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Crystalline LiNb,Ta;—,03(0=x= 1) films were prepared from complex alkoxide solutions, controlling the
ratio of Nb to Ta by means of a dip-coating method. The present work revealed the dependence of the film
thickness on the concentration of the solution and the speed of the withdrawal of the substrate from the solution,
the effects of water on the crystallization of the films, and the effects of the structures of the substrates on the

crystallinity of the prepared films.

LiNbOj; and LiTaOs; are very attractive materials for
use in piezoelectric and electrooptic devices. They
have the same crystal structure and form a solid solu-
tion. The growth of single crystals had been studied
mainly by means of the Czochlarski method for a long
time. In both the Li,O-NbyO5 system and the Li,O-
TayOs system, there are solid solution ranges around
the stoichiometric compositions. Single crystals could
be grown not from the stoichiometric melts, but from
the congruent melts. The congruent compositions of
LiNbOj; and LiTaOj; are 48.45 mol% Li,O and 48.75
mol% Li,O? respectively. For SAW devices and inte-
grated optics, LiNbO; and LiTaO; thin films were
prepared by several techniques, including RF sputter-
ing,3~7 vapor transport,? epitaxial growth by melting
(EGM),? and the liquid-phase epitaxial (LPE)
growth,19713) in which the chemical composition has
hitherto been quite difficult to control. The precise
control of the composition is important in these sys-
tems, though, since their properties depend greatly on
the L1,0 composition. ‘

We ourselves previously reported the synthesis of
stoichiometric LiNbO; powders and LiNbO; films
by the controlled hydrolysis of carefully prepared
alkoxide.1#"19 By this method, we could synthesize
stroichiometric crystalline fine powders of LiNbO; at
temperature as low as 250°C,'¥ and also crystalline
LiNbO; films on Si and sapphire substrates.1516" Tt
was found that the crystallinity of the initial thin film
coating of LiNbOQOj affected the crystallization of films
deposited subsequently. By crystallizing the initial
thin film at 400 °C on a sapphire substrate, the subse-
quently coated film on it could be made to crystallize,
even at 250 °C, without any cracks. Films on sapphire
substrates crystallized with the preferred orientation,
but not these on Si substrates. Several workers'7-1®
have followed us in the preparation of LiNbO; films
and LiTaO; films by this method because this method
is a promising chemical technique by which highly
pure products with desiable composition can be syn-
thesized at low temperatures.

In this paper, we will discuss the conditions desira-
ble for preparing LiNbO; and LiTaO; films with and
without the preferred orientation from alkoxide solu-

tions by means of the dip-coating method, we will also
examine the crystallization process of these prepared
films. This paper will also focus on the preparation of
LiNb,Ta;—x03(0=x=1) films.

Experimental

Lithium ethoxide (99.99% pure), niobium pentaethox-
ide (99.999% pure), and tantalum pentaethoxide (99.9999%
pure) were used as sources. Both LiOC,Hs and M(OC;H;)s5
(M=Nb, Ta) in the molar ratio of 1:1 were dissolved in abso-
lute ethanol; then the mixture was stirred and refluxed care-
fully at 78.5°C for 24 h in order to prepare a complex
alkoxide solution.'¥ For the partial hydrolysis of this solu-
tion, an adequate amount of CO,-free, distilled water with
ethanol was dropped in slowly. After the mixture had then
been stirred and refluxed for 24 h, it was concentrated in
order to adjust the viscosity and the density of the solutions
by measuring with a rotational viscometer and a picnometer.

Optically polished Si and sapphire (a-A1,03) with various
crystallographic orientations (such as (100) and (111) for Si
and (012), (110), and (001) for a-A1,03) were used as sub-
strates. These substrates were cleaned by ethanol before the
dipping procedure.

Substrates were dipped into the solutions and withdrawn
at fixed rates. Thin films formed on the substrates after they
had dried for several minutes at room temperature. The
coated substrates were then heated up to various tempera-
tures at the rate of 2°C min~! and kept for 1 h at that temper-
ature in a flow of a water-vapor and oxygen mixture, after
while they were heated further for 0.5 h in dry oxygen. To
examine the effect of the atmosphere on the crystallization
during heat treatment, the entire heating procedure was also
carried out in a flow of dry oxygen.

The crystallization of films was examined by means of
XRD and FT-IR. The film thicknesses were determined by
means of ellipsometry, while the morphologies of the films
were observed by means of SEM.

Results and Discussion

The parameters which influenced the homogeneity,
the thickness, the crystallization, and the crystallinity
of the films prepared by the dip-coating method were
as follows; the partial hydrolysis of alkoxide solutions,
the concentration of alkoxide solutions, the speed of
the withdrawal of substrates from the solutions, the
crystal system and the crystallographic orientation of
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the substrates, and the heating conditions.

Effects of Concentration of Alkoxide Solution and
Withdrawal Speed on Film Thickness. For the com-
position of Li,O-Nby,Os, homogeneous, transparent,
and stable solutions were prepared after a partial
hydrolysis of the double alkoxide solution. An
amount of water equal to the amount of the double
alkoxide, Rw(H,O/LiNb(OEt)s)=1.0, was essential for
the partial hydrolysis if we were to prepare a stable
homogeneous alkoxide solution. The viscosities and
the densities of the solutions for various concentra-
tions are shown in Table 1. Homogeneous gel films
could be prepared not from a 1.3 moldm™3 solution,
which was almost saturated, but from solutions of up
to 1.0 moldm™3. Figure 1 shows the thickness of
LiNbO; films crystallized at 400 °C as a function of the
concentration of the solution. It was found that the
film thickness changed linearly with the concentration
of the solution. Another parameter which determined
the film thickness was the withdrawal speed. Figure 2
shows the effect of the withdrawal speed (U) on the
thickness (t) of LiNbOj3 films crystallized at 400 °C.
Linear relationships are observed for the log ¢t-log U

Table 1. Viscosities and Densities of Solutions
for Preparation of LiNbOj; Films (20 °C)
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Fig. 2. Change of film thickness (¢) with withdrawal
speed (U) for LiNbOs films crystallized at 400°C
expressed in logarithmic scale.

Table 2. Viscosities and Densities of Solutions
for Preparation of LiTaOj; Films (20 °C)
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0.2 6 0.83
0.6 7 0.91

Concentrations of Solutions and Thicknesses
of LiTaO; Films Crystallized at 500 °C

Table 3.

Film thickness/nm

Concn of soln/moldm™ withdrawal speed/mm s~!
0.6 1.5 2.4

0.2 27 40 50
0.6 86 126 180

plots. This linear relation has also been observed for
a solution of styrene and hexyl methacrylate in
toluene,!? for alkoxy-derived films,2? and for BaTiO;
films from alkoxide solutions.?? In the present work
on LiNbO; films, a slope of 0.45—0.54 has been
observed.

The alkoxide solution with the Li,0-Ta;Os compo-
sition was more sensitive to water than the solution
with the Li,O-Nb,Os composition. Even though a
very small amount of water (Rv=1/4) was added, the
solution came to be opaque colloidal, which was not
appropriate for the dip-coating. Therefore, LiTaO;
films were prepared from the double alkoxide solution
without partial hydrolysis. The viscosities and the
densities of the solutions are shown in Table 2. The
saturated concentration of the solution with the Li,O-
Ta,05 composition was about 0.7 moldm™3. There-
fore, the relationships between the concentration of
the solution and the thickness of films crystallized at
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Fig. 3. Change of film thickness (¢t) with withdrawal
speed (U) for LiTaOs films crystallized at 500°C
expressed in logarithmic scale.

500°C, and the withdrawal speed and the film thick-
ness, were measured for the solutions up to 0.7
moldm~3 (Table 3 and Fig. 3). The film thickness was
found to increase linearly with the concentration of
the solution, also, it depended on the withdrawal
speed to a power in the range from 0.41 to 0.47.

Effect of Water on Crystallization of Films. The
as-prepared LiNbOj; films on Si substrates, which had
been prepared from the solution with Rw=1.0, were
amorphous. Figure 4(a) shows the FT-IR spectra of
films heated in the flowing of a water vapor and oxy-
gen mixture. The as-prepared film showed an absorp-
tion band at 540 cm™! attributable to a Nb-O bond.
The band shifted to the higher frequency side because
of the strengthening of the Nb-O bond with the crys-
tallization of the film, and the film heated at 400 °C
showed a strong absorption band at 590 cm™!. It has
been confirmed by the electron-diffraction method that
the film heated at 250 °C was polycrystalline, and the
film crystallized at 400 °C on Si showed the same XRD
pattern as did crystalline LiNbO3 powders.’® On the
contrary, a LiNbO; film which had been prepared
from a solution without partial hydrolysis (R+=0)
and then heated to 400 °C showed a broader absorption
band on the lower-frequency side, as is shown in Fig.
4(b). From the XRD pattern of this film, the crystal-
linity was found to be lower than that of films pre-
pared from the solution with the partial hydrolysis.
This result clearly indicates the importance of con-
trolled partial hydrolysis for the crystallization of
films.

Figures 5(a) and (b) show the FT-IR spectra of
LiTaO; films heated in the flow of a water vapor and
oxygen mixture, and in one of dry oxygen, respec-
tively. The films which were crystallized at 500°C in
the flow of a water vapor and oxygen mixture showed
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Fig. 4. FT-IR spectra of LiNbQOjs films, which were
prepared from (a) solution with the partial
hydrolysis (Rw=1.0) and (b) solution without partial
hydrolysis (Rw=0), heated in a flowing mixture of
water vapor and oxygen on Si.

a strong absorption band at 590 cm™ attributable to a
Ta-O bond. In contrast with this film, the film heat-
treated at 500 °C in a flow of dry oxygen showed only a
broad absorption band on the lower-frequency side,
plus another absorption band on 860 cm™! attributable
to the residual CO32~ groups. Figure 6 shows the XRD
profiles of LiTaOj; films on Si(111) substrates heated
in the flow of a water vapor and oxygen mixture,
which revealed the occurrence of the crystallization.
However, the film heated in the flow of a dry oxygen
without water vapor stream did not crystallize at the
same temperature of 500 °C.
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Fig. 5. FT-IR spectra of LiTaQs films on Si heated
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Fig. 6. XRD profiles of LiTaOs films heated in flow
of water vapor and oxygen mixture on Si(111)
substrates.
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Fig. 7. XRD profiles of (a) LiNbOs films crystallized
at 400°C on sapphire substrates and (b) LiTaOs films
crystallized at 500°C on sapphire substrates.

Effects of Substrates on Crystallinity. Both LiNbO;
films and LiTaOs films on Si substrates were polycrys-
talline and showed the same XRD profiles as those of
LiNbO; powders and LiTaO; powders respectively.
On the contrary, these films on sapphire substrates,
which have the same type of oxygen packing as
LiNbO; and LiTaO;, crystallized with the preferred
orientation along each orientation, such as (012),
(110), and (001) sapphire. Figures 7(a) and (b) show
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the XRD profiles of LiNbOj films crystallized at
400 °C on sapphire substrates, and of LiTaO; films
crystallized at 500 °C on sapphire substrates, respec-
tively. The crystallographic orientation of the sap-
phire substrates controls the preferred orientation of
the crystallized LiNbO; and LiTaO; films.

Formation of LiNb,Ta;—,03(0=x=1) Films. Com-
plex alkoxide solutions with a stoichiometric compo-
sition were prepared by controlling the molar ratio of
niobium pentaethoxide to tantalum pentaethoxide.
The alkoxide solutions without partial hydrolysis
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Fig. 9. Change of lattice constants of
LiNb,Ta1-x03(0=x=1) with composition.

were used for the preparation of films in order to pre-
vent any deviation from the nominal ratio of the com-
position. Typical XRD profiles of LiNbgsTay50;
films crystallized at 500 °C on sapphire substrates are
shown in Fig. 8. These films also showed the preferred
orientation as the films of the edge compounds, just
like LiNbO3 and LiTaO;. Figure 9 shows the relation-
ships between the composition and the lattice con-
stants of films crystallized at 500 °C on sapphire (110)
and (001) substrates. The a lattice constant increased
slightly while the ¢ lattice constant decreased, with the
composition. These data obey Vegard’s law. That
such behavior of the lattice parameter changes with
the composition could also be observed by Peterson et
al.?2.29 and Fukuda et al.?¥

Conclusion

Crystalline LiNbO; films and LiTaO; films were
prepared from double alkoxide solutions by the dip-
coating method at lower temperatures. The film
thickness could be controlled by adjusting the concen-
tration of the solution and the withdrawal speed from
the solution. The water for the partial hydrolysis and
the water vapor stream during the heat treatment were
found to be very effective for the decomposition and
the elimination of organic groups and is promoting
the crystallization. The crystallinity of the films was
affected by the kind of substrate and the crystallogra-
phic orientation. LiNbO; films and LiTaO; films on
sapphire substrates showed the preferred orientation
along each orientation, such as (012), (110), and (001),
whereas these films on Si(100) and (111) had the same
crystallinity as LINbOj3 and LiTaO3 powders, without
any preferred orientation. Solid solution LiNb,Taj—x-
0O3(0=x=1) films could also be prepared from the
complex alkoxide solutions. The composition of the
films were found to be controlled by the formation of
the complex alkoxide solution and could be strictly
monitored from the linear relationships between the
compositions and the lattice constants of the films.
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