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Pb12xCaxTiO3 (0.10<x<0.40) thin films on Pt/Ti/SiO2 /Si(100) substrates were prepared by the
soft solution process and their characteristics were investigated as a function of the calcium content
~x!. The structural modifications in the films were studied using x-ray diffraction and micro-Raman
scattering techniques. Lattice parameters calculated from x-ray data indicate a decrease in lattice
tetragonality with the increasing content of calcium in these films. Raman spectra exhibited
characteristic features of pure PbTiO3 thin films. Variations in the phonon mode wave numbers,
especially those of lower wave numbers, of Pb12xCaxTiO3 thin films as a function of the
composition corroborate the decrease in tetragonality caused by the calcium doping. As the Ca
content~x! increases from 0.10 to 0.40, the dielectric constant at room temperature abnormally
increased at 1 kHz from 148 to 430. Also calcium substitution decreased the remanent polarization
and coercive field from 28.0 to 5.3mC/cm2 and 124 to 58 kV/cm, respectively. These properties can
be explained in terms of variations of phase transition~ferroelectric-paraelectric!, resulting from the
substitution the lead site of PbTiO3for the nonvolatile calcium. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1470250#
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I. INTRODUCTION

Thin films of ferroelectric perovskites are of conside
able interest both for fundamental research reasons and
their many actual and potential technological applications1,2

In recent years there is an increasing interest in lead titan
PbTiO3 , with compositional modifications at Pb and Ti sit
by Ca, Sr, La, and Zr, respectively, due to their poten
applications, such as infrared sensors, electro-optic dev
ferroelectric memories and so on.3–5 Among these materials
~Pb,Ca!TiO3 ~PCT! has recently attracted much attention f
use in pyroelectric devices and ferroelectric memories, p
ticularly as nonvolatile ferroelectric random access memo
~NVFRAMs! due to the promise of high speed, radiati
hardness, high remanent polarization, high dielectric c
stant, and low power consumption. Substitution of Pb for C
will introduce a shrinkage of the lattice in thec-axis direc-
tion of the tetragonal phase in the perovskite structure
PbTiO3 . Pure PbTiO3 has a large tetragonal distortion
room temperature,c/a;1.064, which will introduce a stres
in the material upon the cooling through the phase transit
producing cracking in the material.6 Therefore, the Ca sub
stitution reduces the tetragonality (c/a), reducing the strain
of pure PbTiO3 thin films and inhibits cracking. Wanget al.7

showed that sol-gel deposited PCT films exhibited a low

a!Electronic mail: derl@power.ufscar.br
6650021-8979/2002/91(10)/6650/6/$19.00
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tragonal distortion and hindered the grain growth in the m
crostructure, both by means of the increase of the Ca con
Recent investigation of optical properties performed by Ta
et al.8 has shown that crystalline calcium-modified lead tita
ate thin films with different Ca contents~x! from 0 to 40%,
prepared by the sol-gel process, presented a shift of the
sorption edge toward a lower energy value, with the incre
of Ca.

Pb12xCaxTiO3 thin films have been prepared by a num
ber of deposition techniques such as pulsed laser deposit9

sputtering,10 sol-gel method.11

In this article, Pb12xCaxTiO3 thin films with x from 0 to
0.40 are prepared by a soft solution processing, the so-ca
polymeric precursor method which can be used for the u
form deposition of polycomponent oxide films.12–14 The ef-
fects of Ca content on the structural, electrical, and morp
logical properties of PCT thin films were systematica
studied.

II. EXPERIMENT

In this study, the Pb12xCaxTiO3 thin films with Ca con-
tents corresponding tox50.10, 0.20, 0.30, and 0.40 wer
prepared by a soft solution method. The~Pb,Ca!TiO3 precur-
sor solution was synthesized using lead acetate trihyd
@Pb~CH3COO!23H2O], calcium carbonate~CaCO3) and tita-
nium ~IV ! isopropoxide$Ti~OCH~CH3)3)4% as starting mate-
rials. Titanium citrates were formed by the dissolution
0 © 2002 American Institute of Physics
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titanium ~IV ! isopropoxide in a water solution of citric aci
(60– 70 °C) under constant stirring to homogenize the
citrate solution. Lead acetate trihydrate was dissolved in
ter, after which it was added, at a stoichiometric quantity
the titanium citrate solution. Ammonium hydroxide was us
to adjust thepH of the solution~pH 6–8! and to prevent
precipitation of the lead citrate, which is favored in an ac
solution. After homogenization, resulting in a clear solutio
CaCO3 was slowly added, while stirring vigorously. Afte
homogenization of the solution containing Pb and Ca c
ions, ethylene glycol was added to promote mixed citr
polymerization by the polyesterification reaction. With co
tinued heating at 80– 90 °C, the solution became more
cous, albeit devoid of any visible phase separation. The
cosity of the deposition solution was adjusted to 15 mPa/s
controlling the water content. The polymeric precursor so
tion was spin-coated on substrates by a commercial spi
operating at 6000 rev/min for 20 s~spin-coater KW-4B, Che-
mat Technology!. The polymeric precursor solution was d
posited onto the substrates via a syringe filter to avoid p
ticulate contamination. The substrate was Pt~140 nm!/Ti ~10
nm!/SiO2~1000 nm!/Si. After spinning onto the substrate
the films were kept in ambient air at 150 °C on a hot plate
20 min to remove residual solvents. A two-stage heat tre
ment was carried out: initial heating at 400 °C for 2 h at a
heating rate of 5 °C/min in an air atmosphere for the oxi
tion of residual organics, finally followed by heating
600 °C for 2 h for the crystallization.

The film thickness was controlled by adjusting the nu
ber of coatings and each layer was oxidized at 400 °C
crystallized at 600 °C before the next layer was coat
These coating/drying operations were repeated until the
sired thickness was obtained.

The ~Pb,Ca!TiO3 thin films were structurally character
ized by x-ray diffraction~XRD! ~Cu Ka radiation! in the
mode ofu–2u scan, recorded on a Siemens D5000 diffra
tometer. The lattice parameters of the~Pb,Ca!TiO3 thin films
were measured using the least-square method. The m
Raman measurements were performed at room temper
in ~Pb,Ca!TiO3 thin films as a function of Ca content, usin
the 514.5 nm line of an argon ion laser as the excitat

FIG. 1. X-ray diffraction patterns of Pb12xCaxTiO3 thin films as a function
of the Ca~x! content.
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source. The power was kept at 15 mW and a 1003lens was
used. The spectra were recorded using a T-64 Jobin-Y
triply-monochromator coupled to a charge coupled dev
detector.

Atomic force microscopy~AFM! was used to obtain an
accurate analysis of the sample surface and the quantifica
of very important parameters such as roughness and ave
grain size. A Digital Instruments Multimode Nanoscope II
~Santa Barbara, CA! was used. AFM imaging was carried ou
in the contact mode, using a triangular-shaped 200mm long
cantilever with a spring constant of 0.06 N/m. The scann
rate used ranged from 1 to 2 Hz and the applied force fr
10 to 50 nN, depending on the sample/tip interactions. T
film thickness was evaluated observing the cross-sectio
the films using a Zeiss DSM940A scanning electron micr
copy.

The dielectric properties and capacitance–voltage cur
were measured on films in a metal–ferroelectric–me
~MFM! configuration, using a HP4192A impedance/ga
phase analyzer, and the hysteresis loop measurements
carried out on the films with a Radiant Technolog
RT6000HVS. These loops were traced using the ‘‘CHARGE 5’’
program included in the software of the RT6000HVS in
virtual ground mode test device. To measure electrical pr
erties, Au dot electrodes of area 4.931022 mm2 were depos-
ited by evaporation process on the surfaces of the fired fi
as top electrodes through a shadow mask, then a planar-
capacitor was fabricated. In order to achieve a contact w
the platinum bottom electrode, a corner of the film w
etched away using a HF1HCl solution. All the measure-
ments were conducted at room temperature.

III. RESULTS AND DISCUSSIONS

According to x-ray diffraction analysis, the crystallin
phase of the films was perovskite of tetragonal or pseudo
bic structure, depending mainly on the Ca content, Fig.
For all thin films, a typical perovskite structure was observ
with no second phase. In addition, this results is in agr
ment with the x-ray diffraction analyses for the powders

FIG. 2. Limited region x-ray data fitted to~100! and ~001! reflections in
Pb12xCaxTiO3 thin films with different compositions:~a! x50.10, ~b! x
50.20, ~c! x50.30, and~d! x50.40.
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the same composition and annealed at the same tempera
On the other hand, Tanget al.8 observed that there are pe
ovskite and pyrochlore phases coexisting in Pb0.8Ca0.2TiO3

thin films, and there is only a pyrochlore phase
Pb0.7Ca0.3TiO3 and Pb0.6Ca0.4TiO3 thin films, all prepared the
by sol-gel method and annealed at 650 °C. According to
~001!/~100! and ~101!/~110! doublets, a tetragonal structur
was formed by PCT~10! and PCT~20! thin films. However, a
strong overlapping was observed for PCT~30! and PCT~40!
thin films, showing a certain degree of tetragonality.

The possible effect of the overlapping of the PCT~30!
and PCT~40! thin films has been attributed to the tetragon
ity decrease, (c/a), of the films with an increase of the C
content, thus the structure was slowly transformed from
tragonal to pseudocubic. The limited 2u ~31°–34°! region in
Fig. 2 clearly reveals the presence of~101! and~110! reflec-
tions in the x-ray patterns of these thin films. With increas
Ca content, the peaks slightly shifted towards higher ang
Figure 2 shows the deconvolution of the 101/110 peaks
PCT~10!, PCT~20!, PCT~30!, and PCT~40! thin films, ob-

FIG. 3. Lattice parameter variations with Ca composition in Pb12xCaxTiO3

thin films. Pure PbTiO3 ~reference!.

FIG. 4. Raman spectra of Pb12xCaxTiO3 thin films at room temperature
with different compositions:~a! undoped PbTiO3 thin film reference,~b! x
50.10, ~c! x50.20, ~d! x50.30, and~e! x50.40.
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tained by using the curve fitting program of the diffract
meter. We can observe a gradual evolution with the incre
of the Ca content, showing clearly that the PCT~30! films
still possess the splits of the 101/110 peaks. On the o
hand, PCT~40! films produce a broadening in the peak pr
file, indicating that possibly a pseudocubic structure
formed. Therefore, the peak splitting near 31°,2u,34°,
indicative of the tetragonal structure, tended to be mer
and forx.0.40, disappeared.

The variations in lattice parameters as a function of
content are shown in Fig. 3. Thea-axis parameter showe
only a slight decrease, remaining almost unchanged with
creasing Ca content, while thec-axis parameter noticeabl
decreased. Figure 3 also shows the tetragonal distortion r
c/a, obtained from x-ray diffraction patterns for the PC
thin films, as a function of Ca content. The tetragonal
decreased with the increasing of the Ca content.

The room temperature Raman spectra of PCT thin fil
with x50.10, 0.20, 0.30, and 0.40 are compared with
pure PbTiO3 thin film spectrum in Fig. 4. The main presenc
of the E(1TO), E(1LO), A1(1TO), E(2TO), B11E,
A1(2TO), E(2LO), E(3TO), A1(3TO), and E(3LO)

FIG. 5. Surface microstructure of the Pb12xCaxTiO3 thin films heated at
600 °C for 2 h with different compositions obtained by atomic force micro
copy: ~a! x50.10, ~b! x50.20, ~c! x50.30, and~d! x50.40.

TABLE I. Frequency of the phonon modes in Pb12xCaxTiO3 thin films as a
function of Ca content at room temperature.

Frequency (cm21)

Mode PbTiO3 X50.10 X50.20 X50.30 X50.40

E(1TO) 78 70 67
E(1LO) 100 105 115
A1(1TO) 141
E(2TO) 207 202 199 195 193
B11E 288 286 284 277 273
A1(2TO) 330 325 316 292 277
E(2LO)1A(2LO) 449
E(3TO) 504 516 523 532 546
A1(3TO) 608 596 590 572 572
E(3LO) 704 736
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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phonon modes in the Raman spectra indicates a tetrag
phase in these films. The softening of theE(1TO) mode and
the broadening of the Raman peaks increase with increa
Ca content in the PbTiO3 lattice. This indicates that the in
corporation of Ca content in the PbTiO3 thin film lattice
results in structural disorder in addition to the change in
crystalline structure. It is found that theA1(2TO)2B11E
splittings of the Raman peaks and shift of the soft mo
frequency agree with the tetragonality decrease for Ca c
tent x.0.20. In addition, data from XRD analysis for C
content,x50.40, make that the crystal structure appears
pseudocubic, while Raman scattering revealed short-ra
tetragonal distortion order. The peak frequencies and the
responding phonon modes for the PCT thin films compa
with pure PbTiO3 thin film are listed in Table I.

The evolution of the microstructure of PCT thin film
deposited on Pt-coated silicon substrates at a heating
perature of 600 °C, as a function of Ca content, is shown
Fig. 5. The average grain size was significantly reduced w
the increase of the Ca content. In addition, overall obse
tion of thin films indicate a good microstructure with n
discontinuities in terms of pinhole and microcracks. App
ently, with the increase of Ca content, this morphology is s
observed, becoming denser and smoother. The sur
roughness and average grain size of PCT thin films meas
by AFM are shown in Table II.

Electrical measurements were carried out for PCT~10!,
PCT~20!, PCT~30!, and PCT~40! thin films with 290, 260,
250, and 210 nm thicknesses, respectively.

Figure 6 shows the frequency dependence of the die
tric constant and tand at room temperature for the PCT th
films as a function of Ca~x! content. For the Ca riche
samples, x50.30 and x50.40, the dielectric constan
showed a slight tendency, to decrease with higher frequ
cies, although, for the samples of lower Ca contentx
50.10 andx50.20, the dielectric constant showed to be
sensitive to the frequency. The increasing tendency of tad
was more pronounced at higher frequency ranges, over6

TABLE II. Evolution of parameters roughness and average grain size o
PCT thin films as a function of the Ca content.

PCT~10! PCT~20! PCT~30! PCT~40!

Roughness~nm!
Average grain size~nm! 130 115 90 70
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
nal

ng

e

e
n-

s
ge
r-
d

m-
n
h
a-

-
ll
ce
ed

c-

n-

-

0

Hz, several possible causes exist for such dispersion, inc
ing the hypothesis of the influence of the contact resista
between the probe and the electrode. Similar frequency
persion behavior was also reported for other dielectric t
films.15,16 The room temperature dielectric constant of t
thin films greatly increased with increasing Ca contents
shown in Fig. 6. Such improvement in the dielectric prop
ties of thin film is believed to be due to the transition fro
tetragonal to pseudocubic phase that takes place near r
temperature as a result of the Ca substitution, which w
confirmed by the results of the crystal structure analysis
XRD and Raman spectra, as shown in Figs. 1 and 4, res
tively. In other words, the increase of the dielectric const
is related to the effect of the decrease of the Curie temp
ture (Tc) with increasing Ca concentration. Similar phenom
ena in the dielectric property have been reported for Sr
La substituted PbTiO3 thin films.4,17 Table III shows the di-
electric constant of thin films studied measured at room te
perature compared with other PCT thin films.

Figure 7 shows the capacitance–voltage characteris
(C–V) of PCT thin films deposited on Pt/Ti/SiO2/Si sub-
strates, as a function of the Ca content and the dc bias
plied voltage. The PCT thin film with Ca content of 0.1
showed two broad peaks, what characterizes a spontan
polarization switching and the curve is symmetrically ce
tered at about zero bias axis, a hysteresis behavior was

FIG. 6. Room temperature dielectric constant and tand of Pb12xCaxTiO3

thin films with different Ca compositions as a function of the measur
frequency.

e

TABLE III. Dielectric constant of PCT thin films herein obtained and according to the literature.

Process PCT~10! PCT~20! PCT~30! PCT~40!

Sputteringa ••• ••• 225 ~100 kHz! •••
Sol-gelb 270 ~1 kHz! 190 ~1 kHz! 109 ~1 kHz! •••
Sol-gelc 130 ~1 kHz! ••• 230 ~1 kHz! •••
Sol-geld 103 ~1 kHz! 187 ~1 kHz! 171 ~1 kHz! •••
This study 148~1 kHz! 184 ~1 kHz! 329 ~1 kHz! 430 ~1 kHz!

139 ~100 kHz! 175 ~100 kHz! 302 ~100 kHz! 395 ~100 kHz!

aSee Ref. 18.
bSee Ref. 19.
cSee Ref. 20.
dSee Ref. 21.
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served. On the other hand, with the increase of Ca conten~x!
0.20, 0.30, and 0.40, the separation between the curves o
positive sweep and negative sweep decreased, and the d
tric constant reached a maximum for the PCT~40! thin film.
All curves are symmetrically centered at about the zero b
axis, what indicates that the films contain few movable io
or charge accumulation at the interface between the film
the electrode. In addition, the substitution of Ca in the latt
causes the reduction of the tetragonal distortion (c/a) and
decreases the ferroelectric-paraelectric transition tempera
(TC).

The polarization versus voltage hysteresis loops w
measured for the PCT thin films as a function of Ca cont
and are shown in Fig. 8. The polarization reached a m
mum for the PCT~10! thin film and then the loops becam
slimmer with increasing Ca content. The coercive field d
creased abruptly with the increase of the Ca content, indi
ing the increasing tendency of cubic or pseudocubic cha
teristics of the film structures. In addition, the observ
decrease in polarization at higher Ca content is related to
fact that at these Ca substitution levels, the ferroelect
paraelectric phase transition is being approached. Simila
sults for the Sr or La substituted PbTiO3 thin films have
shown that the composition for the maximum room tempe
ture dielectric constant~or capacitance–voltage curve!
nearly corresponded to those of ferroelectric-paraelec
phase transition. On the other hand, the maximum polar

FIG. 7. The dependence of the dielectric constant of the PCT thin films
the Ca content and on the dc bias applied voltage.
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tion was observed at the concentrations containing the low
amounts of Sr or La.17,22 Table IV summarizes our results o
the remanent polarization and coercive field as a function
the Ca content, measured at room temperature comp
with other PCT thin films.

IV. CONCLUSIONS

Polycrystalline Pb12xCaxTiO3 thin films with different
Ca contents,x varying from 0.10 to 0.40, have been depo
ited on Pt/Ti/SiO2 /Si substrates, fabricated by a soft solutio
process. Raman spectra and x-ray diffraction analyses ca
out Pb12xCaxTiO3 thin films showed that the Ca additio
results in a gradual decrease of tetragonality and consi
able modification of Raman spectra and x-ray patterns.
broadening of the Raman peaks@B11E,A1(2TO)# remark-
ably increases with the increasing of Ca concentration in
PbTiO3 lattice, indicating that the replacement of Pb by C
induces structural disorder and changes abruptly the cry
structure. With increasing Ca concentration, the tetragona
of PCT thin films tended to decrease from 1.064 to 1.0
AFM analysis showed that the surface roughness and
grain size of PCT thin films decrease as the Ca concentra
increases fromx value of 0.10 to 0.40.

The electrical characteristics of the MFM capacito
with PCT thin films showed excellent dielectric and ferr
electric properties. Upon increasing the Ca concentration,
films became almost pseudocubic, resulting in the increas

FIG. 8. P–E hysteresis loops of Pb12xCaxTiO3 thin films.n
TABLE IV. Ferroelectric properties of PCT thin films herein obtained and according to the literature.Pr

5 remanent polarization (mC/cm2); Ec 5 coercive field~kV/cm!.

Process

PCT~10! PCT~20! PCT~30! PCT~40!

Pr Ec Pr Ec Pr Ec Pr Ec

Sputteringa 20.0 250
Sol-gelb 13.5 125 13.0 110 7.5 80
Sol-gelc 17.0 230 8.0 64 4.6 68
This study 28.0 124 21.3 115 15.6 100 5.3 58

aSee Ref. 18.
bSee Ref. 19.
cSee Ref. 21.
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room temperature dielectric constant as well as in a slim t
hysteresis loops. The dielectric constant at 100 kHz
creased with the increasing Ca content of the films from 1
to 395. TheC–V characteristics of MFM capacitors showe
hysteresis loop due to the ferroelectric switching prope
On the other hand, the hysteretic behaviors decreased
increasing Ca content, what means a relatively easier sw
ing of the domains with increasing Ca content, even with
decrease of the average grain size. The remanent polariz
and coercive field decreased, due to the phase transform
from ferroelectric to paraelectric phase with the increas
Ca content, from Pr528.01 to 5.35 mC/cm2 and Ec

5123.00 to 58.00 kV/cm, respectively.
These results showed a strong dependence of the

phological, structural and electrical properties of the P
thin films on the Ca concentration. In addition, consider
the presented results, Ca addition offers a good control o
many of the desired room temperature dielectric and st
tural properties. Moreover, all the results show th
Pb12xCaxTiO3 ferroelectric thin films are promising mater
als for dynamic random access memories or NVFRAMs. I
believed that the dielectric, morphological, and structu
qualities are resulted from the soft solution processing
uses aqueous solutions to create shaped, sized, and ori
materials, and also emphasizes low-energy routes to the
thesis of materials with desired chemical compositions
crystal structures.
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