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Abstract—Layer thickness measurements using pseudo-Sezawa waves
have been proposed, in which ultrasonic waves were obliquely applied
to a layered surface of a specimen. A case in which the plate thickness
of the specimen is so thin that it can not be regarded as a half space is
studied. A number of modes of plate waves are then excited in addition
to pseudo-Sezawa waves. The plate waves, giving rise to the appear-
ance of extra dips in the power spectrum of reflected waves, cause dif-
ficulties in the measurements. To prevent the excitation of plate waves,
it is proposed that a mask of a sound-insulating material having a slit
aperture should be placed on the layered surface of the specimen. Ex-
periments and theoretical calculations, using lead frames of LSI chips
as typical test specimens with thin substrates, are made to demonstrate
a performance of the present method in preventing the excitation of
plate waves.

I. INTRODUCTION

N ACOUSTIC micrometer using pseudo-Sezawa

waves has been developed and applied to thickness
measurements of surface layers deposited on solid sub-
strates [1]. In the acoustic micrometer pseudo-Sezawa
waves were excited on a layered surface by ultrasonic
waves obliquely applied through a propagating fluid (typ-
ically water). A dip was then observed in the power spec-
trum of a reflected wave at a specific frequency, at which
pseudo-Sezawa waves were excited [2], [3].

When the thickness of a substrate is so thin that it can-
not be regarded as a half space, the incident wave excites
various modes of guided waves along the layered plate.
Characteristics of the modes are discussed in detail by
Farnell and Adler [16]. Throughout this paper, those
modes are designated as ‘‘surface waves,’” which become
asymptotic to surface waves on a layered half space as the
frequency is increased. And other modes are designated
as ‘‘plate waves.’’ If the plate has no surface layer, the
plate waves are known as Lamb waves [4]-[6]. Plate
waves and Lamb waves have been studied for the purpose
of nondestructive evaluation of materials. Typical exam-
ples are as follows: measurement of the plate thickness
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[7], estimation of the depth of planar cracks in ceramics
by an acoustic microscope [8], observation of thin sub-
strates with an acoustic microscope [9], [10], estimation
of material properties of plates [11], investigation of im-
ages of multilayered materials [12], and estimation of
elastic properties of composite materials [13]. In these
studies plate waves and Lamb waves were intentionally
employed for the measurement.

On the contrary, in layer thickness measurements by an
acoustic micrometer using pseudo-Sezawa waves, the ex-
citation of plate waves has caused an appearance of many
extra dips, besides one caused by the excitation of pseudo-
Sezawa waves, in the power spectrum of a reflected wave,
and raised difficulties in measurements. This paper inves-
tigates the nature of the plate waves, and then proposes a
method to circumvent the excitation of plate waves.

In Section II, experiments on layered plates and nu-
merical calculations of reflection coefficients are made to
study the nature of dips in the power spectrum. In Section
III, a method to prevent the excitation of plate waves is
proposed with a simple consideration based on a geomet-
rical theory of acoustic propagation. An experiment using
the method demonstrates its performance in preventing the
excitation of plate waves. Then a diffraction theory of
sound propagation is used to simulate the measurement
by numerical calculations.

II. PLATE WAVES AND SURFACE WAVES IN THIN
PLATES

To investigate the nature of dips in the power spectrum,
dispersion curves of the phase velocities for plate waves
and surface waves in a layered thin plates are studied by
experiments and numerical calculations.

A. Experimental Apparatus

A block diagram of an acoustic micrometer [1] is shown
in Fig. 1. An impulsive plane wave was applied to a lay-
ered surface of a specimen with a specific incident angle
denoted by 6 in Fig. 1. In a sensor unit used in this study,
the incident angle § was variable. The effective frequency
range of piezoelectric transducers, which were made of
ZnO films sputtered on transducer rods, was 20-130
MHz. Test specimens used in experiments consisted of
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Fig. 1. Block diagram of acoustic micrometer.

42-alloy (42 percent Ni-Fe alloy ) substrates with electro-
plate surface layers of gold. The plate thickness of the
substrates was 225 pm, and the layer thickness ranged
from 2 to 5 um, reference values of which were measured
by an X-ray fluorescence method [14]. A geometry of a
test specimen and acoustic waves are schematically drawn
in Fig. 2; the plate was immersed in water for the mea-
surement.

B. Experiments on Layered Plates

It was shown in the previous studies [1], [2] that the
pseudo-Sezawa wave was most efficiently excited on a
specimen consisting of a 42-alloy substrate and a gold
layer when the incident angle § was nearly equal to 27°.
Therefore experiments were performed by changing 6
from 18° to 41° with 1° steps, and at each incident angle,
frequencies of dips in the power spectrum were measured.

Examples of measured spectra, at § = 30°, are shown
in Fig. 3. The thickness of gold layers were 3.69, 3.49
and 3.31 um for specimens in Figs. 3(a), (b), and (c),
respectively. At a glance, it is inferred that there are two
distinct kinds of dips in each spectrum: one kind is a se-
ries of roughly periodic dips with narrow width and shal-
low depth (denoted by (D in Fig. 3(c)), and the other kind
is a rather wide and deep dip (emphasized with a dashed
line and denoted by @) in Fig. 3(c)). In the vicinity of the
dip @), the two kinds of dips overlap each other making
a complicated figure, therefore, the exact identification of
the two kinds of dips is difficult. A rough estimation of
center frequencies of dips (@ in Figs. 3(a), (b), and (c) is
listed in Table I, which indicates that fd values (the prod-
uct of dip frequency f and layer thickness d ) are approx-
imately equal to an fd value of a dip in case of a layered
half space [1]; 210 MHz pm at § = 30° for gold layers
on 42-alloy substrates. This suggests that the dips ) were
caused by the excitation of surface waves, which would
become pseudo-Sezawa waves if the plate thickness were
infinitely large.

From values of incident angles 6 and dip frequencies f
measured for the test specimen with the layer thickness
3.31 um, dispersion curves were obtained through

V=1V,/sin#, (1)
k = 2zf/V, (2)
where V,, is the sound velocity in water, and ¥ and k are

the phase velocity and wave number of plate waves, re-
spectively. The values are plotted in Fig. 4.

C. Numerical Calculations

Numerical calculations of a reflection coefficient R( f,
) were performed for a plane ultrasonic wave incident on
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Fig. 2. Cross sectional view of layered plate immersed in water, irradiated
with acoustic wave.
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Fig. 3. Power spectra of waves reflected at gold layered 42-alloy plates.
Plate thickness: 225 ym. Layer thickness: (a) 3.69 ym, (b) 3.49 um, (c)
3.31 pm. Incident angle: 30°.

TABLE I
ESTIMATION OF FREQUENCIES oF Dips 2) IN FiG. 37

Layer Frequency
Thickness of Dip(® Deviation
[ um) [MHz} "fd [MHz - pm) [percent]
(@ 3.69 58 214 +1.9
(b) 3.49 60 209 —-0.5
(c) 3.31 66 218 +3.8

“Incident angle: 30°.
®fd for layered half-space: 210 MHz + um.

Phase Velocity [km/s]
W

01! 2 3 456 789
k-D
2n

Fig. 4. Dispersion curves of phase velocities for waves excited in gold

layered 42-alloy plate. Solid lines: theoretical. O, ®, A, A, #: experi-
mental. Layer thickness: 3.31 ugm. Plate thickness: 225 pm.
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TABLE 11
MATERIAL CONSTANTS USED IN CALCULATIONS

Density

[g/cm’] Viim/s] Vi[m/s]
Water 1.00 1483 —
Gold 19.32 3240 1220
42-alloy 8.10 4860 2600
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Fig. 5. Dispersion curves of phase velocities numerically calculated for
waves in plate without surface layers.

a plate with a surface layer 3.31 pum thick, immersed in
water. The calculations were made using a method de-
scribed by Brekhovskikh [5], with the incident angle 6
and frequency f as parameters. Material constants used in
the calculation are listed in Table II. Modulus of R( £, 6)
exhibited a series of dips in the f — 6 plane. From the loci
of the dips in the f — # plane, dispersion curves of the
phase velocities were obtained by (1) and (2), and plotted
in Fig. 4 with solid lines. An agreement is seen with ex-
perimental values.

The calculation was also carried out for a plate without
a surface layer immersed in water, and dispersion curves
of the phase velocities, thus obtained, are shown in Fig.
5. They are dispersion curves of leaky Lamb waves [5].

It can be seen in Fig. 4 that an additional mode, de-
picted as a surface wave in the figure, comes to be excited
because of the deposition of a surface layer on the plate.
As discussed in Section II-B, this surface wave becomes
a pseudo-Sezawa wave when the plate thickness becomes
infinite. Dispersion curves of other modes in Fig. 4, which
we call plate waves, deviate from those of leaky Lamb
waves when a surface layer is deposited.

III. A METHOD TO PREVENT THE EXCITATION OF
PLATE WAVES
From Fig. 3, one cannot readily define a simple and
accurate technique to estimate the layer thickness from
the power spectrum for a layered plate. In the following,
we propose a method that can be easily implemented.

A. A Method Using a Mask with a Slit

Fig. 6 schematically shows a cross sectional view of a
thin plate with a layer on it. The thickness of the plate is
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Fig. 6. Schematic description of sound-insulating mask with slit aperture
placed on layered surface of plate.

D. An arrow (D represents an incident wave. The incident
angle is 6. An arrow (2) represents a wave reflected at an
upper surface, while an arrow (3) represents a wave re-
flected at a bottom surface of the plate. In the present case
with 6 = 30°, the wave (3) propagating in the P late is a
transverse wave. From the Snell’s law,

sin@/V, =siny/V, (3)

where V, is the transverse sound velocity in the plate and
¥ is the refraction angle. The excitation of plate waves
can approximately be regarded as a resonance of the waves
@ and (). The condition of the resonance is easily de-
rived,

Jn=m V,/(2D - cos §) (4)

where f,, is an mth resonant frequency, and m is a non-
negative integer. The distance W in Fig. 6 is subject to
the condition,

W =2D - tan y. (5)

Thus it might be possible to prevent the excitation of
plate waves by placing a sound-insulating mask having a
slit aperture on the layered surface, as shown in Fig. 6.
A typical material of the mask is silicon rubber. The width
of the slit must be less than W in (5). Physical phenomena
belonging to the surface wave are essentially confined in
the vicinity of the layered surface, therefore, the mask
might not seriously affect the spectral components corre-
sponding to the excitation of surface waves.

In order to evaluate the performance of this method, an
experiment was made. The thickness of a surface layer of
a test specimen was 3.72 um, and the incident angle was
30°. The width of a slit in the mask was 1 mm. A com-
parison of two spectra obtained by measurements with and
without the mask is shown in Fig. 7. It is obvious from
the figures that, by using a mask, dips caused by plate
waves can be removed and only a dip by the surface wave,
which is essentially the pseudo-Sezawa wave, can be re-
covered.

B. A Simulation by a Diffraction Theory

A diffraction theory of acoustic propagation [15] is
given in the following to simulate an ultrasonic wave re-
flected at a masked surface of a layered plate.

Fig. 8 shows a coordinate system for the calculation.
For the sake of simplicity, we treat it as a two-dimen-
sional (2-D) problem. We suppose that a plane wave with
frequency fis propagated from plane 1 through water to-
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Fig. 7. Power spectra of waves reflected at gold-layered 42-alloy plate.
(a) Measured with mask, and (b) without mask. Slit width of mask: 1
mm. Incident angle: 30°. Layer thickness: 3.72 um. Plate thickness: 225
pm.
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Fig. 8. Coordinate system used for calculations.
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ward a layered surface of a thin plate. The incident angle
is 0. At plane 2 where z = 0, a potential function of the
incident wave is,

¥ (x) = exp (i4x) (6)

where £, = k sin 0y, and k = 2nf/V,,. Plane 2 is at the
interface between water and a layered surface. Now let us
suppose that a mask placed at plane 2 absorbs the incident
wave in regions |x| > W/2, and leaves it intact in a
region —W/2 < x < +W/2. Therefore the incident
wave is modified to

j , -Ww/2 wW/2,
¥(x) = {exp (i%yx) / < x < +W/ 7)
0, otherwise.
The angular spectrum of the incident wave is then
+W/2
®(¢) = (1/27) S—W/Z exp (i&gx) exp (—ifx) dx
= (sin ((¢ = £)W/2))/(n(£ = &))-  (8)

When the incident wave is reflected by the layered surface
of a specimen, the angular spectrum of the reflected wave
can be obtained by multiplying the right-hand side of (8)
with a reflection coefficient R( f, ) for the layered sur-
face. The reflected wave is also inhibited to propagate
backward through plane 2 at |x| > W/2, because of the
presence of the mask. Therefore a potential function of

the reflected wave at plane 2 just above the mask is

S (R(£ 0) - sin ((¢ — £)W/2)/

(w(& — &))) exp (i%x) d,
-W/2<x< +W/2,

¥(x) = (9)

0, otherwise,

where the integral is taken from —oo to +oo, and 6 is a
function of ¢ through

sin 6 = £ /k. (10)

From (9), the angular spectrum of the reflected wave at
plane 2 is finally obtained as

B(£) = S (sin (¢ = &)W/2)/(x(& - £))
“R(£,6") - (sin (& — £0)W/2)/
(w(& - &o))) d&' (1)

where ¢’ = k sin 6’ and £, = k sin 6,. Now we change
variables from &, £’ and &g to 6, 6’ and 8, respectively,
and expand 6’ around 6,, leaving only terms up to first
order in 7y:

y = (6" = o). (12)

Then the angular spectrum of the reflected wave at a re-
flection angle 6 equal to 0, is approximated by

(0, = S (sin (ky(W/2) cos 6,)/(wky cos 60))2
“R(f, 6 + v) dv,

which is expected to be a main contribution to the receiver
output in this study. The contour of integration lies in a
complex 7 plane, but a major contribution to the integral
comes from a region specified as

|v| = @/(kW cos ;). (14)
Equations (13) and (14) mean that the power spectrum of
the reflected wave is a weighted average of the reflection
coefficient over the restricted region of  around the in-
cident angle 6,.

Power spectra of reflected waves (log,, |®(6) %
strictly speaking) were numerically calculated according
to (13) and (14). We assumed the slit width W = 0.6 mm
in the calculation instead of 1 mm, because the actual
mask used in the experiments had a finite thickness so that
the slit width was effectively reduced for obliquely inci-
dent waves. Results obtained by assuming no mask and a
mask are shown in Figs. 9(b) and (a), respectively. These
two figures correspond to ones experimentally obtained
and shown in Figs. 7(a) and (b). The two sets of figures
show an excellent agreement.

Numerical calculations were also performed for speci-
mens with different layer thickness. Dip frequencies ob-
tained from the calculations are plotted in Fig. 10 with
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Fig. 9. Calculated power spectra of waves reflected at gold-layered 42-
alloy plate, (a) with mask, and (b) without mask. Slit width of mask: 0.6
mm. Incident angle: 30°. Layer thickness: 3.72 um, plate thickness: 225
um.
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Fig. 10. Calculated dip frequency as function of layer thickness. Open cir-
cles are calculated for gold-layered 42-alloy plate, 225 pm in plate thick-
ness, with mask, 0.6 mm in slit width. Solid line is calculated for layered
half-space. Incident angle: 30°.

open circles as a function of the layer thickness d. A solid
curve in Fig. 10 stands for dip frequencies that were cal-
culated for a layered half space. This figure suggests that
dip frequencies for a layered plate measured by the pres-
ent method using a mask would be in good agreement with
ones for a layered half space, although deviations of the
plotted data from the solid line indicate that the effect of
the plate waves was still not completely removed.

IV. CoNCLUSION

An acoustic micrometer using pseudo-Sezawa waves
was applied to thin plates with surface layers for layer
thickness measurements taking lead frames of LSI’s as
test specimens. When the plate was thin, a number of plate
waves as well as surface waves were excited by obliquely
incident ultrasonic waves. It was found that the layer
thickness measurement became difficult when the plate
waves were excited. In order to solve the difficulty, it was
proposed that a mask with a slit aperture should be placed
on the layered surface of the specimen to prevent the ex-
citation of the plate waves. Experiments were made to
confirm the validity of the method. Numerical calcula-
tions using a diffraction theory of sound propagation were
also made, and spectra obtained by the simulation have
shown an excellent agreement with experimental ones.
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