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Abstract

Thin films of Ca-modified lead titanate were fabricated by sol-gel processing. The complex alkoxides were prepared by
reacting lead acetate and calcium chloride with titanium tri-isopropoxide mono-acetylacetonate. Titanium tri-isopropoxide
mono-acetylacetonate was synthesized by addition of acetylacetone to titanium tetra-isopropoxide as a chelating agent. Thin
films were deposited on Si(100), MgO(100) and Pt/MgO(100) substrates by dip-coating. X-ray diffraction analyses were
carried out for thin films to investigate crystalline phases, crystallographic orientation and lattice parameters. Thin films
deposited on all the substrates used exhibited perovskite single phase. Conditions for obtaining homogeneous crack-free thin

films were determined.
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1. Introduction

Calcium modified lead titanate, Pb,_,Ca TiO,
(abbreviated as PCT) has been a promising candidate
for pyroelectric sensor materials. It has been reported
that PCT films gave better pyroelectric infrared de-
tector performance than PbTiO, films [1]. The opti-
mum conditions for the preparation of PCT thin
films by sol-gel processing have not been thor-
oughly examined. Chemical modification of metal
alkoxides with chelating agents has gained increas-
ing interest in sol-gel processing, since the stability
of metal alkoxides can be improved by this method
[2,3]. The aim of the present research work was to
optimize the processing parameters in the process
utilizing chelating organic ligands in order to achieve

* Corresponding author.

a reproducible fabrication process for high quality
thin films.

2. Experimental

A modified sol-gel process has been employed
for fabrication of PCT thin films. In the conventional
sol—gel process for fabrication of lead titanate based
compositions, lead acetate trihydrate Pb(CH,COO0),
- 3H,0, and titanium isopropoxide (TI),
Ti[(CH;),CHO],, were used as precursor materials
and 2-methoxyethanol CH,OCH,CH,0OH was used
as solvent [4]. In the modified process, the complex
alkoxides were prepared by reacting Pb acetate and
Ca chloride with titanjum tri-isopropoxide mono-
acetylacetonate. The mixed ligand complex, titanium
tri-isopropoxide mono-acetylacetonate (TIA), Ti
(OC;H,),(CH,COCHCOCH,), was synthesized by
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Fig. 1. Flow diagram for preparation of Ca-modified lead titanate
precursor sols and films.

reaction of titanium tetraisopropoxide and acetylace-
tone [2,5].

The films with Ca composition x = 0.10 and 0.20
are designated as PC10 and PC20, respectively. The
experimental conditions for the specimens PC10 are
described here in detail. A flow diagram of the
process is shown in Fig. 1. Lead acetate (0.18 mol),
calcium chloride (0.02 mol) and 2-methoxyethanol
(150 ml) were added in a 4-neck flask and then
sealed to filled dry nitrogen in it. Distillation was
performed at 126°C for 3 h (b.p. of methoxyethanol
is 125°C) with stirring under the condition of flow-
ing nitrogen. In the heating process, only lead acetate
dissolves into methoxyethanol. The dehydrated solu-
tion was cooled to 60°C. Titanium isopropoxide (0.2
mol), and acetylacetone (0.2 mol) were added slowly
to the solution prepared in the dehydration process
through a funnel with stirring. Then, an appropriate
amount of methoxyethanol, which was the same

quantity as the solution separated by distillation was
added to the solution. The solution was refluxed up
to 142°C for 2 h (b.p. of acetylacetone is 141°C)
with stirring to distil off the by-product. In this
process, calcium chloride dissolved completely in the
equimolar solution of titanium isopropoxide and
acetylacetone. After distillation, the resulting solu-
tion was cooled to room temperature. Methoxy-
ethanol was added to the solution until the total
quantity of the solution became 200 ml. The solution
was stored in a bottle filled with dry nitrogen and
kept in the desiccator.

A precursor solution with concentration of 0.1
mol /1 was prepared at room temperature by diluting
the alkoxide solution (5 ml) by 2-methoxyethanol
(45 ml). Water for hydrolysis was introduced as a
solution of methoxyethanol, water and nitric acid.
Appropriate amounts of water and nitric acid were
added slowly to the alkoxide solution with stirring.
The amount of water and nitric acid added was
defined as the number of moles added to one mole of
titanium which was dissolved in the alkoxide solu-
tion: [H,0]/[Ti] and [NO,]/[Til, respectively. Then,
the alkoxide solution with water and nitric acid was
kept at 80°C for 6 h. During this process, hydrolysis
and polycondensation reactions occurred in the solu-
tion. The viscosity of the solution increased with the
progress of polycondensation reaction. These sols are
called precursor sols (or coating sols).

The effect of nitric acid and water on the proper-
ties of the resulting solution was investigated. The
appearance of the percursor solutions was examined
by varying molar ratios of water and nitric acid to
Pb-Ca~TIA alkoxides in the solution. The precursor
sols with [NO,1/[Ti] = 0.1 and [H,0]/[Ti} =05 to
2 were prepared. Viscosities of the precursor sols
were measured within two days after the synthesis
with a concentric cylinder-type viscometer (Hakkei
M1) at 20°C.

Precursor sols were dried at 80°C for one day in
the thermostat to obtain dried gels. Dried gels were
investigated by differential thermal analysis (DTA)
and thermogravimetric analysis (TGA) to determine
the optimum drying and firing temperature. Thermal
analysis data were collected on the Rigaku (TAS
300) with a heating rate of 10°C/min.

Thin films were deposited on Si(100), MgO(100)
and Pt/MgO substrates. Pt films were deposited by
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RF sputtering. The thickness of the Pt films on
MgO(100) substrates was about 1500-2000 A. Pt
films on MgO(100) substrates (Pt/MgO(100)) were
examined by XRD and revealed to be of (100)
preferential orientation. Deposition procedures were
carried out in a class 100 clean chamber in order to
minimize dusts in thin film. Before deposition, sub-
strates were washed ultrasonically in acetone, and
finally rinsed with 2-propanol. Films were deposited
on the substrates by a dip-coating method and dried
in a furnace kept at 360°C for 10 min. The deposi-
tion and drying processes were repeated 5 times and
finally fired at 550°C. The technique of ‘‘seeding
layer’” proposed for sol-gel derived La-modified
PZT [6] was applied to Si substrates. The specimen
with a seeding layer was formed as follow: single
layer of PCT was deposited on the substrate by
dip-coating and then heat-treated at above crystal-
lization temperature. In this process, a large number
of heterogeneous nucleation sites are expected to be
incorporated into the first layer. Then, the PCT film
was deposited on the specimen and dried at 360°C
for 10 min. The deposition and the drying processes
were repeated 5 times. The multi-coated thin film
was fired at 550°C.

Film quality and crack formation were examined
using an optical microscope. Microstructure and
thickness of the films were studied using scanning
electron microscopy (Hitachi S-2300). Dependence
of the film thickness on the withdrawal speed was
investigated.

X-ray diffraction analyses (XRD) were carried out
for the powder samples and the films to investigate
the phase assignment, crystallographic orientation
and lattice parameters. Measurements were per-
formed on a diffractometer (Rigaku RINT 1100)
operating at 50 kV and 30 mA. The films were
scanned in 26 from 20° to 60° with a step size of
0.02° using Cu K« radiation,

3. Results and discussion

Improvement of stability of precursor sols can be
achieved by introducing chelating organic ligands to
the starting alkoxides. Hydrolysis rate of highly reac-
tive alkoxide such as titanium isopropoxide can be
regulated by using chelating organic ligands glycos,

organic acid or B-diketone. Acetylacetone is one of
the most often used B-diketones in a sol—gel process.
Thus, the modified sol-gel process with titanium
tetra-isopropoxide mono-acetylacetonate (TIA) was
employed for the fabrication of Ca-modified lead
titanate films.

Processing parameters were investigated in a
modified sol-gel process with the ligand complex
TIA. Transparent and stable sols were obtained from
the alkoxide solution with [NO,]/[Til=0 and
[H,0]/ITi] = 2 to 6 region which is the same as that
of lead titanate [7]. Transparent and stable sols were
obtained in the concentration region of [NO,]/[Ti]
=0 and [H,0]/[Til = 2 to 4 for the PC20 precursor
sol. The sols obtained in these regions were stable
even after months in the ambient atmosphere: neither
variation of viscosity nor gelation occurred.
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Fig. 2. The relationships between concentration of water for
hydrolysis and viscosity of (a) PC20 precursor sol and (b) PC10
precursor sol.
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Fig. 3. Thermal analysis data for PC10 dried gels.

The relationships between concentration of water
for hydrolysis and viscosities of PCT sols are pre-
sented in Fig. 2. The viscosities of PC10 and PC20
precursor sols gradually increase in the region
[H,01/[Ti]=05 to 1.5 and their slopes rapidly
change around [H,0]/[Ti] = 1.5.

The average film thickness formed by a single
process with withdrawal speed 7.1 mm/min was
estimated to be 0.2 wm. The film thickness depends
on both the viscosity of the precursor sol and the

withdrawal speed in the dip-coating process [8]. The
film thickness can be controlled by adjusting the
viscosity of the precursor sol and the withdrawal
speed. The crack-free thickness for the PC10 film
fabricated by the modified method is estimated to be
2.5 pm.

The result of DTA and TGA is shown in Fig. 3.
The DTA and TGA traces exhibits exothermic peaks
around 261°C and 288°C. These exothermic peaks
may be associated with elimination of water in the
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Fig. 4. XRD patterns of PC10 powder specimens heat-treated at (a) 550°C, (b) 490°C and (c) 400°C respectively, The mark down arrow

represents the extra peaks due to the pyrochlore phase.
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dried gels and thermal decomposition of the organ-
ics, respectively. The exotherms at 480°C and 545°C
will correspond to the first and second crystalliza-
tion, respectively.

XRD patterns of the PC10 powder specimens are
depicted in Fig. 4. The specimen heat-treated at
400°C shows a halo pattern which is typical of an
amorphous material. The diffraction profile of the
specimen heat-treated at 470°C is almost the same as
that of pure lead titanate but the widths of the
diffraction peaks are rather broad and contained some
extra peaks which may be due to the pyrochlore
phase. After second crystallization (heat-treated at
550°C), a specimen with perovskite single phase was
obtained.

Fig. 5 represents XRD patterns of the PC10 films
with and without a seeding layer. The films were
deposited on the Si(100) substrates. Experimental
results show that both films exhibit perovskite single
phase. The values of the degree of (100) preferential
orientation, B (= I(100)/[1(100) + I(101)]), are
shown in Table 1.

The diffraction profiles of PC10 films deposited
on the MgO(100) and Pt/MgO substrates are shown
in Fig. 6. The diffraction profiles are indexed by
perovskite single phase. The film deposited on the
MgO(100) does not exhibit the (100) preferential
orientation. On the other hand, the film deposited on
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Table 1

List of the degree of (100) preferential orientation (8)
Specimen B
PC10 powder 0.28
PC20 powder 0.31
PC10 film on Si (with a seeding layer) 0.71
PC10 film on Si (without a seeding layer) 0.56
PC20 film on Si (with a seeding layer) 0.84
PC20 film on Si (without a seeding layer) 0.41
PC10 film on MgO 0.50

Pt/MgO exhibits strong (001) and (100) diffraction
peaks. The other diffraction peaks which are clearly
observed in the powder specimen become very weak.
Applying the definition of  for the film deposited
on the Pt/MgO substrate will not be adequate, be-
cause preferential orientation of both (100) and (001)
orientations are enhanced in this case.

The XRD patterns of PC20 films deposited on the
Si(100) substrates with and without a seeding layer
are shown in Fig. 7. The diffraction profiles can be
indexed by perovskite single phase. The film with a
seeding layer exhibits (100) preferential orientation,
on the other hand, the film without a seeding layer
does not exhibit the (100) preferential orientation as
seen in Fig. 7. It may be concluded that the degree of
(100) preferential orientation @ is enhanced by ap-

—
)
=
—_ =
Z
il g =
= —_
~ | 8 =) ~ H
> ~ v: ~ ~ N o~~~ —~ o~
e hau = o~ N o N =
‘@ (a) = S c o= =
= ~ ag 48
g A =<
2 O, N
-
-
20 30 40 50
26

60

Fig. 5. XRD patterns of (a) the PC10 film with a seeding layer and (b) the PC10 film without a seeding layer. All films are deposited on the

Si(100) substrate.
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Fig. 6. XRD patterns of (a) the PC10 film without a seeding layer deposited on the MgO(100) substrate and (b) the PC10 film without a
seeding layer deposited on the Pt/MgO substrate.

plying the seeding layer technique on the Si(100) ment of the stability of the precursor sols was
substrate for both PC10 and PC20 films. achieved by introducing acetylacetone to the starting
alkoxide (titanium tetra-isopropoxide). The precursor
solution of Pb—Ca-TIA was stable even in ambient

4. Conclusion atmosphere: neither variation of viscosity nor gela-
tion occurs for several months after synthesis. The
Thin films of Ca-modified lead titanate were fab- processing parameters for fabrication of PCT thin
ricated by modified sol-gel processing. Improve- films through the sol—gel process with starting mate-
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Fig. 7. XRD patterns of (a) the PC20 film with a seeding layer and (b) the PC20 film without a seeding layer. All films are deposited on the
Si(100) substrate.
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rials of lead acetate, calcium chloride and equimolar
solution of titanium tetra-isopropoxide and acetylace-
tone have been systematically investigated. The con-
ditions for obtaining homogeneous and crack-free
thin films from the Pb—Ca~TIA precursor solution
with concentration 0.1 mol/l were determined as
follows:

(1) viscosity of precursor sol is 7 mPa s,

(2) withdrawal speed in dip-coating is <10
mm,/min, :

(3) heat-treatment temperature and duration time
for drying are 360°C and 10 min, respectively, and

(4) heat-treatment temperature for crystallization
is 550°C.

Films deposited on Si(100), MgO(100) and
Pt/MgO exhibit perovskite single phase. The degree
of (100) preferential orientation is enhanced by ap-
plying a seeding layer technique for both specimens
of PC10 and PC20 on the Si(100) substrate. Prefer-

ential orientation of both (100) and (001) were en-
hanced for films deposited on Pt/MgO.
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