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Calibration of Curie Temperatures for LiTaO4
Single Crystals by the LFB Ultrasonic Material

Characterization System
Jun-ichi Kushibiki, Member, IEEE, Yuji Ohashi, and Naoyuki Mishima

Abstract—The line-focus-beam ultrasonic material char-
acterization (LFB-UMC) system is applied to a standard-
ized comparison and evaluation of the Curie tempera-
tures, Tg, exclusively used in evaluating the chemical
compositions of commercial LiTaQs crystals by measur-
ing the velocities of Rayleigh-type leaky surface acous-
tic waves (LSAWS), Visaw. We measured Vigaw and
Te(standardized) under the same T measurement con-
ditions for 36°Y X-LiTaOj3 single-crystal wafers produced
by four manufacturers and related the results to the
Tc(individual} measured by the individual manufacturers.
The relationships between Visaw and Te(individual) var-
ied from one company to another, and a single straight
line of the proportional relationship between Vigaw and
Tc(standardized) was obtained for all wafers regardless
of the manufacturer. These experimental results clarify
that the problem associated with T measurements lies in
the measurement conditions and the absolute accuracy of
the measurement instruments. Measurements of the center
frequencies of the actnral SH-type surface acoustic waves
(SAW) filter devices fabricated also are compared with
VLsaw measurements. A method of calibrating T using
this ultrasonic system is proposed to establish standardized
specifications of SAW-device crystal wafers.

I. INTRODUCTION

HE demand for surface acoustic wave (SAW) devices

has been rapidly increasing in association with the
recent proliferation of mobile communications systems.
Growing homogeneous crystals in a chemical composition
ratio is important for realizing high-performance SAW de-
vices; the performance of SAW devices depends on the
chemical and physical properties of the substrate materials
as well as on the device fabrication processes. A working
group in the International Electrotechnical Commission
(IEC) is currently developing standardized specifications
of piezoelectric single-crystal SAW wafers [1]. More strin-
gent quality control for single crystals, particularly their
chemical compositions, will be required when the specifica-
tions are established. Dependable specifications associated
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with the chemical compositions of crystal wafers and the
measuring methods must be set to ensure the crystal qual-
ity. However, single crystals are evaluated and selected af-
ter the mass production process of single crystals because
growing all crystals with the same chemical composition
ratio is technically very difficult and costly. The Curie tem-
perature, T, is closely related to the chemical composi-
tion ratio and has been widely used as an indicator for
evaluating the chemical composition ratios of LINbO3 and
LiTaQj single crystals. Almost all manufacturers presently
evaluate crystals by measuring T using differential ther-
mal analysis (DTA) [2] or differential scanning calorimetry
(DSC) [3].

It is fundamentally important in material evaluations
to consistently obtain the same measured values for iden-
tical specimens, even when different measurement instru-
ments or systems are used. Therefore, the same measure-
ment conditions, superior system stability (or measure-
ment reproducibility}, and calibration accuracy must be
ensured. We have been developing and applying accurate
material evaluation techniques using the line-focus-beam
ultrasonic material characterization (LFB-UMC) system
[4], [5]. We have improved the system [6], developed its
calibration method [7], [8], and applied it to evaluating
LiNhOj and LiTaOs single crystals [9]-[16]. The LFB-
UMC system was applied to measure LSAW velocities,
Wisaw, for 42%rotated Y-cut X-propagating (42°Y X-)
LiTaO3 wafers [17] in one of our previous reports [6]. Its re-
lationships to other chemical and physical properties (1¢,
lattice constant a, LiaO concentration A (LiyQ), and SH-
type SAW velocity Vsaw) were clarified, and a standard-
ized evaluation of the chemical compositions was demon-
strated. We then suggested that T values for wafer sub-
strates measured by different crystal manufacturers possi-
bly differed even though their elastic properties (Visaw)
were nearly equal. This was considered to have resulted
from either crystals grown with the same chemical com-
position ratio (or T} but different elastic properties or
crystals evaluated by different measurement instruments
and/or conditions for T, The primary cause of the for-
mer is associated with an insufficient poling process [9],
[12], (18], [19]; however, it is unlikely that single-crystal
manufacturers presently encounter this problem in view
of their extensive knowledge and experience. The latter
problems are very important factors in standardizing SAW
walfer specifications, but we know of no experiments that
focus on this difficulty. The relationship between Rayleigh-
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type Visaw and SH-type Vgaw alsc was obtained theo-
retically for 42°Y X-LiTaQOs wafers in the previous paper
[6]. However, it is linportant that the relationship between
Visaw and Vgaw 1s investigated experimentally because
Veaw was not studied directly.

This paper performs a standardized comparison and
evaluation of T¢ to evaluate the chemical compositions of
LiTa0Qy crystals through the Vigaw measured by the most
recently developed LFB-UMC system. The specimens eval-
uated are SH-type 36°Y X-LiTaOs single-crystal wafer
substrates [20] prodnced by four different manufacturers.
Commercially available ulira-high-frequency {(UHF) SAW
filters with interdigital transducers (IDTs) [21], [22] on
the wafer substrates then are fabricated, and the relation-
ship between their center frequencics and Vigaw Is inves-
tigated.

II. LFB-UMC SYSTEM

The measurement principle of the LFB-UMC system is
described in detail in the literature [4]. The mechanical sys-
tem, including the ultrasonic device and specimen, in the
recently developed systems is installed in a temperature-
controlled chamber to stabilize the measurement environ-
ment, i.c., the temperature of the water couplant [5]. A
specimen transfer system, a temperature-controlted pure-
water supply/drain system, and an automatic specimen
tilting stage also are provided. With this systemn, loading,
changing, and aligning specimens arc performed by remote
control to ensure efficient measurements by not disturbing
the stabilized measurement environment.

In this study, we use the latest LFB-UMC system we
have developed; this system has achieved the highest accu-
racy [6]. The systemn maintains a resolution of £0.0013%
for 20 (o standard deviation) in Vigaw measurements
at an arbitrarily chosen single point on a specimen surface
and of £0.003% over a two-dimensional scanning area of 75
i x 75 mm. The absolute accuracy of the Vigaw values
is about £0.01% after system calibration [7], [8] using a
standard specimen of 36°Y X-LiTaOj; plate prepared from
a crystal ingot grown with 48.50 LioO-mol% [23], [24].

ITI. EXPERIMENTS
A. Specimens

Two 36°Y X-LiTaO3 single-crystal ingots chosen ran-
domly from each of four manufacturers, A, B, C, and D,
were prepared for specimens. The ingots were grown by
the Czochralski method. Table I provides the dimensions
of the ingots produced by each manufacturer. The diame-
ters of the ingots of manufacturers A and B were 76 mm,
and those of manufacturers C and D were 100 mm. Three
wafers were sliced out of the top, middle, and bottom of
each ingot. Two of the three wafers cut from each part
were used for Vigaw measurements, and the other was

TABLE 1
DIMENSIONS OF 36°Y X-L1Ta03 SINGLE-CRYSTAL INGOTS FOR
MANUFACTURERS A, B, C, axD D.

Crystal Diameter Length
No. [mm] [mm]
A-1 76 65
A-2 76 65
B-1 76 102
B-2 76 86
C-1 100 &0
C-2 100 94
D-1 100 78
D-2 100 79

used for SAW device fabrication. The wafers were approx-
imately 0.35-mm thick with only one side optically pol-
ished. Manufacturers A and C regularly measure T¢ at the
top and bottom parts of their crystals, and manufacturer
G additionally measured it at the middle part specifically
for these experiments. Manufacturer B normally does not
make T¢ measurcients, but the manufacturer had them
conducted at the top, middle, and bottom parts of the
crystals by a third party for these experiments. Manufac-
turer D usually measures Ty; only at the bottom. The spee-
imens used for the T measurements by individual manu-
facturers were taken out of the parts of the ingots either
next to or close to the parts from which the wafers for the
Visaw measurements were sliced.

B. LSAW Velocities

We measured the velocities of LSAWs propagating
along the erystallographic X axis with the LFB-UMC sys-
tem at five measurcment points positioned at intervals of
10 mm over a range of £20 mm in a diameter direction
parallel to the X axis for the two waler specimens sliced
from the top, middle, and bottom parts of each crystal in-
got. The specimens used for this measurement were thin,
approximately 0.35 mm; serious effects of the waves re-
flected from the back surface of the specimens could thus
occur in the V(z) curve measurements [25]. Moving aver-
age processing was applied to the frequency dependence
of Vigaw measured at (.5-MHz steps over a range of 215
to 235 MHz to eliminate these effects, and the system was
subsequently calibrated [7] to obtain the final measured
values.

Fig. 1 shows the results of Vigaw distributions mea-
sured on the wafers of each manufacturer. Very small
Visaw variations were chbserved in each crystal ingot be-
tween two wafers that were cut adjacently at the top, mid-
dle, and bottom parts of the crystal, exhibiting very similar
profiles. However, relatively large differences were detected
between the two wafers from the middle part of the D-2 in-
got. The Vi gaw variation on each waler was within 0.3 m/s
except on the middle-1 wafer of the D-2 ingot. The differ-
ences among the wafers of the four manufacturers were
about 5 m/s. A small Vgaw distribution difference of less
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Fig. 1. LSAW velocity distributions for 36°Y X-LiTaO3; wafers prepared from eight ingots produced by mamufacturers A, B, C, and D,

provided in Table I.

than 0.5 m/s was observed for the ingots of manufactur-
ers A and B; but significant differences of about 1.0 m/s
and 1.8 m/s were obtained for the ingots of manufacturers
C and D. The measured Vigaw for almost all the ingots
tended to increase from the top to the bottom wafers. Sig-
nificant Vigaw differences between the middle and bottom
wafers were observed in the D-1 and D-2 ingots in partic-
ular.

C. Curie Temperatures

1. Conditions of Individual Manufacturers; Table II
shows the measurement systems and conditions of T for
individual manufacturers. Manufacturers A, B, and C use
thermal analysis methods; manufacturer I adopts a ca-
pacitance (permittivity) measurement method. The heat-
ing rate and weight and particle size of the samples also
vary from one manufacturer to another. The T was mea-
sured for the samples taken from the parts of ingots close
to the wafers used for V gaw measurements. The sampling
was made at two positions (top and bottom) of the ingots
from manufacturer A, at three positions (top, middle, and
bottom) for those from manufacturers B and C, and only
at the bottom for those from manufacturer D.

Fig. 2 shows the results of the measured T (individual)
by the manufacturers, plotted against the average Visaw
obtained in the preceding section for corresponding wafers
sliced from nearly the same crystal ingot parts as the T
was sampled. Approximated straight lines for each set of
the samples of individual manufacturers were derived as
the solid lines by the least-squares method, and an ap-
proximated straight line fitted to the data for the entire
set of samples is represented by a dotted line. Fig. 2 indi-
cates that T (individual) measured by each manufacturer
is proportional to Vpogaw measured on the corresponding
wafers produced by the same manufacturer, although the

610
608 |
606 |

604 |

individual) [°C]

o802 |

600 |

T B B B T B R
3125 3126 3127 3128 3128 3130 3131
LSAW VELOCITY [m/s]

Fig. 2. Measured relationship between LSAW wvelocities, Vigaw, and
Curie temperatures, T (individual), measured by individual manu-
facturers for 36°Y X-LiTaO3 wafers produced by manufacturers A,
B, C, and D, Approximated lines obtained by the least-squares fit-
ting are shown as solid lines in each set of results and as a dotted
line in all results.

slopes of the approximated straight lines differ. The single
straight line, T = 1.6936 - Vogaw — 4691.2, for the data
of all four manufacturers is represented with temperature
deviations of —2.5°C to 1.4°C.

2. Standardized Conditions: The To({standardized) was
measured under the standardized conditions presented in
Table IIT for one of the two top, middle, and bottom
wafers of each manufacturer for which Vigaw was mea-
sured. The wafers around the central part in an area ap-
proximately 10 mm x 10 mm were ground into powder,
and the powder was passed through a 100-mesh sifter.
Fifty milligrams of the sifted powder was used for the mea-
surement. The relationship between T (standardized) and
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TABLE II
MEASUREMENT SYSTEMS AND CONDITIONS OF T (INDIVIDUAL) FOR MANUFACTURERS A, B, C, aAND D.
A B C D
Method DTA DSC DTA Capacitance measurement
Instrument Rigaku Mac Science  Rigaku Seiko Instruments
TG-810 DSC 31008 TG-8120 TMA-300
Heating rate 10°C/min 20°C /min 40°C/min 3°C/min
Atmosphere Nz Air Air Air
Weight or size of
sample (LiTaO3) 15 mg 104 mg 112 mg 3x 10 % 0.5 mm
Particle diameter of 520 pm
sampie As powdered {35 mesh) As powdered —
Weight of reference
(Alz03) 15 mg 104 mg 51 mg —
TABLE IIT T
MEASUREMENT SYSTEM AND CONDITIONS OF T (STANDARDIZED) 610 |- ]
FOR A STANDARDIZED EVALUATION.
o608 | 1
Method DSC =
Instrument Seiko Instruments 2 606 L B J
DSC6200 8 i B i
Heating rate 10°C/min & L
Atmosphere N» flow 'E 604 N y b
{100 ml/min) 8 [
Weight of sample (LiTaO3) 50 mg & 602 [ ° A ]
Particle diameter of 180 pm v 0 [
sample (100 mesh} r ]
Weight of reference (AlaOgz) 27 mg 600 |- E
NN SR | 1 ! 1 )

the average Visaw is shown in Fig. 3. In contrast to the
results given in Fig. 2, the relationship obtained for all
the manufacturers is represented by a single straight line,
Tc = 1.7317 - Vpsaw — 4809.6, with temperature deviations
of —0.5°C to 0.9°C. The results obtained for manufacturer
D in Fig. 3 deviated somewhat from the line due to the
greater distributions in the ingots compared with those
from the other manufacturers. These results clarify that
the differences among the manufacturers seen in Fig. 2 are
caused by different measurement conditions and/or mea-
surement systems for T (individual).

D. Center Frequencies of SAW Filters

We fabricated 1.9 GHz-band SAW filters [26] on the
third wafers sliced from the crystal positions next to the
other wafers used for the Vpgaw measurements described
in Section III-B. The devices were 2628 chips on the 76-
mm® wafers produced by manufacturers A and B, and
21428 chips on the 100-mm? wafers produced by manu-
facturers C and D. Al films with a nominal thickness of
145 nm were deposited by direct current (DC) magnetron
sputtering as electrode material. The center frequencies,
Je, defined as the mean frequency between two lower-side
{(fr.) and upper-side {fy) frequencies at a 15-dB down level
with reference to the minimum insertion loss in the fre-
quency characteristics, that is, fo = (fu + fu)}/2, were
measured for each SAW filter chip. Measured f. values

3125 3126 3127 3128 3129 3130 3131
LSAW VELOCITY [m/s]

Fig. 3. Measured relationship between LSAW velocities, VLsaw, and
Curie temperatures, To(standardized), measured under the stan-
dardized measurement conditions shown in Tabie 111 for 36°Y X-
LiTaO3 wafers produced by manufacturers A, B, C, and D. Approx-
imated lines obtained by the least-squares fitting are shown as solid
lines in each set of results and as a dotted line in all results.

o R
¢ 3

were distributed from +20 = i2.32 MHz to £3.86 MHz
for all the wafers, although the nféasurement reproducibil-
ity of f. for one chip was =2¢ = +0.14 MHz. Fig. 4 depicts
the relationship between the average center frequency of
the SAW devices on each wafer and the average value of
the measured Visaw obtained for the other two adjacent
wafers. An approximated straight line was obtained by the
least-squares fitting to each set of the results and is repre-
sented by a solid line, and that forall the data, by a dotted
line. The slopes of the solid lines for the individual manu-
facturers range from 0.72 MHz/(m/s) to 1.00 MHz/(m/s),
and that for the dotted line is 0.52 MHz/(m/s); the data
for the wafers of manufacturer D are more broadly dis-
tributed. One wavelength of the SAW filters was about
2.18 pm; thus, the relationship of the ratio of a change
in fo to a unit change in Vsaw at an ultrasonic fre-
quency around 1880 MHz is approximately 0.46 MHz/(SH-
SAW-m/s). The relationship between the effective Vaaw
(the intermediate velocity between the short and open
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states) and Vigaw for 36°YV X-LiTaOs, 1.47 (SH-SAW-
m/s){LSAW-m/s), was converted to the relationship be-
tween Vogsaw and f. through calculations that resulted in
(.67 MHz/{LSAW-m/s). The slopes of the dotted and solid
lines in Fig. 4 are close to this value, thus indicating that
the center frequency of the filter varies with the acoustic
properties {(Vsaw or Vigaw) of the substrates. It can be
understood that the homogeneity in the acoustic proper-
ties, correspouding to the chemical composition, is one of
the important factors for improving the device yields.

The average measured values appeared to vary signif-
icantly (from —0.72 MHz to 1.64 MHz) from the dot-
ted line, compared to the results for To(standardized) in
Fig. 3. Furthermore, there were much greater distribu-
tions of f. on the wafers (maximum 20 = 3.86 MHz).
The Visaw variations of £20 = £0.06 m/s to £0.20 m/s
measurced on each wafer of the individual manufacturers
yielded corresponding f. variations of £2¢ = £0.03 MHz
to +=0.10 MHz, converted by using the relationship of
0.52 MHe/(LSAW-m/s) in Fig. 4. This indicates that the
variations of f. of the inhomogeneity of the wafer sub-
strates themselves as well as of the measurement repro-
ducibility (20 = 0.14 MHz) contribute less to the measure-
ments. Therefore, the substantial f. variations obtained on
the wafers in Fig. 4 are considered to be primarily associ-
ated with the device fabrication processes, such as distri-
butions in the thickness of Al films and in the electrode
width.

IV. Di1SCUSSIONS
A. Evaluotions of Crystals by Individual Manufacturers

Table IV presents the relationships between Vigaw for
36° Y X-LiTaO3z wafers and the values of other chemical
and physical properties. These were obtained using the
chemical composition dependences of the acoustical plysi-
cal constants for LiTaQOj3 crystals reported in the literature
[23], [24] and the relationship hetween M (Li»O) and T¢ in
the literature [27]. The measured Vigaw distributions in
Fig. 1 and the distributions of M (Li;O) and Vgaw caleu-
lated from the conversion coefficients in Table IV are sum-
marized in Table V. The Vi gaw variations on the wafers
were within 0.27 m/s, except for the value of 0.49 m/s for
manufacturer D. The maximum Vygaw variations in the
crystal ingots produced by manufacturers A and B were
about 0.5 m/s; the larger Vigaw distributions were ob-
tained in the crystal ingots produced by manufacturers C
and D, with maximum variations of 0.95 m/s and 1.80 m/s.
The Vigaw distributions for wafers of manufacturers A,
B, and C were about 1 m/s, and the distribution among
the wafers of manufacturer D was significantly larger, al-
most twice that of the other manufacturers. A tolerance
of +0.04% for SAW velocities [28] corresponds to a toler-
ance of £1.69 m/s for SH-type Vsaw (surface-free velocity
4214 m/s) for 36°Y X-LiTaOz wafers. The distributions for
the wafers produced by each manufacturer, the distribu-
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Fig. 4. Measured relationship between LSAW velocities and the cen-
ter frequencies of SAW filters for 36°Y X-LiTaO3 wafers produced
by manufacturers A, B, C, and D. Approximated lines obtained by
the least-square fitting are shown as solid lines in each set of results
as a dotted lipe in all results.

TABLE IV
RELATIONSHIPS BETWEEN LSAW VELOCITIES AND OTHER
CHEMICAL AND PHYSICAL PROPERTIES FOR 36°Y X-L1TAaOg3
WAFERS.

Conversion coefficient
0.044 mol%/(LSAW-m/s)

1.71°C/(LSAW-m/s)
1.87 (SAW-m/s}/(LSAW-m/s)

Lip O content
Curije temperature
SAW velocity

tions in the ingots of each mamufacturer, and the distribu-
tions among the wafers of manufacturers A, B, and C were
all within this tolerance, but the distributions among the
wafers produced by manufacturer D exceeded it.

We assessed the distributions in the ingots, i.e., the dis-
tributions along the pulling axis. The Vigaw in any ingot
tended to increase from the top part of the crystal to the
bottom. This tendency indicates that A (LizO) increases
from top to bottom, considering the relationship between
the VLSA\V and A’I(LiQO), 0.044 (LigO*H‘lOl%)/(LSA\V—
m/s), in Table TV. The increases in M (Li;O) were esti-
mated to be the smallest in the ingots of manufacturer B
(0.007 mol% to 0.011 mol%), and the largest in the ingots
of manufacturer D (0.061 mol% to 0.080 mol%), as indi-
cated in Table V. These results signify that the M (Li,0)
in the melts is greater than that corresponding to the true
congruent composition, and that the melt composition dif-
fers significantly from the congruent composition, partic-
ularly in the ingots of manufacturer D [15]. The compen-
sation of M(Liz0) in the melt compositions of each man-
ufacturer was estimated in order to make the chemical
composition of crystal ingots produced by each manufac-
turer as close to the congruent composition as possible.
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TABLE V
VARIATIONS OF MEASURED LSAW VELGCITIES, Vigaw, ESTIMATED SAW VELOCITIES, Vsaw, AND ESTIMATED LigQ CONTENTS, M(L120),
rOR 36°Y X-TaTa0O; WAFERS.
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Visaw Vsaw M{LizO}

Sample [rm/s] [m/s]| [mol%)]
On wafers A 008~023 015~ 043 0004 ~ 0010

B 008~020 0.15~0.37 0004~ 0.009

C  0.07 ~0.27 0.13 ~0.50 0,003 ~ 0.012

D 005~049 009~ 91 0.002 ~ 0.022
In ingots A 033 ~048 061 ~089% 0.015~ 0.021

B 017~024 032~045 0.007 ~ 0.011

C 026 ~095 048 ~1.78 0.011 ~ 0.042

D 138~18) 258~ 336 00681~ 0080
Among wafers A 0.80 1.50 0.035

B 0.84 1.57 0.037

C 1.14 2.13 0.050

D 2.04 3.80 0.090

TABLE V1
COMPENSATION OF LIsQO CoxTENT IN THE MEgL! COMPOSITIONS TO
GROW A MORE HOMOGENEOUS CRYSTAL FOR EACH INGOT.

Crystal  dM{LipO)/dL C(Liz0)
No. [%x10~% mol%/mm]  [LizO-mol%)]
A-1 0.224 —0.034
A-2 0.325 —0.049
B-1 0.073 —0.011
B-2 0.123 —{.019
C-1 0.144 —0.022
C-2 - 0.449 —{.068
D-1 1.021 —0.155
D-2 0.774 —0.117

The estimation method proposed in the literature [29] is
given in the following equation:

C{Lis0) = o x AM(Liz0)/dL, (1)

where « is the coefficient of 152 LixO-mol%/(Li2O-
mol%/mm) and dM(Li;O)/dL is the derivative of
M (1i2Q) with respect to the crystal ingot length L from
top to bottom in each ingot along the pulling axis. The
results are given in Table V1. The negative signs indicate
decreasing M (LiO). The very minor compensations of less
than 0.02 LizO-mol% required for the ingots of manufac-
turer B, as well as the substantial compensations of more
than 0.1 LizO-mol% for manufacturer D, were determined
through highly accurate evaluations using the LFB system,
which is a very reliable feedback guideline for producing
more homogeneous crystals.

Crystals A-1 to C-1 exhibited relatively small Vi gaw
variations along the crystal pulling axis, as clarified by the
distributions in Fig. 1. However, Vrgaw variations greater
than 1 m/s were observed in crystals C-2 to D-2 along the
crystal pulling axis as Vpgaw increased. It is very interest-
ing to note that, among these tendencies, the crystal ingots
of manufacturer A seem to exhibit slightly greater varia-
tions along the crystal pulling axis than those of manufac-
turer B, for which the Visaw values were slightly smaller

than those for manufacturer A. The ingots of manufacturer
D exhibit remarkable variations along the pulling axis and
the diameter axis. These observations may indicate that
factors other than the melt composition, such as differ-
ences in the growth conditions or furnaces, are involved in
producing slightly different acoustic properties in crystals.

B. Calibration of Curie Temperafures

The measured ¢ values obtained through thermal
analysis methods are thought to be affected by two factors:
system calibration accuracy, such as the absolute accuracy
of thermocouples in temperature measurements, and the
measurement conditions, such as the heating rate and the
particle diameter and weight of powdered specimen and
reference materials. In general, the measured T increases
as the heating rate increases. A temperature distribution
is thus created in the specimen as all the reactions are ob-
served with a time delay. In addition, the measured tem-
peratures shift higher as the weights of specimens increase
[2]. Comparing the heating rates of each manufacturer and
the weights of powdered specimens and reference materials
given in Table 11 leads us to expect that the T¢ measured
for identical samples will increase in the order of manu-
facturers A, B, and C. This trend among the results for
the three manufacturers can certainly be seen in Fig. 2 by
a comparison with the dotted line representing the linear
relationship between Vigaw and T. In contrast, a com-
parison of the measurement conditions (i.c., heating rate
and the sample weight) of each manufacturer in Table 11
with standardized conditions in Table 11T suggests that T
mecasured under the conditions of manufacturer A will be
lower than that under the standardized conditions, and
that 7¢ measurcd under the conditions of manufacturers
B and C will be higher than that measured under stan-
dardized conditions. From Figs. 2 and 3, the results for
manufacturers A and C are as we expected. However, the
results for manufacturer B are contrary to the trend ex-
pected from the measurement conditions, indicating that
T for manufacturer B in Fig. 2 is slightly lower than that
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in Fig. 3. The causes of this result probably include the
calibration accuracy of the instruments used as well as the
measurement conditions. A different measurement method
adopted by manufacturer D (a capacitance measurement)
also is considered to cause some differences in the absolute
accuracy of T¢.

It is difficult to compare the chemical compositions of
crystals produced by different manufacturers on the same
T¢ scale because the manufacturers adopt different mea-
surement methods and various measurement conditions,
and the absolute accuracy of their systems is insufficient.
However, it is very important to identify the primary fac-
tors that affect the measured T values and to estab-
lish specific measurement conditions for T¢ in order to
standardize the specifications of piezoelectric single-crystal
wafers for SAW devices. It is particularly impracticable to
establish specifications for supplying wafers to users who
design and produce SAW devices when the measurement
conditions may introduce an uncertainty of a few degrees
centigrade while the tolerance of T¢ is £3°C, as seen in
Fig. 2. It is also important to establish measurement pro-
cedures for a proper system calibration method to obtain
an accurate, absolute temperature, iﬁdluding use of a ther-
mocouple, and to calibrate the system regularly.

Although absolute accuracy is important in calibrating
a system, ensuring sufficient measurement reproducibil-
ity is even more important. The total measurement er-
ror probably will increase when the measurement repro-
ducibility of T¢ is about £1°C, considering absolute ac-
curacy. In contrast, the measurement reproducibility for
Visaw exceeds £0.002% and the absolute accuracy is
about +0.01%, which correspond to +0.1°C and +0.5°C
for To. The relative accuracy and absolute accuracy of
Visaw are considerably greater than those of T. There-
fore, individual T, measurement systems can be accurately
calibrated using Te converted from Vigaw measured by
the LFB-UMC systemn as the reference. Specifically, this
can be done by measuring Vigaw with the LFB-UMC sys-
tem and measuring T¢ with the instruments to be cali-
brated, such as DTA and DSC systens, to evaluate single
crystals grown by individual manufacturers. The relation-
ship between the two measurement results {the calibration
line) then can be obtained. Calculations can be made to
convert Vi,gaw into Vsaw, if necessary, as described in Sec-
tion IV-A. The conversion coefficient between Vigaw and
Tc is given in Table IV. Grown crystals can be evaluated
by the velocities of Veaw or Vgaw converted from the
measured 7 by using the relationship between Tg deter-
mined in this way and Vzaw (or Visaw). The specimens
used to determine the previous relationships can be used
thereafter as reference specimens. The availability of mul-
tiple instruments for T measurements enables us to mea-
sure the differences in T values with different instruments
to be calibrated by measuring the reference specimens. The
total performance of T measurement instruments’ proba-
bly will vary with time. It is thus necessary to calibrate
systems regularly using the reference specimens discussed
previously.
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C. Euvalualion of the Fabrication Process Conditions
of SAW Devices

The results in Section I1II-D indicated some serious
problems associated with device fabrication processes
other than the chemical composition problem of the wafer
substrates. The device fabrication processes are roughly
divided into two categories, the metal film formation pro-
cess and the electrode pattern formation process, which
are directly Telated to the metal film thickness and the
electrode width. The distribution of Al film thickness af-
ter film formation was examined by X-ray fluorescence
analysis. Measurements were conducted at five positions
(the center of the wafer, the upper and lower sides, and
the right and left sides 20 mm from the center) for a
20-mm? area. The measurement reproducibility was es-
timated to be £2¢ = £0.56 nm. The average Al film thick-
ness was about 135 nm, and the thickness distributions
were +20 = £1.0 nm on the wafers and +1.8 nm among
the wafers. We calculated the Vgaw dispersion characteris-
tics for the Al film on 36°Y X-LiTaO3 substrate using the
acoustical physical constants in the literature for LiTaOj3
[23], [24] and Al [30], according to the analytic procedures
[31]-{33], to estimate the contribution of the film thickness
distribution. The velocity variation to the thickness was
—0.28 {m/s)/nm around fz = 254 Hz-m for f = 1883 MHz
and H = 135 nm; a thickness variation of £1.8 nm cor-
responds to a measured f. variation of £0.24 MHz. This
value is very small compared to the f, variations (max-
imum 1.64 MHz} from the dotted line in Fig. 4 and the
fo distributions {maximum 3.86 MHz) on the wafers. This
indicates that we should consider the influence of distri-
butions in the electrode width in the IDTs on each wafer
as another factor, The distributions in electrode width are
related to changes in the process conditions {exposure, de-
velopment, and etching) when forming electrode patterns.
Therefore, variations in the measurements are primarily
problems associated with slightly different IDT fabrication
process conditions.

The f. distributions on the wafers described previcusly
(+£2¢ = +2.32 MHz to +3.86 MHz) correspond to about
a 90% to 70% yield when a rigorous tolerance for f, for
example, £0.1% (+1.9 MHz), is required for the devices.
However, the variations in the chemical composition of
the wafer substrates actually reduce the yield, as seen
in Figs. 3 and 4. Wafer substrates with elastic inhomo-
geneities within £0.04% (1.69 m/s) in Vaaw (surface-free
velocity), which corresponds to £0.90 m/s in Vesaw, also
might contribute an f, distribution of +0.47 MHz on the
measurements. The additional f. distribution can be esti-
mated to be £0.91 MHz, which is almost twice as large as
that previously, if we use wafer substrates with a tolerance

‘of £3°C in Tg [1], ‘corresponding to +1.75 m/s in Vigaw.

From the technical aspect of designing and producing de-
vices, it is irpportafr:lt to establish the crystal growing con-
ditions around the true congruent composition reported in
a previous paper [29] and also discussed previously. Device
makers then will not need to concern themselves with the
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elastic properties of the crystals and will be able to con-
centrate on improving the device fabrication conditions,
particularly the electrode patterning process, which is the
primary factor in f, distributions.

V. CONCLUSIONS

This paper compared and evaluated the conditions for
measuring T, which is widely used to evaluate the chemi-
cal compositions of LiTaQj single crystals, using Rayleigh-
type Vogaw measured by the LEB-UMC system.

The Visaw distributions were first measured for
36°Y X-LiTaO3 wafers produced by four different man-
ufacturers for SH-type SAW devices. Our measurements
revealed the relationships between T (individual) mea-
sured by the individual manufacturers and Vigaw to be
linear. However, the proportional coefficients and abso-
lute accuracies of Tiz(individual) differed among the man-
ufacturers. The relationship between Tg{standardized)
and Vigaw was expressed by a single straight line when
Tc(standardized) was measured under constant measure-
ment conditions, with no significant differences among
manufacturers. These results experimentally verify that
problems in Tz measurements arise from the measurement
conditions and/or the absolute accuracy of the measure-
ment instruments.

Unsolved problems concerning evaluations of crystals
through current T measurements were identified with
accurate standardized evaluations using the LFB-UMC
system. The criteria for the chemical composition ratios
of crystals must correspond to the tolerance of T to
standardize the specifications of piezoelectric single-crystal
walfers for SAW devices. The results of the experiments in
this paper demonstrate that it is crucial to not only es-
tablish the T tolerance, but alsoc to institute a proper
Te calibration method to ensure the absoluie accuracy
of measured data. The ultrasonic technology of the LFB-
UMC system is capable of measuring Visaw (or converted
Vsaw) with excellent measurement reproducibility. Thus,
it will play a key role in realizing future SAW devices at
higher frequencies with superior performance, not only by
evaluating and selecting better wafer substrates but also
by calibrating measurement systems for T data needed
for chemical composition analyses.

To better evaluate the wafer substrates for SAW devices
using the LFB-UMC system, we compared the relationship
between the Rayleigh-type Visaw and SH-type Vsaw ob-
tained through experiments fabricating commercial SAW
filters and measuring their center frequencies and through
numerical calculations and found that they coincided well.
This indicates that SH-type Vsaw variations caused by
changes in the chemical composition ratio in crystal sub-
strates can be detected and accurately evaluated as Visaw
variations. We also verified that changes in the chemi-
cal composition ratio in the substrate and changes due
to differences in the device fabrication process {thickness
or width of the electrode) can be detected separately by
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accurately obtaining the elastic property (Visaw) of each
substrate in advance. This indicates that problems in the
production process for SAW devices exert the most influ-
ence on the device characteristics in a practical production
line, rather than problems associated with the elastic inho-
mogeneities of wafers. This information will be very useful
for improving device fabrication conditions and increasing
productivity.
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