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Abstract—We prepared standard specimens for the line-
focus-beam ultrasonic material characterization system to
obtain absolute values of the propagation characteristics
(phase velocity and attenuation) of leaky surface acous-
tic waves (LSAWSs). The characterization system is very
useful for evaluating and analyzing specimen surfaces. The
calibration accuracy of these acoustic parameters depends
on the accuracy of acoustical physical constants (elastic
constants, piezoelectric constants, dielectric constants, and
density) determined for standard specimens. In this paper,
we developed substrates of nonpiezoelectric single crystals
(viz., gadolinium gallium garnet [GGG], Si, and Ge) and
an isotropic solid (synthetic silica [SiO2] glass) as standard
specimens. These specimens can cover the phase velocity
range of 2600 to 5100 m/s for Rayleigh-type LSAWSs. To
determine the elastic constants with high accuracy, we mea-
sured velocities by the complex-mode measurement method
and corrected diffraction effects. Measurements of bulk
acoustic properties (bulk wave velocity and density) were
conducted around 23°C, and bulk wave velocities were ob-
tained with an accuracy of within £0.004%. We clearly de-
tected differences in acoustic properties by comparing the
obtained results with the previously published values; the
differences were considered to be due to differences of the
specimens used. We also detected differences in acoustic
properties among four SiOz substrates produced by differ-
ent manufacturers.

I. INTRODUCTION

E developed the line-focus-beam ultrasonic material
"‘ v characterization (LFB-UMCQC) system [1], [2]. The
system evaluates and analyzes materials with high accu-
racy by measuring the propagation characteristics (viz.,
phase velocity and propagation attenuation) of leaky sur-
face acoustic waves (LSAWSs) excited and propagated on
the surface of water-loaded specimens. This system has
been applied to evaluate bulk materials such as LiNbO3
and LiTaOj3 single crystals, and glasses, thin-film mate-
rials, and fabrication processes of electronic devices, suc-
cessfully demonstrating its usefulness [1]-[30].
We intensively investigated its relative and absolute
measurement accuracy. A relative accuracy of +0.002% at
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a single chosen point and of +0.004% in a two-dimensional
inspection area of 200 mm x 200 mm were attained by
developing stable electrical circuits and high-precision me-
chanical systems, stabilizing temperature environments,
and measuring the water couplant temperature with high
accuracy [2]. However, the use of different ultrasonic de-
vices and different frequencies in measurements could re-
sult in significant differences in measured values of prop-
agation characteristics obtained [31]. Because of this, the
system must be calibrated when the absolute values of
LSAW propagation characteristics need to be obtained, as
in determining elastic constants using the LFB-UMC sys-
tem [6], [10], [23]-[26], [32], [33]. For this purpose, we pro-
posed a system calibration method using standard spec-
imens [31], [34]. The system is calibrated by measuring
acoustical physical constants (elastic constants, piezoelec-
tric constants, dielectric constants and density) for stan-
dard specimens, and comparing measured values of LSAW
propagation characteristics with the theoretical ones cal-
culated using the constants determined. Therefore, it is im-
portant in this method to measure the acoustical physical
constants precisely. Recently, we investigated the complex-
mode measurement method in bulk wave velocity measure-
ments. We also investigated a method to correct diffrac-
tion effects in velocity measurements and demonstrated
that velocity values with nearly six significant figures can
be obtained in the very high frequency (VHF) range [35].
This accuracy will contribute greatly to preparing stan-
dard specimens with higher accuracy.

This paper describes highly accurate measurements of
acoustic properties of three nonpiezoelectric single crys-
tals (gadolinium gallium garnet [GGG], Si, and Ge) and
an isotropic solid (synthetic silica [SiOg] glass) as stan-
dard specimens. Bulk acoustic properties of longitudinal
and shear wave velocities, and densities are measured for
the specimens around room temperatures, and their elastic
constants and temperature dependences are obtained.

1I. BuLK AcousTic PROPERTIES

For nonpiezoelectric materials, the elastic constant c is,
in general, related to the density p and the velocity V in
the following equation:

c=pV2 (1)
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An isotropic solid, such as SiOs glass, has two indepen-
dent elastic constants, ¢11 for longitudinal waves and c44
for shear waves. Nonpiezoelectric cubic crystals, such as
GGG, Si, and Ge, have three independent elastic con-
stants, ci1, c12, and csq. These three elastic constants
can be determined accurately by measuring the [100]-
propagating longitudinal velocity Vy[199) and shear velocity
Vi100], the [111]-propagating longitudinal velocity Vii1y),
and the density, and using the following equations {31]:

‘11 = PVKZ[mo]v @
caa = pVi100) and )
c11 + 2c12 + 4cas = 3pVji ) (4)

I11. MEASURING METHODS

To accurately determine the elastic constants, we must
measure the velocity and density with high accuracy. The
methods of measuring these parameters are as follows.

A. Bulk Wave Velocities

The velocity of bulk waves is obtained by measuring the
amplitude and phase of radio frequency (RF) tone burst
signals in the composite ultrasonic transmission line using
the complex-mode measurement method. The measure-
ment method and system are described in detail elsewhere
[35]. The experimental arrangement is illustrated in Fig. 1.
The plane-wave ultrasonic device employed here consists
of a cylindrical buffer rod of synthetic SiOy glass with a
transducer fabricated on one end of the rod. A ZnO piezo-
electric film transducer made by DC diode sputtering [36]
was used for the longitudinal wave measurement, and an
X-cut LINbO3 transducer bonded to the rod, for the shear
wave measurement. Coupling materials are pure water for
longitudinal waves and salol (phenyl salicylate) for shear
waves. Salol bonds the buffer rod and a specimen with a
thickness of less than 1 um, typically 0.2 to 0.5 pm.

In the longitudinal wave velocity measurements, a pure
water layer is established with a certain distance, here typ-
ically 0.8-1.0 mm, between the SiOg buffer rod and the
specimen, so the reflected pulse signals from the buffer
rod end, Vi, can be separated from the reflected pulse sig-
nals from the front surface (V3) and back surface (V3) of
the specimen in the time domain. By measuring the phase
shift of V3/Va, ¢, and the thickness of the specimen h, we
obtain the bulk wave velocity of the specimen, V,, by the
following equation:

2wh

V= -t (5)

where w is the angular frequency, and A# is the difference

between the phase advances of signals Vs and V3 caused
by diffraction.

In the shear wave velocity measurements, additional

phase shift occurs when shear waves transmit through or
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Fig. 1. Experimental arrangement for bulk velocity measurements of
solid specimens using bulk ultrasonic RF pulses.

reflect on the bonding layer because Vi signals cannot be
separated from V3 signals in the time domain. The ef-
fect of this phase shift, fp1,, on the velocity measurement
must be corrected. gy, is contained in the phase shift ¢ to
be measured. It can be calculated using the acoustic pa-
rameters (velocity, attenuation coefficients, and density)
of the bonding layer and by estimating the layer thickness
by comparing measured and calculated frequency depen-
dences of the reflection coefficient at the boundary between
the SiOs buffer rod and the bonding layer. Thus, the shear
wave velocity is given by
2wh

‘/S:—qs«wae—aBL' (6)

To obtain accurate velocity, effects of diffraction must
be corrected. Af is corrected through numerical calcula-
tions using the exact integral expression of diffraction [35],
[37]. This expression is applied to calculate diffraction in
a homogeneous medium during the propagation of longi-
tudinal waves. Diffraction in an isotropic solid during the
propagation of shear waves was reported to be approxi-
mately the same as that of longitudinal waves when ka
(k, wave number; a, transducer radius) was larger than
100 [38]. As this condition applies to the measurements
in this paper, diffraction during the propagation of shear
waves is corrected with the same method as that of longi-
tudinal waves. It also was reported that diffraction in an
anisotropic solid is equal to that in an isotropic solid using
the distance multiplied by (1-2b), where b is the anisotropy
parameter {39]. For [100]- and [111}-propagating longitu-
dinal waves in crystals belonging to the cubic system, b is
given by the following equations in the literature [40]. For
[100] propagation:

b (c11 — c12 — 2¢44) (c11 + 012). ()

2¢11 (611 — 044)
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Fig. 2. Schematic view of the digital length gauging system.

For {111] propagation:

2 (—e11 + c12 + 2¢44) (C11 + 212 + €44)

b=
3 (c1z + caa) (c11 + 212 + 4cqq)

(8)

It is important to measure the thickness of the speci-
mens precisely because the measurement accuracy of bulk
wave velocities depends mainly on the measurement ac-
curacy of the specimen thickness. Thickness is measured
by a contacting method with a digital length gauging sys-
tem with an optical encoder (CERTO CT2501, DR. JO-
HANNES HEIDENHAIN GmbH, Traunreut, Germany).
The resolution of the gauging system is +0.005 pm. To
ensure a stabilized measurement environment, the gaug-
ing system is placed on a vibration isolation system in
a temperature-controlled chamber, in which the tempera-
ture is controlled at 23£0.1°C. Fig. 2 shows a schematic
view of the gauging system. To reduce measurement er-
rors caused by slight warps of the specimen surface, a
special optical flat modified with a circular disk post of
8-mm diameter and 50-um height formed by etching, as
shown in Fig. 2, was devised so that the area contacting
the specimen was reduced. The optical flat is securely fas-
tened to a base plate of the gauging system by a vacuum
pump. The reproducibility of the measurement is approx-
imately £0.02 pm. In these measurements, strain might
occur when the measuring contact touches the optical flat
or the specimen and that may result in erroneous measure-
ment values. To prevent this, we must consider the strain
d;5 introduced by the Hertzian contact, which is expressed
in the following equation [41]:

/91 [1-02 1-02\°_,
512‘\/EFO< 2 +E—2) P 9)

where Ry is the curvature radius of the head of the measur-
ing contact, o; is the Poisson ratio, E; is Young’s modulus,
and P is the measurement force. Subscripts 1 and 2 de-
note the measurement contact and the optical flat or the
specimen measured, respectively. When the material of the
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optical flat differs from that of the specimen to be mea-
sured, we should introduce the correction Adas defined as
812 — 813, where the subscripts 2 and 3 denote the optical
flat and the specimen, respectively. It is easy to understand
that Adag is equal to zero when the materials are the same.
The true thickness h is obtained by subtracting Adss from
the measured value h', as shown in the following equation:

h = h" — Adas. (10)
However, it should be noted that, as (9) holds only for
isotropic solids, strain for anisotropic solids was approx-
imated assuming that they were isotropic solids. This
method has been evaluated through experiments with var-
ious combinations of specimens and optical flats of dif-
ferent materials, and the findings have shown that the
error introduced by the assumption is about +0.04 um.
In addition, for several standard gauge blocks (Class K
[accuracy: £0.04 pm], Mitsutoyo Co., Kawasaki, Japan),
practical standards of length! have been measured to con-
firm the accuracy of the digital length gauging system. We
conclude from the above that, using an optical flat of syn-
thetic silica glass, the thickness of an isotropic specimen is
measured with an accuracy of +0.06 ym, and that of an
anisotropic specimen, £0.10 um obtained by adding the
error of +0.04 um due to the anisotropy factor.

B. Density

The density is determined by the Archimedes principle
by weighing the specimen both in air and in water and
using the following equation? [42]:

- Wa Wy
T Wa WY T Wa —Ww

P PA (11)
where W and Wiy are the weights in air and water, and
pa and pw are the densities of air and water.

Wa and Wiy are measured with an electronic balance
(R160P, Sartorius Co., Goettingen, Germany). pa and pw
are obtained from the literature [43], [44] at the measured
temperature, barometric pressure and humidity for the
measurement of the weight in air and in water. To reduce
the influence of vibration, the electronic balance is placed
on a very heavy and firm table made of stone. To further
improve the measurement environment, the balance and
table are placed in a temperature-controlled room, so that
the density at an arbitrary temperature around the room
temperature can be measured in a stabilized temperature
environment. With this system and environment employed
in the measurement, the uncertainty of the density of the

IJapanese Industrial Standards Commiittee, “Gauge blocks,” JIS
B 7506, Oct. 20, 1997. :

2 As no information on the influence of buoyancy of air was given in
the density measurement manual by Sartorius, the experimental data
we reported prior to 1995 [6], [12]-[13], [17], [34] must be corrected
for this effect. The data can be corrected to four significant figures by
substituting them into the equation of (1.170 x 10~3p—1.167) kg/m>
under our measurement conditions of temperature 23°C, humidity
40%, and average barometric pressure 996.3 hPa.
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specimen measured due to the errors of the densities of air
and water is estimated to be less than 40.002%, and the
major error factor is the variations of the weight values
measured in water.

1V. SPECIMENS

Substrates with two basic crystalline surfaces of (100)
and (111) were prepared as standard specimens from in-
gots of GGG (Czochralski [CZ] method, Shin-Etsu Chem-
ical Co., Ltd., Tokyo, Japan), Si (floating zone [FZ]
method, N-type (P), >1000 Q-cm, Shin-Etsu Chemical
Co., Ltd., Tokyo, Japan), and Ge (CZ method, non-
doped, 50 Q-cm, Tokyo Denshi Yakin Co., Ltd., Chigasaki,
Japan). The (111) substrates were prepared with a larger
size suitable for accurate density measurements. Synthetic
silica glass substrates, produced by direct hydrolyzation of
silicon tetrachloride (SiCly), by four different manufactur-
ers (T-4040, Toshiba Ceramics Co., Ltd., Tokyo, Japan; C-
7980, Corning Inc., Corning, NY; P-10, Shin-Etsu Quartz
Products Co., Ltd., Tokyo, Japan; and N-ES, Nippon Sil-
ica Glass Co., Ltd., Yamagata, Japan) were prepared. Each
specimen was optically polished on both sides. The paral-
lelism is within 4 seconds, and its effect on velocity mea-
surement is negligible.

As the specimen thickness increases, its measurement
error has less influence on the accuracy of measured ve-
locity, assuming that specimen material is sufficiently ho-
mogeneous. However, the effect of diffraction increases as
the wave propagation length increases, and measurement
errors also depend upon the RF pulse width and the in-
termediate frequency (IF) band width, typically 3 MHz,
used in the measurement [35], [45]. Therefore, the speci-
men thicknesses were selected to be 5 to 11 mm under the
established measurement conditions to have a pulse width
of approximately 500 ns.

In measuring anisotropic media, inclination angles of
the specimen surfaces from the crystalline surfaces result
in errors in determining the constants. To avoid this, the
crystalline surfaces of GGG, Si, and Ge specimens were
examined by X-ray analysis. The results showed that the
maximum inclination angle was 0.06°. Velocity changes
caused by this inclination were investigated through nu-
merical calculations and found to be less than 0.5 ppm for
the longitudinal velocity and 1.0 ppm for the shear veloc-
ity, both of which were negligible.

V. RESULTS

The bulk acoustic properties (Vi, Vi, and p) were
measured for the specimens described here. To obtain
their temperature dependences, measurements were made
at different temperatures, surrounding the specimen, at
20°C, 23°C, and 26°C. However, the densities of SiO» glass
substrates were measured only at 23°C due to their very
small density variations with the temperature difference of
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Fig. 3. Velocities for longitudinal waves on a (100) GGG specimen
calculated from the measured phases in complex mode at 22.86°C.
Dotted line, measured values. Solid line, diffraction corrected. The
specimen thickness is 10639.68 pm.

3°C, +0.01 kg/m3. The specimen thicknesses were mea-
sured only at 23+0.1°C, and the thickness of each sub-
strate at each temperature was obtained using the pub-
lished values of the thermal expansion coefficients (6x 1076
for GGG3, 2.3 x 1076 for Si [46], 5.7 x 107° for Ge [46], and
0.52 x 1076 for Si0s*). The temperature variations during
the bulk wave velocity measurement were within +0.01°C.
The temperature variations during the density and thick-
ness measurements were within £+0.1°C. V, was measured
at frequencies of 20 to 250 MHz, and V; was measured at
frequencies of 40 to 190 MHz. Considering the propagation
length normalized by the Fresnel length [47] and signal-to-
noise ratio (S/N) of the signals, the longitudinal velocities
are the average values measured in the frequency range of
100 to 220 MHz, and the shear velocities in the frequency
range of 130 to 170 MHz.

Fig. 3 shows the measured results of the [100]-
propagating longitudinal velocities for GGG. The mea-
sured values are plotted by the dotted line, and the values
after the effect of diffraction was corrected are shown by
the solid line. The measurements were made at 22.86°C.
By correcting the diffraction effect, we obtain a velocity of
6354.19 (£0.03) m/s. Measured bulk acoustic velocities for
GGG are shown in Fig. 4 as examples of the temperature
dependences. The temperature coefficients were obtained
by applying a linear approximation to the measured values
using the least-squares method. The temperature depen-
dences of both the longitudinal and shear velocities for
GGG, Si, and Ge are negative; those of both the longi-
tudinal and shear velocities for all of the SiOs specimens
were positive. For GGG, Si, and Ge, the maximum dif-
ferences between the measured values and values on the
approximated straight lines were 0.03 m/s for the longitu-

3Technical Data, Shin-Etsu Chemical Co., Tokyo, Japan.
4Technical Data, Corning Inc., New York.
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dinal velocities and 0.01 m/s for the shear velocities. For
SiOy, they were 0.13 m/s for the longitudinal velocities
and 0.02 m/s for the shear velocities. Fig. 5 shows the
measured results of temperature dependences of densities
for GGG, as an example. The temperature dependences of
the densities obtained for GGG, Si, and Ge are all nega-
tive. The maximum differences between the measured val-
ues and values on the approximated straight lines were
0.04 kg/m? for GGG, 0.03 kg/m? for Si, and 0.02 kg/m?
for Ge. Based on the above measured results, the bulk
acoustic properties measured at 23°C are given in Table I,
where ay,, ay,, and a, are the temperature coefficients of
Vi, Vs, and p, and the values in parentheses are measure-
ment errors.

We obtained the elastic constants at 23°C from the mea-
sured results given here. Tables II, III, and IV give the
results for GGG, Si, and Ge, and Table V gives those for
Si05. The values of the constants of GGG published by
Graham and Chang [48], and those of Si, Ge, and SiOq
published by-McSkimin {49] also are presented. In the ta-
bles, a.,; is the temperature coeflicient of ¢;;, and the val-
ues in parentheses are measurement errors. The temper-
ature dependences of the elastic constants exhibited the
same tendencies as those of the velocities and densities.
However, as the GGG values of Graham and Chang [4§]
were taken at 25°C, the values at 23°C were obtained us-
ing the temperature coeflicient value measured in these
measurements. Also, as the published densities of Si and
Ge were taken at 25°C, the densities at 23°C were ob-
tained using the thermal expansion coefficients published
previously [46].

VI. DI1SCUSSIONS

In this paper, the measurement accuracy of bulk wave
velocities is within +0.003% for GGG, Si, and Ge, and
within £0.004% for SiOg; the measurement accuracy of
the density is within +0.005%. The measurement accu-
racy of the elastic constants ¢11 and cqq for GGG, Si, and
Ge is within £0.015%, and that of ¢y is within 40.062%;
the accuracy of c1; and cgq for SiO; is within £+0.013%.
Those elastic constants were obtained with such higher
accuracy that the determined values were very close to
five significant figures. In contrast, for the standard spec-
imens of GGG used previously, the accuracy was within
+0.011% in bulk wave velocities, +0.033% in c¢;; and cyq,
and £0.12% in ¢2 [31].

Next, we compared the elastic constants of GGG, Si,
and Ge determined here with those previously published
by other researchers [48], [49]. The GGG values were com-
pared with those of Graham and Chang [48]. The mea-
surement accuracy of velocities was within 0.5%. The dif-
ference between our value of ¢;2 determined here and their
value is 0.7%. They compared the density of the specimen
obtained by measuring the mass and volume with that ob-
tained by measuring the lattice constant by X-ray analysis.
The result showed that the former was over 0.1% less than
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TABLE I
BuLk Acoustic PropPERTIES OF GGG, S1, GE CRYSTALS, AND SiOg GLASSES AT 23°C.

h Ve ay, Vs avy, ap
(x1075/ (x1073/ (x107%/
Specimen (pm) (m/s) °C) (m/s) °C) (kg/m3) °C)
(100)  10639.69 (£0.10) 6354.16 (£0.11)  —4.7  3566.70 (£0.12)  —3.3
GGG 7006.02 (£0.22)  —1.1
(111)  10781.44 (£0.10) 6426.63 (£0.10)  —4.0 — —
(100)  8399.50 (£0.10) 843241 (£0.15)  —3.3  5843.87 (£0.15)  —2.5
si 2328.80 (£0.12)  —1.2
(111) 937478 (£0.10)  9355.38 (£0.15) 3.1 — —
(100) 8303.42 (£0.10)  4913.49 (£0.11) —4.5 3542.70 (+0.11) —4.6
Ce 5326.16 (£0.28)  —1.0
(111)  9348.63 (£0.10)  5552.04 (£0.11)  —4.5 — —
Sonthotie  T4040 500375 (£0.06) 594241 (£0.14) 121 376265 (£0.08) 7.6 2200.50 (£0.06) —
v “_r MC 07080  4985.48 (£0.06)  5920.14 (+£0.11)  12.8  3767.62 (£0.07) 8.2 2199.82 (£0.11) —
S. a
11“: P-10 497110 (£0.06)  5930.75 (£0.17)  12.9  3767.90 (£0.07) 7.9 2200.02 (+0.09) —
ass
& N-ES  4936.47 (£0.06) 5927.34 (£0.25)  13.1  3761.65 (£0.07) 7.9 2200.15 (0.07) —

V(T°C) = V(23°C) x (1 + av AT) (m/s), p(T°C) = p(23°C) x (1 + apAT) (kg/m?), AT =T ~ 23(°C).

TABLE II
DIFFERENCES IN ELASTIC CONSTANTS AND DENSITY BETWEEN MEASURED AND PUBLISHED [48] VALUES OF GGG At 23°C.

c11 Qeqy c12 Qcyq C44 Qeyy P Qp
(x10* N/ (x107%/ (x10'' N/ (x107%/ (x10'!' N/ (x107%/ (kg/ (x1075/
m?) °C) m?) °C) m?) °0) m3) °C)
Measured 2.8650 -10.5 1.1582 —9.6 0.9027 ~7.7 7096.02 -1.1
(£0.0002) (£0.0004) (£0.0001) (£0.22)
Published 2.859 1.150 0.903 7094
Difference +0.006 +0.008 —0.000 +2
(+0.2%) (+0.7%) (—0.0%) (-+0.03%)

cij(T°C) = ci]‘(23°C) x (14 Ogy AT) (N/l’nz)7 AT =T — 23(°C).

TABLE 111
DIFFERENCES IN ELASTIC CONSTANTS AND DENSITY BETWEEN MEASURED AND PUBLISHED [49] VALUES OF St AT 23°C.

(6591 Qeqq €12 Qcyy Caq (e 77V P Qp
(x10M N/ (x107%/ (x10 N/ (x1075%/ (x10'' N/ (x107%/ (kg/ (x1078/
m2) °Q) m2) °Q) mz) °C) m3) °C)
Measured 1.6560 —-7.8 0.6388 -9.9 0.7953 —6.2 2328.89 -1.2
(0.0001) (£0.0003) (£0.0001) (+0.12)
Published 1.657 —6.75 0.6390 —9.95 0.7956 —-4.4 2331
Difference —0.001 —1.05 —0.0002 +0.05 —0.0003 —-1.8 -2
(=01%)  (—16%)  (=0.0%)  (+1%)  (—0.0%) . (—41%) (—0.09%)

cif (T°C) = ¢ij(23°C) X (1 + ae,; AT) (N/m?), AT =T ~— 23(°C).

TABLE IV
DIFFERENCES IN ELASTIC CONSTANTS AND DENSITY BETWEEN MEASURED AND PUBLISHED [49] VALUES oF GE AT 23°C.

ci Qeyy €12 Geyg €44 Qcgy 4 Qp
(X101 N/ (x107%/  (x10%* N/ (x107%/ (x10'1 N/ (x107%/ (kg/ (x107%/
m2) QC) m2) oc) m2) OC) m.‘i) oc>
Measured 1.2859 —-10.0 0.4828 —-9.5 0.6685 —10.2 5326.16 —-1.0
(£0.0001) (4:0.0003) (£0.0001) (£0.28)
Published 1.289 —-11.1 0.4831 —-11.9 0.6710 —9.2 5323
Difference —0.003 +1.1 ~0.0003 +2.4 —0.0025 —-1.0 +3
(—0.2%) (+10%) (—0.1%) (+20%) (—0.4%) (—11%)  (+0.06%)

€i5(T°C) = ¢4;(23°C) x (1 + 0e;; AT) (N/m?), AT =T — 23(°C).
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TABLE V
DIFFERENCES IN ELASTIC CONSTANTS AND DENSITY BETWEEN MEASURED AND PUBLISHED [49] VALUES OF S102 AT 23°C.

11 Qlcyq Caq Qlegy p

Specimen  (x1010 N/m?) (x1074/°C) (x10'© N/m2?) (x10~%/°C) (kg/m?)

T-4040 7.7705 2.4 3.1154 1.5 2200.50
(£0.0006) (£0.0002)

C-7980 7.7334 2.6 3.1226 1.6 2199.82
(£0.0007) (£0.0003)

P-10 7.7383 2.6 3.1234 1.6 2200.02
(£0.0008) (£0.0003)

N-ES 7.7299 2.6 3.1132 1.6 2200.15
(:0.0010) (£0.0003)

Published 7.844 2.35 3.126 1.46 2203

i (T°C) = ¢5(23°C) x (1 + ae; AT) (N/m?), AT = T — 23(°C).

the latter; this difference was attributed to the voids in
the specimen. This indicates that the differences between
the measured and published values of the elastic constants
may have been caused by the differences in the quality
of the specimens and minute differences in their chemical
composition ratios.

The Si and Ge values were compared with McSkimin’s
values [49]. His measurement accuracy of velocities was
within 0.5%. For Si, there were almost no differences in
the elastic constants, but a difference of about 0.1% in the
density was observed, as well as a large difference in the
temperature coefficient of c4q. For Ge, 0.4% difference is
seen in cy4 as well as 10-20% differences in the temperature
coefficients. The elastic constants of Si and Ge, and their
temperature coeflicients, were reported to vary with the
doping level of impurities [50]-[53]. We can deduce from
this that the differences in the measured values are due
to the differences in impurity concentration or in crystal
quality arising from the different crystal growth methods
(CZ and FZ) between the specimens used here and those
used by McSkimin [49].

Differences in the elastic constants and density were
detected among the SiOg substrates. SiOz is a glass of
high purity with very little metallic impurity. However,
hydroxyls and chlorine are incorporated into the material
during the fabrication processes, and induce changes in
their acoustic properties [27]. The different thermal histo-
ries during the fabrication processes also lead to differences
in acoustic properties [54]. Therefore, we consider that the
differences in the acoustic properties detected among the
four substrates are due to the factors mentioned here.

VII. CONCLUDING REMARKS

This paper described the acoustic properties of GGG,
Si, Ge single crystals and SiOs glasses as standard speci-
mens for calibrating the LFB-UMC system, in which their
elastic constants and densities were measured accurately
at around 23°C. The complex mode measurement was used
to measure bulk wave velocities, and the effect of diffrac-
tion was corrected. The measurement accuracy of veloc-

ities depends mainly upon the measurement accuracy of
the specimen thickness, so a method for precisely measur-
ing specimen thickness also was investigated. Improving
the measurement environment enabled us to correct the
effect of strain caused by the contact of the length gaug-
ing system. The absolute accuracy of the gauging system
also was examined with standard gauge blocks. Through
these efforts, we succeeded in very accurately measuring
longitudinal and shear wave velocities as well as densi-
ties, and in determining the elastic constants with higher
accuracy. Therefore, we could prepare more reliable stan-
dard specimens for the LFB system. We also compared
the measured acoustical physical constants of each ma-
terial with ones previously published by other researchers
[48], [49] and observed some differences in values due to the
different specimens used in the measurements. For SiOs,
we saw small but significant differences in the elastic con-
stants and density among the four substrates used in these
measurements. These differences were caused by different
conditions during the fabrication processes.

The standard specimens developed can be used for cali-
brating the LFB-UMC system in the LSAW velocity range
of 2600 to 5100 m/s. We can use all materials as standard
specimens for the LEB-UMC system, if their acoustical
physical constants can be determined. In principle, to ob-
tain highly accurate absolute values of LSAW propagation
characteristics, we must prepare individual standard spec-
imens for each material to be characterized or substitute
other standard specimens with almost the same velocities
as each material to be evaluated. Recently, acoustical phys-
ical constants of LiNbO3 and LiTaOj crystals [55] and syn-
thetic a-quartz [56] have been precisely determined, and
these have been used as standard specimens [32], [33].
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