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Pb12xCaxTiO3 thin films with x  0–0.3 for pyroelectric applications were deposited
on platinized silicon wafers by chemical solution processing. Ca-substitution for Pb in
PbTiO3 results in a reducedcya ratio of the unit cell, which, in turn, leads to better
pyroelectric properties. Control of nucleation and growth during rapid thermal annealin
to 650±C allowed the formation of either highly porous or dense (111) oriented films.
The inclusion of pores creates a matrix-void composite with the low permittivity
desired for pyroelectric applications, resulting in a high figure of merit. The growth
mechanisms for the microstructural evolution of both dense and porous films were
analyzed by x-ray diffraction, transmission electron microscopy, scanning electron
microscopy, and Rutherford backscattering spectrometry and allowed establishment o
microstructure/property relationships.
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I. INTRODUCTION

Pyroelectric thin films in point detectors and array
have many applications in temperature sensing syste
for fire- and intruder-detection, air condition control, an
thermal imaging.1,2 The advantage of thin-film devices
over bulk materials is that they exhibit low heat capaci
and thus low thermal time constants which is especia
important for high frequency imaging. Also, thin films
can be directly deposited on platinized silicon to allo
direct integration with electronics. Lead titanate (PT)
a well-known tetragonal perovskite pyroelectric materi
with a very large spontaneous polarization ofPs 
81 mCycm2 and a high Curie temperature ofTC ø
490 ±C. Smaller cations like Ca21 have been used as
A-site dopants in order to obtain higher pyroelectric coe
ficientsp  dPsydT by lowering the Curie temperature
(e.g., 15% Ca:TC  370 ±C).3

Highly (001)-oriented Pb12xCaxTiO3 (PCT) films
would be ideal for pyroelectric applications becau
Ps is perpendicular to the substrate. However, becau
the thermal expansion coefficient of silicon is muc
lower than the one of the films, tensile stress builds
during cooling from the processing temperature. Th
causes thec-axis to rotate into the film/substrate plan
to compensate the stress, and mostly (100) oriented fi
result which are not useful for pyroelectric application
Therefore (111) oriented films are advantageous, wh
58% of Ps can be achieved normal to the substrate.4 To
evaluate the quality of a pyroelectric material, differe
figures of merit exist, depending upon the devic
requirements. For good voltage response1,5 it is necessary
to maximizep and lower the permittivity,er , to increase
the figure of meritFV  pyer . For high detectivity
(signal-to-noise ratio) the dielectric loss,tan d, becomes
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The possibility of loweringer by incorporation of void
space into the films has been explored in this study
by forming a matrix-void composite7 with reduced
permittivity.

Chemical solution deposition has been used for the
processing of the PCT thin films.8 The original method
for the synthesis of PT double alkoxide precursors9 was
modified by reaction with a Ca-acetate/glacial acetic
acid solution. Due to the reduced shelf life of these
solutions (about three weeks), stable precursors base
on 1,3-propane diol were also synthesized.10 Both pre-
cursor types were used for film processing and compare
with respect to their decomposition behavior as well
as their resulting microstructures and properties. Porou
microstructures can be fabricated due to the particu
lar phase evolution of lead-based perovskites processe
from solution precursors. It is well-known that under
certain conditions the crystallization of perovskite dur-
ing sol-gel processing takes place via an intermediate
metastable Pb–Ti–fluorite (or pyrochlore).11–14 Control
of the nucleation kinetics allows the conservation of
the polycrystalline porous fluorite microstructure during
the phase transformation to perovskite and thus the
formation of thin films with the desired low permittivity
and high pyroelectric coefficients. The purpose of this
paper is to determine the different growth mechanisms
for the evolution of dense and porous microstructures
and to relate these to the dielectric and pyroelectric
properties observed.

II. EXPERIMENTAL PROCEDURE

Two different solution precursor systems were used
for the deposition of the Pb12xCaxTiO3 films: modified
 1999 Materials Research Society
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metal-alkoxide precursors as well as 1,3-propane d
based solutions were synthesized.

During the alkoxide-synthesis, based on the ro
introduced by Gurkovich and Blum,9 the precursor
was modified by the addition of a Ca-acetate so
tion in acetic acid. Pb(CH3COO)2 3 3.03 H2O was
dissolved in 2-methoxy ethanol (ME), dehydrate
by vacuum-distillation at 0.3 atm and 130±C (Büchi
AG, Rotavapor EL 141, Flawil, Switzerland), an
subsequently redissolved in anhydrous 2-metho
ethanol. Previously assayed Ca(CH3COO)2 3 0.11 H2O
was dissolved in glacial acetic acid at 70±C. Following
this, the Pb-acetate/2-methoxy ethanol solution and
Ti-isopropoxide/2-methoxy ethanol-mixture were add
to the Ca-acetate solution under nitrogen. Reflux
at 120±C at 0.5 atm for 90 min yielded the modifie
alkoxide precursor. The precursor concentration w
adjusted to 0.4 molar by final vacuum-distillation
0.3 atm and 130±C. Four vol% of formamide were
added as drying control agent.15 The precursors prepare
by this method had a shelf life of three weeks befo
the appearance of a Ca-containing precipitate.

The solutions based on 1,3-propane diol (PD)
solvent10,16 are not moisture sensitive, have a mu
longer shelf life (. one year), and it has been show
for Pb(Zr, Ti)O3 that thick layers up to 3mm on silicon
and 10mm on sapphire can be obtained in a relative
small number of coating steps.17 For this synthesis, Pb
acetate hydrate was dissolved in 1,3-propane diol i
molar ratio of Pb21y1, 3-propane diol 1 2 xy5 and
refluxed at 110±C for one hour. Ti-di-isopropoxide-bis
acetylacetonate (75% in 2-propanol) in a molar ratio
Pb21yTi41  1 2 xy1 was added to the solution afte
cooling to 80±C. Reaction was induced during refluxin
at 115±C for 2 h. About 80% of the reaction by-produc
(mostly 2-propanol originating from Ti-di-isopropoxide
bis-acetylacetonate and its solvent) were removed
distillation at 120±C. Cooling to room temperature a
lowed the addition of an aqueous Ca(CH3COO)2 3 0.11
H2O solution with a molar ratio of Ca21yTi41  xy1 and
H2Oy1,3-propane diol 5y1 (1,3-propane diol as use
for Pb-acetate solution). Initial precipitates dissolv
after stirring for several hours at room temperatu
resulting in clear yellow liquids with a molarity of,0.8.

Thermal gravimetric analysis (TGA) and differentia
scanning calorimetry (DSC, Mettler-Toledo, 8606
Greifensee, Switzerland) were used to characte
the pyrolysis and crystallization behavior of the tw
precursor systems. For this purpose the solution pre
sors were dried on a hotplate at 60±C for three
hours, ground to powder, and heated at 10±Cymin to
550 ±C during the thermal analysis. For PCT25 a hi
temperature TGAyDSC run was performed to 800±C,
and mass spectrometry was carried out to analyze
evolving gas.
J. Mater. Res., Vol. 1
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Film deposition by spin-coating (Headway Re
search Inc., Garland, TX, USA) was carried out a
2000–3000 rpm for 40 s on in-house platinized silico
substrates with a TiO2 adhesion layer between SiO2 and
Pt. A 2 nm TiO2 nucleation layer was used to achiev
a preferred (111) orientation of the PCT films.4 After
each deposition the films derived from ME- or PD-base
precursors were pyrolyzed for 15 or 40 s, respective
at 350±C on a hotplate. Final heat-treatment of stac
of 2–8 layers at 650±C for 5 min was carried out in
a rapid thermal anneal apparatus using heating ra
of 1, 6, and 60±Cys (RTA, Process Product Corp.
Andover, MA, USA). During fast heating an overshoo
over the programmed temperature occurs and is tak
into account for the processing temperatures indicat
The thickness of individual layers from ME- and PD
based precursors was,70 and ,250 nm, respectively.
Most films were made to a final thickness of,0.5 mm.

TEM and XRD studies were carried out to unde
stand the evolution of the different microstructures
dependence of the heating rate. Two series of samp
were prepared after pyrolysis at 350±C: One series
where the samples were heated at 60±Cys to 345±C
(pyrolysis at 300±C), 370±C (pyrolysis at 300±C), 400
and 420±C. For the second series the slower heatin
rate of 1±Cys was used for heating to 350, 400, 500
525, 550, and 600±C, all pyrolyzed at 350±C. All
samples were held for 15 s before free cooling to roo
temperature. Additionally, three films were prepared a
analyzed as pyrolyzed at 300, 325, and 350±C.

For electrical characterization circular CryAu
(10 nmy300 nm) top electrodes of 0.6 mm diamete
were deposited by evaporation through a shadow ma
(Edwards, West Sussex, GB). Profilometer thickne
measurements (a-Step 260, Tencore, Mountain View
CA, USA) and bottom electrode contact was permitte
by etching a part of the PCT layer in a HFyHCly
H2O mixture. A multi-frequency LCR-meter (Hewlett-
Packard 4274A, Palo Alto, CA, USA) was used to de
termine dielectric loss,tan d, and to measure capacitie
in order to calculate the permittivities,er , of the films.
Pyroelectric currents were measured dynamically as
function of a 1±C temperature change, controlled by
wave-form generator driven Peltier element.18,19 In order
to achieve high pyroelectric coefficients,p, the films
were poled on a hotplate for 10 min at temperatur
between 150 and 200±C and fields between 200 and
700 kVycm. The poling field necessary to achiev
an optimized pyroelectric coefficient was determine
experimentally by systematically increasing the fie
strength and temperature until no further improveme
of p and F could be measured. Field emissio
scanning electron microscopy (SEM; JEOL, 6300
Tokyo, Japan), transmission electron microscopy (TEM
Phillips, EM430, Eindhoven, Holland; Hitachi HF2000
4, No. 5, May 1999 2013
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Tokyo, Japan) and x-ray diffraction (XRD; Siemen
D500, Munich, Germany), as well as Rutherford bac
scattering spectrometry (RBS) were used for microstr
tural characterization of the films.

III. RESULTS

A. X-ray diffraction

Powders of the same precursors used for film dep
tion were made by drying, pyrolysis, and crystallizati
of the solutions in a conventional furnace at 650±C.
XRD scans showed that the powders consisted of ph
pure Pb12xCaxTiO3 perovskite forx  0–0.3. The lat-
tice parameters of the PCT powders as given in Tab
were corrected with a silicon internal standard a
determined by a least squares refinement. XRD sc
were also used to evaluate phase purity of PCT t
films of the same composition. For all films, the observ
reflections could be attributed to the perovskite phase
PCT, Pt, and Si. XRD scans were also performed for
study of the microstructural evolution as a function
the heating rate. The results are given in Sec. C.

B. TGA and DSC

TGA and DSC analysis of pyrolysis and crysta
lization were performed on powders of both precurs
types. The TGA/DSC scan at 10±Cymin to 550±C in
Fig. 1(a) for the ME-based PCT20 precursor shows
vantageous weight loss properties. At 350±C the weight
loss of the powder is to, 98% complete which coincides
with a first decomposition/crystallization peak that h
its maximum at 340±C. The onset of Pb0.80Ca0.20TiO3

perovskite crystallization is at 492±C with its maximum
at 503±C. As it is known that in PbTiO3-based systems
an intermediate metastable phase with a pyroch
or fluorite structure crystallizes first,11–14 several ad-
ditional heating/holding experiments were carried o
in an attempt to separate the decomposition of
precursor and the crystallization to the intermedi
phase. However, no peak separation could be foun
any of the experiments, suggesting a temperature ove
of the two phenomena.

TGA/DSC analysis of a PD-based PCT25 precurs
shown in Fig. 1(b), reveals a less abrupt weight loss. T

TABLE I. Powder lattice parameters obtained by least squares re
ment after correction with Si standard.

Composition a (Å) c (Å)

PbTiO3 3.9046 (3) 4.1498 (6)
Pb0.85Ca0.15TiO3 3.9081 (4) 4.1135 (7)
Pb0.80Ca0.20TiO3 3.8905 (6) 4.074 (1)
Pb0.75Ca0.25TiO3 3.8834 (7) 4.044 (1)
Pb0.70Ca0.30TiO3 3.8928 (5) 4.0295 (7)
2014 J. Mater. Res., Vol. 1
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FIG. 1. (a) TGA/DSC of a 2-methoxy ethanol-based PCT20 precu
sor. (b) TGA/DSC of a 1,3-propane diol based PCT25 precursor.

weight loss of the dried powder is, 82% at 350±C and
continues at a low rate to temperatures above 550±C.
The first DSC decomposition/crystallization peak occ
pies a broader temperature range than in the case
the ME precursor, but its peak temperature of 338±C
is almost the same. Nearly the same temperatures
compared to the ME precursor were measured for t
onset and maximum of perovskite crystallization whic
are at 489 and 508±C, respectively, explaining the
observed similarities of microstructures and propertie
Further TGA and DSC experiments to separate the DS
decomposition/crystallization peak and to determine t
origin of the shoulder were carried out. Intermedia
holding times of 290 and 360±C allowed observation
of two separate phases of weight loss, resulting in t
shoulder. As in the case of the ME-based precurs
the decomposition may coincide with the crystallizatio
peak of the intermediate phase.

A high temperature TGA/DSC experiment to 800±C
for PCT25 (PD-based precursor) showed an addition
4, No. 5, May 1999
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weight loss of 0.43% at about 720±C and a CO2 peak
in the mass spectrum.

C. Effect of the heating rate on the
microstructural development

Pb12xCaxTiO3 films with x  0, 0.05, 0.1, 0.15, 0.2
0.25, and 0.3 were ramped to 650±C at 1, 6, or 60±Cys.
The heating rate was found to have a profound eff
on the microstructural development of the films. PC
films were deposited (2 layers for PD, 5 layers for ME
pyrolyzed, and subsequently cleaved into two halves
heat treatments at different RTA heating rates. Cr
section SEM of an ME-derived Pb0.70Ca0.30TiO3 film
shows that the first half, heated at 60±Cys in Fig. 2(a)
has a dense microstructure with relatively large colum
grains, reaching from the Pt bottom electrode to
top of the film. The film thickness was measured
290 nm, both by SEM and profilometry. The seco
half of the film, heated much slower at 1±Cys, resulted
in a different microstructure with a much lower dens
and an average pore and grain size of around 30 nm
shown in Fig. 2(b). On the surface of this film, as well

FIG. 2. (a) Cross-section SEM of a dense PCT30 film, heated
60 ±Cys to 650±C. (b) Cross-section SEM of a porous PCT30 film
heated at 1±Cys to 650±C.
J. Mater. Res., Vol. 1
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on all others observed by SEM, a layer with a different
microstructure is present, which probably results from
surface nucleation. The film thickness was measured b
SEM and profilometry as,380 nm. Assuming that the
film with the heating rate of 60±Cys in Fig. 2(a) has
achieved theoretical density, the pore volume in the mor
slowly heated film [Fig. 2(b)] would amount to,25%.
To confirm this observation, density measurements b
Rutherford backscattering spectrometry were carried ou
for films with various Ca concentrations (Sec. D). The
amount of porosity in the layers can also be calculated
from the measurement of dielectric properties (Sec. E)

Image analysis of SEM micrographs of PCT films of
different compositions all heated to 650±C showed that
the average grain and pore sizes decrease with increasi
Ca content. For PbTiO3 a value of,82 nm was found,
whereas grains of PCT30 films had a diameter of only
,30 nm. These results, considering the higher melting
temperatures of Ca-rich compositions, are shown in
Fig. 3 for grain size versus the ratio of the heat-treatmen
temperature over the homologous melting temperature
Theat2treat.yTmelt.

TEM and XRD were used to study the evolution
of the different microstructures as a function of the
heating rate for two series of PCT25 samples (PD-base
precursor), one heated at 60±Cys and the other at 1±Cys.

XRD results of both, a sample heated to 345±C at
60 ±Cys (pyrolysis at 300±C) and a sample pyrolyzed
at 300±C indicate amorphous material, as shown in
Fig. 4(a). The first perovskite reflections are observed af
ter heating to 370±C. Cross-section TEM of the 345±C

FIG. 3. Grain size versus the homologousTheat2treat.yTmelt of differ-
ent PCT compositions for porous films heated at 1±Cys.
4, No. 5, May 1999 2015
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FIG. 4. (a) X-ray diffraction of PCT15 thin films heated at 60±Cys.
(b) X-ray diffraction of PCT15 thin film heated at 1±Cys.

sample confirms the amorphous character of the laye
shown in the bright-field (BF) image in Fig. 5(a) wit
its corresponding small area diffraction pattern (SADP
If the heating temperature is increased to 370±C at
60 ±Cys, BF-TEM shows columnar perovskite grain
growing into amorphous material [Fig. 5(b)]. At th
interface between the amorphous and the perovs
phase an array of pores can be observed. An intermed
pyrochlore or fluorite phase could not be detected
samples heated at 60±Cys.

XRD of samples heated at 1±Cys to 450, 500, and
525 ±C, as well as a film pyrolyzed at 350±C showed
a broad reflection at,30± 2Q, indicating amorphous
or very fine-grained material. Sharp reflections of
fluorite or pyrochlore phase were not seen by XRD a
first perovskite reflections occur at 550±C [Fig. 4(b)].
However, careful TEM analysis showed that for heati
to 500±C an intermediate fluorite phase with grains
2016 J. Mater. Res., Vol. 1
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FIG. 5. (a) TEM BF image with SADP of an amorphous PCT15 film
heated at 60±Cys to 345±C. (b) TEM BF image with SADP of PCT15
perovskite grains growing into an amorphous matrix after heating a
60 ±Cys to 370±C.

,6 nm diameter is present, as shown in Fig. 6(a) with
its respective SADP. The grains grow to about 10 nm
after heating to 525±C. The corresponding SADP in
Fig. 6(b) allows indexing for a Pb–Ca–Ti-fluorite with
a lattice parameter of,5 Å. Cross-section TEM of the
sample heated at 550±C shows some surface nucleation
of perovskite in a polycrystalline fluorite matrix [see
Fig. 6(c)]. The coexistence of fluorite and perovskite wa
confirmed by electron diffraction. At 575±C a columnar
perovskite structure was observed, and no evidence
fluorite was found.

The determination of the out-of-plane orientation
by XRD was complicated by the overlap of the Pt
(111) and PCT (111) reflections. Therefore the (111
oriented character of the layers was confirmed by plan
view and cross-section TEM on a sample heated t
600 ±C at 1 ±Cys. Electron diffraction over large areas in
combination with tilting of the plan-view sample shows
high intensity for all rings representing reflections of a
k111l zone axis likeh110j, h220j, and h211j, whereas
other rings are of weak intensity, indicating a preferred
(111) orientation as shown in Fig. 7(a). In the same
figure it can be seen that diffraction over smaller area
4, No. 5, May 1999
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FIG. 6. (a) TEM BF image with SADP of a PCT15 film heated at 1±Cys that shows Pb–Ca–Ti–fluorite grains with a diameter of,6 nm
after heating to 500±C. (b) The SADP of a PCT15 film heated at 1±Cys to 525±C can be indexed to a Pb–Ca–Ti–fluorite phase wit
a lattice parameter of,5 Å. (c) TEM BF image with SADP of a PCT15 film heated at 1±Cys shows perovskite surface nucleation in a
matrix of the fluorite phase for heating to 550±C.
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allowed identification of single-crystal-like regions o
perfect (111) orientation. Neighboring regions have t
same single-crystal-like appearance but are rotated
plane. Dark-field imaging of a cross-section samp
shows columnar perovskite grains, reaching from t
platinum bottom electrode to the surface of the film [s
Fig. 7(b)].

D. RBS and EDS measurements

For control of the post-processing stoichiometry a
for determination of the density of different PCT10 an
PCT15 films, RBS depth profiling was carried out (s
Table II). In this technique a beam of monoenerge
2.5 MeV 4He ions is backscattered from the sample
a semiconductor detector with a certain energy loss.
a known thickness, the density of the layers can
directly determined by comparing the measured nu
ber of scattering moleculesycm3 with the theoretical
number (e.g.,Nth  1.592 3 1022 moleculesycm3 for
PCT10), as shown in Table II. These results correspo
to the observations by SEM and calculations based
electrical measurements following Lichteneckers rule
shown below. For confirmation of the post-processi
stoichiometry, modeling of the experimental spectra
necessary and shows that the precursor stoichio
try was conserved in the films, as shown in Fig.
(the scattering yield cannot be directly related to t
microstructure). The simulation is normalized to th
platinum of the electrode, and the relative accuracy
the measurement is about 5%.
J. Mater. Res., Vol. 1
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The same results for the conservation of the post
processing stoichiometry were obtained by TEM-EDS
(energy dispersive spectrometry) analysis (Hitachi HF

FIG. 7. Confirmation of the (111) orientation of a PCT15 film
heated to 600±C at 1±Cys: (a) Electron diffraction over large areas
of a plan-view sample gives (111) as the preferred orientation
(b) Dark-field imaging of a cross-section sample shows the columna
structure.
4, No. 5, May 1999 2017
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TABLE II. Data from RBS depth profiling of dense films (60±Cys)
and porous films (1±Cys).

Composition
Heating

rate
Film

thickness N f31022g % of Nth

Pb0.90Ca0.10TiO3 1 ±Cys 180 nm 1.08 68
Pb0.90Ca0.10TiO3 60 ±Cys 125 nm 1.56 98
Pb0.85Ca0.15TiO3 1 ±Cys 170 nm 1.15 72
Pb0.85Ca0.15TiO3 60 ±Cys 120 nm 1.50 94

FIG. 8. (a) RBS depth profile of a dense and a porous PCT10 film
a PtyTiO2ySiO2ySi substrate, channel 200–700. (b) RBS depth pro
of a dense and a porous PCT10 film on a PtyTiO2ySiO2ySi substrate,
channel 700–1000.

2000, Tokyo, Japan) for PCT15 thin films. The measu
ments were carried out with liquid nitrogen cooling
avoid beam heating and contamination. An appropri
sample thickness was used to exclude preparation sur
effects (especially Pb loss) as well as strong absorp
effects. For all measurements standards were used
the results for PCT 15 in atomic percent are as follow
2018 J. Mater. Res., Vol. 1
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52% 6 2 for Ti, 7.5% 6 0.7 for Ca, and 40%6 3 for
Pb, where the error represents the standard deviation o
the measurement.

E. Electrical characterization

For the electrical characterization,er , tan d, and p
were measured before and after poling Pb12xCaxTiO3

films. The electrical properties of films made from ME-
and PD-based precursors were the same for identica
compositions and heating rates and will not be treated
separately in this section. The dielectric losses at 1 kHz
for dense films made by fast heating weretan d ø
0.01–0.025.

Low er results from porous films, e.g., 73 for
PCT15, whereas dense microstructures of the same com
position give higher films, e.g., 310. “Lichteneckers
rule” gives the permittivityem for a mixture of dielectric
phases with mixed series and parallel connectivity.5

Using the measured permittivity of the porous films as
em, the permittivity of the dense films heated at 60±Cys
ase2, and the dielectric constant of a gas for the pores in
films heated at 1±Cys ase2  1, the volume fractionV2

of the porosity can be calculated to 25%, usingln em 
V1 ln e1 1 V2 ln e2. This value is consistent with SEM
and RBS observations.

Poling experiments were carried out to find the
lowest possible temperature and electric field strength
to achieve a maximum pyroelectric coefficient in com-
bination with a lower , and thus high figure of merit,
FV . Figure 9 shows the development ofp, er , and
FV for a PCT 15 film after 10 min poling (different
capacitors for each measurement) either at a consta
field of 400 kVycm with increasing temperature (a), or
in dependence of the electric field strength at constan
temperature of 170±C (b). As expected, a plateau for
the increase inp andFV can be found. Choosing poling
parameters above the onset of the plateau [,150 ±C
in (a) and ,600 kVycm in (b)] leads to increased
dielectric loss (.,3%), indicating that the films may
be irreversibly damaged in the process. For both poling
experiments the resulting permittivity after poling is
reduced by 15–20% but nearly constant over a wide
range of poling temperatures and fields. The dielec
tric breakdown strength for films of all compositions
was high and breakdown occurred after about 5 min a
160 ±C and 1.5 MVycm.

Figure 10(a) shows the influence of the heating rate
on the behavior of the permittivity and the pyroelectric
coefficient for PCT20 films. It can be seen thater drops
significantly with decreasing heating rate, whereas the
decrease of the pyroelectric coefficient is much weaker
The behavior of other PCT compositions is similar
and was reported elsewhere.20 Figure 10(b) summarizes
the influence of the Ca content on the figure of merit
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FIG. 9. (a) Poling behavior of a porous PCT15 film at 400 kVycm for
10 min with increasing temperature. (b) Poling behavior of a poro
PCT15 film at 170±Cy10 min and increasing electric field strength

FV  pyer of porous films. A continuous increase i
observed with increasing Ca content with a maximu
of FV  3.9 at 25 mol%.

IV. DISCUSSION

A. Evolution of porous microstructures

The evolution of porous microstructures during slo
heating at 1±Cys is related to the crystallization o
an intermediate Pb–Ca–Ti–fluorite phase before p
ovskite crystallization. This fluorite phase crystallize
throughout the film from the amorphous phase, as it
obtained after pyrolysis. While TEM observations of
sample heated to 500±C (PD-based precursor) show
polycrystalline porous structure with grains of, 6 nm
diameter [Fig. 6(a)], a sample heated to only 450±C does
not show distinct grains, but readily crystallizes und
J. Mater. Res., Vol. 1
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FIG. 10. (a) Influence of the heating rate on the pyroelectric coe
ficient p and the permittivityer for PCT20. (b) The combination of
porous films with a lower and the increase of the Ca content lead to
higher figures of meritFV and FD .

the electron beam during examination, suggesting th
critical nuclei are already present at this temperature. T
nucleation temperature is therefore likely in the range
400–450±C. The shift of the crystallization temperature
to lower values for the films of the TEM study as
compared to DSC experiments can be expected due
the six times higher heating rate (1±Cys) employed for
the processing of the films. Both observations indica
that nucleation and growth of Pb–Ca–Ti–fluorite occur
in a regime where TGA still shows weight loss from
burnout of organics.

X-ray diffraction did not show sharp reflections for
the Pb–Ca–Ti–fluorite because of peak broadening d
to the small grain size of only,6 nm, as observed by
TEM for a sample heated to 500±C. In the x-ray scans
only the strongest fluorite reflection in the spectrum
(111), causes a wide peak at about2Q  30±. The
position and shape of this peak is identical to the peak
films pyrolyzed at only 300 or 350±C which were found
4, No. 5, May 1999 2019
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to be amorphous by TEM. For the “amorphous” film
this may indicate a medium range order with structu
units similar to those present in the Pb–Ca–Ti–fluor
phase. Similar results, which may point to an increase
order in the “amorphous” phase during low temperatu
heat treatment (,300 ±C) have been proposed for PZ
films by high resolution TEM.21

The phase transformation from Pb–Ca–Ti–fluor
to PCT perovskite for heating at 1±Cys occurs between
525 and 550±C, as shown by XRD and TEM. Even
though (111) orientation from bottom electrode nuc
ation of perovskite dominates, some surface nuclea
was found in almost all samples by SEM [Fig. 2(b)]
well as by TEM [Fig. 6(c)], and could be of significan
importance for the electrical properties as discuss
below. TEM also showed some evidence of nucleat
at interfaces between individual stacks of RTA-treat
material where the grains do not necessarily have
(111) orientation. An indication for this may be a certa
amount of (100)y(001) and (110) orientated grains, a
seen by x-ray diffraction, e.g., in Fig. 4.

The reason to obtain strong (111) orientation of t
PCT layers is related to the fact that perovskite gro
in a locally epitaxial fashion on the 2 nm thick TiO2

nucleation layer on top of the Pt (111) electrode.4 This
results in the columnar structure of the porous pero
skite, as seen by TEM, e.g., in the DF image of Fig. 7(
as well as by SEM [Fig. 2(b)]. Perovskite (111) nucleat
largely at the substrate/film interface, and a growth a
phase transformation front of highly (111) oriented pe
ovskite moves toward the surface of the film, consum
the fluorite and incorporating its porosity. A previou
study showed a similar phenomenon for the epitax
growth of (001)y(100)PbTiO3 on single crystal SrTiO3.
This resulted in a columnar, porous microstructure wh
small perovskite grains (previously fluorite) all had th
same (100) orientation with a large mosaic spread. H
treatment at higher temperatures in a PbO-satura
atmosphere allowed reduction of the mosaic spread
densification of the layers.14

In the present case, heating to higher temperatu
did not result in further densification and the poros
was retained, leading to the low permittivity desired. A
the precursors do not contain an excess of lead,
may result from a small lead loss below the detecti
limit of EDS and RBS (,1–3%), which already can
hinder densification.22 Slow heating, where the films
remain relatively long in the stability region of fluorit
will contribute to lead loss. The vapor pressure
PbO over PbO at 650±C, for example, is about 0.4 P
and thus 1.5 orders of magnitude higher than for P
over PbTiO3 perovskite, and fluorite should be situate
between them.23–25

Another phenomenon, related to the Ca cont
of the layers, could contribute to the retention of t
2020 J. Mater. Res., Vol. 1
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porosity. TGA/DSC experiments on PCT25 to high
temperature have shown that an additional weight los
and the evolution of CO2 occur at about 720±C. Other
workers have observed the same phenomenon whic
probably can be attributed to the presence of a sma
quantity of carbonate.26 Due to the strong tendency of
calcium to form carbonate, a minor amount of it may also
be present in the films of this study. The evaporation o
lead from the surfaces of individual grains (in the fluorite
state, before the phase transformation to perovskite) ma
cause an excess of Ca on the grain surface which ma
allow the formation of carbonate. This thin layer of
Ca carbonate or a Ca-rich grain-boundary phase coul
further hinder densification. This is supported by the fac
that the high Ca content films studied here tend to hav
significantly smaller grain sizes than films with no or
little calcium (see Fig. 3).

B. Evolution of dense microstructures

Heating at 60±Cys to 370±C allowed for observa-
tion of columnar perovskite grains, originating at the
film/substrate interface, growing into the amorphous
matrix, as shown in Fig. 5(b). This direct crystallization
has also been observed for PZT.27 Continued burnout of
residual organics in the amorphous phase creates sm
pores in the rapidly heated material. The high density o
these films can be explained only if mechanisms for pore
elimination are taking place. The TEM micrograph in
Fig. 5(b) shows an array of pores at the interface betwee
the crystallizing perovskite and the amorphous phase.

A likely mechanism for pore elimination is the
“pushout” of pores by the advancing crystallization
front. While the perovskite crystallization front moves
up from the film/substrate interface, vacancies and pore
should have the tendency to not be incorporated into
the perovskite. Instead they should move with the fron
and collect at the interface with the amorphous phas
where vacancies should have a lower free energy tha
in perovskite. Generally, the ability of a pore to move
with a grain boundary is given by the diffusion of atoms
at the pore surface. In single phase material pores ma
be located on grain boundaries and the driving force fo
pore mobility, when grain boundaries move during grain
growth, is the differential curvature between the leading
and trailing surfaces of the pore.28

In the case of an amorphous/perovskite interface
the pore mobility could result from two diffusion phe-
nomena. For one, the amorphous phase is at the leadin
surface of the pore and a higher surface diffusivity of
species for the disordered structure of the amorphou
phase compared to the ordered perovskite can be e
pected. Thus, a flux of atoms should move toward the
trailing perovskite surface, which enables the pore to
move with the advancing crystallization front. Second,
4, No. 5, May 1999
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an evaporation/condensation process may take place.
constituents in the amorphous phase are less stro
bound and thus have a higher evaporation rate than
perovskite (especially lead or lead oxide), again result
in a high mobility of the pores. As stated earlier, th
difference between the PbO vapor pressure over PbO
PbO over perovskite is about 1.5 orders of magnitude23

Assuming the PbO vapor pressure over the amorph
phase to be similar to the one over PbO, an estim
of the deposition rate by PbO evaporation/condensa
onto another surface can be made, resulting in sign
cant rates on the order of 10 monolayersys (, 40 Åys).
Maxwell–Boltzmann gas statistics gives the incidence
molecules on a surface per second tof  py

p
2pmkT ,

where p is the vapor pressure (, 0.1 Pa for PbO at
,875 K),23 m is the molecular mass, k the Boltzman
constant, andT the temperature in Kelvin. This result
in about 6 3 1020 moleculesym2 s. Dividing by the
number of moleculesym2 (unit cell size: ,4 Å) gives
about 10 monolayersys. Due to the high free energ
change associated with the transformation of amorph
material to perovskite, the progression of the cryst
lization front can be expected to be relatively fast.14,29

According to the estimate above, the pore mobil
should be sufficiently high to allow them to move alon
with the transformation front. Furthermore, due to
exothermic character the direct crystallization from t
amorphous phase may cause temperatures higher
the RTA annealing program, further increasing Pb
evaporation/condensation.27,30 SEM demonstrated tha
the densification must be terminated at about 500±C
because the thickness of the films did not decre
any further during heating to higher temperatures. T
diffusion phenomena may also lead to pore shrinka
depending on the relative velocities of the transfo
mation front and the evaporation/condensation proce
For the case of films heated only at 1±Cys (Sec. B),
where the perovskite crystallizes via an intermedia
Pb–Ca–Ti–fluorite phase, the free energy differen
between fluorite and perovskite can be expected to
much smaller and pore elimination is not likely to occ
to the same extent.

C. Electrical properties and
microstructure/property relationships

The differences in microstructure obtained for slo
or fast heating manifest themselves in the electri
properties of the films, which is shown in Fig. 10(a) fo
PCT20. The permittivity drops with decreasing heati
rate as the volume fraction of porosity in the film
increases. The microstructure with reduced permittiv
(and heat capacity) can be considered as a matrix-v
composite of 3-0 type connectivity.7
J. Mater. Res., Vol. 1
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For porous films heated at 1±Cys, it was observed
that the pyroelectric coefficient does not drop as sig
nificantly with decreasing heating rate as seen forer

[Fig. 10(a)]. This may be related to a layer of dense
probably surface nucleated, perovskite, as observed
SEM [Fig. 2(b)] and TEM [Fig. 6(c)]. If this layer were
not present, the films would have highly porous surface
and thus a proportionally reduced charge density (an
consequently a reducedp) as compared to a dense
film. Also, porosity may locally remove stress-induced
reductions of the pyroelectric coefficient (piezoelectric
effect) and facilitate poling of certain (001) oriented
grains, further reducing the decrease inp. The film can
thus be looked at as a two-layer system. The top lay
provides a high pyroelectric coefficient and the bottom
layer the low permittivity desired.

With higher Ca contents (PCT25, PCT30) the de
crease ofp toward slower heating rates becomes mor
pronounced and at the same timeer of films heated at
1 ±Cys continues to decrease. This may be related to th
smaller grain size observed for high Ca compositions an
the possibility of Ca-rich surface layers on the grains a
suggested before, but further experiments are necess
to confirm this. In PCT ceramics an increasing Ca con
tent increases the polarizability due to the reduction o
the cya ratio. However, for porous films the poling field
necessary to achieve a saturated pyroelectric coefficie
was found to increase for compositions with high Ca
contents. For example 400–500 kVycm were sufficient
for PCT15, whereas higher fields of 700–800 kVycm
were required for PCT25 and PCT30. An explanatio
may be that domain-wall motion and thus polarizability
is significantly reduced in small-grained materials,31,32 as
observed for porous PCT films where the average gra
size is decreasing from about,83 nm for PbTiO3 to
,30 nm for PCT30 (Fig. 3).

Poling experiments showed that a decrease ofer

of , 15–20% compared to the unpoled state occur
[Figs. 9(a) and 9(b)]. During poling the number of
domains and thus domain walls is reduced (especial
180± domains), and oxygen vacancies as well as defe
dipoles interact with the domain walls.33–36 This will
lower the domain-wall contribution toer after hot-poling
for low ac-field er measurements at room temperature
as suggested elsewhere.20,37,38

The increase of the figures of meritFV  pyer for
voltage response andFD  py

p
er tan d for detectivity

in dependence of the Ca content of the porous films
shown in Fig. 10(b). Combining a high pyroelectric coef-
ficient from Ca substitution with porous microstructures
of reduced permittivity and adequate poling procedure
results in excellent values ofFV andFD . The maximum
was found for PCT25, whereFV is 3–4 times and
FD 2–3 times higher than recent results on PZT2,39,40

and PCT.41
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V. CONCLUSIONS

It was shown that incorporation of porosity int
Pb12xCaxTiO3 pyroelectric thin films can significantly
increase the figure of merit by formation of a matrix-vo
composite with reduced permittivity. Control of nucle
ation and growth allowed the formation of either den
films by a direct amorphous-to-perovskite transformati
or of highly porous layers with the low permittivity de
sired, where the crystallization of PCT perovskite tak
place via an intermediate Pb–Ca–Ti–fluorite pha
XRD and TEM analysis allowed establishment of m
crostructure/property relationships. The pyroelectric c
efficient was increased by reducing thecya ratio with
Ca substitution for Pb. Optimization of the poling pro
cedures allowed maximization of the pyroelectric c
efficient, and during poling a further lowering ofer

results due the elimination of domain walls. The obtain
values of the figures of merit for voltage response a
detectivity make the PCT layers excellent candidates
integration in pyroelectric devices.
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