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Material Characterization by Line-Focus-Beam
Acoustic Microscope

JUN-ICHI KUSHIBIKI, MEMBER, IEEE, AND NORIYOSHI CHUBACHI, MEMBER, IEEE

Abstract—A novel method of material characterization by means of
the line-focus-beam acoustic microscope system with high measure-
ment accuracy is described. The material characterization is carried
out by measuring the propagation characteristics of leaky waves on the
water-sample boundary; that is, the phase velocity and attenuation are
determined through V(z) curve measurements. A general measurement
principle is developed to make experimental determination of the two
acoustic quantities simultaneously from measured V(z) curves. A spec-
tral analysis method is introduced as a general means to analyze acous-
tic properties from the V(2) curves. The system is constructed with spe-
cial software for a signal-processing procedure developed on the basis
of the measurement principle. Measurements using a variety of iso-
tropic, as well as anisotropic materials where the velocities extend from
2000 to 11000 m/s, and some other typical samples of layered and mem-
brane structures are reported. All the leaky wave modes, such as leaky
surface acoustic wave (SAW), leaky pseudo-SAW, leaky surface-skim-
ming compressional wave, leaky Lamb wave, and harmonic waves, which
take part in the interference phenomena in V(2) curves, are investi-
gated. The experimental results are in good agreement with the theo-
retical results calculated by exact numerical analysis of propagation
characteristics of relevant leaky waves. The measurement accuracy is
estimated to be about +0.2 percent absolute in velocity measurements
(less than 0.1 percent for relative measurements) and from a few per-
cent to 20 percent in attenuation measurements. The material char-
acterization method is applied to quantitative investigation of inhomo-
geneity on wafers and structural analysis of polycrystalline materials.

I. INTRODUCTION

PPLICATIONS of the acoustic microscope system
using a highly focused beam may be divided broadly
into two classes to detect microscopic as well as macro-
scopic acoustic properties of materials; viz., acoustic im-
aging measurements in the scanning version and quanti-
tative measurements in the nonscanning version. This
paper is concerned with the latter class of quantitative
measurements of acoustic properties. Material charac-
terization by means of an acoustic microscope using a
line-focus beam rather than the point-focus beam em-
ployed in more conventional acoustic systems is de-
scribed.
Since the mechanically scanning acoustic microscope
was first developed by Lemons and Quate in 1973 [1],

Paper received May 1984; revised November 1984. This work was sup-
ported in part by the Research Grant-in-Aids, Ministry of Education, Sci-
ence and Culture and in part by the Toray Science and Technology Grants.

The authors are with the Department of Electrical Engineering, Tohoku
University, Sendai 980, Japan.

the applications have been widely studied to detect mic-
roscopically the variation of acoustic properties of var-
ious materials in the fields of biological science, solid
material science, and nondestructive evaluation. Devel-
opments and improvements of the hardware of the system
have also occurred [2]. A major task to advance the re-
search studies has been the interpretation of contrast in
the acoustic images. Theoretical analyses of the angular
spectrum of the acoustic field have been used to explain
the contrast mechanism [3]-[6]. On comparing the the-
oretical with the experimental results, which were ob-
tained especially for solid materials by the reflection
acoustic microscope, it has been found that the output of
a piezoelectric transducer varies markedly with distance
between the acoustic probe and samples [3]. The record
of this output has been called the V(z) curve and is a
function of the distance z. As the shapes of the ¥(z) curves
are unique and characteristic of solid materials, it has
been pointed out that the reflection acoustic microscope
system, operating in the nonscanning mode, provides for
the determination of acoustic properties in solid mate-
rials [3].

Weglein reported the periodicity of the dips appearing
in the ¥(z) curves in 1979 [7]. As a result of measuring
the dip intervals for a variety of solid samples with a wide
velocity range, it was established experimentally that the
periodic intervals in V(z) curves are closely related to the
Rayleigh surface wave velocity on the surface plane of
materials. Subsequently, the relationship between the dip
interval and Rayleigh wave velocity was established by re-
fining the physical model for the interference phenomena
in ¥(2) curves by Parmon and Bertoni [8] and Atalar [9].
This had great significance because it allows the possi-
bility of quantitative measurements of acoustic properties
in microscopic areas using acoustic microscopy.

In the recent rapid development of acoustic micros-
copy, the V(z) curves have played a very important role
for both acoustical imaging and quantitative measure-
ments. As regards acoustical imaging measurements, the
curves have been effectively employed, for example, in
the interpretation of contrast in acoustic images [2]-[6],
[10]-[13] and in image signal processing techniques for
obtaining false-color micrographs, which show the inter-
nal construction of semiconductor devices [14]. In some
cases the measurement of leaky surface acoustic waves
(LLSAW) propagating on samples has also been used for
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quantitative interpretation of the differences in the acous-
tic contrast. So far, in quantitative measurements, only
the velocity of leaky SAW’s has been extracted from the
V(z) curves. Recently, the attenuation of the relevant
waves propagating on samples has been attempted to be
extracted from the V(z) curves [15], [16]. Attenuation
also provides important information on the acoustic prop-
erties of materials, which could be influenced by the
water loading factor on samples; the acoustic absorption
factor in bulk properties; and structural factors such as
surface roughness and the material structure of grains,
pores, and boundaries. Thus the two parameters of ve-
locity and attenuation allow complete material character-
ization on a microscopic scale and the interpretation of
the acoustic contrast. In acoustic microscopy the V(z)
curve has thus been recognized as an indispensable
method for acoustical imaging measurements.

However, the use of these V(z) curves for quantitative
measurements of the acoustic properties of materials—
which are obtained by the nonscanning reflection acoustic
microscope system (using a spherical lens with which a
plane wave radiating from the transducer is circularly fo-
cused into a point)—has in principle a serious difficuity;
that is, the point-focus beam excites leaky SAW’s prop-
agating in all directions, so that the acoustic properties
are measured as a mean value around the beam axis. This
means that the system cannot be applied appropriately for
detecting the acoustic properties that reflect crystallo-
graphic anisotropies.

An acoustic line-focus beam was proposed to solve this
serious problem by the present authors in 1981 [17]. This
is realized using a sapphire lens with a cylindrical con-
cave surface. The detection of acoustic anisotropy has
been successfully demonstrated for some typical single
crystals such as sapphire [18], lithium niobate [19], and
silicon [20]. A strict theoretical analysis has been applied
to the curves so that numerical calculations have coin-
cided surprisingly well with experimental V(z) curves
[21]-123]. The effects of leaky wave parameters, i.e., ve-
locity and attenuation, on ¥(z) curves have been clarified
by theoretical considerations [24]. Furthermore, funda-
mental studies on the quantitative measurement mecha-
nism have been made. These studies include the eluci-
dation of the multimode interference mechanism in V(2)
curves [25]; the introduction of fast Fourier transform
(FFT) analysis for V(z) curves deformed in the dip inter-
val and shape {26]; and the development of a novel mea-
surement principle of determining both velocity and at-
tenuation of leaky waves directly from measured ¥(z)
curves [27].

This paper is the first full treatment describing system-
atically the material characterization by means of the line-
focus-beam acoustic microscope. The principle of mate-
rial characterization is presented in Section II. A prin-
ciple for measuring both the velocity and the attenuation
of relevant leaky waves directly from V(z) curves is es-
tablished by adopting a simple representation for the
transducer output of V(z), which is approximately con-
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Fig. 1. Iilustration of material characterization method by the line-focus-
beam acoustic microscope.

structed by combination of ray and field theories. The
measurement principle is expanded to the V{(z) curves de-
formed by multimode interference. On the basis of the
principle, a spectral analysis technique is introduced as a
general means for analyzing acoustic properties from V(2)
curves. We describe the realization of the acoustic line-
focus beam using a sapphire lens with a cylindrical con-
cave surface of 1.0-mm radius and examine the perfor-
mance and the acoustic fields in water at a frequency
around 200 MHz in Section III. With use of the lens, the
line-focus-beam acoustic microscope system is con-
structed with software from a signal-processing proce-
dure to determine the acoustic property. In order to verify
the material characterization method, the description of
experiments performed for a variety of isotropic and an-
isotropic materials and some other typical samples of lay-
ered and membrane structures appears in Section IV. In-
vestigations of all leaky wave modes associated with the
interference phenomena in the V(z) curves such as leaky
SAW, leaky pseudo-SAW (LPSAW), leaky surface-skim-
ming compressional wave (SSCW), leaky Lamb wave,
and harmonic modes of leaky waves are discussed. Im-
portant problems that take into account such applications
of the system as the method of the utilization, the mea-
surement accuracy, and the limitation of application are
discussed in Section V. Two promising applications of the
method are presented in Section VI; one is nondestruc-
tive testing of acoustic inhomogeneities on wafers such
as a gadolinium gallium garnet (GGG) and a lead zircon-
ate titanate (PZT) ceramic, and the other is structural
analysis of polycrystalline Mn-Zn ferrites with grains.
Conclusions are presented in Section VII.

II. PRINCIPLE OF MATERIAL CHARACTERIZATION

Material characterization by measuring such acoustic
properties as sound velocity and attenuation (including
anisotropy) can be made in the nonscanning mode of a
reflection acoustic microscope using a line-focus beam.
The experimental procedure is illustrated conceptually in
Fig. 1. The acoustic probe and the sample target are
translated relatively along the z-axis direction (beam
axis), without scanning in the x and y directions. The
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Fig. 2. Typical V(z) curves on water/(111)-Si measured with acoustic line-
focus beam at 225 MHz. (a) ¢ = 0° ([110]). (b) ¢ = 30° ([112]).

acoustic line-focus beam is a wedge-shaped beam with a
cylindrical wavefront. The beam is formed by an acoustic
lens with a cylindrical concave surface and is linearly fo-
cused along one axis on the specimen. The beam is cou-
pled normally to the sample through a coupling liquid that
typically consists of distilled water (not shown in the fig-
ure). The determination of acoustic properties and ani-
sotropy of materials is made through V(z) curve analysis.
V(z) curves are records of signal variations in the piezo-
electric transducer output as a function of distance along
the z axis. A typical V(z) curve is shown in Fig. 2 as an
example, where the transducer output gives a maximum
at the distance of z = 0 (focal point) and exhibits dips
(minima) periodically in the negative z region. This V(z)
curve variation is caused by the interference of two com-
ponents of the acoustic waves detected by the transducer;
i.e., one component is associated with the waves near the
z axis directly reflected from the sample, and the other
component is associated with the waves reradiated from
the sample into water through leaky acoustic waves (typ-
ically, leaky SAW) excited on the water-sample bound-
ary. In other words the measured V(z) curves contain
unique acoustic information relating to the characteristics
of leaky waves existing at the water/sample boundary. In
Fig. 1 it is shown that, as the beam is focused linearly
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Fig. 3. Cross-sectional geometry of acoustic line-focus-beam lens and co-
ordinate system used for analysis.

along the y-axis direction where ¢ = 0, the acoustic
property of leaky waves propagating in the x-axis direc-
tion can be recorded with the V(z) curve. For an aniso-
tropic sample, the V(z) curve measurements are per-
formed by rotating the sample about the z axis so that
variations in acoustic properties for leaky waves can be
obtained as a function of wave-propagation direction.

A. Mathematical Representation for V(z) Curves

Before the measurement procedure is discussed in de-
tail, let us consider the mathematical representation for
W(z) curves, which is obtained by the acoustic line-focus
beam, in order to understand generally the transducer
output. The expressions for the V(z) curves are given
briefly in the following section [21] and are derived from
the Fourier optics approach, from which the procedure
was introduced into acoustic microscopy by Atalar [4]
and Wickramasinghe [5].

Fig. 3 shows the cross-sectional geometry for analyz-
ingthe V(z) curves. Analysisismadeinthe two-dimensional
xz plane assuming that the acoustic fields do not vary in
the y direction since the acoustic-focused fields have a
phase structure of cylindrical symmety. In the figure a is
the halfwidth of transducer; [ is the distance between the
transducer and the top surface of the lens; and R and 0,,
are the radius of curvature and the half-aperture angle for
the acoustic lens, respectively. The origin of the coordi-
nate system (x, y, 2) is placed at the focal point for the
acoustic fields in water. Coordinates xg, x|, x,, and x; are
placed at the transducer, the acoustic lens, the focal, and
the sample planes, respectively. For a simple description
x; is on the acoustic lens plane. There is a Fourier trans-
form relationship between the position x in planes parallel
to the sample surface, and the spatial frequency k,, where
k. is the x component of the wavenumber k,, in the cou-
pling liquid. The final form of the transducer output is
represented as follows:

)

. usp(x3) * uz (x3) dxs,

e))

V() = A S

where A is the arbitrary amplitude constant. The refer-
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ence field distribution u3z(x3) and the reflected field dis-
tribution u; (x3) are defined at the sample plane, respec-
tively, as follows:

u3+R(x3) = {T_(xl)/T+(xl)} : u;(xa) 2)

and
uy (x3) = F'{R(k,, ¢) - F{ui(x3)}}. 3)

The 3 (x3) is the incident field distribution at the sample
plane. The quantities T*(x,) and T (x,) are the transfer
coeflicients from lens to water and from water to lens at
the lens plane, respectively, and include the effect of the
acoustic antireflection coating layer. The function of R(k,,
¢) represents the reflectance function for reflecting the
elastic information of materials at the water-sample
boundary, in which ¢ is the wave propagation direction
under consideration. The distribution of u3 (x;) is given
by

ui (x3) = F'{F{us (xp)} - exp (jk,2)}, @)

where u; (x3) is the incident field distribution at the focal
plane, and k, is the z component of the wavenumber k,, for
the longitudinal wave in water, defined as k, = (k% —
K2)'2, The incident acoustic field has spatial frequency
components ranging from O to &, which is limited by the
aperture angle of the acoustic lens shown in Fig. 3. The
spectrum distribution depends on the geometric dimen-
sions of the acoustic line-focus-beam lens and transducer
and the operating frequency f. The symbols F and F !
denote the Fourier transform and the inverse Fourier
transform, respectively.

Thus the transducer output of V(z) obtained with the
line-focus beam is represented by the reference field dis-
tribution wu3z(x;), which is determined uniquely by the
acoustic lens, and the reflected field distribution u; (x4),
which contains the acoustic response of the materials to
be measured. The shapes of the V(z) curves are essen-
tially dominated by the reflectance function R(k,, ¢) of
the materials. They also depends strongly on the wave
propagation direction ¢, when the material is anisotropic
around the z axis.

B. Analysis of V(2) Curves

The field theory described cannot guide the direct mea-
surement procedure for extracting acoustic properties
from the measured V(z) curves. In order to establish this
procedure, we first require an approximate simple
expression for ¥(z) curves. Here we simplify the repre-
sentation of V(z), based on the following four important
facts that have emerged from the theoretical and experi-
mental studies on the V{(z) curve measurements.

1) A simple interference model by ray theory has been
recognized for the determination of characteristics of
leaky waves that propagate on the boundary of water and
samples [7}-[9], [18]-[23]. The velocity is calculated
from the periodic dip interval appearing in the V(z) curves
obtained by both the point-focus beam and the line-focus
beam.
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Fig. 4. Cross-sectional geometry of acoustic line-focus-beam lens, explain-
ing the construction mechanism of V(z) curves and constituting the ma-
terial characterization method.

FOCAL POINT

2) The numerical calculations of V(z) curves with pa-
rameters for the acoustic line-focus-beam lens employed
in experiments can explain extremely well both the shape
and the dip interval of the measured V(z) curves [21],
[23].

3) The numerical calculations have given a general
interpretation of the effect of leaky wave parameters, viz.,
phase velocity and attenuation factor, on the V(z) curve
measurements by introducing an ideal reflectance func-
tion, where only the propagation characteristics of the
leaky wave are taken into account [24]. The velocity de-
termines the interval of dips in V(z) curves, while the
attenuation factor affects the shape of V(z) curves.

4) There is an excellent agreement between the acoustic
tic properties derived from measurement and the theo-
retical results obtained by the exact numerical calcu-
lations for leaky waves on the boundary of water and
samples [18]-[20], [23].

1) Measurement Principle: Fig. 4 shows schematically
the cross-sectional geometry of the acoustic line-focus
beam. Coordinate (x, y, z) is set at the focal plane in
water. A sample is illuminated with focused acoustic
fields having wide spatial frequency spectra limited by
the angle 8,.,. Now, let us consider the simplest case of
one leaky wave mode (here a leaky SAW). The wave can
be excited by the acoustic line-focus beam when the crit-
ical angle 6, 55w is less than the angle 6,,,. There is a
simple model of interference in the transducer output of
V(z) detected at the ZnO transducer. One component (#0)
constitutes the acoustic waves near the z axis directly re-
flected from the sample, and another component (#1) is
associated with the waves reradiated from the sample via
the leaky SAW existing on the boundary. The latter waves
correspond to a portion of the reradiated waves propa-
gating on the boundary the distance BC. The remaining
reradiated waves can not effectively reach the transducer
due to refraction at the lens surface. The transducer out-
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put V(z) is expressed as a combination of these two com-
ponents. The transducer output V(z) is expressed as a
combination of these two components. The major com-
ponents contributing to the V(z) curve are shown concep-
tually in Fig. 5. We now assume that the entire transducer
output ¥(z) can be approximately represented by combin-
ing ray theory for the leaky SAW component and field
theory for the directly reflected component in the nega-
tive z region as

Wz) = Vi(z) + Vi), (5)

where V;(2) (see Fig. 5(b)) is the characteristic lens re-
sponse defined as the hypothetical transducer output with
respect to z, which is derived by field theory, and where
the response for the leaky SAW component (#1) is com-
pletely excluded. The lens response V;(z) depends
uniquely on the dimensions of the acoustic line-focus-
beam lens and the operating frequency, namely, acoustic
field distribution. The amplitude of V,(z) is maximum
when the sample is located at the focal point (z = 0) be-
cause the transducer can receive acoustic waves with al-
most all of the spatial frequency components reflected
from the sample. As the sample is moved towards the lens
along the z axis, wave components with lower spatial fre-
quencies around the beam axis will be dominantly re-
ceived by the transducer, so that the amplitude abruptly
decreases and becomes almost constant.

The function V;(z) is derived by ray theory and math-

193

ematically describes the interference of the two compo-
nents #0 and #1 defined previously, where the V,(z) is
used as a reference signal. We can derive the expression
for V;(2) by considering two different propagation paths.
The translation of the sample by a distance z from the
focal plane to the lens gives rise to phase variations {(z)
for #0, and {,(z) for #1 as follows (see Fig. 4):

t@ = =2 - OF - k, = —2k,z2 (6)
@) = —BOC - k,, + BC - kisaw
= —2k,z/cos O gaw
+ 2kisaw * 2+ tan O gaw. )]

So the relative phase change £ between a #0- and #1-per-
unit translation distance z is given by

£ = (51 — @)z

= 2(k(1 — l/cos O saw) + kisaw * tan O saw),  (8)

where kw = 27l'f/Uw, kLSAW = 27rf/ULSAw, and GLSAW =
sin”!'(v,/v;saw). The quantity v, is the longitudinal ve-
locity in water, viz., v, = 1483 m/s at 20°C [28], and
Upsaw is the phase velocity of the leaky SAW on the
boundary. The initial phase difference ¥ between #0 and
#1 at the focal plane can be calculated in a similar way
by additionally taking into account the phase variation of
= [29], which occurs on reflection at the critical angle
0, saw for the leaky SAW

Y = 2(0E — OA - cos O saw)k,
+204 -k, + * — 20E - k,
= 2fitk, — k,) + 21(0)
- (k, — k, - ()]

where k, = 2xf/v, in which v, is the longitudinal velocity
in a sapphire lens, f; (=OE) is the focal length, and the
function ¢ (z) (=AB) is as a function of z. For rays of both
the #0 and #1 paths, considering the attenuation coefli-
cient a,, in water (o, /f? = 253 x 1077 s%/cm [30]),
and the attenuation (ATT) factor of leaky SAW propagat-
ing on the boundary, we can represent the V,(z) as

cos Oigaw) + T,

Vi(z) = C - ATT - exp(j(§z + ¥)), (10)

where
ATT = exp (—2a,t(2)) * exp (2yz * tan O gaw), (11)
Y = 2@folVisaw, (12)
a = aisaw + o + o (13)

The quantities apgaw, o, and o« are the normalized at-
tenuation factors due to the water loading effect, the
acoustic bulk absorption effect, and structural scattering
effects, respectively. The amplitude constant C depends
on the acoustic field distribution and the excitation effi-
ciency for a leaky SAW.

A phase change of 27 in the relative phase difference
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Fig. 6. Sample configurations to be characterized by the line-focus-beam
acoustic microscope.

&2 — £1(2), corresponds to the dip interval Az in V(z)
curves. Using (8), we can obtain

Az = 0,/2f(1 — cos O gaw)- (14)

Equation (14) can be also represented in terms of vy gaw
as

= v/l — 1 - v/2fA)H" (15)

Thus, this simplified theory representing the V(z)
curves states that, if the V;(z) function is extracted from
experimental data, we can determine directly the two
physical quantities, namely the velocity and the attenua-
tion of a leaky SAW, from (10)-(15). The velocity is de-
termined from the dip interval Az of the interference and
the attenuation from the gradient of the interference am-
plitude.

The experimental procedure is given as follows:

Ursaw

a) record the V(z) curves;

b) extract V;(2) from V(z) — V.(2);
¢) determine vygaw from V,;(2);

d) measure ATT from V,(z); and,
e) determine of y and « from ATT.

2) Multiple Modes: The measurement procedure for
material characterization developed above will be appli-
cable to four kinds of representative configurations as il-
lustrated in Fig. 6: (a) for semi-infinite samples for which
the thickness is much greater than the wavelength of a
leaky wave; (b) for samples with thin-film-layered or dif-
fusion-layered structures; and (c) and (d) for thin-film
samples for which there are two cases of water-loading,
on one side and on both sides. In each case we should
generally take into account some other leaky modes; i.e.,
leaky pseudo-SAW mode [20], [25], [26], leaky surface
skimming compressional wave mode [7], leaky Lamb
wave mode [31], [32], and harmonic modes of leaky
waves, in addition to a fundamental leaky SAW mode on
the boundary. If multiple leaky waves could be excited
efficiently on the boundary, they would take part in the
interference phenomena in V(z) curves. So, here we will
develop a more general measurement principle.

ACOUSTIC
LENS

WATER

SOLID

z

Fig. 7. Cross-section of acoustic line-focus beam to explain the multimode
interference mechanism in V' (z) curves.

Fig. 7 shows the cross section of acoustic line-focus
beam used to explain the interference mechanism for
multiple leaky waves in V(z) curves. Each mode is ex-
cited at its critical angle 6;(n) by the focused acoustic
waves and propagates with its characteristic phase veloc-
ity v;(n) and attenuation «(n) on the boundary. Specifi-
cally, we can represent the interference output V;,(z) be-
tween #0 and #n as before

Vi(2) = C(n) - ATT (n) - exp (j(E(m)z + ¥(n))).

(16)
Now, we assume that the construction mechanism for V(z)
curves is a linear system, so that we can take a super-
positional model for the total interference output V;(z) as

Vi@ = Vp@ + Vp@ + + - - + V2. A7)
The final expression for V(z) is given by
V(@) = LVi(2) + Vi(2). (18)

The characteristic lens response V;(z) is the same func-
tion as for the single leaky mode in (5).

As stdated above, the measurement principle has been
expanded ‘to explain multimode interference in V(z)
curves. The efficient excitation of the multiple leaky
waves on the boundary results in the deformation of the
periodicity of dips and the shape of the characterization
regiofi.in V(z) curves [25], [26]. It would appear that it
might bé difficult to determine the acoustic properties of
materials using the same simple procedure described in
the previous Section II-B-1. The representation of a sim-
ple superpositional model of elemental V},(z) curves cor-
responding to each leaky wave mode suggests that the
application of spectrum analysis, such as the FFT, as a
general means for analyzing the acoustic property for
each mode of materials.

C. Spectral Analysis of Acoustic Properties

Here we introduce a spectral analysis method for the
V(z) curves where finite sampled-data waveforms are
used.

The Fourier transform for the V},(z) function that was
truncated by a rectangular window function with a width
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of 2z,, is given as follows:

w

F®=i5 Cln) - exp (aaln) - 2)

—Z

- exp (j(E(m)z + Y(n))) + exp (—jkz) - dz

= X, () + jX,0), (19)
where
X0 = T T
(@(m A + (k= Em)B) 20)
e e EXrT
* (ap(m)B — (k — &(n)A) 21
A = cos Y(n) - cos (k — £E(n)z,)
* sinh (ep(n)z,) — sin Y(n)
- sin ((k — £(m)z,) - cosh (w(Mz,) (22)
B = sin y(n) - cos ((k — &m)z,)
* sinh (ag(n)z,) + cos Y(n)
- sin ((k — §(m)z,) - cosh (ap(m)z,) (23)
ag(n) = —2(a,/cos B;(n) — y(n) - tan §,(n)). (24)
The voltage spectrum is defined as
IF()| = X2 + Xik)'™. (25)

Now, in order to relate the analyzed spectrum distri-
bution to acoustic quantities, we take note of two spectral
components at k = £(n) and £(n) + n/z, (or E(n) — =/
Z,,) as given by

C(n) _ sinh (cg(m)z.)

|[F(¢(n))| = ) (26)
m\ _ € sinh (x(n)z,)
‘F<‘E(") * zw> T {(nz) + Y @n

Eliminating the function sinh (ay(n)z,) with (26) and
{27), we can obtain the following

©):Hen+3)
Zw Ly,

x 112
{mwwﬂ4Miﬁ}

The attenuation a(n) for the interference output can be
imated from the two spectra. Then, using (24), the at-
tenuation factor for the leaky wave on the boundary can
be calculated by

ag(n) =

ag(n) + cos 6,(n) + 2a,,

vim) = 2 sin 8,(n)

29
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From a center frequency £(n) (mode spectrum) giving
a maximum amplitude in spectra, we can measure the dip
interval Az(n) in the V(z) curve using the equation

Az(n) = 2n/E(n). (30)

Substituting the value Az(n) into (15), we can determine
the phase velocity v, (n) for the leaky wave. Further, using
the measured values of v;(n), ag(n), and (29) and (12),
we can finally determine the normalized attenuation fac-
tor a(n) for the nth leaky wave mode.

In general, applying spectral analysis to the V(z) curves
where multiple leaky waves contribute, we can determine
simultaneously the acoustic quantities of a pair of v,(n)
and a(n) for each leaky wave mode.

D. Discussion

At the same time as we apply the principle described
above to measurements for material characterization, we
should discuss the following two important factors: the
characteristic lens response V;(z) and the physical prop-
erties of distilled water.

In order to proceed with the present measurement pro-
cedure, the V;(z) curve plays a very important role in the
principle and affects greatly the measurement accuracy.
There are two useful methods for obtaining the V;(z)
curve: the synthesis of the V,(z) curve from measured
V(z) curves using filtering techniques such as digital or
analog low-pass filters; and the use of V(z) curves mea-
sured for specified samples on which no leaky waves exist
or the waves are not so efficiently excited. For example,
as the line-focus-beam sapphire lens employed in exper-
iments has an angle of 0,,,, = 53° in water as shown in
Fig. 4, it is desired that the velocity for the fastest leaky
wave mode, namely, leaky SSCW, is smaller than or near
to the value of v, = 1858 m/s. Possible material choices
include Pb [33], Hg [34], vitreous As,Se; [35], and Se
[36].

In the present quantitative measurements, distilled
water is employed as the reference material with the lon-
gitudinal velocity v,, and the attenuation coefficient «,,.
The acoustic properties of distilled water, i.e., the values
of the velocity [28], attenuation coefficient {30], and den-
sity [37], are exactly known as a function of temperature,
and they are found to be stable physically and chemically.
It has also been reported that the effect on the velocity of
dissolved air in water is negligible (less than 10 parts per
million) at all temperatures [38]. The determination of
the leaky wave velocity should be made using the velocity
of water corresponding to the temperature at which the
V(z) curve measurements are performed. Dissolved air in
the water may increase the propagation loss and slightly
influence the attenuation measurement.

III. LiNne-Focus-BEAM AcousTIC MICROSCOPE SYSTEM
A. Acoustic Line-Focus Beam

The acoustic line-focus beam employed here can be
readily realized by constructing a sapphire acoustic lens
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Fig. 8. Structure of acoustic line-focus-beam sapphire lens with cylindri-
cal concave surface.

with a cylindrical concave surface. One example of the
lens structure, including the dimensions, is depicted in
Fig. 8. The cylindrical concave surface is formed with a
curvature of 1.0 mm radius and an aperture half-angle of
8y = 60° on one end of a Z-cut sapphire rod. The surface
is polished to an optical finish. The dimensions and shape
of the acoustic sapphire lens are designed to be suitable
for V(z)-curve measurements at an operating frequency
ofabout 200 MHz. The designcriteria include the following
four points:

1) effective use of acoustic field distribution in the
Fresnel region of I < a*/\, where [ is the distance
between the transducer plane and the top surface of
the lens, 2a is the transducer width, and X\ is the
wavelength in the sappnhire rod;

2) sufficient translation distance for the V{(z)-curve
measurements without overlapping a signal that is
reflected from a sample with the repeated echoes
appearing at a period of 2//v,, where v, is the lon-
gitudinal velocity of sapphire (see Fig. 9);

3) suppression of spurious signals caused by the inter-
nal reflections in the sapphire rod; and,

4) acoustic attenuation of water through the propaga-
tion path.

On the cylindrical concave surface, a chalcogenide
glass film with a thickness of a quarter wavelength is de-
posited, by vacuum-evaporation, as an acoustic antire-
flection coating for efficient transmission of acoustic
waves across the sapphire-water interface [39]. On the
flat surface of the lens, a ZnO-film transducer with di-
mensions 1.73 X 1.73 mm? is fabricated to radiate and
detect longitudinal acoustic waves.

The performance of the acoustic line-focus-beam lens
and transducer assembly was evaluated using an RF pulse
of 0.4 us in width at a frequency of 202 MHz, which
corresponds to a quarter-wavelength frequency of the
chalcogenide-glass-film acoustic matching layer. Before
the experiments, a Z-cut sapphire reflector was placed on
a precisely adjustable mechanical instrument and posi-
tioned at the focal point of the acoustic lens through a
coupling liquid of water. Fig. 9 shows oscilloscope traces
illustrating the performance of a typical lens and trans-
ducer assembly. Fig. 9(a) shows the receiving waveform
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(a)

(b)

signal

Fig. 9. Oscilloscope traces showing performance of acoustic line-focus-
beam lens and transducer with RF pulse of 0.4 ps wide at 202 MHz. (a)
Without water. (b) With water. Scales: vertical, 0.2 V/div, horizontal,
0.5 ps/div.

without water on the lens surface. The first pulse is a
reflected pulse at the input electrical terminal of the
transducer due to electrical impedance mismatching. The
second and third echoes are acoustically reflected echoes
from the top surface of the lens. Fig. 9(b) shows a re-
ceiving waveform when water coupling is introduced be-
tween the lens and the sapphire reflector positioned at the
focal point. From the delayed time of the signal in the
photograph, the focal length of this lens is measured as
1.14 mm by using the longitudinal velocity in water of
v, = 1483 m/s at 20°C. This value is in good agreement
with the calculated value of 1.15 mm from the relation,
fi = R/I(1 — C), where C = v,/u,, and R is the radius of
curvature. It is also seen that the second and third echoes
are reduced due to the effect of the chalcogenide film an-
tireflection coating. A system dynamic range of more than
40 dB is achieved in this way.

Further characterization of the acoustic field in water
was carried out. Fig. 10 shows the experimental results
of the acoustic field distributions along three axes, which
are measured automatically by motor-driven translations.
Figure 10(a) is the acoustic field distribution along the x
axis. The three-decibel width is about 8 pm, which is
comparable to an acoustic wavelength of 7.34 um in water
at a frequency of 202 MHz. Fig. 10(b) is the acoustic
field distribution along the y axis. The intensity gives a
maximum near the center (y = 0) and decreases with
increasing distance |y| as predicted by the theory of the
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Fig. 10. Acoustic field distributions by acoustic line-focus-beam sapphire
lens with cylindrical concave surface of 1.0 mm in radius measured at
202 MHz. (a) Along x axis. (b) Along y axis. (c¢) Along z axis.
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acoustic field from the transducer with a finite electrode
width [40]. Fig. 10(c) shows the acoustic field distribu-
tion along the z axis. The three-decibel width is about 32
um, about four times larger than an acoustic wavelength.
Thus it has been easily confirmed that, by employing the
acoustic lens with a cylindrical concave surface, the
acoustic plane waves radiated from the ZnO-film trans-
ducer are satisfactorily converted into an acoustic line-
focus beam that is focused linearly along the y axis.

B. System

The normal configuration of the line-focus-beam
acoustic microscope for material characterization is
shown in Fig. 11. The system consists of four main ele-
ments; viz., the acoustic probe, pulse-mode measure-
ment system for transmitting and receiving electrical sig-
nals, mechanical alignments and movements to record
V(z) curves, and a computer for controlling the system
and processing the recorded waveforms.

An RF pulse from the pulse-mode measurement sys-
tem [41], which is fundamentally composed of a spec-
trum analyzer and tracking generator, excites a ZnO-film
transducer in the acoustic microscope, and pulsed acous-
tic plane waves are propagated in the lens rod. Typically,
the pulse width is 0.5 usec for the line-focus-beam lens
described in the previous section, and the repetition fre-
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quency is 10 kHz. The transducer also acts as a receiver
and picks up all reflected pulses. The reflected pulses are
fed into the pulse mode measurement system through a
circulator. An RF gate circuit with a high on-off ratio is
used to extract the signal reflected from a sample, which
carries the acoustic information from all other reflected
pulses. Care is taken to position a gate pulse of the cor-
rect width because the delay time of a reflected signal
from the sample varies with the position of the sample.
The pulsed video output that results from the detection
of the RF pulse signal is converted into a conventional
video output, which is also the acoustic microscope out-
put, using a peak-holding circuit.

The sample is placed on a mechanical stage for upward
and downward movement along the beam axis. The
transducer output detected with the line-focus beam is
very sensitive to alignment between sample and lens be-
cause the acoustic field is much wider in the y-axis di-
rection than an acoustic wavelength. For precise mea-
surements, the sample and the assembly of the acoustic
lens and transducer should be mounted on a mechanical
stage that is movable along x, y, and z axes and rotatable
around these axes with very high accuracy. The sample
is positioned at the focal point of the lens. The transducer
output for a signal reflected from the sample is maxi-
mized with careful alignment. The translation along the
z axis is driven by a stepping-motor for which one step
corresponds to a distance of 0.1 pm.

V(z) curves are recorded in the memory of a digital
wave analyzer, synchronized with the driving signal to
the stepping-motor and then entered into a computer. The
useful axial range for the lens described in the last section
is 550 pm.

In the present measurement setup, a coupling liquid of
distilled water is employed as an essential reference me-
dium. Experiments are performed, recording the tem-
perature of water and the acoustic frequency. Using a set
of these data (the V(2) curve, temperature, and acoustic
frequency), the determination of acoustic properties of
phase velocity and attenuation of leaky waves is made
according to the processing procedure as described in de-
tail in the next section.

C. Processing Procedure of V(z) Curves

On the basis of the measurement principle proposed in
Section II, we apply an FFT waveform analysis to deter-
mine the acoustic properties we require from V(z) curves.

A flowchart of the fundamental processing procedure
is shown in Fig. 12. Several schematic waveforms at key
points in the process are depicted in Fig. 13. The V(2)
data are recorded initially on a logarithmic scale (Fig.
12(a)). It is then converted into a linear scale (Fig. 12(b)),
where a V(z) curve for Pb, which is measured under the
same experimental conditions as the V(z) curve to be ana-
lyzed, is used as an approximated V;(z2) and denoted here
as Vi(z). We obtain a Vj(z) curve by subtracting the

1(2) from the V(2) (Fig. 12(c)). Then we use digital low-
pass filtering techniques (for example, moving average)
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Fig. 11. Block diagram of the line-focus-beam acoustic microscope system.
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Fig. 12. Flow chart of processing procedure for V(z) curve analysis.

to attenuate frequency components higher than those cor-
responding to the interference periodicity, and synthesize
a AV (z) curve (Fig. 12(d)). Further, by subtracting the
AV, (z) from the Vj(z), we can extract the fine V; (z) to be
analyzed (Fig. 12(e)). The V;(z) defined in (5) is formed
here by summing Vj(z) + AV;(z), which is derived by the
techniques just mentioned. This processing is most im-
portant to obtain a sufficient measurement accuracy for
material characterization.

Next we sample the measured V; (z) curves with the
distance interval Az, Sampling points N, are distributed
for the waveform in the characterization region. In mak-
ing the analysis, we provide an additional N; dummy

~{fz -
DISTANCE 2
____,/\ V@
DISTANCE 7
‘ vy
4z
DISTANCE 2
N ——5
S ‘ ‘
ArDS
...W $RI068 0 0000 SAMPLED v/ (2)
¥ LR TRY AND
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Jee N Eal
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n
.
z, /77*17’—,, [Fekyf
l IIH\.I l!.l“l.lll.

WAVENUMBER Kk

Fig. 13. Schematic waveforms at key points in V' (z) curve analysis.

sampling points both in front of and behind the V, (z)
curves (Fig. 12(f)) in order to obtain a sufficiently high
frequency resolution, which is directly related to the ve-
locity resolution in the present method. So, a total of N
points, where N = N, + N,, are used in the analysis. The
frequency interval Ak in the frequency domain is given
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by

Ak = 27/(N - Az,). 31)

Applying the FFT analysis to the waveform (Fig.
12(g)), we obtain a spectral distribution as shown in Fig.
13(e). From the distribution, we have a center frequency
7 giving a maximum spectrum, corresponding to the
characteristic dip interval Az. We also determine in the
distribution two specified spectra of F(y) and F(y + =/
z,,) (Fig. 12(h)).

Using the water temperature T recorded at the same
time as the V(z) curve measurement was made, the
acoustic property of water v,(T) and «,,(T), which is re-
quired for the determination of the final characteristics of
the leaky wave on the water-sample boundary, is calcu-
lated by the computer. With the dip interval Az obtained
by the FFT analysis using (15), we can determine the
velocity v,. Using (28), (29), and (12) with the two spec-
tra, we can also determine the attenuation factor ¢, (Fig.
12(1)).

In the processing of highly deformed V(z) curves due
to the multimode interference mechanism, we firstly
search for the number of leaky wave modes and the rough
mode spectra by applying an FFT analysis to the V(2)
curves. According to the procedures (d)-(i) in Fig. 12,
the analysis is repeated for the V,(z) in each of the higher
frequency modes to be analyzed, so that pairs of v,(n)
and o/(n) can be determined in turn.

In the present FFT analysis, we take a total of 8192
points (N), a sampling rate m of 15 ~ 30 points per
wavelength and the ratio N/N; = 30 ~ 50, depending on
the acoustic properties of the materials being studied.
Further, in the analysis we use an interpolation to mea-
sure the two specified spectra properly. In this way the
acoustic properties can be determined without the errors
caused by the discrete spectra distributed in the fre-
quency domain. Details of the FFT analysis and setting
of the parameters for the analysis will be published else-
where.

IV. EXPERIMENTS

Experimental determination of acoustic properties for
materials by the line-focus-beam acoustic microscope is
carried out at a frequency of 225 MHz in order to verify
the validity of the method described in Section II. Ex-
perimental results are compared with theoretical results
calculated by the analytic procedure of Campbell and
Jones [42] for analyzing the propagation characteristics
of leaky waves on the water-solid boundary. Several ma-
terials—including Y-cut «-quartz, (111) Ge, and iso-
tropic substrates such as tellurite glass and borosilicate
glasses—and polymer samples are examined for the dem-
onstration. The system is further applied to a variety of
materials; for example, single crystals with special crys-
talline planes, some typical samples of layered SiO,-film/
Z-cut sapphire, and a membrane structure of thin boro-
silicate-glass film. All the leaky wave modes associated
with the interference phenomena in V(z) curves, such as
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leaky SAW, leaky pseudo-SAW, leaky SSCW, leaky Lamb
wave, and harmonic waves, are investigated.

A. Semi-Infinite Sample

1) Leaky SAW: We first applied the system to measure
the acoustic properties of a piezoelectric Y-cut a-quartz
plate with an optically polished surface. Fig. 14(a) shows
the V(z) curve measured for the z-axis propagation direc-
tion (¢ = 90° in Fig. 15) of the LSAW mode on the
water-Y-cut a-quartz boundary. In the negative z region,
where material characterization is possible, the curve
varies markedly with the distance z, and the dips in the
curve appear periodically, while the amplitude of inter-
ference attenuates rapidly with decreasing distance z. Fig.
14(b) is the V(2) curve for polycrystalline lead. According
to the measurement procedure, the V; (z) for the «-quartz
(shown in Fig. 14(c)) can be extracted by employing the
V(z) curve for lead as the characteristic lens response
V,(z). From the V; (z), we can determine directly that the
velocity of leaky SAW is 3820 m/s with a dip interval of
Az = 41.81 um. From the envelope of V;(z) decreasing
at the rate of 69 dB/mm in Fig. 14(d), we can also de-
termine the normalized attenuation factor of 3.36 x 1072
and substitute the relevant values into (11) and (12).

Experimental results are in good agreement with the
values of Uy gaw = 3826 m/s and aygaw = 347 X 1072
calculated by using the physical constants for «-quartz
reported in [43] and for water a longitudinal velocity of
v, = 1483 m/s and a density p = 998.2 kg/m® at 20°C.
The differences are about 0.14 percent in velocity and
about 2.7 percent in attenuation as shown in Table .

In Fig. 14(¢) the distribution of spectra analyzed by an
FFT for the V;(z) in Fig. 14(c) is shown. A one mode
spectrum for a leaky SAW appears clearly at a frequency
of k = 0.1503 rad/um. Using (30) and (15), the velocity
can be calculated as vy gaw = 3820 m/s. From two spec-
tra in the distribution at X = 0.1503 and 0.1634, we can
determine the attenuation in (28). Finally, the normal-
ized attenuation factor a;gaw on the boundary is calcu-
lated to be 3.36 x 1072 using (29) and (12). Both values
are naturally in excellent agreement with those deter-
mined above by the direct method.

In this demonstration the attenuation can be largely at-
tributed to the water loading effect on the substrate, which
results from the following.

1) The scattering attenuation factor « in (13) due to
surface roughness, grain boundaries, internal de-
fects, etc., is considered to be negligible.

2) The bulk absorption attenuation factor «, mainly
caused by the viscous effect is theoretically esti-
mated to be negligibly small compared with the at-
tenuation factor aggaw due to the acoustic water
loading effect [44], because the attenuation coeffi-
cients for a-quartz are much smaller than those for
fused quartz [45].

For the velocity, the water loading effect gives rise to a
calculated velocity for the leaky SAW that is 15 m/s larger
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Fig. 14. V(2) curve analysis for leaky SAW propagating in the Z-axis di-
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than that of 3811 m/s for a2 SAW propagating along the
same direction on a free surface of a-quartz.

In the same way the propagation characteristics of a
leaky SAW is measured for other propagation directions
using the FFT method. The experimental results are plot-
ted as open circles in Fig. 15 together with the theoretical
results as the solid line. The variation of leaky SAW ve-
locities measured extends from 3165 m/s (¢ = 0°) with
the normalized attenuation factor of 2.57 X 1072 to 3820
m/s (¢ = 90°) with 3.38 X 1072, The calculated phase

velocities range from 3171 m/s (¢ = 0°) with 2.48 X
1072 t0 3826 m/s (¢ = 90°) with 3.47 x 107%. The mea-
sured values are as a whole very close to the calculated
values within the differences of about 0.2 percent in ve-
locity and about four percent in attenuation.

Thus, it has been demonstrated that using this method
the acoustic system can detect precisely the propagation
characteristics, including anisotropy, of Y-cut «-quartz
for the leaky SAW mode as a function of the wave prop-
agation directions around the Y axis.
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TABLE I
COMPARISON OF EXPERIMENTAL RESULTS WITH CALCULATED RESULTS OF
PROPAGATION CHARACTERISTICS FOR LEAKY SAW IN THE Z-AXIS
DIRECTION ON WATER-Y-CUT «-QUARTZ BOUNDARY

Phase velocity
Ursaw (m/s)

Normalized attenuation
factor o gaw

Measured Calculated Measured Calculated

3820 3826 3.36 x 1072 347 x 1072

2) Leaky Pseudo-SAW: The measurement method has
been further applied to the determination of acoustic
properties for a sample of (111) Ge, where one more leaky
pseudo-SAW mode actively participates in the interfer-
ence phenomena of the ¥(z) curves. The leaky pseudo-
SAW is named here for a wave derived from the water
loading for the pseudo-SAW propagating on the free sur-
face of the germanium. The leaky pseudo-SAW propa-
gates on the water-sample boundary, reradiating the
acoustic energy of the wave into both water and the sub-
strate. Germanium belongs to the m3m crystal class.
Propagation characteristics of the two leaky waves on
water-(111)-Ge boundary are determined completely
from the analys:s for the wave propagation directions in
the range between ¢ = 0° and 30° because of the crys-
talline symmetry. Both waves exist theoretically in all di-
rections except the equivalent direction of ¢ = 30° for
pure Rayleigh mode.

The V(z) curves measured for two typical directions of
¢ = 0° and 30° are shown in Fig. 16(a) and (b), respec-
tively. In the case of the V(z) curve for ¢ = 0°, shown in
Fig. 16(a), the curve has apparently complex and de-
formed variation both in dip intervals and in shape in the
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Fig. 16. V(z) curves on water-(111)-Ge boundary measured at 225 MHz.
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characterization region because of the multimode inter-
ference. As stated in an earlier discussion of the multi-
mode interference mechanism, the curve should be de-
composed into two elemental V;(z) curves with the
respective acoustic properties of leaky SAW and pseudo-
SAW modes, as presented in Table II. In a region between
z = 0 and —300 um, the curve is significantly deformed
because two elemental V, (z) curves have almost the same
amplitude but different periodicity of dips. While in a
region between —300 and — 550 pm, the amplitude of an
elemental curve for the leaky pseudo-SAW is much larger
than that for the leaky SAW so that the corresponding dip
periodicity appears dominantly. On the other hand, in the
case of the V(z) curve for ¢ = 30° shown in Fig. 16(b),
the interference is observed with a constant interval of
dips and simple variation in shape of the V(z) curve be-
cause only a leaky pure Rayleigh wave can propagate in
this direction on the boundary.

Now we apply the FFT analysis to the ¥(2) curves. Fig-
ure 17(a) and (b) show the results for the two V(z) curves
of Fig. 16(a) and (b), respectively. In Fig. 17(a) two mode
spectra for a leaky SAW and a leaky pseudo-SAW appear
clearly with moderate spectral distributions at frequen-
cies of k, (LSAW) = 0.3229 and k, (LPSAW) = 0.1874,
respectively. Values of vpgaw = 2675 m/s and ajgaw =
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TABLE II
COMPARISON OF EXPERIMENTAL RESULTS AND CALCULATED RESULTS FOR (111) Ge

Leaky SAW Leaky pseudo-SAW
Velocity Normalized attenuation Velocity Normalized attenuation
Propagation Upsaw (M/S) factor o gaw U psaw (/) factor o [ psaw
direction
@ Measured  Calculated Measured Calculated Measured  Calculated Measured Calculated
0° 2675 2691 1.14 x 107 1.11 x 1072 3444 3450 049 x 1072 0.53 x 1072
30° 2813 2828 1.57 X 1072 1.55 x 1072 - — — -
(111) Ge O deg.
3500 [~
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.9
.8 g 3400
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S .6 3300
— .5 =
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Fig. 17 FFT-analyzed mode spectra for V(z) curves shown in Fig. 16.

(a)¢ = 0°. (b) ¢ = 30°.

1.14 X 1072 are determined for the leaky SAW mode and
those of U psaw = 3444 m/s and agpsaw = 0.49 X 1072
for the leaky pseudo-SAW. These values are very close to
the calculated values, as shown in Table II. In Fig. 17(b),
only one significant mode spectrum is measured for a
leaky pure Rayleigh wave mode, with a center frequency
of k, (LSAW) = 0.2890. The velocity is calculated to be
ULSAZW = 2813 m/s, and the attenuation is o gaw = 1.57 X
107~

Fig. 18 shows the results measured for the other prop-
agation directions in the same way together with the the-
oretical results drawn by the solid line. In the calcula-
tions the physical constants in [46] are used for
germanium. It is easily seen that an accurate determi-
nation of the acoustic quantities has been possible for each
mode existing on the boundary. The differences between
the measured and calculated results are within 0.6 per-
cent for the velocity of both modes, a few percent for the

Fig. 18. Experimental and calculated results of propagation characteristics
of leaky SAW and leaky pseudo-SAW on water-(111)-Ge boundary. A
leaky pseudo-SAW mode does not exist at ¢ = 30°. o denotes measured,
and — denotes calculated.

attenuation of the leaky SAW mode, and more than seven
percent for the leaky pseudo-SAW mode. The difference
in the attenuation for the leaky pseudo-SAW becomes
greater as the propagation direction approaches near
¢ = 30°. This is due to the low level excitation efficiency
of the leaky pseudo-SAW on the boundary. The problem
of the attenuation measurement accuracy will be exam-
ined in Section V-B.

3) Leaky SSCW: On the water—semi-infinite-sample
boundary yet another leaky wave mode, the leaky SSCW
mode, can be excited efficiently as the third mode avail-
able for the material characterization where the longitu-
dinal wave velocity of the sample is relatively small. Ex-
periments are performed for some polymer samples of
polymethylmethacrylate (PMMA), polyvinyl chloride
(PVC), and polystyrene; and some kinds of glasses, such
as tellurite glass, fused quartz (SiO,), borosilicate glasses
of E6 (Ohara Optical Glass Manufacturing Company,
Ltd.), and Pyrex (Corning Company, Ltd., no. 7740).
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Fig. 19. V(z) curves on water/PMMA boundary measured at 225 MHz.
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Fig. 20. V() curves on water/E6-glass boundary measured at 225 MHz.

TABLE III
COMPARISON OF EXPERIMENTAL RESULTS WITH CALCULATED RESULTS FOR SOME TYPICAL ISOTROPIC SAMPLES

Leaky SAW Leaky SSCW
Velocity Normalized attenuation Velocity Normalized attenuation
ULSAW (m/s) factor a g gaw (m/s) U gscw (m/s) factor oy sscw
Sample Measured  Calculated Measured Calculated Measured  Calculated Measured

PMMA — — — — 2787 2730! 2.19 x 1072
PVC — — — — 2365 2240! 2.21 x 1072
Polystyrene — — — — 2322 2340' 2.22 x 1072
Tellurite glass [56] — 1817 — 3.64 x 1072 3446 3460 1.27 x 1072
Si0, [48] 3415 3430 390 x 107 3,82 x 1072 5870 5980 1.38 x 1072
77407 3132 3140 427 x 1072 4.03 x 1072 5470 5608 1.57 x 10°°
E6> 3042 3041 460 x 1072 4.33 x 1072 5350 5401 1.43 x 1072

'A typical longitudinal velocity.
2Technical data from Corning Co. Ltd.
*Technical data from Ohara Optical Mfg. Co. Ltd.

Fig. 19 shows the V(z) curve observed for the PMMA.
There is a regular interference pattern for only one mode
of leaky SSCW having a velocity of vysscw = 2787 m/s
and an attenuation of apssew = 2.19 X 1072, Fig. 20
shows the V(z) curve for E6 glass. There, we can see
clearly the leaky SSCW (Az = 84.15 um) in the V(z)
curve in addition to the leaky Rayleigh wave with a dip
interval of Az = 2598 um. For the glasses, the acoustic
quantities for leaky SSCW’s as well as leaky Rayleigh
waves are determined, as shown in Table III. The mea-
sured values for leaky SAW’s are very close to the cal-
culated values, while for leaky SSCW’s there are slight
differences of a few percent between them. In Table III
the longitudinal velocities for polymer samples are also
given for reference. The acoustic properties of leaky
SSCW’s propagating on the boundary are measured
properly by the acoustic microscope system.

B. Layered Sample (Harmonics)

In this section experiments are described concerning
the determination of acoustic properties for leaky waves
propagating on samples of SiO, film Z-cut sapphire as an
example of a layered structure. SiO, films were fabri-
cated on the substrates by planar magnetron RF sputter-

ing, for several film thicknesses. Sputtering conditions
were as follows: a gas mixture of Ar (80 percent) and O,
(20 percent) at a pressure of 4 x 107> Torr, a substrate
temperature of 200°C, and a deposition rate of 1.5 um.
The film thickness was determined by observing the in-
terference patterns of a He-Ne laser beam during sput-
tering.

The measurements were made on the y-axis propaga-
tion direction of Z-cut sapphire where a leaky pure Ray-
leigh wave can propagate as a fundamental mode. Fig.
21 shows the V(z) curves measured for four typical sam-
ples with film thicknesses of 0, 2.170, 5426, and 10.852
um. From the ¥(z) curve for a naked sapphire substrate,
we can extract only a leaky Rayleigh wave with a velocity
of 5710 m/s and an attenuation of 0.89 X 1072, corre-
sponding to the theoretical values of 5711 m/s and 0.92 X
1072, respectively. By depositing SiO, films, the curves
vary markedly in form. In the case of the SiO, film of
2.170 pm in thickness (Fig. 21(b)), the velocity of
Usaw = 5483 m/s and the attenuation of ajgaw =
1.19 x 1072 are determined for the leaky pure Rayleigh
wave. In the case of the film of 5426 um (Fig. 21(c)), it
is easily seen that an additional leaky wave mode partic-
ipates in the interference of the V(z) curve as similarly

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 00:52:09 EST from IEEE Xplore. Restrictions apply.



204

IEEE TRANSACTIONS ON SONICS AND ULTRASONICS, VOL. SU-32, NO. 2, MARCH 1985

% @
- 0 Z 0
- -
— -
2 -10 J[ X\ 2 -10 J
= NN /] = NViNA /]
-t ——
R VIRVIR VARV s VRTIAYEYRYIR
2 vinN v 2 v UYL T Y
T = T
e —~
4 -30 W -30
1
-500 -400 -300 -200 =100 0 -500 -400 -300 -200 -100 0
DISTANCE z (um) DISTANCE z (um)
(a) ()]
m @
z 0 Z 0
>
- = =
G I [ 5 LA
Z -~10¢ \/.\/ v V Z -10 S
= N7 \ R /A\V/aY AN W
-
w =20 W -
> J = 20 {
o =
« @
= |
W -30 o -30
=500 -400 -300 -200 -100 O -500 -400 -300 -200 -100 O
BISTANCE z (um) DISTANCE z (um)
© @
Fig. 21. V(z) curves on water/SiO,-film/Z-cut-sapphire measured at
225 MHz. (a) H = 0. (b) H = 2.170 pum. (c) H = 5426 pm. (d) H =
10.852 um.
TABLE IV
COMPARISON OF EXPERIMENTAL RESULTS WITH CALCULATED RESULTS FOR Si0,-FI1LM/Z-CUT SAPPHIRE
Leaky SAW Other leaky waves
Velocity Normalized attenuation Velocity Normalized attenuation
Film UpLsaw (m/s) factor o saw v,(m/s) factor
thickness
{um) Measured  Calculated Measured Calculated Measured  Calculated Measured Calculated
0 5710 5711 0.89 x 107  0.92 x 1072 — — — -
2.170 5483 5477 1.19 x 107 1.24 x 1072 — - - —
5.426 4957 4958 5.07 x 107> 4.56 x 1072 8435' 8335 — 3.83 x 1072
10.852 3443 3562 539 x 1072 5.43 x 1072 55747 5662 0.28 x 107  0.63 x 107?

'"Leaky pseudo-SAW mode.
*Harmonic mode of leaky SAW.

observed for the (111) Ge. For a leaky Rayleigh wave, a
velocity of vy gaw = 4957 m/s and an attenuation of
apsaw = 5.07 X 1072 are determined, and they coincide
with the calculated values of v gaw = 4958 m/s and
apsaw = 4.56 X 1072, Another mode is a leaky pseudo-
Rayleigh wave with a velocity of v psaw = 8435 m/s, cor-
responding to a calculated value of vppsaw = 8335 m/s.
In the case of the film of 10.852 um, we can clearly mea-
sure two leaky modes; one is a fundamental leaky Ray-
leigh wave with v gaw = 3443 m/s and apgaw = 5.39 X

1072; and another is a harmonic mode of the leaky Ray-
leigh wave with v gaw = 5574 m/s and oy gaw = 0.28 X
1072, The measured values of acoustic properties agree
well with the calculated values as shown in Table IV. Ex-
perimental results are shown against the normalized pa-
rameter of fH (the product of the acoustic frequency and
the film thickness) in Fig. 22 together with the calculated
results. In the calculations the physical constants for sap-
phire reported in [47] and for SiO, in [48] are used, re-
spectively.
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Fig. 22. Experimental and calculated results of propagation characteristics
of leaky SAW on water/SiO, film/Z-cut sapphire. o denotes measured,

and — denotes calculated. (a) Velocity. (b) Attenuation.

The measurements show clearly that the propagation
characteristics for both the velocity and attenuation of re-
lated leaky waves are dispersive depending greatly on the
value of fH. The good agreement shows us that the SiO,
films prepared here have almost the same acoustic prop-
erties as those of bulk Si0,. It suggests that the line-fo-
cus-beam acoustic microscope system is available for de-
termining the physical constants, such as the elastic
constants and the density, for films through the theoreti-
cal calculations using the measured acoustic properties
for the films and substrates, after the naked substrates
are completely characterized.

C. Thin-Film Sample (Leaky Lamb Wave)

The remaining mode to be measured by the present
acoustic system is a leaky Lamb wave. The wave exists
on thin-film samples where there is water loading on one
or both sides. Here measurements are made of an optically
polished borosilicate glass (Tempax glass is manufac-
tured commercially by Schott Company, Ltd.) of 24 um
in thickness, with water loaded on only one side of the
sample. Measurements are performed by varying the fre-
quency in S-MHz increments from 50 MHz to 100 MHz,
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using an acoustic line-focus-beam sapphire lens of 1.5
mm in radius of curvature.

A typical V(z) curve measured at 85 MHz is shown in
Fig. 23. Two pairs of acoustic quantities corresponding
to two modes can be determined from the curve: one has
a velocity of v; = 2861 m/s and an attenuation of «; =
2.30 X 1072, and the other has a velocity of v; = 5227
m/s. Analyzing the propagation characteristics of the
fundamental wavesforthestructureof water-tempax-glass-
free-space, there are two fundamental leaky Lamb waves
of symmetric (s-mode) and antisymmetric (a-mode)
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modes. The theoretical curves for both modes are shown
in Fig. 24 with the physical constants of C;; = 7.05 X
10'° N/m?, €y, = 1.99 X 10" N/m?, and p = 2.23 x 10°
kg/m>. The calculated values compare well with the ex-
perimental results. The antisymmetric modes have low
velocities (around 2800 m/s) and moderate attenuation
factors so that the determination is made with ease, as
compared with the case for the symmetric modes in the
experimental region.

D. Material Characterization Curve

Here the acoustic microscope system is applied to a
variety of solid materials, such as InSb, GaAs, YIG,
GGG, Si, TiO,, LiNbQO;, sintered SiC, diamond, etc.,
for which the velocities of leaky waves range widely from
2000 to 11000 m/s. The experimental results for all sam-
ples are compared with calculated values using their
physical constants [49].

For the velocity measurements associated with leaky
waves on the boundary of water-samples, we can develop
the following normalized relation to obtain a universal
representation for the material characterization

Az = v,/2(1 — cos ). (32)

It is recognized that the product of fAz depends entirely
upon the acoustic properties of materials and the refer-
ence liquid of water.

All the experimental results are seen to fall on a single
experimental curve drawn by using (32). This curve is
shown by the solid line in Fig. 25, and we call it the
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malized attenuation factor for materials shown in Fig. 25.

material characterization curve. In this figure the theo-
retical velocity values of leaky waves in the typical prop-
agation directions for all the characterized materials are
plotted as open circles for leaky SAW’s and leaky pseudo-
SAW’s. It is apparent from the comparison that the ma-
terial characterization curve determined by the measure-
ments is well predicted by the theoretical values. The dif-
ferences between the experimental and theoretical values
are much less than 0.5 percent. As illustrated in Fig. 25,
there is only one exceptionally excessive difference (1.2
percent for X-propagating on Y-cut LiNbQOj; (no. 18)),
which has been shown to be due to the fact that the phys-
ical constants [50] used here are slightly different from
those for the lithium niobate actually employed [19]. It is
also confirmed that the system is applicable for materials
such as sintered SiC (v gaw = 6790 m/s, measured) and
(111) diamond (v saw = 10860 m/s, measured) with leaky
SAW velocities much higher than 6000 m/s. The deter-
mination of velocity is, however, made directly from the
dip intervals Az in their V; (z) curves using (15), because
only a few interference waves are obtained in the char-
acterization region by the present line-focus beam with
a half aperture angle of 8,; = 60°.

Fig. 26 shows the relation of the theoretical and mea-
sured attenuation factors. In a region of relatively large
attenuation (@ = 1.0 X 1072 ~ 5.0 x 107?), the mea-
sured values are in good agreement with the theoretical
values with the differences of several percent. As the at-
tenuation becomes smaller, the difference grows larger
and a typical difference is about 20 percent for leaky
pseudo-SAW on (111) InSb. From experiments, there is a
tendency for the difference to grow larger for materials
with higher velocities (or higher acoustic impedances) and
the measured values are likely to be smaller than the the-
oretical values. This might be attributed possibly to an
increase in propagation loss in water due to dissolved air
and a limitation of the measurement principle.
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V. Discussion
A. Unlization Method

It has been satisfactorily demonstrated that the line-
focus-beam acoustic microscope is a very useful system
for quantitative material characterization. The system is
applied to all sample configurations, such as semi-infinite,
layered, or diffusion-layered, and thin-film structures, and
it can detect all modes of leaky waves excited efficiently
on the boundary. From the standpoint of making the most
practical use of the system for material characterization,
one should utilize the most dominant phenomenon of
leaky wave modes on the boundary in order to obtain the
greatest accuracy in measurement. Generally, a leaky
SAW mode should be employed for most solids because
it is the most fundamental mode. Where the leaky SAW
does not exist or is not excited efficiently on the bound-
ary, a leaky SSCW mode should be utilized alternatively.
Thus, the two modes can cover most of a characterization
area for solid materials through the V(z) curve analysis.
For V(z) curves that are deformed due to multimode in-
terference, one of the modes should be extracted clearly
for characterizing materials according to the processing
procedure of V(z) curves.

Using the present measurement principle, the velocity
and attenuation of related leaky modes are determined
simultaneously. For materials that have homogeneous
acoustic and structural properties, the velocity is the
much more significant acoustic property for characteri-
zation than is attenuation, as it is less dependent on the
acoustic frequency. It becomes very important to deter-
mine both the velocity and the attenuation for materials
that have significant acoustic absorption or structural
variations, such as surface roughness and material struc-
tures of grains, pores, and boundaries. These factors
cause frequency dependence on the acoustic properties.

B. Measurement Accuracy

The measurement accuracy of the values for leaky
waves should be examined. It is seen from (15) that in
determining the velocity through the ¥(z) curve analysis,
the accuracy is affected by the three factors v, f, and
Az

The measurement of the water temperature is made by
a copper-constantan thermocouple. In the system a syn-
thesized signal generator is used for experiments with
resolution so sufficient that the frequency f has no influ-
ence on the measurement accuracy. The dip interval Az
will be affected by the precision of the mechanical trans-
lation, the alignment of the lens and samples, the electri-
cal circuits, and processing errors in the analysis. The
maximum error of the position may be considered to be
+0.1 pm along the beam axis, it affects the measurement
accuracy of the velocity by less than 0.01 percent. The
error of the dip interval Az, which is introduced by the
other factors, is discussed here in experimental tests that
determine the reliability of the measurement system and
in the investigation of the attenuation.

207

Experiments were made in order to examine the repro-
ducibility of measuring the acoustic properties of leaky
SAW mode for a Si0, sample by repeated (about 200
times) alignment and arbitrarily positioning the sample.
The velocity was distributed with a mean value of 3416
m/s and a standard deviation of 0.6 m/s. The attenuation
yields a mean value of 3.85 X 107 and a standard de-
viation of 0.015 X 1072, These deviations are considered
to be within about 0.02 percent for velocity and about 0.4
percent for attenuation, which is essential to the system
and the analysis.

From these determinations, the overall relative mea-
surement accuracy in the velocity can be estimated here
to be better than 0.1 percent. With reference to the data
obtained in Section IV-D, we believe that the absolute
measurement accuracy might be better than +0.2 per-
cent, considering the comparison between the measured
and calculated values of leaky SAW’s for «-quartz, Si,
GGG, and sapphire, whose physical constants were mea-
sured with sufficient accuracy.

For the attenuation measurement, the absolute accu-
racy might depend upon the appropriate determination of
the attenuation in water under the experimental condi-
tions described in Section IV-D with errors from a few
percent to about 20 percent, corresponding to the veloc-
ity of the materials.

C. Limitations

As the measurement principle requires a clear wave in-
terference waveform in the V(z) curves for determining
the acoustic properties of leaky waves, the system em-
ploying water as a reference material has limitations for
measuring materials. Specifically, it is required that the
leaky waves must have the critical angles, given by 6,
sin~! (v,/v)), within the half aperture angle of the lens
and moderate normalized attenuation factors. In the case
of water, measurements can be performed effectively for
ma terials having the propagation characteristics of leaky
waves with velocities v; from about 1800 to 11000 m/s
and a normalized attenuation factor from about 1 x 107°
to 1 X 107!, To make more accurate measurements, it
is desirable to select the lens with a suitable half aperture
angle 6. A lens with #,, = 30° is appropriate for ma-
terials with a velocity higher than 5000 m/s, 0, = 60°
for materials with a velocity range from 2000 to 6000 m/
s, and By, = 70° for those from 1800 to 5000 m/s, taking
into consideration the translation distance along the beam
axis for the material characterization and the dip interval
of the relevant leaky mode. It is a useful method to con-
trol the acoustic fields impinging on samples by selecting
the electrode width of the acoustic transducer and by
choosing the operating frequency [51]. However, for ma-
terials with a velocity lower than 1800 m/s, it becomes
very difficult to measure the propagation properties using
water as the reference fluid.

Other coupling liquids might make the V(z) curve mea-
surements more effective for materials with both higher
and lower velocities than those given above. For mea-
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Fig. 28. Acoustic inhomogeneity in velocity on PZT ceramic wafer.

surements of materials with higher velocities than 6000
m/s, coupling could be achieved with liquid Ga (vy = 2870
m/s and p = 6.1 X 10° kg/m® at 30°C). This is useful
for the internal observation of solid devices [34]. On the
other hand, for measurements of materials with lower ve-
locities than 2500 m/s, we might select coupling liquids
such as methyl alcohol (v, = 1088 m/s and p = 781.8
kg/m® at 30°C) [52); ethyl alcohol (v, = 1134 m/s and
p = 7809 kg/m3 at 30°C) [52]; a high pressure gas such
as Ar (v; = 323 m/s at 40 bar) [53]; and also liquid He
(v; = 238 m/s and p = 145 kg/m’ at 0.2 K) [54]. Proper
selection of coupling liquids as a reference material en-
ables us to measure the leaky wave velocities for most of
materials, although some of these coupling liquids are
physically and chemically not as stable and easy to handle
as water.

V1. APPLICATIONS

A. Variation of Acoustic Properties on Wafers

The system has been applied in a preliminary fashion
to investigate inhomogeneity of the acoustic velocities as

a function of position. Examples of the studies that have
been carried out are for a gadolinium gallium garnet
(GGG) wafer (Shin-Etsu Chemical Company, Ltd.),
which is well known as a substrate material needed for
magnetic, bubble domain devices and is representative of
a defect-free single crystal; and for a PZT ceramic wafer
(Murata Manufacturing Company, Ltd.) with a grain size
of 1 ~ 2 um, which is used for surface wave filter de-
vices.

Fig. 27 shows the experimental results measured for
leaky SAW’s propagating across the diameter, parallel to
the [110] on a (111) GGG wafer of three inches in diam-
eter. The excellent acoustical homogeneity is obtained
with a mean value of v gaw = 3250 m/s with maximum
differences of 0.05 percent. This also demonstrates the
stability of the measurement system.

Similarly, Fig. 28 shows the results measured for a PZT
ceramic wafer of two inches in diameter. As the line-
focus beam has a uniform field distribution of about 1 mm
along the line direction in water (see Fig. 10. (b)), which
is much longer than the grain sizes of the sample, mean
propagation characteristics of the leaky SAW can be mea-
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Fig. 29. Acoustic images of Mn-Zn ferrite samples observed by the point-
focus-beam acoustic microscope at 575 MHz (defocus: z = —15 pm).
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Fig. 30. Measured V(z) curves by the line-focus-beam acoustic microscope
at 226.3 MHz for Mn-Zn ferrite samples shown in Fig. 29. (a) Grain §,

(b) Grain L.

sured. It is shown that the velocities vary randomly with
position and increase greatly in the radial direction. The
mean velocity value of 2371 m/s with maximum differ-
ences of 0.9 percent was obtained. It seems that the vari-
ation is dependent on the distribution of different poly-
crystalline grains and slight surface roughness after
poling, which can be observed on the surface of samples
before poling.

B. Structural Analysis

In the case where the material characterization method
is applied for materials with structural variations such as
microscopic defects of grains, pores, and roughness near
the surface, propagating waves on the boundary will be
scattered, and this will be reflected in the V(z) curves.
Thus the system can detect information quantitatively on
the surface condition of the sample and the distribution
of such microscopic defects in the sample by extracting
the attenuation due to the scattering effect from the mea-
sured total attenuation. On the other hand, such struc-
tures can be observed in an image as variations of acous-

tic properties by the point-focus-beam acoustic
microscope with a resolution of less than one wavelength.
So by combining quantitative macroscopic measurements
with qualitative microscopic measurements, a new
method of structural evaluation of solid materials may be
established. This new method has been employed in an
attempt to analyze the structural information on Mn-Zn
ferrite materials for magnetic heads.

Fig. 29 shows the acoustic images for each sample ob-
served by a scanning reflection acoustic microscope op-
erating at a frequency of 575 MHz at defocus of z = —15
pm with a resolution of about 2 ym. Each sample has an
average nominal grain size of 8 um (grain S sample) and
50 pum (grain L sample), the surface of which is optically
polished. From the photographs we can clearly recognize
individual grains and boundaries with grains of 10 ~ 100
pm in size for the grain L sample, while for the grain §
sample we can see a distribution of smaller grains of sev-
eral micrometers. The image is slightly blurred because
of insufficient resolution.

Fig. 30 shows the typical V(2) curves for each sample

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 00:52:09 EST from IEEE Xplore. Restrictions apply.



210

TABLE V
AcousTiC PROPERTIES OF LEAKY SAW’S OBTAINED FOR MN-ZN FERRITE
SAMPLES
Grain size Phase velocity Normalized attenuation

Sample (um) U saw (M/$) factor oty gaw
Grain § 8 3317 368 x 1072
Grain £ 50 3299 587 x 1072
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Fig. 31. Experimental results of frequency dependence of attenuation fac-
tor of leaky SAWSs for Mn-Zn ferrite samples shown in Fig. 29.

measured by the acoustic line-focus beam at 226.3 MHz.
It is easily seen from the interference phenomena in the
V() curves that the grain L sample has greater attenua-
tion than does the grain § sample. The measured velocities
and attenuations are given in Table V. The attenuation
value for grain L sample is about 60 percent larger than
that for the grain S sample, while the velocities for both
samples are almost the same. This implies that the atten-
uation due to scattering at grain boundaries increases
greatly with average grain sizes.

In order to study the frequency dependence of atten-
uation, we used three other lenses with a radius of 0.75,
1.25, and 1.5 mm. They are suitable for measurements
from 50 to 300 MHz. In all cases the attenuation in-
creased strongly with the frequency as shown in Fig. 31.
Considering the variation of wavelength for the leaky
SAW’s with frequency, we believe that according to the
scattering criteria [55] for the grain S sample, the scat-
tering phenomenon for frequencies lower than 100 MHz
are in the Rayleigh scattering region (A > 27D where D
is the average grain sizes and A is the wavelength). On
the other hand, for the grain L sample, the phenomena
are considered to be almost entirely in the intermediate
region (A < 27D).

In any case it is shown that quantitative measurements
with the frequency dependence are expected to provide a
useful means of analyzing the structure of materials by
comparing results with acoustical imaging information
observed by the point-focus-beam acoustic microscope.

VII. CONCLUSION

In this paper we have described a novel method of ma-
terial characterization by using the line-focus-beam
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acoustic microscope. Material characterization has been
made by quantitatively determining propagation charac-
teristics, i.e., phase velocity and attenuation, of leaky
waves on the water-sample boundary through V(z) curve
measurement. In order to measure the two acoustic quan-
tities from the measured V(z) curves, a general measure-
ment principle has been developed with a simple model
derived from a combination of ray and field theories. We
have shown that V(z) = V{2) + V. (2), where V{(2) and
V,(z) are the interference output and the characteristic
lens response, respectively. The principle has been ex-
panded for the interference associated with multiple leaky
waves. Spectral analysis has been introduced as a general
means of analyzing the V)(z) curves. In the spectrum dis-
tribution that is obtained with the Fourier transform, the
velocity 'is determined from a center frequency which
gives a maximum spectrum, while the attenuation is de-
termined from a spread of spectra. The line-focus-beam
acoustic microscope system, which was developed here
with the software implementation of the measurement
procedure, has been applied to a variety of solid mate-
rials. Both isotropic and anisotropic materials with ve-
locities ranging from 2000 to 11000 m/s have been mea-
sured. It has been shown that the system can detect
propagation characteristics and anisotropy for all leaky
wave modes, such as leaky SAW, leaky pseudo-SAW,
leaky SSCW, leaky Lamb wave, and haromic waves, that
are excited efficiently on the boundary. It has been esti-
mated here that the absolute measurement accuracy is
about +0.2 percent for the velocity measurements (better
than 0.1 percent for relative measurements) and from a
few percent to 20 percent for the attenuation measure-
ments.

The following is summarized from these investigations
that the line-focus-beam acoustic microscope has several
distinctive features of interest.

1) The system is suitable for quantitative measure-
ments of the acoustic properties of materials, in-
cluding anisotropy, because of the directionality of
the acoustic line-focus beam,

2) Propagation characteristics for only desired leaky
wave modes can be extracted from V(z) curves.

3) A proper model can be established for the theoret-
ical and experimental investigations.

4) The results obtained with the line-focus beam are
available for basic investigations in order to inter-
pret acoustic images obtained by the point-focus
beam.

Two possible applications of the material characteri-
zation method have been demonstrated in a preliminary
fashion. One example has been shown for detecting
acoustic inhomogeneities on wafers used for electronic
materials, such as (111) GGG and PZT ceramics. The
system has revealed the homogeneity in elastic property
on the GGG wafer and the marked variations on the PZT
ceramics wafer that are mainly due to the distribution of
different polycrystalline grains and slight surface rough-
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ness. It is suggested that quantitative information of such
acoustic properties may be displayed in a picture mapped
as a function of position on wafers for practical applica-
tion. Another example has been the preliminary use of a
new method for combining the quantitative measure-
ments made with the line-focus-beam acoustic micro-
scope with the acoustical imaging measurements ob-
tained with the point-focus-beam acoustic microscope.
One of the most valuable applications of the system
would be for determining material constants by com-
puter-fitting the precisely measured propagation charac-
teristics of relevant leaky wave modes for bulk as well as
thin-film materials grown on substrates. This study will
be reported in detail elsewhere. In the near future, the
line-focus-beam acoustic microscope system is expected
to play an important role in the fields of material science
as well as nondestructive and noncontacting evaluation.
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