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Abstract—The propagation characteristics, viz., phase
velocity and attenuation, of leaky surface acoustic waves
(LSAWSs), excited on the water/sample boundary, are ob-
tained through analyzing the V (z) curves measured by line-
focus-beam acoustic microscopy. However, different values
of these characteristics are obtained, depending upon differ-
ent ultrasonic devices and operating frequencies employed.
The construction mechanism of V(z) curves was inves-
tigated experimentally by measuring the amplitude and
phase for Teflon to provide an understanding of the device
performance for velocity measurements. A V(z) curve mea-
sured for Teflon, on which no leaky waves are excited when
water is the coupling medium, can be used for the char-
acteristic device response, depending only upon the device
parameters and the operating frequencies. From the inves-
tigation of the ultrasonic device and the frequency depen-
dences of the characteristic device responses, the phase gra-
dient was found to be directly related to values of measured
LSAW velocities. From this result, apparent frequency de-
pendences in LSAW velocity measurements are explained
quantitatively for a specimen of gadolinium gallium garnet.

I. INTRODUCTION

INE-FOCUS-BEAM (LFB) acoustic microscopy [1] can

be used to measure the elastic properties of solid ma-
terials. It has been applied to characterize various mate-
rials for electronic devices such as surface acoustic wave
(SAW), semiconductor and optoelectronic devices; and it
has become recognized as a unique and useful method for
material characterization [1]-[16].

Characterization is made by measuring the propaga-
tion characteristics, viz., phase velocity and attenuation,
of leaky surface acoustic waves (LSAWSs) excited on the
boundary between a specimen and the water couplant
through V(z) curve analysis. The V(z) curves are the
transducer outputs recorded by changing the distance z
between the LFB ultrasonic device and the specimen. De-
velopment of precision mechanical-translation stages used
in the LFB system and stabilization of the temperature
environment of the system were conducted to improve the
measurement accuracy [17], [18]. The typical system thus
has attained the relative accuracy of LSAW velocity mea-
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surements, which are mainly used for characterization, to
better than +0.002% at a chosen point of a specimen and
+0.005% for two-dimensional (180 mm x 180 mm) mea-
surements [18]. However, different measured values have
resulted from different ultrasonic devices and at different
ultrasonic frequencies. Because it is necessary to have ab-
solute values for such applications as determinations of the
elastic constants of bulk and thin film materials [3], [4],
[7], [9], [10], a method of calibrating the LFB system using
standard specimens has been proposed [19], [20]. On the
other hand, the absolute value of LSAW velocity measured
by LFB acoustic microscopy has been discussed using the-
oretically calculated V(2) curves [9], [10], [21]. But the
effects due to the assumption and approximation in the
theoretical calculations have not been investigated suffi-
ciently. Therefore, the causes of the differences of the mea-
sured values have not been clarified. It is very important
to investigate the causes, in order to discuss the absolute
accuracy of the system, to improve and develop the system
with higher accuracy, and to design the desired ultrasonic
devices.

In this paper, the construction mechanism of V(z)
curves is examined experimentally by measuring ampli-
tude and phase for Teflon to understand the device perfor-
mance for velocity measurements. A V' (z) curve for Teflon,
on which no leaky waves are excited, can be used for the
characteristic device response Vi,(z) [1], depending only
upon the device parameters and the operating frequencies.
Using the phase information of this V(z) curve, the causes
of the different values obtained in velocity measurements
are discussed.

II. MoDEL OF V(z) CURVES

The LFB acoustic microscopy can measure the prop-
agation characteristics of LSAWs excited on the water-
specimen boundary by analyzing the V'(z) curves obtained
by changing the distance z between an LFB ultrasonic de-
vice and the specimen. The measurement principle was de-
scribed in detail previously [1]. Fig. 1 is a cross-sectional
view of the LFB ultrasonic device containing a specimen,
which shows the formation principle of the V(z) curve.
The coordinate system is set at the focal plane in water as
shown in Fig. 1. When the specimen surface is located in
the negative z region (z < 0), the two components (#0 and
#1 shown in Fig. 1) mainly contribute to the transducer
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Fig. 1. Cross-sectional view of the LFB ultrasonic device and a spec-
imen for explaining the formation principle of the V(z) curves.

output. The component #0, denoted as V(2), consists of
the waves reflected directly from the specimen surface, and
the component #1, denoted as V1(z), is associated with
the waves reradiated from the specimen via LSAWSs prop-
agating at the boundary. The phasors are expressed as:

Vo(2) = [Vo(2)| exp{j(—2kwz + ¢0)}, (1)
Vi(z) = |Vi(2)|explj{(—2ky cos O saw )z + &1}], o
2

where Opsaw = sin™* (krsaw/kw), and kpsaw and k,, are
the wavenumbers of the LSAWs and of the longitudinal
waves in water, respectively; and ¢y and ¢; are the initial
phases. The phasor V(z), the amplitude of which gives the
transducer output V'(z), is obtained as the sum of the two
phasors given by:

V(z) = Vo(2) + Vi(2). 3)

The oscillation interval Az of the V(z) curve, which de-
pends upon the relative phase difference between the two
phasors, is given by:

T

Az = 4
* kw (1 — cos O saw)’ (4)

and the LSAW velocity Vi saw is determined from Az us-
ing the following:

Vi

Visaw = =)
\/1 - (1 . L)
2fAz

where V, is the velocity of longitudinal waves for water and
f is the ultrasonic frequency. The attenuation of LSAW is
obtained from the amplitude variation of the V(z) curve.
Detail of the V(2) curve analysis to obtain the LSAW prop-
agation characteristics was described earlier [1].
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III. LSAW VELOCITY MEASUREMENTS

Measurements of the V(z) curves are carried out in or-
der to investigate the performance of LFB ultrasonic de-
vices for LSAW velocity measurements using two devices
designed for 225-MHz operation, which were described in
detail earlier [1]. The devices have the different ZnO-film
transducer sizes of 1.73 mm x 1.50 mm (No. 1) and 1.50
mm X 1.50 mm (No. 2) with the altered transducer widths
of 1.73 and 1.50 mm along the focused axis, formed on the
flat ends of the cylindrical sapphire acoustic lenses with
the following dimensions: the cylindrical concave surface
of 1-mm radius with an aperture half-angle of 60°and a
distance of 12 mm between the transducer plane and the
top surface of the lens. On the cylindrical concave surface,
a quarter-wavelength thick chalcogenide-glass film is fab-
ricated as an acoustic antireflection coating layer between
sapphire and water.

A (111) gadolinium gallium garnet (GGG) standard
specimen [20] was used for the V(z) curve measurements
with LSAWs propagating in [1 1 2] direction. The spec-
imen has sufficient thickness, approximately 3-mm thick,
so that influence of the waves, reflected from the back sur-
face of the specimen, on velocity measurements [22], [23]
can be avoided.

The laser interferometer is used to determine the dis-
tance z accurately in the V(z) curve measurements in the
recent LFB system [18]. However, determination of z is
made by the number of pulses for the stepping motor
to drive the vertical translation stage (z-stage). There-
fore, the z-stage positioning errors were corrected by the
method using ultrasonic plane waves developed previously
[24], to eliminate the influence of the positioning error on
measurement accuracy of the velocity measurements.

A. Ultrasonic Device Dependence

The V(z) curves measured for the GGG specimen with
the two LFB ultrasonic devices at 225 MHz are shown in
Fig. 2. They are significantly different in shape; the dips
of the V(%) curve by the No. 1 device in Fig. 2(a) were
deeper than those of the V(z) curve by the No. 2 device
in Fig. 2(b). The difference in shape results from different
acoustic fields formed on the specimen by each device [1],
[25]. According to the procedure of the V(z) curve analysis,
the LSAW velocities were 3243.72 m/s and 3250.09 m/s
from Fig. 2(a) and Fig. 2(b), respectively, where the region
z = =500 pm to —30 pm was used for V(2) curve analysis
for both devices. The value of the velocity obtained by the
No. 1 device was 6.37 m/s (0.20%) less than that obtained
by the No. 2 device; this shows that the oscillation interval
Az of the V(z) curve measured with the No. 1 device is
different from that of the No. 2 device.

Moreover, LSAW velocities were obtained for different
analyzing regions z = Zp to —30 pm of the V(z) curves,
where Zp is the defocus distance and was changed every
50 pm from —500 pgm to —100 pm. Fig. 3 shows the results
by squares and circles for the No. 1 and No. 2 devices, re-
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Fig. 2. V(z) curves for (111) GGG measured with the two different
LFB ultrasonic devices No. 1 (a) and No. 2 (b) at 225 MHz.

spectively. The dashed line in Fig. 3 is the theoretical value
of the LSAW velocity for (111) GGG with [112] propaga-
tion at 23°C, which was calculated to be 3251.27 m/s by
the analytical procedure of Campbell and Jones [26] us-
ing the physical constants of GGG [20] and those of water
[27], [28]. The different values resulted from the different
analyzing regions even when processed for the same V(2)
curve. When the analyzing region becomes shorter, the
obtained value becomes smaller than the theoretical value
for the No. 1 device, but greater for the No. 2 device, and
the differences of the analyzed regions near the focal point
(z = 0) influence more greatly the obtained values. This
result shows that the values of Az are different among the
characterization regions in the V(z) curve. Hence, the ob-
tained values of the propagation characteristics must be
calibrated to have absolute values [19], [20].
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Fig. 3. LSAW velocities determined from V' (z) curves. Squares: ob-
tained from the V' (z) curve with the No. 1 device, shown in Fig. 2(a);
circles: obtained from that with the No. 2 device shown in Fig. 2(b).
Analyzing region of V(z) curves is z = Zp to —30 um, where Zp is
a defocus distance.

B. Frequency Dependence

The V(z) curves were measured for the GGG speci-
men in 5-MHz steps in the frequency range 100 to 300
MHz using the two LFB devices. Fig. 4 shows the V(z)
curves measured at 120, 160, 200, and 240 MHz, which il-
lustrates that the shape of the V(z) curves depends greatly
upon the operating frequencies. The obtained LSAW ve-
locities are plotted by squares and circles for the No. 1 and
No. 2 devices, respectively, in Fig. 5, in which the region
z = =500 pm to —30 pm was used for V(z) curve analy-
sis for all V(z) curves. It is assumed that the propagation
characteristics of LSAWs for the GGG specimen are not
dispersive. However, the measured LSAW velocities vary
apparently with the frequency, and the frequency depen-
dence obtained with the No. 1 device is clearly different
from that obtained with the No. 2 device. The maximum
deviation is 13.80 m/s (0.42%) for the No. 1 device and
14.74 m/s (0.45%) for the No. 2 device in this frequency
range. These frequency dependences do not result from
the acoustic properties of the specimen, but from the fre-
quency dependences in the performance of LEB ultrasonic
devices.

IV. CHARACTERISTIC DEVICE RESPONSE

As described in Section II, a V(z) curve is composed
of two phasors, Vy(z) and V;(z), and the oscillation in-
terval Az is determined by the relative phase difference
between the two phasors. Therefore, the V(z) curve mea-
sured for Teflon, on which no leaky waves are excited, is
associated only with the component #0, namely Vq(z),
shown in Fig. 1. It can be used as an approximated char-
acteristic device response V1,(z), depending only upon the
device parameters and the operating frequencies. Using
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Fig. 4. V(z) curves for (111) GGG measured at different frequencies.
(a) No. 1 device; (b) No. 2 device.
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Fig. 5. LSAW velocity variations for (111) GGG measured at different
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the characteristic curves of the LFB device, namely V1,(z)
curves, we investigated the causes of the difference of ob-
tained values of LSAW velocity resulting from different
LFB ultrasonic devices, different analyzing regions of the
V(2) curves, and different operating frequencies.

The system also can measure the phase of the RF burst
pulse signals simultaneously and with high accuracy [24],
[29]. The amplitude and phase of the Vi,(z) curves were
measured for Teflon using the two devices at 225 MHz.
For examining the behavior of the phasor V(z) described
in Section II, the relative phase ®r,(z) was obtained by
subtracting the phase variation —2k.,z caused by the prop-
agation of longitudinal waves in water from the measured
phase variation, in which ky, is equal to 27 f/V;, and V,
is obtained from the water temperature measured at the
same time as the V7,(z) curve using data in the literature
[27]. If the V(z) is expressed as (1), the ®p,(z) should be
constant in the negative z region. The results are shown
in Fig. 6. The shapes of the amplitude and phase are re-
markably different among the two devices. The amplitude,
which is maximum at the focal point (z = 0), has no os-
cillations and rapidly decreases in the negative z region.
The relative phase ®r,(z) varies greatly around the focal
point and is not always constant with z for both devices.
The sign of the gradient of ®1,(z) with respect to z changes
from positive to negative around z = —20 pm for the No. 1
device as shown in Fig. 6(a), and around z = —100 um for
the No. 2 device as shown in Fig. 6(b).

Fig. 7(a) shows the amplitude and phase of the V1,(z)
curves measured at 120, 160, 200, and 240 MHz for the
No. 1 device. With defocusing, the amplitude decreases
more rapidly at the higher frequencies, and the phase
changes greatly around the focal point (z = 0). In the
region z = —500 pm to —50 pm, the phase measured at
120 MHz is almost flat; but at the other frequencies, it has
positive gradients with the gradient greatest at 200 MHz.
Fig. 7(b) also shows the measured amplitude and phase
of VL(z) curves for the No. 2 device. The curve shapes
are different from those measured with the No. 1 device
for the same frequencies, with the greatest phase gradient
obtained at 240 MHz.

The measured relative phase variations ®p,(z) of char-
acteristic device responses Vi,(z) shown in Figs. 6 and 7
suggest that the phase variation ratio of V(z), with re-
spect to z in the negative z region, is slightly different
from —2k,, expressed in (1). This is probably due to the
fact that V(z) consists of waves around the beam axis
shown as #0 in Fig. 1 and due to the effects of diffraction.
In Section V, we will discuss the relationship between the
measured LSAW velocities and the phase variations of the
VL(2) curves.

V. DISCUSSION

Here, the phase variation ratios of V(z) and Vi(2)
with respect to z are defined as ko(z) and k;(z), respec-
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Fig. 6. Measured amplitude and phase of V1,(z) curves for Teflon at 225 MHz. (a) No. 1 device; (b) No. 2 device.

tively, and (1) and (2) are modified as follows:

Vo(z) = |[Vo(2)| exp {j (/OZ ko(z)dz+¢0)}v ©)

Vi(2) = [Vi(2)] exp {j ( | mas+ ¢1> } (7)

The relative phase ®r,(z) obtained by subtracting the
phase changes —2kz in the water from the phase varia-
tions of V(z) is given by:

By (2) = — /0 o(2)dz — ks, (8)

Therefore, ko(z) is expressed using ®1,(z) as

d
k = 2ky — —@ ) 9
o(2) L) ©
Here, assuming ki(z) = —2k,, cosfOLsaw, as expressed in

(2), the actual oscillation interval Az, of V(z) curves is

given by:
2m

" Tko(2) — ki(2)]
2T

2kw (1 — cosOrsaw) + dii(bL(Z)7

Az,
(10)

and, substituting the value of Az, into (5), the LSAW
velocity Vi gaw 1s given as:
Vi

1= (1= 5725)?

Vi

\/1 — (cosOrsaw — ﬁd—dz@L(z))?

VI:SAW = \/

(11)

Therefore, it is easily seen that the values of Az, and
W saw obtained from the measured V(z) curves clearly de-
pend upon the gradient of ®r,(z) with respect to z. If the
gradient of ®r,(2) is positive, the Vg becomes smaller
than the true value of Vigaw. If it is negative, Vg w be-
comes greater.

Next, the gradients of the ®1,(z) were estimated exper-
imentally by the least square method for each of the LFB
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devices, using the measured phases of the Vi, (z) curves
shown in Fig. 6. Fig. 8 shows the results by squares and
circles for the No. 1 and No. 2 devices, respectively, in
which the z regions used for analysis were z = Zp to —30
pm, which were coincident with those used for V(z) curve
analysis to obtain the LSAW velocities shown in Fig. 3. For
the No. 1 device, as the region used for analysis becomes
shorter, the gradient of ®1,(z) becomes greater, suggest-
ing that Vi saw is determined to be smaller. However, for
the No. 2 device, the gradient becomes smaller, suggesting
that Vi saw is determined to be greater. The relationships
between the obtained values of the LSAW velocity and the
gradient of ®1,(z) are plotted in Fig. 9 by squares and cir-
cles for the No. 1 and No. 2 devices, respectively. The solid
line in Fig. 9 shows the calculated results of the LSAW ve-
locities using (11), where f = 225 MHz, V;, = 1491.23 m/s
at 23°C [27], and Visaw = 3251.27 m/s. The experimental
results agree well with those calculated. Therefore, it can
be said that the measured velocities strongly depend upon
the phase variations of the V1,(z) curve.

We also discuss the frequency dependences of measured
LSAW velocities shown in Fig. 5. The gradient of phase

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 02:00:20 EST from IEEE Xplore. Restrictions apply.

5 [ [ [ [ [ |
f [MHz]
O+ AMPLITUDE 120 —
160 X
-5k 200 2

4
o

RELATIVE OUTPUT [dB]
o

240

0
-500

-400 -300 -200

-100 0
DISTANCE z [um]

/2 T

RELATIVE PHASE @, (2) [rad]
o

a
N

PHASE

'

W .

240
l | l

|
-500

-400 -300 -200

-100 O

DISTANCE z [um]

(b) No. 2

Fig. 7. Measured amplitude and phase of V,(z) curves for Teflon at different frequencies. (a) No. 1 device; (b) No. 2 device.

1047

x 103

__ 10 | | | | |
g_ 0
K O:No. 1
l:' 5L O:No. 2 O B
E o
a o O
< o oo "
o O 0O O O o
0] (= © O 5 —
w
<<f(3 o)
I
o

- | | | | 1

-500 -400 -300 -200 -100

DEFOCUS DISTANCE Z, [um]

Fig. 8. Phase gradients of V1, (z) curves shown in Fig. 6. The region
used for analysis of V1,(z) curves is z = Zp to —30 pm, which is
coincident with that used for LSAW velocities in Fig. 3.



1048
7}
§, 3300 —
>..
=
(@]
O 3250 —
|
w
2 O:No. 1
: No.
S 3200F 5N 2
(3 — : Calculated
3150 L I I
-10 -5 0 5 10

PHASE GRADIENT [ x10 rad/pm]

Fig. 9. Relationship between LSAW velocity and phase gradient of
VL.(z) curves.

0.8} -

0.6

0.2+
O :No. 1

NORMALIZED PHASE GRADIENT
o
N
[

un O:No.?2
0.0+ _
| - | | | |
100 150 200 250 300
FREQUENCY [MHZz]

Fig. 10. Normalized phase gradient of V1,(z) curves obtained at dif-
ferent frequencies.

®p,(z) is normalized by 2k, as:

1 d

Dr(2),

My(2) = 51— 7%

(12)
the error term in (11) is expressed as the normalized phase
gradient My, (z). Fig. 10 shows My, (z), presented by squares
for the No. 1 device and circles for the No. 2 device, ob-
tained from the phase of Vi,(z) curves measured for every
5 MHz from 100 to 250 MHz using (12), where the z region
used for analysis was z = —500 pym to —30 pm, which was
coincident with that used for the V(z) curve analysis to
obtain the LSAW velocities shown in Fig. 5. It is greatest
at 205 MHz for the No. 1 device and 250 MHz for the No. 2
device in the frequency range used. It is predicted that the
smallest value of velocity is obtained at this frequency for
each device. Fig. 11 compares the frequency dependences
of the LSAW velocity obtained from measured V(z) curves
and calculated from the phase gradient of Vi, (z) curves.
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(a) No. 1 device; (b) No. 2 device.

The calculations, plotted as triangles, were obtained from
the My,(z) shown in Fig. 10 using (11) and (12). The ex-
perimental points plotted as circles are the same as those
in Fig. 5. The tendencies of the frequency dependences ex-
hibit good agreement between the experimental and calcu-
lated results for each device. The experimental values are
slightly greater than the calculated ones at all frequencies.
This is mainly due to the linear approximation employed
to obtain the gradient of ®1,(z) and to the measurement
error of the coupling water temperature to obtain V.

Therefore, it is confirmed that the velocity differences,
among the devices and over the frequency range consid-
ered, result from difference in performance of the devices,
because different spatial frequency distributions of the
acoustic fields are formed on the solid specimen by the
different devices and at the different operating frequen-
cies.
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VI. SUMMARY

The construction mechanism of the V(z) curves was
studied experimentally by measuring the amplitude and
phase for Teflon to investigate the performance of the ul-
trasonic devices for LSAW velocity measurements by LFB
acoustic microscopy. The V (z) curves measured for Teflon,
on which no leaky waves are excited, were used for the
characteristic device response. From investigation of the
phase variation of the characteristic device response mea-
sured with two LFB ultrasonic devices having different
transducer sizes, the phase gradient is directly related to
the measured values of LSAW velocities. From this result,
the different values of LSAW velocities with two LFB de-
vices and the apparent frequency dependences measured
for a (111) GGG specimen are quantitatively explained.

The characteristic device response reflects the spatial
frequency distributions of the acoustic fields formed on
a solid specimen because it depends upon the size and
shape of the ultrasonic transducer, the dimensions of the
acoustic lens, the thickness and distribution of the acoustic
antireflection coating layer, and the ultrasonic frequency.
Therefore, the characteristic device response provides use-
ful information for the design of the ultrasonic device [21],
[30], [31] and to evaluate its performance [29]. In addition,
measurement of the amplitude and phase of the ultrasonic
wave is useful for investigating the origins of the measure-
ment errors of the system and for improving the measure-
ment accuracy of the system [24].
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