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Effect of heat treatment on formation of sol-gel (Pb, La)TiO3
films for optical application
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Lead lanthanum titanate [(Pb, La)TiO3 ] sol-gel films have been prepared to investigate
the effect of heat treatment on the fabrication of uniform and crack-free thick films
by applying different heating schedules. The surface morphology as well as the optical
properties such as refractive index, optical transmission, and optical propagation loss of
the films was examined, depending on the film thickness. Because the slower and longer
heating is enough to remove the organic and nitrate residues and diminish the thermal
shock while heating the films, slower and longer heating can produce the uniform and
crack-free thick films having higher refractive index as well as lower optical propagation
loss. Also, the drying and heating of the films on a hot plate in every coating resulted in
the fabrication of thick films having above 8000 Å without any defects and microcracks.
This film presented the highest refractive index as well as the lowest optical propagation
loss which grows exponentially with increasing the film thickness due to the scattering
of defects in the film.

I. INTRODUCTION

Given the increasingly important role of integrated
optics, thin film materials that are transparent and show
good optically nonlinear properties are in large demand.
Among the ferroelectric thin films, the lanthanum-doped
lead zirconium titanate, (Pb, La)(Zr, Ti)O3 (PLZT),
thin films have been widely used in waveguide
applications.1,2 The advantages of La doping as a
chemical modifier are known in several aspects:
in reducing light scattering resulting from multiple
refraction at the boundaries of the randomly oriented
grains by reducing the distortion of the oxygen
octahedral unit cell, in producing an extensive series
of homogeneous solid solution compositions without
any secondary phases by virtue of its high solubility
in the PZT perovskite structure, in enhancing the
densification process by producing a significant number
of lattice vacancies, and in controlling the grain
growth behavior through promoting a highly uniform
microstructure. However, when an amorphous PLZT
film prepared by using the sol-gel method is heattreated, perovskite phase and undesired pyrochlore phase
are simultaneously formed. The ferroelectric PLZT thin
film should have higher perovskite content in order to
exhibit better electro-optic properties. The composition
without zirconium content [(Pb1–x/100 Lax )Ti1–x/400 O3 is
called PLTx] has been known to be more adequate
for waveguide applications due to its finer grain size
and higher transparency than PLZT.3 Actually, the total
internal reflection (TIR) optical switch was proposed and
implemented using PLT28 thin films with high quadratic
electro-optic coefficient.4
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PLT thin films for optical waveguide applications
must satisfy grain sizes smaller than the operating wavelength, higher refractive index than that of the substrates,
thickness range between 0.2 and 1.0 mm, absence of
the defects and optical inclusions, and crystallographic
orientation or epitaxy.5 In particular, thick ferroelectric
films are able to make multimode waveguides because
the number of modes depends on the thickness at the
constant wavelength. For the optical waveguide application of ferroelectric films, a wet chemical process such
as sol-gel or metal-organic decomposition (MOD) using
various precursors has been used.6,7 The advantages
of this process are easier composition control, film
homogeneity, easier fabrication of large area thin films,
low cost, and a simple fabrication cycle. However, it
is difficult to produce thick and crack-free films by
this technique. The present study investigated the effect
of heat treatment on the formation of thicker, crackfree, and dense sol-gel PLT films. Also, the optical
propagation losses with other optical properties were
measured, and the optimum heating condition was found
for the application of optical waveguide.
II. EXPERIMENTAL PROCEDURE
A. Thin film preparation

The composition that was investigated in the
present study is the one containing 28 mole % La in
(Pb1–x/100 Lax )Ti1–x/400 O3 , represented by PLT28, since the
lowest optical propagating loss was shown previously.8
A precise procedure for preparing the precursor solution
is shown in Fig. 1. Lead acetate [Pb(CH3 COO)2 ? 3H2 O],
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R485) at 1500 rpm for 30 s. Then the green films were
dried at 350 ±C on a hot plate for 10 min, yielding
about 800 Å film thickness per coating. This procedure
was repeated until a desired thickness was obtained.
The films were heat-treated at 520 ±C with different
heating schedules to densify and crystallize the films.
Five different heating schedules applied to investigate
the effect of heat treatment are listed in Table I. The
films were inserted into the furnace which was already
heated at 520 ±C and maintained for 30 min (I) and
2 h (II). Also, the films were heat-treated from room
temperature to 520 ±C with heating rate of 15 ±Cymin
(III) and 5 ±Cymin (IV), and held for 30 min. Finally,
the single-coated films were heat-treated on a hot plate at
520 ±C instead of in a furnace, and this was repeated in
every coating (V). All the films were cooled at 2 ±Cymin
in atmosphere to prevent cracks from thermal shock
during cooling in the films.
B. Characterizations
FIG. 1. Procedure of preparing PLT precursor solution.

lanthanum nitrate [La(NO3 )3 ? 6H2 O], and titanium
isopropoxide hTi[(CH3 )2 CHO]4 j were used as precursors.
The sol-gel PLT thin films containing large La contents
have been rarely fabricated due to the low solubility
of La precursors in alcohol. However, the sol-gel
PLT28 thin films were successfully fabricated using
lanthanum nitrate as a La precursor recently.9,10 Also,
5 mole % excess Pb was incorporated since it was
found that excess PbO aids significantly compensated
PbO loss if normal stoichiometric composition were
used.11 Methoxyethanol (CH3 OCH2 CH2 OH) was used
as a solvent to facilitate the dehydration by heating
since it boils at 125 ±C. Lead acetate was dissolved
in methoxyethanol on heating at 120 ±C for 6 h to
decrease residual water, and titanium isopropoxide
was then added. The solution was again heated for
6 h to be redistilled and refluxed at 80 ±C for 10 h.
The precursor mixture solution was then cooled down
to room temperature. La solution was made with a
similar process. These solutions were spin-coated on
glass (Corning 7059, 20 3 20 3 0.5 mm) substrates
using a spin coater (Headway Research Inc., EC101-

The crystalline phase and microstructure of the
films were characterized using XRD (Rigaku, D/MAXRC) and SEM (Philips 535M), respectively. Also, SEM
analysis was used to measure the thickness of the film.
The optical transmission measurements of the films on
the glass substrates were performed using an UV/VIS
spectrophotometer (HP 8452P). In order to measure the
refractive indices of the films, the envelope method and
the prism coupling method were used. In the envelope
method,12,13 light is passed normal to a film, and the
transmission through the film is detected as a function
of wavelength by the spectrophotometer. The refractive
index of the film can be calculated from the curves
of transmission, T, of the extreme which envelope the
spectrum. The assumption is that the substrate has a
thickness several orders of magnitude larger than that of
the film and has the refractive index, ns , and absorption
coefficient, as  0. Also, the index of the surrounding
air is n0  1. The following equations were used:
n  fN 1 sN 2 2 n02 ns2 d1/2 g1/2
N 

n02 1 ns2
Tmax 1 Tmin
,
1 2n0 ns
2
TmaxTmin

TABLE I. The heating schedules used for the preparation of the films and their optical characterizations.

(I)
(II)
(III)
(IV)
(V)

Heating schedules

UV cutoff
length (nm)

Refractive index at
633 nm

Direct insertion heating at 520 ±C for 30 min
Direct insertion heating at 520 ±C for 2 h
Heating with 15 ±Cymin to 520 ±C holding for 30 min
Heating with 5 ±Cymin to 520 ±C holding for 30 min
Heating at 520 ±C on a hot plate in every coating

337.2
337.1
337.2
337.1
337.1

2.07
2.13
2.18
2.20
2.28
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Waveguiding loss (dBycm)
at 633 nm
8.35
9.30
7.05
5.14
4.68

(±0.5)
(±0.4)
(±0.4)
(±0.3)
(±0.3)

813

Downloaded from https://www.cambridge.org/core. Ebsco Korea, on 05 Sep 2018 at 01:18:10, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/JMR.1997.0118

J. Koo et al.: Effect of heat treatment on formation of sol-gel (Pb, La)TiO3 films

where n is the index of a film, N is the effective index,
and Tmax and Tmin should be measured at the same
wavelength. This method also gives the dispersion of
refractive indices since the refractive index is calculated
at several wavelengths.
The prism coupling method14–16 has been used to
determine the refractive index of a thin, transparent, and
dielectric film. In this method, the film is pressed up
against the base of a prism, satisfying a thin (,1y2l) gap
between the prism and the film. The setup of the prism
coupling to measure the refractive index is shown in
Fig. 2(a). The laser source was a He–Ne laser (MELLES
GRIOT, 5 mW) and the prism in these experiments was
rutile prism with right angle and symmetric shape. When
a guide mode is excited, the TE modes appear on screen
as vertical line shapes, and the guided-wave mode index
is readily calculated from the beam input angle at which
FIG. 3. XRD patterns of the films (having about 4000 Å thickness)
prepared by different heating schedules.

it occurs. Usually for film guiding two TE modes, a
unique solution of the refractive index and the thickness
of the film can be calculated, and if the thickness is
already known, the index can be calculated from a single
TE mode. The accuracy of measuring the coupling angle
was 0.1±, which led to an accuracy of 0.001 in the
refractive index.
Figure 2(b) is the setup for measuring the optical
propagation losses, similar to the first setup except
the chopper in front of the collimating lens and the
multimode fiber to detect the intensities of guided light
were used. The function of the chopper is the normalization of the signals as shown in Fig. 2(b). The
optical propagation losses of the films were measured
by fastening a fiber onto the surface of the film every
2.5 mm from the prism, reading the signals in the
oscilloscope. The difference between the upper and
lower lines of the signal in the oscilloscope indicates the
intensity of guided light. The equation used to calculate
the optical propagation loss, a, was
a  j10 ? logsP1yP2 dysL1 2 L2 dj

sdBycmd,

where P1 , P2 and L1 , L2 are measured intensity and the
distance from prism, respectively.
III. RESULTS AND DISCUSSION
A. Effect of heat treatment

FIG. 2. Experimental setups of the prism coupler to measure
(a) refractive index and (b) optical propagation loss.
814

The films were heat-treated at 520 ±C to crystallize
them to single perovskite phase with different heating
schedules to investigate the effect of heat treatment.
Usually, sol-gel thin films of the lead titanate based
ceramics were crystallized using direct insertion heating to form single perovskite phase without pyrochlore
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phase.3 However, the direct insertion heating caused
microcrack or inhomogeneities on the films due to the
thermal shock and the abrupt removal of organics. Thus,
in the present study, the gradual heating from room
temperature was applied to obtain the uniform and crackfree single perovskite phase. Also, the green film was
dried at 350 ±C and heated at 520 ±C on a hot plate
continuously, and this drying and heating were repeated
in every coating. This method can completely eliminate
organics and nitrates in the films, and fabricate crack-free
thick films since the volume change of the film during
heating can be neglected by heating in every coating.
The XRD patterns of the films (having about 4000 Å
thickness) crystallized depending on the heating schedules are shown in Fig. 3. All the films present single
perovskite phase without any other noticeable phases,
regardless of the heating schedules. PbO can evaporate
easily in PZT composition since the partial vapor pressure of PbO is greater with increasing Zr content in the
composition (PPZ . PPZT . PPT ).3 Thus, the undesired
pyrochlore phase is formed during heating due to the
unbalanced vaporization of the constituent species in the
composition. On the other hand, since the partial vapor
pressure of PbO in the PLT composition is lower than
that in the other compositions, such as PLZT or PZT, the
stoichiometry of PLT composition can be retained to produce a single perovskite phase during any heat treatment.
The SEM micrographs of the films spin-coated 5 and
6 times (having about 4000 Å and 4800 Å thickness),
crystallized with different heating schedules (I)–(IV),
are shown in Figs. 4(a) and 4(b). When the films are
crystallized by direct insertion heating (I and II) and
fast heating (III), microcracks and nonuniformity on the
surface are produced in the films. Abrupt and fast heat
treatment cause the microcracks in the films due to the
thermal shock during heating and remain as organic and
nitrate residues in the films, making nonuniformity in
the films. However, the slow heating (IV) presents the
uniform, dense, and crack-free surface of the films with
5 times spin-coating (having about 4000 Å thickness), as
shown in Fig. 4(a). Thus, the slow and sufficient heating
to remove gradually all the organic and nitrate residues
can fabricate uniform and microcrack-free films. Furthermore, even the film crystallized with slow heating (IV)
is cracked and deteriorated with 6 times spin-coating
(having about 4800 Å thickness), as shown in Fig. 4(b).
Consequently, the slow heating can enhance the film
quality, but the crack-free films over 5000 Å thickness
cannot be fabricated with any heat treatment in the furnace. Figures 5(a) and 5(b) present the SEM micrographs
of the films spin-coated 5 and 10 times (having about
4000 Å and 8000 Å thickness) with drying and heating on a hot plate in every coating (V). Regardless of
the film thickness, the surfaces of the films are very
homogeneous and crack-free. Also, the cross sections of

the films show uniform film deposition without cleavages
in the films, despite the respective crystallization of the
film in every coating as shown in Fig. 5. When the
films are coated many times and heated with heating
schedules (I) –(IV), the films are shrunk suddenly since
the organic and nitrate residues are evaporated at once
in whole surfaces of films. Also, thermal stress owing to
the thermal expansion difference between the film and
the substrate is built up more and cracks the film with
growing the film thickness. However, thick films above
8000 Å can be fabricated when the film is dried and
heated on a hot plate in every coating since the residues
and the thermal stress in the film are removed gradually
in every heat treatment on a hot plate.
B. Optical characterization

The optical transmissions of the films (having about
4000 Å thickness) fabricated by different heating schedules are shown in Fig. 6(a). The UV cutoff wavelengths of the films which were listed in Table I are
the same regardless of heating schedules. Thus, the
surface morphology and the existence of organic and
nitrate residues in the films do not have an effect on
the optical transmissions of the films. However, the
optical transmissions of the films prepared using heating
schedule (V) with various coating numbers present the
change in the UV absorption edge, as shown in Fig. 6(b).
The initial increase in the film thickness shifts the UV
absorption edge into longer wavelength. However, the
UV absorption edge of the films does not change with
more increasing in the film thickness after 7 times
coating, depending on the film thickness. The initial
increase in the film thickness enhances the crystallization
in the films, moving the UV absorption edge into longer
wavelength. On the other hand, more growth of the film
thickness over the critical film thickness makes the film
bulky, balancing the transmission and UV absorption at
the internal faces of the films.
The refractive indices of the films measured using a
prism coupler are listed in Table I. The refractive index
of the film prepared by slower heating (IV) is higher
than those of the films prepared by fast heating (III),
and direct insertion heating (I) and (II). Also, the longer
heating time for direct insertion heating resulted in the
higher refractive index of the film. In spite of having
the same composition as PLT28, the difference in the
refractive index is attributed to the change in structural density caused by different heating schedules. The
slower and longer heating enhances the crystallization
and densification by removing the organic and nitrate
residues in the films, producing the higher refractive
indices of the films. Thus, the drying and heating in every
coating (V) provides sufficient removal time and thermal
energy for the film to be a dense structure, creating
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FIG. 4. Surface morphologies of the films having (a) 4000 Å and (b) 4800 Å thicknesses prepared by different heating schedules.

the highest refractive index of 2.28. These values of
the refractive indices were similar to those of the films
prepared by other techniques that have been reported
elsewhere.4,17,18
Using the prism coupling method to measure the
refractive index and the propagation losses, two TE
modes were excited for a unique solution of the refractive index and the film thickness when the thickness
816

of the film was usually above 4000 Å in the present
study. Careful attention is needed to observe TE modes
on the screen because the roughness and particles of the
surface of film prevent TE modes from being excited.
The measured optical propagation losses of the films
prepared by different heating schedules are listed in
Table I. As shown in the variation of the refractive index
of the films depending on the heating schedules, the
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FIG. 5. Surface morphologies and cross sections of the films with (a) 4000 Å and (b) 8000 Å thicknesses prepared by the heating
schedule (V).

slower and longer heating produces lower waveguiding
loss due to the elimination of scattering defects such
as pores, microcracks, and organic and nitrate residues
in the films. Thus, the lowest waveguiding loss of
4.68 dBycm is obtained in the film prepared by heating
schedule (V) since the most uniform surface and the most
densification in the films is created as discussed before.
Also, the optical propagation losses of the films prepared
by heating schedule (V) were plotted as a function of
the coating number as shown in Fig. 7. The propagation loss increases exponentially upon growing the film

thickness, although the surface roughness of the films is
not greatly affected by the film thickness as shown in
Fig. 5. The optical propagation loss mechanisms of the
thin films include absorption, leakage, internal scattering,
surface scattering, and interface scattering. Among those
mechanisms, the scattering losses have been known as
the most significant mechanism.19 The surface scattering
is affected by the roughness of the surface, and the
internal and interface scattering is affected by the defects,
depending on the film thickness. Greater roughness of
the surface and the formation of the interface due to

FIG. 6. Optical transmissions of the films prepared by (a) different heating schedules and with (b) various coating numbers.
J. Mater. Res., Vol. 12, No. 3, Mar 1997
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thickness. Thus, the highest refractive index of 2.28 as
well as the lowest waveguiding loss of 4.68 dBycm is
obtained for the film prepared by this heating method.
The propagation loss of the film increases exponentially
with increasing the film thickness due to the scattering
by the defects in the film.
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