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Structural and microstructural properties of porous PZT

films
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Pbzr,,Ti,O3 (PZT) film was prepared by addition of polymer polyvinylpirrolidone (PVP) in the PZT precursor and hydrolysis
of the PZT precursor sol. Porous thin films were prepared by spin coating on Pt-coated Si substrate. The structure of the
films was investigated by X-ray diffraction (XRD). (100)-oriented PZT 20/80 film was obtained by hydrolysis of sol. PVP
addition leads to the (110)-orientation of the film. The surface microstructure of the films was characterised with Atomic
Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). The surface profile indicates a films roughness of 5 nm.
No micro-cracks were observed on film surface. The average remnant polarization and the coercive field were obtained from
the hysteresis loop measurements. The ferroelectric behavior has been evidenced by the presence of the butterfly shape of
the capacitance-voltage characteristics. Experimental results show that the dielectric constant of the PZT porous film is

lower than that of the dense film.
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1. Introduction

During recent years a considerable attention was
given to the use of ferroelectric thin films of the PbZr,.
«11,03 (PZT) family for memory, piezoelectric and
pyroelectric devices. Thin films are good candidate
materials because of their remarkable ferroelectric,
piezoelectric and pyroelectric [1] properties. Pyroelectric
thin films have many applications in temperature sensing
systems for fire and intruder detection, air condition
control and thermal imaging [2]. PZT 20/80 films are ideal
for pyroelectric applications, involving detection of IR
radiation. However, to increase the voltage response (Fy =
p/ &) it is necessary not only to maximise the pyroelectric
coefficient, p = APgs/ AT, but to lower the dielectric
permittivity as well. A possible way to decrease the
characteristic value of dielectric constant of PZT 20/80 is
to incorporate pores into the material structure.

A number of fabrication processes have been
developed for the fabrication of PZT films including
organo-metallic chemical vapour deposition [3], sputtering
[4], ion-beam deposition [5] and sol-gel method [6,7].
Among these methods, the sol-gel process offers several
advantages including easy control of chemical
composition, good stoichiometry, high purity and lower
processing temperatures. The most widely used sol-gel
route for PZT thin film fabrication is the methoxyethanol
route demonstrated by Budd et al. [6]. This route requires
dry atmosphere processing conditions in order to avoid
uncontrolled hydrolysis of Ti and Zr alkoxides. These
methods have been modified over the years [8,9]. Ti and
Zr alkoxides were stabilised by chelating agents or using
other alcohol solvents [10-12]. Most of the schemes
reported for the sol-gel processing of ferroelectric PZT
thin films use hydrated lead precursor
Pb(OOCCH;),-3H,0 which requires in situ dehydration by

refluxing in 2-methoxyethanol solvent. Generation of free
acid, ester and alcohol causes changes in the chemistry
[15] of the precursor solution by inducing premature
hydrolysis and precipitation of the more reactive
component in a multicomponet system affecting the
homogeneity and uniformity of the thin layers. The
obtained precursor solution is senzitive to moisture and
therefore, the processing is carried out under controlled
dry conditions. The addition of drying agent will stabilise
the system. The excess organic compounds present in the
amorphous gel can cause shrinkage stress in films during
thermal processing. [16]

Porosity can be introduced in thin films by controlling
the nucleation and growth during thermal annealing of the
material or by adding a polymer in the PZT precursor
solution prior to spin coating the substrate [13,14,18].

To develop a method for the production of porous
film, the initial hydrolysis of the precursor solution and
the addition of organic macromolecular
polyvinylpirrolidone (PVP) were tested. In this article we
report the preparation of porous films of a PZT and
compare their dielectric properties observed with those of
PZT dense film.

2. Experimental

The stock solution of PbZr, ,Tio O3 has been prepared
using lead acetate trihydrate, Pb(OOCCH;),-3H,0,
titanium isopropoxide, TifOCH(CHj3),]4 and zirconium n-
propoxide, ZrfOCH, CH,CHjs]4, as precursor materials. 2-
methoxyethanol (2ME), CH;OCH,CH,0OH, was used as
solvent. A Swt% PbO excess was added to compensate the
Pb evaporation during the crystallization step. Fig. 1
illustrates the experimental flow diagram used for the
preparation of stock solution and porous films.
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Fig. 1. Flow diagram for the sol-gel processing of PZT porous films.

The lead  precursor, was  dissolved in
2-methoxyethanol, heated to 110 °C and distilled to
remove water. This procedure was repeated two times.
The dehydrated solution, i.e. solution A, was cooled to
room temperature. The titanium and zirconium precursor,
was prepared by mixing titanium isopropoxide and
zirconium n-propoxide in 2-methoxyetanol, heated to 110
°C and distilled for two times. The resulting solution, i.e.
solution B, was cooled down to room temperature. A
convenient stock solution of PZT was prepared by mixing
a definite volume of solution A and solution B in 2-
methoxyethanol medium. Two distillations were again
performed to complete the reaction and remove any
remaining reaction by-products. The final Pb/Zr/Ti
solution was diluted with 2-methoxyethanol to obtain a 0.5
M stock solution. To improve the porosity formation, the
stock solution was: a) hydrolysed in a molar ratio Pb: H,O
= 1:3 (sample P1) and (b) addition of PVP in 7 wt%
(sample P2). The PVP (C4HyON) used in experiment has
the average molecular weight of 25 000 (Fig. 2). The
precursor solution was syringed through a 0.2 mm filter
onto Pt-coated Si substrates and spun using a spinner

operating at 2500 rpm for 60s (P1) and 3000 rpm for 30s
(P2). After each deposition, a two-step hot plate treatment
was then used at 200 °C/ 2 min, 400 °C/ 5 min (P1), at 200
°C/ 2 min and 350 °C/ 5 min (P2), respectively. The
sequence coating-thermal treatment was repeated until the
desired thickness was obtained.

H
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n

Fig. 2. Schematic illustration to the molecular structure
of PVP.
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The resulting films were amorphous. The transition
from the amorphous structure to the perovskite structure
was achieved by placing the samples in a tube-furnace in
which the temperature was progressively raised (heating
rate of 20 °C/ min and 5 °C/ min, respectively) to the
annealing temperature 680 °C/ 45 min (P1) and 650 °C/ 30
min (P2), respectively. To compare the porous films, the
sample P3 was deposited in the same condition as P2
without PVP.

The thermal treatment of porous thin films obtained
by addtion of PVP was chosen according to thermo-
differential data (TG/DTA, STA 409C/CD, Netzsch).

The crystalline phases of thin films were identified by
X-ray diffraction (XRD) in 20 geometry. The
microstructure of the films were investigated by scanning
electron microscopy (SEM) and atomic force microscopy
(AFM). Gold electrodes were deposited by thermal
evaporation through a shadow mask onto the surface of
PZT thin films. The dielectric constant g, was estimated
from room temperature capacitance-voltage (C-V)
characteristics obtained from a Agilent LCR meter, for
1 kHz frequency measurement. P-E hysteresis loops were
also obtained at 100 Hz using a RT 66A Analyser.

3. Results and discussion
3.1. Structural and microstructure analysis

Fig. 3 shows the XRD patterns for the sol-gel derived
PZT 20/80 films obtained by (a) hydrolysis of the
precursor solution (Pb: H,O = 1:3) and (b) addition of
PVP (7wt%). The spectra show typical reflection patterns
attributed to tetragonal (perovskite) crystal symmetry. Fig.
3 shows that the porous films deposited on Pt-coated Si
growth preferentially along the (100) (P1) and (110) (P2)
crystallographic directions. For P1 and P2 all diffraction
peak coressponding to (100), (101), (111) planes of PZT
were obtained. In the X-ray diffraction spectra no peak
coresponding to PVP were revealed.

In general, the PZT films deposited on Pt-coated Si
grow with a preferential orientation along (111)
crystallographic direction. The origin of this effect is
usually related to the heterogeneous nucleation which
takes place at the film/substrate interface. It was argued in
the literature that an intermetallic phase of PtyPb forms at
the interface PZT/Pt in the early stage of sol-gel
deposition of PZT films [17]. The intermetallic phase
proceeds as a nucleation site for the perovskite phase
nuclei that start to grow consuming the pyrochlore phase
produced initially. However, this phase is supposed to
play a central role not only in the pyrochlore-to-perovskite
phase transformation, but also it acts as a lattice-matching
buffer layer between the Pt electrode and the PZT 20/80.
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Fig. 3. X-ray diffraction paterns of PZT porous films.

The sol chemistry is based on the hydrolysis and
condensation of inorganic salts in metal alkoxides [21].
The advantage of using alkoxides comes from the
possibility to control the reaction rate by controlling the
hydrolysis and the condensation. The hydrolysis of
alkoxide occurs as shown in eq. (1), and condensation of
two M-OH groups or reaction of a M-OR with M-OH
group is described in eq. (2) and (3):

H-O-H + M-OH - M-OH + ROH (1)
M-O-H + M-OR > M-O-M + ROH ©)

M-O-H + M-OR > M-O-M + H,0
(3)

with M = metal, R = ligand,

Each one of these chemical reactions depend on many
parameters such as the nature of the metallic atom M, the
nature of the alkyl R group, the concentration, the
temperature and the alkoxide/water ratio (r) [21]. In the
sol-gel chemistry, the H,O is indispensable for the
formation of a metal/oxide polymer by a partial hydrolysis
and subsequent polymerization of hydrolyzed species. In
addition, the water concentration can control both the
gelation time and the degree of cross-linking of the
polymer.

In this work, the hydrolized precursor solution with 3
moles of water/ Pb acetate consists in polymers or
macromolecules built of many monomers (-O-M-).
Porosity or cavities should develop when either the water
or the solvent has been removed during the pyrolysis step.
Either surface diffusion or evaporation-condensation
processes, that take place on the pores surface, will
considerably reduce the energy of the system. In turn, the
pore’s surface acts as nucleation centre of the perovskite
phase. Since the barrier for the nucleation is reduced, the
orientation of the film will be controlled by the growth
step. For PZT systems, the crystallographic direction with
the lowest surface energy was found to be (100) [19].

When PVP is added into the precursor it can
hybridize with metalloxane polymer in molecular scale
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through strong hydrogen bonding between C = O group of
PVP and the OH group of the metalloxane polymer [24].
The C = O group can suppress the condensation
reaction and promote the structural relaxation. The pores
were produced after the pyrolysis of PVP which was
released at high temperature and left pores where it existed
before annealing [18].

From the thermal analysis (TG/DTA), we observed
that after 550 °C the PVP was eliminated from the PZT-
PVP solution (Fig. 4).
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Fig. 4. TG/DTA Analysis of PZT+7wt%PVP dried at
150 °C for 8 h.

The TG analysis of the PZT-PVP precursor solution
presented three regions in the investigated temperature
range. Up to 550 °C, the total losses of the PZT solution
were 42.96 wt%. The DTA curve show one endothermic
peak at 88 °C related to the elimination of the weakly
bonded water and two exothermal peaks: one around
288 °C, corresponding to the decomposition and
combustion of organic substances; second at 446 °C,
corresponding to the total elimination of residue and total
decomposition of polymer. The major weight loss in the
second region is due to the decomposition of the hydroxyl
and remaining alkoxide and acetate groups. Usually, the
combustion of organics occurs by elimination of water
and carbon dioxide. The detected acetone in the evolved
gasses is a consequence of the presence of acetate groups
which decomposes by a reaction in two steps into acetone,
carbon dioxide and oxide. The presence of NO, is
correllatated with the polimer combustion. In the third
region the exothermic peak in the DTA with an associated
a weight loss where CO,, NO, is evolved due to the
decomposition of probably some carbonates, carbonaceus
and polymer residues. After 550 °C no weight loss can be
observed, suggesting the decomposition is terminated.

Fig. 5 is a cross-section view by scanning electron
microscopy on a fresh fractured sample of porous PZT
film deposited on Pt-coatted Si. It reveals that a granular
and porous microstructure was obtained in the sol-gel
derived PZT films obtained by hydrolysis of the precursor
solution with 3 moles of water. The porosity is

incorporated and randomly distributed into the perovskite
phase. The film deposited consist of ten layers,

corresponding to a film thickness of about 600 nm. The
porosity of the film obtained by addtion of PVP is better
defined in comparison with the previous sample.
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Fig. 5. (@) SEM micrographs of porous PZT film
containing 3 mol water (b) cross sectional view of porous
PZT film containing 3 mol water (c) SEM micrographs of
porous PZT film containing 7wt% PVP (d) cross
sectional view of porous PZT film containing 7wt% PVP
(e) SEM micrographs of dense PZT film (f)

cross sectional view of dense PZT film.

There are no pores going from the top to the bottom
of the films. The pores are small and relatively uniformly
distributed into the film. The SEM micrographs of the
sample with PVP show that the surface contains small
surface pores. The estimated thickness of the film with six
layers from the SEM micrograph of the cross section was
380 nm. In the case of P sample deposited on Pt/Si some
characteristic "rosettes" can be observed. The estimated
thickness of the dense film with six layers is 300 nm.

Fig. 6 shows the AFM images of porous PZT films
surface. The average crystallite size is around ~ 66 nm for
P1 and (b) 85 nm for P2. The corresponding roughness is
~4 nm.
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Fig. 6. AFM imagine of (a) PZT porous thin film
containing 3 mol water (P1) (b) PZT porous thin film
containing 7wt% PVP (P2).

3.2. Electrical characterisation

The ferroelectric loop of the PZT porous film can be
seen in Fig. 7. Table 1 shows the average remnant
polarization (P,) and the average coercive field (E.) of the
investigated films. It is seen that the ferroelectric
properties are by far lower than those reported for dense
PZT 20/80 films [20]. The calculated coercive field for P1
is low for PZT films in the hydrolysis method. Moreover,
the hysteresis curve is asymmetric both along the field and
polarization axes, most probable related to the electrodes
asymmetry, i.e. different work function. The hysteresis
curve for P2 is almost symmetric both along the field and
polarization axes.
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Fig. 7. P-E hysteresis loop for porous PZT 20/80 thin films
at 100 Hz and room temperature: (a) P1 (b) P2.

Fig. 8 shows the C-V curve of the porous PZT film.
The curve shows a typical butterfly shape. The values of
the bias voltage of the two peaks are slightly asymmetric
along either the capacitance or voltage axes, most
probable related to the electrodes asymmetry.
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Fig. 8. C-V curves for Au/PZT porous/Pt capacitor at
room temperature and 1kHz (a) P1 sample (b) P2 sample
(c) PZT dense film.

From the C-V curve, the zero field relative
permittivity of porous PZT film was calculated using the
model of a plan parallel capacitor. The obtained values are
given in Table 2. We compared the permittivity value of
porous sample with permittivity value of dense PZT (P3)
prepared in our laboratory in the same conditions as the
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porous sample. The calculated values of dielectric
permittivity of porous films are lower than in PZT dense
film.

Tabel 1. Average P, si E; values for PZT porous thin film
containing 3 mol water (P1) and PZT porous thin film
containing 7wt% PVP (P2).

Pr+ Pr- Prm Ec+ Ec- Ecm
P1 | I1. | 109 | 11.3 | 126 | 58 92
7
P2 | 9.0 | 93 9.2 | 250 | 250 | 250

Table 2. The dielectric constant and geometrical
dimension of PZT 20/80 porous film.

d (nm) | S (mm?) €
PZT + 3 mol water (P1) 600 1.5 292
PZT + Twt%PVP (P2) 380 1.5 48
PZT dense (P3) 300 1.5 348

When the considerations are limited to SEM
investigation, the deposited porous PZT films resemble as
a composite material consisting in PZT grains and pores.
If so, the permittivity from Table 2 it is the one of the
composite material from which one could to extract the
PZT’s permittivity. For this purpose, the spherical bubbles
model could be applied. One of the most difficult tasks is
to estimate the porosity. Even if several procedures of
porosity calculation have been reported in the literature
[22,23], this topic is still matter of debate. We have used
an analytic approach to estimate the amount of porosity in
deposited films. Considering that the dielectric
permittivity of deposited PZT films is &g, = 348 and is
similar to those reported by Klee [20], i.e. &, = 350, then
the p coefficient can be estimated. The calculated value is
15% for P1 and 60% for P2.

4. Conclusions

Porous pyroelectric thin films of PZT have been
synthesized by hydrolysis of the precursor solution with 3
moles of water and by incorporating a polymer to the
precursor solution. It was shown that the addtion of
polymer induces a better porous microstructure than the
hydrolysis of PZT sol. The spherical bubbles model was
used to estimate the film porosity. For PZT the porosity
values were increased from 15% estimated for sample
prepared by initial hydrolysis of PZT precursor solution to
40 % by introducing PVP in the PZT precursor solution.
The dielectric permittivity was calculated using the plan
parallel capacitor model and it was found to be lower than
that for dense films. The dielectric premittivity value
decreases from 348 for dense film to 298 and 48 for
porous films. This way, the characteristic of pyroelectric
materials, the voltage response will increase and porous
PZT 20/80 film will be a potential candidate for
pyroelectric applications.
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