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Elastic properties of 5-mol % MgO doped LiNbO; crystals measured
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An ultrasonic method of line focus beam (LFB) acoustic microscopy is applied to quantitative
characterization of LiNbO; wafers destined for optical use. Commercial Z-cut wafers obtained
from two optical grade LiNbQ; crystals, with and without 5-mol % MgO doping, are evaluated
by measuring the leaky surface acoustic wave (LSAW) velocities. Doping of 5-mol % MgO to
LiNbO; results in an increase of about 1% in the LSAW velocities and in a decrease of about
0.1% in density. Fewer elastic inhomogeneities are observed in the undoped wafer than in the
MgO doped wafer. The measured LSAW velocities are compared with the chemical and
physical properties, chemical composition, density, lattice constant, refractive index, and Curie
temperature. It is shown that the LFB system has a much greater sensitivity and resolution in
the determination of these properties than do other analytical methods. It is suggested that this
method should be adopted as a new analytical technique for establishment of the crystal growth
conditions and for evaluation of optical grade LiNbO, wafers.

Lithium niobate (LiNbO;) is currently the most at-
tractive ferroelectric material for integrated optoelectronic
devices because of its favorable piezoelectric, acousto-
optic, electro-optic, and nonlinear optical properties. It is
one of the more important industrial subjects to provide
high quality large-diameter substrates of the 5-mol %
MgO doped LiNbO;!'~* with optically homogeneous prop-
erties, which are optical damage resistant. Much effort has
been expended for establishing the crystal growth condi-
tions for mass production and the evaluation procedures of
crystals/wafers. Material analyses and evaluation have
been conventionally conducted by measuring the chemical
composition, the lattice constant, and imperfection in crys-
tals by x-ray techniques, the Curie temperature by differ-
ential temperature analysis, the refractive index by the
prism coupler method, the phase-matching temperature for
second harmonic generation, and the distribution of MgO
by electron probe microanalysis.>™ It might be considered
that the variations in optical properties are mainly due to
the distribution of chemical composition ratios of Mg/Li/
Nb on a wafer and among wafers/crystals. Recently, a new
method of quantitative material characterization, viz., line
focus beam (LFB) acoustic microscopy® has become avail-
able and has been applied to studies of LiNbO; and LiTaO;
crystals for surface acoustic wave (SAW) devices.®® It has
been demonstrated, from the investigation of the congruent
chemical composition of LiNbO,, that the LFB system
exhibits resolution better than 0.005 mol % of Li,O, which
corresponds to 0.2 °C in the Curie temperature.” Thus an
ultrasonic method using LFB acoustic microscopy has
been newly proposed for characterization of optical-use
LiNbO; and LiTaO; crystals and of Ti-diffused and
proton-exchanged layers in device fabrication processes.®’

The purpose of this letter is to demonstrate that this
ultrasonic method is a promising candidate for a new char-
acterization technique for optical material problems. Stud-
ies involving velocity measurements have been carried out
for commercially available optical grade LiNbO,; wafers
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with and without 5-mol % MgO dopant. The results are
compared with the chemical and physical properties ob-
tained by the other analytical methods.

The method and the system of LFB acoustic micros-
copy have been described in detail elsewhere.’ Leaky sur-
face acoustic waves (LSAWSs), excited on the boundary
between the solid specimens and the coupling liquid of
distilled water, are employed for measurements. The phase
velocities are determined through the V(z) curve analysis.®
Material anisotropy is measured as variations of LSAW
velocities as a function of the wave propagation direction.
The 225-MHz system employed is applicable to two-
dimensional inspection of elastic inhomogeneities on a wa-
fer. More recently, the relative accuracy of the LSAW ve-
locity measurements has been estimated to be better than
£0.005% for a single measurement at a chosen position
and +=0.01% over the entire scanning of a 75X75 mm
area.

Z-cut LINbO; wafers, with 3 in. diam, 1 mm thickness,
and the orientation flat perpendicular to the crystallo-
graphic y axis, were obtained from the Yamaju Ceramics
Co., Seto, Japan. Two optical grade LiNbOj crystals with
and without 5-mol % MgO dopant were grown along the z
axis having a crystal length of about 50 mm. Two wafers,
taken at the wafer positions of 12 mm from the crystal
head of each boule, were used for measurements of LSAW
velocities, densities, and lattice constants, and another two
wafers obtained at 16.5 mm wafer position were used for
measurements of chemical compositions, refractive indices,
and Curie temperatures.

First, measurements of the angular dependence of the
LSAW velocities were made at the center of the negative z
surfaces for two undoped and 5-mol % MgO doped
LiNbO; wafers, in order to observe the effect of doping on
the elastic properties, as shown in Fig. 1. Reflecting the
crystal symmetry, the observed velocities vary remarkably
with wave propagation direction and the same velocity val-
ues are obtained at 60° intervals for each sample, which
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FIG. 1. Measured LSAW velocities for z-cut LiNbO,; wafers with and
without 5-mol % MgO dopant.

means that both samples are prepared with just the z-cut
crystal surface. The propagation directions of 0° and 90° in
Fig. 1 correspond to the x and y axes, respectively, on the
z-cut LiNbQ; surface. The doping of 5-mol 9% MgO results
in the velocity increasing in all the directions. For example,
the average increases are measured to be 35.96 m/s
(0.95%) between 3786.21 and 3822.17 m/s for the equiv-
alent x-axis directions and to be 46.52 m/s (1.20%) be-
tween 3879.18 and 3925.70 m/s for the equivalent y-axis
directions, as given in Table I. Measurements of the den-
sities of the wafers showed that the 5-mol % MgO doping
reduced the density by 4.5 kg/m3 (0.097%), from 4647.3
to 4642.8 kg/m’.

As seen from our previous investigation of LiNbO,
crystals for SAW devices, elastic inhomogeneities are in
general observed on commercial LiNbO; wafers.” For this
reason, LSAW velocity measurements for the x- and y-axis
propagation directions were performed by scanning the un-
doped and 5-mol % MgO doped LiNbO; wafer surfaces in
1 mm steps over a distance of 66 mm along the diameter
directions, parallel and perpendicular to the orientation
flat. The results measured along the x-axis scanning line,
when LSAWs propagate in the y-axis direction for the un-
doped and doped wafers, are typically presented in Figs.
2(a) and 2(b), respectively. For the undoped specimen,
the velocity variations are fairly small: The average veloc-
ities are 3878.66 m/s with a maximum difference of 0.59
m/s (0.015%) for the x-scanning and 3878.96 m/s with

0.63 m/s (0.016%) for the y-scanning. On the other hand,

for the doped specimen, relatively large variations in the
velocity, decreasing gradually in the outer regions, are ob-
served with the slightly different profiles: The average ve-
locities are 3924.57 m/s with a maximum difference of 2.59
m/s (0.066%) for the x-scanning and 3924.66 m/s with
2.32 m/s (0.059%) for the y-scanning. In addition to the
velocity variations due to the doping effect illustrated in

TABLE I. LSAW velocities and densities of z-cut LiNbO,.

LSAW velocity v, (m/s) Density
Specimen Xx-axis y-axis plkg/m*)
undoped 3786.21 3879.18 4647.3
doped 3822.17 3925.70 4642.8
difference +35.96 +46.52 —4.5
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FIG. 2. LSAW velocity variations along x-axis diameter direction for zy
LiNbO; wafers. (a) Undoped, (b) 5-mol % MgO doped.

Fig. 1, the velocity variations for the MgO doped specimen
are clearly larger than those for the undoped specimen.
Even for LSAWs propagating in the x-axis direction, sim-
ilar profiles of the velocity variations, as seen for the y-axis
wave propagation direction, were observed for the corre-
sponding scanning lines. The same level of elastic inhomo-
geneities was obtained in these experiments for both the x-
and y-axis wave propagation directions.

Changes in the LSAW velocities and densities due to
the doping of 5-mol % MgO to LiNbO; must be related to
changes of the other chemical and physical properties. The
chemical compositions of Mg/Li/Nb, the c-axis lattice
constant, the ordinary and extraordinary refractive indices
n,and n,, and the Curie temperatures 7', were measured, in
order to be able to discuss the sensitivity of the LFB sys--
tem. These measured data are tabulated in Table II. Chem-
ical analysis made the compositional differences quantita-
tively clear with a measurement accuracy around 1 mol %.
The effect of the doping appears in the expansion of ¢ by
0.0044 A, in the decrease of 7, by 0.0097, which is larger
than that for #,, and in the increase of T, by 78 °C. Taking
the larger velocity change, as shown in Table I, of 46.52
m/s along the y-axis wave propagation direction, the sen-
sitivities to the compositions are calculated to be 0.105
mol %/ (m/s) to MgO, 0.0559 mol %/(m/s) to Li,O, and
0.0494 mol %/(m/s) to Nb,Os, respectively, under the
linear approximation in the chemical and physical param-
eters between the two states, viz., with and without the
5-mol % MgO dopant. With the system stability in mea-
surements, the resolutions can be estimated to be better
than 0.02 mol % to MgO, 0.01 mol % to Li,O, and 0.01
mol % to Nb,Os. In a similar way, the sensitivities to the
physical parameters are calculated as presented in Table
III, and finally the resolutions are determined as better
than 0.02 kg/m® for p, 2X 10~ A for ¢, 4x 107> for n,,
and 0.3 °C for T.. Considering the measurement errors to
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TABLE II. Changes of other chemical and physical properties by 5-mol % MgO doping to LiNbO;.

Lattice Refractive index Curie
Composition (mol %) constant at 6328 A temperature
Specimen MgO Li,0 Nb,Os e(A) n, n, T.(°C)
undoped 0 484 51.6 13.8659 2.2880 2.2031 1132
doped 49 45.8 49.3 13.8703 2.2829 2.1934 1210
difference +4.9 —2.6 -2.3 +0.0044 —0.0051 —0.0097 +78

be about +0.2 kg/m3 for the density, about £3X 10* A
for the lattice constant, about +2 X 10~* for the refractive
index, and +2 °C for the Curie temperature, we can say
that this ultrasonic method has a much greater sensitivity
and resolution than any present systems.

This study has demonstrated successfully that LFB
acoustic microscopy is very useful as a new quantitative
evaluation method for evaluating LiNbO; wafers/crystals
produced for integrated optoelectronic devices, through
measurements of the elastic properties, which are directly
interrelated to the other chemical and physical properties
of the ferroelectric materials. It has been clarified for the
first time that the 5-mol % MgO doping for LiNbO; pro-
vides the elastic properties with increases of about 1% in
LSAW velocities for all wave propagation directions and
with decreases of 0.097% in density. Some significant inh-
omogeneities of the LSAW velocity variations of about
0.066% for the doped specimen do exist. Such inhomoge-
neities may be a final point for discussing mass production
of the devices for high reproducibility of properties. Ho-

TABLE III. Sensitivity and resolution to other chemical and physical
properties for zy MgO:LiNbO; by LSAW velocity measurements.

Property Sensitivity Resolution
MgO 0.105 mol %/(m/s) 0.02 mol %
Li,O 0.0559 mol %/(m/s) 0.01 mol %
Nb,Os 0.0494 mol %/{m/s) 0.01 mol %
p 0.0967 kg/m>/(m/s) 0.02 kg/m>
¢ 9.46 % 10~° A/(m/s) 2x107° A
n, 2.09x 1074 1/(m/s) 4% 1073
T, 1.68 °C/(m/s) ., 03°C
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mogeneity of the chemical composition distribution in the
crystal is essentially dependent upon the crystal growth
conditions such as the chemical composition of the melt
and the rotating and pulling speeds. Therefore, information
of inhomogeneities among wafers/crystals obtained from
this kind of evaluation can be fed back to adjustment of the
conditions, leading to a superior product.
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