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Abstract—The line-focus-beam ultrasonic material char-
acterization (LFB-UMC) system is applied to compare and
evaluate tolerances provided independently for the Curie
temperature T and lattice constant a to evaluate commer-
cial LiTaQ3 single crystals by measuring the Rayleigh-type
leaky surface acoustic wave (LSAW) velocities Vpsaw. The
relationships between Vpgsaw, and Tc and @ measured by
individual manufacturers were obtained experimentally us-
ing 42°Y X-LiTaOg wafers as specimens from three crys-
tal manufacturers. In addition, the relationship between
Visaw and SH-type SAW velocities Vgaw that are actu-
ally used for the SAW device wafers was obtained through
calculations, using the chemical composition dependences
of the acoustical physical constants for LiTaOj3 crystals re-
ported previously. The result of a comparison between the
To tolerance of £3°C and the a tolerance of +0.00002 nm
through the common scale of Vi saw or Vsaw demonstrated
that the a tolerance is 1.6 times larger than the T toler-
ance. Furthermore, we performed a standardized compari-
son of statistical data of T and a for LiTaOs crystals grown
by two manufacturers during 1999 and 2000, using Vpgaw.
The results clarified the differences of the average chemical
compositions and of the chemical composition distributions
among the crystal ingots between the two manufacturers.
A guideline for the standardized evaluation procedure has
been established for the SAW-device wafer specifications by
the LFB-UMC system.

I. INTRODUGTION

The rapid spread of mobile communications on a globat
scale in recent years has increased the demand for sur-
face acoustic wave (SAW) devices used for these commu-
nications systems [i]-[3]. As the performance of SAW de-
vices depends not only on the device fabrication processes
but also on the homogeneity of the chemical and physi-
cal characteristics of the substrate materials themselves,
production of single crystals highly homogeneous in chem-
ical composition is very important from the technological
point of view. Furthermere, it is necessary te develop large-
diameter, high-quality crystals to meet the requirements
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for SAW devices, such as compactness, higher-frequency
operation, and low cost. It is also important to develop a
new method for evaluating their elastic homogeneity.

In present industries, the chemical compositions of
LiTaQ3 and LiNbOj single crystals are evaluated mainly
using the Curie temperature Ty, which is measured by
thermal analysis methods such as differential thermal anal-
ysis (DTA) and differential scanning calorimetry (DSC).
Some manufacturers use the lattice constant ¢ measured
by X-ray diffractometry for evaluation. Controlling the
chemical composition ratio is difficult, and some variations
in chemical composition ratio can oceur, even in crystals
grown by a single manufacturer, due to slight fluctuations
in the growth conditions. Therefore, it is necessary to se-
lect or evaluate grown crystals by measuring T or a to
obtain substrates with the required characteristics. How-
ever, the relationship between T and ¢ and the interrela-
tionships among these and the SAW velocities Vsaw have
not yet been clarified; and at present, measurement errors
in each evaluation approach as well as the tolerances in
the evaluated results differ from one manufacturer to an-
other. For that reason, the property distributions in and
among substrates that are supplied vary from one manu-
facturer to another, and users must consider this to be a
primary cause for the lowered yield in the fabrication of de-
vices. It is important to clarify the relationships among the
chemical and physical characteristics, such as the chemical
composition, T, a, and Vgaw, and to compare and review
the tolerances for various characteristic values under stan-
dardized specifications.

We have been studying the development and applica-
tion of a highly precise material characterization technol-
ogy incorporated in the line-focus-beamn ultrasonic mate-
rial characterization (LFB-UMC) system [4], [5]. We have
so far achieved various results, mainly for LiNbOj3 and
LiTaQjy single crystals [6]-[14]. Specifically, we evalnated
127.86° rotated Y-cut X-propagating (128°Y X)-LiNbO;
[15) and X -cut 112.2° rotated Y -propagating (X —112° ¥}-
LiTaOs [16] wafer substrates that are widely used for SAW
devices. These evaluations identified, with great accuracy,
some variations caused by the chemical composition ratio
changes and some serious problems in the poling process as
the changes of leaky surface acoustic wave (LSAW) veloci-
ties Vogaw 17], [14]. However, the variations of Vi gaw due
to the chemical composition changes depend on the surface
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orientation and wave propagation direction. Therefore, it
has been necessary to experimentally obtain the relation-
ships (calibration lines) between the chemical composition
ratios and Vpgaw for required surface orientations and
propagation directions [8]-[11], [13], [14]. It is important
to determine the elastic homogeneities as Vsaw variations
to evaluate materials for SAW devices. Measurements in
the LEB-UMC system are performed with water loaded on
the surface of the specimen from its principle of operation.
Therefore, the Vg aw of the propagation mode (particularly
the SH type [17]) actually used in SAW devices cannot be
evaluated directly using Rayleigh-type LSAWSs efficiently
excited on the surface {10]. Vsaw for the desired surface
specimens and propagation directions has been measured
conventionally by adopting 8 commeon method of forming
interdigital transducers (IDTs) [18], [19] on the substrates.
However, this method is not the best one for evaluation
because it is time consuming to fabricate IDTs, it is not
suitable for two-dimensional inspection on the substrate,
and it cannot exclude the additional variations introduced
through the IDT fabrication precess when attempting to
obtain the intrinsic acoustic characteristic variations of the
substrate itself.

We recently determined the chemical composition de-
pendences of the acoustical physical constants for LiNbO;
and LiTaQjs single crystals {20]. This erables us to obtain
the chemical composition dependences of VLgaw and Vgaw
for an arbitrary surface orientation and propagation direc-
tion by numerical calculations, It also enables us to obtain
the relationship of Visaw or Vgaw with the chemical com-
position ratios. Therefore, by converting the Rayleigh-type
Visaw variations, measured by the LFB-UMC system, into
Vsaw variations, we can evaluate both Rayleigh-type SAW
device materials and SH-type SAW device materials prop-
erly.

To evaluate the chemical composition of LiTaO3 single
crystals in this study, we attempt a standardized compari-
son and evaluation of the tolerances of T and a, indepen-
dently provided by individual manufacturers, by means
of the Rayleigh-type Visaw, measured using the LFB-
UMC system. SH-type 42° rotated Y-cut X-propagating
(42°Y X}-LiTaOj3 single crystal wafer substrates {21}, [22]
were adopted for demonstration.

1I. RELATIONSHIF BETWEEN LSAW
AND SAW VELOCITIES

We recently reported on the chemical composition de-
pendences of the acoustical physical constants (elastic con-
stant, piezoelectric constant, dielectric constant, and den-
sity) for LiNbOg and LiTaOjs single crystals [20]. This in-
formation erables us to abtain the chemical compaosition
dependences of acoustic properties for an arbitrary surface
orientation and propagation direction through theoretical
calculations. It also enables us to estimate the changes
in SH-type Vgaw by calculations from the experimentally
obtained changes in Rayleigh-type Vigaw. We apply this
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Fig. 1. Calculated LizO concentration dependences of LSAW and
SAW velocities for 42°Y X-LiTaO3 single crystals. Circles: LSAW,
dots: SAW, solid lines: approximated lines obtained by the least-
squares fitsing to each set of the calculated data.

method to 42°Y X-LiTaO3 wafer substrates for SH-type
SAW devices.

Fig. 1 shows the calculated results of the chemical com-
position dependences of Rayleigh-type Vigaw as circles
and SH-type Vsaw as dots for 42°Y X-LiTaOs wafers. The
numerical calculations were conducted according to the
methods in the literature [23] for LSAW and [24] for SAW
using the constants reported in the literature [20]. The
straight lines are the approximated lines obtained by the
least-squares fitting to each set of the calculated data. The
calculated values of Vigaw and Vzaw tend to increase lin-
early as the Liz O content M (Li»O) increases, and the rela-
tionships of Visaw and Vgaw to M(Li20) are obtained as
22.8 (LSAW-m/5s)/mol% and 42.4 (SAW-m/s) /mol% from
the gradients of the approximated straight lines. We here
use the unit expressions of LSAW-m/s and SAW-m/s to
discriminate Vigaw from Vgaw. A comparison between
VLSA\V and Vsaw reveals that VSA\V has a greater de-
pendence on the changes in chemical composition ratio,

‘This result is closely related to the fact that, although the

components of the acoustical physical constants associated
with the SH-type Vsaw are the same as those associated
with the Rayleigh-type Vigsaw, they contribute differently
10 the two velocities because of the different mode con-
ditions, resulting in the very large electromechanical cou-
pling factor for the SH-type SAW and almost zero for the
Rayleigh-type SAW and LSAW [10], [17], 23], [24]. From
the results shown in Fig. 1, we can obtain the relation-
ship between Visaw and Vgaw, i.e., the ratio of the SH-
type Viaw to Visaw around the congruent composition,
as 1.85. This enables us to obtain Vgaw theoretically by
measuring Vpgaw with the LFB-UMC system.
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111. LFB-UMC SYSTEM

The measurement principle of the LFB-UMC system
was presented in detail in the literature [4]. The LSAW
propagation characteristics (viz., phase velocity and at-
tenuation) can be obtained by measuring and analyzing
the transducer output of V(2) curve, obtained as a func-
tion of the relative distance 2 between the LFB ultrasonic
device and the specimen. Frrors in the movement of the
mechanical translation z stage and in the measurement of
the temperature of the water used as the coupling material
between the ulirasonic device and the specimen arc the pri-
mary ertor factors for LSAW velocity measurements. We
have developed a newer systern [5] to minimize the errors
in measurements of the couplant temperature by installing
the whole mechanical systemn, including the ultrasonic de-
vice and specimen, in a temperature-controlled chamber
to stabilize the temperature environment.

The system used at this time is the newest system and
achieves the highest accuracy among the LFB-UMC sys-
tems that we have developed. In the previous system, we
accurately measured the translation distance using a laser
interferometer by adopting a stage of an air-bearing system
with superior straightness of translation for the z stage [5].
In contrast, we used a ball-bearing system for the 2z stage
in the newest system, and gave sufficient rigidity to the z
stage and the support to fasten the z stage. We measured
the relative phase changes of the signals reflected from the
reflector as a function of the distance z to compare the
translation characteristics between the two stages, using a
technique that employs a plane wave ultrasonic device op-
erating at 200 MHz [25]. Fig. 2 shows the results obtained
by subtracting the phase changes due to propagation of
.longitudinal waves in water from the measured phases.
The results in Fig. 2(a) exhibit a constant phase varia-
tion width of 4:2° around relative phase zero regardless
of the position of z. In contrast, the results in Fig. 2(b)
present different characteristics, depending on the posi-
tion of z, with relatively large undulations of changes in
the relative phascs, reflecting the effects of slight pitch-
ing and yawing of the z-stage using the ball-bearing sys-
tem with the translation. However, the variation width of
the relative phases within the small range of z is slightly
smaller than that in Fig. 2(a}. This comparison suggests
that the stage of the air-bearing system is superior to the
stage of the ball-bearing system in straightness. However,
the variation width of the relative phases within the small
range of z is smaller in the ball-hearing system, apparently
because the control of the stage by compressed air lacks
mechanical stability. The straightness of the z stage in the
newest system was estimated to be 3 x 10~7 rad/mm by
the Hewlett Packard ultra-high precision laser measure-
ment system; that of the air-bearing system was better
than 1 x 1077 rad/mm [5].

The newest system also accurately positions the z stage
with a resolution of 10 nm using a semiconductor laser
interferometer (LMD100, Olympus Optical Industry Co.,
Tokyo, Japan). Though this is inferior in terms of resolu-
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Tig. 2. Relative phase variations of the z-stages with translation de-
tected by the phase measurement using ultrasonic planc waves at
200 MHz. (a) Air bearing; (b) ball bearing.

tion and stability to the He-Ne laser interferometer used in
the previous system [5], it achieves sufficient measurement
accuracy at a relatively low cost. A network/spectrum an-
alyzer (Model HP-4395A, Hewlett-Packard Ceo.) was used
as the receiver for complex measurements, and a spec-
trum analyzer (Model HP-8568B, Hewlett-Packard Co.)
was used for amplitude measurements. Other electrical
circuits are basically the same as those stated in the lit-
erature [5]. Though V{z) curves can be measured as ei-
ther amplitude type or complex type, the measurement
of the amplitude-type V(2) curve was adopted basically
because of its greater reproducibility. As a result, a reso-
lution in Vogaw measurements at an arbitrary single cho-
sen point on the surface of the specimen was improved
to +0.0013% (£20,0 is the standard deviation) in this
system, compared to =0.002% in the previous system. In
addition, a resolution of £0.003% was achieved within a
two-dimensional, continuous-scanning area of 7% mm x 75
mm. The absolute accuracy of the acoustic velocities af-
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TABLE 1
CURIE TEMPERATURE T FOR L1TaQg SINGLE CRYSTALS
PRODUCED AND MEASURED 8Y MANUFACTURER A.

TelPCl
Crystal No. Top  Bottom
A-1 603.2 604.0
A-2 603.9 604.8
A-3 604.7 605.8
TABLE 1L

CURIE TEMPERATURE T FOR LITAO3z SINGLE CRYSTALS
PRODUCED AND MEASURED BY MANUFACTURER B.

. eligel
Crystal No.  (Bottom)
B-1 604.4
B-2 608.1
B-3 611.0

ter system calibration using the standard specimen was
around +0.01% [26], [27].

IV. EXPERIMENTS

A. Specimens

The 42°Y X-LiTaO3 wafers produced by three manufac-
turers (A, B, and C) were taken as specimens. The crystals
were grown by the Czochralski method. Manufacturers A
and B evaluate the crystals by measuring T, while man-
ufacturer C does so by measuring a. A total of six wafer
substrates taken from the top and bottom of three crys-
tals with different Ty were prepared as the specimens of
matufacturer A; a total of six wafer substrates, two wafers
from each crystal, taken at arbitrary positions from three
crystals with significantly different T, were prepared as
the specimens of manufacturer B; and a total of 20 wafer
substrates, taken from the top and bottom of five crystals
with different @ were prepared as the specimens of manu-
facturer C. The T and e were measured by the respective
manufacturers. Each substrate was about 0.35-mm thick.
The diameter of each substrate made by manufacturers
A and B was 76 mm; that made by manufacturer C was
100 mmn. Detailed values of T and a for the specimens
are shown in Tables T to 1. The T for the specimens of
manufacturer A was measured both at the top and bottom
of the crystals; T of manufacturer B and a of manufac-
turer C were measured for the remaining materials at the
bottom of the crystals after the slicing process.

B. Measurements

The velocities of LSAWs propagating along the crys-
tallographic X axis were measured for all the wafer spec-
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TABLE III
LATTICLE CONSTANT a FOR LITaOz SINGLE CRYSTALS PRODUCED
AND MEASURED BY MANUFACTURER C.

a [nm)]
Crystal No.  (Bottom)
-1 0.515379
Cc-2 0.515381
Cc-3 0.515384
C-4 0.515386
C-5 0.515390
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Fig. 3. LBAW velocity distributions for 42°Y X-LiTaQ3z wafers pre-
pared from three ingots produced by manufacturer A.

imens at five measurement points positioned at intervals
of 10 mm over a range of £20 mm in the diameter direc-
tion parallel to the X axis. Serious effects of the waves
reflected from the back surface of the specimen could be
observed because of the thickness (0.35 mm) of the spec-
imens. Therefore, we obtained measured values after re-
moving the effects of reflections from the back surface by
applying the moving average processing to the frequency
dependence of Vigaw measured at 0.5-MHz steps over a
range of 215 to 235 MHz [28] and performing additional
system calibration [26].

Fig. 3 shows the results of the W gaw distributions mea-
sured on the wafers made by manufacturer A. The veloc-
ities vary slightly with the positions, and the variations
on the wafers were 0.13 to 0.18 m/s. The substrates on
the bottom sides of all the crystals tended to have higher
Visaw and T than those for the substrates on the top
sides. In addition, Vysaw increased as T rose.

Fig. 4 shows the Vygaw distributions measured on
wafers made by manufacturer B. The profiles of all the
wafers except the B-3 No. 2 specimen were very flat, and
the Vigaw variations on the wafers were within 0.1 m/s.
The Vigaw variation on the B-3 No. 2 specimen was 0.23
m/s. For these wafers, Vigaw increased as Ty rose.
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Fig. 4. LSAW velocity distributions for 42°Y X-LiTaO3 wafers pre-
pared from three ingots produced by manufacturer B.

Fig. 5 shows the Vigaw distributions measured on the
wafers made by manufacturer C. [n each crystal, the dif-
ferences in Visaw between any two adjacent substrates
on the top and bottom sides were very small, with sub-
strates exhibiting similar profiles. The Visaw variations
measured on the wafers were 0.07 to 0.32 m/s. The sub-
strates on the bottom sides of all the crystals tended to
have higher Vigaw than the substrates on the top sides.
An examination of the relationships of Vigaw with a indi-
cates a trend wherein Vigaw decreases as ¢ increases, and
the differences in V1.gaw between the substrates on the top
and bottom sides become smaller.

C. Relationship between Curie Temperature
and LSAW Velocity

Fig. 6 shows the relationship between the T data in
crystals made by manufacturers A and B and the average
values of Vigaw measured at five points on each walfer.
These suggest that Visaw increases as T rises. When an
approximated straight line is drawn for each set of the re-
sults for manufacturers A and B, the gradients of the two
lines are almost equal, 1.92°C/{m/s) for manufacturer A
and 2.09°C/{m/s) for manufacturer B. The T of man-
ufacturer B was measured to be about 2°C higher. This
is probably due to some differences in the instruments,
methods, and conditions for measuring T between man-
ufacturers A and B. We have no information on the cxact
wafer positions in the crystal boules of manufacturer B;
therefore, some errors for T should exist due to the dif-
ferent, measurement positions in the mgots. In contrast,
for the wafers made by manufacturer A, we know that the
positions of wafers used for Vigaw measurements arc next
to the measurement point of T, so the errors due to the
different measurement positions are negligible.
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The relationship between To and Vpgaw for 42°YV X
LiTaOz can be determined as 1.70°C/{m/s) using the
relationship between the LipO contents M (Li;0) and
Visaw for 42°Y X LiTaOj calculated in Fig. 1(a), 22.8
(LSAW-m/s)/mol%, and the relationship hetween Ty and
M(Liz0O) in the literature [29]. This rcsult is slightly
smaller than the results obtained in Fig. 6 for manufac-
turers A and B. However, the Tz range of 11.9°C that is
used to obtain the approximated straight line is broader
than those of 2.6°C for manufacturer A and 6.6°C for man-
ufacturer B. The result of the gradient obtained for the
broader range has higher reliability, when considering the
measurement errors of about +1°C for 1. Therefore, we
adopt 1.70°C/({m/s) as the relationship between T and
Vigaw for 42°Y X LiTaQOs.

D. Relationship between Lattice Constant
and LSAW Velocity

Fig. 7 shows the relationship between ¢ measured
by manufacturer C and the measured average values of
Visaw. The Visaw decreases as a increases. The approxi-
mated straight line obtained by the least-sguares method
for the results on the top sides (circles) is dencted by a
dotied line, and that for the results on the bottom sides
(dots), by a solid line. The gradients of the two straight
lines are —9.76 x 10~% nm/(m/s) for the dotted line and
—7.02%x 1075 nm/(m/s) for the solid line, corresponding to
the differences in Vpgaw at the top and bottom positions
of the ingots. Thus, it is clear that the lattice constant of
a = 0.515379 nm for the crystal C-1 might not be mea-
sured properly, reflecting some problems in the measuring
conditions and accuracy with the X-ray diffractometer sys-
tem used for the measurements, as the measurement accu-
racy of Vogaw is +0.1 m/s or less. We adopted the approx-
imated line for the wafer on the bottom side (solid line)
as the lattice constants @ were measured in the remajining
materials located near the bottom wafer substrate after
the slicing process. As a result, —7.02 % 107°% nm/(m/s)
was obtained as the relationship between o and Vigaw for
42°Y X LiTaOg.

E. Relationships among Chemical
and Physical Characteristics

Table TV summarizes the previously obtained relation-
ships among Vigaw for 42°Y X LiTaQg3, T¢, and a, in ad-
dition to the relationships hetween Vigaw and M{LixO)
obtained in Section II and between Vigaw and Vsaw. All
the characteristics were linearly interrelated to each other.
Using the conversion coefficients among those character-
istic parameters, we easily can convert from one of the
chemical and physical characteristics to any other charac-
teristics for crystal evaluation with a desired parameter.
Using the results in Table IV and the relative accuracy of
Visaw measurements, £0.0013%, corresponding to £0.04
m/s around 3125 m/s, we can estimate the resolutions of
this ultrasonic method for the chemical and physical prop-
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Fig. 5. LSAW velocity distributions for 42°Y X-LiTaQs wafers prepared from five ingots produced by manufacturer C.

TABLE IV
INTERRELATIONSHIPS* AMONG CHEMICAL AND PHYSICAL PROPERTIES FOR 42°Y X-LiTAO3 SINGLE CRYSTALS,

Property (X)

Visaw Te a M(LixO) Vaaw
[m /g] (°Cl [nm] [mol %] [m/s]
Property Vigaw [m/s] — 1.70 ~7.02x 10 0.0439 1.85
) Te [°C) 0.588 — —4.13 x 1078 0.0258 1.00
@ [nm] —0.142 x 16% —0.242 x 10° — —0.00825 x 10 —0.263 x 10°
M{LioQ) [mol%] 22.8 38.7 —160 % 107¢ — 42.1
Veaw [m/s] 0.540 0.919 —3.80 x 107° 0.0237 —

*Conversion coefficient for X/Y.

erties of 42°Y X -14TaO; erystals, as shown in Table V. The
resolution in Visaw is much higher than those in the T
and a measurements.

V. Discussion
A. Evaluation of Crystals fram Different Manufacturers

The measured results of the Vigaw distributions for
the wafers obtained from different mannfacturers shown in
Figs. 3-5 are summarized in Table VI, in order to evaluate
homogeneities and inhomogeneities on wafers, in ingofts,
and among wafers. The variations for the LiosO contents
M(Li;O) and Vsaw converted from the Vsaw variations
also are shown in Table VI, based on the relationships
presented in Table IV. The Vi gaw variations for each of
the wafers are within about 0.3 m/s, which corresponds
to the Vsaw variations within about 0.6 m/s. The Vigaw

variations in ingots are about 0.6 m/s maximum for manu-
facturer A, but are larger for manufacturer C (about 1 m/s
maximum). The maximum variations in V gaw among all
of the wafers are 1.30 m/s for manufacturer A and 2.03 m/s
for manufacturer C. The converted variations of Vsaw are
2.41 m/s for manufacturer A and 3.76 m/s for manufac-
turer C. We examined the wafers made by manufacturer B
here to compare Ty with those for wafers from manufac-
turer A. However, these specimens are from a wide range
of T provided for. preparation of a more accurate cali-
bration line, so they are excluded from the discussion. If
we assume that a tolerance of £0.04% is adopted for the
SAW velocities [3(], it would correspond to a tolerance of
+1.69 m/s for SH-type Vaaw for 42°Y X-LiTaO3 wafers.
The distributions on wafers and in ingots from different
manufacturers and the distributions among wafers made
by manufacturer A are within the tolerance, but the dis-
tributions among wafers made by manufacturer C exceed
this tolerance.
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TABLE V
REsoruTtions OF LiaO CoNTENT, CURIE TEMPERATURE, LATTICE
CONSTANT, AND SAW VELOCITY FOR 42°Y X-11TaQ3
BY LSAW VELOCITY MEASUREMENTS.

Resolution

LSAW velocity +0.04 m/s
LizO content +0.002 mol%
Curie temperature +0.07°C
Lattice constant @ +£0.3 x 10~ nm
SAW velocity +0.08 m/s
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TABLE VI
VARIATIONS oF MEASUREDR LSAW VELOCITIES AND OF ESTIMATED
L12O CoxTENTS AND SAW VELOCQITIES
FOR 42°Y X-LITa03 WAFERS.

Visaw M(Liz0) Vaaw
m/s] [mol%)] {m/s]
On wafers A 013~018 0.006~0.008 0.23~0.33
B 006 ~0.23 0.003~0013 011~ 042
C  007T~032 0003~0.014 014 ~0.59
In ingots A 059 ~061 0.026~0027 109~114
B . — —_
C 058~ 101 0.025~0.044 1,07 ~1.87
Among wafers A 1.30 0.057 2.41
B (3.24) (0.142} (6.00)
C 2.03 0.089 3.76

The Vigaw in ingots macde by manufacturers A and
C increased from the top to the bottom of the crys-
tals, as shown in Figs. 3 and 5. The relationship between
Visaw and M (Li0), 22.8 (LSAW-m/s)/mol%, indicates
that M(Liy0O) increases from the top to the bottom of
the crystals. The increment of M (Li;Q) is estimated to
be 0.026 to 0.027 mol% for manufacturer A and 0.025 to
0.044 mol% for Manufacturer C. The literature [13] re-
ported that M(LioO) increased from the top to the bot-
tom of crystals when the chemical composition of the start-
ing material was Li-richer than the congruent composition.
This implies that commercial crystals made by both man-
ufacturers A and C were grown with the chemical compo-
sition of the starting material slightly Li-richer than the
congruent composition.

B. Problems in Evaluating Crystals

1. Comparisons of Tolerances: Manufacturers currently
use different methods to evaluate LiTaQjz crystals; most
manufacturers use the T measurements, but some use the
a measurements. Furthermore, independent tolerances are
adopted for individual evaluation properties. For example,
Table VII shows the tolerances for individual properties
for evaluating LiTaOjz crystals. Tolerances of 2:3°C for T
and +0.00002 nm for ¢ are provided [31]. So far, there have
been no examples of standardized comparisons hetween
them, and at present neither manufacturers nor users know
which tolerance is broader.

Therefore, hased on the results in Table IV, we com-
pared the Ty tolerance of +3°C and the o tolerance of
+0.00002 nm on the same scale through Vigaw and Vgaw.
Table VII shows the results of the comparisons. The corre-
sponding tolerances for T and a expressed as changes in
Wesaw were estimated to be £1.76 m/s for T and +2.85
m/s for a, and +3.27 m/s for T and £5.27 m/s for a
when expressed as changes in Vgaw. These results reveal
that the a tolerance is 1.6 times as large as the T toler-
ance. Thus, the differences in tolerance hetween individ-
ual evaluation properties could lower the device yield for
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TABLE VII
TOLERANCES FOR LATTICE CONSTANT a AND CURIE TEMPERATURE T OF LITAO3 SINGLE CRYSTALS
AND THEIR CORRESPONDING VARIATIONS OF LSAW AND SAW VELOCITIES.

Corresponding distribution

Manufacturer  Property Tolerance Visaw [m/s]  Viaw [m/s]
A'B T [°Ci +3 +1.76 +3.27
C afnm]  +20x 1078 +2.85 +5.27

users who adopt c¢rystals supplied by manufacturers using
a larger tolerance, because they would have to manufacture
SAW devices using crystals that contain larger variations
in Vsaw among substrates. Therefore, the tolerances for
T and a should be equal for the wafer specifications. For
example, if a tolerance of £0.04% is adopted for Vsaw [30],
the corresponding tolerances can be estimated from the re-
lationships in Table IV as +1.6°C for Tz, +6.4 % 107° nm
for a, and £0.9 m/s for Vigaw.

2. Statistical Comparison of Grown Crystals: Fig. 8
shows accumulated data for some T values measured for
LiTaOgz crystals grown by manufacturer A and a values
meagured for crystals grown by manufacturer C during
1999 to 2000. The number of samples n is 1047 for manu-
facturer A and 436 for manufacturer C. Though manufac-
turer A measures T both at the top and bottom of each
crystal ingot, only the results at the bottom are shown here
to compare the results with those for a by manufacturer
C. The results in Fig. 8 indicate that an average value of
Te for the LiTaQs crystals produced by manufacturer A
is 603.3°C with a standard deviation of 1.0°C, an aver-
age value of a for crystals produced by manufacturer C is
0.515382 nm with a standard deviation of 0.000004 nm.
To compare the distributions in chemical composition ra-
tio for the two manufacturers, we converted T and a in
Fig. 8 into Vigaw values as shown in Fig. 9. The results re-
veal that the average values of Vigaw are 3125.78 m/s for
manufacturer A and 3127.62 m/s for manufacturer C, and
the average value for manufacturer A is 1.84 m/s smailler
than that for manufacturer C. Furthermore, the standard
deviations are 0.54 m/s for manufacturer A and 0.57 m/s
for manufacturer C, so both are almost the same standard
deviations in statistical data. However, Fig. ¢ also indicates
that the maximum differences of the LSAW velocities are
2.82 m/s for manufacturer A and 5.27 m/s for manufac-
turer C, so the maximum deviation for manufacturer C is
iarger. This is because the @ tolerance for manufacturer
C is larger than the Ty tolerance for mamufacturer A, as
shown in Table VII.

This discussion has been based on the measured results
at the bottoms of the crystal ingots. However, it is neces-
sary in practice to also consider the properties of the wafers
at the top positions of the crystals because an erroneous
evaluation would be made if there were a distribution of
Visaw or a within a crystal, as shown in Fig. 7. The T
also was measured at the top positions of erystals for man-
ufacturer A, so we can obtain the statistical distributions

of VLgaw converted from the measured values of T at the
top sides of the LiTaQ; crystals made by manufacturer
A, as shown in Fig. 10(a). However, we have no data of
a at the top positions of the crystals made by manufac-
turer C, but we can estimate Vigaw at the top side for
a crystal ingot with a measured at the bottom side from
the experimental results in Fig. 7. In Fig. 7, the distances
along the horizontal axis between the two approximated
straight lines represent the differences in Vigaw between
the top and bottom sides of the crystals. For example, at
the point where a = 0.51538 nm, the V gaw difference can
be estimated to be 1 m/s. Thus, we can obtain statisti-
cal distributions of Vgaw at the top sides of the crystals
made by manufacturer C from values measured at the bot-
tom sides in Fig. 9(b), as shown in Fig. 10(b). The results
for manufacturer A shown in Fig. 10{a) present an aver-
age Vigaw of 3125.52 m/s with a standard deviation of
(.50 m/s. These results are smaller than the results for
the bottom sides, shown in Fig. 9(a), by 0.26 m/s in aver-
age value and 0.04 m/s in standard deviation. The results
for manufacturer C shown in Fig. 10{b) include an av-
erage Visaw of 3126.76 m/s with a standard deviation of
0.41 m/s. These results are smaller than the results for the
bottom, shown in Fig. 9(b), by 0.85 m/s in average and
0.16 m/s in standard deviation. These results thus reveal
that the distributions are statistically smaller at the top
of the crystals than at the bottom, and, in average, the
distributions for LiTaOjs crystals made by manufacturer
C are approximately three times larger than those made
by manufacturer A. Furthermore, we can see the different
chemical compositions of the starting materials between
the two manufacturers from the result of the difference in
average Vigaw value of 1.24 m/s, corresponding to 0.055
mol% for the LizO content.

In contrast, the maximum differences of Vigaw ob-
tained by combining the results in Figs. 9 and 10 are 3.13
m/s for manufacturer A and 5.43 m/s for manufacturer
C. Thus, the maximum deviation for manufacturer C is
larger, in correspondence to the tolerance shown in Ta-
ble VIL. The above results suggest that, because manufac-
turer A is growing a larger number of crystals that have
a nearly congruent composition and their tolerance is nar-
rower than that for manufacturer C, manufacturer A sup-
plies crystals and wafer substrates with smaller variations
in chemical and physical characteristics among the crys-
tals.
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Fig. 8. Statistical distributions of evaluation properties measured for
the bottom parts of LiTaO3 crystals grown by two manufacturers.
(a) Curie temperature T by manufacturer A, (b) Lattice constant
a by manufacturer C.

C. Solutions

There are elastic inhomogencities related to the chem-
ical composition distributions in crystal ingots, as shown
in Table VI. Therefore, if T or a is measured only at the
bottom sides of crystals, for example, as in the case of man-
ufacturer C (Fig. 7), distributions in the crystals cannot
be known correctly. In contrast, when T or a is measured
both at the top and bottom sides of the crystals, as in the
case of manufacturer A (Fig. 6), distributions that reflect
inhomogeneities in the crystals can be determined. Similar
things also are indicated from the results in Figs. 9 and 10.
Although the use of higher-resclution techniques is clearly
suitable for single crystal evaluation, it is at least neces-
sary to conduct measurements both at the top and bottom
sides of crystal ingots. It also is important to present the
results to users who design devices, to enable them to fab-
ricate devices with high vield and superior performance.

One way to obtain a successful evaluation based on
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Fig. 9. Statistical distributions of LSAW velacities for the bottom
parts of 42°Y X-LiTaOs crystals produced by two manufacturers.
The velocities were obtained by the relationships between Ty and
Wsaw in Fig. 6 and between a and Vigaw in Fig. 7. (a) Manufac-
turer A, (b) manufacturer C.

only the resuits from one side of the top and bottom of
crystals is to grow more homogeneous crysials with the
proper congruent composition useful for successive crys-
tal production. As stated in IV.B; the crystals made by
manufacturer A have an average difference of 0.26 m/s in
Visaw between the top and bottom sides of the crystals,
the difference in the crystals made by manufacturer C was
0.85 m/s. Thus, manufacturer A is growing a larger num-
ber of crystals that have nearly congruent compositions.
The congruent composition estimated from the present re-
sults lies around the intersection of the solid line and dot-
ted line in Fig. 7 (@ = 0.51540 nm). If ¢ = 0.51540 nm,
Visaw is 3124.6 m/s, corresponding to 601.0°C for Te.
However, because the relationship between Vigaw and T
used here was obtained from the T values measured in
manufacturer A and, as shown in Fig. 6, it also involves
some problems with absolute accuracy due to the measur-
ing instruments and conditions used for Ty measurements
by manufacturer A, so this is not always the absolute value
to yield a congruent composition. This also may apply to a.
In any case, adopting the growth conditions that achieve
around 0.51540 nm for a in the current production line
would be one way for manufacturer C to grow more ho-
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Fig. 10. Statistical distributions of LSAW velocities for the top parts
of 42°Y X-LiTaQy single crystals produced by two manufacturers.
The velocities for manufacturer A were obtained by the relationships
between Tp and Vigaw in Fig. 6, and those for manufacturer C
were estimated using the results of Fig. 7. {a) Manfacturer A, (b)
manufacturer C,

mogeneous crystals. Similarly, it would be advantageous
for manufacturer A to adopt the growth conditions that
achieve around 601.0°C for T¢. It is possible to grow more
homogeneous crystals by feeding the measurement results
of VLsaw back to the crystal growth conditions, particu-
larly to the chemical composition of the starting material;
a detailed description of this will be presented in another
paper.

VI. CONCLUSIONS

In this study of evaluating the chemical compositions of
LiTaOj3 crystals, we implemented a standardized compar-
ison and evaluation of the tolerances for T and a, which
are determined independently by individual manufactur-
ers, through the Rayleigh-type Vigaw measured by the
LFB-UMC system.

We first measured Vigaw for 42°Y X-LiTaO; wafers
obtained from three crystal manufacturers, and then ex-
perimentally obtained the relationship between T and g
measured by the individual manufacturers. The relation-
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ship between Vigaw and Vgaw for 42°Y X-1LiTaO5 wafers
was obtained through numerical calculaticns based on the
cheihical composition dependences of the acoustical physi-
cal constants of LiTaOg crystals. The T and a can be con-
verted into values of the same parameter (Vogaw or Voaw)
using these relationships. As a result, we found that the
tolerance for a of £0.00002 nm is 1.6 times larger than the
tolerance for Ty of £3°C, thus clarifying one problem in
the current evaluation methods. However, we suggested se-
rious probleins associated with the measuring instruments
and conditions for To due to which the experimental re-
sults revealed a difference of 2°C between the Ty values
measured by two individual manufacturers. A standard-
ized tolerance of £0.04% for Vgaw corresponds to the fol-
lowing tolerances for each characteristic value: +1.6°C for
To, £6.4 % 10=% nm for @, and +0.% m/s for Vigaw. Us-
ing the statistical results of Ty and a for LiTaOjz crystals
manufactured by two manufacturers from 1999 to 2000,
we evaluated the crystals between the two mamifacturers
on the same scale of Visaw. This clarified the differences
in VLgaw or chemical composition for average crystal in-
gots from the two manufacturers as well as the differences
in the distributions among crystals that correspond to the
tolerances of individual manufacturers.

As described above, some problems in growing and eval-
nating crystals were clarified by examining the interrela-
tionships among various chemical and physical character-
istics using the LFB-UMC system and by evaluating the
crystals using the standardized scale of Vgaw. It is at least
necessary to perform evaluations at the top and bottom
sides of crystals to identify the variations and distribu-
tions within the crystals, Furthermore, it is important to
feed the evaluation results back to the growth conditions
to obtain more homogeneous crystals, and to provide such
results for users who fabricate SAW devices. Grown crys-
tals also should be evaluated under standardized eriteria
to supply crystal substrates with small variations in the
physical and chemical characteristics. To that end, we be-
lieve that this study will provide an important guideline for
standardizing the specifications for wafers. In addition, be-
cause the LFB-UMC system can be used to evaluate both
Rayleigh-type SAW device materials and SH-type SAW
device materials, we consider that this system is an im-
portant material evaluation technology that enables supe-
rior accuracy and a standardized evaluation of SAW device
materials.

Though we evaluated the chemical composition ratio as
an essential factor for determining the characteristics of
substrate materials in this study, other important prob-
lems associated with surface damage of the substrates,
which is considered to produce properties differing from
the bulk property, were not considered. A damaged sur-
face layer contains disorders introduced to the surface of
the substrates during glicing and polishing, such as sur-
face roughness, micro cracks, and ahomalous layers, This
is a more important problem, particularly for devices for
which the key material properties are within 1 pm of the
surface, such as SAW devices and surface waveguide-type
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optical devices. This influence is particularly significant
for SHE-band SAW devices, so it will be necessary in the
near future to consider not only the chemical composition
problems but also the influence from surface damage to
the substrates.
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