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Evaluation and Selection of LiNbO3 and LiTaO3
Substrates for SAW Devices by the LFB

Ultrasonic Material Characterization System
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Abstract—This paper demonstrates the evaluation and
selection of commercially available LiNbO3 and LiTaO3 sin-
gle crystals and wafers for surface acoustic wave (SAW)
devices using the line-focus-beam ultrasonic material char-
acterization (LFB-UMC) system. This system enables mea-
suring leaky-SAW (LSAW) propagation characteristics pre-
cisely and efficiently for a number of specimens. The wafers
are prepared from the top, middle, and bottom parts of four
128�YX LiNbO3 and seven X-112�Y LiTaO3 single crystals.
For both series of crystals, the measured LSAW velocities
increase from top to bottom in the crystals and with the
increasing crystal growth number. The velocity changes for
all wafers are 0.036% for 128�YX LiNbO3 and 0.035% for
X-112�Y LiTaO3, corresponding to changes of 0.038 mol%
and 0.075 mol% in Li2O concentration, respectively. More-
over, the inhomogeneity in the first X-112�Y LiTaO3 single
crystal caused by some undesirable wafer fabrication pro-
cesses can be detected precisely, although it is difficult for
the conventional methods to obtain such information.

I. Introduction

Ferroelectric single crystals of LiNbO3 [1], [2] and
LiTaO3 [1], [3] have been widely used as substrates

for various electronic devices because of their acoustic
and optical properties valued in the field of engineering.
Among the ultrasonic devices utilizing piezoelectricity, sur-
face acoustic wave (SAW) devices are the most highly
recognized. Production of single-crystal substrates with
high elastic homogeneity is essential for developing high-
performance SAW devices [4]. For research and develop-
ment, a material characterization system with extremely
high measurement accuracy is needed. Such a system must
be able to detect slight changes of elastic properties in or
among crystals and substrates and feed back information
to improve the crystal growth conditions and substrate
fabrication processes.

The authors have been studying the development and
application of ultrasonic micro-spectroscopy (UMS) tech-
nology [5], [6], whose main system is the line-focus-beam
(LFB) acoustic microscopy system [7]. This technology
is able to analyze and evaluate materials through highly
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accurate, quantitative measurements or imaging measure-
ments of the acoustic properties with nondestructive and
noncontacting procedures. In characterizing LiNbO3 and
LiTaO3 single-crystal substrates using the LFB acoustic
microscopy system, elastic inhomogeneities in the sub-
strates caused by the chemical composition ratio changes
and the residual multi-domains, in particular, have been
detected with high accuracy as the velocity changes of
leaky SAWs (LSAWs) [8]–[12], a significant achievement
that could not be accomplished by conventional methods.
Frequent improvements of the system also have been made
to increase its accuracy [13]. Recently, a new version of the
system was developed. The new system has the capability
of making highly accurate and efficient measurements for
a number of wafers, which will be of great use in the prac-
tical application of the system [14]. One of the problems
encountered in precise velocity measurements of thin sub-
strate materials such as wafers is the apparent change of
measured values due to the waves reflected from the back
surface. Methods for eliminating these influences have been
proposed and demonstrated [15]–[18].

In this paper, the LFB ultrasonic material characteriza-
tion (UMC) system developed recently is applied to eval-
uate and select commercially available, 127.86◦ rotated
Y-cut X-propagating (128◦YX) LiNbO3 [19] and X-cut
112.2◦ rotated Y-propagating (X-112◦Y) LiTaO3 [20] sin-
gle crystals and wafers.

II. System

The LFB-UMC system utilizes ultrasonic line-focused
waves and can measure the propagation characteristics
(phase velocity and attenuation) of LSAWs excited and
propagated along one desired direction on the water-
loaded specimen surface. The measurement principle and
the system were described in detail in the literature [7].
Fig. 1 shows the block diagram of the LFB system used
in the demonstration measurements in this paper. With
commercially available wafers, it is essential to measure a
number of wafers efficiently in succession when evaluating
elastic property distributions in the crystals and systemat-
ically detecting elastic property changes among the crys-
tals. In this system, therefore, a temperature-controlled
chamber is introduced to stabilize the temperature envi-
ronment of the mechanical system as well as the ultrasonic
device and specimens for a long period of time. In addition,
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Fig. 1. Block diagram of the LFB ultrasonic material characterization system.

the system is equipped with a specimen transfer system,
a temperature-controlled pure water supply system, and
an automatic three-axis tilting stage to keep the chamber
closed while loading and changing specimens, supplying
the water couplant, and aligning the specimen and the ul-
trasonic device so that highly accurate measurements are
made efficiently without disturbing the stabilized measure-
ment environment. The system can measure LSAW veloc-
ity with a reproducibility of±0.0015% (±2σ : σ is the stan-
dard deviation) at a single chosen point and an absolute
accuracy of around ±0.01% [14], [21].

III. Procedure

When the LFB system is applied to characterize thin
specimens such as commercially available wafers, measure-
ment errors might occur if the specimen thickness h does
not satisfy the following equation:

h > V� · PW/2, (1)

where V� is the velocity of longitudinal waves in the spec-
imen, and PW is the radio frequency (RF) tone burst
pulse width used for measurements. An RF pulse width of
500 ns is usually employed around 200 MHz using a sap-
phire cylindrical ultrasonic lens with a 1-mm radius. The
back reflection effect must be considered for almost all the
wafers for SAW devices because they are less than 0.5-mm

thick. Also, the measurement errors due to the back reflec-
tion vary with the acoustic impedance of the solid spec-
imen because the amplitude of the waves reflected from
its back surface depends on the reflection and transmis-
sion coefficients at the front boundary between the water
couplant and the solid specimen [18].

As a typical example of the back reflection effect on
measured LSAW values, Fig. 2 shows the frequency de-
pendences of LSAW velocities in the X-axis propagation
direction measured on a 0.5-mm thick 128◦Y-cut LiNbO3
specimen, which does not satisfy (1), and a 3-mm thick
specimen, which satisfies the condition. Apparent periodic
changes due to back reflection are observed in the curve
(solid line) for the thin specimen, which are not exhibited
in the curve shown by the dotted line for the thick speci-
men. These apparent changes must be eliminated to obtain
the intrinsic elastic information of the specimen. The vari-
ations observed in the dotted curve in Fig. 2 represent the
frequency characteristics of the ultrasonic device and are
to be corrected by the system calibration method [22].

With the preceding information, material characteriza-
tion is conducted following the proper measurement proce-
dure shown by the flow chart in Fig. 3. The thickness and
longitudinal velocity of the specimen determine whether or
not the back reflection causes erroneous measurement re-
sults. A measurement method is then chosen accordingly:
the usual measurement method or the methods for elim-
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Fig. 2. Frequency dependences of LSAW velocities for 128◦YX-
LiNbO3 substrates.

inating the back reflection influence proposed in the lit-
erature [18], which include reducing the RF pulse width,
scattering acoustic waves from the roughened back surface,
and taking the moving average of the frequency depen-
dence of LSAW velocities. For specimens with thicknesses
that do not satisfy (1), we should examine whether or not
the back reflection affects the measured results, consider-
ing the roughness of the back surfaces and the acoustic
impedance of the specimens. We then should determine
whether or not the waves reflected from the back surfaces
can be eliminated by reducing the RF pulse width to the
lower limit PWmin, below which the measurement accu-
racy deteriorates. If there is no back reflection effect, mea-
surements are made with a usual or reduced RF pulse at
or above PWmin. When the back reflection influence is se-
vere, the frequency characteristics of LSAW velocities are
measured with a normal pulse width, and the moving aver-
age method is used to obtain measured values. If measure-
ments are made at a larger number of points, the approx-
imated correction method [17] also is applied for efficient
measurements. The system calibration method using the
standard specimen [22] then is applied to the measured
values obtained by the methods described here, in order
to obtain intrinsic LSAW velocities.

IV. Applications

A. Specimens

Specimens are commercially available, 3-inch 128◦Y-cut
LiNbO3 and 4-inch X-cut LiTaO3 single crystal wafers (Ya-
maju Ceramics Co., Seto, Japan, produced in 1989). Crys-
tals were grown by the Czochralski (CZ) technique. In a
commercial point of view to reduce the production costs,
multiple crystals were repeatedly grown within a certain
permissible composition variation for the crystal growths
as a series of crystals in the same furnace, in which the cru-
cible was recharged with the same amount of the starting

Fig. 3. Flow chart of measuring thin specimens by LFB system.

Fig. 4. Sample configuration.
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Fig. 5. LSAW velocity distributions for 128◦YX-LiNbO3 wafers prepared from a series of four single crystals.

material of the same composition as the decreased amount
after each crystal was pulled [4]. Four LiNbO3 single crys-
tals about 115 mm in length and seven LiTaO3 single crys-
tals about 60 mm in length were pulled along the 128◦Y
axis and along the X axis. Wafers were taken from the top,
middle, and bottom parts of each crystal ingot, cut perpen-
dicular to the pulling axis of the crystals as shown in Fig. 4.
The 0.5-mm thick 128◦Y-cut LiNbO3 wafers were taken at
the wafer positions of 5, 55, and 105 mm from the crys-
tal head of each boule. The 0.37-mm thick X-cut LiTaO3
wafers were taken at the 7, 31, and 46 mm positions. The
back surface of each wafer is roughened with grinding pow-
der; #600 grinding powder was used for LiNbO3 wafers,
and #180 for LiTaO3 wafers.

B. Results

Measurements were made at five positions on each wafer
in 10-mm steps over a distance of ±20 mm along a di-
ameter. The LSAW velocities were measured for the X-
axis propagation of the 128◦ Y-cut LiNbO3 wafers and for
the exact 112.2◦ Y-axis propagation of the X-cut LiTaO3
wafers. The RF pulse width was set at 500 ns. Using
V� = 7159 m/s along the 128◦ Y axis for the LiNbO3
wafers and V� = 5589 m/s along the X axis for the LiTaO3
wafers as the velocities of longitudinal waves [23], the min-
imum thicknesses of the specimens to satisfy (1) were h =
1.79 mm for the LiNbO3 wafers and h = 1.40 mm for the
LiTaO3 wafers. As the wafer thicknesses for the LiNbO3
wafers are about 0.5-mm thick, and for the LiTaO3 wafers
they are about 0.37-mm thick, the back reflection effects

are basically present for both groups of wafers. A (111)
gadolinium gallium garnet (GGG) standard specimen [22]
was used for the system calibration.

1. 128◦Y-cut LiNbO3 Crystals: In measuring the
128◦YX LiNbO3 wafers, apparent velocity changes with a
maximum of about 3 m/s were observed as shown by the
solid line in Fig. 2. Therefore, this back reflection influ-
ence was eliminated using the moving average processing
method [15], [16], [18]. Fig. 5 shows the LSAW velocity
distributions in each wafer. The results were obtained for
wafers taken from the top (circles), middle (triangles), and
bottom (squares) parts of each crystal boule. The results
in Fig. 5 indicate that the LSAW velocities increase in each
crystal for the wafer positions closer to the bottom of the
boule, and that the velocities increase with the number of
charges. The velocity variations in each wafer are within
0.35 m/s (0.009 %) for all the wafers. However, the veloc-
ity variations along the crystal pulling axis are relatively
larger, and the maximum deviation is 1.06 m/s (0.027%)
for the charge-3 crystal.

Fig. 6 presents the LSAW velocity averaged over the
velocities at the five positions on each wafer in Fig. 5.
Averaged velocities are given by circles for the top, by
triangles for the middle, and by squares for the bottom
wafers of the crystals. The LSAW velocities increase as the
wafer positions near the bottom of the crystals and as the
charge number increases. As seen from Fig. 6, the LSAW
velocity increases from top to bottom of each crystal range
from 0.44 to 0.81 m/s (from 0.011 to 0.021%), and the
maximum velocity change among all the wafers is 1.41 m/s
(0.036%).
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2. X-cut LiTaO3 Crystals: The frequency dependences
of the LSAW velocities measured for the X-112◦Y LiTaO3
wafers are shown by the solid line in Fig. 7. The results
for a 3-mm thick specimen, on which there is no back
reflection effect, are shown by the dotted line in Fig. 7.
The X-112◦Y LiTaO3 wafers, which have small back re-
flection waves due to the relatively large impedance and
the roughened back surfaces, have apparent changes of ap-
proximately 0.3 m/s. Consequently, we also eliminated the
back reflection influence for these measurements using the
moving average processing method [15], [16], [18] as done
in the preceding measurement. Fig. 8 shows the velocity
distributions in each X-112◦Y LiTaO3 wafer. The results
for the wafers were taken from the top (circles), middle
(triangles), and bottom (squares) parts of the crystals.
The results in Fig. 8 are similar to the results observed
for the LiNbO3 crystals: the LSAW velocities increase as
the charge number increases. In addition, relatively large
velocity changes [1.3 to 2.5 m/s (0.039-0.077%)] were ob-
served in the wafers taken from the top and middle parts
of the charge-1 crystal boule. These changes may reflect
some problems during the poling process [8], [9]. In the
wafers taken from charges 2 to 7, the maximum velocity
change in each wafer was 0.41 m/s (0.012%), and the ve-
locity changes in each crystal were relatively small, with
a maximum deviation of 0.50 m/s (0.015%). The changes
in the charge-2 crystal, in particular, were very small and
uniform, being 0.22 m/s (0.007%).

Fig. 9 shows the LSAW velocity averaged over the ve-
locities at the five positions in each wafer shown in Fig. 8.
Averaged velocities are given by circles for the top, by
triangles for the middle, and by squares for the bottom
wafers of the crystals. Fig. 9 also shows that the LSAW
velocities tend to be the largest in the bottom parts of the
crystals, and that the LSAW velocities tend to increase as
the charge number increases. In Fig. 9, the LSAW velocity
increases from the top to the bottom wafers in each crys-
tal, except for the velocities from charge-1 crystal, was
0.04 m/s (0.001%) to 0.34 m/s (0.010%), and the max-
imum velocity change among those wafers was 1.14 m/s
(0.035%). Although the velocity changes between the top
and bottom parts of the crystals in the X-112◦Y LiTaO3
crystals are less than those in the 128◦YX LiNbO3 crys-
tals; these differences are considered to be attributed to
the different wafer positions for the two groups of crystals
grown with the different crystal growth conditions and dif-
ferent crystal lengths.

C. Discussions

1. Curie Temperature: The LSAW velocity changes
(elastic inhomogeneity) in single-domain LiNbO3 and
LiTaO3 crystals are basically due to changes in chemical
composition [4], [10], [12], [24]. The relationship between
the chemical composition ratios and LSAW velocities for
the 128◦YX LiNbO3 substrates was clarified in the liter-
ature [10]. Here, we measured Curie temperatures, which
are closely related to the chemical compositions, to inves-

Fig. 6. Relationship between the charge number of crystal growth
and averaged LSAW velocities for each 128◦YX-LiNbO3 wafer. The
results are for wafers prepared from the top (circles), middle (trian-
gles), and bottom (squares) parts of the crystals.

Fig. 7. Frequency dependences of LSAW velocities for X-112◦ Y
LiTaO3 substrates.

tigate the relationship between the chemical composition
ratios and LSAW velocities for the LiTaO3 single crystal
wafers. Fig. 10 shows the Curie temperatures measured for
the top and bottom wafers of each LiTaO3 single crystal
by the differential thermal analysis (DTA) method plot-
ted against the averaged LSAW velocities of each top and
bottom wafer given in Fig. 9. Circles represent the results
for the top wafers, and dots represent those for the bot-
tom wafers. The LSAW velocity is linearly proportional
to the Curie temperature in the measurement range. The
deviations observed are considered to be due to the large
Curie temperature measurement errors (±1◦C); those of
the LSAW velocities are within ±0.1 m/s. The solid line in
Fig. 10 is the approximated line for the results represented
by the circles and dots, and its slope is 0.40 (m/s)/◦C. The
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Fig. 8. LSAW velocity distributions for X-112◦Y LiTaO3 wafers prepared from a series of seven single crystals.

results suggest that the LSAW velocity changes observed
in Figs. 8 and Fig. 9 reflect changes in chemical composi-
tion.

2. Chemical Composition Distributions: As seen in
Figs. 6 and 9, the maximum velocity change among the
128◦YX LiNbO3 wafers was 1.41 m/s, and that among the
X-112◦Y LiTaO3 wafers, excluding the velocity changes for
charge-1 wafers, was 1.14 m/s. Therefore, these velocity
changes are converted into changes of chemical compo-
sitions. When converted using 0.0269 Li2O-mol%/(m/s),
the relationship between the chemical compositions and
LSAW velocities for the 128◦YX LiNbO3 substrates in
the literature [10], the LSAW velocity change of 1.41 m/s
corresponds to a variation of 0.038 Li2O-mol%. Similarly,
for the X-112◦Y LiTaO3 substrates, the velocity change of
1.14 m/s corresponds to a variation of 0.075 Li2O-mol%,
from 0.0658 Li2O-mol%/(m/s) (the relationship between
the chemical compositions and LSAW velocities), obtained
using 0.0263 Li2O-mol%/◦C (the relationship between the
Curie temperature and the chemical composition ratio es-
timated from the values in the literature [24], [25]) and
the slope of 0.40 (m/s)/◦C in Fig. 10. The Li2O concen-
trations in both series of crystals increased with distance
from the head of the crystal and with the charge number.
This means that the compositions of the starting mate-
rials for LiNbO3 and LiTaO3 crystals used in this study
differed slightly from the true congruent compositions. As
previously discussed for the development of optical-grade
LiTaO3 crystals [25], more homogeneous crystals could be
obtained with the Li2O contents in the starting materials
less by about 0.02 mol% for LiNbO3, using the LSAW ve-
locity data for the first 128◦YX LiNbO3 crystal, and less
by about 0.01 mol% for LiTaO3, using the data for the
second X-112.2◦Y LiTaO3 crystal, under the same other
growth conditions.

Fig. 9. Relationship between the charge number of crystal growth
and averaged LSAW velocities for each X-112◦Y LiTaO3 wafer. The
results are for wafers prepared from the top (circles), middle (trian-
gles), and bottom (squares) parts of the crystals.

Further details of the velocity distributions for the three
wafers of the charge-1 crystal shown in Fig. 8 were investi-
gated. The LSAW velocities were carefully measured in 5-
mm steps for an area of 80 mmφ to obtain two-dimensional
LSAW velocity distributions for two LSAW propagation
directions along the 112.2◦Y and 22.2◦Y axes, in which
the usual measurement practice having an RF pulse width
of 500 ns was chosen because there is only a very small
back reflection effect. Fig. 11 shows the velocity distribu-
tions observed on the middle wafer, in which the area was
segmented into 5 mm× 5 mm sections. The LSAW veloci-
ties were measured at the center of the squares. Relatively
large changes for either propagation direction are clearly
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Fig. 10. Relationship between the Curie temperatures and LSAW
velocities for X-112◦Y LiTaO3. Solid line indicates the approximated
line.

observed with a local minimum around (+20, −5) in the
half part of the wafer along the crystallographic +Z axis.
The maximum velocity differences are 2.9 m/s (0.088%) in
the 112.2◦Y direction and 1.6 m/s (0.051%) in the 22.2◦Y
direction. Assuming that these differences are caused by
the chemical composition changes, we can estimate that
the 2.9 m/s in the 112.2◦Y direction and the 1.6 m/s in the
22.2◦Y direction correspond to 0.183 Li2O-mol% and 0.069
Li2O-mol%, respectively, using the data for the relation-
ships between the LSAW velocities and Li2O contents in
the literature [25]. This trial resulted in the different Li2O
content distributions for the two LSAW propagation di-
rections, so we failed to explain the velocity changes based
on the chemical composition changes.

D. Evaluation and Selection

The specimens used in the measurements were produced
10 years ago. At that time, the permissible SAW veloc-
ity deviations in crystals and wafers were within ±0.1%
for SAW filters and within ±0.04% for resonators oper-
ating at not so high frequencies (mostly less than 100
MHz) [4]. From these measured results, the crystals/wafers
are good for both filters and resonators, with the exception
of charge-1 X-112◦Y LiTaO3 crystal. However, the rela-
tively large LSAW velocity variations, 2.6 to 2.9 m/s, were
observed in the wafers taken from the top and middle parts
of the charge-1 X-112◦Y LiTaO3 crystal. A previous report
[9] noted that the LSAW velocity for X-112◦Y LiTaO3 in
the single-domain state is about 85 m/s less than that for
X-112◦Y LiTaO3 in the multidomain state. The velocity
changes associated with the residual multidomain are thus
considerably larger than those associated with the chemi-
cal composition (about 0.5 m/s in a congruent crystal as
experimentally demonstrated in Fig. 8). This implies that
the relatively large velocity variations reflect the position
dependence of the acoustical physical constants associated
with serious polarization problems during the poling pro-

Fig. 11. LSAW velocity distributions measured on the middle-part
wafer of the charge-1 X-cut LiTaO3 crystal. (a) 112.2◦Y LSAW prop-
agation; (b) 22.2◦Y LSAW propagation.

cess [9], [24], [26], [27], indicating undesirable conditions
in the wafer fabrication processes for the crystal. How-
ever, in the measured results obtained here, the veloci-
ties decreased around the positions poling processed under
the undesired conditions. The acoustic properties are quite
different from the acoustic property in the multidomain,
perfectly depoled crystal [26], [27]. Further investigations
will be required to interpret these interesting results. How-
ever, it is judged from this discussion that the charge-1 X-
cut LiTaO3 crystal having such LSAW velocity variations
should not be used for substrates of SAW devices.

Although the serious problems due to the undesired pol-
ing processes detected here sometimes happened in indus-
try more than 10 years ago; these problems have, we be-
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lieve, been empirically and completely resolved. However,
such variations in elastic properties among crystals and
wafers due to slight chemical composition changes (as de-
tected through the evaluation of the specimens used here)
still exist at present, even in commercially produced crys-
tals as the conventional techniques do not have the high
resolution of this ultrasonic method [10], [11], [25]. Stricter
requirements for homogeneity in crystals and wafers are
anticipated, particularly for the future mass production of
high-performance devices operating at higher frequencies
(> 2 GHz).

V. Summary

Several wafer specimens prepared in the industrial pro-
duction line for SAW devices were evaluated and selected
as a practical application of the LFB acoustic microscopy
system developed for efficient and highly accurate material
characterization. Back reflection causes measurement er-
rors when this system is applied to thin specimens such as
wafers, so a measurement procedure including the methods
for eliminating the back reflection influence was presented.
The system was applied to commercially available LiNbO3
and LiTaO3 single crystals and wafers, and a series of sys-
tematic elastic changes among the crystals and wafers was
detected for the first time. Furthermore, inhomogeneities
in the crystals were detected with a high degree of accu-
racy, which was nearly impossible with other conventional
methods. Based on the measured results, this LFB-UMC
system was proved not only to be a promising tool for se-
lecting wafers but also for contributing to the growth of
more homogeneous crystals by detecting slight changes in
elastic properties among crystals and wafers, and by feed-
ing back the obtained information to improve the crystal
growth conditions. This system could be an extremely use-
ful technology for resolving various problems of electronic
materials and device fabrication processes in science and
industry in the near future.
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