constant
and dissipation factor were measured as a function of
frequency in a frequency range of 100 Hz to 10 MHz.
The leakage current-voltage (I-V) characteristic was
measured using a voltage source measurement unit
(Keithley 237). All the measurements were taken at room
temperature.

3. Results and discussion
3.1. Crystallographic structure
The crystallographic structure of the films was exam-

ined by the X-ray-diffraction technique (XRD). Fig. 2
illustrates the diffraction patterns of the film after heat
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Fig. 2. X-ray diffraction patterns of (Pbg 76Cag24)TiO3 thin films on Pt/Ti/SiO,/Si substrate annealed at 700°C.
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treatment at 700°C for 2 h. All the peaks are attributed
to a tetragonal perovskite structure except those ascri-
bed to the substrate (Pt peak). In addition, some of
those peaks appear overlapped and a peak correspond-
ing to the 111 diffraction line of Pt is observed. The
XRD patterns also revealed that the films were poly-
crystalline, with no evidence of preferred orientation or
secondary phases. The lattice parameters of the film
and, therefore, the tetragonality of the film c/a, were
obtained from the diffraction pattern. The typical tetra-
gonality obtained for the PCT thin films is ¢/a ~1.021.
The values reported here are similar to those reported
by Martin et al.'®

3.2. Surface morphology and microstructure

Scanning electron microscopy by analysis showed the
film thickness to be approximately 550 nm, and the film/
substrate interface showed good adhesion (Fig. 3).
AFM imaging was carried out in the contact mode,
using a triangular shaped 200-pm long cantilever with a
spring constant of 0.06 N/m. The scanning rate varied
from 1 to 2 Hz and the applied force from 10 to 50 nN,
depending on the sample/tip interactions. Surface
roughness (rms) was calculated using the equipment’s
software routine.

The average grain size and surface roughness of the
Pbg.76Cag24Ti05 thin film were estimated using atomic
force microscopy (AFM). Fig. 4 shows an image of a
Pbg 76Cag4TiO; film annealed at 700°C for 2 h and
characterized by a slight surface roughness with a uniform,
crack-free, densely packed microstructure. On the other
hand, PCT thin film with the same composition obtained
by pulsed laser ¢ was characterized by the growth of iso-
lated cubes and showed a porous morphology, which is
useless for electrical applications.

PCT

T'hin film

Substrate

Fig. 3. Scanning electron micrographs of the cross-section of the PCT
thin films deposited on Pt/Ti/SiO,/Si substrate.

The average size and surface roughness of the sphe-
rical shaped grains obtained by the polymeric precursor
method were close to 80 and 6.0 nm, respectively. This
surface roughness is lower than that obtained by Martin
et al., '° who reported roughnesses of 30-40 nm for PCT
films with the same x=0.24 composition on Pt/Ti/SiO,/
Si produced by the laser ablation technique.

3.3. Ferroelectric and dielectric properties

A 550-nm-thick film was used for the electrical and
ferroelectric measurements. Fig. 5 illustrates the varia-
tion of the dielectric constant and the dissipation factor
(tan ) as a function of frequency in the range of 100 Hz—-
10 MHz for films deposited on Pt/Ti/SiO,/Si substrates.
The dielectric properties of different dot electrodes of the
films changed by 2-3%, confirming the homogeneous

~0.25

- g
1.00 pm

0 0.25 0.50 0.75

80.000 nm

Fig. 4. Atomic force microscopic surface image of a PCT thin film
obtained by the polymeric precursor method and annealed at 700°C.
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Fig. 5. Frequency dependence of dielectric constant and dissipation factor of PCT thin film capacitor on Pt/Ti/SiO,/Si.

composition and uniform thickness of PCT thin films
prepared by the polymeric precursor method. The
dielectric constant and the dissipation factor (tan J) at a
frequency of 1 kHz were 457 and 0.03, respectively. This
film showed little dispersion dielectric constant, dis-
playing a decline of approximately 20% when the
applied frequency increased from 100 Hz to 10 MHz.
The rapid increase of the dissipation factor at a fre-
quency above 10° Hz may be related to space charge
conductivity effects. Similar dielectric constant and dis-
sipation factors versus frequency behaviours have been
reported in other thin films.!'”~!” These values exceed
several of the values reported for PCT thin films with
similar compositions prepared by other techniques, as
summarized in Table 1.

Fig. 6 displays the typical C-V curve for MFM capa-
citors. Capacitance dependence on the voltage is
strongly nonlinear, confirming the ferroelectric proper-
ties of the film. The two peaks which characterize
spontaneous polarization switching are clearly shown in

Table 1
Electrical properties of PCT films according to the literature

Processing Dielectric Tan§  Thickness Deposition
temp. (°C) constant (1 kHz) (1 kHz) (nm) method

650 171 (x=0.30) 0.027 1000 Sol-gel

650 187 (x=0.20) 0.022 1000 Sol-gel

800 330 (x=0.10) 0.032 1000 Sol-gel

650 116 (x=0.24) - 500 Sol-gel

650 42 (x=0.24) - 500 Sol-gel

650 230 (x=0.24) 0.027 500 Modified sol-gel
700 365 (x=0.30) - 300 Sol-gel

700 457 (x=0.24) 0.030 550 This study

Fig. 6. Also, the C-V curve displays a symmetry in the
maximum capacitance values that can be observed in
the vicinity of the spontaneous polarization switch.
However, the centre of the C-V curves was not located
in the zero bias field, but shifted toward the positive bias
field, to about +0.4 V. In addition, PCT thin films
obtained by the modified sol-gel'3 technique show asym-
metries in the maximum capacitance values observed in
the vicinity of the spontaneous polarization switching of
C-V curves, as well as a shift of the C-V curves of
approximately 2 V toward the positive bias field.

The ferroelectric properties of the PCT film were
confirmed by hysteretic measurements. Fig. 7 shows the
P-E curve of the Pbg 7cCag.4TiO5 thin films. In addi-
tion, a small displacement of the hysteretic loop was
also observed in the PCT thin film, which is in agree-
ment with that of the C-V curve measurements. As
shown in Fig. 7, the remanent polarization (P,) and the
coercive field (E.) were 17 pC/em? and 75 kV/cm,
respectively. A high value of remanent polarization is
essential for applications such as non volatile memories.
The values obtained in this study were higher than those
reported in the literature,?® for the same composition.
Table 2 shows the ferroelectric properties of the PCT
thin films prepared by the polymeric precursor method
compared with several values reported for PCT with
close compositions for thin films prepared by other
techniques.

Fig. 8 shows the measured current density (J) versus
the applied voltage (V') in a log(J) vs log(V) plot for
the Pbg 76Cag4Ti05 film. The voltage is applied in 0.2 V
steps and the current is measured after a delay time of 1
s for each voltage. Two clearly different regions can be



1112 D.S.L. Pontes et al. | Journal of the European Ceramic Society 21 (2001) 1107-1114

700

650

600

550

500

Capacitance (pF)

T
-15 -10 -5

0 5 10 15

Applied voltage (V)

Fig. 6. Dependence of the capacitance of the PCT thin film on d.c. bias voltage.
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Fig. 7. A typical hysteresis loop of a PCT thin film on a Pt/Ti/SiO,/Si substrate obtained by the polymeric precursor method.

seen, i.e. one in the low voltage region below 6 V, where
the current density is almost proportional to the applied
voltage, and another in the high voltage region above 6
V, which increases exponentially with the applied vol-
tage. In the low field region, the log(J) vs log(V) curve
has slope of ~1, indicating that the current in the low
field region is ohmic-like. The log(J) vs log( V) curve in
the high field region has a slope of ~10. The leakage

current in the high field has been postulated to be due to
Schottky or Poole-Frenkel emission. The leakage cur-
rent levels of the Pbg;¢Cag4TiO; film obtained by
the polymeric precursor method are in the range of
108-10~7A/cm? at 2.0 V. The breakdown voltage,
defined as the bias voltage at which the leakage current
density reaches 1073 A/cm? through the capacitor, was
found to exceed 200 kV/cm.
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Fig. 8. Leakage current characteristics with the applied voltage of a PCT thin film capacitor on Pt/Ti/SiO,/Si.

Table 2
Ferroelectrical properties of PCT films according to the literature

Processing Remanent Coercive Thickness Deposition

temp. (°C) polarization  field (nm) method
P, (uC/ecm?)  E. (kV/cm)
600 15(x=0.24) 64 500 Modified-Sol-gel
800 15 (x=0.10) 70 1000 Sol-gel
700 15 (x=0.15) 117 300 Sol-gel
650 4.6 (x=0.30) 68 1000 Sol-gel
650 8.0 (x=0.20) 64 1000 Sol-gel
650 6.0 (x=0.24) 100 700 Sol-gel
650 9.0 (x=0.25 77 500 Sol-gel
550 0.55 (x=0.24) 139 500 Pulsed laser
550 1.50 (x=0.24) - 600 Laser ablation
700 17 (x=0.24) 75 550 This study

4. Conclusions

We have demonstrated, for the first time, the growth of
ferroelectric Pbg 7¢Cag-4TiO5 thin films directly on
Pt(111)/Ti/Si0,/Si(100) substrates by the polymeric pre-
cursor method, using the dip-coating technique and heat
treatment at 700°C in air. The quality of films obtained by
this simple technique is comparable to that obtained
through other techniques. Polycrystalline, homogenous,
crack-free Pbg 7¢Cag4TiO3 thin films were prepared. A
smooth, dense surface was observed by AFM, which
also revealed low surface roughness (6.0 nm) in multi-
layer films. XRD results showed a tetragonally struc-
tured polycrystalline film with a ¢/a ratio of ~1.021. The
multilayer thin films consisted of grains of approxi-
mately 80 nm having a film thickness of 550 nm.

Dielectric properties were measured for the MFM
configuration. The PCT thin films showed ferroelectric
behaviour with a dielectric constant of 457 and a loss
tangent of 0.03 at 1 kHz. The C-V characteristics of the
MFM structure showed a typical butterfly loop, con-
firming the ferroelectric properties of the film, which are
related to ferroelectric domain switching. The films
showed a remanent polarization of P,=17 uC/cm? and a
coercive field of E.=75 kV/cm. I-V measurements dis-
played an ohmic behavior at low voltage (<6 V) with a
possible Schottky (SK) or Poole-Frenkel (PF) mechanism
at high voltages (> 6 V). The leakage current of the PCT
thin film was in the order of 1078-10~7A/cm? at 2 V.
These results suggest that the polymeric precursor
method is suitable to produce calcium-modified lead
titanate (Pb,Ca)TiO5 thin films with good ferroelectric
properties.
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