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Using sol-gel processing method, thin films of lathanum modified lead titanate (PLT) on Corning 7059 glass were
prepared. A differential thermal analysis (DTA/TG) eurve of gel powder and infrared spectra (FT-IR) of the films
were measured to estimate residual organics in them. The heat-treated films were characterized by X-ray dif-
fraction (XRD). Microstructures of the films were observed by a scanning electron microscope (SEM). Optical pro-
petties of the films were determined by a UV-VIS spectrophotometer. The wavegmding properties and optical at-
tenuation were measured with the end coupling method and the cut back method. Effects of the drying conditions
on the transmittance and the propagation less of the films were nvestigated. Experimemtal results showed that
the content of residual organics in the film decreased as the drying temperature of the film increased. As the La
content of the film increased, the grain size decreased and the transmittance increased. The transmittances of the
films increased with the inereasing of the drying temperature. The propagation losses in the film decreased as the

drying temperature increased.
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1. Introduction

ecent years have brought remewed interest in in-

tegrated-optical applications of ferroelectric thin
films."® The ferroelectric films have several potential ad-
vantages for electro-optic or nonlinear optical ap-
plications over the standard technology using diffused or
ion exchanged wavepuides in single-crystal materials
such-as lithium niobate and lithium tantalate. These po-
tential advantages include compatibility with a variety
of substrates, low processing temperatures, easy
manufacture at low cost and capability of deposition over
large area. On the other hand, fabricating the films of
good enough optical quality to permit waveguiding over
long distances has proved to be difficult.

There have been many recent advances in the tech-
nology of deposition of thin films of lathanum meodified
lead titanate (PLT) and related ferroelectric films."*" The
ferroelectric PLT films exhibit both excellent tran-
sparency and strong electro-optic effects. A few research-
ers have fried to fabricate the PLT thin films for the
waveguide application using the sputtering method ™
The propagation losses of the sputter-deposited PLT film,
however, are too high (approximately 5-~15 dB/em),
which is possibly due to the larger grain size by using
the high deposition temperature. The degree of homo-
geneity of sputter-deposited films is lower than that of
solution derived films. Recently, Teowee® reported that
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the small grain size of the crystalline film inherent in
the low temperature sol-gel processing contributes to the
low propagation loss of < 3 dB/cm for PLT film.

Using sol-gel processing method, we have prepared
good optical quality thin films of lathanum modified lead
titanate on Corning 7059 glass substrates. It was found
that the drying conditons during the film preparation
critically affects the propagation losses of the films.
These films are of suitable thickness to permit optical
waveguiding of visible light. In this paper, the pre-
paration method and the optical property measurements
of PLT films on Corning 7059 glass substrates were des-
cribed. The dryving temperature dependence of the
transmittances and optical attenuations in the films will
be dizcussed.

II. Experimental Procedure

The procedure used for the fabrication of sol-gel PLT
thin film in this study is shown schematically in Fig. L.
The precursers for the PLT sclutions were lead acetate
trihydrate, titanium iso-propoxide and lathanum nitrate.
Lead acetate trihydrate was dissolved in methox-
vethanol, and the solution was distilled to remove the
water associated with the lead acetaie precursor. Ti-
tanium iso-propoxide pre-dissolved in methoxyethanol
were added to the lead methoxyethancl solution. The
solution mixture was distilled to a final concentration of
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Fig. 1. A flow diagram for the fabrication of the solution
derived PLT thin film.

about 0.4 M and then refluzed. For the preparation of a
lanthanum nitrate solution, lanthanum nitrate was also
dissolved in methoxyethanol, and the solution was dis-
tilled for 1 h and then refluxed. A epating solution for
the film preparation was fabricated by mixing an equal
volume of two solutions. Using this method, three coat-
ing solutions with different La contents were prepared.
La sourece content (10 atomie%, 20 atomic% and 28 a-
tomic%) in the solution was controlled because La atoms
in the film took a key role in the increase of optical
transmittance. The films were deposited using the spin-
coating onto Corning 7059 glass substrates at 1500 rpm
for 30 sec. The deposition process involved multiple cy-
cles of the spin coating followed by intermediate drying
process. With the PLT filmg prepared, the drying tem-
peratures of them were controlled at 350°C, 400°C, 450°C
and 500°C, respectively. The drying time was 60 minutes.
The drying processes of the films were conducted on a
hot plate. With the solution used, each spin coating and
drying cycle contributed an average film thickness of a-
bout 0.09 pm. The coating and the drying procedures
were iterated 5 times to obtain the desired film thick-
ness of about 0.45~0.5 pm. After the coating and the dry-
ing precedures, all of the fabricated PLT films were heat-
treated at 550°C for 30 min under air atmosphere in a
furnace. A DTA/TG curve of gel powder and FT-IR speec-
tra of the films were measured to estimate residual or-
ganics in them. The heat-treated films were charac-

: —r o -

1 — - -~

: ) ﬁ\
! Spacal

Cutting flter Photodetector

(a)

Fig. 2. {(a) a schematic diagram and (b) the experimental
set-up of the end coupling method.

terized by X-ray diffraction to determine phases present
in the film. Microstructures of the films were ohserved
with a SEM (scanning electron microscope).

The aptical properties of the films, such as the
transmittances and the propagation losses were es-
timated. The transmittance spectra of the film were
measured using a Hewlett-Packard 8452 diode array
spectrophotometer. The end coupling method” was used
to determine the excitation of a guided mode. Fig. 2{a)
shows a schematic illustration of the end coupling
method in which laser beam focused by a lens is fed onto
an end of the film. The high-quality-defectless end face
is prepared by cleaving the film. The propagation losses
of the films were measured with the cut back method.
Instead of the screen to observe the output image, a stat-
ic laser power detector was used to measure the quan-
titative values of the light intensities. Fig. 2(b) shows
the experimental set-up for the optical coupling between
the film and the laser beam. The laser beam with Gaus-
sian intensity distribution was fed onto the end face of
film through a 40xlens with a working distance of ap-
proximately 200 pm. The spot size of the input beam
was about 10 pm, and therefore much of the light was
lost at the input facet.

II1. Results and Discussion

To estimate the thermal decomposition characteristics
of the PLT pgel powder, the DTA/TG curve of the gel
powder with 20 at.% La was measured under a heating
rate of 5°C/min and air atmosphere. Fig. 3 illustrates
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the DTA/TG curves of the dry gel of the PLT solution.
Three exothermic peaks at 200°C, 280°C and 490°C are
observed. The peaks at 200°C and 280°C are attributed
to the decompogition of the metalorganic compound and
the creation of CO; and H;0. The peak at around 490°C
is attributed to the decomposition of the residual or-
ganics and possible crystallization of the amorphous film.
However, the precise crystallization temperature cannot
be determined because the crystallization peak is em-
bedded into the decomposition peak of the residual or-
ganics. In the case of the TG curve, first weight loss of
the gel powder occurs between 200°C and 280°C. Second
weight loss of the gel powder occurs drastically at the
temperature of around 500"C. However, the weight of the
gel powder remains constant in the temperature region
between 300°C and 490°C.

Fig. 4 shows the FT-IR spectra of the PLT thin films dri-
ed at different drying temperatures. Various absorption
peaks representing different chemical bonds, such as CH.C,
CO, COO and H-OH, are ohserved in the case of the gel
film which was dried at 80°C on a hotplate. The film dried
at 300°C shows the absorption peaks due to CO, COO and
H-OH bond. As the drying temperature increases, the peak
intengities of CO, COO and H-OH bonds decrease gra-
dually. At the temperature of more than 400°C, the sam-
ples show the absorption peaks of CO, which was trapped
in the films due to burning-out. The residual orpanies and
the trapped CO, may cause the formation of the micropores
which lead the decrease of the density and the refractive in-
dex. From above result, it is known that the residual or-
ganicg in the film decrease gradually in the temperature re-
gion between 300°C and 500°C, which iz different from the
gel powder.

The phase and the crystal orientation of the films were
characterized by the X-ray diffraction analysis. Fig. b
shows the X-ray diffraction patterns of the films with
various La vontents. In all cases, the films mainly con-
sist of perovskite phase, and pyrochlore phase is not ob-
served within a resolution limit of the XRD. The XRD
patterns of all the PLT films show no significant (R00)
and (00l) peak split, which indicates that the phase is
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Fig. 4. FT-IR spectra of the PLT thin films dried at dif-
ferent temperatures for 30 min.

not tetragonal, The observed discrepancy in the peak
split between the bulk and the film may be due to the
thermal history difference and/or the substrate used in
the film. All the filmg show the random crystal orien-
tation, which is due to the substrate used in the sol-gel
processing.

Fig. 6 shows the SEM images of the microstructures of
the PLT films with various La contents. The surface of
the films seems to be smooth and apparently void free.
The film with 10 atomic% La has grain sizes of 700A~
800A. The grain size of the film decreases as the La con-
tent in the film increases, which may indicate that the
PLT film with higher La content had relatively larger
number of the nuecleation sites. However, some cracks are
shown in the case of the film with 28 atomic% La. Be-
cause of these cracks and consequent high propagation
loss, the PLT film with 28 atomic% La is not suitable for
the optical waveguide applications. Fig. 4(d) shows an
SEM image of the fracture surface of the film with 20 a-
tomic% La. The film thickness is uniform throughout the
specimen, which is one of the major advantages of the sol-
gel processing. The uniform film thickness and the void
free microstructure will confirm stable light propagation
in the film without significant light. scattering loss.

The transmittance spectra of the films were measured
with a HP8452 diode array spectrophotometer. Fig. 7
shows the transmittance spectra of the PLT films with
various La contents. All the films were heat treated at
550°C for 30 min. The oscillations in the spectra are due
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Fig. 5. X-ray diffraction patterns- of the PLT films having various La contents.
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Fig. 6. SEM image of the microstructures of the surfaces of
PLT films having different La contents: (a) 10 atomic %, (b)

20 atomic %, (¢) 28 atomic % and (d) the fracture surface of
the film with 20 atomic % La.
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Fig. 7. Transmiltance spectra of the PL films having vari-
ous La contents heat-treated at 550°C for 30 min.

difference hbetween peaks due to constructive in-
terference depends on the film thickness and the re-
fractive index_ Fig. 7 shows the typical spectra which cor-
respond to the films with the thickness of around 0.45
pm. In all cases, the absorption edges are observed at
the wavelength of around 340 nm which corresponds to
the aptical hand gap of 3.6 eV. The average transmit-
tance of the filin increased ag the La content increased.
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It has been reported thai the light scattering decreases
as the grain size decreased in the grain size range being
much smaller than the wavelength of the light.” As
shown in Fig, 6, the grain size decreased as the La con-
tent increased. As the prain size decreased, the light
scattering decreased, and the transmittance increased.
Even though the PLT film with 28% La have the highest
transmittance, it can not be employed for the optieal
waveguide application because of its cracks. Therefore,
we selected the film with 20% La fo apply the films for
the optical waveguide.

Fig. 8 shows the transmittance spectra of the PLT
films fabricated at different drying iemperatures for 30
min. The average transmittance of the film increased as
the drying temperature increaged. The observed average
transmittance trend may be associated with the residual
organics and the density of the film. The solvent in the
wel film is evaporated at the drying temperature, Howev-
er, the residual organicg in the film does not burn out
completely at the drying temperature. These residual or-
ganies remain aceumulated in the film throughout the re-
peated coating and drying process and, then, are burned
out in the final heat treatment. Some of the residual or-
ganics may serve as source of voids and micropores in
the final film after the film is finally heat treated. The
voids and micropores serve as source of light seattering,
so that the denser film may show higher transmittance.
The amount of the residual organics decreased as the
drying temperature increased, and the density and the
transmittance of the film increased with the drying tem-
perature.

The waveguiding characteristics of the PLT thin film
were investigated with the end eoupling method. Fig. 9(a)
shows a scene of an end eoupling between the PLT film
and the laser beam. A left bright spot iz the scaltered
beam at one end face of the PLT film, and a bright
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Fig. 8. Transmittance spectra of the PLT films dried at dif-
feremt drying temperatures for 30 min and heat-treated at
550°C for 30 min.
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straight line is the light passage in the film. In the case
of the film having the high optical attenuation, the
brightness of the light line weakened drastically as the
distance increased from the input facet. The observed
output pattern of a film is shown in Fig. %h). Upper
bright line of the image is the guided optical mode sent
through the PLT film. Most samples could propagate the
laser beam and create the output patterns. However, all
of these samples cannot be used in the waveguide ap-
plications. The propagation loss of the film must be low
(< 3 dB/em) for the waveguide applications.

The propagation loss of the film was measured using
the cut-back method. In practice, however, it is rather
difficult to prepare many waveguides having equal qual-
ity and different lengths. Therefore, the measurement
was done by cutting a sample to change the length. We
observed the guided mode images of the fitms on a
screen belore and after cutting. The output pattern of
the cut sample was brighter than that of the as-received
gsample. The brightness of the optical mode also in-
creased as the drying temperature increased. Instead of
the screen, a static laser power detector was used to
measure the quantitative values of the light intensity.
The measured intensities of the output modes were 10®
mW order. Compared with the intensity of the He-Ne las-
er beam: 10 mW, the coupling efficiancy between the
film and the laser beam was very weak. The propagation
loss of the film were ohtained from the following e-

Fig. 9. (a) A scene of the end coupling between the film and
the lager heam. and (b) an image of the observed cuiput pat-
tern.
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Fig. 10. Propagation losses of the PLT films dried at dif-
ferent drying temperatures for 30 min and heat-treated at
550°C for 1 h.

quation':
o= | 10log (Py/P,) (L -Ly) | , (1)

where L, and L, (cm) are the filin lengths before and aft-
er cutting, and P; and P, are the heam infensities
measured hefore and after cutting, respectively.

Fig. 10 shows the average propagation losses of the
PLT films fabricated at different drying temperatures. In
the case of the film dried at 360°C, we could not measure
the propagation loss of the film because the optical
modes were not observed due to the high optical scatt-
ering. The propagation loss of the film decreased as the
drying temperature increased. The {ilm dried at 500°C
have a propagation loss of 2.4 dB/em. These observations
are consistent with those of the transmittance spectra of
the films.

1V. Conclusion

Using the sol-gel proecessing method, the PLT thin
films of lathanum modified lead titanate on Corning 7059
glass substrates have been prepared. The amount of the
residual organies in the film decreased as the drying tem-
perature inereased. All of the films consists of mainly
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perovskite phase and shows the random erystal orien-
tation. The grain size of the film decreased as the La con-
tent in the film increased. Some cracks were observed in
the case of the film with 28 atomie% La. The transmit-
tances of the films increased with the La content and
the drying temperature. It was found that the drying
temperature during the film preparation critically af-
fected the propagation logses of the films. The pro-
pagation lnss of the film decreased as the drying tem-
perature increased.
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