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Abstract

Sol-gel process has successfully been applied for the deposition of porous PbZrxTi1�xO3 (x=0.45, 0.15) thin films on platinized

silicon wafers. Addition of a polymer as a volatile phase to the precursor sol prior to spin coating has been proved an excellent
method to synthesize PZT-porous films. Introduction of pores creates a matrix void composite resulting in high figures of merit for
pyroelectric applications. The dielectric constant was found to be strongly dependent to the porosity, whereas the pyrocoefficient

changes moderately with porosity. The relative permittivity can be decreased down to 150 and 95 for PZT films with Zr/Ti ratio of
45/55 and 15/85 respectively, and the figures of merit Fv and Fd values for PZT (Zr/Ti=15/85) films can be increased up to 1.95 and
139 mC/m2 K, respectively by incorporating a nanoporous structure in films.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction:

During recent years the use of ferroelectric thin films
of PbZrxTi1�xO3 (PZT) family for memory, piezo-
electric and pyroelectric1 devices has drawn consider-
able interest. These thin films are especially well known
candidate materials because of their remarkable ferro-
electric properties and stability in device operating
ranges.2�4 The advantage of thin film devices over bulk
materials is that they can be directly deposited on plati-
nised silicon to allow direct integration with electronics.
The pyroelectric applications of these films those have
been commercialized include thermal imaging and gas
detection.
To evaluate the quality of a pyroelectric material,

different figures of merit exist, depending upon the
device requirement. For good voltage response5 it is
necessary to maximize pyrocoefficient p and lower the
permittivity, to increase the figure of merit FV=p/"r.
For high detectivity (signal to noise ratio) the dielectric
loss tan � becomes important and the figure of merit is
Fd ¼ p=

ffiffiffiffiffiffiffiffiffiffiffiffiffi

"rtan�
p

.6 One of the possibilities to lower
dielectric constant is the incorporation of void space
into the films. Seifert et al.7 have synthesized porous
thin films of PbxCa1�xTiO3 by controlling the nuclea-
tion and growth during rapid thermal annealing of the
material. They reported reduced permittivity as low as
55 and a pyrocoefficient as high as 200 mC/m2 K and
related the evolution of the porous structure to the for-
mation of an intermediate Pb–Ca–Ti-fluorite phase
before perovskite crystallization. Therefore, this method
is only limited to the synthesis of porous PCT films.
It is of interest to develop a general method that will

allow the production of uniform films with controlled
porosity and which will be applicable also for composi-
tions that do not contain Ca. Therefore, a new method
to synthesize porous thin films of PZT has been devel-
oped, which has been shown to work also very well with
PCT elsewhere.8

Chemical solution deposition has been used for the
processing of the PZT thin films. The preparation of the
PZT organometallic precursor solutions in this work
was based on the method reported by Budd et al.9 Por-
osity can be introduced in thin films by adding a poly-
mer in the PZT precursor solution prior to spin coating
the silicon substrates.
2. Experimental procedure

The precursor solution was synthesized from lead
acetate trihydrate Pb(CH3COO)2 � 3.03H2O (Fluka),
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titanium isopropoxide Ti(OCH(CH3)2)4, zirconium n-
propoxide, Zr(OCH2CH2CH3)4 and 2-methoxyethanol,
CH3OCH2CH2OH, (Aldrich Chemie, Buchs-CH).
The solution of 2-methoxyethanol, titanium isoprop-

oxide and zirconium n-propoxide was prepared in the
glove box. The Ti/Zr solution was added to the lead
solution avoiding any contact with air, refluxed for 3 h
and then distilled under vacuum to achieve the desired
concentration (0.4 M). Resulting solution was cooled
down to room temperature and 4 vol.% formamide was
added to it in order to improve the drying behavior of
the sol-gel.10 Solutions containing 10 mol% excess Pb
were prepared with Zr/Ti ratios of 45/55 and 15/85.
Polymers having different molecular weights were added
to this sol in different concentrations.
Thin films were deposited using a spin coater (Head-

way research Inc., Garland, TX, USA) at 3000 rpm for
40 s on in-house platinized silicon substrates with TiO2
adhesion layer between SiO2 and Pt. The spin coated
films were pyrolyzed for 15 s at 350 �C on a hotplate
after each deposition. The substrates containing stacks
of four layers were finally heat treated in a rapid ther-
mal anneal apparatus using heating rate of 30 �C/s.
Field emission scanning electron microscopy (SEM;

Jeol, 6300 F Tokyo Japan, and Philips) and X-ray dif-
fraction (XRD, Siemens, D500, Munich, Germany)
were used for micro-structural characterization of the
films. For electrical characterization circular Au top
electrodes of 0.6 mm diameter were deposited by eva-
poration through a shadow mask. Profilometer thick-
ness measurements (a-step 260, Tencore, Mountain
View, CA, USA) and bottom electrode contact were
facilitated by etching a part of PZT layer in a HF/HCl/
H2O mixture.
A multi frequency LCR-meter (Hewlett Packard

4274A, Palo Alto, CA, USA) was used to determine
dielectric loss, tan �, and to measure capacitance in
order to calculate permittivities of the films. Pyroelectric
currents were measured dynamically as a function of a 1
K temperature change, controlled by a wave-form gen-
erator driven peltier element.11 In order to achieve high
pyrocoefficient p, the films were poled on a hotplate for
10 min at the temperatures of 150–200 �C and the fields
of 200–700 kV/cm. The poling field necessary to achieve
an optimized pyrocoefficient was determined experi-
mentally by systematically increasing the field strength
and temperature until no further improvement of p
could be measured.
3. Results and discussion

The SEM micrographs of thin films synthesized by the
solutions containing 10% of high and low molecular
weight polymers are shown in Fig. 1. These micrographs
show that the films contain a nice porous structure. The
SEM micrographs of thin films containing 10% of high
molecular weight polymer are shown in Fig. 1(a)–(c). It
can clearly be seen from Fig. 1(a) that the surface con-
tains some cracks, but in spite of these cracks the elec-
tric properties were not deteriorated. Fig. 1(b) shows the
SEM image of the same sample at higher magnification.
Whereas, the cross sectional view of the porous film is
shown in Fig. 1(c), which shows that there are no pores
going from the top to the bottom of the films. The SEM
image of thin films containing 10% of low molecular
weight polymer is shown in Fig. 1(d). Final thickness of
the films containing high and low molecular weight
polymers was measured to be equal to 1.4 mm and 0.9
mm respectively, by SEM and profilometry both.

3.1. X-ray diffraction characterization

X-ray diffraction patterns of both the samples con-
taining low and high molecular weight polymer and
annealed at 650 �C for 10 min, and a sample pyrolysed
at 350 �C for 15 s are shown in Fig. 2. This figure clearly
shows that after pyrolysing at 350 �C material remains
amorphous only, and no diffraction peak corresponding
to perovskite phase was observed. Whereas, for the
samples annealed at 650 �C for 10 min, all the diffrac-
tion peaks corresponding to (100) (101) (111) planes of
PZT were obtained. These observations confirm that for
porous PZT no preferred orientation was observed.

3.2. Electric characterization

For the electrical characterization, "r, tan � and p were
measured before and after poling of PZT thin films. The
dielectric losses at 1 kHz for porous films were tan
�=0.020–0.025. Low "r results from porous films for
example, 150 for porous PZT, whereas it is as much as
800 for dense PZT films. Lichtenecker’s rule gives the
permittivity for a mixture "m of dielectric phases with
mixed series and parallel connectivity.5 Using the mea-
sured permittivity of the porous films as "m, the permit-
tivity of dense films as "1, and the dielectric constant of
air for the pores in films as "2=1, the volume fraction
V2 of the porosity can be calculated equal to 20 and
25% for the films having low and high molecular weight
polymer respectively, using the equation ‘‘ln "m=V1 ln
"1+V2 ln "2’’.
Poling experiments were carried out to find the lowest

possible temperature and electric field strength to
achieve a maximum pyroelectric coefficient. The devel-
opment of p and "r for PZT samples containing different
molecular weight polymers is shown in Fig. 3(a). The
samples were poled for 10 min at a constant tempera-
ture of 150 �C. This figure shows that the increase in
poling field decreases the permittivity and increases the
pyrocoefficient. For the samples having higher porosity,
the increase in the poling field from 100 to 500 kV/cm
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increases the pyrocoefficient from 86 to 120 mC/m2 K,
and the relative permittivity decreases from 156 to 127.
Whereas, for the samples with relatively lower porosity,
the increase of poling field from 100 to 700 kV/cm
increases the pyrocoefficient from 65 to 145 mC/m2 K
and decreases the permittivity from 202 to 145.
For the samples containing high molecular weight

polymer, the relative permittivity is less than the sample
containing low molecular weight polymer, but the sam-
ples did not show a high pyrocoefficient, which is also
essential in order to get high figures of merit. On com-
paring the pyrocoefficient of two samples having differ-
ent porosities, it can be observed that the maximum
pyrocoefficient for the films having higher porosity was
measured lower (120 mC/m2 K) than the pyrocoefficient
for the films with lower porosity (147 mC/m2 K). This
behavior can be explained by the fact that the films with
higher porosity will have a proportionally reduced
charge density and hence a reduced pyrocoefficient. The
dielectric strength of the films must have played a role
as well, since the more porous film could not withstand
a higher field than 500 kV/cm, perhaps the saturation of
polarization has not been achieved. Therefore, only the
low molecular weight polymer was used for further
studies.
The voltage (Fv) and detectivity (Fd) figures of merit

as a function of poling field, for two PZT samples con-
taining high M.W. (estimated porosity 25%) and low
M.W. (estimate porosity 20%) polymer are shown in
Fig. 1. SEM micrographs of porous PZT films containing 10% polymer (a) high molecular weight polymer: (b) higher magnification, (c) cross

sectional view, (d) low molecular weight polymer.
Fig. 2. X-ray diffraction patterns of porous PZT thin films.
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Fig. 3(b). The maximum values of Fv and Fd were cal-
culated about 0.98 and 80 mC/m2 K for the films con-
taining high M.W. polymer, whereas, those for the films
containing low M.W. polymer were calculated equal to
1.1 and 80 mC/m2 K, respectively.
It is known from the literature that the permittivity of

the thin films has often been found to peak at the PZT
composition near the morphotropic phase boundary.
Therefore, in order to maximize the figures of merit Fv
and Fd, useful composition of PbZrxTi1�xO3 will be
corresponding to the x equal to 15%, because this
composition offers comparatively low dielectric con-
stant as desired. Therefore, samples were prepared by
mixing 10% of low molecular weight polymer to the
PZT sol having Zr/Ti ratio of 15/85. Fig. 4(a) shows the
pyrocoefficient and permittivity as a function of poling
field for PZT (15/85) samples. This figure shows that for
PZT porous films, on increasing the poling field from
100 to 700 kV/cm the permittivity decreases from 142 to
91, whereas, the pyroelectric coefficient increases from
70 to 180 mC/m2 K. The figures of merit Fv and Fd for
these samples are shown in Fig. 4(b). The Fv and Fd values
can be increased to 1.95 and 135 mC/m2K, respectively for
porous PZT films, whereas, these values are 0.88 and 80
mC/m2 K, respectively, for dense PZT films.
The relative permittivity, the maximum measured

pyroelectric coefficient, and the calculated figures of
merit Fv and Fd of the dense- and porous-PbZrxTi1�xO3
(x=0.45 and 0.15) samples are given in Table 1.
The polarization hysteresis loops of PZT dense- and

porous-films showed that the porous PZT films are very
hard to pole as compared to dense PZT films and rela-
tively a high poling filed is required (almost double to
that required for dense PZT films) for the poling of
Fig. 3. Influence of poling field on (a) pyrocoefficient and permittivity

of porous PZT (Zr/Ti=45/55) films, containing low and high mole-

cular weight polymers, (b) their figures of merit (Fv) and (Fd).
Fig. 4. (a) Pyrocoefficient and permittivity of porous- and dense-PZT

(ZriTi=15/85) films, as a function of poling field, (b) figures of merit

(Fv) and (Fd).
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porous films. It may be due to the small grain size of
about 50 nm for porous PZT. Domain wall motion and
thus polarizability is known to be significantly reduced
in small grained materials.12,13
4. Conclusions

In conclusion, porous pyroelectric thin films of PZT
have successfully been synthesized by incorporating a
polymer to the precursor solution synthesized by sol-gel
route. The use of a polymer as a volatile phase has been
proved to be an excellent method for introducing a
porous microstructure in PZT films. It has been shown
that the pore volume can easily be controlled by chan-
ging the molecular weight and the concentration of the
polymer used. For PZT (Zr/Ti=45/55) the Fv and Fd
values were increased from 0.28 to 1.0 mC/m2 K and 38
to 80 mC/m2 K, respectively, whereas for PbZr0.15Ti0.85O3
these values were increased from 0.88 to 1.95 mC/m2 K
and 79 to 139 mC/m2 K, respectively, by introducing a
porous microstructure.
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Table 1

Electrical parameters of the porous- and dense-PZT (Zr/Ti=45/55, 15/85) films
Estimated

porosity (%)
�r before
poling
�r after
polinga
p (mC/m2K)
 Fv (mC/m2K)
 Fd (mC/m2K)
Dense PZT (45/55)
 –
 870
 784
 215
 0.28
 38
High M.W. polymerb
 25
 156
 127
 119
 0.94
 79
Low M.W. polymerb
 21
 206
 144
 150
 1.00
 80
Dense PZT (15/85)
 –
 300
 230
 205
 0.88
 79
Low M.W. polymerc
 20
 142
 91
 180
 1.92
 139
a Poling at 150 �C, 700 KV/cm.
b PZT (Zr/Ti=45/55).
c PZT (Zr/Ti=15/85).
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